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1. [Tepexoanbie Mpouecchl YTEKTPOIHEPTETHYECKUX CHCTEM

1.1 OcHoBHLIE NOHSATHSA.

Bonvwas cucmema sHepcemuku — 3TO CHUCTEMa, COCTOSILAsS W3 OOJBIIOTO YHCIA
B3aMMOCBS3aHHBIX CHUCTEM WM MOJCHUCTEM, (YHKIMOHUPYIOUIMX KaK €IWHOE IeJIoe, HO MpHu
peLIEHUN MTPaKTUYECKUX 3aJ1a4 YacTO pacCMaTPUBAEMBIX OTAEIBHO APYT OT ApyTa.

Onekmpoanepeemuueckas cucmema — Ta 4YacTh JHEPreTHUECKON CHUCTEMBI, B KOTOPOM
TEIUIOTAa W PA3IMYHBIC BUIBI DHEPTHH MPEOOPa3yIOTCsS B DIEKTPHUYECKYIO IHEPTHIO, KOTOpPAs
nepeaeTcsl Ha PaccTOsIHUE, pacipeensieTcs MOTpeOuTeNnsIM, y KOTOPBIX OHa ImpeodpaszyeTcs B
Jpyrue BUAbI SHEPTUHU — MEXaHUYECKYIO, TEINIOBYIO, CBETOBYIO, XUMUYECKYIO U.T. 1.

Onekmpuueckas cucmema — 4acThb SIEKTPOIHEPreTUUECKON CHCTEMBI, CBSI3aHHOM C TOM
4acThl0 OOJIbIICH CHCTEMBI, B KOTOPOH MPOUCXOAAT PAa3TUYHBIE B3aWMHBIE NPEOOpa3OBaHUA
3JIEKTPOMArHUTHOM U AJIEKTPUUYECKON IHEPIUH.

DnexTpuueckas CUCTEMa COCTOUT U3 JBYX TPYII B3aUMOJEHCTBYIOIUX 3JIEMEHTOB:

® cunosvle IleMeHmvl — DIEMEHThl, B KOTOPBIX TPOUCXOJUT BBIPAOOTKA,
npeoOpa3oBaHue, epeaada | pacrpeiesieHue U NoTpeOIeHne 3JIeKTPOIHEPTHH;
® OoleMeHmbl YNpagieHus — DBJIEMEHTHl , KOTOpble HW3MEHSIOT M PETYIHpPYIOT

COCTOSIHUE CHCTEMBI.

Cunogule snemenmol d1eKMpoIHepeemuieckoll Cucmemyl BKIIOYAIOT B ce0sl:

® guipabamwisalowjue — TEHEPATOPHI C UX MIEPBUYHBIMU JIBUTATEIISIMU;
® npeobpasyouue — TPAaHCHOPMATOPHI, THBEPTOPHI M BBITIPSIMUTEIH;
® nepeoarowue u pacnpedensioujue — TNHAH Tiepead, CeTH,
* nompebrAOWUe — HATPY3KH.
Dnemenmol ynpasienus BKIOYAIOT B ceO:
®  pecynamopbi 8030YHCOCHUSL CUHXPOHHBIX MAUUH,
* pene;
® guIKIIOUAMEN.

Peodicum — coCTOSIHUE CHCTEMBI, KOTOPOE XapaKTePU3YeTCs MOKA3aTeNIIMHU, KOJIMYECTBEHHO
OTIpeIeNIAIOIUMH paboTy CUCTEMBI, 3TU TIOKa3aTeu Ha3bIBAIOTCS napamempamu pexcuma. Jns
AJEKTPOIHEPTETUIECKON CHUCTEMBI — STO 3HAUEHHS] MOITHOCTH, HAIPSDKEHHA, TOKOB, YTJIOB
CIBHUTA BEKTOPOB 3.]1.C., HAMIPSHKCHUIA, TOKOB, YaCTOTa TOKA . . .

Iapamempoi cucmemsbl — 3TO TIOKA3ATENN, KOJMUYECTBEHHO OMNpeeIstonme (Qu3ndecKue
CBOMCTBA CUCTCMBbI, 3aBUCAIINUEC OT CXCEMbl COCIAUWHCHUA JSJICMCHTOB CHUCTCMBI W aIllpuoOpu
NPUHUMAEMBIX JTOMYIIEHHUX. J{JIs1 2IeKTPOIHEPTeTHUECKOW CHCTEMBI — 3TO 3HAYEHUS TMOJHBIX,
AKTHUBHBIX )41 PCAKTUBHBIX COHpOTI/IBJ'IeHI/Iﬁ 3JIEMCHTOB, MMPOBOANMOCTHU 3JIEMCHTOB,
Kod(dpurmenTsl TpaHchopMaIi, MOCTOSHHBIE BpeMEHH, KOA((HUITMEHTHI CHCTEMBI, MaTpHUIIa
I/IHI_[I/II[GHI_II/Iﬁ CUCTCMBI, MaTpHUIla B3aUMHOH MMpOBOAMMOCTU CUCTCMBIL.

Ilpumep. 3axon Oma

I,U - mapaMmeTpsl pexxuMa, Z - IapaMeTp CUCTEMBI.

