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PREFACE

The objective of this book is to present methods of power system analysis and
design, particularly with the aid of a personal computer, in sufficient depth
to give the student the basic theory at the undergraduate level. The approach
is designed to develop students’ thinking process, enabling them to reach a
sound understanding of a broad range of topics related to power system
engineering, while motivating their interest in the electrical power industry.
Because we believe that fundamental physical concepts underlie creative
engineering and form the most valuable and permanent part of an engineer-
ing education, we highlight physical concepts while giving due attention to
mathematical techniques. Both theory and modeling are developed from
simple beginnings so that they can be readily extended to new and complex
situations. '

Thomas J. Overbye, University of Illinois at Urbana-Champaign, is wel-
comed as a new co-author of this edition of the text. He is one of the cre-
ators of PowerWorld Simulator, a user-friendly extremely visual power system
analysis and simulation software package that is integrated into this text.
Professor Overbye’s expertise in power system operations, control, stability,
computational algorithms, and education help to insure the text remains up
to date and student oriented.

This edition of the text also features the following: (1) updated case
studies for 10 chapters along with 3 case studies from the previous edition
describing present-day, practical applications and new technologies along
with ample coverage of the ongoing restructuring of the electric utility indus-
try; (2) an updated PowerWorld Simulator package; and (3) updated prob-
lems at the end of chapters 2-9.

One of the most challenging aspects of engineering education is giving
students an intuitive feel for the systems they are studying. Engineering sys-
temns are, for the most part, complex. While paper-and-pencil exercises can
be quite useful for highlighting the fundamentals, they often fall short in
imparting the desired intuitive insight. To help provide this insight, a CD
enclosed with the book contains PowerWorld Simulator, which is used to in-
tegrate computer-based examples, problems, and design projects throughout
the text.

PowerWorld Simulator was originally developed at the University of
Illinois at Urbana-Champaign to teach the basics of power systems to
nontechnical people involved in the electricity industry, with version 1.0 in-
troduced in June 1994. The program’s interactive and graphical design made
it an immediate hit as an educational tool, but a funny thing happened—its

xi
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interactive and graphical design also appealed to engineers doing analysis of
real power systems. To meet the needs of a growing group of users, Power-
World Simulator was commercialized in 1996 by the formation of Power-
World Corporation. Thus while retaining its appeal for education, over the
years PowerWorld Simulator has evolved into a top-notch analysis package,
able to handle power systems of any size. PowerWorld Simulator 1s now used
throughout the power industry, with a range of users encompassing uni-
versities, utilities of all sizes, government regulators, power marketers, and
consulting firms.

In integrating PowerWorld Simulator with the text, our design philoso-
phy has been to use the software to extend, rather than replace, the fully
worked examples provided in previous editions. Therefore, except when the
problem size makes it impractical, each PowerWorld Simulator example in-
cludes a fully worked hand solution of the problem along with a PowerWorld
Simulator case. This format aliows students 1o simultaneously see the details
of how a problem is solved and a computer implementation of the solution.
The added benefit from PowerWorld Simulator is its ability to easily extend
the example. Through its interactive design, students can quickly vary exam-
ple parameters and immedtiately see the impact such changes have on the so-
lution. By reworking the examples with the new parameters, students get im-
mediate feedback on whether they understand the solution process. The
interactive and visual design of PowerWorld Simulator also makes it an ex-
cellent tool for instructors to use for in-class demonstrations. With the many
examples and problem cases contained on the CD, instructors can easily
demotstrate many of the text topics. ‘Additional PowerWorld Simulator func-
tionality is introduced in the text examples, problems, and design projects.

The text is intended to be fully covered in a two-semester or three-
quarter course offered to seniors and first-year graduate students. The orga-
nization of chapters and individual sections is flexible enough to give the
imstructor sufficient latitude in choosing topics to cover, especially in a one-
semester course. The text is supported by an ample number of worked exam-
ples covering most of the theoretical points raised. The many problems to be
worked with a calculator as well as problems to be worked using a personal
computer have been expanded in this edition.

As background for this course, it 1s assumed that students have had
courses in electric network theory (including transient analysis) and ordinary
differential equations and have been exposed to linear systems, matrix algebra,
and computer programming. In addition, it would be helpful, but not neces-
sary, to have had an electric machines course.

After an introduction to the history of electric power systems along
with present and future trends, Chapter 2 on fundamentals orients the students
to the terminology and serves as a brief review. The chapter reviews phasor
concepts, power, and single-phase as well as three-phase circuits.

Chapters 3 through 6 examine power transformers, transmission-line
parameters, steady-state operation of transmission lines, and power flows in-
cluding the Newton—Raphson method. These chapters provide a basic under-
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standing of power systems under balanced three-phase, steady-state, normal
operating conditions.

Chapters 7 through 10, which cover symmetrical faults, symmetrical
components, unsymmetrical faults. and system protection, come under the
general heading of power system short-circuit protection. Chapter 11 is a self-
contained chapter on power system controls, including turbine-generator
controls, load-frequency control, economic dispatch, and optimal power flow,

The last two chapters examine transient operation of transmission
lines, including surge protection: and transient stability, which includes the
swing equation, the equal-area criterion, and multimachine stability. These
self-contained chapters come under the general heading of power system
transients.
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University of Nebraska—Lincoln, Kaveh Ashenayi, University of Tulsa,
Richard D. Christie, Jr., University of Washington;, Mariesa L. Crow, Univer-
sity of Missouri-Rolla; Richard G. Farmer, Arizona State University, Saul
Goldberg, California Polytechnic Uriversity; Clifford H. Grigg, Rose-Hulman
Institute of Technology; Howard B. Hamilton, University of Pittsburgh;
Leo Holzenthal, Jr., University of New Orleans, Wald Hubbi, New Jersey
Institute of Technology; Charles W. Isherwood, University of Massachusetts—
Dartmouth; W. H. Kersting, New Mexico State University; Wayne E.
Knabach, South Dakota State University; Pierre-Jean Lagace, IREQ Institut
de Reserche d’'Hydro—Quebec; James T. Lancaster, Alfred University; Kwang
Y. Lee, Pennsylvania State University; Mohsen Lotfalian, University of Ev-
ansville; Rene B. Marxbeimer, San Francisco State University, Lamine Mili,
Virginia Polytechnic Institute and State University; Osama A. Mohammed,
Florida International University; Clifford C. Mosher, Washington State Uni-
versity, Anil Pahwa, Kansas State University; M. A. Pai, University of Illinois
at Urbana~Champaign; R. Ramakumar, Oklahoma State University; Teodoro
C. Robles, Milwaukee School of Engineering, Ronald G. Schultz, Cleveland
State University; Stephen A. Sebo, Ohio State University; Raymond Shoults,
University of Texas at Arlington, Richard D. Shultz, University of Wisconsin
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first edition: Frederick C. Brockhurst, Rose-Hulman Institute of Technology;
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New Mexico State University; Jobn Pavlat, Jowa State University; R, Ram-
akumar, Oklahoma State University, B. Don Russell, Texas A&M; Sheppard
Salon, Rensselaer Polytechnic Institute; Stephen A. Sebo, Ohio State Univer-
sity; and Dennis O. Wiitanen, Michigan Technological University.

In conclusion, the objective in writing this text and the accompanying
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student-oriented, comprehensive, and up to date, with consistent notation
and necessary detailed explanation at the level for which it is intended.
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Description Symbol Description

magnetic flux linkage 0 impedance.angle
penalty factor 0 angular position
magnetic flux u permeability

resistivity v velocity of propagation
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transmission line transit time
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Notation

Lowercase letters such as v(t) and i(t) indicate instantaneous values.
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Asterisk (*) denotes complex conjugate.

M indicates the end of an example and continuation of text.

highlights problems that utilize PowerWorld Simulator.
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INTRODUCTION

Electrical engineers are concerned with every step in the process of genera-
tion, transmission, distribution, and utilization of electrical energy. The elec-
tric utility industry is probably the largest and most complex industry in the
world. The electrical engineer who works in that industry will encounter
challenging problems in designing future power systems to deliver increasing
amounts of electrical energy in a safe, clean, and economical manner.

The objectives of this chapter are to review briefly the history of the
electric utility industry, to discuss present and future trends in electric power
systems, to describe the restructuring of the electric utility industry, and to
introduce PowerWorld Simujator—a power system analysis and simulation
software package.



2 CHAPTER | INTRODUCTION

CASE STUDY

The following article describes the restructuring of the electric utility industry that has

been taking place in the United States and the impacts on an aging transmission
infrastructure. Independent power producers, increased competition in the generation
‘sector, and open access for generators to the U.S. transmission system have changed the
way the transmission system is utilized. The need for investment in new transmission and
transmission technologies, for further refinements in restructuring, and for training and
education systems to replenish the workforce are discussed [7].

The Future Beckons: Will the Electric
Power Industry Héed the Call?

CHRISTOPHER E. ROOT

Over the last four decades, the U.S. electric power
industry has undergone unprecedented change. In
the 1960s, regulated utilities generated and deliv-
ered power within a localized service area. The de-
cade was marked by high load growth and modest
price stability. This stood in sharp contrast to the
wild increases in the price of fuel oil, focus on en-
ergy conservation, and slow growth of the [970s.
Utilities quickly put the brakes on generation ex-
pansion projects, switched to coal or other nonoil
fuel sources, and significantly cut back on the ex-
pansion of their networks as load growth slowed to
a crawl. During the 1980s, the economy in many
regions of the country began to rebound. The 1980s
*also brought the emergence of independent power
producers and the deregulation of the natural gas
wholesale markets and pipelines. These develop-
ments resulted in a significant increase in natural gas
transmission into the northeastern United States
and in the use of natural gas as the preferred fuel for
new generating plants.

During the last ten years, the industry in many
areas of the United States has seen increased com-
petition in the generation sector and a fundamental
shift in the role of the nation’s electric transmission
system, with the [996 enactment of the Federal
Energy Regulatory Commission (FERC) Order No.
888, which mandated open access for generators to

(“The Future Beckons”, Christopher E Root, Supplement to
{EEE Power & Energy (May/june 2006} pg. 58-65.)

the nation’s transmission system. And while prices
for distribution and transmission of electricity re-
mained regulated, unregulated energy commodity
markets have developed in several regions. FERC
has supported these changes with rulings leading
to the formation of independent system oper-
ators (1SOs) and regional transmission organizations
(RTOs) to adminjster the electricity markets in
several regions of the United States, including New
England, New York, the Mid-Atlantic, the Midwest,
and California.

The transmission system originally was buiit to
deliver power from a utility’s generator across town
to its distribution company. Today, the transmission
system is being used to deliver power across states
or entire regions. As market forces increasingly
determine the location of generation sources, the
transmission grid is being asked to play an even
more important role in markets and the reliability of
the system. In areas where markets have been re-
structured, customers have begun to see significant
benefits. But full delivery of restructuring’s benefits
is being impeded by an inadequate, underinvested
transmission system. :

If the last 30 years are any indication, the struc-
ture of the industry and the increasing demands
placed on the nation’s transmission infrastructure
and the people who operate and manage it are likely
to continue unabated. In order to meet the chal-
lenges of the future, to continue to maintain the
stable, reliable, and efficient system we have known
for more than a century and to support the con-



tinued development of efficient competitive mar-
kets, U.S. industry leaders must address three sig-
nificant issues:

+ an aging transmission system suffering from
substantial underinvestment, which is exacer-
bated by an out-of-date industry structure

+ the need for a regulatory framework that will
spur independent investment, ownership, and
management of the nation’s grid

- an aging workforce and the need for a suc-
cession plan to ensure the existence of the
next generation of technical expertise in the
industry.

ARE WE SPENDING ENOUGH?

In areas that have restructured power markets,
substantial benefits have been delivered to custom-

CASE STUDY 3

ers in the form of lower prices, greater supplier
choice, and environmental benefits, largely due to
the development and operation of new, cleaner
generation. There is, however, a growing recogni-
tion that the delivery of the full value of restructur-
ing to customers has been stalled by an inadequate
transmission system that was not designed for the
new demands being placed on it. In fact, investment
in the nation’s electricity infrastructure has been
declining for decades. Transmission investment has
been falling for a quarter century at an average rate
of almost US$50 million a year (in constant 2003
U.S. dollars), though there has been a small upturn
in the last few years. Transmission investment has
not kept up with load growth or generation invest-
ment in recent years, nor has it been sufficiently
expanded to accommodate the advent of regional
power markets (see Figure 1).

o

® .

2

Transnﬂséion Investment (US$ Billion 2003-$/Year)

1.

0 L . b TR

1975 1980 1985 - 1920 1995 2000 2005
Figure |

Annual transmission investments by investor-owned utilities, 1975-2003. (Source: Eric Hirst, “U.S. Transmission
Capacity: Present Status and Future Prospects,” 2004. Graph used with permission from the Edison Electric Institute,

2004. All rights reserved.)
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TABLE | Transmission investment in the United
States and in international competitive markets.
Country Investment Number of
in High Voltage  Transmission-
Transmission Owning
(>230 kV) Entities
Normalized
by Load for
2004-2008 (in
US$M/GW/year)
New Zealand 22.0 |
England & Wales (NGT) 16.5 [
Denmark 12.5 2
Spain 12.3 |
The Netherlands 12,0 [
Norway 9.2 [
Poland 8.6 !
Finland 72 |
United States 4.6 450
(based on (69 in EEl)
representative

data from EEI)

Outlooks for future transmission development
vary, with Edison Electric fnstitute (EEl) data sug-
gesting 2 modest increase in expected transmission
investment and other sources forecasting a con-
tinued decline. Even assuming EEl’s projections are
realized, this level of transmission investment in the
United States is dwarfed by that of other inter-
national competitive electricity markets, as shown
in Table I, and is expected to lag behind what is
needed.

The lack of transmission investment has led to
a high (and increasing in some areas) level of
congestion-related costs in many regions. For in-
stance, total uplift for New England is in the range of
US$169 million per year, while locational installed
capacity prices and reliability must-run charges are

on the rise. In New York, congestion costs have in-

creased substantially, from US$310 million in 2001
to US$525 million in 2002, US$688 million in 2003,
and US$629 million in 2004. In PJM Interconnection
(PJM), an RTO that administers electricity markets
for all or parts of 14 states in the Northeast, Mid-
west, and Mid-Atlantic, congestion costs have con-

tinued to increase, even when adjusted to reflect
PJM’s expanding footprint into western and south-
ern regions.

Because regions do not currently quantify the
costs of constraints in the same way, it is difficult to
make direct comparisons from congestion data be-
tween regions. However, the magnitude and upward
trend of available congestion cost data indicates a
significant and growing problem that is increasing
costs to customers.

THE SYSTEM IS AGING

While we are pushing the transmission system
harder, it is not getting any younger. In the north-
eastern United States, the bulk transmission system
operates primarily at 345 kV. The majority of this
system originally was constructed during the 1960s
and into the early 1970s, and its substations, wires,
towers, and poles are, on average, more than 40
years old. (Figure 2 shows the age of National Grid's
U.S. transmission structures.) While all utilities have
maintenance plans in place for these systems, ever-
increasing congestion levels in many areas are mak-
ing it increasingly difficult to schedule circuit outages
for routine upgrades.

The combination of aging infrastructure, in-
creased congestion, and the lack of significant ex-
pansion in transmission capacity has led to the need
to carefully prioritize maintenance and construction,
which in turn led to the evolution of the. science
of asset management, which many utilities have
adopted. Asset management entails quantifying the
risks of not doing work as a means to ensure that
the highest priority work is performed. It has sig-
nificantly helped the industry in maintaining reliabil-
ity. As the assets continue to age, this combination
of engineering, experience, and business risk will
grow in importance to the industry. If this is not
done well, the impact on utilities in terms of relia-
bility and asset replacement will be significant.

And while asset management techniques will help
in managing investment, the age issue undoubtedly
will require substantial reinvestment at some point
to replace the installed equipment at the end of its
lifetime.
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Figure 2

Age of National Grid towers and poles.

TECHNOLOGY WILL HAVE A ROLE

The expansion of the transmission network in the
United States will be very difficult, if not impossible,
if the traditional approach of adding new overhead
lines continues, Issues of land availability, concerns
about property vaiues, aesthetics, and other licens-
ing concerns make siting new lines a difficult prop-
osition in many areas of the United States. New
approaches to expansion will be required to im-
prove the transmission networks of the future.
Where new lines are the only answer, more
underground solutions will be chosen. In some
circumstances, superconducting cable will become a
viable option. There are several companies, includ-
ing National Grid, installing short superconducting
lines to gain experience with this newly available
technology and solve real problems. While it is rea-
sonable to expect this solution to become more

prevalent, it is important to recognize that it is not
inexpensive.

Technology-has an important role to play in
utilizing existing lines and wansmission corridors
to increase capacity. Lightweight, high-temperature
overhead conductors are now becoming available
for line upgrades without significant tower mod-
ifications. Monitoring systems for real-time ratings
and better computer control schemes are providing
improved information to control room operators to
run the system at higher load levels. The develop-
ment and common use of static var compensators
for voltage and reactive control, and the general use
of new solid-state equipment to solve real problems
are just around the corner and should add a new
dimension to the traditional wires and transformers
approach to addressing stability and short-term en-
ergy storage issues.

These are just a few examples of some of the
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exciting new technologies that will be tools for the
future. It is encouraging that the development of
new and innovative solutions to existing problems
continues. In the future, innovation must take a
leading role in developing solutions to transmission
problems, and it will be important for the regulators
to encourage the use of new techniques and tech-
nologies. Most of these new technologies have
a higher cost than traditional solutions, which will
place increasing pressure on capital investment. It
will be important to ensure that appropriate cost
recovery mechanisms are developed to address this
issue.

INDUSTRY STRUCTURE

Another factor contributing to underinvestment
in the transmission system is the tremendous frag-
mentation that exists in the U.S. electricity industry.
There are literally hundreds of entities that own and
operate transmission. The United States has more
than 100 separate control areas and more than
50 regulators that oversee the nation’s grid. The
patchwork of ownership and operation lies in stark
contrast to the interregional delivery demands that
are being placed on the nation’s transmission infra-
structure.

Federal policymakers continue to encourage
transmission owners across the nation to join RTOs.
Indeed, RTO/ISO formation was intended to occupy
a centrai role in carrying forward FERC’s vision of
restructuring, and an extraordinary amount of effort
has been expended in making this model work
While RTOs/ISOs take a step toward an indepen-
dent, coordinated transmission system, it remains
unclear whether they are the best long-term solu-
tion to deliver efficient transmission system opera-
tion while ensuring reliability and delivering value to
customers. '

Broad regional markets require policies that fa-
cilitate and encourage active grid planning, manage-
ment, and the construction of transmission upgrades
both for reliability and economic needs. A strong
transmission infrastructure or network platform
would allow greater fuel diversity, more stable and
competitive energy prices, and the relaxation (and

.

perhaps ultimate removal) of administrative mecha-
nisms to mitigate market power. This would also
allow for common asset management approaches to
the transmission system. The creation of indepen-
dent transmission companies (ITCs), i.e., companies
that focus on the investment in and operation. of
transmission independent of generation interests,
would be a key institutional step toward an industry
structure that appropriately views transmission as a
facilitator of robust competitive electricity markets.
ITCs recognize transmission as an enabler of com-
petitive electricity markets. Policies that provide a
more prominent role for such companies would
align the interests of transmission owners/operators
with those of customers, permitting the develop-
ment of well-designed and enduring power markets
that perform the function of any market, namely,
to drive the efficient allocation of resources for
the benefit of customers. In its policy statement re-
leased in June 2005, FERC reiterated its commit-
ment to ITC formation to support improving the
performance and efficiency of the grid.

Having no interest in financial outcomes within
a power market, the ITC's goal is to deliver maxi-
mum value to customers through transmission
operation and investment. Vith appropriate in-
centives, ITCs will pursue opportunities to leverage
relatively small expenditures on transmission con-
struction and management to create a healthy mar-
ket and provide larger savings in the supply portion
of customer’s bills. They also offer benefits over
nonprofit RTO/ISO models, where the incentives
for efficient operation and investment may be less
focused.

An ideal industry structure would permit ITCs
to own, operate, and manage transmission assets
over a wide area. This would allow ITCs to access
economies of scale in asset investment, planning,
and operations to- increase throughout and enhance
reliability in the most cost-effective manner. This
structure would alsp avold ownership fragmentation
within a single market, which is a key obstacle to
the introduction of performance-based rates that
benefit customers by aligning the interests of trans-

‘mission companies and customers in reducing con-

gestion. This approach to “horizontal integration of



the transmission sector under a single regulated
for-profit entity is key to establishing an industry
structure that recognizes the transmission system
as a market enabler and provider of infrastructure
to support effective competitive markets. Market
administration would be contracted out to another
(potentially nonprofit) entity while generators, other
suppliers, demand response providers, and load
serving entities (LSEs) would all compete and in-
novate in.fully functioning markets, delivering still-
increased efficiency and more choices for customers.

