Tema 1
YETBIPEXITOJITIOCHUKHA

11.1. YpaBHeHUA U CXeMbI COCAMHEHUH YeThIPEXMOJIIOCHUKOB

11.1.1. OcHoBHBIE OnpeeIeHUsI U OHSTUS 0 MHOTOMOJIIOCHUKAX
U YeThIPEeXINOJIOCHUKAX

YacTo npu aHanu3e dIEKTPUUECKUX CXEM HAC MHTEPECYIOT HAIPSKEHUS
Y TOKH JIMIIb B OT/AEJIbHBIX BETBSIX LENHU. B 3THUX cllyyasix 4acTh 3JEKTpUYe-
CKOU LIETIH, HAIIPSKEHUS U TOKU B KOTOPOM HAaC HE MHTEPECYIOT, IPEACTABISAIOT
KAaK MHOT'OIIOJIFOCHUK.

Paccmorpum B KadecTBe mpuMmepa mepeaady dHEPruyd OT IeHepaTopa
aeKTpocTaHluu K norpedurento (puc. 11.1). 'eneparop (uctouHuk 3.1.c. E,)
CoeMHSETCS ¢ JuHUEH snektporiepenad (JIDII) depe3 moBwimaronuii TpaHc-
dbopmarop T1, Tak Kak HEPTUIO BBHITOJHO TEpelaBaTh Ha BHICOKOM HAMpsiKe-
uuu. Ha npuemuom konne JIDII coenunsercs ¢ npueMHuKoM R depes moHu-

x)aromui Tpanchopmarop T2.

1T JIOI T2 12
[OIRE £ I
I 2
Puc. 11.1

Ecnu Hac MHTEPECYIOT TOKH M HANpPsDKEHMS TOJBKO NIl TEHepaTopa U
Harpy3ku, TO BCS LIENb BHYTPU IPSMOYTOJIbHUKA, NTOKA3aHHOTO ITYHKTUPHOMN
JMHUEHN, MOKHO 3aMEHUTh MHOT'OIIOJTFOCHUKOM.

MHOromo/JIl0OCHMKOM HAa3bIBAECTCS 4YaCTh AJIEKTPUYECKOW LENH, aHaAIH-
3upyemasi 10 OTHOUIEHUIO K HECKOJIBKUM BBIJICJIEHHBIM Y3JIaM, KOTOpPbIE Ha3bl-
BaIOTCSl MOJKCAMH MHOTOMOJIOCHUKA. MHOronoatocHuk, uMmeromuii N moJro-
cOB, Ha3bIBaeTCsl N-IIOJTIOCHUKOM.

MHoronosoCHuK, IpUBEACHHBINA Ha puc. 11.1, cornacHo npuBeneHHOMY
BBILIE OINPEIEIICHUIO SIBJIIETCS YETHIPEXIIOIIOCHUKOM, TAK KaK OH aHAJU3UPY-
€TCs TI0 OTHOIICHHIO K YyeThipeM y3naM 1, 1', 2 u 2'. Tpauchopmartopsr T1 u T2
TaK)X€ MOT'YT PacCMaTPHUBATHCS KaK YETBIPEXITOIFOCHUKH.

Crnenyer OTMETUTh, YTO MOHATHE MHOTOMOJIIOCHUKA BBOJIUTCS HE TOJIBKO
MOTOMY, YTO yJA00HO YacTh LENH JJI1 YIPOIIEHUS pacYeTOB 3aMEHUTh SKBUBA-
JIEHTHBIM MHOTOMOJIOCHUKOM, HO TaK)X€ M MOTOMY, YTO UMEIOTCA TaKUe MpH-
OOpBI, KaK TUPUCTOPHI, TPAH3UCTOPbI, MUKPOMOJIYJIU U JIp., KOTOPbIE TIO CBOEH
KOHCTPYKIUU SIBJISIFOTCSI MHOTOTIOJIFOCHUKAMU.
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MHOTOIONIOCHUK YCIOBHO M300pajkaeTcs Ha CXeMe AJIEKTPUUECKOM lie-
U B BUJE OKPYXHOCTH WJIM TPSIMOYTOJIbHUKA C BBIBOJAMH, YHMCIO KOTOPBIX
PaBHO YHUCIy MOJOCOB MHoromnontocHuka. Ha puc. 11.2 moka3aH B KauecTBe
puMepa YEThIPEXITOTOCHHUK.

Pexxum paboTel MHOTOIIO-
JIOCHUKA OMPEEISIETCS HaIpsiKe-
HUSMHU MEXAY MOJIOCaMH U TOKa-
MU, MOJIXOJSIIIMMU K MOJI0caM
MHOT'OMOJIFOCHUKA. UTOOBI Tpoiiie
OBLIO aHAJIM3UPOBATH PAOOTY MHO-
TOMOJIIOCHUKA, YIA0OHO 3aMEHUTH
BHEIIHIOIO IO OTHOIIEHHUIO K MHO-
TOIMOJIIOCHUKY YacTh LIETH HCTOY-
Puc. 11.2 HUKAMH 3.]1.C. B COOTBETCTBUU C

TEOPEMOM O KOMIICHCAIlMU. B COOTBETCTBUU C 3TOM TEOPEMOM XapakTep NOoA-
KJIFOUCHUS] UCTOYHUKOB MOKET ObITh pa3iu4HbIM. BaXXHO TOJIbKO, YTOOBI OHU
00eCIeuniIN T Ke HAMPSHKEHUS MEXKTy JTIOOBIMH TTapaMu MOJIFOCOB, KaKUe ObI-
JM 710 3aMeHbI. MI3BECTHO, 4TO HaNpsDKEHUS JIFOOBIX BETBEH MOTYT OBITH BhIpa-
JKEHBbI Yepe3 HalpsoKeHus BeTBed aepeBa. COOTBETCTBEHHO AOCTATOYHO MOJ-
KJIFOUUTh UCTOYHUKH 3.]1.C., 00pa3yIolue AEpeBO, CBI3bIBAIOIIEE MOJII0Ca MHO-
TOMOJIIOCHUKA.

HanpsixeHuss Mex1y MoJrocamu, K KOTOPBIM MOJKIIOYEHbl UCTOYHUKHU,
HAa30BEM HANPSKEHUSIMH MHOrOMOJIOCHUKA. OHM COBIAJAIOT C HAMpPsKE-
HUSIMA HUCTOYHUKOB. COOTBETCTBEHHO TOKM HCTOYHHUKOB HA30BEM TOKAMMU
MHOTONOJIIOCHUKA.

YpaBHEHMS, YCTaHABIMBAIOIINE B3aUMOCBS3b MEXK]Y HaNpPsHKEHUSIMUA U
TOKaMHU MHOTOIIOJIFOCHUKA, HA3bIBAIOTCS YPABHEHMSIMM MHOIONOJIOCHUKA.
Eciu 3T ypaBHEHUSI JIMHEMHBI, TO MHOT'OITOJFOCHUK HA3bIBACTCS JIMHEHHBIM.

MHOTONOMIOCHUK HA3BIBAETCA AKTHUBHBIM, €CJIM B HEM COJIEPKATCS HC-
TOYHUKHU YHEPrUr. MHOTONOIIOCHUK, HE COAEPKAIIUNA UCTOYHUKOB, HA3bIBACT-
CA MACCUBHBIM.

Ecnu B MHOTONOJIFOCHHKE OTCYTCTBYIOT HE3ABUCUMBIE MCTOYHHMKH, TO
MIPY OTKJIFOYEHUH BCEX BHEUIHUX MCTOYHHUKOB HAMPSKEHUS U TOKM MHOTOIO-
JIFOCHUKA paBHbI HYNIO. [Ipy HamM4unKM HE3aBUCUMBIX UCTOYHUKOB HANIPSKCHUS
M TOKM MHOTOMNOJIFOCHUKA OTJIWYAIOTCS OT HyJdA. B CBA3M ¢ 3TUM pa3nuyaroT
ABTOHOMHBIE MHOTOIIOJIOCHUKH, KOTOPBIE COJIEpKAT HE3aBUCUMbIE UCTOUYHU-
K1, 1 HEABTOHOMHBIE, HE COJICpKaIlNEe HE3aBUCUMbBIX HCTOUHUKOB.

[TaccuBHBIN MHOTOMOJIFOCHUK HA3bIBAETCS 00PATHMBbIM, €CJIM IO OTHO-
HICHUIO K JIFOOBIM MapaM MOJIFOCOB COOJI01aeTCsS MPUHITUI B3aUMHOCTH (00pa-
TUMOCTH). B IpOTUBHOM Cilydyae MHOTONIOJIFOCHUK HA3bIBAETCSI HEOOPATHUMBIM.

MoxeTr oka3aTbCs, YTO MHOT'OIIOJIFOCHUKH, UMEIOIIIUE PA3JINYHYIO BHYT-
PEHHIOK CTPYKTYpPY, UMEIOT OJMHAKOBBIE YpAaBHEHUA M IapameTpbl. Takue
MHOTOITOJTIFOCHUKY HA3bIBAIOT IKBUBAJIECHTHBIMH.
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[lepelieM K pacCMOTPEHHUIO YPABHEHUN U MapaMETPOB MHOTOIOIIOCHHU-
Ka.

11.1.2. YpaBHeHUsI AKTHBHOT0 MHOTOIIOJIIOCHUKA

PaccmoTpuM MpOU3BOJIBHBIA AKTUBHBIM MHOTOIOJIOCHUK (CM. pHC.
11.2). B ciaydae akTUBHOIO MHOTONOJIOCHUKA MPUHATO BHYTPU OKPYKHOCTH,
0003HAYAOIIEH MHOTOIONIOCHUK, CTaBUTh OykBYy A. Ecim MHOromoiarocHUK
MACCUBHBIN, TO CTaBAT OykBy 1.

Kak Obl10 OTMEUEHO BbIlIE, AJISI aHalu3a PabOThl MHOIOMOJIOCHUKA
HYKHO 3aMEHUTh BHEIIHIOK IEMb UCTOYHUKAMHU 3.J.C. WK Toka. [Ipuyuem uc-
TOYHHMKHU JOJDKHBI 00pa3oBaTh JEPEBO, CBA3BIBAIOLIEE MOJIOCH MHOTOMOJIIOC-
HUKa. B 3TOM cllyyae HanpspKeHUs! HICTOYHUKOB OJHO3HAYHO OMPEICIISIOT Ha-
npsDKeHUST MeXy JTr00biMU notocamMu. Hampumep, Ha puc. 11.2 HanpsixeHue
Mexay nojtocamu 1 u 3

U,=U,+U,=-E +E;,.

BriBeieM ypaBHEHUSI MHOTONOJIFOCHHUKA, UCIIOIB3YsI cxeMy Ha puc.l1.2.
Toku B 3TOW LIENIU HAWJIEM, UCIIOJIB3Ysl METOJ HajoxkeHud. /g 3Toro cHavana
HalJIeM TOKH, BbI3bIBAEMbIE BHYTPEHHUMHU HCTOUYHHMKAMHM, 3aT€M TOKH, CO3]a-
BAE€MbI€ KaXK/IbIM BHEIIIHUM UCTOYHUKOM B OTJICTLHOCTH.

J{nst Hax0KI€HUSI TOKOB OT BHYTPEHHUX UCTOYHUKOB HYKHO 3aKOPOTUTH
BHEIIIHUE UCTOYHUKHU 3.1.C. B pe3ynbrare nomyunm cxemy Ha puc. 11.3, a. To-
KM MHOTOIIOJIOCHUKA B 3TOM CXEME COBIIAJAOT C TOKAMH KOPOTKOTO 3aMbIKa-
HUSA

.
Il:IIK:_Jl’
.
|2:|2K_ ‘]2»
.
|3:|31<__‘]3

Toku KOPOTKOTO 3aMbIKaHUsI 0003HAYAEM CHMBOJIAMH UCTOYHUKOB TOKA,
MOTOMY YTO B CXEMaxX 3aMEIICHUS MHOTOMOJIIOCHUKOB OHHM YYHUTBHIBAIOTCS C
HOMOIIbI0O UCTOYHMKOB TOKA. DTU TOKH OIPEICISIOTCS MOJHOCTHIO BHYTPEH-
HUMHU UCTOYHHKAMH U BHYTPEHHEH CXEMO MHOTOIMOIIOCHUKA U JTOJDKHBI pac-
CMATPHUBAThCS KaK MapaMeTphl, XapaKTepHU3YOIIKe ero CBOMCTRA.

2 |3k 3 o) "

3
El
b (D
[0
1 4 1 4
a) 0)
Puc. 11.3
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[Ipr HaXOXKICHUH TOKOB OT AeHCTBHA 3.4.Cc. E, HyXHO 3akopoTHTH BCe

OCTaJIbHbIE BHEIIHWE MCTOYHUKHU 3.].C. U UCKIOYUTh BHYTPEHHUE UCTOYHUKU
(3aKkopaurBaHUEM 3.]1.C. M pa3MbIKaHHEM HCTOUYHHMKOB TOKa). B pe3synbrare mo-
JaydaeMm uenb Ha puc. 11.3,6. BBugy nuHEMHOCTH 1LIeM TOKU BO BCEX BETBAX

IPOIOPIMOHANBHEI 3.1.C. E,, TO ecTh:

I.l(l) :XnEl :lllul; (11.1)
IV =Y, E =Y,U; (11.2)
|‘3(1) 2131E1 :Xnuu (11.3)

rae Ko3(hPUIMEHTh TPONMOPIUOHATEHOCTU UMEIOT Pa3MEPHOCTh MPOBOJIUMO-
CTU 1 0003HAYAIOTCS CUMBOJIaMH Y C UHJEKCaMU. AHAJIOTHYHBIM 00pa3oM 3a-
MULTYTCS BBIPAXKEHUS JIJI1 TOKOB OT JPYTUX BHEIIHUX UCTOYHUKOB

|-1(2) =112E2 zinuz; (11.4) |.1(3) 2113E3 2113U3; (11.7)
I-EZ) :XzzEz :Xzzuzé (11.5) I.S) :ists 2123U33 (11.8)
|.3(2) =Y Ez 2132U.2§ (11.6) |.3(3) :X33E3 zi33U3' (11.9)

Herpyano Buzmersh, uto Y, OpeAcCTaBisseT COOOH BXOIHYIO MPOBOJIH-
MOCTb JIBYXITOJIFOCHMKA MO OTHOIICHHIO K TMoytocaM 2 U 1 npu 3aK0pOYeHHBIX
APYTHX Mapax MOJIOCOB. AHAJOIMYHO MPOBOIUMOCTH Y 5, MPEICTABISIET CO-
00 BXOJHYIO MPOBOJAUMOCTH IO OTHOIICHHIO K momtocaM 3 u 4. B cBsi3u ¢
5tuM Y 1, Y 55, Y 33 Ha3bIBAIOT COOCTBEHHBIMH MPOBOAMMOCTAMH KOPOTKO-

ro 3amMpikanus. IIpoBoaumocTH ¢ pasHsiMu uHAekcamu (Y ,,Y 3 | T.1.) Ha-
3bIBAKOT B3aMMHBIMH MPOBOAUMOCTSIMH KOPOTKOI0 3aMbIKAHUS.

B pe3ynbprare HaNOXEHUS PACCMOTPEHHBIX BBIIE PEKHUMOB IOIYy4acM
JUISL CITyYasl YETHIPEXITOIOCHUKA!

I-1 = I'l(l) + I-1(2) + |‘1(3) = 111U1 +112U2 +i13U.3 - J1§
I.z = I.él) + Iiéz) + |.2(3) 2121U1 +122U2 +123U.3 - Jz;
|.3 = |.3(l) + |-3(2) + |-3(3) 2131U‘1 +132U2 +133U3 - J3-

OTH ypaBHEHHUS SIBJISIOTCS YPAaBHEHMSIMH YETBIPEXIOIIOCHUKA B (popme
Y. B MatpuuHOii (popme 3TH ypaBHEHUS 3alHUIIEM KaK

|.1 Yiu Yo Y Ul ‘jl
|‘2 =Yy Y, 123 Uz - ‘jz (11.10)
|'3 Yy Yy Y U3 ‘j3
WJIY B COKPAILIEHHOM 3allMCH . o
I=YU-J, (11.11)
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rjie 3HaueHust MmaTpull ypapHenus (11.11) jerko ycraHaBiIMBarOTCS U3 COTIOC-
TaByieHUs ¢ ypaBHeHueMm (11.10).

DneMeHThI MaTpHIbl Y — COOCTBEHHBIC M B3aMHBIC TIPOBOIUMOCTH, JIJIS
KpaTKOCTH OyJIeM Ha3bIBaTh MX MPOCTO MPOBOAUMOCTSIMH MHOTOITOTFOCHHKA.
Marpuna J Ha3bIBaeTCsA MaTPUIIEH MCTOYHUKOB MHOIOMOJIIOCHUKA. OHA OTJIU-
4aeTcsl OT HYJIA TOJBKO JJIsi aBBTOHOMHBIX MHOTOMNIOJIFOCHUKOB, ITIO3TOMY €€ Ha-
3bIBAIOT MATPHUIIEH aBTOHOMHBIX mapaMeTpoB. [IpoBoaumMocTu MHOrOmosroc-
HHUKA ABJISIOTCA HEABTOHOMHBIMH apaMETPAMMU.

W3 npuBeneHHBIX BBILIE PACCYKACHUW CIENyeT, YTO YUCIIO YPaBHEHUH
MHOTOIOJFOCHUKA PABHO YMCIY MCTOYHUKOB, KOTOPBIMU MOYHO YYE€CTh BJIUS-
HHE BHCIIHEH LI HA MHOTONOJIFOCHUK. UMCI0 MX MEHBIIIE YK CJIa MOJIOCOB HA
eauMHUIYy. B yacTHOCTH, JUIsl YETHIPEXIOIIOCHUKA UMeeM Tpu ypaBHeHus. Co-
OTBETCTBEHHO [IJI1 YETHIPEXMOJOCHUKA UMEEM 9 HEaBTOHOMHBIX U TPU aBTO-
HOMHBIX MapameTpa. B o0mieM ciydae 3TH mapamMeTpbl HE3aBHCHUMBI JIPYT OT
npyra. OgHako B ciydae 0OpaTHMOTO MHOTOIIOJIIOCHHKA TOJIPKO YacTh ITapa-

METPOB SIBJISIETCS HE3aBUCUMOM. JI€MCTBUTEIBHO, COIJIACHO MPUHIIMITY B3aUM-
HOCTH D.]1.C. E1 CO3/1a€T BO BTOPOM BETBU IMPU OTCYTCTBUU JIPYTUX UCTOUYHUKOB
(D)
Iz

TaKOH XKe TOK , kKak u ».a.c. E, =E, B mepBoil BerBu, TO ecTb TOK

|'1(2) = Ilél). CornacHo ypaHenusiM (11.2) u (11.4) momydaem !21E1 =Y, Ez.