Hopmanvuwiii pestcum cucmemvl — pexUM, TIPU KOTOPOM CHUCTEMa HAJISKHO 00ECrieunBaeT
NOTPeOUTENS SNIEKTPOIHEPTUEH HOPMUPOBAHHOTO U MTOCTOSTHHOTO KauecTBa.

HeunsmeHHblE HOpMaNIbHBIE PEKMMBI HE MOTYT CYIIECTBOBAaTh B 3JIEKTPOIHEPIETUUYECKUX
CHUCTEMax, TaK KaK MPOUCXOJNUT MOCTOSHHOE U3MEHEHHE KOJINYECTBA MMOJAKIOUYEHHBIX HArpy30K,
Bapualus 3HAUYEHUH BbIpa0daThIBAEMBIX U  TMOTPEOJSEMBIX MOIIHOCTEH, U3MEHEHUE
KOH(QUTYpallul CHUCTEMbI, BbI3BAHHBIX BKJIIOYEHHEM M OTKIIOUYEHHEM TI'€HEepaTOpOB, JIMHUN
nepeaay, TpaHc(hopMaTopoB, MOACTAHIIUHI.



Hopmansuoiii nepexoonwlil pexcum - 3TO TIEPEXObl OT OJHOTO HOPMAJIBHOIO PEXHUMa K
JPyroMy BO BpeMsI HOpMaJIbHOI pabOThI HJIEKTPOIHEPTETHYECKOH CHCTEMBI.
Aeéapuu B 3JEKTPOIHEPTETUYECKUX CHCTEMaX MOTYT OBbITh BbI3BaHbI:

HapyulenHuem PpexuMa CUCTEMbI, TO €CThb NEPErPY3KaMHU OTIEIBHBIX JIEMEHTOB
CUCTEMBI U UX JAbHEHIINM OTKIIOYCHHEM B pe3yJbTaTe cpadaThIBAaHUSI YCTPOCTB
ABTOMAaTHUYECKOT'0 YIPABJICHUS;

paspyuienuem OTIEIbHBIX 3JIEMEHTOB CUCTEMBI.

Aeapuiinvle nepexoomvie pedxcumvl — 3TO TEPEXO] BO BpeMs aBapuu M3 OJHOTO PEeXUMa
CHUCTEMBI B IPYTOil, MOCI€aBAPUNHBIA PEIKUM.
PesxnMBl 2JIEKTPOIHEPTeTUUECKON CUCTEMBI JEIATCS Ha!

HOpMAbHble YCIMAHOBUBUUECS. PEANCUMbBL — PEKUMBI, TIPUMEHUTEIIEHO K KOTOPBIM B
MIPOEKTHBIX OPTraHU3AIMAX MPOMCXOIUT MPOSKTUPOBAHHUE DJIEKTPOIHEPTETUICCKON
CUCTEMBI U OTNIPEICISIFOTCS] €€ OCHOBHBIE TEXHUKO-9KOHOMUYECKOE TTOKA3aTEIH;
nocieasapuiibble  YCMAHOBUSUWIUECS ~— —  PEXHUMBI, B O0ImeM  ciydae
XapaKTePU3YIOIIUECS] W3MEHEHHEM TOMOJOTMH CHCTEMBl OTHOCHTEIBHO €e
HOPMAJBHOTO COCTOSIHHSI, TIPU 3TOM CHCTEMa WHOTJA MOXET (QYHKIIMOHHPOBATH C
YXYIIICHHBIMA TEXHUKO-)KOHOMHUYECKUMH MTOKA3aTeISIMH,

HOPMAbHbIU NePeXOOHbIL PeXNCUM,

aBapuLiHblLL NepexoOHbIl PEHCUM.

JIoovie nepexoouvie pexcumvl 603HUKalOmM 6 pe3ylbmame U3MEHEHUNl NApamempos
cucmemul, 6bI36AHHBIX KAKUMU-TUDO RPUHUHAM.
Bosmywarowue 6030eticmeus — 3TO TPUYUHBI, BbI3BABIINE H3MEHEHUE MapaMeTpOB

CHUCTCMBEI.

Bosmywenus pesicuma — 3T0 TIOABIIEHNE HAYaJIbHBIX OTKJIOHEHUH TaPAMETPOB CUCTEMBI.
JIr060i1 pexxuM CHCTEMBI COCTOUT M3 MHOXKECTBA PA3IMYHBIX MTPOIIECCOB.

IIpoyecc — 310 MOCIEN0BATENIbHAS CMEHA KaKUX-TH00 SBICHUH.

IIepexoHBIN pEeKUM IIEKTPOIHEPreTUIECKON CUCTEMBI COCTOUT U3 :

INeKMPOMASHUMHBIX NEPEXOOHbIX NPOYEeCcco8 - TPOLECCOB U3MEHEHUSI BO BPEMEHHU
3JIEKTPOMArHUTHBIX MapaMeTpoOB pekrMa 0e3 yuyeTa BIUSHUS Ha HUX W3MEHEHHUS
YacTOTHI BPAIlIEHNsI CHHXPOHHBIX T€HEPATOPOB;

INEKMPOMEXAHUYECKUX NePEXOOHbIX npoyeccos — TMOCIeI0BaTeIbHOTO U3MEHEHUs
AJIEKTPOMATHUTHBIX SBJICHUM B JJIEKTPUUECKUX LEMAX MPU OJHOBPEMEHHOM
U3MEHEHUN MEXaHUYECKUX SIBJICHUI B BpallalOLIUXCsl MaIlINHAX;

B0IHOBLIX NEPEXOOHBIX NPOYECCO8;

nepexoOHbIX NPOYecco8 U3LY4eHUll;

MenI0OMeXaHUYeCKUx nepexoOHbIX NpoYeccos;

2UOPOMEXAHUYECKUX NEePEXOOHBIX NPOYECCO8;

MeXaHUYeCKUX nepexooOHblX NPoYeccos;

Menio8blX NEPexoOHbIX NPOYECccos.

