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Preface

The. field. of. industrial. electronics. covers. a. plethora. of. problems. that. must. be. solved. in. industrial.
practice.. Electronic. systems. control. many. processes. that. begin. with. the. control. of. relatively. simple.
devices.like.electric.motors,.through.more.complicated.devices.such.as.robots,.to.the.control.of.entire.
fabrication.processes..An.industrial.electronics.engineer.deals.with.many.physical.phenomena.as.well.as.
the.sensors.that.are.used.to.measure.them..Thus,.the.knowledge.required.by.this.type.of.engineer.is.not.
only.traditional.electronics.but.also.specialized.electronics,.for.example,.that.required.for.high-power.
applications..The.importance.of.electronic.circuits.extends.well.beyond.their.use.as.a.final.product.in.
that.they.are.also.important.building.blocks.in.large.systems,.and.thus.the.industrial.electronics.engi-
neer.must.also.possess.a.knowledge.of.the.areas.of.control.and.mechatronics..Since.most.fabrication.
processes.are.relatively.complex,.there.is.an.inherent.requirement.for.the.use.of.communication.systems.
that. not. only. link. the. various. elements.of. the. industrial. process. but. are. tailor-made. for. the. specific.
industrial.environment..Finally,.the.efficient.control.and.supervision.of.factories.requires.the.applica-
tion.of.intelligent.systems.in.a.hierarchical.structure.to.address.the.needs.of.all.components.employed.in.
the.production.process..This.need.is.accomplished.through.the.use.of.intelligent.systems.such.as.neural.
networks,.fuzzy.systems,.and.evolutionary.methods..The.Industrial.Electronics.Handbook.addresses.all.
these.issues.and.does.so.in.five.books.outlined.as.follows:

. 1.. Fundamentals of Industrial Electronics

. 2.. Power Electronics and Motor Drives

. 3.. Control and Mechatronics

. 4.. Industrial Communication Systems

. 5.. Intelligent Systems

The.editors.have.gone.to.great.lengths.to.ensure.that.this.handbook.is.as.current.and.up.to.date.as.pos-
sible..Thus,.this.book.closely.follows.the.current.research.and.trends.in.applications.that.can.be.found.
in.IEEE Transactions on Industrial Electronics..This.journal.is.not.only.one.of.the.largest.engineering.
publications.of.its.type.in.the.world,.but.also.one.of.the.most.respected..In.all.technical.categories.in.
which.this.journal.is.evaluated,.its.worldwide.ranking.is.either.number.1.or.number.2..As.a.result,.we.
believe.that.this.handbook,.which.is.written.by.the.world’s.leading.researchers.in.the.field,.presents.the.
global.trends.in.the.ubiquitous.area.commonly.known.as.industrial.electronics.

Universities. throughout. the.world. typically.provide.an.excellent.education.on. the.various.aspects.
of.electronics;.however,. they.normally.focus.on.traditional. low-power.electronics..In.contrast,. in.the.
industrial.environment.there.is.a.need.for.high-power.electronics.that.is.used.to.control.electromechan-
ical.systems.in.addition.to.the.low-power.electronics.typically.employed.for.analog.and.digital.systems..
In.order.to.address.this.need,.Part.I.focuses.on.special.high-power.semiconductor.devices..The.most.
common.interface.between.an.electronic.system.and.a.moving.mechanical.system.is.an.electric.motor..
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Motors.come.in.many.types.and.sizes.and,.therefore,.in.order.to.efficiently.drive.them,.engineers.must.
have.a.comprehensive.understanding.of.the.object.to.be.controlled..Therefore,.Part.II.not.only.describes.
the.various. types.of.electric.motors.and. their.principles.of.operation,.but.covers. their. limitations.as.
well..Since.electrical.power.can.be.delivered.in.either.ac.or.dc,.there.is.a.need.for.high-efficiency.devices.
that.perform.the.necessary.conversion.between.these.different.types.of.powers..These.aspects.are.cov-
ered.in.Part.III..It.is.believed.that.electric.motors.represent.the.soul.of.the.industry.and.as.such.play.a.
fundamental.role.in.our.daily.lives..This.preeminent.position.they.occupy.is.a.direct.result.of.the.fact.
that.the.majority.of.electric.energy.is.consumed.by.electric.motors..Therefore,.it.is.important.that.these.
motors.be.efficient.converters.of. electrical.power. into.mechanical.power,. and. the.drive.mechanisms.
be.efficient.as.well..Part.IV.is.dedicated.to.a.presentation.of.very.specialized.electronic.circuits.for.the.
efficient.control.of.electric.motors..In.addition.to.its.use.in.electric.motors,.power.electronics.has.many.
other.applications,.such.as.lighting,.renewable.energy.conversion,.and.automotive.electronics,.and.these.
topics.are.covered.in.Part.V..The.last.part,.Part.VI,.deals.with.the.power.electronics.that.is.employed.in.
very-high-power.electrical.systems.for.the.transmission.of.energy.

For.MATLAB•.and.Simulink•.product.information,.please.contact

The.MathWorks,.Inc.
3.Apple.Hill.Drive
Natick,.MA,.01760-2098.USA
Tel:.508-647-7000
Fax:.508-647-7001
E-mail:.info@mathworks.com
Web:.www.mathworks.com
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1.1   Introduction

Power.semiconductor.switches.are.primarily.used.to.control.the.flow.of.electrical.energy.between.the.
energy.source.and.the.load,.and.to.do.so.with.great.precision,.with.extremely.fast.control.times,.and.
with.low.dissipated.power..The.application.of.IC.technologies.on.state-of-the-art.power.semiconductor.
devices.has.resulted.in.advanced.components.with.low.power.dissipation,.simple.drive.characteristics,.
good.control.dynamics,.and.switching.power.extending.into.the.megawatt.range.

Power.semiconductor.devices.and.control.ICs.are.the.key.elements.of.power.electronic.systems—despite.
the.fact.that.their.costs.are.minimal.in.many.applications,.relative.to.the.overall.system.costs..Improving.

1
Electronic Devices for 
Power Switching: The 
Enabling Technology 
for Power Electronic 

System Development

1.1. .Introduction....................................................................................... 1-1
1.2. Brief.History.and.Basics.of.Key.Power.Semiconductor.

Devices............................................................................................ 1-3
Bipolar.Device:.Thyristor. •. Unipolar.Device:.Power.
MOSFET. •. MOS-Controlled.Bipolar.Mode.Power.Device.
IGBT. •. Key.Power.Device.Development.and.Their.Major.
Characteristics

1.3. Bipolar.Devices.................................................................................. 1-5
Thyristor.and.LTT. •. Gate.Turn-Off.Thyristor.and.Integrated.
Gate-Commutated.Thyristor. •. Power.Diodes

1.4. MOS-Controlled.Bipolar.Mode.Device....................................... 1-13
IGBT

1.5. Unipolar.Devices............................................................................. 1-21
High-Voltage.Power.MOSFET. •. Low-Voltage.Power.MOSFET

1.6. Wide.Bandgap.Devices................................................................... 1-25
SiC.Schottky.Diodes. •. SiC.Power.Switches

1.7. SMART.Power.Systems................................................................... 1-29
High-Voltage.System.Integration. •. SMART.Power.Technology.
for Low-Voltage.Integration

1.8. Summary............................................................................................1-31
References......................................................................................................1-31

Leo Lorenz
Infineon	Technologies

Hans Joachim 
Schulze
Infineon	Technologies

Franz Josef 
Niedernostheide
Infineon	Technologies

Anton Mauder
Infineon	Technologies

Roland Rupp
Infineon	Technologies



1-2	 Power	Electronics	and	Motor	Drives

their.characteristics.along.with.an.increasing.functionality.reduces.the.system.cost.and.opens.opportunities.
for.new.fields.of.applications..New.system.trends.are.moving.toward.high.switching.frequency,.reducing.or.
eliminating.bulky.ferrites.and.electrolytes,.as.well.as.soft.switching.topologies.for.higher.efficiency.and.low.
harmonies.

In.electrical.energy.transfer,.electronic.devices.are.generally.required.to.operate.in.“switch.mode.”.This.
means.they.should.have.ideal.switch-like.characteristics:.they.appear.like.a.short-circuit.passing.current.
with.minimal.voltage.drop.across.it.in.the.on.state;.in.the.other.side,.they.block.the.flow.of.current.by.
supporting.full.supply.voltage.across.it.appearing.like.an.open.circuit.in.the.off.state..They.operate.in.a.dif-
ferent.mode.from.power.amplifying.devices,.which.allow.power.transfer.according.to.a.linear.relationship.
with.an.input.signal,.such.as.audio.amplification..In.switch.mode.operation,.an.electronic.control.signal.is.
applied.to.turn.the.switch.ON,.and.removed.to.turn.the.device.OFF..For.present.devices,.the.control.signal.
is.typically.in.the.5–12.V.range.while.the.power.supply.voltage.can.be.in.the.20.V–8.kV.range.

Solid. state. switch. mode. devices. have. been. used. for. controlling. power. transfer. for. over. 50. years..
Demands. for. the.rational.use.of.energy,.miniaturization.of.electronic. systems,.and.electronic.power.
management.systems.have.been.the.driving.force.behind.the.revolutionary.development.of.power.semi-
conductor.devices.over.the.last.five.decades.[1].

As.shown.in.Figure.1.1,.the.power.semiconductor.switches.cover.all.applications.in.the.power.range.
from.1.W.needed.for.charging.the.battery.of.a.mobile.phone,.up.to.the.GW.range.needed.for.energy.trans-
mission.lines.(HVDC.lines)..As.pointed.out.in.this.diagram,.the.bipolar.devices.(e.g.,.thyristor,.integrated.
gate-commutated.thyristor.[IGCT]).are.a.key.technology.for.ultrahigh.power.systems.while.the.MOS-
controlled. devices. (e.g.,. insulated. gate. bipolar. transistor. [IGBT],. power. MOSFET. including. SMART.
power.systems).are.the.driving.components.for.medium.and.low.power.electronic.conversion.systems..In.
the.top.power.end,.the.switching.frequency.is.below.several.100.Hz,.the.medium.power.is.dominated.in.
the.range.of.10.kHz,.but.the.system.development.for.lower.power.is.driven.by.several.100.kHz.

Advances.in.power.electronic.systems.over.the.last.three.to.four.decades.have.been.marked.by.five.
major.inventions..Light-triggered.thyristors.and.IGCTs.in.the.top-end.power.range,.IGBTs.in.the.mid-.
and.high-end.power.range,.power.MOSFET.in.the.low-end.power.range,.and.SMART.power.systems.for.
monolithic.system.integration,.are.mainly.applied.in.automotive.power..The.bipolar.transistor.and.the.
gate.turn-off.(GTO).thyristor.do.not.play.a.significant.role.in.present.development..For.this.reason,.these.
device.types.are.not.focused.on.in.this.chapter.
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FIGURE.1.1. Key.fields.of.application.versions.switching.frequency.for.power.semiconductor.devices.
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1.2  Brief History and Basics of Key Power Semiconductor Devices

1.2.1  Bipolar Device: thyristor

The.first.device.developed.40.years.ago,.with.many.significant.development.steps,.was.the.Si.thyristor,.a.
four-layer.p-n-p-n.structure.allowing.for.very.low.resistance.when.turned.on,.and.the.ability.to.block.voltage.
of.up.to.10.kV.in.the.off.state..It.has.a.positive.feedback.mechanism.for.the.buildup.of.current,.once.one.of.
the.p-n.junctions.in.the.structure.is.turned.on..This.is.usually.achieved.by.injecting.a.control.current..The.
major.drawback.with.the.thyristor.is.that.it.cannot.be.turned.off.by.applying.a.control.signal..The.same.posi-
tive.feedback.mechanism.that.governs.the.current.flow.in.a.thyristor.can.only.be.stopped.through.“natural.
commutation,”.that.is,.when.the.conditions.in.the.circuit.to.which.the...thyristor.is.connected.lead.to.current.
reversal.through.the.device..Controlled.turn-off.mechanisms.based.on.current.transfer.to.ancillary.circuits.
for.short.periods.have.been.developed.for.thyristors..However,.they.were.unsuited.for.rapid.ON/OFF.switch.
mode.operations..Nevertheless,.they.were.widely.used.in.low-frequency.switching.applications.due.to.their.
excellent.on-state.characteristics..They.remain.in.use.as.rectifiers.and.inverters.used.in.HVDC.power.trans-
mission.and.as.solid.state.control.elements.in.static.VAR.compensators.used.for.power.factor.optimiza-
tion.in.the.power.network..The.required.voltage.rating,.up.to.1000.kV.for.HVDC.transmission.systems,.is.
obtained.through.serial.connection.of.individual.devices.rated.at.8–10.kV..Similarly,.the.current.rating.is.
obtained.by.parallel.connection.of.device.stacks,.with.each.device.typically.rated.for.up.to.6.kA.[2,3].

1.2.2  Unipolar Device: Power MOSFEt

A.kind.of.revolution.in.switch.mode.control.of.power.transfer.was.brought.about.by.the.advent.of.fully.
voltage.controllable.solid.state.devices.capable.of.sustaining.high.off-scale.voltages.in.the.mid-1970s..
This.was.the.power.MOSFET.

Current.flow.is.vertical.from.drain,.through.an.inversion.channel.placed.on.the.top.surface.at.right.angles.
to.the.main.current.flow.path,.and.into.the.source..The.ability.to.control.the.current.flow.by.application.of.a.
gate.voltage.to.turn.the.device.on.and.removal.of.the.gate.voltage.to.turn.the.device.OFF.are.its.main.control.
features..This.control.principle.of.applying.a.gate.voltage.to.a.metal-oxide.semiconductor.(MOS).structure.
to.create.a.conducting.channel.was,.of.course,.well.established.for.the.low.voltage.MOSFET,.and.reliable.gate.
fabrication. technology.was.developed. for. integrated.circuits.by. the.mid-1970s..The.advance.of. the.power.
MOSFET.was.the.double-diffused.channel.structure,.with.the.channel.being.created.in.a.diffused-body.region.
rather.than.in.the.substrate,.which.allowed.the.device.to.have.a.p-n.junction.blocking.region.to.support.a.large.
voltage.in.the.off.state..A.power.switch,.however,.with.high.current.conduction.in.the.on.state.is required..
In the.power.MOSFET,.this.was.achieved.by.replicating.millions.of.cells.like.those.shown.in.Figure.1.2.

Since.the.power.MOSFET.is.a.unipolar.device.and.its.current.is.carried.only.by.charge.carriers.of.one.
polarity.(electrons.for.an.n-channel.device.and.holes.for.a.p-channel.device),.it.can.be.switched.very.fast.
(like.resistors)..This.makes.the.power.MOSFET.ideally.suited.for.high.frequency.switching.

Its.major.limitation,.however,.also.arises.from.the.unipolar.nature.of.current.flow,.especially.for.high.
length.of.the.lowly.doped.drift.region,.that.also.has.to.be.increased.together.with.a.reduction.in.the.dop-
ing.concentration..Both.these.changes.in.design.parameters.tend.to.increase.the.on-state.resistance.of.a.
power.MOSFET.switch.according.to.the.relationship.R Von ~ max

.2 5 ..However,.if.the.on-state.voltage.is.high,.
the.static.loss.in.the.switch.will.be.unacceptable..Because.of.this.reason,.the.DMOSFET.device.shown.in.
Figure.1.2.is.not.practical.for.use.as.a.power.switch.at.voltage.ratings.in.excess.of.800..It.can,.however,.be.
switched.at.frequencies.as.high.as.5.MHz.

1.2.3  MOS-Controlled Bipolar Mode Power Device IGBt

The. insulated. gate. bipolar. transistor. (IGBT). has. a. MOS. gate. control. structure. identical. to. that. of. a.
power.MOSFET..The.only.difference.is.that.the.n+.drain.contact.of.the.power.MOSFET.is.replaced.by.a.
p+.minority.carrier.injector.in.the.IGBT.(Figure.1.3).
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Using.this.simple.and.elegant.adaptation,.a.whole.new.class.of.hybrid.MOS-bipolar.solid.state.devices,.
being.particularly.aimed.at.power.switching.was.demonstrated.in.the.early.1980s..When.the.MOS.chan-
nel.is.turned.on,.the.p-n.diode.at.the.high-voltage.terminal.(anode).is.turned.on,.and.minority.carriers.
(holes).are.injected.into.the.n-drift.region..This.is.the.classical.conductivity.modulation.effect.that.can.
be.achieved.in.a.semiconductor.by.having.charge.carriers.of.two.polarities.carrying.the.current.flow..
Hence.the.on-state.resistance.in.the.IGBT.drift.region.is.much.lower.than.that.in.a.MOSFET..In.prin-
ciple,.the.IGBT.has.all.the.advantages.afforded.by.voltage.control,.inherent.in.a.MOSFET,.together.with.
the.low.on-state.voltage.enabled.by.bipolar.conduction..However,.the.large.stored.charge.in.the.n-drift.
also.severely.reduces.its.high.frequency.and.hard.switching.capability.
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Over.the.last.two.decades,.major.efforts.have.been.directed.at.optimizing.the.trade-off.between.low.
on-resistance.and.high.turn-off.losses.in.the.IGBT..There.efforts.have.led.to.the.point.where.the.IGBT.is.
the.device.of.choice.for.all.power.control.applications.at.voltages.from.600.up.to.6500.V.

1.2.4  Key Power Device Development and their Major Characteristics

Originating.from.these.basic.structures,.huge.development.steps.have.advanced.the.power.semicon-
ductor.switches.to.the.enabling.technology.for.all.energy.efficiency.power.electronic.system.devel-
opments..Based.on.these.principles,.many.new.device.families.have.become.available,.for.example,.
light-.triggered.thyristor.(LTT),.power.diodes,.non-punch-through.IGBTs.(NPT-IGBTs),.super.junc-
tion.power.MOSFET.(SJ-MOSFET),.SiC.devices.(silicon.carbide–based.devices),.and.SMART.power.
systems..In.the.following.sections,.these.device.concepts.will.be.shown.and.their.characteristics.will.
be.discussed.

1.3  Bipolar Devices

1.3.1  thyristor and Ltt

The. thyristor. is. a. four-layer. p+-n-p-n+. device.. Since. three. p-n. junctions. are. connected. in. series,. the.
.thyristor.is.able.to.block.a.negative.(reverse.blocking.mode).as.well.as.a.positive.voltage.(forward.blocking.
mode).applied.between.the.anode.(p+-layer).and.the.cathode.(n+-layer)..For.positive.anode-to-.cathode.
voltages,.switching.of.voltages.up.to.more.than.10.kV.and.currents.up.to.several.kA.is.possible.by.feed-
ing.a.short.current.pulse.in.the.inner.p-layer..Such.a.trigger.current.can.be.provided.either.by.a.third.
electrical.gate.terminal.or.by.using.a.light.pulse.(Figure.1.4)..In.the.latter.case,.the.light.impinging.into.
the.device.creates.electron-hole.pairs.that.are.separated.in.the.space–charge.region.of.the.reverse-biased.
inner.p-n.junction..The.hole.current.flowing.toward.the.cathode.layer.is.used.to.trigger.the.thyristor..
Utilization.of.light-triggered.thyristors.is.of.particular.benefit.in.applications.with.thyristors.connected.
in.series,.since.optoelectronic.coupling.and.galvanic.isolation.is.an.inherent.feature.of.light-triggered.
thyristor.systems.[4].

In.order.to.minimize.the.turn-on.current.that.is.required.to.trigger.the.thyristor,.several.auxiliary.
thyristors,. the. so-called. amplifying. gate. structures,. are. usually. connected. between. the. central. trig-
ger.area.(gate.terminal.or. light-sensitive.area).and.the.main.cathode.area.of.the.thyristor..Figure.1.4.
shows.two.and.four.of.such.amplifying.gate.(AG).structures.for.the.electrically-triggered.and.the.light-
triggered.thyristor,.respectively..The.trigger.sensitivity.of.each.amplifying.gate.can.be.adjusted.easily,.
for.example,.by.the.width.of. its.n+-emitter.and/or. the.sheet.resistivity.of. the.p-base.below.the.same..
As.a.rule.of.thumb,.the.minimum.trigger.current.of.two.successive.amplifying.gates.differs.by.a.factor.
between.3.and.10.
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FIGURE.1.4. Electrical-triggered.(left).and.light-triggered.thyristor.(right).
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Typical.forward.blocking.and.on-state.current–voltage.characteristics.of.high-power.thyristors.are.
depicted.in.Figure.1.5..The.hysteresis.in.the.on-state.characteristic.results.from.the.fact.that.the.current.
has.to.distribute.across.the.extended.main.cathode.area.after.turn-on..In.the.5.in..thyristor.considered.
here,.the.current.distributes.over.the.entire.cathode.area,.not.until.the.current.exceeds.approximately.
3.kA..Current.spreading.during.the.turn-on.process.and.the.final.on-state.voltage.VT.can.be.controlled.
by.several.measures:.For.large-area.thyristors,.the.outermost.AG.is.typically.designed.in.such.a.way.that.
the.main.cathode.area.is.triggered.along.a.preferably.extended.section,.resulting.in.an.AG.structure.that.
is.distributed.over.the.thyristor.area.(Figure.1.6)..In.addition,.current.spreading.is. influenced.by.the.
emitter.shorts.and.the.charge-carrier.lifetime.in.the.thyristor..Emitter.shorts.are.local.resistive.connec-
tions.distributed.over.the.main.cathode.area.and.provide.a.bypass.of.the.emitter.junctions..Such.emitter.
shorts.are.necessary. to.reduce. the.dV/dt. sensitivity.of. the.main.cathode..However,.extended.emitter.
shorts.distributed.with.a.high.density.over.the.active.area.reduce.the.current-spreading.velocity.and.
lead.to.higher.on-state.voltages..These.trade-off.relationships.have.to.be.carefully.accounted.for.when.
designing.the.emitter.shorts..The.same.is.valid. for.decreasing.the.charge-carrier. lifetime,. improving.
the.dV/dt.capability,.and.reducing.the.circuit-commutated.turn-off.period.tq.(the.minimum.time.delay.
that.is.necessary,.after.a.thyristor.having.been.switched.off.by.forced.commutation,.before.the.thyristor.
can.withstand.a.positively.biased.voltage.pulse),.so.as.to.decrease.the.current-spreading.velocity.and.
increase.the.on-state.voltage.VT..The.charge-carrier.lifetime.can.be.adjusted.very.accurately.by.creating.
recombination.centers..This.can.be.achieved.either.by.diffusion.of.heavy.metals.such.as.gold.or.plati-
num,.or.by.creating.irradiation.defects.by.means.of.electron.or.light-ion.irradiation..Since.gold-related.
trap.centers.usually.cause.high.leakage.currents,.in.particular.at.elevated.operating.temperatures,.and.
the.recombination.rate.of.platinum-related.trap.centers.decreases.significantly.under.low-injection.con-
ditions,.the.most.used.technique.recently.to.adjust.the.charge-carrier.lifetime.is.based.on.irradiation-
induced.defects.

Finding. the. optimum. charge-carrier. lifetime. is. also. of. particular. importance. for. optimizing. the.
turn-off.behavior.(Figure.1.7)..Reducing.the.reverse-recovery.charge.Qrr.and,.consequently,.the.turn-off.
losses.Eoff.is.essential,.since.a.standard.thyristor.cannot.be.actively.turned.off.by.a.control.signal..Instead,.
turn-off.is.usually.achieved.by.commutating.the.anode-to-cathode.voltage..As.soon.as.the.thyristor.has.
reached.the.applied.reverse.voltage,.the.remaining.charge.carriers.can.disappear.only.by.recombina-
tion..Thus,.to.accelerate.the.turn-off.process.a.short.charge-carrier.lifetime.is.advantageous..Figure.1.8.
illustrates.typical.tq.−.VT.and.Qrr.−.VT.trade-off.relationships.
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FIGURE.1.5. Forward.blocking.current.voltage.characteristic.of.a.13.kV.thyristor.(left)..Typical.on-state.charac-
teristic.of.a.high-voltage.thyristor.(right)..(Data.from.Niedernostheide,.F.-J..et.al.,.13-kV.rectifiers:.Studies.on.diodes.
and.asymmetric.thyristors,.Proceedings of the ISPSD’03,.Cambridge,.U.K.,.pp..122–125,.2003.)
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FIGURE.1.6. Top.view.on.a.light-triggered.thyristor,.the.line.pattern.in.the.blank.covering.the.main.cathode.area.
represents.the.shape.of.the.distributed.outermost.AG.
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FIGURE.1.7. Typical.turn-off.characteristics.of.a.high-voltage.thyristor.switched.off.by.forced.commutation.
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FIGURE.1.8. Schematic.tq.−.VT.trade-off.relationship.(left).and.Qrr.−.VT.trade-off.relationship.(right).of.a.high-voltage.
thyristor.
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Thyristors.with.high.blocking.voltages.can.be.used.not.only.for.high-voltage.direct-current.(HVDC).
transmission.applications.requiring.a.total.blocking.voltage.capability.up.to.1.MV,.but.also.in.miscel-
laneous. pulse-power. applications,. such. as. accelerators,. cable. analysis. systems,. crowbar. applications.
(e.g.,.klystron.protection),.discharge.of.capacitive.and.inductive.storages.(e.g.,.series-capacitors.protec-
tion),.electromagnetic.forming,.spare.of.ignitrons,.sterilization.of.foods.and.medical.instruments,.or.
switch.gears..Today’s.commercial.thyristors.have.maximum.current.ratings.up.to.several.kiloamperes,.
surge.current.capabilities.of.a.few.tens.of.kiloamperes,.blocking.voltage.capability.higher.than.8.kV,.and.
device.areas.up.to.6.in.

For.many.applications,.thyristors.require.protection.against.a.variety.of.failure.modes..For.exam-
ple,. the. thyristor. must. be. protected. against. destruction. caused. by. overvoltage. pulses. or. voltages.
with.a.voltage.rise.rate.exceeding.the.maximum.rated.rise.rate..In.addition,.for.HVDC.transmis-
sion.applications,.it.is.necessary.to.avoid.premature.device.turn-on.when.a.forward.voltage.pulse.is.
applied.during.the.circuit-commutated.turn-off.period,.because.a.thyristor.is.not.able.to.withstand.
a. forward. voltage. pulse. with. the. rated. blocking. voltage. or. the. rated. maximum. dV/dt. value. until.
the. charge-carrier. plasma. is. completely. removed. from. the. n-base.. Such. protection. requirements.
can.be.achieved.by.the.implementation.of.extensive.monitoring.and.electrical.protection.circuitry..
However,.recent.developments.in.thyristor.switches.are.aimed.at.reducing.external.electrical.protec-
tion.circuits.by.integrating.the..corresponding.protection.functions.directly.into.the.thyristor.pellet.
[5,6].as.given.in.the.following:

•. Integration.of.an.overvoltage.protection.function.can.be.achieved.by.implementing.a.break.over.
diode.(BOD).in.the.light-sensitive.area.of.a.light-triggered.thyristor.(Figure.1.4)..The.voltage.level.
VBOD,.at.which.the.overvoltage.protection.function.is.activated,.can.be.adjusted.by.the.distance.
between.the.central.p.region.with.radius.rBOD.and.the.concentric.p.ring.with.an.inner.radius.rp..
For. large.distances,. the.breakdown.voltage. is. essentially.determined.by. the.curvature.of. the.
central.p.region..A.reduction.of.the.distance.results.in.a.reduction.of.the.electric-field.strength.at.
the.center.of.the.BOD.for.a.given.voltage..For.sufficiently.small.distances,.the.breakdown.voltage.
approaches.the.value.of.the.uniform.p-n−.junction.[7].

•. By.designing.the.innermost.AG.such.that.its.dV/dt.sensitivity.is.higher.than.that.of.the.other.
AGs.and.the.main.cathode,.a.safe.turn-on.of.the.device.starting.from.the.innermost.AG.is.
ensured,.when.the.voltage.rises.at.a.rate.higher.than.the.threshold.dV/dt.rate.of.the.innermost.
AG..By.this.means,.a.dV/dt.protection.function.is. integrated. into.the.device. in.addition.to.
the.overvoltage.protection.function..Apart.from.the.geometrical.dimensions.of.the.AGs,.the.
sheet. resistivity. of. the. p-base. is. an. important. parameter. to. adjust. the. dV/dt. sensitivity. of.
the AGs.

•. In. order. to. protect. the. thyristor. from. being. destroyed. during. the. circuit-commuted. turn-off.
period,.the.thyristor.should.be.turned.on.in.a.controlled.way.by.the.AG.region.when.the.thyris-
tor.is.loaded.by.a.forward.voltage.pulse.during.the.circuit-commutated.turn-off.time..However,.
since.the.AGs.usually.turn.off.earlier.than.the.main.cathode.area,.there.are.typically.fewer.free.
charge.carriers.below.the.AG.structure.compared.to.the.main.cathode.area..Two.measures.can.be.
used.to.overcome.this.problem:.First,.the.radial.distribution.of.the.charge-carrier.lifetime.should.
be.modified.such.that.it.is.reduced.in.the.main.cathode.area.of.the.device.compared.to.the.AG.
region..Secondly,.phosphorus.islands.implemented.into.the.p-emitter.in.the.inner.AG.structure.
(Figure.1.4,.right).form.the.emitter.of.local.n-p-n.transistors.when.a.reverse.voltage.is.applied.to.
the.device.and.therefore.provide.further.support.for.re-triggering.in.the.AG.region.when.a.for-
ward.voltage.pulse.is.applied.to.the.device..The.carrier.injection.of.these.islands.can.be.controlled.
by.their.sizes.and.their.doping.profile.

Integrating. these. three. protection. functions. provides. a. completely. self-protected,. directly. light-
triggered.thyristor,.ensuring.a.reliable.operation.with.a.drastically.reduced.monitoring.and.protection.
circuitry.
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1.3.2  Gate turn-Off thyristor and Integrated Gate-Commutated thyristor

1.3.2.1  the GtO thyristor

A.gate. turn-off.(GTO). thyristor. is.a. special. type.of. thyristor..GTO.thyristors,.as.opposed. to.normal.
thyristors,.are.fully.controllable.switches.that.can.be.turned.on.and.off.by.their.third.lead,.the.gate.lead..
Thyristors.can.only.be.turned.off.by.reducing.the.on-state.current.below.the.holding.current..Therefore,.
thyristors.are.not.suitable.for.applications.with.DC.power.sources..The.GTO.thyristor.can.be.turned.on.
by.a.gate.signal,.and.can.also.be.turned.off.by.a.gate.signal.of.negative.polarity.

Turn-on. is.accomplished.by.a.positive.voltage.pulse.between. the.gate.and.cathode. terminals..The.
typical.gate.voltage.is.in.the.range.of.15.V..The.turn-on.phenomenon.in.GTO.thyristors.is,.however,.not.
as.reliable.as.in.a.thyristor.and.a.small.positive.gate.current.must.be.maintained.even.after.turn-on.to.
improve.reliability..Amplifying.gate.structures,.which.are.very.helpful.for.the.turn-on.of.the.thyristor,.
are.not.implemented.in.GTO.thyristors.

Turn-off.is.induced.by.a.negative.voltage.pulse.between.the.gate.and.cathode.terminals..Some.of.
the. forward. current. (about. one-third. to. one-fifth). is. used. to. induce. a. cathode-gate. voltage,. which.
in.turn.results.in.a.decrease.of.the.forward.current,.and.the.GTO.thyristor.will.switch.off..Usually,.
the.carrier.lifetime.in.the.base.region.has.to.be.reduced.by.a.well-defined.creation.of.recombination.
centers.to.shorten.the.tail.phase.and.to.keep.the.turn-off.losses.low..These.recombination.centers.can.
be.generated.by.electron.or.helium.irradiation,.resulting.in.crystal.defects.effecting.deep.levels.in.the.
band.gap.

The.cross.section.and.the.top.view.of.a.GTO.thyristor.are.illustrated.in.Figure.1.9..There.are.many.
small.emitter.mesa.structures.distributed.along. the.device,.which.are. identical. in.width.and. length,.
to. guarantee. a. relatively. homogeneous. flow. of. the. turn-off. current.. The. homogeneity. of. the. current.
flow.during.the.turn-off.period.is.a.very.critical.point.because.such.inhomogeneities.result.in.current.
filamentation.[9].and.with. it. in.dynamic.avalanche..The.resulting. local.self-heating.effects.can.be.so.
strong.that. the.device.burns.out..Therefore,. the.maximum.current,.which.can.be.turned.off.without.
destroying.the.device,.can.be.significantly.reduced.by.inhomogeneities.of.the.turn-off.current.induced,.
for.example,.by.an.inhomogeneous.distribution.of.the.carrier.lifetime.in.the.n-base,.of.the.p-base.resis-
tance,.of.the.penetration.depth.of.the.n-emitter/p-base.junction,.or.of.the.contact.resistance.between.
metallization.and.semiconductor..Also,.mechanical.stress.effects.can.play.an.important.role..Therefore,.
it.is.extremely.important.to.guarantee.clean.processing.[10].and.homogeneous.doping.processes.

To.keep.the.electrical.field.strength.induced.by.dynamic.avalanche.as.low.as.possible,.the.transistor.
gain.αpnp.has.to.be.chosen.very.carefully..For.that.purpose,.the.hole.injection.by.the.p-emitter.has.to.be.
limited,.for.example,.by.a.vertically.inhomogeneous.carrier.lifetime.reduction.with.a.high.recombina-
tion.rate.below.the.p-emitter.or.by.a. limitation.of. the.emitter.efficiency.by.a. relatively. small.doping.
concentration.of.the.p-emitter.
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FIGURE.1.9. Cross-section.(left).and.top.view.of.a.GTO.thyristor.with.mesa.cathode.structure.(right).
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GTO.thyristors.suffer.from.long.switch-off.times,.whereby.after.the.forward.current. falls,. there. is.
a.long.tail.time.where.residual.current.continues.to.flow.until.all.remaining.charge.from.the.device.is.
taken.away..This.long.current.tail.restricts.the.maximum.switching.frequency.to.approximately.1.kHz..
It.may.be.noted,.however,.that.the.turn-off.time.of.comparable.symmetrical.controlled.rectifiers.(SCRs).
is.about.10.times.that.of.a.GTO.thyristor..Thus,.switching.frequency.of.GTO.thyristors.is.much.better.
than.that.of.SCRs..The.main.applications.of.such.GTO.thyristors.are.in.variable.speed.motor.drives,.
high-power.inverters,.and.traction.

GTO.thyristors.are.available.either.with.or.without.reverse.blocking.capability..Reverse.blocking.
capability.enhances.the.forward.voltage.drop.and.the.dynamic.losses.because.of.the.need.to.have.a.
thick,.low.doped.base.region..GTO.thyristors.capable.of.blocking.reverse.voltage.are.known.as.sym-
metrical.GTO.thyristors..Usually,.the.reverse.blocking.voltage.rating.and.forward.blocking.voltage.
rating.are.about.the.same..The.typical.application.for.symmetrical.GTO.thyristors.is.in.current.source.
inverters.

GTO.thyristors. incapable.of.blocking.reverse.voltage.are.known.as.asymmetrical.GTO.thyristors..
They.typically.have.a.reverse.breakdown.rating.in.tens.of.volts.or.less..By.the.use.of.the.anode.shorts,.
the.forward.blocking.capability.of. the.device. is.enhanced.due.to.the.reduced.transistor.current.gain.
αpnp,.especially.for.high.temperature.operation..Asymmetrical.GTO.thyristors.are.used,.where.either.
a. reverse.conducting.diode. is.applied. in.parallel. (for.example,. in.voltage. source. inverters),.or.where.
reverse.voltage.would.never.occur.(for.example,.in.switching.power.supplies.or.DC.traction.choppers)..
Asymmetrical.GTO.thyristors.can.be.fabricated.with.a.reverse-conducting.diode.in.the.same.package..
These.are.known.as.reverse.conducting.(RC).GTO.thyristors.

Unlike.the.IGBT,.the.GTO.thyristor.requires.external.devices.to.shape.the.turn-on.and.turn-off.cur-
rents.to.prevent.device.destruction..During.turn-on,.the.device.has.a.maximum.dI/dt.rating.limiting.
the.rise.of.current..This.is.to.allow.the.entire.bulk.of.the.device.to.reach.turn-on.before.full.current.is.
reached..If.this.rating.is.exceeded,.the.area.of.the.device.nearest.the.gate.contacts.will.overheat.and.melt.
from.overcurrent..The.rate.of.dI/dt.is.usually.controlled.by.adding.a.saturable.reactor..Reset.of.the.satu-
rable.reactor.usually.places.a.minimum.off-time.requirement.on.GTO.thyristor-based.circuits.

During.turn-off,.the.forward.voltage.of.the.device.must.be.limited.until.the.current.becomes.small..
The. limit. is. usually. around. 20%. of. the. forward. blocking. voltage. rating.. If. the. voltage. rises. too. fast.
during.turn-off,.not.all.of.the.device.will.turn.off,.and.current.filamentation.occurs.so.that.the.GTO.
thyristor.will.be.destroyed.due.to.self-heating.effects.induced.by.the.high.voltage.and.current.focused.
on.a.small.portion.of.the.device..Substantial.snubber.circuits.have.to.be.added.around.the.device.to.limit.
the.rise.of.voltage.at.turn-off..Resetting.the.snubber.circuit.usually.places.a.minimum.on-time.require-
ment.on.GTO.thyristor.based.circuits.

The.minimum.on.and.off.time.is.handled.in.DC.motor.chopper.circuits.by.using.a.variable.switch-
ing.frequency.at.the.lowest.and.highest.duty.cycle..This.is.observable.in.traction.applications,.where.the.
frequency.will.ramp.up.as.the.motor.starts,.then.the.frequency.stays.constant.over.most.of.the.speed.
ranges,.and.finally.the.frequency.drops.back.down.to.zero.at.full.speed.

1.3.2.2  the IGCt

The. integrated. gate-commutated. thyristor. (IGCT). is. a. special. type. of. GTO. thyristor. and,. like. the.
GTO.thyristor,.a.fully.controllable.power.switch..It.can.be.turned.on.and.off.by.a.gate.signal,.has.lower.
conduction.losses.as.compared.to.GTO.thyristors,.and.withstands.higher.rates.of.voltage.rise.(dV/dt),.
such.that.no.snubber.circuits.are.required.for.most.applications..The.main.applications.are.in.variable.
.frequency.inverters,.drives,.and.traction.

The.structure.of.an.IGCT.is.very.similar.to.a.GTO.thyristor..In.an.IGCT,.the.gate.turn-off.current.
is.greater.than.the.anode.current..This.results.in.shorter.turn-off.times..The.main.difference.compared.
with.a.GTO.thyristor.is.a.reduction.in.cell.size,.combined.with.a.much.more.substantial.gate.connec-
tion,.resulting.in.a.much.lower.inductance.in.the.gate.drive.circuit.and.drive.circuit.connection..The.very.
high.gate.currents.and.the.fast.dI/dt.rise.of.the.gate.current.means.that.regular.wires.cannot.be.used.to.
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connect.the.gate.drive.to.the.IGCT..The.drive.circuit.printed.circuit.board.(PCB).is.integrated.into.the.
package.of.the.device..The.drive..circuit.surrounds.the.device.and.a.large.circular.conductor.attaching.to.
the.edge.of.the.IGCT.die.is.used..The.large.contact.area.and.short.distance.reduces.both.the.inductance.
and.resistance.of.the.connection.

The.IGCT’s.much.shorter.turn-off.times.compared.with.GTO.thyristors.allows.it.to.operate.at.higher.
frequencies..Up.to.several.kilohertz.for.very.short.periods.of.time.are.possible..However,.because.of.high.
switching.losses,.typical.operating.frequencies.are.up.to.500.Hz.

IGCTs.are.also.available.either.with.or.without.reverse.blocking.capability..IGCTs.capable.of.block-
ing.reverse.voltage.are.known.as.symmetrical.IGCTs..The.typical.application.for.symmetrical.IGCTs.
is.in.current.source.inverters..IGCTs.incapable.of.blocking.reverse.voltage.are.known.as.asymmetrical.
IGCTs..They.typically.have.a.reverse.breakdown.rating. in. tens.of.volts.or. less..Such.IGCTs.are.used.
where. either. a. reverse. conducting. diode. is. applied. in. parallel. or. where. reverse. voltage. would. never.
occur..Asymmetrical. IGCT.can.be. fabricated.with.a. reverse-conducting.diode. in. the. same.package..
These.are.known.as.reverse.conducting.(RC).IGCTs.

1.3.3  Power Diodes

There. are. three. major. uses. of. power. diodes. in. power. electronic. systems—line. rectifiers,. snubber.
diodes,.and.freewheeling.diodes—which.have.different.requirements.on.the.electrical.characteristics.
of.the.diode.

A.line.rectifier.allows.a.current.flow.during.one.half.wave.of.the.applied.sinusoidal.voltage.and.has.
to.block.the.current.flow.during.the.next.(e.g.,.negative).half.wave.of.the.voltage..The.basic.requirement.
is.a. low.forward.voltage.drop.that. leads.to.low.forward.losses.and.the.capability.to.carry.large.surge.
currents,.which.may.occur.especially.during.turning.on.of.the.system..On.the.other.hand,.these.line.
rectifiers.have.to.block.the.peak.voltage.of.the.line.and.some.voltage.peaks,.for.example,.those.caused.by.
transients.of.other.loads..The.transition.from.forward.to.blocking.operation.is.rather.slow,.depending.
on.the.line.frequency.(typically.50.or.60.Hz).and.the.peak.voltage..The.voltage.slope.is.in.the.range.of.a.
few.V.μs−1.or.below,.even.at.high.peak.voltages.in.the.range.of.a.few.kV.

The.requirements.of.high.blocking.voltage.and.high.current.capability.for.the.same.device.are.supported.
by.a.p-i-n-structure..Technically,.these.devices.frequently.use.a.slightly.n-doped.material.as.the.example.
in.Figure.1.10.shows..The.voltage-sustaining.layer.has.a.width.and.doping.concentration.adjusted.to.the.
required.blocking.capability..As.a.rule.of.thumb,.the.thickness.of.the.voltage-sustaining.layer.is.10.μm.per.
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FIGURE.1.10. Cross-section.of.a.p-i-n.diode.and.distribution.of.the.electric.field.in.blocking.operation.
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100.V.blocking.voltage,.for.example.100.μm.for.a.1000.V.device..The.maximum.doping.concentration.of.
the.voltage-sustaining.layer.is.below.1017.cm−3,.approximately,.divided.by.the.blocking.voltage.in.V.

During.forward.operation,.the.voltage-sustaining.layer.is.flooded.by.electrons.and.holes.coming.from.
the.anode.and.cathode.emitters.and.resulting.in.a.charge.plasma.with.a.much.higher.carrier.concentra-
tion.compared.to.the.background.doping.and.thus.in.a.lowered.series.resistance.of.the.line.rectifier..Line.
rectifiers.require.strong.emitter.structures.at.anode.and.cathode.to.build.up.much.excess.charge.for.low.
series.resistance.and.low.conduction.losses.of.the.device.

Before.the.line.rectifier.can.be.turned.from.forward.into.blocking.operation,.the.excess.charge.stored.
in.the.voltage-sustaining.layer.must.be.removed..Thus,.high.excess.charge.leads.to.high.turn-off.energy.
losses.of.the.diode,.but.since.the.operating.frequency.is.low,.the.total.losses.are.still.dominated.by.the.
conduction.losses.in.forward.operation.

The.threshold.of.the.p-n.junction.leads.to.the.lower.limit.for.the.forward.voltage.drop..For.Si-based.
diodes,.the.minimum.is.around.0.7.V.

In.contrast.to.line.rectifiers,.snubber.diodes.and.freewheeling.diodes.are.operated.at.higher.frequen-
cies.(some.100.Hz.up.to.20.kHz).and.with.higher.voltage.slopes.during.commutation.as.the.switching.
of.the.diode.from.forward.to.blocking.operation.is.called..The.turn-off.losses.of.these.diodes.cannot.
be.neglected,.thus.an.optimum.operating.point.must.be.found.depending.on.the.operating.frequency.

Snubber.diodes.are.used.in.the.connection.from.a.power.switch.(e.g.,.GTO).to.a.capacitor.of.a.snub-
ber.network,.which.reduces.inductive.peak.voltages.when.turning.off.the.power.switch..A.snubber.diode.
should.have.a.high.current.capability.when.turned.on.and.low.excess.charge.before.a.reverse.voltage.is.
applied.to.the.diode.

To.reduce.the.excess.charge.during.static.operation,.recombination.centers.are.introduced.into.the.
base.of. the.diode..When.reducing. the.carrier. lifetime,. the.carrier. concentration.during. the. forward.
pulses.is.reduced..On.the.other.hand,.strong.anode.and.cathode.emitters.lead.to.the.required.high.surge.
current.capability.of.the.snubber.diode..The.forward.current.drops.automatically.when.the.peak.voltage.
at.the.power.switch.ends,.thus.the.turn-off.behavior.of.a.snubber.diode.is.of.minor.importance.

In.contrast.to.other.diodes,.for.freewheeling.diodes.the.turn-off.characteristic.is.of.high.importance..
The.switching.characteristic.is.dominated.by.the.carrier.distribution.during.forward.operation.of.the.
chip.[11].and.the.doping.profile.in.the.voltage-sustaining.layer..To.reduce.the.switching.losses,.the.elec-
tronic.designer.strives.for.decreasing.the.switching.time.of.the.diode..Freewheeling.diodes.are.used,.for.
example.in.converters.in.conjunction.with.GTO.and.IGBT.switches.

Faster.switching,.however,. leads.to.more.critical.conditions.for.a.hard.cut.off.of.the.reverse.cur-
rent,. which. is. not. desired.. Second,. the. stress. on. the. diode. during. commutation. is. critical.. At. the.
time.when.the.high.reverse.current.is.extracting.the.excess.charge.of.the.diode,.already.considerable.
reverse.voltage.lies.at.the.diode.terminals..Of.course,.the.stress.must.not.exceed.the.capability.of.the.
freewheeling.diode.

Softer.switching.and.higher.robustness.at.commutation.are.the.enablers.for.reduced.dynamic.losses.
of. the.diode..In.recent.years,.considerable.softer.switching.of. freewheeling.diodes.was.achieved.[12]..
Also,.the.understanding.of.the.robustness.led.to.significantly.improved.robustness.[13–15].also.in.the.
area.of.higher.blocking.voltages.up.to.6.5.kV.

For.applications.at.even.higher.frequencies,.for.example.in.switched.mode.power.supplies.(SMPS).
where.diodes.are.commutated.at.frequencies.up.to.300.kHz,.it.can.be.technically.and.economically.
advantageous.to.use.two.diodes.in.series,.with.each.half.the.required.blocking.capability.since.the.
turn-off.losses.of.diodes.grow.approximately.quadratic.with.their.blocking.voltage..As.a.drawback,.
two.diodes.connected.in.series.exhibit.twice.the.threshold.voltage..At.the.high.end.of.switching.fre-
quencies,.Schottky.diodes.based.on.wide-gap.semiconductors,.which.behave.like.a.small.capacitors.
when.they.are.commutated,.provide. least. losses.and.therefore. least.system.cost.despite. their.being.
more.expensive.compared.to.conventional.silicon.devices.with.the.same.static.forward.current.and.
blocking.capability.
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1.4  MOS-Controlled Bipolar Mode Device

Similar.to.unipolar.MOS-controlled.devices,.the.blocking.capability.of.MOS-controlled.bipolar.mode.
devices.increases.with.the.thickness.of.the.region.along.the.space–charge.region.developing.when.a.
blocking.voltage.is.applied..However,.while.the.charge-carrier.concentration.in.the.on.state.for.uni-
polar.devices.is.mainly.determined.by.the.doping.concentration.of.this.region,.it.can.be.increased.
toward. much. higher. values. in. bipolar. devices.. Consequently,. switching. losses. and. the. switching.
behavior.can.be.optimized.to.a.large.extent.independent.from.the.doping.concentration.of.the.drift.
region.in.MOS-controlled.bipolar.devices..The.most.successful.MOS-controlled.bipolar.switch.is.the.
IGBT,.which.is.employed.in.miscellaneous.applications.in.the.voltage.range.from.300.V.up.to.6.5.kV.

1.4.1  IGBt

1.4.1.1  Basic Concepts

Figure. 1.11. shows. three. vertical. IGBT. designs. with. the. aid. of. a. planar. DMOS. cell.. Similar. to. the.
MOSFET,.the.blocking.voltage.is.sustained.by.the.p-n.junction.formed.by.the.p-body.and.the.weakly.
doped.n-base..The.distinctive.difference.between.the.MOSFET.and.the.IGBT.is.that.the.n-doped.drain.
is.replaced.by.a.p-doped.backside.collector.that.is.able.to.inject.holes.into.the.n-base..When.the.gate.
voltage.exceeds.the.threshold.voltage,.the.n-base.will.be.flooded.by.electrons.injected.from.the.n-doped.
source.layer.through.the.n-channel.and.by.holes.from.the.p-doped.backside.layer..As.a.consequence,.a.
charge-carrier.plasma.evolves.in.the.n-base..The.charge-carrier.concentration.in.this.plasma.(>1016.cm−3).
is. typically.several.orders.of.magnitude.higher. than.that.of. the.doping.concentration.(<1014.cm−3).of.
the.weakly.doped.n-base..Thus,.despite.the.low.doping.concentration.of.the.n-base.that.is.required.to.
sustain.high.blocking.voltages.in.the.off.state,.the.voltage.drop.in.the.on-state.voltage.of.the.IGBT.for.a.
given.current.can.be.kept.much.lower.than.that.of.a.MOSFET.with.the.same.blocking.voltage.capability.
due.to.the.conductivity.modulation.in.the.n-base.

Each.of.the.three.IGBTs.structures.shown.in.Figure.1.11.has.specific.advantages:.the.non-punch-through.
(NPT).IGBT.is.characterized.by.the.thick.weakly.n-doped.drift.region..Its.width.is.chosen.so.long.that.the.
electric-field.strength.drops.to.very.small.values.inside.this.drift.region.under.any.opera.ting.condition—
even.when.the.maximum.rated.voltage.is.applied.between.the.emitter.and.collector.contact..The.desired.
trade-off.between.the.saturation.voltage.and.the.turn-off.losses.can.be.adjusted.easily.by.the.implanta-
tion.fluence.of.the.backside.emitter,.without.the.need.of.an.additional.charge-carrier.lifetime.reduction..
Moreover,.the.switching.losses.of.an.NPT.IGBT.depend.only.weakly.on.the.operating.temperature.

The.drift.region.in.the.punch-through.(PT).IGBT.is.much.shorter.compared.to.an.NPT.IGBT,.result-
ing. in.a. lower.on-state.voltage..To.ensure. the.same.blocking.capability.of. the.PT.IGBT,.however,.an.
additional.n-doped.buffer.layer.between.the.drift.region.and.the.thick.p-substrate.is.required..A.major.
disadvantage.of.the.PT.IGBT.concerns.the.alignment.of.the.backside.emitter.efficiency.by.means.of.the.
buffer.layer.or.an.additional.charge-carrier.lifetime.reduction.

The. field-stop. concept. [16,17],. or. similar. approaches. like. light-punch-through. [18],. soft-punch-
through.[19],.or.controlled-punch-through.[20],.combines.the.advantages.of.NPT.and.PT.IGBTs..The.
design.parameters.of.the.field-stop.layer.mainly.determine.the.blocking.voltage.capability.and.the.turn-
off.behavior..A.major.challenge.was,.and.still.is,.the.handling.of.large-area.and.thin.wafers.to.make.the.
independent.adjustment.of.the.backside.emitter.efficiency.by.standard.implantation.processes.possible..
In. recent. years,. sophisticated. technology. processes. have. been. developed. so. that,. for. example,. 600.V.
IGBTs.with.a.thickness.well.below.70.μm.can.be.fabricated.from.8.in..wafers.

Another.important.step.to.reduce.on-state.and.switching.losses.was.achieved.by.modifying.the.cell.
structure.and.the.development.of.the.trench.cell.(Figure.1.11)..The.horizontal.position.of.the.n-channel.
along.the.front.side.changes.to.vertical.position.and.provides.potential.for.chip-area.shrinking.due.to.
the.transition.from.the.planar.design.to.the.trench.structure..However,.just.as.important.is.the.effect.of.



1-14	 Power	Electronics	and	Motor	Drives

Pu
nc

h 
th

ro
ug

h

Em
itt

er

–E

n–  b
as

e (
ep

i)

n–  b
as

e (
su

bs
tr

at
e)

n–  b
as

e (
su

bs
tr

at
e)

n–  b
uf

fe
r (

ep
i)

p–  em
itt

er
 (s

ub
st

ra
te

)

–E Ad
va

nt
ag

e

Pe
rfo

rm
an

ce

Pe
rfo

rm
an

ce
• I

m
pl

an
te

d 
ba

ck
sid

e e
m

itt
er

   
be

tte
r a

dj
us

ta
bl

e

Ad
va

nt
ag

e
• I

m
pl

an
te

d 
ba

ck
sid

e e
m

itt
er

• I
m

pl
an

te
d 

fie
ld

 st
op

 en
ab

le
s

   
th

in
ne

r b
as

e r
eg

io
n

• L
ow

er
 sw

itc
hi

ng
 lo

ss
es

• H
ig

he
r s

w
itc

hi
ng

 ro
bu

st
ne

ss

• L
ow

er
 sa

tu
ra

tio
n 

vo
lta

ge
• L

ow
er

 sw
itc

hi
ng

 lo
ss

es
• R

ob
us

tn
es

s l
ik

e N
PT

Co
lle

ct
or

Co
lle

ct
or

–E

Em
itt

er
Em

itt
er

G
at

e

Co
lle

ct
or

(R
O

W
: 1

98
8)

(IF
X:

 1
99

0 
RO

W
: 1

99
7)

(IF
X:

 2
00

0)
G

at
e

G
at

e

n 
fie

ld
 st

op

N
on

 p
un

ch
 th

ro
ug

h
Fi

el
d 

st
op

Pl
an

ar
 ce

ll

Tr
en

ch
 ce

ll

Vi
Q

FA
 5

,0
kV

 5
,0

m
m

×
6,

00
k 

SE
(U

) 2
1.

03
.0

0

n-
ch

an
ne

l

n-channel

FI
G

U
R

E.
1.

11
.

Ev
ol

ut
io

n.
of

.th
e.

ve
rt

ic
al

.s
tr

uc
tu

re
.(

le
ft)

.a
nd

.th
e.

ce
ll.

st
ru

ct
ur

e.
(r

ig
ht

).
in

.IG
BT

.d
ev

el
op

m
en

t..
(D

at
a.

fr
om

.L
as

ka
,.T

..e
t.a

l.,
.R

ev
ie

w
.o

f.p
ow

er
.s

em
ic

on
du

ct
or

.
sw

itc
he

s.f
or

.h
yb

ri
d.

an
d.

fu
el

.c
el

l.a
ut

om
ot

iv
e.

ap
pl

ic
at

io
ns

,.P
ro

ce
ed

in
gs

 o
f t

he
 A

PE
’2

00
6,

.B
er

lin
,.G

er
m

an
y,.

C
D

-R
O

M
,.2

00
6.

)



Electronic	Devices	for	Power	Switching	 1-15

the.trench.structure.on.the.vertical.charge-carrier.distribution.between.the.cathode.and.the.anode.con-
tact.(Figure.1.12)..The.trench.acts.as.a.kind.of.bottleneck.for.the.holes.flowing.from.the.backside.anode.
contact.toward.the.cathode,.resulting.in.a.drastic.increase.of.the.concentration.near.the.cathode..For.a.
properly.designed.trench.structure,.the.increase.in.the.hole.concentration.near.the.trench.region.can.
become.so.large.that.the.hole.concentration.along.the.entire.drift.region.exceeds.that.of.a.comparable.
planar. cell.. Because. of. charge. neutrality,. the. electron. distribution. changes. similarly.. Since. approxi-
mately.three-fourths.of.the.total.load.current.is.carried.by.the.electron.current,.the.on-state.losses.can.be.
significantly.reduced.in.the.trench.cell.with.relatively.little.influence.on.the.switching.losses,.resulting.
in.an.improved.Eoff –VCEsat.trade-off.relationship.compared.to.the.planar.cell.structure.[16].

Thus,.both.decreasing.the.chip.thickness.and.improving.the.cell.design.are.key.factors.to.reduce.the.
active.chip.area..The.evolution.of.the.chip.thickness.and.the.chip.area.of.IGBTs.during.the.last.years.
are.illustrated.in.Figure.1.13..Another.important.aspect.for.improving.the.Eoff –VCEsat.trade-off.relation-
ship.concerns.the.cell.density..Since.the.electron.current.through.the.channel.acts.as.a.base.drive.for.
the.p-n-p.transistor.of.the.IGBT,.decreasing.the.channel.resistance.results.in.a.stronger.hole.injection.
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FIGURE.1.12. Vertical.cross-sections.of.the.hole.distribution.from.the.emitter.to.the.cathode.contact.in.IGBTs.with.
different.cell.structures..The.backside.emitter.is.located.at.a.depth.of.165.μm.for.the.trench.and.the.planar.cell.and.at.
about.110.μm.for.the.trench.field.stop.design..(Data.from.Laska,.T..et.al.,.Review.of.power.semiconductor.switches.
for.hybrid.and.fuel.cell.automotive.applications,.Proceedings of the APE’2006,.Berlin,.Germany,.CD-ROM,.2006.)
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from.the.anode.and,.consequently,.in.lower.on-state.voltages..As.the.channel.resistance.decreases.with.
the.channel.width,.the.increase.in.the.cell.density.results.in.a.significant.improvement.of.the.Eoff –VCEsat.
trade-off.relationship.(Figure.1.14)..Typical.output.characteristic.of.a.75.A.1200.V.IGBT.are.shown.in.
Figure.1.15.

The.turn-off.behavior.of.a. trench.field-stop.IGBT.is. shown.in.Figure.1.16..At. the.beginning.of.
the. turn-off. period,. the. IGBT. is. in. the. conductive. state,. since. the. gate-emitter. voltage. is. signifi-
cantly.higher.than.the.threshold.voltage..Consequently,.the.collector-emitter.voltage.drop.is.very.
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FIGURE.1.14. Schematic.Eoff –VCEsat.trade-off.relationship:.Comparison.of.different.cell.designs.and.influence.of.
the.cell.density.
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FIGURE.1.15. Typical.output.characteristic.of.a.75.A.1200.V.IGBT.at.125°C..(Data.from.Infineon.Technologies.
AG,.Neubiberg,.Germany,.data.sheet.)
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low.(<2.V)..The.collector.current.is.limited.by.the.load..Once.the.gate.potential.VGE.changes.from.
15.V.to.−15.V,.a.gate.current.rises.to.discharge.the.input.capacitance.that.is.essentially.formed.by.the.
parallel.connection.of.the.gate-emitter.and.the.gate-collector.capacitance..The.approximately.expo-
nential.decay.of.the.gate-emitter.voltage.continues.until.the.threshold.voltage.is.reached..Due.to.the.
inductive.load,.the.collector.current.cannot.drop.immediately,.but.is.maintained.by.the.extraction.
of. charge. carriers.. In. this. initial. phase. of. the. turn-off. period,. the. turn-off. characteristics. of. the.
IGBT.are.similar.to.that.of.a.MOSFET..Before.the.current.can.start.dropping,.the.collector-emitter.
voltage.must.rise..Once.the.threshold.voltage.is.reached,.the.gate-emitter.voltage.is.initially.constant.
(Miller.plateau),.since.nearly.the.entire.gate.current.is.needed.to.discharge.the.gate-collector.capaci-
tance..As.this.capacitance.decreases.with.increasing.collector.voltage,.the.gate.current.can.start.to.
discharge. the. gate-emitter. capacitance. again. (end. of. the. Miller. plateau). so. that. the. gate-emitter.
potential.drops.further..The.ensuing.voltage.overshoot.is.caused.by.the.voltage.drop.induced.by.the.
stray. inductance. in. the. load.circuit.due. to. the.decreasing.collector.current..A.distinct.difference.
compared.to.the.turn-off.behavior.of.the.MOSFET.is.the.appearance.of.the.so-called.tail.current.at.
the.end.of.the.turn-off.phase..This.tail.current.is.caused.by.excess.carriers.in.the.IGBT.that.do.not.
appear.in.the.unipolar.MOSFET.
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FIGURE.1.16. Turn-off.characteristics.VGE(t),.VCE(t),.and.IC(t).of.a.75.A.1200.V.IGBT.at.125°C.under.nominal.condi-
tions.(top).and.turn-off.current.IC(t).for.two.IGBTs.with.different.device.thickness.and.an.additional.stray.inductance.of.
400.nH.at.25°C.(bottom)..The.measurements.were.performed.with.a.module.so.that.the.measured.gate.signal.represents.
not.the.gate.potential.of.the.IGBT.but.is.shifted.by.the.potential.drop.across.an.ohmic.resistance.inside.the.module.
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The.influence.of.the.thickness.on.the.turn-off.behavior.of.an.IGBT.is.also.illustrated.in.Figure.1.16..
Two.IGBTs.with.different.chip.thicknesses.were.stressed.with.an.additional.stray.inductance.of.400.nH.
in. the. load.circuit..The.thinner. IGBT.has. less. stored.excess.carriers..Consequently,. turn-off. is. faster.
compared.with.the.thicker.IGBT..However,.at.the.end.of.the.turn-off.phase,.the.excess.carrier.density.in.
the.thinner.IGBT.is.too.low.to.support.the.load.current,.so.that.the.current.abruptly.decreases,.resulting.
in.the.excitation.of.voltage.and.current.oscillations.from.the.resonant.LC.resonant.circuit.that.is.formed.
by.the.stray.inductance.L.and.the.capacitance.C.of.the.IGBT..The.higher.excess.charge.in.the.thicker.
IGBT,.however,.results.in.soft.turn-off.without.any.oscillations.

An.important.feature.of.the.IGBT.is.its.ability.to.withstand.a.short.circuit.for.a.certain.time.inter-
val..Today’s.IGBTs.are.typically.able.to.resist.a.short.circuit.for.a.period.of.10.μs..This.period.provides.
enough.time.to.detect.the.fault.and.turn.off.the.IGBT.by.an.external.monitoring.circuit..The.short-cir-
cuit.current.is.usually.considerably.higher.than.the.rated.current..Thus,.if.the.nominal.voltage.is.applied.
to.the.device.during.the.short-circuit.period,.there.is.a.huge.energy.dissipation.in.the.IGBT,.resulting.in.
a.strong.self.heating.of.the.device..If.the.device.is.not.turned.off.fast.enough,.the.current.will.increase.in.
a.way.that.is.no.longer.controllable.due.to.the.activation.of.the.parasitic.thyristor.formed.by.the.source,.
the.p-body,.the.n-drift.region,.and.the.p-emitter,.so.that.the.device.will.eventually.be.destroyed.

1.4.1.2  advanced Concepts

1.4.1.2.1   Reverse Conducting IGBT
In.an.RC-IGBT,.a.diode.is.monolithically.integrated.into.the.IGBT.chip..For.volume.production,.this.
concept.was.first.realized.with.an.optimization.for.soft-switching.applications.such.as.lamp.ballast.or.
inductive.heating.applications.in.the.600.V.[22,23].and.1200.V.class.[24]..Meanwhile,.also.RC-IGBTs.for.
hard.switching.applications,.such.as.industrial.inverters.or.drive.applications.have.been.developed.on.
the.basis.of.the.NPT-technology.[25–27].

Figure.1.17.shows.the.cross.section.of.an.RC-IGBT,.based.on.a.trench.field-stop.IGBT..The.n-doped.
regions.at.the.backside.act.as.a.cathode.emitter,.while.the.p-body.of.the.IGBT.and.the.highly.p-doped.
anti.latch-up.region.near.the.frontside.act.as.an.anode.emitter.of.the.integrated.diode..Thus,.the.IGBT.
is.able.to.conduct.a.current.even.when.the.polarity.of.the.collector-emitter-voltage.is.reversely.biased..
Major. challenges. for. RC-IGBT. production. are,. particularly. for. thin. wafers,. the. necessity. of. a. back-
side.photolithographic.process,.and.particularly.for.higher.load.currents,.the.robustness.of.the.diode..
Moreover,.integration.of.the.diode.and.the.IGBT.into.the.same.chip.makes.the.independent.adjustment.
of.the.charge-carrier.distribution.in.the.diode.and.the.IGBT.difficult..However,.it.has.been.shown.that.
the.Qrr–Vf. trade-off.relationship.of. the.diode.can.be. significantly. improved.by. lifetime.control. tech-
niques.sustaining.a.good.IGBT.performance.

Diode

Anode
Gate Gate

Collector Collector

Emitter Emitter

=+

Cathode

IGBT RC-IGBT

FIGURE.1.17. Integration.of.a.diode.and.an.IGBT.resulting. in.a.reverse.conducting.IGBT..(Data. from.Laska,.T..
et.al.,.Review.of.power.semiconductor.switches.for.hybrid.and.fuel.cell.automotive.applications,.Proceedings of the 
APE’2006,.Berlin,.Germany,.CD-ROM,.2006.)
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1.4.1.2.2   Carrier Stored Trench Bipolar Transistor IGBT
As.illustrated.above.in.the.light.of.the.trench.IGBT,.the.on-state.and.switching.losses.can.be.optimized.
by.tailoring.the.charge-carrier.distribution.in.the.IGBT..The.increase.in.the.hole.concentration.in.the.
trench. IGBT,. for. example,. results. in. a. drastic. decrease. of. the. on-state. voltage.. In. the. carrier. stored.
trench.bipolar.transistor.(CSTBT),.this. increase.in.the.hole.concentration.is.further.strengthened.by.
the.implementation.of.an.additional.n-doped.layer.below.the.channel.region.(Figure.1.18)..The.n-doped.
layer.forms.a.barrier.for.holes.moving.from.the.anode.to.the.cathode,.resulting.in.an.increase.in.the.
carrier.concentration..If.the.doping.concentration.is.properly.designed,.the.blocking.capability.of.the.
IGBT.will.not.significantly.be.reduced.

A.stripe-shaped.trench.design.as.indicated.in.the.schematic.of.the.CSTBT.is.typically.characterized.by.
a.big.gate.capacity.and.a.high.short-circuit.current..These.disadvantages.can.be.avoided.by.deactivating.
a.part.of.the.trenches..Such.a.trench.deactivation.can.be.easily.achieved,.for.example,.by.connecting.the.
respective.trenches.not.to.the.gate.contact.but.to.the.emitter.contact.(Figure.1.18).

1.4.1.2.3   Clustered IGBT
In.order.not.to.deteriorate.the.blocking.capability.of.a.CSTBT,.the.maximum.doping.concentration.of.the.
n-doped.layer,.and.consequently,.the.increase.in.the.carrier.concentration.is.limited..The.clustered-IGBT.
(CIGBT).shifts.this. limitation.to.higher.values.of.the.doping.concentration.by.the.implementation.of.an.
additional.p-well.directly.below.the.n-doped.layer.(Figure.1.19,.[28])..The.CIGBT.can.be.built.as.planar.or.
trench.IGBT..The.floating.p-well.is.part.of.an.internal.thyristor.formed.by.the.p-anode,.the.n-drift,.the.p-well,.
and.the.n-well..In.Figure.1.19,.the.single.gate.contact.of.the.CIGBT.is.divided.into.two.parts.in.order.to.
elucidate.the.function.of.the.device:.Turn-on.of.the.CIGBT.is.essentially.controlled.by.gate-2..If.the.gate.volt-
age.surpasses.the.threshold.voltage,.the.n-drift.and.n-well.region.are.connected.to.source.potential.and.the.
potential.of.the.floating.p-well.rises.with.increasing.positive.anode.voltage..Once.the.p-well.potential.exceeds.
the.built-in.voltage.of.the.p-n.junction.formed.by.the.p-well.and.the.n-well,.the.internal.thyristor.turns.on.
without.snap-back..In.this.operation.mode,.the.load.current.of.the.CIGBT.is.controlled.by.the.potential.
of.gate-1..If.the.anode.voltage.is.increased.under.this.condition,.the.main.part.of.voltage.drops.across.the.
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FIGURE.1.18. CSTBT.(left).and.CSTBT.with.inactive.trenches.(right)..(Data.from.Nakamura,.S..et.al.,.Advanced.wide.cell.
pitch.CSTBTs.having.light.punch-through.(LPT).structure,.Proceedings of the ISPSD’02,.Santa.Fe,.NM,.2002,.pp..277–280.)
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p-n junction.formed.by.the.p-base.and.the.n-well..Turn-off.of.the.CIGBT.is.achieved.by.reducing.the.gate.
voltage.to.zero.so.that.the.electron.current.feeding.the.internal.thyristor.is.interrupted.

IGBTs.with.dynamic.clamping.capability.for.overvoltage.self-protection
Recently,.much.work.has.been.done.to.provide.the.IGBT.with.a.so-called.dynamic.clamping.capability.
that.enables.the.device.to.regulate.its.voltage.during.turn-off.to.a.level.that.is.close.to.the.rated.voltage..
The. integration. of. such. a. dynamic. overvoltage. self-protection. function. renders. superfluous. external.
control.and.protection.circuits.for.voltage.clamping.and.gives.the.user.more.freedom.concerning.the.
selection.of.the.optimum.gate.resistance.for.his.application..However,.ensuring.that.dynamic.clamping.
works.properly.under.all.possible.operating.conditions.is.a.challenging.task..Important.design.param-
eters.that.can.be.used.to.enhance.the.dynamic.clamping.capability.of.a.field-stop.IGBT.are.the..doping.
dose. of. the. field-stop. layer. and. the. backside. p-emitter.. Both. lowering. the. field-stop. layer. dose. and.
increasing.the.backside.p-emitter.dose.result.in.a.better.dynamic.clamping.capability..However,.these.
doses.cannot.be.adjusted.arbitrarily.without.deteriorating.other.characteristics.of.the.device..Reduction.
of. the.field-stop.dose,. for. example,. is. limited.by. the. required.breakdown.voltage..A.higher.backside.
emitter.dose.is.in.particular.critical.for.fast-switching.IGBTs,.because.more.charge.carriers.have.to.be.
removed.during.the.turn-off.period.

Furthermore,. shifting.of. the. initial.breakdown.from.the. junction.termination. into. the. trench-cell.
area.by.appropriate.cell.and.junction.termination.design.is.important.to.avoid.destruction.in.the.cell.
area.close.to.the.junction.termination.area..One.possibility.to.achieve.this.shifting.is.to.use.different.
trench.geometries.for.the.trenches.near.the.junction.termination.and.that.in.the.cell.area..Another.pos-
sibility.is.to.lower.the.breakdown.voltage.in.the.cell.area.by.increasing.the.doping.concentration.of.the.
n-doped.drift.region.locally,.near.the.p-n.junction.formed.by.the.p-body.and.the.n-drift.region..It.is.also.
possible.to.expose.the.junction.termination.area.to.light-ion.irradiation,.to.shift.the.breakdown.voltage.
of.the.junction.termination.area.and.its.nearby.trench.cells.to.higher.values.

As.an.example,.Figure.1.20.illustrates.the.successful.dynamic.clamping.for.a.turn-off.current.of.twice.
the.rated.current.of.a.1200.A.module.with.16.parallel-connected.75.A.1200.V.trench.IGBT.chips.that.are.
stressed.by.a.400.nH.stray.inductance..Even.under.this.hard.condition,.the.integrated.dynamic.clamp-
ing.function.operates.reliably.and.the.clamping.voltage.does.not.significantly.exceed.the.rated.voltage.
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FIGURE.1.19. 3.3.kV.planar.CIGBT..(Data.from.Sweet,.M..et.al.,.Experimental.Demostration.of.3.3.kV.Planar.
CIGBT.in.NPT.technology,.Proceedings of the ISPSD’08,.Orlando,.FL,.2008,.pp..48–51.)
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Meanwhile,.several.investigations.on.IGBTs.with.dynamic.clamping.capability.have.been.reported.
for.voltage.classes.ranging. from.1.2.up.to.6.5.kV.(e.g.,. [30–33]).. It. is.worth.noting. that.a.CIGBT.can.
also.be.provided.with.a.self-clamping.function:.if.the.p-n.junction.formed.by.the.p-base.and.the.n-well.
region.is.properly.designed,.punch-through.at.a.certain.anode.voltage.results.in.a.voltage.clamp.

1.5  Unipolar Devices

1.5.1  High-Voltage Power MOSFEt

In. certain. applications,. minimizing. the. volume,. weight,. and. of. course. the. cost. of. transformers. and.
other.inductive.devices.is.aimed.at,.which.is.done.by.increasing.the.operation.or.switching.frequency.of.
power.devices..SMPS,.as.used.in.many.consumer.or.information.technology.appliances,.are.one.exam-
ple.for.these.applications..Here,.switching.frequencies.between.30.and.300.kHz.are.common.today.with.
a.blocking.capability.of.the.switches.between.200.and.1000.V..Operation.of.IGBTs,.for.example,.at.these.
frequencies.is.possible,.but.result.in.rather.high.dynamic.losses..Power.MOSFETs.have.higher..on-state.
resistance.compared.to.IGBTs.with.the.same.chip.area,.but.they.also.have.no.charge.plasma.resulting.in.
much.lower.turn-off.losses..On.the.other.hand,.the.on-state.resistance.per.chip.area.increases.with.the.
blocking.capability.as.sketched.in.Figure.1.21.

The.reason.behind.this.is.that.higher.blocking.voltages.require.thicker.voltage-sustaining.layers.with.
lower.doping..Since.the.load.current.flows.directly.through.this.voltage-sustaining.layer,.it.forms.a.series.
resistance.that—at.least.for.high-voltage.power.MOSFETs.above.200.V—dominates.by.far.the.overall.
resistance.of.the.device.

Selecting.a.500.V.MOSFET,.for.example,.with.low.on-state.resistance.for.a.given.application,.would.
result. in. a. device. with. a. correspondingly. large. and. expensive. chip. area.. A. large. chip. area. exhibits.
large.stray.capacities,.which.have.to.be.charged.and.discharged.during.each.turn-on.and.turn-off.of.
the. device,. resulting. in. comparative. slow. switching. transients.. These. slow. switching. transients. help.
to.reduce.electromagnetic.interference.(EMI).and.ringing,.mainly.in.disadvantageous.layouts..But.on.
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FIGURE.1.20. Overcurrent.(twice.the.rated.current).turn-off.behavior.of.a.1200.A.1200.V.module.with.a.DC.link.volt-
age.of.900.V,.an.estimated.worst-case.stray.inductance.of.400.nH.at.an.ambient.temperature.of.125°C..(Data.from.Laska,.T..
et.al.,.Field.stop.IGBTS.with.dynamic.clamping.capability—A.new.degree.of.freedom.for.future.inverter.designs,.EPE.
2005,.11th European Conference on Power and Electronics Applications,.Dresden,.Germany,.CD-ROM,.2005.)



1-22	 Power	Electronics	and	Motor	Drives

the.other.hand,.slow.switching.transients.waste.switching.energy.and,.due.to.the.rather.high.switch-
ing..frequency,. impair.the.efficiency.of.a.design..Worse.efficiency.directly. leads.to.oversize.the.power.
switches.and.heatsinks.to.solve.thermal.issues.

A.professional.system.designer.will.strive.for.an.EMI.conform.layout.and.using.fast-switching.devices.
to.get.an.efficient.and.compact.solution.for.the.application.at.least.cost.

The.major.tasks.for.the.device.manufacturer.are.to.provide.high-voltage.power.transistors.with.less.
switching.losses,.ergo.smaller.parasitic.capacitances.and.lower.on-state.resistance.per.chip.area..Both.
tasks.can.be.accomplished.by.reducing.the.area-specific.on-state.resistance,.since.smaller.chips.with.the.
same.nominal.on-state.resistance.also.have.smaller.parasitic.capacitances.

Practically.a.higher.doping.of.the.voltage-sustaining.layer.will.lead.to.more.carriers.available.for.cur-
rent.transport..On.the.other.hand,.such.a.device.would.lead.to.a.lower.blocking.voltage.capability..The.
way.out.of.this.dilemma.was.the.introduction.of.a.doping.of.the.opposite.type.close.to.the.doping.of.the.
current.bearing.path.[34,35].to.have.local.high.conductivity.and.global.low.doping.due.to.the.compensa-
tion..It.took.several.years.until.the.first.devices.were.commercially.available.that.successfully.used.this.
approach.[36,37]..Since.then,.the.doping.compensation.devices.were.the.development.path.for.improved.
high-voltage.MOSFETs.using.different.manufacturing.approaches.and.optimization.goals.

Beyond.all.these.developments.lies.the.same.basic.structure.as.in.the.right.part.of.Figure.1.22,.which.
is.compared.to.a.conventional.power.MOSFET.(left.part)..Both.devices.basically.have.the.same.struc-
tures.on.the.chip.front.side.with.a.gate.controlling.an.inversion.channel.

Here,.the.voltage-sustaining.layer.consists.of.donor.(n−).and.acceptor.(p−).doping.situated.in.two.indi-
vidual.regions..For.blocking.operation,.the.difference.of.donor.and.acceptor.doping.determines.the.blocking.
voltage..This.net.doping.is.comparable.to.the.very.low.doping.of.the.voltage-sustaining.layer.for.a.conven-
tional.power.MOSFET..The.donor.doping.of.the.most.modern.devices.can.be.increased.by.a.factor.of.15.or.
more.compared.to.standard.MOSFETs.and.thus.the.on-state.resistance.is.reduced.by.a.factor.of.7.5.or.more.

Since.the.blocking.characteristic.is.determined.by.the.difference.of.a.comparatively.high.donor.and.
acceptor.doping.the.control.of.this.net.doping.becomes.the.most.challenging.task.

When.building.up.a.blocking.voltage.at.closed.channel,.a.space–charge.region.starts.extending.from.
the.folded.pn-junction.into.the.p.compensation.columns.and.into.the.n.current.path..The.width.of.this.
insulating.region.grows.with.rising.blocking.voltage.as.sketched.in.Figure.1.23..Already,.at.rather.low.
blocking.voltages.applied.between.drain.and.source.compared.to.the.blocking.capability,.almost.the.
whole.area.of.current.path.and.compensation.column.is.depleted.

One.major.advantage.is.the.reduction.of.the.parasitic.capacitances.of.compensation.devices,.espe-
cially.at.higher.drain-source.voltages.as.depicted.in.Figure.1.24..This.leads.to.lower.control.power.needs.
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and.to.much.faster.switching,.thus.lower.overall.dynamic.losses..The.nonuniform.curves.for.the.drain-
source-capacitance.originates.from.the.building.up.of.the.insulating.space–charge.region.with.increas-
ing.blocking.voltage.between.drain.and.source.as.depicted.in.Figure.1.23.

It.is.expected.that.power.MOSFETs.based.on.the.compensation.principle.will.continue.to.replace.stan-
dard.MOSFETs.in.applications,.setting.a.new.“standard.”.Further.energy.efficiency.will.be.of.interest.also.
for.consumer.and.low-cost.information.technology.appliances;.the.pressure.to.use.new.generations.of.com-
pensation.devices.with.faster.and.therefore.less-loss.switching.will.also.increase..This.will.lead.to.use.profes-
sional.layouts,.also.for.low-cost.solutions.as.they.are.already.common.for.high-end.power.supplies.today.
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FIGURE.1.22. Left:.Cross.section.of.a.conventional.vertical.n-channel.power.MOSFET:.The.load.current.is.con-
trolled.by.the.gate.and.flows.from.the.n.source.on.the.front.surface.of.the.chip.towards.the.drain.on.the.rear.surface.
through.the.low.doped.voltage.sustaining.layer..Right:.Cross.section.of.a.super.junction.vertical.power.MOSFET..
During.on-state.the.load.current.flows.through.the.n--doped.current.path.while.during.off-state.the.doping.is.com-
pensated.by.an.adjacent.p.column.leading.to.a.low.net.doping.serving.as.voltage.sustaining.layer.
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1.5.2  Low-Voltage Power MOSFEt

Low.voltage.power.MOSFETs.are.widely.used.as.switching.transistors,.for.example,.in.AC/DC.converters.
or.DC/DC.converters..Especially.in.the.latter.case,.they.are.operated.at.high.frequencies.above.0.5.MHz.
making.their.parasitic.capacitances.more.important.as.for.high-voltage.power.MOSFETs..Also,.the.control.
losses.are.of.higher.importance.since.the.output.voltage.is.only.a.few.volts.higher.as.the.control.voltage.and.
thus.the.relation.between.switched.output.power.to.needed.control.power.is.much.smaller..The.parasitic.
capacitances.therefore.are.crucial.for.low.voltage.power.MOSFETs.

To.compare.the.performance.of.different.low.voltage.power.MOSFETs,.the.figure-of-merit.on-state.
resistance.multiplied.by.gate.charge.or.multiplied.by.total.charge.are.used—depending.on.the.focus.on.
control.losses.or.switching.losses.

Stray.inductances.as.well.as.inductances.on.the.application.board.and.the.transistor.package.are.of.
high.importance,.because.of.the.rather.low.voltage.used..The.fast.switching.leads.to.significant.voltage.
drops.across.small.stray.inductances,.which.will.influence.the.device.behavior.

Compared.to.high-voltage.devices.where.the.losses.are.dominated.by.the.conduction.losses.in.the.volt-
age-sustaining.layer,.low.voltage.power.MOSFETs.have.more.leveled.distribution.to.the.on-state.losses..
The.impedance.level.in.total.must.be.lower.in.total,.which.leads.to.a.different.approach.for.the.cell.design.

The.on-state.resistances.for.the.conducting.inversion.channel.and.the.voltage.drop.over.the.voltage-
sustaining.layer.are.in.the.same.order.of.magnitude..Additionally,.the.stray.resistance.of.the.package.
and.interconnections.play.an.important.role.leading.to.new.package.concepts.with.less.parasitics;.also.
stray.inductances.are.reduced.

Low.voltage.power.MOSFETs.use.trench.gates.most.frequently.(see.Figure.1.25).compared.to.planar.
gate.structures.dominating.high-voltage.MOSFETs..Trench.cells.allow.a.denser.packaging.of.the.cells,.
higher.channel.widths.and.thus.lower.channel.resistances..The.area.of.the.gate.electrode.opposite.to.the.
drain.electrode.is.smaller,.leading.to.a.smaller.gate-drain.capacitance,.thus.less.feedback.(Miller.effect).
and.faster.switching..The.area.of.the.source.electrode.opposite.to.the.drain.electrode.also.is.smaller,.
leading.to.smaller.output.capacitances.and.less.switching.losses.
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Future. developments. for. low. power. MOSFETs. will. focus. on.
using.finer.structures.to.improve.the.figure.of.merit.Ron.×.Qtotal.

1.6  Wide Bandgap Devices

SiC.is.well.known.as.an.ideal.semiconductor.for.power.electronic.
applications.since.several.decades.[38];.however.it.took.until.2001.
to. introduce. the.first.commercial.devices.based.on.SiC. into. the.
market. [39].. The. reason. for. this. long. pre-development. time. is.
the.difficult. substrate.wafer.manufacturing.process.. In. fact,. the.
first.commercial.SiC.devices.have.been.manufactured.on.2.inch.
diameter.wafer,.meanwhile,.only.7.years.later,.the.wafer.diameter.
used.in.production.is.already.increased.to.4..This.makes.the.for-
merly.exotic.and.expensive.SiC.technology.much.more.affordable..
The.unique.feature.of.both.SiC.diodes.and.switches.in.the.600.V.
and. above. range. is. that. virtually. lossless. switching. is. enabled.
in. combination. with. attractive. conduction. behavior,. allowing.
benchmark.efficiency.and.reduced.complexity.in.modern.power.
conversion.systems.

1.6.1  SiC Schottky Diodes

Other.than.pn-diodes,.Schottky.diodes.do.not.show.any.dynamic.
changes.in.the.charge-carrier.density,.when.being.forward.biased,.as.shown.in.Figure.1.26,.therefore.no.
“reverse.recovery”.is.also.necessary.when.the.bias.changes.sign..Figure.1.26.demonstrates.the.dynamic.
characteristic.of.a.SiC.Schottky.diode.in.comparison.to.fast-switching.Si-diodes.

Based.on.this.principle,.the.equivalent.model.of.the.SiC.Schottky.diode.is.very.simple..It.consists.of.
an.ideal.diode,.possessing.a.temperature-dependent.junction.potential.and.temperature-dependent.
differential.resistance.with.no.switching.losses.and.a.depletion.capacitor.in.parallel..When.switching.
the.unipolar.diode.off,.only.the.displacement.current.of.the.capacitor.can.be.observed.instead.of.a.
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typical.bipolar.reverse-recovery.waveform..As.expected,.there.is.also.no.dependence.of.this.capacitive.
“recovery”.charge.(Qc).from.temperature,.forward.current,.or.di/dt.[40,41]..Of.course,.such.Schottky.
diodes.can.also.be.realized.in.silicon,.but.at.a.voltage.rating.>150.V,.they.suffer.significantly.from.both.
very.high.on-resistance.and.leakage.current..Compared.to.ultrafast.silicon.diodes,.the.losses.depend.
strongly.on.di/dt,.current.level,.and.temperature;.the.SiC.diodes.are.independent.on.these.boundaries.

The.structure.of.a.plain.Schottky.diode.is.simple,.as.indicated.in.Figure.1.27a..One.of.the.drawbacks.
of. this. simple. device. is. the. very. limited. surge. current. capability.. As. the. ohmic. slope. of. its. forward.
characteristic.is.purely.governed.by.the.mobility.of.the.charged.carriers.(which.depend.via.1/T 2.on.tem-
perature.T),.there.exists.a.strong.positive.feedback.mechanism.between.increasing.current.→.increas-
ing.power.dissipation.→.increasing.R.→.increasing.Vf.→.increasing.power.dissipation.…,.what.finally.
leads.to.a.thermal.destruction.of.the.devices.at.surge.currents.only.∼3.times.higher.than.rated.current.
within.10.ms.

How.can.this.issue.be.circumvented.without.penalty.on.the.switching.behavior?.The.solution.is.shown.
in.Figure.1.27b—it.is.the.so-called.merged.pn-Schottky.diode.[42]..This.concept.takes.advantage.of.the.
wide.bandgap.material.properties.of.SiC..The.forward.characteristic.of.this.merged.SiC.Schottky.diode.
and.SiC.pn.diode.is.shown.in.Figure.1.28..Under.normal.operating.conditions,. the.high.pn. junction.
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potential.(∼3.V).of.SiC.precludes.conduction.of.the.pn.structure..Only.in.surge.current.conditions,.this.
forward.voltage.will.be.reached,.and.the.pn.structure.will.provide.additional.carrier.injection.for.con-
ductivity.modulation.of.the.drift.region.

The.p.regions.with.low.ohmic.contact.to.the.Schottky.barrier.have.further.benefits.in.this.struc-
ture..They.will.concentrate.the.maximum.electrical.field.away.from.the.Schottky.barrier.surface..This.
allows.the.usage.of.a.higher.maximum.field.potential.in.the.blocking.mode,.without.degrading.the.
barrier.and.compensates.for.the.area.used.by.the.p−.wells..This.also.provides.a.true.and.consistent.
avalanche.breakdown.characteristic—which.is.not.achieved.by.competitors.with.plain.Schottky.bar-
rier.structure..As.demonstrated. in.Figure.1.28.during. the.normal.operation.(no.overload),. the.SiC.
Schottky.diode.has.a. forward.voltage.drop.of.<1.5.V.just.as.a.Schottky diode.and.in.overload.(e.g.,.
IL.>.5.×.IN),.the.diode’s.forward.characteristic.is.following.the.SiC.pn.diode.structure..According.to.
this.characteristic,.the.overload.performance.is.just.as.known.in.the.surge.current.operation.of.any.
pn-diodes.

Even.though.the.p-areas.shown.in.Figure.1.27b.do.consume.a.certain.area,.there.is.no.increase.in.the.
ohmic.slope.of.the.forward.characteristic,.as.this.effect.is.taken.care.for.by.an.improved.conductivity.
of.the.cell.structure..The.significant.improvement.in.surge.current.capability.comes.therefore.without.
any.penalty.

Due.to.the.very.high.breakdown.field.strength.of.SiC,.the.thickness.of.the.required.blocking.layer.
is.very.small.(<5.μm.for.600.V.SiC.devices.in.comparison.to.40–60.μm.in.600.V.Si-diodes)..This.allows.
even.under.surge.current.mode.to.ensure.purely.capacitive.switching..Figure.1.29.shows.a.diode.com-
mutation.at.a.current.of.10.times.the.rated.nominal.current.
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The. very. small. remaining. capacitive. switching. losses. are. directly. linked. to. the. active. area. of. the.
diode,. which. means. that. over. dimensioning. the. SiC. diode. will. increase. those. dynamic. losses—this.
is.the.opposite,.as.what.most.designers.are.used.to.see.for.Si-diodes,.where.switching.losses.strongly.
depend.on.current.density.and.T-rise.due.to.self.heating.

What. limits. the.power. that. can.be.drawn. from.a.SiC.diode?.With. rising.current,. the.conduction.
losses.at.full.load.will.increase.due.to.the.ohmic.behavior.of.the.diode..The.dissipated.power.must.not.
drive.the.device.into.thermal.runaway.nor.violate.max.junction.temperature.ratings..With.the.merged.
pn/Schottky.concept,.we.get.already.a.nearly.temperature-independent.forward.characteristic.(as.can.be.
seen.from.Figure.1.29,.right-hand.graph.beyond.at.Vf.of.5.5.V),.which.practically.eliminates.the.problem.
of.thermal.runaway..For.the.reduction.of.junction.temperature,.an.appropriate.mounting.technology.is.
required,.which.takes.away.the.thermal.barrier.from.the.60.to.80.μm.thick.solder.layer.being.conven-
tionally.used.for.mounting.power.devices.into.discrete.packages.

In.effect,.the.extremely.good.thermal.conductivity.of.SiC.is.now.directly.coupled.to.the.large.and.also.
good.thermal.conducting.copper.lead.frame.of.the.TO.package..The.conventional.solder.layer.is.replaced.
by.an.extremely.thin.diffusion.zone.that.is.only.2.μm.wide..This.results.in.a.significant.improvement.of.
both.steady-state.thermal.resistance.Rth.and.transient.thermal.impedance.Zth.

Of.course,.SiC.Schottky.diodes.are.not.limited.to.600.V..Due.to.the.comparatively.low.resistivity.of.
the.necessary.blocking.layers.(“drift.layers”),.1200.and.1700.V.Schottky.diodes.have.very.attractive.per-
formance.values.in.comparison.with.their.Si.counterparts..As.for.the.600.V.level,.the.switching.losses.
are.only.minimal.and.are.due.to.capacitive.displacement.current..In.fact,.the.capacity.of.1200.V.with.
a.certain.active.area.is.even.smaller.than.for.a.600.V.device,.caused.by.the.lower.doping.concentration.
in.the.drift.layer..Thus,.those.diodes.are.ideal.companions.as.freewheeling.diodes.for.modern.ultrafast.
Si-IGBTs.

1.6.2  SiC Power Switches

Even. after. 9. years. of. commercial. availability. of. SiC. diodes,. there. still. is. no. SiC. power. switch. in.
the.market..The.reason.is.surely.not.that.such.a.device.would.not.have.plenty.of.application.benefits..
This.is.especially.true.in.the.voltage.range.of.1000.V.and.above,.where.unipolar.switching.devices.like.
Si-MOSFETs.are.already.very.rare.and.of.insufficient.performance.(best.in.class.discrete.devices.have.
typically.several.Ohm.on.resistance)..The.main.competition.in.this.voltage.range.comes.from.IGBT-like.
devices,.with.their.well-known.restrictions.with.respect.to.switching.losses.and.maximum.frequency..
Thus,.many.application.engineers.are.looking.for.SiC-based.alternatives.for.applications.like.solar.con-
verters,.UPS,.HEV,.and.high-precision.drives.

There.have.been.plenty.of.announcements.of.achievements.made.on.SiC.switches.in.the.recent.years,.
but. no. products. have. materialized.. There. are. various. reasons. for. this,. but. for. sure. one. dominating.
issue.is.the.insufficient.quality.of.the.SiC.oxide.interface..A.SiC.MOSFET.suffers.not.only.from.a.low.
channel.mobility,.which.compensates.a.big.part.of.the.advantages.of.the.physical.properties.of.SiC,.but.
also.the.reliability.of.the.SiC.MOS.system.with.respect.to.the.so-called.extrinsic.(early).failures.is.still.
questionable.

However,.for.the.time.being.there.is.one.device.in.favor,.a.so-called.junction.field.effect.transistor.
(JFET). power. switch. concept. in. SiC,. which. does. not. require. a. gate. oxide. and. offers. superior. rug-
gedness.in.many.application.aspects.(e.g.,.ESD,.electrostatic.discharge–ESD,.avalanche,.short-circuit.
conditions)..However,.this.device.is.normally.on.(conducting.without.gate.voltage),.when.best.cost/
performance. is. the. target.. This. feature. can. be. addressed. with. the. help. of. a. cascode. configuration.
employing.a.low.voltage.MOSFET.to.generate.the.necessary.voltage.drop.along.the.MOSFET.source-
drain.path.to.pinch.the.JFET.off..This.principle.is.shown.in.Figure.1.30..For.the.SiC-JFET,.very.attrac-
tive.area-specific.on.resistances.have.already.been.achieved:.<6.M.Ohm.×.cm2.for.devices.with.1200.V.
blocking.
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1.7  SMart Power Systems

Considerable.challenges.that.system.engineers.are.frequently.faced.with.are.the.device.selection,.
control. functions,. and. the. optimized. operation. along. the. SOA-diagram. (Save. Operating. Area),.
together. with. the. implementation. of. protective. and. diagnostic. features. in. power. semiconduc-
tor.components..This.problem.has.been.solved.with.IC-compatible.power.switches,.the.so-called.
SMART-Power.systems..These.new.generation.of.power.semiconductor.switches.have.integrated.all.
the.controlling.protection.and.diagnostic-functions.together.with.a.communication.interface.on.
one.chip..Depending.on.the.power.rating.(voltage.capability.and.current.scaling),.circuit.complex-
ity,. and. requirements. toward. safety. isolation,. there. are. several. ways. of. realization,. for. example,.
monolithic. integration. in.SMART.power. technology.(SPT).or.silicon.on. isolator. (SOI),.chip-on-
chip.(CoC),.chip-by-chip.(CbC).or.multi-die.assembly.on.substrate.carriers.[43].

In. this. new. generation. of. devices,. microelectronics. and. power. electronics. are. combined. for. both.
.systems.and.manufacturing..This.has.triggered.a.new.area.in.system.integration.of.power.and.microelec-
tronics,.a.significant.step.toward.system.miniaturization,.higher.reliability,.reduced.dissipated.power,.
and.fully.protected.and.communicable.electrical.systems..A.broad.spectrum.of.various.semiconductor.
technologies.for.“SMART”.solutions.has.been.developed.since.the.mid-1980s.[44].

1.7.1  High-Voltage System Integration

In. typical. power. conversion. systems,. for. example. motor. control,. the. input. voltage. (supplied. by. the.
mains).has.to.be.rectified.and.the.output.would.be.controlled.to.optimize.power.transfer.for.varying.
motor.load.conditions..There.is.a.great.demand.expected.for.such.electronic.motor.drive.systems.for.
domestic.appliances.that.are.required.to.meet.energy.efficiency.guidelines..In.such.mass.market.con-
sumer.applications,.economy.of.scale.can.be.achieved.by.reducing.electronic.component.count.in.the.
overall.electronic.systems.

Since. these. system. solutions. are. entire. power. electronic. circuits. comprising. a. full. bridge. diode.
rectifier,.IGBT.converter.and.gate.drive.circuit.can.be.integrated..For.such.integration,. lateral.power.
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switching.devices.such.as.lateral.IGBTs.or.power.MOSFETs.(LDMOS,.Figure.1.31).with.all.there.termi-
nals.on.the.surface.have.to.be.used..The.technology.that.is.most.promising.for.such.integration.is.SOI,.
which.allows.total.static.isolation.between.power.devices..Figure.1.31.shows.the.integration.of.various.
power.devices.using.trench.isolation.

1.7.2  SMart Power technology for Low-Voltage Integration

Until.the.mid-1990s,.bipolar.technology.was.the.dominant.process.for.power.IC’s..Depending.on.their.
breakdown.voltage,. these.processes.could.only.offer.a. limited.element.density..The.maximum.power.
dissipation.is.restricted.by.the.base.current.and.the.saturation.voltage.of.the.bipolar.power.transistors..
SMART.power.processes.overcome. these. limitations..Analog. functions.can.be. realized.with.bipolar.
transistors,.CMOS.logic.allows.complex. logic. functions,.and.DMOS.power. transistors.result. in.neg-
ligible. power. dissipation.. Technical. requirements. of. the. application. and. general. cost. considerations.
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restrict.the.choice.of.the.optimum.process,.for.example.in.selecting.self-isolation.or.junction.isolation,.
SMART-power.technology.

The.number.of.power.output.channels.is.a.relevant.orientation.for.the.structure.of.the.power.transistor.and.
this.decides.on.the.technology..In.case.of.single.output,.the.backside.of.the.chip.can.act.as.the.drain.contact,.
which.stands.for.self-isolation.technology..Thus,.the.current.flows.vertically.through.the.devices,.which.is.
optimal.for.the.power.losses.generated..For.multiple.outputs,.all.contacts.are.normally.placed.on.top.of.the.
chip.and.as.a.consequence,.the.current.flows.laterally..In.this.case,.the.junction.isolation.process.is.the.favorite.

SMART.power.technology. in.self-isolation.technologies. is.preferred.for.high.current.devices—the.
voltage.rating.is.typically.<100.V..The.backside.of.the.power.MOSFET.chip.is.used.as.the.common.drain.
of.a.single.or.multiple.power.DMOS.transistor(s).

Various.protection.functions.are.included.in.the.element—monolithically.or.in.CoC-technology—and.
are.indicated.by.the.status.output,.for.example,.over-temperature,.short.circuit,.open.load,.over-.and.under-
voltages.shutdown,.reverse.polarity,.load.dump.protection,.communication.enforce,.etc..(Figure.1.32).

For. highly. complex. logic. functions,. CMOS. technology. is. the. best. choice.. Analog. circuits. can. be.
fabricated. in.bipolar,.and.any.number.of. separate.DMOS.power. transistors.can.be. integrated.. If. the.
application.requires.high.logic.density,.multiple.channels.(as.high-side.or.low-side.switches),.and.mod-
erate.output.power,.the.junction.isolations.technologies.is.the.most.suitable.way.for.system.integration.

1.8  Summary

For.all.power.electronic.systems.to.be.realized,.it.is.essential.to.be.able.to.actively.control.the.dynamic.power.
transfer.in.all.optimum.manners..This.can.only.be.achieved.through.the.use.of.the.optimized.electronic.
switching.devices..For.extremely.high-power.applications,.the.bipolar.devices,.for.example,.thyristors,.LTTs,.
and.IGCTs,.including.their.future.development.are.the.driving.technology.today.and.in.the.next.decades.

The.high-power.and.medium-power. system.development.will.be.dominated.by. the. IGBT..A.huge.
potential.for.further.development.is.given..All.applications.requiring.high.and.ultrahigh.switching.fre-
quencies.in.order.to.minimize.the.power.electronics.converter.at.high.energy.efficiencies.are.driven.by.
Power.MOSFETs..For.lower.voltage.(<100.V).as.well.as.high.voltage.(>500.V),.many.advances.have.been.
made;.new.generations.will.follow.

All.innovations.in.the.car.will.be.driven.by.SMART-Power.systems..This.technology.covers.power.
switches.with.simple. logic. functions. integrated.up.to.highly.sophisticated.system.solutions.with. low.
power.output.stages.
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2.1  Introduction

Along.the.airgap.of.AC.rotating.electric.machines,.there.are.several.distributed windings..These.windings.
are.positioned.in.the.stator.and/or.rotor.magnetic.structure.(typically.inside.slots),.and.they.have.to.pro-
duce.suitable.magnetomotive.force.(mmf).waveforms.in.the.airgap..The.windings.are.usually.distributed.
over.a.more.or.less.wide.airgap.circumference.arc..There.are.a.wide.range.of.AC.windings,.and.it.is.not.pos-
sible.to.provide.a.complete.description.of.any.winding.type.[1–8]..For.this.reason,.the.attention.is.focused.
on.symmetrical windings,.with.particular.reference.to.three-phase.windings.(induction.and.synchronous.
machine.stator.windings)..In.general,.a.distributed.winding.is.defined.as.“symmetrical”.if.its.distribution.is.
characterized.by.two.orthogonal.symmetry.axes..The.aim.of.this.chapter.is.to.provide.to.the.reader.the.basic.
elements.of.the.winding’s.theory.together.with.some.practical.aspects.concerning.the.winding.realization.

2.2   MMF and Magnetic Field Waveforms in the airgap

2.2.1  Introduction

In.a.distributed.winding,.it.is.possible.to.distinguish.the.so-called.active lengths,.and.the.head connec-
tions.or.endwindings..The.active.lengths.are.constituted.by.conductors.facing.the.airgap.and.they.are.
positioned,. in. common. machines,. inside. slots. parallel. with. the. machine. axle.. These. conductors. are.
active.in.the.electromagnetic.energy.conversion.by.means.of.the.interaction.with.the.airgap.magnetic.
field.. The. endwindings. have. the. function. to. close. the. turns. only,. allowing. the. current. to. pass. from.
one.active.length.to.another..In.general,.the.endwindings.do.not.directly.influence.the.electromagnetic.
energy.conversion.

2
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Considering.a.cross.section.perpendicular.to.the.machine,.an.ideal.single-phase.winding.is.positioned.
inside.two.belts.constituted.by.contiguous.slots,.as.shown.in.Figure.2.1..In.the.former.belt,.the.current.
flows.in.the.conductors.entering.the.section.plane.(outward.conductors);.in.the.latter,.the.current.direc-
tion. is. reversed. (backward.conductors)..From.a. functional.point.of.view,. it. is.not. important.how.and.
which.conductor.of.a.belt.is.connected.with.the.conductor.of.the.other.belt..On.the.contrary,.the.distribu-
tion.of.the.active.lengths.along.the.airgap.circumference.is.very.important..In.fact,.the.waveform.of.the.
mmf.in.the.airgap.and.the.induced.electromotive.force.(emf).in.the.winding.both.depend.on.the.arrange-
ment.of.the.active.lengths,.due.to.the.variations.of.the.linked.flux.

In.the.following,.the.methodology.to.determine.the.airgap.mmf.waveform.produced.by.distributed.
windings.when.the.geometrical.positions.of.the.active.lengths.are.known.is.presented..The.proposed.
method.is.based.on.the.following.hypotheses:

•. The.radial.thickness.of.the.airgap.is.assumed.constant.with.the.angle.
•. The.lamination.permeability.is.assumed.infinite:.the.mmf.produced.by.the.winding.drops.in.the.

airgap.only.
•. The.slot-opening.width.is.assumed.infinitesimal:.all.the.conductors.inside.the.slot.can.be.repre-

sented.as.a.single.dot-like.conductor.positioned.in.the.slot.center,.close.to.the.airgap.
•. Three-phase.“regular”.windings.with.an.integer.number.of.slots.per.pole.per.phase.are.considered.

The.meaning.of.the.main.symbols.used.in.the.following.text.is

. ˆ. Apex.for.the.maximum.value.of.a.sinusoidal.quantity
	 ∼. Apex.for.the.rms.value.of.a.sinusoidal.quantity
	 α. Angular.coordinate.of.the.airgap
 A(α). Airgap.mmf.waveform
 P. Pole.pair.number.of.the.actual.winding
 p. Pole.pair.number.of.a.generic.distribution
 q. Number.of.slots.per.pole.per.phase
 Zf. Number.of.conductors.in.series.per.phase
 rt. Airgap.average.radius
 la. Active.length.of.the.conductors.(equal.to.the.slot.axial.length)

2.2.2  MMF Waveform Produced by a Single Full-Pitch Bobbin

Let.us.consider.the.electromagnetic.structure.shown.in.Figure.2.2..The.Zf/2.outward.conductors.and.the.
Zf/2.backward.conductors.of.the.bobbin.are.diametrically.positioned.(full-pitch.bobbin),.and.they.carry.

Air gap
circumference

Outward conductors

Backward conductors

Active lengths

Endwinding

FIGURE.2.1. Layout.of.a.distributed.single-phase.winding.
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current.I..Due.to.the.structure.symmetry,.it.is.possible.to.draw.the.magnetic.field.lines,.as.shown.in.the.
figure..The.mmf.absolute.value.linked.with.each.field.line.is.equal.to.0.5.·.ZfI.

For.all.the.field.lines,.the.imposed.mmf.counterbalances.the.magnetic.voltage.drop.in.the.two.airgap.
crossings..As.a.consequence,.taking.into.account.the.direction.of.the.field.lines,.the.airgap.mmf.wave-
form.is.a.square.wave,.sqw(α),.shown.in.(2.1).and.at.the.right.side.of.Figure.2.2..The.mmf.is.assumed.
positive.when.the.field.lines.cross.the.airgap.from.the.stator.to.the.rotor.

.
A Z If( ) ( )α α= ⋅

4
sqw

.
(2.1)

The.distribution.A(α).can.be.decomposed.into.the.sum.of.spatial.harmonics.(2.2),.using.the.Fourier.series:

.
A Z
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I hf
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( ) sin( )
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π
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∑

1 3 5 7 … .
(2.2)

To.study.the.rotating-field.electric.machines,.the.fundamental.harmonic.of.the.mmf.distribution.is.
particularly.important..The.fundamental.airgap.mmf.waveform.produced.by.a.full-pitch.bobbin.with.
Zf.active.lengths.is.as.follows:

.
A A A

Z
If

fundamental sin( ) ( );α α
π

= =1 1
.

(2.3)

2.2.3  MMF Waveform Produced by a Single-Phase Distributed Winding

Typically,.in.rotating-field.electric.machines,.the.windings.are.subdivided.in.several.bobbins.positioned.
inside.slots.regularly.spaced.along.the.airgap..For.example,.Figure.2.3.shows.a.single-phase.winding.
realized.with.three.identical.full-pitch.bobbins.connected.in.series..The.bobbins.are.positioned.inside.
three.contiguous.slots.

In.general,.let.us.define.β.as.the.angle.between.two.contiguous.slots,.q.as.the.slot.pair.number.used.by.
the.winding,.and.Zf.as.the.total.number.of.active.conductors.

For.this.configuration,.the.airgap.mmf.spatial.distribution,.due.to.the.current.I.flowing.in.the.wind-
ing,.can.be.obtained.by.summing.up.q.square.waveforms.shifted.by.the.angle.β,.as.shown.in.Figure.2.3.
for.the.case.q.=.3..In.general,.the.resultant.mmf.can.be.written.as.follows:

.
A Z

q
I A A if

i

q

bobbin resultant bobbin sqw= = + ⋅
=

∑4
1

; ( ) ( )α α β
.

(2.4)

Bobbin with
Zf  conductors

in series

α

μ = ∞

Stator
Airgap

Fundamental

0 π 2π
α

Rotor

Field lines

Z f I/4 Z f I/π

μ = ∞

FIGURE.2.2. MMF.waveform.produced.by.a.full-pitch.bobbin.with.Zf.conductors.
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Also,.in.this.case,.the.maximum.value.of.the.mmf.distribution.is.equal.to

.
A Z If

max =
4 .

(2.4bis)

In.order.to.evaluate.the.amplitude.of.the.fundamental.component.of.the.resultant.mmf.distri-
bution.produced.by. this.winding.structure,. it. is.possible. to.sum.point-to-point. the. fundamental.
component.due.to.each.bobbin..These.fundamental.components.can.be.represented.as.vectors.with.
amplitude.Abobbin.calculated.from.(2.4).and.the.positive.direction.parallel.to.the.magnetic.axis.of.
the.bobbin.

The.resultant.amplitude.of.the.mmf.can.be.obtained.by.a.vectorial.sum,.represented.by.the.polygonal.
line.shown.in.Figure.2.4..The.amplitude.of.the.resultant.fundamental.mmf.is.given.as.follows:

.
A r q

Z I q
q

f
fundamental sin= ⋅
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π
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(2.5)

Abobbin

0 1

2

Aresultant
q – 1

q

q . β

β

r

β

FIGURE.2.4. Vector.diagram.of.the.resultant.mmf.for.a.distributed.winding.

3

MMF fundamental harmonic
MMF waveform

Bobbin 1
Bobbin 2
Bobbin 3

0 π 2π
α

–β β

α

1

2

3

2

1

β

FIGURE. 2.3. Airgap. mmf. waveform. produced. by. a. single-phase. distributed. winding. with. three. identical.
full-pitch.bobbins.connected.in.series.
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Distribution.Coefficient
The.general.formula.of.the.amplitude.of.the.fundamental.mmf.produced.in.the.airgap.by.a.winding.with.
Zf.conductors.arranged.in.q.pairs.of.diametrical.slots.shifted.by.an.angle.β.is.given.as.follows:

.
A K Z I

d
f

fundamental = ⋅
π .

(2.6)

where.Kd.is.the.so-called.distribution.coefficient.of.the.winding..This.coefficient.is

.
K

q
qd =

⋅
⋅

sin( / )
sin( / )

β
β

2
2 .

(2.7)

In.Table.2.1,. the.phase.winding.distribution.coefficients,. for. two-phase.and.three-phase.motors,.
are. given.. These. coefficients. are. evaluated. considering. that. the. slots. are. uniformly. distributed.. In.
this.case,.the.angle.β.depends.on.the.number.of.slots.per.pole.per.phase.(q).and.on.the.phase.number.
(m),.in.accordance.with.the.relation.β.=.2π/Nslot.=.2π/(2P · m · q),.considering,.in.this.case,.P.=.1.(see.
Section.2.2.5).

2.2.4  MMF Waveform Produced by a Shortened-Pitch Winding

In.electric.machines,.the.actual.winding.structure.is.often.more.complex.than.the.full-pitch.one.con-
sidered.previously.in.this.chapter..Without.considering.very.irregular.winding.structures,.the.attention.
is.focused.on.shortened-pitch.windings..In.this.winding.type,.the.backward.conductors.of.a.turn.are.
positioned.at.an.angle.less.than.180°,.with.respect.to.the.outward.conductors.(non-diametrical.bobbin)..
This.solution.allows.to.obtain.a.lower.length.of.the.endwinding.and.a.lower.harmonic.content.in.the.
airgap.spatial.mmf.distribution.(lower.distortion.of.the.mmf.wave).

In.order.to.analyze.the.shortened-pitch.windings,.let.us.consider.a.classical.full-pitch.phase.wind-
ing.(diametrical.pitch).positioned.inside.2q.slots.with.Zc.=.Zf/2q.conductors.per.slot..Suppose.that.we.
divide.this.winding.in.two.twin.parts.(layers).still.positioned.in.2q.slots,.but.each.one.realized.with.Zc/2.
conductors,.as.shown.in.Figure.2.5a..Now,.let.us.impose.a.relative.rotation.between.the.two.layers,.of.
an.integer.number.of.slots.(nr),.obtaining.the.phase.configuration.shown.in.Figure.2.5b..The.obtained.
winding. is.positioned. inside.a.number.of. slots.greater. than. those.of. the.original. full-pitch.winding;.
in.particular,.the.number.of.occupied.slots.by.the.conductors.is.2(q.+.nr),.but.these.slots.are.not.uni-
formly.filled..This.winding.structure.is.called.shortened-pitch.winding,.and.nr.is.the.pitch.shortening,.
expressed.in.number.of.slots.

The.analysis.of.the.mmf.distribution.produced.by.this.different.layer.positioning.can.be.done.through.
the.study.of.the.two.half-windings..In.fact,.if.the.two.layers.rotate.each.other.by.nr.slots.(corresponding.

TABLE.2.1. Distribution.Coefficient
Two-Phase.Motor Three-Phase.Motor

q Kd Kd

1 1.0000 1.0000
2 0.9239 0.9659
3 0.9107 0.9598
4 0.9061 0.9577
5 0.9040 0.9567
6 0.9029 0.9561
8 0.9018 0.9556
∞ 0.9003 0.9549
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to.angle.nrβ),.the.vectors.of.the.mmf.fundamental.components.created.by.the.two.layers.will.also.be.
shifted.by.the.same.angle.

Let.us.define.Alayer. as. the.amplitude.of. the.mmf. fundamental.component.produced.by.each. layer.
and.Kd.as. the.distribution.coefficient.of. the.single. layer..The.amplitude.of. the.resultant.mmf.can.be.
calculated.as

.
A A n A K Z Ir

d
f

fundamental layer layer; where= ⋅ =2
2

1
2

cos β
π

.
A K n Z I

d
r f

fundamental = ⋅ ⋅cos β
π2

.
K n

r
r= cos β
2 .

(2.8)

The.coefficient.Kr.is.called.shortening.coefficient.of.the.winding..This.coefficient.is.equal.to.1.when.
the.two.layers.are.superposed.in.the.same.slots.(nr.=.0)..Obviously,.in.this.case,.the.winding.is.defined.
as.full-pitch.winding.

Winding.Coefficient
The.product.of.the.distribution.coefficient.and.the.shortening.one.is.commonly.called.the.winding.
coefficient,.Ka..Then,.for.a.generic.winding,.the.mmf.fundamental.distribution.can.be.written.as.follows:

.
A K

Z I
K n

q
qa

f
a rfundamental where= ⋅ = ⋅





⋅
⋅

⋅π
β β

; cos
sin( / )

si2
2

nn( / )β 2 .
(2.9)

Equation.2.9.is.particularly.important.in.order.to.describe.the.magnetization.effect.due.to.the.distrib-
uted.winding..In.fact,.through.(2.9),.any.winding.can.be.identified.by.an.equivalent.turn.number,.N′,.
from.the.production.of.the.fundamental.mmf.component.point.of.view,.defined.as.follows:

.
′ = ⋅N K Z

a
f

π .
(2.9bis)

Layer 1

Layer 2

Alayer 2

(a) (b)

Alayer 2

Aresultant

nr

Alayer 1

Alayer 1

Zc/2

β

Shortened-
pitch

connection
Aresultant

nr β

nr β

Full-pitch
connection

FIGURE.2.5. Double-layer.winding.with.four.slots.per.pole.per.phase:.(a).full-pitch.structure.and.(b).shortened-pitch.
structure.with.nr.=.2.
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If.the.number.N′.and.the.value.of.current.I.in.the.winding.are.known,.it.is.possible.to.calculate.the.
amplitude.of.the.fundamental.harmonic.of.the.airgap.mmf.directly.by.using

. A N Ifundamental ( ) sin( )α α= ′
.

(2.10)

It.is.important.to.state.that.two.different.windings.with.the.same.equivalent.turn.number,.N′,.can.be.
considered.identical.from.the.point.of.view.of.the.phenomena.linked.to.the.fundamental.mmf.distribu-
tion.in.the.airgap.only.

Spatial.Harmonics
Besides. the. fundamental. component. (2.10),. in. the. airgap. mmf. waveform. produced. by. a. distributed.
winding.positioned.in.slots,.a.great.number.of.spatial.harmonics.are.present..By.means.of.the.Fourier.
series,.the.actual.spatial.harmonics.can.be.related.to.the.odd.harmonics.of.a.square.wave..In.fact,.as.
shown.in.(2.2),.the.mmf.square.wave.due.to.a.single.diametrical.bobbin.can.be.considered.as.the.basic.
component.to.study.more.complex.winding.structures.

The. spatial. harmonics. can. be. conventionally. considered. as. a. secondary. effect. in. the. magnetiza-
tion.produced.by.the.winding..In.general,.the.presence.of.these.harmonics.is.undesired.and.they.are.
often.considered.as.a.disturbance..From.this.point.of.view,.the.analysis.of.the.spatial.harmonics.is.very.
important.

For.each.harmonic.order,.h,.of.the.resultant.mmf.distribution,.it.is.possible.to.define.the.harmonic.
winding.coefficient,.Ka,h,.in.accordance.with

.
A K

Z I
h

K n h
q h

qh a h
f

a h rharmonic, , ,; cos
sin( / )

= ⋅
⋅

= ⋅ ⋅





⋅ ⋅
π

β β
2

2
⋅⋅ ⋅sin( / )h β 2 .

(2.11)

Then,.the.resultant.mmf.distribution.of.the.winding.can.be.written.as

.
A

Z I K
h

hf a h

h

( ) sin( ),

, , , ,

α
π

α= ⋅
=
∑
1 3 5 7 … .

(2.12)

Let.us.define,.on.the.analogy.of.(2.9bis),.the.following.equivalent.turn.number.for.the.hth.harmonic:

. ′ = ⋅N K
h

Z
h

a h f,

π

Then,.(2.12).can.be.rewritten.as

.
A I N hh

h

( ) sin( )
, , , ,

α α= ′ ⋅
=
∑

1 3 5 7 … .
(2.13)

If. the. phase. winding. is. symmetrical,. in. the. mmf. distribution. spectrum. there. are. odd. spatial.
harmonics.only.

As.an.example,.Figure.2.6.shows.the.mmf.spatial.distribution.for.a.symmetrical,.shortened-pitch,.
double-layer.phase.winding.with.q.=.3,.nr.=.1,.and.β.=.30°.

In.Figure.2.7,.a.comparison.of.the.harmonic.winding.coefficients.for.a.full-pitch.winding.and.a.one-
slot.shortened-pitch.winding.(both.windings.with.q.=.3.and.β.=.30°).is.shown.

Figure.2.7.highlights.that.the.pitch.shortening.affects,.in.a.modest.way,.the.fundamental.mmf.har-
monic.(h.=.1),.and.in.a.more.sensible.way,.the.amplitude.of.some.spatial.harmonics..In.particular,.the.
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amplitudes.of.the.5th.and.7th.harmonics.are.considerably.reduced..As.a.consequence,.the.pitch.short-
ening.can.be.considered.as.a.simple.method.to.reduce.the.amplitude.of.some.spatial.harmonics.in.the.
mmf.distribution.

Equation.2.11.highlights.that.the.winding.coefficient.value.for.a.generic.hth.harmonic.order.does.not.
depend.on.the.sign.of.h..The.harmonic.winding.coefficient.values.have.a.periodic.trend.with.respect.to.
the.harmonic.order..In.particular,.two.spatial.harmonics.of.order.h′.and.h.that.verify.the.relation.(2.14).
are.characterized.with.the.same.value.of.the.winding.factor.

. ′ = ± +h h kNslots . (2.14)

As.a.consequence,.the.harmonics.of.an.order.of.h′.that.respects

. ′ = ±h kNslots 1 . (2.14a)

will.have.the.same.winding.coefficient.as.of.the.fundamental.harmonic..These.spatial.harmonics.are.
conventionally.called.“toothing.harmonics.”*

*. The.name.“toothing.harmonics”.does.not.have.any.relation.with.the.magnetic.anisotropy.phenomena.due.to.the.pres-
ence.of.slots.and.teeth.along.the.airgap..In.fact,.these.harmonics.are.already.present.in.the.mmf.distribution.produced.
by.the.winding,.and.they.depend.on.the.number.of.slots.only.

Harmonic winding coe�cient, Ka,h

Full-pitch
Shortened-pitch

1.0

0.8

0.6

0.4

0.2

0.0
1 3 5 7 9 11

Harmonic order, h

FIGURE.2.7. Harmonic.winding.coefficient.comparison.between.a.full-pitch.winding.with.q.=.3.and.β.=.30°,.and.
a.shortened-pitch.winding.with.q.=.3,.β.=.30°,.and.nr.=.1.

0 1 2 3 4 5 76 8 9 10 11

FIGURE.2.6. Typical.mmf.waveform.for.shortened-pitch.winding.
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The.toothing.harmonics.have.typically.a.great.impact.on.the.spectrum.of.the.spatial.harmonics..In.
addition,.these.harmonics.cannot.be.attenuated.using.a.suitable.positioning.of.the.phase.conductors,.as.
is.the.case.with.the.other.harmonic.orders,.because.this.solution.should.involve.a.reduction.of.the.fun-
damental.component.too..A.mitigation.of.the.effects.of.the.toothing.harmonics.can.be.obtained.using.
other.methods,.such.as.axial.skewing.of.the.slots.

2.2.5  Definition of the Winding Polarity (Pole Pair Concept)

In.the.analyses.reported.so.far,.windings.with.diametrical.or.quasi-diametrical.turns.have.been.con-
sidered..For.this.type.of.structures,.the.airgap.mmf.waveform.has.a.unique.sign.alternation.along.the.
airgap.circumference.(see.Figure.2.6)..In.other.words,.the.windings.create.two.magnetic.polarities.or.
poles.(north.and.south)..Usually,. these.windings.are.called.two-pole.windings.or.windings.with.one.
pole.pair.(P.=.1).

In.rotating-field.electric.machines,.phase.windings.with.the.number.of.pole.pairs.greater.than.one.(P >.1).
are.often.adopted..In.these.cases,.the.airgap.mmf.distribution.has.more.sign.alternations.along.the.whole.
circumference,.and.more.magnetic.polarities.are.produced.in.the.airgap..The.easiest.method.to.produce.a.
pole.pair.number.greater.than.one.is.to.repeat.the.disposition.of.the.active.winding.lengths.of.an.elemen-
tary.two-pole.winding,.in.a.cyclic.way,.along.the.airgap.circumference,.as.shown.graphically.in.Figure.2.8.

Let. us. suppose. that. the. P. elementary. windings. are. connected. in. series,. in. order. to. have. the. same.
current.I.in.all.the.active.lengths,.and.let.us.define.Zf.as.the.total.number.of.active.conductors.used.in.
the. winding. with. P. pole. pairs;. then,. the. fundamental. component. of. the. mmf. waveform. produced. by.
the.winding.with.P.pole.pairs.can.be.evaluated.using.(2.15)..An.example.of.a.four-pole.mmf.distribution.
is.shown.in.Figure.2.9.

Zf I/8

0

Field lines

Zf I/(2π)

α

Afundamental

π 2π

α
μ >> 1

μ >> 1

Winding with
P = 2, q = 1

FIGURE.2.9. MMF.waveform.and.field.lines.for.a.four-pole.(P.=.2).winding.

β

P=1 P=2 P=3

β/2 β/3

FIGURE.2.8. Ideal.procedure.to.realize.a.winding.with.different.pole.pair.numbers.deforming.a.two-pole.winding.
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.
Â K Z I

P
a f

fundamental =
⋅
⋅π .

(2.15)

With.respect.to.the.calculation.of.the.winding.coefficient,.Ka,.it.is.important.to.observe.that.in.this.
case,.the.angle.β.has.to.be.evaluated.from.the.electric-phase-rotation.point.of.view..It.is.therefore.useful.
to.introduce.the.concept.of.electric.angle,.βe,.as.the.product.of.the.slot.pitch.geometrical.angle.and.the.
pole.pair.number.of.the.winding:

. β βe P= ⋅ . (2.16)

In.this.way,.the.winding.coefficient.for.a.winding.with.2P.magnetic.poles.can.be.calculated.in.the.
same.formal.way.used.for.a.two-pole.winding.(P.=.1),.using.the.electric.angle,.βe,.instead.of.the.geo-
metrical.angle,.β..Also,.the.equations.that.describe.the.fundamental.mmf.distribution.for.a.two-pole.
winding.(see.(2.9),.(2.9bis),.and.(2.10)).can.be.rewritten.in.a.more.general.form.thanks.to.the.electric.
angle,.as.follows:

.
 winding coefficiK n

q
qa r

e e

e
= ⋅





⋅
⋅

⋅
cos

sin( / )
sin( / )

;β β
β2

2
2

eent
.

(2.17)

.
′ = ⋅N K Z

Pa
f

π
; equivalent turn number

.
(2.18)

 Afundamental(α).=.N′ I.sin.(αe);. fundamental.mmf.contribution. (2.19)

where.α αe P= .
With.reference.to.the.spatial.harmonics.of.the.resultant.mmf.waveform,.for.a.generic.2P-pole.wind-

ing,.the.following.equations.can.be.derived,.on.the.analogy.of.(2.11).and.(2.12):

.
K n h

q h
q ha h r

e e

e
, cos

sin( / )
sin( / )

= ⋅ ⋅





⋅ ⋅
⋅ ⋅

β β
β2

2
2 .

(2.17bis)

.
′ = ⋅

⋅ ⋅
N K Z

P hh a h
f

, π .
(2.18bis)

.
A I N hh

h
e( ) sin( )

, , , ,

α α= ′ ⋅
=
∑ˆ

1 3 5 7 … .
(2.19bis)

The.use.of.the.electric.angle.is.very.important.because.it.allows.to.study.a.2P-pole.winding.as.a.simple.
two-pole.winding..In.fact,.all.the.relations.involving.an.angular.airgap.coordinate.(α,.β,.etc.).written.
for.a.two-pole.winding.are.still.valid.for.a.2P-pole.winding.if.the.electric.angle.is.used.instead.of.the.
geometrical.angle.
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Example 2.1

Let us consider the winding layouts reported in Figure E.2.1.
The winding polarity and the winding coefficient of these windings are

Winding A P = 1 q = 4 Nr = 0 βe = 20° Ka = 0.925
Winding B P = 3 q = 1 Nr = 0 βe = 20° Ka = 1.000
Winding C P = 2 q = 2 Nr = 1 βe = 30° Ka = 0.933
Winding D P = 1 q = 4 Nr = 2 βe = 15° Ka = 0.925

2.2.6  airgap MMF Waveform Produced by a Single Conductor

In.this.section,.the.mmf.distribution.produced.by.a.single.conductor.is.analyzed..This.particular.wind-
ing.structure.can.be.considered.as.a.theoretical.case.and.it.can.be.used.as.a.starting.point.to.develop.

360°
(a) (b)

1 2 13 14 15 16 17 18

360°

1 2 3 4 7 8 9 10 13 14 15 163 4 5 6 7 8 9 10 11 5 6 11 12 17 1812

5 11

360°

(c)

17 231 2 3 4 6 7 8 9 10 12 13 14 15 16 18 19 20 21 22 24

360°

(d)

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24

FIGURE.E.2.1
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a.general.theory.of.a.nonconventional.winding.structure,.such.as.the.squirrel.cage.winding,.typically.
used.in.induction.machines.

Let.us.consider.the.geometrical.situation.shown.in.Figure.2.10,.where.two.coaxial.cylindrical.magnetic.
structures.are.shown..The.single.conductor.is.positioned.in.the.airgap.(point.A),.and.it.carries.current.I,.
entering.the.drawing.plane..Due.to.this.current,.two.different.paths.for.the.magnetic.field.lines.are.possible:

•. Path.#1:.magnetic.field.lines.that.are.in.the.outer.magnetic.structure.only
•. Path.#2:.magnetic.field.lines.that.cross.the.airgap.and.are.both.in.the.outer.and.inner.cylinders

Nevertheless,.if.the.magnetic.material.permeability.is.high,.most.part.of.the.field.lines.and,.conse-
quently,.most.part.of.the.linked.flux.with.the.conductor.will.be.in.path.#1,.while.the.field.lines.with.
path.#2.will.be.weaker.because.they.have.to.cross.the.airgap..The.linked.flux.associated.with.field.lines.
in.path.#2.becomes.negligible.with.respect.to.the.total.linked.flux..As.a.consequence,.it.is.possible.to.
think.that.the.magnetic.voltage.drop.along.the.airgap.circumference.of.the.external.structure.is.due.to.the.
presence.of.the.field.lines.in.path.#1.only..For.the.same.reasons,.it.can.be.assumed.that.in.any.point.of.
the.inner.structure,.the.magnetic.potential.is.about.zero.

On. the.basis.of.previous. remarks,. it. is.possible. to. consider. that. the.magnetic.potential.difference.
between.the.two.coaxial.structures.is.proportional.to.the.angular.coordinate,.α,.of.the.considered.point.
along.the.airgap,.as.shown.in.Figure.2.10.and.expressed.as.follows:

. A I( ) ( )α α=
2

saw . (2.20)

where.A(α). is. the.airgap.mmf.distribution.produced.by.the.conductor.and.the.conventional.positive.
current,.I,.and.the.sawtooth.function,.saw(α),.has.unitary.amplitude.and.period.equal.to.2π.

If.Zf.conductors,.each.carrying.the.same.current.I,.are.concentrated.at.point.A.of.Figure.2.10,.(2.20).
can.be.rewritten.as

. A Z If( ) ( )α α=
⋅

2
saw . (2.20bis)

The.mmf.waveform.is.periodic.with.period.2π,.and,.using.the.Fourier.series,.it.can.be.expressed.as.
follows.and.as.shown.in.Figure.2.11:

.
A Z

h
I hf

h

( ) sin( )
, , ,

α
π

α=
⋅

⋅ ⋅
=
∑
1 2 3 … .

(2.21)

A A(α)

α1
π

A(0) =
A(α) = f (π–α)/2
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A(α)

A(2π) = –

2π
B

μ >> μ0
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μ >> μ0

α1

#1

#2
B

α

FIGURE.2.10. Magnetic.potential.distribution.produced.by.an. indefinite. straight.conductor.positioned. in.a.
cylindrical.airgap.with.constant.thickness.(point.A).
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Contrary.to.the.case.of.the.diametrical.turn,.in.the.distribution.spectrum,.both.odd.and.even.spatial.
harmonics.are.present..The.fundamental.component.of.the.mmf.can.be.calculated.using

.
A Z If

fundamental ( ) sin( )α
π

α=
.

(2.22)

Comparing.(2.22).with.(2.3),.valid.for.a.diametrical.bobbin,.the.following.equivalence.considerations.
between.a.single.conductor.and.a.diametrical.bobbin.can.be.regarded:

•. With.respect.to.the.fundamental.component:.a.single.conductor.can.be.substituted.by.a.fictitious.
diametrical.bobbin.with.one.active.length.only.(Zf.=.1).

•. With.respect.to.the.spatial.harmonics:.the.amplitude.of.the.spatial.harmonics.is.proportional.
to.1/h.in.both.cases,.but.for.the.single.conductor,.both.the.odd.and.even.harmonic.orders.are.
present.

2.2.7  airgap Magnetic Flux Density Waveform

When.the.airgap.mmf.distribution.produced.by.a.system.of.active.windings.is.known,.it.is.possible.to.
estimate.the.magnetic.field.waveform,.H(α),.or.the.magnetic.flux.density.waveform,.B(α).=.μ0.H(α)..This.
can.be.easily.done.if.the.following.simplifications.are.adopted:

•. No.saturation.phenomena.are.present:.in.this.case,.all.the.mmf.distribution.counterbalances.the.
magnetic.voltage.drop.in.the.airgap.

•. The.magnetic.structure.is.assumed.to.be.isotropic..In.other.words,.the.airgap.thickness.is.consid-
ered.constant.in.each.direction.

Thanks.to.these.hypotheses,. the.flux.density.distribution.along.the.airgap.circumference.can.be.
calculated.using.(2.23),.and.the.two.waveforms,.B(α).and.A(α),.are.similar.in.shape:

.
B A

lt
t

( ) ( )α µ α= 0
.

(2.23)

In.reality,.the.slots.that.contain.the.windings.do.not.have.a.negligible.opening.width,.and,.as.a.con-
sequence,.the.airgap.thickness,.lt,.cannot.be.assumed.constant.with.respect.to.the.angular.coordinate.α..
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Zf I

Zf I

Zf I

saw(α)

π 2π

α

A1

A2

A3

2

2–

FIGURE.2.11. Harmonic.decomposition.of.the.airgap.mmf.waveform.produced.by.Zf.conductors.positioned.in.a.
single.slot.



2-14	 Power	Electronics	and	Motor	Drives

From.this.point.of.view,.(2.23).has.to.be.considered.inadequate.for.a.point-to-point.description.of.the.
airgap.flux.density.distribution.

Corresponding. to. the. slot.opening,. the.magnetic.field. is.weakened.with. respect. to. the.field.value.
under.the.tooth,.as.shown.in.Figure.2.12.

Supposing.that.just.one.of.the.airgap.surfaces.has.the.slots.and.the.other.one.is.smooth,.it.is.possible.
to.quantify.in.an.analytical.way.the.flux.weakening.near.to.the.slot.opening,.if.the.following.assump-
tions.are.made:

•. Infinite.permeability.of.the.magnetic.laminations
•. Slots.with.indefinite.deep.and.parallel.borders
•. Constant.magnetic.potential.difference.between.faced.surfaces

In. this. case,. it. is.possible. to.determine.an.analytical. expression. for. the.normal.component.at. the.
smooth.surface.of.the.airgap.magnetic.field..With.reference.to.Figure.2.12,.let.us.define.the.airgap.linear.
coordinate.x.having.its.origin.at.the.center.line.of.the.slot,.and.the.following.quantities:

τc. Slot.pitch
ac. Slot-opening.width
lt. Airgap.thickness
A. Magnetic.potential.difference.between.the.stator.and.the.rotor
Bt,max. Magnetic.flux.density.under.the.center.line.of.the.tooth

Furthermore,.let.us.define.the.parameter.ξa.=.ac/2lt..The.normal.component.of.the.airgap.flux.den-
sity,.Btn(x),.on.a.smooth.surface.can.be.evaluated.by.a.Schwarz–Christoffel.conformal.transformation..
The.result.is.expressed.in.(2.24)..In.this.equation,.the.intermediate.variable.w,.related.to.the.conformal.
transformation,.is.in.the.range.of.0–1.when.the.coordinate.x.changes.from.0.to.∞.
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(2.24)

Figure.2.13.shows.the.ratio.b(x).between.the.flux.density.value.close.to.the.slot,.Btn(x),.and.the.same.
value.without.the.slot.presence,.Bt,max..With.reference.to.the.results.shown.in.Figure.2.13,.it.is.possible.to.
conclude.that.lower.values.of.the.flux.density.in.correspondence.to.the.slot.opening.reduce.the.magnetic.

Bt(x)

x

Airgap
thickness

lt

0

ac Slot-opening width

Field weakening under a slot

FIGURE.2.12. Slot-opening.effect.on.airgap.flux.density.
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flux.that.crosses.the.airgap..Let.us.define.ΔΦc,.the.magnetic.flux.per.axial.length.unit.of.the.machine,.
that.is.missing.due.to.the.slot.opening.effect..From.(2.24),.the.following.equation.can.be.obtained.for.
the.ΔΦc.quantity:

.
∆Φc t

t
a a aB l≅ ⋅ ⋅ − +( )( )2 2 12

, arctan lnmax π
ξ ξ ξ

.
(2.25)

As.a.consequence,.the.magnetic.flux.in.a.slot.pitch.produced.by.the.magnetic.potential.difference,.A,.
can.be.written.as

.
Φ ∆Φd t c c t c t a a aB B l= − = − ⋅ − +( )( )



,max ,max arctan lnτ τ

π
ξ ξ ξ2 2 12

 =with B A
lt
t

,max µ0

The.same.flux.can.be.calculated.considering.the.same.magnetic.voltage.difference,.A,.on.both.the.
faced.surfaces.without.slots,.but.using.an.increased.value.of.the.airgap.thickness,.as.follows:

.
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.

(2.26)

The.increase.coefficient,.KC,. is.called.Carter.coefficient..For.convenience,.some.values.of.this.coef-
ficient.are.given.in.Figure.2.14.

The.Carter.coefficient. is.a.number.grater. than.one,.and. it. takes. into.account,. in.a.global.way,. the.
airgap.flux.weakening.due.to.slots..In.the.case.of.semi-closed.slots,.an.approximated.equation.for.the.
Carter.coefficient.estimation.is

.
K

lC
c

c t a a
≅

− +
τ

τ ξ ξ( ( ))4 5 22 / .
(2.26bis)
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FIGURE.2.13. Airgap.field-weakening.function.due.to.slot.opening.
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Summarizing.the.considerations.taken.into.account.so.far,.the.following.conclusions.can.be.drawn:

•. If.a.point-to-point.description.of.the.flux.density.waveform.is.requested,.(2.23).is.unacceptable.
and.it.has.to.be.at.least.substituted.by.the.following.relation:*

. B A
l

bt
t

( ) ( ) ( )α µ α α= ⋅0 . (2.27)

. . where.b(α).is.the.airgap.flux.density.weakening.function.due.to.the.slot.opening.stated.in.(2.24).and.
shown.in.Figure.2.13..The.effect.of.the.slots.on.the.actual.flux.density.waveform.is.shown.in.Figure.2.15.

•. On.the.other.hand,.if.just.the.amplitude.of.the.fundamental.components.of.the.mmf.and.flux.den-
sity.waveforms.have.to.be.calculated,.(2.23).can.be.rewritten.as.follows.in.order.to.approximately.
include.the.slot-opening.effects:

.
ˆ

ˆ
B A

K lt
C t

,fundamental
fundamental≅

⋅
µ0

.
(2.28)

*. In.actual.fact,.this.formulation.is.not.free.of.criticisms.and.it.should.be.corrected.taking.into.account.the.magnetic.non-
equipotential.condition.between.the.right.and.the.left.border.of.a.slot.when.electric.current.in.the.conductors.inside.the.
considered.slot.is.present.
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FIGURE.2.14. Values.of.the.Carter.coefficient.
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FIGURE.2.15. Slot-opening.effect.on.the.actual.airgap.flux.density.waveform.
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•. In.the.not.so.infrequent.case.in.which.both.the.stator.and.rotor.surfaces.are.slotted,.the.resultant.
Carter.coefficient.can.be.approximately.evaluated.as.the.product.of.the.two.Carter.coefficients.due.
to.stator.slots.and.rotor.slots.separately.(considering.one.surface.slotted.and.the.other.smooth)..
This.approximation.is.generally.acceptable.for.semi-closed.slots.

•. Equation.2.28.can.be.also.used.for.the.calculation.of.the.flux.density.harmonics.produced.by.the.
airgap.mmf.harmonics,.but,.in.this.case,.the.Carter.coefficient.for.each.harmonics.has.to.be.cal-
culated.with.equations.other.than.(2.26).and.(2.26bis).

Example 2.2

Let us consider the double-layer stator winding of a three-phase, two-pole rotating-field machine (i.e., 
induction motor) with 18 slots, as shown in Figure E.2.2. The winding pitch is diametrical (full-pitch wind-
ing) and there are five conductors in series per slot per layer. Each phase winding structure uses three 
slots for the outgoing active conductors and three diametrical slots for the backward conductors, as 
shown in the figure.

Determine the maximum value of the mmf distribution and the amplitude of the mmf fundamen-
tal component when a phase current, I, equal to 8 A (instantaneous value) is supplied in the phase 
winding.

Number of slots per pole per phase q = 3
Number of conductors in series per slot Zc = 10
MMF amplitude (maximum value) Amax = q · Zc · I/2 = 3 × 10 × 8/2 = 120 A
Slot angular pitch β = 360°/18 = 20°
Distribution coefficient (= winding coefficient) Kd = sen(3 × 10°)/(3 · sen(10°)) = 0.960
Number of conductors in series per phase Zf = 5 · 12 = 60
Amplitude of the mmf fundamental component Afund = 0.960 · 60 · 8/3.14 = 146.6 A

Example 2.3

Determine the phase current value that produces the same amplitude of the mmf fundamental compo-
nent as calculated in the previous example, when a pitch shortening of two slots is adopted. In this case, 
evaluate the new maximum value of the mmf distribution produced by the winding too.

Pitch shortening (in number of slots) nr = 2
Shortening coefficient Kr = cos (2 · 10°) = 0.940
Phase current (to get Afund = 146.6 A) I′ = 8.0/0.940 = 8.5 A
MMF amplitude (maximum value) Amax = q · Zc · I′/2 = 3 × 10 × 8.5/2 = 127.5 A

Example 2.4

In Figure E.2.4, a single-layer stator winding of a three-phase rotating-field machine with 24 slots is 
shown. Using Zf = 96 active conductors in series per phase, two winding structures, with different pole 
numbers, have to be realized: a two-pole winding (P = 1, layout (a) in the figure) and a four-pole winding 
(P = 2, layout (b) in the figure), respectively.

For the two structures, determine the amplitude of the mmf fundamental component if the phase 
current is I = 7 A.

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 Five conductors/
slot/layer

FIGURE.E.2.2
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Number of pole pairs P = 1 P = 2
Slot angular pitch βe = 1 · 360°/24 = 15° βe = 2 · 360°/24 = 30°
Number of slots per pole per phase q = 4 q = 2
Winding coefficient (nr = 0) Ka = 0.958 Ka = 0.966
MMF fundamental component amplitude Afund = 204.8 A Afund = 103.3 A

Example 2.5

For a stator winding, the following data are known: 18 slots, Zf = 96 conductors in series per phase, q = 3 
slots/pole/phase, and nr = 2 slots. As shown in the Figure E.2.5 the airgap radius is Rt = 45 mm, the slot-
opening width is ac = 2.5 mm, and the airgap thickness is lt = 0.5 mm.

Determine the phase current value that produces an airgap fundamental flux density amplitude 
equal to Bt,max = 0.857 T.

Slot angular pitch β = 360°/18 = 20°
Slot pitch (linear) τc = 2π · 45/18 = 15.7 mm
Half slot-opening width/airgap thickness ratio ξa = 2.5/(2 · 0.5) = 2.5
Carter coefficient KC = 15.7/{15.7 − 2 · 0.5[2 · 2.5 · atn(2.5)−ln(1 + 2.52)]/π} = 1.087
Equivalent airgap thickness lt′ = 1.087 · 0.5 = 0.543 mm
Distribution coefficient Kd = sin(3 · 20°/2)/(3 · sin(20°/2) = 0.960
Shortening coefficient Kr = cos(2 · 20°/2) = 0.940
Winding coefficient Ka = 0.960 · 0.940 = 0.902
Equivalent turn number N′ = 0.902 · 96/3.14 = 27.6
Phase currenta I = 0.857 · 0.543 · 10−3/(1.256 · 10−6 · 27.6) = 13.4 A

aBy the equation of the airgap fundamental flux density amplitude, it is possible to evaluate the phase 
current, as follows:

.
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l
N I I B

l
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t
t

t
t=

′
′ → = ′

′
µ

µ
0

0

2.3  rotating Magnetic Field

2.3.1  rotating Magnetic Field in three-Phase Windings

In.AC.electric.motors,.such.as.in.AC.generators,.the.winding.positioned.in.the.stator.is,.in.the.majority.
of.cases,.a.three-phase.winding..For.this.reason,.the.attention.is.focused.on.three-phase.winding.struc-
tures,.considering.them.as.a.special.case.of.more.generic.polyphase.windings.

1 2 3 4 5 6 7 8

τc ac = 2.5 mm

ll = 0.5 mm

9 10 11 12 13 14 15 16 17 18

FIGURE.E.2.5

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24
(a)
(b)

FIGURE.E.2.4
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In.a.three-phase.winding,.the.stator.slot.number.pole.pair.is.typically.a.multiple.of.six.(NS.=.m · q · 2P.=.
6 · q · P).in.order.to.place.three.identical.single-phase.windings,.each.one.distributed.in.2q.diametrical.or.
quasi-diametrical.slots.and.with.symmetry.axes.shifted.by.120°,.as.shown.in.Figure.2.16.

If.the.three.single-phase.windings.(called.phases).are.identical,.they.will.have.the.same.winding.coef-
ficient,.Ka,.and.the.same.equivalent.turn.number,.N′.(see.(2.9).and.(2.9bis)).

Let.us.consider.a.symmetrical.set.of. three.sinusoidal.currents.(2.29). in. the.phases.and.the.spatial.
distribution.of.the.phase.along.the.airgap.shown.in.Figure.2.16.

.
 i t I t k kk( ) cos ; , ,= ⋅ −





=ˆ ω π2
3

0 1 2
.

(2.29)

In. this. case,. the. presence. of. the. spatial. mmf. harmonics. is. neglected. and. only. the. fundamental.
component.is.taken.into.account.

By.opportunely.choosing.the.origin.of.the.angular.coordinate.α,.for.the.kth.phase,.the.following.
relation.can.be.written:

.
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(2.30)

Equation.2.30.represents.an.mmf.waveform.fixed.in.the.airgap.(in.the.space).with.an.amplitude.that.
changes.with.time,.proportionally.with.the.instantaneous.value.ik(t).

This.spatial.wave.has.the.maximum.in.correspondence.with.the.symmetry.axis.of.the.kth.phase,.and,.
if.ω.is.the.angular.pulsation.of.the.sinusoidal.current,.the.waveform.amplitude.changes.with.time.in.a.
sinusoidal.manner.with.pulsation.ω..In.this.way,.each.single-phase.winding.produces.its.own.pulsating.
mmf.waveform.in.the.airgap,.related.to.the.phase.winding.position..The.resultant.action.in.the.airgap,.
from.the.mmf.waveform.point.of.view,.can.be.obtained.by.summing.up.the.single.actions.of.each.phase..
The.airgap.flux.density.distribution.is.given.by.the.following.equation:
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FIGURE.2.16. Typical.layout.of.a.two-pole.three-phase.winding.
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Obtaining.the.sum.and.after.simple.calculations,.this.relation.can.be.reformulated.as.follows:

.
B t

l
N tt

t
, ( , ) sin( )3

03
2

α µ α ω=
′

′ − ⋅Î

.
(2.31)

Equation.2.31.shows.the.airgap.flux.density.waveform.as.a.function.of.the.spatial.coordinate.α.and.
time.t..Equation.2.31.is.still.a.sinusoidal.wave.along.the.airgap,.but.it.is.not.fixed.in.the.space.and.its.
spatial.phase.changes.with.time.with.law.ωt..Equation.2.31.describes.the.concept.of.a.rotating.mag-
netic.field.

On.the.basis.of.the.previous.comments.and.with.the.help.of.Figure.2.17,.it.is.possible.to.conclude.that.
the.flux.density.waveform.produced.by.a.three-phase.winding,.supplied.with.a.symmetrical.set.of.three.
sinusoidal.currents.of.pulsation.ω,.rotates.along.the.airgap.with.an.angular.speed.equal.to.the.current.
pulsation.

In.the.case.that.the.three-phase.winding.has.P.pole.pairs,.(2.29),.(2.30),.and.(2.31).are.still.valid.if.the.
electric.angles.are.used.instead.of.the.mechanical.ones.and.the.equivalent.turn.number.is.modified.as.
in.Section.2.2.2..The.mmf.distributions.of.each.phase.winding.and.the.resultant.flux.density.waveform.
are,.respectively,

.
A t N P k i t N

K Z
Pk k

a f( , ) sin ( );α α π
π

= ′ ⋅ −





⋅ ′ =
⋅2

3 .
(2.30bis)
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(2.31bis)

In.particular,.(2.30bis).and.(2.31bis).highlight.the.following.aspects:

•. For. a. fixed. number. of. total. phase. conductors,. the. mmf. waveform. amplitude. produced. by. the.
winding.is.in.inversely.related.to.the.pole.pair.number.

•. A.three-phase.winding,.with.P.pole.pairs,.produces.in.the.airgap.a.magnetic.field.with.the.same.
number.of.magnetic.polarity.of.the.winding.

•. The.resultant.field.wave.rotates.along.the.airgap.at.an.angular.speed.equal.to.ω/P.

As.a.consequence,.it.is.possible.to.state.that.the.winding.polarity.defines,.even.if.through.a.discrete.
series,.the.speed.of.the.rotating.magnetic.field..From.a.technical.point.of.view,.this.aspect.is.very.impor-
tant.in.rotating-field.electric.machines.

Bt

α

t=0

ωt1

ωt2

t= t1 t= t2

FIGURE.2.17. Graphical.representation.of.a.rotating.magnetic.field.
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2.3.2  rotating Magnetic Field in Squirrel 
Cage Windings

The.squirrel.cage.can.be.considered.as.an.atypical.case.of.poly-
phase.windings,.and.it.is.frequently.used.as.a.rotor.winding.in.
induction. machines.. In. fact,. in. each. conductor. (or. bar). of. the.
cage,.the.current.is.different.from.the.currents.in.the.other.bars,.
and. as. a. consequence,. each. bar. can. be. considered. as. a. phase.
winding.

From. this. point. of. view,. the. squirrel. cage. is. a. polyphase.
winding.with.a.phase.number.m.equal.to.the.number.of.bars,.
NR,.and.each.phase.is.constituted.by.a.unique.conductor.(Zf.=.1).
(Figure.2.18).

In.addition,.the.cage.winding.does.not.have.its.own.magnetic.
pole.number,.as. is. the.case. in. the. traditional.distributed.winding..The.current. system. in. the.cage. is.
induced.by.the.airgap.rotating.field.produced.by.another.distributed.winding.with.P.pole.pairs..This.
induced.current.system,.flowing.in.the.cage,.automatically.generates.an.mmf.distribution.with.the.same.
pole.pair.number,.P.

In.this.section,.the.magnetic.effects.due.to.this.winding.structure.will.be.initially.analyzed.and.dis-
cussed.for.a.bar.current.system.with.two.magnetic.poles.(P.=.1).

In. order. to. evaluate. the. fundamental. component. of. the. resultant. mmf. distribution. in. the. airgap.
produced.by.the.squirrel.cage,.let.us.consider.a.symmetrical.set.of.sinusoidal.currents.in.the.NR.bars:
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As. stated. in. Section. 2.2.6,. the. mmf. fundamental. waveform. due. to. each. bar. can. be. calculated. as.
follows,.where.N′. is.the.equivalent.turn.number.of.one.bar,.from.the.fundamental.mmf.distribution.
production.point.of.view:
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On.the.analogy.of.the.three-phase.winding.case,.the.fundamental.distribution.of.the.airgap.flux.
density.for.the.whole.cage.can.be.determined.using.the.following.equation:
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and,.after.some.calculations,.we.obtain
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Equation.(2.34).is.similar.to.(2.31),.except.for.the.coefficient.NR/2,.instead.of.the.coefficient.3/2.of.the.
three-phase.winding..This.is.reasonable.because.the.cage.can.be.considered.as.a.polyphase.winding.with.
NR.phases.

Bars

Rings

FIGURE.2.18. Squirrel.cage.winding.
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If.the.pole.pair.number.of.the.inducing.rotating.field,.through.which.the.bar.current.system.origi-
nates,.is.equal.to.P,.then.the.bar.current.system.is.given.by
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(2.32bis)

In.this.case,.the.rotating.flux.density.produced.by.the.cage.is.given.by
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2.3.3  Equivalence between Different Windings

The.expressions.of.the.fundamental.distribution.of.the.airgap.rotating.magnetic.field.for.three-phase.
winding.(2.31bis).and.for.the.polyphase.cage.winding.(2.34bis).are.quite.similar..For.convenience,.these.
equations.are.stated.here.again:
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In.both.the.cases,. the.fundamental.field.distribution.is.a.wave.with.sinusoidal.spatial.distribution.
that.rotates.along.the.airgap.with.an.angular.speed.equal.to.ω/P,.where.ω.is.the.electric.pulsation.of.the.
current.system.in.the.windings.

Equations.2.31bis.and.2.34bis.suggest.the.possible.generalization.of.the.rotating-field.expression.for.
polyphase.windings.with.a.generic.phase.number,.m.

If.Zf.is.the.number.of.conductors.in.series.per.phase,.Î .is.the.amplitude.of.the.symmetrical.set.of.sinu-
soidal.currents.in.m.phases.and.ω.is.the.electric.pulsation,.the.rotating-field.waveform.for.the.m-phase.
winding.can.be.evaluated.as.follows:

.
B t m
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K Z
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t

a f
, ( , ) sin( );α µ α ω

π
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′ − ⋅ ′ =

⋅
2

0 ˆ

.
(2.35)

On.the.basis.of.(2.35),.the.following.conclusions.can.be.drawn:

•. For.a. three-phase.winding,. the. fundamental.field.distribution.can.be.calculated. from.(2.35).
using.m.=.3.

•. For.a.cage.winding,.the.correspondent.distribution.can.be.obtained.from.(2.35).using.Zf.=.1.
(just.a.unique.conductor.in.series.per.phase),.Ka.=.1.(winding.factor),.and.m = NR.(number.
of.phases).

•. The.same.value.of. fundamental. f lux.density.distribution. in. the.airgap.can.be.equivalently.
produced.by
•. A.winding.(S).with.m(S).phases,.Z f

( )S .conductors.in.series.per.phase,.and.a.symmetrical.set.of.
sinusoidal.currents.of.amplitude.I(S);

•. A.winding.(R).with.m(R).phases,.Z f
( )R .conductors.in.series.per.phase,.and.a.symmetrical.set.of.

sinusoidal.currents.of.amplitude.I(R)
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•. The.current.values.I(S).and.I(R).that.verify.the.identity.(2.36).can.be.defined.as.equivalent,.and.the.
ratio.between.these.values.is.shown.in.(2.37)..The.coefficient.KI.can.be.considered.as.a.coefficient.to.
report.the.current.of.the.winding.(R).to.the.winding.(S)..In.other.words,.if.the.ratio.in.(2.37).is.veri-
fied,.it.is.possible.to.conclude.that.the.polyphase.current.set.I(R).in.the.(R).winding.is.equivalent,.from.
the.fundamental.field.production.point.of.view,.to.the.polyphase.current.set.I(S).of.the.winding.(S).
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(2.37)

Examples 2.6

For a two-pole, full-pitch, three-phase winding, the following data are known: 12 slots and Zf = 132 
conductors in series per phase. The average airgap radius is Rt = 20 mm, the slot-opening width is 
ac = 2.5 mm, and the airgap thickness is lt = 0.5 mm.

Determine the rms value of the symmetrical three-phase current set that produces an airgap funda-
mental flux density amplitude equal to Bt,max = 1 T.

Slot pitch (linear) τc = 2π · 20/12 = 10.5 mm
Half slot-opening width/airgap thickness ratio ξa = 2.5/(2 · 0.5) = 2.5
Carter coefficient KC = 10.5/{10.5 − 2 · 0.5[2 · 2.5 · atn(2.5) − ln(1 + 2.52)]/π} = 1.137
Equivalent airgap thickness lt′ = 1.137 · 0.5 = 0.568 mm
Slot angular pitch β = 360°/12 = 30°
Winding coefficient Ka = sin(2 · 15°)/(2 · sin 15°) = 0.966
Equivalent turn number N′ = 0.966 · 132/3.14 = 40.6
rms phase currenta I

~
= 1.0 · 1.414 · 0.568 · 10−3/(3 · 1.256 · 10−6 · 40.6) = 5.2 A

aDefining I
~

 as the rms value of the three-phase current system, from (2.31bis) it is possible to write the 
following relation:

.
�I B

l
N

t
t= ′

′
ˆ 2

3 0µ

Example 2.7

A rotating-field machine consists of the following windings:

(a) Three-phase winding with P = 1, Zf = 234, q = 3, and nr = 0
(b) Squirrel cage winding with 48 slots (bars)

If the bar current is equal to 150 Arms, calculate the phase current rms value of the three-phase winding 
that should generate the same airgap fundamental flux density waveform produced by the cage winding.

Calculation of the winding coefficient for the three-phase winding (a)

Slot angular pitch β(a) = 360°/(6 · 3) = 20°
Winding coefficient K a

a( ) ) ) .= ⋅ ° ⋅ ° =sen(3 1 /(3 sen1 960 0 0 0
Equivalent current I

~ (a) = KI · I
~

 (b) = 48 · 150/(3 · 324 · 0.960) = 7.7 A
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2.3.4  Vectorial representation of airgap Distributions

The.fundamental.flux.density.waveform.produced.by.the.polyphase.winding,.such.as.any.sinusoidal.
distribution.along.the.airgap,.can.be.symbolically.represented.by.means.of.a.vector.

Let.us.define.Bt,.the.vector.associated.with.the.sinusoidal.distribution.of.the.flux.density..This.vector.
has.a.magnitude.equal.to.the.amplitude.of.the.spatial.waveform,.and.it.is.oriented.where.the.sinusoidal.
distribution.is.maximum,.as.shown.in.Figure.2.19.

With.the.same.procedure,.it.is.possible.to.define.the.vector.A,.describing.the.fundamental.mmf.dis-
tribution.that.produces.the.flux.density.wave..In.magnetic.linearity.conditions,.the.following.relation.
is.valid:

. B At
ˆ =

′
µ0

lt . (2.38)

In.an.electric.machine.with.constant.airgap.thickness.(isotropic.magnetic.structure),.the.vectors.
A.and.Bt.are.parallel.

The. vector. A. is. determined,. as. magnitude. and. orientation,. by. the. amplitude. and. position. of. the.
fundamental.mmf.distribution.produced.by. the.polyphase.winding..As.a.consequence,. the.vector.A.
depends.on.the.amplitude.and.the.instantaneous.phase.of.the.symmetrical.polyphase.current.system.
in.the.winding..Starting.from.this.consideration,.it.is.possible.to.conventionally.include.in.Figure.2.19.a.
vector.I,.in.phase.with.the.vector.A,.defined.as

.
Â ˆ= ′m N

2
I

.
(2.39)

The.meaning.of.I.is.different.from.the.meaning.of.the.vectors.Bt.and.A..In.fact,.while.these.two.
vectors.describe.sinusoidal.spatial.distributions.along.the.airgap.of.the.corresponding.quantities,.
the.vector.I can.be.interpreted,.from.the.geometric.point.of.view,.in.a.different.way..In.particular,.
the.projections.of.this.vector.on.the.magnetic.axes.of.each.phase.represent.the.instantaneous.values.

Phase 0

ωt

Bt

Â

Î

Bt(α, t) distribution

i0(t)

i0(t)

i1(t)

Phase 1 Phase 2i2(t)

FIGURE.2.19. Spatial.distribution.of.the.rotating.field.and.its.vectorial.distribution.
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of.the.respective.phase.currents.(see.Figure.2.19),.which.give.rise.to.the.magnetic.effects.represented.
by.vectors.A.and.Bt.

As.the.main.advantage,.the.vectorial.representation.allows.to.represent.the.electromagnetic.phenom-
ena.that.occur.in.the.airgap.of.a.machine.from.a.global.and.synthetic.point.of.view,.without.the.necessity.
to.describe.in.detail.all.the.local.aspects.concerning.each.winding..In.other.words,.the.actual.polyphase.
winding. previously. used. to. approach. the. rotating-field. theory. can. be. substituted,. from. the. point. of.
view.of.the.resultant.effects,.with.an.equivalent.fictitious.bobbin..In.fact,.(2.38).and.(2.39).can.correctly.
describe.the.fundamental.mmf.and.flux.density.rotating.waves.produced.by.a.diametrical.concentrated.
bobbin,.with.an.equivalent.turn.number.N′.equal.to

.
′ =

⋅N m K Za f

2 π

This.equivalent.bobbin.is.supplied.with.a.DC.electric.current.and.rotates.at.an.angular.speed.ω,.as.
shown.in.Figure.2.20.

2.3.5  airgap Useful Flux

Let.us.define.the.airgap useful flux.(or.pole flux,.or.machine flux),.the.magnetic.flux.in.the.surface.cor-
responding.to.a.polar.pitch.(one.pole).due.to.the.fundamental.airgap.flux.density.waveform.

If.B̂t.is.the.amplitude.of.this.fundamental.distribution,.Rt.the.airgap.radius,.and.La.the.axial.length.
of.the.active.conductors,.the.airgap.useful.flux.for.a.machine.with.P.pole.pairs.can.be.calculated.as.
follows:

.

Φ Φˆ ˆ ˆ
u t a

P

u
t aP R L d R L
P

= ⋅ ⋅ = ⋅∫ B Bt tsin ;α α
π

0

2
 

ˆ

.

(2.40)

The. airgap. useful. flux. represents. a. very. important. quantity. in. the. rotating-field. electric. machine.
study..In.fact,.the.electromechanical.conversion.phenomenon.in.the.machine.can.be.analyzed.thanks.
to.this.flux..Also.the.airgap.useful.flux.can.be.represented.with.a.spatial.vector,.Φu..This.vector.has.the.
same.direction.and.orientation.of.the.spatial.vector.Bt,.as.shown.in.Figure.2.21.

+
ω

A

–I

+I

FIGURE.2.20. Rotating.bobbin.supplied.with.DC.current.(this.structure. is.equivalent.at.a.polyphase.winding.
supplied.with.AC.current).
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2.3.6  Harmonic rotating Fields

In.the.rotating.magnetic.field.theory.previously.analyzed,.only.the.fundamental.distributions.of.mmf.
and.of.flux.density.have.been.considered..In.fact,.in.rotating.AC.electric.machines,.the.“useful”.energy.
electromechanical.conversion.depends,.almost.exclusively,.on.these.fundamental.distributions.

In.the.actual.case,.together.with.the.fundamental.field.distribution,.there.are.a.lot.of.spatial.field.har-
monics,.as.shown.in.(2.13)..The.main.effect.of.these.harmonics.is.the.distortion.of.the.ideal.rotating-field.
wave,.adding.at.the.sinusoidal.wave.other.waves.rotating.a.different.speed.

In.this.section,.the.effect.of.the.spatial.harmonics.on.the.resultant.rotating.field,.produced.by.a.poly-
phase.winding,.will.be.analyzed.considering.m.symmetrical.single-phase.windings.and.two-pole.struc-
tures.(phase.shift.angle.=.2π/m).

The.mmf.distribution.produced.by.the.kth.phase.of.the.m-phase.system.is.expressed.as.follows,.where.
h.is.the.harmonic.order,.Zf.is.the.conductor.number.in.series.per.phase.of.each.single-phase.winding,.
and.Ka,h.is.the.winding.coefficient.of.the.hth.harmonic,.as.defined.in.(2.11):

.
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h
a h f( ) sin ,α α π
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 ′ =

⋅
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.
(2.41)

It.is.important.to.remember.that,.for.a.regular.single-phase.winding,.the.h.value.is.in.the.set.of.odd.
positive.numbers.(1,3,5,7,.…),.while,.for.a.squirrel.cage.winding,.the.h.value.can.be.a.positive.integer.
number.(1,2,3,.…)..Let.us.suppose.that.the.sinusoidal.currents.in.the.polyphase.winding.are.the.sym-
metrical.set.as.follows,.where.k.is.the.phase-numbering.order:
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(2.42)

The.resultant.mmf.distribution.due.to.the.excited.m-phase.winding.system.can.be.calculated.as
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The.above.relation.can.be.rewritten.in.the.following.form:
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(2.43)

Polar pitch

Bt

Bt

Bt(α)

Φu

Bt

α

Φu

FIGURE.2.21. Airgap.useful.flux.definition.and.its.vectorial.representation.
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The.corresponding.flux.density.waveform.in.the.airgap.is.equal.to

.
B t A t

K ltm
m

C t
, ( , ) ( , )α µ α=

⋅0

In.(2.43),.the.second.sum.(with.the.index.k.from.0.to.m.−.1).is.different.for.zero.only.for.the.hth.
orders.of.the.spatial.harmonic.that.are.different.from.a.unit.with.respect.to.a.multiple.of.the.phase.
number.m.

It.is.possible.to.conclude.that.the.flux.density.spatial.harmonics,.produced.by.the.polyphase.winding,.
can.be.grouped.in.two.sets.in.accordance.with.the.following.conditions:
Case.1. h = nm.+.1.(n.integer.≥	0)

.
B t B h th h( , ) sin( )α α ω= ⋅ − ⋅ˆ

.
(2.44)

Case.2. h = nm.−.1.(n.integer.>.0)

. B t B h th h( , ) sin( )α α ω= ⋅ + ⋅ˆ
. (2.45)

In.both.the.cases,.the.results.obtained.is. B m N I
K lh

h

C t
=

′ ⋅
⋅2 0µ .

Remarks

•. A.polyphase.winding,.supplied.in.a.symmetrical.and.equilibrated.way,.produces.in.the.airgap.a.
smaller.number.of.flux.density.waves.with.respect.to.all.the.spatial.harmonics.created.by.each.
single-phase.winding..The.greater.the.phase.number.m,.the.lower.the.distorting.harmonic.content.
superimposed.at.the.fundamental.rotating.field.

•. The.flux.density.spatial.harmonics,.corresponding.to.the.function.sin(hα.±.ωt),.are.sinusoidal.
waveform.with.a.pole.pair.number.equal.to.h.(2h.magnetic.poles).

•. The.absolute.value.of.the.rotational.speed.of.a.flux.density.wave.with.order.h.is.ωh.=.ω/h,.and.the.
greater.the.harmonic.order.h,.the.lower.the.speed..The.rule.that.the.rotational.speed.of.an.airgap.
field.distribution.is.in.inverse.proportion.to.its.pole.pair.number.is.still.valid.

•. The.rotation.direction.of.the.field.wave.depends.on.the.spatial.harmonic.order.h.of.the.winding..
In.particular,
•. The.values.h.derived.from.case.1.(h = nm.+.1).define.harmonics.that.rotate.likewise.the.fun-

damental.one.(direct.rotation)
•. The.values.h.derived.from.case.2.(h = nm.−.1).define.harmonics.that.rotate.in.the.opposite.

direction.to.the.fundamental.one.(inverse.rotation)

In.symmetrical.three-phase.windings,.the.phases.produce.harmonics.with.odd.integer.values.for.the.
order.h..For.these.windings,.(2.44).and.(2.45).can.be.written.as.given.in.(2.44bis).and.(2.45bis),.respec-
tively,.as.follows:
Case.1. h.=.6n.+.1.(n.integer.≥	0)

. B t B h th h( , ) sin( )α α ω= ⋅ − ⋅ˆ
. (2.44bis)

Case.2. h.=.6n.−.1.(n.integer.>.0)

. B t B h th h( , ) sin( )α α ω= ⋅ + ⋅ˆ . (2.45bis)
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Since. the.harmonic.waves. rotate.along. the.airgap.at.different. speeds,. the. resultant.waveform.will.
change.its.shape.during.the.rotation,.as.shown.in.Figure.2.22..Figure.2.22.highlights.that.the.waveform.
distortion.is.bigger.for.the.three-phase.winding.with.respect.to.the.20-bars.cage.winding..In.fact,.as.
previously.discussed,.the.cage.winding.can.be.considered.as.a.20-phase.winding.

2.3.7  Windings for Linear aC Machines

Linear.AC.machines.depict.a.special.case.of.the.traditional.rotating.ones..The.distributed.windings.used.
in.the.linear.machines.can.be.analyzed.as.the.traditional.ones.so.far.described.

If. the.ideal.procedure.of.deformation.of.a.two-pole.machine,. introduced.in.Section.2.2.5,. is.made.
until.to.rectify.the.machine,.the.winding.result.distributed.over.a.straight.line..In.this.case,.the.result.is.
a.linear.winding,.as.shown.in.Figure.2.23.

In.linear.machines,.the.airgap.field.is.not.rotating,.but.is.a.linearly.moving.field.with.a.linear.speed,.
v..The.span.length,.D,.of.the.linear.winding,.shown.in.Figures.2.23.and.2.24,.can.be.calculated.using.
the.airgap.circumference.radius,.Rt,.of.the.ideal.starting.winding..In.particular,.it.is.D =.2πRt.

The.linear.speed.of.the.field.can.be.evaluated.considering.this.new.winding.equivalent.to.the.rotating-
field.winding..If.ω. is.the.electric.pulsation.of.current.I,.flowing.in.the.windings,.a.complete.rotation.
of.the.field.happens.after.a.time.period.T.=.2π/ω..In.the.same.time.period,.T,.the.fundamental.airgap.
magnetic.field,.produced.by.the.linear.winding,.covers.the.distance.D..This.means.that.the.linear.speed.
of.the.field.is.equal.to

.
v D

T
D= =
2π

ω
.

(2.46)

All.the.other.aspects.discussed.for.the.conventional.rotating-field.polyphase.windings.(such.as.the.
spatial.harmonic.content,.winding.polarity,.slot.effects,.and.so.on).are.valid.for.the.linear.windings.too.

(a) Three-phase winding
    q = 3  slots/pole/phase

(b) Squirrel cage winding
NR = 20

FIGURE.2.22. Rotating-field.waveform.at.different.time.instants:.(a).three-phase.winding.with.3.slots.per.pole.per.
phase,.(b).squirrel.cage.winding.with.20.bars.

β

Rt
D = 2πRt

ξ = β.Rt

FIGURE.2.23. Ideal.procedure.to.realize.a.linear.winding.
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2.3.8  Fractional-Slot Concentrated Windings

Nowadays,.interest.in.AC.windings.with.a.non-integer.number.of.slots.per.pole.and.per.phase.less.
than.one. (q.<.1). is. sensibly. increased,. in.particular,. in.permanent.magnet. synchronous.machines..
In. fact,. this. winding. structure. provides. some. technological. advantages,. such. as. the. possibility. to.
obtain.very.short,.nonoverlapped.endwindings..Although.they.have.some.disadvantages.with.respect.
to.traditional.distributed.windings;.for.example,.they.create.heavy.mmf.subharmonics.(spatial.har-
monics.with.an.order.lower.than.the.machine.polarity).if.no.shrewdness.is.adopted.to.limit.them..In.
this.section,.a.short.summary.of.the.design.rules.of.fractional-slot.concentrated.windings.is.given..A.
complete.description.of.the.theory.for.these.winding.types.can.be.found.in.the.literature.[7]..As.an.
example,.in.Figure.2.25,.a.three-phase,.single-layer,.fractional-slot.winding.with.coils.wound.around.
the.teeth.is.shown.

As.is.well.known,.the.number.of.slots.per.pole.and.per.phase.of.an.electric.machine.is.equal.to.
q = NS/(2P · m),.where.NS.represents.the.number.of.slots,.m. is.the.number.of.phases,.and.P. is.the.
number.of.pole.pairs.

Fixing.NS,.if.the.machine.has.a.high.number.of.pole.pairs,.then.q.decreases..In.fact,.the.number.
of.slots.is.determined.once.the.diameter.and.the.slot.pitch.of.the.machine.are.fixed..For.an.integer.

v = ω . D/2π

D

FIGURE.2.24. Two-pole,.three-phase.linear.winding.(q.=.2.slots/pole/phase),.and.airgap.field.waveform.at.two.
different.time.instants.

Phase 1 Phase 2 Phase 3

FIGURE. 2.25. 24-slot,. 28-pole,. three-phase. fractional-slot. concentrated. winding. (q. =. 0.2857. slots/pole/phase,.
Ka.=.0.9659).
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value.of.q,.a. large.number.of.pole.pairs,.P,. restricts. the.number.of.slots.per.pole.and.per.phase,.q,.
and.this.contributes.to.worsen.the.form.of.the.induced.emf..Winding.arrangements.with.a.number.
of.slots.per.pole.and.per.phase.lower.than.unity.become.sometimes.mandatory.for.the.construction.
of.AC.machines.with.a. large.number.of.pole.pairs..Fractional-slot.windings.with.q. less.than.unity.
may.indeed.yield.a.larger.number.of.poles.at.a.fixed.number.of.slots.by.placing.less.than.one.slot.per.
phase.within.each.pole..In.other.terms,.in.each.pole,.conductors.pertaining.to.one.or.more.phases.
may.be.missing..In.some.cases,.adopting.a.layout.of.this.kind.makes.it.possible.to.realize.concentrated.
nonoverlapping.windings.that,.at.the.same.time,.yield.high.values.of.the.fundamental.winding.factor.
(Figure.2.25).

In.fact,.writing.q.as.b/2P,.and.naming.r.the.GCD.(b,.2P),.it.is.possible.to.individuate.r.repetitions.of.
an.elementary.winding..The.elementary.winding.is.composed.of.NS/r.slots.and.P′.=.2P/r.pole.pairs..The.
number.of.slots.per.phase.of.the.elementary.winding.is.therefore.qr.=.qP′..Generally,.qr. is.an.integer.
number.greater.than.unity.

The.distribution.factor,.Ka,.related.to.the.working.spatial.mmf.harmonic.of.the.considered.fractional-
slot.winding,.is

.
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r

r S

S r r
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⋅
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⋅
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2 6
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sin(( )/ ) sin( ( ))

π
π π/ .

(2.47)

It.is.possible.to.evaluate.the.combinations.of.number.of.poles,.2P,.and.number.of.slots,.NS,.that.pro-
vide.the.maximum.value.of.the.coefficient.Ka..Some.comparative.investigations.on.different.fractional-
slot.winding.arrangements.together.with.a.comprehensive.analysis.of.winding.factors.for.concentrated.
windings.can.be.found.in.the.technical.literature.

2.3.9  Constructive aspects of aC Distributed Windings

As.reported.in.Section.2.2.1,.in.order.to.analyze.the.airgap.mmf.produced.by.a.distributed.winding,.it.
is.not.important.to.know.if.the.active.conductors.are.interconnected..Anyway,.the.ways.to.connect.the.
active.conductors.can.be.related.to.constructive.opportunities,. the.spatial. localization.of.the.ends.of.
the.phase.windings,.and.the.necessity.to.avoid.the.presence.of.shaft.currents..For.these.reasons,.some.
aspects.related.to.the.winding.realization.are.briefly.described.[8].

In.general,.the.following.classifications.of.the.interconnection.solutions.are.possible:

. 1.. With.respect.to.the.endwinding.layout:

. a.. Concentric. winding:. in. this. solution,. the. endwindings. are. different. from. each. other.
(Figure.2.26a).

. b.. Crossed. winding:. in. this. case,. the. endwindings. are. all. equal. and. overlapped. (Figure.
2.26b).

. 2.. With.respect.to.the.connections.between.a.pole.and.the.adjacent.poles:

. a.. Type.A.winding:.in.this.case,.all.the.active.conductors.under.a.pole.are.connected.with.all.the.
corresponding.conductors.in.the.consecutive.pole..As.a.consequence,.each.phase.winding.is.
constituted.by.a.number.of.coil.sets.equal.to.the.pole.pair.number,.P.(Figure.2.27a).

(a) (b)

FIGURE.2.26. Endwinding.layout:.(a).concentric.and.(b).crossed.type.
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. b.. Type.B.winding:.the.active.conductors.under.a.pole.are.connected.both.with.conductors.in.
the.previous.and.in.the.consecutive.pole..In.this.case,.the.number.of.coil.sets.is.equal.to.the.
pole.number,.2P.(Figure.2.27b.and.c).

. 3.. With.respect.to.the.winding.realization:

. a.. Winding.realized.with.coils. (wires.or.bars.with.a.small.cross.section),.as.shown.in.Figure.
2.28a.

. b.. Undulating.winding.or.winding.realized.with.bars.(single-layer.winding.with.a.single.con-
ductor.in.the.slot):.this.type.of.winding.is.used.in.machines.with.high.currents.and.the.con-
nections.are.progressive.from.one.pole.to.the.other,.as.shown.in.Figure.2.28b.

Each.of.the.previous.possibilities.can.be.used.in.any.classification..As.a.consequence,.in.principle,.it.
is.possible.to.have.concentric.or.crossed.windings.realized.with.coils.of.both.types.A.and.B..In.a.similar.
manner,.undulating.concentric.or.undulating.crossed.windings,.both.of.type.A.and.B,.are.possible.

The. concentric. and. the. crossed. undulating. windings. of. type. B,. which. have. two. directions. in. the.
progression.of.the.connections.along.the.circumference,.require.a.“regression.bar”.in.order.to.link.the.
two.directions.(Figure.2.29).

In.general,.considering.the.whole.winding.structure,.a.double-layer.winding.can.be.considered.as.a.
type.B.winding..As.shown.in.Figure.2.30,.the.shape.of.the.endwindings,.in.an.axial.direction,.is.quite.
different.for.single-.and.double-layer.windings.

In.a.single-phase.winding,.the.type.A.winding.structure.must.not.be.used,.in.order.to.avoid.the.
presence.of.shaft.voltage.

Regression bar

FIGURE.2.29. Type.B,.crossed.undulating.winding.(2P.=.4.poles,.q.=.4.slots/pole/phase).

(a) (b)

FIGURE.2.28. (a).Winding.realized.with.coils.and.(b).undulating.winding.

(a) (b) (c)

FIGURE.2.27. (a).Type.A.and.(b.and.c).type.B.windings.
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For.concentric.windings,.the.endwindings.of.each.phase.have.to.be.positioned.on.different.planes..
With.reference.to.the.three-phase.case,.the.following.situations.are.possible:

. 1.. Type.A.winding.with.P.even.(Figure.2.31):.the.endwindings.are.positioned.onto.two.planes;.each.
phase.has.P/2.straight.coils.and.P/2.bent.coils.

. 2.. Type.A.winding.with.P.odd.(Figure.2.32):.the.endwindings.are.positioned.onto.two.planes,.but.a.
crooked.coil.is.requested.in.order.to.pass.from.one.plane.to.the.other.

. 3.. The. crooked. coil. suggests. the. so-called. American. winding. type,. where. all. the. coils. have.
the.same.crooked.shape..The.American.winding.structure.can.be.realizable.for.any.crossed.
winding.type.

. 4.. Type. B. winding. (Figure. 2.33):. in. this. case,. the. endwindings. are. positioned. on. three. different.
planes.(one.plane.for.each.phase).

(a) (b)

FIGURE.2.30. Endwinding.shape.in.an.axial.direction:.(a).single-layer.winding.and.(b).double-layer.winding.

FIGURE.2.31. Endwindings.positioned.in.two.planes.(NS.=.24,.2P.=.4,.q.=.2.slots/pole/phase).

FIGURE.2.32. Endwindings.positioned.in.two.planes.(NS.=.18,.2P.=.6,.q.=.1.slot/pole/phase)..In.this.case.a.crooked.
coil.is.necessary.

FIGURE.2.33. Endwindings.positioned.in.three.planes.(NS.=.24,.2P.=.4,.q.=.2.slots/pole/phase).
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3.1 Introduction

AC.machines.with.three.or.more.phases.(n.≥.3).operate.utilizing.the.principle.of.rotating.field,*.which.is.
created.by.spatially.shifting.individual.phases.along.the.circumference.of.the.machine.by.an.angle.that.
equals.the.phase.shift.in.the.multiphase.system.of.voltages.(currents),.used.to.supply.such.a.multiphase.
winding..Such.machines.are.of.either.synchronous.or.induction.type..All.rotating.fields.in.multiphase.
machines,.caused.by.the.fundamental.harmonic.of.the.supply,.rotate.at.synchronous.speed,.governed.
with.the.stator.winding.frequency..When.the.rotor.rotates.at.the.same.speed,.the.machine.is.of.syn-
chronous. type..When.the.rotor.rotates.at.a. speed.different. from.synchronous,. the.machine. is.called.
asynchronous.or.induction.machine.

Principles.of.mathematical.modeling.of.multiphase.machines.have.been.developed.in.the.first.half.
of. the. twentieth. century. [1–3].. These. include. a. number. of. different. mathematical. transformations.
that.replace.original.phase.variables.(voltages,.currents,.flux.linkages).with.some.new.fictitious.vari-
ables,. the. principal. aim. being. simplification. of. the. system. of. dynamic. equations. that. describes. a.
multiphase.ac.machine..Matrices.are.customarily.used.in.the.process.of.the.model.transformation,.
typically. in. real. form.. A. somewhat. different. and. nowadays. very. popular. approach,. which. utilizes.
space. vectors. and. derives. from. Fortescue’s. symmetrical. component. (complex). transformation. [1],.

*. What.is.customarily.known.as.a.two-phase.winding.is.in.essence.a.four-phase.structure,.since.the.spatial.shift.between.
magnetic.axes.of.the.phases,.as.well.as.the.phase.shift.between.phase.currents,.is.equal.to.π/2.

3
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was. developed. in. [4].. Its. principal. advantage,. when. compared. to. the. matrix. method,. is. a. more.
compact.form.of.the.resulting.model.(that.is.otherwise.the.same),.which.is.also.easier.to.relate.to.the.
physics.of.the.machinery.

Following. the. extensive. work,. conducted. in. relation. to. multiphase. machine. modeling. in. the.
beginning. of. the. last. century,. numerous. textbooks. have. been. published,. which. detail. the. model.
transformation.procedures.for.induction.and.synchronous.machines,.as.well.as.the.applications.of.
the.models.in.analysis.of.ac.machine.transients.[5–23]..The.principles.of.multiphase.machine.mod-
eling,.model. transformations,.and.resulting.models. for.both. induction.and.synchronous.machine.
(including. machines. with. an. excitation. winding,. permanent. magnet. synchronous. machines,. and.
synchronous. reluctance. machines). are. presented. here. in. a. compact. and. easy-to-follow. manner..
Although. most. of. the. industrial. machines. are. with. three. phases,. the. general. case. of. an. n-phase.
machine.is.considered.throughout,.with.subsequent.discussion.of.the.required.particularization.to.
different.phase.numbers.

Modeling.of.multiphase.ac.machines.is.customarily.subject.to.a.number.of.simplifying.assump-
tions..In.particular,.it.is.assumed.that.all.individual.phase.windings.are.identical.and.that.the.mul-
tiphase.winding.is.symmetrical..This.means.that.the.spatial.displacement.between.magnetic.axes.
of.any.two.consecutive.phases.is.exactly.equal.to.α.=.2π/n.electrical.degrees.*.Further,.the.winding.
is.distributed.across.the.circumference.of.the.stator.(rotor).and.is.designed.in.such.a.way.that.the.
magneto-motive.force.(mmf).and,.consequently,.f lux.have.a.distribution.around.the.air-gap,.which.
can.be. regarded.as. sinusoidal..This.means. that. all. the. spatial.harmonics.of. the.mmf,. except. for.
the.fundamental,.are.neglected..Next,.the.impact.of.slotting.of.stator.(rotor).is.neglected,.so.that.
the.air-gap.is.regarded.as.uniform.in.machines.with.circular.cross.section.of.both.stator.and.rotor.
(induction.machines.and.certain.types.of.synchronous.machines)..If.there.is.a.winding.on.the.rotor,.
which.is.of.a.squirrel-cage.type.(as.the.case.is.in.the.most.frequently.used.induction.machines.and.
in.certain.synchronous.machines),.bars.of.such.a.rotor.winding.are.distributed.in.such.a.manner.
that.the.mmf.of.this.winding.has.the.same.pole.pair.number.as.the.stator.winding.and.the.complete.
winding.can.be.regarded.as.equivalent.to.a.winding.with.the.same.number.of.phases.as.the.stator.
winding.

Some.further.assumptions.relate.to.the.parameters.of.the.machines..In.particular,.resistances.of.
stator.(rotor).windings.are.assumed.constant.(temperature-related.variation.and.frequency-related.
variation.due.to.skin.effect.are.thus.neglected)..Leakage.inductances.are.also.assumed.constant,.so.
that. any. leakage. flux. saturation. and. frequency-related. leakage. inductance. variation. are. ignored..
Nonlinearity. of. the. ferromagnetic. material. is. neglected,. so. that. the. magnetizing. characteristic. is.
regarded.as.linear..Consequently,.magnetizing.(mutual).inductances.are.constant..Finally,.losses.in.
the. ferromagnetic. material. due. to. hysteresis. and. eddy. currents. are. neglected,. as. are. any. parasitic.
capacitances.

The. assumptions. listed. in. the. preceding. two. paragraphs. enable. formulation. of. the. mathematical.
model.of.a.multiphase.machine.in.terms.of.phase.variables..Of.particular.importance.is.the.assump-
tion.on.sinusoidal.mmf.distribution,.which,.combined.with.the.assumed.linearity.of.the.ferromagnetic.
material,.leads.to.constant.inductance.coefficients.within.a.multiphase.(stator.or.rotor).winding.in.all.
machines.with.uniform.air-gap..In.machines.with.nonuniform.air-gap,.however,.inductance.coefficients.
within.a.multiphase.winding.are.governed.by.a.sum.of.a.constant.term.and.the.second.harmonic,.which.
imposes.certain.restrictions.in.the.process.of.the.model.transformation..Hence,.a.machine.with.uniform.
air-gap. is. selected. for. the. discussions. of. the. modeling. procedure. and. subsequent. model. derivation..
The.machine.is.a.multiphase.induction.machine,.since.obtained.dynamic.models.can.easily.be.accom-
modated. to.various. types.of. synchronous.machines..Motoring.convention. for.positive.power.flow. is.

*. In. certain. multiphase. ac. machines. this. condition. is. not. satisfied.. The. discussion. of. such. machines. is. covered. in.
Section.3.7.
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utilized.throughout,.so.that.the.positive.direction.for.current.is.always.from.the.supply.source.into.the.
phase.of.the.machine..The.number.of.rotor.bars.(phases).is,.for.simplicity,.taken.as.equal.to.the.number.
of.stator.phases.n.

3.2  Mathematical Model of a Multiphase Induction Machine 
in Original Phase-Variable Domain

Consider.an.n-phase.induction.machine..Let.the.phases.of.both.stator.and.rotor.be.denoted.with.indices.
1.to.n,.according.to.the.spatial.distribution.of.the.windings,.and.let.additional.indices.s.and.r.identify.
the.stator.and.the.rotor,.respectively..Schematic.representation.of.the.machine.is.shown.in.Figure.3.1,.
where.magnetic.axes.of.the.stator.winding.are.illustrated..The.machine’s.phase.windings.are.assumed.to.
be.connected.in.star,.with.a.single.isolated.neutral.point.

Since.all.the.windings.of.the.machine.are.of.resistive-inductive.nature,.voltage.equilibrium.equation.
of.any.phase.of.either.stator.or.rotor.is.of.the.same.principal.form,.v = Ri + dψ/dt..Here,.v,.i,.and.ψ.stand.
for.instantaneous.values.of.the.terminal.phase.to.neutral.voltage,.phase.current,.and.phase.flux.linkage,.
respectively,.while.R.is.the.phase.winding.resistance..Since.there.are.n.phases.on.both.stator.and.rotor,.the.
voltage.equilibrium.equations.can.be.written.in.a.compact.matrix.form,.separately.for.stator.and.rotor,.as

.
[ ] [ ][ ] [ ]

[ ] [ ][ ] [ ]

v R i d
dt

v R i d
dt

s s s
s

r r r
r

= +

= +

ψ

ψ

. (3.1)

where.voltage,.current,.and.flux.linkage.column.vectors.are.defined.as

.
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(n – 1)s

FIGURE.3.1. Schematic.representation.of.an.n-phase.induction.machine,.showing.magnetic.axes.of.stator.phases.
((α.=.2π/n)).
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and.[Rs].and.[Rr].are.diagonal.n × n.matrices,. [Rs].=.diag(Rs),. [Rr].=.diag[Rr]..Since.rotor.winding. in.
squirrel-cage. induction. machines. and. in. synchronous. machines. (where. it. exists). is. short-circuited,.
rotor.voltages. in.(3.2).are.zero..The.exception. is.a.slip-ring.(wound.rotor). induction.machine,.where.
rotor.windings.can.be.accessed. from.the.stationary.outside.world.and.rotor.voltages.may. thus.be.of.
nonzero.value.

Connection.between. stator. (rotor).phase.flux. linkages.and. stator/rotor. currents. can.be.given. in.a.
compact.matrix.form.as

.
[ ] [ ][ ] [ ][ ]

[ ] [ ][ ] [ ] [ ]

ψ

ψ

s s s sr r

r r r sr
t

s

L i L i

L i L i

= +

= +
. (3.3)

where.[Ls],.[Lr],.and.[Lsr].stand.for.inductance.matrices.of.the.stator.winding,.the.rotor.winding,.and.
mutual. stator-to-rotor. inductances,. respectively..Relationship. [Lrs].=. [Lsr]t.holds. true.and. it.has.been.
taken.into.account.in.(3.3)..Due.to.the.assumed.perfectly.cylindrical.structure.of.both.stator.and.rotor,.
and.assumption.of.constant.parameters,. stator.and.rotor. inductance.matrices.contain.only.constant.
coefficients:
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. (3.4b)

Here,. for.both.stator.and.rotor,.winding.phase.self-inductances.are.governed.with.L11.=.L22.=.….= Lnn,.
while.for.mutual.inductances.within.the.stator.(rotor).winding.Lij.=.Lji.holds.true,.where.i ≠ j,.i,.j.= 1 … n..
For.example,.in.a.three-phase.winding.L12.=.L13.=.L21.=.L31.=.L23.=.L32.=.M.cos.2π/3,.since.cos.2π/3.=.cos 4π/3,.
so.that.there.is.a.single.value.of.all.the.mutual.inductances.within.a.winding..Also,.Lii.=.Ll.+.M,.where.Ll.is.
the.leakage.inductance..However,.taking.as.an.example.a.five-phase.winding,.one.has.two.different.values.
of.mutual.inductances.within.a.winding,.L12.=.L21.=.L15.=.L51.=.L23.=.L32.=.L34.=.L43.=.L45 =.L54.=.M.cos 2π/5.
and.L13.=.L31.=.L14.=.L41.=.L24.=.L42.=.L35.=.L53.=.L52.=.L25.=.M.cos.2(2π/5)..In.general,.given.an.n-phase.wind-
ing,.there.will.be,.due.to.symmetry,.(n−1)/2.different.mutual.inductance.values.within.the.winding.

Stator-to-rotor.mutual. inductance.matrix.of. (3.3).contains. time-varying.coefficients..Time.depen-
dence. is. indirect,. through.the. instantaneous.rotor.position.variation,. since. the.position.of.any.rotor.
phase.winding.magnetic.axis.constantly.changes.with.respect. to.any.stator.phase.winding.magnetic.
axis,.due.to.rotor.rotation..Let.the.instantaneous.position.of.the.rotor.phase.1.magnetic.axis.with.respect.
to.the.stator.phase.1.magnetic.axis.be.θ.degrees.(electrical)..Electrical.rotor.speed.of.rotation.and.the.
rotor.position.are.related.through

. θ ω = ∫ dt . (3.5)
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Due.to.the.assumption.of.sinusoidal.mmf.distribution,.mutual.inductances.between.stator.and.rotor.
phase.windings.can.be.described.with.only.the.first.harmonic.terms,.so.that

. [ ]
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. (3.6)

Note.that.in.(3.6).one.has.cos(θ.−.(n.−.1)α).≡.cos(θ.+.α),.cos(θ.−.(n.−.2).α).≡.cos.(θ.+.2α),.etc.
Model.(3.1).through.(3.6).completely.describes.the.electrical.part.of.a.multiphase.induction.machine..

Since.there.is.only.one.degree.of.freedom.for.rotor.movement,.the.equation.of.mechanical.motion.is

. T T J d
dt

ke L
m

m− = +ω ω . (3.7a)

where
J.is.inertia.of.rotating.masses
k.is.the.friction.coefficient
TL.is.the.load.torque
ωm.is.the.mechanical.angular.speed.of.rotation

The.inductances.of.(3.6).are.functions.of.electrical.rotor.position.and,.hence,.according.to.(3.5),.electri-
cal. rotor. speed.of. rotation..The.equation.of.mechanical.motion.(3.7). is,. therefore,. customarily.given.
in.terms.of.electrical.speed.of.rotation.ω,.which.is.related.to.the.mechanical.angular.speed.of.rotation.
through.the.number.of.magnetic.pole.pairs.P,.ω.=.Pωm..Hence,

. T T J
P

d
dt P

ke L− = +ω ω1 . (3.7b)

Equation.of.mechanical.motion.(3.7).is.always.of.the.same.form,.regardless.of.whether.original.vari-
ables.or.some.new.variables.are.used..Symbol.Te.stands.for.the.electromagnetic.torque,.developed.by.
the.machine..It.in.essence.links.the.electromagnetic.subsystem.with.the.mechanical.subsystem.and.is.
responsible. for. the. electromechanical. energy. conversion.. In. general,. electromagnetic. torque. is. gov-
erned.with

. T P i d L
d

ie
t= 1

2
[ ] [ ][ ]

θ
. (3.8)

where
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=   . (3.9b)
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As.stator.and.rotor.winding.inductance.matrices,.given.with.(3.4),.do.not.contain.rotor-position-depen-
dent.coefficients,.Equation.3.8.reduces.for.smooth.air-gap.multiphase.machines.to

. T P i d L
d

ie s
t sr

r= [ ] [ ][ ]
θ

. (3.10)

This.means.that,.in.machines.with.uniform.air-gap,.electromagnetic.torque.is.solely.created.due.to.the.
interaction.of.the.stator.and.rotor.windings.

Any.multiphase.induction.machine.is.completely.described,.in.terms.of.phase.variables.(or,.as.it.is.said,.
in.the.original.phase.domain).with.the.mathematical.model.given.with.(3.1).through.(3.8).(or.(3.10).instead.
of.(3.8).)..The.model.is.composed.of.a.total.of.2n.+.1.first-order.differential.equations.(3.1).and.(3.7),.where.
2n.differential.equations.are.voltage.equilibrium.equations,.while.the.(2n +.1)th.differential.equation.is.the.
mechanical.equilibrium.equation..In.addition,.there.are.2n.+.1.algebraic.equations.(3.3).and.(3.8)..The.first.
2n.algebraic.equations.provide.correlation.between.flux.linkages.and.currents.of.the.machine,.while.the.
(2n +.1)th.algebraic.equation.is.the.torque.equation..Finally,.the.model.is.completed.with.an.integral.equa-
tion.(3.5),.which.relates.instantaneous.rotor.electrical.position.with.the.angular.speed.of.rotation.

Substitution.of.flux. linkages. (3.3). into.voltage.equilibrium.equations. (3.1).and.electromagnetic. torque.
(3.10).into.the.equation.of.mechanical.motion.(3.7).eliminates.algebraic.equations,.so.that.the.machine.model.
contains.2n.+.1.first-order.differential.equations.in.terms.of.winding.currents,.plus.the.integral.equation.(3.5)..
This.is.a.system.of.nonlinear.differential.equations,.with.time-varying.coefficients.due.to.variable.stator-to-
rotor.mutual.inductances.of.(3.6)..While.solving.this.model.directly,.in.terms.of.phase.variables,.is.nowadays.
possible.with.the.help.of.computers,.this.was.not.the.case.100.years.ago..Hence,.a.range.of.mathematical.
transformations.of.the.basic.phase-variable.model.has.been.developed,.with.the.prime.purpose.of.simplify-
ing.the.model.by.the.so-called.change.of.variables..Model.transformation.is.therefore.considered.next.

Before.proceeding.further,.one.important.remark.is.due..Since.stator.and.rotor.variables.and.parameters.in.
general.apply.to.two.different.voltage.levels,.rotor.winding.is.normally.referred.to.the.stator.winding.voltage.
level..This.is.in.principle.the.same.procedure.that.is.customarily.applied.in.conjunction.with.transformers,.
and.it.basically.brings.all.the.windings.of.the.machine.to.the.same.voltage.(and.current).base..In.all.machines.
where.the.squirrel-cage.rotor.winding.is.used.(induction.machines.and.synchronous.machines.with.damper.
winding),.the.actual.values.of.rotor.currents.and.rotor.parameters.cannot.anyway.be.measured.and,.hence,.
this.change.of.the.rotor.winding.voltage.level.has.no.consequence.on.the.subsequent.model.utilization.since.
rotor.voltages.of.(3.2).are.by.default.equal.to.zero..However,.if.there.is.excitation.at.the.rotor.winding.side,.as.the.
case.may.be.with.slip-ring.induction.machines.(and.as.the.case.is.with.the.field.winding.of.the.synchronous.
machines),.in.which.case.rotor.winding.voltages.are.not.zero,.it.is.important.to.have.in.mind.that.rotor.voltages.
and.currents.(as.well.as.parameters).will.in.what.follows.be.values.referred.to.the.stator.winding..No.distinction.
is.made.here.in.terms.of.notation.between.original.rotor.winding.variables.and.parameters,.and.correspond-
ing.values.referred.to.the.stator.voltage.level..As.a.matter.of.fact,.it.has.already.been.implicitly.assumed.in.the.
development.of.the.model.(3.1).through.(3.10).that.rotor.winding.has.been.referred.to.the.stator.winding.

3.3  Decoupling (Clarke’s) transformation 
and Decoupled Machine Model

Variables.of.an.n-phase.symmetrical. induction.machine.can.be.viewed.as.belonging.to.an.n-dimen-
sional.space..Since.the.stator.winding.is.star.connected.and.the.neutral.point.is.isolated,.the.effective.
number.of.the.degrees.of.freedom.is.(n−1);.this.applies.to.the.rotor.winding.also..The.machine.model.in.
the.original.phase-variable.form.can.be.transformed.using.decoupling.(Clarke’s).transformation.matrix,.
which.replaces.the.original.sets.of.n.variables.with.new.sets.of.n.variables..This.transformation.decom-
poses.the.original.n-dimensional.vector.space.into.n/2.two-dimensional.subspaces.(planes).if.the.phase.
number.is.an.even.number..If.the.phase.number.is.an.odd.number,.the.original.space.is.decomposed.
into.(n−1)/2.planes.plus.one.single-dimensional.quantity..The.main.property.of.the.transformation.is.
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that.new.two-dimensional.subspaces.are.mutually.perpendicular,.so.that.there.is.no.coupling.between.
them..Further,. in.each.two-dimensional.subspace,. there. is.a.pair.of.quantities,.positioned.along.two.
mutually. perpendicular. axes.. This. leads. to. significant. simplification. of. the. model,. compared. to. the.
original.one.in.phase-variable.form,.as.demonstrated.next.

Let.the.correlation.between.any.set.of.original.phase.variables.and.a.new.set.of.variables.be.defined.as

. [ ] [ ][ , ,f C f nαβ = 1 2 … ] . (3.11)

where
[f ]αβ. stands. for. voltage,. current,. or. flux. linkage. column. matrix. of. either. stator. or. rotor. after.

transformation
[ f1,2,…n].is.the.corresponding.column.matrix.in.terms.of.phase.variables
[C].is.the.decoupling.transformation.matrix

It.is.the.same.for.both.stator.and.rotor.multiphase.windings.and,.for.an.arbitrary.phase.number.n,.it can.
be.given.as
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. (3.12)

Here.once.more.α.=.2π/n..The.coefficient.in.(3.12).in.front.of.the.matrix,. 2 / n ,.is.associated.with.the.
powers.of.the.original.machine.and.the.new.machine,.obtained.after.transformation..Selection.as.in.(3.12).
keeps.the.total.powers.invariant.under.the.transformation.*.Also,.due.to.such.a.choice.of.the.scaling.fac-
tor,.the.transformation.matrix.satisfies.the.condition.that.[C]−1.=.[C]t,.so.that.[ f1,2,…n].=.[C]t.[ f ]αβ.

The.first.two.rows.in.(3.12).define.variables.that.will.lead.to.fundamental.flux.and.torque.production.
(α−β.components;.stator-to-rotor.coupling.will.appear.only.in.the.equations.for.α−β.components)..The.
last.two.rows.define.the.two.zero-sequence.components.and.the. last.row.of.the.transformation.matrix.
(3.12).is.omitted.for.all.odd.phase.numbers.n..In.between,.there.are.(n−4)/2.(or.(n−3)/2.for.n.=.odd).pairs.
of.rows.that.define.(n−4)/2.(or.(n−3)/2.for.n.=.odd).pairs.of.variables,.termed.further.on.x–y.components..
Upon.application.of.(3.12). in.conjunction.with. the.phase-variable.model.(3.1). through.(3.6).and.(3.10),.

*. An.alternative.and.frequently.used.form.of.the.transformation.(3.12).utilizes.coefficient.2/n.in.front.of.the.matrix..In.
such.a.case,.powers.per.phase.of.the.original.and.new.machine.are.kept.invariant.in.the.transformation,.but.not.the.
total.powers..The.transformation.is.then.usually.termed.power-variant.transformation.and.a.scaling.factor.equal.to.n/2.
appears.in.the.torque.equation.after.transformation.
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assuming.without.any.loss.of.generality.that.the.phase.number.n.is.an.odd.number.and.that.rotor.n-phase.
winding.is.short-circuited,.one.gets.the.following.new.model.equations:

.
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. T PL i i i i i i i ie m r s r s r s r s= − − + cos ( ) sin ( )θ θα β β α α α β β . (3.15)

Per-phase. equivalent. circuit. magnetizing. inductance. is. introduced. in. (3.13). through. (3.15). as.
Lm =  (n/2)M. and.symbols.Lls. and.Llr. stand. for. leakage. inductances.of. the. stator.and.rotor.windings,.
respectively..These.are.in.essence.the.same.parameters.that.appear.in.the.well-known.equivalent.steady-
state.circuit.of.an. induction.machine.and.which.can.be.obtained. from.standard.no-load.and. locked.
rotor.tests.on.the.machine..Subscript.+.in.designation.of.the.zero-sequence.component.of.(3.12).is.omit-
ted.since.there.is.a.single.such.component.when.the.phase.number.is.an.odd.number.
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Torque.equation.(3.15).shows.that.the.torque.is.entirely.developed.due.to.the.interaction.of.stator/rotor.
α–β.current.components.and.is.independent.of.the.value.of.x–y.current.components..This.also.follows.
from.the.α–β.voltage.equilibrium.equations.of.both.stator.and.rotor.in.(3.13).and.(3.14),.since.these.are.the.
only.axis.component.equations.where.coupling.between.stator.and.rotor.remains.to.be.present,.through.
the.rotor.position.angle.θ..From.rotor.equations.(3.14). it. follows.that,.since.the.rotor.winding.is.short-
circuited.and.stator.x–y.components.are.decoupled.from.rotor.x–y.components,.equations.for.rotor.x–y.
components.and.the.zero-sequence.component.equation.can.be.omitted.from.further.considerations.

The.same.applies.to.the.stator.zero-sequence.component.equation..Note.that.zero.sequence.is.gov-
erned.by.the.sum.of.all.instantaneous.phase.quantities..Since.winding.is.considered.as.star.connected.
with.isolated.neutral,.no.zero-sequence.current.can.flow.in.the.stator.winding.(if.the.number.of.phases.
is.even.and.such.that.n.≥.6,.the.second.zero-sequence.0−.current.component.can.flow.if.the.supply.is.such.
that.v s0_ .is.not.zero)..As.far.as.the.x–y.stator.current.components.are.concerned,.they.will.also.be.zero.as.
long.as.the.supply.voltages.upon.application.of.the.decoupling.transformation.do.not.yield.nonzero.sta-
tor.voltage.x–y.components..Thus,.under.ideal.symmetrical.and.balanced.sinusoidal.multiphase.voltage.
supply,.the.total.number.of.equations.that.has.to.be.considered.in.the.electromagnetic.subsystem.is.only.
four.differential.equations.(two.pairs.of.α–β.equations.in.(3.13).and.(3.14).).instead.of.the.2n.differential.
equations.in.the.original.phase-variable.model.

As.is.obvious.from.(3.13).and.(3.14),.the.basic.form.of.the.voltage.equilibrium.equations.has.not.been.
changed.by.applying.the.decoupling.transformation,.and.they.are.still.governed.with.v = Ri + dψ/dt..
However,.by.comparing.the.phase-variable.model.of.the.previous.section.with.the.relevant.equations.
obtained.after.application.of.decoupling. transformation,. it. is.obvious. that. a. considerable. simplifica-
tion.has.been.achieved..Regardless.of.the.actual.phase.number,.one.only.needs.to.consider.further.four.
voltage.equilibrium.equations,.instead.of.2n,.as.long.as.the.machine.is.supplied.from.a.balanced.sym-
metrical.n-phase.sinusoidal.source..Torque.equation.(3.15).is.also.of.a.considerably.simpler.form.than.its.
counterpart.in.(3.10)..Needless.to.say,.Equations.3.5.and.3.7.do.not.change.the.form.in.the.model.trans-
formation.process..However,.the.problem.of.time-varying.coefficients.and.nonlinearity.of.the.system.of.
differential.equations.has.not.been.resolved.

3.4 rotational transformation

New.fictitious.α–β. and.x–y. stator.and. rotor.windings.are. still.firmly.attached. to. the.corresponding.
machine’s.member,.meaning.that.stator.windings.are.stationary,.while.rotor.windings.rotate.together.
with.the.rotor..In.order.to.get.rid.of.the.time-varying.inductance.terms.in.(3.13).through.(3.15),.it.is.nec-
essary.to.perform.one.more.transformation,.usually.called.rotational.transformation..This.means.that.
the.fictitious.machine’s.windings,.obtained.after.application.of.the.decoupling.transformation,.are.now.
transformed.once.more.into.yet.another.set.of.fictitious.windings..This.time,.however,.the.transforma-
tion.for.stator.and.rotor.variables.is.not.the.same.any.more.

As.stator-to-rotor.coupling.takes.place.only.in.α−β.equations,.rotational.transformation.is.applied.
only.to.these.two.pairs.of.equations..Its.form.for.an.n-phase.machine.is.identical.as.for.a.three-phase.
machine,.since.x–y.component.equations.do.not.need.to.be.transformed..The.transformation.is.defined.
in.such.a.way.that.the.resulting.new.sets.of.stator.and.rotor.windings,.which.will.replace.α−β.wind-
ings,.rotate.at.the.same.angular.speed,.so-called.speed.of.the.common.reference.frame..Thus,.relative.
motion.between.stator.and.rotor.windings.gets.eliminated,.leading.to.a.set.of.differential.equations.with.
constant.coefficients..Since.in.an.induction.machine.air-gap.is.uniform.and.all.inductances.within.both.
stator.and.rotor.multiphase.winding.in.(3.4).are.constants,.selection.of.the.speed.of.the.common.refer-
ence.frame.is.arbitrary..In.other.words,.any.convenient.speed.can.be.selected..Let.us.call.such.an.angular.
speed.arbitrary.speed.of.the.common.reference.frame,.ωa..This.speed.defines.instantaneous.position.of.
the.d-axis.of.the.common.reference.frame.with.respect.to.the.stationary.stator.phase.1.axis,

. θ ωs a dt= ∫ . (3.16)
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which.will.be.used.in.the.rotational.transformation.for.stator.quantities..Considering.that.rotor.rotates,.
and.therefore.phase.1.of.rotor.has.an.instantaneous.position.θ.with.respect.to.stator.phase.1,.the.angle.
between.d-axis.of.the.common.reference.frame.and.rotor.phase.1.axis,.which.will.be.used.in.transfor-
mation.of.the.rotor.quantities,.is.determined.with

. θ θ θ (ω ω)r s a dt= − = −∫ . (3.17)

The.second.axis.of.the.common.reference.frame,.which.is.perpendicular.to.the.d-axis,.is.customarily.
labeled.as.q-axis..The.correlation.between.variables.obtained.upon.application.of.the.decoupling.trans-
formation.and.new.d −.q.variables.is.defined.similarly.to.(3.11):

. [ ] [ ][ ]f D fdq = αβ . (3.18)

However,.rotational.transformation.matrix.[D].is.now.different.for.the.stator.and.rotor.variables:
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. (3.19)

As. is.evident. from.(3.19),. rotational. transformation. is.applied.only. to.α−β.equations,.while.x−y.and.
zero-sequence.equations.do.not.change.the.form..The.inverse.relationship.of.(3.18),.[ fαβ].=.[D]−1.[fdq],.is.
again.a.simple.expression.since.once.more.[D]−1.=.[D]t..An.illustration.of.the.various.spatial.angles.in.the.
cross.section.of.the.machine.is.shown.in.Figure.3.2.

When.the.decoupled.model.(3.13).through.(3.15).of.an.n-phase.induction.machine.with.sinusoidal.
winding.distribution.is.transformed.using.(3.18).and.(3.19),.the.set.of.voltage.equilibrium.and.flux.link-
age.equations.in.the.common.reference.frame.for.a.machine.with.an.odd.number.of.phases.is.obtained.
in.the.following.form:
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= +

= +
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………………………

ψ

. (3.20b)

.

ψ

ψ
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ds ls m ds m dr

qs ls m qs m qr

dr lr m dr

L L i L i

L L i L i

L L i

= + +

= + +

= + +

( )

( )

( ) LL i

L L i L i

m ds

qr lr m qr m qsψ = + +( )

.
(3.21a)

.

ψ

ψ

ψ

ψ
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x s ls x s

y s ls y s

x s ls x s

y s ls y s

s

L i

L i

L i

L i

L

1 1

1 1

2 2

2 2

0

=

=

=

=

=

……………

lls si0

. (3.21b)

d-Axis 1r-Axis

1s-Axis

ωa

90° θ

ω

θs

θr

Rotor

q-Axis Stator

FIGURE.3.2. Illustration.of.various.angles.used.in.the.rotational.transformation.of.an.induction.machine’s.model.
(1s.and.1r.denote.magnetic.axes.of.the.first.stator.and.rotor.phases).
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Since.rotor.winding. is.regarded.as.short-circuited,.zero-sequence.and.x–y.component.equations.of. the.
rotor.have.been.omitted.from.(3.20).and.(3.21)..If.there.is.a.need.to.consider.these.equations.(as.the.case.
may.be.if.the.rotor.winding.has.more.than.three.phases.and.is.supplied.from.a.power.electronic.converter.
in.a.slip-ring.machine),.one.only.needs.to.add.to.the.model.(3.20).and.(3.21).rotor.x–y.equations.of.(3.14),.
which.are.of.identical.form.as.in.(3.20b).and.(3.21b).and.only.index.s.needs.to.be.replaced.with.index.r.

Upon.application.of.the.rotational.transformation.torque.expression.(3.15).becomes

. T PL i i i ie m dr qs ds qr= −  . (3.22)

Model. (3.20). through. (3.22). fully. describes. a. general. n-phase. induction. machine,. of. any. odd. phase.
number..If.the.number.of.phases.is.even,.it.is.only.necessary.to.add.the.equations.for.the.second.zero-
sequence.component,.which.are.of.the.identical.form.as.in.(3.20).and.(3.21).for.the.first.zero-sequence.
component..However,.the.complete.model.needs.to.be.considered.only.if.the.supply.of.the.machine.con-
tains.components.that.give.rise.to.the.stator.voltage.x–y.components..If.the.machine.is.considered.to.be.
supplied.with.a.set.of.symmetrical.balanced.sinusoidal.n-phase.voltages.(of.equal.rms.value.and.phase.
shift.of.exactly.2π/n.between.any.two.consecutive.voltages),.then.stator.voltage.x–y.components.are.all.
zero,.regardless.of.the.phase.number..This.means.that.analysis.of.an.n-phase.machine.can.be.conducted.
under.these.conditions.by.using.only.stator.and.rotor.d.− q.pairs.of.equations,.in.exactly.the.same.man-
ner.as.for.a.three-phase.machine.

A.closer.inspection.of.the.d.− q.voltage.equilibrium.equations.in.(3.20a).of.the.stator.and.the.rotor.
shows.that,.upon.application.of.the.rotational.transformation,.these.equations.are.not.of.the.same.form.
as.in.phase.domain.(i.e.,.the.form.is.not.any.more.v = Ri + dψ/dt)..The.equations.contain.an.additional.
term,.a.product.of.an.angular.speed.and.a.corresponding.flux.linkage.component..The.reason.for.this.
is.that,.by.means.of.rotational.transformation,.the.speed.of.the.windings.has.been.changed..Instead.of.
being.zero.and.ω.for.the.stator.and.the.rotor,.respectively,.the.speeds.of.new.windings.have.been.equal-
ized.and.are.now.ωa..The.new.additional.terms.account.for.this.change.and.they.represent.rotational.
induced.electromotive.forces.in.fictitious.d.− q.windings.of.the.stator.and.the.rotor.

A.schematic.representation.of.the.fictitious.machine.that.results.upon.application.of.the.rotational.
transformation.is.shown.in.Figure.3.3..Assuming.ideal.symmetrical.and.balanced.n-phase.sinusoidal.
supply.of.the.machine,.the.representation.of.the.machine,.regardless.of.the.number.of.phases,.is.as.in.

q

Stationary axis
1s

θ

θr

θs

qs

ωa

ω

ωa

1r

qr

d

dr ds

FIGURE.3.3. Fictitious.d.− q.windings.of.stator.and.rotor.obtained.using.rotational.transformation.
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Figure.3.3..What.this.means.is.that.an.n-phase.machine.can.be.replaced.with.an.equivalent.two-phase.
machine.for.modeling.purposes..Zero.sequence.is.along.a.line.perpendicular.to.the.d.− q.plane.(or,.for.
even.phase.numbers,.in.a.plane.perpendicular.to.the.d.− q.plane)..If.the.supply.is.such.that.x–y.stator.
voltage.components.are.not.zero,.the.representation.of.a.machine.with.five.or.more.phases.has.to.include.
also.x–y.voltage.and.flux.linkage.equations..However,.since.the.equivalent.x–y.windings.are.situated.in.
the.planes.perpendicular.to.the.one.of.Figure.3.3,.simultaneous.graphical.representation.of.all.the.new.
windings.is.not.possible.any.more.

As.can.be.seen.from.(3.21),.time-varying.inductance.terms.have.been.eliminated.by.means.of.rota-
tional. transformation.. Hence,. electromagnetic. torque. equation. does. not. contain. such. time-varying.
terms.either..The.system.of.differential.equations.is.now.with.constant.coefficients..Further,.if.the.speed.
of.rotation.is.considered.as.constant,.Equations.3.20.and.3.21.become.linear.differential.equations,.anal-
ysis.of.which.can.be.done.using,.say,.Laplace.transform..This.was.just.about.the.only.technique.available.
in. the.beginning.of. the. last. century,. so. that. the.model. transformation.has.enabled. initial. analytical.
analyses.of.the.transients.to.be.conducted.(albeit.at.a.constant.speed).

Electromagnetic.torque.equation.(3.22).can.be.given.in.a.number.of.alternative.ways,.by.utilizing.the.
correlations.between.d.− q.axis.stator/rotor.currents.and.d.− q.axis.stator/rotor.flux.linkages.of.(3.21)..
Some.alternative.formulations.of.the.electromagnetic.torque.are.the.following:

. T P i i P L
L

i ie ds qs qs ds
m

r
dr qs qr ds= − = −(ψ ψ (ψ ψ) ) . (3.23)

As.noted.already,.angular.speed.of.the.common.reference.frame.can.be.selected.freely.in.an.induction.
machine..However,.some.selections.are.more.favorable.than.the.others.

For. simulation.of. transients.of.a.mains-fed. squirrel-cage. induction.machine,. the.most.opportune.
common.reference.frame.is.the.stationary.reference.frame,.such.that.ωa.=.0,.θs.=.0,.since.then.the.stator.
variables.actually.involve.only.decoupling.transformation..It.should.be.noted.that.rotor.variables.are.
practically.never.of.interest.in.squirrel-cage.induction.machines.since.they.are.immeasurable.anyway..
The.other.frequently.used.reference.frame.is.the.synchronous.reference.frame,.in.which.the.common.
d.− q.reference.frame.rotates.at.the.angular.speed.equal.to.the.angular.frequency.of.the.fundamental.
stator.supply..Such.a.reference.frame.is.very.convenient.for.various.analytical.studies.of,.for.example,.
inverter-supplied.induction.machines..The.common.reference.frame.fixed.to.the.rotor.(ωa.=.ω).is.only.
suitable. if.a.slip-ring.induction.machine.is.under.consideration,.with.a.power.electronic.supply.con-
nected.to.the.rotor.winding.

A.completely.different.selection.of.the.angular.speed.of.the.common.reference.frame.is.utilized.for.
the.realization.of.high-performance.induction.motor.drives.with.closed-loop.control..Such.control.
schemes.are.termed.vector-.or.field-oriented.control.schemes,.and.the.speed.of.the.common.refer-
ence.frame.is.selected.as.speed.of.rotation.of.one.of.the.rotating.fields.(stator,.air-gap,.or.rotor).in.the.
machine.

3.5 Complete transformation Matrix

Since.the.relationship.between.original.phase.variables.and.variables.obtained.after.decoupling.transfor-
mation.is.governed.by.(3.11),.while.d.− q.variables.are.related.to.variables.obtained.after.decoupling.trans-
formation.through.(3.18),.it.is.possible.to.express.the.two.individual.transformations.as.a.single.matrix.
transformation.that.will.relate.phase.variables.1,.2,.…,.n.with.d.− q.variables..Let.such.a.transformation.
matrix.be.denoted.as.[T]..From.(3.11).and.(3.18),.one.has.[fdq].=.[D][C][ f1,2,…,n],.so.that.[T].=.[D][C]..
Since. the. rotational. transformation. matrix. is. different. for. stator. and. rotor. variables,. the. complete.
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transformation.matrix.will.also.be.different..Taking.as.an.example.a.three-phase.machine,.the.combined.
decoupling/rotational.transformation.matrix.for.stator.variables.will.be
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In.the.general.n-phase.case.one.has,.instead.of.(3.24),.the.following:
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Transformation.matrices.for.the.rotor.are,.in.form,.identical.to.those.for.the.stator.(3.24).and.(3.25),.and.
it.is.only.necessary.to.replace.the.angle.of.transformation.θs.with.θr .

When.the.model.of.the.machine.is.used.for.simulation.purposes,.it.is.typically.necessary.to.apply.
the.appropriate.transformation.matrix.in.both.directions..For.the.sake.of.example,.consider.a.three-
phase. induction.machine,.supplied. from.a. three-phase.voltage.source..Hence,.stator.phase.voltages.
are.known..Corresponding.d.− q.axis.voltage.components.are.calculated.using.(3.24).for.the.selected.
reference.frame:

.
v v v vds s s s s s s= + −
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31 2 3sin sin sinθ θ π θ π



. (3.26)

These.are.the.inputs.of.the.d.− q.axis.model,.together.with.the.disturbance,.load.torque..The.model.is.
solved.for.the.electromagnetic.torque,.rotor.speed,.and.stator.d.− q.axis.currents.(rotor.d.− q.currents.are.
usually.not.of.interest;.however,.they.are.obtained.too)..Since.actual.stator.phase.currents.are.of.interest,.
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then.d.− q.axis.stator.current.components.have.to.be.now.transformed.back.into.the.phase.domain,.using.
inverse.transformation:

.

i i i

i i i
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. (3.27)

Note.that,.due.to.assumed.stator.winding.connection.into.star,.with.isolated.neutral.point,.zero-sequence.
current.cannot.flow,.and.hence.zero-sequence.components.are.not.considered.

Assuming.that.stator.voltages.are.sinusoidal,.balanced,.and.symmetrical,.of.rms.value.V,.it.is.simple.to.
show.that.the.amplitude.of.d.− q.axis.voltage.components.in.(3.26).is,.regardless.of.the.selected.reference.
frame,.equal.to. 3V ..This.is.the.consequence.of.the.adopted.power-invariant.form.of.the.transformation.
matrices..In.general,.for.an.n-phase.machine,.the.amplitude.is. nV ..In.contrast.to.this,.if.the.transfor-
mation.is.power-variant.and.keeps.transformed.power.per-phase.equal.(coefficient.in.(3.25).is.2/n.rather.
than. 2 n ),.amplitudes.of.d − q.axis.components.are.equal.to. 2V .regardless.of.the.phase.number.

3.6 Space Vector Modeling

Since,.upon.application.of.the.decoupling.transformation,.one.gets.pairs.of.axis.components.in.mutually.
perpendicular.planes.and.these.pairs.are.in.mutually.perpendicular.axes.as.well,.it.is.possible.to.consider.
all.the.planes.as.complex.and.define.one.axis.component.as.a.real.part.and.the.other.axis.component.
as.an. imaginary.part.of.a.complex.number..Such.complex.numbers.are.known.as. space.vectors.and.
they.differ.considerably.from.phasors.(complex.representatives.of.sinusoidal.quantities)..To.start.with,.
space.vectors.can.be.used.for.both.sinusoidal.and.nonsinusoidal.supply..Second,.space.vectors.describe.
a.machine.in.both.transient.and.steady-state.operating.conditions..In.what.follows,.space.vectors.are.
denoted.with.underlined.symbols.

Consider.decoupling.transformation.matrix.(3.12)..As.can.be.seen,.each.pair.of.rows.contains.sine.
and. cosine. functions. of. the. same. angles.. Let. a. complex. operator. a. be. introduced. as. a. =. exp. (jα). =.
cos α +.jsin.α,.where.once.more.α.=.2π/n..Each.pair.of.rows.in.(3.12).then.defines.one.space.vector,.with.
odd.rows.determining.the.real.parts.and.the.even.rows.imaginary.parts.of.the.corresponding.complex.
numbers,.that.is,.space.vectors..Let.f.stand.once.more.for.voltage,.current,.or.flux.linkage.of.either.the.
stator.or.the.rotor..Space.vectors.are.then.governed.with

.

f f jf
n

f a f a f a f

f f jf
n

f

n
n

x y x y

α β α β−

−

−

= + = + + + +( )
= + =

2

2

1 2
2

3
1

1 1 1 1 1

� ( )

++ + + +( )
= + = + + + +

−

−

a f a f a f

f f jf
n

f a f a f

n
n

x y x y

2
2

4
3

2 1

2 2 2 2 1
3

2
6

3
2

�

�

( )

aa f

f

n
n

x n

3 1( )−( )
− − − − − − − − − − − − − − − − − − − − − − − − − − − − − − − − − − − − − − − − − − −

−− − − − −
− −= + = + + + +3

2
3

2
3

2
3

2
1

1 2
2

2 1 2
3

2
y n

x n y n
n nf jf

n
f a f a f( )/ [( )/ ] � aa fn

n
( ) /−( )1 22

. (3.28)



3-16	 Power	Electronics	and	Motor	Drives

It.is.again.assumed.that.the.phase.number.is.an.odd.number.and.neutral.point.is.isolated,.so.that.zero.
sequence.cannot.be.excited..It.is.therefore.not.included.here,.but.it.in.general.remains.to.be.governed.
with.the.corresponding.penultimate.row.of.the.decoupling.transformation.matrix.(3.12).

Since. rotational. transformation. is. applied. only. to. α−β. components,. then. only. the. corresponding.
α−β.space.vector.will.undergo.a.further.transformation,.governed.with.(3.19).in.real.form..Of.course,.
the.transformation.is.once.more.different.for.stator.and.rotor.quantities..The.stator.and.rotor.voltage,.
current,.and.flux.linkage.space.vectors.are.obtained.in.the.common.reference.frame.by.rotating.corre-
sponding.α−β.space.vector.by.an.angle,.which.is.for.stator.θs.and.for.rotor.θr..This.is.done.by.means.of.
the.vector.rotator,.exp.(−jθs).for.stator.and.exp.(−jθr).for.rotor.variables..Hence,.space.vectors.that.will.
describe.the.machine.in.an.arbitrary.common.reference.frame.are.governed.with

.
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To.form.the.induction.machine’s.model.in.terms.of.space.vectors,.it.is.only.necessary.to.combine.d.− q.
axis. equations. of. the. real. model. (3.20). and. (3.21). as. real. and. imaginary. parts. of. the. corresponding.
complex.equations..Hence,.the.torque-producing.part.of.the.model.is,.regardless.of.the.phase.number,.
described.with

.
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Indices.d.− q,.used.in.(3.29).to.define.space.vectors,.have.been.omitted.in.(3.30).and.(3.31).for.simplicity..
In.(3.30).and.(3.31),.space.vectors.are.vs.=.vds.+.jvqs,.is.=.ids.+.jiqs,.ψ−s.=.ψds.+.jψqs.and.vr.=.vdr.+.jvqr ,.ir.=.idr.+.
jiqr ,.ψ−r.=.ψdr.+.jψqr..Torque.equation.(3.22).can.be.given,.using.space.vectors,.as

. T PL i ie m s r= ( )Im * . (3.32)

where
*.stands.for.complex.conjugate
Im.denotes.the.imaginary.part.of.the.complex.number

Equations. 3.30. through. 3.32. together. with. the. equation. of. mechanical. motion. (3.7). fully. describe. a.
three-phase.induction.machine..If.the.machine.has.more.than.three.phases.and.the.supply.is.either.not.
balanced.or.it.contains.additional.time.harmonics.apart.from.the.fundamental.(so.that.x–y.stator.voltage.
components.are.not.zero),.the.model.(3.30).through.(3.32).needs.to.be.complemented.with.additional.
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space.vector.equations.that.describe.x–y.circuits.of.stator..Using.again.real.model.(3.20).and.(3.21).and.
the.definition.of.space.vectors.in.(3.28),.these.additional.equations.are.all.of.the.same.form
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d

dt
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x y s ls x y s
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. (3.33)

and.there.are.(n −.3)/2.such.voltage.and.flux.linkage.equations.for.x–y.components.1.to.(n −.3)/2.
Model.(3.30).and.(3.31).is.the.dynamic.model.of.an.induction.machine..Consider.now.steady-state.

operation.with.symmetrical.balanced.sinusoidal.supply..Regardless.of.the.selected.common.reference.
frame,.model.(3.30).and.(3.31).under.these.conditions.reduces.to.the.well-known.equivalent.circuit.of.
an.induction.machine,.described.with

.
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where.ωs.stands.for.angular.frequency.of.the.stator.supply..By.defining.slip.s.in.the.standard.manner.as.
(ωs.−.ω)/ωs,.introducing.reactances.as.products.of.stator.angular.frequency.and.inductances,.and.defin-
ing.magnetizing.current.space.vector.as.im.=.is.+.ir ,.these.equations.reduce.to.the.standard.form
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which.describes.the.equivalent.circuit.of.Figure.3.4..The.only.(but.important).differences,.when.com-
pared.to.the.phasor.equivalent.circuit,.are.that.the.quantities.in.the.circuit.of.Figure.3.4.are.now.space.
vectors.rather.than.phasors,.and.that.there.is.no.circuit.of.the.form.given.in.Figure.3.4.for.each.phase.of.
the.machine,.there.is.a.single.circuit.for.the.whole.multiphase.machine.instead..The.space.vectors.will.
also.be.of.different.time.dependence,.depending.on.the.selected.common.reference.frame..For.exam-
ple,.in.the.stationary.reference.frame. v nV j ts a sω ω=( ) = ( )0 exp ,.while.in.the.synchronous.reference.
frame.in.which.d-axis.is.aligned.with.the.stator.voltage.space.vector. v nVs a sω ω=( ) = .

Stator.voltage.space.vector.under.symmetrical.sinusoidal.supply.conditions.is.shown.in.Figure.3.5.for.
a.three-phase.machine..It.travels.around.the.circle.of.radius.equal.to. 3V ..Instantaneous.projections.
of.the.space.vector.onto.α-.and.β-axis.represent.space.vector.real.and.imaginary.parts,.in.accordance.
with.the.definition.in.(3.28)..Upon.application.of.the.vector.rotator.of.(3.29).with.θ ω ωs s sdt t= =∫ .the.

Rs jXls jXlr

jXm

i s i r

i m

v s Rr /s

FIGURE. 3.4. Equivalent. circuit. of. an. induction. machine. for. steady-state. operation. with. sinusoidal. supply. in.
terms.of.space.vectors.



3-18	 Power	Electronics	and	Motor	Drives

stator.voltage.space.vector.becomes.aligned.with.the.d-axis.of.the.common.rotating.reference.frame.so.
that.the.q-component.is.zero..Since.the.d.− q.system.of.axes.rotates,.its.position.continuously.changes;.
thus,.the.illustration.in.Figure.3.5a.applies.to.one.specific.instant.in.time,.when.the.angle.is.45°..Since.the.
machine.is.in.steady.state,.the.stator.current.space.vector.is.in.essence.determined.with.the.ratio.of.the.
stator.voltage.space.vector.and.impedance..The.angle.that.appears.between.the.stator.voltage.and.stator.
current.space.vectors.is.the.power.factor.angle.ϕ.(Figure.3.5b)..Speed.of.rotation.of.the.stator.current.
space.vector.is.of.course.equal.to.the.speed.of.the.voltage.space.vector,.but.the.radius.of.the.circle.along.
which.the.stator.current.space.vector.travels.is.different.

If. the. machine. has. five. or. more. phases. and. the. stator. supply. is. either. not. balanced/symmetrical,.
or. it.contains.certain.time.harmonics. that.map.into.x−y. stator.voltage.components,. then. it.becomes.
necessary.to.use.additional.equivalent.circuits,.one.per.each.x−y.plane.(i.e.,.only.one.for.a.five-phase.
machine,.but.two.for.a.seven-phase.machine,.and.so.on)..In.principle,.the.form.of.equivalent.circuits.for.
x−y.components.is.governed.with.(3.33)..However,.since.x−y.voltages.may.contain.more.than.one.fre-
quency.component,.a.separate.equivalent.circuit.is.needed.for.steady-state.representation.at.each.such.
frequency..Assuming,. for. the. sake.of. illustration,. that. stator.x−y.voltages.contain.a. single-frequency.
component,.the.equivalent.circuit.is.as.given.in.Figure.3.6.

Whether.or.not.the.stator.winding.x−y.circuits.are.excited.entirely.depends.on.the.properties.of.the.sta-
tor.winding.supply..If.the.supply.is.a.power.electronic.converter,.which.produces.time.harmonics.in.the.

Rs jωx–y(s)Lls

i x–y(s)

v x–y(s)

FIGURE.3.6. Equivalent.circuit,.applicable.to.each.frequency.component.of.every.x−y.stator.voltage.space.vector.
in.machines.with.more.than.three.phases.
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ωa = ωs
ωa = ωs
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v s

Re (α)

√3V
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θs = ωst = 45°

Im (β)

v s

i s

Re (α)

(b)

φ

ωs

FIGURE.3.5. Illustration.of.the.stator.voltage.and.current.space.vectors.for.symmetrical.sinusoidal.supply.condi-
tions..(a).Stator.voltage.space.vector.and.(b).stator.voltage.and.current.space.vectors.
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output.phase.voltage,.then.some.of.these.harmonics.will.map.into.each.x–y.plane..As.an.example,.Table.
3.1.shows.harmonic.mapping,.characteristic.for.five-phase.and.seven-phase.stator.windings.[24]..As.can.
be.seen,.one.particular.time.harmonic.in.each.x–y.plane.for.each.phase.number.is.shown.in.bold.font..
These.are.the.time.harmonics.of.the.supply.that.can.be.used,.in.addition.to.the.fundamental,.to.produce.
an.average.torque..The.idea.is.to.increase.the.torque.density.available.from.the.machine,.and.this.applies.
equally.to.both.generating.operation.[25].and.motoring.operation.[26]..However,.for.this.to.be.possible,.
it.is.necessary.that.the.stator.winding.is.of.the.concentrated.type,.so.that,.in.addition.to.the.fundamental.
space.harmonic,.there.exist.the.corresponding.low-order.space.harmonics.of.the.mmf..In.simple.terms,.
this.means.that.the.spatial.distribution.of.the.mmf.is.not.regarded.as.sinusoidal.any.more;.it.is.quasi-
rectangular.instead..Modeling.of.such.machines.is.beyond.the.scope.of.this.article..It.suffices.to.say.that,.
while.the.decoupling.transformation.matrix.remains.the.same,.rotational.transformation.changes.the.
form..Also,.the.starting.phase-variable.model.in.this.case.has.to.take.into.account.the.existence.of.the.
low-order.spatial.harmonics.through.appropriate.harmonic.inductance.terms..In.the.final.model,.d.− q.
equations.remain.the.same.but.electromagnetic.torque.equation.and.x–y.circuit.equations.change.

3.7  Modeling of Multiphase Machines with Multiple 
three-Phase Windings

In.high-power.applications,.it.is.more.and.more.common.that,.instead.of.using.three-phase.machines,.
machines.with.multiple.three-phase.windings.are.used..The.most.common.case.is.a.six-phase.machine..
The.stator.winding.is.composed.of.two.three-phase.windings,.which.are.spatially.shifted.by.30°..The.
.outlay.is.shown.schematically.in.Figure.3.7.for.an.induction.machine..Since.there.are.now.two.three-
phase.windings,.phases.are.labeled.as.a,.b,.c,.and.indices.1.and.2.apply.to.the.two.three-phase.windings.
(index.s.is.omitted)..As.can.be.seen.from.Figure.3.7,.this.spatial.shift.leads.to.asymmetrical.positioning.

TABLE.3.1. Harmonic.Mapping.into.Different.Planes.
for.Five-Phase.and.Seven-Phase.Systems.(j.=.0,1,2,3…)

Plane Five-Phase.System Seven-Phase.System

α.−.β 10j.±.1.(1,.9,.11…) 14j.±.1.(1,.13,.15…)
x1.−.y1 10j.±.3.(3,.7,.13…) 14j.±.5.(5,.9,.19…)
x2.−.y2 n/a 14k.±.3.(3,.11,.17…)
Zero-sequence 5(2j.+.1).(5,.15…) 7(2j.+.1).(7,.21…)

a2

b1

b2

c2

c1

a1-Axis
30°

FIGURE.3.7. Asymmetrical.six-phase.induction.machine,.illustrating.magnetic.axes.of.the.stator.phases.
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of.the.stator.phase.magnetic.axes. in.the.cross.section.of.the.machine..Such.a.type.of.the.multiphase.
machine.is,.therefore,.usually.termed.asymmetrical.machine,.since.spatial.shift.between.any.two.con-
secutive.phases.is.not.equal.any.more.and.it.is.not.governed.by.2π/n..Instead,.there.is.a.shift.between.
three-phase.windings,.equal.to.π/n..Furthermore,.since.the.machine.is.based.on.three-phase.windings.
and.there.are.in.general.a.of.them,.then.the.neutral.points.of.each.individual.three-phase.winding.are.
kept.isolated,.so.that.there.are.a.isolated.neutral.points.

Modeling.principles,.discussed.so. far,.are.valid. for.asymmetrical.multiphase.machines.as.well..As.a.
matter.of. fact,.final.machine.models. in. the.common.reference. frame.(3.20). through.(3.22).and.(3.30).
through.(3.33).remain.to.be.valid,.provided.that.decoupling.transformation.matrix.(3.12).is.adapted.to.the.
winding.layout.in.Figure.3.7..In.particular,.[C].is,.for.an.asymmetrical.six-phase.machine,.given.with.[27]

.
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. (3.36)

Here,.the.first.three.terms.in.each.row.relate.to.the.first.three-phase.winding,.while.the.second.three.
terms.relate.to.the.second.three-phase.winding,.as.indicated.in.the.row.above.the.transformation.matrix..
The.form.of.the.last.two.rows.in.(3.36).takes.into.account.that.neutral.points.of.the.two.windings.are.
isolated.

Provided. that. the. asymmetrical. six-phase. machine’s. phase-variable. model. is. decoupled. using.
(3.36),. rotational. transformation. matrices. (3.19). remain. the. same. and. identical. equations. are.
obtained.in.the.d.− q.common.reference.frame.and.in.space.vector.form.as.for.a.symmetrical.multi-
phase.machine.(of.course,.the.complete.transformation.matrix.of.(3.25).has.to.be.modified.in.accor-
dance.with.(3.36))..One.important.note.is.however.due.in.relation.to.the.total.number.of.x–y.equation.
pairs..Use.of.a.individual.and.isolated.neutral.points.means.that,.upon.transformation,.there.will.be.

b1

b2

b3

a1

a2

a3

c1 c2 c3

20°

20°

FIGURE.3.8. An.asymmetrical.nine-phase.stator.winding.structure.
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only.(n−a).voltage.equilibrium.equations.to.consider,.since.zero-sequence.current.cannot.flow.in.any.
of.the.three-phase.windings..Since.n.=.3a,.then.the.total.number.of.equations.is.2a..As.the.first.pair.
is.always.for.d.− q.components,.then.the.resulting.number.of.x–y.voltage.equation.pairs.is.only.(a−1)..
This.comes.down.to.one.d.− q.pair.and.two.x–y.pairs.for.an.asymmetrical.nine-phase.machine.with.
three.isolated.neutral.points..Had.the.neutral.points.been.connected,.there.would.have.been.three.
pairs.of.x–y.equations.

As.an.example,.consider.an.asymmetrical.nine-phase.machine,.with.disposition.of.stator.phase.
magnetic. axes. shown. in. Figure. 3.8.. Stator. phases. of. any. of. the. three-phase. windings. are. labeled.
again.as.a, b, c.and.additional.index.1,.2,.3.denotes.the.particular.three-phase.winding..The.angle.
between.three-phase.windings.is.α.=.π/n.=.20°..The.winding.may.have.a.single.neutral.point.or.three.
isolated.neutral.points..Decoupling.transformation.matrix.for.the.asymmetrical.nine-phase.winding.
with.a.single.neutral.point.is.determined.with.(the.ordering.of.terms.in.the.rows.of.the.transforma-
tion.matrix.now.corresponds.to.the.spatial.ordering.of.phases.in.Figure.3.8,.as.indicated.in.the.row.
above.the.transformation.matrix):
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. (3.37)

and.there.are,. in.addition. to. the.α−β. components.and.zero-sequence.component,. three.pairs.of.x–y.
components..However,. if. the.neutral.points.of. three-phase.windings.are. left. isolated,. the.decoupling.
transformation.matrix.of.(3.37).becomes

.

 a a a b b b c c c

C

x
y
x
y

1 2 3 1 2 3 1 2 3

1

1

2

2

1

2

3

2
9

0
0
0

1 2

[ ]

cos( ) cos( ) cos

=

α
β

α α (( ) cos( ) cos( ) cos( ) cos( ) cos( )
sin( ) sin( ) s

6 7 8 12 13 14
0 2

α α α α α α
α α iin( ) sin( ) sin( ) sin( ) sin( ) sin( )

cos( ) cos(
6 7 8 12 13 14

1 7 1
α α α α α α

α 44 6 13 2 12 8
0 7

α α α α α α α
α

) cos( ) cos( ) cos( ) cos( ) cos( ) cos( )
sin( ) sin(( ) sin( ) sin( ) sin( ) sin( ) sin( ) sin( )

cos( )
14 6 13 2 12 8

1 13
α α α α α α α

α ccos( ) cos( ) cos( ) cos( ) cos( ) cos( ) cos( )
sin(

8 6 14 12 7 2
0 13

α α α α α α α
αα α α α α α α α) sin( ) sin( ) sin( ) sin( ) sin( ) sin( ) sin( )8 6 14 12 7 2

1 0 0 1 0 00 1 0 0
0 1 0 0 1 0 0 1 0
0 0 1 0 0 1 0 0 1



































 .

. (3.38)

so.that.there.are.now.only.two.pairs.of.x–y.components.



3-22	 Power	Electronics	and	Motor	Drives

3.8 Modeling of Synchronous Machines

3.8.1 General Considerations

Modeling.principles,.detailed.in.preceding.sections.for.multiphase.induction.machines,.apply.in.general.
equally. to. synchronous.machines,. since. the. stator.winding.of.all. synchronous.machines. is. identical.
as.for.an.induction.machine,.regardless.of.the.number.of.phases..However,.the.rotor.of.synchronous.
machines.differs.considerably.from.the.induction.machine’s.rotor,.both.in.terms.of.the.winding.disposi-
tion.used.and.in.terms.of.its.construction..Moreover,.synchronous.machines.are.much.more.versatile.
than.induction.machines.and.come.in.a.variety.of.configurations.

Most.of. synchronous.machines.have.excitation.on.rotor,.which.can.be.provided.either.by.perma-
nent.magnets.or.by.a.dc-supplied.excitation.(or.field).winding..The.exception.is.synchronous.reluctance.
machine,.where.rotor.is.not.equipped.with.either.magnets.or.the.excitation.winding..Further,.rotor.of.
a.synchronous.machine.may.or.may.not.carry.a.squirrel-cage.short-circuited.winding,.depending.on.
whether.the.machine.is.designed.to.operate.from.mains.or.from.a.power.electronic.supply.with.closed-
loop.speed.(position).control..Finally,.rotor.may.be.of.circular.cross.section,.but.it.may.also.have.a.so-
called.salient-pole.structure.

Two.principal.geometries.of.the.rotor.are.illustrated.in.Figure.3.9..Only.one.phase.(1s).of.the.stator.
multiphase.winding.is.shown.and.it.is.illustrated.schematically.with.its.magnetic.axis..The.rotor.is.shown.
as.having.an.excitation.winding,.which.is.supplied.from.a.dc.source.and.which.produces.rotor.field..This.
field.is.stationary.with.respect.to.rotor.and.acts.along.the.d-axis..But,.since.rotor.rotates.at.synchronous.
speed,.the.rotor.field.rotates.at.synchronous.speed.in.the.air-gap.as.well..In.both.types.of.synchronous.
machines,.which.are.normally.used.for.electric.power.generation.and.high-power.motoring.applications,.
rotor.will.either.physically.have.a.squirrel-cage.winding.(salient-pole.rotor;.not.shown.in.Figure.3.9).or.
will.behave.as.though.there.is.a.squirrel-cage.winding.(cylindrical.rotor.structure).

If.permanent.magnets.are.used.instead.of.the.excitation.winding,.then.they.may.be.either.fixed.along.
the.circumference.of.a.cylindrical.rotor.(surface-mounted.permanent.magnet.synchronous.machine,.
often.abbreviated.as.SPMSM).or. they.may.be.embedded. (or. inset). into. the. rotor. (interior.PMSM.or.
IPMSM).. If. the.machine. is.designed. for.variable-speed.operation.with.closed-loop.control,. the.rotor.
will.not.have.any.windings..If.the.machine.is.aimed.at.line.operation,.then.the.rotor.will.have.to.have.
a.squirrel-cage.winding.(recall.that.a.synchronous.motor.develops.torque.at.synchronous.speed.only;.
hence,.if.supplied.from.mains,.it.cannot.start.unless.there.is.a.squirrel-cage.winding.that.will.provide.
asynchronous.torque.at.nonsynchronous.speeds.of.rotation).

(b)

Rotor

Rotor
winding

ω

Stator
1s

q-Axis

d-Axis

Air-gap

Rotor

(a)

q-Axis

ω

1s

Stator

d-Axis

Air-gap

Rotor
winding

FIGURE.3.9. Basic.structures.of.synchronous.machines.with.(a).cylindrical.rotor.and.(b).with.a.salient-pole.rotor.
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Transformations.discussed.in.Sections.3.3.and.3.4.and.given.with.(3.12).and.(3.19).remain.to.be.valid.
in.exactly.the.same.form.for.synchronous.machine..However,.what.is.different.and.therefore.impacts.
considerably.on.the.transformation.procedure.is.the.fact.that.the.air-gap.in.a.synchronous.machine.is.
not.uniform.any.more..This.is.obvious.for.the.salient-pole.structure.of.Figure.3.9,.but.also.applies.to.the.
cylindrical.rotor.structure,.since.the.excitation.winding.occupies.only.a.portion.of.the.rotor.circumfer-
ence,.so.that.the.effective.air-gap.is.the.lowest.in.the.d-axis.and.is.the.highest.in.the.axis.perpendicular.to.
d-axis.(i.e.,.q-axis)..Nonuniform.air-gap.length.means.that.the.magnetic.reluctance,.seen.by.stator.phase.
windings,.continuously.changes.as.rotor.rotates..Note,.however,.that.as.far.as.the.inductances.of.rotor.
windings.are.concerned,.the.situation.is.identical.as.for.induction.machines,.since.stator.cross.section.is.
circular.(and.the.same.as.in.induction.machines)..Thus,.rotor.winding.inductances.will.all.be.constant,.
as.the.case.was.in.an.induction.machine.

As.far.as.permanent.magnet.synchronous.machines.are.concerned,.in.terms.of.magnetic.behavior.
IMPSM. corresponds. to. the. salient-pole. structure. (since. permeability. of. permanent. magnets. is. very.
close.to.the.permeability.of.the.air,.thus.causing.considerably.higher.magnetic.reluctance.in.the.rotor.
area.where.magnets.are.embedded,.compared.to.the.rotor.area.where.there.is.only.ferromagnetic.mate-
rial)..On.the.other.hand,.SPMSMs.behave.similar.to.the.machines.with.cylindrical.rotor.structure..Since.
magnets.are.effectively.increasing.the.air-gap.length.and.are.placed.uniformly.on.the.rotor.surface,.the.
difference.between.the.magnetic.reluctance.in.SPMSMs.along.d-.and.q-axis.is.very.small.and.is.usually.
neglected.

Magnetic. reluctance,. seen. by. stator. phase. windings,. varies. continuously. as. the. rotor. rotates.. It.
changes. between. two. extreme. values,. the. minimum. one. along. d-axis. and. the. maximum. one. along.
q-axis.. Hence,. one. can. define. two. corresponding. extreme. stator. phase. winding. self-inductances,.
Lsd and Lsq..Assuming.again.that.the.spatial.distribution.of.the.mmf.is.sinusoidal,.it.can.be.shown.that.
the.stator.phase.1.inductance.is.now.governed.with

. L L L L L
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sd sq sd sq
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where.angle.θ.is.the.instantaneous.position.of.the.rotor.d-axis.with.respect.to.magnetic.axis.of.stator.
phase.1.axis..Self-inductances.of.all.the.other.phases.are.of.the.same.form.as.in.(3.39),.with.an.appropri-
ate.shift.that.accounts.for.the.spatial.displacement.of.a.particular.phase.with.respect.to.phase.1..In.(3.39).
one.has,.using.a.three-phase.machine.as.an.example,.Lsd.=.Lls.+.Md.and.Lsq.=.Lls.+.Mq,.where.Md.and.Mq.
are.mutual.inductances.within.the.stator.winding.along.the.two.axes.

As.can.be.seen.from.(3.39),.self-inductance.is.a.constant.position-independent.quantity.if.and.only.if.
the.inductances.along.d-.and.q-axis.are.the.same,.which.applies.only.if.the.air-gap.is.perfectly.uniform..
When.there.is.a.variation.in.the.air-gap,.the.self-inductance.contains.the.second.harmonic.of.a.continu-
ously.changing.value.as.the.rotor.rotates..Self-inductance.of.(3.39).will.during.each.revolution.of.the.
rotor. take. the.maximum.and.minimum.values. (Lsd. and.Lsq). twice..Similar.considerations.also.apply.
to.mutual.inductances.within.the.multiphase.stator.winding,.which.will.now.also.contain.the.second.
harmonic.in.addition.to.a.constant.value..Hence,.in.synchronous.machines,.all.elements.of.the.stator.
inductance. matrix. (3.4a). contain. rotor-position-dependent. terms,. which. is. a. very. different. situation.
when.compared.to.an.induction.machine..Dependence.of.stator.inductance.matrix.terms.on.rotor.posi-
tion.also.means.that.the.electromagnetic.torque.of.the.machine.(3.8).does.not.reduce.any.more.to.the.
form.given.in.(3.10),.since.there.is.an.additional.term,
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The.first.torque.component.in.(3.40).is.again.the.consequence.of.the.interaction.of.the.stator.and.rotor.
windings.(fundamental.torque.component).and.it.exists.in.all.synchronous.machines.with.excitation.on.
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rotor.(using.either.permanent.magnets.or.an.excitation.winding)..The.second.component.is,.however,.
purely.produced.due.to.the.variable.air-gap.and.is.called.reluctance.torque.component..In.synchronous.
reluctance.machines,.where.there.is.no.excitation.on.rotor,.this.torque.component.is.the.only.one.avail-
able.if.squirrel-cage.rotor.winding.does.not.exist.

The.consequence.of.the.rotor-position-dependent.inductances.of.the.stator.winding.on.modeling.
procedure.is.that.any.synchronous.machine.can.be.described.with.a.set.of.differential.equations.with.
constant.coefficients.if.and.only.if.one.selects.the.common.reference.frame.as.firmly.fixed.to.the.rotor..
Hence,.d-axis.of.the.common.reference.frame.is.selected.as.the.axis.along.which.the.rotor.field.wind-
ing.(or.permanent.magnets).produces.flux..Thus,.in.(3.19).one.now.has.θs.≡.θ,.which.simultaneously.
means. that. θr. ≡. 0.. Such. transformation. matrix. is. often. called. Park’s. transformation. in. literature..
In  simple. terms,. this. means. that. rotational. transformation. is. applied. only. to. the. stator. fictitious.
windings,.obtained.after.decoupling.transformation..The.machine.is.therefore.modeled.in.the.rotor.
reference.frame..If.the.machine.runs.at.synchronous.speed,.this.coincides.with.the.synchronous.ref-
erence. frame..However,. in.a.more.general.case.and.especially. in.motoring.applications,.one.needs.
to.have.in.mind.that.fixing.the.reference.frame.to.the.rotor.means.that.the.transformation.angle.for.
stator.variables.has.to.be.continuously.recalculated.using.(3.5),.where.speed.of.rotation.is.a.variable.
governed.by.(3.7).

As.noted.at.the.end.of.Section.3.2,.it.is.important.to.observe.that.in.synchronous.machines.with.
field.winding.there.are.separate.voltage. levels.at. the.stator.and.field.winding..It. is.assumed.further.
on. that. the. field. winding. (and. the. squirrel-cage. winding,. if. it. exists). has. been. referred. already. to.
the.stator.winding.voltage.level..Models.are.further.given.separately.for.synchronous.machines.with.
excitation.winding.and.permanent.magnet.synchronous.machines..Only.the.torque-producing.part.
of.the.model.is.given,.which.is.the.same.for.all.machines.with.three.or.more.phases.on.the.stator.and.
in.essence.comes.down.to.rearranging.appropriately.Equations.3.20a,.3.21a,.and.3.22.of. the. induc-
tion.machine.model..If.the.machine.has.more.than.three.phases,.the.models.given.further.on.need.to.
be.complemented.with.the.x–y.voltage.and.flux.equations.of.the.stator.winding,.(3.20b).and.(3.21b)..
These.remain.to.be.given.with.identical.expressions.as.for.an.induction.machine.and.are.therefore.not.
repeated.further.on.

3.8.2 Synchronous Machines with Excitation Winding

Stator. voltage. equilibrium. equations. (3.20a). are. in. principle. identical. as. for. an. induction. machine,.
except.that.now.ωa.=.ω..Rotor.short-circuited.winding.(damper.winding).voltage.equations.are.also.the.
same.as.in.(3.20a).with.the.last.term.set.to.zero,.since.ωa.=.ω..Hence,
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Resistances.of.the.rotor.damper.winding.along.d-.and.q-axis.are.not.necessarily.the.same,.and.this.is.
taken.into.account.in.(3.41b)..Zero-sequence.voltage.equation.of.the.stator.winding.is.the.same.as.in.
(3.13).and.is.not.repeated..Voltage.equilibrium.equation.of.the.excitation.winding,.identified.with.index.
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f. (which.has.not.undergone.any. transformation,.except. for. the.voltage. level. referral. to.stator.voltage.
level).is.of.the.same.form.as.for.damper.windings,.except.that.the.voltage.is.not.zero:

. v R i d
dtf f f

f= +
ψ . (3.41c)

Flux. linkage. equations. of. various. windings,. however,. now. involve. two. different. values. of. the.
magnetizing. inductance,.Lmd. and.Lmq,.which. is. the.consequence.of. the.uneven.air-gap..These. induc-
tances.are.related.with.the.corresponding.phase.mutual.inductance.terms.through.Lmd.=.(n/2).Md.and.
Lmq = (n/2) Mq..Hence,.flux.linkages.along.d-.and.q-axis.are

.
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where.Ld.=.Lls.+.Lmd.and.Lq.=.Lls.+.Lmq.are.the.self-inductances.of.the.stator.d.− q.windings..The.fact.that.
the.excitation.winding.produces.flux.along.d-axis.only.has.been.accounted. for. in. (3.42).. In.general,.
leakage.inductances.of.the.d-.and.q-axis.damper.windings.may.differ,.and.this.is.also.taken.into.account.
in.(3.42).

It.should.be.noted.that.in.certain.cases.damper.winding.of.the.rotor.is.modeled.with.one.equivalent.
d-axis.winding.(as.in.(3.41b).and.(3.42)).but.with.two.equivalent.q-axis.windings..In.such.a.case,.one.
more.voltage.equilibrium.equation.and.one.more.flux.equation.are.needed.for.the.q-axis..Their.form.is.
identical.as.for.the.q-axis.damper.winding.in.(3.41b).and.(3.42),.but.the.parameters.(resistance.and.leak-
age.inductance).are.in.general.different.

Electromagnetic.torque.equation.(3.40).upon.transformation.reduces.in.the.rotor.reference.frame.to.
a.simple.form,

. T P i ie ds qs qs ds= −(ψ ψ ) . (3.43a)

which.is.exactly.the.same.as.for.an.induction.machine.(see.(3.23))..However,.if.the.stator.flux.d − q.axis.
flux.linkage.components.are.eliminated.using.(3.42),.the.resulting.equation.differs.from.the.correspond-
ing.one.for. induction.machines.(3.22).due.to.the.existence.of. the.excitation.winding.and.due.to.two.
different.values.of.the.magnetizing.inductances.along.two.axes:

. T P L i i i i L i i ie md ds f dr qs mq qs qr ds= + + − + ( ) ( ) . (3.43b)

The.form.of.(3.43b).can.be.re-arranged.so.that.the.fundamental.torque.component.is.separated.from.the.
reluctance.torque.component,

. T P L i i i L i i P L L i ie md f dr qs mq qr ds md mq ds qs= + −  + −( ) ( ) . (3.43c)

which. is. convenient. for. subsequent. discussions. of. permanent. magnet. and. synchronous. reluctance.
machine.types.
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Mechanical.equation.of.motion.of.(3.7).is.of.course.the.same.as.for.an.induction.machine..Relationship.
between.original.stator.phase.variables.and.transformed.stator.d.− q.axis.quantities.is.in.the.general.case.
and.in.the.three-phase.case.governed.with.(3.25).and.(3.24),.respectively,.where.θ θ ωs dt≡ = ∫ .

3.8.3 Permanent Magnet Synchronous Machines

Since.in.permanent.magnet.synchronous.machines.field.winding.does.not.exist,.the.field.winding.equa-
tions.((3.41c).and.the.last.of.(3.42)).are.omitted.from.the.model..It.is.also.observed.that.the.permanent.
magnet.flux.ψm.now.replaces.term.Lmdif.in.the.flux.linkage.equations.of.the.d-axis..If.the.machine.has.
a.damper.winding,.it.can.again.be.represented.with.an.equivalent.dr–qr.winding..Hence,.voltage,.flux,.
and.torque.equations.of.a.permanent.magnet.machine.can.be.given.as
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. T P i L i i L i i P L L i ie m qs md dr qs mq qr ds md mq ds qs= + −  + −ψ ( ) ( ) . (3.46)

In.torque.equation.(3.46),.the.first.and.the.third.component.are.the.synchronous.torques.produced.by.
the.interaction.of.the.stator.and.the.rotor.and.due.to.uneven.magnetic.reluctance,.respectively,.while.
the.second.component. is. the.asynchronous.torque.(the.same.conclusions.apply.to.(3.43c),.valid.for.a.
synchronous.machine.with.a.field.winding)..This.component.exists.only.when.the.speed.is.not.synchro-
nous,.since.at.synchronous.speed.there.is.no.electromagnetic.induction.in.the.short-circuited.damper.
windings.

Model. (3.44). through. (3.46). describes. an. IPMSM.. If. the. machine. is. not. equipped. with. a. damper.
winding,.as.the.case.will.be.in.machines.designed.for.variable-speed.operation.with.power.electronic.
supply,.it.is.only.necessary.to.remove.from.the.model.(3.44).through.(3.46).all.variables.associated.with.
the.rotor.winding..This.comes.down.to.omission.of.(3.44b).and.(3.45b).and.setting.of.rotor.d.− q.currents.
in.(3.45a).and.(3.46).to.zero.

If.the.magnets.are.surface-mounted,.it.is.usually.assumed.that.the.machine.is.with.uniform.air-
gap,.so.that.Lmd.=.Lmq.=.Lm..This.makes.magnetizing.inductances.along.the.two.axes.equal.in.(3.45).
and. (3.46). and,. consequently,. eliminates. the. reluctance. component. in. the. torque. equation. (3.46)..
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Thus,.for.a.SPMSM.without.damper.winding,.one.gets.an.extremely.simple.model,.which.consist.of.
the.following.equations:
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. T P ie m qs= ψ . (3.49)

The.electrical.part.of.the.model.(3.47).and.(3.48).is.usually.written.with.eliminated.stator.d.− q.axis.flux.
linkages,.as
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where.Ls.=.Lls.+.Lm.and.the.time.derivative.of.permanent.magnet.flux.is.zero..The.dynamic.d − q.axis.
equivalent.circuits. for.permanent.magnet.machines.without.damper.winding.are. shown. in.Figure.
3.10..These.apply. in.general. to. IPMSMs;. for.SPMSM. it. is.only.necessary. to. set.Ld.=.Lq.=.Ls.. If. the.
machine. operates. in. steady. state,. with. sinusoidal. terminal. phase. voltages,. speed. of. the. reference.
frame.coincides.with.synchronous.speed.and.the.di/dt.terms.in.(3.47).(or.(3.50)).become.equal.to.zero..
Hence,.in.steady-state.operation.with.balanced.symmetrical.sinusoidal.supply.of.the.stator.winding,.
one.has.for.a.SPMSM
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With.regard.to.the.correlation.between.stator.phase.and.transformed.variables,. the.same.remarks.
apply.as.given.in.conjunction.with.a.synchronous.machine.with.excitation.winding.

3.8.4 Synchronous reluctance Machine

This.type.of.synchronous.machine.does.not.have.any.excitation.on.rotor..Depending.on.whether.the.
machine.is.designed.for.line.operation.or.for.power.electronic.supply,.the.rotor.may.or.may.not.have.
the.squirrel-cage.winding..To.get.the.model.of.this.type.of.synchronous.machine,.it.is.only.necessary.to.
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remove.from.the.IPMSM.model.terms.related.to.the.permanent.magnet.flux.linkage..Hence,.from.(3.44).
through.(3.46),.one.now.gets
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. T P L i i L i i L L i ie md dr qs mq qr ds md mq ds qs= − + − ( ) ( ) . (3.54)

where.the.first.component.is.the.asynchronous.torque,.while.the.second.component.is.the.synchronous.
torque.
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FIGURE.3.10. Equivalent.dynamic.d − q.circuits.of.permanent.magnet.synchronous.machines.(Xd.=.ωLd,.Xq.=.ωLq,.
Em.=.ωψm).
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If.the.machine.does.not.have.squirrel-cage.winding.on.rotor,.rotor.voltage.equations.(3.52b).and.rotor.
flux.linkage.equations.(3.53b).are.omitted..Hence,.the.stator.voltage.equations.and.the.electromagnetic.
torque.in.such.a.machine.take.an.extremely.simple.form,
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The.form.of.the.d.− q.axis.equivalent.circuits.is.the.same.as.in.Figure.3.10,.provided.that.the.electromo-
tive.force.term.ωψm.is.set.to.zero.

As.noted.already,.permanent.magnet.machines.and.synchronous.reluctance.machines.without.rotor.
damper.(squirrel-cage).windings.are.exclusively.used.in.conjunction.with.power.electronic.supply.and.
closed-loop.control,.which.requires.information.on.the.instantaneous.rotor.position.

3.9 Concluding remarks

A.basic.review.of.the.modeling.procedure,.as.applied.in.conjunction.with.multiphase.ac.machines.with.
sinusoidal.mmf.distribution.around.the.air-gap,.has.been.provided..The.material.has.been.presented.in.
a.systematic.way.so.that.not.only.three-phase.but.also.machines.with.any.phase.number.are.covered..
All.the.types.of.ac.machinery.that.operate.on.the.basis.of.the.rotating.field.have.been.encompassed..This.
includes.both.induction.and.synchronous.machines.of.various.designs..Given.modeling.procedure.and.
the.models.in.developed.form.are.valid.under.the.simplifying.assumptions.introduced.in.Section.3.2..In.
this.context.a.couple.of.remarks.seem.appropriate.

In.a.number.of.cases.the.assumptions.of.constant.machine.parameters.represent.physically.unjus-
tifiable.simplifications..This.is.sometimes.due.to.the.machine.construction.and.sometimes.due.to.the.
transient. phenomenon. under. consideration.. For. example,. frequency-dependent. variation. of. param-
eters.(resistance.and.leakage.inductance).is.of.importance.in.rotor.windings.of.squirrel-cage.induction.
machines,. which. are. often. designed. with. deep-bar. winding,. or. there. may. even. exist. physically. two.
separate.cage.windings..In.both.cases.the.accuracy.of.the.model.is.significantly.improved.if.the.rotor.
is.represented.as.having.two.(rather.than.one).squirrel-cage.windings..In.terms.of.the.final.model,.this.
comes.down.to.expanding.the.Equations.3.20.through.3.22).(or.3.30.through.3.32).so.that.the.represen-
tation.contains.voltage.equilibrium.and.flux.equations.for.two.rotor.windings.(note.that.this.also.affects.
the.torque.equation.(3.22))..For.more.detailed.discussion.the.reader.is.referred.to.[22].

Assumption.of.constant.stator.leakage.inductance.is.usually.accurate.enough..The.exception.are.the.
investigations.related.to.starting,.reversing,.re-closing,.and.similar.transients.of.mains-fed.induction.
machines,.where. the.stator.current.may. typically. reach.values.of.five. to.seven. times. the.stator.rated.
current..Means.for.accounting.for.stator.leakage.flux.saturation.in.the.d.− q.axis.models.have.been.devel-
oped,.and.such.modified.models.require.knowledge.of.the.stator.leakage.flux.magnetizing.curve,.which.
can.be.obtained.from.locked.rotor.test.

The.iron.losses.are.of.magnetic.nature,.and.accounting.for.them.in.the.d.− q.axis.models.can.only.
ever.be.approximate..The.usual.procedure.is.the.same.as.in.the.steady-state.equivalent.circuit.phasor.
representation..An.equivalent.iron.loss.resistance.can.be.added.in.parallel.to.the.magnetizing.branch.in.
the.circuit.of.Figure.3.4..This.of.course.requires.expansion.of.the.model.with.additional.equations.and.
an.appropriate.modification.of.the.torque.equation..It.should.be.noted.that.such.a.representation.of.iron.
losses.can.only.ever.relatively.accurately.represent.the.phenomenon.if.the.machine.is.supplied.from.a.
sinusoidal.source.



3-30	 Power	Electronics	and	Motor	Drives

By.far.the.most.frequently.inadequate.assumption.is.the.one.related.to.the.linearity.of.the.magne-
tizing. characteristic,. which. has. made. the. magnetizing. (mutual). inductance. (or. inductances. in. syn-
chronous. machines). constant.. This. applies. to. both. induction. and. synchronous. machines.. There. are.
even.situations.where.this.assumption.essentially.means.that.a.certain.operating.condition.cannot.be.
simulated.at.all;.for.example,.self-excitation.of.a.stand-alone.squirrel-cage.induction.generator..It.is.for.
this.reason.that.huge.amount.of.work.has.been.devoted.during.the.last.30.years.or.so.to.the.ways.in.
which.main.flux.saturation.can.be.incorporated.into.the.d–q.axis.models.of.induction.and.synchronous.
machines..Numerous.improved.machine.models,.which.account.for.magnetizing.flux.saturation.(and.
therefore.utilize.the.magnetizing.characteristic.of.the.machine),.are.nowadays.available..Some.methods.
are.discussed. in. references. [14,20,21].. In.principle,. the.machine.model. always.becomes.considerably.
more.complicated.than.the.case.is.when.saturation.of.the.main.flux.is.neglected.

Finally,.resistances.of.all.windings.change.with.operating.temperature..Since.temperature.does.not.
exist.as.a.variable.in.the.d.− q.models,.this.variation.cannot.be.accounted.for.unless.the.d.− q.model.is.
coupled.with.an.appropriate.thermal.model.of.the.machine.
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4.1 General Considerations and Constructive Characteristics

The.operation.of.the.induction.motor.is.based.on.the.rotating.magnetic.field.discovered,.from.the.theoreti-
cal.point.of.view.by.Galileo.Ferraris.in.1885..Nicola.Tesla.later.developed.the.first.applications.and.the.first.
induction.motors.as.they.are.now.known..The.rotating.magnetic.field.is.produced.by.a.polyphase.winding,.
which.is.built-in.in.a.fixed.magnetic.structure.in.the.following.named.the.stator..This.stator.magnetic.field.
induces.a.system.of.electromotive.force.(e.m.f.).and.current.in.a.polyphase.winding.built-in.in.a.rotating.
magnetic.structure.in.the.following.named.the.rotor..Since.the.stator.and.the.rotor.are.separated.by.an.
air.gap.with.constant.thickness,.the.induction.motor.magnetic.structure.is.isotropic..The.stator.and.rotor.
windings.are.positioned.in.slots.punched.in.the.stator.and.rotor.laminations,.as.shown.in.Figure.4.1.

The.rotor.windings.can.have.a.number.of.phases.that.are.different.from.those.of.the.stator,.but.the.
stator.and.rotor.pole.number.should.be.the.same..For.simplicity,.the.theoretical.approach.reported.in.
the.following,.will.use.a.two.pole.motor.as.reference..The.pole.number.will.be.included.in.the.equations.
when.this.value.is.requested.to.define.equations.having.general.validity..The.motor.supply.is.supposed.to.
be.a.symmetric.three-phase.sinusoidal.voltage..The.electrical.circuits.hereafter.adopted.are.considered.
as.taking.into.account.the.phasor.theory,.but.the.related.equations.are.reported.considering.the.module.
amplitude.of.the.phasor.only.