U3 paBencra s.1.c. E; u E, cnenyer, uro Y, =Y ,,. B obmem ciayuae Mox-

HO 3amucath, 910 Y, =Y ;.

Takum oOpa3om, B3aWMHBIE TPOBOJUMOCTH, OTIWYAIOIIMECS IepecTa-
HOBKOW MHJIEKCOB, OJIMHAKOBHI, 1 MaTPHUIa IPOBOJAUMOCTEH 00paTUMOTO YEThI-
PEXITOIFOCHUKA CHMMETPUYHA.

YMmuoxuB o0e yactu ypaBuenus (11.11) na oOpaTHyro MaTpuiry

,Z=Y" nonyunm
ZA=Y'YU-YJ.
O603HaunM yepes

E=-YJ,
TOTI/Ia MPEbIAYIIee YpaBHEHUE TpeoOpazyeTcs K BUAY
U=ZI-E. (11.12)

B pesynbrate nosiyyaeM ypaBHEHHE MHOTOIOIIOCHHUKA B popme Z, B KO-
TOpOM

Z, — mMaTpuIia CONPOTHUBJIEHNI MHOTOIIOIFOCHUKA;

E - MaTpHIa UICTOYHHUKOB 3.]1.C.

Bo3moskHb! U gpyrue hopmbl ypaBHEHUN MHOTOMNOMOCHUKA. HekoTopbie
U3 HUX OyJyT pacCCMOTPEHBI HUXKE ISl CiIy4asi MPOXOAHOTO YEThIPEXIOIOCHU-
ka. XoTs B 0011IeM city4yae N-TIOJMIOCHUK XapakTepusyercs N — 1 ypaBHEHUsIMU,
OJIHAKO B HEKOTOPBIX CIy4asiX MOKHO HCIIOJIb30BaTh MEHBIIIEE YUCIIO ypaBHE-
HUU. [IpuMepOM MOXKET CIIy)KUTh YETHIPEXIOIOCHUK, aHAJIU3UPYEMBIA MO OT-
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HOIIEHHUIO K BXOJY U BBIXOJY. TakoN YEThIPEXMOJIOCHUK HA3bIBAIOT MPOXO/I-
HbIM. Y TMPOXOJHOTIO YETHIPEXIIOJIOCHUKA BBIJCIAIOT JBE Mapbl 3aXKHWMOB:
BXOJIHBIE U BBIXOJIHbIC. BHEIIHME 3JIEMEHTHI MOAKIFOYAOT K BXOY U BBIXOIY
TaKuM 00pa30oM, YTO MEKITY BXOAHBIMHU 1 BBIXOJHBIMH TIOJIFOCAMHU HET CBS3U BO
BHCIIIHEH IICITH.

B nanbueiinem OyzieM paccMaTpuBaTh TOJIBKO MPOXOAHBIE YETHIPEXIIO-
JIOCHUKU U OyJiIeM Ha3blBaTh UX MPOCTO YEThIPEXMOJIIOCHUKaMu. PaccMoTpum
YPaBHEHUS TAKOTO YETHIPEXIIOIOCHUKA.

11.1.3. Cucrembl ypaBHEeHHH NACCHBHBIX YeThIPEXMOJIICHUKOB
NPH CHHYCOMIAJIBbHOM BO3ACHCTBUM U CXeMbI UX COCAUHECHUI.

CxeMa 4eThIpEeXIONIOCHUKA MoKazaHa Ha puc. 11.4. BiusHue BHemHen
LIEIH, TTOAKIIOYEHHOU K 3aknuMam 1—-1', mo Teopeme 0 KOMIIEHCAIIUU YYUThIBA-
eM HCTOYHMKOM E,, a menw, moakimroyeHHOH K 3axumam 2-2' (CKakeM, Ha-

rpy3ku Z,)— ucrouyHukom E,.

B "1

-<——— <
1 I1 |2 2
r-—s—_——s g ————— I
| |
U Zy
E1 U1 H 2 Ez
: :
I_____g— _____ |
' 2!
Puc. 114

HanpspkeHne Ha BX0Jie YeThIPEXIIOIIOCHHUKA IPUHATO 0003Hauath uepe3 U,
a ToK — yepe3 |,. AHaNIOru4HO HampsHKEHHE Ha BBIXOJE MPUHATO 0003HAYATH

gyepe3 U,, a ok — uepes |,. [lonoxuTenbHble HampaBIeHHUS TOKOB IPHHSTHI

oT BXxo/a K Bbixony. Ha puc. 11.4 myHKTHpOM moka3zaHbl OOpaTHbIE HampaBiie-
HUSI TOKOB, KOTOpPbIE 0003HAYAIOTCS CO IITPUXOM.

[IpuMeHsss METOJI HAJIOKEHHUSI, KaK 3TO JENaJOCh B MPEAbIAYIIEM Hapa-
rpade, moxyyaeM ypaBHEHHS TACCUBHOTO YETHIPEXMOIIOCHUKA B (hopme Y:

I.l _ 111 112 Ul (11 13)
|2 !21 122 U2 .

WITH
I=YU. (11.14)

Beauuuns! mpoBoauMocteil yeTeipexnonocauka Y, Y ,, Y, u Y ,, B ypaB-

HeHuu (11.13) ornuyaroTcsi OT COOTBETCTBYIOLIMX MPOBOJUMOCTEN ypaBHe-
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Hus (11.10), Tak kak pu BeIBojie ypaBHeHui (11.13) He 3akopayrBarOTCs y3JIbI
1 u 2, kKaK 3TO JeNanock Mpu BbIBojIe ypaBHeHuit (11.10).

VYpaBHenus B popme Y MOKHO UCHOIb30BaTh JUIsl aHAJINM3a TOKA3aHHOTO
Ha puc. 11.5 mocnenoBaTenbHOrO0 COEIMHEHUS! YETBHIPEXIOIIOCHUKOB. B 3TOM
CXEME€ BXOJ KaXKJIOT0 YETBIPEXIIOJIIOCHHUKA CBS3aH C BBIXOJOM 4e€pe3 Jpyrou
YETBIPEXIOIIOCHUK, MO3TOMY JUIsl aHAJIM3a TaKOro COEIMHEHUS B OOIIEM CITy-
yae CJIelyeT MCI0JIb30BaTh OOIIME YPaBHEHHUS YETHIPEXITOIIOCHUKA, COINIACHO
KOTOPBIM YETBIPEXIOJIIOCHUK OINMCBIBAETCA CUCTEMOM TpEX ypaBHEHHU. UeTsl-
PEXIMOJIIOCHUK MOXXHO OIKCAaTh CUCTEMOM JABYX YypaBHEHHUM, €CIM HET CBS3U
MEXAY BXOJOM U BBIXOJIOM YETHIPEXMOIIOCHUKA BO BHEUTHEN IO OTHOIIEHHIO K
Hemy nenu. IIpu 5TOM TOK, BXOJAIINN B BEPXHUM IIOJIIOC YETHIPEXIIOIIOCHUKA
(1), paBeH ToKy, BbIxoAsIIEMY U3 HIKHETO (17).

\ . - \
Il Il |2 |2

:
[Ul I

p—
NY<——1.
C.
\S]

1!

I1

2

Puc. 11.5
Ecnu BHYTpeHHSsS cXeMa, CKa)KeM, IEePBOI0 YEThIPEXIIOJIOCHUKA COCTO-
UT U3 JIBYX MHIYKTHUBHO CBSI3aHHBIX 4acTe€l, Kak Noka3aHo Ha puc. 11.6, To
MO>KHO OIPaHHYHMTBCS CUCTEMOH ABYX ypaBHeHHH. B atom cimydae Tok |, = Il'
u |, =1, (puc. 11.6) u moxHO ucnons3oBats ypasnenus (11.13).
ITo nepBomy 3akony Kupxroda ans nenu Ha puc. 11.5:
] Frorn i A B
L =1+1" 1, =1+,
WM B MaTpUIHOUN opme
] " B
l; I, l
Tn

M
|2

I I
IloncraBisAss B mocieqHee YpaBHEHUE BBIPAXKEHHMS MAaTpULl TOKOB CO-
IJIACHO YPaBHEHUSAM YETHIPEXIIOIIOCHUKOB B hopme Y , momydaem
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1 M 2
& L 2z
* %k

U, I1 I1 U,
1 2
I
& z
I 2!
Puc. 11.6
| | | " U U
.1 — ‘1' + ‘1" — {X1'+X2'} ‘1 :X .1 ,
|2 |2 |2 U2 U2
rae
Y=Y'+Y,.

Takum 0Opa3zoM, npu NapaIeTbHOM COCTUHEHUH 0OPATUMBIX YEThIPEX-
MIOJIFOCHUKOB MaTpuiia Y pe3yJbTUPYIOIIEr0 YeTHIPEXTIOMIOCHUKA PaBHA CyM-

M€ MaTpUIl COCIUHSIEMBIX YEThIPEXIOIIOCHUKOB.

[Tomumo ypasHenuii B ¢dopme Y (11.13, 11.14) cyuiecTByroT eiie NATh
dbopM ypaBHEHHM, KOTOPbIE OTIWYAIOTCS TE€M, KaKue HAMPSHKEHUS WA TOKHU
BBIPAXKAIOTCS Yepe3 JIPyrue BEeTUUYuHbl. M3 deThipex MepeMEeHHBIX MOXKHO BbI-

2
opatp nBe nepemennsle C; = 6 cnocobamu. [Ipexne Bcero, MOXXHO OTMETHUTh

dbopmy Z, paccMOTpeHHYIO B mpeasiayiieM naparpade. C y4eToM OTCyTCTBHUS
TPETHETO KOMITCHCUPYIOIIETO UCTOYHHKA TI0JTydaeM

U] _ Z, Zy, |'1 (11.16)
U2 ;21 ZZZ |2 ‘

I

U=2ZI.
Z

Marpuna conpoTHUBIEHUN SBJIIETCSI OOpaTHON IO OTHONICHHWIO K

MmaTpule nmpoBogaumocteil Y . YpaBaenus B hopme Z MOTYT OBITh UCTIOIBH30Ba-

HBI JUISl aHaJIM3a MOCJeA0BaTeNIbHOTO coeauHenus (puc. 11.7), npu KoTopom
BXO/JIbI (BBIXObI) YETHIPEXIOJIOCHUKOB COEAMHEHBI MOCIIEA0BATEIIHLHO. 3/1€Ch
TaKK€ HY>KHO HaJIOKUTh OTPaHUYCHHUE, YTO OJIUH U3 YETHIPEXIOJIIOCHUKOB CO-
CTOMT U3 JIBYX AJIEKTPUUYECKH U30JIUPOBAHHBIX YaCTEH.

Jlns mocnenosarensuoro coemuuernst |, =1'=1"u I, =1,'=1,". C
Y4eTOM 3TOro 110 BTopoMy 3akoHy Kupxroda nomyuaem
U, U/ U/’ ol h L
S Z{ZH‘Zz} Y/
U, U, U, l, l,
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. . . .
1 l l l, l,

2
& . . z
U, IT Y,
U, ' U,
|1" I2H
Uln H Uzn
2
& /]
I' 2!
Puc. 11.7

Takum 00pazom, Tpu MOCIEAOBATEIHLHOM COCIUHEHHH OOPAaTUMBIX Ye-
TBIPEXITOTFOCHUKOB MaTpuiia Z pe3yIbTHPYIOIIET0 YEThIPEXITOFOCHIKA PaBHA
CyMME MaTpPHII COSANHAEMBIX YETBIPEXTIOIIOCHUKOB.

YpaBHEHHsI YETHIPEXIIOIIOCHUKOB B popMe A BBIpaKaroT BXOHBIC Be-
JIMYMHBI Y€pe3 BBIXOHBIC, TO €CTh:

U1:£LJ2+5|'2;
) : . (11.17)
I, =CU, + DI,
WU B MaTpuuHo popme
U |_[A BJU,
= L (11.18)

|'1 c D Iz

[TapameTpbl 4eTHIPEXIIOIOCHUKA B popMe A MOKHO BbIpa3uTh uepes Y-
napametpsl. st aToro npeodbpaszyeM ypaBueHust (11.13) tak, 4ToObl B JieBOM

gacty ocraBanuck Bennunusl U, u |, aB mpasoit — U,, |,.

ConocraBisisi K0d(ppuIMeHTs MpeoOpa3oOBaHHBIX YPABHEHHM C ypaBHeE-
Huamiu (11.17), nomyuyaem, yto

:_!ﬁ B:L'

23 Y 9 - Y 9
o 2t (11.19)

co M. p Y

o 121 - 121

VYpaBuenus B popme B, HA000pOT, BBIPAKAIOT BBIXOIHBIC BEIUIMHBI Ye-
pe3 BXOAHBIE:
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|:U2:| |:§11 512 :||:U1:|
2= . (11.20)
|2 521 522 I]

Ota opma sBasieTcs 00paTHOM MO OTHOLIEHHUIO K hopme A 1 MaTpula

g_|[B1 Be| [A Bl 1[D -B
"~ |Ba Bx»| [C D] JA||-C A]

JI1st 0OpaTUMOro YeThIPEXIOIFOCHUKA

|Al=AD-BC =1

U TI0JTy4aeM ypaBHEHUE

ﬁj {—DQ __AB }H} (11.21)

VYpaBaenus B popme B ncnonb3ytor mig aHaiauza oOpaTHOrO BKIIHOYE-
HUS, KOrJa BXOJIHbIE M BBIXOJHBIC IMOJIOCHI MEHSIOTCS Mectamu (puc.11.8).

HpI/I TaKOM BKIIFOUCHUH
uy | _ju,
B |§ I.l .

]

1 2
& ® * ]
lulo luz H lul lug
& . . ]
I' 2

Puc. 11.8

Jlenast yka3aHHbIe 3aMeHbI B ypaBHeHu (11.21), monyyaem
] [D -BJUS
—1°| |-c A |r1°
Ul [D BJUJ| [A Bo|US
] lc A|1e| |Co Dofi2]

[Tomyuaem ypaBHEHHS MEPEBEPHYTOTO YETHIPEXIOMIOCHUKA B (hopme A, B KO-
TOPBIX B OTJIMYUE OT UCXOIHOTO YEThIpEXIoMtocHuKa noctosiHabie A u D mo-

I

mensuuch mectamu (A, =D ; D, = A).
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P * —_—

X Al U, =U AZ Y,
& . ——4
I' 2

Puc. 11.9

VYpaBuenust B popme A HCTIONB3YIOT ISl aHAIM3a KaCKaJHOTO COeJINHe-
HUS 4YeThipexnorocHukoB. Ha puc. 11.9 mokazaHo KackaaHOE COCIUHEHHUE
JIBYX YETBIPEXIOJIOCHUKOB. [Ipyn TakoM COEIMHEHHH K BBIXOJHBIM TOJIOCAM
MIEPBOI0 YETHIPEXTOJIOCHUKA TPUCOCIUHSIIOTCS BXOHBIC ITOJIIOCHI BTOPOTO.

B coorBercTBUM ¢ 0003HaUeHUsIMH Ha puc. 11.9 ypaBHEeHHS mepBoro ye-
TBIPEXIMOIOCHUKA 3AMUIIYTCS KaK

U, — A B U, (11.22)
|'1 C, D1 ’

I 2
a BTOPOIr'o KakK

J,7 [uy {Az Ez}uz .

I.Z, = |'1" c, D, |.2
[Toncranss (11.23) B (11.22), nonyyaem
U, _{AI &}[AZ gz}u‘z _{A 5} U,
] G DJC, D.JI,| [C DJI,]

OoTCroga CJICAyCT, 4YTO MaTpHllda 3KBHUBAJCHTHOI'O YCTBIPCXIIOJIOCHHUKA pPaBHA
MNPOU3BCACHHUIO MATPHUIl KACKAAHO-COCIMHCHHBIX YCTBIPCXIIOIIOCHUKOB, TO

€CThb
{A 5} ) {_Al B, }{_A 52}
c bl [c, DJC, b,
HpI/I COCANMHCHHUN HCCKOJIBKHUX YCTBIPCXIIOJIOCHUKOB HYKHO 3allMChIBATH
MaTpHIbl B TOM XK€ IMMOPAOKE, B KOTOPOM OHH COCIWHCHBI, TAK KaK ITPOU3BCIC-
HHUC MaTpHull HC ITIOJUHUHACTCSA IICPCMCCTUTCIIBHOMY 3dKOHY.