Ilepexoonvlie npoyeccoi pa3nnyaoTcs Io:

VCI08UAM NPOMEKAHUS,

NPUYUHAM B803HUKHOBEHUs — TIO BUJAM BO3MYILAOLIMX BO3JCUCTBUN W 3HAYEHUS
BO3MYUICHUI;

oonyujeHusm — 1o TIOTHOTE MaTeMaTUYECKOTO OMMCAHMSI,;

CKOpOCMU NPOMeKaHusl;

CmpyKmype UCCIelyeMON CUCTEMBI;

oonywjeHusam, TPUHUMAEMbIM TIPH MaTEMaTHYECKOM OIMCAHUH CUCTEMBI.

Ksazunepexoonvle npoyeccol — 3TO TIEPEXOIHBIA TPOLECC, pPacCMATPUBAEMbI MpU
YIPOLIEHUN HU3MEHEHUS HEKOTOPBIX MapaMeTpoB peKUMa, TO €CThb KOrJa 4acTh HMapaMeTpoB



peXuMa BONIPEKH PEAIbHOCTHU MPUHSATHI HE U3MEHSIOMUMHUCS, WIM U3MEHSIOMMUCS TI0 3apaHee
IMPUHITOMY, TOYHO HE COOTBETCTBYIOIIEMY PEATbHOCTH 3aKOHY.

IIpumep.

MNepexogHble KeaaunepexoaHole
npouecchl npouecchl

o
-

1 t
0 t i t

Puc.1. Ilpumep nepexoHOro U KBa3UIEPEXOJHOTO Ipouecca

L |

llonnoe mamemamuyeckoe onucamue — MaTEMATUUYECKOE OINMCAHUE, YYMUTHIBAIOLIEE B
JTaHHOW TMOCTAHOBKE 3a/laydl BCE OCHOBHBIE COCTaBIAIONIME U (U3NYECKHE 3aKOHOMEPHOCTH
npolecca.

Ynpowennoe mamemamuueckoe onucanue — MaTeMaTUYECKOE ONMHMCAHNE, YUUTHIBAIOLIECE B
JAHHOM TIOCTaHOBKE 3a/a4d TOJBKO CYIIECTBEHHBIE COCTABIAIOIIME M (Pusnyeckue
3aKOHOMEPHOCTH TMpollecca, a MEHee CYIIECTBEHHbIE COCTaBISIONIME M 3aKOHOMEPHOCTH HE
YUYUTBIBAOTCSL.

Cmamuueckas ycmouuu8ocms — 3T0 CIIOCOOHOCTh CUCTEMbI BOCCTAHABIMBATH MCXOJHBIN
PEKUM TIOCNIE Majoro €ro BO3MYIIEHHS MM PEKUM OUYeHb ONM3KUI K HCXOIHOMY, €CIH
BO3MYILIEHHE HE CHATO.

Hunamuueckas ycmouuu8ocms — 3TO CIIOCOOHOCTh CUCTEMBI BOCCTAHABIUBATH MCXOIHBIN
PEKUM WM PEXHUM OYEHb ONIM3KUH K HMCXOJHOMY INpH OONBIIOM BO3MYIIEHHH HCXOJIHOTO
COCTOSIHUSI.

Pezynomupyrowas ycmouuueocms — 3TO CIOCOOHOCTh CHUCTEMBI BOCCTaHABJIMBATh
UCXOJIHBIA PEXUM WM PEXKUM O4YEHBb OJU3KUI K MCXOTHOMY IOCiIe OOJIBIIOr0 ero BO3MYIIEHHS,
IIPU 3TOM HEKOTOpPOE BpeMs IMOcie OONBIIOro BO3MYILEHHUSI CUCTEMbl HAXOAMUTCA B HepaboueM
COCTOSTHUM U TOJIBKO [TOTOM BO3BPAILAETCsl B HOPMAJIBHOE COCTOSIHUE .

Manoe 6o3myujenue — 3To BO3MYIIEHHE, KOTOPOE BIIMSAET HA XapaKTep MOBEICHUS CUCTEMbI
HE3aBHCHMO OT MECTA €ro MOSIBICHUS U OT €ro 3HAUCHUSI.

bonvwoe 6o3mywenue — 310 BO3MyIlEHUE, BIUSHUE KOTOPOTO Ha XapaKTep MOBEICHUS
CUCTEMBI CYLIECTBEHHO 3aBHCHUT OT MECTA €T0 MOSABJIEHUS U OT €r0 3HAYEHUS.

