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JJUHEWUHBIE
AJEKTPUYECKHE LLENTH

I'naea nepsas

OCHOBHbIE MONOXEHHUA TEOPMU DNEKTPOMATHUTHOIO Nonsa
U UX NPUMEHEHME K TEOPUM DNEKTPMUYECKMX LLENEM

§ 1.1. dnekTpomaruuTHoe noJae kKak sua matepun. [log asexrpomaenur-
HbLM NOAEM IOHHMAKOT BUJL MaTePHH, XapAKTEPUIYIOIHHACH COBOKYMTHO-
CTbI0 B3aUMOCBSI3aHHBIX U B3aUMOOGYCJIOBIIHBAIOLLIMX APYT APYTa 3JI€K-
TPHYECKOTO M MArHHTHOro noJjiel. DieKTPOMATHHTHOe MoJe MOoXeT
CYLIECTBOBATD MPH OTCYTCTBHH JAPYrOro BUAA MaTepHH — BELLECTBa,
XapaKTepU3yeTCs HenpepbiBHBIM pPacrnpefie/ieHHeM B MPOCTPAHCTBE
(3/1eKTPOMArHHTHAS BOJIHA B BaKYyMe) H MOXET NPOSIBISTh AHCKPeT-
Hy10 cTPyKTypy ((oToHbl). B Bakyyme nosie pacnpocrpaHsiercs co cko-
POCTBIO CBETA, MOJII0 NPHCYIN XapaKTePHbIE JJIA HETO 3JeKTPHYeCcKHe
U MariuTHble CBOHCTBA, JOCTYIHblE HAGJIIOLEHHIO.

DNEeKTPOMATHUTHOE M0JIe OKa3blBaeT CHJIOBOE BO3JeHCTBHE Ha
sekTpHyeckre 3apsinbl. CHIOBOE BO3JEHCTBHE MOJIOXKEHO B OCHOBY
onpeaesieHUst JBYX BEKTOPHBIX BEJIHUMH, ONMCBHIBAIOLLMX TOJIE: HATIPS-

=

JKEHHOCTH 3J1eKTpHuecKoro nosist E (B /M) 1 MHLYKUKH MaTHHTHOTO NOJIA
- o
B(B-c/m?). Ha zapsn g(Ka), ;uamxyu.mﬁca €O CKOPOCTBIO U B 3JIEKTPH-

YECKOM noJie Hal’lpH)KeHHOCTl/l E v marautHOM nosie UHIAYKUHH B ael-

N
ctByet cusa Jlopenua F=qE+g[vB}]

DJIeKTPOMarHuTHOE NoJie 00/1a1aeT 3HePruei, Maccol W KoJuuecT-
BOM JIBHK€HHSI, T. €. TAKUMH K€ aTpubyTamH, 4TO U BELECTBO. SHepmn
B eJlMHULe 00'beMa, 3aHSITOTO N0JIEM B BAKYYME, PaBHa CyMMe aHepmn

€,
3JIEKTPHUYECKOH H MAarHUTHOM KOMIIOHEHT 10JIsi M paBHa W, OE +2——
Ko

1
31€Ch £g=——7 —3JIEKTPHYECKAS NOCTOAHHARA, D/ M; po=4n- 107
0 Ko

4x.9.10°
MAariuMTHass NOCTOAAHHAas, FH/M. Macca SJlEKTpOMaFHHTHOFO noJss B
e[MHHle 06beMa pPaBHA YAaCTHOMY OT HeJieHHst sHepruu noas W, Ha
KBaILpaT CKOpOCTH paCHPOCTpaHeHHﬂ SJleKTpoMal"HHTHOﬁ BOJIHbI B Ba-
Kyywme, paBHOﬁ CKOpOCTH cBeTa. HeCMOTpﬂ Ha MaJioe 3Ha4yeHHue Macchl
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[image: image3.png]N0oJisi 10 CPABHEHUIO C MACCOH BelleCcTBa, HAJTHYNE MACCHI TIONIS YKa3bl-
BaeT Ha TO, YTO MPOLECCH B N0JIE ABJIAIOTCS HPOLECCAMH HHEP LLMOHHBI -
mu. KosHuecTBO NBHXKEHHS €IHHHLBI 06beMa 3J1EKTPOMArHHTHOTO 110~
Jisi OTIpejleNisieTcsi NMPOM3BEJeHHEeM MacChl eIMHUIbI 06beMa 1oJst Ha
CKOPOCTb PAacNpOCTPAHEHHSA 3JIeKTPOMaTHUTHOM BOJIHBI B BAKYYME.

DNIeKTPHYECKOe H MATHHTHOE 110J1s MOTYT ObITh H3MEHSIOIUMHUCS U
HEM3MEHHBIMH BO BpeMeHH. Hen3aMeHHbIM B MaKpPOCKOIIHYECKOM CMBIC-
Jie 3JIeKTPHUECKHM I0oJieM SIBJISeTCS 3JIEKTPOCTaTHUECKOe I1oJie, CO-
371aHHOE COBOKYITHOCTBIO 3aPSi0B, HENOABHXHBIX B NPOCTPAHCTBE H
HEH3MEHHBIX BO BpeMeHH. B aToM cilyuae cyuiecTByeT 3JieKTpHUeCKoe
noJsie, @ MarHuTHoe oTcyrcrByeT. [IpH npoTeKaHHu NOCTOSTHHBIX TOKOB
110 MPOBOASILUKHM TeJlaM BHYTPH H BHe UX CyLLECTBYET 3JIeKTpHUeCcKoe H
MATHHUTHOE 10J5i, He BJIMAIOLIHE APYr HAa ApYyra, Mo3TOMy HX MOXHO
paccMaTpuBaTh pa3iesibHo. B uaMensioulemes Bo BpeMeHH 10J1e 3J1eK-
TPUYECKOE M MATHUTHOE MOJsi, KaK YIIOMHHAJOCh, B3aHMOCBA3aHbl H
06yCJIOBJIMBAIOT JPYT APYra, 103TOMY HX HEJIb3Sl PACCMaTPUBATDh Pa3-
JIeJIBHO.

§ 1.2. UnTerpanbhbie v auddepeHuHaNbHbIE COOTHOLIEHHS MEXAY
OCHOBHBIMH BEJIHHHHAMH, XaPaKTePH3YIOWHMH Nose. DJIeKTPOMATHHT-
Hble M10JIs1 MOTYT ObITb ONTUCAHBl UHTErPAJbHBIMH HJIH IHdepenHalb-
HBIMHU COOTHOIIEHUSIMH. MHTerpasibHble COOTHOILEHUSI OTHOCATCH K 06b-
eMy ([MJHHE, MJIOLAJM) YY4acTKa MOJS KOHEUHbIX pas3MepoB, a
nuddepeHuHaNbHble — K yUacTKy nossi pusanyeckn GeCKOHEUHO Ma-
Jipix pazmMepoB. OHU BHIpaXKaloTCsi onepaluHaMHy rpafiMeHTa, IMBeprex-
KM, poTopa (packpbiThe onepauuu grad, div u rot B pa3inuneix cucre-
max koopauuar cm. B 111 wactn kypca). B makpockonuueckoii Teopuu
110J151 ONMKUCHIBAIOT CBOACTBA N0OJIfA, yCpeIHeHHbIe 110 6eCKOHEYHO MaJIOMy
(u3uyeckomy 06beMyY H BO BpeMeHH. DTOT 06beM B OTJIHUHE OT MaTeMa-
THYeCKH 6eCKOHeYHO MaJIoro 06beMa MOXKeT COfepKaTh 60JbIIoe YuC-
J10 atomoB BewtecTBa. JluddepenunanbHble ypaBHEHUS MaKPOCKOIHYE -
CKOfi TEOpPHH MOJISI HE ONKCHIBAIOT MOJISt BHYTPH aTOMOB, JJ15 4ero, Kak
M3BECTHO, CJY>KaT YpaBHEHHSI KBAHTOBOH TEOPHH 110JI1.

B ssiekTpocTaTHUECKOM 110JI€ TOTOK BEKTOPA HANPSAXKEHHOCTH 3J1€K-

Tpuueckoro nouast £ uepe3 3aMKHyTylo noBepxHocTh (puc. 1.1) pasen
CBOGOJHOMY 3apANY (. HAXOAsLlEMYCsl BHYTPH 3TOH MOBEPXHOCTH,

JleleHHOMY Ha g€, (Teopema [aycca):
- = 1.1
(S)EdS——qmﬁ, ( )

€0,

-

rae dS — 3/1leMeHT NMOBepXHOCTH, HANPaBJICHHBIA B CTOPOHY BHEIIHEH
HOpPMaJii K 06'beMY; €, — OTHOCHUTEJIbHAS AU3JIeKTPHYECKAast MPOHHULA-

€MOCTb JIM3JIEKTPHKA.
B nuddepenunanvhoit popme teopema ['aycca 3anucbiBaeTcst Tak:
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(Qus — OObEMHAst INIOTHOCTb CBOGOHOTO 3apsina, Kii/m®).

IMepexon or (1.1) k (1.2) ocywecTBasOT nejenuemM o6eux HacTei
(1.1) Ha 06beM V, HaxoAAIUACS BHYTPH NIOBEPXHOCTH S, U CTPEMJICHHH
o6bema V K HyJTi0.

-

Pusnyecky divE 03HauaeT HCTOK BEKTOPA B JJaHHOMH TOUKe.
B ssiekTpocTaTHY€CKOM MoJie H B CTALHOHAPHOM 3JEKTPHYECKOM
-~

- -

nosie Ha 3apsia g nedctByet cuna F=gE. Otciona cnenyer, uto £ moxer
- -
ObITh ONpefe/ieHa Kak CHIoBasi Xapakrepuctuka noas E = limF/q.

g0
Ecau g noa AeHCTBHEM CHJ NOJS nepeMecTUTCs H3 TOYKH IB TOUKY 2

2> - -

(puc. 1.2), To cuasl nosist coepuat paory A = qs Edl, rne dl — ane-
\ ,
MEHT NyTH H3 / B 2.

IMoxn pasuocrero noternyuaros Uy, mexny ToukaMu I ¥ 2 NOHUMAIOT
paboty, coBepliaeMylo CHJIaMHU NOJS NpH nepeHoce 3apsaga ¢ = 1 Ka
M3 TOYKH I B TOUKY 2,

N 2

Up=o — <4>2=Sl Edl, (1.3)

U\, He 3aBUCHT OT TOTO, 110 KAKOMY Ny TH NPOHCXOJHJIO NlepeMeLieH e H3
ToukK I B TOuKy 2. Bripaxeuuiwo (1.3) coorsercrByer auddepeHunalb-
HOEe COOTHOLIeHHe

- 14
E=—gradg¢. a4
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[image: image5.png]I'pannent ¢ (grad ¢) B HEKOTOPO# TOUKe MOJISi ONpefessieT CKOpPo-
CTb H3MEHEHHS @ B 3TOH TOUKe, B3ATYI0 B HANPaBJEHHH HAHGOJ bILErO
5

ero Bo3pacTaHus. 3HaK MHHYC o3Hauaet, uyT0 £ u grad ¢ Hanpasnens!
IPOTHBOIOJI0XKHO.
DJieKTPUYECKOe T10J1e HA3bIBAIOT NOTEHYUAAbHbIM, €CJTH JUJISi HEro

-

@Edl:(), INeKTPHYECKOE N0J1€ NOJISIPH30BAHHOIO AU3TE€KTPHKA OTMUCHI-
BAETCS BEKTOPOM 3JIEKTPHUYECKOTO CMELEHHsT (HHAYKLMH)

-

- 1.
D =gk + P, (15

-

roe P — NOJNIAPH3OBAHHOCTD IHINEKTPHKA, KOTOpAsi paBHA 3JIEKTpHYE-
CKOMY MOMEHTY e AMHHLBI ob6bema NOJIAPU30OBAHHOIO AH3JIEKTPHKA.

B CTAallUOHAaPHOM HEU3MEHHOM BO BPEMEHH 3JEKTPHUECKOM MoJie B
IlpOBOZlﬂllleﬁ cpene B CMeXHble MOMEHTH BpeMeHH pacrpeiesyieHHe 3a-
psA10B OIHHAKOBO, MO3TOMY /1J151 3TOr0 noJs C2ﬂpaBele'|HBO onpenesjieHue

pasHOCTH NOTeHUHaN 0B 110 hopmyne Uy, = S Edl.
1
BHyTpu ncrounnka nocrosiHoit J1C pe3dy bTupyioliasl HanpsiKeH-

HOCTb 3JIEKTPHUECKOT0 110J151 Epea

(kyJioHOBOH ) cocTaBastontedl £, U cTopoHHe# coctapnsioutedt £, :

crop*®

paBHa BEKTOPHOIi cCyMMe T0TEHLHANBHOH
-

- - -

Epe3=Enm+Ecmp'

Ecmp pasnensiet 3apsaabl BHYyTPH UCTOUHHKAE, OHA 06yc.v|0|meHa XHMUUe-

CKHMH, 3JIEKTPOXUMHYECKHMHU, TENJIOBLIMK H IPYFTUMH N1POLIECCAMH He
-

3J1eKTPOCTATHYECKOTO IIPOHCXOXKIEHHS] W HanpaBJieHa BcTpeuHo £, . B

3JIeKTPOMArHUTHOM T10J1€ MOTYT MPOTeKaTh /1eKTpHYeckHe TOKH. [Tox

JNEKTPUYECKUM TOKOM TIOHUMAIOT HalpasJjeHHoe (ynopsilouyeHHoe)

NBH)XEHHE 3JIEKTPHUUECKHX 3apsioB. TOK B HEKOTOPO# TOUKe MOJIS Xa-
=

pakTepusyeTcst cBoeli NoTHOCTHIO § (A/M2). i3BeCTHbI TPH BUlLA TOKA:

), TOK cMelleHus (MJ0THOCTBIO

TOK NPOBOAMMOCTH (MJIOTHOCTD €ro 6,
- -

6., ) v Tok nepenoca (n10THOCTLIO 8, ). TOK NIPOBOANMOCTH MpOTEKaET
B [IPOBOASALMX TeNAX 10/ 1eHCTBHEM NEKTPHUECKOTO NOJIS, IIOTHOCTD
€ro npornopuuonansha £

PO (1.6)
8,,="E,
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B meradsiax TOK 0pOBORHMOCTH OGYCJIOBIEH YIIOPSIAOUEHHBIM JABHKE-

HHeM CBOGOIHBIX 3JIEKTPOHOB, B XHIKOCTSIX — JBHKEHHEM HOHOB.
TTI0THOCTB TOKA CMELIEHHS B AIH3JIeKTPHKE PAaBHA NPOH3BOHOM 11O

BpeMeHH OT BEKTOPa dJeKTpHuecKoro cMellenus D = gF + P:

o _4p_ dE  dP _dE (1.7)
Oow = g7 = b0y T qr = Petrgy
E - .
C.naraemoe EO‘E l'lpe[lCTaBJlﬂeT co60# cocTasa AULY 0 TOKa CMmelLle-

-

HU$, 00y CJIOBIEHHYI0 U3MEHEHHEM BO BpeMeHH HanpsikeHHOCTH noJist E B
BakyyMe. Hocurensimu Toka cmenieHust B pU3M4ecKoM BaKyyMe (B HEM HET
YaCTHL BEILLECTBA ) ABJIAIOTCS BUPTYaJbHble YacTHLbl. OHM BCET/1a BO3HUKA-
10T apaMH, KaK Obl M3 HHYEro, HaNpHMED, 3JIEKTPOH H O3UTPOH, HJTH IIPOTOH
H aHTHIIPOTOH U T. 1. K&k Aast napa BUPTyaJibHbIX 4aCTHIL SIBJISIETCS KOPOTKO
KuByuwel (Bpemsi xuaHH Af). CocraBnsitouide ee 4HaCTHLBI MOTYT
NepeMELLaTbCsl Ha OUeHb MaJlOe pACCTOsiHWE Ax, @ 3aTeM 9TH YaCTHUBI C
MNPOTHBOMONIOKHOTO ~ 3HAaKa  3apsiiaMd  aHHuruwiaupyior. Kaxnas

BUPTyasibHasi 4acTHlla obsazaeT pa3bpocom sHepruu AW% " pasbpo-

COM UMMYJibCa Am>£, rae nocrosinnas INaanka A=6,626 - 10— Ix - c.

llJlﬂ KaXoi Tnapbl BUPTY aJIbHBIX YACTULL BLITTOJTHAETCSH 3aKOH COXpaHeHUst

3apsng, HO B paAMKax COOTHOLIEHHsA HeOHpelleﬂeHHOCTeﬁ Hab10/1a10TCs Me-

CTHbIE HapylleHusi 3aKOHa COXpaHEHUsA SHepruy H 3aKOHA COXPAHEHUs1 UM-
-

nynasca. Cnaraemoe dP/df 06ycnoBieHO H3MEHEHHEM M10JIs1PU3OBAHHOCTH
BO BpeMeHH (M3MeHeHHEM PaCIIOJIOKEHHS CBSI3aHHBIX 3aPsi/I0B B AHIJeK-
e

TpHUKe npH u3MeHeHun E Bo BpemeHu). B kauecTBe npumepa toKa cmetie-
HUS MOxeT ObITh Ha3BaH TOK uepe3 KoHaeHcaTop. Tok nepeHoca 06ycJioB-
JIeH JBUKEHHEeM 3JIeKTPHYECKHX 3apsifioB B CBOOOMHOM MpPOCTPAHCTBE.
ITpuMepom Toka nepeHoca MOXKeT CJIYKHTb TOK B 3JIEKTPOHHOM JiaMIie.
Ecau nosnoxutenbhblit 3apsin 06beMHO# NJIOTHOCTH Q. IBMKETCS CO CKO-

-

POCTBIO U, M OTPHLLATENIbHBIH 3apsiji 00bEMHOH MIOTHOCTH Q_ CO CKOPO-
N -

- -

CThIO U_, TO MJIOTHOCTb TOKA [1ePeHoca BITOM noste 8, = @, 0, + Q_v_B

SIBHOM BMJle He 3aBHCHT OT HanpsikeHHOCTH £ B 1aHHO# Touke nonsi. Ecan
B HEKOTOPO# TOUKE MOJIs OJHOBPEMEHHO CYLIeCTBOBaJIH Obl BCE TPH BUAA
e -~ > >

TOK@, TO NOJTHAA IOTHOCTb TOKa b,,, = 8, + O, + 8,¢,. 151 GOIBIWIHA-
CTBa 3a/la TOK NepeHoca OTCYTCTBYeT.
Tok — 370 cKansip anre6panueckoro xapaktepa. ITosHbIH TOK ve-
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pe3 noBepxHocTb S paBeH
- 1.8
.= Sﬁmds. (18)
3

EcJ/iH B 3JIEKTPOMArHHTHOM [0JI€ BBILEJNHT HEKOTOPBIA 06BEM, TO TOK,
BotweaWHH B o6beM, 6yeT paBHATHCS TOKY, BbillieilleMy H3 06beMa, T. €.

§8:0,dS=0, (1.9)

-
rie dS — 3J1eMEHT I0BEePXHOCTH 06beMa, OH HANnpaB/eH B CTOPOHY
BHElIHEeH [0 OTHOLIEHHIO K 06'beMY HOpMaJiH K noBepxHocTH. [Tocennee
yPaBHeHHe BbIpaXKaeT NPUHYUN HeNPepblBHOCTY NOAHO20 TOKA: THHHH
MOJIHOTO TOKA NPEACTABJSIOT 3aMKHYThl€ IHHUH, HE HMEIOLILHE HY Haya-
J1d, HH KOHILE. DJIEKTPHYECKHE TOKH HEPA3PbIBHO CBA3aHb C MATHUTHBIM
noJjieMm. A1a CBSA3b ONPEAEJISAETCS HHTErpaibHoil GopMOK 3aKOHA 10J-
HOTO TOKa

§Lai=1 (1.10)

l’l‘(] noar
UMPKYJISiHA BEKTOPA N0 3aMKHYTOMY KOHTYPY PaBHa MOJHOMY TOKY,
i<

OXBaue€HHOMY 9THM KOHTYpOM; d/ — 3JieMeHT LJIHHbI KoHTypa (pHc. 1.3).
Takum o6pasom, BCe BHIBI TOKOB, XOTA ¥ HMEIOT pasiuuHyto Gpuanye-
CKYI0 MPHPOLY, 06J1a1210T CBOHCTBOM CO3/1aBaTh MarHHTHOE OJe.
deppoMariuTHble BellecTBa 06J1a1al0T CIOHTAHHON HAMarHUYeH-
HOCTbI0. XapaKTEPUCTHKOM €€ SIBASIeTCA MarHUTHBI MOMEHT €JMHUILbI

o6bema BetilecTBa J (ero Ha3plBalOT HAMarHHYeHHOCTBIO). JL.1s1 peppo-
MATHUTHBIX BEWECTB

B=py(H+J) = pou,H = p.H, (LID)

rae u, — OTHOCHUTEeJIbHAf MArHUTHasi MPOHHUAEMOCTD; U, — abcooT-
Hasi MarHUTHas NPOHHLLAEMOCTb.
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noB_7 (1.12)

F=4

paBHa Pa3HOCTH JABYX BEKTOPHBIX BeJIHUuH B/pou J.
3aKon noano20 TOKA B MHTErpasibHOH opPMeE 4acTo 3aIUCHIBAIOT B
BHE

-

§HAl=1,, (1.13)
uiu B iuddeperinanbHol popme
rot;=vg+[:1—l:. (1'14)

3anucs (1.14) 3akona nosHoro Toka noayuusu u3 (1.13), nogenus

o6e yacTH ero Ha nuomans AS, 0XBayeHHY0 KOHTYPOM HHTErPHPOBAHUS,
u crpemiiennn AS k Hyqo0. @uanueckuii potop (rot) xapakrepusyer nose
B IlaHHOH TOUYKE B OTHOLIEHHH CIIOCOOHOCTH K 06pa30BaHHUI0 BHXPeH.
[1oTHOCTB TOKA I€peHoCca B IPaBoii YACTH NOCJEHETO yPaBHEHUS
He yuTeHa, TaK Kak OH OObIYHO OTCYTCTBYeT B 3ajiauaxX, pellaeMblX ¢
MOMOLLBIO 3TOrO YpaBHeHHst. MarHuTHbIf NOTOK Yepe3 HeKOTopYlo Mo-
N

BepxHocTh S (puc. 1.4) onpenessiioT Kak NOTOK BeKTopa B uepes 3ty
[0BEPXHOCTh

- =

() SBdS. (1.15)
N

[Morok @ — 910 cKaAsp anrebpanyeckoro xapakrepa, HaMepsieTcs B
BeGepax (B6). Eciin noBepxHocTh S 3aMKHYTast M 0XBaThiBaeT 06beM V,
TO 110TOK, BOIWe QKK B 00bEM, PaBeH MOTOKY, BbllIEALIEMY H3 Hero, T. €.

§BdS = 0. (1.16)

D70 ypaBHeHHe BbIPAXKaeT NPHHLHI HENPEepbulBHOCTU MACHUTHOZO0 NO-
ToKa. JINHUKM MarHUTHON UHAYKIHH — 3TO 3aMKHYThie JuHHH. B auc-
¢epeHuMabHOM DOpPME MPHHIUI HENPEPBIBHOCTH MAarHUTHOTO NMOTOKa
3aIUCHIBAETCS TAK:

divB = 0. (1.17)

B 1831 r. M. ®apaneii chopMyJaUpoOBaN 3aKOH INEKTPOMASHUTHOLL
undykyuu: IJAC e,,,, HaBeleHHAN B HEKOTOPOM OJIHOBUTKOBOM KOHTYpe

MPOHU3BIBAIOUHUM 3TOT KOHTYP, U3MEHAIOUIUMCs BO BpEME€HH MAaruuT-
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Hanpabnerue Hanpabpenue v
nabedenrou YL omcyerna I4C
Puc. 1.5 Puc. 1.6
HBIM [TOTOKOM, OTIpele/IgeTCs BbipaXKeHueMm
€un =(? E, dl =—dd/d¢, (1.18)

.
aaech E,,, — UHAYKUHOHHAS COCTABJAIONAS HAMPSAKEHHOCTH SJIEKT-
pHYECKOro noJist. 3HaK MUHYC 06YCJIOBJIEH TPaBOH CUCTEMOI oTCUeTa:
[IPHHSITO, 4TO NOJOXHTENbHOE HanpaBieHne otcuera Jist JAC u Ha-
npasJieHHe N0TOKA NPH ero BO3PACTAHHH CBSI3aHbI [IPABHIIOM N1PaBOT0O
BuHTa (pHc. 1.5).
EcJ/iv KOHTYP MHOTOBHTKOBBIH (KaTyLIKa € YHCJIOM BHTKOB @), TO

e, = — d¥/dt, (1.19)

3necs W — noTtokocuenieHue KaTyuwKH, paBHOe€ CYMMe NOTOKOB, Npo-
HHU3bIBAOUIUX OTAEJbHbIE BUTKH KATYLIKH,

V=0, + O+ ... + O, (1.20)

Ecsiv Bce BUTKM @ NPOHHU3BIBAIOTCS OfHHAKOBbIME NoToKamu @, To

Y = wd,

rie¥ — pesyJibTupyoulee NOTOKOCLEeNnJJeHHe, OHO MOXKET CO3/1aBaThbCH

He TOJIbKO BHEUIHHUM I10 OTHOLIEHHIO K 1aHHOMY KOHTYpPY NOTOKOM, HO H

COGCTBEHHBIM NOTOKOM, MPOHH3BIBAIOLHUM KOHTYP, MPH NPOTEKAHHH 110
-

HeMy ToKa. B npoBoanuke nsuHoi d/ , nepecekaiouieM MarHutHble CH-

-

JIOBbI€ JIMHHH HEH3MEHHOr0 BO BpeMeHH MarHHTHOTO MoJis HHAYKUUH B
(puc. 1.6), Bcnenctsue cuabl Jloperua naBoaures DJC

-

de,,, = Bldlv], (1.21)
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[image: image10.png]rAe v — CKOPOCTb NnepeMelieHust NpOBOAHHKA OTHOCHTENbLHO MATHUAT-
HOTO NOoJIs.

- >

B (1.21) B ckasisipso yMHOXKaeTcsl Ha BEKTOPHOE [1POH3BeeHHe dl HU.

Ecain B pesynbrare pacuera no(1.21)de,,, >0, 1o de,,, nanpasnena no dl

B 1833 r. pycckuii akanemuk 3. X. Jlenn yCTaHOBu.n 33KOH JIeKTPO-
MarHuTHoi uHepuuu. [IpH BCAKOM HM3MEHEHMH MAarHWUTHOIO MOTOKA,
CLEMJISIOUMMCS € KAKHUM-JIHO0 MPOBOASLIHM KOHTYPOM, B HEM BO3HH-
KaeT uHaykTupoBaHHasi J1C, cTpeMsiiasicsi BLI3BAaTh B KOHTYpe TOK,
KOTOpPBIH: 1) NpensiTCTBYeT U3MEHEHHIO MOTOKOCLENIEHHs] KOHTYpa; 2)
BBI3bIBAET MEXAHHUECKYIO CHITY, IPENATCTBYIONLYI0 H3MEHEHHIO JIMHEH-
HBIX Pa3MepPOB KOHTYPa HJIH ero NOBOPOTY. '

3aKOH 3JEeKTPOMArHUTHOH HHIAYKLUHH, MPHMEHEHHbIH K KOHTYPY
6eCKOHEUHO MaJIbiX Pa3MePOB, 3aMHChIBAETCA TAK:

- - 1.22
rotE = — §B/dt ( )

(B mocsienHeil Gpopmysie HHAYKLHOHHYIO COCTABIISIOULY IO HATPsiXKEHHO-

ctd nonst £, npunsito 0603nauats £). O606uias, MOXHO CKa3aTb, 4TO
3JIEKTPOMATHHTHOE 110J1€ OTIUCHIBAETCS YeTHIPbMSi OCHOBHBIMH yPaBHe-
HUSIMU B HHTerpa.anoﬁ dopme:

1.23
@Hd l~ oa e——(S)Emd l——-dCD/dt @BdS =0, @Eds__ qcsﬁ- (1.23)

€08
DTHM ypaBHEHHSM OTBEYAIOT YeThiPe ypaBHeHus B inddepenunaibHoi
¢dopme:

rot H — vE + 0D /dt, (@)
rot E = — 0B/o1, ©)
divB =0, (2)
divE _ ana' (r)

€98,

Owuu chopmysiuposanst 8 1873 r. 1. MakcsensioM. Mx nasmiBator ypas-
Heruamu Makcsesna Wn YypasHenUAMI MAKPOCKONULECKOL INEKTPO-
OuUHQMUKL.

YpaBHeHue (2) 03HAYAET, YTO BAXPEBOE MATHHTHOE T0J1€ CO312€eTCS
TOK2MM NPOBOJIHMOCTH H TOKaMH CMelleHusi. YpasHenue (6) cBuje-
TEJILCTBYET O TOM, YTO H3MEHEHHE MATHUTHOTO 110JIs BO BPEMEHH BbI3bl-
BaeT BUXPeBOe 3JeKTPHUECKoe noJie. Y paBHeHHe (B) — MaruuTHoe 10-
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[image: image11.png]Jle He MMeeT HCTOUHHKOB H ypaBHeHHe (I') — YTO UCTOKOM JiHHHH E
SIBASIIOTCS CBOOOAHBIE 3apsifibl. UacTHble IPOM3BOAHBIE B ypaBHEHUSIX
(@) M (6) yUHTBIBAIOT, UTO YPABHEHHS 3aIUCAHDB! AJ15i HETIOJBHKHBIX TeJl
1 cpell B BBIOPAHHOH cUCcTeMe KOOPAHHAT.

§ 1.3. MNonpaspenenne 3eKTPOTEXHHUECKNX 3aAa¥ HA UEMHbiE H
noaesble. 3anaun, ¢ KOTOPLIMU IIPUXOAHTCS BCTPEYATBLCS HA MPAKTHKE,
moryt GbITh N0Apa3aeseHbl Ha aBe Gosiblune rpynnsl. [lepBas rpynna —
LienHble 3a1a41 — MOTYT ObITb pelleHbl, HCMOb3Ysl ypaBHEHHs 10,
3anucaHHble B HHTerpaJsbHoi popme. B 370l rpynie ucnoib3yoT noHs-
THe TOK, MATHHTHBIH NIOTOK, 3/1eKTPHYECKOe H MArHUTHOE HAMpPsiXKeHus,
notenunal, DJC, MIAC (MarHUTOABHKYILAS CHIA), PE3UCTHBHOE, HH-
LYKTHBHOE W €MKOCTHOE CONpoTHBieHns. Jluist peulenus 3a1a4 BTopo#
rpymnnbl — MOJIeBbIX 33124 — NPUMEHSIOT ypaBHeHUs noJsist B andpde-
peHUMaNbHON U B UHTerpanbHo# popmax. LlenHeie 3apaun paccMaTpu-
BatoT B | u I uwacrax kypca TOD nawm Kypca Teopuu uenefl, 3agaun
Teopun noss B [11 vactn kypca TOD. Uetko# rpaHuibl Mexay AByMs
rpynnaMu 3ajaau HeT, Tak Kak Jiio6as liensas 3ajaaya ¢ yBeJUueHHeM
4acTOTHl NlepepacTaer B MoJeBylo (Bce 6osee NPOABAAIOTCH Mapa3uT-
Hble NapaMeTpbl ¥ Pe3KO Bo3pacTaeT H3JyueHHe IHEPTUH B OKPYKaI0-
uLee MPOCTPAHCTBO).

OcHOBHBIMH ypaBHEHHA MU TEOPHH 3JI€KTPHUECKHX Llenel ABAAITCA
ypasnenusi (3akodbl) Kupxroda. Ilepseriit 3akon Kupxroda nast sanekr-
PHUYECKUX Lelled CeyeT U3 MPHUHIHIA HeNIPEPBIBHOCTH MOJHOTO TOKA,
a ISl MarHHTHBIX L(eNel — U3 MPUHLUIIE HelIPEPLIBHOCTH MArHUTHOTO
noToKa.

[Nokaxem, uto ypaBHenue BTOpoOro 3akoHa Kupxroda aas uenu
nepeMeHHOro TOKa BhITEKaeT 3 OCHOBHBIX yPaBHEHHH 3JI€EKTPOMarHuT-
Horo noJis. C 3Toit uesbio o6patumest K puc. 1.7. Llens (puc. 1.7) o6paso-
BaHa uctouHnkoM croponneit 3J1Ce (1), aBnsiouleiics GpyHkuuei BpemMeHu
(0o6s1acTb I ¢ IPOBOAMMOCTBIO y, ), TPOBOAsiuLel cpenoi (06a1acTb 2 ¢ npo-
BOIMMOCTBIO Y,) H KOHIEHCAaTOPOM (061aCThb 3, 31eKTPHUECKAst POHH-
1LaeMOCTh ).

NpoBodawan
ﬂcpedaw
. Mcz;vﬂ:zwwg Kﬂﬂﬁﬂ:ﬂmﬂp
CImgpoHHeL -~ 20,5315
W et 4 Ewns | s

Eergpr

Puc. 1.7
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[image: image12.png]By[leM HCXOLHTb U3 HENPEPLIBHOCTH [MOJIHOTO TOKA iqepes nomneped-
Hble CEUEHUH Tpex obnacrei. ﬂo.naraeM, UTO HU3JyYeHHe 3HEPTruH B
OKpyXamwtuiee npocTpaHCTBO OTCYTCTBYET (qaCTOTa OTHOCHUTEJIbHO He-

-
Besinka). B nepBoit o6iacTu HanpsXKEHHOCTH 3JeKTpHUecKoro noJs E,
COCTOHT H3 TPex KoMﬂoHeHT(CTopOHHeu r10'reHuuaJ1bH0H M HHIYKIHOH -

HO“) El mel + Enml + Euu,ulv BO BTOpO“ E2 - Eno’r2 + Eml,u?‘ B

S, S, S3 — MJIOULAN NIOfIePEYHOro ceye-

mm3'

TpeTbe E3 =E s+ E

Hust o6sacreil; dl — 3neMeHT JJIHHBL, COBMANAIOUIHI 10 HANPAaBJIEHHIO

- - - -

¢ dS; n® — enuHuuHbIi BEKTOP, COBNaaawowyil ¢ HanpaBaenveM d/ v S.
Jlnst nepBoii o6s1acTu

- - -~ = (1.24)
1= ‘Y((EL'T()p( + Enml + Eun,ul)slf

115 BTOPOii

) - - - (1.25)
1= ’\’Z(Emnz + Eunu2)32v

Ll TpeThel
) 4 - -~ - - - -
= eaa (Enors + Euun3)s3 =¢gP (Epprz + EmulS) S3(p = d/di). (126)

YMHOXKHM ypaBhekus (124—126) Ha 3JeMeHT LJHHbI [yTH

- -

dl = n%dl, yuteMm, ut0 S = n’S, ¥ nepenuueM HX TaK:

-~ - - - (1.27)
(Ecmpl + Euml + Emu.\l) di= Ed[
- - - 1.28
(Enore + EmmZ) dl= ——dl ( )
V2Ss
- (1.29)
(Eums + Euu.u3) di= Pﬁasgdl'

[Tpounrerpupyem (1.27) no annne 1-ro yuactka, ypasnetue (1.28)
110 ATHHE 2-T0 yyacTKa v ypaBHeHue (1.29) 1o asiuHe 3-ro 1 CJ0XUM HX.
[Moayuum

— - — — — - — - — - - - -

S cmpldl + SEnmld l +S nor2d £ + SEnde l +S wnd £+ SEuNuﬂd L+ SEuNl.l(id l=

! ! i L ! P L
\l_m_J\]___-L/__ EC U ._.2..V ._3_.—_.__J
E g = T
§ Eqgrd (=0 § Eyyyd {1 = — dojat




[image: image13.png]df dl i dl (i A 1 dl
— — — dt, ==
! SY151+SY252 pgﬂasa P jat g S%Ss
b s " i3
Ry Ry lS““
OKOHYA 1€JbHO,
. do 1
PR+ R+ +C§zdt=e(t), (1.30)

rie R, n R, — pe3ucTuBHble conpotuBaenus yuactkos / u 2; C — em-
KOCTb KOHIEeHCaTopa.

Bropoit 3akon Kupxroda nist MarduTHeIX Lerneil cieayer u3 3akona
MOJTHOTO TOKA.

PaccMOTpHM CBO#HCTBA 3/1eMEHTOB 3J1eKTPHUECKO#H JleNH Konaenca-
TOpa U HHAYKTHBHOH KaTyUIKH.

§ 1.4. Konpencatop. Mexxny AByMsi JIIOOLIMH TPOBOASIIIUM Y TeIAMH,
pa3zjiesieHHBIMHU JH3JeKTPUKOM, CYHIECTBYET 3NeKTPHUYECKasi eMKOCTb.
Jlaist co3nanus onpeneneHHOro 3HaueHHs! EMKOCTH CJIyXKaT KOHAeHca-
topbl. Ha puc. 1.8, a n3obpaxen niockuit KonpeHcarop, Ha puc. 1.9 —
unaunaprueckuit. Ecnn 3apsn Ha onHoit o6knajake (31eKTPOe) KOH-
JeHcaTopa ¢, Ha Apyroit —¢, To B IPOCTPAHCTBE MEXKY 0OKAaKaMH
CYILECTBYeT 3JIEKTPHUUECKOE [10J1e ¥ MexXy OOK/JaAKaMH HMeeTCs Ha-
npsixkenue U. 3apsin ¢ nponopuuonanen U: g = CU. Kosdduunent
nponopuroHaibhocT C Ha3bIBAIOT €MKOCTbIO

C=gq/U. (1.31)

EMKOCTb 3aBHCHT OT reoOMeTpHUECKHX Pa3MepOB KOHEHCATOPa H OT
IHaJeKTpuKa Mexay obkanankamu. OT Bennuunbl Hanpsikenus U em-
KOCTb, KaK NPaBuJ10, He 3aBUCUT. MCKil0UeHHe cOCTaBSIOT KOHAEHCa-
TOPHI, Y KOTOPHIX MeXy 00KJaJKaMH HaXOJUTCH CerHeTONNIEKTPHK
(y cerHeToaM3NIEKTPHKA &, ABaseTcs pynkunelt £). Exununueii emxkoctu
apasiercs papan (P)uan 6oJee MesKHe e TMHULBI MUKPO, HAHO H THKO-
dapan: 1 Mk® = 10750; 1 Hd = 107°D; 1 nd = 10~ 0.

Mpumep 1. BuiBecTr (popmysy LIS eMKOCTH MJIOCKOFO KoHIeHcaTopa (puc. 1.8, a).

TMuowans ero Kaxao# NiacTHHD (¢ OLHON CTOPOHbBI) S, pacCTOsIHHE MeX]1y MJ1aCTHHAMH
a, OTHOCHTeJIbHAS TH3JIEKTPHYECKAs IPOHHLAEMOCTD IHIJIEKITPHKE €.

Puc. 1.8
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[image: image14.png]Ha puc. 1.8, 6 (Bun c60oKy) nokazanb CHJiOBbie JIHHHK. B ocHOBHOM oGaactu nose
. wpoiiHo. Ha Kpasix uMeercs HEeKOTOPAs HEOIHOPUAHOCTD, KOTOPYIO 3€Ch YUHTHBATD
-

He 6yneMm. E Hangaaneua 0T 3apsina +q k 3apaay —¢. Hanpsikenue mexay aiekTponamu
2 >
U= S Edl = S Ecos0%d! = Ea. OxsaTim BepXHHil 3J1€KTPOL 3aMKHYTOH H0BEPXHOCTHIO
1 1
(cies ee Ha puc. 1.8, 6 nokasan NyHKTHPOM) W NpuUMeHHM K Hell Teopemy [aycca:
> > £0€,S
. N o

@bds=Es= g . CiegosatesibHo, E = 9 _,c=L_t—
€08, £0e,S U a

Mpumep 2. Beisectd GopMysiy eMKOCTH LHJAHHIPHUECKOTO KOHieHcaTopa (puc. 1.9, a).
Ha BuyTpenHeM 31eKTpose PaHyCOM 7y HAXOHTCA 3apsill +¢, HA HADYXKHOM JEKTPOsIe
pajHycoM ry — 3apsin —gq.

Pewe Hue OKpyXum BHYTPEHHHH 3/1eKTPOLL UHJHHIPHUECKOI 3aMKHYTOH 110Bep-
XHOCTBIO panuyca r(ry << r < ro). Clie 37Ol IOBEPXHOCTH MOKA3AH MyHKTHPOM HA PHC.

~

1.9, 6. Ilotok BekTOpa E HMeeT MecTo yepe3 GOKOBYIO MOBEPXHOCTD, Yepe3 TOPLLI NOTOK

- -

OTCYTCTBYeT, TaK KaK Ha TOpLax dS u E B3aumHo HeprneHAHKYJIAPHbI:

4 . Otcona E -4
€8, 2nrlege,

@_E'ds—)= SEcosoodS = E2nrl =

60K. 1o

Hanpsxenue mexnay saektponamu

q dr g,

=(E =———! A

v S dr 2mege ) 2ne0e,lmrl
4l

Emkocts

B KOHAeHCaTope eMKOCTbIO C, MEX/y 3/JIeKTpOoJAaMH KOTOPOro Ha-
NpsiXXeHue U, 3anaceHa 3NeKTpuyeckas sHeprus

c? @
Vo= =3 (1.32)




[image: image15.png][1pu u3MeHeHHHU 3apsja ¢ BO BpeMeHH uepe3 KOHAEeHCaTop Mo AH3
JIEKTPHKY TeueT TOK CMeLlleH s
dg_ du (1.33)
dt dt’

i=

[oJsioxkuTeNbHOE HanpaB/ieHre OTCYUETa TOKA [ COBNANAET C 10J0-
JKUTEJIbHBIM HATPaBJIEHUEM OTCYETA HATIPSIKEHUS L.
N3 (1.33) cnenyer, uto

u=%§idt. (1.34)

§ 1.5. UnpyKktuBHOCTL. SIBIenne camonuayKuun. Ecain no kakoi-iu-
60 KaTyuike (KOHTYpY) 6yeT NPOTeKaTh TOK, TO OH CO3AACT MarHUTHOe
noJie W Katywka 6y1eT npoHH3BIBATBCA MarHUTHBIM noTokoM. Iloto-
kocuenienne katymku W 6yaer nponopumnonansto Toky i W = Li. Ko-
3¢ GuLHEHT nponopunonanbHocTy L Mexay W v iHasbiBaloT uHOYKTUS-
HOCTb10

L =W/ (1.35)

HupyktuBHocTs L ('H) 3aBUCHT OT reoMeTpHUECKHX pPa3MepoB Ka-
TYLIKH, YUCJia ee BUTKOB M OT MarHMTHBIX CBOWCTB CeplevyHHMKa, Ha
KOTOPOM OHa HamoTaHa. EcJiv TOK { 6y1eT H3MeHsATbCsl BO BpeMeHH, 10
3aKOHY 9/1EKTPOMarHHTHOH MHAYKUHMH B KaTyuike HaBenercs DJIC e,
KoTopyo HasbiBaT DJIC caMOMHAYKLMH

dv di (1.36)

“a=""a - " Far
[TonoxuTesibHble HanpaBAeHnsl OTCUeTa MJIsl i M e, COBNAAalT (e, npo-
NOPUHOHAJTbHA CKOPOCTH H3MEHEHUs! TOKa f).
Ecain cepieyHuk, Ha KOTOpbIH HAMOTaHa KaTyLIKa, (eppoMarHuT-
Hbl#, To W siBsisieTcst HesnHeliHOH GyHKIMel ToKa i. B 3ToM cayuae
d¥ (i) d¥(i) di di (1.37)
L= T Tdi a7 ey

(L, HasbiBaloT nudpepenunaibioll HHAYKTHBHOCTBIO, OHa ABAsETCS
HeJiuHeHHON PpyHKuMeH Toka ).

B MarHuTHOM nosie yenHeHHO!N KaTYWKW MHAYKTHBHOCTBIO L, 110
KOTOpOI#i TeueT TOK i, 3aNacaeTcs MarHMTHas SHeprus

: ooop (1.38)
W, = {id¥ = (Lidi =5
0 0
M3 (1.38) cienyer, uto .
2w, (1.39)
L=—
r
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[image: image16.png]. Puc. 1.10

TMpumep 3. BuisecT popmyty 1S HHAYKTHBHOCTH L IByXnPOBOLHOM JIHHHH nepena-
4 LJTHHOM [, PACTIONOKEHHOH B BO3JYXe, IPH PACCTOSIHHH MEXAY OCSIMH 11POBOAOB d
paauyce nposona r<<<d. [Monaratsb {>>d v He yUHTHIBATH MAFHUTHEI{ OTOK (1011€PEYHBIX
CTOPOH HETJIH.
Pewewnue. [Isyxnposonnas aunus (puc. 1.10, a, 6) npencrasaser co6oii kak 66l
ofus Goabuod BuToK. I1ponyctum 1o Heil Tok /. HanpsiKenHOCTb 0SB IPOH3BOJILHON
TOUKE MEXCLY MPOBOAAMK HA PACCTOSHHU X OT JIEBOFO POBOAA HA JIHHHH, COEAUHAIOLLLEH
1

OCH IPOBOJLOB, N0 33KOHY NONHOID TOKa PaBHA 5~ a PE3yJIbTHPYoWas HANPSKEHHOCTD
X

0/if PaBHA CYMMe HalpAXKEHHOCTEH OT KaX/10r0 H3 11POBOJIOB

1 !
= nx T 2@ —n @ >0

TMorok yepes 3awTphxoBaunylo miowanky dS = (dx pasen

woll woll ¢ —
dm_Bds-—R]—l+ ! ]dx;fD= O E =L

H

2n {x  d—x T r

[
Mpud>r L=— ﬂlng.
1 nor

Mpumep 4. Onpenesuts HHAYKTHBHOCTL KaTyuikd (puc. 1.11, @) ¢ 4Hca0M BHTKOB
w, = 1000, paBHOMEPHO HAMOTAHHOMH Ha CepPEUHHK NPAMOYTIOJILHOTO CCUEHHS!, BHY TPCH-

Huil panuyc Kotoporo Ry = 4 cM, Hapyxubiii Ry = 6 cm, Bbicora b = 2 ¢M, u, cepicunnka
panua 80.

Puc. 1.11




[image: image17.png]Pewenne TponycTum 1o Katywke ToK / 0 ONpefeinM HANPSIKEHHOCTD OIS B

lw
cepreyHHKe 110 3aKOHY NOJIHOFO Toka H = Tll? IMorok uepes nosiocy AdR, 3aTpuxosan-
Hylo Ha puc. 1.11, 6,
: okt ilw,dR
d® = BhdR = —°—’;;k—‘-—.
[MorokocuenieHue
2 Ry
Ry w|l‘«ol-l,h]“F
1
¥ =w®=uw{dd= P (1.40)
Ry

Topcranoska ynucosbix 3Hayenuil aaer L = 0,131 'n.

Mpumep 5. BoisecTh hopmysty AJisi HHAYKTHBHOCTH LIHJHHAPHYECKOrO 1POBOAA [UTH-
Holt [ paguycoM R, 06ycJl0B/IeHHOH NOTOKOCHENJIeHHeM B Tesie camoro nposona. Ha puc. 1.12
M0Ka3aH BHJ 1POBOAA C TOPLA.

Pewenue. [TponycTum Brosib nposona nocrosiuubiil Tok 1. [o 3akony nosnnoro

1
TOKd HAlPsKEHHOCTh 11045t H{ Ha PaCCTOSHHM r OT OCH NPOBOAA PaBHA TOKY —2:"2,
R

OXBAYEHHOMY OKPYXKHOCTBIO PAJIHYCOM r W JIeJIEHHOMY Ha JUIHHY 3TOH OKPYXHOCTH 27r:

r
H= 2 RQ- Wupykuus B = p,aHA Maruutaas 3Heprust, 3aMaceHHas B TeJie POBO/A,
I

R p %R walt [
W, = {gonrtdr =~ {far ——o—. "’&,,‘
2R A}
Mo (1.39) .
W, ol e
L=—pt =

§ 1.6. B3aumnas muayKTHBHOCTD. SlBaeHHe B3anmonnaykunu. Ha puc.
1.13, a n3o6pa>kennl a8a KoHTypa. [lo nepBomy Teuer ToK i;, 10 BTOpoMy —
iy IloTok, co3paBaembiii nepBbiM KOHTYpoM D, yacTHUHO 3aMbIKaeTcs,

ij|A





[image: image18.png]MPOHH3bIBASH TOJBKO NepBbIi KOHTYP M), MUHYS BTOPO#, 44CTHYHO MPoO-
HU3bIBAs W BTOPOH KOHTYP D, UTOOB prcYHOK Gbl1 GoJiee MOHATHBIM,
Ha HeM H306paXkeHo TOJILKO 110 OLHON CHJIOBOR JIMHUH KaXXJ10r0 0TOKA

D=, + D,

AHasioru4Ho, NOTOK, CO3/1aBaeMblii BTOPbIM KOHTYpOM:
Dy = By, + Dy,

Ec/iv niepBblii KOHTYP HMEET W, BUTKOB, TO NOTOKOCLEMJIEHHE [1€PBOTO
koHTypa w (D, &= O,) = v, D, & w,®, = ¥, &+ ¥,,. [lorokocuense-
HHe BTOPOTO KOHTYpa (UMCJ0 BUTKOB W,)

W@y + Byy) =W, + V.

3HaKK «-+» COOTBETCTBYIOT COTVIaCHOMY HalpaBJ/ieHHIO I0TOKa OT CBO-
€I'0 TOKa ¥ [10TOKa, CO3/1aBa€MOT0 TOKOM B COCE/IHEM KOHTYpe. SHaKH « —»
COOTBETCTBYIOT HECOTJIaCHOMY (BCTPEYHOMY) HanpaBJieHHIO MOTOKOB
(4151 9TOrO OAMH H3 TOKOB JI0JXKEH H3MEHUThb HanpasJienue). [loTokoc-
uensexue W, NponopuUHOHAJILHO TOKY iy, @ W), — TOKY i

¥y = w0y = Mi,
Y, = w,®,, = Mi,.
Kosdduuuent nponopunonanbioctu M (I'n) Ha3biBa10T 83aumHOll un-

OYKTUBHOCTbHO
M=V, /i,=W¥,/i,. (1.41)

OHa 3aBHCHT OT B3aUMHOIO PACIOJN0OKEHHUS, YHCIa BUTKOB, FreOMeTpH-
YeCKHX pa3MepoB KOHTYPOB (KaTylleK) H OT MarHUTHOM MpOHHILaeMO-
CTH p, CEPIEUHHKOB, Ha KOTOPBIX OHM HaMoTaHbl. Ecan p, = const, To
OT BeJIMYHHBI TOKOB M He 3aBUCHT.

SHenenuem ezaumoundykyuu Haszbipaior HaBeneHne DJIC B ogHoOM
KOHTYype 1npH uameHeHuu Toka B apyrom. Hasogumyio DJ1C naswiBator
3/1C s3aumourndykyuu v 0603nauair e,. las puc. 1.13 nonnas 3J1C,
HaBOIKMasi B IePBOM KOHTYpe,

diy (1.42)

d . . di)
1 £ W) =— E;(Lm =+ Mig) = — LI‘E[ EM—=ey ey

o — d
1= 74y dt

W BO BTOpOM
d d .
— 'a(‘yz + W)= — "E(L2t2 + Mi)) =

diy di, (1.43)
=—L2W1ME7=22L122M. !
B ¢opmynax (1.42) u (1.43) npunsito, uto M > 0. B To ke BpeMsi B
JIMTEPAType MOMHO BCTPETHTbCS C TE€M, UTO 3HAK MHUHYC Y €, B 3THX
¢opmyaax oTHocsiT He K DJIC B3auMOHHAYKIMH, a K M, T. e. 3anucel-

24 .




[image: image19.png]BaloT ¢popmyanl (1.42) n (1.41) B BUze
e =6y + eyhey=ey + ey

[on K03ppuyuenToM 813U NBYX MarHUTOCBSI3AHHBIX KATYLIEK MOHU-
MaloT OTHOLIeHHe M K KBaZipaTHOMY KOPHIO U3 npoussenenns L L, 3Tux
KaTylwek

ko, = M/\L,L,. (1.44)

Beerna k, << I; R, =1, ecin Becb MarHuTHbIN MOTOK, CO31aBaeMbli
nepBoil KaTyWKOH, NPOHH3bIBAET U BTOPYIO0, @ BeChb MOTOK, reHepHpye-
Mblif BTOPO#l KaTYLIKOH, MPOHHU3bIBAET H NEPBYIO.

MarnuTHas SHeprust AByX MarHMTOCBSI3aHHbIX KaTyLIeK ¢ Tokamu [,

nl,paBHa
L2 LM (1.45)
Wy=—5+—— Ml

3Hak « -+ » OTHOCHTCH K COlJIaCHOMY, €« — » — K BCTPeYHOMY Hanpas-
JIEHHIO TOTOKOB.

Mpumep 6. Ha cepaeunnke npumepa 4 Kpome KaTyiiKu ¢ yHcoM BHTKOB w) = 1000
PaBHOMEPHO HAMOTAHA U BTOpas Karywka wg = 500. Onpenesnm M mexy Karyluikamu.

P e wenue Beconotok @, cosnaBaembiil B cepaeyHuKe nepBoil KATYIKOH, IPOHH-
abiBaeT  Bropyto. [Toatomy

Ry
¥ Mok, W |w2hlﬂ‘R—

Mpumep 7. OnipeaesiHTb MaArHHTHYIO SHEPTHIO, 3aMIaCAEMYI0 B MArHHTHOM 110J1€ [IByX KaTy-
1iek npumepa 6, ecsiu no nepsoii Katyiike teuer T0K I, = 1 A, no Bropoii — 1ok I = 0,5 A.
MarHuTHblE I0TOKH HATIPABJIEHb COTJIACHO.
P e w e ue. [Todopmy.e (1.40), 3amenns B Helt | Ha wy, onpenensiem Ly = 0,0327 [n.
Mo dopmyue (1.45) )
1-0,131  0,5%.0,0327
W, = — + s + 0,0655-1-0,5 = 0,1387 IIx.
Tpumep 8. Io nepnoit kKarylike npumepa 7 TeueT TOK i), HIMEHAIOLMACH BO BpeMeHH
B coorBeTcTBHH ¢ puc. 1.13, 6. Bropas katymka pasomkuyra. [Toctpours kpuseie 3/1C
camounaykumu ey; u DJ1C B3aUMOMHAYKLHH €y (BPeMS 1aHO B MC).

di
Pewenue Ipadukey; (puc.1.13, 8)crponm no popmyne e;; = — Ll—d‘:‘,rpa(buk
di,
ey (puc. 1.13, 2) — no dopmysie egy = — Md—t‘.

§ 1.7. Cxembl 3ameleHusi peajibHbIX 3JEKTPOTEXHHYECKHX YCT-
poiicTs. B sieMeHTax peasibHbIX 3JIEKTPOTEXHHYECKHX YCTPORCTB (31€eK-
TPHYECKHX LleNsX) MPOUCXOAST JOCTATOUHO CJI0XKHBIE IPOLecCh NpoTe-
KaHHA TOKOB MPOBOJMMOCTH, TOKOB CMEIleHHUs], BbIeJIeHUs] TeNI0BOH
SHepruu, HaBenenusi DJC, HaKOIVIEHUs U TepepaclpeeseHuss sHep-
THH 9J1€KTPUUYECKOr0 H MATHHTHOTO NoJiel U T. . J1s1s Toro uToGel MOXKHO
GBlI0 MaTeMaTHUECKH OMUCATb ITH NPOLIECCHI, B TEOPHH LieNed 1101b3y-
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IOTCSl pacUeTHBIMHU CXeMaMH (CXeMaMH 3aMellleHHs ), BBOJS B HUX pe3u-
CTHBHBIE, HHIYKTHBHBIE H eMKOCTHbie 3seMeHThl. C NnoMollblo pe3u-
CTHBHOTO 3JIEMEHTA YUUTHIBAIOT Bbl€/eHNe TEMIOTEl B peaibHOM 3Je-
MEHTE, C [OMOLIbI0 HHAYKTHBHOTO 3jieMeHTa — Haselenne DJIC u
HaKOIJIeHHe SHEPTHH B MAarHMTHOM 110J1€; C TOMOILbI0 € MKOCTHOIO 3JTe-
MeHTa — MPOTeKaHHe TOKOB CMELIeHHs] H HAKOMNJ/IEHHe SHePrHHU B 2JIeK-
TPHYECKOM roJie.

Kax<nblii s/ieMeHT peasnibHOM 3JIeKTpHYeCKOH LelH Ha cXeMe 3aMe-
ILI@HHS] MOXHO MpPeACTaBUTh TOM MJIH UHOH COBOKYNHOCTbIO HI€aJIH3H-
POBAHHBIX CXEMHBIX 3J1€MEHTOB.

Tak, peaucTop /151 HH3KHX YaCTOT MOXHO MPEACTaBHTb OJHUM pe-
3UCTHBHbIM 3ieMeHTOM R (puc. 1.14, a). Jlins BBICOKHMX 4aCTOT TOT Xe
pe3ucTop AosKen ObiTh MPEACTaBIeH yxKe HHOH cxemoii (puc. 1.14, 6).
B Hefi Masiasi (Mapa3uTHast) MHAYKTHBHOCTb L, yunTbiBaeT MAarHHTHBIA
MOTOK, CLEMJIEHHbIH C PE3HCTOPOM, a MaJiasi lapa3uTHas eMKocTb C,
YUHTbIBAeT MPOTeKaHHe TOKA CMEIEHUS] MEXLY 3aKMMaMH pe3nucTopa.
KongencaTop Ha HU3KHX 4aCTOTaX 3aMelLAIOT OHHM eMKOCTHbIM 3J1e-
MeHTOM (pHc. 1.14, 8), a Ha BHICOKHX 42CTOTaX KOHAEHCATOp NPEACTaB-
asT cxemoit (puc. 1.14, e). B 3Toii cxeme pe3uctop R, yuuTbiBaer
TIOTEPH B HEHJleaIbHOM JH3JIeKTpHKe KOHJleHcaTopa, a L, napa3uTHas
HHJLyKTHBHOCTb MO/ABOASILIIMX KOHTAKTOB.

HMHayKTHBHYIO KaTyLIKy B epBoM NPUGIMXKeHHH MOXKHO MpejcTa-
BHTb OJIHHM HHIYKTHBHBIM 3JieMeHTOM L (puc. 1.14,0). Bonee nosno ona
MoXKeT ObITh NpeacTariena cxemoit (puc. 1.14, e). B Heit R yuntoiBaer
TeNJIOBble NOTEPH B CONPOTHBICHNH OGMOTKH M B C€PeUHUKE, HA KOTO-
pOM OHa HaMOTaHa, a Napa3uTHasi eMKocTb C, YUHTBIBAaeT TOKH CMellle-
HUSl MEX]Y BUTKAMHU KATYLIKH.

O606u1eHHO MOXHO CKa3aTb, YTO TTPH COCTABJICHUH CXeMbl 3aMelile-
HHSl PeasibHbIX 31EMEHTOB LleNK U LEeNH B LLEJOM B Hee BXOAAT Te Hjea-
JIA3UPOBAHHBIE CXeMHble 31eMEHTHI, C TOMOIIbI0 KOTOPbIX OMHCHIBAIOT-
C51 OCHOBHbIE MPOLECCHI B peaJibHbIX 3JeMeHTaX LeMu, a NpoleccamH,
SIBJISIIOILMMHUCA OTHOCHTEIbHO BTOPOCTENEHHBIMY B 3THX dJIeMEeHTaX AJisl
paccMaTpHBaeMoOi 0JI0CH YacTOT H aMILTHTY ] BO3/1eHCTBHi, 06bIYHO
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[image: image21.png]npenebperalot. Peasibhylo 3/1eKTPHYECKYIO 1i€Mb, NPEACTABJEHHYI0 B
BUJI€ COBOKYMHOCTH H/I€aJIH3HPOBAHHBIX CXEMHBIX 3JIEMEHTOB, B aJib-
HeiilueM OyleM Ha3blBaTb CXeMOL 3ameujerusi 3MeKTpu4eckoil yenu
WJTH, KOPOYE, CXeMOll INEKTpu4ecKoll yenu.

Ec/ MOXHO CUMTaTh, YTO HATPSKEHHE H TOK Ha BCEX SJIEMEHTax
peasibHOM [leNH He 3aBUCAT OT NPOCTPaHCTBEHHBIX KOOPAKHAT, TO TAKYIO
LleMb HAa3bIBAIOT YEnbio € COCPEOOTOYEHHbIMU NAPAMET PAMU, €CTTH 3AaBH-
CAT — yenvio ¢ pacnpedesennbimu napamerpamu. Ilpoueccer B uenu c
COCPEIOTOYEHHbIMH NapaMeTpaMH OMUCHIBAIOT alre6panyecKMMHU HJTH
06BIKHOBEHHBIMH AH(PepeHHaNbHbIMU YPaBHEHUAMHY; TPOLECChI B 11e-
X C pacnpefeseHHbiMH MapaMeTpaMH OMKCHIBAIOT ypaBHEHHAMH B
4acTHbIX IPOM3BOAHBIX. [lanbHelliee noipasaenerye THIOB Henef 6y-
NeT 1aHO N0 XoAy U3oxeHus. COOTBeTCTBHe pacueTHOl MOfleJH peaJib-
HO# 3JTIEKTPHYECKOH LieMH IIPOBEPAIOT yTEM CONOCTaBIeHUs pacyeTa ¢
skcrepuMeHToM. Eciiu pacuerHble qaHHbie HEJJOCTATOYHO CXOAATCH C
9KCNIEPUMEHTOM, MOJIeJTb YTOUHSAIOT.

B kypce TO3 ucnonbayior obuive puanueckue nprHIUNbI, GOpMH-
pylolHe AMaNekTHYeCKOe MblIlJieBHe, TaKHe, KaK NPUHLMI CHMMeT-
pUH, NPHHUHI MHHHMYMa 3HEPTHH, 3aKOH COXpAHEHHA 3apsja, NpHH-
UMO  HEeNpepbiBHOCTH MAarHMTHOro mnotoka. [lpu  BbIMOAHEHHH
na60paTopHBIX paboT CTYJEHT OLLyLlaeT PeasibHOCTb ABJIEHHH, 0 KOTOPbIX
11a peyb B TEOPUH. MeTobl pacueTa 3JIeKTPHUECKHX Lieneil MOXHO n3Jia-
rathb 1o KpaiiHeii Mepe 1ByMs crioco6amu. CorsiacHo NepBoMy — HX H3Jia-
raloT 0/lHOBPEMEHHO ¢ TeOPHeH 3TeKTPHIECKHX LeNeH CHHYCOHAAbHO-
ro Toka. CoriacHo BTOPOMY — MeTO/Abl pacueTa paccMaTpHBAIOT Mo
OTHOLUEHHIO K Pe3UCTHBHBIM LensM (11eNnsM NOCTOSHHOrO TOKa), a 3aTeM
3TH METO/Ibl PaCNpOCTPAHAIOT Ha LleNH CHHYCONaJibHOro ToKa. Bropo#
crnoco6, ¢ Hallel TOUKH 3peHHs, MeToan4YeckH 6oJiee Lenecoobpasen —
MaTepHaJi, pacuJieHeHHbli Ha 1Be CaMOCTOATEJbHBIE YaCTH, yCBaUBaeT-
cs sierye y npoutee. Kpome Toro, cTyneHT npuobperaer HaBbIK B pacue-
Te tenefl NOCTOAHHOTO TOKA, 06J1aCTh MTPUMEHEHHSA KOTOPbIX 10CTATOY-
HO IIHPOKaA.

Bonpocel asis camonposepku

1. Maiite onpenesienne 3/1eKTPOMArHHTHOMY T0J10. KaKuMH OCHOBHBLIMH BeJIHUHHA-

MH ero XxapakTepH3ylT 1 KakoBbl ero cBOHCTBa? 2. UTO 110/10XeHO B OCHOBY OnpeiesieHust
- -
HalPSXKEHHOCTH JeKTpuyeckoro nojisi £ u HHAyKiun MarhutHoro nons B? Kakosbt
euHuIbl uX u3Mepenus? 3. Kakoil cMbicJ BKJIAABIBAaeTCA B HOHSITHE NOTEHLHAJbHOH,
BHXPEBOil H CTOPOHHEHi COCTaBJISIIOHX HANPSKEHHOCTH 3JleKTpuyeckoro noas? 4. Kak
> - >

cBsizabl BekTOpb £ u D; H u B? 5. Jlaiite onpejesienne NJOTHOCTH TOKA NPOBOJIMMOCTH,
CMelieHust, nepenoca. 6. 3anuwnre ypaBHeHHe HeNPePLIBHOCTH NoJAHOrO ToKa. 7. Kakue
NPOsIBJIEHHs] MATHHTHOrO 10Jisi BaM u3secTHor? 8. Kak onpeaennts maruutHbiii notok @
v norokocuenyenne W? B kakux eaunuuax ux usmepsior? 9. Kak 3anucartb npuHuun
HenpepuBHOCTH MaruuTHoro notoka? 10. [pokommentupyiite hopmyny e = — d¥/dt.
UeM 06bACHHTD HAJlMYHE 3HAKA MHHYC B Heli? 11. 3anuuimure u N0sICHATE CMBICJ YeThiPex
YpaBuennit MakcBenna. 12. [lokaxure, uto ypaBHenue nepsoro 3akona Kupxroga cie-
LYeT W3 NPHHLMIA HelIPePBIBHOCTH N0AHOrO ToKa. 13. MCXOAst U3 OCHOBHBIX ypaBHeHuit
JIEKTPOMATHHTHOTO NOJist BLIBEANTE YPABHEHHE, 3aNIHCAHHOE 110 BTOPOoMY 3akoHy Kupx-
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[image: image22.png]roda ans uenu nepemeHnoro Toka. 14, Uro noHUMaIOT 1101 iBJIEHHEM CaMOHHIYKLHH H
sBJeHHeM B3aUMOHHAYKUHK? 15. [laiite onpejeseHne WHAYKTHBHOCTH L W B3auMHOi
UHAYKTHBHOCTH M. OT Kakux pakTopos ouu 3asucst? 16. IIpokommenTupyiite Tpu cno-
€L
di/de’
PacnoOKHTL 1BE LMJIHHAPHUECKHE KAaTYLIKW APYr N0 OTHOWIEHHK K APYyry, 4tobm M
Mex<ly HUMH Gbuta pasua Hyso? 18. [losicuute, nouemy KoadduuHEHT CBA3IH MeXny
ABYMSl MarHHTOCBSI3aHHLIMM Karywkamu ko <l. 19. B ounwre Guiio nosyueno
Ly=Ly=0,1Tu,M=0,11 I'u. MoxHO Jin Beputb 3TUM nanubiM? 20. Uem dusnueckn
MOKHO OGbSCHHTD, 4TO BHYTPEHHSS HHAYKTHBHOCTh LUHJIHHAPHYECKOrO MPOBOAA He 3aBH-
cuT ot ero panryca? 21, Kakne dyHkuun Buinosinaior L v M Kak a/ieMenTbl CxeM 3amelle-
HUSl PealibHbIX eKTpHueckux uenei? 22, [pokommentupyiite dopmyay ass noacuera
MarHWTHOM 3HEPrHH MarHUTOCBA3aHHBIX KOHTypos. 23. Kak cBfizansl noreHunan ¢ u
-

co6Ga onpepenenusi uHAyKTuBHocTh: L = W/i, L

L —IZ—M- 17. Kak caenyer

uanpsoxkennocts E? 24, Kakue noJisi Ha3biBaioT NOTEHLHANbHBIMU W KAKHE BHXPEBLIMH?
25. [lafiTe onpejeJieHHe HOHATHIO «eMKOCTb» KoHpencatopa. Ot kakux GakTopos OHa
3aBucut? 26, [TpokommenTupyiite Tpu crocoGa OlpeaeseHHst EMKOCTH KOHAeHCATOpa:

i

C=g4/U, C PyrTY
CXeMbl 3aMeLleHusi pealbHoi 3J1ekTPHUeckoi uenu? 28, Buisenere GopmyJibl Jis eMKO-
CTH IJIOCKOTO H IIHJIHHAPHUECKOro KoHaeHcatopos. 29. Beipasute 0,1 H® B nukodapanax.
30. Kak cBA3aHO NOJIOXKHTE IbHOE HalIpaBJleHue OTCUeTa HallpsiKeHHsl Ha KOHpeHcaTope
C ¢ HOJOXHTELHBIM HanpaB/eHueM Toka uepes Hero? 31. Uem orsiHuaoTes sjiekTpuye-
CKHE LieMNH ¢ COCPeOTONeHHBIMH HapaMeTPaMH OT Leneil ¢ pacrnpeneJeHHbMHU apamer-
pamu? 32. 3aBUCHT JIH CXeMa 3aMeLUeHHS PeaJibHOM 3J1eKTPHUECKON Leltn OT 4acToThi?

3
C = —5~ 27. Kaxkue QyHKLMH BHITIOJHAET MKOCTb KaK JieMeHT
q

Tnasa BTopas

CBOMCTBA NUHEMHDIX 3NEKTPUYECKUX LIENEX
M METO bl UX PACHETA.
SNEKTPUYECKME LLENKY NOCTOSHHOIO TOKA

§ 2.1. Onpenesienne JHHEHHBIX H HEJHHEHHDbIX 3JEKTPHUYECKHX LieNne.
DIeKTPOMarHUTHOE YCTPOMCTBO C MPOMCXOASLIMMH B HEM U B OKpy»a-
I0IIl€M €ro NPOCTPAHCTBE (PU3HYECKHMH MPOIECCAMH B TEOPHH JIEKT-
pHYECKHX [ieTlel 3aMEeHSII0T HEKOTOPbIM PacyeTHBIM SKBUBAJEHTOM —
3J1eKTPHUECKOH LEMNbIO.

JaeKkTpuueckoil yensto Ha3bIBAIOT COBOKYMHOCTb COEHHEHHBIX
JIPYT C IPYrOM HCTOYHHKOB 3JIEKTPHYECKOH DHEPrHH M HArpy3oK, Mo
KOTOPbIM MOXET MPOTeKaTh 3JEKTPHUECKHH TOK. DIEKTPOMAarHUTHbIE
MpOLEecCHl B 3JIeKTPHUECKOH HenH MOXKHO ONHCATh C MOMOLLBIO MOHATHIH
«TOK», «HanpsikeHune», «J1C», «conpoTHBieHHe» (<KPOBOAUMOCTD),
CUHAYKTHBHOCTBY, X€MKOCTb».

ITocTosinHbIM TOKOM HA3LIBAIOT TOK, HEH3MEHHbIH Bo BpeMenn. [lo-
CTOSIHHBIY TOK NpejacTaBasier co6oil HanpaBieHHOE YNOPsiA0YEeHHOe
JIBH)XKEHHE YaCTHI, HECYILIMX JEKTPHUECKHE 3aPSIbl.

Kak u3BecTHO 3 Kypca QU3HKH, HOCHTENSIMH 32PsiloB B MeTaiax
ABJISIIOTCA CBOGO/HbBIE 3JIEKTPOHDI, 8 B XKHAKHX — HOHBL. Y I0Psi10Y€EH-
HOe IBUXKeHHe HOCHTeJ el 3aPS/IOB B IPOBOAHHKAX BbI3bIBAETCS JIEKT-
pHYECKHM MOJieM, CO3[aHHbIM B HMX HCTOYHMKAMH 3J€KTPHUECKOH
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sneprui. McTounnky sexTpuueckoil sHeprum npeobpasyiorT XMMHYe-
CKY10, MEX2HHYECKYIO U pyrie BHAbl SHEPrHH B daeKTpudeckyo. Hc-
TOYHHK 3JIEKTPHYECKOH SHEPTHH XapaKTepH3yeTCsi 3HAYEHHEM W Ha-
npasjenuem J]JIC, a TakKe 3HaUeHHEM BHYTPEHHETO CONPOTHBJEHHS.

IMocTosinubi#i TOK NpHHATO 0603Hauath 6yksoii [, JC ucrou-
uuka — E, conportusienne — R, npoBoauMocts — g. B Mexayna-
poano# cucreme eannuu (CH) ennnuia toka — amnep (A), eanuuna
3C — Bosbr (B), enununa conporusienuss — oM (OM), elMHHIA NPO-
BOAMMOCTH — cuMeHc (CMm).

H3o6paxxenne 31eKTPUUECKON LIENH C MOMOLIBIO YCTOBHbIX 3HAKOB
Ha3bIBAIOT 3aeKTpuyeckoll cxemoli (puc. 2.1, a).

3aBHCHMOCTDb TOKa, IPOTEKAIONLET0 110 CONPOTHBJEHHUIO, OT HaMps-
XKEeHHsl Ha 3TOM CONPOTHUBJICHHH HA3bIBAIOT BOJILT-aMIIEPHON XapakTe-
puctuxol (BAX). Ilo ocu a6enyce na rpaduke o6bYHO OTKJaALIBAIOT
HarnpsiXKeHue, a o OCH OPJAMHAT — TOK.

Conporusnennst, BAX KOTOpBIX sIBJSIOTCA NPAMBIMH JHHHAMH
(puc. 2.1, 6), Ha3BIBAIOT AUHEHbIMU, DIEKTPUUECKHE LIEMTH TOJNBKO C JH-
HEHAHBIMH CONPOTHBJICHUAMH — AUHELHbIMU INEKTPULECKUML YenIMUL.

Conporupnenus, BAX KoTOpbIX He SIBASIOTCSH NPSMBIMH JTHHHAMH
(puc.2.1,8), 7. e. OHH HeJIHHEHBI, HA3bIBAIOT HEAUHEIIHBIMIL, A JCKTPH-
YeCKHe LeNH C HeJHHeAHBIMH COMPOTHBJIEHUSIMH — HEAUHELIHbLMU
INEKTPUHeCKUMU YensIMU.

§ 2.2. Hcrounnk I]LC u HCTOUHKK TOKa. MICTOUHHK 3/1eKTpHuecKoil
sHepruu xapaktepusyerca JJIC E u BHyTPeHHHUM conpoTusiennem R,.
Ecain uepes nero non aeiicrsnem 3J1C E nporekaet Tok /, To Hanpsxe-
HHe Ha ero 3axxumax U = E — [R, npu yBesinueHnu [/ ymeHbluaeTcs.
3aBucuMocTh nanpskenus U Ha 32)XHMMaxX peajbHOr0 HCTOYHHKA OT
Toka [ n3obpaxeua Ha puc. 2.2, a.

O6o3naunm yepes m, — Macwrab no ocu U, yepes m, — maciitat
1o ocu /. Torna asisi NpOM3BO/ILHON TOUKH Ha XapaKTepHCTHKe puC. 2.2, a
abm, = IR, bem, = I; tgo = ab/bc = R,m,/m,. Cunenosatesbho,
tga nponopunonanen R,. PaccMoTpuM ABa KpaiHHX cJyuas.

l. Eciu y HEKOTOpPOro HMCTOYHWKA BHyTpeHHee COINPOTHBJEHHE
R, =0, To BAX ero 6yner npsimoii aunueii (puc. 2.2, 6). Takoii Xapak-
TEPUCTHKOI 06J1a1aeT UaeaNu3HPOBAHHBI HCTOUYHHK MUTAHMS, HA3bl-
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BaeMmbtit ucrounukom 3/C. Cnenoatensho, ucrounuk JJ1C npeacras-
JisieT co60i TAKOH Meau3HpOBAHHBIA UCTOUHUK MHTAHMSI, HANpsiXKe-
HHE Ha 32XKMMaX KOTOPOTO NOCTOSIHHO (He 3aBHCHT OT TOKa /) U paBHO
DJC E, a BHyTpeHHee CONPOTHBIEHNE PABHO HYJIO.

2. Ecatn y HekoToporo ucrounuka GecnpenenbHo yBeanuusats J1C
E u BHyTpeHHee conpoTusiente R, To TouKa ¢ (puc. 2.2, a) oronBuraer-
csl 110 0cH a6eiucee B 6eCKOHEYHOCTD, a yrodl o ctpemutes K 90 © (puc. 2.2, 8).
Taxoii HCTOYHHK NMHUTAHUA HA3BIBAIOT UCTOYHUKOM TOKA.