Crnenyromast popma ypaBHeHHI YeThIpexmnoitocHuka — popma H. Ypas-
HeHus B popme H umeror Bun

U1=ﬂ11|ﬁl+ﬂlzuz; (11.24)
l,=H,l +H,U,
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U KCIONB3YIOTCA MPU aHAIU3E MOCIEI0BATEIbHO-TIapaNIETbHOTO COSAMHEHUS
(puc. 11.10). IIpu TakoM COCTUHEHUU TIPH YCIOBUU, YTO OJUH U3 YETHIPEXIIO-

JIIOCHUKOB ~ COCTOMT M3 JBYX H30JIMPOBaHHBIX yacted, |, = |1'= |1"§
1 1 "
U,=U,=U,"u
1 1! in
Ul _ Ul Ul
= +

SN

S
|2

l, l,

[ToxcraBiss B mociieJHee ypaBHEHUE BBIPAKCHHUSI MATPHI] COTJIACHO YpaBHEHU-
sM B hopme H, momyuaem
' "
|0 I I

Ul "
- H ) 1 + H ) T H )
I.2 U2 UZ UZ
OTCIOI[a cne,uyeT BBIBO/J, UTO HpH HOCJ'ICI[OB&TGJIBHO—HapaJIJIeJIBHOM CO-

eIMHEHUN MaTpulia H-mapaMeTpoB YeThIPEXIIONIOCHUKA PaBHA CyMME MaTpHIl
H-nmapamMeTpoB coeIuHsAEMbIX YEThIPEXITOIIOCHUKOB:

H — H!+HH )
N A A P
U, 1L luz
Ul - 2"
|1” I2H
Uln H
2
&
1!
Puc. 11.10

HpI/I MapauICJIbHO-IIOCIICIOBATCIbHOM COCAMHCHHUHN YCTBIPCXIIOJIIOCHHU-

koB (puc. 11.11) ucnonszyercs dopma G. YpaBHEHHS UYETHIPEXIOIIOCHUKA B
dbopme G UMeErOT BU

|-1 :§11U1 +§12|-2 ,
Uz :§21U1 +§22|2-

[To anamorum ¢ dopmoit H mist popmer G momyuyaem, 4To mpu mapani-
JICIbHO-TIOCIIEIOBATEIbHOM COCIMHEHUN YETHIPEXMOIIOCHUKOB MaTpuia G-

(11.25)
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MmapaMCETpOB YCTHIPCXITIOJIIFOCHHUKA paBHA CYMMC MATpPUI] G-HapaMeTpOB cocau-
HACMBIX YCTBIPCXIIOJIOCHUKOB, TO €CTh

Q — Q""Q" )
1 l, I ) I 9)
& . 2z
lu‘l I Y,
i ‘ Uz
Iln I2H
H Uzn
2
1)
2'
Puc. 11.11

PaccmoTpeHHbIE BBIIIE TTOCIEAOBATEIBHOE, MapalIEIbHOE, MOCIIEI0Ba-
TEJIbHO-MTAPAUIEIbHOE U TAPALICIBHO-MIOCIIE0BATEIBHOE COCUHEHHS YEThI-
PEXIIOIOCHUKOB MOYXHO MHOT/IA UCIIOJIb30BATh, KOTIAa HA OJWH U3 YETHIPEXIO-
JIFOCHUKOB HE COCTOUT M3 JIByX HW30JIMPOBAHHBIX YACTEH, HO B ITOM Clly4yae
JIOJDKHO COOJIIOAAThCA PABEHCTBO BTEKAIOUIETO M BBITEKAIOIIETO TOKOB CO CTO-
POHBI IEPBUYHBIX 3aKMMOB, a TAK)KE PABEHCTBO BTEKAIOIIETO M BBITEKAIOIIETO
TOKOB Ha BTOPUYHOUN CTOpOHE. ECM 3TH paBeHCTBA I KaXKJIOTO YEThIPEXIIO-
JIOCHUKA B CJIOKHOW CXEM€ HE BBIMIOJHSIOTCS, (OPMYJIbl Il MaTpUll Mapa-
METPOB 3KBUBAJICHTHBIX YETHIPEXIOJIIOCHUKOB HE CIPABEJIMBBI, U TAKOE CO-
€IMHEHUE YETHIPEXMOJIOCHUKOB HAa3bIBAIOT HEPETYIsipHbIM. ONpenenuTh pery-
JPHOCTH COEMHEHUS MOXKHO JIMIIb MPU UCIOJIBL30BAHUU TOJHBIX YpaBHEHUM
YETBIPEXIIOIIOCHUKA, HO B 3TOM CJIy4ae Mol HE ONPEACIATh PErYJISIPHOCTD, a
HETOCPEJACTBEHHO UCIOJIb30BaTh MOJIHBIE YPAaBHEHMS YeThIpeXnotocHuKa. Co-
OTHOILICHUS, TTOJYYEHHBIE U1 MOCIEI0BATEIBLHOIO, MapauIeIbHOTO, OCIEI0-
BaTEJIbHO-MTAPAUIETIBHOTO U MapajuieIbHO-IIOCIEA0BATEIILHOTO COCIMHEHUN
YETBIPEXIIOIIOCHUKOB, PEKOMEHIYETCSI NMPUMEHATh TOJIBKO TOTJA, KOTJa H3-
BECTHO, YTO BHYTPEHHSS CXE€Ma OJIHOTO U3 YETBIPEXIIOJIOCHUKOB COCTOUT W3
JIBYX U30JIMPOBAHHBIX YACTEM.

BriBoabI.

. OcHOBHBIE YpaBHEHHS YETBIPEXMOJIOCHUKA CBA3BIBAIOT YETHIPE

¢ynxmmm U, 1, U,, |, Ha BXOzme U BBIXOJE YETHIPEXIIOIIOCHHUKA, BBIPAXKas

Kakue JIn0o JIBe U3 HUX uepe3 ocTajbHble. BO3MOXKHBI IECTh (JOPM 3amucu oc-
HOBHBIX ypaBHEHHH (cM. Tabmuily). Koadumuuentsr B ypaBHEHUSX Ha3bIBAIOT
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napamMeTpaMu WM TOCTOSIHHBIMM YETBIPEXIMOJIIOCHUKA. B cuHycoumambHOM
peXKUME — ITO KOMIUJIEKCHBIE YMCIIa, HE 3aBUCSIINE OT PEeKKMMa Ha BXOJI€ U BbI-
X0Jie ueThIpexmnonocHuka. [lo Buay cB3yrmmx K03(P(GUIMEHTOB Pa3inyatoT
ypaBHeHus B popmax A, B, Y, Z, G u H napamerpax. ['pynnupys napamerpsl B
MaTpULbl, ypaBHEHUS 3aMIMCHIBAIOT TAK)KE B MATPUUYHOM BHUJIE.

Tabnuna
dop- YpaBHeHus YpaBHEHUS B MATPUYHOM Marpunna
Ma BHJIC IapamMeTPOB
o | Ui=AJ, 4Bl {UHA B}{Uz} N
|, =CU, + DI, I, | [C DJI, ~ |C D
B Uz :EIIUI "‘512[1 _U2:|_|:511 512[U1_ B__Bn B
|.z :521U1 +B,,, |.1 i |.2 B, By |.1 i B | Bai B |
v I1 :!llul‘i‘!lzuz _Il _|:X11 X12j|_ul_ Y—_lll XIQ_
I, =Y,U,+Y,U, _|'2 Yo Yo U, || Yo Ya|
, U =Z,l,+Z,l, U | [Zu Z,]T1, Z_Zn Zy |
U, =2, |.1 +2Zy I‘z U, Z, Zy |‘2 B Zn Ln
|1 :Qnul +§12|.2 } { |1 } §11 §12:||:|.2:| _Qll G
G . : = . G=
U,=G,U, +Gyl, U,] [Ga Gxn]l, | Gar G
H U1:H11|1+ﬂ1zuz} {U‘l}_{ﬂn ﬂu}{ |.1} H-= ﬂ11 ﬂ12
l,=H 21|.1 "‘ﬂzzuz |.2 H, Hy Uz ~ |Ha Hx

2. Bpiie ObLIM NpUBEICHBI COOTHOIICHUS MEX 1y apameTpamMu Gopm A
U Y. AHalOru4HbIM 00pa3oM MOTYT OBITh IMOTYYEHbl COOTHOLLIEHUS MEXKY I1a-

pameTrpamu Apyrux Gopm.

11.2. Cxembl 3aMelIeHUS] MTACCUBHOI'0 YeTHIPEXIOJIIOCHUKA

Marpuiia 00paTHMOT0 YETHIPEXIIOTFOCHUKA COCPIKUT TPH HE3aBHCUMBIX
napametpa. UeTBepThIil mapaMeTp MOXKET ObITh BHIPAXKCH Yepe3 OCTaIbHbBIC TPH
napameTpa ¢ OMOIIBIO YCIOBHS 00PaTHMOCTH:

Y2 ==Y s dopmsl Y (MUHYC, TAK KaK HAllPaBJICHUE I'2 U3 YCThI-

pexmontocuuka; Zi; =—2Za mmst GopMsl Z;
AD -BC =1 nmua popmer A.
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COOTBETCTBEHHO CXEMa 3aMEIICHHUS YETBIPEXIOMIOCHUKA JIOJDKHA CO-
JEpKaTh TPU DJIEMEHTa. JTOMY YCJIOBHIO YJIOBJIETBOPSIOT JBE CXEMBbI, MMOKa-
3anable Ha puc. 11.12. TlepByto cxemy (puc. 11.12,a) naszeiBatoT T-o0pa3Hoit
CXEeMOU 3aMelIeHus, BTopyto cxemy (puc. 11.12,6) HazwiBatot [1-006pa3Hoii cxe-
MOU 3aMELICHUS.

I,z zZ, |, [

Z, |
1 = 2 a
| |

Puc. 11.12

[To MeToxy KOHTYPHBIX TOKOB Il T-00pa3HO# cXeMbl 3aMeleHHs (CM.
puc. 11.12,a), monaras, 4To Ha BXOJ€ BKJIIOYEH MCTOYHUK 3.a.c. E, =U,, a Ha

BBIXOZIe — UCTOUHHUK 3.1.c. E, =U,, 3amucsiBaem ypaBHEHUS:

Z, +L I, —LI'2 =U,;
Yo Yo

| 1 ). .
Yo Yo )
3/1€Ch YUTEHO, 4TO IEPBbIM KOHTYPHBIM TOK PABEH TOKY Ha BXOJE, & BTOPOU —

TOKY Ha BBIXOJI€ YETHIPEXIIOJIFOCHHUKA.
W3 BToporo ypaBHeHust cuctembl (11.26), ymHoxast Ha — Y ; ¥ IIEpEeHOCS

VvV~

(11.26)

YJICH C I.2 B IIPaBYIO 4aCTh YPaBHCHMUS, II0JIy4YacM
I, =Y U, +1+Y,Z,)I,. (11.27)

[Toncrasisist Beipaxkenue ais |, B mepBoe ypaBHenue cucremsl (11.26), moiy-
qaeMm

U1=(1+10;1)U2+(Z1+Zz +iol1l2)r2. (11.28)

VYpasuenue (11.28) nmpencraBnsier nepBoe ypaBHeHue B ¢opme A, a
ypaBuenue (11.27) — Bropoe. Conoctapisisi 3TU ypaBHEHHs C YPaBHEHUSIMU Ye-
TBIPEXIIOIIOCHHKA, TOIydaeM (GOpMYJIbl Ul NMapaMeTPOB YETHIPEXITOIIOCHUKA
B hopme A:
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A 1+ Y Zla

B=Z,+Z,+Y,Z,Z,:

Cov,: (11.29)
D=1+Y,Z, )

Ilpu Z, =27, cxema YeTHIPEXMOIIOCHUKA OyJeT cUuMMeTpu4HO. [Ipu

3TOM OyeT cobmoaarbes yeaoBue cummerpun A= D .
Pemass ypaBaenus (11.29) oTHOcHUTENBHO MapaMeTPOB CXEMbI 3amelle-
HUS TToJTy4aeM GOopMyJIbl

v,=c; z,=2=1. 2 _B=1
C C

VpaBaenus (11.30) mo3BOAIOT oOmNpeaeauTh IMapaMeTpbl T-o0pa3Hoi

CXEMBI 3aMEIIICHHUS.
Jlns TI-oGpa3Hoii cxeMbl IiejiecooOpa3Hee MCIO0Ib30BaTh YPaBHEHUS 10

MCTOI[y y3J'IOBI>IX IIOTCHIOHMAJIOB, CYMTAasA, 4YTO K BXOI[y IMPpUCOCAUHCH NCTOYHHUK

(11.30)

Toka J, = ||, a K BBIXOZY — HCTOUHHK TOKa J,, = |,. [Tomyuaem ypaBHeHus:
, 1 1
I, = (Y1 +le -—U,;
Zo Zy (11.31
, 1 1
—|2=—U1+(Y2 +jU2. )
Zy Zo
N3 BTOporo ypaBHeHus cuctemsl (11.31)
Ulz(l-l-izlopz-i-;o[z. (11.32
)

[Toncrasiss Beipakenue (11.32) B nepBoe ypaBHenue cuctemsl (11.31), momy-
yaem

|.1 :(11 +Y, +X11210)U2 +;o|‘2- (11.33)
Otcrona cienytot GopMyJibl 171 TapamMeTpoB B popme A
A=1+Y,Zo; ]
C=Y1+Y2+Y1Y2Zo;
B=Y,: g (11.34)
D=1+Y,2,.
OO6patHbie GOpMYITBI TSI ONIPEACIICHUS TAPAMETPOB CXEMbI 3aMEIIICHHUS :
Z,=B; 12:%; L=%. (11.35)
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Ipumep 4.1

Kaxkoil cxeMo#l 3aMelieHdss MOXXHO MPEICTABUTh 3aJIaHHBIA YETHIPEXIO-
JIIOCHMK, TIAPaMETPBI KOTOPOro MMEKOT cleayromue 3Hauenns: A=2; B=j;
C=0;D=0,5.

3aaHHbIN YETHIPEXIOIIOCHUK HE YJAcTCs 3aMeHUTh T-oOpa3Hoil cxe-
Moii 3ameriierus, Tak kak mpu C =0 B ¢popmynax (11.30) npuxoaurcst AenuTh
Ha Houb. [l [1-oGpa3Hoii cxemsl momydaem no gopmynam (11.35):

A-1 2-1 . D-1 05-1 .
B J B J
HpI/IBe):[eHHBIi/’I IMPpHUMCEP IMOKA3bIBACT, YTO B HCKOTOPLIX CIIydasiX HC yJda-

CTCs PCaIM30BaTh YCTBIPCXITIOJOCHUK B BHIC TOW WJIM MHOM CXEMBI 3aMCIIC-
HH.

ZOZE:J—; Y, =

11.3. DxkcnepuMeHTAJbHOE ONpe/IeJieHHe MapaMeTpPoB
YEThIPCXIMOJOCHUKA

IIpy 3a1aHHON BHYTPEHHEH CXEME YETBIPEXIIOIIOCHUKA MOXKHO OIIpejie-
JIUTh AHAJIUTUYECKHU €ro mapameTphl (MOCTOSHHBIC) B J000H (Qopme, 3amucChi-
Basg ypaBHeHMs 10 3akoHaMm Kupxroda, MeToqy KOHTYpPHBIX TOKOB WIJIM Y3J10-
BbIX MOTEHIMAJIOB W TNPUMEHsSS K HUM COOTBETCTBYIOIIME MPEeoOpa3zoBaHUS.
[Ipumepbl aHATUTUYECKOTO METOJAA OIpPEACNICHHUs] MapaMeTpOB YETHIPEXIIO-
JIOCHUKA COJEpKATCs B MpeabLAyIIeM naparpade, B KOTOPOM OINpeAessiIn Ma-
pameTpsl yeTbipexnoatocHuka B hopme A uist T u [1-06pa3HbIx cxewm.

Ecnu BHyTpeHHsIs cxeMa YeThIpeXIOII0CHIKA HE 3ajlaHa, apaMeTphl ue-
TBIPEXIIOJIFOCHUKA MOXKHO OIIPENEIUTh IKCIIEPUMEHTAIBHO.

[Ipn »KCrIEpUMEHTAIBbHOM ONPEAEICHUN NapamMeTpPOB OOBIYHO HCIOJIb-
3YIOT CIEAYIOIIHNE ONBITHI:

1) onbIT (MpSIMOTO) XOJIOCTOrO X0Ja (X.X.), KOr/la MUTaHUuE MOAAETCs Ha

BXO/I, @ BBIXOJIHBIE TOJIFOCHI PA30OMKHYTHI ( I'2 =0);

2) OMBIT NPSAMOr0 KOPOTKOTO 3aMbIKaHUS (K.3.), KOT/1a MUTAaHUE MOJAETCA
Ha BXOJI, @ BBIXOHBIC MOJIIOCHI 3aKOPOYCHBI (U ,=0);

3) ombIT 0OPAaTHOTO XOJIOCTOTO XoJa (0.X.X.), KOT/Ia MUTaHUE MOJACTCs
Ha BBIXOJI, @ BXOJIHBIE TIOJIFOCHI PA30MKHYTHI ( I'1 =0);

4) ombIT 0OOpPATHOT'O KOPOTKOTO 3aMbIKaHUs (0.K.3.), KOTr/ia MUTaHKUE I10-
JTAETCSl Ha BBIXOJI, @ BXOHBIC MOJIFOCHI 3aKOPOYCHBI (U'1 =0).

Kak ObLJI0 OTMEYEHO IpHU BHIBOJE ypaBHeHHi B (opme Y , MOCTOSHHAS
Y |, mpencrasiser coboii BXOIHYIO, a Y ,; — B3aUMHYIO MPOBOJAUMOCTH IIPH 3a-
KOPOYEHHOM BBIXO/I€, TO €CTh:
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i
Y=Y :(_lj _ ’ (11.36)
1/mpu U,=0
-
XZIZ(U'Z] ' : (11.37)
I /mpn Uy=0
AHJIOTUYHO JIJIs PEKUMa 00pPaTHOTO KOPOTKOT'O 3aMbIKAHUS:
-
Yo ==Y, :( U 2] ‘ ) (11.38)
2 /mpu U;=0
I,
Yo = 0. B (11.39)
2/npu U=0

Takum 00pazoM, U3 OMBITOB MPSMOTrO M OOPAaTHOIO KOPOTKHX 3aMbIKa-
HUI ONPEEIAI0TCS TOCTOSIHHBIE YEThIPEXMNOIOCHUKA B (popme Y. 3HaKk MUHYC
B ¢opmynax (11.37) u (11.38) oObsicHsA€TCA TEM, UYTO MPHU ONPEACICHUHA BXOJI-
HOTO COMPOTHBICHUSA Y, TOK Ha BBIXOJAE NPUHUMAETCS HAlpaBICHHBIM
BHYTpPb YETBHIPEXIOJIOCHUKA. AHAJIOIMYHO M3 OIBITOB XOJIOCTOTO XOJAa OIpe-
JEISAI0T MOCTOSIHHBIE B (popme Z 1o Gpopmynam:

U
2, =21 = (I—lj ; (11.40)
1 Jopu 1,=0
U
Z, =(|—2] ; (11.41)
I Japu [,=0
U
Ly =Ly =( |-2 j o (11.42)
~ "2/mpu 1;=0
U
Z,,= (ﬁ} o (11.43)
2/mpu 11=0

13 ypaBHEHMI YETHIPEXIIONIOCHUKA B (hopMe A Ui pexXHUMa XOJIOCTOIO
xoma (1, =0)

U Ix — AJ 2x;
I.lx = CU 2x
noyryqaemM (opMyJIbl:
U |
A=(U.—1J ; Q=(U—lj : (11.44)
2 /npu [,=0 2 /npu 1,=0
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AHaNOTUYHO W3 ypaBHEHUH A peXuMa KOPOTKOTO 3aMbIKaHMS MOJydaeM

bopMyJIbL:

I,

B= T 5 D= T o (11.45)
2 /mpu U,=0 2 /mpu U,=0

®opmynsl (11.39)—(11.45) conepxaT KOMIUIEKCHbIE HANPSIKEHUS U TO-
ku. JleiicTByoIIME 3HAUEHUSI MOTYT OBITh U3MEPEHBI C TOMOIIBIO BOJILTMETPOB
u amnepmeTpoB. HauanbHbie (pa3bl MOXKHO ONPEACIIUTh, 3aMEPSIsi C MOMOILbIO
dbazomeTpoB yriel caBura ¢asz mo OTHOIIEHHUIO K HEKOTOpoMmy 0a30BOMY Ha-
npsbkeHuro. OTHAKO MpU ATOM TpeOyeTcs U3MEPSITh MHOTO YIJIOB, U CXEMa U3-
MEPEHUMN TOIyYaeTcs CI0XKHOU. [Ipoumie onpenenuts KOMIJIEKCHOE BXOIHOE
CONPOTHUBIICHUE YETHIPEXMOJIOCHMKA MO cxemam Ha puc. 11.13. Ha puc.
11.13,a moka3aHa cxeMa OIpEICIICHUS] BXOJIHOIO COMPOTUBICHHUs Z,, CO CTO-
POHBI BXOJHBIX 3KMMOB, a Ha puc. 11.13,0 — cxema ompeseneHus: BXOJIHOTO
CONPOTUBIIEHUST Z 5, CO CTOPOHBI BBIXOJHBIX 32)KHMOB.