1.2 HazHauyeHHe pacyeToB NepPexXoHbIX 3JIEKTPOMAarHUTHBIX NPOLECCOB U NpeAbsBiseMble
K HUM TpeOOBaHHUS.

Haubonee pacnpocTpaHeHHBIMH B JJIEKTPOIHEPTETUYECKUX CHCTEMaX MEPEeXOIHbIMU
AJNIEKTPOMATHUTHBIMU MIPOLIECCAMH SIBIISIIOTCS MPOIIECCHI, BHI3BAHHBIE:
® BKJIIOYEHHEM U OTKIIIOUEHUEM MPUEMHUKOB AJIEKTPOIHEPTUH;
® KOPOTKHMH 3aMBIKQaHUSIMU B CHCTEME;



® BO3HMKHOBEHHEM MECTHON HECUMMETPHH B CUCTEME;
e jeiictBueM (OPCHUPOBKM BO30YKAEHUS B CHHXPOHHBIX MAIlMHAX, a TaKKe HX
Pa3BO30YKICHNEM — TrallleHneM UX MarHUTHOTO TIOJIS.

Kopomkoe 3amvikanue — BCIKOE HE NPETyCMOTPEHHOE HOPMAJIbHBIMU YCJIOBHSAMU PaOOThI
CHCTEMbI 3aMbIKaHWE MEXAy (a3amMH, a B CHCTEMaxX C 3a3eMJICHHBIMH HEHTPAIIMH TaKKe
3aMbIKaHHE OJTHOW MJIM HECKOJIBKHX (a3 Ha 3eMITIO.

IIpocmoe kopomxoe 3amvikanue — 3TO 3aMbIKaHUE OJHOM M3 (a3 Ha 3eMIII0 B CHCTEMax C
HE3a3eMJICHHBIMH HEUTpasIMM HJIM B CHCTEMax C 3a3eMJICHHBIMH HEUTpalsiMu yepes
crenaIbHble KOMITIEHCHPYIOIINE YCTPOUCTRA.

Ilepexoonoe conpomugénenue - 3TO CONPOTUBJIECHUE, BOSHUKAIOIIEE B TOUKE K.3., KOTOPOE
COCTOHT M3 CONPOTHBIICHUS JIEKTPUUYECKON AYTH M CONPOTUBICHUH IPOYMX 3JIEMEHTOB MYyTH
TOKa OT OJIHOM (pa3bl K Ipyroil uiu ot (has3bl HAa 3EMITIO.

Memannuueckoe k.3. — 3TO KOPOTKOE 3aMbIKaHUE, IS KOTOPOTO HE YYHUTHIBACTCS
NePEeX0HOE COMPOTUBIICHHE. MeTAIIIMUECKOe K.3. XapaKTepu3yeTcss HauOOIbIIUM IIPU TPOUNX
PaBHBIX YCIIOBHUSX TOKOM K.3.

B 3-x (ha3HbIX cucTeMax pa3nnyaoT CIeayIOUINe BUIBI K.3.

1. tpexdasnoe K©;

2. nByxdaznoe K
3. omnodazuoe K ;
4. nmeyxdasnoe Ha zemmo K
TpexdasHoe K.3. — CHMMETPUYHOE K.3. , @ OCTAIBHBIC - HECUMMETPUYHEBIC K.3.
Paznuuaror:
® TIONEPEYHYI0 HECUMMETPHIO; (K.3., HECUMMETPUYHBIC HATPY3KH);
® TPOJOJBHYIO HECHMMETpPHUIO; (HapylleHHEe CHMETPHH HEKOTOPOro JJIeMEHTa
Tpex(a3HOu ceTH).
® MHOTOKPaTHYIO HECHMMETPUIO — HECKOJBKO HECHMMETPHH OJIWHAKOBOTO JIH
pa3IUYHOTO BUIA.
Croorchvie nogpedsicoerus — TOBPEKICHHS COMTPOBOXKIAFOIINECS CII0NKHONH HECUMMETPHEH
[lon pacuemom nepexoono2o 21eKMPOMASHUMHO20 NPOYeccd B AIEKTPOIHEPTeTUUECKOM
cUCTeMe MOHMMAIOT BBIYHMCIICHHE TOKOB M HANPSHKCHUH NMPH 33aJaHHBIX YCIOoBUsX. [Ipu 3Tom,
S3HAYCHHA 3TUX BCIWUYHUHBI HAXOAAT JIA 3aJaHHOI'O MOMCHTA BPEMCHH WM PACCUHUTHIBAKOT UX
JTMHAMUKY B TEYEHUHU BCETO MEPEXOHOTO MpoIecca.
K 4ucny 3amau s KOTOPBIX HPOM3BOJAT PacyeThl NEPEXOJHOTO 3JIEKTPOMATHUTHOIO
nporiecca OTHOCSATCS:
1. COIIOCTAaBJICHUC, OLICHKAa n BbIGOp CXEMbI COCAUHCHU A JJIECMEHTOB
AIIEKTPOIHEPTETUIECKON CUCTEMBI,

2. BBISBJICHHUS YCIOBUI pabOTHI MOTpeOHTENCH B aBapUITHBIX PEKUMAX;

3. BbIOOp anmapaToB U IPOBOIHUKOB;

4. TpPOEKTUPOBAHNE U HACTPOWKA YCTPOMNCTB PEICHHOMN 3alUThI;

5. ompenercHHE YCIOBUMHECHHXPOHHOIO BKIIIOUEHUS CHHXPOHHBIX MAaIlUH WIM HUX
BKJTIOYEHHUSI CTIOCOOOM CHHXPOHHU3AIHH;