Caenosate/ibHO, HCTOYHUK TOKA NPEACTaBJsieT co60i Haean3npo-
BaHHbBIH HCTOUHHK MHTAHHA, KOTOPHIi co3naer TOK J = [, He 3aBUCS L
OT CONPOTHBJIEHHS HArpy3KH, K KOTOPOH OH mpHcoenuHeH, a ero DJ1C
E,. v BHyTpeHHee conpoTHBjieHHe R, paBHbl 6eckoHeunocTH. OTHolue-
HHe IByX 6ecKOHeuHo Gonblinx BeJHuuH E, /R, paBHO KOHeuHO# BeJH-
YHHe — TOKY J HCTOYHHKA TOKA.

[Tpu pacuere 1 aHanK3e SJEKTPHYECKHX UENEH PearbHbLil UCTOYHUK
3/IEKTPHYECKO SHEPTHH C KOHEUHBIM 3HAUEHHEM R, 3aMeNsTIOT pacuer:
HbIM 9K8UBAAEHTOM. B KauecTBe 3KBHBaJIeHTa MOXeT ObITh B3ST! K

a)ucrounnk DJIC E ¢ nocnie 10BaTebHO BKJIIOYEHHBIM COMPOTHUBIIE-
HHeM R, paBHBIM BHYTPEHHEMY COIPOTHBJIEHHIO PEaJibHOrO HCTOUHHKA
(puc. 2.3, @; cTpesika B Kpy>KKe yKa3blBaeT HarnpasJjeHHe BO3pacTaHus
noTeHuuasa BHyTpu ucrounuka C), .

6) HCTOUHHK TOKA € TOKOM J = E/R W napajeibHO C HUM BKJTIOUEH:
HbIM conpoTusieHueM R, (puc. 2.3, 6; cTpesika B Kpy»Ke yKasuBae:T:
NOIOXKUTEIbHOE HallpaBieHHe TOKa HCTOUHHKA TOKa ). r

Tok B Harpy3ke (B conpoTuBJienny R) nJs cxeM puc. 2.3, a, 6 onuna-
koB: I =E/(R +R,), T. e. paBeH TOKy B cxeMe puc. 2.1, a. [lnsi cxeMb)
pHc. 2.3, a 310 csielyeT U3 TOro, YTO MPH MOCJeL0BATENbHOM COEAHHEHHH
3HaueHHs conpotusiennit R u R, cknanwiBaiorcs. B cxeme puc. 2.3, 6
Tok J = E /R, pacnpesesiercst 06paTHo NponopIHoHaTbHO 3HAYEHHSAM
conpoTujennit R u R, nByx napaasaenbHbix Betseil. Tok B Harpyske R

R, E R, E

I = R¥R,"RRTR, _RTR,
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KakuM 13 1ByX pacueTHBIX KBHBaJEHTOB MOJb30BaThCs, COBEP-
weHHo 6e3passinyHo. B nanbHellieM ucnosb3yercs B OCHOBHOM mep-
Bbl{l 9KBHBAJIEHT.

O6paruM BHUMaHHE HA CJeflyioliee:

1)ucrounnk 3J1C 1 HCTOYHHK TOKA — HAeaiH3HPOBaHHbIE€ HCTOUHH-
KH, PHU3HUECKH OCYLIECTBHTH KOTOPBIE, CTPOrO MOBOPS, HEBO3MOXHO;

2) cxeMa puc. 2.3, 6 5kBMBaJsieHTa CXeMe puc. 2.3, @ B OTHOILEHHH
3HEPTHH, BbiIEJSIOLIEHCS B CONPOTHBJIEHUH HATPY3KH R, ¥ HE SKBHBA-
JIeHTHa efi B OTHOLIEHUH SHEPTHH, BbIIEJSIOUENCs BO BHYTPEHHEM CO-
MPOTHBJIEHHH HCTOYHUKA NUTaHHs R;

3) vuneanbnbiii uctounuk JJ1C 6e3 nocjenoBaTebHO COEAUHEHHOTO
C HUM R, HeJib3sl 3aMEHUTD WJ€aJIbHBIM HCTOYHMKOM TOKA.

Ha npumepe cxembl puc. 2.3 ocyuiecTBiM 3KBHBaJEHTHbIH Nepe-
XOJ1 OT CXE€MBbl C HCTOYHHKOM TOKa K cxeMe ¢ Hetounnkom IJIC. B cxeme
puc. 2.3, 6 ucrounuk toka naet Tok J = 50 A. Wlynrupymouiee ero
conpotuBienne R, = 2 Om. Haiitn 3J1C 3KBHBaNeHTHOrO HCTOYHHKA
3MC B cxeme puc. 2.3, a.

DIC E =JR,= 100 B. CnepoBatesibHo, napaMeTpbl 3KBHBaJIEHT-
Ho# cxeMbi puc. 2.3, a Takosbi: E = 100 B, R, =2 Om.

§ 2.3. Hepa3BeTBiieHHble M pa3BeTBAEHHbIE 3JEKTPHYECKHE LIEMH.
DJIeKTPUUYECKHE LelH NOAPA3AEJSIOT Ha HEPa3BETBJEHHbIE U PA3BETB-
Jienneie. Ha puc. 2.1, a npeacrasiena cxeMma npocTteiilieil Hepa3BeTs-
JNieHHo# nenu. Bo Bcex asieMeHTax ee TeueT OfHH U TOT Xe ToK. [1pocreii-
liasn pa3BeTBJieHHas LeMNb H306paxeHa Ha puc. 2.4, a; B Hell uMeroTcs
TPH BETBH W ABa y3/a. B kaxnoit BeTBH Teuer cBoil Tok. BeTBb MOXHO
OMpeaesinTh KaK YUacTOK Leny, 06pa3oBaHHbIN MOCJ/€0BaTENBHO Coe-
NHHEHHBIMH 3JleMEHTaMK (Yepe3 KOTOpPble TeueT OJMHAKOBBIH TOK) H
3aKJloueHHbIH Mexay AByMA y3jamu. B cBoio ouepesap, y3es — 310
TOYKA LleMH, B KOTOPO# CXOAfITCA He MeHee Tpex BeTBel. Ecain B MecTe
nepeceyeHus ABYX JHUHHHA Ha SMTEKTPHUECKON CXeMe MOCTaBJieHa TOUKa
(puc. 2.4, 6), To B 3TOM MeCTe eCTb 3JEKTPUUECKOE COe/IUHEHHE JIBYX
JIWHMH, B IPOTHBHOM cJyuae (pHc. 2.4, 8) ero Her.
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KpoMe TepMuHa «y3es» WHOIJA HCMONB3YKT TEPMHH «ycTpaHuMbiii yzea». [loa
YCTPaHHMBIM Y3JIOM NOHHMAIOT TOYKY, B KOTOPOH COeJHHEHb JBa 110CJeJ0BATeNbHbIX
couporusiiennst (prc. 2.4, 2). DTHM NOHATHEM NOJBL3YIOTCH NPH BBEAEHHH naHHbiX B IBM
0 3HAYEHHH H XapaKTepe CONPOTHBJIEHHH.

§2.4.Hanpsaxenne na yuactke uenu. [lon anpssxceruen Ha HekoTO-
POM ydacTKe 3J1eKTpHUeCKOH 1enHd MOHUMaIoT Pa3HOCTh NOTEHIHAJOB
MeX 1y KPailHHMH TOYKaMH 5TOr0 yyacTKa.

Ha puc. 2.5 n3o6paxeHn y4yacTok 1enu, KpafiHie TOUKH KOTOPOro
o6o3nauennl 6ykBaMH a v b. I[lyctb Tok / TeueT OT TOUKH a K TO4Ke b (OT
6oJiee BBICOKOTO MnoTeHLMana K Gonee Huakomy). CienoBartesibHo, no-
TeHIaJs TOYKH a(g,) BbIlle NOTeHnHa a ToukH b(g,) Ha 3HaueHue, pas-
HOe npousBeneHHIo Toka / Ha conportusJenne R: ¢, = ¢, + /R.

B cooTBeTCTBHH C OMpeesieHHeM HaNpsixKeHHe MeX/y TOUKaMH a H
bUy=¢,— @

Caenosarenbio, U, =IR, T. e. Hanps>KeHHe Ha COMPOTHBJIEHHH
PaBHO NPOM3BEIEHHUIO TOKA, IIPOTEKAIOLLEro N0 COMPOTHBRJIEHHIO, HA 3HA-
YyeHHe ITOro COPOTUBJIEHHS.

B anekTpoTexHHKe pa3HOCTh MOTEHIMAIOB Ha KOHILAX COMPOTHBIE-
HUSA Ha3bIBaIOT NHO0 Kanpascesuesm Ha conpoTusaerui, inbo naderuem
nanpsscenus. B nanbHeiieM pa3HoOCTb MOTEHIIHAJIOB Ha KOHILAX COMPO-
THBJIEHHSA, T. €. NPOU3BeieHHe [R, 6yneM HMeHOBATb NajeHHeM Hallps-
JKEHHS.

TNonioxuTenbHOE HanpaBieHHe TajeHHsi HaNpPsXKeHHsl Ha KaKoM-
nn60 yuacTKe (HanpabJieHHe OTCYETa 3TOTO HaMpsiKeHHs ), yKa3blpae-
MOe Ha PHCYHKaX CTPeJIKOH, COBNaAaer C MoJIOXHTebHbIM HanpagJe-
HHEM OTCYETa TOKa, IPOTEKAIOILEro N0 AaHHOMY COMpPOTHBJIEHHIO.

B cBOI0 Ouepenb, N0J0XKHTENBHOE HanpaBjenne orcuera Toka / (TOK — 3TO cKansip
ajire6panyeckoro xapakTepa) COBNajaeT ¢ NOJOXKHTEIbHbBIM HAlpaBJeHHeM HOPMaJii K
-

nonepeyHOMY CeYeHHIO TPOBOHHKA IIPH BLIMHCJIEHHH TOKa N0 dopmyJie l=S§dS, raed —
N

IJIOTHOCTB TOKA; dS — saeMenT niowanu nonepedHoro ceyenns (noapobuee cm. § 20.1).

PaccMoTpHM BOMPOC O HAMnpsiXKeHHH Ha y4acTKe LeMH, COAepKa-
ILleM He TOJbKO conpoTusJienne, Ho u DJ1C.

Ha puc. 2.6, a, 6 noka3aHbl y4acTKH HEKOTOPBIX Li€Mel, 10 KOTOPbIM
nporekaer Tok /. HalineMm pasnocTb noreHunasoB (HanpsikeHne) Mex-
Ay TOYKAMH @ U ¢ AJis 3THX yuacTKoB. [To onpenesennio,
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Bbipa3uM noteHunas TOUKH @ yepes noreHunad Touku ¢. [1pu nepe-
MeLUEHHH OT TOUKH ¢ K TouKe b Bcrpeuro Hanpasaenuio DJ1C E (puc. 2.6, a)
[OTEHIIHAJ TOUKH b OKa3biBaeTCs HUXKe (MeHbllie), YeM I1oTeHIHasN Tou-
KH ¢, Ha 3Hauenne DJIC £: ¢, = ¢, — E.Tlpu nepemeliieHnn ot TOUKH ¢
k Touke b cornacHo Hanpassennio DJ1C E (puc. 2.6, 6) notreHunasn Touku
b okasbiBaercs Bollle (GoJiblile), yeM MOTeHIHAJ TOYKH ¢, HAa 3HaYeHHe
ACE ¢, =¢ .+ E.

Tak Kak no yuactky uenu 6e3 ucrounnka JJIC Tok teuer ot Gosee
BBLICOKOrO MOTeHIMana K 6osiee HH3KOMY, B 06enx cxemax puc. 2.6 no-
TeHUHaJ TOYKH ¢ Bbille MOTeHUHaNa TOYKH b Ha 3HaueHHe najeHus
HanpsxKeHus Ha conportusienun R: ¢, = ¢, + [R. Takum o6pasom,
asisi puc. 2.6, a

¢ =09 — E+ IR,
U,=¢,—9,=IR—E, (2.2)
s puc. 2.6, 6
9. =9.+ E+ IR,
HJTH
Up=9,—9.,=IR+E (2.22)

[MosoxutesbHoe Hanpaejienne nanpsxewus U, noKasblBaioT
crpesikoit ot a K ¢. CorsiacHo onpenenenuto, U, = ¢, — ¢,, M103TOMY
U,= — U,,7.e n3mMeHenHe uepejoBaHus (0OCJe10BaTEJbHOCTH) HH-
JIeKCOB paBHOCHJIbHO H3MEHEHHI0 3HaKa Toro Hanpsixenus. Cieposa-
TeJIbHO, HalPsixKeHHe MOXKET ObITb H M0JIONHTEbHOH, M OTPHLATENBHON
BEJIHUHHOM.

§ 2.5. 3akon Oma AJIs yuacTKa Lenu, He COAEPKALEro HCTOUHHKA
IJC. 3akoH (npasuio) OMa /15 yuacTKa LenH, He COAepIKAlLero He-
Touluk DJIC, ycranaB/iuBaeT CBA3b MY TOKOM M HallpsilKeHHeM Ha
3TOM yuactke. [IpuMeHuTesbHO K puC. 2.5

U, = IR,
WU

I=U,/R=(9,— @)/ R (2.3)

§2.6. 3akon Oma ans yuactka uenu, copepxauero uerounuk 1 C.
0606 weHHbIii 3akon Oma. 3akoH (npasuao) OMa Q45 yuacTKa LenH,
coaepxatiero HetouHuk DJ1C, no3BosisieT HalTH TOK 3TOrO yyacTka 1o
M3BECTHOH Pa3HOCTH MOTEHUHaJOB (P, — P,) Ha KOHIAX YUaCTKa UemnH
v umemwouleiics HaatoMm yuactke DJIC E. Tak, no ypasnennio (1.2) ans
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1o ypasHeHuio (2.2a) nas cxemsl puc. 2.6, 6
I=(p,— @ —E)/R=(U,—E)/R.

B o6wem cayuae
, (9, — 9yt E U, *E (2.3a)

- R - R

YpagHeHue (2.3a) MaTeMaTHUeCKH BbipaXkaeT 3akoH OMa /st yua-
CTKa 1enH, coaepxkautero ucrounuk JC; s3nak nioc nepen E cootser-
cTByeT puc. 2.6,a, 3HaK MHHYC — puc. 2.6, 6. B uactHoM caiyuae npu E=
= ( ypaBuenHe (2.3a) nepexoaut B ypasHeuue (2.3).

TMpumep 9. K 3axxumam a 1 ¢ cxemsl pHc. 2.7 NOLKJI0YEH BOJABTMETP, HMEIOLLHIH O4eHb
GOIIBHIOQ, TEOpeTHUECKH GecKoHeuHo GoJibLioe CONMPOTHBJIEHHE (CllelJ.OBaTEJI bHO, €ro nopa-

KJIOYEHHE HIH OTKJIIOYEHHE He BJHSIET HA PeXXHM PaGOoThl LIENH).
Ecan tok /=10 A TeueT OT TOUKH G K TOUKe €, TO TOKa3aHHe BonbTMeTpa U’ =

= — 18 B; ecJiH 3TOT TOK TeyeT OT TOYKH C K TouKe g, To U, = — 20 B. Onpenennts
conporusnedne R u dAC E.
Pewmenue Brepsom pexkume Uy, = — 18 = — E + IR = — E + 10R, Bo BTO-

pom U = —20= — E — IR = — E — 10R. CosmectHoe pewienne naet E = 19 B,
R=0,1 Om.

§ 2.7. 3akoubl Kupxroga. Bee sjiekTpHyeckue 1enu noguuHA0TCA
nepBOMY H BTOpoMy 3akoHaMm (npasusiam) Kupxroda.

[TepBbit 3akon Kupxroda MoxHo chopMysinpoBath
JIBOSIKO: }

1) ancebpauneckas cymma T0K08, nodTekaroOuux K A1060My y3ry
CXeMbl, PABHA HYMO;

2) cymma nodrexaouux K 2A1060MY Y34y TOKOB PABHA CYymme YTeKa-
HOWux OT Y310 TOKOS.

[TpumenHTesnbHO K pHC. 2.8, ecn NojIcKaLMe K y3ay TOKH CUH-
TATb MOJOXKHTENBHBIMH, @ yTEKaIOLLHe — OTPHILaTeJIbHBIMH, TO COrJIac-
HO nepBoi GOpMYJIHpPOBKE

1, —1,—1—1,=0;
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dusnyecky nepsbiit 3akoH Kupxroda o3nauaer, uto ABHXKeHHe 3a-
ps110B B L€NH MPOHCXONNT TAK, UTO HH B OJIHOM H3 y3J10B OHH HE CKarJiH-
BalOTCH.

EcJiH MBICJIEHHO paccel{bm()ﬁyl() cxemy ﬂpOH3BOJIbHOﬁ NJOCKOCTbIO H BCe HAXOAA K-

ecst 110 OJIHY CTOPOHY OT Hee PacCMaTpHBaTh Kak HEKOTOPHIH Gonbuok "y3en”, To anre6-
paHuecKas CyMMa TOKOB, BXOAILILHX B 3TOT “y3en”, Oy/eT paBHa HyJIH0.

Bropoit 3akon Kupxrod a rakke MOXHO chHOpMYyaupo-
BaTh ABOSIKO:

1)aseebpauneckas cymma nadenuli Hanpsaxcerus 8 10O0M 3AMKHY-
ToM KOHTYpe pasra areebpauseckoti cymme 3 C 80046 TO20 e KOH-

TYpa:
ZIR —= ZE (2.4)

(B KaX/YI0 H3 CYyMM COOTBETCTBYIOLIHE c/iaraeMble BXOJAT CO 3HAKOM
MJ10C, €CJIH OHM COBMAJAIOT C HanpapjeHHeM o6xona KOHTYpa, H Co
3HA2KOM MHHYC, €CJIH OHH He COBMNafaloT ¢ HUM),

2) anecebpauueckan cymma Hanpsixceruil (He nadenul Hanpsdce-
Husl) 80046 21106020 3aMKHYTO2O KOHTYPA PABHA HYAIO:

2U,=0. (2.4a)
Jasi nepucepuitHoro KouTypa cxembl puc. 2.9
Uae + Ue:: + U::d + Uda = O'

_ 3akoHbl Kupxroda cripasesinBbl /151 JHHERHBIX H HEJIMHEHHDBIX Le-
neﬁ npH Job6om XapakTepe H3MEeHEHHH BO BPEMEHH TOKOB H HalMpaxe-
HHH.

Cnenaem nBa 3ameuauusn: 1) sanuch ypaBHeHHsi 10 BTopoMy 3akony Kupxroda B
opme (2.4) MmoxeT GbiTh MOsIydeHa, eciih 060HTH KaKo#-THG0 KOHTYP HEKOTOPOH CXeMbl
H 3anHcaTh BbIpakeHHe JJS NMOTEHUHANA [POH3BOJILHOH TOUKH 3TOro KOHTypa uepes
NOTEeHUH AN ITOil XKe TOYKH (B3SIB €€ 3@ HCXOJHYIO NPH 06X0/1e) H NaJCHHSI HANPSKEHHS H
3C; 2) npu 3anuck ypasHeHuii no sropomy 3akoHy Kupxroda s popme (2.4a) nanpsixe-
Hust Up/ yuacTKOB LLeTH BKIOYAIOT B Ce0sl H aJICHHsI HANPSKEHHS! yuacTKOB, H HMEIOLHe -
cst Ha 3THX yuactkax DJC.

§ 2.8. CocraBneHne ypaBHeHHi AJf pacyeTa TOKOB B CXeMax € no-
Mowbio 3akoHoB Kupxroda. 3akonnl Kupxroda ncnonb3yior ais Ha-
XOXKJIeHHsl TOKOB B BeTBAX cXxeMbl. O603HauHM UHCJIO BCeX BeTBeH cXeMbl
6, YHCJI0 BeTBe#, CoepiKallluX HCTOUHHKH TOKa, — 8,, M YHCJIO Y3JT0B Y.
B kaxnoii BeTBH cxeMbl TeueT cBoil TOK. Tak Kak TOKH B BETBAX C
HCTOYHMKAMH TOKA H3BECTHBI, TO UHCJIO HEH3BECTHLIX TOKOB paBHAETCSA
8 — 8,,. Ilepen TeM Kak cocTaBuTh ypaBHeHHs, HEOGXOAHUMO MPOH3-
BOJIbHO BLIGPaTh: @) NOJIOKHTENIbHbIE HalpaBieHHsl TOKOB B BETBAX H
0003HayHTL HX Ha CXeMe; 0) MOJIOKHTENbHblE HAMpaBJienus o6xoaa
KOHTYpOB Uit cOCTaBJIeHHsl ypaBHeHHUii 1o BTopoMy 3akoHy Kupxroda.
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[image: image30.png]C uesbio eIHHOOGPa3nsl PeKOMEHAYeTCs A/l BCeX KOHTYPOB 110J10-
JKUTeJIbHbIE HarnpaBieHusi 06x0aa BbI6HPATh OIHHAKOBLIMH, HAlIpHMeEp
10 4acoBO#l CTpeJiKe.

Yto6bl NOMYYHTDb JHHEHHO He3aBHCHMble YpaBHEHHS, 110 NepBOMY
3aKkoHy Kupxroda cocTas/isiioT ypaBHeHHs, UHCJTO KOTOPHIX paBHO YHC-
Jy y3Ji0B 6€3 e HHHLbL, T. €. iy — 1.

YpasHeHHe 1515 HOCJIEAHEro §-T0 y3Jia He COCTAaBJSAIOT, TaK KakK OHO
coBnaJo 6bl C ypaBHEHHEM, 110JyYeHHBIM TIPH CYMMHPOBaHHH YiKe Co-
CTaBJeHHbIX ypaBHeHHH ajs y — | y3J/ioB, IOCKOJIbKY B 3Ty CyMMY
BXOJIHJIH OBl IBa>K/IbI K C TPOTHBOMOJIOXKHBIMH 3HaKaMH TOKH BeTBei, He
MNOAXOJSILUMX K Y-MY y3Jy, 8 TOKH BeTBeH, NOAXOASAUHNX K y-My y3Jy,
BXOAMJH Obl B 3Ty CYMMY €O 3HaKaMH, NPOTHBOINOJOXHBLIMH TEM, C
KaKHMH OHH BOILTH Gbl B ypaBHeHHE LTS Y-TO y3Jia.

Ilo Bropomy 3akoHy Kupxroda coctaBisiorT ypaBHEHHS, YHCJIO KO-
TOPBIX PaBHO YHCJY BeTBeH 6€3 HCTOUHUKOB TOKa (8 — 8,.), 32 BbIYETOM
ypaBHEHHH, COCTaBJIEHHBIX 10 epBoMy 3akony Kupxroda,t.e.(8 — 8,,)—

(y—)=6—6,—y+1

CocraBnisis ypaBHeHHS 110 BTopoMy 3aKoHy Kupxroda, cienyer ox-
BaTHTb BCE BETBH CXEMBI, HCKJI0Uasl JIHLUb BeTBH C HCTOYHHKAMH TOKA.

Ecsn nonsiTaThest CoCTaBHTb ypaBHeHHe N0 BTOpoMy 3akoHy Kupxroda B dopme

(2.4) anst KOHTYpa, B KOTOPHIH BXOLHT HCTOUHHK TOKA, TO B HEro BOWLIH Obi GECKOHEUHO
60IbLUIHE CAIATaeMbIE H OHO He HMEJIo Bbl CMBIC .

Ipu 3anucH JinHeHO HE3aBUCHMBIX YPaBHEHHUII 10 BTOPOMY 3aKOHY
Kupxroda crpeMsTcs, 4To6bl B Ka)Abi# HOBBIA KOHTYP, AJIsl KOTOPOrO
COCTaBJIAIIOT ypaBHeHHe, BXOU/a XOTH Obl 0JiHa HOBAs BETBb, He BOLIEJ-
1as B NpeablAyLHe KOHTYPBI, AJisi KOTOPbIX YKe 3anHcaHbl ypaBHeHUA
no BropoMy 3akony Kupxroda. TakHe KOHTYPH yC/IOBHMCS Ha3blBaTh
He3a8UCUMbIMU.

TpeGoBanue, uTO6bI B KaKAbiil HOBBI KOHTYP BXOAHKJa XOTs 6bl 0iHA
HOBasl BeTBb, ABJIAETCH AOCTATOUYHBIM, HO HE HEOOXOAHMBIM YCJOBHEM,
2 1I0TOMY €ro He Bceria BhIMOJHAT. B Takux ciiydasx yacTb ypasHeHHi
no sTopoMy 3akoHy Kupxroa coctaBiisiioT LJsi KOHTYpPOB, Bce BeTBH
KOTOPBIX YK€ BOLTH B MPeAbIAYLIHE KOHTYPbI.

MNpumep 10. HaiiTi TOKH B BeTBsIX cXeMbl puc. 2.9, B koTopoi E; =80 B, E2 =64 B,
R =60M,R2=40m, R3=30M, Re=10m.

36




[image: image31.png]a %)

Puc. 2.10 .

Pewenwue. npOHSBO.’IbHO Bu6npaeM NONOXKHUTEJ/IbHbIE HallpaBJI€eHHS TOKA B BeT-
psix. B cxeme puc. 2.9,8=3;8,, =0,y =2.

Cuie10BaTeIbHO, 110 nepBoOMy 3aKOHY Kupxrod)a‘ MOXHO COCTaBHTb TOJIbKO OAHO
ypaBHeHUe:

L+ l=Is (a)

Hetpynxo y6enuTses, 4To /1l BTOPOTO y3J1a NOJyUHJIH Obl aHANOrHYHOE yPABHEHHE.
ITo Bropomy 3akoHy Kupxroda cocrasum 6 —6,, —(y —1) =3 —0—(2—1) =2
ypasuenus. IlonoxuTesbnbie HanpasjicHusi 06Xona KOHTYpOB BbiGMpaeM M0 4acoBOMH
CTpeJIKe.

Ins kKouTypoB R E RyEqy

I 1Ry — IRy = E\ + Ey (6)

3uak naitoc nepen /R B3siT nOTOMY, 4TO HaNpaBJieHHe TOKa COBNA/AET C Hanpasie-
HHEM 06XOJa KOHTYPa; 3HaK MHHYc nepen IoRy — noTomy, 4o HanpasaeHue [y BCTpeuno
06xony KOHTYpa.

as koutypa EqRgR3R,

12R2+13(R3+R4)=——E2. (B)

CosMecTHoe pellleHde ypasHerHii (a) — (B)naet Iy =14 A, Iy = — 15A, 13 1A
%, TTOCKO/MBKY MOJIOXKHTe/IbHbIE HalpPaBJeHUs TOKOB BHIGHPAIOT NPOM3BONBLHO, B pe-
3yJIbTaTe pacyeTa Kakoii-JIH6O OfHH HJIH HECKOJIbKO TOKOB MOT'YT OKA3aThCHl OTPHIATE/ b~
HBIMH. B paccMOTPEHHOM NpHMepe OTPULATENbHBIMH OKA3aHCh TOKH [ 1 I3, uTo crienyer
[OHUMATh TaK: HANIPaBACHHA TOKOB /o ¥ I3 He COBNANAIOT C HANPABJICHHAMH, IPHHATHIMH
AUl HUX Ha PHC. 2.9 32 NOJIOXHUTeJIbHbIE, T. €. B IeHCTBHTeJIbHOCTH TOKH [o u I3 npoxonsT
B 06paTHOM HanpaBJieHHH.

Ilns BLIGOpa KOHTYpa TAaKWM 06pa3oM, uTo6bl B KaX bl U3 HHX BXOAMJO N0 OJHOK
BETBH, He BXOAsALLEH B OCTa/IbHbIe KOHTYPhI, HCIOAL3YIOT NOHATHe Aepesa. [Ton nepesom
MOHHUMAIOT COBOKYNHOCTb BETBEH, KACAKLIHXCH BCEX Y3J/10B, HO He 06pa3yIOUIHX HH OHOTO
3aMKHyTOro KOHTYpa. M3 otHoi 1 TOl e cXeMbl MOXHO 06pa30BaTh HECKONBKO IePEBbER.
Tpu cocrasnenun cucrembl ypasHeHHii N0 BTOpOMY 3akoHy Kupxroda mMoXHO B3SiTh
N1060e AepeBo n3 BO3MOXKHBIX. OJIHO H3 BO3MOXKHBIX iepeBbeB cxeMbl puc. 2.10, a u3o6pa-
XeHo Ha puc. 2.10, 6, a na puc. 2.10, 8 — ueTbipe He3aBHCHMBIX KOHTYDPa, B KaXAbli H3
KOTOPHIX BXONHMT 110 OJHOM NYHKTHPOM NOKA3aHHONH BETBH, HE BXOLsLEH B OCTaJIbHblE.
Bosiee nonpo6uo o rononoruu anektpuueckux cxem cm. § 2.31 — 2.35u A.5 — A.10.

§ 2.9. 3azemaenune onHOI ToukH cxeMbl. 3a3eMaeHue J1OG0H TOUKH
CXeMbl CBHUJIETEJbCTBYET O TOM, YTO MOTEHLHAJ 3TOH TOYKH MPHHAT
PaBHeiM HyJ110. [1pH 3TOM TOKOpAcCHpeseseHne B CXeMe He H3MeHsIeTCs,
TaK KaK HHKaKHX HOBbIX BeTBeH, [10 KOTOPBIM MOTJIH Obl IPOTEKATh TOKH,
He o6pasyercsi. Unaye Gyziet, eCu 3a3€MJUTh 1BE HJIH 60JIbLIEE YHCA0
TOYEK CXeMbl, HMEIOLLUX Pa3JHuHble NOTeHLUa kL. B 3TOM ciiyuae yepes
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3eMJiio (J06yl0 NPOBOASALLYIO cpely) 0Opa3yloTcsl AONMOJHHTEJbHbIE
BETBH, CAMa CXeMa CTaHOBHTCSI OTJIHYHOM OT HCXOAHOH H TOKOpacrpe-
AeJieHHe B Heil MeHsieTCs1.

§2.10. Notenunanbuas nuarpamma. [lon norenyuaronoii duaepam-
MOLi IOHUMAIOT rpad K pacnpeieeHus NOoTeHIHaaa BAOJb KAKOr0-JH-
60 yuacTKa LeNH U1K 3aMKHYTOro KoHTypa. 1o ocu abcuucc Ha HeMm
OTKJIaAABIBAIOT COTPOTHBJAEHHUS BAOJIb KOHTYPa, HaUHHasA ¢ KaKoii-n1u6o
NIPOH3BOJIBHON TOYKH, 110 OCH OPAHHAT — ToTeHuHasbl. Kaxnok Touke
yuacTKa LeNH WX 3aMKHYTOr0O KOHTypa COOTBeTCTBYeT CBOSl TOYKa Ha
NOTEHLHAJbHOH [UarpamMme.

PaccMoTpuM mocJieoBaTe/IbHOCTb TOCTPOEHHs TNOTEHLHaJabHOl
[MarpamMMbl 1o JaHHBIM IpuMepa 2.

Mpumep 11. [TOCTPOUTE NOTeHUMANIBHYIO AHATPAMMY AJisti KOHTYpa abcea (cMm. pHc.
2.9).

Pewe nue. Iloncuuraem cymmapHoe conporusienue koutypa: 4 +3 4+ 1 =80wm.
BriGepem macmTabbl no ocu abcuucc (0Ch X) H 110 OCH OpAHHAT (OCh ¥). 5

TTpou3BONLHO NPHMEM NOTEHLMAJ ONIHOW U3 TOYeK, HANpUMEp TOYKHU a, ¢, =0. ITy
TOYKY Ha sHarpamme puc. 2.11, @ nOMeCTHM B Ha4aJI0 KOOPJHHAT.

TMorenunan Touxu b: g, = ¢, + g4 = ¢, — 60 = — 60 B; ee koopauuaTbL: x = 4,
y = —60. TTotenunan TOUKH c: @, = @, + Eo = 4B; ee koopnunathi: x = 4, y =.4.
TMorenuuan ToukH e: @, = @, + I3R,=4—1X1=3B; ee koopnunate: x =5,y =3.

Taurenc yrna o, HakJOHa NPsiMOM 0,4, K OCH a6CLHCC NPONOPUHOHAeH TOKY [y 'a

m
TAHTEHC YTJ1a Gy HAKJIONA NpAMOit ce — TOKy /3; tga = l;l—’. TA€ M, W Mg, — MacuTaGhl
®

10 OCAM X U Y. .

OG6paTuM BHHMAaHHE KA PA3AUYUE 8 3HAKAX, C KOTOPBIMH BXOAHT NaJileHHE HANpskKe-
Hust IR npu onpenenesdu norenumnana Kakoi-1u60 TOUKH CXeMBI YePe3 NOTEHLHA HCX0-
HO# TOUKH H NPH COCTABJIEHHH ypaBHenui no sropomy 3akony Kupxroga. [pu seruncie-
HHH NOTEHUHAJA MOC/eAylleH TOUKH yepe3 noteHuuas npensiaywei /R 6epyr co
3HAKOM MHHYC, €CJIH NepeMelieHHe no CONPOTHBAEHHI0 R COBNA/aeT 110 HAIPAB/ICHHIO C
TOKOM, TOT/1a KaK NPH COCTABJIEHHH ypaBHeHH# no Bropomy 3akony Kupxroda /R Hexo-
TOPOro yyacTka uend 6epyt B cymme Z/R €O 3HaKOM NNIOC, €CAK O6XOA ITOFO y4acTKa
coBnanaeT C HanpasJjeHHEM TOKa IH& HeM.
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[image: image33.png]§ 2.11. InepreTuueckuii 6ananc B anekTpuyeckux uenax. [1pu npo-
reKaHHH TOKOB 110 CONIPOTHBJIEHHSIM B MOCJI€JIHUX BbIAE/SIETCS TEMJIOTA.
Ha OCHOBaHHH 3aKOHA COXPaHEHHUs! SHEPIUH KOJTHYECTBO TEMNJIOThI, Bbi-
neJsiloLleecs: B €JHHHIlY BPEMEHH B COMPOTHBJEHUAX CXEMBbI, LOJKHO
paBHATHCS SHEPTHH, AOCTABJSEMONi 32 TO XKe BPeMs HCTOUHHKOM UTa-
HHUS.

Ecau nanpasienue Toka /, npotekatouiero yepes ncrounuk 3JC E,
copnianaer ¢ HanpasaeHueM DJIC, to ncrounnk IAC nocraBasier B
ellb SHEPTHIO B €IHHULY BpeMeHH (MOLHOCTh), paBHy10 E/, H npou3se-
nenue E/ BXopHT B ypaBHeHHe 3HepreTHYeckoro 6ajaHca C MoJoXH-
TeJIbHBIM 3HAKOM.

Ecan ke nanpassieHue Toka / BctpedHo Hanpabgennio DJ1C E, To
uctouHHK DJIC He nocraBJsieT 3HePrUIo, a NoTpebJsieT ee (Hanpumep,
3apsiKaeTcs aKKyMyJAaTOp), U npoH3BefenHe EJ Boiner B ypaBHeHHe
sHepreTHYeCKOro 6ajaHca ¢ OTPHILATENbHbBIM 3HAKOM.

YpaBHenHe 3HepreTHYeCKOro 6ajaHca NpH NUTAHHH TOJIBKO OT HC-
rounukoB DJIC umeer BUn

2I°R=2EI.

Korna cxema nurtaercsi He TOJbKO OT HCTOYHHMKOB DJIC, HO U oT
HCTOYHHKOB TOKA, T. €. K OTAEJbHBIM Y3J1aM CXeMbl MIOATEKAIOT H OT HHX
yTeKaloT TOKH HCTOYHHKOB TOKA, IPH COCTABJIEHHH ypaBHEHHs 3Hepre-
THYECKOro GajiaHca HeoOXOJMMO YYecTb M 3HEPrul0, N0CTABJSEMYIO
HCTOYHHKAMH TOKa. JlonyCTHM, 4TO K y3J1y @ cXeMbl TOATEKaeT TOK J oT
HCTOYHHKA TOKA, a OT yana b 370T ToK yrekaer. Jlocrapasiemast HCTOU-
HHKOM TOKa MoIHOCTb paBua U,J. Hanpsixenune U,, 1 TOKH B BeTBAIX
CXEMbl JIOJ12KHbI GBITb OACYUTAHBI C YUETOM TOKA, MOATEKAIILErO OT
HcToyHuKa ToKa. [TocsieiHee npolie BCero caesiath 10 METORY Y3JI0BbIX
noreHunaos (cMm. § 2.22). O6wnit BUA ypaBHEHHS] FHEPreTHUECKOTO
GanaHca:

2I2R = 3EI +2U,,J.

t Jlasi npakTHYeCKHX pacyeToB 3JEKTPHUYECKHX Lenell paspaboraHbl
MeToJbl, 60/1e€ IKOHOMHUHbIE B CMbICJIe 3aTPAThl BpEMEeHH H TPYAa, YeM
Meron pacuerta uenel no 3akonam Kupxroda. PaccMoTpHM 3TH MeTO-
Ibl.

§2.12. MeTton nponopunonanbHbiX Besuunn. CorjiacHO METOAY 11Po-
NOPUHOHAJNbHEIX BeJIHUKH, B CaMO# yaaJeHHoi ot ucrounuka 1 C Ber-
BH CXeMbl (MCXOLHOH BETBH ) IPOM3BOJIbHO 33/12a€MCS HEKOTOPBIM TOKOM,
Hanpumep tokom B 1 A. [lasiee, npoaBHrasich K BXOAHBIM 3aXKHMaM,
HAXOHM TOKM B BETBSIX H HAlIPSIXKEHHs HA PA3JIHUHBIX Y4aCTKaX CXeMbl.
B pesynbrarte pacueta nosyunm 3naueHue HanpsKeHHs U, cxeMbl 1
TOKOB B BeTBsX, €CJiH Gbl B HCXO/HOH BETBH 11poTeKaJ Tok B 1 A.

Tak kak uaiinennoe snauenue nanpsikenus U, B o6uiem ciayudae
He paBHO DJ1C HCTOUYHHKA, TO CJIElyeT BO BCEX BETBSIX U3MEHHTDb TOKH,
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YMHOXHB HX HA K03 uuuenT, paBubiit otHowweHH0 DJIC HCTOUHHKAE K
Hai’meuﬂomy 3HaYeHHUIO HaNpPs>XeHHs B HauaJie CXeMbl.

METOA NpONoOpPLHOHANIbHBIX BEJIHUUH, €CJIH paCCMATPUBATHL €ro 060-
cob6JIeHHO OT APYrHX METOAOB, MPHUMEHHUM LN pacieTa ueneﬁ. COCTOA-
LIHAX TOJbKO M3 110CJAe10BATEJIbHO H 11apaJlyieJibHO COeIHHEHHBIX COMPo-
THBJIEHUH U npu HAaJJUYHH B CXEME OZJHOIrO HCTOYHHKA.

O]lHaKO 3TOT METOA MOXKHO UCNOJb30BATh U COBMECTHO C IPYTHMH
MeTofaMu (Mpeobpa3oBaHHe TPeYroibHUKA B 3Be3[y, METOL HAJI0Xe-
HHS U T. 11.), KOTOpbIE PACCMOTPEHbI JaJiee.

Mpumep 12. HaitTu Tokn B BeTBAX cXeMbi puc. 2.11, 6 MeTO0M 1PONOPLHOHAJ bHBIX
BeiuunH. CONPOTHBJICHHS CXEMbI laHbl B OMaX.

Peuwenue 3agaemcs TOKOM B BeTBH c conportusiennem 4 Om, pasubim 1 A, u
MOACYUTHIBAEM TOKM B OCTAJIbHBIX BETBSIX (UMCJIOBbIE 3HAYEHHS TOKOB OOBENEHB HA PH-

cyHKe Kpy»Kamu). Hanpsikenne mexxpy roukamu m un pasuo -4 +3-3 4+ 4.3 =25B.
Tak kak DJ1C E = 100 B, Bce TOKu ciieniyer yMHOXKHTb Ha ko3 duument k = 100/25 = 4.

§2.13. MeTon KonTyphbix TOKOB. [Ipy pacuere MeTo10M KOHTYPHBIX
TOKOB [10J1araioT, YTO B KAXAOM He3aBUCHMOM KOHTYpPe CXeMbl Teuer
CBOI KOHTYPHBIfi TOK. Y paBHEHHUSI COCTABJAIOT OTHOCHTEBHO KOHTYP-
HBIX TOKOB, [10CJI€ 4ero Yepe3 HUX ONpeJiesiioT TOKH BeTBeH.

TakuM 06pa3oM, #eT00 KOKTYPHbIX TOKOB8 MOXKHO ONpPeAesHTb KaK
MeToJ, pacyeTa, B KOTOPOM 3@ HCKOMble IIPHHHMAIOT KOHTYPHbIE TOKH.
Yucsio HeH3BECTHBIX B 3TOM METO/E PaBHO YHCJy YpaBHeHHH, KOTOpbIe
HEeo6X01HMO 6bl10 Gbl COCTaBHTD fiJIfh CXeMBbI IO BTOPOMY 3aKoHY Knpx-
roga.

CaenoBaTtenbHO, METOL KOHTYPHBIX TOKOB G0Jiee SKOHOMEH NPH Bbi-
YHCJIUTE IbHOM paboTe, yeM MeTO/1 Ha OCHOBe 3aKoHOB Knpxroga (B Hem
MeHbllle YUHCJIO ypaBHeHHil).

BblBOZ OCHOBHBIX pacyeTHbIX ypaBHeHHH NIpUBEIEM NPUMEHUTENIBHO
K cxeMme puc. 2.12, B KOTOpO#i 1Ba He3aBHCHMBIX KOHTYpa. [TonoxuM, uTo
B JIeBOM KOHTYpe [10 4acoBO# CTpesike TedeT KOHTYpHbIil TOK /,,, a B
1paBoii (TaKkXKe M0 4acoBOH CTPeJsiKe) — KOHTYPHBIH TOK /. Jloist KaX-
JOro KOHTypa COCTaBUM YpaBHEHHs 110 BTOpoMYy 3akony Kupxroda.
I'lpu 5TOM yuTeM, 4TO 10 CMeXXHOH BETBH (C CONPOTUBJIEHHEM R;) TeueT
cBepxy BHH3 TOK [, — [,. HanpaBienuss 06xona KOHTYpOB NnpuUMem
TaK>e N0 YacoBoi CTpeJiKe.
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[image: image35.png]Jlnst nepBOro KOHTypa
(Ry+ R\, + R,y — In)=E, + E; (a)
WA
(Ry+ Ry + Ry +(—Rs)lop=E, + Eg. (6)
Jlnst BTOpOro KOHTypa
— Ryl — 1) + (Ry+ R)lpy=—E; — E,
HJTH

(— R) i +(Rs+ Ry + Ro)lpy = _E4_E5-

B ypaBHeHHH (G) MHOXHTeJb NpH ToKe /), ABASIOIHICH CyMMOii
COMpPOTHBJICHHI NEPBOro KOHTypa, 0603HauuM yepe3 R,;, MHOXHTENb
npu ToKe [y (COMpPOTHBJEHHE CMEXHOH BeTBH, B3SITOE CO 3HAKOM
MHHYC) — uepe3 R ,.

[Mepenuiem 3TH ypaBHeHHs caeylomHM 00pasom:

Ruly + Ryl =E,; (2.40)
Rod 1y + Ryl gy = Ey.

3necb
R, =R, +R2+R_5';—E1|=E|+E5;R|2=R2|=—R5§R22=R3+

s+ Rs Epp=—EFE, 5

rae R,, — TNoJHOe U1 COGCTBEHHOE COMpPOTHBJIEHHE IePBOro KOHTYPa;
R, — conpoTHBJeHHEe CMeXXHOH BeTBH MeXAY lIepBbIM W BTOPHIM KOH-
Typamu, B3siToe CO 3HAKOM MuHyc; E; — kontypuas 3JIC nepsoro
KOHTypa, paBHas ajre6panueckoit cymme 3JIC sTOro Koutypa (B Hee
€0 3HaKoM 1ioc BXoaaT Te DJ1C, HanpaB/eHHst KOTOPBIX COBNAAAIOT €
HanpabJieHHeM 00X0La KOHTYpa); Ry, — MOJHOEe WKW COOCTBEHHOE CO-
NPOTHBJIEHHE BTOPOro KOHTYPa; Ry — CONPOTHBJIEHHE CMEXHOi BETBH
MEXJy NepBbIM H BTOPbIM KOHTYPaMH, B3ITO€ CO 3HAKOM MHUHYC; Eg —
koutypHasi 3J1C BTOporo KoHtypa.

B o6uiem ciryuae MOXHO CKa3ath, UTO CONPOTHBJIEHHE CMEXKHON BETBH MeXLy k- W m-
KOHTYpam¥ (Rem) BXOLHT B ypaBHEHHE CO 3HAKOM MHHYC, €CJIH HANPABJICHHST KOHTYPHBIX

TOKOB /i H | ;mm BAOADB 3TOI BETBH BCTPEUHBI, H CO 3HAKOM IJII0C, €CJIH HaNPABJAEHHS STHX
TOKOB COFJIaCHHI.

Ecsau B cxeme Gosibiie iBYX KOHTYPOB, HATIPHMeP TPH, TO CHCTEMaA
YPaBHEHHH BbINISIAUT CIeYIOLUIUM 06pa3oM:

Rulyy + Ry + Rislss=E\y; (2.48)
Ry + Raplp + Roglyy = Eop;
Raliy + Rayplyy + Ryglyy = Ey,
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[RIl]=IE};
LSTLIPLST Iy Ey
[RI=|RaiRoaRs| 3 1= |122] ;s [E]= |Eg] - (2.4r)
R R3oRs, I3 Egy

Pekomenpnyercs ans eAMHOOOPa3Hsi B 3HAKAX CONPOTHBJIEHHH ¢ pas-
HbBIMH WH[IEKCAMH BCe KOHTYDHBIE TOKH HaNpaBJisiTb B ONHY H Ty Xe
CTOPOHY, HAMPHMED 10 YACOBOI CTPeJKe.

B pesyJibTaTe peleHHsi CHCTEMbl YpaBHeHH I KaKo#i-JHG0 OJIHH HIH
HECKOJIbKO KOHTYPHBIX TOKOB MOTYT 0OKa3aThCSl OTPHLLATENbHBIMH.

B BeTBsix, He SIBJSIIOIHXCS CMEXHbIMH MEX /1y COCEAHUMH KOHTypa-
MU (Hanpumep, B BETBH C CONPOTHBJIEHHsIMH R,, R, cxembi puc. 2.12),
HaliieHHbIH KOHTYPHBIH TOK SIBASieTCS AefiCTBUTENbHBIM TOKOM BETBH.
B cMeXHbIX BeTBSIX Yepe3 KOHTYpHbIE€ TOKH ONpefesiioT TOKH BeTBeH.
Hanpumep, B BeTBH C CONPOTHB/IEHHEM Rg MPOTEKAaMOUHH CBEpPXY BHH3
TOK paBeH Pa3HOCTH [, — Iy.

Ecsiu B 3aneKTpHueCKO# ey HMeeTCs 1 He3aBHCHMBIX KOHTYPOB, TO
4KCJI0 yPaBHEHUH TOXKE PABHO 1.

OG6uiee pelieHHe CHCTEMbI 11 yDAaBHEHHH OTHOCHTENBHO TOKA [y,

25)

Ay Ap By Agn
T =En3 + Egyy + Eggp + - + By

rae
RiRoRyz- Ry, (2.6)
Ro1RpoR ;- Ry,
A= Ry RypRa3.-- Ry |-

— OIlpefeJIUTeJIb CHCTEMBbI.

Anre6panyeckoe RoMOJHeHHE A, MOJYYEHO M3 Ompepesutenss A
nyTeM BblYepKHBaHUs k-r0 cTONIOLA U m-H CTPOKH H YMHOXEHHS T0JTy-
yeHHOro onpejenurens na (— Iyt +m

Ecain w3 nesoro BEPXHEero yrya onpeneyuresis NnpoBeCTH AHAaroHaJb
B €ro npaBblii HMXKHHiL yron (rnaBHasi QHAroHaab) U y4YecTb, YTO
R, = R, TO MOXHO yOEHTbCSI B TOM, YTO ONpefiesliTeNlb ACJHTCH Ha
IBe 4acTH, ABJALHECS 3epKajbHbIM OTOOpaXKeHHeM OfHA ApPYrof.
T0 CBOKCTBO ornpenesuTenss Ha3blBawT cunmerpued OTHOCUTENbHO
enagHoti duazonaru. B CHJTy CHMMETPHH ONpEeneSUTEs1 OTHOCUTEJNbLHO
rJaBHOM Maronatu A, = A, .

TMpumep 13. HaiiTu toku B cxeme (puc. 2.13) MeTOROM KOHTYPHBIX TOKOB. HHc0Bbie
3HaueHus conpoTupaenuii B omax u AJIC B BobTAX yKa3aHbl HA PHCYHKE.

Pewenwue BebepeM Hanpap/ieHus BCeX KOHTYPHBIX TOKOB [ (1, [gg 1 /33110 uacoBoit
ctpenke. Onpenensiem: R =545+ 4=140m; Ry =5+ 10 + 2 =17 Om; Rz3 =24
42+ 1=50MRg=Ry =—50m Rg=Ry3 =0; Rog=Ryzy=—20m; E|| =
=—10 B; Eg3 =—8 B.
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3anuchHiBaeM CHCTEMY ypaBHEHHii:

141, — 514 ——10;
— 5l 17 gy — 2y = 10,
— 2y + 53— —8.
Onpene.nme.nb CHCTEMbI
) 14 -5 0
A=|—5 17 —2|=1009.
0—2 5
MoxcyuTaem KOHTYPHBIE TOKH
—10-5 0
10 17 —2
—8 2 5| —640
Iy= A = To0g = —0634A;

Tog=0,224 A; I35 =— 1,51 A,

Tok B BeTBH cm [em = 11— 122 0,634—0,224- 0,86 A.
Tok 8 BetBu am [, = lgg—I33 = 0,224 4 1,61 = 1,734 A.

Popmyana (2.5) B psine naparpadoB HCHONb3YeTCA B KauecTBe HC-
XOJHOM ITPY PACCMOTPEHHH TAKHX BaXKHbIX BOMPOCOB T€OPHH JIHHEHHBIX
3JIEKTPUYECKHX Liellell, KaK OfpeeseHne BXOAHBIX H B3AUMHbIX [1POBO-
AuMocTell BeTBeH, NPHUHLMI B3aWMHOCTH, METO/l HAJIOXKEHHS H JIHHeH-
Hble COOTHOLIEHHS B JIEKTPHYECKHX LIEMSIX.

CocTaB/ieHUIO ypaBHEHHIH 110 METOlY KOHTYPHBIX TOKOB JUISl CXEM C
MCTOYHHKAMH TOKA NPUCYLIH HEKOTOpBIE 0COGEeHHOCTH. B aToM caiyuae
nojiaraeM, 4TO Kax/jasi BETBb C HCTOYHHMKOM TOKA BXOAHMT B KOHTYP,
3aMbliKamLuiics Yepe3 BeTBU ¢ ucTouHHKaMu DJIC H conpoTHBIeHUs -
MH, ¥ YTO TOKH B 9THX KOHTYpPaX H3BECTHBI H PaBHbl TOKAM COOTBETCTBY-
IOIUX HCTOYHUKOB TOKA. Y paBHEHHS COCTABJISIOT JIHIIb /151 KOHTYPOB
C HeM3BECTHBIMM KOHTYpHbIMH ToKamu. Ecain nos cxembl puc. 2.14, a
TPUHSATH, YTO KOHTYPHBIH TOK /|, = J TeueT COrNlacHO HanpaBJ/ieHHIo
4acoBoOii CTPeNKH 110 11epBOii U BTOPOil BETBAM, @ KOHTYPHBIH TOK [o =
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=I; 3aMblKaeTcss Takxe N0 YacOBOH CTpeJKe 10 BTOPOH M TpeTbeil
BETBSIM, TO, CONJIACHO METOAY KOHTYPHBIX TOKOB, OJYYHM TOJIBKO OHO
YPaBHEHHE C HEU3BECTHBIM TOKOM [gy: (Ry 4 Ry)loo — Ry = E.

+ IR,

Orcona Iy = R FR,

U TOK BTOPO#H BeTBH [y = 1| — [ ,,.

§2.14. MprHLMN HANOXKEHUS M METO HANOXKEHUS. UTOOLI COCTABUTD
obuiee BblpakeHHe JIf TOKA B R-BETBH CJIOXKHOH CXeMbi, COCTABUM
ypaBHEeHHS 10 MeTOAY KOHTYPHBIX TOKOB, BHIGPAB KOHTYPbI TaK, 4TOOHI
k-BEeTBb BXOIM/IA TONIBKO B OIWH R-KOHTYP (3T0 Bceraa BoamoxHo). Tor-
na coriacHo (2.5) ToK B k-BeTBH OyneT paBeH KOHTYPHOMY TOKY [,
Kaxnoe cnaraemoe npasoit yactu (2.5) npeacrasasier co60il TOK, Bbl-
3BaHHBIH B k-BeTBH cooTBeTcTBYMowei KouTypHoii JIC. Hanpumep,
E\; A, /A ectb cocTaBastiowast Toka k-BeTBH, BEI3BaHHAsA KOHTYPHOH
OMIC E,;. Kaxnyio u3 KoHTYpHbIX DJIC MOXKHO BbIPa3uTh yeped DJIC

setBeil £, Ey, E,..., E,,....E,, crpynnupoBaTh KO3 QUUMENTB! NPH 3THX
3/1C u noNyyuTh BEIp aXKEHHE CEAYIOLIEr0 BHAA:

Iy =Egu+Ege+ Egu+ .- + E8u+ Egun (2.7)

Eciu KoHTYpbl BHIGpaHbl TaKHM 06pa3oM, 4To Kakasi-nu6o uz J1C,
Hanpumep E, BXOAHT TOJNILKO B OJHH M-KOHTYP, @ B APYTHE KOHTYPhI He
BXOLHMT, TO g, = A, /A

YpasHeHue (2.7) BeIpaxaer coGOi NPHHLUI HATOXKEHHS.

IMpunumn Hanoxenusi GOPMYJIHPYETCS CAENYIOUIUM 06Pa30M: TOK
8 k-geTsu pasen aneebpauteckoil cymme TOKO8, 8bi3bL8aEMbLY KAHOOL
u3 3/C cxemor 8 0TOeAbHOCTU. DTOT NPHHUKI CNIPABEAJIHB 5 BCEX
JIMHEeHHBIX 3JIEKTPHUECKUX Lielei.

IMpuHUKMN HAT0XKEHHS! 10/10KEeH B OCHOBY METORA PACYETa, OJIYUHB-
11ero Ha3BaHUe METO0A HANOKHEHUS.

IMpu pacuere uenefi JaHHBIM METOIOM NOCTYNAKT CAEAYIOUHM 06-
pPa3oM: MOOYepPelHO PACCUMTHIBAIOT TOKH, BO3HMKAIOLLIUE OT AefiCTBUSR
Kaxnoi u3 DJIC, MbICI@HHO YAANsIS OCTAJbHbIE H3 CXEMbI, HO OCTABJAR
B CXeMe BHYTPeHHHE CONpPOTHBIEHHS HCTOYHHKOB, H 3aTE€M HaXOAAT
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TOKH B BETBAIX NMyTeM ajire6panyecKoro CJIOXKeHHS YaCTHYHBIX TOKOB.
3aMeTHM, YTO METOJOM HaJIOXKEHHS HeJib3si 0J1b30BAThCS AJIS OACYe-
Ta BbIEJISIEMbIX B COIIPOTHBJIEHHSIX MOLILHOCTEH KaK CYMMbl MOLILHOCTEH
OT YaCTHYHBIX TOKOB, MOCKOJIbKY MOLLHOCTb SIBJISIETCS KBaLpaTHUYHOH
¢yHKuHeil Toka (P = RI?).

Ecnii uepe3 HekoTOpOe CONpPOTHBJIEHHE R IPOTEKAIOT COMNACHO Ha-
npaBJieHHble YAaCTHYHbIE TOKH /| U /5, TO BblA€/IsIEMAst B HEM MOLIHOCTb
P=R(I + 122)2 H He PaBHA CyMMe MOILIHOCTeH OT YaCTHYHBIX TOKOB:

P = RIZ 4 RI”.

Mpumep 14. [lna cxembl puc. 2.14, a METOLOM HAJIOXKEHHS HAWTH TOKH B BETBAX,
ONpPeNe/IHTh MOULHOCTH, OT/1aBaEMble B CXeMY HCTOYHHKOM TOKa M uctoundkom DJIC,
nosiaras R =20m; Rg=40m; R3=60m;/ =5 A; E=20B.

P e w e nue [Nonoxurenbubie HanpapeHus TOKOB B BETBAX IPHHHMAEM B COOTBET-
ctBHH ¢ pHC. 2.14, a. C nomotubio cxembl prc. 2.14,6 (uctounnk DJC ynanen, u 3aKumbl
cd 3aKOpO4eHbl) Hali1IeM TOKH B BETBSX OT A€HCTBHS MCTOYHHKA TOKA:

'’ ’ R3 6 ’
V=1 =5A; Py =l = S g = 3N I3 =24

Hcnosibays cxemy puc. 2.14, 8, NOACUHTHBAEM TOKH B BETBSX OT 1€HCTBHA HCTOUHHKA
3JIC (3axumbl ab pasoOMKHyTbl, TAK KaK BHyTPEHHEE CONPOTHBIEHHE HCTOYHHKA TOKA
PaBHO GECKOHEUHOCTH):

Iy =0; I"y=1"3=E /(Ry+ Ry=2A.
Pe3ybTHpyloLHe TOKH B BETBAX BbIYHCJIHM, aNreGpaHyeckH CyMMHPYS COOTBETCT-
ByIOUIHe YaCTHUHbIE TOKH 3THX ABYX PEXKHMOB:

L=F 41" =5+4+0=5A; ly=1,— I"y=3— 2= 1A

Iy=Ty+ 1"y =2+ 2=4A; ¢, = @, + IRy + I|R;;
Up=1-4+5.2=14B.

MouwnocTb, oTAaBa€Mas B CXeMy HCTOYHHKOM TOKa, U, J = 145 =70 Br. Mom-
HOCTB, oT/1aBaemas B cxeMy uetounnkom 3JIC, £/, =20 - 4 =80 Br.
Ypasrenne 6ananca MOLLHOCTH I?R, + lgRQ + I§R3= Ugd + El.

§ 2.15. BxoaHbie u B3aHMHble NPOBOJUMOCTH BeTBeil. Bxognoe co-
nporusaenne. Ha puc. 2.15,a n3o6paxkeHa Tak Ha3blBaeMas CKesieTHas
CxeMa naccuBHOM uend. Ha neil mokasaubl BeTBU 4 y3abl. B Kaxpoi

45




[image: image40.png]BETBH MMeeTCsl CONpoTHBJeHHe. Brinesum B cxeme aBe BeTBH: m H k.
IMomectum B BerBb m IJIC E,, (apyrux DJIC B cxeme Het). BriGepem
KOHTYpPbl B CXeMe TaK, 4ToGbl k-BeTBb BXOAHJIA TOJIbKO B R-KOHTYp, a
m-BeTBb — TOJIbKO B m-KoHTyp. DJIC E,, BbI30BeT TOKH B BETBAX k H m:

I,, =E, g (2.8)
=E

mgmm

KoadpHuHeHTb! g HMEIoT pa3MepHOCTb TPOBOAMMOCTH.

KoadpduumenTt g c 0oAMHaKOBBIMH HHAEKCAMH (g ,,,) HA3bIBAIOT 8X00-
Kol npo8odumoctsto BeTsH (BeTBH m). OH UHCJIEHHO paBeH TOKY B BETBH
m, Bosuukiwemy ot peiicrBus IAC E, = 1B (eaunuunoit DIC):
L= 18

Kosdduinentsl g ¢ pa3HbIMH HHACKCAMH Ha3bIBAIOT 63AUMHbIMU
nposodumocramu. Tak, g, ecTb B3aHMHas IPOBOAHMOCTD k- ¥ m-BeT-
BeH. Baanmnas npoBoauMocTb g,, YHCJIEHHO paBHa TOKY B k-BeTBH,
BO3HUKaOWEMy OT aeHicTBus enunnunoil J1C B m-sersu'.

BxonHble H B3aHMHble NIPOBOJIMMOCTH BeTBefi HCIONB3YIOT MPH Bbl-
BOJI€ OOLIHX CBOMCTB JIHHEHHBIX 3J1eKTPHYeCKHX terneit (cM. §2.16 1 2.18)
H NPy pacueTe.Uernei o METOAY HasoXeHus [cM. popmyay (2.7)].

Bxontble H B3aMHble TPOBOAUMOCTH MOT'YT GbITh OfipeeJieHbl pac-
YeTHBIM U ONBITHBIM NYTAMH.

Ipu ux pacyeTHOM olpeeieHHH COCTABASAIOT YPaBHEHHS 110 MeTO-
N1y KOHTY DHBIX TOKOB, CJ1e/is 3a TeM, YTOOBI BETBH, B3aHMHbIC U BXOAHbIE
IPOBOAMMOCTH KOTOPHIX MPEACTABJAIOT HHTEPEC, BXOAMJIH KaXKaas
TOJIbKO B CBO#i KOHTYp. Jlasniee HaXoAAT OMpefeJuTe b CHCTEMBI A 1 110
HeMy HeoGXoauMbie asnreGpanyecKue JOMOJNHEHHS:

Loum = B / A (2.9)
Cim = Dn / A (2.10)

Mo popmydne (2.10) g,,, MOXKET NONYUHTHCS JHUGO NONOKHTEIbHOH,
nu60 oTpHLATENbHOH BenHuHHOH. OTpHLATeNIbHEIA 3HAK 03HAYAET, YTO
IN1C E,, HanpaB/ieHHasl COTJIACHO C KOHTYPHBIM TOKOM B M-BETBH,
BbI3bIBA€T TOK B k-BeTBH, He COBMAatoOLIEH 10 HANPaBJEeHHIO C [TPOH3-
BOJIbHO BLIOPAHHBIM HaNpaBJeHHEM KOHTYPHOrO TOKa [, 110 k-BeTBH.

ITpyu onbiTHOM onpenesieHuu g, U g,, B M-BeTBb cxeMbl (puc. 2.15,
6) BkJtoualoT uctounnk DJJC E,, a B k-BeTBb — aMnepMeTp (MUJIJIHAM-
nepmetp). [Tonenum tok /I, na J1C E,, n naiinem 3uavenue g,,. Ans
olipejie/IeHUs BXOAHOI NPOBOAHMOCTH BETBH 1(g ) HEOOXOAHMO H3Me-

! Bxonsbie H B3aHMHbIe IPOBOUMOCTH BETBEH MOMXHO ONPE/ieIHTD H UHAYe: BXOHAS
NPOBOAUMOCTb M-BETBH — 3T0 KO3 D HUHEHT NPOHOPLHOHAJ bHOCTH MeX Y ToKom H DJIC
310l BeTBH (n1pu oTcyteTBHH DJIC B APYTHX BETBSIX CX€Mbl); B3aHMHAst [IPOBOAHMOCTD
seTBed k W m — KO3(pHHUHEHT NPONOPLUHOHANBHOCTH MeXy TOKOM k-seTBd W DJIC
m-seTBH 1ipH oTcyTcTBHH DJIC B IPYrUX BETBAX CXEMBI.
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Puc. 2.16

puTh TOK B m-BeTBH, BbizBannoit IJIC E, . YacTHoe OT fesieHns Toka
m-eTBH Ha DJIC m-BeTBU U faeT g,

Boinesnm m-seTBb, 0603HaYHMB BCIO OCTaJIbHYI0 YaCTh CXeMbl (He
conepxauyto DJIC) HekoTOpbiM NpsiMoyrosbHukoM (puc. 2.16). Bes
cxeMa, 0603HaYeHHast MPSIMOYroJbHHKOM, 10 OTHOLIEHHIO K 33XKHMaM
ab obsajlaeT HEKOTOPHIM compoTHBJeHHeM. Ero Ha3biBalOT 8x00HbIM
conporusaenuenm. BxogHoe conpoTuiieHne m-BeTBH 0603HaUNM R, ..
Torna

Rum=E, [ 1n=1/8un="27/Ap (2.11)

Takum o6p330M, BXOJ1HO€ COTIPOTHBJIEHHE M-BETBU €CTh BeJTMUHHA,
o6paTHasi BXOJHOH NPOBOAHMOCTH 3TOH BeTBH. Ero He caeayeT cMelu-
BaTb C NOJIHBIM CONMPOTHBJIEHHUEM M-KOHTYPA B Me€TO/l€ KOHTYPHbBIX TO-
KOB.

MNMpumep 15. Onpenenuts BXONHYIO g11 H B3AHMHYIO g12 TPOBOJIHMOCTH B CXEMe PHC.
2.13

Pewenue Kourypn B cxeme puc. 2.13 BoiGpanbl Tak, uto BeTsb / (BeTBb cbm) ¢
ucTouHukoM DJIC E| BXONUT TONBLKO B epBbiil KOHTYP, a BeTBb 2 (BETBb Q) C HCTOYUHHKOM
3IIC Ey — Bo BTOPO#.

T03TOMY MOXHO BOCIIOIB30BATLCS OTpPEENHTENIEM CHCTEMb A H asire6panyecKHMu
ROTIONHEHHSIMH A || M Ay, COCTABJIEHHBIMH 110 IAHHBIM npumepa 13:

—5—-2 142
Am_J 0 SJ(—I)
09 1009

~ 0,0250m " = 0,025Cw,

=" = 1

~ 0,0810m ! = 0,081Cm.

§2.16. Teopema B3anmHocTH. TeopeMa B3aMMHOCTH GOPMYJTHPYeET-
cfl cyieflyouMM obpasoM: 048 Aw0b0i runelnoll yenu Tok 8 k-sersu,
svissannbli  ucrounukon 3IAC E,, Haxodswumcs 8 m-s8ersu,
I, = E,g,, pasen toky I, 6 m-eersu, evizsannomy ucrounuxom 314C
E, (aucnenno pasnoit 3JIC E,,), haxopsaummcs B k-etsi, [, = E,8,.,

Jlns gokasaTesibCcTBa TEOpeMbl B3aMMHOCTH 06paTHMCs K pHC.
2.15,a. Kak u npH BbiBoAax B § 2.15, BbII€IUM [1Be BETBH CXeMBbI: BeTBb
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1 BeTBb m. Bkaiounum B BeTBb m uctounuk DJIC E,, B BeTBb K — amnep-
merp A' nsist usmepenus toka /. [yctb Kaxaast u3 BeTBeii k u m BXOAUT
COOTBETCTBEHHO TOJILKO B k- H m-KOHTYpBI. [ToaTOMy o MeToRy KOHTYp-
ueixTokos /, = E A, [/ A.Tlomensiem mectamu uctounnk DJ1C u amnep-
metp, T. e. HcTouHnK DJIC nepeMecTUM H3 BETBH m B BeTBb k H Ha3oBeM
tenepp E,, a amnepMeTp — U3 BeTBH R B BeTBb . B 3ToM cayyae Tok
ly=EA,/A.

Tak kak E,=E,, a A, = A,,, B CHIly CHMMETPHH OIIpefeUTeNs
cHCTeMbl A OTHOCHTEJIbHO NJiaBHOM auaroHanu (cm. § 2.13), o Tok [, B
cxeMe puc. 2.15, 6 pasHsieTcs Toky /,, B cxeme puc. 2.15, 8.

[Tpu NpakTHYECKOM HCIOJb30BAHHH TEOPEMBbl B3aUMHOCTH BAXHO
HMeTb B BHJy B3aUMHOE COOTBETCTBHe Hampasjenuih Tokos u JJIC B
cxeMmax puc. 2.15, 6,8.

Tak, ecau J1C E, ucrounuka JC, Haxoasiuerocs B k-BeTBH CXeMbl
puc. 2.15, 8, HanpaByieHa COIMIACHO C KOHTYPHBIM TOKOM /, B cCXeMe pHC.
2.15, 6, To OI0XKHUTETbHOE HaNlPaBJIeHUEe OTCUeTa 1Jisl ToKa /,, BCXeMe puc.
2.15, 8 GyneT coBnafath C MOJOKHUTEIbHEIM HalpaBJleHHEM KOHTYPHOIO
toka no setsu m (IJC E,, B cxeme puc. 2.15,6 Hanpasnena no /).

Jlnsi HeJIMHeHHbIX Uelielt TeopeMa (IPHHIKI) B3AHMHOCTH HEBBINOJ -
Huma. Llenu, A/st KOTOPBIX HEe BBITIOJHSAETCS IIPHHIMI B3aMMHOCTH, Ha-
3BIBAIOT HEOOPATHMBIMH.

TMpumep 16. B cxeme puc. 2.17 nepekatouaresu Pi, P2, P3 n P4 MOryT HaxomuThes B
NEPBOM WJIH BO BTOPOM 10JIoXeHHH. Eciin OHu Haxoasrcs B nojoxenuu [, 10 B cxeme
BKJIIOYEH TOJILKO oiuH ucTounuk DJAC E4. [Ton neiicrsuem SC Eq4 nporekator Tokn /| =
=1,5 A, J2 = 3 A, I3 = 1A. Haiitu 10K I4, ecin BCe NepekJIIOYATESH HAXOASTCS B
noJioxxenuu 2, nonaras, uto £y =20 B, E2=40B, E3=50B, Es= 10 B.

Pewenue. [us onpenenesus Toka I, BOCTIONb3YyeMCR NPHHLHNOM HANOKEHHS H
NPHHUMNOM B3auMHOCTH. Eciin Gbi B cxeme Gblit BKJII0ueH oftiH uctounnk DIC £, = 10 B,

lAM(IepMETp BKJIOUAEM TOJIBKO /151 HATJIAAHOCTH; COIIPOTHBJIEHHE aMilepmMeTpa 1o-
JlaraeM pasHbiM HYJIIO.
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Puc. 2.18

a octasbhbie (Ey i E3) OTCYTCTBOBA/H, TO B BeTBH 4 110 IPHHLHILY BIAUMHOCTH nporekan
6b1 ceepXy 8uu3 ToK 8 1,5 A. Tak kak DJIC E| = 20 B, 10 B seTBH 4 npoTEKaLT TOK, paBHBIH
1,5-20/10 = 3 A. AnajornunpiM 06pa3oM HaliaeM TOKM B BeTBH 4 [1pH BKJIOYEHHH
ucrounnkos JIC E, u E u npoussesieM anre6panueckoe CJIOXKEHHe YaCTHUHBIX TOKOB (¢
YY€TOM HX HallpaBJIeHust ).

20 , 40 50
ly= 1575+ 315 — 15 =10A.

§ 2.17. Teopema Komnencauuu. PaccmMoTpum B2 BapuHaHTa 3TOH
TeopeMbl. B s06oit 3siekTpuueckoil uenu 6e3 H3MeHeHHsl TOKopacmpe-
JleJIEH!s] CONPOTUBJIEHHE MOXKHO 3aMeHuTh: 1) ncrounnkom SJ1C, 3(C
KOTOPOTO YUCJIEHHO PaBHA NaJeHHIO HAlPSKEHHUsl HAa 3aMeHsAeMOM CO-
MPOTHBJIEHNH U HAIIPABJIE€HA BCTPEYHO TOKY B 3TOM COMPOTHBJIEHHH; 2)
UCTOYHHKOM TOKa J, TOK KOTOPOTO YHCJIEHHO PaBeH TOKY B 3TOM CONpPO-
THBJIEHUH U UMEET TO Xe HanpasJieHHe, 4To U ToK /.

Jlaisi noKa3aTesbCcTBA TEOPEMBl KOMITEHCALHH BBIAETUM H3 CXeMbl
OJIHY BETBb C CONPOTHBJIEHHEM R, 110 KOTOPO# TeueT TOK /, a BCIo 0CTalb-
HYI0 4aCTb CXeMbl YCJOBHO 0003HauMM NPsiIMOYroJibHHKOM (pHc. 2.18,a).

Eciiu B BbII€/IEHHYI0 BETBb BKJIIOYHTH 1BA OIMHAKOBBIX U MPOTHBO-
noJioXHO HanpasJenHblx Hetounnka D C E, 31C koTopbix paBHa na-
JIEHHIO HATIPsIXKEeHHsl Ha cCONPOTHBJEHHH R noa aeiictBuem toka [ (E =
=IR; puc. 2.18,6), T0 TOK / B LleTIH OT 3TOTO He U3MeHHUTCsi. Y Genumcs,
Y4TO Pa3HOCTb MOTEHLHAJIOB MEX/Yy TOYKAMH a U C B CXeMe pHC. 2.18,6
npu 3ToM pasHa HyJ. leficTBurenpho,

9 =¢, IR+ E=¢,— IR+ IR=¢,

Ecnn ¢, = ¢,, TO TOUKH @ H ¢ MOXHO OGBEJHHHUTL B OAHY, T. €.
3aKOPOTUTb YY4CTOK A€ W NOJYUuTb cxeMy puc. 2.18, 8. B neit sBmecto
conporusJienus R BrJouen ucrounuk JC E.

CxeMa, cOOTBeTCTBYIOLILAsi BTOPOMY BAPHAHTY TEOPEMbl, H306paxe-
Ha Ha puc. 2.18, 2. UTo6Gbl NpUATH K Hell, 3aMEeHUM NOCJTe10BATENbHO
coeitnnenHbie R v £ na yuactke ac (puc. 2.18, 6) napaJjiiesibHpIM coefin-
HeHueMm Hcrtounuka Toka J = E/R = I n conporusnenns R. Tak kak

! Homep setsu coorserctayer ungekcy JIC.
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U, = 0,toTok uepe3 R 6ylieT OTCYTCTBOBAThL H IOTOMY R MOXHO Y1aIHTh
u3 cxembl. Ecaiu DJIC E yuacTka bc BKJIIOUMTD B COCTAB HCTOYHHKA TOKA,
TO MOJYYHM cxeMy puc. 2.18, e, rne nanpsixenue U,, = — IR.

Mpumep 17. Ha cxeme puc. 2.19, a nauer 3nauennst R(Om), DC E| (B) u tokos I(A).
3amennTs R3 uctounnkom IJC 0 HCTOUHHKOM TOKA.

Pewemnue Hapuc 2.19, 6 usobpaxena cxema ¢ ucrounukom dJIC E = 2B, a na
puc. 2.19, 8 — ¢ uctouHnkoM Toka J = 2A.

§ 2.18. JluHeiinbie COOTHOWIEHNS B 3JeKTpuiecKuX uensx. Ecau B
JIHHEeAHON 3JiekTpuueckoil uenu namersercs JC uian conporusienne
B KaKo#M-J1IH60 0JIHOI BETBH, TO JBe JI0Oble BeJIHUHHDI (TOKH M Hanpsxe-
Hus) ABYX J1100bIX BeTBEH CBA3aHbl APYT C APYTrOM JIMHEAHBIMH 3aBUCH-
MOCTAMH BUAA Yy = a -} bx.

DyHKIUHIO X BHITIOJIHACT TOK MJIH HalpsiXKeHHe OHOH BeTBH, PYHK-
[MI0 Y — TOK WJIK HaNpsi>KeHHe ApPyroil BeTBH.

JdokazarteanbcTso. CornmacHo METOAY KOHTYPHBIX TOKOB, 06-
uiee BeIpaXKeHHe AJist TOKa B R-BeTBU 3anucbiBaeTcsi B Busie (2.7). Ecau
B cxeMe uaMmensieTcs: Tosbko oaHa DJIC, nanpumep JC E,, 10 BCe
cnaraemsbie B(2.7), kpome ciaraemoro E,,g,,,, TOCTOSHHbBI H MOTYT GBITh
ISl COKpallleHHsl 3alHCH 3aMeHeHbl HeKOTopbIM ciaraeMeiM A,. Cire-
JIOBAaTeJNbHO,

Ly=A,+ E & (2.12)
Ananoruuto, 0J1si p-BeTBH
o =A, + E 8o (2.13)

Haiinem E,, u3 (2.13):
En=As— A8y
u noactaBuM B (2.12). [Tosyunm
l,=a,+ b, (2.14)
raea, = A, — Apgkm; b, = gkm/gpm'

Kosdduumentst a, u b, Mmoryt 6biTh ><0. B yactHom cayuae aubo a,,
nu60 b, MoXeT 6bITb PaBHO HYJI10.
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PasenctBo (2. 14) cBUIETENLCTBYET O TOM, 4TO pH H3MeHeHnn DJ1C
E,, Toxu [, vl cBa3anbl AuHeiHOH 3aBUCHMOCTbI0. H3 TEOpeMbl KoMIIeH-
CallH U3BECTHO, 4TO J11060€ COMPOTHBIIEHHE MOXHO 3aMeHHTh HCTOUHH-
kom DJIC. CaenoBaresibHO, U3BMEHEHHE COTPOTHBJIEHHST B M-BETBH 3K-
suBajeHTHO u3Menenuio DJC E,. Takum o6GpasoMm, juHeliHOe
COOTHOLLEHHE MeX1y AByMs JtoObiMu ToKaMH (2.14) nmeet MecTo npu
n3MeHeHuH He ToJbKo DJIC £, , HO 1 CONPOTUBJIEHH ST KAKOM-TO M-BETBH.