1. ITutanue co cTopoHsl 3a:)KkUMOB | — 1’ Ipy pa3oOMKHYTBIX 3a)KUMax 2 —
! I — .
2" (pexnm x.x. |, =0):

U |
Z, = I—l =7, el = (11.46)

1x

[@h=

2. Ilutannre co CTOPOHBI 3aKMMOB 1 — 1’ mpH 3aKOPOYEHHBIX 3aKMMAX
! 1 J— .
2-2"(pexum k3. U, =0):

¢ i Wy —V,
11 ) 2
@ A = o
A N
;lx a)
= U, V H
P : Y
I' 2!
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\_/
0)
H V U, Z,,
1 2’
Puc. 11.13
U : B
Z,=—-%=7 e ==, 11.47
| I 1k D ( )

1k

3) Ilutanue co CTOPOHBI 3AKUMOB 2 — 2’ TIPH Pa30OMKHYTHIX 3aKuMax 1 —
!/ ] — .
1" (pexxum 0.x.x. 1, =0):

U .
;2 = — 2x — ZZXeJ(PZX —
2x

(11.48)

0o

4. Ilutanue co CTOPOHBI 3AKUMOB 2 — 2’ TTpU 3aMKHYTHIX 3axumMax 1 — 1’
(pexum 0.x.3. 1, =0):

U .
Lo = T 2K =7, e =
2K

(11.49)

> | @

U3 pemenus ypaBaenunii (11.46) — (11.49) MokHO MOMYyYUTH (POPMYIIBI
JUTA TTapaMeTpoB YeThIpexnotocHuka B popme A. Haubonee mpoctyro hopmy-
JIy MOXKHO TOJIYYUTh U MOCTOSHHOW A, JUIs 3TOro BhIMTEM U3 (HOPMYIIbI
(11.48) bopmymny (11.49):

D B D-BC 1
;2X_;2K::_::__ — = .
cC A CA CA
[ToxcTaBisis B MONYyYCHHOE YpPaBHEHHE BBIPAKCHHE MOCTOSHHOMN
A
C = — u3 ypasnenus (11.46), moay4yaem GopmMyiry ass moctostHHOU A
Zlx
Z
A= |——2— (11.50)
;ZX - ;ZK

OcranpHbIe TOCTOSTHHBIE TIPOIIE ONpeaeanuTh u3 ypaBHeHut (11.46) — (11.49):
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B=2, A

A
C=—; 11.51
- ;lx ( )
D=2

ZIK )

[Ipu ompeneneHUM Ha MPAKTUKE MOCTOSHHBIX  YETHIPEXITOJIIOCHUKOB,
MMEIOIIUX OOJIBIITYI0 MOIIIHOCTh UJTM BBICOKOE HampsbkeHue (TpaHchopMaTopsl,
JIMHUY JIEKTpoIepeayd U T. 11.), UCTIBITAHUS MPOBOAST HA MOHM)KEHHOM Ha-
npsbkeHuu. [Ipu mpoBeneHnn pekuma X.X. Ha BXOJ IMOJAIOT HANpsHKEHHE Ha
YPOBHE HOMHUHAJIBHOTO, @ B PEKUME K.3. HANpPSHKEHUE TOJIAI0T TaKOe, YTOOBI
TOK KOPOTKOTO 3aMbIKaHUsI ObLJT HA YPOBHE HOMUHAJIBLHOTO TOKA, TO €CTh TOKa
HOPMAaJIbHOTO PEXUMA.

Il ;1 ZZ' |2
ol e Hu v h
R i i o N
2 2
Puc. 11.14 Puc. 11.15
Ipumep. 4.2

Omnpenenuth mapamMeTpbl CXeMbl 3aMelleHus TpanchopmaTtopa (puc.
11.14) nanpspxenueMm 36/5 kB mo cieayomuM JaHHBIM UCTIBITAHUS TPaHCOP-
matopa: U, . =36kB; U, =5kB; S, =60 MBA; P =50 xBr;
I, =0,051 , (pexum X.X. OCyLIECTBISICSA PU HOMHHAIBHOM HAIPSKCHUH
Ha Bxoze); P, =150 xBr; U, =0,09U
KOT'O 3aMbIKaHUSI.

PacdeT BeseM 1o cxeme 3aMelleHus, oka3aHHou Ha puc. 11.15, B koto-

2HOM

1y - PACCUMTATDH TOK B PEXKUME KOPOT-

pon
Z, — CONpOTHBIICHHE MTEPBUYHON OOMOTKH TpaHCHOpMATOPa;
Z, — conpoTuBieHHE BTOPHYHOM 0OMOTKH TpaHCc(OpMATOpa, NPUBENEHHOE K

lHom __ ﬁ

NEePBUYHON ¢ yueToM KoadduienTa tpanchopmanuu N = =7,2;

2HOM

Z,, — CONPOTHBIEHUE PACCESAHHUS.

CompoTHBIICHHUE PACCESIHUS ISl MOIIHBIX CHJIOBBIX TpaHc(opMaTopos
Z, >>Z;, I03TOMY B PEKHUME X X.
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:;1_'_; ~ a Z :UIHOM

BT =
S

36-10°

=432 Om,

1xx 2

S,on _ 0,05-60-10°

rae |, =0,05-1_ =0,05. v =833
U, 36-10
KommiekcHoe COIIPOTHUBJICHUC
Z, =R + X, =Z, cosp, + JZ sing, =772+ ]432,
Trac
F)IXX
cosp,, =—=>—=0,0167.
laom © Ixx
AHaJIOrn4yHO IIpHU KOPOTKOM 3aMbIKaHWH
= LIJ—I =i _ 195 owm.
1x3 lHOM

KomrIekcHoe conpoTuBiIeHNE
Z,=2,+2,=2Z_coso, + ]JZ_sing, =0,054+ j1,95,
rae

COS P, = aft =0,0278.

1k " 1k3

1 :

B cunoBsix Tpancdopmaropax Z, ~ Z, = 5 Z.,=0,027+ 0,975 Om.
CpaBHHBas C CONMPOTHUBJICHHEM HaMarHMYCHUs, yOeKIaeMCs B MPaBUILHOCTU
IIPMHATOrO BHaYase Aomymenus, 4to Z,, >>Z, u £, >> Z,. C y4eToM 3Toro
IpU pacueTe MepexoJHOro Mpoiecca OTOPOCHM BETBb HAMArHUYCHUS, KOTOpast

IIYHTUPYETCS BETBBIO C CONPOTUBICHHEM Z, W CONPOTHBICHHUEM HArpy3KH
(puc.11.16).

Puc. 11.16

B pexuMe KOPOTKOTo 3ambikanus conmporusienne R =R, + R,'=0,054
X _
OM, X, =X, +X, u L ="%=6,18-10" I'n.

®
Toxk B menu npu t = 0 10 3aKOpayMBaHUs Harpy3Ku
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Ulm
JR +R)? +(X, +X,)

1,(0) = sin(y —@,,) = 1, sin(y —¢,,),

rac
¢, = arctg X T X
" R.+R,

K

B nepexoaHoM pexnumMe UIIEM PElIeHNE YPaBHEHHS

K

L = ‘Z't +Ri =U,_ sin(ot+y),

KOTOpPOE€ UMEET BUJ

i () = 1, sin(ot +y — @) = [1,, sin(y —¢,) — 1, sin(y — 9,)]e™,
rac

| :U$- (PK:arcthK; p:—RK: M:—8,74 1/c.

R X R, L, 618-107

W3 nosty4eHHOro COOTHOLIEHUS! BUAHO, YTO aMILIUTY/1a IEPEXOAHON CO-
CTaBJIAIOILEH 3aBUCUT OT HArpy3KH JO KOPOTKOIO 3aMbIKaHUS U MOMEHTa 3a-
MmbikaHus (ot yriaa ). Hambosee HeOmaronpusTHbIN Cilydaid, KOTAa PexUMY

T
K.3. mpeuecTByeT pexxuM xonocroro xona (I, =0)n y—¢, = 5 B sTom

ciydae
R

__ K

L(t)=1,,(cosot—e W ).

VY napHoe 3HaueHue Toka Oyzer npu ot = 7T 1 cocTaBUT
R

_ kg
(1+e % )=-265-10°(1+0,92) =-51-10° A.

Jlyis orpaHMYEHHs TOKOB KOPOTKOTO 3aMBIKaHHUS M MPOAJICHUS CPOKOB
CIIy>k0bI TpaHC(POPMATOPOB MPUMEHSIOT OBICTPOACHCTBYIOIIYIO 3aIIUTY.

IKm :_Ile

11.4. BxoxHoe cONPOTUBJICHHUE YeTHIPEXIOJIOCHUKA
IPU NPOM3BOJILHON HArpy3Ke

[Tpu onpenenenny napaMeTpoB YETHIPEXIIONIOCHUKA ObLIA PACCMOTPEHBI
BXOJHBIE CONPOTHUBIIEHUS IPU XOJOCTOM XOJE€ M KOPOTKOM 3aMbIKaHUH. Te-
IIEpb PAaCCMOTPUM BXOJHOE CONPOTUBIICHUE

ZIBX = (1152)
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2
F—— z
;1BX . . Z
— 1 H U Zl |::| - a)
— @
I 2
1 , -
& >
ZHD lul 11 U, & )
2 ———%
I 2
Puc. 11.17
CO CTOPOHBI BXOJIHBIX TTOJIFOCOB (puc. 11.17,a) 1 BXOHOE CONPOTUBIICHUE
U
;ZBX :I'_2 (1153)
2

CO CTOPOHBI BBIXOJHBIX MOJIFOCOB MPHU MPOU3BOJIbHON Harpy3ke (11.17,0).
[ToncraBus B ypaBHeHus (11.52) Beipaxenus juist Hanpspkenus U, u To-

ka |, cormacHo ypaBHeHusM B popme A, momydnm

Z — AL]Z +BI’2
“1Bx QU2 +DI'2 :

VuursBas, uro U, =Z | ,, Haxonum

=u"2>»
_AZ,+B

Z,, = .
Z=1Bx Q;H +D (1 154)

[TockonbKy mpu 0OpaTHOM BKJIIOYEHUHU UYETHIPEXITOJIOCHUKA MEHSIOTCS
MectaMu moctosiabie A U D, To 11 BXOAHOTO COMPOTUBIIEHUS CO CTOPOHBI
BBIXO/Ia TIoJTydaeM (Gopmyiry

DZ,+B

Z, = .
Z=2Bx QZH +A (1 155)
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Ha mpaktuke npeactaBisitoT MHTEpec (HOpPMYJIbl I BXOJHBIX COIPO-
TUBJICHUH, BBIPQXKEHHBIE Y€pPe3 COMPOTUBIICHUS XOJOCTOTO X0/ia U KOPOTKOTO
3ambikanus. 13 Beipaxkenus (11.54) nonyuaem

B
L+
A A
ZIBX = E : [_) .
c
C yuerom dopmyn (11.46) — (11.49) nomyqaem
Z,+Z
ZBx:Zx_H—_ZK' 11.56
= = ZH + ;ZX ( )
AHaJIOTUYHO JIsI BXOAHOTO COMPOTUBJIEHUS CO CTOPOHBI BBIXO/1a
L, +Z
ZBXZZX_H—_IK' 11.57
= = ;H + ;lx ( )

11.5. XapakrepucTuyeckue nmapaMmeTpbl 4eThIPEXIOJICHUKA

[Ipu nepengaye CUTHAJIOB Yepe3 YETHIPEXIIONIOCHUKH B CUCTEMAaX CBSA3U
HE00XO0AMMO, YTOOBI CUTHAIIBI TPOXOAUIN 0e3 mckaxeHui. [y atoro tpedy-
eTcsi, YTOObl BXOJHOE CONPOTHUBIIEHHE YEThIpeXmnoitocHuka (puc. 11.18) pas-
HSUIOCh BHYTPCHHEMY COMPOTHBICHUIO UCTOYHMKA (£, = Z,,, ), @ BXOIHOE CO-
MPOTUBIIEHUE CO CTOPOHBI BBIXOJHBIX 3aKMMOB (MPU 3aKOPOUYEHHBIX 3aKUMAX
reHepaTopa) paBHIIOCH COMPOTUBIICHUE HArpy3ku (£,,, =2 ). Jpyrumu cio-
BaMH, BXOJHbIE COIIPOTUBIICHUS YETHIPEXOJIIOCHUKA JTOJIKHBI OBITH COIJIacoBa-
Hbl C COIPOTUBJICHUSMHM T'€HepaTopa Harpys3ku. Pexum paOoTsl yeThIpexIio-
JIOCHHKA, B KOTOPOM BBIIIOJIHEHO COIVIACOBAHME HA BBIXOJIE€ YETHIPEXIIOIIOCHHU-
Ka, Ha3bIBAETCS COIVIACOBAHHBIM pEKUMOM. Eciu, Kpome TOro, BBIIIOJIHEHO CO-
IJIaCOBAaHMUE HA BXOJIE€ YETHIPEXIIOIKOCHUKA, TO TAKOW PEXHUM HA3bIBAIOT PEKHU-
MOM IMOJIHOTO COrJIaCOBaHMS.

Z. 1 I,
S
CD El lul = H
t

“1Bx &= 28X

Puc. 11.18

290



Kax1oMy 4YeTBIPEXIIONIOCHUKY COOTBETCTBYIOT BIIOJIHE OIPEACIICHHBIE
3HAUCHHs CONMpoTHBICHUNA Z, U Z,, IPU KOTOPBIX YETHIPEXIOIIOCHUK pado-

TaeT B PEKUME MOJHOTO COIIACOBaHUA. JTU 3HAYEHUS] COIPOTUBIIEHUN MOKHO
paccMaTpuBaTh Kak NapaMeTpbl YETHIPEXIOJKOCHUKA, KOTOPHIE HA3bIBAKOTCS
XapaKTEPUCTUUYECKUMU.

11.5.1. XapakTepucTuiecKue CONPOTUBJICHUS YeThIPEXMOJIOCHUKA

XapaKTeprCTUUYECKUE COMTPOTUBIICHUS YETHIPEXTOMIOCHUKA Z - B Z

— 9TO MMapaMCTPbI, YAOBJICTBOPAOIIHUC CICAYIOIIUM YCIOBHAM:
1) IIpu IMOAKIIIOUCHUU Ha BBIXOJ YCTBIPCXIIOIOCHHUKA COIIPOTUBJICHUA

Harpy3ku Z, = Z,- BXOJHOE COMPOTHUBICHHE CO CTOPOHBI BXOJHBIX 3aKHMOB
(puc. 11.17,a) paBro Z,;

2) mpH MOAKIIOYCHUH Ha BXOJ YCTHIPEXIIOIIOCHUKA COIPOTHUBIICHHUS Ha-
rpy3ku Z, = Z,- BXOIHOE CONPOTUBJICHUE CO CTOPOHBI BBIXOIHBIX 32)KMMOB
(puc. 11.17,6) paBHo Z .

Wcnone3ys Gopmymsl 1 BXoaHbIX compoTtusienuid, (11.54) u (11.55)
HOJIy4aeM:

Z _ AZZC +E .
£ic —szc"‘g’ (11.58)
DZ,.+B
Z, o =—C =,
£oc CZ. +A (11.59)
Pemras ypaBaenus (11.58) u (11.59) coBmecTHO, HAXOUM:

(11.60)
(11.61)

B wactHOCTH, TSI CHMMETPHYHOTO YeThipexmomocHuka npu A= D mo-
JTydaeMm
B
C
B dopmynax (11.60) — (11.62) ucnonb3yem 3Ha4€HUE KOPHSI, KOTOPOE J1aeT MO-
JIOXKUTEIbHYIO ICUCTBUTEIHHYIO YaCTh.

Lic=Lyx = (11.62)

XapaKTepI/ICTI/I‘IGCKI/IG COIMMPOTUBJICHUA MOKHO BBIPpA3UTH YCPEC3 COIIPO-
THUBJICHUA XOJIOCTOI'O XO04a U KOPOTKOT'O 3aMbIKaAHUA:

;10 = '\/;lx;h( 5 ;20 = \/szZn . (11.63)

291



[Ipu cornmacoBaHUU YETHIPEXIOJIOCHUKOB MOTYT BO3HUKHYTH CIIEIYIO-
1IMe 3a7a4m.

1. I[To gaHHBIM MapaMeTpaM U3BECTHOTO YETHIPEXIIOTIOCHUKA TOI00paTh CO-
IJIACOBaHHBIE COMPOTHUBIICHUS] F€HEpaTopa U Harpy3Kd. JTa 3a/ada pelraeTcs
pacyeToM COTJIaCOBAHHBIX COMPOTUBIEHUM 1O BbipaxeHusm (11.60) u (11.61).