6. KOHCTPYKTHBHBIE PEIIEHUS DJIEMEHTOB PACIPEAECIUTEIbHBIX YCTPONCTB;

7. ompelercHue YuCiia 3a3€MJIICHHBIX HEUTpaIel U UX Pa3MEILEHUE B CUCTEME;

8. BBIOOp YMCIIa M MOIHOCTH 1yTOTaCUTEIbHBIX YCTPOICTB;

9. ompeneneHue BIMSAHMS JIMHUHA  3JIEKTpONEpelaud Ha IMpOBOJAa CBSI3U U

CUTHAJIN3ALIUY;

10. npoexTUpOBaHUE U MPOBEPKA 3AILUTHBIX 3a3EMJICHUI;

11. BEIOOp XapaKTEPUCTHUK PA3PSAHUKOB TSI 3AIIUTHI OT TIEPEHANPSIKECHUIM;

12. oueHka U oOIpeAesceHUe NapaMeTpPOB YCTPOMCTB TrallleHUs MAarHUTHOIO I0JIS
CHUHXPOHHBIX T'€HEPATOPOB;

13. npoBeeHNE pa3NMUHBIX UCTIBITAHU;
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14. ananu3 MpoU30IIEIIINX paHee aBapuil.

1.3 OcHoBHBIE JONyLIIeHHUS], IPUHUMAaeMble NPH UCCJIeJOBAHUAX MePeX0oIHbIX

JJICEKTPOMATrHUTHBIX IPOLECCOB.

HpI/I HUCCIICAOBAHNUHU 3JICKTPOMAIrHUTHBIX IMEPCXOJHBIX ITPOLCCCOB JOMYCKACTCA:

HE YYHMTHIBATh HACHIIIEHHME MAarHUTHBIX CHCTEM OJJIEKTPUYECKHUX MAIIUH
(MCKIJTFOYEHHME: HCCNe0BaHNE MEePEXOAHOr0 Mpoliecca B TpaHChopMaTope MpU
€ro BKJIIFOYEHUH C Pa30MKHYTOW BTOPUIHOU OOMOTKOM);

npu pacuete TokoB K3 He yduThIBaTh TOK HAMAarHUYMBAHHS TPaHC(HOPMATOPOB
U aBTOTPAHC(POPMATOPOB;

Bce Tpex(dasHble 5SIEMEHTHI, BXOJAIIUME B HMCXOAHYIO pACUYETHYIO CXEMY,
MPEIOoJIaratoTcsl CAMMETPUYHBIMU;

npu pacuere TokoB K3 He yduThIBaTH cIBUT MO (ha3e 3.1.C. CHHXPOHHBIX
MaIIWH, €CJIM MPOJAOHKUTENIBHOCTD K.3. He npeBbimaeT 0,5 cek.;

HE YYMTBHIBATh IONEPEYHYI0 E€MKOCTh BO3IYIIHBIX JIMHUHN 3JIEKTporepenadu
Hanpspkenuem 110-220 kB, ecnu ux mnmmHa He mnpesBbimaer 200 kM, u
HanpsbxkenueM 330-500 kB, ecnu ux anuna He nipeBbimaet 150 ku;

mpu pacdyere TokoB K3 Hambosee yaaleHHYHO OT TOYKH K.3. 4YacTh
AJIEKTPOIHEPreTUYECKON CUCTEMBI MPEACTABIATh B BHUJE OJHOIO MCTOYHHKA C
HEU3BECTHOM MO aMIUIUTYIE 3.7.C.;

npu pacyete TOkoB K3 He BBOAWTH B pacueTHYI CXeMY HCTOYHUKH DHEPIHH,
€CJI OHM CBSI3aHBI C YACTBIO AJIEKTPOIHEPTE€TUUECKOM CUCTEMBI, TJI€ HAXOAUTCS
pacueTtHas Touka K3, ¢ momo1ipto 35eKkTpornepesadl Wik BCTABKU MOCTOSHHOTO
TOKA;

pu JIFOOOM 4YHCIIE HE3aBHCHMBIX KOHTYPOB B HCXOJHOW pacdyeTHON cxeme
alepuoMYECKYI0 COCTaBsAONIYyI0 Toka K3 cumTaTh U3MEHSIONIEHCS IO
AKCIOHEHIIMAIIbHOMY 3aKOHY;

npu pacuere Toka K3 3IeKTpONpHEMHHKH, COCPEJOTOUYECHHBIE B OTIEJIbHBIX

y37axX DJIEKTPOIHEPreTUYECKOW CHCTEMbI, YUYUTHIBaTh HNPUOIMKEHHO, C
MMOMOIIBIO UX SKBUBAJICHTHLIX MApaMETPOB;
MIPU pacyeTe MepuoaUYEcKoi cocTapisronield Toka K3 He yuuThiBaTh aKTUBHBIE