Ecau o6e wactu (2.12) yMHOXKHTD HA CONPOTHBJIeHHE R-BeTBU R, 1
MpoJeNiaTh aHANOTHYHbIE BbIK/IAAKH, TO MOXKHO yOEUTLCS B TOM, 4TO
Hanpsi>keHue k-BeTBH JIMHEHHO CBA32HO C TOKOM B P-BETBH.

Kosdpduuuentsl a, u b, u3 (2.14) n B 1pyrux nogoGHbIxX BHIPaKeHHsIX
MOTYT ObITh HaliJeHbl PacUeTHBIM HJIH OTILITHBIM MyTEM.

ITpu onbiTHOM onpeaejeHud Ko3GpQUUHEHTOB 10CTATOYHO HAWTH
3HaYeHMsl ABYX TOKOB (COOTBETCTBEHHO HAMPSIXKeHHH ) TPU ABYX pasJiny-
HbIX PeXXHMax paboThl CXeMHl M 32aT€M PELUUTh CHCTEMY M3 JIBYX ypaB-
HEeHUH C JIByMsl Heu3BecTHbIMH. ITycTb, Hanpumep, B nepBoM onsite

ly=Ilyuil, =1, asosropom [, =1 yul =1,
Torna
ly=0a,+0b,; lo=0a,+ b,
!
P2
’Iz2—l_'lkl I, —a
“ ol b T %
ET N — T/, k 1

Ecau B cxeme OJHOBPEMEHHO U3MEHSAIOTCA SIIC HJIM conmpoTHuBJie-
HUA B KaKuX-JH00 JABYX BeTBAX, TO J6ble TPH BeJINYHHDBI B 3TOi cxeme
(TOKH, HanpsKeHHs1) CBA3aHbI IPYT € IPYTOM JIMHERHBIM COOTHOLLEHHU-
eMBuaa Yy =a +bx +cz.

D,OKa3aTeJleTBO 3TOr0 COOTHOLUEHHA MPOBOAUTCHA aHAJIOTHYHO IPH-
BeJleHHOMY paHee.

Mpumep 18. Ha puc. 2.20, a u3o6paxkena cxeMa, B KOTOPOil BhifiesieHbl TpH Bersu. B
BeTBu / BKJIoueH amnepmetp A1, B BerBu 2 — amnepmetp Ag. B BetBu 3 nmerores kiou
K w conporussenne R3. Ecain K pasomkuyT, To amnepmerp A| nokaswisaer 1 A, amnep-
Metp Ay — 5 A. [1pu 3aMkHyToM kJloue amnepmetp A1 nokaswisaer 2 A, a amnepMerp
A2 —4 A. Tlpu 3aMKHYTOM KJioue CONPOTHBJIeHHEe R3 HIMEHHIH TaK, 4TO NOKA3aHHE
amnepmerpa Az craino 4,5 A. KakoBo nokaszanue amnepmerpa A| B 3TOM pexxume?
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Pewewnne. Boipazum I uepesly: [, = a + bly CocraBum ypasHehue s onpe-
acins av b

l=a-+5b2=a+ 4b.
Orconaa=6ub 1.Tpula=45A11=6—45-1 1,5A.

Mpumep 19. B cxeme puc. 2.20, 6 conporusienne R u3MeHsieTcsi oT Hyan a0 6ecko-
HeyHOCTH. BoiBecTu 3aBucumocts Haupsixenns U,y ot nanpsikenns Uy,

3 J
Pewemnue. Ilpu pazomkuyroit ersu ab Uy =§rl U, =%4 Tlpu xopoTkoM

3 4 1
3ambiKaHuu Beteu ab Uy = Z’j U, = 0.0Orconaa = grl nb= 7 CJle10BaTeJIbHO,

4 1
Ut = -3"1 + z,;Uab-

§2.19. U3ameHen s TOKOB BeTBei, BbI3BAHHbIE IPHPAIEHHEM CONPO-
THBJIEHUs ONHOM BeTBH (Teopema Bapuaunii). Ha puc. 2.21, a Buinenum
BeTBH / 1 2 ¢ TOKaMHM /| 1 [,, 3aKJII0YHB OCTAJIbHYIO YACThb CXeMbl BMeCTe
C HCTOYHUKAMH 3HEPTHH B NPSMOYToJbHUK A (aKTHBHBIH); TPOBOAHNMO-
CTH Zp U gy MOsiaraeM usBecTHbiMU. [lycTb conpoTusieHue BeTBH 2
usMenujocb Ha AR (puc. 2.21, 6), B pesyibTaTe Yero TOKH CTaJH
1,4+ Alyn 1,4+ Al,. B cooTBeTCTBHH C TeopeMoii KOMIEHCaLHH 3aMe-
HuM AR na JIC AE = AR(Il, + Al,), HanpaBieHHyio BCTPeUHO TOKY /.
Ha ocHoBanHM npHHIMNA HAJ0XKEHUsI MOXKHO CKa3aTh, YTO MpHpalle-
Husi TOKOB A/, u Al, BoizBanbl DJIC AE B cxeme puc. 2.21, 8, B KoTopoit
4acTb CXeMbl, 3aKJIOUEHHAs B MPSIMOYTOJIbHHUK, CTaJa NaccHBHOM (6yK-
Ba [T). Tak Kak cxeMa BHYTPEHHHX COeMHEHHIl H 3HAUEHUS] COTPOTHB-
JIEHHH B CXeMe NPSIMOYTOJIbHHKA OCTaJuCh 6e3 H3MeHeHHH, TO MPOBO/IH-
MOCTH g5 M G99 B CXEME PHC. 2.21, 8 HMEIOT Te XKe 3HAUEHHSI, UTO H B CXeMe
puc. 2.21, a. lns cxemet puc. 2.21, 6 umeem:

Al = — AEg, = — gpAR(U, + AL),
Ay = — AEgy = — guAR(, + Al).

3HakM MHHyc noctasieHbl noromy, uto JJIC AE, nanpasnena
BCTPEYHO TOKY [y
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g9oARI, g19ARI,
— i A = — (2.15)
I + ARgyy 1 + ARgyy

Aly=

CootHoluenus (2.15) no3BosisitoT OnpenesuTb H3MEHEHHE TOKOB B
BeTBSAX / U 2, Bbi3BaHHble H3MEHEHHEM CONIPOTHUBJEHHUSA B BETBH 2.

NMpumep 20. B cxeme puc. 2.21 goo = 5/26 Cm, g2 =3/26 Cm. Toxku 11 =7 A,
I3 = 3 A. Onpeneants Toku I ¥ [210C/1€ TOFO, KAK CONPOTHBJIEHHE BTOPOIl BETBH BO3POCJIO
Ha AR =10m.

Pewenmne. [lodopmynam(2.15), Al = — 0,29 A, Al; = — 0,483 A:

I/ =1, + Al =671A, 1 = I, 4 Al, = 2517 A.

§ 2.20. 3ameHa HECKOJNbKHX NapajJiesibHbIX BETBEH, coaepXKauux
nerouHuku A1 C ¥ HCTOUHMKH TOKa, ONHOH 3KBHMBaJeHTHON. Pacuer
CJIOXKHBIX CXEM YNPOU(AETCS TIPH 3aMeHe HEeCKOJbKUX MapasiiefibHo
BKJIIOUEHHBIX BeTBeH, cofepxaux HeTounnku DJIC, HCTOYHHKH TOKA H
COTNPOTHBJIEHHSL, OHOH IKBUBATECHTHOH BETBBIO.

Yuactok uenu puc. 2.22, 6 5kBUBaJIEHTEH yUacTKYy LenH puc. 2.22, a,
©CJIH MPH JIOObIX 3HaYEHHsIX TOKA /, MOATeKa0ILero U3 Bced ocTalbHOH,
He MI0Ka3aHHOM Ha PHCYHKE YACTH CXEMbI, HalPsXKeHHe Ha 3aXKHMax a
u b (U,) B o6eux cxeMax ogAHHAKOBO. [1J151 TOr0 YTOGBI BHISICHUTD, YeMy
paBHsoTesi R, u E,, cocTaBUM ypaBHeHHUs 1A 00eHX CXeM.

Jns cxembr puc. 2.22, a

L4 b+ I+ 0,4+ 1, =1,

I =(E, — Uy)/R = (E, — Uygy
I, =(E; — U,)gx (2.16)

L =(E, — Upy)gx
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[image: image48.png]CaiepoBaredibHo,

" " q n
I= Zl = ZEkgk + Z‘,ﬁ - Uabzglp (2162)
k=1 k=1 k=1

k=1

rjie 1 — YMCJIO NapaJJiesibHbIX BeTBel ¢ ucrounukamu JC; ¢ — uucio
napaJJieibHbIX BeTBeH C HCTOYHHKAMH TOKa.
Jast cxembl puc. 2.22, 6

I =E.g,—Uag, (2.17)

rie g, =1/R,.

PasencTBo ToKoB / B cxemax puc. 2.22, a, 6 10J1>KHO HMeTb MECTO NPH
mo6bix 3Havenusx U, a 3T0 BO3MOXHO TOJILKO B TOM CJyyae, KOraa
ko3b¢uument npu U,, (2.17) pasen kosbduuuenty npu U,, B(2.16a).

CuejoBaTebHO,

" (2.18)
€= 8
k=1
Ecau cnaraemsie ¢ U, B(2.16a) u (2.17) paBnbl v TOKH [ 110 yC/10BHIO

3KBHBAJIEHTHOCTH JIByX CX€M TaKxKe paBHbl, TO
n

g
ZEkgk +Zlk =Ezg,

k=1 k=1

OTKyAa

n q
Ewgp+ )1
owent L (2.19)

3 n

ng

k=1

Qopmyna (2.18) naet BO3MOXKHOCTb HAHTH NPOBOAUMOCTb g, H MO
Hell R, B cxeme puc. 2.22, 6. Y3 310k HopMyJibl BUAHO, YTO MTPOBOAUMOCTD
g, He 3aBUCHT OT TOTO, eCTb B BeTBsiX cxeMbl puc. 2.22, a 3/1C unu Her.

ITpu noacuerax no ¢popmyae (2.19) caepyer umeTsb B BUIY caenylio-
wee: 1) ecan B kako#-n11n60 Betsu cxembt DJC oTcyTCTBYET, TO COOTBET-
cTByMOLLEe caaraemoe B uncaunrede (2.19) Bbinanaet, Ho NPOBOAKMOCTD
3TOH BeTBH B 3HaMeHartede (2.19) octaercs; 2) ecau kakas-nu6o D1C B
MCXOHOH CXeMe MMeeT HanpasJeHue, 06paTHoe H30GpaxKEHHOMY Ha
puc. 2.22, a, To COOTBETCTBYIOLIEE CJaraemMoe BOHAET B UHcauTeNb Gop-
Myl (2.19) co 3Hakom munyc.

BetBu cxembl puc. 2.22, a, 6 3KBUBaJEHTHbI TOJBbKO B CMbICJIe N0Be-
JIEHHSA HX 110 OTHOLIEHHIO KO BCeH OCTaJIbHON YaCTH CXEMbl, He [I0Ka3aH-
HOH Ha PHCYHKE, HO OHM He 3KBHBAJIEHTHbl B OTHOLUIEHHH "MOLIHOCTH,

54




[image: image49.png]Puc. 2.23

Boiedsiomeiics B HUX. KauyecTBeHHO MOsiCHUM 3T0. B BeTBsIX cxeMbl
puc. 2.22, a Tokl MOTyT npoTexkath aaxe npu/ =0, Torga Kak B BeTBH
ab puc.2.22, 6 npu [ =0 Tok v norpebeHne 3HEPrut OTCYTCTBYIOT.
NMpumep 21. 3ameunTtsb napaJJedbHble BeTBH puc. 2.22, 8 OfHOH SKBHBAJIEHTHOM.
Hauo: £\ = I0B,E)”" = 30B; E2=40B; E3=60B; R = 20mMm; R = 4 OM; R3 = 1 Om;
Rs=50m;/ =6A.
Pewenue Haxonum:

g, =05Cm g,=025Cm; g3=1Cm; g, =02Cwm;

1 1

Ry= = 0sfom+ 1oz 0013Ck
Y8
k=1
4
ZEkgk —J
=l _ (103005 —40-025 +60-1—6 _ |,
Tee 1.95

Takum 06pa3om, AJis 5KBHBaJEHTHONH BeTBH pHc. 2.22, 6 R; = 0,513 Om; E; = 18,4 B.

§2.21. MeTopn aBYX y3408B. HacTo BCTpeualTcsi CXxembl, coaepxauiue
BCETO Ba y3,14; Ha puc. 2.23 u306paxeHa onHa U3 Takux cxem. HanGo-
Jiee PaLMOHAJIbHLIM METOJ0M Pacueta TOKOB B HHUX SIBJISIETCSH METOJ
JBYX y3JI0B.

[Mop merodom dsyx y3a06 NOHMMAIOT METO pacyeTa 3JieKTpHUe-
CKHX Lereil, B KOTOPOM 32 MCKOMOE (C ero MOMOLIbI0 ONPeAeJIsoT 3aTeM
TOKH BeTBEH ) IPUHUMAIOT HAMPSIXKEHUE MEX/1y ABYMS Y3JaMH CXEMBI.

PacuerHsie GopMysibl 3TOr0 METOAA@ MOJYYAI0T HA OCHOBE GopMyJ
(2.16a) u (2.16); ux TakKe MOXHO NPOCTO NOJNYUUTH U3 6oJee 0OLIETo
MeTona — MeToa y3J0BbIX NoTeHuuanos (cM. § 2.22).

B otanume ot cxemsl puc. 2.21, a Tok [ K y3nam a u b cxembl puc. 2.23
He noarekaer. [Toatomy eciiu B popmyae (2.16a) npunsars [ = 0, To u3
Hee Moxet GbITb HAlAEHO HaNPsXKeHHe MeX1y ABYMS y3JaMu:
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[image: image50.png]SEug, + 24,

ab = e, (2.20)

IMocae onpenenenus nanpsxenns U, HAXOMAT TOK B J1060# (n-i)
setsu no popmyae /, = (E, — U,)g,.
MNMpumep 22. Haiitu Toku 8 cxeme puc. 2.23, u cnesaTh nposepky 6ajsaHca MOWHOCTH,

ecan E = 120B, E3=50B, R1 = 2OmMm, R2 =4 0Om, R3 =1 Om, R4 = 10 Om.
Pewenue Onpexenum ToKH B cxeme puc. 2.23:

120-0,5 — 501 10 )
Usb =05 + 025 4 1+ 00 185 548

I =(E, — Ug)/R; = (120 — 54)/2 = 57,3 A;
Iy=(Ey — Ug)/Ry=(0 — 5,4)/4 = — 1,35 A,
Iy=—554 A1, = — 054 A.

B cxeme norpe6asiercsi MOLWHOCTb
IR, + I2Ry + 2Ry + 2R, = 57,3%-2 4 1,35%.4 4 55,421 + 0,54%. 10 = 9647 Br.

Hcrounuku D C a0CTaBASIOT MOWHOCTH Elll — Egly = 120-57,3 4 50-55,4 =
= 9647 Br.

§ 2.22. Merop y3aoBbix notenuuanos. Tok B Jit060H BeTBH CXEMbI
MOXHO HaiiTh mo 3akony Oma aJist yuactka uens, cogepxautero JC.
st Toro uto6bl MOXKHO GblI0 NPUMEHHTb 3akoH OMa, HeOGXOAHMO
3HaTb NOTEHLHAJBI y3/10B cXeMbl. MeTon pacyera 3JeKTPHYECKHX Le-
neii, B KOTOPOM 32 HeM3BECTHbIe IPUHUMAIOT MOTEHIHAJIbl Y3J10B CXEMbl,
Ha3blBAIOT METOOOM Y3N08bIX NOTEHYUANOS.

Jonyctum, uto B cxeme ny3noB. Tak Kak sito6as (0Ha) TOYKa CXEMBI
MOXeT ObITh 3a3eMJjieHa 6e3 M3MEHEHMs TOKopacnpejeseHHs B Hel,
OJIMH M3 Y3JI0B CXeMbl MOXHO MBICJIEHHO 323€MJIHTD, T. €. TIPUHSATH M0-
TEHLHAJI €r0 PaBHBIM HYJI10. [IpH 3TOM YHMCJI0 HEH3BECTHBIX yMEHbLIACT-
cacnaon — 1.

Yucsio HEU3BECTHBIX B METO/Ie Y3JIOBbIX NOTEHLHAJIOB PABHO YHCIY
ypaBHeHUH, KOTOpble HeOOXOAUMO COCTABUTh AJIS CXEMbI 110 MEPBOMY
3akony Kupxroda. B Tom cayuae, korga uuciio y3nos Ge3 eaMHHULLbI
MeHbIlle YHCJIa He3aBUCHMBIX KOHTYPOB B CXeMe, 1aHHbIH MeTO siBJIsi-
ercsi 60Jiee IKOHOMHbBIM, Y€M METO/] KOHTYPHBIX TOKOB.

O6paTtumcs K cxeme puc. 2.24, KOTOpasi HMeeT 0BOJIbHO GOJbLIOE
yncso Betsedt (11) ¥ cpaBHUTENbHO HeboJblIoe Yucio yanos (4). Ecau
y3es 4 MBICJIEHHO 3a3eMJIHTh, T. €. NpuHATb @, = 0, T0 Heob6xoaumMo
OMpeaeJIUTh NOTEHLHANbl TOJBKO TPeX Y3J0B: §,, ¢y, ¢5. [1151 €AHH006-
paausi B0603HaYeHHsX ycJloBUMCH B § 2.22 TOKH nUcaThb ¢ AByM# HHJEK-
CaMH: MepBbli HHIEKC COOTBETCTBYET HOMEPY y3J1d, OT KOTOPOro TOK yTe-
KaeT, BTOPOil HHIEKC — HOoMepy y3jia, K KOTOPOMY TOK IMOATeKaer.
[TpoBoauMocTH BeTBell Takxke OyAyT CHaGXKaThCs ABYMS HHIEKCAMH.
Heo6x0MMO 3aMETHTD, YTO 3TH NPOBOHUMOCTH HE MMEIOT HUUETO OOILEero

(23




[image: image51.png]C BXOLHBbIMH H B3aHMHBIMH NpPOBOAHMOCTSIMH BeTBeH, KOTOpble pac-
cmarpuBasuce B § 2.15.

B cooTBeTcTBHM € 0603HAaYEHHSIMH TOKOB Ha puc. 2.24 cocraBum
ypasHenue no nepsomy 3akony Kupxroda nsist nepsoro ysna:

Iu/ - Iu” + I2l,” - 112’ + I?l” + I31 =0,
WJIH

[Ey — (@ — @)lgs” —[EW” — (0. — @)lg)” + [0 — (9, — @))IX
Xg" —Ey — (9 — @)lgr’ +
HEy"” — (@ — @lg1e” + [Es — (91 — 93)lg13=0.

[MepenuuieM nocJesnnee ypaBHeHHe ClefyOIHM 06pa3om:
@G+ 0.6, + 9G3 =1y, (2.21)
rjae
G=gy +8ut+ g +gu + &g+ 8"
Go=— (g + 8" +&))G6;=— g
Jy=Ey 8w + Esgn + En"" 8" — Ei'84" — E\/8\-

[MonoGubie e ypaBHenust MOryT GbiTh 3aNMMCaHbl H /s OCTAJbHBIX
y3J10B cxembl. Ec/in cxeMa HMeeT 7 y3J10B, TO €fi COOTBETCTBYET CHCTEMA
H3n — | ypaBHenui:

Gy + @G+ ... +9, G, =1y,

@Gy + 06+ .. + 9, Gy =g
........ (2.22)

GG+ 0G0 G =
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[image: image52.png]B o6mem cayvae G,, — cyMMa NpOBOLHMOCTe BeTBeH, CXOAs LUHX-
cst B y3ne k; G, — CymMMa 11pOBORMMOCTEl BeTBel, HeloCPeICTBEHHO
COeIMHAIOIMX y3Jibl k ¥ m, B3sTast CO 3HaKOM MHHyc. Ecan mexny
KaKHMH-J160 IBYMsi y3/1aMH BeTBb OTCYTCTBYeT, TO COOTBETCTBYIOILAS
[IPOBOJIMMOCTb paBHa Hy./10. B GopMupoBanmy yanosoro Toka k-ysna
J,, YHACTBYIOT T€ BETBH, MOAXOMASIIHE K 3TOMY Y3J1Y, KOTOpbIE COLepKaT
uctounuku DJ1C u (uaun) Toka. Ecau DJIC E, p-seTsH Hanpasneusl K
k-yany, To ee Bknazn B popmuposanue J,, pasen £ g, a eciu sra JIC
HamnpasJeHa ot k-yasia, To ee BKJiaa cocrasaser — E g . Ecink k-yany
NOATEKAeT TOK OT HCTOYHHKA TOKA, TO OH NOJIXKEH ObITh BBeeH B J,, cO
3HAKOM ITIOC, €CJIH 3TOT TOK OT HCTOYHHKA TOKA yTeKaeT, TO OH JI0JKEH
BXO/HTb B J,, co 3Hakom munyc. [locne pewenns cucremsl (2.22) otHo-
CHTEJIbHO MOTEHLHAJIOB ONpeessIoT TOKH B BeTBSX N0 3akoHy OMa st
yuacTka uens, cogepxautero JC.

B tom cJyyae, KOrjia B CXeMe HMEWTCH [iBa y3J1a, COeIHHEeHHbIX BEeTBbIO, B KO’[‘OpOﬁ
uMeercsa SIIC, a COnpoTHBJIEHHE e€ PABHO HYJII0, Nepej COCTaBjIeHHEM CHCTEMb! ypaBHe-

HUil 10 METOZY Y3/10BLIX IOTEHIHAJIOB OJIHH U3 3THX Y3JIOB PEKOMEHAYeTCs YCTPAaHHTD B
COOTBETCTBHH C IPHEMOM, PACCMOTPEHHbIM B § 2.24.

Cucrema ypasHenuii (2.22) MoxeT GbiTh NpejCcTaBJIeHa B MaTPHY-
HOH (popme 3anucH:

[Glle]=11ul (2.222)
GII Gl2 - Gln_‘]
Gy Gy - G2n—1
[G]=|--- . ol =
Gn—l,lGn—l,Z"' n—ln—1 On_1
I
99
Vi) =
'l'l——l,n—-l
Ee pewenne
ol =1[G] [/l (2.226)

Ewe MakcBes1oM Gbljlo yCTAHOBJIEHO, YTO PACIPeeNeHHE TOKOB B JIeKTPHUECKHX
Uensx BCera IIPOMCXOANT TaK, 4TO TeNJIoBas GyHKLUHs CHCTEMbI

1
P=g ¥ Y [Enn—(on—¢nlEnn
N=1,2,3..m=1,23..

munnumaibia. Kosdpohuuuent 1/2 obycnoien TeM, 4To NpH ABOHHOM CYMMHPOBAHHH
MOLLHOCTb K2XK/10#l BETBH yuHTHIBAETCH ABaX/ibl. Jl0oKa3aTebCTBO OCHOBAHO HA TOM, YTO
COBOKYITHOCTh ypaBHeHHH (2.22) siBJisieTCst COBOKYIIHOCTBIO YCJI0BHI MUHUMyMa GyHKLUMH P,
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[image: image53.png]1 6P 10P

T. €. COBOKYITHOCTbIO YCJIOBHH ETvI =0, 200,

= 0 u . 1. Tak KaK Brophie 1POH3BOAHEIE

1 8°P 1 8°P
ki =0, 2 — = G0 nONOKHTEJIBHBI, TO 3TO H SIBJIACTCH NOKA3ATE/ILCTBOM
2 aq; L5

MHHHMYMa TenyioBoi GpyHKuHK P.

MNpumep 23. HaiiTu Toku B BeTBAX CXeMbl puC. 2.24 1 Cl1es1aTh POBEPKY N0 BTOPOMY
3akoty Kupxroga. Hano: E4t” = 10B; Ey” =6B; E19” =20B; E21”” = 30B; E31 = 14B;
Eot = 10B; Eqg3 = 8B;Egz” = 12B;E’ = 7B;R41” = 1 Om; R14”” = 20M; R1y’ = 10 Om;
Rot””’ = 50M; R31 = 20M; Rog = 4 OM; R3s = 2 OM; Ro3”” = 4 Om; R32” = 2 Om. Hcrou-
HHK TOKa, BKJIIOYEHHBIH MeXJy y3/iamMu 3 u 2, naet Tok Jag = 1,5 A.

Pewenue 3anuchiBaeM CHCTEMY ypaBHeHHUI:

@Gy + 9G1o + 93G 3=y,
@16y + 0309 + 93093 = Jpo,
91631 + 963 + 93G5 =J33

MoncuuToiBaeM NPOBOAMMOCTH:
1 1 1 1 1 1

On =+ o+ o+ o g+ = 24O
On= R:'l + R:l” + Rzll"' + R124 + R;/ + R213” o
033=RL32,+R—213”-+RL:“+RL43=1,75CM;
Glp=Gy =— }#4'#"'?;7 =—04Cw;
GI3=G3I=’_RL="'O,5CM;

31
Gy = Ggp=— (0,25 + 0,5) = — 0,75 Cwm.

Ipu nopcuere Gy Gy U Gy yuTEHO, UTO MPOBOAMMOCTb BETBH C
HCTOYHMKOM TOKa paBHA HYJIO (CONPOTUBJIEHWE HCTOYHHKA TOKA PABHO
GECKOHEYHOCTH).

Y3s10Bble TOKH:

Ey Ey’  Ey Eyp  Ey”
Ry'  Ry” + Ry Ry + Ry
Ey Ey” En Ey" E

24
Jo=%5—% t5 i Jypy=—15A;
2= Ry Ry’ Ry Ry Ry T ®

Jpy=—35+4+3—7+4—1,5=—5A.

Iy = 15 A;

Cucrema ypabuenuii
2,49, — 0,49, — 0,593 = 15;

— 0,49, + 149, — 0,75¢3 = — 1,5;
— 0,56¢, — 0,759, + 1,75¢; = — 5
UMeet pewenne ¢, = 6 B; gy = 0,06 B; ¢; = — 1,07 B.
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T. €. COBOKYITHOCTbIO yCJlOBHﬁ =0urT. . Tak kak BTOpHI€ [IDOU3BOJIHBIE

2 a9, = 209,
16%P 1 6°pP
s 2= G >0, 5 — = Ggp,>>0 NON0XKUTEIbHBI, TO ITO H ABJIACTCA J0KAIATENBCTBOM
2 a9j 2 o¢3

MHHHMYMa TenyioBoi GpyHKuHK P.

MNpumep 23. HaiiTu Toku B BeTBAX CXeMbl puC. 2.24 1 Cl1es1aTh POBEPKY N0 BTOPOMY
3akony Kupxroda. Jawo: E4)’ = 10B; E14” = 6B; E19” =20B; E21”” = 30B; E31 = 14 B;
Fot = 10B; Eq3 = 8B;Eo3” = 12B; E3p’ = 7B;Ra1’ = 1 Om; R4’ = 20M; R)2’ = 10 Om;
Rot”” = 5 OM; R31 = 2 OM; Rog = 4 Om; R3g = 2 OmM; Roz”’ = 4 Om; Rz’ = 2 Om. HMcrou-
HHK TOKa, BKJIIOUEHHBIH MeXly y3/iamu 3 u 2, paet Tok J32 = 1,5 A.

Pewenue 3anuchiBaeM CHCTEMY ypaBHeHHUI:

@Gy + 9G1o + 93G 3=y,
@16y + 0309 + 93093 = Jpo,
91631 + 963 + 93G5 =J33

IMoacuutbiBaem TPOBOAMMOCTH:

O =+ o+ 7 = 170
Gip=0Cy = '#4'#"'?;77 =—04Cx
Gi3=Gy = “RL;“= —0,5Cx;

Gy = Gy = — (0,25 + 0,5) = — 0,75 Cm.

Ipu nopcuere Gy Gy U Gy yuTEHO, UTO MPOBOAMMOCTb BETBH C
HCTOUHHUKOM TOKa paBHA HYJIO (CONPOTUBJIEHHE HCTOYHMKA TOKA PABHO
GECKOHEYHOCTH).

Y3asnoBble TOKH:

Ey Ey’  Ey Eyp  Ey”
- S+ =154
Rdl RM R3l RIZ R2I
1 523"+El2' Ey” Ez4+1 15
2= R32/ R23" R12/ RQ[" R24 32 » o

Jpy=—35+4+3—7+4—1,5=—5A.

Ill—

Cucrema ypabuenuii
2,49, — 0,49, — 0,593 = 15;

— 0,49, + 149, — 0,75¢3 = — 1,5;
— 0,56¢, — 0,759, + 1,75¢; = — 5
UMeet pewenne ¢, = 6 B; gy = 0,06 B; ¢; = — 1,07 B.
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[image: image55.png]3akI0YHTeNLHBIA 3TaM pacyeTa COCTOMT B NojAcyeTe TOKOB 110 3akoHy Oma. Ilepen
onpejesieHHEM TOKOB B BETBSIX CXeMHI CJI€yeT 3TH TOKH 0603HaYHTh H BHIGPATh AJIsl HUX
HOJIOXKHTEJIbHbIE HAllPaBJIEHUs:

Ey' =@ —9) _10—-(6-0_

Iy = Rar 1 4n
i ‘v2—q)]
Iy, =‘72177=_ 1,185 A;
@3 — @y + Ego’ ¢ — 93+ E
1321=_3_L/—32=2,92A;143=—1——3——43z4,55Au1‘.11‘
Ry Ry

CnenaeM nposepky pellenus no propomy 3akony Kupxroda ans nepudepuiinoro
KOHTYpa.

Ausre6pauueckas cyMma najenufi Hanpsxenuin 4.1 4 1,185:5 — 2,92.2 —
—4,55-2 ~ — 5 B.

Asre6panueckas cymma 3J1C 10 —7 — 8 = —5B.

[TokaxeM, yto ocHoBHas popmyia (2.20) MeTona ABYX y3J10B MoJy-
yaeTcs Kak yacTHbI cayuait (2.22). JelicTBUTENbHO, €CJIM ONHH Y3eJ
cxeMbl (puc. 2.23), HanpuMep y3en b, 3a3eMJHTh, TO OCTaeTCst HAUTH
TOJIBKO OfiMH notenuuan ¢, = U,,. [las nonyyenus popmyani (2.20) u3

(2.22) cnenyet nonoXuTb ¢, = @, = Uy @y = @3 =, = ... = 0.

§ 2.23. MpeoGpa3oBanue 3Be3bl B TPEYrONbHUK U TPEYToJbHHKA B
3ge3ny. CoelHHEHHE TPeX COMNpPOTHBJIEHHH, HMEIOLlee BUJL TPEXaydyeBol
3Be3fibl (puc. 2.25), Ha3bIBaOT 3830011, a COEAHHEHHE TPeX CONPOTHBJIE-
HHH TaK, 4TO OHH 06pasyioT co60it CTOPOHBI TPeYroJibHKKa (pHc. 2.26), —
Tpeyzororuron. B ysnax 1, 2, 3 (noTeHuHanbl UX ¢, @y H @3) TPEYTOJIb-
HHK ¥ 3BE3/1a COeIHHSIIOTCS C OCTAJIBHOH YaCThIo CXeMbl (He NOKa3aHHOM
Ha PHCYHKax).

O603HauMM TOKH, noaTeKawuue K yanam I, 2, 3, uepea I, [, u l,.

UacTo npu nopcuyere 3JeKTPUYECKHX LeMeHd OKa3biBAeTCs 110Jie3-
HBIM 11peoGpa3oBaTh TPEYroJbHHK B 3B€31y WiiW, HA0GOPOT, 3Be3y B
TpeyronibHUK. [TpakTHueckH daie GbiBaeT HEOGXOAUMO NPe06Pa30BbI-
BaTh TPeyronbHHK B 3Be31y. Eciin npeoGpa3oBatue BHIIONHHTL TAKHM
00pa3soM, YTO IPH OAHHAKOBBIX 3HAYEHH X OTEHLHAJOB OJHOMMEHHBIX
TOYEK TPeYroJibHHKa U 3Be3/ibl OATEKAIOLIME K ITHM TOUKAM TOKH OJ1H-
HAaKOBBI, TO BCsl BHELIHSIS CXeMa <He 3aMeTHT» POH3BeAeHHOH 3aMeHBbI.
Boisesem ¢opmyiisl npeoGpasoBaunii. C 3T0H uesiblo BBIPa3HM TOKH
I, I,v 1B 3Be3ne n B TPeYrosbHHKE YePe3 pa3HOCTH NOTEHIHAJIOB TOUEK
¥ COOTBETCTBYIOILHE NPOBOAHMOCTH.

st 3Be3nsl

I+ 1+ 1,=0, (2.23)

1= (9, — 9981 [y = (9, — 9o)8s [y = (93 — @p)gs (2.24)




[image: image56.png]Puc. 2.25 Puc. 2.26

INoacrasum (2.24) B(2.23) n HaligeM @,

08+ $o8s + @38 — 9lg, + &2+ 8) =0,
OTKy1a
9181 + 9o + 283 (2.25)
T T Yt e
BBeneM ¢, B Boipaxkenue (2.24) nnsi Toka /:

[91(gs + 85) — 9280 — @ag3le) (2.26)
2+ g+ g ’

I] (‘P| ‘Po)gl =

J1nst TPeyroibHMKA B COOTBETCTBHH ¢ 0603HAaUEHUSIMH Ha pHC. 2.26
L=l 15— I3 =(@1— 98 12— (93— 018 1;= (€121 — 0s813—0eL12-  (2.27)

Tax kak 1ok /, B cxeme puc. 2.25 paBeH ToKy /, B cxeme puc. 2.26 npu
JMOOBIX 3HAYEHHAX MOTEHUHANOB @), Py, Py, TO KOIDDUUHEHT NPH ¢, B
npaso#t yactu (2.27) paBer KoapduuueHTY NpU ¢, B MPaBOH yacTH
(2.26), a KoaPpUuKeHT NpH ¢, B 1paBoii yacTu (2.27) — KoadpduumenTy
TIPH @4 B ipaBoii uactu (2.26).

CnenoBaTenibHo,
8= 88/(8 + & + &) (2.28)
= £.8/(& + &+ g) (2.29)
AHanoruuho,
82y = 8:8:/(8) + 8, + &) (2.30)

DPopmyanl (2.28) — (2.30) 1a10T BO3MOXHOCTb ONPELEJHTb NPOBO-
JMMOCTH CTOPOH TPEyroJibHHKa 4depe3 MPOBOJUMOCTH Jiyued 3Be3[sl.
OHu umeloT Jlerko 3aMOMUHAIONLYIOCS CTPYKTYPY: HHACKCH Y IPOBOJIH-
MocTei B yHcsiMTe 1€ NPABOH YaCTH COOTBETCTBYIOT HHIEKCAM y TIPOBO-
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[image: image57.png]JHMMOCTH B JIEBOH 4aCTH; B 3HaMeHaTesie — CyMMa NPOBOAMMOCTEH Jy-
yei 3Be3/bl.

N3 ypasuenuit (2.28) — (2.30) BoipazuM CONPOTHBJEHHS Jyuei
3Be3npl Ry =1/g; Ry, =1/g,u Ry =1/g, uepes conpotuBieHUsi CTOPOH
TpeyronbHnka: Ry = /g5 Ryy = 1/805 Ris = 1/g5.

C 310# uenblo 3anuuieM apobu, o6patHsle (2.28) — (2.30):

Ly 1 RiRy+ RoR3 + RyR,
RiRtR RiR9R3 m (2.31)
Riz = 11 1 Ry
RiRy RiRy
rae
m=R\Ry 4+ RyR; + R3R}; (2.32)
Ry=m/R; (2.33)
Ryy=m/R,. (2:34)

IMoncrasus (2.31), (2.33) 1 (2.34) B (2.32), noayunm
i 1 LYy SR+ Ry + Ry
(RzaRla + RiaRip + R12R23] " RiRRy

CuienoBarteibHo,

m=m2

_ RigRyRy
Rig+ Rys + Ry’

INoacrasus m 8 (2.33), HaiineM

Ry = RuRs (2.35)
Ri2+Ra3+R31 t
Auanorduto, '
R — RosRip (2.36)
27 Rig+Rys+Ry’
o Rk (2.37)
8 RipHRyg+Ry

CprKTypa (popMyﬂ (2.35) — (2.37) ananoruuxa crpykrype ¢op-
myn (2.28) — (2.30).

IIpeoGpa3zoBaHne TpeyrosibHHKa B 3Be3[y MOXHO MOSICHHTb, pac-
CMOTpEB, HanpHuMep, cxeMy puc. 2.27, a, 6. Ha puc. 2.27, a u3oGpaxeHa
cxema 0 npeo6pa3oBaHus, NYHKTHPOM 06BesieH npeoGpa3yeMblii Tpe-
yroabHuK. Ha puc. 2.27, 6 npencraBnena Ta xe cxema nocJie npeobpa-
30BaHMs. Pacuer TOKOB 1pou3BecTH /il Hee Npoine (HanpuMep, MeTo-
JIOM IBYX Y3JIOB), ueM A5t cxeMbl pHc. 2.27, a

B nonesHocTH npeobpa3oBaHusi 38€3/i6l B TPEYTrOJIbHHK MOXHO y6e-
JIMTHCS Ha npuMepe cxeM puc. 2.27, 8, e. Ha puc. 2.27, 8 uzo6paxena
cxeMa 10 npeoGpa3oBaHust, NyHKTHPOM 0OBelleHa npeoGpasyemasi B

62




[image: image58.png]8 &)
Puc. 2.27

TpeyrosnbHHK 3Be3na. Ha puc. 2.27, 2 npencrasnena cxeMa nocje npe-
06pa309.aHml, KOTOpasi cBeJiaCb K 1NoCJe0BaTeJbHOMY CO€IHHEHHIO
conporusenui’.
Npumep 24. Haiitu 3nauenus conporuiennii Ry, R2, R3 B cxeme puc. 2.27, 6, ecan
conporuBjienus R12, R13, R32 B cxeme puc. 2.27, a paBHbl co0TBeTCTBEHHO 2,3,56 OM.
Peuienue Iopopmyse (2.35), R\ =2-3/(2+43+45)=0,6 Om; no popmy.ie (2.36),
Ry=(5-2)/10=1 Owm; no popmyae (2.37), R;=(3-5)/10=1,5 Om.

§ 2.24. MNepenoc ncrounnkoB I C u ncrounnkos Toka. Ha yuactke
uenw puc. 2.28, a Mexay y3namu a v b umeercs uerounuk J1C E. dror
MCTOUHHK MOXKHO TepPeHeCTH B BeTBH [ M 2, a y3es1 @ YCTPaHHTb H B
pesysibTaTe NOJYYMTh YUaCTOK Ha PHUC. 2.28, 6. DKBUBAJEHTHBIN Mepe-
X0z nosicHsiercst puc. 2.28, g. Toukw ¢, d, b ¥MeIOT 0AHHAKOBBIH NOTEH-
1lHaJ ¥ TOTOMY MOTYT GbiTb 06'beIHHEHBI B OJIHY TOUYKY b.

9

Puc. 2.28

—_—

1 .
B § 3.31 paccmorpen eute o sup npeo6pasoBanuii — npeoGpasoBaHue N0CJe10-
BaTe/ibHO-napadsIesbHOTO COEAHHEHHS B 1aPAJIIEbHO..
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Puc. 2.29

Yuactok abc na puc. 2.28, 2, Mexny KpailHHMH TOUKaMu a W ¢
KOTOPOTO BKJIIOYEH HCTOYHHK TOKA, MOXKET ObiTb 3aMEHEH Y4acTKOM
puc. 2.28, 0, oTsiHYaOLIUMCS OT yyacTKa pHc. 2.28,2 TeM, YTO HCTOUYHHK
TOKa MEXJly TOUKAMH @ U ¢ 3aMeHeH Ha iBa HCTOYHHKA, IPHCOeAHHEH-
HbIX NapaiienbHo R U Ry DKBHBaNeHTHOCTb 3aMEHbB! CJI€lyeT H3 HEU3-
MEHHOCTH 3HAU€HHI TOKOB B KaxXJ0M H3 y3i0B. Tok B y3ne b He usme-
HHJICS, TaK KakK B 3TOT y3es no06aBuiau H BbiuiH Tok J. [IpakTHuecku
HCTOYHHKH NePEHOCAT IIPH NPeoOPa30BAHHAX CXEM C LeJIbIO MX yIpolie-
HHUS ¥ NP1 3aMHCH YPABHEHHH 110 METOY KOHTYPHBIX TOKOB H Y3JIOBbIX
MOTEHIHAJIOB B MaTPHYHO-TOIIOJIOTHYecKok QopMe 3anucu (cm. § 2.33).

§2.25. AKTHBHBIH H NaCCHBHbBII ABYXNONIOCHHKH. B 110601 3J1eKTpH-
4ecKoii cxeMe MOXHO MbICJEHHO BbI/IeIUTh KAKYI0-TO OJIHY BETBb, @ BCIO
OCTaJ/IbHYI0 YACTb CXeMbl HE3aBHCHMO OT ee CTPYKTYPbl H CJOMXHOCTH
YCJIOBHO H306pa3nTb HEKOTOPBIM PsiMOyrosibHHKOM (puc. 2.29, a). Ta-
KO# 1puem Obla ucrosib3oBat B § 2.17 6e3 cneunanbHbIX 06bSCHEHHH.
Mo oTHOWeEHHIO K BbiJieJieHHOH BeTBH BCsi cxema, 0003HaYeHHas MpsiMo-
YrOJbHHKOM, NIpeacTaBasier co60f Tak Ha3biBaeMblil IBYXIOMIOCHHUK.

Takum 06pa3om, 08yYXnoArOCHUK - «+T0 0600IIleHHOe Ha3BaHHe CXe-
Mbl, KOTOPasi IBYyMs! BBIXOJLHBIMH 38>KHMaMH (T10J10CaMH) PHCOEJIHHE -
Ha K BbIL€JIEHHOH BETBH.

Ecnu B nByxnosocHuke ectb uctounuk DJ1C uau (M) Toka, TO TaKo#
JIBYXTIOJIOCHHK HA3bIBAIOT AKTUBHbIM. B 3TOM Cilyuae B NpsiMOYTOJbHH-
Ke crasar 6yksy A (puc. 2.29, a — 8).

Ecnu B iByxionocHuKe wet vcrounuka DJ1C u (Man) ToKa, TO €ro
Ha3bIBAIT naccusHvim. B 3TOM ciyuae B npsiMoyroibHuke JHO0 He
cTaBsAT HUKaKo# Gyksbl, 1H00 cTaBaT 6yksy /7 (puc. 2.29, 2).

§ 2.26. MeTopn akBHBaJeHTHOro revepartopa. [lo oTHOUIEHHIO K Bbl-
JleJIEHHO! BETBH JIBYXTOJIIOCHHK MOXHO 3aMEHHTb SKBUBAJIEHTHbIM re-
HepatopoM, DJIC KOTOpPOro paBHa HampsiKEHMIO XOJOCTOrO XOAa Ha
3a)KMMax BbIAEJEHHOH BETBH. a BHYTpPEeHHee CONPOTHBJIEHHE PaBHO
BXOAHOMY COTIPOTHBJIEHHIO JIBYXMOJIOCHHKA.

IlycTe 3aiana HekoTOpas cxeMa U TpebyeTcsl HAHTH TOK B O/1HO! ee
BeTBH. MBIC/IEHHO 3aKJIOUHM BCIO cxeMy, cofepxaiyto IJ1C u conpo-
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THBJIEHHUSI, B NPSAMOYTIOJbHHK, BbiJ€JHB M3 Hee BeTBb ab, B KOTOPOil
rpebyetcs HallTH ToK / (puc. 2.29, a).

Tok | He M3MEHHTCS, eCc/ii B BeTBb ab BKJIOUHTb IBE PABHbIC H
npotusononoxuo Hanpassentsie DJAC E, v E, (puc. 2.29, 6).

Ha oCHOBaHWM IPHHUKIA HAJOXEHHS TOK MOXHO IPEACTABUTL B
BHJIE CYMMBbI ABYX TOKOB /" u ["": [ = I"+1".

Iox Tokom [’ Gyaem fIOHMMaThb TOK, BbI3BaHHbIH HeTouHHKOM IJ1C
E, v Bcemn ucrounnkamu DJIC v TOKa aKTHBHOTO ABYXINOJIOCHWKY,
3aKJIOYEHHBIMH B IPIMOYToJibHUK. TOK /”/ BbI3bIBAETCH TONBKO OJTHHM
uctouHukom DJIC E,. B COOTBETCTBHH C 3THM AJA HAXOXKACHHSA
TokoB I’ n I’” ucnosibayem cxembl puc. 2.29, 8, e. B nipsimoyroabHuke /1
(puc. 2.29, 2) OTCYTCTBYIOT BCE HCTOUHHKH, HO OCTABJICHBI HX BHYT-
pPCHHUE CONPOTHBIIEHHS. .

3/1C E, nanpasnena serpeuno nanpsxkennwo U,,. [1o sakony Oma
IS yyacTka uenw, cogepxaiuero dJ1C,

I = (U,—E) /R (a)

BuiGepem £, Tak, utoGbl TOK /’ Obla1 pasen nynio. OTeyTeTBre TOKa
B BeTBM ab 5KBHBaJIEHTHO ee pasMbiKaHui (xonoctomy xoay). Haups-
XKeHHe Ha 3a)XXuMax ab npu xosoctom xoje BeTBH 0603Hauum U .

Crnenosatesbho, ecau BbiGpats E, = U,,, 1o I'=0. Tak kak
I =1I+1" al'=0, tol=1" Ho Tok I” B COOTBETCTBHH CO CXeMOIi
(puc. 2.29, 2) onpenensiercs Kak

1" =E,/(R+R,) = Uy / (R+R,), ©)

rae R,, — BXOAHOE COMPOTHBJEHHE JBYXIOMIOCHHKA 110 OTHOLIEHHIO K
3axumaMm ab; R — conporusienne BeTBH ab. Ypasnenuiwo (6) orseyact
9KBHBasieHTHas cxema puc. 2.30, a, rie BMeCTO ABYXNOMIOCHHKA H30-
Gpaxensl ucrounuk dAC U,,,=E, n conporupienre R, (cxema [enb-
Mrojibiia — TeBeuena).

Cosokynnocts uerounnka IJAC E, = U,,, n conporusaenns R,
MOXHO paccMaTpHBaTh KaK HEKOTOPbIH SKBHBAJCHTHBIA TeHepaTop
(R, ABAsIeTCS ero BAYTpeHHUM conpoTnsaenuem, a U, — ero D1C).

Takum 06pasom, N0 OTHOWEHHIO K BBIAEJIEHHON BETBH (BeTBH ab puc.
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[image: image61.png]2.29, @) BCIO 0CTAJIBHYIO 4aCTh CX€Mbl MOXKHO 3aMEeHHTb 3KBHBAJIEHTHBIM
reHepaTopOM C NepeyrcieHHbIMH 3HaYeHUSIMH apaMeTpoB.

Meron pacueTa TOKa B BbileIeHHOH BETBH, OCHOBAHHBIH Ha 3aMeHe
AKTHBHOrO JBYXMOJIIOCHHKA 5KBHBAJIEHTHbIM F€HepaTopoM, IIPHHSITO Ha-
3bIBaTh METOOOM 3KBUBANEHTHOZO 2eHepaTopa (aKTUBHO20 08YXNOAIOC-
HUKQ), a TAKXKe METOOOM X0A0CTO20 X00aQ U KOPOTKO2O 3AMbIKAHUSL.

B nasbHeiilem yalie HCNOJb3yeTCsl epBOe Ha3BaHue.

PekoMenznyercst Takasi nocJeoBaTeNbHOCTb pacyeTa TOKa 3THM
MeTONOM:

a) HaiiTH HanpsiXKeHUe Ha 3aXKMMaX Pa3OMKHYTOil BeTBH ab;

6) onpesieJIMTh BXOJIHOE CONPOTHBJEHHE R, BCell CXeMbl 10 OTHOLIE-
HHI0 K 3a)KMMaM ab npy 3akopoyeHHbIX uctounnkax JC u pazomkHy-
ThIX BETBSIX C MICTOYHHKAMHU TOKa';

B) MOJICYHTATH TOK N0 popmyJie

I=U,,/ (R+R,). (2.38)

Ecnu conporuBnenue BetBd ab pasHo Hyao (R=0), To pas Hee
HMeeT MECTO PeXHUM KOPOTKOIO 3aMblKaHHsl, a IPOTEKAIOIUH N0 He#
TOK eCTh TOK KOpPOTKOro 3ambikanus (/,). U3 (2.38) npu R=0

1= Usp/ Ry (2:39)

HJn
Rnx = Uabx / IK’ (240)

W3 dopmyansl (2.40) cnenyer npoctoil METOA ONBLITHOrO onpejeJe-
HHSI BXOJLHOTO CONPOTHBJIEHHS aKTHBHOTO AAByXnoJiocHuka. s atoro
HEO06X0IMMO H3MEPHTh HaNpsi2KeHHe X0J0CTOrO X0/1a Ha 33XKHMaX pa3o-
MKHYTOH BeTBHM U, M TOK KOPOTKOro 3aMblKaHKs /, BeTBM, a 3aTeM
HaiiTu R, KaK yacTHoe ot fenenns U, Hal,. K

HaspaHue MeTona — MeTOJ X0JOCTOrO X012 H KOPOTKOro aambikh-
HUSl — OO'BSICHSIETCS T€M, UTO NPH PELIEHHH 3THM METOLOM JIJIsl HAX0X-
neuusi U, ucnonb3yercs XonocTo# Xo/ BeTBH ab, a s onpese/eHus
BXOAHOTO COMPOTHBJEHUS JBYXMOJIOCHHKA R, — KOPOTKOe 3aMbiKa-
HHe BeTBH ab. 1

3amenus ucTouHuk DJIC HCTOUHUKOM TOKA, MOJYYUM CXEMY 3KBH-
BaJleHTHOro reHepaTopa B Buzie puc. 2.30, 6.

TMpumep 25. Onpeesiuts TOK B AHaroHau ab moctosoli cxemur puc. 2.31, a, nonaras
Ri1=Rs4=1 Om; R2=4 Om; R3=2 Om; R5=2 Om; E1=10 B. i

P e w e nue Pasmuikaem BerTBb ab(puc. 2. 31 6) ¥ HAXOAHM HANPsKEHUE X0J0CTOro
xopa: T

ErRy £ Rl 5H
Qg = @y+IRy—\R) = etp R FRe  RAR;

'Ecan Cpe/iH HCTOUHHKOB MUTAHUA CXEMBI €CTh HCTOUHHKH TOKA, TO N1DH ONPefesIeHHH
BXOZHOTO COMPOTHBJEHHS BCeH CXeMbI 10 OTHOWEHHIO K 3aXKHMaM ab BETBH C HCTOYHH-
KaMH TOKa CJlelyeT CUHTaTb Pa30MKHYTBIMH. DTO CTAHET MOHITHBIM, €CJIH BCIIOMHHTD,
4TO BHyTPEeHHee CONpPOTHBJICHHE HCTOYHHKOB TOKA PaBHO GecKonewHocTH (cM. § 2.2).
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[MoACUHTBIBAEM BXOHOE COMNPOTHBJIEHHE BCE CXEMBI 10 OTHOLIEHHIO K 3aXXKHMaM ab
npy 3axkopoyentom ucrounnke IJC (puc. 2.31, 8).
.5, TOUKH ¢ 1 d CxeMbl OKa3bIBAKTCS COEHHEHHBIMU HAKOPOTKO. [ToaToMy
v RiR; RoR4 1-2  4-1

R = Rir, T Ryt R, — 192 Tagr — MO

OnpejeJisieM TOK B BETBH 110 hopmyJie (2.38):
I'=Ug, /(Rs+R,) =467 /(2+1,47) = 1,346 A.

§2.27. Mepepaua anepruu OT aKTHBHOFO ABYXNOJIOCHHKA HArpy3Ke.
Ecsin narpyska R NOAKJ/I0YeHA K aKTHBHOMY JIBYXIOJIIOCHHKY (CM. pHC.
2.29, &), o yepe3 Hee notever Tok | = U,,, / (R+R,,) ¥ B Heil BolieuTCS
MOUIHOCTD )
’ Uabx

P=PR=—"""2p
(R+R,)

(241)

BrisicHuM, KaKOBO JI0J12KHO GbITh COOTHOLIEHHE MEXY CONPOTHBIIE-
HHEM HAarpy3kKH R M BXOJHBbIM CONPOTHBJEHHEM ABYXMOJIOCHHKA R,
4ToObi B CONPOTUBJIEHHH HArPY3KH BbiJEJISAIACh MAKCHMAJbHASI MOLLL-
HOCTb; YeMy OHa paBHa H KakoB n1pu 3toM KIT/ nepenauu. C 10 uesibio
OfIpeje/iuM NePBYK NPOM3BOANYIO P 10 R 1 IpupaBHsieM ee HyJl10:

* AP (RHR,)'—2R(R+Ry) 0
o RO RERY
B
Orcrona
e R=R,. (2.42)

‘Herpyano naiitv BTopyio npousBomnyio u y6e iuThCsl B TOM, 4TO OHA
oTpuuarensha (d2P / dR?<0). CrenoBaresibHo, cooTHowenue (2.42) co-
oTeercTByer Makcumymy dpynkuun P=f(R).[loncrasus (2.42) B(2.41),
TOTyYHM MaKCHMaJibHYI0 MOILHOCTb, KOTOpasi MOXeT ObITb BbiesieHa

B Harpyske R:
P = Ul / 4Ry (2.43)

loneanyio MouHoCTS, BRIIENAIONLYIOCS B HATPY3Ke, ONIPEACARIOT N0
YPaBuenuio (2.41). [TosHas MOUIHOCTb, BbifeJNfieMas SKBUBAJEHTHbIM

feHepatopowm,
Proaw = U = Uy / (R, +R).

3»
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Kos¢dduuuent noneanoro nedcTeus .
n=P/P.u=R/(R+R,). (2.44)

Ecin R=R,,, To n=0,5.

Ecnu mouwHocTs P 3HauuTesbHA, TO paboTaTh C TAKHMM HH3KHM
KI1/1, kax 0,5, veponyctumo. Ho ecsiu MomnocTs P Masia u coctapiser
BCEro HECKOJIbKO MHJJIMBATT (TAaKOH MOILHOCTbIO 06/anaioT, HalpH-
Mep, pa3/IHUHbIE 1aTYHKH YCTPOHCTB aBTOMATHKH), To ¢ HU3kuM KIT[1
MOXKHO HE CUNTATHCS, IOCKOJIbKY AOCTHIHYTA [JIaBHast LeJib — B 3TOM
pexuMe NATYMK OTAAET HATPY3Ke MaKCHMaJbHO BO3MOXKHYIO MOLL-
HOCTb. BeiGop conpoTHBiienns Harpy3ku R, paBHOro BXOJHOMY CONpO-
THBJIEHHIO R,, aKTHBHOTO ABYXMOJIIOCHHKA, HA3bIBAIOT CO2AACOBAHUEM
Haepysku.

Mpumep 26. [pyu kakom 3nauenun conporupaenns Rs(puc.2.31, a) veM BuijesiseTcst
MaKCHMMaJibHa# MOLLHOCTb H YEMY OHA pasna?

Pewenune. M3  ycaosus  (2.42)  naxoaum Rg=R, =147 Om;
Prax = U2/ (4R,) = 4,677/ (4-1,47) = 3,71 Br. s

§ 2.28. Mepepaya sxepruu no Jaunuu nepenay. Cxema JHHUK 1€pe-
Nauy JEKTPHYECKON 3HEPrHH H3oGpakeHa Ha puc. 2.32, rae U, —
Halpsi)KeHUe reHeparopa B HavaJje JHHMYK; U, — Hanpsi>KeHWe HA Ha-
rpy3Ke B KOHILe JIMHHH; R, — CONPOTHBIIEHHE MPOBOAHHKOB JIHHHY;, Ry —

CONPOTHBJIEHHE HAarpy3KH.
Haupsikenne U, = U, (puc. 2.32) nanpasieno uporusononoxno IC £. O6bac

HAIETCS ITO TEM, YTO HATIPSIXKEHHE HMEET HallPaBJIeHHE OT TOUKH C GOJIee BBICOKHM MOTeH-
L{HaJIOM K TOUKe ¢ Goaee HH3KHM, Toraa kak DJIC nanpapaena oT TOUKH ¢ Gosee HU3KUM
IOTEHLIHAJIOM K TOUKe C 60J1ee BEICOKHM, T. €. cTpesika BHYTpH Hetounuka DJ1C ykasbipael
HanpasJieHHe BO3PACTaHUs MOTEHLMANA BHYTPH HCTOUHHKA.

IMpu nepenaue GoJibWHMX MOULHOCTEH (HanpHMep, HECKOJBKHX Jie-
CSITKOB MeraBaTT) B peasibHbix uunsx nepenay KI1J n=0,94-+0,99, a
HanpsixkeHue U, MULIb Ha HECKOJILKO TpoleHTOB MeHblie U,. SlcHo, uto
Kaxabiil npouent noseiwenus KT npu nepenaue GoMibWHX MOULHO-
cTell HMeeT CylLIeCTBEHHOe 3KOHOMHYECKOe 3HaUeHHe.
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Imax=Us/R, r -z 3
U/ V2P /R,
a) )
Puc. 2.32 Puc. 2.33

Xapakrep U3MeHEHHs] MOULHOCTH B HauaJie JIHHHH P|, MOILHOCTH B
narpy3ke P,, KI1Jl n Hanpsixenns na narpyske U, B YHKLHH OT TOKa
no Junun npu U,=const, R,=const wanocTpupyeTcss KPHUBBIMH
puc. 2.33, a. ITo ocu abcumuce Ha 3TOM PHCYHKe OTJIONKeH TOK /,
no ocu opauuar — P, P,, U, n.

Makcumanbhoe 3Hauenue Toka [, =U,/R, umeer MecTo npu Ko-
POTKOM 3aMblKaHHM Harpy3ku. Kpusbie nocTpoensl o ypaBHeHHAM

P =Ul; Py=UI—I’R;
RS R (2.45)
Uy~ RARy 2771 Ral:

n="Py/P =1

EcJiv 110 JIMHUY Nepeaun ¢ CONpPOTHBIEHHEM R, U CONPOTHBJIEHHEM
Harpy3ku R, 10J1>KHa ObiTh epenaHa MOLUIHOCTD

o Py= IR, (a)

ro KIT[l nepenaun Tem Bbille, yeM Bbille nanpsixetne U, B Hauase
JIHHHUH.
Mpumep 27. Brisectu Gopmysty, nokasbiBaiowyo, kak npu 3aganusix P2 u Ry KITI

PABHCHT OT HANPSIKEHHS B HAUANE JIUHUH. 0
Pewenue HUs(a)onpenenum Ry=P,/I*. Tak kak I=U/(R,+Ry), TO

* PoR,+Ry
Ry= T (6)

.

s

Pewnm ypasnenue (6) oTHoCHTeNBbHO Ry [3HAK MHHYC B opMyJie (B) lepei KOpHEM
OT6pOLIEH, TAK KAK OH COOTBETCTBYET NPABOH 4aCTH KpHBOH Po=f(1) c menbunm 1):

fe

AR R/ N
= |—- _— —R? B
Ry (2P2 Rﬂ]+ [2,,2 R,| —R2. (8)

Takum 06pazom,
Ry Ryt+R,—R, 1 1
=
R,+Ry R, +R, vt B ; 1 (r)
2P,R, 2P,R,—1)
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[image: image65.png]Ha puc. 2.33, 6 usobpaxena 3asucumocts 1 = f(Us / V2P2R,), nocrpoennas no
dopmysie (). U3 pHcyHKa BHIHO, UTO 1) BO3PACTAET C.yBesnuennem U).

§ 2.29. HekoTopbie BbIBOAbI NO METOAAM PacHYeTa JEKTPHYECKHX
ueneii. 1. Han6osiee 3 HeKTUBHBIMH ABJISAIOTCA METOA Y3JI0BbIX MOTEH-
uuanos (MYTI]) u meton Kontyphbix TokoB(MKT). 2. Metoauka cocraB-
JIEHUS! YPaBHEHH# 3TUMH MeToaaMu, paccMorpennas B § 2.13 u 2.22,
MpoCTa, ynopsiioueHa H Mo3BoJsieT Jerko KOHTPOJIHPOBATh NPaBHJIb-
HOCTb Mo/icueTa Ko3((QHULHEHTOB JIeBOH M NpaBoii yacTed ypaBHeHHH
HenocpeactsenHo no cxeme. 3. Cucremsl ypaBuennii MYTT u MKT pe-
wanT 06bIYHO C NMOMOLIBK CPEACTB, BCerjaa HMEIUIHXCS MoA PyKo#
(MHKPOKAJbKYJNATOPA HJH JorapHPMUUeCKOH JIHHEeHKH), a OTHOCH-
TEJIbHO CJIOXKHBIE CXEMbl PACCUMTHIBAKOT, HenoJb3ys IBM. 4. Ypasue-
HHSA TEOPHH UeneHd MOryT OBbITb COCTABJIEHBl H MaTPHUYHO-TOMNOJIOTHYE -
CKHM METOJOM, HCIOJIb3YIOLIUM HEKOTOPbIE TOMONOMHYECKHEe MOHATHS
H COOTBETCTBYIOLIHE HM MATPHLL. PaccMOTpHM, Kak 310 gesiaercs. Ho
CHauaJia HallOMHUM HEKOTOpble CBEEHHA O MaTPHLLAX.

§ 2.30. OcHoBHbie CBOICTBA MATPHIL H NpoCTEilive ONEPaL UK C HUMK. MaTpHua —
3TO COBOKYHHOCTb YHCeJI, pacro/lOXKeHHbIX B BUAE [lpﬂMOyl‘O.lleDﬁ Tabauusl. Utobbt oT-
JIHYaTh MaTpULy MO0 BHELIHEMY BHY OT ONpejesiuTen]s, ee 3aKJI0UalT B KBaapaTHbie
CKOOKH. Ka)Kllblﬁ 3J1€MEHT MaTpHLbl cHabxaioT ABYMSl HHIlEKCAMH: nepeui’l COOTBETCT~
BYET HOMepy CTPOKH, BTOPOH — HOMepy cToabua.

Marpuuy HasbiBaIOT nsadpa’moﬁ, €CJIK YHCJIO CTPOK B Hel PaBHO uucay cToJ1610B

ay 43 443
[A]= 921 ag ag].
agy dgp A3z

ﬂuaeona/tbnoﬁ Ha3biBAOT MATPHLUY, Yy KOTDpOﬁ 3JIeMEHTHI IJIaBHOJ JMAroHaJ/iH He
PasHbI HYJI10, 8 BCE OCTaJibHble — HYJIH, HATIDUMED:

0 S
ay ] 4
0ay .9

MaTpuuy, y KoTOpOii 3/1eMeNThI IV1aBHOM 1HArOHAJIH PABHbI €IMHHLE, 4 BCE OCTAJIb-
Hble — HYJIH, Ha3bIBAIOT eOUHUUHOU:

100 w

[1}=1]0 1 0}]. (

001 A

Heonpedeaennoii Ha3biBalOT MaTpHLL, Y KOTOPO# CYMMa 3JIeMEeHTOB J11060f CTpoxﬁ

1 1106010 cT0161a PABHA HYJIO.
JlBe MaTpULLLl PABHBI, €CJIH PABHBEI COOTBETCTBYIOLIHE 3JIEMEHTHI STUX MATPHL. 9

‘rk
ai a2
Marpuua [A] = [azl 022] pasHa mMaTpHue g
it ]
u b2 "
[B]= P ay1=by, a19=b p, A 1=by,, dgp="byy. 0

VY paBHBIX MaTPUL paBHb ONpenesinTend. B paccmarpusaeMoM npumepe anage—
—ai2a21=>b11b22—bi2b21, HO U3 paBeHCTBA ABYX ONpeaeJIHTe/Iei elue He ClefyeT PaBeH-
cTBa caMux MaTpuil. Onepaunt Hag MaTPHLLAMH (HX CJIOXKEHHE, YMHOXKEHHE ) MTOCTYIHPO-
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[image: image66.png]BaHbl H3 COOOPAXKEHHH PaUHOHANLHOCTH. [1pH CloXKeHHH (BBIYHTAHUH) MATDPHL ClleflyeT
CJIOKHTB (BLIYECTb) COOTBETCTBYIOLIHE 3JIEMEHTBI 3THX MATPHLL:

T Cy Cyp aptcyy aptcyy
AlHC .
[AIHCl= ] [a21+"2| Aty

TpH YMHOXEHHH ABYX MATPHLL (YHCJ/I0 CTONGLOB nepBoi 0K HO ObITb PABHO YHCY
CTPOK BTOPO ) i-10 CTPOKY NEPBOil MATPHLLL yMHOXAIOT Ha k- cTO/1Ge1l BTOPOM. Y MHOXKHM
JiBE MATPHLBI, 3JIeMEHTAMH KOTOPBIX SIBASIOTCS YHCA

12] [56] _ [1-542-7 1-64+2-8
34| |7 8] |3-544.7 3.64+4.8|
PyxOBOACTBYSCb PHUBE/IEHHBIM [1PABUJIOM, HETPYLHO y6enuTecs B TOM, uto [A][B] %%
#[B]IA}, 7. €. pe3yJibTHPYIOLLAS MATPHILA 3ABHCHT OT I10CJE/IOBATEJIBHOCTH PACIIONONKE -
HHA MaTpuL comuoxuteded. [Mo oTHowenuo K MaTpHue [4]. KOTZ1a €€ ONpefleIHTeNb He
paBeH HYJII0, MOXHO COCTABHTL obparnyio matpuuy [A]7. st 5TOro HEOBXOLHMO: &)
KaX[blif 3JIEMEHT HCXOHOM MaTPHLLI [A] 3aMenuTs ero aJIrebpauqecKMM JIONoJIHEHHE M; 6)
TPAHCIIOHHPOBATK M0JIy4EHHYIO MATPHLY, T. €. CTPOKH CAENaTh CTONGUAMY; B) pa3LesuTh
NOJIy4EHHYI0 MaTpPHIY Ha onpene.rmrenb UCXOAHOM MaTpHLk [A].

a2l Qgy Co Cpp

Mpumep 28. COCTaBHTb[A] s [A]l = a1 aml’

1:11 a:zl
Pewenue. 3ameum3 3JIEMEHTHI Ha ah Gpauq CKHE JI0MNOJIHEHHUS, MOJYUYHM MarT-

a2 —a12

az2 —azl
puly . TMocne TPAHCNOHHPOBAHUS HMEEM —az an . Cnenoaare/lbno,

—aiz an
Gy —ayp
—ag 4y

A= :
Qyya9p—0y909;

Tpouseenenne [A][A]'=[1].

Jlnst pewwenns ypasuenus [A][Bl= C]OTHDCHTelleO MaTpHLel [B]caenyer ofe uactu
3ITOr0 yPABHEHHS] yMHOXKHTb HA [Ar [Ar [A][BI=[A]'[C]¥u yuects, uTo [A] '[A]=[1]).
B pesysibrare nonyuum [Bl=[A]'[C] B MaTPHUHOM yDaBHEHHH [A][X]=0 moxuo nepe-
CTaBJsTL CTOAOLb B MaTpHue [A]np1 onHoBpemMenHoi nepectanoBke CTPOK B MaTpuue [X].

§ 2.31. Hekoropbie TonoJiornyeckHe NOHATHA M TOMOJOTHYECKHE
maTpuubl. [TosioxuM, 4TO B CXeMe HMEETCS ¢ y3JI0B U 8 BeTBEH M Kax1as
napa ysjioB coefluHeHa OHOH BeTBbI0. EcJii B HCXOLHOM cXeMe Mex Iy
KaKHMH-TO IBYMS y3/JaMH HMEeTCs HeCKOJIbKO NapaJlyiesibHbiX BeTBEH,
TO HX CJIeflyeT 3aMeHHTh OHOH 3KBHBaJeHTHOM. [lepen cocraBienuem
TOMOJIOrHYECKUX MaTPHLL BeTBH cxeMbl (rpada) HyMepyloT ¥ Ha HHX
CTaBAT cTpesikd. CTPeJIKH yKa3bIBAIOT NOJNOXKHTEbHBIE HANlpaBJIeHust
JUIS OTCYeTa TOKA W HallpsiaKeHUst Ha Kaxkaoi BeTBH. [lepen Hymepauueii
BeTBeil rpada HyxHO BbiGpaTh nepeBo. Kak ykaswiBasoch B § 2.8, nepe-
BO MpeaCTaBlisieT TaKyl COBOKYIHOCTb Y3JI0B CXEMBl H COEAMHSIIOIHX
HX BeTBeil, Koraa BeTBH KacaloTCsi BCEX Y3JIOB, HO He 06pasyioT Hu
OIHOTO 3aMKHyTOro KOHTypa. Uncsio BerBeii nepeBa paBuo (y—1). Hy-
Mepauuio BerBeii rpada HauWHAIOT C HyMepalHy BeTBeH 1epeBa, HC-
Nose3ys Homepa ¢ 1 no y—1. Homepa ¢ y no 8 npunaior BetBsim rpada,
He Bowenwum B BLIGpaHHOe fepeBo. VX Ha3bIBAIOT BETBSIMH CBSI3H HJIH
Xopaamu. B kauectse npumepa Ha puc. 2.34, a u306pakena cxema, a Ha
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[image: image67.png]5) 9

Puc. 2.34

puc. 2.34, 6 — coorercTByounii el rpad. Cxema umeeT yeThipe yana
¥ wecTb BeTBel. ¥3abl 0603Hauenn nndpamu / — 4 (puc. 2.34, 6). Ha
pHc. 2.33, 8 10Ka3aHo epeBo, KOTOPOE 110J10XKEHO naJsiee B OCHOBY Gop-
MHPOBaHHS TOMOJOrHYECKHX MATPHLL

BetBu nepeBa oGoznauum undpamu I, 2, 3, ocTasnpHble BeTBu rpada
(BeTBH cBsi3n) — undpamu4, 5, 6. Betsu fepesa puc. 2.34, 2 BbiuepueHs!
YTOJIILIEHHBIMY JIMHHSIMH, BETBH CBA3W — TOHKHMH. Ha BeTBsix rpada
CTaBMM CTPEJIKH, HanpaBJ/ieHHe UX NPou3BosbHO (pHc. 2.34, 8, &). ¥YaJio-
Byto MaTpuuy [A] cocTaBnsiior asa Bcex yaJioB rpada, kpome oauoro. B
3TONH MaTpHuUe HOMep i-H CTPOKH COOTBETCTBYET HOMEPY y3Jia, a HoOMep
j-roctosi6ua — Homepy BeTBH. B stueiikn MaTpuupi[A]craBstuncaa l,—1,0.
Ecusin ysen, pjisi KOTOporo cocTaBJjisieTcsi CTPOKa MaTPHILbI, OXBATHTD
HEKOTOPO#i 110BEPXHOCTBIO, CJ€Jl KOTOPOH NOKa3aTh KPYKKOM, TO B CO-
OTBETCTBYIOLLYIO siueiiKy MaTpHibi [A]cTaBsaT 1, ecain cTpesika j-BeTBH
HanpasJieHa H3 KPYXKKa, cTaBsAT —1, ecJi cTpenka HanpaBieHa B Kpy-
XOK, H 0, ecsin BeTBb He 3aTpoHyTa Kpy»KkoM. [1pu 3azemsienHom y3ne
4 (puc. 2.34, 6):

BetBu
Yannl 123 4 5 6
1 100 —1 0 —1
M= 9 110 01 o
3 001 0—1 1
3ametnm, uto maTpuia [A]MoxeT GbiTh peaCTaBNeHa AByMS NOAMAT-

puuamu:

Yann Bersu
L(y—1):y..b

[Al= 1 .
(y—l)[ A Az]

Martpuuy ceuennii [Q] cocrapnsiior niist M10GbIX ceuenuit rpada, a
MaTpHILy raBHbIX cedeHnil [Q,]— ans raasHbix ceueHunil BIGpaHHOrO
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[image: image68.png]tepesa. CJiesl ceuennii Ha PUCYHKAX 10KA3BIBAIOT OBATAMH, BbiYEPUEH-
HbIMH TOHKUMH JINHUSIMH.

I'rasroiMu cewenusimu HA3bIBAIOT CeUeHHsl, KaXI0€ H3 KOTOPbIX
pacCceKaeT HeCKOJbKO BeTBel CBSI3H H TONLKO ONHY BETBb BHIOPAHHOTO
nepesa. [1aBHbie ceuenns Hymepyior. Homep riiaBHOro ceuenus coot-
BEeTCTBYET HOMEpY pacceKaeMoH 3THM ceueHHEM BeTBH aepesa. as
rpaca puc. 2.34, 6 raaBHble ceyenHs NoKka3aHbl Ha pHc. 2.34, 2 ¥ 0603-
nauenbl uudpamu /, 2, 3. Ceuenne [ paccekaer BeTBb / 1 BETBH CBsi3H 4
H 6, cevene 2 — BeTBb 2 M BeTBH CBSA3U 4, 5, 6 (BeTBb | 1LEJHKOM BXOAUT
B 0BaJl 2 M He PacCceKaeTcsl UM ), ceueHHe 3 — BeTBb 3 M BETBH CBSI3H 5 U
6. CTpokH MaTpHubl [Q,] COOTBETCTBYIOT CeueHHsIM, d CTONOIA — BeT-
psM rpada.

B stuefikax cooTBercTByMOILel CTPOKH MaTpHubl [Q,] cTasar 1 ans
pacceKaeMoil 3TUM ceueHHeM BETBH JlepeBa W AJisl BCeX BeTBeil CBA3H,
CTPEJIKH Ha KOTOPBIX OPHEHTHPOBAHbI OTHOCHTEJIBHO [10BEPXHOCTH 3TO-
ro ceueHHsi (CJiell ITOro CeYeHHUs Ha MI0CKOCTH — 0BaJl), TaK Xe KakK H
¢TpeJika Ha paccekaeMoil 3THM ceueHHeM BeTBH epeBa. Korna crpedka
Ha BeTBH CBSI3W HaNpaB/jeHa OTHOCHTEJNBHO OBaJla HHAYe, YEM CTPeJiKa
Ha BETBH NepeBa, CTaBaT — |, KOorjaa BeTBb CBsA3H He pacceyena — 0.

[TpumeHuTEeIBHO K nepeBy pHc. 2.34, g 1us raBHBIX ceveHUi
(puc. 2.34, e):

Bereu
Ceuennn 1 2 3 4 5 6
1 1 0 0 —1 0 —1
Ql=210 1 0 —1 1 —1
30 0 —1 0 —1 1

¢- B o6uem cayyae marpuua [Q,] MoxeT GbiTh MpeacTaBaeHa B BUjie
IBYX MATpPHIL
Ceuenust Bersu -
L{y—1).y.6

Ql= 1

| o @

- Kaxnas crpoka [Q,] uMeeT TosbKo 1o onHOMY 3JjieMenTy | 1 Haxo-
LUTCS OH Ha IVIaBHOW JuaroHaqu, nosromy [Q,] npeacrasasier co6oii
ennHuynyio matpuuy [1]u[Q,]=[1:Q,].

T'aasnoimy kOHTYpamu Ha3bIBAIOT KOHTYPBI, B KaXIblil 3 KOTOPHIX
BXOJMT TOJIBKO 10 OAHON BeTBH CBsian. HyMepyioT ryiaBHble KOHTYpbI
TEMH Ke HOMePaMH, KaKHe PHCBOEHbl BETBSIM CBsi3H B HUX. [J1aBHble
KOUTYpbI 4, 5, 6 nepeBa puc. 2.34, 8 u3o6paxennl Ha puc. 2.35. ToncTbimMu
JIMHUAMM MOKa3aHbl BeTBH 1€PeBA, TOHKUMH — BETBH CBSA3H.