2. Bo BTOpOI1 3a1a4e CTaBUTCSE BOIPOC O MOA0OpE MapaMeTpoOB YEThIPEXIIO-
JIFOCHUKA MO U3BECTHBIM CONMPOTHUBJICHUSAM T'€HEpATOpa U HArpy3Ku. JTa 3aj1aua
pemaercs B pasaene 11.6.

11.5.2. Mepa nepeaa4u 4eTbIpPexXnoJIOCHHUKA

[Ipu paccMOTpeHHH peXUMOB PaOOThl YETHIPEXTIOIIOCHUKA HAC UHTEpE-
CYIOT COOTHOUIEHUS MEXIYy HaIpsHKCHUSIMU, TOKaMU WJIM MOIIHOCTSIMU Ha
BXOZIC U BBIXOJI€ YETHIPEXIOMIOCHUKA. J[JI1 HAXO0XIAEHUA DTUX COOTHOILICHUM
paccMOTPUM COTJIACOBAHHBIM PEKUM pabOThl MHOTOIOJIOCHUKA, OIUCHIBAEMO-
IO YPaBHCHUSIMU:

Ul =£U2 +5|‘2;

Sy (11.64)
i, =CU, +DI,.

Jlns1 cornmacoBaHHOIO pexuma
U
- 2
T - L,=Lyx=M1Z,
2
rae BenuynHa M; HasbiBaeTcs koddduimentom tpanchopmaruu. Ecnu 3ame-

HHUTB B IIOCJIICAHCM BBIPAKCHHUU XAPAKTCPUCTHYCCKHUC COIIPOTHUBIICHUA OTHOIIC-
HHUAMHA HaHpH}KeHI/Iﬁ " TOKOB, TO IIOJIYYHUM

(11.65)

cornacHo ¢opmyin (11.60) u (11.61). C yuerom (11.65) ypaBHEHHS] CUCTEMBI
(11.64) npeobpa3zyroTcs CleIyomuM 00pa3oM

U1 :UZ\/%(\/AD +\/EQ):U‘2mTeX;
I, = I;\/%(JAD #BC )=, ¢,
LA =T

rac BBCACHO 0003HaUYCHHUE

el = /AD ++/BC. (11.67)

N3 ypaBuenuii (11.66) cnenyer, uto

1 U ] 1, (U, 1
y=In — =L |=In| m, zim U—ll—l . (11.68)

B m; U, l, 2 1

(11.66)




Bennuuna Y Ha3pBaeTCs MepoM mepenayM, Tak Kak corsiacHo (11.68)

OHa XapaKTCPpU3yCT U3MCHCHHUC HAIIPSIKCHHA WJIM TOKA Ha BBIXOJC IIO CpaBHC-
HHUIO C HAIIPSPKCHHUEM HWJIM TOKOM Ha BXOJC. Mepa nepeaadn — KOMIIJICKCHAsA
BCJINYHNHA

Y=o+ B,
rae o — ko3 duient 3aryxanus; 3— kodhdunueHt passl.
N3 ypaBHenus (11.68) cienyer, 4to

1. (Ul 1
a=—In L, B=—(y, +Vy, Y, —V,) 11.69
5 [Uzlzj B 2(\111 Vi~ W — Vis) ( )

Jlns cummerpuuHoro yetbipexnonmocanka A=D u m; =1, Torma

Zye=Lic=2Lc,a
U |
=In| = [=1In| =1 |. 11.70

Koa¢pduument 3atyxanus
o =In Y, =In L ,
U, I

a koapdurmeHt Gazsl B=yY,, —W,, =V, — V,,. Koapduuuenr 3aryxanus
usMmepsercs B Henepax (Hm), a koappuuuent dassl B paguanax. Koagdpuuuent

saryxanus o =1 Hn, eciu Y, =¢' =e, TO eCTh IIPH IPOXOXKICHAUN Yepe3 de-
2

THIPEXTIOJIFOCHUK HaIPsHKEHUE YMEHbBIaeTcsl B € pa3. Mmeercs Oomee menkas

eauHuIa u3Mepenus — neuudenn (ab). @opmyna g kordduimenta 3aryxa-

HUS B Ieruoeiax —
U |
o =201lgl = |=201g - |.
* giuzl g(lzj

u, | =

3aryxaHue paBHO OJHOMY JCUUOCIIY, €COH — =|1 =10'"=1,12. Cssa3b
2 b
MEKIY €AMHUIIAMH H3MEPEHUS:
1 Hn=8,086 nb; 1 a1b=0,115 Hm.
IHpumep
OmnpenenuTh TMOCTOSHHBIC YCTHIPEXIMOJIOCHUKA B ¢opme A W
Mepy Nepeaadu.
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L L I, JInst onpeneneHns MoCTOSH-

p YL, Y\ 4 HBIX YETHIPEXTOIIOCHUKA BOCIIOb-
syemcsa ¢opmynamu (11.44) nus
Ul L U2 peXuma X.X., U3 KOTOPBIX TOJyda-
eM
Jr.] ] A — L‘jlx — 2jO)L.I.1X —
Puc. 11.19 U,, JoLl,
C — I:lx _ Ile 1

U2x - jO)LI.lx - JO)L ‘
[TocKOBKY YeThIPEXMONMIOCHUK cummeTpuuHblit, TO D = A, a u3 (11.45)

B:qh( _ 2U11< _ 2']1.(;BX :2;BX ZZ(J(OL-}-J%LJZ:SJQ)L

I2K IlK IlK

Cornacno ¢opmyie (11.67)

y=In(A+ @):m{m /Sij.ﬁj =n2+3)=132=a.
- ®

Koadpurment daser f=0.
11.5.3. Onenka nepegaBaeMoil MOIIHOCTH

Mepa nepenaun XxapakTepus3yeT MepeaaBacMyr0 MOUIHOCTh YE€PE3 UEThI-
PEXIIOJIOCHUK B COIVIAaCOBAHHOM pexuMe. [loACTaBMB OTHOIICHHWE MOJHBIX
MOIITHOCTEN

i_ Ul
S, Usl,
B popmyny (11.69), monyuum
o=t 2 11.71

ITony4eHHOE BBIpa)KEHUE IMOKa3bIBAET, KAK YMEHBIIACTCS MOIIHOCTH Ha
BBIXOJIE 110 CPAaBHEHUIO ¢ MOIIHOCTBIO HAa BXOJE IIPU Ilepeiadye dDHEPIUM 4epes
COTJIACOBAHHBIN YETHIPEXNOMIOCHUK. Tak, HanpuMmep, 3aryxanue B 1 Ho coor-
BETCTBYET

S,

5
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S
2
TO €CTh MOIHOCTh HA BBIXOZE S, =— B €~ = 7,39 pasa MeHbIIE MONIHOCTH
e

Ha BXOJC YCTBIPCXIIOJIFOCHHKA.

Puc. 11.20

BaxHol XapakTepUCTUKOW W3MEHEHUS MOIIHOCTHU SIBIISIFOTCS MOHATHUS
pabouero U BHOCUMOTO 3aTyxaHUW. [[1s1 BBIICHEHUSI CYIIHOCTH 3TUX MOHSITUH
paccmoTpuM tenu Ha puc. 11.20. Ha puc. 11.20,a nokazaHo NOAKJIIOYEHHUE HA-
IPY3KH K F€HepaTopy 4epe3 YeThIPEeXIOJIIOCHUK, a Ha puc. 11.20,6 u 11.20,8
HETIOCPEICTBEHHOE MOJIKIIOUEHUE HArpy3KH K reHeparopy. ['eHeparop xapax-

Tepu3yeTcs BHYTpeHHHM conporusierneM Z,. =R + JX u s.x.c. E,. ITona-
raeMm, 4TO HalpsHKEHHE W TOK HA BBIXOJIE YETHIPEXIOTIOCHIKA COOTBETCTBEHHO
U, wu |,. IlomHas MOIHOCTH Ha BHIXOAE YETHIPEXIIOIIOCHUKA

S, =U.l, =122 . r1e Z. — moNHOE COMPOTHUBJICHUE HArPY3KH. AKTHBHAS
20 = Yaly = 1,4, TAC £, p PY3KH.

2
MOIIHOCTh Ha BbIXoze ueTbipexnomocuuka P, =U,l, cos, = 1,R,, roe ¢,
— apryMeHT Komiuiekca Z .
[Tonnast MoutHOCTH B cxeMe Ha puc. 11.20,6
2

El El2 El2
Z.+2, " 4z, 4z

H r

826 -

a T0JIHAsI MOIIIHOCTh B Harpy3ke cxemsl 11.20,B
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E,
2B =z 5 .ZH'
Z.+Z,

Pabouee 3aTyxaHue onpenenseTcs 4epe3 OTHOLIEHUE MTOJHOM MOIIHOCTH
S,;, oTaaBaemMoii reHepaTopoM CcOracoBaHHOW Harpyske cxembl 11.20,0, x

MOJIHOM MOIIHOCTU Harpy3ku B cxeme 11.20,a, To ecThb

2
azllnﬁzllnE—lz.
2 S, 2 4zljz,

Bce BenmuuHbI, BXOAIINE B MOCTIEIHES BRIpaXXKEHNUE, MOTYT OBITh 3aMe-
PEHBI DKCMEPUMEHTANBHO, W TpHUBEACHHAS (HOpMyJia MOXKET HCIIOIh30BaATHCS
MIPU SKCIEPUMEHTAILHOM ONPEACICHUU PaboUuero 3aTyxaHusl.

BHocumMoe 3aTyxaHue onmpenensieTcsi OTHOLIEHUEM IMOJHBIX MOIIHOCTEN
B cxemax 11.20,8 u 11.20,a kak

LS, 1 = E,

2.2 :
12 zr+zH\I2

o=—In =—In
2 S, 2 4

Z +Z7,

Ecnm umcrons3oBaTh OTHOLIEHHWE AKTHBHBIX MOIMHOCTEM B CXeMax
11.20,8 u 11.20,a, TO mosy4ynM BBIpaKEHHUE NEUCTBYIOIIETO 3aTyXaHUs:

2
azllnhzlln E; :
2 P, 2 4RU,l, coso,

Takoe cooTHOmEeHne OyaeT moaydeHo, eciau B cxeme 11.20,B compoTus-
JICHUE Harpy3ku OyAeT KOMILIEKCHO COMPSKEHHBIM C CONMPOTHBIICHUEM TCHE-
paropa.

11.6. YpaBHeHHS YeTHIPEXIOJIOCHUKA, 3aIIMCAHHbIE Yepe3
XapakTepucTHYeCKHe MapaMeTpbl

11.6.1. CBs13b XapaKTepUCTHYECKUX MAPAMETPOB YeThIPEXMOJII0CHUKA
¢ napamerpamu B popme A

Y cTaHOBUM COOTHOILIEHHS MEXIY MapaMeTpaMu YEThIPEXIIOIIOCHUKA B
dopme A u xapakTepucTudeckumu mapamerpamu. 13 ypasaenus (11.67)

e’ =/AD +./BC, (11.72)

TOTraa
___ 1 _JAD-{BC
~JAD+JBC AD-BC ’
OTKyJa

e’ =,/AD -./BC. (11.73)
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Wcnonw3ys ypaBaenus (11.72) u (11.73), Haxoaum:

shzzé(ey—e_y)zq/ﬂg; (11.74)
chxzé(eu e_y)zq/AQ. (11.75)

N3 ypaBuenuii (11.61) u (11.65)

A
m; ZW/E; (11.76)
/B
Ml == (11.77)

Ywmuoxkast ypaBaenue (11.75) na (11.76), nomyyaem

A=m.chy. (11.78)
Ananornyno u3 ypasuenus (11.74) u (11.77) naxogum
B=m;Z,cshy. (11.79)
Henenuem ypaBaenus (11.75) na (11.76) naxonum
1
D =——chy. (11.80)
my -
AHQJIOTUYHO
1
C= shy. (11.81)
MrZye =~

[Toacrasinsist nonyyeHHsie popmyinsl (11.78) — (11.81) ana napametrpoB
YETBIPEXIIOIIOCHUKA B opMme A, MosydaeM ypaBHEHHs YETHIPEXIOIOCHUKA B
runepoosnyeckou Gpopme:

.

U, =m, (U 2chy +Z,¢ I.zshX);

|, = L[ Y, shy + Ilzchy]. (11.82)
My \Zye ~ B

JIsisi CHMMETPHYHOTO YEThIPEXITONOCHUKA, MMOCKOIBKY My =1, ypaBHe-
HUS YETHIPEXIOIIOCHIKA B TUIIEPOOIHMUECKON opMe MPUMYT BHI:

U.1 = U'zchx +Z ¢ I.zshx;

2

shy + I'zchx.

Ly
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11.6.2. LlenmHas cxeMa M3 YeTHIPEXIOJIOCHUKOB

HGHHOﬁ CXEMOH Ha3bIBAIOT KaCKaaHOC COCAMHCHUC HCCKOJIbKHX YCTbI-
PEXIIOJIOCHUKOB, pa60Tafome B PCKHUMC IIOJIHOI'O COIIaCOBaHUA.

Z

r % - e..e ;_1 n. " I.n+1 n+1
Hl luz Hz U3 Un,IHn—l lun Hn
; | ;

Puc. 11.21

Ha puc. 11.2]1 nokazaHo coenvHEeHHE N YETBIPEXIMOIIOCHUKOB. Pexnm
IIOJIHOT'O COTJIACOBAHMS O3HAYAET, YTO BBIXOJHOE XapaKTEPUCTUUYECKOE COMPO-
TUBJIEHHE  N-TO YETBIPEXIOJIOCHUKA PABHO CONPOTUBIECHUIO HArpy3KH

n
(Z (20) =Z,), a BXOJHOC XapaKTePUCTHUYCCKOE COMPOTHBICHHE PABHO BBIXOJI-
HOMY XapaKTEpUCTUYECKOMY CONPOTUBIEHUIO (N — 1)-ro 4eThIpexInoIFoCHUKA
Z(n) (n 1)
(£ ). BxonHoe xapakrepuctuyeckoe conpotusieHue (N — 1)-ro ye-

TBIPCXITIOJIIOCHHUKA AOJIZKHO OBITh PaBHO BBIXOOAHOMY XapaKTepI/ICTI/I‘ICCKOMy

- -2
conpoTuBIeHUIO (N — 2)-r0 YeThipexmontocHuka (Z 52 = (n )) u T.0. BbI-

XO0AHOC XapaKTCPUCTUICCKOC COIIPOTHUBJIICHHUC k-ro YCTBIPCXIIOJIIOCHUKA JOJIK-

HO OBITh PaBHO BXOJHOMY XapakTepuctudeckomy comportusienuto (K + 1)-ro

k k+1
deThipexmnotocHuka (£ (zc) = ( )) a BXOJHOE XapaKTEpUCTHUUECKOE CONIPO-

TUBJIEHHE K-TO YCTBIPCXITIOJIIFOCHHUKA AOJIZKHO OBITH PaBHO BBIXOOAHOMY XapaKTC-

(k 1)

k
puctuueckomy comnpotuBieHuio (K — 1)-ro (Z( ) = ). Hakoner, BbIX0j-

HOC XapaKTCPHUCTHUYCCKOC COIIPOTHBIICHHUC 1-ro YCTBIPCXIIOJIIFOCHHUKA OOJIZKHO

OBITh PaBHO BBIXOJHOMY XapaKTEPUCTHUUECKOMY COMPOTUBICHHUIO 2-TO YEThI-

1 2
pexnosrocHuka (£ (Qé = 7! )) a BXOJHO€ XapaKTEPUCTUUECKOE COIIPOTUBIICHUE

1-ro YCTBIPCXIIOJIIOCHUKA OOJIZKHO OBITH PaBHO COIIPOTHUBJICHUIO I'CHCpaATOpa
o _
(ZIC - Zr )
Eciu 3ameHuTn LOECIHYIO CXEMY M3 YCTBIPECXIIOJIIOCHUKOB OJHUM 3KBHBA-

JICHTHBIM YCTBIPCXIIOJIOCHUKOM, TO BXOJHOC XAPAKTCPUCTHICCKOC COIIPOTHB-

JICHHWE SKBUBAJICHTHOTO YETBHIPEXIOIIOCHUKA OYJCT PaBHO BXOJHOMY XapakKTe-
I
PHCTHYECKOMY COMNPOTHUBICHHIO TIEPBOTO YeThIpexmnotocHuka (£, =2 §C)

BBIXOJTHOE XapaKTEPUCTUUYECKOE COMPOTUBIICHUE OYy/IeT PaBHO BBIXOJHOMY Xa-
PAKTEpUCTUYECKOMY  CONPOTUBICHUIO  TOCIEJHEr0  YEThIPEXITOIOCHHUKA

(Zyc =232).
Paccmorpum Mepy nepenauu. CornacHo dhopmysie uisi MEephl Tiepenadu
(11.68), w1t K-ro 4eThIpeXIMOIIOCHUKA MOXKHO 3aIHCaTh
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Ul 2

Kk 2

———=¢ . (11.83)

Uk+1|k+1

3/1ech YYTCHO, YTO BXOJHBIMH HANPSDKCHHEM M TOKOM JUIsi  K-TO YeTBIPEXIio-
mocHuKa sBisores Hanpsokenne U, u Tok I, , a Berxogusimu — U, u [, .

AHaNOTru4HO AJI1 O9KBUBAJICHTHOI'O YCTBIPCXITOJIIOCHHUKA

2y U I
e =—1 1 (11.84)
U n+l1 I n+l1
rae Y, — Mepa Iepeaad S9KBUBAJICHTHOIO YCThIPEXIIONIOCHHUKA.
Bripaxenue (11.84) moxHo 3amucats B hopme
eZL U1|1 Uzl.z Unl.n
Uzlz U3|3 Unialoa
OTKyJa
Y, =0 T ety (11.85)

Takum o6pa3om, Mepa mepesayd SKBHBAJICHTHOTO YETHIPEXIIOIIOCHUKA
paBHA CyMME MEp NEPEAAUN BCEX YETHIPEXIIOIIOCHUKOB B LIETTHOU CXEME.

B vactHOM ciydae, Korjga LenHas cxemMa COAEPKUT CUMMETPHYHBIE Ye-
THIPEXIIOJIFOCHUKHU, TOJIy4aeM, YTO YETHIPEXIOIIOCHUKHU JOJKHBI OBITh OJMHA-
KOBBIMH C OJIMHAKOBBIMHU Tapametpamu Z. u Y. B 3atom ciydae xapakrepu-

CTUYECKOE CONPOTUBJICHUE HKBUBAJIEHTHOIO YETHIPEXIIOIIOCHHKA PABHO Xa-
PaKTEPUCTUUECKOMY COMPOTHBICHUIO Z - KaXKIOTO YETHIPEXIOIIOCHHKA, a Me-
pa mepenain y = ny.