With.a. three-phase. sinusoidal. supply,. the. stator.windings.will.be.able. to.produce.a. rotating.field,.
which. will. interact. with. the. stator. and. rotor. windings.. In. a. phase. stator. winding,. an. e.m.f.. will. be.
induced,.with.amplitude,.Es,.equal.to

. E Ks s s= Φω . (4.1)

where
Ks.is.the.stator.winding.constant
Φ.is.the.machine.flux
ωs.is.the.rotating.magnetic.field.angular.speed
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Let.us.consider.that.the.rotor.is.still.with.the.windings.open..The.rotor.windings.see.the.rotating.mag-
netic.field,.which.rotates.at.an.angular.speed.equal.to.ωs..As.a.consequence,.the.phase.rotor–induced.
e.m.f..in.the.rotor.phase.winding.can.be.written.as

. E Kr r s= Φω . (4.2)

where
Kr.is.the.rotor.winding.constant
Φ.is.the.machine.flux
ωs.is.the.rotating.magnetic.field.angular.speed

Both.Ks.and.Kr.coefficients.take.into.account.the.characteristic.of.the.stator.and.rotor.winding.(such.as.
number.of.turns,.winding.topology,.etc.).

In.these.conditions,.the.induction.motor.is.equivalent.to.a.transformer,.in.which.the.flux.variation.is.
due.to.a.sinusoidal.flux.with.constant.amplitude.rotating.in.space,.while.in.a.traditional.transformer.the.
flux.is.fixed.in.space.but.it.changes.its.amplitude.in.time..As.a.consequence,.in.first.approximation,.for.
the.induction.motor,.it.is.possible.to.define.a.voltage.transformation.ratio.equal.to.t = Ks/Kr.

In.the.case.of.a.rotor.with.a.different.phase.number.with.respect.to.that.of.the.stator,.the.induction.
motor.allows.a.modification,.both.of.the.voltage.and.of.the.phase.number.between.the.primary.winding.
(stator).and.the.secondary.(rotor)..Now,.let.us.consider.the.rotor.rotating.at.a.mechanical.angular.speed,.
ωm,.and.with.the.rotor.windings.still.open..The.rotor.e.m.f..will.be.now.equal.to

. E Kr r s m= −Φ( )ω ω . (4.3)

The.difference.between.the.two.speeds.(ωs.−.ωm).is.the.relative.rotor.speed.with.respect.to.the.stator.
magnetic.field,.and.it. is.defined.as.absolute.slip..The.ratio.between.the.absolute.slip.and.the.rotating.

Frame

Shaft

Stator voke

Rotor slots

Rotor voke

Stator slots

FIGURE.4.1. Induction.motor.cross.section.
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magnetic.field.speed,.ωs,.is.defined.as.relative.slip.(usually.referred.to.simply.as.slip),.and.it.is.a.funda-
mental.quantity.in.the.study.of.the.induction.motor..The.slip.is.defined.by.the.following.relation:

.
s s m

s
= −ω ω

ω .
(4.4)

The.percentage.slip.is.obviously.defined.by

.
s s m

s
% = −ω ω

ω
100

.
(4.5)

With.the.rotor.still,.the.slip.is.one,.while.with.the.rotor.rotating.at.the.same.speed.of.the.stator.magnetic.
field,.the.slip.is.zero..It.is.now.possible.to.determine.the.frequency.of.the.rotor.electrical.quantities.when.
the.rotor.is.rotating.at.the.speed.ωm..The.relation.among.the.rotating.magnetic.field.speed.(expressed.in.
rotation.per.minute),.the.stator.voltage.frequency,.fs,.and.the.pole.pair.number.p.is

.
n f

ps
s= 60

.
(4.6)

As.a.consequence,.the.stator.frequency.is

.
f n p

s
s=

60 .
(4.7)

In.an.analogous.manner,.the.rotor.frequency.can.be.written.as

.
f n n p

r
s m= −( )

60 .
(4.8)

Multiplying.and.dividing.the.relation.by.ωs,.it.is.possible.to.get.the.following.important.relation:

.
f n n p n

n
n n

n
n p sfr

s m s

s

s m

s

s
s= − = −





=( )
60 60 .

(4.9)

that.shows.that.the.rotor.electrical.quantities.depend.on.the.stator.supply.frequency.and.the.slip..With.
the.rotor.still,.the.frequency.of.the.rotor.quantities.is.equal.to.that.of.the.stator,.while.with.the.rotor.
rotating.at.the.speed.of.the.stator.magnetic.field,.the.frequency.of.the.rotor.quantities.is.zero..Now,.let.
us.consider.the.rotor.still,.but.with.the.rotor.windings.closed.in.short.circuit..In.these.conditions,.the.
rotor.e.m.f..is.able.to.induce.rotor.currents,.which.together.with.the.flux.density.in.the.air.gap.produce.
mechanical.forces,.according.to.the.well-known.electromagnetic.equations..As.a.consequence,.in.the.
presence.of.short-circuited.rotor.windings,.the.rotor.is.under.the.action.of.a.torque.that.leads.the.rotor.
to.follow.the.rotating.magnetic.field.of.the.stator.

As.previously.mentioned,.the.induction.motor.can.be.considered.completely.equivalent.to.a.rotating.
field.transformer,.and.as.a.consequence,.the.equivalent.circuit.topology.of.the.induction.motor.is.similar.
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to.that.of.the.transformer,.with.the.secondary.winding.in.short.circuit..The.equivalent.circuit.of.single.
phase.induction.motor.is.presented.in.Figure.4.2,.with.a.description.of.the.following.parameters:

Vs. Stator.phase.voltage
Rs. Phase.stator.winding.resistance
Lls. Phase.stator.leakage.inductance
ωs. Pulsation.of.the.stator.electrical.quantities
Rir. Phase.resistance.equivalent.to.the.iron.losses
Lm. Magnetizing.inductance
Es. Stator.e.m.f.
Er. Rotor.e.m.f.
Rr. Phase.rotor.winding.resistance
Llr. Phase.rotor.leakage.inductance
ωr. Pulsation.of.the.rotor.electrical.quantities

With.respect.to.the.well-known.transformer.equivalent.circuit,.it.is.important.to.highlight.that.the.
stator.and.rotor.quantities.are.not.at.the.same.frequency..From.a.theoretical.point.of.view,.in.addition.
to.the.classical.voltage.transformation,.the.ideal.transformer.shown.in.Figure.4.2.has.to.be.able.to.inter-
face.two.circuits.at.different.frequencies..At.the.moment,.the.ideal.transformer.has.to.be.considered.as.
a.special.device.able.to.modify.the.voltage.amplitude.and.the.frequencies..It.is.important.to.underline.
that.the.ideal.transformer.represents,. from.the.physical.point.of.view,.the.air.gap.between.the.stator.
and.the.rotor,.where.the.electrical.energy.of. the.stator. is. transformed.into.the.mechanical.energy.of.
the.rotor..Since.in.system.at.different.frequencies.the.average.power.is.always.zero,.in.the.air.gap,.the.
quantities.will.have.to.act.together.at.the.same.frequency..This.is.true.because,.with.respect.to.a.reference.
frame.steady.in.the.air.gap,.the.stator.quantities.are.seen.at.the.pulsation,.ωs..The.rotor.is.rotating.at.the.
angular.speed.ωm,.while.the.rotor.quantities.are.at.the.pulsation.ωr..As.a.consequence,.they.are.seen.at.
a.resulting.pulsation.equal.to.ωr.+.ωm..As.previously.shown,.the.sum.ωr.+.ωm.is.exactly.the.pulsation.
ωs..As.a.consequence,.with.respect.to.the.reference.frame.positioned.in.the.air.gap,.the.stator.and.rotor.
quantities.have.the.same.frequency.and.the.energy.transfer.between.stator.and.rotor.is.possible,.together.
with.the.electromechanical.conversion..In.the.circuit.shown.in.Figure.4.2,.the.two.networks.at.different.
frequencies.can.be.led.back.to.a.single.frequency.circuit,.thanks.to.some.easy.considerations.on.the.rotor.
electrical.equations..The.rotor.e.m.f..can.be.rewritten.as

. E K fr r r= Φ2π . (4.10)

Since.the.rotor.frequency.is.defined.by.fr.=.sfs.the.rotor.e.m.f..can.be.written.as

. E K sfr r s= Φ2π . (4.11)

Vs

ωs Lls ωr Llr

ωs Lm

Rs RrIR

Rir

Is

Es Er

FIGURE.4.2. Induction.motor.equivalent.circuit.referred.to.a.single.phase.
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Now.it.is.possible.to.introduce.the.concept.of.rotor.e.m.f..at.unitary.slip.Er(1),.that.is.the.rotor.e.m.f..
when.the.rotor.is.still.and.the.rotor.quantities.are.at.the.same.frequency.of.the.stator.ones..As.a.conse-
quence,.the.rotor.e.m.f..can.be.written.as

. E sEr r= ( )1 . (4.12)

A.similar.approach.can.be.used.for.the.rotor.leakage.reactance;.in.fact.it.can.be.defined.by

. X L f L sf Llr r lr r lr s lr= = =ω π π2 2 . (4.13)

Introducing.the.concept.of.leakage.reactance.at.unitary.slip,.Xlr(1).(rotor.leakage.reactance.with.rotor.
still),.it.is.possible.to.write

. X sXlr lr= ( )1 . (4.14)

With.the.introduction.of.the.slip.in.Er.and.Xlr.relations,.all.the.rotor.quantities.are.now.referred.to.the.
stator.frequencies,.and.in.Figure.4.3.the.new.corresponding.equivalent.circuit.is.depicted.

Neglecting.the.index.(1).for.writing.plainness,.the.equation.of.the.rotor.circuit.can.be.rewritten.as

. sE R I jsX Ir r r lr r= + . (4.15)

With.the.hypothesis.of.slip.always.different.by.zero,.it.is.possible.to.divide.the.previous.relation.by.the.
slip,.getting

.
E R

s
I jX Ir

r
r lr r= +

.
(4.16)

and.obtaining.the.equivalent.circuit.reported.in.Figure.4.4.
It.is.important.to.underline.that.in.the.equivalent.circuit.reported.in.Figure.4.4,.the.skin.effect.present.

in.the.rotor.cage.bars.is.neglected..It.is.now.possible.to.write.the.power.balance.of.the.induction.motor.
on.the.basis.of.the.equivalent.circuit.reported.in.Figure.4.4..The.active.power.absorbed.by.the.stator.
results

. P V Is s s s= 3 cosϕ . (4.17)

sEr(1)Vs

Xls sXlr(1)

Xm

Rs Rr

Rir Es

FIGURE.4.3. Induction.motor.equivalent.circuit.with.the.rotor.quantities.referred.to.the.stator.frequencies.
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In.the.stator,.both.the.stator.joule.losses,.P R Ijs s s= 3 2,.and.the.iron.losses,.P E Rfe s ir= 3 2( / ),.are.active..The.
difference.between.the.absorbed.electrical.power.and.the.stator.losses.is.the.power.transmitted.by.the.
stator.to.the.rotor.PT

. P P P PT s js fe= − − . (4.18)

With. reference. to. the. single. phase. equivalent. circuit. of. Figure. 4.4,. the. transmitted. power. has. to. be.
attributed.to.the.resistance.Rr/s.and.the.following.relation.can.be.written.as

.
P R

s
IT

r
r= 3 2

.
(4.19)

Since,. from.the.physical.point.of.view,.the.rotor.winding.has.an.actual.resistance,.Rr,. the.rotor. joule.
losses.active.in.the.rotor.are

. P R Ijr r r= 3 2

. (4.20)

The.power.balance.in.the.rotor.demonstrates.that.the.difference.between.the.transmitted.power.and.the.
rotor.joule.losses.must.be.the.converted.mechanical.power.Pm

.
P P P R

s
I R I s

s
R Im T jr

r
r r r r r= − = − = −3 3 312 2 2

.
(4.21)

where,.the.power.involved.in.resistance.((l − s)/s)Rr.represents.the.mechanical.power..The.new.equivalent.
circuit.is.reported.in.Figure.4.5.

Using.the.previous.equations,. the.following.relation.between.the.transmitted.power.and.the.rotor.
joule.losses.can.be.obtained:

. P sPjr T= . (4.22)

This.relation.shows.that.the.slip.can.be.considered.as.a.power.splitter.of.the.transmitted.power.between.
the.rotor.joule.losses.and.the.mechanical.power..In.particular,.at.unitary.slip,.all.the.transmitted.power.
is.dissipated.in.the.rotor.as.joule.losses,.while.for.a.generic.slip,.“s,”.the.mechanical.power.is.defined.by.
the.ratio.(1.−.s)/s.

Vs

Xls Xlr

Xm

Rs —–Rr
s

Rir ErEs

FIGURE.4.4. Induction.motor.equivalent.circuit.with.the.Rr/s.rotor.resistance.
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4.2 torque Characteristic Determination

On.the.basis.of.the.equivalent.circuit.previously.defined,.it.is.possible.to.obtain.the.mechanical.torque.
produced.by.the.machine.and.the.torque–speed.characteristic..The.electromagnetic.torque.active.in.the.
air.gap.TT.is.the.ratio.between.the.transmitted.power.and.the.angular.speed.of.the.rotating.magnetic.
field,.as.shown.in.the.following.equation:

.
T P R s I
T

s

r r

s
= =

ω ω
3 2( )/

.
(4.23)

This.equation.is.very.important.because.it.demonstrates.the.univocal.proportionality.between.torque.
and.transmitted.power..This.means.that.to.get.a.torque.it.is.necessary.to.transfer.the.right.transmitted.
power.to.the.rotor..The.mechanical.torque.is.defined.by.the.ratio.between.the.electric.power.of.the.resis-
tance.((1.−.s)/s)Rr.and.the.rotor.angular.speed.as.reported.in.the.relation

.
T P s s R I
m

m

r

r r

r
= = −

ω ω
3 1 2(( ) )/

.
(4.24)

Remembering.that.the.rotor.speed.and.the.rotating.magnetic.field.speed.are.linked.by.the.slip.through.
ωr.=.(1.−.s)ωs,.it.is.possible.to.obtain.the.following.relation:

.
T P s s R I s s R I

s
Tm

m

r

r r

r

r r

s
T= = − = −

−
=

ω ω ω
3 1 3 1

1

2 2(( ) ) (( ) )
( )

/ /

.
(4.25)

The.previous.equation.shows.the.perfect.equality.between.the.electromagnetic.torque.and.the.mechani-
cal.torque..Obviously,.the.mechanical.torque.included.all.the.friction.and.windage.losses.present.in.the.
rotor..The.net.torque.can.be.obtained.subtracting.these.losses.from.mechanical.torque.previously.deter-
mined..In.addition,.it.is.interesting.to.underline.that.with.the.rotor.still.(slip.=.1),.the.torque.is.different.
by.zero.and.this.torque.is.the.machine.starting.torque.

It.is.now.possible.to.move.the.rotor.parameters.from.the.rotor.side.to.that.of.the.stator;.in.this.way.
the.ideal.transformer.can.be.avoided.because.it.is.always.in.short.circuit,.obtaining.the.final.equivalent.
circuit.reported.in.Figure.4.6.

With.respect.to.the.typical.equivalent.circuit.of.the.transformer,.it.is.not.possible.to.move.the.no.load.
parameters,.Rir.and.Xm.up.to.the.stator.parameters,.because.of.the.high.value.of.the.magnetizing.current..

XlrXls

Vs

RrRs

Rir

Rr
1 – s

s

Er

Xm

Es

FIGURE.4.5. Induction.motor.equivalent.circuit.after. the.separation.between. the.rotor.resistance,.Rr,. and. the.
equivalent.resistance.to.the.mechanical.power.Rr((1.−.s)/s).



4-8	 Power	Electronics	and	Motor	Drives

In.fact,.in.the.induction.motors.the.presence.of.the.air.gap.requires.a.magnetizing.current,.which.can.be.
the.40%–60%.of.the.rated.current,.depending.on.the.motor.size..Using.the.previous.equivalent.circuit,.it.
is.possible.to.define.in.an.analytical.way,.the.induction.motor.torque.characteristic..In.order.to.simplify.
the.circuit.under.analysis,.it.is.possible.to.determine.the.Thevenin-equivalent.circuit.at.the.rotor.con-
nections..In.addition,.to.make.the.equation.writing.easier,.all.the.apex.will.not.be.reported.anymore,.
remembering.that.the.rotor.parameter.value.has.been.reported.to.the.stator..The.Thevenin.rotor.equiva-
lent.voltage.can.be.written.as

.
V V

R jX Z
zeq

s

s ls p
p=

+ +( ) 0
0

.
(4.26)

Where.Zp0.is.the.parallel.between.the.resistance.equivalent.to.the.iron.losses,.Rir,.and.the.magnetizing.
reactance,.Xm..The.Thevenin-equivalent.impedance.results

.
Z R jX Z

R jX Z
R Xeq

s ls p

s ls p
eq eq=

+ ×
+ +

= +
( )
( )

0

0 .
(4.27)

The.new.simplified.circuit.is.reported.in.Figure.4.7.

sXls Xd́r

Xm

Rŕ
Rs

RirVs

FIGURE.4.6. Induction.motor.equivalent.circuit.with.the.rotor.quantities.reported.to.the.stator.side.

Req Xeq

Veq

Xlr

s–––Rŕ

FIGURE.4.7. Thevenin-equivalent.circuit.of.Figure.4.6.
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The.amplitude.of.the.rotor.current.phasor.can.be.easily.computed.by

.

I
V

R R s X X
r

eq

eq r eq lr

=
+( ) + +( ) ( )/

2 2

.

(4.28)

As.a.consequence,.the.transmitted.power.can.be.obtained.by.the.following.relation:

.
P R

s
I R

s
V

R R r X XT
r

r
r eq

eq r eq lr
= =

+ + +
3 32

2

2 2( ( )) ( )/ .
(4.29)

Taking.into.account.the.pole.pair.number.p,.the.electromagnetic.torque.can.be.written.as

.
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eq r eq lr
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+ + +
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2 2ω
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/( ( )) ( ) .
(4.30)

The. quadratic. relationship. between. the. torque. and. the. supply. voltage. is. immediately. evident..
Consequently,.this.means.a.high.sensitivity.of.the.torque.with.the.voltage.variation..It.is.now.possible.
to.determine.the.characteristic.between.the.torque.and.the.slip.from.the.graphical.point.of.view.using.
some.considerations. on. the. torque-slip. function. limit,. for. slip. equal. to. zero.and. slip. equal. to. infin-
ity..With.the.slips.leaning.toward.zero,.the.approximation.Req.<<.Rr/s.and.R S X Xr eq lr

2 2 2/ >> +( ) .can.be.
assumed;.the.torque.relation.for.small.slips.can.be.written.as
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(4.31)

This.means.that.for.small.slips,.the.torque.characteristic.is.linear.with.the.slip..For.slips.leaning.toward.
infinity,.the.inequality.Req.>>.Rr/s.can.be.assumed.

As.a.consequence,.the.torque.relation.can.be.written.as

.
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(4.32)

This.means.that.for.infinite.slip,.the.torque.characteristic.can.be.assumed.as.a.hyperbolic.function.with.
respect.to.the.slip..On.the.basis.of.these.considerations,.the.torque.vs..slip.characteristic.can.be.drawn.
as.reported.in.Figure.4.8,.where.negative.slip.(brake.or.generator.operations).and.positive.slip.(motor.
operations).are.considered.in.the.slip.range.−1.to.+1.

Remembering.the.relation.between.the.slip.and.the.mechanical.rotor.speed.ωm.=.ωs(1.−.s),.it.is.pos-
sible.to.get.immediately.the.speed.vs..mechanical.rotor.speed.as.reported.in.Figure.4.9..The.two.charac-
teristics.are.mirrored,.in.fact.at.slip.equal.to.one.the.rotor.speed.is.zero,.while.with.slip.equal.to.zero,.the.
rotor.speed.is.equal.to.the.rotating.magnetic.field.

In. the.mechanical. characteristic,. the. starting. torque. (torque.at. speed.equal. to.zero).and. the.peak.
torque.are.very.evident.

The.stable.part.of.the.torque–speed.characteristic.is.delimited.by.the.peak.torque.and.the.speed.ωs..
On.the.basis.of.the.torque.characteristic,.it.is.possible.to.demonstrate.the.rotor.power.balance.as.shown.
in. Figure. 4.10,.where.PT. is. the. rectangular. area.TLωs,.Pmech. is. the. rectangular. area.TLωmech. and.Pjr. is.
the.rectangular.area.PT.−.Pmech..As.a.consequence,.it.is.very.evident,.as.previously.discussed,.that.the.
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FIGURE.4.8. Induction.motor.torque.vs..slip.characteristic.

Peak torque

ωs ωr0
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T

FIGURE.4.9. Induction.motor.torque.vs..mechanical.speed.characteristic.

T

ωs

ωsωmech

PT Pjr

Load torque TL

Pmech

FIGURE.4.10. Induction.motor.rotor.power.balance.
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function.of.the.slip.is.as.a.power.splitter.of.the.transmitted.power,.PT,.between.the.rotor.joule.losses,.Pjr,.
and.the.converted.mechanical.power,.Pmech.

4.2.1 Starting torque and Current

Imposing.in.the.torque.relation.a.slip.equal.to.one,.the.starting.torque.value.can.be.obtained.as

.
T p V R

R R X Xstart
s
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r

eq r eq lr
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+ + +
3 2
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(4.33)

In.the.same.way,.the.starting.current.can.be.determined.by

.

I V
R R X X

start
eq

eq r eq lr
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(4.34)

The.denominator.of.the.previous.relation.is.the.short.circuit.impedance,.often.defined.as.locked.rotor.
impedance..It.is.evident.that.the.starting.current.corresponds.to.the.locked.rotor.current,.also.called.
short.circuit.current..The.starting.current.assumes.a.very.high.value.with.respect.to.the.rated.one,.and.it.
represents.a.serious.problem.for.the.motor.itself.and.the.motor.supply.source..Different.techniques.can.
be.adopted.for.limiting.the.starting.current..In.particular,.the.following.techniques.are.the.most.used:

•. Connection.of. starting.reactances.between. the. supply. source.and. the.motor..These.reactances.
have.to.be.short-circuited.after.the.motor.is.started.

•. Start. to.delta.connection.modification.during.the.starting.transient..The.motor. is.started.with.
the.motor.windings.connected.in.star.and.after.a.defined.time.interval.(depending.on.the.motor.
size.and.the.motor.and.load.inertia),.the.windings.are.switched.to.delta.connection..Obviously,.
the. procedure. requires. a. delta. connection. motor. during. normal. work. conditions.. During. the.
starting.condition,.the.star.connection.reduces.the.voltage.applied.to.each.phase.of.a.factor.equal.
to. 3 ..Consequently,.the.line.starting.current.is.reduced.by.a.factor.equal.to.3.such.as.the.torque.
capability.

•. Soft.started.devices.based.on.solid.state.power.electronic.components..Presently,.this.technique.
is.the.most.used.for.its.high.efficiency.and.its.capability.to.control.the.starting.current.during.the.
starting.transient.

Obviously,.all.previous.methods.involve.a.reduction.of.the.supply.voltage.and.correspond.to.a.quadratic.
reduction.of.the.available.torque..For.this.reason,.in.order.to.guarantee.a.correct.starting.of.the.motor,.
it. is.very.important.to.check.that.the.actual.starting.torque.of.the.motor.is.still.higher.than.the.load.
starting.torque.

4.2.2 Peak torque

Using.the.analytical.expression.for.torque,.it.is.possible.to.determine.the.peak.torque.relationship..Due.
to.the.linear.relation.between.torque.and.transmitted.power,.the.peak.torque.condition.corresponds.to.
the.peak.of.the.transmitted.power..In.sinusoidal.supply,.the.peak.of.the.active.power.transfer.is.obtained.
when.the.equivalent.impedance.value.of.the.supply.source.is.equal.to.the.load.resistance..As.a.conse-
quence,.the.peak.transmitted.power.will.be.obtained.when.the.following.condition.is.verified:

.
R X X R

seq eq lr
r2 2+ + =( )

.
(4.35)
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The.slip.corresponding.to.the.peak.of.the.transmitted.power,.called.peak.torque.slip,.sTx,.is.defined.by

.

s R
R X X
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r

eq eq lr

=
+ +2 2( )

.

(4.36)

Since.in.the.induction.motors.the.term.Xeq.+.Xlr.is.practically.equal.to.the.total.motor.leakage.reactance.
Xlt.and.the.total.leakage.reactance.is.greater.than.the.equivalent.resistance.(Xlt.>>.Req),.the.peak.torque.
slip.can.be.simplified.as.shown.in.the.following.relation:

.
s R

XTx
r

lt
≅

.

Including.the.simplified.peak.torque.slip,.sx,.in.the.torque.equation,.it.is.possible.to.obtain.the.value.of.
the.motor.peak.torque.as.follows:

.
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In.addition,.since.(Xlt.>>.Req),.the.final.simplified.equation.of.the.peak.torque.can.be.written.as
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(4.38)

It.is.very.evident.that.the.peak.torque.is.inversely.proportional.to.the.total.leakage.reactance..In.other.
words,.the.motor.leakage.reactance.is.a.key.parameter.during.the.design.of.the.induction.motor,.because.
it.sets.the.motor.capability.to.produce.high.peak.torque..Induction.motors.for.industrial.applications.
have.a.ratio.between.peak.torque.and.rated.torque.in.the.range.1.5–2.5..As.a.consequence,.the.induction.
motors.have.a.good.torque.overload.capability.

4.3 Induction Motor Name Plate Data

The.main.induction.motor.name.plate.data.are.the.following:

Rated.power.PR:.It.is.the.mechanical.rated.power.at.the.motor.shaft.
Rated.speed.nR:.It.is.the.motor.speed.of.the.motor.when.it.is.working.at.the.rated.torque.
Rated.torque.TR:.It.is.obtainable.by.the.ratio.between.the.rated.power.and.the.rated.angular.speed.
Rated.voltage.VR:.It.is.the.line.to.line.voltage.and.it.depends.on.the.winding.connection.
Rated.current.IR:.It.is.the.line.current.when.the.motor.works.at.the.rated.power.
Rated.power.factor.cos.φR:.It.is.the.motor.power.factor.in.rated.condition.

Using.the.previous.name.plate.data,.it.is.possible.to.define.the.absorbed.electrical.rated.power.using.the.
following.relation:

. P V Ie R R R= ⋅ ⋅ ⋅3 cosϕ .

The.efficiency.is.computed.as.the.ratio.between.the.rated.power.and.the.electrical.rated.power.previously.
defined.
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In.addition,.on.the.motor.data.sheets,.the.following.three.ratios,.which.are.very.important.for.a.cor-
rect.choice.of.motor.with.respect.to.the.load.demands,.are.always.reported:

•. Ratio.between.peak.torque.and.rated.torque
•. Ratio.between.starting.torque.and.rated.torque
•. Ratio.between.the.starting.current.and.the.rated.current

Taking.into.account.the.loss.segregation,.it.is.possible.to.define.the.following.loss.values,.which.can.
be.computed.by.the.equivalent.circuit.previously.discussed:

•. Stator.joule.losses,.3 2R Is s

•. Rotor.joule.losses,.3 2R Ir r

•. Iron.losses,.3(E2/Rir)

Mechanical,.windage,.and.additional.losses
All.the.equivalent.circuit.parameters,.the.mechanical,.windage,.and.additional.losses.are.obtainable.

by.no-load.and.locked.rotor.test.defined.by.international.standards.such.as.IEEE.112.method.B.

4.4 Induction Motor topologies

From.the.electrical.point.of.view,.the.induction.motor.stator.is.constituted.by.a.three-phase.winding.
system,.which.has. the.duty. to.produce.the.rotating.magnetic.field.. In.first.approximation,. the.stator.
characteristics. do. not. influence. the. motor. torque–speed. characteristics.. On. the. contrary,. the. motor.
torque–speed.characteristics.are.largely.dependent.on.the.used.rotor.type..Wound.rotor.and.squirrel.
cage.rotor.topologies.can.be.realized.

4.4.1 Wound rotor

The.rotor.windings.are.realized.with.copper.wires.in.the.same.way.as.with.the.stator.
Stators.and.rotors.can.have.different.number.of.phases,.but.they.must.have.the.same.pole.number..The.

rotor.windings.are.usually.star.connected.and.the.three.free.terminals.are.connected.to.a.system.of.three.
rings.(as.shown.in.Figure.4.11)..Obviously,.brushes.to.realize.the.short.circuit.connection.or.to.connect.
possible.external.loads.are.necessary..A.typical.load.is.a.three-phase.resistance.system.used.to.limit.the.
starting.currents.and.to.increase.the.starting.torque..Due.to.the.high.cost.of.this.type.of.machine,.the.
production.of.wound.rotor.induction.motors.has.been.given.up.now..Wound.rotor.induction.motors.are.
still.used.in.applications.where.very.high.power.is.required.(typically.MW.machines.at.medium.volt-
age),.because.substitution.with.squirrel.cage.machines.is.very.onerous.from.the.economic.point.of.view.

4.4.2 Squirrel Cage rotor

The.squirrel.cage.rotor.winding.is.realized.with.a.system.of.aluminum.or.copper.bars.fit.in.the.rotor.
slots..The.bar.ends.are.connected.to.two.short.circuit.rings.of.the.same.material,.as.show.in.Figure.4.12.

In.particular,.the.aluminum.rotor.cage.is.built.using.a.die.cast.process,.where.the.complete.squirrel.
cage.(bars.plus.rings).is.realized.at.the.same.time..From.the.electrical.point.of.view,.the.cage.is.able.to.

Rings

FIGURE.4.11. Wound.rotor.induction.motor.
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produce.by.itself.an.equivalent.winding.system.with.a.pole.number.equal.to.
that.of.the.stator.and.a.phase.number.equal.to.the.bar.number.

4.4.2.1 Double Cage rotor

A.double.cage.rotor.can.be.built.with.inner.and.outer.rotor.cages..Due.to.its.
position.in.the.rotor.lamination,.the.inner.cage.has.a.higher.leakage.reactance.
with.respect.to.the.outer.one..This.is.because.the.inner.cage.is.completely.sur-
rounded.by.the.rotor.magnetic.material,.which.increases.the.slot.leakage.flux..
On.the.contrary,.the.outer.cage.is.close.to.the.machine.air.gap.with.a.lower.
slot.leakage.flux..The.different.leakage.reactance.values.of.the.two.cages.play.
an.important.role.during.the.motor.starting,.when.the.rotor.quantities.have.
the.same.frequency.as.those.of.the.stator..The.current.distribution.in.the.two.
cages. is.practically. imposed.by. the. two. leakage. reactances.and. the.current.
moves.from.the.inner.cage.that.has.a.higher.reactance,.to.the.outer.one.that.
has.a.lower.leakage.reactance..At.the.same.time,.due.to.the.shift.of.the.cur-
rent.from.the.inner.cage.to.the.outer.one,.the.total.available.bar.section.will.
be.reduced.with.an.increase.of.the.equivalent.rotor.resistance..This.phenom-
enon,.briefly.described.below,.is.well.known.as.the.skin.effect..The.skin.effect.
produces.a.continuous.variation.of.the.equivalent.rotor.resistance.during.the.
starting.transient,.with.a.starting.current.reduction.and.a.starting.torque.increase..In.other.words,.the.
equivalent.rotor.resistance.increases.with.the.electrical.rotor.frequency.(fr.=.s · fs);.as.a.consequence,.the.
equivalent.rotor.resistance.is.the.highest.one.with.the.rotor.still.(slip.=.1),.and.it.is.the.minimum.one.
during.the.normal.working.condition.(where.percentage.slip.value.of.few.percent.is.typical)..It.is.evi-
dent.the.possibility.of.getting.different.torque.characteristics.curves.using.the.more.appropriate.leakage.
reactance.and.resistance.for.the.two.cages.during.the.design.of.the.motor..In.this.way,.it.is.possible.to.
produce.motors.with.torque.vs..speed.characteristics,.fitting.the.load.torque.vs..speed.

4.4.2.2 Deep Bar rotor

In.small.and.medium.power.motors,.the.skin.effect.can.be.obtained.using.a.single.cage.where.the.bars.
have.a.high.height–width.ratio,.as.shown.in.Figure.4.13.

The.skin.effect.is.present.because.the.lower.parts.of.the.bars.have.a.higher.leakage.reactance.value.
with.respect.to.the.outer.ones..Most.of.the.induction.motors.are.built.with.deep.bar.squirrel.cage.rotors.

4.5 Induction Motor Speed regulation

Since.the.stable.part.of.the.torque.vs..speed.characteristic.has.a.high.slope,.the.induction.motor.can.be.
considered.as.an.almost.constant.speed.machine..As.a.consequence,.a.variation.of.the.load.torque.leads.
to.a.small.rotor.speed.variation..From.the.application.point.of.view,.the.induction.motor.speed.regula-
tion.has.always.been.requested.by.the.users,.which.requires.often.a.wide.range.of.speed.variation.

Short circuit rings

FIGURE.4.12. Squirrel.cage.induction.motor.rotor.

FIGURE.4.13. Example.
of.deep.rotor.bar.shape.
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Three. methods. can. be. used. to. modify. or. to. regulate. the. induction. motor. speed,. as. listed. in. the.
following:

. 1.. Pole.number.variation

. 2.. Rotor.resistance.variation

. 3.. Supply.frequency.regulation

4.5.1 Pole Number Variation

It.is.possible.to.change.the.machine.pole.number.using.opportune.configurations.of.the.stator.windings..As.
a.consequence,.since.the.rotating.magnetic.field.speed.(in.rpm).is.linked.to.the.pole.number.(ns.=.60.f/p).the.
rotor.speed.can.be.changed.in.a.discrete.way..From.the.practical.point.of.view,.the.rotor.speed.is.switched.
between.two.values..For.example,.this.technique.was.widely.used.in.single.phase.induction.motors.for.old.
style.washing.machine.applications,.where.the.lower.speed.was.selected.for.the.washing.condition,.and.the.
higher.speed.was.selected.for.the.drying.condition.

4.5.2 Speed regulation Using rotor resistance

Due.to.the.necessity.of.connecting.the.rotor.winding.to.external.resistances,.this.speed.regulation.can.
be.used. for.wound.rotor.machines.only,.as.shown.in.Figure.4.14..Starting. from.the.peak. torque.slip.
relation,.sTx.=.Rr/Xlr,.and.the.peak.torque.equation,.T pV Xx eq s lt= ( )3 1 22 / ( / )ω ,.it.is.evident.that,.in.first.
approximation,.a.rotor.resistance.variation.leads.to.a.slip.variation.without.a.modification.of.the.peak.
torque.value.. In.particular,. an. increase.of. the. rotor. resistance. leads. to.a. torque–speed.characteristic.
inclination,.as.shown.in.Figure.4.14.

As.a.consequence,.at.constant.load.torque,.the.rotor.will.rotate.at.lower.speed.depending.on.the.rotor.
resistance.increase..This.behavior.can.be.well.understood.on.the.basis.of.the.motor.power.balance..As.
previously.discussed,.at.constant.torque,.a.constant.transmitted.power.will.be.delivered.to.the.rotor,.
P R s IT r r= 3 2( )/ ..Since.the.relation.between.transmitted.power.and.torque.is.PT.=.TT.ωs,. it.is.possible.to.
write.the.torque.as

.
T R

s
IT

s

r
r= 3 2

ω .
(4.39)

This.equation.shows.that.at.constant.torque,.the.current.is.constant.too.when.the.ratio.between.the.
rotor.resistance.and.the.slip.is.unchanged..As.a.consequence,.with.the.increase.of.the.rotor.resistance,.
a greater.amount.of.the.transmitted.power.will.be.dissipated.as.rotor.joule.losses.with.a.reduction.of.
the.converted.mechanical.power..At.constant.torque,.this.means.a.reduction.of.the.rotor.speed..This.

T

ωR

Power grid

FIGURE.4.14. Effect.of.the.rotor.resistance.on.the.torque–speed.characteristic.
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speed.regulation.technique.was.used.frequently.in.the.past,.but.due.to.its.low.efficiency.is.totally.given.
up.now..Anyway,. this.speed.regulation.finds.application. in. large. induction.motors,.where. thank.the.
solid.state.power.converter,.the.difference.between.the.transmitted.power.and.the.converted.mechanical.
power.can.be.recycled.in.the.main.supply..The.power.converter.is.positioned.between.the.rotor.output.
and.the.main.and.allows.interfacing.of.the.rotor.circuit.at.the.rotor.frequency.with.the.main.grid.at.the.
stator.frequency.as.shown.in.Figure.4.15..As.previously.mentioned,.this.speed.regulation.can.still.be.
found.in.large.machines.where.high.dynamic.speed.regulation.is.not.mandatory.

4.5.3 Supply Frequency regulation

While.in.the.previous.solutions.the.speed.regulation.has.been.made.at.constant.supply.frequency,.in.
this.case.the.supply.frequency.is.regulated.for.getting.a.continuous.speed.regulation.in.accordance.to.
the.equation.ns.=.60.f/p.

In. order. to. have. a. frequency. regulation,. it. is. necessary. to. connect. a. frequency. converter,. usually.
called.inverter,.between.the.main.and.the.induction.motor..All.the.inverter.topologies.do.not.produce.
sinusoidal.voltage,.but.in.this.analysis.it.is.convenient.to.assume.that.the.motor.is.fed.by.an.ideal.sinusoi-
dal.voltage.supply.regulated.in.frequency..In.order.to.better.understand.the.phenomena.involved.in.the.
machine.when.the.supply.frequency.is.modified,.it.is.convenient.to.consider.the.stator.e.m.f..reported.
hereafter:

. E K K fs s s s s= =Φ Φω π2 . (4.40)

This.equation.shows.that.in.order.to.have.a.constant.machine.flux,.stator.voltage.and.frequency.must.
change.at.the.same.time.as.evident.in.the.following.equation:

.
Φ = E

K f
s

s s2π .
(4.41)

As.a.consequence,.the.inverter.has.to.be.able.to.regulate.the.frequency.and.the.voltage.at.the.same.
time,.following.a.linear.law.shown.in.Figure.4.16..Under.this.hypothesis,.the.flux.is.constant.and.the.
torque.vs..speed.characteristic.is.moved.with.the.frequency.as.reported.in.Figure.4.17..This.regulation.is.
usually.limited.to.a.maximum.frequency.and.voltage.equal.to.the.rated.ones.

In.order.to.boost.the.rotor.speed.over.the.rated.one,.it.is.necessary.to.increase.the.frequency.at.con-
stant.voltage.accepting.a.machine.flux. reduction.and. its. consequent. reduction. in. torque.production.
capability.at.rated.current,.as.shown.in.Figure.4.18..As.a.consequence,.in.analogy.with.the.speed.regula-
tion.in.separated.excitation.DC.motor,.it.is.possible.to.define.a.speed.regulation.at.constant.torque.and.
at.constant.power.

Main
grid

Main
grid

ERcc VccPγ

Pmech

PT

FIGURE.4.15. Speed.regulation.using.power.converter.between.rotor.and.main.terminals.
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FIGURE.4.16. Induction.motor.voltage.vs..frequency.regulation.
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FIGURE. 4.17. Variation. of. the. torque. vs.. speed. characteristic. following. the. voltage. vs.. frequency. regulation.
reported.in.Figure.4.16.
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FIGURE.4.18. Constant.torque.and.constant.power.regions.for.induction.motor.speed.regulation.
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The.modification.of. the.torque.vs..speed.characteristic,. in.the.whole. frequency.range,. is.shown.in.
Figure.4.19..During.the.speed.regulation.at.constant.power,.a.reduction.of.the.peak.torque.is.unavoid-
able.. In. first. approximation,. this. phenomenon. can. be. analyzed. considering. the. relation. of. the. peak.
torque.at.constant.voltage.and.variable.frequency..Since.the.total.leakage.reactance.is.Xlt.=.2πfsLlt,.the.
peak.torque.relation.can.be.rewritten.as

.
T pV

L
p V

L fx
eq

s lt s

eq

lt s
= =3 1

2
3

4

2 2

2ω ω π .
(4.42)

where.the.peak.torque.at.constant.voltage.and.variable.frequency.is.inversely.proportional.to.the.square.
of.the.frequency.

Considering.a.constant.power.load.(load.torque.inversely.proportional.to.the.speed),.the.peak.torque.
curve.and.the.torque.curve.at.constant.power.will.have.to.cross.in.one.point.that.defines.the.maximum.
frequency. (and. then,. the. maximum. speed). for. the. speed. regulation. at. constant. power,. as. shown. in.
Figure.4.20..Obviously,.it.is.possible.to.increase.the.speed,.leaving.the.constant.power.condition,.and.
following.a.reduced.power.curve.imposed.by.the.peak.torque.trend..Nevertheless,.this.load.condition.
does.not.find.practical.use.

Using.the.motor.equivalent.circuit,.it.is.possible.to.demonstrate.that,.in.first.approximation,.the.ratio.
between.the.motor.rated.speed.and.the.maximum.speed.at.constant.power.is.equal.to.the.ratio.between.
the.peak.torque.and.the.rated.torque..As.a.consequence,.in.order.to.have.a.wide.range.of.speed.regu-
lation.at.constant.power,.a.high.ratio.between.the.peak.power.and.the.rated.power.is.requested..This.
behavior.can.be.obtained.with.an.ad.hoc.rotor.design.

ω

T

ωs (rated )

FIGURE.4.19. Peak.torque.limits.for.speed.regulation.in.the.constant.torque.and.the.constant.power.regions.
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FIGURE.4.20. Speed.limit.in.the.constant.power.region.
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4.6 Final Considerations

This.chapter.is.not.absolutely.exhaustive,.because.in.order.to.make.the.approach.straightforward,.sev-
eral.simplifications.have.been.done..Obviously,.a.complete.analysis.of.induction.motors.can.be.found.in.
electrical.machine.books.describing.motor.theory.and.in.electrical.drive.books.describing.speed.regula-
tion.[1–4]..In.particular,.it.is.important.to.highlight.that.the.validity.of.equivalent.circuit.discussed.in.
this.chapter.is.limited.to.steady.state.conditions..Transient.analysis.requires.a.dynamic.model,.which.is.
out.of.the.scope.of.this.chapter.
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Power. electronics. has. emerged. as. the. key. enabling. technology. for. all. aspects. of. modern. electric.
machines..Broadly.speaking,.rotating.electric.machines.are.of.two.types:.dc.and.ac.machines..In.each.
category,.permanent.magnet.(PM).materials.are.widely.employed.to.achieve.efficient.performances.

The. basic. principle. of. electromagnetic. energy. conversion. is. well. known.. The. electromotive. force.
(EMF),.simply.called.voltage.(V).is.generated.in.a.rotating.machine.by.the.Blv.principle.involving.the.
cross.product.of.the.magnetic.field.vector.(B).and.the.velocity.vector.lv,.where.l.is.the.rotor.length.and.
v.is.the.velocity.of.the.prime.mover.coupled.with.the.rotor..Maximum.voltage.is.generated.when.the.
B.and.lv.vectors.are.orthogonally.disposed..Similarly,.the.electromagnetic.force,.and.hence.torque,.is.
developed.in.an.electric.motor.by.the.principle.of.Bli,.in.which.li.is.the.current.vector..Maximum.elec-
tromagnetic.torque.is.developed.when.the.B.and.li.vectors.are.orthogonally.disposed.in.design,.and.i.is.
the.current.flowing.in.the.conductor.of.the.rotor..In.a.typical.motor,.the.field.is.radial.and.the.current.is.
axial.in.the.rotor;.thus.the.developed.electromagnetic.force.or.torque.is.circumferential.in.nature..It.is.
to.be.noted.that.the.magnetic.field.density,.B,.is.common.in.both.voltage.generation.and.torque.develop-
ment..In.most.conventional.electric.machines,.the.magnetic.field.is.provided.by.wire-wound.dc.in.the.
pole.structure.of.the.rotating.electric.machine.

In.PM.machines,.the.dc.field.is.replaced.by.modern.hard.PMs.having.good.magnetic.flux.density.and.
very.large.coercive.force..The.PM.machines.consist.of.both.PM.generators.and.PM.motors..The.PM.dc.
generators.are.hardly.used.in.recent.times..The.need.is.met.by.the.large-scale.availability.of.power.elec-
tronics–based.ac–dc.rectifier.converters..The.applications.of.PM.ac.generators.are.also.somewhat.lim-
ited,.as.most.of.the.large.electric.utility.generators.do.not.use.PM.excitation.systems.for.various.reasons..
PMs.are.employed.in.diesel/gas-based.PM.ac.generators.for.isolated.standard.ac.power.supply.sources.at.
construction.sites,.etc..In.recent.years,.the.PM.ac.generators.are.used.in.automobiles.as.starter/alternator.
in.standard.cars.and.recently.in.hybrid.electric.vehicles.for.charging.the.on-board.battery.modules..The.
PM.ac.generators.are.of.specific.application.types..Recently,.higher.rating.wind.generators.with.surface-
mounted.PMs.(SPM).are.getting. introduced. in.wind.energy.systems..Thus,.with. the.scope.of.PM.ac.
generators.being.limited,.these.will.not.be.covered.in.this.PM.machines.chapter.

Over. the. last. 30. years,. significant. advances. have. taken. place. in. PM. motors. technology. [3].. There.
are.various.reasons.for.the.emergence.of.the.energy-efficient.PM.motors.[1,2]..Broadly,.the.PM.motors.
can.be.classified. into. three.categories:.PM.dc.motors,.PM.brushless.dc.motors,.and.PM.ac.synchro-
nous.motors..The.PM.dc.motors.are.used.in.control.and.general.purpose.applications..In.a.way,.it.is.a.
separately.excited.dc.motor,.where.the.dc.excited.electromagnetic.pole.(field).structure.in.the.stationary.
part.is.replaced.by.PMs.using.PM.materials.ranging.from.low.grade.barium.ferrite.or.Alnico.to.high.
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grade.neodymium.boron.iron.[5]..The.rotor.(armature).is.of.the.typical.commutator.type,.with.carbon.
brush-gear.assembly..Unlike.in.conventional.separately.excited.dc.motor.that.requires.two.sources.of.
dc.power,.the.PM.dc.motor.is.a.singly.fed.industrial.drive..A.multi-quadrant.ac–dc.converter.provides.
the.dc.voltage.to.the.armature.for.motor.operation..The.PM.dc.motors.have.been.dominating.the.field.
of.adjustable.speed.drives.until.the.1990s..This.type.of.dc.motors.is.traditionally.used.in.motion.control.
and.industrial.drive.applications..However,.certain.limitations.are.associated.with.PM.dc.motors.such.
as.narrow.range.of.speed.operations,.lack.of.robustness,.wear.of.brush.gears,.and.low.load.capability..In.
addition,.the.commutator.bars.and.brushes.of.the.dc.motor.need.periodic.maintenance.that.makes.the.
motor.less.reliable.and.unsuitable.to.operate.in.harsh.environments..These.shortcomings.have.encour-
aged.researchers.to.find.alternatives.to.the.PM.dc.motors.for.high.performance.variable.speed.opera-
tions,.where.high.reliability.and.minimum.maintenance.are.prime.requirements.

The.second.category.of.PM.motors.is.the.PM.brushless.dc.(BL.dc).motors..It.is.basically.an.electroni-
cally.commutated.PM.synchronous.motor,.which.is.sequentially.switched-on.by.means.of.3-phase.voltage.
inverters.with.trapezoidal.waveforms..It.is.obvious.that.the.commutator.bars.and.brush.gear.assembly.
are.completely.dispensed.with.in.the.case.of.BL.dc.motors..The.PM.brushless.dc.motors.are.extensively.
used.as.efficient.industrial.drives.for.machine.tools,.computer.hard.disk.drives.and.control.applications.

It.is.well.known.that.the.workhorse.of.modern.ac.industrial.drives.is.the.induction.motor,.because.
of.its.ruggedness,.reliability,.simplicity,.good.efficiency,.and.low.cost..The.standard.squirrel-cage.induc-
tion.motors.are.cheap.and.widely.available.internationally.in.mass.scale.production..However,.there.are.
several.limitations.of.induction.motors,.which.discourage.their.use.in.high.performance.constant.speed.
drive.applications..An.induction.motor.always.operates.with.a.slip.at.lagging.power.factor..It.cannot.
develop.any.torque.at.constant.synchronous.speed..The.cost.and.complexity.of.the.control.equipment.
for.the.induction.motor.drives.are.generally.high..The.performance.of.the.induction.motor.drive.system.
is.less.efficient.due.to.the.slip.power.loss..The.modern.inverter-fed.induction.motors.are.also.subjected.
to.non-sinusoidal.voltage.and.current.waveforms,.resulting.in.two.major.detrimental.effects:.additional.
power.losses.and.torque.pulsations..The.dynamic.control.of.an.induction.motor.drive.system.and.its.
real-time.implementation.depends.on.the.sophisticated.modeling.of.motor.and.the.estimation.of.motor.
parameters.in.addition.to.complicated.control.circuitry..For.constant.speed.operation,.wire-wound.dc.
field.excited.synchronous.motors.are.traditionally.utilized.for.variable.power.factor.operation.with.the.
inherent.limitation.of.requiring.both.ac.and.dc.sources.of.power.

Unlike.in.the.wire-wound.synchronous.motors,.the.rotor.excitation.of.the.PM.synchronous.motors.is.
provided.by.PMs..The.PM.ac.synchronous.motors.do.not.need.extra.dc.power.supply.or.field.windings.
in.order.to.provide.rotor.excitation..So,.the.power.losses.related.to.the.field.windings.are.eliminated.in.
the.PM.ac.motors.[1,2].

The. limitations. of. both. the. ac. induction. motor. and. conventional. synchronous. motor. drives. are.
overcome.by.the.singly.fed.PM.ac.motors..The.control.of.PM.ac.motor.drive.is.relatively.quite.simple..
Furthermore,. it.meets.all. the.attributes.of.modern.high.performance. industrial.drives..Considerable.
improvement.in.the.dynamics.of.the.PM.ac.synchronous.motors.can.be.achieved.because.of.high.air.gap.
magnetic.flux.density,.low.rotor.inertia,.and.decoupling.control.characteristics.of.speed.and.flux..These.
modern.energy-efficient.PM.ac.synchronous.motors.are.getting.widely.accepted.in.applications.requir-
ing.high.performances. in.order.to.meet.the.competitive.drive.market.place.for.quality.products.and.
improved.services.because.of.their.advantageous.features.such.as.high-torque-to-current.ratio,.high-
power-to-weight.ratio,.high.efficiency,.high.power.factor,.low.noise,.and.robustness.

The.basic.classification.of.the.PM.ac.synchronous.motors.is.shown.in.Figure.5.1..It.is.also.often.called.PM.
synchronous.motor,.where.the.letters.ac.(alternating.current).is.dropped.for.the.sake.of.brevity..Broadly,.
the.PM.synchronous.motors.can.be.classified.into.stator.line-fed.and.stator.inverter-fed.types..The.stator.
line-fed.PM.synchronous.motors.with.rotor.conduction.bars.use.the.cage.winding.to.provide.the.starting.
torque.of.the.motor.at.line.voltage.and.frequency..The.stator.inverter-fed.PM.synchronous.motors.with.
rotor.conduction.cage.are. similar. in.construction.of. the. stator. line-fed.PM.synchronous.motors..The.
stator. inverter-fed.PM.synchronous.motors.with.rotor.conduction.cage.can.be.operated. in.both.open.
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loop.and.closed.loop.conditions.at.variable.voltage.and/or.variable.frequency..The.stator.inverter-fed.PM.
synchronous.motors.without.rotor.cage.use.the.feedback.of.rotor.positioning.sensor(s).to.start.smoothly.
from.standstill.up.to.the.steady.state.operating.speed..The.rotor.position.can.be.sensed.using.an.absolute.
encoder.or.an.incremental.encoder,.or.can.be.estimated.using.the.position.sensorless.approaches..The.PM.
synchronous.motors.have.been.implemented.in.a.variety.of.application.fields,.which.include.automobiles,.
air.conditioner,.aerospace,.machine.tools,.servo.drive,.ship.propulsion.drive,.etc..The.PM.synchronous.
motors.of.3–10.horsepower.(hp).ratings.have.been.almost.exclusively.used.as.high.efficient.compressor.
drive.motors.of.Japanese.air.conditioners..Recently,.PM.synchronous.motors.of.higher.than.1.MW.ratings.
have.been.successfully.designed.and.used.for.cycloconverter-fed.propulsion.drives.for.navy.ships.

Based.on.the.use.of.rotor.position.sensors,.the.PMSM.drives.can.be.again.classified.into.two.catego-
ries:. (1). those. with. sensor. PM. synchronous. motor. drives. and. (2). sensorless. PM. synchronous. motor.
drives..In.sensorless.drives,.the.rotor.position.is.estimated.from.motor.currents,.voltages,.and.motor.
parameters.using.an.observer.or.using.a.computational.technique..The.implementation.of.the.sensor-
less.scheme.for.the.PM.synchronous.motor.drive.can.be.difficult,.as.it.requires.sophisticated.algorithms.
to.estimate.the.rotor.position..The.estimated.rotor.position.is.not.accurate.because.of.the.variation.of.
parameters.for.various.operating.conditions.of.PM.synchronous.motor.drives.

Based.on.the.orientation.of.magnets.in.the.rotor,.the.PM.synchronous.motors.can.be.further.classified.
into.three.categories:.(1).interior.type,.where.the.PMs.are.buried.within.the.rotor.core.[4,6,36];.(2).sur-
face-mounted.type,.where.the.PMs.are.mounted.on.the.surface.of.the.rotor.[11];.and.(3).inset.type,.where.
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FIGURE.5.1. Classification.of.PM.synchronous.motors.
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the.PMs.are.fully.or.partially.inset.into.the.rotor.core.from.the.air.gap.end.[7]..The.cross.sections.of.the.
interior.PM.(IPM).type,.surface-mounted.permanent.magnet.(SPM),.and.inset.type.PM.synchronous.
motors.are.shown.in.Figures.5.2.through.5.4,.respectively..The.PM.synchronous.motors.can.be.again.
classified.into.three.types.based.on.the.orientation.of.rotor.magnetic.field.of.the.PMs..These.include.
radial.type,.circumferential.type,.and.axial.type.of.PM.synchronous.motors..Each.type.has.its.relative.
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FIGURE.5.2. Cross.section.of.the.interior.type.PM.(straight.magnet).synchronous.motor.
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FIGURE.5.3. Cross.section.of.the.surface-mounted.type.PM.synchronous.motor.
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advantages.and.limitations.for.specific.applications..Generally,.the.axial.and.circumferential.types.of.
PM.are.less.energy.efficient..Hence,.the.interior.permanent.magnet.(IPM).types.are.widely.used.in.high.
efficiency.category.[8–10,12–40].

The.direction.of.magnetic.field.of.the.interior.type.permanent.magnet.synchronous.motors.(IPMSM).
and.the.inset.type.PM.synchronous.motors.is.predominantly.radial..The.direction.of.magnetic.field.is.
also.radial.for.the.case.of.surface-mounted.type.permanent.magnet.synchronous.motors.(PMSM)..The.
directions.of.magnetic.field.of.the.PM.synchronous.motors.of.Figures.5.2.through.5.4.are.radial..The.
majority.of.commercially.available.PM.synchronous.motors.are.constructed.with.PMs.buried. inside.
the.rotor. iron.core..These.types.of.motors.are.known.as.IPM.synchronous.motors..The.arrangement.
of.PMs.inside.the.rotor.core.of.IPM.synchronous.machine.produces.several.significant.effects.on.the.
operating.characteristics.of.the.motor..Burying.the.magnets.inside.the.rotor.of.the.IPMSM.provides.a.
mechanically.robust.rotor.since.the.magnets.are.physically.contained.and.protected..On.the.other.hand,.
the.magnets.of.the.surface-mounted.type.PM.synchronous.motors.(PMSM).are.held.protected.against.
centrifugal.forces.by.means.of.an.adhesive.or.a.high.strength.non-magnetic.band.(sleeve).during.the.
high.speed.operation..Therefore,.the.rotor.of.the.surface-mounted.type.(PMSM).is.less.robust.than.the.
interior.type.(IPMSM).for.high.speed.applications..The.relative.permeability.of.PMs.in.surface-mounted.
PM.motor.being.almost.equal.to.that.of.the.air,.the.PMSM.behaves.like.a.non-salient.pole.synchronous.
machine..The.rotor.of.an.IPMSM.with.radial.magnetization.is.easy.and.economical.to.manufacture.in.
mass.volume..Moreover,.as.the.PMs.are.buried.within.the.rotor.core.of.the.IPMSM,.it.provides.a.smooth.
surface.at.rotor.air.gap,.and.it.has.uniform.air.gap.length..The.IPMSM.is.an.inherently.high.efficiency.
powerful.machine.[18].

The.control.and.operation.of.IPMSM.drive.system.forms.the.core.of.high.performance.and.efficient.
IPM.motor.technology.for.large-scale.industrial.applications.in.the.first.decade.of.the.twenty-first.cen-
tury.[29–40]..The.reasons.are.due.to.the.fact.that.the.interior.permanent.magnet.synchronous.motor.
(IPMSM).is.a.hybrid.machine.in.which.the.reluctance.torque.and.the.electrical.torque.are.simultane-
ously.developed.[21]..It. is.fundamentally.a.salient.pole.type.synchronous.machine,.and.hence.it.pro-
duces.more.power..This.leads.to.more.output.torque..Figure.5.5.shows.the.rotor.and.cross.section.of.
a.four-pole,.three-phase.IPM.motor.with.a.typical.stator.slot.and.a.rotor.conduction.cage,.as.well.as.a.
V-shaped.neodymium.boron.iron.(NdBFe).magnet.[36].

The.IPM.machine.shown.in.Figure.5.5.with.V-shaped.neodymium.boron.iron.PMs.is.a.focused.high-
flux.PM.motor..The.magnet.arrangements.are.designed.within.the.rotor,.such.that.it.creates.variations.
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FIGURE.5.5. (a).Rotor.and.(b).its.cross.section.of.the.4-pole.(V-shaped).IPM.motor..(From.Binn,.K..J..et.al.,.IEE 
Proc. Part B,.125(3),.203,.1978..With.permission.)
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of. machine. inductance. along. the. direct. (d). and. quadrature. (q). axes.. It. behaves. like. a. salient-pole.
synchronous.motor.having.direct.and.quadrature.d–q.axis.machine.inductances..The.main.challenges.
of.designing.an.IPM.synchronous.motor.are.as.follows:

•. Create.variations.of.d–q.axis.inductances.without.varying.air.gap.
•. Vary.and.control.excitation.of.permanently.excited.rotor.of.IPM.rotor.
•. Optimum.variation.PM.torque.and.reluctance.torque.for.specific.applications.
•. Use.of.intelligent.power.converter.and.inverter.modules.for.IPM.drive.
•. Reduction.of.weight,.size,.and.cost.of.IPM.motor.

The.variation.of.a.PM.ac.synchronous.motor.can.be.operated.at.variable.power.factor.by.using.the.
Norton’s.equivalent.circuit,.where.the.Kirchchoff’s.current.laws.can.be.easily.applied.

Figure.5.6.shows.the.Norton’s.equivalent.circuit.of.an.IPM.motor.in.which.Is.+.If.=.Im,.where.Is.=.per.
phase.stator.input.current,.If.=.per.phase.field.current.due.to.PM.excitation,.and.Im.=.per.phase.stator.
magnetizing.current,.respectively..Vp.is.the.per.phase.stator.input.voltage.and.Xm.is.the.per.phase.mag-
netizing.reactance.

It.is.to.be.noted.that.the.equivalent.field.current.If.due.to.permanent.magnet.excitation.is.constant,.
and.hence.its.magnitude.cannot.be.altered,.but.the.angle.β,.between.current.phasors.If.and.Im,.can.be.
controlled.to.operate.the.IPM.motor.at.leading,.unity,.and.lagging.power.factors.as.shown.in.Figure.5.7.

The.power.factors.of.a.modern.IPM.motor.can.also.be.easily.controlled.by.changing.the.direct.axis.
current.from.positive.to.negative.values,.in.which.the.stator.input.phasor.current.Is.of.the.IPM.motor.
is.resolved.into.d–q.axis.components.such.that.Is.=.Iq.+.jId.where.Iq.=.the.q-axis.or.torque.component.
of.the.stator.current,.and.Id.=.the.d-axis.or.flux.component.of.the.stator.current,.respectively..Figure.
5.8.shows.the.operation.of.the.IPM.motor.again.at.leading,.unity,.and.lagging.power.factors.by.inject-
ing.+ve.or.−ve.direct.axis.component.Id.of.the.stator,.such.that.the.magnitude.of.the.resultant.d-axis.
or.flux.component.of.the.stator.current.is.altered.in.variable.modes.from.+ve,.0,.and.−ve.for.operating.
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FIGURE.5.7. Current.phasor.diagrams.of.an.IPM.motor.at.(a).leading,.(b).unity,.and.(c).lagging.power.factors.
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FIGURE.5.6. Norton’s.equivalent.circuit.of.an.IPM.motor.
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at.leading,.unity,.and.lagging.power.factors.without.changing.the.q-axis.or.the.torque.component.of.
the.stator.current.

The.developed.torque.of.an.IPM.synchronous.motor.can.expressed.in.the.following.form.as

.

T p i p L L i i

A B C

d m q q d d q= + −

= +

2 2
λ ( )

.

where
the.term.A.is.the.total.developed.motor.torque
the.term.B.is.the.electrical.torque.like.that.of.dc.separately.excited.dc.motor,.except.the.fact.that.the.

flux.is.provided.by.the.PM
the.term.C.is.the.reluctance.torque.due.to.the.difference.of.d–q.axis.inductances.multiplied.by.the.d–q.

axis.current.components.of.the.stator.current
λm.is.the.flux.linkage.due.to.PM.excitation
Ld.and.Lq.are.the.d–q.axis.inductances,.respectively
id.and.iq.are.the.d–q.axis.currents,.respectively
p.is.the.number.of.poles

It.is.obvious.that.the.sum.A.is.always.greater.than.its.parts.B.or.C.
The.IPMSM.is.a.singly.fed.modern.hybrid.machine.that.combines.both.the.electromagnet.and.reluc-

tance.torques.in.one.compact.unit..Figure.5.9.shows.the.one-quadrant.structure.of.a.three-dimensional.
finite.element.generated.flux.density.contour.of.the.partial.V-shaped.interior.PM.motor.[23,24,36].

The.performances.of.line-start.IPM.synchronous.motor.of.Figure.5.5.are.presented.in.Table 5.1..A.
comparison.of.the.performances.of.the.600.W.IPM.motor.and.an.identically.rated.standard.squirrel-cage.
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FIGURE.5.8. Direct-axis.control.of.stator.current.for.variable.power.factors.operation.of.IPM.motor:.(a).leading.
power.factor.operation,.(b).unity.power.factor.operation,.and.(c).lagging.power.factor.operation.
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induction.motor. in.Table.5.1.clearly.establishes. that. in.each.category. the. IPM.motor.yields. superior.
results.than.those.of.the.induction.motor..It.is.worth.noting.that.the.efficiency.as.well.as.the.efficiency-
power.factor.product.of.the.IPM.motor.is.significantly.higher.by.over.35%.than.those.for.the.induction.
motor.[36].

For.modern.line-start.as.well.as.soft-start.inverter-fed.ac.motor.drives,.the.IPM.synchronous.motors.
usher.in.good.news.for.an.energy-hungry.world.

The.power.ratings.of.modern.energy-efficient.IPM.motors.have.been.dramatically.expanded.by.three.
orders.of.magnitude.during.the.past.two.decades..A.close.examination.reveals.that.several.knowledge-
based.technological.advancements.in.new.PM.materials.with.very.large.coercive.force,.intelligent.con-
trol,.and. industrial.electronics.system.as.well.as.fierce.global.market. forces.combined,.sometimes. in.
fortuitous.ways,.to.accelerate.the.development.of.IPM.technology.that.we.find.available.today..The.IPM.
motor.technology.includes.not.only.more.powerful.hybrid.IPM.synchronous.motors,.but.also.the.com-
bination.of.intelligent.power.electronics.module,.variable.power.factor.control,.direct.torque.control,.
indirect. vector. control,. maximum. torque. per. Ampere. control,. minimization. of. torque. ripples,. field.
weakening.control.using.new.intelligent.techniques,.optimization.of.reluctance,.and.electrical.torques.
with.minimum.losses.over.wide.speed.ranges.for.high.performance.ac.synchronous.motor.drives..There.

TABLE.5.1. Comparison.of.Performances.for.IPM.and.Induction.Motors

Quantity IPM.Motor Induction.Motor

Input.voltage:.Vi.(V) 130 140 200
Input.current:.Ii.(A) 3.11 2.91 3.43
Input.power:.Pi.(W) 687 696 818
Rotor.speed:.n.(rpm) 1500 1500 1434
Torque:.T.(N.m) 3.82 3.82 4.00
Efficiency:.η.(%) 87.3 86.2 73.3
Power.factor:.p.f..(%) 98.1 98.6 68.8
Output.power:.Po.(W) 600 600 600
Eff..×.p.f..product.(%) 85.6 85.0 50.4
Maximum.output:.Pom.(W) 960 1115 1240

Source:. Kurihara,.K..and.Rahman,.M.A.,.IEEE Trans. Ind. Appl.,.40(3),.789,.2004..
With.permission.

FIGURE.5.9. One-quadrant.structure.of.a.partial.V-shaped.IPM.motor.
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are.many.specific.applications.that.require.advanced.research.and.development.in.modern.IPM.motor.
drive.systems..The.following.list.of.sample.references.may.provide.a.state-of-the-art.survey.of.significant.
as.well.as. incremental.but. important.contributions. in.chronological.order.over. the.past.55.years. for.
further.studies.
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This.chapter.deals.with.the.permanent.magnet.(PM).synchronous.motors,.supplied.by.current-.controlled.
voltage.source.inverter..They.are.formed.by.a.rotor.containing.PMs,.a.stator.with.a.distributed.multi-
phase.winding,.typically.a.three-phase.winding..The.phase.coils.of.such.a.winding.are.fed.by.sinewave.
currents.synchronous.with.the.corresponding.flux.linkages.due.to.the.PM.flux.

There.are.two.key.advantages.in.using.the.PMs.to.create.the.main.magnetic.flux.of.the.machine..First,.
the.space.required.by.the.PMs.for.the.magnetization.is.small,.so.that.the.motor.design.exhibits.several.
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degrees.of.freedom..Second,.since.there.are.no.losses.for.magnetization,.the.PM.motors.feature.high.
torque.density.and.high.efficiency.

The.increasing.interest.toward.PM.motors.is.also.due.to.the.high.energy.density.of.the.modern.PMs,.
showing.high.residual.flux.density.and.high.coercive.force..In.addition,.the.PM.specific.cost.is..decreasing,.
making.the.cost.of.the.PM.motor.competitive.with.other.motor.types..As.a.consequence,.the.PM.synchro-
nous.motors.are.more.and.more.used.in.several.applications..The.power.ratings.of.the.PM..synchronous.
motors.are.widening,.and.today.they.range.from.fractions.of.Watts.to.some.million.of.Watts.

After.a.brief.introduction.on.the.PM.characteristics,.this.chapter.illustrates.the.key.features.of.the.
PM.synchronous.motors..Different.geometrical.topologies.are.presented,.including.both.integral-slot.
and.fractional-slot.winding.PM.motors..Finally,.some.control.strategies.are.described,.highlighting.the.
relationship.between.the.PM.motor.performance.and.its.rotor.geometry.

6.1 rotor Configurations

The.stator.of.the.PM.synchronous.motor.is.the.same.of.the.induction.motor..Conversely,.the.rotor.can.
assume.different.topologies,.according.to.how.the.PM.is.placed.in.the.rotor..The.motors.are..distinguished.
in.three.classes:.surface-mounted.PM.(SPM).motors,.inset.PM.motor,.and.interior.PM.(IPM).motor.

Figure.6.1a.shows.a.cross.section.of.a.4-pole.24-slot.SPM.motor..There.are.four.PMs.mounted.with.
alternating.polarity.on.the.surface.of.the.rotor..Since.the.PM.permeability.is.close.to.the.air..permeability,.
the.rotor.is.isotropic..Figure.6.1b.shows.a.4-pole.inset.PM.motor..Its.rotor.is.similar.to.the.SPM.rotor,.the.
difference.being.the.iron.tooth.between.each.couple.of.adjacent.PMs..As.in.the.SPM.motor,.the.main.flux.
is.due.to.the.PMs..The.rotor.teeth.yield.a.moderate.anisotropy..When.the.rotor.is.anisotropic,.the.motor.

(a) (b)

(c)

FIGURE.6.1. PM.synchronous.motors.with.(a).SPM,.(b).inset.PM,.and.(c).IPM.rotor.
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exhibits.two.torque.components:.the.PM.torque.and.the.reluctance.torque.[1]..Figure.6.1c.shows.a.4-pole.
IPM.motor,.whose.rotor.is.characterized.by.three.flux.barriers.per.pole..The.high.number.of.flux..barriers.
per.pole.yields.a.high. rotor.anisotropy. [2]..Both. torque.components.are.high,.hence. the. IPM.motor.
exhibits.a.high.torque.density.and.it.is.well-suited.for.flux-weakening.operations,.up.to.very.high.speeds.

Hereafter,. the. positive. rotor. direction. is. in. the. counterclockwise. direction.. The. rotor. position. is.
.represented.by.the.d-.and.the.q-axis.that.are.locked.with.the.rotor..The.d-axis.is.chosen.as.the.PM.flux.
axis,.and.the.q-axis.leads.the.d-axis.of.π/2.electrical.radians..The.d-.and.q-axis.define.the.synchronous.
(rotating).reference.frame.

As. far. as. the. IPM. motor. is. concerned,. it. can. be. distinguished. according. to. the. direction. of. the.
.magnetization.of.the.PMs.inside.the.rotor.[3]..They.can.be

•. Tangentially.magnetized.PMs,.as.in.Figure.6.2a
•. Radially.magnetized.PMs,.as.in.Figure.6.2b

In.the.first.configuration,.the.PMs.have.tangential.magnetization.and.alternating.polarity:.then.the.flux.in.
the.air.gap.corresponds.to.the.sum.of.the.flux.of.two.PMs..Rotor.of.this.type.is.generally.designed.with.a.
high.number.of.poles,.so.that.the.sum.of.the.surface.of.two.PMs.results.higher.than.the.pole.surface,.yield-
ing.a.concentration.of.the.flux.in.the.air.gap..A.nonmagnetic.shaft.is.required.in.order.to.avoid.flux.leakage.

In. the.second.configuration,. the.PMs.have.radial.magnetization.and.alternating.polarity..The.PM.
surface.is.lower.than.the.pole.surface,.yielding.a.lower.flux.density.in.the.air.gap..This.configuration.
can.be.designed.with.two.or.more.flux.barriers.per.pole..Figure.6.3a.shows.an.IPM.motor.with.two.flux.
barriers.per.pole,.and.Figure.6.3b.shows.an.IPM.motor.obtained.with.an.axially.laminated.rotor..Both.
rotors.yield.a.high.rotor.anisotropy..Such.IPM.motors,.characterized.by.high.anisotropy.and.moderate.
PM.flux,.are.often.called.PM-assisted.synchronous.reluctance.(PMASR).motors.

A.photo.of.the.laminations.of.an.8-pole.tangentially.magnetized.PM.rotor.is.reported.in.Figure.6.4a..
An.IPM.motor.is.shown.in.Figure.6.4b,.together.with.the.rotor.laminations.with.two.flux.barriers.per.
pole..The.laminations.refer.to.two.different.figures.of.flux.barriers.

All. the. IPM. rotors. exhibit. magnetic. paths. with. different. permeance,. from. which. the. .possibility.
of. developing. a. reluctance. torque.. Since. the. differential. permeability. of. the. PM. is. close. to. the. air.
.permeability,.the.d-axis.magnetic.permeance.results.to.be.lower.than.the.q-axis.inductance,.yielding.
Ld <.Lq,.contrarily.to.the.common.wound.rotor.synchronous.machines..The.saliency.ratio.(or.anisotropy.
ratio).is.defined.as.the.ratio.ξ.=.Lq/Ld.
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FIGURE.6.2. Four-pole.IPM.motor.with.(a).tangentially.and.(b).radially.magnetized.PMs..(Adapted.from.Bianchi,.N.,.
Analysis.of.the.IPM.motor,.in.Design,.Analysis and Control of Interior PM Synchronous Machines,.Tutorial Course 
Notes,.Seattle,.WA,.October.3,.2004.)
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6.2 Hard Magnetic Material (Permanent Magnet)

There. are. two. main. types. of. magnetic. materials:. the. soft. magnetic. materials. and. the. hard. mag-
netic.materials.[4]..The.soft.magnetic.materials.are.easily.magnetized.and.demagnetized,.and.they.
are. used. to. carry. magnetic. flux.. Conversely,. the. hard. magnetic. materials. are. hardly. magnetized.
and.demagnetized,. and. they.are.generally. referred. to.as.PMs..They. typically. exhibit. a.very.wide.

d

q

d

q

S

S

N

S SN

(a) (b)

N

N

FIGURE. 6.3. IPM. motor. with. (a). two. flux-barriers. per. pole. and. (b). axially. laminated. rotor.. (Adapted. from.
Bianchi,. N.,. Analysis. of. the. IPM. motor,. in.Design,.Analysis and Control of Interior PM Synchronous Machines,.
Tutorial Course Notes,.Seattle,.WA,.October.3,.2004.)

(a) (b)

FIGURE.6.4. IPM.motor.prototypes:.(a).a.rotor.of.an.IPM.motor.with.tangentially.magnetized.PMs.and.(b).an.
IPM.motor.and.laminations.with.radially.magnetized.PMs.
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magnetic.hysteresis.loop,.as.shown.in.Figure.6.5..The.PMs.are.magnetized.in.quadrant.I.(or.III).and.
operate.in.quadrant.II.(or.IV)..Properties.and.performance.characteristics.are.described.on.quad-
rant.II..Both.the.intrinsic.(dashed.line).and.normal.(solid.line).hysteresis.loops.are.drawn.in.Figure.
6.5,.as.shown.in.most.PM.data.sheets..The.intrinsic.curve.represents.the.added.magnetic.flux.that.
the.PM.material.produces..The.normal.curve.represents. the.total.magnetic.flux.that. is.carried. in.
combination.by.the.air.and.by.the.PM [5]..Commonly,.it.is.used.to.determine.the.actual.flux.density.
of.the.PM.motor.

There.are.two.important.quantities.associated.with.the.demagnetization.curve.that.are.the.residual.
flux.density.(or.remanence).Brem.and.the.coercive.force.Hc..PMs.are.designed.to.operate.on.the.linear.
part. of. the. demagnetization. curve,. between. Brem. and. Hc.. The. differential. relative. magnetic. perme-
ability.of.the.recoil. line.is. labeled.μrec.and.is.slightly.higher.than.unity..Such.a.recoil. line.is.usually.
approximated.by

. B B Hm rem rec m= + µ µ0 . (6.1)

The.product.BmHm.is.called.the.PM.energy.density..The.maximum.energy.density.product.{BmHm}max.
is.a.relative.measure.of.the.strength.of.a.PM.and.is.always.listed.on.the.material.data.sheet.

The.operating.point.moves.from.Brem.toward.Hc,.or.from.Hc.toward.Brem,.as.the.external.system.acts.to.
demagnetize.or.to.magnetize.the.PM,.respectively..As.long.as.the.operating.point.remains.on.the.linear.
slope.of.curve,.the.magnetizing.and.demagnetizing.cycles.are.reversible..Conversely,.if.the.demagnetiz-
ing.field.becomes.large.enough.to.move.the.operating.point.beyond.the.linear.region,.(i.e.,.beyond.the.
knee.of.the.demagnetizing.curve,.defined.by.the.point.HkneeBknee),.the.subsequent.magnetizing.cycle.fol-
lows.the.recoil.line.at.lower.flux.density..This.means.that.the.PM.is.“irreversibly”.demagnetized.(in.the.
sense.that.it.requires.a.new.process.of.magnetization).

The.key.properties.of.some.common.PM.materials.are.listed.in.Table.6.1,.and.the.normal.PM.demagne-
tization.curves.are.shown.in.Figure.6.6..Figure.6.7.shows.the.effect.of.the.temperature.on.PM.demag-
netization.curve.of.a.Neodymium.Iron.Boron.(NdFeB).magnet.

Normal operation

ΔB
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=Recoil li
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Magnetizing

Magnetizing

Normal operation

Intrinsic
Bi–Hi
curve

Normal
Bm–Hm
curve

Bm

μrec μ0

Hci
HmHc

Brem

FIGURE.6.5. Hard.magnetic.material.hysteresis.loop.and.characteristic.parameters.
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6.2.1 Magnetic Device with PM

Figure.6.8a. shows.a.magnetic.device. including.an. iron.core,.a.PM,.and.an.air.gap..The.Ampere. law.
around.the.dashed.line.is

. H t H gm m g+ = 0 . (6.2)

where.
Hm.and.Hg.are.the.magnetic.field.strengths.of.the.PM.and.air.gap,.respectively
tm.and.g.are.the.PM.and.the.air.gap.thickness,.respectively

TABLE.6.1. Main.Properties.of.Hard.Magnetic.Material

Brem.(T) Hc.(kA/m) Curie.T.(°C)
Operating.
Tmax.(°C)

Density.
(kg/m3) {BmHm}max.(kJ/m3)

Ferrite 0.38 250 450 300 4800 . 30
Alnico 1.20 . 50 860 540 7300 . 45
SmCo 0.85 570 775 250 8300 140
NdFeB 1.15 880 310 180 7450 260
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FIGURE.6.6. Demagnetization.curves.of.common.PM.materials.
Bm

Hm

ΔBrem

1.2
Fl

ux
 d

en
sit

y (
T)

1.0

0.8

20°C 70°C 120°C
0.6

0.4

Field strength (kA/m)

0.2

–200–400–800 –600

ΔHc

FIGURE.6.7. Effect.of.temperature.on.PM.demagnetization.curve.
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The.magnetic.drop.in.the.iron.is.neglected.because.of.μFe.≫.μ0.
By.neglecting.any.leakage.flux,.the.Gauss.law.yields

. Φ = =B A B Am m g g . (6.3)

where
Bm.and.Bg.are.the.flux.density.in.the.PM.and.in.the.air.gap,.respectively
Am.and.Ag.are.the.cross-sectional.areas.of.the.PM.and.air.gap,.respectively

Being.the.constitutive.equation.of.air.Bg.=.μ0Hg,.we.can.state:

.
H t

B
gm m

g+ =µ0
0

.
(6.4)

or

.
H t B A

A gm m
m m

g
+ =µ0

0
.

(6.5)

Then

.
B t

g
A
A

Hm
m g

m
m= −

















µ0

.
(6.6)

that.is,.the.equation.of.a.straight.line.on.the.Hm−Bm.plane..The.operating.point.of.the.PM.is.determined.
as.the.intersection.of.the.PM.demagnetization.curve.and.the. load.line,.defined.by.(6.6),.as.shown.in.
Figure.6.9..From.(6.2).and.(6.6),.it.results.in

.

B B
g t A Am rem

rec m m g
=

+ ( )( )










1
1 µ / /

.
(6.7)

The.equivalent.magnetic.network.is.drawn.in.Figure.6.8b..The.PM.is.represented.by.the.residual.flux.
generator.Φrem.=.BremAm.in.parallel.with.the.reluctance.Rm.=.tm/(μrec μ0Am)..Then,.Rg.=.g/(μ0Am).is.the.air.
gap.reluctance..The.flux.Φ.computed.by.the.magnetic.network.corresponds.to.the.flux.of.Equation.6.3.
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φrem
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FIGURE.6.8. (a).Magnetic.device.and.(b).equivalent.magnetic.network.
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A.coil.of.Nt.turns.is.included.in.the.device..It.links.the.magnetic.flux.Φ.produced.by.the.PM..Such.a.
PM.flux.linkage.is.labeled.as.Λm.=.NtΦ.

6.2.2 Impact of the Current

Let.us.refer.now.to.the.magnetic.device.of.Figure.6.10a,.in.which.the.coil.formed.by.Nt.turns.carries.a.
current.I..The.Gauss.law.remains.as.in.(6.3),.while.the.Ampere.law.is.rewritten.as

. H t H g N Im m g t+ = . (6.8)

Rearranging.the.equations,.the.load.line.results.in

.
B t

g
A
A

H A
A

N I
gm

m g

m
m

g

m

t= − +
















µ µ0 0

.
(6.9)

It.remains.a.straight.line,.but.it.is.translated.along.the.Hm.axis.of.a.quantity.ΔHi.proportional.to.the.
current,. as. shown. in.Figure.6.11..According. to. the. sign.of. the.current,. the. translation. is. toward. the.
positive.magnetic.fields.(magnetizing.current,.i.e.,.positive.according.to.the.convention.of.Figure.6.10a).
or. toward. the. negative. magnetic. fields. (demagnetizing. current,. i.e.,. negative. according. to. the. same.
.convention)..As.above,.the.operating.point.of.the.PM.is.determined.as.the.intersection.between.the.PM.
demagnetization.curve.and.the.load.line.(6.9)..With.a.magnetizing.(positive).current,.the.flux.density.in.
the.PM,.and.then.in.the.other.parts.of.the.circuit,.increases..In.this.case,.it.should.be.verified.that.no.iron.
part.is.saturated..With.a.demagnetizing.(negative).current,.the.flux.density.in.the.PM.decreases..In.this.
case,.it.should.be.verified.that.the.minimum.flux.density.is.not.below.the.knee.of.the.PM.demagnetizing.
curve,.where.an.irreversible.demagnetization.of.the.PM.occurs..The.corresponding.equivalent.network.
is.represented.in.Figure.6.10b.
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FIGURE.6.9. PM.operating.point.without.current.
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6.2.3 Parameters

When.the.coil.carries.a.current.I,.there.is.an.additional.flux.in.the.magnetic.circuit.that.is.superimposed.
on.the.flux.due.to.the.PM..Therefore,.the.coil.links.the.total.flux,.due.to.both.PM.and.current..The.total.
flux.linkage.is.expressed.as.Λ.=.Λm.+.Λi,.where.Λi.=.LI.indicates.the.portion.of.flux.linkage.due.to.the.cur-
rent.I.only..The.parameter.L.is.the.inductance.of.the.circuit;.it.depends.on.the.geometry.of.the..magnetic.
circuit.and. the.magnetic.property.of. the.materials..The. inductance.L. is. computed.as.L.=. (Λ −.Λm)/I..
Alternatively,.L.can.be.computed.by.assuming.a.demagnetized.PM.(i.e.,.assuming.the.residual.flux.den-
sity.equal.to.zero,.Brem.=.0),.so.that.all.the.flux.linked.by.the.coil.is.due.to.the.current,.and.then.L.=.Λi/I.
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FIGURE.6.10. (a).Magnetic.circuit.and.(b).equivalent.magnetic.network.
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6.3 Magnetic analysis of PM Motor

The.magnetic.analysis.presented.in.the.previous.section.is.easily.
extended. to. the. study. of. the. PM. motors. [6].. Two. motors. with.
Q =.24.slots.and.p.=.2.pole.pairs.are.considered,.and.with.SPM.
and.IPM.rotor,.respectively..Thanks.to.the.motor.symmetry,.only.
one.pole.of.the.motor.is.analyzed.

Figure. 6.12. shows. the. geometry. of. the. SPM. motor.. For. con-
venience,.it.is.drawn.with.the.a-phase.axis.placed.parallel.to.the.
d-axis. (i.e.,. the. PM. magnetization. axis).. The. b-phase. axis. and.
c-phase.axis.lead.the.a-phase.axis.of.2π/3.and.4π/3.electrical.radi-
ans,. respectively..The.stator.winding. is. characterized.by.N. con-
ductors.per.phase,.and.a.winding.factor.equal.to.kw.

6.3.1 No-Load Operation (SPM Motor)

Figure.6.13a.shows.the.flux.lines.at.no.load,.that.is,.due.to.the.PM.
only..The.flux.density.distribution.along.the.air.gap.is.reported.
in. Figure. 6.13b.. The. figure. highlights. the. decrease. of. the. flux.
density.corresponding.to.the.slot.openings.of.the.stator..In.order.
to.avoid.the.irreversible.demagnetization.of.the.PM,.it.is.imperative.to.verify.that.the.minimum.flux.
density.in.the.PM.remains.higher.than.the.flux.density.of.the.knee.of.the.demagnetizing.curve.

The.flux.due.to.the.PM.is.linked.by.each.stator.winding..It.varies.according.to.the.position.of.the.rotor..
According.to.Figure.6.12,.phase.a.links.the.maximum.flux.since.the.d-axis.is.aligned.to.the.a-axis..Such.
a.maximum.flux.linkage.is.referred.to.as.Λm.

The.PM.flux.linkage.can.be.computed.integrating.the.vector.magnetic.potential.Az.over.the.stator.slot.
surfaces,.that.is

.
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∑ ∫
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(6.10)
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FIGURE.6.12. Geometry.of.one.pole.
of.the.SPM.motor.
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FIGURE.6.13. SPM.motor:.no-load.flux.lines.(a).and.air.gap.flux.density.distribution.(b).
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where
Lstk.is.the.stack.length.of.the.motor
Sslot.is.the.cross.area.of.the.slot
naq.is.the.number.of.conductors.of.the.phase.a.within.the.qth.slot.of.the.stator

The.PM.flux.linkage.can.be.also.estimated.analytically.as

.
Λ Φm

wk N=
2 .

(6.11)

where.Φ.is.the.magnetic.flux.per.pole,.given.by

.
Φ = B DL

pg
stkπ

2 .
(6.12)

where
Bg.is.the.average.flux.density.in.a.pole
D.is.the.stator.inner.diameter

6.3.2 Operation with d-axis Stator Current

The.d-axis.current.produces.a.flux.along.the.d-axis..A.positive.d-axis.current.is.magnetizing,.increasing.
the.flux.produced.by.the.PM..Conversely,.a.negative.d-axis.current.is.demagnetizing,.since.it.weakens.
the.PM.flux.

Figure.6.14a.shows.the.flux.plot.due.to.the.d-axis.current.Id.only.(i.e.,.without.PMs)..According.to.the.
Figure.6.12,.the.phase.currents.are.ia.=.Id.and.ib.=.ic.=.−Id/2..The.flux.lines.are.similar.to.the.flux.lines.
due.to.PMs,.shown.in.Figure.6.13a..The.air.gap.flux.density.distribution.is.reported.in.Figure.6.14b,.
using.solid.line..For.the.sake.of.comparison,.the.flux.density.distribution.at.no.load.is.reported.using.
dashed.line.
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FIGURE.6.14. SPM.motor:.flux.lines.(a).and.air.gap.flux.density.distribution.(b).with.Id.only.
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The. synchronous. inductance. is. computed. by. dividing. the. d-axis. f lux. linkage. (achieved. by.
means.of.the.abc-to-dq.transformation).by.the.d-axis.current..An.analytical.estimation.of.such.an.
inductance.is

.
L k N

p
DL

g t
w stk

m rec
=









 + /

3
20

2

π
µ

µ .
(6.13)

6.3.3 Operation with q-axis Stator Current

The.q-axis.current.induces.a.flux.in.quadrature.to.the.flux.due.to.the.PM..Figure.6.15a.shows.the.flux.
plot.due.to.q-axis.current.only.(i.e.,.without.PMs)..According.to.the.Figure.6.12,.the.phase.currents.are.
ia.=.0,.i Ib q= − /3 2.and.i Ic q= /3 2.

Figure.6.15b.shows.the.air.gap.flux.density.distribution.due.to.the.q-axis.current.only,.using.solid.
line..From.the.comparison.with.the.no-load.distribution.(dashed.line),.it.is.noticing.that.the.effect.of.the.
q-axis.current.is.to.increase.the.flux.density.in.half.a.pole,.and.to.decrease.the.flux.density.in.the.other.
half..PM.permeability.being.similar.to.the.air.permeability.μ0,.in.the.SPM.motor,.the.q-axis.inductance.
is.practically.the.same.as.the.d-axis.inductance.

6.3.4 Inductance in an IPM Motor

A.similar.analysis.can.be.carried.out.on.an.IPM.motor,.whose.geometry.is.shown.in.Figure.6.16a..Figure.
6.16b.shows.the.flux.lines.at.no.load,.that.is,.due.to.the.PM.buried.within.the.flux.barrier.

When.the.motor.is.supplied.by.only.q-axis.current,.the.flux.lines.go.through.the.rotor.without.cross-
ing.the.flux.barrier,.as.shown.in.Figure.6.16c..This.means.that.the.flux.barrier.does.not.obstruct.the.
q-axis.flux.so.that.the.q-axis.inductance.Lq.assumes.a.high.value..Such.an.inductance.can.be.estimated.
by.(6.13),.simply.substituting.g.for.g.+.tm/μrec.

Conversely,.when.the.motor.is.supplied.by.d-axis.current,.the.flux.lines.cross.the.flux.barrier,.as.shown.
in.Figure.6.16d..In.this.case,.the.flux.barrier.represents.a.magnetic.reluctance.and.the.d-axis.inductance.
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FIGURE.6.15. SPM.motor:.flux.lines.(a).and.air.gap.flux.density.distribution.(b).with.Iq.only.
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Ld.results.lower.than.Lq..The.analytical.estimation.of.Ld.is.tightly.dependent.on.the.geometry.of.the.flux.
barriers.[7]..The.ratio.between.the.two.inductances,.that.is,.ξ.=.Lq/Ld.is.called.saliency.ratio.[8].

6.3.5 Magnetic Model of the PM Synchronous Motor

In.the.synchronous.d–q.reference.frame.(which.is.rotating.at.the.electrical.angular.speed.ω),.the.d-.and.
q-axis.flux.linkage.components.are.given.by

.

λ

λ

d m d d

q q q

L i

L i

= +

=

Λ

.
(6.14)

and.the.d-.and.q-axis.voltage.components.result.in

.
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(6.15)

or,.using.(6.14):

.
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(6.16)

Figure.6.17.shows. the.steady-state.vector.diagram.of. the.PM.synchronous.motor. in.d–q. reference.
frame.[9].

The.PM.synchronous.motor.model.can.be.represented.by.the.equivalent.circuit.shown.in.Figure.6.18,.
where.Rfe.is.introduced.so.as.to.take.into.account.the.iron.losses..Such.an.equivalent.iron.loss.resistance.
is.not.a.constant.but.it.depends.on.the.operating.frequency.[10].

6.3.6 Effect of Saturation

When.iron.saturation.occurs,.the.inductances.in.(6.14).vary.with.the.currents,.and.they.decrease.when.
the.currents.increase..In.addition,.the.saturation.produces.an.interaction.between.the.d-.and.the.q-axis.

(a) (d)(c)(b)

FIGURE.6.16. Flux.lines.in.an.IPM.motor..(a).Geometry,.(b).no-load,.(c).only.Iq,.and.(d).only.Id.
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quantities,.which.is.indicated.as.cross-coupling.effect..The.magnetic.model.describing.the.relationship.
between.the.d-.and.the.q-axis.flux.linkages.and.current.is.more.complex,.given.by

.

λ λ

λ λ

d d d q

q q d q

i i

i i

= ,

= ,

( )

( ) .
(6.17)

Such.a.model.is.used.for.an.accurate.estimation.of.the.motor.performance,.for.instance,.to.precisely.
predict.the.average.torque,.the.torque.ripple,.or.the.capability.to.sensorless.detect.the.rotor.position..
In.any.case,.the.relations.are.restricted.to.be.single-valued.functions,.because.it.is.assumed.that.energy.
stored.in.the.electromagnetic.fields.can.be.described.by.state.functions.[11].

6.4 Electromechanical torque

Let.us.consider. the.rotor.position.θm,.and.d-.and.q-axis.currents. id.and. iq.as.state.variables.. In.the.
synchronous.reference.frame,.the.motor.torque.is.given.by

.
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d q q d
m= − +

∂
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(6.18)

q-Axis

d-Axis

ωLqIq

ωLdId

LdId

LqIq

E = ωЛm

Лm

Iq

Id

I

α e
v

αe
i

Л
V

FIGURE.6.17. Steady-state.vector.diagram.for.PM.synchronous.motor.in.d–q.reference.frame.
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where
p.is.the.number.of.pole.pairs
Wmʹ. is.the.magnetic.coenergy,.which.must.be.considered.as.a.state.function.of.the.state.variables.

θm,.id,.and.iq,.that.is,.Wmʹ.=.Wmʹ (θm,.id,.iq).[11]

The.first.term.of.the.second.member.of.(6.18).is.labeled.as.Tdq,.that.is

.
T p i idq d q q d= −3

2
( ).λ λ

.
(6.19)

Adopting.the.space.phasor.notation,.so.as.
�
λ λ λ= +d q .and.

�
i i id q= +  ,.the.torque.(6.19).can.be.rear-

ranged.as

.
T p idq = ×3 ( ).

2

� �
λ

.
(6.20)

where.×.means.the.cross.vector.product.[12]..The.relationship.(6.20).is.independent.of.the.particular.
reference.frame..Therefore,.it.is.not.limited.to.the.synchronous.reference.frame,.but.it.can.be.used.in.
stationary.and.any.other.reference.frame.

With.sinusoidal.current.waveforms,.d-.and.q-axis.currents.are.constant.with.the.rotor.position..Then,.
the.partial.derivative.of.the.magnetic.coenergy.with.the.rotor.position.in.(6.18).results.in

.
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∂
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∂
∂
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where.Wm.is.the.magnetic.energy.that.again.has.to.be.expressed.as.a.function.of.the.state.variables,.that.
is,.Wm.=.Wm(θm,.id,.iq).

Let.us.remark.that.both.λd.and.λq.vary.with.θm,.so.that.they.can.be.expressed.by.means.of.the.Fourier.
series.expansion..The.rate.of.change.of.a.flux.linkage.harmonic.of.νth.order.is.proportional.to.the.flux.link-
age.harmonic.amplitude.times.the.order.ν..The.variation.of.the.flux.linkages.λd.and.λq.is.lower.than.the.
variation.of.their.rates.of.change.that.appear.in.(6.21)..Therefore,.the.torque.ripple.is.mainly.described.in.
the.torque.term.expressed.by.(6.21)..On.the.contrary,.the.torque.term.Tdq,.Equation.6.19,.is.slightly.affected.
by.the.harmonics.of.the.flux.linkages.and.it.results.to.be.suitable.for.the.computation.of.the.average.torque.

In.an.ideal.system,.besides.the.d-.and.q-axis.currents,.the.d-.and.q-axis.flux.linkages.are.constant,.as.
well.as.the.magnetic.energy..Therefore,.the.quantity.given.in.(6.21).is.equal.to.zero..The.motor.torque.is.
constant.and.exactly.equal.to.the.term.Tdq,.given.by.(6.19).

6.4.1 Computation of Cogging torque

Cogging.torque.is.the.ripple.torque.due.to.the.interaction.between.the.PM.flux.and.the.stator.teeth..Since.
the.stator.currents.are.zero,.it.is.Tdq.=.0.and,.from.(6.18).and.(6.21),.the.cogging.torque.results.to.be.equal.to

. T W W
cog

m

m

m

m
= ∂ ′

∂
= − ∂

∂θ θ . (6.22)

Figure.6.19a.shows.the.cogging.torque.versus.rotor.position.of.the.SPM.motor.of.Figure.6.1a..Solid.
line.refers.to.the.torque.computation.by.means.of.the.Maxwell.stress.tensor,.directly.computed.from.
finite.element.field.solution.[13–15],.while.the.circles.refer.to.the.torque.computation.(6.22)..A.further.
comparison.between.predictions.and.measurements.of.cogging.torque.of.an.SPM.motor.is.reported.
in.[16].
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6.4.2 Computation under Load (SPM Motor)

Figure.6.19b.shows.the.torque.behavior.versus.rotor.position.of.the.SPM.motor.fed.by.q-axis.current.
only,.while.d-axis.current.is.zero..Solid.line.refers.to.the.Maxwell.stress.tensor.computation..The.circles.
refer.to.the.torque.computation.(6.18)..The.dashed.line.refers.to.the.torque.computation.Tdq,.given.by.
(6.19)..As.expected,.the.behavior.of.Tdq.is.smooth.and.close.to.the.average.torque.

6.4.3 Computation under Load (IPM Motor)

Similar.results.are.found.when.an.IPM.motor.is.considered,.as.the.IPM.motor.shown.in.Figure.6.1c..The.
nominal.current.is.fixed.to.În.=.4.3.A.(peak).with.an.electrical.phase.angle.of. αi

e = 130 .electrical.degrees..
Figure.6.20a.shows.the.behavior.of.the.torque.versus.rotor.position,.under.load..Solid.line.refers.to.the.
Maxwell.stress.tensor.computation,.highlighting.a.high.torque.ripple..Dashed.line.refers.to.the.torque.
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computation.(6.19):.it.is.very.close.to.the.average.torque,.represented.by.the.thin.line.in.Figure.6.20a..
Finally,.the.circles.report.the.torques.computed.by.(6.18).

Figure.6.20b.compares.the.average.motor.torque.predicted.(solid.lines).and.measured.(dots).corre-
sponding.to.different.d-.and.q-axis.currents..The.solid.lines.are.the.constant.torque.curves.obtained.from.
the.finite.element.simulation..The.fair.agreement.between.measurements.and.simulations.is.evident.

6.5 reduction of the torque ripple

Several. applications. require. smooth. motor. running,. in. order. to. avoid. vibration. and. acoustic. noise..
Different. techniques.are.adopted. in.designing.the.PM.motors. in.order. to.eliminate.or.minimize. the.
torque.ripple.[16,17]..In.particular,.the.cogging.torque.of.SPM.motors.and.torque.ripple.of.IPM.motors.
are.particularly.despised.

6.5.1 reduction of the Cogging torque in SPM Motors

It.is.convenient.to.consider.the.motor.cogging.torque.Tcog.as.the.sum.of.the.interactions.of.each.edge.of.
the.rotor.PMs.with.the.stator.slot.openings..Each.of.them.is.considered.independent.from.the.others..
Figure.6.21a.shows.half.a.PM.pole.and.a.single.slot.opening.moving.with.respect.to.the.PM.edge,.where.
θm.indicates.the.angular.position.between.the.slot.axis.and.the.PM.edge..The.magnetic.energy.Wm,.sum.
of.the.air.and.the.PM.energy.contributions,.is.a.function.of.the.angular.position.θm..The.variation.of.Wm.
with.θm.is.large.if.the.slot.opening.is.near.the.PM.edge.

The.elementary.torque.due.to.the.interaction.of.the.slot.opening.with.the.PM.edge,.that.is,.Tedge,.cor-
responds.to.−dWm/dθm,.see.(6.22)..Since.Wm.is.monotonously.decreasing.with.θm,.Tedge.is.always.positive.
(with.respect.to.θm.direction)..It.is.zero.when.the.slot.is.in.the.middle.of.the.PM.and.when.the.slot.is.far.
from.the.PM..Then,.Tedge.exhibits.a.peak.when.the.slot.is.near.the.PM.edge,.corresponding.to.the.maxi-
mum.rate.of.variation.of.magnetic.energy.with.θm,.as.illustrated.in.Figure.6.21a..The.peak.of.Tedge.does.
not.appear.exactly.at.the.PM.edge..The.same.elementary.torque.behavior,.but.with.opposite.sign,.occurs.
considering.the.interaction.of.the.slot.opening.and.the.other.PM.edge..Finally,.the.total.Tcog.is.obtained.
as.the.sum.of.all.the.elementary.torques.due.to.the.interaction.of.the.PM.edges.with.the.slot.openings.
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FIGURE.6.21. Simple.model.of.the.cogging.torque.mechanism,.based.on.the.superposition.of.PM.edge.torques.
Tedge,.and.a.comparison.between.predicted.(thin.line).and.measured.(bold.line).cogging.torque.(motor.rated.torque.
is.3.N.m)..(Modified.from.Bianchi,.N..and.Bolognani,.S.,.IEEE Trans. Ind. Appl.,.38(5),.1259,.2002.)
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6.5.1.1 Number of Tcog Periods in a Slot Pitch rotation

The.number.Np.of.periods.of.the.Tcog.waveform.during.a.rotation.of.a.slot.pitch.depends.on.the.number.
of.stator.slots.Q.and.poles.2p..For.a.rotor.with.identical.PM.poles,.equally.spaced.around.the.rotor,.the.
number.of.Tcog.periods.during.a.slot.pitch.rotation.is.given.by

.
N p

GCD Q pp =
,

2
2{ } .

(6.23)

where.GCD.means.Greater.Common.Divisor..Thus,.the.mechanical.angle.corresponding.to.each.period.
is. α πτc N Qp= /2 ( )..Table.6.2.reports.the.values.of.Np.for.some.common.combinations.of.Q.and.2p.

The.value.of.Np.is.an.index.that.shows.if.the.elementary.cogging.torque.waveforms.are.in.phase.or.not..
When.Np.is.low,.positive.(and.negative).elementary.torques.Tedge.occur.at.the.same.rotor.position,.so.that.
they.are.superimposed,.yielding.a.high.Tcog..Conversely,.when.Np.is.high,.the.elementary.torques.Tedge.are.
distributed.along.the.slot.pitch,.yielding.a.low.Tcog.

An.example.of.measured.cogging.torque.is.reported.in.Figure.6.21b,.referring.to.a.9-slot.6-pole.motor..
During.the.test,.the.motor.has.been.rotated.at.10.r/min,.so.that.a.complete.round.is.accomplished.in.6.s..
As.expected,.with.Np.=.2,.there.are.two.periods.of.Tcog.per.each.stator.slot,.that.is,.2.·.9.=.18.periods.per.
each.complete.round.of.the.rotor.

6.5.1.2 Skewing

Skewing.rotor.PMs,.or.alternatively.stator.slots,.is.a.classical.method.to.reduce.the.cogging.torque..The.
cogging.torque.is.almost.completely.eliminated,.with.a.continuous.skewing.angle.θsk.equal.to.the.period.
ατc.of.the.cogging.torque,.that.is,.θsk.=.2π/(NpQ).

However,.the.stator.skewing.makes.almost.impossible.the.automatic.slot.filling,.and.the.rotor.skew-
ing.requires.expensive.PMs.with.complex.shapes..To.make.easier.the.rotor.manufacturing,.the.skew-
ing.is.approximated.by.placing.the.PM.axially.skewed.by.Ns.discrete.steps,.as.illustrated.in.Figure.6.22..
The.optimal.value.of.the.mechanical.skew.angle.between.two.modules.is.given.by.θss.=.θsk/Ns,.with.
θsk.given.above..With.PM.modules.equally.skewed,.all.the.Tcog.harmonics.are.eliminated.except.those.
multiples.of.Ns.

Adopting.a.stepped.skewing,.there.is.a.reduction.of.the.harmonics.of.back.EMF..The.reduction.for.the.
kth.harmonic.of.back.EMF.is.estimated.by.means.of.the.corrective.factor.given.by.ksk.=.sin(kpθsk)/(kpθsk).

6.5.1.3 PM Pole arc Width

The. PM. pole. arc. width. can. be. arranged. in. order. to. reduce. or. eliminate. some. Tcog. harmonics. [18]..
According.to.the.simple.model.of.Figure.6.21a,.the.PM.should.span.almost.an.integral.number.of.slot.
pitches..In.this.way,.the.positive.torque.of.each.PM.edge.(e.g.,.the.right-hand.one).is.compensated.by.the.
negative.torque.of.the.other.edge.(e.g.,.the.left-hand.one)..As.a.confirmation,.in.[18,19].the.optimal.PM.
extension.has.been.computed.slightly.greater.of.n.times.the.slot.pitch,.that.is,.(n.+.0.14).or.(n.+.0.17),.
where.n.is.an.integer.

TABLE.6.2. Number.Np.of.Cogging.Torque.Periods.
per.Slot.Pitch.Rotation

2p 2 2 2 2 4 4 4 8 8 8
Q 3 6 9 12 6 9 12 6 9 15

GCD 1 2 1 2 2 1 4 2 1 1

Np 2 1 2 1 2 4 1 4 8 8

Source:. Bianchi,.N..and.Bolognani,.S.,.IEEE Trans. Ind. Appl.,.
38(5),.1259,.2002.
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As.far.as.the.back.EMF.is.concerned,.each.kth.harmonic.of.the.back.EMF.is.reduced.by.the.factor.
kpm.=.sin(kpαm),.where.2αm.is.the.PM.pole.arc.angle.

6.5.1.4 PM Pole arc with Different Width

A.multipole.machine.can.be.designed.with.PMs.of.different.arc.width,.as.shown.in.Figure.6.23a..In.this.
way,.the.elementary.Tedge,.shown.in.Figure.6.21,.are.distributed.along.the.slot.pitch,.obtaining.a.reduc-
tion.of.the.total.Tcog.

6.5.1.5 Notches in the Stator teeth

A.further.technique.to.reduce.the.Tcog.consists.in.introducing.in.the.stator.teeth.a.number.Nn.of.notches.
in.order.to.obtain.dummy.slots.[20]..They.are.equally.spaced.and.as.wide.as.the.opening.of.the.actual.
slots..Solutions.with.Nn.=.1.and.Nn.=.2,.as.shown.in.Figure.6.23b,.are.mainly.adopted..The.result.is.an.
increased.number.of.interactions.between.rotor.PMs.and.stator.slots.and.a.reduced.peak.value.of.the.
cogging.torque..In.fact,.the.Nn.equally.spaced.notches.produce.additional.cogging.torque.curves,.with.
the.same.behavior.of. the.original.one,.but.with.a.displacement.ϕn.=.2π/Q(Nn.+.1).mech..degrees..By.
adding.the.original.cogging.torque.with.the.additional.torques,.the.harmonics.multiple.of.(Nn.+.1).are.
in.phase,.thus.their.sum.becomes.(Nn.+.1).times.higher..Conversely,.the.other.harmonics.are.cancelled..
The.resulting.Tcog.is.characterized.by.a.higher.frequency.and.an.attenuated.peak.value..An.equivalent.

(a)

θss

(b)

Ns = 3

FIGURE.6.22. Stepped.rotor.skewing.with.three.modules..(Adapted.from.Bianchi,.N..and.Bolognani,.S.,.IEEE 
Trans. Ind. Appl.,.38(5),.1259,.2002.)

Nn = 1

(a) (b)

Nn = 2 Nn = 2

FIGURE.6.23. Motor.design.strategies.to.reduce.cogging.torque:.(a).rotor.with.PMs.of.different.arc.width.and.
(b).notches.in.the.tooth.(dummy.slots)..(Modified.from.Bianchi,.N..and.Bolognani,.S.,.IEEE Trans. Ind. Appl.,.
38(5),.1259,.2002.)
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strategy.is.to.introduce.dummy.teeth.in.each.slot.opening.[21]..The.reason.of.their.effect.is.similar.to.that.
presented.above.for.the.dummy.slots.

A.proper.number.of.notches.Nn.is.obtained.when.GCD{(Nn.+.1),.Np}.=.1.as.shown.in.[16]..Conversely,.
the.equality.(Nn.+.1).=.Np.has.to.be.avoided,.since.it.produces.an.increase.of.all.the.Tcog.harmonics.

6.5.1.6 Shifting of the PMs

For.reducing.the.Tcog,.it.is.also.possible.to.modify.the.position.of.the.PMs.on.the.rotor.surface:.a.sort.of.
“circumferential”.skewing.with.an.effect.similar.to.the.stepped.axial.skewing..The.technique.of.shifting.
the.PMs.of.two.adjacent.poles.to.eliminate.the.Tcog.harmonic.of.second.order.has.been.firstly.presented.in.
[18],.then.the.technique.has.been.refined.and.generalized.in.[22]..The.general.rule.states.that.in.a.motor.
with.2p.poles,.the.jth.PM.pole.has.to.be.shifted.of.an.angle.ϕsh,j.=.2π(j.−.1)/(2pNpQ).with.j.=.1.,…,.2p..
The.effect.of.PM.shifting.on.the.back.EMF.harmonics.can.be.estimated.by.means.of.the.shifting.factor,.
computed.in.[23].

A.sketch.of.shifted.PMs.in.4-,.6-,.and.8-pole.motor.is.reported.in.Figure.6.24a,.and.two.photos.of.
a.6-pole.rotor.with.shifted.PMs.are.shown.in.Figure.6.24b.

6.5.2 reduction of the torque ripple in IPM Motors

Synchronous. motors. with. anisotropic. rotor. (not. only. IPM. motors. but. also. synchronous. reluctance.
motors). exhibit. often. a. high. torque. ripple. [24].. An. example. is. shown. in. Figure. 6.20a.. This. ripple. is.
caused.by.the.interaction.between.the.spatial.harmonics.of.electrical.loading.and.the.rotor.anisotropy..
Some.techniques.presented.to.reduce.the.torque.ripple.of.SPM.motors.can.be.used;.however,.some.of.
them.are.not.enough.to.achieve.a.smooth.torque..Rotor.skewing.reduces.the.torque.ripple.only.in.part.
[25],.while.a.slight.compensation.of.the.torque.harmonics.is.achieved.by.shifting.the.flux.barriers.from.
their.symmetrical.position.[22,26].

A.reduction.of.the.torque.ripple.can.be.achieved.by.means.of.a.suitable.choice.of.the.number.of.flux.
barriers.with.respect.to.the.number.of.stator.slots.[25]..The.suggested.number.Nrf b.of.rotor.flux.barriers.

(a)

(b)

FIGURE.6.24. (a).Sketch.of.shifted.PMs.in.rotor.with.4,.6,.and.8.poles.and.(b).photo.of.a.6-pole.rotor.with.shifted.
PMs..(Adapted.from.Bianchi,.N..and.Bolognani,.S.,.IEEE Trans. Ind. Appl.,.38(5),.1259,.2002.)
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per.pole. pair. (whose. ends.are. uniformly. distributed. along. the. rotor. circumference). is. related. to. the.
number.of.stator.slots.Q.so.that

.
N Q

prfb = ±
2

1
.

(6.24)

A.different.strategy.to.compensate.the.torque.harmonics.of.anisotropic.motors.is.based.on.a.two-step.
design.procedure.[27,28]:

. 1.. A.set.of.flux.barrier.geometries.is.identified.so.as.to.cancel.a.torque.harmonic.of.given.order..
This.means.that.a.harmonic.of.given.order.is.zero.according.to.the.geometry.of.the.rotor.flux.
barriers.

. 2.. Couples.of.flux.barriers.belonging.to.this.set.are.combined.together.so.as.the.remaining.torque.
harmonics.of.one.flux.barrier.geometry.compensate.those.of.the.other.geometry..This.second.step.
can.be.achieved.in.two.ways:.(1).either.by.forming.the.rotor.with. laminations.of. two.different.
kinds,.(2).or.by.adopting.two.different.flux.barrier.geometries.in.the.same.lamination.

Figure.6.25.shows.the.“Romeo.and.Juliet”.rotor,. formed.by.two.different.and.inseparable.kinds.of.
lamination.(the.first.labeled.R.as.Romeo,.and.the.second.labeled.J.as.Juliet)..Each.lamination.has.a.hole.
to.hold.the.PM.in.the.same.position.and.with.the.same.size.

Figure.6.26.shows.the.“Machaon”.rotor,.formed.by.laminations.with.flux.barriers.of.different.geom-
etry,.large.and.small,.alternatively.under.the.adjacent.poles..The.name.comes.from.a.butterfly.with.two.
large.and.two.small.wings.

Such.solutions.yield.an.appreciable.reduction.of.the.torque.ripple.[76]..Table.6.3.reports.a.comparison.
between.the.average.torque.(Tavg).and.torque.ripple.(ΔT),.measured.on.three.IPM.motor.prototypes.with.
two.flux.barriers.per.pole.

(a)
R

J

(b) (c)

FIGURE. 6.25. Photos. of. the. “Romeo. and. Juliet”. laminations.. (a). The. two-part. rotor,. (b). R-lamination,. and.
(c).J-lamination..(Modified.from.Bianchi,.N..et.al.,.IEEE Trans. Ind. Appl.,.45(3),.921,.2009.)
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6.6 Fractional-Slot PM Synchronous Motors

In.PM.synchronous.motors,.an.alternative.to.the.integral-slot.winding.
is. represented.by. the. fractional-slot.winding..Among. the.others,. the.
winding.with.nonoverlapped.coils,.that.is,.with.coils.wound.around.a.
single.tooth.(coil.throw.yq.=.1),.is.of.particular.interest..Two.examples.
of.fractional-slot.windings.are.reported.in.Figure.6.27.

There. are. several. reasons. for. choosing. such. a. fractional-slot. PM.
motors:

•. The.length.of.the.end.winding.is.reduced,.hence.copper.weight.
and.Joule.losses.for.given.torque.are.reduced.as.well..This.assumes.
an.important.role.in.applications.requiring.high.efficiency.[29].

•. The.periodicity.between.stator.slots.and.rotor.poles.is.reduced,.
so.that.both.cogging.torque.and.torque.ripple.under.load.are.low.
[20,30],.yielding.a.smooth.torque.behavior.under.various.operating.conditions.[31].

•. The.synchronous.inductance.is.higher.than.the.corresponding.integral-slot.winding.motor..Thus,.
in.the.event.of.fault,.the.short-circuit.current.is.limited..This.is.important.in.applications.requir-
ing.high.fault.tolerance.[32,33]..A.very.high.inductance.is.achieved.adopting.single-layer.wind-
ings.(see.later).and.a.number.of.slots.lower.than.the.number.of.poles.[34].

•. Fractional-slot. winding. motors. are. well-suited. to. be. adopted. in. fault-tolerant. motor. drives..
In. the. single-layer. winding,. each. slot. contains. only. coil. sides. of. the. same. phase. [35].. Thus,.

TABLE.6.3. Torque.Comparison.at.Different.Currents.among.IPM.Motor.
with Classic.Geometry,.“Romeo.and.Juliet”.(R&J).Motor.and.“Machaon”.Motor.
(Experimental.Results)

Classic.IPM R&J Machaon

I.(A) Tavg.(Nm) ΔT/Tavg.(%) Tavg.(Nm) ΔT/Tavg.(%) Tavg.(Nm) ΔT/Tavg.(%)

2.64 2.14 13.1 1.96 4.84 2.182 4.757
2.84 2.39 12.2 2.18 4.91 2.430 4.720
5.30 5.02 11.6 4.63 4.92 5.240 5.784

Source:. Bianchi,.N..et.al.,.IEEE Trans. Ind. Appl.,.45(3),.921,.May/June.2009.

+

(a)

+

(b)

FIGURE. 6.27. Examples. of. fractional-slot. double-layer. motors. with. nonoverlapped. coils.. (a). A. 9-slot. 8-pole.
motor.and.(b).a.12-slot.8-pole.motor..(Adapted.from.Bianchi,.N..et.al.,.Theory.and.design.of.fractional-slot.PM.
machines,.Tutorial.Course.Notes,. sponsored.by. the. IEEE-IAS.Electrical.Machines.Committee,.Presented at the 
IEEE IAS Annual Meeting,.New.Orleans,.LA,.September.23,.2007.)

FIGURE. 6.26. Photo. of. the.
“Machaon”. lamination.. (Adapted.
from.Bianchi,.N..et.al.,.IEEE Trans. 
Ind. Appl.,.45(3),.921,.2009.)
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single-layer.windings.yield.a.physical.separation.between.the.phases..Furthermore,.some.con-
figurations.exhibit.no.magnetic.coupling.between.phases.[36].

However,.the.fractional-slot.PM.motors.have.not.only.advantages,.in.fact

•. Some.solutions.exhibit.a.low.winding.factor,.that.means.a.low.torque.density.[29,37].
•. The.MMF.space.harmonic.contents.increase.heavily,.which.cause.high.PM.stress,.iron.saturation,.

and.unbalanced.torque.[33,38].
•. The. rotor. losses. can. drastically. increase. [39].. Then,. the. solutions. with. higher. armature. MMF.

harmonic.contents.have.to.be.avoided.

As. a. consequence,. a. correct. choice. of. the. number. of. slots. and. poles,. together. with. the. winding.
arrangement.is.really.important.

6.6.1 Winding Design by Means of the Star of Slots

The.fractional-slot.windings.are.designed.by.means.of.the.star.of.slots..This.is.the.phasor.representation.
of.the.main.EMF.harmonic.induced.in.the.coil.side.of.each.slot,.where.“main”.is.the.harmonic.of.order.
equal.to.the.number.of.pole.pairs,.ν.=.p.

Let.t.be.the.machine.periodicity,.defined.as.the.greatest.common.divisor.(GCD).between.the.number.
of.stator.slots.Q.and.the.number.of.pole.pairs.p,.which.is

. t Q p= ,{ }GCD . (6.25)

Then,.the.star.of.slots.is.characterized.by

. 1.. Q/t.spokes

. 2.. Each.spoke.containing.t.phasors

The.angle.between.the.phasors.of.two.adjacent.slots.is.the.electrical.angle. α αs
e

sp= ,.where.αs.is.the.slot.
angle.in.mechanical.radians,.that.is,.αs.=.2π/Q..The.angle.between.two.spokes.results.in

.
α π α

ph
s
e

Q t p
t=

/
=2

( ) .
(6.26)

Since. electrical. angles. are. considered,. the. star. of. slots. refers. to. the. equivalent. 2-pole machine.. The.
.number.given.to.each.phasor.corresponds.to.the.number.given.consecutively.to.each.stator.slot..In.order.
to.individuate.which.phasor.is.to.be.assigned.to.each.phase,.the.star.of.slots.is.divided.into.2m.equal.sec-
tors.(where.m.corresponds.to.the.number.of.phases)..Then,.according.to.which.sector.they.occupy,.the.
phasors.and.the.corresponding.coil.sides.are.assigned.to.the.various.phases.[40].

An.example.of.the.star.of.slots.of.a.12-slot.10-pole.motor.is.shown.in.Figure.6.28a..The.corresponding.
phase.coils.are.sketched.in.Figure.6.28b.

6.6.2 Computation of the Winding Factor

The.winding.factor.(of.the.main.harmonic,.i.e.,.of.order.ν.=.p).is.an.indirect.index.of.the.goodness.of.
the.winding,.since.it.results.to.be.proportional.to.the.torque.density..It.is.obtained.as.the.product.of.the.
distribution.factor.kd.times.the.pitch.factor.kp,.that.is,.kw.=.kdkp.

The.distribution.factor.kd.is.the.ratio.between.the.geometrical.and.the.arithmetic.sum.of.the.phasors.
of.the.same.phase..The.distribution.factor.depends.only.on.the.number.of.spokes.per.phase.qph.of.the.
star.of.slots,.given.by.qph.=.Q/(mt).
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The.distribution.factor.for.the.main.harmonic.(i.e.,.of.order.ν.=.p).can.be.expressed.as

.

k
q

q
q

k
q

d
ph ph

ph ph
ph

d
p

=
( )

=

sin ( / )( / )
( / ) / )

if is even

sin

2 2
2 2

α
αsin(

hh ph

ph ph
phq

q
( / )

/ )
if is odd

α
α

4
4

( )
sin( .

(6.27)

As.an.example,.referring.to.the.star.of.slots.of.the.winding.shown.in.Figure.6.27a,.it.is.qph.=.3.and.αph.=.
2π/9.so.that.kd.=.0.959..For.the.star.of.slots.of.the.winding.shown.in.Figure.6.27b,.it.is.qph.=.1.and.αph.=.2π/3.
so.that.kd.=.1.

The.pitch.factor.is.independent.of.the.star.of.slots.and.is.computed.from.the.coil.throw..The.coil.
throw.yq,.measured.in.number.of.slots,. is.approximated.by.yq.=.round{Q/(2p)},.with.the. lowest.value.
equal.to.unity..The.pitch.factor.of.the.main.harmonic.is.given.by

.
kp

w= sin σ
2 .

(6.28)

where.the.coil.span.angle.is.given.by.σw.=.(2πpyq)/Q.

4

6
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10(a)

+
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9 11

5 3

1
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9 11

5 3

17

(b)

+

FIGURE.6.28. Motor.with.Q.=.12,.2p.=.10:.thus.t.=.1.odd,.Q/t.=.12.even,.and.Q/(2t).=.6.even..(a).Star.of.slots.and.(b).coil.
distributions..(Adapted.from.Bianchi,.N..et al., Theory.and.design.of.fractional-slot.PM.machines,.Tutorial.Course.
Notes,.sponsored.by.the.IEEE-IAS.Electrical.Machines.Committee,.Presented at the IEEE IAS Annual Meeting,.
New.Orleans,.LA,.September.23,.2007.)
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6.6.3 transformation from Double- to Single-Layer Winding

The.single-layer.winding.with.nonoverlapped.coil.was.first.proposed.for.fault-tolerant.applications,.since.
it.allows.a.physical.separation.between.the.coils..Each.coil.is.wound.around.a.single.tooth.and.separated.
from.the.others.by.a.stator.tooth..An.example.is.shown.in.Figure.6.29a,.corresponding.to.the.SPM.motor.
shown.in.Figure.6.28b..Further.examples.of.single-layer.fractional-slot.windings.are.described.in.[41,42].

The.single-layer.winding.can.be.realized.by.a.transformation.from.a.double-layer.winding,.as.sketched.
in.Figure.6.29b,.referring.to.a.12-slot.10-pole.SPM.motor..Every.other.coil.of.the.double-layer.winding.
is.removed.and.reinserted.into.the.stator.according.to.the.position.of.the.coils.of.the.same.phase..The.
transformation.affects.the.star.of.slots.of.the.winding,.as.illustrated.in.Figure.6.28a.

There.are.some.geometrical.and.electrical.constraints.to.the.transformation.[40]..As.regards.the.geo-
metrical.constraints,

. 1.. The.number.of.slots.Q.must.be.even.

. 2.. The.slot.throw.yq.must.be.odd.(of.course,.this.constraint.is.inherently.satisfied.with.the.nonover-
lapped.coil.winding,.being.yq.=.1).

As.regards.the.electrical.constraints,

. 1.. If.Q/t.is.even,.the.transformation.is.always.possible..The.machine.exhibits.different.performance.
depending.on.whether.the.periodicity.t.is.even.or.odd.

. 2.. If.Q/t.is.odd,.the.transformation.is.possible.only.if.the.periodicity.t.is.even.

Table.6.4.summarizes.the.winding.features.according.to.Q.and.p..The.upper.part.refers.to..double-layer.
windings,.while.the.lower.part.refers.to.single-layer.windings..Table.6.4.highlights.the.harmonic.order.
(HO).of.the.armature.MMF.distribution..For.any.configuration,.the.lowest.order.of.the.MMF.harmonic.
is.the.machine.periodicity.t..In.particular,.there.are.no.MMF.subharmonics.when.the.periodicity.t.is.
equal.to.the.number.of.pole.pairs.p.(i.e.,.when.Q/p.=.m).

(a)

+

1

3(b) 4

2

+

++

FIGURE.6.29. Detail.of.single-layer.winding.with.nonoverlapped.coil.(a).and.the.transformation.from.double-.
to.single-layer.winding.(b)..(Modified.from.Bianchi,.N..et.al.,.Theory.and.design.of.fractional-slot.PM.machines,.
Tutorial. Course. Notes,. sponsored. by. the. IEEE-IAS. Electrical. Machines. Committee,. Presented at the IEEE IAS 
Annual Meeting,.New.Orleans,.LA,.September.23,.2007.)



6-26	 Power	Electronics	and	Motor	Drives

With.double-layer.winding.and.Q/t.even,.or.with.single-layer.windings.and.Q/(2t),.the.MMF.space.
harmonics.are.only.of.odd.order,.so.that.the.harmonic.order.can.be.expressed.as.(2n.−.1).times.t.[40,43]..
Conversely,.with.the.other.winding.combinations,.the.order.of.the.MMF.space.harmonics.is.both.
odd.and.even,.so.that.the.harmonic.orders.are.expressed.as.n.times.t..Finally,.when.the.double-layer.
winding.is.transformed.into.a.single-layer.winding.and.Q/t. is.odd.(the.transformation.is.possible.
only. if. t. is. even),. the. machine. periodicity. decreases. to. t/2.. Thus,. harmonics. of. lower. order. (i.e.,.
subharmonics).appear.

Table.6.4.also.shows.the.variation.of.the.distribution.factor.of.the.main.harmonic,.after.the.trans-
formation.from.a.double-.to.a.single-layer.winding..In.particular,.when.Q/(2t).is.even,.the.single-layer.
winding.can.exhibit.a.winding.factor.even.higher.than.that.of.the.corresponding.double-layer.winding.

Table.6.4.also.shows.that,.when.Q/t.is.even.with.a.double-layer.winding,.and.when.Q/(2t).is.even.with.
a.single-layer.winding,.there.is.no.coupling.among.the.phases.(i.e.,.M.=.0).

6.6.4 rotor Losses Caused by MMF Space Harmonics

The.space.harmonics.in.the.MMF.distribution,.particularly.high.in.fractional-slot.PM.motors.[31,35],.
move.asynchronously.with.the.rotor..Therefore,.they.induce.currents.in.all.rotor.conductive.parts,.pro-
ducing.rotor.losses..The.amount.of.rotor.losses.assumes.a.peculiar.importance.in.large.machines.where.
the.number.of.slots.and.poles.is.high,.such.as.in.wind.turbine.PM.generators,.PM.motors.in.direct.drive.
lift.applications,.and.so.on..Some.analytical.models.to.compute.the.rotor. losses. in.SPM.motors.have.
been.proposed.recently.[39,44,45]..Some.results.are.summarized.hereafter.[46].

Figure.6.30a.refers.to.machines.with.double-layer.windings..The.lower.rotor.losses.are.found.along.
the.line.of.the.integral-slot.configurations,.the.bold.line.of.Figure.6.30a,.where.the.number.of.slots.per.
pole.Q/2p.is.equal.to.the.number.of.phases.m.=.3..In.these.configurations,.there.are.only.harmonics.of.
odd.order.multiple.of.p,.with.decreasing.amplitude,.and.no.third.harmonics.and.subharmonics..Moving.

TABLE.6.4. Harmonic.Order.(HO),.Distribution.Factor.(kd),.and.Mutual.Inductance.(M).for.Different.
Combinations.of.Slots.(Q).and.Pole.Pairs.(p).in.an.m-Phase.Fractional-Slot.PM.Machine

Machine.Periodicity.t.=.GCD{Q,.p}

Feasibility:.Number.of.Spokes.per.Phase.Q/(mt).Integer

Q/t.even Q/t.odd

Double.layer Adjacent.phasors.are.odd.and.even.alternatively Superimposed.phasors.
odd.or.even.
alternatively

Superimposed.phasors.are.all.odd.or.all.even
HO:.(2n−1)t

HO:.nt
Mutual.inductance.M.=.0.when.yq.=.1 M.≠.0

Q/(2t).even Q/(2t).odd

Opposite.phasors.are.both.even.or.both.odd Opposite.phasors.are.one.
even.and.the.other.odd

Transformation.from.double-.to.single-layer.winding.(geometrical.constraints:.Q.even.and.yq.odd)

Single.layer (only.if.t.is.even)
kd.increases kd.unchanged kd.unchanged
HO:.(2n−1)t HO:.nt HO:.nt/2
M.=.0.remains.when.yq.=.1 M.≠.0 M.≠.0

Source:. Bianchi,.N..et.al.,.Theory.and.design.of.fractional-slot.PM.machines,.Tutorial.Course.Notes,.sponsored.by.
the. IEEE-IAS. Electrical. Machines. Committee,. Presented at the IEEE IAS Annual Meeting,. New. Orleans,. LA,.
September.23,.2007.

Note:. n.is.an.integer.
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along.all.directions.from.the.line.Q/2p.=.3,.the.rotor.losses.increase..This.is.highlighted.by.the.white.
arrows,.departing.from.the.white.point.drawn.on.the.line.(the.white.points.indicate.minimum.values)..
Although.the.rotor.losses.increase.when.moving.away.from.the.line,.the.increase.is.not.monotonic:.there.
are.some.local.minima..They.are.found.along.the.lines.characterized.by.Q/2p.≈.2.5.and.Q/2.=.1.5,.that.
is,.the.two.dashed.lines.in.Figure.6.30a..Along.these.lines,.white.points.are.used.to.highlight.the.local.
minima..Let.us.note.that.in.the.machines.with.Q/2p.=.1.5,.the.machine.periodicity.returns.to.be.t.=.p,.
so.that.there.are.no.MMF.subharmonics..Figure.6.30a.also.shows.the.border.line.Q =.2p..There.are.no.
local.minima.along.this.line..On.the.contrary,.the.rotor.losses.continue.to.increase.as.the.number.of.slots.
decreases.with.respect.to.the.number.of.poles,.as.indicated.by.the.white.arrow.crossing.the.line.Q/2p.=.1.

Figure.6.30b.refers. to.machines.with.single-layer.winding..The. lower.rotor. losses.are. found.again.
along.the.line.of.the.integral-slot.configurations,.the.bold.line.where.Q/2p.=.3..Of.course,.the.computed.
rotor.losses.are.the.same.as.those.computed.with.the.double-layer.winding..As.above,.along.all.direc-
tions.from.the.line.Q/2p.=.3,.the.rotor.losses.increase.(white.arrows.are.used.again)..These.losses.are.
generally.higher.than.those.computed.with.the.same.slot.and.pole.combinations.using.a.double-layer.
winding..Figure.6.30b.also.highlights.that.there.are.many.combinations.of.slots.and.poles.that.do.not.
yield.a.feasible.three-phase.winding..In.other.words,.the.transformation.from.double-.to.single-layer.
winding.is.not.feasible.[40]..Some.local.minima.are.found.along.the.line.Q/2p.=.1.5,.that.is,.the.dashed.
line.in.Figure.6.30b.(small.circles.are.drawn.in.the.map)..Finally,.only.with.single-layer.windings,.other.
rotor.losses.minima.are.around.the.line.Q.=.2p.(highlighted.using.small.circles.again)..Then,.the.rotor.
losses. continue. to. increase. as. the. number.of. slots.decreases.with. respect. to. the. number.of.poles,. as.
pointed.out.by.the.white.arrow.

6.7 Vector Control of PM Motors

For.achieving.high.performance.of.the.PM.synchronous.motors,.it.is.extremely.important.to.apply.appro-
priate.control.strategies..Thus,.a.current-regulated.PWM.inverter.is.commonly.used.to.control.the.cur-
rent.vector.of.the.PM.synchronous.motor..The.main.vector.control.strategies.are.summarized.hereafter.

The.voltage.equations.are.given.by.(6.16)..Neglecting.the.torque.ripple,.the.torque.is.approximated.by.
(6.19),.where.flux.linkages.are.expressed.as.in.(6.14)..It.is

.
τ Λ= + −3

2
p i L L i im q d q d q[ ( ) ]

.
(6.29)

The.first.term.represents.the.PM.torque.and.the.second.term.represents.the.reluctance.torque.
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FIGURE.6.30. Map.of.the.rotor.losses.with.double-layer.(a).and.single-layer.(b).windings..(Modified.from.Bianchi,.
N..et.al.,.Theory.and.design.of.fractional-slot.PM.machines,.Tutorial.Course.Notes,.sponsored.by.the.IEEE-IAS.
Electrical.Machines.Committee,.Presented at the IEEE IAS Annual Meeting,.New.Orleans,.LA,.September.23,.2007.)
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Figure.6.31.shows.the.key.characteristic.of.the.motor.as.a.function.of.the.current.vector.angle.αi
e,.

defined.in.Figure.6.17,.for.given.torque.and.speed..Normalized.parameters.are.used,.that.is,.unity.torque.
τpu.=.1.and.unity.speed.ωpu.=.1.are.fixed.

Since.the.parameter.variation.affects.the.control.performances,.the.d-.and.q-axis.inductances.have.
to.be.modeled.in.the.current.vector.control.algorithm.as.a.function.of.the.d-.and.q-axis.current.id.and.iq.
[47],.as.indicated.by.(6.17)..However,.in.the.following,.constant.parameters.are.considered.

6.7.1 Maximum torque-per-ampere Control

For.a.given.torque,.there.is.an.optimal.operating.point.in.which.the.current.is.minimum,.as.shown.in.
Figure.6.31a..Therefore,.a.maximum.torque-to-current.ratio.exists..When.such.a.ratio.is.maximized.for.
any.operating.condition,.the.maximum.torque-per-Ampere.(MTPA).control.is.achieved.[48].

The.torque-to-current.ratio.τ/i.is.maximized.with.respect.to.the.current.vector.angle.αi
e,.yielding

.
cos

( )
( )

αi
e m m d q

d q

L L i
L L i

=
− + − −

−
Λ Λ2 2 28

4 .
(6.30)

Therefore,.the.relation.between.d-.and.q-axis.currents.for.MTPA.condition.is.given.by
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Figure.6.32.shows.the.MTPA.trajectory.in.the.(id,.iq).plane..The.MTPA.trajectory.corresponds.to.the.
tangent.points.of.the.constant.torque.loci.and.the.constant.current.circles.(e.g.,.points.B1,.B2,.B3.in.Figure.
6.32)..When.the.current.limit.is.considered,.the.maximum.available.torque.is.obtained.by.the.MTPA.
control..The.characteristic.curves.are.shown.only.in.the.region.of.id.<.0.and.iq.>.0,.however.each.charac-
teristic.curves.are.symmetric.against.the.d-axis,.thus.the.current.vector.in.the.region.of.id.<.0.and.iq.<.0.
is.used.when.a.negative.torque.is.required.
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6.7.2 Flux-Weakening Control

By. increasing. the.current.vector.angle. αi
e,. the.flux. linkage.λ.decreases,. yielding. the.flux-weakening.

(FW).control.[49–51]..The.total.flux.linkage.λ.is.given.by

. λ = + +( ) ( )Λm d d q qL i L i2 2

. (6.32)

The.d-axis.flux.linkage.λd.can.be.adjusted.by.utilizing.the.field.due.to.negative.d-axis.current..This.
technique.allows.high.speed. to.be. reached..From.the.condition.by.which. the. inner.voltage.becomes.
equal.to.its.limit.value.VN,.the.following.equation.is.obtained:

.

2
2 2V L i L iN

m d d q qω






= + +( ) ( )Λ
.

(6.33)

In.the.(id,.iq).plane,.such.a.relationship.defines.a.family.of.voltage-limit.ellipses..Their.size.is.a.func-
tion.of.operating.electrical. speed.ω. and. their. center. is. located.at. the.point.F. (−Λm/Ld,. 0). shown. in.
Figure.6.33.

6.7.3 Maximum torque-per-Voltage Control

For.a.given.torque,.there.is.an.optimal.operating.point.minimizing.the.total.flux.linkage.λ,.as.shown.in.
Figure.6.31a..This.leads.to.the.maximum.torque-per-flux.(MTPF).control,.or,.in.other.words,.the.maxi-
mum.torque-per-voltage.(MTPV).control.[52]..For.a.given.flux.linkage.λ,.the.MTPV.control.is.achieved.
by.means.of.a.current.vector.given.as

.
i

Ld
m d

d
= − + ∆Λ Λ

.
(6.34)

.
i

Lq
d

q
=

− ∆λ Λ2 2

.
(6.35)
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FIGURE.6.32. Current.vector.trajectory.for.MTPA.control.
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where

.
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− + + −
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.
(6.36)

The.relation.between.d-.and.q-axis.currents. is. shown.as. the.MTPV.trajectory. in.Figure.6.33..The.
MTPV. trajectory. represents. the. tangent. points. of. constant. torque. loci. and. constant. flux. linkage.
ellipses.(points.P1,.P2,.P3.in.Figure.6.33)..When.the.maximum.voltage.VN.is.reached,.the.flux.linkage.λ.
is.decreased.along.the.MTPV.trajectory.with.the.increase.of.speed.because.λ.≈VN/ω..When.the.speed.
tends.to.infinity,.the.current.vector.tends.to.the.center.of.the.ellipses,.defined.by.id.=.−Λm/Ld.and.iq.=.0.

6.7.4 Maximum Efficiency Control

For.a.given.torque.and.speed,.the.minimum.copper.loss.PJ.corresponds.to.the.condition.of.MTPA,.while.
the.minimum.iron.loss.PFe.corresponds.to.the.condition.of.MTPV..Therefore,.the.total.loss.Ploss.=.PJ.+.PFe.
are.minimized.at.an.optimal.current.vector.angle.between.the.MTPA.condition.and.the.MTPF..condition,.
as.also.shown.in.Figure.6.31b,.leading.to.the.minimum.loss.(or.maximum.efficiency).control.[10].

6.7.5 Limit Operating regions

The. optimal. steady-state. current. vector. is. determined. under. both. voltage. and. current. constraints..
Neglecting.stator.resistance,.they.are.given.by

. i i i Id q N= + ≤2 2

. (6.37)

and

.
λ λ λ

ω
= + ≤d q

NV2 2

.
(6.38)

where.the.current.IN.is.the.maximum.available.current.of.the.inverter..The.voltage.limit.VN.is.a..maximum.
available.output.voltage.of.the.inverter,.according.to.the.given.dc.voltage.Vdc.
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FIGURE.6.33. Current.vector.trajectory.for.MTPV.control.
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Figure.6.34.shows.a.graphical.representation.of.the.control.strategies.presented.above,.in.the.(id,.iq).
plane..In.such.a.plane,.the.constant.current.loci.are.circles,.the.constant.flux.linkage.loci.are.ellipses,.and.
the.constant.torque.loci.are.hyperbolae..The.critical.conditions.are.respectively.shown.by.the.current-
limit.circle.and.the.voltage-limit.ellipse.in.the.(id,.iq).plane..The.current.vector.satisfying.both.constraints.
of.voltage.and.current.must.be.inside.of.both.the.current-limit.circle.and.the.voltage-limit.ellipse.

According. to. both. voltage. and. current. constraints,. the. optimum. current. vector. producing. the.
.maximum.torque.at.any.speed.is.given.as.follows.

Region I.(Constant torque region):.Below.the.base.speed.ωB,.the.maximum.torque.is.produced.by.the.
MTPA.control..The.current.vector.producing.maximum.torque.is.derived.from.(6.31).and.i.=.IN..This.
current.vector.corresponds.to.the.point.B.in.Figure.6.34..In.this.region,.i.=.IN,.ωλ<.VN,.and.V.reaches.its.
limited.value.at.the.base.speed.ωB.

Region II.(FW,.constant volt–ampere region):.Above.the.base.speed,.the.current.vector.is.controlled.
by.the.FW.control,.in.which.the.voltage.is.kept.fixed.to.ωλ.=.VN.by.utilizing.the.demagnetizing.d-axis.
armature. reaction..The.optimum.current.vector.producing. the.maximum.torque.at. speed.ω.>.ωB. is.
derived.from.(6.33).and.amplitude.i.=.IN.

This.current.vector.corresponds.to.the.intersecting.point.of.the.current-limit.circle.and.the..voltage-limit.
ellipse..The.current.vector.angle. αi

e .increases.as.the.speed.increases..The.d-axis.current.increases.toward.
negative.direction.and.the.q-axis.current.decreases..The.current.vector.trajectory.moves.along.the.cur-
rent-limit.circle.(bold.line.in.Figure.6.34a)..Assuming.that.Λm.>.LdIN,.the.FW.operation.continues.up.to.a.
maximum.speed.ωmax..The.minimum.d-axis.flux.linkage.is.achieved.when.id.reaches.−IN.and.iq.becomes.
zero.(point.F.in.Figure.6.34a),.so.that.Λdmin.=.Λm.−.LdIN..The.torque.and.power.become.zero,.and.the.
maximum.speed.results.in.ωmax.=.VN/Λdmin.

Region III. (FW,. decreasing volt–ampere region):. If. Λm. <. LdIN,. the. center. point. of. the. voltage-limit.
ellipse. is. located. inside. the.current-limit. circle,. as. shown. in.Figure.6.34b..The.current.vector. trajec-
tory.moves.along.the.current-limit.circle.up.to.the.speed.ωp,.corresponding.to.the.intersection.point.
P.between.the.current-limit.circle.and.the.MTPV.trajectory..Above.ωp,.the.optimum.current.vector.is.
achieved.applying.the.MTPV.control.

Figures.6.35.and.6.36.show.the.curves.of.torque,.power,.and.d-.and.q-axis.current.components.versus.
speed,.when.the.maximum.torque.control.is.applied,.constrained.by.voltage.and.current.limit,.that.is,.
v ≤	VN.and.i ≤	IN..Normalized.parameters.are.used..The.parameters.of.the.two.PM.synchronous.motors.
are.reported.in.Table.6.5.

Figure.6.35.refers.to.the.case.Λm.−.LdIN.>.0,.therefore.only.two.operating.regions.exist..Figure.6.36.
refers.to.the.case.Λm.−.LdIN.<.0..In.this.case,.three.operating.regions.exist.
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FIGURE.6.34. Selection.of.optimum.current.vector.for.producing.maximum.torque.in.consideration.of.voltage.
and.current.constraints..(a).Two.operating.regions.and.(b).three.operating.regions.
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6.7.6 Loss Minimization Control

The. optimal. current. vector. for. minimizing. the. total. loss. at. any. operating. condition. can. be. derived.
considering.both.copper.and.iron.losses..The.optimum.current.vector.is.a.function.of.both.torque.and.
speed.. Since. the. iron. loss. is. zero. at. standstill,. where. the. harmonic. losses. due. to. PWM. inverter. are.
neglected,. the.LM.trajectory.at.ω.=.0.corresponds.to. the.MTPA.trajectory.on.which.the.copper. loss.
is.minimized..The.LM.trajectory.moves.toward.negative.d-axis.current.as.the.speed.increases,.and.it.
reaches.the.MTPV.trajectory.at.infinity.speed.
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The.optimal.current.vector.trajectories.at.constant.speeds.are.shown.in.Figure.6.37..When.the.torque.
is.fixed,.the.optimal.operating.point.moves.along.the.constant.torque.locus.as.the.speed.increases.(e.g.,.
points.L1,.L2,.L3,.L4,.L5.in.Figure.6.37)..In.practice,.the.optimal.d-axis.and.q-axis.currents.are..numerically.
calculated.or.searched.experimentally,.and.then.they.are.stored.in.a.look-up.table.or..modeled.by.proper.
functions.

6.8 Fault-tolerant PM Motors

The. fault-tolerant. capability. of. electrical. motor. drives. is. an. essential. feature. in. applications. such. as.
automotive,.aeronautic.[53],.and.many.others..Even.though.less.stringent,.fault.tolerance.is.a.positively.
acknowledged.feature.also.in.the.industrial.environment,.due.to.the.related.productivity.enhancement..
A.fault-tolerant.motor.is.a.motor.able.to.sustain.a.fault.without.destroying.itself.and.without.propagat-
ing.the.fault.

Some.examples.are.given.in.the.following.

6.8.1 Short-Circuit Fault

In.the.event.of.a.three-phase.short-circuit,.νd.=.νq.=.0..The.id.and.iq.currents.are.computed.from.(6.16)..In.
the.following.example,.the.parameters.of.IPM.motor.labeled.IPM#1.reported.in.Table.6.5.are.considered.

Figure.6.38.shows.the.id.and.iq.currents.in.the.(id,.iq).plane.[77]..The.dashed.line.represents.the.ellipse.
trajectory.described.by.the.currents.when.the.stator.resistance.is.zero..The.solid.line.refers.to.the.case.with.a.

TABLE.6.5. IPM.Motor.Parameters.(p.u..Value)

IPM#1 IPM#2

PM.flux.linkage Λm.=.0.6 Λm.=.0.15
q-Axis.inductance Lq.=.0.933 Lq.=.0.824
d-Axis.inductance Ld.=.0.155 Ld.=.0.206
Saliency.ratio ξ.=.6 ξ.=.4
Resistance R.=.0.02 R.=.0.05
Nominal.current IN.=.1.11 IN.=.1.632
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FIGURE.6.37. Current.vector.trajectory.for.loss.minimization.control.
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resistance.different.from.zero..The.currents.move.from.their.initial.value.Id0.and.Iq0.given.by.the.operat-
ing.point.before.the.fault.(and.highlighted.by.the.circle.in.Figure.6.38).toward.the.steady-state.short-
circuit.value,.defined.by

.
I

L
R L Ld shc

q m

d q
, = −

+
ω

ω

2
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Λ

.
(6.39)

and

.
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d q
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ω
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2 2
.

(6.40)

It.corresponds.to.Id,shc.=.−3.85.p.u..and.Iq,shc.=.−0.083.p.u..in.Figure.6.38,.resulting.about.3.5.times.the.
nominal.current..It.reduces.to.Id,shc.=.−Λm/Ld.and.Iq,shc.=.0.neglecting.the.resistance.R.

The.minimum.d-axis.current.represents. the.negative.current.peak.that.may.demagnetize. the.PM..
Neglecting.the.stator.resistance,.it.is.computed.as
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(6.41)

In. the. reported. example,. it. is. Id,min. =. −10. p.u.. Its. amplitude. is. more. than. nine. times. the. nominal.
.current, that.is,.higher.than.2.5.times.Id,shc.=.−Λm/Ld..Assuming.the.nominal.amplitude.of.the.initial.
.current,.the.worst.case.is.with.q-axis.current.only,.that.is,.Iq0.=.IN.and.then.Id0.=.0..In.this.case,.the.ideal.
ellipse.exhibits.the.largest.area,.and.the.minimum.d-axis.current.becomes

.
I

L I
Ld min

m m q N

d
, =

− − +Λ Λ2 2( )

.
(6.42)

reaching.Id,min.=.11.58.p.u..in.the.considered.example..If.the.PM.flux.linkage.is.higher.than.the.initial.
q-axis.flux. linkage,. that. is,.Λm.>>.LqIN,. then.the.minimum.d-axis.current.can.be.approximated.as.
Id,min.≈.−2Λm/Ld..Conversely,.in.the.case.of.a.reluctance.motor,.where.Λm.=.0,.the.minimum.d-axis.
current.becomes.Id,min.=.−ξIN.

The.analysis.of.the.steady-state.braking.torque.is.carried.out.in.the.synchronous.d–q.reference.frame..
The.voltage.equations.are.expressed.by.(6.16).without.derivatives.and.with.vd.=.vq.=.0..The.steady-state.
braking.torque.[54].results.in

.
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FIGURE.6.38. Short-circuit.current.trajectory.in.the.(id ,.iq).plane,.at.ω.=.1..(Adapted.from.Bianchi,.N..et.al.,.IEEE 
Trans. Veh. Technol.,.55(4),.1102,.2006.)
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and.the.short-circuit.current.amplitude.is.obtained.by.(6.39).and.(6.40),.resulting.in

.
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R L Lshc
q m m

d q
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( ) ( )ω ω
ω

2 2 2
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Λ Λ

.
(6.44)

The.short-circuit.current.always.increases.with.the.speed.ω,.approaching.Λm/Ld..A.typical.behav-
ior.of.the.braking.torque.(negative.with.the.motoring.convention).and.the.short-circuit.current.are.
shown.in.Figure.6.39.as.a.function.of.the.motor.speed..The.maximum.amplitude.of.Tbrk.is.computed.
by.equating.the.derivative.of.(6.43),.with.respect.to.the.speed.ω,.to.zero..The.maximum.braking.torque.
results.in

.
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(6.45)

and.it.occurs.at.the.speed

.
ω χ* = R

Lq .
(6.46)

where.the.function.f(ξ).is
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FIGURE. 6.39. Short-circuit. current. and. braking. torque. versus. speed.. (Adapted. from. Bianchi,. N.. et. al.,. IEEE 
Trans. Veh. Technol.,.45(4),.1102,.2006.)
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with
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It.is.worth.noticing.that.f(ξ).in.(6.47).is.a.function.of.the.saliency.ratio.ξ.=.Lq/Ld.only..Its.behavior.is.
reported.in.Figure.6.40..In.the.range.between.ξ.=.2.and.ξ.=.6,.such.a.function.can.be.approximated.by.
the.straight.line.f(ξ).≈.ξ.−.1,.that.is,.shown.in.the.same.Figure.6.40.by.a.dashed.line.

6.8.2 Decoupling between the Phases

In.designing.fault-tolerant.PM.motors,.it.is.imperative.to.consider.that.any.fault.does.not.propagate.from.
a.faulty.phase.to.the.other.healthy.phases..Then,.a.complete.decoupling.among.the.phases.is..proposed.
[34],.including

•. An.electrical.isolation.between.phases,.for.example,.adopting.a.full-bridge.converter
•. A.physical.separation.between.phases,.for.example,.adopting.motors.with.fractional-slot.winding.

and.nonoverlapped.coils
•. A.magnetic.decoupling,.for.example,.adopting.fractional-slot.motors.with.a.proper.combination.

of.slots.Q.and.pole.pairs.p
•. A.thermal.decoupling,.by.means.of.modular.solutions,.for.example,.adopting.single-layer.windings

6.8.3 Multiphase Motor Drives

In.multiphase.motor.drives,.the.electric.power.is.divided.into.more.inverter.legs,.reducing.the.current.
of.each.switch.[55,56]..In.the.event.of.failure.of.one.phase,.the.remaining.healthy.phases.let.the.motor.to.
operate.properly..Current.control.strategies.are.proposed.so.as.to.achieve.high.and.smooth.torque.even.
without.one.or.more.phases.[57,58].

Among.the.others,.the.two.more.attractive.solutions.seem.to.be

•. Five-phase.PM.motor.drive
•. Double.three-phase.PM.motor.drive

A.five-phase.PM.motor.can.be.designed.to.reduce.the.fault.occurrence,.as.well.as.to.operate.indefinitely.
in.the.presence.of. fault.[59]..Proper.current.control.strategies.have.been.proposed.to. face.the.post-fault.
.situation,.with.a.minimum.impact.of.the.fault.on.torque.ripple,.noise.[60–62],.and.losses.[63]..Two.five-
phase.stators.with.double-layer.and.single-layer.winding,.respectively,.and.unity.coil.throw.are.shown.in.
Figure.6.41.[78].
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FIGURE.6.40. The.function.f(ξ),.given.in.(6.47),.and.its.approximating.straight.line..(Adapted.from.Bianchi,.N..
et.al.,.IEEE Trans. Veh. Technol.,.55(4),.1102,.2006.)
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The.alternative.to.the.five-phase.motor.is.represented.by.the.dual.three-phase.motor..Such.a.motor.
includes.two.identical.three-phase.windings.that.are.supplied.in.parallel.by.two.inverters..In.the.event.
of.a.fault.of.one.phase,.one.inverter.is.switched.off.and.the.healthy.three-phase.winding.is.supplied.by.
means.of.the.other.inverter,.so.that.the.motor.continues.to.operate,.even.though.with.reduced.power..
The.advantage.of.such.a.solution.is.that.only.standard.components.are.used,.so.that.the.resulting.fault-
tolerant.motor.drive.results.to.be.cheaper.

6.9 Sensorless rotor Position Detection

Among.the.different.techniques.for.sensorless.rotor.position.detection.of.PM.synchronous.motors,.the.
technique.described.hereafter.is.based.on.the.high-frequency.voltage.signal.injection..Such.a.technique.
is.strictly.bound.to.the.rotor.geometry,.requiring.a.synchronous.PM.motor.with.anisotropic.rotor,.for.
example,.an.IPM.motor.as.in.Figure.6.1c.or.an.inset.motor.as.in.Figure.6.1b.The.rotor.position.is.detected.
even.at.low.and.zero.speed,.by.elaborating.the.response.of.the.synchronous.PM.machine.to.the.high-
frequency.signal.[64,65].

When.the.high-frequency.stator.voltage.is.added.to.the.fundamental.voltage,.the.corresponding.high-
frequency.stator.current.is.affected.by.the.rotor.saliency.[66,67].and.information.of.the.rotor.position.
is.extracted.from.current.measurement.[68,69]..The.two.main.techniques.used.to.detect.the.PM.rotor.
position.by.means.of.high-frequency.signal.injection,.are.briefly.summarized.hereafter.

Let.Lqh. and.Ldh.be. the. incremental. inductances. (also.called.dynamic.or.differential. inductances),.
corresponding.to.the.actual.operating.point.
Then

.
L L L L L L

avg
qh dh

dif
qh dh= + = −

2 2
and

.
(6.49)

are.the.average.and.difference.inductances.of.the.high-frequency.motor.model..The.accuracy.of.the.rotor.
position.detection.depends.on.the.rotor.position.and.it.is.strongly.affected.by.saturation.and.magnetic.
cross-coupling.between.d-.and.q-axis.[25,70,71]..The.precise.magnetic.model,.described.by.(6.17),.must.
be.used.

FIGURE.6.41. A.5-phase.20-slot.stator.with.double-layer.winding.(on.left-hand.side).and.single-layer.winding.
(on.right-hand.side)..(Adapted.from.Bianchi,.N..et.al.,.IEEE Trans. Ind. Appl.,.43(4),.960,.2007.)
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6.9.1 Pulsating Voltage Vector technique

A.pulsating.voltage.vector.is.superimposed.along.the.estimated.d-axis.at.a.constant.carrier.frequency.
ωh..In.the.estimated.synchronous.reference.frame.d̃.−.q̃ ,.such.a.voltage.vector.is.given.by

.

dh h h

qh

v V t

v

�

�

=

=

cos( )ω

0 .
(6.50)

where.the.superscript.~.means.that.the.vector.is.in.the.estimated.reference.frame..The.corresponding.
high-frequency.current.components.can.be.expressed.as

.

dh
h

h dh qh
avg dif err

e
h

qh
h

h d

i
V
L L

L L t

i
V
L

�

�

= + 

=

ω
ϑ ω

ω

cos( ) sin( )2

hh qh
dif err

e
hL

L tsin( ) sin( )2ϑ ω 
.

(6.51)

where.a.rotor.speed. ωm
e = 0 .is.fixed.for.the.sake.of.simplicity..In.(6.51),. ϑerr

e .is.the.electrical.angle.error.
between.the.estimated.d̃.−.q̃ .and.the.actual.d–q.synchronous.reference.frame.

Equation.6.51.shows.that.high-frequency.component.of.q-axis.current.in.the.estimated.rotor.refer-
ence.frame.becomes.zero.when.the.rotor.position.angle.error.is.zero..Thus,.only.q-axis.component.could.
be.processed.using.a.low-pass.filter.(LPF),.obtaining.the.rotor.position.estimation.error.signal. ε ϑ( )err

e .as

.

ε ϑ ω

ω
ϑ

( ) sin( )

sin( )

err
e

qh h

h

h

dif

dh qh
err
e

i t

V L
L L

=  

=

LPF �

2
2

.
(6.52)

It. can. be. noted. that. the. error. signal. is. proportional. to. the. sine. function. of. twice. the. rotor. position.
.estimation.error..In.addition,.the.signal.is.proportional.to.the.difference.inductance.Ldif.

6.9.2 rotating Voltage Vector technique

Alternatively,.a.voltage.vector.rotating.at.a.constant.carrier.frequency.ωh.is.superimposed.to.the.funda-
mental.voltage..In.the.stationary.reference.frame.α−β,.such.a.voltage.vector.is.given.by

. vαβ
ω

h h
j tV e h= . . (6.53)

Neglecting.the.stator.resistance,.the.corresponding.high-frequency.current.vector.is.given.by

.
iαβ

αβ αβ

ωh
avg h dif

j
h

h dh qh

L L e
j L L

m
e

=
−

,
v v2ϑ *

.
(6.54)

where
superscript.*.means.the.complex.conjugate
ϑm

e.is.the.rotor.position.angle.in.electrical.radians

In.order.to.achieve.a.signal.related.to.the.rotor.position.angle,.the.current.vector.(6.54).is.first.multiplied.
by.e−jωht.and.the.result.is.processed.by.means.of.a.high-pass.filter.(HPF),.as.in.a.heterodyning.scheme.[72],.
yielding
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.
HPF iαβ

ω ω

ωh
j t h

h

dif

dh qh

j te j V L
L L

eh m
e

h− −  = 2( )ϑ

.
(6.55)

Let.�ϑm
e .be.the.estimated.rotor.position.angle,.the.signal.(6.55).is.multiplied.by.e j th m

e2(ω − �ϑ )..Then,.the.rotor.
position.estimation.error.signal.ε.corresponds.to.the.real.part.of.such.a.product,.which.is

.
ε = − −V L

L L
h

h

dif

dh qh
m
e

m
e

ω
ϑ ϑsin[2 )].( �

.
(6.56)

Also.in.this.case,.the.information.of.the.rotor.position.strongly.depends.on.the.difference.inductance.
Ldif,.so.that.the.error.signal.disappears.when.Ldh.=.Lqh.

6.9.3 Prediction of Sensorless Capability of PM Motors

An.accurate.magnetic.model.of.the.motor.is.mandatory.to.predict.the.capability.of.the.motor.for.the.
sensorless.rotor.position.detection..The.magnetic.model.to.predict.the.error.signal.ε( )ϑerr

e .is.achieved.by.
a.set.of.finite.element.simulations.carried.out.so.as.to.compute.the.d-.and.q-axis.flux.linkages.as.func-
tions.of.the.d-.and.q-axis.currents.[73]..Then,.for.a.given.operating.point.(defined.by.the.fundamental.
d-.and.q-axis.currents),.a.small-signal.model.is.built,.defined.by.the.incremental.inductances:

.

L
i
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i
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dd
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d
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d

q

qd
q

d
qq

q

q

=
∂

= ∂
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=
∂
∂

=
∂
∂

∂λ λ

λ λ

.

(6.57)

considering.both.saturation.and.cross-coupling.effect.
When.a.high-frequency.voltage.vector.is.injected.along.the.direction.αv

e .(i.e.,.the.d-.and.q-axis.volt-
age.components.are.Vh.cos.αv

e .and.Vh.sin.αv
e ,.respectively),.the.small-signal.model.described.by.(6.57).

allows. to.compute. the.amplitude.and. the.angle.of. current.vector. [79]..The.phasor.diagram. is. shown.
in.Figure 6.42,. including.both.fundamental.components.(V‒0.and.Ī0).and.high-frequency.components.
(V‒h. and. Īh)..Such.a.study. is. repeated,.varying. the.voltage.vector.angle. αv

e ,. so.as. to.estimate. the.rotor.
position.error.signal.ε..Let.Imax.and.Imin.be.the.maximum.and.minimum.of.the.high-frequency.current.

Vh αe
v

q

d

αe
i

V0
I0

Ih

FIGURE.6.42. Phasor.diagram.with.steady-state.and.high-frequency.components.. (Modified.from.Bianchi,.N..
and.Bolognani,.S.,.IEEE Trans. Ind. Appl.,.45(4),.1249,.2009.)
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(computed. with. the. various. voltage. vector. angles.αv
e ),. respectively,. and. αImax

e . the. angle. where. Imax. is.
found.(defined.with.respect.to.the.d-axis)..Then,.the.rotor.position.estimation.error.signal.is.computed.as

.
ε α α α( ) sin ( ).v

e
st

max min
v
e

Imax
ek I I= − −

2
2

.
(6.58)

where
αv

e .can.be.considered.as.the.injection.angle
( )α αv

e
Imax
e− .can.be.considered.as.the.error.signal.angle.ϑerr

e

Then,.αImax
e .corresponds.to.the.angular.displacement.due.to.the.d–q.axis.cross-coupling.
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FIGURE.6.43. Rotor.position.error.ϑerr
e .and.estimation.error.signal.ε.with.pulsating.voltage.injection.and.inset.

PM.motor.(experimental.test.and.prediction)..(a).Test.at.low.q-axis.current,.(b).test.at.high.q-axis.current,
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FIGURE.6.43.(continued). (c).prediction.at.low.q-axis.current,.and.(d).prediction.at.high.q-axis.current.
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variation.and.(b).angle.distortion..(Modified..from.Bianchi,.N..and.Bolignani,.S.,.IEEE Trans. Ind. Appl.,.45(4),.
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Figure. 6.43. compares. experimental. and. predicted. results,. referring. to. the. inset. motor. shown. in.
Figure.6.1b,.whose. rated.current. is. Î.=.2.5.A..The.pulsating.voltage.vector. technique.has.been.used,.
adopting.a.high-frequency.voltage.with.amplitude.Vh.=.50.V,.frequency.fc.=.500.Hz,.and.a.motor.speed.
n.=.0.rpm.[74]..There. is.an.appreciable.agreement. in.both.part.and. full. load..The.satisfactory.match.
between.predictions.and.measurements.confirms.that.a.PM.machine.model.can.be.profitably.used.to.
predict.the.sensorless.capability.of.the.motor.

Similar.results.are.found.using.an.IPM.motor..However,.although.the.waveform.of.the.estimation.
error.signal.ε( )ϑerr

e .is.correctly.predicted,.its.amplitude.is.generally.lower.than.the.measured.one..This.
is.mainly.due.to.the.saturation.of.the.rotor.bridges,.which.has.a.strong.impact.on.the.d-axis.inductance,.
especially.with.low.PM.volume.

6.9.4 Contour Map of rotor Position Error angle Signal

From.the.computation.presented.above,.it.is.possible.to.draw.the.contour.map.of.rotor.position.error.
signal..Referring.to.the.inset.motor.tested.in.Figure.6.43,.Figure.6.44a.shows.the.map.of.the.signal.ΔI%,.
defined.as

. ∆ = −
+

I% I I
I I
max min

max min
100 .

(6.59)

in.the.(id,.iq).plane..The.signal.ΔI%.remains.in.the.whole.current-limit.region.(about.two.times.the.nomi-
nal.current),.bordered.by.the.dotted.circle..The.minimum.current.variation.remains.higher.than.10%..
Dashed.line.highlights.the.locus.where.Ldh.=.Lqh,.that.is,.Ldif.=.0..Figure.6.44b.shows.the.map.of.the.angle.
of.the.maximum.current.with.respect.to.the.d-axis..Such.an.angle.corresponds.to.the.angular.distortion.
caused.by.the.cross-coupling.effect.[75]..The.dashed.line.refers.to.an.error.in.the.rotor.position.estima-
tion.angle.of.45.electrical.degrees.
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7.1 Introduction

Switched-reluctance.machines.(SRM).have.resurfaced.in.the.field.of.adjustable.speed.motor.drives.over.
the.past.three.decades..This.has.been.mainly.contributed.to.enabling.technologies.and.devices.offered.by.
power.electronics,.the.semiconductor.industry,.and.cost-effective.microprocessors..Being.complemented.
by.a.rugged.structure.(see.Figure.7.1).suitable.for.harsh.environmental.conditions.and.high-speed.appli-
cations,.a.brushless.structure.that.requires.minimum.maintenance,.and.a.wide.constant.power.region.at.
an.affordable.cost.has.turned.SRM.into.a.prime.candidate.for.niche.industrial.and.domestic.applications..
Considering.the.renewed.attention.to.renewable.energy.harvesting.and.advanced.electric.propulsion.of.
automobiles,.SRM.drives.are.expected.to.attract.more.attention. in.years. to.come.[1]..This.chapter.will.
provide.the.reader.with.a.brief.historical.background,.fundamental.elements.of.operation,.and.state-of-the.
art.in.control.

7.2 Historical Background

SRM.enjoys.a.very.long.history..Elementary.versions.of.the.SRM.have.existed.since.the.early.1800s..The.
origins.of.the.reluctance.machine.can.be.found.in.the.horseshoe.electromagnet.developed.by.William.
Sturgeon.in.1824.seen.in.Figure.7.2,.as.well.as.in.an.improved.version.of.the.horseshoe.electromagnet.
developed.by.Joseph.Henry..The.improved.version.of.the.horseshoe.electromagnet.was.an.attempt.to.
convert.the.single.movement.device.into.an.actuator.with.a.continuous.oscillating.motion.device.

Many. of. the. early. motor. designs. were. of. the. reluctance. motor. type.and. were. strongly. influenced.
by.the.steam.engines.developed.during.the.same.time.period..Some.of.the.more.interesting.machines.
of.that.period,.which.closely.relate.to.the.modern.SRM,.are.those.invented.by.Taylor.and.Davidson.in.
1935. (see. Figure. 7.3),. and. those. for. Charles. Wheatstone. developed. by. William. Henely. around. 1842.
(see.Figure.7.4)..These.electromechanical.converters.operated.based.on.the.sequential.energizing.of.the.
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FIGURE.7.1. Rotor.and.stator.stack.of.an.8/6.SRM.
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FIGURE.7.2. Horseshoe.electromagnet.proposed.by.William.Sturgeon..(Courtesy.of.T..J..E..Miller.)
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FIGURE.7.3. Machines.developed.by.Taylor.and.Davidson..(Courtesy.T..J..E..Miller.)
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spatially.separated.coils..However,.the.problem.of.de-energizing.the.inductors.remained.an.unsolved.
challenge..Early.attempts.at.using.mechanical.switches.resulted.in.arcing.and.sparking,.which.turned.
reluctance.machines.into.an.entertainment.attraction.

With.the.advent.of.ac.and.dc.machinery.during.the.later.1800s,.the.SRM.took.a.backseat,.living.on.in.
only.very.specialized.applications.such.as.vibration.devices.like.electric.bells.and.some.instrumentation.
mechanisms.

Decades.later,.with.the.success.of.the.power.electronics.and.microprocessor-based.control,.efficient.
solutions.for.the.early.challenge.of.de-magnetization.of.the.excited.stator.poles.were.invented..This.
gave.rise.to.a.new.generation.of.the.research,.development,.and.commercialization.of.the.SRM.tech-
nology.into.industrial.and.domestic.drives.and.actuators..The.simplicity.of.the.control.in.SRM.drives,.
as.compared.to.the.ac.counterparts.such.as.induction.and.permanent.magnet.synchronous.machines,.
was.an.added.benefit.in.the.new.age.of.electronically.controlled.adjustable.speed.motor.drives.

In.recent.years,. the.development.of.cost-effective.digital.signal.controllers.with.comprehensive.set.
of. peripheral. devices. such. as. high. resolution. and. ultrafast. analog-to-digital. converters,. pulse. width.
modulation.(PWM).hardware.on-the-chip.and.multiple. timer.configuration.along.with.embedded.
current.and.voltage.sensors,.gate.driver,.and.coupling.circuits.in.semiconductor.devices.at.an.afford-
able.cost.has.opened.new.opportunities.for.employment.of.SRM.drives.in.high.impact.applications..
These.enabling.technologies.have.changed.the.paradigm.of.the.conventional.design,.where.existence.of.
a.sinusoidal.rotating.field.would.have.been.considered.as.a.necessity..To.the.contrary,.non-sinusoidal,.
stepwise.magneto-motive.fields.of.SRM.are.no.longer.viewed.as.a.handicap,.and.as.a.result.SRM.can.
compete.with.induction.and.permanent.magnet.synchronous.machines.on.an.equal.footing,.where.the.
focus.is.on.the.performance.and.not.conventional.design.practices.

7.3 Fundamentals of Operation

As. a. singly. excited. synchronous. machine,. SRM. generates. its. electromagnetic. torque. solely. on. the.
principle.of.reluctance..In.most.electric.machines,.an.attraction.and.repletion.force.between.the.mag-
netic.fields.caused.by.the.armature.and.field.windings.forms.the.dominant.part.of.the.torque..In.a.SRM,.
the.tendency.of.a.polarized.rotor.pole.to.align.with.an.excited.stator.pole.is.the.only.source.of.torque..It.
must.be.noted.that.optimal.performance.is.achieved.by.proper.positioning.of.the.stator.winding.excita-
tion.with.respect.to.the.magnetic.status.of.the.machine..The.magnetic.status.of.the.machine.can.be.fully.
defined.by.the.flux.linkages.in.each.phase,.the.slope.of.the.flux.linkages.with.respect.to.time,.and.their.
respective.currents..Therefore,.the.sensing.of.the.magnetic.status.of.the.machine.becomes.an.integral.
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part.of.the.control.in.a.SRM.drive..Due.to.the.existence.of.a.one-to-one.correspondence.between.mag-
netic.flux.in.stator.poles.and.the.position.of.the.rotor.for.any.given.current,.sensing.of.the.position.using.
external.sensors.has.been.the.practiced.method.in.most.developments.

Unlike.most.ac.electric.machines,.in.which.the.rotating.magneto-motive.force.of.the.stator.portrays.
a.constant.magnitude.field.with.a.constant.angular.velocity,.the.magnetic.field.of.the.stator.windings.in.
SRM.exhibits.an.impulsive.behavior,.similar.to.that.of.a.pair.of.electrodes.forming.a.capacitor.that.are.
periodically.charged.to.a.maximum.level.and.then.suddenly.discharged.through.an.arc..In.fact,.once.a.
stator.phase.is.charged.with.a.pulse.of.current,.its.stored.magnetic.energy.will.rise,.and.eventually.at.the.
instant.of.commutation,.all.the.stored.magnetic.energy.is.quickly.removed.and.fed.back.to.the.source..
At. this. very. moment,. the. next. stator. phase. will. be. excited. resulting. in. a. frog-leap. of. the. magneto-
motive.force.from.one.location.in.the.air.gap.to.another..While.the.resultant.rotating.field.will.rotate.
at.the.synchronous.frequency,.the.transition.from.one.phase.to.another.phase.will.occur.within.a.few.
microseconds..Therefore,.one.can.imagine.that.the.rotating.field.in.a.SRM.is.not.sinusoidal.(neither.with.
respect.to.time.nor.with.respect.to.displacement)..In.fact,.due.to.quick.transitions.of.the.magnetic.field,.
attempts.to.use.the.fundamental.components.of.the.magnetic.field.are.often.inaccurate.and.inefficient.

A.unipolar.power.inverter.is.usually.used.to.supply.the.SRM..The.generation.of.the.targeted.current.
profile.is.performed.using.a.hysteresis.or.PWM.type.current.controller..Although.a.square-shaped.cur-
rent.pulse.is.commonly.used.for.excitation.in.a.SRM,.different.optimal.current.profiles.are.sometimes.
used.to.mitigate.the.undesirable.effects.of.excessive.torque.undulation.and.audible.noise.[2]..In.fact,.SRM.
drives.serve.as.an.outstanding.example.of.advanced.motor.drive.systems.where.the.focus.is.not.on.the.
complicated.geometries.of.the.motor..Rather,.development.of.a.sophisticated.control.algorithm.and.its.
implementation.using.a.power.electronic.converter.is.the.focus..The.development.of.control.algorithms.
is.facilitated.by.the.recent.development.of.high-performance,.cost-effective.DSP-based.controllers.

SRMs.operate.on.the.principle.of.reluctance.torque..To.best.facilitate.the.explanation.of.how.the.SRM.
works,.it.is.necessary.to.look.at.a.more.basic.structure,.namely.a.simple.variable.reluctance.machine..
Figure.7.5.shows.a.simple.C-core.with.a.single.winding.and.a.two-pole.salient.rotor.

If.the.coil.is.excited,.then.according.to.the.Ampere’s.law.(i.e.,.right.hand.rule),.flux.flows.in.the.direc-
tion.shown.by.the.arrows..Subsequently,.the.stator.and.rotor.pole.faces.will.become.magnetically.polar-
ized..Opposite.magnetic.poles.will.attract.each.other,.with.the.tendency.to.bring.them.into.alignment.as.
much.as.is.possible,.in.an.effort.to.minimize.the.reluctance.of.the.system..Thus,.in.order.to.achieve.this.
alignment,.tangential/normal.forces.are.created.on.the.faces/corners.of.the.stator.and.rotor.poles..In.fact.
it.is.the.normal.forces.acting.on.the.side.of.the.rotor.poles.that.create.the.majority.of.the.motional.forces..
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FIGURE.7.5. Simple.variable.reluctance.machine.with.rotor.at.45°.
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Electromagnetic.torque.will.be.produced.due.to.these.motional.forces..Since.the.torque.is.a.product.of.
the.system.trying.to.reach.a.state.of.minimum.reluctance,.as.well.as.the.fact.that.the.torque.only.arises.
due.to.the.excitation.source.and.not.from.coils.or.magnets.on.the.rotor,.it.is.termed.reluctance.torque.

Figure. 7.6. shows. the. system. after. it. has. reached. the. aligned. position.. This. is. one. of. two. equilib-
rium.points..The.first.equilibrium.point.is.obtained.at.the.unaligned.position,.and.is.unstable..Without.
any.disturbance,.the.rotor.will.remain.at.this.point;.however.disturbance.of.this.point.away.from.the.
unaligned.position.will.result.in.the.rotor.moving.to.the.aligned.position..The.aligned.position.is.a.stable.
equilibrium. since. any. disturbance. of. the. rotor. from. this. position. will. result. in. the. rotor. eventually.
returning.to.the.aligned.position.

A. SRM,. ideally,. is. a. modular. combination. of. several. variable. reluctance. machines. that. are. mag-
netically. linked. and. are. highly. dependent. on. complex. switching. algorithms. and. knowledge. of. the.
magnetic.status.in.SRM..SRMs.can.operate.as.either.a.motor.or.a.generator.[6–9]..In.order.to.obtain.
motoring.action,.a.stator.phase.is.excited.when.the.rotor.is.moving.from.the.unaligned.position.toward.
the.aligned.position..Similarly,.by.exciting.a.stator.phase.when.the.rotor.is.moving.away.from.aligned.
toward.unaligned.position,.a.generating.action.will.be.achieved..By.the.sequential.excitation.of.the.sta-
tor.phases,.a.continuous.rotation.can.be.achieved..Figure.7.7.illustrates.the.distribution.of.the.magnetic.
field.during.commutations.in.an.8/6.SRM.drive..Notably,.the.direction.of.the.rotation.is.opposite.to.that.
of.the.stator.excitation..A.short.flux.path.in.the.back-iron.of.the.motor.occurs.in.each.electrical.cycle..
This,.in.turn,.may.cause.asymmetry.in.the.torque.production.process.

The.proper.synchronization.of.the.stator.excitation.with.the.rotor.position.is.a.key.step.in.the.devel-
opment.of.an.optimal.control.strategy.in.SRM.drives..Because.the.magnetic.characteristics.of.the.SRM,.
such.as.phase. inductance.or.phase.flux. linkage,.portray.a.one-to-one.correspondence.with. the.rotor.
position,.they.may.be.directly.used.for.control.purposes..In.either.case,.direct.or.indirect.detection.of.
the.rotor.position.forms.an.integral.part.of.the.control.in.the.SRM.drives.

The.asymmetric.bridge.shown.in.Figure.7.8.is.the.most.commonly.used.power.electronics.inverter.
for.a.SRM.drive..This.topology.features.a.unipolar.architecture.that.allows.for.satisfactory.operation.
in.SRM.drives..If.both.switches.are.closed,.the.available.dc.link.voltage.is.applied.to.the.winding..By.
opening.the.switches,.the.negative.dc.link.voltage.will.be.applied.to.the.winding,.and.freewheeling.
diodes.guarantee.a. continuous.current. in. the.windings..Obviously,.by.keeping.one.of. the. switches.
closed.while. the.other.one.is.open,. the.respective.freewheeling.diode.will.provide.a.short-circuited.
path.for.the.current..This.topology.can.be.used.effectively.to. implement.PWM-based.or.hysteresis-
based. current. regulation. as. demanded. by. the. control. system.. However,. one. should. notice. that. at.
high. speeds,. the. induced. EMF. in. the. winding. is. dominant. and. does. not. allow. effective. control. of.
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FIGURE.7.6. Simple.variable.reluctance.machine.with.rotor.at.90°.
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the.current.waveform..Therefore,.current.regulation.is.an.issue.related.only.to.the.low.speed.mode.of.
operation..During.generation,.the.mechanical.energy.supplied.by.the.prime.mover.will.be.converted.
into.an.electrical.form.manifested.by.the.induced.EMF..Unlike.the.motoring.mode.of.operation,.this.
voltage.acts.as.a.voltage.source.that.increases.the.current.in.the.stator.phase,.thereby.resulting.in.the.
generation.of.electricity.

7.4 Fundamentals of Control in SrM Drives

The.control.of.electromagnetic.torque.is.the.main.differentiating.factor.between.various.types.of.adjust-
able. speed. motor. drives.. In. switched-reluctance. motor. drives,. tuning. the. commutation. instant. and.
profile.of.the.phase.current.tailors.electromagnetic.torque..Figure.7.9.depicts.the.basics.of.commutation.
in.SRM.drives..It.can.be.seen.that.by.properly.positioning.the.current.pulse,.one.can.obtain.positive.
(motoring).or.negative.(generating).modes.of.operation.

FIGURE.7.7. Illustration.of.short.versus.long.flux.paths.for.a.8/6.SRM.

FIGURE.7.8. An.asymmetric.bridge.with.the.front.end.rectifier.for.a.3ϕ.SRM.drive.



Switched-Reluctance	Machines	 7-7

The.induced.EMF.and.electromagnetic.torque.generated.by.the.SRM.drive.can.be.expressed.in.terms.
of.co-energy,.under.unsaturated.conditions,.as.follows:
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where.Wc,.L,.θ,.i,.and.ω.stand.for.co-energy,.phase.inductance,.rotor.position,.phase.current,.and.angu-
lar.speed,.respectively.

It.must.be.noted.that.the.nonlinear.effects.of.magnetic.saturation.are.neglected.here..It.is.evident.
that.a.positive.torque.is.achieved.only.if.the.current.pulse.is.positioned.in.a.region.with.an.increas-
ing. inductance.profile..Similarly,. a.generating.mode.of.operation. is.achieved.when. the.excitation. is.
positioned.in.a.region.with.a.decreasing.inductance.profile..In.order.to.enhance.the.productivity.of.
the.SRM.drive,.the.commutation.instants,.(i.e.,.θon,.θoff),.need.to.be.tuned.as.a.function.of.the.angular.
speed.and.phase.current..To.fulfill.this.goal,.the.optimization.of.torque.per.Ampere.is.a.meaningful.
objective..Therefore,.exciting.the.motor.phase.when.the.inductance.has.a.flat.shape.should.be.avoided..
At.the.same.time,.the.phase.current.needs.to.be.removed.well.before.the.aligned.position.to.avoid.the.
generation.of.negative.torque.
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FIGURE.7.9. Commutation.in.SRM.drives.
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7.4.1 Open Loop Control Strategy for torque

By.the.proper.selection.of.the.control.variables,.commutation.instants,.and.reference.current,.an.open.
loop.control.strategy.for.SRM.drive.can.be.designed..The.open.loop.control.strategy.is.comprised.of.the.
following.steps:

•. Detection.of.the.initial.rotor.position
•. Computation.of.the.commutation.thresholds.in.accordance.with.the.sign.of.torque,.current.level,.

and.speed
•. Monitoring.of.the.rotor.position.and.selection.of.the.active.phases
•. A.control.strategy.for.regulation.of.the.phase.current.at.low.speeds

Each.step.is.explained.in.detail.in.Sections.7.4.1.1.through.7.4.1.4.

7.4.1.1 Detection of the Initial rotor Position

The.main.task.at.standstill.is.to.detect.the.most.proper.phase.for.initial.excitation..Once.this.is.estab-
lished,.according.to.the.direction.of.rotation,.a.sequence.of.stator.phase.excitation.will.be.put.in.place..
The.major.difficulty. in.using.commercially.available.encoders. is. that. they.do.not.provide.a.position.
reference..Therefore,.the.easiest.way.to.find.rotor.position.for.motor.startup.is.to.align.one.of.the.stator.
phases.with.the.rotor..This.can.be.achieved.by.exciting.an.arbitrary.stator.phase.with.an.adequate.cur-
rent.for.a.short.period.of.time..Once.the.rotor.is.in.an.aligned.position,.a.reference.initial.position.can.
then.be.established..This.method.requires.an.initial.movement.by.the.rotor,.which.may.not.be.accept-
able.in.some.applications..In.these.cases,.the.incorporation.of.a.sensorless.scheme.at.standstill.is.sought.
out..Although.the.explanation.of.sensorless.control.strategies.for.rotor.position.detection.is.beyond.the.
extent.of.this.chapter,.due.to.its.critical.role,.the.detection.of.rotor.position.at.standstill.is.explained.here.

To.detect.rotor.position.at.standstill,.a.series.of.voltage.pulses.with.fixed.and.sufficiently.short.dura-
tion.is.applied.to.all.phases..By.consequent.comparison.between.the.magnitudes.of.the.resulting.peak.
currents,.the.most.appropriate.phase.for.conduction.is.selected..Figure.7.10.shows.a.set.of.normalized.
inductance.profiles.for.a.12/8.SRM.drive.
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FIGURE.7.10. Assignment.of.various.regions.according.to.inductances.in.a.12/8.SRM.drive.
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A.full.electrical.period.is.divided.into.six.separate.regions.according.to.the.magnitudes.of.the.induc-
tances..Due.to.the.absence.of.the.induced.voltage.and.small.amplitude.of.currents,.one.can.prove.that.
the.following.relationship.will.hold.for.the.magnitudes.of.measured.currents:

.
I

V T
LABC
Bus

ABC
=

∆
. (7.2)

where.ΔT,.VBus,.and.LABC.stand.for.duration.of.pulses,.dc.link.voltage,.and.phase.inductances,.respec-
tively..Table.7.1.summarizes.the.detection.process.for.a.12/8.SRM.drive..Once.the.range.of.position.is.
detected,. the.proper. phase. for. starting.can.be. easily.determined..Furthermore,. in. each. region. there.
exists.a.phase.that.offers.a.linear.inductance.characteristic..This.phase.can.be.used.for.the.computation.
of.rotor.position.using.(7.2).

The.flowchart.shown.in.Figure.7.11.summarizes.the.detection.process.at.standstill.

7.4.1.2 Computation of the Commutation thresholds

In.the.next.step,.the.commutation.angles.for.each.phase.should.be.computed.and.stored.in.memory..If.
the.commutation.angles.are.fixed,.computing. the. thresholds. is.relatively.straightforward.. It.must.be.
noted.that.within.each.electrical.cycle,.every.phase.should.be.excited.only.once..In.addition,.a.symmet-
ric.SRM.phase.is.shifted.by

. ∆θ °= −( )N N
N

s r

s

360
. (7.3)

where.Ns.and.Nr.stand.for.the.number.of.stator.and.rotor.poles,.respectively..Given.a.reference.for.rotor.
position.such.as.the.aligned.rotor.position.with.phase-A,.one.can.compute.and.store.the.commutation.

TABLE.7.1. Detection.of.Best.Phase.to.Excite.at.Standstill

Region Condition Rotor.Angle.(Mech.)

I IA.<.IB.<.IC 0.<.θ*.<.7.5°
II IB.<.IA.<.IC 7.5°.<.θ*.<.15°
III IB.<.IC.<.IA 15°.<.θ*.<.22.5°
IV IC.<.IB.<.IA 22.5°.<.θ*.<.30°
V IC.<.IA.<.IB 30°.<.θ*.<.37.5°
VI IA.<.IC.<.IB 37.5°.<.θ*.<.45°

Injection of diagnostics pulses and
sensing the current at turn-off instant

Detection of regions

Detection of θ*

FIGURE.7.11. Detection.of.rotor.position.at.standstill.
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instants.for.each.phase..The.commutation.thresholds.are.usually.converted.into.a.proper.scale,.so.they.
can.be.compared.with.the.value.of.a.counter.that.tracks.the.number.of.incoming.pulses.from.the.position.
sensor..If.a.particular.encoder.can.generate.N.pulses.per.mechanical.revolution,.then.every.mechanical.
degree.corresponds.to.4N/360.pulses.received.by.the.processor.(viz..quadrature.pulses.provide.four.ris-
ing.and.falling.edges.per.pulse).

If.optimal.performance.of.the.machine.is.targeted,.the.effects.of.rotational.speed.and.current.must.be.
taken.into.account..Figure.7.12.shows.a.typical.current.pulse.for.SRM.drive..To.achieve.optimal.control,.
the.delay.angles.during.the.turn-on.and.turn-off.process.need.to.be.taken.into.account..By.neglecting.
the.effects.of.motional.back-EMF.in.the.neighborhood.of.commutation,.which.is.a.valid.assumption.
as.turn-on.and.turn-off.instants.occur.close.to.unaligned.and.aligned.position,.respectively,.one.can.
calculate.the.delay.angles.as
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where.Lu,.La,.ω,.V,. and.r.denote.unaligned. inductance,.aligned. inductance,.angular. speed,.bus.volt-
age,.and.stator.phase.resistance,.respectively..The.dependency.of.the.aligned.position.inductance.upon.
maximum.phase.current.is.an.indication.of.the.nonlinear.effects.of.saturation.that.need.to.be.taken.into.
account..As.the.speed.and.level.of.current.increases,.one.needs.to.adopt.the.commutation.angles.using.
(7.4)..As.can.be.seen,.the.dependency.of.commutation.angle.upon.the.angular.speed.is.linear,.while.its.
dependency.upon.the.maximum.phase.current.has.a.very.nonlinear.relationship.

7.4.1.3 Monitoring of the rotor Position and Selection of the active Phases

Once.the.previous.steps.are.done,.one.can.start.with.the.main.control.tasks,.namely,.enforcing.the.con-
duction.band.and.regulating.the.current..The.block.diagram.depicted.in.Figure.7.13.shows.the.structure.
used.in.a.typical.algorithm,.which.forms.the.basic.control.strategy.of.the.SRM.drive..Monitoring.the.
rotor.position.is.a.relatively.easy.task.with.a.microcontroller..For.the.first.task.in.the.interrupt.service.
routine,.the.current.value.of.the.rotor.position.will.be.compared.against.the.commutation.thresholds,.
and.phases.that.should.be.on.will.be.identified..In.the.next.step,.the.current.in.active.phases.where.an.
active.phase.is.referred.to.as.a.phase.that.is.turned.on.will.be.regulated.

θon-delay θoff-delay

I

θ

Imax

FIGURE.7.12. A.typical.current.pulse.at.low.speeds.
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7.4.1.4 a Control Strategy for regulation of the Phase Current at Low Speeds

At.low.speeds.where.the.induced.EMF.is.small,.a.method.for.control.of.the.phase.current.is.necessary..
In.the.absence.of.such.routines,.the.phase.current.will.increase.exponentially,.possibly.damaging.the.
semiconductor.devices.or.motor.windings..Hysteresis.and.PWM.control.strategies.are.commonly.used.
for.regulating.the.phase.current.at.low.speeds..At.higher.speeds,.the.presence.of.a.significantly.larger.
back-EMF.limits.the.growth.of.the.phase.current.and.there.is.no.need.for.such.regulation.schemes..The.
profile.of.the.regulated.current.depends.on.the.control.objective..In.most.applications,.a.flat-topped.or.
square-shaped.current.pulse.will.be.used..Figure.7.14.shows.a.regulated.current.waveform.along.with.
the.gate.pulse.that.is.recorded.at.low.speed.region.

In.order.to.conduct.hysteresis.control,.the.currents.in.active.phases.need.to.be.sensed..Once.the.phase.
current.is.sampled,.it.needs.to.be.converted.into.digital.form..This.can.be.done.using.the.on-chip.analog-
to-digital.converters.or.external.A–D.converters..The.control.rules.for.a.classic.two.switch.per.phase.
inverter.shown.in.Figure.7.8.are.given.by.the.following:

•. If. Imin. ≥. I,. then. both. switches. are. on.. This. results. in. applying. the. bus. voltage. across. the. coil.
terminals.

•. If. Imax.≤. I,. then.both. switches.are. turned.off..This. results. in.applying. the.negative.bus.voltage.
across.the.coil.terminals.

•. If.Imin.≤.I.≤.Imax,. there.is.no.need.to.make.any.changes.in.the.status.of.the.switches.(i.e.,. if. the.
switches.are.on,.they.remain.on.and.if.they.are.off,.they.remain.off).

By.simple.comparison.between.the.sampled.current.and.current. limits,.one.can.develop.a.hysteresis.
control.strategy..Since.the.current.is.sampled.during.each.interrupt.service.routine,.the.time.period.of.
the.interrupt.should.be.sufficiently.small.to.allow.for.a.tight.regulation..Because.in.most.practical.cases,.
only. two.phases.conduct. simultaneously,. and.given. the. speed.of. computation. in. the. state-of-the-art.
microcontrollers,.the.interrupt.service.time.should.be.very.small.

Start

Interrupt

Main

Initialization of the
peripheral registers

Detection of the initial
rotor position

Computation of the
commutation angles

Invoking the
interrupt routine

Monitoring the rotor
position and phase

excitation

Hysteresis control of
phase current

FIGURE.7.13. Block.diagram.of.the.basic.control.in.SRM.drives.
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PWM.technique.can.also.be.used.in.control.of.the.phase.current.in.SRM.drive..Most.application-
specific.digital.signal.controllers.(i.e.,.TMS320F2812.from.Texas.Instruments).offer.a.fully.control-
lable.set.of.PWM.signals.via.the.compare.units..The.frequency.and.duty.cycle.of.these.PWM.pulses.
can.be.adjusted.at.any.stage.of.the.program.by.the.setting.of.two.peripheral.registers..This.valuable.
feature.can.easily.accommodate.the.control.needs.of.a.three-phase.SRM.drive.system..In.the.case.of.
a.four-phase.SRM.drive,.the.fourth.PWM.signal.can.be.generated.by.using.one.of.the.timer.compare.
outputs.

The.block.diagram.in.Figure.7.15.summarizes.the.various.steps.along.with.the.peripherals.used.in.
an.application-specific.digital.signal.controller.such.as.TMS320LF2407..The.main.inputs.to.the.pro-
gram.consist.of.commutation.angles.and.the.current.profile..The.quadrature.outputs.of.an.encoder.
have.been.used.to.determine.the.rotor.position.and.angular.speed.of.the.drive..The.phase.currents.have.
been.sampled.and.converted.into.a.digital.form,.to.be.used.in.current.control..The.output.gates.have.
been.chosen.from.the.general.purpose.input/output.(GPIO).pins..The.interface,.conditioning.circuit,.
and.buffers.are.not.shown.in.this.picture..The.control.routine,.used.for.the.detection.of.active.phases.
and.hysteresis/PWM.control.of.the.phase.currents,.is.combined.in.the.software.to.form.the.final.gat-
ing.signal.

Once.the.basic.operation.of.the.SRM.drive.is.established,.one.can.design.and.develop.closed-loop.
forms.of. the.control.. In. the. following.sections,.closed-loop. torque.and.speed.control. routines. in. the.
SRM.drive.are.discussed,.including.four-quadrant.operation.of.the.drive.

7.4.2 Closed-Loop torque Control of the SrM Drive

As.SRM.technology.begins.to.emerge.in.the.form.of.a.viable.candidate.for.industrial.applications,.the.sig-
nificance.of.reliable.operation.under.closed-loop.torque,.speed,.and.position.control.increases..Figure 7.16.
depicts.a.typical.cascaded.control.configuration.for.SRM.drives..The.main.control.block.is.responsible.for.
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FIGURE.7.14. Phase.current.waveform.and.the.gating.signal.without.optimization..Reference.current.=.5.5.A;.
conduction.angle.=.180.(electrical).(operating.speed.=.980.rpm;.output.power.=.120.W).



Switched-Reluctance	Machines	 7-13

generating.the.gate.signals.for.the.power.switches..It.also.performs.current.regulation.and.phase.com-
mutation.functions..In.order.to.perform.these.tasks,.it.requires.reference.current,.commutation.instants,.
and.a.sequence.of.excitation..The.torque.controller.provides.the.reference.current,.while.the.information.
regarding.the.commutation.is.obtained.from.a.separate.block.that.coordinates.motoring,.generating,.and.
direction.of.rotation,.as.demanded.by.the.various.types.of.control..The.various.feedback.informations.are.
generated.using.either.estimators.or.transducers.

Depending.on.the.application,.an.adjustable.speed.motor.drive.may.operate.in.various.quadrants.of.
the.torque/speed.plane..For.instance,.in.a.water.pump.application,.where.control.of.the.output.pressure.
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FIGURE.7.15. Block.diagram.of.the.basic.control.in.SRM.drive.system.
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FIGURE.7.16. Cascaded.control.configuration.for.a.SRM.drive.system.
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is. targeted,. torque. control. in. one. quadrant. is. sufficient,. whereas. in. an. integrated. starter/alternator,.
four-quadrant.operation.is.necessary..Figure.7.17.shows.the.minimum.requirement.of.an.adjustable.
speed.motor.drive.for.performing.torque,.speed,.and.position.control.tasks..A.speed.controller.may.
issue.positive.(motoring).or.negative.(generating).torque.commands.to.regulate.the.speed..In.a.simi-
lar.way,.a.position.controller.will.ask.for.positive.(clockwise).and.negative.(counter.clockwise).speed.
commands..The.accommodation.of.such.commands.will.span.all.four.quadrants.of.operation.in.the.
torque/speed.plane..As.a.result,.four-quadrant.operation.is.a.necessity.for.many.applications.in.which.
positioning.the.rotor.is.an.objective..In.order.to.achieve.four-quadrant.operation.in.SRM.drives,.the.
direction.of.rotation.in.the.air.gap.field.needs.to.be.altered..In.addition,.to.generate.negative.torque.
during.generation.mode,.the.conduction.band.of.the.phase.should.be.located.in.a.region.with.negative.
inductance.slope.
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FIGURE.7.18. General.block.diagram.of.the.torque.control.system.
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Figure.7.18.depicts.a.general.block.diagram.of.the.closed-loop.torque.control.system..The.main.mod-
ules.in.this.figure.are.as.follows:

•. An.estimator.for.the.average/instantaneous.electromagnetic.torque
•. A.feed-forward.function.for.fast.and.convergent.tracking.of.the.commanded.torque
•. A.computational.block.to.determine.commutation.instants.according.to.the.sign.of.demanded.

torque.and.magnitude.of.the.phase.current

The.estimator.for.average/instantaneous.electromagnetic.torque.is.designed.based.on.(7.1)..The.design.
also.incorporates.an.analytical.model.of.the.phase.inductance/flux.linkage.as.shown.in.the.following:

. L i L i L i N L i Nr r( ) 1, ( ) ( )cos( ) cos( )( )θ θ θ= + +0 2 2 . (7.5)

where.L0,.L1,.and.L2.represent.polynomials.that.reflect.the.nonlinear.effects.of.saturation..(Derivation.of.
the.above.formula.is.explained.in.Appendix.7.A.).Moreover,.the.inverse.mapping.of.the.torque.estimator.
is.used.to.form.a.feed-forward.function..In.the.absence.of.the.torque.sensor/estimator,.this.feed-forward.
function.can.be.used.effectively.to.perform.open.loop.control.of.the.torque..The.use.of.a.feed-forward.
controller.accelerates.the.convergence.of.the.overall.torque.tracking..The.partial.mismatch.between.refer-
ence.and.estimated.torque.is.then.compensated.via.a.PI.controller..It.must.be.noted.that.the.introduction.
of.the.measured.torque.into.the.control.system.requires.an.additional.analog-to-digital.conversion..Figure.
7.19.shows.a.comparison.between.the.estimated.and.measured.torque.in.a.12/8.SRM.drive.at.steady.state,.
when.responding.to.a.periodic.ramp.function.in.closed-loop.control..The.average.torque.estimator.shows.
good.accuracy..The.existence.of.a.0.4.Nm.averaging.error.is.due.to.the.fact.that.iron.and.stray.losses.are.
not.included.in.the.torque.estimator..In.order.to.perform.this.test,.a.permanent.magnet.drive.acting.as.an.
active.load.was.set.in.a.speed.control.loop.running.in.the.same.direction.at.800.rpm.
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As.mentioned.earlier,.operation.in.all.four.quadrants.of.the.torque.versus.speed.plane.is.a.requirement.
for.many.applications..Given.the.symmetric.shape.of.the.inductance.profile.with.respect.to.the.aligned.
rotor.position,.one.can.expect.that.for.a.given.conduction.band.at.a.constant.speed,.current.waveforms.
during.motoring.and.generating.should.be.a.mirror.image.of.each.other..However,.one.should.note.that.
the.back-EMF.during.generation.acts.as.a.voltage.source.resulting.in.an.increase.of.phase.current.even.
after.a.phase.is.shut.down..This.may.cause.some.complications.in.terms.of.stability.at.high.speeds..In.order.
to.alter.the.direction.of.rotation,.the.only.necessary.step.is.to.change.the.sequence.of.excitation..Notably,.
the. sequence.of. excitation.among.stator.phases. is.opposite.of. the.direction.of. rotation..The. transition.
between.two.modes.needs.to.be.quick.and.smooth..Upon.the.receipt.of.a.command.requesting.a.change.
in.direction,.the.excited.phase.needs.to.be.turned.off.to.avoid.generating.additional.torque..Regenerative.
braking.should.be.performed.simultaneously..This.requires.the.detection.of.a.phase.in.which.the.induc-
tance.profile.has.a.negative.slope..The.operation. in.generation.mode.continues.until. the.speed.decays.
to.zero.or.a.tolerable.near-zero.speed..At.this.time,.all.the.phases.will.be.cleared.and.a.new.sequence.of.
excitation.can.be.implemented..Speed.reversal.during.generating.is.not.a.usual.case.because.the.direction.
of.rotation.is.dictated.by.the.prime.mover..In.the.case.of.the.speed.reversal.being.initiated.by.the.prime.
mover,. the.SRM.controller.needs.to.be.notified..Otherwise,.a.mechanism.for. the.detection.of.rotation.
direction.should.be.in.place..Such.a.mechanism.would.detect.any.unexpected.change.of.mode,.i.e.,.motor-
ing.to.generating.

7.4.2.1 Closed-Loop Speed Control of the SrM Drive

As.it.is.the.next.step.in.developing.a.high-performance.SRM.drive,.speed.control.is.explained..As.shown.
in.Figure.7.20,.a.cascaded.type.of.control.can.be.used.to.perform.closed-loop.speed.control..The.speed.
can.be.sensed.using.the.position.information.that.is.already.provided.by.the.encoder..Because.the.SRM.
is.a.synchronous.machine,.one.may.choose.the.electrical.frequency.of.excitation.for.control.purposes..
The.relationship.between.mechanical.and.electrical.speeds.is.given.by

. ω ωe r mN= . (7.6)

where.Nr.is.the.number.of.rotor.poles..Ultimately,.success.in.performing.tightly.regulated.speed.control.
depends.upon.the.performance.of.the.inner.torque.control.system.as.depicted.in.Figure.7.20..It.is.recom-
mended.that.a.feed-forward.function.be.used.to.mitigate.the.initial.transients.in.issuing.commands.to.
the.torque.control.system.
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SRM+ +

– –
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eω
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FIGURE.7.20. Closed.loop.speed.control.of.SRM.drive.
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7.5 Summary

SRM.drives.are.making.their.entry.into.the.adjustable.speed.motor.drive.market..To.take.full.advan-
tage. of. their. capacities,. the. development. of. high-performance. control. strategies. has. turned. into. a.
necessity..The.advent.of.cost-effective.DSP-based.controllers.provides.an.opportunity.to.engineer.for.
this.need.in.an.effective.way..A.successful. implementation.of.these.methodologies.demands.a.good.
understanding.of.the.torque.generation.process..Basic.control.methods.for.the.SRM.drive.have.been.
discussed..These. include. the.principles.of.design. for. closed-loop.control. strategies..More.advanced.
technologies,.such.as.position.sensorless.and.adaptive.control.[9–12],.are.also.being.investigated.by.
many.researchers.across.the.globe,.and.there.have.been.great.advances.in.these.areas.as.well.[3–5]..It.is.
expected.that.developments.in.better.efficiency,.fault.tolerance,.and.compactness.will.come.about.as.a.
result.of.these.efforts.in.years.to.come.

appendix 7.a

7.a.1 Modeling of Inductance Profile in an 8/6 SrM

The.following.dynamic.equation.relates.phase.voltage,.current,.and.flux.linkage.as.shown.in

.
v ri d

dt
= + λ

.
(7.A.1)

where
v.represents.the.phase.voltage
r.is.the.winding.resistance
i.is.the.winding.current
λ.is.the.flux.linkage

Expansion.of.the.equation,.neglecting.mutual.inductance.terms.yields.the.following:

.
v ri dL

d
d
dt

i di
dt

L dL
di

di
dt

= + + +
θ

θ

.
(7.A.2)

where
L.is.the.bulk.inductance.of.the.phase,.also.termed.the.self-inductance
θ.is.the.rotor.position

The.phase.voltage.equation.can.be.simplified.by.making.the.following.substitution.as.shown.in.(7.A.3),.
as.well.as.by.neglecting.saturation,.which.eliminates.the.rate.of.change.of.the.self-inductance.L.with.
respect.to.the.phase.current.

.
e dL

d
d
dt

i=
θ

θ
.

(7.A.3)

The.motional.back-EMF.is.now.represented.by.e,.which. is.a. function.of. the.phase.current,. the.rotor.
speed,.and.the.rate.of.change.of.the.self-inductance.with.respect.to.the.rotor.position..By.substituting.
(7.A.3).into.(7.A.2),.the.phase.voltage.equation.can.be.rewritten.as

.
v ri e di

dt
L= + +

.
(7.A.4)
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Equation.7.A.4.provides.a.simpler.equation.and.more.clearly.shows.the.role.of.the.self-inductance..The.
profile.of.the.self-inductance.is.an.important.quantity,.in.that.it.is.very.useful.for.graphically.describing.
the.operation.of.the.machine.and.the.placement.of.current.pulses.with.respect.to.the.position..In.the.
following,.the.self-inductance.profile.for.an.8/6.SRM.is.derived,.and.its.relationship.to.the.geometrical.
uniqueness.of.the.machine.is.discussed.in.the.context.of.auto-calibration..Notably,.the.same.methodol-
ogy.can.be.applied.to.other.machine.configurations.without.the.loss.of.generality.

Figure. 7.A.1,. shows. the. basic. structure. of. the. 8/6. SRM. at. three. different. rotor. positions:. aligned,.
midway,.and.unaligned.

In.Figure.7.A.1,.the.machine.is.illustrated.as.being.sliced.axially,.which.reflects.the.symmetry.of.the.sta-
tor.and.rotor.structure..As.can.be.seen.from.Figure.7.A.1,.the.center.of.the.rotor.pole,.with.respect.to.a.fixed.
reference.position.centered.on.the.a-phase.stator.pole,.is.at.0°..At.the.same.time.that.a-phase.is.aligned,.the.
rotor.pole.position.with.respect.to.the.b-phase.and.d-phase.of.the.machine.are.at.15°,.and.are.understood.
to.be.at.the.midway.position..Finally,.analysis.of.the.c-phase.stator.pole.position.with.respect.to.the.nearest.
rotor.pole.shows.that.the.c-phase.is.at.30°,.and.is.subsequently.understood.to.be.unaligned..The.8/6.SRM.
possesses.a.unique.geometry.that.allows.the.self-inductance.to.be.easily.modeled.using.a.Fourier.series.

Due.to.the.geometric.nature.of.the.8/6.SRM,.it.is.useful.to.describe.the.inductance.in.terms.of.the.
aligned,.midway,.and.unaligned.positions..These.inductances.are.denoted.as.La,.Lm,.and.Lu.respectively..
Figure.7.A.2.shows.a.plot.of.the.self-inductance.versus.rotor.position.over.one.period.
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FIGURE.7.A.1. (a).Phase.a.at.aligned.position,.(b).phases.b.and.d.at.midway.to.aligned.position,.and.(c).phase.
c.at.unaligned.position.
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Electromagnetic. torque. for. a. single. phase. of. the. machine. is. proportional. to. the. derivative. of. the.
inductance.with.respect.to.the.rotor.angle..Thus.from.graphical.analysis.of.Figure.7.A.2,.it.is.seen.that.
there.are.2.zero.torque.zones:.namely.at.the.aligned.and.unaligned.positions..As.stated.previously,.the.
inductance.of.the.single.phase.may.be.represented.by.a.Fourier.series,.as.follows.[13,14]:

. L i L i L i f L i f( , ) ( ) ( ) ( ) ( ) ( )θ θ θ= 0 1 2 2+ + +� . (7.A.5)

In.this.formulation.for.inductance,.f(θ).is.represented.by.a.smooth.basis.function.that.is.chosen.to.be.a.
cosine.as.is.typical.for.Fourier.series.formulations..Furthermore,.the.coefficients.of.the.series.expansion.
are.dependent.upon.the.current,.thereby.allowing.the.inclusion.of.the.saturation.effect..Replacing.f(θ).
with.cos(θ).yields

. L i L i L i L i( , ) ( ) ( )cos( ) ( )cos( ( ))θ α φ α φ= 0 1 2 2+ + + + +� . (7.A.6)

where
α.=.Nrθ,.Nr.is.the.number.of.rotor.poles
θ.is.the.rotor.angle

Although. (7.A.6).can.be.extended. to.an. infinite.number.of. terms,. it. is.beneficial.based.on. judicious.
examination.of.the.machine’s.geometric.aspects.as.shown.in.Figure.7.A.1,.to.choose.only.three.terms..
The.angles.of.interest.are.listed.in.Table.7.A.1.

The.number.of.rotor.poles.for.the.8/6.SRM.is.Nr.=.6..Replacement.of.the.angle.α.by.Nrθ.at.the.specified.
positions.listed.in.Table.7.A.1.yields.the.following.three.equations.describing.the.aligned,.midway,.and.
unaligned.inductances:

.

L L i L i L i

L L i L i L i

a

u

= + +

= − +

0 1 2

0 1 2

2( ) ( )cos( ) ( )cos( )

( ) ( )cos( ) (

φ φ

φ ))cos( )

( ) ( )sin( ) ( )cos( )

2

20 1 2

φ

φ φL L i L i L im = − − .

(7.A.7)

Since,.as.stated.earlier,.the.aligned.and.unaligned.positions.represent.zero.torque.zones,.and.since.the.
torque. is. proportional. to. the. derivative. of. the. self-inductance. with. respect. to. the. rotor. angle. under.
single.phase.excitation,. then.the.relationship.for. the.derivatives.of. the.aligned.and.unaligned.induc-
tances.are.as.follows:

.

0 2 2

0 2 2

1 2

1 2

= +

= −

L i L i

L i L i

( )sin( ) ( )sin( )

( )sin( ) ( )sin( )

φ φ

φ φ .
(7.A.8)

By.simplifying.(7.A.8),.it.can.be.shown.that.sin(ϕ).=.0..The.value.for.ϕ.
may.be.obtained.by.noting.that.it.can.either.be.zero.or.kπ,.where.k.is.
an.integer..Thus.by.choosing.ϕ.=.0,.Equation.7.A.7.can.be.simplified.
into.the.following.form:

.

L L i L i L i

L L i L i L i

L L i L i L

a

u

m

= + +

= − +

= − −

0 1 2

0 1 2

0 1 2

( ) ( ) ( )

( ) ( ) ( )

( ) ( ) (ii) .

(7.A.9)

TABLE.7.A.1. Description.of.
Self-Inductance.at.Specified.
Positions

Inductance Angle

La.=.aligned.inductance θ.=.0°
Lm.=.midway.inductance θ.=.15°
Lu.=.unaligned.inductance θ.=.30°
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The.ultimate.goal.of.this.derivation.is.to.determine.the.Fourier.coefficients.L0,.L1,.and.L2,.in.terms.of.the.
quantities.listed.in.Table.7.A.1..With.this.in.mind,.(7.A.9).is.reformulated.into.matrix.form.and.subse-
quently.matrix.inversion.is.applied.to.yield.the.following.relationship:
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(7.A.10)

It.should.be.noted.from.Equation.7.A.10,.as.well.as.from.the.physics.of.the.machine,.that.the.unaligned.
inductance.Lu.will.have.no.dependency.upon.the.current,.thus.it.can.be.measured.from.the.machine.at.a.
single.current.level.and/or.calculated.by.general.formulae.for.inductance..However,.aligned.and.midway.
inductances.will.have.current.dependency..This.dependency.upon.current.is.represented.by.Figures.7.A.3.
and.7.A.4,.for.the.aligned.and.midway.inductances..Figure.7.A.5.illustrates.the.current.independency.of.
the.unaligned.inductance.

There.are.several.choices.in.representing.the.inductances.La.and.Lm.in.Equation.7.A.10..One.choice.
that.results.in.a.computationally.efficient.representation.is.to.use.polynomials..Equation.7.A.11.is.the.
polynomial.representation.for.the.aligned.and.midway.inductances.

.
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With.only.five.terms.in.the.polynomial.representation,.a.very.good.fit.can.be.obtained..This.is.shown.in.
Figure.7.A.6.for.the.aligned.inductance.case,.and.in.Figure.7.A.7.for.the.midway.inductance.case.

The.analysis.shows.that.using.the.polynomial.approximation.provides.a.very.good.approximation.
for.the.Fourier.series.coefficients.in.representing.inductance.and.its.current.dependency.[15,16]..Now.it.
is.possible.to.write.the.Fourier.expansion.coefficients.in.terms.of.the.aligned,.midway,.and.unaligned.
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inductances.using.a.polynomial.fit..Combining.Equation.7.A.11.with.(7.A.10),.the.following.form.for.L0,.
L1,.and.L2.is.obtained:

.
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Replacement.of.the.Fourier.coefficients.in.Equation.7.A.6.with.the.result.obtained.in.(7.A.12).yields.the.
following.compact.formula.for.the.self-inductance.of.a.single.phase.of.the.SRM:

.
L i A i B i N C i Nk

k
k

k
r k
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r

k

n

( , ) cos( ) cos( )θ θ θ= + +{ }
=

∑ 2
0 .

(7.A.13)
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8.1  Introduction

In.the.electromagnetic.devices,.the.losses.produce.an.increase.of.the.temperatures..As.a.consequence,.
in.addition.to.the.electromagnetic.design,.it.is.very.important.a.device.thermal.analysis.for.well.under-
standing.its.thermal.limit,.taking.into.account.the.thermal.constrains.imposed.by.the.insulating.mate-
rial.classes..The.winding.maximum.temperatures.with.respect.to.the.insulation.classes.are.reported.in.
Table.8.1.

It.is.important.to.underline.that.the.increase.of.the.winding.temperature.over.the.insulation.class.
reduces.heavily.the.insulation.life.as.shown.in.Figure.8.1.

It. is. well. evident. that. a. correct. thermal. analysis. is. essential. for. a. correct. electromagnetic. device.
design..In.particular,.the.thermal.and.electromagnetic.designs.should.have.to.be.developed.in.paral-
lel,. because. electromagnetic. performances. are. directly. correlated. to. the. thermal. conditions.. As. an.
example,.a.50°C.temperature.rise.in.a.winding.leads.to.a.20%.resistance.increase,.while.a.135°C.rise.
gives.53%.resistance.increase,.with.an.increase.of.the.copper.losses.of.same.amount,.when.the.winding.
current.is.constant..With.reference.to.the.permanent.magnet.(PM).motor,.in.rare.earth.magnets,.any.
increase.in.temperature.leads.to.a.flux.density.reduction.with.a.consequent.current.increase.in.order.
to.maintain.the.same.output.torque..Consequently,.the.related.winding.losses.will.increase.with.the.
square.of.the.winding.current..The.thermal.behavior.of.an.electromagnetic.device.is.depending.on.the.
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adopted. cooling. system.. With. reference. to. rotating. electrical.
machines,.the.following.cooling.systems.can.be.found:

•. Totally. enclosed. with. natural. ventilation. “TENV”. (typically.
adopted.in.servo.motors)

•. Totally.enclosed. fan.cooled.“TEFC”. (typically.used. in. induc-
tion.motors.for.industrial.applications)

•. Drip.proof.radial.or.axial.cooling
•. Water.jacket.cooling.system

8.2  Basic Heat transfer and Flow analysis

The.thermal.design.requires.a.good.knowledge.of.the.thermal.transfer.phenomena.involved.in.the.elec-
tromagnetic.device..A.short.summary.of.the.heat.transfers.and.flow.phenomena.is.reported..The.heat.
transfer.exchange.is.due.to.conduction,.radiation,.natural.and.forced.convection..In.the.following,.a.short.
outline.of.the.heat.transfer.general.aspects.is.reported.hereafter,.while.specific.evaluations.of.rotating.
electrical.machine.are.reported.in.Sections.8.5.and.8.6.

8.2.1  Conduction

Conduction.is.the.heat.transfer.mode.in.a.solid.due.to.a.temperature.difference.between.different.parts.
of. the. material,. as. shown. in. Figure. 8.2.. Conduction. is. typically. present. in. solid. material. but. it. also.
occurs.in.liquids.and.gases.even.if.convection.is.usually.the.dominant.phenomena.in.these.materials..In.
the.conduction.heat.transfer,.the.heat.flows.from.the.higher.to.the.lower.temperature.point.due.to.the.
vibration.of.the.molecules.within.the.material..As.well.known,.the.good.electrical.conductors.are.good.
thermal.conductors.too.

1,000,000
Average expected life [h]

100,000

10,000
Class A Class B Class H

Class F1,000

100

Winding temperature [°C]
50 70 90 110 130 150 170 190 210 230 250

FIGURE.8.1. Expected.insulation.life.as.a.function.of.the.temperature.increase.

TABLE.8.1. Winding.Maximum.
Temperatures.with.Respect.to.the.
Insulation.Classes

Insulation.
Class

Winding.Temperature.
Limit.[°C]

Class.A 105
Class.B 130
Class.F 155
Class.H 180
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Fourier’s.law.defines.the.conduction.heat.transfer.phenomenon:

.
Q kA T

x
= d

d .
(8.1)

where
Q.[W].is.the.rate.of.heat.transfer
A.[m2].is.the.cross-sectional.area
k.[W/(m.°C)].is.material.thermal.conductivity
dT/dx.[°C/m].is.the.temperature.gradient

For.the.metals.materials.k.is.in.the.range.10–400.W/(m.°C),.while.solid.insulating.materials.have.k.val-
ues.in.range.0.1–1.W/(m.°C)..The.air.thermal.conductivity.kiar.is.equal.to.0.026.[W/(m.°C)]..When.the.
geometrical.and.physics.characteristics.of.a.homogeneous.solid.are.known,.it.is.possible.to.compute.its.
thermal.resistance.using

.
R L

kAcond C/W= °[ ]
.

(8.2)

where
L.is.the.length
A.is.the.area
k.is.the.thermal.conductivity

The.L.and.A.values.can.obtained.from.the.component.geometry.

8.2.2  Convection

Convection.is.the.heat.transfer.mode.between.a.surface.and.a.fluid..The.convection.heat.transfer.can.be.
divided.in.two.main.phenomena:

. 1.. Natural. convection,. where. the. fluid. motion. is. due. to. buoyancy. forces,. because. of. the. density.
modification.of.the.fluid.close.to.the.surface

. 2.. Forced.convection,.where.the.fluid.motion.is.due.to.external.forces.(imposed.for.example.by.a.fan)

T1 T2

A

Q

x

k

FIGURE.8.2. Heat.transfer.by.thermal.conduction.
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Both.natural.and.forced.convection.can.present.a.laminar.flow.at.lower.velocities.and.turbulent.flow.
when.the.streamline.flow.is.at.higher.velocities.(see.Figure.8.3).

Turbulent.flow.increases.not.only.the.heat.transfer.rate.but.also.the.friction.between.the.fluid.and.
contact.surfaces..The.transition.between.laminar.flow.and.turbulent.flow.is.defined.on.the.basis.of.the.
Reynolds.number:

.
Re = ρ

µ
vL

.
(8.3)

where
ρ.[kg/m3].is.the.fluid.density
μ.[kg/s.m].is.the.fluid.dynamic.viscosity
L.[m].is.the.characteristic.length.of.the.surface
v.[m/s].is.the.fluid.velocity

Newton’s.law.defines.the.convection.heat.transfer.phenomenon:

. Q h A T T= −C ( )1 2 . (8.4)

where
Q.[W].is.the.rate.of.heat.transfer
A.[m2].is.the.surface.area
hC.[W/(m2.°C)].is.the.convection.heat.transfer.coefficient
(T1.−.T2).[°C].is.the.temperature.difference.between.the.surface.and.the.fluid

In.convection.thermal.analysis,.the.correct.definition.of.the.heat.transfer.coefficient.hC.is.the.most.diffi-
cult.problem.to.be.solved..The.typical.range.of.the.heat.transfer.coefficient.values.for.the.several.convec-
tion.phenomena.are.reported.hereafter:

Air.natural.convection.hC.=.5–25.[W/(m2.°C)]
Air.forced.convection.hC.=.10–300.[W/(m2.°C)]
Liquid.forced.convection.hC.=.50–5000.[W/(m2.°C)]

When.the.geometrical.and.physics.characteristics.of.a.system.are.known,.it.is.possible.to.compute.the.
related.thermal.resistance.using

.
R

Ahconv
C

C/W]= °1 [
.

(8.5)

where
A.[m2].is.the.area
hC.is.the.heat.transfer.coefficient.for.convection

Laminar flow Transition

v

Turbulent flow

FIGURE.8.3. Laminar.and.turbulent.flow.
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Due.to.the.complex.nature.of.the.convection,.it.is.often.not.possible.to.find.directly.exact.mathematical.
solutions.to.the.problems..As.a.consequence,.an.empirical.technique.of.dimensional.analysis,.based.on.
experiments.and.tests,.is.used.in.alternative.to.determine.the.heat.transfer.coefficient..In.fact,.many.fac-
tors.determine.the.phenomena.involved.in.the.convection.process.between.a.surface.and.a.fluid,.such.as.
shape.and.size.of.the.solid–fluid.boundary,.fluid.flow.characteristics.(i.e.,.turbulent.flow),..characteristics.
of. the. fluid. material,. etc.. This. approach. uses. a. set. of. dimensionless. numbers. to. obtain. a. functional.
.relationship.for.hC.and.the.main.fluid.physical.properties.in.the.flow.working.conditions..It.is.important.
to.underline.that.these.dimensionless.numbers.allow.the.use.of.the.same.formulations.with.different.
fluid.materials.and.dimensions.not.included.in.the.original.experiments..The.most.used.dimensionless.
numbers.are.the.following.ones:

Reynolds.number:.Re.=.ρvL/μ,.i.e.,.inertia.force/viscous.force
Grashof.number:.Gr.=.βgθρ2L3/μ2,.i.e.,.buoyancy.force/viscous.force
Prandtl.number:.Pr = cpμ/k,.i.e.,.momentum/thermal.diffusivity.for.a.fluid
Nusselt.number:.Nu = hL/k,.i.e.,.convection.heat.transfer/conduction.heat.transfer.in.a.fluid

In.the.previous.equation.set,.the.meaning.of.the.used.symbol.is.listed.hereafter.

h.heat.transfer.coefficient.[W/(m2/°C)]
μ.fluid.dynamic.viscosity.[kg/(s.m)]
k.thermal.conductivity.of.the.fluid.[W/(m.°C)]
cp.specific.heat.capacity.of.the.fluid.[kJ/(kg.°C)]
θ.temperature.difference.between.the.surface.and.fluid.[°C]
L.characteristic.length.of.the.surface.[m]
β.coefficient.of.cubical.expansion.of.fluid.[1/°C]
g.gravitational.force.[m/s2]
v.fluid.velocity.[m/s]
ρ.fluid.density.[kg/m3]

The.Reynolds.number.is.used.to.predict.the.transition.from.laminar.to.turbulent.flow.in.forced.con-
vection.systems,.while.the.product.of.the.Grashof.and.Prandtl.numbers.is.used.to.predict.the.transition.
to.turbulent.flow.in.systems.dominated.by.natural.convection..The.natural.and.forced.convection.heat.
transfer.coefficients.for.the.geometries.involved.in.electromechanical.devices.and,.in.particular,.in.elec-
trical.machine.can.be.found.in.the.technical.literature.and.in.books.on.heat.transfer..In.presence.of.a.
mix.between.natural.and.forced.convection,.the.relation.h h hmix

3 3 3= ±forced natural.is.used,.where.the.sign.±.
takes.into.account.if.the.two.phenomena.are.in.opposing.or.not.

8.2.3  radiation

Radiation.is.the.heat.transfer.mode.between.two.surfaces.due.to.the.energy.transfer.by.electromagnetic.
waves;.as.a.consequence,.thank.the.radiation.phenomenon,.the.heat.can.be.transferred.in.the.vacuum.
(Figure.8.4).

Radiation
Hotter
body

Cooler
body

FIGURE.8.4. Heat.transfer.by.radiation.
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The. amount. of. the. emitted. heat. depends. on. the. absolute. temperature. of. the. body.. The. Stefan-
Boltzmann’s.law.defines.the.convection.heat.transfer.phenomenon:

. Q AT= σ 4
. (8.6)

where
Q.[W].is.the.rate.of.heat.transfer
A.[m2].is.the.surface.area.of.perfectly.radiating.body
σ.[W/(m2.K4)].is.the.Stefan-Boltzmann.constant.equal.to.5.669.×.10−8

T.[K].is.the.absolute.surface.temperature

An.ideal.radiating.body.(technically.defined.as.“black.body”).emits.at.a.given.temperature.the.maxi-
mum.possible.energy.at.all.wavelengths..The.Stefan-Boltzmann.equation.defines.the.energy.emission.
rather.than.the.energy.exchange..Since.the.area.A.may.also.absorb.radiation.from.elsewhere,.the.emit-
ting.and.absorbing.characteristics.(called.emissivity).and.the.view.that.the.surfaces.have.of.the.other.
ones.(called.view.factor,.taking.into.account.how.well.one.surface.is.viewed.by.another.one).have.to.be.
considered.for.a.correct.computation.of.the.heat.transfer..The.radiation.exchange.between.two.surfaces.
can.be.computed.by

. Q F T T= −−σε1 1 2 1
4

2
4( ), . (8.7)

where
Q.[W].is.the.rate.of.heat.transfer
A1.[m2].is.the.area.of.radiating.surface.1
T1.[K].is.the.absolute.temperature.of.surface.1
T2.[K].is.the.absolute.temperature.of.surface.2
ε1.is.the.emissivity.of.surface.1.(ε.≤.1)
F1−2.is.the.view.factor.(it.takes.into.account.how.well.the.surface.2.is.viewed.by.surface.1.(F1−2.≤.1))

The.heat.transfer.coefficient.of.radiation,.hR.can.be.computed.by

.
h F T T

T TR
( )= −
−

−σε1 1 2 1
4

2
4

1 2 .
(8.8)

Consequently,.the.thermal.resistance.due.to.radiation.phenomenon.is.equal.to.R AhRad R= ( )1

8.3  thermal analysis and related thermal Models

Nowadays,.the.thermal.analysis.is.typically.based.on.analytical.lumped.circuits.or.numerical.models..
Analytical.lumped.circuit.models.have.excellent.calculation.speed,.but.a.correct.determination.of.the.
thermal.resistances.is.not.a.simple.task..Numerical.Computational.Fluid.Dynamics.(CFD).or.numeri-
cal.Finite.Element.Analysis.(FEA).software.can.be.used.to.accurately.predict.flow.in.complex.regions.
and.temperature.distribution.in.solid.components,.respectively..Both.the.methods.suffer.of.long.model.
setup.and.computation.times,.especially.when.it.is.virtually.impossible.to.reduce.the.problem.to.a.two.
dimensions.(2D).problem.



Thermal	Effects	 8-7

8.4  Numerical Models

8.4.1  Numerical Computational Fluid Dynamics

CFD.is.used.for.the.determination.of.the.coolant.flow.rate,.speed,.and.pressure.distribution.of.the.
cooling.fluid.inside.and.outside.the.device.and.in.cooling.passages..In.addition,.the.CFD.analysis.is.very.
useful.to.compute.the.surface.heat.transfers..These.values.can.be.used.as.starting.conditions.for.subse-
quent.temperature.analysis.in.the.active.material.and.in.solid.structures..The.approach.by.CFD.requires.
modern.CFD.codes.and.specialized.software.available.in.the.market..These.softwares.are.mostly.based.
on.the.finite.volume.technique.solving.Navier-Stokes.equations.complimented.by.a.selection.of.vali-
dated.and.proven.physical.models. to. solve. three-dimensional. (3D). laminar.or. turbulent.flow.and. to.
obtain.heat.transfer.coefficients.with.a.high.degree.of.accuracy..Both.2D.and.3D.packages.can.be.found.
and.the.choice.is.depending.on.the.geometry.under.analysis..CFD.analysis.using.3D.model.suffers.of.a.
very.long.model.setup.and.computation.times..The.typical.use.of.CFD.analysis.for.electrical.machines.
is.the.following:

•. Internal.flow.either.in.a.through-ventilated.machine,.where.ventilation.is.driven.by.a.fan.or.by.
self-pumping.effect.of.rotor,.or.in.a.TEFC.motors.and.generators.to.assess.the.air.movements.that.
exchange.heat.from.winding.endwinding.to.external.endcaps.

•. External.flow.and.flow.around.the.enclosure.of.a.TEFC.motors.and.generators.
•. Fan.design.and.related.performance.analysis.in.order.to.optimize.material,.cost,.manufacturing.

processes,.space,.or.access.constraints..In.fact,.fans.used.in.electrical.machines.often.have.very.
poor.aerodynamic.efficiency.and.require.a.low-cost.production..CFD.offers.a.great.advantage.in.
improving.fan.design,.taking.into.account.its.interaction.with.the.cooling.circuit.

•. Supporting. analysis. for. water. flow. cooling. system. both,. in. electrical. machines. and. power.
converters.

The.use.of.CFD.is.devoted.and.recommended.when.sophisticated.simulations.are.imposed.by.the.high.
costs.of.the.prototypes,.typically.for.big.motors.or.generators..It.is.important.to.underline.that.the.data.
obtained.using.CFD.can.be.usefully.adopted. to. improve. the.analytical. algorithms.used. in. the.FEM.
model.or.in.the.thermal.resistance.evaluation.

8.4.2  Finite Element analysis

FEA.is.now.a.standard.tool.for.electromagnetic.analysis.and.it.is.more.and.more.used.in.electromagnetic.
devices.design.with.both.2D.and.3D.approaches..Often.software.packages.for.electromagnetic.analy-
sis.include.a.module.for.thermal.analysis.too..At.first.quick.look.FEA.could.seem.more.accurate.than.
thermal.network.analysis;.however,.it.has.the.same.problems.in.the.definition.of.the.thermal.quantities.
such.as.convection.heat.transfer.coefficients.and.interface.gaps..The.FEA.main.advantage.is.the.accurate.
calculation. of. conduction. heat. transfer. in. complex. geometric. shapes. not. approachable. with. lumped.
parameters.

8.5  thermal analysis Using thermal Network

The.thermal.network.using.lumped.thermal.parameters.is.the.most.used.approach.for.the.thermal.anal-
ysis.of.electromagnetic.devices..This.method.is.based.on.the.following.electrothermal.equivalence:.tem-
perature.to.voltage,.thermal.power.to.current,.and.thermal.resistance.to.electrical.resistance..In.thermal.
network,.it.is.possible.to.lump.together.components.that.have.the.same.temperatures.and.to.connect.
these.components. in.a.single. isothermal.node.in.the.network..These.nodes.are.separated.by.thermal.
resistances,.which.represent.the.heat.transfer.between.components..In.Figure.8.5,.an.example.of.a.sim-
plified.thermal.network.for.a.TEFC.induction.motor.is.reported..The.method.is.accurate.as.the.thermal.
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resistances.are.well.determined..The.thermal.resistances.have.to.represent.all.the.thermal.heat.transfer.
phenomena.inside.and.outside.the.system.under.analysis..As.a.consequence,.conduction,.natural.and.
forced.convection,.and.radiation.thermal.resistances.have.to.be.taken.into.account..Unfortunately,.these.
thermal.resistances.are.often.very.complex.to.be.determined,.and.this.is.due.to.the.involved.geometrical.
shapes.and.the.physic.phenomena..For.these.reasons,.some.thermal.resistance.determinations.have.to.
be.done.using.analytical.equations.often.based.on.the.designer.experience..The.equations.used.to.com-
pute.these.thermal.resistances.are.summarized.in.the.following..It.is.important.to.remark.that,.from.the.
thermal.resistance.determination.point.of.view,.these.methods.have.general.validity.and.they.are.not.
linked.to.the.thermal.network.complexity.

8.5.1  Conduction Heat transfer resistance

Conduction.thermal.resistances.can.be.simply.calculated.using.the.following.formulation:

.
R L

kA
=

.
(8.9)

Natural correction thermal
resistance between external case

and ambient

Forced correction thermal
resistance between external case

and ambient

Iron Joule
losses

Stator
Joule
lossesAxial conduction

thermal resistance of
the shaft

Rotor Joule
losses

Conduction
thermal

resistance
between

stator
copper and
stator slot

Correction
thermal

resistance
between

stator
winding
external

corrections
and external

case

+

+

Conduction resistance of interface
gap between stator case and

external case

Radial conduction thermal
resistance of stator yoke lower

halfpart
Radial conduction thermal
resistance of stator teeth

Convection thermal resistance
between stator teeth and airgap air

Convection thermal resistance
between rotor and airgap air

Radial conduction thermal
resistance of stator yoke upper

halfpartCorrection thermal resistance
between internal air and end caps

Correction thermal resistance
between stator winding external

corrections and inner air

FIGURE.8.5. Simplified.thermal.network.for.a.TEFC.induction.motor.
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where
L.[m].is.the.path.length
A.[m2].is.the.path.area
k.[W/(m.°C)].is.the.thermal.conductivity.of.the.material

In.most.cases,.L.and.A.can.be.simply.obtained.from.component.geometry,.but.particular.care.has.to.be.
taken.for.a.correct.value.of.L.in.the.presence.of.thermal.resistances.due.to.interface.gap.between.com-
ponents..The.conductor.materials.have.a.thermal.conductivity.in.the.range.10–400.W/(m.°C),.while.the.
insulation.material.has.a.thermal.conductivity.in.the.range.0.1–1.0.W/(m.°C)..In.Table.8.2,.the.thermal.
conductivity.of.some.materials.is.reported.

8.5.2  radiation Heat transfer resistance

Radiation.thermal.resistances.for.a.given.surface.can.be.simply.calculated.using

.
R

h A
= 1

R .
(8.10)

where
A.[m2].is.the.surface.area
hR.[W/(m2.°C)].is.the.heat.transfer.coefficient

The.surface.area.can.be.calculated.from.the.surface.geometry..The.radiation.heat.transfer.coefficient.can.
be.calculated.using

.
h F T T

T TR = −
−−σε 1 2

1
4

2
4

1 2 .
(8.11)

The.emissivity.ε. is.a. function.of. the.material.and.finish.surface.for.which.data.are.available. in.most.
engineering.textbooks..The.view.factor.can.easily.be.calculated.for.simple.geometric.surfaces.such.as.
cylinders.and.flat.plates,.but.it.is.more.difficult.for.complex.geometries,.and.the.help.of.specialist.books.
on.heat.transfer.is.mandatory.

8.5.3  Convection Heat transfer resistance

Convection.thermal.resistances.for.a.given.surface.can.be.calculated.using

.
R

h A
= 1

C .
(8.12)

TABLE.8.2. Thermal.Conductivity.k.in.W/(m.°C).
for Some Materials
Aluminum 237 Zinc 116 Rubber 0.15
Brass 111 Epoxy 0.207 Plastic 0.25
Copper 401 Mica 0.71 Teflon 0.22
Iron 80 Mylar 0.19 Paper 0.15
Iron.1%.silicon 42 Nylon 0.242 Air 0.0262
Iron.5%.silicon 19 Bakelite 0.19 Water 0.597
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The. previous. equation. is. basically. the. same. equation. as. for. radiation. but. with. the. radiation. heat.
transfer.coefficient.replaced.by.the.convection.heat.transfer.coefficient,.hC.[W/(m2.°C)].

The.determination.of.hC.is.not.easy.because.convection.heat.transfer.process.is.due.to.fluid motion..
In.natural.convection,.the.fluid.motion.is.due.entirely.to.buoyancy.forces.linked.to.the.fluid.density.
variations..In.a.forced.convection.system,.fluid.movement.is.by.an.external.force.(e.g.,.fan,.blower,.
pump)..If.the.fluid.velocity.is.high,.then.turbulence.can.be.present.and.in.such.cases,.the.mixing.of.
hot.and.cold.air.is.more.efficient.with.an.increase.of.the.heat.transfer..However,.the.turbulent.flow.
produces.a. larger.pressure.drop,.with.a. reduction.of. the.fluid.volume.flow.rate..Tested.empirical.
heat.transfer.correlations,.based.on.dimensionless.analysis,.are.used.to.predict.hC..The.equations.
for.hC.determination.can.be.found.in.the.technical.literature.for.the.convection.surfaces.typically.
involved.in.electrical.machines.and.heat.sink..A.first.approximation,.for.simple.geometric.shapes,.
the. combined. natural. convection,. and. radiation. heat. transfer. coefficient. values. are. in. the. range.
12–14.W/(m2.°C).

8.6  thermal resistance in Electrical Machines

In.the.following,.some.information.on.appropriated.heat.transfer.coefficient.or.thermal.resistance.to.be.
used.in.electrical.machine.thermal.models.is.provided..These.values.take.into.account.complex.parts,.
which.cannot.be.easily.determined.by.the.classical.relations.

8.6.1  Convection Heat transfer resistance

With.reference.to.TENV.machines,.the.equivalent.thermal.resistance.(natural.convection.and.radia-
tion).R0.[°C/W].between.the.housing.and.ambient.can.be.computed.in.first.approximation.using

. R A0
1 0390 167= . .

. (8.13)

where.A.[m2].is.the.total.area.of.the.external.frame.including.the.fins..This.relation.can.be.used.in.TEFC.
motor.operating.in.variable.speed.drive.at.low.speed,.where.the.convection.heat.transfer.overcomes.the.
heat.transfer.for.forced.convection.

8.6.2  radiation Heat transfer

For.inside.and.outside.electrical.machine.parts,.the.following.average.values.of.the.radiation.heat.trans-
fer.coefficients.can.be.used:

8.5.W/(m2.°C) Between.copper–iron.lamination
6.9.W/(m2.°C) Between.endwinding–external.cage
5.7.W/(m2.°C) Between.external.cage–ambient

8.6.3  Equivalent thermal Conductivity between Winding and Lamination

The.thermal.behavior.of.wires.positioned.inside.the.slot.is.a.very.complex.problem.because.the.value.of.
the.thermal.conductivity.k.is.not.simple.to.be.defined..A.possible.approach.to.simplify.the.thermal.resis-
tance.computation.is.to.use.an.equivalent.thermal.conductivity.“kcu,ir,”.taking.into.account,.at.the.same.
time,.the.impregnation.and.insulation.system.present.in.the.slot..This.equivalent.thermal.conductivity.
depends.on.several.factors.such.as.material.and.quality.of.the.impregnation,.residual.air.quantity.after.
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the.impregnation.process..If.the.equivalent.thermal.conductivity.kcu,ir.is.
known,.the.thermal.resistance.between.the.winding.and.the.stator.lami-
nations.can.be.computed.using.the.equation.reported.in.previous.section..
When.the.slot.fill.factor.kf,.the.slot.area.Aslot.[cm2],.and.axial.core.length.
Lcore.[cm].are.known,.the.following.relation.can.be.used.as.a.reasonable.
starting.value:

. k k A Lcu,ir f slot core ( )= − 
−0 2749 1 0 4471. .

. (8.14)

The. quantity. inside. the. square. bracket. represents. the. available. net.
volume.inside.the.slot.for.the.wire/slot.insulation.and.the.impregnation..
Reasonable.values.to.be.used.are.in.the.range.0.08–0.04.W/(m2.°C)

8.6.4  Forced Convection Heat transfer Coefficient 
between End Winding and Endcaps

The.thermal.resistance.between.electrical.machine.endwindings.and.endcaps.due.to.forced.convection.
can.be.evaluated.by.the.equation.previously.reported,.where.the.value.of.hC.is.not.so.easy.to.be.defined..
For.totally.enclosed.machines,.the.value.of.hC.can.be.evaluated.using.the.following.formulation:

.
h k k vk  1  1 2

3= +  .
(8.15)

where.v.[m/s].is.the.speed.air.inside.the.motor.endcaps..The.three.coefficients.K1,.K2,.and.K3.are.provided.
by.several.authors.and.they.are.reported.in.Table.8.3.

8.7  transient thermal analysis Using thermal Network

In.presence.of.time.variations.of.the.heat.transfer,.heat.capacitances.have.to.be.added.to.the.previously.
discussed.thermal.resistance..Using.the.same.electrothermal.equivalence,.the.heat.capacity.is.equivalent.
to.the.electrical.capacity.and.the.following.thermal.equation.can.be.written:

.
P C T

tth th
d
d

=
.

(8.16)

where
Pth.[W].is.the.thermal.power
Cth.[J/°C].is.the.heat.capacity
T.[°C].is.the.temperature
t.[s].is.the.time

The.heat.capacity.can.be.computed.by

. C VC sp= ρ . (8.17)

where
ρ.[kg/m3].is.the.density
V.[m3].the.considered.homogeneous.volume
Csp.[J/(kg.C)].the.specific.heat.capacity

TABLE.8.3. Coefficient.
for the.Computation.of.the.
Forced.Convection.Heat.
Transfer.Coefficient.between.
End.Winding.and.Endcaps

K1 K2 K3

15.5 0.39 1
15 0.4 0.9
20 0.425 0.7
33.2 0.0445 1
40 0.1 1
10 0.3 1
41.2 0.151 1
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During.the.thermal.transient.conditions,.the.thermal.network.is.represented.by.differential.equations.
to.be.solved.using.appropriated.mathematical.methods..Transient.thermal.analysis.are.fundamental.for.
predicting.the.thermal.behaviors,.such.as.the.instantaneous.overheating.in.electrical.machines,.electro-
magnetic.devices,.and.power.converter.structures.when.the.power.losses.inside.the.device.are.varying.
in.the.time.due.to.load.with.duty.cycle.

8.8  Final Considerations

As.well. evident. in. this.chapter,. the. thermal.analysis. in.electrical.devices. is.not.a. simple. task,.and. it.
requires.experience.and.skill. for.a.correct.management.and.use.of. the. thermal.relations.and.related.
thermal.quantities.and.coefficients..The.support.of.specialized.heat.transfer.books.is.quite.mandatory.in.
order.to.avoid.wrong.approaches.and.unacceptable.results.
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9.1 Introduction

The.problem.of.noise.and.vibrations.is.important.for.electrical.machines..Indeed,.standards.in.terms.
of.noise.are.more.and.more.restrictive..The.tendency.to.increase.the.power.of.machines.for.a.given.size.
leads.to.increase.in.noise.and.vibrations..That.is.why.the.knowledge.of.phenomena.generating.acous-
tic.noise.is.necessary.not.only.to.design.modern.electrical.machines,.but.also.to.analyze.systems.with.
acoustic.and.vibration.problems.

This.chapter.focuses.on.noise.of.AC.electrical.rotating.machines.connected.to.the.grid.or.operating.
with. adjustable-speed. drives,. with. special. emphasis. on. noise. of. magnetic. origin.. The. objectives. are.
multiple;.they.aim.at.answering.the.following.questions:.What.is.the.link.between.the.vibrations.and.
the.acoustic.noise?.How.can.the.acoustic.spectra.of.an.AC.machine.be.exploited?.How.can.the.noise.and.
vibrations.be.predetermined.and.their.occurrence.be.avoided?

Section. 9.2. presents. the. various. origins. of. noise. of. electrical. rotating. machines.. Typical. spectra.
of.noisy.machines.are.depicted..Then,. in.Section.9.3,. the.phenomenon.of.noise.of.magnetic.origin.is.
described..The.suggested.analytical.method.makes.it.possible.to.understand.what.the.contribution.of.
the.flux.density.harmonics.on.the.noisy.forces.is..In.Section.9.4,.an.analytical.mechanical.and.acoustic.
modeling.for.rotating.machines.is.proposed..These.developments.are.important.because.the.forces.that.
produce.the.noise.have.various.consequences,.not.only.in.function.of.their.amplitude.and.frequency,.
but.also.in.function.of.the.mechanical.structure.response..The.method.allows.laying.emphasis.on.the.
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important.parameters. to. supervise. for.an.efficient.acoustic.design..Finally,.Section.9.5.presents.an.
analytical.method.to.determine.the.flux.density.harmonics.of.AC.machines.

9.2  Origins of Noise and Vibrations 
of Electrical rotating Machines

9.2.1 Mechanical, aerodynamical, and Magnetic Noises

Noise.of.electrical.rotating.machines.has.essentially.three.origins:.electromagnetic,.aerodynamic,.and.
mechanical.[1–3].

9.2.1.1 Noise of Mechanical Origin

The.noise.of.mechanical.origin.comes.mainly.from.the.bearings..So,.it.exists.for.most.of.the.rotating.electrical.
machines,.except.in.the.case.of.magnetic.bearings..The.level.of.this.noise,.which.is.tied.to.frictions,.depends.
on.the.bearing.type.and.quality,.the.oiling,.and.the.rotor.speed..It.is.admitted.that.the.noise.generated.by.
the.plain.bearings.is.widely.lower.than.the.other.noises..For.the.roller.bearings,.the.noise.depends.mainly.
on.the.external.resonance.frequency;. those.bearings.sometimes.produce.treble.sounds,.which.disappear.
temporally.when.a.small.quantity.of.grease.is.injected..Roller.bearings.lubricated.with.oil.are.less.noisy.[4].

It.is.also.necessary.to.take.into.account.frictions.of.brushes,.particularly.with.DC.machines.because.
of.the.non-smooth.collector..The.sound.level.due.to.mechanical.frictions.increases.generally.with.the.
square.of.the.speed..Mechanical.noises.are.important.only.for.machines.with.high.rotation.speed.

9.2.1.2 Noise of aerodynamic Origin

Aerodynamic.noises.are.often.more.higher.than.mechanical.noises..The.noise.results.of.air.vibrations,.
the.rotating.parts.create.air.turbulences.and.noise..They.come.from.the.fan.or.from.active.parts.of.the.
rotor,.which.act.as.a.fan.(e.g.,.the.ends.of.the.induction.machine.rotor.bars)..Obstructions.in.airflows.are.
a.supplementary.fact.of.noise..Ventilation.allows.convection.for.cooling;.it.reduces.notably.the.size.of.
the.machines.but.it.creates.noise..Thus,.there.is.a.compromise.to.do.for.the.designers.between.drawing.
a.small-sized.machine.or.a.noisy.one..Aerodynamic.noise.increases.with.the.fifth.power.of.the.speed..
An.80.dB.ventilation.noise.at.1000.revolutions.per.minute.(rpm).reaches.104.dB.at.3000.rpm.

9.2.1.3 Noise of Electromagnetic Origin

The.level.of.noise.of.magnetic.origin.is.variable.because.it.depends.on.the.design,.the.load,.the.speed,.
and.the.power.supply..For.low-speed.machines,.magnetic.noise.is.almost.always.prevailing..It.is.gener-
ated.by.electromagnetic.forces,.which.occur.between.the.stator.and.the.rotor..They.produce.vibrations.
of.the.machine,.mainly.the.stator..When.the.frequencies.of.the.electromagnetic.forces.are.close.to.the.
resonance.frequencies.of.the.stator,.the.vibrations.and.the.noise.are.amplified..The.magnetic.noise.of.
rotating.machines.can.easily.be.distinguished.from.other.noises.by.cutting.off.the.electric.supply:.the.
magnetic.noise.is.immediately.stopped.while.aerodynamic.and.mechanical.noises.decrease.slowly.with.
the.speed..Sound.spectra.show.few.fine.lines.typical.of.magnetic.noise.

9.2.2 Examples of rotating Machine Spectra

The.following.spectra.have.been.recorded.for.several.types.of.electrical.rotating.machines.operating.at.
no.load..They.are.obtained.with.a.spectrum.analyzer;.it.displays.the.FFT.of.the.measured.signals.which.
come.from

•. A.microphone,.located.at.1.m.from.the.surface.of.the.tested.machine.placed.in.a.semi-anechoic.room.
•. An.accelerometer.that.measures.the.stator.vibrations.amplitudes..Let.us.point.out.that.the.accel-

eration.amplitude.results.from.the.product.of.the.vibration.amplitude.by.the.square.of.its.angular.
frequency..That.justifies.that.sometimes,.on.the.acceleration.spectra,.the.lines.of.high.frequency.
have.the.highest.magnitudes.
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9.2.2.1 Example of a 650 W Single-Phase Induction Machine

This. cage. rotor. machine. usually. works. in. washing. machines.. Two. kinds. of. spectra. are. presented,.
obtained.with.the.machine.normally.supplied.by.the.grid.or.immediately.after.having.cut.off.the.power.
supply.

9.2.2.1.1  Spectra with the Supplied Machine
Figures.9.1.and.9.2.show.respectively.the.acoustic.and.vibration.spectra.for.a.50.Hz.single-phase.supply..
On.the.acoustic.spectrum,.noise.components.can.be.seen.at.336,.2,016,.2,160,.3,264,.3,920,.7,550,.7,650,.
7,750,.and.11,490.Hz..The.total.noise.is.57.dB..The.three.lines.at.7550,.7650,.7750.Hz,.spaced.at.100.Hz,.
are.typical.of.magnetic.noise.

On.the.vibration.spectrum,.lines.at.2,016,.3,264,.3,920,.7,550,.7,650,.7,750,.and.11,490.Hz.can.still.be.
observed..As.this.spectrum.includes.only.noises.of.magnetic.and.mechanical.origin,.it.can.be.concluded.
that.the.2160.Hz.component.is.due.to.ventilation.

9.2.2.1.2  Spectra after Having Cut Off the Power Supply
Figure.9.3.shows.the.acoustic.spectrum.when.the.rotor.is.still.rotating..It.includes.only.mechanical.and.
aerodynamic.noises..The.lines.at.2,016,.3,920,.7,550,.7,650,.7,750,.and.11,490.Hz.disappeared..It.can.be.
concluded.that.they.have.magnetic.origin.while.components.at.336,.2160,.and.3264.Hz.have.mechani-
cal.or.aerodynamic.origins..Figure.9.4.presents.the.corresponding.vibration.spectrum,.which.is.only.
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FIGURE.9.1. Spectrum.of.acoustic.pressure.level.(dBA).of.a.650.W.single-phase.machine.
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FIGURE.9.2. Vibration.spectrum.(accelerations).of.a.650.W.single-phase.machine.
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concerned.by.the.mechanical.effects..It.can.be.deduced.that.the.3264.Hz.line.has.a.mechanical.origin;.
and.the.336.and.2160.Hz.probably.an.aerodynamic.origin..Thus,. this.machine.has.a. low.mechanical.
noise.

9.2.2.2 Example of a Switched reluctance Machine

The.switched.reluctance.machine.(SRM).and,.especially,.the.doubly.salient.SRM.(BDSRM).can.be.used.
in.many.industrial,.aerospace,.automotive,.and.domestic.applications..Indeed,.this.machine.is.easy.to.
manufacture.and.has. low.cost.because.the.rotor.has.no.winding.and.the.power.electronic.controller.
has.few.components..In.addition.to.its.simple.and.rugged.construction,.it.has.a.high.efficiency.[5]..But.
vibrations.and.acoustic.noise.can.be.particularly.problematic.with.the.SRM.because.of.the.stator.back-
iron.deformation.induced.by.radial.magnetic.forces.[6,7]..Figure.9.5.presents.the.acoustic.spectrum.of.
a.BDSRM.equipped.with.eight.teeth.on.the.stator.and.six.teeth.on.the.rotor;.it.is.supplied.with.voltage.
rectangular.waveforms. and. the. rotor. rotates. at.1466.6.rpm..Figure.9.6. shows. the. radial. stator. frame.
vibrations..Both.spectra.are.composed.of.many.thin.lines,.regularly.spaced..The.high.number.of.com-
ponents.is.explained.by.the.phase.currents.and.voltages,.which.are.not.sinusoidal.waveforms..They.are.
responsible.for.harmonics.generating.noise.and.vibrations..A.major.line.at.2200.Hz.appears.clearly.on.
the.vibration.spectrum;.a.modal.analysis.explains.it.by.the.presence.of.a.natural.resonance.of.the.stator.
frame.around.2100.Hz.

9.2.2.3 Example of a Synchronous Machine Supplied with a PWM Inverter

Let.us.consider.a.synchronous.AC.machine.supplied.with.a.Pulse.Width.Modulation.(PWM).inverter,.
operating.at.100.Hz.fundamental.frequency.

The.vibration.spectrum.measured.with.an.accelerometer.(Figure.9.7).shows.lines.around.frequen-
cies.that.are.multiple.of.the.switching.frequency.fw.(3.kHz)..Thus,.the.PWM.switching.frequency.has.an.
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FIGURE.9.3. Aerodynamic.and.mechanical.noises.(dBA).of.a.650.W.single-phase.machine.
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FIGURE.9.4. Mechanical.vibrations.(accelerations).of.a.650.W.single-phase.machine.
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obvious.influence.on.noise.and.vibrations..The.best.way.to.obtain.a.silent.machine.is.to.choose.a.high.
PWM.frequency,.so.that.human.ear.cannot.hear.the.noise.(over.15.kHz);.the.problem.is.that.the.losses.
of.the.inverter.increase.with.the.frequency.

9.2.2.4 Example of a Saturated Machine

Magnetic.saturation.can.produce.noise.[8]..The.acoustic.spectrum.shown.in.Figure.9.8.concerns.an.
industrial.three-speed.three-phase.induction.motor.with.a.squirrel.cage.rotor..Low.speed.(the.syn-
chronous.speed.is.375.rpm.with.the.50.Hz.grid).is.used.sporadically,.for.hoisting,.for.instance,.but.a.
high.acoustic.level.is.generated..As.this.machine.has.been.designed.in.priority.for.working.at.the.two.

55 dB

35 dB
0 1 k 2 k 3 k 4 k 5 k 6 k

FIGURE.9.5. Spectrum.of.acoustic.pressure.level.(dBA).of.a.8/6.BDSRM.machine.
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FIGURE.9.6. Vibration.spectrum.(accelerations,.in.m/s2).of.a.8/6.BDSRM.machine.
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FIGURE.9.7. Vibration.spectrum.(accelerations).of.a.machine.supplied.with.a.3.kHz.PWM.inverter.
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high.speeds.(two.and.four.poles);.the.stator.magnetic.circuit.is.saturated.and.consequences.on.noise.
are.shown.on.the.acoustic.spectrum,.which.is.composed.of.lines.of.frequency.multiple.of.300.Hz.with.
particularly.high.levels.

9.3 Magnetic Noise of aC Electrical rotating Machines

9.3.1 Description of the Phenomenon

9.3.1.1 Flux Density in the air Gap

The.electrical.currents.flowing.in.the.wires.generate.in.the.air.gap.of.the.rotating.machines.a.magnetic.
field,.which.acts.on.the.stator.and.rotor.iron..Three.kinds.of.forces.appear:

. 1.. Tangential.forces,.which.create.torque.and.rotor.rotation.

. 2.. Magnetostrictive. forces,. negligible. for. rotating. machines. (magnetostriction. is. a. property. of.
ferromagnetic.materials,.which.are.deformed.when.they.are.submitted.to.a.magnetic.field;.this.
phenomenon.can.be.important.with.transformers).

. 3.. Radial.Maxwell.forces..The.radial.component.of.the.magnetic.flux.in.the.air.gap.of.a.magnetic.cir-
cuit.creates.a.force.FM.that.tends.to.attract.stator.and.rotor..Its.amplitude.per.area.unit.is.given.by

.
F b

M =
2

02µ .
(9.1)

where
b.is.the.flux.density.at.a.given.point.of.the.stator.internal.surface
μ0.is.the.vacuum.permeability.(4.×.π.×.10−7.H/m)

Those.magnetic.forces.act.essentially.on.the.stator.by.deforming.it.and.by.creating.vibrations..The.rotor.
is.less.deformed.because.of.its.important.rigidity;.moreover,.its.surface.is.smallest..Then,.the.rotor.vibra-
tions.are.not.taken.into.account.to.estimate.magnetic.noise.

The.flux.density.in.the.air.gap.contains.a.fundamental.component.and.a.lot.of.harmonics.generated.by

•. The.spatial.distribution.of.the.coils.in.a.finite.number.of.slots,.which.affects.the.magnetomotive.
force.(m.m.f.).waveform;.those.harmonics.are.called.space.harmonics

•. The.variable.thickness.of.the.air.gap.due.to.the.slots,.which.leads.to.variable.reluctance.[9,10]
•. The.eventual.eccentricity.of.the.rotor,.creating.variable.minimal.value.of.the.air.gap.thickness;.

due.to.radial.forces,.manufacturing,.or.aging.of.the.bearings.[11]
•. The.magnetic.saturation.of.steel.sheets,.namely.at.the.level.of.the.teeth.[8]
•. The.current.harmonics.due.to.the.power.supply.(variable.speed.drive).[12]

Thus,.to.design.a.silent.machine,.flux.density.harmonics.have.to.be.minimized.

3.0 k2.5 k2.0 k1.5 k1.0 k0.5 k0

80 dB

40 dB

FIGURE.9.8. Noise.spectrum.(dBA).of.a.saturated.AC.machine.
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9.3.1.2 Force Waves

Let.us.consider.a.p.pole.pair.machine..The.flux.density.b.can.be.expressed.as

.
b bh

h

= ∑ .
(9.2)

where.the.harmonic.bh,.whose.pole.pair.number.is.hp,.can.be.written.as

. b b t hph h h h= − −ˆ cos( )ω α ψ . (9.3)

The.amplitude.̂bh,.the.angular.frequency.ωh.(frequency.fh),.and.the.phase.angle.ψh.are.complex.functions.of h.
(e.g.,.for.given.h,.ωh.can.take.several.values)..The.angular.position.of.any.point.in.the.air.gap.relatively.to.a.
fixed.stator.reference.arbitrary.chosen.is.denoted.α..FM.given.by.(9.1),.results.from.the.relationship

.
F f

b
M mM

m

h
h= =

( )∑ ∑
2

02µ
.

(9.4)

In.order.to.express.fmM.let.us.introduce.a.flux.density.component.with.h′p.pole.pair,.which.makes.it.pos-
sible.to.distinguish.the.different.terms..It.comes

F b t hp b b t hp tM h h h h h h h h= − − + − −1
2 0

2 2

µ
ω α ψ ω α ψ ωˆ ˆ ˆcos ( ) cos( ) cos(′ ′ −− −











∑∑∑ h p h

hhh

′ ′

′

α ψ )
.
(9.5)

Considering.the.second.term.(double.product),.h′.and.h.have.to.take.all.the.values.but.h.must.be.different.
from.h′..It.can.be.deduced

.

F b t hp

b b

M h h h
h

h h h

= + − − 






+ +

∑1
4

1 2 2 2
0

2

µ
ω α ψ

ω ω

ˆ

ˆ ˆ

cos( )

cos((′ hh h h
hh

h h h

t h h p

t h h p

′ ′

′

′

′

′

) ( ) ( ))

cos(( ) ( ) (

− + − +

+ − − − −

∑∑ α ψ ψ

ω ω α ψ −− 



ψh′ ))

.
(9.6)

It. appears. first. that. a. squared. term. generates. a. constant. pressure. f f bhM hM h
ˆ ˆ ˆ: /= 2

04µ .. This. quantity.
doesn’t.intervene.in.the.noise.definition.because.only.the.nonstationary.pressure.components.generate.
magnetic.noise..Let.us.note.fmM.such.a.component,.which.presents.the.following.general.form:

. f f t mmM mM m m= − −ˆ cos( )ω α ψ . (9.7)

where
m.is.the.pole.pair.force.number,.called.mode.number
fm.is.the.force.frequency
ωm.=.2πfm.is.the.corresponding.angular.frequency
f̂mM.is.the.force.component.amplitude.(N/m2)
ψm.is.a.spatial.angle
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The.forces.waves.(exactly.pressure.waves).rotate.at.ωm/m.angular.speed..They.generate,.at.a.given.point.
located.at.the.external.stator.area,.vibrations.and.then,.variable.air.pressure.responsible.for.noise.

Equation.9.6.shows.two.kinds.of.forces.components.fmM:.those.due.to. b̂h
2 .and.those.due.to.the.double.

products. ˆ ˆb bh h′..The.angular.frequencies.of.the.first.ones.are.two.times.higher.than.the.corresponding.
magnetic.field.angular.frequencies..The.angular.frequencies.of.the.second.term.are.the.result.of.the.sum.
and.the.difference.of.the.angular.frequencies.of.each.component..The.magnetic.noise.is.generally.mainly.
caused.by.the.second.ones.[3].

9.3.2 Deformation Modes

Parameter.m.needs.to.be.considered.seriously.because.it.affects.the.mechanical.response.of.the.stator.

•. For.m.=.0,.the.attraction.between.stator.and.rotor.is.uniform.along.the.air.gap..Stator.vibration.is.
uniform.along.its.circumference.at.frequency.fm.as.shown.in.Figure.9.9:.the.stator.at.rest.is.drawn.
with.full.line.and.with.a.dotted.line.when.the.attraction.is.maximal.

•. m.=.1.is.particular.because.the.attraction.between.stator.and.rotor.is.maximal.at.one.point.and.
minimal.at.the.opposite.point..The.rotor.is.off.center.as.shown.in.Figure.9.10..The.maximal.attrac-
tion.point.rotates.at.the.angular.speed.ωm,.creating.an.unbalanced.mass.very.dangerous.for.noise.
and.vibrations..This.eccentricity.leads.to.air.gap.thickness.and.flux.density.variations..This.case.
is.rare.

•. For.m.≥.2,.the.m.points.of.maximal.attraction.between.stator.and.rotor.cause.a.deformation.of.
the.stator.with.2m.poles,.which.rotates.at.angular.speed.ωm/m..Figure.9.11.shows.deformations.
for.m.=.2.and.3..As.it.will.be.explained.later,.the.deformation.amplitude.is.inversely.propor-
tional.to.m4.

Stator submitted at
a constant pressure

Rotor

Stator
Stator at rest

FIGURE.9.9. Stator.deformations.for.m.=.0.

Maximal
attraction

FIGURE.9.10. Rotor.displacement.for.m.=.1.
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9.3.3 Examples

9.3.3.1 15 kW Induction Machine

Let.us.consider.a.15.kW,.p.=.3.induction.machine.supplied.by.the.50.Hz.grid..For.this.example,.only.two.
components.to.define.b.(9.2).will.be.considered:

•. The.first.one.corresponds.to.the.fundamental.wave.defined.for.h.=.1:.b̂h.=.0.7T,.fh.=.50.Hz.
•. The. second. one. describes. a. flux. density. harmonic. such. as. h′. =. −1:. b̂h′ = 0 005. T . (0.71%. of. b̂h),.

fh′ = 3370 Hz.

The.constant.pressures.take.the.numerical.values:.f̂ hM.=.97,500.N/m2,. f̂h M′ = 5 2N/m .
Equations.9.5.and.9.6.lead.to.the.numerical.values.given.in.Table.9.1,.which.characterize.the.nonsta-

tionary.force.components.(the.phase.angles.are.not.considered).
The.5.N/m2.f̂mM.component.can.be.neglected..The.100.Hz.frequency.force.has.high.amplitude.and.can.

produce.vibrations,.but.not.much.noise.because.its.frequency.is.low.for.human.ear..The.two.last.terms.of.
1400.N/m2.amplitudes.can.generate.noise.because.their.amplitudes.are.sufficiently.high,.their.frequen-
cies.are.audible,.and.their.mode.numbers.(0.and.6).are.low.

Let. us. consider. the. constant. pressure. fhM. that. results. from. b̂h. (97,500.N/m2).. As. the. considered.
machine.presents.a.0.118.m.internal.radius.with.a.0.16.m.iron.length,.the.internal.stator.surface.area.is.
0.1186.m2;.it.results.that.a.radial.force.of.11,560.N.acts.on.the.stator..As.the.rated.speed.is.950.rpm,.the.
rated.torque.is.about.150.N.m.that.leads.to.a.tangential.force.close.to.1270.N..So,.the.radial.force.is.largely.
higher.than.these,.allowing.the.rotation.of.the.rotor.

9.3.3.2 Synchronous Machine Supplied with a PWM Inverter

Let. us. consider. the. case. of. a. three-phase,. p. =. 4. synchronous. machine. operating. at. 50.Hz. frequency.
with.the.PWM.frequency.fw.=.3.kHz..The.aim.is.to.define.the.m.values.that.concern.the.5900,.6000,.and.
6100.noise.lines.(see.Figure.9.12)..Stator.current.analysis.shows.preponderant.three-phase.harmonics.
currents.at.5950.and.6050.Hz,.respectively.as.clockwise.and.anticlockwise.systems.(classical.result.for.
such.an.inverter)..Each.of.them.generates.four.density.waves,.which.the.most.important.component.
correspond.to.the.fundamental.term,.so.a.four-pole.pair.wave.

m = 2

ωf /2

m = 4

ωf /4

FIGURE.9.11. Stator.deformation.for.m.=.2.and.4.

TABLE.9.1. Example.of.Pressure.Waves

Magnitude,.f̂mM
b̂h

2

04
97 500

µ
= , N/m2 bh ′

2

04
5

ˆ

µ
= N/m2

ˆ ˆb bh h
2 2

02
1 400× =′

µ
, N/m2

Frequency,.fm 2fh.=.100.Hz 2 6 740fh′ = , Hz f fh h+ =′ 3 420, Hz f fh h− =′ 3 370, Hz

Mode,.m 2h × p.=.6 2h′ × p.=.6 P(h + h′).=.0 p(h − h′).=.6
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Let.us.introduce,.as.it.was.done.for.h′,.a.similar.quantity.denoted.h″..Let.us.define.b.using.only.three.
components.defined.as.follows:

.

h f b
h f b b
h

h h

h h h

= = =
= = ≈ × =
1 50 0 7
1 5 950 0 01 0 007
, .
, , , . .

Hz, T
Hz T

ˆ

ˆ ˆ′ ′ ′

″″ ″ ″= − = ≈ × =







1 6 050 0 01 0 007, , , . .f b bh h hHz Tˆ ˆ

.

(9.8)

It.can.be.deduced.the.constant.pressures:..̂fhM.=.97,500.N/m2,. ˆ ˆf fh M h M′ ″= = 9 75 2. N/m .
The.fmM.quantities.resulting.from.the.squared.terms.present.the.following.characteristics:

.

h f f m

h f f

m mM

m mM

= = = =

= = =

1 100 97 500 8

1 11 900 9 75

2, , , ,

, , , .

Hz N/m

Hz

ˆ

ˆ′ NN/m

Hz N/m

2

2

8

1 12 100 9 75 8

,

, , , . ,

m

h f f mm mM

=

= − = = = −









″ ˆ

.

(9.9)

The. fmM. components. deduced. from. the. double. products. are. presented. together. in. the. Table. 9.2.. It.
appears.that.the.5900.and.6100.Hz.pressure.waves.have.a.0.mode..The.6000.Hz.component.is.an.m.=.8.
mode;.it.is.obtained.by.adding.two.pressure.waves..The.observed.noise.lines.are.probably.generated.by.
the.pressure.waves.of.the.Table.9.2.

9.4 Mechanical and acoustic Modeling

The.characteristics.of.an. fmM. force.component.and.the.stator.design.make. it.possible. to.estimate. the.
vibration.amplitude.and.the.corresponding.noise..First,.it.is.calculated.the.amplitude.Yms.of.the.static.
distortion.. Second,. the. vibration. amplitude. Ymd. is. determined. taking. the. mechanical. resonance. fre-
quencies.into.account..At.last,.the.acoustic.noise.is.estimated..Most.of.the.given.mechanical.expressions.
come.from.the.beam.theory.[2,3].

TABLE.9.2. Pressure.Waves.of.a.Machine.Supplied.by.a.PWM.Inverter

h,.h′ h,.h″ h′,.h″

Magnitude,.f̂mM 1,950 1,950 1,950 1,950 19.5 19.5
Frequency,.fm 6,000 5,900 6,000 6,100 12,000 100
Mode,.m 8 0 8 0 0 8

70

dB

60

Hz

50

40

2000 4000 6000 8000
30

FIGURE.9.12. Acoustic.pressure.level.(dBA).at.1.m.of.a.machine.fed.by.a.3.kHz.PWM.inverter.
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9.4.1 amplitudes of Static Distortions

9.4.1.1 Static Distortions

For.given..̂fmM,.the.relationships.that.define.Yms.depend.on.the.m.values..They.are.given.by.(9.10),.(9.11),.
and.(9.12),.respectively.for.m.=.0,.1,.and.m.≥.2..The.following.notations.are.used.(Figure.9.13):

•. R,.internal.radius.of.the.stator
•. Ry,.yoke.average.radius
•. Ty,.yoke.radial.thickness
•. L,.iron.length
•. Ls,.distance.between.rotor.shaft.supports
•. d,.shaft.diameter
•. E,.elasticity.coefficient.or.Young’s.modulus:.E.=.2.1.×.1011.N/m2.for.iron

.
Y

RR f
ETs
y mM

y
0 =

ˆ

.
(9.10)

.
Y RL L f

Eds
s mM

1 = 4
3

3

4

ˆ

.
(9.11)

.
Y

RR f
ET mms

y mM

y
=

−
12

1

3

3 2 2

ˆ

( )
.

(9.12)

For.m.≥.2,.Yms.decreases.with.m4..Forces.of.high.modes.can.have.difficulty.generating.vibrations.and.
noise..Practically,.it.is.not.useful.to.consider.forces.having.mode.number.higher.than.8.

9.4.1.2 Considerations about the Pole Pair Number

In.a.general.way,.the.yoke.width.of.a.AC.machine.is.inversely.proportional.to.p..Ph.L..Alger.gives,.very.
roughly,.(9.13).and.(9.14).[13]:

.
T R

py ≈ 2
5 .

(9.13)

Shaft axis

L

R

Ry

Ty

FIGURE.9.13. Notations.for.the.stator.frame.
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. R Ry ≈ 1 4. . (9.14)

Replacing.Ty.and.Ry.in.(9.10).and.(9.11),.leads.to.the.following.quantities:

.
Y Rpf

Es
mM

0
3 5= . ˆ

.
(9.15)

. Y Rp f
E mms

mM=
−

514 5
1

3

2 2
.