REGULATORY ISSUES

The industry clearly shoulders much of the respon-
sibility for determining its own future and for taking
the steps necessary to ensure the robustness of the
nation’s transmission system. However, the industry
also operates within an environment governed by
substantial regulatory controls. Therefore, policy-
makers also will have a significant role in helping
to remove the obstacles to. the delivery of the full
benefits of industry restructuring to customers. In
order to ensure adequate transmission investment
and the expansion of the system as appropriate, the
following policy issues must be addressed:

Regional planning: Because™ the transmission
system is an integrated network, planning for
system needs should occur on a regional basis.
Regional planning recognizes that transmission
investment and the benefits transmission can
deliver to customers are regional in nature
rather than bounded by state or service area
lines. Meaningful regional planhing processes
also take into account the fact that transmis-
sion provides both reliability and economic
benefits. Comprehensive planning processes
provide for mechanisms to pursue regulated
transmission solutions for reliability and eco-
nomic needs in the event that the market fails
to respond or is identified as unlikely to re-
spond to these needs in a timely manner. In
areas where regional system planning pro-
cesses have been implemented, such as New
England and P)M, progress Is being made to-
wards identifying and building transmission
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projects that will address regional needs and do
so in a way that is cost effective for customers.
Cost recovery and aflocation: Comprehensive re-
gional planning processes that identify needed
transmission projects must be accompanied by
cost recovery and allocation mechanisms that
recognize the broad benefits of transmission
and its role in supporting and enabling regional
electricity markets. Mechanisms that allocate
the costs of transmission investment broadly
view transmission as the regional market en-
abler it is and should be, provide greater cer-
tainty and reduce delays in cost recovery, and,
thus, remove obstacles to provide further

‘incentives for the owners and operators of

transmission to make such investment. )
Certainty of rate recovery and state cooperation: It
is critical that transmission owners are assured
certain and adequate rate recovery under a
regional planning process. Independent gimin-
istration of the planning processes will assure
that transmission enhancements required for
reliability and market efficiency do not unduly
burden retail customers with additional costs.
FERC and the states must work together to
provide for certainty in rate recovery from -
ultimate customers through federal and state
jurisdictional rates.

Incentives to encourage trdnsmission investrnent,
independence, and consolidation: At a time when
a significant increase in transmission invest-
ment is needed to ensure reliability, produce
an adequate platform for competitive power
markets and regiona! electricity commerce,
and to promote fuel diversity and renewable
sources of supply, incentives not only for
investment but also for independence and
consolidation of transmission are needed and
warranted. [ncentives should be designed to
promote transmission organizations that ac-
knowledge the benefits to customers of varying
degrees of transmission independence and re-
ward that independence accordingly. These in-
centives may take the form of enhanced rates
of return or other financial incentives for assets
managed, operated, and/or owned by an ITC.
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The debate about transmission regulation will
continue. Ultimately, having the correct mixture of
incentives and reliability standards will be a critical
factor that will determine whether or not the na-
tion's grid can successfully tie markets together and
improve the overall reliability of the bulk transmis-
sion system in the United States. The future trans-
mission system must be able to meet the needs of
customers reliably and support competitive markets
that provide them with electricity efficiently. Fajlure
to invest in the transmission system now will mean
an increased likelihood of reduced reliability and
higher costs to customers in the future.

WORKFORCE OF THE FUTURE

Clearly, the nation's transmission system will need
considerable investment and physical work due to
age, growth of the use of electricity, changing mar-
kets, and how the networks are used. As previously
noted, this will lead to a required significant increase
in capital spending. But another critical resource is
beginning to become a concern to many in the in-
dustry, specifically the continued availability of qual-
ified power system engineers.

Utlity executives polled by the Electric Power
Research Institute in 2003 estimated that 50% of the
technical workforce will reach retirement in the
next 5—10 years. This puts the average age near 50,
with many utilities still hiring just a few college
graduates each year. Looking a few years ahead, ac
the same time when a significant number of power
engineers will be considering retirement, the need
for them will be significantly increasing. The supply
of power engineers will have to be great enough to
replace the large numbers of those retiring in addi-
tion to the number required to respond to the an-
ticipated increase in transmission capital spending.

Today, the number of universities offering power
engineering programs has decreased. Some uni-
versities, such as Rensselaer Polytechnic Institute,
no longer have separate power system engineering

departments. According to the IEEE, the number of

power system engineering graduates has dropped
from approximately 2,000 per year in the 1980s

to 500 today. Overall, the number of engineering
graduates has dropped 50% in the last 15 years.
Turning this situation around will require a long-
term effort by many groups working together,
including utilities, consultants, manufacturers, uni-
versities, and groups such as the IEEE Power En-

- gineering Society (PES).

Part of the challenge is that utilities are compet-
ing for engineering students against other industries,
such as telecommunications or computer software
development, that are perceived as being more
glamorous or more hip than the power industry and
have no problem attracting large numbers of new
engineers.

For the most part, the power industry has not
done a great job of selling itself. Too often, headlines
focus on negatives such as rate increases, power
outages, and community relations issues related to a
proposed new generation plant or transmission line.
To a large extent, the industry also has become a
victim of its own success by delivering electricity so
reliably that the public generally takes it for granted,
which makes the good news more difficult to tell. It
is incumbent upon the industry to take a much
more proactive role in helping its public—including
talented engineering students—understand the ded-
ication, commitment, ingenuity, and innovation that
is required to keep the nation’s electricity system
humming. PES can play an important role in this.

On a related note, as the industry continues to
develop new, innovative technologies, they -should
be documented and showcased to help generate
excitement about the industry among college-age
engineers and help attract them to power system
engineering.

The utilities, consultants, and manufacturers must
strengthen their relationships with strong technical
institutions to continue increasing support for elec-
trical engineering departments to offer. power sys-
tems classes at the undergraduate level. In some
cases, this may even require underwriting a class.
Experience at National Grid has shown . that when
support for a class is guaranteed, the number of
students who sign up typically is greater than ex-
pected. The industry needs to further support these



efforts by offering presentations to students on the
complexity of the power system, real problems that
need to be solved, and the impact that a reliable,
cost-efficient power system has on society. Spon-
soring more student internships and research proj-
ects will introduce additional students and faculty to
the unique challenges of the industry. In the future,
the industry will have to hire more nonpower en-
gineers and train them .in the specifics of power
system engineering or rely on hiring from overseas.

Finally, the industry needs to cultivate relation-
ships with universities to assist in developing pro-
fessors who are knowledgeable about the industry.
This can take the form of research work, consulting,
and teaching custom programs for the industry.
National Grid has developed relationships with sev-
eral northeastern U.S. institutions that are offering
courses for graduate engineers who may not have
power backgrounds. The courses can be offered
online, at he university, or on site at the utility.

This problem will only get worse if industry
leaders do not work together to resolve it. The in-
dustry’s future depends on its ability to anticipate
what lies ahead and the development of the neces-
sary human resources to meet the challenges.

CONCLUSIONS

The electric transmission system plays a critical role
in the lives of the people of the United States. It is
an ever-changing system both in physical terms and
how it is operated and regulated. These changes
must be recognized and actions developed accord-
ingly. Since the industry is made up of many orga-
nizations that share the system, it can be difficult to
agree on action plans.

There are a few points on which all can agree.
The first is that the transmission assets continue to
get older and investment is not keeping up with
needs when looking over a future horizon. The issue
will only get worse as more lines and substations
exceed the 50-year age mark. Technology develop-
ment and application undoubtedly will increase ‘as
engineers look for new and creative ways to com-
bat the congestion issues and increased electrical
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demand—and new overhead transmission lines will
be only one of the solutions considered.

The second is that it will be important for further
refinement in the restructuring of the industry to
occur. The changes made since the fate 1990s have
delivered benefits to customers in the Northeast
in the form of lower energy costs and access to
greater competitive electric markets. Regulators and
policymakers should recognize that independently
owned, operated, managed, and widely planned
networks are important to solving future problems
most efficientdy. Having a reliable, regional, uncon-
gested transmission system will enable a healthy
competitive marketplace.

The last, but certainly not least, concern is with
the industry’s future workforce. Over the last year,
there has been significant discussion of the issue, but
it will take a considerable effort by many to guide
the future workforce into a position of appreciating
the electricity industry and desiring to enter it and
to ensure that the training and education systems
are in place to develop the new engineers who will
be required to upgrade and maintain the electric
power system.

The industry has many challenges, but it also has
great resources and a good reputation. Through the
efforts of many and by working together through
organizations such as PES, the industry can move
forward to the benefit of the public and the United
States as a whole.
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HISTORY OF ELECTRIC POWER SYSTEMS

In 1878, Thomas A. Edison began work on the electric light and formulated
the concept of a centrally located power station with distributed lighting
serving a surrounding area. He perfected his light by October 1879, and the
opening of his historic Pearl Street Station in New York City on September
4, 1882, marked the beginning of the electric utility industry (see Figure 1.1).
At Pearl Street, dc generators, then called dynamos, were driven by steam
engines to supply an initial load of 30 kW for 110-V incandescent lighting to
59 customers in a l-square-mile area. From this beginning:in 1882 through
1972, the electric utility industry grew at a remarkable pace—a growth based
on continuous reductions in the price of electricity due primarily to techno-
logical acomplishment and creative engineering.

The introduction of the practical dc motor by Sprague Electric, as well
as the growth of incandescent lighting, promoted the expansion of Edison’s
dc systems. The development of three-wire 220-V dc systems allowed load
to increase somewhat, but as transmission distances and loads continued to
increase, voltage problems were encountered. These limitations of maximum
distance and load were overcome in 1885 by William Stanley’s development
of a commercially practical transformer. Stanley installed an ac distribution
systern in Great Barrington, Massachusetts, to supply 150 lamps. With the
transformer, the ability to transmit power at high voltage with corresponding
lower current and lower line-voltage drops made ac more attractive than dc.
The first single-phase ac line in the United States operated in 1889 in Oregon,
between Oregon City and Portland—21 km at 4 kV.

The growth of ac systems was further encouraged in 1888 when Nikola
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Milestones of the early electric utility industry {1] (H. M. Rustebakke et al., Electric
Utitity Systems Practice, 4" Ed. (New York: Wiley, 1983). Photos courtesy of
Westinghouse Historical Collection.)

Tesla presented a paper at a meeting of the American Institute of Electrical
Engineers describing two-phase induction and -synchronous motors, which
made evident the advantages of polyphase versus single-phase systems. The
first three-phase line in Germany became operational in 1891, transmitting
power 179 km at 12 kV. The first three-phase line in the United States (in
California) became operational in 1893, transmitting power 12 km at 2.3 kV.
The three-phase induction motor conceived by Tesla went on to become the
workhorse of the industry.

In the same year that Edison’s steam-driven generators were inaugu-
rated, a waterwheel-driven generator was installed in Appleton, Wisconsin.
Since then, most electric energy has been generated in steam-powered and in
water-powered (called hydro) turbine plants. Today, steam turbines account
for more than 85% of U.S. electric energy generation, whereas hydro turbines
account for about 7%. Gas turbines are used in some cases to meet peak
loads.

Steam plants are fueled primarily by coal, gas, oil, and uranium. Of
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these, coal is the most widely used fuel in the IUnited States due to its abun-
dance in the country. Although many of these coal-fueled power plants were
converted to oil during the early 1970s, that trend has been reversed back to
coal since the 1973/74 oil embargo, which caused an oil shortage and created
a national desire to reduce dependency on foreign oil. In 2004, approximately
50% of electricity in the United States was generated from coal [2].

In 1957, nuclear units with 90-MW steam-turbine capacity, fueled
by uranium, were installed, and today nuclear units with 1312-MW steam-
turbine capacity are in service. In 2004, approximately 19% of electricity in
the United States was generated from uranium from 103 nuclear power
plants. However, the growth of nuclear capacity in the United States has
been halted by rising construction costs, licensing detays, and public opinion.
Although there are no emissions associated with nuclear power generation,
there are safety issues and environmental issues, such as the disposal of used
nuclear fuel and the impact of heated cooling-tower water on aquatic hab-
itats. Future technologies for nuclear power are concentrated on safety and
environmental issues [2)].

Starting in the 1990s, the choice of fuel for new power plants in the
United States has been natural gas due to its availability and low cost as well
as the higher efficiency, lower emissions, shorter construction-lead times;
safety, and lack of controversy associated with power plants that use natural
gas. Natural gas is used to generate electricity by the following processes: (1)
gas combustion turbines use natural gas directly to fire the turbine; (2) steam
turbines burn natural gas to create steam in a boiler, which is then run
through the steam turbine; (3) combined cycle units use a gas combustion
turbine by burning natural gas, and the hot exhaust gases from the combus-
tion turbine are used to boil water that operates a steam turbine; and (4) fuel
cells powered by natural gas generate electricity using electrochemical re-~
actions by passing streams of natural gas and oxidants over electrodes that
are separated by an electrolyte. In 2004, approximately 19% of electricity in
the United States was generated from natural gas [2].

In 2004 in the United States approximately 7% of electricity was gen-
erated by water (hydro power) and 3% by oil [2]. Other types of electric
power generation -are also being used, including wind-turbine . generators;
geothermal power plants, wherein energy in the form of steam or hot water is
extracted from the earth’s upper crust; solar cell arrays; and tidal power
plants. These sources of energy cannot be ignored, but they are not expected
to supply a large percentage of the world’s future energy needs. On the
other hand, nuclear fusion energy just may. Substantial research efforts have
shown nuclear fusion energy to be a promising technology for producing
safe, pollution-free, and economical electric energy later in the 21st century
and beyond. The fuel consumed in a nuclear fusion reaction is deuterium, of
which a virtually inexhaustible supply is present in seawater.

The early ac systems operated at various frequencies including 25, 50,
60, and 133 Hz. In 1891, it was proposed that 60 Hz be the standard fre-
quency in the United States. In 1893, 25-11z systems were introduced with the
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synchronous converter. However, these systems were used primarily for rail-
road electrification (and many are now retired) because, they had the dis-
advantage of causing incandescent lights to flicker. In California, the Los
Angeles Department of Power and ‘Water operated at 50 Hz, but converted
to 60 Hz when power from the Hoover Dam became operational in 1937, In
1949, Southern Cahfomm Edison also converted from 50 to 60 Hz. Today,
the two standard’ frequenc1es for generation, transmission, and distribution of
electric power in the world are 60 Hz (in the United States, Canada, Japan,
Brazil) and 50 Hz (in Europe, the former Soviet republics, South America
except Brazil, India, also Japan). The advantage of 60-Hz systems is that
generators, motors, and transformers in these Systems are generally smaller
than 50-Hz equipment with the same ratings. The advantage of 50-Hz sys-
tems is that transmission lines and transformers have smaller reactances at
50 Hz than at 60 Hz.

As shown in Figure 1.2, the rate of growth of elcctnc energy in the
United States was approxxmately 7% per year from 1902 to 1972. This corre-
sponds to a,doubling of electric energy consumption every 10 years over the
70-year period. In other words, every 10 years the industry installed a new
electric system equal in energy-producing capacity to the total of what it had
built since the industry began. The annual growth rate slowed after the oil
embargo of 1973/74. Kilowatt-hour consumption in the United States in-
creased by 3.4% per year from 1972 to 1980, and by 2.1% per year from 1980
to 2000.

Along with increases in load growth, there have been continuing in-
creases in the size; of generating units (Table 1.1). The principal incentive to
build larger units has been economy of scale—that is, a reduction in installed
cost per kilowatt of capacity for larger units. However, there have also been
steady improvements in generation efficiency. For example, in 1934 the aver-
age heat rate for steam generation in the U.S. electric industry was 17,950
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TABLE I.1

Growth of generator
sizes in the United States

(1]

TABLE [.2

History of increases in
three-phase transmission
" vollages in the United

States [1]
Voltage ’ Year of

(kV) Installation
2.3 1893
44 1897
150 1913
165 1922
230 1923
287 19358
345 1953
500 1965
765 1969

Generators Driven by Single-Shaft,

Hydroelectric Generators 3600 r/min Fossil-Fueled Steam Turbines
Size Year of Size Year of
(MVA) Installation (MVA) Installation

4 1895 5 : 1914
108 1941 50 1937
158 1966 216 1953
232 1973 506 1963
615 1975 907 : 1969
718 1978 1120 1974

BTU/kWh, which correspounds to 19% efficiency. By 1991, the average heat
rate was 10,367 BTU/kWh, which corresponds to 33% efficiency. These im-
provements in thermal efficiency due to increases in unit size and in steam
temperature and pressure, as well as to the use of steam reheat, have resulted
in savings in fuel costs and overall operating costs.

There have been continuing ncreases, t0o, in transmission voltages
(Table 1.2). From Edison’s 220-V three-wire dc grid to 4-kV single-phase and
2.3-kV three-phase transmission, ac transmission voltages in the United
States have risen progressively to 150, 230, 345, 500, and now 765 kV. And
ultra-high voltages (UHV) above 1000 kV are now being studied. The in-
centives for increasing transmission voltages have been: (1) increases in trans-
mission distance and transmission capacity, (2) smaller line-voltage drops, (3)
reduced line losses, (4) reduced right-of-way requirements per MW transfer,
and (5) lower capital and operating costs of transmission. Today, one 765-kV
three-phase line can transmit thousands of megawatts over hundreds of
kilometers.

The technological developments that have occurred in conjunction with
ac transmission, including developments in insulation, protection, and con-
trol, are in themselves important. The following examples are noteworthy:

1. The suspension insulator

2. The high-speed relay system, currently capable of detecting short-
circuit currents within one cycle (0.017 s)

3. High-speed, extra-high-voltage (EHV) circuit breakers, capable of
interrupting up to 63-kA three-phase short-circuit currents within
two cycles (0.033 s) "

4. High-speed reclosure of EHV lines, which enables automatic re-
turn to service within a fraction of a second after a fault has been
cleared

5. The EHV surge arrester, which provides protection againsttransient
overvoltages due to lightning strikes and line-switching operations
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6. Power-line carrier, microwave, and fiber optics as communication
mechanisms for protecting, controlling, and metering transmission
lines

7. The pr1nc1ple of insulation coordination applied to the desxgn of an
entire transmission system

8. Energy control centers with supervisory control and data acquisi-
tion (SCADA) and with automatic generation control (AGC) for
centralized computer monitoring and control of generation, trans-
mission, and distribution

9. Automated distribution features, including reclosers and remotely
controlled sectionalizing switches with fault-indicating capability,
along with automated mapping/facilities management (AM/FM)
and geographic information systems (GIS) for quick isolation and
identification of outages and for rapid restoration of customer
services

10. Digital relays capable of circuit breaker control, data logging, fault
locating, self-checking, fault analysis, remote query, and relay event
monitoring/recording.

In 1954, the first modern high-voltage dc (HVDC) transmission line
was put into operation in Sweden between Vastervik and the island of Got-
land in the Baltic sea; it gperated at 100 kV for a distance of 100 km. The
first HVDC line in the United States was the +400-kV, 1360-km Pacific In-
tertie line installed between Oregon and California in 1970. As of 2000, four
other HVDC lines up to 400 kV and five back-to-back ac-dc links had been
installed in the United States, and a total of 30 HVDC lines up to 533 kV
had been installed worldwide. ‘

For an HVDC line embedded in an ac system, solid-state converters at
both ends of the dc line operate as rectifiers and inverters. Since the cost of an
HVDC transmission line is less than that of an ac line with the same capac-
ity, the additional cost of converters for dc transmission is offset when the
line is long enough. Studies have shown that overhead HVDC transmission is
economical in the United States for transmission distances longer than about
600 km.

In the United States, electric utilities grew first as 1solated systems, with
new ones continuously starting up throughout the country. Gradually, how-
ever, neighboring electric utilities began to interconnect, to operate in par-
allel. This improved both reliability and economy. Figure 1.3 shows major
230-kV and higher-voltage, interconnected transmission in the United States
in 2000. An interconnected system has many advantages. An interconnected
utility can draw upon another’s rotating generator reserves during a time of
need (such as a sudden generator outage or load increase), thereby maintain-
ing continuity of service, incréasing reliability, and reducing the total number
of generators that need to be kept running under no-load conditions. Also,
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interconnected utilities can schedule power transfers during normal periods to
take advantage of energy-cost differences in respective areas, load diversity,
time zone differences, and seasonal conditions. For example, utilities whose
generation is primarily hydro can supply low-cost power during high-water
periods in spring/summer, and can receive power from the interconnection
during low-water periods in fall/winter. Interconnections also allow shared
ownership of larger, more efficient generating units.

While sharing the benefits of interconnected operation, each utility is
obligated to help neighbors who are in trouble, to maintain scheduled in-
tertie transfers during normal periods, and to participate in system frequency
regulation.

In addition to the benefits/obligations of 1nterconnected operation,
there are disadvantages. Interconnections, for example, have increased fault
currents that occur during short circuits, thus requiring the use of circuit
breakers with higher interrupting capability. Furthermore, although overall
system reliability and economy have improved dramatically through inter-
connection, there is a remote possibility that an initial disturbance may lead
to a regional blackout, such as the one that occurred in August 2003 in the
northeastern United States and Canada.

PRESENT AND FUTURE TRENDS

Present trends indicate that the United States is becoming more electrified
as it shifts away from a dependence on the direct use of fossil fuels. The elec-
tric power industry advances economic growth, promotes business develop-
ment and expansion, provides solid employment opportunities, enhances the
quality of life for its users, and powers the world. Increasing electrification in
the United States is evidenced in part by the ongoing digital revolution. Ac-
cording to the Edison Electric Institute, analysts use a term called “electricity
intensity” to relate electricity use to the gross domestic product (GDP). Since
1960, the intensity of electricity use in the United States, measured by elec-
tricity consumption per dollar of real GDP, has increased by more than 25%.
By comparison, the overall intensity of energy use (including electricity and
the direct use of fossil fuels) has decreased by more than 40% over the same
time period [4].

As shown in Figure 1.2, the growth rate in the use of electricity in the
United States is projected to increase by about 2% per year from 2004 to
2015 [3, 5]. Although electricity forecasts for the next ten years are based on
economic and social factors that are subject to change, 2% annual growth
rate is considered necessary to generate the GDP anticipated over that pe-
riod. Vanatlons in longer-term forecasts of 1.5-to-2.5% annual growth from
2004 to 2030 are based on low-to-high ranges in economic growth. Average



I8 CHAPTER { INTRODUCTION

FIGURE | .4

Electric energy
generation in the United
States, by principal fuel
types [3, 5]
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delivered electricity prices are projected to initially decline from 7.6 cents per
kilowatt-hour (2004 dollars) in 2004 to a low of 7.1 cents pet kilowatt-hour
in 2015, as a result of declines in natural gas and coal prices. After 2015,
average delivered electricity prices are projected to increase to 7.5 cents per
kilowatt-hour in 2030 (5].