Takum 00pa3om, IpU COEAUHEHUN N OAMHAKOBBIX YETHIPEXIIOJIOCHUKOB
ko3 puIeHTsl 3aTyxaHus U (a3bl yBenuuuBaroTcs B N pa3. Ciexyer orMe-
THTb, 4TO Z ¥ Z , SBJSIFOTCSA KOMIUIEKCHBIMHU BEJTHUYHUHAMH, 3aBUCSIIAMH OT

YaCTOThI, MOATOMY COIJIACOBAHHE YCTHIPEXIOJIFOCHUKOB MOYKHO BBIIIOJIHUTH
TOJIBKO TMPH HEU3MEHHOW YaCTOTE BXOJAHOTO CHUTHAJIA.

IIpumep

JIsi CHMMETPHUYHOTO YETHIPEXIIOIIOCHUKA, HATPYKEHHOT'O COMPOTHUBIIC-
aueM Z, =Z. =100 Owm, 3amepeHbl HanpsHKCHUS HA BXOJEe M Bbixoze. Ha-

; ; —jooe
npsokenne Ha Bxoge U, =100 B, nanpsokenue na Beixoge U, =90e™ " B.
OmnpeaenuTh Mepy Nepeiadyn U MOCTOSHHBIE YETHIPEXITOIIOCHUKA B hopme A.

Pemrenne
N3 ypauenus (11.70) cnenyer
U 100 00° :
=In| =L |=In| —— |=1Inl1,11e"*" )= 0,105+ j90°.
X U2 9Oe—j90 ( ) J
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CaenoBatenbHo, ko3 duiuent 3atyxanus o = 0,105 Hm, a koaddunment da-

T
31 3 = 5 = 90°. U3 nociiegHero paBeHCTBA MOJTyYaeM:

el =111 = jL11; e =_L=—j0,9,
1,11

9

TOra
Y Y

A:Q:chxz%: j0,105;

¥ Y i i
Shy:e +e - JLIT+ 0,9 ~ jL005:

- 2 2

. . shy . -3
B =2Zshy=100- j1,005 = j100,5; sz——z J1,005-107" Cwm.
=C

11.7. MocToBbI€ CXeMbl YeTHIPEXIMOJIHCHUKOB

Ha puc. 11.22,a u3o0OpaxeHa CMMMETpUYHAsi MOCTOBasl CXeMa YEThIPEXIIOJI0C-
HuKa. Ha BbIxoJle MOCTa BKJIFOUEHA aKTHBHAsl COTJacOBaHHAs Harpy3ka, KOTO-
pas mpejcraBisieT co0Ol aKTHBHOE CONMPOTHBICHHE R mpu omnpeneieHHbIX
3HaUeHUsIX conpoTuBieHuil Z, u Z,. Takas cxema UCIOJIb3yeTCsl B CHCTEMaXx
CBSI3U U aBTOMATUKHU i ()a30BOM KOPPEKIMH CUTHAJIOB, IIPU 3TOM CXEMY 4e-
THIPEXIIOJIFOCHUKA U300pakaroT, Kak okazano Ha puc. 11.22, 6. Ha puc. 11.22,
B IIOKA3aHO YIPOIIEHHOE YCIOBHOE N300pakeHNE ITON CXEMBI.

VYpaBHEHUs YETHIPEXIIOIOCHUKA MOXKHO MOJIYYUTh U3 PELICHUS YpaBHE-
Huil o 3akoHam Kupxroda mist nenu Ha puc. 11.22,a:
=1+ I,=1,+1;

U =Z,I,+Z,l,; U, +Z,1, =2,1,.
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Puc. 11.22

B pesynbraTe nomydaem:

N

U U L, +Z, +|'2 22,2, ;
=Ly T Ly-Z,
|1:U2L+[Zﬁ.

Z,-4Z, " L,-Z, ]

OTtcroa mapaMeTphl YEeTHIPEXIONIOCHIKA B (hopme A:

L+Z 22,2 2 Z+Z
A:i; B:i; 227; D:£ (11.86)
Zr—2, Zy—17Z, Ly, -2, Zr—2,

XapakTepuCTUYECKOE COMPOTUBIEHUE, KOTOPOMY JOJIKHO PABHATHCA
COIIPOTHBIIEHUE COIIACOBAaHHOM Harpys3kKH,

B
Lo =.|==+4,Z,

c

2
¥ JIOJDKHO JaBaTh A€HCTBUTENbHOE 3HaYenue. [Ipunss, Z, = —, NojlydaeM:
Z,
A— A+
Z, =R, |=
+

WJIN

11.8. Ilepenarounbie PyHKIUMN YETHIPEXIOJOCHAKA

11.8.1. O01mHne moJ10:KeHus

[Tepenarounbie GyHKIUHU YETHIPEXIIOTOCHUKOB SIBJIIOTCS BaXKHBIMU Xa-
PAKTEPUCTUKAMM YETHIPEXIIONIOCHUKA, XapaKTEPU3YIOIIMMU €ro 4YacTOTHBIE
CBOMCTBA, U OINPEACINIAIOTCS OTHOIIEHUEM ONEPATOPHBIX M300paKEHHUM BBIXO/I-
HOW BEJIMUMHBI (HAMPSKEHUS WITU TOKA) K BXOJIHOM BEJIMUYKHE.
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B 3aBucumocTu 0T BhIOOpa BXOJHON M BBIXOJHOW BEIIMYUH Pa3INYaloOT
Takue MnepeaTouHble PyHKIUU:
1) mepenaroynasi GyHKIUS 110 HATTPSHKEHUIO:

U,(p).
u(p)—U( o)’ (11.87)
2) nepenaroyHas QyHKIHS O TOKY:
| (IO)
K (D)— 11.88
3) nepenatouyHasi QyHKIIHSI COMPOTUBIICHHUS
U (IO)
Kz(p)=—"— () (11.89)
4) nepenatouHasi GyHKIUS TIPOBOIUMOCTH:
1,(p)
Y(IO)—U( ~ (11.90)

Ha npakTuke yamie MCNOIb3YIOT MEpeAaToyHble (PYHKIMH, OINpejaesse-
MbI€ OTHOILIEHUEM CIIEKTPAJIbHBIX XapaKTEPUCTUK, KOTOPHIE MIPEJICTABISIOT CO-
00l 3aBUCUMOCTb KOMIUIEKCHBIX HAIpPsDKEHUH M TOKOB OT 4acToThl. [lepena-
TOUHblE (YHKIUU Ul CHEKTPAJIbHBIX XapaKTEPUCTUK OTIMYAIOTCSA OT MpHUBeE-
JICHHBIX BBIIIC 3aMEHOH P HA |@ W HA3BIBAIOTCS YaCTOTHBIMH XapaKTCPUCTHKA-
MHU.

[lepenatounble GyHKIMU 3aBUCAT OT IMAPAMETPOB YETHIPEXIOIIOCHUKA U
OT COINpPOTHUBJICHUS HArpy3ku. EciuM moacTaBUTh BBIPAKEHUSI HANPSDKEHUH U
TOKOB, Y€pe3 NapaMeTpbl YEeThIPEXNOoJOCHUKAa B QopmMe A B (opMyJsl
(11.87...11.90), To momyunm:

’ A(jo)J,(jo)+B(jo)l,(jo)  A(jo)Z,(jo)+B(jo)’
K, (jo) = o) :

| C(jolJ,(jo)+ D(jo)l,(jo)  C(jo)Z,(jo)+ D(jo)’
K (j(x))= U2(JO)) — ZH(JO‘)) .

’ C(jo)U,(jo) + D(jo)l,(jo) C(jo)Z,(jo)+D(jo)’
KY(jO))Z I2(J(’)) _ 1

A(jo)J, (jo) +B(jo)l,(jo)  A(jo)Z,(jo)+B(jo)’

[lepenatounsie GyHKIMU 711 CTIEKTPATBHBIX XapaKTEPUCTUK MPUHUMA-
FOT KOMIUIEKCHBIE 3HAYEHHUS, TO €CTh

302



K(jo)=K(o) e = K(on)cosy(m)+ jK(0)siny(o).

3aBUCHMOCTh MOyl TiepenaTounoit GpyHkimu K(m) OT 4acTOThI Ha3bIBAIOT

aMIUTUTYTHO-4aCTOTHOU Xapaktepuctukon (AUX), a 3aBUCHUMOCTD (pa3bl mepe-

1aToyHON GyHKIUK (M) OT 4acTOTHI HA3bIBAIOT (HAa30-4aCTOTHON XapaKTepu-

ctukoit (OUX).

Yacrorayro xapakrepuctuky K(j®) MOXHO M300pa3uTh BEKTOPOM Ha
KOMILIEKCHOM 1ockocTu (puc. 11.23).

Mony b BEKTOpa paBeH

M (o) K(w), a yroa ¢ oceio abcrucc —

_ y(®). TTockoiabKy MOIYyJIb U YIOJ

K(Jo) 3TOr0 BEKTOpa 3aBUCAT OT YacCTOTHI,

K(o) TO C M3MCHCHHEM YaCTOTBI () KOHEll

Bektopa K(J®) onummer B KOM-

y(m) IUIEKCHOM MJIOCKOCTH KPUBYK) — TO-
norpad 4YacTOTHOW XapaKTEPUCTHKH,
0 B(®) KOTOPBIM Tak)K€ Ha3bIBAIOT aMILIU-
TYJHO-(Pa30BOM XapaKTEPUCTUKOM.
Puc. 11.23 yano-¢ paxtep

AUYX n ®UX sBIAIOTCS B TEOPUU YETHIPEXIIOIIOCHUKOB (DyHIAMEHTAIIb-
HBIMU TOHSATUSMU U IIUPOKO MCMOJB3YIOTCS MPU MPOCKTUPOBAHUH WIIA aHAJIH-
3¢ YCTPOMCTB CBSA3M, TaK KaK OT UX XapaKTEPUCTHK 3aBHCHUT KaueCTBO Iepea-
91 “HOOPMAIIHUH.

B tex cnydasx, korna AUX cUiibHO U3MEHSIIOTCS MPU U3MEHEHUHU YacTo-
ThI, UCTIONB3YIOT JOTapU(MUYECKUA MACIITA0 ¥ BBOAST MOHSTHE JIOTapupMU-
YECKOM aMIUIUTYIHO-4aCTOTHOM XapakTepuctuku (JIAX):

L(jo)=20IgK(jm).

[Tocneanee BbIpaxkeHue JaeT pe3yabTar B nenudenax [ab].
JIsi 4eThIPEXIOMIOCHUKOB, COICPIKANIMX AKTHBHBIC U PEAKTHUBHBIC dJIe-
MeHTBbI, iepenaTounas ¢pynkinus K(P) omuceiBaercsi ApoOHO-paIlMOHATBHBIM

BBIPa’KCHUCM
n

a k
Fz(p) S b k , -
P
;; y

K(p) =

rae a, u b, — BemecrBenHbie KO3 PUIHEHTDL.
Kopuu p, ypasuenuii F(p)=0 u F,(p)=0 naseBaror coorBeTCcT-

BEHHO HYJISIMHM U TIOJIFOCAMH NepeIaToyHon PyHKIUU. OHU SBISIIOTCS B OOLIEM
Cllyyae KOMIUIEKCHbIMH BenuuuHamu. [lomrocel mepenatoyHor (yHKUUU pe-
aIbHBIX LIENEH MOTYT paclojaraTbCs TOJIBKO B JIEBOM MOJYIIIOCKOCTH KOM-
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IJIEKCHOM MEPEMEHHON. DTO CBA3AHO C TEM, UTO pEAbHBIE MPOLECCHl HOCAT
3aTyXarouui XapakTep, KOTOPbI ObIBACT MPU OTPULIATEILHOM 3HAUCHHUH JICH-
CTBUTEJIbHOM YyacTh KopHEH. CTeneHb N MOJIMHOMA B UHCIIUTEIIE HE TIPEBBIIIAET
cTereHb M monnHoMa B 3HameHatene. [Ipu stom AUX nepeparouHoit pyHKIUN
HE MOXET NMPUHUMATh OECKOHEYHO OOJIBIITNE 3HAYEHUS, TaK KaK 3TO MPOTUBO-
peunT PU3NIECKOMY CMBICITY.

11.8.2. IlepenaTounsnie pynkuun auddepeHIUPYOIIHX
U MHTErPUPYOIIMX Lemnei

Huddepenuupytoieid 1Menp0 HA3bIBACTCS YETHIPEXMOIIOCHUK, HAMps-
YKEHUE Ha BBIX0JIC KOTOPOTO MPOMOPIHUOHAIBHO TPOU3BOTHON HANPSDKCHHS Ha
BXO0/JI€, TO €CTh

u, = k% win B cekrpansioit hopme U, (jo) =K - joU,(jo).
R C| |
A ? il t
lul 3L lu‘z lul R luz
@ % & %
a) 0)
Puc. 11.24

[lepenarounas pyHkiusa quddepeHnupyomen nenu

.TC
K(jo)=k- jo=koe 2,
TO ecTh (Pa30-yacTOTHAsE XapaKTEPUCTHKA paBHA T/2, a aMIUIUTYIHO-
YacTOTHas — MPOMOPLIMOHATIFHA YaCTOTE.
Ha puc. 11.24 nokazansl guddepeHunupyroniue nenu. JJs nenu Ha puc.
11.24, a nepenaTouHas QyHKIUS B PEXKUME X.X.

Uz(joa): joL-1(jo) _ oL
U(j@) (R+joL) 1(j) R+ (eLy

E¥ COOTBETCTBYIOT 4aCTOTHBIE XapaKTEPUCTUKH, ITpUBEACHHBIE Ha puc. 11.25.
[Ipu ManbIx yacToTax amIUIMTYAHO-4aCTOTHAs XapakTtepucTtuka (puc. 11.25,a)
Onmu3ka K JUHEHHOW, a 3HaueHus (a30-4acTOTHOW XapaKTEpUCTHKU (pHC.
11.25,6) mamo oTau4aroTcss OT 7/ 2, TO €CTh MPH MAalbIX YacTOTaxX IeMb Ha
puc. 11.25,a Beget cebs1, kak gudPepeHnupyronias 1nemb.

Cornacno Beipaxkenuto (11.91) AUX O6nuska k nunerinoi, a ®UX npu-
MmepHo paBHa 7/ 2 npu oL << R. Jlnsg cxemsr Ha puc. 11.24, 6 HeoOx01uMO,

K(jw)= e,(z_ang]‘ (11.92)
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K(w)

=4

Puc. 11.25

qr00BI cOoboaamock yeiaosue wrC << 1. B atom ciryuae nepenarounast pyHK-
s

K(jo) ~ joRC = oRCe 2.

HHTGFpI/Ipy}OHIGﬁ HCIIBIO HA3bIBACTCA YCTBIPCXITOJIIOCHUK, HAIIPAKCHHC
Ha BBIXOAC KOTOPOTO IMPOIOPHHUOHAIIBHO MHTCTPAITY HAIIPSIKCHUA HAa BXOAC, TO
CCTh

i k i
u, = kjuldt WM B cekTpansHoi popme U, (Jo) = j—(DUl(j(D).
[lepenarounas ¢pyukius quddepeHuupyromen nenu
k -i7

K(jo)=—=Xe
jo o

(11.93)

Ha puc. 11.26 npuBenensl cxeMbl uHTEerpupyronmx mnenei. I[lepenarou-
Hast GyHKIMS cxeMbl Ha puc. 11.26,a

. U (J(D) 1 — jarctg Roc
K(jo)=—"2"—"= I 11.94
U (jo) +1+R%**o’ ( )
R L
P ] z Y\,
1 C .
o == b, lul o
z 2 @ z
a) 0)
Puc. 11.26
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CornacHo Beipaxkenuto (11.93) AUX nepenatodHoil GyHKIMU JOJKHA
H3MCHSTHCSI 0OPATHO MPOMOPIUOHANBHO YacToTe, a ®PUX paBHa — 7/ 2. DtH
TpeboBaHus OyIyT C ONPEICICHHOW TOYHOCTHIO COOMIOAATHCS NIl CXEMBI Ha
puc. 11.26 npu RowC >>1. B atom ciayuae

K(jm)z%weﬂz.

Ha puc. 11.27 noka3zansl rpadpuxkun AUX n OUX.
Jlns cxembl Ha puc. 11.26,6 nepegaTounas GyHKIUsS

. oL
. ol —jarctg=—>
K(jo) = —— = R (11.95)
R+ JoL  \/r? (oL
AUYX u ®UX nepenarouHoit (pyHKIMH MOKa3aHbl Ha puc 11.27.
[Tpu oL >> R ypasuenue (11.95) naer
. R -i’
K(jo)~——e 2,
oL
y(o)
0
T
L ®
a) 0)

Puc. 11.27

TO €CTh MepeaaTouHast PyHKIus cxembl Ha puc. 11.26,6 Oau3ka K xapakTepu-
CTUKE UJICAIbHON MHTETPUPYIOLIEH LIETIH.