COTIPOTUBIIEHUSI PA3TUYHBIX SJIEMEHTOB HMCXOJHON pacyeTHOM CXeMbl, ecliu
AKTHUBHAA COCTaBJIAOIIAA PC3YJIbTHPYIOIICTO 3KBUBAJICHTHOI'O COIPOTUBJIICHUA
pacdyeTHOW cxeMbl OTHOCUTENBbHO TOUkU K3 He mpeBbimiaeT 30% WHIYKTUBHOU
COCTABJISIFOIIEH YKAa3aHHOT'O COMPOTHUBIICHHUS;

COTIPOTHBIIEHUE IMOCTOSHHOMY TOKY JIOOOrO 3JIEMEHTa MCXOJHOW pacyeTHOMN
CXEMBbI IPUHUMATh PABHBIM €0 aKTUBHOMY COIIPOTUBIICHUIO

2. IIpocTreiimas 3j1eKTpUYECKAasl CUCTEMA M CXeMa ee 3aMelleHu sl

2.1 Onpenesienune cBepxnepexoaHbiX U nepexoanbix I/AC CHHXPOHHBIX MalIMH

JlHs pacueTa TOKa AJIEKTPOMArHUTHBIX PEXHMOB B HayallbHbII MOMEHT MEepeXOHOTO
nporiecca HeoOXo Mo 3HaTh conpotuBieHus U DJ]C renepaTtopos.

3HaueHust cootBeTcTBytomux JJIC 3aBUCAT OT Harpy3kd MallUHBI J10 MOMEHTa
BHC3AITHOTO HApPYLICHUA PCKUMA. Nx 3padenmne YI[O6HCG BCCTO ONPCACIIATH IO BBIPAKCHUAM,
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IMOJTYYCHHBIM M3 BCKTOPHBIX AHArpaMM CHHXPOHHBIX MalIWH OJid ONpCAIICCTBYIOMICTO PCKHUMA.
YIIO6HO IIPUHATH, YTO BCC 3HAUCHUA BBIPAXKCHBI B OTHOCUTCJIbHBIX CAMHUIIAX.

2.2 Onpenenenue nepexoanoii IC

W3 BekTopHOW auarpammbl cieayeT, 4to st 1ol DJIC moryT OBITH MOTy4YeHBI P
BBIPAXCHUM, JaIOIIMX IPUMEPHO OJMHAKOBbBIE 3HAYCHUS.

W3 pucyHka BUJIHO, YTO TunoTeHy3a TpeyroapHuka BCDCDpaBHa naneHunto HanpspKeHHs
B IIEPEXOJHOM COIPOTHUBIECHUU IIPH MPOTEKAHWH HArpy304HOro TOKa reHepatopa I B
HpeIIeCTBYIOImEeM pexume jIx,;. DTo IaeT BO3MOXHOCTH ompenaenuth karetsl BD u BC.

CnenoBarenbHO, paccmaTpuBas TpeyroibHUK ABD, moxHO onpenenuts uckomyrwo 3IJ1C
AD = [(AC + CB)* + BD* ,10 ccth

E'= \/(U—i-Ix'd sin)® + (Ix; cos @)”.

Puc. 1. BextopHas nuarpamMma CHHXPOHHON MalllUHbI

U3 tpeyronsuuka ADF njist runoteny3sl AD cripaBenyiiBo

AD = [AF” + (CF +CD)>
HO AD 5310 DJIC E' , nostomy

E'= x/(Ucosgz))2 +(Using + Ix})*.

N3 pucynka BUAHO, 4TO

12



E, = E'cos(6 - 9"),

rae
25 = Ix, cos.(p :

U+Ix,;sing
(25" = Ix) cos'(p ,

U+ Ix,;sing

Ha npaxtuke yanie Bcero B kauectse E ; Onu3kue K Hel BeanunHel AD |, mubo AB
’ ’ :
E,~U+Ix;sing.

Ecnu n3BecTHBI peakTHBHas M aKTHUBHAs MOIIHOCTH, TreHepupyemble CI' B HOpManbHOM
pexumMe, To pasnaras Tok Harpy3ku CI” Ha Be cocTaBsIONIIME:

I, =1Icosg;
I, =1Ising;
U YYUTHIBAs, 4TO
BD=1,x,;;BC =1,x;

HNMEECM

Ul x'
E'=[(U+1,x,) +(I,x}) :\/(U+ rXd

)2 + (Ulaxtli

2 _
U U)

_ \/(U+ Q;;, )? +(P;:i ).

P.
1go = 2xd ;
U”+0x,

PI
tgo' = 2xd ;
U”+0x,

E, :x/(UCOS(p)2 +(Usingo+de)2.

2.3 Onpenenenne ceepxnepexoanoi IC

Bripaxxenus qs onpenenenus 9J1C Haxoa4Tcst 0 BEKTOPHBIM IHarpaMmaM
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Puc. 3. BekropHas auarpaMmma ssBHOIIOJIIOCHOW MaITUHBI ¢ ieMIT(pepHBIMA 0OMOTKaMu

O4eBUIHO, YTO JUISl HESIBHOIIOIIOCHON MAIIMHEI OHH OYIyT MMETh TaKOi jke BUJI, KaK U JUIs
E,, TONBKO B HUX CIIETYET X, 3AMEHUTD HA Xy .

E;~E" :x/(U+Ix§ sin @)? + (Ix cos @)”.
1781101
E; ~U + Ix;sing.