Figure 1.4 shows the percentages of various fuels used to meet U.S.
electric energy requirernents for 2004 and those projected for 2015 and 2030.
Several trends are apparent in the chart. One is the increasing use of coal.
This trend is due primarily to the large amount of U.S. coal reserves, which,

- according to some estimates, is sufficient to meet U.S. energy needs for the

next 500 years. Implementation of public policies that have been proposed to
reduce carbon dioxide emissions and air pollution could reverse this trend.
Another trend is the increase in consumption of natural gas with gas-fired
turbines that are safe, clean, and more efficient than competing technologies.
Regulatory policies to lower greenhouse gas emissions could accelerate a
switchover from coal to gas, but that would require an increasing supply of
deliverable natural gas [10]. A percentage decrease in nuclear fuel consump-
tion is also evident. No new nuclear plant has been ordered in the United
States for more than 25 years. The projected growth from 0.79 x 10!2 kwh in
2004 to 0.87 x 10'2 kWh in 2030 in nuclear generation is based on uprates at
existing plants and some new nuclear capacity that is cost competitive. Saféty
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Installed generating
capability in the United
States by principal fuel
types (3, 5]
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concerns will require passive or inherently safe reactor designs with stan-
dardized, modular construction of nuclear units. Also shown in Figure 1.4 is
a small percentage increase in electricity generation from hydro and renew-
able energy sources including electricity generated from geothermal wood,
waste, and solar energy.

Figure 1.5 shows the 2004 and projected 2015 U.S. generating capabll-
ity by principal fuel type. As shown, total U.S. generating capacity is pro-
jected to reach 1,002 GW (1 GW = 1000 MW) by the year 2015. This repre-
sents a 0.4% annual projected growth in generating capacity, which is less
than the 2% annual projected growth in electric energy production and con-
sumption. As a result, generating capacity reserve margins are currently
shrinking. Generating resources in the near term (2005-2009) with sufficient
generating capacity reserve margins will be adequate to meet customer de-
mand throughout North America, provided new generating facilities are con-
structed as anticipated. Generating resource adequacy in the longer term
(2010-2014) is more uncertain and depends on the following factors: timely
completion of planned capacity additions; ability to obtain necessary siting
and environmental permits; ability to obtain financial backing; price and
supply of fuel; and political and regulatory actions [6].

As of 2004, there were 162,979 circuit. miles of existing transmission
(230 kV and above) in the United States. An additional 9,953 circuit miles of
new transmission that is projected for the 2005-2014 time frame, will in-
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crease the total to 172,932 U.S. circuit miles (230 kV and above). The North
American Reliability Council (NERC) generally expects the transmission
system in North America to perform reliably during 2005-2014. While the
system has come under increasing strain over the past several years because
of lack of transmission investment, an aging transmission infrastructure,
increased load demand, and tighter transmission operating margins, it is
NERC’s opinion that reliability can be maintained and should not be threat-
ened if the electric utility industry adheres to NERC reliability standards [6].
However, specific areas and problems have been identified in each
of NERC'’s seasonal and long-term reliability assessments. Transmission
congestion and constraints impede the transfer of electric power within and
between geographical regions. As the electric utility industry continues to
undergo restructuring, the transmission system is being adapted as a delivery
system for commercial energy sales. New transmission limitations could ap-
pear in unexpected locations as new generation is installed and market-driven
energy transactions shift generation patterns. Restructuring policies that en-
courage greater investment in the transmission grid would enhance trans-
mission reliability. Having and maintaining reliable, regional, uncongested
transmission systems will also enable a competitive marketplace 6, 7).
Growth in distribution construction roughly correlates with growth in
electric energy construction. During the last two decades, many U.S. utilities
converted older 2.4-, 4.1-) and 5-kV primary distnbution systems to 12 or
15 kV, The 15-kV voltage class is widely preferred by U.S. utilities for new
installations; 25 kV, 34.5 kV, and higher primary distribution voltages are
also utilized. Secondary distribution reduces the voltage for utilization
by commercial and residential customers. Common secondary distrihution
voltages in the, United States are 240/120 V, single-phase, three-wire; 208Y/
120 V, three-phase, four-wire; and 480Y/277 V, three-phase, four-wire.
Utility executives polled by the Electric Power Research Institute
in 2003 estimated that 50% of the electric-utility technical workforce in the
United States will reach retirement in the next five to ten years. And accord-
ing to the IEEE, the number of U.S. power system engineering graduates has

. dropped from approximately 2,000 per year in the 1980s to 500 in 2006. The

continuing availability of qualified power system engineers is a critical re-
source to ensure that transmission and distribution systems are maintained
and operated efficiently and reliably [7].

ELECTRIC UTILITY INDUSTRY STRUCTURE

The case study at the'beginning of this.chapter describes the restructuring of
the electric utility industry that has been ongoing in the United States. The
previous structure of large, vertically integrated monopolies that existed until
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the last decade of the twentieth century is being replaced by a horizontal
structure with generating companies, transmission cormpanies, and distribu-
tion companies as separate business facilities.

In 1992, the United States Congress passed the Energy Policy Act,
which has shifted and continues to further shift regulatory power from the
state level to the federal level. The 1992 Energy Policy Act mandates the
Federal Energy Regulatory Commission (FERC) to ensure that adequate
transmission and distribution access is available to Exempt Wholesale Gen-
erators (EWGs) and nonutility generation (NUG). In 1996, FERC issued the
“MegaRule,” which regulates Transmission Open Access (TOA).

TOA was mandated in order to facilitate competition in wholesale gen-
eration. As’a result, a broad range of Independent Power Producers (IPPs)
and cogenerators now submit bids and compete in energy markets ter match
electric energy supply and demand. In the future, the retail structure of power
distribution may resemble the existing structure of the telephone industry;
that is, consumers would choose which generator to buy power from. Also,
with demand-side metering, consumers would know the retail price of electric
energy at any given time and choose when to purchase it.

Overall system reliability has become a major concern as the electric
utility industry adapts to the new horizontal structure. The North American
Electric Reliability Council (NERC), which was created after the 1965 North-
east blackout, is responsible for maintaining system standards and reliability.
NERC coordinates its efforts with FERC and other organizations such as the
Edison Electric Institute (EEI) [8].

As shown in Figure 1.3, the transmission system in North America is
interconnected in a large power grid known as the North American Power
Systems Interconnection. NERC divides this grid into ten geographic regions
known as coordinating councils (such as WSCC, the Western Systems Coor-
dinating Council) or power pools (such as MAPP, the Mid-Continent Area
Power Pool). The councils or pools consist of several neighboring utility
companies that jointly perform regional planning studies and operate jointly
to schedule generation.

The basic premise of TOA is that transmission owners treat all trans-
mission users on a nondiscriminatory and comparable basis. In December
1999, FERC issued Order 2000, which calls for companies owning trans-
mission systems to put transmission systems under the control of Regional
Transmission Organizations (RTOs). Several of the NERC regions have
either established Independent System Operators (ISOs) or planned for ISOs
to operate the transmission system and facilitate transmission services. Main-
tenance of the transmission system remains the responsibility of the transmis-
sion owners,

At the time of the August 14, 2003 blackout in the northeastern United
States and Canada, NERC reliability standards were voluntary. In August
2005, the U.S. Federal government passed the Energy Policy Act of 2005,
which authorizes the creation of an electric reliability organization (ERO)
with the statutory authority to enforce compliance with reliability standards
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among all market participants. On July 20, 2006 FERC issued an order cer-
tifying NERC as the ERO for the United States. NERC is also seeking rec-
ognition as the ERO from governmenta) authorities in Capada [8).

The objectives of electric utility restructuring are to increase competi-
tion, decrease regulation, and in the long run lower consumer prices. There is
a concern that the benefits from‘breaking up the old vertically integrated
utilities will be unrealized if the new unbundled generation and transmission
companies are able to exert market power. Market power refers to the ability
of one seller or group of sellers to maintain prices above competitive levels
for a significant period of time, which could be done via collusion or by tak-
ing-advantage of operational anomalies that create and exploit transmission
congestion. Market power can be eliminated by independent supervision of
generation and transmission companies, by ensuring that there are an ample
number of generation companies, by eliminating transmission congestion,
and by creating a truly competitive market, where the spot price at each node
(bus) in the transmission system equals the marginal cost of providing energy
at that node, where the energy provider is any generator bidding into the sys-
tem [9].

COMPUTERS IN POWER SYSTEM ENGINEERING

As electric utilities have grown in size and the number of interconnections has
increased, planning for future expansion has become increasingly complex.
The increasing cost of additions and modifications has made it imperative
that utilities consider a range of design options, and perform detailed studies
of the effects on the system of each option, based on a number of assump-
tions: normal and abnormal operating conditions, peak and off-peak load-
ings, and present and future years of operation. A large volume of network
data must also be collected and accurately handled. To assist the engineer in
this power system planning, digital computers and highly developed com-
puter programs are used. Such programs include power-flow, stability, short-
circuit, and transients programs.

Power-flow programs compute the voltage magnitudes, phase angles,
and transmission-line power flows for a network under steady-state operating
conditions. Other results, including transformer tap settings and generator
reactive power outputs, are also computed. Today’s computers have sufficient
storage and speed to efficiently compute power-flow solutions for networks
with 100,000 buses and 150,000 transmission lines. High-speed printers then
print out the complete solution in tabular form for analysis by the planning
engineer, Also available are interactive power-flow programs, whereby
power-flow results are displayed on computer screens in the form of single-
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line diagrams; the engineer uses these to modify the network with-a mouse
or from a keyboard and can readily visualize the results. The computer’s
large storage and high-speed capabilities allow the engineer to run the many
different cases necessary to analyze and design transmission and generation-
expansion options.

Stability programs are used to study power systems under disturbance
conditions to determine whether synchronous generators and motors remain
in synchronism. System disturbances can be caused by the sudden loss of a

‘generator or transmission line, by sudden load increases or decreases, and by

short circuits and switching operations. The stability program combines
power-flow equations and machine-dynamic equations to compute the angu-
lar swings of machines during disturbances. The program also computes crit-
ical clearing times-for network faults, and allows the engineer to investigate
the effects of various machine parameters, network modifications, distur-
bance types, and control schemes.

Short-circuits programs are used to compute three-phase and line-to-
ground faults in power system networks in order to select circuit breakers for
fault interruption, select relays that detect faults and control circuit breakers,
and determine relay settings. Short-circuit currents are computed for each
relay and circuit-breaker location, and for various system-operating con-
ditions such as lines or generating units out of service, in order to determine
minimum and maximum fault currents.

Transients programs compute the magnitudes and shapes of transient
overvoltages and currents that result from lightning strikes and line-switching
operations. The planning engineer uses the results of a transients prograim to
determine insulation requirements for lines, transformers, and other equip-
ment, and to select surge arresters that protect equipment against transient
overvoltages.

Other computer programs for power system planning include relay-
coordination programs and distribution-circuits programs. Computer pro-
grams for generation-expansion planning include reliability: analysis and
loss-of-load probability (LOLP) programs, production cost programs, and
investment cost programs.

POWERWORLD SIMULATOR

PowerWorld Simulator (PowerWorld) version 12_GSO is a commercial-grade
power system analysis and simulation package that accompanies this text,

The purposes of integrating PowerWorld with the text are to provide com-

puter solutions to examples in the text, to extend the examples, to demon-
strate topics covered in the text, to provide a software tool for more realistic
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design projects, and to provide the readers with experience using a commer-
cial grade power system analysis package. To use this software package, first
install PowerWorld on your computer by following the instructions on the
CD that accompanies the text. Note, while the book comes with the most re-
cent version at the time of publication, in the future updated versions of this
software can be downloaded at www.powerworld.com/GloverSarmaOverbye.
The remainder of this section provides the necessary details to get up and
running with PowerWorld.

Introduction to PowerWorld Simulator

FIGURE 1.6

Example power system

After installing PowerWorld, double-click on the PW icon to start the pro-
gram. Power system analysis requires, of course, that the user provide the
program with a model of the power system. With PowerWorld you can either
build a new case (model) from scratch or start from an existing case. Initially
we'll start’ from an existing case. Select File, Open Case. This displays the
Open Dialog. Select the Example 1_1 case in the Chapter 1 directory, and
then click Open. The display should look similar to Figure 1.6.

For users familiar with electric circuit schematics it is readily apparent
that Figure 1.6 does NOT look like a traditional schematic. This is because
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the system is drawn in what is called one-line diagram form. A brief explana-
tion is in order. Electric power systems range in size from small dc systems
with peak power demands of perhaps a few milliwatts (mW) to large
~ continent-spanning interconnected ac systems with peak demands of hun-
dreds of Gigawatts (GW) of demand (I GW = | x 10% Watt). The subject of
this book and also PowerWorld are the high-voltage, high-power, inter-
connected ac systems. Almost without exception these systems operate using
three-phase ac power at either 50 or 60 Hz. As discussed in Section 2.6, full
analysis of an arbitrary three-phase system requires consideration of each of
the three phases. Drawing such systems in full schematic form quickly gets
excessively complicated. Thankfully, during normmal operation three-phasc
systems are usually balanced. This permits the system to be accurately
modeled as an equivalent single-phase system (the details are discussed in
Chapter 8, Symmetrical Components). Most power system analysis packages,
inctuding PowerWorld, use this approach. Then connections between devices
are then drawn with a single line joining the system devices, hence the term
“one-line” diagram. However, do keep in mind that the actual systems are
three phase. : ’

Figure 1.6 iliustrates how the major power system components are rep-
resented in PowerWorld. Generatars are shown as a circle with a “dog-bone™
rotor, large arrows represent loads, and transmission lines are simply drawn
as lines. In power system terminology, the nodes at which two or more de-
vices join are called buses. In PowerWorld think lines usually represent buses:
the bus voltages are shown in kilovolts (kV) in the fields immediately to the
right of the buses. In addition to voltages, power engineers are also concerned
with how power flows through the system (the solution of the power flow
problem is covered in Chapter 6, Power Flows). In PowerWorld, power flows
can be visualized with arrows superimposed on the generators, loads, and
transmission lines. The size and speed of the arrows indicates the direction of
flow.

One of the unique aspects of PowerWorld is its ability fo animate
power systems. To start the animation, select Simulation from the main
menu, the select Solve and Animate (i.e., Simulation, Solve and Anjmate}. The
one-line should spring to life! While the one-line is being animated you can
interact with the system. Figure 1.6 represents a simple power system in
which a generator is supplying power to a load through a 16 kV distribution
system feeder. The solid red blocks on the line and load represent circait
breakers. To open a circuit breaker simply click on it. Since the load is series
connected to the generator, clicking on any of the circuit breakers isolates the
load from the generator resulting in a blackout. To restore the-system click
again on the circuit breaker to close it and then again select Simulation, Solve
and Animate. To vary the load click on the up or down arrows between the
load value and the “MW?” field. Note that because of the impedance of the
line, the load’s voltage drops as the load is increased.

You can view additional information about most of the elenfents on the
one-line by right-clicking on them. For example right-clicking on the genera-
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tor symbol brings up a local menu of additional information about the gen-
erator, while right-clicking on the transmission line brings up local menu of
information about the line. The meaning of many of these fields will become
clearer as you progress through the book. To modify the display itself simpty
right-click on a blank area of the one-line. This displays the one-line local
menu. Select Oneline Display Options to display the Oneline Display Options
Dialog. From this dialog you can customize many of the display features.
For example, to change the animated flow arrow color select the “Animated
Flows™ from the options shown on the left side of the dialog. Then click on
the green colored box next to the “Actual MW field (towards the bottom of
the dialog) on the to change its color. There are several techniques for pan-
ning and/or zooming on the one-line. One method to pan is to press the key-
board arrow keys in the direction you would like to move. To zoom just hold

. down the Ctrl key while pressing the up arrow to zoom in, or the down arrow

to zoom out. Alternatively, you can drag the one-line by clicking and holding
the left mouse button down and then moving the mouse—the one-line should
follow. To go to a favorite view, from the one-line local menu select the Go
To View to view a list of saved views.

1f you would like to retain your changes after you exit PowerWorld you
need to save the results. To do this select File, Save Case As and then enter a
different file name so as to not overwrite the initial case. One important note:
PowerWorld actually saves the information associated with the power system
model itself in a different file from the information associated with the one-
line. The power system model is stored in *.pwb files (PowerWorld binary
file) while the one-line display. information is stored in *.pwd files (Power-
World display file). For all the cases discussed in this book, the names of
both files should be the same (excepting the different extensions). The reason
for the dual file system is to provide flexibility. With large system models, it is
quite common for a system to be displayed using multiple one-line diagrams.
Furthermore, a single one-line diagram might be used at different times to
display information about different cases. '

PowerWorld Simulator—Edit Mode

PowerWorld has two major modes of operations. The Run Mode, which was
just introduced, is used for running simulations and performing analysis. The
Edit Mode, which is used for modifying existing cases and building new
cases,. is introduced in this example. To switch to the Edit Mode click on the
Edit Mode button in the top center of the display. We’ll use the edit mode to
add an additional bus and load as well as two new lines to the system given
in Example 1.1.

When switching to the Edit Mode, notice that the main menu changes
slightly, several new toolbars appear, and that the one-line now has a super-
imposed grid to help with alignment (the grid can be customized using the
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Grid/Highlight Unlinked options category on the Oneline Display Options
Dialog). In the Edit Mode, we will first add a new bus to the system. This can
be done graphically by first selecting Insert, Bus and then moving the mouse
to the desired one line location and clicking (nhote the Imsert menu is only
available in the Edit Mode). The Bus Options dialog then appears. This dia-
log is used to set the bus parameters. For now leave all the bus fields at their
default values, except set Bus Name to “Bus 3” and set the nonunal voltage
to “16.0; note that the number for this new bus was automatically set to the
one greater than the highest bus number in the case. The one-line should look
similar to Figure 1.7.- You may wish to save you case now to avoid losing
your changes.

By default, when a new bus is inserted a “bus field” is also inserted. Bus
fields are used to show information about buses on the one-lines. In this case
the new field shows the bus name, although initially in rather small fonts. To
change the field’s font size click on the field to select it, and then select For-
mat, Font to display the Font dialog. To make it -easier to see, change the
font’s size to a larger value. Since we would also like to see the bus voltage
magnitude, we need to add an additional bus field. Select Insert, Field, Bus
Field and then click near bus 3. This displays the Bus Field Options dialog.
Make sure the bus number is set to 3, and that the “Type of Field” 1s Bus
Voltage. Again resize with the Format, Font dialog.
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EXAMPLE 1.3

Next, we’ll insert some load at bus 3. This can be done graphically by
selecting Insert, Load, and then clicking on bus 3. The Load Options dialog
then appears, allowing you to set the load parameters. Note that the load was
automatically assigned to bus 3. Leave all the fields at their default values,
except set the orientation to “Down”, and enter 5.0 in the Constant Power
column MW Value field: As the name implies, a constant power load treats
the load power as being independent of bus voltage; constant power loads
models are commouly used in power system analysis. By default PowerWorld
“anchors” each load symbol to its bus. This is a handy feature when chang-
ing a drawing since when you drag the bus the load and all associated fields
move as well. Note that two fields showing the load’s real (MW) and reactive
{Mvar) power were also auto-insertéd with the load. Since we won’t be need-
ing the reactive right now, select this field and then select Edit, Delete to
remove it. You should also resize the MW field using the Format, Font
command. '

Now we need to join the bus 3 load to the rest of the system. We'll
do this by adding a line from bus 2 to bus 3. Select Insert, Transmission Line
and then click on bus 2. This begins the line drawing. During line drawing
PowerWorld adds a new line segment for each mouse click. After adding
several segments place the cursor on bus 3 and double-click.” The Transmis-
sion Line/Transformer Options dialog appears allowing you to set the line
parameters. Note that PowerWorld should have auto set the “from” and
“to” bus numbers based upon the starting and ending buses (buses 2 and 3).
If these values have not been set automatically then you probably did not
click exactly on bus 2 or bus 3; manually enter the values. Next, set the line’s
Series Resistance (R) field to 0.3, the Series Reactance (X) field to 0.6, and
the MVA Limits Limit A field to 20 (the details of transformer and transmis-
sion line modeling is covered in Chapters 3 through 5). Select OK to close the
dialog. Note that Simulator also auto-inserted two circuit breakers and a
round “pie chart” symbol. The pie charts are used to show the percentage
loading of the line. You can change the display size for these objects by right-
clicking on them to display their option dialogs.

PowerWorld Simulator—Run Mode .

Next, we need to switch back to Run Mode to animate the new system de-
veloped in Example 1.2. Click on the Run Mode button and then select Sim-
ulation, Solve and Animate to start the simulation. You should see the arrows
flow from bus 1 to bus 2 to bus 3. Note that the total generation is now about
10.4 MW, with 10 MW flowing to the two loads and 0.4 MW lost to the wire
resistance. To add the load variation arrows to the bus 3 load click on the
load MW field (not the load arrow itself) to display the field’s local menu.
Select Load Field Information Dialog to view the Load Field Options dialog.
Set the “Delta per Mouse Click” field to “1.0”, which will change the load



FIGURE 1.8

Example 1.3-—new
three-bus system

SECTION 1.5 POWERWORLD SIMULATOR 29

,....‘,.‘. .-‘.c gmgg...u-u .e.l.....«.u_mg.m\mnm\u‘-amm*nwwzuﬂgﬁ MpCE) iy = .m:ﬁ)l
5&’-’5&5#90’&"{51@ (‘;‘ﬁ@ﬂ;ﬂ;‘“ tog T sech soLzen s bt BRI 2B E
oon-EEE ASTIEN@®- 2@ - S fARQQ 0w cmas & F 00 R-5-7-f 3

Two Bus Power System
Transmission Line
Bus 1 - 16.00 kV Bus 2 15.75 kv
> >—>—)~—>®—>— /o
// 7
Generator . - v Load

/’,,-' Q \ /

Y j 00%!