11.8.3 YciaoBue nepesayu CUrHaJI0B Yepe3 YeThIPEXMOII0CHUK
0e3 HCKaKeHu il

Curnanbl, MPOXOMASIINE YEPE3 UYETHIPEXIOIIOCHUKU, B OOIIEM Cilyyae
U3MeHstoTes 1o ¢opme. XapakTep U3MEHEHUs1 curHana omnpexaensercs AUX u
OUX yeTsipexnontocHUKa. s mepenayn CUrHAIOB MO JIMHUM CBSI3M O€3 hc-
KaKCHUH HEO0O0X0aMMO, 9TOOBI (DOPMBI BXOJHOTO U BBIXOJIHOTO CUTHAJIOB OBLIN
OJIMHAKOBBI. JlomyckaeTcst cIBUT (3aJiepKKa) CUTHAJIa BO BPEMEHU U YMEHbIIIE-
Hue no amrmumryzae. Ha puc. 11.28,a u 11.28,6 nokazansl GopMbl BXOJHOTO U
BBIXOJHOT'O CUTHAJIOB IPHU OTCYTCTBUH UCKAXKEHHM.
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. K ()
o
0 t a) B)
() Q)
u
2 y(w)
t
0 6) O ® )
9toe
Puc. 11.28

HPCI[HOJ'IO)KI/IM CUIrHall Ha BXOJC ABJACTCA INECPHUOJUYCCKHM KU MOKCT
OBITH MpeACTaBJICH B BHJ/C

(o1 = YU e
k=1

HaHpH)KGHI/IC Ha BBIXOJIC OTIIMYACTCA OT HAIIPAKCHHA HAa BXOAC M3MCHCHHCM
AMILIUTYAbI CUTHAJIA B QL pa3 1 CIBUT'a BO BpCMCHHU Ha tO , TO €CTh

u,(jot) = azumkej(kw(t_t0)+Wk) _
k=1

[MepenaTounast pyHKIHSI TAKOTO YETHIPEXIOIOCHUKA
: u,(jo _-
K(joy = 224 g goon,
u,(Jo)
aMILUTUTYIHO-4acTOTHass xapaktepuctuka K(w)=o, a ¢a3o-yactotHas —
y(0) = =—Kot,. AUX 1 @YX 4eThIpexmoTIOCHIKA TPUBEACHBI HA PUCYHKAX

11.28,8, T.

OTMETUM, YTO MPU BO3JICUCTBUM HA BXOJI YETHIPEXITOJOCHUKA UMITYJIb-
COB WJIM CUTHAJIOB, UMEIOIIUX Pa3pbIBbl, BEIXOJHOW CUTHAT OyJET UCKAXKATHCS
B MECTE CKaYKOB BXOJHOTO HAMPSIKEHUS BCIEIACTBUE OTPAHUYECHHOCTH MOJIOCHI
MPOMYCKAHUS PEAIBHOTO YETHIPEXITOIIOCHUKA.
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11.8.4. IlepenaTounbie QyHKIMHA MOCTOBBIX YeTHIPEXNOJIIOCHUKOB

[lepenarounbie (QYHKIMH MO HAMPSKEHUIO U TOKY JJI1 MOCTOBOM CXEMBI
(puc. 11.29) onrHaKOBBI BBUY CAMMETPUH CXEMbI U PABHBI

K, (jo) = Ky (jo) = 209 _ hUo) ,(jo)
| v L(jo) u(jo) A(jo)u,(jo)+ B(jm)iz(j(x))'

Puc. 11.29

Ucnionb3ys hopmysl (11.86) nmst mapaMmeTpoB MOCTOBOTO YETHIPEXITOIIOCHUKA
Y YUUTBIBAs, YTO B COTJIACOBAHHOM PEKHMME CONPOTUBIICHUE HATPY3KHU

R =/Z,(j0) Z(jo).

npeoOpa3yeM BbIpaKeHUE NEPeaTOYHON (PYHKIIUU K BULY

. . R-Z (jo)
K =K = 17
| (Jo) =K (Jo) R+Z,(jo) (11.96)
N3 Beipakenus (11.96) nomyvaem:
. 1- K, (jo) . R?
7 —R—YV 1. 7 = .
U =R ko’ 2972 (o)

[lepenarounbie PyHKIMU CONPOTUBIEHUS U MPOBOAMUMOCTH OIpPEAEIIs-
I0TCs IO (hopmynam:

<oy = Y209 _gR=Zi(jo) 0 1:(j0) _ 1 R=Z,(jo)
z = . N = - T N
l,(Jo) R+Z(jo) U (jo) R R+Z(jo)
CHMMETpUYHBIE MOCTOBBIE YETBIPEXITOIOCHUKN UCIOJIB3YIOTCS B CBSI3H
U aBTOMaTuKe 71 (a30BoOi Koppekuuu. B kauecTBe mpumepa MpuMeM B CXeMe
Ha puc. 11.29, uto compoTuBieHnio Z, COOTBETCTBYET eMKOCTh C, a compo-

THBJIEHHIO Z, — MHAYKTHUBHOCTH L. [Tepenatounas dyHkius

1
R—— ; 2RnC
- jarctg—————
Ky (jo) = <1 (Roo,
JoC
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AUX paBHa eIMHUIIE, TO €CTh MPOXOAIINNA CUTHAT HE MEHSIETCS 10 aM-
mwutyae. ®UX meHsiercst oT 4acToThl, U ()a3bl TAPMOHUK CHUTHAJIA COOTBETCT-
BYIOIIIMM 00pa30M KOPPEKTUPYIOTCS.

11.10. YeTbIpeXnoJlOCHUKH ¢ 00PATHON CBA3bIO

[Ton oOpaTHO#l CBSI3pI0 MOHMMAETCS CBSI3b MEXKAY BXOJOM U BBIXOJIOM
YEeTHIPEXIOMIOCHUKA Yepe3 YEThIPEXMOIIOCHUK 00paTHOW cBsizu. OOpaTHas
CBA3b CIIYKUT

I, — |

LS

I
I
I
—

OcHOBHOE

U, YCTp - BO u,

»—‘C.
b2

e e %
cC.
()
m

C.
jus]
S
IN
jas]

OO6paTHas
CBSI3b U N

@
1’ e
Puc. 11.30
JUISL TIONTy4eHHsI HEOOXOJIMMBIX XapaKTEPUCTUK YETBIPEXIIOIIOCHUKOB, pado-
TAIOUIMX B PEKMMaX yCUJICHUS WIHM OciabieHus, CTaOUIn3aluy, 3alIOMUHAHUS
CUTHAJIOB, aBTOKOJICOaHUM U T.JI.
[Tokazannoe Ha puc. 11.30 mocnenoBaTenbHO-NapaILIEIbHOE COEIUHE-
HHUE JBYX YETBIPEXIIOITIOCHUKOB MPEICTaBIsIeT COO0I OJUH U3 BUIIOB CUCTEM C
00paTHOI CBS3bI0, B KOTOPON HANPSHKEHHE HA BBIXOJHBIX 3aKMMaX BO3JIEHUCT-
BYET Ha HaIpsDKEHUE Ha BXOJHBIX 3axumax. B cucremax ¢ oOpaTHOU CBS3bIO
0OBIYHO MCTIOIB3YIOTCSI HEOOPATUMBIE YETHIPEXTIOIIOCHUKH, 001aar0IIne CIIo-
COOHOCTBIO TepeAaBaTh YHEPrUI0 MPEUMYIIECTBEHHO B OJHOM HANpPaBIICHUH,
KOTOpoe nokaszano Ha puc. 11.30 crpenkamu.
HanmeeHI/Ie Ha BXOJE MEPBOr0 YETHIPEXIOJIOCHUKA CJIAraeTcsl U3 Ha-

npsoxernst U, Ha BXoze uemu ¥ HampspkeHus obpaTHoit cemzu U,", kotopoe
i cxeMbl Ha puc. 11.30 mponopiimoHaabHO HAPSHKEHUIO U2 = U U2 Ha

BbBIXOAC OCHOBHOI'O YCTBIPCXIIOJIOCHUKA. Takon BUJ O6paTHOﬁ CBsI3HU Ha3bIBa-
CTCA O6paTHOﬁ CBA3bI0 110 HAIIPAKCHUILO. CXGMBI, B KOTOPBIX BBIXOJHOC Ha-
MMPsSKCHUC O6paTHOﬁ CBA3U IIPOIMOPHHUOHAIIBHO TOKY, HA3BIBAKOT CXCMAaMHU C 00-
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paTHOM CBSI3bIO MO TOKY. B TeXHUKE MPUMEHSIOTCS KOMOMHUPOBAHHBIE 00paT-
HBIE CBSI3U: 110 HAMIPSKEHUIO U TOKY.

PaccMoTpum HekoTopbie oOIIMe CBOWCTBA 00paTHOM CBsi3u. Bripazum
nepeIaToyHyo PyHKIUI0 CUCTEMBI ¢ 00paTHOM cBs3bto. [lepenaTounas dyHk-
U IEPBOTO YETHIPEXITOTIOCHUKA

. Uy(jo) Vo U, (jo)
K(jo)=—2"-—=, otkyma U/(jw) =—>=-—. 11.97
U o) ST K (o) (o7
JIJ1st BTOPOTO YETHIPEXITOTIOCHUKA
. U,"(jo) "o i "o -
,(Jo) 0. (jo) orkyna U, (Jo) =K,(jo)U, (jo) (11.98)
[lepenarounas ¢pyHkus Bceit cuctemsl ¢ yuetoMm (11.97) u (11.98)
U,(jo) _ U,(jo) _ K,(jo)

Ks(Jo) = (11.99)

U(jo) U'(jo)-U"(jo) 1-K(jo)K,(jo)

Taxum o6pazom, nepenarounas (GyHKIUS BCE CUCTEMBbI 3aBUCUT OT Iie-
penaTouHbIX (PYHKIMH OCHOBHOTO YCTPOICTBA U yCTPOICTBA OOpAaTHOM CBS3H.

OOpatHas CBA3b MOXKET CIIOCOOCTBOBATh YCWJIEHHIO HWJIA OCIA0JICHHUIO
MPOXOASIIEro curuana. Jljist paccMOTpeHus: 3TOro CBOWCTBA MPUMEM, YTO Iie-
peaatoyHble (PYHKIMU SBJISIOTCS BEIIECTBEHHBIMH, HE 3aBUCSIIMMHU OT YaCTO-
Tbl. DTO BO3MOXHO, €CJIM B CUCTEME OTCYTCTBYIOT PEaKTHUBHbBIE DJIEMEHTHI, A
CaMM 4EThIPEXIOJIOCHUKH IPEACTABISIOT cO00H ycuuTenu ¢ ko puuueHTa-
vu ycunenus K, u K,. Ecmn K, >0 u K, 20, a K, -K, <1, o cymmaphsrii
Kodddunment ycunenus npu usMeHeHnn K, OyneT M3MEHSTHCS B mpezaenax
K, <K, <o0.

Takoe ycTpOMCTBO Ha3bIBAIOT CHUCTEMOM C TOJIOKUTEIBHOM O0OpaTHOM
cBs13b10. OHO MO3BOJISET YCUIIMBATh CUTHAJI 32 CYET OOPATHOM CBA3H.

Pexum pabotel, Koraa nepenatouHas QyHKIUS CTPEMUTCS K OECKOHeu-
HOCTH, & BBIXOJIHOE HAIIPSIKEHUE HEOTPAHWYEHHO BO3PACTAET, SBIISIETCS HEYC-
TouMBBIM. Ero Ha3pIBaloT pe:KMMOM CaMOBO30YKICHUS 1IEMU ¢ 0OpaTHOM CBS-
3p10. Takoi pexuM SIBISETCS HEXKEIATEJbHBIM, U BO3HHUKAET 3a/1a4a UCCIEN0-
BaHUs yCTOMYMBOCTH II€TIeH ¢ OOpaTHOM CBSI3BIO.

B cayuae, ecnn k03(pPHUIHEHT yCHIIEHUSI yCTPOWCTBa OOpAaTHOW CBSA3H
K, <0, 10 U,(jo)=U, (jo)+U," (jo) u cymmapuslii kosdppumment nepe-
nadu OyJeT paBeH

Ky = _ K <K,.
1+ K, |K,|
ITpu Takoi nepenaToyHoON (yHKIUHU BBIXOIHOM CUTHAT OYJET OCIa0ISThCS:

U,(jo)=KU,(jo) <U,(jo).
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B kauectBe CJICOAYOICIO BaXXHOT'O CBOMCTBA 06paTHOﬁ CBA3HU pPaCCMOT-
PHUM BO3MOKHOCTBH HCIIOJIB30BaHUA €C HJIA YCTPAHCHUA IMOMCXH, KOT'Ja BXO/-
HOM CUTHAII COACPKUT HAIIPAKCHUC ABYX YaCTOT:

U (jo)=U; (jo)+U;,(jo),

rae U, (jo) —gactora nonesHoro curnaia, a U ¢, ( Jo) —gactora momexw.

Ecnu yacToTHas XapakTepUCTHKa OCHOBHOI'O YCTPOWCTBA UMEET I0JIOCY
HPOIMYCKaHUs, OXBAThIBAIOILYIO YaCTOTY MOJIE3HOI'O CUTHAJa U TIOMEXHU, TO BbI-
XOJIHOM CUTHAJI MPU OTCYTCTBUM 0OpaTHOM CBsA3M OyJeT copepx aTh 00a CUrHa-
na. Ecnu ucnonb3oBaTh yCTPOMCTBO OOpAaTHOW CBSI3M TaKOE€, UTO B JHMAra30HE
nonesHoro curHana K, =0, a B 3one momexu K, <0, To B 30He mone3Horo
CHUTHaJIa MoJy4aeM

Ksr = K,
a B JIara3oHe MOMEXH 3a CYEeT OTPHUIIATEIbHOI 00paTHOI CBS3H
K
1+ K |K,|

CooTBeTcTBEeHHO B 30He moie3Horo curHana U, , =U,, a B 30He mo-

mexu U, = 0. Takum oOpa3om, orpuratensbHast 00paTHas CBSI3b IPUBOINT K

YMEHBUIEHUIO BIUSHUS [IOMEXHU.

OTtpunatenbHas oOpaTHasi CBSI3b MOXKET HCIIOJIb30BAThCS TaKXKE B Kaye-
CTBE CTaOWIM3UPYIOIIEr0 yCTpoHcTBa. [loMycTHM OCHOBHOE YyCTPOMCTBO MOJ-
BEP)KEHO BIIMSHHUIO BHEIIHUX (PAKTOPOB (M3MEHEHHUIO TEeMIIepaTypbl, U3MEHE-
HUIO YaCTOThI U T.J.), COOTBETCTBEHHO BBIXOJHOM CUTHAJI OyJET 3aBUCETh OT
3TUX (AaKTOPOB IIPHU OTCYTCTBUU 00paTHOM cBsi3u. Eciaum orpunarensHas oOpat-
Hasi cBs3b ynomierBopsier ycioBuio K K, >>1 u He 3aBucuT 0T BHEmHHX

¢dbakTopoB, TO
K
K, = . ~
OI+KK,| K

= const.

B kauecTtBe nmocneaHero npumMepa BIHSHUS 00paTHOW CBA3M pacCMOTPUM
CXEMY, B KOTOPOI 4EThIPEXIOIOCHUK C 0OpaTHOM CBSI3bIO UTPAET POJIb JTOMOJI-
HUTEJILHOW HArpy3KHU il UCTOYHKKA 3.1.c. E (cm. puc. 11.30). Obuiee cormpo-
THBJICHHE 110 OTHOIIICHHUIO K UCTOYHUKY 3.71.C. E:

E U,-U U U K
— H 2 _ 1 _ 1 1 —
—= . =2, —-——K;, =2 =7

“u 2oz Z,-L—1 -7 47
[ I [ I, 1-K,K,

W3 mocnenHero COOTHOUIEHUS CIEAYET, YTO JOMOJHUTEIBHOE COIIPOTHUB-
nenue Z, 3aBUCUT OT KO3((UINEHTOB Nepesadn 4eThIPEXIOIOCHIKOB U MO-

KET peryaupoBarbcsi KodPduimeHToM nepenaun odbpatHoil cBs3u. [Ipuuem,
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npu K, K, <1 pomoiHuTensHoe CONPOTHBIECHHE IIOJOXHUTEIBHO, a IIPH

KK, >1 — orpunarensno. [Ipu omnpeneneHHbIX mapaMeTpax CXeMbI pe3yJib-

TUPYIOIIEEe CONMPOTUBIIEHUE, IPUCOCTUHEHHOE K MCTOYHUKY, MOXKET OBITh OT-
pULIATEIIbHBIM.

B 3akiroueHue OTMETUM, 4TO MIPUBEICHHBIE PUMEPHI HE UCUEPIBIBAIOT
BCE BO3MOJKHOCTH MCIIOJIb30BaHUS OOpATHBIX CBsI3€H, KOTOpBIE paccMaTpHBa-
I0TCS B CIIELIMAJIBHBIX KypCax.

11.11. AKTUBHBIEC YeTHIPEXIMOJICHUKH

Kak ormeuanocs B maparpade 11.1.1, paznuuaror nBa THIa aKTHBHBIX
YETHIPEXIIOIIOCHUKOB: ABTOHOMHBIE M HEAaBTOHOMHBIE YETHIPEXIOJIIOCHUKHU.
ABTOHOMHBIE YETHIPEXIIOJIOCHUKHU COJIEPKAT HE3aBUCUMBIE UCTOYHUKH, KOTO-
pbI€ TIpU OTCYTCTBUU BO BHEIIHEH 110 OTHOIICHUIO K YETHIPEXIIOJIOCHUKY 1NN
HMCTOYHUKOB CO3/1al0T TOKU W HAMPSDKEHHS HAa 3aKUMaX YEeThIPEXIOIIOCHUKA.
3aBUCHMBIC MCTOYHUKH TPEACTABISIOT COOOM YETBIPEXIOIIOCHUKU, KOTOPHIE
TEHEPUPYIOT HAMPSKEHUS! U TOKHU JIMIIb NMPU OTIWYAIOIIMUXCS OT HYJISI BXOJAHBIX
HaIpPsDKEHUSX UK Tokax. PaccMOTpuM cHavaia aBTOHOMHbBIE aKTUBHbBIC YEThI-
PEXTIOIIOCHUKH.

11.11.1. YpaBHeHus U cXeMbl 3aMellleHUsI ABTOHOMHBbIX
YeThIPEXNOJICHUKOB

ABTOHOMHBIN YETBHIPEXIOJIOCHUK COACPKUT HE3aBUCUMBbIE MCTOYHUKH.
Takol uerbipexnofitocHUK (puc. 11.31,a) MOXKHO 3aMEHUTH MACCUBHBIM YEThI-
PEXIIOIOCHUKOM C MUCTOYHHKAMU 3.]1.C., MOJKIIOUYEHHBIMU K BHEIIHUM ITOJIO-
caM yeThIpexmnoiatocHuka (puc. 11.31,B).

JIns nmokazaTenbCcTBa pacCMOTPUM PEKHUM IPU OTKIIFOYEHHBIX UCTOYHU-

kax Eg, nm Eg,, yunteBaromux BHemHrow nens (puc. 11.31,6). B coorsercrt-
BHU C TGOPEMO O KOMIICHCALUH TOT PEXKUM IKBHBAJICHTEH PEXHMY Ha DIC.
11.31, r npu yenoBun, uro 3.4.c. E'=U, u E,'=U, . Eciu B cxeme Ha puc.
11.31,8 o.xc. E;=U,, u E, =U

11.31,a moxxHO HonquTL HaJIO)KEHUEM PEKHMMOB B cxeMax Ha puc. 11.31,B u

»x» TO PEXUM B MCXOJHOHM LENU Ha pPHC.