14



CTpOFO roBsops, JIIAABHOITIOJIFOCHBIX MalllnuH C I[GMH(I)GpHBIMI/I O6MOTKaMI/I
ceepxnepexoany3J1C cnemqyer onpenenuTs Mo GopMyie

Et; =E, - jl,(x, - Xy

OpHako paccMOTpeHHE BEKTOPHBIX JUarpaMM YOEKIaeT, yTo JAJIsl MPaKTUYECKUX pacuyeToB
JUTSI SBHOTTOJTFOCHBIX MAIITH BO3MOYKHO HCITOJIB30BaTh (DOPMYJIIbI

E;~E"= x/(U+Ix§ sin @)® + (Ix) cos @)?.
WK
E; ~U+ Ix;sing.

2.4 IlapameTphbl 2JIeKTpOABUIraTE el U 00001IEHHO HATPY3KH.

B CUHXpOHHBIX JBUraTelsiX M CHHXPOHHBIX KOMIIEHCAaTOpax IIEPEeXOJHBIH IIpoLeCcC
MPOTEKAET TAK K€, KaK U B CHUHXPOHHBIX TeHepaTopax. Oriamuue cocTouT B ToM, 4yTo DJIC
JBUTaTeNled B HayaJllbHBIK MOMEHT MOTYT OTJIMYaTbcs OoJjiee 3HAYUTENBHO. Tak, y
NepeBo30YXICHHOTO CHUHXPOHHOrO ABHratens cepxmnepexonHas O/IC Belle MOABEIEHHOIO
HanpsokeHus. Pe3koe cHW)KEHME HampspkeHus y gasuratens npu K3 mpuBogur Kk pocTy
TEHEPUPYEMOT'0 UM PEaKTUBHOIO TOKA.

[Ipu pabore nBurarenst B pexxume HenoBo30yxkaeHHs ero cepxmnepexonHas J/C Hike
IIOJIBEICHHOTO B HOPMaJIbHOM pexxuMe HanpspkeHus. 1loatomy mpu K3 BO3MOKHBI pasnuyHble
ciayuast. [IpuU, > E{ npurarens OyaeT NMpoJOIDKaTh MOTPEOISATh PEaKTHBHBIM TOK U3 CETH, a

npu U, < E{aBurarens OyIeT reHepupoBaTh PEakKTUBHBII TOK.

CHGI[OBaTeJIBHO, CUHXPOHHBIC JBUTATCIIM BBOAATCA B CXEMY 3aMCIICHHUA CBOHWMU
"

napamerpamu E(;x) ,
B [IEPEBO30YKACHHOM PEKUME 10

E;~E" :x/(U+Ix"} sin @)? + (Ix) cos @)”.

B HEJI0BO30Y>KICHHOM PEKUME I10

E;~E"= J(U—Ix; sin @) + (Ix)) cos @)°.

JI1st CHHXpOHHBIX KOMITEHCATOPOB, padoTaBmmx 10 K3 ¢
1. nepeso3byscoenuem

E"=U+Ix};
2. He008030)icoeHuem

E"=U-Ix};
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ACHHXPOHHBIE IBUTATEM B HOPMAIBHOM PEXHUME pabOTaIOT ¢ MaJIbIM CKOJIbXeHueM (2—5%) u
¢ DJAC EjHmKe MOIBEICHHOrO HampspkeHws. [109ToMy B HauyaibHBIH MOMEHT IEPEXOIHOTrO
TpoIIecca MX MOXKHO PacCMaTpUBATh Kak HEIOBO3OY K/ICHHBIE CHHXPOHHBIE JIBUTATEITH.

WuaykTuBHOE compoTuBieHne X" (OAMHAKOBOE MO OcIM d W g ) ONPEAEISCTCS U3 CXEMBI

3aMeleHHs JIBUTATENs U TIPEACTaBIAeT OO0 MHIyKTUBHOE conpoTrBienne K3 rnpu 3aropMoykeHHOM
mpurarenie ( § = 100%). BeI4ucnsioT ero no mycKoOBoMY TOKY ABUTATENs

Puc. 4. BektopHas nuarpamma aCHHXPOHHOTO JIBUTATENSI.

3nauenne cepxnepexoanoir DJIC E” acHHXPOHHOTO ABHMTraTeIs OMPEACIISIOT IO €ro
BEKTOPHOM AuarpamMme MpeaecTBYONIEr0 YCTAaHOBUBILIETOCA pexuma. M3 nuarpaMmsl:

E" = AD - tpeyronsauxk AFD

E"=AD =/ AF* + FD*

HO

FB = Ix"sin ¢;

FD = Ix"cos ¢;

AF = AB — FB = U — Ix"sin ¢;,
I03TOMY

E"=AD =|AF* + FD* = /(U - Ix"sin p)* + (Ix" cos )’ ;

WU TIPUOTTNKEHHO
E" =U — Ix"sin ¢,

YeMm Ooubliie Harpy»eH aCHHXPOHHBIN JIBUTATeNb, TeM MeHbIe Oynet ero J/1C.
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Puc. 5.
3aBUCHMOCTHUITAPAMETPOBYCTAHOBUBILETOCATIPEANIECTBYIONIETOPEKMMAACUHXPOHHOT OJIBUTATEI
soTckonpkeHust: E" - ceepxnepexonnasd/IC; I - notpednsieMpiiitok; PuQ -

HOTpC6JI$ICMa$IaKTI/IBHaSII/IpeaKTI/IBHaHMOIJ_IHOCTI/I;M - MOMCHTHAaBaJIyABUT'aTCJIA.