10.15 MW Bus3 -1 1575ky °-00gMW

5.00EMwW

A | 55
o TS e S opged | AT i Gaanene

by one MW per click on the up/down arrows. You may also like to set the
“Digits to Right of Decimal” to 2 to see more digits in the load field. Be sure
to save your case. The new system now has one generator and two loads. The
system is still radial, meaning that a break anywhere on the wire joining bus
1 to bus 2 would result in a blackout of all the loads. Radial power systems
are quite common in the lower voltage distribution systems. At highér volt-
age levels, networked systems are typically used. In a networked system, each
load has at least two possible sources of power. We can convert our system to
a networked system simply by adding a new line from bus 1 to bus 3. To do
this switch back to Edit Mode and then repeat the previous line insertion

~ process except you should start at bus 1 and end at bus 3; use the same line
parameters as for the bus 2 to 3 line. Your final system should look similar to
the system shown in Figure 1.8. Note that now you can open any single line
and still supply both loads—a nice increase in reliability!

With this introduction you now have the skills necessary to begin using
PowerWorld to interactively learn about power systems. If you'd like to take
a look at some of the larger systems you’ll be studying, open PowerWorld
case Example 6.13. This case models a power system with 37 buses. Notice
that when you open any line in the system the flow of power immediately re-
distributes to continue to meet the total load demand.
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Fossil-fuel (oillgas) power
plant with two 850-MV A
generating units ( Courtesy
of PacifiCorp.)

FUNDAMENTALS

The objective of this chapter is to review basic concepts and establish termi-
nology and notation. In particular, we review phasors, instantaneous power,
complex power, network equations, and elementary aspects of balanced three-
phase circuits. Students who have already had courses in electric network
theory and basic electric machines should find this chapter to be primarily re-
fresher material.
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CASE STUDY

The following article describes the recent penetration of distributed generation into

electric utility generation markets and forecasts of distributed generation market growth.
Throughout most of the twentieth century, electric utility companies built increasingly
larger generating plants, primarily hydro or thermal (using coal, gas, oil, or nuclear fuel)
that connected to transmission systems. At the end of the twentieth century, following
the ongoing deregulaton of the electric utility industry with increased competition in the
United States and in other countries, smaller generation sources that connect directly to
distribution systems have emerged. Distributed generation sources include renewable
technologies (including geothermal, ocean tides, solar, and wind) and nonrenewable
technologies (including internal combustion engines, combustion turbines, combined cycle,

microturbines, and fuel cells) [5].

Distributed Generation: Semantic Hype
or the Dawn of a New Era?

HANS B. PUTTGEN, PAUL R. MACGREGOR,
AND FRANK C. LAMBERT

As the electric utility industry continues to re-
structure, driven both by rapidly evolving regulatory
environments and by market forces, the emergence
of a number of new generation technologies also
profoundly influences the industry’s outlook. While
it is certainly true that government public policies
and regulations have played a major role in the rap-
idly growing rate at which distributed generation is
penetrating the market, it is also the case that a
number of technologies have reached a develép-
ment stage allowing for large-scale implementation
within existing electric utility systems.

At the onset of any discussion related to dis-
tributed generation, one question begs to be an-
swered: Is the fact that electric power producing
facilities are distributed actually a new and revolu-
tionary concept! Have power plants not always
been located across broad expanses of land? The
answer to these questions clearly is that electric
power plants have always been sited all across the
service territories of the utilities owning them.
Hence, the opening question: As with many so-
called innovations that have been put forward dur-
ing the recent past, is the entire concept of dis-

(“Distributed Generotion: Semantic Hype or ...” by Hans B,
Piittgen, Paul R MacGregor, and Frank C. Lambert, IEEE
Power & Energy (Jan/Feb 2003) pg. 22-29.)

tributed generation a simple semantic marketing
hype or are we actually at the dawn of a new elec-
tric power generation era’ We believe that a new
electric power production industry is emerging, and
that it will rely on a broad array of new tech-
nologies. This article sets the stage for further cov-
erage of distributed generation to appear in future
issues of [EEE Power & Energy Magazine.

PRESENT POWER PRODUCTION
SITUATION

Since the beginning of the twentieth century, the
backbone of the electric power industry structure
has been large utilities operating within well-defined
geographical territories and within local market
monopolies under the scrutiny of various regulatory
bodies. Traditionally, these utilities own the genera-
tion, transmission, and distribution facilities within
their assigned service territories; they finance the
construction of these facilities and then incorporate
the related capital costs in their rate structure
which is subsequently approved by the relevant
regulatory bodies. The technologies deployed and
the siting of the new facilities are generally also
subject to regulatory approval.

Three major types of power pfants have been
constructed primarily:
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TABLE I Worldwide installed capacity (GW) by | January 2000. (Source: Energy Information Administration.)

Region Thermal Hydro Nuclear Other/Renew Toral
North America 642 176 109 18 945
Central and South America 64 112 2 3 181
Western Europe 353 142 128 10 633
Eastern Europe and former USSR 298 80 48 0 426
Middle East %94 4 0 0 98
Africa 73 20 2 0 95
Asia and Oceania 651 160 69 4 884
Total 2,175 694 358 35 3,262
Percentage 66.6 21.3 11.0 [ 100

« hydro, either run-of-the-river facilities or var-
ious types of dams

+ thermal, using either coal, oil, or gas

* nuclear.

Until the end of the twentieth century, other
generation technologies only had an incidental im-
pact.

Table | shows the installed capacities on a
worldwide basis at the end of the twentieth century.

As we look into the future, all three technologies
mentioned above have their own sets of problems
associated with them:

+ Given their friendly environmental impact, hy-
dro power plants are most often the preferred
generation technology wherever and whenever
feasible. However, the identification of feasible
new sites in highly industrialized countries is
becoming increasingly difficult. In highly devel-
oped countries, where the cost-attractive tra-
ditional hydro facility sites have been almost
entirely built, some power plants could be, and
are, reconfigured to become pumped-storage
facilities. On the other hand, while hydro elec-
tric power production is saturating within in-
dustrialized countries, it represents very signif-
icant development opportunities in several
developing regions of the world. While hydro
power plants do not create any poliution re-
lated to their daily operation, they do bring
significant environmental and often societal up-

.

heaval when they are constructed. Recently
completed facilities or on-going construction
projects in South America and Asia have been,
and remain, at the center of controversies that
go far beyand the national boundaries of their
home nations.

Even though several pollution-abatement tech-
nologies are being successfully implemented,
often at significant capital and operational costs,
fossil fuel thermal power plants bring operating
pollution problems that are becoming increas-
ingly difficult to ignore. The emergence of a
broad array of “green power” marketing ini-
tiatives provides yet another indication of the
growing concern regarding air pollution. While
some parts of the world have significant coal
reserves, a growing concern is the depletion of
the world’s increasingly scarce oil and gas re-

'serves for the purpose of electricity produc-

tion. Future generations will most probably
need our remaining carbon resources to fulfill
materials production requirements as opposed .
to as a raw energy source. :

Except for a few economically emerging regions
of the world, it is safe to observe that nuclear
power production, using existing technologies,
will decrease during the coming decades as old
plants are retired and are not being replaced.
Several European countries, such as Germany
and Sweden, have enacted laws to accelerate
the decommissioning of existing nuclear power
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plants. However, emerging technologies, such
as the pebble bed technology. which altow for a
highly standardized manufacturing of the power
plants with modular installed capacities, may
revive the nuclear power industry as will most
probably be required within any generation mix
that is free of fossil fuels.

As the technologies evolved, ever larger power
production units were constructed allowing their
operators to take full advantage of construction-
cost econemies of scale to provide a more cost-
attractive generation mix to their customers. How-
ever, siting these ever larger facilities has become
increasingly difficult. Hydro facilities must be sited as
dictated by geography, even if this means displacing
very large population centers and/or permanently
and seriously affecting the local ecology. Since it is
more convenient to transport energy in its electric
form, fossil thermal plants are generally sited either

close to raw fuel sources or to fuel conversion/:

treatment facilities. The pollution concerns men-
tioned earlier dictate their siting far away from
population centers. A broad range of environmental
concerns mandate that nuclear power plants be lo-
cated far away from population centers.

These siting issues, as well as the need to share
these large power production facilities within a for-
malized market structure, have required the con-
struction of large, complex, and capital-intensive
electric power transmission networks. These trans-
mission networks have become an increasing source
of concern as their sustained development becomes
a problem from a right-of-way point of view and as
their economic operation comes in limbo under a
reregulated electric utility industry. Ecological and
environmental protection concerns, as well as po-
litical pressure, also often mandate that new trans-
mission facilities be constructed underground,
which even further compounds the issue by impos-
ing often unbearable construction cost impediments.

As the industry enters the competitive arena,
fewer and fewer corporations are capable of taking
on the financing of the construction of large electric
power plants at costs far exceeding a billion dollars.
Under the present ecanomic and investment cli-

mate, with its almost exclusive focus on short-term
results, the justification of a multibillion dollar in-

vestment with a’pay-back period measured in de-

cades has become virtually impossible. In several
industrialized countries, aggressive public policies
backed by strict regulatory mandates are such that
electric power production within the confines of
vertically integrated: utilities has most probably been
relegated to the past, white a true highly diversified
electric power production industry is the future.

WHAT IS DISTRIBUTED GENERATION?

Before launching into an overview of distributed
generation, it is appropriate to put forward a defi-
nition or at least an operational confine related to
distributed generation. It is generally agreed upon
that any electric power production technology that
is such that it is integrated within distribution sys-
tems fits under the distributed generation umbrella.
The designations “distributed” and “dispersed” are
used interchangeably.

One can further categorize distributed genera-
tion technologies as renewable and nonrenewable.
Renewable technologies include:

« solar, photovoltaic or thermal
« wind

« geothermal

-~ ocean.

Nonrenewable technologies include:

* internal combustion engine, ice
+ combined cycle

+ combustion turbine

* microturbines

> fuel cell.

Distributed generation should not to be confused
with renewable generation. Distributed generation
technologies may be renewable or not; in fact, some
distributed generation technologies could, if fully
deployed, significantly contribute to present air pol-
lution problems.

The increased market penetration of distributed
generation has also been the advent of an electric
power production industry. Many, if not most, of



the players in this industry are not the traditional
electric utilities; in fact, several of these new players
actually are spin-offs of the traditional utilities. Elec-
tric power production facilitias that do not belong
to electric utilities are referred to as nonutility gen-
erators (NUGs). The rapid emergence of NUGs is
illustrated by the fact that, starting during the early
1990s, more generation capacity is added each year
in the United States by NUGs ‘than by traditional
electric utilities. NUGs represented 5% of the in-
stalled generation capability in the United States at
the beginning of the 1990s; by the end of the de-
cade, the proportion had grown to 20% as it grew
from less that 40 GW to more than 150 GW. These
statistics also take into account the fact that several
large electric utilities have actually spun off their
generation capabilities within separate corporate
entities, while they have remained as what has now
been referred to as “wire companies.”

CAPABILITY RATINGS AND SYSTEM
INTERFACES

While future issues of /EEE Power & Energy Magazine
will focus on specific distributed generation tech-
nologies, it is useful to broadly mention the range of
capabilities for the various technologies generally
falling under the distributed generation category
(Table 2). The electric power network interface,
which plays a major role when considering the net-
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work operation aspects related to dispersed gener-
ation, is also listed in Table 2.

MARKET PENETRATION

While reliable and representative historic data are
difficult to produce, distributed generation market
penetration is expected to increase dramatically
during the next few years (Figure 1).

Leading manufacturers, market research orga-
nizations, and consulting entities of the industry
project that the distributed generation market will
be betwean US$!0 and 30 billion by the year 2010.
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Figure |

Distributed generation market growth. (Source: Merrill
Lynch and the U.S. Energy Information Agency (EIA),
January 2001.)

TABLE 2 Distributed generation capabilities and system interfaces.

Technology

Typical Capability Ranges

Utility Interface

Solar, photovoltaic

Wind A few hundred W to a few MW
Geothermal A few hundred kKW to a few MW
Ocean A few hundred kW to a few MW

ICE A few hundred kW to tens of MW
A few tens of MW to several hundred

Combined cycle
MW

Combustion turbine

Microturbines

Fuel celis

A few W to several hundred kW

A few MW to hundreds of MW
A few tens of kW to a few MW
A few tens of kW to a few tens of MW

dc to ac converter
asynchronous-generator

synchronous generator .
four-quadr. synchronous machine
synchr. generator or ac to ac converter
synchronous generator

synchronous generator
ac to ac converter
dc to ac converter
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Since another article is this issue of IEEE Power &
Energy Magazine is on green power, the following
discussion focuses on three nonrenewable tech-
nologies that have significant immediate or short-
term potential.

Internal combustion engine generators

At the present time, the predominant distributed
generation technology is represented by internal
combustion engines (ICE) driving standard electric
generators. By 1996, over 600,000 units were in-
stalled in the United States with a combined installed
capacity exceeding 100,000 MW. While the unit
sizes ranged from a few kW to well over several
MW, almost 70% of all units had installed capacities
ranging from 10 to 200 kW. The vast majority of
these units were instalied to serve as backup gen-
erators for sensitive loads (such as special manu-
facturing facilities, large information processing cen-
ters, hospitals, airports, military installations, large
office towers, hotels, etc.) for which long-duration
energy supply failures would have catastrophic con-
sequences.

These units represent a significant potential en-
ergy production resource in view of their very Jow
load cycles. Several corporations, including existing
utilities, are starting to offer remote management
services for these units such that they can become
revenue sources for their owners. While such in-
creased energy production using backup ICE gen-
erators would enable delaying construction of new
generation capacity, such utilization of engine gen-
erators creates location-specific environmental is-
sues associated with the equipment’s operational
characteristics as well as potential utility inter-
connection issues. -

Specifically, engine generators feature high levels
of NO, emissions and represent a potential noise
nuisance to their immediate surroundings. While
noise abatement materials and enclosures may be
applied at fairly low costs to address the latter issue,
the remedies for NO, emissions, such as selective
catalytic reduction (SCR), are quite expensive. The
capital cost of adding.an SCR system to an engine
generator can double its installed cost. The sheer
size of the SCR system can make the installation in-

550 kW internal combustion engine generator installed in
the basement of an office building. Cooling is on the far
right; the engine is in the middle with the generator on
the left with the control module on the far feft. The
vertical exhaust is in the middle.

feasible for many existing engine generators located
in restrictive building enclosures.

From an electric utifity perspective, as potential
incremental generation capacity, distributed engine
generators, with their low installed costs and fairly
high operational costs, represent super-peaking ca-
pacity that could be economically dispatched, albeit
only a few hundred hours per year. Under such
peaking operational scenarios, the total contribution
of NO, emissions by engine generators, as a per-
centage of the total from all generation, would be
fairly low. The deployment of this large and un-
tapped peak generation capacity presently is largely
prohibited in most industrialized countries by exist-
ing environmental protection regulations. Since this
significant generation capacity is already installed, its
release could be almost immediate after regulatory
relief is promulgated.

With regards to potential utility interconnection
issues, most existing engine generators are sized to
provide power to critical and emergency loads only,
i.e., only to a fraction of the total on-site load. These
engine generators, when operated during non-
emergencies, would only be reducing on-site peak
demand, and the supply requirements from the util-



ity system and generally would not be injecting
power back into the utility network. With proper
switchgear and breaker configurations, these engine
generators may be operated in parallel with the local
electric utility system without significant implications
to the utility system operation or personnel safety.

Fuel celis

Fuel cells probably represent the power production
technology receiving the most development atten-
tion. Each individual fuel cell consists of an electro-
lyte that is “sandwiched” between fuel and oxidant
- electrodes. The fuel typically is hydrogen and the
oxidant typically is oxygen. The fuel cell produces
electricity directly by way of various chemical re-
actions without an intermediate conversion into
mechanical energy. While some particular applica-
tion fuel cells directly use hydrogen as the raw
source of energy, the hydrogen fuel is typically ex-
tracted from some form of fossil fuel.

Individual fuel cells are combined in- various se-
ries and parallel configurations to constitute a fuel
cell system. The fuel cell system, which produces dc
electricity, is connected to the local utility system by
way of a power electronic dc to ac converter.

Five 200 kWV fuef cells. (Courtesy UTC Fuel Cells.)

Fuel cells are developed for both mobile and
stationary applications. The mobile applications are
already being deployed for buses and are in various
experimental stages for automobiles, Stationary sys-
tems are being installed in residential and commer-
cial applications in the United States and Europe.
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The major types of fuel cells are designated by
the type of electrolytes used.

+ Alkaline fuel celt (AFC): This is one of the ear-
liest fuel cell technologies that has been suc-
cessfully deployed during many NASA shuttle
missions. AFCs use a liquid solution of potas-
sium. hydroxide as the electrolyte with an op-
erating temperature of 70-90 °C. The lower
operating temperature ‘facilitates rapid startup
of the unit. One of the major disadvantages of
this technology is its intolerance of CO, and
the requirement to install expensive CO;
scrubbers.
Polymer electrolyte membrane or proton ex-
change membrane (PEM): This fuel cell tech-
nology utilizes a solid polymer as the electro-
lyte. The polymer is an excellent conductor of
protons and an insulator of electrons; it does
not require liquid management. This unit fea-

tures a low operating temperature of 70-90
°C, which facilities rapid startup. The PEM fuel
cell has a high power density and is a leading
candidate for portable power, mobile, and res-
idential sector applications.

-Solid oxide fuel cell (SOFC): A solid.ceramic
material is used for the electrolyte at operating
temperatures of 600—!,000 °C. This high op-
erating temperature, while hampering rapid
startup as required for most mobile applica-
tions, helps to increase the efficiency and frees
up the SOFC to use a variety of fuels without a
separate reformer. This technology is primarily
targeted at medium and large-scalé stationary
power. generation applications.

Molten carbonate fuel cell (PAFC): A molten
carbonate salt mixture is used for the electro-
lyte and requires operating temperatures of
600-1,000 °C. This technology is targeted at
medium- and large-scale stationary power gen-
eration applications.

Phosphoric acid” fuel cell (PAFC): A liquid
phosphoric acid contained in a Feflon matrix is
used as the electrolyte for these fuel cells. The
operating temperature is 175-200 °C to facili-
tate the removal of water from the electrolyte.
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This technology is very tolerant to impurities in
the fuel stream and is the most mature in terms
of system development and commercialization.
Over 200 stationary units with a typical capac-
ity of 200 kW have been installed in the United
States.

Microturbines

Microturbines are essentially very small combustion
turbines, individually of the size of a refrigerator,
that are often packaged in multiunit systems. In most
configurations, the microturbine is a single-shaft
machine with the compressor and turbine mounted
on the same shaft as the electric generator. With a
single rotating shaft, gearboxes and associated parts
are eliminated, helping to improve manufacturing
costs and operational reliability. The rather high ro-
tational speeds vary in the range from 50,000 to
120,000 rpm, depending on the output capacity of
“the microturbine. This high-frequency output is first
rectified and then converted to 50 or 60 Hz.

Despite lower operational. temperatures than
those of combustion turbines, microturbines pro-
duce energy with efficiencies in the 25 to 30% range.
These efficiencies are made possible by deploying,
for example, a heat recuperation system that trans-
fers waste heat energy from the exhaust stream
back into the incoming air stream. The generator is
cooled by airflow into the turbine, thereby elimi-
nating the need for liquid cooling equipment and
associared auxiliary power requirements. Some mi-
croturbines use air bearings, thereby eliminating the
need for oil systems and their associated power re-
quirements.

Microturbines are capable of burning a number
of fuels at high- and low-pressure levels, including
natural gas, waste (sour) gas, landfilf gas, or propane.
Regardless of the fuel, microturbines have demon-
strated that they feature very low air pollution
emissions, particularly NO, emissions, at about 1/
t00th of the level of diesel-fired ICEs. Microturbines
emit significantly lower noise levels and generate far
less vibration than ICEs.

Two primary concerns are associated with mi-
croturbines that could impact their rate of market
adoption: capital cost and equipment lifetime. Spe-

Figure 2
Microturbine sales growth. (Source: Primen, January
2001.)

cifically, the capital cost of a microturbine, on a per
installed kWY basis, can be several times that of an
ICE. and the projected equipment life time, mea-
sured in operational hours before replacement, is
several times shorter than for an ICE. The combined
result of these impediments.is a significantly higher
tife cycle cost compared to other distributed gener-
ation technologies, such as ICEs. ‘
Nevertheless, microturbine sales, driven by envi-

‘ronmental concerns and niche applications such as

fandfills, have been- increasing dramatically since the
commercial introduction of a 30 kW model in 1999 -

(Figure 2).

POTENTIAL GENERATION MIX ISSUES

When considering-a significant market penetration
of distributed generation technologies, it is impor-
tant to keep in mind that several of them, such as
solar and wind, are not dispatchable by man. The
generation mix issue is likely to first come to a head
in conjunction with wind power, which is rapidly
being developed in several countries around the
world. Among the leading countries are: Germany,
United States, Spain, Denmark, and India. Some
1,600 MW of wind power were installed in the
United States in 2001, with the state of Texas lead-
ing the way; Texas is forecasting that over 10% of its
electricity demand will be supplied by wind power
by the year 2010. Germany, which presently has



over 11,000 MW of installed wind power, is putting
increased emphasis on the technology as its

socialist-green party coalition seeks to curtail and
eventually eliminate its nuclear power production
facilities. :

30 kW microturbine. (Capstone Turbine Corp.)