Matpuueii raBnbix KOHTYpoB [ K, Ha3bIBa 0T MaTpHILy, COCTABJIeH-
HY10 u3 yncen 1, —1, 0, cTPOKH KOTOPO#H COOTBETCTBYIOT HOMEPY IaB-
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HOTO KOHTYpa, a cTonGlbl — HOMepy BeTBH. [yiaBHble KOHTYpbI NpH
coctaBieHHH MaTpHIbl K, ] 06X0asT B HanpaBJieHHH CTPeJIKH Ha BETBH
CBfI3H COOTBETCTBYIOLLEro KoHTypa. Ecyin npy Takom o6xojie KOHTypa
HanpapJ/eHHe CTPEJIKH Ha KaKoH-JIHG0 BETBH 3TOro KOHTYpa coBnajaer
¢ HanpasiieHHeM 06X0/la KOHTYpa, TO B COOTBETCTBYOLLYI0 siueiiky K]
cTaBsT 1, ecsiu He coBnajaer, To —1, eciu BeTBb He 06xoHuTcs, T 0.
Haist koHTYpOB 4, 5, 6 puc. 2.35: :

Bersu
. + B
Kowrypw 1 2 3 456
4 1 1 0 100
Kl= 4 0—1 1 o010}
6 1 1 -1 001

B obueM Bue MmatpruaK JMoxeT GuiTh IpeaCTaBJIeHa B BUJE ABYX
NOAMATPHILL H UMEeT CENYIOILY0 HyMePalHIo CTPOK H CTO/IG1LOB:

Koutypw 1..(y—1) y..6

. - ¥ :
wi= kK | S
8

Tak Kak HoMep cTpoku (HoMep KoHTypa) B[ K,] onpenensiercs Home-
POM €ro BeTBH CBSI3H H 0GXO[ KOHTYPa OCYILeCTBIIS€TCH B COOTBETCTBHH
CO CTPeNIKOW Ha BeTBH CBsI3H, TO Kaxjas CTpoKa noaMmatpuubl (K]
MMeeT TOJIbKO OJIHH 3JieMEHT 1, pacnosioxKeHHblil Ha ee rJIaBHOMH JHaro-
Hamu, T. e. [K,] npenacrasnsier coGoii epunHuuHylo marpuuy [1], a

[KJ=[K:1)

§2.32. 3anuch ypasueHnuii no 3akonam Kupxroda ¢ nomouibio Tono-
Jaoruyeckux matpuu. COBOKYNHOCTh ypaBHEHHH 10 NepBOMY 3aKOHYy
Kupxroga Moxer GeiTh 3anucaHa cielyouuM obpasom:

[Al[1,] =0, (246)

rae [/,] — maTpuua-cToabew (TpaHCNOHMPOBAHHAS MaTPHUA-CTPOKA)
TokoB BerBeit. [lasi rpaga puc. 2.33, 2
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Of U1 1ol 3l J5l6l" = 0.
1

CoBOKYNHOCTb ypaBHeHHI 1o BTopoMy 3akoHy Kupxroda moxer
6bITh 3aNHCaHa TaK:

(K ][U,]=0, (247)

rae [U,] — matpuua-cronbeu (TpaHcnoHHpoBaHHAs MaTPHUA-CTPOKA)
nanpsikenus serseil. [las rpaga puc. 2.33, 2

1 1 0100
0—1  1010] [U,U,U,U,UsUgI = 0.
111001

§ 2.33. O6o6uiennan BeTBb 3JeKTPHUecKoH uenu. B autepatype,
HCTIO/b3YI0IeH MaTPHYHO-TOMOJOTHYECKO® HalpaBjieHne TEOPHH ue-
ne#, BBOAAT NOHATHE 000OLLEHHON BETBU 3JIeKTPHUECKOH LeMnu (pHC.
2.36). Ona oGpa3oBana AByMs napaJuiejibHbiMH BeTBsiMH. [lepBas co-
CTOHT M3 COMPOTHBJEHHA BeTBH R, (NPOBOAMMOCTDL g,) H HCTOYHHKA
3MC E,, BTopass — U3 HCTOUHHKA ToKa J,. [Lisi NPUHATHIX HA puC. 2.36
[OJIOXKHTEJIbHBIX HAaNpaBJeHHI TOKOB TOK Yepe3 CONpoTHBJIeHHe R, pa-
sed [, + J,. HanpsxeHue Mexay Toukamu a u b BeTBu 0603Haunm U,.
Torpa, no 3akony Oma jis yyacrka uenu ¢ AC,

U+ E=RU +1) (248)
HJTH
I+ 1) =gV, + E,). (2:49)

§ 2.34. BoiBop ypaBHEHHIl METOAA KOHTYPHBIX TOKOB C MOMOILbIO
TOMOJOrHYeCKHX MaTpull. YpasHeHue (2.48) cnpaBemyiuBo Aas 060k
0606111eHHOil BETBU CXEMBbI, 8 TaKXKe M JIjisi COBOKYIIHOCTH BeTBeH, BXO-
ASIUKX B J11000# rJ1aBHBIH KOHTYP. 3anuilieM COBOKYNHOCTh YpaBHEHHUH
(2.48) anis Bcex BeTBeil, BXOASAUIMX BO BCE [V1aBHbIe KOHTYPHI:

[KHUJ+ [KIE) = KR+ Vo] (2:50)
rne
Ry
Ry

[R]=

R

B

~— QMaroHajibHas MaTpHLLa CONPOTHBJEHHI BeTBEH.
Yurem, yto no BTopoMy 3akony Kupxroda cyMMma nanpsxeHui jio-
Goro 3amkHyTOro KOHTYpa 3J1eKTPHUYECKOH LeNH PaBHa HYJ10, I03TOMY
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[image: image71.png][K.][U,] = 0. Kpome Toro, marpuua-cronbeu Tokos Berseli [/,] moxer
GbiTb 3anuMcaHa uyepe3 MaTpuuy-cTosiGell KOHTYPHBIX TOKOB [[,] H
TPAHCIOHHPOBAHHYIO MATPHULLY [V1aBHbIX KOHTYpPOB [K J':

=K1 1l (2.51)

I1py 3TOM noJ1araeM, 4TO KOHTYPHBIH TOK KaXK/A0r0 [JIaBHOTO KOHTY-
pa HanpaBJieH B COOTBETCTBHH CO CTPEJIKOH HA BETBH CBSI3U ITOrO KOH-
rypa. KontypHbie Toku [y g5, Ig; Cxembl puc. 2.34, 2 noka3aHbl Ha pUC.
2.35. [lng 3T0# cXeMbl

1

l' 0 1
Al =1 |

Ll _fo 1 —af f*

1 1 o of |\®

oo 1 o] [fes

5

! 0 0 1

6

Orciona
Lh=ly+ 1w lhy=14—Iss+ I [y=15— g5
Iy=1g Is=lIs l¢= I
IMoncraeus (2.51) B(2.50), nonyunm
[KJRIK T o) = [KILE) — [K ][RV} (2.52)

Ipoussenenne [K.J[R ]I K.J =[R] — 310 MaTpHua KOHTYpHBIX cONpo-
THBJIEHUI METOA KOHTYPHBIX TOKOB. Tak Kak KOHTYypbl HyMepyeM oOT ¥
10 8, TO
Ry Ry.y+l Ry-s
[R]= Rypiy Rypiyr Rypie ,

Rn,y Ra,y+l Rs.s

rue R, , — IOJHO@ CONPOTHBJIEHHe M-KOHTYpa; R, , — CONpoTHBIIe-
Hie BeTBM (BeTBEH) CMEXHOH MexAy m- W n-KOHTypaMmu; Gepercsi co
3HaKOM MJII0C, €C/IH KOHTYPHble TOKH [, , v [, TeKyT uepe3 cMexHyI0
BeTBb COMIACHO, H CO 3HAKOM MHHYC, €CJIH BCTPEUHO.

Has puc. 2.34, e, nosnaras conporubienus seTBell R, — R, umeem

Rys Rys Ryg Ry+ Ry + Ry —R, Ry + Ry
[Rl= | Rs4 Rss Rsg| = —R, Ry+Rs+ Ry —(Ry+ Ry
Res Res Reo R, —(Ry+ Ry R +Ry+R3+ R

3anuwem pewienue (2.52) oTHOCHTENbHO [/, ]:

Uil = {KJIRJIK T} IKKIESRIVLL (2.53)




[image: image72.png]§2.35. Boiroa ypaBHeHHH MeToa Y3J0BbIX MOTEHUHAJOB C MNo-
mollblo Tonosornueckux matpun'. CoBOKynHOCTb ypaBHeHHit (2.49) nais
y — 1 y3J10B CXeMbl 3aMEHMM MATPUYHBIM ypaBHEHHEM

(AN + ANV ] = [Allg) U] + [Allg ] EL)

o nepBoMy 3akoHy Kupxroda,[A][/,] = 0. MaTpuuy-cronGen Hanps-

sxenuil Berei [U,] MOXHO 3anucaTh Yepe3 TPaHCIIOHHPOBAHHYIO MAT-

puity [A] 1 MaTpuuy-cTonGen noTeHLHAIO0B He3a3eMIeHHbIX Y3710B [¢],

r.e.BBune [U,] =[A]"[@] dns puc. 2.34, e, nonaras ysen 4 3azemJjieH-
Ul

HHIM, HMeeM
1
U2
u. e
3l —1 @
77 e B of |'?
Uy —1f %
vl 1~ 1
JleHCTBHTENBHO,

U= 91— 95 U= 9y Uy=05 U= —¢; U= ¢,— 95 U= @3— ¢,.
Takum 006pa3oM, cucTeMa ypaBHeHHH MeTuAa y3JIOBHIX MOTEHIHAJIOB
3anuuIeTcs Tak:

[Allg AT [o] = —{Allg L £+ [All Y] (2.54)

rne[A]lg,l[A] =[G] — marpuua y3noBeIX npoBogHMoCTeii MeTOAA y3-
JIOBBIX MOTeHIMan0B. [1pyu 3a3eMiIeHHOM y-y3Jie

==
SO D - -

Gy G . Gy
| G. G.
1G] = Gy 2 25 —1
Gy 11 Gy12- Gy_1y—
Jas puc. 2.33, 6
Gy Gp Gy3 git+ate  —a& —8&
[G]= |Gy Gy Gog| = —& & t+&tegs —&
Gy G3p Gy — & —8& &t+8&+&

§2.36. CooTHoweHHs MEXAY TOMONOTHUECKHMH maTpHUuamu. [Tosaraem, uto npu
cocrapaenun matpuu [A], [Qr], | Kr] Boinoaxennt yeaosus, oropopentbie B § 2.31. Toraa

Vanm Berau Ceuenus Bereu
1 1...w—1),y...b 1 .y—1ly...b
[A]= : 7 »y Q1= ! y Y :
W= A A =1 K Q
e —

1
Ma1puyHO-TONOA0I HYECKHE METOMIbE cHcTemaTuduposant B[18)
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K= Y

8

K, |

Ipencrasum MaTpuuy-cronbeu Tokos BeTseii [/,] B Bue noaMaTpHUB TOKOB BeTBeR
nepesa [/,] w nonmatpuupt Tokos sersesi csazm [/ ]
]

1 .
: I
—1 A
A e
: e
b ’

Matpuuy-cronbett HanpsiXeunit BeTBel TakKe NPeNCTABHM B BHJE NOAMATPHUL HAanpH-
Keunii BeTBei aepesa [Un] n nogMaTprubt Hanpsokenuil serseii cpsiau [Uc]

1
U,

_ 1 x
W=47"-—
s y U,
RETTIVE . ¢
b E
Mo nepeomy 3akony Kupxroa [A]{/s] = 0 wan
1A+ 491U ] =0. (2.55)

Asnre6GpanyecKas CyMMa TOKOB B JIIOGOM CEU@HHH CXeMbl PaBHA HYJIIO, OITOMY
[Q11/,] = 0. Crenosaresnro,

I'\
: = - 2.56
[,:QQ]I . (] + Q] = 0. (2:56)
]
o sropomy sakony Kupxroga, [K ][U,] = 0, nosromy )
- Ull
[K,': .] [———] =K1+ =0 . (2.57)
UC
Yurem, uto cronbeu [K,] coorsercTByer crpokam |Q,], eciin y Bcex HeHyleBbIX
3/ICMEHTOB U3MENHTb 3HAKH. &ncnoaaTenbuo,
LK1 T = —~1Qs]" w [Qy] = ~IK\[" (2:58)
O603naunm
[F1=1K 1= —{Q.[" (2.59)
Toraa
[K]=IF1], (2.60)
Ql=[1:—F" (261)
Ymuoxns (2.55) caesa na[A] !, noayunm
Ual = —A T (Al (262)




[image: image74.png]Ho 43 (2.56) umeem [1][/] = —[Q2]{/c], noatomy

Q] =14,1 4o}
(2.63)
ﬂa}lHM 060CHOBaHHE elle OJIHOMY COOTHOLUEHHIO
- (AN, =0.
(2.64)

Puc. 2.37

B Ka/10#t CTPOKE 3TOr0 MaTPHYHOTO MPOH3BE/ICHHS! CKIAMbIBAIOTCS IPOHIBECHHS IJ1e-
MEHTOB i-CTPOKH &ij Ha 31eMeHThl k-cTosi6ua bej. [1pousBenenne aijbr; He Gyner Hynem,
ecJii j BETBb MOAXOAHT K Y3J1y i H BXOAMT B KOHTYD k (puc. 2.37). Ho B kouType & y3en i
coefiMHeH HE C OJIHMM, a C [BYMS y3J1aMH BeTBSIMH /7 W j, 103TOMY Bceraa Gyaer ewe
HeHyJIeBOE N1POM3BEeICHHE Qimbkm, OTBEUAlONIEE BETBH M1, HE3ABUCHMO OT TOIO, KAK Ha-
NpaBJIeHbl CTPeJIKH HA BETBSIX H KAKOBO HanpasJienHe 06x0a Koutypa k. Cienosareibho,
kaxnas cTpoxa (2.64) aijbrj + aimbkm = 0

COOTHOIEHHS MEX]ly TONOJIOrHYeCKHMH MaTPHUAMH CYILeCTBeHHb st pOpMaJIHn-
3auuu pacuera ueneit va IBM. Hanpumep, sanucas [Qy] = —|F[", onpenessiem [F]u no
neit —[K ]

§ 2.37. ConocraBieHne MaTPHYHO-TONOJIOMMYECKOTO W TPAAHIIHOH-
HOro HanpasJenuii reopuu uenei. B § 2.29 ykasbiBaJioch, 4To OCHOBHbI-
MH METOLAMH pacyeTa sjeKTpHyeckHx uenei apasiorcs MYIT u MKT.
O6a3TH MeToa MOTYT ObITh TPUMeHeH bl B CBOeH TpaJHLIHOHHOM popmMe
sanucn: [Gl[o]=[/,,] nass MYTI u [R][/,] = [E ] ana MKT au6o B
MaTpHYHO-TONOJOTHYECKOH B BUAe ypaBHeHud (2.52) u (2.54). das 3a-
nad, Betpeuaiouuxest B Kypce TO3, cocTaBnenne cucteM ypaBHeHHH
TpamHIHOHHBIM crioco6oM (cM. § 2.13; 2.22), ocyiuecTBasieMoe Henoc-
pencTBeHHO MO0 cXeMe, 3HaYuTe bHO Npotle, GbicTpee, ynobHee H Hagex-
Hee. [1poute 1 GLicTpee BHINOJHAETCS U IPOBEPKA COCTABJEHHBIX ypaB-
HeHuit. UTo KacaeTcs pellieHUst COCTaBAEHHBIX YPABHEHHH, TO CHCTEMBI
C OTHOCHTEJIbHO HEOGObLLIMM YHCJOM YpaBHeHHH, 3aNUCaHHbIe B TPAAH-
UHOHHO# PopMe, MOryT GbITh peLieHEl ¢ TOMOLLbI0 MUKPOKAJbKYAATOpa
WK torapudMuyeckoii JuHeHKH. CHCTeMBI C 60JIBIIHM YHCIOM YpaBHe-
HUIl B TOM M APYroM cayyae pelaiot ¢ nomoubio IBM.

[MonoxuTeNbHASE CTOPOHA MATPHYHO-TONOJOTHYECKOTO HaNpaBJie-
HUSA TeOpHH Lenel 3ak/to4aercs B 60JIbLIOH CTENEeHH YNOPSIA0YEHHOCTH
cocTaBJleHus cucTeM ypaBHeHuil. Eciin BBecTH onpeneneHHylo nepap-
XHMI0O BeTBe# 3JIeKTPHYECKHX UeMNei 1Mo HAJHYUI0 U OTCYTCTBHIO B HUX
HCTOYHMKOB ITUTAHUS, HHAYKTUBHBIX H €MKOCTHBIX 3/1€MEeHTOB, HHAYK-
(THBHBIX CeYeHHH W eMKOCTHBIX KOHTYPOB, TO MOTYT ObITb COCTaBJIEHBI
aJTOPUTMBI, MO3BOJISTIOLLME He TOJIBKO COCTABJATH CHCTEM bl yPaBHEHHU
¢ nomouibio IBM, Ho ¥ ocyLleCTBAATH € KX MOMOLIbIO TAK Ha3bIBaeMoe
‘MalluHHOe NpoeKTHpoBatHe. [lon MalWIHHHBIM POEKTHPOBAHUEM I10-
HUMIOT yucJIoBbie pacyeTsl Ha IBM OTHOCHTENBHO CJOKHBIX CHCTEM
Ha oNTHMa/bHbIN B TOM HJIH HHOM CMbICJe peXXUM HX paboTel. COBOKYII-
HOCTb BOMPOCOB, OTHOCS LMXCS K MALIMHHOMY NPOEKTHPOBAHHIO, B HA-
CTosllee BpeMsl yCUJeHHO pa3pabaTeiBaeTcsi, 0OHAKO MHOTHe M3 HHX
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[image: image75.png]BLIXOAAT 32 paMku Kypca TOD u cocTaBAAOT NpeaMeT CreunalbHbix
KypcoB. B 3aKsoyeHHe MOXKHO CKa3aTh, YTO TPAJHLLHOHHOE W MaTpUu-
HO-TOTOJIOrHYEeCKOe HanpaBJ/eHHsi TEOPUH Lieliell JONONHSIOT APYT APY-
ra ¥ NoTOMy CTyJEHT [0JI’KeH BianeTh o6oumu HanpasjeHussmu. [1pu
BbITOJIHEHWH [10BCEIHEBHBIX HHXKEHEPHbIX PACYETOB U PeleHHnH 3a/ay,
BcTpeuatouxes B kypee TOI, eniecoobpasHee nob30BaThes ypaBHe-
HHUSIMH TeOpHH Lieneil B UX TPAAULHOHHOM (hOpMe 3aNHCH, IPH MaLUUH-
HOM IIPOeKTHPOBaHHH — MaTPHYHO-TOMOJNOrHUeCKO# Popme.

Bonpocsl Ans camonposepku

» o » o

1. Oupejenute nOHATHs SJleKTpM'ieCKaﬂ leib”, "snekTpuueckasn cxema”, y3en”,
"yeTpanumbtil y3ea”, "Betsb”, "neTounuk DC” u "ucTounuk toka”. 2. Kak suibupaior
NONOXKHTEJIbHbIE HANPABJIEHHS! /15 TOKOB BeTREN W KAK CBA3aHbl C HUMH [OJIOXKHTEJIbHbIe
Hanpasjexus nanpsakesuil na conporusaenusx? 3. Uro nowumator nog BAX? 4. Hapu-
cyiite BAX peanibHoro uctounuka, ucrounuka 3J1C, HCTouHHKa TOKa, JIHHEHHOrO pe3u-
cropa. 5. Chopmyaupyiire 3akon Oma st yuactka ueun ¢ 3J1C, epsbifi H BTopoi 3aKOHb
Kupxroga. 3anuwure B GyKBeHHOM BHE, CKOAbKO ypaBHEHHH cJeNyeT COCTABSTD MO
11ePBOMY H CKOJIbKO 10 BTopomy 3akoHy Kupxroda. [last npyx 3akouos Kupxroga naiire
10 ABe GopMyJHPOBKH. 6. Uem ciielyer PyKOBOACTBOBATLCS (1PU BHIGOPE KOHTYPOB, 1Lt
KOTOPBIX CJI€lYeT COCTABJIATL ypasHeHns no BropoMmy 3akony Kupxroda. [louemy Hu B
OZHH U3 ITHX KOHTYPOB He JI0JKEH BXOAMWTb HCTOYHMK TOKa? 7. [losichure aTansl noctpo-
€HUs NOTEHLHANbLHOM AnarpamMmbl. 8. B uem oT/iHuMe HalpsiKeHUst OT NaleHHs Hanpsike-
uust? 9. Oxapakrepusyiite OCHOBHbIE 3TANBl MeTO1a KOHTYPHBIX TOKOB (MKT) u Metona
y3uaoBbix norenuuanos (MYTIT). [Ipu kakom ycnoBru uncio ypasrenuii no MYI1 menbie
upcaa ypasvenuii no MKT? 10. Chopmysupyiite UpHHUHN W MeTOA HasoXenus. 11
Chopmyanpyiite u gokaxure Teopemy Komiencauuu. 12, 3anuumure n nosicuure JnHed-
Hble COOTHOLUEHHS! B 3JeKTPHYCCKHX Lensx. 13. UTo NoHUMaIOT 1101 BXOQHBIMH H B3aUM-
HBIMH NPOBOARMOCTSIMH? KaK X ONpeeisiioT aHaNHTHUCCKH H KK ONbITHBIM nyTem? 14.
[Mokacure, 4T0 METON /IBYX y3J10B ecTh yacTHbiii cayyait MYTL. 15. [Tpusenure npumepsi,
N10KA3bIBAKLLKE MOJAC3HOCTD NPe06PA3OBAHHS 3BC3JIbl B TPEYTOJNbHHK H TPEYIOJbHUKA B
3pe3ny. 16. Chopmyaupyiire Teopemy KOMmIleHCaunn W TeopeMmy Bapuauuit. 17. Jaiite
Ollpe/ie/leHHe AKTHBHOTO IBYXIONIOCHIHKA, HAUePTHTE JIBe er0 CXCMbl 3aMCLIEHHs!, HAMIKH-
Te HX NapaMeTPhl, NePCUHC/IHTE ITAlbl PACUETA METOIOM IKBHBAJICHTHONO I'eHepaTopa.
18. 3anuwure ycioBHe nepefaud MakcHMaJlbHOR MOLLHOCTH Narpy3ke. Kakos tpu sTom
KIT/1? 19. I[Tokaxcure, 4T0 €CJH B AMHEHHON LW H3IMEHSIOTCS CONPOTUBJIEHHS B KAKHX~10
ABYX BETBSIX, TO TPH JHOGHIX TOKA (HANPSKCHUS ) CBA3AHDI JIMHCHHON 32BUCHMOCTDIO BHAA
z=a+ bx + cy. 20. Buseaure Gopmyssl npeobpasopaius TpeyroJbHHKa B 3Be3ny,
€C/IH B BETBAX TPEYrOAbHUKA KPOME DPE3UCTOPOB MMmelorcest u ucrounnkn JC. 21, B
3JIEKTPHUECKOM LIeNH H3BECTHBI TOKH B 1BYX BeTBsix k U m (I, n [,). Conporusnenus s
3THX BETBAX N0JYUHJH npupawicHuss AR, u AR, . Tlonaras u3BecTHbIMH BXO/HbIE H
B3aHUMHbIE IPOBOAHMOCTH BeTBel K, m, r, onpe/lesiuTe IPHPALLCHUS TOKOB B BeTBAX K, m,
rov.e Al Al, Al 22. Kakde TOIOJOrHYeCKHe MaTPHUB Bb 3HaeTe? 23. 3aunwure
ypasnenus no aakonam Kupxroga ¢ uenosnzosanuem marpuu[Au|K ] 24. Uro nonuma-
10T N0/ 060611CHHOI Berbio? 25. BuipasHte TOKH BeTBei 4epe3 KOHTYPHbIe TOKH H MaT-
puuy [K.]. 26. Bupasute Haupsbkenns BeTBeH Uepe3 NOTeHLHAbl Y3J0B U MATPHLLY [A]
27. Busenure YPABHEHUS METOA y3JOBbIX NOTEHUHAJNOB, HCNOJB3Y s MaTpULb (A} [g
[AT'. 28. BoiBeluTe ypaBHeHHst KOHTYPHBIX TOKOB, HCHOb3Ys matpuust K, |, [R, ] n IK‘
29. Oxapamepuayme CHJIbHBIE H ca1a0ble CTOPORbI MaTPUYHO- FOHOIOTHUECKOTO HANPAB-
Jllehslm Teopuu ueneit. 30. Pewure 3azaun 1.2; 1.7; 1.10; 1.13; 1.20; 1.24; 1.33; 1.40; 1.41;
45.
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3NEKTPMHECKME LLENY OJHO® A3HOT O CHHYCOMA AJIbHOTO
TOKA

§3.1. CHHYCOMAANbHBIH TOK H OCHOBHBIE XaPAKTEPH3YIOILHE €r0 BEJH-
yuubl. CHHYCOWAAJbHBIH TOK NpeaCcTaBiisieT c060il TOK, U3MeHSIOLLHHCS
BO BPEMeHH 110 CHHYCOMAAIbHOMY 3aKoHY (puc. 3.1):

i=lmsin[2'—;[+¢]=Imsin(mt+\p). CaY

MakcHMadbHoe 3HaueHne QYHKIMH Ha3biBAIOT amnautTydod. Amn-
autyay Toka o6o3nauatwr /. [lepuod T — 3710 Bpems, 38 KOTOpOe CO-
BepllaeTCsl 0AHO NOJHOe Kosebanue. :

Yacrora pasHa uncay KojeOanuii B 1 ¢ (eAMHUILA YACTOTHL f— repu
(Tu)manc')

f=1/T. (3.2)
VrJoBas yacToTa (eAMHHUILA yIJIOBOH YaCTOTH — Paj/c UiIu ¢
o=2nf=2a/T. (3.3)

Apryment cunyca, T. e. (o { 4 ), HasbiBaloT asoi. Pasa xapakTe-
pH3YeT COCTOsIHHE KosleGaHus (UHCIIOBOE 3HAUEHHE) B LAHHbIA MOMEHT
BpeMenH f.

Jliobasi cuHycouaasbHo M3MeHsoUlascs GyHKuus onpeiensiercs
TpeMsl BeJlMUMHAMH: aMIJIMTYI0H, yrJ0BO# 4acTOTOI ¥ HauaJbHOMH ¢a-
3001

B crpanax CHI n 3anaauoit Eepone HanGoibliee pacnpocrpaHe-
HHE NOAYUHJTH YCTAHOBKH CHHYCOMAAJbHOTO TOKa yacToToil 50 [, npu-
HSATOM B sHepreTuke 3a cranpapruyio. B CILIA cranaaprholi sBiserca
yacrora 60 ['. J/InanasoH 4acToT NpaKTHYECKH IPHUMEHsIEMbIX CHHYCO-
WAAJbHBIX TOKOB OUeHb LIMPOK: OT foJiefi repia, HallpUMep B reoJioro-
pa3sBefike, 10 MHJLINAPLOB repll B PaiHOTEXHHKE.

Cunycoupanshbie Tokn 1 DJC cpaBHHTeNIbHO HU3KHX 4ACTOT (10
HECKOJIbKHX KHJOTepll) 110J1y4aioT ¢ IOMOLIbI0 CHHXPOHHBIX FeHepaTo-
POB (HX M3yuyaloT B Kypce 3JeKTPHUecKHX Maliun). CHHycOoupabHbIE
Tokd ¥ DJ]C BBLICOKHX YaCTOT MOJy4aloT ¢ MOMOLLBIO JTAMIIOBBIX HJIH
O/ IPOBOHHKOBBIX reHepaTopoB (noapoGHO paccMaTpuBaeMblX B

7

/]

n wt

e N

Puc. 3.1
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[image: image77.png]Kypce paJHOTEXHHKH H MeHee noapo6io — B Kypce TO2). McTounuk
cunyconaanbHoi DJC n MCTOYHHK CHHYCOMAAJIBHOTO TOKA 0603HaYaI0T
Ha 3JeKTPHUYECKHX CXeMaX TakK JKe, KaK U MCTOYHHKH nocTosiiHoi DJ1C
W TOKa, Ho 0603Ha4aloT X e u j [nau e(t) u j(2)].

§ 3.2. CpeaHee u aeMcTBY0LIEE 3HAYEHHSI CHHYCOHIAJ1bHO H3MEHS 10~
weiics Beanunnbl. [log cpednum 3naueruem CHHYCOH1aJbHO H3MEHSI0-
weics BeJIMYHHBI MOHMMAIOT ee CpeiHee 3HaueHWe 32 MOJNEPHOAA.
CpenHee 3HaYeHHe TOKa
/2 ) 9 (3.4)
(S]Im sin wtdt =7 [

1
lp= T/E
T. €. CcpefHee 3HAauYeHHe CHHYCOHMAAJbHOTO TOKa COCTaBJseT
2/n=0,638 or amnautyaHoro. Ananoruuno, E., = 2E,/m;
=2U,/n.
llIvpoko npumMeHsIOT NoHsATHE JelicT8YOUe20 3HAYEHUS CHHYCOM-
JaJIbHO M3MEeHSIOLEHCs] BeJIHUHMHbI (ero HA3bIBAIOT TaKXe 3ppeKTHB-
HbIM HJH CpeHeKBa paTHYHbBIM ). ﬂ,eﬁc’l‘BleU.leQ 3HayeHHe TOKa

T T
I=\/ﬂoi2dt =\/ﬂol?,, sin® otdt _\/—_07071 (3.5)

CaenoBarteJibHo, AEHCTBYIOLlEEe 3HAUEHHE CHHYCOMIAJLHOTO TOKA
pasto 0,707 ot amniuTyaHOro. AHaJ0rHYHO,

E=E, /N2 w U=U,/\2.

MoXHO COnoCcTaBUTb TEIIOBOE AEHCTBHE CHHYCOHAAJIbHOTO TOKa C
TEMJIOBbIM AEHCTBHEM MOCTOSIHHOTO TOKA, TEKYLIEero TO Xe BpeMs Mo
TOMY 2Ke COIPOTHBJIEHHIO.

KonuyecTBO TenJIOTbI, BbieJeHHOE 33 OJMH NNePHOJ CHHYCOHAAb-
HBIM TOKOM,

U,=

T
T
{R*dt =R}~
mg°
0
Bbhijesiennas 3a To e BPEMs! I0CTOSIHHBIM TOKOM TEIJIOTA paBHA
RI2,.. T .TlpupasusieM ux:

/
2 m
R, —-—RII10c1 T win l“(m=1=——-\/é <

Takum o6pa3som, neficTByIOLIee 3HAUEHHE CHHYCOHAAJNBHOTO TOKA [
YUCJEHHO PABHO 3HAY€HHUIO TAKOT0 NOCTOSIHHOTO TOKa, KOTOPHIH 34 Bpe-
Msi, paBHOE NePHOLY CHHYCOHAANBHOTO TOKA, BbleJsieT TAKOe XKe KOJU-
4eCTBO TEMJIOTHI, YTO U CHHYCOHLaJIbHbIA TOK.
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[image: image78.png]BosbLUHHCTBO H3MepHUTeNbHbIX NPUOOPOB 110Ka3blBAET AEHCTBYIO-
Lee 3HAUEHHE U3MEPSIEMON BeJIMUHHBI',

§ 3.3. Koadppuumnent amnantyast n Koadpduumenr dopmoi. Koagpgpu-
YUEHT amMnAuTydb R, — 3TO OTHOLIEHHE aMIJIUTY Jibl IPHOJHUCCKH H3-
MeHsiollelcss QyHKUNM K ee eficTByOLIeMY 3HaueHHI0. [Las cHHycou-
[1aJ1bHOTO TOKa

k=11 =V2. (36)

Ton kosgppuyuentomn popmor ky, NOHUMAIOT OTHOLIEHHE NEACTBYIO-
1Wero 3HaUeHH s NePHOAHUECKH H3MeHsT Iouelcs QYHKUMH K ee cpefieMy
3a noJsinepHoAa 3HadeHu10. 1Sl CHHYCOM1aIbHOTO TOKA

a2 ; ,
_m 1,11 2

Iy~ 2l,/n " 22

(3.7)

§ 3.4. H3o6paxenne CHHYCOMaJ1bHO H3MEHSAIOLIMXCS BEJIHYHUH BEK-
TOpPaMH Ha KOMMAEKCHO#H naockoctu. Komniekcnan amnautyna. Kom-
naekc aeficrByromero 3nayenns. Ha puc. 3.2 nana komnmiekcsas nio-
CKOCTb, Ha KOTOPOH MOXHO H300pa3uTb KOMIJIEKCHbI® UHCJIA.
KoMIsieKcHoe YHCA0 HMeeT AeHCTBHTEJIbHYIO (BELLeCTBEHHYI0) 1 MHH-
myto yactu. [To ocu abeuuce KOMNIEKCHOH IJIOCKOCTH OTKJ@/bIBAIOT
JeACTBHTENbHYI0 YaCTh KOMIJEKCHOTO YWCJ/aa, @ Mo OCH OpAMHAT —
MHHMYI0 4acTh. Ha ocu geficTBHTNILHBIX 3HaUeHnit cTaBuM -1, aHa ocu
MHMMBbIX 3Hauenuil 47 (j =V—1) .

N3 kypca maTemartuku ussectia popmyna diisepa

elt=cosa +jsina. (3.8)
KomniekcHoe 4muciio e/* u306paxkatoT Ha KOMIJIEKCHOM MJIOCKOCTH

BEKTOPOM, YHCJEHHO PABHBIM €IMHHLIE H COCTABJSAIOIUM YTOJI a C OChIO
BellleCTBEHHbIX 3HaueHHi (ocblo +1). ¥roJ « oTcunTHIBAEM 1IPOTHB Ua-

+j +f
[,” ej{wuya)

sinae

osa

Puc. 3.2 Puc.3.3

lﬂeﬂcmymmee 3HaueHHe H3MePsIIOT NPUHGOPAMH JIEKTPOMArHUTHOM, 3JIEKTPOAHHA-
MHuYecKo# 1 Tenuiosoii cucrem. [lpunumnn aeficTBHs H3MEPUTE/IBHBIX NPHGOPOB PASJIHUHBIX
CHCTEM H3yualoT B KYpce 3J1eKTPOTEXHHYECKHX H3MEPEHHI.

Jlns HecuHycOUAaJIbHBIX € PHONMYECKHX TOKOB Ra 7 \/2 , kep# 1,11. 370 oTkaI0-
HeHHe KocBeHHO CBHAETEJbCTBYET O TOM, HACKOJIBKO HECHHYCOHAAJIbHBIH TOK OTJIHYaeTcs
OT CHHycOHaJIbHOrO.
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[image: image79.png]coBo# cTpedikh oT och + 1. Moaynb GyHKunH
le’d =v/cos®a + sin’a = 1.

[poekuns pynkumnm e/* va ocb +1 paBHa cose, a Ha 0Cb - paBHa
sina. Ecain BMecTo QyHkuun e/® B3aTb pyHKumio /e, 1o

1,el* =1 cosa +jl, sina.

Ha koMnsiekcHoil niockocTH 3Ta GyHKIHSA, TaK XKe KaK i QyHKuus e/,
“306paxKaercs oj yryiom e K ock + 1, Ho nninHa Bekropa 6yer B/, pa3
6ostblue.
Yroa o B dopmytte (3.8) moxer 6biTh mMo6biM. [Tonoxum, uro
a =of + P, T. €. yroJ o H3MeHseTCs NPAMO NPONoOpLUHOHAJTbHO Bpeme-
‘v Torpa
1,efot+9 =] cos(ot +¢) + jl,sin(ot + ). (3.9)

Canaraemoe [, cos(of + ¢) npeacrapisieT coboit lefiCTBUTENbHYIO
yactb (Re) Boipaxenus [,eVe! +¥)

1 ,cos(0t + ) = Rel et +¥), (3.10)

a dynkuua /,sin(ot +1) ecth K03 PHLHEHT NPH MHHMO#N 4aCTH
(Im) Buipaxenust [ e/ +¥

i=1,sin(ot +¢) = Im/ el +9, (3.10a)

Takum 06pa3om, cHHycoHna/IbHO H3MeHsowmitcs Tok i [cp. (3.1) u
(3.10a)] moxHo npencTaBuTh kak Im/, e/ + Y uan, uto To e camoe, Kak
NpoeKuuio Bpauawuierocs Bekropa /e + ¥ na ock +j (puc. 3.3).

HcTopuyeckH coXHA0OCh TaK, 4T0 B PaJIMOTEXHHYECKOM JIHTEPATYPe 32 OCHOBY 06bIY-
HO PHHHMAIOT HE CHHYCOMY, @ KOCHHYCOHAY H IOTOMY nonb3yiotcs Gpopmy.ioi (3.10).

C uenbto einH006Pa3ust MPUHSITO HA KOMIJIEKCHON MJIOCKOCTH H30-
6paaTbh BEKTOPbl CHHYCOUAAJIBHO H3MEHSIIOLUXCS BO BPEMEHH BeJIH-
4UH 715 MOMEeHTa BpeMeHH wf = 0. [Tpu 3ToM BeKTOp

1,0t = [ el — 1'”" (3.11)

rae [/, — KOMIJeKCHasi BeJHYHHA, MOAYJb KOTOpO# paBeH [, ¢ —
yroJ, noa KoTopbiM BekTop /, mpoBezeH k ocH +1 Ha KOMMJeKCHOR
MJOCKOCTH, PaBHbIH HauaJbHOH (ase.

Benuunny /,, Ha3bIBAOT KOMnAeKCHOU amnauTydoil Toka i. Komn-
JIeKCHasi aMIJIMTyaa M3o6pakaet TOK [ Ha KOMIJIEKCHOH TJIOCKOCTH
AN MOMEHTa BpeMenH ot =0. Touka, noctasnensas Haj Tokom I uim
HanpsikeHHem U, 03Hauaer, UTo 5Ta BEJIHUMHA BO BpEMEHH U3MEHsIeTCs
CHHYCOHAAJILHO.

[Mosicnum ckasannoe. [lyctb Tok i =8sin(mf +20°) A. 3anuiem
BhIPAXKEHHE MU KOMILJIEKCHOH aMILIUTY bl 3TOr0 TOKa. B fannom cay-
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[image: image80.png]yae I, = 8A,p = 20°. CaienoBaTensHo, I,, = 8e®” A. Tlycrs KomnJiek-
cHasi aMnuIkTyAa Toka [, = 25e =" A,
3anullieM BbiPaXKeHHe [Jist MTHOBEHHOr'0 3HaYeHHs 5TOT0 ToKa.

Jlnst nepexoia oT KOMIJIeKCHOH aMTJINTY Abl K MTHOBEHHOMY 3Haue-
HUI0 YMHOXHM [ Ha e/*' u Bo3bMeM Ko3(bduUKenT Npy MHUMOH YacTH
OT MONy4eHHOro npousseenus [cM. dopmyay (3.10a))

i = Im25e~e/ot = Im25e! — 3 = 25sin(wt — 30°).

[Toa KOMNJIeKCOM aeHCTBYIOIErO 3HAYEHHS TOKA HJIH KOMIJIEKCOM
ToKa (KOMIIJIEKCHBIM TOKOM ) / IOHMM 10T 4aCTHOR OT JleJIeHH sl KOMIJIeK-
CHO aMIIHTY /b Ha \/2:

I 1,0/ (3.12)
m e JelY, .

| =—=

V22

l'lpmwep 29. 3anucartb BbIpaXKEHHE KOMIUIEKCA AEHCTBYIOWLEro 3HAYEHHH TOKa
Im =82 AL
P e w e H u e. Komnuieke aeiicTByIOL@TO 3HAYCHUS TOKA I—Se/w/\/2 =5,67e/2 A.

§ 3.5. CioxeHne v BbIUHTAHHE CHHYCOHAANbHBIX QYHKLMI BpeMenu
Ha KOMMNJEKCHOH nJaockocTu. Bektophas anarpamma. ITosioxum, uyro
HeoBX0MMO CTOKHUTD 11Ba TOKA (i, ¥ i) oanHaKoBoH yactoTel. CyMMa Hx
NlaeT HEKOTOPHIil TOK TOM 2Ke 4acToThi:

i=10 iy
iy = I ,sin(of + P); i = ly,sin(e! + ),
i=1,sin(of 4+ ).

Tpebyetcs HaiiTu amiiutyay /,, v Hauadbuyto a3y ) Toka i. C sToi
Ue/1bIo TOK i, H306pPa3HM Ha KOMIJIEKCHQH NJOCKOCTH (pHc. 3.4) BeKTO-
pom /,, = I,,e1, a TOK i, — BeKTOpOM [,,, = I,,e/2. ['eomerpuueckas
cymma BekTopoB /,,, 1 /,, 1aCT KOMIIJIEKCHY10 aMIJIHTYly CyMMapHOro
toka/, = [ e¥. AMnantyna roka/, onpenensieTcs AJHHOH CyMMapHo-
ro BeKTOpa, a HauajbHas $aza P — yraom, 06pa3oBaHHBIM STHM Bek-
TOPOM | ocbio +1.

Iast onpenedienus pasdoctu aByx TokoB (JC, naupsixkennit) cie-
NyeT Ha KOMIJIEKCHOMN NJI0OCKOCTH NPOU3BECTH He CJIOXKEeHHe, @ BblUMTa-
HHE COOTBETCTBYIOIMX BEKTOPOB.

O6paTuM BHEMaHMe Ha TO, YTO €CJTH Gbl BEKTOPBI Ilm, 12m u 1 cTaNu
BpalaTecs BOKPYr Hauajia KOOPJAHHAT C YIJIOBOH CKOPOCTbIO ®, TO
B3aWMHoe pacnosiokeHue BEKTOPOB OTHOCHTENIbHO APyl Apyra ocrta-
N10¢b Ob1 Ge3 H3MEHeHMH.

Bextopnoii duaepammoii Ha3bBaOT COBOKYIHOCTL BEKTOPOB Ha
KOMIJIeKCHOM 11J10CKOCTH, H306PaKalomnX CHHYCOHLaJbHO U3MEHSII0-
lnecs yHKuUMH BpeMeHU OAHON M TOH 3Ke 4acTOThl U NOCTPOEHHbIX C
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[image: image81.png]Puc.3.5

co6JItoleHneM NPaBUIbHOH OPHEHTAIMH HX OTHOCHTEJIBHO APYF Apyra
no ¢ase. [1pumep BekTOpHOH AUarpaMMbl AaH Ha puc. 3.4.

§3.6. MrnoBennas mowmHocTs. [IpoTeKkanue CHHYCOHNAMLHBIX TOKOB
10 y4aCTKaM 3JeKTPHUECKOH 1eNH ConpoBoXxaaercs norpebienHem
IHEPTHH OT HCTOYHHKOB. CKOPOCTh MOCTYIJ/IEHHS] SHEPTHH XapaKTepH-
3yeTcst MOLUHOCTbI0. [Ton MPHOBEHHbBIM 3HAYE€HHEM MOLUHOCTH, HJIH NOL
MCHOBEHHOI MOUWHOCTHI0, TOHUMAIOT NIPOU3BEileHHE MTHOBEHHOTO 3Hax
YeHHS] HaNPsiXKEHUS U HA YYacTKe 1lellM Ha MFHOBEHHOE 3HaYeHHe TOKa
i, TPOTEKAIOLIEro N0 3TOMY YYacTKy:

p = ui, (3.13)

riae p — QyHKIUS BPeMEHH.

[Tepes TeM Kak NPHCTYNHTh K H3yYeHHIO OCHOB PacueTa CJOXKHbIX
nene# CHHYCOMAAIBHOIO TOKA, PACCMOTPHM COOTHOLIEHHS] MEXAY TO-
KaMH H HanpsixKeHUSMH B IPOCTeHLINX 11eNfAX, BEKTOPHbIE AHATPAMMbI
IJIST HUX U KPUBbIE MIHOBEHHbIX 3HAaU€HHH Pa3JIHYHbIX BeJHUHMH. Die-
MEHTaMH peaJibHbiX LeNeH CHHYCOMAAJNbHOrO TOKA ABJISIIOTCS PE3HCTO-
PHl, HHIYKTHBHBEIE KaTYIIKH M KoHJencatopsl. I1porexanuio cunycou-
JaJIbHOTO TOKA OKa3bIBAIOT CONPOTHBJEHHe Pe3HCTHBHbIE 3JeMeHTb
(pe3ucTophl) — B HHX BBLIAGIAETCS IHEPTHs B BUJE TENNOTHl — H peak-
THBHbIE 3JleMEHTbl (HHAYKTHBHbIE KATYLIKH M KOHJIEeHCATOPbl) — OHM TO
3aMacaloT IHEPTHI0 B MATHHTHOM (3J1IEKTPHYECKOM ) 110J1€, TO OTA3IOT €e.
PaccmoTpHM noBeJleHHe 3THX 3JIeMEHTOB.

§ 3.7. PeaucTuBHDLIH 3NleMeHT B Llenn CHHYcOMAaabHOro Toka. Kak
roBopuJoch B § 1.8, pe3aucTHBHbBIN 3J€MEHT — 3TO UAEANH3UPOBAHHDIH
CXeMHbIH /1€ MEHT, YUHTHIBAIOIHH BbiiesIe HHE TEMJIOThl B TOM UJTH HHOM
3JleMeHTe peaJsibHOH 3/1eKTPHUeCKo# Heny. Ero xapaktepusyior 3aBucH-
MOCTBIO HAaNPSXKEeHHsl ¥ HAa HEM OT IPOTEKAIOLLEro o HeMy TOKa i (BOJIbT-
aMnepHOH XxapakTepHCTHKOM) uau conporusiedneM R =u/i. Ha cxe-
Max ero u3o6pakaloT, Kak U pe3HCTOp, B BAE NPAMOYroJibHHKA (pHC.
3.5, a). [Tonoxuresnbtble HANPaBJEHHS OTCYETA U U { COBNAJAIOT.
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[image: image82.png][Mycts i = I,,sinwt. ITo 3akony Oma,
u=iR = Rl sinol = U, sinot, (3.14)
U,=RI,.

BeKTOpHasi AMarpaMMa KoMIieKkca Toka / U COBNafaiouero ¢ HuM
no ¢a3e KoMmmnjekca Hanpskenus: U nokaszana na puc. 3.5, 6.

Ha puc. 3.5, 8 1aHbl KpHBbiE MPHOBEHHBIX 3HAYEHU T TOKA i, HATIPS-
m,m
2

MrHOBEHHAs MOLHOCThb P HUMeeT INOCTOAHHYIO COCTaBAAULY IO
Uyl

Upd m'm &
T H COCTABAAIOULYIO TCDSQ(M, H3MEHAIULYIOCA € 4aCTOTOH 20.

IMorpebasieMmasi OT HCTOUYHHKA NUTAHUA 33 BpeMs df sHeprus paBHa
pdt.

JKEHHST 1 W MOILHOCTH p = U, [, sin®ol = (1 — cos2wf).

§ 3.8. HHAYKTHBHBIIi 3JieMeHT B LENH CHHYCOMAAJIbHOrO ToKa. Mn-
JYKTHBHbIH 3JIeMEHT N03BOJISIET YYHThIBATH siBJeHHe HaBeneHus JJIC,
H3MEHSTIOUMMCS] BO BpEMEHH MAaTrHHTHBIM TIOTOKOM, M sIBJIEHHE HAKOII-
JIeHUsi SHEPTUH B MAarHHUTHOM [10J1e PeaJsbHbIX 3JIeMEHTOB 3J1eKTpHue-
ckoii nenu. Ero xapakTepusyiotr 3aBHCHMOCTBIO IOTOKOCUETJIEHUST P OT
ToKa i (Bebep-aMnepHO#l XapaKTEPHCTHKOH) WIH WHILYKTHBHOCTbIO
L =+/i. Ha snekTpuuecKux cxemax WHAYKTHBHBIH 3JjieMeHT U306pa-
K0T, KaK N0Ka3aHo Ha puc. 3.6, a. Ha cxeme 3aMelenus peasnbHyio
MHIYKTHBHYIO KaTyUIKY MOXKHO NPEACTaBUTh B BH/E M0C/€10BaTENLHO
COeIMHEHHBIX HHAYKTHBHOTO U PE3UCTUBHOTO 3JI€MEHTOB.

Berpenium vHAYKTHBHBIN 3JeMeHT (pHC. 3.6, a). [Tonoxutenbhble
‘HanpasJeHus Toka i yepes Hero, DJ1C caMOUHAYKLHH e, H HATPsXKEHHe
Ha HeM U, yka3aHol Ha puc. 3.6, a. Ecam i=/ sinwi, T0
e = — L:—:= — oLl cosot = oLl sin(wf — 90°). O1peeJHM pasHoCThb T0-
TEHLHMAJIOB MeXAy Toukamu a ub. [Tpu nepemetlennn ot ToukH b K Touke
a upem BerpeyHo  IJAC e, nostoMy @, =q¢,—e, H

di .
Uy =@, — @, = — e, = Lgt-. B nanbHeiiieM Hanpsi>KeHHe HA HHIYK-
THBHOM 3JieMeHTe Gynem 0603HauaTh i, UK, NPOCTO, 4 6e3 HHAEKCa
Uy =U, =U= —¢,. (3.15)
‘CnenosaredbHo,
! u= oLl sin(o! 4+ 90°) = U, sin(wt 4+ 90°); (3.16)
) U,=olI,

Mpoussenenue oL o6osnauaercs X,, Ha3blBaeTCsl UHOYKTUBHBIM CO-
nporusaenuem v namepsiercst B omax (Om):

X, =oL. (3.17)
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Takum 06pa3oM, HHAYKTHBHbIH 3s1€MeHT (MHAYKTHBHAasl KaTyllKa, y
KoTopoil R = 0) npy CHHYCOHAJIbHOM TOKe 06J1a{aeT CONPOTHB/ICHH-
€M, MOAyJb KOTOPOro X; = o L npsiMo NponopLHOHaJeH 4acTore o [CM.
(3.16)] — Ha puc. 3.6, 6 BexTop Hanpsikenui U onepexxaet BeKTOp TOKa
I na 90°. Komnaekce DJ1C camounnykuuu £, Haxonutesi B npotuoase
C KOMILJIEKCOM HanpsikeHHi U.

I'paduku MrHOBEHHBIX 3HAUEHUH i, 4, p H30OpaXxkeHH! Ha puc. 3.6,8.

MrHoBeHHAasl MOLHOCTD

mlm

p = ui = U, cosotl, sinot = sin2of (3.18)
MPOXOAHT Yepea HyJleBoe 3HaUYeHHe, KOT/la Yepe3 HyJlb POXOIHT JHOO i,
Jau60 u. 32 nepBylo YeTBEPTb MNEPHOAA, KOTAA & M i MOJOXKHTENbHBI, P
TaK»Ke MoJIOXKHTeJIbHA. ﬂnomanb, OrpaHhyeHHasn KpHBOﬁ P B OCbIO a6-
CIHCC 32 3TO BpeMms, rpeacrasasaet coboit JHEPruio, KOTOpas B3sta OT
HCTOYHHKA MNUTAHHUSA HA CO3laHHE SHEPFHH MArHHUTHOIO NOJIA B HHAYK-
THBHOH KaTyuke. Bo BTOPYIO HeTBepThb llepHoAd, Koraia TOK B LenH
YMEHbLIAeTCsA OT MaKCUMyMa 10 HyJIsl, 3HEPIrusi MarHuTHOro noJas ot-
naercs OépaTHO HUCTOYHUKY NUTAHHUSA, MPH 3TOM MTHOBEHHAst MOLHOCTH
OoTpHLaTeJbHa. 3a TPeTblO 4eTBEPTh N€PUOJA Y HCTOYHHKA CHOBA 3a6H-
paeTcs sHeprus, 3a YeTBEPTYI0 OTAAeTCsa U T. AA. Cﬂeﬂ.OBaTeﬂbHO, 3HEep-
rusi NepruoaiHvYeCKH TO 336"Pa€TCﬂ MHﬂ.yKTHBHOﬁ KﬂTyLLlKOﬁ OT UCTOUYHH-
Ka, TO 0T aeTcst eMy o6paTtHo.
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[image: image84.png]INanenue Hanpsi)KeHHS HA peasbHOW HHIAYKTHBHOH KAaTyUIKe PaBHO
cymme Hanpsixenuit Ha L u na R (puc. 3.6, d). Kak Bunno u3 storo
PUCYHKE, YrOoJ MeXAy Hanpsikennem U na KaTywike u Tokom / pasen
90° — 6, npuuem tgd =R/wL =1/Q,, rae Q, — 106POTHOCTL peaiib-
HOM HHAYKTHBHOH KaTywkH. Uem Gonbuie Q,, TeM MeHbLuE §.

§3.9. EMKoCTHBIH 3/1EMENT B LienH CHHYCOKaabHoro Toka. Emkoct-
HBIH 3JIEMEHT — 3TO M1eaJU3UPOBAHHBIA CXEMHbIH 3J1eMEHT, N03BOJISA-
OIMH YY4ecTb MPOTEKaHHe TOKOB CMelleHHsl M SBJeHHe HAKOIJIeHUS
3HEPTHHU B 3JEKTPHUECKOM MOJI€ PEasbHbIX 31€MEHTOB 3J1€KTPHUYECKOH
uenu. Ero xapakrepudyer 3aBHCHMOCTb 3apsia ¢ OT HaNpsXKeHUs u
(KyJIOH-BOJIbTHASI XapaKTepHCcTHKa) uin eMkoctb C = q/u. I'paduue-
cKoe H3006parKeHHe eMKOCTHOrO 3J1eMeHTa TaKoe Xe, YTO H H306paxe-
Hue KoHpeHcatopa — puc. 3.7, a. [TojoxutenbHble Hanpas/eHUs OT-
cuera 4 W i coBnanaioT. Ecjau nNpuioKeHHOe K KOHIEHCATOPY
HanpsiKeHue U He U3MEHsIeTCsl BO BpeMeHH, T0 3apsia ¢ = Cu Ha ogHO#
ero o6kJajake v 3apsig —g Ha npyroil (C — eMKOCTb KOHAEHCATOpa)
HeM3MEHHbI, H TOK uepe3 KOHAeHcaTop He npoxopuT (i =dgq/dt =0).
EcJin ke HanpsKeHHe HAa KOHAEHCATOpe U3MEHSIeTCs] BO BPEMEHH, Ha-
[pUMep 10 CHHYCOMAAILHOMY 3aKOHY (pHC. 3.7, a):

u=U,sinut, (3.19)

TO 110 CHHYCOHIAJIbHOMY 3aKOHY Gy[eT MeHSITbCS W 3apsifl § KOHAeHca-
topa: ¢ = Cu = CU,sinot, 1. e. KOHLeHCaTOP GyeT NePHOHUECKH Ne-
pesapsikatbes. [lepuoarueckas nepesapsiika KOHLEHCAaTOpa COMpo-
BOXK/[@€TCSl NPOTEKAHHEM Uepe3 HEro 3apsiIHOro TOKa:

m

1/oC

i =E§_ = 0CU, cosof =

(3.19a)
dt -

sin(wt + 90°).

M3 conocrasnenust (3.19) u (3.19a) BuaHo, 4T0 TOK Yepes KOHAEHCATOP
onepexxaert 1o (ase Hanpsikenue Ha Konaencatope Ha 90°. [Toatomy Ha
BEKTOPHO# guarpamme (puc. 3.7, 6) Bektop [, onepex<aeT BeKTOp Ha-
npsikenust U, ua 90°. AMnnutyna Toka /,, paBHa aMIIMTy ie Hanpsixe-
Hua U, , nesleHHO# Ha eMKOCTHOE COMpPOTUBJIEHHE:

i 3.20
xem ol (3.20)
I,=U,/X. (3.21)

EmkoctHoe conporuBienue o6paTho MpONOPLHOHANLHO HYaCTOTe.
Enunnna emkoctHoro conpotuesenusi — Om. [paguku MrHOBeHHBIX
3Havenui u, i, p u3o6pakeHnl Ha puc. 3.7, 6. MruoBeHHas MOLHOCTD

Upl (3.22)

sin2wt.

p=

3a nepByio YeTBEPTD 11€PUOLA KOHAEHCATOP NOTPEBASeT OT HCTOU-
HHKA NUTaHUA IHEPruio, KOTOPAsi HACT HA CO3/aHHE 3JEKTPHUCCKOro
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[image: image85.png]noJsi B Hem. Bo BTOpyio 4eTBepTh I1ePHO/IA HANIPSIXKEHHE HA KOHAEHCa-
TOpe yMeHbHIaeTCs OT MaKCUMyMa IO HYJIfl, M 3aM1aCEeHHas B 3J1€KTPH-
YECKOM MoJle SHepPrusi OTHAeTCs HCTOUHUKY (MTHOBEHHAs MOLLHOCTb
oTpHUAaTeNbHA). 32 TPETHIO YeTBEPTb NIEPHOLLA SHEPTHs CHOBa 3anaca-
eTCsl, 33 YeTBePTYIO OTAAeTCS H T. I.

Ecau npounTerpupoBathb 110 BpeMelu 06e YacTH PaBeHCTBA

e . (3.23)
i=Cq
TO noayyuam
’ u =%S idt. (3:24)

Pagencteo (3.24) no3Bonsier onpeneuTs HalpsiKeHHe Ha KOHAEH-
caTtope 4epe3 TOK 110 KOHAeHcaTopy. ToK yepea peaJibHblii KOHLEHCATOP,
MJ1aCTHHBI KOTOPOTO Pa3jiesieHbl TBEP/AbIM HIlH XKHAKHM LH3TE€KTPHKOM,
B KOTOPOM HMEIOTCS TeMJOBbie I0TePH, 06YCJIOBNEHHbIE BSI3KUM TPEHH-
€M [HIIOJbHBIX MOJIEKYJl M [APYrHMH NPUYHHAMH, B pacuere, MOXKHO
ydectb 110 cxeme (pHuc. 3.7, ). Peaynbrupytownii Tok [ = I, + I,

Tok /, onepexxaer U na 90°, a Tok /, conanaer ¢ U no ¢ase (puc.
3.7,0). Yron 8 naswiBawot yeaos noreps; tgd = 1/ Q.. roe Q. — nobpor-
HOCTb KOHZleHCaTopa, g6 3aBUCHT OT THNA AUDJIEKTPHKA H OT 4aCTOTh
M H3MEHSIeTCS] OT HECKOJIbKHX CEKYHJ| 0 HECKOJIbKHX FPALyCOB.

§ 3.10. YmHoXeHHe BeKTOpa Ha j H —j. nych €CTb HeKOTOpbIH
BekTop A = Aei% (puc. 3.8). YMHOXKeHHe ero Ha j naeT BEKTOp, NO
MOLYJII0 PaBHbIH A, HO NIOBEPHYTbIf B CTOPOHY OnepexeHHsi (IPOTHB
YacoOBOM CTPAJIKH » 110 OTHOLIEHHUIO K HCXOAHOMY BekTOopy A Ha 90°. Y M-
HoxeHue A .a —j noBopauusaet Bektop A Ha 90° B CTOPOHY OTCTaBa-
Hu# (10 yacoBoii cTpeJiKe) Takxke 6e3 H3MeHeHHs ero MoayJs. Urobbl.
y6eauTbCsl B 3TOM, MPEACTABUM BEKTOPHl j U —j B noKasaTe bHO#

dopme:

j=1.e/% — %", (3.25)
—j=lee = e, (3.26)
Torna
Aj = Aelvaei® — Aeitva+ 90, (3.27)
— Aj = Aeitag — 1% = Aeita — %), (3.28)

H3(3.27)cnenyer, uto Bektop jA, 1o MonyJito pasHbiii A, cocrasasier
c ocbio + 1 KommniekcHo# mJockocTy yroa ¢, + 90°, T. e. noBepHyT
NpOTHB 4acoBoii cTpesku Ha 90° No oTHOWIEHHIO K BeKTOpY A.

CoraacHo (3.28) yMHOXeHHe BeKTopa A Ha —j JaeT BEKTOp, 1O
MOLYJ10 paBHbli A, HO NOBEePHYTLIH 10 OTHOWEHHIO K Hemy Ha 90° nmo
4acoBoO# cTpeJiKe. -
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§ 3.11. OcHOBbI CHMBOJIMYECKOTO METOAa pacyera Lenei CHHYCOM-
nagibHOro Toka. OueHb UIHPOKOE PACTIPOCTPAHEHHE HA IPAKTHKE 1101y~
UMJT CHMBOJIHYECKHU L, HITH KOMILIEKCHbLH, METOL pacyera Lenei CHHYCo-
UAAJNBHOTO TOKA.

Cy1iHOCTb CHMBOJIHYECKOTO METO/Ia PacyeTa COCTOUT B TOM, UTO NIPH
CHHYCOH/ aJIbHOM TOKE MOXHO MEPElTH OT YPaBHEHHH, COCTABNEHHbBIX
OS5 MPHOBEHHbIX 3HaueHHH u apasiowmxcs AH(depeHuHasbHbIMU
ypaBHeHUsIMH [cM., Hanpumep, (2.29)], k anre6panueckUM ypaBHeHHsIM,
COCTABJIEHHBIM OTHOCHTE/IbHO KOMIlJIeKcoB ToKa ¥ DJ1C. D10t nepexon
OCHOBa@H Ha TOM, 4TO B ypaBHEHHH, COCTABJEHHOM 110 3aKoHam Kupxro-
¢a 115 yCTaHOBUBLIEroCs Mpollecca, MTHOBEHHOe 3HaYeHHe TOKa i 3a-
MEHSIOT KOMILIEKCHOH aMILUTY10# ToKa [,; MrHOBEHHOEe 3HAUEHHE Ha-
NpPsDKEHHs Ha  pe3ncTope conpoTuBieHueM R, papHoe Ri, —
Komnyiekcom R/, no daze coBnagaioium ¢ TOKoM /,; MrHOBEHHOE 3Have-
HHE HaTpPsKEeHHs Ha MHAYKTHBHOM KaTylliKe uL=L—:L;wKOMﬂJIeKCOM
I, joL, onepexaroumm Tok Ha 90°; MrHOBEHHOE 3HAYEHHE HATIPSKEHHS
Ha KOHAEHCATOPE ue = %Sidt — KOMILIIEKCOM [, (:—C’ , OTCTAIOLLHUM OT TO-
Ka Ha 90°; MmruosenHoe 3navenue JJ1C e — komniekcom E,. Cnpasen-

JIMBOCTH 3aMEHb u; = L% Ha [ joL cnenyer us § 3.7n 3.8.

B § 3.8 6110 nokasato, 4to aMnJuTyLa HanpsikeHusi Ha L paBua
NIPOU3BeICHHIO aMIUTYAB Toka Ha X; = oL. Muoxureab j cBune-
TeJNbCTBYET O TOM, YTO BEKTODP HAlPSIKEHUs HA HHAYKTHBHOH KaTylIKe
onepexkaet BeKTOp ToKa Ha 90°.

Anasoruuno, u3 § 3.9 caenyer, 4TO aMIUINTYa HaNpsKeHHs Ha
KOHzeHcaTope paBHa aMIVIMTYLe TOKa, YMHOXKeHHOH Ha X, = 1/wC.
Orcrapanue nanpsxxenus Ha KOHZEHCATOPE OT NPOTEKAILIErO N0 Hell
ToKa Ha 90° 06'bSICHSIET HAJTHYHe MHOXKHTENS —|.

Hanpumep, ansi cxembt puc. 3.9 ypaHeHHe 15 MTHOBEHHbIX 3HaYe-
HUH MOXHO 3anKcaTh TaK:

up+u, + u.=e,
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. di | 1. (3.29)
iR + LEZ+ES idt =e.
3anuiieM ero B KOMIJIeKCHO# Gopme:
IR+ I joL + Im(ﬁé] =E,
Boinecem im 3a CKOOKY:
. j : 3.30
I,,,(R+1mL—m’—C)=E,,,. (3:30)
CuaienoBaresbHO, AJIS CXeMBbI puc. 3.9
; E, (3.31)
m="_ ;-
; o
R + joL — oC

DTo ypaBHeHHe M103BOJIAET HAHTH KOMILJIEKCHYI0O aMTIMTYy TOKa
1, uepe3 komiuiekcHyio amnautyny DJC E,, 1 conpoTHBJeHHs uenu
R, oLul/nC.

MeTo/1 Ha3bIBAIOT CUMBOAULECKUM TIOTOMY, YTO TOKH M HAMIPS XKEHHS
3aMeHSIIOT HX KOMILIEKCHbIMH H300parkeHUsiIMH UJIH CHMBOsiaMH. Tak,

RI,, — 510 u300pa)keHHe HJH CHMBOJ [MaJeHHs HanpskeHus: iR;

di
]le — u306paxKkeHHe MJHM CHMBOJ NafAEHUS HaNpsKeHUs w=Lgg
——%I,,, u306paKeHHe UM CHMBOJI MaJeHHUS HAMPS>KEHUSI Ha KOHIeH-

caTopeE { idt.

§ 3.12. KomnaekcHoe conpotusiienne. 3akod OmMa s Lenu CHHYCo-
upanbhoro Toka. MuHoxuress R + joL — (j/oC) B ypaBHenuu (3.30)
npescTasisier co60ii KOMNJIEKC, HMEET PA3MEPHOCTL CONIPOTUBJIEHUST H
o6o3nauaercs yepe3 Z. Ero HasblBalOT KOMNACKCHOIM CONPOTUBACHUEM:

—ze”’=R+/o)L——]-‘ (3:32)
oC

Kak v BCcsikuil KOMIJIEKC, Z MOXHO 3anHcaTh B NMOKa3aTeJbHOH
¢opme. Moay/ib KOMIIJIEKCHOTO CONPOTHBJIEHHST NPHUHATO 0603HAYATD
yepe3 2. Touky Han Z He CTABAT, IOTOMY YTO IPUHSITO CTABHTb €€ TOJIbKO
Ha/J TAKHMH KOMIJIEKCHBIMH BEJTHYHHAMH, KOTOPbIe 0TOGPaXKAIOT CHHY-
couiasibHbie QYHKLUUH BPEMEHH.

Ypasuenue (3.30) moxHO 3anucath Tak: l Z = E Pasnenum o6e
€ro 4acTH Ha J2 W nepeffieM OT KOMIUIEKCHbIX aMnautyn /,, n E,,, K

KOMIJleKcaM AeHCTBYIOLHX 3HaYeHUH iuE:
I= E/Z (3.33)




[image: image88.png]Ypasuenue (3.30) npeacrapaset co6oit 3akon Oma OAs yenu cuny-
coudanbHO20 TOKQ.

B o6uem cayuae Z umeeT HEKOTOPYIO N€HCTBHTENbHYIO YacTh R U
HEKOTOPYIO MHHMYIO 4acThb jX:

Z=R+ jX, (3.34)

rae R — akTUBHOE conpoTUBIeHHe; X — peaKTHBHOE COMPOTHBIEHHE.
Jlnst cxeMmbl (cM. puc. 3.9) peakTHBHOE COMPOTHBJIEHUE

X =0l — 1/oC.

§ 3.13. Komnaekcnas nposogumocts. [Tox KomniekcHoit npoBoau-
MOCTbIO Y NOHUMAIOT BEJHUHHY, OﬁpaTHyIO KOMIIJIEKCHOMY COMpPOTHB-
nexuto Z:

Y=1/Z=g— jb=ye . (3.35)
Enunuua Komnsekcnoit npoBogumoctd — Cm (Om—'). HeiicTsu-
TeJIbHYIO 4acTh ee 0603Ha4aloT yepe3 g, MEHUMYIo — yepe3 b. Tak Kak
1 i R —jX R X

7_R+iX_R2+X2 R+ X2 IR2+X2_g ib,
TO )
R S S )
RE+x2 Ry x%’ ’ (3.36)

Ecnu X nonoxutedbHo, To 1 b nonoxurenbho. [1pu X orpuuaresio-
HOM b TaK»Ke OTPHLLATENbHO.

[Tpu ucrnonb3oBaHuW KOMIJIEKCHOH npoBoguMocT# 3akoH Oma
(3.33) 3anuchIBAIOT TaK:

= Uy, (3.33a)
HUIau
i=Ug—jUb=1I,+1,

rae I — AKTHBHAsl COCTABJAIOUIANA TOKA; 1 — peaKTHBHas coCTaBs-

folwas Toxa; U — Hanpsi>KeHHe Ha y4acTKe LleH, COpOTHBJIEHHE KOTO-
poro pasto Z.

§ 3.14. TpeyrosbHUK CONPOTHBJEHHI W TPEYrOJbHHK MPOBOAUMO-
creid. M3 (3.34) caenyer, 4TO MOLYJib KOMIJI€KCHOTO CONPOTHBJEHHUST

2=R*+ X2 (3.37)

CriefloBaTenbHO, 2 MOXKHO NPEACTABHTb KAK THIIOTEHY3Y MPSIMO-
yrosnbsoro TpeyrojbHuka (pHc. 3.10) — TpeyrosbHUKa CONpOTUBJIEHHUH,
ONlWH KaTeT KoToporo paseH R, npyroi — X. [1pu stom

tgp = X/R. (3.38)
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AHasoruuHbIM 06|+ 30M MOJLYJ/1b KOMIJIEKCHOW POBOAHMOCTH B CO-
oteercTBuH ¢ (3.36) y = \g? + b2. CnenoBaTenbHo, y eCTh PHIOTEHY3a
PSIMOYTOJILHOTO TPeyrosbHuKa (puc. 3.11), KaTeTamMu KOTOPOro fBJsi-

I0TCSl aKTHBHAA g M PEAKTHBHAs b 1IPOBOAUMOCTH:
tgp=1b/g. (3.39)

TpeyroJbHHK CONPOTUBJIEHUH faeT rpaduyecKylo HHTepNpeTauHio
CBfI3H MEXKY MOJyJieM NOJIHOTO CONPOTHBJIEHHS Z H aKTHBHBIM M peak-
TUBHBIM CONPOTHBJIEHHSIMH LIeTH; TPEYTOJbHUK NPOBOAMMOCTEH — HH-
TeprpeTanHio CBA3KH MeXIy MOLYJeM MOJHOH NPOBOIHMOCTH Yy H ee
AKTUBHOH M PeaKTHBHOH COCTABJISIOUIUMH.

§ 3.15. Pa6ora ¢ komniexcubimu wncaamu. [1pn pacuere uenei nepeMeHHOro ToKa
MPHXOAHTCSH HMETh JIeJI0 ¢ KOMIIEKCHBIMH YHCJIAMH: COLPOTHBJIEHHE YYACTKa Ul HIu
LENH B LEJIOM — 3TO KOMILIEKC; TPOBOAHMOCTL — KOMILIEKC; TOK, Hanpsixenne, DJ1C —
Komnuekchl. Jlnisi Haxoxaennst Toka 110 3akony Oma Hy>kHo kommieke DJ1C pasnesints Ha
KOMILJIEKC CONPOTHBJIEHHS.

”3 KypCa MaTCMaTHKH UW3BECTHO, YTO KOMIJIEKCHOE YHUCJ0 MOXHO NPEeACTABUTHL B
Tpex (pOpMax 3anHcH: aireGpanyeckoll a + jb, nokazatenbHoh celu TPHIOHOMETpHYE-
cKo# ccosg + jesing.

Caoxenne ABYX ¥ GOJILIEFO YHCIa KOMILIEKCOB yj06HEe [IPOM3BONHTD, H0Jb3YACh
anre6panyeckol Gopmoit 3anucu. I1pH 3TOM OTA€NIBHO CKIAABIBAIOTCS HX NeHCTBHTE/ b-
Hbie § MHHMBIE YACTH:

(ay + jby) + (ag + jbg) + (a3 — jbg) = (a) + ag + ag) + j(b, + by — b3).
Jlenenue u yMHOXKEHHE KOMIJICKCHBIX YHCE! LEJECO0BPasHO IPOU3BOAKTS, MO/ b3Y-
fich noKasateabuoi Gopmoit sanucu. Hanpumep, nyxuo pasneants komuaeke c,e/%l na
KOMIIEKC Coe/?2. B peaysibTate flesienns GyfeT Noay4YeH KOMIIEKC
e/t ¢

= el — 99,
cgel¥2 €y

L‘3ei 3 =

Mony/ib PesyJibTHPYIOWErD KOMNJIEKCA C3 PABEH YACTHOMY OT JeJIeHHSt €} Ha Co, A
apryMenT @3 = ¢, — Q.
T1py yMHOXKEHUH ABYX KOMIIEKCOB €)€/%1 1 coe/%2 pesysibTHpytowmii KomiLieke
- of% — ¢ ef®1e ei% — ¢ ¢ el +
el = ¢,e/P1cyel¥2 = ¢ cpe/'91 @9,

Mpu pacuerax 3/1eKTPHYECKHX Uelel 4AaCTO BO3HHKAET HEOGXOAHMOCTD B liepexoje
ot anre6panyeckoi GopMbl 3aTIHCH KOMIJIEKCA K M10KA3aTeJIbHOH WK HA060POT.
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MycTts 3apano KomMNeKcHoe Yuco a + jb = ce/® 3nech
c= \/a2 + b, tge = b/a, a = ccosg, b = ¢sing.

Yro6kl He COBEpPLIMTH OWHOKY NPH 3aIIHCH MOKa3aTesibHOi (DOPMbI KOMILIEKCE, pe-
KOMEHJYeTCsi CHauaJia KayeCTBEHHO H300pa3uTh 3afaHHbii B anre6panyeckoil hopme
KOMIJIEKC Ha KOMIJIEKCHOH 11I0CKOCTH, YTO NO3BOJHT N1PABUJILHO BLIPA3HTh YTOMl () MEXLY
ocbio + 1 ¥ BEKTOpOM. ¥Taibl, OTK/IaAbiBaeMble NPOTHB YacoBOH CTPeSKH ot ocH + I,
CYHTAIOT MOJIOMKHTENIbHBIMH, 110 4aCOBOH CTPEJIKE — OTPHLLATENIbHBIMH.

Npumep 30. [Tepesectn B nokazaTesabHyio GOPMY cielylolHe KoMIIeKek: a) 3 +
+24;6)2 + 3j;8)4 — 5j; r) — 6 — 2j; 1) — 0,2 + 0,4j; ) 10 — j0,8. )
Pewenune nosicheno na puc. 3.12, ¢ —e: a) 3 4+ 2j = 3,6e/33°40; 6)2 4 3j = 3,6e/%6°2;
B)4 — 5j = 64e~ P 1) 6 — 2j =632e /1D =632/ 1) — 02 + 04/ =
= 0,448¢/''6, ) 10 — 0,8] = 10e™ /*4,

§ 3.16. 3akoun Kupxrodpa B cumsoanueckoii dopme 3anucu. [lo
nepsomy 3akoHy Kupxroda, anre6panyeckasi CcyMMa MrHOBEHHBIX 3Ha-
YeHHi TOKOB, CXOAMIIUXCS B JIIOOOM y3Jie CXeMbl, paBHa HYJ10:

i, =0, (3.40)

Moxncrasus Bmecto i, B(3.40) / /' u BbiHecs e/%! 3a cCKOGKY, 0Jy4YHM
efory' ], = 0. Tak KaK e/ He paBHO HYJIO IPH JIOGOM £, TO
k P

Zik —0. (3.40a)

Ypasuenue (3.40a) npeacrasasier co6oit nepsbiii 3akon Kupxroga
B CHMBoJIHueCKO# (hOpMe 3aMH1CH.
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[image: image91.png]J1i151 3aMKHYTOr0 KOHTYPa CKOJIb YTOAHO CJI0XKHON 3JIEKTPHYECKOH
1Le11H CHHYCOH/1a/1bHOTO TOKd MOXKHO COCTABHTb YPABHEHHE 110 BTOPOMY
3akoHy Kupxroda nsst MrHOBeHHbIX 3HaYeHHH TOKOB, HAlPsIKEHHH H
d.C.

[TycTb 3aMKHYTHI KOHTYD CONEPXKHUT 1 BeTBeH U Ka)kaasi k-BeTBb B
00lieM Ciyyae BKIOUAET B Ce0sl HCTOUHHK 1Ce,, pesucrop R, HHIYK:
THBHbIH L W €eMKOCTHbIHA C 3JIEMEHTbI, 110 KOTOpblM np()TeKaeT TOK llz
Torpa no BTOpOMy 3aKOHY Kupxrotba

" - n (3.41)

. diy, .
kZ(:kRk + Legp + o §edd =k>:e;k

Ho kaxpoe caaraemoe jieBoii 4aCTH ypaBHEHHS B COOTBETCTBHHU C
§ 3.12 moKHO 3ameHuTb Ha [, Z,, a KaXJ10€ ciaraeMoe NpaBol 4acTH —
na E,. Tlostomy ypaBHenue (3.41) nepexoaut B

Ziklk =YE, (34la)

k=1 k=1

YpaBHenue (3 4la) npencrasasier co6oi B'ropou 3akoH Kupxroga B
CHMBOJIHYECKOH hopMe 3aTHCH.