( )

ˆ

. (9.16)

It.can.be.observed.that.the.static.distortion.amplitudes.are.proportional.to.R.and.p.or.p3..It.is.well.known.
that.a.machine.with.a.high.pole.number.has.a.large.R..So,.in.the.best.case,.supposing.R.is.constant.with.
p.variations,.the.distortion.amplitudes.are.directly.linked.to.p.for.m.=.0.and.p3.for.m.≥.2..It.means.that.
in.a.p.=.2.machine,.compared.to.p.=.1,.a.force.wave.with.the.same.characteristics.generates.deformations.
at.least.eight.times.more.important..For.p.=.3,.4,.and.5,.the.deformations.are.respectively.at.least.27,.64,.
and.125.times.higher.

Machines.with.high.pole.number.have.a.large.diameter.and.a.small.yoke.width..As.a.consequence,.
they.are.less.rigid.and.they.can.vibrate.and.create.noise.more.easily.

9.4.2 resonance Frequencies and Vibration amplitudes

Every.machine.has.a.lot.of.own.frequencies;.each.of.which.is.associated.to.a.vibration.mode..Only.one.
hammer.impact.can.excite.these.modes..The.stroke.leads.to.a.noise.made.of.many.distinct.frequencies.
corresponding.to.natural.resonance.frequencies..Consequently,.if.a.force.frequency.is.close.to.a.reso-
nance.frequency,.the.vibration.amplitude.increases..Mechanical.phenomena.are.particularly.complex.
and.it.is.difficult.to.find.simple.and.accurate.analytical.equations..Following.relations.of.resonance.fre-
quencies.have.been.given.by.Jordan.and.Timar.[2,3]..These.general.laws.are.not.very.accurate.but.they.
give.an.easy.location.of.dangerous.zones.on.the.spectrum..Their.determination.is.based.on.the.beam.
theory.[14]..Proposed.equations.consider.a.machine.as.a.perfect.cylinder.without.taking.into.account,.
for.instance,.elements.like.feet.that.change.the.natural.frequencies.[15–17].

9.4.2.1 resonance Frequencies

Two.kinds.of.resonance.frequencies,.noted. fm
s*,.which.concerns.generally.radial.vibrations,.can.be.dis-

tinguished.according.to.m.=.0.(9.17),.or.m.≥.2.(9.18):

.
f

R
ss

y
0

837 5* .=
∆ .

(9.17)

.
f

f T m m
R m

m
s

s
y

y

*
* ( )

=
−

+
0

2

2

1
2 3 1 .

(9.18)

where.Δ.=.(weight.of.yoke.+.weight.of.teeth)/weight.of.yoke..It.is.difficult.to.estimate.the.weight.of.teeth.
and.yoke,.but.it.is.easy.to.calculate.Δ.by.estimating.the.surface.of.elements.on.a.horizontal.frame.section.

A.machine.with.a.high.p.has.a.large.radius.and.so.a.low.resonance.frequency.

9.4.2.2 Vibration amplitudes

Amplitude. of. dynamic. vibrations. Ymd. is. obtained. by. multiplying. Yms. by. a. magnification. factor. ηm.
depending.on.frequencies:

. Y Ymd m ms= η . (9.19)
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Introducing.∆ f m m
sf f= / *,.leads.to.define.ηm.as.following:

.
η ∆ ξ ∆m f a f= −( ) +





−

1 22 2 0 5

( )
.

.
(9.20)

ξa.is.an.absorption.coefficient.difficult.to.estimate..Generally,.for.an.induction.motor,.0.01.<.ξa.<.0.04..
Its.value.is.low.and.can.often.be.neglected.because.it.interferes.only.when.the.force.frequency.is.close.to.
a.resonance..In.fact,.ξa.avoids.that.ηm,.and.so.the.vibration.amplitude,.tends.to.an.infinite.value,.which.
is.physically.impossible..The.coefficient.ξa.is.small.if.a.structure.continues.to.vibrate.a.long.time.after.a.
hammer.impact.(e.g.,.a.bell.has.a.low.absorption.coefficient).

For.low.fm.values.( *)f fm m
s� ,.ηm.→.1..For.high.fm.( *)f fm m

s� ,.ηm.→.0..So.low. fm
s*.values.seem.to.be.

better,.but.they.occur.with.large.machines.and.they.are.in.audible.frequencies..The.external.frame.
around. the.magnetic. sheets.can.modify. slightly.all. the.equations.but. it. can.be.neglected. in.a.first.
approach.

9.4.3 acoustic radiations of Electrical Machines

9.4.3.1 acoustic Notions

9.4.3.1.1  Acoustic Pressure
Vibrations.of.a.material.generate.vibrations.of.air.particles,.so.variations.of.air.pressure..If.air.particle.
oscillations. are. time. sinusoidal. waves. ya. of. amplitude. ŷa. and. frequency. fa. (angular. frequency. ωa),. it.
comes:. ya. =. ŷa. sin(ωat).. The. instantaneous. speed. va. is. given. by. va. =.ωaŷa. cos. (ωat).. The. rms. speed. is.
v y /a a a= ω ˆ 2..Air.pressure.variations.of.instantaneous.value.pa.and.rms.value.Pa.(called.sound.pressure.
or.acoustic.pressure),.are.tied.to.va,.expressed.in.m/s,.according.to.(9.21).where.Z.is.the.complex.acoustic.
impedance..In.the.air,. in.free.field.(a.space.without.sound.reflections),.Z. is.a.real.term.such.as.Z.≈.
415.kg/m2/s.(at.20°C.and.for.an.atmospheric.pressure.of.1013.hPa):

. p Zva a= . (9.21)

Vibration.of.a.particle.is.transmitted.to.next.particles.with.the.sound.speed.c.(sound.wave.propagation)..
As.c.=.344.m/s.at.20°C.in.the.air,.the.wave.length.λa.is.defined.by.λa.=.c/fa.

9.4.3.1.2  Acoustic Intensity
Pressure.and.speed.of.air.particles.can.have.different.directions,.which.changes.the.propagation.of.the.
sound.wave..The.acoustic.intensity.is.a.vector;.it.allows.defining.the.amplitude.and.also.the.direction.of.
the.sound..Acoustic.intensity.is.the.flux.of.sound.energy.per.area.unit..It.corresponds.to.the.average.rate.
of.sound.energy.transmitted.through.a.unit.area,.perpendicular.to.the.direction.of.travel.of.the.sound..
The.modulus.of.this.vector,.denoted.Ia,.and.measured.in.W/m2,.is.expressed.in

.
I

T
p v ta

a
a a

Ta

= ×∫1

0

 d
.

(9.22)

In.the.air,.by.replacing.Z,.considering.Ta.=.1/fa,.Ia.becomes

. I Zf y f ya a a a a= ≈2 82002 2 2 2 2π ˆ ˆ . (9.23)
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Ia. can.also.be.expressed. in. function.of.Va:. I ZVa a= 2..So,. the.acoustic. intensity. is.proportional. to. the.
square.of.the.rms.vibration.speed.

9.4.3.1.3  Acoustic Power
Acoustic.power,.measured. in.Watt,.defines.a. sound.source.and.doesn’t.depend.on. the.environment..
Sound.pressure.or.acoustic.intensity,.which.is.measured.at.distance.of.a.noisy.machine,.are.different.if.
the.machine.is,.for.instance,.in.a.reflective.room.or.outdoors..Standards.define.the.maximal.acoustic.
power.of.electrical.machines..The.acoustic.power.Wa.is.obtained.by.integrating.Ia.through.a.surface.S.
around.the.sound.source:

.

W I Sa a

S

= ∫
� �

 d
.

(9.24)

9.4.3.1.4  Use of Decibels
There.is.a.notable.difference.between.the.lowest.pressure.variation.Pa0.(rms.value).that.can.be.heard.by.
a.human.ear.(about.20.μPa),.and.the.ache.point.(about.100.Pa)..Sound.is.measured.in.decibels.taking.Pa0.
as.for.reference..The.level.of.acoustic.pressure.L(Pa).is.defined.as

.
L P P

P
P
Pa

a

a

a

a
( ) log log= 






 = 
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0
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0 .
(9.25)

The.level.of.acoustic.intensity.L(Ia).is.defined.by

.
L I I

Ia
a

a
( ) = 






10

0
log 

.
(9.26)

Ia0.=.10−12.W/m2.is.the.perception.threshold.of.the.human.ear..In.free.field,.pressure.levels.and.intensity.
levels.are.the.same..The.level.of.acoustic.power.L(Wa).of.a.sound.source.is.given.by

.
L W W

Wa
a

a
( ) = 






10

0
log

.
(9.27)

with.Wa0.=.10−12.W,.which.is.the.source.power.with.a.uniform.acoustic.intensity.I0.=.10−12.W/m2.through.
a.surface.of.1.m2.

9.4.3.1.5  Human Ear
The.constant.10.in.the.previous.equations.has.been.chosen.so.that.a.pressure.variation.of.25%,.which.is.
the.smallest.audible.variation.for.the.human.ear,.leads.to.a.variation.of.1.dB.

When.many.sounds.with.different.frequencies.occur.together,.the.resultant.acoustic.pressure.is.the.
square.root.of.the.sum.of.the.square.for.each.pressure..Then,.if.two.sounds.with.different.frequencies.
at.the.same.levels.are.present,.the.resulting.pressure.level.is.3.dB.higher.than.for.each.sound..But.the.
human.ear.does.not.hear.so.well.every.frequency..The.bandwidth.of.the.human.ear.goes.approximately.
from.20. to.16,000.Hz..Frequencies. that.are. the.best.heard.are. included.between.1,000.and.5,000.Hz..
Young.people.can.hear.higher.frequencies.than.old.people..The.systems.of.acoustic.measurement.can.
take.those.phenomena.into.account.with.curves.noted.A,.B,.C,.or.D.and.the.unities.are.dBA,.dBB,.dBC,.
or.dBD..The.most.common.quantity.corresponds.to.dBA.
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9.4.3.2 acoustic radiations of Electrical Machines

The.fm.and.Ymd.determinations.allow.the.acoustic.power.and.intensity.estimations..The.acoustic.intensity.
Ia(S).at.the.surface.Se.of.the.machine.results.from.(9.23):.considering.one.force.component.with.a.mode.
number.m,.it.comes

. I f Ya S m m m md( ) = 8200 2 2σ . (9.28)

σm.indicates.the.capacity.of.the.machine,.relating.to.its.size,.to.be.a.good.loudspeaker.to.emit.the.sound.
of.λam.wavelength..A.large.loudspeaker.is.better.to.radiate.low.frequencies..σm.is.difficult.to.estimate..
Some.authors.consider.that.the.machine.is.similar.to.a.sphere.[3].or.a.cylinder.[13]..In.a.simplified.way,.
σm.can.be.expressed.as

.
σ π

λm
e

am

D= − −





1 exp

.
(9.29)

where.De.is.the.machine.external.diameter..For.De.large.referred.to.as.λam,.σm.tends.to.1.
The.Wa(S)m.acoustic.power.is.the.result.of.the.product.of.Ia(S)m.by.Se:

. W I Sa S m a S m e( ) ( )= . (9.30)

In.decibels,.the.acoustic.power.level.is

.
LW f Y S

a S m
m m md e

( ) log=
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2 2

12
σ

.
(9.31)

To.calculate.the.acoustic.intensity.Ia(x)m.at.a.x.distance.from.the.sound.source,.a.vibrating.sphere.in.a.free.
field.can.be.considered..As.the.x.radius.sphere.surface.is.4πx2,.it.comes

.
I W

x
f Y S
xa x m

a S m m m md e
( )

( )= =
4

8200
42

2 2

2π
σ

π .
(9.32)

The.corresponding.acoustic.intensity.level.in.dB.can.be.deduced:

.
LI I f Ya x m

a x m
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( )log . log( ) log(= 
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(9.33)

9.5 Flux Density Harmonics of aC Machines

As.explained.previously,.the.magnetic.noise.is.generated.by.the.combination.of.flux.density.harmon-
ics..Different.ways.can.be.used.to.determine.those.harmonics;. they.are.currently.estimated.by.finite.
element.software.or.by.analytical.methods..Next.paragraph.presents.such.an.analytical.method.for.AC.
machines.

The.radial.component.b.of.the.air.gap.flux.density.is.obtained.by.multiplying.the.ε.magnetomotive.
force.applied.to.the.air.gap.by.the.Λ.per.unit.area.air.gap.permeance

. b = Λε . (9.34)
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The.determination.of.ε.is.not.a.problem.when.the.iron.permeability.is.supposed.to.be.infinite.and.the.
eccentricity. is.neglected..The.difficulty.consists. in. the.determination.of.Λ..Approximate.expressions.
exist. for.a. long. time. in. the. literature..Timar. [2].gives.an.expression,.which.neglects. the. interactions.
between.stator.and.rotor.slots..Alger.[13].takes.them.into.account.by.the.mean.of.only.one.single.term,.
which.corresponds.to.the.fundamental.component..It.has.been.shown.on.several.occasions.that.certain.
effects,.like.the.magnetic.noise.[18],.are.generally.mainly.tributary.of.higher-rank.components.that.con-
vey.the.interactions.between.stator.and.rotor.slots..This.aspect.requires.presenting.an.expression.of.Λ.
established.during.the.years.1980.[19]..The.complete.theoretical.approach.is.given.in.[10]..Let.us.specify.
that.a.similar.expression.of.Λ.was.presented.in.1992.[9].by.considering.unit.slot.depths.

9.5.1 Magnetomotive Force Harmonics

Let.us.consider.a.one-pole.pair.three-phase.stator.with.one.coil.per.phase.as.shown.in.Figure.9.14.
The.windings.are.connected.to.a.three-phase.grid..Every. individual.coil.produces.a.magnetic.flux.

through.the.air.gap.that.creates.a.resultant.rotating.field..The.m.m.f..is.the.difference.of.the.magnetic.
potential.in.the.air.gap.where.almost.the.ampere-turns.are.consumed.

•. For.a.current.is,.each.coil.with.zs.turns.produces,.along.the.air.gap,.an.m.m.f..εs,.whose.amplitude.
is.±zsis/2,.as.shown.in.Figure.9.15.where.α.is.the.angular.position.along.the.air.gap..Denoting.hs.
the.harmonic.rank.(hs.takes.only.odd.values),.the.corresponding.amplitude.is.4zsis/2hsπ.

Aiming.to.limit.harmonic.amplitudes,.machine.designers.distribute.zs.turns.in.ms.coils.with.zs/ms.
turns.(ms.is.the.number.of.slots.per.pole.and.per.phase)..Then,.the.m.m.f..results.in.a.sum.of.rectangu-
lar.waves.as.shown.in.Figure.9.16.for.ms.=.2..Kh

s
s,.which.is.the.winding.distribution.factor,.defines.the.

decrease.of.each.harmonic..For.a.three-phase.machine,.Kh
s

s.is.given.by.(9.35):

. K h
m h mh

s
s

s s ss = sin( / )
sin( / )

π
π

6
6 . (9.35)

1 23́ 2́31́

2́

3 2

3́

1́

1

FIGURE.9.14. Windings.of.a.three-phase.machine.stator.

εs

z si/2

–z si/2

0 2π α

FIGURE.9.15. Magnetomotive.force.of.one.coil.
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As.the.number.of.slots.per.pole.and.per.phase.can’t.be.infinite.(ms.is.generally.included.between.two.
and.four),.the.m.m.f..harmonics.exist.and.they.are.called.space.harmonics..If.there.are.p.pole.pairs,.
replacing.is.by.I ts 2 cos( )ω ,.the.m.m.f..created.by.a.phase.is.expressed.as

.

4
2

2
h

z K I t h ps

s

h
s s s

h

s

s π
ω αcos( )cos( )∑

Adding.the.m.m.f..created.by.each.winding.and.taking.care.of.their.spatial.distribution.(2π/3),.the.air.
gap.m.m.f..created.by.the.single-layer.stator.windings.is

.
ε α ω αs s s

h
s s

h

H I G t h ps

s

( ) cos( )= −∑
.

(9.36)

with

.
G

K
hh

s h h
s

ss
s s= − −( )( )/1 1 2

and

.
H zs

s
= 3 2

π
.

Calculations. show. that. the. terms. relative. to. hs. multiple. of. 3. are. null. so. that.hs.∈. [1,. −5,.7,. −11,.13,.
−17,.19,.−23,.…]..Let.us.point.out.that.Gs

1 1≅ ;.while.Gh
s

s �1.for.hs.≠.1.

9.5.2 air Gap Permeance Harmonics

The.stator.wires,.whose.magnetic.permeability.is.equivalent.to.the.air.permeability,.are.located.in.slots..
An. induction.machine.with.a.wounded.rotor.has. slots.at. the. rotor. (Figure.9.17)..For.machines.with.
squirrel.cages,.holes.on.the.rotor.can.be.considered.as.slots.with.a.low.magnetic.permeability..Equivalent.
slots.can.also.be.defined.for.synchronous.machines.or.switched.reluctance.machines.[20].

Therefore,.the.thickness.of.air.gap.is.not.constant.and.equal.to.the.minimal.air.gap.width.called.g..The.
shape.of.real.slots.is.rather.complex.and.a.simplified.developed.model.is.shown.in.Figure.9.18.[10,21].

εs

z si/2

–z si/2

0
2π α

FIGURE.9.16. Magnetomotive.force.with.two.slots.per.pole.and.per.phase.
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The.model.supposes.that.magnetic.flux.lines.have.a.radial.direction..The.permeance.is. inversely.
proportional.to.the.air.gap.thickness..By.developing.it.in.Fourier.series,.the.permeance.per.area.unit.
Λ(α,.θ).(9.37).is.obtained.[10]:

.
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where
w we

s
d
s, .are.respectively.the.width.of.one.stator.slot.and.one.stator.tooth

ds
s.is.the.fictitious.depth.of.one.stator.slot,.defined.[13,22].as:.d ws

s
e
s= /5

rt
s.is.the.stator.slotting.ratio:.r w w wt

s
d
s

d
s

e
s= +/( )

f(ks).is.the.stator.slotting.function:. f k k r ks s t
s

s( ) (sin )/= π 2
w w d r f ke

r
d
r

s
r

t
r

r, , , , ( ),.are.the.analogous.quantities.relative.to.the.rotor
ks.and.kr.are.integers.that.take.all.the.values.between.−∞.and.+∞
g.is.the.minimal.air.gap.thickness
gM.is.the.maximal.air.gap.fictitious.thickness:.g g d dM s

s
s
r= + +

gs.and.gr.are.intermediate.fictitious.air.gap.thicknesses.expressed.by.g ds
s+ .and.g ds

r+ ,.respectively
Nt

s,.Nt
r.are.the.total.number.of.stator.and.rotor.slots.(or.bars)

θ.characterizes.the.angle.between.a.stator.and.a.rotor.reference,.it.depends.on.time.t. For.example,.
for.an.induction.machine:.θ.=.(1.−.s)ωt/p.+.θ0.(s.is.the.slip.and.θ0.depends.on.the.loading.state.of.the.
machine).

St
at

or

Ro
to

r

FIGURE.9.17. Stator.and.rotor.slots.of.an.induction.machine.with.a.wounded.rotor.
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FIGURE.9.18. Simplified.model.of.slots.



Noise	and	Vibrations	of	Electrical	Rotating	Machines	 9-19

The.geometric.parameters,.which.characterize.the.slotting.effect,.are.given.by

.
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The.permeance.expression.(9.37).contains.four.groups.of.terms:

. 1.. A.constant.term.depending.on.A00.(it.would.be.equal.to.1/g.with.a.constant.air.gap)

. 2.. Terms.depending.on.As0,.linked.to.the.stator.slots

. 3.. Terms.depending.on.A0r,.linked.to.the.rotor.slots

. 4.. Terms.depending.on.Asr,.linked.to.the.interaction.between.stator.and.rotor.slots

In. order. to. estimate. qualitatively,. the. relative. importance. of. the. different. terms,. the. following.
inequalities.can.be.pointed.out:.As0.≅.A0r.;.A00.>.As0.or.A0r ;.As0.or.A0r.>.Asr.

The. permeance. expression. (9.37). can. be. used. with. all. AC. machines. (induction,. synchronous,. or.
switched.reluctance.machines)..From.a.qualitative.point.of.view,.knowing.the.number.of.slots.is.enough.
to.obtain.all.the.harmonics..From.a.quantitative.point.of.view,.the.slot.dimensions.have.to.be.adapted.

9.5.3 Flux Density Harmonics

The.stator.radial.flux.density.waves.in.the.air.gap.result.from.the.product.Λ(α,.θ)εs(α)..The.same.method.
gives.the.rotor.radial.flux.density.waves..Let.us.introduce.the.number.of.slots.per.pole.pair:.N N pr

t
r= / ,.

N N ps
t
s= / .

9.5.3.1 Stator Flux Density Harmonics

Four.types.of.stator.f lux.density.harmonics.are.obtained:.stator.f lux.density.harmonics.indepen-
dent.of.the.rotor.(linked.to.A00.and.As0).and.stator.f lux.density.dependant.on.the.rotor.(linked.to.
A0r.and.Asr).

9.5.3.1.1  Stator Harmonics Independent of the Rotor
They.come.from.the.m.m.f..harmonics.(called.space.harmonics).and.from.the.stator.slots:
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(9.40)

Those.harmonics,.which.rank.the.same.as.the.m.m.f..ones.(1,.−5,.7,.−11,.13,.−17,.19,.…).can.have.an.
important.amplitude.depending.on.the.stator.slots.number..For.example,.a.two-pole.pair.machine.with.
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Nt
s.=.36.stator.slots,.the.harmonics,.which.rank.hs.are.−17,.19,.−35,.37,.…,.have.particularly.important.

amplitudes.

9.5.3.1.2  Stator Harmonics Dependent on the Rotor
They.come.from.rotor.slots.and.interaction.between.both.teeth:
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The.angular.frequency.(1.−.krNr(1.−.s))ω.of.those.harmonics.is.not.of.the.grid:.it.is.linked.to.the.rotor.
slot.number.and,.with.an.induction.machine,.to.the.slip.(then.to.the.rotor.speed;.s.is.equal.to.0.for.a.
synchronous.machine)..In.a.general.way,.these.amplitudes.are.lower.than.those.of.the.stator.flux.density.
harmonics.independent.of.the.rotor.

9.5.3.2 rotor Flux Density Harmonics

With.a.synchronous.or.a.switched.reluctance.machine,.a.good.representation.of.the.harmonics.in.the.air.
gap.is.obtained.by.only.taking.into.account.the.flux.density.components.created.by.the.stator.

In.an.induction.machine.with.a.wounded.rotor,.the.harmonics.created.by.the.rotor.have.the.same.
rank.and.frequencies.as.those.from.the.stator..So,.a.good.qualitative.representation.of.the.flux.density.
in.the.air.gap.is.obtained.by.only.taking.into.account.the.flux.density.components.created.by.the.stator.

For.an.induction.machine.with.a.cage.rotor,.the.rotor.harmonic.ranks.can.be.different.from.those.of.
the.stator,.new.flux.density.harmonics.are.created.by.the.rotor.and.must.be.taken.into.account.[23,24]..
Then. two. types.of. rotor.flux.density.harmonics.exist,. those. independent.of. the. stator. (linked. to.A00.
and.A0r).and.those.dependant.on.the.stator.(linked.to.As0.and.Asr)..For.a.real.good.accuracy,.the.flux.
density.created.by. the. fundamental. current.and.also. the.harmonic. rotor.currents. should.be.consid-
ered..Nevertheless,. this.paragraph.only.considers. the.most. important.flux.density.harmonics,.which.
are.generated.by.the.rotor.fundamental.current.(induced.by.the.fundamental.of.the.stator.flux.density,.
corresponding.to.hs.=.1).

9.5.3.2.1  Rotor Harmonics Independent of the Stator (Cage Rotor Induction Machine)
They.come.from.the.m.m.f..harmonics.(called.space.harmonics).and.from.the.rotor.slots:
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. h iN ir r= + = ± ± ± ±1 0( , , , , ),1 2 3 4… . (9.45)

I r1.is.the.rms.value.of.the.rotor.fundamental.current,.varying.with.the.load.and.Arg(Z
_

1).its.phase.angle.
Equation.9.45.shows.that.the.number.of.rotor.bars.has.an.influence.on.the.cage.rotor.harmonic.exis-

tence,.so.a.good.choice.of.the.slot.number.is.very.important.to.avoid.magnetic.noise.[25,26]..For.exam-
ple,.if.the.number.of.rotor.bars.is.34.with.p.=.2,.the.ranks.hr.of.the.first.rotor.harmonic.are.−16.and.18..
They.will.interfere.with.the.stator.harmonics.−17.and.19.and.create.force.waves.with.a.mode.number.2,.
as.shown.in.(9.6).

9.5.3.2.2  Rotor Harmonics Dependent on the Stator (Cage Rotor Induction Machine)
Those.harmonics.are.tied.to.the.stator.slots.and.to.the.interaction.between.stator.and.rotor.slots:
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hr.is.always.given.by.(9.45)..More.details.can.be.found.in.reference.[18]..In.a.general.way,.these.ampli-
tudes.are.smaller.than.those.of.the.rotor.flux.density.harmonics.independent.of.the.stator.

9.6 Conclusion

The.acoustic.noise.of.electrical.machines.is.generally.due.to.aerodynamic.phenomena.for.high-speed.
machines..In.such.a.case,.it.is.difficult.to.avoid.it..The.noise.of.electromagnetic.origin.appears.often.
with.high.pole.pair.number.or.when.the.machine.is.fed.by.a.PWM.inverter,.but.it.can.also.appear.with.
a.bad.choice.of.slot.numbers..Designers.have.to.take.into.account.the.phenomenon.explained.in.this.
chapter..The.given.equations.permit.to.theoretically.estimate.the.vibrations.and.noise.and.so.to.avoid.
it..For.a.given.machine,.all.the.space.and.slots.harmonics.can.be.estimated..It.is.necessary.to.search.
which.combinations.can.create.pressure.waves.of.audible.frequency,.important.amplitude,.and.low.
mode.number.

Then,.it. is.possible.to.avoid.important.noise.and.vibrations.of.magnetic.origin.[27]..When.a.noisy.
machine.has.been.made,.active.noise.reduction.methods.can.permit.to.decrease.noise.[20,28].
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10.1 Introduction

The. magnetic. noise. emitted. by. electrical. machines. is. a. phenomenon. generated. by. the. machine. itself,.
because.it.directly.originates.from.the.radial.vibrations.of.the.stator.frame.produced.by.forces.that.act.on.
the.stator.iron.in.the.airgap.[1]..The.torque.harmonics.due.to.the.electromagnetic.torque.time.variations.
can.be.more.disturbing.because.tangential.vibrations.can.be.transmitted.to.the.mechanical.load..Thus,.the.
analysis.of.the.effects.of.torque.harmonics.is.all.the.more.complex.as.it.requires.to.take.into.account.
the.characteristics.of.the.mechanical.load.associated.with.the.considered.electrical.machine,.in.particular,.
the.resonance.frequencies.of.the.whole.structure.[2]..In.the.study.of.the.radial.vibrations,.the.mechani-
cal.modeling.is.easier.because.it.concerns.only.the.stator.structure..This.is.the.reason.why.the.studies.on.
torque.harmonics.generally.deal.with.the.mechanical.excitation.but.not.with.the.vibratory.analysis.

The. computation. of. electrical. machine. magnetic. noise. requires. the. knowledge. of. the. radial. force.
repartition. at. the. inner. surface. of. the. stator. [3].. Thus,. a. local. computation. of. these. magnetic. forces.
allows.one.to.determine.the.mode.of.each.force.component..Concerning.the.electromagnetic.torque,.
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this.one.results.in.the.integration.of.the.tangential.forces.on.the.rotor.periphery..These.forces.are.tied.to.
the.tangential.component.of.the.airgap.flux.density,.which.is.not.given.by.analytical.models..Different.
ways.can.be.used.to.determine.these.forces.and.consequently.the.electromagnetic.torque.[4–7]..In.this.
paper,.a.simpler.global.approach.will.be.used,.such.as.the.method.of.magnetic.energy.derivation.[8–9]..
Moreover,.this.method.can.be.simplified.if.it.is.associated.with.the.space.phasor.transformation.of.the.
electrical.and.magnetic.variables.[10–11].

The.first.part.of.this.chapter.deals.with.the.presentation.of.the.space.phasor.transformation..This.
concept.is.then.applied.to.characterize.various.three-phase.systems:.balanced,.unbalanced,.or.non-
sine. systems.. The. third. part. gives. the. modeling. of. an. AC. rotating. electrical. machine. using. space.
phasor.variables.assuming. infinite. iron.permeability..The.fourth.part.concerns. the.modeling.of.an.
induction.machine..The.torque.harmonic.determination.in.case.of.a.non-sine.supply.considering.a.
smooth.airgap.machine. is.presented. in. the.fifth.part..The. last.part. concerns. the. torque.harmonics.
generated.by.the.variable.reluctance.effects..In.the.two.last.parts,.results.of.numerical.applications.are.
compared.to.those.that.result.in.a.global.modeling.using.the.space.phasor.to.characterize.in.steady.
state.the.electrical.machine.operating.

10.2  Space Phasor Definition

Let.us.consider.a.smooth.airgap,.two-pole.electrical.rotating.machine..The.fixed.external.part.and.the.
interior.part.in.rotation.are.respectively.qualified.as.stator.and.as.rotor..In.order.to.distinguish.the.vari-
ables.according.to.whether.they.are.relative.to.the.stator.or.the.rotor,.they.will.be.labeled.with.an.upper.
index.“s”.or.“r.”.For.the.space.phasor.definition,.only.the.stator.is.assumed.to.be.energized.by.the.mean.
of.a.three-phase.stator.symmetrical.winding..Each.phase.q.(q.=.1,.2,.or.3).is.constituted.of.ns.diagonal.
turn.coil..The.stator.spatial.reference,.denoted.ds,.is.assumed.to.be.confounded.with.the.phase.1.axis.

10.2.1  Case of Only One Stator Phase Energized

Let.us.consider.only.phase.q.to.be.energized.with.a.current. iq
s ..This.phase,.spatially.shifted.of.Δq.=.(q.−.1)2π/3.

from.ds,.creates.a.magnetomotive.force.(mmf ).that.is.responsible.for.the.magnetic.flux.in.the.airgap..The. fq
s .

fundamental.airgap.mmf,.defined.in.the.referential.tied.to.ds,.is.given.by

. f K iq
s s

q
s s

q= −cos( )α ∆ . (10.1)

where
αs.represents.the.angular.position.of.an.arbitrary.point.M.in.the.airgap.relative.to.ds

Ks.is.a.coefficient.equal.to.K ns
e
s= 2 /π ,.where.ne

s .is.the.effective.coil.number.obtained.by.multiplying.
ns.by.the.stator.fundamental.distribution.factor

The.bq
s .corresponding.airgap.flux.density.wave.results.from.b fq

s
q
s= λ00 ..λ00.corresponds.to.the.airgap.

permeance.by.area.unit.λ00.=.μ0/g,.where.μ0. is. the.vacuum.permeability. (4π10−7.H/m).and.g. the.
airgap.thickness..So,.for.a.smooth.airgap.machine,.bq

s .and.fq
s.are.tied.within.a.constant.

Let.us.introduce.the.
�
f q

s .vector.to.represent.the. fq
s.sine.function..This.vector,.which.presents.a.K is

q
s .

modulus,.is.oriented.along.the.phase.q.axis.as.shown.in.Figure.10.1,.where.the.phase.2.is.concerned..
This.vector.shows.the.north.location.of.the.generated.airgap.magnetic.field..The.f q

s .value.at.M.point.is.
obtained.projecting.

�
f q

s.on.Ox.axis.passing.by.M..In.Figure.10.1,.this.mmf.is.given.by.OB..The.corre-
sponding.flux.density.is.equal.to.λ00.OB.�

f q
s .can.also.be.expressed.as.

� �
f K iq

s s
q
s= ..The.

�
iq

s.vector.presents.a. iq
s .modulus.and.it.is.also.oriented.along.

the.phase.q.axis.as.shown.in.Figure.10.1.where.OB′.is.the.
�
iq

s.projection.on.Ox..The.flux.density.at.M.point.
is.given.by.λ00KsOB′..As.

�
iq

s.makes.it.possible.to.characterize.the.airgap.magnetic.field.spatial.repartition,.�
iq

s.is.defined.as.a.current.space.phasor.
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As.for.the.time.phasor,.it.is.possible.to.associate.a.complex.quantity.iq
s .to.

�
iq

s ,.that.needs.to.introduce.
a.complex.referential.(ℜs,.ℑs).such.as.the.ℜs.real.axis.is.confounded.with.ds..In.order.to.distinguish.iq

s ,.
from.the.complex.quantities.tied.to.the.time.phasors,.iq

s .is.denoted.as.a.complex.vector.
Introducing.the.complex.formulation.of.the.cosinus.function,.iq

s .can.be.expressed.as

. i i eq
s

q
s j q

=
∆

. (10.2)

It.results.that

. f K i eq
s s s

q
s j s= ℜ 





− α . (10.3)

where.ℜ  
s .means.that.the.real.part.of.the.complex.quantity.has.to.be.considered.

10.2.2 Case of a three-Phase Supply

Let. us. consider. the. three-phase. stator. winging. flowed. through. by. a. iq
s . three-phase. current. system..

Introducing.the.complex.term.“a”.such.as.a.=.e j 2
3
π
,.Equation.10.2.makes.it.possible.to.define.the.three.

elementary.current.space.phasors..Nevertheless,. from.practical. reasons,. the.relationships. that.define.
these.quantities.are.adapted.according.to.the.considered.system.phase.number..For.a.three-phase.system,.
a.coefficient.equal.to.2/3.is.introduced,.that.leads.to

.
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=

=
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FIGURE.10.1. Current.space.phasor.definition.



10-4	 Power	Electronics	and	Motor	Drives

As.the.fs.resulting.airgap.fundamental.mmf.is.obtained.adding.the.effects.generated.by.each.phase,.the.
quantity.i-s.defined.as

. i i i ai a is
q
s s s s

q

= = + +( )∑ 2
3 1 2

2
3 . (10.5)

leads,.according.to.Equation.10.3,.to.define.fs.as.follows:

. f K i es s s s j s
= ℜ 





−3
2

α . (10.6)

The.Figure.10.2.presents.the.principle.of.i-s.determination.taking.into.account.that.the.iq
s .currents.are.

equal,.for.this.example,.to.i A i A i As s s
1 2 32 1 3= = = −, , .

Let.us.specify.that,.thereafter,.the.trigonometrical.direction.will.be.regarded.as.the.positive.direction.
of.displacement..The.corresponding.angular.speed.will.be.also.counted.positively;. it.will.be.counted.
negatively.in.the.opposite.direction

10.2.3 remarks

•. Let.us.point.out.that.the.“a”.operator.is.tied.to.a.spatial.shift.angle.but.not.a.time.phase.one.
•. If.a.p.pole.pair.machine.is.considered,.the.previous.approach.leads.to.define.p.complex.vectors.i-s.

indicating.the.p.airgap.north.directions..These.complex.vectors.present.the.same.modulus.and.
are.spatially.shifted.of.2π/p..Practically,.as.the.phenomena.are.the.same.under.each.pole.pair.of.
the.machine,.one.will.represent.only.one.vector.under.one.pole.pair.as.it.is.done.in.Figures.10.1.
and.10.2..Considering.a.p.pole.pair.machine.does.not.change.the.definition.of.the.current.space.
phasor.given.by.(10.5)..Only.changes.the.fs.expression.that.becomes

Phase 2 axis

O

qs,

a2 i s
3

i s
1

is1 + ais2 + a2is3

ai s
2

ai s
2

i s
1i s

3 i s
2

is

Phase 3 axis

Phase 1 axis

1 A

ds, s

s

FIGURE.10.2. Three-phase.current.space.phasor.determination.
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. f K i es s s s jp s
= ℜ 





−3
2

α . (10.7)

The.constant.Ks.is.also.unchanged.on.condition.that.ns.represents.the.per.phase.per.pole.pair.coil.turn.
number.

•. The.definition.of.the.current.space.phasor.has.been.performed.without.any.assumptions.concern-
ing.the.current.waveforms..Consequently,.this.space.phasor.can.be.defined.even.if.the.considered.
variables.are.non-sine.

•. As.for.all.complex.quantities,.i-s.can.be.defined.by.its.polar.coordinates.or.its.real.and.imaginary.
components.as.pointed.out.in.Figure.10.3:

.
i i e

i i ji

s s j

s
d
s

q
s

s

s s

=

= +









γ

. (10.8)

•. If.i-s.is.known,.it.is.possible.to.determine.the.real.variables.is
1,.is

2.and.is
3.through.i-s.and.is*,.its.con-

jugate.quantity..As.a*.=.a2.and.a2*.=.a,.it.comes. i i a i ais s s s* ( / )( )= + +2 3 1
2

2 3 ..It.results.that.one.can.
obtain. i i is s s

1 2= +( )/* ,. i a i ais s s
2

2= +( )* ,. i ai a is s s
3

2 2= +( )/* ..These.quantities.correspond.to.the.i-s.
projections.respectively.on.the.phase.1,.phase.2,.and.phase.3.axis.

•. i-s.has.been.defined. from.physical.considerations..However,.equations. similar. to.Equation.10.5.
can.be.used.to.characterize.other.space.phasors,.like.voltage.or.linkage.flux.ones,.although.these.
quantities.do.not.present.any.particular.physical.properties.

10.3  Using the Space Phasor for a three-Phase 
System Characterization

10.3.1 three-Phase Sinusoidal Balanced System

Let. us. consider. an. ω. angular. frequency. sine,. balanced,. clockwise,. three-phase. voltage. system:.
v V tq

s s
q v= − −2 cos( )ω ϕ∆ ,. applied. to. a. balanced. load.. The. line. currents. can. be. expressed. as.

i I tq
s s

q v i= − − −2 cos( )ω ϕ ϕ∆ .. Let. us. note. that. these. quantities. can. be. characterized. by. the. time.

isqs

is

is

ds

γs

O

ds

qs

s

s

FIGURE.10.3. Current.space.phasor.characterization.
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phasors.v–s.and.-Is.whose.moduli.correspond.to.the.variable.rms.values..The.use.of.Equation.10.5.leads.to.
express.the.voltage.and.current.space.phasors.as.follows:

.
v V e

i I e

s s

s s

j t v

j t v i

=

=







−

− −

2

2

( )

( )

ω ϕ

ω ϕ ϕ
. (10.9)

These.vectors.present.constant.moduli.and.rotate.at.positive.ω.angular.speed.
In.case.of.an.anticlockwise.voltage.system. v V tq

s s
q v= + −2 cos( )ω ϕ∆ ,. the. iq

s .expression.becomes.
i I tq

s s
q v i= + − −2 cos( )ω ϕ ϕ∆ ..The.corresponding.space.phasors.that.result.from.the.use.of.Equation.

10.5.can.be.written.as

. v V e

i I e

s s

s s

j t v

j t v i

=

=







− −

− − −

2

2

( )

( )

ω ϕ

ω ϕ ϕ

. (10.10)

These.vectors.rotate.at.negative.ω.angular.speed.
Figure.10.4.presents.these.space.phasors.for.clockwise.and.anticlockwise.systems.for.t.=.0,.φv.=.π/4,.

and.φi.=.π/2.
The.space.phasors.given.in.Equations.10.9.and.10.10.are.similar.to.time.phasors.commonly.used.

to.represent.sine.variables.considering.the.peak.values.instead.of.the.rms.ones..The.main.difference.
concerns.the.rotation.that.must.be.considered.with.the.space.phasors.according.to.i-s.has.to.represent.
the.airgap.north.magnetic.field.axis,.which.rotates.at.constant.speed.ω. in.a.direction.or.the.other,.
following.the.nature.of.the.three-phase.system..For.time.phasors,.this.nature.does.not.intervene.in.
their.definitions.

ds

is ω

ω

ω

ω

+
vs

Vs

i

i

v

v

qs s

s

is

FIGURE.10.4. Locations.of.the.i-s.and.V- s.space.phasors.for.t.=.0,.φv.=.π/4,.and.φi.=.π/2.considering.a.three-phase.
clockwise.system,.a.three-phase.anticlockwise.system.
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10.3.2 three-Phase Sinusoidal Unbalanced System

A.three-phase.unbalanced.system.is.the.sum.of.clockwise,.anticlockwise,.and.homopolar.systems..As.
1.+.a.+.a2.=.0,.the.homopolar.system.disappears.in.the.corresponding.space.phasor.that.is.composed.of.
only.two.components..They.rotate.at.the.same.angular.frequency.in.opposite.directions.and.present,.in.
a.general.way,.different.moduli.

10.3.3 Case of a Non-Sine System

For.sine.variables,.space.phasors.are.similar.to.time.phasors..The.interest.of.space.phasor.transformation.
is.that.it.can.be.also.applied.to.non-sine.variables..The.Fourier.series.decomposition.is.considered.assum-
ing.that.only.odd.rank.harmonics.exist,.because.of.the.symmetry.that.usually.appears.in.the.variable.time.
variations..Let.us.consider.again.a.three-phase.stator.current.system.with.clockwise.fundamental.terms..
Characterizing.with.2k.+.1.the.harmonic.ranks.(k.varying.from.0.to.+∞),.the.iq

s .current.can.be.expressed.as

. i I k t qq
s

k
s

k

= + − −













+

=

+∞

∑ 2 1

0

2 1 1 2
3

cos ( ) ( )ω π . (10.11)

According. to. the. remark. formulated. in. the. previous. paragraph. concerning. the. homopolar. systems,.
Equation.10.5.leads.to.define.i-s.as.follows:

. i i I es
k

s

k

k
s

k

j k t
= =+

=−∞

+∞

+

=−∞

+∞

∑ ∑ +

( ) ( )
( )

6 1 6 1 2
6 1 ω

. (10.12)

It.can.be.noticed.that.this.formulation.needs.that.k.has.to.vary.from.−∞.to.+∞..It.appears.that.i-s.results.from.
the.sum.of.two.groups.of.terms..The.first.one.concerns.all.the.clockwise.harmonic.components.defined.for.
k.≥.0.(6k.+.1.=.1,.7,.13,.…),.which.rotate.at.(6k.+.1)ω.angular.frequency.in.positive.direction..The.second.one.
is.relative.to.the.anticlockwise.harmonic.components.that.result.from.k.<.0.(6k.+.1.=.−5,.−11,.−17,.…).and.
that.rotate.at.(6k.+.1)ω.angular.frequency.in.negative.direction..Figure.10.5.gives.an.illustration.of.the.stator.
current.harmonic.space.phasor.components..In.order.to.distinguish.the.terms,.the.ranks.associated.to.k.≥.0,.
will.be.noted.kd,.those.relative.to.k.<.0.are.denoted.ki.

ω

i s
ki

i s
kd

i s
1

kiω

kdω

+

FIGURE.10.5. Case.of.a.non-sine.system.
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10.4  Preliminary Considerations on the Electrical 
rotating Machines

10.4.1 Introduction of a Spatial referential tied to the rotor

As.for.the.stator,.a.spatial.reference.dr,.tied.to.the.rotor,.can.be.introduced..One.can.associate.to.dr.a.
complex.referential.(ℜr,.ℑr)..dr.is.spatially.shifted.from.ds.of.θ.=.θ0.+.Ωt,.where.Ω.is.the.angular.speed.of.
the.rotor..Considering.a.wound.rotor.whose.windings.are.constituted.of.nr.diagonal.turn.coils.crossed.
by.rotor.currents,.makes.it.possible,.as.it.was.done.for.the.stator,.to.introduce.the.current.i-r.space.phasor.
as.presented.in.Figure.10.6a.

i-r.can.be.defined.by.its.polar.coordinates.or.its.real.and.imaginary.components.defined.in.the.refer-
ential.tied.to.the.rotor:

.
i i e

i i ji

r r j

r
d
r

q
r

r

r r

=

= +









γ

. (10.13)

The.fr.resulting.airgap.fundamental.mmf.generated.by.the.rotor.can.be.deduced.from.(10.6):

. f A K ir = ℜ 





−r r r r je
rα . (10.14)

where
K nr

e
r= 2 /π,.ne

r . results. from.nr.by.multiplying.this.quantity.by.the.rotor.fundamental.distribution.
factor

Ar.is.a.coefficient.that.depends.on.the.rotor.phase.number.(2/3.for.a.three-phase.system)
αr.is.the.angular.position.of.any.point.M.in.the.airgap.relatively.to.dr

To.obtain.the.fundamental.airgap.mmf.due.to.the.effects.of.the.stator.and.of.the.rotor,.it.is.advisable.to.
sum.the.effects.generated.by.each.armature..Nevertheless,.fs.and.fr.are.not.expressed.in.the.same.refer-
ential..So,.one.has.to.define,.for.example,.the.rotor.mmf.in.the.referential.tied.to.ds..Let.f ′r.denote.this.
quantity.expressed.using.the.variable.αs..As.αs.=.αr.+.θ,.it.comes

. ′ = ℜ 





−
f A K i e er r r s r j j sθ α . (10.15)

qs

dr

ds

qr

Ω

(a) (b)

θ

ir , i΄r

γ΄r

γr

irqs

irds

irdr

irqr

qs

dr

ds

qr

Ω

θ

γ΄s

γs

isqs

isdr

isds

irqr

r r

s
rr

is , i΄s

ss

s

FIGURE.10.6. Introduction.of.spatial.rotor.referential..(a).For.rotor.variables.and.(b).for.stator.variables.
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Let.us.introduce.the.space.phasor.i-′r,.defined.as

. ′ =i i er r jθ . (10.16)

Then,.f ′r.can.be.expressed.as

. ′ = ℜ ′





−f A K i er r r s jr sα . (10.17)

The.i-′r.expression.given.by.Equation.10.16.could.also.be.deduced.from.Figure.10.6a.. Its.appears. that.
′ =

′
i r ri e

j r

| |
γ

..As.γ ′r.=.γ r.+.θ,.according.to.the.i-r.definition.given.by.Equation.10.13,.one.can.find.again.
Equation.10.15..Let.us.point.out.that.i-′r.can.also.be.expressed.using.the.real.and.imaginary.components.
as.shown.in.Figure.10.6a:

. ′ = +i i jir
d
r

q
r

s s . (10.18)

In.the.same.way,.i-s.can.be.expressed.in.the.referential.tied.to.dr..Let.i-′s.denotes.the.quantity.thus.defined..
Considering.the.Figure.10.6b,.one.can.obtain

.

′ =

′ =

′ = +














−

′

i i e

i i e

i i ji

s s

s s

s
d
s

q
s

j

j s

r r

θ

γ
| | . (10.19)

10.4.2 Voltage Equations: Instantaneous Power

Let.us.consider.the.three-phase.stator.supplied.by.a.three-phase.voltage.system..The.phase.q.operating.
results.from.the.following.relationship:

. v r i
d
dtq

s s
q
s q

s

= +
ψ

. (10.20)

r is
q
s .is.the.resistive.voltage.drop.in.the.phase.q,.ψq

s .corresponds.to.the.flux.linked.by.this.phase..Multiplying.
vs

1.by.“1,”.vs
2.by.“a,”.vs

3.by.“a2”.and.adding.the.three.equations.thus.obtained.allows.one.to.express.the.
stator.space.phasor.voltage.equation:

. v r i
d
dt

s s s
s

= +
ψ

. (10.21)

Considering.the.stator.instantaneous.power,.it.comes.p v is
q
s

q
s

q
= ∑ ..Developing.this.expression,.taking.

into.account.the.space.phasor.definition,.leads.to

. p i v v is s s s s s s= ℜ 



 = ℜ 





3
2

3
2

* *
. (10.22)

In.the.same.way,.one.can.obtain.the.rotor.space.phasor.voltage.equation

. v r i
d
dt

r r r
r

= +
ψ

. (10.23)
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and.the.rotor.instantaneous.power

. p i v v ir r r r r r r= ℜ 



 = ℜ 





3
2

3
2

* * . (10.24)

Equations.10.21.and.10.23.are.expressed.in.their.own.referential..In.order.to.exploit.them,.one.has.to.
define.these.voltage.space.phasors.in.the.same.referential..Let.us.consider.the.referential.tied.to.the.sta-
tor..According.the.variable.change.given.by.(10.16),.the.following.system.is.obtained:

.
v r i

d
dt

v r i
d

dt
j d

dt

s s s
s

r r r
r

r

= +

′ = ′ +
′

− ′













ψ

ψ θ ψ

. (10.25)

The.whole.electromechanical.system.instantaneous.power.results.from

. p p p v i v is r s s s r r= + = ℜ + ′ ′





3
2

* * . (10.26)

10.4.3 Electromagnetic torque Definition

Let.us.consider.an.n.windings.energized.electrical.rotating.machine..Each.k.winding.is.supplied.by.an.
vk.voltage..Let.ik.and.ψk.denote.the.corresponding.winding.current.and.linked.flux..The.phase.k.operat-
ing.results.from

. v r i d
dtk k k

k= + ψ . (10.27)

As.previously.mentioned,.θ.makes.it.possible.to.locate.the.moving.part.relatively.to.the.stationary.one.
and,.consequently,.to.characterize.the.variable.airgap.permeance..So,.one.can.write

. ψ ψ θk k h ni i i i= ( , , , , , , )1 2 … … . (10.28)

that.implies.that.ik.and.θ.variables.are.independent.
Conversely,.it.becomes

. i ik k h n= ( , , , , , , )ψ ψ ψ ψ θ1 2 … … . (10.29)

So,.with.this.formulation,.the.ψk.and.θ.variables.are.assumed.to.be.independent.
Considering.Equation.10.28,.ψk.can.be.expressed.as

. ψ θk kh h h

h

n

L i i=
=

∑ ( , )
1

. (10.30)

It.results.that.Equation.10.27.can.be.written.as.follows:

. v r i d
dt

i L i di
dt

L
i

L di
dtk k k h

kh

h

n

h
h kh

h
kh

h

h

n

h

n

= + ∂
∂

+ ∂
∂

+
= ==

∑ ∑θ
θ

1 11
∑∑ . (10.31)
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For.h.=.k,.Lkk.is.denoted.as.self.inductance.coefficient.including.the.leakage.inductance,.for.h.≠.k,.Lkh.
corresponds.to.a.mutual.inductance.coefficient.between.windings.k.and.h.

In.the.following,.a.linear.magnetic.circuit.is.considered.(Lkh.does.not.depend.on.ih.but.only.on.θ)..

So. ∂
∂

=L
i

kh

h
0.and.Equation.10.31.becomes

.
v r i d

dt
i L L di

dtk k k h
kh

h

n

kh
h

h

n

= + ∂
∂

+
= =

∑ ∑θ
θ

1 1 .
(10.32)

Let.us.consider.the.total.energy.dWt.=.pdt.applied.to.the.system.during.the.time.interval.dt:

. v i dt r i dt i dk k

k

n

k k

k

n

k

k

n

k

= = =
∑ ∑ ∑= +

1

2

1 1

ψ . (10.33)

Let.dW.denote.the.energy.applied.to.the.idealized.system.(initial.system.without.copper.losses)..dW.is.
expressed.as

. dW i dk

k

n

k=
=

∑
1

ψ . (10.34)

dW.is.transformed.into

•. One.part,.dWm.=.Γe.dθ,.that.corresponds.to.mechanical.energy
•. Another.part,.dWmag,.that.produces.a.charge.of.stored.magnetic.energy:

. dW dW dW dW dmag m mag e= + = + Γ θ . (10.35)

In. order. to. define. the. dWmag. mathematical. formulation,. one. can. consider. that. the. moving. part. is.
blocked,.so.that.dθ.=.0.and.dWm.=.0..It.results.that

. dW i dmag k

k

n

k=
=

∑
1

ψ . (10.36)

Considering.(10.29).makes.it.possible.to.define.the.variables.that.concern.Wmag:.Wmag(ψ1,.ψ2,.…,.ψh,.…,.
ψn,.θ)..Therefore,.with.regards.to.partial.derivatives,.dWmag.can.also.be.expressed.as

. dW
W

d
W

dmag
mag

k
k

mag

k

n

=
∂
∂

+
∂

∂
=

∑ ψ
ψ

θ
θ

1

. (10.37)

Considering.(10.34).and.(10.35),.leads.to

. dW i d dmag k

k

n

k e= −
=

∑
1

ψ θΓ . (10.38)

So,.by.equating.coefficients,.the.second.terms.of.(10.37).and.(10.38).lead.to

. Γe
magW

= −
∂

∂θ
. (10.39)
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One.can.introduce.the.coenergy. ′Wmag.defined.as

. W W imag mag k k

k

n

+ ′ =
=

∑ ψ
1

. (10.40)

Using. Equation. 10.28. makes. it. possible. to. characterize. ′Wmag:. ′W i i i imag h n( , , , , , , )1 2 … … θ .. That. leads. to.
define.dWmag′ .as

. dW dimag k k

k

n

′ =
=

∑ψ
1

. (10.41)

Similar.developments.as.those.realized.on.Wmag.allows.one.to.define.Γe.as.follows:

. Γe
magW

=
∂ ′

∂θ
. (10.42)

10.5 Induction Machine Modeling

Let.us.consider.a.three-phase,.2-pole.pair.induction.machine..Whatever.the.rotor.(wounded.or.squirrel.
cage.type),.it.is.supposed.to.be.constituted.of.a.three-phased.winding.with.180°.open.coils.of.ne

r.effective.
turns.for.each.one..The.dr.rotor.spatial.reference.is.assumed.to.be.confounded.with.the.rotor.phase.1.axis.

So.fs.and.f ′r.are.given.by.(10.6).and.(10.17).substituting.in.this.last.one.3/2.to.Ar..As.K K n nr s
e
r

e
s/ /= .the.

resulting.f.airgap.mmf,.obtained.adding.the.effects,.can.be.expressed.as

. f K i es s
m

j s
= ℜ 





−3
2

α . (10.43)

where.the.i-m.magnetizing.current.is.defined.as

. i i n
n

im
s e

r

e
s

r= + ′ . (10.44)

So,.the.radial.airgap.flux.density.b.can.be.expressed.as

. b f= Λ . (10.45)

where.Λ.is.the.permeance.per.area.unit.
In.order. to.express. the. linked.flux.space.phasors,. the.stator.and.rotor.phase.q. linked.flux.have.to.

be.determined..ψq
s .is.given.by.ψ ψ ψq

s
qm
s

ql
s= + ,.where.ψqm

s .is.tied.to.the.main.effects.(flux.density.wave.
that.crosses.the.airgap.and.that.results.both.from.stator.and.rotor.effects),.and.ψql

s .that.comes.from.the.
leakage.fluxes.due.to.the.stator.currents..ψqm

s .is.given.by.ψqm
s

e
s

S
n bdS= ∫ ..S.represents.the.area.relating.

to.the.coil.opening..Considering.an.area.element.dS.located.at.angular.abscissa.αs.and.included.in.a.dαs.
angle,.it.comes.dS.=.RLadαs..R.is.the.average.airgap.radius.(few.different.from.the.internal.stator.radius.
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or.from.external.rotor.one).and.La.is.the.length.of.stator.and.rotor.armatures..In.these.conditions,.it.can.
be.written.as

.

ψ α
π

π

qm
s

e
s

a
sn RL bd

q

q

=

− +

+

∫
2

2

∆

∆

.

(10.46)

Concerning.ψqm
r ,.it.comes

. ψ α
π θ

π θ

qm
r

e
r

a
sn RL bd

q

q

=

− + +

+ +

∫
2

2

∆

∆

. (10.47)

It.results.that.the.main.ψ
m
s .and.ψ

m
r .linked.flux.space.phasors,.can.be.expressed.as

.
ψ

ψ

m
s s s r

m
r r r s

L i Mi

L i Mi

= + ′

= + ′






. (10.48)

Ls,.Lr,.and.M.take.into.account.the.airgap.variable.permeance..Concerning.the.leakage.fluxes,.it.is.admit-
ted.that.they.are.independent.of.the.variable.reluctance.effects..So,.the.corresponding.leakage.flux.space.
phasors.are.defined.as. ψ

l
s s sl i= ,. ψ

l
r r rl i= ,.where.ls.and.lr.are.constants..This.remark.leads.to

.
ψ

ψ

s s s s r

r r r r s

L l i Mi

L l i Mi

= + + ′

= + + ′







( )

( )
. (10.49)

In.order.to.express.the.electromagnetic.torque,.let.us.consider.Equations.10.25.and.10.26..It.comes

. dW i d i d ji ds s s r r r r= ℜ + ′ ′ − ′ ′





3
2

* * *ψ ψ ψ θ . (10.50)

According.to.Equation.10.36,.the.variation.of.the.magnetic.energy.dWmag.can.be.written.as

.
dW i d i dmag

s s s r r= ℜ + ′ ′





3
2

* *ψ ψ

As.the.system.is.linear,.the.integration.of.dWmag.at.given.θ.leads.to

.
W i imag

s s s r r= ℜ + ′ ′





3
4

* *ψ ψ

Then,.as. ∂ ′
∂

= − ′i ji
r

r
*

*

θ
.and.according.to.Equation.10.39,.Γe.can.be.expressed.as

. Γe
s s

s
s

r
s r

i i ji= − ℜ
∂
∂

+ ′
∂ ′
∂

− ′ ′












3
2

* * *ψ
θ

ψ
θ

ψ . (10.51)
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The. use. of. the. variable. change. previously. define,. allows. the. ψ_ ′r. characterization. ψ_ ′r. =. Lri-′r. +. Mi-s..
The development.of.(10.51).leads.to

. Γe
s s s

s
r r

r
r s s r ri i L i i L M i i i i ji M= − ℜ ∂

∂
+ ′ ′ ∂

∂
+ ∂

∂
′ + ′ + ′

3
2

* * * *( ) (
θ θ θ

ii L i jis r r s r* * *)+ ′ − ′ ′






ψ . (10.52)

The.calculus.define. the. following.equality:. ( ) cos( )* *′ + ′ = ′ − ′i i i i i ir s s r r s s r2 γ γ ..On. the.other.hand,. it.
appears.that. ji Mi L i jMi jir s r r r r r r′ + ′ = ′ ′ = ′ ′( )* * * *ψ ψ ..Introducing.the.cross.product.“x,”.the.development.
of. ℜ ′ ′ − ′ ′s r r r r

ji ji( )* *ψ ψ .gives.−2ψ_ ′r.xi-′r..So,.the.electromagnetic.torque.can.be.expressed.as

. Γe
s

s
r

r
r s s r ri L i L M i i x= − ∂

∂
+ ∂

∂
+ ∂

∂
′ − ′









+ ′3
4

2 3
2

2 2

θ θ θ
γ γ ψcos( ) ′′i r . (10.53)

10.6 Case of a Smooth airgap Induction Machine Modeling

Let.us.consider.a.smooth.airgap.of.constant.thickness.g..Λ.is.defined.as.Λ.=.Λ00.=.μ0/g.(μ0.=.4π10−7.H/m).

10.6.1 Linked Flux Space Phasors

ψqm
s .and.ψqm

r .defined.by.(10.46).and.(10.47),.become

.

ψ λ α ψ λ α
π

π

π θ

π

qm
s

e
s

a
s

qm
r

e
r

a
sn RL fd n RL fd

q

q

q

= =

− +

+

− + +

∫00

2

2

00

2
∆

∆

∆

,
22

+ +

∫
∆q θ

.

Developing.these.terms.and.using.the.space.phasor.definition.(see.Equation.10.5).lead.to

.
ψ

ψ

s s s s r

r r r r s

L l i M i

L l i M i

= + + ′

= + + ′







( )

( )

00 00

00 00

. (10.54)

where.the.main.cyclic.self.and.mutual.inductance.coefficients.are.constants.defined.as

.

L n RL

M n n RL

L n RL

s
e
s

a

e
s

e
r

a

r
e
r

a

00
2

00

00 00

00
2

00

6

6

6

=

=

=






Λ

Λ

Λ

/

/

/

π

π

π







. (10.55)

Let.us. introduce. the. turn. ratio. m n ne
s

e
r= / ,. the. following.correspondences.exist.between. these.coeffi-

cients:.L M m L M ms r
00 00 00 00= =, / ,.so.that.M L Ls r

00 00 00= .
Considering.(10.53),.the.electromagnetic.torque.is.reduced.in.this.case.to

. Γe
r rxi= ′3

2
ψ′ . (10.56)
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10.6.2 Other Formulations for Electromagnetic torque

Equation.10.56.can.also.be.written.as

.
Γe

r r r r r s r r sxi L l i M i xi M i xi L= = + + ′



 = − ′ = −3

2
3
2

3
2

3
200 00 00 00ψ ( ) ss s r si M i xi+ ′( )00

Introducing.the.ψ_ m.magnetizing.flux.space.phasor.defined.as

. ψ
m

s
mL i= 00 . (10.57)

where.the.i-m.magnetizing.current.space.phasor.is.given.by

. i i i
mm

s
r

= + ′ . (10.58)

Γe.can.be.expressed.as

. Γe m
sxi= − 3

2
ψ . (10.59)

This.development.shows.that.the.leakage.fluxes.do.not.produce.torque.as.it.is.generally.admitted.

10.6.3  Balanced Sinusoidal three-Phase Supply: 
Steady-State Operating Mode

For.an.ω.angular.pulsation.supply,.the.rotor.is.short.circuited.(v- r.=.0).and.it.rotates.at.(1.−.s)ω.angular.
speed,.where.s.is.the.slip..The.various.space.phasors.can.be.expressed.as

. i I e v V e i I es s s s r rj t j t s j t r

= = ′ =
+ +

2 2 2
ω ω ϕ ω ϑ

, ,
( ) ( )

So,.the.time.phasors.can.be.used.to.express.the.voltage.system.given.by.(10.25)..It.comes

.
V r I jl I jL I jM I

r I jl s I jL s I jM

s s s s s s s r

r r r r r r

= + + +

= + + +

ω ω ω

ω ω

00 00

000 000s Isω






. (10.60)

Dividing.by.s.all.the.terms.of.the.second.equation.of.system.(10.60).leads.to

.
V r I jl I jL I jM I

r
s

I jl I jL I jM

s s s s s s s r

r
r r r r r

= + + +

= + + +

ω ω ω

ω ω

00 00

00 00 00ω Is









. (10.61)

This.procedure.makes.it.possible.to.assume.that.all.the.variables.of.system.(10.61).are.of.ω.angular.
frequency..Introducing..I−°r.=.I−r/m,.system.(10.61).can.be.rewritten.as

.
V r I jl I jM m I I

r
s

mI jl mI jM I

s s s s s s r

r
r r r r

= + + −( )
= − − − −

°

° ° °

ω ω

ω ω

00

000 IIs( )










. (10.62)
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Multiplying.the.two.members.of.the.second.equation.of.system.(10.62).by.m.and.noting.r′r.=.m2rr,.l′r.=.
m2lr,.L mM Ls

µ = =00 00,.xs.=.lsω,.x′r.=.l′r.ω,.Xμ.=.Lμω,..I−μ.=..I−s.−..I−°r,.system.(10.62).becomes

.
V r I jx I jX I

r
s

I jx I jX I

s s s s s

r
r r

= + +

′ + ′ =







° °

µ µ

µ µ

. (10.63)

It.leads.to.the.classical.equivalent.single-phase.circuit.of.the.Figure.10.7.as.to.the.corresponding.time.dia-
gram.of.the.Figure.10.8..One.can.notice.that.I−N.current,.according.to.the.rotor.current.change.in.the.way.of.
displacement,.as.a.similar.form.that.i–m.given.by.(10.58)..On.other.hand,.one.can.remark.that.Lμ.is.defined.by.
Ls

00,.which.corresponds.also.to.the.quantity.used.to.characterize.the.magnetizing.flux.phasor.given.by.(10.57).
The.electromechanical.torque.deduced.from.the.single-phase.equivalent.circuit.results.from.the.Pr.

active.power.transferred.to.the.rotor.according.to.the.relationship:.Γe.=.Pr/Ωs..Ωs.corresponds.to.the.
synchronous.speed.equal.in.this.case.to.ω..Pr.is.given.by.Pr.=.3EsI°r.cos.φ′r..As.I°r.cos.φ′r.=.I−s.sin.δs,.Pr.can.
be.expressed.as.Pr.=.3EsIs.sin.δs..In.so.far.as.δs.is.the.angle.between.–I−s.and.–I−μ.(and.consequently.ψ−μ),.it.
appears.that.this.Γe.expression.is.the.same.as.the.one.given.by.(10.57),.according.to.that.the.space.phasor.
moduli.are.defined.by.their.amplitude.(see.Section.10.5.1).and,.on.the.other.hand,.that.the.change.in.the.
way.of.displacement.of.the.rotor.currents.needs.to.define.Γe.the.use.of.the.following.relationship:

. Γe m
sxi= 3

2
ψ . (10.64)

10.6.4 Non-Sine Supply: torque Harmonics

These.torque.harmonics.generated.by.the.supply.are.of.importance.especially.when.their.frequencies.are.
close.to.the.mechanical.system.natural.frequencies..That.justifies.that.numerous.papers.deal.with.this.
subject.in.the.literature.[12–14],.namely.concerning.their.minimization.[15–17].

Vs

rs xs
x́ r ŕ r

Xμ
s

–Is

–Iμ

–I °r

Es

FIGURE.10.7. Single-phase.equivalent.circuit.

Vs

δr

΄r

δs

rs –Is

–Iμ

–Is

Es
–I °r

FIGURE.10.8. Corresponding.time.diagram.
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Let.us.consider.a.non-sine,.three-phase,.f.frequency,.balanced,.clockwise,.voltage.system..The.stator.
voltage.space.phasor.can.be.expressed.as.follows:

. v v V ej k ts
k

s
k

s

kk

= = +
+ +

=−∞

+∞

=−∞

+∞

∑∑ ( ) ( )
( )

6 1 6 1 2 6 1 ω . (10.65)

One.can.deduced.from.(10.64).that

. Γe m k
k

k
s

k

x i=


















+

=−∞

+∞

′+
=−∞

+∞

∑ ∑3
2 6 1 6 1ψ

( ) ( )
′

. (10.66)

The.products.of.space.phasors.that.present.the.same.angular.speed.(k.=.k ′).define.the.Γe0k.mean.torques..
For.k.=.0,.the.operation.is.similar.to.this.one.described.in.the.previous.paragraph.and.the.correspond-
ing.electromagnetic.torque.is.denoted.Γe01..For.k.≠.0,.the.corresponding.mean.torques.are.qualified.as.
parasitical.mean.torques.

The.products.of.space.phasors.such.as.k.≠.k ′.lead.to.Γek ′k.harmonic.torques.
In.order.to.express.the.harmonic.and.parasitical.mean.torques,.it.is.advisable.to.take.into.account.the.

single-phase.induction.machine.equivalent.circuit.relative.to.the.harmonics.given.in.Figure.10.9.
For.the.(6k.+.1).voltage.harmonic,.the.synchronous.speed.is.equal.to.(6k.+.1)ω..The.corresponding.

s(6k.+.1).slip.results.from

. s k s
k

k s
kk( )

( ) ( )
( )6 1

1 16 1 1
6 1

6
6 1+ = + − −

+
= +

+
ω ω

ω
. (10.67)

where.s1.represents.the.slip.relative.to.the.fundamental.terms..For.a.normal.running,.s1.is.of.few.percent..
So,.s(6k.+.1).is.close.to.unity..As.|r′r.+.j(6k.+.1)x′r|.≪.6(k.+.1)Xμ,.Iμ(6k+1).is.negligible.with.regard.to.I k

r
( )6 1+
° ..

This.particularly.has.two.consequences:

•. Γe0k.torques.can.be.neglected.comparing.to.the.corresponding.Γe01.fundamental.quantity.
•. The.considered.harmonic.single-phase.equivalent.circuit.becomes.the.one.given.in.Figure.10.10,.

it.results.that.Γek ′k.can.be.reduced.to.Γe1k.

Let.us.consider.two.voltage.harmonics.defined.for.kd.=.6h.+.1.and.ki.=.−6h.+.1,.where.h.is.an.integer.that.
takes.only.positive.values.(see.Section.10.3.3)..Figure.10.11.presents,.for.given.h,.the.space.phasor.diagram.for.
t.=.0.and.t.≠.0.considering.ψ_ m1,.ik

s
d
,.and.ik

s
i
..For.t.=.0,.the.Γe1(6h).resulting.torque.harmonic.can.be.expressed.as

. Γ Γ Γe h e k e k m k
s

k k
s

kd i d d i ii i1 6 1 1 1

3
2( ) sin sin= + = +{ }ψ δ δ . (10.68)

I(6k + 1) (6k + 1)xs

(6k + 1)Xμ

(6k + 1)x΄r

S(6k + 1)

s

Iμ(6k + 1)
s I(6k + 1)

°r

sV(6k+1) sE(6k + 1)

rs r΄r

FIGURE.10.9. Single-phase.equivalent.circuit.for.the.(6k.+.1).rank.harmonic.
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At.t.≠.0,.the.space.phasor.moduli.do.not.change,.only.δkd.and.δki.vary..According.to.space.phasor.ways.of.
displacement,.δkd.increases.by.6hωt.although.δki.decreases.by.6hωt..So,.for.any.time.instant.t,.Equation.
10.68.can.be.written.as

. Γe h m h
s

h h
sI h t I1 6 1 6 1 6 1 6 1 6

3
2

2 6 2( ) ( ) ( ) ( ) (sin( ) sin(= + ++ + − + −ψ δ ω δ hh h t+ −{ }1 6) ω . (10.69)

Developing.this.expression,.one.can.obtain

. Γe h e h hh t1 6 1 6 66( ) ( ) ( )cos( )= +Γ̂ ω β . (10.70)

where

.
Γ̂e h m h

s
h

s
h

s
h

sL I I I I I1 6 1 6 1
2

6 1
2

6 1 6 13 2( ) ( ) ( ) ( ) ( ) cos(= + −− + + − + +µ δδ δ

β δ

( ) ( )

( )
( ) ( ) ( )

)

cos cos

− + +

− + − + +

+

= −

6 1 6 1

6
6 1 6 1 6 1

h h

h
h

s
h h

s

tg I I δδ
δ δ

( )

( ) ( ) ( ) ( )sin sin
6 1

6 1 6 1 6 1 6 1

h

h
s

h h
s

hI I
+

− + − + + ++










. (10.71)

These.developments.point.out.that.the.torque.harmonics.are.independent.of.induction.machine.load,.
which.means.that.from.an.experimental.point.of.view,.their.determination.will.be.more.efficiency.at.
no.load.[18].

I(6k + 1) (6k + 1)Nω
–s

—sV(6k + 1)

rs r΄r

FIGURE.10.10. Simplified.single-phase.equivalent.circuit.for.the.(6k.+.1).rank.harmonic.

kdωt
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ki
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δki

δkd

i s
ki

+

ω

ω
ωt

ψm1

ψm1

FIGURE.10.11. Harmonic.torques:.space.phasor.location..(—) t.=.0,.(—) t.≠.0.



AC	Electrical	Machine	Torque	Harmonics	 10-19

10.6.5 Numerical application

Let.us.consider.a.2-pole.pair.induction.machine.defined.through.the.following.parameters:.rs.=.3.6.Ω,.
rr =.1.8.Ω,.ls.=.18.mH,.lr.=.9.mH,.L Hs

00 0 4= . ,.L Hr
00 0 2= . .

The.stator. is.supplied.by.a. three-phase.voltage.source. inverter.of. input.DC.voltage.E.=.300.V..The.
phase.1.vs

1.is.represented.in.Figure.10.12,.the.supply.frequency.is.50.Hz..The.aim.is.the.Г̂e1(6h).determina-
tion.for.h.=.1.

The.voltage.Fourier.series.decomposition.leads.to

.
V E

k
kk

s k
2 1

2
2 1

1 2 1
6+ =

+
− + +



π

π
( )

( ) sin( )

Then.it.comes.Vs
1 0= 2 2 56 V. ,.Vs

5 0= 4 51 V. ,.Vs
7 = −28 93 V. .

The.magnetizing.current.Im1.is.deduced.from.Figure.10.7..Actually,.Im1.slightly.depends.on.the.load.
because.of.the.voltage.drop.due.to.rs.and.xs..Here,.the.magnetizing.current.will.be.calculated.for.s.=.0,.
what.leads.to. i I em m

j t m
s

1 12 1= +ω ϕ .with.Im1.=.1.54.A,.and.ϕm
s

1.=.−88.43°.
The.space.phasor.currents.corresponding. to. the.fifth.and.seventh.current.harmonics.are.deduced.

from.Figure.10.10..They.are.defined.as.follows:

. i I e with Is s j t s ss

5 5
5

5 52 5= = = °− +[ ],ω ϕ ϕ0.707 A, 82.72

. i I e Is s j t s ss

7 7
7

7 72 95 27= = = °+[ ], .ω ϕ ϕwith 0.364 A,

ϕ5
s .and. ϕ7

s .are.the.phase.angle.of. is
5 .and. is

7 .relatively.to. vs
5
.and. vs

7 ,.they.are.tied.to.δ5.and.δ7.through

. δ ϕ ϕ5 5 171 15= − − = °s
ml
s .

. δ ϕ ϕ7 7 183 15= − − = °s
ml
s .

Finally,.the.first.equation.of.(10.71),.which.has.to.be.multiplied.by.p.=.2,.leads.to.Г̂e1(6).=.1.28.N.·.m.
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FIGURE.10.12. Single-phase.voltage.wave.form.
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10.6.5.1 Simulation results

Now,. the. global. simulation. of. the. whole. system. will. be. performed. by. solving. the. voltage. equations.
(10.25). and. considering. the. mechanical. equation,. Γ Γe r J d dt− = ( )/2 2θ .. Γr. corresponds. to. the. torque.
imposed.by.the.load.and.J.is.the.polar.moment.of.inertia.of.the.mechanical.system..Figures.10.13.
and.10.14.give.electromagnetic.torque.and.phase.1.current.waveforms.at.no.load..An.FFT.applied.to.
these.variables.gives. Is

1 .=.1.52.A,. Is
5 .=.0.717.A,. Is

7 .=.0.374.A,.Г̂e1(6).=.1.29.N·m.
The.magnitude.of.the.sixth.rank.harmonic.torque.obtained.by.simulation.is.the.same.as.the.value.

deduced. from. equivalent. circuit. taking. into. account. only. the. fifth. and. the. seventh. rank. harmonic.
current.

For.a.machine.running.such.as.Γr.=.7.N·m,.what.corresponds.to.the.rated.torque,.the.simulation.leads.
to. Is

1 =  2 51 A. ,. Is
5 0 0=  7 7 A. ,.Is

7 0= =  368 A. ,.Г̂e1(6).=.=.1.24.N·m.
The.torque.and.current.waveforms.are.given.in.Figures.10.15.and.10.16..It.can.be.noticed.that.the.con-

sidered.harmonic.torque.slightly.decreases.with.the.load..This.is.due.to.the.decrease.of.the.magnetizing.
current.in.load.
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FIGURE.10.13. Torque.waveform—no.load.
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FIGURE.10.14. Current.waveform—no.load.
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10.7 reluctant torques

These.reluctant.torques.are.often.considered.concerning.salient.synchronous.machines.or.reluctance.
ones.[19–21]..In.this.chapter,.these.reluctant.torques.will.be.expressed.considering.an.induction.machine,.
taking.the.slotting.effect.into.account.and.assuming.sinusoidal.the.stator.and.rotor.currents.

10.7.1 Machine Modeling

The. Equations. 10.43. through. 10.47. are. always. valid,. only. Λ,. the. permeance. per. area. unit,. changes..
Introducing.the.integers.ks.and.kr,.which.take.all.the.values.between.−∞.and.+∞,.Λ.can.be.written,.for.
a.2-pole.machine,.as.follows.[2,22]:

. Λ Λ= + − 
=−∞

+∞

=−∞

+∞

∑∑ k k s
s

r
s s

r
s

kk
s r

rs

k N k N k Ncos ( )α θ . (10.72)
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FIGURE.10.15. Torque.waveform—rated.load.
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Ns.and.Nr.denote,.respectively,.the.numbers.of.stator.and.rotor.slots.(or.bars).. Λk ks r .is.defined.as.follows:

.

Λ

Λ

Λ

Λ

00 0 00

0 0 0

0 0 0

0

=

=

=

=

µ

µ

µ

µ
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A f k

A f k

A f k f k

k s s

k r r

k k sr s

s

r

s r

( )

( )

( ) ( rr )














. (10.73)

where
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. (10.74)

The.different.parameters.have.the.following.signification:

•. w ws
s

t
s, .are.the.widths,.respectively,.of.one.stator.slot.and.one.stator.tooth

•. ds
s .is.the.fictitious.depth.of.one.stator.slot,.defined.[22].as. d ws

s
s
s= /5

•. rt
s .is.the.stator.slotting.ratio:.r w w wt

s
t
s

t
s

s
s= +/( )

•. f(ks).is.the.stator.slotting.function:.f k k r ks s t
s

s( ) (sin )= π /2
•. w w d r f ks

r
t
r

s
r

t
r

r, , , , ( ) .are.analogous.quantities.relative.to.the.rotor
•. ks.and.kr.are.the.integers.that.take.all.the.values.between.−∞.and.+∞
•. g.is.the.minimal.airgap.thickness
•. gM.is.the.maximal.airgap.fictitious.thickness:. g g d dM s

s
s
r= + +

•. gs. and. gr. are. the. intermediate. fictitious. airgap. thicknesses. expressed. by. g ds
s+ . and. g ds

r+ ,.
respectively

In.order.to.estimate.qualitatively.the.relative.importance.of.the.different.terms,.the.following.inequali-
ties.can.be.pointed.out:.As0.≅.A0r;.A00.>.As0.or.A0r;.As0.or.A0r.>.Asr.

b,.which.results.from.Equation.10.45,.is.given.by

.
b bk k

kk
s r

rs

= ∑∑

Using.the.exponential.form.and.noting.S k N k Nk k s
s

r
r

s r = + ,.Λ.can.be.rewritten.as.follows:

. Λ Λ= +










− −∑∑1
2 k k

jS jk N jS jk N
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r r
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s
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r
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e e e eα θ α θ . (10.75)
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So,.bk ks r .can.be.expressed.as

.
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The.use.of.Equations.10.46.and.10.47.leads.to
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where
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Ak ks r .and.Bk ks r .only.exist.for.S nk ks r = 2 ,.where.n.is.negative,.positive,.or.null.integer.
Considering.the.space.phasor.definition,.one.can.obtain
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Different.cases.have.to.be.considered.according.to.the.n.values.

Case.1:.(1.+.a2n.+.a4n).and.(1.+.a−2n.+.a−4n).are.not.nil.only.for.n.=.3n′,.n′.being.an.integer.that.takes.all.the.
values.between.−∞.and+∞..According.to.the. Sk ks r .definition,.it.comes. S nk ks r = 6 ′

Case.2:.(1.+.a2(1.−.n).+.a4(1.−.n)).≠.0.for.n.=.1.−.3n′,.so.for. S nk ks r = −2 6 ′
Case.3:.(1.+.a2(1.+.n).+.a4(1.+.n)).≠.0.for.n.=.−1.+.3n′,.so.for. S nk ks r = −2 6 ′

When.these.quantities.are.not.nil,.they.take.the.value.3.
The. numerical. applications. will. bring. on. a. three-phase,. wound. rotor. induction. machine. such. as.

Ns =.6ms.and.Nr.=.6mr,.where.ms.and.mr.are.the.stator.and.rotor.per.pole.per.phase.slot.numbers..So.
S k m k mk k s

s
r

r
s r = +6( )..It.results.that.only.the.case.1.has.to.be.considered.where.n′.=.(ksms.+.krmr).

•. Case.of.a.smooth.airgap.machine
In.this.case,.ks.and.kr.take.the.value.0..It.results.that.S00.=.0.and.A00.=.B00.=.1..According.to.the.Ks.
expression.it.comes
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•. Inductance.harmonics
The.flux.linkage.space.phasors.are.reduced.to
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The.ψ
k
s

r
.quantities,.which.depend.on.e jkrNrθ.or.e jk Nr

r− θ,.result.on.the.sum.of.ψ
k k
s

s r
.on.ks.that.varies.from.

−∞.to.+∞..Concerning.the. ψ
k
s

s
.quantities,.which.depend.on.e

jksNsθ
.or.e

jksNs− θ
,.they.result.on.the.sum.of.

ψ
k k
s

s r
.on.kr. that.also.varies. from.−∞.to.+∞..So,.according. to.some.considerations. that.concern.these.

sums.and.that.enable.to.consider.only.the.positive.values.of.ks.and.kr,.the.following.equations.can.be.
established:
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where
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and
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Considering.the.linked.flux.space.phasors.definition,.it.comes
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Considering.the.magnetizing.current.given.by.(10.58).makes.it.possible.to.define.these.quantities.in.the.
referential.tied.to.ds:
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10.7.2 reluctant torque Calculation

The.torque.delivered.by.the.machine.is.deduced.from.Equations.10.51.and.10.82.
A.numerical.application.can.be.performed.considering.the.machine.defined.in.Section.10.6.5..It.is.a.

2-pole.pair.machine.with.18.stator.and.24.rotor.slots.per.pole.pair.(Ns.=.18,.Nr.=.12,.ms.=.3,.mr.=.2)..For.
the.reluctant.torque.computation,.other.geometrical.parameters.are.necessary.to.define.the.quantities.
Λk ks r.. One. gives. R. =. 0.4.m,. La. =. 0.15.m,. ne

s = 123 ,. ne
r = 87 .. Other. parameters. that. concern. the. stator.

and.rotor.slots.dimensions.have.to.be.introduced..They.lead.to.define.the.following.quantities:. rt
s = 0 4. ,.

rt
r = 0 6. ,.A00.=.1829.m−1,.As0.=.1651.m−1,.A0r.=.1192.m−1,.Asr.=.1461.m−1.
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In.order.to.be.in.the.same.conditions.than.the.simulation.performed.in.Section.10.6.5,.the.machine.
will.be.supposed.to.be.fed.by.a.sine.three-phase.voltage.system.of.50.Hz,.203.56.V.voltage.rms..value..
The.calculation.will.be.performed.at.no-load.condition.so.that.the.current.i-s.is.equal.to.the.magnetizing.
current.i-m1:. i I em m

j t m
s

1 12 1= +ω ϕ .with.Im1.=.1.54.A,.and. ϕm
s

1 .=.−88.43°.
At.no.load,.only.the.torque.components.due.to.the.interaction.between.ψ_ s.and.i

s*.exist,.generating.
harmonics.of.krNrfr.frequency.(fr.=.(1.−.s)f)..The.obtained.magnitudes.Γ̂e k Nr

r( ).are.given.in.Table.10.1.
One.can.notice. that. the.magnitude. for.kr.=.1. is.higher. than.this.obtained. for. the.sixth.harmonic.

torque.determined.in.Section.10.6.5.in.case.of.non-sine.supply.(Г̂.e1(6).=.1.24.N.·.m)

10.8 Conclusion

The.tangential.vibrations.of.electrical.rotating.machines.originate.from.the.variations.of.its.electromag-
netic.torque..These.variations.can.be.associated.to.torque.harmonic.components..Two.kinds.of.torque.
harmonics.can.be.defined:.those.due.to.the.supply.and.those.due.to.the.reluctant.effects..A.method.to.
calculate. these. torque.harmonics.has.been.presented.. It. is.based.on. the. space.phasor.definition. that.
enables.to.present.very.synthetic.expression.of.the.electromagnetic.torque..The.space.phasor.transfor-
mation.also.provides.simple.voltage.equations..Application.to.induction.machines.has.been.performed.
and.the.numerical.applications.show.that.the.torque.harmonics.have.significant.magnitudes.compared.
to.the.rated.torque..Moreover,.the.reluctant.torque.harmonics.are.higher.than.these.due.to.the.supply.(in.
case.of.voltage.source.inverter.supply)..A.technique.to.reduce.the.reluctant.torques.consists.in.skewing.
the.rotor.[23].
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11.1 Overview

11.1.1 Introduction

Currently,. an. increasing. part. of. generated. electric. energy. is. converted. through. AC–DC. converters,.
before. it. is. consumed. in. the.final. load..The.majority.of. systems.apply.a.diode. rectifier. (Figure.11.1)..
Diode.rectifiers.are.simple,.reliable,.robust,.and.cheap..However,.diodes.rectifiers.enable.only.unidirec-
tional.power.flow.and.cause.a.high.level.of.harmonic.input.currents;.moreover.the.performance.varies.
significantly.with.load.[1]..Performance.can.be.improved.by.the.application.of.input.inductance.but.it.
demands.installation.of.a.bulky.three-phase.choke.(Figure.11.2).

During.the.last.years,.PWM.converters.have.drastically.increased.their.importance.on.the.market.
of.AC–DC.conversion.[2]..Two.technology.breakthroughs.of.the.electronic.industry.have.enabled.this.
remarkable.development:

•. The.introduction.of.IGBTs.on.the.market.enabled.the.manufacturing.of.reliable,.robust,.and.low-
cost.PWM.converter.modules.

•. The.introduction.of.low-cost.microprocessors.(e.g.,.digital.signal.processors—DSPs).and.FPGA.
for. real-time. applications. allowed. the. successful. implementation. of. complex. vector. control.
schemes.for.PWM.converters.

AC–DC.voltage. source.converters. (VSC).are.widely.used. in. industrial.AC.drives.as.active. front.end.
(AFE),.DC-power.supply,.power.quality.improvement,.and.harmonic.compensation.(active.filter).equip-
ments..Lately,.AC–DC.converters.have.become.a.very.important.part.of.an.AC–DC–AC.line.interfacing.
converters.in.renewable.and.distributed.energy.systems..Three-phase.PWM.converters.are.increasingly.
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applied. if. a. substantial.amount.of.energy. should.be. fed. into. the.grid..Furthermore,. it.offers.charac-
teristics.like.a.low.harmonic.distortion.of.the.line.currents.(compliance.to.IEEE.519),.a.regulation.of.
the.input.power.factor,.an.adjustment.and.stabilization.of.the.DC-link.voltage,.and,.depending.on.the.
requirements,.possibly.a.reduction.of.the.DC.filter.capacitor.size.for.certain.applications.

Three-phase.PWM.AC–AD.converter.is.connected.to.the.grid.through.inductor.L.or.LCL.filter.
(high-performance.application),.which.are.an.integral.part.of.the.circuit.(Figure.11.3).

Two-level.converters.for.small.power.(Figure.11.3a).and.three-level.converters.for.high.power.(Figure.
11.3b). are. typical. PWM. topologies. used. by. industry.. Three-level. converters. require. more. complex.
modulation.but.they.has,.in.comparison.to.two-level.converters,.reduced.voltage.stress.on.every.switch,.
better.power.quality.(lower.current.and.voltage.THD),.and.about.30%.smaller.LCL.filter.[3].

11.1.2 Control Strategies

Another.important.technology.is.innovations.in.the.field.of.converter.control.principles..Various.con-
trol.strategies.have.been.proposed.in.recent.works.on.this.type.of.PWM.converter.[4–9]..A.well-known.
method.of.indirect.active.and.reactive.power.control.is.based.on.current.vector.orientation.with.respect.
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to. the. line. voltage. vector. (voltage-oriented. control—VOC). [4–6,9].. VOC. guarantees. high. dynamics.
and.static.performance.via.internal.current.control.loops..However,.the.final.configuration.and.perfor-
mance.of.the.VOC.system.largely.depends.on.the.quality.of.the.applied.current.control.strategy.[10]..
Another.less-known.method.based.on.instantaneous.direct.active.and.reactive.power.control.is.called.
direct.power.control.(DPC).[7,8]..Both.mentioned.strategies.do.not.perform.sinusoidal.current.when.
the.line.voltage.is.distorted..Only.a.DPC.strategy.based.on.virtual.flux.instead.of.the.line.voltage.vector.
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orientation.called.VF-DPC,.provides.sinusoidal.line.current.and.lower.harmonic.distortion.[4,11,12]..
However,.among.the.well-known.disadvantages.of.the.VF-DPC.scheme.are

•. Variable.switching.frequency.(difficulties.of.LC.input.EMI.filter.design)
•. Violation.of.polarity.consistency.rules.(to.avoid.±1.switching.over.dc.link.voltage)
•. High.sampling.frequency.for.digital.implementation.of.hysteresis.comparators
•. Fast.microprocessor.and.A/D.converters

Therefore,.it.is.difficult.to.implement.VF-DPC.in.industry..All.the.above.drawbacks.can.be.eliminated.
when,.instead.of.the.switching.table,.a.PWM.voltage.modulator.is.applied..This.is.realized.in.DPC.with.
constant.switching.frequency.using.space.vector.modulation.(DPC-SVM).[13].

11.2  Control techniques for three-Phase 
PWM aC–DC Converters

11.2.1 Basic Operation Principles of PWM aC–DC Converters

Figure.11.4a.shows.a.single-phase.representation.of.the.circuit.presented.in.Figure.11.4b..L.and.R.repre-
sent.the.line.inductor,.u–L.is.the.line.voltage,.and.u–S.is.the.bridge.converter.voltage,.controllable.from.the.
DC-side..The.magnitude.of.u–S.depends.on.the.modulation.index.and.DC.voltage.level.[4].

The.line.current.iL.is.controlled.by.the.voltage.drop.across.the.inductance.L.interconnecting.two.
voltage.sources.(line.and.converter)..It.means.that.the.inductance.voltage.uI.equals.the.difference.
between.the.line.voltage.uL.and.the.converter.voltage.uS..When.we.control.phase.angle.ε.and.ampli-
tude.of.converter.voltage.uS,.we.control.indirectly.the.phase.and.amplitude.of.line.current..In.this.
way,.average.value.and.sign.of.DC.current.is.subject.to.control.what.is.proportional.to.active.power.
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FIGURE.11.4. Simplified.representation.of.three-phase.PWM.AC–DC.converter:.(a).single-phase.representation.
of.the.circuit.and.(b).main.circuit.
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conducted. through. converter.. The. reactive. power. can. be. controlled. independently. with. shift. of.
fundamental.harmonic.current.IL.in.respect.to.voltage.UL.

11.2.2 Mathematical Description of the PWM aC–DC Converters

The.basic.relationship.between.vectors.of.the.PWM.rectifier.is.presented.in.Figure.11.5..For.three-phase,.
line.voltage.and.the.fundamental.line.current.is

. u E tLa m= cosω . (11.1a)

.
u E tLb m= +





cos ω 2
3
π

.
(11.1b)

.
u E tLc m= −





cos ω 2
3
π

.
(11.1c)

. i I tLa m= +cos( )ω φ . (11.2a)

.
i I tLb m= + +





cos ω π φ2
3 .

(11.2b)

b

β

a
α

uL
iL

iq

id

γUL = ωt

uL = jωLiL

ω
d

ε

q

c

uS

FIGURE.11.5. Relationship.between.vectors.in.PWM.AC–DC.
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.
i I tLc m= − +





cos ω π φ2
3 .

(11.2c)

where.Em.(Im).and.ω.are.amplitude.of.the.phase.voltage.(current).and.angular.frequency,.respectively.
Line-to-line.input.voltages.of.PWM.converter.can.be.described.as

. u S S uSab a b dc= − ⋅( ) . (11.3a)

. u S S uSbc b c dc= − ⋅( ) . (11.3b)

. u S S uSca c a dc= − ⋅( ) . (11.3c)

where
Sx.=.1.when.the.upper.transistor.of.one.leg.in.converter.is.switched.ON.(x = a,.b,.c)
Sx.=.0.when.the.lower.transistor.of.one.leg.in.converter.is.switched.ON.(x = a,.b,.c)

The.phase.voltages.are.equal:

. u f uSa a dc= ⋅ . (11.4a)

. u f uSb b dc= ⋅ . (11.4b)

. u f uSc c dc= ⋅ . (11.4c)

where

.
f S S S

a
a b c= − +2

3
( )

.
(11.5a)

.
f S S S

b
b a c= − +2

3
( )

.
(11.5b)

.
f S S S

c
c a b= − +2

3
( )

.
(11.5c)

The.fa,.fb,.fc.are.assumed.0,.±1/3,.and.±2/3,.respectively.

11.2.2.1 Model of three-Phase PWM aC–DC Converters in Natural Coordinates (abc)

The.voltage.equations.for.balanced.three-phase.system.without.the.neutral.connection.can.be.written.
as.(Figure.11.5)

. u u uL I S= + . (11.6)

.
u Ri di

dt
L uL L

L
S= + +

.
(11.7)
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.

u
u
u

R
i
i
i

L d
dt

i
i
i

La

Lb

Lc

La

Lb

Lc

La

Lb

Lc

















=
















+
















+
















u
u
u

Sa
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Sc .

(11.8)

Other.current.equations.determine.relations.among.phase.currents.(iLa,.iLb,.iLc),.load.current.(idc),.and.
dc-link.capacitor.current.(icap)

.
C du

dt
i S i S i S i idc
cap a La b Lb c Lc dc= = + + −

.
(11.9)

For.example,.one.of.eight.possible.converter.switching.states.(Sa.=.1,.Sb.=.0,.Sc.=.0).gives.the.following.
current.equation.icap.=.iLa.−.idc.

The.combination.of.Equations.11.4. through.11.9.can.be. represented.as. three-phase.block.dia-
gram.[14].

11.2.2.2 Model of PWM aC–DC Converters in Stationary Coordinates (α-β)

The.voltage.equations.for.balanced.three-phase.system.without.the.neutral.connection.can.be.simplified.
by.representation.in.fixed.rectangular.α-β.coordinate.system,.where.each.vector.is.described.by.only.
two.variables..The.α-axis.(real).and.the.a-axis.have.the.same.orientation.but.the.β-axis.(imaginary).leads.
the.a-axis.with.90°.(Figure.11.5)..It.resolves.each.vector.into.real.and.imaginary.parts.x–αβ.=.xα.+.jxβ,.
where  xα. and. xβ. are. obtained. by. applying. Clarke. transformation. defining. relationship. between. the.
three-phase.system.a-b-c.and.the.stationary.reference.frame.α-β:

.
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x
x
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− −

−





























2
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1 1 2 1 2

0 3 2 3 2
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/ /
.

.

(11.10)

Then,.Equations.11.8.and.11.9.can.be.written.as

.

u
u
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dt
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β
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β β
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β









 =









 +









 +













α

.
(11.11)

and

.
C du

dt
i S i S idc
L L dc= + −( )α α β β

.
(11.12)

where

.
S S S Sa b cα = − −1

6
2( )

.
S S Sb cβ = −1

2
( )
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11.2.2.3 Model of PWM aC–DC Converters in Synchronous rotating Coordinates (d-q)

The. voltage. equations. can. be. even. represented. in. coordinate. system,. where. vectors. are. transformed.
from. stationary.α-β. to. synchronously. rotating,. with. line. voltage. vector,. d-q. coordinate. system.. The.
angle.between.the.real.axis.α.of.the.stationary.system.and.real.axis.d.of.the.new.rotating.system.can.be.
described.as.γUL.=.ωt..Then,.vectors.can.be.transformed.from.α-β.in.the.synchronous.d-q.coordinates.
with.the.help.of.simple.trigonometrical.relationship:

.

k
k

k
k

d

q

UL UL

UL UL









 =

−




















cos sin
sin cos

.
γ

γ γ
α

β .
(11.13)

It.gives

.
u Ri L di

dt
Li uLd Ld

Ld
Lq Sd= + − +ω

.
(11.14a)

.
u Ri L di

dt
Li uLq Lq

Lq
Ld Sq= + + +ω

.
(11.14b)

.
C du

dt
i S i S idc
Ld d Lq q dc= + −( )

.
(11.15)

where

. S S t S td = +α βω ωcos sin

. S S t S tq = −β α ωcos sinω

A.block.diagram.of.d-q.model.is.presented.in.Figure.11.6.
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FIGURE.11.6. Block.diagram.of.PWM.AC–DC.converter.in.synchronous.d-q.coordinates.
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11.2.3 Line Voltage, Virtual Flux, and Instantaneous Power Estimation

11.2.3.1 Line Voltage Estimation

An.important.requirement.for.a.voltage.estimator.is.to.estimate.the.voltage.correct,.also.under.unbal-
anced.conditions.and.pre-existing.harmonic.voltage.distortion..Not.only.the.fundamental.component.
should.be.estimated.correct,.but.also.the.harmonic.components.and.the.voltage.unbalance..It.gives.a.
higher.total.power.factor.[7]..It.is.possible.to.calculate.the.voltage.across.the.inductance.by.the.current.
differentiating..The.line.voltage.can.then.be.estimated.by.adding.reference.of.the.rectifier.input.voltage.
to.the.calculated.voltage.drop.across. the. inductor.[15]..However,. this.approach.has.the.disadvantage.
that.the.current.is.differentiated.and.noise.in.the.current.signal.is.gained.through.the.differentiation..
To.prevent.this,.a.voltage.estimator.based.on.the.power.estimator.of.[7].can.be.applied,.where.the.active.
power.p.is.described.as.scalar product.between.the.three-phase.voltages.drop.across.the.inductor.and.
line.currents.and.reactive.power.q.as.vector product.between.them:

. p u i u i u i u iI I abc L abc Ia La Ib Lb Ic Lc= × = + +( ) ( ) . (11.16a)

. q u i u i u i u iI I abc L abc Ia La Lb Lb Lb Lc= × = ′ + ′ + ′( ) ( ) .
(11.16b)

u′Ia,.u′Ib,.u′Ic.is.90°.lag.of.uIa,.uIb,.uIc,.respectively..The.same.equations.can.be.described.in.matrix.form.as

.

p
q

u u u
u u u

i
i
i

I

I

Ia Ib Ic

Ia Ib Ic

La

Lb

Lc









 =

′ ′ ′


























.

(11.16c)

where

.
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u
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.

.

(11.16d)

Using.Equations.11.16a.through.d,.the.estimated.active.and.reactive.power.across.the.inductance.can.
be.expressed.as

.
p L di

dt
i di

dt
i di

dt
iI

La
La

Lb
Lb

Lc
Lc= + +





= 0
.

(11.17a)

.
q L di

dt
i di

dt
iI

La
Lc

Lc
La= −





3
3

.
.

(11.17b)

where

.
L di

dt
uLa
Ia=

.
L di

dt
uLb
Ib=
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.
L di

dt
uLc
Ic=

Since.powers.are.DC-values,.it.is.possible.to.prevent.the.noise.of.the.differentiated.current.by.use.of.a.
simple.low-pass.filter..This.ensures.a.robust.and.noise-insensitive.performance.of.the.voltage.estimator.

Then,.based.on.instantaneous.power.theory.proposed.by.Akagi.et.al..[16],.when.the.three-phase.volt-
ages.and.currents.are.transformed.into.α-β.coordinates,

.

p
q

i i
i i

u
u

I

I

L L

L L

I

I









 =

−




















α β

β α

α

β .
(11.18)

the.estimated.voltages.across.the.inductance.after.transformation.of.(11.18).are

.

u
u i i

i i
i i q

I

I L L

L L

L L I

α

β

α β

β α+








 =

−



















1 0
2 2
α β .

(11.19)

It. should. be. noted. that. in. this. special. case,. it. is. only. possible. to. estimate. the. reactive. power. in. the.
inductor.

The.estimated.line.voltage.uL (est).can.now.be.found.by.adding.the.voltage.reference.of.the.PWM.recti-
fier.to.the.estimated.inductor.voltage.[6].

. u u uL est S I( ) = + . (11.20)

11.2.3.2 Virtual Flux Estimation

It.is.possible.to.replace.the.AC-line.voltage.sensors.with.a.virtual.flux.estimator,.what.gives.technical.and.
economical.advantages.to.the.system.as:.simplification,.isolation.between.the.power.circuit.and.control.
system,.reliability,.and.cost.effectiveness.

The.integration.of.the.voltages.leads.to.a.virtual.flux.(VF).vector.Ψ–L,.in.stationary.α-β.coordinates.[4,12]:

.

Ψ
Ψ
ΨL

L

L

L

L

u dt

u dt
=









 =

















∫
∫

α

β

α

β
.

(11.21)

where

.
u

u
u

u
uL

L

L

Lab

Lbc
=









 =























α

β

2
3

1 1 2

0 3 2

/

/ .
(11.22)

When.we.establish,.that.[6]

. u u uL S I= + . (11.23)

then,.similarly.to.(11.23),.a.virtual.flux.equation.can.be.presented.as.[12]

. ψ ψ ψ
L S I

= + . (11.24)
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Based.on.the.measured.DC.link.voltage.udc.and.the.duty.cycles.of.modulator.Da,.Db,.Dc,.the.virtual.flux.
Ψ–L.components.are.calculated.in.stationary.(α-β).coordinates.system.as.follows:

.
ΨL dc a b c Lu D D D dt Liα α= − +











+∫ 2

3
1
2

( )
.

(11.25a)

.
ΨL dc b c Lu D D dt Liβ β= −







+∫ 1
2

( )
.

(11.25b)

11.2.3.3 Instantaneous Power Calculation Based on Voltage Estimation

The. instantaneous. values. of. active. (p). and. reactive. power. (q). in. AC. voltage. sensorless. system. are.
estimated.by.Equations.11.26..First.part.of.both.equations.represents.power.in.the.inductance.and.the.
second.part.is.the.power.of.the.PWM.AC–DC.converter.[7]:

.
p L di

dt
i di

dt
i di

dt
i u S i S i S iLa

La
Lb

Lb
Lc

Lc dc a La b Lb c= + +





+ + +( LLc )
.

(11.26a)

.
q L di

dt
i dt

dt
i u S i i S i iLa

Lc
Lc

La dc a Lb Lc b Lc La= −





− − + −1
3

3 ( ) ( ) ++ − 








S i ic La Lb( )
.

(11.26b)

As.can.be.seen.in.(11.26),.the.forms.of.equations.have.to.be.changed.according.to.the.switching.state.of.
the.converter,.and.both.equations.require.the.knowledge.of.the.line.inductance.L.

11.2.3.4 Instantaneous Power Calculation Based on Virtual Flux Estimation

The.measured.line.currents.iLa,.iLb.and.the.estimated.virtual.flux.components.ΨLα,ΨLβ.are.used.to.the.power.
estimation.[4,11]..Using.(11.23),.the.voltage.equation.can.be.written.as.(in.practice,.R.can.be.neglected)

. u L di
dt

d
dt

L di
dt

uL
L

S
L

S= + = +Ψ . (11.27)

Using.complex.notation,.the.instantaneous.power.can.be.calculated.as.follows:

. p u iL L= ⋅Re( )*
. (11.28a)

. q u iL L= ⋅Im( )* . (11.28b)

where.*.denotes.conjugate.of.the.line.current.vector..The.line.voltage.can.be.expressed.by.the.virtual.flux.as

. u d
dt

d
dt

e d
dt

e j e d
dt

e jL L L
j t L j t

L
j t L j t

L= = = + = +Ψ Ψ Ψ Ψ Ψ Ψ( )ω ω ω ωω ω . (11.29)

where. ΨL.denotes.the.space.vector.and.ΨL. its.amplitude..For.virtual.flux-oriented.quantities,. in.α-β.
coordinates.and.using.(11.28).and.(11.29):

.
u d

dt
j d

dt
j jL

L L
L L= + + +Ψ Ψ Ψ Ψ

α β
α βω( )

.
(11.30)
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.
u i d

dt
j d

dt
j j i jiL L

L L
L L L L* ( ) ( )= + + +












−Ψ Ψ Ψ Ψ

α β

ω α β α β

.
(11.31)

That.gives

.
p d

dt
i d

dt
i i iL

L
L

L L L L L= + + −












Ψ Ψ Ψ Ψ
α

α
β

β α β β αω( )
.

(11.32a)

and

.
q d

dt
i d

dt
i i iL

L
L

L L L L L= − + + +












Ψ Ψ Ψ Ψ
α

β
β

α α α β βω( )
.

(11.32b)

For.sinusoidal.and.balanced.line.voltage,.the.derivatives.of.the.flux.amplitudes.are.zero..The.instanta-
neous.active.and.reactive.powers.can.be.computed.as.[11]

. p i iL L L L= ⋅ −ω Ψ Ψα β β α( ) . (11.33a)

. q i iL L L L= ⋅ +ω ( ).Ψ Ψα α β β . (11.33b)

11.2.4 Voltage-Oriented Control

The.conventional.control.system.uses.closed-loop.current.control.in.rotating.reference.frame,.the.VOC.
scheme.is.shown.in.Figure.11.7..A.characteristic.feature.for.this.current.controller.is.processing.of.sig-
nals.in.two.coordinate.systems..The.first.is.stationary.α-β.and.the.second.is.synchronously.rotating.d-q.
coordinate.system..Three-phase.measured.values.are.converted.to.equivalent.two-phase.system.α-β.and.
then.are.transformed.to.rotating.coordinate.system.in.a.block.α-β/d-q.(11.13).

Thanks.to.this.type.of.transformation,.the.control.values.are.DC.signals..An.inverse.transformation.
d-q/α-β.is.achieved.on.the.output.of.control.system.and.it.gives.a.result,.the.AC–DC.converter.reference.
signals.in.stationary.coordinate:

.
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cos sin
sin cos .

(11.34)

For.both.coordinate.transformation,.the.angle.of.the.voltage.vector.γUL.is.defined.as

.

sin
( ) ( )

γ β

α β
UL

L

L L

u
u u

=
+2 2

.

(11.35a)

.

cos
( ) ( )

.γ α

α β
UL

L

L L

u
u u

=
+2 2

.

(11.35b)

In.voltage.oriented.d-q.coordinates,.the.AC.line.current.vector.i–L.is.split.into.two.rectangular.compo-
nents. i–L.=.[iLd,. iLq]. (Figure.11.8)..The.component. iLq.determinates.reactive.power,.whereas. iLd.decides.
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about.active.power.flow..Thus,.the.reactive.and.the.active.power.can.be.controlled.independently..The.
UPF.condition.is.met.when.the.line.current.vector,.i–L,.is.aligned.with.the.line.voltage.vector,.u–L.

The.voltage.equations. in.the.d-q.synchronous.reference.frame.in.accordance.with.Equations.11.14.
and.with.assumption.that.the.q-axis.current.is.set.to.zero.in.all.condition.for.unity.power.factor.control.
while.the.reference.current.iLd.is.set.by.the.DC-link.voltage.controller.and.controls.the.active.power.flow.
between.the.grid.and.the.DC-link.can.be.reduced.to.(R.≈.0).[4]

.
u L di

dt
u L iLd

Ld
Sd Lq= + − ⋅ ⋅ω

.
(11.36a)

.
0 = + + ⋅ ⋅L di

dt
u L iLq

Sq Ldω
.

(11.36b)

Assuming.that.the.q-axis.current.is.well.regulated.to.zero,.the.following.equations.hold.true:

.
u L di

dt
uLd

Ld
Sd= +

.
(11.37a)

. 0 = + ⋅ ⋅u L iSq Ldω . (11.37b)

As.current.controller,.the.PI-type.can.be.used..However,.the.PI.current.controller.has.no.satisfactory.
tracing. performance,. especially,. for. the. coupled. system. described. by. Equations. 11.36.. Therefore,. for.
high-performance.application.with.accuracy.current.tracking.at.dynamic.state,.the.decoupled.control-
ler.diagram.for.the.PWM.AC–DC.converter.should.be.applied.to.what.is.shown.in.Figure.11.9.[4]:

. u Li u uSd Lq Ld d= + +ω ∆ . (11.38a)

. u Li uSq Ld q= − +ω ∆ . (11.38b)
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+
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FIGURE.11.9. Decoupled.current.control.of.PWM.AC–DC.converter.
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where.Δ.is.the.output.signals.of.the.current.controllers:

.
∆u k i i k i i dtd p d ref Ld i d ref Ld= −( ) + −( )∫_ _

.
(11.39a)

.
∆u k i i k i i dtq p q ref Lq i q ref Lq= = −( ) + −( )∫_ _

.
(11.39b)

The.output.signals.from.PI.controllers.after.dq/αβ.transformation.(Equation.11.24).are.used.for.switch-
ing.signals.generation.by.a.space.vector.modulator.(SVM).

11.2.5 Virtual Flux-Based Direct Power Control

Figure.11.10.shows.configuration.of.virtual.flux-based.direct.power.control.(VF-DPC),.where.the.com-
mands.of.reactive.power.qref.(set.to.zero.for.unity.power.factor).and.active.power.pref.(delivered.from.the.
outer.PI-DC.voltage.controller).are.compared.with.the.estimated.q.and.p.values.(Equations.11.33a.and.b),.
in.reactive.and.active.power.hysteresis.controllers,.respectively..The.digitized.variables.dp,.dq.and.the.line.
voltage.vector.position.γUL.=.arc tg.(uLα/uLβ).form.a.digital.word,.which.by.accessing.the.address.of.the.
look-up.table,.selects.the.appropriate.voltage.vector.according.to.the.switching.table.[4].

However,.disturbances.superimposed.onto.the.line.voltage.influence.directly.the.line.voltage.vector.
position.in.control.system..Sometimes,.this.problem.is.overcome.by.phase-locked.loops.(PLLs).only,.but.
the.quality.of.the.controlled.system.depends.on.how.effectively.the.PLLs.have.been.designed..Therefore,.
it. is.easier.to.replace.angle.of. the. line.voltage.vector.γUL.by.angle.of.VF.vector.γΨL.=.arc tg. (ψLα/ψLβ),.
because.γΨL.is.less.sensitive.than.γUL.to.disturbances.in.the.line.voltage,.thanks.to.the.natural.low-pass.
behavior.of.the.integrators.in.estimator.(Equations.11.25a.and.b)..For.this.reason,.it.is.not.necessary.to.
implement.PLLs.to.achieve.robustness.in.the.flux-oriented.scheme.
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FIGURE.11.10. Block.scheme.of.VF-DPC.



11-16	 Power	Electronics	and	Motor	Drives

11.2.6 Direct Power Control–Space Vector Modulated

The.DPC-SVM.with.constant.switching. frequency.uses.closed-loop.power.control,.what. is. shown.in.
Figure.11.11a.[13,17]..The.commanded.reactive.power.qref.(set.to.zero.for.unity.power.factor.operation).
and.(delivered.from.the.outer.PI-DC.voltage.controller).active.power.pref.(power.flow.between.the.sup-
ply.and.the.DC-link).values.are.compared.with.the.estimated.q.and.p.values.(Equations.11.33a.and.b),.
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FIGURE. 11.11. (a). Block. scheme. of. DPC-SVM. and. (b). block. scheme. of. DPC-SVM. estimators. (P&VF).. (From.
Malinowski,.M..et.al.,.IEEE Trans. Ind. Elect.,.51(2),.447,.2004..With.permission.)
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respectively..The.errors.are.delivered.to.PI.controllers,.where.the.variables.are.DC.quantities,.what.elim-
inates.steady.state.error..The.output.signals.from.PI.controllers.after.transformation.are.described.as

.
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u
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L L

L L
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 =

− −
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sin cos
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(11.40)

where
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(Ψ (Ψ
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α β
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(11.41a)
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α β
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+2 2
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(11.41b)

are.used.for.switching.signals.generation.by.SVM..Block.scheme.of.all.DPC-SVM.estimators.and.basic.
signals.waveforms.are.shown.in.Figures.11.11b.and.11.12.

11.2.7 active Damping

The.reduction.of.the.current.harmonics.around.switching.frequency.and.the.multiple.of.switching.fre-
quency. is. an. important. point. to. get. high-performance. PWM. AC–DC. converter,. which. fulfills. stan-
dards.(IEEE.519-1992,.IEC.61000-3-2/IEC.61000-3-4)..Large.value.of.input.inductance.allows.achieving.
this.goal;.however,. it.reduces.dynamics.and.operation.range.of.AC–DC.converter.[4]..Therefore,.sim-
ple.inductance.is.replaced.by,.third-order.low-pass.LCL.filter.[3,18].(Figure.11.13)..In.this.solution,.the.
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FIGURE.11.12. Basic.signal.waveforms.for.DPC-SVM:.(a).steady.state..From.the.top:.distorted.line.voltage,.line.
currents.(10.A/div),.and.harmonic.spectrum.of.line.current.(THD.=.2.6%)..(b).Transient.of.the.step.change.of.the.
load..From.the.top:.line.voltages,.line.currents.(10.A/div),.active.and.reactive.power..(From.Malinowski,.M..et.al.,.
IEEE Trans. Ind. Elect.,.51(2),.447,.2004..With.permission.)
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FIGURE.11.13. Equivalent.circuit.of.three-phase.PWM.AC–DC.converter.with.LCL.filter..(From.Malinowski,.M..
and.Bernet,.S.,.IEEE Trans. Ind. Elect.,.55(4),.1876,.2008..With.permission.)
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Three-Phase	AC–DC	Converters	 11-19

current.ripple.attenuation.is.very.effective.even.for.small.inductance.size,.because.capacitor.impedance.is.
inversely.proportional.to.the.frequency.of.current.and.creates.a.low.impedance.path.for.higher.harmon-
ics..However,.LCL.can.bring.even.undesired.resonance.effect.(stability.problems),.caused.by.zero.imped-
ance.for.some.higher-order.harmonics.of.current..Unstable.system.can.be.stabilized.using.a.damping.
resistor,. so.called.passive damping..This.solution.despite.advantages.such.as. simplicity.and.reliability,.
due. to.which. it. is.widely.used. in. industry,.has.a.main.drawback:. increase.of. losses.and.hence.reduc-
tion.of.efficiency..Therefore,.nowadays,.a.tendency.to.replace.passive.with.active damping.(AD).may.be.
observed..AD.is.implemented.by.the.modification.of.control.algorithm,.which.stabilizes.the.system.with-
out.increasing.losses..Basic.idea.may.be.explained.easily.in.frequency.domain.(Figure.11.14)..Addition.
of.AD.algorithm.introduces.a.negative.peak.that.compensates.for.the.positive.one.caused.by.presence.of.
LCL.filter.[18]..In.this.section,.a.few.different.AD.methods.applied.for.VOC.are.shortly.presented.

11.2.7.1 aD Based on Lead-Lag Compensator

General.block.scheme.of.the.VOC.with.additional.lead-lag.element.L(s).=.kd(Tds.+.1)/(αTds.+.1).is.pre-
sented.in.Figure.11.15..Measured.capacitor.voltages.after.transformation.from.stationary.αβ.to.synchro-
nous.dq.rotating.system.(VC_d,VC_q).are.delivered.to.lead-lag.compensator..Then,.output.signals.(VCR_d,.
VCR_q).are.subtracted.from.modulator.input.signals.(uSd,uSq)..Proper.effects.of.AD.may.be.achieved.only.
when.correct.system.tuning.has.been.carried.out.[19].

11.2.7.2 aD Based on Virtual resistor

This.method.based.on.idea.that.real.damping.resistor,.which.is. in.series.with.capacitor,.through.simple.
block.transformation,.can.be.replaced.by.additional.differential.control.block.realizing.function.of.“Virtual.
Resistor”.[20]..Figure.11.16.presents.simple.block.scheme.of.the.VOC.with.“Virtual.Resistor,”.where.mea-
sured.capacitor.currents.after.transformation.from.stationary.αβ.to.synchronous.dq.rotating.system.are.
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differentiated.and.the.output.(iCR_d,.iCR_q).is.delivered.to.reference.current.signals.(id_ref,.iq_ref)..The.main.draw-
back.of.this.method.is.the.necessity.of.additional.current.sensors,.which.is.difficult.to.replace.by.estimator.

11.2.7.3 aD Method Based on Band-Stop Filters

In.contrary.to.many.other.AD.techniques,.it.does.not.introduce.any.additional.sensors.[21]..It.is.based.
on.band-stop.filter.applied.in.the.front.of.modulator.(Figure.11.17)..However,.simple.band-stop.filter.can.
cause.phase.displacement.for.higher.frequencies..Therefore,.the.band-stop.effect.is.achieved.by.means.of.
two.band-pass.filters.whose.outputs.are.subtracted.from.the.original.voltage.signals..Imposed.band-stop.
filters.are.based.on.band-pass.ones.that.do.not.cause.phase.displacement.for.resonant.frequency..Filter.
tuning.is.easy,.based.on.known.values.of.LCL.filter.

11.2.7.4 aD Method Based on High-Pass Filters

Block.scheme.of.AD.applied.for.VOC.is.presented.in.Figure.11.18.(dashed.red.line)..Measured.or.esti-
mated.capacitor.voltages.VCα,VCβ.after.transformation.from.stationary.αβ.to.synchronous.dq.rotating.
coordinates. (VC_d,VC_q). are. delivered. to. high-pass. filters. (HPF).. Due. to. the. transformation. (αβ/dq),.
50.Hz.signals.become.DC.signals..Taking.advantage.of.this.situation,.it.is.possible.to.filter.out.the.first.
harmonic.by.means.of.low-pass.filter.(LPF)..Therefore,.HPF.can.be.realized.as.a.subtraction.of.VC_d,VC_q.
and.outputs. signals. from.LPF,.what.guarantees.delay. less. in.higher.harmonics..Then,.output. signals.
(VCR_d,VCR_q).are.subtracted.from.modulator.input.signals.(uSd,uSq).for.AD.effect..In.consequence,.this.
method.becomes.really.perspective,.because.it.is.hardly.dependant.on.grid.parameters,.as.well.as.the.AD.
algorithm.tuning.procedure.is.very.easy.and.requires.only.the.grid.frequency.to.be.known.[22].

In.view.of.low-cost.realization.as.well.as.reliable.operation,.line.and.filter-capacitor.voltage.sensors.
should.be.eliminated..It.can.be.done.with.simple.assumption.that.impedance.of.capacitor.in.LCL.filter.
for.low.frequency.is.very.high:.(iC.≈.0,.iL.≈.iS,.L12.=.L1.+.L2).
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With.these.assumptions,.the.line.voltage.can.be.estimated.by.summing.rectifier’s.voltage.with.volt-
age.drop.across. inductors..The.calculation.of.voltage.drop.across. the. inductance.can.be.done. by,. as.
described.in.previous.section,.differentiation.of.current.or.estimation.based.on.the.power.theory.[6]:

. u u uLine S L* .= + 12 . (11.42)

In.the.case.of.filter-capacitor.voltage.estimation,.calculations.are.realized.in.a.similar.way,.but.the.recti-
fier’s.voltage.is.summed.with.only.voltage.drop.across.inductance.L1.[22]:

. u u uC S L= + 1. . (11.43)

Taking.in.account.(11.43).through.(11.45):
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dt
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(11.44a)
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(11.44b)
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we.get.equations.describing.estimated.filter-capacitor.voltage:

.
u u D D D uC dc a b c Lα α

* ( )= − +
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3
1
2 1

.
(11.46a)

.
u u D D uC dc b c Lβ β

* ( )= −






+1
2

1

.
(11.46b)

Basic.waveforms.are.shown.in.Figure.11.19,.what.proves.that.estimators.correctly.estimate.line.voltage.
and.capacitor.voltage.(AD.activated.at.0.08.s)..It.shows.that.resonance.is.visible.in.estimated.capacitor.
voltage..Therefore,.signals.delivered.from.filter-capacitor.estimators.to.AD.block.can.correctly.attenuate.
existing.oscillations.

11.2.8 Summary of Control Schemes for PWM aC–DC Converters

The. advantages. and. features. of. control. schemes. for. PWM. AC–DC. converter. are. summarized. in.
Table.11.1.
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11.3 Summary and Conclusion

This.chapter.has.reviewed.most.popular.three-phase.voltage.source.AC–DC.bridge.converters..Uncontrolled.
diode.rectifiers.should.be.used.in.simple.and.low-cost.application,.where.the.regeneration.of.energy.from.
DC-side.is.not.required.and.power.quality.is.not.a.crucial.issue..More.expensive.PWM-controlled.AC–DC.
converters.provide.very.high.control.performance,.operation.at.unity.power.factor.(UPF).condition,.low.har-
monic.distortion.of.line.currents,.possibility.fed.energy.into.the.grid,.and.reduction.of.passive.components.

Various.control.techniques.for.control.of.PWM.AC–DC.converters.have.been.discussed..In.the.VOC.
scheme,.the.UPF.condition.is.enforced.by.aligning.the.direct.component.of.the.reference.voltage.vector.
with.the.line.current.vector..The.VOC.scheme.is.simple.to.implement.in.cheap.microcontrollers.but.does.
not.give.good.results.at.significantly.distorted.line.voltage..In.the.direct.power.control.(DPC).schemes.
associated.with.virtual.flux.(VF).oriented.control.techniques,.bang–bang.controllers.in.the.active.and.
reactive.power.loops.are.employed.for.the.selection.of.the.next.state.of.the.rectifier..The.VF-DPC.scheme.
is. very. good. but. it. demands. very. sophisticated. control. platform. and—because. of. variable. switching.
frequency—results.in.difficulties.of.LCL.input.filter.design..The.DPC-SVM.system.constitutes.a.viable.
alternative.to.the.other.control.strategies.thanks.to.advantages.like:.simple.control.algorithm.(inexpen-
sive.microcontroller),.constant.switching.frequency.(easy.LCL.input.filter.design.and.active.damping),.
and.sinusoidal.line.currents.(low.THD).for.slightly.distorted.line.voltage.

The.common.tendency.in.PWM.AC–DC.control.systems.is.the.elimination.of.line.side.voltage.sen-
sors.and.replacing.them.by.appropriate.estimators.

Also,.the.stability.problem.of.converter.with.LCL.line.side.filter.can.be.effectively.solved.using.AD.
algorithm.(see.Section.11.2.7).

It.is.believed.that.thanks.to.continuous.developments.in.power.semiconductor.components.and.digi-
tal.signal.processing,.the.voltage.source.PWM.AC–DC.converters.will.have.a.strong.impact.on.power.
conversion,.especially.in.renewable.and.distributed.energy.systems.

List of Symbols

abbreviations

AD. Active.damping
ASD. Adjustable.speed.drives
DPC. Direct.power.control

TABLE.11.1. Advantages.and.Features.of.Control.Schemes.for.PWM.AC–DC.Converter

VOC VF-DPC DPC-SVM

Power.control—indirect Yes No No
Power.control—direct No Yes Yes
Modulation.techniques SVM Yes No Yes

Switching.table No Yes No
Line.voltage.orientation Yes No No
Virtual.flux.orientation No Yes Yes
Decoupling.block Yes No No
Low.algorithm.complexity No Yes No
Low.computation.intensity Yes No Yes
Constant.switching.frequency Yes No Yes
Low.sensitivity.to.line.inductance.variation Yes No Yes
Low.sensitivity.to.line.voltage.distortion THD.of.line.current No Yes Yes

Power.factor Yes No No
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DPC-SVM. Direct.power.control-space.vector.modulated
DSP. Digital.signal.processor
IGBT. Insulated.gate.bipolar.transistor
PFC. Power.factor.correction
PI. Proportional.integral.(controller)
PLL. Phase.locked.loop
PWM. Pulse-width.modulation
SVM. Space.vector.modulation
THD. Total.harmonic.distortion
UPF. Unity.power.factor
VF-DPC. Virtual.flux-based.direct.power.control
VOC. Voltage-oriented.control
VSI. Voltage.source.inverter

General Symbols

f. Frequency
I. Current
J. Imaginary.unit
T. Instantaneous.time
u,.v. Voltage
udc. DC.link.voltage
idc. DC.link.current
Sa,.Sb,.Sc. Switching.state.of.the.converter
Da,.Db,.Dc. Duty.cycles.of.modulator
C. Capacitance
L. Inductance
R. Resistance
ω. Angular.frequency
cos.φ. Fundamental.power.factor
P. Instantaneous.active.power
Q. Instantaneous.reactive.power
u–L. Line.voltage.vector
uLα. Line.voltage.vector.components.in.the.Stationary.α,.β.coordinates
uLβ. Line.voltage.vector.components.in.the.Stationary.α,.β.coordinates
uLd. Line.voltage.vector.components.in.the.synchronous.d,.q.coordinates
uLq. Line.voltage.vector.components.in.the.synchronous.d,.q.coordinates
i–L. Line.current.vector
iLα. Line.current.vector.components.in.the.stationary.α,.β.coordinates
iLβ. Line.current.vector.components.in.the.stationary.α,.β.coordinates
iLd. Line.current.vector.components.in.the.synchronous.d,.q.coordinates
iLq. Line.current.vector.components.in.the.synchronous.d,.q.coordinates
u–S. Converter.voltage.vector
uSα. Converter.voltage.vector.components.in.the.stationary.α,.β.coordinates
uSβ. Converter.voltage.vector.components.in.the.stationary.α,.β.coordinates
uSd. Converter.voltage.vector.components.in.the.synchronous.d,.q.coordinates
uSq. Converter.voltage.vector.components.in.the.synchronous.d,.q.coordinates
ψ−L. Virtual.line.flux.vector
ψLα. Virtual.line.flux.vector.components.in.the.stationary.α,.β..coordinates
ψLβ. Virtual.line.flux.vector.components.in.the.stationary.α,.β.coordinates
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ψLd. Virtual.line.flux.vector.components.in.the.synchronous.d,.q.coordinates
ψLq. Virtual.line.flux.vector.components.in.the.synchronous.d,.q.coordinates

Indices

a,.b,.c. Phases.of.three-phase.system
d,.q. Direct.and.quadrature.component
α,.β. Alpha,.beta.components
ref,.c. Reference
rms. Root.mean.square.value
m. Amplitude
est. Estimated
L. Grid
C,.cap. Capacitor
S. Converter
I. Inductance
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12.1 Introduction

AC-to-DC. family. of. converters. constitutes. the. interface. circuit. between. the. network. and. the. loads..
These.converters.are.known.by.single-phase.or.three-phase.active.rectifiers..They.do.play.an.important.
role.in.controlling.the.energy.transfer.from.the.utility.to.the.load.and.vice.versa..With.the.ever.increase.
of.power.quality.requirement.at.the.point.of.common.coupling.with.the.network,.AC-to-DC.convert-
ers.are.nowadays.required.to.achieve.different.tasks.such.as:.provide.high.input.power.factor,.low.line.
current.distortion. [1–3],.fixed.output.voltage.and.robustness. to. load,.and.utility.voltage.unbalances..
Several.topologies.that.satisfy.these.requirements.have.been.studied.[4–6]..Among.these.structures,.one.
can.recall.the.six-switch.rectifier.shown.in.Figure.12.1,.which.is.the.most.conventionally.used.topology.
for.bidirectional.power.flow.applications.[7,8]..It.is.characterized.by.high.performance.in.terms.of.input.
power.factor.and.DC.voltage.regulation,.but.at.the.cost.of.a.high.number.of.hard-switching.devices,.
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yielding.relatively.high-power.losses.and.consequently.a.relatively.low.efficiency..To.a.certain.extent,.this.
topology.has.no.competitor.in.the.applications.where.a.bidirectionality.of.the.power.flow.is.required.

For.unidirectional.power.flow.application,.another.approach.for.designing.a.high-power-factor.three-
phase.rectifiers.consists.of.using.the.current-injection.principle.(Figure.12.2)..In.such.a.case,.the.rectifier.
would.be.a.combination.of.three.blocks:.the.conventional.diode.bridge.that.embeds.the.rectifying.pro-
cess,.a.modulation.circuit.that.is.aimed.for.current.wave-shaping.and.DC.voltage.regulation,.and,.finally,.
an.injection.circuit.where.the.major.role.is.to.compensate.the.intermittencies.and,.thus,.avoid.the.irregu-
larities.in.the.line.currents.waveforms.[9–24]..Most.of.the.rectifiers.found.are.used.as.a.combination.of.
an.active.modulation.circuit.consisting.of.a.dual.boost.and.a.passive.injection.circuit,.such.as.coupled.
inductors,.transformers,.and.series.inductor-capacitor.connections.tuned.at.the.third.harmonic,.all.suf-
fering.from.bulkiness,.additional.costs,.and.power.losses..In.an.attempt.to.increase.the.efficiency.and.
power.density.of.current-injection.rectifiers,.a.topology,.based.on.a.totally.active.injection.circuit.con-
sisting.of.three.star.connected.four-quadrant.switches,.has.been.proposed.[19]..However,.the.reliability.
of.this.structure.is.dramatically.affected.by.a.slight.unbalance.of.the.three-phase.voltage.source.

This.chapter.is.dedicated.to.the.study.of.a.powerful,.simple,.and.promising.topology.of.a.high.power.
factor.three-phase,.three-switch,.three-level.pulse-width.modulated.(PWM).boost.rectifier.[25,26]..This.
rectifier.exhibits.high.interests.among.power.electronics.researchers.and.engineers,.and.is.increasingly.
used.in.medium.unidirectional.power.applications.that.require.rectification.with.low.harmonic.distor-
tion..Besides. its. topological.advantages,.namely. low.number.of.high-frequency.active. switches,.high.
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efficiency,. low.design.costs,.and. low.voltage.stresses,. this.converter. is.also.known.for. its. low.control.
complexity.and. low.sensing.efforts. regarding. the.control. system.design.and. implementation. [27,28]..
Tremendous.work.has.been.carried.out.on.the.design,.modeling,.and.control.of.such.converter.by.means.
of.conventional.or.modern.control.methods.to.enhance.its.performance.in.terms.of.current.distortion,.
DC.voltage.regulation,.transients,.power.density,.efficiency,.cost,.and.reliability.and.robustness.toward.
external.disturbances.[29–37].

The.chapter.is.divided.into.four.sections..First,.some.basic.issues.concerning.the.modeling.of.switch-
mode.converters.with.fixed-switching-frequency.are.addressed.in.Section.12.2..Then,.in.order.to.under-
stand.in.a.simple.manner.the.operation.of.the.three-phase.Vienna.rectifier,.the.single-phase.version.of.
the.converter.is.considered.and.studied.in.detail.in.Section.12.3..Some.design.criteria.or.constraints.for.
ensuring.the.current.modulation.ability.of.this.topology.are.deduced,.which.constitute.the.basic.frame.
on.which.the.study.of.the.three-phase.structure.is.established..In.Section.12.4,.the.rectifier.sequences.
of.operation.are.presented.and.a.corresponding.state.model.is.derived.for.a.continuous.current.mode.
(CCM).and.fixed-switching-frequency.operation..The.modeling.approach.uses.the.state-space.averaging.
technique,.and.the.averaging.process.is.applied.on.two.time.intervals—the.switching.period.for.average.
current.evaluation.and.the.mains.period.for.average.voltage.computation..A.basic.mathematical.model.
of.the.converter.is.first.established..A.simplified.time-invariant.model.is.then.deduced.using.rotating.
Park.transformation,.and.corresponding.transfer.functions.are.calculated.through.a.small-signal.lin-
earization.process..The.steady-state.regime.is.analyzed.on.the.basis.of.the.obtained.model,.and.converter.
design.criteria.is.consequently.discussed.

Finally,. in. Section. 12.5,. a. comparative. evaluation. of. two. multiple-loops. duty-cycle-based. control.
schemes.is.presented..The.control.laws.are.both.elaborated.on.the.basis.of.a.state-space.averaged.model.
of.the.converter,.expressed.in.the.synchronous.rotating.frame..On.the.one.hand,.a.control.scheme.that.
uses.linear.regulators.is.designed.by.using.the.small-signal.transfer.functions.of.the.converter’s.model,.
which.was.linearized.on.the.neighborhood.of.a.suitable.steady-state.operating.point..On.the.other.hand,.
a.nonlinear.control.scheme.that.uses.the.input–output.feedback.linearization.approach.is.also.designed.
in.order.to.satisfy.the.same.requirements.as.for.the.linear.control.system..For.comparison.purpose,.both.
control.schemes.are.implemented.numerically.using.the.Simulink•.tool.of.MATLAB•,.and.simulation.
experiments.are.carried.out.in.order.to.test.and.verify.the.tracking.and.regulation.performance.of.each.
control.law.as.well.as.their.robustness.toward.load.or.mains.source.disturbance..For.the.same.operating.
conditions,.the.performance.of.the.two.control.laws.are.analyzed.and.compared.in.terms.of.line.currents.
total.harmonic.distortion.(THD).and.DC.voltage.regulation.

12.2  Overview on Modeling techniques applied 
to Switch-Mode Converters

Reliable.numerical.models.for.power.converters.are.increasingly.required.for.both.academic.and.indus-
trial. purposes.. The. aim. is. to. elaborate. highly. precise. mathematical. representations. of. widely. used.
.converters..The.usefulness.of.such.virtual.models.could.be.emphasized.in.several.aspects..More.specifi-
cally,.they.allow

. 1.. A.systematic.design.of.well-tuned.control.systems.that.improve.the.time.response.of.the.converter

. 2.. A.preevaluation.of.the.operating.regime.as.well.as.the.analysis.of.the.static.and.dynamic.perfor-
mance.of.the.converter

. 3.. A.better.selection.of.the.system.parameters.and.components

. 4.. Fast.simulations,.which.make.these.models.suitable.for.real-time.applications.such.that.the.hard-
ware.in.the.loop.(HIL).and.the.power.hardware.in.the.loop.(PHIL).techniques,.widely.used.in.the.
industry.to.test.hardware.controllers.before.being.integrated.into.the.real.plants

. 5.. In.avoiding.the.elaboration.of.a.real.laboratory.prototype,.which.can.be.costly.and.both.time-.and.
effort-consuming
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Three.modeling.techniques.for.representing.switch-mode.power.converters.already.exit..The.first.approach.
is.the.circuit.averaging.method.[38],.which.is.based.on.topological.manipulations.applied.to.a.N-states.
converter..It.consists,.more.particularly,.of.replacing.each.semiconductor.by.either.a. .controlled.source.
voltage.or.a.controlled.source.current,.depending.on.its.topological.position.in.the.converter.circuit.

The.second.approach.concerns.the.state-space.averaging.method.[39,40],.which.is.based.on.analytical.
manipulations.using.the.different.state.representations.of.a.converter..It.consists.to.determine,.first,.the.
linear.state.model.for.each.possible.configuration.of.the.circuit.and,.then,.to.combine.all.these.elemen-
tary.models. into.a. single. and.unified.one,. through.a.weighted. sum..The.weights.are. the.occurrence.
degree.of.all.the.possible.configurations.

As.far.as.low-frequency.modeling.is.concerned,.both.techniques.described.above.are.quite.similar.
and.give.identical.results..They.are.quite.simple.and.may.be.useful.as.far.as.the.required.behavior.of.the.
converter.is.limited.to.the.low-frequency.region..For.instance,.they.could.well.be.used.in.the.design.of.
the.controllers.[41–43]..On.the.other.hand,.they.give.no.information.concerning.the.induced.high-
frequency.phenomena.and,.therefore,.they.do.not.present.any.credibility.for.electromagnetic.compati-
bility.analysis..Despite.the.hard.limitations.concerning.their.applicability,.these.methods.provide.simple.
and. time. saving. tools. for. simulating.power.converters..They.also.allow.a. real-time.analysis.of. these.
converters,.widely.recommended.in.academic.and.research.fields.

The.third.approach.is.based.on.the.switching-function.concept.[44,45]..Although.it.is.more.complex.
and.time-consuming.than.the.averaging.technique,.this.method.does.not.neglect.the.high-frequency.
operating. regime. and. allows,. consequently,. to. study,. on. the. one. hand,. the. effects. of. the. switching.
.phenomenon.on.the.waveforms.of.the.converter’s.variables.and,.on.the.other.hand,.to.analyze.the.elec-
tromagnetic.compatibility.of.the.converter.

In.this.section,.all. three.modeling.approaches.are.described.and.applied.to.a.conventional.single-
phase.boost-type.full-bridge.AC–DC.power.converter.that.operates.with.a.fixed-switching-frequency..
The.converter’s.topology.is.depicted.in.Figure.12.3..It.consists.of.two.inverter.legs.with.a.current.smooth-
ing.inductor.at.the.AC.side.and.a.filtering.capacitor.at.the.DC.side..The.voltage.source.is.assumed.to.be.
an.ideal.sine.wave..The.DC.load.is.a.pure.resistor..The.couple.of.switches.in.the.upper.or.lower.level,.and.
those.belonging.to.a.same.leg,.are.controlled.complementarily..The.gate.signals.are.delivered.by.a.PWM.
carrier-based.circuit.that.operates.with.a.fixed–switching-frequency..The.DC.voltage.is.controllable,.and.
is.assumed.to.be.higher.than.the.peak.value.of.the.AC.source.voltage..In.this.case,.the.ability.of.source.
current.wave-shaping.is.maintained.over.the.entire.mains.cycle.

12.2.1 average Modeling techniques

Average.modeling.techniques.are.based.principally.on.replacing.all.the.system.variables.by.their.mean.
value.over.a.switching.period.and.ignoring,.thus,.their.high-frequency.components..Their.application.
is.particularly.suitable.for.high-switching.frequency.converters.operating.in.a.continuous.mode,.where.
it.can.be.assumed.that.the.time.variations.of.all.the.capacitors.voltages.and.inductors.currents.are.of.
.constant.slope,.or.even.negligible,.on.a.switching.period..In.this.case,.the.elaboration.of.the.mathematical.

Q1́ Q2́

Q1 Q2

L

i0

~ R0C0 v0

idc

vs

is

FIGURE.12.3. Single-phase.boost-type.full-bridge.rectifier.
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model.of.the.converter,.known.as.the.averaged.or.low-frequency.model,.seems.quite.simple.and.straight-
forward..It.is.worthy.to.note.that.these.techniques.can.be.applied.to.the.discontinuous.mode.case.[46],.
but.the.obtained.models.are.generally.highly.nonlinear.and.not.suited.for.control.design.

There.are.two.strategies.used.for.the.derivation.of.the.averaged.model.of.a.fixed-frequency.converter..
They.are.presented.in.the.following.

12.2.1.1 Circuit averaging technique

The.circuit.averaging.approach.[38].is.based.on.topological.manipulations.applied.to.an.N-configurations.
converter..It.consists,.more.particularly,.of.replacing.each.semiconductor.or.group.of.semiconductors.by.
either.a.controlled.source.voltage.or.a.controlled.source.current,.depending.on.its.topological.position.
in.the.converter.circuit..Denoting.by.xi,.i.=.1,.2,.…,.N,.the.value.taken.by.a.variable.x.(that.might.be.the.
voltage.or.current.of.any.switch.or.group.of.switches.in.the.converter).at.a.configuration.i,.and.by.di.the.
occurrence.degree.of.this.configuration.in.a.switching.period.TS,.the.circuit.averaging.method.consists.
of.replacing,.therefore,.the.instantaneous.variable.x.by.its.averaged.value.over.TS:

. x d xi i
i

N

→
=

∑
1

. (12.1)

In.order.to.illustrate.this.technique,.let.us.apply.it.to.the.boost.rectifier.of.Figure.12.3..In.most.appli-
cations.where.power.factor. improvement. is.required,. this. topology.operates. in.the.continuous.mode.
and,.therefore,.presents.only.two.configurations—the.first.one.corresponds.to.the.switching-on-state.of.
switches.Q1.and.Q2′.(Figure.12.4a),.whereas.the.second.configuration.corresponds.to.the.switching-on.
of.Q1′.and.Q2.(Figure.12.4b)..Whatever.the.state.of.the.switches.might.be,.the.time.variation.laws.of.the.
source.current.is.and.the.DC.voltage.v0.are.always.given.by.the.following.equations:

.

L di
dt

v v

C dv
dt

v
R

i

s
s AB

dc

= −

+ =0
0 0

0
, .

(12.2)

where
vs.denotes.the.source.voltage
vAB.the.voltage.at.the.AC.side.of.the.rectifier
idc.the.current.delivered.at.the.DC.side.of.the.rectifier
R0.the.load.resistor

In.the.following,.the.voltage.ripple.at.the.load.side.(on.the.output.capacitor).and.the.current.ripple.at.the.
input.side.(in.the.inductor).at.the.switching.frequency.are.neglected..This.assumption.is.justified.by.a.suit-
able.choice.of.the.reactive.elements..In.such.a.case,.the.values.of.the.rectifier.input.voltage.vAB.and.output.

L

~vs

is

A
vAB vAB

+
_B

L

~
A +

_B

(a) (b) 

Q1 Q1 Q2Q2

C0 C0R0 R0 v0v0 vs

idc idc

is

Q1́ Q2́ Q1́ Q2́

FIGURE.12.4. Circuit.configurations:.(a).Q1.and.Q2′.are.switched-on,.(b).Q1′.and.Q2.are.switched-on.
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current.iDC.are.practically.constant.in.each.configuration;.they.are.equal,.respectively,.to.v0.and.is.during.
d1TS,.where.d1.denotes.the.duty.cycle.of.switch.Q1,.and.to.(−v0).and.(−is).during.the.rest.of.the.switching.
period..Applying.the.circuit.averaging.technique.to.the.converter.signifies.replacing.the. instantaneous.
values.of.vAB.and.iDC.by.their.average.value.calculated.over.the.switching.period.TS.(Figure.12.5)..It.yields

.
v d v

i d i

AB

dc s

#( )

( )

2 1

2 1

1 0

1

−

−#
. (12.3)

Replacing. the. averaged. expressions. (12.3). of. vAB. and. iDC. into. Equation. 12.2. yields. a. one-input-two-
outputs.bilinear.system.represented.by

.

L di
dt

v d v

C dv
dt

v
R

d i

s
s

s

# ( )

#( )

− −

+ −

2 1

2 1

1 0

0
0 0

0
1

. (12.4)

In.a.control.system.view,.the.duty.cycle.d1.is.considered.as.the.control.input,.v0.and.is.the.state.variables.
and.vs.the.disturbance.signal..Note.that,.in.system.(12.4),.only.the.low-frequency.components.(at.the.left-
side.of.the.switching.frequency.fS).of.the.variables.are.taken.into.account..The.harmonics.at.frequencies.
higher.than.fS.are.neglected.

The. circuit. averaging. technique. applied. to. a. boost. rectifier. is. illustrated. in. Figure. 12.5.. An. ideal.
transformer.could.be.used.to.represent,.in.a.more.convenient.manner,.the.coupling.between.the.source.
and.the.load..The.transformer.can.be.omitted.by.having.all.the.circuit.elements.put.on.the.primary.or.
the.secondary.of.the.transformer..A.final.equivalent.circuit.with.a.minimized.number.of.components.is.
thus.obtained.as.shown.in.Figure.12.5.

The. modeling. approach. described. above. is. quite. simple. and. may. be. useful. as. far. as. the. required.
behavior.of.the.converter.is.limited.to.the.low-frequency.region..For.instance,.it.could.well.be.used.in.
the.design.of.the.controllers.[41–43]..On.the.other.hand,.it.gives.no.information.concerning.the.induced.
high-frequency.phenomena.and,.therefore,.it.does.not.present.any.credibility.for.electromagnetic.com-
patibility.analysis..Furthermore,.as.it.can.be.noticed.from.the.example,.the.complexity.of.this.method.to.

L

~ v0

v0v0

vs

is

is

vs

vs

+

_
C0

C0
C0

R0

R0
R0

(2d1 – 1)v0 (2d1 – 1)is

(2d1 – 1)is

Converter averaged model

L

~
+

_

Fictive ideal
transformer

(1)

+

_

L/(2d1 – 1)2

~2d1 – 1

(2d1 – 1)

FIGURE.12.5. Circuit.averaging.applied.to.the.boost.rectifier.
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a.given.topology.increases.considerably.with.the.number.of.switches.or.group.of.switches..Therefore,.its.
application.is.generally.limited.to.simple.topologies.with.reduced.number.switches.

12.2.1.2 State-Space averaging technique

The.state-space.averaging.method.[39,40].is.based.on.analytical.manipulations.using.the.different.state.
representations.of.a.converter..It.is.summarized.by.the.diagram.in.Figure.12.6.for.an.N-states.converter,.
where.x.denotes.the.state.vector,.y.the.output.vector,.and.v.the.disturbance.vector..This.modeling.tech-
nique.consists.to.determine,.first,.the.linear.state.model.for.each.possible.configuration.of.the.circuit.
and,.then,.to.combine.all.these.elementary.models.into.a.single.and.unified.one,.through.a.weighted.
sum..The.weights.are.the.occurrence.degree.of.all.the.possible.configurations.

For.instance,.let.us.consider.again.the.continuous.mode.operation.of.the.boost.rectifier.depicted.in.
Figure.12.3..Recall.that.this.topology.has.two.stable.configurations.presented.in.Figure.12.4a.and.b..The.
first.one.(Figure.12.4a).can.be.represented.by.the.following.state-space.model:

. �x A x E1 1= + vs , . (12.5)

where
x.=.[is,.v0]T.is.the.state.vector
A1.the.state.matrix
E1.the.disturbance.matrix.given.as

.
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•
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•
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FIGURE.12.6. Diagram.representation.of.the.state-space.averaging.technique.
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The.second.configuration.is.represented.in.the.state-space.as

. �x A x E2 2= + vs . (12.6)

with

.
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− −
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Denoting.by.d1. the.duty.cycle.of. switch.Q1,. the.state-space.averaged.model.of. the.boost.converter. is.
obtained.as.follows:

. �x Ax E# + vs . (12.7)

with

. A A A1 2= + − =
− −
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It.can.be.noticed.that.model.(12.7).is.equivalent.to.model.(12.4),.given.by.the.circuit.averaging.approach..
As.far.as.the.low-frequency.modeling.is.concerned,.the.two.techniques.are.quite.similar.and.give.identi-
cal.results..Here.again,.the.study.of.the.operation.regime.at.the.switching.frequency.is.not.possible.due.
to.the.averaging.process..However,.the.state-space.averaging.technique.is.considered.to.be.more.popular.
than.the.circuit.averaging.method.because.of.its.systematic.feature,.which.makes.it.easily.extendable.to.
more.complex.topologies.

12.2.2 Switching-Function-Based Modeling technique

Contrarily.to.the.former.averaging.methods,.this.modeling.approach.yields.a.state.representation.for.the.
converter,.which.is.valid.in.the.entire.frequency.range..So,.both.operation.regimes.at.the.mains.(low).
frequency.and.the.switching.(high). frequency.are.considered. in. the.modeling.process,.which.makes.
this. approach. more. accurate. and,. therefore,. more. suitable. for. computer. simulations. and,. especially,.
real-time.applications.

This.modeling.technique.is.based.on.the.use.of.the.so-called.switching-function.that.is.associated.
to.a.switch.or.group.of.switches,.which.gives.a.binary.value.depending.on.the.state.of.these.switches..
By.recalling.the.example.of.the.boost.rectifier.of.Figure.12.3,.and.defining.the.switching-function.s1.of.
switch.Q1.as:

. s
Q

Q
1

1

1

1
=







when  is ON

0 when  is OFF
. (12.10)
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we.may.set:

.
v s s v

i s s i

AB

dc s

= −

= −

( )

( ) ,

1 1 0

1 1

. (12.11)

where.s–1.denotes.the.logical.complement.of.s1..Replacing.expressions.(12.11).into.(12.2).yields:
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. (12.12)

Note.that.model.(12.12). is.more.general. than.the.one.given.by.(12.4).or.(12.7).. In. fact,.models.(12.4).
and.(12.7).are.straightforwardly.obtained.from.(12.12).by.replacing.the.switching-function.s1.and.its.
complement..s–1.by.their,.respective,.average.values.d1.and.(1.−.d1).over.the.switching.period.TS..Hence,.
and.contrarily.to.the.former.ones,.model.(12.12).allows.to.consider,.in.addition.to.the.averaged.or.low-
frequency.behavior.of.the.converter,.the.effects.of.the.switching.process.on.the.system.

12.3  Study of a Basic topology: the Single-Phase, 
Single-Switch, three-Level rectifier

For.a.better.understanding.of.the.principles.and.law.that.govern.the.operation.of.the.three-phase/switch/
level. (or. Vienna). rectifier,. it. is. convenient. at. this. beginning. stage. to. consider. only. the. simple. single-
phase.version.of.this.topology.and.to.develop.its.equations.in.order.to.deduce,.first,.some.design.features.
and.constraints.related.to.its.variables.structural.devices.and.to.evaluate,.secondly,.its.performance.and.
limitations.

The.single-phase,.single-switch,.three-level.boost.rectifier.is.presented.in.Figure.12.7..The.Q.is.a.four-
quadrant.switch,.required.to.allow.the.reversibility.of.both.current.and.voltage.due.to.the.bipolarity.
of.the.source..In.fact,.as.illustrated.in.Figure.12.8,.this.converter.can.be.viewed.as.no.other.than.the.
association.of.two.DC–DC.boost.converters.that.operate.in.a.complementary.manner,.i.e.,.during.either.
the.positive.or.negative.half-wave.of.the.source.voltage.or.current..The.two.transistors.are.combined.
together.to.form.the.four-quadrant.switch..In.a.normal.operation.of.the.converter,.the.total.DC.output.
voltage.v0.is.equally.divided.across.the.split.capacitors.(i.e.,.v0,h.≈.v0,l.≈.v0/2)..This.voltage.balancing,.as.well.
as.the.total.voltage.level,.can.be.both.adjusted.through.a.properly.designed.feedback.control.scheme..
The.resistors.R0,h.and.R0,l.represent,.respectively,.the.upper.and.lower.DC.loads.connected.to.each.output.
capacitor..The.load.is.said.to.be.balanced.if.R0,h.=.R0,l.

Q
v0,h

Liin

vin

+
_D1

D2

C0

C0
~ +

_ v0,l

n

n

R0,h

R0,l

v0
A M

FIGURE.12.7. Single-phase,.single-switch,.three-level.boost.rectifier.
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The.converter.in.Figure.12.7.is.a.two-quadrant.converter.that.operates.normally.only.when.the.source.
voltage.and.current.have.the.same.polarity.(both.should.be.either.positive.or.negative),.as.is.be.demon-
strated.next..Consequently,.the.power.flow.is.always.unidirectional,.transmitted.from.the.AC.source.to.
the.DC.load..Therefore,.it.appears.that.this.topology.could.be.suitable.for.power.factor.improvement.in.
single-phase.applications.since,.there,.the.AC-side.voltage.and.current.are.required.to.be.proportional.
(both.sine-waves.with.zero.phase.margin),.but.not.applicable.for.power.conditioning.or.compensation.
since,.in.these.specific.applications,.the.bidirectionality.of.the.power.flow.in.the.converter.is.mandatory.

In.power.factor.correction.applications,.the.source.current.iin.should.track.in.an.average.a.sine-wave.
shape.that.is.proportional.to.the.source.voltage.vin..It.could.be.assumed,.therefore,.if.the.control.algo-
rithm.is.properly.selected.and.if.the.high-frequency.ripple.in.the.source.current.is.significantly.reduced.
through.an.adequate.choice.of.the.inductor,.the.converter.will.operate.in.a.CCM.in.the.inductor.except.
in. local.regions.around.the.zero-crossings.of. the.source.voltage.or.current,.where. the.discontinuous.
current.mode.(DCM).could.take.place..Since.these.time.intervals.are.in.practice.negligible.compared.to.
the.mains.period,.especially.at.medium.and.high.loads,.only.the.CCM.operation.could.be.considered.in.
the.study,.and.the.converter.would.have.only.three.possible.configurations,.depending.on.the.state.of.the.
main.switch.Q.and.the.sign.of.the.source.current.iin,.as.illustrated.in.Figure.12.9.

Following. these. considerations,. the. input. current. variations. are. governed. by. the. following. state.
equation:

. L di
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where.sgn.denotes.the.sign.function.defined.as
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FIGURE.12.8. Design.of.the.rectifier.by.the.association.of.two.complementary.DC–DC.boost.converters.
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It.can.be.noticed,.from.Equation.12.13,.that.for.vin.>.0.and.iin.<.0,.the.source.current.iin.always.increases.
whatever.the.state.of.Q.is.(note.that.the.output.voltage.v0.is.always.positive)..Similarly,.for.vin.<.0.and.iin.>.0,.it.
decreases.continually..Hence,.in.both.cases,.the.source.current.tends.to.have.the.same.polarity.as.the.source.
voltage..Furthermore,.the.source.current.could.not.be.modulated.and,.thus,.has.no.tracking.ability.if.it.does.
not.have.the.same.polarity.as.the.source.voltage..In.other.words,.in.order.to.ensure.the.current.modulation.
ability,.the.converter.should.operate.only.in.the.two.quadrants,.where.vin.and.iin.are.both.positive.or.both.
negative..The.instantaneous.input.power.pin.=.vin ·.iin.should.be,.thus,.always.positive,.which.limits.the.use.of.
this.topology.to.the.applications.where.the.bidirectionality.of.the.active.power.flow.is.not.necessary.

Another.condition.for.preserving.the.current.modulation.ability.is.to.choose.a.suitable.value.of.v0.
that.would.allow.a.sign.permutation.of.the.current.slope.(diin/dt).whenever.the.main.switch.Q.changes.
its.state..It.yields.that:

. v t tin0 2> ⋅ ∀v ( ), . (12.15)

Any.value.of.the.DC.output.voltage.greater.than.twice.the.input.voltage.peak.value.is.theoretically.convenient.
On.the.other.hand,.depending.on.the.state.of.Q.and.the.sign.of.iin,.the.anode.potential.of.diode.D1.

(at.point.A.in.Figure.12.7).has.three.possible.values:.0,.v0/2,.and.−v0/2..For.this.reason,.this.topology.
is.commonly.said.to.be.a.three-level.device..This.same.concept.has.been.used.in.the.elaboration.of.the.
three-phase/switch/level.(or.Vienna).rectifier,.which.will.be.studied.later.

For.a.more.detailed.analysis.on.how.the.current. tracking. is.performed,.how.a.unity.power. factor.
could.be.obtained,.and.how.the.corresponding.limitations.and.design.criteria.are.considered,.let.us.first.
consider.an.ideal.source.voltage.expressed.as

. v t t tin in( ) sin ), ,= ⋅ ∀v̂ (ω . (12.16)

where
v̂in.is.the.peak.value.of.the.source.voltage
ω.its.angular.frequency
t.the.time.variable
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FIGURE.12.9. Possible.configurations.of.the.rectifier.in.a.CCM.operation:.(a).Q.is.ON,.(b).Q.is.OFF.and.iin.>.0,.
and.(c).Q.is.OFF.and.iin.<.0.
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In.order.to.get.a.unity.power.factor.operation,.the.input.current.iin.should.track.on.an.average.a.reference.
iin*.that.should.be.proportional.to.vin,.i.e.,

. i t i t tin in
* ( ) * sin( ),= ⋅ ∀ˆ ω . (12.17)

For.a.proper.design.of.the.control.system.that.is.aimed.to.ensure.current.tracking,.the.real.input.cur-
rent. iin.converges.after.a. limited.transient.regime.toward.its.reference. iin

* ..Under.these.circumstances.
and.during.the.first.positive.half-wave.located.between.0.and.π/ω,.where.the.input.current.iin.could.be.
assumed.always.positive,.Equation.12.13.becomes

. L di
dt

v Q

v v Q
in

in

in
=

−







if  is ON

if  is OFF0

2
. (12.18)

In.order.to.preserve.the.current.modulation.ability.and.to.allow.the.input.current.to.track.on.an.average.
its.reference,.the.following.two.conditions.must.be.satisfied.simultaneously:

. 1.. The.sign.of.the.input.current.slope.must.change.at.each.commutation.of.the.main.switch.Q;. it.
yields.condition.(12.15).by.noticing.from.(12.16).the.positive.value.of.vin.between.0.and.π/ω.

. 2.. The.input.current.must.vary.faster.than.its.reference,.i.e.,

.
di t

dt
di t

dt
tin in( ) *( ) ,> ∀ . (12.19)

or,.using.expressions.(12.17).and.(12.18).into.(12.19).and.taking.account.of.(12.15)

. min ( ) ,
( / ) ( ) * cos( ) ,v t

L
v v t

L
i t tin in

in
0 2 −





> ⋅ ∀ˆ ω ω . (12.20)

Condition.(12.15).is.satisfied.if.the.DC.output.voltage.is.chosen.to.be.greater.than.twice.the.peak.value.
of.the.source.voltage,.i.e.,

. v in0 2> ⋅ v̂ . (12.21)

As.for.condition.(12.20),.two.remarks.deserve.to.be.pointed.out:

. 1.. At. the. zero-crossings. of. the. source. voltage. vin,. which. take. place. at. ωt = kπ. for. any. integer. k,.
condition.(12.20).cannot.be.satisfied.for.any.choice.of.L,.since.the.left-hand.term.would.be.zero.
and.the.right-hand.one.is.always.positive..At.these.instants,.the.modulation.ability.is.lost.and.the.
input.current.cannot.reach.its.reference..This.temporary.loss.of.current.tracking.ability,.which.is.
inevitable.for.this.particular.converter,.is.called.the.detuning phenomenon.(see.Figure.12.10)..The.
detuning.angle.γ,.which.represents.the.duration.of.that.phenomenon.after.each.zero-crossing.of.
the.source.voltage,.can.be.easily.calculated..It.is.expressed.as

. γ
ω

=










−2 1tan
*L i in

in

ˆ

v̂
. (12.22)

. . The.limitation.of.angle.γ.sets.a.criterion.for.the.design.of.the.AC.inductor.L,.i.e.,

. L
i

in

in

M≤ 





ˆ

ˆ

v
* tan ,
ω

γ
2

. (12.23)

. . where.γM.denotes.the.maximum.admissible.value.for.γ.



AC-to-DC	Three-Phase/Switch/Level	PWM	Boost	Converter	 12-13

. 2.. Outside.the.detuning.regions,.condition.(12.20).can.be.reduced.to

. L
i

in

in
<

ˆ

ˆ
v
*ω

. (12.24)

. . assuming

. v in0 2 1> +v̂ ( sin )γ . (12.25)

. . or

. v
L i

L i
in

in in

in in

0
2

22 1
2

> +
+ ( )

















ˆ
ˆ ˆ

ˆ ˆ
v

v

v

ω

ω

*

*
, . (12.26)

. . which.is.easily.satisfied.by.a.proper.adjustment.of.v0.through.a.control.loop..Note.that,.in.practice,.
the.detuning.angle.γ.is.relatively.small..For.instance,.if.the.source.voltage.RMS-value.is.120.V,.the.
load.power.is.1.kW,.the.mains.frequency.is.60.Hz.and.the.inductor’s.value.is.4.mH,.the.detuning.
angle.would.be.around.12°.or.π/15.radians,.which.corresponds.to.only.6.7%.of.the.mains.half-
period..The.minimum.value.permissible.for.the.DC.output.voltage,.set.by.condition.(12.25).or.
(12.26),.is.increased.by.21%.in.such.a.case,.compared.to.the.limit.given.by.(12.21).

Another.constraint.considered.in.the.design.of.the.inductor.is.the.limitation.of.the.input.current.ripple.
at. the. switching. frequency..Figure.12.11. shows. the. input.current.variation.during.a. switching.period.
TS.inside.the.positive.half-cycle.of.the.source.voltage,.where.it.is.assumed.that.condition.(12.25).always.
stands,.the.converter.operates.with.a.fixed-switching-frequency.(through.a.carrier-based.PWM),.and.the.
switching.period.is.too.small.with.respect.to.the.mains.period.such.that.the.slope.of.the.current.reference.
iin
* .would.be.considered.as.constant..The.high-frequency.ripple.of.the.input.current.can.be.expressed.as

. ∆i dTin S= −(tan tan )β α . (12.27)

or

. ∆i d Tin S= − +( ) (tan tan ),1 δ α . (12.28)

iin

γ

iin*

FIGURE.12.10. The.detuning.phenomenon.of.the.converter.
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where.d.represents.the.duty.cycle,.and

.
tan

*
tan tan

( / )
α β δ= = =

−di
dt

v
L

v v
L

in in in0 2

Combining.(12.27).with.(12.28).yields

. d t v Ldi dt
v

in in( ) tan tan
tan tan

*
= +

+
= − −α δ

β δ
1 2

0

/ . (12.29)

and

. ∆i t
Lf

v v Ldi dt v Ldi dt
vin

S

in in in in( ) ( * ) ( * )= ⋅ − + ⋅ −2 20

0

/ / / . (12.30)

The.current.ripple.has.a.maximum.value.when

. v L di
dt

v
in

in− =
*

,0

4
. (12.31)

i.e.,

.
ω

ω

γt v

v L iin in

=
+( )



















+−sin
*

1 0

2
2

4
2

ˆ ˆ .
(12.32)

Replacing.(12.31).or.(12.32).into.(12.30),.we.obtain

. ( ) ,max∆i v
Lfin

S
= 0

8 . (12.33)
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FIGURE.12.11. Input.current.in.a.switching.period.during.the.positive.half-cycle.of.the.source.voltage.
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which.should.be.less.than.(Δiin)admissible..It.yields

. L v
f iS in

> 0

8 ( )∆ admissible
. (12.34)

Finally,.in.order.to.ensure.high.quality.current.tracking,.as.well.as.convenient.reduction.of.the.high-
frequency.ripple.in.the.source.current,.the.value.to.be.chosen.for.L.should.satisfy.(12.23),.(12.24),.and.
(12.34),.i.e.,

.
v

f i
L

iS in

in

in

M0

8 2( ) * tan
∆ admissible

< ≤ 





ˆ

ˆ

v
ω

γ
. (12.35)

considering,.in.practice,.that.γM.is.chosen.to.be.much.less.than.π/2.
The.criterion.for.choosing.the.split.DC.capacitors,.both.having.the.common.value.C0,.is.derived.from.

the.averaged.model.of.the.converter..Assuming.a.fixed-switching-frequency.operation,.where.the.switch.
gate.signal.is.generated.by.a.carrier-based.PWM.controller,.the.averaged.model.of.the.converter.is.pre-
sented.as.follows.in.the.case.of.two.resistive.loads.applied.to.both.output.capacitors.(as.in.Figure.12.7):

. L
di
dt

v d v i
v d v i

in in h in

in l in
=

− − >
+ − <







( )
( )

,

,

1 0
1 0

0

0

 if
 if

. (12.36a)
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d i v
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=

− − >
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 if

if
. (12.36b)

. C
dv
dt

v
R

i

d i v
R

i

l

l

l
in

in
l

l
in

0
0

0

0

0

0

0

1 0

,

,

,

,

,
( )

=
− >

− − − <










if

if
. (12.36c)

v-in,.i-in,.v-0,h,.v-0,l.denote,.respectively,.the.averaged.values,.evaluated.on.a.switching.period,.of.the.source.
voltage,. the. source. current,. the. upper. DC. voltage,. and. the. lower. DC. voltage.. For. a. balanced. load.
(i.e., R0,h.=.R0,l.=.R0),.and.knowing.that.v-0.=.v-0,h.+.v-0,l,.v-0.being.the.averaged.total.DC.voltage,.Equations.
12.36b.and.12.36c.can.be.combined.into

. C
d v
dt

d i v
R

i

d i v
R

i

in in

in in

0
0

0

0

0

0

1 0

1 0
=

− − >

− − − <










( )

( )

if

if
. (12.36d)

In.the.steady.regime,.i-in.follows.its.reference. iin
* ,.and.the.averaged.total.output.voltage.v-0.is.equal.to.a.

desired.constant.value.V0..Therefore,.by.using.expressions.(12.16).and.(12.17).into.(12.36a),.the.following.
expression.of.the.duty.cycle.is.obtained:

. d

t L i t
V

t

t L

in in

in
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− − < <

+ −

1 2 0
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ˆ
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. (12.37)
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which,.for.i-in.>.0,.is.similar.to.Equation.12.29..Replacing.(12.37).into.(12.36d).yields

. v V V
R C

t0 0
0

0 02 2
2

2
= − −



cos( / )

sin
γ

ω γ
. (12.38)

The.voltage.ripple.is.then.deduced.as

. ρ
γ0

0

0 0 0

1
2

= =∆v
V R C cos( / ) . (12.39)

and,. if.ρ0,max. is. the.maximum.admissible.value. for. the.voltage.ripple,. the.value.of. the.DC.capacitors.
should.satisfy

. C
R0

0 0

1
2

>
ρ γ,max cos( / ) . (12.40)

12.4  Design and average Modeling 
of the three-Phase/Switch/Level rectifier

In. this. section,. a. simple. mathematical. model. of. the. three-phase,. three-switch,. three-level,. fixed-.
frequency.PWM.rectifier.(or.more.simply.the.Vienna.rectifier).operating.in.continuous.current.mode.
is.developed.from.a.control.design.perspective..The.model.is.elaborated.using.the.state-space.averaging.
technique,.commonly.used.in.PWM.DC–DC.converters.modeling.problems.[39,40],.and.presented.in.
Section.12.2..Recall.that.this.modeling.approach.is.so.far.valid.as.long.as.the.input.and.state.variables.
of.the.converter.vary.slowly.in.time..Furthermore,.other.modeling.techniques,.such.that.the.averaging.
technique.that.is.based.on.equivalent.circuit.manipulations.[38].and.the.Fourier.analysis–based.model-
ing.approach.[44],.already.exist.in.the.literature.and.could.be.used.for.the.same.purpose..Albeit.their.
differences,.they.all.yield.at.the.same.low-frequency.representation.of.the.converter.

The.basic.model.first.obtained.for.the.converter.is.a.nonlinear.fifth-order.time-varying.system,.and.
the.elaboration.and.implementation.of.a.corresponding.suitable.control.law.seem.highly.difficult..Thus,.
in. order. to. simplify. the. eventual. control. design. procedure,. a. fourth-order. time-invariant. model. is.
elaborated.by.applying. to. the. former. two.transformations—a.three-axis/two-axis. frame.transforma-
tion.[44],.known.as.Park.transformation,.and.an.input.vector.nonlinear.transformation.[32]..Finally,.a.
small-signal.linearization.of.the.model.around.its.static.point.is.elaborated.in.order.to.deduce.the.cor-
responding.transfer.functions,.on.the.basis.of.which.frequency-domain.linear.control.design.could.be.
carried.out.

The.reliability.of.the.proposed.model.is.investigated.through.numerical.results.using.the.MATLAB.
and.Simulink.simulation.tool..A.digital.version.of.the.converter.has.been.integrated.using.the.switching-
function.approach..The.model.parameters.are.shown.to.track.their.theoretically.estimated.values.

12.4.1 topology and Operation of the three-Phase/Switch/Level rectifier

The.scheme.of.the.Vienna.rectifier.is.illustrated.in.Figure.12.12a..It.consists.of.three.identical.legs,.each.
one.having.one.high-frequency.controlled.switch.and.six.diodes..The.three. legs.operate. in. the. same.
manner.but.are.shifted.by.2π/3.and.4π/3.in.time..From.an.operational.view,.this.structure.is.equivalent.
to.the.simplified.circuit.representation.given.in.Figure.12.12b,.which.will.be.considered.later.for.devel-
oping.the.converter.model.and.control.schemes..This.equivalent.topology.consists.of.three.single-switch.
legs.associated.to.each.phase..Q1,.Q2,.and.Q3.are.four-quadrants.switches;.they.are.controlled.in.order.
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to.ensure.line.current.shaping.at.the.input,.DC.voltage.regulation.and.middle.point.stabilization.at.the.
output..In.order.to.simplify.the.analysis,.the.converter.of.Figure.12.12b.can.be.seen.as.an.association.
of.three.identical.bidirectional.boost.converters,.as.the.one.presented.in.Figure.12.13.for.phase.1..Note.
that.the.single-phase.equivalent.topology.presented.in.Figure.12.13.is.similar.to.the.one.already.given.
in.Figure.12.7.

Referring.to.Figure.12.13,.we.may.write.the.following.equation.for.phase.1

. v L di
dt

v vs n
s

M n AM,
,

, ,1
1= + + . (12.41)

where
vs,1n.is.the.phase-to-neutral.voltage
is,1.is.the.phase.current
vM,n.is.the.middle.point.voltage.with.respect.to.the.mains.neutral
vAM.is.the.switch.voltage.defined.as.v0,h.and.v0,l.being.the.upper.and.lower.output.voltages,.respectively
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FIGURE.12.12. Three-phase/switch/level.rectifier:.(a).Vienna.rectifier.and.(b).equivalent.topology.
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. v
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v Q i
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AM ,h s,= >
−

0
0

1

0 1 1

0

if  is turned-on
if  is turned-off and 

,,l s,Q iif  is turned-off and 1 1 0<









. (12.42)

Hence,.we.may.express.vAM.as.follows:

. v s v i v iAM h s l s= − ⋅ ⋅ − ⋅



( ) ( ) ( ) ,, , , ,1 1 0 1 0 1θ θ . (12.43)

where
θ.is.the.threshold.function
θ−.its.logic.complement
s1.is.the.switching-function.defined.as

. s
Q
Q1

1

1

0
1

=






if  is turned-off
if  is turned-on

. (12.44)

In.the.same.way,.we.can.write.for.the.other.two.phases.the.following.equations:

. v L di
dt

v vs n
s

M n BM,
,

,2
2= + + . (12.45)

and

. v L di
dt

v vs n
s

M n CM,
,

, ,3
3= + + . (12.46)

where

. v s v i v iBM h s l s= − ⋅ ⋅ − ⋅



( ) ( ) ( ), , , ,1 2 0 2 0 2θ θ . (12.47)

and

. v s v i v iCM h s l s= − ⋅ ⋅ − ⋅



( ) ( ) ( ), , , ,1 3 0 3 0 3θ θ . (12.48)

s2.and.s3.being.the.switching-functions.corresponding.to.Q2.and.Q3,.respectively.
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FIGURE.12.13. Single-phase.equivalent.circuit.
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In.the.nominal.steady-state.regime.with.a.balanced.load,.v0,h.and.v0,l.are.equal.to.v0/2,.where.v0.=.v0,h.+.v0,l.
is.the.overall.output.voltage..We.may,.thus,.rewrite.Equations.12.43,.12.47,.and.12.48.as.follows:

. v v i sAM s≅ −0
1 12

1sgn( )( ), . (12.49a)

. v v i sBM s≅ −0
2 22

1sgn( )( ), . (12.49b)

. v v i sCM s≅ −0
3 32

1sgn( )( ),, . (12.49c)

where.sgn.denotes.the.signum.function.
Furthermore,.assuming.that.the.utility.voltages.are.balanced.sine.waves,.and.that.the.neutral.is.dis-

connected,.it.follows

.  ,v t v t v t ts, n s, n s, n1 2 3 0( ) ( ) ( )+ + = ∀ . (12.50)

and

.  ,i t i t i t ts, s, s,1 2 3 0( ) ( ) ( )+ + = ∀ . (12.51)

Using.identities.(12.50).and.(12.51).in.Equations.12..41,.12.45,.and.12.46.yields

. v v v vM n AM BM CM, ( )= − + +1
3

. (12.52)

which.can.be.rewritten.using.expressions.(12.49)

. v v i sM n s k k
k

, ,sgn( )( )= − −
=

∑0

1

3

6
1 . (12.53)

The.values.of.vM,n.are.given.in.Table.12.1.with.respect.to.the.switching.states.sk.and.the.sign.of.line.cur-
rents.is,k,.k.∈.{1,.2,3}..Thus,.the.value.of.vM,n.depends.only.on.the.output.voltage.v0..Referring.to.Equations.
12.41,.12.45,.and.12.46,.it.is.noticed.that,.in.order.to.ensure.line.current.wave.shaping,.the.following.two.
conditions.must.always.be.respected:

.  , andv t v t i t t ks kn M n s k, , ,( ) ( ) sgn ( ) , ,> ⋅   ∀ ∀ ∈{ }1 2 3 . (12.54)

. v t v t i t v t ks kn M n s k, , ,( ) ( ) sgn ( ) , ,< ⋅   + ∀ ∀ ∈{ }0

2
1 2 3, and . (12.55)
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Conditions.(12.54).and.(12.55).limit.the.choice.of.the.output.voltage.value.in.the.range

.  3
2

V v VS S6 3 60< < . (12.56)

i.e.,.between.3.68VS.and.7.34VS,.where.VS.is.the.RMS-value.of.the.phase-to-neutral.mains.voltage.
At.the.output.side,.the.converter.is.represented.by.the.following.state.equations:

. C dv
dt

s i i ih
k s k s k

k
h0

0

1

3

01,
, , ,( ) ( )= − ⋅ ⋅ −

=
∑ θ . (12.57)

. C dv
dt

s i i il
k s k s k

k
l0

0

1

3

01,
, , ,( ) ( )= − − ⋅ ⋅ −

=
∑ θ . (12.58)

12.4.2  State-Space average Modeling 
of the three-Phase/Switch/Level rectifier

12.4.2.1 Basic Model

The. modeling. approach. applied. to. the. converter. in. Figure. 12.12. is. based. on. the. state-space. averag-
ing. technique. [39,40].. In. this.method,.all. variables.are.averaged.on.a. sampling.period.TS.. Including.
Equations.12.43,.12.47,.12.48,.and.12.52.in.the.system.Equations.12.41,.12.45,.and.12.46,.the.equivalent.
average.model.of.the.converter,.viewed.on.the.AC.side,.is.as.follows:

.
v
v
v

L d
dt

i
i
i

v
s n

s n

s n

s

s

s

,

,

,

,

,

,

1

2

3

1

2

3

0

2

















=
















+ G SGGN I3+





−
−
−

















∆v
d
d
d

0
1

2

3
2

1
1
1

 . (12.59)

where

.
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− −

− −

− −























=

2
3

1
3

1
3

1
3

2
3

1
3

1
3

1
3

2
3

1

and SGN
sgn( ),is 00 0

0 0
0 0

2

3

sgn( )
sgn( )

,

,

i
i

s

s

















TABLE.12.1. Values.of.vM,n.with.Respect.to.the.Switching.States.and.the.Sign.of.Line.Currents

Switching.Functions s1,.s2.and.s3

Conditions 111 110 101 011 100 001 010 000

is,1.>.0,.is,2.<.0,.is,3.>.0 0 −v0./6 v0./6 −v0./6 0 0 −v0./3 −v0./6
is,1.>.0,.is,2.<.0,.is,3.<.0 0 v0./6 v0./6 −v0./6 v0./3 0 0 v0./6
is,1.>.0,.is,2.>.0,.is,3.<.0 0 v0./6 −v0./6 −v0./6 0 −v0./3 0 −v0./6
is,1.<.0,.is,2.>.0,.is,3.<.0 0 v0./6 −v0./6 v0./6 0 0 v0./3 v0./6
is,1.<.0,.is,2.>.0,.is,3.>.0 0 −v0./6 −v0./6 v0./6 −v0./3 0 0 −v0./6
is,1.<.0,.is,2.<.0,.is,3.>.0 0 −v0./6 v0./6 v0./6 0 v0./3 0 v0./6
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Δv0.=.v0,h.−.v0,l,.and.I3. is.the.third-order.identity.matrix..d1,.d2,.and.d3.are.the.duty.cycles.of.switches.
Q1, Q2,.and.Q3.respectively..Note.that.system.(12.59).is.a.time-varying.model.that.depends.on.the.sign.
of.the.line.currents.is,1,.is,2,.and.is,3..Therefore,.it.is.not.suitable.for.a.stationary.control.design.process..In.
order.to.overcome.this.drawback,.the.following.input.transformation.is.proposed:

. ′ = − +





 ∀ ∈{ }d d i v

v
k , ,k k s k( ) sgn( ),1 1 2 30

0

∆ , . (12.60)

Adding.Equation.12.60.to.system.(12.59).yields

. v i ds
s= + ′L d

dt
v0

2
G ,. (12.61)

where
vs.=.[vs,1n,.vs,2n,.vs,3n]T.is.the.input.voltage.vector
is.=.[is,1,.is,2,.is,3]T.the.input.current.vector
d´=[ , , ]d d d T

1 2 3´ ´ ´ .the.new.control.vector

Furthermore,.at.the.load.level,.the.average.model.of.the.converter.is.viewed.as

. C dv
dt

i i d i ih
h k s k s k

k
0

0
0

1

31
2

1 1,
, , ,( ) sgn( )+ = = − + +

=
∑ . (12.62a)

. C dv
dt

i i d i il
l k s k s k

k
0

0
0

1

31
2

1 1,
, , ,( ) sgn( ) ,+ = = − − − −

=
∑ . (12.62b)

where
i0,h.and.i0,l.are.the.upper.and.lower.output.currents
i+.and.i−.the.DC-side.currents.of.the.diode.bridge

Introducing. the. overall. output. voltage. v0,. the. output. voltage. unbalance. Δv0. and. transformation. of.
(12.60).into.Equations.12.62a.and.12.62b.yields

. C dv
dt

i i d i v
v

ih l k s k s k
k

0
0

0 0
0

01

3

1+ + ≅ ′ −







=
∑, , , ,sgn( )∆ . (12.63a)

. C d v
dt

i i d i i v
vh l k s k s k

k
0

0
0 0

0

01

3( ) sgn( ), , , ,
∆ ∆+ − ≅ ′ −








=
∑ . (12.63b)

In. the. derivation. of. Equations. 12.63a. and. 12.63b,. it. was. assumed. that. Δv0/v0.<<.1.. Equations. 12.61.
and.12.63.represent.the.basic.low-frequency.model.of.the.converter.in.the.stationary-frame..Although.
Equation.12.61.is.time-invariant,.the.subsystem.(12.63).is.not..Nevertheless,.knowing.that.the.output.
voltages.variations.are.relatively.slow.with.respect.to.the.mains.frequency,.it.seems.more.convenient,.
from.a.control.design.perspective,.to.consider.their.average.on.a.mains.period.T0.instead.of.the.one.com-
puted.on.a.sampling.period.TS..Furthermore,.the.basic.model.can.be.significantly.reduced.by.applying.
Park’s.transformation,.as.discussed.in.the.next.subsection.
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12.4.2.2 Frame transformation

The.model.defined.by.Equations.12.61.and.12.63.can.be.expressed.in.a.new.rotating.frame.using.Park’s.
transformation..The.Park’s.matrix.is.defined.as.[44]

. K =

−





−
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2
3

4
30 0 0

0 0

sin( ) sin sin

cos( ) cos

ω ω π ω π

ω ω

t t t

t t −−





−





























2
3

4
3

3
2

3
2

3
2

0
π ω πcos ,t . (12.64)

where.ω0.is.the.mains.angular.frequency..Defining.the.new.vectors.vs
r,.is

r,.and.d′r.as.follows

. v Kvs s
r

s d s q s
T

v v v=   =
∆

, , ,0 . (12.65a)

. i Kis s
r

s d s q s
T

i i i=   =
∆

, , ,0 . (12.65b)

. ′ = ′ ′ ′  = ′d Kdr
d q

T
d d d

∆

0 . (12.65c)

Equations.12.61.and.12.63.can.be.arranged.as

. v L di
dt

L i v ds d
s d

s q d,
,

,= − + ′ω0
0

2
. (12.66a)

. v L di
dt

L i v ds q
s q

s d q,
,

,= + + ′ω0
0

2
. (12.66b)

. C dv
dt

i i d i d i v
vh l d s d q s q

r T
0

0
0 0

0

0

13
2

+ + = ′ + ′( ) − ′ −
, , , , ( )∆ d K SGN  KTT r 

−1
is . (12.66c)

. C d v
dt

i i v
v

d i d ih l d s d q s q
r T

0
0

0 0
0

0

3
2

( ) ( ), , , ,
∆ ∆+ − = − ′ + ′( ) + ′d K SGN−− −

 
1 1
 K is

T r . (12.66d)

The. voltage. and. current. zero. sequence. components. vs,0. and. is,0. are. eliminated,. as. shown. by. (12.50).
and. (12.51).. A. time-invariant. equivalent. model. of. the. converter. can. be. elaborated. by. averaging. the.
term.[K SGN−1.KT]−1.over.the.mains.period.T0,.as.mentioned.above..Furthermore,.the.generality.of.the.
.modeling.approach.would.not.be.lost.if.we.assume.balanced.sine-wave.line.currents..It.follows

. K SGN K1 1
⋅ ⋅  ≅ ⋅

















− −T

T0

0 0
0 0

0
α

φ
φ

φ φ

cos
sin

cos sin
, . (12.67)
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where.φ.denotes.the.phase.shift.between.the.phase.voltage.and.the.corresponding.line.current..Here,.
α.is.a.parameter.estimated.at

. α
π

≅ 2 . (12.68)

In.a.unity-power-factor.operating.mode,.φ.equals.zero.and,.hence,.we.may.rewrite.system.(12.66).as.follows:

. v L di
dt

L i v ds d
s d

s q d,
,

,= − + ′ω0
0

2
. (12.69a)

. v L di
dt

L i v ds q
s q

s d q,
,

,= + + ′ω0
0

2
. (12.69b)

. C d v
dt

d i v
v

d i d i i is d d s d q s q h l0
0

0
0

0
0 0

3
2

( )
, , , , ,

∆ ∆= ′ − ⋅ ⋅ ′ + ′( ) − +α . (12.69c)

. C dv
dt

d i d i v
v

d i i id s d q s q s d h l0
0 0

0
0 0 0

3
2

= ⋅ ′ + ′( ) − ′ − −, , , , ,α ∆ . (12.69d)

The.system.(12.69).represents.a.low-frequency.fourth-order.time-invariant.continuous.nonlinear.state.
model.of.the.converter,.that.has.is,d,.is,q,.v0,.and.Δv0.as.state.variables,.dd′,.dq′,.and.d0′.as.control.inputs,.
vs,d.and.vs,q.as.disturbance.inputs..Note.that.the.zero-sequence.components.of.the.mains.voltage.and.
.current,.respectively,.vs,0.and.is,0,.are.identically.zero.(assuming.a.balanced.three-phase.source.voltage.
and.a.nonconnected.neutral.point).and.are,.therefore,.neglected.

12.4.3 Desired Steady-State Operating regime

In.the.following,.the.theoretical.expressions.and.waveforms.of.all.system.variables.are.established.in.the.
desired.steady-state.regime.assuming:

. 1.. A.balanced.three-phase.voltage.source,.i.e.,

.

v t V t

v t V t
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1 0
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2 2
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=

= −
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ω π

(( ) * sin ,t V tS= −





2 4
30ω π

. (12.70)

where.VS
*.is.the.desired.steady-state.RMS-value.of.the.mains.phase-to-neutral.voltage.

. 2.. A.unity.power.factor.operating.condition,.i.e.,

.

i t I t

i t I t

i t

s S

s S

s

,

,

,

* ( ) * sin( )

* ( ) * sin

* ( )

1 0

2 0
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2

2 2
3

=

= −





ω

ω π

== −





I tS
* sin ,2 4

30ω π

. (12.71)

where. IS* .is.the.desired.steady-state.RMS-value.of.the.line.currents.
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. 3.. A.load.balance,.i.e.,

. v v V i i Ih l h l0 0
0

0 0 02, , , ,
* * * * * *= = = =and . (12.72)

where,.V0
*.and.I0

*.are,.respectively,.the.desired.constant.values.for.the.output.voltage.and.current..
The.asterisks. in.expressions. (12.70). through. (12.72). characterize. the.desired. regime..Applying.
Park’s.transformation.to.the.voltage.and.current.expressions.(12.70).and.(12.71).yield.time-invari-
ant.vectors.expressed.in.the.rotating.frame.as
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. (12.73)

Integrating. expressions. (12.73). into. system. (12.69),. the. steady-state. values. of. the. control. inputs. are.
obtained.as.follows:

.
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ω
. (12.74)

In.addition,.the.power.conservation.law.is.verified,.i.e.,

. 3 0 0V I V IS S
* * * *= . (12.75)

Referring.to.the.stationary-frame,.the.steady-state.control.inputs.are.expressed.as.follows:
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,. (12.76)

where

. ′̂ =d V
V*

S2 2

0

*

cosφ
. (12.77)
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and

. tg
*

*φ ω= L I
V

S

S

0 . (12.78)

Using.Equation.12.60,.we.may.set.therefore

d d i
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for.k.∈.{1,2,3}..Expressions.(12.79).show.that.the.duty.cycles.d1
*,.d2

*,.and.d3
*.vary.periodically,.with.a.T0/2.

period..It.also.emphasizes.the.control.saturation.phenomenon,.which.takes.place.periodically.and.has.a.
duration.angle.ϕ..It.is.noticed.from.expression.(12.78).that,.in.order.to.reduce.the.undesirable.effects.of.
the.control.saturation,.the.inductor.value.L.has.to.be.minimized.

Furthermore,. following. Equations. 12.53. and. 12.60,. the. averaged. middle. point. voltage. may. be.
expressed.as

. v v v
v

i dM n s k k
k

, ,sgn( )≅ − −





 ′

=
∑0 0

01

3

6
1 ∆ . (12.80)

Using.Equation.12.76,.it.follows.in.steady-state.regime

. v V dM n k
k

,
* * *= − ′ ≡

=
∑0

1

3

6
0 . (12.81)

Concerning.the.steady-state.expressions.of.DC-side.currents.i+.and.i−,.they.could.be.easily.established.as

. i d i ik s k s k
k
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= ′ +
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1
2

1
1

3

. (12.82a)

and

. i d i ik s k s k
k

−

=

= ′ −



∑* * * sgn( * ), ,

1
2

1
1

3

. (12.82b)

Integrating.Equations.12.71.and.12.79.into.(12.82),.it.yields.after.some.manipulation.to.the.expressions.
given.in.(12.83).for.current. i+

* ..The.expressions.corresponding.to.current. i−
* .are.obtained.by.applying.a.

phase.shifting.of.π.to.the.former.ones..Note.that.currents. i+
* .and. i−

* .have.practically.a.third.harmonic.
sine.wave.shape,.as.illustrated.in.Figure.12.14.
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12.4.4 Design Criteria

12.4.4.1 Design of the Inductors

In. order. to. ensure. current. wave-shaping. in. steady-state. regime,. the. common. value. of. mains. series.
inductors.have.to.satisfy.the.following.conditions,.as.described.in.Figure.12.15:
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. (12.85)
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FIGURE.12.14. Steady-state.waveform.of.DC.current. i−
* .



AC-to-DC	Three-Phase/Switch/Level	PWM	Boost	Converter	 12-27

for.each.k.∈. {1,.2,3}..The.value.of.vM,n,.corresponding.to.each.case,. is.given.in.Table.12.1..After.some.
mathematical.developments,.we.obtain.the.following.condition:
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. (12.86)

The.range.of.the.inductor.value.L.is.thus.maximized.if

. V V VS S0
9
4

6 5 51* * . *= ≅ . (12.87)

Furthermore,.the.inductors.are.also.designed.for.current.ripple.limitation..In.this.perspective,.reason-
ing.around.the.peak.value.of.the.line.currents.yields

. L
f i

V V V
VS s

S
S> − −











1 2 2
4

60
2

0( )
* * *

* ,
max∆ . (12.88)

where
fS.is.the.switching.frequency
(Δis)max.the.acceptable.current.ripple

Finally,.the.inductor’s.value.is.chosen.accordingly.to.conditions.(12.86).and.(12.88).

12.4.4.2 Design of the Capacitors

The.two.DC-side.capacitors.of.the.converter.are.designed.in.the.low-frequency.domain..Referring.to.the.
expression.(12.83),.the.magnitude.of.the.DC-side.upper.current.ripple.can.be.obtained.as

. ∆ î V I
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. (12.89)
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FIGURE.12.15. Line.current.wave-shaping.
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Assuming.that.the.totality.of.the.AC-component.of.the.upper.current. i+
* .is.derived.by.the.upper.capaci-

tor,.and.denoting.by.(Δv0)max.the.admissible.output.voltage.ripple,.it.follows
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3
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. (12.90)

12.4.5 State-Space Small-Signal Model

12.4.5.1 Static Point

In.the.(d,.q).frame,.the.calculation.of.the.static.point.is.carried.out.by.setting.all.the.time-derivatives.
in.Equations.12.69a.through.12.69d.to.zero..Assuming.that.the.converter.operates.near.a.unity.power.
factor. condition,. the. steady-state. space-vector. of. the. line. currents. is. considered. proportional. to. the.
space-vector.of.the.mains.line-to-neutral.voltage,.both.oriented.with.respect.to.the.d-axis..These.con-
siderations.yield.the.following.nominal.static.point:

.

V V

I I

V I V

D V
V

D L I
V

D

s d S

s d S

s q s q

d
S

q
S

,

,

, ,

=

=

= = =

′ =

′ = −

′

2

2

0

2 2

2 2

0

0

0

0

0

∆

ω

== −I I
I
h l

S

0 0

2
, ,

α

. (12.91)

where
VS.denotes.the.RMS-value.of.the.source.line-to-neutral.voltage
IS.the.RMS-value.of.the.line.current
V0.the.steady-state.value.of.the.total.DC.output.voltage

In.addition,.by.assuming.a.balanced.purely.resistive.DC.load.(R0,h.=.R0,l.=.R0),.we.get

.
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Thus,

. I I V
Rh l0 0

0

02, ,= = . (12.93)

and

. ′ =D0 0 . (12.94)

It.is.obvious.that.the.static.values.of.the.converter’s.input.and.state.variables.given.in.this.subsection.are.simi-
lar.to.their.steady-state.values.obtained.in.the.desired.regime.(refer.to.Section.12.4.3)..This.result.can.be.easily.
predicted.by.the.fact.that,.in.the.(d,.q).frame,.all.the.state.variables.tend.in.steady-state.toward.constant.values.
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12.4.5.2 time-Domain Small-Signal Model

The.small-signal.linearization.of.a.system.consists.of.representing.each.time-variable.z(t).by.a.superposi-
tion.of.two.terms:.(1).its.desired.steady-state.value.z*.and.(2).a.time-varying.signal.z∼(t).representing.the.
assumed.small.variation.of.the.variable.in.the.neighborhood.of.its.steady-state.value.

Applying. this. first-order. linearization. process. to. the. converter. model. represented. by. Equations.
12.69a.through.12.69d.and.12.92,.around.the.desired.steady-state.point.represented.by.(12.91),.(12.93),.
and.(12.94),.yields.the.following.linear.state.model:

. �x A x B d E v~ ~ ~ ~= ⋅ + ⋅ + ⋅ , . (12.95)

where
x∼.=.[is,d∼,.is,q∼,.(Δv0)∼,.v0∼]T.is.the.state.vector
d~ [ , , ]= ′ ′ ′d d dd q

T
∼ ∼ ∼0 .is.the.control.or.input.vector

v∼.=.[vs,d∼,.vs,q∼]T.is.the.disturbance.vector
A,.B,.and.E.respectively.are.the.state.matrix,.the.control.matrix,.and.the.disturbance.matrix,.defined.as
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12.4.5.3 transfer Functions

The.frequency-domain.representation.of.the.converter.is.obtained.by.applying.the.Laplace.transform.to.
the.state.Equations.12.95..It.yields

. X I A B D I A E V4 4( ) ( ) ( ) ( ) ( ),s s s s s= − ⋅ + − ⋅− −1 1 . (12.96)

where
I4.denotes.the.4-by-4.identity.matrix
s.is.the.Laplace.operator
X(s).=. [Is,d(s),. Is,q(s),.ΔV0(s),.V0(s)]T,.D(s).=. [ ′Dd (s),.Dqʹ(s),.D 0ʹ.(s)]T,.and.V(s).=. [Vs,d(s),.Vs,q(s)]T. are. the.

Laplace.transforms.of.vectors.x∼, d∼,.and.v∼,.respectively
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The.development.of.expression.(12.96).leads.to.the.following.input–output.transfer.functions:
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It. is. on. the. basis. of. these. transfer. functions. that. the. proposed. control. scheme,. which. ensures. unity.
power.factor.as.well.as.DC.voltage.stabilization,.will.be.designed.

Furthermore,.the.poles.of.the.converter.(which.are.the.roots.of.the.fourth-degree.polynomial.char-
acteristic).are.given.as.follows:
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where

. σ ρ µ ρ= + +3 23

. τ ρ µ ρ= − +3 23
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Similarly,.the.disturbance.transfer.functions.can.also.be.derived.from.(12.96),.and.are.obtained.as.
follows:
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12.4.6 Simulation results

In.order. to.highlight. the. steady-state.and. transient.performances.of. the.proposed.control. scheme,.a.
simulation.work.is.carried.using.the.MATLAB.and.Simulink.tool..A.numerical.version.of.the.converter.
is,.hence,.implemented.and.two.resistors,.denoted,.respectively,.by.R0,h.and.R0,l,.are.used.to.represent.
the.upper.and.lower.DC.loads..The.numerical.values.of.all.parameters.and.operating.conditions.of.the.
converter.are.presented.in.Table.12.2.

Figures.12.16.and.12.17.show.the.dependency.of.the.model.parameter.α.on.the.DC.load.power.and.
the.unbalance.factor.σ.defined.as
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−
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h l
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0 0
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. (12.99)

Note.that,. for.a.given.σ,. the.parameter.α.does.not.vary.significantly.with.the. load.power,.even.for.
heavy.unbalance.conditions..Contrarily,. the.dependency.of.α.on.σ. for.a.given. load.power. is.quite.
noticeable. and. has. to. be. considered. in. the. design. of. robust. or. adaptive. control. circuit. with. high.
dynamic.performance..This.dependency.was.not.taken.into.account.in.the.development.of.the.theo-
retical.expression.(12.68),.where.a.balanced.DC.load.has.been.considered..However,.it.is.clear.that,.
for.small.values.of.the.unbalance.factor.σ,.the.theoretical.and.numerical.values.of.the.parameter.α.
are.quite.similar.

TABLE.12.2. System.Parameters.and.Operating.
Conditions
Phase-to-neutral.voltage.RMS-value VS.=.120.V
Desired.total.output.voltage V0.=.700.V
Nominal.load.power P0.=.25.kW
Mains.frequency f0.=.60.Hz
Switching.frequency fS.=.50.kHz
AC-side.inductors L.=.1.mH,.each
DC-side.capacitors C0.=.1.mF,.each
Current.feedback.gains Ki.=.0.05.Ω
Voltage.feedback.gains Kv.=.5/700
PWM.dynamic.gain KPWM.=.1
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12.5  averaged Model-Based Multi-Loop Control 
techniques applied to the three-Phase/
Switch/Level PWM Boost rectifier

In.most.applications.that.use.the.Vienna.rectifier,.hysteretic-based.control.was.implemented.in.order.
to.ensure.line.current.wave.shaping.[25]..However,.this.control.technique.suffers.from.a.major.draw-
back,.namely.a.time-varying.switching.frequency,.which.may.reduce,.on.the.one.hand,.the.reliability.
of.the.converter.due.to.an.eventual.excess.of.power.losses.in.the.switching.devices,.and.on.the.other.
hand,.cause.filtering.difficulties.due.to.a.wide.spread.harmonic.spectrum.for.the.line.currents..In order.
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0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1 Parameter α

Unbalance factor σ

Theoretical value

Numerical results

FIGURE.12.17. Parameter.α.versus.the.unbalance.factor.σ.for.the.rated.load.
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FIGURE.12.16. Parameter.α.with.respect.to.the.load.and.unbalance.factor.
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to. avoid. these. inconveniences,. fixed-frequency. PWM. control. is. considered.. But. the. application. of.
such. control. technique. requires. the. knowledge. of. the. dynamics. of. the. converter.. A. low-frequency.
state-space.model.of.the.converter.can.be.derived.by.applying.the.well-known.state-space.averaging.
technique.[39]..This.approach.is.widely.used.in.the.modeling.process.of.switch-mode.converters..The.
existence.of. such.model. allows. the. systematic.development.of. control. laws.offered.by. the.classic.or.
modern.control.theory.

Applying. forward. the. state-space-averaging. approach. to. the. converter. yields. a. nonlinear. fifth-
order.time-varying.model..Therefore,.the.elaboration.and.implementation.of.a.corresponding.suit-
able.control.law.become.very.difficult.tasks..Thus,.in.order.to.simplify.the.control.design.procedure,.
a.fourth-order.time-invariant.model.is.elaborated.in.[32].by.applying.to.the.former.two.transforma-
tions—a.three-to-two-axis.transformation.using.the.synchronous.rotating.frame.and.an.input.vector.
nonlinear.transformation..This.state-space.representation.is.used.for.the.design.of.a.multiple-loops.
nonlinear.controller. that.uses. the. input/output. feedback. linearization.approach..The. implemented.
control.scheme.offered.high.steady-state.and.dynamic.performance,.especially.in.terms.of.line.cur-
rent.THD,.DC.voltage.regulation,.and.robustness.toward.load.or.mains.voltage.disturbances,.but.at.
the.expense.of.a.high.control.and.sensing.effort,.and.a.low.robustness.toward.structural.parameters.
variations.

The.control. scheme.can.be.considerably. simplified. if. single-input-single-output. (SISO). linear. regu-
lators. are. used.. For. this. purpose,. a. small-signal. representation. of. the. converter. must. be. derived,. and.
the.corresponding.transfer.functions.must.be.computed..A.linear.multiple-loop.control.system.is.then.
designed.by.neglecting.the.cross-coupling.between.the.input.and.output.variables.of.the.converter..This.
assumption.allows.in.designing.each.control.loop.independently.from.the.others..Although.its.simplic-
ity,.it.will.be.shown.that.the.linear.control.scheme.thus.obtained.suffers.from.an.instability.that.occurs.
inevitably.at.low.power.

In. this. section,.a.comparative.evaluation.of. the. two.control.approaches.described.above. is.estab-
lished.. The. comparison. is. based. on. simulation. experiments. carried. out. on. a. numerical. versions. of.
the.converter.associated.to.each.control.algorithm..The.line.current.shaping.and.output.DC.voltage.
regulation.are.evaluated.and.analyzed.in.both.balanced.and.unbalanced.operating.conditions,.at.full.
or.partial.load.

12.5.1 Linear Control Design

The. proposed. multiple-loops. linear. control. system. is. presented. in. Figure. 12.18.. The. letter. K. stands.
for.the.stationary-frame/synchronous-frame.transformation..The.current.references.is,d,ref.and.is,q,ref.are.
generated.as.follows
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Ki.and.Kv.are,.respectively,.the.current.and.voltage.loops.feedback-scaling.gains..The.linear.inner.regula-
tors.Hi,d(s),.Hi,q(s),.HΔv(s),.and.outer.regulator.Hv(s).are.designed,.as.indicated.in.Figure.12.19,.by.using.
the. independent.multiple. feedback. looping.approach.. In.other.words,.all. the.cross-coupling. transfer.
functions.between.the.control. inputs.and.the.system.outputs.are.neglected..In.addition,. for.the.sake.
of.simplicity,.the.effects.of.the.disturbance.source.voltages.vs,d.and.vs,q.are.neglected.and,.consequently,.
their.corresponding.transfer.functions.are.not.considered.
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The.factor.KPWM.that.appears.in.the.inner.loops.represents.the.dynamic.gain.introduced.by.the.pulse-
width-modulators..The.structure.and.parameters.of.the.regulators.are.chosen.on.the.basis.of.the.pole-
zero.compensation.method,.in.order.to.ensure.an.optimal.second-order.behavior.to.the.corresponding.
closed-loop.(i.e.,.a.damping.factor.equal.to.0.707)..Considering.the.numerical.values.given.in.Table.12.2,.
it.yields.for.the.inner.loops
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FIGURE.12.18. Block.diagram.of.the.linear.control.scheme.
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. (12.103)

Furthermore,.the.outer.loop.is.designed.to.be.slower.enough.than.the.inner.ones.in.order.to.ensure.high.
stability.to.the.control.system..In.this.case,.only.G′0d(s).is.considered.in.the.calculation.of.Hv(s)..It.is.given.as
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or,.employing.(12.97)

. ′ = − ⋅ −
+

G s LI
C V

s
sd

S z

p
0

0 0

5

4

3 2( ) ω
ω

. (12.105)

It.yields,.after.calculations,

. H s s
s sv( ) ( )
( . )

= +
+

19 204
62 83

. (12.106)

Note.that. ′G sq0 ( ) .and. ′∆G s0 0( ) .do.not.interfere.in.the.calculation.of.Hv(s).and,.therefore,.are.not.considered.

12.5.2 Nonlinear Control Design

The.proposed.nonlinear.control.scheme.is.presented.in.Figure.12.20..It.consists,.first,.of.an.inner.mul-
tiple-input-multiple-output.(MIMO).feedback.loop.for.current.wave-shaping.and.DC.voltage.balance.
adjustment.and,.secondly,.of.a.SISO.outer.feedback.loop.for.DC.voltage.regulation..Both.inner.and.outer.
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FIGURE.12.20. Nonlinear.control.scheme.
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control.laws.are.elaborated.on.the.basis.of.the.nonlinearity.compensation.technique.[47].applied.to.the.
three-input-four-output.system.given.by.(12.69)..The.design.procedure.of.the.control.system.is.described.
in.the.following.subsections.

12.5.2.1 Inner Control Law

The.design.of.the.inner.control.law.is.based.on.applying.the.nonlinearity.compensation.technique.to.the.
subsystem.described.by.the.Equations.12.69a.through.12.69c..The.major.purpose.of.this.strategy.is.to.
find.a.multivariable.nonlinear.function.T.that.transforms.the.original.subsystem.into.a.linear.decoupled.
one..Such.function.is.given.by
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where.udq0.=.[ud,.uq,.u0]T.denotes.the.new.inner.input.vector.of.the.linearized.system.represented.by.the.
following.canonical.form

.

di
dt

u

di
dt

u

d v
dt

u

s d
d

s q
q

,

,

( )

=

=

=∆ 0
0

. (12.108)

Here.again,.the.inner.regulators.Hi,d(s),.Hi,q(s),.and.HΔv(s).of.each.single.loop.are.designed.so.that.the.
.corresponding.closed-loop.transfer.function.is.equal.to.a.low-pass.optimal.transfer.function.filter..The.
calculation. of. the. regulators. parameters. should. also. take. account. of. two. additional. design. criteria..
The first.one.considers.that.the.inner.current.loops.are.relatively.much.faster.than.the.outer.one..The.
second.criterion.is.that.the.regulators.should.attenuate.the.high-frequency.components.of.the.controlled.
variables.that.are.inherently.generated.by.the.switching.process..Considering.again.the.numerical.val-
ues.given.in.Section.12.5.1,.it.yields

. H s H s
s
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1 2 10 2
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π
. (12.109)
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v∆ ( ) =
+
7000 2

1 100 2
π

π
. (12.110)

12.5.2.2 Outer Control Law

Once.the.inner.control.law.is.implemented,.the.original.MIMO.system.(12.69).can.be.reduced.to.a.SISO.
model.given.by

. C dv
dt

d i d i i id s d q s q h l0
0

0 0
3
2

= ′ + ′( ) − −* * * *
, , , , . (12.111)
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′dd
*,. ′dq

*,. is d,
* , .and. is q,

* .are,.respectively,.the.desired.values.of. ′dd ,. ′dq,.is,d,.and.is,q..They.are.given.by
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where
VS.denotes.the.RMS-value.of.the.mains.voltage
IS*.is.the.desired.RMS-value.of.the.line.current

Using.expressions.(12.112).into.Equation.12.111,.and.knowing.that

. v v V ts d s q S, , ,2 2 22+ = ∀ . (12.113)

we.get

. C dv
dt v

V I i iS S h l0
0

0
0 0

6= − −*
, , . (12.114)

Equation.12.114.represents.a.nonlinear.SISO.system,.having. IS* .as.an.input.and.v0.as.an.output..By.intro-
ducing.a.new.input.variable.z.given.by

. z
v v I v i i

C v
s d s q S h l=

+ − +3 2 2 2
0 0 0

0 0

, , , ,
* ( ) . (12.115)

the.system.becomes.equivalent.to.the.following.minimized.canonical.form

. dv
dt

z0 = . (12.116)

The.design.of.the.linear.regulator.Hv(s).follows.the.same.considerations.indicated.previously..It.yields

. H s
s

v( ) =
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1 40 2
π

π
. (12.117)
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12.5.3 Simulation results

In.order.to.highlight.the.steady-state.and.transient.performances.of.the.proposed.control.schemes,.a.
simulation.work.is.carried.using.the.MATLAB.and.Simulink.tool..Numerical.versions.of.the.systems.
depicted.in.Figures.12.18.and.12.20.are,.hence,.implemented.and.two.resistors,.denoted,.respectively,.by.
R0,h.and.R0,l,.are.used.to.represent.the.upper.and.lower.DC.loads..The.numerical.values.of.all.parameters.
and.operating.conditions.of.the.converter.are.as.selected.in.Section.12.5.1.

Figure.12.21.shows.the.source.currents.and.DC.output.voltages.in.the.steady-state.regime,.where.a.
balanced.nominal. load.is.considered..A.practically.unity.power.factor.operation.is.obtained.for.both.
control.schemes.as.noticed..Figures.12.22.and.12.23.illustrate,.respectively,.the.response.of.the.linear.and.
nonlinear.control.systems.to.a.sudden.variation.of.the.DC.load.(R0,l.is.increased.by.100%.at.t.=.0.05.s)..
The.given.time-response.of.the.duty.cycle.d1.of.switch.Q1.lets.to.appear.a.control.saturation.phenomenon.
for.both.control.schemes..Finally,.Figure.12.24.presents.the.variation.of.the.source.current.THD.for.both.
control.schemes,.with.respect.to.the.load.power.and.the.load.unbalance.factor.defined.in.(12.99).

The.impacts.of.input.voltage.disturbances.on.the.system.performance.are.only.analyzed.in.the.case.
of.the.nonlinear.control,.since.it.generally.gives.better.results.than.the.linear.one..Figure.12.25a.and.
b.shows.the.response.of.the.controlled.converter.to.a.sudden.shortening.then.reestablishment.of.the.
source.voltage.in.terms.of.line.currents.is,1,.is,2,.is,3,.and.DC.output.voltages.v0,h.and.v0,l..Figure.12.25c.
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FIGURE.12.21. Line.currents.and.DC.voltages.for.the.linear.(a.and.b).and.nonlinear.(c.and.d).control.schemes.
under.normal.operating.conditions.



AC-to-DC	Three-Phase/Switch/Level	PWM	Boost	Converter	 12-41

and.d.represents.the.system.response.to.a.sudden.increase.then.decrease.of.the.mains.voltage..The.
same.mains.voltage.disturbances.are.applied.to.the.converter.under.unbalanced.DC.load.operating.
conditions..The.corresponding.results.are.shown.in.Figures.12.26.and.12.27.for.a.small.(σ.=.0.33).and.
severe.(σ.=.0.82).load.unbalance,.respectively.

12.5.4 Comparative Evaluation

By.inspecting.Figures.12.21.through.12.24,.we.can.deduce.the.following.conclusions:

. 1.. During.the.rated.and.balanced.operating.conditions.(Figure.12.21),.the.nonlinear.control.offers.
a.better.current.shaping.than.the.linear.one;.however,.the.low-frequency.ripple.in.the.DC.output.
voltages.is.more.noticeable.

. 2.. At.low.power.(lower.than.30%.of.the.rated.power),.the.linear.control.system.becomes.unstable,.and.
a.low-frequency.component.(around.8.Hz).appears.in.the.waveforms.of.the.DC.voltages.and.line.
currents.(see.Figure.12.23a)..Furthermore,.the.current.THD.offered.by.the.linear.control.system.is.
severely.deteriorated.when.the.load.unbalance.increases.significantly..This.is.due.to.the.fact.that.the.
set.point.chosen.in.the.linearization.process.is.varying,.which.has.a.major.impact.on.the.placement.
of.the.poles.and.zeros.of.the.transfer.functions.and,.consequently,.affects.considerably.the.cred-
ibility.of.the.small-signal.model.of.the.converter..The.regulators.calculated.in.Section.12.5.1.are,.
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12-42	 Power	Electronics	and	Motor	Drives

0 10 20 30 40 50 60 70 80 90 100
0

5

10

15

20

25

30

35
THD (in %) of the line currents for the linear control

Load (in % of the nominal value)

Instability

Diode bridge with highly inductive load

σ = 0

σ = 0.2

σ = 0.4

σ = 0.5
σ = 0.6

0 10 20 30 40 50 60 70 80 90 100
0

2

4

6

8

10

12

14

16

18

20
THD (in %) of the line currents for the nonlinear control

Load (in % of the nominal value)

σ = 0 
σ = 0.2 

σ = 0.4 

σ = 0.9 

σ = 0.7 

σ = 0.6 
σ = 0.5 

(a) (b)

FIGURE.12.24. Current.THD.with.respect.to.the.load.characteristics.for.the.linear.(a).and.nonlinear.(b).control.
systems.

0 0.05
(a) (b)

0.1 0.15 0.2 0.25–150

–100

–50

0

50

100

150

Time (s)

Line currents

0 0.05 0.1 0.15 0.2 0.25
0

50
100
150
200
250
300
350
400
450
500

Time (s)

DC output voltages

0.2
(c) (d)

0.205 0.21 0.215 0.22 0.225 0.23 0.235 0.24 0.245 0.25
–200

–150

–100

–50

0

50

100

150

200
Line-to-neutral voltage and line current

vs,1n

is,1

0 0.05 0.1 0.15
0

0.2

0.4

0.6

0.8

1

1.2

Time (s)Time (s)

Duty-cycle of switch Q1

FIGURE.12.23. Effects.of.a.load.variation.on.the.line.currents.and.DC.voltages.for.the.nonlinear.control.scheme.



AC-to-DC	Three-Phase/Switch/Level	PWM	Boost	Converter	 12-43

0 0.05 0.1 0.15 0.2 0.25 0.3
–200

–150

–100

–50

0

50

100

150

200
Mains voltages and currents

Time (s)

Voltages

Currents

0 0.05 0.1 0.15 0.2 0.25 0.3
–100

0

100

200

300

400

500

Time (s)

Output voltages

(a) (b) 

0 0.05 0.1 0.15 0.2 0.25 0.3
–400

–300

–200

–100

0

100

200

300

400
Mains voltages and currents

Time (s)

Voltages

Currents

0 0.05 0.1 0.15 0.2 0.25 0.3
0

50
100
150
200
250
300
350
400
450
500

Output voltages

Time (s)(c) (d)
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control.strategy.with.a.balanced.DC.nominal.load.
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FIGURE.12.26. Effects.of.a.mains.voltage.shortening.on.(a).the.line.currents.and.(b).the.DC.output.voltages.
(continued)
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FIGURE.12.26.(continued). Effects.of.a.sudden.mains.overvoltage.on.(c).the.line.currents.and.(d).the.DC.output.
voltages..Case.of.the.nonlinear.control.strategy.with.an.unbalanced.DC.nominal.load.(σ.=.0.33).
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thus,.no.longer.tuned.to.the.converter,.and.the.stability.is.severely.affected..Note,.in.addition,.that.
the.structural.parameter.α.that.appears.in.the.converter.model.given.by.(12.69).is.not.quite.inde-
pendent.from.the.operating.conditions.and.does.also.vary..For.high.values.of.σ (>0.6),.the.current.
THD.exceeds.the.critical.value.of.31%.given.by.a.classical.three-phase.diode.bridge.connected.to.a.
highly.inductive.DC.load.

. 3.. In. response. to. a. sudden. load. variation,. the. nonlinear. control. scheme. offers. better. dynamics.
than.the.linear.one..As.seen.in.Figures.12.22.and.12.23,.the.nonlinear.control.system.responds.
in. less. than. 10.ms. without. voltage. overstepping,. whereas,. for. the. linear. controller,. the. time.
response.exceeds.10.ms.and.the.DC.voltages.attain.temporarily.110%.of.their.steady-state.values..
Furthermore,.the.control.saturation.problem.(detected.in.the.waveforms.of.the.duty.cycle.d1).is.
more.noticeable. in. the.case.of. the. linear.control. system..This.phenomenon,. in.addition. to. the.
discontinuities.that.the.duty.cycle.presents,.affects.considerably.the.validity.of.the.mathematical.
model.(12.69).on.which.the.design.of.the.regulators.was.based.

12.6 Conclusion

In.this.chapter,.after.addressing.some.basic.issues.concerning.the.modeling.of.switch-mode.converters.
with.fixed-switching-frequency,.the.authors.presented.a.comprehensive.method.to.facilitate.the.under-
standing.of.the.Vienna.rectifier.operation..At.first.the.single-phase.topology.was.considered.and.stud-
ied.. Some. design. criteria. or. constraints. are. deduced,. which. constitutes. the. basic. frame. on. which. the.
study.of.the.three-phase.structure.is.established..The.converter.sequences.of.operation.is.presented.and.
a. corresponding. state. model. is. derived. for. a. CCM. and. fixed-switching-frequency. operation.. A. basic.
mathematical.model.of.the.converter.is.established,.and.a.simplified.time-invariant.model.is,.thereafter,.
deduced.using.rotating.Park.transformation,.that.led.to.transfer.functions.calculation.through.a.small-
signal.linearization.process..Finally,.the.results.of.two.control.approaches,.namely.multiple-loops.linear.
control.design.theory.(applied.on.the.small-signal.model).and.the.input–output.feedback.linearization.(to.
compensate.the.nonlinearity.and.cross-coupling),.are.presented..The.obtained.results.emphasize.a.high.
performance.of.both.control.laws.in.terms.of.line.current.THD,.DC.voltage.regulation,.and.stability.near.
full.and.balanced.load.operating.conditions.
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13.1  Introduction

The.DC–DC.converters.illustrated.in.Figure.13.1.are.used.to.interface.two.DC.systems.and.control.the.
flow.of.power.between.them..Their.basic.function.in.a.DC.environment.is.similar.to.that.of.transformers.
in.AC.systems..Unlike.in.transformers,.the.ratio.of.the.input.to.the.output,.either.voltage.or.current,.can.
continuously.be.varied.by.the.control.signal.and.this.ratio.can.be.higher.or.lower.than.unity.

DC–DC.converters.are.called.choppers.in.high-power.applications..They.are.used.for.DC.motor.
control,.for.example,.in.battery-supplied.vehicles.and.in.different.applications.such.as.in.electric.cars,.
airplanes,.and.spaceships,.where.onboard-regulated.DC.power.supplies.are.required..In.general,.DC–
DC.converters.are.employed.as.power.supplies.in.sensors,.controllers,.transducers,.computers,.com-
mercial.electronics,.electronic.instruments,.as.well.as.a.variety.of.technologies.that.include.plasma,.
arc,.electron.beam,.electrolytic,.nuclear.physics,.solar.energy.conversion,.wind.energy.conversion,.and.
the.like..The.power.levels.encountered.in.DC–DC.converters.range.from.(1).less.than.one.watt,.in.DC–
DC.converters.within.battery-operated.portable.equipment;.(2).tens,.hundreds,.or.thousands.of.watts.in.
power.supplies.for.computers.and.office.equipment;.(3).kilowatts.to.megawatts.in.variable.speed.motor.
drives;.and.(4).roughly.100.MW.in.the.DC.transmission.lines,.for.example,.offshore.wind.farms.

The.DC–DC.converters.are.constructed.of.electronic.switches.and.sometimes.include.inductive.and.
capacitive.components,.all.of.which.are.normally.followed.by.a.low-pass.filter..If.the.filter.corner.fre-
quency.is.sufficiently.lower.than.the.switching.frequency,.then.the.filter.essentially.passes.only.the.DC.
component..There.are.a.number.of.classifications.for.these.converters.that.are.dependent.upon.the.input.
impedance,.Z−i,.of. the. low-pass.filter,. as. shown. in.Figure.13.2. (Rashid,.1993)..The.converter. is. either.
output.current.sourced,.in.which.case.Z−i.≅.jωL,.or.output.voltage.sourced.such.that.Z−i.≅.−.(j/ωC),.in.
which.case.either.the.output.current.or.voltage.is.designed.to.be.ripple.free,.i.e.,.constant.in.one.switch-
ing.cycle..Some.DC–DC.converters.permit.power.flow.in.only.one.direction,.others.implement.bidirec-
tional.power.flow..Depending.upon.the.direction.of.the.output.current.and.voltage,.the.converters.can.
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be.classified.into.five.classes.as.shown.in.Figure.13.3..One-quadrant.(classes.A.and.B),.two-quadrant.
(classes.C.and.D).and.four-quadrant.operation.can.be.realized.

Hard.switched.and.soft.switched.or. resonant.converters.exhibit. another.classification.. In. the.first.
(second).group.the.power.loss.is.high.(low).in.switching.as.a.result.of.the.nonzero.voltage.and.current.
(zero.voltage.and/or.current).on.the.switches.at.the.initialization.of.the.switching.action.
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FIGURE.13.1. DC–DC.converters.
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FIGURE.13.2. Basic.low-pass.filters.for.output.current.sourced.(a).and.voltage.sourced.(b).converter.
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FIGURE.13.3. Unidirectional.(class.A.and.class.B).and.bidirectional.(class.C,.class.D,.and.class.E).power.flow.
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The.step-down.or.buck.converter.can.only.reduce,.while.the.step-up.or.boost.converter.can.only.increase.
the.average.output.voltage.in.comparison.with.the.input.voltage..The.step-up/down.or.buck-and-boost.con-
verter.produces.an.output.voltage.that.is.either.lower.or.higher.than.the.input.voltage..DC–DC.converters.
are.built.with.and.without.electrical.isolation..The.former.usually.incorporate.both.a.DC–AC.and.an.AC–DC.
converter.in.cascade.as.well.as.a.transformer.at.the.terminals.of.the.AC.signals.for.electrical.isolation..The.
transformer.turns.ratio.is.also.utilized.for.bridging.a.larger.gap.between.the.input.and.output.voltage.

There.is.(not).a.direct.path.between.the.input.and.output.terminals.in.the.direct.(indirect).converter..
Although. these. converters. may. operate. in. either. a. continuous. or. discontinuous. current. conduction.
mode,.only.the.continuous.current.conduction.mode.will.be.discussed.in.this.chapter.

13.2  Switch Mode Conversion Concept

The.ripple-free.DC.voltage.shown.in.Figure.13.4a.or.the.ripple-free.current.shown.in.Figure.13.4b.is.
periodically.chopped.by.the.switch.S..By.changing.the.duty.ratio.D = TON/T,.the.average.value.of.either.
waveform.can.be.varied.continuously..The.ratio.of.the.switching.frequency.fs.=.1/T.to.the.frequency.of.
the.external.signals.is.large.enough.to.remove.the.switching.frequency.component.from.the.signals.

13.3  Output Current Sourced Converters

A.typical.load.circuit.is.given.in.Figure.13.2a..The.input.voltage.v1.and.the.load.current.i2.are.assumed.
to.be.ripple.free.in.all.cases..The.circuit.configurations.and.the.time.functions.for.the.output.voltage.
v2.and.the.input.current.i1.are.illustrated.in.Figures.13.5.and.13.6..The.voltage.ratio.in.class.A.(class.B).
is.V2/V1.=.D(V2/V1.=.1.−.D)..If.switch.Sp.(Sn).is.turned.on.and.off.while.the.other.switch.remains.off,.the.
circuit.configuration.for.class.C.operates.like.class.A.(B).in.the.first.(second).quadrant..If.the.load.is.
connected.across.the.terminals.of.the.positive.switch.Sp–Dp.as.shown.in.Figure.13.5c.by.the.dotted.line,.
the.converter.operates.either.in.the.first.or.third.quadrants..Classes.D.and.E.can.be.operated.with.either.
bipolar.or.unipolar.voltage.switching..In.the.first.case,.two.switches.located.diagonally.in.the.circuit.
diagram.are.simultaneously.turned.on.and.off.as.a.pair.(see.Figure.13.5e.and.Figure.13.6b)..Operation.
with.unipolar.voltage.switching.is.achieved.by.shifting.the.turn-on-off.process.in.these.switches.by.half.
a.cycle.(see.Figure.13.5f.and.Figure.13.6c)..Figure.13.6.shows.the.time.functions.for.both.bipolar.(Figure.
13.6b).and.unipolar. (Figure.13.6c).voltage. switching. in.all. four.quadrants..The.conducting.device. is.
either.the.switch.turned.on.or.its.antiparallel.diode..The.turned-on.switches.and.the.conducting.diodes,.

S
+

–

+

–

v1 = V1

V2 = DV1

v2

v2

V2
V1

D = TON/T

TOFF
t

(a)

TON

T

S
i1 = I1

I2 = (1–D)I1

i2

I1
I2

t

T

DT
(b)

i2
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in.bracket,.are.shown.in.Figure.13.6b.and.c..The.conducting.diode.is.always.indicated.along.with.the.
switch.that.is.turned.on..Both.for.bipolar.and.unipolar.voltage.switching,.the.average.output.voltage.is.
V2.=.(2D.−.1)V1,.where.D.is.the.duty.ratio.of.switch.Sp1,.Sn2.

Assuming.the.switches.have.an.identical.switching.frequency,.the.unipolar.voltage.switching.pro-
duces.better.output.voltage.input.current.waveforms.as.well.as.a.better.frequency.response,.since.the.
“effective”.switching.frequency.of.the.two.waveforms.is.doubled.and.the.ripple.amplitude.is.halved.

Class.E.can.be.converted.to.a.class.C.or.class.D.configuration.by.appropriate.control,.for.example,.
continuously.turning.on.Sn2..The.antiparallel-connected.Sn2.and.Dn2.constitute.a.short.circuit,.and.Sp2.
and.Dp2.are.equivalent.to.an.open.circuit..First-.and.second-quadrant.operations.are.achieved.with.the.
waveforms.shown.in.Figure.13.6a.and.b..On.the.other.hand,.by.continuously.turning.on.Sn1,.in.which.
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case.switch.Sn1.and.Dn1.constitute.a.short.circuit.and.Sp1.and.Dp1.are.equivalent.to.an.open.circuit,.third-,.
and.fourth-quadrant.operations.are.accomplished.

Since.the.converters.are.ideally.lossless,.the.current.ratio.for.all.configurations.is.I2/I1.=.V2/V1.

13.4  Output Voltage Sourced Converters

In.what.follows,.it.will.be.assumed.that.L.and.C.are.large.enough.to.eliminate.switching.frequency.com-
ponents.from.the.terminal.variables.v1,.i1.and.v2,.i2..Furthermore,.the.relation.between.the.average.input.
and.output.voltage.can.be.derived.by.using.the.simple.fact.that.the.time.integral.of.the.inductor.voltage.
v2.over.one.period.must.be.zero.

13.4.1  Direct Converters

The.circuit.configurations.and.the.time.functions.for.the.buck.(step-down).and.boost.(step-up).converters.
are.shown.in.Figure.13.7.(Mohan.et.al.,.2002)..By.turning.on.the.switch.S.in.interval.DT.in.the.buck.con-
verter,.the.diode.becomes.reverse.biased.and.the.input.supplies.energy.to.both.the.load.and.the.inductor.L..
If.the.same.action.is.repeated.in.the.boost.converter,.energy.is.supplied.only.to.the.inductor.L..If.switch.S.is.
turned.off.in.interval.(1.−.D),.the.inductor.current.flows.through.the.diode.in.the.buck.converter.transferring.
some.of.its.stored.energy.to.the.load,.while.in.the.boost.converter.the.energy.is.forced.toward.the.output.both.
from.the.inductor.and.the.input.through.the.diode.as.a.result.of.the.inductor.current.even.though.V2.>.V1.

13.4.2  Indirect Converters

The.circuits.and.time.functions.for.the.buck-and-boost.(step-up/down).and.Čuk.converters.are.shown.
in.Figure.13.8..Note.that.the.polarity.of.the.output.voltage.is.negative..Turning.on.the.switch.S.in.interval.D.
reverse.biases.the.diode..In.Figure.13.8a,.energy.is.supplied.from.the.input.to.the.inductor.L.and.from.
the.capacitor.C.to.the.load..In.Figure.13.8b,.energy.is.supplied.from.the.input.to.inductor.L1,.and.
from.capacitor.C.to.the.load.as.well.as.inductor.L2..This.converter.operates.via.capacitive.energy.transfer..
As.illustrated.in.Figure.13.8b,.capacitor.C.is.connected.through.L1.to.the.input.source.while.the.diode.is.
conducting,.and.source.energy.is.stored.in.C..The.diode.conducts.current,.if.the.switch.S.is.turned.off.in.
interval.(1.−.D)..When.the.switch.S.is.conducting,.this.energy.is.released.through.L2.to.the.load.
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FIGURE.13.7. Configuration.and.time.function.of.buck.(step-down).(a).and.boost.(step-up).(b).converters.
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Also,.in.Figure.12.21a,.energy.is.supplied.from.the.input.to the.
capacitor.C..In.Figure.13.8b,.energy.is.supplied.to.the.capacitor.
C.from.the.input.and.inductor.L1..The.relation.V2/V1.is.the.same.
for.the.buck-and-boost.and.Čuk.converters..The.output.voltage.
V2.can.be.either.smaller.or.larger.than.V1.

The.capacitor.C.can.be.placed.either.between.terminals.x.and y,.
or. y. and. z. without. changing. the. operation. of. the. buck-boost.
converter..In.both.cases,.the.voltages.v1,.v2,.and.vxy.are.ripple.free.

13.5  Fundamental topological 
relationships

The. basic. circuit,. the. so-called. canonical. switching. cell. (CSC),.
that. is. common. to.buck,.boost,. and.buck-and-boost. converters.
is.shown.in.Figure.13.9.(Kassakian.et.al.,.1992)..It.uses.a.double-
throw. switch. that. satisfies. the. condition. that. the. two. switches—transistor. and. diode. in. the. four. con-
verters—be.neither.on.nor.off.simultaneously..The.CSC.is.the.basic.building.block.for.a.large.number.of.
DC–DC.converters.in.addition.to.those.discussed.in.the.previous.section..The.different.converter.configu-
rations,.i.e.,.buck,.boost,.and.buck-and-boost,.are.dependent.upon.both.the.way.in.which.the.CSC.is.con-
nected.to.the.external.system.and.the.implementation.of.switches..It.can.be.shown.that.the.Čuk.converter.
can.easily.be.derived.from.CSC.as.well.(Kassakian.et.al.,.1992).

13.6  Bidirectional Power Flow

Power.can.flow.only.from.left.to.right.in.the.configurations.discussed.in.Section.13.2.2..However,.bidi-
rectional.power.flow.is.required. in.some.applications..Figure.13.10.shows. the. implementation.of. the.
switches.within.the.CSC.for.bidirectional.power.flow.under.the.conditions.that.the.polarity.of.the.two.
external.voltages.(currents).can.(cannot).change..Assuming.V1.>.0.and.V2.>.0,.(V1.<.0.and.V2.<.0),.tran-
sistor.S2.(S1).can.be.kept.continuously.on..Control.is.achieved.by.switching.the.other.transistor..When.
S2.(S1).is.continuously.on,.the.configuration.works.as.a.buck.(boost).converter.and.the.power.flows.from.
left.to.right.(right.to.left)..The.converter.can.operate.in.quadrant.I.and.IV.like.class.D.converters.

C

S D

L C

yx
+

+
+

z
V2 = V1 D/(1–D)(a)

V1

V1

D

+

–

––
–

1

vL

t/T
V2

V2

vL

i1 i2

C

S D

+
+ + +

+

V2 = V1 D/(1–D)(b)

D

– – –

––

1 t/T

V1

V1

L1 L2

VC

+

–

vL1
= vL2

V1–Vc

–V2

V2

V2

i1 i2

FIGURE.13.8. Configuration.and.time.function.of.buck-and-boost.(a).and.Čuk.(b).converters.for.D.=.0.5.

x y

C

L

z

FIGURE. 13.9. Canonical. switching.
cell.(CSC).



13-8	 Power	Electronics	and	Motor	Drives

13.7  Isolated DC–DC Converters

Each.of.the.basic.converters.can.only.accommodate.one.input.and.one.output.with.input.and.output.
sharing.a.common.reference.line..To.overcome.these.limitations,.an.isolation.transformer.is.added.to.
the.DC–DC.converters..An.additional.benefit.achieved.through.the.application.of.a.transformer.is.the.
reduction.of.component.stresses.when.the.conversion.ratio.V2/V1. is. far. from.unity.. Isolated.DC–DC.
converters.can.be.classified.according.to.the.core.excitation.of.their.transformer:

•. In.unidirectional.core.excitation,.the.flux.density.B.and.the.magnetic.field.strength.H.can.be.of.
only.one.polarity..For.example,.the.forward.converter.that.is.derived.from.the.buck.converter.and.
the.flyback.converter.derived.from.the.buck-and-boost.converter.belong.to.this.group..They.are.
called.“single-ended”.converters,.also,.because.power.is. forwarded.through.the.transformer.in.
only.one.polarity.of.the.primary.voltage.

•. In.the.bidirectional.core.excitation,.B.and.H.can.have.both.positive.and.negative.polarity..Push-pull,.
half-bridge,.and.full-bridge.inverter.topologies.belong.to.this.group..They.are.called.“double-ended”.
converters,.as.well,.because.power.is.forwarded.through.the.transformer.in.both.polarities.of.the.
primary.voltage.

13.7.1  Single-Ended Forward Converter

The.basic.configuration.for.this.converter.and.the.associated.time.functions.are.shown.in.Figure.13.11..
The.losses.and.the.leakage.inductance.of.the.transformer.are.neglected.and.it.is.modeled.by.an.ideal.
transformer.with.the.turns.ratio.N:1.and.magnetizing.inductance.Lm.
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By.ignoring.the.magnetizing.current.Im,.i.e.,.Lm.=.∞.and.assuming.N.=.1,.the.operation.of.the.configu-
ration.in.Figure.13.1.is.the.same.as.that.of.the.buck.converter.(Figure.13.7a)..By.changing.N,.the.voltage.
ratio.is.simply.altered.

The.magnetizing.current.cannot.be.ignored.in.a.practical.forward.converter..Assuming.the.magne-
tizing.current,.im(0).=.0,.at.the.beginning.of.the.period.(Figure.13.11b),.the.DC.voltage.vp.=.V1.in.interval.
DT.during.the.on.time.of.switch.S,.causes.magnetizing.current.im.and.the.flux.density.to.increase.in.a.
linear.fashion,.reaching.their.peaks.at.t = DT..Power.is.delivered.through.the.transformer.and.diode.D2.
to.the.load.and.inductor.L..By.turning.off.switch.S,.current.im.is.diverted.from.S.to.clamping.circuit.con-
sisting.of.D1,.R,.and.CR..Assuming.an.approximately.constant.clamping.voltage.vc.=.Vc.>.V1,.the.primary.
voltage.of.the.transformer.is.−(Vc−V1).<.0.for.time.t ≥ DT.and.the.current.begins.decreasing.linearly..
Diodes.D2.and.D.become.reverse.and.forward.biased,.respectively..In.steady.state,.the.magnetizing.cur-
rent,.im,.must.reach.zero.prior.to,.or.at.time.t = T,.and.the.core.is.reset..The.required.maximum.value,.
the.duty.ratio.Dmax,.determines.the.minimum.value.of.the.clamping.voltage.Vc,min,.since.the.relationship.
for.the.voltage–time.area,.i.e.,.(Vc−V1)(1−D)T ≥ V1DT.must.be.satisfied..The.higher.the.value.of.Dmax,.the.
bigger.Vc,min.must.be.

The.energy.stored.in.the.magnetizing.inductance.by.im.=.Imp.is.partially.dissipated.in.the.resistance.R..
At high.power,.the.resistance.R.can.be.replaced.by.a.DC–DC.converter.to.recover.the.magnetizing.energy..
The.clamping.function.can.be.implemented.with.a.Zener.diode.or.the.addition.of.a.tertiary.winding.on.
the.transformer..In.the.latter.case,.the.winding.has.to.be.connected.in.series.with.a.diode,.either.across.the.
input.or.output.terminals.of.the.converter.in.such.a.way.that.the.magnetizing.energy.is.supplied.back.to.
the.input.or.output.circuit.during.the.off.interval.of.switch.S.

13.7.2  Single-Ended Hybrid-Bridge Converter

In.contrast.to.the.single.switch.and.the.clamping.circuit.of.the.forward.converter.shown.in.Figure.13.11,.
the.single-ended.hybrid-bridge.converter.has.two.switches.turned.on.and.off.simultaneously.and.two.
diodes.performing.the.clamping.function.on.the.primary.side.of.the.transformer.as.shown.in.Figure.
13.12..Otherwise.this.circuit.is.the.same.as.that.of.the.forward.converter..The.two.converters.operate.in.a.
similar.manner.as.shown.in.Figures.13.11b.and.13.12b,.and.the.transformer.core.is.excited.unidirection-
ally..However,.the.magnetizing.current.im.is.flowing.through.diode.D1.and.D2.in.the.off.interval.and.the.
primary.voltage.is.clamped.at.vp.=.V1..im.decays.to.zero.at.t.=.2DT.and.the.maximum.value.of.the.duty.
ratio.is.Dmax.=.0.5.
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13.7.3  Flyback Converter

The.circuit,.which.employs.the.same.transformer.as.that.used.in.the.forward.converter,.and.the.time.
functions.shown.in.Figure.13.13.reveal.the.basic.similarity.between.the.flyback.converter.and.the.buck-
and-boost.converter. shown. in.Figure.13.8a.. Ignoring. the. leakage. inductances.of. the. transformer,. its.
operation.is. identical.to.that.of.the.nonisolated.buck-and-boost.converter.except.for.the.transformer.
effect..Unlike.the.forward.converter,.the.transformer.magnetizing.inductance.stores.energy.during.the.
on.interval.of.switch.S..This.energy.is.transferred.during.the.off.interval.through.the.transformer.and.
the.diode.D.to.the.load.

Flyback.converters.are.applied.in.television.receivers.with.a.very.high.turns.ratio.to.produce.a.high.
voltage.“to.flyback”.the.horizontal.beam.on.the.screen.in.order.to.start.the.next.line,.The.flyback.con-
verter.is.single-ended.and.the.transformer.core.is.excited.unidirectionally.
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13.7.4  Double-Ended Isolated Converters

The.transformer.core.for.these.types.of.converters.is.excited.bidirectionally..This.group.of.converters.
includes. the.push-pull. shown.in.Figure.13.14a,. the.half-bridge.shown.in.Figure.13.14b,.and.the. full-
bridge.shown.in.Figure.13.14c..All.three.converters.generate.a.high-frequency.AC.voltage.without.any.
DC.component.across.the.primary.of.the.transformer.by.turning.the.switches.on-and-off.periodically.
according.to.the.pattern.shown.in.Figure.13.14d..The.AC.voltage,.vs,.is.rectified.by.a.diode.bridge.in.all.
three.converters.as.shown.in.Figure.13.14e.

13.8  Control

There.are.basically.three.control.methods.as.illustrated.in.Table.13.1.(Severns.and.Blomm,.1985)..

TABLE.13.1. Control.Methods.of.Converters

Constant Controlled

Period.T TON,.TOFF.or.duty.ratio.TON/T
Pulse.width.TON T,.TOFF.or.frequency.1/T
Pulse.pause.TOFF T,.TON.or.frequency.1/T
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FIGURE.13.15. Control.modes.of.converters..Pulse-width.modulation.Mode.1,.2,.3.(a).Mode.4.and.5.(b)..
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The.first.control.method.is.referred.to.as.pulse-width.modulation.(PWM)..Five.PWM.control.modes.
of.DC–DC.converters.are.shown.in.Figure.13.15..There.is.only.one.controlled.switch.in.mode.1,.two.
switches.in.mode.2.and.four.switches.in.modes.3,.4,.and.5..Control.mode.1.is.applied.in.class.A,.B,.and.C.as.
well.as.in.the.buck,.boost,.buck-and-boost,.Čuk,.single-ended.forward,.and.flyback.converters..Control.
mode.2.is.applied.in.isolated.converters,.single-ended.hybrid-bridge,.push-pull,.and.half-bridge.con-
verters..Mode.3.is.used.in.isolated.double-ended.full-bridge.converters..Modes.4.and.5.are.applied.in.
class.D.and.E.converters.as.well.as.the.nonisolated.full-bridge.converter.for.bipolar.and.unipolar.voltage.
switching,.respectively.

Note.the.basic.difference.between.control.modes.2.and.3,.and.modes.4.and.5..In.modes.2.and.3.there.
are. intervals.when.none.of. the.controlled. switches.are. turned.on.. In.modes.4.and.5,.one.controlled.
switch.is.always.on.in.each.leg..In.other.words,.two.switches.are.never.off.nor.on.simultaneously.in.one.
leg..Switch.Sp(Sn).in.the.first.leg.is.controlled.together.with.Sn(Sp).in.the.second.leg.in.mode.4..On.the.
other.hand,.the.control.of.switch.Sp(Sn).in.the.first.leg.is.shifted.by.half.a.cycle.to.the.control.of.switch.
Sn(Sp).in.the.second.leg.in.mode.5.
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14.1  Introduction

Static.power.converters. that.adapt.DC.voltages.and.currents. to.AC.waveforms.are.usually.known.as.
inverters..Their.main.function.is.to.generate.from.one.or.multiple.DC.sources.an.AC.switched.pattern.
output.waveform,.with.a.fundamental.component.with.adjustable.phase,.frequency,.and.amplitude.to.
meet. the. needs. of. a. particular. application.. A. generic. block. diagram. describing. this. function. of. the.
inverter.is.shown.in.Figure.14.1.for.a.generic.DC-variable.xdc,.usually.voltage.or.current..Note.that.Adc.
is.the.fixed.amplitude.of.xdc,.while.Aac,.f,.and.θ.represent.the.adjustable.amplitude,.frequency,.and.phase.
of. the. fundamental. component. of. the. switched. AC-variable. (xac{f1}),. respectively.. This. conversion. is.
achieved.by.the.proper.control,.better.known.as.modulation,.of.the.static.power.switches.that.intercon-
nect.the.DC.source.to.the.AC.load.using.the.different.configurations.or.conduction.states.provided.by.
the.switches.arrangement.or.topology.

The.DC.sources.can.be.either.current.or.voltage.sources,.dividing.the.inverter.family.into.two.main.
groups:.current.source.inverters.(CSI).and.voltage.source.inverters.(VSI),.as.shown.in.Figure.14.2..The.
DC.source.is.usually.composed.of.a.rectifier.followed.by.an.energy.storage.or.filter.stage.known.as.DC.
link.(this.conversion.concept.is.known.as.indirect.conversion,.AC–DC/DC–AC)..Typical.DC.links.are.
inductors.and.capacitors.used.for.CSI.and.VSI,.respectively..Less.common.are.direct.conversion.applica-
tions.where.other.DC.sources.are.used.like.batteries,.photovoltaic.modules,.and.fuel.cells..Figure.14.2.
further.classifies.the.different.type.of.CSI.and.VSI.topologies.depending.on.their.typical.power.range.
of. application.. While. CSI. have. been. dominating. in. the. medium-voltage. high-power. range. with. the.
pulse-width.modulated.CSI.(PWM-CSI).and.the.load-commutated.inverter.(LCI).[1],.voltage.source.are.
widely.found.in.low-.and.medium-power.applications.with.single-phase.and.three-phase.two-level.VSI..
Recently,.VSI.have.also.become.attractive.in.the.medium-voltage.high-power.market.with.multilevel.
converter.topologies.[2].
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This. chapter. describes. the. most. common. inverter. topologies. and. modulation. schemes. found. in.
industry..Special.attention. is.given. to.basic.concepts,.operating.principles,. and.figures.of.merits. like.
efficiency,. power. quality,. power. range,. and. implementation. complexity.. The. chapter. is. organized. as.
follows:.Section.14.2.is.focused.on.VSI.introducing.the.most.common.topologies.and.modulation.meth-
ods..Section.14.3.addresses.the.multilevel.converters.specially.designed.for.medium-voltage.high-power.
applications..Finally,.Section.14.4.is.focused.on.CSI.and.their.modulation.methods.

14.2  Voltage Source Inverters

14.2.1  Introduction

VSI.use.a.constant.voltage.source.usually.provided.by.a.voltage.source.rectifier.and.a.capacitive.DC.
link,.to.generate.a.switched.voltage.waveform.at.the.output.with.a.fundamental.voltage.component.with.
adjustable.frequency,.phase,.and.amplitude.that.matches.a.desired.reference.voltage..On.the.other.hand,.
the.inverter.output.current.is.defined.by.the.load,.which.is.usually.very.sinusoidal.for.inductive.loads.
such.as.motor.drives;.otherwise.output.filters.are.used.

VSI.are.the.most.common.power.conversion.systems.in.DC–AC.powered.applications,.particularly.
in.low.and.medium.power,.either.in.single-.or.three-phase.systems.with.the.classic.two-level.topologies..
Currently,.they.have.also.an.important.presence.in.the.high-power-medium-voltage.market.(which.have.
been.dominated.by.CSI.topologies),.with.the.development.of.multilevel.converters..VSI.are.widely.used.
in.single-phase.ac.power.applications.like.uninterruptable.power.supplies.(UPS),.class-D.audio.power.
amplifiers,.domestic.appliances.(washing.machines,.air.conditioning,.etc.),.photovoltaic.power.conver-
sion;.and.in.three-phase.systems.such.as.adjustable.speed.drives,.pumps,.compressors,.fans,.conveyors,.
industrial. robots,. active.filters,. elevators,.mills,.mixers,. crushers,.paper.machines,. cranes,.flexible.ac.
transmission. systems. (FACTS),. train. traction,. shovels,. electric. vehicles,. wind. power. conversion. and.
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FIGURE.14.1. Inverter.operating.principle.
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FIGURE.14.2. Inverter.topology.classification.according.to.type.of.source.(voltage.or.current).and.power.range.
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mining.haul.trucks,.to.name.a.few..They.cover.such.a.wide.power.range;.they.can.be.found.in.sizes.from.
cubic.millimeters.as.signal.amplifiers.in.cell.phones.to.cubic.meters.to.drive.fans.in.the.cement.industry.

The.following.sections.present.the.operating.principles.and.concepts.related.to.the.most.common.VSI.
topologies.and.their.corresponding.modulation.schemes.found.in.industry.

14.2.2  VSI topologies

14.2.2.1  Half-Bridge VSI (Single-Phase)

The.half.bridge.is.a.two-level.single-phase.inverter.whose.power.circuit.is.illustrated.in.Figure.14.3a..
It.is.composed.of.one.inverter.leg.containing.two.semiconductor.switches.(T1.and.T2).with.antiparallel.
connected.freewheeling.diodes.(D1.and.D2).used.to.provide.a.negative.current.path.through.the.switch.
when.required..The.inverter.also.features.two.capacitors.in.the.DC.link.that.split.the.total.DC.link.volt-
age.to.provide.a.0.V.midpoint.connection.for.the.load,.also.known.as.neutral.point.(denoted.as.node.O.
in.Figure.14.3)..The.load.is.connected.between.this.node.and.the.inverter.leg.output.phase.node.a..Note.
that.isolated.gate.bipolar.transistors.(IGBT).are.used.as.power.switches.in.Figure.14.3b.for.illustrative.
purposes,.but.could.be.any.other.power.semiconductor.(metal.oxide.semiconductor.field.effect.tran-
sistor. [MOSFET],.gate. turn-off. thyristor. [GTO],. integrated.gate-commutated. thyristor. [IGCT],. etc.),.
although.MOSFETs.and.IGBTs.are.the.most.used.in.this.topology.due.to.power.range.and.application.
field.[3]..The.positive.and.negative.bus.bars.of.the.inverter.are.denoted.by.P.and.N,.respectively..It. is.
worth.mentioning.that.the.DC-side.capacitors.do.not.correspond.to.the.DC.voltage.source,.since.they.
cannot.provide.active.power..Instead,.the.DC-side.source.is.represented.by.the.constant.voltage.Vdc.at.
the.open-end.input.nodes,.and.could.be.provided.by.any.DC.source.(rectifier,.batteries,.fuel.cells,.etc.)..
This.way.of.illustrating.the.DC.source.is.kept.throughout.the.chapter.for.generality.

The.inverter.is.controlled.by.a.binary.gate.signal.Sa.∈.{1,0},.where.1.represents.the.“on”.state.of.the.
switch.(switch.is.conducting).and.0.the.“off”.state.(switch.is.open)..As.can.be.seen.from.Figure.14.3,.the.
upper.switch.T1.is.controlled.by.Sa,.while.the.lower.switch.T2.is.controlled.using.its.logic.complement.
S-a..This.alternate.control.is.necessary.to.avoid.simultaneous.conduction.of.T1.and.T2,.since.it.would.
short-circuit.the.DC.link,.or.to.avoid.both.switches.to.be.open.generating.undefined.output.voltages.
[3]..Hence.the.gate.signal.Sa.defines.two.switching.states:.when.Sa.=.1.the.inverter.output.node.a. is.
connected.to.the.positive.busbar.P,.resulting.in.a.positive.output.voltage.vao.=.Vdc/2;.and.when.Sa =.0.
the.inverter.output.node.a.is.connected.to.the.negative.busbar.N,.resulting.in.a.negative.output.voltage.
vao.=.−Vdc/2..The.fact.that.there.are.only.two.possible.output.voltages.is.why.this.VSI.is.classified.as.a.
two-level.inverter..The.alternation.between.these.two.switching.states.over.different.periods.of.time,.
process. called. modulation,. is. how. the. DC. voltage. Vdc. is. converted. into. an. AC. switched. waveform,.
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FIGURE.14.3. Half-bridge.inverter.power.circuit:.(a).with.generic.semiconductor.switches.and.(b).featuring.IGBTs.
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achieving.the.desired.operation.of.the.converter..It.is.worth.to.mention.that.in.practice,.the.commu-
tation.of.a.power.device.is.not.instantaneous;.therefore.a.dead.time.has.to.be.added.before.a.turn-on.
(change.from.0.to.1),.to.avoid.two.switches.to.be.conducting.simultaneously.which.would.short-circuit.
the.DC-link.capacitor..The.dead.time.usually.is.just.a.little.bit.larger.than.the.turn-off.commutation.
time.of.the.switch,.and.therefore.depends.on.the.semiconductor.type.and.power.rating..In.case.of.the.
IGBT,.the.dead.time.is.usually.a.couple.of.micro.seconds.

Although.Sa.is.a.binary.signal.leading.to.two.different.switching.states,.there.will.be.four.different.con-
duction. states. depending. on. the. load. current. polarity,. which. determines. which. semiconductor. device.
is.conducting.the.current.(the.power.transistor.or.the.freewheeling.diode)..These.four.conduction.states.
together.with.the.switching.states.are.illustrated.in.Figure.14.4.and.listed.in.Table.14.1..The.qualitative.
example.shown.in.Figure.14.4.presents.a.hypothetical.AC.square-wave.operation.of.the.inverter.feeding.a.
highly.inductive.load.as.an.example.to.illustrate.the.different.conduction.states,.and.it.does.not.illustrate.
a.real.current.waveform.for.the.given.voltage..For.example,.the.equivalent.circuit.for.the.two.conduction.
states.obtained.for.a.negative.and.positive.load.current.ia.when.generating.the.switching.state.Sa.=.1,.are.
illustrated.in.Figure.14.4a.and.b.respectively..Note.the.active.part.of.the.circuit.is.highlighted.to.show.the.
current.path..In.the.first,.the.negative.current.is.conducted.from.the.load.to.the.upper.DC-link.capacitor.
through.the.freewheeling.diode,.while.in.the.second.case,.the.positive.current.flows.from.the.capacitor.
to.the.load.through.the.power.transistor..Both.conduction.states.correspond.to.the.same.switching.state,.
with.output.voltage.vao.=.Vdc/2..For.the.next.topologies.analyzed.in.this.chapter,.only.the.switching.states.

TABLE.14.1. Half-Bridge.Switching.and.Conduction.States

Switching.
State

Gate.Signal,.
Sa

Output.Voltage,.
vao

Conduction.
State

Output.Current,.
ia

Semiconductor.
Conducting

1 1   Vdc/2 (a) <0 D1

(b) >0 T1

2 0 −Vdc/2 (c) >0 D2

(d) <0 T2

a a a

N N N

o o o o

–Sa
–Sa

–Sa

P P P

Sa Sa Sa

ia < 0 ia > 0 ia > 0

vao vao

vao

vao

Gate OFF

Gate ON and
transistor conducting

Gate ON and
diode conducting

+

0

+

+

+

+

+

a

N

–Sa

P

Sa

ia < 0

vao

+

+Vdc
2

Vdc
2
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2
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Vdc
2

Vdc
2

Vdc
2

Vdc

ia

t

2
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FIGURE.14.4. Half-bridge.inverter.conduction.states.when.(a).vao.=.Vdc/2.and.ia.<.0,.(b).vao.=.Vdc/2.and.ia.>.0,.
(c).vao.=.−Vdc/2.and.ia.<.0,.and.(d).vao.=.−Vdc/2.and.ia.<.0.
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will.be.considered,.since.it.has.direct.relation.to.the.generated.output.voltage..The.conduction.states.will.be.
neglected.due.to.less.relevance.in.the.analysis.of.the.modulation.principles.

It.is.important.for.designing.considerations.to.notice.that,.when.not.conducting,.the.semiconductor.
switches.in.this.topology.are.blocking.the.complete.DC-link.voltage.Vdc..Therefore,.this.topology.is.more.
common.in.applications.in.the.low.voltage.range.with.a.maximum.of.operation.defined.by.the.semicon-
ductor.technology.being.used.

14.2.2.2  H-Bridge VSI (Single-Phase)

Another.popular. single-phase.DC–AC.power.converter,. is. the.H-bridge.VSI..Basically,. the.H-bridge.
is.composed.of.two.half-bridge.inverter.legs.connected.in.parallel.to.provide.two.output.nodes.a.and.b.
to.connect.the. load.between.them,.as.shown.in.Figure.14.5..Since.the. load.is.connected.between.the.
inverter.legs.(giving.this.converter.its.name),.the.midpoint.in.the.DC.link.is.no.longer.necessary;.hence.
only.one.capacitor.is.required..Each.leg.has.its.own.binary.control.signal.Sa,b.∈.{1,0},.where.1.represents.
the.“on”.state.of.the.switch.(switch.is.conducting).and.0.the.“off”.state.(switch.is.open)..As.it.happens.
with.the.half-bridge,.the.semiconductor.switches.in.one.inverter.leg.are.controlled.with.complemen-
tary. signals. to. avoid. both. conducting. at. the. same. time. and. short-circuit. the. DC. link,. and. to. avoid.
both.switches.to.be.simultaneously.open.leading.to.undefined.output.voltages.[3]..Since.the.inverter.is.
controlled.with.two.binary.signals,.it.features.22.=.4.different.switching.states.defined.by.(Sa,Sb),.which.
are.illustrated.in.Figure.14.6.highlighting.the.corresponding.active.parts.of.the.circuit..For.example,.
consider.the.switching.state.(1,0).shown.in.Figure.14.6a..The.output.of.leg.a.is.connected.to.the.positive.
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FIGURE.14.5. H-bridge.inverter.power.circuit.(IGBT.based).
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bar.P,.while.the.output.of.leg.b.is.connected.to.the.negative.bar.N,.generating.an.output.voltage.vab.=.Vdc..
A.general.expression.for.the.output.voltage.is

. v S S V Sab a b dc a b= − ∈( ) , { , }., 0 1 . (14.1)

By.replacing.in.(14.1).the.different.binary.combinations.of.the.gate.signals,.it.is.easy.to.obtain.the.dif-
ferent.output.voltage.levels.listed.in.Table.14.2.and.illustrated.in.Figure.14.6.

Note.that.two.of.them,.(1,1).and.(0,0),.generate.both.a.zero.voltage.level..This.feature.is.called.voltage-
level.redundancy.and.can.be.used.for.other.control.purposes.since.it.does.not.affect.the.voltage.level.
generated.at.the.load.side..Hence,.there.are.three.different.output.voltage.levels.{Vdc,.0,.−Vdc}.compared.
to.the.two-level.half.bridge..This.is.why.the.H-bridge.is.classified.as.a.three-level.topology.and.can.be.
considered.as.a.multilevel.inverter.[4].

When.not.conducting,.each.power.semiconductor.blocks. the. total.DC-link.voltage.Vdc..Therefore,.
like.the.half.bridge,.this.topology.is.also.restricted.to.low-voltage.applications,.limited.by.the.semicon-
ductor.technology.being.used..Nevertheless,.as.will.be.discussed.later,.the.H-bridge.can.be.used.as.a.
basic.module.for.larger.multilevel.converters,.with.more.levels.and.higher.voltage.operation,.suitable.for.
medium-voltage.applications.[4].

14.2.2.3  Full-Bridge VSI (three-Phase VSI)

The.three-phase.VSI.is.composed.by.the.parallel.connection.of.three.inverter.legs.like.the.one.used.in.
the.half-.and.H-bridge,.as.is.shown.in.Figure.14.7..Therefore,.its.operation.is.very.similar..Each.leg.has.its.
own.binary.control.signal.Sa,b,c.∈.{1,0},.where.1.represents.the.“on”.state.of.the.switch.(switch.is.conduct-
ing).and.0.the.“off”.state.(switch.is.open)..As.with.the.half.bridge,.the.semiconductor.switches.in.one.
inverter.leg.are.controlled.with.complementary.signals.to.avoid.both.conducting.at.the.same.time.and.

TABLE.14.2. H-Bridge.Switching.States

Switching.State Gate.Signal,.Sa Gate.Signal,.Sb Output.Voltage,.vab

(a) 1 0 Vdc

(b) 1 1 0
(c) 0 1 −Vdc

(d) 0 0 0

Vdc

N a b

n

van

vaN

vab
c

P

–Sa

Sa

–Sb

Sb

–Sc

Sc

+

FIGURE.14.7. Full-bridge.three-phase.VSI.power.circuit.(shown.with.Y-connected.load,.and.IGBTs).
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short-circuit.the.DC.link,.and.to.avoid.both.switches.to.be.simultaneously.open.and.produce.undefined.
output.voltages..Hence,.when.Sx.=.1,.phase.x.output.node.is.connected.to.the.positive.bar,.generating.a.
phase.output.voltage.vxN.=.Vdc,.while.with.Sx.=.0,.phase.x.output.node.is.connected.to.the.negative.bar,.
generating.a.phase.output.voltage.vxN.=.0..Therefore,.this.inverter.is.classified.as.a.two-level.inverter..All.
the.inverter.phase.output.voltages.can.be.obtained.by

. v S V S x a b cxN x dc x= ∈ =, { , }, , , .0 1 . (14.2)

Since.the.inverter.is.controlled.with.three.binary.signals,.it.features.23.=.8.different.switching.states.
(Sa,Sb,Sc),.which.are.listed.in.Table.14.3.with.the.corresponding.phase.output.voltages..The.space.vectors.
for.each.switching.state.listed.in.Table.14.3.will.be.introduced.later.in.this.chapter.

Note.that.a.difference.compared.to.the.half-.and.H-bridge.inverter.is.the.fact.that.the.phase.output.
voltage.is.a.switched.AC.waveform.between.0.and.Vdc,.i.e,.unlike.the.previous.single-phase.inverters.that.
connect.the.load.to.a.midpoint,.the.three-phase.VSI.output.voltage.has.a.DC.component.equal.to.Vdc/2..
However,.this.DC.offset.is.common.to.the.three.phases.and.it.is.eliminated.with.the.three-phase.con-
nection.and.does.not.appear.in.the.line–line.and.load.voltages.[5].

When.not.conducting,.each.power.semiconductor.blocks.the.total.DC-link.voltage.Vdc..Therefore,.like.
the.half-.and.H-bridge,.this.topology.is.also.restricted.to.low-voltage.applications,.where.it.is.currently.
the.dominating. topology. in. industry..Nevertheless,.HV-IGBT-,.GTO-,.and. IGCT-based. inverters,.or.
inverters.with.several.IGBTs.in.series.(for.higher.voltage).or.in.parallel.(for.larger.currents),.have.made.
this.topology.available.even.in.medium-voltage.and.high-power.applications..In.this.power.range,.this.
topology.has.the.main.drawback.of.very.high.voltage.derivatives.(dv/dt).that.force.the.need.of.filters.to.
produce.motor.friendly.waveforms.[6]..Also,.the.high.switching.frequencies.needed.to.avoid.low-order.
harmonics.in.the.load.current.are.not.suitable.in.the.high-power.range.due.to.switching.losses,.unless.
special.modulation.techniques.are.used.as.will.be.discussed.later.in.this.chapter.

Finally,.it.should.be.noticed.that.multiphase.converters.can.be.built.adding.new.legs.to.the.topology.
shown. in.Figure.14.7..Multiphase.variable. speed.drives.have.become.very.attractive. in.some.specific.

TABLE.14.3. Two-Level.Three-Phase.VSI.Switching.States

Switching.State

Gating.Signals Output.Voltage Space.Vector

Sa Sb Sc vaN vbN vcN vs

1 0 0 0 0 0 0 V0.=.0

2 1 0 0 Vdc 0 0 V Vdc1
2
3

=

3 1 1 0 Vdc Vdc 0 V V edc
j

2
32

3
= ( / )π

4 0 1 0 0 Vdc 0 V V edc
j

3
2 32

3
= ( / )π

5 0 1 1 0 Vdc Vdc V Vdc4
2

3
= −

6 0 0 1 0 0 Vdc V V edc
j

5
4 32

3
= ( / )π

7 1 0 1 Vdc 0 Vdc V V edc
j

6
5 32

3
= ( / )π

8 1 1 1 Vdc Vdc Vdc V7.=.0
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application.areas.such.as.electric.ship.propulsion,.locomotive.traction,.and.military.applications.due.to.
higher.power.capability.and.improved.reliability.(fault-tolerant.application).[39].

14.2.3  Modulation Methods

As.discussed.in.the.previous.section,.static.power.converters.like.the.VSI.generate.constant.output.volt-
age.levels..Hence,.in.order.to.generate.an.arbitrary.voltage.waveform,.the.inverter.has.to.be.controlled.
alternating.the.available.voltage.levels.or.vectors.in.such.a.way.that.the.time.average.of.the.switched.
voltage. waveform,. or. its. fundamental. component,. approximates. the. desired. voltage. reference.. This.
process. is. called.modulation,.and.over. the.years. several.different.methods.have.been.proposed.and.
applied. in. industry.[5]..They.have.different.operating.principles,. implementation,.and.performance,.
and.the.selection.of.a.particular.one.is. in.direct.relation.to.the.type.of.application,. its.power.range,.
and.its.dynamic.requirements..This.section.describes.the.most.common.modulation.schemes.found.
for.classic.VSI.

14.2.3.1  Square-Wave Operation

The.square-wave.operation.is.the.most.basic.and.easy.to.implement.modulation.scheme.for.the.VSI.[7]..
Like.its.name.suggests,.the.main.idea.is.to.generate.an.AC.square.output.waveform.with.the.desired.fre-
quency..Figure.14.8a.shows.the.voltage.waveforms.produced.by.this.modulation.scheme.in.a.three-phase.
two-level.VSI..The.inverter’s.phase.a.output.voltage.vaN,.alternates.between.the.Vdc.and.0.voltage.levels.
every.half.fundamental.cycle..This.is.achieved.by.a.very.simple.control.strategy.based.on.the.comparison.
between.the.reference.voltage.v*.and.zero,.as.shown.in.the.block.diagram.illustrated.in.Figure.14.8b..
Hence,.when.the.voltage.reference.is.positive.Vdc.is.generated,.and.when.negative,.zero.is.generated..The.
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other.phases.are.controlled.similarly.with.2π/3.phase.shifts.between.the.references.of.each.phase..Note.
that.the.line–line.voltages,.for.example,.vab.is.equal.to.the.difference.of.both.phase.voltages.vab.=.vaN.−.vbN,.
eliminating.the.phase-voltage.DC.offset,.creating.the.ac.waveform..When.considering.a.star-connected.
load,.the.load.voltages.can.also.be.obtained.through.Kirchoff.voltage.law.(KVL).of.the.line–line.voltages,.
which.for.phase.a.is.van.=.(2vab.+.vbc)/3,.which.is.also.illustrated.in.Figure.14.8a..Note.that.in.this.case.the.
load.voltage.has.a.four-level.stepped.waveform.that.approximates.better.a.sinusoidal.waveform,.improv-
ing.the.harmonic.distortion.compared.with.the.inverter.phase.output.voltage..The.harmonic.content.of.
this.voltage.waveform.is.given.by.its.Fourier.series.representation
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and.is.plotted.in.the.spectrum.shown.in.Figure.14.8c..The.total.harmonic.distortion.of.the.line-to-line.
voltage.is.31%.

Note.that.the.square-waveform.operation.for.the.single-phase.half-bridge.has.the.same.control.dia-
gram.of.one.phase.only.of.those.shown.in.Figure.14.8b,.and.the.inverter.output.voltage.is.equal.to.the.
load.voltage.and.corresponds.to.the.first.waveform.in.Figure.14.8a.but.without.the.DC.offset,.i.e.,.com-
mutating.between.±Vdc/2..For.the.single-phase.H-bridge,.two.phases.of.the.control.diagram.of.Figure.
14.8b.are.used..In.this.case,.the.inverter.line–line.voltage.is.equal.to.the.load.voltage.and.corresponds.
to.the.vab.waveform.shown.in.Figure.14.8a..Both.single-phase.solutions.have.even.worse.THD.than.the.
three-phase.case.and.have.little.practical.use..Even.the.three-phase.square-wave.operation.is.nowadays.
considered.obsolete.and.is.only.used.in.reduced.dynamic.performance.systems..The.low.power.quality.
is. the.price. to.pay. for. implementation.simplicity.and.efficiency,. since.devices. switch.at. fundamental.
switching.frequency..This.method.is.also.used.for.low-cost.systems.

14.2.3.2  Sinusoidal PWM: Bipolar PWM and Unipolar PWM

Sinusoidal.pulse-width.modulation.(PWM),.also.known.as.carrier-based.modulation.methods,.are.per-
haps.the.most.widely.developed.and.applied.modulation.schemes.for.power.converters.in.industry.[5]..
As.will.be.discussed.in.this.section,.the.main.reasons.are.its.simple.implementation,.online.operation,.
and.good.power.quality..On.the.weak.side.is.the.need.of.higher.switching.frequencies.that.affect.the.sys-
tem.efficiency.by.introducing.more.switching.losses,.which.is.not.always.suitable.for.high-power.appli-
cations..On.the.other.hand,.if.the.switching.frequency.is.low,.the.size,.volume,.and.economical.cost.of.
the.necessary.filters.(mainly.inductances).increase..Therefore,.a.trade-off.between.the.power.losses.and.
the.filter.design.cost.has.to.be.done..Nevertheless,.it.has.a.wide.range.of.application.field,.from.switching.
power.supplies,.digital.audio.amplifiers.to.high-performance.variable.speed.drives.

The.basic.idea.behind.PWM,.is.to.alternate.between.the.different.switching.states.of.the.inverter.in.
such.a.way.that.the.time.average.of.the.switched.voltage.waveform.equals.the.desired.reference..Since.
the.output.voltage.levels.of.the.inverter.are.fixed,.the.modulation.is.performed.by.changing.the.width.
of. the. pulses,. also. known. as. duty. cycle,. or. duty. ratio,. or. dwell. times.. This. was. originally. achieved.
with.analog.circuitry.by.comparing.the.reference.with.triangle.carrier.signals.that.span.in.amplitude.
over.the.whole.modulation.range.(also.known.as.naturally.sampled.PWM)..Today.digital.implementa-
tions.sample.and.hold.the.reference.value.over.the.modulation.period.(also.known.as.regularly.sampled.
PWM),.which.is.then.used.to.compute.the.dwell.times.by.comparing.to.the.carrier.waveform.or.via.a.
simple.average.value.algorithm.

Sinusoidal.PWM.can.be.classified.into.three.different.categories:.bipolar,.unipolar,.and.multicarrier.
PWM..For.the.first.one,.the.output.voltage.switches.between.the.negative.and.positive.output.voltages,.
while.in.unipolar.the.output.voltage.switches.between.zero.and.the.positive.output.voltage.or.between.
zero.and.the.negative.output.voltage.of.the.inverter..Multicarrier.PWM.strategies.are.used.for.multilevel.
converters,.and.they.are.discussed.in.Sections.14.3.3.2.1.and.14.3.3.2.2.
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14.2.3.2.1  Bipolar PWM for Single-Phase Half-Bridge Inverters
The.triangular.carrier.signal.vcr.along.the.reference.voltage.or.modulating.signal.v*.are. illustrated. in.
Figure. 14.9.. By. simple. comparison. when. the. reference. signal. is. over. the. carrier. signal. (v*. ≥. vcr). the.
inverter.gate.signal.Sa.defined.in.Figure.14.3.is.set.to.logic.“1”.turning.on.the.upper.power.switch.T1.which.
connects.the.output.node.to.the.positive.bar,.generating.vao.=.Vdc/2..On.the.contrary,.when.v*.<.vcr,.the.gate.
signal.Sa.=.0.and.the.output.node.is.connected.to.the.negative.bar.generating.vao.=.−Vdc/2..Since.the.trian-
gle.waveform.is.linear.with.respect.to.time,.the.instants.in.which.those.changes.occur.and.consequently.
the.width.of.the.pulses.will.be.proportional.to.the.instantaneous.reference.signal.amplitude,.achieving.
the.desired.time.average..The.faster.the.carrier.frequency.with.respect.to.the.modulating.signal,.the.bet-
ter.the.pulses.will.approximate.the.time.average,.hence.better.reference.tracking..However,.this.comes.at.
expense.of.higher.switching.frequency,.affecting.efficiency,.which.constitutes.a.design.constraint.