The Danish wind power situation is particularly
interesting. While Germany, the United States, and
Spain each have more installed wind power capacity,
Denmark leads the pack in terms of relative market
penetration. In 1996, the Danish government set
forth a national energy long-range plan that called
for 1,500 MW of installed wind power by the year
2005; this goal was already reached by the end of
the year 1999. By the year 2030, wind power is ex-
pected to reach 5500 MW, such that 50% of the
electricity demands will be satisfied using wind
power. Since Denmark does not have a lot of unin-
habited land and since the available land is precious
for agricultural endeavors, most of the new wind
power capacity is added by way of wind farms in-
stalled at sea. Such installations at sea, while bringing
significant challenges in terms of underwater cable
systems, partially alleviate the environmental con-
- cern of noise.

Two major problems have to be addressed when

such aggressive goals are set for nondispatchable.

distributed generation, such wind power production:

* Wind power is very cyclical and also unpre-
dictable. Stand-by energy must be available
“when wind energy is not available. Such stand-
by energy can either be provided by near-by
systems, such as Germany or Sweden in the
case of Denmark, or by other energy storage
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technologies. Germany is also rapidly develop-
ing its wind power capabilities while curtailing
its thermal production facilities; the same is
true for Sweden. Denmark’s geography is such
that the construction of pumped-storage hydro
facilities is unrealistic. As a result, Denmark
may have to revise downward its ambitious
wind power plans due to the lack of available
backup energy resources.

Wind generators overwhelming feature
induction-asynchronous  generators. While
these machines are particularly well suited to
the variable speed nature of wind machines,
they can not operate without reactive power
support from the network to which they are
connected. As a result, the Danish utilities are
faced with significant reactive power support
issues which will only become worse as wind
power penetration increases.

NETWORK CONSIDERATIONS

Distributed generation technologies are over-
whelmingly connected to existing electric power
delivery systems at the distribution level. One of
their significant benefits is that they are modular
enough to be conveniently integrated within electric
distribution systems, thereby relieving some of the
necessity to invest in transmission system expan-
sion. ‘

However, significant penetration within existing
electric distribution systems is not without a new
set of problems. The following are among the key
issues that must be addressed.

Power quality

Several of the distributed generation technologies
rely on some form of power electronic device in
conjunction with the distribution network interface,
be it ac-to-ac or dc-to-ac converters. All of these
devices inject currents that are not perfectly sinus-
oidal. The resulting harmonic distortion, if not
properly contained and filtered, can bring serious
operational difficulties to the loads connected on
the same distribution system. Existing standards
have been enacted to limit the harmonic content
acceptable in conjunction with various power elec-
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tronic loads; similar standards are required for dis-
tributed generation systems and are under various
stages of preparedness.

Reactive power coordination

Distributed generation, implemented at the distri-
bution level, i.e., close to the load, can bring signifi-
cant relief to the reactive coordination by providing
close proximity reactive power support at the dis-
tribution level, provided the proper network inter-
face technology is used and that proper system
configuration has taken place. However, wind gen-
eration actually contributes to worsen the reactive
coordination problem. Most wind generators’ fea-
ture asynchronous induction generators that are
ideally suited to the variable speed characteristics of
wind machines but that must rely on the network to
which they are connected for reactive power sup-
port.

Reliability and reserve margin

Several distributed generation technologies are such
that their production levels depend on mother na-
ture (wind and solar) or are such that their avail-
ability is subject to the operational priorities of their
owners, The requirement to use -sophisticated
power electronic network interfaces may affect the
plant’s availability. As a result, the issue of reliability
comes to the forefront along with the necessity to
maintain sufficient generation reserve margins. Tra-
ditionally, the vertically integrated utility was also
responsible for the availability of sufficient reserve
margins to ensure adequate system reliability. Under
a highly distributed generation ownership scenario,
assignment of reserve margin maintenance increas-
ingly will become a problem unless a market-driven
solution is put forward.

Reliability and network redundancy

Most electric distribution systems feature a radial
network configuration as opposed to the meshed
structure adopted at transmission levels. As a result,
network redundancy becomes an issue when signif-
icant distributed generation is connected directly to
distribution systems since single line outages could
completely curtail the availability of generation fa-
cilities.

Safety

Distribution system protection schemes typically
are designed to rapidly isolate faults occurring either
at load locations or on the line itself. The assump-
tion is that, if the distribution line is disconnected
somewhere between the fault and the feeding
substation, then repair work can safely proceed.
Clearly, if distributed generation is connected on
the same distribution feeder, then significantly more
sophisticated protective relaying schemes must be
designed and implemented to properly protect not
only the personnel working on the lines but also the
loads connected to them,

Accountability

A daunting problem is looming over the “brave new
electric utility industry” in its restructured configu-
ration: Who will the customer call when the lights
go out! The local “wire company” might arguably
answer, “my wires are just fine, thank you." The
existence of local transmission company may not
even be known by the end-user. The power pro-
ducer might arguably respond, “please refer your
inquiry to your local wire company, with which we
have a service contract.” The resolution of this
all-important question is still very much open for
debate,

PUBLIC POLICY AND REGULATORY IMPACT

While it is not our intent to revisit the various reg-
ulatory environments that are driving the efectric
utility industry, it is worth summarizing their overall
framework. The actual implementation of public
policy varies from one country to another; how-
ever, the overall philosophies of these public poli-
cies share several common goals and outcomes.
Overall, the impetus of these policies are such that
they:

« Aim to create a competitive environment
where the customer will eventually have a
choice between several electric energy pro-
viders. The rate at which competitive markets
are opened up varies significantly from one
country to the next and even from one region
to the next within a particular country.



+ Aim to encourage the broad access to the
electric power production arena by a wide
range of players, particularly nonutility entities.
These policies have often resulted in the launch
of corporations that own electric power pro-
duction facilities all round the world as if they
were any other type of production facility.
Often result in the creation of electric utilities
that only own and operate electric power de-
livery systems. These wire companies sell their
services to the power producing corporations
to enable the delivery of electric energy be-
tween them and their customers using the wire
company infrastructure.

the transmission systems are increasingly in
limbo between production companies and dis-
tribution companies.

Public policies and regulations are often different
from one region of a country to another. Such lack
of uniformity does not facilitate the penetration of
new generation technologies. As some of the early
and more aggressive deregulation experiments,
which should be more appropriately referred to as
“reregulation” experiments, have failed, they are
being reconsidered by the legislatures having en-
acted them and by the regulators tasked with en-
forcing them. Such “time-of-the-day” public policies
and regulations also represent a manor hindrance to
accelerated distributed generation market penetra-
tion.

It is important not to overlook the tax incentive
impact on the development of emerging dispersed
generation technologies. In some instances, such
as photovoltaics and, to some extent, wind power,
the construction and subsequent operation of dis-
tributed generation facilities are almost entirely
driven by tax incentives, which often vary signifi-
cantly from one region to the next and from one
year to the next. They generally are provided at two
levels:

+ Construction tax incentives, either in the form
of an upfront grant or in the form of ac-
celerated depreciation schedules. In some
extreme, although rare, occasions, new gener-

Have, in effect, resulted in a situation in which -
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ation facilities have been constructed to harvest
the tax incentives and then almost never oper-
ated.

Operational tax incentives, generally in the
form of revenue tax abatements. In some oc-
casions, distributed generation facilities have
ceased operation only a few short years after
construction as the tax incentive structure has
changed.

STANDARDS

Important and mission-critical work is on-going in
the standards arena under the umbrella of the IEEE
Standard for interconnecting Distributed Resources with
Electric Power Systems (IEEE Standard P1547). The
tenth draft of the standard was balloted recently,
with an overwhelmingly positive affirmative out-
come. It is expected that the IEEE Standards Board
will approve the document in early 2003, which
would represent a major milestone in the develop-
ment of distributed generation.

Three working groups are developing companion
standards and guides as follows:

« IEEE Standard for Conformance Test Procedures
for Equipment Interconnecting Distributed Re-
sources with Electric Power Systems (IEEE Stan-
dard P1547.1) will provide manufacturers and
users with a common set of test procedures to
verify that the equipment to be deployed will
meet the requirements of IEEE Standard 1547.
This includes type, production, and commis-
sioning tests to provide repeatable results, in-
dependent of test location, and flexibility to
accommodate a variety of distributed resources
technologies.

IEEE Applications Guide for Interconnecting Dis-
tributed Resources with Electric Power Systems
(IEEE Standard Pi547.2) will provide the tech-
nical background and application details to sup-
port the understanding of IEEE Standard [547.
The background and rationale of the technical
requirements will be discussed in terms of the
operation of the distributed resource inter-
connection with the electric power systemi.
This docurmient will include technical descrip-



42 CHAPTER 2 FUNDAMENTALS

tions as well as schematics, applications guid-
" ance, and interconnection examples to enhance
the use of IEEE Standard 1547.
IEEE Guide for Monitoring, Information Exchange,
and Control of Distributed Resources with Electric
Power Systems (IEEE Standard P1547.3) will fa-
cilitate the interoperability of one or more
distributed resources interconnected with the
electric power system. It will describe func-
tionality, parameters, and methodology for
monitoring, information exchange, and control
for the interconnected distributed resources
with, or associated with, electric power sys-
tems.

FURTHER READING

IEEE Power Eng. Rev., vol. 22, pp. 5-23, Mar. 2002.
Series of articles on harnessing the power of hydro.

IEEE Power Eng. Rev., vol. 22, pp. 4-18, Sep. 2002,
and pp. 21-28, Oct 2002. Series of articles on wind
power.

Proc. IEEE, special issue “2001: An energy odys-
sey,” vol. 89, Dec. 2001.

H. B. Pattgen, D. R. Volzka, M. I. Olken, “Re-
structuring and reregulation of the US. electric
utility industry,” IEEE Power Eng. Rev., vol. 21, pp. 8—
10, Feb. 2001.

R. Mandelbaum, “Reap the wild wind,” pp. 34—
39, IEEE Spectr., vol. 39, Oct. 2002.

BIOGRAPHIES

Hans B. Piittgen is Georgia Power professor and
vice chair within the School of Electrical and Com-
puter Engineering at the Georgia Institute of Tech-
nology. He has been at Georgia Tech since 1981. He
is also the director and Management Board chair of
Georgia Tech's National Electric Energy Test, Re-

2.1

search, and Application Center (NEETRAC). He
serves as president of Georgia Tech Lorraine. He
received his Ingénieur Diplomé degree from the
Swiss Federal Institute of Technology, completed his
graduate business administration and management
education at the University of Lausanne, and re-
ceived his Ph.D. in electric power engineering from
the University of Florida. He is active in PES and
serves as president-elect.

Paul R. MacGregor is CEO of Delfin Energy.
Previously, he has served as executive vice president
for Altra Energy Technologies, vice president for
Energy Imperium, business development manager
for EDS Utilities, and product manager for both
Power Technologies and General Electric. He has
authored over 35 technical papers, was named as
one of three finalists of the Eta Kappa Nu Out-
standing Young Electrical Engineer Award, and was
elected to the Georgia Tech Council of Outstanding
Young Engineering Alumni. He graduated from the
Georgia Institute of Technology with B.S.,, M.S,, and
Ph.D. degrees in electrical engineering as well as a
M.S. in technology and science policy. He has served
as chair, vice chair, and treasurer for the Sche-
nectady Chapter of {EEE and is the past chair of an .
IEEE PES technical committee working group on In-
vestment Strategies.

Frank C. Lambert is the Electrical Systems
program manager at NEETRAC at the Georgia In-
stitute of Technology. He received BS. and M.S.
degrees in electric power engineering from Georgia
Tech. He worked for Georgia Power Company
from 1973 until 1995, gaining experience in distri-
bution and transmission engineering, operations,
and management. He joined NEETRAC in 1996 to
manage the Electrical Systems Research Program
and is active in PES, where he serves on several
working groups in the Distribution Subcommittee.

PHASORS

A sinusoidal voltage or current at constant frequency is characterized by two
parameters: a maximum value and a phase angle. A voltage



FIGURE 2.1_

Phasor diagram for
converting from polar to
rectangular form
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v(t) = Vinax cos(wt + 5) (2.1.1)

has a2 maximum value Vi, and a phase angle 6 when referenced to cos(wt).
The root-mean-square (rms) value, also called effective value, of the sinusoi-
dal voltage is '

Vinax
V2

Euler’s identity, e/ = cos ¢ + j sin $, can be used to express a sinusoid
in terms of a phasor. For the above voltage,

V=

(2.12)

v(t) = Re[Vipaxe’ )
= Re[V2(Ve?)el| (2.1.3)

where j = v/—1 and Re denotes “real part of.”” The rms phasor representation
of the voltage is given in three forms—exponential, polar, and rectangular:

V= Ve’ =V/§=Vcosd+jVsind (2.1.4)
N~ ~~ @ Y—\
exponenlizll polar rectangular

A phasor can be easily converted from one form to another. Conver-
sion from polar to rectangular is shown in the phasor diagram of Figure 2.1.
Euler’s identity can be used to convert from exponential to rectangular form.
As an example, the voltage

o(f) = 169.7 cos(wt + 60°)  volts (2.1.5)

has a maximum value Vp,x = 169.7 volts, a phase angle § = 60° when refer-
enced to cos(ewt), and an rms phasor representation in polar form of

V =120/60° wvolts (2.1.6)
Also, the current
i(f) = 100 cos(wt + 45°) A (2.1.7)

has a maximum value L. = 100 A, an rms value 1.= 100/v/2 = 70.7 A, a
phase angle of 45°, and a phasor representation

I =70.7/45° = 70.7¢/*5 = 50 + 50 A (2.1.8)

The relationships between the voltage and current phasors for the three
passive elements—resistor, inductor, and capacitor—are summarized. in Fig-

Imaginary axis

jVsiné

Real axis
V cos 8
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FIGURE 2.2

Summary of
relationships between
phasors 7" and [ for
constant R, L, and C
elements with sinusoidal-
steady-state excitation

2.2

ure 2.2, where sinusoidal-steady-state excitation and constant values of R, L,
and C are assumed.

When voltages and currents are discussed in this text, lowercase letters
such as »(¢) and i(z) indicate instantaneous values, uppercase letters such as V
and I indicate rms values, and uppercase letters in italics such as ¥ and 7 in-
dicate rms phasors, When voltage or current values are specified, they shall
be rms values unless otherwise indicated.

INSTANTANEOUS POWER IN SINGLE-PHASE AC
CIRCUITS

Power 1s the rate of change of energy with respect to time. The unit of power

is a watt, which is a joule per second. Instead of saying that a load absorbs

energy at a rate given by the power, it is common practice to say that a load
absorbs power. The instantaneous power in watts absorbed by an-electrical
load is the product of the instantaneous voltage across the load in volts and
the instantaneous current into the load in amperes. Assume that the load
voltage is

v(1) = Vinax cos(wt +5)  volts (2.2.1)

We now investigate the instantaneous power absorbed by purely re-
sistive, purely inductive, purely capacitive, and general RLC loads. We also
introduce the concepts of real power, power factor, and reactive power. The
physical significance of real and reactive power is also discussed.

PURELY RESISTIVE LOAD

For a purely resistive load, the current into the load is in phase with the load
voltage, I = V /R, and the current into the resistive load is
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IR(2) = IRmax cOS(@? +3) A (22.2)
where Ipmax = Vmax/R. The instantaneous power absorbed by the resistor is
pr(8) = v(t)ir (£) = ViaxIRmax cos*(w? + &)
= 1 VinaIrmax {1 + cos[2(wr + 6)]}
= VIg{1l +cos[2(wt +9)]} W (2.2.3)

As indicated by (2.2.3), the instantaneous power absorbed by the resis-
tor has an average value

2
Pp = Vg = XR— =1RR W (2.2.4)

plus a double-frequency term VIr cos2(wt + d)).

PURELY INDUCTIVE LOAD
For a purely inductive load, the current lags the voltage by 90°, | =
V/(jXvr), and

it(f) = ILmax cos(wt +90 —90°) A (2.2.5)

where Iimax = Vmax/Xy, and X; = oL i1s the inductive reactance. The in-
stantaneous power absorbed by the inductor is*

pL(t) = v(0)iL(1) = VimaxItmax cos(w? + 8) cos(wr + J — 90°)
=} VinaxILmax cos(2(w? + J) — 90°]
= VILsin2(wt +9)] W (2.2.6)

As indicated by (2.2.6), the instantaneous power absorbed by the in-
ductor is a double-frequency sinusoid with zero average value.

PURELY CAPACITIVE LOAD
For a purely capacitive load, the current leads the voltage by 90°, Ic =
V/(-jXc), and

ic(f) = Iomax cos(wt +3 +90°) A (2.2.7)

where Icmax = Vmax/Xc, and X¢ = 1/(wC) is the capacitive reactance. The
instantaneous power absorbed by the capacitor is
pe(t) = o(8)ic(t) = Vinaxlemax cos(1 +6) cos(wt +8 + 90°)
= 1 VinaxIcmax cos2(w? +6) + 90°))

= V¢ sin2(wt +9)] W (2.2.8)
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The instantaneous power absorbed by a capacitor is also a double-frequency
sinusoid with zero average value.

GENERAL RLC LOAD

For a general load composed of RLC elements under sinusoidal-steady-state

. excitation, the load current is of the form

i(7) = Imax cos(wt + B) A (2.2.9)
The instantaneous power absorbed by the load is then*
2(2) = v(0)i(t) = VimaxImax cos(@t + 0) cos(wt + p)
=1 VanImax {c08(6 = B) + cos[2(wi-+ 3) — (6 — )]}
= VI cos(d — ) + VI cos(d — ) cos[2(wt +9))
+ VI sin(6 — B) sin[2(ewr + 5)]
p(¢) = VIcos(s — B){1 + cos[2(wt + 8)]} + VI sin(d — B) sin[2(w! + )]
Letting I cos(6 — §) = Ir and Isin(6 — ) = Ix gives

p(1) = VIr{1 + cos2(wr + 6)]} +VIx sin[2(wt + J)] (2.2.10)
Pr() ()

As indicated by (2.2.10), the instantaneous power absorbed by the load
has two components: One can be associated with the power pg(#) absorbed
by the resistive component of the load, and the other can be associated with
the power px () absorbed by the reactive (inductive or capacitive) component

of the load. The first component pg(?) in (2.2.10) is identical to (2.2.3), where

Izx =Icos(6 — B) is the component of the load current in phase with the load
voltage. The phase angle (5 — f) represents the angle between the voltage
and current, The second component px(z) in (2.2.10) is identical to (2.2.6) or
(2.2.8), where Ix = Isin(d — f) is the component of load current 90° out of
phase with the voltage.

REAL POWER

Equation (2.2.10) shows that the instantaneous power pg(¢) absorbed by the
resistive component of the load is a double-frequency sinusoid with average
value P given by

P=VIg =Vicos(G—f) W (2.2.11)

*Use the identity: cos A cos B = 1 [cos(A — B) + cos(A + B)].
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The average power P is also called real power or active power. All three terms
indicate the sare quantity P given by (2.2.11).

POWER FACTOR

The term cos(d — ) in (2.2.11) is called the power factor. The phase angle
(6 — B), which is the angle between the voltage and current, is called the
power factor angle. For dc circuits, the power absorbed by a load is the prod-
uct of the dc load voltage and the dc load current; for ac circuits, the average
power absorbed by a load is the product of the rms load voltage V, rms load
current I, and the power factor cos(d — ), as shown by (2.2.11). For induc-
tive loads, the current lags the voltage; which means f is less than &, and the
power factor is said to be lugging. For capacitive loads, the current leads the
voltage, which means f is greater than &, and the power factor is said to be
leading. By convention, the power factor cos(é — f) is posttive. If |6 — f] is
greater than 90°, then the reference direction for current may be reversed, re-
sulting in a positive value of cos(d — f).

REACTIVE POWER .

The instantaneous power absorbed by the reactive part of the load, given by
the component px(!) in (2.2.10), is a double-frequency sinusoid with zero
average value and with amplitude Q given by

Q= VIx = VIsin(6— f) var (22.12)

The term Q is given the name reactive power. Although it has the same uniis
as real power, the usual practice is to define units of reactive power as volt-
amperes reactive, or var.

Instantaneous, real, and reactive power; power factor

The voltage v(r) = 141.4 cos(w?) is applied to a load consisting of a 10-C2 re-
ststor in parallel with an inductive reactance X = wL = 3.77 Q. Calculate
the instantaneous power absorbed by the resistor and by the inductor. Also
calculate the real and reactive power absorbed by the load, and the power
factor.

SOLUTION The circuit and phasor diagram are shown in Figure 2.3(a). The
load voltage is

141.4 :
V=-—/0°=100/0° volts

The resistor current 18
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FIGURE 2.3

Circuit and phasor
diagram for Example 2.1
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{a) Circuit and phasor diagram {b) Waveforms

V100
h=—=— ° = °

R=g =150 1019_ A

The inductor current is

|14 100

TJXL T (3TD)

The total load current is
I=L+1 =10- j26.53 =28.35/-69.34° A

The instantaneous power absorbed by the resistor is, from (2.2.3),
pr(2) = (100){(10)[1 4 cos{2w?)]

= 1000[1 + cos(2wt)] W

The instantaneous power absorbed by the inductor is, from (2.2.6),
pL(2) = (100)(26.53) sin(2ws)

= 2653 sin(2wt) W

/0° =26.53/-90° A

Iy
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The real power absorbed by the load is, from (2.2.11),
P = VIcos{d — ) = (100)(28.53) cos(0° + 69.34°)
= 1000 W

(Note: P is also equal to VIg = V*/R.)
The reactive power absorbed by the load 1s, from (2.2.12),

Q = VI sin(d — B) = (100)(28.53) sin(0° + 69.34°)
= 2653 var

(Note: Q is also equal to VI = V3/X,.)
The power factor is

p.f. = cos(d — B) = cos(69.34°) = 0.3528 lagging

Voltage, current, and power waveforms are shown in Figure 2.3(b).