§ 3.17. MpumeHeHue K pacuety uenei CHHYCOHAAJbHOTO TOKa MeTO-
JI0B, PACCMOTPEHHBIX B IMaBe «DJEeKTPHUECKHE LENH MOCTOSIHHOIO TO-
Ka». [lJif aHa/iu3a u pacyeTa 3JeKTPHUECKHX Lienel MoCcTOSHHOrO TOKa
paspaboTaH psiji METOJ0B 1 MPHEMOB, 06JICrYaloLHX pellieHHe N0 CpaB-
HEHMIO C PelIeHHEM CHCTEMbl ypaBHEHHH MPH HEMOCPeJCTBEHHOM HC:
110J1b30BaHKH 3aKOHOB Kupxroda. M3 ra. 2 u3sectHo, 4T0 K YHCY TAKHX
METONI0B OTHOCSTCS METQ/Ibl KOHTY DHbIX TOKOB, Y3JIOBBIX [IOTEHLIMANOB,
5KBHBAJICHTHONO F€HEPATOPA H T. . I3BECTHO TAKXKeE, UTO OKOHY ATeb-
Hble pacueTHble YOPMYJIbl 3THX METOLOB 110J1y4aI0T B pe3yJbTaTe BLIBO-
JIOB, B OCHOBY KOTOPbIX MOJIOKEHbI 11ePBbii 1 BTOPO# 3akoHsl Kupxroda.

ITockonbky nepeblil 1 BTOpo# 3akoHbl Kupxroga cripaBemjiuBbl H
418 Lenei CHHYCOMAJbHOTO TOKA, MOXHO Obli1o Obl 3a11Mcath ypaBHe-
HMUS$I /IS MTHOBEHHbIX 3HaueHHH BEJHUHH Liellell CHHYCOHJaJbHOr0 TOKA,
riepelTH OT HAX K YPABHEHHUSIM B KOMILJIEKCAX H 3aTeM NOBTOPHTb BbIBOJL
Bcex GopmyJ ra. 2 AJs uenel cuHycounaasHoro toka. I[lonsiTro, 4to
NpoJe/biBaTh BHIBO/b 33HOBO HET HEOOX0JHMOCTH.

B Tom cayuae, Koria orienbHble BETBH 3J1eKTPHYECKOH Lenu CHHY-
COM/1aJIbHOTO TOKA He CBSI3aHbl MeX /Y CO60H MarHUTHO, Bce pacuyeTHble
(hopMyJIbl 1. 2 TPHIOAHBI M 115 pacyeTa Lefeid CHHYCOHJaJbHOrO TOKa,
€CJIH B 3THX (OPMYJIax BMECTO NIOCTOAHHOTO TOKa / MOJACTaBHTbL KOMII-
JIeKC TOKa /, BMeCTo NpoBOAHMOCTH & — KOMIJIEKCHYIO MPOBOJHMOCTb
Y, BMeCTO conpoTHBieHnst R — KOMIJIEKCHOE CONPOTHBIIEHHE Z 1 BMe-
cto nocrostinoit JIC E — komnaekcnyio IC E

Ecsiu xe oTAesbHbIE BETBH 3JIEKTPHUECKOH LIENH CHHYCOHAAJbHOrO
TOKa CBSI3aHbl APYT C IPYroM MarHUTHO (3TO MMeeT MeCTO NNPH HaJIHYUH

96




[image: image92.png]B3aHMOHHIIYKIIHH), TO MAaJleHHe HANPSKEeHHst Ha KaKOM-1160 yuacTke
{efih 3aBUCHT He TOAbKO OT TOKA JIaHHOH BETBH, HO H OT TOKOB TeX
peTBeil, C KOTOPbIMH JlaHHAsi BETBb CBSI3aHa MarHuTHo. Pacuer anekT-

HYECKHX LeTeld CHHYCONAAIbHOTO TOKA NPH HAJIHYHU B HUX MarHUTHO-
cBSI3aHHBIX BeTBel Npruobperaer psiJ 0coberHocTell, KOTOPbIE HE MOTYT
6bITh yUTEHbI, €CJIH B POPMYJIax IJl. 2 HenocpecTBEHHO 3aMeH!Tb E Ha
E,RuaZnguaY.OcobeHHOCTH pacyeTa MarHHTHO-CBSI3AHHBIX Lieref
paccmotpensi B § 3.36.

§3.18. lpuMeHenne BEKTOPHLIX AMArpamMMm NPH pacyeTe JieKTpUyIe-
CKHX Liereil CHHYCOMa/ibHOro ToKa. Tok U HanpsiKeHHst Ha Pa3JInUHbIX
yuacTKaX 3JIeKTPHUECKOH LieNH CHHYCOU1a/IbHOTO TOKA, KaK TPaBHJIO,
no ¢ase He conajaior. Harnsanoe npeacrasienne o pazoBom pacno-
JIOKEHHH Pa3JIMUHbIX BEKTOPOB 1aeT BEKTOPHAsi AuarpaMMa TOKOB H
HanpskeHui. AHaJHTHYECKHE pacyeTbl 3JEKTPHUECKHX Leneld CHHYCOo-
MaJbHOTO TOKA PEKOMEHyeTCs COTPOBOXK/ATh NOCTPOEHHEM BEKTOP-
HBIX JHarpamm, YTOOBl HMETb BO3MOXKHOCTb KaYeCTBEHHO KOHTPOJIHPO-
BaTh 3TH PacyeThl.

KauecTBeHHBIH KOHTPOJIb 3aKJ/II0UAETCS B CPaBHEHHH HanpaBJleHHi
pasJiMuHbIX BEKTOPOB HAa KOMIIJIEKCHOH MJIOCKOCTH, KOTOPHIE MoJ1ydaloT
[1pH aHAJIHTHYECKOM pacyeTe, C HallpaBJeHHeM 3THX BEKTOPOB HCXOAS
U3 ¢usnueckux coobpaxenuii. Hanpumep, Ha BekTopHO#H auarpamme
nanpsokenne U, noskHo onepexatb Tok [ Ha 90°, a nanpsixxenne U, —
orcTaBaTh oT ToKa [ Ha 90°.

Ecan aHanuTHUeCKHU# pacyeT aeT pe3yJ/ibTaThl, He COBIA/a0lHe C
TaKHMH OUEBHHBIMH MOJOXEHUSIMH, TO, CJ1€/10BaTeJbHO, B HETO BKpa-
nack owHbKa. Kpome Toro, BEKTOPHYI0 AHArpaMMy 4acTo HCIOJb3YIOT
M KaK CpPeiCTBO pacueTa, HallpUMep B MeTo/e MPOMOPLHOHAJIbHbIX Be-
JIHYMH.

Npumep 31. B cxeme (puc. 3.12, a) e= l4lsinwf B; Ry =3 Om; Ro=2 Owm;
L = 0,00955 I'n. ¥Yruiosast yactota © = 314 pan/c.

Onpesesiuth TOK U HANPSIKEHUE HA HNCMENTAX LeTIH.
Peuwenue 3annuem ypaBHeHue LISt MTHOBEHHBIX 3HAYCHHH

. di
iRy + Ry + LE=E'
Ilepeiinem oT Hero K ypaBHEeHHIO B KOMIIEKCAX: .
IR, + Ry + joLl = Evnu {Z = E,
rae Z = R; + Ry + joL =3 + 2 + j314-0,00955 = 5 + 3j = 5,82¢/"".
Komnaexc aeitctsytowero suayenus 3J1C E = 141/\/2 = 100 B. Tok
I =E/Z =100/58¢"1" = 17,2e #1" A,
Hanpsuenusi na Ri Uri=Uas=IR1=51,6e ™" B, na Ry Urp=Usc=IRy=34,4¢ """ B;
Wa L Up = Ueg = joLl =3j-17,2¢7 " = 51,66/ B.

Bexrophas nuarpamma nao6pasxena na puc. 3.13, 6. Bextop E nanpasien noocu + 1.
BekTop Toka / orcTaer ot ero na 31°.

4 3ak. 683 ) 97




[image: image93.png]+

)

b 1 4,

Puc.3.13

MNpumep 32. Pewntsb 3ana4y npumepa 31 MeTOAOM MPOIOPLHOHANBHBIX BEJIHYHH.

PemeHue 3anafinuMmcs TOKOM B lerd B | A H HanpaBHM €ro Ha BEKTOPHOM JHar-
pamme (puc. 3.13, 8) noocu + 1(/ = 1). Hanpsix.uue Ha R| coBnajaet no ase ¢ TokoM
H yucaeHHO pasko | -3 = 3 B. Hanpsxenue Ha R, Takke coBnanaer ¢ TOKOM H pasHo 2 B.
Hanpsxenue na L pasro 3 B nonepexaer Tok va 90°, U3 npsamMoyronsHoro TpeyrojbHuka
cnenyeT, 4to npH Toke ] =1 A na sxone E —\/5 + 32 = 5,82 B. Tak Kak Ha Bxoae
neiicreyer 9JC B 100/5,82 = 17,2 pa3a Gosblle, To BCe TOKH W HANPFANKEHHS LOJKHbI
6bITh YMHOXKeHb Ha Koadduunent 17,2. Ha puc. 13.3, 8 Bce BeKTOpBI NoBepHYTH Ha 31°
NPOTHB YaCOBOM CTPEJIKH 10 CPABHEHHIO C COOTBETCTBYIOIHMH BEKTOpaMH Ha puc. 3.13,
6. SIcHo, 4TO B3aHMHOE PACNOJIOKEHHE BEKTOPOB HA nuarpamme [PH 3TOM He HK3MEHHJIOCH.

Tpumep 33. B uenu puc. 3.14, a R=4 Om; 0 = 10° pan/c. Onpenennts eMKOCTb
KouzneHcatopa C, eciin E = 10 MB; I = 2 MA.

Pewenue. KomniekcHoe conporusienne uend Z =R — j/oC, ero moayb

=\)R2 + (1/C)?.
o 3akony Oma | = E/z, orcionaz = f— =10-10"%/2-10~% =5 Om.

Crenosatensho, Xe = 1/0C =2 — R =62 — 4% =3 Om; C = 1/(10°-3) =
= 1/(10°-3) = 3,33 mx®.

BektopHas auarpaMmma H306paxkeHa Ha pHc. 3.14, 6.

Mpumep 34. Ha yyactke ab passeTiieHHol Leny pyuc. 3.15, a napansiesibHO BKKOUE-
Hbl WHIYKTHBHO® CONpOTHBJIeHHe X; = wL W aKTHBHOE CONPOTHBJIEHHE R, YuC/IeHHO paB
Hoe X;. [lokasanue amuepmerpa Ay =5 A. OnpenenuTs nokasauue amnepmerpa A,
nosiaras ConpoTHRJIEHHE aMIIEPMETPOB HACTONHKO MAJIbIMH, YTO HX MOXHO HE YUHTLIRATH.
7 Uy
- —
) £

Puc. 3.14
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Pewenue Hapuc. 3.15, 6 KauecTBEHHO NOCTPOHM BEKTOPHYIO uuarggMMy. Ha-
npsixenne Ugy cosnanaer no dase ¢ Tokom Iy Tok /) orcTaer ot ToKa [, Ha 90° u pasen

emy 110 BesiHunHe. Tok B Hepa3BeTBieHHOW uYacTH cxembl /3 =1, + . Monyab Toka
Iy= S\E= 7,05 A. Amnepmerp Ag nokaxer 7,05 A.

Mpumep 35. [TocTPOHTL BEKTOPHYIO AHArPAMMY TOKOB W HAIpPSXKEHHI /S CXeMbl
puc. 3.16, a,ecan /) =1 A, Ry = 10 Om, oL ) = 10 Om, 1 /0C = 14,1 Om; 0L 3 = 20 Om,
Ry=2,50m.

P e e ue. O6O3HAYUM TOKH H IPUMEM MOJIOKHTEJIbHBIC HANPABJIEHHS ISl HHX B
COOTBETCTBHH ¢ pHC. 3.16, a. Buibepem macwura6 aia Tokos m; = 0,5 A/cm u ans wanps-
xenuil my, =4 B/cm. Tok /| nanpasum no ocu + 1 (puc. 3.16, 6). [anenne Hanpsxkerus
URI =10 B u no ¢ase cosnanaer c Tokom /. [lanenne HANPAXKEHHs B HHAYKTHBHOM
conpoTunienHn oL takxe pasuo 10 B, no onepexaet Tok /| Ha 90°. ['eomerpuyeckas
cymma Up, + U;, no monynio pasua 10V2 = 14,1 B. EMKocTHBI# TOK I, onepexaer 3To
Hanpskenue Ha 90°. Monyab toka Iy = 14,1/14,1 = 1 A.

Tok B Hepa3BETBJIEHHO YACTH LENH PABEH IEOMETPHYECKOH CyMMe TOKOB:
13 =1, + I5. Monynb ero pasen ~ 0,8 A (naiinen rpaduueckn). [lanenue nanpsxenns
Ha conpotuBieHuH Ry pasHo 2 B 1 coBnanaet no gase ¢ Tokom /4. [lanenne nanpsxenns
Ha HHAYKTHBHOCTH L3 onepexaet 10K I, a 90° H uucaenso pasHo 0,8-20 = 16 B. Haups-
Kexue Ha Bxoae cxeMbr pasuo JJIC u cocrapaser okoso 18,3 B.

Mpumep 36. Pewnts 3aaauy, 06pathyio paccMoTpeHHoil B ipumepe 35. B cxeme puc.
3.16, ¢ ONLITRLIM MyTeM HaiifeHbi 3HaYeHNS TOKOB /), o H I3 (B BETBH CXeMbl BKJIOWHIH
aAMMepMeTpL W 3anucau ux nokasauus), [y =1 A, Io=1 i I, =0,8 A w onpenenensi
TPH HanpsKeHNs: HanpsxKeHHe Ha Bxofe cxeMbl U = E = 18,3’ B, nanpsikeHHe Ha KOH-
lencartope UC = 14,1 B (0HO Xe HanpsKeHWe Ha NepPBOH BETBH) H HaNpsKEHHe Ha
TPeTheil eTBu (Ha Ryu L3) Uy = 16 B. Hanpsikenns Gbliik onpefesienbl yTeM MOLKI0-
“EHHs! BOILTMETpa N00YEPEHO K 3aXKHMAM G H e, A H C, e H C.

Mo onbiTHBIM JaHHEIM (MO 3HAYEHHSM TPEX TOKOB M TPeX HaNpsiKeHUi) OCTPOHTH
BEKTOPPHYIO }marpaMMyA -

euenue Hapuc. 3.16, 8 ornoxum pektop U, no Moaysio pasuslii 14,4 B. [lns
:l;ﬂocmsneuun cpuc. 3.16, 6 pacnoNnoXKKM €ro Ha IHarpaMMe Tak e, KaK OH pacrofioXeH
puc.3.16, 6. . K

H3o6pasum na muarpamme Tok I,. Ou Ha 90° onepexaer Hanpsixkende U, u no
Monyno pasen | A. Mocne aToro noctpoum Ha auarpamme TokH 1 H /3, BOCNIOJIb30BABIIKCH
TeM, 4T0 TpH ToKa (1), Iy w I3) 06pa3yior 3aMKHYTHi TpeyronbHUK (pHc. 3.16, 6).
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[image: image95.png]Jlns nocTpoenus TpeyroibHHKA O TPeM CTOPOHAM (T. e. (DaKTHUECKH NS onpeaee-
HHS TPETbei BePIIHHBI €r0) U3 KOHLLA BEKTOPa TOKA (M3 OHOH BEPLIHHBI TPEYrOJbHUKA)
fOABEIEM ATy PajinyCcOM, paBHBLIM TOKY /|, a U3 Hauasia BEKTOpa T0Ka /o (T. e. H3 BTOPOik

BEPUIHHBI TPEYTO/IbHHKA) TIPOBOJKM AYTY PajHyCOM, PaBHBIM TOKY /5.
Touka nepeceyeHnst 3THX AYF JaeT HCKOMYIO TPETHIO BEPLIMHY TPEYTOJAbHHKA, T. €.
TOUKY, B KOTODOii OKaHUHBAIOTCH BEKTOPH TOKOB I3 1 /). [locne Toro kak auarpamme

OMpeJeJIeHO NOJOXKEeHHE BEKTOPa TOKa I3, MOXHO uaoépaawn, Ha Hell BEKTOPbI Hanpsixke-
uusi Uz u DJ1C E. X
Hanpskennss Ug, U3 w 3JIC E Tawxe obpasyior BaMKHyTbIM TpeyroabHik. Ero

NOCTPOEHHE OCYULECTBJIAETCA AHAJIOPHYHO HOCTPOCHHIO TPEYrOJbHHKOB TOKOB,
3 konLa BekTopa U NpoBoaMM iyry paanycom, paHbiM Us, a #3 nauasia BekTopa

Uc — AYTY paiHycom, pasHbim E. Jlyru nepecekaloTcsi B To4Kax e H f.
Tak Kak Hanpsikende Uy npeacrabaser coGoil najeHHe HANPSKEHHS OT TOKA Iy na
N0C/Ie10BATEIbHO COBHHEHHBIX Rg H L3, TO OHO N0 (Da3e J0JKHO oliepexaTh TOK I3. a He

OTCTaBaTh OT HETO.
[Toatomy U3 Touek e u [ BbiGHpaem Touky e (ecqin 6bl BbIGpann TOUKY f, TO.B 3TOM
cayuae nanpsxenne Us — mynkTHp Ha puc. 3.16, 8 — oTcTaBano 6w 0T ToKa I3, a He

Olepexasno ero).
B 3akn104eHHe OTMETHM, 4TO B TPEYroJibHHKe TOKOB J1yrH TOXe NepeceKaloTcs B AByX
TOYKAX, HO BTOpast (JIHLIHSASA) TOuKa Ha puc. 3.16, 8 He nokasana.

§ 3.19. U306parkeHne pa3HOCTH MOTEHLIHAJIOB HA KOMIJIEKCHOI NJ1o-
ckocTH. [ToTeHUHKaN bl LieNH MepeMEeHHOTO TOKA SIBJISIOTCS KOMIJIEKCHBI -
MU uncsiami. Ha koMnsieKcHo# NJIoCKOCTH KOMILTEKCHOE YHCJI0 MOXHO
n306paxatb JUOO TOUKOH, KOOPAMHATH KOTOPOH paBHBl IeHCTBUTEb-
HOH M MHHUMOH 4acTsM KOMINIEKCHOrO NoTeHLHana, Ju6o BEKTOPOM,
HaMpaBJ/IeHHbIM OT HAYaJla KOOPJAHHAT K JIaHHOM TOUKe MJIOCKOCTH.

Ha puc. 3.17 npencrapiiensl 1Ba BekTopa, u3oGparkamwoliue coboi
KOMIJIEKCHbIE NOTEHUHANB: ¢, = — 2+ 5ju ¢, =4 4 j. .

[To onpenenennto, pasvocTs noteHunatos U, = ¢, — ¢, =
= — 6 + 4j; U,, u306paszurtcsi BEKTOPOM, HalpaBJeHHbIM OT b K a.
IepBoiii MBAEKC ¥ HAanpsiKeHUs (B HallleM NPHMEPE HHIAEKC @) yKashl-
BaeT, K KaKo#l TOYKe CJiejlyeT HalpaBHTb CTPEJIKY BEKTOPa HaNpsixKe-
nus. EcrectBenno, uto U, = — U,,.

§ 3.20. Tonorpaduueckas auarpamma. Kaxkaas Touka ajlektpuue-
CKOH CXeMbl, B KOTOPOii COEIMHSIIOTCS 3JIEMEHThI CXeMbl, HMEeT CBoe
3HaueHHe KOMILJIEKCHOrO NMoTeHlHana.

COBOKYITHOCTb TOYEK KOMILIEKCHOH [JIOCKOCTH, H306parkatoliux
KOMIIJIEKCHBIE TIOTEHLHaJbl OAHOMMEHHDBIX TOYEK 3JIEKTPHYECKON CXe-
Mbl, Ha3bIBAIOT TOROZPpaAPuUUecKOl Ouaepammol.

Tepmun «tonorpaduueckasi» oGbsICHIETCS TeM, YTO Jluarpamma
HanoMHHAaeT Tonorpaguueckylo KapTy MeCTHOCTH, Ijie KaX/0# TOUKe
MEeCTHOCTH OTBeYaeT onpefiesieHHast Touka Kaprtel. Paccrosinne mexay
JIBYMSl TOUKAMH Ha MECTHOCTH MOXHO ONpe/lesInThb, H3MEPHB PACCTOR -
HHE MeXJy OlHOMMEHHbIMH TOUKaMH Ha KapTe.

AHanoruunele H3MepPeHHst MOXKHO NPOBOJAHTL M Ha Tonorpadguue-
cKoH anarpamme. HanpsikeHne Mexy jitoGbIMH By Ml TOYKAMH JIEK-
TPHYECKOH CXeMbl, HAPUMEP MEXK/ly TOYKAMH a W b, MO 3HAYEHHIO H
HanpaBJIEHHUIO ONpe/ieJiIfeTCA BEKTOPOM, TPOBE/IEHHBIM Ha Tonorpadu-
4eckol Harpamme OT TOUKH b K TOUuKe a.
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[1pu nocTpoeHHH TonorpadUueckoi JHarpaMmbl, Kak H NOTEHLH-
ajibHol (M. § 2.10), noreHuwan J11060# TOUKH CXeMbl MOXKeT ObITb NpPHU-
HAT PaBHBIM HYJIIO. Ha ayarpamme 3Ty TOUYKY [lOMewarwT B HayvalJlo
KOOpPAHHAT. TO[‘[[Z‘] MOJIOKEHHEe OCTaJIbHBbIX TOUEK CXeMbl HA HarpaMmme
onpenessiercss napamerpamu uenu, JC u Tokamu setsell. Paccmor-
pum HECKOJIbKO TPpUMEPOB.

Npumep 37. [To nanHbIM npuMepa 35 HOCTPOMTDL TONOrPAPHUECKYIO AHATPAMMY s
cxemnl pHc. 3.16, a.

Pewenue O6oznaunm Gyksamu a, b, c, ... TO4KH cxeMbl puc. 3.16, a, Kotopbie
XOTHM OTOGPA3HTh Ha Tonorpaduueckon snarpamme. [IpuMem NOTeHUHAN TOUKH A paB-
HBIM HyJTHO: ¢, = 0,

Bripa3uM noTenUmal TOUKH b yepes noTeHLKaN TOUKHK a:

95 =g + 1R =g, + 10.
3uHak narwc nepencnaraeMbim IlRl O6yCAOBAE_H TeM, UTO "p“ l'lepexolle OT TOYKH a K TO4YKe

bnepemelenne NPOUCXONMT HABCTPedy TOKY /| (NIpH 3TOM NOTEHUH A yBEJIHYHBACTCS Ha
14R,). Touka b Ha qnarpamme HMeeT KOOPAHHATY 110 ock abeurce + 10. Ananornuso,

9=+ ljoLy =10 4 j10;
@4 =0, + I35
9o =04+ LzjoLs
CoBokynHoCTb ToueK a, b, ¢, d, e Ha KOMIIEKCHOI NJ0CKOCTH (puc. 3.18) npeacras-
JifeT coboit Tonorpaduueckyio auarpamMmy cxemsl puc. 3.16, a. [o neii yno6xo onpene-

JATb HallpsiXXeHHe MeX1y N0OBIMK ABYMsi TOUKAMH CXeMbl H CABHT MO ¢a3e 3TOro Hanps-
XKEHHS OTHOCHTEJIBHO J1106010 JPYroro HanpsiKeHus.

Mpumep 38. Haiitn Tokn B cxeMe (puc. 3.19) MeTon0OM y3/10BbIX 10TeHUHaN08. [Tono-
KuteNbHbie Hanpasiennss IJIC yka3aHbl Ha CXeMe CTPesiKaMH, e, = 120\2sinot B;

e3=100\2 cos(w! — 120°) B; R = 2 Om; 1 /0Cy = 10 OM; 0Ly = 5 Om.

Pewenwue 3anuwem IJC B KoMnnekcHoi Gopme: EI =120, Es = 100e™ 13",

BriGepem nonoxutenbHble HaNpaB/AeH:s ANs TOKOB B BETBAX K yaay a. Onpeaennm
fposoaumocTu Betedi: ¥\ = 1/Z, = 1/2=0,5Cm; Yy = 1/Z, = 1/(—10j) = 0,1j Cwm;
Yo=1/Zy=1/(5)) = — 02j Cm.

3azemsum Touky b. Y paBHenHe o METOny y3/0BbIX OTEHLHAOB

Pa¥oa =Yoo

120-0,5 + 100e ™~ /3°.0,2e 1%

e
a 0.5+ 0.1j — 02 104e™ 7 B.
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[image: image97.png]Toku B BETBAX i
Ey—@s 120 — 104 /&

}1 ==z = 5 =85 + j7,25 = 11,17e/0°% 4,
— 9  — 104" ¥ _
Iy= — — 10,4e— %A
2 Z, — 10e/® €
oo Ea— % 1007 BT — 104e” ¥
3Tz, 5 -
100(cos30° — jsin30%) — 104(cos8° — jsin8°)
= 5 -
_ _ : j245°30 .
_ 16,2 - 35,5/ 39le - 7,82e“5530'AA
5§ 5e/%

Mpumep 39. Haiiti Toku B cxeme puc. 3.20, @ METOLOM KOHT YPHBIX TOKOB H II0CTPOHTD
Tornorpaduyeckyio 1HarpaMmy, ecin Ey =100 B; Eg = 100e/™ B; X¢ = 1/oC =2 Ow;
R =L =50m.

P eweHue. Boibepem HanpaBieHusi KOHTYPHbIX TOKOB I11 " 122 10 4acOoBO# CTpe-
ke. 3anulleM B 06LUEM BHJIe yPABHEHHS /L1 KOHTYPHBIX TOKOB [Cp. ¢ ypaBHeHusiMH (2.46)]

Illzll + 1222!2 - Ell‘
IIIZZI +122222—E22'

rae Zj) — co6CTBEHHOE COMpPOTHBJIEHHE NepBOro KoHTypa; Zjp= R — ﬁ: 5 — 2j;
Z3y — cOGCTBEHHO® COMPOTHBAEHHE BTOPOro KoHTypa, Zg2o= R 4+ joL =5+ 5j;
Z12 = Z31 — co6CTBEHHOE CONPOTHB/EHHE BTOPOr0 KOHTYpa, B3ATOE CO 3HAKOM MHHYC,
Zig=— R=—15; Ei — anre6panveckas cymma IJIC mnepsoro KOHTYypa,
En=E1=100; Ego— anre6panveckas cymma IJC  BTOporo  KOHTYpa,
Egp = — Eo = — 100j.

¢ CrenoBaTesbHo,
['4 b L ];1(5-21)'—5'22—‘00
. — 51}y + Ipo(5 + j5) = — 100j.

&
Onpenenntenb CHCTEMBl

_|6—-2) —5]_ :  18ai56°20.
A—l —5(5 + 5§) =10 + 15j = 18e! H
100 —5 :
A'=|—100/(s+sn = 500:
|6—2) 100

_ _ /56°20"
—5—100|_300 500 = 582~

Toku B cxeMe
1) = A,/A = 500/18e/5°2 — 27,8¢— /56" p;
lgg = Ay/A = 582¢ 159" /18e/56°20 — 39, 30— /NS p;
Ip =1} — Iy =30e/"""3"

Tonorpaduyeckan quarpamMma H3o6paxena Ha puc. 3.20, 6.
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[image: image98.png]§ 3.21. AKTHBHas, peaKTHBHAA U NMoJaHas mowHocTu. [Ton akTusroil
MOUWHOCTHIO P IOHNMAIOT CpeaHee 3HAUEHHE MTHOBEHHOH MOLLHOCTH p

aa nepuon T T T (342)
P= 75 pdt =7§uidt.
0 0

Ecau TOK i=1,sinwf, HampsKeHHe Ha YyyacTKe leMH
u=U,sin(ot 4+ ¢), T0
T (3.43)

1 L mlm
P =7S I,U,sinotsin(ot + g)dt = o Cose = Ulcosg.
0

AKTHBHASI MOLLHOCTb (PU3HUECKH NIPeJICTaBJIsIeT COG0H 3HEPrHIo, KO-
TOpasi BbIIEJIAETCH B ejMHHIY BpeMeHH' B BHJe TETUIOTHl HAa y4acTKe
pend B conpoTuBieHud R. JleHCTBHTeNbHO, MPOM3BeleHHE
Ucosg = IR. CnenosareJibHo,

P = Ucosgl = I’R. (3.44)

EnuHuia akTHBHOH MOILHOCTH — Br.

IMop peaxTusHoll MoOwHOCTHIO Q NMOHUMAIOT NPOU3BEJEHHE HANPS-
xenust U Ha yuacTke 1leny Ha ToK / 110 3TOMY YUaCTKY H Ha CHHYC yrJia
¢ mexnay HanpsikendeM U ¥ TokoMm [: i

Q = Ulsing. (3.45)

EnuHuna peakTHBHOH MOLIHOCTH — BOJIBT-aMIMEP peaKTHUBHBIH
(BAp). Ecain sing >0, To Q >0, ecJiu sing <0, To Q <0.

Paccmotpum, uto dusuueckd npencraBnsieT co6oH peakTHUBHAS
MotHocTb. C 3TO# 1eJIbI0 BO3bMEM YYacCTOK LENH ¢ MOCJe10BAaTeNbHO
coegunentsiMd R, L u C. IlycTb no HeMmy nporekaer Tok i =/, sinet.
3anuiiemM BbIpaXKEeHHE JISi MTHOBEHHONO 3HAUEHHS] CyMMbl SHEprHi
MarHMTHOTO H 3JIEKTPHUECKOTrO MoJei Lemnu:

L2 Cug L, cr,
Wy=W,+ W, = 3 +——2—=Tsm ot + 2((.)6)2605 ot =
= L—12(l — cos20t) + P (1 4+ cos2ot)
2 202C )

U3 nonyuentoro Bbipaxenus BUAHO, uto W, uMeeT NOCTOSHHYIO
cocrasnsiouyo W, o, HeH3MEHHYI0 BO BpeMEHH, ¥ TIePeMeHHY10 COCTaB-
JAIOILYI0 W,,,, ©3MEHSTIOLLYIOCS ¢ JBOHHOH yrI0BOH 4acTOTOM:

Wma = WMSO — Wy

2 7 20%C 2 2%
——

2 2 2 2
rne W.‘ao=i +l_" w,,= (i -—,—Jcos2mt.

1
Mpennonaraercs, uto B | ¢ yknanbiBaetcs Uesoe yHCAO NepHoaos 7.
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[image: image99.png]Ha co3panue noctosiHnoii cocrasaswoumed W, o Gblia 3aTpauena
SHePrUs B MpoLecce CTaHOBIEHUSA JaHHOIO NePHOIMYECKOro PeXHUMa.
B nanbHeiiem npu nepuonnueckom npouecce sueprus W, ,octaercs
HEH3MEHHO! U, C/leloBaTeIbHO, OT HCTOUHHKA NHTaHKs He TpeGyeTcs
IHEPIUH Ha ee Co3jlaHue.

Cpennee 3HaueHue SHePrHH w,,, NOCTyNaloLleli OT HCTOUHHKA 3a
uHTepBaJ Bpemenu ot — T/8 no + T/8,

t=T/8 9 2
Wi ep =_;; S r/swuadt =;2; (L’2 tﬂlzc] = o Hx, = Xo)=

(3.46)

2 2
= — Ulsi =—20.
nmusmw uwQ

Takum 06pa3oM, peakTHBHAS MOILHOCTb  MPOMNOPLHOHANbHA
cpeiHeMy 32 YeTBEPTh [IEPHO/1a 3HAUYEHHIO IHEPIHH, KOTopas 0TAaeTCst
MCTOYHHKOM NMHTAHHSA HA CO3[aHHe TePeMEHHOH cocTaBsioLefi 3/1eKT-
PHYECKOro M MarHHTHOIO 110J151 HHAYKTHBHOH KaTyLIKH H KOHEHCATOPa.

3a 0/1MH NePHONL IepeMeHHOro TOKa 3Heprust W, IBaX/1bl OT/2€eT-
Csl TEHEPATOPOM B LI€Tb H ABAXK/bl OH N10J1yYaeT ee 00paTHO, T. €. peak-
THBHAsi MOLLHOCTb AIBJISIETCSt IHEPruei, KOTOPOH 0OMEHHBAIOTCSH reHe-
paTop ¥ NpUeMHHUK.

Iloanas mowrocre

S=Ul. (3.47)

Eaunnua nonnoi Mmompocty — B-A.
MouHocTu P, Q 1 S cBsizaHbl ciiefiylouieil 3aBHCHMOCTBIO:

P24+ Q?=82 (3.48)

['paduuecku 3Ty CBSI3b MOXKHO MPEACTABHTb B BUJIE NPSIMOYTOIBHO-
ro TpeyroJibHuka puc. 3.21 — TpeyrojibHUKa MOULHOCTH, ¥ KOTOPOTO
HUMEIOTCs KaTeT, paBHbiil P, karter, paBHbiil Q, u runotenysa S.

Ha wntke n1060ro HCTOYHHKAE 3JIeKTPHUECKOH IHEPTHH MepeMeHHOo-
ro ToKa (reHepaTopa, TpaHcopMaTopa M T. A.) yKa3blBaeTcsi 3HaUeHHe
S, XapakTepH3yioiee Ty MOIHOCTb, KOTOPYIO 3TOT HCTOYHHK MOXKET
0TAaBaTh NOTpeGHTeJI10, eI NoceHH paboTaer npy cosg = 1 (. e.
ecn;i noTpe6HTeIb IPEACTaBsieT OO0 YUCTO aKTHBHOE COMPOTHBIIE-
HHe).

§ 3.22. BoipaxkeHue MOINHOCTH B KOMMJEKCHOH ¢opme 3anucu.
IlycTb 3aAaH HEKOTOPBIE KOMILJIEKC

A = Aei*a = Acosg, + jAsing,.

* .
IMon koMnyiekcoM A, conpsiKeHHBIM € KOMILIEKCOM A, 6yieM MOHH-
MaTh i

*
A =Ae~ 1= Acosg, — jAsing,.
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[image: image100.png]PaccMOTPHM NPOCTOW NPHEM ONpe/leJieHUsi aKTHBHOH U PEaKTHB-
Hoil MOILHOCTEH Yepe3 KOMIJIEKC HANpPSKEHHst W CONPSKEHHH KoMmT-
sekc Toka. Hanpsikepne Ha Hekoropom yuactke uenu U = Uel%, Tok
no 2ToMY ydacTKy [ = lef%i. ¥Yron Mexay 'HanpsiKeHHeM H TOKOM
¢ = @, — @ YMHOXUM KOMIUICKC HATIPHIK@HHS HA COMPSIKEHHBbIfl KOM-

e ~

naekc Toka [ = Je™ 1% y 0Go3HauuM nosyueHHbIll KOMIJIEKC yepe3 S:

~ -¥
S = Ul = Ulel% =% = Ule’ = Ulcosy + jUlsing = P + jQ.
(3.49)

~ 3HauoK & (Tuibaa) Han S 0603HayaeT KOMIIEKC (@ He COTPsKeH-
Hbiil KOMIJIEKC) OJTHOH MOILHOCTH, COCTABJEHHbIH IPH yUaCTHH CONPS-

*
JKEHHOrO KOMILJIeKca Toka 1.
Takum 06pasoM, aKTHBHasi MOIIHOCTL P ecTb neHCTBHTeJbHast
yactb {Re), a peakrTuBHasi MomHoCcTb Q — MHUMasi yacTeb (Im) npous-
*

BeJIeHUS Ul .
P= ReU_I*- (3.50)
Q= ImUI.

Mpumep 40. OnpeneN T aKTHBHYIO, PEAKTHBHYIO H NOJIHYI0 MOLWHOCTH 110 JAHHBIM
npumepa 3l.Pewewnne Hanpsxenne wHa Bxome Bcek cxembi paso IJ1C

U=E=100 B. Tok B uenu ] =172 7" A, ConpsiKeHHBIR KOMIAEKC TOKa
* e - ¥ ar0
[=17,2¢" A. Kommiekc noswoli mowrocts S=UI=100-17,2¢/"=1720c0s31°+
+/1720sin31°=1475 +- j886; P = 1475; @ = 886.

Cllef0BaTeNbHO, aKTHBHASE MOLHOCTb P == 1475 BT, peaktnsnas Q = 886 BAp u
nonuas S = 1720 B- A.

§ 3.23. Uamepenne mowHocTH BaTTMeTpoM. Mamepenne MolHoCTH
NPOM3BOAAT OGBIYHO € MOMOLLBIO BaTTMETPa 3JIeKTPOJHHAMHYECKOR
CHCTeMbl, B KOTOPOM HMEIOTCS JIB€ KaTylKH — HEIOJABHXHAs H No-
IBHXHASsT.

TMonsukHas KaTyliKa, BIMOJHEHHAS W3 OY€Hb TOHKOTO MPOBO/A,
HMEeT NMPaKTHYECKH UMCTO aKTHBHOE COMPOTHBJIEHHE W Ha3biBaeTcs
napaaneavroii 06morkoil. Ee BKIOUAIOT MapaliesbHO y4acTKy Lefu,
n0106H0 BoJIbTMETpPY. XKecTKo CKpemJieHHasi co CTpesiKoi (ykasaTe-
JIeM), OHa MOXKET BPALLATLCS] B MATHUTHOM TI0JI€, CO3/1aBAEMOM HETO/L-
BHXXHOH KaTyIKO#H.

S
X

P
Puc.3.21 Puc.3.22 Puc.3.23
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[image: image101.png]HenoaBuxHas KaTyiuKa, BEINOJHEHHAs H3 OBOJILHO TOJICTOrO MPo-
BOAA, HMEeT OUeHb MaJsloe aKTHBHOE CONPOTHBJIEHHE H HA3bIBACTCS NO-
caedosarenvroti 06morkoii. Ee BKIOUAIOT B Lelb MOCJe10BaTeJbHo,
nosxo6HO aMnepMeTpy.

Ha ssiekTpuueckoli cxeme BaTTMeTP H3006paKaloT, Kak NoKa3aHo Ha
puc. 3.22. OnHa napa KOHLOB (Ha PUCYHKe 0OBIYHO PACIOJI0KEHA FOPH-
30HTaJIbHO) MPUHAMLJIEKHUT NOCJIeloBaTeIbHOH 06MOTKe, Apyras napa
KOHHOB (Ha PUCYHKE PacroJoXXeHa BePTHKaJIbHO) — MapaJjiyielibHo#,
Ha KoHuax oZHOMMEHHbIX 32)XMMOB 0GMOTOK (Hanpumep, y Hauaja
00MOTOK) NPUHSATO CTABHTb TOUKH.

Bpauwatouwuii MOMEHT BaTTMETpa, a CJienoBaTesbHO, H ero noKasa-
HUSl [IPONOPUMOHAJIbHBI NE€HCTBUTEJIBHONH YaCTH NPOM3BEJEHHS KOMII-
JieKCHoro HanpsikeHusi U,, Ha napaJuiesibHoii 0OMOTKe BaTTMeTpa Ha

*

Conpsi>KeHHBIR KOMILIEKC TOKA /, BTeKalolero B KOHel| ocJieoBaTe/b-
Hoi (TOKOBO#1) OOMOTKM BaTTMeTpa M CHaGXeHHOH TOuUKoii:
N,

Rel,,J = U, Jcos(U,,J).

Hanpsoxenue Ha napaJyiesibHoit 06MoTKe 6epyT paBHbIM Pa3HOCTH
NOTEHLHAJIOB MEXKJy ee KOHIIOM, HMEIOLLHM TOUKY (TOuKa a), H ee KOH-
LOM, HE HMEIOLIUM TOuKH (Touka b). [1pennonaraercsi, uto Tok / Brekaer
B KOHel1| l'lOCJ'IellOBaTeJleOl’l 06MOTKH, Y KOTOpOro rnoctasJieHa TOYKa.

I_leHa J€JIEHHs BaTTMeTpa onpene/igseTcsd KakK 4aCTHOE OT eJIeHus
[POM3BENEHHsI HOMHHAJILHOIO HAMPSIXKEHHSI Ha HOMHHAJIbHBIH TOK (yKa-
3bIBAIOT Ha JIMLEBOH cTopoHe Npubopa) Ha YHCJIo AeJieHHH mKaJbl.

MNpumep 41. HomunanbHoe Hanpsxenne BaTTMerpa 120 B. Homunanbhbiii 1ok 5 A.

Hkana umeer 150 nesennit. OnpefiesinTh LeHy feJ€HHs BaTTMETpA.
Pewenue. Llena nenenns sarrmetpa pasna 120-5/150 = 4 Br/nen.

§ 3.24. IByxnoNlocHMK B Lenu cMHycompasibHoro toka. Ha cxeme
pHuc. 3.23 n306parkeH nacCHBHbBIH ABYXIMOJIOCHHUK, MONKJIIOUYEHHBIN, K MC-
Tounuky DJIC. BxonHoe conporuBiienue nyxnodiocuuka Z,, = E/I. B
of11em ciyuyae

ZBX = RBX + jXBX = ze}w'

ITpu X,, > 0 BX0oAHOE CONPOTHBIIEHHE HMEET HHAYKTHBHbIN Xapak-
Tep (¢ > 0), npu X,, << 0 — emkocTHbIH H n1pu X,, = 0 — 4HCTO aKTUB-
HBIH.

Bxonnas mposopuMocts Y, npeacrasJsier co6ofi BeJinuuHy, o6par-
HYIO BXOJIHOMY conpoTuBiennio: Y, = 1/Z .

BxonHoe conpoTHBJIEHHE MOXHO ONpPEeNeJUTb PACYETHBIM MyTeEM,
€CJIM U3BECTHA CXeMa BHYTPEHHHX COeMHEHHI NBYXIOJIOCHHKA H Xa-
pakTep W 3HaYeHHS COMNPOTHBJIEHHH, TGO ONBITHBIM MyTEM.

[Tpu onbITHOM onpeneJieHHH BXOJHOTO CONPOTHBJIEHHS BYXTOJIOC-
HHKa co6upalot cxemy puc. 3.24, a, B KOTopoit aMnepMeTp H3MepsieT TOK
I, BonbTMeTp — Hanpsixxenne U, = U Ha BXole [ABYXNOJIOCHHKA.

. Xk
BatTmeTp usmepsier Re{Ua,,I}, T. €. aKTHBHYI0 MOIHOCTb P = Ulcos¢.
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[image: image102.png]Puc. 3.24

MozyJib BXOAHOTO conpoTHBJienus 2 = U/I. Tlpu nenenun P na npous-
pegenne Ul MosyyaloT KOCHHYC yryia MeXAy HanpskKeHHeM H TOKOM:
cosp = P/ Ul

[lo KOCHHYCY yriia HaXofST Sing K 3aTeM HaxoAAT R, = zcosg K
X, = 2sing.

Tak KaK KOCHHYC ecTb QYHKIIHS YeTHas, T. e. cos(— ¢) = cosg, TO
¥3MepeHHsT He0GX0HMO NOMOJIHUTD ellle OfIHHM OfbITOM, KOTOPbIH 110~
3BoJIMJ1 Obl ITyTEM CONOCTaB/I€HHH NOKa3aHHH aMIiepMeTpa B IBYX OIlbi-
Tax BBISIBUTb 3HaK yrJja ¢. Jlns onpepesieHHs 3HaKa yrjia ¢ MOXHO
BOCIOJIb30BATHCS CMENHaJbHHIM NpHGopoM — ¢ azoMeTpom JHGO NpH
€ro OTCYTCTBHH, NPOJIeJIaB CJeNYIOIHi ONBIT: MapaJljieJibHO Heclenye-
MOMY ABYXMOJIIOCHHKY MyTeM 3aMbIKaHHs KJoua K MoaKJIoyaloT He-
6oabiryto eMkoctb C (puc. 3.24, a).

Ecnu nokasanust aMnepmerpa npu 3aMblKaHuH kJwoda K craHyT
MeHbllle, YeM OHH OblJIM PH Pa30MKHYTOM KJIIOUE, TO YroJl (p HOJIOXKHUTe-
JIeH H BXOJIHOe COTPOTHBIEHHe Z = ze/? UMeeT HHAYKTHBHbI XapakTep
(puc. 3.24, 6). Ecoiv nokasaHusi aMnepMerpa npu 3aMbIKaHHHU KJioua
cTaHyT 6oJiblile, TO ¢ OTPULATEIBHO M BXOJHOE COMPOTHBJIEHHE HMEeT
€MKOCTHBII XxapakTep (puc. 3.24, 8). .

Ha Bektophbix quarpammax (puc. 3.24, 6, 8) | — ToK yepe3 aAByXmo-
JIOCHHUK; [ . — TOK yepe3 eMKOCTb, KOTOpbIH onepexxaet Hanpsikenue U na
BXofie AByxnosiocHHKa Ha 90°. [Ty HKTHPOM H306pakeH TOK yepe3 amnep-
MeTp npu 3aMKHYTOM Kitoye. ConoctaBjieHue MyHKTHPOM H306paXKeHHo-
0 TOKa ¢ TOKOM / W MoITBEPK/AaeT NpHBEIEHHOE 3aKJII0UeHHE.

Mpumep 42. B cxeme puc. 3.24,a U = 120 B; / = 5 A; P = 400 Br.

3ambmaune kyoya K NPUBOAHT K YMEHbLUCHHIO MOKa3aHu# aMmmnepmerpa. Onpe).]e-

JIUTH BXOLHOE COMPOTHBJIEHHE NBYXIONIOCHHKA.
Pew eHue. MOﬂleb BXOLLHOrO COMPOTHBJIEHHSA

z=U/l =24 Owm;
cosq = P/UI = 400/120-5 = 0,666; sing = 0,745.
Takum o6pazom,
R, = 2cos@ = 240,666 = 16 Om;
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[image: image103.png]X,y = zsing = 24-0,745 = 17,9 Om.

Komnaekce Bxonunoro conporusienns Z,, = (16 4 j17,9) Om.

§ 3.25. Pe3onaHcHbii pexxum paboTh AByxnoatocHuka. [ycrb aByx-
MOJIIOCHUK CONEPIKUT OJLHH HJIH HECKOJIbKO HHAYKTHBHbBIX 3JIEMEHTOB H
OLHMH WJIH HECKOJIbKO KoHaeHcatopos. [lon pezomancroim pescumomn
(pexxHMamu) paboThl TAKOTO ABYXIOJIOCHHKA NOHUMAIOT peXXHM (pe-
XKHMBl), IPH KOTOPOM BXOJHOE COMPOTHBJIEHHE ABYXNOJIOCHHKA SIBJISi-
eTCsl YHCTO aKTHUBHBIM .

[To oTHOWeHHIO K BHEUIHEH LeMH ABYXNOMIOCHHK B PE30HAHCHOM
pexuMe BeleT ce6si KaK aKTHBHOE CONPOTHBIIEHHE, I0ITOMY TOK H Ha-
MpsiXKeHUe Ha ero BXoje coBnajfaioT no ¢ase. PeakTHBHasi MOIIHOCTb
JBYXIIOJIIOCHUKA NPH 3TOM paBHa HYJIO.

Paznuyalor 1Be OCHOBHbIE Pa3HOBHIHOCTH PE30HAHCHBIX PEXHMOB:
PE30HAHC TOKOB H PE30HAHC HaNpPsKEHHIH.

§ 3.26. Pe3onanc TokoB. SIBjieHue pe3oHaHca B cxeMe puc. 3.25, a,
o6pa3oBaHHOe JBYMS napaJjJiejbHbiMH BETBIMH C Pa3HOXapaKTepHbI-
MH PEAKTHBHbIMH CONPOTHBICHUSIMH, Ha3blBAIOT PE3OHAHCOM TOKOS.

[Tyctb nepBasi BeTBb CONEPKHUT AaKTHBHOE CONPOTHBJIEHHE R| U HH-
AyKTHBHOe L, a BTOpasi BeTBb — aKTHBHOe R, n eMKocTHoe 1/wC.

Tok I, B nepBoii BeTBH oTCTaeT ot Ranpskenns U = U, (puc. 3.25, 6)
¥ MOXeT OBITh 3aMHCaH Kak

I = Uyl = U(gl — jby).
Tok 1.2 BO BTOPO#l BETBH ONEpeXKAeT HANPSIKeHHe:
iz = UY2 = U(gz — jby).
Tok B Hepa3BeTBJIEHHOI YaCTH Leny
I= il + ]2= U(gy +g) _jU(bx + by).

Puc. 3.25

!CrenoBaTensHO, 1151 ONpesesieHus YCIOBHi HACTYIIEHHA PA3OHAHCA CIIeAYET IPH-
PaBHSATL HYJIIO MHHMYIO 4acTb KOMILJIEKCA BXOLHOrO CONPOTHBJIEHHS LBYXHOJIOCHHKA.
Takoii ciioco6 cripaBelIMB, €CJIH He NpeHeGperaTh AKTHBHBIMH CONPOTHBJICHHSIMU HHIYK-
THBHBIX KaTyllex.
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[image: image104.png][lo onpeneneHHio pa30HaHCHOTO peXXuMa TOK [ 10J12KeH coBnaaaTtb
no ¢ase ¢ Hanpsixennem U. 1o GyneT npu ycJI0BHH, UTO CyMMa peak-
THBHBIX POBOIMMOCTE# BeTBel paBHa HyJio: by + by = 0.

B coorBeTcTBHH ¢ (3.36)

ol
by=—3 2,2
Ry + o°L
1/0C
R+ 1/02CY

g =

Cnef0BaTeNbHO, YCJIOBHE HACTYMJIEHUs] PEXHUMaA PE30HAHCA TOKOB
B cxeme puc. 3.25, a MoXKHO 3amucarh Tak:

ol _ 1/0C (3.51)
R2 2.2 T
o RS+ 22

Ha puc. 3.25, 6 u306pakeHa BeKTOPHAs AMarpaMma Juis pe3oHaHc-
Horo pexxuma. M3 (3.51) cnenyer, uro eciin R, = 0, To pe3oHaHc HacTy-
MUT NpPH

wl (3513)
m= wC.

B eute Gosiee uacTHOM cayuae, korna R, = 0 n R <ol
PE30HaHC HACTYIHUT NPH

W’LC ~ 1. (3516)

PesoHanca MoXHo 10CTHYb NyTeM u3MeHenust , L, C unn R, 1 R,.
YucnoBoe 3HaueHUe TOKa B HePa3BETBIEHHON 4aCTH CXEMbl MOXKeT ObiTh
MeHbllle TOKOB B BeTBsIX cxeMbl. [1pu R, = 0, R, = 0 Tok / MoxeT oka-
3aThCS HUUTOXKHO MaJIbIM 10 CPaBHeHHIO € ToKamu [, u /.

B npeann3upoBaHHOM, MPAaKTHUECKH HE BHIIOJHUMOM peXHMe pa-
6oThi, korfa R; = R, = 0, TOK B Hepa3BEeTBJIEHHOI YaCTH CXEMbl PHC.
3.25, a paBeH HyJII0 M BXO/IHO@ CONPOTHBJIEHHE PABHO GECKOHEUHOCTH.

OGpaTnM BHHMatue Ha caenyiouiee. B popmyay (3.51) Bxoaut natb
BesinumH (L, C, R, R,, o). Ecain onpenensits u3 Hee L uau C, To MoXxet
OKa3aTbCsl, YTO /ISt HCKOMOH BeJIHUMHbBI Gy YT MOJIyu4eHbl O/HO HJIH 1Ba
AeHCTBUTEJIbHBIX 3HAYEHHS! JIHOO MHHMOE 3HaueHHe.

[Mostyuenne nByx AeficTBUTENbHBIX 3HaueHuit Anst L u C cBuaeTeb-
CTBYET O TOM, YTO NPH HEU3MEHHBIX YeTbipeX NapaMeTpax BCJAeACTBHE
H3MeHeHUS. NATOr0 MOXKHO MOJYYHTb [1Ba pe30HaHCHLIX pexcuma. (ITo-
SICHeHHs K BOBHMKHOBEHHIO IBYX Pe30HAHCHbBIX PEXXHMOB MPH U3MEHe-
gZ)H OJIHOrO MapaMeTpa H HEM3MEHHBIX OCTaJIbHBIX 1AIOTCH B IPHMepe

MNonyuenne Muumbix 3nauenuii L n C cBUAETENBCTBYET O TOM, YTO
UPH naHHBIX COUETAHUAX [1aPAMETPOB PE30HAHC HEBO3MOXKEH.
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[image: image105.png]Onpepesum o u3 (3.51):

A\[LIC=R] (a)
(l)-_—ﬂ)o ____l

L/C—RE
rae o, = 1/\/LC — pesonanchas yactora B KOHType 6e3 MoTepb npy
R, =R,=0.
[NockosabKy yrioBasi 4acToTa AeHCTBUTEJIbHA H NIOJ0XKHTENbHA, TO
YHCJIMTEN b U 3HaMeHaTe b GopMYJbl (@) 10NKHbI ObITh C OIMHAKOBBIMH
3HAaKaMHu. To UMeeT MeCTO NPH

a)L/C>R% L/C>R3 6) L/C<R% L/C<R}
Ipu R, = Ry uactota © = w,. [lpu L/C = R} =R}
© = 0,\/0/0, (6)

T. €. ® MoJiyyaeTcs BeJIHYHHOIH HeonpeneﬂeHHOﬁ. Du3nyecKH 3To 03Ha-
YaeT, UTo pE30HAHC MOXKeT BO3HHKATDL NpH JMo6oii yacrore. COnpOTHB~
JIeHHe napaJiedbHoro Koutypa pasto R, /2+(oL)f/2R,.

Mpumep 43. B cxeme (puc.3.25,a) R1 = 300m; 0L = 40 OM; R2 = 0; 0 = 10 pan/c.

[1py KaKOM 3HAUEHHH EMKOCTH KOHLAEHCATOPa B CXeMe GyaeT Pe30HaHC TOKOB?
Pewenne. Ilodopmyne (3.51),

1 R+ LP 30?4 40?
oC oL 40

Xe= = 62,5 0m;

§ 3.27. Komnencauus casura ¢a3s. Bxognoe conporuBierne 60b-
LIHHCTBA MoTpebuTesiel 3MeKTPHYECKOH SHEPTHH HMeeT MHIYKTUBHbIH
xapakrep. J1Jis Toro yTo6bl yMEHbIIHTb NOTPe6JisieMblil HMH TOK 3a CyeT
CHHXKEHHS$ ero PeaKTHBHOM COCTaBIAIOLIEH H TEéM CHU3HTb IOTEPH 3Hep-
I'HHU B reHepaTope M NOJABOASILIUX MPOBOAAX, NapaJJieJbHO TPHEMHHKY
SHEPTHH BKJIIOYAIOT 6aTapelo KOHeHCATOPOB.

YMeHblleHHe cABUTa (a3 MeXay HaNpsiKeHHEM Ha NPHeMHHKe H
TOKOM, OTPe6IsieMbIM OT FreHepaTopa, Ha3blBaKT KoMnercayuel cosu-
ea ¢as.

KomneHcauusi casura ¢a3 cyuiecTBeHHa 15T SHEPrOEMKHUX MOTpe-
6uTesiel, HanpuMep KpynHbX 3aBofioB. OcyuiecTBiseTcst OHa B MecTe
BBOJla IMHWUH NHTAHHA B pacrnpefleJuTeJbHOM ycTpoiicTBe. DKOHOMHYE-
CKH BBITOJIHO MOKJIIOYaTh KOHAEHCATOPLI HAa BO3MOXKHO GoJlee BEICOKOE
HanpsiKenue (ToK yeped koupeHcatopbl [ = UwC). CuBHr a3 ¢ Mex-
Jly HanpsXeHHeM H TOKOM, MOTpe6JisieMbIM OT MCTOYHHKA MHUTAHHS,
NOBOASIT 10 3HAYEHHS, TPH KOTOpoM cosg =~ 0,9-:-0,95.

§ 3.28. Pesonanc nanpskennii. Pesonanc B cxeme nocsiefoBaresib-
Horo coefnnenus R, L, C (puc. 3.26, a) Ha3bIBAIOT PE3OHAHCOM Hanp-
Heenud.
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Puc. 3.26

Ipy pe3onaHce TOK B LiellH [OJKeH coBnajgath no ¢ase ¢ JC E.
AT0  BO3MOXKHO,  €CJH  BXOJHO€  COMPOTHBJIEHHE  CXeMbi
Z=R + j(oL — 1/wC) Gyaer YHUCTO aKTHBHEIM. YCJIOBHe HacTymJe-
HUsl pe3oHaHca B cxeMe (puc. 3.26, a)

0ol =1/(0,0), (3.52)

rje o, — pe3onancHas yacrora.

Ilpu satom [ = E/R. Hanpsixkenue Ha HHAYKTHBHOM 3JIeMEHTE NpH
pe3oHaHce paBHO HANPSIXKEHHIO HA EMKOCTHOM:

Uy =Uc=uw4ll = m—l‘;L—E‘
OrHowenue
ol \IJC (3.53)
® =& ¢

Ha3biBalOT Q06 POTHOCT6I0 PE30HAHCHOTO KOHTYpa. JJo6poTHOCTb NnoKa-
3bIBaeT, BO CKOJIbKO pa3 HanpsiKeHue Ha HHAYKTHBHOM (€MKOCTHOM)
3/leMeHTe MpeBbIIaeT HaNMpPsXKeHHe HA BXOJE CXeMbl B Pe30HAHCHOM
Pexume. B pagnorextuuueckux ycrpoictsax Q MoxeT 1oxoauTh 10 300
H Gosee. BekTopHas auarpaMma st pexuMa pe3oHanca uzobpaxena
Ha puc. 3.26, 6.

Xapakrepucruueckum conporusaenuem g 1as cxembi (puc. 3.26, a)
HaseBarOT OoTHOLIEHHE HanpsiKenua Ha L u C B peXxuMe pe3oHaHca K
TOKy B 3TOM pexume: g = QR=\L/C.
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[image: image107.png]§ 3.29. UccnenoBanne pa6othbl cxemnl puc. 3.26, a Npu H3MeHEHHH
4acToThl M HHAYKTHBHOCTH. ITycTb B cxeme puc. 3.26, a napameTpsl R,
L,Cu3C E nocrosiynbl, a8 MeHsieTcs yactota ©. PaccMoTpum xapak-
Tep U3MeHeHu i Moay el Toka [ u Hanpsokenuil U, n U, B QyHKUMY OT @

Tok B uenn

E E 1

R .
2 1) \/ @2
\/R +(mL—(uC) I+szﬂo___

I =

(0]
in[ H3ME€HEHHH  MEeHseTCsd PeaKTHBHOE COMPOTHUBJIEHHE UENH

X=mL—$z npu o' 0 conporuBienne X— oo W ToK [— 0; npu

o = 1/\/LC conporusiienne X =0, tok [ = E/R; npn @—oo comnpo-
THBJIeHHe X—o0, TOK [—-0.
Hanpsixkenue
Qo

@q
U, =oll=E

of 0 _ 9)?
V1+Q O)O—UJ)

Ipn ©—0 nanpsixenne U, = 0; npu w—co nanpsixenne U,—E
(puc. 3.26, 8). I1pu Q>l/j2 kpuBas U, (v kpuBas Ug) npoxonut yepe3
makcumyM, npu Q<<1/y2 kpusas U, Monotonuo crpemutcs K £.

1
[Tpu 0~ 0 Uy = lm—-—-> E, npu @— oo U~ 0.

C
M3 puc. 3.26, 8 BuaHO, 4To MakcuMyMbl Hanpsixkeuui U, u U, nmeror
MeCTO MPH 4acToTaX, He PaBHbIX PE30HAHCHON YaACTOTE ®, = l/\[LC:
Makcumym U, nmeer mecto npu 'ictote ©,>> w, a Makcumym U, —
MPpH YACTOTE W< W

L

Ha puc. 3.26, 2 nao6paixeHnnsl 1Be KpUBbIE, XapaKTepU3yIollHe 3aBHU-
cumoctb I = f(w) nais enu ¢ HenamenusiMu L, C u E npu aByx pasiuy-
HbIX 3HaueHusx R. [lisi KpuBo# 2 conpoTHBaeHne R meHbuie (a 106poT-
HocTb Q Gouibiue), ueM [Jist KpUBOH /.

O6bIyHO KpHBbie H306pa)kaldT B OTHOCHTEJIbHBIX €IMHHLAX
(puc. 3.26, ¢), oTKNaabiBasi TOK B 10JISIX OT TOK@ NpPH pe3oHaHce, a
4acTOTy — B JI0JISIX OT Pe30HaHCHOH yacToThl. [ paduku ToKa B OTHO-
CHTEJIbHbIX e[IMHHLaX H306paxeHbl Ha puc. 3.26, 0. OHHU nocTpoensl 10
$opmyane

/ 1

E/R T+ Qw/wg — ag/alt.

‘CTpe.nKa —> 3aMEHsAEeT CJIOBO «(’TpeMﬂU.lHﬁCﬂ» WJIH COOTBETCTBEHHO «KCTPEMUTCS».
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[image: image108.png]Uem MeHblLIe aKTHBHOE CONIPOTHUBJIEHHE PE30OHAHCHOTO KOHTYpa NpH
HeM3MEeHHbIX OCTaJIbHbIX TapaMeTpax CXeMbi, T. €. yeM GosibLie 106poT
HOCTb KOHTYpa Q, TeM Gosiee ocTpoit (MHK00GPa3Hoil) cCTaHOBHTCS (op-
ma kpueoi / = f(w). .

[loaocoti nponycKkanus pe30HaHCHOTO KOHTYpPa Ha3biBAIOT M0JOCY
4acToT @y — O = 0,/ Q, Ha rPaHHILAX KOTOPOH OTHOLIEHHE —— COCTAB-

E/R
asiet 0,707 (cm. puc. 3.27, 9).
I'paHHyYHbIE YACTOTH w5 =§(%(\/T+ 4Q% + 1). ApryMeHT BXOJLHOTO CO-

npoTHBAEHHS cxeMbl pHc. 3.26, a ¢ = arctgQ(o/w, — w,/w).

Ecau B cxeme puc. 3.26, a U3MEHATb He YacTOTY, 8 HHAYKTHBHOCTb
L, To 3aBucumocthn I, U, B ¢pynkuuu ot X, = oL(w = const) 6yayr
MMeTb BHJ KpHBbIX puc. 3.26, e.

1
Tak kak Ug =~ a 1/0C = const, To kpusas U, = (wL) kauect-

BEHHO HMeeT TaKo# Xe BHA, uTo U KpuBasi | = f(wl).

Mpumep 44. B cxeme (puc. 3.26, a) R=100m; L = 1 'n; C = 1 mxP.

OnpenesiuTh pe30HAHCHYIO YAaCTOTY ®g, 106poTHOCTH Q, a Takxe Hanpsikenne Ug,
ec/IM Ha BXOL CXeMbl I0AaHo Hanpskenre 10 MB npu pesonanchoil yacrore.

P e wenue. Pesonancuas 4actora o, = 1I/VLC = l/\/lO_6 =10° paa/c.

Jo6porHoets Q = wol /R = (103~ 1)/10 = 100. Tok B uenu / = E/R = 0,01/10 =
=1 mA. Hanpsikenue Ha Kounencarope Up = QE = 100-0,01 = | B.

§3.30. YacroTHble XapaKTEpPUCTHKH ABYXNoJtocHHKOB. Bxoauoe co-
MPOTHBJIEHHE U BXOAHAS NPOBOAUMOCTD ABYXIOJIOCHHKA B O6LLEM Cay-
yae ABNAOTCH QYHKUUSIMH YacToTH o. [lon wacroTnoimu xapakrepu-
crukamu (UX) MNoHUMAOT cJefylouiMe THIbI XapakTepHcTuk: 1)
3aBHCHMOCTb MOZLYJISt BXOJHOI'O CONPOTHBIIEHHS (MPOBOAKMOCTH) OT ya-
CTOTHI ; 2) 3aBUCHMOCTb JE€HCTBUTEJLHOM HJIH MHUMOM 4aCTH BXOJHOTO
CONPOTHBJIEHUS (IPOBOAUMOCTH ) OT YACTOTh! ®. UX MoryT 6HITh noJyue-
Hbl PACYETHBIM (€CJIH M3BECTHA CXEMa, XapaKTep 3J€MEeHTOB H HX UHC-
JIOBble 3HAYEHHS ) THGO OMBITHBIM (B 3TOM CJlydae CXeMy ABYXMOJIOCHH-
Ka H XapakTep COCTABMASIOLIUX €€ 3JIEMEHTOB MOXKHO H He 3HAThb) MyTeM.

Ipu cusitun UX onbITHBIM NyTeM Ha BX0OJ ABYXI0JIOCHHKA [104AK0T
HalpsKeHHe, YaCTOTY KOTOPOI'o M3MEHSIIOT B LIMPOKHKX Mpejiesiax, Hauu-
Hasi C HyJis1, U 110 pe3yJibTaTaM H3MepPeHHH MOACUHTHIBAIOT MOLYJ1b BXOJI-
HOro COnpoTHBJERUs (MPOBOAHMOCTH) HJIH e AICTBUTENbHYIO (MHUMYI0)
4aCTb BXOJHOTO CONPOTHBJIEHUs (TIPOBOJUMOCTH ).

B o6iem ciyuae ABYXNOJIOCHUKM COAEPKAT PE3UCTHBHbBIC H PeaK-
THBHbIE 3j1eMeHThl. B uacTHOM ciiyuae IBYXNOJIIOCHHKH MOT'YT COCTOSITh
TOJIbKO M3 PeaKTHBHBIX 37IeMEHTOB, TOr1a UX HA3bIBAIOT PEAKTUBHbIMU
dsyxnoarocruxamu. [pumennTesnbno K HuM nox UX nouumalor 3aBucu-
MOCTH X = f(w) min b = f(w). UX 1151 HECJTOKHBIX ABYXIOJIOCHHKOB,
CollepKaliuX Pe3UCTHBHbIE H PEaKTHBHbBIE 3JIEMEHTbI, HHOTAA MOXHO
KauecTBEHHO CTPOMTH Ha OCHOBAHWH NPOCThIX QU3UUECKUX cO0Opaxe-
HHil 0 XapaKkTepe M3MEHEHHsl CONPOTUBJEHHMS OTIEJNbHBIX DJ]EMEHTOB
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3TOro ABYXMOJIOCHHKA B QYHKLHH yacToThl. Eciv 3To cnenaTh 3aTpyn-
HUTEJIbHO, TO NPHOEraloT K aHaJUTHUECKOMY pacyeTy JiHGo K CHATHIO
UX ONBbITHBIM MYTEM.

KauecTBeHHO MOCTPOUM XapaKTEPUCTUKY 2 = f(w) st ABYXnoJioC-
HuKa puc. 3.27, a(pnc. 3.27,6). Ilpu @ = O(KoHAeHCAaTOp NPeACTaBASET
co6oii pazpbi)z = R + R,.[1pn o— co conpoTuBjienue KoHaeHCaTo-
pa 1/wC—0, a uHAYKTUBHOE CONPOTHBJIEeHHe wL— co. [TosTomy npu
w— 00 2= R + R,.[lpi ® = 0 HMeeT MeCTO Pe>KHM Pe30HaHCa TOKOB
M TIOTOMY BXOJHO€ CONPOTHBJEHHE UMeeT MaKCHMyM. B o6sracTu yacror
0 — o,z HMeeT UHAYKTHBHbBIH XapakTep, B 061aCTH @, — 00 — e€MKO-
CTHBIR.

Ecan R) = R,<xL/C, 1o npu
Ljc _L/c
2R, 2R,

1
—z~ R+
VJLC
PaccMoTpUM BONpPOC 0 NOCTPOEHHH YACTOTHHIX XaPaKTEPUCTHK pe-
AKTHBHBIX [BYXMOJIOCHUKOB, HE COEPK AKX PE3UCTHBHbBIX COMIPOTHB-
JIEHHH.
BxonHoe conpornBieHne ux Z = jX, a BXoqHas MPOBOAMMOCTb

0y = g =

" 1
Y=1/Z=—jp=—jbb=1/X. YacToTHasi XapakTepHCTHKA TaKHX

JBYXIOJIIOCHHKOB — 3T0 3aBHCHMOCTb X(0) Hitu b(w).
DTH 32BUCHMOCTH B3aHMHO OGP ATHBIL

JLnst unpykTuBHOrO 3siemMeHTa X(w) = oL (puc. 3.28, a), a b(to)=L

ol
(puc. 3.28, 6). [Lnst emKocTHOro 31emenTa b(w) = — wC (puc. 3.28,8), a
X(m):—;‘% (puc. 3.28, 2). Eciiu yuecTb, yTO NpH nocseaoBaTebHOM

COEeIHHEHNH 3JIEMEHTOB COMPOTHBJIEHHS JIEMEHTOB CKJaAblBakT, TO
SICHO, YTO /151 Nosyuenust X(w) mocJie10BaTesIbHO COeIMHEHHbIX 3JIeMeH-
TOB HAJ10 CJIOXKHTb OPJIMHATBI KPUBBIX X(®) 3THX 3J1EMEHTOB.

UX nocsnenoBatesbHo coeprtenubix L u C, (puc. 3.28, d) nocrpoena
Ha puc. 3.28, e B Buae kpuBo#t 3 (nipsimast I — sro UX L, a kpupas 2 —
YX C,). 3aBucumoctsb b(w) As19 cxembl puc. 3.28, 0 H3o6paxeHa Ha puc.

1
3.28, 3. Ilpu uacrore vy = o kpuBasi X(w)nepecekaet ocb abcuucc,
1™
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akpuBas b(w) npeTepreBaeT pa3pbis oT — 0o 10 4 oo. [1pu 3Toit vacToTe
MMeeT MeCTO Pe30HAHC HaTpsKEeHHH.

Ecau yyectb, uTo npy napasnsiesibHOM CoelMHEHUH 3eMeHTOB TPOBo-
AMMOCTH WX HAJl0 CJIOKHTD, TO SICHO, YTO AJIS MOJIyYeHHs! KPHBO# b(w)
NapaJiyiesibHO COeIMHEHHBIX 3J1eMeHTOB HaJlo CJI0XUTh OPIHHATH KPHBbIX
b(w) 3Tux 3emenToB. 3aBucumocts b(w) AA cxeMbl puc. 3.28, 3 H306pa-
KeHa Ha puc. 3.28, k, a 06paTHas el 3aBHCHMOCTb X(®) — Ha puc. 3.28, u.
[pu uacrore w0'=—,l,—, KpuBasi b(w) nepecekaer och abeunce, a X(o)

NpeTeprieBaeT pasphis 6T 400 10 — o0o. I1pu 3toit yactote umMeeT mecTo
Pe3oHaHc TokoB B 1enu (puc. 3.28, 3). Ha puc. 3.28, 4 nocaenopatenbho
COE/lMHEHbI 1BA 1BYX3JIEMEHTHBLIX PAHEe PACCMOTPEHHbBIX ABYXIOMKCHH-
Ka. Tak kak X(0) KaX10ro u3 STHX ABYXNOMIOCHHKOB NOCTPOEHA, TO pe-
3yabTupyroutee X(w) cxembl puc. 3.28, 4 MOJTY4HM, CYMMHPYS OPAHHATHI
X(w) 3Tux gBYXMOJIOCHUKOB (7. e. KpuBBIX pHc. 3.28, e, u). 3aBUcHMOCTb
X(w) ans cxempt puc. 3.28, 4 cm. prc. 3.28, 4, a b(w) — na puc. 3.28, 1. [Tpu
VIaBHOM yBesiMUeHHH YacToThl B cxeMe (pHc. 3.28, a), Hauunasi ¢ @ = 0,
CHauala Bo3HMKAET PE30HAHC HANIPSKEHHH NPH 4ACTOTE ®,, 3aTEM pe3o-
HAHC TOKOB NPH @y, NOCJIE ITOFO PEIOHAHC HAMPSIKERHIH npu oz Ipu
Aanbhelillem yBesuueHHN @ PE3OHAHCOB BO3HHKATD He Gyner.
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1) pe>KuMBbl pe30HaHCca TOKOB M PE€30HaHCa HalPSI)KEHHH YepeayoT-
cst;

2) 4UCJI0 Pe30HAHCHBIX 4aCTOT AJ151 KAHOHHYeCKHX cxeM (cMm. § 3.31)
Ha eIMHHIY MEHbLIE YHC/a PeaKTHBHbIX 3/1€MEHTOB;

3) ecain B cxeMe eCTb NyTh AJs1 IPOXOXKAEHHS NIOCTOSTHHOTO TOKA, TO
1PH J1ABHOM YBEJMUEHHUH YaCTOTbI, HAYHHAS C HYJISl, IepBbIM HACTYIHT
Pe30HAHC TOKOB, €CJIH HET — Pe30HAHC HaNpPsXKeHuH.

D10 CJiefyer U3 TOro, YTO €CJIH eCTb NyTh AJ15 NMOCTOAHHOTO TOKA, TO
npy © = 0 xapakrepuctuka X = f(w) Haunnaetcs ¢ Hyqs, 3atem X
ysesnuuusaercs [dX/do>0], a npu HekoTOpO# ® KpUBas MpeTepreBaer
pa3pbiB, KOTOPbIH K COOTBETCTBYET pe30oHaHCy ToKoB. [1pH anannTuye-
~YOM ONPeNeSIeHHH Pe30HAHCHBIX YaCTOT B DeAKTHBHOM JBYXHOJIIOCHH-
Ke COMPOTHBIIEHHE €ro CJiellyeT NPeACTaBUTh B BUe OTHOLIEHHS ABYX
NOJHHOMOB MO CTeNeHsiM o, T. e. X = N(w)/M(w). KopHn ypaBHenus
N(®) = 0 cOOTBeTCTBYIOT YACTOTaM, IPH KOTOPbIX BO3HHKAET Pe30HAHC
HanpsiKeHuiH, KopHu ypasHenus M(ow) = 0 — yacToTam, NPH KOTOPHIX
HMeeT MECTO Pe30HaHC TOKOB.

§ 3.31. Kanonnyeckne cxembl. JKBHBaJIEHTHbIE ABYXNOJIOCHHKH.
IlyTem 3kBHBaJIeHTHBIX Npeo6pa30BaHUM OTAENbHBIX YaCTeH CJIOXKHBIX
CXeM [10CJIe/IHHe MOXKHO NPHBECTH K Gosiee MPOCTHIM CXeMAM C MHHH-
MaJibHO BO3MOXHBIM YHCJIOM R, L, CB HHX — K KAHOHHYECKHM CXeMaM.
Tak, cxembr puc. 3.28 sBasiorcs KaHonudeckumu. [IpeoGpasosanus
OCYIIECTBJASAIOT JHOO NyTEM Mepexoaa OT 3Be3Nibl K TPeyroJibHUKY (M
Hao60pOT) HJIH OT NapaJliieslbHO-0CTe10BATENBHOTO CoeIHHEH S (pHC.
3.29, a) k napannenbioMmy (puc. 3.29, 6), 1160 OT NapaJsieNbHOro coe-
auHenus (puc. 3.29, 8) k nocyenoBaresnbHo-napaJdieibiomy (puc. 3.29,
2) M nocJielyoUero ynpoueHus cxeMbl. 3HaueHUs1 KO3((PHUHEHTOB Me-
pexona: aaisi puc.3.29,a,6 b=a(l + ayc =1+ a}d =1+ a;nas
puc.3.29,8,¢ b=a*/(1 + a),c=1/(1 + apsd = a/(1 + a).

JByxnostocHuku puc. 3.29, a, 6, Kak u puc. 3.29, 8, e, Ha3bLIBAIOT
IKBUBAACHTHbIMU, TAK KAK OHH HMEIOT PaBHble BXOJHbIE CONPOTHBIIE-
HHS TIPH BCEX YACTOTAX.

Puc. 3.29
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Puc. 3.30

§3.32. lMepenaua aHEPrum OT AKTHBHOTO JIBYXMOJNIOCHHKA Harpy3kKe.
K 3axumam ab aktuBHoro ayxnoJiocHuka (puc. 3.30, a) noxkiiodeHa
narpydka Z, =R, +jX,. Tpebyercs BbISICHUTb, IPH COGJIOEHHH Ka-
KHX YCJIOBHH B Harpy3ke BbieJIsieTCsi MaKCHMaJibHasi aKTUBHAST MOILL-
HOCTb.