There.are.two.useful.concepts.to.better.understand.and.analyze.PWM.methods:.the.amplitude.modu-
lation.index.ma.and.the.frequency.modulation.index.mf.[1]..The.amplitude.modulation.index.defines.
the.relation.between.the.fundamental.component.amplitude.and.the.switched.AC.waveform.amplitude.
(usually.the.DC-link.voltage);.hence.for.a.single-phase.half-bridge.it.is.defined.as

.
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where. f1. is. the. fundamental. frequency..Since. the.carrier.signal. is.defined.in.such.a.way. it.covers. the.
whole.modulation.range,.it.is.proportional.to.the.inverter.DC-link.voltage..In.the.same.way.the.output.
fundamental.component.is.the.time.average.of.the.reference.voltage..Hence,.the.amplitude.modulation.
index.can.also.be.defined.as
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On. the. other. hand,. the. frequency. modulation. index. is. the. relation. between. the. reference. voltage.
frequency.and.the.carrier.frequency
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FIGURE.14.9. Sinusoidal.bipolar.PWM.for.single-phase.half-bridge.inverters..(a).Switching.waveform.generation.
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The.frequency.modulation.index.is.useful.to.know.where.the.harmonic.content.of.the.switched.or.
PWM.waveform.are.located.in.the.corresponding.spectrum,.as.shown.in.Figure.14.9..Note.that.for.the.
qualitative.case. illustrated. in.Figure.14.9,. the.carrier. signal.has.15.cycles.compared. to. the.reference,.
hence.mf.=.15..Therefore,.the.main.or.strongest.harmonic.component.is.located.at.n.=.15..Each.main.
harmonic.is.accompanied.by.a.group.of.sideband.harmonics.located.at.mf.±.2.and.mf.±.4,.therefore.in.
the.spectrum.of.Figure.14.9b,.some.lower.order.harmonics.located.at.n.=.11.and.n.=.13.are.visible..These.
harmonics.appear.due.to.a.convolution.effect.between.the.fundamental.and.carrier.frequency.during.
the.comparison.performed.by.PWM..In.addition,.because.of.the.same.effect.sidebands.appear.around.
multiples.of.the.central.frequency.located.at.2mf ,.3mf ,.etc..Note.that.the.fundamental.component.has.
been.truncated.in.the.spectrum.shown.in.Figure.14.9.to.highlight.the.harmonics.present.in.the.output.
voltage..It.is.worth.mentioning.that.the.carrier.frequency.fcr.is.in.this.case.equal.to.the.device.switching.
frequency.fsw.and.the.output.voltage.switching.pattern.frequency.fao.

14.2.3.2.2  Unipolar PWM for Single-Phase H-Bridge Inverters
Unipolar.PWM.is.specially.used.for.the.single-phase.H-bridge..In.this.case,.the.comparison.between.one.
reference.and.one.carrier.as.done.in.bipolar.PWM.is.not.enough,.since.this.binary.output.would.leave.
one.of.the.levels.undefined..Basically,.unipolar.PWM.is.a.combination.of.two.bipolar.PWM.modulations,.
one.for.each.leg.of.the.H-bridge.shown.in.Figure.14.5..The.main.difference.is.that.the.carrier.for.the.second.
leg.is.shifted.in.180°.or.is.in.opposite.phase,.and.the.comparison.logic.is.inverse,.i.e.,.when.the.reference.is.
above.the.carrier,.the.gating.signal.is.zero.instead.of.one..This.operating.principle.is.shown.in.Figure.14.10,.
where.both.carriers.are.shown.together.with.the.reference..Each.leg.output.voltage.is.also.shown.and.con-
sists.of.a.bipolar.switched.waveform..Since.the.load.is.connected.between.the.legs.or.line–line,.the.output.
voltage.is.vab.=.vaN.−.vbN,.which.eliminates.the.DC.offset.and.produces.the.negative.voltage.levels..Note.that.
because.each.leg.is.modulated.using.the.carrier.frequency.fcr.and.they.are.phase.shifted.in.180°,.the.result-
ing.waveform.has.the.double.of.commutations.per.cycle..This.is.also.why.in.the.spectrum.no.dominant.
harmonics.appear.at.mf.but.at.2mf.and.integer.multiples.of.it.(4mf ,.6mf ,.etc.)..It.is.worth.mentioning.that.the.
carrier.frequency.fcr.is.in.this.case.also.equal.to.the.device.switching.frequency.fsw ,.but.due.to.the.H-bridge.
connection.of.the.load,.a.multiplicative.effect.is.obtained.in.the.output.voltage.switching.pattern.frequency.fao.=.
2.fcr ..This.is.a.positive.from.power.quality.point.of.view,.since.harmonics.are.shifted.to.2mf ,.without.increas-
ing.the.device.switching.frequency.[8]..In.fact,.the.device.switching.frequency.could.be.reduced.to.the.half,.
and.still.achieve.same.power.quality.as.with.bipolar.PWM..Nevertheless,.this.does.not.mean.an.improve-
ment.in.efficiency.with.respect.to.the.half-bridge.case,.since.now.two.legs.are.switching.instead.of.one.

14.2.3.2.3  Bipolar PWM for Three-Phase VSIs
This.is.the.three-phase.extension.of.the.same.bipolar.PWM.used.for.the.half-bridge..The.only.difference.
is.that.the.reference.signals.are.phase.shifted.in.120°.among.each.other.to.obtain.a.balanced.three-phase.
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voltage.at.the.output..Figure.14.11.shows.the.carrier.and.reference.signals.with.the.resulting.inverter.
phase.a.output.voltage,.the.line–line.voltage,.and.the.load.voltage.obtained.with.this.modulation..Note.
that.the.line–line.voltage.has.three.levels.and.no.DC.offset.because.of.the.same.reason.than.in.unipolar.
PWM..The.only.difference.is.that.because.there.is.only.one.carrier,.the.harmonics.are.not.shifted.to.2mf..
as.with.unipolar.PWM..Note.that.because.the.carriers.are.equal.for.all.phases.(have.no.phase.shifts),.the.
dominant.harmonic.at.mf.is.eliminated.in.three-phase.connection,.since.it.is.common.to.all.the.phases,.
therefore.it.does.not.appear.in.the.line–line.voltage,.reducing.the.load.voltage.THD..In.addition,.the.
three-level.line–line.voltages.when.connected.to.a.Y-load.combine.together.to.form.a.five-level.voltage.
waveform,.which.also.reflects.a.better.THD.and.reduces.dv/dt..Note.that.for.the.qualitative.example.of.
Figure.14.11,.a.carrier.frequency.of.nine.times.the.fundamental.is.considered.(mf.=.9).for.illustrative.
purposes.to.be.able.to.appreciate.the.commutations..However,.in.practice,.higher.carrier.frequencies.are.
used.(mf.>.20),.especially.in.low-power.applications.

The.implementation.block.diagrams.for.the.three.PWM.methods.exposed.in.this.section.are.illus-
trated.in.Figure.14.12..Note.that.the.three-phase.VSI.has.exactly.the.same.control.scheme.as.the.half.
bridge.but.repeated.three.times.for.the.different.reference.signals,.while.the.unipolar.implementation.
features.the.additional.carrier.and.the.inverter.comparison.logic.for.the.second.leg,.as.mentioned.earlier..
Unipolar.PWM.can.also.alternatively.be.implemented.with.only.one.carrier.but.two.reference.signals.
(one. in.opposite.phase.to.the.other),.achieving.exactly. the.same.output.voltage..A.non-carrier-based.
implementation.of.PWM.is.also.possible;.a.simple.algorithm.can.be.used.to.calculate.the.on.time.(ton).of.
each.leg,.i.e.,.the.time.portion.of.the.modulation.period.Tm.in.which.the.phase.output.node.is.connected.
to.the.positive.bar.of.the.inverter,.given.by

.
t v

V
T m Ton

dc
m a m= =*

/
.

2 . (14.7)

1

0

0

0

0

p/6

–1

Vdc
vaN

vab

van

van = (2vab + vbc)/3

vcr

t

t

t

t

va* vb* vc*

Vdc

–Vdc

–2Vdc/3

2Vdc/3

30

v a
N

/V
dc

0.5 n = 0
n = 10.4

0.3
0.2
0.1

10 20

mf

3mf
mf  – 2 mf  + 2

2mf  + 1 3mf  + 2

v a
b/

V d
c n = 1

1.0
0.8
0.6
0.4
0.2

mf  – 2 2mf  + 1

10 20 30

3mf  + 2

Harmonic number n(b)(a)

v a
n/

V d
c n = 10.4

0.5

0.3
0.2
0.1

mf  – 2 2mf  + 1

10 20 30

3mf  + 2

vab = vaN – vbN

FIGURE.14.11. Sinusoidal.bipolar.PWM.for.three-phase.VSIs..(a).Switching.waveform.generation.and.(b).from.
top.to.bottom,.harmonic.spectrum.of.the.converter.phase.output.voltage,.the.line-to-line.voltage.and.the.load.phase.
voltage.(in.pu).



DC–AC	Converters	 14-13

Then,.the.0.gating.signal.is.generated.during.(Tm.−.ton)/2,.followed.by.1.during.ton.and.finally.com-
pleted.with.0.for.the.other.half.of.(Tm.−.ton)/2..In.this.way,.if.the.modulation.period.Tm.is.considered.equal.
to.the.carrier.signal.period.Tcr.=.1/fcr.the.exact.same.results.are.obtained.

Note.that.it.is.important.to.divide.the.0.state.in.two,.and.apply.one.before.and.after.the.1.state.to.achieve.
a. symmetrical. or. center-weighted. PWM. pulse. pattern. as. the. one. achieved. with. a. triangular. carrier..
Although.the.order.in.which.the.states.are.generated.has.no.impact.on.the.average.value.generated.over.Tm,.
it.does.have.importance.for.practical.implication.in.digital.platforms.and.feedback.purpose..For.example,.
consider.the.current.control.of.an.inverter.feeding.an.RL.load:.if.the.0.state.would.not.be.divided.in.two,.
and.is.completely.generated.and.then.followed.by.the.1.state,.it.would.correspond.to.a.sawtooth.carrier.
PWM..In.this.case,.no.synchronous.sampling.of.the.current.would.be.possible,.and.the.current.value.fed.
back.into.the.control.loop.would.have.a.time.average.error.that.can.affect.the.overall.system.[5]..This.can.
be.observed.in.Figure.14.13.where.the.sawtooth.and.the.triangular.carrier.implementation.are.compared..
The.triangular.carrier.produces.a.centered.pulse.in.Tm,.which.allows.the.real.current.ia(t).to.be.crossing.
its.average.value.during.the.sample.time..In.this.way,.the.sampled.current.ia(k).used.for.measurement.and.
feedback.better.approximates.the.real.current.ia(t).compared.to.the.sawtooth.case.shown.in.Figure.14.13b.
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FIGURE.14.12. Implementation.block.diagram.for.PWM:.(a).half-bridge.bipolar.PWM,.(b).H-bridge.unipolar.
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The. qualitative. examples. shown. in. Figures. 14.9. through. 14.11. have. carrier. frequencies. of. integer.
multiples.of. the. fundamental. frequency,.and.are. in.phase.with. the.sinusoidal. references;. this. is.also.
known.as.synchronous.PWM,.which.generates. the.characteristic.harmonics.shown.in.the.respective.
spectra.with.symmetrical.sidebands.[8]..In.practice,.for.variable.frequency.applications.like.adjustable.
speed.drives,.the.carrier.signal.is.fixed.and.therefore.is.not.necessarily.in.phase.and.has.not.necessar-
ily.an.integer.multiple.of.the.fundamental.frequency,.producing.slight.variations.in.the.characteristic.
harmonics..This.is.known.as.asynchronous.PWM..Special.care.must.be.taken.when.the.frequency.index.
mf.is.low.(mf.<.20).and.non-integer,.as.low-order.harmonics.can.appear.in.the.converter.output.voltage.
spectrum..In.practice,.asynchronous.PWM.can.be.used.only.when.large.mf.can.be.applied,.because.of.
the.low.amplitude.of.the.low-order.harmonics.

14.2.3.3 Space Vector Modulation

The.space.vector.modulation.(SVM).algorithm.is.basically.also.a.PWM.strategy.with.the.difference.that.
the.switching.times.are.computed.based.on.the.three-phase.space.vector.representation.of.the.reference.
and.the.VSI.switching.states.[5],.rather.than.the.per-phase.amplitude.in.time.representation.of.previ-
ous.analyzed.methods..Therefore.space.vector–based.modulation.methods.have.only.real.purpose.for.
three-phase.inverters.

The.voltage.space.vector.of.a.VSI.can.be.defined.in.the.α−β.complex.plane.by

.
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vaN,.vbN,.and.vcN.are.the.inverter.phase.output.voltages.
It.can.be.demonstrated.that.the.space.vector.can.be.computed.also.using.the.load.voltages.van,.vbn,.and.vcn.

without.any.difference,.since.the.common.mode.voltage.vnN.that.relates.both.voltages.(vaN.=.van.+.vnN ).
is.common.to.the.three.phases.and.when.multiplied.by.(1.+.a.+.a2).is.eliminated.in.the.space.vector.
transformation.given.in.(14.8).

As.seen.previously,.the.inverter.phase.output.voltages.are.defined.by.the.gating.signals.according.to.
(14.2)..By.replacing.(14.2).in.(14.8),.the.voltage.space.vector.can.then.be.defined.using.the.gating.signals.
Sa,.Sb,.and.Sc,.which.leads.to

.
v V S aS a Ss dc a b c= + + 

2
3

2 . (14.9)

Replacing.in.(14.9).all.the.binary.combinations.of.the.gating.will.lead.to.23.=.8.space.vectors,.which.
are.listed.in.Table.14.3..Note.that.there.are.only.seven.different.vectors,.as.vectors.V0.and.V7.result.both.
in.zero..These.are.also.called.non-active.vectors.since.they.produce.zero.voltage.level.at.the.load.while.
the.current.freewheels.via.the.active.switches.or.the.antiparallel.diodes.without.interacting.with.the.DC.
link..These.vectors.can.be.plotted.in.the.α−β.complex.plane,.resulting.in.the.VSI.voltage.space.vector.
states.representation.illustrated.in.Figure.14.14a..From.Table.14.3.and.Figure.14.14a,.it.is.clear.that.all.the.
active.space.vectors.(i.e.,.excluding.the.zero.vectors.V0.and.V7).have.the.same.magnitude

.
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and.different.angles,.which.are.rotated.in.π/3.with.respect.to.each.other

. ∠{ } ( ) , with 1, ,6V k kk = − =1
3
π

…
. (14.11)

Each.adjacent.pair.of.active.vectors.define.an.area.in.the.α−β.plane,.dividing.it.in.six.sectors..The.volt-
age.reference.space.vector.Vs*.can.be.also.computed.by.(14.8),.and.the.resulting.vector.can.be.mapped.in.
the.α−β.plane,.falling.in.one.of.the.sectors..For.balanced.three-phase.sinusoidal.references,.as.is.usual.in.
power.converter.systems.in.steady.state,.the.resulting.reference.vector.is.a.fixed.amplitude.rotating.space.
vector.with.the.same.amplitude.and.angular.speed.(ω).of.the.sinusoidal.references,.with.an.instanta-
neous.position.with.respect.to.the.real.axis.α.given.by.θ.=.ωt.

The.main.idea.behind.the.working.principle.is.to.generate.over.a.modulation.period.Tm,.a.time.aver-
age.equal. to. the.regularly.sampled.reference.vector.(amplitude.and.angular.position).[5]..Hence,. the.
problem.is.reduced.to.finding.the.duty.cycles.(on.and.off.times).of.the.zero.vector.and.the.two.active.
vectors.that.define.the.sector.in.which.the.reference.is.located..Consider.the.generic.case.of.sector.k.in.
Figure.14.14b,.then.the.time.average.over.a.modulation.period.can.be.defined.by

.
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where.tk/Ts,.tk+1/Ts,.and.t0/Ts.are.the.duty.cycles.of.the.respective.vectors..Using.trigonometric.relations.
it.can.be.easily.found.that
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where.θk.is.the.angle.between.the.α.axis.and.the.current.space.vector.k..Since.all.the.space.vectors.have.
the. same. amplitude. |Vk|. =. |Vk+1|. =. 2Vdc/3,. they. can. be. replaced. in. (14.14). and. (14.15).. Then. the. only.
unknown.variables.left.in.(14.14).and.(14.15).are.tk.and.tk+1..Thus,.the.following.set.of.equations.to.solve.
the.duty.cycles.can.be.obtained:
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. t T t tm k k0 1= − − + . (14.18)

Note.that.(14.18).is.simply.obtained.from.(14.13).once.the.two.nonzero.vector.duty.cycle.times.have.
been.computed,.in.order.to.complete.the.modulation.period.Tm..This.generic.sector.solution.described.
earlier.can.be.easily.applied.to.any.sector.replacing.the.numeric.k.index.(k.=.1,…,6).

The.final.stage.in.the.SVM.algorithm.is.to.generate.an.appropriate.switching.sequence.of.the.modu-
lating.vectors.and.their.duty.cycles..As.explained.in.carrier-based.PWM,.it.is.desirable.to.have.a.center-
weighted.PWM.sequence,.i.e.,.centered.switching.pulses.over.Tm.to.achieve.a.synchronous.operation.of.the.
inverter..Since.in.terms.of.average.value.there.is.no.difference.in.relation.which.vector.is.generated.first.or.
last,.other.issues.can.be.addressed.in.the.definition.of.the.switching.sequence..Particularly,.efficiency.can.
be.taken.into.account.trying.to.decrease.the.number.of.commutations,.thus.reducing.switching.losses.[1,5].

A.popular.vector.generation.sequence.with.a.center-weighted.pulse.pattern.is.illustrated.in.Figure.
14.15a.and.b.depending.on.if.the.reference.vector.is.located.in.an.even.or.odd.sector..The.zero.vector.is.
divided.into.four.segments.and.generated.using.both.zero.vector.possibilities.V0.and.V7..In.the.particular.
case.shown.in.Figure.14.15,.V7.has.been.selected.to.start.and.finish.the.sequence,.while.V0.is.used.for.
the.middle.pulse..This.sequence.can.be.reversed.from.the.center.to.the.sides.(V7.in.the.middle.and.V0.at.
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both.ends);.this.is.equivalent.to.changing.the.polarity.of.the.carrier.signal.in.PWM,.and.does.not.affect.
the.output.voltage.THD..Note.that.the.difference.between.the.odd.and.even.sector.is.a.swap.in.which.
active.vector.is.generated.first,.which.is.necessary.in.order.to.keep.a.center.pulse.pattern..This.is.made.
more.clear.in.a.qualitative.example.for.sector.1.and.2.transition.illustrated.in.Figure.14.15c,.where.the.
vector.sequence.can.be.tracked.down.to.all.inverter.phase.output.voltages.(vaN,.vbN,.and.vcN),.the.line–line.
voltages.(vab.=.vaN.−.vbN.and.vbc.=.vbN.−.vcN).and.the.phase.load.voltage.(van.=.[2vab.−.vbc]/3)..Note.how.each.
voltage.has.a.symmetrical.waveform.within.each.modulation.period.Tm.

Another.state-of-the-art.sequence.known.as.discontinuous.SVM.[9].has.attractive.features.in.terms.
of.reduction.of.the.switching.frequency..This.sequence.takes.in.advantage.the.fact.that.a.phase.of.the.
inverter.can.be.kept.on.a.fixed.switching.state. for. two.sectors,.or.equivalently. for.2π/3,. i.e.,.without.
switching.during.a.third.of.the.fundamental.cycle..From.Figure.14.15a,.it.is.clear.that.if.you.consider.
only.V0.=.(0,0,0).as.zero.vector,.the.following.relations.hold:

•. The.phase.c.component.of.all.vectors.generated.in.sector.1.and.2.is.always.0.
•. The.phase.a.component.of.all.vectors.generated.in.sector.3.and.4.is.always.0.
•. The.phase.b.component.of.all.vectors.generated.in.sector.5.and.6.is.always.0.

In.the.same.way,.considering.only.V1.=.(1,.1,.1).as.zero.vector,.the.following.relations.hold:

•. The.phase.a.component.of.all.vectors.generated.in.sector.6.and.1.is.always.1.
•. The.phase.b.component.of.all.vectors.generated.in.sector.2.and.3.is.always.1.
•. The.phase.c.component.of.all.vectors.generated.in.sector.4.and.5.is.always.1.

By.considering.one.of.both.cases,.it.is.possible.to.define.a.sequence.in.which.one.phase.can.be.kept.
fixed.during.both.corresponding.sectors..Figure.14.16.and.14.17.show.the.vector.sequences.for.odd.and.
even.sectors.to.be.considered.when.using.(0,0,0).and.(1,1,1).as.boundary.vectors,.respectively..Note.that.
choosing.between.one.or.another.is.equivalent.to.changing.the.polarity.of.the.carrier.in.traditional.PWM,.
and.therefore.does.not.affect.the.output.voltage..From.Figures.2.14.and.1.15c,.it.is.clear.how.a.phase.of.
the.inverter.is.kept.fixed.on.0.and.1,.respectively,.without.switching..This.strongly.reduces.the.number.
of.commutations.and.improves.efficiency,.compared.to.the.7-segment.sequence.shown.in.Figure.14.15.

The.inverter.output.phase.voltages,.the.line–line.voltage,.load.voltage,.and.load.current.for.discon-
tinuous.SVM.using.V0,.are.shown.in.Figure.14.18..Note.how.each.phase.is.kept.at.zero.voltage.level.dur-
ing.2π/3.of.the.whole.fundamental.cycle.
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14.2.3.4 Over-Modulation and Zero-Sequence Injection

The.voltage.reference.used.for.modulation.using.carrier-based.PWM,.in.order.to.be.properly.modulated,.
needs.to.be.always.within.the.modulation.range.of.the.carrier.signals..In.practice,.this.means

.
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cr
= ≤v

v

ˆ

ˆ

* .1 . (14.19)

If. the.amplitude.of. the. reference. is.higher. than. the.amplitude.of. the.carrier. signal,. the.generated.
pulses. can. no. longer. warranty. the. time-average. equivalence,. and. the. linearity. of. the. modulation. is.
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lost,.producing.saturation..This.concept,.called.over-modulation.is.illustrated.in.Figure.14.19..Because.
the.fundamental.component.is.not.properly.modulated,.the.control. loop.providing.the.voltage.refer-
ence.will.be.affected..Moreover,. from.the.voltage.spectra.shown.in.Figure.14.19,. it. is.clear.that.over-
modulation.introduces.undesirable.low-order.harmonics.in.the.output.voltage.that.will.not.be.filtered.
by.the.load,.and.will.appear.in.the.load.current..These.harmonics.will.be.fed.back.into.the.control.loop,.
affecting.overall.performance.[1,5].

On. the. other. hand. over-modulation. has. as. positive. counterpart. the. fact. that. higher. amplitude.
fundamental.components.can.be.generated.by.the.inverter.with.ma.>.1,.utilizing.the.same.DC-link.
voltage.to.obtain.higher.load.voltages,.hence.higher.power,.for.the.same.rated.converter..To.overcome.
the.loss.of. linearity,.zero.sequence.signals.can.be.injected.to.over-modulating.reference.voltages.in.
such.a.way.that.the.modified.reference.is.kept.within.the.modulating.range.of.the.carriers..Since.zero.
sequence.signals.are.canceled. in. three-phase.connection,. they.will.not.appear. in. the. line–line.and.
load.voltages,.delivering.the.over-modulated.reference..Therefore,.this.principle.can.only.be.applied.
for. three-phase.VSIs..The. two.most.popular.zero. sequence. signals.are. the. third.harmonic.and. the.
min–max.sequence.[8].

14.2.3.4.1  Third Harmonic Injection
Figure.14.20.shows.a.traditional.bipolar.PWM.for.phase.a.of.the.inverter,.in.which.the.reference.voltage.va*.
is.in.over-modulation..A.third.harmonic.signal.va3* ,.which.is.also.in.phase.with.the.reference.voltage.is.
added.to.form.a.new.reference.voltage.�v v va a a* * *= + 3,.that.is.completely.included.in.the.carrier.range,.and.
therefore. is.not.over-modulated..As.expected,. the. inverter.phase.output.voltage.vaN. shown. in.Figure.
14.20.and.in.the.corresponding.spectrum,.contains.the.Vdc/2.DC.offset,.the.characteristic.carrier.har-
monics.and.their.sidebands,.the.desired.fundamental.component.and.the.third.harmonic,.which.has.
also.been.modulated.by.the.carrier..However,.in.the.line–line.voltage.spectrum,.the.third.harmonics.
have.disappeared,.leaving.only.the.desired.fundamental.component..This.can.be.demonstrated.by.deriv-
ing.the.line–line.voltages.analytically..Consider.the.modified.references.for.phases.a.and.b,.defined.by

. �v v t v ta a a* * sin( ) * sin( )= +ω ω3 3 . (14.20)
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Then.after.modulation,.the.corresponding.switched.inverter.phase.output.voltages.can.be.expressed.by

. v v t v t vaN a a hf= + +*sin( ) * sin( )ω ω3 3 . (14.22)
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where.vhf.are.the.high-frequency.components.grouping.all.characteristic.harmonics..Then.the.line–line.
voltage.vab.=.vaN.−.vaN.can.be.computed.from.(14.22).and.(14.23),.resulting.in
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. v v t vab a hf= +3 * sin( )ω . (14.25)

From.(14.25),.it.is.clear.that.no.triple.harmonic.appear.in.the.line–line.voltage,.and.consequently.in.
the.load.voltage.and.current.

An. important.aspect. to.consider. is. the. limit.of.over-modulation.the. fundamental.component.can.
incur,.and.the.corresponding.amplitude.the.third.harmonic.needs.to.have.to.achieve.the.necessary.com-
pensation..For.this.consider.the.modified.reference.of.(14.20)..To.analyze.the.maximal.value,.(14.20).can.
be.derived.with.respect.to.ωt.and.equaled.to.zero:
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Since.the.maximal.value.can.only.occur.at.ωt.=.π/3.when.the.third.harmonic.is.crossing.zero,.this.
value.can.be.considered.into.(14.26),.which.yields

.
v va a3

1
6

* *.= . (14.27)

Replacing.(14.27).in.(14.20).and.by.considering.that.at.ωt.=.π/3.the.value.of.�va
*.has.to.be.equal.to.the.

carrier.maximum.value,.i.e.,.�v va cr* / )(π 3 1= =ˆ ,.the.following.solution.is.obtained:

.

v v va a aˆ* * sin * sinπ π π
3 3

1
6

3
3 1

0







= 





+




 =

� ���� ����
. (14.28)

.
⇒ = =va* . .2

3
1 1547 . (14.29)

Replacing.(14.29).in.(14.27).yields.to

. va3 0 19245* . .= . (14.30)

Summarizing,.the.maximum.value.the.fundamental.component.of.the.reference.can.have.is.an.addi-
tional. 15.47%,. and. the. necessary. third. harmonic. component. will. be. 1/6. part. of. that.. This. case. (the.
maximum.permitted.over-modulation).is.the.one.illustrated.in.Figure.14.20.

One.of.the.disadvantages.of.the.third.harmonic.injection.method.is.that.the.injection.has.to.be.syn-
chronized.and.the.reference.voltage.amplitude.must.be.known.in.order.to.compute.the.amplitude.of.the.
third.harmonic.to.be.injected..This.makes.this.method.unfeasible.for.variable.speed.and.closed-loop.
operation..In.those.cases,.min–max.zero.sequence.injection.is.a.better.choice.

14.2.3.4.2  Min–Max Injection
The.min–max.signal.is.a.zero.sequence.signal.composed.only.by.odd.triple.harmonics.(mainly.third.and.
ninth).[5]..Therefore,.this.method.only.can.be.used.for.three-phase.inverters.where.this.additional.zero.
sequence.signal.will.be.canceled.in.the.line–line.voltages..The.purpose.of.the.signal.is.to.lower.the.ampli-
tude.of.the.reference.such.that.it.can.be.completely.included.in.the.carrier.signal.modulating.range..The.
min–max.signal.is.defined.by

.
v t

v t v t v t v t v t v t
mm

a b c a b c( )
min{ *( ), * ( ), *( )} *( ), *( ), *( )

=
+ max { }
22

. (14.31)

The.modified.reference.signals.are.�v t v t v tx x mm* ( ) * ( ) ( )= − ,.where.x.stands.for.the.three.phases.(a,b,c)..
Note.that.an.important.difference.with.third-harmonic.injection.is.the.fact.that.vmm(t).is.time–dependent,.
and.therefore.can.be.computed.online,.regardless.of.the.phase.of.the.references;.thus.it.can.be.used.for.
variable.speed.and.closed-loop.operation..The.three.over-modulating.reference.signals,.min.and.max.
components.and.the.min–max.sequence.are.illustrated.in.Figure.14.21a..The.modified.reference.signal.
�va*.for.phase.a.is.shown.in.Figure.14.21b.

As.happens.with.the.third.harmonic.injection,.it.can.be.demonstrated.that.the.maximum.amount.
of.over-modulation.permitted.for.the.references.is.also.a.15.47%..Figure.14.22.shows.a.bipolar.PWM.
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implementation.including.min–max.injection,.considering.the.maximum.admissible.amplitude.for.
the.reference..Note.that.the.modified.reference.�va*.is.completely.included.in.the.carrier.range..From.
its.spectrum,.it.is.clear.that.it.includes.the.over-modulating.fundamental.component.along.with.third.
and.ninth.harmonics.given.by.vmm..The.resulting.inverter.phase.output.voltage.does.present.the.low-
order.injected.harmonics,.but. it.also.includes.the.fully.modulated.fundamental.component..In.the.
line–line.voltage,.the.min–max.harmonics.are.eliminated.as.expected..The.demonstration.of.this.can-
celation.is.similar.to.the.one.performed.for.third.harmonic.injection.and.will.not.be.included.here.

It. is.worth.mentioning. that.bipolar.PWM.with.min–max.sequence. injection.produces.exactly. the.
same.pulse.pattern.than.the.one.achieved.with.SVM.considering.the.center-weighted.seven-segment.
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vector.sequence.of.Figure.14.15.[8]..This.means.that.SVM.achieves.a.15.47%.over-modulation.capabil-
ity.and.better.use.of.the.inverter.rating.without.the.need.of.zero.sequence.injections.vs..carrier-based.
PWM.methods..Nevertheless,. considering. the.easy. implementation.of. carrier-based.PWM,.and. that.
PWM.signals.are.available.in.most.digital.platforms,.the.slight.modification.of.the.reference.signal.using.
min–max.is.a.very.simple.way.to.implement.something.equivalent.to.center-weighted.SVM,.without.the.
complex.algorithm,.calculations,.and.vector.generation.sequence..This.is.why.carrier-based.PWM.with.
min–max.is.considered.a.standard.nowadays.

14.2.3.5 Selective Harmonic Elimination

In.the.megawatt.range,.switching.losses.caused.during.the.commutation.of.a.power.device,.espe-
cially.when.the. inverter.contains. freewheeling.diodes.responsible. for. large.reverse.recovery.cur-
rents. during. the. commutation,. can. lead. to. high-energy. losses. in. long-term. operation. [10].. In.
addition,.it.requires.larger.and.more.sophisticated.heat.dissipation.systems,.usually.air.and.water.
cooled.. Therefore,. high-switching. frequency. modulation. methods,. like. those. based. on. PWM. or.
SVM.are.not.suitable..Unfortunately,.lowering.the.carrier.frequency.in.PWM.(or.the.modulation.
period.in.SVM).imposes.a.trade-off.between.efficiency.improvement.and.power.quality.reduction,.
since.linearity.is.lost.in.the.modulation.(carrier.gets.slow.compared.to.the.reference),.and.low-order.
sideband.harmonics.appear,.which.cannot.be.filtered.by.the.load..This.results.in.higher.load.cur-
rent.THD.

As. a. solution. to. the. aforementioned. problem,. selective. harmonic. elimination. (SHE). has. been.
developed.mainly. targeted. for.high-power.applications. [1,5,11]..Basically,.SHE. is.a.PWM.strategy.
where. the. commutation. angles. are. predefined. and. precalculated. in. order. to. eliminate. low-order.
harmonics. and. keep. fundamental. component. tracking.. To. achieve. this,. the. Fourier. series. of. the.
predefined.waveform.is.used.to.equal.each.non-desired.low-order.harmonic.to.zero,.hence.the.name,.
and. in. additionally. match. the. fundamental. component. with. the. desired. modulation. index. given.
by.the.reference..Figure.14.23.shows.a.predefined.SHE.voltage.waveform.for.a.half-.and.H-bridge.
inverter,.known.as.bipolar.SHE.and.unipolar.SHE,.respectively..Both.waveforms.are.depicted.with.
five.switching.angles.per.quarter.fundamental.cycle.(θ1,…,5)..The.three-phase.full.bridge.VSI.case.is.
shown.with.three.angles.per.quarter.cycle.in.Figure.14.24.together.with.the.line–line.and.load.volt-
age,.and.their.respective.spectra.
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FIGURE.14.23. Five-angle.SHE.waveform:.(a).half-bridge.inverter.and.(b).H-bridge.inverter.
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To.explain.the.operating.principle,.consider.the.three-angle.case.of.Figure.14.24..The.Fourier.series.
for.the.switched.voltage.waveform.is.given.by

.
v t V b n taN

dc
n

n

( ) sin( ),= +
=

∞

∑2
1

ω . (14.32)

.

b v t n t d tn aN= ∫4 ( ) ,
π

ω
π

ω ω)sin(
/2

0
. (14.33)

where.n. is.the.harmonic.number.(n.=.1,.3,.5,…)..There.are.no.even.order.harmonics.due.to.half-wave.
symmetry..By.replacing.the.angles.in.(14.33),.the.following.coefficients.are.obtained

.
b V

n
n n nn

dc= + 
4

1 2 3π
θ θ θcos( ) )) cos( cos( − . (14.34)

Since.there.are.no.even.order.harmonics,.and.third-order.harmonics.and.its.multiples.(called.zero.sequence.
signals).are.cancelled.by.the.three-phase.connection.of.a.balanced.load,.it.is.usual.to.eliminate.the.5th.and.7th.
harmonic..This.is.achieved.by.replacing.n.=.5.and.n.=.7.in.(14.34),.and.forcing.the.coefficients.to.zero:

. b5 1 2 30 5 5 5= = − +[ ]cos( ) cos( ) cos( )θ θ θ . (14.35)

. b7 1 2 30 7 7 7= = − +[ ]cos( ) cos( ) cos( )θ θ θ . (14.36)

To.complete.the.set.of.equations,.the.fundamental.is.forced.to.obtain.the.desired.modulation.index

.
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The.three.angles.and.three.equations.form.the.nonlinear.system.to.be.solved..Note.that.the.addition.of.
an.additional.coefficient.to.eliminate.another.harmonic.is.not.possible.since.two.equations.would.be.linear.
dependent..The.only.way.to.eliminate.more.harmonics.is.to.add.more.angles,.increasing.the.complexity.of.
the.system..The.general.rule.is.that.with.k.angles,.k.−.1.harmonics.can.be.eliminated.while.keeping.control.
of.the.fundamental.component..Figure.14.24.shows.a.particular.solution.for.a.modulation.index.close.to.
one..Note.how.the.5th.and.7th.harmonics.are.eliminated.in.the.inverter.phase.voltage.while.the.3rd.and.9th.
still.appear..Nevertheless,.as.mentioned.before.they.are.eliminated.through.the.three-phase.connection.of.
the.load.and.do.not.appear.in.the.line–line.and.load.voltages,.as.can.be.corroborated.by.their.spectra..In.
addition.the.load.current.is.shown,.and.appears.highly.sinusoidal.despite.the.low.switching.frequency.of.
the.inverter..If.more.angles.are.considered,.a.natural.choice.for.elimination.would.be.the.11th,.13th,.17th,.
and.so.on,.since.no.even.harmonics.or.multiples.of.three.need.to.be.eliminated..For.the.single-phase.case,.
this.does.not.hold.and.triple.harmonics.also.need.to.be.eliminated.

It. is. worth. mentioning. that. the. set. of. equations. cannot. be. solved. online. or. analytically,. being.
this. the.main.disadvantage.of.SHE..Hence,.all. the.switching.patterns.have.to.be.pre-calculated.off-
line.and.stored.in.lookup.tables..Many.types.of.algorithms.are.used.to.solve.these.equations,.mainly.
based.on.iterative.numerical.techniques,.such.as.genetic.algorithms.[12]..A.typical.five-angle.solution.
for. the. whole. modulation. index. range. is. shown. in. Figure. 14.25a.. Usually. this. solution. is. stored. in.
lookup.tables,.which.are.accessed.using.the.modulation.index.given.by.the.voltage.reference..Then,.
the. angles. are. converted. into. time. by. using. a. triangle. waveform. with. amplitude. π/2. and. with. the.
double.of.the.desired.fundamental.frequency.ω.in.[rad/s]..This.implementation.strategy.is.illustrated.
in.Figure 14.25b.

To.illustrate.the.effectiveness.of.SHE,.consider.the.following.example:.A.five-angle.SHE.waveform.
produces.an.average.device.switching.frequency.fsw.of.11.times.the.fundamental.(number.of.pulses.per.
cycle)..Thus,.for.a.50.Hz.fundamental.frequency.fsw.=.550.Hz..This.waveform.in.a.three-phase.connection.
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would.generate.the.17th.as.the.first.harmonic.equivalent.to.850.Hz..On.the.contrary,.a.550.Hz.carrier.
PWM.would.have.central.harmonics.at.550.Hz,.and.significant.low-order.sidebands.at.450.Hz,.almost.
two.times.lower.than.SHE..Nevertheless,.the.main.drawback.of.SHE.is.the.fact.it.is.computed.off-line.
and.stored.in.lookup.tables,.which.are.inherently.discontinuous.in.nature..In.addition,.the.angles.are.
computed.assuming.pure.sinusoidal.waveform.operation.in.steady.state,.hence.in.dynamic.operation.for.
variable.frequency.and.amplitude.the.angles.are.no.longer.optimal.and.low-order.harmonics.do.appear..
These.harmonics.are.fed.back.in.closed-loop.operation,.affecting.the.system.performance.[13]..Hence,.
SHE.is.not.recommended.for.high-performance.variable.speed.motor.drives.

A.modulation.method.that.can.combine.low.switching.frequency.and.high.bandwidth.closed-loop.
operation.still.remains.an.important.subject.of.development.in.power.electronics.

14.3 Multilevel Voltage Source Converters

14.3.1 Introduction

Several. applications.demand.higher.power.due. to.economy.of. scale.and.efficiency. reasons..To. reach.
high.power.levels,.VSI.are.needed.to.increase.their.voltage.operation.above.the.limits.imposed.by.the.
semiconductor.technology..The.series.connection.of.devices.in.the.two-level.topologies.analyzed.in.pre-
vious.section.can.increase.the.voltage.rating.of.the.inverter,.but.high.dv/dt’s.are.obtained..Moreover,.the.
voltage.distribution.among.the.series-connected.devices.is.not.even.due.to.mismatch.between.devices,.
which.leads.to.derating.of.the.devices.and.less.reliability.due.to.possible.overvoltages.across.one.device..
This.is.why.current.source.topologies.were.the.only.alternative.for.high-power.applications.during.sev-
eral. decades.. Multilevel. inverters. were. specially. developed. to. enable. voltage. source. topologies. reach.
higher.voltages.[28]..Instead.of.connecting.several.power.switches.in.series,.multilevel.inverter.struc-
tures.arrange.the.semiconductors.with.additional.DC-link.capacitors.that.subdivide.the.total.converter.
voltage.rating.to.the.blocking.limit.of.the.semiconductor..The.additional.dc-link.capacitors,.hence.dc-
sources,.are.connected.to.the.load.in.sequences.through.the.different.switching.states.of.the.semicon-
ductor.arrangement,.enabling.the.possibility.not.only.to.increase.the.voltage,.but.also.to.generate.more.
voltage.levels.at.the.output,.improving.the.quality.of.the.generated.voltage.waveform..Figure.14.26.shows.
the.difference.between.the.concept.of.the.two-level.and.the.multilevel.voltage.waveform.(a.nine-level.
example.is.shown).

From.Figure.14.26,.a.clear.improvement.in.the.voltage.waveform.can.be.noticed.in.terms.of.THD.
reduction,.and.the.dv/dt.for.the.same.voltage.rating.is.a.1/(k−1).fraction.of.the.two-level.waveform,.for.a.
k-level.inverter.(1/8.in.the.case.of.the.nine-level.inverter.shown.in.Figure.14.26b)..This.also.means.that.
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the.voltage.rating.can.be.increased.k.−.1.times.given.a.specific.semiconductor.blocking.voltage.limit,.
which.effectively.increases.the.nominal.power.of.the.converter.

These.properties.make.multilevel.converters.very.attractive.for.high-power.applications.(1–50.MW).that.
reach.the.medium-voltage.level.(2.3–10.kV).like.pumps,.fans,.conveyors,.high.speed.traction,.and.ship.pro-
pulsion.to.name.a.few..Currently.several.topologies.have.found.industrial.acceptance.and.are.commercialized.
by.several.medium-voltage.converter.manufacturers.[38]..Despite.the.level.of.maturity.these.inverters.have.
reached,.multilevel.converters.have.a.more.complex.circuit.structure,.with.more.semiconductors,.hence.more.
switching.states.or.control.options,.which.all.together.introduce.several.technical.challenges..Nevertheless,.
these.extra.switching.states.also.enable.a.great.number.of.possibilities.and.additional.degrees.of.freedom..
This.is.why.new.topologies.and.modulation.methods.are.still.very.actively.under.research.and.development.

This.section.presents.a.brief.overview.of.the.most.common.multilevel.converter.topologies.and.mul-
tilevel.modulation.methods.used.in.industry.

14.3.2 Multilevel Converter topologies

There.are.a.large.number.of.multilevel.converter.topologies.reported.in.the.literature.[14,38],.but.the.most.
common.multilevel.converter. topologies. in. industry.are.diode-clamped.converters.also.called.neutral-
point-clamped.(NPC).converters,.cascaded.H-bridge.(CHB).converters,.and.flying.capacitor.(FC).convert-
ers..A.classification.of.multilevel.converter.topologies.is.represented.in.Figure.14.27,.which.includes.these.
three.converters.along.with.more.recently.introduced.topologies,.some.of.them.derived.from.the.conven-
tional.multilevel.inverters..Since.the.NPC,.CHB,.and.FC.have.been.successfully.introduced.as.commercial.
products.for.more.than.a.decade.they.will.be.covered.in.further.detail.in.this.section,.while.the.other.topol-
ogies.(some.of.them.not.available.in.industry).will.be.briefly.addressed.and.referenced.for.further.reading.

14.3.2.1 Neutral-Point-Clamped Inverters

The.NPC.multilevel.inverter.was.introduced.in.the.early.1980s.[15]..This.converter.was.based.on.a.modi-
fication.of. the.classical. three-phase. two-level. converter. topology.. In. the.conventional. two-level. con-
verter.(see.Figure.14.7),.each.power.semiconductor.must.withstand.a.voltage.stress.equal. to.Vdc..The.
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modification.to.get.the.three-level.NPC.converter.adds.two.extra.semiconductors.per.phase.and.two.
clamping.diodes.that.divide.the.DC.link.in.half..Using.this.new.topology,.each.switching.device.blocks.
at.the.most.a.voltage.equal.to.Vdc/2..So,.if.these.semiconductors.have.the.same.characteristics.than.those.
used.in.the.two-level.converter,.the.DC-link.voltage.can.be.theoretically.doubled.leading.to.double.the.
nominal.power.of.the.converter..In.Figure.14.28,.the.three-phase.three-level.NPC,.also.called.diode-
clamped. converter. is. represented.. In. this. topology,. the. total. DC-link. voltage. (Vdc). has. to. be. equally.
shared.between.capacitors.C1.and.C2.

In.order.to.avoid.short-circuit.of.the.DC-link.capacitors,.there.are.only.three.possible.switching.states.
for.the.NPC,.which.are.summarized.in.Table.14.4..These.three.switching.states.produce.three.output.
phase.voltages.with.respect.to.neutral.point.O.(the.middle.point.of.the.dc-link),.which.is.why.the.NPC.
is.referred.as.a.three-level.inverter.

The.NPC.topology.can.be.extended.to.achieve.more.levels.in.the.output.phase.voltages,.for.which.
more.capacitors.are.connected.in.series.in.the.dc-link,.and.additional.switches.and.clamping.diodes.
are. used. to. clamp. the. switches. to. each. capacitor. [38].. Therefore,. in. this. case. it. is. more. correctly.
referred.as.a.diode-clamped.converter,.since.there.is.not.only.one.clamping.node.at.the.dc-link.side,.
and.even.not.necessarily.a.neutral.point.with.zero.volt.potential. (this. is. the.case. for.even.number.
levels)..However,.the.NPC.topology.with.a.high.number.of.levels.has.a.high.unequal.distribution.of.
the.losses.among.semiconductors.which.forces.a.derating.of.the.power.devices,.and.also.a.reduction.
of.the.lifetime.of.the.power.semiconductors..On.the.other.hand,.although.all.the.power.switches.share.
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TABLE.14.4. Three-Level.NPC.Switching.States
Sa1 Sa2 Sa3 Sa4 Phase.Voltage,.vao

1 1 0 0 Vdc/2
0 1 1 0 0
0 0 1 1 −Vdc/2

Note:. Only.phase.a.given.
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the.same.blocking.voltages,.the.clamping.diodes.do.not.share.it.equally..Note.that.frequently.these.
power.converters.use.the.top-rated.devices.in.the.market,.so.clamping.diodes.for.higher.number.of.
levels.will.require.the.connection.of.several.diodes.in.series..These.problems.and.other.such.as.the.dc.
voltage.balance.of.the.capacitors.have.prevented.the.industrial.implementation.of.the.NPC.topology.
with.more.than.three.levels.

Three-level.NPC.topology.has.become.very.popular.in.industry.and.academic.research.all.over.the.world..
As.some.commercial.examples,.converters.such.as.the.ACS1000.(ABB),.MV.Simovert.(Siemens),.TMdrive-70.
(TMEIC-GE),.Silcovert-TN.(Ansaldo),.MV7000.(Converteam).and.IngeDrive.MV500.(IngeTeam).to.name.
a.few.are.current.commercial.three-level.NPC.solutions..The.NPC.can.be.found.in.industry.featuring.IGCT,.
IEGT,.and.medium-voltage.IGBT.(MV-IGBT),.like.the.one.shown.in.Figure.14.28.

14.3.2.2 Flying Capacitor Inverters

Multilevel.FC.converter.topology.was.developed.in.the.1990s.and.it.uses.several.floating.capacitors.instead.
of.clamping.diodes,.to.share.the.voltage.stress.among.devices,.and.to.achieve.different.voltage.levels.in.the.
output.voltage.[16]..In.Figure.14.29,.a.three-phase.FC.is.shown..Depending.on.the.voltage.of.the.floating.
capacitors,.the.number.of.voltage.levels.change..In.the.converter.represented.in.Figure.14.29,.if.the.floating.
capacitor.voltages.are.equal.to.va1.=.vb1.=.vc1.=.Vdc/2,.the.number.of.output.voltage.levels.is.three,.as.is.sum-
marized.in.Table.14.5..Other.voltage.ratios.can.be.used.for.the.floating.capacitors,.increasing.the.number.
of.levels..However,.this.makes.the.voltage.balancing.of.the.capacitors.more.difficult.and.imposes.different.
blocking.voltage.among.the.devices,.and.therefore.does.not.find.industrial.acceptance.

The.FC.converter.shown.in.Figure.14.29.can.be.represented.in.a.different.way.in.order.to.show.its.high.
modularity..In.fact,.each.phase.of.the.FC.topology.is.formed.by.several.basic.power.cells.connected.in.
cascade,.as.is.shown.in.Figure.14.30..Each.cell.is.composed.of.a.pair.of.switches.and.one.capacitor..It.is.
clear.that.both.power.semiconductors.of.each.power.cell.are.controlled.with.opposite.signals.to.avoid.a.
short-circuit.of.the.capacitors..Therefore,.only.one.control.signal.has.to.be.used.in.order.to.trigger.the.
power.semiconductors.of.each.cell.of.the.FC.
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The.FC.topology.can.be.extended.achieving.more.levels.in.the.output.phase.voltages.only.connect-
ing.more.power.cells.in.series..In.general,.for.a.multilevel.FC.with.m.cells,.several.FC.voltages.can.be.
considered.(va1.:.va2.:.va3.:…:.va (m−1)).However,.the.conventional.FC.topology.has.floating.capacitors.with.
voltage.ratios.equal.to.m.−.1.:…:.2:1.what.means.that.the.voltage.of.the.floating.capacitor. j. is.equal.
to.vaj.=.jVdc/m..Using.this.conventional.dc.voltage.ratio,.the.number.of.levels.of.a.m-cell.FC.is.equal.to.m.+.1..
Nowadays,.the.FC.topology.has.a.reduced.industrial.presence.but.some.commercial.products.can.be.
found.(converter.ALSPA.VDM6000.by.Alstom).

14.3.2.3 Multilevel Cascaded H-Bridge Inverters

The.multilevel.cascaded.H-bridge.converter.(usually.called.CHB.converter).is.formed.by.the.series.con-
nection.of.several.H-bridges.with.their.corresponding.independent.voltage.sources.[17]..In.Figure.14.5,.
a. conventional. H-bridge. VSI. was. shown.. This. circuit. can. be. considered. as. the. basic. cell. to. develop.
multilevel.CHB.converters.and.its.operating.principles.were.introduced.in.Section.14.2.2.2..A.CHB.is.
easily.built.connecting.several.H-bridge.cells.in.series,.like.the.two-cell.CHB.shown.in.Figure.14.31..In.
this.way,.the.CHB.topology.is.able.to.reach.higher.voltage.levels.by.just.adding.H-bridge.cells.in.series..
This.high.modularity.feature.is.very.attractive.to.reach.medium.voltages.up.to.10.or.even.13.kV.in.some.
industrial.applications..This.is.why.the.CHB.is.found.in.practical.applications.up.to.nine.cells.in.series.
[43]..Because.the.voltage.is.shared.among.so.many.cells.and.devices,.low-voltage.IGBT.(LV-IGBT).are.
used..However,.the.main.drawback.of.this.topology.is.that.each.basic.cell.needs.an.independent.voltage.
source,.Vdc1.and.Vdc2.in.Figure.14.31,.which.are.usually.equal.(Vdc)..These.isolated.dc-sources.are.com-
monly.provided.by.a.multi-secondary.transformer.with.diode.rectifiers..The.secondaries.of.the.trans-
former.are.shifted.in.phase.(zigzag.transformers).so.that.together.with.the.diode.rectifiers.a.multipulse.
rectifier.configuration.is.achieved.that.enables.input.current.harmonics.mitigation..Hence,.the.trans-
former.can.be.seen.as.a.drawback.in.terms.of.design.and.implementation.complexity.and.additional.
cost,.but.on.the.other.hand.introduces.improved.power.quality.
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FIGURE.14.30. Two-cell.FC.converter.topology..If.va1.is.equal.to.Vdc/2,.this.is.the.three-level.FC.topology.

TABLE.14.5. Three-Level.FC.Switching.States

Sa1 Sa2 Sa3 Sa4 Phase.Voltage,.vao

1 1 0 0 Vdc/2
1 0 1 0 0
0 1 0 1 0
0 0 1 1 −Vdc/2

Note:. Only.phase.a.given.
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The. conventional. CHB. assumes. that. all. the. dc. voltage. sources. Vdci. have. exactly. the. same. values,.
this.corresponds.to.the.CHB.with.equal.dc.sources.of.the.classification.in.Figure.14.27..Assuming.this.
.conventional. dc. voltage. ratio. and. considering. a. two-cell. cascaded. converter,. like. the. one. shown. in.
Figure.14.31,. the.possible.switching.states.are. listed. in.Table.14.6..The.two-cell.achieves.five.possible.
output.voltages.and,.therefore.it.is.a.five-level.converter..Many.of.the.switching.states.generate.the.same.

+ a

O
+ vc2

vc1

LV-IGBTP

Vdc1

Sa1

Sa1

Sa3

Sa3

Vdc2

Sa4

Sa4

Sa2

Sa2

vao

FIGURE.14.31. Two-cell.CHB.converter.

TABLE.14.6. Five-Level.CHB.Switching.States.with.Equal.dc-Sources.(Vdc1.=.Vdc2)

Cell.1 Cell.2 Cell.1.Voltage. Cell.2.Voltage Phase.Voltage

Sa1 Sa2 Sa3 Sa4 vc1 vc2 vao.=.vc1.+.vc2

1 0 1 0 Vdc Vdc 2Vdc

1 0 0 0 Vdc 0 Vdc

1 0 1 1 Vdc 0 Vdc

0 0 1 0 0 Vdc Vdc

1 1 1 0 0 Vdc Vdc

0 0 0 0 0 0 0
1 1 0 0 0 0 0
0 0 1 1 0 0 0
1 1 1 1 0 0 0
1 0 0 1 Vdc −Vdc Vdc, −Vdc

0 1 1 0 −Vdc Vdc −Vdc, Vdc

0 1 0 0 −Vdc 0 −Vdc

0 1 1 1 −Vdc 0 −Vdc

0 0 0 1 0 −Vdc −Vdc

1 1 0 1 0 −Vdc −Vdc

0 1 0 1 −Vdc −Vdc −2Vdc
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output.voltage. level.(voltage. level.redundancy),.which.increases.overproportionally. to.the.amount.of.
cells..In.general.terms,.the.number.of.different.voltage.levels.generated.by.a.CHB.with.k.cells.is.2k.+.1.

Different.dc.voltage.source.ratios.can.be.applied.in.order.to.achieve.more.voltage.levels.in.the.output.
voltage.[18]..These.converters.are.known.as.CHB.with.unequal.dc.sources.or.asymmetric.CHB,.as.shown.
in.classification.of.Figure.14.27.

Depending.on.the.dc.voltage.ratio,.up.to.nine.levels.can.be.obtained.using.a.two-cell.CHB.topology.
shown.in.Figure.14.31..In.general.terms,.a.voltage.ratio.in.multiples.of.three.between.each.cell.of.the.
CHB.(Vdc (I+1).=.3Vdci).eliminates.all.the.voltage-level.redundancies,.maximizing.the.number.of.gener-
ated.voltage.levels..In.this.case,.a.k-cell.CHB.will.generate.3k.levels.in.the.output.voltage..Compared.to.a.
CHB.with.equal.dc.sources,.a.4-cell.asymmetric.converter.will.generate.34.=.81.levels.compared.to.
2·4 +.1 =.9.levels.of.the.symmetric.CHB..However,.like.with.the.FC,.the.modularity.is.lost.since.different.
blocking.voltages.appear.among.the.semiconductors.of.the.different.cells.

The.CHB.with.equal.dc.sources.is.recently.achieving.a.high.industrial.impact.and.commercial.prod-
ucts.such.as.MVD.Perfect.Harmony.(Siemens),.Tmdrive-MV.(TMEIC-GE),.LSMV.VFD.(LS.Industrial.
Systems),.AS7000.(ArrowSpeed),.and.FSDrive-MV1S.(Yaskawa).to.name.a.few.can.be.currently.found.

14.3.2.4 Other Multilevel Inverter topologies

Other.topologies,.usually.derived.from.the.classic.multilevel.converter.topologies.(NPC,.CHB,.and.FC),.
have.been.introduced.in.the.literature..Among.them,.one.derived.from.the.three-level.NPC.and.called.
three-level.active.NPC.(ANPC).topology.has.been.developed.trying.to.improve.the.NPC.features..As.
can.be.observed.in.Figure.14.32,.this.topology.replaces.the.clamping.diodes.by.clamping.switches.offer-
ing.the.possibility.to.equalize.the.losses.in.the.overall.converter.(which.is.a.drawback.of.the.conventional.
three-level.NPC).enabling.a.substantial.increase.in.the.power.rating.of.the.converter..A.detailed.analysis.
on.the.loss.distribution.and.how.to.control.it.through.the.new.switching.states.provided.by.the.addi-
tional.clamping.switches.is.performed.in.[40].
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FIGURE.14.32. Three-level.ANPC.converter.
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Another.interesting.hybrid.topology.called.NPC-CHB.has.been.recently.introduced.[41].and.it.is.
formed.by.a.three-level.NPC.connected.in.series.with.single-phase.H-bridge.cells.(usually.one.or.two.
cells)..In.this.topology,.normally.the.H-bridges.dc.sides.are.floating.capacitors.without.any.dc.voltage.
supply..Therefore,.the.addition.of.the.H-bridge.cells.increases.the.number.of.voltage.levels,.but.does.
not.increase.the.active.power.rating.of.the.overall.converter..The.functionality.of.the.H-bridge.cells.is.
the.active.filtering.and.the.enhancement.of.the.output.voltage.harmonic.distortion.

Finally,. another. hybrid. multilevel. converter,. which. is. the. current. focus. of. industrial. interest. is.
the.modular.multilevel.converter.(M2C.or.MMC),.particularly.for.HVDC.systems.[42]..The.MMC.is.
derived.from.the.CHB.topology.and.is.usually.formed.by.single-phase.half-bridges.with.floating.dc.
sides.connected.in.series..However,.in.the.MMC.case,.the.phase.leg.is.divided.in.two.equal.parts.to.be.
able.to.generate.equal.number.of.positive.and.negative.levels.at.the.ac.side..Normally,.some.inductor.is.
connected.at.the.output.of.each.leg.to.protect.during.transitory.short.circuits..Also,.floating.H-bridges.
have.been.used.as.power.cells.to.implement.the.MMC.topology..As.the.number.of.cells.of.the.MMC.
used.to.be.high,.the.output.voltage.present.a.high.number.of.levels.improving.its.harmonic.content.

Another.multilevel.topology.that.has.found.industrial.application.is.an.hybrid.between.the.NPC.and.an.
H-bridge..Basically.the.topology.connects.in.parallel.two.three-level.NPC.legs.to.form.a.five-level.H-bridge,.
called.H-NPC..This.topology.also.needs.isolated.dc-sources.for.the.H-bridge.of.each.phase..This.topology.
is.commercialized.by.two.major.manufacturers.(ACS5000.by.ABB.and.Dura-Bilt5i.MV.by.TMEIC-GE).

14.3.3 Modulation techniques for Multilevel Inverters

The.most.common.modulation.techniques.for.multilevel.converters.have.been.extended.from.modula-
tion.methods.used.in.conventional.two-level.VSIs..In.general,.as.the.multilevel.converters.are.specially.
well.suited.for.high-power.applications,.usually.the.modulation.technique.is.focused.on.the.minimiza-
tion.of.the.switching.losses.mainly.by.reducing.the.switching.frequency..The.most.common.modulation.
techniques. for.multilevel. converters.are.divided. in. two.main.groups:. techniques.based.on. the. space.
vector.concept.and.techniques.based.on.the.voltage.levels..A.classification.of.the.most.common.modula-
tion.techniques.for.multilevel.converters.is.introduced.in.Figure.14.33..Furthermore,.as.is.also.shown.in.
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Figure.14.33,.the.modulation.techniques.can.be.classified.depending.on.the.switching.frequency.of.the.
method.(high,.mixed,.or.low.switching.frequency).

14.3.3.1 Space Vector–Based Modulation techniques for Multilevel Inverters

In. general,. the. space-vector. modulation. (SVM). techniques. can. be. classified. into. three. main. groups.
depending.on.the.number.of.phases.of.the.converter.and.depending.on.the.coordinates.used.to.plot.the.
space.vectors.generated.by.the.converter,.also.called.control.region.of.the.converter.

14.3.3.1.1  SVM Techniques Based on Two-Dimensional Control Regions
The.conventional.way.to.introduce.a.SVM.technique.for.a.three-phase.converter. is.based.on.a.two-
dimensional. (2D). representation. of. the. control. region. of. the. converter. using. the.α−β. plane.. As. an.
example,.the.2D.control.region.of.a.three-phase.three-level.converter.is.represented.in.Figure.14.34a..
In.these.SVM.techniques,.the.main.purpose.of.the.algorithm.is.to.determine.the.three.space.vectors,.
their. duty. cycle. or. switching. times. and. the. switching. sequence. in. which. they. will. be. generated. to.
approximate.in.average.the.reference.voltage.vector.over.the.modulation.period..In.[19],.a.summary.
of.the.most.used.2D.SVM.techniques.is.presented..Usually,.the.space.vectors.and.switching.times.are.
determined.by.geometrical-based.calculations,.like.the.ones.analyzed.for.the.two-level.SVM.in.previ-
ous.section..This.is.usually.done.between.the.projections.of.the.reference.space.vector.over.the.triangle.
formed. by. the. closest. voltage. space. vectors. generated. by. the. converter. to. the. reference. vector. in. a.
given.moment..The.final.switching.sequence.and.the.switching.times.are.easily.calculated.using.simple.
mathematical.equations.[20].

14.3.3.1.2  SVM Techniques Based on Three-Dimensional Control Regions
SVM.techniques.designed.taking.into.account.the.control.region.represented.in.the.α–β.plane.are.well.
suited.for.converter.topologies.where.the.zero.sequence.voltage.and.the.zero.sequence.current.are.zero.
and.therefore.their.γ.components.are.zero..However,.some.converter.topologies.such.as.the.three-phase.
four-wire.and.four-phase.four-wire.topologies.present.zero.sequence.voltages.and.zero.sequence.cur-
rents.in.general.different.to.zero..In.these.cases,.SVM.techniques.have.to.consider.the.three.components.
α,.β,. and.γ. to. carry.out. the.modulation.without. errors..The.easiest.way. to.design.a.SVM.technique.
using.three.components.is.to.use.the.natural.coordinates.abc.because,.in.this.case,.the.control.region.
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FIGURE.14.34. Control.region.of.the.three-level.converter.(a).using.the.α–β.plane.and.(b).using.the.abc.coordinates.



DC–AC	Converters	 14-35

is.formed.by.regular.volumes.simplifying.the.necessary.calculations..This.concept.is.shown.in.Figure.
14.34b,. where. the. control. region. of. a. three-phase. three-level. converter. is. represented. using. the. abc.
frame.. It. can.be.noticed. that. the.3D-based.SVM.techniques.are.an.extension.of. the.2D-based.SVM.
techniques,.and.they.can.be.applied.without.restriction.to.any.power.converter.topology.with.or.without.
zero.sequence.components.

For.instance,.a.very.simple.3D.SVM.using.abc.coordinates. is. introduced.in.[21].and.is.based.on.a.
normalization.of.the.reference.voltage.and.a.simple.geometrical.search.of.the.tetrahedron.where.the.
normalized.reference.vector. is. located.. In. this.case,. the.final.switching.sequence. formed.by. the. four.
nearest. state.vectors.and. their.corresponding. switching. times.are.also.calculated.with. simple.math-
ematical.expressions.

14.3.3.1.3  SVM Techniques for Multilevel Multiphase Converters
The. previous. SVM. techniques. including. the. 2D-SVM. and. the. 3D-SVM. can. be. only. applied. to.
three-phase.multilevel.converters..The.graphical.representation.of.the.control.region,.present.on.
three-phase.converters,.is.lost.when.the.number.of.phases.increases..For.a.higher.number.of.phases,.
new.modulation.techniques.have.been.introduced.in.[22]..This.method.solves.the.modulation.prob-
lem. of. multiphase. multilevel. converters. by. using. matrix. calculations. in. order. to. determine. the.
switching.sequence.and.the.switching.times.to.generate.the.reference.voltage.for.each.phase..Using.
this.multiphase.SVM.method,.in.the.first.step,.a.normalization.of.the.reference.voltage.is.done.and.
all.the.calculations.are.written.in.matrix.format..Using.this.modulation.technique,.the.multiphase.
multilevel.modulation.problem.is.reduced.to.a.multiphase.two-level.problem.using.simple.calcula-
tions.determining.a.normalized.two-level.reference.vector..This.technique.is.simple.but.it.should.be.
noticed.that.the.number.of.cases.highly.increases.when.the.number.of.phases.is.increased.

14.3.3.1.4  Space Vector Control
In.the.space.vector.control.(SVC),.the.basic.idea.is.to.take.advantage.of.converters.with.high.number.of.
voltage.vectors.(for.inverters.of.at.least.seven.levels),.by.simply.approximating.the.reference.to.the.closest.
voltage.vector.that.can.be.generated..SVC.was.in.[23],.as.an.alternative.to.the.SVM.techniques.to.provide.
a.high.performance.using.a.low.switching.frequency..SVC.is.not.actually.a.modulation.method.because.
the.reference.vector.is.not.achieved.by.the.switching.of.the.converter.averaged.over.a.switching.period..
Using.SVC,.the.reference.vector.is.only.approximated,.generating.an.error.which.is.small.in.the.case.of.
converters.with.high.amounts.of.levels.due.to.the.dense.SVC.region..Because.of.the.approximation.error,.
some.low-order.harmonic.distortion.does.appear.in.the.output.voltage;.however,.this.drawback.comes.
with.the.great.benefit.of.very.low.switching.frequency,.which.improves.the.efficiency.of.the.converter.

14.3.3.2 Voltage Level–Based Modulation techniques for Multilevel Inverters

14.3.3.2.1  Multicarrier Level-Shifted PWM
Level-shifted.PWM.(LS-PWM). is. the.natural.extension.of.bipolar.PWM.for.multilevel. inverters. [8]..
Bipolar.PWM.uses.one.carrier.signal,.which.is.compared.to.the.reference.to.decide.between.two.differ-
ent.voltage.levels,.typically.the.positive.and.negative.busbars.of.a.VSI..By.generalizing.this.idea,.for.an.
k-level.inverter,.k.−.1.carriers.are.needed.arranging.them.in.vertical.shifts..Since.each.carrier.is.associ-
ated.to.two.levels,.the.same.principle.of.bipolar.PWM.can.be.applied..The.k.−.1.carriers.span.the.whole.
amplitude.range.that.can.be.generated.by.the.converter.

The.carriers.can.be.arranged.in.vertical.shifts,.with.all.the.signals.in.phase.with.each.other,.called.
phase.disposition.(PD-LS-PWM),.with.all.the.positive.carriers.in.phase.with.each.other.and.in.oppo-
site.phase.of.the.negative.carriers,.known.as.phase.opposition.disposition.(POD-LS-PWM),.and.finally.
alternate.phase.opposition.disposition.(APOD-LS-PWM).which. is.obtained.by.alternating.the.phase.
between.adjacent.carriers..The.LS-PWM.modulation.is.especially.useful.for.NPC.converters,.since.each.
carrier.can.be.easily.associated.to.two.power.switches.of.the.converter.



14-36	 Power	Electronics	and	Motor	Drives

The.LS-PWM.technique.leads.to.high-quality.line.voltages.since.all.the.carriers.are.in.phase.when.
compared.to.other.multicarrier.PWM.methods..In.addition.since.it.is.based.on.the.output.voltage.levels.
of.an.inverter,.this.principle.can.be.easily.adapted.to.any.multilevel.converter.topology..However,.this.
method.is.not.preferred.for.CHB.and.FC,.since.it.causes.an.uneven.power.distribution.among.the.dif-
ferent.cells..This.generates.input.current.distortion.in.the.CHB.and.a.capacitor.unbalance.in.the.FC.

14.3.3.2.2  Multicarrier Phase-Shifted PWM
Phase-shifted.PWM.(PS-PWM).is.a.multicarrier.PWM.method,.and. is.a.natural.extension.of.PWM.
especially.suited.to.be.applied.to.the.FC.and.CHB.[8].converters,.mainly.due.to.the.modularity.of.these.
topologies.. Each.cell. is.modulated. independently.using. unipolar.or.bipolar. PWM,. for. the. CHB.and.
FC,.respectively,.with.the.same.reference.signal..A.phase.shift.is.introduced.across.the.carrier.signals.
of.each.cell.in.order.to.produce.the.stepped.multilevel.waveform..The.lowest.output.voltage.distortion.
is.achieved.with.a.180°/k.or.360°/k.phase.shifts.between.the.carriers,.for.a.k-cell.CHB.or.k-cell.FC.con-
verters,.respectively..This.is.because.the.FC.power.cells.have.two-level.output.voltages,.compared.to.the.
three.output.levels.of.the.H-bridges.of.the.CHB.

Using.the.PS-PWM.technique.for.a.conventional.symmetrical.k-cell.multilevel.converter,.the.inverter.has.
k.times.the.nominal.power.of.each.cell..In.addition,.the.frequency.of.the.inverter.output.voltage.switching.
pattern.is.also.k.times.higher,.without.increasing.the.average.switching.frequency..This.is.produced.by.a.mul-
tiplicative.effect.in.the.output.switching.pattern,.due.to.the.series.connection.of.the.cells.and.the.phase.shifts.
introduced.in.the.carriers..The.PS-PWM.technique.produces.an.even.usage.of.the.different.power.cells.of.the.
CHB.leading.to.an.equal.power.distribution.and.power.losses.between.the.H-bridges..The.same.happens.with.
the.FC,.but.in.relation.to.the.natural.balancing.of.the.capacitor.voltages.what.is.naturally.achieved.by.using.
the.PS-PWM..However,.NPC.inverters.cannot.operate.with.PS-PWM,.since.it.has.no.modular.structure,.and.
therefore.the.carriers.cannot.be.associated.to.a.particular.cell.or.treated.independently.

14.3.3.2.3  Hybrid Modulation
The.hybrid.modulation.[24].is.specially.conceived.for.the.asymmetrical.CHB.converters.(with.unequal.
dc.sources)..The.basic.idea.is.to.take.advantage.of.the.different.power.rates.among.the.cells.to.reduce.
switching.losses.and.improve.the.converter.efficiency..In.the.high-power.cells,.a.square-wave.modula-
tion.is.applied,.while.the.lowest.voltage.power.cell.uses.a.conventional.PWM.technique..In.this.way,.
the.high-power.cells.switch.at.fundamental.frequency,.generating.very.low.switching.losses,.while.the.
quality.of.the.output.voltage.is.achieved.by.using.traditional.PWM.in.the.lowest.voltage.cell.

14.3.3.2.4  Selective Harmonic Elimination and Selective Harmonic Mitigation
The.switching.losses.limit.the.maximum.switching.frequency.that.can.be.used.in.a.multilevel.converter..
In.order.to.reduce.the.harmonic.distortion.of.the.output.waveforms,.modulation.strategies.such.as.the.
well-known.SHE.technique.has.been.extended.to.be.applied.to.multilevel.converters..As.in.the.conven-
tional.two-level.case,.the.SHE.technique.applied.to.multilevel.converters.can.set.the.amplitude.of.the.
fundamental.harmonic.and.make.zero.the.amplitude.of.k.−.1.desired.harmonics.if.k.switching.angles.
are.used.per.quarter.of.period.[25].

It.is.important.to.notice.that.other.harmonic-based.modulation.techniques.have.been.introduced.
recently. in.order. to. take. into.account.actual.grid.codes. imposed.by. the.electric.providers.all.over.
the.world..For.example,. the.selective.harmonic.mitigation.(SHM).modulation. is.based.on.the. idea.
that.it.is.not.necessary.to.completely.eliminate.the.amplitude.of.the.harmonics..They.just.have.to.be.
reduced.below.the.levels.imposed.by.grid.codes.[26]..The.SHM.technique.generates.output.waveforms.
that.can.completely.fulfill.specific.grid.codes.with.a.lower.switching.frequency.than.the.conventional.
SHE..The.SHM.technique.has.been.applied.to.a.three-level.converter.but,.as.happens.with.the.SHE.
technique,.it.can.also.be.applied.to.converters.with.any.number.of.levels.independent.of.the.specific.
converter.topology.
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14.3.3.2.5  Nearest Level Control
The.nearest.level.control.(NLC).[27].also.known.as.the.round.method,.is.somehow,.the.time.domain.
counterpart.of.SVC.for.single-phase.systems..Basically,.the.same.principle.is.applied,.by.selecting.the.
nearest.voltage.level.that.can.be.generated.by.the.inverter.to.the.desired.output.voltage.reference..The.
main.advantage.is.that.the.algorithm.is.extremely.simple.and.the.output.voltage.level.selection.is.reduced.
to.a.simple.expression..In.case.of.a.multilevel.converters.with.output.voltage.steps.equal.to.Vdc.the.output.
voltage.level.vo.for.a.desired.reference.voltage.vo*.is.determined.by

.
v V v

Vo dc
o

dc
= ⋅









Round * . . (14.38)

The.nearest.integer.function.or.round.function,.is.defined.such.that.round.{x}.is.the.integer.closest.to.x..
Since.this.definition.is.ambiguous.for.half-integers,.the.additional.convention.is.that.half-integers.are.
always.rounded.to.even.numbers.

Note.that,.as.in.the.SVC.case,.the.NLC.is.not.strictly.a.modulation.technique.because.the.reference.
voltage.is.only.approximated.by.the.closest.voltage.level..In.the.NLC.case,.the.maximum.approximation.
error.is.Vdc/2..The.voltage.waveform.is.very.similar.to.the.one.obtained.with.the.SHE.methods..However,.
this.method.does.not.eliminate.specific.harmonics,.and.therefore.has.to.be.used.in.inverters.with.a.high.
number.of.levels.to.avoid.important.values.of.low-order.harmonics.at.the.output.as.happens.with.SVC.

14.4 Current Source Inverters

14.4.1 Introduction

CSI,.unlike.VSIs,.use.a.constant.current.source.usually.provided.by.a.controlled.current.source.rectifier.
(CSR).and.an.inductive.dc-link,.to.generate.a.switched.current.waveform.at.the.output.with.adjustable.
frequency,.phase,.and.amplitude..Hence.the.output.voltage.is.defined.by.the.current.load,.which.is.usually.
very.sinusoidal.for.resistive-inductive.loads.such.as.motor.drives,.and.is.not.switched.as.in.VSIs;.thus.
dv/dts.are.very.motor.friendly..Furthermore,.the.current.is.not.defined.by.the.load.and.is.always.controlled;.
hence,.this.topology.offers.inherent.over-current.and.short-circuit.control..The.main.drawbacks.of.CSIs.are.
the.current.harmonics,.which.need.to.be.mitigated.with.capacitive.output.filters.(although.they.together.
with.the.inductive.load.also.contribute.to.the.highly.sinusoidal.voltages),.and.the.reduced.dynamic.perfor-
mance.since.the.current.amplitude.is.controlled.by.the.input.rectifier.with.large.dc.chokes.[1].

From.the.DC/AC.classification.in.Figure.14.2,.it.can.be.seen.there.are.two.basic.CSI.topologies:.the.
PWM-CSI.and.the. load-commutated.CSI.(LCI-CSI)..The.first.one.features.IGCTs.(in.replacement.of.
GTOs). as. power. semiconductors. for. hard-switched. modulation. methods,. while. the. latter. uses. SCR.
devices.with. load-dependent.commutation,.which. is.more.efficient.and.reliable.although.slower.and.
with.reduced.dynamic.performance..Therefore.the.LCI.has.been.mainly.used.in.very.high-power.syn-
chronous.motor.drives.operated.at.a.leading.power.factor,.in.applications.up.to.several.tens.of.megawatt..
The.following.sections.describe.the.power.circuit.structures,.operating.principles,.modulation.methods,.
and.applications.of.CSIs.

14.4.2 PWM-CSI

14.4.2.1 Operating Principle

Although.single-phase.CSI.are.conceptually.possible,.in.this.chapter,.only.three-phase.CSI.topologies.
and.control.methods.will.be.analyzed,.due.to.their.application.field.in.industry,.which.are.mainly.three-
phase.systems.[29–32]..The.CSI.power.circuit.is.illustrated.in.Figure.14.35,.featuring.symmetric.gate-
commutated. thyristor. (SGCT).power.semiconductors,.which. is.currently. the. industry.standard.[33],.
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although.many.of.the.operating.CSIs.commissioned.in.past.decades.are.working.with.GTOs.[34]..As.
can.be.seen,.the.CSI.has.mainly.three.parts,.the.controlled.current.source,.the.converter.full.bridge,.and.
the.output.capacitive.filter.

As.mentioned.in.the.introduction,.the.output.filter.is.in.part.responsible.for.the.output.power.quality.
(more.sinusoidal.voltage.and.current.waveforms),.but.more.important.it.provides.a.current.path.for.the.
hard-switched.inductive.load.current..In.this.way,.device.damaging.over.voltages.at.the.inverter.output,.
due.to.the.high.di/dt,.are.overcome.while.improving.power.quality.

The.controlled.current.source.is.usually.provided.by.a.controlled.CSR.and.a.pair.of.large.inductive.
reactors.or.dc.chokes,.as.can.be.seen.in.Figure.14.36..Typical.rectifiers.for.CSIs.are.full-bridge.SRC.rec-
tifiers,.which.can.also.be.connected.in.series.with.multipulse.transformer.configurations,.depending.
on.the.power.level.needs.and.input.power.quality.requirements.(grid.codes.compliance).[1]..Another.
common.rectifier.is.the.PWM-CSR.with.the.same.structure.as.the.PWM-CSI.of.Figure.14.35.connected.
together.in.a.back-to-back.configuration.[35]..In.this.case,.series.connection.of.IGCT.devices.can.be.
used.to.reach.higher.blocking.voltages.in.medium-voltage.applications.(at.rectifier.and.inverter.side),.
while.the.capacitive.input.filter.is.used.to.meet.grid.codes..To.overcome.possible.resonances.between.
the.rectifier.line.current.harmonics.and.the.filter.plus.grid,.active.damping.methods.can.be.applied.[36]..
The.purpose.of.the.CSR.is.to.keep.the.current.controlled.and.constant.at.a.desired.reference.Idc*.(therefore.
the.large.dc.chokes),.although.this.reference.can.change.depending.on.the.required.current.amplitude.
of.the.inverter.output..Hence.the.inverter.is.only.in.charge.of.controlling.the.phase.and.frequency.of.the.
ac.current..This.differs.from.VSIs,.which.have.a.fixed.DC-link.voltage,.and.are.responsible.of.controlling.
phase,.frequency,.and.amplitude.of.the.output.voltage.

In.VSIs,. the. two. semiconductors. in.one. inverter. leg.operate. alternately. to.avoid.capacitive.DC-link.
short.circuit..In.the.same.sense,.CSIs.also.require.switching.restrictions.to.operate.appropriately..Since.
the.inverter.bridge.is.connected.to.a.constant.current.source.(inductive.DC.link),.there.must.be.always.
a.path.for.Idc,.hence.at.least.one.of.the.upper.and.one.of.the.lower.IGCTs.must.be.turned.on.at.any.time.

Controlled
recti�er

Controlled

CSI

+

Idc

I*dc

–

FIGURE.14.36. Controlled.dc-link.current.source.(generic.circuit),.used.to.feed.the.CSI.

a

b

c

ia

ib

ic

ioa

iob

ioc

ifa ifb ifc

Cf

Idc

S1 S3 S5

S4 S6 S2

CSI

+ + +

++ +

FIGURE.14.35. Basic.PWM-CSI.power.circuit.featuring.IGCT.semiconductors.
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(S1 + S3 +.S5.≥.1.and.S2.+.S4.+.S6.≥.1)..In.addition,.the.output.terminals.of.the.inverter.bridge.are.connected.
to.a.capacitive.filter,.thus.to.avoid.the.capacitors.short.circuit,.at.the.most.one.upper.and.one.lower.IGCT.
are.allowed.to.be.on.at.any.time.(S1.+.S3.+.S5.≤.1.and.S2.+.S4.+.S6.≤.1)..This.restriction.also.prevents.Idc.from.
splitting. into. two.undefined. line.currents. (determined.by. load.conditions),. since. this.would.affect. the.
proper.operation.of.the.modulation.stage..By.intersecting.both.restrictions.it.is.clear.that.one.upper.and.
one.lower.power.switch.must.be.always.conducting.(S1.+.S3.+.S5.=.1.and.S2.+.S4.+.S6.=.1)..This.restriction.
provides.a.positive.and.negative.current.path.in.the.inverter,.hence.there.is.no.need.for.antiparallel.diodes.
as.it.is.in.VSIs,.resulting.in.less.semiconductors.and.simpler.topology.structure..Considering.all.the.admis-
sible.switching.states.of.the.inverter,.there.are.nine.possible.switching.combinations,.which.generate.seven.
different.three-phase.line.currents,.which.are.listed.in.Table.14.7..The.three-phase.output.currents.can.be.
represented.with.one.space.vector,.consequently.resulting.in.seven.different.space.vectors.(I0,.I1,…,.I6),.as.
will.be.discussed.later.

From.the.different.switching.states.shown.in.Table.14.7,.it.can.be.appreciated.that.the.CSI.can.gener-
ate.three.different.output.current.levels.in.each.phase:.−Idc,.0,.and.Idc..It.is.then.the.job.of.the.modulation.
stage.to.make.the.inverter.alternate.appropriately.between.these.constant.current.levels,.to.deliver.an.
AC.switched.current.waveform.with.the.desired.phase.and.frequency.fundamental.component.to.the.
load..There.are.four.well-established.modulation.methods.for.CSIs:.square-wave.modulation,.trapezoi-
dal.PWM.(T-PWM),.SHE.[11],.and.SVM.[37],.which.are.analyzed.in.the.next.section.

14.4.3 PWM-CSI Modulation Methods

14.4.3.1 Square-Wave Modulation

In.the.square-wave.operation.analyzed.previously.for.VSI,.the.voltage.waveform.featured.only.two.lev-
els,.since.the.waveform.was.defined.from.the.inverter.output.to.the.negative.bar..Nevertheless,.the.out-
put.line.voltages.do.have.three.levels.like.the.output.line.currents.in.a.CSI..Moreover.the.line.voltage.
waveform.obtained.with.square-wave.operation.in.VSIs,.if.seen.as.a.line.current,.fulfills.the.switching.
restrictions.of.a.CSI,.and.therefore.the.same.pattern.can.be.defined,.as.illustrated.in.Figure.14.37a..Note.
that.at.any.time.only.one.phase.is.conducting.−Idc.and.one.Idc.as supposed.to.be.

TABLE.14.7. PWM-CSI.Switching.States

Switching.
State

Upper.Gating.Signals Lower.Gating.Signals Output.Currents

Space.VectorsS1 S3 S5 S4 S6 S2 ia ib ic

1 1 0 0 1 0 0 0 0 0 I0a.=.I0.=.0
2 0 1 0 0 1 0 0 0 0 I0b.=.I0.=.0
3 0 0 1 0 0 1 0 0 0 I0c.=.I0.=.0

4 1 0 0 0 1 0 Idc −Idc 0 I I edc
j

1
62

3
= −( / )π

5 1 0 0 0 0 1 Idc 0 −Idc I I edc
j

2
62

3
= ( / )π

6 0 1 0 0 0 1 0 Idc −Idc I I edc
j

3
22

3
= ( / )π

7 0 1 0 1 0 0 −Idc Idc 0 I I edc
j

4
5 62

3
= − ( / )π

8 0 0 1 1 0 0 −Idc 0 Idc I I edc
j

5
7 62

3
= − ( / )π

9 0 0 1 0 1 0 0 −Idc Idc I I edc
j

6
22

3
= −( / )π
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The.main.advantage.of.this.method.is.its.extreme.simplicity,.since.phase.and.frequency.can.be.eas-
ily.controlled.by.converting.the.fixed.switching.angles.(π/6.and.5π/6.for.phase.a).to.time,.while.the.
amplitude.of.the.ac.current.is.controlled.by.the.SCR..In.fact,.this.is.an.advantage.over.square-wave.
operation.in.VSIs,.where.no.control.of.the.fundamental.is.possible,.hence.here.called.“modulation”.
instead.of.“operation.”.Another.important.advantage.is.that.each.power.semiconductor.switches.at.
fundamental. switching. frequency,. i.e.,. the. device. switching. frequency. fsw. =. f1,. resulting. in. a. very.
efficient.modulation.scheme.due.to.lower.switching.losses..These.advantages.come.at.expense.of.poor.
power.quality.as.the.defined.current.waveform.has.low-order.harmonics,.which.cannot.be.fully.miti-
gated.by.the.output.filter..From.the.Fourier.series.of.the.line.currents.shown.in.Figure.14.37a,.each.
harmonic.component.hn.can.be.computed.as.2 3 /I ndc π,.where.n.=.6k.±.1,.k.∈.N..Considering.these.
harmonics,.the.line.current.spectrum.is.given.in.Figure.14.37b,.normalized.by.the.dc.current.ampli-
tude.Idc..Note.that.the.fundamental.component.is.always.1.1.Idc.since.there.are.no.additional.or.vari-
able.switching.angles..The.low-order.harmonics.introduced.by.this.modulation.method.can.excite.the.
capacitive.filter.and.inductive.motor.resonances.and.therefore.has.limited.application.in.adjustable.
speed.drives.

14.4.3.2 trapezoidal PWM

Traditional.carrier-based.PWM.with.sinusoidal.references.cannot.be.directly.extended.to.CSIs,.due.to.
the.switching.constraints.defined.earlier..Therefore,.a.trapezoidal.reference.waveform.is.used.instead.
and.compared.to.a.modified.carrier.waveform,.which.can.be.appreciated.for.phase.a.in.Figure.14.38a..
Note. that. the. reference. signal. for. each. semiconductor.vmi. (i.=.1,.…,.6).are.active. in.modulation.only.
during.one-half.of.the.fundamental.cycle,.which.can.be.the.positive.or.negative.semi-cycles,.depending.
if.they.conduct.Idc.or.−Idc..In.addition,.the.active.semi-cycle.is.divided.into.three.segments.of.π/3..To.
meet.the.switching.constraints,.the.central.π/3.segment.is.always.“on”.for.the.active.phase..During.this.
central.segment,.the.other.two.phases.are.in.their.first.and.last.segment,.respectively,.featuring.comple-
mentary.linear.carriers.PWM,.to.alternate.between.each.other.the.necessary.current.return.path.for.
the.active.phase..This.also.introduces.the.commutations.to.produce.the.switched.current.waveform.and.
reduce.harmonics.compared.to.square-wave.modulation..The.three-phase.output.line.currents.obtained.
with.T-PWM.are.shown.in.Figure.14.38a.

The.fact.that.a.device.only.commutates.during.1/3.of.the.whole.fundamental.cycle.strongly.reduces.
switching.losses..Generally.the.carrier.frequency.fcr.is.an.even.multiple.of.the.fundamental.frequency.
(fcr.=.kf1,.with.k.even),.then.the.device.switching.frequency.can.be.computed.as.fsw.=.(1.+.k/3).f1..For.the.
example.illustrated.in.Figure.14.38a,.k.=.18,.then.fsw.=.7f1..Considering.a.50.Hz.fundamental.frequency.
in.this.example,.a.device.switching.frequency.of.350.Hz.would.be.obtained,.which.is.very.low.and.useful.
for.high-power.applications.
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FIGURE.14.37. Square-wave.modulation.for.CSIs:.(a).current.waveforms.and.(b).line.current.spectrum.
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Another.difference.with.traditional.carrier-based.PWM.is.that. there. is.no. linearity.between.the.
modulation.index.and.the.amplitude.of.the.fundamental.component.i1..This.is.due.the.fact.that.the.
central.segment.of.π/3.is.not.modulated,.being.always.in.“on”.state,.thereby.forcing.a.high.amplitude.
for.the.fundamental.frequency.component..In.fact,.when.changing.the.modulation.index.through.all.
its.range.(from.0.to.1),.the.peak.amplitude.for.the.current.fundamental.component.varies.only.within.
0.9314Idc.≤.î1.≤.1.0465Idc..This.is.no.problem,.since.the.current.amplitude.is.controlled.by.the.CSR.
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FIGURE.14.38. (a).Trapezoidal.PWM.waveforms:.reference.and.carriers.of.phase.a.inverter.leg,.and.three-phase.
output.currents..(b).Output.current.spectrum.for.modulation.index.0.85.and.carrier.fcr.=.36f1.
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The.advantage.of.T-PWM.compared.to.square-wave.modulation.is.that.the.additional.commutations.
reduce.significantly.the.output.current.low-order.harmonics..Figure.14.38b.shows.the.current.spectrum.
for.a.T-PWM.waveform.obtained.for.a.0.85.modulation.index.and.a.carrier.frequency.36.times.the.fun-
damental.frequency..Note.that.most.of.the.harmonic.energy.content.appears.as.sidebands.around.the.
carrier.frequency.in.n.=.(fcr /f1).±.1.and.n.=.(fcr /f1).±.5..Compared.to.the.square-wave.modulation,.5th.
and.7th.harmonics.have.been.reduced.around.90%.and.70%,.respectively..They.do.not.disappear.com-
pletely.compared.to.traditional.carrier-based.PWM.used.in.VSIs,.since.the.trapezoidal.output.current.
low-order.harmonics.are.not.completely.filtered..In.practice,.carrier.frequencies.should.be.fcr.≥.18f1.in.
order.to.have.admissible.5th.and.7th.harmonics..A.more.detailed.harmonic.analysis.of.this.method.is.
presented.in.[1].

14.4.3.3 Selective Harmonic Elimination for CSI

SHE.seen.in.the.previous.section.for.VSIs.can.also.be.applied.to.CSIs,.and.has.no.conceptual.differ-
ences.apart.from.incorporating.the.switching.constraints.into.the.SHE.waveform..These.can.be.easily.
achieved.by.fixing.and.make.dependent.some.angles.to.provide.certain.symmetry.in.the.switching.pat-
tern.and.in.this.way.avoid.overcrossing.of.“on”.or.“off”.states.of.two.phases,.or.the.overcrossing.from.a.
zero.current.level.in.the.three.phases..Figure.14.39a.shows.the.three-phase.line.currents.generated.by.
SHE.considering.five.switching.angles,.from.which.one.is.fixed.in.π/6.and.two.are.dependent.on.the.
only.two.variable.angles.θ1.and.θ2..The.dependent.angles.are.set.to.π/3.−.θ1.and.π/3.−.θ2.to.introduce.the.
symmetry.in.the.waveform..Any.additional.angle.θk,.has.to.be.placed.between.0.and.π/6,.and.directly.
defines.a.dependent.angle.in.π/3.−.θk.

Since.not.all.the.angles.can.be.defined.at.will,.a.reduction.of.the.degrees.of.freedom.of.the.SHE.pat-
tern.is.introduced.compared.to.the.VSI.case,.hence.less.harmonics.can.be.eliminated..For.example,.the.
waveform.illustrated.in.Figure.14.39a.has.five.switching.angles.in.the.first.quarter.cycle,.but.only.two.
of.them.are.controllable,.compared.to.the.five.independent.angles.in.SHE.for.VSIs..In.this.case,.only.
one.harmonic.can.be.eliminated.while.controlling.the.fundamental.component,.or.two.harmonics.can.
be.eliminated.without.fundamental.component.control..Unlike.with.SHE.in.VSIs,.where.one.angle.is.
reserved.for.the.fundamental.component.control,.in.CSI.the.angles.are.fully.devoted.to.harmonic.elimi-
nation,.since.the.CSR.can.be.used.externally.to.control.the.current.amplitude.

The.Fourier.series.for.the.switched.current.waveform.illustrated.in.Figure.14.39a.is.given.by
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where.n.is.the.harmonic.number.(n.=.1,.3,.5,.…)..For.the.two-angle.example.given.in.Figure.14.39a,.solv-
ing.(14.40).considering.Idc.constant.leads.to
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If.the.5th.and.7th.harmonic.needs.to.be.eliminated,.(14.41).turns.into.the.following.set.of.equations:

.
b5 1 1 1 20 5 5

3
5 5

3
= = + 





−





− − −


cos( ) cos cos( ) cosθ π θ θ π θ








+ 













cos 5
6
π



DC–AC	Converters	 14-43

.
b7 1 1 2 20 7 7

3
7 7

3
= = + −











− − −


cos( ) cos cos( ) cosθ π θ θ π θ


+ 













cos 7
6
π

This.set.of.equations.cannot.be.solved.online,.being.this.the.main.disadvantage.of.SHE..Hence,.all.the.
switching.patterns.have.to.be.pre-calculated.off-line.and.stored.in.lookup.tables..Many.types.of.algorithms.
are.used.to.solve.these.equations,.mainly.based.on.iterative.numerical.techniques,.such.as.genetic.algo-
rithms..The.advantage.for.CSIs.is.that.this.algorithm.does.not.have.to.be.performed.several.times.for.differ-
ent.modulation.indexes,.since.the.amplitude.is.controlled.by.the.CSR,.reducing.considerably.design.time..
Also.for.this.reason,.no.lookup.table.interpolations.need.to.be.performed.for.those.current.amplitude.values.
which.are.not.pre-calculated,.as.it.is.necessary.for.SHE.in.VSIs..Solutions.for.the.SHE.problem.from.one.up.
to.four.angles.are.given.in.Table.14.8,.considering.the.elimination.from.the.5th.up.to.the.13th.harmonics.

A.detailed.table,.with.more.solutions.of.the.SHE.problem.and.different.combinations.of.eliminated.
harmonics.can.be.found.in.[1]..The.output.current.spectrum.for.a.SHE.waveform.with.three.independent.
switching.angles.is.shown.in.Figure.14.39b,.which.corresponds.to.the.third.solution.given.in.Table.14.8.
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14.4.3.4 Space Vector Modulation for CSI

As.with.previous.modulations.schemes,.SVM.used.in.VSIs.can.also.be.extended.for.CSIs,.providing.
that. the.switching.constraints.mentioned.earlier.are.satisfied..The.SVM.algorithm.is.basically.also.a.
PWM.strategy.with.the.difference.that.the.switching.times.are.computed.based.on.the.three-phase.space.
vector.in.time.representation.of.the.reference.and.the.CSI.switching.states,.rather.than.the.per-phase.
amplitude.in.time.representation.of.previous.analyzed.methods.

The.current.space.vector.can.be.defined.in.the.α−β.complex.plane.by

. I i ai a is a b c= + + 
2
3

2 , . (14.42)

where. a j= − +1 2 3 2/ / ..As.seen.previously,. the. line.of.a.CSI.can.be.currents. that.have.three.differ-
ent.values.−Idc,.0,.and.Idc,.depending.on.the.switching.states..According.to.the.definition.of.the.gating.
signals,.S1,.S2,…,.S6.in.Figure.14.35.and.the.switching.states.in.Table.14.7,.the.following.relations.can.be.
obtained.for.each.phase.current:

. i S S I i S S I i S S Ia dc b dc c dc= − = − = −( ) ; ( ) ; ( )1 4 3 6 5 2
. (14.43)

For.example,.when.S1.is.1.and.S4.is.0,.the.dc.current.is.passed.through.the.upper.switch.to.the.load,.
generating.a.positive.phase.current. ia.=.Idc..On.the.contrary,. if.S1. is.0.and.S4. is.1,. the. lower.switch.is.
conducting.the.negative.current.from.the.load.back.to.the.dc.source,.and.the.phase.current.is.ia.=.−Idc..
Finally,.if.S1.and.S4.are.both.1(0),.phase.a.is.bypassed.(opened),.resulting.in.ia.=.0..Note.that.the.four.
binary.combinations.in.the.previous.example.for.phase.a.are.consistent.with.the.first.term.in.(14.43)..By.
replacing.(14.43).into.(14.42),.the.current.space.vector.is.then.defined.by.the.gating.signals.S1,.S2,…,S6,.
with.the.expression

. I I S S a S S a S Ss dc= 2
3

( ) ( ) ( )1 4 3 6
2

5 2− + − + − 
. (14.44)

Replacing.all.the.admissible.switching.states.in.(14.44),.leads.to.the.nine.space.vectors.listed.in.Table.
14.7..Note.that.seven.are.different,.as.vectors.I0a,.I0b,.and.I0c.are.the.same.zero.vector.I0,.also.called.bypass.
vectors,.since.the.DC-link.current.freewheels.via.one.leg.of.the.inverter.bridge.without.interacting.with.
the.load.(the.lowercase.letter.indicates.which.phase.leg.of.the.inverter.is.being.bypassed)..These.vectors.
can.be.plotted.in.the.α–β.complex.plane,.resulting.in.the.CSI.current.space.vector.representation.illus-
trated.in.Figure.14.40a..Note.that.all.the.vectors.(excluding.the.zero.vectors).have.the.same.amplitude.
|Ik|.=.Idc2/ 3 .(with.k.=.1,…,6).and.are.rotated.in.π/3.respect.each.other,.and.are.usually.called.active.
vectors..Each.adjacent.pair.of.active.vectors.define.an.area.in.the.α–β.plane,.dividing.it.in.six.sectors..
The.current.reference.space.vector.Is*.can.be.also.computed.by.(14.42),.and.the.resulting.vector.can.be.
mapped.in.the.α−β.plane,.falling.in.one.of.the.sectors..For.balanced.three-phase.sinusoidal.references,.
as.is.usual.in.power.converter.systems,.the.resulting.reference.vector.is.a.fixed.amplitude.rotating.space.

TABLE.14.8. Selective.Harmonic.Elimination.Switching.Angles.for.CSI

Eliminated.Harmonics

Switching.Angles

θ1 θ2 θ3 θ4

5th 18.0° — — —
5th,.7th 7.93° 13.75° — —
5th,.7th,.11th 2.24° 5.600° 21.26° —
5th,.7th,.11th,.13th 0.00° 1.600° 15.14° 20.26°
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vector.with.the.same.amplitude.and.angular.speed.(ω).of.the.sinusoidal.references,.with.an.instanta-
neous.position.with.respect.to.the.real.axis.α.given.by.θ.=.ωt.

As.with.SVM.used.in.VSIs,.the.main.idea.behind.the.working.principle.is.to.generate.over.a.mod-
ulation. period. Ts,. a. time. average. equal. to. the. regularly. sampled. reference. vector. (amplitude. and.
angular.position)..Hence,.the.problem.is.reduced.to.finding.the.duty.cycles.(on.and.off.times).of.the.
zero.vector.and.the.two.vectors.that.define.the.sector. in.which.the.reference. is.crossing..Consider.
the.generic.case.of.sector.k.in.Figure.14.40b;.then.the.time.average.over.a.modulation.period.can.be.
defined.by

.
I

T
t I t I t Is

s
k k k k* ( )= + ++ +

1
1 1 0 0 . (14.45)

. T t t ts k k= + ++1 0, . (14.46)

where.tk/Ts,.tk+1/Ts,.and.t0/Ts.are.the.duty.cycles.of.the.respective.vectors..Using.trigonometric.relations,.
it.can.be.easily.found.that

.
| | | | | *| cos( ) sin( ) ,I t

T
I Ik

k

s
k s k

k= = − − −







θ θ θ θ
3

. (14.47)

.
| | | | | *| sin( ) ,I t

T
I Ik

k

s
k s

k
+

+
+= = −

1
1

1 2
3

θ θ . (14.48)

where.θk.is.the.angle.between.the.α.axis.and.the.current.space.vector.k..Since.all.the.space.vectors.have.
the.same.amplitude.| | | | /I I Ik k dc= =+1 2 3 ,.they.can.be.replaced.in.(14.47).and.(14.48)..Then.the.only.
unknown.variables.left.in.(14.47).and.(14.48).are.tk.and.tk+1..Thus,.the.following.set.of.equations.to.solve.
the.duty.cycles.can.be.obtained

.
t T I

Ik
s s

dc
k k= − − −{ }| *| cos( ) sin( )

2
3 θ θ θ θ . (14.49)
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.
t T I

Ik
s s

dc
k+ = −1

| *| sin( )θ θ . (14.50)

. t T t ts k k0 1= − − + . (14.51)

Note.that.(14.51).is.simply.obtained.from.(14.46).once.the.two.nonzero.vector.duty.cycle.times.have.
been.computed,.in.order.to.complete.the.modulation.period.Ts.

This.generic.sector.solution.described.earlier.can.be.easily.applied. to.any.sector.replacing. the.
numeric. k. index. (k. =. 1,…,6).. The. final. stage. in. the. SVM. algorithm. is. to. generate. an. appropri-
ate.switching.sequence.between.the.modulating.vectors.and.their.duty.cycles..Since.the.switching.
constraints. are. inherently. satisfied. because. only. admissible. switching. states. are. considered,. the.
switching.sequence.can.be.used.to.improve.other.aspects.of.the.modulation..Particularly,.efficiency.
can.be.taken.into.account.trying.to.decrease.the.number.of.commutations,.thus.reducing.switch-
ing.losses.(useful.in.CSIs.due.to.their.application.field.in.high-power.drives)..A.popular.switching.
sequence. that.only.requires. three.device. turn.“on”.and.turn.“off ”.per.modulation.period. is. first.
Ik,.then.Ik+1,.and.finally.I0..The.reduction.of.the.commutations.is.achieved.by.the.proper.use.of.the.
different.bypass.vectors.available.as.redundancies.of.I0.(I0a,.I0b,.and.I0c.),.depending.on.the.sector.in.
which.the.VSI.is.operating,.as.given.in.Table.14.9..Considering.this.switching.sequence,.the.device.
average.switching.frequency.is.given.by.fsw.=.1/2Ts..Reducing.the.modulation.period,.Ts.is.analogous.
to.using.higher.carrier.frequencies.in.traditional.carrier-based.PWM,.hence.it.will.produce.higher.
switching.losses..Furthermore,.it.will.depend.on.the.computational.power.of.the.digital.platform.
used.to.implement.the.algorithm.

One.of.the.advantages.of.SVM.for.CSIs.is.that.the.fundamental.component.of.the.switched.output.
current.is.controlled.directly.by.the.inverter.instead.by.the.CSR..This.is.due.to.the.fact.that.the.current.
waveform. is.always.defined,. since.only.admissible. switching. states.are.considered. for. the. space.vec-
tor.representation,.hence. for.modulation.. In.addition,. the.amplitude.of. the. fundamental.component.
is. included.in.the.duty.cycle.calculation,.and.therefore. is.directly.controlled..This.results. in.superior.
dynamic.performance.in.comparison.to.square-wave.modulation,.SHE.and.T-PWM,.where.the.funda-
mental.component.is.tracked.slowly.due.to.the.large.dc.chokes.used.as.dc.link,.resulting.in.a.large.time.
constant.for.the.control.of.Idc.by.the.CSR..Instead,.Idc.is.kept.fixed.for.SVM.

Figure.14.41a.shows.a.typical.output.current.waveform.obtained.with.SVM.for.a.sinusoidal.reference.
with.amplitude.Idc.and.frequency.f1,.using.a.sample.period.Ts.=.1/18f1,.resulting.in.an.average.switching.
frequency.of.fsw.=.9f1..The.corresponding.spectrum.is.illustrated.in.Figure.14.41b..A.more.detailed.har-
monic.analysis.of.this.method.is.presented.in.[1].

Note. that.SVM. in.CSIs.does.not. eliminate. completely. the. low-order.harmonics,. compared. to. the.
SVM.applied. in.VSIs.. In. fact.SHE.and.T-PWM.provide.better.power.quality,.being.SHE. the.best.of.
all.in.this.aspect..On.the.other.hand,.SVM.has.the.best.dynamic.performance.of.all.the.methods.dis-
cussed.here.for.CSIs..T-PWM.lies.somewhere.in.between.SHE.and.SVM,.combining.partially.the.favor-
able.characteristics.of.these.methods..Square-wave.modulation.has.the.worst.power.quality.and.poor.
dynamic.behavior.among.the.modulation.methods,.nevertheless,.it.is.the.most.efficient.and.easiest.for.

TABLE.14.9. SVM.Vector.Sequence.for.PWM-CSI.Depending.
on.the.Sector

Vector.Sequence

Sector

1 2 3 4 5 6

Ik I1 I2 I3 I4 I5 I6

Ik+1 I2 I3 I4 I5 I6 I1

0 I0a I0c I0b I0a I0c I0b
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implementation..The.choice.between.one.particular.modulation.method.over.the.other.will.depend.on.
the.application.and.its.specific.requirements.

Currently,.most.CSI-driven.applications.are.aimed.at.high-power.motor.drives,.where.efficiency.is.
an. important. issue.. Therefore,. a. combination. of. T-PWM. and. SHE. is. preferred.. The. first. is. used. for.
fundamental. frequencies.up. to.30.Hz,.and. the. later. is.used. from.that. frequency.and.above.. In.addi-
tion,.the.carrier.frequencies.are.also.varied.in.T-PWM.proportionally.to.the.increase.or.decrease.of.the.
fundamental.frequency..In.the.same.way,.the.number.of.angles.used.in.SHE.is.modified.proportionally.
to.the.variations.in.f1.to.keep.the.switching.frequencies.low..In.this.way,.the.device.average.switching.
frequency.is.kept.under.500.Hz.in.typical.CSI.high-power.applications.
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15.1  Matrix Converters

15.1.1  Introduction

The.matrix.(or.direct).converter.offers.“a.more.silicon.solution”.for.AC/AC.power.conversion..The.topol-
ogy.consists.of.an.array.of.bidirectional.switches.arranged.so.that.any.of.the.output.lines.of.the.con-
verter.can.be.connected.to.any.of.the.input.lines..Figure.15.1.shows.a.typical.three-phase.to.three-phase.
matrix.converter,.with.nine.bidirectional.switches..The.switches.allow.any.input.phase.to.be.connected.
to. any. output. phase.. The. output. waveform. is. then. created. using. a. suitable. pulse. width. modulation.
(PWM).pattern.similar.to.a.normal.inverter,.except.that.the.input.is.a.three-phase.supply.instead.of.a.
fixed.DC.voltage.

When.the.matrix.converter.topology.was.first.published.in.1976,.it.was.termed.a.Forced.Commutated.
Cycloconverter.[1]..At.this.time,.no.fully.controllable.power.semiconductor.devices.were.available,.so.
the.early.prototype.circuits.relied.on.forced-commutated.thyristors..When.BJTs.became.available,.the.
matrix.converter.began.to.be.considered.as.a.viable.alternative.to.a.diode.bridge/inverter.arrangement.
[2,3]..However,.issues.regarding.device.count.and.current.commutation.relegated.the.matrix.converter.
to.a.decade.as.an.academic.curiosity..More.recently,.the.reducing.cost.of.semiconductors.and.the.resolu-
tion.of.the.practical.problems.means.that.the.topology.has.become.a.contender.in.some.applications.

The.matrix.converter.has.many.advantages.over. traditional. topologies..The.topology. is. inherently.
bidirectional,.so.can.regenerate.energy.back.to.the.supply..The.converter.draws.sinusoidal.input.cur-
rents.and,.depending.on.the.modulation.technique,.it.can.be.arranged.that.unity.displacement.factor.is.
seen.at.the.supply.side.irrespective.of.the.type.of.load.[4]..The.size.of.the.power.circuit.has.the.potential.
to.be.greatly.reduced.in.comparison.to.conventional.technologies.since.there.are.no.large.capacitors.or.
inductors.to.store.energy.

In.terms.of.device.count,.a.comparison.can.be.made.between.the.matrix.converter.and.a.back-to-back.
inverter,.which.has.the.same.functional.characteristics.of.bidirectional.power.flow.and.sinusoidal.input.
currents..It.can.be.shown.that.the.DC.link.capacitor.and.input.inductors.associated.with.the.back-to-
back.inverter.circuit.are.replaced.with.the.extra.six.switching.devices.and.a.small.high-frequency.filter.
in.the.matrix.converter.solution..It.can.also.be.shown.that.the.device.losses.from.a.matrix.converter.are.
similar.to.those.in.the.equivalent.diode.bridge/back-to-back.inverter.circuit.
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One.often-cited.problem.with.the.matrix.converter. is. the.fundamental.maximum.voltage.transfer.
ratio.of.86%..This.limitation.results.from.the.fact.that.there.is.no.energy.storage.in.the.circuit.and.hence.
the.target.output.voltage.waveforms.must.fall.within.the.envelope.of.the.input.voltages..Any.attempt.to.
exceed.this.limit.will.result.in.unwanted.low-frequency.components.in.the.input.and.output.waveforms.
[5]..This.limitation.is.only.a.problem.if.the.design.engineer.does.not.have.control.of.the.design.of.the.
load;.for.example,.in.an.application.where.the.matrix.converter.is.used.as.a.motor.drive,.a.machine.can.
simply.be.designed.to.work.with.the.slightly.reduced.output.voltage.

15.2  Matrix Converter Concepts

The. output. waveforms. of. the. matrix. converter. are. formed. by. selecting. each. of. the. input. phases. in.
sequence.for.defined.periods.of.time..Typical.output.voltage.and.input.current.waveforms.for.a.very.low.
switching.frequency.are.shown.in.Figure.15.2..The.output.voltage.consists.of.segments.made.up.from.
the.three.input.voltages.instead.of.the.two.fixed.DC.levels.found.in.an.inverter..For.this.reason,.the.har-
monic.spectrum.of.the.output.voltage.is.slightly.richer.in.harmonics.around.the.switching.frequency.

The.input.current.consists.of.segments.of.the.three.output.currents.plus.blank.periods.during.which.
the.output.current. freewheels. through. the.switch.matrix..This.waveform.can. then.be.filtered.with.a.
small.input.filter.to.provide.a.good-quality.input.current..For.this.input.filter.to.be.small,.and.for.the.
advantages.of.the.matrix.converter.to.be.fully.realized,.it.is.necessary.to.have.a.relatively.high.switching.
frequency,.usually.at.least.15.times.greater.than.the.highest.input.or.output.frequency.

15.2.1  Power Circuit Implementation

In. order. to. construct. any. form. of. matrix. converter. power. circuit,. a. bidirectional. switch. element. is.
required..The.bidirectional.switch.must.be.able.to.conduct.current.in.both.directions.when.turned.on.
and.block.voltage. in.both.directions.when.turned.off..A.suitable.bidirectional.switch.function.is.not.
currently.available.as.a.single.semiconductor.device;.therefore,.bidirectional.switches.have.to.be.built.
from.discrete.devices.and.packaged.in.a.suitable.form.for.the.matrix.converter.topology..In.common.

Load

SAa

A

a

B

C

b c

FIGURE.15.1. The.matrix.converter.circuit.



AC/AC	Converters	 15-3

with.other.converter.topologies,.the.IGBT.is.usually.the.semiconductor.device.of.choice.for.the.matrix.
converter.construction.

There.are.a.number.of.options.for.the.construction.of.these.bidirectional.switch.cells..The.bidirectional.
switch. can. be. realized. using. a. pair. of. anti-parallel. IGBTs. with. series. diodes,. as. shown. in. Figure. 15.3..
As  shown,. the. IGBTs.can.be.arranged. in.either.common.collector.or. common.emitter. configurations..

These.configurations.can.be.selected.in.order.to.minimize.the.num-
ber.of.gate.drive.power.supplies.required,.depending.on.the.choice.of.
packaging.option.[5]..Both.of.these.options.allow.the.direction.of.the.
possible.current.flow.in.the.switch.to.be.controlled,.a.useful.facility.in.
for.solving.the.current.commutation.problem.

Bidirectional.switch.cells.can.also.be.formed.using.reverse.block-
ing. IGBTs,. as. shown. in. Figure. 15.4.. This. configuration. reduces.
the.number.of. semiconductor.devices. in. the.conduction.path,.but.
the. reduced. switching.performance.caused.by. the. trade-off. in. the.
reverse. recovery. characteristics. leads. to. higher. switching. devices.
with.currently.available.devices.

To.facilitate.the.efficient.construction.of.a.matrix.converter.power.
circuit,.it.is.necessary.to.package.the.bidirectional.switch.cells.in.a.
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FIGURE.15.2. Examples.of.typical.matrix.converter.waveforms.and.spectra.
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FIGURE. 15.3. (a). Common. emitter. configuration.. (b). Common. collector. configuration.. Bidirectional. switch.
cells.using.anti-parallel.IGBTs.and.diodes.

FIGURE.15.4. Bidirectional.switch.
cell.using.reverse.blocking.IGBTs..
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suitable.form..There.are.three.basic.options.for.this.packaging..These.options,.shown.in.Figure.15.5,.are.
to.arrange.the.devices.so.that.each.module.contains

•. One.bidirectional.switch.cell.(high.power,.>200.A)
•. The.switches.for.one.converter.output.leg.(medium.power,.50–600.A)
•. All.the.switches.required.for.a.complete.converter.(low.power,.<100.A)

The.choice.between.these.options.can.be.made.based.on.the.power.level.of.the.matrix.converter.under.
consideration.and.the.packaging.technologies. to.be.deployed..All. these.options.are.already.available.
from.device.manufacturers.either.as.standard.modules.or.special.orders.

To. enable. the. current. path. to. be. past. between. the. bidirectional. switches,. a. current. commutation.
strategy.must.be.deployed..This.strategy.is.needed.as.there.are.no.natural.freewheeling.paths.available.in.
the.matrix.converter.power.circuit,.unlike.in.an.inverter.power.circuit..To.achieve.the.safe.commutation.
of.current.between.the.switches.when.a.state.change.is.requested.by.the.converter.modulation,.a.safe.
sequence.of.switching.of.the.devices.can.be.used..To.ensure.that.the.sequence.used.is.safe,.most.current.
commutation.methods.use.either.the.relative.magnitude.of.the.input.voltages.or.the.direction.of.the.out-
put.current.to.determine.the.safe.device.states.and.to.derive.the.required.switching.sequence..These.safe.
commutation.sequences.ensure.that.there.is.never.a.short.circuit.across.the.input.lines.or.open.circuit.
on.the.converter.output.lines.during.the.commutation,.since.either.of.these.conditions.could.lead.to.the.
destruction.of.the.converter.through.over.current.or.voltage,.respectively.

The.commutation.of.the.current.in.a.matrix.converter.is.considered.for.each.output.leg.independently.
as.there.is.no.connection.between.the.current.commutation.paths..For.the.purpose.of.modulation,.we.
are.interested.in.passing.the.current.path.between.two.bidirectional.switches,.as.shown.in.Figure.15.6a..
Considering.two.bidirectional.switches,.it.is.possible.to.find.all.the.possible.states.of.the.four.devices,.
given.in.the.format.of.Equation.15.1,.depending.on.either.the.output.current.direction.of.the.relative.
magnitude.or.the.two.input.voltages,.as.shown.in.Figure.15.6b..It.is.then.possible.to.draw.a.plan.of.all.the.
device.states.and.to.link.these.states.where.the.state.of.only.one.device.is.changed.to.form.a.commuta-
tion.map,.as.shown.in.Figure.15.7..This.map.represents.all.the.possible.current.commutation.strategies.
that.rely.on.output.current.direction.or.relative.input.voltage.magnitude.

Two.common.current.commutation.strategies.for.matrix.converters.are.the.output.current.direction.
and.the.relative.input.voltage-based.commutation.techniques..The.output.current.direction-based.tech-
nique,.shown.in.Figure.15.8a,.relies.on.knowledge.of.the.output.current.direction.in.order.to.determine.
a.safe.sequence.of.operation.for.the.devices..When.a.change.in.switch.state.is.requested.by.the.converter.
modulation,.the.device.in.the.outgoing.switch,.which.is.not.in.the.current.conduction.path.is.turned.off,.
α1.in.Figure.15.8a..The.device.in.the.incoming.switch,.which.will.carry.the.current,.can.then.be.turned.
on,.β2..No.short.circuit.between.the.input.lines.has.been.created.because.both.devices.can.only.conduct.
in.the.same.direction.and.a.path.for.the.load.current.is.maintained..The.second.device.in.the.outgo-
ing.switch,.α2,.can.then.be.turned.off.followed.by.the.turning.on.of.the.second.device.in.the.incoming.
switch,.β1,.to.complete.the.sequence.

(a) (b) (c)

FIGURE.15.5. Module.arrangements.for.matrix.converter.bidirectional.switch.cells..(a) One.module.per.switch,.
(b).one.module.per.output.leg,.and.(c).one.module.per.converter.
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For.the.relative.input.voltage-based.technique,.the.principle.is.that.during.the.commutation,.all.the.
devices.not.required.for.blocking.an.input.short.circuit.can.be.turned.on..If.it.is.assumed.that.VA.>.VB.in.
Figure.15.8b,.then.the.first.step.in.the.sequence.is.to.turn.on.device.β2.in.the.incoming.switch.without.
causing.a.short.circuit.of.the.input.lines..It.is.then.possible.to.turn.off.device.α2.as.there.will.still.be.a.
current.path.in.both.directions..Once.α2.has.been.turned.off,.device.β1.can.be.turned.on.and.finally.the.
sequence.completed.by.turning.off.device.α1..This.complete.sequence.is.shown.in.Figure.15.8b.

α α
β β

1 2

1 2











where
αx, βy = 1 denotes a device which is on
αx, βy = 0 denotes a device which is off
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FIGURE.15.6. (a).Two.switches.for.current.commutation..(b).Safe.device.states.with.conditions..Current.com-
mutation.for.two.bidirectional.switches.
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One.disadvantage.of.this.technique.is.that.the.commutation.sequence.takes.longer.than.for.the.out-
put.current-based.technique..Also,.if.an.error.is.made,.the.input.lines.will.suffer.a.short.circuit.rather.
than.the.output.line.open.circuit.for.an.error.in.the.input.current-based.sequence..It.is.possible.to.pro-
tect.against.an.output.line.open.circuit,.but.not.an.input.line.short.circuit..The.advantage.of.the.input.
voltage-based.technique.is.that.the.input.voltage.magnitudes.must.be.measured.for.the.modulation.of.
the.converter,.whereas.the.output.current.direction.will.have.to.be.measured.using.a.dedicated.circuit..
Both.these.basic.techniques.can.simply.be.extended.to.a.converter.with.three.input.phases.and.form.the.
fundamental.principles.used.in.the.majority.of.practical.matrix.converters.

15.2.2  Power Circuit Protection

In. order. to. protect. the. matrix. converter. power. circuit. from. overvoltages,. a. diode. clamp. circuit. is.
used,.as.shown.in.Figure.15.9..These.overvoltages.can.appear.when.all.the.switches.in.the.converter.
are.instantaneously.turned.off.and.the.current.in.the.load.is.suddenly.interrupted,.for.example,.under.
an.output.overload.condition..The.energy.stored.in.the.motor.inductance.has.to.be.safely.discharged,.
and.a.small.clamp.circuit.can.perform.this.function..The.clamp.circuit.typically.uses.12.fast.diodes,.
consisting.of.two.diode.bridges.connected.to.the.input.and.output.terminals,.and.a.small.DC.link.
capacitor..The.capacitor.is.sized.to.ensure.that.the.maximum.energy.stored.in.the.inductance.of.the.
load.does.not.cause.a.capacitor.voltage.above.the.rating.of.the.semiconductor.devices.in.the.matrix.
converter.power.circuit.

15.2.3  Modulation algorithms

There.are.a.number.of.possible.modulation.techniques.for.matrix.converters,.and.this.has.been.a.very.
popular. topic. for. researchers.. In. this. chapter,. the. two. most. popular. techniques. are. considered,. the.
Venturini.Modulation.strategy.[4].and.Space.Vector.Modulation.[6].
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To.examine.the.basic.modulation.problem.for.the.matrix.converter,.a.set.of.input.voltages.and.output.
currents.can.be.assumed:
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A.modulation.matrix,.M(t),.can.then.be.found.such.that
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where.q.is.the.voltage.gain.between.the.output.and.input.voltages.
There.are.two.basic.solutions.to.this.problem:
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and
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FIGURE.15.9. The.matrix.converter.clamp.circuit.
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The.first.solution.gives. the.same.phase.displacement.at. the. input.and.output.ports,.whereas. the.sec-
ond.solution.gives.a.reversed.phase.displacement..Combining.the.two.solutions,.therefore,.provides.a.
method.of.controlling.the.input.displacement.factor.control.

This.method.is.a.direct.transfer.function.approach;.during.each.switch.sequence.time.(tseq),.the.aver-
age.output.voltage.is.equal.to.the.demanded.voltage..For.this.to.be.possible,.it.is.clear.that.the.target.volt-
ages.must.fit.within.the.input.voltage.envelope.for.any.output.frequency,.limiting.the.maximum.voltage.
ratio.to.50%,.as.shown.in.Figure.15.10.

The.voltage.transfer.ratio.can.be.increased.to.87%.by.adding.common-mode.voltages.with.frequen-
cies.equal.to.the.third.harmonics.of.the.input.and.out.to.the.target.outputs..The.common-mode.voltages.
have.no.impact.on.the.line-to-line.voltages,.but.do.allow.better.use.to.be.made.of.the.input.voltage.enve-
lope.as.shown.in.Figure.15.11..It.should.be.noted.that.a.voltage.ratio.of.87%.is.the.intrinsic.maximum.
for.any.modulation.method.where.the.target.output.voltage.equals.the.mean.output.voltage.during.each.
switching.sequence:
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Calculating.the.switch.timings.directly.from.the.above.equations.is.cumbersome.for.a.practical.imple-
mentation.. Venturini’s. optimum. method. employs. the. common-mode. addition. technique. defined. in.
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FIGURE.15.10. Waveforms—maximum.voltage.ratio.of.50%.

1.2

0.8

0.4

0

0 90

–0.4

–0.8

–1.2
180 270 360

Input voltage envelope
Target output voltages

FIGURE.15.11. Illustrating.voltage.ratio.improvement.to.87%.
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Equation. 15.5. to. achieve. a. maximum. voltage. ratio. of. 87%.. The. formal. statement. of. the. algorithm,.
including.displacement.factor.control,.is.rather.complex.and.appears.unsuited.for.real-time.implemen-
tation..In.fact,. if.unity.input.displacement.factor.is.required,.then.the.algorithm.can.be.more.simply.
stated.in.the.form.of.(15.6):

.

m
v v
V

q t t K A B CKj
K j

im
i K i= + + +









 =1

3
1

2 4
3 3

32 sin( )sin( ) for , ,ω β ω aand , ,j a b c

K A B CK

=

= =β π π0, 2 , 4 for , ,  respectively
3 3 .

(15.6)

Note.that.the.target.output.voltages,.vj,.include.the.common-mode.addition.defined.in.(15.5).
Space. vector. modulation. (SPVM). is. well. known. and. established. in. conventional. PWM. inverters..

Its.application.to.matrix.converters.is.conceptually.the.same.and.the.concept.of.space.vectors.can.be.
applied.to.output.voltage.and.input.current.control..The.target.output.voltage.space.vector.of.the.matrix.
converter.is.defined.in.terms.of.the.line-to-line.voltages:

.
Vo( ) ( ) expt v av a v a j

ab bc ca= + + = 





2
3

2
3

2 where π

.
(15.7)

In.the.complex.plane,.Vo(t).is.a.vector.of.constant.rotating.at.angular.frequency.(Figure.15.12)..In.the.
SPVM,.Vo(t).is.synthesized.by.time.averaging.from.a.selection.of.adjacent.vectors.in.the.set.of.converter.
output.vectors.in.each.sampling.period..For.a.matrix.converter,.the.selection.of.vectors.is.by.no.means.
unique.and.a.number.of.possibilities.exist,.leading.to.many.publications.

The.27.possible.output.vectors,.given.in.Table.15.2,.for.a.three-phase.matrix.converter.can.be.classi-
fied.into.three.groups.with.the.following.characteristics:

•. Group.I:.each.output.line.is.connected.to.a.different.input.line..Output.space.vectors.are.constant.
in.amplitude,.rotate.at.the.supply.frequency.

Image

vab = 0 Grp IIa 

vbc = 0 Grp IIb

vca = 0 Grp IIc

vab = 0 Grp IIa

vbc = 0 Grp IIb

vca = 0 Grp IIc 2 6

3 5

1

4

vab

vbc

vca

Real

FIGURE.15.12. Output.voltage.space.vectors.
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•. Group.II:.two.output.lines.are.connected.to.one.input.line,.the.remaining.output.line.is.connected.
to.one.of.the.other.input.lines..Output.space.vectors.have.varying.amplitude.and.fixed.direction.
occupying.one.of.six.positions.regularly.spaced.60°.apart.

•. Group.III:.all.output.lines.are.connected.to.a.common.input.line..Output.space.vectors.have.zero.
amplitude.

In.the.SPVM,.the.group.I.vectors.are.not.normally.used.and.the.desired.output.is.synthesized.from.the.
group.II.active.vectors.and.the.group.III.zero.vectors,.in.a.similar.way.to.techniques.used.for.inverters..
However,.in.a.matrix.converter,.the.input.current.must.be.considered.as.well.as.the.output.voltage.vec-
tors..The.time.weighting.for.the.vectors.can.then.be.calculated..There.is.no.unique.way.for.distributing.
the.times.within.the.switching.sequence,.but.one.popular.method.is.shown.in.Figure.15.13.

15.2.4  two-Stage Matrix Converters (Sparse)

In. addition. to. the. standard. form. of. the. matrix. converter,. there. has. been. recent. interest. in. alterna-
tive.two-stage.direct.converter.topologies..This.family.of.direct.converter.topologies.are.usually.often.
referred.to.as.sparse.matrix.converters,.but.this.term.is.often.improperly.used,.as.discussed.below..The.
basic.form.of.the.two-stage.direct.converter.consists.of.a.three-phase.to.two-phase.matrix.converter.fol-
lowed.by.a.standard.inverter.bridge,.as.shown.in.Figure.15.14.

The.three-phase.to.two-phase.matrix.converter.is.used.to.create.a.switched.“DC”.link.voltage..The.
three-phase.to.two-phase.matrix.converter.must.be.modulated.in.a.way.that.ensures.a.positive.“DC”.
link.voltage.in.order.to.avoid.a.short.circuit.condition.through.the.diodes.of.the.inverter.bridge..
This. “DC”. link.voltage. is. then.switched.by. the. inverter.bridge. to.give. the.desired.output.waveform..

S13

t13/2

t23/2

tsec/2 tsec/2

t33/2

O1 O2 O2 O1V1 V2 V3 V4 V4 V3 V2 V1

t32/2 t32/2 t33/2

t21/2 t22/2 t22/2 t21/2 t23/2

t11/2 t12/2 t12/2 t11/2 t13/2
S23

S33 S32 S32 S33

S21 S22 S22 S21 S23

S11 S12 S12 S11 S13

FIGURE.15.13. Possible.way.of.allocating.states.within.switching.sequence.

3-Phase

3-Phase
Output line

“DC” Link

3-Phase to 2-Phase

FIGURE.15.14. The.two-stage.direct.converter.topology.
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With.this.topology,.it.is.possible.to.create.all.the.same.output.vectors.as.used.in.a.standard.matrix.con-
verter.with.the.exception.of.the.rotating.vectors..The.rotating.vectors.are.the.vectors.where.each.output.
of.a.standard.matrix.converter. is.connected.to.a.different. input.phase,. shown.in.Table.15.1.. In.most.
common.modulation.techniques.for.the.standard.matrix.converter,.the.rotating.vectors.are.not.used.

If. the. operation. of. the. three-phase. to. two-phase. matrix. converter. is. analyzed. in. detail,. it. can. be.
seen.that.not.all.the.devices.in.the.matrix.converter.are.actually.required..It.is.possible.to.remove.three.
IGBTs,.as.shown.in.Figure.15.15b,.and.retain.the.full.functionality.of.the.complete.converter..This.topol-
ogy.is.normally.referred.to.as.a.sparse.matrix.converter..A.further.reduction.in.device.count.is.possible.
if.only.unidirectional.power.flow.is.required,.as.shown.in.Figure.15.15c..The.outer.IGBTs.in.the.three-
phase.to.two-phase.matrix.converter.are.not.required.in.unidirectional.power.flow.situation,.leading.to.
a.topology.that.has.been.termed.the.Very.Sparse.Matrix.Converter..The.semiconductor.device.count.for.
these.circuits.is.compared.with.the.standard.matrix.converter.and.a.back-to-back.inverter.arrangement.
in.Table.15.2.

To.overcome.some.of.the.limitations.of.all.the.direct.converter.topologies,.it.is.possible.to.add.some.
energy.storage.into.the.“DC”.link.using.an.H-bridge,.as.shown.in.Figure.15.15d..With.this.topology,.it.
is.possible.to.increase.the.maximum.output.voltage.and.compensate.for.input.voltage.waveform.distor-
tion,.but.this.is.usually.at.the.expense.of.input.current.waveform.quality.

15.2.5  applications

The.range.of.published.practical.implementations.has.demonstrated.the.technology.readiness.of.matrix.
converters.for.motor.drive.applications..These.range.from.a.2.kW.matrix.converter.using.silicon.carbide.
devices.and.switching.at.150.kHz.for.aerospace.applications.built.at.ETH.in.Zürich,.Switzerland.to.a.
150.kVA.matrix.converter.using.600A.IGBTs.built.at.the.U.S..Army.research.labs.in.collaboration.with.
the.University.of.Nottingham,.United.Kingdom.

TABLE.15.1. Matrix.Converter.Vectors

Vector.
Number

Conducting.
Switches

Output.Phase.
Voltages

Output.Line-to-Line.
Voltages Input.Line.Currents

va vb vc vab vbc vca IA IB IC

+1 SAa SBb SBc vA vB vB vAB 0 −vAB Ia Ib.+.Ic 0
−1 SBa SAb SAc vB vA vA −vAB 0 vAB Ib.+.Ic Ia 0
+2 SBa SCb SCc vB vC vC vBC 0 −vBC 0 Ia Ib.+.Ic

−2 SCa SBb SBc vC vB vB −vBC 0 vBC 0 Ib.+.Ic Ia

+3 SCa SAb SAc vC vA vA vCA 0 −vCA Ib.+.Ic 0 Ia

−3 SAa SCb SCc vA vC vC −vCA 0 vCA Ia 0 Ib.+.Ic

+4 SBa SAb SBc vB vA vB −vAB vAB 0 Ib Ia.+.Ic 0
−4 SAa SBb SAc vA vB vA vAB −vAB 0 Ia.+.Ic Ib 0
+5 SCa SBb SCc vC vB vC −vBC vBC 0 0 Ib Ia.+.Ic

−5 SBa SCb SBc vB vC vB vBC −vBC 0 0 Ia.+.Ic Ib

+6 SAa SCb SAc vA vC vA −vCA vCA 0 Ia.+.Ic 0 Ib

−6 SCa SAb SCc vC vA vC vCA −vCA 0 Ib 0 Ia.+.Ic

+7 SBa SBb SAc vB vB vA 0 −vAB vAB Ic Ia.+.Ib 0
−7 SAa SAb SBc vA vA vB 0 vAB −vAB Ia.+.Ib Ic 0
+8 SCa SCb SBc vC vC vB 0 −vBC vBC 0 Ic Ia.+.Ib

−8 SBa SBb SCc vB vB vC 0 vBC −vBC 0 Ia.+.Ib Ic

+9 SAa SAb SCc vA vA vC 0 −vCA vCA Ia.+.Ib 0 Ic

−9 SCa SCb SAc vC vC vA 0 vCA −vCA Ic 0 Ia.+.Ib
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3-Phase load(a)

(b) 3-Phase load

(d) 3-Phase load

(c) 3-Phase load

FIGURE.15.15. (a).The.two-stage.direct.power.converter..(b).The.sparse.converter..(c).The.very.sparse.matrix.
converter..(d).Hybrid.two-stage.direct.power.converter.
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Most.of.leading-edge.research.in.matrix.converters.is.now.focused.on.potential.applications..Many.
potential.applications.exist.where.power.density.carries.a.premium,.such.as.integrated.motor.drives,.lifts.
and.hoists,.aerospace.applications,.and.marine.propulsion..It.is.in.these.high-value.industries.where.the.
advantages.become.very.significant,.that.the.matrix.converter.will.probably.first.find.its.first.commer-
cial.applications..As.the.price.of.semiconductors.continues.to.fall,.the.matrix.converter.is.also.becoming.
a.more.attractive.future.alternative.to.the.back-to-back.inverter.in.applications.where.sinusoidal.input.
currents.or.true.bidirectional.power.flow.are.required..The.matrix.converter.could.be.an.ideal.converter.
topology.to.utilize.future.technologies.such.as.high-temperature.silicon.carbide.devices..These.devices.
will.operate.at.temperatures.up.to.300°C,.so.the.lack.of.large.electrolytic.capacitors,.as.normally.used.in.
an.inverter,.would.again.be.a.significant.advantage.
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16.1 Introduction

AC–DC–AC. converters. are. part. of. a. group. of. AC/AC. converters.. Generally,. AC/AC. converters. take.
power.from.one.AC.system.and.deliver.it.to.another.with.waveforms.of.different.amplitude,.frequency,.
and.phase..Those.systems.can.be.single.phase.or.three.phase..The.major.application.of.voltage.source.AC/
AC.converters.are.adjustable.speed.drives.(ASDs).[5,18,19,41].and.adjustable.speed.generators.(ASGs).
(variable.speed.generation.systems).

The.widely.voltage.source.AC/AC.converters.utilize.a.DC-link.between.the.two.AC.systems,.as.pre-
sented.in.Figure.16.1a,b,.and.provide.direct.power.conversion,.as.in.Figure.16.1c.
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In.AC–DC–AC.converter,.the.input.AC.power.is.rectified.into.a.DC.waveform.and.then.is.inverted.into.
the.output.AC.waveform..A.capacitor.(and/or.inductor).in.DC-link.stores.the.instantaneous.difference.
between.the.input.and.output.powers..AC–DC.and.DC–AC.converters.can.be.controlled.independently.

The.matrix.converter.(cycloconverter).avoids.the.intermediate.DC-link.by.converting.the.input.AC.
waveforms.directly.into.the.desired.output.waveforms.(Figure.16.1c).[16].

Although.a.three-phase.induction.machine.was.introduced.more.than.100.years.ago,.the.research.
and.development.in.this.area.is.still.ongoing..Moreover,.there.has.been.a.remarkable.growth.in.the.
development.of.new.power.semiconductor.devices.and.power.electronics.converters.in.the.last.20/30.
years,.and.has.not.ceased.to.grow..The.introduction.of.insulated.gate.bipolar.transistors.(IGBTs).in.
the.mid-1980s.was.an.important.milestone.in.the.history.of.power.semiconductor.devices..Similarly,.
digital.signal.processors.(DSPs).developed.in.1990s.were.a.milestone.in.implementation.and.applica-
tions.of.advanced.control.strategies.for.power.converter.drives..As.a.result,.ASD.systems.are.widely.
used. in. applications. such. as. pumps,. fans,. paper. and. textile. mills,. elevators,. electric. vehicles,. and.
underground.traction,.home.appliances,.wind.generation.systems.(ASG),.servo.drives.and.robotics,.
computer.peripherals,.steel.and.cement.mills,.and.ship.propulsion.[5]..Nowadays,.most.ASD.systems.
consist.of.uncontrollable.diode.rectifier.(Figure.16.1a).or.a. line-commutated.phase-controlled. thy-
ristor.bridge..Although.both.these.converters.offer.a.high.reliability.and.simple.structure,.they.also.
have.serious.disadvantages..The.DC-link.voltage.of.the.diode.rectifier.is.uncontrolled.and.pulsating;.
therefore,.bulky.DC-link.capacitor.and.usually.DC-choke.are.needed..Moreover,. the.power.flow.is.
unidirectional.and. the. input.current. (line.current). is. strongly.distorted..The. last.drawback. is.very.
important.because.of.standard.regulations.such.as.IEEE.Std.519-1992.in.the.United.States.and.IEC.
61000-3-2/IEC.61000-3-4.in.the.European.Union..Even.small.power.ASD.can.cause.a.total.harmonics.
distortion.(THD).problem.for.a.supply.line.when.a.large.number.of.nonlinear.loads.are.connected.to.
one.point.of.common.coupling.(PCC)..Table.16.1.lists.the.harmonic.current.limits.based.on.the.size.
of.a.load.with.respect.to.the.size.of.line.power.supply.

Line

L

Udc

(a)

3~
IM

Line

L

Udc

(b)

3~
IM

Line

L

(c)

3~
IM

VSR

VSIVSI

FIGURE.16.1. Chosen.AC/AC.converters.for.ASDs:.(a).with.diode.rectifier,.(b).with.VSR,.and.(c).direct.con-
verter. (matrix. or. cycloconverter).. VSI,. voltage. source. inverter;. IM,. induction. machine;. PWM,. pulse. width.
.modulation.[Data.from.11].
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The.recommended.voltage.distortion.limits,.usually.expressed.by.THD.index,.is.shown.in.Table.16.2,.
where.THD.is.total.(root-sum-square.(RSS)).harmonic.voltage.in.percent.of.nominal.fundamental.fre-
quency.voltage..This.term.has.come.into.common.usage.to.define.either.voltage.or.current.distortion.
factor.(DF).(Equation.16.1)..The.DF.is.the.ratio.of.the.RSS.of.the.harmonic.content.to.the.root-mean-
square.(RMS).value.of.the.fundamental.quantity,.expressed.as.a.percent.of.the.fundamental.[13]:

.
THD

2

2
2=

( )=

( )

∑ U

U
L h

h

L

50

1
100%

.
(16.1)

Some. types.of.electronic. receivers.can.be.affected.by. transmission.of.AC.supply.harmonics. through.
the.equipment.power.supply.or.by.electromagnetic.coupling.of.harmonics.into.equipment.components.
(electromagnetic.interference.(EMI).problem)..Computers.and.associated.equipment.such.as.program-
mable.controllers. frequently.require.AC.sources. that.have.no.more.distortion. than.a.5%.THD,.with.
the. largest. single.harmonic.being.no.more. than.3%.of. the. fundamental..Higher. levels.of.harmonics.
result.in.erratic,.sometimes.subtle.malfunctions.of.the.equipment.that.can,.in.some.cases,.have.serious.
consequences..Also,.instruments.can.be.affected.similarly..Perhaps,.the.most.serious.of.these.are.mal-
functions.in.medical.instruments..Consequently,.many.medical.instruments.are.provided.with.special.
power.electronics.devices.(line-conditioners)..Here.is.a.wide.application.field,.especially,.for.AC–DC–
AC.converters,.such.as.uninterruptible.power.supply.(UPS).systems.

Therefore,.a.lot.of.methods.for.elimination.of.harmonics.distortion.in.the.power.system.are.developed.
and.implemented.[31]..Moreover,.several.blackouts.in.recent.years.(United.States.and.Canada.(New.York,.
Detroit,.Toronto).in.August.2003,.Russia.(Moscow).in.May.2005,.United.States.(Los.Angeles).in.September.
2005,.and.high.prices.of.the.oil.shows.that.the.idea.of.“clean.power”.is.more.and.more.up.to.date.

Harmonics.reduction.methods.can.be.divided.into.two.main.groups.(Figure.16.2):

. 1.. Passive.filters.and.active.filters:.harmonics.reduction.of.the.already.installed.nonlinear.loads

. 2.. Multi-pulse. rectifiers. and. VSR. (active. rectifiers):. power-grid. friendly. converters. (with. limited.
THD).[22].

TABLE.16.1. Current.Distortion.Limits.for.General.Distribution.Systems.
(Up.to.69.kV)

Maximum.Harmonic.Current.Distortion.in.Percent.of.(15.or.30.min.Demand).ILm

Individual.Harmonic.Order.(Odd.Harmonics)

ISC/ILm <11 11.≤.h.<.17 17.≤.h.<.23 23.≤.h.<.35 35.≤.h TDD
ISC/ILm.<.20 4.0 2.0 1.5 0.6 0.3 5.0
20.<.ISC/ILm.<.50 7.0 3.5 2.5 1.0 0.5 8.0
50.<.ISC/ILm.<.100 10.0 4.5 4.0 1.5 0.7 12.0
100.<.ISC/ILm.<.1000 12.0 5.5 5.0 2.0 1.0 15.0
ISn/ILm.>.1000 15.0 7.0 6.0 2.5 1.4 20.0

Note:. TDD.is.the.total.demand.distortion.(root-sum-square—RSS).
Source:. Modified. from. IEEE. Std. 519–1992,. IEEE. Recommended. Practices. and.

Requirements.for.Harmonic.Control.in.Electrical.Power.Systems,.The.Institute.of.Electrical.
and.Electronics.Engineers.Inc.,.USA,.1993.

TABLE.16.2. Voltage.Distortion.Limits

Bus.Voltage.at.PCC Individual.Voltage.Distortion.[%]

69.kV.and.below 3.0 5.0

Source:. Modified.from.IEEE.Std.519–1992,. IEEE.Recommended.Practices.
and. Requirements. for. Harmonic. Control. in. Electrical. Power. Systems,.
The.Institute.of.Electrical.and.Electronics.Engineers.Inc.,.USA,.1993.
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Furthermore,.the.energy.saving.is.important.because.VSR.assures.regenerating.braking.with.energy-
saving.capability.as.well.as.after.minor.modification,.active.filtering.function.can.be.implemented.[1].

Typical.application.of.the.VSR.is.shown.in.Figure.16.1b..Thanks.to.systematical.cost.reduction.of.the.
IGBTs.and.DSPs,.there.have.appeared.on.the.market.serially.produced.VSR.from.few.kVA.up.to.MVA..
An. individual. VSR. can. provide. the. DC-link. voltage. to. several. VSI-fed. IM. (for. cost. reduction). [43]..
Moreover,.VSR.can.compensate.the.nonlinear.load.current.connected.in.parallel.with.VSR.to.PCC.

This.chapter.focuses.on.three-phase.AC–DC–AC.converter.consisting.of.two.identical.voltage.source.
converters.(VSCs),.IGBT.bridges,.as.in.Figure.16.1b..The.first.of.them.(at.the.line.side).works.as.a.voltage.
source.rectifier.(VSR).feeding.the.DC-link.circuit.in.motoring.mode.or.feeding.the.grid.in.generating.
mode,.whereas.the.second.(at.the.machine.side).operates.as.a.voltage.source.inverter.(VSI).(also.called.
machine.side.converter.(MSC)).feeding.induction.machine.(IM).in.motoring.mode.or.taking.energy.
from. the. IM. in. generating. mode.. Sometimes,. VSR. is. called. active. rectifier,. PWM. rectifier. or. active.
front-end,.or.grid.side.converter.(GSC).

Generally,.the.high-performance.frequency-controlled.AC–DC–AC.converter–fed.IM.drive.should.
offer.the.following.features.and.abilities:

On.the.MSC.side

•. Four-quadrant.operation
•. Fast.flux.and.torque.response
•. Maximum.output.torque.available.in.wide.range.of.speed.operation
•. Constant.switching.frequency
•. Unipolar.voltage.PWM,.thus.lower.switching.losses
•. Low.flux.and.torque.ripple
•. Wide.range.of.speed.control
•. Robustness.to.parameter.variations

On.the.GSC

•. Bidirectional.power.flow
•. Nearly.sinusoidal.input.current.(low.THD.typically.below.5%)
•. Controllable.reactive.power.(up.to.unity.power.factor.(UPF))
•. Controllable.DC-link.voltage.(well.stabilized.at.desired.level)
•. Reduction.of.DC-link.capacitor.and.DC.voltage.fluctuation
•. Insensitivity.to.line.voltage.variations.[26,35,40]
•. Reduction.of.transformer.and.cable.cost.due.to.UPF

Harmonics reduction techniques

Filters
[48]

(b)(a)
Mixing of single-
and three-phase
diode rectifier

Multi-pulse
rectifiers

Multilevel
rectifiers

HybridActivePassive
[46,47]

Active
rectifiers

2-Level VSR
“boost”

2-Level CSR
“buck”

FIGURE.16.2. Harmonics.reduction.techniques;.where.CSR.is.current.source.rectifier.
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These. features. depend. mainly. on. the. applied. control. strategy.. The. main. goal. of. the. chosen. con-
trol.strategy.is.to.provide.optimal.parameters.of.ASD.concurrently.with.reduction.of.the.cost.and.
maximal. simplification. of. the. whole. system.. Moreover,. robustness. of. the. control. system. is. very.
important.

IM.control.methods.can.be.divided.into.scalar.and.vector control..The.general.classification.of.the.
variable. frequency. methods. is. presented. in. Figure. 16.3.. Following. the. definition. from. [19],. we. may.
say.that.“in.scalar.control,.which.is.based.on.relationships.valid.for.steady.state,.only.magnitude.and.
frequency.(angular.speed).of.voltage,.current.and.flux.linkage.space.vectors.are.controlled..As.result,.
the.scalar.control.does.not.act.on.space.vector.position.during.transients..Contrarily,.in.vector.control,.
which.is.based.on.relations.valid.for.dynamic.states,.not.only.magnitude.and.frequency.(angular.speed).
but.also.instantaneous.positions.of.voltage,.current,.and.flux.space.vectors.are.controlled..Thus,.the.vec-
tor.control.acts.on.the.positions.of.the.space.vectors.and.provides.their.correct.orientation.both.in.steady.
state.and.during.transients.”

Therefore,. vector. control. is. a. general. control. concept. that. can. be. implemented. in. many. differ-
ent.ways..The.most.known.method,.called.field oriented control.(FOC).[4,7,31].or.vector.control.[5].
has.been.proposed.by.Hasse.(indirect.FOC).and.Blaschke.(direct.FOC).[3].(see.also.[5,18,41]),.and.
gives.the.induction.machine.good.performance..In.the.FOC,.the.IM.equations.are.transformed.into.
rotor. flux. vector. oriented. coordinate. system.. In. rotor. flux. vector. oriented. coordinates. (assumed.
constant. rotor. flux. amplitude),. there. is. a. linear. relationship. between. current. vector. components.
and.machine.torque..Moreover,.like.in.a.DC.machine,.the.flux.reference.amplitude.is.reduced.in.the.
field-weakening.range. in.order. to. limit. the. stator.voltage. typically.at.higher. than.nominal. speed..
IM.equations.represented.in.the.flux.vector.oriented.coordinates.have.a.good.physical.basis.because.
they.correspond.to.the.decoupled.torque.generation.in.separately.excited.DC.machine..Nevertheless,.
from.the.theoretical.point.of.view,.another.type.of.mathematical.transformations.can.be.chosen.to.
achieve.decoupling.and.linearization.of.IM.equations..Those.methods.are.known.as.modern nonlin-
ear control.[16]..Marino.et.al..and.Krzeminski.(see.Kazmierkowski.et.al..[19]).have.proposed.a.nonlinear.
transformation.of.the.machine.state.variables.so.that,. in.the.new.coordinates,.the.speed.and.rotor.

Variable
frequency

control

Scalar-based
controllers

Vector-based
controllers

U/f = const is = f (ωr)

Direct
(Blaschke)

Field oriented Direct torque
control

Feed-back
linearization

Indirect
(Hasse)

Circular flux
trajectory

(Takahashi)

Hexagon flux
trajectory

(Depenbrock)

Stator flux
oriented

Rotor flux
oriented

Direct torque
space-vector
modulation

Passivity-
based control

Closed-loop
flux & torque

control

Open-loop
NFO

(Jönsson)

FIGURE.16.3. Classification.of.IM.control.methods;.where.NFO.is.the.natural.field.orientation.[Data.from.45].
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flux.amplitude.are.decoupled.by.feedback;.the.method.is.called.feedback linearization control.(FLC)..
Also,. a. method. based. on. the. variation. theory. and. energy. shaping,. called. passivity-based control.
(PBC).has.been.recently.investigated.[17].

In.the.mid-1980s,.there.was.a.trend.toward.the.standardization.of.the.control.systems.on.the.basis.
of.the.FOC.methodology..However,.Depenbrock,.Takahashi,.and.Nogouchi.[36].have.presented.a.new.
strategy,.which.abandons.an.idea.of.mathematical.coordinate.transformation.and.the.analogy.with.DC.
machine.control..These.authors.proposed.to.replace.the.averaging.based.decoupling.control.with.the.
instantaneous.bang-bang.control,.which.very.well. corresponds. to.on–off.operation.of. the.VSI. semi-
conductor.power.devices..These.strategies.are.known.as.direct torque control.(DTC)..Among.the.main.
advantages. of. DTC.scheme. are. simple. structure,. good. dynamic.behavior,. and. that. it. is. inherently. a.
motion-sensorless.control.method..However,.it.has.very.important.drawbacks,.i.e.,.variable.switching.
frequency,.high.torque.pulsation,.unreliable.startup,.and.low-speed.operation.performance..Therefore,.
to.overcome.these.disadvantages,.a.space.vector.modulator.(SVM).was.introduced.to.DTC.structure.[9].
giving.DTC–SVM.control.scheme..In.this.method,.disadvantages.of.the.classical.DTC.are.eliminated.

However,. it. should. be. pointed. that. no. commonly. shared. terminology. exists. regarding. DTC. and.
DTC–SVM..From.the.formal.considerations,.DTC-SVM.can.also.be.called.as.stator field oriented con-
trol.(SFOC)..In.this.chapter,.DTC.and.DTC-SVM.scheme.refer.to.control.schemes.operating.with.closed.
torque.and.flux.loops.without.current.controllers.

Control.of.the.VSR.can.be.considered.as.a.dual.problem.with.vector.control.of.an.induction.machine..
The. simple. scalar. control. is. based. on. current. regulation. in. three-phase. system. (AC. waveforms). [5].
(Figure.16.4).

Like.for.IM,.vector.control.of.VSR.is.a.general.control.philosophy.that.can.be.implemented.in.many.
different.ways..The.most.popular.method,.known.as.voltage oriented control.(VOC).[25,28].gives.high.
dynamic.and.static.performances.via. internal.current.control. loops..In.the.VOC,.the.VSR.equations.
are. transformed. in. a. line. voltage. vector. oriented. coordinate. system.. In. line. voltage. vector. oriented.
coordinates,.there.is.a.linear.relationship.between.current.vector.control.components.and.power.flow..
To. improve. the. robustness. of. VOC. scheme,. a. virtual. flux. (VF). concept. was. introduced. by. Duarte..
However,.from.the.theoretical.point.of.view,.other.types.of.mathematical.coordinate.transformations.
can.be.defined.to.achieve.decoupling.and.linearization.of.the.VSR.equations..This.has.originated.the.
methods. known. as. nonlinear control.. Jung. et. al.. [15]. and. Lee. et. al.. [23]. have. proposed. a. nonlinear.

Variable
DC-voltage

control and UPF

Scalar-based
controllers

Vector-based
controllers

Oriented 
control

Direct power
control

Feedback
linearization

Passivity-
based control

Virtual �ux
oriented

Voltage
oriented

Direct power
space-vector
modulation

Virtual �ux
direct power

control

FIGURE.16.4. Classification.of.VSR.control.methods.
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transformation.of.VSR.state.variables.so.that,.in.the.new.coordinates,.the.DC-link.voltage.and.line.cur-
rent.are.decoupled.by.feedback;.this.method.is.called.also.FLC.like.for.induction.machine..Moreover,.a.
PBC,.as.for.IM,.was.also.investigated.in.respect.to.VSR.[19].

In. the. mid-1990s,. Manninen. [30]. and. in. the. second. part. of. 1990s,. Nogouchi. at. al.. [33]. have.
expanded.the. idea.of.DTC.for.VSR.called.direct power control. (DPC)..From.that. time,. it.has.been.
continuously.improved..However,.these.control.principles.are.very.similar.to.DTC.schemes.for.IM.
and.have.the.same.drawbacks..Therefore,.to.overcome.that.disadvantages.a.space.vector.modulator.
(SVM). [12]. was. introduced. to. DPC. structure. giving. new. DPC–SVM. control. scheme. [29].. Hence,.
presented.DPC-SVM.and.DTC-SVM.joins.important.advantages.of.SVM.(e.g.,.constant.switching.
frequency,.unipolar.voltage.pulses),.with.advantages.of.DPC,.and.DTC.(e.g.,.simple.and.robust.struc-
ture,.lack.of.internal.current.control.loops,.good.dynamics,.etc.)..However,.when.control.structure.
of.the.VSR.operates.independently.from.control.of.the.IM,.the.DC-link.voltage.stabilization.is.not.
sufficiently.fast.and,.as.a.consequence.a.large.DC-link.capacitor.is.required.for.instantaneous.power.
balancing..Therefore,.for.speed.up.the.DC-link.voltage.dynamic.an.additional.active.power.feedfor-
ward.(PF).loop.from.the.VSI-fed.IM.side.to.VSR-fed.DC-link.control.is.required..As.result.a.direct.
power.and.torque.control.with.space.vector.modulation.(DPTC-SVM).scheme.was.obtained.[14]..This.
new.control.scheme.with.PF.loop.allows.significant.reduction.of.the.DC-link.capacitor.keeping.fast.
instantaneous.power.balancing..It.seems.to.be.very.attractive.for.industrial.application..Therefore,.
this.chapter.is.devoted.to.analysis.and.study.of.DPTC-SVM.scheme.with.PF.loop.(Figure.16.4).

16.2 Mathematical Model of the VSI-Fed Induction Machine

To.present.basic.control.methods.of.VSI-fed.IM.(see.Figures.16.5.and.16.6),.the.space.vector–based.IM.
mathematical.model.will.be.presented.and.discussed.in.this.section..The.fundamental.wave.IM.model.
is.developed.under.the.following.idealized.assumptions.[18]:

•. The.object.is.a.symmetrical,.three-phase.machine.
•. Only.the.basic.harmonics.are.considered.while.the.higher.harmonics.of.the.spatial.field.distribu-

tion.and.magnetomotive.force.(MMF).in.the.air.gap.are.disregarded.
•. The.spatially.distributed.stator.and.rotor.windings.are.represented.by.a.virtual.so-called.concen-

trated.coil.

(b)

IS
RSr LSσ

US

E

(a)

DC-side AC-sideVSI

USA

USB

RSr LSσ EA

EB

USC EC

Iload

Udc IC

C

FIGURE.16.5. VSI.with.IM.equivalent.circuit:.(a).three-phase.system.and.(b).single-phase.equivalent.circuit.
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•. The.effects.of.anisotropy,.magnetic.saturation,.iron.losses,.and.eddy.currents.are.neglected.
•. The.coil.resistances.and.reactances.are.assumed.to.be.constant.
•. The.current.and.voltage.are.taken.to.be.sinusoidal.(in.many.cases,.especially.when.considering.

steady.states).

16.2.1  IM Mathematical Model in rotating Coordinate System 
with arbitrary angular Speed

The.model.of.the.IM.in.natural.ABC.coordinates.is.very.complicated..Therefore,.in.order.to.reduce.the.
set.of.equations.from.12.to.4,.the.complex.space.vectors.are.used..Moreover,.based.on.transformation.
into.a.common.rotating.coordinate.system.with.arbitrary.angular.speed.ΩK.and.referring.rotor.quanti-
ties.to.the.stator.circuit,.a.following.set.of.equations.can.be.written.[18]:

Voltage.equations:

.
U ISK S SK

SK
K SKR d

dt
j= + +Y YΩ ,

.
(16.2)

.
U IrK r rK

rK
K b m rKR d

dt
j p= + + −( )Y YΩ Ω ,

.
(16.3)

Flux-currents.equations:

. YSK S SK M rKL L= +I I , . (16.4)

. YrK r rK M SKL L= +I I , . (16.5)

And.motion.equation:

.

d
dt J

p m Mm
b

S
SK SK L

Ω = ( ) −





1
2

Im *Y I
.

(16.6)

16.3 Operation of Voltage Source rectifier

VSR.can.be.described.in.different.coordinate.systems..The.basic.scheme.of.the.VSR.with.AC.input.choke.
and.output.DC.side.capacitor.is.shown.in.Figure.16.7a,.while.Figure.16.7b.shows.its.a.single-phase.rep-
resentation,.where.UL.is.a.line.voltage.space.vector,.IL.is.a.line.current.space.vector,.Up.is.the.VSR.input.
voltage.space.vector,.and.Ui.is.a.space.vector.of.voltage.drop.on.the.input.(AC.line.side).choke.L.and.it.
resistance.R.

ψ
E

IS

jLSσ IS

RSr ISUsψ
E

IS(a) (b)

jLSσ IS
RSr IS

Us

FIGURE.16.6. Pictorial.phasor.diagrams.for.VSI-fed.IM.drive:.(a).motoring.and.(b).regenerating.
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The.Up.voltage.is.controllable.and.depends.on.switching.signals.pattern.and.DC-link.voltage.level..
Thanks.to.control.magnitude.and.phase.of.the.Up.voltage,.the.line.current.can.be.controlled.by.chang-
ing.the.voltage.drop.on.the.input.choke,.Ui..Therefore,.inductances.between.line.and.AC.side.of.the.VSR.
are.indispensable..They.create.a.current.source.and.provide.boost.feature.of.the.VSR..By.controlling.the.
converter.AC.side.voltage.in.its.phase.and.amplitude.Up,.the.phase.and.amplitude.of.the.line.current.
vector.IL.is.controlled.indirectly.

Further,.in.Figure.16.8.are.shown.both.motoring.and.regenerating.phasor.diagrams.of.VSR..From.
this.figure,. it. can.be. seen. that. the.magnitude.of.Up. is.higher.during. regeneration. than. in. rectifying.
mode..With.assumption.of.a.stiff.line.power.(i.e.,.UL.is.a.pure.voltage.source.with.zero.internal.imped-
ance),.terminal.voltage.of.VSR.Up.can.differ.up.to.about.3%.between.motoring.and.regenerating.modes.

UL

Ui

UpRL

(b)

IL

C

ULA

ULB

ULC

Rload

RL

(a)

Idc Iload

Ic

AC-side VSR DC-side

UpA

UpB

UpC

FIGURE.16.7. VSR.topology:.(a).three-phase.system.and.(b).single-phase.equivalent.circuit.
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Rectifying Inverting
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FIGURE.16.8. Pictorial.phasor.diagrams.for.VSR:.(a,.b).non-UPF;.(c,.d).UPF.operation.
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16.3.1 Operation Limits of the Voltage Source rectifier

Figure. 16.9. indicates. that. for. VSR. is. a. load. current. limit. for. fixed. line. and. DC-link. voltage,. as.
well.as.input.choke..Beyond.that.limit,.the.VSR.is.not.able.to.operate.and.maintain.a.UPF.require-
ment..Lower.line.inductance.and.higher.voltage.reserve.(between.the.line.voltage.and.the.DC.side.
voltage).can.increase.that.limits..However,.there.is.a.limitation.for.the.minimum.DC-link.voltage.
defined.as

. U Udc LRMS> 2 3 . (16.7)

This.limitation.is.introduced.by.freewheeling.diodes.in.VSR,.which.operate.as.a.diode.rectifier..However,.
in.the.literature.exists.other.limitation.[34].which.takes.into.account.the.input.power.(value.of.the.cur-
rent).of.the.VSR.

Let.consider.that.commanded.value.of.the.line.current.differs.from.actual.current.by.ΔILxy:

. ∆I I ILxy Lxyc Lxy= − . (16.8)

The.direction.and.velocity.of.the.line.current.vector.changes.are.described.by.derivative.of.that.current.
L d dtLxy( / )I ..It.can.be.represented.by.equations.in.synchronous.rotating.xy.coordinates:

.
L

d
dt

R U j LLxy
Lxyc Lxy Lxy dc xy L Lxyc Lxy

I
I I U S I I+ −( ) = − + −( )∆ ω1 ∆

.
(16.9)

With.assumptions.that.resistance.of.the.input.chokes.R.≅.0.and.actual.current.is.close.to.commanded.
value.(ΔILxy.≅.0),.the.above.equation.can.be.simplified.to

.
L

d
dt

U j LLxy
Lxy dc xy L Lxyc

I
U S I= − +1 ω

.
(16.10)

UL
ILxyc

y

xε

ILxy

PU1

PU2
PU0,7

PU6

PU3 PU4

PU5

ΔILxy

FIGURE.16.9. Error.area.of.the.line.current.vector..(Adapted.from.Sikorski,.A.,.Problemy dotyczące minimalizacji 
strat łączeniowych w przekształtniku AC-DC-AC-PWM zasilającym maszynę indukcyjną,.Politechnika.Białostocka,.
Rozprawy.Naukowe.nr..58,.Białystok,.Poland,.pp..217,.1998.(in.Polish).)
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Based.this.equation,.the.direction.and.velocity.of.the.line.current.vector.changes.depends.on

•. Values.of.input.chokes.L
•. Line.voltage.vector.ULxy

•. Line.current.vector.ILxy

•. Value.of.the.DC-link.voltage.Udc

•. Switching.states.of.the.VSR.S1xy

Command.current.ILxyc. is.in.phase.with.line.voltage.vector.ULxy.and.it. lies.on.the.axis.x..The.differ-
ence.between.actual.current.ILxy.and.commanded.ILxyc.is.defined.by.Equation.16.8.and.is.illustrated.in.
Figure.16.9.

Full.current.control.is.possible.when.the.current.is.kept.in.desired.error.area.(16.9)..Critical.operation.
of.the.VSR.is.when.the.angle.achieves.ε.=.π..Figure.16.9.shows.that.for.such.case.ε.created.by.PU1,.PU2,.
Upc1,.and.Upc2.vectors,.are.the.arms.of.the.equilateral.triangle..Therefore,.based.on.the.equation.for.its.
altitude,.the.boundary.condition.can.be.defined.as

.
U I ULxy L Lxyc pxyj L+ =ω 3

2 .
(16.11)

Assuming.that.ULxy.=.ULm,.ILxyc.=.ILmc,.and.Upxy.=.(2/3)Udc,.the.following.expression.can.be.derived:

.
U LI ULm L Lmc dc

2 2 3
2

2
3

+ =( )ω
.

(16.12)

After.rearranging,.one.obtains.dependence.for.minimum.DC-link.voltage:

.
U U LIdc Lm L Lmc_ ( )min = +( )3 2 2ω

.
(16.13)

(For.example.with.parameters.as.ULm = 230 2 V,.ωL.=.2π50,.L.=.0.01.H,.ILmc.=.10.A,.then.Udc_min.≥.566.V).
Based.on.this.relation,.the.maximum.value.of.the.input.inductance.can.be.calculated.as

.
L

U U
Im

dc Lm

L Lmc
=

− ( )1 3 2 2/
ω .

(16.14)

(For.example,.with.parameters.as.ULm = 230 2 V,.ωL.=.2π50,.ILmc.=.10.A,.and.Udc_min.=.566.V.then.maxi-
mum.input.line.inductance.is.Lm.=.0.01.H.)

16.3.2 VSr Model in Synchronously rotating xy Coordinates

A.two-phase.model.in.synchronously.rotating.xy.coordinates.using.the.complex.space.vector.notation.
can.be.expressed.as

.
L

d
dt

R U j LLxy
Lxy Lxy dc xy L Lxy

I
I U S I+ = − +1 ω

.
(16.15)

.
C dU

dt
Idc

Lxy xy load=   −3
2 1Re *I S

.
(16.16)
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16.4  Vector Control Methods of aC–DC–aC Converter–Fed 
Induction Machine Drives: a review

VSI:.First.publications.about.inverter.vector.control.(FOC).was.published.30.years.ago.[3],.and.from.that.
time.it.has.been.widely.used.in.industry..As.mentioned,.the.FOC.can.be.divided.into.direct.field.oriented.
control.(DFOC).and.indirect.field.oriented.control.(IFOC)..The.second.one.seems.to.be.more.attractive.
because.of.lack.of.the.flux.estimator..Thanks.to.this.ability,.it.is.easier.in.implementation..Therefore,.for.
further.consideration,.IFOC.is.chosen.

DTC.was.proposed.by.Takahashi.[36].

VSR:.Control.of.the.VSR.can.be.considered.as.a.dual.problem.with.vector.control.of.an.induction.machine.
Besides.of.classification.as.in.Section.16.1,.control.techniques.for.VSR.can.be.classified.in.respect.to.

voltage.and.VF.bases..Overall,.four.types.of.techniques.can.be.distinguished:

•. Voltage.oriented.control.(VOC)
•. Voltage-based.direct.power.control.(DPC)
•. Virtual.flux.oriented.control.(VFOC)
•. Virtual.flux-based.direct.power.control.(VF-DPC)

All.these.methods.are.very.well.described.in.the.literature.[19,28],.where.superiority.of.VF-based.meth-
ods.is.clearly.shown..Therefore,.only.VF-based.method.will.be.described.

This.chapter.has.been.performed.with. two.main.goals:.presenting. theoretical.background.of.each.
control.technique.and.brief.comparison.(Figure.16.10).

16.4.1 Field Oriented Control and Virtual Flux Oriented Control

VSI:. The. block. diagram. of. the. IFOC. is. presented. in. Figure. 16.11.. The. commanded. electromagnetic.
torque.Mec,.is.delivered.from.outer.PI.speed.controller,.based.on.mechanical.speed.error.e mΩ .

V-FOC

FOC DTC

DPC DPC-SVM

DTC-SVM

Control of VSR

Control of VSI

VSR

C

IM 3 ~ US

VM UL

Idc

IloadIc

Udc

VSI

FIGURE.16.10. Relationship.between.control.methods.of.VSR.and.VSI-fed.IM.
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Then,.command.values.ISdc.and.ISqc.are.compared.with.actual.values.of.current.component.ISd.and.ISq,.
respectively..It.should.be.stressed.that.(for.steady.state).ISd.is.equal.to.the.magnetizing.current,.while.the.
torque.in.both.dynamic.and.steady.states.is.proportional.to.ISq..The.current.errors.eISd.and.eISq.are.fed.to.
two.PI.controllers,.which.generate.commanded.stator.voltage.components.USqc,.and.USdc,.respectively..
Further,.commanded.voltages.are.converted.from.rotating.dq.coordinates.into.stationary.αβ.coordi-
nates.using.rotor.flux.vector.position.angle.γΨr..So.obtained.voltage.vector.USc.is.delivered.to.space.vector.
modulator.(SVM),.which.generates.appropriate.switching.states.vector.S2(S2A, S2B, S2C).for.control.power.
transistors.of.the.VSI.
VSR:.VOC.guarantees.high.dynamics.and.static.performance.via.an.internal.current.control.loop..It.has.
become.very.popular.and.has.consequently.been.developed.and.improved..Therefore,.VOC.is.a.basis.for.
V-FOC,.which.is.shown.in.Figure.16.11.

The.goal.of.the.control.system.is.to.maintain.the.DC-link.voltage.Udc,.at.the.required.level,.while.cur-
rents.drawn.from.the.power.system.should.be.sinusoidal.like.and.in.phase.with.line.voltage.to.satisfy.the.
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FIGURE.16.11. Virtual.flux.oriented.control.(V-FOC).and.indirect.field.oriented.control.(IFOC);.where.DN.is.
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UPF.condition..The.UPF.condition.is.fulfilled.when.the.line.current.vector.IL.=.ILx.+.jILy,.is.aligned.with.
the.phase.voltage.vector.UL.=.ULx.+.jULy,.of.the.line.

The.idea.of.VF.has.been.proposed.to.improve.the.VSR.control.under.distorted.and/or.unbalanced.line.
voltage.conditions,.taking.the.advantage.of.the.integrator’s.low-pass.filter.behavior.[30].

Therefore,.a.rotating.reference.frame.aligned.with.ΨL.is.used..The.vector.of.VF.lags.the.voltage.vector.
by.90°..For.the.UPF.condition,.the.command.value.of.the.direct.component.current.vector.ILxc.is.set.to.
zero..Command.value.of.the.ILyc.is.an.active.component.of.the.line.current.vector..After.comparison,.
commanded. currents. with. actual. values,. the. errors. are. delivered. to. PI. current. controllers.. Voltages.
generated.by.the.controllers.are.transformed.to.αβ.coordinates.using.VF.position.angle.γΨL..Switching.
signal.vector.S1.for.the.VSR.is.generated.by.a.space.vector.modulator.

16.4.2 Direct torque Control and VF-Based Direct Power Control

VSI:. The. block. diagram. of. the. method. is. presented. in. Figure. 16.12.. The. commanded. electromag-
netic.torque.Mec.is.delivered.from.outer.PI.speed.controller..Then,.Mec.and.commanded.stator.flux.ΨSc.
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FIGURE.16.12. Conventional.switching.table-based.DPC.and.DTC.
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amplitudes.are.compared.with.estimated.values.of.Me.and.ΨS,.respectively..The.torque.eM.and.flux.eψ.
errors.are.fed.to.two.hysteresis.comparators.

From.predefined.switching.table,.based.on.digitized.error.signals.SM.and.SΨ,.and.the.stator.flux.posi-
tion.γΨS.the.appropriate.voltage.vector.is.selected..The.outputs.from.the.predefined.switching.table.are.
switching.states.S2.for.the.VSI..Then,.voltage.space.vector.plane.for.the.DTC.needs.to.be.divided.into.six.
sectors.as.in.Figure.16.12..The.sectors.could.be.defined.in.different.manner.[18].

DTC.is.based.on.controlling.the.stator.flux.vector.position.in.respect.to.rotor.flux.vector.position.
based.on.the.expression

.
M p m L

L Le b
S M

r S
r S=

2
1

σ
γΨ Ψ Ψsin ,

.
(16.17)

where.the.angle.between.stator.and.rotor.flux.vectors.is.defined.as

. γ γ γΨ Ψ Ψ= −S r . (16.18)

From.Equation.16.17,. it.can.be.seen.that.the.electromagnetic.torque.depends.on.amplitudes.of.stator.
and.rotor.fluxes.and.angle.between.them.γΨ..Thanks.to.long.rotor.time.constant,.the.angle.γΨ.can.be.
controlled.by.fast.change.of.stator.flux.vector.position..Under.assumption.that.the.stator.resistance.Rs.is.
zero,.the.stator.flux.can.be.easily.expressed.as.a.function.of.a.stator.voltage:

.

d
dt

S
S

Y = U .
.

(16.19)

Or.in.the.form:

.
YS S dt= ∫U ,

.
(16.20)

VSR:.From.Figure.16.12,.it.can.be.seen.that.there.are.two.power.loops:.for.active.P,.and.reactive.Q.ones..
Command.active.power.Pc.is.controlled.by.DC-link.voltage.loop,.while.the.command.reactive.power.Qc.
is.given.from.the.outside.of.the.control.scheme..Usually.reactive.power.is.set.to.be.zero,.to.obtain.a.UPF.
operation..The.DC-link.voltage.is.maintaining.to.be.constant.by.appropriate.active.power.adjustment..
Estimated.values.of.the.active.power.P.and.reactive.power.Q.are.compared.with.commanded.values..The.
power.errors.eP.and.eQ.are.input.signal.to.hysteresis.comparators..At.the.output.of.the.comparators.are.
digitized.signals.SP.and.SQ.

In.classical.(voltage.based).DPC.from.predefined.switching.table,.based.on.signals.SP,.and.SQ,.and.
position.of.the.line.voltage.γUL,.the.appropriate.voltage.vector.is.selected..In.VF-based.VF-DPC.instead.
of. γUL,. the.position.of. the.VF. γΨL.are.utilized. in.control.algorithm..The.outputs. from.the.predefined.
switching.table.are.the.switching.states.S1.for.the.VSR.

The.instantaneous.active.power.P.is.a.scalar.product.between.the.line.voltages.and.currents.instanta-
neous.space.vectors,.whereas.the.instantaneous.reactive.power.Q.is.a.vector.product.between.them,.and.
they.can.be.expressed.in.complex.form.as

.
P U I U IL L L L L L L L= { } = +( ) = ×3

2
3
2

3
2

Re *U I U Iα α β β
.

(16.21)

.
Q U I U IL L L L L L L L= { } = −( ) = ×3

2
3
2

3
2

Im *U I U Iβ α α β
.

(16.22)
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There.is.a.possibility.to.estimate.the.line.voltages.by.adding.the.input.voltage.Up.=.UdcS1.of.the.VSR.to.the.
voltages.drops.on.the.input.choke.UI..Therefore,.active.and.reactive.power.of.the.line.can.be.calculated.
in.line.voltage.sensorless.manner.as.follows:

.
P U S L dI

dt
I U S L dI

dt
I U S L dIdc A

LA
LA dc B

LB
LB dc C

L= +





+ +





+ + CC
LCdt
I



 .

(16.23)

.
Q L dI

dt
I dI

dt
I U S I I S I ILA

LC
LC

LA dc A LB LC B LC LA= −





+ − − + −1
3

3 ( ) ( )) ( )+ − ( )







S I IC LA LB

.
(16.24)

Such.calculated.power.can.be.used.as.a. feedback.signal. for.DPC.scheme..Please.consider. that.power.
losses.on.the.resistance.of.the.input.choke.R.are.neglected.because.they.have.low.value.in.comparison.
to.total.active.power.

Unfortunately,.such.calculation.causes.some.problems.in.DSP.implementation..The.differential.oper-
ations.of.the.currents.are.performed.on.the.basis.of.finite.differences.and.gives.very.noisy.signals..So,.
to.suppress.the.current.ripples,.a.relatively.large.inductance.is.needed..Moreover,.calculation.of.finite.
differences.of.the.currents.should.be.as.accurate.as.possible.(about.ten.times.per.a.switching.period).and.
should.be.avoided.at.the.moment.of.the.switching.[33].

To.avoid.this.problem,.a.VF.of.the.line.has.been.introduced.in.[28,30]..The.voltage.in.the.line.can.be.
expressed.by.the.formula

.

d
dt

L
L

Y = U
.

(16.25)

After.integration,.the.VF.can.be.expressed.as

.
Y YL L Ldt= +∫U 0

.
(16.26)

Further,.when.the.frequency.of.the.rotating.VF.is.constant,.also.the.length.of.VF.and.voltage.are.propor-
tional.to.each.other..Moreover,.a.phase.position.between.VF.and.voltage.is.90°.(lagging).

From.analogy.with.IM,.the.instantaneous.active.power.can.be.expressed.as

. P M L= ω . (16.27)

where.M.is.an.instantaneous.virtual.torque.(VT).and.can.be.expressed.as.[18]

.
M L L= { }3

2
Im *Y I

.
(16.28)

Then.instantaneous.active.power.is.described.by

.
P L L L= { }3

2
Im Y*I ω

.
(16.29)

Moreover,.instantaneous.reactive.power.can.be.derived.from.the.following.equation:

.
Q L L L= { }3

2
Re Y*I ω

.
(16.30)
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After.calculation.in.stationary.αβ.coordinates,.instantaneous.active.and.reactive.power.can.be.calcu-
lated.as

.
P I IL L L L L= −( )3

2
ω Ψ Ψα β β α

.
(16.31)

.
Q I IL L L L L= +( )3

2
ω Ψ Ψα α β β

.
(16.32)

16.4.3  Direct torque Control with Space Vector Modulation 
and Direct Power Control with Space Vector Modulator

VSI:.To.avoid.the.drawbacks.of.switching.table-based.DTC.instead.of.hysteresis.controllers.and.switch-
ing.table,.the.PI.controllers.with.the.SVM.block.were.introduced.like.in.IFOC..Therefore,.DTC.with.
SVM.(DTC–SVM).joins.DTC.and.IFOC.features.in.one.control.structure,.as.in.Figure.16.13.

SVM

PI

Power and
virtual ux 
estimation

Torque and
stator ux
estimation

Upqc

−

−

PI

UppcUdcc

Udc

−

−
+

++

+

−

−

Mec

Udc

Udc

UL
VM

IL

S1

IM

S2

IS

VSR

VSI

C1

C2

+

PI

PI

Upc

D1

pq

αβ

αβ

USxc

USyc

PI

PI

SVM

xy
USc

eQ

ep

+

eΩm

eUdc

P

Q

γΨL

γψS

ψSc

ψS

Qc = 0

Pc

Me

Ωm

Ωmc

Ωm
D2

eψ

eM

DPC-SVM

DTC-SVM

FIGURE.16.13. Direct.power.control.with.space.vector.modulation.(DPC-SVM).and.direct.torque.control.with.
space.vector.modulation.(DTC-SVM).



16-18	 Power	Electronics	and	Motor	Drives

The. commanded. electromagnetic. torque. Mec. is. delivered. from. outer. PI. speed. controller. (Figure.
16.13)..Then,.Mec.and.commanded.stator.flux.ΨSc.amplitudes.are.compared.with.estimated.actual.values.
of.Me.and.ΨS..The.torque.eM.and.flux.eψ.errors.are.fed.to.two.PI.controllers..The.output.signals.are.the.
command.stator.voltage.components.USyc,.and.USxc.respectively.

Further,.voltage.components.in.rotating.xy.system.of.coordinates.are.transformed.into.αβ.stationary.
coordinates.using.γΨS.flux.position.angle..Obtained.voltage.vector.USc.is.delivered.to.space.vector.modu-
lator.(SVM),.which.generates.appropriate.switching.states.vector.S2(S2A,.S2B,.S2C).for.the.VSI.
VSR:.Direct.power.control.with.space.vector.modulation.(DPC-SVM).[29].guarantees.high.dynamics.
and.static.performance.via.an.internal.power.control.loops..It.is.not.well.known.in.the.literature..This.
method.joins.the.concept.of.DPC.and.V-FOC..The.active.and.reactive.power.is.used.as.control.variables.
instead.of.the.line.currents.

The. DPC-SVM. with. constant. switching. frequency. uses. closed. active. and. reactive. power. control.
loops.(Figure.16.13)..The.command.active.power.Pc.are.generated.by.outer.DC-link.voltage.controller,.
whereas.command.reactive.power.Qc.is.set.to.zero.for.UPF.operation..These.values.are.compared.with.
the.estimated.P.and.Q.values,.respectively..Calculated.errors.ep.and.eQ.are.delivered.to.PI.power.control-
lers..Voltages.generated.by.power.controllers.are.DC.quantities,.what.eliminates.steady-state.error.(PI.
controller.features),.as.well.as.in.V-FOC..Then,.after.transformation.to.stationary.αβ.coordinates,.the.
voltages.are.used.for.switching.signals.generation.by.SVM.block..The.proper.design.of.the.power.con-
troller.parameters.is.very.important..Therefore,.analysis.and.synthesis.will.be.described.in.the.followed.
section.

Based.on.discussion.presented.in.this.chapter,.a.brief.comparison.of.control.techniques.for.AC–DC–
AC.converter–fed.IM.drives.is.given.in.Table.16.3.

Among.discussed.control.methods,.DTC-SVM.and.DPC-SVM.seem.to.be.most.attractive.for.fur-
ther.consideration..Because.these.methods.connect.well-known.advantages.of.FOC.and.V-FOC.with.
attractiveness.of.novel.strategies.such.as.hysteresis-based.DTC.and.DPC..Therefore,. for. further.con-
siderations,.a. shorter.name.will.be.used. for.common.control.method.of. full-controlled.AC–DC–AC.
converter:.DPTC-SVM.

TABLE.16.3. Comparison.of.Control.Techniques.for.AC–DC–AC.Converter–Fed.
IM Drives

Feature IFOC/V-FOC DTC/VF-DPC DPC-SVM/DTC-SVM

Constant.switching.
frequency

Yes.(5.kHz) No Yes.(5.kHz)

SVM.blocks Yes No Yes
Coordinates.transformation Yes No Yes.(only.one)
Direct.control.of.(VSI.side) Stator.currents Torque,.stator.flux Torque,.stator.flux
Estimation.of.(VSI.side) Rotor.flux.angle Torque,.stator.flux Torque,.stator.flux
Coordinates.orientation.

(VSI.side)
Rotor.flux Stator.flux Stator.flux

Direct.control.of.(VSR.side) Line.currents Line.powers Line.powers
Estimation.of.(VSR.side) Virtual.flux Powers,.virtual.flux Powers,.virtual.flux
Coordinates.orientation.

(VSR.side)
Virtual.flux Virtual.flux Virtual.flux

Line.voltage.sensorless Yes Yes Yes
Sampling.frequency 5.kHz 50.kHz 5.kHz
Independence.from.rotor.

parameters;.universal.for.
IM.and.PMSM

No Yes Yes
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16.5 Line Side Converter Controllers Design

Because. abbreviations. VSR. and. VSI. determine. a. energy-flow. direction,. it. is. better. to. describe. these.
converters.as.line.side.converter.(LSC).(historically.VSR).and.MSC.(historically.VSI).

16.5.1 Line Current and Line Power Controllers

The.model.presented.in.Section.16.3.is.very.convenient.to.use.in.synthesis.and.analysis.of.the.current.
regulators.for.VSR..However,.presence.of.coupling.requires.an.application.of.decoupling network.(DN),.
as.in.Figure.16.14.

Hence,.it.can.be.clearly.seen.that.decoupled.command.rectifier.voltage.Upxyc.=.UdcSxy.would.be.gener-
ated.as.follows:

.
U U L dI

dt
RI LIpxc Lx

Lx
Lx L Ly= − − + ω

.
(16.33)

.
U U L

dI
dt

RI LIpyc Ly
Ly

Ly L Lx= − − − ω
.

(16.34)

Decoupling.for.the.x.and.y.axes.reduces.the.synchronous.rotating.current.control.plant.to.a.first-order.
delay.

It.simplifies.the.analysis.and.enables.the.derivation.of.analytical.expressions.for.the.parameters.of.
current.regulators.

Control.structure.will.operate. in.discontinuous.environment.(complete.simulation.model,.and.
implementation.in.DSP).therefore,.is.necessary.to.take.into.account.the.sampling.period.TS..It.can.
be.done.by.sample.and.hold.(S&H).block..Moreover,. the.statistical.delay.of. the.PWM.generation.
TPWM. =. 0.5TS. should. be. taken. into. account. (block. VSC).. In. the. literature. [4,25],. the. delay. of. the.
PWM.is.approximated.from.zero.to.two.sampling.periods.TS..Further,.KC.=.1.is.the.VSC.gain,.τ0.is.a.
dead.time.of.the.VSC.(τ0.=.0.for.ideal.converter).
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In.Figure.16.15,.a.block.diagram.for.a. simplified.power.control. loop. in. the.synchronous.xy. rotat-
ing.coordinates.is.presented..Since.the.same.block.diagram.applies.to.both.P.and.Q.power.controllers,.
description.only.for.P.active.power.control.loop.will.be.presented.

The.model.of.Figure.16.15.can.be.modified,.as.shown.in.Figure.16.16,.where.sum.of.the.small.time.
constants.is.defined.by

. τΣp S PWMT T= + . (16.35)

Please.note.that.τΣp.is.a.sum.of.small.time.constants,.TRL.is.a.large.time.constant.of.the.input.choke..From.
several.methods.of.design,.symmetry.optimum.(SO).is.chosen.because.it.has.good.response.to.a.distur-
bance.ULdist.step..For.UL.=.const..the.following.open-loop.transfer.function.can.be.derived:

.
G s

K K sT
sT s sT

UOP
RL PP IP

IP p RL
L( ) =

+( )
+( ) +( )

1
1 1

3
2τΣ .

(16.36)

With.simplification.(sTRL.+.1).≈.sTRL.[18].gives.following.closed-loop.transfer.function.for.power.control.
loop:

.
G s

K K sT
K K sT s T T s T TZP

RL PP IP

RL PP IP IP RL IP p RL
( ) =

+( )
+( ) + +

1
1

3
22 3 τΣ
UUL

.
(16.37)

For.this.relation,.the.proportional.gain.and.integral.time.constant.of.the.PI.current.controller.can.be.
calculated.as

.
K T

K UPP
RL

p RL L
=

2
2

3τΣ .
(16.38)

. TIP p= 4τΣ . (16.39)
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FIGURE.16.15. Block.diagram.for.a.simplified.active.power.control.loop.in.the.synchronous.rotating.reference.
frame.
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which,.substituted.in.Equation.16.36,.yields.open-loop.transfer.function.of.the.form:

.
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(16.40)
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For.the.closed-loop.transfer.function:

.
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(16.42)

Tuning.of.the.regulators.based.on.Equations.16.38.and.16.39.gives.power.tracking.performance.with.
more. then.40%.overshoot,.as.shown.in.Figure.16.18.caused.by.the. forcing.element. in. the.numerator.
(Equation. 16.42).. Therefore,. for. decreasing. the. overshot. (compensate. for. the. forcing. element. in. the.
numerator),.a.first.order.prefilter.on.the.reference.signal.can.be.used:

.
G s

sTpfp
pfp

( ) =
+

1
1 .

(16.43)

where.Tpfp.usually.equals.to.a.few.τΣp..On.further.investigation,.a.time.delay.of.the.prefilter.is.set.to.4τΣp..
Therefore,.Equation.16.42.takes.a.form:

.
G s G s G s

s s sCPf CP pfp
p p p

( ) ( ) ( ) .= =
+ + +

1
1 4 8 82 2 3 3τ τ τΣ Σ Σ .

(16.44)

Hence,.the.block.diagram.of.the.control.loop.takes.a.form,.as.in.Figure.16.17..Relation.(16.44).can.be.
approximated.by.first-order.transfer.function.as

.
G s

sCpf
p

( ) .≅
+

1
1 4τΣ .

(16.45)

Comparison.of.step.answer.in.control.loop.without.(a).and.with.(b).prefilter.is.shown.in.Figures.16.18.
and.16.19..The.first.one.shows.response.(in.MATLAB•.and.Simulink•).to.a.step.change.of.active.power.
reference.step.at.time.t.=.0.1.[s].whereas.in.t.=.0.11.[s].the.disturbance.step.is.applied.

PcPcc +
PI S&H + VSC ULdist Input choke

−

− sTIP

KPP (sTIP + 1) +

P

UL2
3

sTRL + 1
KRL

sτΣp + 1
Kce−sτ0

Prefilter

sTpfp + 1
1

FIGURE.16.17. Power.control.loop.with.prefilter.
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Discrete.simulations.(in.Saber).show.that.the.answer.is.little.bit.different.
Figure.16.19.presents.response.to.a.step.change.of.reference.(t.=.0.4.s).in.complete.Saber.model..At.

time.t.=.0.41.s,.disturbance.step.is.applied..The.difference.is.caused.because.of.presence.of.the.nonlinear.
coupling.

Therefore,.decoupling.in.power.control.feedbacks.should.be.introduced..Hence,. it.could.be.clearly.
seen.that.command.line.voltages.should.be.generated.as.follows:

.
L dI

dt
RI LI U S ULx

Lx L Ly dc x Lxc+ + + =ω
.

(16.46)

.
L
dI
dt

RI LI U S ULy
Ly L Lx dc y Lyc+ − + =ω

.
(16.47)

The.step.answer.of.the.system.with.implemented.decoupling.in.power.control.loop.is.presented.in.Figure.
16.20.(reference.step.at.t.=.0.4.s.and.disturbance.step.at.t.=.0.41.s).
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FIGURE.16.18. Active.power.tracking.performance.(simulated.in.MATLAB•.and.Simulink•).controller.param-
eters.designed.according.to.SO:.(a).without.prefilter.and.(b).with.prefilter.
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FIGURE.16.19. Active.power.tracking.performance.(simulated.in.Saber).without.decoupling:.(a).without.prefilter.
and.(b).with.prefilter..From.the.top:.command.and.estimated.active.power,.command.and.estimated.reactive.power.
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The.response.is.closer.to.ideal.one.obtained.in.MATLAB..However,.there.is.still.difference..It.is.caused.
by.not.fully.decoupled.signals.and.effect.of.sampling.time.TS.of.discrete.control.system.

For.better.comparison.with.experimental.results,.the.test.under.distorted.line.voltage.was.performed..
Command.power.has.been.changed.from.1.to.2.5.kW.as.on.the.real.system..The.simulation.result.for.this.
case.is.shown.in.Figure.16.21.

Please.take.into.account.the.oscillations.in.Figure.16.21..There.are.generated.by.modeled.line.voltage.
distortion.(THDUL.=.4%.of.fiftth.harmonics)..This.harmonics.after.coordinate.transformation.to.rotating.
coordinates.gives.AC.components.with.frequency.six.times.higher.than.line.voltage.frequency.(300.Hz).and.
with.amplitude.Um6.=.6.9.V..Hence,.a.question.arises:.how.the.sampling.frequency.takes.impact.on.the.con-
trol.parameters.and.on.the.design.of.the.power.controllers?.Therefore,.take.into.consideration.the.following.
simulated.results.presented.in.Figures.16.22.and.16.23..Figure.16.22.shows.active.and.reactive.power.track-
ing.performance.at.different.sampling.frequency:.(a,.b).fs.=.2.5.kHz,.and.(c,.d).fs.=.5.kHz..Figure.16.23.pres-
ents.the.same.results.at.different.sampling.frequency:.(a,.b).fs.=.10.kHz,.and.(c,.d).fs.=.20.kHz,.respectively.

Parameters.of. the.power.controllers.derived.according. to.SO. for.different.values.of. sampling. fre-
quency.are.shown.in.Table.16.4.

Based.on.this.comparison,.it.can.be.concluded.that.for.higher.sampling.frequency.distortion.with.fifth.
harmonics.decay..Therefore,.even.for.distorted.line.voltage,.the.line.current.will.be.very.close.to.sinusoidal.
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FIGURE.16.20. Active.power.tracking.performance.(simulated.in.Saber).with.decoupling:.(a).without.prefilter.
and.(b).with.prefilter..From.the.top:.command.and.estimated.active.power,.command.and.estimated.reactive.power.
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FIGURE. 16.21. Active. power. tracking. performance. (simulated). with. prefilter:. (1). command. active. power,.
(2) estimated.active.power,.(3).command.reactive.power,.(4).estimated.reactive.power..(a).Simulation.in.MATLAB•.
and.Simulink•.and.(b).simulation.in.Saber.
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16.5.2 DC-Link Voltage Controller

For.DC-link.voltage.controller.design,.the.inner.current.or.power.control.loop.can.be.modeled.with.the.
first-order.transfer.function.(Section.16.5.1).

The.power.control.loop.of.VSR.can.be.approximated.in.further.consideration.by.first.order.block.with.
equivalent.time.constant.TIT.

.
G s

sTpz
IT

( ) =
+

1
1 .

(16.48)

where. TIT. =. 2τΣp. for. power. controllers. designed. by. MO. criterion. or. TIT. =. 4τΣp. for. power. controllers.
designed.by.SO.criterion..Therefore,.the.DC-link.voltage.control.loop.can.be.modeled.as.in.Figure.16.24.

The.block.diagram.of.Figure.16.24.can.be.modified.as.shown.in.Figure.16.25.
For.simplicity,.it.can.be.assumed.that

. T T TUT U IT= + . (16.49)

where
TU.is.DC-link.voltage.filter.time.constant
TUT.is.a.sum.of.small.time.constants
CUdcc.is.an.equivalent.of.integration.time.constant
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FIGURE.16.22. Active.and.reactive.power.tracking.performance.(simulated.in.Saber).at.different.sampling.fre-
quencies:.fs.=.2.5.kHz.(a).active.power.step.and.(b).reactive.power.step;.fs.=.5.kHz.(c).active.power.step.and.(d).reac-
tive.power.step..From.the.top:.(a,c).command.and.estimated.active.power,.command.and.estimated.reactive.power;.
(b,d).command.and.estimated.reactive.power,.command.and.estimated.active.power.
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Therefore,.the.open-loop.transfer.function.can.be.derived:

.
G

K sT
sT sT sCUUo

PU IU

IU UT dcc
( )s =

+( )
+( )

1
1 .

(16.50)

This.gives.the.following.closed-loop.transfer.function:

.
G

K sT
K sT K s T CU s T CT UUz

PU IU

PU IU PU IU dcc IU UT dcc
( )s =

+( )
+ + +

1
2 3

.
(16.51)

The.method.of.symmetrical.optimum.is.used.to.synthesize.the.DC-link.voltage.controller..Therefore,.
square.of.the.module.of.Equation.16.51.takes.a.form:

.
G

K T
MUz

PU IU

z
( )

( )
ω

ω
=

+( )2 2 2 1ω

.
(16.52)
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FIGURE.16.23. Active.and.reactive.power.tracking.performance.(simulated.in.Saber).at.different.sampling.fre-
quency:.fs.=.10.kHz.(a).active.power.step.and.(b).reactive.power.step;.fs.=.20.kHz.(c).active.power.step.and.(d).reac-
tive.power.step..From.the.top:.(a,.c).command.and.estimated.active.power,.command.and.estimated.reactive.power;.
(b,.d).command.and.estimated.reactive.power,.command.and.estimated.active.power.

TABLE.16.4. Parameters.
of.Active.and.Reactive.
Power.Controllers

ULRMS.=.141.V

fs.[kHz] KPP TIP.[s]

2.5 0.0279 0.0024
5 0.0557 0.0012
10 0.11 0.0006
20 0.22 0.0003
50 0.44 0.00015
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where
M K T K T K CU T CU CU K Tz PU IU PU IU PU dcc IU dcc dcc PU U( )ω ω ω= + −( ) + −2 2 4 22 2 TT

IU dcc UTT CU T

( )
+ ( )ω6 2

ω.is.the.frequency.domain

Hence,.proportional.gain.KPU.and.integral.time.constant.TIU.of.the.DC-link.voltage.controller.can.be.
calculated.as.follows:

.
K C

T
UPU

UT
dcc=

2 .
(16.53)

. T TIU UT= 4 . (16.54)

Please.take.into.consideration.that.value.of.the.DC-link.voltage.filter.time.constant.TU.has.to.be.deter-
mined..Theoretically,. it.could.be.equal. to.one.sampling.period.TS..However,. in.practice.the. low-pass.
filter.in.DC-link.voltage.loop.is.needed..Therefore,.for.further.consideration,.TU.=.0.003.[s].(results.in.
Figure.16.26).

16.6  Direct Power and torque Control 
with Space Vector Modulation

DPC-SVM.and.DTC-SVM.seem.to.be.most.attractive.for.control.of.the.AC–DC–AC.converter..When.
both.methods.are.joined.for.control.of.the.AC–DC–AC.converter,.DPTC-SVM.is.obtained.

In. this. chapter,. DPTC-SVM. scheme. of. AC–DC–AC. converter–fed. IM. drive. will. be. considered.
and. power. flow. between. VSR. and. VSI. side. will. be. also. analyzed.. Some. techniques. for. reduction. of.
the.DC-link.capacitor.will.be.described..When.the.active.rectifier.DC-link.current.Idc. is.equal.to.the.
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FIGURE.16.24. Block.diagram.for.a.simplified.DC-link.voltage.control.loop.
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FIGURE.16.25. Modified.block.diagram.of.Figure.16.24.
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DC-link.inverter.current.Iload.in.the.AC–DC–AC.converter,.no.current.will.flow.through.the.DC-link.
capacitor..As.a.result,.DC-link.voltage.will.be.constant.

However,.in.spite.of.very.good.dynamics.behaviors.of.DPTC-SVM.scheme,.the.control.of.the.DC-link.
voltage.can.be.improved.[8,24]..Therefore,.active.PF.from.inverter.side.to.rectifier.side.is.introduced..The.
PF.delivers.information.about.machine.states.directly.to.active.power.control.loop.of.the.VSR..Thanks.to.
faster.control.of.power.flow.between.VSR.and.VSI,.the.fluctuation.of.the.DC-link.voltages.will.decrease..
So,.the.size.of.the.DC-link.capacitor.can.be.significantly.reduced.(because.voltage.fluctuation.is.reduced).

16.6.1  Model of the aC–DC–aC Converter–Fed Induction 
Machine Drive with active Power Feedforward

In.Figure.16.27.is.shown.simplified.diagram.of.the.AC–DC–AC.converter,.which.consists.of.VSR-fed.
DC-link.and.VSI-fed.IM..Both.VSR.and.VSI.are.IGBT.bridge.converters.

The.mathematical.models.of.the.VSR.and.VSI.are.given.in.Sections.16.2.and.16.3,.and.description.of.
the.DPC-SVM.and.DTC-SVM.have.been.presented.in.Section.16.4..Here,.the.whole.system.with.PF.will.
be.discussed.and.studied.

Note. again. that. the. coordinates. system. for. control. of. the. VSR. is. oriented. with. VF. vector..
Therefore,.ILxc.is.set.to.zero.to.meet.the.UPF.condition..With.this.assumption,.the.VSR.input.power.
can.be.calculated.as

.
P I U I U I UVSR Lx px Ly py Ly py= +( ) =3

2
3
2 .

(16.55)
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FIGURE. 16.26. Voltage. disturbance. compensation. performance. (simulated). for. controller. parameters. calcu-
lated.according.SO..Transient.in.load.from.zero.to.nominal.(at.t.=.1.0.s).and.from.nominal.to.zero.(at.t.=.1.1.s)..
(a) Simulation.in.MATLAB•.and.Simulink•.and.(b).simulation.in.Saber.
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FIGURE.16.27. Configuration.of.the.AC–DC–AC.converter–fed.induction.machine.drive.with.PF.loop.
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Under.steady-state.operation,. ILy.=.const..and,.with.assumption. that. resistance.of. the. input.choke. is.
R = 0,.the.following.equation.can.be.written:

.
P I UVSR Ly Ly= 3

2 .
(16.56)

On.the.other.hand,.the.power.consumed/produced.by.the.VSI-fed.IM.is.defined.by

.
P I U I UVSI Sx Sx Sy Sy= +( )3

2 .
(16.57)

Another.form.of.the.above.equations.can.be.derived.based.on.power.(Equation.16.29).where.is.clearly.
seen.that.the.active.power.of.the.VSR.is.proportional.to.the.virtual.torque.(VT)..Therefore,.Equation.
16.55.can.be.written.as

.
P I I IVSR L Lx Ly Ly Lx L Lx Ly= −( ) =3

2
3
2

ω ωΨ Ψ Ψ
.

(16.58)

On.the.VSI-fed.IM.side.electromagnetic.power.of.the.machine.is.defined.by

. P Me e m= Ω . (16.59)

Taking.into.account.Equation.16.6.yields

.
P p m Ie b

S
m Sx Sy=

2
Ω Ψ

.
(16.60)

Moreover,.it.can.be.assumed.(neglecting.power.losses).that.electromagnetic.power.of.the.IM.is.equal.to.
an.active.power.delivered.to.the.machine.Pe.=.PVSI,.hence,

.
P p m IVSI b

S
m Sx Sy=

2
Ω Ψ

.
(16.61)

But.this. is.not.sufficient.assumption.because.of.power. losses.Plosses. in.the.real.system,.so. it.should.be.
written.as

.
P p m I PVSI b

S
m Sx Sy losses= +

2
Ω Ψ

.
(16.62)

Further,.please.consider.a.situation.at.standstill.(Ωm.=.0).when.nominal.torque.is.applied..In.such.a.case,.
the.electromagnetic.power.will.be.zero.but.the.IM.power.PVSI.will.have.a.significant.value..Estimation.of.
this.power.is.quite.difficult,.because.the.parameters.of.the.IM.and.power.switches.are.needed..Hence,.for.
simplicity.of.the.control.structure,.a.power.estimator.based.on.command.stator.voltage.USc.and.actual.
current.IS.will.be.taken.into.consideration:

.
P I U I UVSI Sx Sxc Sy Syc= +( )3

2 .
(16.63)
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16.6.2 analysis of the Power response time Constant

Based. on. Equation. 16.48. the. time. constant. delay. of. the. VSR. response. TIT. is. determined.. With.
assumption.that.power.losses.of.the.converters.can.be.neglected,.power.tracking.performance.can.be.
expressed.by

.
P s

sT
PVSR

IT
VSRc( ) =

+
1

1 .
(16.64)

Similarly,.for.the.VSI,.it.can.be.written.as

.
P s

sT
PVSI

IF
VSIc( ) =

+
1

1 .
(16.65)

where.TIF.is.the.equivalent.time.constant.of.the.VSI.step.response.

16.6.3 Energy of the DC-Link Capacitor

The.DC-link.voltage.can.be.described.as.(for.more.detail,.see.Section.16.3):

.

dU
dt C

I Idc
dc load= −( )1 ,

.
(16.66)

So

.
U

C
I I dtdc dc load= −( )∫1 ,

.
(16.67)

Assuming.the.initial.condition.as.in.steady.state,.hence,.the.actual.DC-link.voltage.Udc.is.equal.to.com-
manded.DC-link.voltage.Udcc..Therefore,.Equation.16.67.can.be.rewritten.as

.
U

CU
U I U I dt

CU
P P dtdc

dcc
dcc dc dcc load

dcc
dc load= −( ) = −( )∫ ∫1 1 ,

.
(16.68)

where.Pdc.−.Pload.=.Pcap;.therefore,.the.above.equation.can.be.written.as

.
U

CU
P dtdc

dcc
cap= ∫1 ,

.
(16.69)

If.the.power.losses.of.the.VSR.and.VSI.are.neglected.(for.simplicity),.the.energy.storage.variation.of.the.
DC-link.capacitor.will.be.the.integral.of.the.difference.between.the.input.power.PVSR.and.the.output.
power.PVSI..Therefore,.it.can.be.written.as

. P P PVSR cap VSI= + , . (16.70)

From.this.equation,.it.can.be.concluded.that.for.proper.(accurate).control.of.the.VSR.power.PVSR,.the.
command.power.PVSRc.should.be.as.follows:

. P P PVSRc capc VSIc= + , . (16.71)
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where
Pcapc.=.Pc.denotes.power.of.the.DC-link.voltage.feedback.control.loop
PVSIc.denotes.the.instantaneous.active.PF.signal

The.command.output.power.can.be.estimated.based.on.different.methods.that.provide.additional.
time.constant.T2.[8,10,15,20,21,24,39]..Hence,

. P s
sT

PVSIc VSIc2
2

1
1

( ) .=
+ . (16.72)

Moreover,.it.should.be.stressed.here.that.the.first-order.filter.with.time.constant.TU.should.be.added.to.
DC-link.voltage.feedback,.which.strongly.delays.the.signal.Pc.(see.Section.16.5.2):

. U s
sT

Udcf
U

dc( ) =
+

1
1 . (16.73)

This.delay.is.taken.into.account.in.DC-link.voltage.controller.design..Hence

.
P s

K sT
sT

eU Uc
PU IU

IU
dcf dcc( ) =

+( )1
.

(16.74)

where

. eU U Udcf dcc dcf= −

Therefore,.Equation.16.71.can.be.rewritten.as

. P s P PVSRc c VSIc( ) ,= + 2 . (16.75)

Substituting.Equations.16.72.and.16.74.into.Equation.16.75.yields

.
P s

K sT
sT

eU U
sT

PVSRc
PU IU

IU
dcf dcc VSIc( ) ,=

+( ) +
+

1 1
1 2 .

(16.75a)

From.Equations.16.64.and.16.65,.the.open-loop.transfer.function.of.the.input.power.(of.the.VSR).and.
output.power.(of.the.VSI).can.be.written.as

.
G s P

P sTVSRo
VSR

VSRc IT
( ) = =

+
1

1 .
(16.76)

.
G s P

P sTVSIo
VSI

VSIc IF
( ) = =

+
1

1 .
(16.77)

Based.on.these.equations,. the.analytic.model.of. the.AC–DC–AC.converter–fed.IM.drive.with.active.
PF.can.be.defined.as.in.Figure.16.28..Such.a.system.can.be.described.by.open-loop.transfer.function.as

.
G s U

MAo
dc

ec
( ) =

.
(16.78)
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Assuming.initial.steady-state.operation,.Ωm.=.Ωmc.=.const..and.Udc.=.Udcc.=.const.,.the.transfer.function.
of.the.AC–DC–AC.converter–fed.IM.drive.can.be.described.

Based.on.above.considerations,.it.can.be.concluded.that.introduced.active.PF.has.no.negative.impact.
on.the.line.current..This.can.be.derived.analytically..Please.consider.rotating.reference.frame.concur-
rently.with.VF..With.assumption.that.the.system.is.decoupled,.and.meets.the.UPF.condition,.i.e.,.ILx.=.0,.
the.following.equations.can.be.derived:

.
L
dI
dt

U U RILy
Ly py Ly= − −

.
(16.79)

.
C dU

dt
I

U
U

Idc
Ly

py

dc
load= −

.
(16.80)

.
L
dI
dt

K
T

I ILy Pi

Ii
Lyc Ly= −( )1

1 .
(16.81)

.
L
dI
dt

K
T

U ULyc PU

IU
dcc dc= −( )

.
(16.82)

. I K U ULyc PU dcc dc= −( ) . (16.83)

Then,.VSR.voltage

.
U K K U U I Ipy Pi PU dcc dc PF y= −( ) + − 1 .

(16.84)

where.IPF.is.the.current.proportional.to.signal.of.the.active.PF.
Hence,.during.steady-state.operation,.the.above.equations.yield

.
0 1= − −( ) + −  −U K K U U I I RILy Pi PU dcc dc PF y Ly .

(16.85)

+
1

sTIT + 1

+
Pc

PVSRc PVSR

+ −
PVSI

Pcap

sCUdcc

1
PVSIc2

1
sT2 + 1

PVSIc

1
sTIF + 1

1
sTU + 1

Udcf

UdccPI

DC-link voltage feedback

Active power
feedforward - PF

+
−

Udc

eUdcf

Ωm

Mec

UdccsTIU

KPU (sTIU + 1)

FIGURE.16.28. Block.diagram.of.the.AC–DC–AC.converter–fed.IM.with.active.PF.
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.
0 1

1= −( ) + − { }−I
U

K K U U I I ILy
dc

Pi PU dcc dc PF y load

.
(16.86)

.
0 1

1
= −( ) −( ) = −( ) −( )K
T

K U U I K U U IPi

Ii
PU dcc dc Ly PU dcc dc Ly

.
(16.87)

Substituting.Equations.16.87.into.Equations.16.85.and.16.86:

. 0 1= − −U K I RILy Pi PF Ly . (16.88)

.
0 1

1 1= − ⇒ =I
U

K I I K I I U
ILy

dcc
Pi PF load Pi PF

load dcc

Ly .
(16.89)

Based.on.Equation.16.89.the.current.from.active.PF.can.be.eliminated:

.
0 = − −U I U

I
RILy

load dcc

Ly
Ly

.
(16.90)

From.Equation.16.90,.it.can.be.seen.that.steady.states.do.not.depends.on.active.PF..Further,.based.on.
Equation.16.90.a.stationary.error.elimination.condition.can.be.defined.as

. RI U I I ULy Ly Ly load dcc
2 0− − = . (16.91)

If.the.solutions.are.real,.the.stationary.error.is.eliminated..It.takes.place.for

.
I

U U RI U
RLy

Ly Ly load dcc
1 2

2 4
2/ =

± −

.
(16.92)

when

.
I U

U
Rload dcc
Ly<
2

4 .
(16.93)

16.7 DC-Link Capacitor Design

In.this.chapter,.methods.of.passive.components.for.AC–DC–AC.converter.design.are.discussed..There.
are.input.filter.(L.or.LCL).and.the.DC-link.capacitor,.which.have.strong.effect.on.size,.weight,.and.final.
price.of.AC–DC–AC.converter.

To.minimize.the.reactive.filter.requirements.of.a.VSR.circuit,.certain.terminal.constraints.are.needed:.
input.and.output.voltages,.THD.of.the.input.and.output.current.(IL,.Idc.respectively)..The.filter.require-
ments.are.usually.defined.in.terms.of.filter.cost.and/or.size..Here,.the.selection.of.DC-link.capacitor.is.
discussed.while.L.and.LCL.filter.is.out.of.the.scope.of.the.thesis..However,.the.design.of.L.as.well.as.LCL.
filter.is.important.and.it.has.been.well.discussed.in.many.publications,.e.g.,.[25,37,38].

The.advantages.of.Al.electrolytic.capacitors.that.have.led.to.their.wide.application.range,.are.their.
high.volumetric.efficiency.(i.e.,.capacitance.per.unit.volume),.which.enables.the.production.of.capacitors.
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with.up.to.1.F.capacitance,.and.the.fact.that.an.Al.electrolytic.capacitor.provides.a.high.ripple.current.
capability.together.with.a.high.reliability.and.an.excellent.price/performance.ratio..However,.optimiza-
tion.and.minimization.of.the.DC-link.capacitor.volume.is.very.important.for.the.cost,.power.density,.
and.reliability.of.the.product..Therefore,.advanced.control.strategies.have.been.investigated.for.better.
control.of.the.DC-link.voltage.

16.7.1 ratings of the DC-Link Capacitor

Beside. variety. design. criteria. [32,42]. of. the. DC-link. capacitor,. the. minimum. capacitance. value.
is.designed. to. limit. the.DC-link.voltage. ripple.at.a. specified. level,. typically.ΔUdc. is.1%.or.2%.of.Udc..
Therefore,.peak-to-peak.voltage.ripple. in.DC-link. is.adopted.as. the.design.criterion. for. the.DC-link.
capacitor.sizing.

With.assumption.of.a.balanced.tree-phase.line.and.neglecting.the.power.losses.in.the.power.switches,.
the.VSR’s.DC-link.part.can.be.described.as

.
C dU

dt
I I I S I I S I S I S Pdc
dc load Lk k load

k A

C

LA A LB B LC C
load= − = − ≈ + + −

=
∑ UUdc .

(16.94)

For. a. given. allowable. peak. ripple. voltage. and. switching. frequency,. the. minimum. capacitor. for. the.
converter.in.Figure.16.27.can.be.found.from.[6]:

.
C P

U U
U f UVSR load

LL dc

dc s LL
min max_ _ ,1

2 3
2 3

=
+ ( )

∆ .
(16.95)

where
ULL.is.a.line-to-line.voltage
Pload_max.is.the.maximal.load.power
ΔUdc.is.the.specified.peak-to-peak.voltage.ripple.in.DC-link.during.steady.states

Another.approach.of.the.DC-link.capacitors.design.takes.into.account.the.following.considerations:

•. The.voltage.ripple,.due.to.the.high-frequency.components.of.the.modulated.DC-.link.currents.of.
both.converters.(i.e..VSR.and.VSI),.have.to.remain.within.desired.limits.

•. When.all. switches.of.VSR.are.off,. the. inductor’s.energy.flows. into. the.capacitor,. increasing. its.
voltage.

•. The.capacitor.energy.has.to.sustain.the.output.power.demand.in.a.period.of.the.time.delay.of.the.
DC-link.voltage.control.loop.

The. first. and. the. second. point. of. considerations. are. less. important,. while. the. third. one. practically.
determines. the. capacitor. value.. Assuming. time. delay. of. the. DC-link. voltage. control. loop. TUT. and.
variation.of.the.maximal.load.power.ΔPload_max,.the.energy.exchanged.by.the.DC-link.capacitor.can.be.
estimated.as

. ∆ ∆W P Tdc load UT= _max . (16.96)

where.TUT.is.defined.in.Section.16.3.
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From.this.equation,.the.maximal.DC-link.voltage.variation.during.transient.is.expressed.by

.
∆ ∆U W

C Udc
dc

min VSR dc
_

_
max =

2 .
(16.97)

Considering.the.maximal.voltage.variation.during.transient.ΔUdc_max.and.rearranging.an.Equation.16.97.
the.minimal.capacitance.can.be.calculated.as.[27]

.
C T P

U UVSR
UT load

dc dc
min

max

max
_

_

_
2 = ∆

∆ .
(16.98)

Other. expression. for. minimum. capacitance. can. be. derived,. given. the. maximum. power. step. mod-
eled.by.maximal.load.power.in.square.Pload _max

2 .and.the.maximum.allowable.DC-link.voltage.variation.
ΔUdc_max.[2].

.
C LP

U U UVSR
load

dc dc L
min

max

max
_

_

_
3

2

2
2=
∆ .

(16.99)

Because.of.simplification.(Pload _max
2 ,.TUT,.and.TS.are.not.taken.into.account).used.in.Equation.16.99,.the.

calculated.capacitance.is.slightly.too.large.
For.a.comparison,.the.DC-link.capacitor.value.of.AC–DC–AC.converter.with.diode.rectifier.is.given.

by.[6]:

.
C P

U f Udi load
dc L LL

= _max
π2

54 2∆ .
(16.100)
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FIGURE. 16.29. Value. of. the. DC-capacitor. versus. rated. load. power. up. to. 20.kW:. Cdi,. capacitance. defined. by.
Equation.16.100;.Cmin_VSR1,.capacitance.defined.by.Equation.16.95;.Cmin_VSR2,.capacitance.defined.by.Equation.1.98;.
and.Cmin_VSR3,.capacitance.defined.by.Equation.1.99.
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Figure.16.29.shows.values.of.the.DC-link.capacitor.in.AC–DC–AC.converter.with.diode.rectifier.and.
with. VSR.. It. can. be. seen. that. difference. between. capacitances. raised. proportional. to. power. rating..
Therefore,.only.for.higher.power.the.installation.of.the.VSR.is.more.cost-effective.

Therefore,.it.can.be.concluded.that.for.given.nominal.power,.the.DC-link.capacitor.value.depends.
only.on. the. switching.pattern.and.quality.of. the.applied.control.methods.. In.considered.case. the.
switching.frequency. is.equal. to. the.sampling.frequency..For.higher.TS,. the.DC-link.capacitor.can.
be. smaller. because. the. DC-link. voltage. error. is. significantly. reduced,. as. shown. in. Figure. 16.30..
However,.the.switching.frequency.is.limited.by.the.switching.losses.of.the.devices.used.in.the.VSC..
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FIGURE.16.30. Module.of.the.DC-link.voltage.fluctuation.|eUdc|.as.a.function.of.sampling.time.TS,.during.load.
change.from.0.to.3.kW.with.command.DC-link.voltage.Udcc.=.560.V..Simulated.results.in.Saber.model.of.DPTC-SVM.
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FIGURE.16.31. Module.of.the.DC-link.voltage.fluctuation.|eUdc|.as.a.function.of.sampling.time.TS,.during.load.
change.from.0.to.3.kW.with.command.DC-link.voltage.Udcc.=.560.V.for.a.case.when.in.control.structure.the.active.
PF.is.implemented..Simulated.results.in.Saber.model.of.DPTC-SVM.
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Hence,.to.further.reduction.of.the.DC-link.filter,.the.device.losses.should.be.made.independent.of.
switching.frequency..It.can.be.realized.by.the.use.of.soft-switched.VSC.such.as.the.resonant.DC-link.
converter.

From. Figure. 16.30,. it. can. be. concluded. that. for. ideal. control. methods,. with. sufficiently. high.
sampling.time,.the.DC-link.voltage.fluctuation.during.transient.for.reduced.capacitor.can.be.even.
smaller.(case.with.active.PF.[PF.C.=.47.μF]).than.for.higher.value.of.the.capacitance.(case.without.
active.PF.[no.PF.C.=.470.μF])..Moreover,.taking.into.consideration.only.the.cases.with.PF,.it.can.be.
seen.that.the.fluctuations.of.DC-link.voltage.during.transient.for.C.=.470.μF.and.for.C.=.47.μF.are.
almost.equal.for.higher.sampling.time.(Figure.16.31)..Based.on.this,.the.postulate.can.be.formed.as.
follows:.stabilization.of.the.DC-link.voltage.in.AC–DC–AC.converter.with.transistor.bridge.recti-
fier.(VSR).mainly.depends.on.the.quality.of.the.used.DC-link.voltage.and.input/output.power.flow.
control.methods.

16.8 Summary and Conclusion

In.this.chapter,.a.line.power.friendly.AC–DC–AC.VSC-fed.induction.machine.drives.have.been.stud-
ied.and. investigated.under.aspect.of.DSP-based.control. and. industrial. serial.manufacturing..Such.a.
control.system.should.meet.following.requirements:.operation.with.UPF,.low.THD.of.the.line.current,.
very.good.stabilization.of.the.DC-link.voltage,.four-quadrant.operation,.and.be.universal.for.different.
types.of.drive.application.(open-loop.control,.sensorless.control,.and.control.with.motion.sensor)..Also,.
for.serial.manufacturing,.it.is.important.to.have.simple.reliable.and.low-cost.solution.with.repeatable.
parameters.of.drive.

After. literature. studies,. two. control. strategies. were. chosen:. DTC. with. space. vector. modulation.
(DTC-SVM).for.the.machine.side.DC–AC.converter.(VSI).and.direct.power.control.with.space.vector.
modulation.DPC-SVM.for.the.line.side.AC–DC.converter.(VSR)..As.results,.the.novel.scheme.for.con-
trol.of.AC–DC–AC.converter–fed.induction.machine.(IM).called.(see.Figure.16.13).has.been.proposed.

After.simulation.study,.it.has.been.shown.that.when.control.structure.of.the.VSR-fed.DC-link.oper-
ates.independently.from.control.of.the.VSI-fed.IM,.the.DC-link.voltage.stabilization.is.not.sufficiently.
fast. to. balance. instantaneous. DC-link. power. flow.. Therefore,. a. high. value. of. DC-link. capacitor. is.
required..However,.it.could.be.significantly.reduced.if.a.new.elaborated.active.PF.estimator.has.been.
introduced.to.whole.control.structure..As.shown.in.Section.1.6.of.this.chapter,.thanks.to.PF.loop,.the.
value.of.the.DC-link.capacitor.has.been.reduced.10.times.while.good.stabilization.of.DC-link.voltage.
in.both.dynamic.and.stationary.states.as.well.as.low.line.current.THD.are.kept..However,.it.should.be.
stressed.that.the.system.has.to.be.equipped.with.fast.PF.loop.and/or.DC-link.chopper.

For.proper.operation.of. the.closed.control. loops. in.DPTC-SVM.scheme,. the.digital.PI.controllers.
design. is.very. important..Therefore,. in.Section.16.5.synthesis.of.active.and.reactive.power.as.well.as.
DC-link.voltage.controller.is.discussed..This.design.is.based.on.continuous.transfer.function.approach.
(symmetric.optimum.[SO]),.because.fast.sampling.used.in.the.system.(dominated.time.constant—line.
inductor.TRL—is.much.higher.as. sampling. time.TS),. and.has.been.confirmed.by.both.simulated.and.
experimental.results..The.flux.and.torque.control.design.has.been.implemented.similarly.

The.main.features.and.advantages.of.developed.DPTC-SVM.scheme.(Figure.16.13).for.AC–DC–AC.
converter–fed.IM.can.be.summarized.as.follows:

•. Four-quadrant.operation.(bidirectional.power.flow)
•. Fast.flux.and.torque.response
•. Available.maximum.output.torque.in.wide.range.of.speed.operation.region
•. Constant.switching.frequency.and.unipolar.voltage.pulses.(thanks.to.use.SVM)
•. Low.flux.and.torque.ripple
•. Robustness.to.rotor.parameter.variations
•. Motion.sensorless.operation
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•. Nearly.sinusoidal.line.current.(low.THD.typically.below.5%)
•. Direct.adjustable.reactive.power.(including.UPF)
•. Controllable.DC-link.voltage.(well.stabilized.at.desired.level)
•. AC.side.voltage.sensors.are.eliminated.(only.DC-link.voltage.sensor.is.required)
•. Wide-speed.range.operation.of.the.IM.connected.to.the.output.of.the.VSI
•. Reduction.of.DC-link.capacitor,.thanks.to.active.PF.(gives.possibility.to.use.a.foil.capacitor)
•. Easy.operation.in.open-.or.closed-loop.fashion,.because.(separately.SVM.blocks.are.used)
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17.1  Introduction

The.term.“power.supply”.refers.to.power.conversion.systems.in.the.following.categories:.(1).AC-DC.
rectifiers,.which.are.usually.single-.or.three-phase.active.rectifiers;.(2).DC-DC.converters,.which.are.
buck,.boost,.or.buck–boost-derived.converters.in.hard.or.soft-switched.(resonant.converters).opera-
tion;.and.(3).DC-AC.inverters,.e.g.,.uninterruptible.powers.supplies.(UPS),.AC.power.sources,.and.
motor.drives..Recent.applications.have.opened.up.new.categories.of.power.supplies.such.as.electronic.
ballasts,.pulsating.power.supplies,.and.high-voltage.capacitor.charging.power.supplies.

Commercial.power.supply.catalogs.have.DC.output.power.ranges.from.10.W.to.15.kW.at.output.volt-
ages.from.3.3.V.to.15.kV.and.AC.outputs.in.UPS.reaching.60.kVA..General.purpose.DC.power.supplies.
may.include.single-.or.multi-output.terminals.at.fixed.or.regulated.voltage.

This.initial.classification.suggests.that.the.technical.solution.for.the.power.conversion.systems.satisfy.
three. groups. of. specifications.. First,. the. input. power. source. requirements. should. be. fulfilled,. which.
implies.complying.with.the.source.voltage.levels,.its.current.limit,.dynamic.capabilities,.and.the.appli-
cable.standards..Second,.the.load.requirements.should.be.satisfied,.i.e.,.steady-state.accuracy.and.ripple.
limits. and. also. dynamic. behavior;. and. third,. the. maximum. efficiency. should. be. obtained,. reaching.
the.maximum.power.density,.in.terms.of.the.ratio.power.transformed.and.the.equipment.weight.and.
volume,. while. complying. with. the. electromagnetic. and. radio-frequency. interference. (EMI. and. RFI).
regulations.

Although.linear.power.supplies.still.have.applications.in.areas.where.the.load.specifications.are.very.
restrictive,.e.g.,. laboratories,.very.high.fidelity.audio,.etc.,. switched-mode.conversion.techniques.cover.
most.of.the.practical.specifications.and.are.gaining.new.areas.of.applications.as.the.performance.of.power.
devices.and.magnetic.components.increase.and.the.control.techniques.become.more.sophisticated.and.
obtain.faster.responses.

This.chapter.is.focused.on.modern.switched-mode.power.stages.and.control.techniques.oriented.to.
comply.with.the.three.groups.of.specifications..Basic.blocks.of.power.supply.systems,.with.the.utility.line.
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as.the.power.source.or,.alternatively,.a.DC.power.source.such.as.a.battery.or.a.solar.panel,.are.depicted.
in.Figure.17.1..Here.the.AC-DC.power.factor.correction.(PFC).stage.makes.the.system.meet.the.utility.
standards.and.minimize.the.input.current.ig..In.principle,.the.PFC.may.require.input.current.and.output.
voltage.control..In.a.standard.two-stages.approach,.the.PFC.section.is.connected.to.the.utility.through.
an.input.filter.to.prevent.the.injection.of.high.frequency.(HF).noise,.while.the.subsequent.converter,.
DC-DC.or.DC-AC,.operating.in.voltage.or.current.mode,.is.designed.to.meet.the.load.specifications.

The. switched. conversion. technique. is. based. on. the. principle. that. the. switch. combines. regulation.
capabilities.and.ideal.zero.losses..In.Figure.17.2,.a.basic.first.quadrant.v.versus.i.conversion.technique.
is.presented,.where.the.average.output.voltage.over.a.switching.period.T,.〈v〉T ,.is.controlled.by.the.duty.
cycle,.d,.and.the.average.input.voltage.〈vg〉T,

. v d v
T T

= g . (17.1)

The.chapter.organization. is. as. follows.. After. the. introduction,. Section. 17.2. is. dedicated. to. single-
phase.rectifiers..Section.17.3.is.focused.on.DC.input.power.conversion.stages,.where.key.components.
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FIGURE.17.1. Elements.of.the.power.supply.system..(a).Multi-.or.single-phase.source,.(b).Common.and.differen-
tial.mode.filters,.(c).multi-.or.single-phase.passive.rectifiers,.(d).active.PFC.stage,.(e).DC.source,.and.(f).Postregulator.
DC—load.conversion.stage.
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FIGURE.17.2. Left:.The.four.operation.quadrants..Middle:.first.quadrant.voltage.chopper..Right:.controlled.aver-
age.output.voltage.
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and.conversion.techniques.are.detailed.according.to.power.levels.and.load.requirements..Section.17.4.
introduces.the.latest.advances.available.for.power.supply.designers,.and.then.finalizing.with.some.con-
cluding.remarks.

17.2 Single-Phase rectifiers

Front-end.AC.line.to.DC.output.power.converters.are.designed.when.it.is.necessary.to.comply.with.the.stan-
dard.that.limits.the.power.factor.and.current.harmonic.content..The.IEC.1000-3-2.(EN.61000-3-2).is.the.
main.reference.in.technical.literature.for.equipment.that.require.phase.current.lower.than.16.A.[LHCE95]..
Equipment.classification.and.the.corresponding.harmonic.limits.are.summarized.in.Figure.17.3.

A.variety.of.solutions.that.meet.the.standard.specifications.were.reported.in.the.1990s.[GCPAU03]..
At.present,.new.diodes.and.transistors.are.rated.to.higher.voltage.and.current.stress.and.achieve.better.
switching.performance..New.magnetic.materials.are.used.to.build.inductors.with.DC.bias.current.in.
switch.mode.power.supplies,.obtaining.higher.energy.storage.capability.with.smaller.size.than.gapped.
ferrite.cores..Nonlinear.and.self-tuning.control. strategies. simplify.and. improve. the.dynamics.of. the.
inner.and.outer.current.control.loops..All.of.them.are.elements.that.achieve.advances.in.the.design.of.
PFC.stages.

A. few.examples.of.PFC. techniques.are.presented.next..They.are. classified. into.noncontrolled. and.
controlled.input.current.

17.2.1 PFC Stages with No Inner Input Current Control Loop

PFC.stages.extend.the.time.in.which.the.current.is.absorbed.from.the.mains.during.each.semi-period.of.
the.mains’.frequency..This.can.be.achieved.by.using.passive.solutions.based.on.line.inductive.filters.or.
valley.fill.circuits,.as.is.shown.in.Figure.17.4.[BAB02].

The.valley.fill.circuit.is.applied.in.low.power.conversion.stages..Its.output.voltage.has.50%.ripple.that.
should.be.compensated.by.the.subsequent.stage.

Boost.converter.topology.is.preferable.for.active.PFC,.because.it.offers.the.highest.switch.utilization.
ratio,. including. an. inductor. that. produces. continuous. line. current,. when. operating. in. a. continuous.

Balanced 3 φ
equipment? 

Portable?

Lighting

Special
waveform & 

P<600 W?
Motor driven,

α control?

Class AYes
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FIGURE.17.3. Equipment.classification.and.harmonic. limits.defined.by. IEC.1000-3-2.. (From.IEC,.Limits.
for.harmonic.current.emissions.(equipment.input.current.<16.A.per.phase),.IEC.1000/3/2.Int..Std.,.1995..With.
permission.)
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conduction.mode..Typical.boost.converter.output.voltage.is.Vo.=.400.V.when.connection.to.the.European.
utility.line.is.included.in.the.specification..The.effect.of.the.boost.converter.in.PFC.applications.is.gen-
eralized.by.use.of.a.high-impedance.network.(HIN).[VSSJ07].placed.between.the. input.rectifier.and.
the.capacitor.that.supplies.the.input.DC.voltage.to.the.DC–DC.converter,.as.shown.in.Figure.17.5..This.
solution.leads.to.size.reduction.in.single-stage.PFC,.in.comparison.with.the.two.stage.solution.(PFC.+.
postregulator),.when.the.target.is.not.unity.power.factor.but.to.comply.with.the.regulations.

There.are.applications.where.buck–boost. type.topologies.are.preferred.because. the.control. is.very.
simple.in.discontinuous.conduction.mode.(DCM).or.because.variable.output.voltage.is.required..Buck.
converters.can.also.be.controlled.as.PFCs.when.the.output.voltage.is.lower.than.the.line.voltage.dur-
ing.the.greater.part.of.each.semi-period.of.the.mains’.frequency..As.an.example,.Figure.17.6.shows.a.
buck–boost.converter.operating.as.a. resistor.emulator. in.DCM.at.constant. switching.period,.T,. and.
duty.cycle,.D..The.input.current,.ig,.peak.input.current,.igpk,.and.average.input.current,.〈	ig〉T,.are.given.
in.(17.2).and.(17.3):

. i v DT
LTgpk g≅ . (17.2)

. i v D T
LT Tg g=
2

2
. (17.3)

Stop:
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M1 Mean
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Stop: 5.00 kS/s
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FIGURE.17.4. Top.left:.A.valley.fill.circuit.example..Top.right:.upper.trace.line.voltage,.middle.line.power,.bot-
tom.line.current..Bottom:. line.current.spectrum..(From.Branas,.C..et al.,.Evaluation.of.an.electronic.ballast. for.
HID.lamps.with.passive.power.factor.correction,. in.Proceedings of the 28th Annual Conference of the Industrial 
Electronics Society.(IECON 2002),.Sevilla,.Spain,.November.2002,.pp..371–376..With.permission.)
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Discontinuous.conduction.mode.produces.zero.current.turn-on.in.the.transistor..Additionally,.it.requires.
low.inductance.(low.inductor.size),.finding.the.application.when.the.resulting.current.ripple.(peak.current).is.
not.excessive..A.widely.applied.solution.for.a.PFC.circuit.fixes.the.operation.mode.at.the.boundary.between.
CCM.and.DCM,.which.is.a.reasonable.solution.up.to.200.W..Figure.17.7.illustrates.this.operation.mode.for.
a.boost.converter..In.this.case,.zero.current.detection.is.required.and.the.switching.period.is.not.constant..
The.resistor.emulator.behavior.is.obtained.if.constant.on-time.is.imposed.as.if.can.be.derived.from.the.input.
current,.ig,.peak.input.current,.igpk,.and.average.input.current,.〈ig〉T.in.Equations.17.4.and.17.5:

.
i v t

LTgpk g
on≅

.
(17.4)

.
i v dT

LT Tg g=
2 .

(17.5)
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FIGURE.17.5. Left:.Single-stage.PFC.with.HIN..Right:.example.of.HIN..(From.Villarejo,.J.A..et.al.,.IEEE Trans. 
Ind. Electron.,.54(3),.1472,.June.2007..With.permission.)
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17.2.2 PFC Stages with Inner Control Current Loop

Input.current.control.is.intended.to.guarantee.resistor.emulator.behavior—the.inner.current.loop.is.com-
bined.with.an.outer.loop.that.consists.of.either.an.output.voltage.control.with.output.power.limit.or.an.
output.power.control.with.output.voltage. limit..Depending.on.the.power.conversion.rate,.commercial.
solutions.can.be.found.for.the.boundary.between.DCM.and.CCM.as.well.as.CCM.operations.[VSSJ07,.
PB09]..Current.controllers.make.either.the.peak.or.average.current.over.a.switching.period.follow.the.
sinusoidal.utility.voltage.while.line.period.current.amplitude.is.controlled.by.the.outer.loop..Figure.17.8.
shows.the.effect.of.the.input.current.control.in.CCM.either.by.average.current.or.hysteretic.controller.

Average. current. control. can. be. performed. at. constant. switching. frequency. operation,. which. is. a.
desirable.characteristic.to.make.the.inductor.design.easier.and.to.predict.RFI.and.EMI..However,.inher-
ent.dynamics.of.the.average.control.are.limited.in.a.bandwidth.well.below.the.switching.frequency.

Nonlinear.controllers.[MJE96].combine.constant.switching.frequency.operation.with.fast.response.and.
simplicity..They.can.be.applied.to.different.topologies.[LS98,.ZM98,.SLARF08].and.can.be.implemented.
in.a.digital.circuit,.unifying.of.the.power.supply.controller,.as.is.depicted.in.Figure.17.9.

Nonlinear-carrier. controllers. [SC88]. compare. a. carrier. signal. with. the. variable. under. control,. in.
this.case,.input.current,.to.determine.the.switching.instant.with.no.switching.period.delay..Figure.17.10.
shows.the.case.for.a.boost.converter..The.turn-off.instant.corresponds.to

. V d r im s Lpk1 −( ) = , . (17.6)

where
rs.is.the.current.sensor
Vm.is.the.maximum.carrier.signal.value.controlled.by.the.outer.loop

and,.therefore,.the.peak.current.follows.the.input.voltage.in.each.switching.period.for.the.boost.converter.case.
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FIGURE.17.8. Current.control.for.PFC.applications..Left:.average.or.hysteretic.control.in.CCM..Right:.peak.cur-
rent.mode.control.in.boundary.CCM-DCM.operation.
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Nonlinear-carrier.control.can.be.modified.to.be.adapted.to.other.topologies..For.example,.in.a.buck–
boost.type.converter,.e.g.,.SEPIC.(see.Figure.17.11),.the.turnoff.instant.is.given.by

. V V t
T

r i t
T

V d
d

r im m s Lpk m s Lpkand therefore− = − =, , ,1
. (17.7)

in.order.to.achieve.such.that.the.peak.current.follows.the.input.voltage.in.each.switching.period.

17.3 DC-to-Load Power Conversion

Derivation. of. the. different. power. converter. topologies. is. obtained. using. methods. such. as. switch.
matrix.circuits.[K88],.basic.three-terminal.cells,.and.topology.manipulation.starting.from.the.buck.
converter.[EM01].

The.derivation.of.power.converters.topologies.from.a.switch.matrix.circuit.is.a.top-down.approach..The.
buck.converter.is.a.particular.case.of.the.four-quadrant.direct.switch.matrix.circuit,.shown.in.Figure.17.12..
Switch.11.is.transistor.M,.switch.21.is.diode.D,.switch.12.is.permanently.off.and.switch.22.is.permanently.
on..Direct.converters.include.energy.storage.elements.at.the.input.and.output.only,.while.in.indirect.con-
verters.the.power.flow.does.not.go.directly.from.input.to.output.but.through.an.intermediate.energy.stor-
age.element..They.can.be.derived.by.cascaded.connection.of.direct.converters..Switched-mode.converters.
produce. a. given. energy. transfer. from. input. (source). to. output. storage. element. in. a. switching. period..
Therefore,.they.can.be.analyzed.as.discrete.energy.processors.[MZ07,.LYR05].

The.3D.canonical.cell.[KSV91],.from.which.the.switch.inductor.or.switch.capacitor.cells.are.derived,.as.
shown.in.Figure.17.13,.is.the.common.element.in.the.basic.conversion.topologies.shown.in.Figure.17.14..
Connections.a-A,.b-B,.and.c-C.give.the.buck.converter,.connections.b-A,.a-C,.and.c-B.result.in.the.boost.
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FIGURE.17.10. Carrier.signal.and.sampled.current.for.nonlinear-carrier.control.PFC.boost.converter.
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converter,.while.the.connection.c-A,.a-B,.and.b-C.give.indirect.converters,.a.buck–boost.converter.for.the.
switch.inductor.cell,.and.a.Ćuk.converter.for.the.switch.capacitor.cell.

Power. converters. can. also. be. derived. from. the. manipulation. of. the. buck. converter. (bottom-up.
approach).. Inversion. of. source. and. load. transforms. the. buck. converter. into. a. boost. converter,. cas-
caded.connection.of.a.buck.and.a.boost.converters.result.in.a.buck–boost.converter,.cascaded.boost.and.
buck.converters.give.a.Ćuk.converter,.a.boost.and.buck–boost.converters.form.a.SEPIC,.etc.….Bipolar.
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FIGURE.17.12. Left:.Two.input-two.output.lines.direct.matrix.converter..Right:.derived.buck.converter..(From.
Krein,.P.T.,.Elements of Power Electronics,.Oxford.University.Press,.Oxford,.U.K.,.1988..With.permission.)
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capacitor.cell.. (From.Erickson,.R.W..and.Maksimovic,.D.,.Fundamentals of Power Electronics,.2nd.edn.,.Kluwer.
Academic.Publishers,.Secaucus,.NJ,.2001..With.permission.)
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converters.are.the.result.of.the.differential.connection.of.basic.converters.to.the.load..Inverters.(DC-AC.
converters).are.bipolar.converters,.where.the.controller.modifies.its.reference.in.each.switching.period.
depending.on.the.target.output.voltage.

Steady-state.analysis.of.the.converter.topologies.under.duty.cycle.control,.D,.when.they.operate.in.
CCM.at.constant.switching.frequency,.gives.the.well-known.input.to.output.voltage.ratio.V/Vg.=.D,.V/Vg.=.
1/1.−.D,.and.V/Vg.=.D/1.−.D.for.the.buck,.boost,.and.indirect.converters,.respectively.

17.3.1 Isolation

The.reasons.for.introducing.galvanic.isolation.in.power.converters.are.(1).safety.and.grounding.require-
ments,.(2).output.voltage.polarity.selection,.(3).increase.in.the.resolution.of.the.regulation.parameter,.
(4).low.cost.implementation.of.multi-output.power.supply,.and.(5).series.or.parallel.association.of.power.
outputs.to.increase.output.voltage.or.current.

Output. voltage. manipulation. requires. isolation. from. the. utility. and. terminal. grounding..
Applications.of.power. supplies. in. industrial.processes,. e.g.,.welding. require.ground.connection.of.
one. output. terminal,. either. positive. or. negative.. Positive. and. negative. voltage. is. often. required. to.
supply.electronic.circuits..Direct.regulation.of.standard.low.output.voltage,.e.g.,.12.or.5.V,.from.the.
rectified. utility. line. would. result. in. a. very. limited. utilization. of. the. duty. cycle. range.. A. previous.
step-down.voltage.transformation.increases.the.control.resolution.and.improves.the.switch.utiliza-
tion.ratio..An.HF.switching.frequency.generates.HF.voltages.that,.as.a.result.of.the.Faraday’s.law,.are.
transformed. using. smaller-sized. magnetic. cores. than. those. required. when. the. low. frequency. line.
voltage.is.transformed.

As.an.illustrative.example,.in.Figure.17.15,.two.transformers.are.compared,.the.1.kVA,.50.Hz.one.is.
125.mm.high,.150.mm.wide,.170.mm.deep,.and.weighs.14.kg!!,.while.the.1.3.kVA,.125.kHz.planar.trans-
former.is.22.mm.high,.64.mm.wide,.and.106.mm.deep.weighing.0.45.kg.

Figure.17.16. shows. the. simplified. schematic.of. a.multiple.output. DC-DC.converter,. in. this. case.a.
forward.converter,.derived.from.a.nonisolated.buck.converter..Regulation.of.only.one.output.voltage.is.
required.to.fix.the.voltage.in.every.output.as.long.as.CCM.operation.is.guaranteed.

Isolated.converters,.such.as.the.forward.converter,.which.is.derived.from.the.buck.converter,.or.the.
flyback.converter,.derived.from.the.buck–boost.converter,.both.shown.in.Figure.17.17,.use.only.the.first.
quadrant.of.the.B-H.magnetic.curve.

The.transformer.of.the.forward.converter.requires.resetting.the.magnetic.f lux.in.every.switch-
ing.period.to.prevent.magnetic.core.saturation..This.task.is.performed.by.an.extra.winding.that,.
when.connected.to.the.supply.voltage.during.part.of.the.off-time,.generates.a.voltage.drop.across.
the. transformer. primary. winding,. whose. polarity. is. opposite. to. the. primary. voltage. during. the.

FIGURE.17.15. 1.kVA,.50.Hz.(left).vs..1.3.kVA,.125.kHz.planar.transformer.(right).
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on-time..The.f lyback.converter.is.obtained.by.substituting.the.inductor.of.the.buck–boost.converter.
by.a.coupled.inductor.

Bidirectional.core.excitation.increases.the.power.conversion.density..Examples.of.isolated.con-
verters.with.the.same.switch.utilization.ratio.that.use.two.quadrants.of.the.B-H.magnetic.curve.are.
shown.in.Figure.17.18..They.are.derived.from.the.buck.or.boost.topologies..In.a.first.stage,.an.HF.
AC.voltage.or.current.is.generated,.which.is.then.transformed.and.finally.rectified.for.the.supply.
to.the.DC.load.

As.a.first.approach,.the.magnetic.component.design.sequence.tries.to.minimize.the.inductor.or.trans-
former.size,.preventing.core.saturation.and.excessive. losses.that.are.originated.both.in.the.magnetic.
core,.i.e.,.area.enclosed.by.the.B-H.hysteresis.loop.and.Eddy.currents,.and.in.the.wire,.due.to.its.resis-
tance.and.skin,.proximity,.and.gap.effects.[L04,.BV05,.K09,.APCU07].
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17.3.2 Switched Capacitor Converters

Magnetic.components.make. the. integration.of.power.supplies.difficult,. this.being.a. limitation.when.
attempting.to.reduce.size.and.cost..There.are.commercial.monolithic.circuits.that.integrate.active.com-
ponents,.i.e.,.switches.and.controllers,.and.require.the.connection.of.the.reactive.components.to.com-
plete. the. power. supply.. Fully. or. partially. integrated. in. a. monolithic. circuit. switched. capacitor. (SC).
power.converters.can.also.be.found.in.low.power.applications.[I01].

As. is. stated. in. [M97],. the. conversion. ratio. of. a. two-phase. SC. converter. with. no. load,. based. on.
Makowski.cells.is

.
M k V

V
P
Q

[ ]
g

= = ,
.

(17.8)

where

. Max[Abs[ ],Abs[ ]] , Min[Abs[ ],Abs[ ]]P Q F P Qk≤ ≤ 1 . (17.9)

k.is.the.total.number.of.capacitors,.including.the.one.at.the.output
Fk.is.the.kth.Fibonacci.number

Therefore,.step-up.and.-down.conversion.and.positive.and.negative.polarity.are.obtained.depending.on.
the.states.of.the.different.switches.in.each.phase.

Two.examples.of.four-capacitor.converters.presented.in.[MM95].are.reproduced.in.Figure.17.19..The.
circuit.shown.in.Figure.17.19b.is.obtained.by.the.inversion.of.source.and.load.of.the.converter.in.Figure.
17.19a..In.phase.one,.switches.1.are.on.and.switches.2.are.off.and.in.phase.two,.switches.2.are.on.and.
switches.1.are.off.

If,.after.charged,.capacitors.are.only.discharged.a.little.bit,.then.during.phase.one.the.converter.in.
Figure.17.19a.charges.C1.to.Vg,.Vg.and.C1.charges.C2.to.2.Vg.in.phase.2,.therefore,.C2.and.Vg.charges.C3.
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FIGURE.17.18. (a).Buck-derived.push–pull,.(b).boost-derived.push–pull,.(c).buck-derived.half-bridge,.and.
(d).buck-derived.full-bridge.
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to.3.Vg.in.phase.one,.which.means.C4.is.charged.up.to.5.Vg.by.C3.and.C2.in.phase.two.(V/Vg.=.5)..The.
opposite.sequence.for.the.converter.in.Figure.17.19b.results.in.Vg/V.=.5.

Improvements.in.switching.transitions,.integrated.circuit.implementation,.and.regulation.capabili-
ties.to.reduce.the.output.load.dependence.are.the.subject.of.research.efforts.and.industrial.advances.in.
low.power.supplies.based.on.SC.technology.

17.3.3 Soft-Switched Converters

Power.losses.in.switched.devices.are.originated.by.on-conduction.and.switching.losses..The.switching.
frequency. dependence. of. the. switching. losses. limits. the. size. reduction. in. inductors,. capacitors,. and.
transformers.that.the.increase.of.the.switching.frequency.could.achieve.

Zero.voltage.switching.(ZVS).occurs.when,.at.the.beginning.of.a.switch.transition,.the.voltage.across.
the.switch.is.zero,.while.zero.current.switching.(ZCS).occurs.when,.at.the.beginning.of.a.switch.transi-
tion,.the.current.through.the.switch.is.zero..Soft-switched.transitions.result.in.ideal.zero.switching.losses.

Resonant,.quasi-resonant,.and.multi-resonant.converters.are.topologies.that.achieve.ZVS,.ZCS,.or.
both,.allowing.the.increase.of.the.switching.frequency..Therefore,.the.losses.in.magnetic.elements.and.
switch.conduction.dictate.the.limit.of.the.converter.size.reduction.

Soft-switched.transitions.are.accomplished.by.modifying.the.squared.profile.of.voltages.and.currents.
into.sinusoidal.or.partially.sinusoidal.shapes.and.introducing.some.delay.in.the.zero.crossing.time.by.
adding.extra.inductors,.capacitors,.or.resonant.(LC).tanks..For.a.given.constant.transient.time,.the.area.
enclosed.by.the.switched.current.versus.switched.voltage.(iD(vDS)).represents.energy.losses..Using.the.
function.(iD(vDS)).hard-switching.and.soft-switching.are.compared.in.Figure.17.20.

Soft.turnon.or.turnoff.is.obtained.by.connecting.L.and.C.components.in.series.and.parallel,.respectively,.
to.classic.switches,.generating.resonant.switches.[L88].(see.Figure.17.21).or.by.designing.specific.switch-
ing.arrangements.that.include.additional.switches..Examples.of.new.families.of.converters.generated.by.
replacing.the.traditional.switch.by.a.resonant.switch.arrangement.are.found.in.the.literature.[VCVFF96].

By.inserting.resonant.tanks.(LC.networks).between.the.switches.and.load.in.classic.topologies,.square.
waveforms. are. essentially. transformed. into. their. fundamental. modes.. If. the. switching. frequency. is.
higher. than. the. resonant. frequency. ZVS. turnon. is. obtained. and. if. the. switching. frequency. is. lower.
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ID Soft switch turn-on
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FIGURE.17.20. Current.vs..voltage.hard-.and.soft-switched.transitions.
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FIGURE.17.19. Two.SC.converters.with.different.switch.control:.(a).V/Vg.=.5.and.(b).V/Vg.=.1/5..(From.Makowski,.
M..S..and.Maksimovic,.D.,.Performance.limits.of.switched-capacitors.DC-DC.converters,.Proceedings of the Power 
Electronics Specialist Conference,.Atlanta,.GA,.June.18–22,.vol..2,.pp..1215–1221,.1995..With.permission.)
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than.the.resonant.frequency.ZCS.turnoff.is.obtained..Operation.over.the.resonant.frequency,.as.shown.
in.Figure.17.22,. is.preferred.when.power.MOSFETs.are.used.as.switches,.especially. in.bridge.topolo-
gies.because.of.the.poor.switching.performance.of.the.diode.integrated.in.the.MOSFET.structure..The.
different. resonant.networks.are. the.origin.of. the. so-called. resonant. converters. (RC). [S88,.KC95].. In.
Figure.17.23,.different.arrangements.of.LC.networks.are.shown,.resulting.in.the.following.resonant.con-
verter.circuits:.LC.series.RC,.LC.parallel.RC,.LCC.series–parallel.RC,.LCC.parallel.series.RC,.and.LLC.
RC..The.load.RAC.represents.either.a.possible.final.load,.the.converter.resulting.in.a.DC.to.high-frequency.
AC.converter,.or.the.subsequent.transformer.and.rectifier.to.complete.an.isolated.DC-DC.converter.

Designs.of.RC.are.oriented.not.only.in.guaranteeing.soft-switch,.but.also.in.maximizing.the.power.
factor.in.the.resonant.tank,.i.e.,.minimizing.the.angle.φ.in.Figure.17.22,.in.order.to.also.minimize.the.
amplitude.of.the.resonant.current.that.causes.on-losses,.and.its.value.at.the.turnoff.instant.that.causes.
switching.losses.

Envelope.variable.models.[WHE91,YZGE03].are.the.resonant.converter.counterparts.of.the.averaged.
models. for. the. square.wave.converters,.which.are.used. to.determine. their.dynamics.and.design. the.
controllers.

Apart.from.reducing.switching.losses,.the.RCs.find.applications.for.their.electrical.properties..Series/
parallel.resonant.converters.are.particular.cases.of.the.LCC.and.LLC.converters..In.Figure.17.24,.large.
signal.steady-state.behavior.for.different.switching.frequencies.of.different.variables.of.the.LCC.series–
parallel.RC.are.shown.[CBA10]..The.following.characteristics.can.be.observed:.At.the.series.resonant.
frequency,.ωs,.(Figure.17.24a),.the.converter.is.an.input.voltage.controlled.voltage.source,.it.being.open.
load.protected..At.the.unloaded.resonant.frequency,.ωo,.(Figure.17.24b).the.converter.is.an.input.voltage.
controlled.current.source,.it.being.short.circuit.protected..Figure.17.24c.shows.a.frequency,.ωL,.where.
the.converter.is.a.resistor.emulator,.since.the.input.current.has.no.load.dependence..Figure.17.24d.shows.
areas.of.switching.frequency.between.ωs.and.ωo,.where.the.converter.behaves.close.to.an.input.voltage.
controlled.power.source.[AZB07].

Because.of.the.inherent.high.output.impedance,.Zo,.properties,.as.current.or.power.sources,.Zo.=.∞.
and.Zo.=.Rload,.respectively,.resonant.converters.find.applications.as.electronic.ballast.for.the.control.of.
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FIGURE.17.21. Left:.ZC.resonant.switches..Right:.ZV.resonant.switches..(From.Lee,.F.C.,.Proc. IEEE,.76(4),.377,.
April.1988..With.permission.)
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discharge.lamps.[A01],.ozone.generators.[AGCRC05],.electrical.discharge.machining,.arc.welding.[FR98,.
MMRTMP95],.etc..Recent.research.has.focused.on.the.LLC.converter,.since.the.resonant.tank.along.with.
the.subsequent.transformer.can.be.integrated.in.a.single.magnetic.device.[C07].

17.4 trends

Challenges. for. power. supply. designers. are,. among. others,. to. achieve. higher. power. density,. control.
speed,.and.adaptability.to.load.changes.

17.4.1 New Devices and Magnetic Cores

New.commercial.power.devices.simplify.the.power.circuit,.and.increase.the.efficiency,.indicating.a.step.
ahead. in. bringing. their. performance. close. to. an. ideal. switch.. CoolMOS•. transistors. increase. their. on-
resistance.linearly.with.the.voltage.blocking.capabilities,.BVBR,.while.traditional.MOSFETs’.on-resistance.
depends.on.BVBR

2,5..Those.devices.can.block.up.to.900.V..Trench.MOSFETs•.offer.lower.on-resistance.and.
gate.charge.than.previous.synchronous.MOSFETs,.allowing.the.increase.of.the.switching.frequency.
and.reducing.on-losses.

SiC.power.device.technology.reduces.the.n−.layer,.since.the.breakdown.electric-field,.EBR.=.2.×	106.V/cm,.
is.several.times.the.EBR.=.3.×	105.V/cm.for.Si.devices..GaN.has.a.breakdown.electric.field.that.is.about.10.
times.higher.than.silicons..Availability.of.600.V.SiC.Schottky.diodes,.with.superior.switching.performance.
and.higher.junction.temperature.than.fast.Si.diodes,.has.improved.the.PFC.efficiency,.switching.frequency,.
and.size.[SBCCP03].

High.magnetic.flux.saturation.and.soft.saturation.magnetic.cores.with.integrated.gaps.provide.higher.
energy.storage.capability.than.with.gapped.ferrites,.reducing.size,.and.increasing.the.load.range.in.CCM.
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17.4.2 Parallel Operation

In.most.cases,.the.original.power.source.is.a.voltage.source,.e.g.,.utility.voltage.and.batteries..At.the.same.
time,.most.of.the.specified.power.supplies.outputs.are.output.voltage..Even.in.the.case.of.control.of.gas-
eous.discharges,.the.arc.voltage.is.constant.as.a.first.approach,.depending.on.the.electrode.separation..
Therefore,.a.power.increase.usually.means.higher.input.current.demand.and.higher.output.current.avail-
ability..Paralleling.optimized.power.converter.modules.leads.to.several.advantages..Besides.increasing.
the.power.conversion.capabilities,.power.density.can.be.increased,.since.the.interleaving.synchroniza-
tion.of.different.paralleled.sections.shifts.the.current.harmonics.to.higher.frequencies.reducing.the.filter.
requirements. [GZCC06]. and. leading. to. dynamic. improvements.. In. the. case. of. resonant. converters,.
paralleled.operation. introduces.a.new.control.parameter,. the.overlap.among.phases.[BAC08],.result-
ing.in.a.simple.and.efficient.control.technique.at.constant.switching.frequency..Thermal.distribution.is.
another.advantage.of.the.parallel.operation.of.power.modules.because.it.reduces.the.heatsink.needs.and.
improves.their.reliability..Figure.17.25.shows.a.1.kW.penta-phase.class.D.series–parallel.LCC.resonant.
converter. laboratory. prototype. [BACD07],. whose. operation. frequency. is. 125.kHz,. and. the. midpoint.
voltages.of.each.phase..In.this.case,.the.displacement.of.one.phase.is.used.to.regulate.the.output.voltage.

17.4.3 Energy Process Savings

Each.energy.conversion.stage.leads.to.total.efficiency.reduction.but.it.is.accepted.as.necessary.to.meet.the.
power.supply.specifications..Classical.and.more.expensive.solutions.cascade.different.passive.or.active.
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stages.in.order.to.shape.waveforms,.store.energy,.remove.harmonics,.modify.voltage,.and.current.levels,.
and.achieve.the.required.response.under.source.or.load.variations..The.integration.of.power.stages.to.com-
plete.two.or.more.groups.of.specifications.may.improve.the.power.density.figures.as.is.the.case.in.indirect.
converters,.but.it.does.not.mean.a.reduction.of.the.power.processing.stages..The.power.conversion.tech-
niques.and.power.electronics.elements.presented.so.far.are.focused.on.increasing.the.efficiency.of.each.
energy.transformation.stage..Overall.efficiency.also.increases.when.100%.of.the.energy.is.not.transformed.
in.each.stage..For.an.n.transformation.stages.power.supply,.the.total.efficiency,.η,.can.be.expressed.as

.
η η=













=
∏∑km i

i j

n

m

,
.

(17.10)

where.km.is.the.mth.part.of.the.source.energy.that.is.processed.through.the.j.to.n.stages..The.reduction.of.
the.amount.of.energy.processed.also.leads.to.improvements.of.the.dynamics.performance.

An.example.of.partial.power.processing.is.the.two-input.buck.converter.(TIbuck)..Figure.17.26.shows.
one.of.the.circuits.analyzed.in.[SVHNF99].along.with.the.schematic.of.the.TIbuck.differentiating.the.
two.structures.of.the.power.converter.

Based. on. the. principle. of. cascaded. and. parallel. energy. processing. applied. to. power. supplies. that.
integrates.the.PFC.and.the.postregulator.in.a.single-stage,.a.review.of.derived.topologies.is.presented.
in.[QS01]..As.a.general.rule,.the.energy.portion.required.to.achieve.fast.output.response.is.transformed.
by.cascaded.power.converter.stages,.while.efficiency.improvements.are.achieved.by.transferring.energy.
directly. to. the. load. (bypassing. conversion. stages),. although. parallel. energy. processing. may. require.
more.semiconductor.switches.and.a.complicated.control.circuit.

17.4.4 Digital Modeling and Control

Direct. digital. converter. modeling. [MZ07]. overcome. bandwidth. limitations. of. averaged. continuous-
time.modeling.and.obtains.exact.small-signal.discrete.models.as. it. takes. into.account. the.sampling,.
modulator.effects,.and.delays.in.a.digitally.controlled.converter,.facilitating.the.direct.digital.compensa-
tor.(Gc(z)).design.(see.Figure.17.27)..Nonlinear.controllers.[RS08].such.as.current.programmed.and.volt-
age.regulator,.v2,.techniques.that.find.predictive.implementation.in.digital.circuits.[TMT08].increase.
the.converters’. response.speed.and. include.additional.power.management.capabilities. [WD06]..New.
self-tuning.controllers.[PCME03].are.capable.of.adapting.their.operation.to.the.input.voltage.conditions.
and.filter.components,.reducing.the.design.effort.
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17.5 Conclusions

Power. supplies. are. designed. to. comply. with. the. specifications. demanded. by. the. different. electrical.
sources.and.loads..When.the.original.power.source.is.the.utility.line,.active.PFC.action.is.usually.required.
to.meet.the.standards.and.to.provide.solutions.for.universal.operation..Switched-mode.power.converters.
are.gaining.areas.of.application.because.they.fulfill.the.weight,.size.and.cost.reduction,.and.efficiency.
increase.challenges,.even.in.very.low.power.or.high.output.quality.power.supplies..Power.supply.size.is.
mainly.dependent.on.the.power.dissipation.needs.and.the.magnetic.component.size..Magnetic.trans-
formers.are.a.key.element.in.meeting.the.power.supply.specifications.since.they.provide.electrical.isola-
tion.to.the.output,.improve.the.controllability,.and.simplify.the.design.of.multi-output.power.supplies..
In.low.power.nonisolated.applications,.converters.based.on.SCs.are.proposed.for.maximum.integration.
in.monolithic.circuits..Switching.losses.that.limit.the.maximum.switching.frequency.can.be.reduced.and.
even.eliminated.with.soft-switched.converters..These.converters.also.present.inherent.properties.at.given.
switching.frequencies.that.makes.them.suitable.for.driving.special.loads.such.as.gaseous.discharges.

New.technologies.cover. the.main.necessities.of. the.power.supply.design:.power.devices,.magnetic.
materials,.converter.architectures,.and.control.strategies,.all.help.in.the.quest.for.higher.efficiency,.faster.
response,.and.smarter.converters.
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18.1  Introduction

Uninterruptible.power. supply. (UPS). systems.become.more.and.more. important.due. to. the.growing.
critical.loads,.such.as.telecommunication.systems,.computer.sets,.and.hospital.equipments..In.the.last.
few.years,.an.increasing.number.of.publications.about.UPS.systems.research.have.appeared,.and,.at.the.
same.time,.different.kinds.of.industrial.UPS.units.have.been.introduced.in.the.market..Furthermore,.
the.development.of.novel.energy.storage.systems,.power.electronic. topologies,. fast.electrical.devices,.
high-performance.digital.processors,.and.other.technological.advances.yield.new.opportunities.for.UPS.
systems.[King03,.Bekiarov02].

New. electrical. energy. concepts. like. distributed. generation. (DG). and. microgrids. require. storage.
energy.systems.to.be.able.to.manage.the.energy.near.the.consumption.points..In.other.words,.distrib-
uted.UPS.systems.are.becoming.important.to.integrate.variable.renewable.energy.like.photovoltaic.or.
wind.turbines.[Guerrero07]..The.use.of.power.electronics.helps.to.control.the.parts.that.compound.a.
UPS.system,. improving.power.quality.and.reliability..Nowadays,.UPS.scenario. is.very.wide.not.only.
because.there.is.a.broad.range.of.power.rating,.but.also.because.there.exists.different.kinds.of.storage.
energy.systems..In.addition,.the.digital.signal.processors.are.making.real.control.techniques.that.could.
not.be.implemented.in.the.past,.allowing.new.power.system.configurations.

The.UPS.systems.field.is.a.multidisciplinary.area,.which.encompasses.power.stage.topologies,.control.
techniques,. technological. storage.solutions,.and.complex.power.systems,.among.others.. In. the. light.of.
worldwide.interest.among.engineers,.manufacturers,.researchers,.and.users.of.UPS.systems,.this.chapter.is.
provided..This.chapter.is.organized.according.to.the.following.topics:.classification.of.UPS.systems,.storage.
energy.systems,.distributed.UPS,.and.microgrids.based.on.UPS.systems.
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18.2  Classification of UPS Systems

A.UPS. is.a.device. that.maintains.a.continuous.supply.of.electric.power. to. the.connected.equipment.
by. supplying. power. from. a. separate. source. when. the. utility. main. is. not. available.. The. UPS. is. nor-
mally.inserted.between.the.commercial.utility.mains.and.the.critical.loads..When.a.power.failure.or.
abnormality.occurs,.the.UPS.will.effectively.switch.from.utility.power.to.its.own.power.source.almost.
instantaneously..There.are.a.large.variety.of.power.rated.UPS.units:.from.units.that.provide.backup.to.a.
single.computer.without.a.monitor.of.around.300.W.to.units.that.provide.power.to.entire.data.centers.or.
buildings.of.several.megawatts,.which.typically.work.together.with.generators.

UPS.systems.are.generally.classified.as.static,.which.use.power.electronic.converters.with.semiconduc-
tor.devices,.and.rotary.(or.dynamic),.which.use.electromechanical.engines.such.as.motors.and.generators..
The.combination.of.both.static.and.rotary.UPS.systems.is.often.called.hybrid.UPS.systems.[Kusko96].

Rotary.UPS.systems.have.been.around.for.long.time.and.their.power.rating.reaches.several.megawatts.
[Dugan03]..Figure.18.1.shows.a.configuration.of.a.rotary.UPS.consisting.of.a.motor-generator.set.with.
heavy.flywheels.and.engines..The.concept.is.very.simple:.a.motor.powered.by.the.utility.drives.a.gen-
erator.that.powers.the.critical.load..The.flywheels.located.on.the.shaft.provide.greater.inertia.in.order.
to.increase.the.ride-through.time..In.the.case.of.line.disturbances,.the.inertia.of.the.machines.and.the.
flywheels.maintains.the.power.supply.for.several.seconds..These.systems,.due.to.their.high.reliability,.are.
still.in.use.and.new.ones.are.being.installed.in.industrial.settings..Although.this.kind.of.UPS.is.simple.in.
concept,.it.has.some.drawbacks.such.as.the.losses.associated.with.the.motor-generation.set,.the.noise.of.
the.overall.system,.and.the.need.for.maintenance..In.order.to.reduce.such.losses,.an.off-line.configura-
tion.is.often.proposed,.as.shown.in.Figure.18.2..Under.normal.operation,.the.synchronous.machine.is.
used.to.compensate.reactive.power..When.the.utility.fails,.the.static.switch.opens.and.the.synchronous.
machine.starts.to.operate.as.a.generator,.injecting.both.active.and.reactive.power..While.the.flywheel.
provides.the.stored.energy,.the.diesel.engine.has.time.to.start.
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FIGURE.18.1. Block.diagram.of.a.rotary.UPS.consisted.of.an.M-G.set.with.flywheel.
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FIGURE.18.2. Off-line.UPS.with.diesel.engine.backup.
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About.dynamic.or.rotary.UPS.systems,.we.have.to.bear.in.mind.that,.if.a.clutch.is.not.installed,.the.
diesel.engine.has.to.run.in.all.operation.modes,.in.a.stand-by.power.supply.fashion..However,.if.a.clutch.
is.installed,.e.g.,.Piller.rotary.UPS.or.Eurodiesel.Ltd,.the.generator.can.be.normally.stopped,.and.when.
a.loss.of.the.mains.occurs,.the.flywheel.has.enough.kinetic.energy,.in.the.range.of.few.seconds,.to.allow.
the.diesel.generator.to.electronically.start..At.this.moment,.the.electromagnetic.clutch.is.engaged.and.
the.flywheel.energy.is.used.to.raise.the.generator.to.the.proper.speed.

On.the.other.hand,.flywheel.UPS.systems.are.designed.to.work.in.the.range.of.seconds,.bearing.in.
mind.that.if.we.increase.the.power.drawn.from.the.generator,.the.time.drops.down..In.that.example,.
the.authors.show.a.design.of.a.flywheel.UPS.to.deliver.85.kW.for.supporting.near.40.s.of.ride-through..
In.addition,.in.the.industry.we.can.find.commercial.flywheel.UPS.systems,.e.g.,.Socomec.Sicon..This.
commercial.UPS.is.able.to.work.in.parallel.with.other.modules.and.with.the.DC-link.of.a.static.UPS..
The.flywheel.is.magnetically.levitated.in.a.vacuum,.spinning.at.up.to.54,000.rpm..The.system.delivers.
190.kW.with.13.s.of.ride-through.at.the.rated.power.

Furthermore,. the. combination. of. rotary. UPS. systems. with. power. electronic. converters. results. in.
hybrid.systems,.as.shown.in.Figure.18.3..The.variable.speed.drive,.consisting.of.an.AC/AC.converter,.
regulates. the. optimum. speed. of. the. flywheel. associated. with. the. motor.. The. written-pole. generator.
produces.a.constant.line.frequency.as.the.machine.slows.down,.provided.that.the.rotor.is.spinning.at.
speeds.between.3150.and.3600.rpm..The.flywheel. inertia.allows.the.generator.rotor.to.keep.spinning.
above.3150.rpm.when.the.utility.fails.[Dugan03].

Static.UPS.systems.are.based.on.power.electronic.devices..The.continuous.development.of.devices.
such.as.insulated.gate.bipolar.transistors.(IGBTs).allows.high.frequency.operation,.which.results.in.a.
fast.transient.response.and.low.total.harmonic.distortion.(THD).in.the.output.voltage..According.to.the.
international.standards.IEC.62040-3.and.ENV.500091-3,.UPS.systems.can.be.classified.into.three.main.
categories.[Karve00,.Bekiarov02]:

•. Off-line.(passive stand-by or line-preferred)..Figure.18.4a.shows.the.configuration.of.an.off-line.
UPS,.also.known.as.line-preferred.UPS.or.passive.standby..It.consists.of.a.battery.set,.a.charger,.
and.a.switch,.which.normally.connects.the.mains.to.the.load.and.to.the.batteries,.so.that.these.
remain.charged. (normal.operation)..However,.when. the.utility.power. fails.or.meets. abnormal.
function,.the.static.switch.connects.the.load.to.the.inverter.in.order.to.supply.the.energy.from.
the.batteries.(stored.energy.operation)..The.transfer.time.from.the.normal.operation.to.the.stored.
energy.operation.is.generally.less.than.10.ms,.which.does.not.affect.typical.computer.loads..With.
this.configuration,.the.UPS.simply.transfers.utility.power.through.to.the.load.when.either.a.power.
failure,. sag,. or. spike. occurs;. at. the. same. time,. the. UPS. switches. the. load. onto. battery. power.
and.disconnects. the.utility.power.until. it. returns. to.an.acceptable. level..Off-line.UPS.systems.
completely.solve.problems.1–3..However,. for. the.power.problems.4–9,. they.only.can.be.solved.
by.switching.to.stored.energy.operation..In.this.situation,.the.batteries.will.be.discharged.even.
though.the. line.voltage. is.presented.[Tsai03]..Off-line.UPSs.are.commonly.rated.at.600.VA.for.
small.personal.computers.and.home.applications.

•. Online. (double conversion or inverter-preferred).. Figure. 18.4b. depicts. the. configuration.
of an.online.UPS,.also.known.as.double.conversion.UPS.[Liang04]..During.normal.or.even.
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FIGURE.18.3. Hybrid.UPS.system.