Note that pg(r) and px(r), given by (2.2.10). are strictly valid only for a
parallel R-X load. For a general RLC load, the voltages across the resistive
and reactive components may not be in phase with the source voltage ¢(1).
resulting in additional phase shifts in pg(#) and px(r) (see Problem 2.13).
However, (2.2.11) and (2.2.12) for P and Q are valid for a general RLC load.

|

PHYSICAL SIGNIFICANCE OF REAL AND
REACTIVE POWER

The physical significance of real power P is easily understood. The total
energy absorbed by a load during a time interval T, consisting of one cycle of
the sinusoidal voltage, is PT watt-seconds (Ws). During a time interval of n
cycles, the energy absorbed is P(nT) watt-seconds, all of which is absorbed by
the resistive component of the load. A kilowatt-hour meter is designed to
‘measure the energy absorbed by a load during a time interval (72 — 7), con-
sisting of an integral number of cycles, by integrating the real power P over
the time interval (z; — £;).

The physical significance of reactive power Q is not as easily under-
stood. Q refers to the maximum value of the instantaneous power absorbed
by the reactive component of the load. The instantaneous reactive power,
given by the second term px(¢) in (2.2.10), is aliernately positive and nega-
tive, and it expresses the reversible flow of energy to and from the reactive
component of the load. Q may be positive or negative, depending on the sign
of (§ — B) in (2.2.12). Reactive power Q is a useful quantity when describing
the operation of power systems (this will become evident in later chapters).
As one example, shunt capacitors can be used in transmission systems to de-
liver reactive power and thereby increase voltage magnitudes during heavy
load periods: (see Chapter 5).
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2.3

FIGURE 2.4

COMPLEX POWER

For circuits operating in sinusoidal-steady-state, real and reactive power are
conveniently calculated from complex power, defined below. Let the voltage
across a circuit element be V' = V/5, and the current into the element be
I =1/f. Then the complex power S is the product of the voltage and the
conjugate of the current:

S=VI"={V/|1/B]" = VI - §
= Vlcos(d — ) + jVIsm(d - f) (2.3.1)

where (3 — f) is the angle between the voltage and current. Comparing (2.3:1)
with (2.2.11) and (2.2.12), S is recognized as

S=P+,Q (2.3.2)

The magnitude S = VI of the complex power S is called the apparent power.
Although it has the same units as P and Q, it is common practice to define
the units of apparent power S as vollamperes or VA. The real power P is
obtained by multiplying the apparent power S = VI by the power factor
p.f. =cos(é - p).

The procedure for determining whether a circuit element absorbs or de-
livers power 1s summarized in Figure 2.4. Figure 2.4(a) shows the load con-
vention, where the current enters the positive terminal of the circuit element,
and the complex power absorbed by the circuit element is calculated from
(2.3.1). This equation shows that, depending on the value of (6 ~ §), P may
have either a positive or negative value. If P is positive, then the circuit ele-
ment absorbs positive real power. However, if P is negative, the circuit ele-
ment absorbs negative real power, or alternatively, it delivers positive real
power. Similarly, if Q is positive, the circuit element in Figure 2.4(a) absorbs
positive reactive power. However, if Q is negative, the circuit element absorbs
negative reactive power, or it delivers positive reactive power.

(8) Load convention. Current enters positive terminal of

Load and generator
conventions

+ circuit element, {f-P is positive, then positive real power
Vv is absorbed. If Q is positive, then positive reactive power is
- absorbed. If P (Q) is negative, then positive rea!
(reactive) power is delivered.

E— /
(b) Generator convention. Current leaves positive
+ terminal of the circuit element. If P is positive, then
% positive real power is delivered. If Q is positve. then

- positive reactive power is defivered. \f P (Q) 1s
negative, then positive real (reactive) power is absorbed.
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Figure 2.4(b) shows the generator convention, where the current leaves
the positive terminal of the circuit element, and the complex power delivered
is calculated from (2.3.1). When P is positive (negative) the circuit element
delivers positive (negative) real power. Similarly, when Q is positive (nega-
tive), the circuit element delivers positive (negative) reactive power.

Real and reactive power, delivered or absorbed

A single-phase voltage source with ¥ = 100/130° volts delivers a current
I =10/10° A, which leaves the positive terminal of the source. Calculate the
source real and reactive power, and state whether the source delivers or ab-
sorbs each of these.

SOLUTION Since I leaves the positive terminal of the source, the generator
convention is assumed, and the complex power delivered is, from (2.3.1),

S = VI" ={100/130°}{10/10°]"
= 1000/120° = —500 + 7866
P =Re[S]=-500 W
Q =1Im[S] = +866 var
where Im denotes “imaginary part of.” The source absorbs 500 W and de-
livers 866 var. Readers familiar with electric machines will recognize that one
example of this source is a synchronous motor. When a synchronous motor

operates at a Jeading power factor, it absorbs real power and delivers reactive
POWET. |

The load convention is used for the RLC elements shown in Figure 2.2
Therefore, the complex power absorbed by any of these three elements can be
calculated as follows. Assume a load voltagé V' = V/4. Then, from (2.3.1),

Vv 2

resistor: Sg = VIg = (V/J] [ﬁg—é] = % (2.3.3)

. v V?
inductor: Sy = VIJ[V/d]|—< /6| =+)— (2.3.4)

—]XL Xy

. . v, v
capacitor: S¢ = VI& = [V/J] jT{—é =-Jx (23.5)
c c

From these coniplex power expressions, the following can be stated:

A (positive-valued) resistor absorbs (positive) real power, Pg = V2/R
W, and zero reactive power, Qgr = 0 var.

An inductor absorbs zero real power, Py = 0 W, and positive reactive
power, Q1 = V” /X var.
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FIGURE 2.5

Power triangle

EXAMPLE 2.3

Q = VlIsinl§ - ) var

P = Vlcoslé - BI W

A capacitor absorbs zero real power, Pc =0 W, and negative reactive
power, Qc = —V?/Xc var. Alternatively, a capacitor delivers positive
reactive power, +V?/Xc.

For a general load composed of RLC elements, complex power S is
also calculated from (2.3.1). The real power P = Re(.S) absorbed by a passive
load is always positive. The reactive power Q = Im(S) absorbed by a load
may be either positive or negative. When the load 1s inductive, the current
lags the voltage, which means f§ is less than ¢ in (2.3.1), and the reactive
power absorbed is positive. When the load is capacitive, the current leads the
voltage, which means f is greater than &, and the reactive power absorbed
is negative; or, alternatively, the capacitive load delivers ‘positive reactive
power.,

Complex power can be summarized graphically by use of the power tri-
angle shown in Figure 2.5. As shown, the apparent power S, real power P,
and reactive power Q form the three sides of the power triangle. The power
factor angle (6 — f) is also shown, and the following expressions can be ob-

tained:
S=/P*+Q (2.3.6)
(6 - p) = tan" ' (Q/P) (2.3.7)
Q=P tan(d - ) (2.3.8)
pf.=cos(0—f) = g S (2.3.9)

Power triangle and power factor correction

A single-phase source delivers 100 kW to a load operating at a power factor
of 0.8 lagging. Calculate the reactive power to be delivered by a capacitor
connected in parallel with the load in order to raise the source power factor
to 0.95 lagging. Also draw the power triangle for the source and load.
Assume that the source voltage is constant, and neglect the line impedance
between the source and load.



FIGURE 2.6

Circuit and power
triangle for Example 2.3
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— P
+| Qg Ll Pa { Q, l Qc
v 2
" | source load .‘Vcapac'tor

Qc = 4213 kvar

T
S, = 125 kVA
: l Q. = 75 kvar
t

Qg = 32.87 kvar

T P = Ps = Pp = 100 KW

SOLUTION The circuit and power triangle are shown in Figure 2.6. The real
power P = Pg = Py delivered by the source and absorbed by the load is not
changed when the capacitor is connected in parallel with the load, since the
capacitor delivers only reactive power Qc. For the load, the power factor
angle, reactive power absorbed, and apparent power are

0L = (6 — B.) = cos™'(0.8) = 36.87°
Q_ =Ptan f = 100 tan(36.87°) = 75 kvar

SL = P =125 kVA
cos O

After the capacitor is connected, the power factor angle, reactive power
delivered, and apparent power of the source are
s = (8 — fs) = cos™'(0.95) = 18.19°
Qg = P tan fs = 100 tan(18.19°) = 32.87 kvar

P 100

S cos8s  0.95 1053 kv

The capacitor delivers
Qc=0Qr - Qs =75-32.87=42.13 kvar

The method of connecting a capacitor in parallel with an inductive load
is known as power factor correction. The effect of the capacitor is to increase
the power factor of the source that delivers power to the load. Also, the
source apparent power Sg decreases. As shown in Figure 2.6, the source
apparent power for this example decreases from 125 kVA without the ca-
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FIGURE 2.7 Screen for Example 2.3

pacitor to 105.3 kVA with the capacitor. The source current Ig = Sg/V also
decreases. When line impedance between the source and load is included, the
decrease in source current results in lower line losses and lower line-voltage
drops. The end result of power factor correction is improved efficiency and
improved voltage regulation.

To see an animated view of this example, open PowerWorld Simulator
case Example 2_3. On the main menu, select Simulation, Solve, and Animate
to begin the simulation. The speed and size -of the green arrows are propor-
tional to the real power supplied to the load bus, and the blue arrows are
proportional to the reactive power. Here reactive compensation can be sop-
plied in discrete 20-kVar steps by clicking on the arrows in the capacitor’s
kvar field, and the load can be varied by clicking on the arrows in the load
field. Notice that increasing the reactive compensation decreases both the re-
active power flow on the supply line and the kVA power supplied by the
generator; the real power flow 1s unchanged. |
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FIGURE 2.8

Circuit diagram for
reviewing nodal analysis

NETWORK EQUATIONS

For circuits operating in sinusoidal-steady-state. Kirchhoff's current law
(KCL) and voltage law (KVL) apply to phasor currents and voltages. Thus
the sum of a}l phasor currents entering any node is zero and the sum of the
phasor-voltage drops around any closed path is zero. Network analysis
techniques based on Kirchhoff's laws, including nodal analysis, mesh or Joop
analysis, superposition, source transformations, and Thévenin's theorem or
Norton’s theorem, are useful for analyzing such circuits.

Various computer solutions of power system problems are formulated
from nodal equations, which can be systematically apptied to circuits. The
circuit shown in Figure 2.8, which is used here to review nodal analysis. 1s
assumed to be operating in sinusoidal-steady-state; source voltages are repre-
sented by phasors Egy, Es», and Eg3; circuit impedances are specified in ohms.
Nodal equations are written in the following three steps:

STEP | For a circuit with (N + 1) nodes (also called buses), select one
bus as the reference bus and define the voltages at the remain-
ing buses with respect to the reference bus.

The arcuit in Figure 2.8 has four buses—that is.
N+1=4 or N =3 Bus 0 is selected as the reference bus,
and bus voltages Vyp, Va0, and V3 are then defined with re-
spect to bus 0.

STEP 2 Transform each voltage source in series with an impedance to
an equivalent current source in.parallel with that impedance.
Also, show admittance values instead of impedance values on
the circuit diagram. Each current source is equa! to the volt-
age source divided by the source impedance.
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FIGURE 2.9

Circuit of Figure 2.8
with equivalent current
sources replacing voltage
sources. Admittance
values are also shown.

In Figure 2.9 equivalent current sources [y, I, and I, are

shown, and all impedances are converted to corresponding

-j2s
, j3s
—
I
+
i !
' Vio ’
I = _EL
jTO
admittances..
STEP 3
Y, Yo Yn
Yn Yn Ty
Y51 Yo Ya
Yvi Yno2 Ywi

Write nodal equations in matrix format as follows:

Using matrix notation, (2.4.1) becomes

YV =1

Y] N Vl 0 117 1
Yin Vo I
Yiw [ | Voo | = | B} (2.4.1)
Yun | | Vo S
(2.4.2)

where Y is the N x N bus admittance matrix, ¥ is the column
vector of V bus voltages, and I is the column vector of N cur-
rent sources. The elements Y}, of the bus admittance matrix Y

are formed as follows:

diagonal elements:

off-diagonal elements:

Y = sum of admittances
connected to bus &

(k=1,2,...,N) (2.4.3)

Yin = —(sum of admittances
connected between buses k
andn) (k #n) (2.4.4)

The diagonal element Y 1s called the self~admitiance or the
driving-point admittance of bus k, and the off-diagonal element
Y for k 5 n ts called the mutual admittance or the fransfer
admittance between buses & and n. Since Y, = Y, the ma-

trix Y is symmetric.
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For the circuit of Figure 2.9, (2.4.1) becomes

(j3-j10) ~(J3) 0 Vie
=(3)  |U3=J1+j1=2) | —(jl-j2) V2o
0 —(j1-42) (J1—=J2—=j4) || Vo
1
= | n
I
—7 -3 0] [ W I
J1-3 1 1| |Va|=|h (2.4.5)
0 1 =5 V3o I

The advantage of this method of writing nodal equations is that a digi-
tal computer can be used both to generate the admittance matrix Y and to
solve (2.4.2) for the unknown bus voltage vector V. Once a circuit is specified
with the reference bus and other buses identified, the circuit admittances and
their bus connections become computer input data for calculating the ele-
ments Yy, via (2.4.3) and (2.4.4). After Y is calculated and thé current source
vector I is given as input, standard computer programs for solving simul-
taneous linear equations can then be used to determine the bus voltage
vector V.

When double subscripts are used to denote a voltage in this text, the
voltage shall be that at the node identified by the first subscript with respect
to the node identified by the second subscript. For example, the voltage ¥y
in Figure 2.9 is the voltage at node 1 with respect to node 0. Also, a current
I» shall indicate the current from node @ to node b. Voltage polarity marks
(+/-) and current reference arrows (—) are not required when double sub-
script notation is employed. The polarity marks in Figure 2.9 for Vi, Vo,
and V3, although not required; are shown for clarity. The reference arrows
for sources I, I, and I in Figure 2.9 are required, however, since single sub-
scripts are used for these currents. Matrices and vectors shall be indicated in
this text by boldface type (for example, ¥ or V).

BALANCED THREE-PHASE CIRCUITS

In this section we introduce the following topics for balanced three-phase cir-
cuits: Y connections, line-to-nentral voltages, line-to-line voltages, line cur-
rents, A loads, A-Y conversions, and equivalent line-to-neutral diagrams.
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FIGURE 2.10

Circuit diagram of a
three-phase Y-connected
source feeding a
balanced-Y load

FIGURE 2.11

Phasor diagram

of balanced
positive-sequence
line-to-neutral voltages
with E,, as the relerence

BALANCED-Y CONNECTIONS

Figure 2.10 shows a three-phase Y-connected (or “wye-connected”) voltage
source feeding a balanced-Y-connected load. For a Y connection, the neu-
trals of each phase are connected. In Figure 2.10 the source neutral connec-
tion is labeled bus n and the load neutral connection is labeled bus N. The
three-phase source is assumed to be ideal since source impedances are ne-
glected. Also neglected are the line impedances between the source and load
terminals, and the neutral impedance between buses #n and N. The three-
phase load is balanced, which means the load impedances in all three phases
are identical.

BALANCED LINE-TO-NEUTRAL VOLTAGES

In Figure 2.10, the terminal buses of the three-phase source are labeled 4, b,
and ¢, and the source line-to-neutral voltages are labeled E,,, Ej,, and E,,.
The source is balanced when these voltages have equal magnitudes and an
equal 120°-phase difference between any two phases. An example of balanced
three-phase line-to-neutral voltages is

Ean = 10&
Ep, = 10/-120° = 10/4240° (2.5.1)

E., =10/+120° = 10/—240° volts

where the line-to-neutral voltage magnitude is 10 volts and E,, is the refer-
ence phasor. The phase sequence 1s called positive sequence or abc sequence
when E,, leads Ep, by 120° and E,, leads E,, by 120°. The phase sequence is
called negative sequence or ach sequence when E,, leads E., by 120° and E,,
leads Ej, by 120°. The voltages in (2.5.1) are positive-sequence voltages, since
E,, leads Ep, by 120°. The corresponding phasor diagram is shown in Figure
2.11. :
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BALANCED LINE-TO-LINE VOLTAGES

The voltages Ez, Ey., and E,, between phases are called line-to-line voltages.
Writing a KVL equation for a closed path around buses a, b, and n in Figure
2.10,

Ep = Ey — Epy (252)

For the line-to-neutral voltages of (2.5.1),

Eay = 10/0° — 10/=120° = 10 — 10 l”l—‘zfﬁ}
(2.5.3)
Ea = V/3(10) (ﬁ;’ﬂ) = V3(10/30°) volts
Similarly, the line-to-line voltages Fp, and E,, are

Epe = Epy — Egy = 10/=120° — 10/+120°

=/3(10/=90°) volts (2.5.4)
Eeq = Epn — Ean = 10/4120° — 10/0°

= V/3(10/150°) volts (2.5.5)

The line-to-line voltages of (2.5.3)—(2.5.5) are also balanced, since they
have equal magnitudes of v/3(10) volts and 120° displacement between any
two phases. Comparison of these line-to-line voltages with the line-to-neutral
voltages of (2.5.1) leads to the following conclusion:

In a balanced three-phase Y-connected system with positive-sequence
sources, the line-to-line voltages are /3 times the line-to-neutral volt-
ages and lead by 30°. That is, .

En = V3Ez/+30°
Eye = V3Ep,/+30° (2.5.6)
Eeo = V3E,/+30°

This very important result is summarized in Figure 2.12. In Figure
2.12(a) each phasor begins at the origin of the phasor diagram. In Figure
2.12(b) the line-to-line voltages form an equilateral triangle with vertices
labeled a, b, ¢ corresponding to buses a, b, and ¢ of the system; the line-to-
neutral voltages begin at the vertices and end at the center of the triangle,
which is labeled » for neutral bus n. Also, the clockwise sequence of the ver-
tices abc in Figure 2.12(b) indicates positive-sequence voltages. In both dia-
grams, E,, is the reference. However, the diagrams could be rotated to align
with any other reference.

Since the balanced line-to-line voltages form a closed triangle in Figure
2.12, their sum is zero. In fact, the sum of line-to-line voltages (Ez + Epc + E.4)
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FIGURE 2.12

Positive-sequence
line-to-neutral and
line-to-line voltages in a
balanced three-phase
Y-connected system

Eﬁ Ecn Eab
30°
Egn
Ebn
Ere :
(a) Phasor diagram {b) Voltage triangle

is always zero, even if the system is unbalanced, since these voltages form a
closed path around buses a, b, and c. Also, in a balanced system the sum of the
line-to-neutral voltages (E,, + Ep, + E.y) equals zero.

BALANCED LINE CURRENTS

Since the impedance between the source and load neutrals in Figure 2.10 is
neglected, buses #» and N are at the same potential, E,y = 0. Accordingly, a
separate KVL equation can be written for each phase, and the line currents
can be written by inspection: -

I, =Eu/Zy
Iy = Epn/Zy (2.5.7)
L= Em/ZY

For example, if each phase of the Y-connected load has an impedance
Zy = 2/30° Q, then

10/0°
I, = AL [=30° A

T 2/30°
10/-120° .
4_—7ﬁf_ﬂ1m A (2.5.8)
_10/4120° )

The line currents are also balanced, since they have equal magnitudes
of 5 A and 120° displacement between any two phases. The neutral current 7,
is determined by writing 2 KCL equation at bus N in Figure 2.10,

L #h+1 (2.5.9)
Using the line currents of (2.5.8),



FIGURE 2.13

Phasor diagram of line
currents in a balanced
three-phase system

FIGURE 2.14

Circuit diagram of a Y-
connected source feeding
a balanced-A load
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I, =5/-30°+ 5/—150° + 5/90°

_; =N 2.5.10
In:S(ﬁZ 11)+5< ‘/gz ﬂ)+/5=0 @510

The phasor diagram of the line currents is shown in Figure 2.13. Since
these line currents form a closed triangle, their sum, which is the neutral cur-.
rent I, is zero. In general, the sumr of any balanced three-phase set of phasors
is zero, since balanced phasors form a closed triangle. Thus, although the im-
pedance between neutrals 7 and N in Figure 2.10 is assumed to be zero, the
neutral current will be zero for any neutral impedance ranging from short
circuit (0 £) to open circuit (co Q), as long as the system is balanced. If the
system is not balanced—which could occur if the source voltages, load im-
pedances, or line impedances were unbalanced—then the line currents will
not be balanced -and a neutral current I, may flow between buses #» and N.

BALANCED A LOADS

Figure 2.14 shows a three-phase Y-connected source feeding a balanced-A-
connected (or “delta-connected”) load. For a balanced-A connection, equal
load impedances Z, are connected in a triangle whose vertices form the
buses, labeled A, B, and C in Figure 2.14. The A connection does not have a
neutral bus. '

Since the line impedances are neglected in Figure 2.14, the source line-
to-line voltages are equal to the load line-to-line voltages, and the A-load
currents Iag, Ipc, and Ica are

Ing = Ea/Zs
Isc = Epe/Zs (2.5.11).
ICA = Eca/ZA

For example, if the line-to-line voltéges are given by (2.5.3)-(2.5.5) and
if Zp = 5/30° Q, then the A-load currents are




62 CHAPTER 2 FUNDAMENTALS
10/30° :
=3 ) =3 4/0°
Inp \/5(53()0) 3.464/0° A

= (10/=90°\ .
IBc—x/§(5— r3()°>_3.464,g—120 A (25.12)

10/150° .
Ica = ﬁ( 5/30° ) =3.464/+120° A

Also, the line currents can be determined by writing a KCL equation at each
bus of the A load, as follows: 4

L =Inp —Ica = 3.464/0° — 3.464/120° = V/3(3.464/—30°)
Iy = Isc — Inp = 3.464/—120° — 3.464/0° = /3(3.464/—150°)  (2.5.13)
I, = Ica — Ipc = 3.464/120° — 3.464/—120° = v/3(3.464/+90°)

Both the A-load currents given by (2.5.12) and the line currents given
by (2.5.13) are balanced. Thus the sum of balanced A-load currents
(Iap + Isc +Ica) equals zero. The sum of line currents (I, + I, + I.) is al-
ways zero for a A-connected load even if the system is unbalanced, since there
is no neutral wire. Comparison of (2.5:12) and (2.5.13) leads to the following
conclusion:

For a balanced-A load supplied by a balanced positive-sequence source,
the line currents into the load are /3 times the A-load currents and lag
by 30°. That is,

I = V314p/=30°

Iy = V3Igc/=30° (2.5.14)

I = V3lca/=30°

This result is summarized in Figure 2.15.