Ilo MeTopy 9KBHBaJIEHTHOrO reneparopa (cm. § 1.25) Tok B narpy3ke

I= Unbx/(zm( +Zu).

rae ZBX = Rnx + jX“ — BXOnHOe COHpOfMBJlCHMe JABYXNOJIIOCHKHKA 110 0T~
HOWIEHHIO K 3aXKuMam ab, nosTomMy
Uabx

- RBX + RH + j(XBX + XH).

Mo ycnosuio, R, u X,, 3ananbl H U3MEHATb HX HeJb3si. MaMensiTb
MoxHO sqiuwb R, u X,. BoiGepem takoe X,, 4To6bl TOK B Leny Gbli
MaKCHMaJibHbIM; 3TO BO3MOXHO, etk X, + X, = 0. [1pu sTom aByxmno-
JIIOCHUK paBoTaeT B pe30HAHCHOM PeXXMMe — TOK Yepe3 Harpyaky no
¢ase copnanaer c Hanpsikenunem U, 1 I =U,, 1 (R, +R,).

Kak u B uenu nocrositsoro toka (cM. § 1.26), ecnin B3ats R, =R,
BbiIe/IfIOLLAsiCst B HATPY3Ke MOILHOCTb MAaKCHMaJibHa:

P = U2y /(4R ).

Takum 06pazoM, 4T0GbI BHIAEIUTH B HATPY3KE, IPHCOEAHHSIEMON K
aKTHBHOMY HBYXIOJIOCHHKY C BXOAHbIM cOnpotHBienneM R, +jX,,
MaKCHMaJIbHO BO3MOXXHYIO MOILHOCTb, HEOGXOHMO BbIGPATh C/lefylo-
UKe conporuB/eHust Harpy3ku: X, = — X, R, =R,,.

1

§ 3.33. Cornacytomuit Tpancgopmatop. Harpyskoii asyxnoniocHu-
Ka Moxer 6biTh KaKoe-sn60 yxKe CylecTBylolee yCTpOoHCTBO, COMpo-
THBJIeHHe KOTOPOro Z,, TaK e KaK H BXOJHO€ CONPOTHBJEHHE JBYXIO-
JocHMka Z,, 3aaHO M He MoxeT GbiTh H3MeHeHo. B stom cayuae
COrylacoBanue Harpy3oK € ABYXNOJIOCHHKOM OCYLLECTBJSIIOT, MPHCOe-
AMHAS Harpysky He HEMOCPEACTBEHHO K 32)KUMaM IBYXNOJNIOCHHKA, a
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[image: image113.png]yepes cozaacyouuti Tpancgopmarop (puc. 3.30, 6). O6o3HauuMm yepes
W, H Wy YHCJIO BUTKOB NIEPBUUHOM 1 BTOPHYHOH 06MOTOK TpaHcdopma-
TOpa. AKTHBHbIE CONPOTHBJIEHHS] H HHIYKTHBHOCTH paccesiHusi 0OMOTOK
BeCbMa MaJibl H NpH pacyeTe He yuntbiBaeM. Cepreunnk TpaHcdopma-
TOpa (Ha PUCYHKe He MOKAa3aH) BHIMOJHEH H3 BBICOKOKAYeCTBEHHOro
MarHUTHOTO MaTepuaJja ¢ MajJbiMH OTEPAMH, IOFTOMY TOK XOJIOCTOrO
xona TpanchopMaTopa MaJ o CPaBHEHHIO C TOKOM N0 06MOTKe W, IpH
Harpyske. Takoii TpancdopMarop no cBouM cBoficTBaM npubanKaeTcs
K TpaHchopmaTopy, KOTOpbiil HasbiBaloT udeassvroim (cM. § 3.34). ns
Hero CrpaBefJIHBbl COOTHOLIEHHSi (0603HAYCHHSI COOTBETCTBYIOT PHC.
3.30, 6) Iw, — I ,w, ~ 0, U,,/ U, = w,/w,. [Nosichenns K stum_dopmy-
nam cM. B § 15.67 (o603nauenus cornacyiores tak: U,, = U, I, = I, n
[ = 1,). BxonHoe conpoTHBJ/eHHe H300paXKeHHON MYHKTHPOM YaCTH CXe-
Mbl 10 OTHOLUEHHIO K 3aXKHMaM ab

B coorBerctBuun ¢ § 3.32 370 conpoTHBiIEHHE JOJIKHO ObiTh KOMII-
JIEKCHO-CONPSKEHHBIM € COMNPOTHBIEHMEM  BYXIOJIOCHHKA:
Zy =Ry + Xy

Orcioaa cienyer, 4To s COT1aCOBAHUS IO aKTHBHOMY COMPOTHB-
nenuto R, = R, (w,/w,), a 111 COrIacOBaHHUs 10 PeaKTHBHOMY COMPO-
THBnenuIo X, = — X, (w,/w,)’. OTHOLIEHHE YHCeN BUTKOB W,/ W, Onpe-
nequM u3 nepsoro ycaosus w,/w,=1\R,/R,. [ipu sbibope uucna
BUTKOB @, H IJIOLLA/IH TI0TIePEYHOr0 CEeYeHNsi cepaeuHnKa TpaHchopma-
Topa S JOJKHO GBITb YYTEHO, 4TO B yCTAHOBUBLIEMCS peXXUMe paGoThi
AMIUINTYHO® 3HAa4YeHHe NOTOKAa B CepleyHHKe He J0JIXKHO JOCTHraTh
fIOTOKA HaCbIUIEHHS] 3TOrO CeplleyHHKa, HHaue OyJieT HapyLIeHo YCJo-
Bue [, w, — I w, =~ 0. Jlns BbiNOJHEHHR COrTACOBAHHSA 10 PEaKTHBHO-
MY CONPOTHBJEHHIO NI0C/1€A0BATENbHO C HArpy3Koil BKJIOYAIOT A0TIOJN-
HHTEJIbHO® COMPOTHBJIEHHE COOTBETCTBYIOILEIO Xapakrepa.

§ 3.34. Upeanbubiii Tpanchopmatop. B KauecTBe 3J1eMEHTOB CXeM
3aMelleHHst 3eKTpHUYeCKUX Leneit Hapsay ¢ R, L, C, M B nureparype
HCHOJIB3YIOT HAeadbHblit Tpanchopmarop (MT).

Hoearenoim HaspiBaloT TpaHchopmatop 6e3 norepp, y KOTOpOro
BXOJiHble M BbIXOJHble TOKHM H HaTNpPSXKEHHS CBA3AHbI COOTHOLICHHSIMH
U = KU, I,=KI, rie K= w,/w, — ko3sdpduunenr tpancopma-
uuu. Mneanbubiit tpancopmarop rpanchopMupyer Hanpsixkenue U, B
Hanpsixenuu U,, Tok I, — B TOK [,, conpoTHB/eHHe Harpy3ku Z — B
conporusaenne K2Z (cm. § 3.33).
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§ 3.35. Mapexune u NoOTeps HaNPSXKEHNSs B JHHHK Nepeaayn sHepruu. [eneparop
COE/IMHEH C TPHEMHHKOM SHEPIHMH JIMHKEH nepenayt, KoTopas obiajiaeT akTHBHLIM R, 1
HHAYKTHBHBIM X | = @L  CONpOTHBIGHHAMHU.

TMocTporM BEKTOPHYIO AHArpamMMmy Jyisi LENH, COCTOSIIEH U3 reHepaTopa, JIMHHH
nepelauH 1 NPHEeMHHKA. [1/is1 onpefieieHHOCTH NOJIOXKHM, YTO HATPY3Ka IPHEMHHKA HMe-
eT MHAYKTHBHbIH Xapakrep. BeKTOp HanpsixKeHHsi B KOHLle JIHHHH (HA NPHEMHHKeE) Hanpa-
suM noock + 1 (puc. 3.31); BekTop TOKa / OTCTAET OT HEFO B CHIY HHAYKTHBHOrO Xapakrepa
uarpyaku. [lajieHue HanpsiXKeHHst B aKTHBHOM CONPOTHBJIEHHH JikHUK [R | coBNajaet no

dase C TOKOM, NaieHHE HANPSKEHHS B HHAYKTHBHOM COMpPOTHBJIeHHH /jX , onepexaer Tok
na 90°.

TMop nageHHeM HaMpsiXKeHHs B IHHAK NEPefaun MOHUMAIOT MOAYJIb F€OMETPHUECKOH
pasHOCTH BeKTOPOB B Hauase (U)) u kouue (Uy) unnn:

WRZ ¥ (oL

IloTepst HanpsiKEHUs B JIHHUH NEPEAAun PaBHA Pa3HOCTH MOLYJIei HANPSKEHHS B
Hauase H KoHue auuuH, T. e. | U | — | Ug). Tlotepsi Hanpsikenns noxasuiBaet, Ha CKOJILKO

BOJIT HANPAKEHHE B KOHLIe THHHHM MEHblle, YeM HanpskKeHne B ee HaydaJie.
Kak npaBHIIO, MafeHHEe HATIDAKEHHH GoJibile NOTEPH HANPHIKEHHSA.

§3.36. PacueTt aieKTPUYECKHMX LEN€El NPH HAJHYNH B HHX MATHUTHO-
CBA3aHHBIX KaTyuweK. B cocTaB s/ekTpuHYecKHX Liernei MOTyT BXOAHTH
KaTylIKH, MarHHTHO-CBSI3aHHble ¢ ApPYrUMH KaTyiwkamu. [loTok onHo#l
M3 HUX IPOHH3bIBAET APYTHe M HABOAHT B HUX DJ1C B3aHMOMHAYKLKH,
KOTopbie 1o/1Hbl GbITb YuTeHsl Npu pacdete. [1pu cocraBienuu ypas-
HEHWH [J151 MArHUTHO-CBSI3aHHBIX Lienell HeoOXOAMMO 3HATh, COTJIACHO
HJIY BCTPEYHO HarnpaBJieHbl TOTOKH CAMOUHAYKLHH H B3AHMOHHAYKLHH.

IMpasuabHoe 3aka0YeHHe 06 3TOM MOXKHO CI€/NAaTh, €CTH H3BECTHO
HanpapjgeHHe HAMOTKH KaTyIleK Ha CepledYHHKe ¥ BbIOPAHO NOJTOXKHU-
TeJbHOe HanpaB/ieHHe TOKOB B HUX.

Ha puc. 3.32, a kaTyuiku BkJoueHb coraacHo, Ha puc. 3.32, 6 —
BCTpeuno. Uro6bl He 3arpoOMOXKAATh YePTEXK, CePAEYHHKH KAaTylIeK Ha
IEKTPUYECKHX CXeMaX OGbIYHO He H306paXKaloT, OrpaHHyHBasiCh TEM,
YTO OHOMMeHHbIE 3aXKMMbl (HanpuMep, Hayaja KaTylleK) 10MeualoT
ONMHAKOBBIMM 3HaYKAMM, HAIIPUMED TOUKAMH.

Cxema puc. 3.32, 6 sxBuBaseHTHA cxeMe pHc. 3.32, @, a cXxeMa pHC.

3.32, 2 — cxeme puc. 3.32, 6.
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Ecau Ha 3/1eKTpHHECKOH cXeMe TOKH ABYX MarHHTHO-CBSI3aHHbBIX
KaTylleK 0iHHaKOBO OPHEHTHPOBAHbI OTHOCHTEJIbHO OTHOHMEHHO 0603-
HaYeHHbIX 3aXKHMOB, HanpuMep o6a HampapJieHbl K TOYKaM UJH 06a
HanpasJieHbl OT TOYEK, TO HMEeT MeCTO COrIaCHoe BKJIOYeHHe, B NPo-
THBHOM CJly4yae — BCTPeYHoe.

EcJiu MarduTHO CBAI3aHO HECKOJIbKO KaTylIeK, TO HAa4aJo H KOHel,
pasMeualoT 1A KaXA0H Napbl KATyLIeK OTAEJbHO.

Ha npumepe puc. 3.33 paccMOTPHM METORHKY COCTaB/eHHsl ypaB-
HeHHMil /15l pacyeTa MarHUTHO-CBsI3aHHbIX uenefi. [ponsBosbHO BbiGe-
PEM MOJI0XKHTebHbIE HallpaB/lenHsl TOKOB B BeTBsIX cxeMbl. HanpaBsiie-
HHS 06X0fa KOHTYpoB Bhi6epeM no uacoBoii crpenke. CocTaBum
yPaBHeHHs /151 MTHOBEHHBIX 3HAYeHHMH: |} =) + i5.

s nesoro KOHTypa (nepBaﬂ 7 Bropaa BETBH)

L, ) (a)
LR+ = St‘dl + LI pr Ly M—— + E;szdt + igRy = e,
dia di,
l'lepen cJlaraeMbimM MT MOCTABJIEH TOT Xe 3HAK, 4TO U nepen L~ a

TaK KaK TOKH ll H t2 BXOAAT B ONHOHUMEHHDbIE 3a>XXHMbl MAHHTHO-CBsI3aH -

HbIX KaTyLI€K, T. €. HMEET MeCTO COIJiaCHOe BKJIOUEHHE. Cmea cJqara-
dig di;
€MbIX M + Ll ﬂpe)lCTaBJIﬂeT coboi nmaaeHue Hanpsi>KeHust Ha nep-

BO# KaTymKe.

Chnaraembie 1eBOH 4acTH ypaBHeHUsi (2) B3sAThl CO 3HAKOM IJTIOC, TaK
KaK Ha BCeX y4yacTKaXx MepBoro KOHTYPa NOJOXKHUTENbHbIE HanpaBJeHUs
TOKOB COBNajaloT C HallpaBieHHeM 006X01a KOHTYpa.

CocraBum ypasHeliue 151 IPaBOro KOHTYpa (BTOpasi M TpeThbsl BeT-
Bu). Hanpasienne toka i, BCcTpeuHo [HanpaesieHHI0 06X0f1a KOHTYpa,
Mo3TOMY CyMMa fajgeHHi HanpsiKeHUH Bo BTOpOH BEeTBH BOHET B ypaB-
HeHHe CO 3HaKOM MHHYC:

. . diy di; .
Czsuzdt iRy + Lygy + My + 3Ry = — e

B koMnJekcHoii popme 3aMuCH:
‘..I +I3, (6)
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),[R, _mLc,J”'“’L] + IZ[RZ ] + IyjoM = Ey;

1LjoM — 12[122 ) + IRy + joly) = — Ey. (r)

§ 3.37. lMocaenosaTenbHOE COEAHHEHHE IBYX MArHHTHO-CBA3AHHBIX
katyuwek. Ha puc. 3.34 u3o6paxena cxema nocJjeoBaTejbHOro coryaac-
HOrO BKJIIOYEHHS! IBYX KaTyllek, a Ha puc. 3.35 — noc/ie10BaTeIbHOro
BCTPEUHOTO BKJIIOUEHHS TeX Xe KaTyllek.

PH COrJIaCHOM BKJIIOYEHHH

tR,+L,dt+M—+L2dt+M—+tR2=e

B koMniekcHo# hopMe 3anuCH:
I[R + Ry + jo(L,+ L, + 2M)]_.
iz, =F;

Zo = Ry + Ry + jolL, + Ly + 2M). (3.54)

BekropHasi nuarpamma asisi CONJIACHOTO BKJIOYEHHs] H306paxeHa
Ha puc. 3.36, rue U, — nanpsixeHne Ha nepBodl karyiuke; U, — Ha
BTOpO#.
IMpu BeTpeutoM BKJIIOUEHHH
di dt di
i L— Lq— — +iRy=e.
iR, + T + th Mdt+tR2 e
Orciona . .
1z,.,=E,
rne

Zyery =R, + Ry 4 jo(L; + Ly — 2M). (3.55)
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BektopHas mnarpaMMa Jisi BCTPEYHOro BKjloueHust npu L,>M u
L,>M w3ob6paxenra na puc. 3.37.

§ 3.38. Onpenenenne B3aMMHONH WHAYKTHBHOCTH ONBITHBIM MyTeEM.
OGcyauM fBa NpakTHYECKH BAXKHBIX CNOCO6A OMBITHOTO ONpejesieHus
B3aHMHOH HHLIYKTHBHOCTH M IByX MarHHTHO-CBA3aHHbIX KaTylleK.

Ilepswiii cnoco6. Tpopenaem aBa onbiTa. B epBblii K3 HHX BKJIIOUHM
KaTyUIKH 10CJIeJOBAaTEbHO H COTJIacHO. MIaMepuM TOK W Hanpsixkenue
Ha BXOJ€ M aKTHBHYIO MOILHOCTb uenH. Bo BTOpOM Te e KaTyluKH
BKJIIOYHM MOCJI€A0BATEBHO H BcTPeuHO H Takxke uamepum /, U, P. Tlo
pesysibTaTaM U3MepeHHH HalaeM:

Xeora =0(Ly + Ly +2M);
Xoerp = (L, + L, — 2M).
Paszuocts X — X, =40M, cienoBaresibHo,

corn BCTp
M = (X ey — Ko /(40). (356)

Bropoii cnoco6. TToaka104uM nepByIo KaTyIIKy K HCTOUHHKY CHHY-
coupanbhoii DJ1C uepes amnepmerp (puc. 3.38), a K 3axxumam BTOpoO#
KaTyUIKH IPUCOEJHHUM BOJILTMETP C 60JIbIIHM BHYTPEHHHM COMPOTHB-
snenneM. Mamepum tok I, n nanpsixenue U,

cora

MrHOBeHHOE 3HAaYEHHE HATIPSIIKEHUS uy = M%’TIA Ero peficTBylowee
3Hauenue U, = oMI,. CaiepoBarelibHo,

M=Uy/ (ol). (3.57)

Npumep 45. B cxeme (puc. 3.38) BosbTMeTp nokasan 100 B, amnepmerp 10 A; 0 =

314 pan/c. Onpeneauts M.
Pewenne.Ilodopmyne (3.57), M = 100/(314-10) = 0,0319 T'n.

§ 3.39. Tpaucdopmarop. BHocumoe conporusaenne. Tpancdopma-
TOp npeacTasasier co6oii craTudyeckoe (T. €. He UMeloLLee N0ABHKHbIX
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yacTeil) yCTPORCTBO, cayXKallee A5 npeo6pa3oBaHHst YHCJIOBOrO 3Ha-
yeHusi NEPEMEHHOr0 BO BpEMEHH HaNpPsKEHHUs, a TaKKe JJIsl 3J1€KTPH-
4eCKOro pasjielieHHsl uenefl U npeoOGpa3oBaHHsi YHCJOBBLIX 3HAUYEHHH
conpoTtuBnenui. [lepenaua sHepruu H3 oiHO# Lenu B APYrylo NPOH3BO-
xutesi TpaHcopMartopom 6aarogaps siBJeHHI0 B3AHMOHHAYKLUHH.

Tpancdopmartop HMeeT 1Be 06MOTKH, HaxXoasLHecs Ha oblueM cep-
neurHKe. MarHuTHyI0 MPOHHLLAEMOCTb CepjedyHuKa Gynem mnoJarartb
nocrosiHHo#. [Tapamerpbl nepBuuHON 06MOTKH R, 1 L), BropuyHoii — R,
u L, B3anMuas MHAYKTHBHOCTb Mexny o6morkamu M (puc. 3.39, a).
ConpoTuBJIeHHe HArPy3KH, NOJKJIIOUEHHOH K 3a)KHMaM BTOPHUYHO#H 06-
MOTKH, paBHO Z,.

Bribepem nonommenbﬂue HalnpasJyieHHs TOKOB Il " I2 O6o03Hauum
Hanpsi)KeHHe Ha Harpyske U“. 3anuiueM ypaBHeHHs] B KOMILIEKCHOH

tdopme:
J15 NepBUYHOM uenx
IR, +1 JolL, —|-12]mM E; (3.58)
JUtsl BTOPHYHOM LLENH
IRy +IyjoLy + 1 joM + U, =0. (3.59)

Ha puc. 3.39, 6 KauecTBEHHO MOCTPOMM BEKTOPHYIO AMarpammy,
nosiaras;, uto Harpyska Z, = 2,ei% uMeer HHAYKTUBHHIH xapakrep. Tok
I, nanpaeum 1o ocu + 1. Hanpsixenne na narpyske U, onepexaer ToK
Iyma yron ¢, IManenue HanpsixKeHus 1,R, coBnanaer no ¢gase ¢ TokoM )
Bexrop / ,joL, onepexaer Bekrop Toka I, na 90 °,

B coorserctBuy ¢ ypasHennewm (3.59) ektop I!]wM MpOBOAKM TaK,
YTOObI reoMeTpHYeCKasi CyMMa NajJeHHi Hanpsi)KeHWi BO BTOPHYHOM
UMK paBHsANACH HYJIO.

Bekrop Toka /, oTcTaer or BekTOpa I.]mM Ha 90°. Bekrop IRl
COBlajaeT ¢ BEKTOPOM TOKA Il no ¢ase, a BeKTOp Il]mL, onepexaer
BekTop /  Ha 90°.

Bemop Ide onepexaet BEKTOp I 1a 90°. B CoOTBeTCTBHH C ypaB-
*éeHHeM (3.58) reomerpHueckasi cymMma I,Rl +I,]u>L‘ +12]mM naer

L
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Toxcrasum B (3.59) U“ =.i2,ZIl = iQ(R“ -+ jX,) 1 peluum ypaBHenus
(3.58) 1 (3.59) oTHOCHTENBHO [ )
i o
VTR, A+ Ry + X — Xy

riae R,, u X,, — BHOCHMble H3 BTOPHYHOIO KOHTYPa B e PBUYHbBIH aKTHB-
HOe M peaKTHBHOe conporubienus. [Ipu stom

R OML LR
STy e
2M2
le=____m______ Lo+ X,
Rot RP+ L+ xp (P2t )

Brocumbie conporueaenus NpeacTapisiorT co6oif Takue conpoTHB-
JIEHHS, KOTOPbie cJ1e10Ba0 Gbl "BHECTH” B e PBHYHYIO Lelb ( BKIIOUHTD
nocaenoBaTeNbHO ¢ R 1 X, ), 4TOObI yueCThb BAHSHHE HArPY3KH BTOPHY-
HOii Llenu TpaHchoOpMaToOpa Ha TOK B ero nepBuuHoil uenu (puc. 3.39, 8).

Mpumep 46. Onpenennts TOKH B cxeMe puc. 3.40, a ¥ HOCTPOHTH TONOFpaPUYECKYIO
HArPAMMY, COBMECTHB €€ C BEKTOPHOI AHarpaMMmoii TOKos, nojiaras oL = Om; oLy =
=30m; oM =1 OM; R, = 4 Om; £ = 100 B.

Pewenue.CocraBuM ypasHenus 1o 3akonam Kupxroda. Ilo nepsomy 3akony
Kupxroda, [y = Iy + 1,

Ipu cocrasiieHnn ypaBHeHuii 110 BTOpoMy 3akoHy Kupxroda 06xon KouTypos Gynem
CoBEpUWATH 110 4acoBoi cTpedke. Torna, .

l]mL +12/wM+I R,=E;

|]o)M + IQImLQ— I Ry=0.

B aByx nocsienuux YPaBHeHHsIX 3aMeHHM l Ha lI - 12

IR, + joL)) + IfjoM — Ry =E;,
I(joM — R,) + IfR, + joly) =0

l'loncmmm YHC0BbIE 3H8'-ieHMﬂ -

14 + 21) + 12(; — 4) = 100;
(G — ) + 14 +3j) = 0.
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Pewenne  ypaBHenuit  naer: [ = 17,7715 A; Iy= 14,6e7111% 4,
=1, — Iy=14,1271% A,

Ha puc. 3.40, 6 u3o6parxenbi tororpaduueckas AnarpaMma v COBMEIUEHHan C Hell
BEKTOPHAR HArPaMMa TOKOB.

Npumep 47. IlocTponTsb TONOrpaduyecKyto auarpammy s cxembr (puc. 3.41, a),
COBMECTHB €e C BEKTOPHONH AHarpaMmoil Tokos. [lBe BeTBH CXeMbi CBA3AHbI MarHHUTHO.

3nauenusi napamerpoB: L) =3 0M; 0Ly =4 OM; oM =3 OM; R| = Ry =20m; £ =
=100 B. . .

Pewenue.O603HauumM TOKH B BeTBAX ueped /| u [y u TOK B Hepa3BeTBJEHHOM
yacTH cxeMpl — yepes /. COCTaBUM ypaBHeHHs 110 BTOPOMY 3akony Kupxroda s co-
TJIACHOTO BKJIOYeHHSA KaTylleK: . .

(R + joLy) + LjjoM =E;
IjoM + IRy + joLg) = E.
CosmectHoe pewienye ux paet: /{ = I6e_j60°A; Iy = 14,27e_186°m A.

Tonorpaguueckan aHarpaMMma, CoBMelleHHaR C BEKTOPHONH 1HarpaMmoii TOKOB, H30-
6paxcHa Ha puc. 3.41, 6.

Paccmorpum sonpoc o nepenoce MOUWHOCTY U3 OOHOL geTeu 8 Opy-
2yro scpedcrsue maeHutHoli ce:a3u. Ecnu BeTsb k ¢ ToKOM [, ¥ BeTBb ¢ €
TOKOM /, CBSI3aHbl MATHHTHO H B3aUMHAas HHIYKTHBHOCTb MeX[ly BeTBsI-
MH M, TO MarHuTHbIi NOTOK U3 BeTBH k B BETBb § NEPEHOCHT KOMIIJIEKC-
HYI0 MOILHOCTb, paBHYI0 npon3senennio DJ1C B3aUMORHAYKLYH B g-BeT-

BH FjwMI, Ha conpsixKeHHbIH KOMNJIEKC TOKA ¢-BETBH, T. €. [ :
~ .k
S =(FjoMi),.

3Hak MHHYC COOTBETCTBYET COrJlaCHOMY, NJIIOC ~— BCTPEYHOMY coe-
IHHeHHIO.

6 §3.40. Pe30HaHC B MarHUTHO-CBA3aHHBIX kosnebaTenbHbix KonTypax. B § 3.23 — 3.27

b OltMCaHBE PE30HANCHDbIE SIBEHHS B 112PAJINENLHOM, I10CHEI0BATENLHOM U IOCAEN0-

gaTenbuo-napameanoM PE30HAHCHBIX KOHTYPax. PAacCMOTPHM Pe30HAHC B MArHHUTHO-

BA3AHNLIX KOHTYpAX, HAIIPHMED B CXeMe PHC. 3.42, 4, 4ACTO (IPHMEHREMOil B PajIHOTeX-

Huke, g YNpOULeHHS BBIKAAAOK NONOXHM Ly =L, =L, C, C2 C Ry =Ry=R,

::‘:léﬂaeT BO3MOXHOCTH OTHOCHTEJILHO JIETKO BHISIBHTH OCHOBHbIE 33KOHOMEPHOCTH Pe3o-
2 8370/ cxeme.
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CocTaBUM ypaBHeHHUs 110 BTOPoMy 3akoHy Kupxrogda:
IR + joL -KC_) — LhjoM = E;
1 i N
IjoM + IR + joL wC)—-O.
Tok .
joME

I, ‘ .
(R + joL — ﬁ) + o?m?

Hanpsixenne Ha KOHIEHCATOPE BTOPOTO KOHTYpPa

-1
Vo=Ire="rT g

ol — L) 4 ame
[R+](oL mC) + oM

[Mycrb Ucz/ E =k, Torn

1 (a)

'_————_—E_————’ .
R? — [(oL — L) + j2R[mL —-L) + wM?
oC

ky=

oC

O6o3HauuM
I R R _ _ 44 M M | o?
—_—— e e k== L
LC ol  VL/C VL L, L o}
C nomouso napamMeTpa € yYHThIBAETCH OTKJOHEHHE TEKyu.lel’l 4acCTOThl ® OT pe3o-
HAHCHOM . PaCCMOTpMM paéo’ry CXEMBbI [IPH OTHOCHTEJIbHO MaJIbIX OTKJIOHEHHSIX @ OT

g ITonoxnm 0 = wy — Aw. Torna

g

2 2
02 0p— (g — 0)og + ©) 20
e=1——= 5 0 N —.
(o5 g [0H ®g

126




[image: image122.png]B cBOIO 04€PED,

I —

~ —

e|s

N|oN
N

g
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ITpu purcupoBauubix £ ¥ d MOXKHO uccienosatb |k, | Ha skcTpeMym B QyHKUHH &
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naIst ABYX caydaen: k>d u k<ld .
[pu k=>d uMeTCs TPH IKCTPEMYMa: MHHHMYM npu & = 0, T. €. PR © = g, U 1Ba

MaKkCHMyMa  [IpH  €) o=+ ke —d »  KOTOpPbIM  COOTBETCTBYIOT  YacTOTH!
) 1 — 9.

Pe3onancHas KpHBasi IPH 3TOM uMeeT ABa "rop6a” (kpusas [ Ha puc. 3.42, 6 noctpo-
ena npu k = 3d). C ysesinyennem k "ropObl” KPUBOH Pa3ABHraloTCs.

[EIqu k< d nMeeTcsi TOJIBKO O/IMH SKCTPEMyM: MaKcuMyM npu e = 0 (kpusas 2 Ha puc.
342, 6). Tlo ocu abcuucc Ha 3TOM pHCYHKE OTJOXeHO &/d , 10 OCH OpAWHAT
L
V=7

IkUl/IkUmax"”le 'kUmax|=l/(2d)= 2R.
Tok nepBuYHOTO KOHTYpa B yHKLuK 0T &£/d npu k>>0,49d umeer nByropGyio hopmy.

§ 3.41. «Pa3sBs3biBanue» MarHuTHo-cBA3aHHbIX ueneil. Mnorna B
JUTEpPaType MOXKHO BCTPETHTb PAcyeTHBIH METOJ, KOTOPBIH Ha3bpIBAIOT
pa3Bsi3bIBAHWEM MarHWTHO-CBSI3aHHBIX Llenell (katywek). Meron co-
CTOWT B TOM, YTO HCXOJHYIO CXEMY C MarHUTHO-CBSAI3AHHBIMH HHJYKTHB-
HOCTSIMHM TyT€M BBEJIEHHS IOTIONHUTEJIbHBIX HHAYKTHBHOCTE} H H3MeHe-
HHsl HMEeBILMXCSA NPeo6pasyloT TakK, UTO MarHUTHAas CBSI3b MeXy BCEMH
HUHAYKTHBHOCTSIMH B IpeoOpa30BaHHON CXeMe OTCYTCTBYET.

Tak kak npeoGpasoBanHsi OCYLIECTBIISIIOT HA OCHOBE COCTABJIEHHBIX
o 3akonaM Kupxroga ypaBHeHH# [JIsi HCXOHOW CXEMBI, TO BHOBb 10-
JIyd4eHHasi H HCXOAHAs CXeMbl B PACYETHOM CMbICJIe MOJIHOCTBIO 9KBHBA-
JIEHTHBI, @ pacyeT CXeMbl N0OCJe Pa3BA3bLIBAHWA YNPOLLAETCH 33 CYeT
BO3MOXHOCTH PHMEHEHHS] METOJa y3JIOBBIX IOTEHLHAMOB.

CocTaBuM, HanpuMep, CXeMy, SKBUBAJIEHTHYI0 cxeMe puc. 3.33. C
3TOH ueJiblo B ypaBHeHwny (B) 3aMeHnM [;Ha [, — [, uBypaBrenuu (r) —
Iinal + I, (cm. § 3.36). 3amMeHy ONHHX TOKOB APYTrHMH NPOH3BOAUM
TakK, 4To6Bl B KaXKJ0€ H3 TMOJyualolIHXCsA NocJie 3aMeHbl ypaBHEHHH
BXOLUMJTH TOJTBKO T€ TOKH, KOTOPBIE TEKYT B BETBSIX PaCCMaTPUBAEMOrO
KOHTypa,

B pesynnrare nomyuum:

HRy = e o L+ M) + i2[R2— e me) — £y (5)
= Io(Ry — o — foM) + I3 Ry + ol + foM) = — By (r)
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[image: image123.png]YpaBHenusaMm (B) u (r) cooTBeTcTByeT cxema puc. 3.42, 6. Conocras-
gsisi cxembl puc. 3.33 u puc. 3.42, 8, 3ameuaeMm, uto L, 3aMeHeHa Ha
(L, +M), Ly— Ha(Ls; + M), a BO BTOPYIO BEeTBb BBEIEHA OTPHIlATE I b-
Has UHAYKTUBHOCTb L, = — M (pu3nyeckH ocyulecTBUTh MOJYyUYEHHYIO
pacyeTHbHIM yTeM OTPHLATENbHYI0 HHAYKTHBHOCTb B LIeMH TOJIBKO ¢
JIMHEHHbIMH 3JIeMEHTAMH HEBO3MOXKHO). TakuM 06pa3om, yuacTokK iie-
nu, u306paxkeHHbld Ha puc. 3.42, 2, B PaCYETHOM CMBICJIE MOXKeT ObITh
3aMEHEH y4aCTKOM, NOKa3aHHbIM Ha puc. 3.42, d. Ecau kaTyuiku 6ynyr
BKJIIOYEHBI BCTPEUHO, TO HA PHC. 3.42, 0 cileflyeT H3MeHHTb 3HaK nepej
M. Tlokaxem, Kak MOXKHO OCYLIECTBJISITb Pa3BA3bIBAHHE, HE COCTABIIsAS
MOJIHBIX ypaBHeHH# o BTopoMy 3akony Kupxroda. B ocnosy noso-
JKHM HEM3MEHHOCTb NOTOKOCIENJIEHHsT KaXA0T0 KOHTYPa [0 H nocJe
passsisbiBanus. [lyctb B cxeme puc. 3.33 nocsie pa3Bsi3blBaHHA X —
MHIYKTHBHOCTb NIepBOil BETBH, i — BTOPOH, 2 — TpeTheH. Y c/oBHe He-
M3MEHHOCTH [OTOKOCUENJIeHHs: JeBoro Kourypa: §L, +iM =
=i L+ (i, —igM =i,x + iy, otkypax =L, + Muy=—M.

YcaoBue HeH3MEHHOCTH MOTOKOCLENJIEHHs [IPaBOr0  KOHTYypa
MLy =iy +igM + iy =iz —ipy, oTkyna y=—M u
z=M + L,.31aK MUHYC OCTaBJIeH NOTOMY, YTO NPH 06X0Jie KOHTYpa
110 4aCOBO# CTPeJIKe NepeMeLiaeMcsi BCTPEUHO TOKY i .

§ 3.42. Teopema o Ganance aKTHBHBIX H PEAKTHBHBIX MOlHOCTeH (Teopema Jlomxe-
BeHna). B n1060it HHeAHON 31€KTPHYECKO! eNH CYMMa aKTHBHBIX MOLLHOCTEH HCTOUHHU-
koB DJ1C paBHa CyMMe aKTHBHbBIX MOLIHOCTEH IPHEMHHKOB, 2 CYMMa PEaKTHBHBIX MOILLL-
Hocre#t ucTounnkoB DJIC — cyMMe peaKTHBHLIX MOLIHOCTEH NPHEMHHUKOB IHEPIHH.

Iyctb cxema cofepkuT [ y3J108, b BeTBei H BCe BETRH WM YaCTb MX CBA3aHBI APYT ¢
apyrom marnutho. [To nepsomy 3akony Kupxrodpa cymma TokoB B sil060M y3Jie paBHa

n n

. *
nyato. Hanpumep, nas k-y3na, B Xoropom cxonurcsi n-seTBeii, Z”"” =0 nin Zlkp =0.
p=1 R p=1
YMHOKHUM KaXJ0€ cllaraeMoe 3Tl CyMMbl Ha NOTeHLHaN k-y3/ia ¢k

"%

Y Lip = 0.
p=I1

ITpocyMMupyeM aHaJIOrHYHbIE BbIPaXKeHHsT [Jlsi BCeX [-y3JI0B CXeMbI:

P,
Z(pk Zl”” =0.
k=1 p=1
B aBofinyso cymmy 1060ii TOK cXxeMbl, HanpuMep TOK /,, , BXOAUT ABaXAbLU NPHTOM
C Pa3HbBIMHU 3HAKaMH. ﬂeﬁ*cmwreﬂbno, NPUR = mup = g cnaraemoe paBHo “‘mlmq' anpH
k=gqup=mpgsro quqm . Tak kak Iqm =— lmq, TO 3TH CIAraeMble MOKHO 06be-
HUTb M 10YuHTb [ (@, — ). IToN0XKHM, 4TO KaKasi-TO BETBb CXEMbI, HanpHMep BeTBb
kg, MarHuTHO CBSI3aHa C BETBBIO ST TAK, YTO COMPOTHBJIEHHE B3AWMOWHAYKUHH MeX1Y
HUMK X 3 (puc. 3.43).
kq/sr
B coorBerctBuu ¢ puc. 3.4
ISt BeTBH gk . . . . .
P — 0= Epg — legZpg — lsr!XM,,q/s,3
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JUNSt BETBH ST
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lkqlsrjXqu/s' + ,kqlsrjXqu/S, = qu’srjXqu/s,X
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Taxum 06pa3oM, 1011apHOE PaCCMOTPEHHE ClaraeMbiX ABORHOR CyMMBbI 103BOAsIET
nepenucarh ee b Buae

. %
Epplep = Zlipzkp + 22"*1)’ S'Xqu/srCOS((pka = @) (3.60)

rae lzp — KBaApat MONyJisi ToKa BeTBH kp; Zkp= Rep + jXkp.
JleBas 1 npasasi uactu popmyasl (3.60) npeicrabasior co6oit komniekch. PaBenct-
BO JIEHCTBUTEJbHBIX YACTEH KOMILJIEKCOB

-k
— Y2 .61
ReY Egyliy = Y 13,Riy (3:61)

paBeHCTBO MHHMbIX 'laCTeﬂ
CE 3
ImZEkpl k= Z’ oo Xep + 22’ kol s Xy, /S'COS(%,, — Q) - (3.62)

B 3TOM BbIPaXXeHHH X “p”HﬂTO NOJOXHUTEJNBHBIM NIPH COTNACHOM Ha“paﬂ"e"“"
Megssr

NOTOKOB B3aUMONHLYKLIHH H CAMOMHAYKLIMH BETBEH Rg 1 ST HOTPULATEIbHBIM [IPH BCTpeY-
HOM ux nanpasnenun. Popmyas (3.61) u (3.62) siBasiOTCH MAaTEMaTHUECKOH 3aTIMChHIO
chopmyauposanHoi TeOpeMbI.

Mpumep 48. [To nanubiM npuMepa 46 yGemuTbCsl B CHPABEAJNHBOCTH TEOPEMbl O
Ganance MOWHOCTH NPUMEHUTEILHO K cxeMe pHc. 3.40, a.

Pewenwue. AK'LHBHaﬂ MOIHOCTb, 10CTaBAsieMasi Hetouhukom DJC,

ReEl = Re 100-17,7¢/6%" = 1770 cos 63° = 800 Br.

AxTugnas MOLLHOCT, 10TPebisieMasi IPHEMHHKAMH, 2Ry = 14,12%. 4 = 800 Br. Cniepio-
BaTebuo, PABEHCTBO aKTHBHbIX,MOLHOCTEH JEACTBHTENbHO BhllIOAHEHO. PeakTusuas
MOlHoCTs nerounuka DJC ImET = 1770 sin 63° = 1582 BAp. PeakTuBuas MowuocTh
aneMHMKOB 3Hepr“" < y‘leTOM COrJ1aCHOTO BKNOYEHURN KaTylweK

oL, 4 oLy + 21 1,wMcos (¢, — §) =
=17,72-2 4 14,6%-3 + 2 17,7 14,6 cos (63°— 144°) = 1582 BAp.
Taknm 06pazom, GanaHc peakKTHBHBIX MOLLHOCTE TOXE YAOBNETBOPAETCS.
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[image: image125.png]§ 3.43. Teopema Tennerena. [lycTs B HeXKOTOPO# cxeme UMeeTCs 71 BeTBeH W y3/i0Bay
martpuua ee[A). MaTpuiy-cTon6el KOMNJIEKCHO-CONPsiAKeHHbIX TOKOB BeTBeH 0603Ha4nm
[/8 ), a maTpuuy-cTosIGeLl KOMIJIEKCHBIX HanpsiXKeHu# Ha BeTrsX (Bkatouas DJ1C serpei
M NlafieHue HanpsixeHns Ha HHX) o6o3naynm [Usg |

B cooTBeTCTBUH C 3aKOHOM COXPAHEHUS SHEPTHH,

Ui+ Ugly+ ... + U1, =0. (a)
CooTxoulenne (a) MOXKHO 3anucaTh TAK .
1y
A . - .o
[UUy... Up) | - | =1Ugl'lIg]=0. (6)
' *
1

Ho B coorserctsnm ¢ § 2.35| Ul =[A]'[9], rae [p] — maTpuua-cTonGel noTeHwua-
JIOB HE3a3€MJIEHHBIX Y3JI0B.
B cBoI0 o4epessp,

(Ul =[¢T[A]. (8)
Moncrasum (8) B(6):
[ol"[A]l/5]1=0. (r)

*
B topmyae (r) nponssenenne [A][/g] =0 ¢usnueckn Buipaxaer co6oit cucremy

ypasHeHuii 110 nepsoMy 3akoHy Kupxrota ansi He3azeMaeHHbIX Y310B CXeMbl, COCTaABJICH-
HYIO i1 KOMIIEKCHO-CONPsIXKEHHBIX TOKOB BeTBEH.

H3 (r) caenyer, 4TO ecin B OHOI ¥ TOW XKe cxeme ¢ Heuamewuoil [A]-marpuuei
CO3JaTh ABA PEXUMA, OTJHYAIOLHXCS ConpoTuBieHusiMu, U DJ1C BeTBei H BCe BeJIHUHHBL,
OTHOCSILHECS K 1ePBOMY pemumy,cnaﬁnmb OAHUM LUTPHXOM, 8 KO BTOPOMY — J1BYMsI, TO

[Ugr[’ty]—[UB]T[’B] (n)

CootHoweHue (1), nonyyusuliee HasBaHue Teopembl TessiereHa, cnpaBeJIUBO H MO
OTHOIUEHHIO K PEXHMaM B ABYX Pa3HbIX CXeMaXx, JHLIb Gbl y HHX OblIH ONHHAKOBHIE
yanosbie [A}-maTpHub.

§ 3.44. Onpepenenne pyaabHoit uenH. [lse s/jeKTpuYecKue LenH
Ha3bBAOT OYaibHbiMU, €CJH 3aKOH M3MEHeHHsl KOHTYPHBIX TOKOB B
OIHOH M3 HMX NOAOGEH 3aKOHY M3MEHEHMsl Y3JOBBIX MOTEHLHAJNOB B
apyroii. B kauectse npoctefiuiero npuMepa Ha pHc. 3.44 uzobparkeHsl
[B€ yaJsibHblE LEMH.

Cxema puc. 3.44, a coctout U3 ucrounnka JJ1C E 1 nocaieoBatedib-
HO C HUM BKJIIOYEHHBIX aKTHBHOT0, HHAYKTHBHOTO H €MKOCTHOTO 3J1e MeH-
toB (R, L, C). Cxema puc. 3.44, 6 cCOCTOUT U3 UCTOUHHKA TOKa J, 1 TpeX
napaJiiejbHeiX BeTBel. [lepBasi BeTBb COZlepXXHT aKTHBHYIO MPOBOAH-
MOCTb g,, BTOpasi — eMKocTb C,, TpeTbsi — HHILYKTHBHOCTD L,. '

Jlaist Toro uto6bl OKa3aTb, KAKOro pojia COOTBETCTBHE HMeET MecTO
B JlyaJibHBIX LeNsX, COCTaBHM 1S cXeMbl puc. 3.44, a ypasHenue 10
MeTOAY KOHTYPHHIX TOKOB:

: ) 1 : (3.63)
I(R+ joL +IT(;E)=E,
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Puc. 3.44

a 15 cXeMbl puc. 3.44, 6 — 10 MeTOAy y3J10BbIX MOTEHUHAN0B, 0603Ha-
4¥B NOTEHLHAJ TOYKH @ Yepe3 @, [I0JI0XKHWB PABHBIM HYJII0 NOTEHUU A
BTOPOTO y3Jia:
bt

1
joL,

+ieC)=1,. (364)

0 (g, +

Ecsiu napamerpnl cxemsl puc. 3.44,6 g, L., C, cornacoBaTb ¢ napa-
meTpamu cxembl puc. 3.44,a R, L, C Takum o6pasom, 4To

R/g,=L/C,=L,/C=k, (3.65)

rne k — HeKoTopoe ngouanonbﬂoe 4yucs0 (MacTaGHbIi MHOXHTEJb
npeo6pasosanus), Om?, o

(3.66)

1 . 1 [
gs+].mL3+1mC3—-k(R+,.mC+mL)»

C yuerom pasenctBa (3.66) nepenuwem ypaBxenue (3.64) cienyo-
mHuM o6pasom:

(3.67)

dy

. 1 .
. wa(R+lmL+m—C)=kls-

M3 conocrasnenuns ypasrennii (3.63) u (3.67) cienyer, uto ec/iu ToK
Jls HCTOUHUMKA TOKA B CXeMe puC. 3.44, 6 H3MeHsIeTCs C TOi XKe YrioBoil
Yacroroi, uto u JIC E B cxeme puc. 3.44, a, u uuciienHo pases E, a
napamMerpbl 06eHX CXeM COIrVIaCOBAHbI B COOTBETCTBHH C ypaBHEHHEM
{3.65), T0 npu k = 1 Om® 3aKOH M3MeHEHUs BO BpEMEHH NOTEHLHasa
¢, B cxeme puc. 3.44, 6 coBnajaer c 3aKOHOM H3MEHEHHsl BO BpeMEHH
Moka / B cxeme puc. 3.44, a.
19 Eciin cBoiiCTBa KaKO#-JIHG0 W3 CXeM H3yYeHbl, TO OHH TOJHOCTBIO
MOryT 6BITH EPEHECEHBl HA MYy aJIbHYIO eil CXeMY.
i Mexny BxopueiM conporuienuem Z,,, HCXOAHOrO ABYXMOJIOCHHKA
HBXOAHOH NPOBOAMMOCTBIO Y, . NyaJIbHOTO €MY ABYXMOJIOCHHKA CYlile-

€TBYeT cooTHOLWEHHE Z,( = Igyﬁnm.

H3 (3.66) nosiyuaeM cooTHOlleHHEe MEXXZy YacTOTHOM XapaKTepH-
CTHKOM 4iCcTO peaKTHBHOrO MCXOJHOTO ABYXMNoJlocHuKa X, (o) 4 yac-
TOTHOW XapakTepHCTHKOH NyasbHONO €MY TOXE YHCTO PeaKTHBHOTO

AByxnonochuka by, (o). JIeACTBHTEbHO, TaK KaK Z,q = jX,o(®), @
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a) a)
Puc. 3.45
Yiyan = —ibyy a,,((n) 10 X, (©0) = —kb,,, (0), T. & uacToTnas XapakTe-
PHCTHKA Jlya/bHOTO }myxnomocnm(a 1oJlyYaeTcst U3 HCXOAHOMH 4acTor-
HOH XapaKTePUCTHKU TyTeM ONMPOKHIAbIBAHUS €€ OTHOCHTEJIBHO OCH ® U
NleJIEHHS] Ha MacuITaOHbIH MHOXKHUTEJb k.
Kaxnomy sniemeHTy HCXOAHOH CXeMbI (CXeMbI ¢ HCcTOUHHKamu D]1C
E wn napamerpamu R, L, C) orBeuaeT cBOH 3JleMEHT IKBHBAJEHTHOH
LyaJibHOH CXeMbl (CXeMbl C HCTOUHHKAaMH ToKa J, v napamerpamu g,, C,,

L)

§ 3.45. MpeoGpa3oBanue UCXOAHON cXembl B Ayadabhylo. Kaxnomy
HEe3aBHCHMOMY KOHTYPY HCXOJHOH CXeMBl, 8 TaKxe 06JIaCTH, SBASIO-
meficss BHELIHe#l MO OTHOLIEHHI0 K CXeMe, COOTBETCTBYeT CBOH yaen
JlyaJibHOH CXeMBbl.

Ecusint B Kakofi-TH60 BETBY HCXOIHOI CXeMbI, IBJISIOLIEHCA CMEXHOH
MeXAy ABYMsl KOHTYpaMH, HMEETCS /1 NOCJIeI0BATEJIbHO BKJIIOUEHHbIX
3/IEMEHTOB, TO 3TOH BETBH COOTBETCTBYET 7 MapaJijielibHbIX BeTBef,
COeAMHSAIOILHX Y3JIbl 1y aJIbHOH CXeMbl, KOTOpbi€ OTBEUAIOT 3THM KOHTY-
pam.

Tak, HCTOUHHKY aC E HCXOIHOH cxeMbl puc. 3.45, a oTBeuaet B
JyanbHOl cXeMe UCTOUHHK ToKa J, puc. 3.45, 6, a HCTOUHHKY TOKa J, ~—
ucrounuk DJIC E; aKTUBHOMY CONPOTHBJIEHHIO R — MPOBOAUMOCTD g,
HHLYKTHBHOCTH L — emMKocTb C,; eMKocTH C — WHAYKTHBHOCTD L. [lns
npeo6pa3oBaKus MCXOAHOH cXeMbl B AyasbHYIO MOCTYNaloT CJIENyHo-
1uM 06pa3oM. BHyTpu KaxK0ro He3aBHCHMOrO KOHTYPa (4 BO BHeluHe#
0671aCTH) CTaBSAT TOYKH H HA3bIBAIOT HX. DTH TOUKH SABJISIOTCA Y3J1aMH
3KBHBAJIEHTHOH JlyaJIbHOH CXeMbl.

B cxeme puc. 3.46, a Tpu He3aBHCUMBIX KOHTYpa, MO3TOMY BHYTPH
HUX CTaBUM TOuKM I, 2, 3 (Touka / COOTBETCTBYeT MEPBOMY KOHTYPY,
TOUKa 2 — BTOPOMY, TOUYKa 8 — TpeTbeMy). Bynem cuurarb, uto BCE
KOHTYpPHbIE TOKH HalpaBJieHbl 110 4aCOBOIi CTPeJIKe.

Bo BHelHel OTHOCHTEJILHO CXeMBI 06J1aCTH CTaBUM TOUKY 4. Mexay
MOJIyYeHHBIMH YeTHIPbMS Y3JIaMH NPOBOAMM MYHKTHUPHblE JINHUM —
BETBH AyaJbHOM CXeMbl. DTH JIMHHH NPOXOASAT YePe3 3JeMeHTbl HCXOL-
Ho#i cxeMbl (R, L, C, E) u B nyanbHo#i cxeMe puc. 3.45, 6 BKAtoyaeM B HHX
COOTBETCTBYIOIHE SKBUBAJIEHTHI.
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)

Puc. 3.46

Vaen I na cxeme puc 3.46, a coefuHeH ¢ y3/iom 4 OXHOH MyHKTHPHO#H
JHHUEH, TAK KaK B BETBH, SIBJISIOILEHCS CMEXHOH MEXK/y NepBbIM KOH-
TypoM W BHelIHeH 06/1aCTbi0, BKJIOYEHO JIHLIL OJHO COMpPOTHBJICHHE
(akTHBHOE conpoTuBiaenye R,). Ha cxeme puc. 3.46, 6 mexny yayom I u
yajioMm 4 BKJIIOYeHa aKTHBHAs NPOBOJUMOCTD g, = R,

Yanbl 1 u 2 na cxeme puc 3.46, a coeiiHeHbl 1By Msl NYHKTHPHBIMH
NUHHSIMH (0O[lHA M3 HHX NpoxonuT Yepe3d uctounuk DJC E;, npyras —
yepe3 HHAYKTHBHOCTb L), MOCKOJIbKY B BETBH, IB/ISIOLIEACH CMEXHOH
MeXAy KOHTypaMu 1 ¥ 2, noc/iel0BaTeJbHO COeJHHEHbI Ba JIeMEHTa
cxembl (E5 v Lg). ¥Y3abl 1 v 2 Ha cxeme puc. 3.46, 6 coeHHeHbI ABYMSi
BeTBSIMH. B 0fiHy M3 HHX BKJIIOYEH MCTOYHHK TOKa Jg a B Apyrywo —
KoHpeHcaTop eMkocTbio C s = Lg/k (3n1emenTsl nyasibhbie g u Ly).

Moo uTeNIbHEIE HANPaB/ieHUA TOKOB HCTOYHHKOB TOKA B 1y aJ1bHOM
cxeMe JIOJKHBI GBITh COTMIACOBAHBI C MONOKHTENbHBIMH HAMpPaBJ/eHUs -
mu DJIC ucrounnkos IJIC B ucxonnoi cxeme. Ecin npu o6xone k-KoH-
Typa 1o 4yacoBoil CTpeJike HanpasieHue Kakoii-to DJIC 3Toro KoHTypa
COBflajlaeT ¢ HanpaBJeHHeM 06X04a KOHTYPa, TO TOK 3KBHBAJIEHTHOTO
€il ICTOYHMKA TOKa M0JKEH ObITb HalpasieH K k-yany. Ecaun Tok no
HEKOTOPOii BETBH MCXOLHOM CXeMbl COBMAaAaeT MO HAaNpPaBJEHHIO C Ha-
NpasiienHeM 06x01a k-KOHTYpa, TO B 1y aJibHOM CXeMe CTPeJIKy Ha COOT-
BeTCTBylOLIe i BeTBU HaNpaBIsiioT K k-y3uty. [Tocsiennee 3ameuanue cie-
Ayer wmerb B Buuy npH cocrtasienud [A] u [K ]-mMaTpuu B3aumuo
Ayanbhbix cxem (cm. § 2.31). ITpu 3T0M nosiaraem, 4To B KaXK10# BETBH
HCXOLHOM CXeMbl HMEETCsl 110 OAHOMY NMACCHBHOMY 3JIEMEHTY.

Hcxonnyio u iyanbnyio eit CXeMbl Ha3bIBAIOT 83AUMHO 0OPATHbLMLL

Bonpocw ans camonposepin

@)’HKL K?;KHMH TPeMsi BEJMYHHAMM XapaKTepPU3YIOT CHHYCOMIAJbHO M3MEHSIIOLLYIOCs
Tonn UHI0? 2. KaKoB CMbICA CTPEIKH, YKA3biBAIOILLEH NOJ0XHTeJIbHO® HAllPABACHHE A5t
‘_(a"h:emu M HanpsKeHus Ha snemente uenu? 3. [Touemy cpenHee 3HaueHke CHHYCOH-
Refic OF0 TOKa onpejessiloT 3a moJanepuona, a He 3a nepuoa? 4. Hro nowumaior mon

TBYIOLIMM 3naueHHeM Toka (Hanpskenus)? 5. INosicHuTe npouecc npoxoxaeHus
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[image: image129.png]CHHYCOMJIaJILHOIO TOKA Yepe3 HHAYKTUBHYIO KaTywky. 6. [Tosichure npouecc npoxoxe-
HHUSL CHHYCOMZIAJILHOTO TOKA Yepe3 KoHaeHcartop. 7. ManokuTe 0CHOBBI CHMBOTHYECKO! o
meTona pacyera. Ha KakoM OCHOBaHMM Bce METOAB pacuera Lienel MOCTOSTHHONO TOKa
NPUMEHUMBI K LIeNISIM CHHYCOHAAbHOrO ToKa? 8. Jlafite onpenesenne BEKTOPHOMH H TOMO-
rpadpuueckoi suarpammam. 9. KakomMy MOMEHTY BpeMeHH COOTBETCTBYET HOMOXKeHHe
BEKTOPOB TOKOB W HallpsiXKeuHii Ha BekTOpHOH nrarpamme? 10. Kak onpeaenuts Hanps-
JKEHHE MeXJy IByMsl TOUKaMu CXeMbl N0 Tororpaduueckoi guarpamme? 11, dusuuecku
untepnperupyiite P, Q, S. 12. BripasuTe KOMMIEKCHYI0 MOILHOCTb S 4epe3 KOMIJIEKCh
HanpsXKeHust H ToKa. 13. 3anuuiuTe ycJ0BHE PE30HAHCHOrO PEXUMA NBYXMOJIOCHHKA.
[MocTpoiite pesonanchbie Kpusbie s puc. 3.26, @ 1pu n3meHenuu X -  Hensmennbix E,
R, L, ®. 14. Uto noHuMalor nox [06POTHOCTBIO HHAYKTHBHOM KaTyuKH, KOHAeHCATopa H
pe3oHaHCHOro KouTypa? Uto usuuecku xapakrepudyer kaxaas u3 nux? 15 aiire on-
peieneHue pexxuMy Pe30oHaHCA TOKOB H Ee)mmy pesonauca uanpsikenuii. 16. Kakue
IBYXNOJIOCHUKH Ha3biBAIOT peakTubHbiMu? 17. Kak no Buay 4acToTHOW XapaKTepUCTHKH
X(®) peakTHBHOrO ABYXNOJIOCHHKA MOXHO Ollpefe/uTb, KAKHE H B KAKOM KOJIHYECTBe
6yNyT BO3HHKATH B HEM DPE3OHAHCHBIE PEXMMbI NIPH u3mMeneHuu w? 18, Kaxoil nonxua
ObITh B3ATA HArpy3Ka, NPHCOEAHHAEMAS K dKTHBHOMY JBYXNOJIOCHHKY, 4TOOBI B Hel
BbUIEISNIACH MaKCHMadibHas MowHocTb? 19, Jaiite onpeaeneHue Coryiacyomero u uie-
anbHoro Tpancopmaropos. 20. Kak B pacuere yuuTbiBalOT HAJHUME MATHHUTHON CBA3H
MEeX/y HHAYKTHBHBIMH KaTywKaMu? 21. Kakoil cMbIC/ HME@IOT BHOCHMbIE CONPOTHBICHHS!
8 TpaHcopmarope? 22. UTo NOHUMAIOT MO/ PA3BS3HIBAHMEM MarHUTHO-CBSI3AHHBIX Ue-
neii? C kaxoii uenbio ero ocyuecrsnsiior? 23. [Tokaxure Ha npuMepe, Kak MpaKTHYECKH
OCYWLECTBUTh Pa3BsA3bIBAHHE Lienel, 0JI0XKUB B OCHOBY NPHHLMI HEH3MEHHOCTH MOTOKOC-
LeIJIeHHsl KaxJO0T0 KOHTYpa A0 H Tocje pa3ps3biBanus. 24. 3anuuwimte Bbipaxe-
HHE JJISl KOMIUIEKCHOH MOLLHOCTH, MePeHOCHMOI MArHHTHBLIM YTEM H3 OJHOH Bel1sH
B APYrylo, ¢ Hell MarHuTHO-cBsA3auuyio. 25. Chopmynupyiite Teopemy o 6anance akTHB-
HLIX M PeaKTHBHbIX MOwHOCTEH. 26. ChopMyaHpyiiTe aaropuTM npeobpasoBatus: HCXO-
HO# cxeMbl B ayanbHyio. 27. lanbt napameTpbt cxembl puc. 3.47, a:  E\=1B; Eq=j B;

Ez=(14/) B; Rj=wL;=10m; Ry=1/0Cy=2Om; Ry= | Om. Oupenennre koM
JIEKCHbIE 3HAUEHHS TOKOB B BeTBSIX H MoKasaWue BatTMeTpa. ITocrpoiite tomorpatu-
HECKyl0 MarpaMMy (cuuTas 3asemennoii Touky O), COBMECTHB €€ ¢ BEKTODHOM ar-
pammoii Tokos. (Oreer: [, = 1,08¢/16%° A, I2=0,632e’m A, I3=O,715e”920 A

¢, =0.83e /112" B TTokazanue sarT™eTpa 0,83 1,08cos (—97°40")= =—0,155 Br. Tono-
rpauyeckas auarpamma usoGpaxena ua puc. 3.47, 6). 28. Brsequte cooTHowenHs
Mexay MOALYJIsiMu [ aprymeHTamu KOMIIJIEKCHbIX conporupaenHi

Z,= z,ei"l. Zy= z2ei"2, Zy= zaei“’3, Zy= z4ei“’4 MOCTOBO#i cxeMbI puc. 3.47, 8, caiyXa-
wel 1Jist K3MEePeHHUsl OHOTO H3 CONPOTHBJIEHHI 110 TPEM u3BeCTHbIM. PasHoBecue mocTd
dukcupyercs  no H%esomy nokaszawuio  BoabTmerpa. (OTBet: 2/ /2o = 23/24 ¥
@) — G = @3 — 0). 29. Pewmre sanaun 5.1, 5.5,5.9. 5.11, 5.14, 5.22, 5.33, 5.3, 544
5.54.
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YETBIPEXMONFOCHUKM. LLENM C YNPABJISEMbIMM
UCTOYHUKAMM. KPYTOBBIE AMATPAMMbBI

4.1. OnpejeneHne 4YeTbIPEXNOJNIOCHHKA. YeTbipexnontocHuK — 3to
06061LeHHOe MOHsITHE 3JIEKTPHUECKOH LieNH, pacCMaTpHBaeMoil o oT-
HOILIEHHIO K YeTBIPEM €€ 3aXKHMaM.

TpaHchopmaTop, JIMHHIO TMepejayd 3HePrHH, MOCTOBYIO CXeMY H
T. [1. MOKHO PACCMaTPHBATh KaK YeTbIPEXMOJOCHHKH.

[1pHHATO H306parkaTh YETHIPEXTONOCHUK B BH/E MPSMOYTOJbHHKA
¢ BBIXOAS LIIUMH H3 Hero KoHUaMu (noJirocamu) mn v pq (puc.4.1,a). Ecin
yeThlPEXTOJIOCHHK COAEPKHT HCTOYHHKH 3JIEKTPHUECKOH S3HEPTHH, TO B
pAAMOYroJibHUKeE CTaBAT OyKBY A (aKTHBHEIH); ec/in GykBa A otcyTer-
ByeT, TO 3TO 3HAUHT, YTO YETHIPEXIOJIOCHHK MaCCHBHBIMH.

B o6uiem, npakTHYeCKH MaJio pacnpoCcTpaHeHHOM cilydae, paGouH-
MH NapaMH 3a>KHMOB YeThIPEXIIOJI0OCHHKA MOT'YT GbITh TPH Maphl 3aXKH-
moB. [IpuMeHHTeIbHO K pHC. 4.1, @ — 3TO, HanpuMep, napsl mn, pm u
pq. A 3TOM ciiydae pexxuM paGoThl YETHIPEXMOJIOCHHKA ONpeseNsiics
66l TPEMSI HE3ABHCHMBIMH yPaBHEHHSIMH, B KOTOpbl€ BXOAHJIH Obl TPH
HEe3aBHCHMBIX HaMpsixkKeHus (4TO cienyeT 3 Broporo 3akoxa Kupxro-
(ha) Mexay ynoMsHYTHIMH NapaMH 3a>KHMOB H TPeMsi HE3aBHCHMBIMH
TOKaMH (4TO cJjenyeT u3 nepsoro 3akona Kupxroga). Ha npakruke
YeThIPEXNOMIOCHHK 06GBIYHO paboTaeT B peXxuMe, KOTia ojHa rnapa 3a-
KHMOB, HanlpUMep mn, ABIsSeTCA BXOAHOH, a Apyras napa, Hanpumep
Pg, — BHIXOHOH. UeThIpeXMo/II0CHHUK, y KOTOPOTro pa6oYHMHU SBJSIOTCS
JIBe Napbl 3a>KHMOB, Ha3blBAIOT NPOX0OHbIM. B nanHol riiaBe paccmar-
PHBAETCS TEOPHS! MPOXONIHOTO HETHIPEXMOMIOCHHKA. (Tepmun "npoxon-
HOH” flasiee ynoMHHATLCS He OyHeT.)

. Bxonnoi Tox 0603HaualoT /,, BXoJAHOe HanpsikKeHue — Ul, TOK H
Hanpsixkenue Ha BBIXOLE — Iyn Uy.

YeTbIpeXno/ilOCHUK SIBJISIETCS MEPENATOUYHbIM 3BEHOM MEXy HC-

TOYHHKOM MMHUTAHUS H Harpy3Koi. K BxoqHbIM 3axxuMamM mn, Kak npasu-
JI0, NPUCOEHHSIOT HCTOUHHK MHUTAHHMS, K BBIXOJHBIM 3a)XXKHMaM pg —
Harpysky.
' Tlpeanosaraercsi, uTo HArpy3Ka 4ETHIPEXMOJIIOCHHKA U HAMpsixKe-
Hiue Ha Bxoge npu PaboTe YETHIPEXNONIOCHHKA B KAUECTBE CBAYIOILEro
3BEHA MOTyT H3MEHSATBbCS, HO CXeMa BHYTPEHHHUX COeJHHEHHH YeThipex-
HOJII0CHHKA ¥ CONPOTHBJIEHHS B Hell OCTAIOTCS HEH3MEHHBIMH.

HO

w ™ Lp mi o mi I p
e . . . - o -
" V0 VA" AR Uy}
n ) g n 5 ¢ 7 7 q
Puc. 4.1
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[image: image131.png]§ 4.2. Wlectb opm 3aNUCH ypaBHEHHUIH yeThipexnoatocHuka, Hernl-
PEXMOMIOCHHK XapaKTepuayeTcsi AByMs nanpsixkenusamu U, n U, n apy-
msa Tokamu /, u [, JlioGble 1Be BeJIHYHHBI H3 YEThIPpEX MOXHO ornpeje-
JHUTb Uepe3 ocTasibHble. Tak KaK UMCJ/I0 coueTaHnH M3 YeThipex No ABa
PaBHO LECTH, TO BO3MOXKHBI CJleflyloline WecThb (popM 3allHcH ypaBHe-
HHIi 12CCHBHOI'O YeThIPeXNOJIOCHHKA:

A-popma
U, =AU, + Bly; 4.1)
I,=CU,+ DIy, 4.2

Y-bopma
il =Y, U, + Y|2023 (4.3)
I,= Y, U, + YUy (4.4)

Z-dopma
Ul = Znil + Z|2i2§ (4.5)
Uy=Zopl\ + Zyply, (4.6)

H-dopma
U|=H|1in+H|202; (4.7
i2= H2lil + szljz? (4-8);

G-tpopma
i|=G|101+612i2; 4.9
Uy= Gy U, + Gply; (4.10)

B-dopma
U,= B, U, + Byi,; (4.11)
Iy =By U, + By,. (4.12)

OGpaTHM BHHMaHuWe Ha rnonapHyio nusepcuio Y- u Z-dopm, A- ¢
B-¢dopm, H-u G-popm.

HcTopuuecku cioxuiocs Tak, 4to s A-popmbi (ee 6yaem cuutatb
OCHOBHOM) MOJIOXKUTE/IbHBIE HalpaB/ieHusl AJIsi TOKOB H HanpsiKeHuil
coorBercTByioT puc.4.1,a; ans Y-, Z-, H-, G-popm — puc.4.1,6, B-dpop-
me — puc. 4.1, 6.

. O6paTuM BHHMaHHE Ha TO, YTO TOK I2 Ha puc. 4.1, 6 Hanpapact
ﬂpOTHBOl’IOJ]O)KHO_TOKyI Ha puc. 4.1, a.

Hapyc.4.1,61, n I,n3MeHnIH HanpaBJeHHe N0 CPABHEHUIO C TOKA"
mul,u I,na puc. 4.1, a.

PaccMmorpenue ypasHeHuil HauneM ¢ A-QopMEL.
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§4.3. Boizon ypasHenuii B A-popme. KomnaekcHbie ko3 duumen-

1 A, B, C, D B ypaBHenusix (4.1) u (4.2) 3aBUCAT OT cXeMbl BHYTPEHHHX

COeAHHEHHI YeTBIPEXNOJIOCHHKA, 3HaYeHU# CONPOTHBJIEHHH CXEMBI H Ya-

c7oThL J1J151 K2XKA0ro YeTHIPEXII0I0CHHKE HX MOXKHO Ol PEIeJIHTb PaCcyeT-

HBIM HJIH OTIBITHBIM 1yTeM. JLJIsl YeThIPEXIONIOCHUKOB, Y I0BJIETBOPSIOLIHX
YCJIOBHIO B3aHMHOCTH, KO3 HUMEHTHI CBA3aHBI COOTHOLLIEHHEM

AD — BC=1. (4.13)

BuiBenem ypaBaenus (4.1) u (4.2). C 3Toif uenbio K 3axxumam mn
nonkJrounM uctounuk AJC E = U, = U, a k 3axumam pg — Harpys-
Ky Z,(puc. 4.2, a). . . .

Hanpsixenue na narpyske U,=1,Z,=U,. CornacHo Teopeme
koMneHcauyu (cM. § 1.17), 3amenum Harpysky Z, ucrounukom JJIC ¢
3N1C E, = U, u nanpasnenHoli BcTpeuHo Toky I, (puc. 4.2, 6). 3anuiuem
BbIpakeHust Anst ToKoB [ u [, Beipasus ux uepe3 IJC E, , E, u Bxon-
Hble, H B3aHMHBIE [IPOBOIUMOCTH BETBEH Y, Yy9, Yo, Yoo

Iy =E\y, —Ey, (a)
Iy=E Yy — EoY. (6)

(01 Ecnn Toku I, u I, paccmaTpuBath Kak KOHTypHbIe, T0 DJ1C KOHTY-
PoB, CcoBnazatllle C HanpapJieHHeM KOHTYPHBEIX TOKOB, BOUIYT B ypaB-
HeHus1, nopgo6uble ypaBHenuo (1.7), co anakom natoc, a 1 C, He coBna-
Ralolue ¢ HanpaB/JeHHEM COOTBETCTBYIOLIHX KOHTYPOB TOKOB, — CO
3HAKOM MYHYC. .

‘¢ 9ACE, nanpasiieHa COracHo €/, , 103TOMY OH4 BOLLJIA B ypaBHe-
Hue (a) u (6) co 3nakom naioc; JIC E, nanpasnena serpeuno I, nosro-
‘MY OHa BOLU/IA B 3TH yPaBHEHHsI CO 3HAKOM MHHYC.

., Jl1si IMHeAHBIX YETHIPEXIIOIOCHHKOB, He COAEPKALUHX HeTHHe AHBIX
iﬂememos (R/151 B3AHMHEIX YETBIPEXTIONIOCHHKOB), COTJIACHO NPHHLHIY
\I(3aHMHOCTu (cMm. § 2.16), y,, = y,,. U3 (6) Halinem

R (»)
E\=Ey— 4 I,—.
19! ! ) % Yoy
Noncrasus (B) B (a), nonyunm
Yl — Yi¥er | ¥ r
I,=E, 1i¥22 1221_*_’2_11' (1)
Y21 Y21
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[image: image133.png]O6o3Hayum:

A = Yu/Yo, B=1/45, C = (Y1Y2 — Y1242)/ Y21, D = y11/Yr- ()

B ypaBHenusix (B) u (r) 3amenum E, Ha U, u E, va U, u, Bocnos-
30BaBIUKCH 0603HaYeHHeM (1), MoJyyHM ypaBHeHus B A-hopme

I m A Ul=AUz+Bi2;

i)z fr 1,=CU, + DI,

Puc. 4.3

ITpoBepuM BhinO/NHEHHE CoOTHOLEHHS (4.13) 115t BBaHMHOTO YeThi-
PEeXMOJIIOCHHKA:
Ynbe  Yulp —
AD — Bc =192 Yubn 512921__14
2 2
Y21 Y21

Jlist HEeB3aUMHOrO 4eTHIPEXIONIOCHHKA Y,y %Yy H AD — BC=
=Yo/ Y # 1.

PaccMOTpUM . COOTHOIIEHHS, KOTOpble HMEIOT MeCTO MeXnay
U ul, u U, u I, ecnu uctounnk I C E, npHcOeiMHEH K 3a)XXHMaM
pq, a Harpyaka — K 3axumam mn (puc. 4.3).

Kak u B npeapinylieM BbIBOJE, 3aMeHHM Harpy3Ky Z, Ha HCTOYHHK
QM C ¢ 3C E,, HanpaBJieHHbIi BCTPEYHO TOKY /,, K 3anulleM Bbipaxe-
HUSA 18 TOKOB /| 1 [

12=_E2!/n +E|!/12? ()
1y =—Eyyy +E Yy (x)
Uz (e) naiinem
TR (3)
E=Ey—+ I,—.
! T
ToncraBum (3) B (XK):
}1 _ E'2 ynyné;ylzyzl + ',2 z_fz ot

3amennB EHa U u E, ua U, u Bocriosb30BaBIIKHCE 0603HAUEHHS -
MH (1), nepenuiiueM JiBe nocjeaHie CTPOUKH CJIeNly IOULHM o6pasom:

U, =DU,+ Bl (4.14)
I, =CU, +Al, (4.14a)




[image: image134.png]TakuM 00pa3oM, ypaBHeHus (4.1) u (4.2) xapakrepusyior paboTty
yeTbIPEXTOJIIOCHHKA I1PH MUTAHUM CO CTOPOHbBI 3A2KMMOB M7 U NPHCOE-
JHHEHUH HATDY3KH K 32XUMaM pg, a ypasHeHus (4.14)u (4.14a) — npu
ero MUTAHHH CO CTOPOHBI 32XKHMOB PG H TIPHCOEIMHEHHH HArPY3KH K
3a)KHMaM mn.

YeThIPEXIOJNIOCHHK Ha3bIBAIOT CUMMET PUHHbIM, €CJIY TPH NTepeMeHe
MecTaMH HCTOUHHKA MHTAHHS M HArPY3KH TOKM B HCTOUYHHKE MUTAHHS H
parpy3ke He H3MeHsoTcs. B cuMMeTpuuHOM ueThipexnoditocHuke A = D.

YpasHenus (4.1) u (4.2) vHOrna 3aNUCHIBAIOT TAK:

Uy=A,Uy+Aply (4.1a)
I, = Ay Uy + A, (4.16)
reAy=A;A,=BA, =C,Ayp=D.

§ 4.4. Onpenenenne koapduunentor A-popmbi 3anucH ypasHenuii
yerbipexnoatociuka. Komniekcusie koapduunentn A, B, C, D, Bxons-
uiue B ypaBHenus (4.1) 1 (4.2), MmoxxHO onpenesuts no dpopmyJam (1),
ecJiM CXeMa BHYTDPEHHHX COeJIHHEHHH YeTHIPEXMOJIIOCHHKA H ee mapa-
MeTPBl H3BECTHBI, JIHGO HCIOJ/b3ysl BXOLHBIE CONPOTHBJIEHHS] YeThIPeX-
NOJIFOCHHKA, NOJTyYeHHBIE ONBITHBIM HJIH PACUeTHBIM NyTEM.

KoMrjiekcHble BXOHEIE COTIPOTHBJIEHHSI HAXOAST ONBITHBIM NyTEM
¢ NOMOLIBIO BATTMETPA, aMIePMeTPa H BOJBTMETpPaA 110 CXeMe, NMOJ0-
GHo#i cxeMe puc. 3.24, a, ¢ TeM OTJIHUHEM, YTO BMECTO BYXMOJIOCHHKA
3a)KMMaMH mn v pq (B 33aBUCHMOCTH OT ONpPeie/IsieMOro BXOLHOro Co-
TIPOTHBJICHHS ) MOAKJIOYAIOT HCMIBITYEMBIH YEThIPEXNOJIOCHHK.

OnpepenuM KOMIJIEKCHOE BXOJHOE COIPOTHBJIEHHE YeThIPEXIIOI0C-
HHKA TIPH TPeX Pa3JIMYHBIX PeXKHMaX ero paboThl.

. L.T1pu nuTaHuH CO CTOPOHBI 33KHMOB M1 U Pa30MKHYTON BETBH pg
((12 =0, ungekc x).
z —ﬂ=z efix=A/C
{ x= ,lx 1x - (H)

2. Tlpu MUTaHUK CO CTOPOHBI 32XKHMOB Min H KOPOTKOM 3aMbIKaHHK

Bersu pg (U, =0, uHOeKc K).