18-4	 Power	Electronics	and	Motor	Drives

abnormal.line.conditions,.the.inverter.supplies.energy.from.the.mains.through.the.rectifier,.
which.charges.the.batteries.continuously.and.can.also.provide.power.factor.correction..When.
the.line.fails,.the.inverter.still.supplies.energy.to.the.loads.but.from.the.batteries..As.a.conse-
quence,.no.transfer.time.exists.during.the.transition.from.normal.to.stored.energy.modes..In.
general,.this.is.the.most.reliable.UPS.configuration.due.to.its.simplicity.(only.three.elements),.
and.the.continuous.charge.of. the.batteries,.which.means.that. they.are.always.ready.for.the.
next.power.outage..This.kind.of.UPS.provides.total.independence.between.input.and.output.
voltage.amplitude.and.frequency,.and,. thus,.a.high.output.voltage.quality.can.be.obtained..
When.an.overload.occurs,.the.bypass.switch.connects.the.load.directly.to.the.utility.mains,.
in.order.to.guarantee.the.continuous.supply.of.the.load,.thereby.avoiding.the.damage.to.the.
UPS.module.(bypass.operation)..In.this.situation,.the.output.voltage.must.be.synchronized.
with.the.utility.phase,.otherwise.the.bypass.operation.will.not.be.allowed..Typical.efficiency.
is.up.to.94%,.which.is.limited.due.to.the.double.conversion.effect..Online.UPSs.are.typically.
used.in.environments.with.sensitive.equipment.or.environments..Almost.all.commercial.UPS.
units.of.5.kVA.and.above.are.online.

•. Line-interactive..Figure.18.4c.illustrates.the.line-interactive.UPS.configuration,.which.can.be.con-
sidered.as.a.midway.between.the.online.and.the.off-line.configurations.[Jou04]..It.consists.of.a.single.

Utility
mains

Normal operation
Switch

RL

Load
Charger

(a)

(b)

(c)

Inverter

Stored energy
operation

Batteries

Bypass operation

Static bypass
switch

RLInverter
Stored energy

operation
Batteries

Rectifier
Utility
mains

Normal operation

Load

Normal operation

RL

Load
Bidirectional

inverter

Stored energy
operation

Utility
mains

Static
switch

Batteries
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bidirectional.converter.that.connects.the.batteries.to.the.load..Under.normal.operation,.the.mains.
supplies.the.load,.and.the.batteries.can.be.charged.through.the.bidirectional.inverter,.acting.as.a.
DC/AC.converter..It.may.also.have.active.power.filtering.capabilities..When.there.is.a.failure.in.the.
mains,.the.static.switch.disconnects.the.load.from.the.line.and.the.bidirectional.converter.acts.as.
an.inverter,.supplying.energy.from.the.batteries..The.main.advantages.of.the.line-interactive.UPS.
are.the.simplicity.and.the.lower.cost.in.comparison.to.the.online.UPS..Line-interactive.units.typi-
cally.incorporate.an.automatic.voltage.regulator.(AVR),.which.allows.the.UPS.to.effectively.step.up.
or.step.down.the.incoming.line.voltage.without.switching.to.battery.power..Thus,.the.UPS.is.able.
to.correct.most.long-term.overvoltages.or.undervoltages.without.draining.the.batteries..Another.
advantage.is.that. it.reduces.the.number.of.transfers.to.battery,.which.extends.the. lifetime.of.the.
batteries..However,.it.has.the.disadvantage.that.under.normal.operation.it.is.not.possible.to.regulate.
output.voltage.frequency..Line-interactive.UPS.units.typically.rate.between.0.5.and.5.kVA.for.small.
server.systems..Typical.efficiency.is.about.97%.when.there.are.no.problems.in.the.line.

Figure.18.5.shows.a.special.kind.of.line-interactive.UPS,.known.as.series–parallel.or.delta-conversion.
UPS.[Silva02],.which.consists.of. two. inverters.connected. to. the.batteries:. the.delta. inverter. (rated.at.
20%.of.the.nominal.power),.connected.through.a.series.transformer.to.the.utility,.and.the.main.inverter.
(fully.rated.at.100%.of.the.nominal.power),.connected.directly.to.the.load..This.configuration.achieves.
power.factor.correction,.load.harmonic.current.suppression,.and.output.voltage.regulation..The.delta.
inverter.works.as.a.sinusoidal.current.source.in.phase.with.the.input.voltage..The.main.inverter.works.
as.a.low-THD.sinusoidal.voltage.source.in.phase.with.the.input.voltage..Usually,.only.a.small.portion.
of.the.nominal.power.(up.to.15%).flows.from.the.delta.to.the.main.inverter,.achieving.high.efficiency..
Nevertheless,.this.configuration.needs.complex.control.algorithms..In.addition,.unlike.in.online.UPSs,.
there.is.no.continuous.separation.of.load.and.utility.mains..The.delta-conversion.UPS.systems.provide.
protection.from.all.line.problems.except.for.frequency.variations.

18.3  Storage Energy Systems

One.of.the.problems.to.be.solved.by.future.UPS.systems.is.how.to.store.the.energy..This.question.raises.
several.solutions.which.can.be.used.alone.or.combined..Some.of.the.storage.energy.technologies.are.
summarized.as.follows.[Roberts05]:

•. Battery energy storage system.(BESS)..Typical.UPS.systems.use.chemical.batteries.to.store.energy..
Rechargeable.batteries.such.as.valve-regulated.lead-acid.(VRLA).or.nickel-cadmium.(Ni-Cd).are.
the.most.popular.due.to.their.availability.and.reliability..A.lead-acid.battery.reaction.is.revers-
ible,.allowing.the.battery.to.be.reused..There.are.also.some.advanced.sodium/sulfur,.zinc/bro-
mine,. and. lithium/air. batteries. that. are. nearing. commercial. readiness. and. offer. promise. for.
future.utility.application..On.the.other.hand,.flow.batteries.store.and.release.energy.by.means.of.
a.reversible.electrochemical.reaction.between.two.electrolyte.solutions..There.are.four.main.flow.
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FIGURE.18.5. Series–parallel.line-interactive.UPS.or.delta-conversion.UPS.
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battery.technologies:.polysulfide.bromide.(PSB),.vanadium.redox.(VRB),.zinc.bromine.(ZnBr),.
and. hydrogen. bromine. (H-Br). batteries.. However,. batteries. contain. heavy. metals,. such. as. Cd.
and.Hg,.may.cause.environmental.pollution..A.large.majority.of.UPS.designs.use.a.characteristic.
constant-voltage.charging.system.with.current.limit.

•. Flywheels..This.system.is.essentially.a.dynamic.battery.that.stores.energy.mechanically.in.the.form.
of.kinetic.energy.by.spinning.a.mass.around.an.axis..The.electrical.input.spins.the.flywheel.rotor.
and.keeps.it.spinning.until.called.upon.to.release.the.stored.energy.through.a.generator,.such.as.a.
reluctance.motor.generator.[Lawrence03]..Sometimes.the.flywheel.is.enclosed.in.a.vacuum.or.in.
gas.helium.in.order.to.avoid.friction.losses..The.amount.of.energy.available.and.its.duration.is.gov-
erned.by.the.mass.and.speed.of.the.flywheel..There.are.two.available.types.of.flywheels:.low-speed.
(less.than.40,000.rpm).flywheels,.which.are.based.on.steel.rotors,.and.high-speed.(between.40,000.
and.60,000.rpm).flywheels,.which.use.carbon.fiber.rotors.and.magnetic.bearings..Flywheels.pro-
vide.1–30.s.of.ride-through.time..In.addition,.the.combination.of.modern.power.electronics.and.
low-speed.flywheels.can.provide.protection.against.multiple.power-line.disturbances.

•. Superconducting magnetic energy storage.(SMES)..This.system.stores.electrical.energy.in.a.super-
conducting.coil..The.resistance.of.a.superconductor.is.zero.so.the.current.flows.without.reduction.
in.magnitude..The.variable.current.through.the.superconducting.coil.is.converted.to.a.constant.
voltage,.which.can.be.connected.to.an.inverter..The.superconducting.coil.as.illustrated.in.Figure.
18.6. is. made. of. niobium. titanium. (NbTi). and. it. is. cooled. to. 4.2.K. by. liquid. helium. [Mito06]..
Typical.power.rates.for.this.application.are.up.to.4.MVA.

•. Fuel cells. (FC).. These. devices. convert. the. chemical. energy. of. the. fuel. directly. into. electrical.
energy..They.are.good.energy.sources.to.provide.reliable.power.at.a.steady-state..However,.due.to.
their.slow.internal.electrochemical.and.thermodynamic.characteristics,.they.cannot.respond.to.
the.electrical.transients.as.fast.as.it.is.desirable..This.problem.can.be.solved.by.using.supercapaci-
tors.or.BESS.in.order.to.improve.the.dynamic.response.of.the.system.[Nehrir06]..Fuel.cells.can.be.

FIGURE.18.6. SMES.with.0.6.kWh.capacity.from.Accel..(Courtesy.of.ACCEL.Instruments.GmbH.)
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classified.into.proton.exchange.membrane.(PEMFC),.solid.oxide.(SOFC),.and.molten.carbonate.
(MCFC)..PEMFC.are.more.suitable.for.UPS.applications.since.they.are.compact,.lightweight,.and.
provide.high.power.density.at.room.temperature,.while.SOFC.and.MCFC.require.much.higher.
temperature.between.800°C.and.1000°C.for.optimal.operation.

•. Compressed air energy storage. (CAES).. This. technology. uses. an. intermediary. mechanical-
hydraulic. conversion,. also. called. liquid-piston. principle. [Lemofouet06].. These. devices. are.
raising.interest,.since.they.do.not.generate.any.waste..They.can.also.be.integrated.together.with.
a.cogeneration.system,.due.to.the.thermal.processes.associated.with.the.compression.and.the.
expansion.of.gas..Their.efficiency.can.also.be.optimized.by.using.power.electronics.or.combining.
CAES.with.other.storage.systems.

18.4  Distributed UPS Systems

With.the.objective.to.further.increase.the.reliability.of.UPS.systems,.the.use.of.several.UPS.units.
connected.in.parallel. is.an.interesting.option..The.advantages.of.a.paralleled.UPS.system.over.one.
centralized.unit.are.flexibility. to. increase. the.power.capability,. enhanced.availability,. fault. tolerance.
with.N.+.1.modules.(N.modules.supporting.the. load.plus.one.reserve.stand-by.module),.and.ease.of.
maintenance.due.to.the.redundant.configuration.[Sears01].

Parallel. operation. is. a. special. feature. of. high-performance. industrial. UPS. systems.. The. parallel.
connection. of. UPS. inverters. is. a. challenging. problem,. which. is. more. complex. than. paralleling. DC.
sources,.since.every.module.must.share.the.load.properly.while.staying.synchronized..In.theory,.if.the.
output.voltage.of.every.module.has.the.same.amplitude,.frequency,.and.phase,.the.current.load.could.
be. equally. distributed.. However,. due. to. the. physical. differences. between. the. modules. and. the. line-
impedance.mismatches,. the. load.will.not.be.properly.shared..This. fact. leads. to.a.circulating.current.
among.the.units,.as.shown.in.Figure.18.7..Circulating.current.is.especially.dangerous.at.no-load.or.light-
load.conditions,.since.one.or.several.modules.can.absorb.active.power.operating.in.rectifier.mode..This.
increases.the.DC-link.voltage.level,.which.can.result.in.damage.to.the.DC.capacitors.or.a.shutdown.due.
to.overload..Generally.speaking,.a.paralleled.UPS.system.must.achieve.the.following.features:

•. The.same.output.voltage.amplitude,.frequency,.and.phase
•. Equal.current.sharing.between.the.units
•. Flexibility.to.increase.the.number.of.units
•. Plug.and.play.operation.at.any.time.(hot-swap.operation.capability)

The. fast. development. of. digital. signal. processors. (DSP). has. brought. about. an. increase. in. control.
techniques.for.the.parallel.operation.of.UPS.inverters..These.control.schemes.can.be.classified.into.two.
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main.groups.with.regards.to.the.use.of.control.wire.interconnections..The.first.one.is.based.on.active.
load-sharing.techniques,.which.can.be.classified.as.follows.[Shanxu99,.Kawabata88],.(see.Figure.18.8)

. 1.. Centralized control:.The.total. load.current.is.divided.by.the.number.of.modules.N,.so.that.this.
value.becomes.the.current.reference.of.each.module..An.outer.control.loop.in.the.central.control.
adjusts.the.load.voltage..This.system.is.normally.used.in.common.UPS.equipment.with.several.
output.inverters.connected.in.parallel.[Holtz90].

. 2.. Master-slave:.The.master.module.regulates.the.load.voltage..Hence,.the.master.current.fixes.the.
current.references.of.the.rest.of.the.modules.(slaves),.[Broeck98]..The.master.can.be.fixed.by.the.
module.that.brings.the.maximum.rms.or.crest.current,.or.can.be.a.rotating.master..If.the.master.
unit.fails,.another.module.will.take.the.role.of.master.in.order.to.avoid.the.overall.failure.of.the.
system..This.system.is.often.adopted.when.using.different.UPS.units.mounted.into.a.rack.

. 3.. Circular chain control.(3C):.The.current.reference.of.each.module.is.taken.from.the.above.module,.
forming.a.control.ring.[Wu00]..Note.that.the.current.reference.of.the.first.unit.is.obtained.from.
that.of.the.last.unit..The.approach.is.interesting.for.distributed.power.systems.based.on.AC-power.
rings.[Chandorkar00].

. 4.. Average load sharing:.The.current.of.all.modules.is.averaged.by.means.of.a.common.current.bus.
[Tao03]..The.average.current.of.all.the.modules.is.the.reference.for.each.individual.one..This.control.
scheme.is.highly.reliable.due.to.the.real.democratic.conception,.in.which.no.master-slave.philosophy.
is.present..Also,.the.approach.is.highly.modular.and.expandable,.making.it.interesting.for.industrial.
UPS.systems..In.general,.this.scheme.is.the.most.robust.and.useful.of.the.above.controllers.

In.general,.the.last.two.control.schemes.require.that.the.modules.share.two.signals—the.output.voltage.
reference.phase.(which.can.be.achieve.by.a.dedicated.line.or.by.using.a.phase-locked.loop.(PLL).circuit,.to.
synchronize.all.UPS.modules).and.the.current.information.(a.portion.of.the.load.current,.master.current,.
or.the.average.current)..In.a.typical.UPS.application,.the.reference.voltage.is.synchronized.either.with.the.
external.bypass.utility.line.or.to.an.internal.oscillator.signal.when.this.is.not.present..Another.possibility.
is.to.use.active.and.reactive.power.information.instead.of.the.current..Thus,.we.use.active.and.reactive.
power.to.adjust.the.phase.and.the.amplitude.of.each.module,.but.using.the.same.three.control.schemes.
[Guerrero04]..Although.these.controllers.achieve.both.good.output.voltage.regulation.and.equal.current.
sharing,.the.need.for.intercommunication.lines.among.modules.reduces.the.flexibility.of.the.physical.loca-
tion.and.its.reliability,.since.a.fault.in.one.line.can.result.in.the.shutdown.of.the.system..In.order.to.improve.
reliability.and.avoid.noise.problems.in.the.control.lines,.digital.communications.by.using.a.CAN.bus.or.
other.digital.buses.are.proposed..In.this.sense,.low.bandwidth.communications.can.be.performed.when.
using.active.and.reactive.average.power.instead.of.instantaneous.output.currents.

The.second.kind.of.control.scheme.for.the.parallel.operation.of.UPSs.is.mainly.based.on.the.droop.
method.(also.called.independent,.autonomous.or.wireless.control)..This.concept.stems.from.the.power.
system.theory,.in.which.a.generator.connected.to.the.utility.line.drops.its.frequency.when.the.power.
required. increases. [Tuladhar00].. In. order. to. achieve. good. power. sharing,. the. control. loop. makes.
tight.adjustments.over.the.output.voltage.frequency.and.the.amplitude.of.the.inverter,.thus.compen-
sating. for. the.active.and. reactive.power.unbalances..The.droop.method.achieves.higher. reliability.
and.flexibility.in.the.physical.location.of.the.modules,.since.it.uses.only.local.power.measurements..
Nevertheless,.the.conventional.droop.method.shows.several.drawbacks.that.limit.its.application,.such.
as.[Guerrero04]:.slow.transient.response,.trade-off.between.the.power.sharing.accuracy.and.the.fre-
quency.and.voltage.deviations,.unbalance.harmonic.current. sharing,.and.high.dependency.on. the.
inverter.output.impedance.

Another.drawback.of.the.standard.droop.method.is.that.the.power.sharing.is.degraded.if.the.sum.of.
the.output.impedance.and.the.line.impedance.is.unbalanced..To.solve.this,.interface.inductors.can.be.
included.between.the.inverter.and.the.load.bus,.as.depicted.in.Figure.18.9,.but.they.are.heavy.and.bulky..
As.an.alternative,.novel.control.loops.that.fix.the.output.impedance.of.the.units.by.emulating.lossless.
resistors.or.reactors.have.been.proposed.[Guerrero05].



Uninterruptible	Power	Supplies	 18-9

ZL1

Critical AC busi1
UPS
#1

Control
#1

Distributed UPS system

Distributed
critical loads

ZL2

i2

iN

Centralized
control

(a)

(b)

(c)

(d)

UPS
#2

Control
#2

UPS
#N

Control
#N ZLN

Critical AC busi1
UPS
#1

Control
#1

Voltage/phase
reference

Distributed
UPS system

ZL1

Distributed
critical loads

ZL1

i2
UPS
#2

Control
#2

ZLN

iN
UPS

N
Control

N

Critical AC busi1
UPS
#1

Control
#1

Distributed UPS system

ZL1

Distributed
critical loads

ZL1

i2UPS
#2

Control
#2

Voltage/phase
reference

ZLN

iN
UPS

N
Control

N
Average current/power

signal information

Critical AC busi1
UPS

master
Control

M
Voltage

reference

Distributed UPS system

ZLM

Distributed
critical loads

ZL1

i2
Centralized

control
UPS

slave1
Control

#1

ZLN

iN
UPS

slave N
Control

#N
Master current/power

signal information
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Usually,.the.inverter.output.impedance.is.considered.to.be.inductive,.which.is.often.justified.by.the.
high.inductive.component.of.the.line.impedance.and.the.large.inductor.of.the.output.filter..However,.
this.is.not.always.true,.since.the.closed-loop.output.impedance.also.depends.on.the.control.strategy,.
and. the. line. impedance. is.predominantly. resistive. for. low.voltage.cabling..The.output. impedance.of.
the.closed-loop.inverter.affects.the.power.sharing.accuracy.and.determines.the.droop.control.strategy..
Furthermore,.the.proper.design.of.this.output.impedance.can.reduce.the.impact.of.the.line-impedance.
unbalance..Figure.18.10.illustrates.this.concept.in.relation.to.the.rest.of.the.control.loops..The.output.
impedance.angle.determines,.to.a.large.extent,.the.droop.control.law..Table.18.1.shows.the.parameters.
that.can.be.used.to.control.the.active.and.reactive.power.flow.in.the.functioning.of.the.output.imped-
ance..Figure.18.11.shows.the.droop.control.functions.depending.on.the.output.impedance.[Guerrero06].
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FIGURE.18.9. Equivalent.circuit.of.a.distributed.UPS.system.
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FIGURE.18.10. Block.diagram.of.the.closed-loop.system.with.the.virtual.output.impedance.path.

TABLE.18.1. Output.Impedance.Impact.
over Power.Flow.Controllability

Output.Impedance Inductive.(90°) Resistive.(0°)

Active.power.(P) Frequency.(ω) Amplitude.(E)
Reactive.power.(Q) Amplitude.(E) Frequency.(ω)



Uninterruptible	Power	Supplies	 18-11

On.the.other.hand,.the.droop.method.has.been.studied.extensively.in.parallel.DC.converters..In.these.
cases,.resistive.output. impedance.is.enforced.easily.by.subtracting.a.proportional.term.of.the.output.
current.from.the.voltage.reference..The.resistive.droop.method.can.be.applied.to.parallel.UPS.inverters..
The.advantages.of.such.an.approach.are.the.following:.(1).the.overall.system.is.more.damped;.(2).it.provides.
automatic.harmonic.current.sharing;.and.(3).phase.errors.barely.affect.active.power.sharing.

However,.although.the.output.impedance.of.the.inverter.can.be.well.established,.the.line.impedance.
is.unknown,.which.can.result.in.an.unbalanced.reactive.power.flow..This.problem.can.be.overcome.by.
injecting.high.frequency.signals.through.power.lines.[Tuladhar00].or.by.adding.external.data.commu-
nication.signals.[Marwali04]..Some.control.solutions.are.also.presented.to.reduce.the.harmonic.distor-
tion.of.the.output.voltage.when.supplying.nonlinear.loads.by.introducing.harmonic.sharing.loops..
This. solution. consists. in. adding. into. the. virtual. impedance. loop. a. bank. of. band. pass. filters,. which.
extracts.current.harmonic.components.in.order.to.droop.the.output.voltage.reference.proportionally.to.
these.current.harmonics.[Guerrero07]..Figure.18.12.shows.the.behavior.of.a.two-parallel-UPS.system.
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FIGURE.18.11. Droop.functions.for.the.independent.parallel.operation.of.UPSs.
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FIGURE.18.12. Waveforms.of. the.parallel. system.sharing.a.nonlinear. load.. (a).Output.voltage.and. load.current.
(X-axis:.5.ms/div,.Y-axis:.40.A/div)..(b).Output.currents.and.circulating.current.(X-axis:.10.ms/div,.Y-axis:.20.A/div).
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when.sharing.a.nonlinear.load..Note.that.the.circulating.current.is.very.low.due.to.the.good.load-shar-
ing.capability.when.supplying.nonlinear.loads.

The.mentioned.autonomous.control. for.parallel.UPS.systems.is.expanding.in.the.market,.which.
highlights.its.applicability.in.real.distributed.power.systems.

18.5  Microgrids Based on Distributed UPS Systems

In.the.following.years,.the.electric.grid.will.evolve.from.the.current.very.centralized.model.toward.a.
more.distributed.one..At.the.present.time.the.generation,.consumption,.and.storage.points.are.very.far.
away.from.each.other..Under.these.circumstances,.relatively.frequent.failures.of.the.electric.supply.and.
important.losses.take.place.in.the.transport.and.distribution.of.energy;.therefore,.it.can.be.stated.that.
the.efficiency.of.the.supply.system.is.low.

Both.the.electric.companies.and.the.governments.are.aiming.at.an.electric.grid,.formed.in.a.certain.
proportion. by. distributed. generators,. where. the. consumption. points. are. near. the. generation. points,.
avoiding.high.losses.in.the.transmission.lines.and.reducing.the.rate.of.shortcomings..Summing.up,.it.
is.pursued.that.the.generation.of.small.quantities.of.electric.power.by.the.users.(this.concept.is.called.
microgeneration. in. the. origin),. considering. them. not. only. as. electric. power. consumers. but. also. as.
responsible.for.the.generation,.becomes.in.this.way.an.integral.part.of.the.grid.

A.microgrid.could.be.defined.as.the.sum.of.microgenerators,.energy.storage.systems,.and.loads.oper-
ating.as.a.single.system..Most.of.the.generators.should.be.controlled.by.power.electronic.equipment.to.
provide.the.system.with.enough.flexibility..Under.this.perspective,.and.admitting.that.the.future.electric.
net.will.be.formed.by.both.centralized.generation.and.DG,.it.should.be.considered.that.in.the.event.of.
failure.of.the.public.distribution.grid,.a.microgrid.should.be.disconnected,.being.able.to.work.autono-
mously,.managing.the.generation,.storage,.and.consumption.of.energy.

In. this. context,. it. is. necessary. to. develop. a. new. concept. of. flexible. grid,. i.e.,. with. a. reconfigura-
tion.capability.for.operation.with.or.without.connection.to.the.mains..The.future.microgrids.should.
incorporate.supervision.and.control.systems.that.allow.the.efficient.management.of.various.kinds.of.
energy.generators,.such.as.photovoltaic.panels.and.small.wind.generators,.energy.storage.systems,.and.
local.loads..Hence,.the.management.of.all.the.previously.described.elements.interacting.with.the.public.
electric.grid.is.an.important.issue..In.this.case,.when.the.microgrid.detects.an.important.failure.in.the.
mains,.it.will.be.able.to.disconnect.and.work.in.an.autonomous.way..Similarly,.when.it.works.isolated.
from.the.grid,.it.will.be.monitoring.the.public.mains.in.order.to.reconnect.when.the.suitable.conditions.
are. met.. The. intelligent. microgrid,. through. monitoring,. management,. and. control. elements,. will. be.
capable.of.reconfiguring.its.operation.modes.and.making.decisions.in.real.time.

In.the.last.years.several.ideas.have.been.proposed.about.the.control.and.management.of.microgrids..
One.of.the.problems.that.are.currently.under.study.is.the.soft.transition.of.the.microgrid.from.isolated.
mode.to.grid.connection.mode.and.vice.versa..Further.issues.of.special.relevance.in.the.research.about.
microgrids.are.the.following:

•. New control methods.based.on.the.calculation.of.the.active.and.reactivate.powers.[Villeneuve04].
with.the.objective.of.reducing.the.circulating.currents.among.the.power.converters.connected.to.a.
microgrid..The.research.in.this.field.has.produced.new.works.aiming.to.improve.the.dynamic.and.
static.benefits.of.these.controllers.[Guerrero04,.Guerrero05,.Guerrero06,.Guerrero07].

•. The robustness to voltage sags.while.guaranteeing.the.nominal.voltage.in.the.microgrid,.and.the.
detection.of.island.operation.through.estimation.of.the.electric.grid.impedance.[Guerrero09].

•. Microgrid energy management. considering. the. energy. storage. systems. and. the. control. of. the.
energy.flows.in.both.operation.modes.(with.and.without.connection.to.the.public.grid).

•. New functionalities.for.the.microgrid.connected.inverters.achieving.their.optimal.operation.as.a.
function.of.the.surrounding.conditions..An.example.is.the.operation.of.the.inverters,.depending.
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on.the.microgrid.status,.as.parallel.active.filters.capable.of.correcting.the.current.harmonics.gen-
erated.by.nonlinear.loads.connected.to.the.microgrid.[Wekesa02,.Borup01].

•. The.start-up.process.of.the.power.converters.in.a.microgrid.(black-start),.or.the.loads.disconnec-
tion.in.the.case.of.island.operation.when.low.energy.levels.are.available.from.the.sources,.to.give.
some.examples,.are.the.key.aspects.to.consider.in.the.management.and.control.of.these.systems.
[Degner04].

•. In.each.power.conversion.system.in.the.microgrid.it.can.be.distinguished.between.aspects.related.
to.the.input.stage.(source.of.renewable.energy).and.to.the.output.or.microgrid.connection.stage..
In.the.case.of.wind.energy.systems.or.photovoltaic.systems,.numerous.proposals.have.been.car-
ried.out.about.control.algorithms. for. the.maximum.power. tracking.of. the.energy.source..The.
microgrid. connection. inverter. of. the. power. converters. is. one. of. the. key. points. to. make. the.
microgrid.concept.feasible.[Tsikalakis08].

•. Grid synchronization techniques. [Blaabjerg06,. Svensson01],. such. as. PLL. and. grid. estimators.
[Karimi04],.that.allow.the.calculation.of.the.grid.phase.and.frequency.starting.from.the.measure-
ment.of. the.supply.voltage(s)..Their.correct.operation.under. imperfect.conditions.(unbalances,.
sags,.distortion).is.an.outstanding.problem.described.in.the.scientific.literature.

Hence,.microgrids.are.becoming.a.reality.in.a.scenario.in.which.renewable.energy,.DG,.and.distributed.
storage.systems.can.be.conjugated.and.also.integrated.into.the.grid..These.concepts.are.growing.up.due.not.
only.to.environmental.aspects.but.also.to.social,.economical,.and.political.interests..The.variable.nature.
of.some.renewable.energy.systems.such.as.photovoltaic.or.wind.energy.relies.on.natural.phenomenon.like.
sunshine.or.wind..Consequently,.it. is.difficult.to.predict.the.power.that.can.be.obtained.through.these.
prime.sources,.and.the.peaks.of.power.demand.do.not.coincide.necessarily.with.the.generation.peaks.

Hence,.storage.energy.systems.are.required.if.we.want.to.supply.the.local.loads.in.an.UPS.fashion..
Some.small.and.distributed.energy.storage.systems,.such.as.flow.batteries,.fuel.cells,.flywheels,.super-
conductor.inductors,.or.compressed.air.devices,.can.be.used.for.this.purpose.

The.DG.concept.is.growing.in.importance,.pointing.out.that.the.future.utility.line.will.be.formed.by.dis-
tributed.energy.resources.and.small.grids.(minigrids.or.microgrids),.interconnected.between.them..In.fact,.
the.responsibility.of.the.final.user.is.to.produce.and.store.part.of.the.electrical.power.of.the.whole.system..
Hence,.microgrid.can.export.or.import.energy.to.the.utility.through.the.point.of.common.coupling.(PCC)..
And,.when.there.is.a.utility.failure,.the.microgrid.still.can.work.as.an.autonomous.grid..As.a.consequence,.
these.two.classical.applications—grid-connected.and.islanded.operations—can.be.used.in.the.same.appli-
cation..In.this.sense,.the.droop.control.method.can.be.a.good.solution.to.connect.in.parallel.several.invert-
ers.in.island.mode..However,.although.it.has.been.investigated.and.improved,.this.method.by.itself.is.not.
suitable.for.the.coming.flexible.microgrids..Further,.although.there.are.line-interactive.UPS.in.the.market,.
some.UPS.systems,.able.to.operate.in.parallel.autonomously.forming.a.microgrid,.are.under.development.

A.flexible.microgrid.has.to.be.able.to.import/export.energy.from/to.the.grid,.control.the.active.and.
reactive.power.flows,.and.manage.the.energy.storage..Figure.18.13.shows.a.microgrid,.including.small.
generators,.storage.devices,.and.local.critical.and.noncritical.loads,.which.can.operate.both.connected.
to.the.grid.or.autonomously.in.island.mode..In.this.way,.the.power.sources.(photovoltaic.arrays,.small.
wind.turbines,.or.fuel.cells).or.storage.devices.(flywheels,.superconductor.inductors,.or.compressed.air.
systems).use.electronic.interfaces.between.them.and.the.microgrid..Usually,.these.interfaces.are.AC/AC.
or.DC/AC.power.electronic.converters,.also.called.inverters.

Traditionally,. inverters.have. two.separate.operation.modes,.acting.as.a.current. source,. if. they.are.
connected.to.the.grid.or.as.a.voltage.source,.if.they.work.autonomously..In.this.last.case,.the.inverters.
must.be.disconnected.from.the.grid.when.a.grid.fault.occurs,.for.security.reason.and.to.avoid.islanding.
operation..However,.in.order.to.impulse.the.use.of.decentralized.generation.of.electrical.power,.the.DG,.
and.the.implantation.of.the.microgrids,.islanding.operation.should.be.accepted.if.the.user.is.completely.
disconnected.to.the.grid..In.this.case,.the.microgrid.could.operate.as.an.autonomous.grid,.using.the.
following.three.control.levels.[Guerrero09].
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. 1.. Primary control:.The.inverters.are.programmed.to.act.as.generators.by.including.virtual.inertias.
through.the.droop.method,.which.ensures.that.the.active.and.the.reactive.powers.are.properly.
shared.between.the.inverters.

. 2.. Secondary control:. The. primary. control. achieves. power. sharing. by. sacrificing. frequency. and.
amplitude.regulation..In.order.to.restore.the.microgrid.voltage.to.nominal.values,.the.supervisor.
sends.proper.signals.by.using.low.bandwidth.communications..This.control.can.also.be.used.to.
synchronize.the.microgrid.with.the.main.grid.before.they.have.to.be.interconnected,.facilitating.
the.transition.from.islanded.to.grid-connected.mode.

. 3.. Tertiary control:.The.set.points.of.the.microgrid.inverters.can.be.adjusted,.in.order.to.control.the.
power.flow,.in.global.(the.microgrid.imports/exports.energy).or.local.terms.(hierarchy.of.spend-
ing.energy)..Normally,.the.power.flow.priority.depends.on.economic.issues..Economic.data.must.
be.processed.and.used.to.make.decisions.in.the.microgrid.

Figure.18.13.shows.the.schematic.diagram.of.a.microgrid..In.this.example,.it.consists.of.several.photo-
voltaic.strings.connected.to.a.set.of.line-interactive.UPSs.forming.a.local.AC.microgrid,.which.can.be.
connected.to.the.utility.mains.through.an.intelligent.bypass.switch.(IBS)..The.IBS.continuously.moni-
tors.both.its.sides—the.mains.and.the.microgrid..If.there.is.a.fault.in.the.mains,.the.IBS.will.disconnect.
the.microgrid.from.the.grid,.creating.an.energetic.island..When.the.main.is.restored,.all.UPS.units.are.
advised.by.the.IBS.to.synchronize.with.the.mains.to.properly.manage.the.energy.reconnection.

The.microgrid.has.two.main.possible.operation.modes:.grid-connected.and.islanded.mode..The.tran-
sitions.between.both.modes.and.the.connection.or.disconnection.of.UPS.modules.should.be.made.seam-
lessly.(hot-swap.or.plug.and.play.capability)..In.this.sense,.the.droop.control.method.can.be.used.pretty.
well.for.islanding.microgrids..Taking.into.account.the.features.and.limitations.of.the.droop.method,.the.
control.structure.of.the.microgrid.should.allow.operating.in.both.grid-connected.and.islanded.modes..
In.this.case,.the.operation.of.the.inverters.is.autonomous.as.a.contrary.as.other.microgrid.configurations,.
which.use.master-slave.principles..Only.low.bandwidth.communications.are.required.in.order.to.control.
the.microgrid.power.flow.and.synchronization.with.the.utility.grid.

18.6  Droop Method Concept

As.explained.before,.the.droop.method.is.often.proposed.with.the.objective.of.connecting.several.parallel.
inverters.without.control.intercommunications..The.applications.of.such.a.kind.of.control.are.typically.
industrial.UPS.systems.or.islanding.microgrids..The.conventional.droop.method.is.based.on.the.principle.
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FIGURE.18.13. Diagram.of.a.flexible.microgrid.
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that.the.phase.and.the.amplitude.of.the.inverter.can.be.used.to.control.active.and.reactive.power.flows..
Hence,.the.conventional.droop.method.can.be.expressed.as.follows.[Chandorkar94]

. ω ω= −* mP . (18.1)

. E E nQ= −* . (18.2)

where
E.is.the.amplitude.of.the.inverter.output.voltage
ω.is.the.frequency.of.the.inverter
ω*.and.E*.are.the.frequency.and.amplitude.at.no-load
m.and.n.are.the.proportional.droop.coefficients

The.active.and.reactive.power.flowing.from.an.inverter.to.a.grid.through.an.inductor.can.be.expressed.
as.follows.[Bergen.86]
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where
Z.and.θ.are.the.magnitude.and.the.phase.of.the.output.impedance
V.is.the.common.bus.voltage
ϕ.is.the.phase.angle.between.the.inverter.output.voltage.and.the.microgrid.voltage

Notice.that.there.is.no.decoupling.between.P.−.ω.and.Q − E..However,.it.is.very.important.to.keep.in.
mind.that.the.droop.method.is.based.on.two.main.assumptions:

•. Assumption 1:.The.output.impedance.is.pure.inductive.(Z = X).and.0.=.90°..By.using.(18.3).and.(18.4),.
it.yields,
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.
(18.6)

This. is. often. justified. due. to. the. large. inductor. of. the. filter. inverter. and. to. the. impedance. of.
the.power.lines..However,.the.inverter.output.impedance.depends.on.the.control.loops,.and.the.
impedance.of.the.power.lines.is.mainly.resistive.in.low.voltage.applications..This.problem.can.be.
overcome.by.adding.an.output.inductor,.resulting.in.an.LCL.output.filter,.or.by.programming.a.
virtual.output.impedance.through.a.control.loop.

•. Assumption 2:.The.angle.ϕ.is.small,.we.can.derive.that.sin.ϕ.≈.ϕ.and.cos.ϕ.≈.1,.and.consequently
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Note.that,.taking.into.account.these.considerations,.P.and.Q.are.linearly.dependents.on.ϕ.and.E..This.
approximation.is.true.if.the.output.impedance.is.not.too.large.as.in.most.practical.cases.

In.droop.method,.each.unit.uses.frequency.instead.of.phase.to.control.the.active.power.flows,.because.
they.do.not.know.the.initial.phase.value.of.the.other.units..However,.the.initial.frequency.at.no-load.can.
be.easily.fixed.as.ω*..As.a.consequence,.the.droop.method.has.an.inherent.trade-off.between.the.active.
power.sharing.and.the.frequency.accuracy,.thus.resulting.in.frequency.deviations..In.[Chandorkar94],.
frequency.restoration.loops.were.proposed.to.eliminate.these.frequency.deviations..However,.in.general,.
it.is.not.practical,.since.the.system.becomes.unstable,.due.to.inaccuracies.in.inverters.output.frequency.
that.leads.to.increasing.circulating.currents.

18.7  Communications

The.droop.method.does.not.need.any.communication.link.between.the.UPS.inverters..This.can.be.inter-
esting.when.having.islanded.inverters.that.have.to.share.the.total.load..However,.it.has.several.problems.
when.trying.to.apply.to:

•. Online distributed UPS system:.In.this.case,.the.UPS.inverters.must.be.synchronized.in.phase.with.
the.utility.mains.when.it.is.present..One.additional.loop.can.adjust.the.frequency.and.the.phase.in.a.
PLL.fashion..Communications.can.reduce.this.problem..Furthermore,.little.measurement.phase.errors.
results.in.large.circulating.current.between.the.inverters..In.addition,.it.is.necessary.to.communicate.
to.the.UPS.units.if.one.of.the.static.bypass.switches.is.turned.on,.among.other.emergency.settings.

•. Line-interactive distributed UPS system:.When.the.utility.main.is.disconnected,.the.UPS.units.have.
good.balance;.however,.they.must.be.resynchronized.to.the.utility.grid.when.the.fault.is.cleared..
Some.authors.propose.just.waiting.to.match.the.grid.phase.or.to.overload.the.UPS.unit.more.closed.
to.the.utility.switch..Both.solutions.are.not.reliable.and.hazards.can.make.the.system.shutdown.

•. Large area UPS system:.In.applications.like.a.microgrid,.the.units.can.be.located.at.distant.points..
Consequently,.the.power.lines.can.be.highly.unbalanced,.and.the.measurement.errors.can.con-
tribute.to.produce.high.circulating.currents.

All.these.problems.can.be.overcome.by.using.communications..Combining.low.bandwidth.communica-
tions.with.droop.method.can.be.a.high-performance.solution.for.a.true.distributed.UPS.system.

18.8  Virtual Output Impedance

It.is.known.that.line.impedance.has.a.considerably.effect.on.the.power.sharing.accuracy.of.the.P/Q.
droop.method..Alternatively.or.complementary.to.the.use.of.signal.communications,.it.is.often.used.
as.a.fast.control.loop,.called.virtual.output.impedance,.which.can.be.used.to.fix.the.output.impedance.
of.the.inverter.

This. impedance. should. be. larger. than. the. combined. values. of. the. output. impedance. of. the. UPS.
inverter.plus.the.maximum.power.line.impedance..The.implementation.of.the.virtual.output.impedance.
can.by.done.by.using.the.following.expression.[Guerrero05]

. V V i Z s* * ( )ref= − o o . (18.9)

where
Zo(s).is.the.transfer.function.of.the.virtual.output.impedance
V*ref.is.the.voltage.reference.calculated.by.the.P/Q-sharing.loop
V*.is.the.output.voltage.provided.to.the.inner.control.loops

Figure.18.14.shows.the.block.diagram.of.a.droop.controller.with.the.virtual.output.impedance.loop.
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The.output.impedance.value.must.be.selected.following.similar.way.as.m.and.n.coefficients,.according.
to.the.nominal.apparent.power.Si.of.each.UPS.unit.i

. Z S Z S Z SN No o o1 1 2 2= = =� . (18.10)

At.this.point,.we.should.bear.in.mind.that.the.output.impedance.have.become.a.control.variable.of.our.
system..Another.practical.issue.is.the.desirable.hot-swap.or.plug and play capability,.which.consists.in.
a.seamless.operation.of.the.UPS.inverter.when.it.is.connected.suddenly.to.the.common.AC.bus..The.
output.current.peak.in.such.a.situation.is.expressed.in.[Guerrero05].as

.
I E

Xpk ≈ ⋅ ∆φ
.

(18.11)

where.Δϕ.is.the.PLL.error.
In.order.to.reduce.this. initial.current.peak,.we.can.reduce.the.PLL.error.to.a. limited.small.angle,.

but.this.is.still.not.enough.because.this.error.is.difficult.to.control,.due.to.the.fact.that.the.PLL.accu-
racy.depends.on.the.sensor.errors.and.on.other.nonideal.parameters..Bearing.in.mind.that.the.output.
impedance.is.a.new.adjustable.control.parameter,.by.following.(18.11),.we.can.deduce.that.another.way.
to.reduce.the.current.peak.is.to.increase.the.output.inductance.LD..Hence,.a.soft-start.operation.of.the.
output.impedance.is.proposed.to.alleviate.this.initial.transient.peak,.achieving.a.seamless.connection.of.
the.inverter.to.the.common.bus.(hot-swap.operation).[Guerrero06]

.
L L L L e t T

D Df Do Df
* * * ST= + −( ) −* /

.
(18.12)

where
LDo* .and.LDf* .are.the.initial.and.final.values.of.the.output.impedance
TST.is.the.time.constant.of.the.soft-start.operation

The.soft-start.operation.consists.in.connecting.the.inverter.to.the.common.bus.using.a.high.output.
impedance.and.reducing.it.slowly.toward.the.nominal.value..This.way,.the.initial.current.peak.can.
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FIGURE.18.14. Block.diagram.of.the.inverter.control.loops.
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be.avoided.in.spite.of.the.PLL.error..A.proportional.controller.detects.the.error.signal.of.the.DC-link.
voltage..The.control.algorithm.increases.the.sine.reference.value.of.this.inverter.module.to.stop.this.
energy.feedback.

18.9  Microgrid Control

It. is.desirable. that. the.control. structure.of. the.microgrid.allows. its.operation. in.grid-connected.and.
islanded.modes,.and.enables.the.soft.transition.between.both.modes.[Guerrero09].

•. Grid-connected operation..The.microgrid.is.connected.to.the.grid.through.an.IBS..In.this.case,.all.
UPSs.have.been.programmed.with.the.same.droop.function

. ω ω= − −* ( *)m P P . (18.13)

. E E n Q Q= − −* ( *) . (18.14)

where.P*.and.Q*.are.the.desired.active.and.the.reactive.powers..Normally,.P*.should.coincide.
with.the.nominal.active.power.of.each.inverter.and.Q*.=.0.

However,.we.have.to.distinguish.between.two.possibilities:.importing.energy.from.the.grid.or.export-
ing. energy. to. the. grid.. The. first. scenario,. in. which. the. total. load. power. is. not. fully. supplied. by. the.
inverters,.the.IBS.must.adjust.P*.by.using.low.bandwidth.communications.to.absorb.the.nominal.power.
from.the.grid.in.the.PCC..This.is.done.with.small.increments.and.decrements.of.P*.as.function.of.the.
measured.grid.power,.by.using.a.slow.PI.controller,.as.follows:

. P k P P k P P t Pi i
* * * *= −( ) + −( ) +∫p g g g g d . (18.15)

where
Pg.and.Pg*.are.the.measured.and.the.reference.active.power.of.the.grid
Pi*.is.the.nominal.power.of.the.inverter.i

This.way,.the.UPSs.with.low.battery.level.can.switch.to.charger.mode.by.using.P*.<.0..Similarly,.we.pro-
posed.that.reactive.power.control.law.can.be.defined.as

.
Q k P PQ Q k t Qi i* * * *= ′ ( ) −( )− + ′ +∫p g g g g d

.
(18.16)

where
Qg.and.Qg*.are.the.measured.and.the.reference.reactive.power.of.the.grid
Qi*.is.the.nominal.reactive.power

The.second.scenario.occurs.when.the.power.of.the.prime.movers.(e.g.,.PV.panels).is.much.higher.than.
those.required.by.the.loads,.and.the.batteries.are.fully.charged..In.this.case,.the.IBS.may.enforce.to.
inject.the.rest.of.the.power.to.the.grid..Moreover,.the.IBS.have.to.adjust.the.power.references.

•. Islanded operation..When.the.grid.is.not.present,.the.IBS.disconnects.the.microgrid.from.the.
main.grid,.starting.the.autonomous.operation..In.such.a.case,.the.droop.method.is.enough.to.
guarantee.proper.power.sharing.between.the.UPSs..However,.the.power.sharing.should.take.
into.account.the.batteries.charging.level.of.each.module..In.this.case,.the.droop.coefficient.



Uninterruptible	Power	Supplies	 18-19

m.can.be.adjusted.to.be.inversely.proportional.to.the.charge.level.of.the.batteries,.as.shown.
in.Figure.18.15,

.
m m= min

α .
(18.17)

where
mmin.is.the.droop.coefficient.at.full.charge
α.is.the.level.of.charge.of.the.batteries.(α.=.1.when.fully.charged.and.α.=.0.001.when.empty)

Battery 100%
charged

Pmax30% Pmax

Battery
30% charged

ω*

ωg

ω

FIGURE.18.15. Droop.characteristic.as.a.function.of.the.batteries.charge.level.
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•. Transitions between grid-connected and islanded operation..When.the.IBS.detects.some.fault.in.the.
grid,.it.disconnects.the.microgrid.from.the.grid..In.this.situation,.the.IBS.can.readjust.the.power.
reference.to.the.nominal.values,.but.this.action.is.not.mandatory..Instead,.the.IBS.can.measure.the.
frequency.and.the.amplitude.of.the.voltage.inside.the.microgrid,.and.move.the.set.points.(P*.and.Q*).
in.order.to.avoid.the.corresponding.frequency.and.amplitude.deviations.of.the.droop.method..In.
contrast,.when.the.microgrid.is.working.in.islanded.mode.and.the.IBS.detects.that.the.voltage.out-
side.of.the.microgrid.is.stable.and.fault.free,.it.can.resynchronize.the.microgrid.with.the.frequency,.
amplitude,.and.phase.of.the.grid.in.order.to.reconnect.the.microgrid.to.the.grid.seamlessly.

Figure.18.16.shows.the.active.and.reactive.powers.of.a.two-UPS.microgrid.sharing.power.with.the.grid,.
the.transition.to.islanded.operation,.and.the.disconnection.of.UPS#2..The.system.starts.being.connected.
to.the.grid,.with.Pg W* = 1000 .and.Qg Var* = 0 ..At.t.=.4.s,.the.system.is.disconnected.to.the.grid,.and.the.
two-UPS.units.operate.in.island.mode.sharing.the.overall.load..At.t.=.6.s,.UPS#2.is.disconnected.and.
UPS#1.supplies.all.the.power.to.the.microgrid..Notice.the.proper.transient.response,.as.well.as.the.good.
power.regulation.of.the.system.

18.10  Conclusion

In.the.coming.years,.the.penetration.of.DG.systems.will.cause.a.change.of.paradigm.from.centralized.
electrical.generation..It.is.expected.that.the.utility.grid.will.be.formed.by.a.number.of.interconnected.
UPSs-based.microgrids..However,.the.onsite.generation.near.the.consumption.points.can.be.a.problem,.
if.we.are.not.able.to.manage.the.energy.by.means.of.novel.kinds.of.UPSs..One.of.the.problems.is.that.
classic.renewable.energy.sources.such.as.photovoltaic.and.wind.energy.are.variable,.since.they.rely.on.
natural.phenomena.like.sun.and.wind..In.order.to.accommodate.these.variable.sources.to.the.energy.
demanded.by.the.loads,.it.is.necessary.to.regulate.the.energy.flow.adequately..On.the.other.hand,.the.
interactivity.with.the.grid.and.the.islanded.operation.will.be.the.requirements.for.these.new.UPSs..In.
addition,.the.use.of.technologies.such.as.compressed.air.energy.devices,.regenerative.fuel.cells.and.fly-
wheel.systems.will.be.integrated.together.with.renewable.energy.sources.in.order.to.ensure.the.continu-
ous.and.reliable.electrical.power.supply.
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19.1 Introduction

Multilevel. inverters. are. finding. increased. attention. in. industry. as. the. preferred. choice. of. electronic.
power.conversion.for.high.power.applications..It.is.well.suited.for.applications.in.a.variety.of.industries.
involving.transportation.and.energy.management..Many.research.works.have.been.published.in.recent.
times.stressing. the.growing. importance.of.multilevel.converters. [1–4]..This.chapter.deals.with.some.
of.the.recent.trends.in.this.field..It.is.organized.as.follows..After.a.brief.introduction.of.the.basics,.the.
most.common.topologies.of.multilevel.inverter.are.discussed..The.main.emphasis.of.this.chapter.is.to.
introduce.the.readers.to.the.many.new.emerging.topologies.of.multilevel.inverters.for.addressing.vari-
ous.operational.issues..A.simple.pulse.width.modulation.(PWM).technique.for.multilevel.inverters.is.
also.explained.in.detail..The.future.trend.of.multilevel.inverters.is.discussed.in.the.concluding.section.

19.2 Basics of Multilevel Inverter

The.basic.operation.of.a.multilevel.inverter.can.be.understood.from.Figure.19.1..It.consists.of.a.number.
of.voltage.sources,.in.series,.and.a.selector.switch..Depending.on.the.position.of.the.switch,.a.particular.
magnitude.of.voltage.can.be.applied.to.the.load..The.voltage.of.point.A.with.respect.to.the.reference.
point.is.defined.as.the.pole voltage..If.there.are.n.dc.sources.connected.in.series,.then.at.any.instant.of.
time,.the.pole.voltage.can.assume.one.of.n.voltage.magnitudes..These.voltage.magnitudes.are.defined.as.
levels.and,.thus,.n.levels.of.voltage.can.be.impressed.at.the.pole..The.term.multilevel.is.a.term.indicating.
that,.at.any.instant.of.time,.one.out.of.many.voltage.levels.can.be.realized.at.the.pole..Depending.on.the.
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number.of.dc.sources,.a.2-level,.3-level,.or.in.general.an.n-level.inverter.
can.be.formed..If.the.dc.sources.are.equal,.then.all.the.levels.are.equal.
in.magnitude;.however,.for.a.general.case,.the.levels.may.be.unequal.in.
magnitude.

For.most.of.the.multilevel.inverter.fed.applications.involving.drives.
or.the.utility,.a.sinusoidal.fundamental.voltage.needs.to.be.fabricated.by.
switching.fixed.dc.sources..The.typical.pole.voltages.of.a.2-level,.3-level,.
and.a.5-level.inverter.is.shown.in.Figure.19.2,.where.sinusoidal.pulse.
width.modulation.(SPWM).is.used..As.the.number.of.levels.increase,.
the.pole.voltage.approaches.closer.to.the.desired.sine.wave..This.is.one.
of.the.main.advantages.of.the.multilevel.inverter..If.the.switches.of.the.
5-level.inverter.are.switched.at.the.same.frequency.as.that.of.the.2-level.
inverter,. then.the.output.voltage.is.closer.to.a.sinusoid.in.case.of.the.
5-level. inverter.. This. means. that. the. harmonic. content. in. the. wave-
form.will.reduce,.or.get.shifted.to.higher.side.of.the.spectrum,.where.
it. can. be. easily. filtered. out.. The. higher. the. switching. frequency,. the.
better.will.be.the.quality.of.the.sine.wave.produced..However,.unlike.
low.power.applications,.switching.frequency.in.multilevel.inverters.is.
always.restricted..This.is.because,.multilevel.converters.are.mostly.used.with.high.voltage.dc.sources,.
where.high.switching.frequency.of.devices.cause.large.dv/dt.stress.on.the.devices.and.wave.reflections.
in. cables,. apart. from. higher. switching. losses.. In. general,. a. design. trade-off. is. made. in. selecting. the.
switching.frequency.and.the.quality.of.the.output.voltage.produced.in.case.of.multilevel.inverter.driven.
applications.

Various.operational. issues.of.multilevel. inverter.can.be.understood. from.the.voltage. space.vector.
diagram,.which.is.introduced.here..A.voltage.space.vector.diagram,.or.simply.a.space.vector.diagram.
is.the.2D.representation.of.voltage.phasors.in.space.in.the.α–β.plane..The.space.vector.diagram.of.a.
3-phase,.2-level.inverter.is.shown.in.Figure.19.3a,.where.the.23.=.8.switching.states.are.distributed.in.the.
space.vector.plane..In.case.of.3-level.and.5-level.inverters.(Figure.19.3b.and.c),.the.number.of.locations.
increases.to.33.=.27.and.53.=.125,.respectively,.leading.to.an.increased.density.of.space.vectors.in.the.
diagram..For.realizing.the.rotating.reference.vector,.three.space.vectors.enclosing.the.tip.of.the.reference.
vector.is.switched..The.instantaneous.error.between.the.switching.vectors.and.the.tip.of.the.reference.vector.
determines.the.magnitude.of.harmonics.in.the.phase.voltage..Greater.is.the.error,.greater.will.be.the.
percentage.of.harmonics.in.the.output.voltage..Clearly,.the.5-level.inverter.with.higher.density.of.space.
vectors.will.produce.much.less.harmonics.compared.to.a.2-level.inverter.

Vn

1

–1

0

V2

V1

νA

Vn–1

FIGURE. 19.1. Basic. operation.
of.multilevel.inverter.

FIGURE.19.2. Pole.voltages.of.2-level,.3-level,.and.5-level.inverters.
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19.3 topologies for Multilevel Inverter

Presently,.a.number.of.circuit.topologies.exist.for.multilevel.converters..Depending.on.the.application.
requirements,.any.one.of.the.topologies.may.prove.to.be.economical.and.reliable.than.others..Among.
the. established. ones,. three. topologies. are. more. popular.. They. are. the. neutral. point. clamped. (NPC).
topology,.cascaded.H-bridge.(CHB).topology,.and.the.flying.capacitor.(FC). topology..A.comparative.
performance.of.these.topologies.will.be.presented.here..Apart.from.this,.some.new.topologies.like.open-
end.winding.structure.and.cascaded.structure.for.drives.application.will.also.be.discussed.

19.3.1 Neutral Point Clamped Inverter

The.NPC.inverter,.also.known.as.the.diode.clamped.inverter.was.first.proposed.by.Nabae.et.al..[5].and.
has.become.the.most.popular.topology.for.multilevel.inverters.in.recent.times..The.3-level.and.5-level.
NPC.inverters.are.shown.in.Figure.19.4.

For.a.balanced.3-phase.system,.the.phase.voltages.and.pole.voltages.are.related.by.the.following.equa-
tions,.where.vxo.and.vxn.(x.=.a,.b,.c).are,.respectively,.the.pole.and.phase.voltages.of.an.inverter.
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FIGURE.19.3. Space.vector.diagrams.of.(a).2-level,.(b).3-level,.and.(c).5-level.inverters.



19-4	 Power	Electronics	and	Motor	Drives

The.inverter.voltage.space.vector.is.represented.in.terms.of.the.3-phase.voltages.as,

. V v v e v eR AN BN
j

CN
j= + +120 240

. (19.2)

For.all. the.33.=.27.combinations,. the.voltage.space.vectors.are.plotted. in.Figure.19.5..Some.of. the.
locations,.e.g.,.vectors.on.the.inner.hexagon,.have.more.than.one.unique.set.of.pole.voltage.combination.
to.achieve.the.same.space.vector..If.a.space.vector.can.be.realized.by.more.than.one.set.of.pole.voltage.
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FIGURE.19.4. Three-level.and.5-level.NPC.inverters.
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FIGURE.19.5. Space.vector.diagram.of.a.3-level.NPC.inverter.showing.the.switching.state.combinations.
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combinations,.then.such.a.space.vector.is.said.to.have.a.switching.state.multiplicity..In.this.case,.the.
vectors.on.the.inner.hexagon.have.a.multiplicity.of.two..These.switching.state.multiplicities.are.used.to.
address.various.operational.issues.of.the.NPC.inverter,.the.most.common.being.the.control.the.mid-
point.voltage.of.the.dc.bus.so.that.both.the.capacitors.share.half.the.total.dc.bus.voltage.[6].

This.topology.has.become.the.most.popular.topology.for.3-level.inverters,.since.it.offered.a.simple.
power. circuit. to. extend. the. voltage. and. power. ranges. of. the. existing. 2-level. voltage. source. inverter.
(VSI)..All.semiconductors.are.operated.at.a.commutation.voltage.of.half.the.dc-link.voltage..The.simple.
transformer.rectifier.structure.at.the.front.end.along.with.a.single.common.dc.bus.made.this.converter.
of.particular.interest.for.medium.voltage.applications.

The.main.drawback.of.3-level.NPC.inverters.is.the.uneven.loss.distribution.in.the.devices..In.a.fun-
damental.cycle,.the.conduction.period.of.the.inner.devices.is.more.than.the.outer.devices..This.causes.
unequal.losses.in.devices.in.a.leg..To.mitigate.this.problem,.the.switching.pattern.of.the.devices.should.
rotate..It.has.been.suggested.to.use.active.switches.in.place.of.the.clamping.diodes.to.control.the.uneven.
loss.distribution.of.the.NPC.[7]..The.fluctuation.of.the.dc.bus.midpoint.voltage.is.also.another.problem,.
but.there.are.techniques.to.minimize.this.problem.[1,2].

19.3.2 Cascaded H-Bridge Inverter

This.topology.can.be.easily.understood.from.the.working.knowledge.of.the.basic.four.quadrant.con-
verter,.also.known.as.H-bridge.converter..Referring.to.Figure.19.6,.each.H-bridge.cell.can.produce.three.
levels.of.voltages.at.the.output..A.number.of.H-bridge.cells.can.be.cascaded.together.to.form.a.CHB.
structure.and.a.5-level.CHB.structure.is.shown.in.Figure.19.7..Each.H-bridge.cell.requires.four.switches.
and.one.dc-link.formed.by.a.rectifier.or.a.battery..Usually.the.rectifier.is.a.3-phase.uncontrolled.bridge.
type;.however,.an.active.front.end.can.be.used.for.regenerative.applications.

Many. switching. state. multiplicities. are. produced. in. CHB. cell.. These. multiplicities,. together. with.
efficient.PWM.techniques.can.be.effectively.used.for.different.control.purposes.like.even.distribution.of.
losses.in.all.the.devices.and.improvement.of.input.current.drawn.from.the.converter.[1]..The.drawback.
of.this.inverter.structure.is.the.necessity.of.a.number.of.isolated.power.supplies,.each.of.which.feeds.a.
power.cell..Each.dc.supply.requires.a.transformer,.rectifier,.and.a.capacitor.adding.to.the.overall.size,.
weight,.and.cost.of.the.system..However,.these.dc.supplies.are.normally.obtained.from.multipulse.diode.
rectifiers.using.star-delta.or.star-delta-zigzag.transformers,.thus,.improving.the.input.current.waveform.
drawn.from.the.supply.

In.order.to.produce.more.number.of.levels.in.the.output.voltage.with.the.CHB.topology,.unequal.dc.
sources.can.be.used..For.example,.if.the.two.cells.of.the.CHB.inverter.of.Figure.19.7.has.dc.bus.volt-
ages.of.E.and.3E,.then.nine.voltage.levels.can.be.produced.at.the.pole,.i.e.,.4E,.3E,.2E,.E,.0,.−E,.−2E,.3E,.
and.−4E.[8,9]..If.both.the.dc.sources.are.equal,.then.only.five.levels.of.voltages.are.possible..Thus,.by.
using.the.same.topology.more.number.of.levels.in.the.phase.voltage.is.possible..The.modularity.of.the.
inverter.is.lost.in.this.case,.switching.redundancies.are.less,.and.devices.of.different.ratings.have.to.be.

VDC/2 VDC/2 VDC/2+
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+
–

+
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I.M.

FIGURE.19.6. Three-level.H-bridge.inverter.
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used..However,.these.disadvantages.may.be.acceptable.in.view.of.the.quality.of.the.output.waveform.
produced,.which.approaches.closer.to.a.sine.wave.

19.3.3 Flying Capacitor Inverter

The.third.topology.that.has.received.attention.in.recent.times.and.has.been.commercially.produced.is.
the.FC.inverter.[1–4]..A.4-level.FC.topology.is.shown.in.Figure.19.8..Similar.to.the.CHB.inverter,.the.FC.
topology.has.a.number.of.multiplicities.for.each.space.vector.
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FIGURE.19.7. Cascaded.5-level.H-bridge.inverter.
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It.is.essential.that.capacitor.voltages.are.maintained.at.a.desired.value.before.any.particular.switching.
state.is.applied..This.also.includes.the.initial.precharging.of.the.capacitors.[10]..Many.of.the.switching.state.
multiplicities.for.a.space.vector.are.utilized.to.balance.the.capacitor.voltages.of.FC..As.the.load.current.
flows.through.the.capacitor,.a.quick.charge/discharge.of.the.capacitor.voltage.can.happen..A comple-
mentary.switching.state.in.terms.of.capacitor.voltage.restoration.is.used.alternately.to.maintain.the.volt-
age.level.of.capacitors..However,.this.causes.an.increase.in.the.switching.frequency.of.the.inverter..
At. the. same. time,. bulky. capacitors. are. placed. in. the. circuit.. Typical. switching. frequencies. of. about.
1.kHz.are.usually.applied.in.this.type.of.converter.[1]..This.helps.to.take.corrective.action.on.the.capacitor.
voltages.in.a.shorter.duration.of.time.

19.4 Operational Issues of Multilevel Inverter

One.of.the.most.important.operational.issues.of.multilevel.inverter.is.the.capacitor.voltage.balancing.in.
the.dc.bus..In.case.of.NPC.converters,.capacitor.voltage.balancing.problem.has.been.studied.in.details.and.
many.suggestions.have.been.reported..In.case.of.FC.topology,.capacitor.voltage.problem.is.minimized.
using.the.switching.state.multiplicities..Additionally,.extra.circuit.is.needed.for.precharging.the.capacitors.
to.the.desired.level..Capacitor.voltage.balancing.problem.and.its.mitigation.are.more.complex.for.higher.
level.NPCs.and.FC.topologies,.since.complementary.switching.states.need.to.be.selected.that.would.bal-
ance.the.capacitor.voltages..At.the.same.time,.under.abnormal.or.faulty.conditions,.the.capacitor.voltages.
may.also.deviate.from.their.normal.permissible.limits..Under.such.situations,.the.voltages.are.restored.
using.a.particular.set.of.switching.states.repeatedly.without.disturbing.the.fundamental.output.voltage.

The.common.mode.voltage.elimination.for.drives.application.is.another.important.operational.issue.
for.multilevel.inverters..The.common.mode.voltage.is.defined.as.the.average.of.three.pole.voltages.of.
three.phases.of.an.inverter,.i.e.,.vCM.=.(vAO.+.vBO.+.vCO)/3..With.a.high.switching.frequency.of.the.inverter,.
this.voltage.gets.a.low.impedance.path.through.the.stator.winding.to.the.stator.and.rotor.iron.via.para-
sitic. capacitances. (Figure. 19.9).. The. leakage. currents. flowing. to. the. rotor. or. through. the. stator. iron.
builds.up.motor.shaft.voltage..When.this.shaft.voltage.exceeds.the.breakdown.strength.of.the.lubrica-
tion.oil,.it.can.cause.premature.bearing.failure.due.to.flashovers..It.has.been.observed.that.the.common.
mode.voltage.produced.by. inverters. is.one.of. the.primary. reasons.of.motor. failures. in. recent. times..
Although.the.common.mode.voltage.is.reduced.when.multilevel.inverters.are.used,.many.new.switching.
strategy.and.PWM.techniques.have.been.developed.to.completely.eliminate.the.common.mode.voltage.
produced.by.multilevel.inverters..With.a.total.elimination.of.the.common.mode.voltage.in.an.open-end.
motor.drive,.both.side. inverters.can.use.the.same.dc-link..Some.of.these.topologies.are.discussed.in.
detail.in.the.next.section.
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FIGURE.19.9. Path.showing.flow.of.common.mode.current.in.motor.
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19.5  New trends in Multilevel topologies 
for Induction Motor Drives

Although.multilevel.inverters.have.many.benefits.over.conventional.2-level.inverters,.the.market.pen-
etration.of.multilevel.inverters.is.still.low..As.such,.many.new.topologies.are.still.being.developed.and.
reported.in.literature.in.the.field.of.multilevel.inverters..These.topologies.try.to.optimize.the.various.
operational.issues.like.device.count,.control,.signal.improvement,.reliability,.and.fault.tolerance.capa-
bility.of.an.inverter..Some.of.these.new.topologies.include.the.cascaded.inverter.connection,.open-end.
induction.motor.configuration,.and.asymmetric.dc-link.structure..These.topologies.will.be.explained.
in.the.following.section.with.a.particular.emphasis.on.how.they.address.the.various.operational.issues.
of.the.inverter.

19.6 Inverters Feeding an Open-End Winding Drive

Strictly.speaking,.this.is.not.a.new.inverter.topology,.but.by.using.conventional.inverters.and.opening.
the.machine.neutral,.different.space.vector.diagrams.can.be.formed.[11]..Nevertheless,.this.falls.under.
the.category.of.new.class.of.inverter.fed.drive.systems..In.a.conventional.induction.motor,.one.end.
of.the.stator.windings.is.connected.to.the.supply.while.the.other.end.is.shorted..In.an.open-end.wind-
ing.machine,.the.shorting.is.removed.and.the.windings.are.connected.to.two.voltage.sources.feeding.
from.both.the.sides.of.the.windings..The.total.loading.on.the.machine.can,.therefore,.be.shared.by.
the.two.inverters.

For.an.open-ended.induction.motor.fed.from.one.2-level.inverter.on.each.side,.every.switching.state.
for.a.particular.space.vector.is.generated.by.a.combination.of.six.voltages.(vAO,.vBO,.vCO,.vA′O′,.vB′O′,.vC ′O′),.
where.vAO.and.vA′O′.are,.respectively,.the.“A”.phase.pole.voltages.of.INV1.and.INV2.(Figure.19.10)..The.
phase.voltage.of.the.open-end.induction.motor.is.given.by,

. v v v v v v v v vAA AO A O BB BO B O C C CO C O′ ′ ′ ′ ′ ′ ′ ′ ′= − = − = −, , . (19.3)

and.the.resultant.space.vector.is.given.as,

. VR = + +′ ′
°

′
°v v e v eAA BB

j
CC

j120 240
. (19.4)

A.3-level.space.vector.diagram.can.be.thus.formed.by.feeding.an.open-end.winding.induction.motor.
by.two.2-level.inverters.[12]..Since,.each.2-level.inverter.produces.8.switching.states,.a.total.of.(8.×.8.=).64.
switching.states.are.possible.here,.while.a.conventional.3-level.inverter.has.27.switching.states..Compared.
to.the.3-level.NPC.inverter.and.the.FC.topology,.this.topology.does.not.require.any.capacitor.voltage.bal-
ancing.technique.to.be.applied.to.the.inverter..At.the.same.time,.unlike.the.NPC.converter,.this.converter.
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FIGURE.19.10. Open-end.induction.motor.drive.
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is.devoid.of.the.six.clamping.diodes..Thus,.the.number.of.conducting.devices.in.series.is.reduced.causing.
an.overall.reduction.of.losses..By.properly.switching.the.two.inverters,.the.load.sharing.and.the.loss.dis-
tribution.in.the.two.inverters.can.be.made.equal..Two.isolated.dc.voltage.sources.are.required.in.this.case.
to.restrict.the.zero.sequence.currents.to.circulate,.however.compared.to.the.CHB.inverter,.the.number.of.
isolated.dc.sources.is.less.in.this.topology..In.many.cases,.they.are.supplied.from.star-delta.transformers.
causing.an.improvement.in.the.input.current.drawn.by.this.converter.

It. is. even. possible. to. reduce. the. number. of. dc. sources. to. one,. with. a. deterioration. of. the. dc. bus.
utilization.of.the.inverters.[13]..The.circuit.configuration.is.shown.in.Figure.19.11..This.is.achieved.by.
making.the.common.mode.voltage.absent.in.both.the.inverters..The.common.mode.voltage.is.generated.
by.the.inverters.due.to.the.various.switching.states..In.the.3-level.space.vector.diagram.of.an.open-end.
induction.motor.drive.(Figure.19.12),.six.space.vectors.are.shown,.which.produce.zero.common.mode.
voltage.across.the.phase.winding..This.is.achieved.by.observing.that.for.these.space.vectors,.the.differ-
ence.of.common.mode.voltage.produced.by.the.two.inverters.is.zero..If.the.two.dc.sources.are.shorted.
as.in.Figure.19.11.and.any.space.vector.other.than.these.six.are.switched,.then.it.will.result.in.a.huge.
zero.sequence.circulating.current.flow.through.the.winding..However,.switching.on.the.space.vector.
diagram.with.six.locations,.as.shown.in.Figure.19.12,.will.result.in.a.decrease.in.the.dc.bus.utilization.
and.a.switching.strategy.similar.to.a.2-level.inverter.

Full.dc.bus.utilization.is.proposed.in.[14],.where.four.bidirectional.switches.are.used.along.with.the.
two.inverters.(Figure.19.13)..During.switching.of.the.space.vector.locations.that.produce.zero.sequence.
voltage,. the.bidirectional.switches.are.turned.off.to.deny.the.zero.sequence.current.path..Otherwise,.
they.are.turned.on..In.this.way,.by.using.only.one.dc.source.and.without.any.capacitor.unbalance.prob-
lem,.a.3-level.space.vector.diagram.is.achieved.with.a.full.dc.bus.utilization.

The.opening.of. the.stator.neutral. introduces.another.degree.of. freedom.in.controlling. the.voltage.
impressed.on.the.machine.phase.winding..One.side.of.the.inverter.can.be.operated.at. low.switching.

+

–

VDC/2 O A B
C C΄

B΄
A΄

Induction motor

FIGURE.19.11. Open-end.induction.motor.drive.with.single.dc.bus.

(–+–, ––+)

(+––, ––+)
(++–, –++)

(+–+, –++)
(+––, –+–)

(+–+, ++–)

(–++, ++–)

(–++, +–+)
(–+–, +––)

(––+, +––)

(––+, –+–)

(++–, +–+)

FIGURE.19.12. Three-level.space.vectors.of.an.open-end.induction.motor.drive.that.does.not.produce.common.
mode.voltage.
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frequency,.thereby.restricting.the.switching.losses.while.the.other.side.inverter.can.be.used.to.cancel.the.
harmonics.generated.by.this.inverter..In.this.way,.a.highly.sinusoidal.voltage.can.be.impressed.on.the.
machine.phase..Note.that,.the.open-end.structure.may.not.be.limited.to.drives.only..The.concept.can.
easily.be.extended.to.an.open-end.transformer.also,.for.front.end.applications.

19.7  Multilevel Inverter Configurations Cascading 
Conventional 2-Level Inverters

A.3-level.inverter.scheme.is.presented.in.[15],.by.cascading.two.2-level.inverters.as.shown.in.Figure.19.14..
The.pole.voltage.vA2O.can.be.either.VDC/2,.0,.or.−VDC/2,.by.turning.on.the.switches.of.INV1.and.INV2,.as.
shown.in.Table.19.1..This.3-level.inverter.can.also.be.used.as.a.2-level.inverter.in.the.lower.speed.range.by.
clamping.one.of.the.2-level.inverters..The.advantage.here.is.the.absence.of.the.clamping.diodes.as.required.
in.the.3-level.NPC.inverters.and.the.inverter.power-bus.structure.is.very.simple.as.conventional.2-level.
inverters.are.used..It.can.be.seen.from.Figure.19.14.that.the.voltage.rating.of.the.bottom.switches.in.each.leg.
has.to.withstand.a.full.dc-link.voltage.and.must.be.rated.for.a.full.VDC..Many.cascaded.inverter.structures.

C2C1

+

–VDC/2

Induction motor

FIGURE.19.13. Open-end.winding.induction.motor.drive.with.full.dc.bus.utilization.

VDC/2

–VDC/2

O

S11

S21

A1

A2

B1

B2

C1

C2

INV1

INV2

I.M.

FIGURE.19.14. Three-level.inverter.scheme.cascading.conventional.2-level.inverters.
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have.been.reported.[16–18],.and.together.with.open-end.winding.configuration.they.can.produce.different.
inverter.circuits.with.much.functionality,.one.of.which.is.explained.next.

One.of.the.most.optimized.topology.for.multilevel. inverter. is.presented.in.[19].(Figures.19.15.and.
19.16)..This.is.a.5-level.inverter.topology.with.capacitor.voltage.balancing.and.common.mode.voltage.
elimination. and. is. a. combination. of. different. concepts. discussed. earlier.. There. are. two. 3-level. NPC.
inverters.and.two.2-level.inverters.feeding.an.open-end.motor..Two.3-level.NPC.inverters.feeding.the.
open-end.motor.will.produce.5-level.space.vector.diagram,.while.the.presence.of.two.additional.2-level.
inverters.can.achieve.up.to.9-level.space.vector.diagram..However,.in.order.to.eliminate.the.common.
mode.voltage.at.the.machine.terminals.as.well.as.across.the.phase,.the.9-level.structure.is.reduced.to.
a.5-level.structure..The.common.mode.voltage.elimination.is.achieved.by.selecting.inverter.switching.
state.combinations,.from.both.ends.of.the.drive,.which.will.not.produce.the.triplen.order.voltage..This.
can.be.easily.verified.by.summing.the.three.pole.voltage.levels..For.example,.a.switching.combination.
of.(10−1,.2′−1′.−1′).will.not.have.any.triplen.order,.since.the.sum.of.pole.voltages.from.the.left.(10−1).

TABLE.19.1. Generation.of.Three.Different.
Voltage.Levels.Based.on.State.of the.Switches.
for A-Phase.(Figure.19.14)

Pole.Voltage.
vA2O

Voltage.
Level

State.of.the.Switch

S11 S21

VDC/2 + 1 1
0 0 0 1
−VDC/2 − 0 0

2
+
–

+
–

0
A Á

B́
C΄

B
C

Induction
motor

+
–

+
–

1

–1

–2

VDC/4

VDC/2

–VDC/4

C4

C3

C2

C1

FIGURE.19.15. Five-level.inverter.topology.with.common.mode.elimination.and.capacitor.voltage.balancing.
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and.right.side.(2′.−1′.−1′).will.add.up.to.zero..This.also.permits.the.use.of.the.same.dc-link.for.both.the.
inverters,.and.with.a.proper.switching.strategy,.the.load.and.losses.on.these.inverters.can.be.made.equal..
Additionally,.the.cascaded.inverter.structure.helps.in.sharing.the.2-level.inverters.by.both.side.of.the.
motor,.thereby.reducing.the.switch.count..In.this.scheme,.capacitor.voltage.balancing.for.all.the.four.
capacitors.of.the.dc.bus.is.achieved.both.in.steady.and.transient.states..The.capacitor.voltages.can.also.
be.restored.back.to.their.nominal.values.after.a.fault/abnormal.condition..All.the.devices.have.rating.
of.VDC/8..The.phase.voltage.and.current.waveforms.for.5-level.operation.are.shown.in.Figure.19.16..The.
normalized.harmonic.spectrum.of.phase.voltage.shows.that.the.motor.can.be.fed.from.a.nearly.sinusoi-
dal.voltage..The.strategy.for.capacitor.voltage.balancing.in.this.inverter.requires.a.little.explanation..It.
involves.the.use.of.redundant.switching.states.in.the.space.vector.diagram.that.causes.opposite.effect.on.
the.voltage.level.of.capacitors..Figure.19.17.shows.the.motor.winding.connection.for.a.particular.space.
vector.in.the.5-level.space.vector.diagram,.which.has.two.multiplicities.(01−1,.−110).and.(1−10,.0−11)..
These.levels.are.also.marked.in.the.dc.bus..For.any.switching.state.combination,.the.phase.winding.is.
electrically.connected.between.the.left.and.right.level.points.on.the.dc.bus..The.assumed.positive.direction.
of.current.is.also.shown.in.the.figure.

Figure.19.17a.shows.the.switching.state.(01−1,.−110)..Here,.current.(iA.+.iC).will.flow.through.capaci-
tors.C4,.C3,.and.C1..The.magnitude.of.current.flowing.through.these.three.capacitances.will.be.different.
to.that.flowing.through.C2,.which.will.cause.unbalance.of.voltage.across.C2..Figure.19.17b.shows.the.
other.switching.state.for.the.same.space.vector..Here,. the.same.current.flows.through.capacitors.C1,.
C2,.and.C4.causing.voltage.unbalance.across.C3..If.the.magnitude.of.current.remains.constant.during.
these.two.switching.states,.then.the.same.duration.of.switching.time.will.cause.equal.voltage.unbalance.
across.C2.and.C3..On.the.other.hand,.the.voltage.across.C1.and.C4.will.be.equally.affected.by.the.two.
states..So,.any.unbalance.of.voltage.across.C2.and.C3.can.be.restored.back.to.the.nominal.value,.if.these.
two.switching.states.(1−10,.0−11).and.(01−1,.−110).are.used.in.consecutive.sampling.periods.for.the.same.
duration.of.time,.the.current.remaining.constant.during.this.period..The.same.concept.can.be.extended.
to. maintain. the. voltage. across. the. other. capacitors. and. a. detailed. explanation. is. given. in. [19].. One.
experimental.result.for.deliberate.capacitor.voltage.unbalancing.and.subsequent.balancing.by.corrective.
switching.states.is.shown.in.Figure.19.17b.

Many. new. topologies. and. inverter. configurations. have. been. developed. for. multilevel. inverter. fed.
drive. applications.. One. such.application. that. is. of. particular. interest. is. feeding. the. open-end.motor.
with.asymmetric.dc.sources..In.fact,.by.appropriately.choosing.the.dc.bus.voltage.ratios,.the.total.set.
of.5th.and.7th.order.harmonics.can.be.totally.eliminated.from.the.phase.voltage.leaving.the.next.set.of.
harmonics.at.11th.and.13th.order..This.is.introduced.next.

1

0.8

0.6

0.4

0.2

0
10 20

Phase voltage FFT (5 level)
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FIGURE. 19.16. Experimental. results. of. 5-level. inverter. operation.. (a). Phase. voltage. (top). and. phase. current.
(bottom)..[Y-axis:.1.div.=.200.V.and.1.div.=.5.A,.X-axis:.1.div.=.10.ms]..(b).Normalized.harmonic.spectrum.for.
phase.voltage.



Recent	Trends	in	Multilevel	Inverter	 19-13

19.8 12-Sided Space Vector Structure

As.mentioned.earlier,.the.requirement.for.high.power.applications.is.to.produce.a.voltage.as.close.to.a.
sine.wave.with.minimum.switching.frequency.of. the. inverters..These.two.are.contradictory.require-
ments..With.conventional.PWM.techniques,. the.switching.frequency.of. the. inverters. is.kept.high.to.
shift.the.harmonics.around.the.switching.frequency.and.its.sidebands..But.high.switching.frequency.
produces.higher.dv/dt.stress.on.the.devices.and.wave.reflection.apart.from.higher.losses..Selection.of.an.
optimum.switching.frequency.for.high.power.applications.is.often.a.matter.of.debate..In.this.respect,.a.
12-sided.polygonal.space.vector.structure.is.very.desirable,.that.eliminates.all.the.6n.±.1,.n.=.odd.har-
monics.from.the.phase.voltage.

The.12-sided.polygonal.space.vector.diagram.was.first.introduced.in.[20].(Figure.19.18)..In.this.case,.
two.2-level.inverters.feed.an.open-end.induction.motor,.but.these.two.inverters.are.supplied.from.two.
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Á
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1–10, 0–11

C4

C3

C2

C1

CA

B

ic

iA

B́

C΄Á
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FIGURE.19.17. (a,.b).Connection.of.the.motor.winding.to.the.capacitors.for.a.space.vector.having.two.multiplici-
ties..(c).Experimental.results.for.deliberate.capacitor.voltage.unbalancing.and.subsequent.balancing.[Y-axis:.1.div.=.
10.V,.X-axis:.1.div.=.1.s].
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isolated.dc.sources.of.magnitudes.in.the.ratio.1:0.366.(Figure.19.19)..Because.of.the.asymmetry.in.the.
dc-link,.the.hexagonal.space.vector.diagram.can.be.modified.to.form.a.12-sided.polygonal.(dodecago-
nal).space.vector.diagram..Each.of.the.2-level.inverters.produces.its.own.hexagonal.space.vector.dia-
gram.with.unequal.radius..When.two.such.diagrams.are.combined.and.the.space.vectors.are.switched.
in.a.particular.sequence,.then.they.form.the.vertices.of.a.12-sided.polygon..Note.that,.because.of.the.
open-end.winding.structure,.the.resultant.dodecagonal.vectors.are.obtained.by.subtracting.the.space.
vectors.of.INV2.from.INV1..For.realizing.one.such.location.(e.g.,.point.A).on.the.vertex.of.the.poly-
gon,.the.space.vectors.that.are.chosen.are.2.from.INV1.and.4′.from.INV2.(Figure.19.18)..The.value.of.
“k”.decides.the.radius.of.the.space.vector.diagram..By.choosing.an.appropriate.value.of.k,.the.radius.
of.the.dodecagonal.space.vector.diagram.can.be.made.equal.to.the.hexagonal.one..For.realizing.the.
volt-second.balance.in.a.switching.cycle,.space.vectors.from.the.vertices.of.the.dodecagon.and.the.zero.
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FIGURE.19.18. Basic.12-sided.polygonal.space.vector.diagram.realization.
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vector.at.the.center.are.chosen..This.method.of.switching.space.vectors.on.a.dodecagon.will.not.produce.
any.harmonics.in.the.phase.voltage.of.the.order.6n.±.1,.n.=.odd..By.increasing.the.number.of.samples.in.
a.sector,.it.is.also.possible.to.suppress.the.lower.order.harmonics.and.a.nearly.sinusoidal.voltage.can.be.
obtained..At.the.same.time,.a.dodecagon.is.closer.to.a.circle.than.a.hexagon;.so.the.linear.modulation.
range.is.extended.by.about.6.6%.compared.to.the.hexagonal.case..For.a.50.Hz.rated.frequency.opera-
tion,.under.constant.V/f.ratio,.the.linear.modulation.can.be.achieved.up.to.a.frequency.of.48.3.Hz..Also,.
the.harmonics.of.the.order.6n.±.1,.n.=.odd.are.absent.in.the.overmodulation.region,.thereby.avoiding.
special.current.compensated.schemes.required.in.the.overmodulation.region.[21]..The.maximum.volt-
age.is.obtained.at.the.end.of.overmodulation.region,.where.the.phase.voltage.becomes.a.12-step.wave-
form..One.experimental.result.of.phase.voltage,.its.normalized.harmonic.spectrum,.and.phase.current.
is.shown.in.Figure.19.20..Note.that.in.the.harmonic.spectrum,.all.the.6n.±.1,.n.=.odd.harmonics.are.
eliminated.

Instead.of.an.open-end.induction.motor,.the.same.space.vector.diagram.can.be.realized.by.a.conven-
tional.motor.but.with.a.4-level.inverter.having.asymmetric.dc-links.(Figure.19.21).[22]..The.overall.con-
figuration.of.the.inverter.consists.of.cascaded.combination.of.three.2-level.inverters,.fed.from.asymmetric.
isolated.dc.voltages..Two.inverters.are.supplied.with.dc.voltage.of.0.366kVDC.(INV1.and.INV3).while.the.
third.one.is.fed.with.a.dc.supply.of.0.634kVDC.(INV2)..This.voltage.ratio.can.be.realized.by.a.combination.
of.star-delta.transformers,.since.0.634kVDC:0.366kVDC.=.√3:1..The.value.of.“k”.can.be.chosen.to.match.the.
radius.of.the.dodecagonal.space.vector.diagram.equal.to.that.of.the.hexagonal.one..Based.on.the.bottom.
rail.of. INV3,. the.pole.voltage.of. this. inverter.structure.can.have.four. levels.at. the.output..These.are.0,.
0.366kVDC,.kVDC,.and.1.366kVDC..They.are,.respectively,.defined.as.levels.0,.1,.2,.and.3.in.this.discussion..

1

0.5

0
0 20 40 60 80 100

1

2

(a)

(b)

FIGURE.19.20. (a).Experimental.waveform.of.12-step.operation.(1).phase.voltage.and.(2).phase.current;.(b).nor-
malized.harmonic.spectrum.of.phase.voltage.
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The.status.of.different.switches.for.realizing.these.voltage.levels.is.
tabulated. in.Table.19.2..Note. that,. the.switches. in.each. leg.of. the.
constituent.inverters.are.operated.complementary.to.each.other.to.
prevent.short.circuit.of.the.dc.bus.

The.same.point.A.on.the.12-sided.polygon.(Figure.19.18).is.real-
ized.in.this.topology.by.the.switching.combination.of.(320),.where.
the. three. numbers. represent. the. level. of. voltages. applied. in. the.
three.phases..It.is.also.possible.to.use.a.common.mode.eliminated.
inverter.configuration,.thereby.eliminating.the.need.for.isolated.
sources.for.open-end.structure.[23].

Although.the.12-sided.space.vector.diagram.eliminates.a.set.of.harmonics.from.the.phase.voltage,.
yet.the.switching.happens.similar.to.2-level.inverter..For.realizing.the.reference,.space.vectors.on.the.
vertices.of.the.12-sided.polygon.are.chosen..The.12-sided.polygonal.space.vector.diagram.has.been.
extended.to.multilevel.12-sided.diagram.using.conventional.3-level.NPC.inverters.[24]..This.helps.to.
achieve.the.space.vector.diagram.using.devices.of.half.the.rating.

In.a.recent.work,.the.α–β.plane.is.divided.by.six.concentric.dodecagons.(Figure.19.22).[25].This.space.
vector.diagram.is.developed.by.using.the.switching.combinations.of.two.3-level.NPC.inverters.(with.
dc-links.of.magnitude.1:0.366).(Figure.19.23)..The.inverters.can.produce.three.levels.of.voltages.viz..0,.1,.
and.2.from.INV1.and.0′,.1′,.and.2′.from.INV2.with.respect.to.their.lower.dc.rail..Out.of.all.the.possible.
switching.state.combination.from.both.the.inverters,.there.exist.space.vectors.that.lie.on.six.concentric.
dodecagons..These.are.used.for.switching.in.the.present.work..Because.of.the.presence.of.six.dodecagons,.
the.switching.vectors.are.near.to.each.other,.thus.the.harmonics.in.the.output.voltage.is.minimized..At.the.
same.time,.all.the.6n.±.1,.n.=.odd.harmonics.are.absent.in.the.phase.voltage.throughout.the.modulation.
range,.including.overmodulation.region..Thus,.very.high.quality.of.sine.wave.can.be.produced.in.the.phase.
windings.using.these.space.vectors.at.a.reduced.switching.frequency..The.dodecagons.have.their.radius.in.
the.ratio.1:.cos(π/12):.cos(2π/12):.cos(3π/12):.cos(4π/12):.cos(5π/12)..Note.that,.as.the.radii.increases,.the.
dodecagons.become.closer.to.each.other..This.will.help.to.suppress.the.harmonics.more.at.higher.volt-
age.levels..For.realizing.the.reference.vector.in.a.switching.cycle,.three.nearest.space.vectors.on.adjacent.

S11

S21

INV1

INV2

INV3

I.M.

0.366kVDC

0.634kVDC

0.366kVDC

S31

FIGURE.19.21. Power.circuit.for.12-sided.polygonal.space.vector.diagram.for.a.single-end.induction.motor.

TABLE.19.2. Switch.Status.for.
Different.Levels.of.Pole.Voltage

Pole.Voltage Level S11 S21 S31

1.366kVDC 3 1 1 1
1kVDC 2 0 1 1
0.366kVDC 1 0 0 1
0VDC 0 0 0 0
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dodecagons.are.used.for.switching.(Figure.19.22a)..One.switching.combination.for.realizing.a.space.vector.
is.illustrated.in.Figure.19.22b..Space.vector.A.is.generated.by.INV1.by.switching.states.(120)..Space.vector.
B.is.generated.by.INV2.by.switching.state.(0′1′2′),.measured.from.INV1.side..When.they.are.combined,.
space.vector.C.(120,.0′1′2′).is.formed..Other.switching.state.multiplicities.for.the.entire.space.vector.dia-
gram.are.presented.in.[25]..At.all.modulation.indices,.harmonics.of.the.order.6n ± 1,.n.=.odd.are.absent.
from.the.phase.voltage.including.overmodulation.region.

19.9 PWM Strategies for Multilevel Inverter

The.PWM.strategies.for.2-level.inverter.have.been.extended.for.switching.of.multilevel.inverters..In.a.
2-level.inverter,.a.modulating.sine.wave.is.compared.with.a.high.frequency.triangular.wave..Depending.
on.the.instantaneous.magnitudes.of.the.sine.wave.and.the.triangular.wave,.the.upper.or.lower.switch.in.
a.single-phase.leg.is.switched.ON.or.OFF..This.is.called.the.sine-triangle.PWM..Instead.of.a.pure.modu-
lating.sine.wave,.different.offsets.can.be.added.to.the.sine.wave.to.increase.the.dc.bus.utilization.of.the.
inverter.[26]..The.same.concept.has.been.extended.to.the.multilevel.inverter.switching..Here,.instead.of.
one.triangular.carrier,.different.triangular.carriers.are.used.[27]..In.level.shifted.PWM,.there.are.(n.−.1).
identical.carriers.for.an.n-level.inverter..The.carriers.are.vertically.disposed.so.that.they.occupy.adjacent.
vertical.bands.(Figure.19.24).

One.of.the.most.popular.PWM.strategies.for.multilevel.inverters.is.the.space.vector.PWM.(SVPWM)..
The.SVPWM.technique.involves.calculation.of.duty.cycle.of.individual.switches.in.an.inverter.using.
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FIGURE.19.22. (a).Multilevel.12-sided.space.vector.diagram.and.(b).switching.state.combinations. from.INV1.
and INV2.for.realizing.space.vector.
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FIGURE.19.23. Power.circuit.realization.of.the.space.vector.diagram.of.Figure.19.22.
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the.concept.of.volt-second.balance.in.a.switching.cycle..The.hex-
agonal.space.vector.diagram.is.divided.into.six.triangular.areas.
(Figure.19.25)..For.realizing. the.reference.vector,. space.vectors.
on.the.enclosing.triangle.are.chosen.to.maintain.the.volt-second.
balance.in.a.switching.cycle..This.is.mathematically.expressed.as,

. V T V T V T V TR s* 1 1 2 2 0 0= + + . (19.5)

The.timing.durations.for.which.the.active.vectors.and.the.zero.
vectors.need.to.be.switched.are.given.by,

.
T V

V
T T V

V
T T TR

s
R

s s1
DC

2
DC

sin
sin60

,= ° −
°

=
°

=
* sin

sin
*(60 )

60
, and 0

α α
−− +( )1 2T T

.
(19.6)

where
VR*.=.amplitude.of.reference.voltage.space.phasor.(V*R )
VDC.=.dc-link.voltage.of.inverter
α.=.angle.of.V*R .with.respect.to.V1.in.degrees

Historically,.SVPWM.was.developed.as.a.technique.different.from.carrier.based.PWM;.but.at.a.later.
stage,.it.was.found.out.to.be.an.extension.of.the.carrier.based.PWM.technique..This.is.explained.next.

For.3-phase.balanced.sinusoidal.waveforms,.the.instantaneous.magnitudes.of.the.phase.voltages.
contain.the.timing.information.presented.by.the.equations.above..For.this,.the.sampled.values.are.
multiplied. by. the. sampling. time. to. transform. the. voltages. into. the. time. domain.. Figure. 19.26a.
shows.the.three.sinusoidal.modulating.waveforms,.normalized.with.respect.to.the.dc.bus.voltage..
The.timing.information.is.obtained.from.these.waveforms.by.multiplying.these.values.by.the.sam-
pling.time.Ts,.i.e.,.Ta.=.(va/VDC)*Ts,.etc..The.timing.values.are.plotted.in.Figure.19.26b,.where.timing.
durations.are.calculated.from.the.zero.axis..Timing.values.may.be.negative.at.this.point,.and.at.a.
later.stage.will.be.made.positive..Here,.the.sampling.instant.is.chosen.when.the.reference.vector.lies.
in.sector.1..It.is.to.be.noted.that.the.expressions.for.T1.and.T2.described.by.the.above.equation.above.

Carrier
index

‘i’
1

V *AN V *BN V *CN
VDC/2

0

–VDC/2

2

(n – 2)
(n – 1)

FIGURE.19.24. PWM.strategy.for.multilevel.inverters.involving.multiple.carriers.
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FIGURE. 19.25. Traditional. SVPWM.
based.on.volt-sec.balance.
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is.similar.to.the.line.voltage.expressions.of.the.waveforms.in.sector.1,.with.a.certain.gain.factor..As.
such,.the.difference.between.the.maximum.and.middle,.and.middle.and.minimum.sampled.wave-
forms.directly.gives.the.timing.information.of.T1.and.T2..At.this.sampling.instant,.Tmax.=.Ta.and.
Tmin.=.Tc,.with.the.instantaneous.value.of.Tc.being.negative..As.such,.the.effective.period.defined.
as.Teff.=.(T1.+.T2).should.be.Tmax.−.Tmin..The.next.step.is.to.make.the.zero.periods.equal.at.the.start.
and.end.of.a.switching.cycle..This.is.the.most.important.requirement.for.SVPWM,.which.ensures.
15%.more.dc.utilization.compared.to.sine-PWM.[28]..To make.the.zero.periods.equal,.some.offset.
needs.to.be.added.to.the.timing.diagram,.which.in.terms.of.voltage.indicates.an.additional.common.
mode.voltage.addition..Because.of.the.isolated.neutral.of.the.motor,.this.additional.common.mode.
voltage.does.not.produce.any.circulating.current..To.make.the.zero.periods.equal,.the.Teff.period.
shown. in.Figure.19.26b.needs. to.be.placed.exactly.at. the.center.of. the. switching.period.Ts..This.
implies.calculation.of.the.zero.period.as.T0.=.Ts.−.Teff.and.adding.T0/2.to.all.the.timing.waveforms..
Additionally,.since.instantaneous.value.of.Tmin.is.negative,.a.further.offset.of.(−Tmin).is.added.to.all.
the.timing.waveforms.so.that.all.the.three.timings.now.become.positive..This.addition.of.(−Tmin).
to.all. the.waveforms. is.particularly. suitable. for.DSP. implementation,.where.all. the.numbers.are.
necessarily.positive.

The.space.vector.PWM.switching.for.multilevel.inverters.also.follows.the.same.principle.as.above,.but.
there.is.a.slight.change.in.the.offset.addition..The.space.vector.diagram.of.a.multilevel.inverter.consists.
of.a.number.of.identical.hexagons.which.are.placed.in.the.α–β.vector.plane.at.different.distances.from.
the.center..The.strategy.of.switching.in.a.multilevel.SVPWM.involves.mapping.of.the.outer.hexagons.to.
the.center.one,.and.then.using.the.volt-second.balance.concept.of.a.2-level.SVPWM..From.the.modu-
lating.waveform.point.of.view,.this.means.adding.an.offset.to.the.modulating.waveform..For.example,.
the.original.modulating.waveform.for.a.3-level.inverter.for.any.phase.is.shown.in.Figure.19.27a..After.
the.addition.of.the.offset,.which.is.called.the.first.offset,.the.modulating.waveform.becomes.as.shown.
in.Figure.19.27b..One.additional.constraint.here.is.the.placement.of.start.and.end.vectors.equally.at.the.
start.and.end.of.the.cycle..This.is.accomplished.by.giving.an.additional.offset,.which.is.called.second.
offset,.to.the.modulating.waveforms.to.place.the.zero.vector.times.equally.at.the.start.and.the.end,.which.
is.explained.in.the.next.paragraph..Note.that,.after.the.outer.hexagons.are.mapped.into.the.inner.one,.
the.space.vectors.for.the.zero.periods.are.no.longer.the.(+++).or.(−.−.−).or.(000)..In.fact,.the.zero.vectors.
are.now.at.the.center.of.the.outer.hexagon.which.is.being.mapped.

The.3-level.modulating.waveforms.after.the.addition.of.Toffset1.is.shown.in.Figure.19.28a..Note.that.the.
upper.and.lower.modulating.waveforms.are.equally.placed.from.the.top.and.bottom.boundary.of.VDC/2.
and.−VDC/2..The.pole.voltages.under.this.condition.are.also.shown..The.logic.for.switching.the.pole.volt-
ages.is.as.follows:.If.the.modulating.wave.is.positive.and.greater.than.the.triangle,.then.the.pole.voltage.
assumes.VDC/2;.otherwise.it.is.at.0..If.the.modulating.wave.is.negative,.and.greater.than.the.triangle,.
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FIGURE.19.26. Sampling.of.reference.phase.voltages.in.sector-1.and.the.generation.of.equivalent.time.signals..
(a) Modified.reference.phase.voltages..(b).Equivalent.time.signal.generation.for.the.phases.in.sector-1.
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then.the.pole.voltage.assumes.0;.otherwise.it.is.at.−VDC/2..With.this.logic,.it.is.found.that.the.two.peri-
ods.at.the.start.and.end.of.a.cycle.are.not.equal..The.start.and.end.periods.are.called.the.zero.periods,.
but.they.do.not.signify.the.presence.of.the.zero.vector,.as.explained.above..So.an.additional.offset.called.
Toffset2.is.needed.to.make.the.zero.periods.equal.at.the.start.and.end.of.a.cycle,.as.shown.in.Figure.19.28b.

The.whole.algorithm.for.generation.of.the.active.and.zero.vector.timings.is.given.below..The.details.of.
this.algorithm.including.the.overmodulation.region.are.given.in.[29].

VDC/2

0

–VDC/2

VDC/2

0
(b)(a)

FIGURE.19.27. Reference.waveform.generation.for.SVPWM.of.3-level.inverter.(a).before.addition.of.first.offset.
and.(b).after.addition.of.first.offset.
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FIGURE.19.28. Placement.of.zero.vectors.equally.at.the.start.and.end.of.a.cycle.(a).before.equal.placement.of.zero.
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Read.the.sampled.amplitudes.of.vAN,.vBN,.and.vCN.for.the.current.sampling.interval.
Determine.the.time.equivalents.of.phase.voltages,.i.e.,.Tas,.Tbs,.and.Tcs

.
T v T

n
T v T

V n
T v T

V nas AN
s

bs BN
s

cs CN
s= ×

−
= ×

−
= ×

−( )
,

( )
,

( )
,

1 1 1DC DC

where.n.is.the.number.of.levels.
Find.out.Toffset1.as.Toffset1.=.−(Tmax.+.Tmin)/2,.where.Tmax,.Tmin.are.the.maximum.and.minimum.

of.Tas,.Tbs,.and.Tcs.
Determine.T T Tas bs cs*, * *, and .as.T T Tas as* = + offset1,.T T Tbs bs* = + offset1,.T T Tcs cs* = + offset1..Determine.the.

carrier.indices.Ia,.Ib,.and.Ic.for.A,.B,.and.C.phases,.respectively.
Determine.Ta_cross,.Tb_cross,.and.Tc_cross

.

T T I n T
T T I n
a as a s

b bs b

_

_

* (( ( ) / ) * )
* (( ( ) / )

cross

cross

= + − −
= + − −

1 2
1 2 ** )

* (( ( ) / ) * )_

T
T T I n T

ns

c cs c scross

for odd
= + − −1 2

. (continued)
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FIGURE.19.28.(continued). (b).after.equal.placement.of.zero.vectors.
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(continued)

Or

.

T T T I n T
T T T
a s as a s

b s bs

_

_

( / ) * (( ( / )) * )
( / ) * (

cross

cross

= + + −
= + +

2 2
2 (( ( / )) * )

( / ) * (( ( / )) * )_

I n T
T T T I n T

nb s

c s cs c s

−
= + + −

2
2 2cross

for evenn.

Sort.Ta_cross,.Tb_cross,.and.Tc_cross.to.determine.Tfirst_cross,.Tsecond_cross,.and.Tthird_cross

The.maximum.of.Ta_cross,.Tb_cross,.and.Tc_cross.is.Tthird_cross

The.minimum.of.Ta_cross,.Tb_cross,.and.Tc_cross.is.Tfirst_cross

And.the.remaining.is.Tsecond_cross

Assign.first_cross.phase,.second_cross.phase,.and.third_cross.phase.according.to.the.phase.
that.determines.Tfirst_cross ,.Tsecond_cross,.and.Tthird_cross

Calculate.Toffset2.as

 T0.=.Ts.−.Tmiddle. ∴. Toffset2.=.T0/2.−.Tfirst_cross

Determine.the.timing.durations.for.actual.gate.signals.as.(Tga,.Tgb.and.Tgc)

 Tga.=.Ta_cross.+.Toffset2,. Tgb.=.Tb_cross.+.Toffset2,. Tgc.=.Tc_cross.+.Toffset2

19.10 Future trends in Multilevel Inverter

The.future.of.multilevel.inverters.is.promising..The.modern.trend.in.multilevel.inverters.indicates.the.
preference.of.using.multiple.numbers.of.power.devices.of.smaller.rating.instead.of.one.device.of.large.
rating..This.factor.is.particularly.important.in.harsh.environment.applications,.where.concerns.of.reli-
ability.and.fault.tolerance.are.of.utmost.importance..Although.newer.devices.of.higher.voltage.rating.
are.continuously.being.developed,.but.usage.of.multiple.number.of.low.voltage.devices.with.time.tested.
and.proven.technology.have.been.found.to.be.more.attractive..This.has.helped.in.the.growth.of.multi-
level.inverters.as.the.choice.for.high.power.applications..With.improvement.in.device.technology,.the.
size.and.cost.of.devices. is.going.to.come.down.in.near.future..This.will.help.to.accommodate. larger.
number.of.cheaper.devices.in.a.small.package,.thereby.creating.a.structure.similar.to.Power.VLSI..Many.
of.the.multilevel.converters.of.higher.levels.having.a.large.number.of.devices.will.become.economically.
feasible.at.that.time.

Many.new.applications.fields.for.multilevel.inverters.are.emerging..In.particular,.multilevel.invert-
ers.for.power.transmission.and.distribution.have.not.been.fully.explored.yet..Similarly,.for.interfacing.
renewable. energy. sources. with. the. utility,. multilevel. converters. can. also. be. effectively. used.. On. the.
drives.side,.newer.designs.of.machine.and.multilevel.inverter.fed.multiphase.machines,.using.multiple.
numbers.of.low.voltage.and.low.current.devices,.is.also.an.exciting.field.of.research.
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20.1 Introduction

Resonant.converters.connect.a.DC.system.to.an.AC.or.another.DC.system.and.control.both.the.power.
transfer.between.them.and.the.output.voltage.or.current.[2,4]..They.are.used.in.such.applications.as.
induction.heating,.very-high-frequency.DC–DC.power.supplies,.sonar.transmitters,.ballasts.for.fluores-
cent.lamps,.power.supplies.for.laser.cutting.machines,.and.ultrasonic.generators.[3,5].

There.are.some.common.features.characterizing.the.behavior.of.most,.or.at.least,.some.of.them..DC–
DC.and.DC–AC.converters.have.two.basic.shortcomings.when.their.switches.are.operating.in.switch.
mode..During.the.turn-on.and.turn-off.time,.high.current.and.voltage.appear.simultaneously.in.and.
across.the.switches.producing.high.power.losses.in.them,.that.is,.high.switching.stresses..The.power.loss.
increases.linearly.with.the.switching.frequency..To.ensure.reasonable.efficiency.of.the.power.conversion,.
the.switching.frequency.has.to.be.kept.under.a.certain.maximum.value..The.second.shortcoming.in.a.
switching.mode.operation.is.the.electromagnetic.interference.(EMI).generated.by.the.large.dv/dt.and.
di/dt.values.of.the.switching.variables..The.drawbacks.have.been.accentuated.by.the.trend.that.is.push-
ing.the.switching.frequency.to.higher.and.higher.range.in.order.to.reduce.the.converter.size.and.weight.

The.resonant.converters.can.minimize.the.shortcomings..The.switches.in.resonant.converters.create.
a.square-wave-like.voltage.or.current.pulse. train.with.or.without.a.DC.component..A.resonant.L–C.
circuit.is.always.incorporated..Its.resonant.frequency.could.be.close.to.the.switching.frequency.or.could.
deviate.substantially..If.the.resonant.L–C.circuit.is.tuned.to.approximately.the.switching.frequency,.the.
unwanted.harmonics.are.removed.by.the.circuit..In.both.cases,.the.variation.of.the.switching.frequency.
is.one.of.the.means.for.controlling.the.output.power.and.voltage.
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The.advantages.of. resonant.converters.are.derived. from.their.L–C. circuit.and. they.are.as. follows:.
sinusoidal-like.wave.shapes,.inherent.filter.action,.reduced.dv/dt.and.di/dt.and.EMI,.facilitation.of.the.
turn-off. process. by. providing. zero. current. crossing. for. the. switches,. and. output. power. and. voltage.
control.by.changing. the. switching. frequency.. In.addition,. some.resonant. converters,. e.g.,.quasi-
resonant.converters,.can.accomplish.zero.current.and/or.zero.voltage.across.the.switches.at.the.switch-
ing. instant. and. reduce. substantially. the. switching. losses.. The. literature. categorizes. these. converters.
as.hard-switched.and.soft-switched.converters..Unlike.hard-switched.converters,.the.switches.in.soft-
switched.converters,.quasi-resonant.converters,.and.some.resonant.converters.are.subjected.to.much.
lower.switching.stresses..Note.that.not.all.resonant.converters.offer.zero.current.switching.(ZCS).and/or.
zero.voltage.switching.(ZVS),.that.is,.reduced.switching.power.losses..In.return.for.these.advantageous.
features,. the.switches.are.subjected.to.higher.forward.currents.and.reverse.voltages. than.they.would.
encounter.in.a.nonresonant.configuration.of.the.same.power..The.variation.in.the.operation.frequency.
can.be.another.drawback.

First,.a.short.review.of.the.two.basic.resonant.circuits,.series.and.parallel,.are.given..Then.the.follow-
ing.three.types.of.resonant.converters.are.discussed:

•. Load-resonant.converters
•. Resonant-switch.converters
•. Resonant.DC.link.converters

The.description.of.the.dual-channel.resonant.DC–DC.converter.family.concludes.the.chapter.[1].

20.2 Survey of the Second-Order resonant Circuits

The.parallel.resonant.circuit.is.the.dual.of.the.series.resonant.circuit.(Figure.20.1)..The.series.(parallel).
circuit.is.driven.by.a.voltage.(current).source..The.analog.variables.for.the.voltages.and.currents.are.the.
corresponding.currents.and.voltages.(Figure.20.1)..Kirchhoff’s.voltage.law.for.the.series.circuit

. v v v v i sL R
sCi L R C i= + + = + +
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FIGURE.20.1. Dual.circuits.
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and.Kirchhoff’s.current.law.for.the.parallel.circuit

.
i i i i v

sL R
sCi L R C i= + + = + +





1 1
. (20.2)

have.to.be.used..The.analog.parameters.for.the.impedances.are.the.corresponding.admittances.(Figure.
20.1)..The.input.current.for.the.series.circuit.is

.
i Y s v

Z s
vi s i

s
i= =( )

( )
1

.
(20.3)

and.the.input.voltage.for.the.parallel.circuit.is

. v Z s ii p i= ( ) . (20.4)

where.the.input.admittance

.
Y s

R
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1 2

1 2 2 2
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(20.5)

and.the.input.impedance

.
Z s R Ts

Ts T sp
p

p
( ) =

+ +
2

1 2 2 2
ξ

ξ .
(20.6)

The.time.constant.T.and.the.damping.factor.ξ.together.with.some.other.parameters.are.given.in.Table.
20.1..ξ.must.be.smaller.than.unity.in.(20.5).and.(20.6).to.have.complex.roots.in.the.denominators,.that.
is,.to.obtain.oscillatory.response.

When.vi.is.a.unit.step.function,.vi(s).=.1/s,.the.time.response.of.the.voltage.across.R.in.the.series.reso-
nance.circuit.from.(20.3).and.(20.5).is
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TABLE.20.1. Parameters

Series Parallel

Time.constant T LC= T LC=

Resonant.angular.frequency ω π0 02 1= =f
T

ω π0 02 1= =f
T

Damping.factor ξ
ω

ωs
R

L
CR= =1

2
1
20

0 ξ ω
ωp

L
R CR

= =1
2

1
2

10

0

Characteristic.impedance Z L
C0 = Z L

C0 =

Damped.resonant.angular.frequency ω ω ξd s= −0
21 ω ω ξd p= −0

21

Quality.factor Qs
s

= 1
2ξ

Qp
p

= 1
2ξ
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or.for.ξs.=.0

.
i t

L
ti( ) sin( )= 1

0
0ω

ω
.

(20.8)

that.is,.the.response.is.a.damped,.or.for.ξs.=.0.undamped,.sinusoidal.function.
When.the.current.changes.as.a.step.function.in.parallel.circuit,.Rii(s).=.1/s,.the.expression.for.the.volt-

age.response.vi.is.given.by.the.right.side.of.(20.7),.as.well,.since.RYs.=.Zp/R..Of.course,.now.ξs.has.to.be.
replaced.by.ξp..The.time.function.f(t/T).for.various.damping.factors.ξ.are.shown.in.Figure.20.2.

Assuming.sinusoidal.input.variables,.the.frequency.response.for.series.circuit.is

.
Ri
v

RY j
jQ v v D v

i

i
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s s
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ν 1

1 1
1
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(20.9)

and.for.parallel.circuit.is

.
i

i
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p p

v
Ri R Z j

jQ v v D v
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+ − /
=1 1

1 1
1( )

( ) ( )
ν

.
(20.10)

where.v.=.ω/ω0..Both.circuits.are.pure.resistive.at.resonance:.v−i.=.R−ii.when.v.=.1.
The.plot.of.the.amplitude.and.phase.of.the.right.side.of.(20.9).and.(20.10).as.a.function.of.v.are.shown.

in.Figure.20.3..The.voltage.across.R.and.its.power.can.be.changed.by.varying.v..When.Q.is.high,.a.small.
change.in.v.can.produce.a.large.variation.in.the.output.

The.voltage.across.the.energy.storage.components,.for.instance,.across.L.in.series.circuit,.is

.
L

i

s

s

v
v

j Q
N v

= ν
( ) .

(20.11)

and.the.currents.in.the.energy.storage.components,.for.instance,.in.L.in.parallel.circuit,.is

.

L

i
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i
i

Q
jvN v

=
( ) .

(20.12)

1

0.5

0

f(
t/T

)

t/T

–0.5

–1

0

ξ = 0.01
ξ = 0.025
ξ = 0.05
ξ = 0.1
ξ = 0.25

2 4 6 8 10

FIGURE.20.2. Time.response.of.f(t/T)..(T.=.1).
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The. voltages. (currents). of. the. energy. storage. components. in. series.
(parallel).resonant.circuit.at.v.=.1.is.Q.times.as.high.as.the.input.volt-
age.(current).(Table.20.2)..If.Q.=.10,.the.capacitor.or.inductor.voltage.
(current).is.10.times.the.source.voltage.(current).

The.value.of.L. and.C. and. their.power. rating. is. tied. to. the.qual-
ity.factor..The.higher.the.value.Q,.the.better.the.filter.action,.that.is,.
the.attenuation.of.the.harmonics.is.better.and.it.is.easier.to.control.
the.output.voltage.and.power.by.a.small.change.in.the.switching.fre-
quency..The.definition.of.Q.is

.
Q =

⋅2π Peak stored energy
Energy dissipated per cycle .

(20.13)

Using.this.definition,.the.expressions.for.Q.are.given.in.Table.20.2,.where.Ip.and.Vp.are.the.peak.cur-
rent.in.the.inductor.and.peak.voltage.across.the.capacitor,.respectively..For.a.given.output.power,.the.
energy.dissipated.per.cycle.is.specified..The.only.way.to.obtain.a.higher.Q.is.to.increase.the.peak.stored.
energy..The.price.paid.for.higher.Q.is.the.high.peak.energy.storage.requirements.in.both.the.inductor.
and.capacitor.

20.3 Load-resonant Converters

In.these.converters,. the.resonant.L–C.circuit. is.connected.in.the. load..The.currents. in.the.switching.
semiconductors. decay. to. zero. due. to. the. oscillation. in. the. load. circuit.. Four. typical. converters. are.
discussed:

. 1.. Voltage-source.series.resonant.converters.(SRCs)

. 2.. Current-source.parallel.resonant.converters.(PRCs)

. 3.. Class.E.resonant.converters

. 4.. Series-.and.parallel-loaded.resonant.DC–DC.converters

20.3.1 Input time Functions

As.a.result.of. the.on–off.actions.of. the.switching.devices,. the.frequently.produced.time.functions.of.
the.input.variable.at.the.terminals.of.the.ringing.load.circuit.are.shown.in.Figure.20.4..The.input.vari-
able.xi.can.be.either.voltage.in.SRCs.or.current.in.PRCs,.and.it.can.be.unidirectional.(Figure.20.4a).or.
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bidirectional.(Figure.20.4b.and.c)..The.ringing.load.is.excited.by.a.variable.(Figure.20.4a).that.is.constant.
in.the.interval.α.≤.ωst.≤.π.−.α.and.short-circuited.in.the.interval.π.+.α.≤.ωst.<.2π.−.α,.where.ωs.is.the.
switching. angular. frequency.. The. circuit. is. interrupted. during. the. rest. of. the. period.. The. interrup-
tion.interval.shrinks.to.zero.when.ωs.≥.ωd..The.input.variable.is.square-wave.and.quasi-square-wave.in.
Figure.20.4b.and.c,.respectively..The.RMS.value.of.the.fundamental.component.is

.
X Xirms p= 4

2π
αcos

.
(20.14)

The.output.variable.changes. in.proportion. to. the. input..Varying.angle.α.provides.another.means.of.
controlling.the.output.besides.the.switching.frequency.fs.

20.3.2 Series resonant Converters

SRCs.can.be.implemented.by.employing.either.unidirectional.(Figure.20.5).or.bidirectional.(Figure 20.6).
switches..The.unidirectional.switch.can.be.a.thyristor,.gate.turn-off.(GTO).thyristor,.bipolar.transistor,.
insulated-gate.bipolar.transistor.(IGBT),.etc.,.while.these.devices.with.an.antiparallel.diode.or.reverse.
conducting.thyristor.(RCT).can.be.used.as.a.bidirectional.switch.

Depending.on.the.switching.frequency.fs,.the.wave.shape.of.the.output.voltage.vo.can.take.any.one.
of.the.forms.shown.in.Figure.20.7.using.the.circuit.of.Figure.20.5..The.damped.resonant.frequency.fd.is.
greater.than.fs.in.Figure.20.7a,..fs.<.fd;.equal.to.fs.in.Figure.20.7b,..fs.=.fd;.and.smaller.than.fs.in.Figure.20.7c,.
fs.>.fd..S1.and.S2.are.alternately.turned.on..The.terminals.of.the.series.resonant.circuit.are.connected.to.
the.source.voltage.VDC.by.S1.or.short-circuited.by.S2..When.neither.of.the.switches.are.on,.the.circuit.
is.interrupted..The.voltage.across.the.terminals.of.the.series.resonant.circuit.follows.the.time.function.
shown.in.Figure.20.4a.for.fd.>.fs,.and.in.Figure.20.4b.for.fd.≤.fs,.respectively..By.turning.on.one.of.the.
switches,.the.other.one.will.be.force.commutated.by.the.close.coupling.of.the.two.inductances.

The.configuration.shown.in.Figure.20.6.can.be.operated.below.resonance,.fs.<.fd.(Figure.20.8a);.at.reso-
nance,.fs.=.fd.(Figure.20.8b);.and.above.resonance,.fs.>.fd.(Figure.20.8c)..The.voltage.vi.across.the.terminals.

π 2π
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π 2π

ωst
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π–α

π 2π

ωst

(a)
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α
π+α

FIGURE.20.4. Frequent.input.time.functions.in.case.of.(a).unidirectional.and.(b,c).bidirectional.switches.
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of.the.series.resonant.circuit.is.square.wave..The.harmonics.of.the.load.current.can.be.neglected.for.high.
Q.value..The.output.voltage.vo.equals.its.fundamental.component.vo1..The.L–C.network.can.be.replaced.
by.an.equivalent.capacitor.(inductor).below.(above).resonance.and.by.a.short.circuit.at.resonance..The.
circuit.is.capacitive.(inductive).below.(above).resonance.and.purely.resistive.at.resonance.(Figure.20.8)..
The.output.voltage.vo.≅.vo1.is.leading.(lagging).the.fundamental.component.vi1.of.the.input.voltage.below.
(above).resonance.and.in.phase.at.resonance..Negative.voltage.develops.across.switches.S1.and.S2.during.
diode.conduction.and.can.be.utilized.to.assist.the.turn-off.processes.of.switches.S1.and.S2.

No.switching.loss.develops.in.the.switches.at.fs.=.fd.(Figure.20.8b).since.the.load.current.will.be.pass-
ing.through.zero.exactly.at.the.time.when.the.switches.change.state.(ZCS)..However,.when.fs.<.fd.or.fs.> fd,.
the.switches.are.subjected.to.lossy.transitions..For.instance,.if.fs.<.fd.the.load.current.will.flow.through.the.
switch.at. the.beginning.of.each.half-cycle.and.then.commutate. to. the.diode.when.the.current.changes.
polarity.(Figure.20.8a)..These.transitions.are.lossless..However,.when.the.switch.turns.on.or.when.the.diode.
turns.off,.they.are.subjected.to.simultaneous.step.changes.in.voltage.and.current..These.transitions.there-
fore.are.lossy.ones..As.a.result,.each.of.the.four.devices.is.subjected.to.only.one.lossy.transition.per.cycle.

C
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L L
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S1 S2
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+

–
–

FIGURE.20.5. SRC.with.unidirectional.switches.
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FIGURE.20.6. SRC.with.bidirectional.switches.
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FIGURE.20.7. Output.voltage.waveforms.for.Figure.20.5:.(a).fs.<.fd;.(b).fs.=.fd;.(c).fs.>.fd.
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The.bridge.topology.(Figure.20.9).extends.the.output.power.to.higher.range.and.provides.an.other.
control.mode.for.changing.the.output.power.and.voltage.(Figure.20.10).

20.3.3 Discontinuous Mode

Converters.with.either.unidirectional.or.bidirectional.switches.can.be.controlled.in.discontinuous.mode.
as.well..In.this.mode,.the.resonant.current.is.interrupted.in.every.half-cycle.when.using.unidirectional.
switches.(Figure.20.7a).and.in.every.cycle.when.using.bidirectional.switches.(Figure.20.11)..The.power.
is.controlled.by.varying.the.duration.of.the.current.break.as.it.is.done.in.duty.ratio.control.of.DC–DC.
converters..Note.that.this.control.mode.theoretically.avoids.switching.losses.because.whenever.a.switch.
turns.on.or.off.its.current.is.zero.and.no.step.change.can.occur.in.its.current.as.a.result.of.the..inductance L..
The.shortcoming.of.this.control.mode.is.the.distorted.current.waveform..In.some.applications,.such.as.
induction.heatings.and.ballasts.for.fluorescent.lamps,.the.sinusoidal.waveform.is.not.necessary.

20.3.4 Parallel resonant Converters

The.PRCs.are.the.dual.of.the.SRCs.(Figure.20.12)..The.bidirectional.switches.must.block.both.positive.and.
negative.voltages.rather.than.conduct.bidirectional.current..They.are.supplied.by.a.current.source.and.the.
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FIGURE.20.8. Output.voltage.waveforms.for.Figure.20.6:.(a).capacitive,.fs.<.fd;.(b).resistive,.fs.=.fd;.(c).inductive.fs.>.fd.
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converters.generate.a.square-wave.input.current.ii.that.flows.through.the.parallel.resonant.circuit.(Figure.
20.13)..They.offer.better.short-circuit.protection.under.fault.conditions.than.the.SRCs.with.a.voltage.source.

When.the.quality.factor.Q.is.high.and.fs.is.near.resonance,.the.harmonics.in.the.R–L–C.circuit.can.
be.neglected..For.fs.<.fd,.the.parallel.L–C.network.is,.in.effect,.inductive..The.effective.inductance.shunts.
some.of.the.fundamental.component.ii1.of.the.input.current,.and.a.reduced.leading.current.ii1.flows.in.
the.load.resistance.(Figure.20.13a)..For.fs.=.fd,.the.parallel.L–C.filter.looks.like.an.infinitely.large.imped-
ance..The.total.current.ii1.passes.through.R.and.the.output.voltage.vo1.is.in.phase.with.ii1.(Figure.20.13b)..
Being.vo1.=.0.at.switching.instants,.no.switching.loss.develops.in.the.switching.devices..For.fs.>.fd,.the.L–C.
network.is.an.equivalent.capacitor.at.the.fundamental.component.ii1..A.part.of.the.input.current.flows.

ωst

io

S1 D1
D2S2

S3 D3
D4S4

FIGURE.20.11. Discontinuous.mode.for.bridge.topology.
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FIGURE. 20.12. SRC. and. PRC. are. duals.. Four-quadrant. SRC. and. PRC. topologies. with. (a,b). two. symmetrical.
sources.and.with.(c,d).four.bidirectional.switches.in.bridge.connection.
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through.the.equivalent.capacitor.and.only.the.remaining.portion.passes.through.the.resistor R.develop-
ing.the.lagging.voltage.vo1.(Figure.20.13c)..As.a.result.of.the.current.shunting.through.the.equivalent.
Le.and.Ce,.the.voltage.vo1.is.smaller.in.Figure.20.13a.and.c.than.in.Figure.20.13b.although.ii1.is.the.same.
in.all.three.cases..The.current.source.is.usually.implemented.by.the.series.connection.of.a.DC.voltage.
source.and.a.large.inductor.(Figure.20.14a)..The.bidirectional.switch.is.implemented.in.practice.for.SRCs.
with.the.antiparallel.connection.of.a.transistor–diode.or.thyristor–diode.pair.(Figure.20.14b).and.for.
PRCs.with.the.series.connection.of.a.transistor-diode.pair.or.thyristor..The.condition.fs.>.fd.must.be.met.
for.PRCs.in.order.for.the.thyristor.to.be.commutated..By.turning.on.one.of.the.thyristors,.a.negative.
voltage.is.imposed.across.the.previously.conducting.one,.forcing.it.to.turn.off.(Figure.20.12b.and.20.13c)..
If fs >.fd.and.a.series.transistor–diode.pair.is.used,.the.diode.will.experience.switching.losses.at.turn-off.
and.the.transistor.will.experience.losses.at.turn-on.(Figure.20.13c).

20.3.5 Class E Converter

The.class.E.converter.is.supplied.by.a.DC.current.source.(Figure.20.14a).and.its.load.R.is.fed.through.a.
sharply.tuned.series.resonant.circuit.(Q ≥	7).(Figure.20.15a)..The.output.current.io.is.practically.sinu-
soidal.. It. uses. a. single. switch. (transistor),. which. is. turned. on. and. off. at. zero. voltage.. The. converter.
has.low—theoretically.zero—switching.losses.and.a.high.efficiency.of.more.than.95%.at.an.operating.
frequency.of.several.10.kHz..Its.output.power.is.usually.low,.less.than.100.W,.and.it.is.used.mostly.in.
high-frequency.electronic.lamp.ballasts.

The.converter.can.be.operated.in.optimum.and.in.suboptimum.modes..The.first.mode.is.explained.
in.Figure.20.15..When.the.switch.is.on.(off).the.equivalent.circuit.is.shown.in.Figure.20.15b.and c..
In.the.optimum.mode.of.operation,.the.switch.(capacitor).voltage,.vT.=.vC1,.decays.to.zero.with.a.zero.
slope:.IDC.+.io.=.iC1.=.0..Turning.on.the.switch.at.t0,.a.current.pulse.iT.=.IDC.+.io.will.flow.through.the.
switch.with.a.high.peak.value:. Î T.≅.3IDC.(Figure.20.15d)..Turning.off.the.switch.at.t.=.t1,.the.capacitor.
voltage.builds.up.reaching.a.rather.high.value,.V̂C.=.3.5.VDC,.and.eventually.falls.back.to.zero.at.t.=.t0 + T.
(Figure.20.15e.and.d)..The.average.value.of.vT,.and.that.of.the.capacitor.voltage.vC,.is.VDC..The.average.
value.of. iT. is.IDC,.while. there. is.no.DC.current.component. in. io.. In.nonoptimum.mode.of.operation,.
iC1 < 0,.when.vT.reaches.zero.value.and.the.diode.D.is.needed.

The.advantage.of.the.class.E.converter.is.the.simple.configuration,.the.sinusoidal.output.current,.the.
high.efficiency,.the.high.output.frequency,.and.the.low.EMI..Its.shortcomings.are.the.high.peak.voltage.
and.current.of.the.switch.and.the.large.voltages.across.the.resonant.L–C.components.

(a)

+

–

VDC

IDC

IDC

L

(b) (c)

FIGURE.20.14. Implementation.of.current.source.(a),.implementation.of.bidirectional.switch.for.SRC.(b),.and.
for.PRC.(c).
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20.3.6 Series- and Parallel-Loaded resonant DC–DC Converters

The.load.R.can.be.connected.in.series.with.L–C.or.in.parallel.with.C.in.SRCs..The.first.case.is.called.
series-loaded.resonant.(SLR).converter,.while.the.second.one.is.called.parallel-loaded.resonant.(PLR).
converter..When.the.converter.is.used.as.a.DC–DC.converter,.the.load.circuit. is.built.up.by.a.trans-
former.followed.by.a.diode.rectifier,.a.low-pass.filter,.and.finally.the.actual.load.resistance..The.resonant.
circuit.makes.possible.the.use.of.a.high-frequency.transformer.reducing.its.size.and.the.size.of.the.filter.
components.in.the.low-pass.filter.

The.properties.of.the.SLR.and.PLR.converters.are.quite.different.in.some.respects..Without.the.trans-
former.action,.the.SLR.converter.can.only.step.down.the.voltage.(20.9),.while.the.PLR.converter.can.
both.step.up.and.step.down.(in.discontinuous.mode.of.operation).the.voltage..The.step-up.action.can.
be.understood.by.noting.that.the.voltage.across.the.capacitor.is.Q.times.higher.than.that.across.R.in.the.
SRC..The.PLR.converter.has.an.inherent.short-circuit.protection.when.the.capacitor.is.shorted.due.to.a.
fault.in.the.load..The.current.is.limited.by.the.inductor.L.
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FIGURE.20.15. (a).Class.E.resonant.converter,.(b,c).equivalent..circuits.in.case.of.the.two.states.of.the.switch.S,.and.
(d,e,f).time.functions.of.the.converter.in.optimum.mode.
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20.4 resonant-Switch Converters

The.trend.to.push.the.switching.frequency.to.higher.values,.to.reduce.size.and.weight,.and.to.suppress.
EMI.led.to.the.development.of.switch.configurations.providing.ZCS.or.ZVS..As.a.result.of.zero.cur-
rent.(voltage).during.turn-on.and.turn-off.in.ZCS.(ZVS),.the.switching.power.loss.is.greatly.reduced..
L–C.resonant.circuit.is.built.around.the.semiconductor.switch.to.ensure.ZCS.or.ZVS..Sometimes,.the.
undesirable.parasitic.components,.such.as.the.leakage.inductance.of.the.transformer.and.the.capaci-
tance.of.the.semiconductor.switch,.are.utilized.as.components.of.the.resonant.circuit..Two.ZCS.and.one.
ZVS.configurations.are.shown.in.Figure.20.16..The.switch.S.can.be.implemented.for.unidirectional.and.
bidirectional.current.(Figure.20.17)..Converters.using.ZCS.or.ZVS.topology.are.termed.resonant.switch.
converters.or.quasi-resonant.converters.

20.4.1 ZCS resonant Converters

A. step-down. DC–DC. converter. using. ZCS. configuration. shown. in. Figure. 20.16a. is. presented. in.
Figure 20.18a..Switch.S.is.implemented.as.shown.in.Figure.20.17a..The.Lf  –.Cf.are.sufficiently.large.to.
.filter. the.harmonic.current.components..Current. Io. can.be.assumed.to.be.constant. in.one.switching.
cycle..Four.equivalent.circuits.associated.with.the.four.intervals.of.each.cycle.of.operation.are.shown.in.
Figure.20.18b.and.c.together.with.the.waveforms.

Interval.1.(0.≤.t.≤.t1):.Both.the.current.iL.in.L.and.the.voltage.vC.across.C.are.zero.prior.to.turning.the.
switch.on.at.t.=.0..The.output.current.flows.through.the.freewheeling.diode.D..After.turning.the.switch.
on,.the.total.input.voltage.develops.across.L.and.iL.rises.linearly.ensuring.ZCS.and.soft.current.change..
The.interval.1.ends.when.is.reaches.Io.and.the.current.conduction.stops.in.D.at.t1.

Interval.2.(t1.≤.t.≤.t2):.The.L–C.resonant.circuit.starts.resonating.and.the.change.in.iL.and.vC.will.be.
sinusoidal.(Figure.20.18b.and.c)..Interval.2.has.two.subintervals..The.capacitor.current. iC.=. iL.−.Io. is.
positive.in.t t t1 2≤ ≤ ′.and.vC.rises;.while.it.is.negative.in. ′ ≤ ≤t t t2 2,.vC.falls..The.peak.current.is.Î L.=.Io.+.
VDC/Z0.at.t.=.tm.and.peak.voltage.is.V̂C.=.2VDC.at.t t= ′2..VDC/Z0.must.be.larger.than.Io,.otherwise.iL.will.
not.swing.back.to.zero.

Interval.3.(t2.≤.t.≤.t3):.Current.iL.reaches.zero.at.t2.and.the.switch.is.turned.off.by.ZCS..The.capacitor.
supplies.the.load.current.and.its.voltage.falls.linearly.

Interval.4.(t3.≤.t.≤.t4):.The.output.current.freewheels.through.D..The.switch.is.turned.on.at.t4.again.
and.the.cycle.is.repeated.
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FIGURE.20.16. ZCS.(a,.b).and.ZVS.(c).configurations.
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FIGURE.20.17. Switch.for.unidirectional.(a).and.for.bidirectional.(b).current.
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The.output.voltage.Vo.will.equal. the.average.value.of.voltage.vC..Vo.can.be.varied.by.changing.the.
interval.t4.−.t3,.that.is,.the.switching.frequency.

Applying.the.ZCS.configuration.shown.in.Figure.20.16b,.rather.than.that.shown.in.Figure.20.16a,.the.
operation.of.the.converter.remains.basically.the.same..The.time.function.of.the.switch.current.and.the.
D.diode.voltage.will.be.unchanged..The.C.capacitor.voltage.will.be.vC.=.VDC.−.vD.

20.4.2 ZVS resonant Converter

A. ZVS. resonant. and. step-down. DC–DC. converter. is. shown. in. Figure. 20.19a. and. is. obtained. from.
Figure.20.18a.by.replacing.the.ZCS.configuration.with.the.ZVS.configuration.shown.in.Figure.20.16c..
Note,.that.the.bidirectional.current.switch.is.used..This.converter’s.operation.is.very.similar.to.that.of.
the.ZCS.converter..The.waveform.of.vC.is.the.same.as.the.one.for.iL.in.Figure.20.18b.and.the.waveform.
of.iL.is.the.same.as.the.one.for.vC.when.the.ZCS.configuration.shown.in.Figure.20.16b.is.used..Io.=.const..
in.one.cycle.can.be.assumed.again.
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FIGURE.20.18. (a).ZCS.resonant.converter,.(b,c).time.functions.of.the.resonant.components.and.the.equivalent.
circuits.associated.to.the.four.operating.intervals.
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Interval.1.(0.≤.t.≤.t1):.S.is.turned.off.at.t.=.0..The.constant.iL.=.Io.current.starts.passing.through.the.
capacitor.C..Its.voltage.vC.rises.linearly.from.zero.to.VDC..ZVS.occurs.

Interval.2.(t1.≤.t.≤.t2):.Diode.D.turns.on.at.t1..The.L–C.circuit.starts.resonating.through.D.and.the.
source.. Both. vC. and. iL. are. changing. sinusoidally.. When. iL. drops. at. zero,. vC. reaches. its. peak. value:.
V̂C = VDC + Z0Io..The.voltage.vC.reaches.zero.at.t2..The.load.current.must.be.high.enough.so.that.Z0Io > VDC;.
otherwise.vC will.not.reach.zero.and.the.switch.will.have.to.be.turned.on.at.nonzero.voltage.

Interval.3.(t2.≤.t.≤.t3):.The.diode.DS.of.the.bidirectional.switch.turns.on..It.clamps.vC.to.zero.and.con-
ducts.iL..The.gate.signal.is.reapplied.to.the.switch..VDC.develops.across.L.and.iL.increases.linearly.up.to Io,.
which.is.reached.at.t3..Prior.to.that,.the.current.iL.changes.its.polarity.at. ′t3.and.S.begins.to.conduct.it.
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FIGURE.20.19. (a).ZVS.resonant.converter,.(b,c).waveforms.are.duals.of.ZCS.waveforms.shown.in.Figure.20.18b.
and.c,.and.(d).time.function.of.the.diode.voltage.vD.
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Interval.4.(t3.≤.t.≤.t4):.Freewheeling.diode.D.turns.off.at.t3..It.is.a.soft.transition.because.of.the.
small.negative.slope.of.the.current.iD..Current.Io.f lows.through.S.at.t4.when.S.is.turned.off.and.the.
next.cycle.begins.

Diode.voltage.vD.develops.across.D.only.in.intervals.1.and.4.(Figure.20.19d)..Its.average.value.is.equal.
to.Vo,.which.can.be.varied.by.interval.4,.or.in.other.words,.by.the.switching.frequency.

20.4.3 Summary and Comparison of ZCS and ZVS Converters

The.main.properties.of.ZCS.and.ZVS.are.highlighted.as.follows:

•. The. switch. turn-on. and. turn-off. occurs. at. zero. current. or. at. zero. voltage,. which. significantly.
reduces.the.switching.losses.

•. Sudden.current.and.voltage.changes.in.the.switch.are.avoided.in.ZCS.and.in.ZVS,.respectively..
The.di/dt.and.dv/dt.values.are.rather.small..EMI.is.reduced.

•. In.the.ZCS,.the.peak.current.Io.+.VDC/Zo.conducted.by.S.must.be.more.than.twice.as.high.as.the.
maximum.of.the.load.current.Io.

•. In.the.ZVS,.the.switch.must.withstand.the.forward.voltage.VDC.+.Z0Io,.and.Z0Io.must.exceed.VDC.
•. The.output.voltage.can.be.varied.by.the.switching.frequency.
•. The.internal.capacitances.of.the.switch.are.discharged.during.turn-on.in.ZCS,.which.can.produce.

significant.switching.loss.at.high.switching.frequency..No.such.loss.occurs.in.ZVS.

20.4.4 two-Quadrant ZVS resonant Converters

One.drawback.in.the.ZVS.converter,.shown.in.Figure.20.19,.is.that.the.switch.peak.forward.voltage.
is.significantly.higher.than.the.supply.voltage..This.drawback.does.not.appear.in.the.two-quadrant.
ZVS.resonant.converter.where. the.switch.voltage. is.clamped.at. the. input.voltage.. In.addition,. this.
technique.can.be.extended.to.the.single.phase.and.the.three-phase.DC-to-AC.converter.to.supply.an.
inductive.load.

The. basic. principle. will. be. presented. by. means. of. the. DC–DC. step-down. converter. shown. in.
Figure 20.20a..Two.switches,.two.diodes,.and.two.resonant.capacitors,.C1.=.C2.=.C,.are.used..The.voltage.
Vo.can.be.assumed.to.be.constant.in.one.switching.period.because.Cf.is.large..The.current.iL.must.fluctu-
ate.in.large.scale.and.must.take.both.positive.and.negative.values.in.one.switching.cycle..To.achieve.this.
operation.L.must.be.rather.small..One.cycle.consists.of.six.intervals.

Interval.1:.S1.is.on..The.inductor.voltage.is.vL.=.VDC.−.Vo..iL.rises.linearly.from.zero.
Interval.2:.S1.is.turned.off.at.t1..None.of.the.four.semiconductors.conducts..The.resonant.circuit.con-

sisting.of.L.and.the.two.capacitors.connected.in.parallel. is.ringing.through.the.source.and.the. load..
Now,.the.impedance.Z L C0 2= / . is.high.(C. is.small).and.the.peak.current.will.be.small..The.voltage.
across.C2.approximately.changes.linearly.and.reaches.zero.at.t2..As.a.result.of.C1,.the.voltage.across.S1.
changes.slowly.from.zero.

Interval.3:.D2.conducts.iL..The.inductor.voltage.vL.is.−Vo..iL.is.reduced.linearly.to.zero.at.t3..S2.is.turned.
on.in.this.interval.when.its.voltage.is.zero.

Interval.4:.S2.begins.to.conduct,.vL.is.still.−Vo.and.iL.increases.linearly.in.the.negative.direction.
Interval.5:.S2.is.turned.off.at.t4..None.of.the.four.semiconductors.conducts..A.similar.resonant.process.

occurs.as.in.interval.2..As.a.result.of.C2,.the.voltage.across.S2.rises.slowly.from.zero.to.VDC.
Interval.6:.vC.reaches.VDC.at.t5..D1.begins.to.conduct.iL..The.inductor.voltage.vL.=.VDC.−.Vo.and.iL.rises.

linearly.with.the.same.positive.slope.as.in.interval.1.and.reaches.zero.at.t6..The.cycle.is.completed.
The.output.voltage.can.be.controlled.by.pulse.width.modulation.(PWM).at.a.constant.switching.fre-

quency..Assuming.that.the.intervals.of.the.two.resonant.processes,.that.is,.interval.T2.and.T5,.are.small.
compared.to.the.period.T,.the.wave.shape.of.vC.is.of.a.rectangular.form..Vo.is.the.average.value.of.vC.and,.
therefore,.Vo.=.DVDC,.where.D.is.the.duty.ratio:.D.=.(T1.+.T6)/T..Here.T.is.the.period:.T.≅.T1.+.T3.+.T4.+.T6..
During.the.time.DT.either.S1.or.D1.is.on..Similarly,.the.output.current.is.equal.to.the.average.value.of.iL.
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20.5 resonant DC Link Converters with ZVS

To.avoid.the.switching.losses.in.the.converter,.a.resonant.circuit.is.connected.between.the.DC.source.
and.the.PWM.inverter..The.basic.principle.is.illustrated.by.the.simple.circuit.shown.in.Figure.20.21a..
The.resonant.circuit.consist.of.the.L–C–R.components..The.load.of.the.inverter.is.modeled.by.the.Io.cur-
rent.source..Io.is.assumed.to.be.constant.in.one.cycle.of.the.resonant.circuit.

Switch.S.is.turned.off.at.t.=.0.when.iL.=.IL0.>.Io..First,.assuming.a.lossless.circuit.(R.=.0),.the.equations.
for.the.resonant.circuit.are.as.follows:

.
i I V
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FIGURE.20.20. (a).Two-quadrant.ZVS.resonant.converter,.(b,c).time.functions.on.the.resonant.components.and.
the.operating.intervals.
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To.turn.on.and.off.the.switch.at.zero.voltage,.the.capacitor.voltage.vC.must.start.from.zero.at.the.begin-
ning.and.must.return.to.zero.at.the.end.of.each.cycle.(Figure.20.21c)..Without.losses.and.when.IL0.=.Io,.
the.voltage.swing.just.starts.off.and.returns.to.zero.peaking.at.2VDC..However,.when.R.≠.0,.which.rep-
resents.the.losses,.the.voltage.swing.is.damped.and.vC.would.never.return.to.zero.under.the.condition.
IL0.=.Io..To.force.vC.back.to.zero,.a.value.of.IL0.>.Io.must.be.chosen.(Figure.20.21b)..This.condition.adds.
the.term.Z0(IL0.−.Io)sin.ω0t.into.the.right.side.of.Equation.20.16,.and.thus.vC.can.reach.zero.again..By.
controlling.the.time.interval.t2.–.t1,.in.other.words,.the.on-time.of.switch.S,.both.IL0.−.Io.and.the.peak.
voltage.V̂C.are.regulated.(Figure.20.21c).

This.principle.can.be.extended. to. the. three-phase.PWM.voltage.source. inverter. (VSI). shown. in.
Figure  20.22.. The. three. cross. lines. indicate. that. the. configuration. has. three. legs.. Any. of. the. two.
switches.and.two.diodes. in.one. leg.can.perform.the.same.function.that. is.done.by.the.antiparallel.
connected.S–D.circuit.in.Figure.20.21a..All.of.the.six.switches.can.be.turned.on.and.off.at.zero.voltage.
in.Figure.20.22.
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FIGURE.20.21. (a).Resonant.DC.link.converter,.(b,c).time.functions.on.the.resonant.components.and.the.operat-
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20.6 Dual-Channel resonant DC–DC Converter Family

20.6.1 Basic Configurations

The.converters.can.be.built.up.of.two.basic.building.blocks.Bto.(Figure.20.23a).and.Boff.(Figure.20.23b)..
Both.include.two.controlled.switches.S1.and.S2.and.one.inductance.L..The.controlled.switches.can.con-
duct.current.flowing.to.point.P.in.Bto.and.flowing.off.point.P.in.Boff.(see.the.arrows.of.the.switches).

The.general.configuration.of. the.converters. is. shown. in.Figure.20.24,.where. two.switched.capaci-
tances.C.and.βC.are.used.beside.the.building.blocks..There.are.two.channels,.the.upper.or.p.positive.
channel.with.block.BP. and. the. lower.or.n.negative.channel.with.block.Bn..The. two. input.voltages.of.
the.converters.vip.and.vin.can.be.supplied.either.by.two.independent.voltage.sources.or.one.source.by.a.
capacitive.divider..The.capacitances.across.the.input.and.output.terminals.for.short-circuiting.the.high-
frequency.components.of.the.input.and.output.currents.are.not.shown.

Table.20.3.summarizes.the.setup.of.the.three.basic.configurations—the.buck,.the.boost,.and.the.buck.
and.boost.(B&B)—by.the.two.building.blocks.and.their.connections.to.terminals.x,.y,.and.z..Terminal.x.
and.y.in.the.positive.and.in.the.negative.channel.is.different.one,.respectively.(Figure.20.24)..Suffix.i.and.
o.refer.to.input.and.output,.while.suffix.p and.n.refer.to.positive.and.negative,.respectively.

The.basic.buck,.B&B,.and.the.boost.configurations.derived.from.the.building.blocks.are.presented.in.
Figure.20.25..Note.the.letters.x,.y,.z.and.a,.b,.c.in.Figure.20.25..They.explain.the.derivation.of.the.three.
configurations. in. Figure. 20.25. from. Figures. 20.23. and. 20.24. and. Table. 20.3,. resulting. in. somewhat.
simpler.configurations.in.which.the.capacitance.βC.is.replaced.by.short.circuit.in.the.buck,.and.in.the.
B&B.converters,.and.by.an.interruption.as.well.as.by.a.short.circuit.of.terminal.0.and.0′.in.the.boost.
converter..Further.simplification.can.be.accomplished.by.connecting.two.clamping.diodes.in.place.of.
the.two.clamping.switches.Scp.and.Scn..Note,.that.the.polarity.of.the.output.voltages.is.reversed.in.the.
B&B.configuration.(Figure.20.25b)..The.comments.made.imply.the.feasibility.to.build.up.altogether.12.

Bto

P La

c(a)

S1

S2

b

(b)

S1

S2

P La

c

b

Boff

FIGURE.20.23. Basic.building.blocks..The.controlled.switches.can.conduct.current.(a).flowing.to.point.P.in.Bto.
and.(b).flowing.off.point.P.in.Boff..(From.Hamar,.J.,.EPE J.,.17(3),.5,.2007..With.permission.)
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basic.configurations..From.now.on,.we.consider.only.those.configura-
tions.where.capacitance.βC.is.removed.

20.6.2 Steady-State Operation

First,.for.the.sake.of.simplicity,.the.two.so-called.clamping.switches.
Scp.and.Scn.are.replaced.by.diodes.Dcp.and.Dcn..Discontinuous.current.
conduction.mode.(DCM).in.inductance.L,.and.lossless.symmetrical.
operation.(vip.=.−vin.=.Vi.=.const.;.vop.=.von.=.Vo.=.const.;.and.Rp.=.Rn.=.
R),.is.assumed..The.output.Vop.and.Von.and.input.Vip.and.Vin.voltages.are.supposed.to.be.constant.and.
ripple-free.due.to.the.large.capacitances.(the.input.capacitances.are.not.shown)..The.operation.of.the.

TABLE.20.3. Set.Up.of.the.
Converters

x y z Bp Bn

Buck a b c Bto Boff

B&B c a b Bto Boff

Boost b c a Boff Bto

Source:. Hamar,.J.,.EPE J.,.17(3),.
5,.2007..With.permission.
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With.permission.)



20-20	 Power	Electronics	and	Motor	Drives

three.configurations.drawn.in.Figure.20.25.can.jointly.be.described.by.using.Figures.20.25.and.20.26.
and.Table.20.4.

By.turning.on.switch.Sp,.in.any.of.subcircuits.1.(definitions.are.in.Table.20.4),.a.sinusoidal.current.
pulse.i1.=.isp.is.developed.from.ωt.=.0.to.αp.=.α.(Figure.20.26a,.ω π= = /2 1f LCr )..It.makes.the.capacitor.
voltage.vc.swing.from.VCn.to.VCp.(VCn.<.0).(Figure.20.26b.and.Table.20.4)..The.diode.Dcp.is.reverse.biased.
from.ωt.=.0.to.ωt.=.α..Reaching.vC.=.VCp.at.ωt.=.α,.the.clamping.diode.Dcp.turns.on.and.it.clamps.vC.on.
the.value.VCp.(Table.20.4).and.the.choke.current.commutates.from.Sp.to.Dcp.

In.Subcircuit.2.(Table.20.4),.the.choke.current.i iScp2 = .is.reduced.to.zero.like.a.ramp.from.angle.α.to.
the.extinction.angle.αep.=.αe..(In.continuous.current.conduction.mode.[CCM],.the.choke.current.does.
not.reach.zero.before.the.initialization.of.the.next.period.).ii.input.and.io.output.currents.and.condenser.
current.iC.can.be.composed.from.i1.and.i2.for.all.three.converters.(Table.20.4).

Similar.process.takes.place.in.the.next.half.period.from.Ts/2.in.the.negative.channel.of.the.converter.
in.the.three.configurations.

Neglecting. the. losses,. the.power.balance. is.ViIi.=.VoIo,.where. Ii. and. Io. are.average.values.. ii. and. io.
overlap.each.other.in.the.buck.(Io.≥.Ii).and.in.the.boost.(Io.≤.Ii).converter,.while.there.is.no.overlapping.

TABLE.20.4. Composition.of.Currents.(ViIi.=.VoIo)

Subcircuit 1 Subcircuit 2

Buck

B&B

Boost

Source: Hamar, J., EPE J., 17(3), 5, 2007. With permission.
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FIGURE.20.26. Time.functions.of.(a). input.and.output.currents.and.(b).capacitor.voltage.vC. (discontinuous.
operation)..(From.Hamar,.J.,.EPE J.,.17(3),.5,.2007..With.permission.)
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in.the.B&B.converter.(Table.20.4)..Taking.into.account.Vo/Vi.=.Ii/Io,.the.voltage.ratio.is.Vo/Vi.≤.1.for.the.
buck.converter,.Vo/Vi.≥.1.for.the.boost.converter.as.Io.≥.Ii.in.the.buck.and.Io.≤.Ii.in.the.boost.converter,.
respectively..Vo/Vi.can.be.higher.or.lower.than.unity.for.the.B&B.converter.

The.peak.value.of.the.capacitor.voltage.is.clamped.in.the.positive.channel.on.Vip.for.buck.converter,.on.
(Vip.+.Vop).for.B.&.B.converter,.and.on.Vop.for.boost.converter,.respectively.(Table.20.4)..Similar.statement.
holds.for.the.negative.channel.

An.important.advantage.is.the.soft.switching.of.S.and.D.in.DCM..The.sinusoidal.current.in.S.starts.
from.zero.(zero.current.turn.on)..Both.in.CCM.and.in.DCM.the.current.commutates.from.S.to.D.practi-
cally.under.zero.voltage.across.S.and.D.

20.6.3 Configurations with Four Controlled Switches

Applying.diodes.as.clamping.switches.(Dcp,.Dcn),.the.control.variables.for.changing.the.output.volt-
age. are. the. switching. frequency. fs. and. the. input. voltage. Vi.. However,. replacing. Dcp. and. Dcn. by.
controlled. switches. Scp. and. Scn,. the. current. commutation. between.S. and.Sc. is. determined. by. the.
timing.of.turning.on.Sc.independently.of.the.value.of.capacitor.voltage,.ensuring.two.other.control.
variables. (αp. and. αn). in. asymmetrical. operation. and. only. one. additional. control. variable. (α). in.
symmetrical.operation..In.other.words,.the.peak.value.of.the.capacitor.voltage.VC.=.VCp.=.VCn.can.
be.the.third.control.variable.beside.fs and.Vi..In.general,.the.ZVS.of.S.and.Sc.are.lost,.but.the.ZCS.
remains.in.DCM.operation.

The.nonconducting.controlled.switch.has.to.be.turned.on.by.a.short.time.before.the.other.conducting.
switch.is.turned.off..The.conduction.of.the.two.switches.S.and.Sc.has.to.overlap.each.other.to.ensure.a.
freewheeling.path.for.the.inductor.current.and.to.suppress.voltage.spikes.

One.possible.way.for.realizing.the.controlled.switches.is.to.use.a.MOSFET.and.a.diode.in.series.con-
nection.allowing.current.conduction.only.in.one.direction.

Figure.20.27.presents.the.voltage.and.current.waveform.of.the.two.switches.Sp.and.Scp.in.DCM.when.
the.waveforms.are.a.little.bit.more.complex.

Figure.20.27a.and.b.shows.the.waveforms.for.buck.and.for.boost.converter,.respectively..The.voltage.
waveforms.are.drawn.by.bold.line,.and.the.current.waveforms.are.drawn.by.thin.line.

It.was.assumed.that.the.controlled.switches.are.realized.by.the.series.connection.of.an.ideal.MOSFET.
and.diode..Current.can.flow.only.in.one.direction.through.them..The.two.controlled.switches.are.in.
complementary.state,.when.one.is.on.the.other.one.is.off.and.vice.versa..The.only.exception.is.the.very.
short.overlap.interval.in.commutation.

The.voltage.time.functions.vSp.and.vScp.in.buck.converter.are.as.follows:.When.Sp.is.turned.on.vSp = 0.
(Figure.20.27a)..During.the.current.conduction.of.Scp,.v v vS ip Cp = − .(Figure.20.25a).and.it.starts.increas-
ing.when.vC.decreases.by.current.i1n..After.the.current.i2p.drops.to.zero,.the.voltage.vSp.suddenly.changes.
to.v v v vS ip op Cp = − − ..On.the.other.hand,.v v vS C ipcp = − .is.increased.with.vC.due.to.current.i1p.when.Sp.is.
on.(Figure.20.25a)..After.turning.on.Scp.voltage.vScp = 0.till.αep..From.ωt.=.αep,.the.total.output.voltage.
develops.across.Scp;.v vS opcp = − .

Turning.to.the.boost.converter,.similarly.to.the.buck.converter,.both.vSp.and.vScp.have.three.distinct.
intervals..In.0.≤.ωt.≤.αp.switch.Sp.is.turned.on,.vSp = 0.(Figure.20.25c)..Voltage.v v vS C opcp = − .increases.
with.vC..In.the.second.interval.αp.≤.ωt.≤.αep,.Scp.is.turned.on,.vScp = 0.and.v v vS op Cp = − ..Finally.in.the.
third.interval.αep.≤.ωt.≤.ωTs.=.2π,.there.is.no.current.condition..At.start.both.voltages.are.changed.sud-
denly,.v v vS ip Cp = − .and.v v vS ip opcp = − .

As.a. conclusion,. it. can.be. stated. that. the.peak.value.of. the.voltage.across. the. controlled. switches.
mainly.depends.on.the.peak.capacitor.voltage.VCp.and.in.boost.converter.on.the.maximum.value.of.the.
output.voltage.vop.

The.waveform.in.Figure.20.27.depicts.the.time.functions.of.the.variables.in.channel.p..Similar.wave-
forms.hold.true.for.channel.n.in.symmetrical.operation.
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20.6.4 Control Characteristics

Unified.mathematical.treatment.is.applied..The.three.basic.converters.are.described.by.the.same.uni-
fied.equations.by.introducing.the.binary.variables.ud.for.step-down.(buck).and.uu.for.step-up.(boost).
converter..ud.=.1.for.buck.converter.and.ud.=.0.for.the.other.converters..Similar.statement.holds.for.uu..
Lossless.components.are.assumed.

The.derivation.of.the.voltage.ratio.Vo/Vi.is.based.on.the.energy.balance..The.input.energy.pulse.deliv-
ered.by.one.input.current.pulse.during.one.switching.period.in.either.the.positive.or.in.the.negative.
channel.is.(Vi.=.const.;.Vo.=.const.)

.
w w w V i dt V i dt CVV u VV

Rfi ip in i C i o i C u
i o

s

Ts

= = = + = +
/

/
∫ ∫
0

2
α ω

α ω .
(20.17)

The.output.energy.in.one.period.is

.
w w V
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CVV u VV

Rfo i
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i C u

i o

s
= = = +

2

2
.

(20.18)

Dividing.each.term.by.Vi
2.and.expressing.Vo/Vi.in.(20.18),.the.output.voltage.ratio.as.a.function.of.VC/Vi.
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FIGURE.20.27. Voltage.and.current.waveforms.of.the.switches.in.DCM..Buck.converter,.Vop.=.0.5Vip;.VCp.=.|VCn| = .1.5Vip.
(a)..Boost.converter,.Vop.=.2Vip;.VCp.=.|VCn|.=.1.5Vip.(b)..(From.Hamar,.J.,.EPE J.,.17(3),.5,.2007..With.permission.)
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Note.that.(20.19).holds.for.all.three.configurations.both.for.CCM.and.for.DCM..By.knowing.Vo/Vi,.
the.current.ratio.is.known.from.the.power.balance.ViIi.=.VoIo.as.well..Assuming.constant.input.volt-
age.Vi.=.1,.there.are.two.control.variables:.the.switching.frequency.fs.and.the.peak.condenser.voltage.VC.
(or.the.commutation.angle.α).

Table.20.5. is.composed.on.the.basis.of.Equation.20.19..The.last.column.in.Table.20.5.refers.to.the.
cases,.when.clamping.switches.Scp.and.Scn.are.replaced.by.diodes.Dcp.and.Dcn.

The.derivation.of.the.individual.relations.from.the.general.equation.(Equation.20.19).for.the.three.
converters.is.straightforward.by.substituting.the.binary.variable.uu..Per.unit.quantities.are.used:

.
R RCf f f

f
f

LCr s
s

r
r* *= ; = ; = 1

2π

Beside.the.control.variables. fs*.and.VC,. the.parameter.is.R*.=.RCfr.=.R/(2πZ),.where. Z L C= / . is.the.
characteristic.impedance.
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21.1 Introduction

Induction.motors.(IMs).are.widely.applied.in.many.different.types.of.industrial.electric.vehicles.and.
domestic.drives.owing.to.their.well-known.advantages.like.simple.construction.(squirrel.cage.rotor),.
operation.reliability,.ruggedness,.and.low.cost..Furthermore,.in.contrast.to.the.DC.brush.motor.with.
mechanical.commutation,.these.can.be.used.in.aggressive.or.volatile.environments,.since.there.are.no.
problems.with. spark.and.corrosion..These.advantages,.however,. are. superseded.by.control.problems.
when.using.an.IM.in.adjustable.speed.drives.(ASDs)..This.is.because.an.IM.as.a.plant.of.feedback.control.
system.has.a.coupled.and.nonlinear.structure..There.are.different.methods.to.control.IM.torque.and.
speed,.varying.in.performance,.complexity,.and.costs.

The.most.economical.method.is.based.on.stator.frequency.and.voltage.control,.allowing.stepless.speed.
adjustment. over. a. wide. range. including. field. weakening. (at. rated. voltage),. where. rotor. speed. can. be.
achieved.2–4.times.of.its.rated.value..However,.it.requires.the.use.of.a.power.electronic.frequency.con-
verter.[17]..Therefore,.ASD.consists.of.a.power.electronic.converter.interfacing.a.power.source.and.an.IM..
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The. power. electronic. converter. can. be. fed. from. an. AC. or. a. DC. source.. For. AC. power–fed. drives,.
the.DC.link.frequency.converter.consists.of.two.stages:.rectifier.(AC/DC).and.voltage.source.inverter.
(DC/AC).. In. the.AC. line. side. stage,.mostly.a.diode. rectifier.with.a.DC. link.braking. resistor. is.used..
However,.in.cases.when.regenerative.braking.is.required,.an.active.insulated.gate.bipolar.transistor.IGBT.
transistor.rectifier.is.necessary,.because.it.allows.for.bidirectional.energy.flow.(motor/generator.opera-
tion)..The.voltage.source.inverter.(DC/AC.converter).converts.the.DC.link.voltage.into.variable.frequency.
and.variable.magnitude.AC.voltage.source.using.either.sinusoidal.pulse.width.modulation.(PWM).or.
space.vector.modulation.(SVM)..Owing.to.the.switch.mode.(ON/OF).operation.of.semiconductor.power.
switches,.the.PWM.inverters.are.characterized.by.very.high.efficiency.and.very.fast.operation,.creating.
a.high-quality.power.amplifier..In.the.DC.line.or.battery-fed.drives,.only.an.inverter.stage.is.needed.

The.cost.relation.“DC.link.frequency.converter/IM”.is.in.the.range.of.2–5;.however,.in.most.applica-
tions,.the.energy.saving.pays.off.an.additional.investment.in.a.time.period.of.4–8.years..Also,.the.con-
tinuous.development.of.power.semiconductor.devices.and.cheap,.powerful.digital.processing.circuits.
(digital. signal. processors—DSP,. Application. Specific. Integrated. Circuits—ASIC,. and. field. program-
mable.gate.arrays—FPGA).are.reducing.costs.and. improving. the. functionality.of.modern. frequency.
converters..As.a.result,.an.annual.extension.rate.of.7%–8%.was.observed.on.the.worldwide.market.over.
the.last.decade,.with.similar.prognosis.for.the.future.

In.this.chapter,.the.main.control.strategies.applied.for.voltage.source.inverter-fed.cage-rotor.IMs.of.low.
and.medium.power.are.presented.in.a.systematic.way..The.chapter.starts.with.a.brief.review.of.IM.theory.
including.space.vector–based.equations,.which.provide.a.basis.for.understanding.scalar.and.vector.con-
trol.methods.discussed.further..The.main.focus.is.given.on.high-performance.vector.control.methods:.
field-oriented.control. (FOC),.direct. torque.control. (DTC),.and.DTC.with.SVM.(DTC-SVM),.because.
these.are.widely.offered.in.the.market.and.their.importance.and.application.areas.continuously.expand..
Finally,.a.conclusion.and.an.overview.of.typical.parameters.of.these.control.schemes.are.briefly.discussed.

21.2  Symbols Used in the analysis 
of Converter-Fed Induction Motors

a = = − +e jj2 3 1 2 3 2π ( / ) ( / ). complex.unit.vector
fs. stator.frequency
IA,.IB,.IC. instantaneous.values.of.stator.phase.currents
Ir. rotor.current.space.vector
Is. stator.current.space.vector
Isα,.Isβ. stator.current.vector.components.in.stationary.α.−.β.coordinates
Isd,.Isq. stator.current.vector.components.in.rotating.d.−.q.coordinates
Irα,.Irβ. rotor.current.vector.components.in.stationary.α.−.β.coordinates
J moment.of.inertia
LM. main.magnetizing.inductance
Ls. stator.winding.self-inductance
Lr. rotor.winding.self-inductance
Me. electromagnetic.torque
ML. load.torque
ms. number.of.phase.windings
pb. number.of.pole.pairs
SA,.SB,.SC. switching.states.for.the.voltage.source.inverter
Rr. rotor.phase.windings.resistance
Rs. stator.phase.windings.resistance
T L

Rr
r

r
=

.
rotor.time.constant
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Ts. sampling.time
UA,.UB,.UC. instantaneous.values.of.stator.phase.voltages
Us. stator.voltage.space.vector
Uv. inverter.output.voltage.space.vectors,.v =.0,.…,.7
Usα,.Usβ. stator.voltage.vector.components.in.stationary.α.−.β.coordinates
Usd,.Usq. stator.voltage.vector.components.in.rotating.d.−.q.coordinates
Udc. inverter.DC.link.voltage
ΨA,.ΨB,.ΨC. flux.linkages.of.stator.phase.windings
Ψs. space.vector.of.the.stator.flux.linkage
Ψr. space.vector.of.the.rotor.flux.linkage
Ψs. stator.flux.magnitude
Ψr. rotor.flux.magnitude
Ψsα,.Ψsβ. stator.flux.vector.components.in.stationary.α.−.β.coordinates
Ψr β,.Ψr β. rotor.flux.vector.components.in.stationary.α.−.β.coordinates
γm. motor.shaft.position.angle.in.stationary.α.−.β.coordinates
γsr. rotor.flux.vector.angle.in.stationary.α.−.β.coordinates
γss. stator.flux.vector.angle.in.stationary.α.−.β.coordinates
ΩK. angular.speed.of.the.coordinate.system
Ωm. angular.speed.of.the.motor.shaft,.Ωm.=.dγm/dt
Ωsr. angular.speed.of.the.rotor.flux.vector,.Ωsr.=.dγsr/dt
Ωss. angular.speed.of.the.stator.flux.vector,.Ωss.=.dγss/dt
Ωsl. slip.frequency
σ. total.leakage.factor,.σ = − ( )1 2L L LM s r/

Rectangular.coordinate.systems:.
α.−.β. stator-oriented.stationary.coordinates
d.−.q. rotor-flux-oriented.rotated.coordinates

21.3 Fundamentals of Induction Motor theory

21.3.1 Space Vector–Based Equations

Modeling.of.the.IM.is.based.on.complex.space.vectors,.which.are.defined.in.a.coordinate.system,.K,.
rotating.with.an.angular.speed,.ΩK..In.absolute.units.and.real-time.representation,.the.following.equations.
describe.the.behavior.of.an.ideal.cage-rotor.IM.[1,10,12,26]:

.
U Is s

s
sK s K

K
K KR d

dt
j= + +Y YΩ

.
(21.1)

.
0 = + + −( )R d

dt
j pr K

K
K b m KI r

rr
Y YΩ Ω

.
(21.2)

. Ys s rI IK s K M KL L= + . (21.3)

. Yr r sI IK r K M KL L= + . (21.4)

.
d
dt J

M Mm
e L

Ω = − 
1

.
(21.5)
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The.electromagnetic.torque,.Me,.can.be.expressed.by.the.following.formula:

.
M p m

e b
s

K K= ( )2
Im *Ys sI

.
(21.6)

remarks

•. The.stator.and.rotor.quantities.appearing.in.Equations.21.1.through.21.4.are.complex.space.vec-
tors.represented.in.the.common.reference.frame,.rotating.with.an.angular.speed.ΩK.(and.hence.
the.indices.K.in.these.quantities)..The.way.they.are.related.to.the.natural.components.of.a.three-
phase.IM.can.be.represented.(e.g.,.for.currents).by

.
I 1 a asK A B C

j tI t I t I t e K= + +  ⋅ −2
3

2( ) ( ) ( )  Ω

.
(21.7)

.
IrK a b c

j tI t I t I t e K m= + +  ⋅ − −( )2
3

21 a a( ) ( ) ( ) Ω Ω

.
(21.8)

. where
IA,.IB,.and.IC.are.instantaneous.values.of.the.stator.winding.currents
Ia,.Ib,.and.Ic.are.the.instantaneous.values.of.rotor.winding.currents.referred.to.the.stator.circuit

. Similar.formulae.hold.for.voltages.UsK.and.for.the.flux.linkages.ΨsK.and.ΨrK.
•. The.motion.Equation.21.5.is.a.real.equation.
•. Owing.to.the.transformation.of.the.equations.to.a.common.reference.frame,.the.IM.parameters.

can.be.regarded.as.independent.of.the.rotor.position.
•. The.electromagnetic.torque.formula.Equation.21.6.is.independent.of.the.choice.of.the.coordinate.

system,.in.which.the.space.vectors.are.represented..This.is.because.for.any.coordinate.system,

. Ψ Ψ Ω Ω
sK s

j t
K

j te eK K= =− −, I Is s . (21.9)

•. Including.Equation.21.9.in.the.electromagnetic.torque.formula.(Equation.21.6),.one.obtains

. M e ee sK K s
j t j t

s
K K= ( ) = ⋅( ) = ( )−Im * Im Im *Ψ Ψ ΨΩ ΩI I Is s s

*
. (21.10)

•. Owing.to.the.use.of.complex.space.vectors,.and.assuming.that.symmetric.sine.waves.are.involved,.
it.is.possible.to.employ.the.symbolic.method.going.over.to.the.steady.state,.and.thus.to.obtain.a.
convenient.bridge.to.the.classical.50/60.Hz.supply.theory.of.IM.

21.3.2 Block Schemes

The.relations.described.in.Equations.21.1.through.21.6.can.be.illustrated.as.block.schemes.in.terms.of.
space.vectors. in. the.complex. form.[10,26],.or,. following.resolution. into. two-axis.components,. in. the.
real.form.[12,16]..When.resolving.vector.equations,.one.may,.in.view.of.the.motor.symmetry,.adopt.an.
arbitrary.coordinate..Moreover,.taking.advantage.of.the.linear.dependency.between.flux.linkages.and.
currents,.the.torque.expression.can.also.be.written.in.a.number.of.ways..It.follows.that.there.is.not.just.
one.block.diagram.of.an.IM,.but.instead,.on.the.basis.of.the.set.of.vector.Equations.21.1.through.21.6,.
one.may.construct.various.versions.of.such.a.scheme.[12]..In.going.over.to.the.two-axis.model,.essential.
differences.between.various.models.depend.on.speed.and.position.of.reference.coordinates,.input.sig-
nals,.and.output.signals..Based.on.the.method.of.illustration,.we.consider.two.cases.
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Case.1:.Voltage-Controlled.IM.Represented.in.a.Stator-Fixed.System.of.Coordinates.(α,.β)
The.popular.cage-rotor.IM.description.is.presented.in.a.stator-fixed.coordinate.system.(ΩK.=.0),.
in which.the.complex.space.vectors.can.be.resolved.into.components.α.and.β:

. UsK s sU jU= +α β . (21.11)

. IsK s sI jI= +α β . (21.12a)

. IrK r rI jI= +α β . (21.12b)

. YsK s s= +Ψ Ψα βj . (21.13a)

. YrK r rj= +Ψ Ψβ β . (21.13b)

Taking.Equations.21.11.through.21.13.into.account,.the.set.of.machine.Equations.21.1.through.21.5,.after.
rearranging,.can.be.written.as

.

d
dt

U R Is
s s s

Ψ α
α α= −

.
(21.14a)

.

d
dt

U R Is
s s s

Ψ
β β

β = −
.

(21.14b)

.

d
dt

R I pr
r r b m r

Ψ Ω Ψα
α β= − −

.
(21.15a)

.

d
dt

R I pr
r r b m r

Ψ
Ω Ψβ

β α= − +
.

(21.15b)

.
I

L
L
L Ls

s
s

M

s r
rα σ

= −1
σ

Ψ Ψα α

.
(21.16a)

.
I

L
L
L Ls

r
s

M

s r
rβ βσ σ

= −1 Ψ Ψβ

.
(21.16b)

.
I

L
L
L Lr

r
r

M

s r
sα σ

= −1
σ

Ψ Ψα α

.
(21.17a)

.
I

L
L
L Lr

r
r

M

s r
sβ β βσ

Ψ Ψ= −1
σ .

(21.17b)

.

d
dt J

p m I I Mm
b

s
s s s s L

Ω Ψ Ψ= −( ) −





1
2 α β β α

.
(21.18)

where.σ.is.the.total.leakage.factor..Equations.21.14.through.21.18.constitute.the.block.scheme.of.an.IM,.
as.depicted.in.Figure.21.1.
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The.model. thus.obtained.(Equations.21.14.through.21.18).corresponds.directly. to. the.two-phase.
motor.description.and.can.be.used.to.build.a.simulation.model.of.the.IM..It.can.be.seen.from.Figure.
21.1.that.the.cage-rotor.IM,.as.a.control.plant,.has.a.coupled.nonlinear.dynamic.structure,.and.two.of.
the.state.variables.(rotor.currents.and.fluxes).are.not.measurable..Moreover,.IM.resistances.and.induc-
tances.vary.considerably.with.a.significant.impact.on.both.steady-state.and.dynamic.performances.

Case.2:.Current-Controlled.IM.Represented.in.Synchronous.Coordinates.(d,.q)
Let.us.adopt.a.coordinate.system.d.−.q.rotating.with.the.angular.speed.equal.to.the.angular.speed.of.the.
rotor.flux.vector.(ΩK.=.Ωsr),.which.is.defined.as.follows:

.
Ω γ

sr
srd

dt
=

.
(21.19)

Let.us.also.assume.that.this.system.of.coordinates.rotates.concurrently.with.the.rotor.flux.linkage.vec-
tor,.Ψr,.where.the.component.Ψrq.=.0.(Figure.21.2),.and.that.IM.is.current.controlled..The.current.control.

Ωm

Ψsα

Ψrα

Ψrβ

Ψsβ IsβUsβ

Irβ

Irα

IsαUsα
–

–

–

–

–

–

+

–

–

–

– –

+

Rs

∫

∫

∫

∫

∫

σLs

1

Me

ML

J
1

Rr

pb

Rr

Rs

σLr

1

σLs

1

σLr

1

mspb 2σLsLr

LM

σLsLr

LM

σLsLr

LM

σLsLr

LM

FIGURE.21.1. Block.scheme.of.a.voltage.controlled.cage-rotor.IM.in.the.system.of.α,.β.coordinates.corresponding.
to.Equations.21.14.through.21.18,.where.σ.is.total.leakage.factor.
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of.supply.occurs.quite.frequently.in.practical.individual.drive.systems.when.an.IM.is.fed.by.a.current.
source.inverter.(CSI),.and.current.controlled.(CC),.CC-PWM-transistor.inverter.[12,18,26]..When.con-
structing.a.block.diagram.of.the.machine.with.such.an.assumption,.a.simplification.can.be.made.by.
omitting.the.stator.circuit.voltage.Equation.21.1.

Under.these.assumptions,.the.current.and.flux.complex.space.vectors.can.be.resolved.into.compo-
nents.d.and.q:

. IsK sd sqI jI= + . (21.20a)

. IrK rd rqI jI= + . (21.20b)

. YsK sd sqj= +Ψ Ψ . (21.20c)

. YrK rd r= =Ψ Ψ . (21.20d)

In.the.d.−.q.coordinate.system,.the.IM.model.Equations.21.2.through.21.5.can.be.written.as.follows:

.
0 = +R I d

dtr rd
rΨ

.
(21.21a)

. 0 = + −( )R I pr rq r sr b mΨ Ω Ω . (21.21b)

. Ψsd s sd M rdL I L I= + . (21.22a)

. Ψsq s sq M rqL I L I= + . (21.22b)

. Ψr r rd M sdL I L I= + . (21.22c)

Ψr

d

α

q
Is

β

δ

Isβ

Isd

Isα

γsr

Isq

Ωsr

FIGURE.21.2. Vector.diagram.of.IM.in.stationary.α.−.β.and.rotating.d.−.q.coordinates.
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. 0 = +L I L Ir rq M sq . (21.22d)

.

d
dt J

p m L
L

I Mm
b

s M

r
r sq L

Ω Ψ= −





1
2 .

(21.23)

Equations.21.21b.and.21.22c.can.be.easily.transformed.to

.

d
dt

L R
L

I R
L

r M r

r
sd

r

r
r

Ψ Ψ= −
.

(21.24)

The.motor.torque.can.be.expressed.by.the.rotor.flux.magnitude,.Ψr,.and.the.stator.current.component,.
Isq,.as.follows:

.
M p m L

L
Ie b

s M

r
r sq=

2
Ψ

.
(21.25)

Equations.21.24.and.21.25.are.used.to.construct.a.block.scheme.of.the.cage-rotor.IM.in.the.d.−.q.coor-
dinate.system,.which.is.presented.in.Figure.21.3.

The.input.quantities.in.this.diagram.are.components.Isd.and.Isq.of.the.stator.current.vector..The.output.
quantities.are.the.angular.shaft.speed,.Ωm,.and.the.electromagnetic.torque,.Me,.while.the.disturbance.is.
the.load.torque,.ML.

21.3.3 Steady-State Characteristics

It.follows.from.the.IM.vector.equations.in.the.synchronous.coordinates,.that.is,.ΩK.=.Ωs,. that.under.
steady-state. conditions,. all. vector. quantities. remain. constant.. For. this. reason,. the. time-related.

Rr

∫

∫
–

–

Lr

LMRr
Lr

Isd

Isq mspb 2 Lr

LM Me

ML

Ωm

Me

Ψr

J
1

FIGURE.21.3. Block.scheme.of.current.controlled.IM.in.d.−.q.field.coordinates.corresponding.to.Equations.21.24.
through.21.25
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derivatives.in.the.voltage.Equations.21.1.and.21.2.and.in.the.equation.of.motion.(Equation.21.5).must.be.
neglected..Thus,.one.obtains.a.set.of.algebraic.equations.that.describe.the.steady-state.motor.operation..
Further,.from.the.algebraic.form.of.voltage.and.flux.current.equations,.one.can.find.the.torque.devel-
oped.by.a.machine.by.representing.it.as.a.function.only.of.the.stator.voltage.amplitude:

.
M R L R

L L R L
U

e s
M r sl

sl s r r s

s

s
( )

( ) ( )
= =

+






0
2

2 2

2
Ω

Ω σ Ω .
(21.26)

From.(21.26).we.obtain,.by.comparing.dMe/dΩsl.to.zero,.the.breakdown.slip.frequency:

.
Ω

σslk s
r

r
R R

L
=( ) = ±0

.
(21.27)

With.(21.27),.Equation.21.26.can.be.written.in.the.following.form.known.as.the.simplified.Kloss.formula:

.
M Me ek

sl slk slk sl

=
( ) +

2
2 2Ω Ω Ω Ω/ ( / ) .

(21.28)

where.the.breakdown.torque.is

.
M p m

L
U

ek b
s

s

s

s
= − 



2

1
2

1
2

σ
σ Ω .

(21.29)

the.following.properties.arise.from.the.above.equations:

•. The.breakdown.torque.is.independent.of.the.rotor.resistance.(21.29).
•. The.breakdown.slip.frequency.is.proportional.to.the.rotor.resistance.(21.27).
•. Under.constant.Us/fs.mode,.the.breakdown.torque.remains.constant.(21.29).

The.torque.curve.obtained.from.the.Kloss.formula.(21.28).is.shown.in.Figure.21.4.
In.many.applications,.the.IM.operates.not.only.below.but.also.above.the.rated.speed..This.is.possible.

because.most.of.the.IMs.can.be.driven.up.to.twice.the.rated.speed.without.any.mechanical.problems..

21 3–2 –1

–1

–3

1

Ωsl

Ωslk

ΩslN

Ωslk

MeN
Mek

Me
Mek

Motor operation

Generator
operation

FIGURE.21.4. Torque-slip.frequency.characteristic.obtained.from.the.Kloss.formula.(21.28).
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The.typical.characteristics.are.plotted.in.Figure.21.5..Below.the.rated.speed,.the.flux.amplitude.is.kept.
constant,.and.at.the.rated.slip.frequency,.the.motor.can.develop.rated.torque..Hence,.this.region.is.called.
the.constant.torque.region..Increasing.the.stator.frequency,.Ωs,.above.its.base.(rated).value,.Ωs.>.Ωs(base),.
at.constant.rated.voltage,.UsN,.it.is.possible.to.increase.the.motor.speed.beyond.the.rated.speed..However,.
the.motor.flux,.proportional.to.Us/fs,.will.be.weakened..Therefore,.when.the.slip.frequency.increase.is.
proportional.to.the.stator.frequency,.Ωsl.∼.Ωs,.the.electromagnetic.power

.
P M

Re m e s
sl

r

r

s
= ⋅ ≈ 











Ω Ω Ω Ψ
Ω

2

.
(21.30)

can.be.held.constant,.giving.the.name.“constant.power”.to.this.region.(Figure.21.5).
With.constant.stator.voltage.and.increased.stator.frequency,.the.motor.speed.reaches.the.high-speed.

region,.where.the.flux.is.reduced.so.much.that.the.IM.approaches.its.breakdown.torque.and.the.slip.
frequency.cannot.be.increased.any.longer..Consequently,.the.torque.capability.is.reduced.according.to.
the.breakdown.torque.characteristic.Me.∼.Mek.∼.(Us/Ωs)2..This.high-speed.region.is.called.the.constant.
slip.frequency.region.(Figure.21.5).

21.4 Classification of IM Control Methods

Based.on.the.space.vector.description,.the.IM.control.methods.are.divided.into.a.scalar.and.a.vector.con-
trol..The.general.classification.of.the.frequency.controllers.is.presented.in.Figure.21.6..In.scalar.control—
which.is.based.on.the.relation.valid.for.steady.states—only.the.magnitude.and.frequency.(angular.speed).
of.voltage,.current,.and.flux.linkage.space.vectors.are.controlled..Thus,.the.scalar.control.system.does.not.
act.on.space.vectors’.position.during.transients.and.belongs.to.low-performance.control.implemented.
in.an.open-loop.fashion..Contrary.to.this,.in.vector.control—which.is.based.on.the.relation.valid.for.
dynamic.states—not.only.magnitude.and.frequency.(angular.speed),.but.also.instantaneous.positions.
of.voltage,.current,.and.flux.space.vectors.are.controlled..Thus,.the.vector.control.system.acts.on.the.

Constant torque Constant power
Constant slip

frequency

P
Ψs

ΨS

Us

Us

Ωsl

ΩSbase ΩScritical Ωs

Ωsl

Mek

Me

Me

Pe

Mek

FIGURE.21.5. Control.characteristics.of.IM.in.constant.and.weakened.flux.regions.
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positions.of.the.space.vectors.and.provides.their.correct.orientation.for.both.steady.states.and.transients..
This.guarantee.dynamically.decouples. fast.flux.and.torque.control.and.belongs. to.high-performance.
control.implemented.in.a.closed-loop.fashion.

According.to.the.above.definition,.the.vector.control.can.be.implemented.in.many.different.ways..
However,.there.are.only.several.basic.schemes.that.are.offered.in.the.market..Among.these,.the.most.
popular.strategies.are.FOC,.DTC,.DTC-SVM,.and.their.variants..Another.group.of.modern.nonlinear.
control.strategies,.which.includes.feedback.linearization.control.[12,16,21].and.passivity-based.control.
[20].schemes,.is.not.discussed.here.because.from.the.present.industrial.point.of.view,.these.represent.
only.an.alternative.solution.to.existing.FOC.and.DTC.schemes.

21.5 Scalar Control

21.5.1 Open-Loop Constant Volts/Hz Control

In.numerous.industrial.applications,.the.requirements.related.to.the.dynamic.properties.of.drive.control.
are.of.secondary.importance..This.is.especially.the.case.where.no.rapid.motor.speed.change.is.required.
and.where.there.are.no.sudden.load.torque.changes..In.such.cases,.one.may.just.as.well.make.use.of.
open-loop.constant.volts/Hz.(V/Hz).control.systems.(Figure.21.7)..This.method.is.based.on.the.assump-
tion.that.the.flux.amplitude.is.constant.in.a.steady-state.operation,.and.from.Equation.21.1,.for.ΩK.=.Ωs.
and.dΨs/dt.=.0,.one.obtains.the.stator.voltage.vector.equation:

. U Is s= +R j fs s s2π Ψ . (21.31)

where.fs.=.Ωs/2π..Thus,.the.stator.vector.magnitude.can.be.calculated.from.Equation.21.31.as

. U R I fs s s s s= ( ) + ( )2 22π Ψ . (21.32)

Variable
frequency 

control

Scalar based
controllers

Vector based
controllers

V/Hz = const

Direct FOC
(Blaschke)

Field oriented
control-FOC

Direct torque
control-DTC

Feedback
linearizationIs = f (Ωsl)
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FIGURE.21.6. General.classification.of.IM.control.methods.
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For.Rs.=.0,.the.relationship.between.stator.voltage.magnitude.and.frequency.is.linear.and.Equation.21.32.
takes.the.form

.
U
f
s

s
s= =2πΨ const.

.
(21.33)

giving.the.name.“constant.V/Hz”.(in.Europe,.it.is.called.constant.U/f ).to.this.method.
For.practical.implementation,.however,.the.relation.of.Equation.21.32.can.be.expressed.as

. U U fs so s s= + 2π Ψ . (21.34)

where.Uso.=.IsRs,.which.is.the.offset.(boost).voltage.to.compensate.for.the.stator.resistive.drop.
The.block.diagram.of.an.open-loop.constant.V/Hz.control.implemented.according.to.Equation.21.34.

for.a.PWM.inverter–fed.IM.drive.is.shown.in.Figure.21.7..The.control.algorithm.calculates.the.voltage.
magnitude,.proportional.to.the.command.speed.value,.and.the.angle.γs.is.obtained.by.the.integration.
of.this.speed..The.voltage.vector.in.polar.coordinates.is.the.reference.value.for.the.space.vector.modu-
lator.(SVM),.which.delivers.switching.signals.to.the.PWM.inverter..The.speed.command.signal,.Ωmc,.
determines.the.inverter.frequency,.fs.≈.Ωs,.which.simultaneously.defines.the.stator.voltage.command.
according.to.constant.V/Hz.

However,. the. mechanical. speed,. Ωm,. and. hence. the. slip. frequency,. Ωsl. =. Ωs. −. pbΩm,. are. not. pre-
cisely.controlled..This.can.lead.to.motor.operation.in.the.instable.region.of.torque–slip.frequency.curves.
(Figure. 21.4),. resulting. in. overcurrent. problems.. Therefore,. to. avoid. high. slip. frequency. values. dur-
ing.transients,.a.ramping.circuit.is.added.to.the.stator.frequency.control.path..The.scheme.is.basically.
speed.sensorless;.however,.when.speed.stabilization.is.necessary,.speed.control.may.be.applied.with.slip.
regulation.(dashed.lines.in.Figure.21.7)..The.slip.frequency.command,.Ωslc,. is.generated.by.the.speed.
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pbΩm

Uso

Us
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FIGURE.21.7. Constant.V/Hz.control. scheme. (dashed. lines. show.version.with. limited. slip. frequency.Ωslc. and.
speed.control).
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proportional-integral.(PI).controller..This.signal.is.added.to.the.tachometer.signal.and.determines.
the.inverter.frequency.command.Ωs.=.2πfs..Owing.to.the.limitation.of.slip.frequency.command,.Ωslc,.
the.motor.does.not.pull.out.either.under.rapid.speed.command.changes.or.under.load.torque.changes..
Rapid.speed.reduction.results.in.a.negative.slip.command,.and.the.motor.goes.into.the.generator.break-
ing.range.(Figure.21.4)..The.regenerated.energy.must.then.either.be.returned.to.the.line.by.the.feedback.
converter.or.dissipated.in.the.DC.link.dynamic.breaking.resistor,.RH.

21.6 Field-Oriented Control

21.6.1 Introduction

The.principle.of.the.FOC.is.based.on.an.analogy.to.the.mechanically.commutated.DC.brush.motor..
In.this.motor,.owing.to.separate.exciting.and.armature.winding,.flux.is.controlled.by.exciting.current.
and.torque.is.controlled.independently.by.adjusting.the.armature.current..So,.the.flux.and.torque.cur-
rents.are.electrically.and.magnetically.separated..Contrarily,.the.cage-rotor.IM.has.only.a.three-phase.
winding.in.the.stator,.and.the.stator.current.vector,.Is,. is.used.for.both.flux.and.torque.control..So,.
exciting.and.armature.current.are.coupled.(not.separated).in.the.stator.current.vector.and.cannot.be.
controlled.separately..The.decoupling.can.be.achieved.by.the.decomposition.of.the.instantaneous.sta-
tor.current.vector,.Is,.into.two.components:.flux.current,.Isd,.and.torque-producing.current,.Isq,.in.the.
rotor-flux-oriented.coordinates.(R-FOC).d–q.(Figure.21.2)..In.this.way,.the.control.of.the.IM.becomes.
identical.with.a.separately.excited.DC.brush.motor.and.can.be.implemented.using.a.cascaded.structure.
with.linear.PI.controllers.[1,12,15,26].

21.6.2 Current-Controlled r-FOC Schemes

The.simplest.implementation.of.the.R-FOC.scheme.is.achieved.in.conjunction.with.a.current-controlled.
PWM.inverter..The.choice.of.a.suitable.current.control.method.affects.both.the.parameters.obtained.
and.the.final.configuration.of.the.entire.system..In.the.standard.version,.the.PWM.current.control.loop.
operates.in.synchronous.field-oriented.coordinates.d–q,.as.shown.in.Figure.21.8..The.feedback.stator.
currents,.Isd.and.Isq,.are.obtained.from.the.measured.values.IA.and.IB.after.phase.conversion.from.three.
phase.to.two.phase:

. I Is Aα = . (21.35a)

. I I Is A Bβ = +( / )( )1 3 2 . (21.35b)

followed.by.coordinate.transformation.α–β/d–q:

. I I Isd s sr s sr= +α β γcos sinγ . (21.36a)

. I I Isq s sr s sr= − +α β γsin cosγ . (21.36b)

The. PI. current. controllers. generate. voltage. vector. commands. Usdc. and. Usqc,. which,. after. coordinate.
transformation.x–y/d–q,

. U U Us c sdc sr sqc srα γ γ= −cos sin . (21.37a)

. U U Us c sdc sr sqc srβ γ γ= +sin cos . (21.37b)
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are.delivered.to.the.SVM..Finally,.the.SVM.calculates.the.switching.signals.SA,.SB,.and.SC.for.the.power.
transistors.of.the.PWM.inverter.

The.main.information.of.the.FOC.scheme,.namely,.the.flux.vector.position,.γsr,.necessary.for.coordi-
nate.transformation.can.be.delivered.in.two.different.ways,.giving.generally.two.types.of.FOC.(schemes).
called.indirect.and.direct.FOC..Indirect.FOC.refers.to.an.implementation.where.the.flux.vector.position,.
γsr,.is.calculated.from.the.reference.values.(feed-forward.control).and.the.mechanical.speed.(position).
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FIGURE.21.8. Rotor.FOC.scheme.for.constant.flux.region:.(a).indirect.FOC.and.(b).direct.FOC.
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measurement.(Figure.21.8a),.while.direct.FOC.refers.to.the.case.where.the.flux.vector.position,.γsr,. is.
measured.or.estimated.(Figure.21.8b).[1,3,13,.25,26].

21.6.2.1 Indirect r-FOC Scheme

For.the.indirect.FOC.scheme,.proposed.by.Hasse.[8].(Figure.21.8a),.the.rotor.flux.angle,.γsr,.is.obtained.
from.commanded.currents.Isdc.and.Isqc..The.angular.speed.of.the.rotor.flux.vector.can.be.calculated.as

. Ω Ω Ωrs sl b mp= + . (21.38)

where
Ωsl.is.the.slip.angular.speed
Ωm.is.the.angular.speed.of.the.motor.shaft.(measured.by.a.motion.sensor.or.estimated.from.the.

measured.currents.and.voltages.[22])
pb.is.the.number.of.pole.pairs

The.slip.angular.speed.can.be.calculated.from.(21.21a).and.(21.21b).as

.
Ωsl

sdc r
sqcI T
I= 1 1

.
(21.39)

where.Tr.=.Lr/Rr.is.the.rotor.time.constant..The.flux.vector.position.angle,.γsr,.with.respect.to.the.stator.is.
obtained.by.the.integration.of.Equation.21.38:

.
γ Ω Ω Ωsr b m sl

t

s

t

p dt dt= + =∫ ∫( )
0 0 .

(21.40)

The.commanded.currents. in.a.rotating.coordinate.system,.Isdc. and.Isqc,. are.calculated. from.the.com-
manded.flux.and.torque.values..Taking.into.consideration.the.equations.describing.IM.in.a.field-oriented.
coordinate.system,.(21.24).and.(21.25),.the.formulas.for.reference.currents.can.be.written.as.follows:

.
I

L T
d
dtsdc

M
rc

r

rc= +







1 1Ψ Ψ

.
(21.41)

.
I

p m
L
L

Msqc
b s

r

M rc
ec= 2 1

Ψ .
(21.42)

Equations.21.39,.21.41,.and.21.42.constitute.the.basis.for.control.in.both.constant.and.weakened.field.
regions.(Figure.21.9)..For.constant.flux.operation,.Equation.21.41.is.simplified.to

.
I

Lsdc
rc

M
= Ψ

.
(21.43)

which.corresponds.to.the.situation.presented.in.Figure.21.8a.and.b.

21.6.2.1.1  Parameter Sensitivity
The.indirect.R-FOC.scheme.is.effective.only.as.long.as.the.set.values.of.the.motor.parameters.in.the.vector.
controller.are.equal.to.the.actual.motor.parameter.values..For.the.constant.rotor.flux.operation.region,.
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change.of.the.rotor.time.constant,.Tr,.results.in.deviation.in.the.slip.frequency.value,.Ωsl,.calculated.from.
Equation.21.39..The.predicted.rotor.flux.position,.γsrc.=.∫(pbΩm.+.Ωslc)dt,.deviates.from.the.actual.position.
angle,.γsr.=.∫(pbΩm.+.Ωr)dt,.which.produces.a.torque.angle.(see.Figure.21.2).deviation,.Δδ.=.γsrc.−.γsr,.and,.
consequently,.leads.to.an.incorrect.subdivision.of.the.stator.current.vector,.Is,.into.two.components,.Isd.
and.Isq..The.decoupling.condition.of.flux.and.torque.control.cannot.be.achieved..This.leads.to

•. Incorrect.rotor.flux,.Ψr,.and.torque.current.component,.Isq,.values.in.the.steady-state.operating.
points.(for.Mec.=.const.)

•. Second-order.(nonlinear).system.transient.response.to.changes.of.torque.command,.Mec

For.a.predetermined.point.of.operation.defined.by.the. torque.and.flux.current.command.values,.Isqc.
and.Isdc,.it.is.possible.to.determine.the.effect.of.Tr.changes.on.the.real.torque.and.rotor.flux.of.the.motor..
These.relations,.derived.from.Equations.21.42.and.21.43.for.steady.states,.can.be.conveniently.presented.
in.the.form.[12]

.
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T
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=
+
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.

(21.44)
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(21.45)
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The.normalized.torque.and.rotor.f lux.values.are.nonlinear.functions.of.the.ratio.of.the.actual/
predicted.rotor.time.constants.(Tr/Trc).and.the.motor.point.of.operation.given.by.Isqc/Isdc..For.the.rated.
values. of. the. field-oriented. current. commands,. Isqc. =. IsqN. and. Isdc. =. IsdN,. we. obtain. from. (21.44). and.
(21.45).the.curves.plotted.in.Figure.21.10.(where.the.saturation.effect.is.omitted)..Note.that.since.high-
power.motors.have.a.small.magnetizing.current.(in.steady.state.Isd.=.IMr).relative.to.the.rated.current,.IsN,.
they.are.characterized.by.large.values.of.IsqN/IsdN.=.2.−.3..For.low-power.motors,.on.the.other.hand,.we.
have.the.ratio.IsqN/IsdN.=.1.−.2.

Note.that.high-power.motors.are.much.more.sensitive.to.the.detuning.of.the.time.constant.(Tr/Trc).
than.are.low-power.ones.

In.a.similar.way,.one.can.take.into.account.the.effect.of.changes.in.the.magnetizing.inductance,.LM,.
induced.by.magnetic.circuit.saturation.[1,15].

21.6.2.1.2  Parameter Adaptation
The.critical.parameter.to.the.decoupling.conditions.of.an.indirect.FOC.scheme.is.the.rotor.time.constant,.
Tr..It.changes.primarily.under.the.influence.of.temperature.changes.of.rotor.resistance.(Rr).and.changes.
brought.about.by.the.saturation.effect.because.of.rotor.inductance.(Lr)..While.the.temperature.changes.of.
Rr.are.very.slow,.the.changes.of.Lr.can.be.very.fast,.for.example,.in.the.case.of.speed.reversal.when.the.motor.
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current.commands:.(a).high-power.motors.and.(b).low-power.motors.
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changes.quickly.between.its.rated.speed.and.the.field-weakening.region..It.is.assumed.that.Tr.changes.in.
the.0.75Tr0.<.Tr.<.1.5Tr0.range,.where.Tr0.is.the.value.at.the.rated.load.and.a.temperature.of.75°C.

Parameter.correction.is.effected.by.online.adaptation..It.follows.from.the.graphs.of.Figure.21.10.that.
the.correction.signal.for.time.constant.changes.(1/ΔTr).may.be.found.from.the.measured.actual.torque.
or.flux.values,.or.from.such.familiar.quantities.as.torque.current.or.flux.current..However,.these.quanti-
ties.are.very.difficult.to.measure.or.calculate.over.the.entire.range.of.speed.control,.the.difficulty.being.
comparable.to.that.involved.in.flux.vector.estimation.(see.Section.21.6.2.3).in.direct.FOC.systems.

Figure.21.11.shows.the.basic.idea.of.the.Tr.adaptation.scheme.[7],.which.corresponds.to.the.structure.
of.the.model.reference.adaptive.systems.(MRAS).

The.reference.function,.Fc,.is.calculated.from.command.quantities.(indices.c).in.the.field.coordinates.
d–q..The.estimated.function,.Fe,.is.calculated.from.measured.quantities,.which.are.usually.expressed.in.
the.stator-oriented.coordinates.α–β..The.error.signal.ε.=.Fc.−.Fe.is.delivered.to.the.PI.controller,.which.
generates.the.correction.signal.(1/ΔTr)..This.correction.signal.is.added.to.an.initial.value.(1/Tr0).giving.
the.updated.time.constant.(1/Trc),.which.finally.is.used.for.the.calculation.of.the.slip.frequency,.Ωslc..
In.the.steady.state,.when.ε.→.0,.then.Trc.→.Tr..A.variety.of.criterion.functions.(F).have.been.suggested.
for.the.identification.of.Tr.changes.(see.Table.21.1)..Most.of.them.work.neither.for.the.no-load.condition.
nor.for.zero.speed..Therefore,.in.the.near-zero.speed.region.and.no-load.operation,.the.output.signal.of.
the.error.calculator,.ε,.must.be.blocked..The.last.value.of.Δ(1/Tr).is.stored.in.the.PI.Tr.controller.

Methods.of.online.parameter.identification.based.on.the.observer.technique.are.also.proposed.[1,19].
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FIGURE.21.11. Basic.block.scheme.of.Tr—Adaption.based.on.model.reference.adaptive.system.(MRAS).

TABLE.21.1. Variants.of.Tr—Adaption.Algorithms.(Figure.21.11)

Fc Fe Parameter.Sensitivity Remarks
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21.6.2.2 Direct r-FOC Scheme

The.main.block.in.this.scheme.(proposed.by.Blaschke.[2].and.used.by.Siemens.Company).is.the.flux.vector.
estimator,.which.generates.position.γs.and.magnitude.Ψr.of.the.rotor.flux.vector,.Ψr..The.flux.magnitude,.
Ψr,.is.controlled.by.a.closed.loop,.and.the.flux.controller.generates.the.flux.current.command,.Isdc..Above.the.
rated.speed,.field.weakening.is.implemented.by.making.the.flux.command,.Ψrc,.speed.dependent,.using.
a.flux.program.generator,.as.shown.in.Figure.21.9b..In.the.field-weakening.region,.the.torque.current.
command,. Isqc,. is. calculated. in. the.flux.decoupler. from.the. torque.and.flux.commands,.Mec. and.Ψrc,.
according.to.Equation.21.42..If.the.estimated.torque.signal,.Me,.is.available,.the.flux.decoupler.can.be.
replaced.by.the.PI.torque.controller,.which.generates.the.torque.current.command,.Isqc..In.both.cases,.
the. influence.of.variable.flux.on.torque.control. is.compensated..However,. the.stator.current.vector.
magnitude.has.to.be.limited.as

.
I I Isdc sqc s

2 2+ ≤ max .
(21.46)

21.6.2.3 Flux Vector Estimation

To.avoid.the.use.of.additional.sensors.or.measuring.coils.in.the.IM,.methods.of.indirect.flux.vec-
tor.generation.have.been.developed,.known.as.flux.models.or.flux.estimators..These.are.models.of.
motor.equations.that.are.excited.by.appropriate.easily.measurable.quantities,.such.as.stator.volt-
ages.and/or.currents.(Us,.Is),.angular.shaft.speed.(Ωm),.or.position.angle.(γs)..There.are.many.types.
of.flux.vector.estimators,.which.usually.are.classified.in.terms.of.the.input.signals.used.[1,12,26]..
Recently,.only.estimators.based.on.stator.currents.and.voltages.are.used,.because.they.avoid.the.need.
for.mechanical.motion.sensors.

21.6.2.3.1  Stator Flux Vector Estimators
Integrating. the. stator. voltage. equations. represented. in. stationary. coordinates. α–β. (21.14a,b),. one.
obtains.the.stator.flux.vector.components.as

.

Ψ s s s s

t

U R I dtα α α= −∫( )
0 .

(21.47a)

.

Ψ s s s s

t

U R I dtβ β β= −∫( )
0 .

(21.47b)

The.block.diagram.of.the.stator.flux.estimator.according.to.Equation.21.47a.and.b.is.shown.in.Figure.
21.12a..The.stator.flux.can.also.be.calculated.in.the.scheme.of.Figure.21.12b.operated.with.polar.coordi-
nates..In.this.scheme,.coordinate.transformation.α–β/x–y.(Equations.21.13a.and.b).and.voltage.equations.
in.field.coordinates.are.used.

To.avoid.the.DC-offset.problem.of.the.open-loop.integration,.the.pure.integrator.(y.=.(1/s)x).can.be.
rewritten.as

.
y

s
x

s
y

c

c

c
=

+
+

+
1
ω

ω
ω .

(21.48)

where
x.and.y.are.the.system.input.and.output.signals
ωc.is.the.cutoff.frequency
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The.first.part.of.Equation.21.48.represents.an.LP.(low-pass).filter,.whereas.the.second.part.implements.a.
feedback.used.to.compensate.for.the.error.in.the.output..The.block.diagram.of.the.improved.integrator.
according.to.Equation.21.48.is.shown.in.Figure.21.13..It.includes.a.saturation.block.that.stops.the.inte-
gration.when.the.output.signal.exceeds.the.reference.stator.flux.magnitude.

In.a.DSP-based.implementation,.the.voltage.vector.components.are.not.measured.but.calculated.from.
the.inverter.switching.signals,.SA,.SB,.and.SC,.and.the.measured.DC.link.voltage,.Udc,.as.follows:

.
U U S S Ss dc A B Cα = − +( )





2
3

1
2

  

.
(21.49a)

.
U U S Ss dc B Cβ = −( )3

3  
.

(21.49b)

∫
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(b)
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÷
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Ψsx= |Ψs|
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FIGURE.21.12. Stator.flux.vector.estimators:.(a).in.Cartesian.coordinates.and.(b).in.polar.coordinates.
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FIGURE.21.13. Block.scheme.of.improved.amplitude.estimation.in.Figure.21.12b.
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However,.in.a.very-low-speed.operation,.the.effect.of.inverter.nonlinearities.(dead.time,.DC.link.voltage.
pulsations,.and.power.semiconductor’s.voltage.drop).has.to.be.compensated.

21.6.2.3.2  Rotor Flux Vector Estimator
When.the.stator.flux.vector,.Ψs,.is.known,.the.rotor.flux.vector.can.be.easily.calculated.as

.
Ψ Ψ σαr

r

m
s s s

L
L

L= −( )α αI
.

(21.50a)

.
Ψ Ψr

r

m
s s s

L
L

Lβ β βσ= −( )I
.

(21.50b)

The.above.equations.are.represented.in.Figure.21.14.as.block.diagrams.in.stationary.α–β.coordinates.
There.are.many.other.methods.for.rotor.flux.estimation.based.on.speed.or.position.measurement..

Also,.the.observer.technique.is.widely.applied.(see.[1,26]).

21.6.3  Voltage-Controlled Stator-Flux-Oriented Control Scheme: 
Natural Field Orientation

The.implementation.of.stator-flux-oriented.coordinates.(S-FOC).is.much.simpler.for.a.voltage-controlled.
as.for.a.current-controlled.PWM.inverter..Further.simplifications.can.be.achieved.when.instead.of.stator.
flux,.the.stator.EMF.will.be.used.as.the.basis.for.the.currents.and/or.voltage.orientation.(Figure.21.15)..
This. avoids. the. integration. necessary. for. flux. calculation.. Such. a. control. scheme,. known. as. natural.
field.orientation.(NFO),.is.commercially.available.as.an.ASIC.[11]..Note.that.the.NFO.scheme.is.devel-
oped.from.the.stator.flux.model.of.Figure.21.12b.for.Esd.=.0..The.lack.of.current.control.loops.and.only.
Rs-dependent. stator. EMF. estimation. make. the. NFO. scheme. attractive. for. low-cost. speed-sensorless.
applications..However,.as.shown.in.the.oscillograms.of.Figure.21.16,.the.torque.control.dynamics.is.lim-
ited.by.the.natural.behavior.of.the.IM.(mainly.by.the.rotor.time.constant,.which.for.medium-.and.high-
power.motors.can.be.in.the.range.of.200.ms–1.s)..Therefore,.NFO.can.be.feasible.for.low-power.motors.
(up. to.10.kW).or. for. low.dynamic.performance.applications. (like.open-loop.constant.V/Hz.control)..
An.improvement.can.be.achieved.with.an.additional.torque.control.loop.(Figure.21.16),.which.requires.
online.torque.estimation..So,.the.final.control.scheme.configuration.becomes.like.that.of.DTC-SVM.
(see.Section.21.8).
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FIGURE.21.14. Rotor.flux.estimator.based.on.stator.flux.according.to.Equations.21.50a.and.b.
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FIGURE.21.16. Torque.transients.in.NFO.control.scheme.of.Figure.21.15.for.constant.flux.operation:.(a).conven-
tional.and.(b).with.outer.torque.control.loop.



Control	of	Converter-Fed	Induction	Motor	Drives	 21-23

21.7 Direct torque Control

21.7.1 Basic Principles

In.the.FOC.strategy,.the.torque.is.controlled.by.the.stator.current.component,.Isq,.in.accordance.with.
Equation.21.25..This.equation.can.also.be.written.as

. M p m L
L

Ie b
s M

r
r s=

2
Ψ δsin . (21.51)

where.δ.is.the.torque.angle.between.the.rotor.flux.vector.and.the.stator.current.vector.
This. makes. the. current-controlled. PWM. inverter. very. convenient. for. the. implementation. of. the.

R-FOC.scheme.(Figure.21.8).and.torque.is.controlled.by.adjusting.the.stator.current.vector..In.the.case.
of.voltage.source.PWM.inverter–fed.IM.drives,.however,.not.only.the.stator.current.but.also.the.stator.
flux.vector.may.be.used.as.the.torque.control.quantity:

. M p m L
L L Le b

s M

r s M
s r=

−2 2 Ψ Ψ δΨsin . (21.52)

where.δΨ.is.the.torque.angle.between.rotor.and.stator.flux.vectors.
From.(21.52),.it.can.be.seen.that.the.torque.depends.on.the.stator.and.rotor.flux.magnitudes.as.well.

as.the.sine.of.angle.δΨ..The.two.torque.angles,.δ.and.δΨ,.are.shown.in.the.vector.diagram.of.Figure.21.17..
The.angle.δ.is.the.torque.angle.in.FOC.algorithms,.whereas.δΨ.is.used.in.DTC.techniques.

The.motor.voltage.Equation.21.1,.in.stator-fixed.coordinates,.ΩK.=.0,.and.for.the.omitted.stator.resis-
tance,.Rs.=.0,.reduces.to

.
d
dt
Ys = Us . (21.53)

Taking.into.consideration.the.output.voltage.of.the.inverter.in.the.above.equation,.the.stator.flux.vector.
can.be.expressed.as

.
Ys U= ∫ v

t

dt
0 .

(21.54)
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β

Ψs

Ψr

δΨδ

α

γss

γsr

FIGURE.21.17. Vector.diagram.of.induction.motor.in.stator-fixed.coordinates.α–β.
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where

.

Uv

dc
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v
=

=

=










−2
3

1 6

0 0 7

1 3( )

,

π …

.

(21.55)

Equation.21.55.describes.eight.voltage.vectors,.which.correspond.to.possible.inverter.states..These.vec-
tors.are.shown.in.Figure.21.18..There.are.six.active.vectors,.U1–U6,.and.two.zero.vectors,.U0.and.U7.

It.can.be.seen.from.(21.54),.that.the.stator.flux.vector.can.directly.be.adjusted.by.the.inverter.voltage.
vector.(21.55).

For.a.six-step.operation,.the.inverter.output.voltage.constitutes.a.cyclic.and.symmetric.sequence.
of. active. vectors,. so. that,. in. accordance. with. (21.54),. the. stator. f lux. moves. with. constant. speed.
along.a.hexagonal.path.(Figure.21.19b)..The.introduction.of.zero.vectors.stops.the.f lux,.but.does.not.
change.its.path..This.differs.from.the.sinusoidal.PWM.operation,.where.the.inverter.output.volt-
age.constitutes.a.suitable.sequence.of.two.active.and.zero.vectors.and.the.stator.f lux.moves.along.
a.track.resembling.a.circle.(Figure.21.20b)..A.magnified.part.of.the.f lux.vector.trajectory.is.shown.
in.Figure.21.21.

In.any.case,.the.rotor.flux.rotates.continuously.at.the.actual.synchronous.speed.along.a.near-circular.
path,.since.it.is.smoothed.by.the.rotor.circuit.filtering.action.

From.the.point.of.view.of.torque.production,.it.is.the.relative.motion.of.the.two.vectors.that.is.impor-
tant,.for.they.form.the.torque.angle.δΨ.(Figure.21.17).that.determines.the.instantaneous.motor.torque.
according.to.(21.52)..By.the.cyclic.switching.of.active.and.zero.vectors,.the.motor.torque.is.controlled..In.
the.field-weakening.region,.zero.vectors.cannot.be.employed..Torque.control.is.then.achieved.via.a.fast.
change.of.the.torque.angle,.δΨ,.by.advancing.(to.increase.the.torque).or.retarding.(to.reduce.it).the.phase.
of.the.stator.flux.vector.[6,12].

U3 (010)

U4 (011)

U5 (001) U6 (101)

U2 (110)

U0 (000) U1 (100)

U7 (111)

Im

Re

FIGURE.21.18. Inverter.output.voltage.represented.as.space.vectors.



Control	of	Converter-Fed	Induction	Motor	Drives	 21-25

21.7.2 Generic DtC Scheme

The.generic.DTC.scheme.consists.of.two.hysteresis.controllers.(Figure.21.22)..The.stator.flux.con-
troller.imposes.the.time.duration.of.the.active.voltage.vectors,.which.move.the.stator.flux.along.the.
commanded.trajectory,.and.the.torque.controller.determines.the.time.duration.of.the.zero.voltage.
vectors,.which.keep.the.motor.torque.in.the.defined-by-hysteresis.tolerance.band.

At.every.sampling.time,.the.voltage.vector.selection.block.chooses.the.inverter.switching.state.
(SA,.SB,.SC),.which.reduces.the.instantaneous.f lux.and.torque.errors..Compared.to.the.conventional.
FOC.scheme.(Figure.21.8b),.the.DTC.scheme.has.the.following.features:

•. Simple.structure.
•. There.are.no.current.control.loops;.hence,.the.current.is.not.regulated.directly.
•. Coordinate.transformation.is.not.required.
•. Speed.sensor.is.not.required.
•. There.is.no.separate.voltage.pulse.width.modulator.(PWM).
•. Stator.flux.vector.and.torque.estimation.are.required.
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FIGURE.21.19. IM.under.six-step.mode:.(a).voltage.and.stator.flux.waveforms.and.(b).stator.flux.path.
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Depending.on.how.the.switching.sectors.are.selected,.two.different.DTC.schemes.are.possible..One,.pro-
posed.by.Takahashi.and.Noguchi.[23],.operates.with.a.circular.stator.flux.vector.path,.and.the.second.
one,.proposed.by.Depenbrock.[6],.operates.with.a.hexagonal.stator.flux.vector.path.

21.7.3 Switching table-Based DtC: Circular Stator Flux Path

21.7.3.1 Basic Scheme

A.block.scheme.of.classical.DTC.(used.by.ABB.Company.[24]).is.presented.in.Figure.21.23.
The.stator.flux.magnitude,.Ψsc,.and.the.motor.torque,.Mc,.are.the.command.signals,.which.are.com-

pared.with.the.estimated.Ψ̂s.and.M̂e.values,.respectively..The.flux,.eΨ,.and.torque,.eM,.errors.are.delivered.
to.the.hysteresis.controllers..The.digitized.output.variables,.dΨ.and.dM,.and.the.stator.flux.vector.position.
sector,.N(γs),.obtained.from.the.angular.position.γss.=.arctg(Ψsβ	/Ψsα),.select.the.appropriate.voltage.vec-
tor.from.the.switching.table..Thus,.pulses.SA,.SB,.and.SC.are.generated.from.the.selection.table.to.control.
the.power.switches.in.the.inverter.
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The.output.signals.of.hysteresis.controllers,.dΨ.and.dM,.are.defined.as

. d e HΨ Ψ Ψ= >1 for . (21.56a)

. d e HΨ Ψ Ψ= < −0 for . (21.56b)

. d e HM M M= >1 for . (21.57a)

. d eM M= =0 0for . (21.57b)

. d e HM M M= − < −1 for . (21.57c)

where.2HΨ.and.2HM.are.flux-.and.torque-controller.tolerance.bands,.respectively.
In.the.classical.ST-DTC.(switching.table-based.DTC).method,.the.plane.is.divided.for.the.six.sectors,.

as.shown.in.Figure.21.24.
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FIGURE.21.21. Forming.of.the.stator.flux.trajectory.by.selection.of.appropriate.voltage.vectors.sequence.
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In.order.to.increase.the.magnitude.of.the.stator.flux.vector.lying.in.sector.1.(Figure.21.25),.the.voltage.
vectors.U1,.U2,.and.U6.can.be.selected..Conversely,.a.decrease.can.be.obtained.by.selecting.U3,.U4,.and.U5..
By.applying.one.of.the.zero.vectors,.U0.or.U7,.the.integration.in.Equation.21.54.is.stopped.and.stator.
flux.vector.also.stops.

For.torque.control,.the.torque.angle,.δΨ,.is.used.according.to.Equation.21.52..Therefore,.to.increase.
the.motor.torque,.the.voltage.vectors.U2,.U3,.and.U4.can.be.selected,.and.to.decrease.the.motor.torque,.
U1,.U5,.and.U6.can.be.selected.

The.above.considerations.allow.the.construction.of.the.selection.rules,.as.presented.in.Table.21.2.
The. typical. signal.waveforms. for. the. steady-state.operation.of. the.classical.ST-DTC.method.are.

shown.in.Figure.21.26..The.characteristic.features.of.the.ST-DTC.scheme.of.Figure.21.23.include.the.
following:

•. Nearly.sinusoidal.stator.flux.and.current.waveforms;.the.harmonic.content.is.determined.by.the.
flux-.and.torque-controller.hysteresis.bands,.HΨ.and.HM.

•. Excellent.torque.dynamics.
•. Flux.and.torque.hysteresis.bands.determine.the.inverter.switching.frequency,.which.varies.with.

the.synchronous.speed.and.load.conditions.

Ψs
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δΨ
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α

U3 U2

U6U5

U1U4

β

FIGURE.21.25. Selection.of.the.optimum.voltage.vectors.for.the.stator.flux.vector.located.in.sector.1.

TABLE.21.2. Optimum.Switching.Table.of.Classical.DTC

dΨ dM Sector.1 Sector.2 Sector.3 Sector.4 Sector.5 Sector.6

1 1 U2 U3 U4 U5 U6 U1

0 U7 U0 U7 U0 U7 U0

−1 U6 U1 U2 U3 U4 U5

0 1 U3 U4 U5 U6 U1 U2

0 U0 U7 U0 U7 U0 U7

−1 U5 U6 U1 U2 U3 U4
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21.7.3.2 Modified St-DtC

Many. modifications. of. the. basic. ST-DTC. scheme. aimed. at. improving. starting,. overload. conditions,.
very-low-speed.operation,.torque.ripple.reduction,.variable.switching.frequency.functioning,.and.noise-
level.attenuation.have.been.proposed.during.the.last.decade.

During.starting.and.very-low-speed.operation,.the.basic.ST-DTC.scheme.selects.many.times.the.zero.
voltage.vectors.resulting.in.flux-level.reduction,.owing.to.the.stator.resistance.drop..This.drawback.can.
be.avoided.by.using.either.a.dither.signal.or.a.modified.switching.table.[4,26].

Torque.ripple.reduction.can.be.achieved.by.a.subdivision.of.the.sampling.period.in.two.or.three.
[5].equal.time.intervals..This.creates.12.or.56.voltage.vectors,.respectively..The.increased.number.of.
available.voltage.vectors.allows.both.to.subdivide.the.hysteresis.of. torque.and.flux.controllers. into.
more.levels.and.to.create.a.more.accurate.switching.table.that.takes.into.account.also.the.speed value.

In.order.to.increase.the.torque.overload.capability.of.an.ST-DTC.scheme,.the.rotor.flux.instead.of.the.
stator.flux.magnitude.should.be.regulated..For.given.commands.of.the.rotor.flux.(Ψrc).and.the.torque.
(mc),.the.stator.flux.command.needed.by.an.ST-DTC.scheme.can.be.calculated.as

.
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(21.58)

However,. the. price. for. better.overload. capabilities. is. a. higher.parameter. sensitivity. of. the. rotor. flux.
magnitude.control.

21.7.4 Direct Self-Control: Hexagonal Stator Flux Path

21.7.4.1 Basic Direct Self-Control Scheme

The.block.diagram.of.the.DSC.(direct.self-control).method.is.shown.in.Figure.21.27..Based.on.the.com-
mand.stator.flux,.Ψsc,.and.the.actual.phase.components,.ΨsA,.ΨsB,.and.ΨsC,.the.flux.comparators.generate.
digital.variables,.dA,.dB,.and.dC,.which.correspond.to.active.voltage.vectors.(U1–U6).

The.hysteresis.torque.controller.generates.signal.dm,.which.determines.zero.states..For.the.constant.
flux.region,.the.control.algorithm.is.as.follows:

. S d S d S d dA C B A C B m= = = =, , for 1 . (21.59a)

. S S S dA B C m= = = =0 0 0 0, , for . (21.59b)

Typical.signal.waveforms.for.the.steady-state.operation.of.the.DSC.method.are.shown.in.Figure.21.28..
It.can.be.seen.that.the.flux.trajectory.is.identical.with.that.for.the.six-step.mode.(Figure.21.19)..This.fol-
lows.from.the.fact.that.the.zero.voltage.vectors.stop.the.flux.vector,.but.do.not.affect.its.trajectory..The.
dynamic.performances.of.torque.control.for.the.DSC.are.similar.as.those.for.the.ST-DTC.

The.characteristic.features.of.the.DSC.scheme.of.Figure.21.27.are.as.follows:

•. Non-sinusoidal.stator.flux.and.current.waveforms.that,.with.the.exception.of.the.harmonics,.are.
identical.for.both.PWM.and.the.six-step.operation.

•. The.stator.flux.vector.moves.along.a.hexagonal.path.also.under.the.PWM.operation.
•. No.voltage.supply.reserve.is.necessary.and.the.inverter.capability.is.fully.utilized.
•. The.inverter.switching.frequency.is.lower.than.in.the.ST-DTC.scheme.of.Figure.21.23a,.because.PWM.

is.not.of.sinusoidal.type.as.it.turns.out.by.comparing.the.voltage.patterns.in.Figures.21.26b.and.21.28b.
•. Excellent.torque.dynamics.in.constant.and.weakening.field.regions.
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Low.switching. frequency.and. fast. torque.control.even. in. the.field-weakening.region.are. the.main.
reasons.why.the.DSC.scheme.is.convenient.for.high-power.traction.drives.

21.7.4.2 Indirect Self-Control

To.improve.the.DSC.performance.in.a.low-speed.region,.the.method.called.indirect.self-control.(ISC).
has.been.proposed.[9]..In.the.first.stage.of.development,.this.method.was.used.in.DSC.drives.only.for.
starting.and.for.operation.up.to.20%–30%.of.the.rated.speed..Later,.it.was.expanded.as.a.new.control.
strategy.offered.for.inverters.operated.at.high.switching.frequencies.(>2.kHz)..The.ISC.scheme,.however,.
produces.a.circular.stator.flux.path.in.association.with.a.voltage.PWM.and,.therefore,.belongs.to.DTC-
SVM.schemes.presented.in.Section.21.8.3.

21.8 DtC with Space Vector Modulation

21.8.1 Critical Evaluation of Hysteresis-Based DtC Schemes

The.disadvantages.of.the.hysteresis-based.DTC.schemes.are.variable.switching.frequency,.violence.of.
polarity.consistency.rules. (avoidance.±1.switching.over.DC. link.voltage),.current.and. torque.distor-
tion.caused.by. sector.changes,. starting.and. low-speed.operation.problems,. as.well. as.high. sampling.
frequency.needed.for.the.digital.implementation.of.hysteresis.controllers.

When.a.hysteresis.controller.is.implemented.in.a.digital.signal.processor.(DSP),.its.operation.is.quite.
different.from.that.of.the.analog.scheme..Figure.21.29.illustrates.a.typical.switching.sequence.in.(a) ana-
log.and.(b).discrete. (also.called.sampled.hysteresis). implementations.. In. the.analog. implementation,.
the.torque.ripple.is.kept.exactly.within.the.hysteresis.band.and.the.switching.instants.are.not.equally.
spaced..In.contrast,.the.discrete.system.operates.at.a.fixed.sampling.time,.Ts,.and.if

.
2H d

dt
Tm

m
s>> ⋅max

.
(21.60)

Torque
controller

Flux
comparators

Ψsc
dA

dB

dC

Us
Is

Motor

Mec

Ψsαˆ
ΨsB
ˆ
ΨsA
ˆ Ψsβˆ

Udc

Flux and
torque

estimator

Voltage
calculator

FIGURE.21.27. Block.diagram.of.direct.self.control.(DSC).method.
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the.discrete.controller.operates.like.the.analog.one..However,.it.requires.fast.sampling..For.lower.sam-
pling.frequency,.the.switching.instants.do.not.occur.when.the.estimated.torque.crosses.the.hysteresis.
band,.but.at.the.sampling.time.(see.Figure.21.29b).

All.the.above.difficulties.can.be.eliminated.when,.instead.of.the.switching.table,.a.voltage.PWM.is.
used..Basically,.the.DTC.strategies.operating.at.constant.switching.frequency.can.be.implemented.
by.means.of.closed-loop.schemes.with.PI,.predictive/deadbeat,.or.neuro-fuzzy.controllers..The.con-
trollers.calculate. the.required.stator.voltage.vector,.averaged.over.a.sampling.period..The.voltage.
vector. is. finally. synthesized. by. a. PWM. technique,. which,. in. most. cases,. is. the. SVM.. So,. differ-
ently.from.the.conventional.DTC,.where.hysteresis.controllers.operate.on.instantaneous.values,.in.
a.DTC-SVM.scheme,.the. linear.controllers.operate.on.values.averaged.over.the.sampling.period..
Therefore,.the.sampling.frequency.can.be.reduced.from.about.40.kHz.in.ST-DTC.to.2–5.kHz.in.the.
DTC-SVM.scheme.

21.8.2 DtC-SVM Scheme with Closed-Loop torque Control

A.block.scheme.of.DTC-SVM.with.closed-loop.torque.control.is.presented.in.Figure.21.30.
For.torque.regulation,.a.PI.controller.is.applied..The.output.of.this.PI.controller.produces.an.increment.

in.the.torque.angle,.ΔδΨ.(Figure.21.31)..Assuming.that.rotor.and.flux.magnitudes.are.approximately.equal,.
the.torque.is.controlled.only.by.changing.the.torque.angle,.δΨ.
The.reference.stator.flux.vector.is.calculated.as.follows:

. Ysc = +( )Ψ γ ∆ Ψ
sc

je ssˆ δ
. (21.61)

Next,.the.reference.stator.flux.vector.is.compared.with.the.estimated.value.and.the.stator.flux.vector.
error,.ΔΨs,.is.used.for.the.command.voltage.vector.calculation:

.
U Isc

s
s= +DY

T
R

s
s

.
(21.62)

where
Ts.is.the.sampling.time
Rs.is.the.stator.resistance

Mc

Mc – Hm

Mc + Hm

t1 t2 t3(a)
Ts Ts Ts

S/H

(b)

FIGURE.21.29. Operating.principle.of.the.torque.hysteresis.controller..(a).Analog.and.(b).digital.
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The.presented.method.has.a.very.simple.structure.and.only.one.PI.torque.controller..It.makes.the.
tuning.procedure.easier..Also,.it.is.universal.and.can.be.applied.for.the.control.of.permanent.magnet.
synchronous.motors.(PMSMs).[27].

21.8.3 DtC-SVM Scheme with Closed-Loop torque and Flux Control

A.block.scheme.of.DTC-SVM.with.closed-loop.torque.and.flux.control.operating.in.Cartesian.stator.
flux.coordinates.[1,4].is.presented.in.Figure.21.32..The.output.of.the.PI.flux.and.torque.controllers.is.
interpreted.as.the.reference.stator.voltage.components,.Usdc.and.Usqc,.in.S-FOC.(d.−.q).

These.DC.voltage.commands.are.then.transformed.into.stationary.coordinates.(α.−.β),.and.the.com-
manded.values,.Usαc.and.Usβc,.are.delivered.to.the.SVM.block..Note.that.because.the.commanded.voltage.
vector.is.generated.by.flux.and.torque.controllers,.the.scheme.of.Figure.21.32.is.less.sensitive.to.noisy.
feedback.signals.as.the.scheme.of.Figure.21.30,.where.the.commanded.voltage.is.calculated.by.flux.error.
differentiation.(21.62)..Typical.waveforms.during.speed.reversal.in.constant.and.weakened.flux.regions.
are.shown.in.Figure.21.33.
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FIGURE.21.31. Vector.diagram.for.control.scheme.of.Figure.21.30.
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21.9 Summary and Conclusions

Today,.a.number.of.different.control.schemes.for.accurate.flux.and.torque.control.of.the.IM.are.devel-
oped..This.chapter.has.reviewed.the.basic.control.strategies.for.low.and.medium.power.drives.of.PWM.
inverter–fed.IMs..Starting.from.the.space.vector.description.of.the.IM,.the.control.strategies.are.gener-
ally.divided.into.scalar.and.vector.methods.

•. Scalar. control. is.based.on. the. IM.equations.at. steady-state.operating.points. and. is. typically.
implemented.in.open-loop.schemes.keeping.constant.V/Hz..However,.such.a.scheme.applied.
to.a.multivariable,.coupled.system.like.the.IM.cannot.perform.decoupling.between.inputs.and.
outputs,.resulting.in.problems.of.independent.control.of.outputs,.for.example,.torque.and.flux.

•. To. achieve. decoupling. in. high-performance. IM. drives,. vector. control,. also. known. as. field-
oriented.control.as.well.as.direct.torque.control,.has.been.developed..The.FOC.and.DTC.are.
now.de.facto.standard,.in.highly.dynamic.IM.industrial.drives.
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•. The.R-FOC.is.easily.implemented.in.combination.with.a.current-controlled.PWM.inverter.
•. For. a. good. low-speed. operation. performance,. indirect. R-FOC. with. a. speed/position. sensor. is.

recommended..This.scheme,.however,.is.sensitive.to.changes.of.the.rotor.time.constant,.which.has.
to.be.adapted.online.

•. DTC.has.a.very.fast.torque.response,.a.very.simple.structure,.does.not.require.a.shaft.motion.sen-
sor,.and.is.less.sensitive.to.IM.parameter.changes.as.in.FOC.

•. For.a.speed-sensorless.operation,.the.DTC.or.the.direct.R-FOC.scheme.can.be.advised.
•. To.reduce.torque.ripple.and.fix.the.inverter.switching.frequency,.the.SVM.has.been.introduced.

into.the.DTC.structure,.resulting.in.a.new.scheme.known.as.DTC-SVM..Basically,.this.is.S-FOC.
without.current.control.loops..However,.the.DTC-SVM.scheme.combines.advantages.and.elimi-
nates.disadvantages.of.classical.DTC.and.FOC.schemes..Therefore,.it.is.an.excellent.solution.for.
general-purpose.IM.(also.PMSM).drives.

An.overview.of.basic.parameters.and.application.areas.of.discussed.control.strategies.is.presented.in.
Table.21.3..It.can.be.concluded.that.the.group.of.high-performance.control.methods.achieves.similar.
parameters.and.areas.of.applications.. In.FOC.and.DTC-SVM.schemes,. the.control.action. is.usually.
synchronized.with.PWM.generation.and.is.executed.with.the.sampling.time.equal.to.the.switching.time.
ranging.from.50.to.500.μs..The.typical.torque.rise.time.is.about.4–6.times.that.of.the.sampling.time.and.
is.limited.by.the.switching.frequency.

The.current.trend.in.the.control.of.the.IM.is.to.incorporate.such.techniques.like.model.predictive.
control.(MPC).[14].and.neuro-fuzzy.schemes.to.achieve.robustness.to.parameter.variations.and.increase.
functionality,.self-commissioning,.and.fault-monitoring.abilities.

TABLE.21.3. Overview.of.Main.IM.Control.Strategies.in.Low.and.Medium.Power

Parameters.
Control.
Strategy

Speed.Control.
Range

Static.
Speed.

Accuracy
Torque.

Rise.Time
Starting.
Torque Cost Typical.Applications

1 Scalar.Control.
(Constant.
V/Hz)

1:10.(open.loop) 5%–10% Not.
available

Low Very.low Low.performance:.
pumps,.fans,.
compressors,.
HVAC, etc.

2 Scalar.control.
with.slip.
compensation

1:25.(open.loop) 2% Not.
available

Medium Low Low.performance:.
conveyors,.
mixers, etc.

3 Natural.field.
orientation.
(NFO)

1:50.(open.loop) 1% >10.ms High Medium Medium.
performance:.
packing,.crane,.etc.

4 Field.oriented.
control.(FOC)

>1:200.
(closed loop)

0% <1–2.ms High High High.performance:.
crane,.lifts,.
transportation,.etc.

5 Direct.torque.
control.
(DTC)

>1:200.
(closed loop)

0% <1–2.ms High High High.performance:.
crane,.lifts,.
transportation,.etc.

6 DTC.with.
space.vector.
modulation.
(DTC-SVM)

>1:200.
(closed loop)

0% <1–2.ms High High High.performance:.
crane,.lifts,.
transportation,.etc.

7 Servo.drives 1:10,000.
(closed loop)

0% <1.ms High High High.performance,.
speed.rise.time.
<10.ms:.robots,.
manipulators,.ind..
automation,.etc.
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22.1 Introduction

A.slip-ring.induction.machine.with.stator.windings.connected.to.the.power.system.directly.and.rotor.
windings.connected.through.the.power.converter.is.called.double-fed.machine.(DFM)..If.the.converter.
enables.a.bidirectional.power.flow,.a.DFM.will.become.a.universal.electromechanical.converter..Such.a.
machine.can.work.as.a.motor.and.as.a.generator.in.both.above.and.below.the.synchronous.speed..The.
speed.range.depends.on.the.converter.and.machine.rotor.winding.ratings..Usually.the.speed.range.is.
limited.(about.1:2)..This.limit.causes.that.DFM.is.not.often.used.as.a.motor..The.machine.is.mainly.used.
as.a.variable-speed.generator.

Synchronous. machine. operating. as. a. constant-speed. generator. is. the. main. source. of. the. electric.
power.. In.some.applications,. the.need.of.optimal.conversion.of.mechanical. to.electrical.power. leads.
to.a.variable-speed.generator.with.power.converters.and.sophisticated.control.systems..Nowadays,.the.
variable.speed.generation.technologies.are.often.used,.e.g.,.in.wind.power.plants,.in.distributed.power.
generation.systems.with.high-speed.gas.turbines,.in.UPS.with.flywheel,.and.in.shipboard.shaft.genera-
tors..The.main.reasons. for.variable.speed.generation.are.more.efficient.energy.conversion.and.better.
prime.mover.energy.extraction.
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Variable-speed.generators.can.operate.in.different.power.systems:

. 1.. Autonomous.power.system.with.only.one.source.of.the.electric.power

. 2.. Small.power.systems.with.flexible.voltage.and.frequency.(with.two.or.more.generators.of.the.rated.
power.similar.values)

. 3.. Large.power.systems.with.constant.grid.voltage.and.frequency

In. each. system,. the. requirements. for. the. generator. control. system. are. different.. In. the. autonomous.
power. system,. the. generator. works. individually. and. controls. the. grid. voltage. and. frequency.. The.
machine.is.a.source.of.the.active.and.reactive.powers.required.by.the.load..In.the.flexible.power.systems,.
the.generator.influences.the.system.voltage.and.frequency.and.vice.versa..Stable.and.correct.work.of.the.
variable-speed.generator.with,.e.g.,.synchronous.generator.of.the.similar.power,.is.required..In.the.large.
power.systems,.the.grid.voltage.and.frequency.are.forced.by.the.power.system..Nowadays.in.most.of.
the.applications,.the.variable-speed.generator.is.connected.to.the.grid.and.works.only.as.a.source.of.the.
power..It.does.not.take.part.in.the.direct.voltage.and.frequency.control.

The.DFM.is.a.good.solution.for.variable.speed.generation.with.limited.speed.range..The.main.advan-
tage.of.the.DFM,.comparing.to.the.synchronous.and.the.induction.machine,.is.the.limited.size.of.the.
converter..It.depends.on.the.machine.slip;.and.because.the.DFM.can.work.as.a.generator.in.both.sub-
synchronous.and.oversynchronous.area,.the.power.of.the.converter.usually.does.not.exceed.25%–30%.
rating,.while.the.speed.range.is.1:2..To.provide.machine.operation.below.and.above.the.synchronous.
speed,.a.four-quadrant.converter.in.the.rotor.is.required.(often.a.bidirectional.voltage-source.inverter.
(VSI).with.dc.link),.shown.in.Figure.22.1.

The.machine.is.controlled.from.the.rotor.side..The.main.task.of.the.control.system.is.the.mechanical.
power.conversion.and.transmission.to.the.grid.with.required.power.factor..There.are.two.VSIs.in.the.
rotor.circuit.called.the.machine-side.inverter.and.the.grid-side.inverter..The.machine-side.inverter.is.
responsible.for.the.machine.state.control.and.the.grid-side.inverter.is.responsible.for.the.dc-link.voltage.
control..The.DFM.working.as.a.generator.parallel.to.the.grid.is.a.controlled.source.of.active.and.reactive.
power..High.power.quality.requires.independent.control.of.both.powers..A.shaft.sensorless.operation.
is.desirable.

22.2 Machine Model

Differential.equations.of.a.DFM.obtained.from.the.space.vector.theory.are.as.follows:

.
u is s s

s
x s

d
d

= + +R jy y
τ

ω ,
.

(22.1)

.
u ir r r

r
x r r

d
d

= + + −R jy y
τ

ω ω( ) ,
.

(22.2)

DFM
IsαβS

IrαβR igαβS

Lg Cf

Grid

ωr = var.

FIGURE.22.1. Scheme.of.the.DFM.
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where
ψs,.ψr.are.the.stator.and.rotor.flux.vectors
is,.ir.are.the.stator.and.rotor.current.vectors
us,.ur.are.the.stator.and.rotor.voltage.vectors
Rs,.Rr.are.the.stator.and.rotor.resistances
m0.is.the.load.torque
J.is.the.moment.of.inertia
ωr.is.the.rotor.angular.velocity
ωx.is.the.angular.velocity.of.the.frame.of.references
τ.is.the.relative.time

All.variables.are.expressed.in.p.u..system.
The.space.vectors.may.be.expressed.in.different.coordinates..The.angular.position.of.the.coordinates.

rotating.with.the.angular.speed.ωx.is.defined.by.the.angle.θ.as.shown.in.Figure.22.2..In.the.rotating.
coordinates.vectors.are.expressed.as.follows:

. u u e i i e esxy s sxy s sxy s= = =αβ
θ

αβ
θ

αβ
θj j j, , ,y y . (22.4)

where
index.xy.denotes.vector.in.the.coordinates.rotating.with.an.arbitrary.chosen.angular.velocity
index.αβ.denotes.unmoving.coordinates

For.example,. the.Equation.22.1. in.the.coordinates.αβ.unmoving.in.respect.to.the.stator.takes.the.
following.form.(ωx.=.0.in.(Equation.22.1)):
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FIGURE.22.2. Vectors.in.different.coordinate.systems.
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Four.variables.ψs,.ψr,.is,.ir.appear.in.Equations.22.1.through.22.3..The.dependences.for.stator.and.
rotor.fluxes.make.it.possible.to.eliminate.two.variables.from.Equations.22.1.through.22.3:

. y s s rL L= +s mi i , . (22.6)

. y r m s r r= +L Li i , . (22.7)

where.Ls,.Lr,.Lm.are.stator,.rotor,.and.magnetizing.inductances,.respectively.
The.Equations.22.6.and.22.7.result.from.arrows.shown.in.Figure.22.3,.where.the.notation.for.complex.

numbers.is.used..According.to.this.notation,.the.active.power.coming.to.the.stator.or.rotor.is.positive..
If.the.DFM.generates.the.active.power.this.has.a.negative.value.

If.the.stator.flux.and.rotor.current.vectors.are.chosen.as.state.variables,.equations.for.vector.compo-
nents.in.the.coordinate.system.rotating.with.speed.ωx,.take.the.following.form:
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where
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. W L L Lδ = −s r m
2 . . (22.14)
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FIGURE.22.3. Equivalent.circuit.of.the.DFM.
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The.considered.machine.is.used.as.a.generator.connected.to.the.grid..The.instantaneous.active.and.
reactive.powers.of.the.stator.windings.are.defined.as.follows:

. p = +u i u isx sx sy sy , . (22.15)

. q = − +u i u isx sy sy sx . . (22.16)

The.Equations.22.8.through.22.12.and.22.15,.22.16.form.a.mathematical.model.of.the.DFM.in.the.coor-
dinates.rotating.with.the.angular.velocity.ωx.

The.above.equations.are.very.convenient.for.simulations.because.all.variables.are.defined.in.the.same.
coordinate.system..In.the.real.DFM,.the.rotor.variables.are.defined.and.measured.in.the.frame.of.refer-
ences.tied.to.the.rotor,.and.the.stator.variables.are.defined.and.measured.in.the.frame.of.references.tied.
to.the.stator..The.transformation.from.stator.to.rotor.coordinates.is.defined.as

. i i ixR xS RS yS RS= +cos sin ,ϕ ϕ . (22.17)

. i i iyR xS RS yS RS= − +sin cos ,ϕ ϕ . (22.18)

where.φRS.is.the.angle.between.the.rotor.(R).and.the.stator.(S).coordinates..The.variables.measured.in.the.
rotor.are.transformed.to.the.frame.of.references.tied.to.the.stator.in.the.similar.way.

22.3 Properties of the DFM

To.analyze.the.machine.properties.the.coordinate.system.should.be.selected..For.the.frame.of.references.
connected.with.the.stator.voltage.vector

. us sx sy sxu u u= + =j , . (22.19)

taking.into.account.(from.(22.6))
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and.in.the.steady.state,.with.additional.assumption.that.Rs.=.0,.the.following.simplified.expressions.for.
the.active.and.reactive.powers.are.obtained:

.
p L

L
= − m

s
sx rxu i ,

.
(22.21)
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(22.22)

where.ωs.is.angular.speed.of.the.stator.voltage.vector.
The. stator. active. and. reactive. powers. depend. on. the. rotor. current. vector. components. irx. and. iry,.

respectively..From.the.above.equations,.results.that.decoupled.control.of.p.and.q.power.is.possible.only.
in.steady.state..To.control.the.currents.(power).in.the.stator.windings,.currents.in.the.machine.rotor.
windings.are.forced..Rotor.current.vector.is.rotating.in.relation.to.the.stator.with.the.speed.equal.to.the.
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sum.of.the.rotor.speed.ωr.and.its.own.speed.ωir..The.position.of.the.stator.current.vector.is.therefore.
defined.by.the.position.of.the.rotor.current.vector..Stable.machine.operation.requires.a.constant.angle.
between.the.stator.current.and.the.voltage.vector.or.synchronization.of.both.vectors..The.condition.of.
stable.machine.operation.in.steady.state.is

. ω ω ωr ir s+ = . (22.23)

where.ωs.is.the.stator.voltage.vector.rotational.speed.
The.best.understanding.of.DFM.properties. takes.place. if. the.rotor.current.vector.components.are.

assumed. as. input. variables.. This. is. physically. possible. if. the. DFM. is. supplied. from. the. current-
controlled.VSI..With.assumption.that.rotor.current.vector.components.irx,.iry.are.forced.by.the.control.
system,.equations.for.the.rotor.circuit.dynamics.(22.10).and.(22.11).can.be.omitted.for.analysis.purposes..
The.machine.is.now.described.by.the.following.equations.resulting.from.(22.8).and.(22.9):
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(22.25)

On.the.basis.of.Equations.22.24.and.22.25.the.simplified.model.of.the.DFM.can.be.constructed,.
where.rotor.current.vector.components.irx,.iry.are.the.inputs;.the.p,.q.powers.are.the.outputs;.and.the.grid.
voltage.is.uncontrolled.input.(Figure.22.4).

If.the.input.variables.irx,.iry.change.fast.(see.Figure.22.5),.the.system.(22.24).and.(22.25).answers.with.
oscillations.damped.with.time.constant.equal.to

.
T

R
L

s
s

s
= .

.
(22.26)

The.oscillation.frequency.is.determined,.as.can.be.seen.from.(22.24).and.(22.25),.by.ωs.and.can.be.
observed.on.the.amplitude.of. the.stator.flux.vector.and.the.angle.between.the.stator.flux.vector.and.
the.stator.voltage.vector..These.oscillations.are.the.inner.property.of.the.DFM..Similar.transients.are.
observed.in.both.simulated.and.real.systems;.especially.for.very.fast.systems.
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FIGURE.22.4. Model.of.a.current-regulated.DFM.in.the.voltage-oriented.frame.of.references.
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Oscillations.appear,.as.mentioned.before,.in.the.uncontrolled.part.of.the.machine.and.result.from.the.
direct.connection.of.the.stator.to.the.grid..The.machine.control.system.cannot.be.adjusted.to.be.very.
fast.without.damping.the.inner.oscillations..The.amplitude.of.oscillations.is.small.and.in.many.control.
systems.it. is. impossible. to.observe. them..Anyway,. the.existence.of. the.stator.flux.oscillations. is.very.
disadvantageous.if.the.decoupled.and.sensorless.control.is.considered.

22.4 Steady-State Machine Operation

Steady. state. is. investigated. with. the. assumption. that. only. the. fundamental. harmonic. is. taken. into.
account..DFM.steady-state.equations.can.be.obtained. from.Equations.22.8. through.22.11. in. the.ref-
erence. frame.connected.with. stator.voltage.vector.. In. these.coordinates.vectors.are. stationary..After.
transformations,

. E = +j Lωs m s r( )I I . (22.27)

. U I I I Is s s s s s s m s r= + + +R j L j Lω ωσ ( ), . (22.28)

. U I I I Ir r r s r r s m s r= + + +R js L js Lω ωσ ( ), . (22.29)

where.capital.letter.denotes.steady-state.values,.s.denotes.the.slip.s.=.(ωs.−.ωr)/ωs..The.equivalent.circuit.
is.presented.in.Figure.22.3.

DFM.can.operate

. 1.. Below.synchronous.speed:.ωr.<.ωs,.0.<.s.<.1

. 2.. Above.synchronous.speed:.ωr.>.ωs,.s.<.0

. 3.. With.synchronous.speed:.ωr.=.ωs,.s.=.0

. 4.. With.the.slip.s.>.1,.where.the.direction.of.the.rotor.speed.is.opposite.to.the.stator.flux.vector.speed.
direction

If.Ps,.Pr,.Pm,.and.ΔP.denote.the.stator,.the.rotor,.the.mechanical.power.and.the.power.losses,.the.power.
balance.equations.are

. P P P P,s r m+ = + ∆ . (22.30)
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FIGURE.22.5. Transients.in.the.system.from.Figure.22.4.after.step.change.of.the.rotor.current.vector.component.
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. P sPr s= − . . (22.31)

In.Figure.22.6.simplified.power.flow.diagrams.are.presented.during

•. Generator.operation.below.the.synchronous.speed:.the.mechanical.power.taken.from.the.shaft.
(Pm.<.0).and.the.electrical.power.(Pr.>.0).taken.from.the.rotor.windings.are.transmitted.to.the.grid.
through.the.stator.windings.(Ps.<.0).

•. Generator.operation.above.the.synchronous.speed:.the.mechanical.power.taken.from.the.shaft.
(Pm.<.0).is.transmitted.to.the.power.system.through.both.stator.and.rotor.windings.(Ps.<.0,.Pr.<.0)..
In.this.case,.delivered.power.can.exceed.the.stator.nominal.power.

In.Figure.22.7,.vector.diagrams.of.the.DFM.during.selected.generator.states.are.presented..If.DFM.
works.as.a.generator.connected.to.the.grid,.the.machine.stator.voltage.is.constant.and.the.main.flux.
Ψm.=.LmIm.is.almost.constant.too..In.steady.state,.the.dependence.between.stator.and.rotor.current.
vector.magnitude.is.as.follows:

. I I Im s r const= + = ., . (22.32)

where.Im.is.the.magnetizing.current..In.Figure.22.8,.the.locus.of.stator.and.rotor.currents.for.different.
stator.power.factor.are.shown..The.motor.and.generator.mode.are.marked..It.is.visible.that.the.machine.
may.operate.as.a.motor.and.generator.with.different.stator.power.coefficients..It.depends.on.the.rotor.
current.vector.phase.with.respect.to.the.stator.voltage.or.flux.vector..The.machine.may.be.excited.from.
the.stator.or/and.rotor.side..It.means.that,.for.a.defined.stator.active.power,.the.active.component.of.the.
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FIGURE.22.7. Vector.diagram.of.the.DFM.with.(a).s.>.0,.P.<.0,.Q.>.0.and.(b).s.<.0,.P.<.0,.Q.<.0.
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FIGURE.22.6. Power.flow.diagram.(a).below.synchronous.speed,.s.>.0.and.(b).above.synchronous.speed.s.<.0.
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stator.current.is.also.defined,.but.the.reactive.component.depends.on.control.rules.and.requirements.
about.stator.power.coefficient..For.example,.if.stator.cos.φ.=.1.is.required,.the.stator.current.reactive.
component.is.equal.to.zero.and.the.rotor.current.vector.is.defined.by.point.B..The.point.with.minimal.
copper.losses.is.between.B.and.C,.and.depends.on.stator.and.rotor.resistances.

The.same.value.of.the.active.power.can.be.delivered.with.different.power.factors.and.different.values.
of.reactive.power..There.are.limitations.in.the.reactive.power.production.by.the.DFM..The.rated.value.
of.the.rotor.current.amplitude.limits.the.range.of.the.φ.angle.between.the.stator.voltage.and.the.stator.
current.that.can.be.reached..Finally,.the.possibility.of.reactive.power.production.depends.on.the.actual.
active.power.production..Enhancement.of.the.reactive.power.production.(or.power.factor).value.brings.
about.undesirable.effects:.increase.of.the.machine.rotor.current.and.converter.ratings.

22.5 Control rules and Decoupled Control

Different.schemes.of.control.systems.for.the.DFM.were.proposed.[BK02,QDL05,MDD02,BDO06,P05,
ESPF05]..Presented.stable.systems.are.based.on.forcing.the.currents.in.the.rotor.windings..To.design.the.
structure.of.the.control.system.the.space.vector.theory.is.used.

The.main.task.of.the.control.system.is.stable,.independent.control.of.the.machine.active.and.reac-
tive.power..From.(22.21),.(22.22).results.that.power.depends.on.the.rotor.current.vector.components..
Synthesis.of.the.control.system.needs.a.choice.of.the.reference.frame..In.each.system,.a.structure.of.the.
control.system.and.machine.dynamic.performances.may.be.different.

Variables.used.in.the.control.system.are.measured.on.the.machine.stator.and.rotor.side,.but.the.con-
trol.is.applied.on.the.rotor.side.only..The.rotor.angular.position.is.used.to.transform.the.variables.from.
one.to.another.frame.of.references.and.vice.versa.(22.17),.(22.18)..The.control.system.has.to.be.equipped.
with.rotor.position.sensor.or.algorithm.of.the.rotor.angle.estimation..Sensorless.system.is.preferred.

The.simplest.way.to.force.the.currents.in.the.rotor.windings.is.through.a.hysteresis.current.controller.
applied.to.the.VSI..But.in.such.a.case,.the.switching.frequency.of.the.VSI.is.not.constant..Requirements.
for.the.energy.quality.can.be.fulfilled.if.the.switching.frequency.is.constant..A.predictive.current.con-
troller.or.standard.proportional-integral.(PI).controllers.for.the.current.vector.components.and.a.volt-
age.pulse-width.modulation.(PWM).algorithm.for.the.inverter.can.be.used.instead..From.Equations.
22.10.and.22.11.results.that.decoupling.network.is.required.(described.in.Section.22.5.3).

Because.the.system.is.nonlinear,.multidimensional,.and.inclined.to.oscillations,.some.kind.of.decou-
pling.is.necessary.and.some.kind.of.damping.structure.is.suggested.[KS01].
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FIGURE.22.8. Locus.of.the.stator.and.rotor.current.vectors.and.limitations.
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22.5.1 Decoupling Based on MM Machine Model

Most.of. the.known.up. to.now.DFM.control. systems.are.based.on. the.vector.model.of. the.machine..
Simplifications.are.assumed.for.the.control.system.design..The.DFM.is.strongly.nonlinear,.and.for.pre-
cise. control. a. decoupling. is. necessary.. Because. modern. signal. processors. (DSP). give. possibilities. to.
implement.sophisticated.control.algorithms,.new.control.methods.based.on.nonlinear.control..theory.
are. applied. [GK05,G07,QDL05].. In. the. chapter. 27,. Modern Nonlinear Control,. a. new. model. of. the.
.induction.machine,.called.the.“multiscalar.model”.(MM),.applied.in.[K90].for.the.DFM,.is.presented..
The.following.state.variables.are.defined.to.obtain.the.MM.model:

. z z z zr11 12 21
2

22= = − = = +ω ψ ψ ψ ψ ψ, , , .sx ry sy rx s sx rx sy ryi i i i . (22.33)

The.variables.z12.and.z22.are.the.scalar.and.vector.products.of.the.stator.flux.vector.and.the.rotor.current.
vector..The.variables.defined.by.(22.33).do.not.depend.on.the.frame.of.references.

Application.of.new.z.=	[z11,.z12,.z21,.z22]T.variables.to.the.machine.model.(22.8).through.(22.12).and.a.
nonlinear.feedback.of.the.form
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where

.

u u u u u u u u i u i

u

r ry sx rx sy sf sy sx sx sy si sx ry sy rx

r

1 1 1

2

= − = − = −ψ ψ ψ ψ, ,

== + = + = +u u u u u u u i u irx sx ry sy sf sx sx sy sy si sx rx sy ryψ ψ ψ ψ, ,2 2 .
(22.36)

transforms.the.DFM.model.into.two.linear,.independent.subsystems.(Figure.22.9):

•. Mechanical.subsystem

.
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(22.37)
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FIGURE.22.9. Model.of.the.DFM.after.nonlinear.decoupling.
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•. Electromagnetic.subsystem
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(22.39)
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(22.40)

. where
m1,.m2.are.new.inputs
usf2.is.the.distortion
Tv.=.Wδ/(LsRr.+.RsLr).is.time.constant

Equations.22.37.through.22.40.describe.a.model.of.the.DFM.based.on.new.variables.together.with.
nonlinear.feedback..The.input.m1.controls.the.machine.torque.z12.and.the.input.m2.controls.the.variable.z22..
From.the.m1.and.m2.point.of.view,.the.system.is.linear.and.decoupled..However,.in.the.electromagnetic.
subsystem.(22.39),.a.disturbance.usf2

. u u usf sx sx sy sy2 = +ψ ψ . (22.41)

appears.. The. influence. of. this. disturbance. is. mainly. visible. during. transients. and. causes. the. weak.
damped.oscillations.of.the.machine.stator.flux.

The.expressions.for.instantaneous.active.p.and.reactive.q.powers.of.the.stator.windings.in.steady.state.
(for.new.z.variables).take.the.form

.
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s
s= − = −ω ω ω12 21 22, .

.
(22.42)

This.means.that.the.active.power.depends.mainly.on.the.variable.z12.and.the.reactive.power.depends.on.
the.variable.z22..During.a.transient.the.expressions.(22.42).are.more.complicated.

22.5.2 Decoupling Based on Vector Model

The.machine.equation.(22.2).described.in.the.frame.of.references.connected.with.the.stator.voltage.
vector.takes.the.form

.

d
d

R j L j Lr
r r s r r s r r

y
τ

ω ω ω ω= − − − − − +i i i ur( ) ( ) .m s
.

(22.43)

Decoupling.feedback.may.be.calculated.assuming.desired.differential.equations.for.the.rotor.flux.vector.
components.[BDO06]..Canceling.first.three.terms.in.this.equation.by.feedback.of.the.form

. u L i L i R i vrx m sy s r r ry s r r rx x= − −( ) − −( ) + +ω ω ω ω , . (22.44)

. u L i L i R i vry m sx s r r rx s r r ry y= −( ) + −( ) + +ω ω ω ω , . (22.45)

the.rotor.equations.are.transformed.into
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where.vx,.vy.are.the.control.variables.that.are.defined.by.PI.action:

.
v k k dx P y I y= + ∫ε ε τ,

.
(22.48)

.
v k k dy P x I x= − − ∫ε ε τ,

.
(22.49)

where.εx.=.isx.−.isx−set,.εy.=.isy.−.isy−set.
Such.(or.similar).decoupling.makes.it.possible.to.directly.control.the.stator.current.vector.compo-

nents. (or. stator.active.and. reactive.power). without. inner. control. loops.. The.decoupling. may.also.be.
calculated.from.other.differential.equations..Anyway,.a.part.of.the.designed.system.may.remain.out.of.
control,.and.as.result.the.system.may.be.inclined.to.oscillations.

22.5.3 Decoupling Based on rotor Current Equation

In.order.to.independently.control.the.rotor.current.vector.components,.coupling.between.x.and.y.axes.
should.be.reduced..Compensation.of.the.part.of.the.following.differential.equations.for.the.rotor.current.
vector.components.in.the.frame.of.references.fixed.to.the.stator.flux.vector.(like.(22.10),.(22.11))
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of.the.form.[TTO03]
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can.be.used..Variables.vx,.vy.are.the.new.control.signals..Such.a.decoupling.network.compensates.only.
the.main.couplings,.but.improves.the.quality.of.the.rotor.current.vector.component.dynamics.

22.6 Overall Control System

The.variable.speed.generation.system.consists.of.the.DFM.with.stator.connected.directly.to.the.grid.and.a.
rotor.connected.through.the.inverter..The.DFM.with.an.active.and.reactive.power.control.system.is.cou-
pled.through.the.LC.filter.(see.Figure.22.1).with.the.grid.that.can.be.treated.as.a.voltage.source..In.such.
a.system,.weak.damped.oscillations.depending.on.both.system.parameters.and.transmitted.through.the.
filter.power.(direction.and.value).may.appear..Machine.converter.consists.of.the.grid-side.inverter.and.
the.rotor-side.inverter.connected.together.through.the.dc-link.capacitor..Both.the.inverters.are.equipped.
with.PWM.algorithms.and.control.systems..The.grid-side.inverter.controls.the.dc-link.voltage.and.the.
reactive.current.component..The.machine-side.inverter.controls.the.active.power.of.the.whole.system.
(stator.and.rotor.windings.and.filter).and.controls.the.stator.reactive.power..In.the.DFM.control.system,.
other.important.variables.can.be.controlled.too,.e.g.,.stator.and/or.rotor.current.components.
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There.is.no.single.method.to.control.the.double-fed.induction.generator,.and.many.control.structures.
can.be.proposed..The.main.task.of.the.control.system.is.the.active.and.reactive.power.decoupled.control,.
but.in.many.applications.additional.requirements.are.defined:

•. Speed.and.position.sensorless.control
•. Smooth.active.power.production.in.spite.of.prime.mover.torque.disturbances.like,.e.g.,.wind.gusts.

in.wind.power.plants
•. Stable.operation.with.relatively.large.sampling.time.of.microprocessor.control.board

Dependencies. (22.21),. (22.22). define. the. way. of. controlling. the. active. and. reactive. power. of. only.
stator.windings..In.the.real.system,.the.machine.consumes/delivers.the.power.through.both.stator.and.
rotor.windings.(see.Figure.22.6),.and.the.power.of.the.whole.system.has.to.be.controlled..Machine.stator.
and.rotor.reactive.powers.are.controlled.independently,.while.the.stator.active.power.depends.on.the.
rotor.active.power.according.to.(22.31)..The.reactive.power.at.the.stator.terminals.is.controlled.by.the.
appropriate.component.of. the.rotor.current.vector,.but.the.rotor-side.reactive.power. is.controlled.by.
the.grid-side.inverter..In.many.applications,.the.unity.power.factor.of.the.whole.system.is.required..The.
rotor-side.power.coefficient.is.therefore.set.to.one,.the.rotor-side.reactive.power.reference.value.is.set.
to.zero,.and.the.stator.reactive.power.reference.value.is.set.to.zero.too..Because.the.active.power.of.the.
stator.and.the.rotor.depend.on.each.other,.it.is.enough.to.control.only.the.stator.active.power.while.the.
rotor.active.power.may.be.treated.as.a.disturbance.

The.structure.of.the.DFM.control.system.is.presented.in.Figure.22.10..The.rotor-side.inverter.con-
trol.system.is.responsible.for.the.full.system.active.and.reactive.power.control..The.powers.are.con-
trolled. in. separate. loops..Outputs.of. the.active.and.reactive.power.controllers.act.as. set.values. for.
variables.that.are.controlled.in.the.inner.loops..These.variables.result.from.Equations.22.42,.22.21,.
22.22.. Proper. choosing. of. inner. variables. and. the. coordinate. system. determine. the. control. qual-
ity..The.machine.active.and.reactive.powers.may.be.also.controlled.directly.without.any.inner.loops.
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[KG05]. (see.Figure.22.11)..Additional.decoupling. (see.Section.22.5). is.necessary. in.each.structure..
After.appropriate.transformations.of.control.variables.the.rotor.voltage.vector.components.urαR,.urβR.
are.used.in.PWM.algorithm..There.are.additional.blocks.in.the.control.system:.the.variables.transfor-
mations,.calculations,.and.estimation..As.a.result,.stable,.fast,.and.decoupled.control.of.both.powers.
is.obtained.(see.Figure.22.12).

Structure.of.the.grid-side.inverter.control.system.is.simpler..The.outer.loop.controls.the.dc-link.volt-
age.ud..The.inner.loops.control.the.grid-side.inverter.current.vector.components.in.coordinates.con-
nected.usually.with.grid.voltage.

22.6.1 Control System Based on MM Model

The.MM.model,.described.in.Section.5.1,.is.used.for.the.control.system.synthesis..Nonlinear.feedback.
based.on.this.model.enables.decoupled.control.of.the.z12.and.z22.variables.(see.Equation.22.42).and.also.
the.stator.windings.active.and.reactive.power.decoupled.control.(in.steady.state)..Power.controller.out-
puts.act.as.set.values.for.z12.and.z22.variables.that.are.controlled.in.inner.loops..The.m1,.m2.variables.are.
the.inputs.for.the.decoupling.feedback.defined.by.(22.34),.(22.35)..Simulation-obtained.transients.in.this.
system.are.presented.in.Figure.22.12..DFM.may.be.controlled.also.in.the.system.with.only.one.controller.
in.every.channel.(see.Figure.22.11)..In.this.case,.the.m1,.m2.variables.exist.at.the.outputs.of.the.power.
controllers..During.transients.presented.in.Figure.22.13,.a.small.coupling.appears..Presented.structures.
work.correctly.if.the.rotor.position.is.estimated.

It. should.be.noted. that. the.part.of. the. system. is.uncontrolled..As. it.was.explained.earlier,.during.
transients.weak.damped.oscillations.of.the.stator.flux.vector,.z21.(22.39),.(22.41).appear..The.amplitude.is.
small,.but.causes.small.active.and.reactive.power.oscillations..Oscillations.of.the.z21.variable.come.into.
being.after.each.change.of.the.power.reference.value,.and.they.disappear.slowly..The.presented.simula-
tion.results.have.been.made.for.PI-type.controllers,.and.it.is.not.possible.to.eliminate.the.oscillations.
by.the.simple.change.of.the.controller.settings..Undesirable.effects.can.be.reduced.by.limitation.of.the.
reference.values.derivatives.(ramp.function),.but.then.the.system.is.slow..The.other.method.is.the.use.
of.the.controller.structure.different.from.PI.(e.g.,.neural.controller).or.the.use.of.additional.damping.
feedback.based.on.the.stator.flux.magnitude.derivative.[SV06].
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22.6.2 Control System Based on Vector Model

The.structure.of.the.control.system.based.on.vector.model.is.presented.in.Figure.22.10,.but.the.meaning.
of.the.variables.is.different..Rotor.current.vector.components.irx,.iry.in.the.frame.of.references.connected.
with.stator.flux.or.stator.voltage.vector.exist.at.the.power.controller.outputs..Decoupling.described.in.
Section.22.4.2.or.similar.may.be.used..Because.there.are.few.possibilities.to.choose.decoupling.algo-
rithm.and.frame.of.references.[MDD02,.BDO06],.the.features.of.the.system.may.differ.from.each.other..
The.results.do.not.differ.strongly.from.those.presented.in.Figures.22.12.and.22.13.

22.7 Estimation of Variables

22.7.1 Calculation of the angle between the Stator and the rotor

For. the. correct. operation. of. the. control. system,. the. angle. between. the. stator. and. the. rotor. and. the.
rotor.angular.velocity.are.necessary..The.simplest.way.is.the.application.of.the.encoder.to.measure.the.
rotor.angular.position,.but.it.is.inconvenient.in.many.applications,.e.g.,.for.the.high-power.wind.power.
generators..To.avoid.a.rotor.position.encoder,.a.sensorless.system.is.preferred,.where.the.angle.of.rotor.
position.is.estimated.

To.perform.speed.sensorless.control.of.the.squirrel.cage.induction.machine,.the.observer.technology.
is.used..In.DFM,.speed.observer.is.not.necessary.because.the.stator.windings.are.accessible.through.the.
slip.rings.and.measurements.can.be.made.

There.are.a.few.possibilities.to.estimate.the.rotor.speed.and.the.angular.position.of.the.double-fed.
induction.machine..One.of.the.sensorless.control.methods.of.the.DFM.is.based.on.the.determination.
(measurement,.calculation).of.the.same.current.(e.g.,.rotor.current).in.different.frames.of.references..The.
first.one.is.connected.with.unmoving.stator.and.the.other.one.is.connected.with.the.rotor..The.selected.
vector.in.different.frames.of.references.has.the.same.amplitude.but.different.angles.expressed.as.follows.
(see.Figure.22.14):

. ϕ ϕ ϕi
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i
r

rs= + ,. (22.54)

where.ϕ ϕi
s

i
r, .are.the.angles.of.the.current.vector.in.the.stator.and.rotor.frame.of.references..The.angle.φrs.

between.coordinate.systems.is.equal.to.the.angle.between.the.stator.and.the.rotor.
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Trigonometric.functions.of.the.angle.between.two.vectors.may.be.calculated.as.follows:
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where.superscript.r,.s.denote.the.current.vector.components.determined.respectively.in.the.frame.of.
references.connected.to.the.rotor.and.the.stator.

Components.of.the.rotor.current.vector.i ir
r

r
r

α β, .can.be.measured.directly,.but.i ir
s

r
s

α β, .have.to.be.estimated..
The.main.dependence.of.any.induction.machine.is.as.follows.(Figure.22.3):

. i i im s r= + , . (22.57)

where.im,.is,.ir.are.the.magnetizing,.stator.and.rotor.current.vectors..The.magnetizing.current.is.defined.
as.follows:

.
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m

mL
= y ,

.
(22.58)

where
ψm.is.the.main.flux.vector
Lm.is.the.mutual.inductance

The.main.flux.is.equal.to

. y ym s s sL= − σ i , . (22.59)

where
ψs.is.the.stator.flux
Lσs.is.the.stator.leakage.inductance

The.stator.flux.may.be.calculated.from.the.following.differential.equation:
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(22.60)
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where.us.is.the.stator.flux.vector..From.(22.57).through.(22.60),.the.rotor.current.vector.components.in.
stator.α,.β.coordinates.can.be.calculated.on.the.basis.of.the.stator.current.and.voltage.measurements..
The.stator.current.vector. in.(22.57). is.directly.measured..Stator.flux.vector.may.be.simply.estimated.
from.(22.60).or.on.the.basis.of.the.steady-state.equations.received.by.assumption.that.Rs.=.0.

The.rotor.current.vector.components.in.steady.state,.in.the.frame.of.references.connected.to.the.
stator.are
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If.the.current.vector.is.calculated.on.the.basis.of.simplified.dependencies,.the.angle.between.the.stator.
and.rotor.is.calculated.with.small.error.

Dependencies.similar.to.(22.55),.(22.56).may.be.written.for.stator.current..In.this.case,.the.stator.current.
has.to.be.calculated.in.the.frame.of.references.connected.with.the.rotor.

22.7.2  application of Phase-Locked Loop for the Estimation 
of rotor Speed and Position

The.rotor.position.angle.calculated.from.equations.derived.in.section.7.cannot.be.used.in.transforma-
tions.because.of.disturbances.that.may.destroy.the.stability.of.the.control.system..Smooth.rotor.position.
angle. may. be. received. together. with. rotor. angular. velocity. from. the. system. with. phase-locked. loop.
(PLL).presented.in.Figure.22.15..The.PI.controller.have.to.be.applied.in.this.structure..The.rotor.angular.
velocity.is.received.on.input.to.the.integrator..The.rotor.angular.velocity.is.needed.in.decoupling.feed-
back..Other.schemes.are.possible.too.

22.8 remarks about Digital realization of the Control System

22.8.1 Compensation of the Delay time Caused by Sampling

In.the.high-power.converters,.the.carrier.frequency.of.pulse.with.modulation.is.in.the.range.between.
2.and.3.kHz.because.of.switching. losses. limitation..A.high.sampling.period.appears. therefore. in. the.
control.system..It.was.investigated.by.simulations.that.the.delay.caused.by.the.sampling.period.does.
not.influence.the.nonlinear.feedback..The.variables.appearing.in.the.nonlinear.feedback.are.constant.in.
steady.states,.change.slowly.in.transients,.and.controllers.compensate.for.the.delay.

The.estimated.stator.flux.vector.have.to.be.rotated.by.the.angle.resulting.from.its.rotation.in.sampling.
period.to.compensate.the.delay.

22.8.2 Measurements of Currents and Voltages

The.stator.and.rotor.currents.have.to.be.sampled.at.the.same.time.resulting.from.application.of.a.PWM.
strategy.to.the.generation.of.rotor.voltage..The.point.of.sampling.instant.have.to.be.chosen.exactly.in.
the.middle.of.time.when.zero.voltage.vector.appears.on.the.inverter.output.as.shown.in.Figure.22.16..
The.reason.is.that.the.simplified.dependencies.derived.in.Section.22.7.are.valid.for.fundamentals.only..

(–)

fi_c fi_pllOmega

FIGURE.22.15. Estimation.of.rotor.position.with.PLL.
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It.can.be.seen.from.Figure.22.16.that.the.instant.value.of.rotor.current.is.equal.to.its.fundamental.in.the.
middle.of.zero.voltage.vector.