FIGURE 2.5

Phasor diagram of line
currents and load
currents for a
balanced-A load




FIGURE 2.16

A-Y conversion for
balanced loads

EXAMPLE 2.4
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(a) Balanced-A 'oad {b) Equivaient balanced-Y ioad

A-Y CONVERSION FOR BALANCED LOADS

Figure 2.16 shows the conversion of a balanced-A load to a balanced-Y load.
If balanced voltages are applied, then these loads will be equivalent as viewed
from their terminal buses A, B, and C when the line currents into the A load
are the same as the line currents into the Y load. For the A load,

—-30°
Iy = V3Ixp/—30° = ﬁ—E’;—i— (2.5.15)
A
and for the Y load,
Ean  Eap/—30°
Iy = = 2.5.16
=, /324 ( )

Comparison of (2.5.15) and (2.5.16) indicates that In will be the same for
both the A and Y loads when

Zy = 3 (2.5.17)
Also, the other line currents Jg and /¢ into the Y load will equal those into the
A load when Zy = Z,/3, since these loads are balanced. Thus a balanced-A
load can be converted to an equivalent balanced-Y load by dividing the A-load
impedance by 3. The angles of these A- and equivalent Y-load impedances
are the same. Similarly, a balanced-Y load can be converted to an equivalent
balanced-A load using Z, = 3Zy.

Balanced A and Y loads

A balanced, positive-sequence, Y-connected voltage source with E,, = 480/0°
volts is applied to a balanced-A load with Z, = 30/40° Q, The line impedance
between the source and load is Zp = 1/85° Q for each phase. Calculate the
line currents, the A-load currents, and the voltages at the load terminals.
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FIGURE 2.17

Circuit diagram for
Example 2.4

zY-=%0@9
Z = 1/85°Q

B

SOLUTION The solution is most easily obtained as follows. First, convert
the A Joad to an equivalent Y. Then connect the source and Y-load neutrals
with a zero-ohm neutral wire. The connection of the neutral wire has no
effect on the circuit, since the neutra) current I, = 0 in a balanced system.
The resulting circuit is shown in Figure 2.17. The line currents are

480

ey
In = B _ \/iL—
AXT s+ D e
_ 277.1/=30°
~ {0.0872 + j0.9962) + (7.660 + j6.428) (25.18)

77.1/-30°  277.1/-30° ]
= 7788+ 7428~ 073/aanme - OBEBIE A

Iy =25.83/166.22° A

Ic =25.83/46.22° A
The A-load currents are, from (2.5.14),

g %%Hsm =%_§_3 Z73.78° + 30° = 14.91/—43.78° A

Joc = 14.91/-163.78° A (2.5.19)
Ica = 1491/+76.22° A

The voltages at the load terminals are
Eap = Zplap = (30/40°)(14.91/—-43.78°) = 447.3/—3.78°
Epc =4473/-123.78° ) (2.5.20)
Eca =447.3/116.22° volts




FIGURE 2.18

Equivalent line-to-
neutral diagram for. the
circuit of Example 2.4
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a 2. =1/85°0 A

2, = 10 /40°

- neutral wire /

EQUIVALENT LINE-TO-NEUTRAL DIAGRAMS

When working with balanced three-phase circuits, only one phase need be
analyzed. A loads can be converted to Y loads, and all source and load neu-
trals can be connected with a zero-ohm neutral wire without changing the
solution. Then one phase of the circuit can be solved. The voltages and cur-
tents in the other two phases are equal in magnitude to and +120° out of
phase with those of the sotved phase. Figure 2.18 shows an equivalent line-to-
neutral diagram for one phase of the circuit in Example 2.4.

When discussing three-phase systems in this fext, voltages shall be
rms line-to-line voltages unless otherwise indicated. This is standard industry
practice.

POWER IN BALANCED THREE-PHASE CIRCUITS

In this section, we discuss instantaneous power and complex power for bal-
anced three-phase generators and motors and for balanced-Y and A-impedance

loads.

INSTANTANEOUS POWER: BALANCED
THREE-PHASE GENERATORS

Figure 2.19 shows a Y-connected generator represented by three voltage
sources with their neutrals connected at bus » and by three identical genera-
tor impedances Z,. Assume that the generator is operating under balanced
steady-state conditions with the instantaneous generator terminal voltage
given by

Van(r) = V2V cos(wt +6)  volts (2.6.1)

and with the instantaneous current leaving the positive terminal of phase a
given by

i,(1) = V2I cos(wt+f) A C(2.6.2)
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FIGURE 2.19 ¢

Y-connected generator

— iyft)

where Vyy is the rms line-to-neutral voltage and Iy, is the rms line current.
The instantaneous power p,(¢) delivered by phase a of the generator is

Pa(t) = van(2)ia(2)
= 2V nIL cos(wt + 6) cos(wt + B)
= VinIL cos(d — f) + VinIL cosQQui+6+ ) W (2.6.3)

Assuming balanced operating conditions, the voltages and currents of
phases & and ¢ have the same magnitudes as those of phase z and are +120°
out of phase with phase a. Therefore the mstantaneous power delivered by
phase b is

py(8) = 2V NI cos(wt + 5 — 120°) cos(w? + f — 120°)
= VinIp cos(d — ) + VinIL cos(uwt + 0 + f —240°) W (2.64)
and by phase ¢,
pe(t) = 2VinNIy cos(wt + 6 + 120°) cos(wt + B + 120°)
= VinIp cos(d — B) + VinIL cos(ur+d + f+240°) W (2.6.5)

The total instantaneous power p34(f) delivered by the three-phase gen-
erator is the sum of the instantaneous powers delivered by each phase. Using
(2.6.3)-(2.6.5):

P3(2) = pa(2) + po(2) + Pe(2)
= 3VinIL cos(d — B) + VinIL[cos(Rwt + 6 + f)
+ cos(2wt +J + B — 240°)
+ cos(2wt +d + B +240°)] W (2.6.6)

The three cosine terms within the brackets of (2.6.6) can be represented by a
balanced set of three phasors. Therefore, the sum of these three terms is zero
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for any value of J, for any value of §, and for all values of 7. Equation (2.6.6)
then reduces to

p3¢(l‘) = P3¢ = 3ViNIL 005(5 - ﬂ) W (2A6.7)

Equation (2.6.7) can be written in terms of the line-to-line voltage Vi instead
of the line-to-neutral voltage Vi . Under balanced operating conditions,

Vin=Vi/v3 and Py =V3Vidicosd-f) W  (2.68)

Inspection of (2.6.8) leads to the followiﬁg conclusion:
The total instantaneous power delivered by a three-phase generator

under balanced operating conditions is not a function of time, but a
constant, pig(t) = Pyy.

INSTANTANEOUS POWER: BALANCED
THREE-PHASE MOTORS AND IMPEDANCE LOADS

The total instantaneous power absorbed by a three-phase motor under bal-
anced steady-state conditions is also a constant. Figure 2.19 can be used to
represent a three-phase motor by reversing the line currents to enter rather
than leave the positive terminals. Then (2.6.1)-(2.6.8), valid for power deliv-
ered by a generator, are also valid for power absorbed by a motor. These
equations are also valid for the instantaneous power absorbed by a balanced
three-phase impedance load.

COMPLEX POWER: BALANCED THREE-PHASE
GENERATORS

The phasor representations of the voltage and current in (2.6.1) and (2.6.2)
are

Vin = Vin/d volts (2.6.9)

L=1/8 A (2.6.10)

where I, leaves positive terminal “a” of the generator. The complex power S,
delivered by phase a of the generator is

So = Vaul; = VinIL/(6 — B)
= VinIp cos(d — B) + jVinIL sin(d — B) (2.6.11)

Under balanced operating conditions, the complex powers delivered by
phases b and ¢ are identical to S,, and the total complex power Sy, delivered
by the generator is
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S35 = Sa+ Sy + S, =38,
=3VinIL /(6 - B)
= 3VinIL cos(d —~ B) + j3VinIL sin(é — B) (2.6.12)

In terms of the total real and reactive powers,

S35 = Py + jQsy (2.6.13)
where
P34 = Re(S3y) = 3VLNIL cos(d —~ )
=V3Vi I cos(d—f) W (2.6.14)

- and
Q34 = Im(S34) = 3VinIL sin(6 ~ )
=V3VyL]L sin(d — f) var (2.6.15)
Also, the totai apparent power is

S3p = |S3y| = 3VinlL = V3V VA (2.6.16)

COMPLEX POWER: BALANCED THREE-PHASE
MOTORS

The preceding expressions for complex, real, reactive, and apparent power
delivered by a three-phase generator are also valid for the complex, real, reac-
tive, and apparent power absorbed by a three-phase motor.

COMPLEX POWER: BALANCED-Y AND BALANCED-A
IMPEDANCE LOADS

Equations (2.6.13)-(2.6.16) are also valid for balanced-Y and -A impedance
loads. For a balanced-Y load, the line-to-neutral voltage across the phase a
load impedance and the current entering the positive terminal of that load
impedance can be represented by (2.6.9) and (2.6.10). Then (2.6.11)—(2.6.16)
are valid for the power absorbed by the balanced-Y load.

For a balanced-A load, the line-to-line voltage across the phase a-b
load impedance and the current into the positive terminal of that load im-
pedance can be represented by

Vab = VLL@ volts (2617)
Lo=Ta/8 A (2.6.18)
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where Vip.is the mms line-to-line voltage and I, is the rms A-load current.
The complex power S, absorbed by the phase a—b load impedance is then

Sub = Vanlz, = Virla /6 = B) (2.6.19)
The total complex power absorbed by the A load is
S3g = Sap + Sbe + Sea = 3Sus
=3ViLlL /(6 - B)

=3VyIa cos(@ — B) + j3ViL]y sin{d — f) (2.6.20)
Rewriting (2.6.19) in terms of the total real and reactive power,
S3p = P3g + jQsy (2.6.21)
P3s = Re(S3s) = 3ViLIy cos(d — f)
=V3ViIpcos(6—f) W . (2.6.22)
Qsg = Im(S34) = 3ViLla sin(d - §)
= V3ViLI sin@d — ) var (2.6.23)

where the A-load current I, is expressed in terms of the line current Iy = V3Ia
in (2.6.22) and (2.6.23). Also, the total apparent power is

Sip = Sy = 3Vila = V3Vl VA (2.6.24)

Equations (2.6.21)—(2.6.24) developed for the balanced-A load are identical
to (2.6.13)—(2.6.16).

ADVANTvAGESA OF BALANCED THREE-PHASE
VERSUS SINGLE-PHASE SYSTEMS

Figure 2.20 shows three separate single-phase systems. Each single-phase sys-
tem consists of the following identical components:. (1) a generator repre-
sented by a voltage source and a generator impedance Z,; (2) a forward and
return conductor represented by two series line impedances Zi; (3) a load
represented by an impedance Zy. The three single-phase systerns, although
completely separated, are drawn in a Y configuration in the figure to illus-
trate two advantages of three-phase systems.

Each separate single-phase system requires that both the forward and
return conductors have a current capacity (or ampacity) equal to or greater
than the load current. However, if the source and load neutrals in Figure 2.20
are connected to form a three-phase system, and if the source voltages are
balanced with equal magnitudes and with 120° displacernent between phases,
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FIGURE 2.20

Three single-phase
systems

then the neutra! current will be zero [see (2.5.10)]) and the three neutral con-
ductors can be removed. Thus, the balanced three-phase system, while deliv-
ering the same power to the three load impedances Zy, requires only half the
number of conductors needed for the three separate single-phase systems.
Also, the total I?R line losses in the three-phase system are only half those of
the three separate single-phase systems, and the line-voltage drop between the
source and load in the three-phase system is half that of each single-phase
system. Therefore, one advantage of balanced three-phase systems over sepa-
rate single-phase systems is reduced capital and operating costs of transmis-
sion and distribution, as well as better voltage regulation.

Some three-phase systems such as A-connected systems and three-wire
Y-connected systems do not have any neutral conductor. However, the ma-
jority of three-phase systems are four-wire Y-connected systems, where a
grounded neutral conductor is used. Neutral conductors are used to reduce

- transient overvoltages, which can be caused by lightning strikes and by line-

switching operations, and to carry unbalanced currents, which can occur
during unsymmetrical short-circuit conditions. Neutral conductors for trans-
mission lines are typically smaller in size and ampacity than the phase con-
ductors because the neutral current is nearly zero under normal operating

“conditions. Thus, the cost of a neutral conductor is substantially less than
that of a phase conductor. The capital and operating costs of three-phase

transmission and distribution systems with or without neutral conductors are
substantially less than those of separate single-phase systems. .

A second advantage of three-phase systems is that the total instanta-
neous electric power delivered by a three-phase generator under balanced
steady-state conditions is (nearly) constant, as shown in Section 2.6. A three-
phase generator (constructed with its field winding on one shaft and with its
three-phase windings equally displaced by 120° on the stator core) will also
have a nearly constant mechanical input power under balanced steady-state
conditions, since the mechanical input power equals the electrical ountput
power plus the small generator losses. Furthermore, the mechanical shaft
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torque, which equals mechanical input pow- divided by mechanical radian
frequency (Trech = Prech/@ny) is nearly constant.

On the other band, the equation for the instantaneous electric power
delivered by a single-phase generator under balanced steady-state conditions
is the same as the instantaneous power delivered by one phase of a three-
phase generator, given by p,(f) in (2.6.3). As shown in that equation, p,(?)
has two components: a constant and a double-frequency sinusoid. Both the
mechanical input power and the mechanical shaft torque of the single-phase
generator will have corresponding double-frequency components that create
shaft vibration and noise, which could cause shaft fajlure in large machines.
Accordingly, most electric generators and motors rated 5 kVA and higher
are constructed as three-phase machines in order to produce nearly constant
torque and thereby minimize shaft vibration and noise.

PROBLEMS

2.1

2.2

2.3

2.4

FIGURE 2.21

Circuit for Problem 2.4

SECTION 2.1

Given the complex numbers A; = 5/60° and 4, = —3 — j4, (a) convert 4, to rectan-
gular form; (b) comvert A; to polar and exponential form; (c) calculate
A3 = (A1 + Ay), giving your answer in polar form; (d) calculate A4 = 414>, giving
your answer in rectangular form; (e) calculate As = 4/(4;), giving your answer in
exponential form.

Convert the following instantaneous currents to phasors, using cos(wt) as the re—
ference. Give your answers in both rectangular and polar form.

(a) i(¢) = 400v/2 cos(w — 30°);

(b) i(?) = 5 sin(w? + 15°);

() i(2) =4 cos(wt — 30°) + 5v/2 sin(wr + 15°).

The instantaneous voltage across a circuit element is »(z) = 678.8 sin{w? — 15°) volts,
and the instantaneous current entering the positive terminal of the circuit element
is i(f) = 200 cos(wt — 5°) A. For both the current and voltage, determine (a) the
maximum value, (b) the rms value, (¢) the phasor expression, using cos(w?) as the
reference.

For the single-phase circuit shown in Figure 2.21, 7 = 10/0° A. (a) Compute the pha-
sors Iy, I», and V. (b) Draw a phasor diagram showing , I, L, and V.

8Q
v -6 Q
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2.5

2.6

2.7

2.8

FIGURE 2.22
Circuit for Problem 2.8

2.9

FIGURE 2.23

Circuit‘for Problem 2.9

2.10

A 60-Hz, single-phase source with ¥ = 277/30° volts is applied to a circuit element.
(a) Determine the instantaneous source voltage. Also determine the phasor and in-
stantaneous currents entering the positive terminal if the circuit element is (b) a 20-Q
resistor, (c) a 10-mH inductor, (d) a capacitor with 25-Q reactance.

(a) Transform v(?) = 100 cos(377¢ — 30°) to phasor form. Comment on whether w =
377 appears in your answer. (b) Transform ¥ = 100/20° to instantaneous form. Assume
that @ = 377. (c) Add the two sinusoidal functions a(z) and b(¢) of the same frequency
given as follows: a(1) = Av/2 cos(wt + z) and b(1) = Bv2 cos{wr + f3). Use phasor
methods and obtain the resultant ¢(7). Does the resultant have the same frequency?
Let a 100-V sinusoidal source be connected to a series combination of a 3-Q resistor,
an 8-Q inductor, and a 4-Q capacitor. (a) Draw the circuit diagram. (bj Compute the
series impedance. (c) Determine the current I delivered by the source. Is the current
lagging or leading the source voltage? What is the power factor of this circuit?

Consider the circuit shown in Figure 2.22 in time domain. Convert the entire circuit
into phasor domain.

R;=5.76 mQLy = 30.6 pH

l R.=5Q
—‘> L,=5mH

For the circuit shown in Figure 2.23, compute the voltage across the load terminals.

u(t) = 120v2c0s(377t - 30°)V

0.1 j0.5Q [ = 80/0° A

+

12000° v Viow [LOAD]

SECTION 2.2

For the circuit element of Problem 2.3, calculate (a) the instantaneous power ab-
sorbed, (b) the real power (state whether it is delivered or absorbed), (c) the reactive
power (state whether delivered or absorbed), (d) the power factor (state whether lag-
ging or leading).
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[Note: By convention the power factor cos(d —.B) is positive. If |§ — f| is greater
than 90°, then the reference direction for current may be reversed, resulting in a posi-
tive value of cos(d — B)].

Referring to Problem 2.5, determine the instantaneous power, real power, and reactive
power absorbed by: (a) the 20-Q resistor, (b) the 10-mH inductor, (c) the capacitor
with 25-Q reactance. Also determine the source power factor and state whether lag-
ging or leading.

The voltage »(r) = 678.8 cos(w! + 45°) volts s applied to a load consisting of a 10-Q
resistor in parallel with a capacitive reactance X¢ = 25 Q. Calculate (a) the instanta-
neous power absorbed by the resistor, (b) the instantaneous power absorbed by the
capacitor, (c) the real power absorbed by the resistor, (d) the reactive power delivered
by the capacitor, (¢) the load power factor.

Repeat Problem 2.12 if the resistor and capacitor are connected in series.

A single-phase source is applied to a two-terminal, passive circuit with equivalent
impedance Z = 2.0/—45° & measured from the terminals. The source current is
i(1) = 4V/2 cos(wt) kA. Determine the (a) instantaneous power, (b) real power, and
(c) reactive power delivered by the source. (d) Also determine the source power factor.

Let a voltage source u(z) = 4 cos(wt + 60°) be connected to .ap impedance Z =
2/30° Q. (a) Given the operating frequency to be 60 Hz, determine the expressions
for the current and instantaneous power delivered by the source as functions of time.
(b) Plot these functions along with v(¢) on a single graph for comparison. (c) Find the
frequency and average value of the instantaneous power.

A single-phase, 120-V (rms), 60-Hz source supplies power to a series R-L circunt con-
sisting of R = 10 Q and L = 40 mH. (a) Determine the power factor of the circuit and
state whether it is lagging or leading. (b) Determine the real and reactive power
absorbed by the load. (c) Calculate the peak magnetic energy Win, stored in the
inductor by using the expression Wi = L(Iums)? and check whether the reactive
power Q = wW is satisfied. (Nore: The instantaneous magnetic energy storage fluc-
tuates between zero and the peak energy. This energy must be sent twice each cycle to

the load from the source by means of reactive power flows.) ‘

SECTION 2.3

Consider a load tmpedance of Z = jwL connected to a voltage V let the current
drawn be /.

(a) Develop an expression for the reactive power Q in terms of w, L, and I, from
complex power considerations.

(b) Let the instantaneous current be i(f) = v/2I cos(w? + #). Obtain an expression for
the instantaneous power p(¢) into L, and then express 1t in terms of Q.

(c) Comment on the average real power P supplied to the inductor and the instanta-
neous power supplied.

Let a series R-L-C network be connected to a source voltage V, drawing a current /.
(a) In terms of the load impedance Z = Z < Z, find expressions for P and Q, from:
complex power considerations.

(b) Express p(¢) in terms of P and Q, by choosing i(t) = V21 cos wt.

{c) For the case of Z = R+ jwL + 1/jwc, interpret the result of part (b) in terms of P,
Qr, and Qc. In particular, if w?LC = I, when the inductive and capacitive reactances
cancel, comment on what happens.
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.19

2.20

2.21

2.22

2.23

2.24

2.25

2.26

2.27

2.28

Consider a single-phase load with an applied voltage 1(r) = 150v/2 cos(w? + 10°) volts
and Joad current (1) = 52 cos(ew! — 50°) A. (a) Determine the power triangle. (b)
Find the power factor and specify whether it is lagging or leading. (¢) Calculate the
reactive power supplied by capacitors in parallel with the load that correct the power
factor 10 0.9 lagging.

A circuit consists of two impedances, Z) =20/30° Q and Z, = 14.14/-45° Q, in
parallel, supplied by a source voltage V' = 100/60° volts. Determine the power tr-
angie for each of the impedances and for the source.