Zy= le/ilx =z, =B/D. (x)

3. TIpH nUTaHMK CO CTOPOHBI 3aXKHMOB PG H KOPOTKOM 3aMbIKaHUH
3axumos mn (U, =0)

Z,, =z, ein=B/A. ()

Taxum 06pasom, A5t onpenesieHust yeThIpex HEH3BECTHBIX KO3 hH-
Wientos A, B, C, D B3aMMHOro 4eTHIPEXIIONIOCHHKA pacronaraem uye-
ThipbmMs ypapuenusimu: AD —BC =1, Z,,=A/C; Z,, = B/D; Z,, =
=B/A. CocraBum passoctsb
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[image: image135.png]Zw_, BC_ L Zu—Zw L (M)
Z,, AD ~ AD Zn  AD

Hmeem
Zy/Z = D/A. (n)
YMHOXHM (M) Ha (B):
(Z1x— 20 Zo _
Zyz, — AY
Otcrona
Z0Z (4.15)
B Z2K(le - Zh()~
®opmyna (4.15)! nossoasier uepes Z,, Z,, u Z,, ONpenesuthb Koag-
duurent A; nocne 3toro kKosgduuuent C Haxonaart us (1), B — u3 (n)u
D — w3 (k).
Kosthduurentol A 1 D UMeIOT HyJleByI0 Pa3MepHOCTb, Ko3ppuuu-
eHT B umeet paamepHocTb OM, Ko3pPuupent C — Cm.

3ameruM, uto BMecTo popMmy.ibl (4.15) Kospduunent A MoxeT GBITL
onpeneneH no gpopmy.e (4.15a):

A

le
Zow— Xou' (4.15a)
l'lpuMep 49. OnbITHHIM nyTem 610 HaligeHo, 4T0 Zix = 7.815ej5m? Ow;
Zix=12,5¢1"% Owm; Zy, = 3,336/ Om. Onpenennts kospduunents A, B, C, D
YeTHIPEXIONIOCHHKA.
Pemewnne HatinemZ,, — 2, =5—6j — 12j — 5= — 18;.
o ¢opmy.ie (4.15) noncuutaem:
A __\/7,815e ~ T 12,5e 0%
3,33¢ 27°3% . 1ge — 0"
C=A/Z,,=1,286"1 /7 815¢ P12V %,0,166e/™" Cw;

A=

= 1,28¢ 3940,

B = AZy = 4,26/ Om; D = B/Z, = 0,34.

Npumep 50. K 3axxumam pg (cMm. puc. 4.1) yeThipexioiiocHuka npumepa 49 noacoe-
nuHena narpyska Zy =6 + j6 Om; k 3axumam mn — ucrounuk C. Haiitu Uy u 1,
ecan fy=1A. . . . .

Pewenune. Ilo dopmyae (4.1), U;j=AUy+ Bly = IAZ, + B)=1X
X (1,28¢ P40 6\ 145° 1 4,96e 17°) — 14,85¢ 1795 B.

Mo dpopmyuJie (4.2),

I, = CU, + DIy = I{CZ, + D)= 1,165 %" A,

'B Gopmyanax(4.15) n(4.15a) nepen KopHeM B3T 3HaK NJ1I0C. DTOMY 3HaKy COOTBET-
ctByer otcueT U2 I2 no puc. 4.2, a. 3nak MUHyc nepej KOpHeM oTOpoLIeH, Tak Kak OH
cooTBeTcTBYeT oTCueTy U2 U /2 B IPOTHBOINOJIONKHOM HaNpaBjieHHN.
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[image: image136.png]§ 4.5. T- n Tl-cxembl 3amMewieHHsi NACCHBHOTO YETHIPEXTIONIOCHHKA.
@yKuMH NACCHBHONO B3aWMHOIO YETHIPEXMONIOCHHKA KAK NEpeiaTou-
HOTO 3BEHA MEXIY HCTOYHUKOM MHUTAHHSI H HAarpy3KoH MOXKET BBINOJ -
uaTh T-cxema (cxeMa 3Be3nbl puc. 4.4, a) WK sKBUBasenTHas eil [1-cxe-
ma TpeyrosibHuka (puc. 4.4, 6).

[Mpeanonaraercs, 4To yacToTa ® GukcHpobana. Tpu conporusie-
pust T- un [1-cXeMBbl MOACYMTHIBAIOT C y4€TOM TOTO, YTO CXeMa 3aMellle-
HHus JOJDKHA obsaaath TeMH e Koadduumenramu A, B, C, D, uto u
3aMeHsieMblil €10 UEThIPeXIOJI IOCHHUK.

3ajaya 3Ta OHO3HAYHA, TaK KAaK CXeMa 3aMelleH st COAEPXKHUT TPH
3JEMEHTA, H YeThIPEXMNOJNIOCHHK XapaKTepHU3yeTCcsl TOXe TpeMsl napa-
metrpaMd (onna cBsise Mexny A,B,C,D 3apana ypaBueHHeM
AD — BC=1). . .

Beipazum Hanpsiokenue U, u tok I, T-cxemnl (puc. 4.4, a) uepe3
nanpskene Upntok [y
' N s 2

() (4.16)
h=l+=— —U223+’21+Za]'

S - . AT 2,2, (4.17)
Up=Up+IZy + 1Zy = Ut + | + 1| Z, + 2, + — ]
3 3
Conocrabum (4.16) ¢ (4.1) u (4.17) ¢ (4.2). I1pu conocraBnennu Hai-
LEM

A=14+(Z,/ Z); B=Z\+ Zy+ 2,2,/ Z, C=1/Zy D=1+2Z,/ Z,. (4.18)

CJaiegoBaTesbHO,

Z,=1/C; (4.19)
Zi=(A-1/G
Zy=(D —1)/C.

Dopmyant (4.18) u (4.19) no3BossiOT onpenesuTh CONPOTHBIIEHHS
Z,Z,u Z, (puc. 4.4, a) 1o Ko3pPULMEHTAM YeTHIPEXIOTIOCHUKA

a)
Puc. 4.4
—

1

Y ueB3aumHoro YeTHIPEXNONIOCHHKA Y127 Y21, I03TOMY ISl HETO CXEMa 3aMeLlLeHusl
06pazosana He TPeMsi, a YETHIPbMS 3JIEMEHTaMM (CM., HalIpUMeP, CXeMy 3aMelleHUs
TPausucropa s § 15.35).
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[image: image137.png]A, C, D. Ananoruunbie Boikaaaku s [1-cxemsr (puc. 4.4, 6) nator:

Z V4 Zs+ Z, V4
R ALt AL (e
Z,=8B; (4.21)
=B/(D — 1); (4.22)
—B/(A — 1). (4.23)

Ecant ueTHIpeXnoJiloCHHK cHMMeTpuuHblil, T0 A =D u B T-cxeme
3ameltennst Z, = Z,, a B [1-cxeme Z; = Zg.

§ 4.6. Onpenenenne koapduuuenros Y-, Z-, G- u H-dopm 3anucu
ypaBHeHHiH 4eTbipexnoaiocHuka. KomnjekcHole K03pGHUHEHTHI
Yo Yie You. Yoo B ypaBuenusix (4.3) u (4.4) Haiinem caenyrowum obpa-
som: Yy =1,/U npu Uy =0; Y, =1,/U,npn U, =0; Yoo =1,/ U, ipn
U, =0.0603sauum Y =y, , Yoo=tjpp, HO ¥ (y=—Y , 1 Vyy=—1),,.

Kosbduuuentsl Z,,, Z,y, Z,,, Zy, B ypaBHenusix (4.5) n (4.6) onpene-
aumrtak: Z, = U,/l,npul,=0;Z, = U,/I,nipul, = 0; Zy, = U,/I,npu
I,=0.
AnasilorHuHbiM 06pa30M onpeeum Ko3GhUIHEHTH H IPYTHX hopm
3anucy, nanpumep H-dopmsi: Hy, = U,/I, npu U, =0; Hyy =1,/ U, nipu
I, =0;H, =1,/1 npu U, =0. O6patum BHHMAHHUE HA TO, YTO A/Isi B3a-
HMHOro 4eThIPeXMoJIIOCHHKA Yo=Y Zy=2,, HO
H,=— H,, G,=— G,, a B, He paBHO B,, naxe no Moxny.o.

TNpumep 51. Buisectn Gpopmysibi Z-napamerpos Aas T-cxembl 3aMelieHHs deThipex-

NoJICHUKA pHC. 4.4, a.
Pewenue Jlus T-cxemn samelnenus

Zy= Ul/’lnpulgz()‘ Lyt Zy 2y =1y = U2/llnpu12 o=123

Zy= U?/’znpu'l, —0=Zy+ Z;

§ 4.7. Onpenenenne KoapPpuuuenToB oaHoi Gopmbl ypaBHeHUH He-
pe3 KoapuunenTnl Apyroi ¢popmbl. Ha npakTike Bo3HHKaeT norped-
HOCTb B Nlepexojie OT OHOH GOpMbI 3aNUCH YPaBHEHUH K APYrof.

Jaist Toro uTo6el Ko3bduLKMeHTH 0AHOM GOPMBI 3aIHCH HAHTH Yyepe3
KOI(GHLUHEHTH APYrod (popMbl, HEOGX0AHMMO BLIPa3UThb KakHe-JHG0
JlBe OIMHAKOBbIE BEJIMIHHDI B 3THX ABYX (POPMaX U CONOCTABHTD UX, yuTs
Hanpaesenus Tokos /, u /I, B uux.

Janst A-dopmbl p ©)
: -1 o
U= ,’C IZE'
- -1 D n)
U2=IIE-—~IZZ:. (
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[image: image138.png]Iulﬂ\Z'q)OPMM . .
Uy=1Z,+1,Z,, (p)
Uy =1Zy, + 152y, ()

Conocrasnsisi npasble 4acTd (0) ¥ (p) M yuuThIBasi, uTO TOK I, B
pEIpaXeHHHU (P) paBeH TOKy — [, B BoipaxkeHHH (0), NoJyuum

Z,=A/C,Z,=1/C.

Hs(n)u(c)
Z, =1/C, Zy,=D/C.

[Mpu nepexone ot Kospduunentos A-popMbl kK KosddHuHeHTaM
Apyrux Gopm Haiinem:
Y.=D/B,Y,=Y,=—1/B,Y,=A/B;
Hy=B/D,Hy=— Hy=1/D,Hy=C/D;
G, =C/A,Gy=—Gy=—1/A,Gy=B/A,
B, =D,B,=8B,B, =C, By =A.
Mpumep 52. Onpenennts Y-napamerpsl YeTHipeXNoNIOCHHKA Yepe3 Z-NapaMeTpel.

Pewesnne. Pewnum ypasrenus (4.5) u (4.6) ornocutensro /y u [, conoctaBum
noJlyyeHHble ypaBHeHus ¢ ypaBHenusiMu (4.3) v (4.4). B pesysnbrarte nonyuum

Yii=1Zop/Bg Yoo =Z1/Ag Yig=VYoy = — Z1o/ Bz 8y = 21299 — Z%2~
Hns T-cxemsi (puc. 4.4, a)
By =(Z,+ ZNZy+ Z5) — Z3=2,Zy+ 2,25+ ZyZs;
Y=g+ Z3)/Az Yoo = (2, + Z/Bgz Y1y = — Z3/A;

B ta6s. 4.1 na-ibl cooTHoLIeHHUst 1Jsi nepexona OT ofHOH (GopMBbI
YpaBHeHHH K J11060H ApYro#.

Tabnuna 4.1

OT MaTpHiLbl

K matpuue





[image: image139.png]l1podosmenue Taba. 4.1

A Gy D —aA
m Gp Gy | B B
—Gy 1 =1 A
Gy G| B B
Gy —Gp| B A
_A? Ag D D
1#] Gy Gy 1 C
Ag Ag D D
c 2
A A
[G] A B
A A
AB 1 Gy
[CD] Gy, Gy
Gn Ao
Gy Gy

§ 4.8. Mpumenenne pasinynbiX GOPM 3aNHCH YPABHEHH I YeTbipex-
nogtocHuka. CoeHHEHHSI YeTHIPEXTNONIOCHUKOB. YCI0BHSI PeryJsipHo-
cri. Ty uiu unyio ¢bopMy 3anucu ypaBHeHHI NPHMEHSIIOT, MCXOAS U3
coobpaxenuit yno6ersa. Tak, B Teopun cunTe3da ueneit (cm. § 10.5 —
10.8) ncnoabdytor o6buto Y- uau Z-popmy 3anucu. [lapamerps Tpau-
3MCTOPOB JJIsi MaJIbIX MlepeMeHHbIX cocTaBisiolux (cM. § 15.35) nator B
Y-, unu H-, wan Z-popme, Tak Kak B 3THX hopmax ux ynobHee onpene-
JIUTh ONBITHBIM NyTEM.

[1pu HaxoxIeHHM CBsI3M MeXAY BXOJAHBIMH W BBIXOAHBIMH BEJIHYH-
HAMH Pa3/HUYHBIM O0PA30M COEJIHHEHHbIX YeThIPEXTIOJIOCHUKOB (11pH
onpejeseHHd Ko3pQHIHEHTOB SKBUBAJIEHTHOrO Y€ThIPEXMOJIIOCHHKA)
uenoawayiotr Z-, H-, G-, Y- u A-popmbl

Ipu nocnenoBaTesbHO-M0CTENOBATENBHOM COEIHHEHHH YETHIPEXIONIOC-
HHKOB a U b(pHc. 4.5, a) npuMensitor Z-hopMy, 1pH napaiesibHo-napanelib-
HOM coelliHeHnH (puc. 4.5,6) — Y-thopmy, npu nociiefoBaTesIbHO-N1apaJiesb-
HoM (puc. 4.5,8) — H-dopmy, npv napasiiesibHo-1ocse10BaTe bHOM (prc. 4.5,
2) — G-hopmy, npu kackanHoM (puc. 4.5,0) — A-bopmy.

)
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[image: image140.png]Puc. 4.6

dopMy 3aMuCH ypaBHEHHH BEIGHPAIOT, HCXOMS U3 Y00CTB NOJYUeHHst
MaTpHILbl COCTaBHOO YeThIpeXNoNoCcHUKa. Tak, Z-MaTpHua nocsienosa-
TeJIbHO-TIOCTIEI0BATEJIbHO COe/IMHEHHBIX YeTh PEXIIOJIOCHHKOB paBHa CyM-
Me Z-MaTpHL, 3THX YeThIPEXIIONOCHUKOB, TaK KaK HalpsiKeHUe Ha BXOJle
(BbIXO/1€) SKBHBAJIEHTHOTO 4EeTHIPEXNOJIOCHHKA PaBHO CyMMe Hanpsixe-
HHE HA BXOJle (BbIXOJle) COCTABJISIOLINX €r0 YeThIPEXIOJIOCHUKOB, @ TOKH
COOTBETCTBEHHO Ha BXOJ1e (BBIXOJIE ) Y NOCJI€/I0BATE/IbHO-TOC/IE I0BATENbHO
COeJIHHEHHBIX YETHIPEXIOJIOCHUKOB O/IHHAKOBHL. Y-MaTpHlla napasedib-
HO-Nap aJ1eJIbHO COe/IMHEHHbIX YETHIPEXTIONIOCHHKOB paBHa cyMMe HX Y-
MaTpHLL, TaK KaK TOK Ha BXOJie (BbIXOJle ) SKBUBAJIEHTHOTO Ye Th PEXMOJI 10C-
HUKA PaBEH CyMMe TOKOB Ha BXOJie ( BBIXO/1e ) NapaJlJieJIbHO-11apajlieibHO
Coe/IUHEHHBIX YETBIPEXIOMIOCHHUKOB, @ HaNpsiXKeHHs Ha BXoJle (BbIXOJE) y
HUX OJHHAKOBbI. AHAJIOMMYHO H B OTHOILIEHHH [{-MaTpHILbI IPH NOCTe0BA-
TeJIbHO-TNIapaJjiieIbHOM H G-MaTpHLbl TPH NapaJjJlebHO-10Ce10BATe N b-
HOM COEIMHEHHSIX YE THIPEXIIOJTIOCHHKOB. [1py KackaaHoM coelMHEHHH TOK
H Halpsi)KeHHe Ha BXOJle NepBOro YeThlPexnoJIOCHHKa PaBHbI BXOAHBIM
TOKY H HaNpsiXEHWI0 BTOPOro YEThIPEXTONIOCHUKA, 109TOMY A-MaTpuua
JIBYX KaCKalHO CO€/IHHEHHBIX YEThIPeXMOJIOCHHKOB a H b paBHa nponsse-
NEHHIO A-MaTPHLL 3THX YETHIPEXIIOJ IOCHHKOB:

Aa B[4y B]  [Ady+ B,Cy AuBy+ BD,
Co Do} |Co D] = {Coty + D,C, C.B, + DDy

INpu napanaenbHo-napaJsesbHOM, NOCJe10BATEIbHO-NIOCTEN0BA -
TeJIbHOM, napaJJesbHO-N0CJe0BaTeIbHOM U I110CJe10BaTeNbHO-11a-
PasiesIbHOM coelHHEeHHsIX HeOOX0AUMO COBJIIONATD YCAOBUE pecYyasip-
HOCTU cOeQuHEHUs H4eTblpexXnoAOCHUKO8 — yepe3 06a MepBHUHBIX
3aXKHMa KaxJ10ro YeTHIPeXNOJIOCHHKA JOJKHBI Teub PABHbIE 110 3Haue-
HHIO ¥ NIPOTHBONOMOKHBIE TI0 HANPaBJAeHHIO TOKH; TO XK€ U 110 OTHOILe-
HHIO K BTODHYHBIM 38)KMMaM Kaj)K/10r0 YeThIPEXOJIIOCHHKA.

[lpu peeyasprom coedunenuu maTpuia Kaxaoro 4eTbipexnogioc-
HHKA J0JI)KHA 0CTABATbCS TAKOI e, KaKOH OHa Oblia 110 COeIMHEHUS
YETBbIPeXnoJIloCHHKOB.

[pumep napywenus ycaosus pEeryJIsipHOCTH MPH NocJenoBaTeb-
Ho-nocsenoBaTenibHOM CoenUHEHMH NOKa3aH Ha puc. 4.6, a. Tak coenu-
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HATb YEThIPEXNONIOCHUKH [ U 2 Heslb3sl, MOCKOJbKY BXOJHblE 3aXKHMb
BTOPOrO YeTHIPEXMNOJIIOCHUKA OKAa3aJHCh HAKOPOTKO COeNHHEHHBIMH ¢
€ro BBIXOJIHBIMH 32XKHMaMH.

PeryasipHoe coeHeHHE TeX e 4eThIPeXNOoNOCHHKOB 0Ka3aHo Ha
pHc. 4.6, 6 — nepekpeiueHbl 06e napbl KOHILOB BTOPOTO YeThIPEXIOJI0C-
HHKa (NpH nepekpeliMBaHuH o6eHX Nap KOHLOB BCe 3JeMeHTbl JM1060i
MaTPHLbl OCTAIOTCA HEH3MEHHBIMH).

§4.9. XapakTepHCTHYECKHE H NOBTOPHbIE CONPOTHBJIEHHS YEThIPEX-
NoJIOCHUKOB. B cilyuae HecuMMeTpHuHOro YeThlpexnoniocHuka (As£D)
paccMaTpPHBaIOT B2 XapaKTepHCTHUECKHX CONpPOTHBIEHHS Z, U Z,,
rae Z,, — BXOLHOE CONPOTHBJIEHHE CO CTOPOHBI 33>XHMOB MM, KOTJa
Harpyska IOJKJII0UeHa K 3aXKMMaM pg ¥ paBHa Z, (puc. 4.7, a):

U, AU,4+Bl, AZ,+B
=, T CU,+ DI, CZy+ D' (4.24)

V4

Z ., — BXOJHO€ CONPOTHBJIEHHE CO CTOPOHBI 3aXXHMOB pg, KOTla HATpy3-
Ka Z,, nojkJloueHa K 3axxumam mn (puc. 4.7, 6); np1 37oM ko3bPuum-
eHTol A ¥ D MeHSII0TCSt MecTaMu:
DUy, + Bl, DZ,+B
Lo =TU, ¥ Al, CZ, t A" (4.25)

CoBMecTHO petuasi (4.24) u (4.25), nailnem
Z,=VAB/CD; Z,=+\DB/CA. (4.26)

Yuurwipas, ut0A/C=Z2,,B/D=2,,B/A=12,,D/C=Z,,

NoJIy4HM
Zo=NVNZ,Z\; Zo=N\ZyL,,. 4.27)

Ecan YeThlPeXNoJIOCHUK CHMMeTpHUeH (A= D), TO
Z,.=2Z4y=Z,=\B/C,rne Z, paBHo BXOLHOMY COTIPOTHUBJIEHHIO YEThI-
pexmnoJiloCHUKa, Korjia OH Harpy»eH Ha Z_(puc. 4.7, 8).

B Teopuu ueneit HHOr1a NOJIB3YIOTCS OHSITHEM NOBTOPHORO CONPO-
TusAeHus ueToipexnosochuka Z,,. ITon HUM NOHUMAIOT BXOJHOE CO-
NPOTHBJIEHHE CO CTOPOHbI 3dXXHMOB M1, €CJ K BBIXOLHBIM 32)XXKUMaM pd
npucoenuneno Z . HMa gopmyner (4.24), 3amenus B Heit Z, U Z, Ha

146




[image: image142.png]Z o NOJTYHHM
’ AZyp, + B (4.242)
foon =2, ¥ D

nop

Pewns (4.24a) otHocuTenbHO Z,,, HalileM

[

A—D A—D B
e

nos 2C 2C

Ec/M YeTbiPeXNoJNIOCHHK cuMMeTpHunblii (A = D), 10 Z,,, = \/B/C,
T. €. OHO COBMaJaeT ¢ XxapaKTepucTHueckum conporusiennem Z,. Co-
npoTHBJIEHHE Z,, HA3BIBAIOT IIOBTOPHLIM MIOTOMY, YTO OHO NOBTOPSIET
CONPOTHBJEHHE HATPY3KH HA BbIXOJ€ YeThIPeXMOJIIOCHHKA.

§ 4.10. MocTonnnas nepeaaya ¥ eAHHHLLI H3IMEPEHUS 3aTyXaHHS.
Jlnsi CHMMETPHUHOTO YeThIPEXNONIOCHHKA, HATPYKEHHOro Ha Z,,

U, = AUy + Bi,= UfA +BC), I, = I (A + VBC).

Komnaekcnoe uucino A + YVBC mnoJsaraior paeHbiM e, rae
g=a+ jb=In(A + \/BC) — nocroannas nepedauu. .

Uz popmyn U, = Uy,e®elt; I, = I,e%i® cnepyer, uto moayas U, B e°
pa3 6oabue monyns U,, a monyas /, Be? pas 6oJibiie monyas /,. [o dpaze
U, onepexaer U, ua yron b, Tok I, onepexaet I, Takxe Ha yron b.

BesinunHa a xapakrepuayeT 3aTyXaHHe uyeTbipexnontocHuka. Enun-
HUIAMH 3aTyXaHus siBasiiorcst Henepwl (H) u 6east (B). Henepsi onpe-
JieJleHbl Ha OCHOBe HaTypaJibHBIX JorapHpmoB, a Oesibl — Ha OCHOBE
JlecsiTHUHBIX. 3aTyXaHue B Henepax

. %
. L S 1 n Uiy
He =5 IN=—=7In——=.
n 2 SQ U212
Ipu cornacosaHHo# Harpy3ke
0,
. — 2 2
Ul7| Ulzc 2 l‘ U, | U,
—— - = v ay, =3in = In77.
Ugly - Uy \U2 A Uy
.

Ecau U,/ U, = e, 10 3aTyxanue pasno | Hn. 3atyxanue B 6enax
ag = In(S,/S;) = In(U,/ Upf = 2In | U,/ Uy,

a8 neunbenax a,; = 20In(U,/ U,).

Ecan U, 6onbue U, B 10 pas, To 3atyxanue pasno 20 1B, ecau
Ui/Uy = 100,70 a = 40 1B.

Bhipasum wnenepwt uepes Geaw. Ecam | S,/S,| =10, 7o
%, = 0,5In 10 = 1,15; ag = lg10 = 1. Takum o6pasom, 16 = 1,15 Hu,
2 1Hn = 0,868 b = 8,68 1B.

147




[image: image143.png]§ 4.11. YpaBHeHHs yeTbIPEXNOJNIOCHHKA, 3aNHCaHHbIE Yepe3 runep-
Gonnueckne QyHKUMH. [I/15 CHMMETPHYHOrO YeTBIPEXNONIOCHHKA A-
dbopMmy ypaBHeHui (4.1) 1 (4.2) 3anuchIBAIOT HHOTZIA Yepe3 runep6ou-
yeckHe (QYHKUMH OT aprymenta g, mnonaras A= D =chg,
B = Zshg,C = shg/Z, Tlpuatom AD — BC=ch’g —sh’g = lu

U, = chgUy + Z shgly,

. . . 4.28
’|=S;_gU2+Chglz- ( )

Y6enumes B cripaBesiuBocTH 3ameHbl A Ha chg:

1 1
[ e = 14 —2) —
e A+ \VBC,¢é A+m,chg —2-(e +e8)=A.
MPopmy 3anuc yepea runep6oanyeckiie GyHKIUH HCIIOb3YIOT, Ha-
npumep, B Teopuu GHABTPOB (CM. IJ1. D).

Jlisi HECUMMETPHYHOTO YeTHIPEXIOJIIOCHHKA YPaBHeHHsi 4yepe3 runepOosiHyecKue
(DYHKLHH 3aTIHIIEM CJeYIOIHM 06pa3om:

Uy =VZ,/Z ochlUy + VZ ZgshT1y;
II=V—Z%Z—:5hFUZ+\/ZT2/ZC| chl'ly,
rpe I' — Mepa nepenaun; chl' = \fAﬁ, shl'= \[@
Ecsii HeCHMMeTDHuHBIi B3aUMHBIH YETHIPEXNOJIOCHHK HarpykeH Ha Zg, T0O
Uy= izlﬂ; U, = Uz\/ZZVZAC;(chF -+ shT), u i|=72\/Z:JZ;(chI‘+shF). Hmes B Bupy,
4r0 e'=chI'4-shT, nonyuum

Uy=UpVZu/Zg e s Iy =1,\Z g/ Z¢y e "

Mepa nepenaun I'=a’ 4 jb’ =In(YAD + VBC). Ecin ueThipexnosiocHuk CHM-
merpuunniit, 10 Zet = Zeo, D= A, T = g . Tak kak \Zc1/Ze2 = JA/D , 10 nepenasa no
HaNPSXKEHHUIO LIS HECHMMETPHYHOTO B3AHMHOTO YeThIPEXTIOJIIOCHHKA, HarPYXXeHHOTO Ha

U A S .
Z¢,  cocTaBaser In*l—-/é= In ) +(AD +VBC) w nuepenaua 1o  TOKY

i D o =
lni—2= In=+ In(VAD +BC).
§ 4.12. KouBepTop H uHBepTop conporusaenus. Eciu y HeB3aHMHOIO

YeTbIPEeXINOJIOCHUKA B=C=0unouHa rpy»<eH Ha 3a>XHMax pqg Ha Conpo-
THBJIEHHE Z“,T() BXOJ1HO€ COINPOTHBJICHHE CO CTOPOHbI 3aXKHUMOB mn

AZ,+ B

=TZ D

=2Z,/k;
rae R=D/A, T. e. 4eTbIPeXMOIOCHHK TpeoGpa3syetr (KOHBepTUPYET)
conporusaeHue Z, B conpotusiienne Z,/k. Koagduument &, HauiBator

Koagppuyuentom xounsepruposanus. Ecnu A u D umelor onuHaKoBbI€
3HAKH, TO Z, UMeeT TOT XKe 3HAK, 4TO H Z, (KOHBEPTOP 110JI0XKHTEJbHOrO

COMPOTHBJIEHHSI ), €CNIM Pa3Hble, TO 3HaK Z,, IPOTHBONOIOKEH 3HaKy Z,
(KOHBEPTOP OTPHLLATENILHOTO CONPOTHBJIEHHS ).
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Ecau y xousepropa A =1, 1o k, = D; U, = Uy I, = k\I,. B 3tom
caiyuae KOHBEPTOP Ha3blBaloT UOCALbHbLM KOHBEPTOPOM C npeobpaso-
ganuem TOKA (MPH HEM3MEHHOM HaMPSIXKEHHH ).

Ecany konsepropa D = 1,10k, = 1 /AU, = U.Z/k,, ll = 12 Taxoit
KOHBEPTOP Ha3blBalOT udea/zbubm KOHBepTOpOM ¢ npeobpa3osanuen
HANPANCCHUS.

V kousepTopa ectb H- u G-maTpuupl, HO OTCyTCTBYIOT Z- 1 Y-MaT-
pHUBIL.

Fcau 'y HeBzaumHoro uerbipexnodtochuka A=D=0, 7o
Z,, = (B/C)/(Z,) v 4eTbIpexnoloCHUK Ha3bIBAKT UHBEPTOPOM CORDO-
ruerenusn, a B/C = k, — koappuyuentom uneepruposanus.

Ecau B u C umeoT oquHakoBble 3Haku, To Z, =1/Z  (uHBepTOp
MOJIOXKHTEJNbHOrO COMPOTHBIEHHS ), eciin 3HaKH y B u C pasHble, T0O
Z,=—1/Z (1HBepTOp OTPHLATEJIBHOrO CONPOTHBJIEHHUS ).

Y uaeasbHOro HHBEPTOpPA BXOLHOE COTNPOTHBJIEHHE He 3aBHCHT OT
TOro, K KAKUM 3aXXHUMaM (pg WK mn) NOAKJII0YEHA Harpy3Ka.

Y uuBepropa ectb Y- v Z-MaTpHIibl, HO OTCYTCTBYIOT H- 1 G-MaTpH-
L{bl.

Y §4.13. Tupatop. [uparopom Ha3bIBAIOT HHBEPTOP MOJOXKHTENBLHOTO
COMPOTHBJIEHHSI, UMEIOLLHIT cleylolyio Y-MaTpHiLy:
0 :I:G]

WMi=1.6"0o)

.
rae G — npoBoaMMocTb rupatopa. [ais upeasnpHoro ruparopa G —
BewecTsennoe uncno. [as rupatopa I, = GUy; I, = — GU,.

Tupatop He nornowaer suepruto. OH npeoGpasyer HanpsixeHUe B
Tok. Ecin Ha BbIXO#E rHpaTOpa BKJIOYEHO CONPOTHBJEHHE Z,, TO €ro
BXonnoe conporusnenve Z,, = 1/(G*Z,).

. TlpencraBum rupatop Kak TPeXMOJNIOCHHK (3aXKHM 3 Ha CXeMe pHC.

-8, a 06umii 115t BXOHO# 1 BLIXOAHOI lieneit). Ero Y-matpuua ocraetcs
HEH3MEeHHO#, eCJiH, OCTABHB MMpPaTOpP HENOABHXXHBIM, B HAMIPABICHHH

CTPeJIKU NOCNIe0BATELHO H3MEHATH HYMEPALHIO €ro 3axuMoB. ['upa-
TOp siBNIsieTCs HEB3AUMHBIM (HEOOPATHMBIM ) UEeTbIPEXTIONIOCHUKOM, TaK
KaK ns151 Hero Y, Y 5. B HacTOsilIlee BPEMs THPATOP yallle 0603Haual0T
B CooTBeTcTBHH C pHC. 4.8, 6.
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e)

Puc. 4.9

IMpakTHyecku OCYMECTBUTb THPATOP MOXHO, HaNIPHMeEP, 10 CXEMe
puc. 4.8, 8, B KOTOPO| HCIIOJIb30BAHKI 1BA YIPABJIAEMbIX HANPsKEHHEM
ncTounnka toka: GU,u GU, uau no cxeme puc. 4.8, 2 ¢ iByms ynpasis-
eMbIMM MCTOUHHKAaMHU HanpsixkeHusi. Bocnosb3oBasumch Tabu. 4.1,
MOXKHO nepelTH oT Y-napaMeTpos riuparopa kK ero Z- u A-napamerpam:’

1
0 —— 1
z1=|, G;|A1=[ G]
e 0 0

§ 4.14. Onepaumonnwiii yeuanrean. Onepayuonnoui ycuaurens (OY) —
3TO YCHJIHTEJb C OYeHb GOJIbLIHM BXOAHBIM COMpPOTHBIEHHEM, O4YeHb
MaJibiM BBIXOLHBIM CONPOTHBJEHHEM H OYeHb GOJibUIHM KOI(hHLHEH-
TOM ycHsienns k (TeopeTHyeckn k—oo, npakTudecku kx~10"=10°). OY
BBITOJIHSIOT 110 HHTErPaJibHOH TEXHOMIOTHH B BHJ1€ OTAEJIBbHOr0 KpUCTa -
J1a, I03TOMY ero MOXKHO CYHTaTh CAMOCTOSITEJIbHBIM AKTHBHBIM 3JIEMEH-
TOM cxeM, n00ao6HO Tpausucropy. Kosdduuuent ycunenus

= —ko/(l-l—]un) 3Hak MHHYC 0GYyCJIOBJIEH TeM, uTo BXoA [ siBisieTcst
uHBepTHpYOLHM. [TocTOsIHHASE BpeMEHH T yUYHTHIBAET WHEPUHOHHbIE
csoiictBa OY.

OV umeeT 06bIYHO BOCEMb BbIBOJOB: B3 BXOAHBIX HJIH YIIPaBJIsIIO-
HMX, OAHH BBIXOAHOH (3), oguH 3a3emuennnii (O), nBa BbiBOpa aJ1st
HCTOYHHKA NUTAHUS U 1BA AJIS1 PeTYIHPOBKH. UeTbipe nocjae AHHX BbIBO-
[la Ha cCXemaXx He NoKasebiBaloT. Ha asekTpuueckux cxemax OV uzobpa-
KT B BHE TPeyroibHUKa C Tpemsi BuiBonamu I, 2, 3 (puc. 4.9, a),
TNOTEHIHAN bl KOTOPHIX OTHOCHTEJILHO 3a3€MJICHHOH TOUKH COOTBETCT-
BEHHO @y, @y, g3 (pHC. 4.9, 6). Tpu Bratouenun OY no anddepenuuans-
HOJ1 CXeMe ero BXOJHOe HanpsiKeHHe U,,,:qyl @,. Ipu ucnoab3oBanuu
ONHOTO BXOAa M 3a3emJieHnu BToporo U, =g, Brixognoe Hanpsxenne
OY paBHO PA3HOCTH NOTEHLHANOB MEXKIY TOUKOH 3 U 3a3eMJeHHOH
toukoit 0: U, —g,;—0=g,, OHO B k pa3 Gosblie BXOJHOTO, T. €.
k(¢,—@o) =9, HIH k@,=¢, COOTBETCTBEHHO. 3HaueHHe Ko3(ppHUHEHTE
ycHJieHHsi k 3anucuiBaloT psinom ¢ OY in6o BHYTpH ero. 3HaHHe YUCII0-
BOro 3HaueHHust npu anaanze cxem ¢ OY He Bceraa TpebGyercsi, BaxKHO,
4TO k BEJIHKO H CTPEMHTCst K GecKoHeuHocTH. Tak Kak k—oo, a U,,,
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TakiM 06pa3oM, BxofHble Hanpsikennst OY MOXKHO nosiaraTh B nep-
BoM NMPHOJIHKEHHH PaBHBIMH HyJ10. Jloist oGneryedus anajusa cxem,
copepxaiux OY, nocientue B psije cayyaeB GyneM 3aMeHATh UX pac-
qeTHbIMH KBHBaJsieHTaMH. Beixoauyto nenb OY Gynem 3amensith BeT-
sbio (pHC. 4.9, 8), IpHCOeNMHEHHO MeX]ly BBIXONHOH TOUKOH 3 1 3a3eM-
nennoil Toukoit 0 v conepxauweit ucrounnk I[AC E=k(¢,—gy) nan
E—Fk@,, COOTBETCTBEHHO, H MOCJE0BATE/bHO C HUM BKJIOYEHHBIM CO-
IPOTHBJIEHHEM MOPSIIKA 1€CHTKOB HJH COTEH OM (TOUHOE YHCJIOBOE 3HA-
yeHHE ero oObIYHO He 331aH0), 10 KOTOPOH MPOXOAHT HEKOTOPHIH TOK /
(puc. 4.9, 8). 3uayenne Toka / B pacuerax, Kak npaBsuJiIo, He Tpebyercs,
a ecJii ¥ oTpebyeTcsi, TO BCerja MoXeT GbITh ONpefeseH0 Mo 3aKOHaM
Kupxroga. Bxognoe conporussiente OV B nepBoM npuGJIHXKEHHH N0J1a-
raloT CTPEMSILUHMCSE K GECKOHEYHOCTH.

[TocJie 3ameHbl BXOAHOH 1 BhiXoqHOMH nenelt OY Ha pacueTHbie IKBH-
BaJICHTHl CXeMY PaCCUMTHIBAIOT No 3akoHam Kupxroda, umes B BULY B
nepBOM MPHONMIKEHHH, UTO BXOAHbIE HAMPSKEHUS ¥ BXOJHbIE TOKH BCeX
OY paBHbI HYJII0.

Pacuer cXeM € onepauHOHHbIMH YCHJIHTENSIMH, KOT'la HEOGXOHMO
yuecTb KOHeyHoe (He GecKoHeuHOe) 3HaueHHe k H KOHeUHOe 3HaueHHe
BXOIHBIX COMPOTHBJIEHHUI, IPOU3BOAST OGBIYHO METOOM Y3JOBBIX MO-
TEHLHAJIOB.

CpenaeM ewe aBa 3amedaHust oTHocHTesbHo QY. 3aBHCHMOCTb
Uy, =f(1,) ns OY JiuHelHA TOJBKO 10 HEKOTOPOrOo MAaKCHMAJBHOTO
snauenus u, ~10+15 B, nocne uyero nacrynaer nacemenue. B panp-
HeHllem Oyaem noJarath, 4To pabota cxeM ¢ OY NPOUCXOAUT HA JIHHEH -
HOM yyactke xapakrtepuctuku OV (puc. 4.9, e). 3ametum elue, uto
CKOPOCTh H3MEHEHHS BbIXOAHOro Hanpsixenus du,, /df y OY orpanu-
YeHa BesMyMHoO# nopsaka 106 B/c.

Paccmorpum Tpu npumepa.

Crauana paccMoTpUM cxeMy pHc. 4.9, 2, ABISAIOLLYIOCSH CXeMOH HCTOUHHKA HaTpsiKe-
Husl, ynpassisieMoro Hanpsikendem. Peancropsl Ry u Ry MoryT perysiuposathes. Uepes

pesuctop R, ocyuwectsiisiercsi o6patHas cBa3b. Pacuetnas cxema n3obpakeHna Ha pHC.
49, 0. Tak Kak BTOpOi BXOM CXeMBl pHcC. 4.9, 2 3a3emien (@g = 0), a nanpsxenue Ha Bxone
OV nomxHo 6bith PaBHO HyJ110, TO ¢y ~0.

Motenunan na sxone cxemb ¢ = — IR). [Torenunan na swixone OV @3 = IRy,
R2
Ry
HYJlo, T. e. peficTBHTEJBHO cxeMa pHc. 4.9, 2 MOXKeT BHINOJHATL (DYHKUMH HCTOMHHKA
HanpsieHus (BHyTpeHHee CONPOTHBJIEHHE KOTOPOro CTPEMHUTCS! K HYJII0), yIIPaBJISEMOro
Hanpskennem.

Pacemorpum cxemy npeoGpasosatess conporusientii ha OY, H306paxenHylo Ha
g:(""):' 4.10, a. B cxeme umeercs asa OY u nath conporupienuit Z1 — Zs. [lokaxem, uto
P MHOR COMpPOTHBJIEHHE CXEMBl OTHOCHTEJILHO 32XKHMOB AB [l MaJkIX NepeMeHHbIX

CTaBnsiowmnx Zap = (Z1Z23Z5)/ Z2Zs. O603HaUHM TOKH B BETBAX B COOTBETCTBHH C PHC.
-10, . Ha puc. 4.10, 6 u306paxeHa cxema, B KOTOPOH BeixonHble uenu OY 3amMeHersl HX

OTClona @3 = — q')l Tak kak R—-0, TO BEIXOLHOE CONPOTHBJIEHHE CXEeMbl CTPEMHTCS K
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pacueTHHMH SKBHBaJeHTaMH. Jlas cxembl puc. 4.10, 6 npupaBHsieM K HYJIIO BXOAHBiE
Hanpskenus OY: -

Ut = 0o — 0o =11Z; + (I, + 192, =0, (a)
Upa=0c— 9. = +1Z3 + (I, + g+ 1)Z, = 0. (6)
Hsa(a)
s © Z (®)
htlg=—17.
. . . A
H3 (6) ¢ yuerom (B) monyuum Iy + le 4 f7=1, ZoZa BxonHoe HanpskeHue cxembl

Uag = Uac = Uce + (1 + 6 + I7)Z5. Ho Uac + Uce = 0, nostomy
ZZsZs Upg 212325

Upp=Uy+ I+ 1Zs=1, == Zypp=—F—= -
727, I =77,

IMpumenenne OY s peasnsalun rupaTopa HIOCTpHpyeT prc. 4.11. B sTo# cxeme
Tpu OY u uersipe pesuctopa. [1poBoauMOCTH pe3ucTOpoB R H Ry BHINONHAIOT ByHKUHH
npoBoAHMocTeil rupatopa. OG03HAUNM MOTEHLHAJb! Y3/I0B H TOKH BeTBE# B COOTBETCTBHH
¢ puc. 4.11. Yurem, 4To HanpsikeHHe U TOKH Ha BXoJie Kaxioro OY cTpeMaTcs K HyJIi0, 8
TOYKH, 0603naventbie OykBoi O, u Touka C NPaKTHYECKH HMEIOT HyJIeBO# noTenunas. B

3TOH cxeme TOK IA = UNX/R. noreHunas Touku I ¢ = — I,R = — U, .. llorenunan
Toukn C @, =‘0 = — IR, ) . .
Orcwona Iy = ¢/Ry = — Uy, /Ry Ho I} = — I3, noatomy
1= Upu/ Ry (l')
MMorenunan Touku A ¢4 = — IR, BxoaHoe Hanpsixenue
Unx=‘i’t“¢A=I2Rl' (1‘1)

Wmesn B BUY, 4TO it Y-HOPMBI 3aMUCH ypaBHEHHIH YETHIPEXTIONIOCHHKA TOK [2 l0JKeH
HMeTh HanpaBJeHHe, NPOTHBOMOJIOKHOE YKa3aHHOMY Ha puc. 4.11, ycraHOBHM, 4yTO ypas-
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nenue (r) u(Q) ABAKIOTCA ypaBHeHHeM rHpaTopa. HefocTaTkom cxeMu puc. 4.11 asaserca
TO, YTO HCTOYHMK CHFHAJIA H HAFPY3Ka Zy HeNOCPeACTBEHHO He COeANHEHBI C 3a3eMJIe HHOH
TOYKOH.

§ 4.15. YnpaBisieMble HCTOYHHKH Hanpsikenus (Toka). ¥npaease-
Mol UCTOYRUK Hanpaxcenus (TOKa) NpeacTaBisieT co6oil HeB3aUMHBLH
4eThIPEXMONIIOCHUK (TPEXNOJNIOCHHK), BHIXOJHOE HaNpsiXKeHHe (TOK) Ko-
TOPOrO NPONOPLHOHAIBHO BXOAHOMY HAMPSXKEHUIO (TOKY ) 3TOrO YeThi-
PEXIOJIIOCHHKA, @ caM OH 006J1a1aeT CBOACTBOM HCTOUHHKA HATPSIXKEHHUS!
(34C) (nanpsi>keHHe Ha ero 3aXXHMax He 3aBHCHT OT NPOTEKaIOUero
yepe3 Hero TOKa ) H¥ HCTOYHUKA TOKA (€r0 TOK He 3aBUCHT OT HArPY3KH).
YnpasaseMblii HCTOYHUK 0603HAYAIOT 4aCTO B BHAe pomGa, B KOTOPOM
yKa3aHa CTpeJika (€C/M 3TO HCTOUHHK HanpsikeHus), MO0 NBOMHas
cTpesiKa (ec/iM 3TO HCTOUHHK TOKa). PAloM 3anuchiBaloT ynpasiisio-
Y10 BeJIHUMHY, YMHOXEHHYIO Ha HeKOTOPbIH MacwtaOHbI MHOXH-
Tesb!.

. Mi3BeCTHHI ueThipe THNA HACA/IM3HPOBAHHLIX YIIPABASEMbIX HCTOY-
HHKOB:

1) ucrounux toka, ynpasasemoui nanpsxcenyem (MTYH). Cxema

ero uzobparkeHa Ha puc. 4.12, a. Bxoauoii Tok /, =0, BbIXOAHOH TOK

NPONOPUHOHAJeH BXOAHOMY Hanpsixenuto: [, = GU |, BxofHoe H BHIXOA-

[
. YrpaBasiouumMn BeJHUHHAMH MOTYT GbITh TaKXKe WHTErpaJi H MPOH3BOAHAS MO
PEMEHU 0T TOKa MM HAIIPSKEHHSI.
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00

[G of’
ucrounuk nanpamcenus, ynpasasemoui rokom (MHYT). Cxema
ero npeacTasJeHa Ha puc. 4.12, 6. BxonHoe Hanpsikense U, = 0, Beixox-
HOE HanpsiKeHHe POoNoPLUUOHaNbHO BXOAHOMY TOKY: U, = R/, BXORHOe
uomalxonnoe CoOMpoTUBJIEHUS! paBHbl HYJ 0. Ero Z-maTtpuua nmeer BH
[R of
3) ucrounux nanpsocenus, ynpasasepsti nanpascenuem (MHYH).
Cxema nana Ha puc.4.12, 6. Bxoao#t Tok /| = 0, BbiIxoHOe HanpsixeHue
nponopiuHoHaibio BxogHoMy: U, = kU, BxofiHOe conpoTuBienue bec-
K(())H(e)‘{HO BEJIMKO, a BBIXOJHOE paBHO HyJto. Ero G-maTpuua Takosa:
[k, of
4) ucrounuk Toka, ynpasasemouii Tokom (MTYT). Cxema nzobpaxe-
Ha Ha pHc. 4.12, e. Bxognoe nanpsixkende U, = 0, BxoHO#H TOK npornop-
LHOHaJIeH BXOAHOMY: [, = R,/,, BXOfHOE CONPOTHBJIECHHE PABHO HYJIIO,
BbIXOJHOE — OecKoHeuHOCTH. Marpuua H-napamerpoB ero paBHa

i o

Kackanunoe coenunenne MHYT ¢ MUTYH oGaanaer ceofictBom
HUTYT, akackannoe coenunenvne MTYHcec MHYT — cBojicreBom MHYH.

,uJIﬁ BCEX NEPEUYUCJ/IEHHDbIX yIIpaBJisieMbiX HCTOYHHKOB BbIXOAHAs BE-
JIHYHHA He BJIMSAET HA BXOJHY10, 2 BXOAHAs1 MOWHOCTb PABHA HYJIO, TAK
KaK BXOJIHOH TOK JIHGO BXOZIHOE HaNpsiXKeHHe PaBHBI HYJIO.

YupasJisiemble HCTOUHHKH YaCTO OCYLLECTBJISIOT HA OCHOBE OMEePallHOHHBIX YCHAHTe-
seit. Tak, cxema MHYH na OY u3o6paxena ua puc. 4.9, e, a cxema UTYT va nsyx OY —
Ha puc. 4.13.

Y6enumcs, uto cxema puc. 4.13 o6nanaer coiicteamu UTYT. Bocrnosnibayemes 0603-
HaueHHSIMK Ha TOl CXeMe.

Tak kak BxoaHoe nanpsikenne nepsoro OY pasro sy, a ¢; =0, T0 1 P=0.
Bxonwoii Tok nepsoro OY I} = 0, BxonHoi Tok BToporo OV [ = 0. BuixosiHo#t T0K cxemb!

iBX =— q.>3/R‘ orcioaa q}s = — 7“R‘ B_uxou:Hoﬁ TOK [1epBOro Qy 0603uauum /. Toraa aast
yana 3 no nepsomy 3akony Kupxroda /3 = I, + I. Tak xak Iy = 0, To
Iy=94/(R| + Ry, (a)

a noTeHUHas ToukH 6 ‘Pe = ‘Pa — IBR] = % (l -} 1)R| Bxonnoe HanpsixeHHe BTOPO-
ro OY paBHO HYJI0, NOSTOMY 5 = (. TaK Kak COIPOTHBIEHHE MeXAy TOuKaMH 4 1 5
PARHO COMPOTHRJIEHHIO MEXLY TOUKaMH 4u6,10

S @t InR + (et DR (6)
R Ry

Ipupasusns (a) k (6), onpenenum

- —I—;—l{}ﬂx(R + R)R, + Ry) — IR(R, + Ry} (8)
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Puc. 4.13

TlopctaBum (B) B (a)

’4=—IBXT—'- (r)

Jlns yana 6, no nepsomy 3akony Kupxroda,

Lw=l3+lg=Iu+1 1“[14-};) I=—1,R

Ry

Taxk kak I, nponopunosansso /., U, = 0, a BbixonHoit Tok I, He 3aBHCHT OT cOnpo-
THBJIEHHSI Harpy3ku Z,, 70 cxeMa (puc. 4.13) 1o OTHOIIEHHIO K BHIXOAHO#H LenH o6sanaet
CBOMCTBAMHM HCTOYHHKA TOKa, ynpabisiemoro Tokom [, . Ha puc. 4.14, a npencrasiena
onxa 13 Bo3mMoxHbix cxem HHYT, na puc. 4.14 6 — opta u3 Boamoxusix cxem MHYT, a
Ha puc. 4.14, 6 — cxema KOHBEPTOpA OTPHUATEJNILHOrO CONPOTHBJIEHHS.

Kak umntupoBatsb snementsl — R, — C, 3a3emJieHHYI0 M He3azeMJeHHyI0 L, yac-
TOTHO 3aBUCHMbl€ CONPOTHBJIEHHS, BHICOKOOMHbBIE PE3UCTOPHl — [CM. NpHII0KEHHe B]

0
T, __—>00 33 CyeT TOro, 4to

I + jot
kg—00. TIpakTHueckH xe k0z104+106, ata 107221073 INo3Tomy npH OTHOCHTENBHO

BBICOKHX 4aCTOTAX ® NPH PACCMOTPEHHHU CXeM C ynpaBJ/isieMbiMH HCTOYHHKAMH cJienyeT
YUUTHIBATh 3aBHCHMOCTL K OT .

B § 4.14 — 4.15 6buio npuusito, yto Wis OY K =

§ 4.16. AkTuBHBIH yeTbIpexnoiocHUK. [101 aKTHBHBIM YeThIpexmno-
JIIOCHHKOM OY/IeM MOHMMATb JHMHEHHbIH YeThIPEXTIONIOCHUK, COepKa-
IWHH HCTOYHUKH IHEPTHH, 38 CYET KOTOPHIX HA PA30MKHYTBIX 3aXKHMaX
€ro nossasiercst Hanpsixkenue. Cjaenyer HMeTb B BUIY, UTO B NOHSTHE

A

8
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Puc. 4.15

aKTHBHbBIH YETLIPEXMONIOCHHK B JITEpaType BKJAJblBAIOT TAaKXe M
MHOH CMBICJI, 2 HMEHHO — TaKOH YEeTbIPEXMOJIOCHUK, aKTHBHAS MOLI-
HOCTb Ha BbIXOJle KOTOPOTO NpeBblliaeT (MOXKeT NPeBbILIaTh) aKTHBHYIO
MOILHOCTb Ha BXoge. DToT 3PEeKT N10CTHraeTcsi 0GbIYHO 33 CUET TOro,
YTO B COCTAB YETHIPEXMOJNIOCHHKA BXOASIT aKTHBHbIE HEB3aHMHbIE dJie-
MEHTbI, TAKHE, KaK ONEPaLHOHHbIE YCHJAMTENH, TPAH3HCTOPH, 3J1EKT-
pOHHbIE JIaMIIbl, TYHHEJIbHBIE AHoAbl H Ap. UTo6bl pasnuyarb 3TH aBa
KJaCCa aKTHBHBIX YETbIPEXMOJIOCHHKOB, YCJIOBMMCS paccMaTpHBae-
Mblil UETHIPEXIIONIOCHUK Ha3bIBaTb AKTUBHbLM ABTOHOMHLIM [TIO 3aXKH-
mMam mn u (Wau) pql, a YeTbIPeXnoMOCHHK, o6Janaouui CBOHCTBOM
YCHJIHBATh MOILHOCTb, — AKTUBHbIM HEABTOHOMHbIM B HaNpaBJeHHH
YCHJIEHHS] MOLLHOCTH.

PaccmMoTpuM ypaBHEHHS!, OHCHIBAIOLLKE CBA3b MEXK Y BXOTHBIMH H
BBIXOJHbIMH BEJIHUHHAMH aKTHBHOT'O aBTOHOMHOTO Y€ThIPEXTIOJNIOCHHKA
H ero cXeMy 3aMeLIeHHs!.

[Tonoxxum, uTo B repBoOli BETBH M7 aKTHBHOTO Y€THIPEXMOJIIOCHHKA
puc. 4.15, a ectb ucrounnk IJIC E |, Bo BTOPOIi BETBH pg — Harpyska Z,,
a B OCTAJIbHBIX BeTBSIX (3 — p), HAXOAALIMUXCS BHYTPH Y€THIPEXIOJIOC-
HHKa, HMeIoTCst HIH MoryT umerbcsi uctounukd IJAC E, (unpekc k
MOXEeT NPpUHUMaTh 3HayeHus1 oT 3 o p). Toraa, 3ameHuB no Teopeme
KoMmMneHcauuu conporusnenue Z, na ucrounnk DJC E, (puc. 4.15, 6),
3anuileM Bbipa<eHus A4st TOKoB [, 1 [,

P

i1=El!/n '—Ezl/m +ZEkylk; (429)
=3

. . . 4 .

Iy =E\Yy — Eqyjpy + ZElzka‘ (4.30)
=3

OCyllleCTBPIM KOPOTKO€ 3aMblKaHH€ OJJHOBPEMEHHO HA 3aXXUMaX mhn
P

H pg. Ilpu 3TOM no nepBoil BeTBH NpPOTEKaeT TOK IIK=ZEy,h, a 0o

k=3
14

BTOPO# — TOK [, = ZEkka.
K3

18R
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B (4.29) Bmecto ZEky,k MOACTABHM iw a B (4.30) Bmecro
k=3

4 . . . .
ZEkyzk — /,,.. Kpome toro, 3amennm E, ua U, n E, na U,. B pesyabTare
=3

[oNyYHuM

il - ilk = yyU, —yUs (4.31)
Iy — Iy =y Uy — YU, (4.32)

YpasHenusi (4.31) u(4.32) ornuuaiorcsi OT ypaBHeHu# (a) u(6) Tom1b-
KO TeM, UTO B HX JIeBbIX 4aCTSIX HAXOIATCH COOTBeTCTBeHHO I, — /| u
I, — I Bmecto [y u [, OTciona cieayer, uto Bee ypaBHeHus, noayuaio-
mpecs U3 (a) u (6) B pesyJbTaTe UX Npeo6pa3oBaHui, CIpaBel/IMBLI H
ANSL aKTHBHOTO, 4eThIPEXTOIOCHAKA, TOMBKO B HUX [, CJlelyeT 3aMeHUTh
wal —1I,,al,—ual,—1I,. Tak, A-popme ypaBHeHHil macCHBHOTO
yerbipexnoniocinka (U, = AU, + Bl,, I, = CU, + DI,) cootBetct-
pyer A-QpopMa ypaBHEHHH aKTHBHOTO YETbIPEXNOJNIOCHUKA:

U, =AU?+ B(iz - i2x);
Iy — 1, = CUy+ D(I, — I,).

Koadduuuenrst A, B, C aKTHBHOIO aBTOHOMHOTO B3aHMHOTO YeThl-
PEXTOoJIIOCHHKA ya0BJ1eTBOPsIOT yesioBuio AD — BC = 1 u onpenensi-
10T HX TaK Xe, KaK H LIl 1aCCHBHOTO.

Ha puc. 4.14, 8 uso6paxeHa ofHa U3 BO3MOXHBIX T-cxem 3amelie-
HHMSI aKTHBHOTO YeThipexnosiocHuka. Conporusnenus Z,, Z, u Z; Haxo-
IaT uepes kosdduunentnl A, B, C TaK XKe, KaK /5 NaCCHBHOTO Y€Thl-
pexnositocuuka, a JIC E, u E, BLIUKCASIOT 10 3HAYEHUSIM TOKOB [, U
Iy v conpoTyBiIeHUsIM U3 ypaBHEHHUH, COCTABJIEHHbIX AJIsi PeXKUMa Of1-
HOBPEMEHHOT0 KOPOTKOrO 3aMbIKaHHs BXO/1a H BbIX0/1a (10Ka3aHO NyH-
KTHpOM Ha puc. 4.15, 8):

L2, + Z3) — i?KZB = Eai
— 1 Zs+ 12!((22 + Za) = EA'

\ §4.17. Muoronoatochuk. Ha puc. 4.16, a n3o6pakeHa naccHBHAs cxeMa, B KOTOPOH
BhillesieHo m peTBelt (7 Nap 3aXXUMOB). ¥ CJIOBUMCS Ha3biBaTh TaKYI0 CXeMY MHO2ONOAOC-
Hurox. Bynem nosaraTh H3BECTHBIMH BXOHBIE )} — Yy, H B3AHMHBIE g, Y,y IPOBOIH-
MocTy Bersell. Onu onpeliesiensl B cOOTBeTCTBHH ¢ § 2.15 (k-BETBb BXOIHT TONBLKO B

“KOHTYD; HanpasJieHHs BCEX KOHTYPHBIX TOKOB IIPH COCTABJIEHHH ypPaBHEHUHA N0 MeTOay
KOHTYDHBIX TOKOB OHHAKOBbI): .

Katouum B geteb / I[IC £, = Uy, a 8 Betu 2 — mnarpysku Z, — Z,, (puc. 4.16,6).

OKH B BetBsix 2 — m o6o3naunm Iy — 1,/ a B BeTBH / 0603nauum /,. Bee Tokm Hanpas-
YIeHb N0 yacoBo# cTpeske.

3 14 OCHOBaHHH TEOPEMBl KOMNIEHCALHH 3aMEHHM Harpy3ku Z, — Z,, HA HCTOUHHKH
ac Ey— E ., HanpaBrennsie BeTpeuso TokaM /) — I, (puc.4.16,8). HaocHoBanuu
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NPHHUHUIIA HANOXKEHHSA 3aNHLIeM BblpAaXKeHHs 1Jis TOKOB BeTBeil:

Iy = Uy — Ugyrg — Usty3 — - — Uplii e
= Uy — Ugtyy — Ugyoy — ... — Uptiop »

(a)

]ml = Ulyml - U2ym? - Ua.’!mz e Umymm'

Hi3MenuM HanpaBiieHHst TOKOB B BETBSIX 2 — #1 HA IPOTHBONOJIOXKHBIE H HA30BEM HX
tokaMu f9 — I (lo = — 19/, ..., Im = — Ip/) (puc. 4.16, &). 115 Toro yTo6ul BCe caarae-
Mbie ypaBHeHnﬁ HMeJH NOJIOXKHUTeJIbHbIe 3HaKH, BBeAeM cJleaywlume 0603Hayenus:
Yk = Yk,

Yo=—tup=—9u Y=Y, =y,=y,p+~r+1).

Torna cicreMa ypasHeHHii MHOrONoJIIOCHHKa (a) 6y 1eT HMeTh BHIL

[YHU)—U] (6)

Vi Yig Yz
Yo Yoo oov .ot

M= 2T o= m—
yml Ym2 """

EcJ/in cHCTeMy ypaBHeHHH MHOrOMNOJIOCHHKA (6), 3anucaHHyo B Y-dopMe, peluts
OTHOCHTEBHO [U], TO nosiyyuM cucteMy ypaBHEHWH MHOrONOJIOCHHKA, 3aNUCanHyl0 B

Z-dopme: - -
[u1=12]11 (8)
Zn 2yp Ly
R i R
Z,,,, Z,,,2 Zy ‘

Ecnu y MHOrONO/NOCHHKA Ykm 5 Y mk, €0 Ha3bIBAIOT Hes3aumHbim. Ecan MHOrono-
JIIOCHHK COJIEPIKHT HCTOUHHKH SHEPIHH (aKTHBHbIA aBTOHOMHBIA MHOIrONOJIIOCHHUK), TO €10
ypaBHenHus B Y- wan Z-hopMe 3anuinyTcst nofo6Ho ToMy, Kak 3710 caenano B § 4.16 1y
4eThIPEXIIOIIOCHHKA:

VU =1 — L) nan [ Z] [ — Tyl = (U]

HccnenoBanue paboThi 27 KTPUUECKHX LieNell 4acTo MpoBoAsT rpa-
(HHUECKHMH METOaMH NyTeM OCTPOEHHST KPYTOBbIX H JIHHEHHBIX JHAT"
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pamm. [Tepen TeM Kak NPUCTYNHTb K H3YUEHHIO KPYTOBBIX IHATPAMM,
paccMOTPHM BONPOC O NOCTPOGHHH JIyTH OKPYXKHOCTH MO XOp/i€ U BIH-
CaHHOMY yrJy.

§4.18. MocTpoenue Ayru OKPYHOCTH N0 XOP/Le H BIIHCAHHOMY YIJy.
U3 Kypca reoMeTpHH H3BECTHO, YTO BAUCAHHbIM Y2 A0M HA3BIBAIOT YOI,
BepLIMHA KOTOPOTO HAXOAHTCH HA OKPYXKHOCTH, @ CTOPOHbI SIBJISIOTCS
XOpAaMH.

Brincanubiii yroj u3mMepsieTcsi NOJOBHHOH AyTH, Ha KOTOPYIO OH OITH-
paercsi. Tak, ZABC =1 (puc. 4.17, a) uamepsierca gyroit ADC/2, a
£LADC — nyroit ABC/2. Cymma LABC + ZADC =n=.

Yron £EDC ponoausiet a0 n yron ZADC, no3toMy ZEDC =1.

Kaxkoe 6bl moJioxkeHue vy 3aHumana Touka D B nHTepBaJie oT A 10
C, yron mexny npogoskeruem xopisl AD (1. e. niuuueil DE) u xop noit
DC ocraercst HeH3MEHHbIM H DAaBHBIM .

Yroa mexay npojosikeHueM xopabl AC v kacaTesnbHOH (nosiyKaca-
TeJIbHOM ) K OKPYXKHOCTH B TouKe C TaKxKe PaBHSIeTCS YTy .

1 LledTp okpyx)HOCTH O HAXOAHTCSI Ha NepeceyeHHH MePreH UKYJIS-
Pa K cepeiMHe XOp/bl U NeprieH MKy IApa K KacaTebHo# (puc. 4.17, 6).

M3 n3si0KeHHOro cJieflyeT, 4TO eCJiM 3aaHbl XOpPJa U BIUCAHHbBIN
Yron p, 1o gns Haxompenus LUEeHTPa OKPY»KHOCTH HeoOxonumo: 1) Boc-
CTABUTD lePNeHANKYJISIP K CEPeIHHEe XOPAbl; 2) N0/ YIJIOM ¥ K HPOL0J-
KEHHIO XOP /bl [IPOBECTH MPSIMY10, KOTOpasi OyneT fBJIATLCA Kacartelb-
HOM K OKpy»KHOCTH; 3) BOCCTABHTb MEPNEHIHKYJSIP K KacaTeJbHOM;
nepeceveHue MeprneHaMKyisipa K XOpae H NMepreHjuKyJsipa K Kaca-

TeJbHOM gacT LIEHTD OKPY>KHOCTH.
Or

" §4.19. YpaBnenue Ayru OKpYKHOCTH B BEKTOPHOI (opme 3anHCH.

3

Noctpoenus, ananoruunble nocTpoeHusim puc. 4.17, a, MoryT GbITh BbI-
TNOJIHEHbl U HA KOMMNJIEKCHOH MJOCKOCTH. B 3TOM ciiyuae Bce XOpaHl,
Hanpumep CA, DA, CD, IBASIIOTCS BEKTOPAMH.

Ha komnnekcHoit myockoctu pue. 4.17, 8 coBMecTHM xopay
CA =< F ¢ ocbio + 1. Ecaiu yroa % >0, To OT IPOLOJIXKEHHS XOPIHl €ro
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O6o3nauum DA =G u CD H Torpa

~ - 431
G+H—F. (4:31a)

- -

Bekrop / onepexaet Bektop G Ha yroa ¢. [lycth Mopysb BekTOpa

-

H 6yner B k pas 6osblue mopyasi Bekropa G. Toraa

. G kGe (4.316)

Ecaink=0,T0 H=0uG =F.Tlpuk =00 H =Fu G =0.Ioxcra-
BuB (4.316) B (4.312), nonyunm

G(1 +ke¥) =F
Hav

5:7-"/(1 + kel?), (431e)

YpaBHenue (4.31B) Ha3bIBaOT ypasHeruem Oyeu OKPYHCHOCTU 8 BEK-
TOPHOLL popme 3anucu.
[Tpu uamenennu koapduienta k ot 0 1o oo MeHs10TCsi 06a BEKTOpa

-

G v H, HO T@g, 4TO yroJ ¥ Mex/y HUMH OCTAETCS HEH3MEHHBIM, & CyMMa
BeKTOpOB paBHa BeKTopy F. Koner Bektropa G CKO/Ib3HT 10 1yre OKpy K-

HOCTH, X0p0# KoTopo# siBasieTcsi BeKTop F. [ToaToMy MOXKHO cKa3aTh,
YTO 1yTa OKPYKHOCTH SIBJIA€TCS FEOMETPUUECKHM MeCTOM KOHLIOB BeK-

Topa G.

PaGoueil yacTblo OKPY>KHOCTH, UM pabouell nyroi, siBasiercs Ta
4acTb OKPY2KHOCTH, KOTOPasi IO OTHOLIEHHIO K XOPJI€ JIEXHT 110 06part-
HYI0 CTOPOHY OT nosiyKacartesbHo#f (pabouas ayra ua puc. 4.17, 8 Bbl-
yepueHa CMJIOUIHON 1MHUEH, Hepabouasi — NYHKTHPOM).

PaGouasi ngyra meHblle NOJOBHHBI OKPYXKHOCTH NpH |¢| <<90° ¢
6oJibllle NONOBHHBI OKPYXKHOCTH npu || >90°.

§4.20. Kpyroseie suarpammel. H3 § 3.4 n3secTHo, 4TO CHHYCOHAANb"
HO H3MEHSIOILHECs (DYHKLHH BpeMEHH (TOKH, HATPSKEHH: ) MOTYT ObITh
1306pakeHbl BEKTOPaMHU Ha KOMILIEKCHO# miockocTH. Eciiu nporecc B
3JIEKTPUYECKOI LieMH OMKCBIBAETCS ypaBHEHHEM, 110 POPMe TOKAeCT-
BeHHbIM ypaBHeHHI0 (4.31B), TO rEOMETPHUECKHM MECTOM KOHLOB BEK-
TOpa TOKA (HAMPSsiXKEHHs1 ), BHIMOJHSIIOIETO B yPaBHEHHUM 3JIEKTPHYE"
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[image: image156.png]Puc. 4.18 Puc.4.19
.
CKO# Llen¥ Te e QPYHKLHH, uTo ¥ BeKTop G B ypaBHenu (4.31B), siBas-
eTCsl OKPY2KHOCTb.

[Tox KpyroBo# fuarpaMMoil TOKa HJH HanpsKeHUsl IOHHMAIOT 1yry
OKPY?KHOCTH, fBJISIIOILYIOCS T€OMETPHUECKHM MECTOM KOHLOB BEKTOPa
TOKa (Hanpsi)KeHHsi) NPH H3MEHEHUH N0 MOAYJIO KaKoro-anbo conpo-
THUBJIEHHS 3JIEKTPHUYECKON LIENH ¥ COXPAHEHUH HEM3MEHHbIMH OCTaJlb-
HbIX cONpoTHBeHNH, yacTorbl 1 DJIC HCTOUHHKOB SHEPTHH.

C nomoiibio KpyroBblX AHarpaMM MPOM3BOAAT rpaduuecKkuil ana-
JIM3 paboThl 3JIEKTPHUECKHX Lenel.

§ 4.21. KpyroBasi fHarpamma Toka ABYX MOCJA€AOBATENbHO COEIH-
HeHHbIX conpoTHBJennii. [TycTs k ncrounuky 3J1C noskoueHsl nocJe-
HoBaTeNbHO Z, == z,e/% u Z' = ze/* (puc. 4.18). ConpoTusienue Z, Heus-
MEHHO, a Z MOXKeT MEHSITbCsI JIMLB [0 MOAYJTI0, TAK YTO YTOJl ¢ OCTaeTcs
noctosiHubiM. Tok B nenu

Lk E/z, (4.32a)
Z+z l_,__z_eﬂ-v—wl),
2

tne E/Z, = I, — TOK B uenu npu KOPOTKOM 3aMbIKaHHH CONPOTHBJIE-
Hus Z.

OGosnauum ¢ — @, = ¢. Torna
Iy (4.326)

P
I+ —ef
2

I=

Ypasuenne (4.326) Toxaectsenno (4.318). Posib BekTopa F BhiNO -

HeT komnsexc /,; posib KOS dULMEHTa k — OTHOUIEHHE 2/2,; posib G—

0 3ax, 653 161




[image: image157.png]BEKTOp I. l'Ipu H3MEHEeHHH 2 BEKTOP, I 6yneT CKOJIb3HTb 110 uyre OKPY -
HOCTH, XOpJ0#i KOTOPOro siBiisieTcsi /.

Ha kpyroBoit nuarpamme puc. 4.19 sektop DJIC HanpassieH 1o ocy
+1. Tok I, = E /z,e/ orcraer ot DAC E Ha yron g,. [l7ist onpesenes-
HOCTH MOCTPOMM aMarpammy npu ¢ <<0. BuiGepem macwtal TOKOp:
nycTh OTPE3OK ac B MacwTabe m, Brpaxaer coboil MoayJb Toka J,
Otpe3ok da xapakTepuayer MOayJib ToKa /, 0Tpe3ok da B COOTBeTCTBPm

¢ ypaBHenueM (4.326) — MoayJib Mpou3BefieHHst lzi e/ OTJI0KHM 110
. 1

HanpasJenHio /, OTPe30K ae B NPOU3BOJLHOM Maciutabe m,, BbIpaxka-

IOLLKME MOAYJIb OCTOSIHHOTO COMPOTHBIIEHHUS 2,(2, = aem,).

W3 ToukH e nof, yraioM — K JIMHUM ae 1POBOLHM npsiMyio ef, KoTo-
pasi siBasiercsi (Kak GyneT NoKa3aHo jgaJjiee) JMHHER MOyt TepeMen-
HOTO COMNpPOTHBJEHUS Z MIPH OTCYeTe OT ToukH e. Ha el B Maciura6e
M, HAaHECEM JIeJIEHUS! 1JIsi H3MEPEeHHs 2.

W3 nono6us TpeyroibHuKOB adc v aef cienyer

HIH
z=efm,.

CrenoBatesibHO, OTPe30K ef B Macwtabe m, OnpenesnsieT MOAYJb

fIepeMeHHOTO CONPOTHBJIEHHS 2.
Mpoekuusi / Ha HanpabieHue E (oTpe3ok ag) B Macutabe
mp = Em, u3amepsieT aKTHBHYIO MOLLHOCTB:

P =agm,=agEm,=agE(l/ad) =Elcose,
m,=1/ad;ag/ad = cosg.
IMpoekuus I ua HallpaBJjieHHe, epleHAUKYJIspHoe E (otpesok ah),
B Macirabe mp onpejessieT peaKTHBHYIO MOLIHOCTb!
Q =ahm, =ahE(I//ad) = Elsing.
§ 4.22. Kpyrosasi sarpamma HanpsikeHHs ABYX MOC/I€10BaTeNbHO

COENHHEHHBIX CONPOTHBJEHHHA. Y MHOXKHB 06e uacTu ypapHenrus (4.326)
Ha Z, = z,e/ v yursi, uto [Z, = U,,, nonyuum

E (4.33)

R
;+ e/(w-m.)

2l

YpasHetune (4.33) cBHjeTeNbCTBYeT O TOM, YTO reoMeTpHYecKHM
MECTOM KOHLIOB BeKTopa U, siB/sieTCsl yTa OKPYXKHOCTH, XOpAa KOTO®
poit E.
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[image: image158.png]§4.23. KpyroBas quarpamMmma ToKa aKTHBHOr0 ABYXnoJtocHHka. Tok
B UeNH HArpy3ku Z, = 2,/% aKTHBHOTO JABYXIOJIOCHHKA (cM. puc. 3.30, a)
Unhx Unbx/zsx (4'34)

W L s
Zut 2, 1+ .z“_ei(w“ — Pax)
BX

I

rae Z,, = 2,/ — KOMIJIeKCHOe BXOHOE CONPOTHBJIEHHE ABYXIIOJIOC-
HHKA 0 OTHOIEHHIO K 3aXKHMaM ab BbigesIeHHOH BeTBH.

W3 ypaBHenus (4.34) cienyer, 4TO NP H3MEHEHHH MOJYJIsl COMPO-
THBJIEHHS] HATPY3KH 2, TOK [/, CKOJIb3UT 1O 1yT€ OKPYKHOCTH.

Mpumep 53. B cxeme puc. 4.19 £ = 120 B; Z; = R = 24 Ow; conporusnense Z —
YHCTO EMKOCTHOE H MOAYJIb ero uamensiercsi ot 0 10 co. [TocTpouTh Kpyrosuie fuarpaMmo
TOKa M HallPsXKEHHs Ha CONPOTHBJCHHH Z].

" Pewenue Tokl, = 120/24 = 5 A BriGepem macurra6 asitokos(m, = 1,39 A/cm)
w Hanpsikewui (my = 26 B/cm).

Haiinem yroan ¢y = ¢ — ¢ = — 90° — 0° 90°.

Ha puc. 4.20 nocTpoens Kpyrosas IHarpaMma Toka Ha Toke I, Kak Ha nHaMeTpe U
KpyroBasi quarpamma Hanpsixenusi va 3J1C E, kak Ha nuamerpe. Macmita6 nais conpo-
TuBsiennii m, =13 Om/cM. asi 11060ro 3HaueHHs CONPOTHBIIEHHSI Z MO AMarpaMme
naxonum Tok I u Hanpsixenne U,,. Tak, npuz=950m [ =4,65A, U, = 111,5B.

Npumep 54. [locTPoUTEL reoMeTpHUECKOE MECTO KOHLOB BeKTOpa ToKa | Hepa3peTs-
JIeHHOM 4acTH CXeMbl pHc. 4.21 u rpaduyecku HCCIeaBaTh BO3MOXHOCTE BOSHHKHOBEHHS
PE30HAHCHBIX PEXHMOB NpH cllefylolxX aaHHbX: E =30 B; Ry =6 Om; X, =8 Om;
Ry = 3 Om: X, uamensiercs ot 0 g0 co.

Pewenue Tok izscxer..ie ocraetcs Hensmennuim: [, = 30/(6 — j8) = 3¢50
On na 53°10” onepexaer dJIC E (puc. 4.22). Bekrop Toka I, npu H3MeHeHHH X, MeHsieTCst

TaK, 4T KOHEIl €0 CKOJIb3UT N0 AYre OKPYKHOCTH, AMaMETPOM KOTOPOii ABARETCH BEKTOP
toka: [y, =E/Ry =10 A, m;=2,65 A/cm. Tok B Hepa3BeTBJIEHHOH YacCTH cxeMbl
I= i| + 72. I'eomerpuuecKkHM MecTOM ero siBJAsieTCst Takxke Ayra okKpyXuoctd al2b. B
Pexumax, COOTBETCTBYIOLLHX TOUKaM [ u 2, TOK I coBnanaet no ¢asze c IAC E. Cnenosa-
TeIbHO, B 3THX PEXKHMaxX B CXeMe HMEeT MeCTO Pe30HaHC TOKOB.