The.method.presented.in.Section.22.7.makes.it.possible.to.determine.the.angle.between.the.rotor.and.
stator.in.instant.k..The.value.of.this.angle.in.instant.k.+.1.needed.in.the.control.system.may.be.predicted.
from.the.following.equation:

. ϕ ϕ ϕrs rs rsk k k( ) ( ) ( ).+ = − −1 2 1 . (22.62)
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23.1  Introduction

Standalone,.AC.voltage,.power.generation.systems.with.conversion.of.mechanical.energy.mainly.use.
wound.rotor.synchronous.generators.(WRSGs).operated.with.fixed.speed,.related.to.the.reference.fre-
quency,.e.g.,.50.or.60.Hz..Power.systems,. like.wind. turbines.or.water.plants,. in.which.fixed.speed. is.
difficult.to.obtain,.can.be.adopted.to.standalone.variable-speed.operation.and.provide.standard.fixed.
frequency.AC.voltage..Normalized.voltage.can.be.obtained.by.the.use.of.full-range.power.electronics.
converter,.as.a.coupler. interface.between.variable-speed.generator.and.an.isolated. load.(Figure.23.1)..
WRSG.or.permanent.magnet.synchronous.generator.(PMSG).based.systems.can.be.equipped.with.an.
AC/DC.diode.rectifier.with.an.optional.DC/DC.converter.and.a.DC/AC.converter.(Figure.23.1a)..In.case.
of.cage.induction.generator.(CIG).(Figure.23.1b),.back-to-back.converter. is.necessary.(controlled.
AC/DC.and.DC/AC)..Power.inverter,.responsible.for.generation.of.standard.AC.voltage,.in.standalone.
mode.requires.an.output.Lf–Cf.filter,.to.obtain.high-quality.generated.voltage.[1–3].

Other. variable-speed. power. generation. system,. which. is. recently. often. applied. in. grid-connected.
wind. turbines,. consists. of. doubly. fed. induction. generator. (DFIG). and. rotor-connected. power. elec-
tronics.converter.(Figure.23.2).[4–6]..The.typical.speed.range.of.DFIG.generation.system.equals.±33%.
around.synchronous.speed..For.that.speed.range,.the.power.electronics.converter.is.limited.to.33%.of.
DFIG.rated.power.

In.comparison.to.the.total.system.power,.the.DFIG.corresponds.to.75%.and.converter.corresponds.
to.25%.of.maximum.produced.power,.due.to.the.fact,.that.during.over-synchronous.speed.operation,.
power.is.delivered.via.stator.side.as.well.as.rotor.and.power.electronics.converter..The.variable-speed.
systems.with.DFIG,.driven.by.wind. turbines,.are.dedicated.only. to.grid-connected.systems,. if.not.
supported.by.energy.storage.or.other.power.source.
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23.2  Standalone DFIG topology

In.opposite.to.the.grid-operated.DFIG.systems,.where.the.stator.and.the.power.electronics.converter.
have.to.be.connected.to.the.power.network.of.imposed.voltage.parameters,.the.standalone.DFIG.system.
supplies.an.isolated.load.(Figure.23.3)..The.stator.of.the.slip-ring.induction.machine,.excited.by.the.rotor.
current,.produces.normalized.voltage..The.rotor.current.is.controlled.by.an.AC/DC.rotor.converter.RC,.
whose.DC.side.is.connected.to.a.DC/AC.grid.converter.GC..Independent.of.the.load.power.and.actual.
speed,.the.rotor.converter.RC.has.to.maintain.the.fixed-voltage.amplitude.and.frequency.on.the.stator.
side,.whereas.similarly.to.the.grid-connected.systems,.the.grid.converter.GC.has.to.maintain.the.DC.
link.voltage.on.the.reference.level..The.Cf.capacitor.provides.filtration.of.the.output.stator.AC.voltage.

23.2.1  Model of Standalone DFIG

Fundamental.electrical.equations.of.the.DFIG,.equipped.with.stator-connected.filtering.capacitance.Cf,.
in.the.frame.connected.with.stator.voltage.vector,.are.as.follows:

.
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(23.1)
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FIGURE.23.1. Standalone.variable-speed.power.generation.systems.with.full-range.converter.and.(a).synchronous.
generator.and.(b).cage.induction.generator.

DFIG

AC/DC DC/AC

Ps

Pr

GridPm

GCRC

CDC

FIGURE.23.2. Typical.power.topology.of.grid-connected.power.generation.system.based.on.DFIG.
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where
us.and.ur.are.the.stator.and.rotor.voltages
ψs.and.ψr.are.the.stator.and.rotor.flux
is.and.ir.are.the.stator.and.rotor.currents
Rs,.Rr.are.the.stator.and.rotor.resistances
Ls,.Lr,.Lm.are.the.stator,.rotor,.and.magnetizing.inductances
pb.represents.the.number.of.poles.pairs
ωs.is.the.synchronous.speed
ωm.is.the.mechanical.speed
Cf.is.the.filtering.capacitance
ild.is.the.load.current

Considering.that.the.rotor.is.supplied.from.the.current-controlled.voltage.source.inverter.RC,.which.can.
be.treated.as.current.source,.(23.2).can.be.neglected.and.then.the.relations.between.stator.voltage.and.
rotor.current.can.be.described.

Standalone.DFIG.systems.described.in.some.publications.are.not.equipped.with.filtering.capacitors.
[7–9]..For.filtering.capacitance.Cf.equal.zero.and.resistive.load,.model.of.standalone.DFIG.supplied.from.
current.controlled.voltage.source.inverter.(VSI),.with.neglected.stator.resistance,.is
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FIGURE.23.3. Topology.of.standalone.DFIG.



23-4	 Power	Electronics	and	Motor	Drives

where.Ro.is.the.load.resistance.and.Zs.are.the.stator.and.load.impedances:

. Z R j Ls o s s= + ω . (23.7)

The.differential.of.the.rotor.current.existing.in.(23.6).indicates.that.the.generated.voltage.us.is.distorted.
by.rotor.current.ripples.produced.by.PWM.converter.of.the.rotor.side..The.negative.sign.by.stator.voltage.
derivative.is.responsible.for.partial.damping.of.the.voltage.distortions..However,.for.low.power,.the.voltage.
distortions.are.significant..In.limited.case,.no-load.operation,.Ro.and.Zs.are.infinite.and.(23.6).is.reduced.to

.
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(23.8)

which.indicates.that.the.stator.voltage.is.distorted.by.rotor.current.ripples.of.PWM.frequency.
High-power-grid-connected.DFIG.systems.are.equipped.with.rotor-connected.series.inductances,.

which.reduce.rotor.current.ripples.. Inductance.filters.are.not.enough.to.obtain.high-quality.stator.
voltage.in.standalone.operated.systems,.especially.during.low-load.operation,.when.the.system.damp-
ing. ratio. is. low. and. PWM. frequency. distortions. are. transformed. into. the. stator. side.. Additional.
inductance.Lradd.adds.to.rotor.leakage.inductance.in.mathematical.model,.as.these.inductances.are.
connected.in.series..Considering.(23.2).and.(23.4),.the.rotor.current.ripples.can.be.determined.
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To. obtain. effective. filtration,. the. rotor-connected. additional. inductance. has. to. be. comparable. with.
magnetizing. inductance,.which.makes. the.system.more.expensive.and.heavier..However,. the.voltage.
of.unloaded.generator.still.will.be.distorted,.as.the.rotor.current.is.forced.by.PWM.rotor.converter.and.
(23.8).remains.the.same.

The.system.with.filtering.capacitors.on.the.stator.provides.a.high-quality.stator.voltage.without.PWM.
frequency.distortions..The.worst-case.scenario.for.the.system.stability.is.no-load.operation,.as.of.the.
lowest.damping.ratio.of.the.system..For.high-power.DFIG,.the.stator.resistance.can.be.neglected.and.the.
generated.voltage.with.good.approximation.can.be.described.by
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where

. W L C= −1 ωs
2

s f . (23.11)

The.negative.sign.by.second-order.derivative.of.the.stator.voltage.(23.10).is.the.component.responsible.
for.effective.damping.of.the.voltage.distortions.

23.2.2  Selection of the Filtering Capacitors

For.high-frequency.harmonics,.the.model.of.unloaded.DFIG.can.be.simplified.to.LC.filter,.which.consists.of.
equivalent.generator.leakage.inductance.Lrsσ.and.Cf..Selection.of.the.filtering.capacitor.is.needed.to.obtain.
high.quality.and.stability.of.the.generated.voltage..The.first.criteria.is.a.resonant.frequency.of.LC.filter..On.the.
logarithmic.scale,.the.resonant.frequency.has.to.be.obtained.in.the.middle.between.operational.frequency.
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(50.or.60.Hz).and.switching.frequency..The.second.criteria.is.that.the.capacitor.Cf.must.not.fully.compensate.
the.generator.magnetizing.reactive.power..In.calculation.of.the.reactive.power,.not.the.operating.frequency.
(50.Hz.or.60.Hz),.but.the.frequency.corresponding.to.maximum.possible.mechanical.speed.has.to.be.taken.
into.consideration..In.some.cases,.full.compensation.of.induction.machine.results.in.self-excitation..In.case.
of.DFIG,.the.remanence.flux.rotates.with.mechanical.speed,.while.the.flux.originated.from.rotor.current.
rotates.with.synchronous.speed..Normally.the.rotor.flux,.originated.from.the.rotor.current,.is.much.higher.
than.remanence.flux,.but.in.self-excitation.conditions.(full.compensation.or.overcompensation).these.two.
fluxes.are.comparable.and.cannot.be.synchronized,.and.the.induced.stator.voltage.is.unstable.

For.typical.induction.machine,.the.leakage.factor.is.close.to.0.04–0.06..The.stator.and.rotor.leakage.
inductances.can.be.represented.for.high-frequency.by.equivalent.leakage.inductance.Lrsσ:

. L L L Lr s rs mσ σ σ σ+ = ≈ . (23.12)

where.σ.is.the.leakage.factor.equal.to

.
σ = −1 L

L L
m
2

r s .
(23.13)

The.approximation.error.in.(23.12).is.negligible.
The.filtering.capacitor.Cf,.which.does.not.overcompensate.the.reactive.power.of.the.DFIG,.at.the.frequency.

fm,.related.to.the.maximum.possible.mechanical.speed,.has.to.meet.the.requirement
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(23.14)

At.the.same.time,.to.obtain.given.resonant.frequency.fr.of.the.output.filter.LrsσCf,.which.has.to.be.signifi-
cantly.smaller.than.the.switching.frequency,.the.capacitance.must.be.equal.to

.
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f Lf
r m

= 1
4 2 2π σ .

(23.15)

23.2.3  Initial Excitation of Standalone DFIG

In.the.grid-connected.systems,.the.problem.of.generating.system.startup.does.not.exist,.as.the.power.
network. provides. energy. for. magnetization. of. the. stator. and. for. the. preliminary. charge. of. DC. link.
capacitors.in.power.electronics.converter..Standalone.power.systems,.based.on.the.induction.genera-
tors,.require.some.initial.energy.to.obtain.excitation,.needed.in.the.stator.voltage.generation..It.can.be.
obtained.using.many.ideas.

The.example.way.to.obtain.initial.excitation.is.to.connect.additional.capacitors.(Figure.23.4),.which.
fully. compensate. the. reactive.power.of. induction.machine..The.self-excitation. is.known. from.fixed-
speed.standalone.CIGs..However,.in.case.of.standalone.DFIG,.additional.capacitors.can.be.connected.
by. stator. switch. (SS),.only. for. initial. self-excitation.and.preliminary. charging.of. the.DC. link;. as. for.
steady-state.operation.the.self-excitation.phenomena.can.disturb.the.voltage,.controlled.by.power.elec-
tronics.converter..Additional.capacitors.can.be.used.when.load.power.is.very.high..The.self-excitation.
will.be.dumped.by.the.load,.whereas.the.capacitors.can.improve.the.voltage.quality.during.nonlinear.
load.supply..During.low-load.operation,.the.influence.of.remanence.flux.and.the.flux.produced.by.the.
rotor. current. may. be. similar,. but. those. fluxes. cannot. be. synchronized,. as. they. rotate. with. different.
speeds..Additional.capacitors.can.provide.high.voltage.on.the.stator.side,.similarly.to.the.case.with.CIG..
However,.it.may.require.short.circuit.on.the.rotor.side..It.can.be.made.by.rotor.switch.RS.or.by.thyristor.
crowbar.used.for.protection.of.power.electronics.converter.against.the.effects.of.the.grid.short.circuit.
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Systems,.with.permanent.magnet.generators.(PMG),.which.are.mechanically.coupled.on.the.same.
shaft.as.DFIG,.and.the.electric.coupling.of.PMG.stator.with.DFIG.rotor.is.made.by.power.converter.are.
already.known.and.described.[10,11].(Figure.23.5)..The.problem.of.initial.excitation.is.eliminated,.but.
the.possible.delivered.power.does.not.exceed.the.power.of.DFIG.stator..For.over-synchronous.speed.the.
electrical.power.is.provided.to.the.PMG,.which.operates.as.a.motor,.and.only.the.DFIG.stator.power.is.
available.

Combination.of.classical.DFIG.topology,.and.fractional.power.PMG,.coupled.on.the.same.shaft,.
used.only.to.charge.the.DC.link.in.power.converter,.keeps.the.advantages.of.DFIG.with.back-to-back.
converter.connected.to.the.rotor.and.grid,.and.eliminates.the.problem.with.initial.excitation.(Figure.
23.6)..PMG.can.be.replaced.with.small.capacity.energy.storage.(battery).used.for.DC.link.charging..
This.battery.can.be.recharged,.when.the.power.generation.system.operates,.and.reused.by.the.next.
system.startup.
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FIGURE.23.4. Power.circuit.of.DFIG.with.additional.capacitors.Cadd.used.for.self-excitation.
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FIGURE.23.5. Power.circuit.of.DFIG.with.additional.PMG.
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23.2.4  Stator Configurations

Two.main.configurations.of.stator.windings.connection.can.be.used.in.standalone.DFIG..The.first.one.
is.three-wire.system.on.both.rotor.and.stator.side.(Figure.23.7a);.the.second.configuration.is.the.three-
wire.system.on.the.rotor.side.and.four-wire.system.on.the.stator.side.(Figure.23.7b)..Both.systems.can.be.
used.for.balanced.and.unbalanced.standalone.operation..In.the.three-wire.system.on.the.stator.side,.the.

AC/DC DC/AC
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FIGURE.23.6. Power.circuit.of.DFIG.with.additional.low-power.permanent.magnet.exciter.or.battery.
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FIGURE.23.7. Standalone.DFIG.with.(a).three-wire.and.(b).four-wire.established.isolated.grid.



23-8	 Power	Electronics	and	Motor	Drives

load,.which.requires.access.to.neutral.point.and.has.to.be.connected.by.three-.to.four-wire.transformer..
Other.balanced.and.unbalanced.loads.can.be.supplied.directly.from.the.stator.[12]..For.low-power.DFIG.
systems,.when.the.load.is.placed.close.to.the.generator,.four-wire.system.can.be.used.[13].on.the.stator.
side,.as.the.DFIG.is.a.rotating.transformer.and.the.star-connected.stator.can.provide.symmetrical.volt-
age,.even.if.three-wire.system.is.on.the.rotor.side.

23.3  Control Method

It.can.be.seen.in.(23.6).that.in.the.steady.state,.there.is.proportional.dependence.of.the.output.voltage.from.the.
rotor.current.in.standalone.DFIG..For.the.system.loaded.with.resistive.load,.the.output.voltage.is.also.propor-
tional.to.the.rotor.current.and.to.obtain.reference.voltage.vector,.the.rotor.current.has.to.meet.the.equation:

.
i

R
j L C

L
ur

s s f

s m
sref= − −





1 1
0

2ω
ω .
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The.real.component.is.adequate.to.the.resistive.load.current,.whereas.the.imaginary.part.represents.the.
excitation.current.that.is.also.partially.compensated.by.the.stator-connected.capacitors..For.other.loads.
(e.g.,.RL),.similar.equations.can.be.derived.and.the.stator.voltage.dependence.on.the.rotor.current.is.
always.proportional..Thus,.the.simple.PI.controller.of.the.stator.voltage.amplitude.can.be.implemented.
with.the.output.signal.responsible.for.reference.amplitude.of.the.rotor.current.vector.|ir|*..The.linear.
dependence.of.the.output.voltage.amplitude.from.the.rotor.current.amplitude.is.known.from.classic.
synchronous.generator..In.fact,.the.WRSG.is.a.special.case.of.doubly.fed.machine.[14].

Independent.of.the.stator.voltage.amplitude.control,.the.fixed.frequency.has.to.be.obtained..The.
stator.voltage.is.produced.by.the.excitation.current,.injected.to.the.rotor..The.obtained.frequency.fs.
corresponds.to.the.field.angular.speed.related.to.the.stator.and.is.a.result.of.mechanical.rotation.and.
the.rotation.provided.by.the.rotor.current.frequency.(23.17).

. f ps = +1
2π

( )ω ωm ir . (23.17)

where
p.is.the.number.of.poles.pairs
ωm.is.the.rotor.angular.speed
ωir.is.the.angular.speed.of.the.rotor.current.vector

Using. (23.17),. simple. control. system,.based. on. the.mechanical. speed. sensor,. can.be.applied. and. the.
stator.voltage.stabilized.(Figure.23.8)..However,.this.simple.control.does.not.allow.to.control.the.stator.
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**
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FIGURE.23.8. Simple.voltage.control.with.rotor.speed.sensor.
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voltage.phase.due.to.the.fact,.that.the.speed.sensor.does.not.indicate.the.rotor.position.and.every.error.
in.the.speed.measurement.result.in.the.error.of.the.rotor.current.angular.speed.ω*ir.and.phase.angle.θ*ir ,.
therefore.consequently.in.the.stator.voltage.frequency.fs.and.phase.

More.precise.control.of.the.stator.voltage.frequency.can.be.obtained.by.replacing.the.speed.sensor.
with.rotor.position.encoder..Reference.rotor.current.angle.θir*.is.obtained.from.the.equation

. θ θ θ* *ir s m= − p . (23.18)

where
θs*.is.the.reference.angle,.obtained.with.the.integration.of.the.reference.synchronous.angular.speed.ω*s
θm.is.the.rotor.position.angle

The.angle.θs*.is.not.a.reference.phase.of.the.voltage,.as.there.is.a.phase.shift.between.rotor.current.and.stator.
voltage..However,.this.phase.shift.is.fixed.for.given.load.and.can.be.neglected..In.this.control,.there.is.only.
an.error.of.the.phase,.as.for.different.load.there.are.different.phase.shifts.between.rotor.current.and.stator.
voltage..However,.the.error.of.the.frequency.does.not.occur..The.control.method.based.on.the.rotor.position.
encoder.is.shown.in.Figure.23.9.

Modern.power.generation.systems.have.to.be.designed.as.sensorless,.what.significantly.increases.
their.reliability..High.precision.of.the.rotor.position.required.in.some.drives.application.is.not.nec-
essary. in. power. generation. system.. Moreover,. the. variable-speed. standalone. DFIG. system. does.
not. require. any. determination. of. the. rotor. position.. For. given.
mechanical. speed,. the.relation.of.output. stator. frequency. fs.with.
the.rotor.current.frequency.fir. is. linear.with.constant.component.
corresponding.to.mechanical.speed.(Figure.23.10).

Negative. fir. frequency. represents. negative. rotation. of. the. field. in.
relation. to. the. rotor:.over-synchronous. speed.operation;.zero.means.
synchronous.operation.with.DC.current.injected.in.each.phase.of.the.
rotor:.synchronous.speed.operation..Linear.dependence.of.the.stator.
voltage.amplitude.and.frequency.from.the.rotor.current.amplitude.and.
frequency.can.be.used.in.the.primitive.scalar.voltage.control.methods.
[11]..The.example.of.scalar.voltage.control.method.is.presented.in.Figure.
23.11..For.the.given,.unknown.mechanical.speed,.PI.frequency.control-
ler.RF.adjusts.the.rotor.current.frequency.to.obtain.stator.frequency.on.
the.fixed.reference.level..However,.calculation.of.the.frequency.twice.
per.period.based.on.the.zero.crossing.detection.makes.the.frequency.
loop.inaccurate,.even.if.the.frequency.change.is.slow.
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–
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Rotor 
current
control

A
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FIGURE.23.9. Simple.voltage.control.with.rotor.position.encoder.
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FIGURE. 23.10. Dependence. of.
the.output.frequency.fs.of.the.rotor.
current. frequency. fir. for. different.
mechanical.speed.ωm1.−.ωm3.
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23.3.1  Sensorless Control of the Stator Voltage Vector

Sensorless.control.of.the.stator.voltage.vector.us.requires.two.coordinates..Necessity.of.the.control.of.the.
voltage.vector.magnitude.|us|,.allows.to.use.polar.coordinates.system,.in.which.the.second.coordinate.is.
the.vector.angle.αus,.related.to.one.of.the.axes.of.reference.frame..Control.of.the.voltage.vector.magni-
tude.uses.orthogonal.components,.calculated.in.every.switching.period,.and.this.magnitude.is.the.same.
in.both.stationary.and.rotating.frame..Control.of.voltage.vector.magnitude.|us|,.with.reference.mag-
nitude.of.the.rotor.current.vector.|ir|*,.as.an.output.signal.from.RU.controller.is.linear..The.remaining.
problem.is.the.control.of.voltage.vector.angle..It.requires.determination.of.adequate.reference.angular.
speed.ω*ir .of.the.rotor.current.vector.ir.and.its.phase.θ*ir.

Sensorless.control.method,.which.allows.to.determine.the.adequate.angle.θ*ir.of.the.rotor.current.vector.
ir,.to.provide.fixed.frequency.fs.and.reference.phase.α*us.of.the.stator.voltage.vector.us,.is.presented.in.Figure.
23.12..Frequency.control.loop.operates.similarly.to.the.PLL.structure..However,.in.classical.PLL,.two.signals.
have.the.same.frequency,.and.only.the.phase.of.one.signal.is.adopted.to.obtain.synchronization.with.the.sec-
ond.signal..In.DFIG,.the.rotor.and.stator.frequencies.are.different.and.it.is.necessary.to.adopt.both.frequency.
and.phase.of.the.rotor.current.to.obtain.synchronization.of.the.actual.and.reference.stator.voltage.vectors.

In.the.dq.system,.rotating.with.reference.angular.speed.ω*s ,.corresponding.to.the.reference.frequency. fs*,.
the.reference.voltage.vector.us*.is.overlapped.with.d-axis.(reference.angle.α*us.is.equal.to.zero)..The.actual.angle.
αus.of.the.voltage.vector.us.is.calculated.using.dq.components:

.
αus

sq

sd
arctan=

u
u .

(23.19)
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FIGURE.23.11. Simple.sensorless.scalar.control.of.standalone.DFIG.stator.voltage.
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FIGURE.23.12. Method.of.synchronization.of. the.actual.and.reference.stator.voltage.vector. in.standalone.
operated.DFIG.
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The.angular.displacement.requires.adequate.movement.of.the.rotor.current.vector.ir,.and.it.is.obtained.
by.the.change.of.the.reference.angular.speed.ωir*.of.the.rotor.current.vector.ir..Rotor.current.angular.
speed.ω*ir . is. changed.by. the.PI. type,.Rα. regulator,. then. the. speed. is. integrated. to.obtain. reference.
absolute.position.θir*.of.the.rotor.current.vector.ir..Therefore,.simultaneously.adequate.frequency.and.
phase.of.the.rotor.current.is.determined..Reference.amplitude. ir *.and.phase.θ*ir.of.the.rotor.current.
vector.ir.in.the.polar.frame.Aϕ.can.be.used.for.transformation.to.other.coordinate.system..Obtained.
reference.signals.of.the.rotor.current.components.can.be.further.used.for.inner.rotor.current.control.
loop,. necessary. to. obtain. fast. response. and. stability. of. the. system.. In. practice,. no. voltage. control.
method.of.the.rotor.converter.in.doubly.fed.induction.machine.systems.is.applied..Rotor.current.can.
be. controlled. by. P. or. PI. controllers. in. rotor-connected. three. phase. abc(r). coordinates. as. well. as. in.
αβ(r).frame—stationary.in.relation.to.the.rotor..However,.in.these.frames,.the.rotor.current.reference.
signals.are.not.fixed..Therefore,.to.eliminate.the.steady-state.error,.more.advanced.controllers.than.PI.
have.to.be.used..Simple.PI.controller.can.be.applied.in.the.structure.presented.in.Figure.23.13,.where.
reference. rotor. current. vector. components. are. transformed. to. the. frame. connected. with. the. rotor.
current.vector.ir.itself.

The.transformation.of.the.polar.components. ir *,.θir*.of.the.reference.rotor.current.vector.i r*.to.the.xy.
frame,.connected.with.the.rotor.current.vector.is.described.by.(23.20).and.(23.21).
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The.characteristic.feature.of.the.selected.xy.frame.is,. that.the.reference.component.irx*. is.equal.to.the.
reference.amplitude.|ir|*,.whereas.reference.iry*.component.equals.zero..Thus,.the.calculation.of.(23.20).
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FIGURE.23.13. Control.of.the.stator.voltage.and.rotor.current.in.the.polar.frame.
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and.(23.21).can.be.neglected.and.adequate.signals.used.directly.as.the.references.for.the.rotor.current.
controllers.Rirx,.Riry..The.measured.signals.of.the.rotor.current.ira,.irb,.irc,.are.transformed.to.irx,.iry,.by.
well-known.equations,.and.used.as.a. feedback.signals. for. the.rotor.current.controllers.Rirx,.Riry..The.
structure,.with.stator.voltage.and.rotor.current.represented.in.polar.frame,.shown.in.the.Figure.23.13,.
allows.for.independent.control.of.amplitude.and.angle.of.the.stator.voltage.vector..That.also.means.inde-
pendent.control.of.the.amplitude.and.frequency.of.the.stator.voltage,.which.is.the.goal.in.every.stand-
alone.power.generation.system,.as.well.as.the.voltage.phase,.what.is.needed.for.synchronization.and.soft.
connection.of.standalone.operated.system.with.power.grid.[15]..Adjusting.the.rotor.current.frequency.
and.phase.to.the.mechanical.speed.(Figure.23.14a.and.c.provides.fixed.amplitude.and.frequency.of.the.
stator.voltage.(Figure.23.14b.and.d)).

Stator-connected.capacitors.Cf.provide.high.quality.of.the.stator.voltage,.despite.the.nonlinear.char-
acter.of.the.supplied.load.(Figure.23.14d)..Control.of.the.amplitude.|us|.in.polar.frame.allows.to.obtain.
fast.response.of.the.system.during.step.loading.(Figure.23.15a.through.c).and.step.unloading.(Figure.
23.15d.through.f).of.the.standalone.DFIG.

Sensorless.control.of.the.stator.voltage.us. in.polar.reference.frame.is.robust..Nevertheless,.the.fre-
quency.control.is.not.linear,.and.what.is.more.important.the.dependence.of.the.stator.voltage.phase.αus.
from.the.rotor.current.frequency. fir. is.not.precise..For.the.correct.rotor.current.frequency,.the.phase.
αus.of.the.stator.voltage.us,.depends.only.on.the.phase.of.the.rotor.current..However,. incorrect.rotor.
current.frequency.provides.permanent.increasing.or.decreasing.of.the.phase.angle.αus.of.the.stator.volt-
age.vector.us.represented.in.rotating.dq.frame..The.voltage.vector.phase.in.dq.frame.is.calculated.with.
the.function,.which.returns.the.values.in.the.range.of.−π.to.π..As.a.result,.for.incorrect.rotor.current.
frequency,.the.voltage.vector.angle.αus.has.periodical.dependence.from.the.absolute.phase.angle.αabs.of.
the.vector.(Figure.23.16a).

The.structure.with.series.PI.controller.and.integration.block.is.generally.able.to.handle.this.problem,.
as. for. variable-speed. operation,. including. start. up. of. loaded. system;. the. determination. of. adequate.
rotor.current.angular.speed.ωir.can.be.done.during.first.period.of.the.αus.signal..However,.start.up.of.
the.system.has.to.be.obtained.with.unloaded.DFIG,.as.the.load.should.not.be.supplied.by.the.voltage.
with.incorrect.initial.parameters..It.is.a.problem.for.linear.controller.to.determine.the.adequate.angular.
speed.of.the.rotor.current.vector,.as.after.αus.overflow.the.sign.of.the.error.εαus.changes..The.error.εαus.has.
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FIGURE.23.14. Oscillograms.presenting.phase.rotor.current.ir,.stator.voltage.us,.and.load.current.ild.during.variable-
speed.operation.of.standalone.DFIG.with.(a,.b).linear.and.(c,.d).nonlinear.load.
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periodical.character.with.average.value.equal.to.zero.(Figure.23.16b)..It.is.observed,.that.during.startup.
of.the.unloaded.DFIG.power.generation.system.the.determination.of.adequate.rotor.current.frequency.
takes.more.than.10.s.(Figure.23.16c).

The.frequency.control,.based.on.the.voltage.vector.phase.in.dq.frame,.can.be.modified..The.use.of.
overflow. detection. (phase. change. from. −π. to.π. or. opposite). eliminates. the. problem. with. periodical.
character.of.the.error.εαus..Following.the.overflow.detection,.the.reference.angle.αus* .is.increased.by.2π,.
or.decreased.by.−2π.depending.on.the.sign.change.of.angle.αus,.and.simultaneously.saturated.at.values.
−2π.and.2π.if.exceeds.this.range.(Figure.23.17a)..The.phase.error.εαus.is.also.saturated.with.values.−π,.π.
(Figure.23.17b)..This.modification.eliminates.the.periodical.component.(sawtooth.wave).of.the.angle.
error.εαus,.and.introduces.constant.component.in.two.ranges,.and.linear.dependence.of.the.angle.error.
εαus.from.the.absolute.value.of.the.voltage.vector.angle.αus.in.dq.frame..Modification.of.reference.angle.
αus* .and.the.error.εαus.provides.shorter.transient.states.(Figure.23.17c),.due.to.the.nonperiodical.character.
of.the.angle.controller.error.εαus.
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FIGURE.23.15. Oscillograms.presenting.phase.rotor.current.ir,.stator.voltage.us,.and.nonlinear.load.current.ild.
during.(a,.b,.c).step.loading.and.(d,.e,.f).step.unloading.of.the.standalone.DFIG.
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23-14	 Power	Electronics	and	Motor	Drives

references

. 1.. W..Koczara.and.N..Al.Khayat,.Variable.speed.integrated.generator.VSIG.as.a.modern.controlled.
and.decoupled.generation.system.of.electrical.power,.European Conference on Power Electronics and 
Applications),.Aalborg,.Denmark,.September.11–14,.2007,.10.pp.

. 2.. A..Roshan,.R..Burgos,.A.C..Baisden,.F..Wang,.and.D..Boroyevich,.A.D-Q.frame.controller.for.a.full-
bridge.single.phase.inverter.used.in.small.distributed.power.generation.systems,.in.Proceedings of 
the IEEE APEC,.Anaheim,.CA,.February.2007,.pp..641–647.

. 3.. A..Kulka,.T..Undeland,.S..Vazquez,.and.L.G..Franquelo,.Stationary.frame.voltage.harmonic.control-
ler. for. standalone. power. generation,. European Conference on Power Electronics and Applications 
(EPE, 07),.Aalborg,.Denmark,.September.2–5,.2007,.pp..1–10.

. 4.. R..Datta.and.V.T..Ranganathan,.Direct.power.control.of.grid.connected.wound.rotor.induction.machine.
without.rotor.position.sensors,.IEEE Transactions on Power Electronics,.16(3),.390–399,.May.2001.

. 5.. T.K.A..Brekken.and.N..Mohan,.Control.of.a.doubly.fed.induction.wind.generator.under.unbal-
anced.grid.voltage.conditions,.IEEE Transaction on Energy Conversion,.22(1),.129–135,.March.
2007.

. 6.. G..Abad,.M.A..Rodriguez,.and.J..Poza,.Two-level.VSC-based.predictive.direct.power.control.of.the.
doubly.fed.induction.machine.with.reduced.power.ripple.at.low.constant.switching.frequency,.IEEE 
Transactions on Energy Conversion,.23(2),.570–580,.June.2008.

. 7.. R..Cardenas,.R..Pena,.J..Proboste,.G..Asher,.and.J..Clare,.MRAS.observer.for.sensorless.control.of.
standalone.doubly.fed.induction.generators,.IEEE Transactions on Energy Conversion,.20,.710–718,.
December.2005.

. 8.. A.K..Jain.and.V.T..Ranganathan,.Wound.rotor.induction.generator.with.sensorless.control.and.inte-
grated.active.filter.for.feeding.nonlinear.loads.in.a.stand-alone.grid,.IEEE Transactions on Industrial 
Electronics,.55(1),.218–228,.January.2008.

. 9.. Y..Kawabata,.T..Oka,.E..Ejiogu,.and.T..Kawabata,.Variable.speed.constant. frequency.stand-alone.
power.generator.using.wound-rotor.induction.machine,.Fourth International Power Electronics and 
Motion Control Conference (IPEMC 2004),.Xian,.China,.2004,.Vol..3,.pp..1778–1784.

. 10.. S..Breban.et.al.,.Variable.speed.small.hydro.power.plant.connected.to.AC.grid.or. isolated. loads,.
European Power Electronics and Drives Association Journal,.17(4),.29–36,.January.2008.

. 11.. C.. Mi,. M.. Filippa,. J.. Shen,. and. N.. Natarajan,. Modeling. and. control. of. a. variable-speed. con-
stant-frequency. synchronous. generator. with. brushless. exciter,. IEEE Transactions on Industrial 
Applications,.40(2),.565–573,.March.2004.

(a)

αus

αus

αus

–π
–2π

2π

αabs

–π

π

π

αabs

(b)

εaus

(c)

0.2 s

us

ir

*

*

FIGURE.23.17. (a).Reference.α*us. and.actual.αus. angle.with.overflow.detection,. (b).nonperiodical. error.εαus.of.
angle.controller,.and.(c).rotor.phase.current.ir.and.stator.phase.voltage.us.during.start.up.of.unloaded.DFIG.with.
modified.angle.control.loop.



Standalone	Double-Fed	Induction	Generator	 23-15

. 12.. M..Chomat,.L..Schreier,.and.J..Bendl,.Control.method.for.doubly.fed.machine.supplying.unbalanced.
load,.9th European Conference on Power Electronics and Applications (EPE),.Toulouse,.France,.2003.
(CD.Proceedings).

. 13.. G..Iwanski.and.W..Koczara,.Sensorless.direct.voltage.control.of.the.stand-alone.slip-ring.induction.
generator,.IEEE Transactions on Industrial Electronics,.54(2),.1237–1239,.April.2007.

. 14.. L..Jiao,.B.T..Ooi,.G..Joos,.and.F..Zhou,.Doubly-fed.induction.generator.(DFIG).as.a.hybrid.of.asynchro-
nous.and.synchronous.machines,.Electric Power System Research,.76(1–3),.33–37,.September.2005.

. 15.. G..Iwanski.and.W..Koczara,.DFIG.based.power.generation.system.with.UPS.function.for.variable.
speed.applications,.IEEE Transactions on Industrial Electronics,.55(8),.3047–3054,.August.2008.





24-1

24.1  Introductory Considerations

Variable.speed.electric.drives.are.nowadays.utilized.in.almost.every.walk.of.life,.from.the.most.basic.
devices,. such.as.hand-held. tools.and.other.home.appliances,. to. the.most.sophisticated.ones,. such.as.
electric.propulsion.systems.in.cruise.ships.and.high-precision.manufacturing.technologies..Depending.
on.the.application,.the.control.variable.may.be.the.motor’s.torque,.speed,.or.position.of.the.rotor.shaft..
In.the.most.demanding.applications,.the.requirement.is.to.be.able.to.control.the.electric.machine’s.elec-
tromagnetic.torque.in.order.to.be.able.to.provide.a.controlled.transition.from.one.operating.speed.(posi-
tion).to.another.speed.(position)..This.means.that.the.control.of.the.drive.must.be.able.to.achieve.desired.
dynamic.response.of.the.controlled.variable.in.a.minimum.time.interval..This.can.only.be.achieved.if.
the.motor’s.electromagnetic.torque.can.be.practically.instantaneously.stepped.from.the.previous.steady-
state.value.to.the.maximum.allowed.value,.which.is.in.turn.governed.by.the.allowed.maximum.cur-
rent..Variable.speed.electric.drives.that.are.capable.of.achieving.such.a.performance.are.usually.called.
high-performance.drives,.since.the.control.is.effective.not.only.in.steady.state.but.in.transient.as.well..
Common.features.of.all.high-performance.drives.are.that.they.require.information.on.instantaneous.
rotor.position.(speed),.operation.is.with.closed-loop.control,.and.the.machine.is.supplied.from.a.power.
electronic.converter..Applications.that.necessitate.use.of.a.high-performance.drive.are.numerous.and.
include.robotics,.machine.tools,.elevators,.rolling.mills,.paper.mills,.spindles,.mine.winders,.electric.
traction,.electric.and.hybrid.electric.vehicles,.and.the.like.

A. principal. schematic. outlay. of. a. high-performance. electric. drive. is. shown. in. Figure. 24.1. and. it.
applies.equally.to.all.types.of.electric.machinery..Electromagnetic.torque.of.an.electric.machine.can.be.
expressed.as.a.product.of.the.flux-producing.current.and.torque-producing.current,.so.that.the.control.
system.in.Figure.24.1.has.two.parallel.paths..Flux-producing.current.reference.is.shown.as.a.constant;.
however,.this.may.or.may.not.be.the.case,.as.discussed.later..Torque-producing.current.is.in.principle.
the.output.of.the.torque.controller..However,.torque.controller.of.Figure.24.1.is.usually.not.present.in.
high-performance.drives,.since.the.torque-producing.current.reference.can.be.obtained.directly.from.
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the.reference.torque.by.means.of.a.simple.scaling.(or.the.output.of.the.speed.controller.can.be.made.to.
be.directly.the.torque-producing.current.reference)..This.is.so.since.the.torque.and.the.torque-producing.
current.are,.when.a.high-performance.control.algorithm.is.applied,.related.through.a.constant..The.con-
trol.structure.in.Figure.24.1.is.composed.of.cascaded.controllers.(typically.of.proportional.plus.integral.
[PI].type)..An.asterisk.stands.for.reference.quantities,.while.θ,.ω,.and.Te.designate.further.on.instan-
taneous.values.of.electrical.rotor.position,.electrical.rotor.angular.speed.(speed.is.shown.in.figures.as.
n in.rpm;.this.is.not.to.be.confused.with.phase.number.n).and.electromagnetic.torque.developed.by.the.
motor,.respectively..The.cascaded.structure. is.based.on.the.fundamental.equations.that.govern.rotor.
rotation,.which.are.for.a.machine.with.P.pole.pairs.given.with.(TL.stands.for.load.torque,.k.is.the.friction.
coefficient,.and.J.is.the.inertia.of.rotating.masses)

. T T J
P

d
dt P

ke L− = +ω ω1
. (24.1a)

.
θ ω= ∫ dt

.
(24.1b)

High-performance.drives.typically.involve.measurement.of.the.rotor.position.(speed).and.motor.sup-
ply.currents,.as.indicated.in.Figure.24.1..Since.the.machine’s.torque.is.governed.by.currents.rather.than.
voltages,.measured.currents.are.used.in.the.block.“Drive.control.algorithm”.to.incorporate.the.closed-
loop.current.control.(CC).algorithm..What.this.means.is.that.the.power.electronic.converter.is.current-
controlled,.so.that.applied.voltages.are.such.as.to.minimize.the.errors.in.the.current.tracking.

Until.the.early.1980s.of.the.last.century,.the.separately.excited.dc.motor.was.the.only.available.elec-
tric.machine.that.could.be.used.in.a.high-performance.drive..A.dc.motor.is.by.virtue.of.its.construc-
tion.ideally.suited.to.meeting.control.specifications.for.high.performance..However,.due.to.numerous.
shortcomings,.dc.motor.drives.are.nowadays.replaced.with.ac.drives.wherever.possible..To.explain.the.
requirements. on. high-performance. control,. consider. a. separately. excited. dc. motor.. Stator. of. such. a.
machine.can.be.equipped.with.either.a.winding.(excitation.winding).or.with.permanent.magnets..The.
role.of.the.stator.is.to.provide.excitation.flux.in.the.machine,.which.is.in.the.case.of.permanent.mag-
nets.constant,.while.it.is.controllable.if.there.is.an.excitation.winding..For.the.sake.of.explanation,.it.is.
assumed.that.the.stator.carries.permanent.magnets,.which.provide.constant.flux,.ψm,.so.that.the.upper.
input.into.the.“Drive.control.algorithm”.block.in.Figure.24.1.does.not.exist..The.permanent.magnet.flux.
is.stationary.in.space.and.it.acts.along.a.magnetic.axis,.as.schematically.illustrated.in.Figure.24.2,.where.
the.cross.section.of.the.machine.is.shown..Rotor.of.the.machine.carries.a.winding.(armature.winding).
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FIGURE.24.1. Schematic.outlay.of.a.high-performance.variable.speed.electric.drive.(n.=.(60/2π)ω).
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access.to.which.is.provided.by.means.of.stationary.brushes.and.an.assembly.on.the.rotor,.called.commu-
tator..The.supply.is.from.a.dc.source.(in.principle,.a.power.electronic.converter.of.dc–dc.or.ac–dc.type,.
depending.on.the.application),.which.provides.dc.armature.current.as.the.input.into.the.rotor.winding..
The.brushes.are.placed.in.an.axis.orthogonal.to.the.permanent.magnet.flux.axis.(Figure.24.2)..Since.the.
brushes.are.stationary,.flux.and.the.armature.terminal.current.are.at.all.times.at.90°..It.is.this.orthogonal.
position.of.the.torque-producing.current.(armature.current.ia).and.the.permanent.magnet.flux.ψm.that.
enables.instantaneous.torque.control.of.the.machine.by.means.of.instantaneous.change.of.the.armature.
current..This.follows.from.the.electromagnetic.torque.equation.of.the.machine,.which.is.given.by.(K.is.
a.constructional.constant)

. T K ie m a= ψ . (24.2)

It.also.follows.that.since.the.torque-producing.(armature).current.and.the.torque.are.related.through.a.
constant,.armature.current.reference.in.Figure.24.1.can.be.obtained.by.scaling.the.torque.reference.with.
the.constant.(which.is.normally.embedded.in.the.speed.controller.PI.gains),.so.that.the.torque.controller.
is.not.required..On.the.basis.of.these.explanations.and.(24.2).it.is.obvious.that.the.machine’s.torque.can.
be.stepped.if.armature.current.can.be.stepped..This.of.course.requires.current-controlled.operation.of.
the.armature.dc.supply,.so.that.the.armature.voltage.is.varied.in.accordance.with.the.armature.current.
requirements.

It.is.important.to.remark.here.that,.inside.the.rotor.winding,.the.current.is.actually.ac..It.has.a.fre-
quency.equal.to.the.frequency.of.rotor.rotation,.since.the.commutator.converts.dc.input.into.ac.output.
current.and.therefore.performs,.together.with.fixed.stationary.brushes,.the.role.of.a.mechanical.inverter.
(in.motoring.operation;.in.generation.it.is.the.other.way.round,.so.that.the.commutator.acts.as.a.recti-
fier)..As.the.rotor.winding.is.rotating.in.the.stationary.permanent.magnet.flux,.a.rotational.electromo-
tive.force.(emf).is.induced.in.the.rotor.winding.according.to.the.basic.law.of.electromagnetic.induction,.
e.=.Kψmω.

The.machine.in.Figure.24.2,.with.constant.permanent.magnet.excitation,.can.operate.with.variable.
speed.in.the.base.speed.region.only.(i.e.,.up.to.the.rated.speed),.since.operation.above.base.speed.(field.
weakening.region).requires.the.means.for.reduction.of.the.flux.in.the.machine..This.is.so.since.the.arma-
ture.voltage.cannot.exceed.the.rated.voltage.of.the.machine,.which.corresponds.to.rated.speed,.rated.
torque.operation..To.operate.at.a.speed.higher.than.rated,.one.has.to.keep.the.induced.emf.as.for.rated.
speed.operation..Since.speed.goes.up.flux.must.come.down,.something.that.is.not.possible.if.permanent.
magnets.are.used.but.is.achievable.if.there.is.an.excitation.winding..In.such.a.case.“flux-producing.cur-
rent.reference”.of.Figure.24.1.has.a.constant.rated.value.up.to.the.rated.speed.and.is.further.gradually.
reduced.to.achieve.operation.with.speeds.higher.than.rated.(hence.the.name,.field.weakening.region)..
However,.due.to.the.orthogonal.position.of.the.flux.and.armature.axes,.flux.and.torque.control.do.not.
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FIGURE.24.2. Cross-section.of.a.two-pole.permanent.magnet.excited.dc.machine,.illustrating.mutual.position.of.
the.flux.axis.and.armature.axis.
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mutually.impact.on.each.other.as.long.as.the.flux-producing.current.is.kept.constant..It.is.hence.said.
that.torque.and.flux.control.are.decoupled.(or.independent).and.this.is.the.normal.mode.of.operation.in.
the.base.speed.region..Once.when.field.weakening.region.is.entered,.dynamic.decoupled.flux.and.torque.
control.is.not.possible.any.more.since.reduction.of.the.flux.impacts.on.torque.production.

The.preceding.discussion.can.be.summarized.as.follows:.high-performance.operation.requires.that.
torque.of.a.motor.is.controllable.in.real.time;.instantaneous.torque.of.a.separately.excited.dc.motor.is.
directly.controllable.by.armature.current.as.flux.and.torque.control.are.inherently.decoupled;.indepen-
dent.flux.and.torque.control.are.possible.in.a.dc.machine.due.to.its.specific.construction.that.involves.
commutator. with. brushes. whose. position. is. fixed. in. space. and. perpendicular. to. the. flux. position;.
instantaneous.flux.and.torque.control.require.use.of.current.controlled.dc.source(s);.current.and.posi-
tion.(speed).sensing.is.necessary.in.order.to.obtain.feedback.signals.for.real-time.control.

Substitution.of.dc.drives.with.ac.drives.in.high-performance.applications.has.become.possible.only.
relatively. recently.. From. the. control. point. of. view,. it. is. necessary. to. convert. an. ac. machine. into. its.
equivalent.dc.counterpart.so.that.independent.control.of.two.currents.yields.decoupled.flux.and.torque.
control..The.set.of.control.schemes.that.enable.achievement.of.this.goal.is.usually.termed.“field-oriented.
control. (FOC)”. or. “vector. control”. methods.. The. principal. difficulty. that. arises. in. all. multiphase.
machines.(with.a.phase.number.n.≥.3).is.that.the.operating.principles.are.based.on.the.rotating.field.
(flux). in.the.machine.(note.that. the.machines.customarily.called.two-phase.machines.are. in.essence.
four-phase.machines,.since.spatial.displacement.of.phases.is.90°;.in.two-phase.machines.phase.pairs.in.
spatial.opposition.are.connected.into.one.phase)..As.a.consequence,.the.flux.that.was.stationary.in.a.sep-
arately.excited.dc.machine.is.now.rotating.in.the.cross.section.of.the.machine.at.a.synchronous.speed,.
determined.with.the.stator.winding.supply.frequency..Thus,.the.stationary.flux.axis.of.Figure.24.2.now.
becomes.an.axis.that.rotates.at.synchronous.speed..Since.decoupled.flux.and.torque.control.require.that.
flux-producing.current.is.aligned.with.the.flux.axis,.while.the.torque-producing.current.is.in.an.axis.
perpendicular.to.the.flux.axis,.the.control.of.a.multiphase.machine.has.to.be.done.using.a.set.of.orthogo-
nal.coordinates.that.rotates.at.the.synchronous.speed.(speed.of.rotation.of.the.flux.in.the.machine)..The.
situation.is.further.complicated.by.the.fact.that,.in.a.multiphase.machine,.there.are.in.principle.three.
different.fluxes.(or.flux.linkages,.as.they.will.be.called.further.on),.stator,.air-gap,.and.rotor.flux.linkage..
While.in.steady-state.operation.they.all.have.synchronous.speed.of.rotation,.the.instantaneous.speeds.
during.transients.differ..Hence.a.decision.has.to.be.made.with.regard.to.which.flux.the.control.should.be.
performed..Basic.outlay.of.the.drive.remains.as.in.Figure.24.1..However,.while.in.the.case.of.a.dc.drive.
the.block.“drive.control.algorithm”.in.essence.contains.only.current.controllers,.in.the.case.of.a.mul-
tiphase.ac.machine.this.block.becomes.more.complicated..The.reason.is.that.using.design.of.the.drive.
control.as.for.a.dc.machine,.where.there.exist.flux.and.torque-producing.dc.current.references,.means.
that.the.control.will.operate.in.a.rotating.set.of.coordinates.(rotating.reference.frame)..In.other.words,.
current. components. used. in. the. control. (flux-. and. torque-producing. currents). are. not. currents. that.
physically.exist.in.the.machine..Instead,.these.are.the.fictitious.current.components.that.are.related.to.
physically.existing.ac.phase.currents.through.a.coordinate.transformation..This.coordinate.transforma-
tion.produces,.from.dc.current.references,.ac.current.references.for.the.supply.of.the.stator.winding.of.a.
multiphase.machine..Thus,.what.commutator.with.brushes.does.in.a.dc.machine.(dc–ac.conversion).has.
to.be.done.in.ac.machines.using.a.mathematical.transformation.in.real.time.

Fundamental. principles. of. FOC. (vector. control),. which. enable. mathematical. conversion. of. an. ac.
multiphase.machine.into.an.equivalent.dc.machine,.were.laid.down.in.the.early.1970s.of.the.last.century.
for. both. induction. and. synchronous. machines. [1–5].. What. is. common. for. both. dc. and. ac. high-
performance.drives.is.that.the.supply.sources.are.current-controlled.power.electronic.converters,.cur-
rent.feedback.and.position.(speed).feedback.are.required,.and.torque.is.controlled.in.real.time..However,.
stator.winding.of.multiphase.ac.machines.is.supplied.with.ac.currents,.which.are.characterized.with.
amplitude,.frequency,.and.phase.rather.than.just.with.amplitude.as.in.dc.case..Thus,.an.ac.machine.has.
to.be.fed.from.a.source.of.variable.output.voltage,.variable.output.frequency.type..Power.electronic.con-
verters.of.dc–ac.type.(inverters).are.the.most.frequent.source.of.power.in.high-performance.ac.drives..
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Application.of.vector-controlled.ac.machines.in.high-performance.drives.became.a.reality.in.the.early.
1980s.and.has.been.enabled.by.developments. in.the.areas.of.power.electronics.and.microprocessors..
Control. systems. that. enable. realization. of. decoupled. flux. and. torque. control. in. ac. motor. drives. are.
relatively.complex,.since.they.involve.a.coordinate.transformation.that.has.to.be.executed.in.real.time..
Application.of.microprocessors.or.digital.signal.processors.is.therefore.mandatory.

In.what.follows.the.basic.principles.of.FOC.are.summarized..The.discussion.is.restricted.to.the.multi-
phase.machines.with.sinusoidal.magnetomotive.force.distribution..The.range.of.available.multiphase.ac.
machine.types.is.huge.and.includes.both.singly-fed.and.doubly-fed.(with.or.without.slip.rings).machines..
The.coverage.is.here.restricted.to.singly-fed.machines,.with.supply.provided.at.the.stator.side..The.consid-
ered.machine.types.are.induction.machines.with.a.squirrel-cage.rotor.winding,.permanent.magnet.syn-
chronous.machines.(PMSMs).(with.surface.mounted.and.interior.permanent.magnets.and.without.rotor.
cage,. i.e.,.damper.winding),. and. synchronous. reluctance. (Syn-Rel).motors. (without.damper.winding)..
This.basically.encompasses.the.most.important.types.of.ac.machines.as.far.as.the.servo.(high.performance).
drives. are. concerned.. FOC. of. synchronous. motors. with. excitation. and. damper. windings. (used. in. the.
high-power.applications).and.of.slip.ring.(wound.rotor).induction.machines.(used.as.generators.in.wind.
electricity.generation).is. thus.not.covered.and.the.reader. is.referred.to.the. literature.referenced.shortly.
for.more.information..Considerations.here.cover.the.general.case.of.a.multiphase.machine.with.three.or.
more.phases.on.stator.(n.≥.3).since.the.basic.field–oriented.control.principles.are.valid.in.the.same.manner.
regardless.of.the.actual.number.of.phases..It.has.to.be.noted.that.the.complete.theory.of.vector.control.has.
been.developed.under.the.assumption.of.an.ideal.variable.voltage,.variable.frequency,.symmetrical.and.
balanced.sinusoidal.stator.winding.multiphase.supply..Hence,.the.fact.that.such.a.supply.does.not.exist.
and.a.nonideal.(power.electronic).supply.has.to.be.used.instead.is.just.a.nuisance,.which.has.no.impact.
on.the.control.principles.(this.being.in.huge.contrast.with.another.group.of.high-performance.control.
schemes.for.multiphase.electric.drives,.direct.torque.control.(DTC).schemes,.where.the.whole.idea.of.the.
control.is.based.around.the.utilization.of.the.nonideal.power.electronic.converter.as.the.supply.source;.
DTC.is.beyond.the.scope.of.this.chapter).

Since. the.1980s.of. the. last.century,.FOC.has.been.extensively.researched.and.has.by.now.reached.a.
mature.stage,.so.that.it.is.widely.applied.in.industry.when.high.performance.is.required..It.has.also.been.
treated. in.a.number.of. textbooks.[6–25].at.varying. levels.of.complexity.and.detail..Assuming. that. the.
machine. is.operated.as.a. speed-controlled.drive,.a.generic.schematic.block.diagram.of.a.field-oriented.
multiphase.singly-fed.machine.in.closed-loop.speed.control.mode.can.be.represented,.as.shown.in.Figure.
24.3..Since.the.machine.is.supplied.from.stator.side.only,.flux-.and.torque-producing.current.references.
refer.now.to.stator.current.components.and.are.designated.with.indices.d.and.q..Here.d.applies.to.the.flux.
axis.and.q.to.the.axis.perpendicular.to.the.d-axis,.while.index.s.stands.for.stator..This.scheme.is.valid.for.
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both.synchronous.and.induction.machines.and.the.type.of.the.machine.impacts.on.the.setting.of.the.flux-
producing.current.reference.and.on.the.structure.of.the.“vector.controller”.block..It.is.assumed.in.Figure.
24.3.that.CC.algorithm.is.applied.to.the.machine’s.stator.phase.currents.(so-called.current.control.in.the.
stationary.reference.frame;.phases.are.labeled.with.numerical.indices.1.to.n)..As.indicated.in.Figure.24.3,.
blocks. “CC.algorithm,”. “vector.controller,”. “Rotational. transformation”.and.“2/n”.are.now.constituent.
parts.of.the.block.“Drive.control.algorithm”.of.Figure.24.1..Blocks.“Rotational.transformation”.and.“2/n”.
take.up.the.role.of.the.commutator.with.brushes.in.dc.machines,.by.doing.the.dc–ac.conversion.(inversion).
of.control.signals.(flux-.and.torque-producing.stator.current.references).

Vector.control.schemes.for.synchronous.machines.are,.in.principle,.simpler.than.the.equivalent.ones.
for.an.induction.machine..This.is.so.since.the.frequency.of.the.stator-winding.supply.uniquely.determines.
the.speed.of.rotation.of.a.synchronous.machine..If.there.is.excitation,.it.is.provided.by.permanent.magnets.
(or.dc.excitation.current.in.the.rotor.winding)..Rotor.carries.with.it.the.excitation.flux.as.it.rotates.and.
the.instantaneous.spatial.position.of.the.rotor.flux.is.always.fixed.to.the.rotor..Hence,.if.rotor.position.is.
measured,.position.of.the.excitation.flux.is.known..Such.a.situation.leads.to.relatively.simple.vector.control.
algorithms.for.PMSMs,.which.are.therefore.considered.first..The.situation.is.somewhat.more.involved.in.
Syn-Rel.machines..Rotor.is.of.salient.pole.structure.but.without.either.magnets.or.excitation.winding,.so.
that.excitation.flux.stems.from.the.ac.supply.of.the.multiphase.stator.winding..By.far.the.most.complex.
situation.results.in.induction.machines.where.not.only.that.the.excitation.flux.stems.from.stator.winding.
supply,.but.the.rotor.rotates.asynchronously.with.the.rotating.field..This.means.that,.even.if.the.rotor.posi-
tion.is.measured,.position.of.the.rotating.field.in.the.machine.remains.unknown..Vector.control.of.induc-
tion.machines.is.thus.the.most.complicated.case.and.is.considered.last.

The. starting. point. for. derivation. of. an. FOC. scheme. is,. regardless. of. the. type. of. the. multiphase.
machine,. a. mathematical. model. obtained. using. transformations. of. the. general. theory. of. electrical.
machines..For.all.synchronous.machine.types,.such.a.model.is.always.developed.in.the.common.refer-
ence.frame.firmly.fixed.to.the.rotor,.while.for.induction.machines.the.speed.of.the.common.reference.
frame. is. arbitrarily. selectable.. All. the. standard. assumptions. of. the. general. theory. apply:. those. that.
are.the.most.relevant.further.on.are.the.assumption.of.sinusoidal.field.(flux).spatial.distribution.and.
constancy.of.all.the.parameters.of.the.machine,.including.magnetizing.inductance(s).where.applicable.
(meaning.that.the.nonlinearity.of.the.ferromagnetic.material.is.neglected).

As.noted.already,.the.FOC.schemes.are.developed.assuming.ideal.sinusoidal.supply.of.the.machine..If.
the.control.scheme.is.of.the.form.illustrated.in.Figure.24.3,.where.CC.is.performed.using.stator.phase.cur-
rents,.then.the.current-controlled.voltage.source.(say,.an.inverter).is.treated.as.an.ideal.current.source.and.
the.machine.is.said.to.be.current.fed..In.simple.words,.it.is.assumed.that.the.multiphase.power.supply.can.
deliver.any.required.stator.voltage,.such.that.the.actual.stator.currents.perfectly.track.the.reference.currents.
of.Figure.24.3..This.greatly.simplifies.the.overall.vector.control.schemes,.since.dynamics.of.the.stator.(stator.
voltage.equations).can.be.omitted.from.consideration..Note.that.for.an.n-phase.machine.with.a.single.neutral.
point,.the.control.scheme.of.Figure.24.3.implies.existence.of.(n−1).current.controllers..These.are.typically.of.
hysteresis.or.ramp-comparison.type.and.are.the.same.regardless.of.the.ac.machine.type..CC.of.the.supply.is.
not.considered.here,.nor.are.the.PWM.control.schemes.that.are.relevant.when.CC.is.not.in.the.stationary.ref-
erence.frame..It.is.therefore.assumed.further.on.that.whatever.the.machine.type.and.the.actual.FOC.scheme.
used,.the.source.is.capable.of.delivering.ideal.sinusoidal.stator.currents.(or.voltages,.as.discussed.shortly).

24.2  Field-Oriented Control of Multiphase Permanent 
Magnet Synchronous Machines

Consider.a.multiphase.star-connected.PMSM,.with.spatial.shift.between.any.two.consecutive.phases.of.
2π/n,.and.let.the.phase.number.n.be.an.odd.number.without.any.loss.of.generality..The.neutral.point.
of.the.stator.winding.is.isolated..Permanent.magnets.are.on.the.rotor.and.they.can.be.surface.mounted.
(surface-mounted.permanent.magnet.synchronous.machine.[SPMSM]).or.embedded.in.the.rotor.(inte-
rior.permanent.magnet.synchronous.machine.[IPMSM])..In.the.former.case.the.air-gap.of.the.machine.
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can.be.considered.as.uniform,.while.in.the.latter.case.the.air-gap.length.is.variable,.since.permanent.
magnets.have.a.permeability.that.is.practically.the.same.as.for.the.air..Thus.SPMSMs.are.characterized.
with.a.rather.large.air.gap.(which.will.make.operation.in.the.field.weakening.region.difficult,.as.dis-
cussed.later),.while.the.air.gap.of.the.IPMSMs.is.small,.but.the.magnetic.reluctance.is.variable,.due.to.the.
saliency.effect.produced.by.the.embedded.magnets..Rotor.of.the.machine.does.not.carry.any.windings,.
regardless.of.the.way.in.which.the.magnets.are.placed.

Mathematical.model.of.an.IPMSM.can.be.given.in.the.common.reference.frame.firmly.attached.to.
the.rotor.with.the.following.equations:

.
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.
T P i L L i ie m qs d q ds qs= + − ψ ( )

.
(24.7)

where.index.l.stands.for.leakage.inductance,.v,.i,.and.ψ.denote.voltage,.current,.and.flux.linkage,.respec-
tively,.d.and.q.stand.for.the.components.along.permanent.magnet.flux.axis.(d).and.the.axis.perpendicular.
to.it.(q),.and.s.denotes.stator..Inductances.Ld.and.Lq.are.stator.winding.self-inductances.along.d-.and.q-axis.

Voltage. and. flux. linkage. equations. (24.3). through. (24.6). represent. an. n-phase. machine. in. terms.
of.sets.of.new.n.variables,.obtained.after.transforming.the.original.machine.model.in.phase-variable.
domain.by.means.of.a.power.invariant.transformation.matrix.that.relates.original.phase.variables.and.
new.variables.through

.
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[ ] [ ][ ]
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where.f.stands.for.voltage,.current,.or.flux.linkage.and.[D].and.[C].are.the.rotational.transformation.
matrix.and.decoupling.transformation.matrix.(block.“2/n”.in.Figure.24.3).for.stator.variables,.respec-
tively..For.an.n-phase.machine.with.an.odd.number.of.phases,.these.matrices.are
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Due.to.the.selected.power-invariant.form.of.the.transformation.matrices,.the.inverse.transformations.
are.governed.with.[T]−1.=.[T]t,.[D]−1.=.[D]t,.[C]−1.=.[C]t..Angle.of.transformation.θs.in.(24.9).is.identically.
equal.to.the.rotor.electrical.position,.so.that

.
θ θ ωs dt= = ∫ .

(24.11)

As. the.d-axis.of. the.common.reference. frame. then.coincides.with. the. instantaneous.position.of. the.
permanent.magnet.flux,.this.means.that.the.given.model.is.already.expressed.in.the.common.reference.
frame.firmly.attached.to.the.permanent.magnet.flux.

The.pairs.of.d–q.equations.(24.3).and.(24.5).constitute.the.flux/torque-producing.part.of.the.model,.
as.is.evident.from.torque.equation.(24.7)..Since.in.a.star-connected.winding,.with.isolated.neutral,.
zero-sequence.current.cannot.flow,.the.last.equation.of.(24.4).and.(24.6).can.be.omitted..The.model.
then.contains,.in.addition.to.the.d–q.equations,.(n −.3)/2.pairs.of.x–y.component.equations.in.(24.4).
and.(24.6),.which.do.not.contribute.to.the.torque.production.and.are.therefore.not.transformed.with.
rotational.transformation.(24.9).(i.e.,.their.form.is.the.one.obtained.after.application.of.decoupling.
transformation. (24.10).only).. It.has. to.be.noted.however,. that. the. reference.value.of.zero. for.all.of.
these.components.(which.will.exist.in.the.model.for.n.≥.5).is.implicitly.included.in.the.control.scheme.
of.Figure.24.3,.since.reference.phase.currents.are.built.from.d–q.current.references.only..Equations.
24.4.and.24.6.are.of.the.same.form.for.all.the.multiphase.ac.machines.considered.here.(all.types.of.
synchronous.and.induction.machines).
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For.a.SPMSM.machine,.the.set.of.equations.(24.3),.(24.5),.and.(24.7).further.simplifies.since.the.
air-gap.is.regarded.as.uniform.and.hence.Ls.=.Ld.=.Lq..Thus.(24.3).and.(24.5).reduce.to

.
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(24.12)

while.the.torque.equation.takes.the.form

. T P ie m qs= ψ . (24.13)

By.comparing.(24.13).with.(24.2),.it.is.obvious.that.the.form.of.the.torque.equation.is.identical.as.for.a.
separately.excited.dc.motor..The.only.but.important.difference.is.that.the.role.of.the.armature.current.is.
now.taken.by.the.q-axis.stator.current.component..Assuming.that.the.machine.is.current-fed.(i.e.,.CC.is.
executed.in.the.stationary.reference.frame),.stator.current.dynamics.of.(24.12).are.taken.care.of.by.the.
fast.CC.loops.and.the.global.control.scheme.of.Figure.24.3.becomes.as.in.Figure.24.4..Since.the.machine.
has.permanent.magnets.that.provide.excitation.flux,. there. is.no.need.to.provide.flux.from.the.stator.
side.and.the.stator.current.reference.along.d-axis.is.set.to.zero..According.to.(24.11),.the.measured.rotor.
electrical.position.is.the.transformation.angle.of.(24.9).

The.control.scheme.of.Figure.24.4.is.a.direct.analog.of.the.corresponding.control.scheme.of.perma-
nent.magnet.excited.dc.motors,.where.the.role.of.the.commutator.with.brushes.is.now.replaced.with.
the.mathematical.transformation.[T]−1..A.few.remarks.are.due..Figure.24.4.includes.a.limiter.after.the.
speed.controller..This.block.is.always.present.in.high-performance.drives.(although.it.was.not.included.
in.Figures.24.1.and.24.3,.for.simplicity).and.limiting.ensures.that.the.maximum.allowed.stator.current.
(normally.governed.by.the.power.electronic.converter).is.not.exceeded..Next,.as.already.noted,.a.con-
stant.that.relates.torque.and.stator.q-axis.current.reference.according.to.(24.13).and.which.is.shown.in.
Figure.24.4.will.normally.be.incorporated.into.speed.controller.gains,.so.that.the.limited.output.of.the.
speed.controller.will.actually.directly.be.the.stator.q-axis.current.reference.

The.control.scheme.of.Figure.24.4.satisfies.for.control.in.the.base.speed.region..If.it.is.required.to.oper-
ate.the.machine.at.speeds.higher.than.rated,.it.is.necessary.to.weaken.the.flux.so.that.the.voltage.applied.
to.the.machine.does.not.exceed.the.rated.value..However,.permanent.magnet.flux.cannot.be.changed.and.
the.only.way.to.achieve.operation.at.speeds.higher.than.rated.is.to.keep.the.term.ω(Lsids.+.ψm).of.(24.12).

1/K1
n*

n Rotor 
position

–

iq*s

Rotational
transfor- 
mation: 

[D]–1

2

n

id*s=0

Speed 
controller

PEC
control

Current control
algorithm

Current
feedback[C]–1

[T]–1

i1*

i2*

in*
Te*

FIGURE.24.4. Vector.control.of.a.PMSM.with.surface-mounted.magnets.in.the.base.speed.region.(K1.=.Pψm).
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constant.and.equal.to.its.value.at.rated.speed.(index.n.stands.further.on.for.rated.values),.ωnψm..Hence,.
at.any.speed.higher.than.rated,.stator.d-axis.current.reference.must.take.a.negative.value,.such.that

.
i

Lds
n m

s
n* = −

−
>

ω ω
ω

ψ ω ω
.

(24.14)

Achievable.field.weakening.region.with.SPMSMs.is.rather.limited.since.the.required.d-axis.current.reference.
of.(24.14).becomes.significant.at.rather.low.values.of.speed.above.base.speed,.due.to.the.large.effective.air-
gap.(and.hence.small.inductance.value)..What.this.means.is.that.the.available.current.limit.gets.quickly.fully.
utilized.by.the.d-axis.current,.thus.leaving.no.margin.for.the.q-axis.current.(and.hence.torque.production).

An.illustration.of.the.machine.windings.and.position.of.the.axes.used.in.the.FOC.scheme.of.Figure.
24.4.is.shown.in.Figure.24.5..A.three-phase.machine.is.assumed.and.the.stator.phases.are. labeled.as.
a,.b,.c.(rather.than.1,2,3);.permanent.magnets.are.represented.with.a.fictitious.field.(f).winding.along.
d-axis.and.stator.current.space.vector,.defined.as

.

i i ji i i j
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= + = +
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2 2

2 2
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.

(24.15)

is.shown.in.an.arbitrary.position,.as.though.it.has.positive.both.d-.and.q-axis.components..As.noted,.
in.the.base.speed.region.stator.d-axis.current.component.is.zero,.meaning.that.the.complete.stator.cur-
rent.space.vector.of.(24.15).is.aligned.with.the.q-axis..Stator.current.is.thus.at.90°.(δ.=.90°).with.respect.
to.the.flux.axis.in.motoring,.while.the.angle.is.−90°.(δ.=.−90°).during.braking..In.the.field.weakening.
d-axis.current.is.negative.to.provide.an.artificial.effect.of.the.reduction.in.the.flux.linkage.of.the.stator.
winding,.so.that.δ.>.90°.in.motoring..If.the.machine.operates.in.field.weakening.region,.simple.q-axis.
current.limiting.of.Figure.24.4.is.not.sufficient.any.more,.since.the.total.stator.current.of.(24.15).must.
not.exceed.the.prescribed.limit,.while.d-axis.current.is.now.not.zero.any.more..Hence,.the.q-axis.current.
must.have.a.variable.limit,.governed.by.the.maximum.allowed.stator.current.ismax.and.the.value.of.the.
d-axis.current.command.of.(24.14)..A.more.detailed.discussion.is.available.in.[19].
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FIGURE.24.5. Illustration.of.the.three-phase.SPMSM’s.stator.windings.and.the.common.reference.frame.used.in.FOC.
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In.PMSMs,.since.there.is.no.rotor.winding,.flux.linkage.in.the.air-gap.and.rotor.is.taken.as.being.the.
same.and.this.is.the.flux.linkage.with.which.the.reference.frame.has.been.aligned.for.FOC.purposes.
in.Figure.24.4..Schematic.representation.of.Figure.24.5.is.the.same.regardless.of.the.number.of.stator.
phases.as.long.as.the.CC.is.implemented,.as.shown.in.Figure.24.4..The.only.thing.that.changes.is.the.
number.of.stator.winding.phases.and.their.spatial.shift.

An.illustration.of.a.three-phase.SPMSM.performance,.obtained.from.an.experimental.rig,.is.shown.
next..PI.speed.control.algorithm.is.implemented.in.a.PC.and.operation.in.the.base.speed.region.is.stud-
ied..Stator.d-axis.current.reference.is.thus.set.to.zero.at.all.times,.so.that.the.drive.operates.in.the.base.
speed.region.only.(rated.speed.of.the.motor.is.3000.rpm)..The.output.of.the.speed.controller,.stator.q-axis.
current.command,.is.after.D/A.conversion.supplied.to.an.application-specific.integrated.circuit.that.per-
forms.the.coordinate.transformation.[T]−1.of.Figure.24.4..Outputs.of.the.coordinate.transformation.chip,.
stator.phase.current.references,.are.taken.to.the.hysteresis.current.controllers.that.are.used.to.control.a.
10.kHz.switching.frequency.IGBT.voltage.source.inverter..Stator.currents.are.measured.using.Hall-effect.
probes..Position.is.measured.using.a.resolver,.whose.output.is.supplied.to.the.resolver.to.digital.converter.
(another.integrated.circuit)..One.of.the.outputs.of.the.R/D.converter.is.the.speed.signal.(in.analog.form).
that.is.taken.to.the.PC.(after.A/D.conversion).as.the.speed.feedback.signal.for.the.speed.control.loop..
Speed.reference. is.applied. in.a.stepwise.manner..Speed.PI.controller. is.designed. to.give.an.aperiodic.
speed.response.to.application.of.the.rated.speed.reference.(3000.rpm).under.no-load.conditions,.using.
the.inertia.of.the.SPMSM.alone..Figure.24.6.presents.recorded.speed.responses.to.step.speed.references.
equal.to.3000.and.2000.rpm..Speed.command.is.always.applied.at.0.25.s..As.can.be.seen.from.Figure.24.6,.
speed.response.is.extremely.fast.and.the.set.speed.is.reached.in.around.0.25–0.3.s.without.any.overshoot.

SPMSM.is.next.mechanically.coupled.to.a.permanent.magnet.dc.generator.(load),.whose.armature.termi-
nals.are.left.open..An.effective.increase.in.inertia.is.therefore.achieved,.of.the.order.of.3.to.1..As.the.dc.motor.
rated.speed.is.2000.rpm,.testing.is.performed.with.this.speed.reference,.Figure.24.7..Operation.in.the.cur-
rent.limit.now.takes.place.for.a.prolonged.period.of.time,.as.can.be.seen.in.the.accompanying.q-axis.current.
reference.and.phase.a.current.reference.traces.included.in.Figure.24.7.for.the.2000.rpm.reference.speed..Due.
to.the.increased.inertia,.duration.of.the.acceleration.transient.is.now.considerably.longer,.as.is.obvious.from.
the.general.equation.of.rotor.motion.(24.1a)..In.final.steady.state,.stator.q-axis.current.reference.is.of.con-
stant.nonzero.value,.since.the.motor.must.develop.some.torque.(consume.some.real.power).to.overcome.the.
mechanical.losses.according.to.(24.1a),.as.well.as.the.core.losses.in.the.ferromagnetic.material.of.the.stator.

If.a.machine’s.electromagnetic.torque.can.be.instantaneously.stepped.from.a.constant.value.to.the.
maximum. allowed. value,. then. the. speed. response. will. be. practically. linear,. as. follows. from. (24.1a)..
Stepping.of.torque.requires.stepping.of.the.q-axis.current.in.the.machine..Due.to.the.very.small.time.
constant.of.the.stator.winding.(very.small.inductance).in.a.SPMSM,.stator.q-axis.current.component.
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FIGURE. 24.6. Experimentally. recorded. SPMSM’s. speed. response. to. step. speed. reference. application. under.
no-load.conditions:.(a).3000.rpm.and.(b).2000.rpm..(From.Ibrahim,.Z..and.Levi,.E.,.EPE J.,.12(2),.37,.2002..With.
permission.)
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changes.extremely.quickly.(although.not.instantaneously).and,.as.a.consequence,.speed.response.to.step.
change.of.the.speed.reference.is.practically.linear.during.operation.in.the.torque.(stator.q-axis.current).
limit..This.is.evident.in.Figures.24.6.and.24.7.

An.important.property.of.any.high-performance.drive.is.its.load.rejection.behavior.(i.e.,.response.to.
step.loading/unloading)..For.this.purpose,.during.operation.of.the.SPMSM.with.constant.speed.refer-
ence.of.1500.rpm.the.armature.terminals.of.the.dc.machine,.used.as.the.load,.are.suddenly.connected.
to.a. resistance. in. the.armature.circuit,. thus.creating.an.effect.of. step. load. torque.application..Speed.
response,.recorded.during.the.sudden.load.application.at.1500.rpm.speed.reference,.is.shown.in.Figure.
24.8..Since. load. torque.application. is.a.disturbance,. the.speed. inevitably.drops.during. the. transient..
How.much.the.speed.will.dip.from.the.reference.value.depends.on.the.design.parameters.of.the.speed.
controller.and.on.the.maximum.allowed.stator.current.value,.since.this.is.directly.proportional.to.the.
maximum.electromagnetic.torque.value.

Control.scheme.of.Figure.24.4,.which.in.turns.corresponds.to.the.one.of.Figure.24.1,.assumes.that.the.CC.
is.in.the.stationary.reference.frame,.exercised.upon.machine’s.phase.currents..This.was.the.preferred.solu-
tion.in.the.1980s.and.early.1990s.of.the.last.century,.which.was.based.on.utilization.of.digital.electronics.for.
the.control.part,.up.to.the.creation.of.stator.phase.current.references..The.CC.algorithm.for.power.electronic.
converter.(PEC).control.was.typically.implemented.using.analog.electronics..Due.to.the.rapid.developments.
in.the.speed.of.modern.microprocessors.and.DSPs.and.reduction.in.their.cost,.a.completely.digital.solution.
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is.predominantly.utilized.nowadays..This.means.that.the.outputs.of.the.DSP.(or.a.microprocessor).are.basi-
cally.firing.signals.for.the.PEC.semiconductor.switches..Such.a.solution.normally.involves.a.different.CC.
scheme,.which.is.now.realized.in.the.rotating.coordinates..In.simple.words,.rather.than.controlling.ac.phase.
currents,.one.now.controls.their.d–q.components..This.requires.that.the.stator.voltage.equations.(24.12).are.
now.included.in.the.consideration,.since.the.ultimate.output.of.the.control.system.are.basically.semiconduc-
tor.switch.control.signals..Thus,.the.vector.control.system.generates.at.first.d–q.axis.stator.current.references,.
in.the.same.manner.as.in.Figure.24.4,.but.this.is.followed.now.by.stator.d–q.axis.CC.in.the.rotating.reference.
frame..Inspection.of.(24.12).shows.that.there.is.a.coupling.between.stator.d–q.current.and.voltage.compo-
nents..The.outputs.of.stator.d–q.current.controllers.are.therefore.defined,.using.(24.12),.as

.

v R i L di
dt

v R i L
di
dt

ds s ds s
ds

qs s qs s
qs

′

′

= +

= +
.

(24.16)

and.the.total.stator.voltage.d–q.references.are.created.by.summing.the.outputs.of.the.PI.current.control-
lers.with.decoupling.voltages,.according.to

.

v v e

v v e
ds ds d

qs qs q

*

*

= ′ +

= ′ + .
(24.17)

Comparison.of.(24.16).and.(24.17).with.(24.12).shows.that.the.decoupling.voltages.e.are.in.the.general.
case.given.by

.

e L i

e L i

d s qs

q s ds m

= −

= +( )
ω

ω ψ
.

(24.18)

If.the.machine.operates.in.the.base.speed.region.only,.with.zero.stator.d-axis.current.reference.setting,.
decoupling.voltage.along.q-axis.contains.only.the.rotational-induced.emf.due.to.the.permanent.magnet.
flux..Calculations.according.to.(24.18).require.information.on.the.speed.of.rotation.(which.is.available),.
knowledge.of.stator.inductance,.and.stator.d–q.axis.current.components..Either.values.obtained.from.
measured.phase.currents.or.reference.values.can.be.used.as.d–q.current.components.in.(24.18)..In.this.
context,.it.is.important.to.note.that,.since.CC.is.now.based.on.d–q.stator.current.components,.it.is.neces-
sary.to.convert.measured.stator.phase.currents.into.rotating.reference.frame.using.coordinate.transfor-
mation.[T]..What.this.means.is.that.the.control.system.requires.two.coordinate.transformations,.rather.
than.one.as.the.case.was.in.Figure.24.4..Phase.currents.are.transformed.into.d–q.components,.while.
reference.d–q.axis.stator.voltages.are.transformed.into.phase.voltage.references.(i.e.,.one.transformation.
is.required.in.each.direction).

Another.important.remark.is.that,.at.least.theoretically,.it.appears.that.when.CC.is.implemented.in.
the.rotating.reference.frame,.it.is.necessary.to.use.only.two.current.controllers.(d–q.pair).regardless.of.
the.number.of.phases.of.the.machine..This.is,.however,.in.practice.not.sufficient..In.an.n-phase.machine,.
there.are.(n−1).independent.currents,.and.hence.any.nonideal.behavior.of.the.machine/PEC.will.lead.to.
poor.control.if.there.are.only.two.current.controllers..This.issue.will.be.addressed.in.detail.in.the.section.
on.induction.motor.FOC.(the.problems.are.the.same,.regardless.of.the.machine.type).

Illustration.of.the.vector.control.scheme.when.CC.is.realized.in.the.rotating.reference.frame.is.shown.
in.Figure.24.9..Decoupling.voltage.terms.are.often.omitted.and.this.is.a.satisfactory.solution.if.the.drive.
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supply.is.operated.at.a.high.switching.frequency.and.fast.current.controllers.are.used..As.noted,.this.
CC.scheme.suffices.in.practice.only.if.the.machine.is.three-phase,.although.the.general.n-phase.case.is.
illustrated.again.

FOC.of.an.IPMSM.can.be.in.essence.the.same.as.for.a.SPMSM,.where.now.one.has.to.account.for.the.
different.inductances.of.the.machine,.according.to.(24.5)..If.the.stator.d-axis.current.reference.is.set.to.
zero,.then.the.control.schemes.remain.the.same.as.in.Figures.24.4.and.24.9.for.CC.in.the.stationary.ref-
erence.frame.and.CC.in.the.rotating.reference.frame,.respectively.(the.only.difference.is.in.expressions.
for.decoupling.voltages.(24.18).where.there.are.now.different.inductances.along.the.two.axes)..However,.
operating.an.IPMSM.with.zero.stator.d-axis.current.reference.setting.is.not.optimal,.since.the.second.
component.of.the.torque.in.(24.7),.reluctance.torque,.is.zero.and.is.not.utilized..Hence,.it.is.customary.
to.operate.IPMSMs.with.nonzero.stator.d-axis.current.reference.setting.in.the.base.speed.region.as.well..
The.value.of.the.reference.is.determined.by.observing.that.for.any.required.torque.value.there.will.be.
an.optimal.setting.of.the.d-axis.current.that.minimizes.the.total.stator.current..In.other.words,.control.
is.done.in.such.a.way.that.the.operation.with.maximum.torque.per.ampere.of.stator.current.is.obtained.
(the.strategy.is.usually.called.just.MTPA)..To.explain.the.idea,.consider.Figure.24.5.and.(24.15)..Stator.
current.d–q.axis.components.can.be.given.as.functions.of.the.total.stator.current.and.the.angle.δ.as

.
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(24.19)

Electromagnetic.torque.of.the.machine.(24.7).can.then.be.given.as

.
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where.ΔL.=.Ld.−.Lq..Operation.with.MTPA.will.be.achieved.at.a.certain.value.of.the.angle.δ,.which.is.
found.by.differentiating.(24.20).with.respect.to.δ.and.equating.the.first.derivative.to.zero..Hence

.

ψ δ δ

δ ψ δ

m s

m

s

Li

Li

cos cos

cos cos .

+ =

+ ( )












− =

∆

∆

2 0

2
0 5 02

.

(24.21)

An.important.remark.is.due.here..In.contrast.to.synchronous.machines.of.salient.pole.rotor.structure.
with.excitation.winding.and.Syn-Rel.machines,.where.Ld.>.Lq.and.hence.ΔL.>.0,.in.IPMSMs.the.opposite.
holds.true..This.is.so.since.the.permanent.magnets.are.in.the.d-axis.and.due.to.their.low.permeability.
they.present.high.magnetic.reluctance,.so.that.the.d-axis.inductance.is.small..Hence,.for.IPMSMs,.
Ld.<.Lq.and.hence.ΔL.<.0..The.net.consequence.of.this.is.that.reluctance.torque.component.in.(24.20).
gives.a.positive.contribution.to.the.torque.only.if.stator.d-axis.current.reference.is.negative..Hence.the.
solution.of.the.quadratic.equation.(24.21).that.will.lead.to.MTPA.operation.is.the.one.with.the.negative.
sign.of.the.stator.d-axis.current.

24.3  Field-Oriented Control of Multiphase 
Synchronous reluctance Machines

Syn-Rel.machines.for.high-performance.variable.speed.drives.have.a.salient.pole.rotor.structure.without.
any.excitation.and.without.the.cage.winding..The.model.of.such.a.machine.is.obtainable.directly.from.
(24.3).through.(24.7).by.setting.the.permanent.magnet.flux.to.zero..If.there.are.more.than.three.phases,.
then.stator.equations.(24.4).and.(24.6).also.exist.in.the.model.but.remain.the.same.and.are.hence.not.
repeated..Thus,.from.(24.3),.(24.5),.and.(24.7),.one.has.the.model.of.the.Syn-Rel.machine,.which.is.again.
given.in.the.reference.frame.firmly.attached.to.the.rotor.d-axis.(axis.of.the.minimum.magnetic.reluc-
tance.or.maximum.inductance):

.
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(24.22)

.
T P L L i ie d q ds qs= −( ) .

(24.23)

It.follows.from.(24.23).that.the.torque.developed.by.the.machine.is.entirely.dependent.on.the.difference.
of.the.inductances.along.d-.and.q-axis..Hence.constructional.maximization.of.this.difference,.by.mak-
ing.Ld/Lq.ratio.as.high.as.possible,.is.absolutely.necessary.in.order.to.make.the.Syn-Rel.a.viable.candidate.
for.real-world.applications..For.this.purpose,.it.has.been.shown.that,.by.using.an.axially.laminated.rotor.
rather.than.a.radially. laminated.rotor.structure,. this.ratio.can.be.significantly. increased..From.FOC.
point.of.view,.it.is.however.irrelevant.what.the.actual.rotor.construction.is.(for.more.details.see.[13]).

As.the.machine’s.model.is.again.given.in.the.reference.frame.firmly.attached.to.the.rotor.and.the.real.
axis.of.the.reference.frame.again.coincides.with.the.rotor.magnetic.d-axis,.transformation.expressions.
that.relate.the.actual.phase.variables.with.the.stator.d–q.variables.(24.9).through.(24.11).are.the.same.
as.for.PMSMs..Rotor.position,.being.measured.once.more,.is.the.angle.required.in.the.transformation.
matrix. (24.9)..Thus.one.concludes. that.FOC.schemes. for.a.Syn-Rel.will. inevitably.be.very.similar. to.
those.of.an.IPMSM.
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Since.in.a.Syn-Rel.there.is.no.excitation.on.rotor,.excitation.flux.must.be.provided.from.the.stator.side.
and.this.is.the.principal.difference,.when.compared.to.the.PMSM.drives..Here.again.a.question.arises.as.to.
how.to.subdivide.the.available.stator.current.into.corresponding.d–q.axis.current.references..The.same.idea.
of.MTPA.control.is.used.as.with.IPMSMs..Using.(24.19),.electromagnetic.torque.(24.23).can.be.written.as

.
T P L L ie d q s= −( )0 5 22. sin δ

.
(24.24)

By.differentiating.(24.24).with.respect.to.angle.δ,.one.gets.this.time.a.straightforward.solution.δ.=.45°.
as.the.MTPA.condition..This.means.that.the.MTPA.results.if.at.all.times.stator.d-axis.and.q-axis.cur-
rent.references.are.kept.equal..FOC.scheme.of.Figure.24.4.therefore.only.changes.with.respect.to.the.
stator.d-axis.current.reference.setting.and.becomes.as.illustrated.in.Figure.24.10..The.q-axis.current.
limit.is.now.set.as. ±is max 2 ,.since.the.MTPA.algorithm.sets.the.d-.and.q-axis.current.references.to.
the.same.values.

The.same.modifications.are.required.in.Figure.24.9,.where.additionally.now.the.permanent.magnet.
flux.needs.to.be.set.to.zero.in.the.decoupling.voltage.calculation.(24.18)..Otherwise.the.FOC.scheme.is.
identical.as.in.Figure.24.9.and.is.therefore.not.repeated.

It.should.be.noted.that.the.simple.MTPA.solution,.obtained.above,.is.only.valid.as.long.as.the.satura-
tion.of.the.machine’s.ferromagnetic.material.is.ignored..In.reality,.however,.control.is.greatly.improved.
(and.also.made.more.complicated).by.using.an.appropriate.modified.Syn-Rel.model,.which.accounts.for.
the.nonlinear.magnetizing.characteristics.of.the.machine.in.the.two.axes.

As.an. illustration,. some.responses. collected. from.a.five-phase.Syn-Rel. experimental. rig.are.given.
in. what. follows.. To. enable. sufficient. fluxing. of. the. machine. at. low. load. torque. values,. the. MTPA. is.
modified.and.is.implemented.according.to.Figure.24.11,.with.a.constant.d-axis.reference.in.the.initial.
part..The.upper.limit.on.the.d-axis.current.reference.is.implemented.in.order.to.avoid.heavy.saturation.
of.the.magnetic.circuit..Phase.currents.are.measured.using.LEM.sensors.and.a.DSP.performs.closed-
loop.inverter.phase.CC.in.the.stationary.reference.frame,.using.digital.form.of.the.ramp-comparison.
method..Inverter.switching.frequency.is.10.kHz..The.five-phase.Syn-Rel.is.4-pole,.60.Hz.with.40.slots.
on.stator..It.was.obtained.from.a.7.5.HP,.460.V.three-phase.induction.machine.by.designing.new.stator.
laminations,.a.five-phase.stator.winding,.and.by.cutting.out.the.original.rotor.(unskewed,.with.28.slots),.
giving.a.ratio.of.the.magnetizing.d-axis.to.q-axis.inductances.of.approximately.2.85..The.machine.is.
equipped.with.a.resolver.and.control.operates.in.the.speed-sensored.mode.at.all.times.

Response. of. the. drive. during. reversing. transient. with. step. speed. reference. change. from. 800.
to.−800.rpm.under.no-load.conditions.is.illustrated.in.Figure.24.12,.where.the.traces.of.measured.speed,.
stator.q-axis.current.reference.(which.in.turn.determines.the.stator.current.d-axis.reference,.according.
to.Figure.24.11),.and.reference.and.measured.phase.current.are.shown..It.can.be.seen.that.the.quality.of.

n*

n
–

Rotor position

Rotational
transfor-
mation:

[D]–1

2 

n Speed
controller

PEC 
control 

Current
feedback

Current control
algorithm

MTPA

[C]–1

(T)–1

i1*

i2*

in*

i*ds

iq*s

i q*s

FIGURE.24.10. FOC.of.a.multiphase.Syn-Rel.using.CC.in.the.stationary.reference.frame.



FOC:	Field-Oriented	Control	 24-17

the.transient.speed.response.is.practically.the.same.as.with.a.SPMSM.(Figure.24.6.and.24.7),.since.the.
same.linearity.of.the.speed.change.profile.is.observable.again..In.final.steady-state.operation.at.−800.rpm.
the.machine.operates.with.q-axis.current.reference.of.more.than.1.A.rms,.although.there.is.no.load..This.
is.again.the.consequence.of.the.mechanical.and.iron.core.losses.that.exist.in.the.machine.but.are.not.
accounted.for.in.the.vector.control.scheme.(mechanical.loss.appears,.according.to.(24.1a),.as.a.certain.
nonzero.load.torque)..Measured.and.reference.phase.current.are.in.an.excellent.agreement,.indicating.
that.the.CC.of.the.inverter.operates.very.well.

24.4  Field-Oriented Control of Multiphase Induction Machines

Similar.to.synchronous.machines,.FOC.schemes.for.induction.machines.are.also.developed.using.math-
ematical.models.obtained.by.means.of.general.theory.of.ac.machines..An.n-phase.squirrel.cage.induc-
tion.motor.can.be.described.in.a.common.reference.frame.that.rotates.at.an.arbitrary.speed.of.rotation.
ωa.with.the.flux–torque-producing.part.of.the.model

.
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FIGURE.24.11. Variation.of.the.stator.d-axis.current.reference.against.the.q-axis.current.reference.(rms.values).
for.the.five-phase.Syn-Rel.in.the.experimental.setup..(From.Levi,.E..et.al.,.IEEE Trans. Energ. Convers.,.22(2),.281,.
2007..With.permission.)
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This.is.at.the.same.time.the.complete.model.of.a.three-phase.squirrel.cage.induction.machine..If.stator.
has.more.than.three.phases,. the.model.also. includes.the.non-flux/torque-producing.equations.(24.4).
and.(24.6),.which.are.of.the.same.form.for.all.n-phase.machines.with.sinusoidal.magnetomotive.force.
distribution..As.the.rotor.is.short-circuited,.no.x-y.voltages.of.nonzero.value.can.appear.in.the.rotor.
(since. there. is.not.any.coupling.between. stator.and.rotor.x-y. equations,. [26]),. so. that.x-y. (as.well. as.
zero-sequence).equations.of.the.rotor.are.always.redundant.and.can.be.omitted..Index.l.again.stands.
for.leakage.inductances,.indices.s.and.r.denote.stator.and.rotor,.and.Lm.is.the.magnetizing.inductance.

Relationship.between.phase.variables.and.variables.in.the.common.reference.frame.is.once.more.gov-
erned.with.(24.9).and.(24.10).for.stator.quantities..What.is.however.very.different.is.that.the.setting.of.the.
stator.transformation.angle.according.to.(24.11).would.be.of.little.use,.since.rotor.speed.is.different.from.
the.synchronous.speed..In.simple.terms,.rotor.rotates.asynchronously.with.the.rotating.field,.meaning.that.
rotor.position.does.not.coincide.with.the.position.of.a.rotating.flux.in.the.machine..The.other.difference,.
compared.to.a.PMSM,.is.that.the.rotor.does.not.carry.any.means.for.producing.the.excitation.flux..Hence.
the.flux.in.the.machine.has.to.be.produced.from.the.stator.supply.side,.this.being.similar.to.a.Syn-Rel.

Torque.equation.can.be.given.in.different.ways,.including.the.two.that.are.the.most.relevant.for.FOC,.
(24.27),.in.terms.of.stator.flux.and.rotor.flux.linkage.d–q.axis.components..It.is.obvious.from.(24.27).that.
the.torque.equation.of.an.induction.machine.will.become.identical.in.form.to.a.dc.machine’s.torque.equa-
tion.(24.2).if.q-component.of.either.stator.flux.or.rotor.flux.is.forced.to.be.zero..Thus,.to.convert.an.induc-
tion.machine.into.its.dc.equivalent,.it.is.necessary.to.select.a.reference.frame.in.which.the.q-component.of.
either.the.stator.or.rotor.flux.linkage.will.be.kept.at.zero.value.(the.third.possibility,.of.very.low.practical.
value,.is.to.choose.air-gap.[magnetizing].flux.instead.of.stator.or.rotor.flux,.and.keep.its.q-component.at.
zero)..Thus,.FOC.scheme.for.an.induction.machine.can.be.developed.by.aligning.the.reference.frame.with.
the.d-axis.component.of.the.chosen.flux.linkage..While.selection.of.the.stator.flux.linkage.for.this.purpose.
does.have.certain.applications,.it.results.in.a.more.complicated.FOC.scheme.and.is.therefore.not.consid-
ered.here..By.far.the.most.frequent.selection,.widely.utilized.in.industrial.drives,.is.the.FOC.scheme.that.
aligns.the.d-axis.of.the.common.reference.frame.with.the.rotor.flux.linkage.

As.with.synchronous.motor.drives,.CC.of.the.power.supply.can.be.implemented.using.CC.in.station-
ary.or.in.rotating.reference.frame..Since.with.CC.in.the.stationary.reference.frame.one.may.assume.that.
the.supply.is.an.ideal.current.source,.so.that.again

. i i i i i in n1 1 2 2
* * *,= = =    … . (24.28)
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stator.voltage.equations.(24.25a).can.be.omitted.from.consideration..The.common.reference.frame.in.
which.control.is.now.executed.is.the.rotor.flux.reference.frame,.so.that.the.FOC.is.usually.termed.rotor.
flux-oriented.control.(RFOC)..The.reference.frame.is.characterized.with

. θ φ ω ω ω φ
s r a r r

rd
dt

= = = . (24.29)

where.ωr.and.ϕr.stand.for.instantaneous.speed.and.position.of.the.rotating.rotor.flux.in.the.cross.section.
of.the.machine..Thus,.the.angle.of.transformation.in.(24.9).becomes.instantaneous.rotor.flux.position.

As.the.d-axis.of.the.common.reference.frame.coincides.with.d-axis.component.of.the.rotor.flux.linkage,.
while.q-axis.component.of.rotor.flux.linkage.is.kept.at.zero,.then.in.this.specific.reference.frame,.one.has

.
ψ ψ ψ

ψ
dr r qr

qrd
dt

= = =0 0
.

(24.30)

Rotor.voltage.equations.(24.25b).are.in.this.reference.frame.given.by

.
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(24.31)

Rotor.current.d–q.axis.components.can.be.expressed.from.rotor.flux.linkage.equations.(24.26b)
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(24.32)

Substitution.of.(24.32).into.(24.31).and.(24.30).into.(24.27).leads.to.the.complete.model.of.a.current-fed.
rotor.flux.oriented.induction.machine.in.the.form:

.
ψ ψ

r r
r

m dsT d
dt

L i+ =
.

(24.33)

. ( )ω ω ψr r r m qsT L i− = . (24.34)
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(24.35)

where.Tr.=.Lr/Rr.is.the.rotor.time.constant.
It.follows.from.(24.35).that.the.electromagnetic.torque.can.be.changed.instantaneously.by.stepping.the.

stator.q-axis.current.reference,.provided.that.the.rotor.flux.is.kept.constant..Inspection.of.(24.33).reveals.
that.rotor.flux.is.independent.of.the.torque-producing.q-axis.current.and.that.its.value.is.uniquely.deter-
mined.with.the.stator.d-axis.current.setting..The.response.of.rotor.flux.to.stator.d-axis.current.applica-
tion.is.exponential.and,.after.approximately.three.rotor.time.constants,.rotor.flux.achieves.steady-state.
constant.value..Hence.in.all.industrial.drives.stator.d-axis.current.is.applied.immediately.at.the.drive.
power-up,.so.that.at.the.time.of.speed.reference.application.the.machine.is.already.fully.fluxed.(i.e.,.rotor.
flux.has.already.stabilized.at.the.rated.value).
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The. third. equation. of. (24.33). through. (24.35). is. the. equation. that. relates. machine’s. slip. speed.
ωsl.=.ωr.−.ω.with.the.stator.q-axis.current.component..By.expressing.iqs.from.(24.34).and.substituting.
it.into.(24.35),.correlation.between.torque.and.slip.speed.is.obtained.in.the.form

.
T P

Re
r

r
sl=







ψ2

ω
.

(24.36)

It.follows.from.(24.36).that.relationship.between.torque.and.slip.speed.is.the.linear.one,.so.that.there.is,.
theoretically,.no.pull-out.(maximum).torque..In.practice,.maximum.achievable.torque.is.governed.by.
the.maximum.allowed.stator.current.

An.illustration.of.the.rotor.flux.oriented.reference.frame.and.the.stator.current.d–q.axis.components.
in.such.a.reference.frame.is.shown.in.Figure.24.13..Stator.current.and.its.components.are.still.governed.
with.(24.15).and.(24.19),.this.being.the.same.as.for.a.PMSM..However,.stator.d-axis.current.component.
is.now.always.of.nonzero.value,.as.the.case.was.with.a.Syn-Rel.

In.any.steady-state.operation.rotor.flux.of.(24.33).is.governed.with.ψr.=.Lmids..This.means.that,.accord-
ing.to.(24.32).steady-state.rotor.d-axis.current.component.is.zero..This.expression.also.gives.a.clue.as.to.
how.stator.d-axis.current.reference.should.be.set.in.the.base.speed.region,.where.rotor.flux.is.kept.con-
stant..In.essence,.stator.d-axis.current.reference.is.set.as.equal.to.the.machine’s.no-load.(magnetizing).
current.with.rated.voltage.supply.(obtainable.from.no-load.test),.since.under.no-load.conditions.rotor.
current.is.practically.zero.and.magnetizing.flux.and.rotor.flux.are.equal.

Basic.form.of.RFOC.scheme.for.a.current-fed.multiphase.induction.machine,.assuming.opera-
tion.in.the.base.speed.region.only,.is.illustrated.in.Figure.24.14..What.remains.to.be.explained.is.
the.way.in.which.the.instantaneous.rotor.f lux.position.angle.ϕr.is.acquired..This.is.in.essence.the.
only.but. important.difference.between.the.FOC.of.a.Syn-Rel.(Figure.24.10).and.the.RFOC.of.an.
induction.machine.

Rotor.flux.spatial.position.cannot.be.easily.measured..It.therefore.has.to.be.somehow.estimated.on.the.
basis.of.the.measurable.signals.and.an.appropriate.model.of.the.machine..In.practice,.the.most.important.
method.of.rotor.flux.position.calculation.is.based.on.utilization.of.the.Equation.24.34.in.a.feed-forward.
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Stator phase 1 axis

FIGURE.24.13. Illustration.of.the.common.reference.frame.firmly.attached.to.the.rotating.rotor.flux.linkage.of.a.
multiphase.induction.machine.
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manner,.using.reference.value.of.the.stator.q-axis.current.component..Since.ωsl.=.ωr.−.ω,.then.rotor.flux.
speed.of.rotation.can.be.calculated.as.ω ω ωr sl= + *..Then.from.(24.34).and.(24.29).it.follows.that

.

ω
ψ

sl
m qs

r r

L i
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*
*

*
=

.

(24.37)

.
φ ω ω ω θ ωr r sl sldt dt dt= = +( ) = +∫ ∫ ∫* *

.
(24.38)

Thus,.calculation.of.the.rotor.flux.position.requires.only.measurement.of.the.rotor.position..However,.
stator.current.measurement.is.still.necessary.for.the.CC.of.the.power.supply.

RFOC.scheme.in.which.the.rotor.flux.position.is.obtained.by.means.of.(24.37).and.(24.38).is.known.
as.indirect.rotor.flux.oriented.control.(IRFOC).scheme..Since.in.the.base.speed.region.stator.d-axis.cur-
rent.reference.is.constant,.then.ψr.=.Lmids.and.relationship.between.slip.speed.and.stator.q-axis.current.
reference.(24.37).reduces.to

.

ωsl
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(24.39)

where.SG.stands.for.“slip.gain”.constant.1/ ( *)T ir ds ..IRFOC.scheme.is.shown,.for.operation.in.the.base.
speed.region,.in.Figure.24.15..The.angle.required.for.rotational.transformation.is.calculated.according.
to.(24.38).and.(24.39).

An. acceleration. transient. of. a. five-phase. induction. machine. with. IRFOC. scheme. and. CC. in. the.
stationary.reference.frame.is.illustrated.in.Figure.24.16..Closed-loop.inverter.phase.CC.is.of.the.dig-
ital. ramp-comparison. type. and. the. inverter. switching. frequency. is. 10.kHz.. The. five-phase. machine.
is. 4-pole,. 60.Hz. with. 40. slots. on. stator.. It. was. obtained. from. a. 7.5.HP,. 460.V. three-phase. induction.
machine.by.designing.new.stator.laminations.and.a.five-phase.stator.winding.(the.rotor.is.the.original.
one,.unskewed,.with.28.slots)..Speed.response.and.stator.q-axis.current.reference.are.shown,.together.
with.the.reference.and.actual.phase.current.of.one.of.the. inverter.(motor).phases..By.comparing.the.
results.of.Figure.24.16.with.the.corresponding.ones.for.SPMSM.and.Syn-Rel.(Figures.24.6,.24.7,.and.
24.12),.it.is.evident.that.the.same.quality.of.the.transient.response.has.been.achieved.

Similar.results.(speed.response.and.stator.phase.current).are.shown.in.Figure.24.17.as.well,.this.time.
for.the.IRFOC.of.a.three-phase.2.3.kW,.380.V,.4-pole,.50.Hz.induction.machine..Ramp-comparison.CC.
is.used.again,.with.10.kHz. inverter.switching. frequency.and.acceleration.and.deceleration.transients.
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FIGURE.24.14. Basic.form.of.an.RFOC.scheme.for.a.multiphase.induction.machine,.with.CC.in.the.stationary.
reference.frame.(base.speed.region.only).
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FIGURE.24.15. Indirect.RFOC.scheme.for.operation.of.an.induction.machine.in.the.base.speed.region.(p.=.Laplace.
operator;.1/p.=.integrator).
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under.no-load.conditions.are.shown..Comparison.of.Figures.24.16.and.24.17.shows.that.the.same.qual-
ity.of.dynamic.response.is.achievable.regardless.of.the.number.of.phases.on.the.stator.of.the.machine.

Load.rejection.properties.of.a.three-phase.0.75.kW,.380.V,.4-pole,.50.Hz.induction.motor.drive.with.
IRFOC.are.illustrated.in.Figure.24.18,.where.at.constant.speed.reference.of.600.rpm.rated.load.torque.is.
at.first.applied.and.then.removed..The.response.of.the.stator.q-axis.current.reference.and.rotor.speed.are.
shown..Once.more,.speed.variation.during.sudden.loading/unloading.is.inevitable,.as.already.discussed.
in.conjunction.with.Figure.24.8.

IRFOC.scheme.discussed.so.far.suffices.for.operation.in.the.base.speed.region,.where.rotor.flux.(sta-
tor.d-axis.current).reference.is.kept.constant..If.the.drive.is.to.operate.above.base.speed,.it.is.necessary.
to.weaken.the.field..Since.flux.is.produced.from.stator.side,.this.now.comes.to.a.simple.reduction.of.the.
stator.d-axis.current.reference.for.speeds.higher.than.rated..The.necessary.reduction.of.the.rotor.flux.
reference.is,.in.the.simplest.case,.determined.in.very.much.the.same.way.as.for.a.PMSM..Since.supply.
voltage.of.the.machine.must.not.exceed.the.rated.value,.then.at.any.speed.higher.then.rated.product.of.
rotor.flux.and.speed.should.stay.the.same.as.at.rated.speed..Hence
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Since.change.of.rotor.speed.takes.place.at.a.much.slower.rate.than.the.change.of.rotor.flux.(i.e.,.mechani-
cal.time.constant.is.considerably.larger.than.the.electromagnetic.time.constant),.industrial.drives.nor-
mally. base. stator. current. d-axis. setting. in. the. field. weakening. region. on. the. steady-state. rotor. flux.
relationship,.i Lds r m* */= ψ ..However,.since.modern.induction.machines.are.designed.to.operate.around.
the.knee.of.the.magnetizing.characteristic.of.the.machine.(i.e.,.in.saturated.region),.while.during.opera-
tion.in.the.field.weakening.region.flux.reduces.and.operating.point.moves.toward.the.linear.part.of.the.
magnetizing.characteristic,.it.is.necessary.to.account.in.the.design.of.the.IRFOC.aimed.at.wide-speed.
operation.for.the.nonlinearity.of.the.magnetizing.curve.(i.e.,.variation.of.the.parameter.Lm)..One.rather.
simple.and.widely.used.solution. is. illustrated. in.Figure.24.19,.where.only.creation.of. stator.d–q.axis.
current.references.and.the.reference.slip.speed.is.shown..The.rest.of.the.control.scheme.is.the.same.as.
in.Figure.24.15.
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FIGURE.24.18. Experimentally.recorded.response.to.step.application.and.removal.of.the.rated.load.torque.of.a.
0.75.kW.three-phase.induction.machine.with.IRFOC..(From.Levi,.E..et.al.,.Saturation.compensation.schemes.for.
vector.controlled.induction.motor.drives,.in.IEEE Power Electronics Specialists Conference PESC,.San.Antonio,.TX,.
pp..591–598,.1990..With.permission.)
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The.scheme.of.Figure.24.19.sets.the.rotor.flux.reference.in.per.unit.(normalized.with.respect.to.the.
rated.rotor.flux.value).according.to.(24.40)..Stator.d-axis.current.setting.in.per.unit.is.further.obtained.
by.passing.the.rotor.flux.through.the.nonlinear.magnetizing.characteristic.of.the.machine.(which.has.
to.be.determined.experimentally)..A.simple.two-parameter.analytical.approximation.of.this.curve.suf-
fices.for.industrial.drives.[18]..Slip.gain.(SG).in.Figure.24.19.is.the.one.governed.by.the.rated.rotor.flux.
(i.e.,.rated.stator.d-axis.current),.which.in.turn.corresponds.to.the.rated.rotor.time.constant.value,.
SGn.=.1/(Trnidsn)..Note.that,.since.rotor.flux.reference.is.now.a.variable.quantity,.both.stator.q-axis.cur-
rent. reference.calculation.and. slip. speed. reference.calculation. involve.divisions.. Further,. since. rotor.
time.constant.is.Tr.=.Lr/Rr.and.Lr.=.Llr.+.Lm,.variation.of.the.magnetizing.inductance.causes.variation.of.
the.rotor.time.constant..Since.magnetizing.inductance.is.typically.10.times.or.more.the.rotor.leakage.
inductance,.then.the.approximation.Lm/Lmn.≈.Lr/Lrn.holds.true.(here.index.n.once.more.refers.to.rated.
operating.conditions)..Using.this.approximation.and.the.constant.slip.gain.value.of.SGn.=.1/(Trnidsn),.
reference.slip.speed.in.the.field.weakening.region.can.be.determined.according.to
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Similarly,.stator.q-axis.current.reference.is.calculated.from.the.torque.reference.(the.output.of.the.speed.
controller).as
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where. constant. K. is. the. same. as. for. operation. in. the. base. speed. region. (K. =. (PψrnLmn/Lrn)−1). and. is.
regarded.in.Figure.24.19.as.having.been.already.incorporated.in.the.PI.speed.controller.gains..Current.
limiting. is. for. simplicity. not. shown. in. Figure. 24.19. but. is,. as. always,. necessary. and. present.. Using.
IRFOC.of.Figure.24.19.means.that.the.decrease.of.the.rotor.flux.reference.in.the.field-weakening.region.
is.automatically.followed.by.proper.stator.d–axis.current.adjustment,.since.the.nonlinearity.of.the.mag-
netization.characteristic.is.taken.into.account.in.the.stator.d-axis.current.reference.calculation.
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FIGURE.24.19. IRFOC.scheme.with.compensation.of.magnetizing.flux.de-saturation.for.operation.in.both.base.
speed.and.field.weakening.region..Inverse.magnetizing.curve.of.the.machine.is.embedded.in.the.controller.as.an.
analytical.function.in.per.unit.form.
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As. is. already. obvious. from. previous. considerations,. accurate. IRFOC. requires. correct. setting. of.
the.rotor.time.constant.in.the.controller..This.is.a.machine-specific.parameter,.which.is.in.the.control.
scheme.regarded.as.a.constant..Unfortunately,.however,.this.is.a.parameter.that.can.undergo.substantial.
variations.during.operation.of.the.machine..Since.Tr.=.Lr/Rr,.variation.can.occur.due.to.both.variation.
of.the.rotor.inductance.and.rotor.resistance..Variation.of.the.rotor.inductance.is.predominantly.related.
to.the.variable.stator.d-axis.current.setting.(as.in.Figure.24.19).and.compensation.is.relatively.simple,.
as.shown.above.for.operation.in.the.field-weakening.region..Variation.of.rotor.resistance.is.however.a.
much.more.difficult.problem,.since.this.is.a.parameter.determined.by.thermal.conditions.of.the.rotor..
In.drives.that.operate.intermittently.and,.when.operated,.are.subjected.to.temporary.overloads,.varia-
tion.of.rotor.resistance.from.cold.to.hot.condition.can.easily.be.up.to.60%.(or.±30%.with.respect. to.
the.average.value)..The.net.consequence.of.the.difference.between.the.rotor.time.constant.value.in.the.
controller.and.actual.value.in.the.machine.is.that.rotor.flux.position.is.wrongly.calculated,.so.that.the.
control.system.operates.in.a.misaligned.reference.frame,.as.illustrated.in.Figure.24.20..Basically,.there.is.
a.detuning.between.true.rotor.time.constant.value.and.the.value.used.in.the.controller..Hence,.the.q-axis.
component.of.the.rotor.flux.is.not.zero,.as.“thought”.by.the.controller,.and.the.torque.equation.is.of.the.
form.given.in.(24.27).rather.than.as.for.true.rotor.flux.orientation,.(24.35).

How.severe.the.consequences.of.detuning.are.depends.on.the.rated.power.and.on.the.operating.mode.of.
the.machine..The.most.pronounced.effects.are.in.drives.operated.in.torque.control.mode,.while.in.speed-.or.
position-controlled.drives,. the.consequences.are.much. less.severe.due.to. the.filtering.effect.of. the.drive’s.
inertia..As.an.illustration,.Figure.24.21.shows.speed.response.of.an.IRFOC.scheme,.operated.in.open-loop.
torque.control.mode,.with.correct.and.incorrect.setting.of.the.rotor.time.constant..The.machine.operates.at.a.
certain.speed.with.rated.stator.d-axis.current.setting.and.zero.load.torque..Torque.reference.(i.e.,.stator.q-axis.
current.reference).is.an.alternating.square.wave.of.plus/minus.rated.value..If.the.rotor.time.constant.in.the.
controller.is.at.correct.value,.torque.is.of.the.form.given.in.(24.35)..Hence,.the.torque.developed.by.the.motor.
follows.the.alternating.square-wave.reference.and.the.speed.response.is,.according.to.(24.1a),.a.triangular.
function..However,.if.wrong.value.of.the.rotor.time.constant.is.used,.the.torque.contains.the.second.compo-
nent.associated.with.rotor.flux.q-component,.as.in.(24.27),.so.that.actual.torque.does.not.follow.the.reference..
As.a.consequence,.speed.response.deviates.from.the.triangular.waveform..The.deviations.become.more.and.
more.severe.as.the.value.in.the.controller.differs.more.and.more.from.the.correct.value.

q-Axis q*-Axis

ωr

d-Axis

ψr

ψr
∆φr d*-Axis

φr
φr

Stator phase 1 axis

*

*

FIGURE.24.20. Misalignment.of.the.actual.rotor.flux–oriented.reference.frame.and.the.reference.frame.deter-
mined.by.IRFOC.due.to.rotor.time.constant.detuning.
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In.speed.(or.position)-controlled.drives,.the.impact.of.the.incorrect.setting.of.the.rotor.time.constant.
(slip.gain).in.the.controller.is.suppressed.to.some.extent.by.the.filtering.effect.of.the.drive’s.inertia..This.
is.illustrated.in.Figure.24.22,.where.an.acceleration.transient.(from.200.to.1500.rpm).is.shown.for.the.
2.3.kW.three-phase.machine.already.considered.in.conjunction.with.Figure.24.17..The.same.transient.
is.recorded.for.a.number.of.settings.of. the.slip.gain.(SG).of.Figure.24.15..Two.different. loading.con-
ditions.are.considered:.no-load.acceleration.and.acceleration.with.a.variable. load. that. requires. rated.
motor.torque.at.1500.rpm.(100%.load.profile)..Since.the.load.is.a.dc.generator,.then.the.load.torque.in.
the. latter. case. continuously. increases. (approximately. linearly). as. the. speed. increases.. Various. speed.
responses.are.identified.with.the.percentage.value.of.the.slip.gain.setting.with.respect.to.the.rated.value,.
SGn.=.1/(Trnidsn)..It.can.be.seen.from.Figure.24.22.that.the.impact.of.incorrect.setting.of.the.slip.gain.is.
more.pronounced.for.higher.load.torques..As.the.total.stator.current.is.limited,.a.higher.transient.torque.
can.be.developed.with.a.lower.slip.gain.setting..Therefore,.acceleration.is.more.rapid.and.speed.responses.
are.faster.for.lower.slip.gain.settings..Although.use.of.a.smaller.slip.gain.value.yields.faster.response.than.
the.correct.slip.gain.value,.subsequent.steady-state.operation.is.characterized.with.higher.stator.current.
across.the.entire.base.speed.region.for.light.loads.and.across.most.of.the.base.speed.region.for.heavy.
loads..It.can.also.be.seen.that.deviation.of.the.speed.response.from.the.desired.linear.one.during.opera-
tion.in.the.current.limit.(see.Figure.24.17.where.response.for.SG.=.100%.under.no-load.conditions.has.
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already.been.shown.and.the.phase.current.trace.has.been.included).is.relatively.small,.even.for.signifi-
cant.differences.between.the.actual.slip.gain.value.and.the.one.used.in.the.controller..The.time.interval.
required.to.reach.the.steady-state.operating.conditions.can.be.significantly.different,.depending.on.the.
slip.gain.setting..However,.the.settling.time.also.depends.on.the.PI.speed.controller.design.

The.only.method.of.determining.rotor.flux.position,.discussed.here,.is.the.one.based.on.utilization.of.
the.measured.rotor.shaft.position.and.reference.stator.d–q.axis.current.components.in.a.feed-forward.
manner..Although.this.is.the.dominant.solution.in.industrial.drives,.it.has.to.be.noted.that.there.are.
numerous.other.ways.of.calculating.this.angle..For.this.purpose,.one.may.use.some.or.all.of.the.eas-
ily.measurable.signals,.such.as.rotor.position,.stator.currents,.and.stator.voltages.(they.are.usually.not.
measured.directly;.instead,.they.are.reconstructed.using.measured.dc.link.voltage.in.inverter.fed.drives.
and.the.knowledge.of.the.semiconductor.switching.signals)..More.detailed.discussion.of.these.methods.
is.beyond.the.scope.of.this.chapter.

Similarly,.as.for.synchronous.motor.vector.controlled.drives,.CC.in.RFOC.induction.motor.drives.
can. be. implemented. using. CC. in. the. rotating. reference. frame.. This. requires. that,. once. more,. stator.
voltage.equations.(24.25a).are.taken.into.consideration..By.expressing.stator.flux.d–q.axis.components.
as.functions.of.stator.current.and.rotor.flux.d–q.components,.using.(24.26),.and.then.substituting.into.
(24.25a).and.applying.the.rotor.flux.orientation.conditions.(24.29).and.(24.30),.stator.d–q.axis.voltage.
equations.take.the.form

.
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(24.43)

where. σ = −1 2L L Lm s r/ ( ). is. the. total. leakage.coefficient.of. the.machine..The.parameter. ′ =L Ls sσ . is. the.
transient.stator.inductance..Equations.24.43.show.that.the.d-.and.q-axis.components.of.stator.voltage.
and.stator.current.are.not.decoupled..In.order.words,.each.of.the.two.voltage.components.is.a.function.
of.both.stator.current.components,.as.the.case.was.with.synchronous.machines.as.well..If.the.decoupled.
control.of.stator.d-.and.q-axis.currents.is.to.be.achieved,.it.is.necessary.to.introduce.appropriate.decou-
pling.circuit.in.the.control.system..If.the.output.variables.of.current.controllers.are.defined.again.as

.

′ = + ′

′ = + ′

v R i L di
dt

v R i L
di
dt

ds s ds s
ds

qs s qs s
qs.

.

(24.44)

The.required.reference.values.of.axis.voltages.vds*.and.vqs*.are.obtained.as

. v v e v v eds ds d qs qs q* *= ′ = ′+ +  .
(24.45)

where.auxiliary.variables.ed.and.eq.are.calculated.as
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Equations.24.44.and.24.45.are.the.same.as.for.a.PMSM,.(24.16).and.(24.17),.and.the.only.difference.is.in.the.
expressions.for.decoupling.voltages,.(24.46)..If.the.machine.is.operated.in.the.base.speed.region,.derivative.
of.rotor.flux.in.the.first.of.(24.46).is.zero..Further,.ψr.=.Lmids,.so.that.(24.46).reduce.to.a.simple.form

.
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(24.47)

Here.again,.one.can.use.either.stator.current.d–q.reference.currents.or.d–q.axis.current.components.
calculated.from.the.measured.phase.currents..The.principal.RFOC.scheme,.assuming.that.rotor.flux.
position. is.again.determined.according.to.the. indirect.field.orientation.principle,. is.shown.in.Figure.
24.23.(current.limiting.block.is.not.shown.for.simplicity).

Operation.in.the.field.weakening.region.can.again.be.realized.by.using.the.stator.d-axis.current.and.
slip.speed.reference.setting.as.in.Figure.24.19..Since.the.rotor.flux.reference.will.change.slowly,.the.rate.
of.change.of.rotor.flux.in.(24.46).is.normally.neglected.in.the.decoupling.voltage.calculation,.so.that.ed.
calculation.remains.as.in.(24.47)..However,.since.rotor.flux.reference.reduces.with.the.increase.in.speed,.
eq.calculation.has.to.account.for.the.rotor.flux.(stator.d-axis.current).variation.

As.noted.in.the.section.on.RFOC.of.PMSMs,.vector.control.with.only.two.current.controllers,.as.in.
Figure.24.23,.suffices.for.three-phase.machines..While,.in.theory,.this.should.also.be.perfectly.sufficient.
for.machines.with.more.than.three.phases,.in.practice.various.nonideal.characteristics.of.the.PEC.sup-
ply.(for.example,.inverter.dead.time).and.the.machine.(any.asymmetries.in.the.stator.winding).lead.to.
the.situation.where.the.performance.with.only.two.current.controllers.is.not.satisfactory.[26]..To.illus-
trate.this.statement,.an.experimental.result.is.shown.in.Figure.24.24.for.a.five-phase.induction.machine.
(which.has.already.been.described.in.conjunction.with.Figure.24.16)..Control.scheme.of.Figure.24.23.
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is.applied,.sinusoidal.PWM.is.utilized.with.a.triangular.carrier.wave.at.10.kHz,.stator.d-axis.current.
reference.setting.is.2.6.A.rms,.and.the.machine.runs.under.no-load.conditions.at.500.rpm.(16.67.Hz.sta-
tor.frequency).in.steady.state..Stator.current.and.stator.phase.voltage.have.been.measured.and.low-pass.
filtered.with.a.filter.cut-off.frequency.of.1.6.kHz.

One.expects.to.see.a.sinusoidal.stator.phase.current..However,.the.waveform.of.the.phase.current.is.
heavily.distorted.(Figure.24.24).and.the.spectrum.contains.significant.low-order.harmonics,.in.particu-
lar.the.third.and.the.seventh.(around.20%.and.10%.of.the.fundamental,.respectively)..Although.the.cor-
responding.voltage.harmonics.are.much.smaller.(9%.and.3%,.respectively),.the.current.harmonics.are.
significant.due.to.the.very.small.impedance.presented.to.these.harmonics..These.harmonics.are.caused.
by.the.inverter.dead.time.and.they.in.essence.map.into.the.x-y.stator.voltage.components.of.(24.4).[26]..
As.can.be.seen.from.(24.4),.the.impedance.for.these.harmonics.is.the.stator.leakage.impedance.and.it.is.
small,.meaning.that.even.a.relatively.small.amount.of.these.voltage.harmonics.causes.substantial.stator.
current.harmonics..In.order.to.suppress.these.unwanted.harmonics.one.has.to.utilize.a.CC.scheme.with,.
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in.general,.(n−1).current.controllers.(as.the.case.was.with.CC.in.the.stationary.reference.frame,.Figures.
24.15.and.24.16)..In.principle,.two.additional.current.controllers.for.the.x-y.stator.current.component.
pair.are.required.in.the.case.of.a.five-phase.machine.[26]..Adding.the.second.pair.of.current.controllers.
gives.for.the.same.operating.conditions.as.in.Figure.24.24.stator.phase.current.shown.in.Figure.24.25,.
which.is.now.without.practically.any.low-order.harmonics.

24.5  Concluding remarks

FOC.of.ac.machines.is.a.vast.area,.to.which.numerous.books.have.been.devoted.in.entirety.in.recent.times..
An.attempt.has.been.made.in.this.chapter.to.introduce.the.idea.of.vector.control.by.explaining.the.physical.
background.of.the.FOC.and.to.present.the.basic.control.schemes.for.synchronous.and.induction.machines.
with.supply.from.stator.side.only..Numerous.important.aspects.have.been.either.only.briefly.mentioned.
or.not.addressed.at.all..For.example,.it.has.been.assumed.at.all.times.that.the.machine.is.equipped.with.a.
position.sensor..While.this.is.still.the.case.in.the.most.demanding.applications,.in.many.other.applications.
position.sensor.has.been.replaced.with.a.rotor.position.(speed).estimator,.leading.to.so-called.sensorless.
FOC.(for.more.details,.see.for.example.[17])..This.is.so.since.the.position.sensor.is.costly,.it.requires.space.
for.mounting.and.cabling.for.power.supply.and.position.signal.transmission,.and.it.reduces.reliability.of.
the.drive..Similarly,.it.has.been.assumed.at.all.times.that.the.FOC.schemes.are.based.on.constant.param-
eter.models.of. the.machines.and.the.problem.of.parameter.variations.has.been.only.briefly.addressed..
Numerous.more.sophisticated.machine.models.exist.nowadays,.which.are.predominantly.aimed.at.provid-
ing.modified.vector.control.schemes.with.an.automatic.compensation.of.some.of.the.parasitic.phenomena.
that.are.neglected.in.the.constant.parameter.models.(for.example,.main.flux.saturation.and.ferromagnetic.
core.losses)..Further,.a.whole.range.of.online.identification.methods.has.been.developed.over.the.years.to.
provide.accurate.information.about.the.rotor.resistance.(rotor.time.constant).value.during.operation.of.a.
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vector-controlled.induction.machine..It.has.also.been.assumed.here.that.the.stator.d-axis.current.reference.
setting.is.in.essence.constant.for.all.considered.machines,.except.in.the.field.weakening.region..However,.
vector-controlled.machines.may.be.operated.with.a.variable.flux.(variable.stator.d-axis.current.setting).
even.in.the.base.speed.region,.for.example,.for.optimum.efficiency.control..Last.but.not.least,.various.much.
more.sophisticated.approaches.exist.for.estimation.of.the.instantaneous.rotor.flux.position.in.induction.
motor.drives.using.various.modern.control.theory.approaches.(observers,.model.reference.adaptive.con-
trol,.extended.Kalman.filters,.etc;.see.[7].for.example.for.more.details).
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25.1 Introduction

The.parameters.and.also.the.nature.of.the.controlled.drive.systems.can.change.with.the.operating.con-
ditions..If.classical.controllers.with.fixed.parameters.are.used,.then.such.change.can.introduce.a.dif-
ference.in.dynamic.behavior.of.the.drive..It.can.result.in.weaker.or.stronger.damping,.and.thus.in.a.
tendency.to.instability.or.in.an.increase.of.system.response.rising.time..If.the.specifications.of.the.drive.
system. do. not. admit. such. behavior,. then. adaptive. controllers. must. be. used. [L85,BSS90,KT94].. It. is.
demanded.of.an.adaptive.controller.that.the.control.system.shall.satisfy.a.defined.control.index.inde-
pendently.of.parameter.changes.in.the.controlled.system..A.number.of.drive.systems.incorporate.con-
trolled.elements.that.are.subject.to.parameter.variations..In.most.cases,.they.are.of.limited.extent.(e.g.,.
changes.of.the.converter.amplification.with.variation.in.supply.voltage),.or.no.very.precise.demands.
are.made.as.regards.dynamic.behavior..But.in.some.cases,.operation.conditions.cause.even.significant.
parameter.changes.in.the.drive.system,.due.to.temperature,.saturation,.wear.and.tear.of.the.drive.system.
elements,.etc..In.the.further.part.of.this.chapter,.only.those.cases.will.be.investigated.in.which.marked.
parameter.variations.appear.and. for.which,.under.certain.circumstances,.application.of.an.adaptive.
controller.is.necessary.

In.the.controlled.electrical.drive.systems,.the.following.possible.parameter.variations.can.occur.
[L85,BSS90,KT94]:

. 1.. Change. of. winding. electromagnetic. time. constant. due. to. the. temperature. rise. or. material.
deterioration

. 2.. Change.of.the.mechanical.time.constant.due.to.moment.of.inertia.changes.of.the.drive

. 3.. Change.of.the.flux.value,.in.drive.with.the.field.weakening.operation

. 4.. Change.of.the.drive.system.structure.(e.g.,.due.to.the.transition.from.continuous.to.discontinuous.
armature.current.in.a.rectifier-fed.DC.motor.drive)

These.cases.will.be.discussed.in.some.detail.in.this.chapter.
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25.2 adaptive Control Structure: Basis

According.to.the.control.theory,.the.adaptive.control.systems.can.be.divided.into.three.classes.[ÄW95,SB89]:

•. Gain.scheduling.systems.(GS)
•. Self-tuning.regulators.(STR)
•. Model.reference.adaptive.systems.(MRAS)

Gain.scheduling.is.one.of.the.earliest.and.most.intuitive.approaches.to.adaptive.control,.introduced.in.
1950s.and.1960s..The.idea.consists.in.finding.auxiliary.process.variables.(other.than.the.plant.outputs.
used.for.feedbacks).that.correlate.well.with.the.changes.in.process.dynamics..If.these.variables.can.be.
measured,. they.can.be.used. to.change. the.regulator.parameters.and. thus.compensate. for.parameter.
variations..A.block.diagram.of.a.system.with.such.control.concept.is.presented.in.Figure.25.1..So.the.
gain.scheduling. is.open-loop.compensation.and.can.be.viewed.as.a. system.with. feedback.control. in.
which.the.feedback.gains.are.adjusted.by.feedforward.compensation.[ÄB95]..There.is.no.feedback.from.
the.performance.of.the.closed-loop.system,.which.compensates.for.an.incorrect.schedule.

This.approach.was.called.gain scheduling.because.the.scheme.was.originally.used.to.accommodate.
changes.in.process.gain..With.regard.to.nomenclature,.it.is.controversial.whether.gain.scheduling.should.
be.considered.as.an.adaptive.system.or.not,.because.the.parameters.are.changed.in.open.loop,.with.no.
real.“learning”.or.intelligence.[SB89]..Nevertheless,.gain.scheduling.is.very.poplar.in.practice.and.is.a.
very.useful.technique.for.reducing.the.effects.of.parameter.variations.in.the.case,.when.in.the.controlled.
system.there.are.auxiliary.variables.that.relate.well.to.the.characteristics.of.the.process.dynamics.

A.different.scheme.is.obtained.if.the.process.parameters.are.updated.and.the.regulator.parameters.are.
obtained.from.the.solution.of.a.design.problem..A.block.diagram.of.such.system.is.presented.in.Figure.25.2.

The.adaptive.regulator.can.be.thought.of.as.composed.of.two.loops..The.inner.loop.consists.of.the.
plant.and.an.ordinary. linear.feedback.regulator..The.parameters.of.the.regulator.are.adjusted.by.the.
outer.loop,.which.is.composed.of.a.specific.algorithm.for.parameter.estimation.(recursive.identification.
algorithm,.observer,.Kalman.filter,.neural.network.(NN)).and.a.design.calculation..It.should.be.noticed.
that.the.system.can.be.viewed.as.an.automation.of.process.modeling.and.design,.in.which.the.process.
model.and.the.control.design.are.updated.at.each.sampling.period..A.controller.of.this.construction.

Gain
scheduleController

parameters

Controller

Control
signal

Plant
Output

Operating
condition

u y

Reference
signal
yref

FIGURE.25.1. Block.diagram.of.a.system.with.gain.scheduling.

Controller

Controller
parameters

–

Design

Estimation

Plant
yref u y

FIGURE.25.2. Block.diagram.of.an.STR.
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is.called.a.self-tuning regulator.to.emphasize.that.the.controller.automatically.tunes.its.parameters.to.
obtain.the.desired.properties.of.the.closed-loop.system.[ÄW95,.SB89]..The.STR.scheme.is.very.flexible.
with.respect. to. the.choice.of. the.underlying.design.ad.estimation.methods..Many.different.methods.
have.been.explored..The.regulator.parameters.are.updated.indirectly.via.the.design.calculations.in.the.
self-tuner.shown.in.Figure.25.2.

The.third.adaptive.control.concept,.called.model reference adaptive system.(MRAS),.was.originally.
proposed.to.solve.a.problem.in.which.the.specifications.are.given.in.terms.of.a.reference.model.that.tells.
how.the.process.output.ideally.should.respond.to.the.command.signal.[ÄW95]..A.block.diagram.of.such.
system.is.presented.in.Figure.25.3.

In.this.case,.the.reference.model.is.in.parallel.with.the.system.and.the.regulator.can.be.thought.of.as.
consisting.of.two.loops..The.inner.loop,.which.is.an.ordinary.feedback.loop,.is.composed.of.the.plant.
and.the.regulator..The.parameters.of.the.regulator.are.adjusted.by.the.outer.(adaptation).loop.in.such.
a.way.that.the.error.e.between.the.process.output.y.and.the.model.output.ym.becomes.small..The.outer.
loop.is.thus.also.a.regulator.loop.

The.key.problem.is.to.determine.the.adjustment.algorithm.so.that.a.stable.system,.which.brings.
the.error.e.to.zero,.is.obtained..In.the.earliest.applications.of.this.scheme,.the.following.update,.called.
gradient update,.was.used.[ÄW95,SB98]:

.
d
dt

e d
d

e e d
d

e e d
d

yθ γ θ
θ

θ γ θ
θ

θ γ θ
θ

θ= − ( ) = − ( ) = − ( )( ) ( ) ( ) ( ) ( ) ( )2 2 2
.

(25.1)

where
e.denotes.the.model.error
θ.are.the.adjustable.parameters.of.the.controller
∂e/∂θ.are.the.sensitivity.derivatives.of.the.error.with.respect.to.the.adjustable.parameters.θ
γ.is.the.positive.constant.called.the.adaptation.rate

The.gradient.of.e.with.respect.to.θ.is.equal.to.the.gradient.of.the.process.output.y.with.respect.to.θ,.since.
the.model.output.ym.is.independent.of.θ.and.represents.the.sensitivity.of.the.output.error.to.variations.
in.the.controller.parameter.θ..This.rule.can.be.explained.as.follows:.if.we.assume.that.the.parameters.
θ.change.much.slower.than.the.other.system.variables,.to.make.the.square.of.the.error.small,.it.seems.
reasonable.to.change.the.parameters.in.the.direction.of.the.negative.gradient.of.e2..Unfortunately,.the.
usage.of.this.gradient.update.(25.1).encountered.several.problems.as.the.sensitivity.function.∂y/∂θ.usu-
ally.depends.on.the.unknown.plant.parameters,.and.thus.is.unavailable..At.this.point,.the.so-called.MIT 
rule.(because.the.algorithm.was.done.at.the.Massachusetts.Institute.of.Technology),.which.replaced.the.
unknown.parameters.by.their.estimates.at.time.t,.was.proposed.[ÄW95,SB98]..The.approximation.of.the.
sensitivity.derivatives.can.be.generated.as.outputs.of.a.linear.system.driven.by.process.inputs.and.outputs.

Reference model

Controller Process

Adaptation
algorithm

–
–

FIGURE.25.3. Block.diagram.of.a.system.with.an.MRAS.
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The. MRAS. schemes. are. called. direct. methods,. because. the. adjustment. rules. tell. directly. how. the.
regulator.parameters.should.be.updated..On.the.contrary,.the.STR.are.called.indirect.methods,.as.they.
first. identify. the. plane. parameters. and. then. use. these. estimates. to. update. the. controller. parameter.
through.some.fixed. transformation.(resulting. from.the.controller.design.rules)..The.MRAS.schemes.
update.the.controller.parameters.directly.(no.explicit.estimate.or.identification.of.the.plant.parameters.
is.made)..It.is.easy.to.see.that.the.inner.control.loop.of.STR.could.be.the.same.as.the.inner.loop.of.a.
MRAS.design..In.other.words,.the.MRAS.schemes.can.be.seen.as.a.special.case.of.the.STR.schemes,.
with.an.identity.transformation.between.updated.parameters.and.controller.parameters..So,.sometimes.
it.is.reasonable.to.distinguish.between.direct.and.indirect.schemes.rather.than.between.model-reference.
and.self-tuning.algorithms.

25.3 Gain Scheduling in the Drive Systems

The.gain.scheduling.concept.was.mainly.used.in.the.converter-fed.DC.drive.systems,.where.the.arma-
ture.current.control.loop.was.changed.according.to.the.operation.conditions.[BSS90,KT94]..The.com-
monly.applied.control.structure.of.the.DC.drive.system.is.composed.of.a.power.converter-fed,.separately.
excited. (or. permanent. magnet). DC. motor. coupled. to. a. mechanical. system,. a. microprocessor-based.
speed.and.current.controllers,.current,.speed.and/or.positions.sensors.used.for.feedback.signals..Usually,.
cascade.control.structure.containing.two.major.control.loops.is.used..The.block.diagram.of.such.system.
is.presented.in.Figure.25.4,.where.ia,.ua.are.the.armature.current.and.voltage;.em.is.the.electromotive.
force;.me,.mL.are.the.electromagnetic.and.load.torques;.Ψf. is.the.exciting.flux;.ωm,.ωref.are.the.motor.
and.reference.speeds;.Ka,.Kp,.Ki,.KT.are.the.gain.coefficients.of.the.armature,.static.converter,.current,.
and.speed.sensors;.Ta,.TM,.To.are.the.electromagnetic.and.mechanical.time.constants.of.the.motor.and.
converter.delay.time.constant;.KRi,.KRω.are.the.gain.factors.of.the.current.and.speed.controller;.and.TRi,.
TRω.are.the.time.constants.of.the.current.and.speed.controller.

The.inner.control.loop.performs.a.motor.current.(torque).regulation.and.consists.of.the.power.con-
verter,.electromagnetic.part.of.the.motor,.current.sensor,.and.respective.current.(torque).controller..
The.outer.speed.control.loop.consists.of.the.mechanical.part.of.the.drive,.speed.sensor,.speed.control-
ler,.and.is.cascaded.to.the.inner.current.control.loop..It.provides.speed.control.according.to.its.refer-
ence.value..In.Figure.25.4,. two.different.current.controller.structures.PI/I.are.shown,.what.results.
from.different.performance.of.the.current.control.loop.under.continuous.and.discontinuous.current.
modes.of.the.power.rectifier.supplying.the.DC.motor.[KT94]..These.specific.dynamical.performances.
of.the.current.control.loop.depending.on.the.operation.mode.are.presented.in.detail.in.Figure.25.5.

KRi TRi

KRω TRω

TR1

KT

Kp To Ka Ta TM
ωmωref

 ψf

ua

em

me

mL

ia

ia

––
– –

FIGURE.25.4. The.control.structure.of.the.drive.system.with.the.adaptive.(GS).current.controller.
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When.the.controlled.rectifier.operates.in.the.continuous.current.mode,.the.PI.current.controller.is.
applied,.tuned.according.to.the.modulus.criterion,.for.the.control.loop.presented.in.Figure.25.5a,.where.
the.controller.time.constant.and.gain.factor.are,.respectively,.adjusted.as.[BSS90,KT94]

.
T T K T

T KRi a Ri
a

O
, ,= =

2 σ .
(25.2)

where
KO.=.Kp.Ka.Ki

Tσ.=.To.+.Ti

The.current.control.system.with.discontinuous.current.differs.from.that.with.continuous.current.in.
two.respects.

. 1.. Absence.of.the.armature.time.constant.Ta:.Under.discontinuous.mode,.if.the.delay.angle.of.the.
converter.α.is.changed.at.time.t1,.the.new.average.value.of.the.current.is.reached.after.one.pulse.
period.has.elapsed.(Figure.25.6a);.that.is,.the.armature.time.constant.no.longer.has.any.effect.

. 2.. Change.of.amplification:.The.amplification.KpKa.of.the.rectifier.and.the.armature.circuit,.which.is.
nearly.constant.with.continuous.armature.current,.changes.very.substantially.on.transition.to.dis-
continuous.current.(Figure.25.6b)..Amplification.is.obtained.from.the.slope.of.the.characteristics..It.
decreases.rapidly.after.the.transition.to.discontinuous.current..In.the.discontinuous.current.range,.
this.amplification.changes.in.function.of.the.delay.angle.α.and.will.be.noted.as.ka(ia,.α).

It.can.be.proved.that.the.armature.current.loop.under.discontinuous.current.mode.can.be.shown.as.
in.Figure.25.6b,.taking.into.account.remark.1,.given.above..The.PI.controller.designed.for.the.previous.

Ki Ti Ki Ti

Ka TaKp To

Slowly variable
disturbance

Slowly variable
disturbance(a) (b)

ua ua

Kp(α) Ka(α, i)

em em
ia ia

– –
–

KRi

–iaref

TRi TRI To
iaref

FIGURE.25.5. The.current.control.loop.for.(a).the.continuous.and.(b).discontinuous.current.mode.
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current.as.a.function.of.the.delay.angle.with.motor.EMF.as.parameter.
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case.is.not.suitable.now,.since.no.inertia.element.with.electromagnetic.time.constant.Ta.is.available.to.
compensate.the.numerator.term.in.PI.controller.transfer.function..Because.ka(ia,.α).≪.KpKa,.a.control.
designed.for.continuous.current.has.a.much.longer.rise.time.with.discontinuous.current;.indeed.at.
small.current.value,.the.rise.time.can.be.of.the.order.of.seconds..If.the.current.control.is.designed.
for.a.short.rise.time.at.low.discontinuous.current,.then.it.becomes.unstable.on.transition.to.continu-
ous.current..To.avoid.this.instability,.the.current.controller.should.be.changed,.to.present.the.same.
dynamics.of.the.armature.current.control.loop.whether.that.current.is.continuous.or.discontinuous.

Thus,.an.I.controller.must.be.employed,.with.the.following.integration.time.constant.[BSS90],.[KT94]:

. T K TRI O= 2 σ . (25.3)

Accordingly,.the.adaptive.current.controller.must.satisfy.the.following.conditions
PI—behavior.with.continuous.current.mode
I—behavior.with.discontinuous.current.mode

and.the.variation.of.the.integration.time.constant.in.such.manner.that.(25.2).and.(25.3).are.fulfilled.in.
the.suitable.operation.range.

In.the.speed.control.loop,.the.Kessler.symmetrical.optimum.is.used.for.the.controller.adjustment,.
according.to.[KT94]

.
K T

K T
T TR

M

i
R i, ,ω

ω σ
ω σ= =

2
4

.
(25.4)

where
Kω.=.KT.Kzi.ψf

Tσi.=.2Tσ

In.the.case,.if.mechanical.time.constant.TM.of.the.drive.changes,.for.example,.due.to.gear.or.inertia.
load.changes,.etc.,.then.the.P-amplification.of.the.speed.controller.must.be.varied.in.proportion.to.TM.
as.indicated.by.Equation.25.4..If.we.know.exactly.the.way.TM.changes,.we.can.simply.modify.online.this.
gain.coefficient.and.thus.the.speed.controller.will.be.adaptive.in.the.sense.of.gain.scheduling.method.

25.4 Self-tuning Speed regulator for the Drive System

In. industrial. application. only,. the. mechanical. parameters. of. the. motor. calculated. according. to. the.
nominal.data.are.known..The.parameters.of.the.shaft.and.load.machine.are.uncertain.or.even.unknown.
in.many.cases..If.these.changes.are.not.known.a.priori,.in.contrast.to.previous.case.of.armature.cur-
rent.mode.changes,.the.difficulty.that.arises.here.is.that.the.parameter.change.is.not.dependent.upon.
a.measurable.variable.(i.e.,.armature.current.or.speed)..So.the.principal.task.of.the.adaptive.controller.
is. to.detect. the.changing.value.of.mechanical.parameters.of. the.drive.system,.especially. time.con-
stant.TM,.which.is.changing.in.many.cases..It.could.be.done.using.the.parameter.estimation.based.on.
different. online. methods,. like. Luenberger. observer,. Kalman. filter,. or. neural. estimators. [OJ03,OS07,.
OS03,SOD06]..Such.estimators.can.calculate.mechanical.time.constant.in.the.real.time,.based.on.the.
speed.and/or.current.measurements,.and.using.this.information.the.self-tuning.speed.controller.can.be.
designed,.what.will.be.presented.in.the.next.part.of.this.chapter.

The. general. structure. of. the. adaptive. speed. control. loop. in. the. speed. sensorless. version. (without.
speed.sensor).is.presented.in.Figure.25.7a.

The. drive. system. with. fuzzy-logic. (FL). speed. controller. is. equipped. with. speed. and. load. torque.
observer.as.well.as.with.mechanical.time.constant.estimator.based.on.neural.modeling.approach.[OJ03]..
In.the.proposed.system,.simple.FL.controller.with.nine.rule.base.is.applied,.whose.output.factor.kdu.is.
online.modified.due.to.the.changes.of.mechanical.time.constant.of.the.drive.system.
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The.NN.can.be.applied.to.the.mechanical.time.constant.estimation.of.the.drive.system.based.on.neu-
ral.modeling.concept.[KO02]..It.can.be.done.if.the.mathematical.description.of.the.dynamical.system.is.
transformed.to.the.form.used.in.the.description.of.a.simple.feedforward.NN.with.single.linear.neuron.

In.the.case.of.mechanical.equation.of.the.drive.system.[p.u]

.
T d

dt
i mM f a L

ωm = −Ψ
.

(25.5)
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FIGURE.25.7. Structure.of.adaptive.speed.control. loop.for.sensorless.DC.drive.with.(a). the.FL.controller,.
(b) the.internal.structure.of.the.FL.controller,.(c).its.membership.functions,.and.(d).the.rule.base.
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the.mentioned.transformation.to.NN.form.in.the.discrete.form.is.following:

.
ω ωm m( ) s

M
a Lk k T

T
i k m k= − + − − −( ) ( ) ( ) ,( )1 1 1∆

.
(25.6)

where
T J MM oN N= Ω
J.is.the.inertia.of.the.drive.system
ΩoN,.MN.are.the.nominal.idle-running.speed.and.nominal.torque.of.the.motor,.respectively
mL.is.the.load.torque
ia.is.the.armature.current
Ψf.is.the.exciting.flux.(constant.nominal.value,.equal.1.in.per.unit.system)
ωm.is.the.motor.speed
ΔTs.is.the.sampling.time

Equation.25.6.can.be.viewed.as.the.mathematical.description.of.a.simple.NN.with.single.linear.neuron,.
three.inputs.and.one.output..Thus,.it.can.be.written.in.the.following.form:

. ω ωm m( )   a Lk W k W i k W m k= − + − − −1 2 31 1 1( ) ( ) ( ), . (25.7)

where

.
W W W T

T1 2 31= = =, s

M

∆ .
.

(25.8)

The.coefficients.W1.÷.W3.represent.the.adjustable.weights.of.this.NN..For.their.modification,.the.back-
propagation.algorithm.can.be.used..The.estimate.of.the.mechanical.time.constant.is.thus

.
T T

WM
s= ∆

2
.
.

(25.9)

From. Equation. 25.4. results,. that. proposed. neural. estimator. of. the. mechanical. time. constant.
requires.the.input.information.about.the.motor.speed.and.actual.load.torque..In.the.proposed.sen-
sorless.drive,.the.motor.speed.and.load.torque.are.estimated.using.the.state.extended.Luenberger.
observer.(ELO),.where.the.state.vector.of.the.DC.motor.drive.system.is.extended.by.the.new.vari-
able—the.load.torque:

. xE a L, , = ( )col i mωm . . (25.10)

The.full-order.ELO.of.the.general.form

. �x Ax Bu G y yˆ ˆ ˆE E= + + −( ) . (25.11)

takes.the.following.form.in.the.case.of.DC.motor.drive:

.
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where
Te,.Kt. are. the.electromagnetic. time.constant.and. the.gain. factor.of. the.motor.armature.winding,.

respectively
g1,.g2,.g3.are.the.elements.of.the.gain.matrix.G.of.the.observer,.chosen.using.pole.placement.method.

or.genetic.algorithm.[OS03]

This.state.observer.enables.the.estimation.of.rotor.speed.and.load.torque.values.based.on.the.armature.
current.measurement..For.suitable.choice.of.gain.coefficients.gi,.the.state.estimation.is.stable.and.very.fast.

The.proposed.adaptive.tuning.of.FL.controller’s.scaling.factor.kdu.=.f(TM).ensures.the.assumed.dynam-
ics.of.the.drive.system:.overshoot.of.the.motor.speed.response.equals.zero.in.the.whole.range.of.changes.
of.mechanical.time.constant,.as.it.was.assumed.in.the.designing.process.of.FL.controller.for.nominal.
drive.inertia..On.the.contrary,.the.application.of.similar.adaptive.PI.controller.has.resulted.in.greater.
overshoots.(marked.by.doted. line. in.Figure.25.8),.which.can.be.explained.by.using.the.Kessler.sym-
metrical.optimum.under.PI.speed.controller.design.procedure..Both.types.of.speed.controllers.without.
adaptive.parameter.tuning.gave.much.worse.results,.with.greater.speed.response.overshoots,.for.time.
constant.TM.different.than.nominal.one.

In.Figure.25.9,.the.transients.of.sensorless.operation.of.the.drive.system.during.start-up,.loading.with.
nominal. torque. and. speed. reverse. modes. are. demonstrated.. The. neural. inertia. estimator. reconstructs.
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(c) results.of.TM.online.estimation.by.NN.
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the.mechanical.time.constant.during.transients..The.speed.estimation.is.performed.online,.but.the.load.
torque.estimation.is.limited.to.the.drive.operation.modes.described.by.constant.rotor.speed..Such.opera-
tion.ensures.the.smooth.transients.of.neural.inertia.identifier,.speed.observer,.and.proper.work.of.adaptive.
sensorless.structure,.with.speed.controller.parameters.adapted.according.to.actual.value.of.the.mechanical.
time.constant.of.the.drive..The.similar.control.concept,.but.with.the.application.of.the.Kalman.filter.for.state.
variables.and.mechanical.time.constant.estimation,.was.used.in.the.case.of.indirect.adaptive.control.meth-
ods.of.the.drive.system.with.elastic.couplings.and.very.good.performance.of.the.drive.was.obtained.[SO08].

25.5 Model reference adaptive Structure

For.the.systems.with.changing.parameters,.the.MRAS.method.gives.a.general.approach.for.adjusting.con-
troller.parameters.so.that.the.closed-loop.transfer.function.will.be.close.to.a.prescribed.model..This.is.called.
the.model-following.problem.[KT94,ÄW95]..One.important.question.is.how.small.we.can.make.the.error.e..
This.depends.both.on.the.model,.the.system,.and.the.type.of.the.command.signal..Usually,.it.is.difficult.to.
make.the.error.equal.to.zero.for.all.command.signals,.which.will.be.illustrated.in.the.following.

In.the.case.of.many.drive.systems,.the.inertia.moment.is.changing.depending.on.the.operation.condi-
tions..So.the.speed.controller.must.be.updated.online..Below.two.examples.of.the.MRAS.systems.based.on.
the.same.adaptation.algorithm.are.presented,.for.the.induction.and.DC.motor.drives.[JO04,ODS06,OS07].
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The.MRAS.structure.with.the.online.tuned.speed.controller.is.demonstrated.in.Figure.25.10.
This.control.structure.is.general.for.the.electrical.drive.system.and.can.be.adopted.for.AC.or.DC.

motor.drive,.under.the.condition,.that.the.torque.control.loop.is.designed.to.provide.sufficiently.fast.
torque.control,.so.it.can.be.approximated.by.an.equivalent.first-order.term..If.this.control.is.ensured,.
the. driven. machine. could. be. AC. or. DC. motor,. with. no. difference. in. the. outer. speed. control. loop.
[ODS06,OS07].. Recently,. instead. of. a. classical. PI. speed. controller,. its. neuro-fuzzy. or. sliding-mode.
neuro-fuzzy. versions. are. proposed. in. many. applications. [JO04,ODS06,OS07,CT98,LWC98,LFW98,.
LLS01,OS08].

Below,.the.adaptive.fuzzy.speed.controller.with.automatically.adjusted.rules.is.described..Control.
rules.are.tuned.so.that.the.actual.output.can.follow.the.output.of.the.reference.model..The.track-
ing.error.signal.em.between.the.desired.output.ωmod.and.the.actual.output.ωm.is.used.as.the.tuning.
signal.

In.the.present.study,.the.PI-type.neuro-fuzzy.controller.is.used.[JO04]..It.describes.the.relationship.
between.speed.error.e(k),.its.change.Δe(k),.and.change.of.the.control.signal.Δu(k)..The.rule.base.of.the.
controller.is.composed.of.a.collection.of.IF-THEN.rules.in.the.following.forms:

. R x A x A y wj
j j

i: ,IF is and is THEN1 1 2 2 = . (25.13)

where
xi.is.the.input.variable.of.the.system
A j

1.is.the.specific.membership.function
wi.is.the.consequent.function

This.controller.can.be.realized.as.a.general.structure.of.neuro-fuzzy.system.shown.in.Figure.25.11.in.the.
case.of.the.nine-rules.controller.
The.functions.of.each.layer.are.presented.as.follows:

Layer 1..Each.input.node.in.this.layer.corresponds.to.the.specific.input.variable.(x1.=.e(k);.x2.=.Δe(k))..
These.nodes.only.pass.input.signals.to.the.second.layer.

Layer 2..Each.node.performs.a.membership. function. A j
1 . that.can.be.referred. to.as. the. fuzzification.

procedure.
Layer 3..Each.node.in.this.layer.represents.the.precondition.part.of.fuzzy.rule.and.is.denoted.by.Π.that.
multiplies.the.incoming.signals.and.sends.the.results.out.
Layer 4..This.layer.acts.as.a.defuzzifier..The.single.node.is.denoted.by.Σ.and.sums.of.all.incoming.signals..
A.defuzzification.process.in.the.neuro-fuzzy.network,.known.as.the.singleton.defuzzification.method,.
is.described.by
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FIGURE.25.10. Structure.of.the.adaptive.control.system.for.the.electrical.drive.system.
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The. fuzzy-neuro. controller. has. a. simple. rule. base. with. nine. elements.. The. input. membership. func-
tions.have.commonly.used.triangular.shapes.(see.Figure.25.11)..The.fuzzy.controller.is.tuned.so.that.
the.actual.drive.output.can.follow.the.output.of.the.reference.model..The.tracking.error.is.used.as.the.
tuning.signal.

The.reference.model.is.usually.chosen.as.a.standard.second-order.term:

.
G s

s s
n

n n
mod( ) =

+ +
ω

ζω ω

2

2 22
,

.
(25.15)

where
ζ.is.a.damping.ratio
ωn.is.a.resonant.frequency

The.supervised.gradient.descent.algorithm.is.used.to.tune.the.parameters.w1,…,wM.in.the.direction.of.
minimizing.the.cost.function.like

. J k e( ) mod= −( ) =1
2

1
2

2 2ω ωm m. . (25.16)

The.parameters.adaptation.is.obtained.using.the.following.expression:

.
w k w k J k

w kr r
r

+( ) = − ∂
∂

1 ( ) ( )
( )

γ .
.

(25.17)
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The.chain.rule.is.used.then:

.
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∂
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where

.

∂
∂

= − −( ) = −J k e
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m m
( )

modω
ω ω ,

.
(25.19)
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.
(25.20)

with.Orj
3,.the.normalized.firing.strength.of.each.rule.

Expression.(25.18).involves.the.computation.of.the.gradient.of.ωm.with.respect.to.the.Δu.output.of.the.
controller,.which.is.the.change.of.reference.electromagnetic.torque.ΔmLref..The.exact.calculation.of.this.
gradient.cannot.be.determined.due.to.the.nonlinearities.and.parameter.uncertainty.of.the.drive.system..
However,.it.can.be.assumed.that.the.change.of.the.drive.speed.with.respect.to.the.torque.or.armature.
current. is.a.monotonic. increasing.process..Thus,. this.gradient.can.be.approximated.by.some.positive.
constant.values..Owning.to.the.nature.of.gradient.descent.search,.only.the.sign.of.the.gradient.is.critical.
to.the.iterative.algorithm.convergence..So,.the.adaptation.law.of.controller.parameters.can.be.written.as

. w k w k e Or r m Nr+( ) = +1 3( ) γ . (25.21)

where
em.is.the.error.between.model.response.ωmod.and.actual.speed.of.the.drive.ωm

ONr.is.the.firing.strength.of.rth.rule
γ.is.the.learning.rate

However,.the.learning.speed.of.the.above.algorithm.is.not.satisfactory.due.to.the.slow.convergence..To.
overcome.this.weakness,.a.modified.algorithm.based.on.local.gradient.PD.control.is.used.[LWC98]:

. w k w k O k e k k e kr r Nr m m+( ) = + +( )1 3( ) ( ) ( )p d∆ . (25.22)

Comparing.(25.21).to.(25.20),.one.can.see.that.the.coefficient.kp. is.equivalent.to.the.learning.rate.γ..The.
derivative. term. with. kd. is. used. to. suppress. a. large. gradient. rate.. The. quality. of. reference. speed. tuning.
depends.on.kd.and.kp.parameters.of.the.adaptive.law.(25.21)..The.bigger.values.of.these.parameters.cause.the.
faster.decrease.of.the.system.tracking.error..However,.too.large.values.of.adaptation.coefficients.introduce.
the.high-frequency.oscillations.into.the.system.state.variables..Coefficients.kp.and.kd.can.be.tuned.by.“trial-
and-error”.approach.or.by.using.artificial.intelligence.methods,.as.genetic.algorithms.[OS07,OS04].

In.Figure.25.12,.the.MRAS.structures.for.the.induction.motor.drive.and.DC.motor.drive,.with.the.
neuro-fuzzy.speed.controllers.of.PI-type.and.above.adaptation.algorithm.are.demonstrated.

In.the.case.of.IM.drive,.the.control.structure.is.based.on.the.direct.field-oriented.control.(DFOC).con-
cept,.with.decoupling.circuits.for.linearization.of.the.voltage-fed.induction.motor.[KT94]..For.obtaining.
the.sensorless.drive.system,.suitable.rotor.flux.and.speed.estimators.are.used.[ODS06]..Examples.of.drive.
system.transients,.for.rectangular.and.sinusoidal.reference.speed.traces.are.demonstrated.in.Figure.25.13.
through.Figure.25.15,.for.the.IM.[ODS06].and.DC.[JO04].drive.systems,.respectively..It.is.worth.saying.
that.in.both.cases,.the.initial.values.of.ANF.speed.controller.are.set.to.zeros.(see.Figures.25.13c,.f,.25.14c.
and.25.15c)..During.the.adaptive.process,.their.values.tend.to.optimal.ones,.which.ensure.drive.system.
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dynamics.given.by.the.reference.model..Practically,.after.1–2.operation.periods,.the.system.speed.tracks.
the.reference.speed.almost.perfectly..It.can.be.seen,.especially.in.the.case.of.the.sinusoidal.speed.reference.
transients.(Figures.25.14a.and.25.15a).. It.proves.that. the.algorithm.of.controller.parameter.adaptation.
works.very.well.and.system.transients.are.optimal.in.the.sense.of.reference.model.tracking.performance,.
even.for.changing.mechanical.time.constant.of.the.drive.system.

A.faster.dumping.of. the.drive.speed.transients,.resulting.from.the. initial.error.between.the.reference.
model.speed.and.the.motor.speed.(due.too.initial.weight.factors.of.the.NF.controller.equal.zero),.can.be.
obtained. using. the. sliding-mode. (or. PD). neuro-fuzzy. speed. controller. [OS08],. which. differs. from. the.
described.above.in.the.lack.of.the.output.integrator.of.Δu.signal.in.Figure.25.11..More.results.concerning.
these.adaptation.methods.can.be.seen.in.[JO04,ODS06,OS07,CC98,LWC98,LFW98,LLS01,OS08].

25.6  Neurocontrol of Electrical Drives as Special 
Case of adaptive regulators

Recently,.NN.are.widely.used.in.the.control.of.processes.dynamics,.resulting.in.the.new.field.called.neu-
rocontrol.that.can.be.considered.as.a.unconventional.branch.of.the.adaptive.control.theory..Similarly,.
as. in. the.classical. theory,.neural. controllers.can.be.used. in. the. indirect. (Figure.25.2).and.direct.
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(Figure.25.3).adaptive.structures..Even.in.the.case.of.the.linear.model.of.the.plant,.the.adaptive.control.
system.is.nonlinear.one..So,. the.synthesis.of. the.control.strategy.using.analytical.methods.generates.
many. problems. and. NN. propose. very. attractive. solution. because. of. their. well-known. adaptation.
features.[NP90,FS92,HIW95,NRPH00].

In.Figure.25.16,.general.structures.of.the.direct.and.indirect.adaptive.control.systems.with.neural.
controllers.for.the.electrical.drives.are.demonstrated.[NP90]..There.are.blocks.with.delay.lines.in.these.
structures,.which.enable.to.memorize.the.suitable.signals.used.with.some.delay.by.neural.identifiers.and.
controllers..In.these.structures,.NN.are.trained.online.
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In.the.direct.structure.(Figure.25.16a),.some.difficulties.occur.with.the.direct.adjustment.of.the.con-
troller.parameter.based.on.the.error.ec(k),.as.this.error.is.not.directly.accessible.at.the.NN.output.and.
cannot.be.used.for.the.corrections.calculation.of.NN.weight.factors..It.is.especially.difficult.in.the.case.
of.nonlinear.plants,.as.their.description.(transfer.function).is.not.known.or.changing.with.respect.to.
the. operation. point.. Nevertheless,. with. the. assumption,. that. the. plant. is. described. by. certain. func-
tion. fp(u(k)),. the.backpropagation.method.can.be.only.used,. if. the.derivative. ′ ( )f u kp ( ) . is. calculated..
Generally,.for.nonlinear.plants,.this.derivative.is.not.known.(and.accessible),.so.its.approximation.must.
be.used..It.can.be.calculated.according.to.[NRP00]

.
′ ( ) ≈ ( )f u k f u k

u kp
p( ) ( )

( )
∆

∆
,
.

(25.23)

where
Δfp(u(k)).=.fp(u(k.−.1)).−.fp(u(k.−.2))
Δu(k).=.u(k.−.1).−.u(k.−.2)

The.other.solution.consists.in.the.application.of.the.additional.NN.for.modeling.the.plant..Such.
neural.emulator.of.the.plant.enables.the.application.of.backpropagation.method.for.the.generation.
of. the. cluster. of. training. samples. for. the. neural. controller. based. on. the. estimated. output. of. the.
neural.model.ŷ(k)..It.results.in.the.natural.transition.from.the.direct.to.indirect.control.structure.
(Figure.25.16b).
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In.the.indirect.case,.the.nonlinear.plant.is.parameterized.assuming.the.suitable.neural.model.struc-
ture,.which.parameters.are.adapted.online.on. the.base.of. identification.error.ei..Then. the.controller.
parameters.are.adjusted.by.the.identified.model.using.the.backpropagation.method.of.the.error.between.
identified.and.reference.model..Such.backpropagation.of.the.error.is.possible.due.to.neural.realization.
of.the.identifier.[NP90,FS92].

The.identification.algorithms.as.well.as.control.algorithms.can.be.performed.in.each.sampling.inter-
val.or.after.the.conversion.of.the.data.contained.in.certain.limited.period..The.synchronized.adaptation.
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of.the.controller.and.identifier.is.recommended.in.the.case.of.lack.of.the.external.disturbances..In.the.
other.cases,. the. identification.algorithm.should.be.realized. in.every.sampling. interval.but.controller.
parameters.can.be.adapted.in.the.slower.time.scale..Such.procedure.enables.robustness.of.the.system.to.
the.external.disturbances.or.noises.and.protects.the.proper.operation.of.the.system.[HIW95,NRP00]..
Some.interesting.application.of.NN.to.electrical.drives.control.can.be.found.in.[WE93,BBT94,FS97,S99,.
GW04].

Below,. chosen. results. obtained. for. the. induction. motor. drive. with. simplified. field-oriented. con-
trol. method. (NFO. method. [JL95]). are. demonstrated. [GW04].. In. Figure. 25.17,. the. induction. motor.
drive. with. neural. speed. controller. in. the. indirect. adaptive. structure. is. shown.. The. neural. model. of.
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the.converter-fed.induction.motor.drive.is.based.on.the.perceptron.network.with.one.hidden.layer.of.
nonlinear.neurons,.as.shown.in.the.figure..This.network.was.trained.off-line.using.input.vector.consisting.
actual.and.three.delayed.values.of.the.rotor.speed.and.voltage.signal.usy.
Neural.controller.has.to.minimize.the.control.error

. e k y k r k( ) ( ) ( )= − . (25.24)

and.forms.the.control.signal.for.the.drive.system:

. u k u k f x k( ) ( ) ( )sy R R= = ( ), . (25.25)

where

. x k k k k k km m m m m
T

R
ref( ) ( ), , , ,= −( ) −( ) −( ) −( ) ω ω ω ω ω1 2 3 4 . (25.26)

while. ωm
ref .is.the.reference.speed.of.the.drive.system.

The.error.e(k).is.backpropagated.through.the.neural.model.of.the.plant.and.thus.the.virtual.error.ei(k).
is.calculated,.which.next.is.used.for.weights.modification.of.neural.speed..controller..Thus,.the.modifica-
tion.of.weights.between.the.output.and.the.hidden.layer.of.the.controller.is.made.as.follows:

. ∆w k e k y kj
R

i j
R( ) ( )( ) ( ) ( )= η . (25.27)

where
∆w kj

R( )( ) .are.the.corrections.for.weights.between.the.hidden.and.output.layer.of.the.regulator
y kj

R( )( ) .is.the.output.of.the.hidden.layer

And.for.the.connections.between.the.hidden.and.the.input.layer.of.the.controller.are.made.as.follows:

.

∆w k k y k

k y k w

ji
R

j
R

i
R

j
R

i
R

ji
R

( ) ( ) ( )

( ) ( ) (

( ) ( ) ( );

( ) ( ( ))

=

= −( )
ηδ

δ 1 2 ))( ) ( )k e ki .

(25.28)

where
δ j

R( ).is.the.error.of.the.hidden.layer
yi

R( ).is.the.output.signal.of.the.input.layer
w ji

R( ).are.the.weights.of.the.hidden.and.input.layer.of.the.regulator

In.Figure.25.18,.an.example.of.the.drive.speed.transient.under.reverse.operation.of.the.drive.system.is.
shown..It.illustrates.the.effectiveness.of.the.speed.adaptation.process.

The. initial. weights. of. neural. controller. are. randomly. chosen. and. as. the. neural. controller. is.
not.trained,.the.initial.transient.error.occurs.in.the.drive.system.output.speed..Next,.weights.are.
adapted.online.during.the.system.operation.and.the.error.between.the.output.of.reference.model.
and.the.drive.system.is.minimized.online.and.after.few.seconds,.no.speed.overshoot.is.visible..It.
is.seen.that.simple.feedforward.NN.can.perform.well.as.controllers.of.highly.nonlinear.induction.
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motor. drive. system.. Although. the. additional. NN. used. as. process. identifier. requires. additional.
training.procedure.performed.off-line,.it.gives.the.possibility.of.easy.transportation.of.the.control.
error.back.and.application.of.well-known.backpropagation.method. to. the.online. training.of. the.
second.NN.used.as.the.neural.controller.

25.7 Summary

In. this. chapter,. the. overview. of. adaptive. control. strategies. used. in. electrical. drives. is. presented..
Starting. from. the.control. theory,.main.concepts.of. the.adaptive. control. are. shortly.described.and.
evaluated..Next,.the.application.of.gain.scheduling.scheme,.STR,.and.model.reference.control.schemes.
to.electrical.drive.systems.is.shown..For.each.adaptive.control.strategy,. the.examples.of.DC.or.AC.
drive.system.are.presented.and.applied.algorithms.are.discussed..In.the.final.part.of.the.chapter,.NN.
as.a.special.case.of.adaptive.controllers.are.introduced..The.dynamical.performances.of.all.discussed.
systems.have.been.evaluated.and.illustrated.by.the.experimental.transients.obtained.in.the.laboratory.
drive.systems..It.was.shown.that.adaptive.control.concepts.are.very.effective.in.electrical.drives.with.
changeable.parameters.
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26.1  Introduction

The.chapter.presents.a.variety.of.commonly.used.control.methods.for.vibration.damping.in.two-mass.
drive.systems..The.finite.stiffness.of. the.shaft.causes. torsional.vibrations. that.affect. the.drive.system.
performance.significantly..Torsional.vibrations.limit.the.performance.of.many.industrial.drives..They.
decrease.the.system.reliability,.product.quality,.and.in.some.specific.cases,.they.can.even.lead.to.instabil-
ity.of.the.whole.control.structure..The.problem.of.damping.of.torsional.vibrations.originates.from.the.
rolling-mill.drive,.where.large.inertias.of.the.motor.and.load.parts.with.a.long.shaft.create.an.elastic.sys-
tem.[HSC99,SO07,PS08,DKT93]..Similar.problems.exist.in.paper.and.textile.industry,.where.the.elec-
tromagnetic.torque.goes.through.complex.mechanical.parts.of.the.drive.[VBL05,PAE00]..The.damping.
ability.of.the.system.is.also.a.critical.issue.in.conveyer.and.cage-host.drives.[HJS05,HJS06]..Originally,.
the. elastic. system. has. been. recognized. in. high-power. applications;. however,. due. to. the. progress. in.
power.electronic.and.microprocessor.systems,.which.allow.the.electromagnetic.torque.control.almost.
without.delay,.the.torsional.vibrations.appear.in.many.medium-.and.small-power.applications..Today,.
they.are.acknowledged.in.servo.drives,.throttle.drives,.robot.arm.drives.including.space.applications,.
and.others.[VS98,EL00,VBPP07,OBS06,FMRVR05].

26.2  Mathematical Model of the Drive

In.the.analysis.of.the.drive.system.with.a.flexible.coupling,.the.following.models.can.be.used.[HSC99,.
SO07,PS08,DKT93,VBL05]:

•. The.model.with.distributed.parameters
•. The.Rayleigh.model
•. The.inertia-shaft-free.model
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The.selection.of.the.suitable.model.is.a.compromise.between.the.obtained.modeling.accuracy.and.calcu-
lation.complexity..In.the.model.with.distributed.parameters,.it.is.assumed.that.the.inertias.of.the.motor,.
shaft,.and.load.machine.are.split.through.the.axis.of.movement..This.model.can.ensure.the.best.accuracy.
of.results;.it.is.characterized.by.an.infinite.degree.of.freedom..However,.the.equations.describing.the.
system.are.the.partial.differential.equations.with.the.form.inconvenient.for.control.structure.analysis..
Therefore,.in.the.analysis.of.the.system.with.flexible.joints,.the.different.models,.which.reduce.the.three-
dimensional.phenomena,.are.utilized.commonly.

The.Rayleigh.model.takes.into.consideration.continuous.distribution.of.inertia,.but.it.also.assumes.
linear.distribution.of.the.mechanical.stress.along.the.mechanical.system..This.model.is.used.when.the.
inertia.of.the.shaft.is.comparable.to.the.inertia.of.the.motor.and.the.load.machine.

When.the.moment.of.the.shaft.inertia.Js.is.small.in.comparison.to.the.moments.of.inertia.concentrated.on.
its.ends,.the.inertia-shaft-free.model.should.be.used..The.moment.of.the.shaft.inertia.should.be.divided.by.
two.and.added.to.the.inertia.of.the.motor.Je.and.the.load.machine.Jo,.according.to.the.following.equations:

. J J J
1 2

= +e
s . (26.1)

. J J J
2 2

= +o
s . (26.2)

Such.model.is.widely.used.in.the.analysis.of.the.system.with.flexible.connection.(in.more.than.99%.of.
published.papers)..The.drive.system.is.very.often.composed.of.the.motor.connected.to.the.load.machine.
through.the.shafts.and.mechanical.gearboxes,.which.are.applied.in.order.to.reduce.the.speed.from.the.
motor.to.the.load.side..The.moment.of.inertia.of.these.gearboxes.is.far.bigger.than.the.shaft.inertias..This.
inertia.should.be.taken.into.consideration.in.the.mathematical.model.of.the.system..It.leads.to.formulat-
ing.three-.or.multimass.inertia-shaft-free.models..A.more.complicated.model.allows.obtaining.better.
accuracy.of.the.calculation,.but.it. increases.computational.complexity..The.right.choice.of.the.model.
order.is.especially.important.in.sensorless.drives,.where.special.estimation.methods.have.to.be.applied.
so.as.to.reconstruct.the.nonmeasurable.state.variables.that.are.necessary.to.ensure.effective.damping.of.
torsional.vibrations..Nevertheless,.the.influence.of.the.additional.degree.of.freedom.on.the.drive.system.
dynamics.is.usually.neglected.and.the.simplest.two-mass.system.model.is.considered.

The.two-mass.inertia-shaft-free.model.is.described.by.the.following.equations:

. T d
dt

m m1
1ω = −e S . (26.3)

. T d
dt

m m2
2ω = −S L . (26.4)

. T dm
dtc

S = −ω ω1 2 . (26.5)

where
ω1.is.the.motor.speed
ω2.is.the.load.speed
me.is.the.electromagnetic.torque
mS.is.the.shaft.torque
mL.is.the.load.torque
T1.is.the.mechanical.time.constant.of.the.motor
T2.is.the.mechanical.time.constant.of.the.load.machine
Tc.is.the.stiffness.time.constant

The.schematic.diagram.of.the.two-mass.system.is.presented.in.Figure.26.1.
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26.3  Methods of torsional Vibration Damping

Torsional. vibrations. can. appear. in. a. drive. system. due. to. the. following. reasons. [HSC99,SO07,PS08,.
DKT93,VBL05,PAE00,HJS05,VS98]:

•. Changeability.of.the.reference.speed
•. Changeability.of.the.load.torque
•. Fluctuation.of.the.electromagnetic.torque
•. Limitation.of.the.electromagnetic.torque
•. Mechanical.misalignment.between.the.electrical.motor.and.load.machine
•. Variations.of.load.inertia
•. Unbalance.of.the.mechanical.masses
•. System. nonlinearities,. such. as. friction. torque. and. backlash. (especially,. in. the. low-speed.

operation)

In.order.to.suppress.torsional.oscillations,.different.control.methods.have.been.developed,.from.clas-
sical.to.the.advanced.ones..The.simplest.method.to.avoid.the.system.state.variable.oscillations.relies.
on.decreasing.the.dynamics.of.the.control.structure,.yet.this.method.neglects.the.performance.of.the.
drive.and.is.hardly.ever.utilized..The.commonly.utilized.approaches.can.be.divided.into.two.major.
groups:

. 1.. Passive.methods,.i.e.,.utilization.of.the.mechanical.dampers.[ZFS00].and.application.of.the.digital.
filters.[PAE00,VS98,EL00,DM08]

. 2.. Active.methods.that.include.the.application.of.the.control.structures.based.on.the.modern.control.
theory.[HSC99,SO07,HJS06,SO08]

Both.mentioned.methods.allow.damping.the.torsional.vibration.effectively..The.passive.methods.though.
possess.some.series.drawbacks..Mechanical.dampers.have.to.be.fixed.to.the.driving.system.and.hence.
additional.space.is.required..These.elements.influence.the.system.reliability.in.a.negative.way;.besides,.
they. increase. the. total. cost. of. the. system.. Moreover,. mechanical. dampers. do. not. allow. shaping. the.
responses.of.the.two-mass.system.in.wide.ranges..In.the.system.with.a.high.value.of.the.resonant.fre-
quency,. the. application. of. the. digital. filters. is. an. industrial. standard.. Although. they. can. damp. the.
vibrations.effectively,.the.dynamics.of.the.system.can.be.affected..Additionally,.changes.of.the.system.
parameters.can.affect.the.properties.of.the.drive.significantly..The.active.methods.allow.damping.the.
vibrations.successfully.and.at.the.same.time,.shaping.the.responses.of.the.system,.which.is.one.of.their.
major.advantages..Because.modern.industrial.drives.use.microprocessor.systems,.the.application.of.the.
advanced.control.structures.does.not.increase.the.cost.of.the.drive.but.the.computational.complexity.of.
these.systems.is.considered.sometimes.a.serious.drawback.

26.4  Passive Methods

The.application.of. the.mechanical.dampers. for. torsional.vibration.dumping.of. the. two-mass. system.
brings.about.the.complexity.of.the.mechanical.part.of.the.drive.and.is.not.widely.used..Such.solution.
is.discussed.in.[ZFS00].and.used.for.the.suppression.of.torsional.vibrations.of.the.robot.arm..From.the.
point.of.view.of.the.control.theory,.the.utilization.of.the.mechanical.damper.causes.the.increase.of.the.

me(t)

ω1(t) ω2(t)T1 Tc T2d

mS(t) mS(t) mL(t)

FIGURE.26.1. The.schematic.diagram.of.the.two-mass.system.
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value.of.the.internal.damping.coefficient.d..This.shifts.the.poles.of.the.two-mass.system.from.the.imagi-
nary.axis.to.the.real.axis.according.to.the.following.equation:

. s
d T T T T d TT

T T T
TT1 2

1 2 1 2
2 1 2

1 2

1 2

4

2,
c

=
− +( ) ± +( ) −

+( )
. (26.6)

The.effect.of.the.increasing.value.of.the.coefficient.d.(from.zero.to.infinity).to.the.location.of.the.two.
system.poles.is.presented.in.Figure.26.2.

The.next.passive.method.utilizes.digital.filters. for. the. suppression.of. torsional.vibrations. [PAE00,.
VS98,EL00,DM08]..The.filter.is.located.between.speed.and.torque.controllers.as.shown.in.Figure.26.3.

Usually,.the.Notch.filter.is.mentioned.as.a.tool.ensuring.damping.of.the.torsional.oscillations..However,.
as.shown.in.[VS98],.the.exact.cancellation.of.resonance.modes.is.possible.only.if.all.the.parameters.of.
the.system.are.precisely.known..So,.it.is.claimed.that.the.identification.of.the.plants.is.a.serious.problem.
in.tuning.the.Notch.compensator..Additionally,.even.small.variations.of.drive.system.parameters.may.
lower.the.restricted.value.of.system.damping.coefficient..Consequently,.the.Notch.series.compensator.
can.reduce.the.resonance.modes.but.it.cannot.eliminate.them.completely.

The.other.filter.that.is.widely.used.in.the.drive.system.with.resonant.modes.is.the.FIR.filter..The.idea.
of.the.FIR.filter.application.relies.on.the.fact.that.the.periodical.oscillations.in.a.signal.with.period.T.can.
be.eliminated.by.adding.an.identical.signal.delayed.by.T/2.to.the.original.signal..In.the.case.of.parameter.
changes,.the.FIR.filter.can.damp.the.oscillations.more.effectively.than.the.Notch.filter.[VS98]..Contrary.
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FIGURE.26.2. The.effect.of.the.increased.value.of.the.internal.damping.coefficient.d.of.the.shaft.to.the.system.
poles.location.
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FIGURE.26.3. Classical.control.structure.with.additional.digital.filter.
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to.[VS98],.other.authors.[PAE00].claim.that.the.implementation.of.Notch.filter.requires.no.knowledge.of.
the.plant.and.the.filter.parameters.can.be.easily.set.experimentally..They.suggest.that.Notch.filter.could.
be.used.in.the.system.with.middle.value.of.resonant.frequency.and.the.FIR.filter.in.the.system.with.a.
high.value.of.resonant.frequency.

A.comparison.between.dynamical.properties.of. the. low-pass.filter,.Notch.filter,. and.Bi-filter. is.
presented.in.[EL00]..Authors.suggest.the.application.of.the.low-pass.filter. in.the.case.of.the.reso-
nant.frequency.higher.than.1.kHz..Still,.it.can.cause.the.loss.of.the.system.dynamics.when.the.value.
of. resonant. frequency. is. small.. Bi-filter. can. ensure. the. smoother. motor. speed. transient. because.
its.application.ensures. the.compensation.of.antiresonant.and.resonant. frequencies.of. the. system..
However,.Bi-filter.is.very.sensitive.to.system.parameter.changes..The.Notch.filter.is.found.to.be.the.
optimal.solution.from.all.analyzed.filters,.for.compensation.of.low.and.middle.values.of.resonant.
frequencies.

26.5  Modification of the Classical Control Structure

The.classical.cascade.control.structure.of.the.two-mass.drive.system.is.presented.in.Figure.26.4..It.con-
sists.of.the.optimized.inner.torque.control.loop..The.mechanical.time.constants.of.the.mechanical.part.
of.the.drive.are.much.bigger.than.the.time.constant.of.the.inner.torque.loop..Therefore,.for.the.speed.
controller.synthesis,.the.delay.of.this.optimized.inner.loop.is.usually.neglected.[SO07].

The. closed-loop. system. with. the. PI. controller. is. of. the. fourth. order.. Because. there. are. only. two.
parameters.of. the.PI.controller,. it. is.not.possible. to. locate.all.poles.of. the.control.structure. indepen-
dently..Usually,.the.double.location.of.the.poles.is.selected..In.this.case,.parameters.of.the.controller.are.
set.using.following.equations:

. K T
T

K T
T TP

c
I

c
,= =2 1 1

2
. (26.7)

The.dynamical.characteristics.of.the.drive.system.depend.on.the.inertia.ratio.of.the.load.and.motor.
sides,.defined.as.R.=.T2/T1..The.decrease.of.the.R.value.causes.the.bigger.and.slowly.damped.oscillations.
in.the.system.step.response..The.oscillations.are.eliminated.in.the.system.with.bigger.value.of.R,.yet.at.
the.same.time,.the.dynamic.is.lost..In.Figure.26.5,.the.transients.of.the.investigated.control.structure.
for.different.value.of.R.are.presented.(all.presented.results.were.obtained.for.the.following.mechanical.
parameters.drive.system:.T1.=.T2.=.203.ms,.Tc.=.2.6.ms).

To.improve.the.performances.of.the.classical.control.structure.with.the.PI.controller,.the.additional.
feedback.loop.from.one.selected.state.variable.can.be.used..The.additional.feedback.allows.setting.the.
desired.value.of.the.damping.coefficient,.yet.the.free.value.of.the.resonant.frequency.cannot.be.achieved.
simultaneously..The.additional.feedback.can.be.inserted.to.the.electromagnetic.torque.control.loop.or.
to.the.speed.control.loop.
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FIGURE.26.4. Classical.control.structure.with.basic.feedback.from.the.motor.speed.
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In.[SH96],.the.additional.feedback.from.derivative.of.the.shaft.torque.inserted.to.the.electromagnetic.
torque.node.was.presented..The.authors.investigated.the.proposed.method.and.applied.it.to.the.two-.
and.three-mass.system..Nevertheless,. the.proposed.estimator.of. the.shaft.torque. is.quite.sensitive. to.
measurement.noises,.so.the.suppression.of.high-frequency.vibrations.is.difficult.and.additionally.the.
system.becomes.less.dynamic..Another.modification.of.the.control.structure.results.from.inserting.the.
additional.feedback.from.the.shaft.torque..This.type.of.feedback.is.utilized.in.many.works,.i.e.,.[PAE00,.
OBS06]..The.damping.of.the.torsional.vibrations.is.reported.to.be.successful.

In.the.paper.[PAE00],. the. feedback.from.the.difference.between.motor.and. load.speed. is.utilized..
Although.the.oscillations.were.successfully.suppressed,.the.authors.claim.the.loss.of.response.dynamics.
and.large.load.impact.effect..The.additional.feedback.from.the.derivative.of.the.load.speed.is.proposed.
in. [Z99],. resulting. in. the. same.dynamic.performance.as. for. the.previous.control. structure..Another.
possible.modification.of.the.classical.structure.is.based.on.the.insertion.of.an.additional.feedback.to.the.
speed.control.loop,.e.g.,.[PAE00]..The.authors.argue.that.this.feedback.can.ensure.good.dynamic.char-
acteristics.and.is.able.to.damp.the.vibrations.effectively..The.same.results.can.be.obtained.by.applying.
the.feedback.from.difference.between.motor.and.load.speed.

In.the.paper.[SO07],.nine.different.control.structures.with.one.additional.feedback.are.analyzed..It.
is.shown.that.all.these.systems.can.be.divided.into.three.different.groups.according.to.their.dynamical.
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characteristics..The.analyzed.structures.are.presented.in.Figure.26.6..The.equations.allowing.setting.the.
parameters.of.the.control.structure.are.presented.in.[SO07].

In.Figure.26.7,.the.closed-loop.poles.loci.of.all.considered.control.systems.belonging.to.groups.A–C.
and.suitable.load.speed.responses.are.presented..These.systems.are.of.the.fourth.order.and.the.presented.
poles.are.double.(Figure.26.7a)..The.location.of.the.closed-loop.poles.of.the.system.without.the.addi-
tional.feedback.depends.only.on.the.mechanical.parameters.of.the.drive..The.system.poles.are.situated.
relatively.close.to.the.imaginary.axis..The.response.of.the.drive.system.has.quite.a.large.overshoot.and.
settling.time..The.closed-loop.poles.location.of.the.system.with.one.additional.feedback.depends.on.the.
assumed.damping.coefficient,.which.in.each.case.was.set.to.ξr.=.0.7.

The.closed-loop.poles.of.the.system.from.group.B.(in.this.case.B1).have.the.highest.value.of.the.reso-
nant.frequency..The.rising.time.of.the.speed.response.of.the.mentioned.drive.is.approximately.twice.
as. short.as. that.of. the.remaining.systems..The.next. fastest. system.is. the.control. structure.belonging.
to.group.A..The.dynamic.characteristics.of.the.remaining.structures.(group.C.and.group.B2).are.quite.
similar..The.shape.of. the. load.speed.transients.of.all.considered.systems.(Figure.26.7b).confirms.the.
closed-loop.poles.location.analysis..It.should.be.stressed.that.the.above.comparison.has.been.provided.
for.selected.parameters.of.the.two-mass.system.and.is.not.universal.

To.obtain.a.free.design.of.the.control.structure.parameters,.i.e.,.the.resonant.frequency.and.the.
damping.coefficient,.the.application.of.two.feedbacks.from.different.groups.is.necessary..The.type.
of.the.selected.feedback.from.a.particular.group.is.not.significant,.because,.as.was.said.before,.feed-
backs. belonging. to. the. prescribed. group. give. the. same. results.. In. Figure. 26.8,. the. system. speed.
transients.for.two.required.values.of.the.resonant.frequency.and.the.damping.coefficient.ξr.=.0.7.are.
presented..It.is.clear.that.the.system.dynamics.can.be.programmed.freely.in.the.linear.range.of.the.
work.[SO07].
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26.6  resonance ratio Control

One. of. the. popular. control. structures. of. the. two-mass. system. is. Resonance. Ratio. Control. (RRC).
[HSC99,LH07,OBS06,KO05]..It.is.commonly.applied.to.the.linear.or.nonlinear.(with.backlash).sys-
tems..The.basic.idea.of.the.system.is.to.estimate.and.feed.back.to.the.control.structure.the.estimated.
value. of. the. shaft. torque.. From. this. point. of. view,. it. is. very. similar. to. the. structure. presented. in.
the.previous.section..The.main.difference.is.the.design.methodology..In.the.previous.structure,.the.
value.of.the.feedback.is.determined.using.poles-placement.method..In.the.RRC.structure,.though,.the.
feedback.gain.is.calculated.on.the.basis.of.the.frequency.characteristics.of.the.system.(original.and.
desired)..The.system.is.said.to.have.good.damping.ability.when.the.ratio.of.the.resonant.to.antireso-
nant.frequency.H.has.a.relatively.big.value.(about.2)..The.block.diagram.of.the.control.structure.is.
presented.in.Figure.26.9.

The.control.structure.consists.of.the.PI.speed.controller,.normalization.factor.(kRC(T1.+.T2)),.addi-
tional. feedback. from. the. estimated. shaft. torque. with. a. suitable. gain,. shaft. torque. estimator,. and. an.
optimized.torque.control.loop..The.shaft.torque.estimator.includes.the.high-pass.filter.with.a.suitable.
value.of.Tq..This.value.is.a.compromise.between.the.noise.level.in.the.system.and.the.delay.time.in.the.
estimated.transients.[HSC99].

The.parameters.of.the.PI.controller.are.set.using.one.of.the.popular.methods..Hypothetical.transients.
of.the.two-mass.system.for.different.value.H.are.presented.in.Figure.26.10.
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As.can.be.concluded.from.Figure.26.10,.the.increasing.value.H.allows.to.damp.the.system.oscillation.
better..The.overshoots.and.the.system.oscillations.are.reduced..It.should.be.stated.that.due.to.the.noises.
in.the.estimated.transient.of.the.shaft.torque,.it.is.impossible.to.set.a.relatively.big.value.of.H.

26.7  application of the State Controller

The. control. structures. presented. so. far. are. based. on. the. classical. cascade. compensation. schemes..
Since  the. early. 1960s,. a. completely. different. approach. to. the. analysis. of. the. system. dynamics. has.
been. developed—the. state. space. methodology.. The. application. of. the. state. space. controller. allows.
placing.the.system.poles.in.an.arbitrary.position;.so.theoretically,.it.is.possible.to.obtain.any.dynamic.
response  of. the. system.. The. suitable. location. of. the. closed-loop. system. poles. becomes. one. of. the.
basic.problems.of  the.state.space.controller.application.. In.[JS95],. the.selection.of. the.system.poles.
is. realized. through.LQ.approach..The.authors.emphasize. the.difficulty.of. the.matrices. selection. in.
the.case.of.the.system.parameter.variation..The.influence.of.the.closed-loop.location.on.the.dynamic.
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characteristics.of.the.two-mass.system.is.analyzed.in.[QZLW02,SHPLL01]..In.[SHPLL01],.it.is.stated.
that.the.location of.the system.poles.in.the.real.axes.improves.the.performance.of.the.drive.system.and.
makes.it.more.robust.against.the.parameter.changing..The.control.structure.with.the.state.controller.
is.presented.in.Figure.26.11.

Because.there.are.four.parameters.of.the.control.structure,.the.independent.location.of.all.closed-loop.
poles.is.possible..It.means.that.in.the.linear.range.of.the.work,.the.shape.of.the.load.speed.transient.can.
be.set.freely..In.Figure.26.12,.transients.of.the.motor.and.load.speeds.as.well.as.electromagnetic.and.load.
torques.are.presented.

Figure.26.12a.and.b.show.transients.of.the.system.for.the.assumed.value.of.the.resonant.frequency.
ωr.=.30.s−1.(a).and.ωr.=.50.s−1.(c).and.the.damping.coefficient.ξr.=.0.7..The.raising.time.of.the.load.speed.
is.about.120.ms. (a).and.80.ms. (b)..Therefore,. the. shape.of. the. load.speed.response.can.be. set. freely.
within.some.range.of.the.system.parameters..However,.it.should.be.emphasized.that.dynamics.can.be.
set.freely.only.in.the.linear.range.of.the.work.(below.the.maximal.limit.of.the.electromagnetic.torque).

26.8  Model Predictive Control

In. the. industrial. applications,. the. fulfillment. of. the. process. limitations. plays. a. very. important. role..
Usually,.the.limitation.of.the.control.signal.due.to.the.actuator.saturation.is.taken.into.account..For.the.
systems.with.PI/PID.controllers,.different.antiwindup.structures.have.been.developed.and.presented.
in.the.[GS03]..In.many.control.problems,. there.are.also.constraints.on.other.variables..For. instance,.
in.the.two-mass.drive.system,.the.limitation.of.the.shaft.torque.has.to.be.taken.into.account.due.to.the.
following.reasons..First,.for.the.safety.operation,.the.load.machine.can.accept.only.some.maximal.value.
of.the.incoming.torque.and.exceeding.this.value.can.damage.the.load.machine..Second,.the.shaft.can.
undertake.a.specific.value.of.the.torque.resulting.from.its.geometry.and.used.material..The.bigger.value.
can.also.damage.it.and.lead.to.the.failure.of.the.entire.drive.system..In.spite.of.the.problem.significance,.
the.effects.of.output.constraints.are.often.omitted.in.the.control.structure.design..Usually,.the.output.
constraints.are.fulfilled.by.decreasing.the.gain.of.the.control.structure..Nevertheless,.it.leads.to.the.loss.
dynamic.of.the.control.structure.(also.in.the.regions.where.constrains.are.not.exceeded).and.cannot.be.
accepted.in.high-performance.application.

The.model.predictive.control.(MPC).is.one.of.the.few.techniques.(apart.from.PI/PID.techniques).that.
have.a.significant.number.of.industry.applications..It.is.generally.used.in.chemical.and.process.industry..
The.MPC.algorithm.adapts. to. the.current.operation.point.of. the.process.generating.optimal.control.
signal..It.is.able.to.take.the.input.and.output.constraints.of.the.system.directly.into.the.controller.design.
procedure,.which.is.not.easy.in.the.control.structure.with.the.PI.controller..So.far,.the.real-time.imple-
mentations.of.the.MPC.have.been.limited.to.objects.with.relatively.large.time.constants..It.results.from.
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the.fact.that.in.every.calculating.step,.there.is.a.need.to.solve.a.complex.optimization.problem..Still,.
due.to.the.progress.of.the.microprocessor.technique,.the.MPC.strategy.can.be.implemented.in.the.time.
demanding.system.today,.e.g.,.the.two-mass.system.[CSO09]..The.block.diagram.of.the.MPC.control.
structure.is.shown.in.Figure.26.13.(where.second.subscript.“e”.appoints.estimated.values).

The. MPC. controller. consists. of. the. predictor. and. the. optimizer. (online. or. its. explicit. version.
[CSO09])..In.every.calculation.step,.the.controller.predicts.the.behavior.of.the.system.(in.desired.time).
for.the.assumed.number.of.the.control.signal..The.bigger.the.prediction.horizon,.the.better.the.achieved.
performance;.yet,.with.the.increased.number.of.the.prediction.samples,.the.computational.complexity.
increases.drastically.

As.has.been.stated.earlier,.the.constraints.of.the.system.can.be.incorporated.into.the.control.algo-
rithm..In.order.to.illustrate.these.properties,.the.system.with.a.different.value.of.the.shaft.torque.con-
straints.is.considered.(|ms|.<.1.25.(Figure.26.14a.and.b);.|ms|.<.2.(Figure.26.14c.and.d).
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The.control.algorithm.keeps.the.shaft.torque.in.the.safety.region..It.is.clearly.visible.in.Figure.26.14b.
and.d,.that.during.the.start.up,.the.electromagnetic.torque.decreases.to.avoid.the.violation.of.the.upper.
bound.of.shaft.torque.constraint..Setting.of.the.different.values.of.the.electromagnetic.and.shaft.torque.
constraints.allows.also.minimizing.the.oscillations.between.the.motor.and.load.speed.during.the.start.
up.of.the.drive.system.

26.9  adaptive Control

For.the.system.with.changeable.parameters,.more.advanced.control.concepts.have.been.developed..
In.[IIM04],.the.applications.of.the.robust.control.theory.based.on.the.H∞.are.presented..The.genetic.
algorithm.is.applied.to.setting.of.the.control.structure.parameters..The.author.reports.good.perfor-
mance.of.the.system.despite.the.variation.of.the.inertia.of.the.load.machine..The.next.approach.con-
sists.in.the.application.of.the.sliding-mode.controller..For.example,.in.paper.[EKS99],.this.method.is.
applied.to.controlling.the.SCARA.robot..A.design.of.the.control.structure.is.based.on.the.Lyapunov.
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function..A.similar.approach.is.used.in.[HJS05],.where.the.conveyor.drive.is.modeled.as.the.two-
mass. system.. The. authors. claim. that. the. design. structure. is. robust. to. parameter. changes. of. the.
drive  and. external. disturbances.. Other. application. examples. of. the. sliding-mode. control. can. be.
found.in.[E08].

The.next.two.frameworks.of.control.approach.rely.on.the.use.of.the.adaptive.control.theory..In.the.
first.framework,.changeable.parameters.of.the.plant.are.identified.and.then.the.controller.is.retuned.in.
accordance.with. the.currently. identified.parameters. (indirect.adaptive.control)..The.Kalman.filter. is.
applied.in.order.to.identify.the.changeable.value.of.the.inertia.of.the.load.machine.[SO08]..This.value.is.
used.to.correct.the.parameters.of.the.PI.controller.and.two.additional.feedbacks..The.similar.adaptive.
strategy.is.presented.in.[HPH06].

In.the.other.framework,.the.controller.parameters.are.adjusted.online.on.the.basis.of.the.comparison.
between.the.outputs.of.the.reference.model.and.the.object..In.[OS08],.two.adaptive.neuro-fuzzy.struc-
tures.working.in.the.MRAS.structure.are.compared..The.experimental.results.show.the.robustness.of.
the.proposed.concept.(direct.adaptive.control).against.plant.parameter.variations.

The.block.diagram.of.the.indirect.adaptive.control.structure.is.shown.in.Figure.26.15..The.main.part.
of.the.control.structure.is.composed.of.the.linear.PI.controller.supported.by.additional.feedbacks.from.
the.shaft.torque.and.the.difference.between.the.motor.and.the.load.speed..The.parameters.of.this.part.
are.designed.using.the.pole-placement.method.in.order.to.meet.the.design.specifications..The.identifica-
tion.part.of.the.control.structure.shown.in.Figure.26.15.is.based.on.the.Nonlinear.Extended.Kalman.
Filter.(NEKF).

It.provides.information.about.the.values.of.the.mechanical.time.constant.of.the.load.machine T2..
Besides,. it. estimates. the. additional. state. variables,. such. as. shaft. torque,. load. speed,. and. the. load.
torque,. which. are. utilized. in. the. control. structure.. The. mathematical. model. of. the. used. Kalman.
filter.is.presented.in.[SO08]..Figure.26.16.demonstrates.transients.of.the.motor.and.load.speeds.(a).as.
well.as.real.and.estimated.load.speed.(b).electromagnetic,.shaft.and.load.torques.(c),.time.constant.
of.the.load.machine.(d),.and.control.structure.parameters.(e,. f). for.the.adaptive.control.structure.
working.the.with.NEKF..The.shaft.torque.and.the.load.speed,.provided.by.the.adaptive.NEKF,.are.
inserted.to.the.feedback.loops.of.the.control.structure..The.estimated.value.of.the.time.constant.of.
the.motor.is.used.to.change.the.parameters.of.the.speed.controller.and.gains.of.suitable.feedbacks.
(KI,.KP,.k1,.k2).

Because.the.load.torque.and.the.time.constant.of.the.motor.are.coupled,.they.are.not.estimated.at.the.
same.time..The.estimation.of.the.time.constant.of.the.load.machine.is.only.activated.when.the.control.
error.is.bigger.than.0.25.(this.value.depends.on.a.particular.application)..Simultaneously,.the.estimation.
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of.the.load.torque.is.terminated..The.last.estimated.value.of.mLe.is.given.to.the.NEKF..During.the.drive.
system.startup,. the.value.of. the.estimated. load.torque. is.assumed.to.be.zero..The.estimation.of.T2. is.
stopped,.when.the.value.of.the.control.error.drops.to.0.01.and.then.the.estimation.of.the.load.torque.
mLe.is.activated..The.value.of.the.time.constant.T2e.utilized.in.the.NEKF.algorithm.is.set.to.its.previously.
estimated.value.[SO08].

The.direct.adaptive.control.structure.does.not.have.the.identification.part,.in.contrary.to.the.indirect.
adaptive.concept..The.controller.parameters.are.adjusted.according.to.the.adaptation.rule,.depending.
on. the. currently. measured. model. and. system. output. variables.. In. Figure. 26.17,. the. model. reference.
adaptive.control.structure.with.the.online.tuning.speed.controller.for.the.drive.system.with.the.elastic.
joint.is.presented.[OS08]..An.interesting.feature.of.this.control.structure.is.the.fact.that.it.relies.only.on.
the.motor.speed.

The.speed.controller.is.tuned.so.that.the.actual.drive.output.could.follow.the.output.of.the.reference.
model..The.tracking.error. is.used.as.the.tuning.signal..The.system.transients. for. two.different.ratios.
between.the.load.and.motor.time.constants,.namely.R.=.1.(a,.b,.c).and.R.=.0.25.(d,.e,.f),.are.presented.in.
Figure.26.18..In.this.case,.the.Sliding.Neuro-Fuzzy.Controller.(SNFC).with.retunable.output.weights.is.
used.as.a.speed.controller.[OS08].

In.Figure.26.18a,.the.reference,.motor,.and.load.speeds.are.presented.for.10.s.of.the.system.work..The.
system.starts.with.the.controller.parameters.set.to.zero..It.means.that.the.parameters.of.the.drive.are.
unknown..Despite.this,.the.initial.tracking.error.is.small.for.all.time.of.the.work..The.biggest.difference.
between.the.load.and.the.reference.speed.exists.when.the.load.torque.changes.rapidly.(Figure.26.18b.
and.e).

As.can.be.concluded.from.the.presented.transients,.the.direct.adaptive.system.damps.torsional.oscil-
lations.successfully.for.different.values.of.the.inertia.ratio.R,.with.the.dynamics.given.by.the.reference.
model..This.structure.is.very.interesting.due.to.its.simplicity.and.requires.only.the.motor.torque.(current).and.
speed.measurements..Thus,.no.additional.state.variable.observers.are.necessary..It.should.be.emphasized.
that.it.cannot.work.properly.for.a.very.fast.reference.model.

26.10  Summary

The.main.goal.of.this.chapter.has.been.a.presentation.of.different.control.structures.that.are.used.in.
order.to.damp.torsional.vibrations.of.the.two-mass.system..The.different.mathematical.models.that.can.
be.used.for.the.analysis.of.a.system.with.flexible.connection.are.discussed..The.application.of.the.passive.
method.is.briefly.described..The.commonly.used.control.structures.have.been.shortly.described..The.
dynamical.performances.of.all.discussed.systems.have.been.evaluated.and.illustrated.by.the.experimen-
tal.transients.obtained.in.the.laboratory.two-mass.drive.system.
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27.1 Introduction

Drive. systems. with. AC. machines. are. designed. for. applications. with. different. requirements. for. a.
rotor. speed. control.. In. the. closed-loop. control. systems,. usually. a. torque. has. to. be. controlled. and.
machine.currents.have.to.be. limited..A.general. idea.of.designing.the.controlled.drives. is.based.on.
the.application.of.a.controller,.which.ensures.required.dynamical.properties.for.the.torque..In.case.
of. AC. machines,. the. torque. is. generated. as. the. result. of. mutual. interaction. between. currents. and.
fluxes.formed.by.three-phase,.or.more.general,.multiphase.systems..Models.of.AC.machines.derived.
as.differential.equations.for.phase.variables.are.complicated.and.not.appropriate.for.the.synthesis.of.
control.systems..The.application.of.known.methods.of.controllers.synthesis.and.tuning.requires,.in.
case. of. AC. machines,. linear. and. nonlinear. transformations. of. variables. and. derivation. of. models.
in. form.of.differential.equations..At.first,.a. linear. transformation.of.phase.variables. to.orthogonal.
coordinates.is.applied..A.space.vector.method.is.used.to.receive.new.variables.expressed.as.compo-
nents.of.vectors..As.after.such.transformation,.the.variables.in.orthogonal.coordinates.are.harmonic,.
and. the. next. transformation. is. applied. to. receive. variables. that. do. not. contain. periodical. compo-
nents..In.a.classical.control.theory.of.electrical.machines,.a.simple.rotation.of.frame.of.references.is.
used,.which,. if.properly.orientated,.results. in.machine.model. in.form.of.differential.equation.with.
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the.constant.values.of.variables.in.steady.states..Unfortunately,.after.transformations.based.on.space.
vector.method,.the.differential.equations.of.AC.machines.remain.nonlinear.although.in.a.few.cases.
one.of.the.equations.takes.the.linear.form..A.rule.is.that.differential.equation.for.the.rotor.angular.
velocity.remains.nonlinear.because.the.machine.torque.is.expressed.as.nonlinear.dependence.of.the.
components.of.current.and.flux.vector.

From.the.above.considerations.results.that.control.of.AC.electrical.machines.requires.linear.and.non-
linear.transformations.of.variables..It.is.convenient.to.use.space.vector.method,.especially.with.regard.
to.simple.interpretation..Anyway,.if.new.variables.resulting.from.linear.and.nonlinear.transformations.
are.selected.in.another.way,.the.resulting.machine.model.may.have.different.properties.than.the.vector.
model.of.machine..Although.the.number.of.sets.of.new.variables.is.infinite,.there.are.simple.hints.for.
selecting.a.proper.one..At.first,.the.torque.should.be.one.of.the.new.variables..The.remaining.variables.
should.be.selected.on.a.basis.of.the.analysis.of.the.differential.equations.and.simplicity.of.expression.
used.in.the.synthesis.of.control.system.may.be.achieved..If.after.transformations,.nonlinear.differential.
equations. remain,. the. application. of. a.nonlinear. feedback. transforms. the. control. system. into. linear.
form..This.is.known.as.feedback.linearization.

27.2 Nonlinear transformations and Feedback Linearization

Models.of.AC.machines.for.orthogonal.variables.received.using.space.vector.methods.and.linear.trans-
formation.has.following.form:

. �x f(x) Bu E= + + z . (27.1)

. y Cx= , . (27.2)

where
x.is.a.vector.of.state.variables
x..is.derivative.of.x
f(x).is.a.vector.of.nonlinear.functions
B,.C.are.matrixes.with.constant.parameters
E.is.column.matrix.with.one.coefficient.equal.to.1
u.is.a.vector.of.controls
z.is.a.vector.of.disturbances
y.is.a.vector.of.output.variables

Usually,.as.control.variables.v. in.(27.1),.components.of.voltage.vectors.appear.and.the.disturbance.
variable.z.is.the.load.torque.

The.form.of.the.system.(27.1).and.(27.2).is.selected.from.a.general.form.of.the.nonlinear.differential.equa-
tions..The.wide.analysis.of.linearizing.control.of.the.nonlinear.systems.may.be.found.in.(Yurkevich,.2004).

The.nonlinear.transformation.of.variables

. q h(x)= . (27.3)

should.result.in.the.following.form.of.the.machine.model:

. �q g q hz1 21 = + , . (27.4)

. �q g (q ) Dv2n 2n 2n= + , . (27.5)
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where
g1.is.the.angular.velocity.of.rotor,.the.first.state.variable
T[gn.….g2].=.g2n.is.the.vector.of.remaining.variables
v.is.the.vector.of.control.variables
g.is.the.vector.of.nonlinear.functions
D.is.the.matrix.of.constant.components

For.the.special.selection.of.variables,.at.least.one.of.the.functions.in.the.vector.g2n.is.linear.
After.analyzing.and.rearranging.the.differential.equations.of.machine.model,.the.following.n.−.k.+.1.

equations.are.received.taking.only.nonlinear.equations.into.consideration:

. �q g (q ) D vkn kn kn kn= + , . (27.6)

where.matrix.Dkn.is.nonsingular.
Now. the. control. variables. v. will. be. found. to. transform. the. controlled. system. into. the. following.

desired.form:

. �q A q B mkn kN kn kN kn= + , . (27.7)

where
q. kn.is.the.vector.of.new.variables
mkn.is.the.vector.of.new.variables
AkN,.BkN.are.matrixes.of.constant.coefficients

The.derivatives.in.(27.5).and.(27.7).have.to.be.equal.to.ensure.the.same.dynamical.properties.of.the.
original.system.and.linearized.by.feedback..From.this.it.follows.that

. v D A q B m g (q )1
kN kn kN kn kn kn= +( )− − . . (27.8)

Transformation.of.variables.(27.3).and.application.of.control.(27.8).results.in.linearization.of.the.system.
(27.1),.and.the.following.form.is.received:

. �q A q B m EN N= + + z, . (27.9)

where.AN.and.BN.are.constant.matrixes.
Schemes.of.original.system.and.linearized.by.feedback.are.presented.in.Figure.27.1.
The.above.algorithm.is.general.but.its.application.to.the.machine.models.requires.special.analysis.in.

each.case.
Different.multiscalar.models.may.be.derived.for.each.type.of.AC.machine.depending.on.the.nonlin-

ear.transformation.of.variables,.which.is.not.unique..Moreover,.the.number.of.transformations.is.infi-
nite..Usually,.special.requirements.appear.for.each.control.system,.and.the.new.variables.should.fulfill.
specific.demands..Simplicity.of.nonlinear.feedback,.limitation.of.selected.state.variables.and.all.control.
variables,.and.dependences.between.variables.are.required.in.drives..Very.important.in.the.selection.of.
nonlinear.transformation.is.a.simple.and.understandable.physical.interpretation.of.the.new.variables.
and.relation.between.them.

Examples.of.transformation.of.variables.and.feedback.linearization.for.widely.analyzed.applications.
of.machines.are.further.presented.
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27.3 Models of the Squirrel Cage Induction Machine

27.3.1 Vector Model of the Squirrel Cage Induction Machine

A.vector.model.of. the.squirrel.cage. induction.machine.may.be,.after. linear. transformation.of.phase.
variables,.expressed.as.differential.equations.for.the.stator.current.vector.and.the.rotor.flux.vector.in.
unmoving.frame.of.references.in.the.following.form:

. is s r sa a ja a= + + +1 2 3 4i ur ry yω , . (27.10)

. y
.

y yr r ri= + +a a js r5 6 ω ,. (27.11)

.
�ωr = −( )1

0J
T me ,

.
(27.12)

where
us,.is,.ψr.are.the.stator.voltage,.stator.current,.and.rotor.flux.vectors,.respectively
Te.is.the.motor.torque
m0.is.the.motor.load
τ.is.the.relative.time
ωr.is.the.angular.rotor.velocity
j = −1
J.is.the.moment.of.inertia
a1,.….,.a6.are.coefficients.depending.on.machine.parameters:

.
a R L R L

wL
a R L

wL
a L

w
s r

2
r m

2

r

r m

r

m
1 2 3= − + = =; ; ;

.

.
a L

w
a R L

L
a R

L
w L L Lr r m

r

r

r
s r m

2
4 5 6= = = − = −; ; ; ;

.

where
Rs,.Rr.are.the.stator.and.rotor.resistances,.respectively
Ls,.Lr,.Lm.are.the.stator,.rotor,.and.mutual.inductances,.respectively

All.variables.used.in.the.machine.models.are.expressed.in.p.u..system.

z

Feedback

Nonlinear
system

Transformation
of variables

x q

m

z

Linear
system

q

um

FIGURE.27.1. Scheme.of.original.and.linearized.systems.
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The.machine.torque.is.expressed.as

.
T L

Le
m

r
s= Im * .y r i

.
(27.13)

After.linear.transformation.of.vectors.is,.ψr,.the.other.pair.of.vectors.may.be.obtained.and.used.for.the.
derivation.of.machine.model.

The.application.of.transformation.of.vector.components.to.coordinates.rotating.with.angular.veloc-
ity.of.the.rotor.flux.vector.results.in.a.widely.used.field-oriented.form.of.Equations.27.10.through.27.12.

27.3.2 Multiscalar Models of the Squirrel Cage Induction Machine

The.model.received.after.nonlinear.transformation.is.called.a.multiscalar.model.of.the.induction.motor.
because.the.state.variables.are.scalars..The.multiscalar.model.has.been.received.on.a.basis.of.the.analysis.
of.differential.equations..It.was.presented.in.(Krzeminski,.1987).and.generalized.in.(Krzeminski.et al.,.
2006).together.with.the.application.of.nonlinear.control.based.on.the.linearization.of.differential.equa-
tions.for.the.highest.derivative.in.which.control.variables.appear..Similar.results.may.be.received.by.the.
application.of.methods.of.differential.geometry.as.has.been.shown.in.(Marino.et al.,.1993)..The.main.
benefit.of.the.application.of.nonlinear.control.is.splitting.of.the.controlled.system.with.induction.motor.
into.two.decoupled.linear.subsystems..The.summary.of.multiscalar.model–based.control.method.of.the.
induction.machine.has.been.presented.in.(Kazmierkowski.et al.,.2002).

Similar.variables.as.used.in.the.multiscalar.model.of.the.induction.motor.were.proposed.in.(Dong.
and.Ojo,.2006).and.(Balogun.and.Ojo,.2009).

The.simplest.possibility.to.receive.decoupled.subsystems.is.defining.a.machine.torque.as.the.state.vari-
able.instead.of.current.vector.component.in.q.axis.as.presented.in.(Krzeminski,.1987).and.in.(Mohanty.
and.De,.2000)..The.other.variables.of.vector.model.in.field-oriented.coordinates.remain.untransformed.

More.complex.variables,.being.the.linear.combination.of.simple.multiscalar.variables,.are.proposed.
in.(Lee.et al.,.2000)..Simulation.results.are.similar.to.obtained.using.multiscalar.model.

Nonlinear.feedback.may.be.applied.to.the.system.of.first-order.equations.as.in.(Krzeminski.et al.,.2006).or.
to.the.first-.and.second-order.equations.as.presented.in.(Zaidi.et al.,.2007).and.in.(Salima.et al.,.2008)..In.the.
last.case,.no.interior.variable.does.not.appear.directly.and.limitation.of.variables.in.control.system.is.difficult.

Nonlinear. decoupling. control. requires. the. exact. estimation. of. machine. parameters.. Methods. of.
parameters.estimation.are.included.into.nonlinear.adaptive.control.of.induction.machine.(Jeon.et al.,.
2006)..The.other.method.of.parameter.estimation.is.based.on.the.application.of.model.reference.adap-
tive.scheme.to.nonlinear.control.system.as.presented.in.(Kaddouri.et al.,.2008).

There.are.two.types.of.the.multiscalar.models.of.the.squirrel.cage.induction.machine.(Krzeminski.
et al.,.2006)..The.general.form.of.multiscalar.model.of.type.1.is.as.follows:

. �x A x g x B u m= + +x x x x( ) + , . (27.14)

where
x..is.derivative.of.x
x.=.[x11,.x12,.x21,.x22]T

gx(x).=.[0,.gx12(x),.0,.gx22(x)]T

Bx =
0 0 0
0 0 0

42

21

b
b

x

x

T










ux.=.[ux1,.ux2]T

m.=.[0.0.0.m0]
Ax.is.matrix.of.coefficients
m0.is.the.load.torque
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The.variables.x.are.defined.as.the.rotor.speed,.scalar.and.vector.products.of.two.vectors.from.the.vector.
model.of.the.induction.motor,.and.square.of.the.flux.vector.

The.multiscalar.model.of.type.2.may.be.based.on.the.stator.flux.vector.and.takes.the.following.form:

. �z A z g (z) B u mz z z z= + + + , . (27.15)

where
z.=.[z11,.z12,.z21,.z22]T

gz(z).=.[0,.gz12(z),.0,.gz22(z)]T

Bz =
0
0

22 32 42

21 31 41

b b b
b b b

z z z

z z z

T










uz.=.[uz1,.uz2]T

Az.is.the.matrix.of.coefficients.and.one.of.the.elements.bz31.and.bz32.may.be.equal.to.zero

The.state.variables.z.are.defined.similarly.as.variables.x.for.the.induction.motor.model.of.type.1.
The.main.difference.between.models.of.type.1.and.2.lies.in.form.of.matrixes.Bx.and.Bz..There.are.only.

two.coefficient.of.matrix.Bx.different.from.zero,.and.in.matrix.Bz.nonzero.coefficients.appear.in.all.rows.
except.the.first.one.

Forms.of.the.multiscalar.models.do.not.depend.on.the.frame.of.references.in.which.the.original.
vectors.are.defined.

The.model.of.type.1.appears.if.square.of.the.rotor.flux.vector.is.chosen.as.the.variable.in.the.multis-
calar.model..All.variables.of.type.1.model.may.be.as.follows:

. x r11 = ω , . (27.16)

. x i ir s r s12 = −ψ ψα β β α , . (27.17)

. x r r21
2 2= +ψ ψα β , . (27.18)

. x i ir s r s22 = +ψ ψα α β β , . (27.19)

where.isα,.isβ,.ψrα,.ψrβ.are.the.stator.current.and.rotor.flux.vector.components.
The.differential.equations.for.the.variables.(27.16).through.(27.19).are.as.follows:

.
�x L

JL
x

J
mm

r
11 12 0

1= − ,
.

(27.20)

. �x a x x x a x a um x12 1 12 11 22 3 21 4 1= − + +( ) ,A . (27.21)

. �x a x a x21 5 22 6 212 2= − , . (27.22)

. �x a x x x a x a i a um s x22 1 22 11 12 2 21 5
2

4 2= + + + + , . (27.23)

where

.
a R L R L

wm
r s s r

1 = − + ,
.

(27.24)
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.
i x x

xs
2 12

2
22
2

21
= + ,

.
(27.25)

. u u ux r s r s1 = −ψ ψα β β α , . (27.26)

. u u ux r s r s2 = +ψ ψα α β β , . (27.27)

where.usα,.usβ.are.the.stator.voltage.vector.components.
The.variables.ux1.and.ux2.are.the.new.control.variables..The.stator.voltage.vector.components.are.

calculated.from.the.following.expressions:

.
u u u

s
r x r x

r
α

α βψ ψ
ψ

=
−2 1

2 ,
.

(27.28)

.
u u u

s
r x r x

r
β

α βψ ψ
ψ

=
+1 2

2 .
.

(27.29)

The.derivative.of.the.variable.x21.does.not.depend.directly.on.any.control.variable..This.variable.has.to.
be.controlled.because.the.value.of.the.square.of.the.rotor.flux.vector.decides.on.efficiency.of.the.energy.
conversion.in.the.machine.and.on.value.of.the.stator.voltage.

The.multiscalar.variables.of.the.model.of.type.2.for.the.stator.current.and.stator.flux.vectors.chosen.
as.original.variables.are.as.follows:

. z r11 = ω , . (27.30)

. z i is s s s12 = −ψ ψα β β α , . (27.31)

. z s s21
2 2= +ψ ψα β , . (27.32)

. z i is s s s22 = +ψ ψα α β β , . (27.33)

where.ψsα,.ψsβ.are.the.stator.flux.vector.components.
The.differential.equations.for.the.variables.(27.30).through.(27.33).are.as.follows:

.
�z

J
z m

J11 12
01= − ,

.
(27.34)

. �z a z z z a z a um x12 1 12 11 22 4 21 3 1= + − +( ) , . (27.35)

. �z R z us z21 22 22 2= − + , . (27.36)

.
�z a z R i R

w
z z z a um s s

r
x22 1 22

2
21 11 12 3 2= − + − + ,

.
(27.37)
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where

.
i z z

zs
2 12

2
22
2

21
= + ,

.
(27.38)

. u u uz s s s s2 = +ψ ψα α β β. . (27.39)

The.variables.ux1,.ux2.are.defined.by.(27.26).and.(27.27)..On.the.other.hand,.the.control.variable.ux2.depends.
on.the.variable.uz2.as.follows:

.
u

u
x

r r z

s r s r
2

2 2
2

=
+( )

+

ψ ψ

ψ ψ ψ ψ
α β

α α β β
.

.
(27.40)

The.variables.ux1.and.uz2.are.new.control.variables..The.stator.voltage.vector.components.are.calculated.
from.the.following.expressions:

.
u u u

s
r z s x

s r s r
α

α β

α α β β

ψ ψ
ψ ψ ψ ψ

=
−
+

2 1 ,
.

(27.41)

. u u u
s

r z s x

s r s r
β

β α

α α β β

ψ ψ
ψ ψ ψ ψ

=
+
+

2 1 . . (27.42)

It.is.convenient.to.remain.the.rotor.flux.vector.components.for.in.(27.41).and.(27.42).
The.differential.equation.for.the.variable.z21.depends.on.the.control.variable.uz2..This.variable.has.to.

be.controlled.because.the.value.of.the.square.of.the.stator.flux.vector.decides.on.the.efficiency.of.the.
energy.conversion.in.the.machine..On.the.other.hand,.the.control.variables.appear.in.three.equations..
This.means.that.the.variable.z22.remains.uncontrolled.directly.and.equation.(27.37).describes.an.inner.
dynamics.of.the.control.system..The.state.variables.z21.and.z12.are.stabilized.in.steady.states.and.form.
constant.coefficients.in.(27.37).of.the.values,.which.ensures.stability.of.inner.dynamics.

27.3.3 Feedback Linearization of Multiscalar Models of the Induction Motor

In.accordance.with.the.procedure.described.in.Section.27.2,.the.application.of.the.nonlinear.controls.
of.the.form

.
u

a
x x a x a mx m x1

4
11 22 3 21 1 1

1= +( ) −( ),
.

(27.43)

.
u

a
x x a x a i a mx s m x2

4
11 12 2 21 5

2
1 2

1= − − − −( )
.

(27.44)

transforms.the.system.(27.20).through.(27.23).of.type.1.into.two.independent.linear.subsystems:

. 1.. Mechanical.subsystem

.
�x L

JL
x

J
mm

r
11 12 0

1= − ,
.

(27.45)

.
�x a x mm x12 1 12 1= −( ). . (27.46)



Multiscalar	Model–Based	Control	Systems	for	AC	Machines	 27-9

. 2.. Electromagnetic.subsystem

. �x a x a x21 6 21 5 222 2= + , . (27.47)

.
�x a x mm x22 1 22 2= −( ). . (27.48)

In.similar.way,.the.nonlinear.controls.of.the.form

.
u

a
m z z a zz z1

3
1 11 22 4 21

1= − −( )( ),
.

(27.49)

.
u

T
m z R zz z s2 2 21 22

1
2

= −( ) +
.

(27.50)

transform.the.system.(27.34).through.(27.37).into.two.subsystems:

. 1.. Mechanical.subsystem

.
z

J
z m

J11 12
01= − ,

.
(27.51)

.
�z a z mm z12 1 12 1= −( ). . (27.52)

. 2.. Electromagnetic.subsystem

.
�z

T
z mz21 21 2

1= − +( ),
.

(27.53)

.
�z a z R i R

w
z z z am s s

r r r

s r s r
22 1 22

2
21 11 12 3

2 2

= − + − +
+( )
+

ψ ψ

ψ ψ ψ ψ
α β

α α β β

11
2 21 2 22T

z m R zz s− +( ) +





.
.

(27.54)

The. Equation. 27.54. remains. nonlinear. but,. as. previously. mentioned,. the. variable. z22. remains.
uncontrolled.

The.variable.z21.is.directly.controlled.as.results.from.(27.53).

27.4 Models of the Double-Fed Induction Machine

27.4.1 Vector Model of the Double-Fed Induction Machine

The.double-fed.induction.machine.(DFM).exploited.recently.as.a.generator.is.connected.directly.to.
the.grid.from.the.stator.side.and.fed.by.an.inverter.from.the.rotor.side..The.same.scheme.of.feed-
ing.is.used.if.the.machine.is.applied.in.motor.mode..The.reason.of.designing.such.systems.is.cost.
effectiveness,.specially. for.high-power.drives.because.only.part.of.machine.power. is.converted.by.
power.electronics..The.rotor.current.may.be.measured.in.the.control.system.and.should.be.used.in.
the.vector.model.of.the.DFM..The.vector.model.of.the.DFM.takes.the.form.proper.to.the.synthesis.
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of.the.control.system.if.the.rotor.current.and.stator.flux.vectors.are.selected.as.state.variables.and.
the.frame.of.references.oriented.with.the.rotor.is.used..The.differential.equation.of.the.DFM.takes.in.
such.a.case.the.following.form:

.
�i i u ur r s s s r= + + − +b b jb b br1 2 3 3 4y yω , . (27.55)

. y
.

y ys 5 r 6 sb i b u= + + +j r s sω , . (27.56)

.
�ωr eJ

T m= −( )1
0 ,

.
(27.57)

where.ur,.ir,.ψs.are.the.stator.voltage,.stator.current,.and.rotor.flux.vectors,.and.b1,.….,.b6.are.coefficients.
depending.on.machine.parameters:

.
b R L R L

wL
b R L

wL
b L

w
r s s m

s

s m

s

m
1

2 2

2 3= − + = =; ; ;
.

.
b L

w
b R L

L
b R

L
s s m

r

s

s
4 5 6= = = −; ; ;

.

The.DFM.torque.is.expressed.as.follows:

.
Te = Im * .y s si

. (27.58)

Similar.to.the.squirrel.cage.machine.after.linear.transformation.of.vectors.ir,.ψs,.the.other.pair.of.vectors.
may.be.obtained.and.used.for.the.derivation.of.DFM.model.

27.4.2 Multiscalar Model of the DFM

The.multiscalar.model.of.the.DFM.was.analyzed.in.Krzeminski.(2002).
The.nonlinear.transformation.of.variables.of.the.form

. z r11 = ω , . (27.59)

. z i isx ry sy rx12 = −ψ ψ , . (27.60)

. z s21
2= ψ , . (27.61)

. z i isx rx sy ry22 = +ψ ψ . (27.62)

leads. to. the. multiscalar. model. of. the. DFM.. Differential. equations. for. the. variables. (27.59). through.
(27.62).are.as.follows:

.
�z L

JL
z

J
mm

s
11 12 0

1= − ,
.

(27.63)
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. �z b z z z b z z b u b u um sf r si12 1 12 11 22 3 11 21 3 1 4 1 1= + + − + + , . (27.64)

. �z b z b z usf21 6 21 5 22 22 2 2= − + + , . (27.65)

. �z b z b z b i z z b u b u um r sf r si22 1 22 2 21 5
2

11 12 3 2 4 2 2= + + − − + + , . (27.66)

where

. u u ur ry sx rx sy1 = −ψ ψ . (27.67)

. u u ur rx sx ry sy2 = +ψ ψ . (27.68)

. u u usf sy sx sx sy1 = −ψ ψ . (27.69)

. u u usf sx sx sy sy2 = +ψ ψ . (27.70)

. u u i u isi sx ry sy rx1 = − . (27.71)

. u u i u isi sx rx sy ry2 = + . (27.72)

27.4.3 Feedback Linearization of DFM

In.accordance.with.the.procedure.described.in.Section.27.2,.application.of.the.nonlinear.controls.of.the.
form

.
u

b
z z b z b u u b mr sf si m1

4
11 22 3 21 3 1 1 1 1

1= − ( + ) + − −( ),
.

(27.73)

.
u

b
b z b i z z b u u b mr r sf si m2

4
2 21 5

2
11 12 3 2 2 1 2

1= − − + + − −( )
.

(27.74)

transforms.the.system.(27.63).through.(27.66).into.two.linear.susbsystems:

. 1.. Mechanical.subsystem

.
�z L

JL
z

J
mm

s
11 12 0

1= − ,
.

(27.75)

.
�z b z mm12 1 12 1= −( ). . (27.76)

. 2.. Electromagnetic.subsystem

. �z b z b z usf21 6 21 5 22 22 2= + + , . (27.77)

.
�z b z mm22 1 22 2= −( ). . (27.78)
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Components.of.the.rotor.voltage.vector.are.calculated.from.the.following.expressions:

.
u

u u
zrx

r sy r sx=
+1 2

21

ψ ψ
,

.
(27.79)

.
u

u u
zry

r sy r sx=
−2 1

21

ψ ψ
.
.

(27.80)

The.variable.usf2.is.the.scalar.product.of.the.stator.flux.vector.and.the.voltage.flux.vector..From.general.
point.of.view,.this.is.control.variable.as.the.stator.voltage.vector.appears.in.differential.equations.as.con-
trol..If.the.stator.is.connected.to.the.grid,.then.constant.amplitude.and.frequency.of.grid.voltage.may.be.
treated.as.parameters..The.components.of.the.voltage.vector.are.parameters.depending.on.time..In.such.
case,.usf2.is.the.variable.resulting.from.transformation.of.state.variables.

27.5  Models of the Interior Permanent Magnet 
Synchronous Machine

27.5.1 Vector Model of the Interior Permanent Magnet Synchronous Machine

An.interior.permanent.magnet.synchronous.machine.(IPMSM).is.a.synchronous.machine.with.con-
struction.of.magnetic.circuit.allowing.field.weakening.and.utilizing.the.reluctance.torque..The.differ-
ential.equations.for.stator.current.vector.components.in.the.frame.of.references.stationary.in.relation.
to.the.stator.are.complicated.and.usually.the.rotor-oriented.frame.of.references.is.used..The.differential.
equations.for.the.state.variables.of.IPMSM.are.as.follows:

.
�i

L
Ri ud

d
d r q d= − + +( )1 ω ψ ,

.
(27.81)

.

�i
L

Ri uq
q

q r d q= − − +( )1 ω ψ ,
.

(27.82)

.
�ωr eJ

T m= −( )1
0 , . (27.83)

. ψ ψd f d dL i= + , . (27.84)

. ψq q qL i= , . (27.85)

where
id,.iq,.ψd,.ψq,.ud,.uq.are.the.stator.current,.stator.flux	and.voltage.vector.components
ψf.is.the.exciting.flux
R.is.the.stator.resistance
Ld,.Lq.are.the.direct.and.quadrate.inductances,.respectively
J.is.moment.of.inertia

The.torque.is.expressed.as

.
T i L L i ie f q d q d q= + −( )ψ .

.
(27.86)
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The. main. drawback. of. vector. model. of. the. IPMSM. is. the. form. of. expression. for. the. torque.. If. the.
machine.torque.is.controlled.rapidly,.the.reference.values.of.d.and.q.components.of.the.stator.current.
have.to.be.calculated.from.complicated.dependences.ensuring.maximum.efficiency..The.current.vector.
components.should.be.controlled.simultaneously.and.very.quickly.to.receive.high.performances.of.the.
drive..Usually,.d.component. is.controlled.as. function.of.q.component,.which.results. in.compromise.
between.rapidity.and.efficiency.

27.5.2 Multiscalar Model of the IPMSM

In.a.case.of.IPMSM,.the.following.transformation.of.variables.gives.benefits.of.fast.control.and.simplic-
ity.of.auxiliary.expression:

. w r11 = ω , . (27.87)

.
w i L L i if q d q d q12 = + −( )ψ ,

.
(27.88)

.
w i L L if d d q d22

2= + −( )ψ ,
.

(27.89)

.
w L L if d q d21

2
= + −( )( )ψ .

.
(27.90)

In.contrary.to.the.other.types.of.AC.machines,.only.three.multiscalar.variables.are.needed.to.form.the.
model.of.the.IPMSM.and.the.variable.(27.89).is.used.for.the.simplification.of.notation..Additionally,.the.
following.dependence.appears.for.multiscalar.variables:

.
i w w

ws
2 12

2
22
2

21
= + ,

.
(27.91)

where.is.is.the.amplitude.of.the.stator.current.
The.rotor.position.is.required.to.transform.the.stator.current.components.from.stationary.frame.of.

references.to.the.frame.of.references.connected.to.the.rotor.
The.differential.equations.for.the.variables.(27.87).through.(27.89).are.as.follows:

.
�w

J
x

J
m11 12 0

1 1= − ,
.

(27.92)

.
�w R

L
w

L
L

Ri i w
L

w w w
L

q

q

d
d q

q

q
12 12 11 21 22 111 1 1= − − −







− +






+ −

LL
L i u

d
q q







+2
1,

.
(27.93)

.
�w

L L
L

Rw L w w ud q

d
q21 22 11 12 22=

−
− + +( ),

.
(27.94)

where

.
u L L i

L
u

L
L

i uf d q d
q

q
q

d
q d1

1 1= + −( )( ) + −






ψ ,
.

(27.95)
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.
u L L i uf d q d d2 = + −( )( )ψ .

.
(27.96)

The.d,.q.components.of.the.stator.current.appear.in.(27.93).and.(27.94).to.simplify.the.notation.of.the.
equations.

27.5.3 Feedback Linearization of IPMSM

For.the.IPMSM,.the.linearizing.feedback.is.as.follows:

.
u L

L L
Ri i w

L
w w w

L Lq
d q

d q
q d q

1 11 21 22 11
1 1 1 1 1= − −







+ +







+ −







+L i R

L
mq q

q

2 2
1,

.
(27.97)

.
u Rw L w w L

T L L
w mq

d

d q
2 22 11 12 21 22

= − +
−( ) − +( ),

.
(27.98)

where.T.is.a.time.constant.
The.stator.voltage.vector.components.are.calculated.from.the.following.expressions:

.
u

x
i ud d= 1

22
2,

.
(27.99)

.
u

L
x

i u
L L
L x

L i uq
q

d
d q

d
q q= −

−
22

1
21

2.
.

(27.100)

Application.of.(27.97).and.(27.98).to.(27.93).and.(27.94).results.in.the.following.linearized.subsystems:

. 1.. Mechanical.subsystem

.
�w

J
w

J
m11 12 0

1 1= − ,
.

(27.101)

.
�w R

L
w m

q
12 12 1= − +( ).

.
(27.102)

. 2.. Electromagnetic.subsystem

.
�w

T
w m21 21 2

1= − +( ).
.

(27.103)

27.5.4 Efficient Control of IPMSM

The.motor.torque.is.generated.with.higher.efficiency.if.the.stator.flux.is.reduced..The.function.for.the.d.
component.of.the.stator.current.vector.in.dependence.on.q.component.for.maximum.torque.may.find.
after.simple.calculations.in.the.form
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.

i
L L L L

idM
q d

f

d q
qM

f=
−( ) −

−( )
+ψ ψ

2 4

2

2
2 ,

.

(27.104)

where.subscript.M.denotes.values.for.maximum.torque.
If.the.machine.torque.expressed.by.(27.86).is.controlled.rapidly,.the.reference.values.of.d.and.q.com-

ponents.of.the.stator.current.have.to.be.calculated.from.dependence.(27.104).ensuring.maximum.effi-
ciency..The.current.vector.components.should.be.controlled.simultaneously.and.very.quickly.to.receive.
high.performances.of.the.drive..Usually,.d.component.is.controlled.as.function.of.q.component.in.a.way.
ensuring.compromise.between.rapidity.and.efficiency.

More. convenient. formula. results. after. replacing. variables. appearing. in. (27.104). by. expressions.
depending.on.the.multiscalar.model.variables:

.
w w L LM f f M d q21

2 4
12
2 2

0 5 16= + + −( )





. .ψ ψ
.

(27.105)

The. motor. torque. is. controlled. in. accordance. to. (27.102). independently. on. the. flux.. Application. of.
(27.105).makes.it.possible.to.control.the.variable.x21.in.a.simple.way.ensuring.high.machine.efficiency.

27.6  Structures of Control Systems for aC Machines 
Linearized by Feedback

The.mechanical.subsystems.for.each.machine.presented.in.Sections.27.3.3,.27.4.3,.and.27.5.3.has.similar.
structure.resulting.from.choosing.the.rotor.speed.and.the.machine.torque.as.controlled.variables..Only.
different.time.constants.appear.in.the.models.in.dependence.of.machine.type.and.rating..As.the.machine.
torque.has.to.be.limited.in.the.drives.systems,.the.cascaded.controllers.may.be.applied.to.control.the.rotor.
speed.and.the.torque..A.simple.system.with.PI.controllers.for.mechanical.subsystem.is.presented.in.Figure.
27.2..The.controllers.may.be.tuned.with.the.application.of.known.methods.for.linear.systems.

For.electromagnetic.subsystems,.two.basic.structures.of.linearized.subsystems.may.be.pointed.out..
The. first. structure. consists. of. two. inertial. elements. connected. in. series.. Two. controllers. connected.
in.cascade.are.the.simplest.solution.for.control.system.presented.in.Figure.27.3..The.second.structure.

x*11 x*12 m1

(–) (–)

x12 x11

z

FIGURE.27.2. Controllers.for.mechanical.subsystem.

m2

(–) (–)

x22 x21x*21 x*22

FIGURE.27.3. Controllers.for.electromagnetic.subsystem.
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consists.of.two.inertial.elements.from.which.only.one.can.be.directly.controlled..The.remaining.element.
is.usually.stable.if.all.controlled.variables.are.stabilized.and.do.not.require.additional.control.or.correction..
One.controller.is.sufficient.for.this.structure.as.presented.in.Figure.27.4.

The.control.variables.acting.in.the.subsystems.have.to.be.limited.because.of.limited.power.of.the.
supplying.inverters..There.are.two.ways.of.limiting.the.control.variables..The.simple.way.is.the.limi-
tation.of.controller.outputs.on.constant.levels.resulting.from.inverter.voltages.in.steady.states.and.
margin.resulting.from.required.dynamics.of.controlled.variables..Sharing.of.inverter.power.margin.
between.the.subsystems.is.the.problem.that.has.to.be.individually.solved..The.other.way.is.dynami-
cal.calculation.of.controller.limits.from.available.inverter.output.voltage.vector.and.actual.voltage.
vector.for.steady.state..The.dynamics.of.machine.variables.differs.in.such.a.case.in.dependence.on.
working.point.

Inverter.output.current.has.to.be.limited.in.the.drive.system.to.avoid.damage.of.power.electronics.
devices..Usually,.the.machine.torque.is.limited.and.limitation.of.the.second.variable.is.calculated.from.
expression.on.the.current..The.dependences.may.be.complicated,.especially.for.field.weakening.region.
of.operation..For.example,.in.case.of.the.IPMSM.working.in.maximum.efficiency.mode,.the.variable.w21.
is.the.function.of.the.machine.torque.and.it.is.sufficient.to.limit.one.variable.only.

The.basic.structure.of.control.system.for.the.induction.motor.is.presented.in.Figure.27.5..The.rotor.
speed.and.remaining.variables.are.estimated.in.a.speed.observer..The.variables.estimated.in.the.speed.
observer.denoted.by.∧.are.used.to.calculate.the.estimated.multiscalar.variables..To.control.the.drive.in.
a.field.weakening.region,.additional.limiting.functions.are.added..Transients.during.speed.reversal.of.
drive.with.induction.motor.controlled.on.a.basis.of.the.multiscalar.model.is.presented.in.Figure.27.6..
Good.dynamical.properties.and.limitation.of.the.stator.current.are.observed.

The.basic.structure.of.control.system.for.the.IPMSM.is.presented.in.Figure.27.7..Similarly.to.the.
induction. motor,. the. rotor. speed. and. remaining. variables. are. estimated. in. a. speed. observer.. The.
variables.estimated.in.the.speed.observer.denoted.by.∧.are.used.to.calculate.the.estimated.multi-
scalar.variables..Nonlinear.function.(NF).is.applied.to.calculate.the.set.value.for.the.variable.w21..
Transients. during. starting. up. are. presented. in. Figure. 27.8.. Limitation. of. stator. current. may. be.
observed.

x*12

(–)

(–)

(–)

m1

Decoupling

ψsα

usα
Transfor-

mation Inverter

Speed
observer

m2

u1

u2

(–)

x*22

x12ˆ

ˆ ψsβ

usβ

ˆ
x22ˆ

x*11

x*21

x11ˆ

x21ˆ

FIGURE.27.5. The.basic.structure.of.control.system.for.the.induction.motor.

z*21 z21m2z

–

FIGURE.27.4. Controller.for.structure.with.one.internal.element.
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2
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x̂12

ˆ
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x21

is

0

0

1 2

Time [s]

3

0

FIGURE. 27.6. Transients. during. speed. reversal. of. drive. with. induction. motor. controlled. on. a. basis. of. the.
multiscalar.model.
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usα
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Transfor-
mation Inverter

Speed
observer

m2

u1

u2

w*21

w12ˆ

w21ˆ
ˆ idˆ θ

usβ

w*11

w11ˆ

FIGURE.27.7. The.basic.structure.of.control.system.for.the.IPMSM.
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ŵ11

îα
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FIGURE.27.8. Transients.during.starting.up.of.the.IPMSM.
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28.1  Introduction

For. decades,. improvement. in. energy. efficiency. has. been. the. main. focus. in. many. energy-conversion.
applications.including.lighting..The.continuous.increase.in.luminous.efficacy.of.discharge.lamps.such.
as.the.introduction.of.T5.fluorescent.lamps.and.the.arrival.of.new.high-brightness.light.emitting.diodes.
(LEDs).marked.significant.progresses.in.light.sources..The.introduction.of.electronic.ballasts.and.new.
low-loss.magnetic.ballasts.has.resulted.in.the.progressive.elimination.of.poor-quality.ballasts..The.first.
decade.of.the.twenty-first.century.is.the.period.during.which.the.electronic.ballast.technology.reached.
maturity.[1]..The.proposal.of.replacing.incandescent.lamps.with.energy-saving.lamps.by.many.govern-
ments.has.created.new.opportunities.to.new.lighting.technology.and.market.

The. increasing.awareness.of.climate.change.and.electronic.waste. issues.has.prompted. the.need. to.
reexamine.existing.lighting.technology.[2]..Unlike.the.traditional.approach.of.using.energy.saving.as.
the.only.criterion,.this.chapter.aims.at.describing.a.new.“sustainable.lighting.technology”.concept.that.
includes.three.essential.features.as.the.criteria.for.modern.lighting.products..These.features.are

. 1.. Energy.saving

. 2.. Long.product.lifetime

. 3.. Recyclability
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The.principle.behind.the.sustainable.lighting.technology.is.to.use.lighting.energy.when.and.where.it.is.
necessary.and.to.the.appropriate.lighting.level.

The.concepts.of.“energy.saving”.and.“environmental.protection”.can.be.easily.mixed.up..In.fact,.an.
“energy-saving”.technology.is.not.necessarily.an.“environmentally.friendly”.one..For.genuine.environ-
mental.protection,.one.must

. 1.. Reduce.greenhouse.gas.emission.to.protect.the.atmosphere

. 2.. Reduce.waste/pollution.to.protect.soil.and.water

These.two.requirements.must.go.hand.in.hand..Energy.saving.is.a.means.of.reducing.greenhouse.gas.
emission..If.an.energy-saving.lighting.product.creates.a.lot.of.toxic.chemicals.and.electronic.waste.due.
to.short.lifetime,.it.is.not.environmentally.friendly..Since.the.dawning.of.the.electronic.age.cannot.be.
reversed,.the.three.simultaneous.objectives.of.the.sustainable.lighting.technology.will.not.“eliminate”.
all.electronic.and.chemical.wastes..Instead,.they.aim.at.“reducing”.both.global.energy.consumption.and.
electronic.and.chemical.wastes.

In.lighting.technology,.the.electrolytic.capacitors.are.the.bottleneck.of.electronic.ballast.technology..The.
progress.in.improving.the.lifetime.of.electrolytic.capacitors.has.been.slow..Figure.28.1.shows.the.project.of.
four.grades.of.electrolytic.capacitors.with.typical.lifetimes.rated.at.10,000,.8,000,.and.5,000.h.at.105°C,.and.
2,000.h.at.85°C..As.electrolytic.capacitors.contain.electrolytes.in.liquid.form,.they.are.sensitive.to.operating.
temperature..The.lifetime.of.electrolytic.capacitors.is.halved.when.the.operating.temperature.is.increased.
by.10°C..This.means.that.electrolytic.capacitors.working.at.a.temperature.20°C.above.the.rated.temperature.
will.have.25%.of.the.rated.lifetime..This.problem.is.especially.serious.for.compact.fluorescent.lamps.(CFLs),.
which.have.the.electronic.ballasts.totally.housed.inside.the.plastic.covers.with.limited.space.and.extremely.
limited.cooling.effects.(Figure.28.2)..The.operating.temperature.of.the.electrolytic.capacitor.inside.the.CFL.
will.even.be.higher.if.the.CFL.is.housed.in.lighting.fixture.with.no.ventilation..Consequently,.the.short.
lifetime.of.CFLs.has.been.a.common.consumer.compliant..Over.2.5.billion.units.of.CFLs.were.made.in.
2007.(China.Source.Report-Compact.Fluorescent.Lamps,.2007.Bharat.Book.Bureau)..Considering.their.
short.lifetime,.it.is.not.difficult.to.imagine.how.fast.the.global.electronic.waste.problem.could.deteriorate.
as.more.and.more.governments.are.trying.to.replace.incandescent.lamps.with.CFLs.
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In. this. chapter,. commonly. used. lighting. technologies. (except. LED,. which. is. covered. in. another.
chapter). are. first. reviewed.. In. particular,. ballast. technology. with. dimming. capability. for. discharge.
lamps.is.stressed.because.dimming.capability.provides.an.effective.means.to.control. lighting.energy..
New.lighting.concepts.with.energy.saving,.long.lifetime,.and.recyclability.are.introduced.

28.2  Dimming technologies

In.order.to.use.lighting.energy.when.and.where.it.is.necessary,.and.to.the.appropriate.level,.it.is.essential.
to.understand.various.dimming.methods..A.wide.range.of.different.types.of.lamps.and.lighting.systems.
are.used.in.various.applications..These.include.incandescent.lamps,.fluorescent.lamps,.high-.and.low-
pressure.discharge. lamps..For.both.aesthetic.and.energy-saving.reasons,.various.attempts.have.been.
made.in.the.prior.art.to.provide.such.lamps.with.a.dimming.control.so.that.the.brightness.of.the.lamps.
can.be.adjusted.

Dimming. function. is. particularly. useful. for. high-intensity. discharge. (HID). lamps,. which. are.
widely.used.in.public.lighting.systems.due.to.the.HID.lamps’.manifold.advantages.such.as.longevity.
and.high.luminous.efficacy..Unlike.incandescent.lamps,.HID.lamps.generally.require.a.long.warm-
up.time.to.reach.full.brightness..After.being.shut.off,.they.need.a.cooling.down.period.before.they.
can.be.restarted.again.unless.very.high.striking.voltage. (>15.kV). is.used. to.restart. the. lamp.arc.at.
high.temperature..It.is.the.complication.of.this.“re-strike”.characteristic.that.makes.dimming.a.very.
attractive.alternative.to.simply.turning.off.some.of.the.lights.for.energy.saving,.because.dimming.can.
avoid.considerable.warm-up.time.of.the.lamps.and.the.use.of.a.high-voltage.ignitor..Although.numer-
ous.attempts.have.been.made.in.the.prior.art.to.develop.dimmable.electronic.ballasts.for.individual.
lamps,.conventional.magnetic.ballasts.are.still.the.most.reliable,.robust,.cost.effective,.environmen-
tally.friendly.and.dominant.choice.for.high-wattage.discharge.lamps.and.large-scale.lighting.systems,.
such.as.street.lighting.systems..Dimming.also.has.other.advantages.such.as.reduction.of.peak.power.
demand,.increase.of.flexibility.for.multiuse.spaces,.safer.driving.in.light.traffic.conditions,.and.avoid-
ance.of.light.pollution.

Existing.dimming.methods.for.existing.lighting.systems.include.triode.for.alternating.current.(triac)-
based.dimmers.for.incandescent.lamps.and.gaseous.discharge.lamps.compatible.with.triac.dimmers,.
dimmable.electronic.ballasts.for.gaseous.lamps,.and.a.range.of.disparate.techniques.for.dimming.lamps.
driven.by.magnetic.ballasts.

FIGURE.28.2. Photograph.of.CFL.with.electronic.ballasts.and.mercury-based.fluorescent.lamps.
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28.2.1  Dimming of Incandescent Lamps

Triac-based.dimmers.have.been.popularly.used.as.the.dimming.devices.for.Edison-type.incandescent.
lamps.and.some.triac-dimmable.fluorescent. lamps.[3]..The.circuit.connection.is. illustrated.in.Figure.
28.3a..A.triac.dimmer.consists.of.a.triac.and.also.a.triggering.circuit.that.controls.the.phase.angle.of.
turning.the.triac.on.over.a.cycle.of.the.mains.voltage..As.shown.in.Figure.28.3b,.by.controlling.the.delay.
angle.(α),.the.output.root-mean-square.voltage,.and.thus.the.power.to.the.lamp,.can.be.controlled..This.
control.of.AC.voltage.results.in.the.ability.to.adjust.the.brightness.of.the.lamp.

However,.the.wave.shape.of.the.mains.input.current.through.the.triac.dimmer.is.dependent.on.the.
delay.angle..When.the.delay.angle.is.nonzero,.the.input.current.will.deviate.from.the.sinusoidal.shape.of.
the.mains.voltage..When.the.delay.angle.is.increased,.the.conduction.time.of.the.triac.is.diminished..The.
input.current.will.then.consist.of.high.harmonic.components.and.thus.generates.undesirable.harmonics.
into.the.power.system..In.addition,.as.the.input.power.factor.is.the.product.of.the.displacement.factor.
and.the.distortion.factor.[4],.the.input.power.factor.becomes.small.when.the.delay.angle.is.large..It.is.
because.the.displacement.factor.is.equal.to.the.cosine.of.the.delay.angle.(if.the.delay.angle.is.large,.the.
displacement.factor.will.become.small).and.the.distortion.factor.deteriorates.as.the.current.harmonic.
content.increases..The.ultimate.effect.of.this.low.input.power.factor.is.the.presence.of.reactive.power.flow.
between.the.AC.mains.and.the.lighting.system..This.reactive.power.could.cause.serious.defects.over.the.
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power.system..The.lower.the.power.factor,.the.larger.the.rating.of.the.transformers.and.the.larger.the.
size.of.the.conductors.of.transmission.must.be..In.other.words,.the.greater.the.cost.of.generation.and.
transmission.will.be..This.is.the.reason.why.supply.undertakings.always.stress.upon.the.consumers.to.
increase.the.power.factor.[5].

28.2.2  Dimming of Low-Pressure Discharge Lamps 
with Frequency-Control Electronic Ballasts

Recently,.there.has.been.an.increasing.trend.of.using.dimmable.electronic.ballasts.for.discharge.lamps.
such.as.fluorescent.lamps.and.HID.lamps..A.dimmable.electronic.ballast.usually.has.a.four-wired.con-
nection. arrangement. on. the. input. side.. Two. connections. are. for. the. “live”. and. “neutral”. of. the. AC.
mains,. the.other.two.are.for.the.dimming.level.control.signal,.which.is. typically.a.DC.signal.within.
1–10.V..A.general.structure.of.the.dimmable.electronic.ballast.is.illustrated.in.Figure.28.4a..It.consists.of.
an.active.or.a.passive.power.factor.correction.circuit,.a.high-frequency.DC/AC.converter,.and.a.resonant.
tank.circuit..The.power.factor.correction.circuit.and.the.DC/AC.converter.are.interconnected.through.
a.DC.link.of.high.voltage..The.DC/AC.converter.is.used.to.drive.the.lamp.through.the.resonant.tank.
circuit..It.is.usually.switched.at.a.frequency.slightly.higher.than.the.resonant.frequency.of.the.resonant.
tank.circuit..The.resonant.tank.is.used.to.preheat.the.electrodes,.provide.a.high.voltage.to.ignite.the.
lamp.and.ballast.the.lamp.current..Dimming.function.is.achieved.by.controlling.the.DC.link.voltage.
and/or.the.switching.frequency.of.DC/AC.converter..The.input.power.factor.can.be.kept.high.at.any.
power. level..As.illustrated.in.Figure.28.4b,.the.waveform.of.the.input.current. iac. is.sinusoidal.and.in.
phase.with.the.AC.mains.

A.typical.circuit.of.electronic.ballast.for.fluorescent.lamps.is.illustrated.in.Figure.28.4c,.in.which.the.
AC.mains.is.rectified.by.a.rectifier,.the.power.factor.correction.circuit.is.realized.by.a.boost.DC/DC.con-
verter,.the.DC/AC.converter.is.realized.by.a.half-bridge.inverter.circuit,.and.the.resonant.tank.circuit.is.
formed.by.inductors.and.capacitors..The.DC.link.voltage.is.regulated.at.a.level.slightly.higher.than.the.
peak.value.of.the.AC.mains.voltage..The.typical.value.of.the.DC.link.voltage.is.400.V.

Figures.28.4d.through.f.show.the.three.most.common.types.of.resonant.tank.circuits..They.are.the.
series-loaded.resonant.circuit.(SLR).(Figure.28.4d),.parallel-loaded.resonant.circuit.(PLR).and.series-
parallel-loaded.resonant.circuit.(SPLR)..Based.on.the.fundamental.frequency.approximation,.the.trans-
fer.functions.of.the.three.circuits.are.given.as.follows:

For.SLR.(Figure.28.4d),
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where.ωo = 1 LC .and. Q L R= ωo .

For.PLR.(Figure.28.4e),
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where.ωo = 1 LC .and.Q R L= ωo .
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For.SPLR.(Figure.28.4f),
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where. ωs s= 1 LC .and. Q L R= ωs .

The.frequency.characteristics.of.the.three.resonant.circuits.are.given.in.Figure.28.5..Among.the.three.
circuits,.PLR.is.the.most.popular.choice..The.stages.of.operations.with.the.PLR.from.preheat.to.dimming.
is.illustrated.in.Figure.28.6.
Preheat stage:.The.lamp.is.nonconducting.and.its.equivalent.resistance.is.very.high..Thus,.the.value.of.Q.
is.very.high..The.switching.frequency.is.held.constant.and.is.much.higher.than.the.resonant.frequency.
for.a.fixed.time.to.preheat.the.electrodes.with.a.predetermined.electrode.current.
Ignition stage:.The.switching.frequency.is.decreased.toward.resonance.to.generate.a.high.voltage.across.
the.lamp.
Dimming:.The.switching.frequency.is.further.decreased.to.the.frequency.at.which.the.lamp.power.is.at.
the.rated.value.(100%)..The.lamp.power.can.be.reduced.by.increasing.the.switching.frequency.

Electronic.ballasts.for.fluorescent.lamps.(low-pressure.discharge.lamps).have.been.widely.used.and.
have.been.shown.that.their.use.has.an.overall.economic.benefit.[6]..Operating.at.high.frequency.(typi-
cally.above.20.kHz),.electronic.ballasts.can.eliminate.the.flickering.effects.of.the.fluorescent.lamps.and.
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achieve.a.higher.efficacy.than.mains-frequency.(50.Hz.or.60.Hz)-operated.magnetic.ballasts..Therefore,.
fluorescent.lamps.driven.by.electronic.ballasts.consume.less.energy.for.the.same.light.output.when.com-
pared.with.lamps.driven.by.magnetic.ballasts.

Electronic.ballasts.are.typically.driven.by.integrated.circuits.(ICs)..However,.due.to.the.cost.pressure,.
there.are.many.IC-less.electronic.ballasts..Driving.of. the. switches.Q1.and.Q2. in.Figure.28.4c.can.be.
accomplished.by.two.possible.methods..The.first.method.is.to.use.a.self-oscillating.circuit.(Figure.28.7)..
Q1.and.Q2.are.bipolar.transistors.(BJTs).or.MOSFETs,.however,.BJTs.are.the.most.dominant.and.feasible.
choice..The.base.driving.currents.or.gate.voltages.are.derived. from.the.resonant. inductor. through.a.
saturable.or.non-saturable.transformer..The.second.method.is.to.use.a.ballast.IC..Q1.and.Q2.are.usu-
ally.MOSFETs..Nevertheless,.the.self-oscillating.inverter.is.the.dominant.solution,.because.its.circuit.is.
simple,.robust,.and.cost.effective.

28.2.3  Dimming of Low-Pressure Discharge Lamps 
with DC-Link Voltage-Control Electronic Ballasts

Frequency-control. dimming. method. requires. a. fairly. wide. inverter. frequency. (typically. from. 45. to.
110.kHz).operation.for.lamp.power.control..Typical.dimming.range.can.be.from.100%.to.a.few.percent.
of.the.lamp.power..However,.input.electromagnetic.induction.(EMI).filter.design.of.wide.bandwidth.is.
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needed,.and.switching.losses.and.core.losses.will.increase.as.the.lamp.power.is.reduced..For.applications.
where.high.energy.efficiency.and.stringent.thermal.requirements.are.needed,.DC-link.voltage.control.
can.be.used..DC-link.voltage.control.uses.an.AC-DC.front-stage.power.circuit.with.output.voltage.step-
down.capability.(such.as.flyback,.SEPIC.converters).to.vary.the.DC-link.voltage.in.Figure.28.4a.as.the.
dimming.control..One.application.example.that.prefers.voltage.control. for.dimming.is.desk. lamp.in.
which. the. ballast. is. usually. totally. enclosed. inside. a. small. fixture. without. air. ventilation. (for. safety.
reasons).and.forced.cooling.

The.use.of.variable.inverter.DC.link.voltage.can.provide.a.smooth.and.desirable.dimmer.control.for.
fluorescent.lamp.systems..This.patented.scheme.[7].controls.the.output.DC.voltage.Vdc.of.the.front-end.
converter.in.order.to.control.the.lamp.power;.use.constant.duty.cycle.(near.0.5).for.the.switching.of.the.
half-bridge.inverter.in.order.to.ensure.a.wide.power.range.of.continuous.inductor.current.operation.for.
soft-switching.operation..Switching.control.and.EMI.filter.design.can.be.made.easy.because.the.inverter.
can.be.operated.at.constant.switching.frequency.(or.at.the.loaded-resonant.frequency.if.self-excited.gate/
base.drive.is.used)..The.Lr–Cr.tank.can.be.optimized.for.a.given.type.of.lamp..The.standard.half.bridge.
L-C.resonant.converter.for.driving.fluorescent.lamps.can.be.easily.designed.to.operate.with.zero-voltage.
switching.(ZVS).under.fixed.frequency..High.efficiency.may.be.obtained.because.the.switching.frequency.
can.be.chosen.in.the.20–30.kHz.range.without.getting.close.to.the.infrared.band.around.34.kHz..The.ZVS.
condition.can.be.easily.maintained.over.a.wide.dimming.range.(5%–100%.of.lamp.power).

For.the.PLR.circuit. in.Figure.28.4e,.the.lamp.current.is.roughly.proportional.to.the.magnitude.of.
the.high-frequency.AC.voltage,.Vac,.the.magnitude.of.which.is.determined.by.the.controllable.inverter.
DC-link.voltage.Vdc..Thus

. I lamp dc∝V . (28.4)

The.fundamental.difference.of.voltage.control.and.frequency.control.can.be.seen.from.a.practical.com-
parison.of.two.dimmable.ballasts.for.a.220.V,.2.×.36W.T8.lamp.system..The.ballast.losses.of.a.voltage.
control.(Product-V).and.frequency.control.(Product-F).are.shown.in.Figure.28.8..Both.products.have.a.
front-end.AC-DC.power.factor.correction.stage.and.a.power.inverter.stage,.and.each.ballast.is.used.to.
drive.two.T8.36W.lamps..As.expected,.the.ballast.loss.of.the.frequency-control.ballast.increases.as.the.
total.system.power.is.reduced.because.the.switching.losses.and.magnetic.core.losses.increase.as.the.inverter.
frequency. is. increased. for.dimming.purpose..On.the.contrary,. the.ballast. loss.of. the.voltage-control.

Comparison of total ballast loss
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electronic.ballasts.for.a.220.V,.2.×.36.W.T8.lamp.system..(From.Hui,.S.Y.F..et.al.,.IEEE Trans. Power Electron.,.21(6),.
1769,.November.2006..With.permission.)
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ballast.decreases.because.a.reduced.DC-link.voltage.will.lead.to.a.corresponding.reduction.in.switch-
ing. losses. and. core. losses.. Detailed. power. losses. analyses. of. these. ballasts. with. voltage. control. and.
frequency.control.are.included.in.Figure.28.9a.and.b,.respectively.

28.2.4  Dimming of High-Intensity Discharge Lamps 
with Electronic Ballasts

Among.various.light.sources,.HID.lamps.exhibit.the.best.combination.of.the.high.luminous.efficacy.and.
good.color.rendition.with.the.high.power.compact.source.characteristics..Through.appropriate.choice.
of.dose,.full.spectrum.(white.light).sources.with.excellent.color-rendering.properties.can.be.produced.
with.good.efficacy.and.compact.size..HID.lamps.have.been.used.in.many.applications,.such.as.wide.area.
floodlighting,.stage,.studio,.and.entertainment.fighting.to.UV.lamps.

Use.of.high-frequency.electronic.ballast.can.reduce.the.size.and.the.weight.of.the.ballast.and.improve.the.
system.efficacy..This.feature.is.especially.attractive.for.low-wattage.HID.lamps.because.the.overall.lighting.
system.is.expected.to.be.of.small.size..Moreover,.as.the.operating.frequency.increases,.the.reignition.and.
extinction.peaks.disappear,.resulting.in.a.longer.lamp.lifetime.[11]..The.load.characteristic.of.an.HID.lamp.
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Power loss analysis of frequency-control scheme
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FIGURE.28.9. (a).Power.loss.components.in.a.220.V,.2.×.36.W.T8.lamp.system.under.voltage.dimming.control..
(b).Power.loss.components.in.a.220.V,.2.×.36.W.T8.lamp.system.under.frequency.dimming.control.
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can.be.approximated.as.a.resistor.and.the.lamp.(power).factor.approaches.unity..There.is.no.flickering.
effect.and.the.stroboscopic.effect.in.the.light.output.and.the.light.lumen.can.be.improved..However,.the.
operation.of.high-pressure.HID.lamps.with.high-frequency.current.waveforms.is.offset.by.the.occurrence.
of.standing.pressure.waves.(acoustic.resonance)..This.acoustic.resonance.can.lead.to.changes.in.arc.posi-
tion.and.light.color.or.to.unstable.arcs..Instability.in.the.arcs.could.sometimes.cause.the.arcs.to.extinguish.

The.common.explanation.for.acoustic.resonance.is.that.the.periodic.power.input.from.the.modulated.
discharge.current.causes.pressure.fluctuations.in.the.gas.volume.of.the.lamp..If.the.power.frequency.is.
at.or.close.to.an.eigenfrequency.of.the.lamp,.traveling.pressure.waves.will.appear..These.waves.travel.
toward.and.reflect.on.the.discharge.tube.wall..The.result.is.standing.waves.with.large.amplitudes..The.
strong.oscillations.in.the.gas.density.can.distort.the.discharge.path,.which.in.turn.distorts.the.heat.input.
that.drives.the.pressure.wave..The.lamp.eigenfrequencies.depend.on.arc.vessel.geometry,.gas.filling,.and.
gas.thermodynamic.state.variables.(such.as.pressure,.temperature,.and.gas.density).

Many.articles.on.ballast.circuit.topologies.or.control.methods.have.been.proposed.to.avoid.instability.
caused.by.acoustic.resonance..Typical.circuit.arrangement.is.similar.to.the.one.shown.in.Figure.28.4a..
There.are.two.basic.approaches.of.tackling.acoustic.resonance:

. 1.. The.output.inverter.is.operated.at.a.frequency.well.away.from.frequencies.in.the.acoustic.reso-
nance.range.of.the.lamp..These.ballasts.can.be.further.categorized.into

. a.. DC-type.ballast

. b.. Tuned.high-frequency.ballast

. c.. Very.high-frequency.ballast

. 2.. The.switching.frequency.of.the.output.inverter.is.modulated.with.fixed.or.random.frequency..The.
input.energy.spreads.over.a.wide.spectrum.so.as.to.minimize.the.magnitude.of.the.input.energy.
in.a.certain.frequency.

Figure.28.10.shows.the.circuit.schematic.of.dimmable.electronic.ballast.for.HID.lamps.[8]..It.controls.
the.current.flowing.through.the.lamp.and.has.two.operating.modes..In.the.first.mode,.S3.is.turned.on.
and.S2.is.turned.off..Thus,.the.current.through.the.lamp.is.regulated.by.sensing.the.voltage.across.the.
sensing.resistor.Rsense2.(i.e.,.the.lamp.current).and.then.controlling.the.duty.cycle.of.S1.and.S4..In.the.
second.mode,.S4.is.turned.on.and.S1.is.turned.off..The.current.through.the.lamp.is.regulated.by.sensing.
the.voltage.across.the.sensing.resistor.Rsense1.and.then.controlling.the.duty.cycle.of.S2.and.S3..The.funda-
mental.frequency.of.the.lamp.current.is.low,.typically.200–400.Hz,.which.can.avoid.acoustic.resonance.

An.HID.lamp.goes.through.several.stages.during.the.ignition.process..The.transitions.are.depicted.as.
follows:.Its.lamp.arc.resistance.is.extremely.large.(like.an.open.circuit).in.the.beginning,.becomes.nearly.
zero.(short-circuit.transition).for.a.short.period,.and.then.increases.again.until.it.reaches.a.steady.state..
Sufficient.energy.and.a.low.impedance.discharge.path.must.be.available.for.fast.discharge..The.authors.
in.[9].use.a.series.inductor–capacitor.circuit.and.a.parallel.inductor—an.L1._.C1._.L2.circuit.as.shown.in.
Figure.28.4f..The.ballast.is.operated.at.a.very.high.frequency..The.inductance.of.the.parallel.inductor.L2.
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FIGURE.28.10. Circuit.diagram.of.a.dimmable.electronic.ballast.for.HID.lamps.
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is.much.higher.than.the.series.inductor.L1..Multiple.frequency.shifting.is.used.in.starting.and.operating.
the.lamp..The.major.limitation.of.this.circuit.is.the.use.of.a.large.L2..While.the.resonant.voltage.of.L2.is.
large.for.igniting.the.lamp,.the.large.impedance.of.L2.(=.2π f L2,.where.f.is.the.operating.frequency.of.the.
inductor).limits.the.rate.of.change.di/dt.of.the.startup.discharge.current.in.the.lamp.arc..Consequently,.
the.lamp.arc.may.have.to.keep.on.striking.for.many.times.before.it.can.be.established.

28.2.5  Dimming of Large Lighting Systems with Electronic Ballasts

Dimming.large.lighting.systems.can.be.performed.with.the.use.of.dimmable.electronic.ballasts.as.shown.
in.Figure.28.11..An.extra.1–10.V.dimming.control.signal.has.to.be.provided.to.all.dimmable.electronic.
ballasts..More.sophisticated.systems.such.as.DALI.have.also.been.proposed..However,.large-scale.dim-
mable.electronic.ballast.systems.are.only.suitable.for.special.lighting.applications.in.which.control.of.
lighting.is.of.paramount.importance..The.high.costs.of.dimmable.electronic.ballasts.and.the.associated.
control.systems.remain.the.major.obstacle.to.their.widespread.use.

28.3  Sustainable Dimming Systems—Dimming of Discharge 
Lamps with recyclable Magnetic Ballasts

To. qualify. for. being. a. sustainable. technology,. a. dimming. system. should. satisfy. the. three. criteria.
explained.in.Section.28.1..As.electronic.ballasts.for.discharge.lamps.are.not.recyclable.and.will.end.up.
as.electronic.waste,.it.is.imperative.to.examine.dimmable.magnetic.ballasts.that.follow.the.sustainable.
principle.

Unlike.electronic.ballasts,.magnetic.ballasts.have. the.advantages.of.extremely.high.reliability.and.
long.lifetime,.and.robustness.against.transient.voltage.surge.(e.g.,.due.to.lightning).and.hostile.working.
environment.(e.g.,.high.humidity.and.wide.variation.of.temperature)..Particularly,.they.offer.superior.
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FIGURE.28.11. Schematic.of.large-scale.dimmable.electronic.ballast.system.
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lamp-arc.stability.performance.in.HID.lamps..Also,.the.inductor.core.materials.and.winding.materials.
are.recyclable,.while.electronic.ballasts.have.more.toxic.and.nonrecyclable.materials.