An industrial plant consisting primarily of induction motor loads absorbs 1000 kW at
(.7 power factor lagging. (a) Compute the required kVA rating of a shunt capacitor to
improve the power faclor to 0.9 lagging. (b) Calculate the resulling power factor if a
synchronous motor rated 1000 hp with 90% efficiency operating at rated load and at
unity power factor is added to the plant instead of the capacitor. Assume constant
voltage. (1 hp = 0.746 kW)

The real power delivered by a source to two impedances, Z; =3+ jSQ and
Zy = 10 £. connected in parallel, 1s 2000 W. Determine (a) the real power absorbed
by each of the impedances and (b) the source current.

A single-phase source has a lerminal voltage ¥ = 120/0° volts and a current [ =
25/30° A, which leaves the positive terminal of the source. Determine the real and
reacive power. and state whether the source is delivering or absorbing each.

A souwrce supplies power Lo the following three loads connected in parallel: (1) a light-
ing load drawing 10 kW, (2) an induction motor drawing 10 kVA at 0.90 power factor
lagging. and (3) a synchronous motor operating at 10 hp, 85% efficiency and 0.95
power factor leading (1 bp = 0.746 kW). Determine the real, reactive, and apparent
power delivered by the source. Also, draw the source power triangle.

Consider the series R-L-C circuit of Problem 2.7 and calculate the complex power ab-
sorbed by each of the elements R, L, and C, as wel] as the complex power absorbed
by the total load. Draw the resultant power triangle. Check whether the complex
power delivered by the source equals the total complex power absorbed by the load.

A small manufacturing plant is located 2 km down a transmission line, which has a
series reactance of 0.5 Q/km. The line resistance is negligible. The line voltage al the
plant is 480/0° V (rms), and the plant consumes 120 kW at 0.85 power faclor lagging.
Determine the voltage and power factor at the sending end of the transmission line by
using (a) a complex power approach and (b) a circuit analysis approach.

An industria) Joad consisting of a bank of induction motors consumes 50 kW at a
power factor of 0.8 lagging from a 220-V. 60-Hz. single-phase source. By placing a
bank of capacitors in parallel with the load, the resultant power factor is to be raised
to 0.95 lagging. Find the net capacitance of the capacitor bank in pF that is required.

Three loads are connected in parallel across a single-phase source voltage of 240 V
(RMS). |

Load 1 absorbs 12 kW and 6.667 kVAR;

Load 2 absoybs 4 kVA at 0.95PF leading;

Load 3 absorbs 15 kW at unjty power factor.

Calculate the equivalent impedance, Z, for the three parallel loads, for two cases:

(i) Series combination of R and X, and (ii) parallel combination of R and X.
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FIGURE 2.24

System diagram for
Problem 2.29

2.30

FIGURE 2.25

Circuit for Problem 2.30

2.3¢
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Modeling the transmission lines as inductors, with Sij = Sj,
Compute Sy3, S21, S»3, Si2, and Sgs, in Figure 2.24. (Hint: complex power balance
holds good at each bus, statisfying KCL.)

Generator
& Symbol!

BUS
Codinik ; Se=05+/0.5
A «—Load Symbol
BUS Symbol . Sop=1+/1
Spi=1-~/1 Si T

Transmission Line
Symbol

Figure 2.25 shows three loads connected in parallel across a 1000-V (RMS), 60-Hz
single-phase source. )

Load I: Inductive load, 125 kVA, 0.28PF lagging

Load 2: Capacitive load, 10 kW, 40 kVAR

Load 3: Resistive load, 15 kW

(a) Determine the total kW, kvar, kva, and supply power factor.

(b) In order to improve the power factor to 0.8 lagging, a capacitor of negligible resis-
tance is connected in parallel with the above loads. Find the KVAR rating of that ca-
pacitor and the capacitance in uf .

Comment on the maguitude of the supply current after adding the capacitor.

+ Load Load Load
1000 V C) L 1 27 3

Consider two 1oterconnected voltage sources connected by a line of impedance
Z = jx Q, as shown in Figure 2.26.

(a) Obtain expressions for Py, and Q.

(b) Determine the maximum power transfer and the condition for it to occur.



76 CHAPTER 2 FUNDAMENTALS

FIGURE 2.26 — Y'Y

Circuit for Problem, 2.31 he 2=k

V1=V115_1 C) Vé=V2@g

2.32 In PowerWorld Simulator Problem 2.32 (see Figure 2.27) a 10 MW/S Mvar load
is supplied at 20 kV through a feeder with an impedarce of 1.5+ j3 Q. The load 1s
compensated with a capacitor whose output, Qg,,, can be varied in 0.5 Mvar steps
between 0 and 10.0 Mvars. What value of Q,, minimizes the real power line losses?
What value of Q,, minimizes the MVA power flow into the feeder?

(CPomérwonld Sinigatny 13.0DFTA.  Statos: Inftisksed Lase: DyaNem2-21,ped 3T A R T alefd]

Be Sowlwon Csieldernaion  Orelms Ogions 1008 Wndow e,
RYRLLPE ad ?E Abart  Ede tode [Ron Fiode | oot Mode tn-ﬂmm-mwgio.'}!- = -

A
*.

oversarma?Gib Chrpler2\Problema, 24.wb Dhgday. Problemz._ 2« ¥ T ;JHJ::IJ
Source Voltage = 21.29 kV A
Feeder Impedance = 1.5 + j3 Ohms
Power into Feeder at Source
10.31 MW
5.94 Mvar
11.90 MvA 20.00 kv
Feeder Losses = 0.312 MW
0.937 Mvar 10.0fMW
5.0 Mvar
0.0fMvar
e S ——————_—————— —— ~m=’d‘

FIGURE 2.27 Screen for Problem 2.32

2.33 For the system from Problem 2.32, plot the real and reactive line iosses as Qqp 18
varied between 0 and 10.0 Mvars,
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2.35

FIGURE 2.28

Circuit diagram for
Problems 2.35 and 2.36

2.36

2.37

FIGURE 2.29

Circuit for Problem 2.37

2.38
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For the system from Problem 2.32, assume that haif the time the toad is 10 MW/5
Muvar, and for the other half it is 20 MW/10 Mvar. What single value of Q, would
minimize the average losses? Assume that Q.ap can.only be varied in 0.5 Mvar steps.

SECTION 2.4

For the circuit shown in Figure 2,28, convert the voltage sources to equivalent current
sources and write nodal equations in matrix format using bus 0 as the reference bus:
Do not solve the equations.

1 o020 20
10 10
j50 j50
.\ :% 10 10 =
Esy = 1.0/30°V ) Es, = 1.0 /0°V
oL

For the circuit shown in Figure 2.28, write a computer program that uses the sources,
impedances, and bus connections as input data to (a) compute the 2 x 2 bus admit-
tance matrix Y, (b) convert the voltage sources to current sources and compute the
vector of source currents into buses 1 and 2.

Determine the 4 x 4 bus admittance matrix and write nodal equations in matrix for-
mat for the circuit shown in Figure 2.29. Do not solve the equations.

4Q
1 10 2 na 3 4

AAA — ol

-4 Q
< <
2| 3Q &
=(® 2Q 20 3 3 =
[t} )

At

Given the impedance diagram of a simple system as shown in Figure 2.30, draw the
admittance diagram for the system and develop the 4 x 4 bus admittance matrix Yy
by inspection:
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FIGURE 2.30

System diagram for
Problem 2.38

2.39

FIGURE 2.31

Circuit diagram for
Problem 2.39

2.40

0.2

(a) Given the circuit diagram i Figure 2.31 showing admittances and current sources
at nodes 3 and 4, set up the nodal equations in matrix format. (b) If the parameters are
given by: Y, =—/08S, ¥, =—j408S, Yo =—-j40S, Ya=-/808, Y.=—j508,
Yi=—,258 Y,=—088, Iy=10/=90° A, and J; = 0.62/—135° A, set up the
nodal equations and suggest how you would go about solving for the voltages at the
nodes.

®

Y, ]—4[

Y,
¥s
Yi

e

® [T e

Iy

1@

Reference

SECTIONS 2.5 AND 2.6

A balanced three-phase 208-V source supplies a balanced three-phase load. If the line
current /4 is measured to be 10 A and is in phase with the line-to-line voltage Vgc,
find the per-phase load impedance if the load is (a) Y-connected, (b) A-connected.
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A three-phase 25-kVA, 208-V, 60-Hz alternator, operating under balanced steady-
state conditions, supplies a line current of 20 A per phase at a 0.8 lagging power fac-
tor and at rated voltage. Determing the power triangle for this operating condition.

A balanced A-connected impedance load with (12 4 j9) Q per phase is supplied by a
balanced three-phase 60-Hz, 208-V source. (a) Calculate the line current, the total real
and reactive power absorbed by the load, the load power factor, and the apparent
load power. (b} Sketch a phasor diagram showing the line currents, the hine-to-line
source voltages, and the A-load currents. Assume positive sequence and use V,, as the
reference.

A three-phase Jine, which has an impedance of (2+ j4) Q per phase, feeds two
balanced three-phase loads that are connected in parallel. One of the loads is Y-
connected with an impedance of (30 + j40) £ per phase, and the other is A-connected
with an impedance of (60 — j45) Q per phase. The line is energized at the sending end
from a 60-Hz, three-phase, balanced voltage source of 120v/3 V (rms, line-to-line).
Determine (a) the current, real power, and reactive power delivered by the sending-
end source; (b) the line-to-line voltage at the load; (c) the current per phase in each
load; and (d) the tota} th'ree-phase real and reactive powers absorbed by each load and
by the line. Check that the total three-phase complex power delivered by the source
equals the total three-phase power absorbed by the line and loads.

Two balanced three-phase loads that are connected in paralie) are ted by a three-phase
line having a serics impedance of (0.4 + j2.7) £ per phase. One of the loads absorbs
560 kVA at 0.707 power factor lagging, and the other 132 kW at unity power factor.
The line-to-line voltage at the load end of the line is 2200v/3 V. Compute (a) the line-
to-line voltage at the source end of the line, (b) the total real and reactive power losser
in the three-phase line, and (¢) the total three-phase real and reactive power supplied at
the sending end of the line. Check that the total three-phase complex power delivered by
the source equals the total three-phase complex power absorbed by the line and loads.

Two balanced Y-connected loads, one drawing 10 kW at 0.8 power tactor lagging and
the other 15 kW at 0.9 power factor leading, are connected in parallel and supplied by
a balanced three-phase Y-connected, 480-V source. (a) Determine the source current.
{b) If the load neutrals are connected to the source neutral by a zero-ohum neutral wire
through an ammeter, what will the ammeter read?

Three identical impedances Z = 20/60° € are connected in A to a balanced three-
phase 480-V :source by three identical line conductors with impedance Z; =
(0.8 + j0.6) Q per line. (a) Calculate the line-to-line voltage at the load terminals.
(b) Repeat part {(a) when a A-connected capacitor bank with reactance (~;20) Q
per phase is connected in parallel with the load.

Two three-phase generators supply a three-phase load through separate three-phase
lines. The load absorbs 30 kW at 0.8 power factor lagging. The line impedance is
(1.4 + j1.6) Q per phase between generator G) and the load, and (0.8 + j1) Q per
phase between generator G2 and the load. If generator Gl supplies 15 kW at 0.8
power factor lagging, with a terminal voltage of 460 V line-to-line, determine (a) the
voltage at the load terminals, (b) the voltage at the terminals of generator G2, and
(c) the real and reactive power supplied by generator G2. Assume balanced operation.

Two balanced Y-connected loads in parallel, one drawing 15 kW at 0.6 power factor
lagging and the other drawing 10 kVA at 0.8 power factor leading, are supplied by a
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balanced, three-phase, 480-volt source. (a) Draw the power triangle for each Joad and
for the combined load. (b) Determine the power factor of the combined load and state
whether lagging or leading. (c) Determine the magnitude of the line current from the
source. (d) A-connected capacitors are now installed in parallel with the combined
load. What value of capacitive reactance is needed in each leg of the A to make the
source power factor unity? Give your answer in Q. (e) Compute the magnitude of the
current in each capacitor and the line current from the source.

2.49 Figure 2.32 gives the general A-Y transformation. (a) Show that the general transfor-
mation reduces to that given in Figure 2.16 for a balanced three-phase load. (b) Deter-
mine the impedances of the equivalent Y for the following A impedances: Zag = S 10,
Zyc = j20,and Zcp = —j25 Q.

FIGURE 2.32 A A
General A-Y 7 c
transformation LEeal
% )
B B
Zoa = Zala + ZpZc + ZcZy 2, = ZnaZea
"8 Ze . Znp + Zac + Zea
7o = Zaly + ZpZe + 22y Zo = PANTAN
5 Za Zng + Zgc t Zea
S Dlat Bt 72, 7= ZaZsc
“ A Zag + Zoc + Zea

2.50 Consider the balanced three-phase system shown in Figure 2.33. Determine v, (f) and
i(1). Assume positive phase sequence.

FIGURE 2.33 ' R j0.1Q .
Circuit for Problem 2.50
i2
Vi = 100/0°V _jon
(0.1 +/0.01)Q
c B’
C [ »
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A three-phase line with an impedance of (0.2 + j1.0)Q/phase feeds three balanced
three-phase loads connected in parallel.

Load 1: Absorbs a total of 150 kW and 120 kVAR; Load 2: Delta connected with an
impedance of (150 — j48)Q/phase; Load 3: 120 kVA at 0.6 PF leading. If the line-to-
neutral voltage at the load end of the line is 2000 v (RMS), determine the magnitude
of the line-to-line voltage at the source end of the line.

A balanced three-phase load is connmected to a 4.16-kV, three-phase, four-wire,
grounded-wye dedicated distribution feeder. The load can be modeled by an im-
pedance of Z = (4.7 + j9)Q/phase, wye-connected. The empedance of the phase
conductors is (0.3 + j1)Q. Determine the following by using the phase A to neutral
voltage as a reference and assume positive' phase sequence:

(2) Line currents for phases A, B, and C.

(b) Line-to-neutral voltages for all three phases at the load.

(c) Apparent, active, and reactive power dissipated per phase, and for all three phases
in the load. ‘ !

(d) Active power losses per phase and for all three phases in the phase conductors.
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POWER TRANSFORMERS

The power transformer is a major power system component that permits
economical power transmission with high efficiency and low series-voltage
drops. Since electric power is proportional to the product of voltage and
current, low current levels (and therefore low I?R losses and low IZ voltage

‘drops) can be maintained for given power levels via high voltages. Power

transformers transform ac voltage and current to optimum levels for genera-
tion, transmission, distribution, and utilization of electric power.

The development in 1885 by William Stanley of a commercially practi-
cal transformer was what made ac power systems more attractive than dc
power systems. The ac system with a transformer overcame voltage problems
encountered in dc systems as load levels and transmission distances increased.
Today’s modern power transformers have nearly 100% efficiency, with rat-
ings up to and beyond 1300 MVA,
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In this chapter, we review basic transformer theory and develop equiv-
alent circuits for practical transformers operating under sinusoidal-steady-
state conditions. We look at models of single-phase two-winding, three-phase
two-winding, and three-phase three-winding transformers, as well as auto-
transformers and regulating transformers. Also, the per-unit system, which
simplifies power system analysis by eliminating the ideal transformer wind-
ing in transformer equivalent circuits, is introduced in this chapter and used
throughout the remainder of the text.

CASE STUDY

The following article describes how electric utilities are focusing on extending the life of

power transformers and paper-insulated-lead-covered cables. The life of power
transformers can be extended by continuously removing aging and degradation products
from the transformer oil as they are formed. Transformer health can be established
through online monitoring, tests, inspections, and knowlédge of the transformer’s age,
known problems and operating history [8].

Life Extension and Condition
Assessment

NICK DOMINELLI, AVARAL RAO, AND
PRABHA KUNDUR

Utilities rely heavily on their infrastructure to pro-
vide reliable power supply to customers. Some of
the infrastructure in North America and Europe
is getting old, and hence its reliability is seriously
compromised. A large proportion of the assets are
nearing their designed end of life or have already
exceeded it. In some utilities, more than 40% of
the substation transformers are more than 40 years
old. Some of the underground distribution paper-
insulated lead-covered (PILC) medium-voltage cables
remain in service even though they have surpassed
. their design life. The replacement of components of
older infrastructure will be prolonged as utilities are
faced with budget and staff constraints.

The current trend is to optimize asset utilization
by operating existing equipment at ever-higher ca-

(“Life Extension and Condition Assessment” by Nick
Dominelli, Avaral Rao, and Prabha Kundur, [EEE Power &
Energy (MaylJune 2006) pg. 24-35.)

pacity levels, in many cases, exceeding hameplate
ratings in order to defer capital investment in new
facilities or in the refurbishment of existing facilities.
Thus, many utilities have focused their efforts on
developing methods to assess the condition of
equipment in order to extend the life of existing
infrastructure. In many cases, utilities are focusing
their efforts on extending the life of power trans-
formers and PILC cables because these components
offer the greatest payback.

Extending the life of transformers and PILC ca-
bles will be possible only if utilities can assess their
current condition or implement continuous mon-
itoring measures. Over the last ten years, we have
carried out many projects to address these issues.
We report here some of these activities.

LIFE EXTENSION OF TRANSFORMERS

Continuous online oil purification
The insulation system of high-voltage power trans-
formers consists of oil, paper, and other cellulose-
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based solids. Throughout its service life, the insula-
tion is subjected to numerous stresses, including high
temperatures, vibration, electric fields, and expo-
syre to moisture, oxygen, acids, and other chemical
contaminants.

As a result, over time a gradual loss in mechanical
and dielectric properties will eventually compromise
the unit's reliability. The degradation is primarily
a chemical process that is substantially accelerated
by heat and the presence of oxygen and moisture.
Moisture is particularly detrimental to paper, as it
will initiate hydrolysis and scission of the celiulose
chain. Oxygen attacks both paper and oil, producing
acids and other polar compounds that promote
further degradation. ldeally, these materials should
be removed continuously so that they do not accu-
mulate to the point where they can cause irrevers-
ible damage to the paper. In addition, continuous
removal promotes the migration of adsorbed prod-
ucts from the paper to the oil, making the process
more effective than traditional periodic reclamation.

It is generally accepted that the useful fife of
transformers is determined by the residual strength
of the cellulose insulation and not by its oil proper-
ties. This is because the oil can be reconditioned by
conventional treatment or simply replaced, but the
paper degrades through an irreversible process of
depolymerization. Therefore, by maintaining the oil
at near-new conditions at all times, utilities can sig-
nificantly prolong transformer life and considerably
reduce the risk of dielectric breakdown, which is
blamed for many of the extra-high-voltage power
transformer failures.

Laboratory studies

Following extensive laboratory work, we found
that a combination of selective adsorbents and hol-
low fiber modules was effective in removing a mul-
titude of harmful products, including moisture, acids,
polar oxidation products, oil and paper ‘degradation
products, oxygen, particles, and dissolved metals.
Based on these results, a multipurpose online oil
purification unit was built and tested. This consisted
of particulate filters and adsorbent bed cartridges to
remove acids, contaminants, and degradation prod-
ucts. Oxygen was removed by using a hollow fiber

membrane module that atiowed dissolved gases to
permeate through the walls of the membrane and
into the housing. If the gases and other products are
continuously removed from the shell side by apply-
ing a vacuum or a stripping gas, equilibrium will
never be achieved and the oil can be completely
degassed. .

Two approaches were investigated to remove
moisture from transformer oil. The first used a
desiccant and was aimed at making treated oil vir-
tually moisture free. The second used a hollow fiber
membrane module, which was already being used
for degassing. In this case, the moisture removal
from the transformer oil per pass would be only
partial (up to 50%).

Figure | shows the multipurpose online continu-
ous ojl conditioning system prototype. The system
was instrumented with gauges, thermocouples, and
temperature and pressure switches, and plumbed

Figure |
A multipurpose continuous online oil purification unit

prototype.
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TABLE | Test results of the multipurpose online continuous oil conditioning system prototype.

Volume H,O IFT NN PF Breakdown ~ Col  DBPC Cu Tin

Treated ppm dyn/em mgKOH/g % kv % ppm  °C

(Liters)

Incoming Oil 3 368 0.014 0935 32 | 0.22 0.07 51.%
110.7 <l 43.2 <0.1 0.042 57 | 023 ° 0.00) 519
575 <l 41.5 <0.1 0.079 62 f 0.23 0.01 415
799 <l 42,1 <0.1 0.051 60.9 | — 0.009 555
1018 <l 41.6 <0.01 0.06 — ! — — 472

with bypass and diverting valves to allow the system
to operate in the degassing/adsorption mode or only
in the adsorption mode.

. We evaluated this prototype unit in our high-
voltage lab using a 500-kV power transformer. The
properties of the oil at the outlet of the conditioning
unit, as 2 function of treated oil volume, are shown
in Table 1. The results show that the properties of
the treated oil are equal to or better than those of
new oil. It is significant to notice that the oxidation
inhibitor (DBPC) content is not depleted.

Development and evaluation of dedicated field
units

Simpler or single-purpose units were developed and
built for field application. Several of these prototype
units Kave been developed and undergone extensive
lab evaluation. These are stand-alone units designed
for online unattended operation. They are equipped
with fail-safe features and can be installed on an
energized transformer in a few hours. The units
are mounted on light two- or four-wheeled carts
for portability in the substation. These are briefly
described below.

* Decontamination/dehydration: This unit is capable
of continuously removing particles, moisture,
oil, and paper degradation products and oxida-
tion precursors from transformer oil.

. Dehy&ration: This unit is capable of continu-
ously removing moisture and particulates from
transformer oil and is well suited for trans-
former dry-outs and to keep them dry at all
times.

+ Degassing/dehydration: This "unit is capable of
continuously removing dissolved gases, mois-
ture, and particulates from transformer oil.

The first two units have been installed in the field
(Figure 2) and have undergone testing. The results
are shown in Table 2.
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