Ha puc. 11.31,r. JlecTBUTENBHO, TEUCTBUS 3.1.C. E 51 E B3aUMHO KOMIIEH-

cupytorcs. To ke kacaercs 3.7.c. E2 U E2 . B pe3ynbrare noiayyaeM pexxuM C
JIeWCTBUEM BHYTPEHHUX UCTOUYHUKOB YETHIPEXITOIIOCHUKA U BHEITHUX 2.]1.C.
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1 2 lII' .2 2

& & F—>> ——g

@l”’ A ”’l@ 0. A .

EBl v v EB2 p | 5

I 2' I 2'
a) 0)

[ K 2
Il

A

!
B) r)
Puc. 11.31
Hcrosp3ys ypaBHEHHs /IS TACCUBHOTO YETHIPEXIIOIIOCHHKA:
U 1= A—J ) T EI 25
I, =CU, + DI,

u nenas sameny U,'~E, =U, u U,'~E, =U,, nonyuaem ypaBHEHHS aKTHBHO-
IO YETBHIPEXIIONIOCHHUKA:
(U'-E )=AlU,-E,)+BI,;
i, =c(U,-E,)+DI,.

Takum 00pa3oM, aKTUBHBIM YETHIPEXIONIOCHUK C HE3aBUCHMBIMH HC-
TOYHUKAMH IYHEPTHU MOKHO 3aMEHHTH MACCUBHBIM YETBIPEXIIOJIFOCHUKOM, I10-
JYy4YaronMMCs U3 3aJaHHOIO IIyTEM 3aKOPa4MBaHMS B HEM BCEX MCTOYHHMKOB
3.]1.C. M PA3MBIKaHHS NCTOYHUKOB TOKA C COXPAaHEHUEM MX BHYTPEHHHMX CONPO-
THBJICHUN U IIPOBOJAMMOCTEN W BBEACHUS B IIEPBUYHYIO U BO BTOPUYHYIO LIENN
JOTIOJIHUTENIBHBIX MCTOYHHMKOB, 3.1.C. KOTOPBIX PaBHbl HANPSDKEHUSM Ha pa-
30MKHYTBIX 32KUMax JAHHOTO YETHIPEXIIOIOCHUKA.

B ¢popme Z ypaBHEHHSI aKTUBHOT'O YETHIPEXIOIIOCHUKA IPUMYT BU/L:

Ul' :Z11|'1 +;12|'2 + El;
U2' :;21[1 +;22|.2 + Ez-

313



WNHorna BBITOAHO MPENCTABUTh AKTUBHBIA YETHIPEXITONIOCHUK MACCUB-
HBIM C UCTOYHHKAMU TOKA, MOJKIIOUEHHBIMU K IMOJIOCAM MAaCCUBHOIO YEThI-
peXMmoatocHuKa. JJig oTydeHus CXeMbl 3aMEIIEHUs MPEJICTABUM PEKUM pado-
Thl UICXOJHOTO YETHIPEXIOIIOCHUKA Ha puc. 11.31,a Kak pe3ysbTaT HaJ0XKEHUs
pexxumoB Ha puc. 11.32,au 11.32,6.

L i 3 G
Quinw® | a
Ey v B ]
I' 2' I' 2'
a) 0)
Puc. 11.32

B nepBom pexume (cMm. puc. 11.32,a) 3akopauriBaeM BCE€ UCTOYHUKHU
3.1.C. U pa3MbIKaeéM UCTOYHUKHU TOKA BHYTPU MCXOJHOTO YETHIPEXIOIIOCHUKA.
JI71s1 mOJTy4Ye€HHOT0 MACCUBHOTO YETHIPEXIOIIOCHUKA CIIPABEIJIMBbI YPABHEHMUSI:

Ul' = A—Jz'"i'ﬁlg' ;
Dl (11.100)
1 ==y Tl
Bo BropoMm pexume (puc. 11.32,60) 3akopaunBaemM BHEITHUE HCTOYHUKH.
Buyrtpennue ncrounuku coznarot toku |," u 1,". B cootBercTBum ¢ MmeTogom
HAJIOXKCHHS
I L B B L B
L=1"+1" u I, =1,+1,".
[onaras B ypasaenusix (11.100) U,'=U, n U,' =U, u noxcrasisis 3Ha-

'

-'_ B . ' . ' _ . . . "
yenns tokoB |'=1, = 1"u |1, = |, — |," , nonyuaem ypasuenus

v N
Cor o U,'= AJ,'+B(I, - 1,");
1 1 1 2 ) S L 10 ('_'u)
P - I,-1,"=CU,'+Dl{l, - 1,").
, : OTUM YpaBHEHUSAM COOTBETCT-
U, I1 U, ByeT CX€Ma 3aMEIICHHS YEThI-
[ |'2" PEXIIOIIOCHUKA, U300paKeHHAs
P e Ha puc. 11.33, TOKM UCTOYHU-
I' 2' KOB B KOTOPOW OMPEICIISIOTCS

M3 OIlbITa KOPOTKOI'o0 3aMbIKa-

Puc. 11.33 Hust (puc. 11.32,0).
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11.11.2. YpaBHeHUs U cXeMbI 3aMellleHUSI HEABTOHOMHBIX
YeThIPEXIOJCHUKOB

HeaBTOoOHOMHBIC H606paTI/IMBIe YCTBIPCXITOJIOCHUKHU OTINYAIOTCA OT I1acC-
CHUBHBIX YCTBIPCXITIOIIOCHUKOB TEM, YTO BCC UYCTBIPC IMapaMeTpa YCThIPCXIIO-
JIOCHHKA ABJIAIOTCA HC3aBHCHMbBIMU. I[J'ISI H606paTI/IMBIX YCTBIPCXITOJIOCHUKOB
MaTpHUIbI COl'[pOTI/IBJIeHI/Iﬁ U MaTpHUIbI HpOBO,Z[I/IMOCTeﬁ SABJIAIOTCSA HCCUMMCT-
PHUHYHBIMH W B HCKOTOPLIX CIIyYdadX MOI'YT HC CYILICCTBOBATb, HAIIpUMCP, OJIA
YIpaBJIACMbIX UCTOYHHUKOB.

K ’ rl
J L, e !
1 1

I
x’[ L 2

D s |, U,

% 6)

Puc. 11.34

PaccmoTpum HECKOTBKO MPUMEPOB HEOOPATUMBIX YETHIPEXITOIIOCHUKOB,
KOTOPBIE YaCTO UCMOJb3YyIoTCA Ha npaktuke. Ha puc. 11.34,a nokazan TpaH3u-
cTop, a Ha (puc. 11.34,0) ero cxema 3amemieHus, CoAeprKaliasi UCTOYHUK Ha-

npsikeHust, yrnpasisemsiii Tokom (MHYT) rlil. O6o3nauenus Ha puc. 11.34:

— KOJUIEKTOP; 3 — OMUTTEp; 0 — 6a3za. [{ns nmpuBeAeHHON LENU 3aluIleM ypaB-
HEHUS 110 METOJTy KOHTYPHBIX TOKOB:

Zyl +2Z,1, =U;

. 1202 e (11.101)
Loyl +Zxl,, =11 -U,,

B KOTOPBIX 3aBUCHUMbINA MCTOYHUK YYUTBIBACM TAKKC KaK HC3aBUCHMBIC UCTOY-
HHUKH Ha BXOAC U BbBIXOJC YCTBIPCXITOJIOCHUKA.

3amenuB koHTypHble Toku |, u |,,, Ha |, u |, u nmepenecs Hanpsoxe-
HHE 3aBUCHMOI0 HCTOYHMKA I, BIIEBO, MOIy4YUM ypaBHEHUS YETHIPEXIIONIOC-
Huka B hopme Z :
Zyli+2Z,1, =U;
Lyl +Z,1,=U,,
B KOTOPBIX

Ly =T+l Ly=-T T Ly=-F; Zy=r—r1l.

W3 momydeHHBIX BBIPAKEHHM CIENIyeT, YTO YCIOBHE OOpaTUMOCTH
L, =—2,, nas pacCMaTpHBaEMOT0 YETHIPEXITOIIOCHUKA HE BBIMTOJIHACTCS.
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Hctounuk HanpsikeHus, yrpasisgembiii Hanpstbkenuem (MHYH) peanu-
3yeTcsl Ha MPAKTUKE C JOCTATOYHOW CTEIEHBbIO TOYHOCTH ONEPALIMOHHBIM YCHU-
mutenem (OVY), ycinoBHOe 0003HaueHne KOTOpOTo noka3zano Ha puc. 11.35. Ha
puc. 11.36 npuBeneHa cxema ONMEpalMOHHOTO YCUIIUTENSI ¢ OOpaTHOM CBA3BIO,
POJIb KOTOPOU BBIMOJIHACT COMPOTUBICHHE Z .

P P oz

Q
®

Puc. 11.35 Puc. 11.36

OmnepalMOHHBIA yCUJIUTENb UMEET OOJIBLIOE BXOJHOE CONPOTUBIICHUE,
nostomy TokoM |, Ha Bxoge OY moxHO npeneOpeus. HanpsbkeHue Ha BbIXozae
ycunutens — ompeaensercs koddpdumuentom ycunenus OY, To ecTh

U, = —KOU o - 3aIHIIeM ypaBHeHus 1o 3akoHaMm Kupxroda:
U, +1,Z,+U, =0;
: . . (11.102)
-U,+1,Z,+U, =0,
IJIe IPUHSATO, YTO I'1 ~ I.l'.
N3 nepBoro ypaBHenus cucrtemsl (11.102)
U, -U,
I, =——.
Z,
Pemas cuctemy (11.102) oTHOCHTENIBHO BBIXOJHOTO HAINPSKEHUS, TIOJIy4aeM
: Z,K . L
U,=- = _—~-U = 11.103
’ 1Z1+;2+Z1Ko 1;1 (11.103)

¢ ydetoMm Toro, uto 1t OY K, > 10*.

N3 Beipaxxenus (11.103) cnexyer, 4To, U3MEHsISI BEIUYMHBI COMTPOTHUBRIIE-
HUSL Z, ¥ CONPOTHBIICHUSI 00paTHO# CBsA3KM Z,, MOXHO MEHATH KOA(DPHUIHMEHT
nepeaayu CXeMbl. DTO MOXET ObITh MCIOJB30BAHO MPHU PEIICHUH Pa3THUHBIX
3anad. Hampumep, npu Z, = R, u Z, = R, nony4yaem ycTpoiCcTBO HHBEPTHPO-
BaHUS BXOJHOTO CHUTHAJA, Ui KOTOPOrO HANpsKEHHWE Ha BBIXOJE MMEET IPo-
THUBOIIOJIOJKHBIN 3HAK [0 CPABHEHHUIO C HAMIPSLKEHUEM Ha BXOJIE:
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. . R
Uu,=-U,-2.
R,
B ciyuae, xorma Z, =0, a Z, = R, mony4yaem cxemy (puc. 11.37), pea-
musyromyro MHYT. s aToit cxemsl u3 ypaBHenus (11.103)

I R npu Z,=0 noJIy4aem
[ 1 1 1

. — ] U, =-K,U,. C yuerom storo no
l Iy : BTOpOoMYy 3akoHy Kupxroda nns

2 + I BHEIIIHETO KOHTYpa MoJly4yaeM

U = : U L
0 : U =-—2=~RIl, +U,,
U, U, 1 K, 1 2
OTKyZa
@ 2 : KR ; :
U,=———1,~-RI,
Puc. 11.37 1+ K,

npu OoJsbIIOM 3HaueHUH Kod(pduimenta ycuwienus K, To ectb HampspkeHHe
Ha BBIXOJIE POIIOPIIMOHATIBHO TOKY Ha Bxoje. Hanpsokenue Ha Bxone B K, pas

MEHBIIIE HAMPSOHKEHUS HA BBIXOJE, U MPH OOJBIIOM KOd(D(HUIIMEHTE yCUIICHUS
€ro MOXHO CUMTaTh MPUMEPHO PaBHBIM HYJIO. 3HAK MUHYC B BBIPAKCHHUH IJIS
BBIXO/IHOTO HANPSDKEHHUSI 03HAYAET, YTO MOJIOKUTEIHHOE HANpaBlIEHUE UCTOY-
HHKA HE MPOTHBOIIOJIOXXHO, & COBIAJAET C HalpaBJIeHHeM Hanpspkerus U, .

B 3akmrouenue paccmorpum cxeMy Ha puc. 11.38, koropas ucnosb3yer-

csl
I Z JJI peain3allMM KOHBEpPTOpa OTpHU-
1 1ATEIHHOTO COTPOTHUBJICHUS
i (KOC), mpeobpa3yroiiero mojaoxu-
o X A + TCJIBHOC COIIPOTHUBJICHUE B OTpHUIIA-
_ TEJIBHOE.
U, Use | Ompenenum BXOIHOE COMpo-
2 THBIECHHE CXEMBI:
Z B <
| I | I
- Z, =—-2=—1, (11.104)
U 2 BX I I
= ¥ BX BX
Puc. 11.38 ITo BTOpOMY 3akony Kupxroda
Up =2l +2,1,=0, (11.105)

TaK Kak BbixojHoe Hanpspkenue OY Z,|, Bo MHOro pa3 Gosblie BXOAHOTO Ha-

npsoxenns U 5 , Torna u3 paencrsa (11.105) cnenyer, uro
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1 cornacHo (11.104)

Ly=—=—"—"—". (11.106)

Ecmu conporusnenus Z, =R, Z, =R,, Z, =R, To nonydaem orpu-
[ATEIbHOE AKTUBHOE CONPOTHUBIIEHHE, TO €CTh MPOUCXOAUT NpeoOpa3zoBaHUE
MOJIOKUTENIBHOTO aKTHUBHOTO CONPOTHUBJIEHUS B OTpULIAaTelIbHOE. Takoe ycT-
pPOICTBO HAa3bIBAIOT KOHBEPTOpPOM oTpuuaresnbHoro comnpotusieHus (KOC).
Eciu coequnuth kackagHo asa KOC, To 3HaK BXOJHOTO CONPOTHUBIICHUS CTa-
HET MOJOXKUTEIbHBIM. Takoe yCTpOWCTBO Ha3bIBAalOT KOHBEPTOPOM IOJIOKHU-
tenpHoro conporusieHus (KIIC). Ero ucnonb3yioT ajis corflacoBaHusi KacKaj-
HO-COEJJMHEHHBIX YETHIPEXIOIIOCHUKOB.

Cxema Ha puc. 11.38 B 3aBUCMMOCTH OT XapakTepa CONPOTUBIICHUM JaeT
pasnugHbIe TUIB! IpeodpasoBareneil. Tak npu Z, = JoC, (emxocts), Z, =R,

(axtuBHOE conpoTuBneHne) u Z, = JoC,  (eMKOCTh) moydaem

;H ;1 1
;BX = - = 2 2
ZZ @ R2C1CH

TO €CTh, MOJIy4aeM AaKTHUBHOE COIPOTHBIICHHE, OOpATHO MPOMOPIMOHAIBHOE
KBaJpaTy 4acTOThl. Takoe yCTpOWCTBO HA3bIBAIOT KOHBEPTOPOM IOJIOKUTEIb-
HBIX PE3UCTUBHBIX YACTOTHO 3aBUCUMBIX CONPOTUBIICHUI.

[TpuBeneHHBIC TPUMEPHI TOKA3BIBAIOT OOJIBIIIAE BO3MOKHOCTH CXEM, HC-
MOJIB3YFOIINX HEOOPAaTUMBIE YETHIPEXITOTIOCHUKY C 3aBUCHMBIMU NUCTOYHUKAMU
1 OOpAaTHBIMU CBSI3SIMH.

KoHTpoJibHBIE BOIPOCHI

1. 3anummuTe mwects GopM ypaBHEHUU YETHIPEXIIOIIOCHUKA C YKa3aHUEM IO-
JIOKUTEJIbHBIX HANPaBICHUN HANPSKEHUM U TOKOB, ISl KOTOPBIX 3allMCaHBbI
YpaBHEHUS.

2. Kakue 4eThIpeXMOJIIOCHUKM Ha3bIBAIOT OOpaTUMBIMU U HEOOPATHMBIMH,
CUMMETPUYHBIMU 1 HECUMMETPUUHBIMU?

3. Kak oONBITHBIM NyTE€M OIpPEAESIOT MapaMeTpbl YpaBHEHUH YeThIpex-
MOJIFOCHUKA?

4. Kax omnpenenuTs MOCTOSHHBIE YETHIPEXIOIIOCHUKA OJHON (OPMBI IIpU U3-

BECTHBIX MOCTOSIHHBIX TSl IpYToi (hopMbI?

Kakue ucnosib3yroT cXeMbl 3aMEIEHU ISl YETBIPEXITOIFOCHUKOB?

Yro Takoe XapaKTepUCTUYECKHE TapaMeTPhl YETHIPEXIIOIOCHUKA?

3anuinTe ypaBHEHUs YETHIPEXIIOIOCHUKA B TUIIEpOOInYEecKo hopme.

B kakux enuHunax uaMepsrorcs KodpPuuueHT 3aTyxanust U KodpPuimeHT

dazbi?

PN
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9. Yto Takoe onepanuoOHHbIN YCUIUTEINb?

10. Kakue CylmecTBYIOT TUIBI YIIPABISIEMbIX UCTOYHUKOB?

11. Kakoii 4eThIpeXnoJFOCHUK Ha3bIBAOT aBTOHOMHBIM, U KAKOW aKTUBHBIM?

12. Cxembl 3aMeII€HUS] aBTOHOMHBIX YETHIPEXITOIOCHUKOB.

13. IlpuBegute n3BecTHBIE BaM cxeMbl COEIMHEHNS YEThIPEXTOIIOCHUKOB.

14. Yto Takoe CUMMETpPUYHASI 1 HECUMMETPUYHAS LIEMHAsA CXEMa COCAUHEHUS
YETHIPEXTOIOCHUKOB?

15. Kak onpenensroTcss SKBUBAJIECHTHBIE TapaMETPhl LIETHOM CXEMBI?
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