The.most.common.form.of.lamp.circuit.with.starter.is.shown.in.Figure.28.12..The.common.starter.is.
the.glow.starter.consisting.of.a.small.bimetallic.electrode.and.a.fixed.electrode..The.two.electrodes.are.
initially.separated..When.the.circuit.is.activated,.the.full.line.voltage.is.applied.across.the.starter,.caus-
ing.a.discharge.between.the.electrodes..Current.will.then.flow.through.the.choke.and.electrodes..The.
heat.generated.from.the.discharge.arc.will.cause.the.bimetallic.electrode.to.bend.and.the.two.electrodes.
will.separate..Due.to.a.sudden.change.of.the.current.through.the.choke,.a.high.voltage.will.be.created.
across.the.lamp.for.ignition..There.are.other.types.of.starters,.including.thermal.starters.and.electronic.
starters..Non-radiative.starters.are.also.commercially.available.

In.the.past,.the.major.limitation.of.magnetic.ballasts.was.their.lack.of.flexibility.in.achieving.dim-
ming.control..Apart.from.the.technical.issues,.it.is.also.not.economical.to.use.a.dimming.device.for.each.
individual.lamp.in.a.lighting.system.formed.of.a.large.group.or.network.of.lamps..The.arrangement.is.
particularly.a.concern.for.converting.a.non-dimmable.lighting.system.into.a.dimmable.one.by.replacing.
all.dimmable.control.gears.with.dimmable.devices..As.illustrated.in.Figure.28.11,.the.wiring.and.elec-
trical.installation.will.be.complicated,.since.it.is.necessary.to.redesign.the.electrical.networks.for.both.
power.lines.and.control.signals..The.situation.will.be.even.more.complicated.in.systems.having.multiple.
zones..Therefore,.the.installation.of.individual.dimmable.electronic.ballasts.in.all.lamp.posts.in.a.road.
lighting.system,.for.example,.will.involve.high.installation.cost.and.will.also.be.a.maintenance.night-
mare.for.the.road.lighting.management.companies,.in.view.of.the.relatively.poor.immunity.of.electronic.
ballasts.against.extreme.weather.conditions.

Therefore,.if.magnetic.ballasts.can.be.made.dimmable,.the.combined.features.of.their.long.lifetime,.
high.reliability.and.energy.saving.can.make.such.“dimmable.magnetic.ballasts”.an.attractive.solution.
for.both.indoor.and.outdoor.applications..Moreover,.it.would.be.useful.to.have.a.technology.that.can.
dim.a.plurality.of.lamps.with.magnetic.ballasts..Figure.28.13a.shows.the.general.non-dimmable.lamp.
system.configuration.with.magnetic.ballasts,. in.which.the. input.of. the.ballasts. is.directly.connected.
to.the.AC.mains.through.a.switch.gear..The.switch.gear.is.used.to.turn.on.the.lamps.and.is.controlled.
by.various.means,. for.example,.manual.control,.automatic. timer.control,.and.photo.sensor..To.date,.
several.dimming.methods.for.lamps.with.magnetic.ballasts.have.been.reported..The.ultimate.purpose.
is.to.control.the.lamp.current,.and.hence.the.lamp.power,.so.that.the.lamps’.brightness.can.be.varied..
The.strategies.are.mainly.acted.on.the.input.side.of.the.ballast.or.at.the.lamp.side..As.depicted.in.Figure.
28.13b,.they.can.be.categorized.into.several.methods.

28.3.1  Method I: Control of the Supply Voltage or Current to the Lamp

Reducing.the.voltage.supplying.to.the.ballast.is.a.direct.way.of.dimming..As.illustrated.in.Figure.28.13b,.
when.the.supply.voltage.vL.is.reduced,.the.supply.current.iL,.the.lamp.current.ilamp,.and.hence,.the.lamp.
power.will.be.decreased..This.method.can.be.realized.by.various.voltage.transformation.means,.such.as.
low-frequency.transformers.or.high-frequency.switching.converters.

One.of.the.most.obvious.methods.of.altering.the.voltage.conditions.on.the.ballast.input.is.to.provide.
means.whereby.the.voltage.ratio.of.the.supply.transformers.in.the.system.may.be.varied..As.the.voltage.
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FIGURE.28.12. Typical.structure.of.lamp.circuit.with.magnetic.ballast.
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ratio.is.dependent.on.the.turns.ratio,. it.follows.that.if.the.turns.ratio.can.be.altered.then.the.voltage.
ratio.will.be.changed.by.the.same.amount.[10]..Various.methods.have.been.adopted.for.effecting.this.
desired.change.in.the.transformation.ratio,.the.simplest.one.involving.the.use.of.a.tapped.winding.on.
one.side.of.the.transformer,.so.that.the.effective.turns.ratio.can.be.altered..Another.one.is.the.use.of.
autotransformer.that.the.turns.ratio.can.be.continuously.varied..In.[12],.a.two-winding.autotransformer.
is.used.to.provide.two.voltage.levels.for.implementing.a.two-level.dimming.system..In.[13],.a.multilevel.
dimming.system.that.uses.a.more.complicated.transformer.is.proposed..All.these.methods.involve.the.
use.of.mechanical.devices,.such.as.contactors.for.changing.the.turns.ratio.and.motors.for.continuously.
adjusting.the.turns.ratio.

Another.method. is. the.use.of.high-frequency.switching.converters..The.AC.mains.voltage. is.con-
verted.into.a.DC.voltage.by.an.AC/DC.converter.and.the.DC.voltage.is.converted.into.an.AC.voltage.by.
a.DC/AC.converter.[4]..Thus,.the.overall.system.can.flexibly.provide.a.high-quality.variable.voltage.and.
variable.frequency.output.at.vL..However,.as.the.input.energy.from.the.AC.mains.is.processed.twice,.the.
overall.efficiency.is.low..For.example,.if.the.efficiencies.of.the.AC/DC.and.the.DC/AC.converters.are.0.95,.
the.overall.efficiency.is.0.95.×.0.95.=.0.90.
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Apart.from.using.the.AC/DC/AC.conversion.approach,.an.AC/DC.converter.such.as.cycloconverter.
can.be.used.to.provide.a.controllable.voltage.at.mains.frequency..In.[14],.a.power.converter.is.used.to.
chop.the.AC.sinusoidal.voltage. into.voltage.pulses.with.the.sinusoidal.envelope..Similar.approach. is.
used.in.[15,16]..However,.considerable.current.harmonics.will.be.generated.in.the.process,.leading.to.
harmonic.pollution.problems.in.the.power.system..It.is.unsuitable.for.lamps,.such.as.HID.lamps,.which.
are.sensitive.to.the.excitation.voltage..It.may.cause.undesirable.acoustic.resonance.and.flickering.effect.

Another.approach.[17]. is. the.use.of.an.external.current-control.power.circuit. to.control. the.mag-
nitude.of. the. input.current.at.mains. frequency.. Instead.of. transforming. the.voltage.magnitude,. this.
method.adjusts. the. input.current.taken.from.the.AC.mains..As.the.active.power.taken.from.the.AC.
mains. is.proportional. to.the.product.of. the.AC.mains.voltage.and.current,. this.can.thus.control. the.
overall.power.delivered.to.the.lamps.

28.3.2  Method II: Control of the Ballast-Lamp Impedance Path

Instead. of. transforming. the. AC. mains. voltage. directly,. Figure. 28.13c. illustrates. another. dimming.
method.that.the.apparatus.is.connected.in.series.with.the.lamp.system..The.connected.apparatus.is.a.
variable.reactance.that.it.does.not.dissipate.any.active.power.ideally..As.the.overall.impedance.of.the.
lamp.system.is.adjustable,.the.magnitude.of.vL.and.input.current.becomes.adjustable.

As.discussed.in.[19],.a.two-step.inductor.consisting.of.two.series.inductors.is.used.for.the.choke.in.
the.ballast..With.a.switch.that.can.bypass.one.of.the.two.inductors,.the.overall.inductance.can.be.altered.
in.a.discrete.manner.

In.[20],.a.saturable.reactor.is.used.in.the.ballast.that.can.dim.the.lamps.continuously.within.a.limited.
range..By.adding.an.extra.winding.to.the.reactor.and.injecting.a.DC.into.this.extra.winding,.the.reactor.
core.can.be.saturated,.so.that.the.impedance.of.the.inductor.in.the.ballast.can.be.changed..The.result-
ing.effect.is.to.adjust.the.current.flowing.to.the.lamps..A.variant.in.[21].uses.a.variable.reactance.with.
the.current.to.the.control.winding.being.provided.by.a.multi-tapped.autotransformer,.so.that.different.
combinations.of.equivalent.series.impedance.can.be.realized.

Instead.of.using.passive.elements,.another.approach.[21,22].is.based.on.creating.a.voltage.source.con-
necting.in.series.with.the.lamp.path..In.[22],.a.DC/AC.converter.is.connected.in.series.with.the.lamp.
system..The.DC.side.of.the.converter.is.connected.to.another.AC/DC.converter,.which.is.supplied.from.
the.AC.mains..Both.converters.have.to.handle.active.and.reactive.power..In.other.words,.there.is.a.cir-
culating.energy.between.the.two.converters..Similar.idea.is.used.in.[21].that.the.implementation.is.based.
on.using.transformer.coupling..Nevertheless,.this.circulating.energy.will.introduce.energy.loss.in.the.
system..Apart.from.lowering.the.efficiency,.it.is.also.necessary.to.handle.the.thermal.issue.

28.3.3  Method III: Control of the Lamp terminal Impedance

As.illustrated.in.Figure.28.13d,.the.third.approach.is.to.use.an.apparatus.that.can.divert.the.current.
from.the.ballast..The.overall.effect.is.to.reduce.the.lamp.current.ilamp..In.[23],.a.switchable.capacitor.is.
connected.across.a.lamp..If.dimming.is.required,.the.capacitor.is.switched.on,.so.that.part.of.the.current.
from.the.ballast.will.be.diverted.away.from.the.lamp.into.the.capacitor..In.this.way,.the.lamp.current.
and.hence.the.lamp.power.can.be.controlled.in.a.discrete.manner.

Comparing.the.above.methods,.Methods.I.and.II.are.suitable.for.dimming.a.plurality.of.lamps,.par-
ticularly.for.existing.installation..Method.III.requires.the.modification.or.installation.of.the.dimming.
apparatus.on.each.individual.lamp..Although.all.of.the.above.methods.can.dim.the.lamps.with.magnetic.
ballasts,.they.have.their.respective.limitations.of

. 1.. Requiring.expensive.and.bulky.mechanical.construction.[12,13]

. 2.. Introducing.undesirable.harmonic.pollution.to.the.power.system.[14–18]

. 3.. Inapplicable.for.dimming.a.plurality.of.lamps.[19,20,23]
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. 4.. Handling.the.total.active.and.reactive.power.of.the.load.[12–18]

. 5.. Providing.discrete.dimming.only.[12,13,19–21,23]

. 6.. Being.practically.difficult.for.central.or.automatic.control.[12,13,19,20,22]

. 7.. Reducing. the. input. power. factor. of. the. entire. lighting. system. when. the. lamps. are. dimmed.
[19–21]

. 8.. Handling.dissipative.circulating.energy.[21,22]

28.3.4  Practical Examples of Sustainable Lighting technology

One.area.where.sustainable.lighting.technology.can.be.applied.is.large.public.lighting.networks.such.as.
those.used.in.streets,.multistoried.car.parks,.and.corridors.and.hallways.of.buildings..In.these.public.
lighting.systems,.flickering.effects.are.not.a.serious.concern.and.so.high-frequency.lamp.operation.is.not.
essential..Therefore,.recyclable.magnetic.ballasts.already.in.place.can.be.retained..In.order.to.minimize.
the.amount.of.electronic.waste,.central.dimming.with.one.single.controller.for.a.large.group.of.ballast-
lamp.sets.can.be.considered..For.example,.if.one.central.dimming.system.can.control.over.100.magnetic.
ballast–driven.lamps,.the.amount.of.electronic.waste.can.be.significantly.reduced.and.energy.saving.
can.be.achieved.simultaneously..Bearing.in.mind.that.the.magnetic.core.losses.can.be.reduced.as.the.AC.
supply.voltage.is.reduced..One.ideal.choice.of.achieving.central.dimming.for.large.lighting.systems.is.
to.design.an.AC–AC.power.converter.without.power.loss..Among.the.technologies.available,.transform.
technology.and.power.electronics.provide.two.possibilities.

As.discussed.in.Section.28.3,.Methods.I.and.II.are.suitable.for.dimming.a.plurality.of.lamps..However,.
it.is.essential.to.consider.the.energy.efficiency.in.the.actual.implementation..If.the.traditional.AC–AC.
power.converter.is.used.in.Method.I,.this.power.converter.has.to.handle.both.active.and.reactive.power..
Typical.energy.efficiency.of.power.supplies.is.around.90%..Thus,.about.10%.of.power.will.be.lost.in.the.
process..This.power.loss.is.quite.significant.because.typical.power.ratings.of.road.lighting.system.could.
be.in.the.order.of.several.tens.of.kilowatts..Similar.problem.exists.if.a.power.transformer.is.used.to.pro-
vide.discrete.output-voltage.levels.for.the.large.lighting.systems..Discrete.voltage.outputs.are.not.suitable.
for.HID.lamps.because.sudden.step.change.of.AC.supply.voltage.could.affect.the.stability.of.HID.lamps.

One. solution. that. has. been. tested. successfully. is. the. use. of. reactive. power. controller. as. a. central.
dimming.system.[24]..Figure.28.14.shows.the.schematic.of.this.concept..A.power.inverter.is.employed.
as.a.reactive.power.controller,.which.in.turn.provides.a.controllable.auxiliary.voltage.Va..Consequently,.
the.output.voltage.Vo,.which.is.equal.to.the.vectorial.difference.of.Vs.and.Va,.becomes.a.controllable.AC.

Ballast-driven
lighting system

AC
mains
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Va

Vo

Io

Output voltage
referenceControllerPWM

generator

Synchronization
network

DC source

S

Inverter

V ΄

+

–

FIGURE.28.14. Schematic.of.a.central.dimming.system.for.large-scale.lighting.networks.
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voltage.for.the.lighting.system..Since.reactive.power.control.does.not.involve.active.power.consumption,.
this.concept. is. theoretically. lossless..Essentially,. this.approach.allows.the.active.power.to.go.directly.
from.the.AC.mains.to.the.load..The.reactive.power.controller.only.processes.a.portion.of.the.system.
reactive.power..With.the.help.of.soft.switching.and.improvements.of.power.devices.characteristics,.the.
energy.efficiency.of.this.central.dimming.system.can.be.close.to.99%,.as.the.only.power.losses.mainly.
come.from.the.non-ideal.features.of.the.power.electronic.devices.and.passive.circuit.components.(i.e.,.
conduction.and.core.losses)..Figure.28.15.shows.a.4.day.measurement.of.a.28.kW.road.lighting.system..
The.lighting.system.is.activated.at.around.6.p.m..After.a.short.warm-up.time.of.20.min,.the. lighting.
system.is.programmed.to.about.80%.of. the. full.power..From.midnight. to.around.5.a.m.,. the.system.
power.is.further.reduced.to.70%.of.the.full.power..Afterward,.it.goes.back.to.80%.power.until.the.sys-
tem.is.turned.off.in.the.morning..An.average.energy.saving.of.24.2.has.been.recorded..This.application.
example.illustrates.the.principle.of.sustainable.lighting.technology,.which.allows.lighting.energy.to.be.
used.when.and.where.it.is.necessary.and.to.the.appropriate.lighting.level..Since.a.single.central.dimming.
system.can.control.a.large.number.of.lamps.(typical.over.100),.this.type.of.technology.can.save.energy.
effectively.and.retain.the.magnetic.ballasts.that.have.long.lifetime.and.are.recyclable..As.a.result,.lots.of.
electronic.waste.can.be.avoided.

28.4  Future Sustainable Lighting technology—Ultralow- Loss 
Passive Ballasts for t5 Fluorescent Lamps

One.effective.way.to.save.lighting.energy.is.to.replace.T8.fluorescent.lamps.with.T5.lamps..In.the.last.
two.decades,.it.was.believed.that.electronic.ballasts.were.more.energy.efficient.than.magnetic.ballasts..
However,.this.understanding.may.not.be.valid.for.T5.lamps..T5.lamps.were.originally.designed.to.be.
driven.by.electronic.ballasts.that.can.use.the.resonant.tanks.to.generate.high.ignition.voltage..For.T5.28.
and.35.W,.the.on-state.lamp.voltages.at.high-frequency.operation.are.167.and.209.V,.respectively..These.
high.voltage. levels.are.close. to. the.mains.voltage.of.220–240.V..Traditionally,.magnetic.ballasts.were.
thought.to.be.not.suitable.for.driving.high-voltage.lamps.such.as.T5.lamps..The.technical.challenges.for.
developing.magnetic.ballasts.that.can.outperform.electronic.ballasts.for.T5.lamps.are

. 1.. Sufficient.ignition.voltage

. 2.. End.of.life.detection.for.aged.or.faulty.lamps

. 3.. Provision.of.high.lamp.voltage.to.sustain.the.lamp.arc.after.lamp.ignition

. 4.. Less.ballast.loss.than.the.electronic.counterparts
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central.dimming.control.
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Requirements.1.and.2.can.be.met.by.using.electronic.starters..Electronic.starters.developed.in.the.late.
1990s.for.T8.lamps.can.be.applied.to.T5.lamps.in.general..End-of-life.detection.has.been.a.common.fea-
ture.among.some.electronic.starters.[25]..Since.T5.lamps.have.on-state.voltage.close.to.the.mains.volt-
age,.series.inductive–capacitive.(LC).ballasts.(Figure.28.16).previously.suggested.for.high-voltage.lamps.
can.be.used.[25,26]..As.the.voltage.vector.of.the.capacitor.is.opposite.to.that.of.an.inductor,.the.voltage.
drop.across.the.inductor.can.be.partially.or.totally.canceled.by.the.voltage.vector.of.the.capacitor..Thus,.
requirement.(3).can.be.met.with.an.LC.ballast.

Since.T8.36.W.lamps.are.being.replaced.by.T5.28.W.lamps,.it.is.meaningful.to.use.them.for.compari-
son..Table.28.1.contains.a.comparison.of.typical.manufacturers’.data.for.T5.and.T8.lamps..It.can.be.seen.
that.high-voltage.T5.lamps.have.high.on-state.voltage.and.low.on-state.current.when.compared.with.
T8.lamps.of.similar.power..For.magnetic.ballasts,.the.power.losses.include.the.conduction.loss.and.core.
loss..Since.conduction.loss.is.proportional.to.the.square.of.the.current,.the.low-current.feature.of.T5.
lamps.enables.huge.reduction.of.the.conduction.loss.

In.Table.28.1,.the.conduction.loss.of.a.T8.magnetic.ballast.is.used.as.a.reference.(100%)..Assuming.that.
the.winding.resistance.of.the.magnetic.ballasts.for.T5.and.T8.lamps.are.identical,.the.conduction.loss.of.
the.T5.magnetic.ballast.is.only.16%.that.of.T8.magnetic.ballast..This.is.an.84%.reduction.in.conduction.
loss..The.core.loss.is.proportional.to.the.magnetic.flux,.which.in.turn.is.proportional.to.the.current.in.the.
magnetic.ballast..In.this.regard,.the.core.loss.of.a.T5.28.W.magnetic.ballast.is.only.40%.that.of.a.T8.36.W.
ballast,.resulting.in.60%.reduction.in.core.loss..Based.on.this.theoretical.assessment,.significant.reduc-
tion.in.both.conduction.and.core.losses.can.be.achieved.in.magnetic.ballasts.for.T5.lamps..Therefore,.it.is.
worthwhile.to.practically.evaluate.the.energy-saving.potential.of.magnetic.ballast.for.T5.lamps,.particu-
larly.knowing.that.magnetic.ballasts.can.last.for.tens.of.years.and.can.be.recycled.without.creating.toxic.
and.nonbiodegradable.electronic.waste..The.information.in.Table.28.1.provides.the.ground.for.developing.
magnetic.ballasts.that.are.more.efficient.than.electronic.ones.in.order.to.meet.requirement.4.

Reference.[27].describes.a.computer-aided.analysis.and.practical.implementation.of.a.patented.ultralow-
loss.(ULL).magnetic.technology..Table.28.2.shows.a.practical.comparison.of.such.ULL.magnetic.ballast.
with.electronic.ballasts.for.a.T5.high-efficient.28.W.lamp.at.230.V..The.magnetic.ballast.loss.is.found.to.
be.less.than.2.5.W..The.low-current.feature.of.high-voltage.lamps.such.as.T5.lamps.is.a.major.reason.for.

AC
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L C

Vlamp
Electronic

starter

VC

FIGURE.28.16. Circuit.diagram.of.the.ULL.magnetic.ballast.(LC.ballast).for.T5.28.W.lamps.

TABLE.28.1. Theoretical.Assessment.of the.
Power-Loss.Components

Lamp.Type T8.6.W T5.28.W

Rated.voltage.(Vrms) 103 167
Rated.current.(Arms) 0.44 0.175
Conduction.loss.(i2R) 100% 16%
Core.loss.(∝.I.or.ϕ) 100% 40%
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achieving.low.ballast.loss.in.the.magnetic.ballast..Since.the.ULL.ballasts.of.Figure.28.16.contain.no.elec-
trolytic.capacitor,.active.electronic.parts,.and.electronic.control,.they.offer.a.highly.efficient,.reliable,.and.
Eco-friendly.solution.to.T5.lamps..Typical.lamp.voltage.and.current.waveforms.of.a.T5.28.W.lamp.oper-
ated.by.a.ULL.ballast.are.included.in.Figure.28.17.

28.5  Conclusions

Many.efforts.have.been.made.in.the.last.two.decades.to.improve.the.energy.efficiency.of.lighting.sys-
tems..It.is.high.time.to.widen.the.scope.of.research.to.cover.not.only.energy.saving,.but.also.lifetime.
and.recyclability.of.lighting.products..From.the.basic.principle.of.magnetic.and.electronic.ballasts.

TABLE.28.2. Comparison.of.Electrical.and.Luminous.Performance.Based.on.the.Use.
of the Same.Philips.TL5.28.W/865.Lamp

Model
Input.

Power.(W)
Lamp.

Power.(W)
Ballast.

Loss.(W)
Luminous.
Flux.(lm)

Energy.
Efficiency.

(%)

System.
Luminous.

Efficacy.
(lm/W)

ULL.LC.
ballast

31.01 28.59 2.42 2318.3 92.20 74.76

Philips.
EB-S128.
TL5.230

30.95 26.30 4.65 2188.1 84.98 70.70

Osram.
QT-FH.
1X14-35.
230240.CW

30.90 27.62 3.28 2263.8 89.39 73.26

Source:. Hui,. S.Y.R.. et. al.,. A. ‘class-A2’. magnetic. ballast. for. T5. fluorescent. lamps,. IEEE Applied 
Power Electronics Conference (APEC),.Technical.Session:.General.Lighting,.Palm.Springs,.CA,.February.
25,.2010.
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FIGURE. 28.17. Measured. lamp. voltage. Vlamp. and. lamp. current. Ilamp. operated. with. an. ULL. ballast. under. full.
power.operation.at.Vs.=.230.V.
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for.discharge. lamps,. this.chapter. introduces.the.“sustainable. lighting.technology”.concept,.which.
emphasizes.not.only.energy.saving,.but.also.product.lifetime.and.recyclability..It.is.important.that.
future.R.&.D.in.lighting.technology.will.take.a.more.holistic.view.on.environmental.protection..It.is.
envisaged.that.more.ballast.designs.without.using.electrolytic.capacitors.[28–30].and.perhaps.even.
without. electronic. switches. and. control. [27,31]. will. be. used. in. future. lighting. control.. The. latest.
emergence.of.recyclable.ULL.passive.ballasts.may.impact.the.existing.trend.of.using.electronic.bal-
lasts.to.some.extent,.particularly.in.the.public.lighting.systems..The.passive.ballast.concept.can.in.
principle.be.applied.to.LED.technology.in.order.that.the.lifetime.of.the.LED.driver.can.match.that.
of.the.LED.devices.
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29.1 Introduction

Given.that.electric.lighting.is.central.to.modern.life.and.consumes.about.20%.of.global.electrical.power,.
it.is.remarkable.that.the.relatively.primitive.incandescent.(1870s).and.fluorescent.(1940s).technologies.
are.still.predominant.today..Light.emitting.diodes.(LEDs).have.emerged.as.promising.lighting.devices.
for.the.future..However,.LEDs.are.still.primarily.restricted.to.decorative,.display,.signage,.and.signaling.
applications.so.far.and.have.not.reached.the.stage.of.massively.entering.the.general.and.public.illumina-
tion.markets..While.there.has.been.increasing.hope.that.LED.technology.may.replace.energy-inefficient.
incandescent.lamps.and.mercury-based.and.highly.toxic.linear.and.compact.fluorescent.lamps.(CFL).in.
the.future,.it.is.imperative.for.scientists.and.engineers.to.examine.the.technology.in.an.objective.way.

Among.various.limitations.of.LED,.the.heat.dissipation.and.thermal.degradation.of.luminous.efficacy.
(i.e.,.reduction.of.lm/W.due.to.increasing.junction.temperature).are.probably.the.two.most.important.ones..
These.critical.issues.have.been.the.focal.point.in.[1–6]..Despite.the.claims.of.high.efficacy,.such.high-efficacy.
figures.are.only.true.at.low.junction.temperature.and.are.not.sustainable.at.high.temperature,.which.is.the.
normal.operating.condition.for.LED.applications.unless.expensive.heatsinks.and/or.forced.cooling.can.be.
used.to.keep.the.junction.temperature.at.a.low.level..Figure.29.1.shows.a.typical.relationship.of.the.lumi-
nous.output.of.LED.and.the.junction.temperature.for.a.constant.LED.current.(i.e.,.almost.constant.power,.
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assuming.that.the.LED.voltage.does.not.change.significantly).[7,8]..For.this.reason,.several.studies.have.been.
reported.in.the.thermal.design.and.management.of.LEDs.[9–13]..The.thermal.modeling.and.measurements.
of.the.thermal.resistance.of.LEDs.have.also.been.investigated.[14–18].

In.photometry,.one.important.factor.commonly.used.for.comparing.different.lighting.devices.is.the.
luminous.efficacy.(lm/W).[19]..The.major.hindrance.to.the.widespread.usage.of.LED.applications.in.gen-
eral.and.public.illumination.is.the.degradation.of.luminous.flux.of.LEDs.with.the.junction.temperature.
of.the.LEDs.[7,9,11]..This.phenomenon.is.reflected.in.many.LED.system.designs.in.which.the.maximum.
luminous.output.of.LEDs.does.not.occur.at.the.rated.power.of.the.LEDs..In.practice,.the.recombination.of.
a.hole.and.an.electron.results.in.the.emission.of.either.a.photon.(light).or.phonon.(atom.vibration.or.heat).
[20]..The.drop.of.efficacy.is.caused.by.a.non-radiative.carrier-loss.mechanism.that.becomes.dominant.as.
the.current.increases..Suggested.reasons.for.such.reduction.include.electronic.leakage,.lack.of.hole.injec-
tion,.carrier.delocalization,.Auger.recombination,.defects,.and.junction.heating.[30].

It.is.rightly.pointed.out.that.the.quantum.efficiency.and.junction.thermal.resistance.of.LED.are.the.
two.limiting.factors.in.LED.technology.[21]..The.luminous.efficacy.of.various.LEDs.typically.decreases.
by.approximately.0.2%–1%.per.degree.Celsius.rise.in.temperature.[7]..Due.to.the.aging.effect,.the.actual.
degradation. of. luminous. efficacy. could. be. higher. than. the. quoted. figures.. Recent. research. reports.
have. highlighted. the. relationship. of. efficacy. degradation. and. the. junction. temperature. of. the. LEDs..
Accelerated.age.tests.carried.out.in.[22].show.that.the.light.output.can.drop.by.a.further.45%..For.aged.
LEDs,.the.efficacy.degradation.rate.could.be.up.to.1%.per.degree.Celsius..In.some.applications.such.as.
automobile.headlights.and.compact.lamps,.the.ambient.temperature.could.be.very.high.and.the.size.of.
the.heatsink.is.limited..This.serious.thermal.problem.has.been.addressed.in.[12,23]..The.drop.in.luminous.
efficacy.due.to.thermal.problem.would.be.serious,.resulting.in.the.reduction.of.luminous.output.[13].

Photometric.parameters.such.as.luminous.flux.and.luminous.efficacy,.electrical.parameters.such.as.
electric.power,.current,.and.voltage.of.LED,.and.thermal.parameters.such.as.junction.and.heatsink.tem-
perature.and.thermal.resistance.are.closely.linked.together..In.[7,8],.the.relationship.between.the.lumi-
nous.output.(photometric.variables).and.thermal.behavior.has.been.reported..Reference.[13].highlights.
the.highly.nonlinear.thermal.behavior.of.the.junction-to-case.thermal.resistance.of.LED.with.electric.
power.consumption.of.LED..The.junction-to-case.thermal.resistance.is.affected.by.many.factors.such.as.
the.mounting.and.cooling.methods.[14,15],.the.size.of.the.heatsink.and.even.the.orientation.of.the.heat-
sink.[13]..Thus,.analysis.on.the.junction.thermal.resistance.[13,16,17].and.thermal.management.[18,19].
have. been. major. LED. research. topics.. To. deal. with. various. factors. that. affect. the. luminous. output,.
control.methods.have.been.proposed.to.control.the.luminous.output.of.LED.systems.[20,21]..An.LED.
device.model.has.been.proposed.to.model.the.thermal.junction.resistance.and.the.light.output.[22]..But.
this.model.is.for.an.LED.device.and.not.for.an.LED.system,.including.the.thermal.design.of.the.heatsink.
and.the.electric.power.control.
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FIGURE.29.1. A.typical.relationship.of.the.luminous.output.of.LED.and.the.junction.temperature.for.a.constant.
LED.current.
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In.this.chapter,.a. thermal.and. luminous.comparison.between.LED.and.fluorescent. lamps.are.first.
summarized.[24]..Then.a.general.theory.that.links.the.photometric,.electrical,.and.thermal.aspects.of.
LED.system.[25].is.presented..This.theory.is.based.on.a.simple.thermal.model.of.the.LED.and.the.heat-
sink,.and.can.be.used.to.predict.the.optimal.operating.point.(i.e.,.maximizing.the.luminous.output).and.
provide.design.parameters.for.optimal.thermal.design..Tests.have.been.carried.out.to.verify.the.general.
theory..The.examination.of.the.theory.also.provides.clear.explanation.on.why.the.optimal.operating.
points.of.some.LED.systems.occur.in.an.operating.power.less.than.the.rated.power.of.the.LED..Practical.
results.obtained.in.the.experiments.also.highlight.the.major.limitations.of.existing.LEDs..Both.theory.
and.practical.results.provide.useful.insights.for.LED.system.designers.and.allow.users.to.determine.the.
advantages.and.disadvantages.of.using.LED.in.different.applications.[26].

29.2  thermal and Luminous Comparison of White 
High-Brightness LED and Fluorescent Lamps

29.2.1 Comparison of Heat Dissipation

Heat.dissipation.of.a.lighting.device.can.be.obtained.by.a.simple.method.described.in.[24]..By.immers-
ing.the.lighting.devices.in.silicone.oil.inside.an.insulated.container.with.a.transparent.lid.for.the.light.to.
escape;.the.lighting.devices.can.be.operated.without.extra.electricity..The.heat.dissipation.can.be.absorbed.
by.the.silicone.oil,.the.temperature.of.which.can.be.used.to.quantify.the.heat.dissipation.

With.the.heat.dissipation.measurement.obtained,.one.can.define.a.heat-dissipation.factor.kh(P lamp).
for.a.lighting.device

. k P P
Ph lamp

heat

lamp
( ) = . (29.1)

where
Pheat.is.the.heat.dissipation.from.the.lamp.in.Watts
Plamp.is.the.total.electrical.input.power.of.the.lamp.in.Watts

This.kh(P lamp).factor.is.an.indicator.of.the.amount.of.heat.energy.emitted.from.a.lighting.device.for.a.
given.electrical.input.power.of.the.lamp..Therefore,.by.comparing.this.kh(P lamp).factor,.one.can.deter-
mine.which.lighting.devices.will.generate.more.heat.than.the.others.

Table.29.1.shows.a.comparison.of.some.f luorescent. lamps.and.LED.devices.. It. is. important. to.
note.that

TABLE.29.1. Comparison.of.Luminous.Efficacy.and.Heat.Dissipation.of.LEDs.and.Fluorescent.Lamps

At.Full.Power

18.W.T8.
Fluorescent.

Lamp.
(Osram)

14.W.T5.
Fluorescent.

Lamp.(Philips)

1.W.LED.
(Philips.Luxeon.
LXHL-PW01)

3.W.LED.
(Philips.Luxoen.

LXK2-
PW14-V00)

LED.(CREE).
WREWHT-L1-0000-

00D01

Rated.efficacy.
(lm/W)

61 96 45.at.25°C.
junction.
temperature

40.at.25°C.
junction.
temperature

107.at.25°.junction.
temperature

Measured.
efficacy.
(lm/W)

60.3 96.7 31.at.1.W.
(heatsink.
temperature.
of.70°C)

30.at.3.W.
(heatsink.
temperature.
of.80°C)

78.5.at.3.W.(heatsink.
temperature.of.
76°C)

Heat.dissipation.
factor

0.77 0.73 0.9 0.89 0.87

Source:. Qin,.Y.X..et.al.,.IEEE Trans. Power Electron.,.24(7),.1811,.July.2009..With.permission.
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. 1.. The.luminous.efficacy.of.fluorescent.lamps.does.not.change.noticeably.with.lamp.temperature,.
while.that.of.LED.decreases.significantly.with.increasing.operating.temperature.

. 2.. Fluorescent.lamps.dissipate.about.73%–77%.of.the.input.power.as.heat,.but.LEDs.dissipate.almost.
90%.of.input.power.as.heat.

. 3.. Lighting.devices.of.the.same.type.tend.to.have.a.lower.heat.dissipation.factor.if.their.luminous.
efficacy.is.higher.

. 4.. In.air-conditioned.buildings,.the.heat.dissipation.factor.must.be.considered.because.the.energy.
consumption.of.the.air-conditioners.affects.the.overall.energy.consumption.of.the.building.

29.2.2 Comparison of Heat Loss Mechanism

Heat. loss.from.light.devices. is.achieved.through.radiation,.convection,.and.conduction..Heat. loss.by.
radiation.and.convection. is.essentially. free.of.charge. from.a.product.design.point.of.view..However,.
heat.loss.by.conduction.has.cost.implication.because.it.means.that.large.heatsinks.and/or.fan.cooling.
are.needed..Reference.[13].presents.a.comparison.on.how.different.light.sources.lose.their.heat..Over.
90%.of.heat.in.LED.has.to.be.removed.by.conduction..Therefore,.thermal.design.and.management.are.
important.issues.in.LED.technology.(Table.29.2).

Figure.29.2.shows.the.changes.of.typical.junction-case.thermal.resistance.of.LED.devices.over.the.last.
decade..The.junction.thermal.resistance.is.an.important.factor.that.limits.the.luminous.performance.
of. the.LED..For.example,. if. the. thermal. resistance.of. a.high-brightness.LED. is.10°C/W,. there. is.
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FIGURE.29.2. Changes.of.junction-case.thermal.resistance.of.LED.devices.

TABLE.29.2. Comparison.of.Heat.Loss.Mechanism.among.Various.
Lighting.Devices

Light.Source
Heat.Lost.by.

Radiation.(%)
Heat.Lost.by.

Convection.(%)
Heat.Lost.by.

Conduction.(%)

Incandescent >90 <5 <5
Fluorescent 40 40 20
High.intensity.discharge >90 <5 <5
LED <5 <5 >90

Source:. Petroski,.J.,.Spacing.of.high-brightness.LEDs.on.metal.substrate.PCB’s.
for.proper.thermal.performance,.in Proceedings of the Ninth Intersociety Conference 
on Thermal and Thermomechanical Phenomena in Electronic Systems (ITHERM’04),.
Las.Vegas,.NV,.June.2004,.pp..507–514..With.permission.
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a .temperature.difference.of.50°C.between.the.semiconductor.wafer.and.the.case.if.the.LED.is.operated.
at.5.W..Therefore,.the.structural.design.of.the.LED.device.can.affect.the.overall.performance.

29.3 General Photo-Electro-thermal theory for LED Systems

This.section.summarizes.the.general.photo-electro-thermal.theory.[25].for.LED.systems..This.theory.
links.the.interactions.of.light,.heat,.and.power.together.

29.3.1 General analysis

Let.ϕv.be.the.total.luminous.flux.of.an.LED.system.consisting.of.N.LED.devices:

. φv d= × ×N E P . (29.2)

where
E.is.the.luminous.efficacy.(lm/W)
Pd.is.the.real.power.of.one.LED.(W)

Figure. 29.1. shows. typical. relationship. from. LED. manufacturers.. This. curve. follows. an. exponential.
decay.[20],.but.since.the.operating.temperature.is.seldom.higher.than.120°C,.it.can.be.approximated.as

. E E k T T T T E= + −( )  ≥ ≥o e j o j ofor and1 0 . (29.3)

where
Eo.is.the.rated.efficacy.at.the.rated.temperature.To.(typically.25°C.in.some.LED.data.sheets)
ke.is.the.relative.rate.of.reduction.of.efficacy.with.increasing.temperature

For.example,.if.E.reduces.by.40%.over.a.temperature.increase.of.100°C,.then.ke.=.−0.004.
In.general,.the.LED.power.can.be.defined.as.Pd.=.Vd.×.Id..But.only.part.of.the.power.will.be.dissipated.

as.heat..Thus,.the.heat.generated.in.one.LED.is.defined.as

. P k P k V Iheat h d h d d= = . (29.4)

where.kh.is.a.constant.less.than.1.and.it.represents.the.portion.of.LED.power.than.turns.into.heat..For.
example,.if.85%.of.the.LED.power.is.dissipated.as.heat,.then.kh.=.0.85..The.measurement.of.kh.can.be.
found.in.[24].(Figure.29.3).
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A.simplified.steady-state.thermal.equivalent.circuit.of.an.LED.system.is.shown.in.Figure.29.4.[27,28],.
assuming.that.(1).the.N.LEDs.are.placed.on.the.same.heatsink.with.a.thermal.resistance.of.Rhs,.(2).the.
LEDs.have.their.junction-to-case.thermal.resistance.Rjc,.and.(3).the.thermal.resistance.of.the.insulating.
material.(such.as.heatsink.compound).used.to.isolate.the.LEDs.from.the.heatsink.is.negligible.

Based.on.the.model.in.Figure.29.4,.the.luminous.efficacy.of.the.LED.system.can.be.expressed.as

. E E k T T k k R NR P= + −( ) + +( ) o e a o e h jc hs d1 . (29.5)

So,.the.total.luminous.flux.ϕv.is

. φv o e a o d e h jc hs d= + −( )  + +( ){ }NE k T T P k k R NR P1 2 . (29.6)

Because.ke.is.negative.and.less.than.1,.(29.6).is.in.the.form.of.φv d d
2= −α α1 2P P .where.a1.and.a2.are.two.

positive.coefficients..As.Pd.is.increased.from.zero,.ϕv.increases.almost.linearly.because.the.second.term.
is.negligible.when.Pd.is.small..As.Pd.increases,.the.second.negative.term,.which.is.proportional.to.the.
square.of.Pd,.will.reduce.ϕv.significantly..After.reaching.the.maximum.point,.the.ϕv.will.drop.faster.as.
Pd.and.Rjc.increase.(due.to.the.increasing.significance.of.the.negative.terms.in.(29.6))..This.means.that.
the.parabola.of.ϕv.is.not.symmetrical..Since.the.luminous.flux.function.is.a.parabola.and.therefore.has.a.
maximum.value,.this.maximum.point.can.be.obtained.from.dϕv/dPd.=.0.

29.3.2 Simplified Equations

From.LED.manufacturer.data.sheets.[5],.the.degradation.of.the.efficacy.with.junction.temperature.is.
usually.assumed.to.be.linear.and.thus.ke.is.assumed.to.be.constant..This.first.approximation.is.accept-
able.for.ke.and.kh,.and.will.be.relaxed.to.accommodate.the.changing.nature.of.Rjc.in.the.analysis.later..
Based.on.this.assumption,.the.maximum-ϕv.point.can.be.obtained.by.putting.dϕv/dPd.=.0.and

. P
k T T

k k R NRd
e a o

e h jc hs

* = −
+ −( ) 

+( )
1

2
. (29.7)

where.Pd
*.is.the.LED.power.at.which.maximum.ϕv.occurs..(Note.that.ke.is.a.negative.value.)

From.(29.4),.the.corresponding.LED.current.at.which.maximum.ϕv.occurs.can.be.obtained.as

. I
k T T

k k R NR Vd
e a o

e h jc hs d

* = −
+ −( ) 

+( )
1

2
. (29.8)

Pheat

Rjc

Rjc

Pheat

Rhs

TaN LED devices

ThsTj

1

N 

FIGURE.29.4. Simplified.steady-state.thermal.equivalent.circuit.with.N.LEDs.mounted.on.the.same.heatsink.
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29.3.3 Effects of Junction-to-Case thermal resistance Rjc of LED

The.general. theory.can.accommodate.nonlinear. junction-to-case. thermal. resistance.Rjc. in.principle..
Since.Rjc.is.a.complex.and.nonlinear.function.of.the.lamp’s.heat.dissipation.Pheat.(which.is.equal.to.khPd).
and.the.thermal.design.of.the.mounting.structure,.the.theoretical.prediction.is.based.on.a.simplified.
linear.function.as.follows:

. R R k Pjc jco jc d= +( )1 . (29.9)

where
Rjco.is.the.rated.junction-to-case.thermal.resistance.at.25°C
kjc.is.a.positive.coefficient

A.typical.linear.approximation.of.Rjc.is.shown.in.Figure.29.5..The.luminous.flux.equation.that.incorpo-
rates.a.temperature-dependent.Rjc.becomes

. φv o e a o d e h jco hs d
2

e h jc jco= + −( )  + +( )  +NE k T T P k k R NR P k k k R1  { }Pd
3 . (29.10)

29.3.4 Use of the General theory for LED System Design

The.use.of.this.general.theory.is.illustrated.with.an.example.of.mounting.eight.Luexon.K2.Cool-White.
3.W.LEDs.on.a.heatsink.with.thermal.resistance.of.6.3°C/W..Parameter.kh.is.shown.to.be.0.85.at.dimmed.
situation.and.0.9.at.the.rated.power.of.LED.[24]..Because.of.its.relatively.small.variation,.it.is.kept.con-
stant.at.0.85,.although.a.more.accurate.result.can.be.obtained.if.kh.is.expressed.as.a.function.of.Pd..The.
parameters.required.for.Equation.29.6.are.ke.=.−0.005,.kh.=.0.85,.Ta.=.28°C,.T0.=.25°C,.E0.=.41.lm/W,.
N =.8,.Rhs.=.6.3°C/W,.Rjco.=.10°C/W.and.kjc.=.0.1°C/W2.

The.measured.total.luminous.flux.for.the.eight.LEDs.is.used.for.comparison.with.calculated.values.in.
Figure.29.6a..The.measured.and.calculated.total.luminous.flux.values.are.plotted,.not.against.the.total.
power.sum.of.the.eight.LEDs.but.against.one.LED.power..(Note:.the.eight.LEDs.are.identical.and.are.
connected.in.series)..Using.the.power.of.one.LED.in.the.x-axis.allows.one.to.check.easily.if.the.Pd

*.oper-
ating.point.is.at.the.rated.LED.power.or.not..The.measured.efficacy.values.and.the.calculated.values.are.
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displayed.in.Figure.29.6b..It.is.noted.that.the.calculated.values.are.generally..consistent.with.measure-
ments,.except.at.very.low.power.where.the.light.output.is.low.and.the.relative.measurement.error.is.large..
It.is.important.to.note.that.Pd W* .= 1 9 .at.which.the.efficacy.is.only.20.lm/W..If.these.LEDs.are.operated.
at.rated.power.(3.W),.the.efficacy.will.even.drop.to.8.lm/W,.which.is.worse.than.that.of.incandescent.
lamps.of.10–15.lm/W..The.prediction.from.(29.10).is.more.accurate.than.that.from.(29.6).

29.4 Implications of the General theory

29.4.1 Increasing Cooling Effect Can Increase Luminous Output

The.maximum.luminous.flux.will.occur.approximately.at.a. lamp.power.Pd
*.specified.in.(29.7)..This.Pd

*.
will.shift.to.a.lower.value.if.(Rjc.+.NRhs).is.increased..This.leads.to.the.possibility.that.the.Pd

*.may.occur.
at.a.power.level.that.is.less.than.the.rated.power.Pd(rated).of.the.LED..One.should.expect.that.the.Pd

*.could.
be.shifted.to.higher.power.level.if.a.larger.heatsink.with.lower.Rhs. is.used..For.many.applications.such.
as.vehicle.headlamps.and.compact.LED.lamps.(for.replacement.of.incandescent.lamps),.the.size.of.the.
heatsink.is.highly.restricted.and.the.ambient.temperature.is.high..In.these.cases,.there.is.a.high.possibility.
that.Pd

*.will.occur.at.a.power.level.less.than.the.rated.power.unless.proper.design.is.adopted..In.order.to.
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boost.the.luminous.output,.a.better.heatsink.can.be.used..Figure.29.7.shows.the.predicted.and.measured.
luminous.output.of.the.eight.LEDs.on.three.different.sizes.of.heatsinks..It.can.be.seen.that.better.cooling.
effect.can.increase.the.luminous.output..If.there.is.a.perfect.cooling.system,.the.dotted.line.in.Figure.29.7.
shows.the.ideal.limit.of.the.luminous.output.in.this.LED.system.

29.4.2 Multi-Chip versus Single-Chip LED Devices [25,29]

To.reduce.(Rjc.+.NRhs).in.the.denominator.of.(29.7),.one.can.use.multi-chip.LED.structure.in.order.to.
increase.the.contact.area.and.thus.reduce.the.effective.junction-to-case.thermal.resistance.Rjc.of.the.LED.
package..For.example,.the.SHARP.GW5.C15L00.LED.package.consists.of.30.units.of.0.1.W.LED.chips.
(with.a.thermal.resistance.of.6°C/W),.while.one.CREE.X.lamp.XR-E.LED.(with.thermal.resistance.of.
8°C/W).consists.of.one.high-power.LED.chip..The.multi-chip.structure.of.the.SHARP.LED.has.contact.
area.larger.than.the.single-chip.structure.of.the.CREE.LED..Consequently,.this.SHARP.LED.sample.has.
a.lower.thermal.resistance.(Figure.29.8).

Effects of thermal design on light output
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Figure.29.9.shows.the.luminous.performance.of.these.two.LEDs.mounted.separately.on.the.same.type.
of.heatsinks.with.thermal.resistance.of.30°C/W..The.results.suggest.that.multi-chip.LED.could.be.better.
in.terms.of.luminous.performance.than.single-chip.LED.because.of.its. lower.junction-to-case.thermal.
resistance.

29.4.3 Use of Multiple Low-Power LED versus Use of Single High-Power LED

Based.on.the.same.argument.of.using.larger.contact.areas.for.heat.transfer,.the.theory.also.favors.the.use.
of.multiple.low-power.LEDs.over.single.high-power.LEDs..A.comparison.of.using.one.5.W.LED.and.five.
1.W.LEDs.on.the.identical.heatsinks.with.thermal.resistance.of.8.5°C/W.can.illustrate.this.point..The.
results.are.recorded.in.Figure.29.10..It.can.be.seen.that,.at.the.same.power,.the.multiple.low-power.LED.
system.generates.more.luminous.flux.than.the.single.high-power.LED.system.
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29.5 Conclusions

This.chapter.provides.a.theory.that.links.the.photometric,.electric,.and.thermal.aspects.of.LED.systems.
together..A.brief.comparison.of.fluorescent.lamps.and.white.LEDs.is.given.and.the.thermal.issues.of.
the. LED. technology. highlighted.. The. general. photo-electro-thermal. theory. and. its. implications. are.
explained.with.the.use.of.both.theoretical.and.experimental.data..It.is.hoped.that.this.theory.can.assist.
LED.manufacturers,.scientists,.engineers,.and.designers.to.optimize.the.LED.technology.in.the.future..
A.new.method.for.improving.the.luminous.efficacy.is.being.investigated.[30]..It.is.envisaged.that.LED.
will.play.a.more.important.role.in.general.illumination.in.the.near.future.
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30.1 Introduction

The.amount.of.energy.coming.from.the.Sun.and.hitting.the.Earth.surface.in.one.day.might.be.enough.
to. fuel.human.activities.all. around. the.world. for.almost.1.year..The.solar.energy.available.on.Earth.
changes.with.latitude,.but.it.has.been.estimated.as.7.kWh/m2/day.in.the.Arizona.desert.area.[1].in.the.
United.States,.and.as.2.kWh/m2/day.in.Russia.[2]..Up.to.now,.this.natural.and.free.resource.of.energy.
has.been.largely.underutilized.due.to.the.full.availability.of. fossil. fuels,.e.g.,.oil,.carbon,.and.natural.
gas,.and.a.sleeping.environmental.awareness..Further.motivations.for.such.vacancy.are.the.high.cost.of.
the.electrical.and.thermal.energy.produced.by.employing.solar.radiation,.especially.by.means.of.pho-
tovoltaic.(PV),.wind.(such.energy.can.be.traced.back.to.temperature.differences.due.to.solar.radiation),.
or. thermal.solar.systems,. if.compared.with. the.energy.drawn.from.the.grid..Such.unbalance,.which.
has.been.worsened.by.an.inherent.unreliability.of.such.systems,.has.been.due.to.the.high.research.and.
development.costs.that.any.new.technology.requires,.to.the.low.demand.from.the.market.and,.at.least.
for.PV.systems,.determined.by.the.high.costs.of.the.raw.materials.because.of.silicon.shortage..As.con-
cerns.the.electrical.energy.production,.the.world.market.received.a.significant.encouragement.by.the.
feed.in.tariffs,.launched.by.German.and.Japanese.governments.and.adopted.by.many.other.countries;.
such. incentives. reward. the. energy. produced. by. a. power. plant. in. place. of. supporting. its. installation.
without.security,.thus.indirectly.supporting.the.development.of.energy.conversion.systems.character-
ized.by.higher.efficiency..This.policy.has.also.induced.a.beneficial.effect.on.the.research.activities.of.the.
groups.working.in.the.areas.of.physics.and.engineering.for.solar.power.conversion,.so.that.the.number.
of.papers.that.have.been.appearing.in.prestigious.journals.and.presented.in.international.conferences.all.
around.the.world.has.increased.at.an.exponential.rate..New.technologies.for.employing.solar.energy.and.
innovative.ideas.in.terms.of.circuit.topologies.and.control.solutions.aimed.at.improving.performances,.
efficiency.and.reliability.over.the.others,.have.been.proposed.in.a.large.number.of.international.patents.
submitted.in.recent.years..This.incredible.boost.of.activities.has.led.to.the.founding.of.many.new.com-
panies.both.in.the.field.of.solar.power.conversion.and.in.power.electronic.systems.for.such.application,.
with.an.increased.competition.and.a.record.high.of.the.world.solar.PV.market.installations.of.2826.MW.
in.2007,.with.a.growth.of.62%.over.the.previous.year.[3–7]..Unfortunately,.this.scenario.has.not.yet.led.
to.a.significant.reduction.of.the.prices.of.the.system.components,.probably.due.to.the.presence.of.the.
incentives..A.new.revolution.is.expected.in.the.near.future,.because.the.reached.maturity.of.this.market.
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will.lead.to.the.cancellation.of.the.feed.in.tariffs.for.new.plants..This.political.decision.will.change.the.
equilibrium.among.the.competitors.because.the.leading.companies.will.be.those.proposing.products.
exhibiting.top.performances.at.the.best.prices.as.in.any.mature.market,.thus.allowing.to.reach.the.so-
called.“grid.parity,”.i.e.,.producing.electrical.energy.at.the.same.price.of.the.energy.taken.from.the.grid.

The.aim.of. this.chapter. is. to.give. to. the. reader.an.overview.of.current. technologies. for.converting.
solar. power. into. electrical. power. by. means. of. PV. systems.. Special. attention. has. been. initially. dedi-
cated.to.a.review.of.the.different.types.of.cells.that.share.the.largest.portions.of.the.actual.world.market..
Technologies.that.at.present.do.not.guarantee.significant.efficiencies.and/or.exhibiting.low.reliability.and.
short.lifetimes,.but.having.a.high.potential.for.the.future.applications.are.also.mentioned..Issues.concern-
ing.the.balance.of.system,.especially.the.optimal.control.of.the.PV.field,.and.grid.interfacing.are.treated.

30.2 Solar Cells: Present and Future

About.87%.of.the.solar.cells.produced.all.around.the.world.is.made.of.crystalline.silicon..In.2007,.more.than.
half.of.the.worldwide.production.of.electronic-grade.silicon.was.used.to.produce.solar.cells.[7]..Nevertheless,.
until.then,.the.silicon.industry.produced.electronic-grade.silicon.exclusively.for.the.semiconductor.indus-
try,.with.only.a.small.fraction.delivered.to.the.PV.industry..Such.a.situation,.which.has.changed.in.recent.
years,.in.coincidence.with.the.significant.growth.of.the.PV.industry,.led.to.a.silicon.shortage.for.PV.indus-
try.that.lifted.up.the.solar.power.cost.from.about.$4.a.watt.in.the.early.2000s.to.more.than.$4.80.per.watt.
after.2005.[7]..According.to.some.studies,.the.15,000.tons.of.silicon.that.were.available.for.use.in.solar.cells.
in.2005.will.become.123,000.tons.in.2010,.with.a.consequent.reduction.of.PV.module.prices..Silicon.short-
ages.and.the.need.of.reducing.the.PV.system.prices,.for.the.largest.part.due.to.semiconductor-grade.silicon.
cost,.led.to.the.development.of.different.technologies.aimed.at.reaching.the.maximum.efficiency.but,.at.the.
same.time,.with.the.minimum.amount.of.silicon.or.without.the.purest.silicon.

A. monocrystalline. silicon. cell. needs. absolutely. pure. semiconducting. material. to. be. produced..
Monocrystalline. rods. are. extracted. from. melted. silicon. and. then. sawed. into. thin. plates. in. order. to.
guarantee.a.level.of.efficiency.that.is.considerably.higher.than.that.one.characterizing.polycrystalline.
cells..In.this.context,.efficiency.is.given.by.the.ratio.between.the.electric.power.produced.by.the.cell.and.
the.solar.power.incident.on.the.cell.area..Polycrystalline.cells.are.produced.by.means.of.a.more.cost-
efficient.process:.liquid.silicon.is.poured.into.blocks.that.are.subsequently.sawed.into.plates..The.lower.
efficiency.of.this.type.of.solar.cells.is.due.to.crystal.defects.emerging.at.the.borders.during.solidification.
of.the.material,.when.crystal.structures.of.varying.sizes.are.formed..On.average,.in.2003,.the.thickness.
of.wafers.used.for.producing.such.cells.was.0.32.mm,.it.decreased.to.0.17.mm.in.2008,.while.efficiency.
increased.from.14%.to.16%.over.the.same.period..By.2010,.the.aim.is.to.reach.0.15.mm.and.16.5%.of.
wafer.thickness.and.efficiency.[8].

Amorphous.or. thin.film.modules.are.obtained.by.depositing.extremely.thin. layers.of.silicon.onto.
another.material.that.has.the.role.of.substrate,.e.g.,.glass,.stainless.steel,.or.plastic,.and.that.can.be.flex-
ible,.thus.giving.them.wider.applications..The.use.of.1.μm.layer.thickness.results.in.lower.production.
costs. compared. to. the. more. material-intensive. crystalline. technology,. a. price. advantage. that. is. cur-
rently.counterbalanced.by.significantly. lower.efficiencies..Three.types.of. thin.film.modules.are.com-
mercially.available:.these.are.manufactured.from.amorphous.silicon.(a-Si),.copper.indium.diselenide,.
copper.indium.gallium.diselenide.(CIS,.CIGS),.and.cadmium.telluride.(CdTe)..The.typical.a-Si.efficiency.
approaches.8%,.while.CIS/CIGS.and.CdTe.reach.11%;.the.former.is.the.most.important.in.terms.of.produc-
tion.and.installation.(5.2%.of.the.total.market.in.2007),.but.EPIA.expects.a.growth.in.the.thin.film.market.
share.to.reach.about.20%.of.the.total.production.of.PV.modules.by.2010..While.the.generation.of.1.W.of.
power.currently.costs.approximately.$1.75.to.$5,.thin.film.substrates.will.help.bring.down.the.prices.to.
a.more.acceptable.$1.3/W.by.2012.[9].

The.goal.of. reducing. the.amount.of. silicon.can.be.also.obtained.by.using.concentrator.cells:. they.
work.by.focusing.solar.light.onto.a.small.area.using.an.optic.concentrator,.with.a.concentrating.ratio.
of.up.to.1000..The.small.area.collecting.the.concentrated.beam.is.equipped.with.a.material.made.from.
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III–V.compound.semiconductors,.namely.multijunction.gallium.arsenide.type,.which.have.efficiencies.
of.30%.and.in.laboratories.of.up.to.40%..Due.to.the.fact.that.such.systems.use.the.direct,.not.the.diffuse,.
component.of.the.sunlight,.they.need.a.mechanical.tracking.system.in.order.to.direct.the.system.toward.
the.Sun..Single-axis.as.well.as.two-axes.tracking.equipments.are.available.on.the.market.

Carbon-based.plastics,.dyes,.and.nanostructures.represent.the.new.frontier.of.PV.generation:.they.are.
much.cheaper.with.respect.to.traditional.semiconductors.such.as.silicon,.since.they.can.be.manufactured.
by.means.of.a.process. that.does.not.need.the.high-temperature.vacuum.processing.used.for. inorganic.
materials..Organic.PV.cells.also.are.much.more.flexible.and.lighter.in.weight.than.crystalline.ones,.thus.
suggesting.further.range.of.uses..The.main.limitation.of.such.technology.is.in.the.low.efficiency,.which.
makes.it.suitable.for.those.markets.needing.low.performance.levels.and.low.manufacturing.cost.

The.greatest.interest.from.investors.and.researchers.is.for.bulk-heterojunction.cells,.invented.in.the.
early.1990s.and.composed.of.conducting.polymers.and.carbon.nanostructures.called.buckyballs.that,.
in.the.right.combinations,.mimic.the.light-absorbing.p-n.junction.of.crystalline.cells,.and.for.dye-
sensitized.or.Grätzel.cells,.characterized.by.liquid.components.

A.complete.glance.of.the.different.technologies.is.reported.in.Figure.30.1..Analytical.and.circuit.mod-
els.of.PV.cells.are.useful.in.order.to.reproduce.their.behavior,.especially.for.the.development.of.circuit.
and.systems.aimed.at.exploiting.the.energy.produced.by.the.PV.generator.

As.for.crystalline.cells,.two.circuit.models.can.be.adopted.in.order.to.reproduce.their.behavior:.they.
are.referred.to.as.single-diode.and.two-diode.models.[10]..A.single-diode.model,.as.depicted.in.Figure.
30.2a,.includes.a.photo.current.source,.a.diode.in.parallel.with.the.source,.a.series.resistor,.and.a.shunt.
resistor.. The. double-diode. model,. depicted. in. Figure. 30.2b,. includes. an. additional. diode. for. better.
curve.fitting..Due.to.the.exponential.equation.of.a.p-n.diode.junction,.the.equivalent.analytical.model.
consists.of.a.system.of.nonlinear.equations..The.single-diode.model.allows.a.good.reproduction.of.the.
real.characteristics.of.a.solar.cell.by.using.parameters.taken.from.data.sheets.[11].

An.example.is.reported.in.Figures.30.3.and.30.4,.where.the.current–voltage.and.the.power–voltage.char-
acteristics.of.a.Kyocera.KC120.module.[11].are.shown..The.model.also.allows.to.reproduce.the.dependency.
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of. the. electrical. characteristics. of. the. cell. on. the. environmental. parameters,. namely. temperature. and.
irradiation.(T.and.S.in.Figure.30.3,.respectively)..The.voltage.at.which.the.cell/module.current.is.zero.is.
named.open-circuit.voltage.(Voc).and.the.current.given.by.the.PV.cell/module.when.its.terminals.are.short-
circuited.is.named.short-circuit.current.(Isc)..Figure.30.3.shows.that.an.increase.in.irradiation.lifts.Isc.up.
and.has.a.weak.effect.on.Voc..On.the.contrary,.a.temperature.increase.reduces.Voc,.but.slightly.affects.Isc..
Such.variations.also.affect.the.maximum.of.the.power–voltage.characteristic,.namely.the.maximum.power.
point.(MPP),.in.the.sense.that.higher.irradiation.levels.and.lower.temperatures.improve.the.power.produc-
tion.of.the.PV.cell/module.because.of.the.increase.of.the.current.(IMPP).and.of.the.voltage.(VMPP).values,.
respectively,.when.the.MPP.occurs..The.fill-factor.gives.a.measure.of.quality.of.the.solar.cell/module:.it.is.
the.ratio.between.the.actual.maximum.power.(PMPP.=.VMPP.·.IMPP).and.the.theoretical.one.(PT.=.Voc.·.Isc)..The.
more.rectangle-like.is.the.current–voltage.characteristic,.the.higher.is.the.fill-factor:.typical.values.are.up.
to.0.82..The.two.resistances.Rs.and.Rp.affect.the.fill-factor:.high.Rs.and.low.Rp.values.worsen.the.fill-factor.
and.are.indices.of.a.low-quality.PV.cell..Standard.test.conditions.(STC).are.used.to.compare.the.perfor-
mances.of.different.cell/modules:.they.refer.to.an.irradiance.value.of.1000.W/m2,.cell.junction.temperature.
of.25°C,.and.a.solar.reference.spectrum.equal.to.AM.(air.mass).1.5.
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30.3 Balance of System

A.complete.PV.system.includes.the.PV.devices,.namely.cells,.modules,.arrays,.and.so.on,.that.convert.
sunlight.into.direct-current.(DC).electricity..Such.energy.is.transferred.to.the.load.or.to.the.electrical.
grid.by.means.of.a.subsystem.that.is.generally.referred.to.as.the.“balance.of.system”.or.BOS..It.encom-
passes.all.components.of.a.PV.system.other.than.the.PV.panels.and.includes.the.following:

•. Structures.for.mounting.the.PV.arrays.or.modules.
•. The. power-conditioning. equipment. that. adjusts. and. converts. the. DC. electricity. to. the. proper.

form.and.magnitude.required.by.an.AC.load.or.grid.
•. Storage.devices,.such.as.batteries,.for.storing.PV-generated.electricity.to.be.used.on.site.during.

cloudy.days.or.at.night,.especially.whenever.the.access.to.the.energy.grid.is.not.available.

As.for.the.structure,.it.is.usually.bulky.enough.to.be.weatherproof.and.it.is.placed.so.that.the.modules.
orientation,.both.in.terms.of.tilt.and.azimuth.angles,.ensures.the.highest.energy.production..The.best.
orientation.depends.on.the.latitude.of.the.site.[1,2].and.it.is.usually.determined.on.the.basis.of.the.aver-
age.energy.production..Nevertheless,.especially. in.stand-alone.applications,. for.which.it. is.preferable.
to.use.the.PV.power.when.it.is.produced,.so.that.a.double.flow.to.and.from.the.energy.storage.unit.is.
avoided,.the.best.orientation.of.the.modules.depends.on.the.profile.of.the.load.power.demand.during.
the.day.[12]..Especially.when.concentrating.PV.modules.are.involved,.but.their.adoption.improves.the.
power.production.even.if.flat-plate.systems.are.used,.the.structure.must.be.able.to.move.the.module.
in.order.to.ensure.that.solar.rays.hit.the.module.surface.perpendicularly.all.day..One-axis.or.two-axis.
trackers.can.be.used;.the.former.are.typically.designed.to.track.the.Sun.from.east.to.west.on.its.daily.
route..The.latter.is.also.able.to.track.the.seasonal.course.of.the.Sun.between.the.northern.and.southern.
hemispheres..Naturally,.the.more.sophisticated.the.system.the.more.expensive.and.the.more.mainte-
nance.it.may.require.

As. far.as.flat-plate.systems.are. involved,. the.maximization.of. the.power.produced.must.be.pursued.
even.if.the.modules.are.mounted.on.a.fixed.structure,.so.that.the.PV.array.voltage/current.is.settled.at.
the.value.ensuring.that.the.maximum.power.is.drawn.from.the.array.for.the.current.weather.conditions..
To.this.aim,.power-conditioning.circuits.are.needed:.such.feature.is.described.in.detail.in.Section.30.4..
In.addition,.power.electronics.is.needed.in.order.to.perform.many.other.functions,.such.as.conversion.of.
DC.power.into.AC.power,.in.order.to.supply.AC.loads.or.feed.the.AC.energy.grid,.ensure.galvanic.isola-
tion.between.the.PV.field.and.the.AC.grid,.comply.with.standards.[13].concerning.the.quality.of.the.cur-
rent.injected.into.the.grid,.manage.the.state.of.charge.of.an.energy.store.system.like.a.battery.in.off-grid.
applications,.manage.the.energy.flux.in.order.to.avoid.powering.a.location.even.though.power.from.the.
electric.utility.is.no.longer.present,.or,.if.the.islanding.operating.mode.is.desired,.to.supply.a.local.load.
after.disconnecting.the.PV.array.from.the.grid.or.during.a.power.blackout..The.islanding.operation.mode.
detection.is.an.important.function.of.grid-connected.PV.inverters:.it.is.the.ability.of.detecting.that.the.
grid.has.been.removed.on.purpose,.due.to.an.accident.or.by.damage,.but.the.inverter.continues.its.opera-
tion.by.supplying.local.loads..In.such.conditions,.appropriate.measures.in.order.to.protect.persons.and.
equipments.must.be.taken.[14]:.they.are.classified.into.active.and.passive.detection.schemes..The.former.
provides.for.injecting.a.disturbance.into.the.grid.and.monitoring.its.effect,.while.the.latter.just.monitors.
grid.parameters,.without.affecting.the.power.quality.and.avoiding.interactions.among.multiple.inverters.
in.parallel.with.the.grid.

As.a.consequence.of.this,.the.power.conditioning.stage.is.made.of.two.stages:.a.DC/DC.devoted.to.the.
PV.array.control.and.a.DC/AC.accomplishing.to.the.inversion.task..Details.about.both.of.them.will.be.
given.in.Sections.30.3.and.30.4.

Storage.systems.are.also.usually.included.into.the.BOS..They.are.often.adopted.in.off-grid.plants.
whenever.the.energy.produced.by.the.PV.array.must.be.used.at.night.or.on.cloudy.days..Batteries.
are. the. most. common. devices. used. to. store. energy,. but. they. have. a. nonnegligible. environmen-
tal. impact. since. they. use. metals. and. their. lifetime. is. considerably. shorter. than. that. of. the. PV.
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array..Battery.lifetime,.usually.ranging.from.5.to.10.years,.depends.on.charge/discharge.cycle.rates.
numbers:. the.deeper.the.battery. is.discharged.the.shorter.the. lifetime..This.always.occurs. in.PV.
applications,.so.that.suitable.technologies.for.long.lifetime.batteries.for.PV.applications.have.been.
developed.recently.[15–18]..Suitable.power.electronic.converters.have.been.developing.in.order.to.
ensure.the.best.employment.of.the.PV.generator.and.management.of.the.battery.pack,.e.g.,.in.terms.
of.charge.current.profile.

Since.batteries.decrease.the.efficiency.of.the.PV.system,.because.only.about.80%.of.the.energy.
injected. into. them. can. be. reclaimed,. a. growing. number. of. applications. include. supercapacitors.
that.are.used.when.some.energy.must.be.stored.with.a.higher.efficiency,.but.lower.capacity,.with.
respect. to. that. ensured. by. batteries.. Supercapacitors. are. often. used. in. portable. and. automotive.
applications.

30.4 Maximum Power Point tracking Function

A.PV.array.subjected.to.uniform.weather.conditions,.in.terms.of.temperature.and.irradiance,.exhibits.
a.nonlinear.current–voltage.characteristic..The.array.power.performance.is.usually.expressed.by.means.
of. the.power–voltage.curve. that.allows.putting. into.evidence. that. there. is.a.unique.point,.called. the.
MPP,.where.the.array.produces.maximum.output.power..In.Figure.30.1,.an.example.of.the.two.electri-
cal.characteristics,.namely.current.vs..voltage.and.output.power.vs..voltage,.is.reported..Such.figures,.
referring.to.a.Kyocera.KC120.module.[11],.put.into.evidence.the.sensitivity.of.the.module.characteristics.
with.respect.to.weather.conditions..It.must.be.pointed.out.that.the.open-circuit.voltage,.exhibited.by.the.
module.in.no-load.conditions,.is.strongly.affected.by.temperature.variations.and.varies.quite.slightly.
with.the.irradiation.level..The.short-circuit.current,.instead,.increases.with.the.irradiation.level,.but.is.
weakly.dependent.on.temperature..Such.changes.due.to.the.variation.of.the.irradiance.level.and.of.the.
cells’.working.temperature,.with.the.latter.depending,.in.turn,.on.the.irradiance.level,.on.the.ambient.
temperature,.on.the.efficiency.of.the.heat.exchange.mechanism,.and.on.the.operating.point.of.the.cells,.
also.affect. the.MPP.. It.has.been.also.evidenced. in.both.figures. that,.due. to. the.effects.of. such. time-
varying.operating.conditions,. it.occurs.at.different.voltage–current.couples..As.a.consequence,. if. the.
PV.array.works.at.a.fixed.voltage.all.day.long,.it.cannot.deliver.the.maximum.power.at.every.instant,.so.
that.a.considerable.amount.of.energy.is.certainly.wasted..In.literature,.the.possibility.of.fixing.the.PV.
array.operating.voltage.at.about.80%.of.its.open-circuit.voltage.is.suggested.quite.frequently,.especially.
if.a.cheap.and.reliable.PV-powered.system.must.be.realized..This.is.often.the.case.of.simple.stand-alone.
systems,.e.g.,.oriented.to.boat.applications.or.campers,.obtained.by.connecting.the.PV.array.straight.
to.the.terminals.of.a.battery,.supplying.DC.loads.in.parallel..Such.solution,.although.simple,.does.not.
maximize.the.power.output.from.the.PV.array.because.it.does.not.track.continuously.the.MPP.according.
to.the.time-varying.operating.conditions.it.is.subjected.to..A.typical.example.concerns.the.rough.con-
nection.between.a.lead.acid.battery.working.at.Vbat.voltage,.and.a.PV.panel.having.the.“nominal”.MPP.at.
the.STC.conditions.reported.on.the.data.sheet.at.the.same.voltage,.VMPP.≈.Vbat..When.weather.conditions.
change.so.that.VMPP.>.Vbat,.the.PV.module.delivers.a.power.lower.than.the.maximum.it.could.give..Worst.
conditions.occur.if.VMPP.<.Vbat,.because,.due.to.the.high.slope.of.the.power–voltage.characteristic.of.any.
PV.panel.on.the.right.side.of.the.MPP.(see.Figure.30.4),.a.dramatic.power.drop.can.occur.and,.for.Vbat.>.
Voc.>.VMPP,.the.output.power.is.even.zero.

Due.to.such.limitation.in.power.production.and.thanks.to.the.fact.that.the.cost.of.a.power.electronic.
device.that.is.able.to.accomplish.the.task.of.maximum.power.point.tracking.(MPPT).has.decreased.sig-
nificantly.in.recent.years,.almost.any.PV.system.includes.such.feature.operated.by.means.of.a.switching.
converter.as.in.Figure.30.5.

The.MPPT.issue.has.been.addressed.by.means.of.fuzzy.logic–based.controllers,.neural.networks,.and.
evolutionary.approaches:.many.examples,.even.too.much.involved,.can.be.found.in.literature.[19–23]..
Nevertheless,.in.many.applications,.especially.those.requiring.low.costs.so.that.a.digital.signal.proces-
sor. (DSP). or. a. field. programmable. gate. array. (FPGA). device. cannot. be. used. in. order. to. implement.
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sophisticated.strategies,.the.use.of.simple.and.robust.algorithms.is.needed..In.such.cases,.the.perturb.
and.observe.(P&O).and.incremental.conductance.(INC).[19].techniques.are.widely.used.

The.P&O.MPPT.algorithm.is.based.on.the.following.criterion:.if.the.operating.voltage.of.the.PV.array.
is.perturbed.and.if.the.power.drawn.from.the.PV.array.increases,.this.means.that.the.operating.point.
has.moved.toward.the.MPP,.and.therefore.the.operating.voltage.must.be.further.perturbed.in.the.same.
direction..Otherwise,.if.the.perturbation.of.the.operating.voltage.leads.to.a.decrease.of.the.power.drawn.
from.the.PV.array,.the.operating.point.has.moved.away.from.the.MPP,.therefore.the.direction.of.the.
operating.voltage.perturbation.must.be.reversed..Such.strategy.can.be.even.implemented.on.a.low-cost.
digital.controller.and.it.requires.to.sense.the.PV.array.current.and.voltage,.or.even.simply. its.actual.
power,.by.means.of.suitable,.but.even.cheap,.sensors..The.perturbation.of.the.PV.array.voltage.can.be.
operated.by.adopting.a.DC/DC.converter.interfacing.the.PV.array.with.a.load,.a.DC-link.capacitor,.or.a.
battery.bank..The.P&O.controller.modifies.the.PV.array.voltage,.namely.the.voltage.at.its.input.termi-
nals,.by.perturbing.the.converter.duty.cycle.directly.or.through.the.reference.voltage.at.the.comprator.
terminal.of.the.pulse.width.modulator.(PWM).

A.drawback.of.P&O.MPPT.technique.is.that,.at.steady.state,.the.operating.point.oscillates.around.
the.MPP.giving.rise.to.the.waste.of.some.amount.of.available.energy..Several.improvements.of.the.P&O.
algorithm.have.been.proposed.in.order.to.reduce.the.number.of.oscillations.around.the.MPP.in.steady.
state.as.well.as.their.amplitude..Such.strategies.work.on.the.two.operating.parameters.that.affect.static.
and.dynamic.performances.of.the.P&O.technique:.the.frequency.and.the.amplitude.of.the.perturba-
tions.imposed.to.the.system..If.the.duty.cycle.d.is.assumed.as.the.perturbed.variable,.the.amplitude.of.
its.perturbations.can.be.indicated.as.Δd.=.|d(kTa).−.d(k.−.1)Ta)|.>.0,.where.the.time.interval.between.the.
consecutive.perturbations.is.usually.named.Ta..In.the.P&O.algorithm,.the.sign.of.the.duty-cycle.per-
turbation.at.the.(k.+.1)th.sample.is.decided.on.the.basis.of.the.sign.of.the.difference.between.the.power.
p((k.+.1)Ta).and.the.power.p(kTa).according.to.the.rules.discussed.above:

. d k Ta d kTa d kTa d k Ta p k Ta p kT(( ) ) ( ) ( ( ) (( ) )) ( (( ) ) (+ − + − − × + −1 1 1sign aa)) . (30.1)

By.lowering.the.amplitude.of.the.duty-cycle.perturbation,.Δd,.the.steady-state.losses.caused.by.the.oscil-
lation.of.the.array.operating.point.around.the.MPP.are.reduced..Unfortunately,.this.makes.the.algo-
rithm.less.efficient. in.case.of.rapidly.changing.atmospheric.conditions.because.a.small.Δd. leads. to.a.
long.transient.until.the.new.steady-state.condition.is.reached..The.choice.of.the.value.Ta.also.affects.the.
P&O.MPPT.performances,.both.in.presence.of.quickly.varying.MPP.and.whenever.the.MPP.moves.very.
slowly..The.sampling.interval.Ta.should.be.set.higher.than.a.proper.threshold.in.order.to.avoid.instabil-
ity.of.the.MPPT.algorithm.and.to.reduce.the.number.of.oscillations.around.the.MPP.in.steady.state..
In.fact,.considering.a.fixed.PV.array.MPP,.if.the.algorithm.samples.the.array.voltage.and.current.too.
slowly,.the.ability.of.the.algorithm.in.tracking.rapidly.varying.irradiation.conditions.is.compromised..
On.the.other.side,.if.the.PV.array.power.is.sampled.too.quickly,.the.P&O.controller.is.subjected.to.pos-
sible.mistakes.caused.by.the.transient.behavior.of.the.whole.system,.consisting.of.both.PV.array.and.
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FIGURE.30.5. Schematic.of.MPPT.operation.by.means.of.a.switching.converter.
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DC/DC.converter,.thus.missing,.even.if.temporarily,.the.current.MPP.of.the.PV.array,.even.if.it.is.in.
steady-state.operation..As.a.consequence,.the.MPPT.efficiency.decays.as.the.algorithm.can.be.confused.
and.the.operating.point.can.become.unstable,.entering.disordered.and/or.chaotic.behaviors..To.avoid.
such.mistake,.it.must.be.ensured.that,.after.each.duty-cycle.perturbation,.the.system.reaches.the.steady.
state.before.the.next.measurement.of.array.voltage.and.current.is.done..In.[24],.the.problem.of.choosing.
Ta.is.analyzed.and.an.optimized.solution,.based.on.the.tuning.of.the.P&O.algorithm.according.to.con-
verter’s.dynamics,.is.proposed..The.optimization.procedure.is.also.illustrated.for.rapidly.varying.irradi-
ance.conditions..Better.performances.can.be.obtained.if.an.adaptive.choice.of.the.parameters.affecting.
the.effectiveness.of.the.MPPT.algorithm.is.done,.even.if.at.the.price.of.hardware.complexity..In.[25],.a.
possible.solution.for.a.time-varying.setting.of.the.P&O.parameters.is.presented,.but.similar.approaches.
are.also.suggested.[26].for.the.other.widely.used.MPPT.algorithm,.the.INC.algorithm.[27].

The.INC.algorithm.is.based.on.the.observation.that,.at.the.MPP,.it.is

.

dP
dv

d v i
dv

= ⋅( ) = 0
.

(30.2)

consequently,

.
i v di

dv
+ ⋅ = 0

.
(30.3)

so.that

.

di
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i
v

+ = 0
.

(30.4)

where.i.and.v.are.the.PV.array.current.and.voltage,.respectively..When.the.operating.point.in.the.voltage.vs..
power.plane.is.on.the.right.of.the.MPP,.then.it.is

.

di
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i
v

+ < 0
.

(30.5)

while,.if.the.operating.point.is.on.the.left.of.the.MPP,.it.is

.

di
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i
v

+ > 0
.

(30.6)

It.results.that.the.sign.of.the.quantity

.

di
dv

i
v

+
.

(30.7)

indicates.the.correct.direction.of.perturbation.leading.to.the.MPP..At.least.theoretically,.the.INC.algo-
rithm. gives. a. condition. letting. the. controller. to. know. when. the. MPP. has. been. reached,. so. that. the.
perturbation.can.be.stopped.and.all. the.steady-state. losses.due.to.oscillations.of. the.operating.point.
oscillating.around.the.MPP.typical.of.the.P&O.implementation.were.overcome..Unfortunately,.as.dis-
cussed.in.[27],.noises,.measurement.uncertainties,.and.quantization.errors.affecting.the.electrical.vari-
ables.at.the.PV.array.terminals.make.the.condition.(30.4).never.exactly.satisfied.in.practice,.so.that.it.
is.usually.required. that. such.condition. is.approximately. satisfied.within.a.given.accuracy..As.a.con-
sequence,.even.if. the.INC.algorithm.is.used,. the.oscillations.of. the.operating.voltage.cannot.be.ever.
suspended.because.the.PV.array.voltage.will.never.coincide.with.the.MPP.exactly..A.disadvantage.of.the.
INC.algorithm,.with.respect.to.P&O,.is.in.the.increased.hardware.and.software.complexity,.also.leading.
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to.increased.computation.times.and.to.the.consequent.slowing.down.of.the.possible.sampling.rate.of.
array.voltage.and.current.

Both.P&O.and.INC.methods.can.be.confused.during.those.time.intervals.characterized.by.changing.
atmospheric.conditions,.because.during.such.time.intervals.the.operating.point.can.move.away.from.
the.MPP.instead.of.keeping.close.to.it.[27].

There.is.no.general.agreement.in.the.literature.on.which.of.the.two.methods.is.the.better.one,.even.if.
it.is.often.said.that.the.efficiency—expressed.as.the.ratio.between.the.actual.array.output.energy.and.the.
maximum.energy.the.array.could.produce.under.the.same.temperature.and.irradiance.level—of.the.INC.
algorithm.is.higher.than.that.one.of.the.P&O.algorithm..To.this.regard,.it.is.worth.saying.that.the.com-
parisons.presented.in.the.literature.are.carried.out.without.a.proper.optimization.of.P&O.parameters..
In.[19].it.is.shown.that.the.P&O.method,.when.properly.optimized,.leads.to.an.efficiency.that.is.equal.
to.that.obtainable.by.the.INC.method..The.key.idea.underlying.the.proposed.optimization.approach.
lies.in.the.customization.of.the.P&O.MPPT.parameters.to.the.dynamic.behavior.of.the.whole.system.
composed.by.the.specific.converter.and.PV.array.adopted..Results.obtained.by.means.of.such.approach.
clearly.show.that,. in. the.design.of.efficient.MPPT.regulators,. the.easiness.and.flexibility.of. the.P&O.
MPPT.control.technique.can.be.exploited.by.optimizing.it.according.to.the.specific.system’s.dynamic.

Any.optimization.of.the.parameters.influencing.the.effectiveness.of.P&O.and.INC.algorithms.in.the.
presence.of.uniform.working.conditions.of. the.PV.array.becomes.useless.whenever. such.conditions.
run.out..In.fact,.such.methods,.but.this.is.a.limitation.of.almost.all.the.MPPT.techniques.presented.in.
literature,.properly.work.when.all.the.modules.of.the.array.operate.in.the.same.operating.conditions,.
since.they.are.able,.although.by.means.of.different.processes,.to.detect.the.unique.peak.of.the.power.vs..
voltage.characteristic.of.the.PV.array..Unfortunately,.in.many.real.cases,.the.PV.field.does.not.receive.
a.uniform.irradiation.and/or.not.all.its.parts.(panels.as.well.as.single.cells).work.at.the.same.tempera-
ture,.so.that.mismatches.among.different.parts.of.the.array.may.arise..Such.diverse.conditions.might.
be.due.to.the.weather.typical.of.the.latitude.at.which.the.PV.plant.is.installed,.to.structural.and.archi-
tectural.elements.in.the.neighborhoods,.to.the.morphology.of.the.place,.but.even.to.soiling..As.for.the.
shadowing.due.to.clouds,.it.has.a.sensible.mismatching.effect.on.large.PV.fields.when.windy.days.with.
clouds.running.on.the.field.often.occur..The.effects.of.structural.and.architectonical.elements.near.the.
field.often.influence.the.generator’s.performances,.especially.in.building-integrated.photovoltaic.(BIPV).
applications..For.example,.PV.fields.placed.on.roofs.of.buildings.may.suffer.from.shadows.deriving.from.
architectural.elements:.they.might.shade.the.field.with.almost.the.same.law.during.each.day.of.the.year..
This.possibility.is.critical.at.high.latitudes.and.may.be.due.to.structures.that.are.built.up.after.the.instal-
lation.of.the.PV.plant..The.position.of.the.installation.site.with.respect.to.the.context.has.a.great.impact.
on.the.instantaneous.PV.field.electrical.characteristics..Especially.for.large.PV.plants,.it.may.be.useful.
to.choose.a.different.orientation.for.distinct.field.subsections,.e.g.,.depending.on.the.ground.structure..
This.trick.is.often.used,.regardless.of.the.site.characteristics,.to.ensure.energy.peaks.at.fixed.Sun.posi-
tions.during.daylight..In.this.case,.each.PV.field.subsection.would.be.able.to.guarantee.the.maximum.
energy.production.during.a.precise.time.interval.only,.which.is.different.from.those.during.which.the.
other.sections.ensure.their.maxima..Nevertheless,.the.different.orientation.of.separate.subsections.of.
the.field.may.also.arise.from.architectural.constraints.and.the.need.to.integrate.panels.into.building.
surfaces.[6]..Working.conditions.described.above.are.often.referred.as.“mismatching”.and.give.rise.to.
significant.limitations.on.power.production.if.“mismatched”.PV.sections.are.electrically.connected.in.
series..Such.critical.conditions.may.also.occur.if.PV.field.subsections,.panels.or.cells.of.panels,.differ.in.
rated.power,.area,.technology.used.for.producing.different.cells,.or.simply.due.to.production.tolerances.
and.different.drifts.ascribable.to.aging.

The.PV.plant.power. reduction.due. to.mismatching.can.be.mitigated.by.using.bypass.diodes:. in.a.
series-connected.string.of.PV.elements,.bypass.diodes.shunt.those.that.are.not.able.to.support.the.high.
current.produced.by.some.others.in.the.same.string.(e.g.,.the.ones.receiving.a.higher.irradiance)..
The.high.string.current.imposed.by.the.PV.elements.producing.the.highest.power.may.be.higher.than.
the. short-circuit. current. of. some. others.. Consequently,. the. latter. reverse. their. terminal. voltage. and.
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absorb.a.part.of.the.power.produced.by.the.elements.of.the.string..The.bypass.diode.limits.the.PV.ele-
ment.reverse.voltage.and.represents.an.alternative.way. for. the. string.current..Bypass.diodes.may.be.
placed.in.parallel.to.each.module,.to.a.series.of.modules,.or.to.a.group.of.cells,.thus.avoiding.“hot.spots,”.
namely.the.cell.burnout..Such.diodes.must.not.be.confused.with.the.blocking.diodes,.which.are.placed.
in.series.with.a.string.in.order.to.avoid.current.backflow.toward.cells.

The.presence.of.bypass.diodes.smoothes.the.effects.of.mismatching.because.they.provide.an.alter-
native.way.for.the.high.current.produced.by.fully.isolated.cells,. thus.making.the.narrow.neck.of.the.
shaded.cells.ineffective..The.other.side.of.the.coin.is.in.the.fact.that.bypass.diodes.greatly.affect.both.
power–voltage.and.current–voltage.characteristics.of.the.field..A.matched.PV.field.exhibits.a.nonlinear.
current–voltage.characteristic.and.a.single-peak.power–voltage.characteristic,.but.for.a.mismatched.PV.
field.this.is.not.true.

Figure.30.6.shows.a.comparison.between.uniform.and.mismatched.working.conditions.of.a.PV.string.
composed.of. two.Kyocera.KC120.modules.connected. in.series,.each.one.of. them.equipped.with.one.
bypass.diode..In.literature.[28],. it.has.been.demonstrated.that.the.height.of.the.peaks.characterizing.
the.power–voltage.curve.depends.on.the.type.of.mismatching.conditions:.Figure.30.6b.shows.the.worst.
case,.with.the.absolute.MPP.occurring.at.a.voltage.level.that.is.quite.different.with.respect.to.the.one.
at.which.the.MPP.occur.in.uniform.working.conditions..Consequently,.the.mismatched.PV.field.might.
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FIGURE.30.6. Current.vs..voltage.characteristics.of.a.PV.string.made.of.two.Kyocera.KC120.modules:.(a).both.
modules.receive.S.=.1.kW/m2;.(b).one.module.receives.S.=.1.kW/m2.and.the.other.receives.S.=.100.W/m2..Horizontal.
axis.PV.voltage.[V],.vertical.axis.PV.current.[A].
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exhibit,.as.in.Figure.30.6b,.a.multimodal.power–voltage.characteristic.that.makes.standard.MPPT.tech-
niques.ineffective,.since.they.are.likely.deceived.and.consequently.they.track.a.point.where.dP/dv.=.0,.
but.that.is.not.the.absolute.MPP.

Figure. 30.7. shows. the. wrong. behavior. of. a. standard. P&O. MPPT. technique. controlling. the. two-
modules.PV.array.mentioned.above..The.simulation.has.been.done.by.assuming.that.the.array.initially.
works.under.uniform.irradiation.and.temperature.but,.at.0.1.s,.a.sudden.shading.affects.one.of.the.two.
modules,.reducing.the.irradiation.it.receives.to.one-.tenth.of.that.received.by.the.other.module..Due.to.
the.fact.that.the.P&O.strategy.is.essentially.a.local.optimization.technique.based.on.the.hill-climbing.
principle,.the.MPPT.controller.remains.trapped.in.the.voltage.region.where.the.MPP.in.uniform.condi-
tions.were.placed,.so.that.the.local,.but.not.absolute,.maximum.is.tracked..Unfortunately,.there.is.no.way.
for.the.controller.to.escape.from.this.condition,.since.the.array.behavior.does.not.exhibit.any.peculiar-
ity..In.fact,.as.shown.in.Figure.30.8,.the.P&O.algorithm.works.correctly.with.a.three-point.behavior,.but.
allows.to.draw.from.the.PV.array.almost.25.W.instead.of.120.W.that.should.be.obtained.if.it.were.able.to.
track.the.absolute.MPP.placed.close.to.20.V.

In. literature,. some. techniques.ensuring.a. reliable.MPPT.of. the.absolute.MPP.under.mismatching.
conditions.are.presented,.but.they.are.often.quite.involved.and.not.general..Such.drawback.can.be.over-
come.by.means.of.a.distributed.MPPT.approach.described.in.Section.30.5.
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FIGURE.30.7. (a).String.voltage.and.(b).string.power.before.and.after.the.irradiation.drop.from.1.kW/m2.to.100.W/m2.
on.one.of.the.two.models.composing.the.string.
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30.5 Single-Stage and Multiple-Stage Photovoltaic Inverters

The.term.“photovoltaic.inverter”.usually.refers.to.the.whole.device.converting.the.DC.power.drawn.
from.the.PV.string.into.the.AC.power.injected.into.the.grid.or.delivered.to.a.load..In.the.first.case,.
the.inverter.is.a.“grid-connected”.device,.thus.subjected.to.standards.given.by.the.utility.companies.
[29–32],.while.in.the.second.case.the.PV.system.is.off-grid.and.it.is.usually.classified.as.a.“stand-
alone”.device..Such.distinction. is.only.one.of.many.possible.classifications. that.can.be.made.and.
that.are.used. in. some.overview.papers.published. in. literature.. In. fact,.many. solutions.have.been.
proposed.in.order.to.reach.the.highest.possible.efficiency.even.if,.in.many.cases,.different.targets,.
such.as.low.cost,.high.reliability,.or.high.quality.of.the.current.injected.into.the.grid,.are.considered.
as.the.main.features.

It.is.the.authors’.opinion.that.a.first.important.distinction.is.based.on.the.presence.of.a.galvanic.
isolation.between.the.PV.source.and.the.grid..In.fact,.as.confirmed.by.the.large.number.of.topolo-
gies.described.in.literature.[33,34],.in.many.cases.a.transformer.is.included.in.the.inverter..A.high-
frequency.transformer.included.into.the.DC/DC.converter.does.not.allow.limiting.the.amplitude.of.
the.DC.current.into.the.grid.below.a.maximum.allowable.amount.fixed.by.international.standards..
Such.goal.can.be.achieved.if.a.line-frequency.transformer.is.placed.at.the.inverter.output,.so.that.the.
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irradiation.drop.and.(b).after.the.irradiation.drop.



30-14	 Power	Electronics	and	Motor	Drives

saturation. of. the. distribution. transformers. is. avoided.. A. low-frequency. transformer. placed. at. the.
inverter.output.and.operating.at.grid.frequency.would.be.the.worst.solution,.since.it.would.be.bulky.
and.would. lower.the.DC/AC.chain.conversion.efficiency..Consequently,. isolated.topologies. involv-
ing. high-frequency. transformers. are. numerous. because. they. ensure. a. good. tradeoff. between. effi-
ciency.and.weight/volume,.even.allowing.the.implementation.of.soft-switching.techniques.based.on.
parasitic.parameters.of.the.transformer.(e.g.,.the.leakage.inductance)..The.galvanic.isolation.between.
source.and.grid.ensures.the.best.safety.conditions.at.the.PV.source.while,.on.the.contrary,.as.clearly.
pointed.out.in.[14,35],.transformer-less.inverters.do.not.ensure.separation.between.grid.and.module,.
so.that,.depending.on.the.inverter.topology,.this.determines.fluctuations.of.the.potential.between.the.
PV.module.and.ground..Consequently,.not.only.capacitive.currents.might.flow.in.a.person.connected.
to.ground.and.touching.the.module,.but.also.electromagnetic.interference.might.appear.around.the.
PV.module..The.need. for. an. isolated. topology. is. a. controversial.point. that. at.present. is. regulated.
differently.from.country.to.country..Nevertheless,.the.use.of.sophisticated.inverter.controls.and.reli-
able. isolation.of.the.modules.seem.to.be.enough.to.avoid.the.drawbacks.mentioned.above,.so.that.
the. trend. seems. to. be. encouraging. for. transformer-less. architectures.. In. [14],. some. details. about.
control.systems.replacing.the.transformer.features.are.reported..The.number.of.topologies.that.do.
not.involve.transformers.at.all.is.increasing.dramatically:.the.more.interesting.and.innovative.ones.
are.described.in.[35].

While.galvanic.isolation.often.occurs.in.string.or.multi-string.inverters,.namely.to.devices.dedicated.
to.interface.one.or.more.PV.strings.to.the.AC.grid,.the.use.of.an.isolated.topology.very.often.occurs.
in.module-dedicated.inverters,.also.known.as.“AC-modules.”.This.is.a.new.frontier.for.PV.inverters,.
because.it.makes.the.PV.module.an.autonomous.entity,.almost.a.“plug-and-play”.device,.capable.of.pro-
ducing.electrical.energy.and.injecting.it.into.the.grid.straightforwardly,.without.the.need.of.any.other.
component..This.philosophy.also.gives.the.advantage.of.modularity,.since.any.PV.power.plant.can.be.
enlarged.simply,.according.to.further.power.needs.arising.or.funds.availability..Moreover,.AC-modules.
also.allow.to.overcome.problems.related.to.mismatching.working.conditions,.dramatically.affecting.the.
power.production.of.classical.PV.plants.using.series-connected.PV.module.strings,.thanks.to.a.distrib-
uted.MPPT.with.this.feature.included.in.each.AC-module..The.differences.between.central,.string,.and.
module.inverters.are.clearly.evidenced.in.Figure.30.9.
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Central.inverters.exhibit.high.efficiency.and.have.a.low.cost.per.kWp,.but.the.power.they.are.able.to.
draw.from.the.PV.field.drops.significantly.if.a.mismatching.factor.occurs.(e.g.,.partial.shadowing.of.the.
PV.field)..String.inverters.are.based.on.a.philosophy.that.lies.between.central.and.module.inverters..In.
fact,.if.compared.with.the.central.inverters,.they.reduce.the.detrimental.effect.of.possible.causes.of.mis-
matching.affecting.the.PV.field,.reduce.the.DC.cabling,.and.avoid.the.need.of.inserting.a.block.diode.in.
series.to.each.PV.string.in.order.to.avoid.current.backflows..Drawbacks.of.string.inverters.are.in.their.
higher.cost.and.increased.complexity.with.respect.to.central.inverters.

Multi-string.inverters.have.a.lower.cost.with.respect.to.string.inverters.and.ensure.an.MPPT.dedi-
cated. to.each. string..This. feature.guarantees. the.maximum.power.production. to.each. string.even. if.
they. were. differently. oriented. with. respect. to. the. Sun. and/or. if. only. some. of. them. were. shadowed..
Consequently,. this.architecture. is.useful. in.BIPV.applications,.but. its.use. is.also.profitable. if. the.PV.
power.production.profile.that.is.almost.flat.along.the.day.must.be.obtained.by.fractioning.the.PV.field.
in.subsections,.each.with.a.different.orientation.angle.(see.Figure.30.10).

The.idea.underlying.multi-string.inverters.is.the.basis.of.a.new.concept.named.distributed.maxi-
mum.power.point.tracking.(DMPPT).approach.[36]..This.accomplishes.the.MPPT.goal.by.means.of.
a.DC/DC.converter.dedicated.to.each.module,.which.might.be.either.a.custom.product,.dedicated.to.
the.specific.PV.module,.with.an.optimal.behavior.in.the.voltage.and.current.range.of.that.module,.or.
a.general-purpose.product,.sold.independently.from.the.module.and.having.significant.performances.
in.a.given.range.of.voltage.and.currents..The.PV.module-dedicated.DC/DC.converter.must.exhibit.a.
high.efficiency,.because.a.high-losses.device.would.make.the.DMPPT.fruitless,.and.a.high.reliability.
since,.especially. if. it. is.built. in. the.PV.module,.a. lifetime.comparable.with. that.of. the.PV.module.
would.be.required..Both.efficiency.and.reliability.are.hard.challenges.for.the.design.of.such.DC/DC.
converters..This.is.due.to.the.relatively.low.power.(<400.W).and.high.current.(5–9.A).characterizing.
PV.modules.actually.available.in.the.market.and.to.the.fact.that.the.converters’.outputs.need.to.be.
connected. in. parallel. at. the. DC/AC. stage. input,. so. that. they. have. to. step. up. the. PV. module. volt-
age.to.some.hundreds.of.volts..In.order.to.improve.efficiency.and.lifetime.of.DC/DC.converters.for.
DMPPT,.in.[36].a.series.connection.of.their.output.ports.has.been.proposed..This.solution.gives.rise.to.
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further.control.issues,.but.reveals.attractive.even.whenever.mismatched.conditions.occur.with.a.low.
frequency.and.opens.new.prospects.of.spreading.PV.technology.by.self-consistent.devices.that.give.
the.maximum.power.for.the.actual.weather.conditions..This.concept.of.PV.generator.reaches.its.apex.
with.the.AC-module,.or.module.inverter,.which.is.aimed.at.equipping.the.PV.module.with.a.DC/AC.
converter,.thus.simplifying.the.module.interfacing.with.the.AC.grid.and/or.an.AC.load.

In. literature,. almost. all. the. topologies. proposed. for. AC-module. implementation. include. a.
transformer,.since,.besides.the.advantages.mentioned.above,.the.high.voltage.gain.ensured.by.the.trans-
former.is.employed.in.order.to.lift.the.voltage.at.the.module’s.terminals.(usually.<50.V).up.to.the.grid.
voltage..Even.in.this.case,.the.employment.of.a.high-frequency.transformer.ensures.compactness.but.
lower.efficiency,. so. that. some.tricks,.essentially.based.on.soft-switching. techniques,.are.presented. in.
literature.in.order.to.gain.some.efficiency.points..In.the.AC-module.application,.the.DC/AC.converter.
is.a.high-frequency.PWM.full.(half).bridge.stage.if.it.manages.a.high.DC.input.voltage.and.a.sinusoidal.
shaping.of.the.current.injected.into.the.grid.is.needed..The.other.possibility.is.that.the.inverter.receives.
a.full-wave.rectified.current,.obtained.by.means.of.a.suitably.controlled.DC/DC.converter,.so.that.a.line-
frequency.commutated.unfolding.bridge.is.needed..The.former.case.does.not.require.a.DC/DC.converter.
preceding.the.inverter,.and.this.improves.compactness,.but.the.high-switching.frequency.of.the.bridge.
counterbalances.the.absence.of.the.DC/DC.stage.in.terms.of.efficiency..The.large.number.of.examples.of.
the.two.approaches.presented.in.literature.confirms.the.need.of.reaching.a.tradeoff.between.them.

The.use.of.a.cascade.connection.of.a.DC/DC.stage.exploiting.the.MPPT.function.and.of.a.DC/AC.
converter.that.injects.a.sinusoidal.current.into.the.grid.or.supplying.an.AC.load.is.an.almost.common.
practice..Nevertheless,.both.functions.might.be.concentrated.in.a.unique.DC/AC.converter,.thus.leading.
to.a.single-stage.inverter;.or.a.multiple-stage.device.might.be.employed.in.order.to.obtain.some.addi-
tional.feature..Differences.between.single-stage.and.two-stage.power-processing.systems,.representing.
the.largest.part.of.architectural.solutions.available.on.the.market.and.proposed.in.literature,.are.put.into.
evidence.in.Figure.30.11.

One.of.the.main.differences.between.the.two.architectures.schematized.in.Figure.30.11.is.related.
to. the. presence. and. position. of. the. bulk. capacitor. managing. the. fluctuating. energy. injected. into.
the.grid.and.the.constant.energy.coming.from.the.PV.source..The.role.of.such.component.is.crucial.
in.any.power.electronics.interface.between.a.PV.source.and.the.grid,.because.it.works.as.a.buffer.
component.between.the.DC.power.extracted.from.the.PV.source.and.the.pulsating.power.injected.

DC

AC

Control
MPPT(b)

Grid
PV

module

DC DC

DC AC

(a)

Grid

MPPT

PV
module

Control

FIGURE.30.11. (a).Double-stage.and.(b).single-stage.PV.inverters.



Solar	Power	Conversion	 30-17

into.the.grid..Consequently,.its.capacitance.depends.on.the.nominal.power.of.the.PV.source.PPV,.the.
grid.frequency.ωgrid,.and.the.mean.value.and.ripple.amplitude.of.the.voltage.across.it,.Vc.and.ΔVc,.
respectively.[35]:

.
C P

V V
=

⋅ ⋅ ⋅
PV

grid c c2 ω ∆ .
(30.8)

Such.formula.is.based.on.the.assumption.that.the.current.from.PV.source.is.purely.DC.and.that.the.
inverter.output.current. is. in.phase.with. the.grid.voltage,.and.both.are.purely.sinusoidal,. so. that. the.
power.injected.into.the.grid.has.a.constant.component.and.a.sinusoidal.component.at.twice.the.grid.
frequency..Equation.30.8.reveals.one.of.the.main.drawbacks.of.single-stage.topologies.interfacing.PV.
sources.with.the.AC.grid..Such.kind.of.converters.use.a.decoupling.capacitor.in.parallel.with.the.PV.
source.so.that,.if.the.single-stage.converter.is.an.AC-module,.the.capacitor.works.at.a.low.voltage.level.
in.the.range.[18].V,.that.is.the.typical.MPP.voltage.of.the.PV.modules.actually.available.on.the.market..
As.revealed.by.(30.8),.a.low.value.of.the.capacitor.voltage.and,.more.in.general,.a.high.value.of.the.ratio.
PPV/Vc. lifts.the.capacitance.value.up,.so.that.the.use.of.an.electrolytic.capacitor.becomes.mandatory..
This. is.a.weakness.point.of. single-stage. topology-based.AC-modules,. since. it. is.well.established. that.
electrolytic.capacitors.have.a.short.lifetime.[32]..On.the.other.side,.if.a.single-stage.inverter.is.used.for.
interfacing.a.large.PV.field.to.the.AC.grid,.a.large.capacitance.might.be.even.required,.depending.on.the.
PPV/Vc.value,.but.also.in.order.to.ensure.a.small.ΔVc.value.that,.when.the.capacitor.is.placed.in.parallel.
with.the.PV.source,.represents.the.amplitude.of.a.PV.voltage.oscillation..This.superimposes.on.the.PV.
voltage.variation/perturbation.used.by.the.MPPT.algorithm,.so.that.it.must.be.reduced.as.much.as.pos-
sible.because.it.might.be.the.source.of.the.MPPT.deception.and/or.of.a.periodic.deviation.from.the.MPP.
causing.power.losses.[37].

Problems.related.to.the.design.of.the.bulk.capacitor.in.multiple-stage.inverter.are.not.less.challenging:.
the.lower.capacitance.value,.the.higher.the.amplitude.of.the.voltage.oscillation.across.its.terminals..This.
increases.the.current.amplitude.in.the.capacitor,.thus.potentially.increasing.the.ohmic.losses.in.its.para-
sitic.series.resistance,.but.also.requires.a.higher.average.voltage.value.on.the.capacitor.if.a.buck-derived.
DC/AC.stage.follows.the.bulk.capacitance.and.injects.power.into.the.AC.grid..Drawbacks.due.to.the.
dc-link.capacitor.have.been.avoided.by.using.topologies.that.cannot.be.traced.back.to.standard.archi-
tectures.shown.in.Figure.30.11..A.clear.classification.of.such.alternative.converters.is.reported.in.[14].

The.overall.performance.of.a.PV.inverter.is.usually.evaluated.in.a.specific.operating.point,.but.an.
average.value.computed.at.six.different.operating.points,.according.to.the.definition.of.the.European.
efficiency,.gives.useful.information.on.the.behavior.of.the.power.stage,.but.also.of.the.control.strategies,.
at.different.irradiation.levels..The.weighted.sum.adopted.for.such.computation.is.the.following.[35]:

. η η η η ηeuropean = + + + + +0 03 0 06 0 13 0 10 0 48 0 205 10 20 30 50. . . . . .% % % % %η ηη100% . (30.9)

where.the.percent.value.refers.to.the.rated.power.

30.6 Conclusions

Energy.coming.from.the.Sun.is.enough.to.support.future.human.development,.but.it.must.be.exploited.
by.means.of.efficient.and.reliable. systems,. so. that. the.price.of. the.electrical.energy.produced. in. this.
way.becomes.equal.to.that.produced.by.fossil.fuels.and.available.by.means.of.a.simple.connection.to.
the.energy.grid..This.paper.gives.an.overview.of.the.main.PV.technologies.for.the.conversion.of.solar.
power.into.electrical.power..Sections.30.2.through.30.5.have.been.dedicated.to.compare.the.actual.and.
rising.technologies.and.materials.realizing.the.energy.conversion.and.to.illustrate.the.features.of.the.
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components.included.in.the.BOS,.with.a.special.emphasis.to.the.power.electronic.systems.devoted.to.the.
control.of.the.PV.array.and.to.its.interfacing.toward.the.energy.grid.and.loads..Features.and.drawbacks.
of.different.topologies.and.power-processing.solutions.as.well.as.of.various.control.strategies.are.illus-
trated..Tradeoffs.between.the.two.main.features.of.PV.power-processing.systems,.namely.efficiency.and.
lifetime,.are.put.into.evidence.in.order.to.highlight.the.design.guidelines.of.future.technology.
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31.1 Introduction

With.an.increasing.demand.for.higher.fuel.economy.in.vehicles.and.environment-friendly.solutions,.the.
last.decade.has.seen.a.growing.emphasis.on.electric.vehicles.(EVs),.hybrid.electric.vehicles.(HEVs),.and.
plug-in.hybrid.electric.vehicles.(PHEVs)..A.hybrid.vehicle.is.defined.as.a.vehicle.that.uses.two.or.more.
on-board.energy.to.power.it..These.sources.of.power.could.be.an.internal.combustion.engine.(ICE),.fuel.
cells,.ultracapacitors,.battery,.flywheel,.etc..Hybrid.vehicles.have.proven.to.save.energy.and.reduce.pol-
lution.by.combining.an.electric.motor.and.an.ICE.in.such.a.way.that.the.most.desirable.characteristics.
of.each.can.be.utilized.

This.chapter.is.divided.into.two.parts:.(a).classification.of.hybrid.vehicles.and.(b).battery.technology.
for.EVs.and.HEVs.
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31.2 HEV Classification

The. challenge. in. the. successful. implementation. of. HEVs. is. to. enhance. efficiency,. improve. rug-
gedness,. reduce. size,. reduce. cost. of. associated. power. electronics,. and. optimize. design. of. electric.
machines.and.control.electronics..The.following.section.presents.a.broad.classification.of.HEVs,.as.
shown.in.Figure.31.1.

31.2.1 Micro-Hybrid

In.a.micro-hybrid.vehicle,.the.electric.motor.does.not.add.to.the.propulsion.of.the.vehicle..Instead,.it.acts.
as.a.starter/generator.and.allows.the.ICE.to.stop.and.restart.instantly.and.avoid.idling..It.is.also.used.to.
charge.the.batteries.during.regenerative.braking..A.micro-hybrid.drive.train.is.not.known.to.improve.
fuel.economy.as.much.as.a.mild-.or.full-hybrid.drive.train.

31.2.2 Mild Hybrid

Mild.hybrids.are.the.more.popular.configuration.today..The.motors.used.in.these.vehicles.are.typically.
not.capable.of.providing.propulsion.power.to.the.vehicle.with.the.electric.motor.alone..Instead,.the.elec-
tric.motor.is.used.as.an.assistance.to.the.ICE..In.addition.to.the.electric.assistance.that.they.provide.to.
the.transmission,.a.mild.hybrid.also.has.an.engine.that.automatically.shuts.off.when.idling,.and.restarts.
when.the.driver.presses.the.gas.pedal..Since.idling.wastes.a.lot.of.fuel,.this.is.incredibly.beneficial.

31.2.3 Full Hybrid

Full.hybrids.are.vehicles.that.can.drive.a.certain.distance.at.a.low.speed.without.the.assistance.of.the.
ICE..These.types.of.vehicles.find.use.in.city.driving,.since.they.save.a.significant.amount.of.energy.by.
using.the.electric.motor.(which.has.an.efficiency.much.higher.than.the.ICE).for.propulsion.over.a.short.
period.of.time.

31.2.4 Muscle Hybrid

A.muscle.hybrid.is.a.vehicle.that.uses.an.electric.motor.to.enhance.performance.and.increase.power..
Fuel.efficiency.in.such.vehicles.is.marginally.higher.and.they.are.not.very.cost-effective.

31.2.5 Plug-In Hybrid

The.plug-in.hybrid.is.the.most.diversed.hybrid.vehicle.in.the.market..This.type.of.vehicle.uses.a.high-
power.battery.(typically.lithium-ion.or.lithium-polymer.type).for.operation..This.battery.configuration.
is.designed.to.accept.charge.from.an.electrical.outlet..When.the.battery.is.charged,.the.vehicle.is.capable.

Battery Electric
motor

Micro-hybrid

Mild hybrid

Full hybrid
Plug-in hybrid

Electric

ICE

FIGURE.31.1. Classification.of.hybrid.vehicle.based.on.degree.of.hybridization.
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of.running.strictly.on.electric.power..If.the.charge.on.the.battery.gets.depleted.during.the.drive,.it.is.then.
driven.by.the.ICE..This.hybrid.configuration.has.all.the.advantages.of.a.hybrid.vehicle.while.sharing.
some.of.the.benefits.of.an.EV.(ability.to.charge.off.the.wall).

31.2.6 Electric Vehicle

An.EV.is.a.model.that.runs.only.on.electrical.input..There.is.no.ICE.on-board.and.this.model.uses.
a.plug-in.connection.to.charge.the.high-power.battery..A.reasonably.sized.electric.motor.is.used.to.
provide.propulsion.power.to.the.motor.

There.are.several.challenges.in.the.use.of.EVs:

•. Driving.range:.Distance.driven.by.an.EV.before.it.needs.recharging.is.typically.lower.than.the.
distance.a.gasoline-powered.vehicle.can.travel.before.needing.a.refill.

•. Refueling.time:.Amount.of.time.taken.by.batteries.to.fully.charge.is.typically.much.higher.than.
refilling.a.gas.tank.

•. Cost.of.battery:.Battery.packs.are.not.yet.cost-efficient.
•. Bulk:.Considerable.space.in.the.vehicle.is.allocated.to.battery.packs..However,.several.chemistries.

are.being.considered.for.batteries.and.is.an.active.area.of.research.(Table.31.1).

31.2.7 Extended-range Electric Vehicle

An.extended-range.EV.(E-REV).is.essentially.a.series.plug-in.hybrid.vehicle.with.an.ICE..In.this.vehicle,.
propulsion.power.is.provided.by.an.electric.motor..The.primary.source.of.power.is.the.battery.that.can.
be.charged.using.an.off-the-wall.charger..Once.the.charge.on.the.battery.is.depleted,.the.ICE.turns.an.
on-board.generator.to.provide.additional.power.to.the.battery.and,.therefore,.extend.its.driving.range.

31.2.8 Fuel Cell Vehicle

Fuel.cell.vehicles.(FCV).are.propelled.by.an.electric.motor..They.are.comprised.of.a.high-power.battery,.
an.additional.on-board.power.generation.unit—the.fuel.cell..Fuel.cells.create.electric.power.through.a.
chemical.process.using.hydrogen.fuel.and.oxygen.from.the.air..Hydrogen.required.for.this.kind.of.vehi-
cle.can.be.obtained.from.on-board.high-pressure.hydrogen.tanks.or.from.hydrocarbon.fuels.through.
the.process.of.electrolysis.

TABLE.31.1. Comparison.of.Different.Hybrid.Vehicle.Configurations.Based.
on.Their.Drive.Capabilities

Feature

HEV.Type

Micro.
Hybrid

Mild.
Hybrid

Muscle.
Hybrid

Full.
Hybrid

Plug-in.
Hybrid

Electric.
Vehicle

Extended.
Range.

Electric.
Vehicle

Idle-off.capability ◙ ◙ ◙ ◙ ◙ ◙ ◙
Regenerative.

braking
◙ ◙ ◙ ◙ ◙ ◙ ◙

Electric.assist.to.
conventional.ICE

◙ ◙ ◙ ◙

All.electric.drive ◙ ◙ ◙ ◙
Charging.capability.

from.power.grid
◙ ◙ ◙
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31.3 Hybrid Drive train Configurations

HEVs.can.broadly.be.classified. into. two.categories:. (a). series.hybrid.vehicles.and. (b).parallel.hybrid.
vehicles.. In. a. series. hybrid. vehicle,. the. engine. drives. a. generator,. which. in. turn,. powers. an. electric.
motor..In.a.parallel.hybrid.vehicle,.the.engine.and.the.electric.motor.are.coupled.to.drive.the.vehicle..
A series.hybrid.vehicle.typically.offers.lower.fuel.consumption.in.a.city.driving.cycle.by.making.the.ICE.
consistently.operate.at.the.highest.efficiency.point.during.frequent.stops/starts..A.parallel.hybrid.vehicle.
can.have.lower.fuel.consumption.in.the.highway.driving.cycle,.in.which.the.ICE.is.at.the.highest.efficient.
point.while.the.vehicle.is.running.at.constant.speed.

31.3.1 Series Hybrid Vehicles

A.typical.configuration.of.a.series.hybrid.propulsion.system.is.shown.in.Figure.31.2..A.series.hybrid.vehi-
cle.is.essentially.an.EV.with.an.on-board.source.of.power.for.charging.the.batteries..The.engine.is.coupled.
to.a.generator.to.provide.power.for.charging.the.batteries..It.is.also.possible.to.design.the.system.in.such.
a.way.that.the.generator.acts.as.a.load-leveling.device.that.provides.propulsion.power..In.this.case,.the.
size.of.the.batteries.could.be.reduced,.but.the.sizes.of.the.generator.and.the.engine.need.to.be.increased..
The.power.electronic.components.for.a.typical.series.hybrid.vehicle.system.are.(1).a.converter.for.con-
verting.the.alternator.output.to.dc.for.charging.the.batteries.and.(2).an.inverter.for.converting.the.dc.to.
ac.to.power.the.propulsion.motor..A.dc–dc.converter.is.required.to.charge.the.12.V.battery.in.the.vehicle.
as.well..In.addition,.an.electric.air-conditioning.unit.needs.an.inverter.and.associated.control.systems.

31.3.2 Parallel Hybrid Vehicles

Parallel.hybrids.can.offer.the.lowest.cost.and.the.option.of.using.the.existing.manufacturing.capability.
for.engines,.batteries,.and.motors..However,.a.parallel.hybrid.vehicle.needs.a.complex.control.system..
There.are.various.configurations.of.parallel.hybrid.vehicles,.depending.on.the.roles.of.the.electric.motor/
generator.and.the.engine..In.a.parallel.hybrid.vehicle,.the.engine.and.the.electric.motor.can.be.used.
separately.or.together.to.propel.a.vehicle..The.Toyota.Prius.and.the.Honda.Insight.are.some.examples.of.
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parallel.hybrid.systems,.which.are.commercially.available..A.typical.configuration.of.a.parallel.hybrid.
propulsion.system.is.illustrated.in.Figure.31.3.

31.4 Battery Electronics for EVs and HEVs

The.battery.system.used.on.modern.HEVs.and.EVs.is.both.complex.and.elaborate..It.is.composed.of.
several.cells.connected.in.series,.thus,.providing.high-power.levels.needed.by.the.car’s.propulsion.system..
In.conventional.cars,.the.single.battery.is.used.to.power.low-power.electrical.components.such.as.the.
starter,.head.lights,.and.windshield.wipers..In.EVs.and.HEVs.the.systems.differ,.as.the.battery.not.only.
provides.power.for.the.low-power.electrical.components,.but.also.powers.the.main.traction.system..This.
warrants.a.complex.battery.system.for.the.electrical.propulsion.system.to.work.

Although.the.series.connected.cells.in.the.EV.or.HEV.systems.are.manufactured.to.be.the.same,.they.
have. some. differences. in. volume,. internal. resistance,. and. self-discharge. rate.. When. they. are. combined.
together.for.increasing.the.capacity,.cell.balancing.becomes.an.issue..Also.with.large.amounts.of.energy.
stored.inside.of.the.battery,.the.safety.of.driver.and.passengers.becomes.a.issue..Finally,.the.operating.condi-
tion.and.load.profile.of.the.battery.varies.significantly.due.to.the.start–stop.nature.of.a.vehicle..All.of.the.
problems.addressed.above.create.a.demand.for.a.complex.battery.management.system.(BMS).for.the.vehicle.

Generally,.a.BMS.varies.according.to.applications,.ranging.from.basic.to.highly.complex..For.batter-
ies.used.in.cell.phones,.the.BMS.simply.monitors.the.key.operational.parameters.during.charging.and.
discharging,.such.as.voltages,.currents,.and.the.battery. internal.temperature..The.monitoring.circuit.
gives.a.command.signal.to.the.protection.circuit.to.disconnect.the.battery.from.the.load.or.charger.if.
any.of.the.monitored.parameters.exceed.the.preset.limits..BMS.is.also.used.in.uninterruptible.power.
supplies.(UPS).in.power.plants..Since.a.UPS.is.the.last.defense.against.a.power.blackout,.the.BMS.of.such.
a.system.is.not.only.used.to.monitor.and.protect.the.battery.but.it.also.includes.battery.electronics.to.
make.sure.that.the.battery.is.able.to.deliver.full.power.and.prolong.the.life.of.the.power.system.

BMS.for.EVs.and.HEVs.is.more.demanding,.since.the.load.profile.varies.rapidly.according.to.the.road.
conditions.and.the.driver’s.behaviors..Therefore,.the.vehicle.requires.a.fast-acting.power.management.
system,.and.that.system.must.be.able.to.interface.with.other.control.systems.such.as.an.engine.power.
management.system..Furthermore,.since.the.operation.environment.of. the.battery.system.is.harsher.
than. those.of.other.systems,.which.sit. still. in.constant. temperature.rooms,.protection.of. the.battery.
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is.also.a.challenge..Under.these.circumstances,.the.issue.is.not.only.to.protect.the.battery,.but.also.to.
protect.the.passengers.in.the.car.

31.4.1 Battery Management System for automotives

An. automotive. BMS. is. more. critical. compared. to. other. applications.. The. battery. has. to. coordinate.
with.the.hybrid.controller.or.the.power-train.controller.to.perform.its.duties.while.providing.power.or.
absorbing.energy.rapidly.as.the.vehicle.accelerates.and.brakes..Figure.31.4.shows.the.layout.of.a.typical.
automotive.BMS.and.its.relation.with.other.automotive.electronic.and.electrical.systems.

According.to.the.hardware.structure,.the.BMS.can.be.separated.into.three.major.parts:.monitoring.
and.protection.system,.balancing.system,.and.intelligent.battery.unit..The.common.functions.of.each.
part.are.listed.in.the.following:

Monitoring.and.Protection.System

•. Monitors.voltage.of.each.cell.or.each.module.that.make.up.the.battery.
•. Protects.cell.voltages.from.exceeding.limits.
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•. Monitors.current.and.temperature.of.the.battery.system.
•. Protects.system.from.exceeding.current.and.temperature.limits.
•. Provides.mechanisms.to.protect.the.battery.from.uncontrolled.conditions.

Balancing.System

•. Provides.balancing.mechanism.to.equalize.the.voltage.differences.of.the.cells.

Intelligent.Battery.Unit

•. Maintains.the.state.of.charge.(SoC).of.the.battery.to.allow.the.regenerative.energy.to.be.absorbed.
without.the.battery.pack.being.overcharged..Also.disables.the.regenerative.braking.when.the.bat-
tery.is.fully.charged.

•. Logs.the.charge.and.discharge.of.the.battery.to.estimate.the.SoC.of.the.battery.and.provide.SoC.
information.to.the.upper.controller.

•. Tracks. performance. of. the. battery. and. estimates. the. state. of. health. (SoH). of. the. battery. and.
report.the.SoH.information.to.the.upper.controller.

•. Provides.state.of.the.battery.information.to.the.upper.controller.to.be.displayed.by.the.vehicle.
•. Provides.error.code.of.the.battery.to.the.upper.controller.during.diagnostic.
•. Predicts.range.of.the.vehicle.for.all.electric.drive.according.to.the.SoC.
•. Adjusts.mode.of.the.battery.according.to.the.command.from.the.charger.
•. Adjusts.mode.of.the.battery.according.to.the.state.of.the.car.control.system.

A.traction.battery.on.an.HEV.or.EV.stores.a.huge.amount.of.energy.inside.of.it..Protecting.the.battery.
from.extending.beyond.its.operating.limits.is.not.only.needed.to.avoid.early.failure.of.the.battery,.but.is.
also.the.basis.of.protecting.the.safety.of.the.driver.and.passengers..Financially.speaking,.battery.com-
ponents.account.for.about.half.of.the.cost.of.some.EVs..Consequentially,.not.only.is.early.failure.of.the.
battery.unsafe,.but.it.could.mean.repair.costs.in.excess.of.the.vehicle’s.worth..These.potential.hazards.
along.with.operation.at.such.high-voltage.and.high-power.in.harsh.automotive.conditions.make.protec-
tion.of.the.battery.system.from.overextending.a.very.important.issue.

Protection.of.batteries.can.be.classified. into. two.categories;.one. is.active.and. the.other. is.passive..
Usually,.active.protection.methods.are.done.by.the.BMS..The.BMS.coordinates.with.the.power.control-
ler.of.the.vehicle.so.that.the.power.command.from.the.power.controller.does.not.exceed.the.capabil-
ity.of.the.battery..This.protects.the.battery.from.overcurrents..The.BMS.coordinates.with.the.thermal.
management.system.so.that.the.battery.does.not.operate.in.overtemperature.conditions..The.BMS.also.
coordinates.with.the.regenerative.braking.controller.and.the.off-board.charger.to.protect.the.battery.
from.overvoltage.conditions.

Passive.protection.involves.the.isolation.of.the.battery.system.from.other.systems.of.the.vehicle.when.
the.battery.is.about.to.exceed.its.limit..Reset.of.the.battery.controller.or.other.device.from.the.driver.or.a.
technician.is.needed.to.make.the.battery.system.reinstate..Passive.battery.protection.relies.on.the.moni-
toring.of.the.battery.parameters..The.monitoring.system.senses.cell/module.voltages,.battery.current,.
and.cell.temperature..Any.of.these.values.exceeding.the.limit.will.result.in.the.battery.being.protected.

31.4.2 Overcurrent Protection

Overcurrent.protection.is.very.important.to.both.the.life.of.the.battery.and.safety.of.the.vehicle..Failure.
to.protect.the.battery.from.overcurrent.conditions,.in.the.best.case,.will.destroy.the.power.electronics.
devices.in.the.motor.controller..In.the.worst.case,.it.will.put.the.car.in.a.dangerous.state..The.monitor-
ing.system.senses.the.current.via.a.current.transducer,.and.the.BMS.disconnects.the.battery.from.the.
vehicle. by. controlling. the. output. device. (usually. a. contactor),. if. the. continuous. and. instant. current.
exceed.their.preset.value.

Other. than. the. intelligent. controller. protection,. fuse. protection. is. used. to. protect. the. battery.
from. extreme. conditions.. Compared. to. intelligent. protection,. fuse. protection. is. more. reliable. and.
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straightforward.because.the.fuse.protection.does.not.require.the.sensing.circuit.under.normal.operation.
in.order.to.make.the.mechanism.work..Usually,.fuses.are.in.series.in.the.middle.of.the.battery.string..
This.configuration.is.better.than.having.the.fuse.in.series.with.the.output.terminal.of.the.total.battery.
pack..This.is.because.when.extreme.conditions.occur,.the.fuse.breaks.the.total.string.of.battery.into.two.
lower-voltage.strings,.making.the.overall.system.safer.

31.4.3 Overvoltage and Undervoltage Protection

Usually,.overvoltage.and.undervoltage.protection.is.done.by.the.intelligent.controller,.which.controls.
the.output.contactor.of.the.battery..For.a.traction.battery,.since.it. is.composed.of.hundreds.of.single.
cells.connected.together,.it.is.too.costly.and.complex.to.measure.the.voltage.of.each.cell.to.make.sure.
that.they.are.all.in.a.safe.voltage.range..The.most.common.way.is.to.assemble.the.cells.in.modules.and.
measure.the.voltage.of.each.or.several.modules..For.example,.the.2004–2009.Toyota.Prius.has.individual.
modules.composed.of.six.cells.with.a.nominal.voltage.of.7.2.V..The.battery.protection/management.system.
measures.the.voltage.of.every.two.modules.(i.e.,.14.4.V,.nominal.voltage)..The.2003–2005.Honda.Civic.
Hybrid.also.has.the.same.voltage.sensing.strategy..The.battery.protection.system.monitors.the.voltages.
of.every.two.modules.to.see.if.their.voltages.are.within.the.normal.operating.range..If.an.unusual.voltage.
is.sensed.that.could.potentially.harm.the.battery,.the.protection.system.turns.off.the.output.contactor,.
so.that.the.battery.pack.is.protected.from.further.damage.

31.4.4 Overtemperature and Undertemperature Protection

Multiple. thermistors. or. other. temperature. sensors. are. mounted. on. the. battery. body. to. sense. the.
temperature.of.the.cells..If.the.temperature.of.any.sensing.spot.exceeds.the.preset.temperature.limits,.
the.protection.system.disconnects.any.load.applied.to.the.battery.by.controlling.the.output.devices.

31.4.4.1 Other Protections

A.manual.switch.is.usually.in.series.in.the.middle.of.the.battery.string.to.serve.as.a.service.switch..The.
service.switch.and.the.fuse.are.usually.placed.together.in.an.easily.accessible.location.in.the.vehicle.so.
the.technician.can.open.the.service.switch.and.replace.the.fuse,. if.necessary..By.opening.the.service.
switch,.the.battery.is.broken.into.two.lower-voltage.strings.

31.4.5 Examples of traction Battery Sensing System in HEVs

Toyota.Prius.and.Honda.Civic.Hybrid.are. the. two.best-selling.hybrid.vehicles. in. the.market..Figure.
31.5.shows.the.configuration.of.the.2003–2005.Honda.Civic.Hybrid.battery.pack..In.this.pack,.D.size.
nickel-metal.hydride.(Ni-MH).cells.are.used..The.nominal.voltage.of.the.D.size.Ni-MH.cells.is.1.2.V.and.
the.nominal.capacity.is.6.0.Ah..Six.of.these.D.size.Ni-MH.cells.are.connected.in.series.to.form.a.7.2.V.
nominal.module..Twenty.of.these.7.2.V.modules.are.connected.in.series.to.form.the.total.battery.system.
with.a.nominal.voltage.of.144.V.and.nominal.capacity.of.6.0.Ah..The.battery.management.and.protec-
tion.system.monitors.the.voltages.of.every.two.7.2.V.modules..Three.thermistors.are.distributed.equally.
among.the.20.modules.to.monitor.the.cell.temperatures..A.circuit.breaker,.which.can.work.as.a.manual.
switch.and.a.fuse,.is.connected.between.modules.8.and.9..If.the.fuse.or.the.circuit.breaker.works,.the.
144.V.battery.string.is.broken.into.two.lower-voltage.strings..A.current.transducer.is.mounted.near.the.
battery.positive.before.the.relays..Two.relays.are.used.at.the.output.of.the.battery.pack—the.main.output.
relay,.and.a.lower.duty.relay..The.low.duty.relay.is.in.series.with.a.12.Ω.cement.resistor..The.relay.with.
the.resistor.is.used.to.precharge.the.capacitors.in.the.motor.drive.

Figure.31.6. shows. the. internal. structure.of. the.battery.pack.on.a.2004–2009.Toyota.Prius.Hybrid.
Vehicle..The.Prius.has.a.higher.battery.voltage.than.Civic.Hybrid:.28.of.the.7.2.V.battery.modules.are.
connected.in.series.to.form.a.battery.system.with.a.nominal.voltage.of.201.6.V..For.protection,.the.Prius.
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battery.has.a.very.similar.strategy.to.the.Civic.Hybrid.battery..Table.31.2.is.a.list.of.similarities.of.the.
two.battery.systems.

From.the.table.we.can.see.that.neither.of.the.batteries.has.a.balancing.system..Actually,.it.is.reason-
able,.because. in.an.HEV,.the.SoC.of. the.battery. is.always.maintained.at.a.certain.value.(usually.60%)..
In other.words,.the.battery.will.never.be.fully.charged..So.balancing.is.not.an.issue..Furthermore,.Ni-MH.
batteries.can.be.balanced.by.using.passive.methods.

31.4.6 Cell Balancing Methods for traction Batteries

As.mentioned.in.the.protection.section.of.this.chapter,.the.SoC.of.the.battery.in.HEVs.is.always.main-
tained.at.a.certain.value.(usually.60%)..And.all.production.HEVs.through.2008.used.Ni-MH.batteries..
Therefore,.balancing.is.not.an.issue..The.battery.system.on.an.EV.is.a.totally.different.case..Figure.31.7.
shows.the.typical.operation.ranges.of.batteries.used.in.HEVs.and.EVs.
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In.an.EV,.aside.from.providing.power.for.the.secondary.electrical.system,.the.battery’s.main.task.is.in.
providing.automotive.power..The.battery.alone.powers.the.car’s.propulsion.system..While.an.HEV.can.
move.without.a.well-maintained.battery,.this.is.not.possible.in.an.EV..Therefore,.the.battery.on.an.EV.
is.vital.and.is.always.fully.charged.when.plugged-in..When.the.battery.pack.needs.to.be.fully.charged,.
the.balancing.problem.becomes.evident.immediately,.especially.when.lithium-ion.batteries.are.used..So.
far,.there.is.no.mass.produced.HEV.or.EV.equipped.with.battery.balancing.mechanism..In.this.section,.
possible.balancing.methods.are.discussed.and.a.comparative.analysis.is.given.to.find.their.suitability.to.
EV.applications.
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31.4.6.1 Why Batteries Need to Be Balanced

Balancing.is.the.most.important.concept.concerning.the.life.of.the.battery.system.because.without.the.
balancing.system,.the.individual.cell.voltages.drift.apart.over.time..The.capacity.of.the.total.pack.also.
decreases.more.quickly.during.operation,.which.results.in.the.failure.of.the.total.battery.system..This.
condition.is.especially.severe.when.the.battery.has.a.long.string.of.cells.(high-voltage.battery.systems).
and.frequent.regenerative.braking.(charging).is.done.via.the.battery.pack.

Imbalance.of.cells.in.battery.systems.is.very.common.and.is.the.result.of.many.sources..The.sources.
fall.into.two.major.categories—internal.and.external..The.internal.sources.include.manufacturing.vari-
ance.in.physical.volume,.variations.in.internal.impedance,.and.differences.in.self-discharge.rate..The.
external.source.is.mainly.caused.by.some.multirank.pack.protection.ICs.draining.unequally.from.the.
different.series.ranks.in.the.pack..Thermal.difference.across.the.pack.is.another.external.source.because.
it.results.in.different.self-discharge.rates.of.the.cells.

TABLE.31.2. Similarities.between.Honda.Civic.Hybrid.and.Toyota.Prius.Battery.Packs

Battery
Honda.Civic.Hybrid.Battery.

Pack.(144.V)
Toyota.Prius.Hybrid.Battery.

Pack (201.6.V)

Cells Ni-MH.D.Size.1.2.V Ni-MH.Panasonic.Prismatic.1.2.V
Module 6.cells.in.series 6.cells.in.series
Structure 120s.(20.modules.in.series) 168s.(28.modules.in.series)
Thermistors 3 3
Current.sensors 1.current.transducer.at.positive 1.current.transducer.at.negative
Voltage.sensing Every.2.modules Every.2.modules
Output.relays 1.(Positive) 2.(Positive.and.Negative)
Pre-charge.relay Yes Yes
Pre-charge.resistor Cement,.12.Ω Cement,.20.Ω
Segmentation.protection Yes Yes
Balancing No No
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Balancing.methods.can.be.either.passive.or.active..Passive.balancing.method.can.only.be.used.for.lead-
acid.and.nickel-based.batteries.because.lead-acid.and.nickel-based.batteries.can.be.brought.into.over-
charge.conditions.without.permanent.cell.damage..When.the.overcharge.is.not.very.severe,.the.excess.
energy.is.released.by.an.increased.cell.body.temperature..When.the.overcharge.is.too.much,.the.energy.
will.be.released.by.gassing.via.the.gassing.valve.equipped.on.the.cells..This.is.the.natural.method.of.bal-
ancing.a.series.string.of.such.cells..However,.overcharge.balancing.is.only.effective.on.a.small.number.of.
series.cells.because.balancing.problems.grow.exponentially.with.the.number.of.series.cells..Generally,.
this.method.is.a.cost-effective.solution.for.low-voltage.lead-acid.and.nickel-based.battery.systems.

The.basic.idea.of.an.active.balancing.is.to.use.external.circuits.to.actively.transport.energy.among.
cells.so.as.to.balance.the.cells..The.active.balancing.method.can.be.used.for.most.modern.battery.sys-
tems.because.they.do.not.rely.on.the.characteristic.of.cells.for.balancing..This.method.is.the.only.appli-
cable.balancing.method.for.lithium-based.batteries,.since.the.temperature.of.the.lithium-based.batteries.
must.be.rigorously.controlled.in.the.safety.operation.range..Generally,.active.balancing.method.should.
be.used.for.a.lithium-ion.battery.pack,.which.has.three.cells.or.more.connected.in.series.

This. section. discusses. various. active. balancing. methods.. Sorted. by. energy. flow,. active. balancing.
methods.can.be.grouped.into.four.categories..They.are.dissipative.method,.single.cell-to-pack.method,.
pack-to-single.cell.method,.and.single.cell-to-single.cell.method.

Sorted.by.circuit. topology,. there.are. three.major.categories.of.active.balancing.methods..They.are.
shunting.method,.shuttling.method,.and.energy.converter.method..In.the.following.discussions,.bal-
ancing.methods.will.be.sorted.by.their.circuit.topology.

31.4.7 Shunt active Balancing Methods

Shunt. active. balancing. method. is. the. most. straightforward. concept. of. cell. balancing.. This. method.
removes.the.excess.energy.from.higher.voltage.cell(s).to.let.them.wait.for.the.lower-voltage.cell(s).to.catch.
up..The.shunting.method.can.be.separated.into.two.subcategories.based.on.whether.or.not.the.method.is.
dissipative..In.using.the.dissipative.methods,.according.to.application,.a.good.balance.between.heat.dis-
sipation.and.effectiveness.of.balancing.must.be.made,.since.excessive.heat.dissipation.increases.the.dif-
ficulty.of.thermal.management..Also,.uneven.temperature.of.the.cells.aggravates.the.imbalance.between.
the.cells..Five.shunting.methods.will.be.covered.in.this.section.

31.4.7.1 Dissipative Shunting resistor

Dissipative.resistor.is.a.special.balancing.method.because.of.its.reliability.and.simplicity..Figure.31.8.
shows.the.basic.dissipative.resistor.balancing.circuit.topology..The.same.topology.could.work.in.two.
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FIGURE.31.8. Basic.dissipative.resistor.schematic.
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modes—continuous.mode.and.detecting.mode..In.continuous.mode,.all.of.the.relays.are.controlled.by.
the.same.signal,.i.e.,.ON.or.OFF.at.the.same.time..They.are.turned.ON.during.charging..The.cell.with.
a.higher.voltage.has.less.charging.current.in.order.for.other.cells.to.be.charged..This.is.effective.during.
the.entire.charging.process.and.could.be.quite.effective. if. the.resistor.value. is.properly.selected..The.
advantage.of.this.mode.is.that.there.is.no.need.for.complex.control.

While.in.the.detecting.mode,.voltage.monitors.are.added.to.each.cell,.and.an.intelligent.controller.
senses. the. imbalance. conditions. and. determines. if. the. dissipative. resistor. needs. to. be. connected. to.
remove.the.excessive.energy.from.the.cell.

In.either.mode,.the.value.of.the.resistor.should.be.determined.according.to.application..If.the.resis-
tor.value.is.chosen.so.that.the.dissipating.current.is.smaller.than.10.mA/Ah,.the.physical.size.of.the.
resistor.can.be.small..A.10.mA/Ah.resistor.could.balance.cells.at.a.rate.of.1%.per.hour..So,.this.circuit.
could.drain.the.battery.pack.in.a.few.days..When.the.battery.is.in.stand-alone.mode,.the.dissipative.
resistors.should.be.removed.from.the.battery.pack.by.controlling.the.relays..Although.this.topology.
is.not.a.very.effective.active.balancing.method,. it.could.be.used. in.many.applications. for. low-cost.
solutions.

31.4.7.2 analog Dissipative Shunting

Analog.dissipative.shunting.shares.the.same.idea.as.the.resistor.shunting..The.only.difference.is.that.
instead.of.using.resistors,.it.uses.transistors.as.the.dissipation.component..Figure.31.9.shows.the.typical.
analog.shunting.circuit.

In.an.analog.shunting.circuit,.when.a.cell.reaches.the.maximum.charge.voltage.(set.by.the.voltage.
reference.and.the.voltage.divider),.the.current.is.proportionally.shunted.around.the.cell.and.that.cell.is.
charged.at.constant.voltage..This.charge.continues.until.the.last.cell.in.the.string.reaches.the.maximum.
charge.voltage..In.this.method,.the.current.is.only.shunted.at.the.end.of.charging,.so.compared.to.dis-
sipative.resistor.in.continuous.mode,.it.has.less.energy.loss..Compared.to.dissipative.resistor.in.detect-
ing.mode,.this.method.costs.less.because.it.does.not.need.intelligent.control..In.addition,.this.circuit.
approach.could.be.expanded.to.larger.battery.packs.with.more.battery.cells.

31.4.7.3 Pulse Width Modulation–Controlled Shunting

Pulse.width.modulation.(PWM)-controlled.shunting.is.a.type.of.nondissipative.shunting.method..In.
this.method,.the.BMS.senses.the.voltage.difference.of.the.two.neighboring.cells..By.applying.a.PWM.
square.wave.on.the.gating.of.the.pair.of.metal.oxide.semiconductor.field.effect.transistors.(MOSFET).the.
BMS.controls.the.current.difference.of.the.two.neighboring.cells..As.a.result,.the.average.current.flows.
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Mass
charger

FIGURE.31.9. Conceptual.layout.for.analog.shunting.circuit.



31-14	 Power	Electronics	and	Motor	Drives

through.the.higher.voltage.cell.will.be.lower.than.the.normal.cell..Figure.31.10.shows.the.PWM.shunting.
circuit..Disadvantages.of.this.circuit.are.that.it.needs.accurate.voltage.sensing.and.it. is.relatively.
complex..It.requires.2(n.−.1).switches.and.n.−.1.inductors.for.n.cells.

31.4.7.4 resonant Converter

The. resonant. converter. is. another. version. of. the. previous. PWM. shunting. method.. Instead. of. using.
intelligent.control.to.sense.and.generate.a.PWM.gating.signal,.resonant.circuits.are.used.to.both.transfer.
energy.and.drive.the.MOSFETs.

Figure.31.11.shows.the.resonant.converter.balancing.circuit..The.inductor.L1.and.capacitor.C1.are.
used.to.both.transfer.energy.and.drive.the.MOSFET..This.circuit.needs.a.start-up.circuit.to.start.the.
resonance..When.the.voltage.across.L1.is.positive,.Q2.is.ON;.with.the.decrease.of.inductor.voltage,.
Q2.turns.OFF..When.voltage.increases.in.the.other.direction,.Q1.turns.ON,.and.L1.and.C1.resonate.with.
the.first.cell..The.resonance.causes.a.reverse.current.in.L1,.turns.Q2.OFF.and.turns.Q1.ON,.which.is.the.
starting.of.another.cycle.of.the.resonance..If.cell1.has.a.higher.voltage.than.cell2,.the.average.current.
flowing.through.inductor.L2.is.positive.to.balance.the.two.cells..One.set.of.resonant.circuits.are.needed.
for.every.pair.of.neighboring.cells..The.circuit.is.complex.and.requires.a.resonance.start-up.circuit.

31.4.7.5 Boost Shunting

In. the.boost. shunting.method. individual.cell.voltages.are.measured.and.the.switch. for. the.cell.with.
higher.voltage.will.be.activated.by.the.main.controller..The.switch.is.controlled.by.PWM.signal..Figure.
31.12.shows.the.schematic.layout.for.the.boost.shunting.circuit.
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FIGURE.31.10. Conceptual.layout.for.PWM-controlled.shunting.technique.
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When.it. is.operational,. the.circuit.acts.as.a.boost.converter..The.boost.converter.diverts. the.extra.
energy.to.the.other.cells.in.the.string..The.equivalent.circuit.is.shown.in.Figure.31.13.

The.circuit.is.relatively.simple.and.fewer.components.are.used.as.compared.to.other.advanced.balanc-
ing.methods.

31.4.7.6 Complete Shunting

To.get. the.best. results. in.expensive.UPS,.cells. inside.of. the.battery. system.are. individually.charged..
However,.this.requires.an.expensive.parallel.charger..The.complete.shunting.method.can.be.a.substitute.
for.these.systems..Complete.shunting.is.shown.in.Figure.31.14.

In.this.circuit,.only.one.mass.charger.is.needed..The.mass.charger.is.a.current-controlled.converter..
When.one.cell.reaches.its.max.voltage,.the.cell.is.completely.shunted.using.two.switches..The.charge.
finishes.until.the.last.cell.in.the.string.is.fully.charged..This.method.seems.to.be.quite.straightforward..
However,.when.a.string. is. long,. it.may.need.a.cascaded.buck.converter. for.which.the.output.voltage.
range.is.very.wide.

31.4.8 Shuttling active Balancing Methods

The.shuttling.active.balancing.method.utilizes.external.energy.storage.devices.(usually.capacitors).to.
shuttle.the.energy.among.cells.so.as.to.balance.the.cells..There.are.two.shuttling.topologies—switched.
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capacitor.topology.and.single.switched.capacitor.topology..Switched.capacitor.requires.(n.−.1).capaci-
tors.to.balance.n.cells.whereas.single.switched.capacitor.needs.only.one.capacitor.to.balance.n.cells..The.
single.switched.capacitor.is.a.derivation.of.the.switched.capacitor..Shuttling.balancing.method.utilizes.
external.energy.storage.devices.(usually.a.capacitor).to.shuttle.the.energy.between.adjacent.cells.

31.4.8.1 Switched Capacitor

Switched.capacitor.circuit.is.shown.in.Figure.31.15..In.this.topology,.to.balance.n.cells.2n.switches.and.
(n.−.1).capacitors.are.required..The.control.strategy.is.very.simple.because.there.are.only.two.states..In.
the.first.state,.C1.is.in.parallel.with.B1..C1.is.charged.or.discharged.to.obtain.the.same.voltage.as.B1..
After.this.process,.the.system.turns.to.the.other.state..In.this.state,.C1.is.in.parallel.with.B2..After.cycles.
of.this.process,.B1.and.B2.should.be.balanced..The.same.thing.happens.to.C2.and.the.total.battery.pack.
can.be.balanced.

The.advantages.of.the.switched.capacitor.topology.are.that.it.does.not.need.intelligent.control.and.it.
can.work.in.both.recharging.and.discharging.operation..This.is.very.important.for.HEVs.whose.batter-
ies.do.not.have.an.end-of-charge.state.
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31.4.8.2 Single Switched Capacitor

Single.switched.capacitor.topology.is.shown.in.Figure.31.16..Single.switched.capacitor.circuit.is.a.derivation.
of.the.switched.capacitor..The.difference.is.that.this.method.uses.only.one.capacitor.to.shuttle.the.energy.

The. control. strategy. is. simple.. The. speed. of. balancing. is. only. 1/n. of. regular. switched. capacitor.
method..(n.is.the.number.of.cells)..However,.for.this.topology,.more.advanced.control.strategies.can.be.
used.to.switch.between.the.highest.and.the.lowest.voltage.cell,.which.is.called.the.cell-to-cell.method..
The.balancing.speeds.are.also.much.higher..For.this.topology,.n.switches.and.one.capacitor.are.needed.
to.balance.n.cells.

31.4.9 Energy Converter active Balancing Methods

The.energy.converters.here.are.defined.as.isolated.converters..In.these.converters,.the.input.and.output.
side.of.the.converters.have.isolated.grounds.

31.4.9.1 Step-Up Converter

A.step-up.converter.balancing.circuit. is.shown.in.Figure.31.17..This.method.uses.isolated.boost.con-
verters.to.remove.the.excess.energy.from.single.cell.to.the.total.pack..The.inputs.of.the.converters.are.
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FIGURE.31.16. Single.switched.capacitor.
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FIGURE.31.17. Step-up.converter.configuration.for.active.balancing.
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connected.to.each.cell.to.be.balanced..The.outputs.of.the.boost.converters.are.connected.together.
and.connected.to.the.total.battery.pack..By.sensing.the.voltage.of. the.cells,. the. intelligent.controller.
commands.the.operation.of.the.converters.to.balance.the.cells.

This.method.is.relatively.expensive,.but.suitable.for.modular.design..From.energy.flow.point.of.view,.
this.is.the.single.cell-to-pack.method..Special.consideration.is.needed.if.the.battery.pack.has.very.long.
string.cells.because.the.step-up.converter.needs.to.boost.a.single.cell.voltage.to.the.total.pack.voltage.

31.4.9.2 Multi-Winding transformer

In.the.multi-winding.transformer.topology,.a.shared.transformer.has.a.single.magnetic.core.with.second-
ary.taps.for.each.cell..Current.from.the.cell.stack.is.switched.into.the.transformer.primary.and.induces.
currents.in.each.of.the.secondary..The.secondary.with.the.least.reactance.has.the.most.induced.current.

Figure.31.18.shows.the.multi-winding.transformer.balancing.circuit.topology..The.major.part.of.this.
circuit.is.a.multi-winding.transformer,.which.must.be.customized.according.to.the.number.of.cells..This.
trait.restricts.it.from.being.modularized..The.circuit.is.complex,.the.cost.is.high,.and.the.multi-winding.
transformer.is.still.being.researched.

31.4.9.3 ramp Converter

Ramp.converter.topology.shares.the.same.idea.as.multi-winding.transformers..It.is.also.an.improve-
ment.on.the.multi-winding.transformer.balancing.circuit..This.ramp.converter.topology.only.requires.
one.secondary.winding.for.each.pair.of.cells.instead.of.one.per.cell.

Figure.31.19.shows.the.arrangement.for.the.ramp.converter.technology.for.balancing..During.oper-
ation,.on.one.half-cycle,.most.of.the.current.is.used.to.charge.the.odd.number.of.lowest.voltage.cells;.
while.on.the.other.half-cycle,.most.of.the.current.is.used.to.charge.the.even.number.lowest.voltage.
cells.via.the.so-called.ramp.

31.4.9.4 Multiple transformers

Figure.31.20.shows.the.topology.of.multiple.transformer.balancing.method..In.the.multiple.transform-
ers.topology,.several.transformers.can.be.used.with.the.same.result.by.coupling.the.primary.windings.
instead.of.coupling.via.a.single.magnetic.core..Compared.to.the.multi-winding.transformer.scheme,.this.
method.is.better.for.modular.design,.although.it.is.still.expensive.

31.4.9.5 Switched transformer

A.switched. transformer. is. actually. a. selectable. energy.converter..The. input.of. the. converter. is. the.
total.battery.pack,.whereas.the.output.of.the.converter.is.connected.to.a.series.of.switches,.which.are.
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FIGURE.31.18. Multi-winding.transformer.arrangement.
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used.to.select.which.cell.the.output.connects.to..Figure.31.21.shows.the.topology.of.single.transformer.
balancing.method.

This.topology.is.actually.a.pack-to-cell.topology..The.controller.detects.the.unbalanced.(lower.
voltage).cell.and.then.controls.the.switches.to.connect.the.transformer.(isolated.converter).to.it.

31.4.10 Comparative analysis

A.comparison.chart.of.the.balancing.methods.was.shown.in.Table.31.3..Among.all.these.methods,.dis-
sipative.resistor,.boost.shunting,.and.switched.capacitors.are.three.good.methods.for.different.applica-
tions..Dissipative.resistor.in.continuous.mode.is.good.for.low-power.applications,.because.the.resistors.
are.operating.in.continuous.mode,.they.can.be.small.and.they.do.not.need.much.thermal.management..
Another.advantage.of.this.method.is.that.it.is.inexpensive..Boost.shunting.is.good.for.either.high-.or.
low-power.application..And.its.relatively.low.cost.and.simple.control.make.it.a.good.candidate.for.many.
applications..Switched.capacitor.is.good.for.HEV.applications,.not.only.because.it.could.be.operated.in.
both.charging.and.discharging,.but.also.because.it.has.very.simple.control.
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31.4.11 Intelligent Battery Unit

The.intelligent.battery.unit.is.the.brain.of.the.BMS..It.uses.its.“intelligence”.to.determine.battery.oper-
ating.conditions.and.give.commands.to.the.protection,.balancing,.and.communication.systems..In.an.
automotive.battery.design,.the.intelligent.battery.unit.usually.includes.the.following.important.parts.or.
functions:.battery.model,.SoC.determination.and.control,.SoH.determination,.history.log.function,.and.
communication.
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FIGURE.31.21. Switched.transformer.

TABLE.31.3. Comparison.between.Balancing.Methods

Balancing.Methods
Balancing.

Nature
Major.Components.Needed.to.

Balance.an.n.Cell.String
Best.Effective.

Period

Modular.
Design.

Capability

Dissipative.shunt.
resistor

Shunting n.Switches,.n Resistors Recharging Easy

Analog.shunting Shunting n.Transistors Recharging Very.easy
PWM-controlled.

shunting
Shunting 2(n.−.1).Switches,.n −.1.

Inductors
Recharging Moderate

Boost.shunting Shunting n.Switches,.n Inductors Recharging Moderate
Complete.shunting Shunting 2n.Switches,.n Diodes Recharging Moderate
Switched.capacitor Shuttling 2n.Switches,.n −.1 Capacitors Recharging.and.

Discharging
Easy

Single.switched.
capacitor

Shuttling 2n.Switches,.1 Capacitor Recharging.and.
discharging

Poor

Step-up.converter Energy.
converter

n.Isolated.Boost.Converters Recharging Easy

Multi-winding.
transformer

Energy.
converter

1n.Winding.Transformer Recharging Very.poor

Ramp.converter Energy.
converter

1.n/2.Winding.transformer Recharging Very.poor

Multiple.
transformer

Energy.
converter

n.Transformers Recharging Easy

Switched.
transformer

Energy.
converter

n.+.3.Switches.1 Transformer Recharging Moderate

Resonant.converter Energy.
converter

2(n.−.1).Switches,.
2n inductors

Recharging Easy
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31.4.12 Battery Model

The.battery.model. is.embedded.inside.of. the.battery.controller.used.to.describe.the.characteristic.of.
the.battery.in.all.of. its.possible.working.conditions.such.as.temperature,.voltage,.discharge.rate,.and.
SoH..Figure.31.22.shows.the.general.discharge.rate.characteristics.of.batteries..Figure.31.23.shows.how.
the.battery.discharge.time.is.influenced.by.ambient.temperature..These.two.figures.show.only.the.big.
picture.of.battery.characteristics..In.a.practical.battery.model,.since.the.target.battery.is.known.and.the.
characteristics.are.obtained,.the.specific.characteristics.are.covered.by.the.battery.model..The.model.can.
be.used.to.predict.the.reaction.of.the.battery.at.any.external.and.internal.conditions.

The.most.beneficial.function.of.embedding.the.battery.model.is.to.help.in.estimating.the.SoC.of.the.
battery.system..When.the.voltage-based.SoC.determination.method.is.used,.the.characteristic.curve.of.
the.battery.is.a.function.of.discharge.rate,.SoH.of.battery,.voltage,.temperature,.and.even.environment.
humidity..With.the.help.of.a.battery.model,.a.more.accurate.SoC.can.be.obtained.because.the.battery.
model.can.be.used.to.calibrate.the.errors.according.to.the.operating.condition.of.the.battery..This.is.
explained.further.in.the.SoC.determination.subsection.of.this.chapter..When.coulomb-counting.SoC.
determination.method.is.used,.the.battery.model.describes.the.charging.efficiency,.self-discharge.rate,.
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and.the.influences.of.other.error.sources..Therefore,.the.SoC.determination.method.can.use.the.infor-
mation.provided.by.the.battery.model.to.calibrate.the.results.

Together.with.the.history.log.function,.the.battery.model.can.be.used.in.estimating.the.SoH.of.the.
battery.as.well..The.SoH.determination.is.discussed.later.in.this.chapter.

31.4.13 State of Charge Determination

SoC.is.a.term.used.to.describe.the.energy.left.in.a.battery.pack,.usually.expressed.by.percentage..When.
a.new.battery.is.fully.charged.the.SoC.is.considered.100%.of.its.nominal.capacity..On.the.other.hand,.
when.it.is.completely.drained,.the.SoC.is.considered.0%..For.an.EV.driver,.the.SoC.is.similar.to.the.fuel.
gauge.on.a.gasoline.vehicle,.which.is.used.to.tell.the.driver.the.range.left.before.recharging.is.needed..The.
SoC.information.is.also.very.important.for.other.function.blocks.of.the.vehicle,.such.as.hybrid.control.
strategy.for.an.HEV.and.charge.control.for.an.EV..There.are.many.methods.used.to.determine.the.SoC.
of.a.battery.pack..Some.widely.used.methods.are.explained.and.discussed.below.

31.4.13.1 Direct Measurement

The.SoC.of.a.battery.can.be.directly.measured.in.laboratory.conditions.with.nominal.current.discharge.
of.the.battery..This.method.is.very.accurate.but.not.practical.because.the.whole.battery.must.be.dis-
charged.before.the.SoC.is.revealed..So.the.direct.measurement.method.is.only.used.by.manufactures.
for.battery.testing.

31.4.13.2 Voltage-Based State of Charge Determination

Voltage-based.SoC.determination.method.is.a.very.straightforward.method..It.is.based.on.the.principle.
that. the.voltage.of. the.battery.drops.while. it.discharges..Although. the.SoC.does.not. reduce. linearly.
with.a.decrease.in.voltage,.several.points.can.be.selected.and.piecewise.linearization.can.be.employed.
to.approximate.the.SoC..This.method.is.used.in.many.low-cost.battery.indicators:.several.segments.of.
LEDs.are.used.to.display.the.SoC.of.the.battery..Several.threshold.voltage.values.are.used.to.determine.
the.SoC.so.as.to.turn.on.the.corresponding.LED.to.indicate.the.SoC.

One.problem.with. this.method. is. that. for. some.battery.chemistries,. the.voltage.versus.SoC.curve.
is.so.flat.that.they.cannot.be.easily.linearized..Figure.31.24.shows.the.typical.discharge.characteristic.
curve.of.Ni-MH,.Li-ion,.and.lead-acid.batteries..From.this.figure,.it.can.be.seen.that.the.discharge.curve.
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of.Ni-MH.battery.is.much.flatter.than.that.of.Li-ion.and.lead-acid.batteries..Thus,.the.use.of.voltage-
based.SoC.determination.poses.more.problems.for.use.on.Ni-MH.battery.than.on.Li-ion.and.lead-acid.
batteries.

Discharge.characteristics.of.a.battery.highly.depend.on.battery.temperature,.discharge.rate,.and.SoH.
of.the.battery..Therefore,.only.if.the.battery.is.well.maintained.so.that.the.characteristic.curve.does.not.
drift.away.from.the.preset.curve,.the.load.drains.a.relatively.constant.current,.and.if.the.operating.tem-
perature.of.the.battery.is.relatively.constant,.the.SoC.estimation.method.can.be.informative..Otherwise,.
a.battery.model.is.needed.in.order.to.estimate.the.SoC.

31.4.13.3 Coulomb-Counting State of Charge Determination Method

This.method.measures. the. inflow.and.outflow.current. in.order. to.determine.the.remaining.capacity.
in.the.battery.pack..The.implementation.of.this.method.is.to.do.a.current.integration.over.time..When.
microcontrollers.with.built-in.analog-to-digital.converters.(ADC).are.used.for.coulomb-counting,.sam-
pling.method.is.used..The.measurement.of.current.can.be.done.by.using.shunt.resistors.or.hall.sensors..
Hall.sensors.are.more.widely.used.in.automotive.battery.packs.because.they.will.not.result.in.power.
loss.compared.to.shunt.resistors..Figure.31.25.shows.the.implementation.of.the.sampling.method.based.
coulomb-counting.method.

Coulomb-counting.method.can.be.accurate.in.several.charge.and.discharge.cycles..With.the.increased.
cycles.of.charge.and.discharge,.errors.will.be.accumulated.because.this.method.cannot.count.the.self-
discharge.portion.of.energy.

Another.effect,.which.must.be.taken.into.consideration,.is.the.recharging.efficiency..When.using.the.
coulomb-counting.method. to.measure. the. incoming.charge.energy,.errors.occur.because. the.charg-
ing.efficiency.depends.on.the.condition.of.the.battery.other.than.100%..Several.methods.can.be.used.
to.eliminate.the.effect.of.self-discharge.and.other.sources.of.errors..Two.commonly.used.methods.are.
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the.battery-model.method.and.the.reset.method..The.battery-model.method.has.been.discussed.in.the.
battery.model.part.of.this.chapter..The.battery.model.basically.describes.the.behavior.of.the.battery.in.
different.working.conditions.and.the.performance.of.the.battery.over.time..Reset.calibration.is.a.practi-
cal.way.for.coulomb-counting.method.and.it.is.especially.beneficial.for.EV.batteries.since.the.battery.of.
an.EV.has.the.chance.to.be.fully.charged..When.the.battery.is.fully.charged,.the.reset.calibrate.method.
can.reset.the.coulomb.counting.and.tell.the.system.that.the.battery.has.a.100%.SoC.

31.4.13.4 Other SoC Determination Methods

For. lead-acid. batteries,. a. method. to. measure. the. changes. in. the. weight. of. the. active. chemicals. can.
be.effective.to.determine.the.SoC.of.the.battery..However.this.method.can.only.be.used.in.lead-acid.
batteries.

31.4.14 State of Health Determination

SoH.is.a.term.used.to.describe.the.capability.of.delivering.energy.of.a.battery.to.the.load..It.is.also.an.
indication.of.if.the.battery.needs.to.be.replaced.or.how.long.the.battery.can.last.before.needing.to.be.
replaced..When.concerned.about. the.capability.of.delivering.energy,. it. is.assumed. that.a.brand.new.
battery,.which.can.deliver.100%.of.its.nominal.capacity.is.in.good.SoH..In.the.battery.industry,.it.was.
defined. that.a.battery,.which.can.deliver.only.70%.of. its.nominal. capacity. is. a.battery. in.poor.SoH..
Actually,.battery.manufactures.claim.that.the.cycle.life.of.a.battery.is.also.based.on.the.70%.of.capacity.
value..It.means.the.cycle.life.of.the.battery.before.it.still.has.70%.of.its.nominal.capacity.

Measurement.of.SoH.can.be.done.by.comparing.the.current.capacity.of.the.battery.pack.with.the.
capacity.of.a.new.battery..This.requires.the.SoH.determination.system.to.get.access.to.the.history.infor-
mation.of.the.capacity,.or.some.preset.capacity.value.should.be.provided..Other.methods.to.determine.
the.SoH.are. the.measurement.of. internal. resistance.changes,. self-discharge. rate.changes,.and.so.on,.
because.these.parameters.also.change.with.the.battery.SoH.

31.4.15 History Log Function

The.history.log.function.is.one.possible.and.useful.function.for.BMS.in.automotive.application..In.the.
BMS,. a. dedicated. memory. chip. or. memory. area. is. used. to. do. the. history. log.. The. history. informa-
tion.can.be.easily.obtained.via.external.diagnostic.tools..The.history.log.function.records.the.following.
information:

•. Charge.and.discharge.cycles
•. Discharge.capacity.of.each.cycle
•. Maximum.and.minimum.voltage.and.temperature
•. Maximum.discharge.current.of.the.battery

By.evaluating.the.history.log,.it.can.be.determined.whether.or.not.the.battery.had.ever.been.abused,.
which.would.be.helpful.in.a.warranty.claim.or.dispute.

31.4.16 Charge regulation

Since.the.intelligent.unit.on.the.BMS.not.only.has.all.the.information.(voltage,.current,.temperature,.
and.history).about.the.battery.pack,.but.also.takes.control.of.the.battery,.the.charge.regulation.should.
be.done.by.this.unit.as.well..The.intelligent.unit.on.the.battery.does.all.the.sensing,.control,.and.charge.
termination,.which.results.in.a.greatly.simplified.off-board.charger..The.off-board.charger.only.needs.to.
respond.to.the.command.from.the.battery.pack.during.the.charging.process.

In.automotive.application,.it.is.better.if.the.battery.can.be.charged.faster..For.a.controlled.fast.charge,.
the.termination.is.important..An.“out.of.control”.charging.process.is.dangerous..Thus,.determination.of.
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charge.termination.is.an.important.function.in.the.charge.regulation..Table.31.4.is.a.list.of.termination.
methods.for.different.chemistry.batteries.

31.4.16.1 Charging Control of Nickel-Based Batteries

Any.battery,.including.nickel-based.batteries,.can.be.charged.using.constant.current.with.a.proper.ter-
mination. method.. Termination. methods. for. nickel-based. batteries. are. negative. delta. voltage. (NDV).
termination.and.zero.delta.voltage.(ZDV).termination,.which.are.based.on.the.charging.characteristics.
of.the.batteries.

31.4.16.1.1  Negative Delta Voltage Termination Method
The.NDV.termination.method.is.applicable.for.Ni–Cd.batteries.because.only.a.Ni–Cd.battery.presents.a.
negative.dV/dt,.when.it.is.fully.charged..In.other.words,.when.the.battery.is.not.fully.charged,.the.battery.
voltage.increases.with.the.elapse.of.charging.time..However,.when.the.battery.is.fully.charged,.the.volt-
age.begins.to.drop.with.the.continuing.of.charging..The.NDV.method.detects.the.dV/dt.of.the.battery.
and.if.the.dV/dt.reaches.the.preset.negative.value,.the.charging.process.is.terminated..Figure.31.26.shows.
the.idea.of.NDV.and.ZDV.method.

31.4.16.1.2  Zero Delta Voltage Termination Method
Unlike.Ni–Cd.batteries,.Ni-MH.batteries.do.not.present.such.a.noticeable.negative.dV/dt,.when.they.are.
fully.charged..Usually,.the.dV/dt.is.very.small.or.even.zero..This.is.a.helpful.characteristic.in.determining.
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FIGURE.31.26. Charging.termination.methods.for.Ni–Cd.and.Ni-MH.battery.types.

TABLE.31.4. List.of.Charging.Methods.and.Termination.Methods

Ni-Cd Ni-MH Lead-Acid Li-Ion

Slow.charge CC.+.Trickle/Timer CC.+.Timer CC-CV.+.Trickle/.Timer CC.+.Voltage.limit
Fast.charge.1 CC.+.NDV CC.+.ZDV CC-CV.+.Imin CC-CV.+.Imin

Fast.charge.2 CC.+.dT/dt CC.+.dT/dt
Backup.termination.1 Temp..cut.off Temp..cut.off Timer Temp..cut.off
Backup.termination.2 Timer Timer Timer

Note:. CC,.Constant.Current;.CC.CV,.Constant.Current.Constant.Voltage;.NDV,.Negative.Delta.Voltage;.ZDV,.
Zero.Delta.Voltage.
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the.termination.as.well..Therefore,.the.ZDV.termination.methods.detect.the.dV/dt,.whenever.the.dV/dt.
is.equal.to.or.less.than.zero.in.a.period.of.time,.then.the.charging.process.can.be.considered.finished.

31.4.16.2 Charging Control of Lithium-Ion and Lithium-Polymer Batteries

Charging. a. lithium-ion. or. lithium-polymer. battery. without. voltage. limiting. can. be. dangerous.. This.
is.because.when.their.voltage.exceeds. the.maximum.value,. the.extra.charging.energy.could.damage.
the.cell.or.cause.fire..Constant.current.constant.voltage.(CC-CV).charging.method.is.usually.used.for.
lithium.batteries..The.CC-CV.charging.method.has. two.phases,. the.constant. current.phase.and. the.
constant.voltage.phase..When.the.battery.voltage.is.low,.the.battery.is.charged.with.constant.current..
Before.the.voltage.reaches.its.maximum.value,.the.controlled.charger.switches.the.charging.phase.to.a.
constant.voltage.state.in.which.the.current.reduces.to.a.trickle.current..When.the.current.drops.below.
a.preset.minimal.value.(Imin),.which.means.the.battery. is. fully.charged,. the.charging.process.will.be.
terminated..Figure.31.27.shows.the.concept.of.CC-CV.charging.method..The.CC-CV.+.Imin.method.is.
the.recommended.method.for.fast.charging.of.lead-acid.batteries.as.well.

31.4.17 Communication

The.standard.for.vehicle.communication. is. the.controller.area.network.(CAN).bus.. It.was.originally.
developed. in. 1983. by. Bosch. in. Germany. with. the. purpose. of. solving. the. communication. problem.
between. multiple. microcontrollers. on. vehicles.. An. automotive. BMS,. therefore,. communicates. with.
other.controllers.in.the.hybrid.system.on.the.vehicle.via.hybrid.system.CAN.bus..Usually.hybrid.system.
CAN.bus.shares.information.with.the.power-train.controller,.display.modules.and.safety.controls.via.
CAN.communication.gateways.
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32.1  Introduction

Owing. to. major. advancements. in. power. electronics. and. improvements. in. the. efficiency. of. motor.
drives,.vehicular.technology.standards.have.been.raised.significantly..Automotive.electronics.have.been.
adapted.to.cater.to.the.consumers’.needs..Figure.32.1.shows.some.of.the.more.common.loads.that.are.
seen.in.automotives.today..The.following.sections.briefly.introduce.the.role.played.by.power.electronics.
and.motor.drives.in.these.applications.

An. additional. torque. called. assist. torque. is. applied. to. the. steering. column. from. an. attached.
electric.motor..Using.feedback.of.torque.and.vehicle.velocity.for.on-board.sensors,.the.control.unit.
calculates.relevant.torque.and.current.commands.for.the.motor..This.calculated.amount.of.torque.
is.then.applied.to.steering.column.by.motor.through.a.reduction.gearbox..Since.the.electric.motor.
only.provides.assist. torque. to. the.driver.during. turns.and. is.unused.otherwise,. it. exhibits.better.
efficiency. than. its.hydraulic.counterpart..The.configuration.of.a. typical.power. steering. system. is.
shown.in.Figure.32.2.

32.2  Electric Power Steering System

32.2.1  Conventional Power Steering System

Electrification.of.the.power.steering.system.in.automotives.has.several.advantages..It.inherently.offers.light.
steering.at.lower.speeds.and.higher.stability.at.high.speeds..This.system.typically.comprises.of.a.steering.
wheel,.a.steering.column,.an.intermediate.shaft,.rack.and.pinion,.and.steering.linkages..A.torque.sensor.is.
placed.between.the.steering.wheel.and.the.steering.column..The.purpose.of.this.sensor.is.to.measure.the.
torque.applied.by.the.driver.as.a.feedback.to.the.control.unit.
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FIGURE.32.1. Electrical.system.in.automotives—loads.commonly.in.use.today.
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FIGURE.32.2. Typical.power.steering.system.in.automotives.
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32.2.2  Steer-by-Wire System

Based.on.construction,.there.are.four.different.types.of.electric.power.steering.systems..They.are.the.column-
assist,.the.pinion-assist,.the.rack-assist,.or.the.fully.steer-by-wire..Figure.32.3.shows.the.layout.and.placement.
of.a.typical.steer-by-wire.system..The.steer-by-wire.has.three.basic.subsystems.in.this.arrangement:

•. The. steering. wheel. subsystem. contains. the. torque. sensor,. steering. angle. sensor,. and. steering.
wheel.motor..The.torque.and.angle.sensors.are.used.to.signal.the.commanded.turn.angles.and.the.
rate.of.change.of.angular.position.from.the.driver.to.the.control.unit..The.electric.motor.is.used.to.
provide.a.counter-torque.to.the.driver.so.that.the.reaction.of.the.road.and.vehicle.velocity.can.be.
felt..This.reaction.is.helpful.in.adjusting.the.commanded.angle.and.sharpness.of.the.turn.

•. The.controller.subsystem.includes.the.vehicle.speed.sensor.and.an.electronic.control.unit.(ECU)..
The.ECU.controls.the.steering.wheel.motor.and.the.front.wheel.motor.for.the.driver’s.steering.feel.
and.for.improving.vehicle.maneuverability.and.stability.

•. The.front.wheel.motor.subsystem.includes.the.position.sensor;.rack.pinion.gear;.other.reduction.
gear. arrangements;. and. the. front. wheel. motor,. which. positions. the. tire. according. to. the. data.
provided.by.the.driver.via.the.steering.wheel.subsystem..The.steering.wheel.subsystem.and.the.
front.wheel.subsystem.transmit.the.information.obtained.from.sensors.to.the.ECU.to.calculate.
the.desired.reactive.torque.and.front.wheel.angle..Figure.32.3.illustrates.the.placement.and.layout.
of.a.typical.steer-by-wire.system.for.a.vehicle.

32.3  Electronic Stability Control System

Electronic.stability.control.(ESC).system.is.a.safety.feature.that.is.used.to.detect.and.avoid.the.car.from.
skidding..This.is.a.software-based.control.that.is.mainly.used.to.protect.the.passengers.in.the.vehicle..This.
system.uses.information.of.torque.angle,.vehicle.speed,.yaw.angle,.etc.,.to.determine.the.direction.that.the.
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vehicle.is.being.commanded.to.turn..It.compares.this.data.to.the.direction.that.the.vehicle.is.moving.to.
make.an.informed.decision..If.the.ESC.system.perceives.the.possibility.of.a.skid,.it.applies.brakes.to.indi-
vidual.wheels.to.enable.the.system.to.regain.control..This.system.is.typically.designed.to.be.able.to.apply.
brakes.to.each.wheel.individually..It.is.an.improvement.over.manual.control.mainly.because.the.drive.has.
a.collective.control.over.all.four.wheels.

32.3.1  Continuously Variable transmission System

In.a.conventional.transmission.system,.mechanical.power.is.transferred.from.the.engine.to.the.wheels.
using.gear.ratios.to.regulate.speed.of.the.wheels..Since.the.number.of.combinations.available.is.finite,.
the.engine.is.often.forced.to.modulate.its.speed,.which.affects.its.power.output.and.efficiency..A.con-
tinuously.variable.transmission.(CVT).is.capable.of.allowing.an.infinite.number.of.ratios.within.a.finite.
range..This.allows.the.engine.to.continuously.operate.at.speeds.that.offer.highest.efficiency.or.best.per-
formance.. In. its. transition. from.a.mechanical. to.an.electric. system,. the.CVT.has.undergone.several.
implementations..The.following.classification.demonstrates.the.approach.used.in.purely.electrical.CVT.
systems.along.with.a.brief.overview.of.its.mechanical.equivalent:

• Hydraulic CVT:. These. transmission. systems. are. comprised. of. a. hydraulic. pump. and. a. motor..
Typically,.the.engine.drives.the.pumps.and.transmits.power.using.high-pressure.oil..The.hydrau-
lic.motor.converts.this.power.into.mechanical.power,.which.is.transferred.to.the.load..Since.the.
pressure.from.the.pump.can.be.regulated,.this.transmission.system.has.an.indefinite.transmis-
sion.ratio.available..This.type.of.CVT.is.typically.used.in.agricultural.machines.

• Belt-driven CVT:.This.system.is.most.commonly.used.in.automobiles..As.the.name.suggests,. it.
includes.a.pulley.and.belt.assembly..While.one.pulley.is.connected.to.the.engine.shaft,.the.other.
is.connected.to.the.output.shaft..A.belt.is.used.to.link.the.two.pulleys..Variation.in.the.distance.
between.the.two.half.pulleys.allows.a.variation.in.effective.diameter.for.the.belt..The.transmission.
ratio.is.therefore.a.function.of.the.two.effective.diameters.

• Electrical CVT:.The.purely.electric.CVT.is.similar.in.operation.to.the.hydraulic.CVT..It.is.primarily.
comprised.of.two.electric.machines..The.machine.that.is.connected.to.the.engine.operates.as.a.as.
generator,.while.the.machine.connected.to.the.wheels.is.used.as.a.motor..Electric.power.is.passed.
through.the.control..One.of.the.requirements.for.this.system.is.that.the.sizes.(maximum.continuous.
power).for.both.machines.have.to.be.equal.to.the.maximum.power.of.the.engine..Also.there.is.no.
rigid.connection.between.the.motor.and.generator,.which.gives.it.an.infinitely.varying.gear.ratio.

32.3.2  Ignition Systems

The.ignition.system.in.an.automotive. is. to. ignite. the. fuel–air.mixture. in. the.cylinder.of. the.engine..
Intermediate.power.electronic.circuits.are.responsible.to.create.between.20.and.50.kV.across.an.air.gap.
at.the.tip.of.the.spark.plug..This.is.done.up.to.several.thousand.times.per.minute..These.sparks.have.to.
be.timed.very.accurately.to.ignite.the.mixture.in.the.right.cylinder..If.the.timing.of.this.system.is.off,.it.
could.result.in.a.drastic.reduction.in.the.performance.of.the.engine..There.are.two.basic.ignition.tech-
niques:.mechanical.and.electronic..They.are.explained.in.brief.in.the.section.below.

• Mechanical ignition system:.This.ignition.type.uses.a.mechanical.system.to.time.the.high-volt-
age.sparks.generated.to.ignite.the.fuel..It.can.be.broadly.divided.into.two.sections:.the.low-voltage.
circuit.(operates.at.battery-level),.which.generates.the.signal.to.fire.the.spark.plug;.and.the.high-
voltage.ignition.coil,.which.is.responsible.for.stepping.battery.voltage.to.the.required.range..The.
ignition.coil.used.in.this.system.operates.similar.to.a.step-up.transformer..Current.is.applied.
from. the. battery. through. a. current-limiting. resistor. or. resistance. wire. to. the. primary. coil,.
and. is.grounded.through. ignition.points. in. the.distributor..This.creates.current. through.the.
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secondary. coils,. resulting. in. the. buildup. of. a. magnetic. field.. As. the. distributor. cam. rotates.
along.with.the.engine,.contact.points.are.forced.apart,.breaking.the.circuit.and.stopping.the.
flow.of.current..This.interruption.causes.the.magnetic.circuit.to.collapse.and.produce.a.high-voltage.
spark..The.spark.is.sent.to.the.right.spark.plug.through.the.distributor.

• Electronic ignition system:. Electronic. ignition. systems. (Figure. 32.4). are. different. from. the.
mechanical.system.in.the.fact.that.they.do.not.use.a.distributor..Instead,.they.have.an.armature.
(also.called.a.reluctor),.a.pickup.coil,.and.an.electronic.control.module..The.setup.of. the.elec-
tronic.ignition.is.similar.to.mechanical.unit..Current.from.the.battery.flows.through.the.ignition.
switch.to.the.primary.coil.windings..This.causes.the.buildup.of.a.strong.magnetic.field..When.the.
rotating.armature.nears.a.pick-up.coil,.the.electronic.module.is.commanded.to.turn.OFF.the.pri-
mary.current,.which.causes.the.field.to.collapse..This.causes.a.high-voltage.spark.in.the.secondary.
winding,.which.is.transferred.to.the.spark.plug.through.the.distributor.

• Distributor-Less ignition system:.As.the.name.suggests,.this.ignition.technique.does.not.use.a.
distributor. to. transmit. the.high.voltage. to. the.spark.plug.and.has.no.moving.parts.. Instead,.
the.spark.plugs.are.fired.directly.from.the.coils..Timing.of.the.sparks.is.controlled.by.on-board.
computers:.ignition.control.unit.(ICU).and.the.engine.control.module.

For.example,.in.a.four-stroke.engine.with.one.ignition.coil.connected.to.two.cylinders,.each.cylin-
der.is.paired.with.another.that.has.the.opposite.firing.sequence..The.basic.arrangement.is.as.shown.
in.Figure.32.5..For.this.engine.configuration,.when.one.cylinder.(called.the.event.cylinder).is.in.the.
compression.stroke.another.one.(also.called.the.waste.cylinder).is.in.the.exhaust.stroke..When.the.
coil.discharges,.both.spark.plugs.fire.at.the.same.time.to.complete.the.circuit..Since.the.polarity.of.
the.primary.and.the.secondary.windings.are.fixed,.the.firing.sequence.of.these.two.plugs.is.always.
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opposite..Since.there.are.no.moving.parts.to.this.system,.there.is.no.issue.with.wear..In.addition,.
there.is.no.drag.on.the.engine.since.no.distributor.is.used.

32.3.3  antilock Braking

Owing.to.the.rapid.advancement.in.signal.processing.capabilities.and.power.electronics,.several.addi-
tional. features. have. been. added. to. improve. safety. and. reliability. of. the. vehicle.. Antilock. braking.
system.(ABS).is.one.such.feature.that.is.extremely.useful.in.avoiding.skidding.of.tires.due.to.sudden.
deceleration.for.specific.road.conditions..When.the.vehicle.decelerates.too.fast,.it.is.possible.for.one.
or.more.tires.to.lose.traction,.causing.the.wheels.to.“lock.”.This.causes.the.driver.to.lose.the.ability.
to.steer.the.vehicle.while.stopping,.which.can.be.dangerous..The.ABS.senses.any.such.rapid.decelera-
tion.and.applies.pulses.of.braking.force.to.the.locked.wheel.while.applying.normal.braking.power.to.
the.remaining.wheels..This.“pulsing”.is.felt.by.the.driver.on.the.brake.pedals.of.a.vehicle.(with.ABS).
when.the.brake.is.pressed.hard..This.action.allows.the.driver.to.retain.control.while.braking.during.
unusual.driving.conditions..This.system.is.even.more.effective.in.electric.and.hybrid.electric.vehicles.
with.hub-motors.built. into.each.wheel..The.ABS.system.has. four.main.components. that.effectively.
describe.its.operation.

• Speed sensors:. The. vehicle. speed. sensor. estimates. speed. of. the. vehicle. and. detect. any. sudden.
decelerations.in.motion.initiated.by.the.driver..This.allows.the.control.unit.to.anticipate.any.pos-
sibility.of.locking.of.wheels..These.sensors.are.typically.placed.on.the.wheels.or.the.differential.of.
the.vehicle.

• Valves:.The.valves.used.in.the.ABS.system.are.used.for.three.purposes:
•. To.pass.pressure.from.the.master.cylinder.to.the.brakes.
•. To.close.the.line.and.prevent.brake.pressure.from.rising.further.in.case.the.driver.applies.

additional.pressure.on.the.pedals.
•. To.release.pressure.from.the.brakes.

• Pump:.The.pump.is.used.in.the.ABS.system.to.reestablish.the.pressure.in.the.line.after.it.has.been.
released.from.the.valves.

• Electrical control unit:.This.unit. is. the.“brain”.of. the.ABS..It. is.responsible. for.monitoring.the.
speed.sensor,.commands.from.the.driver,.and.pressure.in.the.line.to.control.the.pump.and.the.
valves.
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32.4  Electronic Fuel Injection

An.electronic. fuel. injector.replaces.the.conventional.carburetor. in.older.ICE-driven.vehicles..Simply.
stated,.an.electronic.fuel.injector.is.an.electromechanical.valve.that.is.controlled.based.on.information.
obtained.from.various.on-board.sensors..It.ensures.an.appropriate.combination.of.fuel-to-air.ratio.for.
the.ICE..There.are.three.main.parameters.that.are.governed.by.the.fuel.injector:

. 1.. Quantity. of. fuel. injected—based. on. input. from. electronic. signals. from. the. mass. air-flow. sensor,.
oxygen.sensor,.throttle.position.sensor,.coolant.temperature.sensor,.and.engine.speed.sensor.for.the.
vehicle.

. 2.. The.fuel.delivery.system.is.responsible.to.maintain.the.pressure.on.the.injector..This.is.useful.in.
maintaining.the.appropriate.amount.of.fuel.during.operation.of.the.engine.

. 3.. The.air.induction.system.is.responsible.for.delivering.air.to.the.engine.based.on.driver.demand.to.
form.the.air–fuel.mixture.

32.4.1  automotive Pumps

In.a.vehicle,.the.gas.(petrol/.diesel).tank.and.the.engine.are.typically.located.at.opposite.ends..As.a.result,.
fuel.needs.to.be.drawn.toward.the.engine..This.task.is.performed.by.a.fuel.pump..They.are.broadly.
classified.into.two.categories:.mechanical.and.electrical..A.mechanical.fuel.pump.is.typically.located.
close.to.the.engine..This.pump.uses.power.from.the.engine.to.create.a.negative.pressure..This.vacuum.is.
then.used.to.draw.the.gas.toward.it.

Fuel

Pressure
limiter

One-way
valve

FIGURE.32.6. Conceptual.placement.of.an.electric.motor.in.a.fuel.pump.system.for.automotives.

Battery

PassengerDriver

Driver 
controlled 

window lock

Motor

FIGURE.32.7. Conceptual.schematic.for.flow.of.control.in.a.basic.power.window.system.
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An.electric.fuel.pump.is.controlled.by.a.computer.and.pumps.fuel.in.accordance.with.throttle.pres-
sure.. It. is.used. to.provide.a.constant.flow.of. fuel. that. is. sprayed.as.a.fine.mist. into. the.compression.
chamber..This.pump.is.typically.submerged.in.the.gasoline.in.the.tank.to.keep.it.cool.and.create.a.posi-
tive.pressure..Since.gasoline.in.its.liquid.form.does.not.explode,.this.placement.is.also.done.to.reduce.
risk..Apart.from.this.application,.some.of.the.other.applications.that.use.pumps.include.cooling.system,.
power.steering,.etc..Figure.32.6.shows.a.diagram.that.shows.the.position.of.the.electric.motor.and.the.
approximate.placement.of.inlet.and.outlet.valves.

32.4.2  Power Doors and Windows

There.are.different.ways.to.wire.power.windows.and.doors..A.basic.control.system.is.shown.in.Figure.
32.7.. In.this.system,.power. is. fed.to. the.central. locking.unit.on.the.driver’s.door. through.the.circuit.
breaker..When.the.switch.is.disengaged.(turned.OFF),.power.is.distributed.to.a.contact.at.the.center.of.
each.of.the.four.window.switches..At.this.point,.individual.control.is.allowed.to.passengers.at.each.door..
The.button.pressed.by.the.person.decides.the.polarity.in.which.the.motor.rotates.and.can.be.used.to.roll.
the.window.up.or.down.
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33.1  Introduction

In.the.recent.past,.hybrid.electric.and.plug-in.hybrid.electric.vehicles.(HEVs/PHEVs).have.been.widely.
accepted. as. viable. alternatives. to. conventional. vehicles,. due. to. their. environmentally. friendly. and.
energy-wise. features.. In. the. form. of. a. modified. HEV,. PHEVs. are. equipped. with. sufficient.on-board.
electric.power,.to.support.daily.driving.(on.an.average.of.40.miles/day.in.North.America).in.all-electric.
mode,.using.only.the.energy.stored.in.batteries,.without.consuming.a.drop.of.fuel..This,.in.turn,.causes.
the.embedded.internal.combustion.engine.(ICE).to.merely.use.a.minimal.amount.of.fossil.fuel,.to.sup-
port.further.driving.beyond.40.miles..Eventually,.a.large.reduction.in.green.house.gas.(GHG).emissions.
is.experienced..PHEVs.can.reduce.fuel.consumption.by.charging.its.battery.from.the.grid.or,.possibly.in.
the.near.future,.from.various.forms.of.green.and.renewable.energy.resources.[1,2].

From.a.structural.point.of.view,.a.PHEV.is.an.HEV.with.sufficiently.sized.rechargeable.on-board.
battery.pack,.which.is.allowed.to.employ.either.a.series.topology,.parallel.topology,.or.a.series–parallel.
combined.topology,.as.shown.in.Figures.33.1.and.33.2.

Essentially,. PHEVs. could. drive. in. an. all-electric. mode. until. the. on-board. battery. is. completely.
drained..Fuel.energy.is.used.for.further.traveling.or.whenever.needed,.such.as.in.the.case.of.aggres-
sive.driving.conditions..Thus,.PHEVs.are.considered.highly.electric-intensive.vehicles,.which.may.have.
excellent.performance.over.a.regular.series.HEV.

33.2  PHEV technology

A.PHEV.drivetrain. involves.several.stages.of.energy-consuming.components..The.drivetrain.mainly.
includes.the.high-energy-density.energy.storage.system,.overall.controller,.power.electronic.converters,.
and.the.electric.motor..From.the.analytical.point.of.view,.Figure.33.3.shows.a.typical.layout.of.a.parallel.
PHEV.drivetrain.topology,.as.an.example.
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In.the.case.of.a.series.PHEV,.as.shown.in.Figure.33.1,.two.different.energy.sources.are.combined.in.
succession..It. is. important. to.note.here. that. the.electric.motor.offers. the.only. traction,.making. it.an.
electric-intensive.vehicle,.more.suitable.for.city.driving..The.ICE.works.at.its.optimal.operating.point.as.
an.on-board.generator,.maintaining.battery.charge,.by.meeting.the.predetermined.state.of.charge.(SOC).
requirements.

In.case.of.a.parallel.PHEV,.as.is.clear.from.Figure.33.2,.the.vehicle.has.two.traction.sources,.both.
electric. as. well. as. mechanical.. This. type. of. configuration. offers. great. freedom. for. choosing. suitable.
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combinations.of.traction.sources..By.combining.the.two.different.traction.sources,.a.smaller.engine.can.
be.used..In.addition,.a.parallel.PHEV.arrangement.requires.a.relatively.smaller.battery.capacity.com-
pared.to.that.in.case.of.series.PHEV,.which.results.in.the.drivetrain.mass.to.be.lighter.

33.2.1  PHEV Energy Storage System

PHEVs.require.reliable.and.constant.electric.energy.to.support.running.in.all-electric.mode..Therefore,.
the.on-board.batteries.should.possess.higher.energy.densities.compared.to.those.used.in.regular.HEVs,.
in.order.to.store.enough.energy.within.a.small.volume,.as.well.as.to.depict.long.life.cycles,.so.that.they.
can. be. charged. and. discharged. frequently.. Conventionally,. the. lead-acid. (PbA). battery. has. been. the.
favored.variety.of.energy.storage,.but.its.low.energy.density.means.that.it.cannot.be.considered.as.
the.best.candidate.for.PHEV.propulsion.

There.exist.three.types.of.advanced.batteries.that.are.popularly.considered.as.viable.candidates.for.
PHEV.energy.storage..The.nickel–metal.hydride.(Ni-MH).battery.is.one.of.the.options,.because.of.its.
high.energy.density,.shorter.charging.time,.and.long.life.cycle..At.the.same.time,.it.presents.an.imma-
ture.recycling.system..The.lithium-ion.(Li-ion).battery.chemistry.is.considered.as.a.definite.future.trend.
but,. compared. to. Ni-MH,. it. depicts. much. lower. durability,. which. is. an. issue. that. is. being. focussed.
upon. by. auto. battery. manufacturers.. The. third. candidate. is. an. ultracapacitor. (UC)/flywheel. energy.
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33-4	 Power	Electronics	and	Motor	Drives

storage.system..Ultracapacitors,.also.known.as.“double-layer”.capacitors,.have. typically.small.values.
of.resistance.and.high.power.densities..Their.capacitance.usually.ranges.between.600.and.2500.F..On.the.
other. hand,. the. flywheel. energy. storage. option,. constructed. by. environmentally. friendly. materials,.
offers.great.characteristics.in.terms.of.high.energy.density,.long.cycle-life,.and.high.reliability,.which.
are. well. suited. for.heavy-duty.vehicles.and.urban. transit.buses.. In. recent.years,.due. to.considerable.
improvement.in.volumetric.density,. the. f lywheel.option.also.presents.a.promising.alternative. for.
passenger.cars.[3].

33.2.2  PHEV Control Strategies

The.PHEV.control.strategy.is.indeed.a.complex.system..A.universally.optimized.control.strategy.is.
nearly. impossible. to. formulate..Different.control.strategies.only.achieve.certain.goals.by.sacrific-
ing.certain.features..For.example,.in.the.parallel.PHEV.topology,.the.parallel.electric.assist.control.
strategy.generally.aims.at.using.the.electric.motor.for.additional.power.when.needed.by.the.vehicle.
and.maintains.the.battery.SOC.at.a.certain.predetermined.level..In.other.words,.the.electric.motor.
is. used. when. driving. torque. is. below. the. set. value,. or. it. is. used. to. help. shift. the. ICE. operating.
points. to. higher. efficiency. regions. [4,5].. In. this. chapter,. however,. an. optimal. control. strategy. is.
introduced,.which.aims.at.achieving.higher.motor-controller.efficiency.by.enhancing.regenerative.
braking.efficiency.

In.summary,.the.main.goal.of.a.PHEV.control.strategy.is.to.ensure.that.electric.energy.is.the.first.
energy.to.be.used.during.driving,.if.the.necessary.requirements.are.met.satisfactorily..Fuel.is.only.used.
for.further.traveling,.after.electric.energy.is.drained.out..The.critical.constraints.to.be.satisfied.usually.
comprise.of.the.battery.SOC.and.vehicle.load.demand.

33.2.3  Power Electronics and Electric traction Motor

The. biggest. challenge. for. PHEV. development,. apart. from. bringing. existing. and. future. technologies.
together,.is.to.have.the.most.stable.and.reliable.performance,.while.at.the.same.time.offering.the.most.
comfortable.driving.experience.at.a.reasonable.cost..Advanced.power.electronic.devices.and.electric.
motors.play.major.roles.in.bringing.PHEVs.to.the.market.with.the.aforementioned.excellence,.reliabil-
ity,.and.affordability.[6].

DC/DC.and.DC/AC.converters.are.strategically.designed.for.PHEV.applications..Looking.ahead.to.
the.inevitable.future,.when.PHEVs.develop.toward.pure.electric.propulsion.systems.(EVs),.power.elec-
tronics.will.obviously.play.an.integral.role.in.the.drivetrain.system..Therefore,.issues.such.as.efficiency,.
reliability,.and.cost-effective.and.compact.designing.of.power.electronic.devices.become.major.chal-
lenges..Advanced.power.electronic.converter.designs.and.control.techniques.are.already.implemented.
into.prototype.PHEVs..For.example,.soft-switching.techniques.are.used.to.reduce.the.switching.stresses.
and.to.lower.the.overall.losses.[7]..Furthermore,.advanced.universal.converters.have.been.recently.pro-
posed.in.literature,.to.ensure.small.PHEV.charger.sizes,.which.facilitate.efficient.charging.under.various.
possible.scenarios.

In. terms. of. electric. motor. options,. in. general,. there. exist. four. major. types. in. the. market.. These.
include.permanent.magnet. (PM).DC.motors,.AC. induction.motors. (IM),.PM.brushless.motors,.and.
future. switched. reluctance. motors. (SRM).. Recent. studies. point. out. that. the. IM. and. PM. motors. are.
the.two.popularly.adopted.candidates.[8]..The.IM.is.an.obvious.choice,.because.of. its.reliability,. low.
maintenance,.low.cost,.and.operating.capabilities.in.aggressive.environments..The.PM.brushless.motor,.
however,.is.popularly.utilized.in.modern.PHEV.designs,.due.to.its.light.weight,.smaller.volume,.higher.
efficiency,. and. rapid. heat. dissipation.. However,. SRMs. are. believed. to. be. potential. candidates. in. the.
future,.because.of.their.higher.efficiency.and.superior.torque-speed.characteristics..At.the.same.time,.
the.major.challenge.for.SRM.development.includes.minimizing.the.inherent.developed.torque.ripples.
and.related.control.issues.
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33.3  PHEV Charging Infrastructures

Essentially,.an.HEV.that.can.be.pre-charged.from.the.grid.is.broadly.termed.as.a.PHEV..As.a.modified.
HEV.model,.an.advanced.attribute.of.the.PHEV.is.that.the.control.strategy.guarantees.the.usage.of.elec-
tric.energy,.and.treats.it.as.the.first.priority..As.aforementioned,.fuel.is.only.used.for.further.traveling,.
after.electric.energy.is.drained.out.

33.3.1  Charging from Grid

For.charging.purposes,.PHEVs.can.be.directly. connected. to.any. residential.or. commercial.building.
outlets,.to.charge.the.on-board.battery..Complete.charging.of.the.battery.takes.between.6–8.h,.if.charged.
from.a.conventional.residential.power.outlet,.provided. the.vehicle.supports.daily.all-electric.driving.
autonomy..For.typical.PHEV.driving.characteristics,. the.upper. limit.of.battery.SOC.is.usually.set.to.
as.high.a.value.as.95%,.while.the.lower.limit.of.SOC.is.set.to.as.low.as.20%..In.other.words,.about.75%.
of.the.total.battery.energy.is.typically.used,.keeping.in.mind.that.it.cannot.be.literally.fully.charged.or.
completely.discharged..Thus,.the.actual.capacity.of.battery.pack.can.be.simply.calculated.by.Equation.
33.1,.where.SOChi.and.SOClow.are.the.upper.and.lower.limits.of.SOC,.respectively:

.
E

E
real

req

hi lowSOC SOC
=

− .
(33.1)

However,.from.the.environmental.point.of.view,.GHG.emissions.cannot.be.completely.eliminated,.espe-
cially.if.utility.companies.use.thermal.generation.sources..In.such.cases,.charging.PHEVs.for.long.hours.
from.a.utility.grid.eventually.contributes.to.GHG.emissions,.from.a.well-to-wheels.(WTW).perspective.

33.3.2  Charging from renewable Energy Sources

Assuming.PHEVs.can.be.charged.solely.from.conventional.utility.sources,.it.is.thus.a.valid.assumption,.
that.moving.into.the.future,.a.large.number.of.PHEV.users.will.most.definitely.exist..Hence,.the.overall.
influence.of.charging.on-board.PHEV.energy.storage.systems.(ESS).cannot.be.neglected..As.a.supple-
ment.to.traditional.charging.infrastructures,.and.keeping.in.mind.their.impact.on.overall.GHG.emissions,.
charging.PHEVs.from.renewable.energy.could.be.a.exceedingly.practical.option.in.the.near.future.

Consider.charging.from.solar.energy.(PV),.as.an.example..Based.on.the.PHEV.energy.requirement,.an.
appropriately.sized.PV.panel.can.be.designed,.considering.charging.on.the.worst.day.(under.minimum.
solar.radiation.received.during.a.day)..This.can.be.calculated.based.on.the.variation.of.mean.solar.radiant.
energy.(per.month),.at.the.specific.charging.location..Considering.a.typical.PV.array.efficiency.(ηPV.=.15%).
and.DC/DC.converter.efficiency.(ηDC/DC.=.95%),.the.area.of.the.PV.array.can.be.calculated.by.Equation.33.2:

.
A E

R
= req

day PV DC/DCη η .
(33.2)

33.3.3  Power Flow Control Strategies

PHEVs.are.capable.of.not.only.absorbing.energy.from.the.grid,.but.considering.it.as.a.mobile.energy.
storage.device;.it.is.also.capable.of.injecting.energy.back.to.the.grid,.when.appropriate..Furthermore,.
using.the.PHEV.as.an.uninterruptible.power.supply.(UPS),.during.power.outages,.will.also.help.boost.
the.reliability.of.a.single.house,.an.intelligent.building,.or.the.grid..It.is.easy.to.implement.this.strategy.in.
a.single.house.or.an.intelligent.building,.but.it.is.tough.to.implement.it.at.the.grid.level,.because.a.highly.
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complex.power.flow.strategy.is.needed,.in.order.to.measure.the.amount.of.power.required,.and.when.it.
is.required..Recent.literature.shows.exhaustive.studies.being.conducted.on.designing.intelligent.power.
systems,.in.order.to.facilitate.the.usage.of.PHEVs.for.simultaneous.grid-to-vehicle.(G2V).and.vehicle-
to-grid.(V2G).power.flows,.as.well.as.usage.in.UPS.applications.

33.4  PHEV Efficiency Considerations

The.overall. efficiency.analysis.of.PHEVs.can.be.categorized. into. two.parts:.well-to-tank.(WTT).
efficiency.and.tank-to-wheels.(TTW).efficiency.(also.called.drivetrain.efficiency)..Collectively,.the.WTT.
and.TTW.efficiencies.represent.the.overall.fuel-cycle.WTW.efficiency..More.specifically,.the.calculation.
of. PHEV. efficiency. involves. the. investigation. of. losses. incurred. during. raw. material. extraction. and.
transportation,.during.the.WTT.stage,.and.calculation.of.charging/discharging.losses,.control.strategy.
losses,.and.regenerative.braking.losses,.during.the.TTW.stage.

33.4.1  PHEV Well-to-tank Efficiency

The.WTT.analysis.of.PHEV.is.a.complex.procedure,.which.involves.numerous.processes..For.instance,.at.
the.raw.material/fossil.fuel.extraction.stage,.the.WTT.efficiency.analysis.includes.extraction,.transporta-
tion,.and.storage.losses..At.the.same.time,.utility.generating.efficiency.needs.to.be.considered,.based.on.the.
type.of.generating.fuel.being.used..Generally,.however,.the.WTT.processes.typically.depict.efficiencies.in.
the.range.of.88%–92%,.which.is.much.higher.than.the.TTW.energy.efficiency.of.the.vehicle.

33.4.2  PHEV tank-to-Wheels Efficiency

A.detailed.TTW.efficiency.(drivetrain.efficiency).analysis.must.be.conducted.to.determine.the.effective-
ness.of.a.specific.PHEV.drivetrain..Generally,.the.drivetrain.efficiency.can.be.simply.yielded.out.by.cal-
culating.the.losses.at.each.power.stage.in.either.a.series.or.parallel.PHEV.drivetrain.structure..However,.
in.order.to.have.a.fair.efficiency.comparison,.some.parameters.that.directly.affect.fuel.consumption,.
such.as.charging.and.discharging,. regenerative.braking.efficiency,.as.well.as.control. strategy.design,.
should.be.taken.into.consideration.

33.4.2.1  Charging and Discharging Efficiency

Figure.33.4.demonstrates.a.typical.power.system.layout.of.a.PHEV..The.charger.plugs.into.the.grid,.to.charge.
the.high-energy.on-board.battery.unit..A.bidirectional.DC/DC.converter.connects.the.battery.to.the.high-
voltage.DC.bus.and.is.also.used.to.deliver.the.energy.back.to.the.battery,.during.regenerative.breaking.events.

The.charging.and.discharging.efficiency.in.a.drivetrain.reflects.the.efficiency.of.energy.exchange.in.
the.energy.storage.system..Therefore,.battery.efficiency.and.the.efficiencies.of.power.electronics.convert-
ers.are.included.in.the.overall.calculation.

33.4.2.2  PHEV Control Strategies

The.effect.of.the.designed.control.strategy.on.the.drivetrain.efficiency.is.practically.nonnegligible..
In.case.of.PHEVs,.the.control.strategy.acts.more.like.a.charge.depleting.(CD).strategy.in.regular.HEVs..
In.CD.mode,.electric.energy.is.not.derived.from.fuel.usage,.and.hence.calculating.drivetrain.losses.in.
CD.mode.becomes.extremely. straightforward..For. this.purpose,. the.output.energy. from.the.battery.
needs.to.be.monitored.and.compared.with.the.energy.demands.from.a.practically.tested.driving.pattern.

33.4.2.3  regenerative Braking Efficiency

Regenerative.braking.efficiency.is.introduced.to.assess.the.performance.of.the.PHEV.drivetrain.system.
in.using.the.available.mechanical.traction.energy,.to.in.turn,.produce.electric.energy.[9]..Regenerative.
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braking.converts.vehicle.momentum.into.electricity.and.stores.it.into.the.on-board.energy.storage.device,.
thereby.playing.an.important.role.in.improving.overall.drivetrain.efficiency..Regenerative.braking.effi-
ciency.can.be.broadly.defined.as.the.ratio.of.regenerative.braking.energy.recovery.to.the.total.energy.
used. for.braking,.as.expressed. in.Equation.33.3.. In.order. to.compute.regenerative.braking.efficiency,.
however,.the.total.energy.used.for.braking.events.has.to.be.characterized.first,.which.is.essentially.the.
total.negative.traction.energy,.as.defined.in.Equation.33.4..Second,.the.energy.recovery.over.regenerative.
braking.events.can.be.found.by.retrieving.the.regenerated.current,.multiplied.by.the.bus.voltage.(Vbus),.
as.described.in.Equation.33.5:

.
ηREGEN
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100
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(33.3)
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(33.4)

. E I V I I Vregem regen bus battery.regen acces bus= ⋅ = +( ) ⋅ . (33.5)

where
ηREGEN.is.the.regenerative.braking.efficiency
Eneg.trac.is.the.negative.traction.energy
Eregem.is.the.regenerative.braking.energy.recovery
Ibattery.regen.is.the.electric.current.flowing.to.the.battery.pack.due.to.regenerative.braking
Iacces.is.the.electric.current.used.by.vehicle.accessory.loads

33.5  Conclusions

As.highlighted.in.this.chapter,.a.PHEV.system.involves.numerous.mechanical.as.well.as.electric.components.
and.concepts..As.introduced.in.the.first.section,.two.popular.topologies.for.PHEVs.exist..Although.the.
series.PHEV.topology.has.been.recently.targeted.as.the.prime.choice.for.PHEV.applications,.it.is.unclear.
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FIGURE.33.4. Power.system.schematic.of.a.PHEV.
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as.to.whether.or.not.it.is.indeed.the.most.efficient.option..Hence,.a.thorough.efficiency.study.of.PHEV.
drivetrains.becomes.an.interesting.avenue.of.research.

Currently,.keeping. a.more.environmentally. friendly.and.a.highly. efficient.PHEV.design. in.mind,.
any.striking.progress.in.the.auto.industry.is.possible..From.typical.PHEV.drivetrain.configurations.to.
in-wheel.motors,.fuel.economy.improvements.and.GHG.emission.reductions.are.easily.achievable.[10]..
For.example,.in.order.to.improve.drivetrain.efficiency,.modified.planetary.gear.systems.have.been.suc-
cessfully. designed. and. tested,. whereby. the. shaft. is. placed. inside. the. motor,. in. order. to. avoid. losses.
occurring.during.mechanical.power.transmission..Although.such.a.trivial.change.might.improve.the.
drivetrain.efficiency.with.lesser.cost.implications,.research.is.constantly.being.carried.out.to.discover.
innovative.drivetrain.configurations,.which.can.integrate.additional.usage.of.electric.propulsion.and.
reduce.mechanical.losses.

As.a.fast-developing.industry,. it. is.hard.to.give.an.explicit.conclusion.to.the.PHEV.technology,. in.
general..However,.huge.potentials.across.the.world.certainly.represent.a.promising.future.for.advanced.
electric-propulsion-based.vehicular.technologies..It.is.predicted.that.future.vehicular.technologies.will.
most. definitely. incorporate. hybrid/plug-in. hybrid. propulsion. systems.. It. is. hard. to. say. that,. maybe,.
the.pure.electric.propulsion.(EV).system.is.the.ultimate.vehicular.system.of.the.future,.but.currently,.
PHEVs. have. their. own. mission,. presenting. the. potential. of. a. greener,. more. energy-efficient. driving.
experience.to.future.customers..The.automotive.future.is.hard.to.predict,.but.it.is.indeed.promising.for.
the.power.electronics.and.motor.drives.industry.
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34.1  Case for Balanced Polyphase Power Systems

Electric.power.is.transmitted.from.source.to.load.in.the.circuit.shown.in.Figure.34.1a,.and.is.proportional.
to.the.root.mean.square.(RMS).voltage.between.conductors.(V).and.the.RMS.current.(I)..There.are.certain.
voltages.determined.by.IEEE/ANSI.standards.from.which.one.may.choose..The.selection.is.made.for.a.
given.application.based.on.several.factors,.including.availability,.cost,.power.level,.and.safety..Given.that.
the.voltage.has.been.selected,.the.transmitted.power.is.proportional.to.current;.hence,.the.more.power.
to.be.delivered.to.the.load,.the.greater.the.current..The.upper.limit.on.current-carrying.capacity.(i.e.,.
ampacity).for.a.conductor.is.proportional.to.the.cross-sectional.area.(A),.as.is.its.cost..So,.for.a.given.load,.
we.need.“2A.worth”.of.conductors,.where.A.is.the.requisite.cross-sectional.area.required.to.carry.the.
current.to.and.from.the.load.

Now.suppose.the.load.triples..We.modify.the.system.by.using.three.sources,.serving.one-third.the.
total.load.from.three.identical.circuits,.as.shown.in.Figure.34.1b..Even.though.we.have.tripled.the.capac-
ity,.we.have.also.tripled.the.conductor.cost,.since.we.now.need.a.total.of.“6A”.conductors..We.further.
modify.the.system.by.making.a.common.return.path,.as.shown.in.Figure.34.1c..Apparently,.this.accom-
plishes.little.since.the.return.conductor.must.have.size.3A.since.it.must.have.three.times.the.ampacity,.
and.we.still.need.a.total.“6A”.worth.of.conductors.

But.suppose.we.modified.the.source.so.that.three.voltages,.equal.in.magnitude,.and.120°.phase.dis-
placed,.were.used..Analysis.shows.that.the.currents.in.conductors.a,.b,.and.c.are.equal,.and.the.return.
current.(n).is.zero!..Hence,.we.need.only.“3A.worth”.of.conductor.to.serve.the.same.load.as.in.Figure.
34.1b,.a.50%.savings!

These. dramatic. savings. are. only. fully. realized. for. the. perfectly. balanced. case,. and. most. systems.
install.a.neutral.to.accommodate.load.imbalance..However,.experience.shows.that.even.for.worse-case.
imbalance,.n.usually.carries.no.more.current.than.a,.b,.or.c,.and.hence.need.be.no.larger.than.A..Even.
so,.this.represents.a.significant.33%.savings.and,.frequently,.conductor.n. is.sized.even.smaller..These.
same.benefits.accrue.to.any.polyphase.system;.the.reason.“three”.is.usually.chosen.is.because.it.results.
in.economical.apparatus.(transformer,.generator,.motor,.transmission.line).design.
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We.pause.to.define.some.terms..Let.the.conductors.a,.b,.and.c.be.referred.to.as.the.“phases”.and.con-
ductor.n.as.the.neutral..The.arrangement.of.Figure.34.1c,.shall.be.called.“three-phase.”.It.is.fundamental.
to.three-phase.systems.that.the.voltages.be.equal.in.magnitude,.and.120°.phase.displaced,.or.nearly.so.

34.2  Balanced three-Phase Circuit analysis

Consider.Figure.34.2,.which.is.fundamental.to.our.three-phase.discussion.
For.balanced.operation.the.voltages.are.defined.as

.
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and.are.shown.in.Figure.34.3..All.are.SI.units.unless.otherwise.noted.
The.voltages.convert.to.the.following.phasors:

. V V V V V Van bn cn= = − = +0 120 120° ° ° . (34.2)
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FIGURE.34.1. Basic.single-phase.power.delivery.schemes..(a).An.electric.power.delivery.circuit..(b).A.modified.
system.with.triple.capacity..(c).System.(b).with.a.common.return.conductor.
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The.notation.and.terminology.is

.
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. V V V V VP an bn cnPHASE = = = = . (34.4)

Balanced.operation.is.central.to.the.three-phase.system.performance,.because.to.the.extent.the.system.
is.unbalanced,.the.advantages.of.three.phases.are.diminished..Fortunately,.most.practical.systems.are.
reasonably.balanced,.and.extreme.unbalance.is.exceptional.(Figure.34.3).

For.balanced.operation,.there.are.two.possibilities,.called.“phase.sequences”:

•. “Phase.b”.voltage.lags.“phase.a”.voltage.by.120°.(sequence.abc)
•. “Phase.b”.voltage.leads.“phase.a”.voltage.by.120°.(sequence.acb)
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FIGURE.34.2. The.basic.three-phase.situation.
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Throughout.this.discussion,.as.in.most.others,.a.phase.sequence.of.abc.is.assumed..If.this.is.not.the.case.
for.a.given.application,.reverse.the.labels.of.b.and.c.phases.(Figure.34.4).

In.addition.to.the.phase.voltages,. there.are. three.other.voltages. that.are. important. in.three-phase.
systems..By.Kirchhoff’s.voltage.law.(KVL),

.

V V V V V V

V V V V

V V V

ab an bn

bc bn cn

cb cn b

= − = − − ⋅

= − = ⋅ −

= −

0 120 3 30

3 90

° ° = °

°

nn V= ⋅3 150° .

(34.5)

Collectively,.we.call.these.the.“line”.voltages,.such.that

. V V V V VL ab bc caLINE = = = = . (34.6)

Observe.that

. V V VL P= ⋅ =3 3 . (34.7)

which.is.one.of.the.most.important.results.in.balanced.three-phase.analysis..The.complete.voltage.pha-
sor.diagram.is.shown.in.Figure.34.5..Plots.of.all.six.voltages.are.provided.in.Figure.34.6..For.a.three-
phase.system,.it.is.customary.to.provide.the.line.voltage.as.the.nominal.voltage.

Example 34.1

Given a 1732 V three-phase system, write the phase and line voltages.

.

V V V V V V

V V V

an bn cn

ab bc

= = − =

= =

1000 0 1000 120 1000 120

1732 30 1732

° ° °

° −− =

= =

90 1732 150

1000 1732

° °V V V

V V V V

cb

p L .

(34.8)

Note that balanced operation, sequence abc, and the use of the phase a voltage as phase reference is 
assumed, unless otherwise specified.

Sequence abc 

b lags a by 120°

c

b

a

Sequence acb 
c

b

a

b leads a by 120°

FIGURE.34.4. Phase.sequence.
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Vca = √3V  150°

Vbc = √3V  –90°

Vab = √3V   30°

Vcn = V   120°

Van = V   0°

Vbn = V  –120°

–Vbn

–Van

–Vcn

   

FIGURE.34.5. The.voltage.phasor.diagram.for.a.balanced.three-phase.system.

0
–3000

–2500

–2000

–1500

–1000

–500

v a
bc

 , i
ab

c i
n 

kV
, A

0

500

1000

1500

2000

2500

3000

30 60 90 120 150 180
wt in degrees

210 240 270 300 330 360

ab bc ca

cnbnan

FIGURE.34.6. The.instantaneous.voltages.in.a.balanced.three-phase.system.
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34.2.1  Wye and Delta Connections

The.currents.in.the.system.will.be.determined.by.the.load.impedances..If.the.currents.(a,.b,.c).are.to.be.
balanced.(i.e.,.equal.in.magnitude;.120°.phase.displaced),.the.impedances.must.meet.two.conditions:

•. The.three-phase.connection.must.be.symmetrical.
•. The.three.phase.impedances.must.be.equal.

The.two.connections.that.meet.the.first.criteria.are.shown.in.Figure.34.7.
Note.that.in.the.wye.connection,.the.neutral.can.be.“brought.out”.and.connected.into.a.four-wire.

system,.whereas.in.the.delta.connection,.the.neutral.always.leads.to.an.open.circuit.
The.currents.in.the.wye.case.are

.
I V

Z
I V

Z
I V

Za
an

an
b

bn

bn
c

cn

cn
= = =

.
(34.9)

In.the.balanced.case,.the.impedances.are.equal:

. Z Z Z Z ZY an bn cn Y Y= = = = θ . (34.10)

So.that

.
I V

Z
V
Z

V
Za

an

Y Y Y Y
Y= = = −

0°
θ

θ
.

(34.11)

Given. balanced. three-phase. voltage. is. applied. to. a. balanced. three-phase. wye-connected. load,. it. is.
straightforward.to.show.that.the.a,.b,.and.c.phase.currents.are.balanced.

The.currents.in.the.delta.case.are

.

I V
Z

I V
Z

I V
Z

I I I I I I I I I

ab
ab

ab
bc

bc

bc
ca

ca

ca

a ab ca b bc ab c ca

= = =

= − = − = − bbc .

(34.12)

In.the.balanced.case,.the.impedances.are.equal:

. Z Z Z Z Zab bc ca∆ ∆ ∆= = = = θ . (34.13)

a 

b 

c 

n 

a

(a) (b)

b

c

n

Zan

Zab

Zbc

Zbn

Zcn

Zca

FIGURE.34.7. Balanced.three-phase.connections..(a).The.wye.(Y).connection.and.(b).the.delta.(Δ).connection.
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So.that

.
I V

Z
V
Z

V
Zab

ab= =
°

= ° −
∆ ∆ ∆ ∆

∆
3 30 3 30

θ
θ

.
(34.14)

Given. balanced. three-phase. voltage. is. applied. to. a. balanced. three-phase. delta-connected. load,. it. is.
straightforward.to.show.that.the.a,.b,.and.c.phase.currents.are.balanced.

.

I I I

V
Z

V
Z

V
Z

a ab ca= −

= ° −






− ° − + °








= ⋅ −

3 30 3 30 150

3 3

∆
∆

∆
∆

∆

θ θ

θ∆∆
∆

∆= −3V
Z

θ
.

(34.15)

Now.for.wye–delta.loads.to.be.equivalent,.it.is.necessary.that.the.two.loads.draw.the.same.currents:

.

I Y I

V
Z

V
Z

Z Z

a a

Y
Y

Y

( ) = ( )

− = −

=

∆

∆
∆

∆

θ θ3

3
.

(34.16)

Example 34.2

Convert the given wye load into an equivalent delta.

a

b

c

n

24 Ω

24 Ω
j18 Ω

24 Ω

j18 Ω

j18 Ω

a
8 Ω

8 Ω

8 Ω

j6 Ω

j6 Ω

j6 Ω

b

c

. Z Z j jY∆ Ω= ⋅ = +( ) = +3 3 8 6 24 18 . (34.17)

It is possible to convert unbalanced delta-connected impedances to wye, and vice versa, in three-wire 
(a, b, c) situations. To convert delta elements to wye
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.

Z
Z Z

Z Z Z

Z
Z Z

Z Z Z

Z
Z Z

Z

an
ab ca

ab bc ca

bn
bc ab

ab bc ca

cn
ca bc

ab

= ⋅
+ +

= ⋅
+ +

= ⋅
++ +Z Zbc ca .

(34.18)

To convert wye elements to delta

.

Z
Z Z Z Z Z Z

Z

Z
Z Z Z Z Z Z

Z

ab
an bn bn cn cn an

cn

bc
an bn bn cn cn an

= ⋅ + ⋅ + ⋅

= ⋅ + ⋅ + ⋅
aan

ca
an bn bn cn cn an

bn
Z

Z Z Z Z Z Z
Z

= ⋅ + ⋅ + ⋅

.

(34.19)

Unbalanced three-phase systems are usually analyzed using a technique called symmetrical compo-
nents, a topic beyond the scope of this section.

Example 34.3

Given that the voltages of Example 34.1 are applied to loads of Example 34.2, compute all currents.

The wye case

.

I
V
Z j

A

I
V
Z j

a
an

an

b
bn

bn

= = °
+

= °

= = − °
+

= −

1000 0
8 6

100 36 9

1000 120
8 6

100

.

1156 9

1000 120
8 6

100 83 1

.

.

°

= = °
+

= °

A

I
V
Z j

Ac
cn

cn .

(34.20)

The delta case

.

I
V
Z j

A

I
V
Z

ab
ab

ab

bc
bc

bc

= = °
+

= − °

= = − °
+

1732 30
24 18

57 73 6 9

1732 90
24

. .

jj
A

I
V
Z j

A

I

ca
ca

ca

18
57 73 126 9

1732 150
24 18

57 73 113 1

= − °

= = − °
+

= °

. .

. .

aa ab ca

b bc ab

c ca bc

I I A

I I I A

I I I

= − = − °

= − = − °

= − =

100 36 9

100 156 9

100 8

.

.

33 1. °A .

(34.21)

Note that balanced operation, sequence abc, and use of the phase a voltage as phase reference is 
assumed, unless otherwise specified.
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34.3  Power Considerations

There.are.essentially.five.types.of.power.in.ac.circuit.analysis..In.a.single-phase.situation,

.

p t v t i t

V t I t

V I V

( ) ( ) ( )= ⋅

= +( )( ) ⋅ +( )( )
= ⋅ ⋅ −( ) + ⋅

2 2cos cos

cos

ω α ω β

α β II t

S P jQ V I

⋅ + +( )
=

= + = ⋅ =

cos

instantaneous power

complex power

2ω α β

*

SS S V I

P S

Q S

= = ⋅ =

=   =

= 

apparent power

Re average real power

Im

( )“ ”

  = reactive imaginary power( )“ ”
.

(34.22)

Given.that.voltages.and.current.are.in.volts.and.amperes,.respectively,.all.five.powers.must.be.in.watts..
However,.by. tradition,. “watts”. is.used.only. for.p(t). and.P,.using. “VA”. (volt-ampere). and.“var”. (volt-
ampere.reactive).for.S.and.Q,.respectively.

We.define

.

θ α β

θ ω α β

θ

= − …

= ⋅ ⋅ + ⋅ ⋅ + +( )
= ⋅ = ⋅ ∠

= ⋅

Then

cos cosp t V I V I t

S V I V I

V I

( ) ( )

*

2

⋅⋅ + ⋅ ⋅

= ⋅ = ⋅ ⋅ = ⋅ ⋅ = ∠

cos sin

cos sin

( ) ( )

( ) ( )

θ θ

θ θ θ

jV I

S V I P V I Q V I S VI
.

(34.23)

There.is.a.concept.called.“power.factor,”.which.is.defined.as

.
Power factor = =pf P

S .
(34.24)

For.the.sinusoidal.case,

.
pf P

S
V I

V I
= =

⋅ ⋅
⋅

=
cos

cos
( )

( )
θ

θ
.

(34.25)

Power.factors.are.said.to.be.“lagging”.or.“leading,”.depending.on.the.phase.position.of.the.current.relative.
to.the.voltage..See.Figure.34.8.

Note.that.R-C.loads.will.have.a.leading.pf;.R.loads,.unity.pf;.and.R-L.loads,.lagging.pf.
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Example 34.4

Given the system of Examples 34.1 through 34.3, find the a-phase powers and pf.

Apparent power...

(VA, kVA, MVA) Reactive power...
Q = S . sin(θ)

(var, kvar, Mvar)

Average power...
P = S . cos(θ)

(W, kW, MW )

θ

S = √P2 + Q2

FIGURE.34.9. The.power.triangle. .

p t v t i t

t

S V I

a an a

a an a

( ) ( ) ( )

.

* (

= ⋅

= + ⋅ − °

= ⋅ =

80 100 2 36 9

1000

cos kW( )ω

00 100 36 9

80 60

80 60 100

° ⋅ − °

= +

= = + =

= =

) ( ). *

kW kvar

kVA

Re[ ]

j

S S j

P S

a a

a 880 60

0 8

kW Im kvar

cos lagging

[ ]Q S

pf

a = =

= =( ) .θ . .

(34.26)

Suppose we plot complex power in the complex plane (i.e., make an argand diagram). We get a diagram 
as shown in Figure 34.9, called the “power triangle.”

Example 34.5

Draw the power triangle for Example 34.4

θ = 36.9°

S = 100 MVA
Q = 60 Mvar

P = 80 MW

In a general three-phase four-wire (abcn) situation,

.

p t p t p t p t

v t i t v t i t v

an bn cn

an a bn b cn

3φ ( ) ( ) ( ) ( )

( ) ( ) ( ) ( ) (

= + +

= ⋅ + ⋅ + tt i t

S S S S

V I V I V I

c

a b c

an a bn b cn c

) ( )

* * *

⋅

= + +

= ⋅ + ⋅ + ⋅

3φ

.

(34.27)

Unity pf

–V

Leading pf

–I
–V

Lagging pf

–I

–I –V

FIGURE.34.8. Leading.and.lagging.power.factor.
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If the system is balanced, it is straightforward to show that (Figure 34.10)

.

p t p t p t p t

V I V I t

V

an bn cn3

2

φ

θ ω α β

( ) ( ) ( ) ( )

( ) ( )

= + +

= ⋅ ⋅ + ⋅ ⋅ + +

+ ⋅

cos cos

II V I t

V I V I t

⋅ + ⋅ ⋅ + + °

+ ⋅ ⋅ + ⋅ ⋅ + −

cos cos

cos cos

( ) ( )

( ) (

θ ω α

θ ω α

2 240

2 240°°

= ⋅ ⋅

)

( )3V I cos θ . (34.28)

Hence, we see the second advantage to balanced three-phase systems. The three-phase instanta-
neous power is constant!

Contrast this with the single-phase instantaneous power, which is oscillatory with radian frequency 
2ω. Continuing, it is straightforward to show that

 

S V I

S V I
V

I

V I

P V I

an a

L
L

L

L L

L L

3

3

3

3

3 3
3

3

3

φ

φ

φ θ

= ⋅ ⋅

= ⋅ ⋅ = ⋅ ⋅

= ⋅ ⋅

= ⋅ ⋅ ⋅

*

( )cos

QQ V IL L3 3φ θ= ⋅ ⋅ ⋅sin( )  

(34.29)

100 150 200
wt in degrees

250 300 350500

0

5

1

–5
p3(t) = pa(t) + pb(t) + pb(t)

pa(t) pb(t) pb(t)pc(t) pc(t)pa(t)

FIGURE.34.10. Instantaneous.power.in.a.balanced.three–phase.situation.
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Example 34.6

Given that Examples 34.1 through 34.3 represent one phase of a balanced three-phase situation, find the 
three-phase powers.

.

S V I

P V I

L L

L L

3

3

3 3 1732 100

3

φ

φ

= ⋅ ⋅ = ⋅ ⋅ =

= ⋅ ⋅ = =

( ) ( )

( ) ( )(

300 kVA

cos 300θ 00 8

3 0 6 18

24

3

3

. )

( ) ( ) ( . )

=

= ⋅ ⋅ = = =

( ) =

300kW

sin 300 0 kvar

0

Q V I

P t

L Lφ

φ

θ

kkW

0S j3 24 180φ = + .

(34.30)

The power triangle for Example 34.6 is

θ = 36.9

S3  = 300 MVA
Q3   = 180 Mvar

P3  = 240 MW

The power factor for Example 34.4 is

. pf = = =cos cos lagging( ) ( . ) .θ 36 9 0 8° . (34.31)

Utilities prefer that their customers operate at unity power factor (pf) because this corresponds to maxi-
mum (real) delivered power at minimum current. To encourage maximum pf operation, the utility rate 
structure imposes a penalty for low pf operation. Hence, it is to a customer’s advantage to “correct” their 
pf to near unity. This is called “the pf correction problem”, and is discussed here.

Typically the load pf is lagging (inductive), which requires that the correcting elements must be 
capacitive; hence the term ”pf correcting capacitors”. The capacitor bank is installed in parallel with the 
load, and on the load side of the metering point as shown Figure 34.11a.

Example 34.7

A utility supplies a customer’s three-phase load of 1000 kVA @ 12.47 kV; pf = 0.6 lagging. The customer 
wishes to install pf correcting capacitors to correct the pf to 0.92 lagging. Size the capacitors.

S
–

L = Load power = PL + jQL = 600 + j 800

S
–

C = Compensating (capacitive) power = 0 − jQC

S
–

S = Source power = PS + jQS

. S
–

S = S
–

L + S
–

C = 600 +  j 800 + 0 − jQC

. = 600 +  j (800 − QC). (34.32)
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Since the requested pf = 0.92 lagging, θ = 23.07°. Then,

.

S j Q S

j

S C S= + − =

+

60 800 23 07

600

0 ( ) .

255.6

°

= . (34.33)

Therefore QC = 800 − 255.6 = 544.4 kvar

Output.data:.capacitive.compensation.required

Reactor.ratings
Line.volt.=.12,470.V;.total.Q.=.544.401.kvar
Single-phase.element.ratings Wye Delta
Reactive.power.rating.(kvar) 181.467 181.467
Voltage.rating.(V) 7,199.6 12,470.0
Current.rating.(A) 25.2 14.6
Reactor.impedance.(Ω) 285.64 856.91
Reactor.capacitance.(μF) 9.287 3.096

Utility
12.47 kV
3-phase
60 Hz

(a)

pf correcting
3-phase

capacitor
bank

Load
1000 kVA
3-phase
pf = 0.6
lagging

544.4 kvar

255.6 kvar

600 kW(b)

SL = 1000 kVA

800 kvar

FIGURE.34.11. Power.factor.correction..(a).System.components.and.(b).complex.powers.in.P–Q.coordinates.
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34.4  Summary

Three-phase.concepts.are.commonly.encountered.in.power.systems,.where.power.levels.exceed.10.kW..
Such.systems.are.designed.to.operate.as.balanced,.meaning.equal.in.magnitude,.and.120°.phase.dis-
placed,.when.applied.to.voltages.and.currents,.and.equal,.when.applied.to.impedance.and.power.

Some.advantages.of.balanced.three-phase.operation.are

. 1.. Transmission.of.twice.the.power.using.a.given.amount.of.conductor,.compared.with.the.single-
phase.case.

. 2.. DC.transmission.of.instantaneous.power,.compared.with.the.oscillatory.nature.of.single-phase.
power.transmission.

. 3.. Choice.of.two.voltage.levels.

. 4.. Some.transmission.capability.remains,.even.with.the.loss.of.two.phases.

For.analysis.of.balanced.three-phase.systems,.symmetry.can.be.used.to.great.advantage,.eliminating.
two-thirds.of.the.work,.making.calculations.not.much.more.complicated.that.those.for.the.single-phase.
case.. Unbalanced. operation. is. considered. an. abnormality,. and. is. best. analyzed. using. symmetrical.
components.
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35.1  Introduction

Recently,.contactless.energy.transfer.(CET).systems.have.been.developed.and.investigated.widely.[see.
list.of.References]..This.innovative.technology.creates.new.possibilities.to.supply.mobile.devices.with.
electrical.energy.because.elimination.of.cables,.connectors,.and/or.slip.rings.increases.reliability.and.
maintenance-free. operation. of. such. critical. systems. as. in. aerospace,. biomedical,. and. robotics.
applications..Figure.35.1.shows.a.classification.of.the.CET.systems.

As.“medium”.for.CET.could.be.used.electromagnetic.waves,.including.light,.acoustic.waves.(sound),.
as.well.as.electric.fields..In.the.most.popular.applications,.the.core.of.CET.system.is.inductive.or.capacitive.
coupling.between.power.source.and.load,.and.high.switching.frequency.converter.

The.capacitive.coupling.(Figure.35.2b).is.used.in.low.power.range.(e.g.,.supply.systems.for.sensors).
whereas. inductive.coupling.(Figure.35.2a).allows.transferring.power.from.a. few.milliwatts.up.to.
hundred.kilowatts.[20]..It.should.be.noted.that.there.is.no.commonly.accepted.nomenclature.in.CET.
systems..Some.authors.use.the.term.“wireless”.[1,5,16,21,32–34].instead.of.“contactless”.energy.transfer.or.
power.supply..However,.the.term.“wireless”.energy.transfer.(or.power.supply).is.used.mostly.to.describe.
systems.where.energy.is.transferred.on.longer.distances.(several.meters),.like.for.cellular.phones.or.
wireless.sensor.technologies.[5,20,34].

In.this.chapter,.only.inductive coupled.CET.systems.are.discussed..The.potential.applications.for.such.
a.technology.are.practically.endless.and.can.range.from.the.transfer.of.energy.between.low-power.home.

35
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and.office.devices.to.high-power.industrial.applications..Medical,.marine,.and.other.applications.where.
physical.electrical.contact.might.be.dangerous.(battery.chargers),.impossible,.or.very.problematic,.are.all.
prospective.candidates.for.the.use.of.CET.systems.

Because.of.many.parameters.used.in.specification.of.a.CET.system,.it.has.to.be.designed.and.adapted.
to.individual.conditions.and.there.is.no.one.universal.solution..In.spite.of.many.works.presenting.indi-
vidual.solutions.of.inductive.coupled.CET.systems.[3,7–14,18,19,22,23,29–31,38],.there.is.no.commonly.
accepted.control.and.design.methodology..Because.of.high.switching.frequency.(fsw.≥.20.kHz).used.in.
CET. converters,. most. of. the. reported. systems. have. been. built. in. hardware. technology. [22,23,29,30].
and. implemented. control. and. protection. methods. were. characteristic. for. hardware-based. approach..
However,.in.the.last.time.more.sophisticated.methods.are.development.and.implemented.in.digital.sig-
nal.processors.or.programmable.logical.controllers,.like.field-programmable.gate.array.(FPGA).circuits,.
which.has.been.reported.in.Ref..[25,26].

35.2  Basic Principles of Operation

Figure.35.3.shows.the.block.diagram.of.typical.inductive.coupled.CET.systems..It.consists.of.primary.
side.DC/AC.resonant.converter,.which.converts.DC.into.high-frequency.AC.energy..Next.the.AC.energy.
via.transformer.with.inductive.coupling.factor.k. is.transmitted.to.the.secondary.side..The.secondary.
side.is.not.connected.electrically.with.primary.and,.therefore,.can.be.movable.(linearly.or/and.rotating),.
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With magnetic
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magnetic cores

Capacitive
coupling

Contactless
energy transfer

systems

FIGURE.35.1. Classification.of.contactless/wireless.energy.transfer.systems..(Reproduced.from.Sonntag,.C. L. W..
et  al.,. Load. position. detection. and. validation. on. variable-phase. contactless. energy. transfer. desktops.
<http://repository.tue.nl/661798>..In.Proceedings of the IEEE Energy Conversion Congress and Exposition, 
ECCE 2009,.San.Jose,.20–24.September,.2009,.pp..1818–1825..With.permission.)
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FIGURE.35.2. Inductive.(a).and.capacitive.(b).coupling.used.in.CET.systems..(Reproduced.from.Sonntag,.C. L. W..
et  al.,. Load. position. detection. and. validation. on. variable-phase. contactless. energy. transfer. desktops.
<http://repository.tue.nl/661798>..In.Proceedings of the IEEE Energy Conversion Congress and Exposition, 
ECCE 2009,.San.Jose,.20–24.September,.2009,.pp..1818–1825..With.permission.)
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giving.flexibility,.mobility,.and.safety.for.supplied.loads..In.the.secondary.side,.the.high-frequency.AC.
energy.is.converted.safely.by.AC/DC.converter.to.meet.the.requirements.specified.by.the.load.parameters..
In.most.cases,.a.diode.rectifier.with.capacitive.filter.is.used.as.AC/DC.converter.

However,.in.some.applications.an.active.rectifier.or.inverter.(for.stabilized.DC.or.AC.loads).is.required.
[12–14]..Hence,.the.inductive.coupled.CET.system.consists.mainly.of.a.large.air.gap.transformer.and.
resonant.converter.

35.2.1  Compensation topologies

In. conventional. applications,. a. transformer. is. used. for. galvanic. insulation. between. source. and.
load,.and.its.operation.is.based.on.high.magnetic.coupling.factor.k.between.primary.and.second-
ary.windings..Because.of.used.two-halves.cores.and/or.air.gap,.CET.transformers.usually.operate.
under.much.lower.magnetic.coupling.factor..As.a.result,.the.main.inductance.L12.(see.Table.35.1).is.
very.small.whereas.leakage.inductances.(L11,.L22).are.large.as.compared.with.conventional.transformers..
Consequently,. increase. in. magnetizing. current. causes. higher. conducting. losses.. Also,. winding.
losses. increase. because. of. large. leakage. inductances.. Another. disadvantage. of. transformers. with.
relatively.large.gap.is.electromagnetic.compatibility.(EMC).problem.(strong.radiation)..To.minimize.
the.above.disadvantages.of.CET.transformers,.several.power.conversion.topologies.have.been.pro-
posed,.which.can.be.classified.into.the.following.categories:.the.flyback,.resonant,.quasi-resonant,.
and.self-resonant..The.common.thing.for.all.these.topologies.is.that.they.all.utilize.the.energy.stored.
in.the.transformer..In.most.applications,.a.resonant.soft.switching.technique.is.used.because.it.allows.
both.compensation.of.the.transformer.leakage.inductance.and.reduction.of.power.converter.switch-
ing.losses..To.form.resonant.circuits.and.compensate.for.the.large.CET.transformer.leakage.induc-
tances,.two.methods.can.be.applied.[16,17]:.S-series.or.P-parallel,.giving.four.basic.topologies:.SS,.
SP,.PS,.and.PP.(first.letter.denotes.primary.and.second.a.secondary.compensation—see.Table.35.1).

The.PS.and.PP.topologies.require.an.additional.series.inductor.to.regulate.the.inverter.current.flow-
ing.into.the.parallel.resonant.tank..This.additional.inductor.increases.EMC.distortion,.converter.size,.
and.the.total.cost.of.CET.system.

Assuming.the.same.numbers.of.primary.and.secondary.winding,.N1.=.N2,. the.basic.parameters.
of.SS.and.SP.topologies.have.been.summarized.in.Table.35.2,.where.GV.=.u2/u1—voltage.output-input.
transfer.function.of.CET.system;.ω.=.ωs/ω0—normalized.frequency;.k—magnetic.coupling.factor;.and.
R0—load.resistance.on.the.secondary.side.
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Comparing.SS.with.SP.parameters,.it.can.be.seen.that.selected.topology.influences.strongly.the.cor-
rect.choice.of.the.primary.capacitance..An.important.advantage.of.SS.topology.is.that.primary.capaci-
tance.is.independent.of.either.magnetic.coupling.factor.or.the.load..Contrary.to.this,.the.SP.topology.
depends.on.coupling.factor.and.requires.higher.value.of.capacitance.for.stronger.magnetic.coupling.

35.2.2  resonant Power Converters

Resonant.power.converters.contain.resonant L–C networks,.also.called.resonant circuit.(RC).or.resonant 
tank network,.whose.voltage.and.current.waveforms.vary.sinusoidally.during.one.or.more.subintervals.
of. each. switching.period..These.converters. contain. low. total.harmonic.distortion.because. switching.
frequency.is.equal.to.first.harmonic.frequency..Basic.power.converter.topologies.used.in.CET.systems.
are.presented.in.Figure.35.4..The.full-bridge.(Figure.35.4c).inverter,.composed.of.four.switches.and.an.
RC,.is.commonly.used.in.high.power.applications..The.half-bridge.inverter.(Figure.35.4a).has.only.two.
switches.and.two.others.can.be.replaced.by.capacitors.(Figure.35.4b)..The.output.voltage.μ1.of.the.full-
bridge.converter.is.doubled.when.compared.with.half-bridge.topology.

TABLE.35.1. Variants.of.Leakage.Inductance.Compensation.Circuits

Simplified.Circuits Abbreviation Comments

Sensitivity.
for Coupling.

and Load.
Changes

1

L12

L22L11

N2

N1
Cr1 Cr2

k

Series–series.
SS

Systems.with.
intermediate.
DC.voltage.
bus

Sensitive.
for load.
changes

2

kL12

L22
L11

N2

Cr1

Cr2

N1

Series–
parallel.SP

(Current.
source.
output).
battery.
charging

Sensitive.
for coupling.
changes

3

kL12

L22L11

N2

N1

Cr1

Cr2

Parallel–
series.PS

Systems.with.
intermediate.
DC.voltage.
bus

Sensitive.
for coupling.
changes

4

kL12

L22L11

N2

Cr2

N1

Cr1

Parallel–
parallel.PP

(Current.
source.
output).
battery.
charging

Sensitive.
for coupling.
changes
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The.main.advantage.of.resonant.technique.is.reduction.of.switching.losses.via.mechanisms.known.
as. zero. current. switching. (ZCS). and. zero. voltage. switching. (ZVS).. The. switch-on. and/or. switch-off.
converter. semiconductor.components.can.occur.only.at.zero.crossing.of. the. resonant.quasi-sinusoi-
dal.waveforms.. This. eliminates. some.of. the. switching. loss.mechanisms..Hence,. switching. losses. are.
reduced,. and. resonant. converters. can. operate. at. switching. frequencies. that. are. considerably. higher.
than.in.comparable.pulse.width.modulation.(PWM).hard.switching.converters..ZVS.can.also.eliminate.
or.reduce.some.of.the.electromagnetic.emission.sources,.also.known.as.electromagnetic.interference..
Another.advantage.is.that.both.ZVS.and.ZCS.converters.can.utilize.transformer.leakage.inductance.and.
diode.junction.capacitors.as.well.as.the.output.parasitic.capacitor.of.the.power.switch.
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FIGURE. 35.4. Basic. topologies. of. series. resonant. converter. and. resonant. circuit. voltage. u1(t). waveforms..
(a) Half-bridge.unipolar.converter,.(b).half-bridge.bipolar.converter,.and.(c).full-bridge.converter.
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However,.resonant.converters.exhibit.several.disadvantages..Although,.the.components.of.an.RC.can.
be.chosen.such.that.good.performance.with.high.efficiency.is.obtained.at.a.single.operating.point,.typi-
cally.it.is.difficult.to.optimize.the.resonant.components.in.such.a.way.that.good.performance.is.obtained.
over. a. wide. range. of. load. currents. and. input. voltages. variations.. Significant. currents. may. circulate.
through.the.tank.components,.even.when.the.load.is.removed,.leading.to.poor.efficiency.at.light.loads..
Therefore,.the.converter.used.in.CET.system.has.to.be.carefully.designed.[9,11,23].

Typical.steady-state.waveforms.of.the.voltages.u1,.u2;.currents.i1,.i2;.and.primary.side.power.P1.in.an.
insulated.gate.bipolar.transistor-based.CET.resonant.full-bridge.converter.with.series-series.compensa-
tion.for.operation.at.resonance.frequency.are.presented.in.Figure.35.5..The.rotatable.transformer.air.gap.
is.25.5.mm,.the.load.resistance.10.Ω,.and.transferred.power.is.2.5.kW.[25,26]..It.can.be.seen.that.resonant.
converter.operates.with.zero.primary.current.switching.

35.3  review of CEt Systems

Depending.on.the.power.range.and.air.gap.length,.different.transformer.cores.can.be.used..A.general.over-
view.representing.a.typical.construction.of.inductive.coupling.used.in.CET.systems.is.shown.in.Figure.
35.6..It.can.be.seen.that.for.high.power.and.low.air.gap,.transformers.with.magnetic.cores.in.primary.and.
secondary.side.are.applied..Contrary.to.this,.for.large.air.gap.and.low.power,.air.transformers.(coreless).
are.preferred..A.special.case.is.a.sliding transformer.that.can.have.construction.for.linear.or.circular.move-
ment.(see.Section.35.6)..The.final.configuration.of.CET.systems.also.depends.strongly.on.the.number.of.
loads.to.be.supplied..In.such.cases,.transformers.with.multi-winding.secondary.or.primary.side.are.used..
In.the.next.subsection,.some.selected.examples.of.inductive.coupled.CET.systems.are.presented.

35.4  CEt Systems with Multiple Secondary Winding

The.CET.system.of.Figure.35.3.can.be.equipped.with.multiple.secondary.winding,.as.shown.in.Figure.
35.7..This.is.a.very.flexible.solution.in.which.several.isolated.and/or.moving.loads.can.be.supplied..In.
situations.when.stabilized.AC.or.DC.loads.are.required,.an.additional.active.DC/AC.or.DC/DC.con-
verter.has.to.be.added.(Figure.35.7)..Of.course,.it.results.in.additional.losses.and.efficiency.reduction..
Based.on.this.idea,.in.[12,13],.a.CET.system.has.been.proposed.which.can.be.compared.to.a.plug-and-
socket.extension.cable..Instead.of.inserting.a.plug.into.a.socket,.a.connection.between.supply.line.(cable).
and.loads.(clamps).is.established.using.CET..Also,.ABB.Corporate.Research,.Ladenburg,.Germany,.has.
developed.a.factory.communication.and.wireless.power.supply.system.for.sensors.and.actuators.called.
WISA.[1,27,33,34].. In. this. solution,.a.coreless.single.winding.primary.side.(constructed. in. form.of.a.
frame).is.coupled.with.distributed.multiple.secondary.windings.to.supply.sensors.and.actuators.with.
10.mW.output.power.each.

The.transformers.used.in.the.system.of.Figure.35.7.can.have.different.construction:.stationary,.rotat-
ing,.rotatable,.with.magnetic.core,.or.coreless..As.an.example.a.rotating.transformer.with.double.par-
allel. connected. secondary. windings. is. used. in. CET. systems. for. the. power. supply. of. airborne. radar.
systems.[29].

35.5  CEt Systems with Cascaded transformers

In. Figure. 35.8,. a. CET. system. used. in. power. supply. for. robots. and. manipulators. [10,11]. is. shown..
The.indirect.DC.link.AC/DC/AC.power.converter.generates.a.square.wave.voltage.of.200–600.V.and.
20–60.kHz.frequency..This.voltage.is.fed.to.the.primary.winding.of.first.rotatable.transformer.located.on.
the.first.axis.of.the.robot..The.transformer.secondary.side.is.connected.to.the.next.DC.link.AC/DC/AC.power.
converter,.which.using.PWM.technique.generates.variable.frequency.AC.voltage.to.supply.first.three-
phase.motor..The.transformer.secondary.side.is.also.connected.to.the.primary.side.of.the.next.rotatable.
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transformer,.which.is.located.on.the.second.joint.of.the.robot..The.transformer.feeds.the.second.axis.
drive.in.similar.way.as.described.above.for.the.first.machine..More.transformers.may.be.added.to.create.
arrangement.of.an.AC.bus.throughout.the.robot..Similar.system.is.applied.for.multilayer.optical.disc.
used.in.data.storage.systems.[14]..However,.the.output.power.in.optical.disc.is.in.the.range.of.20–30.mW,.
whereas.in.robots.supply.is.10–20.kW.
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35.6  CEt Systems with Sliding transformers

The.contactless.electrical.energy.delivery.systems.used.in.long.distance.are.based.on.sliding transformers.
with.long.primary.windings.[4,22,24]..Basically,.two.configurations.are.applied:.primary.winding.form-
ing.elongated.loop.as.long.as.range.of.receiver.movement.is.required.(Figure.35.9a).or.circular.form.for.
circular.movement.(Figure.35.9b)..The.output.converter(s).and.load(s).are.directly.connected.to.second-
ary.winding.placed.on.movable.magnetic.core.

The.sliding.magnetic.core.constructions.enable.movement.of.secondary.winding.along.the.primary.
winding.loop.(Figures.35.9.and.35.10)..The.sliding.transformer.gives.possibility.to.construct.long.con-
tactless,.electrical.energy.delivery.systems.for.mobile.receivers..These.transformer.cores.are.composed.
of.many.strips.of.magnetic.materials..Regarding.magnetic.and.mechanical.properties,.the.amorphous.
or.nanocrystalline.magnetic.materials.are.preferable..However,.when.high.dynamic.properties.of.mobile.
receiver.are.required,.some.problem.may.appear.because.of.core.inertia..Heavy.magnetic.core.is.fixed.
with.the.energy.receiver.(Figure.35.10);.therefore,.it.increases.mass.of.the.secondary.side..The.length.of.
primary.winding.is.in.the.range.of.1–70.m.and.output.power.1–200.kW.[24].

35.7  CEt Systems with Multiple Primary Winding

35.7.1  Introduction

Electronic.devices.like.mobile.phones,.multimedia-.and.music.players,.laptops,.and.many.more.are.
used. daily. by. countless. people. all. around. the. world.. Many. of. these. devices. are. fitted. with. a. bat-
tery,.which.allows.them.to.operate.independently.and.without.drawing.power.continuously.from.the.
power.utility.network..However,.these.devices.need.to.be.periodically.recharged,.since.their.batteries.
can.only.store.a.finite.amount.of.power..These.devices.operate.with.relatively.low.DC.voltage.levels.
(typically.5–12.V).compared.to.the.high.utility.voltage.of.240.V.AC.(120.V.AC.in.the.United.States),.
and. thus.almost.always. require.an.AC-to-DC.converter. (also.called.a.charger). to.accomplish. this..
With. a. multitude. of. different. devices. available. around. the. world,. it. makes. for. quite. a. lot. of. char-
gers..Also,.most.devices.come.with.their.own.unique.chargers..Using.various.different.chargers.with.
unique.specifications.and.plugs.can.be.bothersome.and.irritating..From.a.consumer.point.of.view,.
charging. these.devices.using.only.one.universal.charger.would.be.great;. it.would.be.even.better. if.
this.charger.could.charge.multiple.devices.at.a.time.without.even.plugging.them.into.a.socket,.but.by.
simply.placing.them.close.to.the.charger.itself.

Primary windings

Secondary windings

Ferrite core

U1

FIGURE.35.10. Example.of.sliding.transformer.construction.for.linearly.moving.secondary..(Sonntag,.C. L. W..
et  al.,. Load. position. detection. and. validation. on. variable-phase. contactless. energy. transfer. desktops.
<http://repository.tue.nl/661798>..In.Proceedings of the IEEE Energy Conversion Congress and Exposition, 
ECCE 2009,.San.Jose,.20–24.September,.2009,.pp..1818–1825..With.permission.)
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One.increasingly.popular.technology.for.powering.these.devices.without.using.adaptors.is.through.
the.use.of.CET.system..CET.is.the.process.in.which.electrical.energy.is.transferred.among.two.or.more.
electrical.devices.through.inductive.coupling.as.opposed.to.energy.transfer.through.conventional.“plug.
and.socket”.connectors.

Different.CET.charging.platforms.for.these.applications.have.been.proposed..One.approach.is.based.
on. a. CET. charging. platform. with. a. single. spiral. inductor.. Here. the. inductive. coupling. between. the.
primary.inductor.and.a.similar.inductor.installed.into.a.mobile.phone.is.used.to.transfer.power..With.
only.a.single.primary.and.secondary.winding.however,.the.phone.needs.to.be.placed.in.a.very.specific.
position.so.that.the.windings.overlap.each.other.exactly..The.phone.is.thus.restricted.to.a.certain.area.
wherein.it.can.be.charged.

In. CET. applications. where. a. high. degree. of. freedom. regarding. the. placement. of. CET. devices. is.
required,. the.use.of.multiple.primary. inductors. is.a.popular.choice. [1,35–37]..One.such.CET.charg-
ing.platform.is.presented.in.Figure.35.11a..Here.multiple.planar.inductors.arranged.to.form.a.matrix.
are.embedded. in.a.CET.charging.platform.or. into.a. section.of.an.office. table. (Figure.35.11b)..When.
small.consumer.electronic.devices,.like.mobile.phones,.PDAs,.multimedia-.and.music.players,.and.even.
.laptops. fitted. with. similar. inductors. are. placed. on. the. platform,. power. is. transferred. from. the. CET.
.platform.(transmitter).to.the.CET.devices.(receivers).through.inductive.coupling.

35.7.2  Planar Inductor Windings

At.the.heart.of.any.CET.system.lies.the.primary.and.secondary.inductors.that.form.the.inductive.link.
and.allow.power.to.be.transferred.between.the.transmitter.and.receiver..Their.geometries.play.a.vital.
role.in.determining.the.power.transfer.capability.and.efficiency.of.the.system..In.applications.like.these,.
where.the.size.of.the.inductors,.especially.the.secondary,.is.very.limited,.spiral.planar.winding.induc-
tors.are.often.used..Hexagon.spiral.windings,.in.particular,.use.the.available.surface.area.very.effectively.
and.can.be.placed.in.a.two-dimensional.hexagonal.lattice.or.matrix.without.any.openings.between.the.
windings..Furthermore,. the.distribution.of. the.magnetic.field.produced.by.these.windings. is.unique.
as.they.produce.a.strong.z-component,.which.make.them.especially.suited.for.applications.where.the.
primary.and.secondary.inductor.placements.are.parallel.to.each.other..Produced.as.copper.tracks.on.
(flexible).PCB,.they.can.also.be.easily.and.cheaply.manufactured.

Figure.35.12a. shows. an.actual.hexagon. spiral.winding. produced.on.PCB;.Figure.35.12b. shows. its.
graphical.representation;.and.Figure.35.12c.shows.a.matrix.of.hexagon.spiral.windings.

35.7.3  Electromagnetic Design

The.design.of.a.CET.system.is.multidisciplinary.in.nature.and.is.concentrated.in.various.research.fields..
First,.and.perhaps.most.importantly,.is.the.electromagnetic.investigation..Here,.methods.for.modeling.

(a) (b)

FIGURE.35.11. (a).CET.receiver.objects.randomly.placed.on.a.CET-enabled.platform.for.charging..(b).The.CET.
platform.showing.multiple.inductors.underneath.the.CET.platform.
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the.various.important.parameters.of.the.CET.inductors.are.created..These.include.methods.for.estimat-
ing.the.distribution.of.the.magnetic.field.intensity,.the.self-.and.mutual.winding.inductances,.and.their.
AC.resistances..For.CET.systems.void.of.any.soft.magnetic.materials,.as.the.variable-phase.CET.desktop.
presented.in.[35],.the.magnetic.vector.potential.and.Biot–Savart.methods.can.be.used.

In.CET.systems.where.soft.magnetic.materials.are.used.for.shielding.purposes,.these.methods.can.no.
longer.be.directly.used..Here,.the.finite.element.method.is.a.popular.choice.

Figure.35.13a.and.b.shows.the.distribution.of.the.magnetic.field.as.calculated.by.the.developed.model..
Here.Figure.35.13a.shows.the.distribution.of.the.magnetic.field.in.a.xy-plane.parallel.to.the.winding.at.a.
height.of.1.mm.above.the.winding,.and.Figure.35.13b.shows.the.magnetic.field.at.5.mm.

(a)

(b) (c)

FIGURE.35.12. (a).An.actual.hexagon.spiral.winding.produced.as.copper.tracks.on.a.PCB,.and.(b).its.graphical.repre-
sentation.used.in.this.work..(c).A.matrix.of.hexagon.spiral.windings..(Sonntag,.C. L. W..et al.,.Load.position.detection.
and.validation.on.variable-phase.contactless.energy.transfer.desktops.<http://repository.tue.nl/661798>..
In. Proceedings of the IEEE Energy Conversion Congress and Exposition, ECCE 2009,. San. Jose,. 20–24.
September,.2009,.pp..1818–1825..With.permission.)
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In. general,. CET. platforms. for. these. applications. use. planar. inductors. with. radii. between. 10. and.
30.mm,.switching.frequencies.between.500.kHz.and.several.megahertz..The.air.gaps.are.usually.limited.
between.1.and.10.mm.

35.7.4  Power Electronics Implementation

The.power.electronics.investigation.focuses.on.the.design.and.implementation.of.the.power.electronic.
systems.needed.to.transfer.and.control.the.power.delivered.over.the.inductive.link..Using.the.lumped.
parameters.obtained.from.the.electromagnetic.investigation,.the.CET.link.is.modeled.as.a.lossy.trans-
former..The.coupling.between.the.primary.and.secondary.windings.is.often.much.weaker.compared.to.
traditional.iron-cored.transformers,.and.to.increase.the.overall.power.transfer.efficiency,.resonance.is.
often.used.

The.circuit.equations.that.govern.the.transfer.of.power.from.the.primary.winding.to.the.secondary.
load.can.be.written.in.phasor.notation:

. V j L I I
j C

R I j M IA A A
A

A
A A AB B= + + −ω

ω
ω , . (35.1)

. j M I j L I I
j C

R I Z IAB A B B
B

B
B B L Bω ω

ω
= + + + . . (35.2)

where,.as.shown.in.Figure.35.14,
LA.and.LB.are.the.inductances
RA.and.RB.are.the.resistances
CA.and.CB.are.the.series.resonant.capacitors
IA.and.IB.are.the.winding.currents.of.the.primary.and.secondary.circuits,.respectively
VA.is.the.fundamental.primary.switching.voltage
MAB.is.the.mutual.inductance.between.the.primary.and.secondary.windings
ZL.is.the.secondary.load,.with.VL.the.voltage.over.it

If. the.series-series.capacitor.compensation. is.chosen.to.operate. in.resonance.with. their.respective.
windings,.Equations.35.1.and.35.2.can.then.be.further.rewritten.as

. V R M
R Z

IA A
AB

B L
A≈ +

+






ω2 2

. . (35.3)

The. switching. voltage. is. usually. generated. using. a. half-bridge. inverter. (see. Figure. 35.4b),.
a. MOSFET. driver,. and. a. buck. converter. to. power. them.. This,. together. with. the. series. resonant.

VA

CA RA

LB

ZA

LA

iA

MAB

RB CB

iB

ZL VL

+

–

VB
+

–

ZL

FIGURE.35.14. A.simplified.schematic.diagram.of.power.transfer.to.load.ZL.
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capacitor,. acts. as. a. band-pass. filter,. allowing. only. the. fundamental. switching. current. to. f low.
through.in.the.primary.winding.

To.control.the.primary.current,.and.to.keep.it.constant.during.loaded.and.non-loaded.operations,.a.PI.
or.hysteresis.current.controller.can.also.be.implemented..This.can.be.programmed.in.a.micro-controller.

Coil.commutation.circuits.are.also.used.in.certain.CET.platforms.for.switching.the.current.into.the.
different.primary.windings.

35.7.5  Operational Features

The. CET. platform. operational. features. refer. to. certain. technical. and. non-technical. attributes. and.
characteristics.that.need.to.be.implemented.into.the.system.in.order.to.make.it.user.friendly,.safe,.and.
operate.logically,.within.its.working.environment.

One.of.these.important.operational.features.is.the.location.and.authentication.of.valid.CET.devices.
placed.on.the.CET.platform..From.a.practical.point.of.view,.a.CET.platform.used.in.an.office.environ-
ment.might.also.contain.objects.that.are.not.CET-enabled.and.should.not.be.charged..Some.of.these.
objects.can.be.metallic.in.nature,.like.a.bunch.of.keys,.a.soft-drink.can,.pens,.coins,.etc..Exciting.the.
primary.windings.close.to.these.conductive.objects.could.create.eddy.currents.and.result.in.undesired.
heating.of.the.objects..Other.objects,.like.magnets.and.ferrites,.with.high.permeability.can.also.interfere.
with.the.normal.operation.of.a.CET.desktop.or.platform,.and.should.thus.be.avoided..In.[37].a.method.
is.devised.to.locate.the.position.and.distinguish.between.three.possible.object.types.placed.on.the.CET.
platform..These.are:.metallic.objects,.magnetic.objects,.and.valid.CET.devices..Figure.35.15a.shows.a.
CET.platform.filled.with.various.CET.and.non-CET.devices..Figure.35.15b.shows.an.image.of.an.actual.
metallic.and.magnetic.materials.placed.on.an.implemented.CET.platform.for.testing..Here.object.A.is.a.
60.mm.aluminum.office.key,.object.B.is.a.toroidal.ferrite.core,.object.C.is.two.ferrite.E-cores,.and.object.
D.is.a.piece.of.copper.plate..Due.to.their.unique.influences.on.the.primary.winding.impedances,.they.
can.all.be.located.and.distinguished.

Other.operational.features.which.could.be.implemented.in.a.CET.platform.include.periodic.scanning.
of.the.CET.platform.to.locate.newly.placed.CET.devices..Also,.audible.user.feedback.tones.can.be.imple-
mented. to.notify. the.user.when.a.new.CET.device. is. located.and.powered.or.when.a.device. is. fully.
charged.or.removed.from.the.platform..From.a.safety.perspective,.the.constant.monitoring.of.the.current.
and.voltage.levels.of.excited.primary.windings.could.indicate.potential.problems.if.the.values.fall.outside.
certain.allowed.range.

(a)

A

B
C

D

(b)

FIGURE.35.15. (a).A.CET.platform.with.various.CET.and.non-CET.objects.randomly.placed.on.its.surface,.and.
(b).image.from.an.actual.CET.platform.showing.a.few.different.metallic.and.ferrite.materials.that.the.CET.platform.
can.distinguish.
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35.8  Summary and Conclusion

A.brief.review.of.basic.CET.systems,.with.special.focus.on.inductively.coupled.solution,.is.given.in.this.
chapter..Several.groups.of.application.with.typical.specification.are.summarized.in.Table.35.3.

Key.conclusions.include.the.following:

•. The.CET.systems.are.used.in.power.range.from.milliwatts.(biomedicine,.sensors,.actuators,.etc.).
till.several.hundred.kilowatts.(cranes,.fast.battery.charging).

•. The.final.efficiency.achieved.by.inductively.coupled.CET.systems.is.in.the.range.of.60%–90%.for.
low.and.high.power.applications,.respectively.

•. In.high.power.(>1.kW),.transformers.with.core.winding.are.applied.
•. In.low.power.(<100.mW),.air.gap.coupling.and.very.high.transmission.frequency.from.100.kHz.

till.several.(MHz).is.preferred.
•. For.long-distance.mobile.loads,.CET.systems.with.sliding.transformers.are.used.
•. There.is.no.one.standard.solution.of.CET.system;.every.design.has.to.take.into.account.several.

specific.parameters.and.user.conditions.
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Energy.distribution.has.mainly.been.a.domain.of.power.electronics,.but.not.of.industrial.communica-
tion.systems.in.the.past..However,.in.the.light.of.climate.change.and.strong.efforts.to.reduce.CO2.emis-
sions,.the.concept.of.“smart”.energy.distribution.and.“smart.power.grids”.has.emerged..Such.smart.grids.
are.defined.through.the.combination.of.power.and.information.as.well.as.communication.technology,.
whereas.the.latter.allow.smart.control.algorithms.to.be.applied..This.chapter.describes.the.motivations,.
drivers,.developments,.and.implications.of.smart.grids.

36.1 Evolution of Smart Energy Distribution

The. electrical. power. systems. as. they. exist. today. are. the. result. of. more. than. 100. years. of. technical.
.development..Since.Edison’s.first. installations,. the.guiding.design.principle.was. that.of. large.central.
power.plants.and.a.large.number.of.small.distributed.consumers,.which.are.connected.with.the.genera-
tion.sites.by.means.of.a.power.grid..For.availability.reasons,.isolated.systems.got.connected.and.large.
national.and.transnational.grids.evolved.

The.electric.power.grid.is.a.classical.distributed.system.[TS06,.p..2],.even.if.it.is.not.consisting.of.com-
puters.but.of.electrical.generators.and.loads..Seen.from.an.abstract.viewpoint,.it.consists.of.a.large.number.
of.interacting.entities.(nodes.or.energy.resources).that.are.connected.with.communication.channels,.the.
power.lines..Communication.is.realized.by.influencing.and.observing.ubiquitous.physical.parameters.
like.power.flows.or.the.grid.frequency..The.growing.power.grid.was,.together.with.the.telephony.system.
that.had. its.growing.period.nearly.at. the. same. time. [CD04,C04],.one.of. the.first. and. largest.distrib-
uted.systems.that.have.been.designed.by.electrical.engineers..This.duality.of.key.infrastructure.systems,.
one.for.electrical.energy.and.the.other.for.communication,.which.began.in.the.1880s.and.1890s,.still.
exists.today..However,.while.the.telephone.system.has.merged.into.the.Internet.and.thus.made.through.
a.number.of.revolutionary.technological.changes,.the.power.system.has.remained.with.comparably.little.
changes..The.primary.reason.for.this.is.that.changes.in.the.power.grid.are.associated.with.extraordinary.
high.investment.costs.(compared.to.those.of.smaller.components.in.the.telecom.sector),.resulting.in.long.
investment.cycles.of.several.decades.

The.electric.power.grid.cannot.store.electrical.energy.in.large.amounts.for.long.times..The.generated.
power.has.to.match.the.consumed.power.at.all.times..In.some.way,.the.current.demand.has.to.be.communi-
cated.to.the.generation.sites,.so.that.they.can.adjust.to.it.(theoretically,.also.the.generation.amount.could.be.
communicated.to.the.loads.so.that.they.would.adjust.to.it)..Further,.a.suitable.way.of.load-.sharing.between.
the.generators.is.needed,.which.can.be.seen.as.a.protocol.that.determines.in.detail.which.generator.reacts.
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when.and.how.much..All.this.has.to.work.over.hundreds.or.even.thousands.of.kilometers..This.techni-
cal.challenge.was.brilliantly.met.without.the.use.of.any.explicit.data.communication.by.the.introduction.
of.power-frequency.control.[K04]..Today,.however,.information.and.communication.technology.(ICT).is.
seen.as.one.of.the.key.concepts.to.maintain.efficient.and.secure.provision.of.electrical.energy..The.reason.
for.this.is.a.paradigm.shift:.In.addition.to.the.centralized.generation,.smaller.generation.units.in.larger.
numbers.are.more.and.more.integrated.into.the.grid,.the.so-called.dispersed.or.distributed.generation.
[JAC00]..Electricity.generation.from.renewable.sources.is.often.only.realizable.as.distributed.generation..
This.is.because.compared.to.the.traditional.generation.from.fossil.resources,.the.energy.density.of.renew-
able.energy.sources.is.low..The.number.of.generation.units.is.comparably.high,.but.they.have.a.rather.low.
individual.power.output.compared.to.large.centralized.power.plants..Units.are.set.up.at.locations.where.
the.availability.of.the.energy.source.is.good.(e.g.,.strong.winds,.flowing.water)..This.results.in.generation.
units.being.scattered.over.the.power.grid.infrastructure.in.a.spatially.distributed.manner..It.can.be.argued.
that.a.more.distributed.organization.of.the.power.infrastructure.is.also.going.along.with.an.increase.in.
reliability..Bottlenecks.can.be.avoided.and.regional.electricity.supply.can.be.maintained.using.local.sources.
even.if.the.backbone.grid.fails..This,.however,.can.only.be.achieved.with.more.complex.system.operation.
basing.on.an.extensive.use.of.automation.infrastructures.

The.integration.of.a.high.density.of.distributed.generation.into.the.existing.power.grids.leads.to.a.
number.of.different.issues..The.two.most.prominent.ones.are.the.fact.that.generators.connect.to.the.grid.
at.positions.that.have.initially.been.designed.for.loads.only.and.the.volatile.nature.of.generation.from.
renewable.sources..The.strong.growth.of.electricity.generation.in.the.medium.voltage.grid,.where.most.
of.the.installed.distributed.generation.injects.its.power,.leads.to.grid.voltage.problems.[JAC00]..In.times.
of.low.demand,.the.grid.voltages.at.the.feeding.points.reach.the.limits.set.by.grid.operators.and.regula-
tion.authorities,.so.that.no.more.units.could.be.installed.without.significant.grid.investments.[KBP07]..
The.second. issue. is. that.due. to. the.volatile.nature.of.generation. from.renewable.energy.resources,. it.
becomes.more.and.more.difficult.to.predict.the.amount.of.electricity.generation..As.a.result,.in.future.
there.will.be.a.stronger.need.for.balance.energy.[S02]..Especially.the.rising.amount.of.distributed.gen-
eration.will.significantly.increase.the.uncertainty.in.balance.prediction.and.therefore.increase.the.need.
for.more.balance.energy.provision.[SIF07].

Therefore,.the.rising.energy.demand.and.the.necessity.to.increase.energy.efficiency.and.generation.
from. renewable. resources. imply. that. power. quality. and. security. of. supply. can. only. be. maintained.
(before. even. improved). if. the. basic. management. mechanisms. of. the. power. grid. are. adapted. to. the.
changing.situation..This.results.in.the.need.for.large.investments.and.a.number.of.innovative.technical.
solutions..The.“smart.power.grid”.serves.as.the.umbrella.for.a.harmonized.and.coordinated.application.
of.such.new.technical.solutions,.which.heavily.rely.on.ICT.(Figure.36.1).

Smart.power.grids.can.be.defined.as.in.[LFP09]:.“Smart.grids.are.power.grids,.with.a.coordinated.
management. based. on. bi-directional. communication. between. grid. components,. generators,. energy.
storages.and.consumers.to.enable.an.energy-efficient.and.cost-effective.system.operation.that.is.ready.
for.future.challenges.of.the.energy.system.”