Bri6epem Macumita6 conporusiiennii m, = 2 Om/cm. Ipaduyeckn Haiinem X, nas
Touex / u 2. [las touku 2 X, ~ 0,8 Om, nasi Toukn 1 X; =~ 10,6 Om. [Tpu sTom Tox I=11,1
(2,4 A

Ry=240m ,u=—.90°
Puc. 4.20 Puc. 4.21
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[image: image159.png]2 [eomempuyecroe mecmo
KoKy o8 bexmopa I, u
2E0MEMpPUYECKOE MECTIO

Konyob Bexmopa 1

678 9700

Puc. 4.22

§4.24. Kpyroeas quarpamma HanpskeHus detnipexnoniocuuxa. [ycrs Hanpsixenne
YETBIPEXNONIOCHHKE PHUC. 4.2, a HeH3MEHHO N0 MOAYNI0, dase W yacToTe, a Harpyska
Z, = 2,€/%2 Ha BLIXOlle €10 H3MEHSETCS TONBKO 10 MOLYJII0, TAK YTO XapaKTePHIYIOULHi
ee YroJl (py OCTAeTCs HOCTOsIHHBIM. B 9TOoM caiyuae ansi Toxa /g, Hanpsxenns Uy, Toka I

MOP'YT GbITb 10CTPOEHBI KPYroBuie AnarpaMmbl. CHauana paccMOTPUM KPYroByiO auar-
pammy ToKa Iy, C 3TOll LesIbI0 CXeMy YETHIPEXHOJIOCHHKA PHC. 4.2, 4, HCKalouas Harpyaky

Z, 33MeHHM aKTHBHBIM /IBYXINOJIOCHHKOM H 110 METOLY SKBHBAJIEHTHOFO FeHepaTopa Halem
TOK I B BeTBH pg:

Iy = Upgs/Zuy g + 2, (4.35)

rae Upgx — HalupsikeHHe MeXLy TOYKAMH p M ¢ NPH pa3MbiKaHuK BETBH [;
Zoxpg = Zoxe 2% — BXOZIHOE COIPOTHBJICHHE 110 OTHOLIEHHIO K 32XKHMaM pg 11IPH KOPOT-
KO3aMKHYTBIX 3a)XKHMax mn (B cxeme puC. 4.2, d K 3aXKHMaM mn IPHCOEJIHHEH UCTOYHHK
3IC). Pasnenns uucanTeNb U 3HAMEHaTENb IPaBoil 4acTH (4.35) Ha Zpx pg = Zox K yuTH,
ut0 Upg x/Zox = lox, rne Joax — TOK KOPOTKO3aMKHYTOl BETBH Pg, NOJNYUHM
: T (4.35a)
l2 = ——————

2
14— ellvg — wg)

29

U3 ypasenns (4.35a) caienyet, uTo BEKTOP TOKA [ CKOJAB3HUT 110 iyre OKPYKHOCTH,
XOp 10§ KOTOPO# ABASIETCS TOK [g,. .

TMocTpoum Kpyrosylo anarpammy Toka I na Bxoe uersipexnostocuuka. Ma npensi-
nyuero [cM. dopmyay (2.14)] M3BECTHO, 4TO IPH H3MEHEHHH COIPOTHBJICHHS B OZLHON W3
BETBE JIMHEHHON 5/IEKTPHUECKOH LENH /IBA TOKA BJIIOGBIX IBYX BC TBSIX TOH LEIH CBA3AHD
cooTHolenuem [, = a 4 bl,r CrienosatesibHo, TOK /) MOXET GbITh JIMHEHHO BhpaxeH
uepes Tok /y:

}, =a4 b'IQA (4.36)

Onpenesum koadpduumentsi a u b. Ecain sersb pg pasomkuyra, 1o ly=0u/; = Iy
Ilpu 5ToM 13 (4.36) Hakinem a =1/,,. Ecau serBb pg xoporkozamkuyras, 10 Iy = I ¥
Iy = Iy,. Nostomy .

I =1y + bl (4.37)

1R4
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b=y — 1)/ Iy (4.38)

Moncrasus (4.37) u (4.38) 8 (4.36), nonyuum .
S I,—1 4.39
2y
14— elleg — o)
29k

YpasHenue (4.39) cBHAETENbCTBYET O TOM, YTO IeOMETPHYECKHM MECTOM KOHLOB
sekTOpa ToKa /| TakXe siBJSETCS Ayra oKpyXHocTH. XOp/oii ee sIBiSIeTCS Pa3HOCThb

I— 11, BEKTOp 'll! CMellLaeT HavyaJjo oTcyeTa.

AHanoruuHuM o6pa3oM CTPOSIT KPYroBylo auarpammy Hanpsikenus. Tak, ecin B
KaKOii-TO CXeMe H3MEHSIETCR 110 MOAYJ0 CONpoTHBIeHHe Zy = 2,e/2 B ontHOl, Hanpumep
BTOPO# BETBH, TO /151 HANPSIKEHUs! Ha yuacTKe ab 3TOH CXeMbl MOXHO 3a1HCaTh Bbpaxe-
HHe, aHasiornyHoe (4.39):

. . U
Uab Uab X t 2, 4
14— efteg — @)

29k

.al) K Uub X (4’40)

rae Uy, , — Hanpsixenue na3axumax abnph zy = oo; Uy, — HanpsoxeHte Ha 3aXKuMax
abnpu zy = 0; Z,, = z2Kei“’2k — BBIXOJIHO€ CONPOTHBJIEHHE CXEMbl OTHOCHTEJILHO 333K H-
MOB, K KOTOPHIM NPHUCOEAHHEHO CONPOTHBIIeHHE Zy, . .
Dopmy.ia (4.40) BriBeeHa HA OCHOBaHHH suipaxenns U, = a; + bylyu (4.35).
Mpumep 55. [MocTponTs KPYroByio AHarpaMmy Toka '1 cxembl pHc. 4.23, a, B KoTopo#
Xc=50m;R =50wm; £ = 100B. Harpyakoi 4eThpexinosiocHHKa IBJISETCA HHAYKTHB-

Hoe conpotuesienne X, KOTOpOe MOXeT H3MeHsaThcs oT 0 10 co.
€W e Hue. Hauaem TOK X0J10CTOr0 X012 NpH Pa30MKHYTO# BbIXOAHOH BeTBH:

: I, = E/(R — jX¢) = 100/(5 — j5) = 14,15¢M° A,

Onpenenum Tox KODOTKOr0 3aMbIKaHH [IPH KOPOTKOM 3aMblKaHUM HarpysKku:
_ E

A R(—jX¢)

“et R

I — 12,82¢/7° A

paCC‘lHTaeM BXO[HO€ CONpOTHBJIEHHE Z2K CO CTOPOHBI 3aXKHMOB pg NPH KOPOTKOM
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[image: image161.png]a J)

A Puc. 4.24
3aMBIKAHHH 32)KHMOB mn:
i R(—jX¢) .
: — j71°20
Zo = 29,8/ = _1)(6.1____i_c_7,8e i Om.

Cnenosatenbto, @g, = — 71°20”. Yron Y=qy— g, =90°—(—71°20")=161°20".
Kpyrosas nuarpamma toka [, noctpoena Ha puc. 4.23, 6. Xopno# OKpyxHoctH
siBsinerca pasnocts /;, — I1,. Yron > 0, 103ToMy 15 Onpeniesienus nonoKenns Kaca-

TeIbHOM OH OTJIOXKEH OT NPOJIOJKEHHA XOpAbl NMPOTHB YacoBol cTpesiku. [lharpamma
HOCHT HECKOJIbKO HeoGhluHbIi Xapakrtep: pabodyas yacTh AyrH 3aHUMAeT MOYTH LeJyio
OKPYKHOCTb. - -

Jis onpenesierus NoJOXeHHs KOHIA BeKTOpa /) W3 KOHUa BeKTopa [, uepes Touky

Ha JiHHEK X, COOTBETCTBYIOLLYIO 3a/laHHOMY 3Ha4eHHIo X, IPOBOAAT NPAMYIO 10 Nepe-
ceyeHus ¢ paGoyei yacTobio Ayru okpyxHocTu. Ilpu X; = 5 Om 1ok /| onepexaer JJIC
E na 90°.

§4.25. Jluneiinbie auarpammel. [Ton auneiHBIMU AMarpAMMaMH IOHHMAIOT AHATPAM-
MBI, B KOTOPBIX FEOMETPHYECKHM MECTOM KOHLIOB BEKTOPa TOKA (HaNpsiKeHus ) asiercs
npamas aunus. Mo cylecTsy, iMHeHHAan AHarpaMMa siBISETCA YACTHHIM CJYyyaeMm Kpy-
rOBO#, IOCKO/bKY NPAMAast €CTh AYra OKPYXHOCTH ¢ GECKOHEYHO GOMbLIMM PaiHyCOM.

TMpumep 56. IMocTpouTh reomeTpHUECKOE MECTO KOHLLOB BEKTOpa TOKA B cXeMe
puc.4.24, a npu uamenennu X Hanpskenne Uy, = const Ry u X, nenameHHsl.

Peweunue Hapuc.4.24, 6 uzobpaxaem sekrop U,,. Bektop Toka il oTcTaer ot
Hero Ha yron @ = arctg X, /R,.

Tok I, onepexaer U,, Ha 90°. [eoMmeTpHueCcKHM MECTOM KOHLOB BEKTOpa TOKA
I =1, 4 1, 6yner npsmas nunus pg. Oua u sBasieTcs auHeRHOH AuarpaMmoii Toka /.

Bonpocu ans camonposeprM

1. 3anuinTe wecth GOPM 3aNKCH YpABHEHHI YETHPEXNONIOCHHKA, NOKaXKHUTE /A
HHX TOJIOXUTE/IbHBIE HAMPaBJIeHUs OTCYETa TOKOB H HAaNpsXKenui H NOSICHHTE, B KaKHX
cayyasnx Kaxaas (pOpMa 3alHCH MMeeT NMpeHMYIIeCTBa nepea octajbHuMH. 2. Kakue
HeTbIPEXIOJNIOCHHKH HAa3HBAIOT B3aUMHBIMH, HEB3AHMHBIMH, CHMMETPHUYHBIMH W HECHM"
merpHuHbIMi? 3. Kak onbITHEM nyTeM onpenesnts Kosdduuventsl A-, Z-, Y-, -, G-
B-dopm 3anucu? 4. Kakum o6pasom, 3uast KoaGpuuKEHTb! 0AHOH HOPMBI 3aNUCH, ONIPE”
nesinTb Kosdpduunentor apyroi Gopmui? 5. [pokoMmenTHpyiiTe cxeMbl 3amelenus 1ac
CHBHBIX YeTH PeXnoJiocHHKOB. 6. Kakoe coennHenHe 4eThPexno/iloCHHKOB Ha3blBaloT P&
ryaspusiM? 7. YUto noHuMaiT non Z oy 4 Z - HeCHMMETPHYHOTO YEThi PEXTIOJIOCHHKE H KaK
ux onpenesnth yepes kosdduunents A, B, C, D u yepes sxonutie conporupaenus? 8. 0
TIOHHMAIOT MO/ IOBTOPHBIM COMPOTHBJIEHHEM UETHIPEXNOoNIocHUKa? 9. 3anuunre ypaBHe”
HUS VIR CHMMETPHYHOTO YeThIPEXTIONIOCHHKA Yepe3 runepGoanueckue dynxiuy. 10. 32
MWUHTE yPaBHEHHS /15 HECHMMETPHEHOTO YeTH PEXTOOCHHKA uepes rHilepGosuecKHe
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[image: image162.png]axund. 11, UTo NOHUMAIOT N0 NOCTOSHHOM Nlepeflayu CHMMETPHUYHOrO H MO Mepoil
[16pe/laul HECHMMET DHUHOTO H4ETBIPEXNOMIOCHHKOB? 12. B Kakux enuuuuax usmepsior
satyxanue? Kak sTv equnuun cBasanb mexny co6oii? 13. Oxapakrepusyiite cBoiicTsa
KOHBEPTOPA, HHBEPTOPA K FUPATOPA. 14. [laiiTe xapaKTEpPUCTHKY ONE€PALHOHHOMY YCHJIH-
7110 KaK JIEMEHTY 3/1eKTPHuecKod ueni. 15. KakuM pacueTHbIM CXEMHbIM SKBHBaJleH-
oM MOXeT 6biTb 3amerten OY? 16. Oxapakrepuayiite cBOACTBA yNIpaBisieMbIX HCTOUHH-
koB HalpsKeHns uToKa. 17. [okaxure, uto cxema puc. 4.11 MOXKET BHNOAHATH GYHKUHH
rupaTopa. 18. Tosicuute, nouemy cxema puc. 4.13 moxer suinonusits Gynkunu UTYT,
cxema puc. 4.14, a — dynkuun MHYT, cxema puc. 4.14, 6 — dpyukuun UTYH, a cxema
uc. 4.14, 8 — QYHKUMH KOHBEPTOPA OTPHLATEIBHOIO conpoTuBieHus. 19. B cxeme puc.
4.10Zy = Z4 = Z5 = R.Kakumu cienyer B3nTb Z| = Zj, uT06bi BXOHOE CONPOTHBJICHHE
cxembi Z g GbIJIO OTPHLATENHBIM, YHCTO PE3HCTHBHBIM H PONOPLIHOHAJIBHBIM 1/0%2 20.
KakuM cjieflyeT B3siTh Conpotupjienue Zo = Z, B cxeme puc. 4.10 (Z, = Z3 = Z5;=R),
4r06bl BXOJHOE CONPOTHBJICHHE CXeMbl Z 4 g OBIJIO OTPHLLATEIILHBIM, YHCTO PE3HCTHBHBIM H
{IPONOPLLHOHANbHEIM ©2? 21. Kako#i 4eTHIPEXTIONIOCHUK HA3LIBAIOT AKTHBHHLIM aBTOHOM-
HbIM H KAKOH aKTHBHBIM HEABTOHOMHbIM? 22, 3aNHIIKTe CHCTEMY YPaBHEHWH MHOroMNo-
niocHKKa B Y-QopMe u nosicuuTe, Kak onpenenutb ero Yy, u Y,,, napametpbi. 23. laiite
OnpeaeseHHsi AKTHBHOTO aBTOHOMHOTO M AKTHBHOTO HEAaBTOHOMHOIO MHOTONOJIIOCHHKA.
24, 3anuuinTe ypaBHEHHEe NYrd OKPYXKHOCTH B BeKTOPHOH (GopMe H nosicHute ero. 25.
Copmy IupyiiTe YCJIOBHS, IIPH KOTOPBIX MOXHO CTPOHTb KPYTOBYIO aHarpammy. B uem
npeMMyLLIeCTBa HCCIIE/0BAHMI Lened ¢ noMowbio Kpyroseix auarpamm? 26. IMosicuure
[OCAEN0BATENBHOCTD NIOCTPOCHHS KPYTOBOH MarpaMMbl ABYXTMOMIOCHHKA U 4eThIPEXNO-
niockuka. 27. Kak onpepenurb pabouyto 4actb ayru okpyxuoctu? 28. Kak onpenenuts
macwiTal Ha JIHHHH nepemeHHoro conporusienusn? 29. [Ipu kakom ycnosun kpyrosas
auarpamma riepexonut B auneiiny? 30. Pewnre 3anauun 6,4; 6,9; 6,13; 6,23; 6,35; 6,38.

)!' naea nsitas

SNEKTPUHECKME DUNBTPDI

§5.1. Haznauenue v Tunbl duabTpos. [lon ssexrpuneckunu purvTpamu
TIOHMM AT YEThIPEXMONIOCHHKH, BKJIIOYaeMble MEXAY HCTOUHHKOM IH-
'TaHMsl M NPHEMHHKOM (Harpy3koii), Ha3aHaueHHe KOTOPHIX COCTOMT B
TOM, 4T06bI GecnpensTCTBeHHO (6e3 3aTyXaHus) NPONYCKaTh K NpHeM-
HUKY TOKH OJIHHX YaCTOT H 3afieP>KHBATb MJIH NPONYCKaThb, HO ¢ 60OJIb-
WIHM 3aTyXaHHEM, TOKH JPYTHX YacCTOT.

»  JluanasoH yacTor, nponyckaeMbix GUIbTPOM Ge3 3aTyXanusi, Ha3bl-
BAIOT noA0COl NPO3PAYHOCTY; AMANAa30H YaCTOT, NPONYCKAEMBIX C 3a-
TYXaHueM, — noAoCol 3aTyXanust.

duieKTpuuecKHe GUIbTPbl COGHPAIOT OGBIMHO M3 MHAYKTHUBHBIX Ka-

Tyuiek u konaencatopos. Mckiiouenue cocraBasiior RC-duibTpsl (cM.
§5.6 — 5.9). DUALTPBI HCTIONBIYIOT F1ABHBIM 06pa3oM B pajHOTeXHHKe

A TeXHUKe CBA3M, T7e IPUMEHSIOT TOKH 0BOJLHO BBICOKHX YACTOT.
© IIpu BHICOKHX 4aCTOTaX MHAYKTHBHBIE CONPOTHBJEHHS ®L MHAYK-
“THBHBIX KaTyIeK BO MHOTO Pa3 GOJIbIIE HX AKTHBHbLIX CONPOTHBJIEHHIA.

05TOMYy 6yjeM nosiarath, YTO aKTHBHLIE COMPOTHUBJIEHHS HHAYKTHB-
HbIX KaTylek u aKTUBHAS TPOBOANMOCTb KOHI€HCATOPOB PABHBI HYJTIO,
T-€.4T0 GunbTPBL COCTABIEHBI TOJHKO U3 HAEANbHBIX PEaKTHBHbIX dJ1e-
MeHTOB.
Puibrphr 06b1uHO coBupalor no cummerpuurHoi T- uau [1-cxeme
(M. puc. 4.4, a, 6), 1. €. npnZy,=272Z,u’ls=7,
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[image: image163.png][Tpu usyuenun gpuabTpoB GyneM M0Jb30BATHCS MOHATHEM KO3(D ¢y -
LMeHTA 3aTyXxaHusa U Koadduumnenta dasni (cM. § 4.10).

YcaoBuMces conpoTyBieHne Z, B cxeMe puc. 4.4, a M conpoTHB/IEHKe
Z, B cxeme pHc. 4.4, 6 Ha3bIBATL NPOLOJILHBIMH, @ CONPOTHBJIEHHE Z, g
cxeMe puc. 4.4, a 1 conporuBiaeHne Z; B cxeme puc. 4.4, 6 — nomnepey.
HbIMH.

QuibTPbl, B KOTOPBIX MPOU3BEJIEHHE 11POJOJNBHOIO CONPOTHBIIEHNS
Ha COOTBETCTBYIOIlEe TONEPeyHOe COMpPOTHBJIEHHE NMPEACTaBIsIeT Co-
6ol HeKOTOpOe NOCTOSTHHOE AJ151 JaHHOTO GHILTPA UHCJIO (YHCIO k), He
3aBUCsIEE OT YaCTOTHI, IPUHSTO HA3bIBaTh k-urerpamu.

ConpoTHBJieHHe HAarpy3Ku Z,, IPHCOEAUHSIEMON Ha BbIX0OAE BDUIIbT-
pa, LOJXKHO GBITh COMJIaCOBAHO € XapaKTePUCTHUECKHM COMPOTHBIEHHU-
eM ¢uabtpa Z (Z,= Z ). BxonHoe conporupjeHne k-QUIbTpa rpw
3TOM TakKxKe paBHO Z. B k-dunbrpax Z_ cyiuiecTBEHHO U3MEHSIETCS B
3aBHCHMOCTH OT YACTOTbI ®, HAXOJSIEHCS B 110J10CE MPO3PAUYHOCTH. ITo
06CTOATEIBCTBO BBI3bIBAET HEOGXOAHMOCTb H3MEHATb CONPOTUBIEHHE
Harpy3kH B GyHKLH P 4acTOTbI (0COGEHHO I1PH NPUOJIHIKEHHH K PPaHHULe
MOJIOCH! TPO3PAYHOCTH), YTO HeXesaTeJbHo. B m-buabTpax npu onpe-
JleJIeHHbIX 3HAUeHUAAX KO3 HIMEHTA m CONPOTHBJIEHHe Z_MaJlo H3Me-
HSIETCSl OT 4acToThbi (B Mpeaesiax MOJOCk MPO3PAaYHOCTH) H MO3TOMY
Harpy3ka npakTHYeCKH MOXKeT GbiTb OJHA M Ta XKe N0 MOAYJI0 s
PA3JIHUHBIX (O, HAXOASAIIHXCS B ITHX NPefesIax.

Kauectso ¢puibTpa Tem Bhiwe, uem Gosee pesko BbIPAXKEHbI €0
(HIbTPYIOLLHE CBOKCTBA, T. €. yeM GoJiee pe3Ko BO3pacTaeT 3aTyxaHue
B 110J10CE 3aTyXaHHUSI.

QuabTPYyIOLIHE CBOHCTBA YETHIPEXMOJNIOCHHKOB 06YCJOBIEHbl BO3-
HHKHOBEHHEM B HHX PE30HAHCHbIX PeXXHMOB — PE30HAHCOB TOKOB HJlH
PE30HAHCOB HATIPSIXKEHHH.

§ 5.2. OcHoBbl Teopun k-¢puabrpos. M3 § 4.10 uzBectHo, 4TO €ciH
Harpy3ka Z, corjacoBaHa ¢ XapaKTepHCTHUECKHM COMNPOTHBJIEHHEM

Z 4eTbipexnoJiocHHKa, To HanpsixeHue U, H TOK BHarpy3ke [, cBsizanbl
¢ nanpsikenuem U, u Toxom /; Ha BXOJle YeTbIPEXTIONIOCHHKA Cllefy1o-
ILIHMH COOTHOIIEHHSIMH:

UQ = U,e—g, iQ = i,e*g,

rie g = In(4 4+ VBC) = a + jb.
Torna

Uy=Upe e, [,=1[e %t

MHOXHTeNb ™9 0Tl peaesisieT, Bo CKOJIbKO pa3 MOAYJIb HarpsixKeHHs
(ToKa) Ha BbIXOJE (PUIBTPA MEHbILe MOAY st HAMPSXKEHHUs (TOKa) Ha ero
BXOJ€.

Ecina= 0,toe ® = e’ = | u ¢puabrp nponyckaer koseGanus 63
3aTyxanusa. Takum o6pa3oM, B nojoce npo3paynoctTu a = 0.
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[image: image164.png]B nosioce 3atyxauust a > 0. MHOXHTes b e/, no MOLYJ10 paBHbii 1,
CBUETEJIBCTBYET O TOM, uTo Hanpsikenue U, u Tok /, oTcTaior cooTser-
crperto ot U u I na yron b.

QuabTPYIOLLHE CBOHCTBA YeTHIPEXMOJIOCHHKA PACCMOTPHM MyTeM
cpaBHEHHS! BHIDAXKEHHS LJist K03 buurenTa A 4eThIPEXMONIOCHHKA C
paBHbIM €My BHIDAXKEHHEM runep6OJHIECKOr0 KOCHHYCa OT apryMeHTa

a+jb:
A =ch(a + jb).

['unep6oJHYECKHH KOCHHYC OT CYyMMBbI IByX apryMeHTOB (C yueTtom
oro, uto chjb = cosb ushjb = jsinb) Mo>kHO MpeaCTaBUTb CJEAYIOILHM
06pas3oM:

N ch(a + jb) =cha cosb + jsha sinb.

¥ Ins mwo6oro ¢usbrpa, cobpanHoro no T-cxeme (cm. § 4.5),

A=1+(Z,/Zy).
. Has  ¢wuabtpa, cobGpannoro mno [Il-cxeme (cm. § 4.5),
A=1+(Z,/Z;). U3 kakux Obl peaKTHBHBIX CONPOTHBJIEHHH HH ObiJ
cob6pan ¢ouibTp, oTHOwWeHust Z,/Z; B T-cxeme u Z,/Z, B [1-cxeme Bcerpa
OynyT AeHCTBHUTEbHbLIMH (HE MHHMbIMH U HE KOMIJIEKCHBIMH) YHCJIa-
MH— OTHOLUEHHe IBYX MHHMBIX UHCeJI BCera eCTh YHCJI0 AeHCTBUTENb-
noe. CsieoBaTesibHO, Beerna OyneT AellCTBHTENbHbBIM H KOG GUUHEHT
A. Ho ecoini koadduumenT A neicTBUTENEH, TO NeHCTBUTENbHBIM JOJIXK-
HO GBITb 1 BbipaxkeHue pasHoro emy ch(a + jb):

ch(a + jb) =chacosb + jsh a sinb =A.

IT0 BHIpaXKeHHe JeHCTBUTENBbHO, €CJIH

shasinb =0. (5.1)

Ipu sTom

:, chacosb = A. (5.2)

i Ypasuenusi (5.1) u (5.2) ucniosib3yIoT A5 ONpe/ieJ€HAs TPAHHIL [10-
-lOChl NPO3PAYHOCTH H XapaKTepa H3MeHEHHUs yria b B 3Toli noJioce, a
TaKxe xapakrepa H3MeHeHHst KoaddHuHenTa 3aTyxaHHs B noJioce (No-
JI0Cax) 3aTyXaHUs.

Pagencrso (5.1) asist nosiock npoapausoctu (a = 0) ynossieTsopsi-
€Tcst, Tak Kak sha = sh0 = 0. B cuay Toro uto ch0 = 1, ypasuenue (5.2)
A5 noslockl TPO3PaYHOCTH MEPEXOAHT B Caenyloiee:

cosb =A. (5.3)

Kpyrosoii kocunyc (cosb) MoxeT H3MeHsIThCS B Ipefieniax oT -1 1o
—1 [losTomy kpaiinue sHauenns koadduurenta A [apisiowerocs
YHKUuel yactorhl —A(w)] B nosioce npo3pauHocTu pasubl + 1. [ToJo-
Ca npozpaunocTy B 06LLEM CJyuae JIEKHT B IHANIA30HE YACTOT OT ®; 10
0y 3Havennst o, u o, 1as puasrpos HU u BU (nonpoGuee cm. § 5.3)
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Alo) ==+1. (5.4)
Jlnsi nosiocoBRIX M 3arpaxaaoux GuasTpos (cm. § 5.3) o, ¥ o,
HAXOLSAT KaK KOpHH ypaBHeHHst A(w) = —I.

Yacrory, sBJSOLLYIOCS TpaHUYHOH MeX Ay N0JIOCOH MPO3payHOCTH
H MOJIOCOH 3aTyXaHHUsl, Ha3bIBAKOT ¥acToTOl Cpesaq.

Xapakrep usMeHeHust yriia b B yHKUHH OT @ AJIs TOJIOCHI TPO3pay-
HOCTH OMpEENSIIOT B COOTBETCTBHH C ypaBHeHueM (5.3) ciefyloium
o6pasom:

b = arccos A(o). (5.5)

Onpenenum a u b pas noJjocsl 3aTyxanusi. B nosoce 3aryxanus
a >0. YpaHenue (5.1) ynosnersopsietcs npu yCaoBHH

sinb =0, (5.6)
T. €. 1pH
b=0 (5.7)
H (H/1M) NpH
b=x+n. (5.8)
CorsiacHo ypasnen#io (5.2), npu b = 0
cha = A(v), (5.9)
anpub=-4an
cha = —A(w). (5.10)

Ypasnenus (5.9) 1 (5.10) no3Bosisiior no 3HaveHusiM A Kak GyHKLHH
o paccuntatb cha B nosoce 3atyxanus, a no cha onpeaesuTsb a U, TaKHM
06pa3oM, NOCTPOHTb KpUBYI0 a = f(w). Y3 ypaBnenuii (5.7) u (5.8) cne-
ZlyeT, 4To B M0JIOCE 3aTyXaHusi Hanpsixkenue U, Ha Bbixoge GuibTpa
HaxoauTcst 6o B dase (npu b =0), mu6o B nporusodase (npu
b =+ n)c Hanpsixkennem U, Ha Bxoze puibTpa.

B 3akJioyeHre HEOOXOAHMO OTMETHTb B BAXKHbIX MOJIOKEHHUS:

1) c u3MeHeHHeM YacToOThl ® MeHstlorcsi Koadduunente B u C yeThl-
PeXINoJIIOCHHKA, 03TOMY H3MeHsIeTCsl H XapaKTepHCTHYECKoe COMpo-
TuBsenue Z, =\ B/C. [lns Toro uto6b GuibTp paboTas Ha COryaco-
BAaHHYI0 Harpy3ky (TOJIbKO B 3TOM Cjy4yae CNpaBelHBa H3J0XKeHHas!
TeopHst GUIBLTPOB), IPH H3IMEHEHHH YACTOTHl HYXKHO MEHSITb M COMPU-
THBJIEHHE HATPY3KH;

2) B nmosioce Mpo3pavyHOCTH XapaKTePHCTHYECKOE COMNPOTHBJIEHHE
K-duabrpos(§ 5.3) akTHBHOE, a B 10J10C€ 3aTyXaHHSI — YHCTO PEAKTHB-
HO€e (MHIYKTHBHOE HJIH €eMKOCTHOE).

Ecuin Harpy3ka pusibTpa He YHCTO aKTHBHAs HJlH HE COrJIacoBaHa €
XapaKTePHCTHYECKHM COMPOTHBJIeHHEM QHJIbTPa, a TaKkKe TpebyeTcs

170
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y4ecTb BIHsiHHE aKTHBHOTO COMPOTHUBJIEHHsI HHAYKTHBHLIX KaTYyLIEK Ha
paboty ¢usibTpa (YTO CyLeCTBEHHO [AJ1s1 HH3KHX 4acTOT), TO JJIsi TOCTPO-
enusi 3aBucumocti U,/ U, = f(0) v 3aBHCHMOCTH caBHra a3 Mexuy
U, n U, B hyHKIHH 4aCTOTH MOXHO BOCMOJIL30BATLCS, HAIPHMEP, Me-
TOIOM MPONOPIHOHAJbHBIX BeJHYUH (CM. puMep 57). XapaKTepHcTH-
YecKoe conpoTHBieHHe QUILTPa GepyT paBHbIM BHYTPEHHEMY COINPO-
THBJIEHHIO HCTOYHHKA cHrHana (renepatopa). [1pu 3Tom 1 reneparop u
GuILTP pab6oTaloT B pesKHME COrJIACOBAHHSI.

§5.3. K-puabtpst HY u BY, nostocHo-nponyckaiouue 1 noJiocHo-3a-
"Paxpaiomme k-puavtpel. Pussrpanu HY (PHY) naseiBaior GuibT-
Pbl, nponyckarowue B Harpy3Kky Jiiib HU3KHE YaCTOTHE: € 0 = 0 10 o,
Nonoca ux 3aTyXaHHsl HAXOANTCA B HHTEPBAJIE OT 1y JIO 0.

Cxembt npyx ®HY npusenensi ua puc. 5.1, a, 6. Xapakrep uamene-
HHS KO3 hpuuenTa 3aTyxaHus au Koshduuuenta Gpasnl b KauecTBEHHO
Wloctpupyior kpusbie puc. 5.1, 8.

on ¢purvrpom BY (PBY) nonumator GUIBTPBLI, IPONYyCKaloli1e B
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[image: image167.png]Harpy3Ky JiMlb BBICOKHE YaCTOTH: ¢ w; 10 oo. [lon0Cca 3aTyXaHus uy
HAaXOAHTCs B HHTepBaJe oT 0 10 o,.

Cxembl aByx ®BY npuseneHst Ha puc. 5.2, a, 6. XapakTep H3Mene.
HHs1 KO3 PHIIMEHTOB a ¥ b 1151 HUX WILJTIOCTPUPYIOT KPHBhIE PHC. 5.2, g

Paccmorpum Bonpoc 06 H3MeHeHHH MOJYJIst XapaKTePHCTHYECKOrg
CONpoTHBJEHUs Z B noJoce npo3paunoctd ajas T-¢punbtpa HY
(cm. puc. 5.1, a) u nas T-punbrpa BU (puc. 5.2, a), a Takxe aag
IT-punsrpos. C aToit weablo B Buipaxmenne Z, =VB/C noacrasuy
3Havenusi Bu CBcoorBeTcTBHH € opmysamu (4.18) n npoananusupyey
floJ1y4yeHHble BbiPaXKeHHsl.

Has T-puasrpa HY (cm. puc. 5.1, a) Z,;= V%-m’L”. I'pacdux
Z,; = [(v) npeactaByies Ha puc. 5.1, e.

Mpro =wv,=0 Z,,=12L/C .C ysenuueHnem 4actots Z , yMeHs-
waetcs, cCHa4aaa MaJio OTJMYasnCh oT 3nauenus V2L /C . [pu noctuxe-
HHH 3HAYEHHS 0 = 0, = \2/LCZ,=0. .

st [1-punsrpa HU (em. puc. 5.1,6) ., = 2_LC__ m"’c”) Tpadm
Z,, =f(v) nau na puc. 5.1, 0.

Has T-bunsrpa BY (cm. puc. 5.2, a) ;= \/gé‘—— ;,[ I'paduk
Z.; = [(®) nan na puc. 5.2, e. oC

B sTOM coiyuae xapakrtep uameneHusi Z ; OTJIMYEH OT XapaKrepa
usMenenuss Z, nasi T-¢uabrpa HY, a umenno Z,; = 0 npn o =
=a, =1/\2LC . C yBesnyenuem o conpoTHsienne Z,; yBeJHUNBaETCS

Hnpu oo Z ,=V2L/C.
—05
Has I-puasrpa BU (em. puc. 5.2,6) z,, = (% - TIL—z] .I'pagux
w

Z,; = (o) npencrassen Ha puc. 5.2, 0.

Ecau puabTp npensasnavet nis paboThl HAa 4aCTOTAX, HAXOAS LIUX-
Csl BHYTPH [10JIOCHI NPO3PAYHOCTH AAHHOTO (PUIILTPA M OTHOCHTEJBHO
JlaJIeKO OTCTOSILKX OT 3HAYeHHs o, NPH KoTopom Z, = 0, TO cOnpoTHB-
JieHHe Harpy3kH Z, ua shixone ¢uibrpos HU sui6upator pasubiM Z,
KOTOpOE COOTBETCTBYeT 0 = o, = 0. a5 T-puasrpa HY (cm. puc. 5.1,
a)Z=\2L/C .

Jas dusbTpos BU 06b1uHO Harpy3Ky COTJIaCOBHIBAIOT CO 3HAYEHHEM
Z, npu o—>oo . Juist T-¢puabrpa HY (cm. puc. 5.2, a) Z, =/2L/C . B
noJioce (110J10cax) 3aTyxanusi Z, OKa3biBaeTCs YHCTO PEAKTHBHBIM 1S
BCEX THNOB R-QHJIBTPOB.

15t TOro 4ToObI BBISICHHTB, HHAYKTHBHbIH HJIH €MKOCTHBIH XapaK-
Tep uMeeT Z, B 110J10Ce 3aTyXaHHsi, CJIEYeT ONpeaesIuTh XapaKrep BXO-
HOTO COMPOTHBJIEHHUS 3TOT0 GuibTPa (GuibTp Becerna paGoraer B pexu-
M€ COrJIaCOBaHHOM Harpys3Ku) AJisi NIPEAeJIbHOTO PEXHMa, 8 HMEeHHO
s puabrpos HY (puc. 5.1, a, 6) npu ouenb BbicOKO# yacrore, a Al
¢uabTpos BU (puc. 5.2, a, 6) npu oueHb HU3KOMH yacToTe (TeOpeTUUECKH
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npu w—0), cyuTas BbIXOLHbBIE 32)XKHMbI CXeM 3aKopoueHHbIMH. ToT e
pesysibTaT Oy[eT HOJyueH, ecyi CYHTATb HX PA3OMKHYTBIMH. B peayib-
Tare ONpefesHM, YTO B 30He 3aTyxaHusi Z, HMeeT HHAYKTHBHbIH xapak-
tep past T-gunbrpa HU (puc. 5.1, a) u [1-¢puabrpa BY (puc. 5.2, 6) n
eMKocTHbiit xapakrep miisi [1-punbrpa HU (em. puc.5.1,6)u T-¢puabtpa
BY (puc. 5.2, a).

Hoaocro-nponyckarowue gurvtpel npedcrasasnior co6oil GUIBT-
PHI, NponycKaloiHe B Harpy3Ky JHLIb y3Kyl0 NOJOCY YacTOT OT ©, A0
o, . CieBa 0T w, M CNIPaBa OT ®, HAXOAATCS NoJOCH 3aTyxaHus. Cxema
npocTefilero nosoCHO-Nponyckaiouiero R-Gpuibrpa u3obpaXkeHa Ha
Puc. 5.3, a. INapameTpbl cxeMbl LOJIKHBI yLOBJETBOPSATH YCJIOBHIO
LC =L,,.

XapakTep uaMeHeHHs @ M bAJIS OJOCHO-NIPOMYCKAIONIETO PHALTPA
HlocTpUpyIoT KpuBbie pHc. 5.3, 6.

Bes BoBona nanum Gopmyabi 1uis onpenenexns napamMeTpoB GpHib-
TPa puc. 5.3, a no 3agaHHbIM yacToTaMm [, U f, M CONPOTHBJIEHHIO HATPY3-
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[image: image169.png]KH GunbTpa Z, 1pu pesoHaHcHol yactote f, = o, /27 :

fo—1
D= VIl 2)Ci=gmr

Z 1
T A T A Ay
o= 1)
S5)L,= i,

100 noaocro-3aepasxcdarouumu GursTpanu (puc. 5.4, a)nonnmaior
GUABLTPEL, B KOTOPHIX N0J10Ca NPO3pAaYHOCTH KakK Obl pa3pe3aHa Ha JiBe
YacTH MoJiocoil 3aTyxauus (puc. 5.4, 6). Cnesa oT ®, ¥ crpasa ot o,
HaXOASITCS IBE YACTH MOJIOCH MPO3PayHOCTH.

B cxeme npocrefiwero 3arpaxpatoumero Gpuibrpa Ha puc. 5.4, a
L,C,=L,C,.

O6osnaunm wp=1/VLiCi, k= Ly/Ly v 3anumem ¢opMyJbi A5 OnNpeneneHus
o124 Zc bunbtpos puc. 5.3, a, puc. 5.4, a.

Ias puc. 5.3, a

@ R
m,‘2=‘/—2_';;(\/1 + 2% F1);

[2L ® 2
zZ,= it l_E_E_ﬂ ;
C, 2{o o,

s puc. 5.4, a
019 = 0,250, (V2k + 16 + \2k);

w/2L2\/’—0,5k—

Huis puabTpa puc 5.3, a B obnactu yactor ot 010 @ Ec HMeeT eMKOCTHbII XapakTep,
B06JIACTH 4ACTOT OT @y 10 00 — WHAYKTHBHBIA. [lJisi uiibTpa puc. 5.4, a B 061aCTH 4aCTOT
OT @ 110 ®,Z UMEET UHLYKTHBHBIH XapaKTep, a B 06,1aCTH OT W, /10 @y—€MKOCTHBIL.

Xapakrep usMeHeHus Z, WIIOCTPUpYyIOT Kpusbie pHc. 5.3, 6,5.4, 6.

Mpumep 57. B cxeme puc. 5.5, a L == 10 mI'n; C = 10 mx®. Onpeaenurs b=f(w) B

noJioce npornyckauusi, a=f(w) B nonoce saryxanus. [10cTPOUTL BEKTOPHYIO AHATPAMMY
npu o = 2000 paa/c u toke /o = 0,2 A npu cornacoBanHoil Harpyske. Beisect dopmysny

pacyetra GpunbTpa puc. 5.5, a npu pa6ote ero B HECOTJACOBAHHOM PeXHMe.

Pewenue.Yacroracpesawy = \/7= = 4470 pan/c. B nosoce nponyckanus a =
=0, b = arccos A = arccos(l — w?LC). TIpu © = 2000 pag/c b = 53°15, oL = 20.
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1 _s00m, Z,=7= < — 2L =40 Om. BekrtopHas pHarpamma n3o6paxkeHa Ha
oC P . . e
pHe 5.5,6 Uy=I1,Z, =8B, U,-—U2e“e1b—8e/53 !5 B. B nosioce 3aTyxauus npH corJa-
coBaHHOM Harpy3ke a=Arch (m2LC— 1). Ecau Z, 6yner HecoraiacoBana ¢ Z,, To pacyer
@uabTPa B N0JIOCE MPOMYCKAHHS # B MONIOCE 3ATYXaHHS MOXKHO MPOBOAUTD, HCMOMb3YS

. N
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Ecnu B3sTb © = 2 w2 = 8940 pan/c (paGora B noJoce 3aryxanus) u Zy = 40 Om (BMecTo
j 77,5 OM, HCXOAs U3 YCJIOBUSI COTJIACOBAHHOCTH), TO m=12,55e/|l8 W. T. €. 3aTyXaHue

6ynet In U;-—ln 12,556 = 2,63 Hn (BmecTo 2,64 npu coryiacopaHHoil Harpyske).

AHanorHyHbie GOPMYJIbl /5l HECOTJIACOBAHHOIO PEXHUMA MOXHO BbIBECTH VIS JI10-
6oro Apyroro GpuabTpa.

Mpumep 58. OnpepennTb napaMeTpsi 110J40coBoro GuibTpa puc. 5. 3, a, Hexoas U3
TOrO, 4TO OH JI0JIKeH MPONyCKaTh nojiocy yactot of f, = 750 I'u 1o fo = 850 I'u u 40 npu

pe3oHaHCHoit Yactore f, conpoTusienue narpysku Z, = Z, = 1130 Om.

PeweHnue. __
l)fp = \lflf,‘) — /750 -850=798 I'n,.

2)C = ﬁ(?;egos—olm= 0,022 mxP;
3)L, =m§%§6= 1,6 I'n;
4)Cy= TIE0 10 = 2,825 Mk®;
5)Ly= %OSTLQ;S—O =0,0141 Tn.

§ 5.4. KauectBenHoe onpeaeienne k-puanrpa. [To cxeme k-puabrpa
0e3 npoBenenus NoapoGHOr0 MaTeMaTHYECKOTO aHANHM3a MOXKHO Cy-
IATb 0 TOM, K KAKOMY H3 MePeYHCIeHHbIX THNIOB MOXeET ObITb OTHECEH
TOT Wi MHOH GHHUABTD. 3aKJI0UEeHHEe OCHOBBIBAETCS HA XapaKTepe Npo-
AOJBHOTO cOnpOTHBIeHHS HHILTPA.

XapakTep NpONOJLHOTO CONPOTHBEHHS k-(HIbLTPA, KaK fpPaBUJIo,
IPSIMO MPOTHBONOJIOKEH XapaKTepy MONePeuHOro CONpOTHBJEHHs. B
STOM MOXHO yGeaHTbCSs], paccMOTpeB cxembl puc. 5.1, a, 5.2, a n 5.3, a.

CHCTBHTEJILHO, eC/IH NPOOJIBHOE COMPOTHBJIEHHe HHAYKTHBHOE, TO NMO-
Nepeynoe — emkocTHOe. Ecaii npoosibHOe conpotussiente 06pa3oBaHo
Nocnenosarenbro coenrnennbiMu L u C, To noriepeyHoe — napaJiiesnbHo
Coenunentbimu L u C u 1. 1. Ec/iu npoflo/ibHOe COTPOTHBIIEHHE COCTOUT
TONIbKO u3 i pyKTHBHOCTEH, TO GUABTP OTHOCHTCS K KaTteropun HU; ecain
ponosibHoe CONpPOTHBJIEHHE YHCTO €MKOCTHOE, TO puabTp — BU.

v
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Ecsiv 1poaoJibHOE COMPOTHBNEHHE COCTOUT U3 NOCJE10BATENBHO CO-
eauHeHHbix L u C, To ¢uabTp nosiocoBoro tuna. Ecau mpoposbhoe
CONMPOTHBJIEHHe COCTOMT M3 NapaJJelbHo coefuHenHbix L u C, To
$uIbTp 3arpaxaalolero THIa.

§ 5.5. OchoBbi Teopun m-duapTpos. Kackaanoe Bratoyenue duaprpos. s ysesu-
4eHusl KPYTH3HBI XapaKTePHUCTHKH @ = [ (w) B Hayane Non0CH 3aTyXaHusi, NONyYeHus
32J12HHOTO 3HAYEHHs 3aTYXaHUSA NP ONpe/leJIeHHOM YacToTe (4aCTOTaX) U MeHblleH 3aBu-
CHMOCTH Z, OT 4acTOThl B NOJOCE NPO3PAYHOCTH MPUMEHSIIOT NOJNY3BEHbA M-QUILTPOB,
KaCKaJHO BKJI0YaeMbie ¢ k-QuibTpamu.

Ha puc. 5.6 B kauecTBe npuMepa H306paXKeHbl 1B€ BO3MOXKHbBIE CXeMbl KACKAJHOrO
BKJIOueHUs 1-nosiy3seHa m- U k-Guabtpos. Ha npakTuke 06bIYHO NPUMEHSIOT TaKXKe
CXEMBI, B KOTOPBIX R-DUJIBTP HAXOLUTCH MEXY ABYMSI [I0Jy3BEHbSIMH m-GuUabTpa.

Bxonuoe conporusnenue Guabtpa Z,; 6epyT PaBHBIM CONPOTHBJIEHHIO HCTOYHHKA
curnana (ucrounnka nuranus) Z,. Cxembl puc. 5.6 npuMeHsOT, KOrjla CONpoOTHBIEHHE
HATPY3KH Ha Bbixoie GuIbTPa Z, He MOXeT ObiThb B3siTo paBHbiM Z,. Cxemy puc. 5.8, an
eii no06Hble uenonb3ylr, korpa Z, =Z, = Z,.

Paccmorpum cBoiicTBa Mosy3BeHbeB m-(UIBTPOB H KACKAJHBIX COEJMHEHH HX C
k-Gunbrpamu. Ha puc. 5.6, a “T-nonyasexo m-QuibTpa, cocTositlee U3 CONPOTHBIEHHH Z;
U Zg, KACKAJIHO coeiuHeHo ¢ [1-punbTpom Tuna k (conporusnenus Z,, Zg, Z). Ha puc. 5.6,
6 T'-nosnysseno m-GuibTpa us conpotusienuit Zgu Z KaCKaHO COeIHHEeHO ¢ T-puiibT-
pom Ttuna k (conporusnenust Zy, Zy, Z,). Conpotuienus Z; u Zg 3aucst o1 Zy u Zg, a
conporusiienuss Zg w Zy,— ot Z, u Zy. Iloaromy rosopsit, uto npororunamu 1- uid
I'-nonyssenbes m-(GpuiabTPOB ABASKIOTCS KACKALHO COEIHHEHHbIE C HUMH k-DHIIBTPBI.

IMpu KackagHOM coeanHe Ul QUILTPOB APYT C APYFOM Beeraa Co6I0AAI0T IIPHHLHI
cor/siacoBaHHOCTH. BxoHoe conporusienue k-pHabTpa f0MKHO GBITH PABHO COMPOTHB-
JIEHUIO HATPY3KH Ha BbIXOAE 3TOro Gunbipa: Zo = Z,’ . [lns n1esoro nosyssena m-dunb-
Tpa Z.o SIBASIETCS CONPOTHBJICHHEM Harpy3ku. HecHMMeTpHUHbBI 4eThlPeXIONIOCHHK,
KaKHM SIBJISIETCSl NOJIY3BEHO mM-DUIbTPA, ONUCHIBACTCS ABYMS XapPaKTEPHCTHYECKHMH
conporusnenuamu Z , u Z 5. Conporusienue Z, 8 m-puibtpe puc. 5.6, a onpesensercs

Zy
a ¢
21;, Zﬁ sz
) d
a)

Puc. 5.7
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KaK BXOJHOE COIPOTHBJEHHE cXeMbl pHc. 5.7, a, B KOTOPoil Harpyakoit sisasietcs Z gy
(xonHoe conpoTusiienne k-ouibrpa). Conporupienue Z o Juist nody3seHa m-GuibTpa
npeACTaBJfeT cofoii BXOLHOE COMPOTHBJIEHHE CXeMbI PHC. 5.7, 6, B KOTOPO#l Harpy3koi
spasercs Z,,.

Koadduunentst A, B, C, D, "T-nonyasena m-Guibrpa puc. 5.6, a Bbiuncanm no
dopmynam § 4.5, nostarasi B unx 2, = Z;, Z, =0, Zy = Zg. B pesyubrate nosiyunm A =
=1+ (Z;/2g), B=12,C=1/ZyD=1.

MoncraBum Haiinenubie 3navernsn A, B, C, D B dopmyas piisi Zei v Zco

Zy =NZ;Zy(1 + Z7/29) ; (5.11)

Z:Zg (5.12)
Za= V7,

BxonHoe COIPOTHUBJIEHHE BTOPOro Kackana cxeMbl puc. 56, a

7.z, (5.13)
2o=\T¥z,/z."

Conporusienne Zg B “I-nostyasene m-puibrpa puc. 5.6, a 6epyr pasubim Zg/m, rae
YHCJI0BOH KO3 uuHeHT m HaxonuTes B HHTepBadie o1 0 no 1. [oacrasass 8 (5.12) Zg/m
BMecTo Zg M IPUpaBHHBAs NOJKOPEHHbE BbIpaxeHHs dpopmyi (5.12) u (5.13), nonyyum
YpaBHetue 15t onpejenenust Z,:

5
4 m ZyZs i 1 1 4 1
Z; 2+ 2,/Zg Z; ,m ., m '
m—_- 49 5 1 —m?
Zg m

TocstenHee BbpaXkeHUE CBUAETENBCTBYET O TOM, 4TO CONPOTHBJIEHHE Z;06Pa3oBaHo
m m
ABYMS napaJiiesibHO COeIHHEHHBIMH COMPOTHBIEHHSIMH 247 [ 25]——2(puc, 5.7, 6).
—m

Tax kax Z;06pa30BAHO 1A PaJLIeNIbHO COeINHEHHBIMH COIIEOTHBAQHHSIMH, KOTOpbIE SIBJIS-
10TCS 3aBHCMMBLIMH (IIPOH3BOAHBIMH) OT CONPOTHBIEHHH Z, U Zg k-GuabTpa, m-duibtp
PHC. 5.6, @ Ha3bIBAIOT PUALTPOM NAPANIEALHO-NPOU3EOOHKOLO0 TUNA.

aMeHuM B cxeMme puc. 5.6, a conporusiienne Z,’ = Z 4 Ha BTOPOE MOJY3BEHO M-

buisrpa, na BXOJle KOTOPOro BKJIIOUMM COTJIacoBannylo Harpyaky Z, = Z,, (puc. 5.8, a).
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[image: image173.png]EcJin nepsoe noyiy3peHo m-puibTpa cxeMbl puc. 5.6, a npejcrasiniio coboi 1-nosysse-
HO, COCTOSILeE U3 CONPOTHBJIeHHA Z; W Zg, TO BTOPOE NOJIY3BEHO mM-QHIbTPA JIOJKHO
npeacTassiTh co60i I'-n0y3BeHO, COCTOSILLEE H3 TEX Xe CONPOTHBJIeHHH Z; W Zg, HO Kak
Obl MepeBepHYTHIX OTHOCHTEJIbHO BePTHKAbHONH npsimoii. Jlas BToporo nosy3seHa m-
(HiIbTPa BXOAHOE CONPOTHBJIEHHE CJIeBa PABHO Z 9, @ BXOJHOE CONPOTHBJIEHHE CNipaBa (co
cropoubl Harpysku Z,) — Z,. [lpaxkruuecku Z; ans pusbrpa HU Gepyr pasHbim ero
3HaueHuIo 11pu © — 0, a st puatbTpa BU — ero 3Hauennio npu o — oo . Huisi m-duiib-
Tpa puc. 5.6, a B o6oux cayuasx Z,) = \L/2C , rae L n C — WHLYKTHBHOCTb H EMKOCTD
k-uabTpa, siBislowerocs NporoTuioM m-ouasrpa. das duasrpa HU — 10 anavenus
L v C B cxeme puc. 5.1, 6, a nist puasrpa BU — B cxeme puc. 5.2, 6.

['paHuLbl N0JI0CHI TPO3PAYHOCTH Y M-DUABTPA ONPeLeJIAIOT TAK XKe, KaK U y k-QHiib-
Tpa, T. e. nosnaras A (o)== 1 pas ¢uasrpos HU u BU. B nosoce 3aryxaums nas
m-pwibTpa

. cha=+ A(w).

3HaK MHHYC OTHOCHTCS K NOJIOCE 4ACTOT OT @, 10 @ 3HAK MINIOC — K NI0JI0Ce 4acToT
OT @, 10 00 pdis ¢unbtpos HY u k nosioce yactot ot oy, 10 0 s puabrpos BY (06wsic-

HACTCH 3TO TeM, YTO COMPOTHBJECHHE Z7 H3MeHsieT 3HAK MpPH peSDHaHCHOI‘:l yacroTe (l)p).

['paHuLer nostock! MPO3pauHOCTH MO YacTore AJis k-QUAbTPA H JUisi KACKALHO H COrlaco-
BAHHO C HUM COEJHHEHHOro m-puibTpa copnanalor. PeayibTupylolliee 3atyxanue Bcero
¢uabTpa a pasHo cymme 3aTyxauuii m(a,,)- v k(a,)-GuabTpos:

a=a, + a,

Xapakrep 3aBHCHMOCTH @, = [ (0) antst m-puabtpos HU u BU nokasan sa puc. 5.8,
6, 6, Ilie ®, — 4acToTa cpe3a (rpannuHas 4acToTa nojock npospaynoctu). Ha puc. 5.8,
6 0, — Pe3OHAHCHAs 4aCTOTa, PH KOTOPOi NPOTHBOMOJOKHOIO XapaKTepa CoNpoTHBJIe-
—;‘—Z,, H I—_r—n—r;éls B cxeMe pHC. 5.7, 8 BCTynaioT B pe3oHaKc, Tak uto Z; = oo (1pH
yacrore o, ) 1pu 3TOM GeCKOHEUHO BeJIHKO 3aTyXanue m-puibTpa. B o6iactu yactor or
© J10 0, 3aTyXaHHe G, PE3KO BO3PACTAELT, HTO CYUIECTBEHHO, TAK KaK nosyuaercs 6ob-
Luoe 3aTyXaHHe B HayaJie NOJIOCH 3aTYXaHHs, T1e @, MAJIO0. Y MEeHbIIEHHE a,, PH 0 > o,

KoMMNeHcHpyeTcsi poctoM a,. Hanpsokenne Ha BXOpHBIX 3a)uMax GH/IbTPa onepexaer
HalpsIKeHHe Ha Harpy3ske Ha yrost b = b, + by, rne b, — yroa casura $haa or m-Quib-
Tpa, a b, — yroscaeura dpasor k-punsrpa. 3asucumocts b, = f(w)pacemorpenan§ 5.3.
3asucumoctsb b, = f(w) nokasana Ha puc. 5.8, 2 naist puabrpa HU u na puc. 5.8, 0 — naist

HuUs

¢duabrpa BY. 3asucumocts Z,) = f(mﬂ) s ouibTpa HU nokasana na puc. 5.9, 6 npu
c

Tpex auadenusix m. [lpu m ~ 0,6 <~ 0,6 conporussienne Z,) ocTaercs npUOJIHIHTENLHO
NOCTOSIHHBIM MOYTH M0 BCeH MoJi0ce MPO3PAYHOCTH, PE3KO yMEHbLIATCs TOJILKO BOIH3H
4acTOTH Cpe3a.

Paccmorpum csoiictsa [-nostyasena m-dunbrpa puc. 5.9, @, ABasioulerocs cocras-
HO# YacThio GuibTpa puc. 5.6, 6. Onyckasi NPOMEXYTOUHbIE BbIKJIAJIKH, 3aITHILIEM OKOH-
HaTesibHbie BhIpaXkeHHsi 1ifi Z,y W Z 5 3TOT0 GHIBTPA:

77 o
Za=\17 Zjlm s Zo=\ZoZ (1 + Zy/Z,)) -

BxonHoe conporusienne k-puiabtpa puc. 5.6, 6
Za=VELC+7,/2Z) -

I-nonyaseno m-¢duabrpa puc. 5.9, a HA3bIBAIOT NOCJIEN0BATENBHO-TPOH3IBOLHBIM,
TaK KaK ero conporup/ienue Z,,CoCTONT U3 ABYX [OCJ€/10BATEJbHO COCIHHEHHBIX CONPO-
2

L 2 I —m .
THBJIEHHI ZZS H —rrT—Z" ABJISIIOULMXCST TPOU3BOAHEIMK OT conpotusiennit Z, u Z3
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k-dpunpTpa. Conporusienusi Z; u Zg KMEIOT NPOTHBONONOKHBIA XapaKTep (0AHO WHAYK-
THBHBIH, IPYrOe eMKOCTHBIH), 103TOMY NIPH HEKOTOPO# Yactole couporusienme Z =0

(pesoHaHc Hanpsikenuit). st nosiochl MPO3PauHOCTH 33aBHCHMOCTD Z,= (f—) s
c
¢unsrpa HU (01 © /@ past duistpa BU) npu Tpex snauenusix m nokasana Ha puc. 5.8, e.
Mpu m 2 (0,5 - 0,6) Z,; OTHOCHTEJIBHO MaJIO H3MEHSIETCS B MoJ0ce IPO3PAYHOCTH, HTO
BaXKHO ISl NPAKTHKH. 3aBHCHMOCTH @, = f (o) u b, = [ (w) st m-duabTpa puc. 5.6, 6
TaKHe Xe, KaK u JJisl COOTBeTCTBYIOLLero eMy m-dpuibrpa puc. 5.6, a. O606u1eHHO MOXHO
cKa3arb, YTO TEOPETHYECKH GeCKOHEeUHO GoJiblioe 3aTyXaHHe B m-QHIbTPe Ha YacToTe

(»p co3pnaetrcsi JIHOO 33 CUeT TOro, 4yTo Ha 3TOW Y4aCcTOTe B N0CJI€10BATEJIbHOH BETBH noay-

3peHa m-QrILTPA OKa3bBAETCs Y4aCTOK € 6ECKOHEYHO GOJIbIIHM COLPOTHBIIEHHEM (BO3-
HHKAeT PE3OHAHC TOKOB), JIHGO 3a CHET TOro, 4TO NapaJuiesibHasi BeTBb m-puibrTpa o6pa-
3yeT KOPOTKOE 3aMbIKaHHe MMPH BO3HUKHOBEHHH B Hell PeXXHMA pe30HaHca HanpsHkKeHHi.
[IpH KacKaHOM COeIMHEHHH HECKOJIbKHX m-GUIIbTPOB 3HaueHust L, C BbIGHPAIOT pas3iiny-
HbIMH, 4TOGBI CO3/1aBaTh OOJIbIIME 3aTyXaHMsl HA HECKOJbKHX 3a/]laHHbIX Y4acToTax
(@py, @pgu T.11.). [IpH 3TOM 3aBHCHMOCTL @ = f (o), nanpumep, pis duastpa HY nmeer
BHA rpebenkH (puc. 5.9, 8). PuiibTp ¢ Takoi XapakTe pUCTHKONR HHOT 1 HAa3bIBAIOT 2peben-
4areim. Ha puc. 5.10, a nokazana cxema 110CJI€ A0BATENLHO-IPOM3BOAHOIO 110JIOCHO-MTPO-
nyckaiowero ¢uibTpa. [lapamerpsl ee COOTBETCTBYIOT COOTHOLIEHHSIM, YKA3aHHBIM Ha

[~nonyabeno k- U/l:f; 7-nogny3bexo
s Y. @i ] /4 Y

nempd
(LU CA—

[-nonysBeno  k-gunemp 7-nonysbexy
m- punsmpa 5) m- puasmpa

Puc.5.10
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nne 59, a3 g = (1 — m2)/m. Mpogonsusie mL u | 34eMenTH MOrYT GbiTh 3aMeHeH
vanum (m + 1)L, asnementsl C/mu C — na C/(m + 1). Ha puc. 5.10, 6 npencrasiena
CXeMa 110CJI €/10BATeJ bHO-IIPOH3BOJIHONO 1OJIOCHO-3ar paXaalollero GuiabTpa (g umeer tor
e cmbicd). B 06onx cxemax conporusiienne Harpy3ku 6epyr paBHbiM Z , HO st GHiib-
Tpa puc. 5.10, a npn 0 = ®p, @ ISt PUabTPa puc. 5.10, 6 npu o — 0.

§ 5.6. RC-puantpst. Eciin conporupiente Harpysku, Ha KOTOPYIO BKJIOUeH GHILTP,
OYeHb BEJHKO, T. €. TEOPETHUECKH CTPEMHTCS K GECKOHEeYHOCTH (Hanpumep, BXOJHOe
CONPOTHBJEHHE JIAMIIOBOrO YCHIIMTEJIS WIIH BXOLHOE COMPOTHBJIEHHE NOJEBOrO TPaH3u-
cTopa), To 4acto uenoab3ylwT RC-puabrpu. Ha puc. 5.11, a — 6 n3o6paxenst cxemut HU,
BY wu nosocko-nponyckarwiiero RC-¢puibtpos, a Ha puc. 5.11, 2 — e — coorsercrsyio-
wre  um 3asucumoctd a=InU/Uy=f(w). HOas HU-¢puabrpa puc. 511, a

a=In| | + jo RC|, pns BU-puavrpa puc. 5.11, 6 a = In || — j/(0 RC) |. Mus Bcex
RC-duabrpos B paboueir 3oue a = 0. Pabouas 3oua HU-puabtpa upocrupaercs or
© =0 10 0 = 0, = 1/RC(1puusTO yc/i0BHO), 1pH KOTOPO# ¢ = 3 1B. [lns BU-duibrpa
paouas 30Ha HaXOUTCS B [Hanasone ot w = w, = 1/RC, korpa a = 3 1B, 10 © = oo,
korpa a— 0. B nogocHo-npouyckawouwem GpuibTpe MHHUMaNbHOE 3aTyXaHHe HMEET Mec-

10 pu @ = wy = 1/RC , upu s310M a=In|3+j(0RC — - ;C)l

§5.7. Aktnsubie RC-puabtpel. O6biusble k- 0 m-QuabTpsl GOPMUPYIOT H3 KOHJEHCA-
TOPOB M MHJY K1 HBHbIX KaTyiueK. Ho MHAYKTHBHbIE KATYWKH — 3JIEMCHTBI IPOMO3IKHE H HX
HEeJIb3sl H3rOTOBUTH MeTOlaMH um‘erpa.nbm)ﬁ TEXHOJIOTHH. Kpome TOrO, I1PH 04€Hb HH3KHX
(MH}PaHH3KHX) 4ACTOTAX, IPHMEHSEMBIX, HAIIPHMED, B FHAPOJOKALHMH K AKYCTHKE, OUeHb
TPYAHO H3TOTOBHTH HHIYKTUBHBIE KATYLIKH C BBICOKO# OGpOTHOCTHI0. TpeGoBanuns MuHua-
TIOPU3ALNHK aNNAPATY Dbl BHI3BANH WHTEPeC K aKTHBHBIM RC-duabTpam. OHu npeactabis-
10T €000l QHALTPH, CoCTOsILIHe U3 3aeMenToB R 1 C M akTusHbIX 3jieMentos (OY Wik
TPaH3UCTOPOB);, HHAYKTHBHbBIE 3JIEMEHTHl B HHX He BXOAsT. M3asecTun Ba Hanupasjenus
peaJiuauuu aKTUBHBIX RC-puibTpos. [lepBoe 0CHOBAHO HA 1IPUMEHEHUH CXEM C AKTHBHBIMH
3JIEMEHTAMH, B KOTOPHIX HCIIOMIB3Y K0T 00paTHBIE CBAI3H, BTOPOE — HA HCIOJIb30BAHHH O6bI4-
HBIX CXeM K- W m-QHIILbTPOB, B KOTOPbIX HHAYKT UBHBIE 3JICMEHTh! 3aMEHEHbl Ha HMHTHPOBAH-
Hble (1103BOASIIOLHE OCYILLeCTBHTD HX B MUHHATIOPHOM HCIIOJHEHUH).

PaceMoTpum 0CHOBBI 10CTPOEHHS aKTHBHBIX RC-QHABLTPOB C OGPATHLIMH CBA3AMH.
Ha puc. 5.12, a n306paXeHa 0/1Ha H3 CXeM HH3KOUACTOTHOrO akKTHBHOTO RC-prabTpa. Ona
COCTOMT U3 JIBYX KOHEHCATOPOB, YeThipex pe3ncTopos 1 OY, HCIONL30BAHHOIO B HHBEP"
THPYIOILEM BKAIUYEHHH.

Conporusiienne Harpy3KkH, BKJI0YaeMoii Ha Bbixoae akTHBHbIX RC-GuiibTpos, 06b14-
HO BO MHOrO pa3 60oJibllie MaJ0ro BLIXOJHOTO CONPOTHBIEHHS CaMOro QUILTPA, N03TOMY
MOXHO CUHTATD, 4TO GHABLTPLI paGOTaIOT B yCAOBHIX, GAHIKHX K X0u0CTOMY X0ay. Mexoad
U3 ITOI0, aHAJKK3 CXxeMbl puc. 5.12, a upoBeneM [Jst pexxuma X0a0cToro xoia. QO603HauHM
TokH B BeTAX (/| — I5, 1) W yanax (I — 5) B cooTsercTBuM ¢ puc. 5.12, a u suiBeneM

dopmyay aas 3aryxauus Guabtpa. lpu BeBoge yurem, uto BXOAHOH ToK OY lszov
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nosToMy @~ ¢, ~ 0. Tok 71 = jo,Coy; noTeHuma &p4=—i|R2=—ij2R2(b3.

Tok Iy = (%3 — @)/ Ry =63 (1 + joR,C)/ Ry Tox Iy = @, juCy = 43C,CyRy0* . Bxon-

HO# TOK Guatbpa Iy, = Iy — I} — Iy = — §31C,C4Re0" + j0Cy + (1 + j0CoR)/ R3]
Bxonnoe Hanpsixenue

. . y . 2, . R RyCy R,
5= @4 ’anl—“Ps{ CiCyR Ry0° + joo | (R + Ry Cy + R, +7?_,;}

3aryxanHe puabTpa B nennbesax

s
a,5 = 20lg ¥

20lg

R, ,
R, — CICRRyo™f +

3
. RiRGo] [ R
+jo (R|+RQC2+—R— R
3 3

Ecau npunsts Ry = Ry = R3 = R u 0603nauutb oy = 1/R VC,C,, 1o 3aBrcumoctb
a=f(w) (BbipaXkeHuasi B JOJISIX OT ®y) MOXKET GbITH NPOMIIIIOCTPHPOBAHA KPHBBHIMH PHC.
5.12, 6 npu C,;/Cy =1; 9; 36. Ornouenne C;/Cy onpenessier Buj 3aTyXaHusi B 1ojioce
yacrot or 0 10 wy. 3a cuet Hanuuus OY npu Hekotopbix C,/Cy3aTyxanne Moxer GbiTb
OTPHLATE/IbHBIM (BMECTO 3aTyXaHusl HMeeT MecTo ycuaenue). Ha puc. 5.13, a npusenena
CXeMa BbICOKOYACTOTHOrO akTHBHOrO RC-duiibTpa, 06pasosannasi 3 cxeMbl puc. 5.12, a
epecTaHOBKOi KOHIeHCATOPOB H pe3ucTopos. Pesnctopsl R, B cxeme puc. 5.12, an Ry 8
cxeMe puc. 5.13, BHIMOJHSAIOT GYHKLUHH CONPOTHBJEHHH, PEryJupyOLHX paboTy
OV, 103T0MYy 11pH ynOMsiHyTO# 3aMeHe HX He Cale/lyeT IPUHUMATD BO BHuMaHue. [Lis 310l
CxeMbl (BBIKAIAJKH ONyCKaeM) 3aTyXanue QuiibTpa B fenubenax
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3asucumoctd g = f(w) aas cxempl puc. 5.13, @ MOXKHO Ka4eCTBEHHO NOJTYYHTD U3 KPHBBIX
a = f(w) ans cxembl puc. 5.12, a, ecsin nocJenie 3epKajdbHO OTPa3HTh OTHOCHTENbHO

BEPTHKAJIbHOM OCH, MPOBEJIEHHOH Yepes w0. CxeMa NoJioCHO-PONYCKaloWero akTHBHOro
RC-bunbrpa uaobpaxena na puc. 5.13, 6. 3atyxanue 37oro GuibTpa B Aeumbesax
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Haumenbmee 3atyxanue a = 201 h + =2 MUMeeT MECTO MPH YaCTOTE © .
g R, c, P 0

Ipu stom

OTHoWeHHe BBIXOAHOIO HANPSXKEHUSA Y€ThIPEXMONIOCHHKA K BXOAHOMY Kak (yHKUMs
4acTOTHl  Ha3biBAWT nepedarounol (yrKkyuel veroipexnoatocrusa. Jlns cxemsl puc.
512, a K = @3/ q5-

Cxema 110/10CHO-3arpacatoniero gpuiastpa nsobpaxena Ha puc. 5.13, 6.

Bropoe nanpasiienue peasiu3alud akTHBHbIX RC-(QHJIbTPOB OCHOBAHO Ha 3aMeHe
OOGbIYHbIX HHILYKTHBHBIX 3/1CMEHTOB B k- WK m-pHALTPAX HA uMUTHPOBaHHBE. [1pu 3ame-
HE YUHTBIBAIOT, ABJIACTCS JIH WIH MOXET JIH ObITh 333€MJICHHBIM OJIHH H3 KOHLIOB HMHTH-
PYEMOro HHAYKTHBHOrO 3aeMenta. Eciin 0fiuH W3 KOHUOB 3a3eMJieH, TO BHIOHPAIOT 0fny
CXeMy UMHTalUuH, ecain HeT, To apyrywo. Tak, B cxeme dpuanrpa BU puc. 5.2, a nuxuuii
32XHM HHIYKTHBHOIO 3JIeMEHTa COEIHHeH C 3eMJlel, T. e. jieMeHT L sBjisieTcn 3a3eM-
JeHnbiM. B cxeme ¢puabrpa HU puc. 5.1, 6 v ojun u3 3axumos L ne 3a3emsien (1. e. L e
3azemiieHa). [103ToMy HHAYKTHBHbIE SjeMeHTH B cXxeMaX puc. 52, a, 5.1, 6 no/xHbt GbiTh
HMHTHPOBaHbI PasiuyHo (cM. lipunoxenne B).

§5.8. Mepenarounbie GyHKUHH aKTHBHBLIX RC-PHALTPOB B HOPMHPOBAHHOM BHE.
Bynem pasnuuath 06bIYHYI0 4aCTOTY @ H HOPMHPOBAHHYIO O, , BEIPAXKEHHYIO B 10X OT
yacTorsl cpesa w, A HU ¢uabrpa puc. 5.14, @ v B 101X OT UEHTPAJIBHOH YACTOTHI
M0JI0CH TIPONYCKaHHA ©, pHC. 5.14, 6 nonocHo-nponyckatomero Guabtpa. To ects s
HY® 0, = 0/0,, naa [P o ,= o/o,. [lepenarounbie Gynkuxu 01HOrO 3BeHa HY-,
II1-, BU- 1 [13-¢uiibTpos 8 HOPMHPOBAHHOM BHIE 3aMUCHIBAIOT TaK:

()
L Py
kog, o
KH‘i(pH)=M(p );Knn(Pu)= Mp );
ph. pH

o’ k(p2 + %)
K (P = 37,3+ Kins () =5 (ppn)"

3 Mip.) = p2 R S
nech M(p) =py +mp,+ni m=——; n=w,; p,=jo,; o

pn — HOPMHPO-

BaHHasi Pe30HAHCHAN YIJIOBas Y4acToTa onuorg ssena Gpuabrpa (o, < 1). Crenens p, B
YUCJIHTENAX ITHX BhIpaXKeHull pa3nuyna. ¥ HU3KOuacToTHOro — nynesas, y IIe —
neppas, y BUD u 130 — Bropas. Y pasnenne M(p,) = 0 HMeeT KOMILI€KCHO-CONPSIKEH-
ubie kophu (noaoca K(p,)). Tloa 106poTHOCTbI0 NOMIOCOB g, OAHOIO 3BeHa (UALTPA
noHUMaloT sednuuHy 20 / Voo 4 B°. Ona nokasbiBaeT, HACKOJILKO OCTPON SIBJIAETCH Yac:
TOTHAasl XapaKTepHCTHKaA 3BeHa (nodioca pasubl —a % jB).
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Mpug, < 2 3BeHO PHIILTPA CUHTAIOT HHBKONOOPOTHBIM, PH < 20 — cpenneno6-
pOTHBIM, MPH g, > 20 — BBICOKO106poTHBIM. CXeMbl 3BeHbeB (UIBTPOB C PABJIHMUHOI
BEJIMUHHON §, IPHBE/IeHD! B [9, 17}).

§5.9. Monyuenue nepenaTounoil GyHKUHH HUIKOUACTOTHOTO aKTHBHOTO RC-punbT-
pa, BHIGOP CXEMbi H OMpE/IENEHHE €€ NAaPAMETPOB. Ha puc. 5.14, a usobpasxena 3aBuch-
mocTb 3atyxanus a HU-dunbrpa or vactotsl ®; o, — uacTora cpesa, o, — 4acTora,

HauuHas ¢ KoTopoit HU-puibTp umeeT oTHoCHTeNbHO Govbluoe 3aTyXaHue a,, . B nosoce
IPONYCKaHUA AONYCTHMO HeGosbLIOe 3aTYXaHHe dy,,,. [Topsnok pacuera cienyrowmii:
cHaua/la onpeleslnM OTHOLIeHHe ®y /o, 3aTeM M0 BEJIMYHHAM O /0., Ay H G, 1O

tabanuam, nomeweHnsim 8 [9, 17], npu sbIGpaHHOM cnocobe annpoKCHMaLHH 4acTOTHOMR
xapakrepucTuku Ouaprpa(cM. § 10.10)onpenensem snamenaress M(p,) scero puibrpa.
B TabuHiiax oH MpeAcTaBjeH, KakK IPaBHIIO, B BHJe MPOH3BEACHHA NOJMHOMOB BTOPOro
nopsifKa Bua pz + mp, + n.Kaxnomy 10JHHOMY COOTBETCTBYET CBOE 3B€HO aKTHBHOTO
RC-¢usbTpa. Bee 3Benbsi coelMHAIOT KacKaaHo. [l KaX10r0 NOJHHOMA oNpenesifemM
A0GPOTHOCTDL gp ¥ 10 ee BeJIHYHHE nogbupaem cxeMmy kaxjoro 3sena mo [9, 17]. ITocae
9TOr0  nepeflartoyHyld  (YHKUHIO  KaXJoro 3BeHa  JeHOPMHpYeM,  3aMeHss

L@

@, Ha 0,/0., a p, Ha io - 3arem onpegensiem napamerpsl R, C kaxoro asena. C
c

3TOH LEJIbIO CONOCTABJISIEM NOYJIEHHO BbipaXKeHHe nepeiaTouHol GPyHKUHH 3BeHa (Hanpu-

Mep, BEIPaKeHHS @3/ Qg cXeMbl puc. 5.12) ¢ nosyuentoi dpynkuuei K (jo) ssena. Hacts

napaMeTpoB B CXeMe MOXeT ObiTh B3ATa IIPOM3BOJILHO (PE3HCTOPHI MO HECKOJIbKY KHIIOOM,

aKOHIEHCATOPbI 0M MUKPobapa), APyryIo 4acTb HAXOAHM H3 conocTasienus. Tak kak

BAPHAHTOB PeLleHHs MOXeT ObITh HECKOVIbKO, TO BHIOUPAEM 0 TEM HJIH HHBIM CoOBpaxKe-

HUAM HauboJlee LesiecoobpasHoe.

§5.10. Monyuenne nepenaTouHoi PyHKLUHH NOJOCHO-NPONYCKAIOWErO AKTHBHOTO
RC-dpuasrpa. Mosoxnm, uro Tpedyerca nosnyunts [1IT-GuibTp ¢ OTHOCHTEHHO GOJBHIHM
3aTyxaHueMm a,, B MoJl0cax 3aTyxaHusi (0T @ = 0100 HOT Wy N0 00) — puc. 5.14,6 —
H HeGO/ILIIKM JIONYCTHMbIM 3aTYXaHHeM d .. B MOJIOCe NPONYCKAHHA OT By A0 @y -
Uenrpasnbuas wacrora 8 nosoce nponyckanus 0603Hauena ®, (B OTHOCHTENIbHBIX e JHHH-
uax @, = 1).

Mepenatounyto dpyrkuuio IIT-GuiIbTPa 104YYaIOT HA OCHOBE YACTOTHBIX NPeobpa-

30BaHHi (cM. Ilpunoxenne E) ciienylomum o6pasoM: cHavasia HOACUHTHIBAIOT HOPMHPO-
W — O
52

s1

Bakkylo wactory o

HU-¢puabrpa npororuna. 3atem no og W 3al1aHHbIM
Opg — Opy
zHa‘IEHHﬁM @n M G,y OJI0COBOTO GHIBTPA, MPH 3a1laHHOM crocobe anfnpoKCHMaLHH
Tag'l‘onmu xapakTepuctuku (no Yebniwesy, no Barrepsopry, no Beccesio u 1. A.) no
uz Huam, npusesentbim B [9, 17), onpenesisieM HOPMHPOBAHHYIO NepefaToOdHYIO QYHK-
o Y-puastpa nporotuna. Ilocse 3Toro mnoacuurbisaeM  Koadpuuuent
Opo— o
b=_t2" %0l .
T~ u B nepenarounoii Gynkunn HU-¢uavrpa npororuna samensiem p, Ha

(l)’
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