There.are.two.key.drivers.for.the.development.of.smart.grids..The.first.is.the.integration.of.renew-
able.energy.resources. into. the.power.grids,.as.mentioned.before..The.second. is. the.advance. in.ICTs..
Innovations.in.communication.systems,.especially.in.the.areas.of.signal.processing.and.in.production.
technologies,.have.resulted.in.the.deployment.of.communication.systems.that.enable.comparably.high.
data.throughput.for.low.costs..Wireless.transmission.of.data.is.state.of.the.art.at.this.stage.for.remote.
control.in.medium.voltage.grids,.a.fact.that.shows.that.this.technology.has.reached.an.adequate.level.of.
maturity.and.is.accepted.by.the.grid.operators,.who.traditionally.are.very.concerned.about.the.reliability.
of.information.technology.in.the.grid..The.technological.advance.on.the.side.of.information.technology.
on.one.hand.and.the.beginning.shortage.in.energy.supply.(including.the.need.for.CO2.reduction).on.the.
other.hand.also.result.in.an.economic.paradigm.shift:.As.costs.for.energy.rise.and.costs.for.communica-
tion.fall,.the.relation.between.both.begin.to.change.and.the.unit.cost.for.energy.is.ultimately.becoming.
higher.than.the.unit.cost.for.communication.in.many.application.areas.(Figure.36.2).
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36.2 Key Concepts of Smart Grids

Smart. grids. are. made. out. by. the. application. of. a. number. of. key. concepts. that. are. discussed. in. the.
text.following..All.of.them.need.an.underlying.industrial.communication.infrastructure,.which.can.be.
affordable.when.deployed.for.multiple.applications.

Supervisory. control. and. data. acquisition. (SCADA). and. substation. automation. are. the. traditional.
domain.of.narrowband.automation.infrastructure.in.power.grids,.especially.in.medium.and.high.volt-
age.grids..The.SCADA.infrastructure.is.used.to.connect.network.components.in.the.field.with.control.
centers,.so.that.they.can.be.supervised.and.remote-controlled..The.media.used.for.SCADA.can.be.very.
diverse.and.span.from.glass.fiber.over.wireless.solutions.to.distribution.line.carrier,.a.special.form.of.
power.line.communication.for.medium.voltage.grids.

Substations.are.currently. the.endpoint.of. the.utilities’.automation. infrastructure..From.this.point.
on,.there.is.usually.no.more.online.data.coming.from.the.grid..This.situation.is.going.to.be.changed.by.
AMI.(automated.metering. infrastructure).or.similar. initiatives..The.problem,.however,.with.existing.
substation.automation.and.communication.is.that.many.are.based.on.proprietary.technology..This.is.
now.changed.by.IEC.61850.[IEC05]..Several.existing.efforts.(EPRI.UCA.2.0,.IEC.60870).are.converg-
ing.to.one.unified.standard.for.telemetry.and.remote.control..It.is.specifically.designed.for.local.area.

Central generation

Distributed generation

Market

Storages

Power grid

Consumers

FIGURE. 36.1. Definition. picture. of. a. smart. grid.. (National. Technology. Platform—Smart. Grids. Austria.. See.
http://smartgrids.at,.visited.02/2009.)

Costs per unit

Time

Electrical energy 
Data communication 

Today? 
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FIGURE.36.2. Estimated.development.of.costs.for.communication.and.energy.
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networks.like.Ethernet.and.therefore.more.than.an.encapsulation.of.control.commands..Using.a.substa-
tion.bus.(10.Mb/s.to.1.Gb/s).and.a.process.bus.(100.Mb/s.to.10.Gb/s),.it.connects.meters,.protocol.relays.
and.converters,.human.machine.interfaces,.and.substation.equipment..It.uses.a.strictly.object-oriented.
approach.to.model.the.application.and.has.types.and.formats.for.all.necessary.data..Peers.are.either.in.
a.client-server.or.multicast.relation.and.exchange.information.via.messages..The.protocol.stack.offers.
slim.and.real-time-capable.transports.as.well.as.interoperable,.IP-based.services..The.fast.services.have.
direct.access.to.the.data.link.layer,.while.all.others.use.a.sophisticated.protocol.stack.that.ensures.easy.
management.and.commissioning.

Active.distribution.grids.allow.the.integration.of.a.high.density.of.distributed.generation.in.existing.
medium.voltage.infrastructure.by.an.active.control.of.generation.power.on.the.basis.of.voltage.or.power.
flow.measurements.at.critical.points. in. the.grid..As.shown.in.Figure.36.3,. the.main.barrier. for.con-
necting.new.generators.to.the.grid.is.that.power.feed-in.increases.the.grid.voltage.at.the.feed-in.point..
The.voltage.has.to.be.kept.in.an.allowed.band.(e.g.,.±10%.of.nominal.value).by.the.grid.operator.in.any.
case..The.worst.case.occurs.when.there.is.no.load.but.strong.energy.generation.on.the.feeder,.as.shown.
in.Figure.36.3,.Example.B..In.an.active.distribution.grid,.the.generation.of.the.distributed.generators.is.
managed.according.to.the.voltage.at.critical.points..If.the.voltage.rises.too.high,.reactive.power.manage-
ment.is.performed..If.this.is.not.effective.enough,.even.the.active.power.can.be.curtailed.[KBP07].

Such.an.active.management.of.generated.power. in.a.medium.voltage. feeder. is.basically.a. form.of.
multi-objective.control..The.challenge.here.is.that.sensors,.controllers,.and.actuators.are.very.far.from.
each.other..Voltage.and.power.information.has.to.be.communicated.over.dozens.of.miles.once.every.

Generator

Line voltage

G G 

Distance from transformer

Load Load Generator Load

Example A: Generation and load

Line voltage

G G 
Generator 

Example B: Generation only

Allowed voltage band

Allowed voltage band exceeded

Distance from transformer 

Generator

FIGURE.36.3. Voltage.over.a.feeder.in.the.presence.of.loads.and.generators..In.Example.A,.voltage.limits.are.not.
exceeded..In.Example.B,.no.load.reduces.the.voltage,.but.generation.is.still.active.(e.g.,.in.a.night.with.strong.winds)..
Without.active.generation.management,.the.generators.would.be.disconnected.from.the.line.by.voltage.protection.
switches.
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6.s or.so..The.automation.infrastructure.used.has.to.be.highly.reliable..Often,.the.protocols.are.trans-
ported.over.a.variety.of.different.media,.depending.on.the.available.communication.links.

Smart.meters.can.be.part.of.a.smart.grid,.but.they.are.not.the.same.as.smart.grids..Although.the.ori-
gins.of.smart.metering.technology.lies.in.remote.meter.reading,.other.aspects.also.play.a.role.in.smart.
meters.than.consumed.kilowatt-hours..These.are.consumption.profiles,.power.quality.monitoring,.and.
remote.switching.of.loads.

It.can.be.expected.that.power.grids.will.in.future.be.operated.closer.to.their.limits.as.it.is.currently.the.
case..One.of.the.reasons.for.that.is.that.the.pattern.and.kind.of.investments.into.the.grid.infrastructure.
will.change.due.to.the.liberalization.of.power.markets..For.maintaining.the.high.standards.in.power.
quality,.today.it.is.already.considered.to.be.necessary.to.monitor.power.quality.variables.such.as.volt-
age,.flicker,.and.harmonics.using.online.measurements.in.the.grid..This.is.another.driving.factor.for.an.
increasing.flood.of.online.measurement.data.from.the.grid.

Smart.metering.systems.can.generate.snapshots.of.the.consumption.state.of.the.whole.grid.so.that.
grid. operators. can. examine. in. detail. how. much. power. was. flowing. to. where. in. the. moment. of. the.
snapshot..Therefore,.smart.meters.are.interconnected.by.means.of.communication.links,.usually.nar-
rowband.power.line.communication.to.data.concentrators.at.the.transformer.stations..From.here,.back-
bone.networks.(e.g.,.glass.fiber).bring.the.data.to.control.centers..Communication.infrastructures.are.
essential.features.of.smart.metering.systems,.but.in.many.grids.they.are.still.nonexistent.

While. in.some.countries. smart.meters.are.area-wide.deployed,. in.other.countries. the.debate.about.
their.benefits.is.still.underway..On.the.positive.side,.these.systems.simplify.the.accounting.and.consumers.
can.be.promptly.informed.about.their.energy.consumption..More.data.are.available.from.the.grid,.and.
network.development.planning.can.be.done.on.the.basis.of.real.data.instead.of.worst-case.models..Failure.
detection.becomes.easier.and.voltage.bands.can.be.used.more.efficiently..On.the.negative.side,.the.costs.
are.very.high.and.it.is.basically.assumed.that.the.consumer.will.pay.the.price..Further,.there.is.a.severe.lack.
of.standards..Long-term.reliability.and.data.security.questions.are.not.yet.completely.answered.

One.of.the.largest.projects.about.smart.metering.in.the.United.States.is.the.AMI.initiative;.similar.
projects.exist.around.the.world.[AMI08]..AMI.is.seen.as.the.next.step.after.remote.metering:.bidirec-
tional.communication.between.utilities,.customers,.and.grid.operators..The.main.concerns.of.AMI.are.
affordable.and.secure.acquisition.and.management.of.billing-relevant.data..Although.usually.consid-
ered.as.non-critical.transport,.there.are.high.requirements.in.accuracy.and.reliability..The.expectations.
toward.AMI.are

•. Reduced.management.costs.for.billing
•. Increased.insight.into.consumption.patterns
•. Reduced.energy.consumption.because.of.immediate.feedback.information.to.the.customer
•. Identification.and.correction.of.leakages.and.losses
•. Improved.grid.stability.due.to.integration.with.demand.response.programs

The.communication.technology.for.AMI.is.typically.separated.into.two.parts..The.wide.area.link.is.clas-
sically.based.on.Internet.technology,.transported.over.UMTS,.DSL,.and.other.available.Internet.con-
nections..Inside.the.customers’.facilities,.the.choice.often.lies.on.wireless.home.networks,.for.instance.
based.on.ZigBee.or.Z-wave.

Automated.demand.response.(DR),.that.is,.remote.switching.of.customers’.appliances,.plays.a.key.role.
in.most.smart.grid.conceptions..A.number.of.different.terms.are.used.in.this.context,.such.as.demand.side.
management,.DR,.or.load.shifting..The.general.idea.is.to.gain.influence.on.the.load.side.of.the.power.grid.
and.make.use.of.flexibilities.in.the.timing.of.energy.consumption..Such.measures.are.seen.as.a.support-
ing.tool.to.match.supply.and.demand.under.the.condition.of.supply.from.fluctuating.renewable.energy.
resources,.whose.generation.patterns.do.not.match.the.demand.curves..In.countries.with.a.high.blackout.
frequency,.DR.can.be.a.key.concept.to.better.distribute.the.available.generation.and.transmission.capacities.

Load.shifting,.in.particular,.does.not.aim.to.reduce.energy.consumption.in.long.term,.but.to.reduce.
peak.loads.by.shifting.consumption.to.off-peak.times..As.a.short-term.method,.it.allows.improving.the.
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balance.of.supply.and.demand.without.the.decrease.of.functionality.for.end.users..Modern.load.shifting.
happens.hidden.and.unrealized.by.the.energy.subscriber..The.control.of.load.shifts,.distributed.storages,.
and.curtailment.of.interruptible.loads.are.the.major.tools.for.this.strategy..Based.on.their.specific.process-
ing,.properties,.and.energy.storage.functionality,.there.is.the.possibility.to.reschedule.energy.consumption.
of.certain.loads..Energy.can.either.be.stored.in.real.energy.storages,.such.as.thermal.storages,.or.as.con-
ceptual.energy.storages.that.can.be.exploited.by.rescheduling.a.process.to.a.later.point.in.time.(load.shift).
[KR07]..Load.shifting.can.be.performed.in.various.processes,. for.example,.washing,.cleaning,.heating,.
chilling,.and.pumping..These.electricity-consuming.processes.have,.depending.on.the.application,.certain.
degrees.of.freedom.in.their.time.schedule..Many.representatives.of.these.classes.of.potentially.shiftable.
loads.can.be.found.within.buildings,.especially.large.functional.buildings.

DR.is.taking.influence.on.loads,.for.the.benefit.of.the.grid.or.the.customer’s.energy.bill..While.demand.
response.can.refer.to.either.incentive-driven.(e.g.,.by.time-of-use.tariffs).or.automated.means.to.change.the.
behavior.of.electrical.loads,.automated.demand.response.implies.communication.from.“the.grid”.to.energy-
consuming.appliances.connected.to.the.grid..The.granularity.of.this.communication.could.be.reduced.by.
addressing.the.whole.building.instead.of.every.single.part.of.equipment..Functional.buildings.account.for.a.
significant.share.of.energy.consumption.and.at.the.same.time.have.usually.large.load.shift.potentials..Further,.
they. are. often. equipped. with. building. automation. and. control. systems,. which. can. interpret. the. demand.
response.command.from.the.grid.and.translate.them.into.dedicated.actions.for.the.electrical.consumers.within.
a.building..Therefore,.the.“building-to-grid”.approach.for.demand.response.(Figure.36.4).is.very.promising.

Automated.DR.is.mostly.load.shedding,.setpoint.adjustments,.duty-cycling,.and.load.shifting,.done.
in.an.automated.fashion..So-called.“aggregators”—service.providers,.mediating.between.a.utility.and.
customers—typically.install.such.systems.to.manage.their.customers’.facilities..The.open.auto-DR.spec-
ification.is.the.first.attempt.to.standardize.these.systems.*.Its.core.component.is.the.demand.response.
automation.server.(DRAS,.see.Figure.36.5).and.a.set.of.standardized.messages.(events).

A.utility.or.grid.operator.can.issue.a.“demand.response.event”.(e.g.,.a.grid.emergency).and.depending.
on.who.subscribed.to.which.demand.response.program,.the.DRAS.distributes.the.required.information.
to.the.clients.(energy.management.control.systems,.aggregators,.or.directly.the.loads).in.a.secure.and.reli-
able.manner..This.concept.can.and.will.be.extended.to.also.serve.developments.like.“Building2Grid”.or.
“Plugin.Hybrid.Vehicles.”

*. http://drrc.lbl.gov
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FIGURE.36.4. “Appliance-to-grid”.versus.“building-to-grid”.approach..The.granularity.of.this.communication.
could.be.reduced.by.addressing.the.whole.building.instead.of.every.single.part.of.equipment.
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36.3 Smart Grid Vision

The.future.smart.grid.will.be.characterized.by.an.intensified.flow.of.information.compared.to.the.state-
of-the-art.power.grid,.where.the.dominating.flow.of.energy.is.only.accompanied.by.sporadic.(monthly.or.
yearly).meter.readings..The.communication.system.will.be.used.for.many.different.applications.(Figure.
36.6),.which.altogether.justify.the.large.investments.needed.to.build.the.infrastructure..The.challenges.
for. this.development.are.not.only.of. technical.and.economic,.but.also.of.organizational.nature.. It. is.
hoped.that.by.means.of.a.smart.infrastructure,.an.efficient.and.cost-effective.power.grid.operation.is.
achievable.that.is.ready.for.future.challenges.of.the.energy.system.

The.actual.realization.of.smart.grids,.however,.is.currently.hindered.by.a.kind.of.hen-egg-problem..
This.is.at.least.the.case.in.central.Europe..On.one.side,.the.common.communication.infrastructure.is.
the.defining.element.of.a.smart.grid.and.serves.for.many.smart.applications..It.is.one.of.the.key.invest-
ments.to.be.done..However,.this.investment.is.delayed.because.it.seems.to.have.no.direct.profit.seen.
on.its.own..Also,.the.investor,.who.could.be.the.grid.operator,.will.only.invest.in.an.infrastructure.that.
serves.his.or.her.own.concerns.(such.as.smart.metering)..Further.services.that.he.or.she.could.provide.
for.other.stakeholders.in.the.liberalized.electricity.market,.such.as.plant.operators,.suppliers,.or.energy.
consumers,. mostly. cannot. be. paid. regard. due. to. the. lack. of. standards. of. how. such. services. should.
exactly.look.like.
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On.the.other.side,.the.potential.smart.applications.cannot.or.not.efficiently.be.implemented.without.
the.basic.communication.infrastructure..Also,.here,.investments.are.delayed.due.to.missing.communi-
cation.infrastructure.

A.way.out.of.this.deadlock.situation.could.be.that.a.modular.step-by-step.strategy.is.developed.that.
defines.building.blocks.for.basic.and.upgradable.ICT.services.for.smart.grids,.which.can.be.used.by.
all.potential. applications..Depending.on. the.communication. requirements.of. the.applications,. some.
applications.can.be.used.with.the.basic.version.and.some.only.with.upgraded.versions.of.the.ICT.service.
set..For. smart.metering,. for.example,.only. small.bandwidth.connections.with.best-effort. service.are.
needed,.while.for.active.voltage.control.higher.bandwidth.and.real-time.service.is.required..Then,.incen-
tives.for.strategic.investments.by.grid.operators.in.the.basic.ICT.services.could.be.set..This.approach.
would.enable.those.applications.with.moderate.service.requirements.to.be.realized.and.further.lower.
the.threshold.for.the.implementation.of.applications.with.higher.ICT.service.demand..The.approach.
requires.standardization.of.smart.services.and.an.upgradability.of.the.ICT.infrastructure.to.ensure.that.
previous.investments.are.still.of.use.when.the.infrastructure.is.extended..It.further.requires.actual.com-
munication.components.for.smart.grids.that.enable.a.step-by-step.extension.of.the.ICT.infrastructure.
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37.1 Introduction

The.electric.power.system.is.one.of. the. largest.and.most.complex.man-made.systems,.encompassing.
billions.of.components,.tens.of.millions.of.kilometers.of.transmission.lines,.and.thousands.of.genera-
tors.serving.a.diverse,.huge.number.of.consumers..The.function.of.a.power.system.is.to.generate.electric.
energy.economically.and.with.the.minimum.ecological.disturbance.and.to.transfer. this.energy.over.
transmission.lines.and.distribution.networks.with.the.maximum.efficiency.and.reliability.for.delivery.
to.customers.at.virtually.fixed.voltage.and.frequency..The.conventional.power.system.structure.is.highly.
hierarchical. where. power. flows. are. typically. unidirectional. (i.e.,. from. generating. plant. to. end. user)..
Most.of.the.electricity.is.still.generated.in.large,.centrally.managed.power.plants,.due.to.economies.of.
scale.and.location.of.resources.(e.g.,.coal,.water),.and.transported.in.bulk.to.the.areas.through.a.meshed.
transmission.grid.(with.built-in.redundancy.to.increase.security.and.availability).and.finally.delivered.
to.the.consumers.through.passive.typically.radial.distribution.systems..The.end.users.are.typically.non-
responsive.consumers.and.do.not.participate.in.system.operation.

The.constant.growth.of.demand.for.electricity.over.the.years.resulted.in.the.appearance.of.“bottle.
necks”. in. electrical. power. transmission. corridors. (i.e.,. the. amount. of. power. that. could. be. trans-
ferred.from.one.point.in.the.network.to.the.other.started.to.become.more.and.more.limited.due.to.
physical.capacities.of.transmission.lines).and.in.increasing.difficulty.to.ensure.appropriate.regulation.
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and.control.of.key.attributes.of. the.electrical.power. transfer. that.would.meet. increasing.customer.
demands. for. high. quality. of. electricity. supply. (i.e.,. efficiency. of. power. transfer,. reliability. of. sup-
ply,.and.delivery.to.customers.at.almost.fixed.voltage.and.frequency)..It.was.soon.realized.that.rely-
ing.solely.on.the.construction.of.new.primary.plants.to.solve.the.problem.is.not.a.viable.option.for.
economic,.environmental,.and.public.acceptance.reasons..The.investments.in.new.generating.plants.
and.transmission.lines.are.extremely.expensive.and.take.years.to.complete..The.transmission.lines,.
generating.plants,.and.large.storage.facilities.have.a.visual.and.environmental.impact.that.will.limit.
their.acceptance.by.the.public.

The.task.of.delivering.the.electricity.in.a.reliable,.secure,.and.controllable.manner.relied.in.the.past,.
and.still.does.to.a.large.extent,.on.the.supervisory.control.over.the.transmission.system..This.has.been.
achieved.largely.by.means.of.control.equipment.such.as.the.tap-changing.transformers,.shunt.and.series.
reactors,.the.capacitor.banks,.the.protection.apparatus.and.systems,.etc..With.the.growth.of.the.trans-
mission.system,.due.to.increased.interconnections.among.different.(geographical).regions.and.demand.
for.operating.the.system.under.more.stressed.conditions.in.order.to.satisfy.the.growing.and.more.ver-
satile.demand.in.more.and.more.environmentally.and.economically.aware.surrounding,.the.ability.of.
the.conventional.equipment.to.control.the.system.became.limited.and.the.need.for.fast.and.frequent.
self-operating.equipment.that.introduces.additional.degrees.of.freedom.in.system.operation.appeared.

The. flexible. alternating. current. transmission. system. (FACTS). devices,. often. referred. to. as. flex-
ible.alternating.current.transmission.systems.(FACTS).represent.a.dependable.solution.to.the.task.of.
advanced.control.of. transmission.systems. in.a.new.operating.environment..The.terms.“FACTS”.and.
“FACTS.device”.will.be.used.interchangeably.in.the.rest.of.this.chapter.as.this.is.often.the.case.in.pub-
lished. literature..The.Electric.Power.Research. Institute. (EPRI). introduced. this. technology.originally.
during.the.1980s,.since.then,.it.has.been.constantly.evolving.[1]..The.FACTS.technology.is.largely.based.
on.application.of.the.high-voltage.power.electronic.switches.enabling,.through.fast.and.sophisticated.
control,. modulation. of. key. parameters. that. govern. the. operation. of. transmission. systems. including.
series.and.shunt. impedances,. currents,.voltages,.phase.angles,. and.real.and.reactive.power.flows.. In.
addition.to.their.advanced.control.capabilities. they.are.also.environmentally. friendly..They.are.built.
from.safe.materials.and.do.not.produce.any.kind.of.emissions.or.waste.during.the.operation.that.may.
pollute.the.environment.[2].

37.2 Basic FaCtS technology

Two.different.technical.approaches. influenced.the.development.of.FACTS.devices..The.first.group.of.
devices.employs.reactive.elements.or.a.tap-changing.transformer.with.thyristor.switches.as.controllable.
elements..The.second.group.uses.self-commutated.static.converters.as.controlled.voltage.sources.

Ever.since.the.first.thyristor.has.been.developed,.the.main.design.objectives.for.power.semiconduc-
tors.were.low.switching.losses,.high.switching.rates,.and.minimal.conduction.losses..Subsequent.inno-
vations.in.FACTS.technology.were.mainly.driven.by.those.objectives.[1,3,4].

37.2.1 Power Semiconductors

The.most.widely.used.power.semiconductors.in.FACTS.technology.are.a.conventional.thyristor,.a.gate.
turn-off.(GTO).thyristor,.and.an.insulated-gate.bipolar.transistor.(IGBT).

The.conventional.thyristor.is.a.device.that.can.be.triggered.(turned.on).with.a.pulse.at.the.gate.and.
afterward. remains. in. conducting. mode. (turned. on). until. the. next. current. zero-crossing.. Therefore,.
only. one. switching. per. half. cycle. is. possible.. This. property. limits. the. controllability. of. the. device..
Conventional. thyristors. have. the. highest. current. and. blocking. voltage. among. conventionally. used.
power.semiconductors,.therefore,.fewer.semiconductors.are.required.for.an.application..They.are.used.
as.switches.for.capacitors.or.inductors.and.are.still.the.preferred.devices.for.applications.with.the.high-
est.voltage.and.power.levels..Thyristors.are.an.essential.part.of.the.most.frequently.used.FACTS.devices.
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including. the. biggest. high-voltage. DC. (HVDC). transmission. systems. with. voltage. levels. exceeding.
500.kV.and.power.ratings.of.several.thousands.MVA.[4].

GTO.thyristors.are.devices.that.can.be.switched.off.with.a.current.pulse.at.the.gate..They.were.devel-
oped.to.increase.the.controllability.of.conventional.thyristors..This.technology.has.grown.very.rapidly,.
and.high-power.GTOs.are.now.available..The.latter,.are.nowadays.replaced.by.insulated-gate.commu-
tated.thyristors.(IGCT),.which.combine.the.advantage.of.a.conventional.thyristor,.i.e.,.low.conducting.
losses,.with.a.low.switching.losses.[4].

The.IGBT.can.be.switched.on.with.a.positive.voltage.signal.and.switched.off.by.removing.the.voltage.
signal..Therefore,.a.very.simple.gate.drive.unit.can.be.used.to.control.the.IGBT..It.is.becoming.more.and.
more.important.for.FACTS.technology..The.voltage.and.power.level.of.applications.are.being.increased.
to. 300.kV. and. 1000.MVA,. respectively,. for. an. HVDC. transmission. with. voltage-sourced. converters.
(VSCs).[4]..The.capabilities.of.modern.IGBTs.make.them.applicable.in.the.wide.range.of.power.system.
applications.

37.2.2 thyristor-Based FaCtS Devices

In.high-power.applications.semiconductor.elements.are.used.primarily.as.switches..To.accommodate.
switching. in. an. AC. system,. two. unidirectional. conducting. devices. are. connected. in. an. antiparallel.
configuration..This.group.of.FACTS.controllers.employs.conventional.thyristors..Most.of.them.have.a.
common.characteristic.that.the.necessary.reactive.power,.required.for.compensation,. is.generated.or.
absorbed.by.a.traditional.capacitor.or.reactor.banks..The.thyristor.switches.are.used.only.to.control.the.
combined.reactive.impedance.that.these.banks.present.to.an.AC.system,.as.shown.in.Figure.37.1.

37.2.3 Converter-Based FaCtS Devices

The.second.group.of.FACTS.devices.employs.self-commutated.VSCs..A.VSC.basically.represents.rapidly.
controllable.static.synchronous.AC.voltage.source..Compared.to.the.first.group.of.FACTS.devices,.the.
VSC-based.devices.generally.have.superior.performance.characteristics..Figure.37.2.illustrates.the.basic.
scheme.of.a.two-level.three-phase.VSC.consisting.of.six.power.transistors.with.a.parallel.power.diode.
connected.in.reverse.and.a.capacitor.on.the.DC.side..A.suitable.switching.pattern.must.be.defined.for.
the.switch.on.and.switch.off.capability..The.simplest.solution.is.the.combination.of.a.triangular.voltage.
with.a.reference.voltage.as.control.variables,.i.e.,.pulse.width.modulation.(PWM).[1,4].

Three.stages.of.an.output.voltage.(plus,.minus,.and.zero).can.be.achieved.with.a.three-level.converter..
Whereas,. increasing. frequency. of. switching. not. only. reduces. harmonics. injected. into. the. network,.
but. also. increases. the. switching. losses..A.compromise.between.harmonic. injection. (and.consequent.
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FIGURE.37.1. Schematic.representation.of.a.three-phase.thyristor.controlled.reactor.
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requirement.for.output.harmonic.filters).and.switching.losses.must.be.found.for.practical.applications..
In.high-power.applications.more.complex.(multi-pulse).converters.are.used.. In. these.converters,. the.
number.of.used.semiconductor.elements.increases.the.cost.of.devices.more.than.reduction.in.switching.
losses,.or.harmonic.injection,.would.justify.

37.3 types and Modeling of FaCtS

As.already.mentioned,.FACTS.can.be.generally.classified.into.two.main.groups.based.on.the.physical.
nature.of.the.control.action.that.they.provide..One.group.of.devices.acts.on.reactance.(reactive.imped-
ances),.i.e.,.changing.the.power.flow.through.the.control.of.impedance,.while.the.other.uses.static.con-
verters.as.voltage.sources.to.inject.or.absorb.power.in.the.power.system.as.appropriate.

The.first.group.includes.devices.such.as. the.Static.VAr.Compensator.(SVC),. the.thyristor-controller.
series.capacitor.(TCSC),.and.the.thyristor-controlled.phase-shifting.transformer.(TCPST)..SVC.acts.on.the.
voltage.magnitude,.TCSC.acts.on.the.transmission.line.impedance,.and.TCPST.acts.on.the.transmission.
angle..It.can.be.seen.that.each.device.controls.one.of.the.three.parameters.governing.power.transmission.

The.static.synchronous.compensator.(STATCOM),.the.static.synchronous.series.compensator,.(SSSC,.
sometimes. it. is.referred.to.as.solid-state.series.controller),. the.unified.power.flow.controller.(UPFC),.
and. the. interline. power. flow. controller. (IPFC). make. up. the. second. group. of. FACTS. devices.. These.
are.converter-based.FACTS.controllers,.with.a.synchronous.voltage.source,.VSC,.capable.of.generating.
internal.reactive.power,.as.well.as.exchanging.real.power.with.the.network..Similarly.to.the.SVC,.the.
STATCOM.acts.on.the.voltage.and.the.SSSC.acts.effectively.on.the.transmission.reactance..The.UPFC.
can.influence.any.of.the.three.parameters,.while.the.IPFC.is.able.to.provide.real.power.transfer.as.well.
as.reactive.series.compensation.

Major. types.of.FACTS.used. in. transmission. systems.around. the.world.are. listed. in. the. following.
and.described.briefly..The.most.widely.used,.or.distinctive.in.the.way.of.design.and/or.operation,.are.
discussed.in.separate.subsections.

•. SVC.is.a.shunt-connected.device.consisting.of.a.combination.of.power.electronics.controlled.reac-
tor.and.capacitor.whose.major.role.is.to.regulate.the.voltage.at.the.point.of.connection.by.varying.
injected.reactive.power.through.modulation.of.susceptance.

•. STATCOM.is.a.shunt-connected.solid-state.synchronous.condenser.that.controls.either.bus.volt-
age.magnitude.or.injected.reactive.power.at.the.bus.by.varying.its.output.current.

•. SSSC. is. a. series-connected. solid-state. synchronous. condenser. that. controls. either. bus. voltage.
magnitude.or.injected.reactive.power.at.one.of.the.terminals.of.the.series-connected.transformer.
by.varying.its.output.current..(Similar.to.STATCOM.but.series.connected.)

L1

S1 S3 S5

C uDC

S4 S6 S2

L2
L3

FIGURE.37.2. Basic.scheme.of.a.two-level.voltage.sourced.converter.
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•. TCSC. is. a. series-connected. device. consisting. of. a. series. capacitor. (which. may. also. be. thyris-
tor.controlled).paralleled.by.a.thyristor-controlled.reactor.(TCR).whose.major.role.is.to.ensure.
smooth.variable.series.compensation.through.modulation.of.reactance.and.thus.controls.power.
transfer.through.the.line..(Similar.to.SVC.but.series.connected.)

•. TCR.is.a.shunt-connected.thyristor-controlled.reactor.whose.effective.reactance.is.varied.in.a.con-
tinuous.manner.by.partial.conduction.of.thyristor.valve.in.order.to.regulate.bus.voltage.magnitude.

•. TCVR.is.a.series-connected.TCR.whose.effective.reactance.is.varied.in.a.continuous.manner.by.
partial.conduction.of.thyristor.valve.in.order.to.regulate.voltage.magnitude.at.one.of.the.termi-
nals.of.the.series-connected.transformer..(Similar.to.TCR.but.series.connected.)

•. TCPST.is.a.series-connected.TCR.whose.effective.reactance.is.varied.in.a.continuous.manner.by.
partial.conduction.of.thyristor.valve.in.order.to.regulate.voltage.phase.angle.at.one.of.the.terminals.
of.the.series-connected.transformer.(the.main.difference.with.respect.to.TCVR.is.in.the.way.how.
the.required.voltage.component.is.injected,.i.e.,.in.phase.or.at.an.angle.with.respect.to.line.voltage).

•. UPFC.is.a.combination.of.a.STATCOM.and.SSSC.connected.in.a.way.that.they.share.a.common.
DC.capacitor..It.is.able.to.control,.simultaneously.or.selectively,.the.transmission.line.impedance,.
the.bus.voltage.magnitude,.and.the.real.and.reactive.power.flow.through.the.line..Additionally,.it.
can.also.provide.independently.controllable.shunt.reactive.compensation.

37.3.1 Static Var Compensators

The.SVC.is.a.shunt-connected.device.based.on.application.of.conventional.thyristors..It.is.in.principle.
a.shunt-connected.variable.reactor.that.has.the.ability.to.exchange.reactive.power.with.an.AC.power.
system. in.a. smoothly.controlled.manner. in.order. to. regulate. the.voltage.at. the.point.of.connection..
Assuming.that.the.SVC.is.placed.in.the.middle.(typically).of.the.transmission.line.connecting.two.buses,.
the.primary.objective.of.the.SVC.is.to.maintain.the.voltage.magnitude.at.the.regulated.point.at.a.pre-
determined.value..Voltage.regulation.is.achieved.by.injecting.the.required.amount.of.reactive.power.at.
the.point.of.connection..In.doing.so,.it.indirectly.increases.the.power.transmission.capability.of.the.line..
Therefore,. the.relationship.between.the.maximum.power.transmitted.and.the.SVC.action.is. indirect.
since.the.actual.control.over.the.transmitted.power.can.be.achieved.mainly.by.the.series.line.impedance.
and.the.angle.difference.between.the.two.buses..Figure.37.3.shows.the.basic.structure.of.the.SVC.[3,5].

VrefController

PT

Coupling 
transformer

AC transmission line

TSC

(a)
TCR

LC

(b)
TCR TSC Harmonic

filters

FIGURE.37.3. Basic.structures.of.the.SVC:.(a).design.without.harmonic.filter.and.(b).design.with.harmonic.filter.
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It.can.be.seen.from.Figure.37.3.that. the.SVC.consists.of. two.major.parts. that.effectively.control. the.
injected.(positive.or.negative).reactive.power.(Q)..They.are.the.thyristor-switched.capacitor.(TSC).and.the.
TCR..Additionally,.an.integral.part.of.an.SVC.may.be.a.transformer.if.it.is.connected.to.a.high-voltage.
bus..The.SVC.can.be.connected.directly.to.the.medium-voltage.bus.without.a.transformer..Finally,.an.SVC.
may,.typically,.contain.a.harmonic.filter.to.ensure.that.there.is.no.injection.of.unacceptably.high.harmon-
ics.in.the.network.resulting.from.switching.operation.of.thyristors..The.coordinated.switching.between.
TSC.and.TCR.controls.the.VAr.output,.which.in.turn.maintains.the.bus.voltage.at.the.specified.value..The.
basic.SVC.structure.contains.normally.a.number.of.TSCs.and.TCRs..A.fixed-capacitor.(FC).bank.may.also.
be.included.as.a.part.of.the.SVC..There.are.more.than.750.SVCs.installed.in.the.power.networks.around.
the.world,.and.their.ratings.are.generally.problem.dependant.[3]..SVC.ratings.from.+45/−30.MVAr.
to +425/−125.MVAr.have.been.reported.in.the.literature.[3,6].

37.3.1.1 SVC V–I Characteristic

Figure.37.4.shows.the.SVC.voltage–current.characteristic.at.the.regulated.bus..It.shows.that.the.SVC.
regulates.the.bus.voltage.VT.by.either.injecting.reactive.current.in.case.of.voltage.drop.or.absorbing.reac-
tive.current.in.case.of.voltage.increase..The.SVC.V–I.characteristic.is.limited.in.both.the.capacitive.and.
the.inductive.region..In.the.capacitive.region,.if.the.capacitive.current.reaches.the.limit,.the.SVC.behaves.
like.an.FC,.i.e.,.it.is.no.longer.controllable..Thus,.a.further.drop.in.the.voltage.causes.a.significant.reduc-
tion.in.the.generated.reactive.power.as.it.is.proportional.to.the.voltage.squared..This.behavior.is.one.

of. the.major.drawbacks.of.an.SVC,.since. it.cannot.support. the.volt-
age.adequately.when.it.is.strongly.required..On.the.other.hand,.if.the.
inductive.current.reaches.the.limit,.the.SVC.becomes.a.fixed.reactor.

37.3.1.2 Modeling of SVC for Steady-State Studies

Since.the.function.of.the.SVC.is.to.exchange.reactive.power.with.the.
AC.power.system.at.the.point.of.connection,.it.will.appear.from.the.AC.
power.system.perspective.as.an.equivalent.to.a.parallel.connection.of.
shunt.capacitor.and.a.shunt.reactor.as.shown.in.Figure.37.5.[5].

Based.on.the.previous.description,.the.SVC.can.be.modeled.in.steady.
state.as.a.variable-shunt.susceptance.(βSVC).as.shown.in.Figure.37.6.[7].

The.general.form.of.power.flow.equations.for.the.bus.k.is

.
P V V G Bk k m km km km km

m

N

= + 
=

∑ cos sinθ θ
1 .

(37.1)

VT

1.0

Capacitive Inductive

ILmax ISVCICmax

FIGURE.37.4. The.SVC.V–I.characteristic.

ISVC

L

AC system

C

FIGURE.37.5. The.SVC.in.steady.
state.
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.
Q V V G Bk k m km km km km

m

N

= − 
=

∑ sin cosθ θ
1 .

(37.2)

In. (37.1). and. (37.2),. the. calculation. of. the. real. and. reactive. power.
involves. the. consideration. of. all. the. branches. connected. to. bus. k.. In.
practice,.because.of.the.presence.of.the.SVC.variable.shunt.susceptance.
at.bus.k.only,.the.change.in.the.power.flow.equations.for.bus.k.including.
the.SVC.appears.only.when.m =.k.as.follows:

. P V G Bk kk kk kk kk= + + 
2 cos ( )sinθ β θSVC . (37.3)

. Q V G B sk kk kk kk kk= − + 
2 sin ( )cosθ β θSVC . (37.4)

where.G.and.B.are.the.corresponding.conductance.and.susceptance,.of.
the.network.Ybus.matrix,.respectively.

37.3.1.3 Modeling of SVC for transient Studies

A.simplified.mathematical.model.of.the.SVC.for.transient.studies.is.briefly.discussed.below..The.equiva-
lent.circuit.of.the.SVC.is.shown.in.Figure.37.7..The.SVC.is.connected.to.the.network.bus.ui.through.the.
coupling.impedance.(Rp,.Lp)..It.comprises.a.parallel.combination.of.a.TCR.and.a.TSC..It.is.assumed.that.
the.capacitor.is.switched.on..The.model.does.not.take.into.consideration.dynamics.related.to.capacitor.
switching..Under.dynamic.conditions.the.reactance.of.the.TCR.changes,.which.is.modeled.by.varying.
the.factor.bTCR.that.can.take.values.between.zero.and.one..The.circuit.also.consists.of.resistance.in.series.
with.the.reactance.in.order.to.represent.the.losses.of.the.TCR.

For.the.purposes.of.derivation.of.the.mathematical.model,.per-unit.system.is.adopted.as.specified.by.
(37.5)..iB.and.uB.are.the.base.current.and.voltage.values,.respectively,.and.ωB.is.the.synchronous.angular.
speed.of.the.fundamental.network.voltage.component..Mathematical.descriptions.are.given.in.the.rotat-
ing.d–q.reference.frame.[8,9]..Under.steady-state.conditions,.all.the.quantities.in.the.model.are.constant.
values,.which.is.suitable.for.the.derivation.of.control.algorithms:

.

′ = ′ = ′ =

′ = ′ =

i i
i

i i
i

u u
u

z u
i

L
L

z
R

p
p

B
TCR

TCR

B
SVC

SVC

B

B
B

B
p

B p

B
p

;  ;

= ; ;
ω RR

z
C

C z
L L

z
R R

z
p

B
TSC

B TCR B
TCR

B TCR

B
TCR

TCR

B
; ;; ′ = ′ = ′ =1

ω
ω

.

(37.5)
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FIGURE. 37.6. The. model. of.
SVC.in.steady.state.
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FIGURE.37.7. Equivalent.circuit.of.the.SVC.for.transient.studies.
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Considering.the.above.assumptions.and.instantaneous.values.of.variables.shown.in.Figure.37.7,.the.
state.equations.of.the.SVC.in.matrix.format.and.using.d–q.coordinate.system.are.given.by
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The.response.time.of.TCR.power.electronics.is.modeled.by.a.first-order.block.(37.7).with.the.time.con-
stant.TSVC:

.

d
dt

b
T

b
T

bTCR
SVC

TCR
SVC

TCRref= − +1 1

.
(37.7)

It. should.be.noted. that. (37.6).represents. the.simplified.mathematical.model.of. the.SVC,.whereas. the.
overall.dynamic.behavior.of.the.device.primarily.depends.on.the.applied.control.system..The.SVC.can.
operate.in.susceptance.control.mode,.but.the.application.of.voltage.control.is.more.common.[1,6]..The.
output.from.the.applied.controller.represents.the.value.bTCRref..Modeling.of.an.SVC.for.electromagnetic.
transient.studies.requires.detailed.representation.of.all.SVC.nonlinearities.(semiconductor.elements),.as.
well.as.different.control.and.protection.functions.

37.3.2 Static Compensator

The.STATCOM.is.also.a.shunt-connected.device.as.SVC;.however,.it.is.a.VSC-based.device.that.main-
tains.the.bus.voltage.by.injecting.a.variable.AC.current.through.a.transformer.and.generates.required.
reactive.power.at. its. terminal.. Its.operational.principle.allows.the.exchange.of.both.real.and.reactive.
power.with.the.power.system.if.it.is.equipped.with.a.DC.energy.storage.[3,6]..A.STATCOM.is.in.prin-
ciple. a. static. equivalent. of. the. rotating. synchronous. condenser,.
which.exchanges.the.reactive.power.with.the.system.at.much.faster.
rate.since.there.are.no.rotating.parts.(and.such.inertia).involved..The.
function.of.the.STATCOM.is.the.same.as.that.of.the.SVC..It.enables.
much.more. robust.voltage. support. than. the.SVC..This. increase. in.
robustness.comes.with.a.higher.price.tag.compared.with.the.SVC.of.
a.similar.size.[6]..Further.comparison.with.the.SVC.shows.that.the.
STATCOM.is.smaller.in.physical.size.(about.30%–40%.reduction.in.
overall.size.of. the.SVC.[10])..The.attainable.response.time.and.the.
bandwidth.of. the.closed-voltage.regulation. loop.of. the.STATCOM.
are.also.significantly.better.than.those.of.the.SVC..STATCOM.can.
also. incorporate. suitable. energy. storage. and. thus. facilitate. real.
power.exchange.with.the.host.AC.system..This.potential.real.power.
exchange. capability. provides. a. new. tool. for. enhancing. dynamic.
compensation,. improving.power.system.efficiency.and,.potentially,.
preventing.power.outages.[1].

VSC

DC
capacitor

FIGURE.37.8. Basic. structures.of.
STATCOM.
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The.basic.structure.of.STATCOM.is.shown.in.Figure.37.8..It.consists.of.three-phase.VSC,.DC.capaci-
tor.and.transformer..The.VSC.uses.self-commutated.power.electronic.devices,.GTO.thyristors,.or.IGBTs.
to.synthesize.a.voltage.from.a.DC.voltage.source..Generally,.a.GTO.thyristor.is.used.for.higher.voltage.
applications.and.IGBT.is.for.lower.voltages..The.capacitor.on.the.DC.side.acts.as.a.DC.voltage.source.[7].

(Note:.An.SSSC.is.a.series-connected.FACTS.device.very.similar.to.STATCOM,.a.part.from.its.series.
connection..The.SSSC. is. in. fact.a. solid-state. synchronous.condenser. that. controls. either.bus.voltage.
magnitude.or.injected.reactive.power.at.one.of.the.terminals.of.the.series-connected.transformer..The.
injected.voltage.is.perpendicular.to.the.line.current..The.SSSC.acts.as.a.controllable.voltage.source.whose.
voltage.magnitude.is.controlled.independently.of.the.line.current..By.exchanging.only.reactive.power.
with.the.system,.the.SSSC.affects.primarily.the.real.power.flow.through.a.transmission.line.[11–14].)

37.3.2.1 StatCOM V–I Characteristic

Figure.37.9.shows.the.V–I.characteristic.of.STATCOM..It.can.be.seen.from.the.figure.that.even.at.very.
low.voltage,.unlike.the.SVC,.the.STATCOM.can.continue.to.operate.with.rated.leading.(or.lagging).cur-
rent.and.inject/absorb.required.reactive.power..In.contrast,.the.current.injection.of.an.SVC.is.propor-
tional.to.terminal.voltage.and.it.reduces.at.lower.voltages.with.voltage.squared..STATCOM.is.therefore.
able.to.provide.better.voltage.support.than.the.SVC.when.the.voltage.becomes.severely.depressed.

37.3.2.2 Modeling of StatCOM for Steady-State Studies

Referring.to.its.equivalence.with.a.rotating.synchronous.condenser,.STATCOM.can.be.modeled.as.a.
conventional.synchronous.generator.(see.Figure.37.10).with.zero.real.power.output.in.series.with.the.
impedance.of.the.connecting.transformer.(ZT)..If.higher.flexibility.in.modeling.is.required,.then.it.can.
be.represented.as.a.variable.voltage.source.(E.=.E∠θ.=.Ecos.θ.+.jE.sin.θ).whose.magnitude.(E).and.phase.
angle.(θ).can.be.adjusted.in.each.phase.separately..In.such.a.case,.the.limits.should.be.set.for.voltage.
magnitude.in.accordance.with.the.size.of.the.DC.capacitor,.while.the.
voltage.phase.angle.can.take.any.value.between.0°.and.360°.[7].

Alternatively,.STATCOM.can.be.also.represented.as.a.variable.current.
source.for.steady-state.short-circuit.calculations.[15]..Since.its.contribu-
tion.to.the.system.varies.with.its.size.and.the.connected.bus.voltage,.the.
injected.current.has.to.be.calculated.carefully.beforehand.[15].

37.3.2.3 Modeling of StatCOM for transient Studies

The.equivalent.circuit.of.the.STATCOM.model.for.transient.studies.is.
shown.in.Figure.37.11..Sinusoidal.voltage.sources.are.connected.to.the.

VT

1.0

Capacitive Inductive
ILmax ISTATCOMICmax

FIGURE.37.9. The.STATCOM.V–I.characteristic.

E   θ

ZT

FIGURE. 37.10. The. model.
of. STATCOM. for. steady. state.
studies.
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network.through.the.reactance.of. the.coupling.transformer..The.circuit.also.consists.of.resistance. in.
series.with.the.reactance.in.order.to.represent.the.losses.of.the.transformer..The.current.magnitude.of.
the.shunt-connected.device.depends.on.the.difference.between.the.system.voltage.and.the.adjustable.
output.voltage.of.the.converter..The.DC.circuit.is.represented.by.a.current.source.connected.to.capacitor C..
The.shunt.connection.of.resistance.Rc.enables.the.representation.of.losses.in.the.DC.circuit.

Similarly.as.before,.a.per-unit.system.is.adopted.as.specified.by.(37.8),.iB.and.uB.are.the.base.values.of.
current.and.voltage,.respectively,.and.ωB.is.the.synchronous.angular.speed.of.the.fundamental.network.
voltage.component..Mathematical.descriptions.are.also.given.in.the.rotating.d–q.reference.frame.[8,9]:
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Both.components.(d.and.q).of.the.converter.output.voltage.depend.on.the.DC.voltage..A.set.of.equa-
tions. that. defines. these. voltage. components. is. given. by. (37.9),. where. kp. is. a. coefficient. that. includes.
the.transformer.ratio,.relates.the.DC.and.AC.voltage,.and.takes.into.account.converter.type..Angle.δp.
represents.the.phase.shift.of.the.converter.output.voltage.from.the.reference.position,.and.the.control.
parameter.(converter.factor).mp.can.take.any.value.between.zero.and.one.

.

′ = ′ = ′

′ = ′ = ′

u u k m u k d

u u k m u k d

pd dc p p p dc p pd

pq dc p p p dc p pq

cos

sin

δ

δ .

(37.9)

As.can.be.observed.from.(37.10),.both.adjustable.parameters.of.the.converter.output.voltage,.mp.and.δp,.
are.used.to.determine.the.average.switching.function.dpd.in.the.direction.of.the.d-axis.and.dpq.in.the.
direction.of.the.q-axis.(37.3):
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FIGURE.37.11. Equivalent.circuit.of.STATCOM.



Flexible	AC	Transmission	Systems	 37-11

DC.circuit.dynamics.is.described.by.(37.11)..The.initial.value.of.the.DC.voltage.depends.on.the.struc-
ture.of.the.converter..It.is.determined.in.such.a.way.that.the.device.with.mp.=.1.operates.in.a.capacitive.
area—the.converter.output.voltage.is.higher.than.the.network.voltage.

.
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The.balance.equation.for.the.real.power.is.given.by

.
′ ′ = ′ ′ + ′ ′( )u i u i u idc pdc pd pd pq pq

3
2 .

(37.12)

The.influence.of.the.converter.operation.on.the.small.DC.capacitor.is.described.using.the.DC.current.
source.as.shown.by

.
′ = ′ + ′( )i k d i k d ipdc p pd pd p pq pq

3
2 .

(37.13)

Finally,.the.state.equations.of.the.STATCOM.in.the.matrix.format.and.using.the.d–q.coordinate.system.
are.given.by
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As.it.can.be.observed,.there.are.two.adjustable.parameters.(mp,.δp).and.three.state.variables..Only.two.
variables.can.be.controlled.independently..STATCOM.does.not.have.large.energy.storage.capacity,.thus.
only.reactive.power.can.be.exchanged.with.the.system.in.a.steady.state..The.reactive.current.component.
can.be.controlled.independently.and.the.other.free.parameter.is.used.for.maintaining.constant.DC.volt-
age.across.the.DC.capacitor.

An.even.more.characteristic,.or.classical,.mode.of.operation.of.STATCOM.is.when.only.one.control-
lable.parameter.is.used..The.control.factor.mp.is.set.to.1.and.with.the.time-limited.phase.shift,.δp,.a.cer-
tain.amount.of.the.energy.can.be.absorbed.or.sent.to.the.network..In.this.way,.the.magnitude.of.the.DC.
voltage.across.the.capacitor.can.be.controlled,.and.consequently.the.magnitude.of.the.converter.output.
AC.voltage.or.the.reactive.current.component.

The.mathematical.model.of.the.STATCOM.with.sinusoidal.sources.can.be.used.to.derive.an.appropri-
ate.control.system.[8,16–18]..The.outputs.from.the.applied.controller.represent.the.values.of.the.switch-
ing.functions.dpd.and.dpq..Mathematical.modeling.of.STATCOM.for.electromagnetic.transient.studies.
requires.detailed.representation.of.the.VSC.and.a.relevant.control.system,.where.limits.of.controllable.
parameters.would.also.need.to.be.considered.

37.3.3 thyristor-Controlled Series Capacitor

The.TCSC.is.one.of.the.series-connected.FACTS.devices.based.on.thyristor.valves..The.primary.func-
tion.of.a.TCSC.is.to.vary.the.line.impedance.through.smooth.modulation.of.reactance.by.appropriately.
switching.off.the.thyristor.valves..This.ability.to.alter.the.series.reactance.of.the.transmission.line.offers.
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a.direct.control.over.the.transmitted.power.across.the.line..The.TCSC.therefore.represents.an.excellent.
series.compensator.that.is.particularly.useful.for.long.transmission.lines.[1].

Figure.37.12.shows.one.of.the.basic.TCSC.designs.[3]..It.consists.of.a.series.capacitor.C.in.parallel.with.
a.TCR..The.degree.of.series.compensation.provided.to.the.line.is.controlled.by.the.thyristor.conduction.
period..The.practical.applications.of.TCSC.may.involve.several.cascading.modules.of.this.type.[6].

The.installation.of.the.TCSCs.started.in.early.1990s.with.three.devices.installed.in.the.USA.[3]..The.
rating.of.the.TCSC.depends.on.the.total.power.transfer.across.the.transmission.line.that.it.is.installed.
in..Recent.examples.of.TCSC.installations.include.a.107.5.MVAr.device.in.Brazil.in.a.network.with.total.
generation.capacity.of.62.GW.and.a.123.MVAr.device.in.Sweden.[6].

The.ability.of.the.TCSC.to.change.the.transmission.line.impedance.can.be.used.to.achieve.several.
tasks..In.order.to.control.the.targeted.parameters.in.the.transmission.line,.such.as.the.real.power.flow,.
the.control.law.changes.the.reference.signal.of.the.TCSC.controller.in.order.to.generate.the.desired.value.
of.the.series.compensation..Constant.power.(CP).and.constant.angle.(CA).controls.are.two.principle.
features.of.TCSC.control.[6]..An.example.of.TCSC.application.is.shown.in.Figure.37.13.

In.case.of.CP.control,.the.objective.is.to.maintain.the.desired.level.of.the.real.power.flow.in.the.TCSC.
compensated. line. (P23k).by.changing. the.TCSC.variable. reactance..The.desired. real.power.flow. level.
(P23ko).in.line.2–3k.is.normally.selected.as.the.reference.signal.

The. CA. type. of. control. is. applied. when. there. are. predefined. transmission. paths. along. the. TCSC.
compensated.line,.e.g.,.as.shown.in.Figure.37.13.(line.2–3m)..The.control.law.in.this.case.is.to.keep.the.
total.power.transmitted.across.the.parallel.circuit.(line.2–3m).constant..This.is.achieved.by.changing.
the.TCSC.series.compensation.such.that.any.real.power.change.in.line.1–2.is.absorbed..The.reference.
signal.in.this.case.is.P12o.+.P23ko..Assuming.that.the.voltage.magnitudes.at.bus.2.and.bus.3.are.regulated,.
that.the.transmission.line.resistance.is.negligible,.and.that.the.impedance.of.line.2–3m.is.fixed,.the.real.
power.flow.constancy. in. line.2–3m.entails. that. the.difference. in.voltage.angles.of.bus.2.and.bus.3. is.
constant.[6].

CT

CF

C

TCR

Control

LL

Transmission line

Parameter setting
Control inputs

PT

FIGURE.37.12. The.TCSC.basic.scheme.

1

2 3

G P12

P23k

P23m

TCSC

FIGURE.37.13. The.example.of.TCSC.application.
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37.3.3.1 Modeling of tCSC for Steady-State Studies

The.TCSC.is.modeled. in. the.steady-state.studies.as.a.variable.capacitive.reactance. in.series.with. the.
impedance.of.the.compensated.transmission.line.[1,.3,.6,.7].as.shown.in.Figure.37.14.

Usually,.the.value.of.the.XTCSC.is.only.a.fraction.of.the.transmission.line.reactance.XL..After.adding.
the.TCSC.to.a.transmission.line,.the.effective.impedance.of.the.line.(neglecting.the.resistance).becomes

. X X X k Xeff L C L(1 )= − = − . (37.15)

where.k.is.the.degree.of.series.compensation.given.by

.
k X

X
k= ≤ <C

L
0 1

.
(37.16)

As.far.as.the.power.flow.equations.are.concerned,.the.inclusion.of.TCSC.in.the.network.also.imposes.
some.changes.in.power.flow.equations..Figure.37.15.shows.the.lumped.π-equivalent.model.of.the.trans-
mission.line.used.to.illustrate.the.required.changes.

The.presence.of.the.TCSC.between.bus.k.and.bus.m.will.introduce.changes.in.the.original.Ybus.matrix.
of.the.system,.and.these.changes.will.appear.in.the.power.flow.equations..Assuming.that.there.are.only.
two.connections.at.each.bus.(bus.k.and.bus.m).as.shown.in.Figure.37.15,.the.injected.powers.at.bus.k.
and.bus.m.become

. P G V V V G Bk kk k k m km km km km= + +( )2 cos sinθ θ . (37.17)

. Q B V V V G Bk kk k k m km km km km= − + −( )2 sin cosθ θ . (37.18)

. P G V V V G Bm mm m m k mk mk mk mk= + +( )2 cos sinθ θ . (37.19)

. Q B V V V G Bm mm m m k mk km mk mk= − + −( )2 sin cosθ θ . (37.20)

k m

XTCSC RL XL

FIGURE.37.14. The.model.of.TCSC.in.steady.state.

k m
–jXC

Yk0

Z = RL + jXL

Ym0

FIGURE.37.15. The.transmission.line.model.including.TCSC.(−jXc).
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where

. Y Y Ykk k km= +0 . (37.21)

. Y Y Ymm m mk= +0 . (37.22)

. Y G jBk k k0 0 0= + . (37.23)

. Y G jBm m m0 0 0= + . (37.24)

. Y Y G jBkm mk km km= = + . (37.25)

.

G R
R X X

km =
+ −( )

L

L L C
2 2

.

(37.26)

.

B X X
R X X

km = − −

+ −( )
L C

L L C
2 2

.

(37.27)

37.3.3.2 Modeling of tCSC for transient Studies

The.equivalent.circuit.of.the.TCSC.for.development.of.mathematical.model.for.transient.studies.is.shown.
in.Figure.37.16..The.line.inductance.is.represented.by.Ls..The.circuit.also.consists.of.series.resistance.Rs.in.
order.to.represent.line.losses..The.TCSC.is.a.capacitive.reactance.compensator.consisting.of.a.capacitor.
bank.(CFC).in.parallel.with.a.TCR.in.order.to.provide.a.smoothly.variable.series.capacitive.reactance..
The.values.for.CFC.and.LTCR.are.chosen.such.that.the.factor.bTCR.can.take.any.value.between.0.(inductive.
TCSC.reactance).and.1.(capacitive.TCSC.reactance),.whereby.values.around.the.resonance.point.should.
be.avoided..The.voltage.drop.across.the.TCSC.reactance.due.to.line.current.is.is.denoted.by.uTCSC.

The.per-unit.system.(37.28).was.adopted.for.the.variables.in.the.model..Again.iB.and.uB.are.the.base.
values.for.current.and.voltage,.respectively,.and.ωB.is.the.synchronous.angular.speed.of.the.fundamental.
network.voltage.component.[6].
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FIGURE.37.16. Equivalent.circuit.of.TCSC.
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The.mathematical.model.is.developed.in.the.rotating.d–q.reference.frame.as.before..Considering.the.
instantaneous.variables.shown.in.Figure.37.16,.the.state.equations.of.the.TCSC.are.given.by
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The.response.time.of.the.TCSC.power.electronics.is.modeled.using.relationship.(37.30).with.the.time.
constant.TTCSC:

.

d
dt

b
T

b
T

bTCR
TCSC

TCR
TCSC

TCRref= − +1 1

.
(37.30)

As.in.the.case.of.the.SVC.modeling,.the.overall.dynamic.behavior.of.the.TCSC.primarily.depends.on.the.
applied.control.system..As.mentioned.before,.the.TCSC.can.operate.in.a.constant-current.control.mode.
or,.in.the.case.of.parallel.transmission.paths,.in.a.constant-angle.control.mode.[1,6]..The.output.from.the.
controller.is.the.reference.value.for.the.factor.bTCR,.i.e.,.bTCRref.

37.3.4  thyristor-Controlled Voltage regulator 
and thyristor-Controlled Phase Shifting transformer

The. TCVR. and. TCPST. are. the. other. two. types. of. FACTS. devices. that. use. thyristor. valves. as. basic.
building.components.to.perform.fast.switching,.and.therefore.ensure.smooth.and.continuous.control.of.
desired.variable..They.are.very.similar.in.design.and.therefore.will.be.discussed.together.

A.TCVR.is.series-connected.TCR.whose.effective.reactance.is.varied.in.continuous.manner.by.partial.
conduction.of.thyristor.valve.in.order.to.regulate.voltage.magnitude.at.one.of.the.terminals.of.the.series-
connected.transformer..(Its.function.is.very.similar.to.that.of.TCR.except.that.it.is.connected.in.series.).
The.role.of.TCPST.on.the.other.hand.is.to.regulate.the.voltage.phase.angle.at.one.of.the.terminals.of.the.
series-connected.transformer..The.main.difference.between.TCVR.and.TCPST.is.in.the.way.how.the.
required.voltage.component.is.injected,.i.e.,.in.phase.(TCVR).or.at.an.angle.(TCPST).with.respect.to.line.
voltage.[1],.as.illustrated.in.Figure.37.17..The.principle.of.operation.of.both,.the.TCVR.and.the.TCPST,.is.
based.largely.on.the.principles.of.operation.of.the.classical.on-load.tap-changing.transformer.[1].

A.significant.disadvantage.of.these.two.devices.is.that.they.cannot.generate.nor.absorb.reactive.power..
After.they.introduce.desired.changes.in.the.bus.voltage.magnitudes.and.phase.angels,.it.is.left.largely.
to.the.power.system.to.handle.the.resulting.change.in.the.reactive.power.demand,.so,.a.lack.of.reactive.
power.support.in.the.system.in.such.cases.might.lead.to.a.system.security.problem.[1,3].

37.3.4.1 Modeling of tCVr and tCPSt for Steady-State Studies

Figure.37.18.shows.a.model.of.TCVR.and.TCPST.in.a.transmission.line.where.a.represents.the.turns.
ratio.and.α.represents.the.phase.shift..The.original.line.is.between.k1.and.m;.however,.after.inserting.the.
TCVR.(with.a.≠.0,.α.=.0).or.TCPST.(with.a.=.0,.α.≠.0),.a.new.bus.k.is.added.to.facilitate.the.demonstra-
tion.of.the.change.in.the.power.flow.equations.
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Following.the.connection.of.TCVR.and.TCPST.the.injected.real.and.reactive.power.equations.for.bus.
k.and.bus.m.become.[7,19]

. P G a V aV V G Bk kk k k m km km km km= + + + +( )2 2 cos( ) sin( )θ α θ α . (37.31)

. Q B a V aV V G Bk kk k k m km km km km= − + + − +( )2 2 sin( ) cos( )θ α θ α . (37.32)

. P G V V aV G Bm mm m m k mk mk mk mk= + + + +( )2 cos( ) sin( )θ α θ α . (37.33)

. Q B V V aV G Bm mm m m k mk km mk mk= − + + − +( )2 sin( ) cos( )θ α θ α . (37.34)

37.3.4.2 Modeling of tCVr and tCPSt for transient Studies

The.equivalent.circuit.of.the.TCVR/TCPST.for.transient.studies.is.shown.in.Figure.37.19..The.trans-
former.series.branch.inductance.together.with.the.line.inductance.is.represented.by.Ls..The.device.is.

± ΔV   0°

V ± ΔV   0°V

(a)

± ΔV   90°

V ± ΔV   90°V

(b)

FIGURE.37.17. (a).Voltage.magnitude.and.(b).phase.angle.regulation.by.the.TCVR.and.TCPST,.respectively.

k1 ka    α m

RL XL

FIGURE.37.18. A.general.model.of.TCVR.and.TCPST.

ui1 ui2 uo

ip

Lp Rp

up

Rs Ls is
a, α

p, q

FIGURE.37.19. Equivalent.circuit.of.TCVR/TCPST.
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represented.in.the.model.by.two.controllable.sinusoidal.voltage.sources.with.balanced.real.and.reac-
tive.power.exchange..Dynamics.in.the.circuit.between.the.two.branches.are.neglected..The.control-
lable.parameter.a.or.α.of.the.series.voltage.source.enables.the.main.function.of.the.device—voltage.or.
power.flow.control..The.zero.exchange.of.the.real.and.reactive.power.with.the.network.is.maintained.
by. shunt-connected. voltage. source. (ip,. up).. The. circuit. also. contains. a. series. resistance. in. order. to.
account.for.the.line.losses..The.inductance.and.the.losses.of.the.shunt.branch.are.represented.by.Lp.
and.Rp,.respectively.

The.adopted.per-unit.system.for.model.development.is.given.by

.
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Voltage.components,.with.consideration.of.controllable.parameters,.in.the.rotating.d–q.reference.frame.
are.described.by

.
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where.mi.and.mo.are.per-unit.magnitudes.of.the.input.and.output.voltage,.respectively,.and.the.δi.and.δo.
are.the.respective.phase.angles..Considering.the.instantaneous.variables.shown.in.Figure.37.19,.the.state.
equations.of.the.TCVR/TCPST.are.given.by
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The.response. times.of. the.TCVR.and.TCPST.power.electronics.are.modeled.using.first-order.blocks.
(37.38).with.the.time.constant.TTCVR.and.TTCPST,.respectively.

.

d
dt

a
T
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T

a

d
dt T T

= − +

= − +

1 1

1 1
TCVR TCVR

ref

TCPST TCPST
refα α α

.

(37.38)

The.overall.dynamic.behavior.of.the.TCVR.or.TCPST.primarily.depends.on.the.applied.control.system.
as.in.the.case.of.previously.discussed.FACTS.devices..The.output.from.the.TCVR.controller.is.the.refer-
ence.value.aref.and.the.output.from.the.TCPST.controller.is.the.reference.value.αref.

37.3.5 Unified Power Flow Controller

The.UPFC.consists.of.two.VSCs.using.GTO.thyristors.that.operate.from.a.common.DC.circuit.consist-
ing.of.a.DC.storage.capacitor.as.illustrated.in.Figure.37.20.[1]..It.could.be.described.as.a.device.consisting.
of.a.parallel.and.a.series.branch..Each.converter.can.independently.generate.or.absorb.reactive.power..
This.arrangement.enables.free.flow.of.real.power.in.either.direction.between.the.AC.terminals.of.the.
two.converters.

The.function.of.the.parallel.converter.is.to.supply.or.absorb.the.real.power.demanded.by.the.series.
branch..This.converter.is.connected.to.the.AC.terminal.through.a.parallel-connected.transformer..If.
required,.it.may.also.generate.or.absorb.reactive.power,.which.can.provide.independent.parallel.reactive.
compensation.for. the. line..The.second.series-connected.converter.provides. the.main.function.of. the.
UPFC.by.injecting.an.AC.voltage.with.controllable.magnitude.and.phase.angle..The.transmission.line.
current.flows.through.this.voltage.source.resulting.in.a.real.and.reactive.power.exchange.with.the.AC.
system..A.parallel.branch.provides.the.real.power.exchange.at.the.AC.terminal,.while.the.reactive.power.
exchange.is.generated.internally.by.the.converter.

37.3.5.1 Modeling of UPFC for Steady-State Studies

The.UPFC.equivalent.circuit.for.steady-state.modeling.is.shown.in.Figure.37.21..The.equivalent.circuit.
consists.of.two.ideal.voltage.sources:
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FIGURE.37.20. Basic.scheme.of.a.UPFC.
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Based.on.the.equivalent.circuit.shown.in.Figure.37.21,.the.real.and.reactive.power.equations.at.node.k.
are.given.by.[4,7,20]
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(37.40)

The.real.and.reactive.power.equations.at.node.m.are.given.by
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The.real.and.reactive.power.equations.for.the.series.converter.are.given.by
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and.for.the.shunt.converter.by
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FIGURE.37.21. UPFC.steady.state.equivalent.circuit.
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Assuming.a.lossless.converter.operation,.the.UPFC.neither.absorbs.nor.injects.real.power.from/to.the.
AC.system..The.DC.voltage.remains.constant..Hence,.the.real.power.supplied.to.the.shunt.converter.
must.satisfy.the.real.power.demanded.by.the.series.converter.

. P Pp s+ = 0 . (37.45)

37.3.5.2 Modeling of UPFC for transient Studies

As.mentioned.above,.the.UPFC.consists.of.a.shunt-.and.series-connected.VSC.operating.with.a.com-
mon.DC.circuit..Each.of.the.two.converters.can.independently.generate.or.absorb.reactive.power..This.
structure.enables.free.flow.of.the.real.power.in.either.direction.between.the.AC.terminals.of.both.con-
verters.[9,11,21]..Figure.37.22.shows.an.equivalent.circuit.of.the.UPFC.

On.the.AC.side,.the.UPFC.can.be.represented.by.sinusoidal.voltage.sources.with.a.controllable.mag-
nitude.and.phase.angle..The.circuit.also.consists.of.series.and.shunt.impedance.representing.coupling.
transformers..The.influence.of.both.converters.connected.in.series.and.shunt.to.the.DC.system.can.be.
represented.by.two.current.sources.in.the.common.DC.circuit.connected.to.the.capacitor.C..Shunt.con-
nection.of.resistance.Rc.enables.representation.of.losses.in.the.DC.circuit.

The.derivations.and.mathematical.descriptions.are.based.on.the.transformation.of.a.balanced.three-
phase.system.into.an.orthogonal.synchronously.rotating.coordinate.system.(d–q)..The.adopted.per-unit.
system.is.given.by
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FIGURE.37.22. Equivalent.circuit.of.the.UPFC.using.sinusoidal.voltage.sources.
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Components.of.both.converter.output.voltages.depend.on.the.DC.voltage..Equations.(37.47).and.(37.48).
can.be.written.for.the.respective.voltages.where.kp.and.ks.are.factors.including.a.shunt.and.a.series.trans-
former.ratio.and.relating.the.DC.and.AC.voltage.of.each.converter.while.taking.into.account.converter.
type..The.angles.δp.and.δs.represent.the.phase.shift.of.each.converter.output.voltage.with.respect.to.the.
reference.position..The.control.factors.mp.for.shunt.converter.and.ms.for.series.converter.can.take.any.
value.between.0.and.1.
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Adjustable.parameters.of.the.converter.output.voltages.mp,.δp,.ms,.and.δs.can.be.used.to.determine.the.
average.switching.functions.dpd.in.the.direction.of.the.d-axis.and.dpq.in.the.direction.of.the.q-axis.for.the.
shunt.converter,.and.similarly.average.switching.functions.dsd.and.dsq.for.the.series.converter.

The.common.balance.equation.for.the.real.power.using.d–q.components.is.given.by

.
′ ′ = ′ ′ + ′ ′ + ′ ′ + ′ ′( )u i u i u i u i u idc dc pd pd pq pq sd sd sq sq

3
2 .

(37.49)

In.the.rotating.reference.frame,.(d–q),.the.influence.of.both.converters.on.the.DC.capacitor.can.be.rep-
resented.by.a.common.DC.current.source:

.
′ = ′ + ′ = ′ + ′ + ′ + ′i i i k d i k d i k d i k d idc pdc sdc p pd pd p pq pq s sd sd s sq sq

3
2 (( ) . (37.50)

The.state-space.mathematical.model.of.the.UPFC.in.the.matrix.format.and.using.reference.frame,.(d–q),.
is.given.by
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It.can.be.seen.from.(37.51).that.there.are.five.state.variables.and.only.four.controllable.parameters..The.
two.current.components.of.the.series.branch.and.the.reactive.current.component.of.the.shunt.branch.
can.be.controlled.independently..Indirectly,.with.the.second.free.parameter.of.the.shunt.converter.(the.
current.d-component),.the.constant.DC.voltage.across.the.common.DC.capacitor.is.maintained.

The.UPFC.can.also.operate.in.a.variable.DC.voltage.mode.where.the.series.branch.still.enables.the.
exchange.of.the.real.power.with.the.system,.and.the.influence.of.the.DC.voltage.variations.can.be.com-
pensated.for.with.the.proper.setting.of.the.series.converter.control.factor.ms.
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The.mathematical.model.of.the.UPFC.with.sinusoidal.voltage.sources.may.be.used.for.the.derivation.
of.the.appropriate.control.system.[22–24]..The.outputs.from.the.applied.controller.represent.the.values.
of.average.switching.functions.dpd.and.dpq.for.the.shunt.converter,.and.dsd.and.dsq.for.the.series.converter.

37.4 areas of applications of FaCtS Devices in Power Systems

FACTS.were.originally.developed.to.facilitate.better.control.and.operation.of.power.transmission.net-
works.(and.ultimately.power.systems.as.a.whole).that.started.to.face.more.and.more.constrains.in.their.
daily. operation.. Those. constraints. were. further. aggravated. over. the. years. by. expansion. restrictions.
imposed.by.environmental.and.social.factors.and.by.electricity.market.rules.

Modern.FACTS.devices.are.capable.of.performing.a.range.of.different.tasks.and.functions.that.con-
tribute.to.safe,.secure,.and.economic.operation.of.power.systems..The.contribution.of.FACTS.devices.
to.the.enhancement.of.various.attributes.of.power.system.can.be.broadly.classified.into.four.categories:

•. Voltage.stability.and.reactive.power.compensation
•. Transfer.capability.and.power.flow.control.(or.congestion.management)
•. Transient.and.small.disturbance.stability
•. Reliability

In.the.sequel,.the.contributions.that.FACTS.devices.make.within.each.of.those.categories.will.be.dis-
cussed.separately..This.does.not.mean,.however,.that.the.influence.of.any.particular.FACTS.device.is.
restricted.to.a.single.area.while.others.remain.unaffected..In.reality,.these.devices.usually.affect.several.
areas. of. power. system. operation. simultaneously.. Their. “non-intended”. contribution. to. system. oper-
ation,. i.e.,. the. one. that. they. were. not. originally. designed. for,. may. be. either. positive. or. negative,. as.
reported.in.the.literature.

37.4.1 Voltage Stability and reactive Power Compensation

The.TCSC.and.SVC.were.used.in.[25].for.the.advanced.VAr.planning.in.a.power.system.network.in.
order.to.prevent.voltage.collapse.following.a.contingency,.while.at.the.same.time.ensuring.that.the.
bus.voltages.remain.within.the.statutory.limits..The.same.devices.were.employed.in.[26],.to.enhance.
voltage. stability.of. the.network.. It.was. found. that. in.addition. to.enhancing.voltage. stability,. these.
devices.greatly.enlarged.the.region.of.small.disturbance.voltage.stability..Enhanced.voltage.support.
by.an.SVC.was.also.reported.in.[27]..Comparative.study.between.a.TCSC.and.SVC.[28].found.that.
although.both.of.them.can.support.network.voltages.very.well,.the.TCSC.contributes.to.better.power.
system.voltage.stability.for.a.wide.range.of.loading.conditions..A.UPFC.and.a.STATCOM.were.used.
in.[29,30],.respectively,.to.improve.the.voltage.stability.of.the.network..In.addition.to.voltage.stabil-
ity.improvement,.the.UPFC.demonstrated.excellent.voltage.control.and.series.reactive.power.control.
capabilities.[29].

In.summary,.series.and.shunt.FACTS.can.be.used.effectively.for.voltage.stability.and.reactive.power.
compensation..They.can.greatly.enlarge.the.region.of.voltage.stability.for.a.wide.range.of.loading.condi-
tions.and.play.an.essential.role.in.improving.the.voltage.profile.of.the.system.

37.4.2  available transfer Capability and Power Flow 
Control (Congestion Management)

The.UPFC.was.used.in.[31–37].for.the.enhancement.of.available.transfer.capability.(ATC).and.power.
flow.control..It.was.found.that.the.UPFC.is.a.cost-effective.solution.for.congestion.management.in.a.
number.of.cases.[33].and.that.its.advanced.power.flow.control.contributes.to.minimization.of.electricity.
generation.cost.[36]..The.issue.of.minimization.of.generation.costs.by.optimal.settings.of.parameters.of.
various.FACTS.devices.(TCSC,.TCPST,.UPFC,.and.SVC).was.also.addressed.in.[38].
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The.enhancement.of.ATC.by.a.TCSC.[39,40],.a.TCPST.[40],.or.a.combination.of.FACTS.devices.(SVCs.
and.TCSCs).[41–43].was.also.reported..It.was.found.that.the.rating.of.FACTS.devices.plays.an.essential.
role.in.determining.their.contribution.to.congestion.management.[41].and.that.the.location.of.devices.
in.the.network.[43].should.be.carefully.chosen.as,.depending.on.their.location,.they.could.have.both.
positive.and.negative.influence.on.system.stability.

To.summarize,.a.wide.range.of.FACTS.device.can.be.effectively.used.for.the.enhancement.of.ATC.and.
reduction.in.cost.of.electricity.generation..Their.rating.and.location.in.the.power.system.though.have.to.
be.carefully.determined.as.they.play.important.roles.in.their.total.impact.on.chosen.network.attributes.

37.4.3 transient and Small Disturbance Stability

Apart. from. voltage. regulation. and. stability. improvement. and. congestion. management,. the. FACTS.
devices. have. been. also. extensively. used. for. the. improvement. of. power. system. angular. stability.. The.
UPFC.alone.was.used.for.the.enhancement.of.system.angular.stability.in.[44–46].and.for.damping.of.
torsional. oscillations. in. [46].. For. the. similar. purpose,. damping. of. torsional. oscillations,. STATCOM.
was.used.in.[47]..The.SVC,.TCSC,.STATCOM,.and.thyristor-controlled.phase.angle.regulator.(TCPAR).
[41,48–51].were.also.used.for.the.improvement.of.transient.stability..It.was.demonstrated.in.[48].that.the.
SVC’s.contribution.to.transient.stability.is.bigger.than.that.of.the.TCSC’s,.though.it.depended.more.on.
its.location.than.that.was.the.case.with.a.TCSC..Interestingly,.a.reasonably.small.degree.of.compensa-
tion.(4%–5%).by.TCSC.is.found.to.be.sufficient.for.adequate.damping.of.the.inter-area.power.system.
oscillations..Many.other.derivatives.of.these.basic.types.of.FACTS.devices.have.also.been.used.for.damp-
ing.of.power.system.oscillations.[52–55]..In.most.cases,.conventional.power.system.damping.controllers.
(e.g.,.power.system.stabilizer).have.been.added.in.auxiliary.control.loops.of.FACTS.to.facilitate.damping.
of.electromechanical.oscillations.[55–57].

In. all. studies,. without. exception,. it. has. been. found. that. FACTS. devices. can. greatly. contribute. to.
both.small.disturbance.and.transient.power.system.angular.stability..The.contribution.is.particularly.
significant.in.damping.of.inter-area.electromechanical.modes.that.are.very.difficult.to.control.by.con-
ventional,.generator.installed,.damping.controllers.

37.4.4 reliability

In.addition.to. the.above.more. intuitive.areas.of.FACTS’. impact.on.system.performance,.a.contribu-
tion.of.FACTS.devices.to.power.system.reliability.has.been.also.verified..The.impact.of.SVC,.TCPAR,.
and.UPFC.on.system.reliability.was.addressed.in.[58–60]..It.was.found.that.this.contribution.is.largely.
indirect.through.enhancing.the.system’s.transfer.capability..Therefore,.the.contribution.to.system.reli-
ability.can.be.considered.as.an.additional.benefit.resulting.from.application.of.FACTS.device.to.address.
some.of.the.previously.mentioned.concerns.(i.e.,.congestion.management,.voltage.stability.and.control,.
angular.stability.)

37.5 rating of FaCtS Devices

The.rating.of.FACTS.is.strongly.influenced.by.their.intended.function.and.by.the.way.in.which.they.are.
connected.to.the.network,.i.e.,.in.series.or.in.shunt.

The.SVC,.for.example,.is.a.shunt-connected.device.with.two.operating.regions,.inductive.and.capaci-
tive..For.the.inductive.mode,.the.rating.should.be.chosen.in.order.to.protect.the.bus.voltage.from.tem-
porary.overvoltages..On.the.other.hand,.in.the.capacitive.mode.of.operation,.it.should.be.able.to.inject.
the.required.reactive.power.in.order.to.maintain.the.bus.voltage.within.statutory.limits.during.the.rated.
power.flow.over.the.transmission.line.[6].

The.TCSC. is. installed. in. series.with. the. transmission. line.of. interest.. It. entails. that. the.TCSC,. in.
terms.of.insulation,.must.be.able.to.withstand.the.full.line.current.over.the.transmission.line.and.the.
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line.voltage.at.its.terminals..This,.of.course,.affects.its.cost..The.TCSC.rating.is.generally.determined.as.
a.percentage.of.the.total.MVAr.losses.over.the.compensated.transmission.line.at.the.full.line.current.
[1,6]..For.instance,.if.the.full.line.current.is.2000.A.and.the.voltage.drop.is.60.kV,.the.total.MVAr.losses.
will.be.120.MVAr..Assuming.that.the.TCSC.should.compensate.up.to.25%.of.the.total.transmission.line.
reactance,.the.TCSC.rating.will.be.120.×.0.25.=.30.MVAr..The.usual.range.of.TCSC.reactance.(XTCSC).
variation.with.respect.to.compensated.transmission.line.reactance.(XL).is.from.0.8XL.to.0.2XL.[61,62].

The.TCVR.and.TCPST.are.also. installed. in.series.with.the.transmission. line;.however,.unlike.the.
TCSC,.they.exchange.the.full.real.and.reactive.power.flows.with.the.transmission.line..This.makes.their.
required.rating.high.compared.to.other.devices.[3,63,64]..The.TCVR.turns.ratio.is.typically.chosen.to.
be.between.0.9.and.1.1.p.u.,.while.the.phase.shift.provided.by.the.TCPST.is.usually.in.the.range.of.±5°.
[61,62]..A.conventional.phase.shifter.can.vary.angle.approximately.within.±30°.in.discrete.steps.of.about.
1°.or.2°.[3].

37.6 Cost of FaCtS Devices

The.previous.sections.described.FACTS.devices.at.some.detail.and.showed.that.these.versatile.and.tech-
nically.advanced.systems.can.offer.huge.advantages.to.the.operation.and.control.of.electric.power.sys-
tems..In.spite.of.their.unquestionably.high.technical.performance.and.control.abilities,.the.number.of.
real-life.applications.is.still.not.as.high.as.one.might.expect.based.on.potential.advantages.that.they.can.
offer.to.power.systems..One.of.the.major.drawbacks.of.this.rather.slow.uptake.is.their.very.high.price..
The.following.subsections.address.the.cost.of.FACTS.device.in.a.bit.more.detail.

37.6.1 Cost Structure

The.cost.of.FACTS.devices.has.two.main.components:.initial.installation.
cost. and. operation. and. maintenance. cost.. The. initial. installation. cost.
includes.the.cost.of.device.plus.delivery.and.installation.charges,.profes-
sional.fees,.and.sales.tax..The.total.installation.cost.is.usually.expressed.
as.a.function.of.rated.electrical.capacity.of.FACTS.device..The.other.cost.
component,. operation,. and. maintenance. cost. is. incurred. over. the. life-
time. of. the. system.. Operating. costs. include. maintenance. and. service,.
insurance,.and.any.applicable.taxes..A.rule.of.thumb.estimate.for.annual.
operating.expenses.is.5%–10%.of.the.initial.system.cost..A.typical.initial.
installation. cost. structure. for. FACTS. device. can. be. laid. out. as. follows.
[65]:. hardware,. 55%;. engineering. and. project. management,. 15%;. civil.
works,.12%;. installation,.10%;. freight.and.insurance,.4%;.and.commis-
sioning,.4%.

37.6.2 Price Guideline

The. cost. of. a. FACTS. installation. depends. on. many. factors,. such. as.
power.rating,.type.of.device,.system.voltage,.system.requirement,.envi-
ronmental. conditions,. regulatory. requirement,. etc.. Due. to. the. vari-
ety.of.options.available.for.optimum.design,.it.is.impossible.to.give.a.
generic.cost.figure.for.a.FACTS.installation..The.approximate.prices.of.
SVC.and.a.range.of.VSC-based.devices.are.shown.in.Table.37.1.

Similarly. rough. guidelines. are. provided. in. Table. 37.2. [66]. for. the.
purchase. and. installation. cost. of. a. medium-size. (between. 100. and.
500.kVA).devices.

TABLE.37.1. Cost.of.FACTS

Type Cost.($/kVAr)

STATCOM 40
SVC 35
UPFC 40
TCSC 50

Source:. Grunbaum,. R.. et. al.,.
Improving. the. efficiency. and.
quality.of.AC.transmission.sys-
tems,.in.Joint.World.Bank/ABB.
Power.Systems.Paper,.San.Mateo,.
CA,.March.24,.2000.

TABLE.37.2. Price.of.FACTS

Size.(kVA) Cost.(Euro/kVA)

>500 <150
100–500 150–250
<100 >250

Source:. Didden,. D.M.,. Voltage.
disturbances—Considerations. for.
choosing.the.appropriate.sag.mit-
igation. device,. in. Power Quality 
Application Guide,.Copper.Devel-
opment. Association,. Brussels,.
Belgium,.2005.
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In.[10],.the.costs.of.SVC.and.STATCOM.are.shown.as.exponentially.decreasing.functions.of.the.rat-
ing.of.device.with.and.without.installation.costs..The.extrapolated.values.from.those.curves.are.sum-
marized.in.Table.37.3.

Based.on.the.above.figures.one.can.only.conclude.that.the.price.of.FACTS.devices.varies.within.a.wide.
range.and.that.it.is.very.difficult.to.give.a.generic.cost.for.any.of.them.

37.7 Conclusion

The. FACTS. devices. are. undoubtedly. versatile. and. technically. advanced. systems. that. can. offer. huge.
advantages.to.operation.and.control.of.electric.power.systems..Their.ability.to.control.quickly.and.effi-
ciently.one.or.more.power.system.parameters.will.particularly.be.required.in.the.future.power.networks.
characterized.by.proliferation.of.renewable,.often.stochastic.or.intermittent,.generation.built.(typically).
in.the.areas.with. limited.power.transfer. infrastructure.(leading.to.creation.of.power.transfer.bottle-
necks),.by.market-driven.demand.for.increased.cross-border.power.transfers.(beyond.existing.typical.
maximum.of.10%).and.ever-increasing.demands.for.higher.quality.and.security.of.electricity.supply.and.
participation.of.distributed.demand.and.storage.in.peak.shaving.

The.major.issue.that.hampered.their.proliferation.in.the.past.was.their.high.cost..In.the.foreseeable.
future.it.is.expected.that.the.cost.of.FACTS.devices.will.continue.to.fall,.chiefly.due.to.reduction.in.cost.
of.power.electronic.components,.while.their.effectiveness.will.further.improve..Envisaged.reduction.in.
cost.will.certainly.further.contribute.to.their.competitiveness..More.importantly,.since.FACTS.devices.
generally.contribute.to.the.enhancement.of.several.electrical.power.network.functions.simultaneously,.
the.benefits.resulting.from.their.installation.will.also.start.to.be.assessed.more.comprehensively,. i.e.,.
taking.into.account.several.contributions.at.the.same.time,.and.it.will.be.easy.to.prove.that.they.are.cost-
effective.options.for.facilitating.flexible.electric.power.networks.of.the.future.
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38.1 Introduction

Power.quality.is.generally.evaluated.in.terms.of.harmonic.content.in.both.supply.voltage.and.current..
For.an.ideal.system,.harmonics.are.typically.caused.by.the.use.of.nonlinear.loads.found.in.domestic.
equipment.such.as.switch-mode.power.electronics.converters,.ballast.for.fluorescent.lamps,.computers,.
televisions,.and.other.nonlinear.loads.used.in.tertiary.and.industrial.applications.such.as.power.elec-
tronics.operated.adjustable.speed.drives,.arc.furnaces,.and.welding.equipment.[1]..The.nonlinear.loads.
draw.nonsinusoidal.current.from.the.network,.an.important.harmonic.content.of. the.supply.voltage.
with.regards.to.the.fundamental..The.presence.of.such.harmonics.in.the.system.can.cause.a.number.of.
unwanted.effects.for.sensitive.electronic.loads.such.as.industrial.process.controllers,.hospital.monitor-
ing.equipments,.and. laboratory.measurement.devices,.and.computers.malfunction.or. fail. to.operate.
when.connected.to.an.ac.line.that.has.high.harmonic.voltage.content..Also,.electric.utility.transmission.
and.distribution.equipment.may.be.susceptible.to.ac.line.harmonics..Furthermore,.transmission.lines,.
motors,.and.transformers.could.have.higher.operating.losses;.capacitor.banks.may.fail.due.to.over.
current,.protective.relays.may.not.operate.properly.
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Generally,.at.the.point.of.common.coupling.(PCC),.the.impact.of.the.loads.on.the.supply.voltage.can.
easily.be.measured.and.identified..Two.types.of.harmonic-producing.loads.can.be.characterized.at.the.
bus.bar.that.connects.the.supply.voltage.to.different.loads.[2,3]:

•. Current. type.harmonics-producing. loads;. these. loads.are. found.as.diode. rectifiers.and.phase-
controlled.thyristor.rectifiers.feeding.sufficient.inductance.connected.to.the.dc.side.

•. Voltage. harmonics-producing. loads,. such. as. diode. rectifiers. feeding. sufficient. filtering. dc.
capacitors.

These.two.types.of.harmonic.sources.have.completely.distinctive.dual.properties.and.characteristics..
Based. on. their. natural. distinctive. properties,. both. current. and. voltage. type. of. harmonic-producing.
loads.have.their.own.suitable.filter.configurations.

Various. mitigation. techniques. for. reducing. harmonics. in. the. power. system. have. been. developed.
with.time..Traditionally,.passive.filters.such.as. low.pass,.high.pass,.band.pass,.and.tuned.filters.have.
been.used.to.eliminate.low-order.and.high-order.harmonics,.and.sometimes.tuned.filters.are.used.to.
attenuate.specific.harmonics..Moreover,.these.filters.contribute.to.the.improvement.of.the.power.factor.
(PF),.but.their.bulky.size,.limited.compensation.ability,.and.susceptibility.to.resonance.with.the.source.
impedance.constitute.the.major.drawbacks.of.the.technology.[1–4].

Other.industrial.applications.use.power.factor.correction.(PFC).devices.for.reactive.power.and.current.
harmonics.compensation..In.these.circuits,.switched.capacitor.banks.are.typically.connected.in.parallel.
to.current-source-type.loads..Seen.from.the.load.side,.the.capacitance.of.the.PFC.and.the.source.inductor.
create.a.parallel.resonant.circuit..Looking.from.the.source.side,.the.PFC.capacitors.and.the.line.induc-
tor.represent.a.series.resonant.circuit..To.overcome.the.drawbacks.of.passive.filters.integrated.with.the.
PFC.equipment,.typical.active.power.filter.(APF).topologies.may.be.used.[5–6]..They.are.preferred.over.
the.passive.filters.because.of.their.filtering.characteristics.and.their.capability.of.improving.the.system.
stability.by.avoiding.possible.resonance.between.the.filter.components.and.the.mains.impedance.[7–14].

APFs.have.been.known.as.an.effective.tool.for.harmonic.mitigation.as.well.as.reactive.power.com-
pensation,.voltage.regulation,.load.balancing,.and.voltage.flicker.compensation..They.can.be.classified.
according.to.the.converter.type.used.(voltage.source.or.current.source);.the.number.of.phases.(single-
phase,.three-phase.application.to.three.or.four.wires);.and.their.topologies,.which.include.shunt.[7–40],.
series.[41–51],.hybrid.[52–78],.and.unified-power.quality.conditioner.(UPQC),.which.is.a.combination.
of.series.and.shunt.active.filters.[79–84]..Shunt.active.filters.are.connected.in.parallel.to.electrical.sys-
tems.and.can.substantially. improve.current.distortions,. reactive.power,. load.unbalance,.and.neutral.
current..It.operates.by.injecting.harmonic.current.into.the.utility.system.with.the.same.magnitudes.as.
the.harmonic.generated.by.a.given.nonlinear.load,.but.with.opposite.phases..Unfortunately,.it.cannot.
compensate.voltage-source.type.of.nonlinear.loads..In.fact,.lots.of.electronic.appliances.used.in.power.
system,.such.as.frequency.converters,.switch-mode.power.supplies,.and.uninterruptible.power.supplies.
(UPSs).as.well.as.electronic.ballasts,.etc.,.have.a.large.filter.capacitor.on.the.dc.side.of.the.rectifier.circuit..
They.intrinsically.belong.to.voltage-source.nonlinear.type.of.loads..The.harmonics.generated.by.such.
voltage-source.nonlinear.load.can.effectively.be.suppressed.by.using.a.series.APF..Indeed,.series.active.
filters.suppress.and.isolate.voltage-based.distortions.such.as.voltage.harmonics,.voltage.unbalance,.volt-
age.flickers,.and.voltage.sags.and.swells..APFs.have.the.capability.of.damping.the.harmonic.resonance.
between.an.existing.passive.filter.and.the.supply.impedance,.but.they.suffer.from.high.kVA.ratings..The.
boost.converter.constituting.the.shunt.active.filter.requires.a.high.dc-link.voltage.in.order.to.compen-
sate.effectively.higher.order.harmonics..On.the.other.hand,.a.series.active.filter.needs.a. transformer.
capable.to.withstand.full.load.current.in.order.to.compensate.for.voltage.distortion.

Combining.the.advantages.of.both.passive.and.active.filters,.hybrid.filter.topologies.are.appealing..
They.have.been.developed.achieving.the.desired.damping.performance.with.a.significant.reduction.of.
KVA.effort.required.by.the.power.active.filter.[52–78]..They.are.cost-effective.solutions.to.controlling.
voltage.variations.and.distortions.as.well.as.suppressing.harmonics..Passive.filters.are.also.used.in.this.
topology. to. carry. the. fundamental. current. component. in. a. series. active. filter. and. the. fundamental.
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voltage.component.in.a.shunt.active.filter..UPQCs.are.the.most.effective.devices.to.improve.power.
quality..Its.configuration.consists.of.a.series.and.a.shunt.active.filter.that.usually.share.the.energy.source..
The.series.active.filter.cancels.voltage.harmonics.and.the.shunt.active.filter.cancels.current.harmonics..
Active.filter.systems.have.been.also.developed.for.dc/dc.converters..These.configurations.of.active.filters.
are.used.for.two.purposes..The.first.purpose.is.to.remove.high-frequency.electromagnetic.interference.
(EMI).from.input.current.of.converter..The.second.reason.is.to.remove.the.voltage.ripple.from.the.out-
put.voltage.of.the.converter..Among.all.the.configurations.of.active.filters,.UPQC.is.known.as.the.best.
tool.for.power.quality.improvement..The.latter.is.used.to.cancel.both.current-based.and.voltage-based.
distortions.

This.chapter.describes.harmonic-producing.loads,.effects.of.harmonics.on.utility.line,.and.harmonic.
mitigation.methods,.especially,.passive.active.and.also.hybrid.filters..Different.topologies.of.active.fil-
ters,. their. applications,. configurations,. control. methods,. modeling. and. analysis,. and. stability. issues.
are.detailed;.moreover,.simulation.results.are.given.to.show.the.performance.of.every.topology.studied.

38.2 Harmonic Production and Characteristics

Harmonics. are. periodic. voltages. and. currents. signals. having. frequencies. that. are. integral. multiples.
of.the.fundamental.frequency..In.single-phase,.60.Hz.power.systems,.odd.harmonics.such.as.3rd,.5th,.
7th,.….are.present.on.the.ac.side.with.the.third.harmonic.being.dominant,.whereas.even.harmonics.are.
found.on.the.dc.side..In.three-phase.three-wire,.60.Hz.power.systems,.only.non-triplen.odd.harmonics.
such.as.5th,.7th,.11th,.13th,.….are.present..Harmonic.distortion.of.supply.voltage.is.caused.because.of.
the.supply.impedance.and.the.presence.of.rich.harmonic.currents.drawn.by.residential,.commercial,.
and. industrial. loads. such. as. switch-mode. power. converters,. adjustable. speed. drives,. elevators,. elec-
tronic. ballasts,. air. conditioners,. arc. welders,. battery. chargers,. copy. machines/printers,. personal. or.
mainframe.computers,.UPSs,.silicon-controlled.rectifier.(SCR).drives,.and.x-ray.equipment..The.term.
total.harmonic.distortion.(THD).gives.the.measure.of.harmonics.content.in.a.signal.and.is.generally.
used.to.denote.the.level.of.harmonics.present.in.the.voltage.or.current.signals..The.quality.of.the.energy.
became.a.major.concern.because.of.the.recommended.international.standards.such.as.IEEE-519,.“IEEE.
Recommended.Practices. and.Requirements. for. Harmonic.Control. in. Electrical. power. Systems”.and.
IEC-6002-3..The.IEEE.standard.519-1992.establishes.the.recommended.guidelines.for.harmonic.cur-
rents.and.voltage.control.in.utility.distribution.systems..The.standard.specifies.harmonics.current.and.
voltage.limits.at.the.PCC..The.European.harmonic.standard,.IEC-555,.proposes.absolute.harmonic.lim-
its.for.individual.equipment.loads.

38.3 Characterization of the Disturbances

Several. parameters. are. used. in. power. systems. to. characterize. distortion. and. harmonic. content. of. a.
waveform.and.their.effects:.the.PF,.the.THD,.the.distortion.factor.(DF),.and.the.crest.factor.(CF).

The.nonlinear.load.current.iL.is.generally.expressed.by

.
i I h I I hL s Lh s h

h
L s Lh s h( ) sin sin( ) sinθ θ φ θ φ θ φ= −( ) = − + −( )

=

∞

∑ 2 2 2
1

1 1

hh=

∞

∑
2 .

(38.1)

where
ϕ1.is.the.phase.angle.of.the.fundamental.load.current
θs.=.ωt,.ω.is.the.frequency.of.the.network
IL1.is.the.rms.amplitude.of.the.fundamental.load.current
ILh.is.the.rms.amplitude.of.the.hth.harmonic.load.current
ϕh.is.the.phase.angle.of.the.hth.harmonic.load.current
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The.total.rms.load.current.is

.
I Irms Lh

h

=
=

∞

∑ 2

1

 
.

(38.2)

38.3.1 Power Factor

The.apparent.power,.(volt-amperes),.of.a.power.system.is.given.as

.
S V I V Irms rms rms Lh

h

= =
=

∞

∑ 2

1 .
(38.3)

The.real.power,.also.known.as.active.transmitted.power.(watts),.is.expressed.as

. P V Irms L= 1cos 1φ . (38.4)

The.expression.of.the.PF.includes.the.harmonic.content.of.the.current.is

.

PF
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∞∑
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I
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Ln
n

2

1

φ

.

(38.5)

The.reactive.power.(volt-ampere-reactive,.var).is

. Q V Irms L=   sin1 1φ . (38.6)

In.order.to.estimate.the.participation.of.the.harmonics.in.the.apparent.power,.one.uses.the.concept.of.
distortion.power.D.defined.as

.
D V Irms Lh

h

=
=

∞

∑ 2

2 .
(38.7)

The.apparent.power.can.thus.be.put.in.the.form

. S P Q D= + +2 2 2
. (38.8)

The.PF.can.therefore.be.expressed.as

.
PF

2
=

+ +
P

P Q D2 2
.

(38.9)

Note.that.the.PF.is.degraded.by.the.presence.of.harmonics.and.the.exchange.of.reactive.power.between.
the.source.and.the.load.
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38.3.2 total Harmonic Distortion

The.THD.makes. it.possible. to.evaluate. the.difference.between. the.real.waveform.and. the.sinusoidal.
waveform.for.the.current.or.the.voltage..It.is.used.to.quantify.the.levels.of.the.current.flowing.in.the.
distribution.system.or.the.voltage.level.at.the.PCC.where.the.utility.can.supply.other.customers..It.is.
defined.as.the.ratio.of.the.rms.amplitude.of.harmonics.to.the.rms.amplitude.of.the.fundamental.com-
ponent.of.the.voltage.or.current.as.given.in.the.following.equation:

.
THD 100  % = =

∞∑ I

I

Lh
h

L

2

2

1 .
(38.10)

By.using.the.THD.applies.to.current,.the.PF.becomes

.
PF =

+

cosφ1

21 THD .
(38.11)

38.3.3 Distortion Factor

The.DF.is.defined.as.the.ratio.between.the.rms.value.of.the.fundamental.current.and.the.rms.value.of.
the.same.current:

.
DF = I

I
L

rms

1

.
(38.12)

When.the.current.is.perfectly.sinusoidal.DF.=.1,.the.latter.decreases.when.the.current.is.distorted.

38.3.4 Crest Factor

Another.important.quantity.that.characterizes.the.quality.of.the.source.current.is.the.CF..The.CF.is.the.
ratio.between.peak.values.to.the.total.rms.value.of.the.same.current:

.
CF = I

I
peak

rms .
(38.13)

For.a.sinusoidal.waveform,.CF.is.equal.to.1.41..The.peak.factor.can.reach.values.higher.than.4.and.5.for.
much.distorted.waves,.especially.for.diode.rectifiers.feeding.capacitive.loads.

38.4 types of Harmonic Sources

Nonlinear. loads.can.generally.be.classified. into. two. types,.namely,.voltage-source. type.of.nonlinear.
loads. (or.voltage-fed. type.of.harmonic-producing. load).and.current-source. type.nonlinear. loads.
(or.current-fed.type.of.harmonic-producing.load)..These.two.types.of.harmonic.sources.have.completely.
distinctive. dual. properties. and. characteristics.. A. voltage-source. type. nonlinear. load. may. consist. of.
loads.like.a.diode.or.thyristor.rectifier.with.a.large.smoothing.capacitor.at.the.load.end..It.is.used.in.
electronic.equipments,.household.appliances,.ac.drives,.and.in.power.converters.such.as.switch-mode.
power.converters,.UPSs,.variable.frequency.drives.(VFD),.etc..Harmonics.generated.by.these.loads.have.
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become.a.major.issue..The.recommended.types.of.compensating.filters.for.this.type.of.harmonic.source.
are.series.passive,.active,.and.hybrid.filters.(a.combination.of.passive.and.active.filters).[41–57].

A.current-source.type.of.nonlinear.load.may.consist.of.a.diode.or.thyristor.rectifier.with.sufficient.
inductance.on.the.dc.side.such.that.it.produces.a.constant.direct.current..It.is.used.in.applications.such.
as.dc.drives,.battery.chargers,.etc..The.current.at.the.input.of.the.rectifier.contains.a.large.amount.of.
harmonics.due.to.the.switching.operation.of.the.rectifier..It.is.recommended.in.[1].that.for.optimum.
harmonics. compensation. with. these. types. of. loads,. parallel. passive. filters,. active. filters,. and. hybrid.
filters.(a.combination.of.the.shunt.or.series.passive.and.the.shunt.or.series.active.filter).should.be.used.
due.to.the.high.dc-side.impedance.of.the.load.that.will.force.the.compensating.current.to.flow.into.the.
source.side.instead.of.the.load.side.[16–40,.58–78]..Figures.38.1.and.38.2.show.typical.single-phase.and.
three-phase.current-source.nonlinear.loads..These.bridge.rectifiers.feeding.on.the.dc.side.an.inductor.
LL.=.10.mH.in.series.with.a.resistor.RL.=.12.Ω..The.single-phase.supply.voltage.(vs),.the.load.current.(iL),.
and.its.spectrum.analysis.are.shown.in.Figure.38.3..The.measured.THD.of.the.load.current.is.11.31%.

The. simulation. results. of. the. three-phase. current-source. nonlinear. load. are. presented. in. Figure.
38.4..The.supply.voltage. (vs1),. the. load.current. (iL1),. and. the. spectrum.of. the. load.current. in.phase.1.
are.depicted.in.the.same.figure..The.measured.THD.of.the.current.generated.by.the.nonlinear.load.is.
approximately.27.06%..The.results.show.that.the.current.contains.a.large.number.of.odd.harmonics..This.
distorted.current.causes.a.distorted.voltage.drop.on.the.supply.conductors,.leads.to.voltage.distortion.in.
the.supply.systems,.and.results.in.poor.power.quality.

Figures.38.5.and.38.6.show,.respectively,.single-phase.and.three-phase.voltage-source.type.of.non-
linear.loads..These.rectifiers.are.feeding.a.dc.load.constituted.by.a.dc.capacitor.CL.=.1000.μF.connected.
in.parallel.with.a.resistor.RL.=.12.Ω..Figure.38.7.illustrates.the.supply.voltages.(vs),.the.load.current.(iL),.
and.the.spectral.analysis.of.the.supply.voltage.and.the.load.current..The.THD.of.the.supply.voltage.and.

LsSingle-phase
ac mains

es

iL
D1 D2

D3 D4

Idc

RL

LL

vs

FIGURE.38.1. Single-phase.current-source.type.nonlinear.load.
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Three-phase
ac mains

es1
es2

es3

iL
D1 D2 D3

D4 D5 D6

Idc

RL

LL

FIGURE.38.2. Three-phase.current-source.nonlinear.load.
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load.current.are.9.45%.and.115.98%,.respectively..It.is.interesting.to.note.that.the.load.current.contains.
a.large.amount.of.odd.harmonics,.with.the.third.harmonic.being.dominant.

In.Figure.38.8,.the.supply.voltage.(vs1),.the.load.current.(iL1),.and.the.spectrum.of.the.supply.voltage.
and.load.current.in.phase.1.are.presented..One.can.notice.that.the.THD.of.the.supply.voltage.and.the.
load.current.in.phase.1.are.7.74%.and.72.37%,.respectively..It.can.be.seen.that.the.current.and.voltage.
waveforms.of.voltage-source.nonlinear.loads.are.much.more.distorted.than.those.of.the.current-source.
nonlinear.loads..This.important.distortion.of.the.voltage.is.created.due.to.discontinuity.in.the.supply.
current.

38.5 Filters Used to Enhance Power Quality

Harmonic.reduction.is.becoming.more.and.more.relevant.due.to.the.limitations.required.by.interac-
tional.standards.such.as.the.IEC.1000-3-2.or.EN61000-3-2.and.IEEE-519..Several.mitigation.methods.are.
available.that.permit.substantial.reduction.of.harmonics.components..Different.power.filters.have.been.
installed.in.power.systems.to.keep.the.harmonic.distortion.within.acceptable.limits..Conventionally,.
passive.filters.alone.have.been.broadly.used.for.harmonic.mitigation;.these.devices.have.the.advantages.
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FIGURE. 38.3. Steady-state. response. of. single-phase. current-source. nonlinear. load:. (a). voltage. and. current.
waveforms.and.(b).spectrum.of.load.current.
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FIGURE.38.5. Single-phase.voltage-source.nonlinear.load.
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FIGURE.38.6. Three-phase.voltage-source.nonlinear.load.
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of. being. simple. to. design,. not. expensive. to. install,. reliable,. and. require. low. maintenance. efforts..
However,.they.have.several.drawbacks,.such.as.large.size,.possible.parallel.and/or.series.resonance.that.
could.be.created.with.both.load.and.utility.impedances,.and.filtering.characteristics.strongly.affected.
by.source.and.load.impedances.[1–4]..To.overcome.the.disadvantages.of.the.passive.filters,.various.types.
of.APF.have.been.developed.to.improve.power.performance..But,.APF.topologies.suffer.from.high.cost.
due. to. high. KVA. rating. of. the. converter,. and. are. less. reliable.. Hybrid. active. filters. (HAFs). provide.
improved.performance.and.have.become.a.cost-effective.solution.to.harmonic.elimination,.particularly.
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FIGURE. 38.8. Steady-state. waveforms. of. three-phase. voltage-source. nonlinear. load:. (a). supply. voltage. and.
current.in.phase.1,.(b).load-current.spectrum,.and.(c).source-voltage.spectrum.
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for.high-power.nonlinear.loads..The.other.alternative.is.the.use.of.a.UPQC.to.compensate.voltage.and.
current.problem.simultaneously..However,.the.use.of.UPQC.is.an.expensive.solution.

38.5.1 Passive Filters

Passive.filters.are.combinations.of.inductors,.capacitors,.and.damping.resistors.connected.in.series.or.in.
parallel.to.present.the.appropriate.high.or.low.impedance.to.the.current.or.voltage.harmonics..Various.
topologies.of.passive.filter.are.available.and.have.different.compensation.characteristics.and.applica-
tions..They.are.generally.used.as.shunt.passive.filters.or.series.passive.filters.

38.5.1.1 Shunt Passive Filters

The.shunt.passive.filter.is.a.series-tuned.resonant.circuit.having.low.impedance.at.the.tuned.frequen-
cies.. It. can. also. provide. limited. reactive. power. compensation. and. voltage. regulation.. Single-tuned,.
first-order,.second-order,.and.third-order.high-pass.passive.filters.are.commonly.used.configurations..
Generally,.one.or.more.passive.filter.branches.are.designed.for.low-order.harmonics.and.then.one.high-
pass.filter.is.designed.for.the.rest.of.the.higher.order.harmonics..The.shunt.passive.filter.is.very.effective.
for. compensating. current-source. nonlinear. loads. type. of. generated. harmonics.. These. filters. though.
quite.useful.pose.various.practical.problems..The.filter.may.create.a.series.or.parallel.resonance.with.
the.source.impedance.resulting.in.the.amplification.of.the.harmonics.with.negative.consequences..The.
frequency.variation.of. the.power.system.and. tolerances. in.filter.components.affect. its.compensation.
characteristics..As.a.result,.the.size.of.the.components.in.each.tuned.branch.becomes.impractical.if.the.
frequency.variation.is.large..Overload.occurs.when.the.load.harmonics.level.increases.and.consequently.
high.current.and.voltages.circulate.in.the.passive.branches;.therefore,.protection.circuits.are.generally.
added.to.prevent.such.cases..Moreover,.the.supply.impedance.strongly.influences.the.performance.of.
the.shunt.passive.filter,.and.since.the.source.impedance.may.not.be.easily.determined,.the.performance.
of.the.shunt.passive.filter.becomes.difficult.to.predict..Figures.38.9.through.38.12.show.the.most.used.
passive.filter.configurations.
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FIGURE.38.9. Series-tuned.second-order.resonant.branch.(inductance,.capacitance,.and.resistance.in.series).
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FIGURE.38.10. First-order.high-pass.passive.filter.
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The.equivalent.dynamic.circuit.of.a.series-tuned,.second-order.resonant.branch.at.harmonic.scale.as.
seen.between.points.M.and.N.is.shown.in.Figure.38.13.

The.source.impedance.is.given.by.the.following.equation:

. Z jL hs s1 = ω . (38.14)

where
Ls.is.the.source.inductance
ω.=.2πf.is.the.fundamental.source.frequency
j.is.the.imaginary.unit.with.the.property.j2.=.−1

After.connecting.the.filter,.the.impedance.for.the.harmonic.h.seen.between.
points.M.and.N.becomes

.
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If.the.inductance.resistance.is.neglected.(rh.≈.0),.then.Zs2.becomes
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FIGURE.38.11. Second-order.high-pass.passive.filter.
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The.quality.factor.(Q).of.the.passive.filter,.which.is.defined.as.the.ratio.of.capacitive.reactance.(Xc).or.
inductive.reactance.(XL).to.the.resistance.(rh).at.tuned.frequency,.becomes.infinite..Therefore,.Q.can.be.
expressed.as

. Q L
r C r
h

h h h
= =ω

ω
1

. (38.17)

Consequently,.the.tuned.resonant.frequency.of.the.filter.at.the.hth.harmonic.rank.is.given.as

.
f

h L Ch
h h

= 1
2π .

(38.18)

where
fh.is.the.tuned.frequency
C.is.the.filter.capacitance
L.is.the.filter.inductance

On.the.other.hand,.the.parallel.impedance,.also.known.as.anti-resonance.impedance,.which.can.involve.
amplification.and.overvoltage.at.the.frequency.frh,.can.be.expressed.as.in.Equation.38.18a..The.amplifi-
cation.factor.depends.on.the.quality.factor.of.the.filter:

.
f

h L L C
rh

h s h
=

+( )
1

2π .
(38.18a)

Indeed,.the.decrease.of.the.quality.factor.of.the.filter.inductance.reduces.the.overvoltage.at.the.resonance.
frequency..Also,.at.the.resonance.frequency,.the.impedance.is.not.null.and.the.specific.hth.harmonic.is.
not.completely.deviated..The.ratio.of.the.impedance.after.filtering.to.the.impedance.before.filtering.as.a.
function.of.frequency.when.the.resonant.filter.is.tuned.to.fifth.harmonic.is.given.in.Figure.38.14.
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To.eliminate.several.harmonics,.the.idea.consists.in.placing.a.tuned.filter.by.harmonic..The.elimina-
tion.of.k.harmonics.requires.the.parallel.connection.of.k-tuned.filters..In.practice,.each.passive.filter.
element.employs.three.tuned.filters,.the.first.two.being.for.the.lowest.dominant.harmonics.followed.by.
high-pass.filter.elements..Figures.38.15.and.38.16.show.the.single-phase.and.three-phase.tuned.shunt.
passive.filters..The.ratio.of.the.impedance.after.filtering.with.the.impedance.before.filtering.as.a.function.
of.frequency.when.the.resonant.shunt.passive.filter.is.tuned.at.the.fifth.and.seventh.harmonic.is.given.
by.Figure.38.17.

38.5.1.2 Series Passive Filters

Series.passive.filters.are.constituted.of.parallel.resonant.branches.connected.in.series.with.the.nonlin-
ear.loads..They.provide.high.impedance.to.the.harmonic.currents.and.prevent.them.from.flowing.into.
the.power.system..These.filters.also.help.reduce.the.current.ripple.on.the.dc.side.of.the.rectifier.circuit..
They.are.of. low.cost,. simple. to. implement,. and.have.been.used. to. limit.harmonics. caused.by. large.
loads..The.series.passive.filters.suffer.heavily.from.lagging.PF.operation.for.a.whole.range.of.opera-
tion..On.the.other.hand,.a.finite.small.voltage.drop.across.the.finite.inductive.reactance.and.resistance.
of.the.coil.occurs.at.fundamental.frequencies.due.to.the.difficulty.in.designing.sharply.tuned.filters,.
and.large.drop.occurs.at.harmonic.frequencies.due.to.current.at.harmonic.frequencies.escaping.from.
the.block. that.has.been.created.by. these.filters..The.series.passive.filter.has.been. found.suitable. for.
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voltage-fed. type.of.harmonic-producing. loads..Generally,.each.series.passive.filter.element.employs.
three.tuned.filters,.the.first.two.being.for.the.lowest.dominant.harmonics.followed.by.high-pass.filter.
elements..In.each.series.passive.filter.element,.two.lossless.LC.components.are.connected.in.parallel.for.
creating.a.harmonic.dam.to.block.harmonic.currents..All.the.three.components.of.the.series.passive.
filter.are.connected.in.series..Figures.38.18.and.38.19.show.the.general.schemes.of.single-phase.and.
three-phase.series.passive.filters.
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38.5.2 active Power Filter

To.overcome.the.limitation.of.passive.filters,.APFs.were.developed.to.provide.better.dynamic.control.
of.current.harmonics.and.voltage.distortion.control..This.is.achievable.thanks.to.the.developments.in.
solid-state.switching.devices.and.control.technology.in.recent.years..APFs.can.be.classified.based.by.a.
number.of.elements.in.topology,.supply.system,.and.the.types.of.converter.used.in.their.circuits..They.are.
single-phase.(two-wire),.three-phase.three-wire,.and.three-phase.four-wire.voltage-.or.current-source.
inverters.used.to.generate.the.compensating.voltage.or.current.that. is. injected.into.the. line..Current.
source.active.filters.employ.an.inductor.as.the.dc.energy.storage.device..In.voltage-source.active.filters,.a.
capacitor.acts.as.the.energy.storage.element..Voltage.source.active.filters.are.cheaper,.lighter,.and.easier.
to.control.compared.to.current-source.active.filters..Several.APF.design.topologies.as.illustrated.in.the.
block.diagram.shown.in.Figure.38.20.have.been.proposed..They.can.be.classified.as.follows:.shunt.active.
power.filter.(SAPF),.series.APF,.hybrid.shunt.active.filter,.hybrid.series.active.filter,.and.UPQC..They.
use.PWM-controlled.current-fed.or.voltage-fed.converters.with.inductive.and.capacitive.energy.storage.
elements,.respectively.

38.5.2.1 Shunt active Power Filter

The.shunt.active.filter.operates.by.injecting.harmonic.current.into.the.utility.system.with.the.same.
magnitudes.as.the.harmonic.currents.generated.by.a.given.nonlinear.load,.but.with.opposite.phases.
to.maintain.a.sinusoidal.current.at.the.PCC..The.major.aim.of.the.shunt.active.filter.is.to.compensate.
harmonic.currents.yielding.an.improvement.of.the.PF..It.can.also.be.used.as.a.static.var.compensa-
tor. in.power. system.networks. for. compensating. for.other.disturbances. such.as.voltage.flicker.and.
imbalance..The.SAPF.offers.some.advantages.such.as.the.following:.source-side.inductance.does.not.
affect. the.harmonic.compensation.capability.of. the.SAPF.system,.cost-effective.for. low.to.medium.
KVA.industrial. loads,.can.damp.harmonic.propagation. in.a.distribution. feeder,.do.not.create.dis-
placement.PF.problems,.and.utility.loadings..On.the.other.hand,.the.APF.topologies.suffer.from.high.
KVA.rating.of.the.power.electronic.inverter.for.high-power.industrial.loads..This.is.due.to.the.fact.
that.the.converter.must.withstand.the.line.frequency,.utility.voltage,.and.supply.harmonic.current..In.
addition,.it.does.not.compensate.for.the.harmonic.in.the.load.voltage..Figures.38.21.and.38.22.show.
a.single-phase.and.a.three-phase.voltage-fed.shunt.active.filter..A.large.capacitor.connected.to.the.dc.
bus.of.the.converter.behaves.as.a.voltage.source..A.single-phase.and.a.three-phase.current-fed.shunt.
active.filter.are.shown.in.Figures.38.23.and.38.24..They.use.an.inductive.element.for.energy.storage..
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The.inductor.behaves.as.a.controllable.nonsinusoidal.current.source.to.compensate.for.the.harmonic.
current.requirement.of.nonlinear.loads..A.diode.is.used.in.series.with.the.self-commutating.device.
for.reverse.voltage.blocking.

A.four-pole.switch.type,.a.capacitor.midpoint.type,.and.a.three.single-phase.bridge.configuration.of.
a.four-wire.SAPF.are.shown.in.Figures.38.25.through.38.27.
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38.5.2.2 Series active Power Filter

The.series.APF.is.connected.in.series.with.the.utility.system.through.a.matching.transformer.so.that.
it.prevents.harmonic.currents.from.reaching.the.supply.system.or.compensates.the.distortion.in.the.
load. voltage.. It. is. controlled. in. such. a. way. that. it. can. present. zero. impedance,. at. the. PCC,. to. the.
fundamental.frequency.and.high.impedance.to.harmonic.frequencies.to.prevent.harmonic.currents.
from. flowing. into. the. system.. It. injects. the. necessary. voltage. needed. for. compensation. of. voltage.
harmonics,.voltage.sags,.and.swells.in.dynamic.voltage.restoration,.voltage.flicker,.and.other.voltage.
disturbances. that.distort. the.desired. sinusoidal.waveform.at. the.PCC.. It. is. also.used. to.damp.out.
harmonic.propagation.caused.by.resonance.with.line.impedance.and.shunt.passive.filters..The.series.
active. filter. is. effective. for. compensating. such. voltage-source. nonlinear. loads.. The. function. of. the.
series.active.filter.is.not.to.directly.compensate.for.the.current.harmonics.of.the.load,.but.to.isolate.
the.current.harmonics.between.the.load.and.the.source..A.drawback.to.the.series.active.compensa-
tor.is.its.inability.to.directly.compensate.for.current.harmonics,.balance.the.load.current,.suppress.
neutral. currents,. and. compensate. the. reactive. power.. In. addition,. it. carries. full. load. current. and.
must.withstand.large.power.ratings..In.the.event.of.a.failure.of.the.filter’s.transformer,.the.load.will.
lose.the.power.supply..Series.active.filters.are.designed.either.as.controllable.voltage.sources.(voltage-
fed. converter. type). or. as. controllable. current. sources. (current-fed. converter. type).. A. single-phase.
and.a.three-phase.voltage-fed.series.active.filter.are.shown.in.Figures.38.28.and.38.29..Figures.38.30.
and.38.31.show.a.single-phase.and.a.three-phase.current-fed.series.active.filter..Figure.38.32.shows.a.
three-phase.four-wire.voltage-fed.series.active.filter.

38.5.2.3 Unified Power Quality Conditioner

The. UPQC. is. a. combination. of. series. and. SAPF,. which. are. connected. back. to. back. and. sharing. a.
common.self-supporting.dc.link..The.series.filter.is.controlled.as.a.voltage.source;.hence,.it.is.used.for.
voltage.compensation.while.the.shunt.filter.compensates.for.harmonic.currents..Hence,.UPQC.has.
the.advantages.of.both.the.series.and.shunt.filter,.simultaneously..Although.its.main.drawback.is.its.
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high.cost.and.complexity.of.control,. interest.in.UPQC.is.growing.due.to.its.superior.performance..
It.can.compensate.significant.power.quality.issues,.such.as,.voltage.harmonics,.voltage.sag,.voltage.
swell,.voltage.unbalance,.voltage.flicker,.current.harmonics,.load.reactive.power,.current.unbalance,.
and.neutral.current..A.single-phase.voltage-fed.and.current-fed.UPQC.are.shown.in.Figures.38.33.
and.38.34..Figures.38.35.and.38.36.show.the.schematic.of.a.three-phase.three-wire.and.a.three-phase.
four-wire.UPQC.
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38.5.2.4 Hybrid Filters

APFs.have.the.capability.of.damping.harmonic.resonance.between.an.existing.passive.filter.and.the.sup-
ply.impedance,.but.they.require.a.large.current.rating.with.low.efficiency.and.harmful.disturbance.to.
neighborhood.appliances..HAF.topologies.that.combine.the.advantages.of.both.active.and.passive.filters.
are.more.appealing.in.terms.of.cost.and.performance..They.are.cost-effective.by.reducing.the.KVA.rat-
ing.of.the.active.filter.as.much.as.possible.while.offering.harmonic.isolation.and.voltage.regulation..Two.
types.of.HAFs.have.been.developed:.a.shunt.HAF.and.a.series.HAF..The.shunt.hybrid.filters.consisting.
of.shunt.active.filter.and.shunt.or.series.passive.filters.connected.in.series.or.in.parallel.with.each.other.
combine.the.advantages.of.both.filters..This.is.an.attempt.to.reduce.the.high.KVA.rating.of.the.shunt.
active.filter.without.compromising.its.functions..A.single-phase.and.a.three-phase.shunt.HAF.are.shown.
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in.Figures.38.37.through.38.42..The.reduced.switch.hybrid.filters.along.with.load.arrangement.are.shown.
in.Figures.38.38.and.38.40..Since.one.leg.of.the.active.filter.is.eliminated.by.a.center.tap.capacitor,.the.gate.
drive.circuit.requirement.and.associated.electronic.circuit.including.the.number.of.current.sensors.are.
eliminated..Thus,.these.topologies.reduce.the.overall.cost.of.the.system..Figures.38.43.and.38.44.show.the.
schematic.of.a.three-phase.series.hybrid.filter..The.series.hybrid.filter.is.a.series.or.parallel.combination.of.
a.series.active.filter.and.series.or.shunt.passive.filter..The.series.active.filter.acts.as.a.harmonic.“isolator.”.It.
is.to.improve.the.filtering.characteristics.and.to.solve.the.problems.of.the.passive.filter..Hence,.the.rating.
of.the.series.active.filter.is.much.smaller.than.that.of.a.conventional.parallel.active.filter.

38.6 Control of active Filters

The.quality.and.performance.of.the.APF.depends.partly.on.the.modulation.and.control.method.used.
to.implement.the.compensation.scheme..Several.control.strategies.can.be.used.to.regulate.the.current.
produced.by.the.filter:.variable.switching.frequency,.such.as.hysteresis.and.sliding-mode.controls.allow.
direct.control.of.the.current,.but.make.the.design.of.the.output.filter.quite.difficult.as.well.as.the.reduction.
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of.the.noise.level..PWM.control.[12,85–88].eliminates.these.problems,.but.the.dynamic.response.of.the.
current.feedback.loop.reduces.the.ability.of.the.filter.to.compensate.for.fast.current.transitions..Many.
algorithms.in.time.and.frequency.domains.are.proposed.to.extract.or.estimate.compensating.harmonic.
references.for.controlling.the.APFs.[89–102]..The.most.popular.are.the.time-domain.methods.such.as.
the.notch.filter,.the.instantaneous.reactive.power.theory.(IRPT),.the.synchronous.reference.frame.(SRF).
theory,.high-pass.filter.method,.low-pass.filter.method,.unity.PF.method,.sliding-mode.of.control,.pas-
sivity-based.control,.proportional.integral.(PI).controller,.flux-based.controller,.and.sine.multiplication.
method..The.main.advantage.of.these.time-domain.control.methods.compared.to.the.frequency-domain.
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methods.based.on.the.fast.Fourier.transformation.(FFT).is.the.fast.response.obtained..On.the.other.side,.
frequency.domain.methods.provide.accurate.individual.and.multiple.harmonic.load-current.detection..
The.discrete.Fourier.transform,.the.Kalman.filter,.and.the.artificial.neural.networks.are.the.most.har-
monic.estimation.techniques..There.are.two.control.techniques.used.to.generate.switching.signals.for.
APFs,.namely,.the.direct.and.the.indirect.control.techniques.[12–15]..The.direct.method.detects.har-
monics.in.the.loads.and.injects.current.through.an.active.filter.to.cancel.the.harmonics..On.the.other.
hand,.the.indirect.method.senses.the.harmonics.in.an.ac.network,.and.injects.harmonic.currents.using.
feedback.control.to.reduce.the.harmonics..It.has.been.demonstrated.that.the.direct.method.is.not.robust.
enough. when. the. time. delay. in. the. control. circuits. is. considered,. and. the. indirect. method. is. more.
reliable..Indeed,.in.the.literature,.it.was.reported.that.the.current-type.nonlinear.load.exhibits.a.step.
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wave.shape,.and.there.is.an.instantaneous.change.from.one.step.to.another..This.requires.instantaneous.
compensation,.but.the.inherent.delay.in.the.compensation.using.direct.current.control.scheme.results.
in.switching.ripples.in.the.supply.current..It.is.also.essential.to.find.why.the.direct.control.algorithm.of.
APF.suffers.from.this.problem.of.switching.ripples..The.reference.APF.current.are.fast.varying.nonsinu-
soidal.signals.and.the.direct.current.control.algorithm.works.on.the.principle.of.feed-forward.control,.
where,.the.reference.current.of.the.APF.is.compared.with.its.sensed.current..Therefore,.at.a.point.in.the.
ac.cycle,.the.direct.current.controller.does.not.have.accurate.information.about.the.shape.of.the.actual.
(sensed).supply.current..Therefore,.even.if.there.are.switching.ripples.in.the.supply.current,.the.direct.
current.controller.does.not.compensate.the.ripples.due.to.lack.of.exact.information.

Section.38.7.addresses. the.analysis.of. the. single-phase. shunt.active.power.filtering. scheme.with. two.
control.techniques..Direct.and.indirect.current.control.techniques.are.presented.with.the.use.of.a.unipo-
lar.PWM.(U-PWM).and.a.bipolar.PWM.(B-PWM).applied.to.the.single-phase.shunt.active.power.filter.
(SPSAPF).to.compensate.the.current.harmonics.and.the.reactive.power.[12–15]..It.is.demonstrated.that.by.
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using.the.averaging.technique,.the.direct.consequence.of.using.the.U-PWM.is.that.the.transfer.function.of.
the.SPSAPF.becomes.a.pure.gain,.which.simplifies.the.tuning.of.the.regulator.parameters..Also,.the.U-PWM.
pushes.back.the.first.significant.harmonic.rays.toward.twice.the.switching.frequency.2fsw..Furthermore,.it.
eliminates.the.rays.groups.that.are.centered.on.the.odd.multiples.of.the.switching.frequency..In.addition.to.
the.current.compensation.loop,.a.voltage.loop.is.also.designed.in.order.to.regulate.the.dc.bus.voltage.and.
to.stabilize.it.at.a.designed.value..The.current.and.voltage.regulators.are.designed.by.applying.the.linear.
control.theory.on.a.small-signal.frequency.domain.model.of.the.filter..This.mathematical.model.is.derived.
by.using.the.state-space.average.modeling.technique.and,.then,.applying.the.small-signal.linearization.pro-
cess..The.SPSAPF.is.analyzed.based.on.effective.THD.levels.and.response.to.changing.dynamics..The.results.
concerning. the. two.PWM.control. techniques.are.verified.by. simulation,.and.experimental. results.on.a.
1.kVA.prototype.obtained.using.the.direct.and.indirect.current.control.strategies.confirm.the.predicted.
performance.and.the.superiority.of.the.indirect.current.control.technique.with.the.U-PWM.

38.7 Single-Phase Shunt active Power Filter topology

Figure.38.45.shows.the.complete.system.where.the.SPSAPF.is.connected.in.parallel.with.a.nonlinear.
load.consisting.of.a.single-phase.diode.rectifier..The.SPSAPF.consists.of.a.single-phase.PWM.full-bridge.
voltage-source.inverter,.a.dc.bus.capacitor.Cdc,.and.an.inductor.Lc,.which.is.required.to.attenuate.the.
high-frequency.ripples.generated.by.the.voltage-source.inverter.(VSI)..A.single-phase.diode.bridge.rec-
tifier.feeding.a.series.RL.circuit.represents.the.nonlinear.load..The.converter.losses.are.represented.by.
shunt.resistance.Rdc.connected.in.parallel.to.a.dc.bus.capacitor.Cdc.

38.7.1 Extraction of reference Signals

The.performance.of.an.active.filter.is.greatly.influenced.by.the.method.used.for.extracting.the.current.
reference..There.are.two.control.techniques.for.line.current.wave.shaping.in.an.active.filter:.the.direct.
current.control.and.the.indirect.current.control..In.the.direct.current.control.technique,.the.closed-loop.
current.error.is.the.difference.between.the.desired.current.ic*.and.the.real.current.ic.at.the.ac.input.of.the.
shunt.active.filter..Whereas,.in.the.indirect.current.control.strategy,.the.current.error.is.the.gap.between.
the.source.current.reference.is*.and.the.sensed.source.current.is.
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38.7.1.1 the Indirect Current Control technique of SPSHPF

The.generation.of.the.reference.current.is.based.on.the.determination.of.the.amplitude.of.the.fundamen-
tal.active.current.iLf,.which.is.done.with.the.help.of.the.classic.demodulation.technique..The.nonlinear.
load.current.iL.is.decomposed.of.the.fundamental.component.iLf.and.the.harmonic.components.iLh.as.
follows:

.
i i i h i iL s L s Lh s h

h

Lf Lh( ) sin( ) sinθ θ φ θ φ= − + −( ) = +
=

∞

∑ˆ ˆ
1 1

2 .
(38.19)

where
ϕ1.is.the.phase.angle.of.the.fundamental.load.current
θs.=.wt,.w.being.the.mains.frequency
îL1.is.the.peak.value.of.the.fundamental.current
îLh.is.the.peak.value.of.the.hth.harmonic.load.current
ϕh.is.the.angle.of.the.hth.harmonic.load.current

. i ILf L s= −1 1sin( )θ φ . (38.20)

.
i i hLh Lh s h

h

= −
=

∞

∑ ˆ )sin( θ φ
2 .

(38.21)

On.the.other.hand,.the.fundamental.current.can.be.divided.into.two.components,.namely,.fundamental.
active.iLfa.=.îL1.cos.ϕ1.sin.θs.and.fundamental.reactive.iLfr.=.îL1.sin.ϕ1.cos.θs.

This. technique. allows. the. compensation. of. harmonics. and. reactive. power. at. the. same. time.. The.
objective.is.to.cancel.the.harmonics.and.to.compensate.for.the.reactive.power;.therefore,.the.reference.
current.for.the.active.filter.is

*.is.equal.to.the.load.fundamental.active.current.iLfa:

. i i i i is Lfa L Lh Lfr* = = − +( ) . (38.22)
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In.order.to.simplify.the.filtering.of.the.load.current.iLh,.the.fundamental.component.iLfa.is.transformed.
into.the.dc.component..Multiplying.both.sides.of.Equation.38.19.by.sin.θs,

.
i i i i hL s s

L L
s s Lh s hθ θ φ θ φ θ θ φ( ) = − −( ) + −sin cos cos sin sin

ˆ ˆ
ˆ1

1
1

12 2
2 (( )

=

∞

∑
h 2 .

(38.23)

This.equation.shows.the.presence.of.a.dc.component.and.the.ac.components.of.which.minimal.frequency.
is.equal.to.twice.the.frequency.network.(120.Hz)..A.low-pass.filter,.with.a.relatively.low.cut-off.frequency.is.
used.to.prevent.the.high-frequency.component..However,.it.is.indispensable.to.respect.a.good.compromise.
between.the.effective.filtering.of.frequencies.parasites.and.the.fast.dynamics.of.the.extraction.algorithm.

The. compensator. active. current. îcp1. is. obtained. from. the. bus. voltage. regulation. loop.. The. error.
between.the.reference.value.Vdc

*.and.the.sensed.feedback.value.Vdc.is.processed.toward.a.PI.controller.
giving.îcp1.signal..This.current.is.added.to.2*iLfiltered,.leading.the.peak.value.of.the.reference.current..In.
order.to.reconstitute.the.fundamental.active.reference.current,.the.peak.value.is.multiplied.by.sin.θs..The.
block.diagram.that.generates.is

*.is.shown.in.Figure.38.46.

38.7.1.2 the Direct Current Control technique of SPSHPF

The.proposed.block.diagram.of.the.control.algorithm.of.an.active.filter.with.direct.current.control.
is.shown.in.Figure.38.47.

38.7.2 Principle of the Unipolar PWM Control

The.generation.of.the.U-PWM.control.pattern.is.illustrated.in.Figure.38.48..It.is.based.on.two.compari-
sons:.(1).between.a.control.signal.β.and.a.triangular.high-frequency.carrier,.and.(2).between.the.oppo-
site.of.the.control.signal.(−β).and.the.same.carrier..A.typical.waveform.of.the.control.signal.β.is.given.
in.Figure.38.49..Such.a.signal,.which.is.slow.time-varying.in.each.half-period-wide.interval,.is.generally.
delivered.by.a.closed-loop.PI.controller.that.adjusts.continuously.the.current.ic.at.the.input.of.the.active.
filter.to.track.a.current.reference.ic*.such.that

. i i i i tL c s s s− = =* * sinˆ ω . (38.24)
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î cp1

v*dc

i s*

vdc

2
+

+

+
–

FIGURE.38.46. Indirect.current.control.algorithm.of.SPSAPF.system.

sin θs

cos φ12
IL1

iL

Controller

Low pass Σ

Σ

Σ

Icm

v*dc

ic*

vdc

2 +
+

+

+

–

–

FIGURE.38.47. Direct.current.control.algorithm.of.SPSAPF.system.



38-32	 Power	Electronics	and	Motor	Drives

where.ωs.denotes.the.angular.frequency.of.the.mains..The.waveform.given.in.Figure.38.49.allows.com-
pensating.both.the.undesirable.harmonics.in.the.source.current.and.the.reactive.power.required.by.the.
nonlinear.load.

Considering.the.frequency.range.of.the.control.signal.β.and.the.triangular.carrier,.one.may.consider.
that.the.modulating.signal.is.practically.constant.during.a.switching.period.Tsw..In.this.case,.referring.
to.Figure.38.48,.we.have

.
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T m
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T msw sw
1 21 1
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= = −





θ β θ βand
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(38.25)

where
d1.and.d2.are,.respectively,.the.duty.cycles.of.switches.T1.and.T3.over.one.sampling.period.Tsw

m.is.the.peak.value.of.the.triangular.carrier

B β

–β

–β

β
θα

A E

Tsw

+m

–m

1
0

G1

G2

1
0

1
0
1
0

t

A

Tsw

+m

–m

1
0

G3

G4

1
0

1
0
1
0

t

Vdc
0

vc

0
–Vdc

D

C

FIGURE.38.48. PWM.gating.signals.generation.using.U-PWM.control.technique.
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One.can,.thus,.deduce.the.average.value.of.the.voltage.vc.at.the.input.of.the.inverter.over.a.switching.
period.Tsw:

.
v d d V V

m
 Gc T dc

dc

sw
= − = =( )1 2 β β

.
(38.26)

It.should.be.noted.that.the.average.voltage. vc Tsw
.is.proportional.to.the.control.variable.β..For.operation.

below.the.switching.frequency,.one.can.assume.that.the.PWM.inverter.transfer.function.is.equivalent.
to.the.constant.G.

38.7.2.1 Harmonic analysis of active Power Filter Inverter Input Voltage vc

According.to.Figure.38.48,.the.voltage.vc.is.an.alternating.modulated.square.wave.signal..Its.frequency.is.
twice.the.control.signal.of.S1.and.S3,.and.its.magnitude.is.lower.than.the.peak.of.its.fundamental..In.the.
following,.let.us.define.vc.=.vc1.when.the.standard.PWM.is.used.and.vc.=.vc2.when.the.U-PWM.is.used.

38.7.2.2 Harmonic analysis with Standard PWM (vc = vc1)

Under.the.assumption.that.the.voltage.vc1.remains.periodic.over.a.few.successive.switching.cycles,.
i.e.,.d1Tsw.=.constant,.by.applying.the.Fourier.transform.to.vc.waveform.shown.in.Figure.38.50,.a.first.
local.decomposition.is.applied.to.the.voltage.vc1:

.
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where

.
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Computing.the.coefficient.a0,.which.represents.the.local.mean.value.of.vc1,.leads.to
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(38.28)

The.calculation.of.coefficient.ak.gives.the.following.expression:
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Using.Equations.38.27.through.38.29,.we.obtain.finally
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38.7.2.3 Harmonic analysis with U-PWM (vc = vc2)

We.now.seek.the.expression.of.vc2.with.the.U-PWM..This.voltage.can.be.constituted.by.subtracting.ter-
minal.voltages.of.switches.S2.and.S4,.respectively..These.voltages.vs2.and.vs4.are.illustrated.in.Figure.38.51.

The.voltages.vs2.and.vs4.are.obtained.by.calculating.the.coefficients.a0.and.ak.of.the.relations.(38.28).
and.(38.29)..From.which.we.can.obtain
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The.relation.(38.31).gives.us.the.expression.for.voltage.vc2:
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38.7.2.4 relation between vc1 and vc2

In.the.following,.let.us.find.the.mathematical.relation.between.the.voltage.signal.for.both.B-PWM.vc1.
and.U-PWM.vc2.

The.modulating.signal.β.must.contain.two.components:.the.fundamental.active.current.(β̂1a.sin.ωst),.
which.is.necessary.to.maintain.a.constant.terminal.voltage.across.the.Cdc.capacitor;.and.all.the.reactive.

(β̂1.cos.ωs).and.harmonic.
ˆ sin( )β ωh s

h
h t

=

∞∑



2 .current.components.to.compensate.the.nonlinear.load..

For.simplification.purposes,.one.can.suppose.that.the.modulating.signal.contains.only.the.third.har-
monic.components..Using.Equation.38.26,.one.can.obtain
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where.β̂3.is.the.amplitude.of.the.modulating.signal,.which.is.the.third.harmonic.current.
Hence,.by.replacing.d1.and.d2.in.Equations.38.30.and.38.32,.we.get
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Let.z.=.((kπ/2)(β̂3/m))sin.3ωst,.Equation.38.34.becomes
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(38.35)

Functions.z,.cos.z,.and.sin.z.are.represented.by.Figure.38.52..ω3.=.3ωs.is.the.third.harmonic.frequency.
Taking.into.account.the.periodicity.and.the.observable.symmetry.of.the.functions.of.Figure.38.52,.we.

can.write.the.expressions.of.cos.z.and.sin.z.as
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By.replacing.cos.z.and.sin.z.in.the.relation.(38.35),.one.obtains
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(38.37)

Taking.into.account.the.parity.of.k.(k.=.2i or k.=.2i.+.1),.relation.(38.37).becomes
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(38.38)
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FIGURE.38.52. Waveform.of.functions.z,.cos.z,.and.sin.z.
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Finally,.the.spectral.of.vc1.and.vc2.are.given.in.the.following.relation:
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(38.39)

The.relation.(38.39).enables.us.to.express.vc2.according.to.vc1:
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Taking.account.of.all.the.harmonics,.the.active.component,.and.the.reactive.component,.the.modulat-
ing.frequency.is.equal.to.the.network.frequency.ωs,.from.where.the.following.relation.is.deduced:
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From.Equation.38.41,.one.can.deduce.that,.for.the.same.(2h.+.1)th.harmonic.frequency,.denoted.by.f2h+1,.
switching.frequency.fsw,.and.modulation.depth.β̂2h+1/m,.the.spectrum.of.vc2.is.identical.to.the.spectrum.
of.vc1,.except.that.the.groups.of.rays.centered.on.the.odd.multiples.of.the.switching.frequency.have.
disappeared..Figure.38.53a.shows.the.spectra.of.vc1.and.Figure.38.53b.shows.the.spectra.of.vc2.

Fundamental Harmonics

Frequency60 Hz fsw–4fs 2fsw–3fs 2fsw+3fs2fsw–fs 2fsw+fs2fsw 3fsw–4fs 3fsw+4fs3fsw–2fs 3fsw+2fs3fswfsw–2fs fsw+2fsfsw fsw+4fs

(a)

Fundamental
Harmonics

Frequency2fsw–3fs 2fsw+3fs2fsw–fs 2fsw+fs2fsw 3fswfsw60 Hz
(b)

FIGURE.38.53. Comparison.between.the.spectra.of.the.voltage.vc.obtained.by.(a).the.B-PWM.and.(b).the.U-PWM.
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38.7.3 PWM’s Principle of Gating Signal Generation

The.reference.supply.(harmonic).current.obtained.from.the.control.algorithm.is.compared.with.sensed.
supply.(filter).current..As.above,.the.error.signal.is.fed.to.a.controller.having.a.limiter.at.its.output..
Consequently,. the. controlling. signal. β. and. its. opposite. −β. are. compared. with. a. triangular. carrier.
wave.resulting.in.the.switching.signals.to.the.gates.of.solid-state.switching.devices.of.VSI.as.shown.is.
Figure.38.54.

38.7.4 Control of active Power Filter

Figure.38.54. shows. the.complete.diagram.used. for. the. identification.of. the.active. fundamental. load.
current..This.diagram.includes.the.direct.and.indirect.current.control.algorithm.implemented.with.the.
B-PWM.and.U-PWM.controllers..Besides.the.estimation.of.active.fundamental.load.current,.a.real.cur-
rent.reference.component.is.derived.from.a.PI.regulator.that.controls.the.dc.bus.voltage.of.the.inverter.
as.shown.in.Figure.38.54..The.component.is.summed.to.create.the.demanded.reference.supply.current.
for.the.inner.current.regulator.loop.

38.7.5 Small-Signal Modeling of the Single-Phase active Power Filter

38.7.5.1 averaged Model

By.applying.the.average.modeling.technique.to.the.filter.in.Figure.38.45,.the.following.state.equations.
are.obtained:

.
L di
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d d v vc

c
dc s= −( ) −1 2

.
(38.42)
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.
C dv

dt
v
R

d d idc
dc dc

dc
c+ = − −( )1 2  

.
(38.43)

where. ic ,. vs ,. and. vdc .denote,. respectively,. the.averaged.values,.computed.on. the.basis.of.a. switching.
period,.of.the.filter.input.current.ic,.filter.input.voltage.vs,.and.the.voltage.vdc.at.the.dc.side.of.the.filter..
d1.and.d2.are,.respectively,.the.duty.cycles.of.the.upper.switches.in.the.first.and.second.leg.of.the.filter.

Taking.into.account.the.following.relation.between.d1.and.d2,

. d d1 2 1+ = . (38.44)

Equations.38.43.and.38.44.can.be.rearranged.to.obtain.a.system.having.two.outputs.(which.are.also.the.
state.variables).ic .and.vdc ,.and.a.single.control.input.d1:

.
L di

dt
d v vc

c
dc s= −( ) −2 11  

.
(38.45)
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C dv
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dc dc

dc
c+ = − −( )2 11  

.
(38.46)

38.7.5.2 Linear Control System

The.control.system.is.illustrated.in.Figure.38.54..A.successive.two-loops.strategy.is.employed..The.inner.
loop.embeds.an.indirect.current.control.technique..Here,.and.contrarily.to.the.direct.control.method.
where. the.controlled.current. is. the.one.at. the.filter. input,. it. is. the. source.current. that. is. sensed.and.
injected.in.an.inner.feedback.system.in.order.to.shape.it..This.approach.allows.simplifying.considerably.
the.generation.of.the.current.reference.and.offers.better.dynamics.due.to.the.absence.of.discontinuities.
in.the.current.reference.waveform..The.outer.loop,.which.is.designed.to.be.enough.slower.than.the.inner.
one.for.stability.considerations,.ensures.voltage.regulations.at.the.dc.side.of.the.filter.by.compensating.
the.power.losses.in.the.semiconductors.and.the.reactive.elements.of.the.filter.(recall.that.these.losses.are.
represented.by.the.fictive.resistance.Rdc.in.Figure.38.45).

In.order.to.choose.adequately.the.inner.and.outer.regulators,.the.knowledge.of.the.filter’s.small-signal.
transfer.functions.is.required..As.noticed.in.Figure.38.54,.the.determination.of.the.transfer.functions,.
on.the.basis.of.which.the.regulators.are.calculated,.follows.two.steps.

38.7.5.2.1  Inner Subsystem Transfer Function
First,.the.inner.control.loop.is.considered..Here,.a.transfer.function.relating.the.inner.output.variable.is .
to.the.control.input.d1.has.to.be.established..This.is.easily.done.by.applying.first.small-signal.lineariza-
tion.to.Equation.38.45..We.get

.
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dt
D V D v d V V vc

c
dc dc dc s s

δ
δ δ δ

( )
= −( ) + −( ) + ( ) − +( )2 1 2 1 21 1 1 

.
(38.47)

where.δx.denotes.the.small-variation.of.a.time.variable.x.around.its.static.value.X..Furthermore,.the.
static.regime.is.obtained.by.setting.all.the.time.derivatives.and.the.small.variations.to.zero..It.yields

. 0 2 11= −( ) −D V Vdc s . (38.48)
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which.gives

.
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(38.49)

knowing.that.the.static.value.Vs.of.the.voltage.at.the.ac.side.of.the.filter.is.zero.
By.replacing.expression.(38.49).into.Equation.38.47.yields
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(38.50)

The.computation.of.the.required.transfer.function.of.the.inner.subsystem.becomes.obvious..It.yields.
from.(38.50)
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where
x(s).represents.the.Laplace.transform.of.the.time.variable.δx
s.being.the.Laplace.variable

Now,.considering.that

. i i is L c= − . (38.52)

̅iL.being.the.current.injected.into.the.nonlinear.load,.allows.us.to.express.directly.the.transfer.function.
between.the.source.current.̅is.and.the.duty.cycle.d1:
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Note.that.the.input.voltage. ̅vs.and.the.load.current. ̅iL.are.regarded.as.disturbance.signals.in.the.control.
design.process..Thus,.it.appears.clearly.that.the.inner.subsystem.exhibits.an.integrator-like.behavior,.
which.makes.quite.easy.the.determination.of.the.inner.regulator.transfer.function.that.would.ensure.
optimal.dynamic.characteristics.to.the.inner.current.loop..A.typical.regulator.is.a.first-order.low-pass.
filter,.as.it.will.be.demonstrated.subsequently..The.regulator’s.parameters.are.chosen.in.order.to.ensure,.
first,.a.maximized.open-loop.gain.in.the.bandwidth.and,.thus,.a.minimized.current.error.at.the.input.
of.the.regulator.and,.second,.the.attenuation.of.the.current.harmonics.at.multiple.switching.frequency.

38.7.5.2.2  Outer Subsystem Transfer Function
The.development.of.the.system.transfer.function.for.the.design.of.the.outer.control.loop.is.carried.out.by.
taking.into.account.the.presence.of.the.inner.one..Furthermore,.it.will.be.assumed.that.the.inner.regula-
tor.is.suitably.chosen,.so.that.the.inner.controlled.variable.is .follows.perfectly.the.current.reference.is*:

. i i i ts s s s≅ = ( )* sinˆ ω . (38.54)

where
îs.represents.the.peak.value.of.the.source.current
ωs.is.the.mains.angular.frequency
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As.described.in.Figure.38.54,.the.peak.value.îs.is.delivered.by.the.outer.regulator.and.is.therefore.con-
sidered.as.the.input.signal.of.the.outer.subsystem..The.next.step,.then,.is.to.develop.the.transfer.func-
tion.that.relates.the.outer.controlled.variable.vdc .to.the.input.control.variable.îs,.on.the.basis.of.which.
the.design.of.the.linear.outer.regulator.will.be.carried.out..Using.expressions.(38.52).and.(38.54).into.
Equation.38.55.yields.the.steady-state.time.expression.of.the.duty.cycle
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(38.55)

with

.
v v ts s s= ( )ˆ sin ω . (38.56)

and
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In.(38.57),.îLpk.and.îLqk.designate.the.coefficients.of.the.kth.harmonic.obtained.by.Fourier.series.decom-
position.of.the.signal.iL ..By.replacing.expressions.(38.56).and.(38.57).into.(38.55),.we.obtain
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Practically,.the.adopted.value.of.the.filter.inductor.Lc.is.too.small,.and.can.be.further.decreased.if.the.
switching.frequency.is.increased..Consequently,.we.can.write.approximately

.
d t v

v
ts

dc
s1

1
2 2

* sin( ) ≅ + ( )ˆ
ω

.
(38.59)

Recalling.expression.(38.46),.and.using.Equations.38.52,.38.54,.38.57,.and.38.59,.yields
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which.can.be.rewritten.using.trigonometric.properties.as.follows:
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The.outer.loop.is.designed.to.be.much.slower.than.the.inner.one.for.stability.considerations..In.addition,.
in.order.to.avoid.the.distortion.of.the.current.reference.is

*.and.to.eliminate,.consequently,.the.possibility.
of.creation.of.additional.harmonics.into.the.mains,.the.outer-loop.control.signal.delivered.by.the.outer.
regulator.must.be.free.of.harmonics,.especially,.the.one.at.twice.the.mains.frequency,.which.is.omni-
present.in.the.voltage.vdc.at.the.dc.side.of.the.filter..This.can.be.accomplished.by.limiting.the.open-loop.
bandwidth.of.the.outer.loop.at.frequencies.enough.lower.than.twice.the.mains.frequency..Considering.
this.assumption,.all.the.harmonics.that.appear.in.expression.(38.61).will.have.a.negligible.influence.on.
the.dc.voltage.vdc.and.can,.thus,.be.disregarded..Therefore,.expression.(38.61).can.be.expressed.approxi-
mately.by

.
C dv
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dc dc
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2 21 1

.
(38.62)

where.îcp1.≡.îLp1.−.îs.represents.the.peak.value.of.the.active.fundamental.current.absorbed.by.the.filter,.
which.is.in.phase.with.the.input.voltage.vs,.and.which.is.used.to.compensate.the.power.losses.in.the.filter.
and.to.maintain.the.dc.voltage.level.at.a.desired.value.

Equation.38.62.can.be.also.written.as.follows:
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(38.63)

By.applying.the.small-signal.linearization.to.Equation.38.63,.and.assuming.îLp1.a.disturbance.signal.for.
the.outer.loop.design,.it.yields
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The.transfer.function.that.relates.the.dc.voltage.vdc .to.the.outer.control.input.îs.is.then.derived.forwardly.
as.follows:
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(38.65)

By.considering.the.power.losses.in.the.filter.negligible.(i.e.,.Rdc.tends.to.infinity),.expression.(38.65).is.
reduced.to
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(38.66)

This.is.also.an.integrator-like.behavior,.which.makes.quite.easy.the.calculation.of.the.outer.regulator.
transfer.function.that.would.ensure.optimal.dynamic.characteristics.to.the.outer.voltage.loop..A.typical.
regulator.is.a.first-order.low-pass.filter,.as.it.will.be.demonstrated.subsequently..The.regulator’s.param-
eters.are.chosen.in.order.to.ensure,.first,.an.infinite.open-loop.gain.at.the.zero.frequency.and,.thus,.a.
zero.steady-state.voltage.error.at.the.input.of.the.regulator.and,.second,.the.attenuation.of.the.voltage.
harmonic.at.twice.the.mains.frequency.
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38.7.5.2.3  Design of the Regulators
The. block. diagram. of. the. implementation. circuit. is. shown. in. Figure. 38.54.. The. reference. current. is*.
obtained.from.the.control.algorithm.is.compared.with.the.sensed.current.is..As.above,.the.error.signal.is.
fed.to.the.current.controller.having.a.limiter.at.its.output..Consequently,.the.controlling.signal.is.com-
pared.with.a.triangular.carrier.resulting.in.the.gating.signals.

38.7.5.2.3.1  DC  Bus  Voltage  Controller  If. the. regulation. of. the. dc. bus. voltage. works. properly,. the.
terminal.voltage.of.the.capacitor.is.equal.to.its.reference.Vdc*,.from.which.the.following.relation.can.
be.drawn:

.
G s v

V C si v
s

dc dc
s dcˆ

ˆ

*
( ) =

2 .
(38.67)

As.the.open-loop.transfer.function.given.by.Equation.38.67.presents.an.integral.action,.proportional.
action.of.the.controller.can.be.satisfactory..Therefore,.the.controller.transfer.function.can.be.written.as.
K sv v/( )1+ τ ,.where.Kv.represents.a.gain.with.a.first-order.low-pass.filtering.

The.transfer.function.in.closed.loop.of.the.voltage.control.is.written.as

.

V
V

K v
C V s C V s K v

dc

dc

v s

v dc dc dc dc v s
* =

+ +

ˆ

ˆ2 22τ * * .
(38.68)

It.is.a.second-order.system.of.the.form

.

V
V

w
s w s w

dc

dc

v

v v v* =
+ +

2

2 22ζ .
(38.69)

where

.

w K v
C V
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v dc dc

v
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=
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ˆ
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ˆ

2

2
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τ
ζ

*
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(38.70)

where
wv.is.the.natural.frequency
ζv.is.the.damping.factor

The. parameters. of. the. regulator. (Kv. and. τv). are. calculated. so. that. the. system. ensures. a. desired.
response,.i.e.,.the.damping.coefficient.and.pulsation.are.selected.in.an.optimal.way..The.values.are.
given.in.Table.38.1.

38.7.5.2.3.2  Supply Current Regulator  The.supply.current.controller.transfer.function.can.be.written.as.
Ki/(1.+.τis),.where.Ki.represents.a.gain.with.a.first-order.low-pass.filtering..The.transfer.function.in.closed.
loop.of.the.current.control.can.be.written.as

.

i
i

K V
L s L s K V

s

s

i dc

i c c i dc
*

*
=

+ +
2

22τ *
.

(38.71)
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It.is.a.second-order.system.of.the.form

.

i
i

w
s w s w

s

s

i

i i i* =
+ +

2

2 22ζ .
(38.72)

with

.
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2
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*

τ

ζ
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*
.

(38.73)

The.parameters.of. the. regulator. (Ki. and.τi).are.calculated. so. that. the. system.ensures.a. fast.dynamic.
response,.and.the.current.is.of.the.supply.takes.a.sinusoidal.form,.and.in.phase.with.the.voltage..The.
values.of.Ki.and.τi.are.given.in.Table.38.1.

38.7.6 Simulation results

In.order.to.validate.the.accuracy.of.these.controllers,.the.system.is.simulated.using.the.parameters.as.
given.in.Table.38.1..The.circuit.of.Figure.38.54.was.implemented.in.the.Simulink•.toolbox.of.MATLAB•.
under.various.conditions.

38.7.6.1  Compensation for Direct and Indirect Current Control techniques 
Implemented with the Bipolar PWM Controller

The. simulation. results. of. the. SPSAPF. with. direct. and. indirect. current. control. algorithms. imple-
mented.with.the.B-PWM.controller.are.presented.in.Figure.38.55a.and.b,.respectively,.where. load.
current.(iL),. the.SPSAPF.current.(ic),. the.supply.voltage.(vs),. the.supply.current.(is),.and.the.dc.bus.
voltage.of.the.SPSAPF.(vdc).are.depicted..The.harmonic.spectra.of.the.supply.current.before.and.after.
compensation.with.direct.and.indirect.current.control.schemes.implemented.with.the.B-PWM.con-
troller.are.shown.in.Figure.38.56a.through.c,.respectively..The.THD.of.the.supply.current.is.reduced.
from.28.5%.before.compensation.to.10.4%.after.compensation.with.the.direct.current.control.tech-
nique.and.to.6.3%.with.the.indirect.current.control.technique..These.results.show.that.when.using.
indirect.current.control.technique,.the.current.ripple.of.the.supply.current.has.eliminated..Moreover,.
it.is.observed.that.the.B-PWM.controller.suffers.from.the.problem.of.high-frequency.harmonics.in.
the.supply.current.

TABLE.38.1. System.Parameters.Used.for.Simulation
Line.voltage,.and.frequency Vs.=.120.V.(rms),.fs.=.60.Hz
Line.impedance Ls.=.0.3.mH,.Rs.=.0.1.Ω
Load.impedance LL.=.20.mH,.RL.=.20.Ω
Active.filter.parameters Lc.=.5.mH,.Rdc.=.5000.Ω,.Cdc.=.2000.μF
Filter.dc.bus.voltage Vdc.=.350.V
Switching.frequency fsw.=.5.kHz
Parameters.of.the.current.regulator Ki.=.0.14,.τi.=.10.μs,
Parameters.of.the.voltage.regulator Kv =.206,.τv.=.10.μs
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FIGURE.38.55. Steady-state.waveforms.of.the.SPSAPF.system:.(a).direct.current.control.implemented.with.the.
B-PWM,.(b).indirect.current.control.implemented.with.the.B-PWM.
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38.7.6.2  Compensation for these Direct and Indirect Current techniques 
Implemented with the Unipolar PWM Controller

Figure.38.57a.and.b.show.the.steady-state.operation.of.the.SPSAPF.with.the.direct.and.indirect.cur-
rent.control.techniques.implemented.with.the.U-PWM.controller..The.harmonic.spectra.of.the.supply.
current.after.compensation.with.direct.and.indirect.current.control.techniques.implemented.with.the.
U-PWM.controller.are.shown.in.Figure.38.58a.and.b,.respectively..The.THD.of.the.supply.current.is.
reduced.from.28.5%.before.compensation.to.4.4%.after.compensation.with.the.direct.current.control.
technique.and.to.1%.with.the.indirect.current.control.technique..In.order.to.show.the.efficiency.of.the.
U-PWM.controller.regarding.the.high-frequency.content.of.the.supply.current,.one.can.compare,.as.
shown.in.Figure.38.59,. the.harmonic.spectra.of.both.techniques..Note.that. this.comparison. is.made.
within.the.vicinities.of.switching.frequencies.fsw.and.2fsw.

In.practice,.the.loads.power.demand.are.usually.subject.to.variations..Hence,.it.is.necessary.to.exam-
ine.the.performance.of.the.indirect.current.control.technique.implemented.with.the.U-PWM.controller.
under.such.disturbances..Figure.38.60.shows.the.response.of.the.SPSAPF.system.for.a.step.increase.of.
100%.of.the.load.current.at.t.=.166.7.ms..During.the.change.of.load.condition,.the.system.maintains.
unity.PF.operation.and. the.dc.bus.voltage.of.SPSAPF. is.also. regulated. to. the. reference.value..These.
results.confirm.that.by.using.indirect.current.control.technique.with.the.U-PWM.control.strategy,.sub-
stantial. improvements. have. been. observed. in. harmonic. content. of. the. supply. current. as. well. as. on.
dynamic.response.of.the.SPSAPF.

It.is.observed.that.the.indirect.current.control.algorithm.of.SPSAPF.implemented.with.the.U-PWM.
controller.is.free.from.switching.ripples.and.high-frequency.harmonics.in.the.supply.current..The.ref-
erence.supply.current. is.a. slowly.varying.signal. (60.Hz),. therefore.at.any. instant.on. the.ac.cycle,. the.
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FIGURE.38.56. Spectrum.of.the.source.current:.(a).before.compensation.and.after.compensation.with,.(b).direct.
current.control.implemented.with.the.B-PWM,.and.(c).indirect.current.control.implemented.with.the.B-PWM.
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FIGURE.38.57. Steady-state.waveforms.of.the.SPSAPF.system:.(a).direct.current.control.implemented.with.the.
U-PWM,.(b).indirect.current.control.implemented.with.the.U-PWM.
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indirect.current.controller.has.exact.information.about.the.shape.of.the.supply.current.and,.hence,.it.
takes.a.desired.corrective.action.to.fully.compensate.the.switching.ripples.in.the.supply.current..The.
supply.current.is.observed.very.close.to.sinusoidal.wave.and.it.remains.in.phase.with.the.supply.volt-
age,.therefore.unity.PF.is.maintained.at.ac.mains..The.SPSAPF.supplies.the.reactive.power.demand.of.
the.load.locally.and.it.also.compensates.its.harmonics..The.THD.of.supply.current.for.different.control.
techniques.is.summarized.in.Table.38.2.

38.7.7 Experimental Validation

To.experimentally.validate.the.developed.model.of.SPSAPF,.various.tests.are.conducted..Both.direct.and.
indirect.current.control.techniques.with.both.PWM.controllers.have.been.implemented..The.experi-
mental.setup.parameters.as.a.574.VA.diode.rectifier.is.taken.as.the.nonlinear.load;.the.supply.voltage.is.a.
110.V,.60.Hz..The.SPSAPF.is.made.of.4-IGBT.modules.IXGH.40.N60.of.Ixys..The.dc.voltage.is.set.at.350.V..
The.filter.inductor.is.selected.to.be.5.mH.and.the.dc.bus.capacitor.is.2000.μF..The.switching.frequency.
of.the.IGBT.devices.is.taken.as.5.kHz.
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FIGURE.38.58. Spectrum.of.source.current.after.compensation.with.(a).direct.current.control.implemented.with.
the.U-PWM.and.(b).indirect.current.control.implemented.with.the.U-PWM.
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FIGURE.38.59. Spectrum.analysis.of.source.currents.obtained.using.indirect.current.control.with.B-PWM.and.
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38.7.7.1  Compensation for these Direct and Indirect Current Control 
techniques Implemented with the Bipolar PWM Controller

The.steady-state.results.of.the.direct.current.control.technique.implemented.with.the.B-PWM.controller.
are.shown.in.Figure.38.61a,.and.the.waveforms.of.the.indirect.current.control.technique.implemented.with.
the.B-PWM.controller.are.shown.in.Figure.38.61b..These.results.demonstrate.the.capability.of.the.indi-
rect.current.control.technique.to.eliminate.the.ripples..The.low-frequency.analysis.of.the.load.and.supply.
currents.is.shown.in.Figure.38.62a.through.c..The.THD.of.this.supply.current.is.decreased.from.28.83%.
to.10.9%.with.the.direct.current.control.technique.implemented.with.the.B-PWM.controller.and.from.
28.83%.to.6.7%.with.the.indirect.current.control.technique.implemented.with.the.B-PWM.controller.

38.7.7.2  Compensation for these Direct and Indirect Current Control 
techniques Implemented with the Unipolar PWM Controller

Figure. 38.63a. and. b. show. the. steady-state. results. of. the. direct. current. control. technique. imple-
mented. with. the. U-PWM. controller. and. the. waveforms. of. the. indirect. current. control. technique.
implemented.with.the.U-PWM.controller..These.results.demonstrate.the.capability.of.the.U-PWM.
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FIGURE.38.60. System.response.to.a.100%.step.of.load.increase.

TABLE.38.2. THD.Value.of.the.Compensated.Source.Current
Before.compensation 28.5%
After.compensation.using.current.direct.control.

implemented.with.the.B-PWM
10.4%

After.compensation.using.indirect.current.control.
implemented.with.the.B-PWM

6.3%

After.compensation.using.direct.current.control.
implemented.with.the.U-PWM

4.4%

After.compensation.using.indirect.current.control.
implemented.with.the.U-PWM

1%
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FIGURE.38.61. Steady-state.waveforms:.(a).direct.current.control.implemented.with.the.B-PWM.and.(b).indi-
rect.current.control.implemented.with.the.B-PWM,.vs,.[100.V/div],.vdc.[400.V/div],.is.[10.A/div],.iL.[10.A/div].and.
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FIGURE.38.62. Spectrum.of.the.source.current:.(a).before.compensation.and.after.compensation.with.(b).current.
control.implemented.with.the.B-PWM,.and.(c).indirect.current.control.implemented.with.the.B-PWM.
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FIGURE.38.63. Steady-state.waveforms:.(a).direct.current.control.implemented.with.the.U-PWM.and.(b).indi-
rect.current.control.implemented.with.the.U-PWM,.vs,.[100.V/div],.vdc.[400.V/div],.is.[10.A/div],.iL.[10.A/div].and.
ic [10.A/div],.Time.(5.mS/div).
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controller.to.better.compensate.the.low-frequency.harmonics..The.low-frequency.analysis.of.supply.
current.is.shown.in.Figure.38.64a.and.b..The.THD.of.this.supply.current.is.decreased.from.28.83%.
to. 4.9%. with. the. direct. current. control. technique. implemented. with. the. U-PWM. controller. and.
from. 28.83%. to. 2.2%. with. the. indirect. current. control. technique. implemented. with. the. U-PWM.
controller.

In.order.to.evaluate.the.impact.of.U-PWM.controller,.one.has.to.perform.a.spectrum.analysis.of.the.
same.steady-state.waveforms.at.the.switching.frequency..The.results.of.the.analysis.are.shown.in.Figure.
38.65a.through.c.
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FIGURE.38.64. Spectrum.of.the.source.current.after.compensation.with.(a).direct.current.control.implemented.
with.the.U-PWM.and.(b).indirect.current.control.implemented.with.the.U-PWM.
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FIGURE.38.65. Source.current.spectrum.covering.both.low-.and.high-frequency.components:.(a).before.com-
pensation.and.after.compensation.with,.(b).indirect.current.control.implemented.with.the.B-PWM.(top.caption.
amplitude.9.2.dB/div,.bottom.caption.zoom.view.5.5.dB/div).and.(c).indirect.current.control.implemented.with.the.
U-PWM.(top.caption.amplitude.9.2.dB/div,.bottom.caption.zoom.view.9.2.dB/div).
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In.order.to.test.the.performance.of.the.SPSAPF.system,.a.step.change.in.the.load.is.applied.by.an.
increase.of.70%.of.the.load.current..Figure.38.66.shows.the.response.of.the.dc.bus.voltage.controller..The.
voltage.fluctuation.on.the.dc.bus.depends.on.the.compensation.speed.of.the.outer.loop.that.regulates.
the.dc.bus.voltage..A.sudden.increase.in.the.load.power.of.the.rectifier.load.results.in.a.decrease.of.the.
dc.side.voltage.of.the.active.filter,.which.recovers.within.few.cycles.

From.the.experimental.results,.it.is.observed.that.harmonic.currents.and.reactive.power.generated.by.
the.nonlinear.load.could.be.effectively.compensated.with.these.two.methods..Furthermore,.the.indirect.
current.control.technique.of.SPSAPF.is.free.from.switching.ripples.and.the.U-PWM.controller.has.the.
advantage.of.pushing.the.harmonics.toward.high-frequency.range..The.first.significant.spectrum.bar.of.
vc.is.located.at.the.neighborhoods.of.twice.the.switching.frequency.2fsw..Moreover,.the.U-PWM.control-
ler.eliminates.the.groups.from.lines.that.are.centered.on.the.odd.multiples.of.the.switching.frequency,.
and.it.attenuates.the.lines.that.are.located.around.the.frequency.2fsw..Thereby,.through.adopting.indirect.
current. control. technique.with. the.U-PWM.controller,. the.performance.of. the.SPSAPF. is. improved.
significantly..The.supply.current.after.compensation.is.close.to.a.sinusoidal.wave.

38.8 three-Phase Shunt active Power Filter

In. this. section,.both. indirect.and.direct.current.control. techniques. to.generate.current.reference. for.
APFs. are. presented.. These. techniques. are. based. on. the. instantaneous. active. current. component. id.
method,.extracting..These.control.techniques.are.based.on.synchronous.rotating.frame.transformation.
derived.from.the.mains.voltages..Simulation.results.show.the.performance.of.the.control.algorithms.to.
compensate.for.harmonics.and.reactive.power..Figure.38.67.shows.the.system.under.study,.where.the.
SAPF.is.connected.in.parallel.between.the.line.and.the.nonlinear.load..The.SAPF.consists.of.a.full-bridge.
voltage-source.PWM.inverter,.a.dc-side.capacitor.Cdc,.and.three.line.inductors,.namely,.Lc..These.latter.
are.required.to.limit.the.ripple.of.the.compensator.current.ic..The.SAPF.topology.is.suited.for.current-
source.type.of.nonlinear.loads..A.three-phase.diode.bridge.rectifier.feeding.a.series.R-L.circuit.on.its.
dc.side.represents.the.nonlinear.load..The.converter.losses.are.represented.by.shunt.resistance.Rdc.con-
nected.in.parallel.with.the.dc.bus.capacitor.

38.8.1 Current references Extraction

Generally,.the.control.of.a.shunt.APF.is.composed.of.two.interconnected.loops..The.first.inner.loop.
controls.the.currents.in.order.to.achieve.a.desired.filter.current.that.is.usually.based.on.the.sensed.

LeCroy

A

1

B

FIGURE.38.66. DC.source.control.behavior.in.case.of.nonlinear.load.transient.regime.iL.[10.A/div],.is.[10.A/div],.
vdc.[200.V/div].
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load.currents,. actual. filter.currents,. supply.voltages,. etc..The.second.outer. loop.regulates. the.dc.
bus.voltage..This.voltage.may.vary.during.the.transient.regime.depending.on.the.control.algorithm.
used.and.the.losses.of.the.inverter..The.overall.filter.control.loops.should.insure.the.following.criteria:

•. The.generation.of.a.suitable.current.reference.set.point.that.is.determined.from.harmonic.load.
current.extraction.procedure

•. Sending.the.suitable.switching.signals.pattern.to.the.controllable.semiconductor.device’s.gates.so.
that.the.filter.current.tracks.its.reference

•. Achieve.good.regulation.of.the.dc.bus.voltage

To.determine. the.set.of. the. load.harmonics.content,. the.SRF.harmonic.method. is.used.[19,20]..This.
presents.the.advantage.of.being.robust.against.the.fluctuations.of.supply.frequency.and.guarantees.the.
conservation.of.electrical.amplitude.values.(currents.and.voltages);.moreover,.a.phase-locked.loop.(PLL).
allows.synchronizing.the.SRF.frequency.with.that.of.the.network..Furthermore,.this.method.possesses.
good.qualities.in.term.of.stability.and.of.transient.(speed.and.quality.of.the.response.during.a.step.of.
load)..Finally,.it.directly.delivers.Park.current.references.components.

38.8.1.1 Phase-Locked Loop Circuit

A.numerical.PLL.(Figure.38.68).determines.the.phase.angle.θ.of.the.source.voltage,.which.is.required.
for.the.dq.transformation.[19]..Therefore,.the.three-phase.voltages.vs1,.vs2,.and.vs3.are.measured.and.the.
reactive.or.q-component.vsq.of.these.voltages.is.calculated..A.PI.controller.is.used.to.control.the.angular.
frequency..So,.if.the.q-component.is.zero.the.phase.voltage.and.the.angle.θ.are.in.phase.
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FIGURE.38.67. System.configuration.
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38.8.1.2 the Direct Current Control technique of SaPF

In.the.direct.current.control.technique.the.switching.signals.for.SAPF.devices.are.obtained.by.compari-
son.of.reference.(ic1

*,.ic2
* ,.and.ic3

*).and.sensed.(ic1,.ic2,.and.ic3).currents.of.the.SAPF.[19]..This.technique.allows.
the.compensation.of.either.harmonics,.reactive.power,.or.both..This.is.due.to.the.fact.that.the.reactive.
energy.draws.a.nonzero.dc.component.( ̅iq).along.the.q.axis..The.sensed.three-phase.load.currents.iL1,.
iL2,.and.iL3.in.the.Park.reference.frame.are.transformed.into.the.rotating.reference.frame.dq.by.using.the.
following.matrix.transformation:

.
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(38.74)

and.the.transformation.matrix.C.is.given.by
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where.θ.represents.the.actual.phase.angle.of.the.line.voltage.space.vector..id.and.iq.are.the.compo-
nents. of. the. resulting. source. current. space. vector. in. the. fundamental. mains. frequency. rotating.
coordinate.system..The.obtained.instantaneous.currents.id.and.iq.are.divided.into.dc.and.ac.com-
ponent.as

.
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q q q

= +
= +
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(38.76)

The.active.dc.component. ̅id.represents.the.positive.sequence.at.the.fundamental.frequency.of.the.
sensed.load.current..The.reactive.dc.component. ̅ iq.represents.the.positive.sequence.at.fundamental.
of. the. reactive. power.. The. ac. components. ĩ d. and. ĩ q. represent. the. total. harmonic. content. of. the.
load.current..These.dq.components.are.obtained.at.the.output.of.a.high-pass.filter.having.id.and.iq.
as.inputs..A.low-pass.filter.with.a.subtracted.forward.action.synthesizes.the.high-pass.filter..The.
dc.components.are.then.eliminated,.and.only.the.ac.components.remains.in.the.output.signals. ĩ d.
and. ĩ q..The.error.signal.between.the.reference.value.vdc*. and.the.sensed.feedback.value.vdc is.pro-
cessed. through.a.PI.controller. to.obtain. Icm,.which. is.added. to. the.oscillating.harmonic.current.
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FIGURE.38.68. Phase-locked.loop.
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component. ĩ d.yielding.the.reference.current.id
*..The.SAPF.reference.currents.used.for.compensa-

tion.are.defined.as.follows:

•. Harmonics.compensation.only

.
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•. Reactive.power.compensation.only
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•. Harmonics.and.reactive.power.compensation
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With.C−1:.inverse.Park.transforms
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Note. that. the.signal.Icm. is. the.peak.value.of. the. fundamental.current.Ic.used. to.compensate.APF.
losses..In.this.case,.the.active.filter.needs.to.compensate.for.the.harmonics.and.the.reactive.power..
The.block.diagram.of.the.synchronous.rotating.dq.reference.frame.of.the.SAPF.direct.current.con-
trol.algorithm.is.shown.in.Figure.38.69.
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FIGURE.38.69. Direct.current.control.algorithm.of.SAPF.system.
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38.8.1.3 the Indirect Current Control technique of SaPF

In.the.indirect.current.control.technique,.the.switching.signals.for.SAPF.devices.are.obtained.by.com-
parison.of.reference.(is1

*,.is2
* .and.is3

*).and.sensed.(is1,.is2.and.is3).source.currents.[19,20]..The.d.and.q.axes.
reference.supply.currents.are.expressed.as.follows:

.

i i I

i

sd d cm

sq

* = +

=* 0 .

(38.81)

The.block.diagram.of.the.indirect.current.control.of.active.filter.is.shown.in.Figure.38.70.

38.8.2 Control technique Principle

The.inverter.control.technique.uses.the.B-PWM.principle..The.control.signals.(βi,.i.=.1,2,3.and.−1.<.βi.<.1,.
see.Figure.38.73).are.compared.to.a.triangular.carrier.VPWM..Each.of.the.three.legs.has.an.independent.
functioning,.and.the.switches.of.the.same.leg.work.in.a.complementary.fashion..The.inverter.output.
voltage.evaluated.with.respect.to.the.point.N.takes.two.values,.namely,.vdc.and.zero.depending.on.the.
sign.of.βi.−.VPWM..If.the.PWM.frequency.is.sufficiently.high,.we.can.consider.that.the.output.mean.value.
of.the.instantaneous.PWM.voltage.over.a.switching.period.is.very.close.to.βivdc.[25].

Moreover,.if.the.sum.β1.+.β2.+.β3.is.zero,.the.following.current.equations.hold:
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(38.82)

38.8.2.1 Signal Generation for the Inverter Switches

In.the.direct.current.control,.the.reference.currents.(ic1
*,.ic2

* ,.and.ic3
* ).designed.from.the.control.algorithm.

are.compared.with.the.sensed.currents.(ic1,.ic2,.and.ic3)..Then.the.residual.signal.feeds.a.controller.having.
a.limiter.at.its.output..The.control.law.provides.the.modulation.βi.considered.as.the.direct.image.of.the.
voltage.mean.value.at.the.input.of.the.inverter,.which.is.compared.with.a.triangular.carrier.resulting.in.
the.switching.signal.to.the.gate.(Figure.38.71).
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FIGURE.38.70. Indirect.current.control.algorithm.of.SAPF.system.
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In.the.indirect.current.control,.the.modulation.βi.is.obtained.from.the.filter.output.current.regulator.
as.shown.in.Figure.38.72.

38.8.2.2 Current Control Loop Design

Assume.that.the.sum.β1.+.β2.+.β3.is.zero,.in.other.words,.the.current.of.a.given.phase.depends.only.on.
the.output.regulator.of.the.same.phase..Note.that.this.assumption.is.valid.only.in.a.two-loop.structure,.
but.may.be.considered.as.a.big.simplification.in.a.three-loop.structure,.especially.when.the.system.is.not.
perfectly.balanced.and.is.not.in.its.steady-state.regime..Figure.38.73.gives.a.block.diagram.of.a.single-
phase.current.control.loop.

The.regulator.used.in.the.different.loops.is.of.PI.type..The.transfer.function.of.a.typical.PI.regulator.is.given.by
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The.current.expression.for.a.phase.may.be.decomposed.as

. i F i F vc c s= +1 2 1
* . (38.84)

where.F1.and.F2.are.the.closed-loop.transfer.function,.respectively,.to.the.current.reference.and.to.the.
perturbation.signal..Their.exact.expressions.are
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with

.
τ ρe

s

c

p

i

dc i

c

L
R

k
k

k v k
R

= = =, ,  

The.coefficients.kp.and.ki.are.chosen.so.that.the.overall.closed.system.behaves.as.an.optimal.second.order.
having.two.complex.conjugate.poles.with.a.damping.coefficient.ξ.=.0.707..They.may.be.expressed.in.terms.
of.the.damping.coefficient.and.the.natural.frequency.ωn.by.Equation.38.87..For.instance,.the.system.is.
represented.by.a.couple.of.interconnected.loops..An.internal.fast.current.loop.ic.and.an.outer.slow.voltage.
vdc.loop.
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The.PI.regulator.for.the.outer.voltage.loop.is.designed.following.the.average.model.basis.by.considering.a.
perfect.current.tracking..Whereas,.the.PI.regulator.for.the.inner.current.loop.is.designed.independently.
of.the.outer.one,.in.other.words,.the.voltage.vdc.is.assumed.to.be.already.settled..Hence,.the.PI.regulator.is.
synthesized.regarding.two.transfer.functions.F1(s).and.F2(s)..The.harmonic.frequency.range.is.(1.<.h.<.40)..
With.the.given.parameters:.damping.ratio.ξ.=.0.707,.and.natural.frequency.ωn.=.50,000.rad/s,.one.can.
obtain:.kp.=.0.1167.and.ki.=.4,167,.the.bandwidth.of.the.regulator.should.be.able.to.respond.to.these.criteria.
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FIGURE.38.73. Block.diagram.of.a.single-phase.current.control.loop.
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38.8.3 Simulation results

In.order.to.validate.the.accuracy.of.the.direct.and.indirect.control.algorithms,.the.system.described.previ-
ously.was.built.and.simulated..The.source.current.waveforms.of.the.simulation.results.have.been.analyzed.
to.obtain.their.THD.under.varying.load.conditions..It.is.simulated.using.the.parameters.as.given.in.Table.
38.3..The.goal.of.the.simulation.is.to.present.four.different.aspects:.(a).harmonics.and.reactive.power.com-
pensation.for.the.direct.current.control.technique,.(b).harmonics.and.reactive.power.compensation.for.the.
indirect.current.control.technique,.(c).response.of.indirect.current.control.to.load.variations,.(d).compen-
sation.of.harmonics.and.reactive.power.for.indirect.current.control.under.distorted.ac.source.

38.8.3.1 Harmonics and reactive Power Compensation for Direct Current Control

The. simulation. results. of. the. system. with. direct. current. control. algorithm. are. shown. in. Figure. 38.74,.
where.the.load.current.(iL1),.SAPF.current.(ic1),.supply.voltage.(vs1),.supply.current.(is1),.and.dc.bus.voltage.of.
the.SAPF.(vdc).are.presented..The.output.voltage.of.the.dc.bus.is.stabilized.at.350.volts..One.can.observe.that.
the.direct.current.control.algorithm.suffers.from.the.problem.of.excessive.switching.ripples.that.are.caused.
by.the.discontinuity.abrupt.in.the.load.current.that.causes.inadequate.control.response;.therefore,.is.an.
instantaneous.compensation.of.the.load.harmonics.necessary.to.avoid.such.control.loss?.The.harmonic.

TABLE.38.3. System.Parameters.Used.for.Simulation
Line.voltage,.and.frequency Vs.=.120.V.(rms),.fs.=.60.Hz
Line.impedance Ls.=.0.3.mH
Load.impedance LL.=.10.mH,.RL.=.12.Ω
Active.filter.parameters Lc.=.5.mH,.Rc.=.0.1.Ω,.Rdc.=.5000.Ω,.

Cdc.=.500.μF
Filter.dc.bus.voltage Vdc.=.350.V
Switching.frequency fsw.=.5.kHz
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spectrum.of.the.current.is.measured.29.17%,.whereas.the.compensated.supply.current.THD.is.3.68%..
A.graphical.representation.of.both.load.and.supply.currents.are.depicted.in.Figure.38.75a.and.b.

38.8.3.2 Harmonics and reactive Power Compensation for Indirect Current Control

The.simulation.results.of.the.system.using.indirect.current.control.algorithm.are.shown.in.Figure.38.76.where.
the.load.current.(iL1),.SAPF.current.(ic1),.supply.voltage.(vs1),.supply.current.(is1),.and.dc.bus.voltage.of.the.SAPF.
(vdc).are.depicted..It.is.found.from.this.figure.that.the.supply.current.exhibit.a.ripple-free.sinusoidal.shape..The.
harmonic.spectrum.of.the.supply.current.is.shown.in.Figure.38.77..The.THD.of.the.source.current.is.reduced.
from.29.17%.before.compensation.to.1.94%.after.compensation.

38.8.3.3 response of SaPF with the Indirect Current Control Load Variation

In.practice,.the.load.power.demand.is.usually.subject.to.variations..Hence,.it.is.necessary.to.examine.
the.performance.of.the.system.under.such.disturbances..Figure.38.78.shows.the.response.of.the.SAPF.
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system.for.a.step.increase.of.100%.of.the.load.current.at.t.=.116.7.ms..In.other.terms,.the.value.of.the.load.
resistance.is.changed.from.24.to.12.Ω,.during.which.the.system.maintains.full.compensation.by.forcing.
unity.PF.operation.without.occurrence.of.switching.ripples.in.the.supply.current..The.results.confirm.
the.good.performance.of.the.compensator.for.a.rapid.change.in.the.load.current..Thus,.the.indirect.cur-
rent.control.algorithm.offers.better.response.

38.8.3.4  Harmonics and reactive Power Compensation for Indirect 
Current Control under Distorted aC Source

The.purpose.of.the.compensation.is.to.obtain.a.sinusoidal.current.whatever.the.level.of.distortion.in.the.
source.voltage..The.three-phase.load.currents.(iL123),.the.SAPF.currents.(ic123),.the.distorted.supply.volt-
ages.(vs123),.the.supply.currents.(is123),.and.the.dc.bus.voltage.of.the.SAPF.during.steady-state.operation.are.
shown.in.Figure.38.79..These.waveforms.show.the.controller.capability.to.compensate.for.nonlinear.load.
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FIGURE.38.77. Spectrum.of.phase.1.source.current.after.compensation.with.the.indirect.current.control.of.SAPF.
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currents.under.this.severe.distorted.three-phase.supply.voltage..It.is.important.to.notice.that.the.supply.
currents.are.kept.balanced.and.free.of.harmonics..Figure.38.80.illustrates.the.harmonic.spectrum.of.phase.
1.supply.voltage,.load,.and.supply.currents..The.imposed.THD.on.the.source.voltage.was.13.78%..The.mea-
sured.THD.of.the.phase.1.source.current.is,.therefore,.reduced.from.29.17%.before.compensation.to.1.66%.
after.compensation..These.results.demonstrate.the.robustness.of.the.proposed.controller.

38.9 Summary

This. chapter. presents. the. power-quality. related. problems. and. some. mitigation. techniques.. Current.
power.quality.issues.are.discussed.and.the.problems.stated..The.harmonics.are.defined.and.their.causes.
and.effects.are.explained..Various.methods.in.use.in.mitigating.the.power.quality.problems.are.identi-
fied.and.presented..A.large.number.of.active.filter.configurations.are.available.to.compensate.harmonic.
current,.reactive.power,.neutral.current,.unbalance.current,.voltage.sag,.swell,.and.flicker..A.study.of.
two.current.control.algorithms.has.been.made.and.implemented.on.SPSAPF,.in.order.to.compensate.
current.harmonics.and.reactive.power.generated.by.the.nonlinear.load..It.has.been.shown.that.the.indi-
rect.current.control.method.offer.ripples-.and.distortion-free.supply.current..Through.its.simplicity,.it.
requires.less.hardware.and.offers.improved.performance..It.is.robust.against.abrupt.changes.in.the.load..
In.addition,.the.bipolar.and.U-PWM.techniques.are.used.to.generate.the.gate.signals.for.the.switches..
The.U-PWM.technique.has.the.major.advantage.of.eliminating.the.groups.of.harmonics.that.are.cen-
tered. on. the. odd. multiples. of. the. switching. frequency.. Furthermore,. it. requires. a. relatively. reduced.
output.filter,.due.to.the.high.selected.cut-off.frequency.that.can.be.chosen.in.the.neighborhood.of.the.
switching.frequency..Simulation.and.experimental.results.have.confirmed.the.superiority.of.the.indirect.
current.control.technique.performance.compared.to.that.of.the.direct.current.control.technique.when.
applied.to.a.SPSAPF.and.the.predicted.good.performance.of.the.U-PWM.controller.with.respect.to.the.
B-PWM.controller..Two.control.methods.for.three-phase.SAPF.are.applied.to.compensate.harmonics,.
reactive.power.under.distorted.ac.source.has.been.discussed..The.results.of.indirect.current.control.are.
free.from.distortion.in.supply.currents.during.steady-state.and.transient.operating.conditions..The.indi-
rect.current.control.is.robust.against.abrupt.changes.in.the.load.and.distorted.ac.source..Moreover,.the.
later.is.easy.to.implement,.and.shows.robustness.and.very.good.performance.during.both.steady-state.
and.transient.operations.
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DC-link.capacitor.energy

DC-link.voltage,.16-29
first-order.filter,.16-30
open-loop.transfer.function,.16-30.thru.16-31
stationary.error.elimination.condition,.16-32
steady-state.operation,.16-31.thru.16-32
VSR.voltage,.16-31

DC-link.capacitor.reduction,.16-26
DC-link.voltage.control,.16-27
power.response.time.constant.analysis,.16-29

Direct.power.control.(DPC),.11-3,.16-7
Direct.torque.control.(DTC),.16-6

basic.principles
appropriate.voltage.vectors.sequence,.

21-24, 21-27
electromagnetic.torque,.21-23
R-FOC.scheme,.21-23.thru.21-24
sinusoidal.PWM.operation,.21-24,.21-26
six-step.mode,.21-24.thru.21-25
stator.flux.vector,.21-23.thru.21-24
vector.diagram,.induction.motor,.21-23

generic.scheme,.21-25.thru.21-27
hexagonal.stator.flux.path

direct.self-control.scheme,.21-31.thru.21-33
indirect.self-control,.21-32

space.vector.modulation
closed-loop.torque.and.flux.control,.

21-35 thru 21-36
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closed-loop.torque.control,.21-34.thru.21-35
hysteresis-based.DTC.schemes,.21-32,.21-34

switching.table-based.DTC
block.scheme,.21-26,.21-28
constructional.rules,.21-29
modification,.21-31
output.signal,.hysteresis.controllers,.21-27
six.sectors,.21-27.thru.21-28
stator.flux.vector,.sector.1,.21-29
steady.state.operation,.21-29.thru.21-30

Discontinuous.conduction.mode,.17-4.thru.17-5
Discontinuous.current.conduction.mode.(DCM),.

20-19.thru.20-21
Distortion.factor.(DF),.38-5
Double.cage.rotor,.4-14
Double-fed.induction.generator.(DFIG)

control.method
output.frequency.vs..rotor.current.

frequency, 23-9
reference.rotor.current.angle,.23-9
rotor.current,.23-8
rotor.position.encoder,.23-9
scalar.voltage.control.method,.23-9.thru.23-10
sensorless.control,.stator.voltage.vector,.23-10.

thru.23-14
voltage.control,.rotor.speed.sensor,.23-8

grid-connected.power.generation.system,.
23-1 thru 23-2

standalone.topology
electrical.equations,.23-2.thru.23-3
filtering.capacitors,.23-4.thru.23-5
generated.voltage,.23-4
initial.excitation,.23-5.thru.23-7
rotor.current.ripples,.23-4
stator.and.load.impedances,.23-4
stator.configurations,.23-7.thru.23-8
worst-case.scenario,.23-4

variable-speed.power.generation.systems,.
23-1 thru 23-2

Double-fed.induction.machine.(DFM).drives
active.and.reactive.powers,.stator.windings,.22-5
advantage,.22-2
coordinate.transformation,.22-5
decoupling.methods

multiscalar.model.(MM),.22-10.thru.22-11
rotor.current.equation,.22-12
vector.model,.22-11.thru.22-12

different.coordinate.systems,.22-3
differential.equations,.22-2.thru.22-3,.27-10.

thru 27-11
digital.realization

current.and.voltage.measurement,.22-17.
thru 22-18

delay.time.compensation,.sampling,.22-17
equivalent.circuit,.22-4
four-quadrant.converter,.22-2
mechanical.and.electromagnetic.subsystem,.27-11

nonlinear.transformation,.27-10
overall.control.system

direct.power.control,.22-13.thru.22-14
grid-and.machine-side.inverter,.22-12
MM.model,.22-14.thru.22-15
system.structure,.22-13
vector.model,.22-14.thru.22-15

properties
amplitude,.oscillations,.22-7
oscillation.frequency,.22-6
power.and.current,.22-5
stator.current.vector,.22-6
stator.voltage.vector.rotational.speed,.22-6
time.constant,.22-6
transients,.22-6.thru.22-7
voltage-oriented.frame.of.references,.22-6

rotor.current.and.stator.flux.vectors,.27-9.
thru 27-10

rotor.voltage.vector,.27-12
steady-state.operation

locus,.stator.and.rotor.currents,.22-8.thru.22-9
magnetizing.current,.22-8
power.balance.equations,.22-7
power.flow.diagram,.22-8
reactive.power.production,.22-9
vector.diagram,.22-8

torque,.27-10
variables.estimation

angle.calculation,.stator.and.rotor,.22-15.
thru 22-17

rotor.speed.and.position,.22-17
variable-speed.generators,.22-1.thru.22-2

Double-layer.capacitors,.33-4
Drive.systems,.resilient.coupling

distributed.parameters,.26-2
inertia-shaft-free.model,.26-2
passive.method

Bi-filter,.26-5
damping.coefficient,.26-4
digital.and.FIR.filters,.26-4
Notch.filter,.26-4.thru.26-5

Rayleigh.model,.26-2
torsional.vibration.damping.method,.26-3
two-mass.system

adaptive.control,.26-14.thru.26-18
classical.control.structure,.26-5.thru.26-8
model.predictive.control,.26-11.thru.26-14
resonance.ratio.control,.26-8.thru.26-10
state.space.controller,.26-10.thru.26-11
two-mass.inertia-shaft-free.model,.26-2.

thru 26-3
Droop.method

active.and.reactive.power.flow.control,.18-15
advantages.and.disadvantages,.18-8,.18-11
control.functions,.18-10.thru.18-11
no-load.frequency,.18-16
parallel.inverters,.18-14
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DTC.and.VF-based.DPC
DC-link.voltage.loop,.16-15
electromagnetic.torque,.16-15
instantaneous.active.and.reactive.power,.

16-16 thru 16-17
line.voltage,.16-16
scalar.and.vector.product,.16-15.thru.16-16
stator.and.rotor.flux.vector,.16-15
switching.table,.16-14
virtual.torque,.16-16

Dual-channel.resonant.DC−DC.converter
basic.configurations

basic.buck,.B&B.and.boost,.20-18.thru.20-19
building.blocks,.20-18
general.configuration,.20-18.thru.20-19
setup,.20-19

control.characteristics,.20-22.thru.20-23
four.controlled.switches,.20-21
steady-state.operation,.20-19.thru.20-21

E

Electrical.CVT,.32-4
Electrical.drives

gain.scheduling
block.diagram,.25-2
cascade.control.structure,.25-4
current.control.loop,.operation.mode,.

25-4 thru 25-5
current.variation,.discontinuous.mode,.25-5
DC.drive.system,.25-4
inner.and.outer.current.loop,.25-4
integration.time.constant,.25-6
parameter.variations,.25-2
PI.controller,.25-5.thru.25-6

gradient.update,.25-3
MRAS.method.(see.Model.reference.

adaptive system)
neurocontrol

direct.structures,.25-16,.25-18
indirect.structures,.25-17.thru.25-19
reverse.operation,.25-19.thru.2-20
weights,.25-19

parameter.variations,.25-1
self-tuning.speed.regulator

backpropagation.algorithm,.25-8
block.diagram,.25-2
controller,.25-2.thru.25-3
ELO,.25-8
FL.controller,.25-6.thru.25-7,.25-9
indirect.methods,.25-4
inner.and.outer.loop,.25-2
mechanical.parameter.change,.25-2
mechanical.time.constant,.25-8
neural.nets,.25-7.thru.25-8
transient.response,.25-9.thru.25-10

sensitivity,.25-3

Electrical.rotating.machines
aerodynamic.noise,.9-2
electromagnetic.noise,.9-2
flux.density.harmonics

air.gap.permeance.harmonics,.9-17.thru.9-19
magnetomotive.force.harmonics,.

9-16 thru 9-17
rotor.harmonics,.stator,.9-20.thru.9-21
stator.harmonics,.rotor,.9-19.thru.9-20

magnetic.noise
deformation.modes,.9-8.thru.9-9
flux.density,.air.gap,.9-6
force.waves,.9-7.thru.9-8
15.kW.induction.machine,.9-9

mechanical.and.acoustic.modeling
acoustic.intensity,.9-13.thru.9-14
acoustic.power,.9-14
acoustic.pressure,.9-13
acoustic.radiations,.9-15
decibels,.9-14
human.ear,.9-14
pole.pair.number,.9-11.thru.9-12
resonance.frequencies,.9-12
static.distortions,.9-11
vibration.amplitudes,.9-12.thru.9-13

mechanical.noise,.9-2
saturated.AC.machine,.9-5.thru.9-6
650.W.single-phase.induction.machine,.

9-3 thru 9-4
SRM,.9-4.thru.9-5
synchronous.machine,.PWM.inverter

acoustic.pressure.level,.9-9.thru.9-10
pressure.waves,.9-10
stator.current.analysis,.9-9
vibration.spectrum,.9-4.thru.9-5

Electric.Power.Research.Institute.(EPRI),.37-2
Electric.propulsion.system,.33-4
Electric.vehicle.and.hybrid.electric.vehicle

active.balancing.method.(see.Active.
balancing method)

active.protection,.31-7
applications,.31-5
balancing.system,.31-7
CAN.bus,.31-26
car.propulsion.system,.31-5
cell.balancing.methods

battery.balancing.mechanism,.31-10
circuit.topology,.31-12
internal.and.external.sources,.31-11
Ni–MH.batteries,.31-9
operational.range,.31-9,.31-11
passive.balancing.method,.31-12
regenerative.braking,.31-11

charge.regulation
charge.termination,.31-24.thru.31-25
lithium-ion.and.lithium-polymer.

batteries, 31-26
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NDV.termination.method,.31-25
off-board.charger,.31-24
ZDV.termination.method,.31-25.thru.31-26

discharge.rate.and.temperature.
characteristics, 31-21

fast-acting.power.management.system,.31-5
history.log.function,.31-24
Honda.Civic.hybrid.battery,.31-8.thru.31-9,.31-11
hybrid.vehicle.configurations.vs..driving.

capability, 31-3
intelligent.battery.unit,.31-7,.31-20
monitoring.and.protection.system,.31-6.thru.31-7
overcurrent.protection,.31-7.thru.31-8
overtemperature.and.undertemperature.

protection, 31-8
overvoltage.and.undervoltage.protection,.31-8
passive.protection,.31-7
state.of.charge.determination

Coulomb-count,.31-23.thru.31-24
direct.measurement,.31-22
discharge.characteristics,.31-23
lead-acid.batteries,.31-24
voltage.vs..SoC.curve,.31-22

state.of.health.determination,.31-24
Toyota.Prius.hybrid.battery,.31-8.thru.31-11
voltage-based.SoC.determination.method,.

31-21 thru.31-22
Electromagnetic.interference.(EMI)

generation,.20-1
high-voltage.power.MOSFET,.1-21.thru.1-22
prediction,.17-6
suppression,.switch.configurations,.20-12

Electromagnetic.power,.21-10
Electromagnetic.torque,.21-4
Electronic.fuel.injection,.32-7.thru.32-8
Electronic.stability.control.(ESC).system

ABS,.32-6
CVT.system,.32-4
distributor-less.ignition.system,.32-5.thru.32-6
electronic.ignition.system,.32-5
mechanical.ignition.system,.32-4.thru.32-5
software-based.control,.32-3

Extended.Luenberger.observer.(ELO),.25-8

F

FACTS,.see.Flexible.AC.transmission.systems
Fast.Fourier.transformation.(FFT),.38-26
Feedback.linearization.control.(FLC),.

16-5 thru 16-6
Field-oriented.control.(FOC)

armature.current,.24-3
brushes,.24-3
CC.algorithm,.24-5.thru.24-6
closed-loop.speed.control.mode,.24-5
common.reference.frame,.24-6
coordinate.transformation,.24-4

dc.motor,.24-2
drive.control.algorithm,.24-2,.24-4
electromagnetic.torque.equation,.24-3
excitation.flux.stems,.24-6
flux.and.torque.control,.24-4
flux-producing.current.reference,.24-2.thru 24-3
high-performance.variable.speed.electric.drives,.

24-1.thru.24-2
IM.equations,.16-5
induction.machines.(see.Induction.motor/

machine)
mathematical.conversion,.ac–dc.machine,.24-4
multiphase.PMSM

air-gap,.24-6.thru.24-7
angle.of.transformation,.24-8
CC,.rotating.reference.frame,.24-13.thru 24-14
decoupling.voltages,.24-13
digital.electronics,.24-12
d–q.equations,.24-8
DSP,.24-12.thru.24-13
field.weakening.region,.24-10
IPMSM,.24-6.thru.24-7,.24-14
load.rejection.behavior,.24-12
MTPA.operation,.24-15
odd.number.of.phases,.matrix,.

24-7 thru 24-8
phase.current.transformation,.24-13
PI.speed.control.algorithm,.24-11
2000.rpm.speed.reference,.24-11.thru.24-12
speed.response.and.set.speed,.24-11
stator.current.d–q.axis.components,.24-14
stator.d-axis.current.reference,.24-10
surface-mounted.magnets,.24-9
three-phase.SPMSM’s.stator.windings,.24-10
torque.equation,.24-9
voltage.and.flux.linkage.equations,.24-7

multiphase.synchronous.reluctance.machines
CC,.stationary.reference.frame,.24-16
d-axis.vs. q-axis.current.reference,.24-16.

thru 24-17
excitation.flux,.24-16
MTPA,.24-16
real-world.applications,.24-15
reference.frame,.24-15
reversing.transient.change,.24-16.thru.24-17

rotational.electromotive.force,.24-3
sinusoidal.magnetomotive.force.

distribution, 24-5
stationary.flux.axis,.24-3.thru.24-4
torque-producing.current.reference,.

24-1.thru.24-2
two-pole.permanent.magnet.excited.dc.machine,.

24-2.thru.24-3
virtual.flux.oriented.control,.16-12.thru.16-14

Finite.element.analysis.(FEA)
electromagnetic.analysis,.8-7
software,.8-6
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Flexible.AC.transmission.systems.(FACTS)
ATC.and.power.flow.control,.37-22.thru.37-23
cost.structure,.37-24
distribution.networks.and.transmission.lines,.37-1
electricity.market,.37-22
environmental.and.social.factors,.37-22
EPRI,.37-2
GTO.thyristor,.37-2.thru.37-3
IGBT,.37-2.thru.37-3
power.flow,.37-1
price.guideline,.37-24.thru.37-25
reliability,.37-23
self-commutated.VSC,.37-3.thru.37-4
small.disturbance.stability,.37-23
tap-changing.transformer,.37-2
TCSC.rating,.37-23.thru.37-24
thyristor.switch,.37-3
transient.disturbance.stability,.37-23
types.and.modeling

SSSC,.37-4.thru.37-5
static.compensator.(see.Static.synchronous.

compensator)
SVC.(see.Static.VAr.compensator)
TCPST,.37-4.thru.37-5,.37-15.thru.37-18
TCSC.(see.Thyristor-controller.series.capacitor)
TCVR,.37-15.thru.37-18
UPFC.(see.Unified.power.flow.controller)

voltage.stability.and.reactive.power.
compensation, 37-22

Flux.density.harmonics
air.gap.permeance.harmonics

geometric.parameters,.9-19
induction.machine,.stator.and.rotor.slots,.

9-17 thru.9-18
magnetic.permeability,.9-17
permeance.per.area.unit,.9-18
simplified.model,.slots,.9-17.thru.9-18

magnetomotive.force.harmonics,.9-16.thru.9-17
radial.component,.9-15
rotor.harmonics,.stator,.9-20.thru.9-21
stator.harmonics,.rotor,.9-19.thru.9-20

Flux.linkage.equations,.3-25
Flux.vector.estimation

rotor.flux.vector.estimators,.21-21
stator.flux.vector.estimators

Cartesian.and.polar.coordinates,.21-19.thru 21-20
components,.21-19
DSP-based.implementation,.21-20.thru.21-21
improved.amplitude.estimation,.21-20
pure.integrator,.21-19

Flyback.converter,.13-10
Flying.capacitor.(FC).inverters,.14-29.thru.14-30
Four-quadrant.converter,.22-2
Fuel.cells.(FC),.18-6.thru.18-7
Fuel.cell.vehicle.(FCV),.31-3
Full-bridge.three-phase.VSI,.14-6.thru.14-8
Fuzzy-logic.(FL).speed.controller,.25-6.thru.25-7

G

Gate.turn-off.(GTO).thyristor,.37-2.thru.37-3
Gauss.law,.6-7.thru.6-8
Grid.side.converter.(GSC),.16-4

H

Heat.transfer
electrical.machine

convection.and.radiation,.8-10
end.winding.and.endcaps,.8-11
winding.and.lamination,.8-10.thru.8-11

exchange
convection,.8-3.thru.8-5
radiation,.8-5.thru.8-6
thermal.conduction,.8-2.thru.8-3

resistance
convection,.8-9.thru.8-10
radiation,.8-9
thermal.conductivity,.8-8.thru.8-9

High-intensity.discharge.lamp
acoustic.resonance,.28-11
color-rendering.properties,.28-10
high-luminous.efficacy,.28-10
stages,.28-11.thru.28-12

High-stop.filter.(HPF)
active.damping.and.voltage.estimator,.11-20, 11-22
filter-capacitor.voltage.estimation,.11-21.thru.11-22
LCL.filter,.11-20
line.voltage.estimation,.11-22.thru.11-23
power.theory.estimation,.11-21

High-voltage.direct-current.(HVDC).
transmission, 1-8

High-voltage.power.MOSFET
n-channel.power.MOSFET,.1-22.thru.1-23
doping,.1-22
EMI,.1-21.thru.1-22
vs..Infineon.CoolMOS,.1-22,.1-24
series.resistance,.1-21.thru.1-22
space–charge.region,.1-22.thru.1-23

Honda.Civic.hybrid.battery,.31-8.thru.31-9,.31-11
Hybrid.active.filter.(HAF),.38-10.thru.38-11
Hydraulic.CVT,.32-4

I

IM.control.method,.16-5
Incandescent.lamp,.28-4.thru.28-5
Indirect.current.control

harmonics.and.reactive.power.compensation
distorted.AC.source,.38-61.thru.38-63
steady-state.response,.38-60
THD,.38-60.thru.38-61

load.variation,.38-60.thru.38-61
SAPF,.38-56
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Indirect.rotor.flux.oriented.control.(IRFOC).scheme,.
24-21.thru.24-23

Induction.motor/machine,.33-4
absolute.slip,.4-2.thru.4-3
acceleration,.five-phase.motor,.24-21.thru.24-22
acceleration.transient,.24-26
amplitude,.4-1
auxiliary.variables,.24-27.thru.24-28
axis.voltages,.24-27
base.speed.and.field.weakening.region,.24-23.

thru 24-24
CC,.rotating.reference.frame,.24-28
circuit,.rotor.and.equivalent.resistance.separation,.

4-6.thru.4-7
cross.section,.4-1.thru.4-2
current-fed.rotor.flux,.24-19
discovery,.4-1
drives,.19-8
equivalent.circuit.topology,.4-3.thru.4-4
five-phase.induction.machine,.24-28.thru.24-29
harmonics,.24-29.thru.24-30
IRFOC.scheme

acceleration,.five-phase.induction.motor.drive,.
24-21.thru.24-22

magnetizing.flux.de-saturation,.24-23.
thru 24-24

operation,.base.speed.region,.
24-21 thru 24-22

speed.response,.24-25.thru.24-26
load.rejection.properties,.24-23
magnetizing.characteristic,.24-23
mechanical.power,.4-6
misaligned.reference.frame,.24-25
name.plate.data,.4-12.thru.4-13
percentage.slip,.4-3
phase.rotor–induced.e.m.f.,.4-2,.4-4.thru.4-5
n-phase.squirrel.cage.induction.motor,.24-17.

thru 24-18
reference.frame,.24-18.thru.24-19
RFOC.scheme,.24-20.thru.24-21
rotating.rotor.flux.linkage,.24-20
rotor.flux.position,.24-20.thru.24-21
rotor.frequency,.4-3
rotor.inductance.and.resistance.variation,.24-25
rotor.joule.losses,.4-6
rotor.leakage.reactance,.4-5
Rr/s.rotor.resistance,.4-5.thru.4-6
slip.gain,.24-24
speed.regulation

pole.number.variation,.4-15
rotor.resistance,.4-15.thru.4-16
supply.frequency.regulation,.4-16.thru.4-18

speed.response.vs..stator.phase.current,.24-21.
thru 24-22

stator.d–q.axis.voltage.equations,.24-27
stator.frequencies,.4-3,.4-5
stator.q-axis.current.reference,.24-24

steady-state.operation,.24-20
topologies

squirrel.cage.rotor,.4-13.thru.4-14
wound.rotor,.4-13

torque.and.slip.speed.relationship,.24-20
torque.characteristic.determination

air.gap,.4-7
equivalent.circuit,.rotor.quantities,.4-7.thru 4-8
vs..mechanical.speed.characteristic,.4-9.

thru 4-10
mechanical.torque,.4-7
peak.torque,.4-11.thru.4-12
rotor.power.balance,.4-9.thru.4-11
small.slips,.4-9
starting.torque.and.current,.4-11
Thevenin-equivalent.impedance,.4-8
Thevenin.rotor.equivalent.voltage,.4-8
torque.vs..slip.characteristic,.4-9.thru.4-10
transmitted.power,.4-9

torque.equation,.24-18
Inner.input.current.control.loop

average.current.control,.17-6
buck–boost.converter,.17-4
DCM,.17-5
high-impedance.network,.17-4
line.inductive.filters/valley.fill.circuits,.17-3.thru.

17-4
nonlinear-carrier.controllers,.17-6.thru.17-7
resistor.emulator,.17-5.thru.17-6
SEPIC,.17-7
unified.digital.controller,.17-6

Integrated.gate-commutated.thyristor.(IGCT),.
1-10 thru.1-11

Interior.permanent.magnet.synchronous.machine.
(IPMSM)

control.system,.27-16.thru.27-17
differential.equations,.27-12.thru.27-14
disadvantages,.vector.model,.27-13
magnetic.circuit,.27-12
mathematical.model,.24-7
mechanical.and.electromagnetic.subsystem,.27-14
stator.current.vector.control,.27-14.thru.27-15
stator.voltage.vector.components,.27-14
torque,.27-12
transients,.27-16.thru.27-17

Inverter,.4-16
Isolated.gate.bipolar.transistors.(IGBT),.14-3

J

Junction.field.effect.transistor.(JFET),.1-28

K

Kirchhoff’s.voltage.law.(KVL),.34-4
Kloss.formula,.21-9
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L

Laminar.and.turbulent.flow,.8-4
Laplace.transforms,.12-29
LED.systems,.see.Light-emitting.diode.systems
Level-shifted.PWM.(LS-PWM),.14-35.thru.14-36
Light-emitting.diode.(LED).systems

cooling.effect,.29-8.thru.29-9
electric.lighting,.29-1
general.photo-electro-thermal.theory

efficacy.degradation,.29-6
junction-to-case.thermal.resistance,.29-7
Luexon.K2.Cool-White.3W.LED,.29-7.thru.29-8
luminous.efficacy,.29-6
power.dissipation,.29-5
steady-state.thermal.equivalent.circuit,.29-6
total.luminous.flux,.29-5

heat.dissipation,.29-3.thru.29-4
heat.loss.mechanism,.29-4.thru.29-5
junction.temperature,.29-1.thru.29-2
limitations,.29-1
multi-chip.vs..single-chip.LED.device,.29-9.

thru 29-10
multiple.low-power.vs..single.high-power.LED,.29-10
photometry,.29-2
thermal.junction.resistance,.29-2

Line.current.and.power.controllers
active.power.tracking.performance,.16-21.

thru 16-23
closed-loop.transfer.function,.16-20.thru.16-21
decoupling.network,.16-19
first.order.prefilter,.16-21
first-order.transfer.function,.16-21
line.voltage.distortion,.16-23
open-loop.transfer.function,.16-20.thru.16-21
parameters,.16-23,.16-25
PI.current.controller,.16-20
power.control.loop,.16-20
reactive.and.active.power.tracking.performance,.

16-23.thru.16-24
sample.and.hold.block,.16-19
sampling.frequency.distortion,.16-23
small.time.constants,.16-20

Lithium-ion.(Li-ion).battery,.33-3
Low-pressure.discharge.lamp

dc-link.voltage-control.electronic.ballast,.
28-8 thru 28-10

frequency-control.electronic.ballast
integrated.circuits,.28-8
resonant.circuit,.28-5.thru.28-7
schematic.representation,.circuit,.

28-5 thru 28-6
self-oscillating.circuit,.28-8
structure,.28-5.thru.28-6
uses,.28-7.thru.28-8
voltage.and.current.waveforms,.28-5.thru.28-6

Luexon.K2.Cool-White.3W.LED,.29-7.thru.29-8

M

“Machaon”.rotor,.6-21.thru.6-22
Machine.side.converter.(MSC),.16-4
Magnetic.flux.per.pole,.6-11
Magnetostrictive.forces,.9-6
Matrix.converters

applications,.15-12,.15-14
back-to-back.inverter,.15-1
characteristics,.15-10.thru.15-11
common-mode.addition.technique,.15-9
direct.transfer.function.approach,.15-9
limitations,.15-2
line-to-line.voltage,.15-10
modulation.matrix,.15-8
modulation.problem,.15-7
phase.and.reversed.phase.displacement,.15-9
power.circuit

advantage.and.disadvantage,.commutation.
sequence,.15-6

bidirectional.switch,.15-2
current.commutation,.15-4.thru.15-6
IGBT,.15-3
module.package,.15-4
output.current.direction.technique,.15-4,.15-7
protection,.15-6,.15-8
relative.input.voltage-based.technique,.15-5,.15-7

PWM.pattern,.15-1
silicon.solution,.15-1
solutions,.15-8
SPVM,.15-6,.15-10
topology,.advantages,.15-1
two-stage.matrix.converters

DC.link.voltage,.15-11
direct.power.converter,.15-12.thru.15-13
semiconductor.device.count,.15-12,.15-14
sparse.converter,.15-12.thru.15-13
topology,.15-11

Venturini.modulation.strategy,.15-6
voltage.transfer.ratio,.15-9
waveforms.and.spectra,.15-2.thru.15-3

Maximum.torque-per-ampere.(MTPA).control,.
6-28 thru.6-29

Maximum.torque-per-voltage.(MTPV).control,.
6-29 thru.6-30

Metal.oxide.semiconductor.field.effect.transistor.
(MOSFET),.14-3

MMF.and.magnetic.field.waveforms
active.lengths.vs..head.connections,.2-1
airgap.magnetic.flux.density.waveform

airgap.field-weakening.function,.2-14.thru.2-15
Carter.coefficient,.2-15.thru.2-16
magnetic.flux.per.axial.length.unit,.2-15
mmf.distribution,.2-13
slot-opening.effect,.2-14,.2-16
smooth.surface,.Schwarz–Christoffel.conformal.

transformation,.2-14
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airgap.production,.single.conductor,.2-11.thru.2-13
distributed.single-phase.winding,.2-2
shortened-pitch.winding

amplitude,.2-6
double-layer.winding,.2-5.thru.2-6
vs..full-pitch.winding,.2-7.thru.2-8
shortening.coefficient,.2-6
toothing.harmonics,.2-8.thru.2-9
typical.mmf.waveform,.2-7.thru.2-8
winding.coefficient,.2-6.thru.2-7

single.full-pitch.bobbin,.2-2.thru.2-3
single-phase.distributed.winding

distribution.coefficient,.2-5
full-pitch.bobbins,.2-3.thru.2-4
fundamental.components,.2-4
resultant.mmf,.2-3
vector.diagram,.2-4

winding.polarity,.2-9.thru.2-11
Model.predictive.control.(MPC),.26-11.thru.26-14
Model.reference.adaptive.system.(MRAS),.21-18

adaptation.law,.controller.parameters,.25-13
adaptive.fuzzy.speed.controller,.25-11
block.diagram,.25-3
chain.rule,.25-13
DC.motor.drive,.25-13.thru.25-14,.25-17
defuzzification.process,.25-11.thru.25-12
direct.methods,.25-4
gradient.descent.algorithm,.25-12
induction.motor.(IM).drive,.25-13.thru.25-16
model-following.problem,.25-10
neuro-fuzzy.controller,.25-11.thru.25-12
online.tuned.speed.controller,.25-11

Modern.nonlinear.control,.16-5
Multilevel.inverter

applications,.19-2,.19-22
capacitor.voltage.balancing.mitigation,.19-7
cascaded.H-bridge.inverter,.19-5.thru.19-6
cascading.2-level.inverters

clamping.diodes,.19-10
5-level.inverter.topology,.19-11.thru.19-12
motor.winding,.19-12.thru.19-13
switching.state.combinations,.19-11

common.mode.voltage.elimination,.19-7
electronic.power.conversion,.19-1
flying.capacitor.inverter,.19-6.thru.19-7
NPC.inverter.(see.Neutral.point.clamped.inverter)
open-end.winding.drive

bidirectional.switches,.19-9
dc.bus.utilization,.19-9.thru.19-10
dc.sources,.19-9
induction.motor.drive,.19-8
3-level.space.vector.diagram,.19-8.thru.19-9
load.sharing.and.loss.distribution,.19-9

pole.voltage,.19-1
PWM.strategies

active.and.zero.vectors,.19-18,.19-20.thru.19-21

duty.cycle,.19-17.thru.19-18
2-level.inverter,.19-17
reference.phase.voltage.sampling,.19-19
reference.waveform.generation,.3-level.inverter,.

19-19.thru.19-20
sine-triangle.PWM,.19-17

12-sided.space.vector.structure
a–b.plane,.19-16.thru.19-17
harmonics.suppression,.19-16
open-end.induction.motor,.19-15.thru.19-16
optimum.switching.frequency,.19-13
overmodulation,.19-17
power.circuit.realization,.19-13.thru.

19-14, 19-17
star-delta.transformers,.19-15

SPWM,.19-2
trade-off.design,.19-2
voltage.magnitudes,.19-1
voltage.space.vector.diagram,.19-2.thru.19-3

Multilevel.voltage.source.converters
CHB.inverters,.14-30.thru.14-32
FC.inverters,.14-29.thru.14-30
H-bridge.cells,.14-33
high-power.applications,.14-27,.14-33
loss.distribution,.14.thru.32
multilevel.inverters,.14-26
NPC.inverters,.14-27.thru.14-29
SVM.techniques,.14-34.thru.14-35
THD.reduction,.14-26
three-level.active.NPC.topology,.14-32
voltage.level–based.modulation.techniques

hybrid.modulation,.14-36
LS-PWM,.14-35.thru.14-36
NLC,.14-37
PS-PWM,.14-36
selective.harmonic.mitigation,.14-36

Multi-loop.control.techniques
current.THD,.12-40,.12-42
linear.control.design

block.diagram,.12-35.thru.12-36
current.references,.12-35
dynamic.gain,.12-36.thru.12-37
linear.regulator,.12-35.thru.12-36
stability,.12-37

load.variation,.12-40.thru.12-42
mains.overvoltage,.12-40.thru.12-41,.12-44
nonlinear.control.design

block.diagram,.12-37.thru.12-38
inner.control.law,.12-38
outer.control.law,.12-38.thru.12-39

SISO.linear.regulators,.12-35
source.currents.and.DC.output.voltages,.

12-40 thru 12-41
state-space-averaging.approach,.12-35
voltage.shortening,.12-40.thru.12-41,.

12-43 thru 12-44
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Multiphase.AC.machines
asynchronous/induction.machine,.3-1
Clarke’s.transformation.and.decoupled.

machine model
matrix,.3-7
new.model.equations,.3-8
per-phase.equivalent.circuit.magnetizing.

inductance,.3-8
torque.equation,.3-8.thru.3-9
two-dimensional.subspace,.3-6.thru.3-7
variables,.3-7
zero.sequence,.3-9

leakage.inductances,.3-2
mathematical.model,.3-1.thru.3-2
multiple.three-phase.windings

asymmetrical.nine-phase.stator.winding.
structure,.3-20.thru.3-21

asymmetrical.six-phase.induction.machine,.
3-19.thru.3-20

matrix,.3-21
phase-variable.model,.3-20

original.phase-variable.domain
change.of.variables,.3-6
degrees.(electrical),.3-4
differential.and.algebraic.equation,.3-6
electrical.part,.3-5
electromagnetic.torque,.3-5.thru.3-6
equation.of.mechanical.motion,.3-5
inductance.matrices,.stator.and.rotor,.3-4
n-phase.induction.machine,.3-3
self-inductances,.3-4
squirrel-cage.rotor.winding,.3-6
stator.and.rotor.windings,.3-4
voltage,.current,.and.flux.linkage.column.

vectors,.3-3
voltage.equilibrium.equation,.3-3

rotational.transformation
common.reference.frame,.3-13
definition,.3-9
d−q.variables,.3-10
electromagnetic.torque.equation,.3-12.thru 3-13
fictitious.d−q.windings,.3-12.thru.3-13
induction.machine’s.model,.3-10.thru.3-11
instantaneous.position,.d-axis,.3-9.thru.3-10
matrix,.3-10
rotor.quantities,.3-10
speed.of.common.reference.frame,.3-9
torque.expression,.3-12
zero-sequence.and.x–y.component.equations,.

3-11.thru.3-12
space.vector.modeling

complex.numbers,.3-15
equation.of.mechanical.motion,.3-15.thru.3-16
harmonic.mapping,.3-19
mutual.perpendicular.planes,.3-15
slip,.3-16
space.vectors,.3-15.thru.3-16

steady-state.operation,.3-16
symmetrical.sinusoidal.supply.condition,.3-16.

thru.3-17
x–y.stator.voltage,.3-18

spatial.displacement,.3-2
synchronous.machine.modeling

excitation.winding,.3-24.thru.3-26
line.operation,.3-22
Park’s.transformation,.3-24
phase.1.inductance,.3-23
PMSM,.3-26.thru.3-27
reluctance.machine,.3-27.thru.3-29
rotor,.3-22
salient-pole.structure,.3-22.thru.3-23
self-inductance,.3-23
SPMSMs,.3-23
torque.component,.3-23.thru.3-24

transformation.matrix,.3-13.thru.3-15
Multiscalar.model–based.control.systems

decoupling.methods,.22-10.thru.22-11
DFM.(see.Double-fed.induction.machine)
induction.motor.control.system,.27-16
IPMSM.(see.Interior.permanent.magnet.

synchronous.machine)
linear.system,.controllers,.27-15.thru.27-16
nonlinear.transformations.and.feedback.

linearization
dynamical.properties,.27-3
feedback.linearization,.definition,.27-2
linearized.system,.27-3.thru.27-4
nonlinear.differential.equation,.27-2.thru 27-3

orthogonal.variables,.27-2
overall.control.system,.22-14.thru.22-15
rotor.speed.control,.27-1
space.vector.method,.27-1.thru.27-2
squirrel.cage.induction.machine.(see.Squirrel.cage.

induction.machine)

N

Nearest.level.control.(NLC),.14-37
Negative.delta.voltage.(NDV).termination.

method, 31-25
Neutral.point.clamped.(NPC).inverter

balanced.3-phase.system,.19-3
diode-clamped.converter,.14-28
disadvantages,.19-5
3-level.and.5-level.system,.19-3.thru.19-4
2-level.VSI,.19-5
power.switches,.14-28.thru.14-29
space.vector.diagram,.19-4
three-phase.two-level.converter.topology,.14-27

Newton’s.law,.8-4
Nickel–metal.hydride.(Ni–MH).battery,.33-3
Nonlinear.control,.16-6
Nonlinear.extended.Kalman.filter.(NEKF),.26-15
Non-punch-through.(NPT).IGBT,.1-13
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O

Open.loop.control.system
basic.control.strategy,.SRM.drive,.7-10.thru.7-11
commutation.threshold,.7-9.thru.7-10
initial.rotor.position.detection

arbitrary.stator.phase.excitation,.7-8
flowchart,.7-9
inductances,.12/8.SRM.drives,.7-8
process.for.12/8.SRM.drive,.7-9
sensorless.control,.7-8

phase.current.regulations
application-specific.digital.signal.

controller, 7-12
hysteresis.control,.7-11
PWM.technique,.7-12
waveform.and.the.gating.signal,.7-11.thru 7-13

P

Parallel-loaded.resonant.(PLR).converter,.20-12
Parallel.resonant.converters.(PRCs),.

20-8.thru 20-10
Park’s.matrix,.12-22
Park’s.transformation,.12-16,.12-21,.12-24
Peak.torque.slip,.4-12
Permanent.magnet.generators.(PMGs),.23-6
Permanent.magnet.machines

ac.generators,.5-1
brushless.dc.(BL.dc).motors,.5-2
dc.motors,.5-1.thru.5-2
electromagnetic.force/torque,.5-1
induction.motor.drive.system,.5-2
inset.type,.5-4
interior.type,.5-4
IPMSM.and.PMSM,.5-5
IPM.vs..induction.motors,.5-7.thru.5-8
Norton’s.equivalent.circuit,.5-6
one-quadrant.structure,.partial.V-shaped.IPM.

motor,.5-7.thru.5-8
4-pole.(V-shaped).IPM.motor,.5-5
power.ratings,.5-8
rotor.position,.5-3
surface-mounted.type,.5-4
synchronous.motors,.5-2.thru.5-3

Permanent.magnet.(PM).motors,.33-4
Permanent.magnet.synchronous.motors.(PMSM)

double-to.single-layer.winding.transformation,.
6-25.thru.6-26

electromechanical.torque
cogging.torque.computation,.6-15.thru.6-16
flux.linkage.harmonic,.6-15
load,.IPM.motor,.6-16.thru.6-17
load,.SPM.motor,.6-16
motor.torque,.6-14.thru.6-15

fault-tolerant
multiphase.motor.drives,.6-36.thru.6-37

phase.decoupling,.6-36
short-circuit.fault

function.f(x),.6-35.thru.6-36
IPM.motor.parameters,.6-33
minimum.d-axis.current,.6-34
(id,.iq).plane,.6-33.thru.6-34
short-circuit.current.amplitude,.6-35
speed,.6-35
steady-state.braking.torque,.6-34.thru 6-35

fractional-slot.motors
advantages,.6-22.thru.6-23
double-layer.motors,.nonoverlapped.coils, 6-22
winding.design,.star,.6-23.thru.6-24
winding.factor,.6-23.thru.6-24

hard.magnetic.material
actual.flux.density,.6-5
current,.6-8.thru.6-9
demagnetization.curves,.6-5.thru.6-6
hysteresis.loop.and.characteristic.parameters,.

6-4.thru.6-5
magnetic.device,.6-6.thru.6-8
parameters,.6-9
PM.energy.density,.6-5
properties,.6-5.thru.6-6

magnetic.analysis
d-and.q-axis.voltage.components,.6-13
d-axis.stator.current,.6-11.thru.6-12
equivalent.circuits,.iron.losses,.6-13.thru.6-14
inductance,.IPM.motor,.6-12.thru.6-13
no-load.operation,.6-10.thru.6-11
q-axis.stator.current,.6-12
saturation.effect,.6-13.thru.6-14
steady-state.vector.diagram,.6-13.thru.6-14

rotor.configurations
axially.laminated.rotor,.6-3.thru.6-4
d-and.q-axis,.6-3
IPM.motor,.radially.magnetized.PM,.6-3.

thru 6-4
4-pole.inset.PM.motor,.6-2
4-pole.IPM.motor,.6-2.thru.6-3
4-pole.24-slot.SPM.motor,.6-2
tangentially.magnetized.PM,.6-3.thru.6-4
two.flux.barriers.per.pole,.6-3.thru.6-4

rotor.losses,.MMF.space.harmonics,.6-26.thru 6-27
sensorless.rotor.position.detection

contour.map,.6-42
high-frequency.stator.voltage.and.current, 6-37
prediction,.6-39.thru.6-42
pulsating.voltage.vector.technique,.6-38
rotating.voltage.vector.technique,.6-38.

thru 6-39
torque.ripple.reduction

cogging.torque,.SPM.motors
design.strategies,.6-19
elementary.torque.behavior,.6-17
notches,.stator.teeth,.6-19.thru.6-20
PM.pole.and.single.slot.opening,.6-17
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PM.pole.arc.width,.6-17.thru.6-19
shifting.technique,.6-20
skewing,.6-18.thru.6-19
slot.pitch.rotation,.6-18

IPM.motors,.6-20.thru.6-22
vector.control

constant.torque.region,.6-31
constant.volt-ampere.region,.6-31
current.vector.angle,.6-28
decrease,.volt-ampere.region,.6-31.thru 6-32
flux-weakening.control,.6-29
loss.minimization,.6-32.thru.6-33
maximum.efficiency.control,.6-30
MTPA.control,.6-28.thru.6-29
MTPV.control,.6-29.thru.6-30
voltage.and.current.constraints,.6-30.

thru 6-31
Phase-locked.loops.(PLLs)

current.references.extraction,.38-53.thru.38-54
grid.phase.calculation,.18-13
rotor.position.estimation,.22-17
VF-DPC,.11-15
virtual.output.impedance,.18-17.thru.18-18

Phase-shifted.PWM.(PS-PWM),.14-36
Plug-in.hybrid.electric.vehicles.(PHEV)

charge.depleting.strategy,.33-6
charging.and.discharging.efficiency,.

33-6 thru 33-7
drivetrain.topology,.33-1,.33-3
electric.traction.motor,.33-4
green.house.gas.emission,.33-1
grid.charging,.33-5
internal.combustion.engine,.33-1
Li-ion.and.Ni–MH.battery,.33-3
optimal.control,.33-4
power.flow.control,.33-5.thru.33-6
rechargeable.on-board.battery,.33-1
regenerative.braking.efficiency,.33-6.thru.33-7
renewable.energy.source.charging,.33-5
state.of.charge.requirements,.33-2
traction.sources,.33-2.thru.33-3
ultracapacitor/flywheel.energy.storage.system,.

33-3 thru.33-4
WTT.efficiency,.33-6

PM-assisted.synchronous.reluctance.(PMASR).
motors, 6-3

Point.of.common.coupling.(PCC),.38-2
Power.factor.(PF),.34-9.thru.34-10,.38-4
Power.factor.correction.(PFC),.38-2
Power.quality.improvement

active.filter.control
current.harmonics.and.reactive.power,.38-28
current.regulation,.38-24
direct.and.indirect.method,.38-26
direct.current.control.scheme,.38-28
feed-forward.control,.38-28
FFT,.38-26

PWM.control.technique,.38-29
time.and.frequency.domains,.38-25
voltage.and.current.regulator,.38-29

advantages,.38-7,.38-10
current.harmonics-producing.load,.38-2
current.source.active.filters,.38-16
disadvantages,.38-10
disturbance.characterization

CF,.38-5
DF,.38-5
nonlinear.load.current,.38-3
PF,.38-4
THD,.38-5
total.rms.load.current,.38-4

HAF,.38-10.thru.38-11
harmonic.production.and.characteristics,.38-3
harmonic.reduction,.38-7
harmonic.source.types

current-source.type.nonlinear.load,.38-6.
thru 38-8

voltage-source.type.nonlinear.load.(see.Voltage-
source.type.nonlinear.load)

hybrid.filters
harmonic.isolation,.38-23
single-phase.voltage-fed.filter,.38-24.thru.38-26
three-phase.three-wire.voltage-fed.filter,.38-24,.

38-26.thru.38-29
three.single-phase.bridge.three-wire.voltage-fed.

filter,.38-24,.38-28
voltage.regulation,.38-23

nonsinusoidal.current,.38-1
PCC,.38-2
PFC,.38-2
power.filters,.38-7
SAPF.(see.Shunt.active.power.filter)
SASAPF.topology.(see.Single-phase.shunt.active.

power.filter.topology)
series.active.power.filter

disadvantages,.38-20
single-and.three-phase.current-fed.filter,.

38-20, 38-22
single-and.three-phase.voltage-fed.filter,.

38-20 thru.38-21
three-phase.four-wire.voltage-fed.filter,.

38-20, 38-23
series.passive.filters,.38-14.thru.38-15
shunt.passive.filters

anti-resonance.impedance,.38-13
compensation.characteristics,.38-13.thru.38-15
first-order.high-pass.passive.filter,.38-11
harmonic.impedance,.38-12
harmonics.elimination,.38-14
quality.factor,.38-13
resonant.frequency,.38-13
second-order.high-pass.passive.filter,.

38-11 thru 38-12
series-tuned.resonant.circuit,.38-11
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series-tuned.second-order.resonant.
branch, 38-11

source.impedance,.38-12
third-order.high-pass.passive.filter,.38-11.

thru 38-12
tertiary.and.industrial.applications,.38-1
three-phase.shunt.active.power.filter

advantage,.38-53
current.control.loop.design,.38-57.thru.38-58
diode.bridge.rectifier,.38-52
direct.current.control.(see.Direct.current.control)
filter.control.loop,.38-53
indirect.current.control.(see.Indirect.

current control)
inner.loop.control,.38-52
inverter.control.technique,.38-56
PLL.circuit,.38-53.thru.38-54
signal.generation,.inverter.switch,.38-56.

thru 38-57
simulation.goal,.38-59

UPQC.(see.Unified.power.quality.conditioner)
voltage.harmonics-producing.load,.38-2
voltage.source.active.filters,.38-16

Power.semiconductor.devices
application.versions.switching.frequency,.1-2
bipolar.device

gate.turn-off.(GTO).thyristor,.1-9.thru.1-10
IGCT,.1-10.thru.1-11
power.diodes,.1-11.thru.1-12
thyristor.(see.Thyristor)

energy.efficiency,.1-5
MOS-controlled.bipolar.mode.power.device.IGBT

cell.structure.and.I–V.characteristics,.1-3.
thru 1-4

chip.area.and.thickness,.1-15
CIGBT,.1-19.thru.1-20
classical.conductivity.modulation.effect,.1-4
CSTBT,.1-19
dynamic.clamping.capability,.1-20.thru.1-21
electrical-and.light-triggered.thyristor,.1-5
Eoff–VCEsat.trade-off.relationship,.1-16
forward.blocking.current.voltage.

characteristic, 1-6
gate.structure.amplification,.1-5
hole.distribution,.1-15
HVDC.transmission,.1-8
line.pattern,.1-6.thru.1-7
output.characteristic,.1-16
protection.functions,.1-8
PT.and.NPT,.1-13
RC-IGBT,.1-18
tail.current,.1-17
tq−VT.and.Qrr−VT.trade-off.relationship,.

1-6 thru 1-7
turn-off.characteristics,.1-6.thru.1-7,.

1-16 thru 1-18
vertical.and.cell.structure,.1-13.thru.1-14

power.transfer,.1-2
SMART.power.devices

high-voltage.system.integration,.1-29.thru 1-30
low-voltage.integration,.1-30.thru.1-31

system.cost,.1-1.thru.1-2
unipolar.device

high-voltage.power.MOSFET,.1-21.thru.1-24
low-voltage.power.MOSFET,.1-24.thru.1-25
power.MOSFET,.1-3.thru.1-4

wide.bandgap.devices
SiC.power.switches,.1-28.thru.1-29
SiC.Schottky.diodes,.1-25.thru.1-29

Power.supplies
AC–DC.power.factor.correction,.17-2
applications,.17-1
average.output.voltage,.17-2
classification,.17-1
DC-to-load.power.conversion

B-H.magnetic.curve,.17-9.thru.17-10
bipolar.converter,.17-9
buck.converter,.17-8
3D.canonical.cell,.17-7
DC-DC.converter,.17-9
Eddy.currents,.17-10
flyback.converter,.17-9,.17-10
forward.converter,.17-9.thru.17-10
galvanic.isolation,.17-9
HF.switching.frequency,.17-9
soft-switched.converters,.17-12.thru.17-14
switched.capacitor.converters,.17-11.thru 17-12
switched-mode.converter,.17-7
topology,.17-7
transformers,.17-9.thru.17-10

digital.modeling.and.control,.17-16.thru.17-17
energy.process.savings,.17-15.thru.17-16
high.frequency.noise,.17-2
magnetic.cores,.17-14
parallel.operation,.17-15
power.conversion.systems,.17-1
single-phase.rectifiers

current.and.self-tuning.control.strategy,.17-3
current.harmonic.limitation,.17-3
inner.input.current.control.loop,.17-6.thru 17-7
no.inner.input.current.control.loop,.17-3.

thru 17-5
switched.conversion.technique,.17-2

Pulse.width.modulation.(PWM)
AC–DC.converter.control.(see.Three-phase.

AC–DC converters)
hardware,.7-3

Punch-through.(PT).IGBT,.1-13
PWM-CSI

advantages,.14-46
α–β.complex.plane,.14-44
bypass.vectors,.14-44
duty.cycles,.14-45
gating.signals,.14-44
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high-power.motor.drives,.14-47
operating.principle

dc-link.current.source.control,.
14-38 thru 14-39

IGCT,.14-38
SGCT,.14-37
switching.states,.14-39

SHE,.14-42.thru.14-44
square-wave.modulation,.14-39.thru.14-40
SVM.(see.Space.vector.modulation)
SVM.vector.sequence,.14-46
switching.sequence,.14-46
time.average,.definition,.14-45
trapezoidal.PWM,.14-40.thru.14-42

r

Radial.Maxwell.forces,.9-6
Rayleigh.model,.26-2
Reluctant.torque

calculation,.10-25.thru.10-26
flux.linkage.space.phasor,.10-24.thru.10-25
linked.flux.space.phasor,.10-25
parameters,.10-22
2-pole.machine,.10-21
radial.airgap.flux.density,.10-22.thru.10-23
stator.and.rotor.slots,.10-22
wound.rotor.induction.machine,.10-24

Resonance.ratio.control.(RRC),.26-8.thru.26-10
Resonant.converters

advantages,.20-2
dual-channel.resonant.DC-DC.converter

basic.configurations,.20-18.thru.20-19
control.characteristics,.20-22.thru.20-23
four.controlled.switches,.20-21
steady-state.operation,.20-19.thru.20-21

EMI,.20-1
load-resonant.converters

class.E.converter,.20-10
DC-DC.converters,.20-11
discontinuous.mode,.20-8
input.time.functions,.20-5.thru.20-6
PRC,.20-8.thru.20-10
SRC.(see.Series.resonant.converters)

second-order.resonant.circuits
dual.circuits,.20-2
energy.storage.components,.20-4.thru.20-5
frequency.response,.20-4.thru.20-5
input.current,.series.circuit,.20-3
Kirchhoff’s.current.law,.20-3
Kirchhoff’s.voltage.law,.20-2
parameters,.20-3
quality.factor,.20-5
resonance,.ω	=	ω0,.20-5
time.response.f(t/T),.20-4
voltage,.admittance.and.impedance,.20-3

switching.frequency,.20-1

ZCS.(see.Zero.current.switching.converter)
ZVS.converter.(see.Zero.voltage.

switching converter)
Resonant.power.converters

disadvantages,.35-7
full-bridge.inverter,.35-4,.35-6
half-bridge.unipolar.and.bipolar.converter,.

35-4, 35-6
series-series.compensation,.35-6.thru.35-7
total.harmonic.distortion,.35-4
ZCS.and.ZVS,.35-6

Reverse.conducting.IGBT,.1-18
“Romeo.and.Juliet”.rotor,.6-21
Rotating.magnetic.field

AC.distributed.windings
active.conductors,.2-30
crossed.undulating.winding,.2-31
endwinding.layout,.2-30
endwinding.shape,.axial.direction,.2-31.

thru 2-32
realization.with.coil,.2-31
two.and.three.planes,.endwinding.

position, 2-32
type.A.winding,.2-30.thru.2-31
type.B.winding,.2-31
undulating.winding,.2-31

airgap.useful.flux,.2-25.thru.2-26
fractional-slot.concentrated.windings,.2-29.

thru 2-30
harmonics

flux.density.waveform,.airgap,.2-27
mmf.distribution,.2-26
rotating-field.wave.distortion,.2-26
spatial.harmonics,.2-26.thru.2-27
waveform,.different.time.instants,.2-28

linear.winding,.2-28.thru.2-29
squirrel.cage.windings,.2-21.thru.2-22
three-phase.windings

airgap.flux.density.distribution,.2-19.thru.2-20
graphical.representation,.2-20
mmf.distributions,.2-20
mmf.waveform,.airgap,.2-19
2q.diametrical/quasi-diametrical.slots,.2-19

vectorial.representation,.airgap.contributions,.
2-24 thru.2-25

windings,.equivalence,.2-22.thru.2-23

S

Selective.harmonic.elimination.(SHE)
PWM-CSI,.14-42.thru.14-44
VSI

bipolar.and.unipolar.SHE,.14-23
closed-loop.operation,.14-26
disadvantage,.14-25
five-angle.SHE.waveform,.14-25.thru.14-26
Fourier.series,.14-24
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full-bridge.VSI.three-angle.SHE,.14-23.
thru 14-24

high-power.applications,.14-23
modulation.index,.14-24.thru.14-25
switching.losses,.14-23
zero.sequence.signals,.14-24

Self-tuning.speed.regulator.(STR)
backpropagation.algorithm,.25-8
block.diagram,.25-2
controller,.25-2.thru.25-3
ELO,.25-8
FL.controller,.25-6.thru.25-7,.25-9
indirect.methods,.25-4
inner.and.outer.loop,.25-2
mechanical.parameter.change,.25-2
mechanical.time.constant,.25-8
neural.nets,.25-7.thru.25-8
transient.response,.25-9.thru.25-10

Sensorless.control,.stator.voltage.vector
actual.angle,.23-10
adequate.angle,.23-10
adequate.rotor.current.frequency,.23-13
angular.speed,.23-11
magnitude,.23-10
overflow.detection,.reference.angle,.23-13.

thru 23-14
periodical.error,.angle.controller,.

23-12 thru 23-13
phase.error,.23-13.thru.23-14
polar.reference.frame,.23-12
rotor.current,.polar.frame,.23-11.thru.23-12
shorter.transient.states,.23-13.thru.23-14
step.loading.and.unloading,.23-12.thru.23-13
synchronization.method,.23-10
variable-speed.operation,.23-12
voltage.vector.angle,.23-12
xy.frame,.23-11

Sensorless.rotor.position.detection
contour.map,.6-42
high-frequency.stator.voltage.and.current,.6-37
prediction

error.signal,.6-39.thru.6-40
results.vs..experimental.results,.6-41.thru.6-42
steady-state.and.high-frequency.

components, 6-39
pulsating.voltage.vector.technique,.6-38
rotating.voltage.vector.technique,.6-38.thru.6-39

Series-loaded.resonant.(SLR).converter,.20-12
Series.resonant.converters.(SRCs)

bidirectional.switches,.20-6.thru.20-7
bridge.topology,.20-8
output.voltage.waveform,.20-6.thru.20-8
quasi-square-wave.voltage,.output.control,.20-8
unidirectional.switches,.20-6.thru.20-7

Shunt.active.power.filter.(SAPF)
advantages,.38-16
capacitor.midpoint.four-wire.filter,.38-19

four-pole.switch.type,.38-19
harmonic.current.injection,.38-16
single-and.three-phase.current-fed.SAPF,.

38-16, 38-18
single-and.three-phase.voltage-fed.SAPF,.

38-16 thru.38-17
three.single-phase.bridge.four-wire.filter,.

38-19 thru.38-20
Single-ended.primary.inductor.converter.

(SEPIC), 17-7
Single-input-single-output.(SISO).linear.

regulators, 12-35
Single-phase.distributed.winding

distribution.coefficient,.2-5
full-pitch.bobbins,.2-3.thru.2-4
fundamental.components,.2-4
resultant.mmf,.2-3
vector.diagram,.2-4

Single-phase.shunt.active.power.filter.
(SASAPF) topology

active.power.filter.control,.38-38
bipolar.PWM.controller

experimental.validation,.38-49.thru.38-50
simulation.results,.38-44.thru.38-46

current.extraction.reference.method,.38-29
diode.rectifier,.38-48
direct.current.control,.38-31
IGBT,.38-48
indirect.current.control,.38-30.thru.38-31
PWM.gating.signal.generation,.38-38
single-phase.diode.rectifier,.38-29
small-signal.modeling.(see.Small-signal.

modeling)
unipolar.PWM.control.(see.Unipolar.

PWM control)
Single-phase/switch,.three-level.rectifier

CCM.operation,.12-10.thru.12-11
converter,.12-9.thru.12-10
current.tracking,.12-11.thru.12-12
detuning.phenomenon,.12-12.thru.12-13
duty.cycle,.12-15
ideal.source.voltage,.12-11
input.current,.12-12
input.current.variation,.12-13.thru.12-14
power.factor.correction,.12-10
sign.function,.12-10
split.DC.capacitors,.12-15
state.equation,.12-10
two.complementary.DC–DC.boost.converters,.

12-9 thru.12-10
voltage.ripple,.12-16

Sinusoidal.pulse.width.modulation.(SPWM),.19-2
Skin.effect,.4-14
Sliding.Neuro-Fuzzy.controller.(SNFC),.26-18
Sliding.transformers,.35-11
Small-signal.modeling

averaged.model,.38-38.thru.38-39
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linear.control.system
DC.bus.voltage.controller,.38-43
indirect.current.control.technique,.38-39
subsystem.transfer.function

first-order.low-pass.filter,.38-42
Fourier.series.decomposition,.38-41
inner.subsystem,.38-39.thru.38-40
outer.control.loop,.38-40
power.loss,.38-42
small-signal.linearization,.38-42
steady-state.time.expression,.38-41
trigonometric.properties,.38-41

supply.current.regulator,.38-43.thru.38-44
Smart.energy.distribution

active.power.management,.36-4
AMI,.36-3,.36-5
anticipated.application.data.flow,.36-7
appliance-to-grid.vs..building-to-grid,.36-6
automated.demand.response,.36-5
CO2.emission.reduction,.36-1
distributed.generation,.36-2
economic.paradigm.shift,.36-2.thru.36-3
ICT.service,.36-8
load.shifting,.36-5.thru.36-6
object-oriented.approach,.36-4
open.auto.demand.response,.36-6.thru.36-7
power-frequency.control,.36-2
power.market,.36-5
renewable.energy.resource,.36-2
SCADA,.36-3
smart.metering.systems,.36-5
substation.automation,.36-3
telephony.system,.36-1
voltage/power.flow.measurement,.36-4

Snubber.diodes,.1-12
Soft-switched.converters

characteristics,.17-13.thru.17-14
LLC.converter,.17-14
MOSFET,.17-13
resonant.converters,.17-13.thru.17-14
soft.turnon.or.turnoff,.17-12
switched.current.vs..voltage,.17-12
ZCS.and.ZVS,.17-12

Sound.pressure,.see.Acoustic.pressure
Space.vector.modulation.(SVM),.15-6,.15-10

DPTC.(see.Direct.power.and.torque.control)
DTC,.16-6
multilevel.voltage.source.converters,.

14-34 thru 14-35
PWM-CSI

advantages,.14-46
α–β.complex.plane,.14-44
bypass.vectors,.14-44
duty.cycles,.14-45
gating.signals,.14-44
high-power.motor.drives,.14-47
SVM.vector.sequence,.14-46

switching.sequence,.14-46
time.average,.definition,.14-45

VSI
active.space.vectors,.14-14.thru.14-15
α–β.complex.plane,.14-14
center-weighted.pulse.pattern,.

14-16 thru 14-17
discontinuous.SVM,.14-17.thru.14-18
duty.cycles,.14-16
gating.signals,.14-14
non-active.vectors,.14-14
operating.principle,.14-15
7-segment.sequence,.14-17
switching.sequence,.14-16
vector.generation.sequence,.14-16
voltage.and.current.waveforms,.

14-17 thru 14-18
zero.vector,.14-16.thru.14-17

Sparse.matrix.converters,.15-11.thru.15-14
Squirrel.cage.induction.machine

decoupled.linear.subsystem,.27-5
machine.torque,.27-4
nonlinear.feedback.and.decoupling.control,.27-5
stator.current.and.rotor.flux.vector,.27-4
type.1,.27-5.thru.27-6

differential.equations,.27-6.thru.27-7
electromagnetic.subsystem,.27-8
mechanical.subsystem,.27-8
rotor.flux.vector,.27-6
stator.voltage.vector.components,.27-7

type.2,.27-6
differential.equations,.27-7.thru.27-8
mechanical.and.electromagnetic.

subsystem, 27-9
stator.current.and.flux.vectors,.27-7
stator.voltage.vector.components,.27-8

Static.synchronous.compensator.(STATCOM)
design/operation,.37-4
steady-state.modeling,.37-9
structure,.37-8.thru.37-9
transient.modeling,.37-9.thru.37-11
V–I.characteristics,.37-9
voltage.stability.and.reactive.power.

compensation, 37-22
Static.synchronous.series.compensator.(SSSC),.37-4
Static.VAr.compensator.(SVC)

design/operation,.37-4
steady-state.modeling,.37-6.thru.37-7
structure,.37-5.thru.37-6
transient.modeling,.37-7.thru.37-8
V–I.characteristics,.37-6
voltage.stability.and.reactive.power.

compensation, 37-22
Stator.field.oriented.control,.16-6
Stator-flux-oriented.coordinates.(S-FOC).scheme,.

21-21.thru.21-22
Steer-by-wire.system,.32-6
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Stefan−Boltzmann’s.law,.8-6
Superconducting.magnetic.energy.storage.

(SMES), 18-6
Supervisory.control.and.data.acquisition.

(SCADA), 36-3
Sustainable.lighting.technology

CFL,.28-2.thru.28-3
dimming.technology.(see.Dimming.technology)
electrolytic.capacitor,.28-2
environmental.properties,.28-2
features,.28-1
ULL.magnetic.ballast,.T5.fluorescent.lamp

circuit.diagram,.28-18
conduction.loss,.28-18
electrical.vs..luminous.performance,.28-18.

thru 28-19
operating.I/V,.28-19
technical.challenge,.28-17
vs..T8.lamps,.28-18

Switched-reluctance.machines.(SRMs),.9-4.thru.
9-5, 33-4

control.in
closed-loop.torque,.7-12.thru.7-16
commutation,.7-6.thru.7-7
open.loop.control.strategy,.7-8.thru.7-12

domestic.and.industrial.application,.7-1
fundamental.operating.system

asymmetric.bridge,.7-5.thru.7-6
control.strategy,.optimal,.7-5
electromagnetic.torque,.7-3
motoring.action,.7-5
reluctance.torque,.7-5
short.vs..long.flux.paths,.8/6.drive,.7-5.thru.7-6
stator.phase,.7-4
stator.winding.excitation,.7-3
unipolar.power.inverter,.7-4
working.process,.7-4.thru.7-5

historical.background
cost-effective.digital.signal.controller,.7-3
horseshoe.electromagnet,.7-1.thru.7-2
machines.for.Charles.Wheatstone,.7-1,.7-3
synchronous.machine,.7-3
Taylor.and.Davidson’s.machine,.7-1.thru.7-2

8/6.SRM,.inductance.modeling
aligned.inductance.vs..phase.current,.7-20.

thru 7-22
angles,.7-19
basic.structure,.different.rotor.positions,.7-18
dynamic.equation,.7-17
Fourier.series,.7-19
midway.inductance.vs..phase.current,.7-20.

thru 7-22
motional.back-EMF,.7-17
self-inductance.vs..rotor.position,.

7-18 thru 7-19
unaligned.inductance.vs..phase.current,.

7-20 thru.7-21

Switch-mode.converters
circuit.averaging.technique

boost.rectifier,.12-6
circuit.configuration,.12-5
instantaneous.variable,.12-5
rectifier.input.voltage.and.output.current,.

12-5 thru.12-6
single-phase.boost-type.full-bridge.rectifier,.12-4
state-space.averaging.method,.12-7.thru.12-8

Symmetric.gate-commutated.thyristor.(SGCT),.14-37
Synchronous.machine

acoustic.pressure.level,.9-9.thru.9-10
excitation.winding,.3-24.thru.3-26
line.operation,.3-22
Park’s.transformation,.3-24
phase.1.inductance,.3-23
PMSM,.3-26.thru.3-27
pressure.waves,.9-10
reluctance.machine,.3-27.thru.3-29
rotor,.3-22
salient-pole.structure,.3-22.thru.3-23
self-inductance,.3-23
SPMSMs,.3-23
stator.current.analysis,.9-9
torque.component,.3-23.thru.3-24
vibration.spectrum,.9-4.thru.9-5

t

Tangential.forces,.9-6
Tank-to-wheels.(TTW).efficiency,.33-6.thru.33-7
T5.fluorescent.lamp

circuit.diagram,.28-18
conduction.loss,.28-18
electrical.vs..luminous.performance,.28-18.

thru 28-19
operation,.ULL.ballast,.28-19
technical.challenge,.28-17

Thermal.effect
analytical.lumped.circuit.model,.8-6
electromagnetic.device,.8-1
finite.element.analysis,.8-7
heat.capacity,.8-11.thru.8-12
heat.transfer.and.flow.analysis

conduction,.8-2.thru.8-3
convection,.8-3.thru.8-5
radiation,.8-5.thru.8-6

heat.transfer.coefficient,.electrical.machine
conductivity,.winding.and.lamination,.8-10.

thru.8-11
convection,.8-10
end.winding.and.endcaps,.8-11
radiation,.8-10

numerical.computational.fluid.dynamics,.8-7
parameters

network,.TEFC.induction.motor,.8-7.thru.8-8
resistance,.8-8.thru.8-10
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temperature,.8-1
winding.temperature,.insulation,.8-1.thru.8-2

Three-phase.AC–DC.converters
active.damping

advantages.and.disadvantages,.11-19
band-stop.filters,.11-20.thru.11-21
frequency.domain,.11-18.thru.11-19
HPF,.11-20.thru.11-22
lead-lag.compensator,.11-19
passive.damping,.11-19
third-order.low-pass.LCL.filter,.11-17.thru 11-18
virtual.resistor,.11-19.thru.11-20

advantages.and.features,.11-22,.11-24
diode.rectifier,.11-1.thru.11-2
DPC–SVM,.11-16.thru.11-17
indirect.active.and.reactive.power.control,.

11-2 thru.11-3
instantaneous.power.estimation,.11-11.thru.11-12
LCL.filter,.topology,.11-2.thru.11-3
line-to-line.input.voltage,.11-6
line.voltage.estimation,.11-9.thru.11-10
natural.(abc).coordinate.system,.11-6.thru.11-7
operation.principles,.11-4.thru.11-5
phase.voltage,.11-6
PWM.rectifier,.11-5
stationary.(α−β).coordinate.system,.11-7
synchronous.rotating.(d-q).coordinate.system,.11-8
three-phase.choke,.11-1.thru.11-2
VF-DPC.(see.Virtual.flux-direct.power.control)
virtual.flux.estimation,.11-10.thru.11-11
VOC.(see.Voltage-oriented.control)
voltage.source.converter,.11-1

Three-phase.electric.power.systems
ac.circuit.analysis,.34-9
balanced.polyphase.power.systems,.34-1.thru.34-2
balanced.three-phase.circuit.analysis

advantages,.34-14
KVL,.34-4
phase.sequences,.34-3.thru.34-4
voltage,.definition,.34-2.thru.34-3
voltage.phasor.diagram,.34-4.thru.34-5
wye.and.delta.connections,.34-6.thru.34-7

power.factor,.34-9.thru.34-10
Three-phase.PWM.voltage.source.inverter,.20-17
Three-phase/switch/level.PWM.boost.rectifier

capacitors.design,.12-27.thru.12-28
current-injection.principle,.12-2
desired.steady-state.operating.regime

balanced.three-phase.voltage.source,.12-23
control.inputs,.12-24.thru.12-25
DC-side.currents,.12-25
power.conservation.law,.12-24
third.harmonic.sine.wave.shape,.12-25.thru.12-26
time-invariant.vectors,.12-24
unity.power.factor,.12-23

inductors.design,.12-26.thru.12-27
MATLAB.and.Simulink.tool,.12-16,.12-33

multi-loop.control.techniques
current.THD,.12-40,.12-42
linear.control.design,.12-35.thru.12-37
load.variation,.12-40.thru.12-42
mains.overvoltage,.12-40.thru.12-41,.12-44
nonlinear.control.design,.12-37.thru.12-39
source.currents.and.DC.output.voltages,.

12-40 thru.12-41
voltage.shortening,.12-40.thru.12-41,.

12-43 thru 12-44
nonlinear.fifth-order.time-varying.system,.12-16
parameter.α,.DC.load.power.and.unbalance.factor,.

12-33.thru.12-34
single-phase/switch,.three-level.rectifier

CCM.operation,.12-10.thru.12-11
converter,.12-9.thru.12-10
current.tracking,.12-11.thru.12-12
detuning.phenomenon,.12-12.thru.12-13
duty.cycle,.12-15
ideal.source.voltage,.12-11
input.current,.12-12
input.current.variation,.12-13.thru.12-14
power.factor.correction,.12-10
sign.function,.12-10
split.DC.capacitors,.12-15
state.equation,.12-10
two.complementary.DC–DC.boost.converters,.

12-9.thru.12-10
voltage.ripple,.12-16

six-switch.rectifier,.12-1.thru.12-2
state-space.average.modeling

basic.model,.12-20.thru.12-21
frame.transformation,.12-22.thru.12-23

state-space.small-signal.model
static.point,.12-28
time-domain,.linearization,.12-29
transfer.functions,.12-29.thru.12-33

switching-function-based.modeling.technique,.
12-8.thru.12-9

switch-mode.converters
circuit.averaging.technique,.12-5.thru.12-7
low-frequency.modeling,.12-4
real-time.analysis,.12-4
single-phase.boost-type.full-bridge.

rectifier, 12-4
state-space.averaging.method,.12-7.thru.12-8

system.parameters.and.operating.
conditions, 12-.33

topology.and.operation
equivalent.topology,.12-16.thru.12-17
single-phase.equivalent.circuit,.

12-17 thru 12-18
state.equations,.12-20
switching-function,.12-18
values,.switching.states.and.sign.of.line.

currents,.12-19.thru.12-20
Vienna.rectifier,.12-16.thru.12-17
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Three-phase.windings
airgap.flux.density.distribution,.2-19.thru.2-20
graphical.representation,.2-20
mmf.distributions,.2-20
mmf.waveform,.airgap,.2-19
multiphase.AC.machines

asymmetrical.nine-phase.stator.winding.
structure,.3-20.thru.3-21

asymmetrical.six-phase.induction.machine,.
3-19.thru.3-20

matrix,.3-21
phase-variable.model,.3-20

2q.diametrical/quasi-diametrical.slots,.2-19
Three-wire.system,.23-7.thru.23-8
Thyristor

applications,.1-3
disadvantages,.1-3
GTO,.1-9.thru.1-10
positive.feedback.mechanism,.1-3

Thyristor-controlled.phase-shifting.transformer.
(TCPST)

design/operation,.37-5
disadvantage,.37-15
steady.state.modeling,.37-15.thru.37-16
transient.modeling,.37-16.thru.37-18
transmission.angle,.37-4
voltage.phase.angle.regulation,.37-15

Thyristor-controlled.voltage.regulator.(TCVR)
disadvantage,.37-15
steady.state.modeling,.37-15.thru.37-16
transient.modeling,.37-16.thru.37-18

Thyristor-controller.series.capacitor.(TCSC)
congestion.management,.37-23
constant.power.and.constant.angle.control,.37-12
design/operation,.37-5
series-connected.FACTS.device,.37-11
steady-state.modeling,.37-13.thru.37-14
transient.modeling,.37-14.thru.37-15
transmission.line.impedance,.37-4
voltage.stability.and.reactive.power.

compensation, 37-22
Torque.hysteresis.controller,.21-32,.21-34
Total.harmonics.distortion.(THD),.16-2.thru.16-3, 38-5
Toyota.Prius.hybrid.battery,.31-8.thru.31-11
Traction.battery.sensing.system,.31-8.thru.31-11
Two-mass.drive.system

adaptive.control
direct.control.structure,.26-18
indirect.control.structure,.26-15.thru.26-18
robust.control.theory,.26-14
sliding-mode.controller,.26-14.thru.26-15
transients.of,.26-18.thru.26-20

control.structure,.modification,.26-5.thru.26-8
model.predictive.control

antiwindup.structures,.26-11
block.diagram,.26-12.thru.26-13
shaft.torque.limitation,.26-11

techniques,.26-11.thru.26-12
transients,.system.constraint,.26-12.thru 26-14

resonance.ratio.control
block.diagram,.26-8.thru.26-9
feedback.value,.26-8
hypothetical.transients,.26-8,.26-10

state.space.controller
control.structure,.26-10.thru.26-11
transients.and.resonant.frequency.value,.26-11.

thru.26-12
two-mass.inertia-shaft-free.model,.26-2.thru.26-3

U

Ultracapacitor/flywheel.energy.storage.system,.
33-3 thru.33-4

Ultralowloss.(ULL).magnetic.ballast,.28-18
Unified.power.flow.controller.(UPFC)

congestion.management,.37-22
design/operation,.37-5
equivalent.circuit,.37-18.thru.37-20
GTO.thyristor,.37-18
parallel.converter,.37-18
transient.modeling,.37-20.thru.37-22
voltage.stability.and.reactive.power.

compensation, 37-22
Unified.power.quality.conditioner.(UPQC)

advantages.and.disadvantages,.38-20.thru 38-21
single-phase.current-fed.UPQC,.38-20,.38-24
single-phase.voltage-fed.UPQC,.38-20,.38-23
three-phase.three-wire.voltage-fed.UPQC,.

38-20, 38-24
voltage.compensation,.38-20

Uninterruptible.power.supplies.(UPS)
CAES,.18-7
classification

double.conversion/inverter-preferred.system,.
18-3.thru.18-4

flywheel.system,.18-3
hybrid.UPS.system,.18-3
line-interactive.system,.18-4.thru.18-5
passive.stand-by/line-preferred.system,.18-3.

thru.18-4
rotary.system,.18-2.thru.18-3
series–parallel/delta-conversion.UPS,.18-5
static.system,.18-3

communications,.18-16
digital.signal.processors,.18-1
distributed.systems

active.and.reactive.power,.18-8
advantages,.parallel.system,.18-7
average.load.sharing,.18-8.thru.18-9
centralized.and.circular.chain.control,.

18-8 thru.18-9
circulating.current,.18-7
closed-loop.system,.18-10
equivalent.circuit,.18-8,.18-10
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harmonic.distortion,.18-11
master-slave.control,.18-8.thru.18-9
microgrids,.18-12.thru.18-14
power.flow.controllability,.18-10
two-parallel-system,.18-11.thru.18-12

droop.method.(see.Droop.method)
FC,.18-6.thru.18-7
flywheels,.18-6
microgrid.control

active.and.reactive.power.transients,.
18-19 thru 18-20

grid-connected.operation,.18-18
islanded.operation,.18-18.thru.18-19

renewable.energy,.18-1
SMES,.18-6
virtual.output.impedance,.18-16.thru.18-18

Unipolar.PWM.control
active.component.and.reactive.component,.38-37
closed-loop.PI.controller,.38-31
direct.and.indirect.current.technique

experimental.validation,.38-49.thru.38-52
simulation.results,.38-46.thru.38-48

gating.signal.generation,.38-31.thru.38-32
harmonic.analysis

active.power.filter.inverter,.38-32.thru.38-33
Fourier.transform,.38-33.thru.38-34
U-PWM,.38-34.thru.38-35

reactive.power,.38-32
spectrum.analysis,.38-37
third.harmonic.components,.38-35
waveform.functions,.38-35.thru.38-37

UPS,.see.Uninterruptible.power.supplies

V

Virtual.flux.(VF),.16-6
Virtual.flux-direct.power.control.(VF-DPC)

active.and.reactive.power,.11-15
disadvantages,.11-3.thru.11-4
PLLs,.11-15

Virtual.flux.oriented.control.(VFOC),.
16-12 thru 16-14

Voltage-oriented.control.(VOC)
active.and.reactive.power.control,.11-2.thru.11-3,.

11-14
AC.voltage.sensorless.VOC,.11-12.thru.11-13
closed-loop.current.control,.11-12
decoupled.current.control,.11-14.thru.11-15
d-q/α−β,.inverse.transformation,.11-12.thru.11-13
PI.current.controller,.11-14.thru.11-15
unity.power.factor.control,.11-14
VSR.equations,.16-6

Voltage.source.inverters.(VSIs),.19-5
applications,.14-2
constant.voltage.source,.14-2

full-bridge.VSI.(three-phase),.14-6.thru.14-8
half-bridge.VSI.(single-phase)

AC.square-wave.operation,.14-4
binary.gate.signal,.14-3
conduction.states,.14-4
DC-link.voltage,.14-5
dead.time,.14-4
power.circuit,.14-3

H-bridge.VSI.(single-phase),.14-5.thru.14-6
modulation,.definition,.14-8
over-modulation.and.zero-sequence.injection

carrier-based.PWM,.14-18
min–max.injection,.14-21.thru.14-23
third.harmonic.injection,.14-19.thru.14-21
three-phase.connection,.14-19
voltage.spectra,.14-19

SHE.(see.Selective.harmonic.elimination)
sinusoidal.pulse-width.modulation

bipolar.PWM.(see.Bipolar.PWM)
duty.cycle,.14-9
trade-off,.14-9
unipolar.PWM,.14-11

square-wave.operation,.14-8.thru.14-9
SVM.(see.Space.vector.modulation)

Voltage.source.rectifier.(VSR)
control.methods,.16-6.thru.16-7
DC-link.circuit,.16-4
motoring.and.regenerating.phasor.diagrams,.16-9
operation.limits,.16-10.thru.16-11
synchronously.rotating.xy.coordinates,.16-11
topology,.16-8.thru.16-9

Voltage-source.type.nonlinear.load
applications,.38-5
diode/thyristor.rectifier,.38-5
harmonic.generation,.38-5.thru.38-6
single-phase.load,.38-6,.38-8
steady-state.response,.38-6.thru.38-7,.

38-9 thru 38-10
three-phase.load,.38-6,.38-9

W

Well-to-tank.(WTT).efficiency,.33-6
White.high-brightness.LED.and.fluorescent.lamps,.

29-2.thru.29-5
Wide.bandgap.devices

SiC.power.switches,.1-28.thru.1-29
SiC.Schottky.diodes

carrier.injection,.1-26
commutation,.1-27
Infineon’s.ThinQ®.2G.diodes,.1-26.thru.1-27
merged-PN-Schottky.concept,.1-26
switching.waveforms,.1-25
temperature-independent.forward.

characteristic,.1-28.thru.1-29
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Winding.distribution.factor,.9-16.thru.9-17
Wye.and.delta.connections,.34-6.thru.34-7

Z

Zero.current.switching.(ZCS).converter,.20-2
capacitor.voltage,.20-13
configuration,.20-12
output.current,.20-12
output.voltage,.20-13
resonant.converters,.20-12.thru.20-13
resonant.power.converters,.35-4
switch.transition,.17-12
time.functions,.20-13.thru.20-14
turnoff.operation,.17-13
unidirectional.current,.20-12
vs..ZVS,.20-15

Zero.delta.voltage.(ZDV).termination.method,.
31-25 thru.31-26

Zero.voltage.switching.(ZVS).converter,.20-2
configuration,.20-12,.20-13
DC-DC.step-down.converter,.20-15
diode.voltage,.20-13.thru.20-15
disadvantage,.20-14.thru.20-15
output.voltage.and.current,.20-15
resonant.and.step-down.DC-DC.converter,.

20-13 thru.20-15
resonant.DC.link.converters,.20-16.thru.20-17
resonant.power.converter,.35-4
six.intervals,.operation.cycle,.20-15
switch.transition,.17-12
time.function,.20-13,.20-15
turnon.operation,.17-12
vs..ZCS.converters,.20-15
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