IIpu pacueTax HayaJIbHOIO MOMEHTA MEPEXOJHOIO MPOIIECCa CYIIECTBEHHYIO POJIb UIPAOT
TOJILKO MOIIIHbIE IBUTATeNN, KOTOPHIE  YUUTHIBAIOTCS KaXAbIH B OTJEIBHOCTH.

Bce npyrue nBurarenu u Ipyrue 3JIEKTPOIPUEMHUKH YYUTBIBAKOTCSA B BUJE KOMIUIEKCHON
Harpy3ku. [Ipu 3ToM creayeTr ydyuThIBaTh BIUMSHUE KaXIOW HArpy3ku, eciii ToK B Mecte K3 oT
3TOH Harpy3ku cocTaBisieT He MeHee 5% Toka B Mecte K3, onpeneneHHoro 6e3 yuera Harpy3KH.
B obmem ciaydae Tok K3 KOMIUIEKCHON HArpy3kd CIEIyeT ONMPENelsiTh KaK T€OMETPHUYECKYIO
CYMMYTOKOB OTACJIBHBIX €€ 3JICMCHTOB.

B npubmmkeHHBIX pacuerax JOMYCKaeTCsl SKBUBAJIEHTUPOBAHNE KOMILIEKCHOM Harpy3Ku C
MMpEaACTaBJICHHUEM €€ B BU/IC SKBHUBAJICHTHOM 3I[C " SKBUBAJICHTHOT'O COITPOTHUBJICHUS.

PexoMeHnyeMble 3HAYEHUS CONPOTHBJIECHUM HJIEMEHTOB KOMIUIEKCHOM  HAarpy3ku
npuBeeHbI B TabmuIe 1.

CornpoTHUBIEHHS JIIEMEHTOB KOMIUIEKCHOM HAarpy3ku (B OTHOCUTENBHBIX €AMHUIIAX )

Tabnuna 1
[ToTpeOuTenu KOMIJIEKCHON cos@ Z,
Harpy3Ku

CHHXpOHHBIE 0,9 0,04+ 0,22
BBICOKOBOJIBTHBIE JIBUTATENN

ACUHXpOHHBIE 0,9 0,06+ 0,18
BBICOKOBOJIBTHBIE JIBUTATENN

ACHHXPOHHBIC 0,8 0,09+ 0,154
HU3KOBOJIHTHBIC JIBUTATEIH

JlaMmIbl HakaTUBaHUS 1,0 1
l"azopazpsaHble ICTOYHUKHU 0,85 0,85+ 0,53
CBeTa
[Ipeo6pazoBarenu 0,9 0,9+ 0,44
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DNEeKTPOTEPMHUUECKUE 0,9 1+ 0,49
YCTaHOBKH

OI[HaKO 60.]166 qacTo BJICKTpOHpI/IeMHI/IKI/I U MCJIIKUEC ABUTATCIIN quTBIBaIOTCH B BUIOC
0000IICHHBIX HArPY30K y3J0B SHEPTOCHCTEMBI C TUIIOBBIM COCTaBOM MOTPEOUTENEH M THIOBOU
CXEMOW IMUTAIOIIEN CETH.

1 2 3 4

Puc. 6. BextopHas nuarpamMma npocTeren 3JeKTpUIeCKOMN LETH.

B mpaktruecknx pacderax o0oOmieHHas Harpy3ka B HadajabHbIE MOMeHT K3 yuuThiBaeTcs
NpUOJIMKEHHBIMU TTapaMeTpaMu
e =0.85;x . =0.35.
BBIPQKEHHBIMU B OTHOCUTENBHBIX €IUHUIAX TP HOMUHAIBHON MOIIIHOCTH HAarpy3KU U CpeHEM
HOMUHAJILHOM HaNpsHKEHUEM TOW CTENEHU, K KOTOPOU OHAa IMPUCOEIMHEHA.
Ponb acMHXpOHHBIX ABUTaTeIed U HArpy30K B HauaJbHBIH MOMEHT MEPEXO0JHOTrO Mpoliecca
3aBHUCHUT OT 3HAYCHUSA OCTATOYHOI'O HAIIPAKCHUA B MECTC UX NPUCOCANHCHUA U YIAJICHHOCTU OT

18




touku K3. B cnyuasx, korga 3/1C nBurarens uiau 00001MeHHONW HArpy3KH OOJIbIIIe OCTATOYHOTO
HANpsDKEHUs, OHM OYAYT SBIATHCA JOMOJHUTENbHbIMH HcTOouHMKamMu K3. Yem Ommke
PacTONIOKEHBI IBUTATENN WIIH JpyTas Harpy3ka K Mecty K3, TeM OONbIIyIo T0JII0 COCTABIISIET UX
TOK B 00meM Toke B MecTe K3. [ToaToMy mpu pacderax CBEPXIIEPEXOJIHOTO TOKA YUUTHIBAIOTCS
TOJIbKO T€ HArpy3KH U, OTACJIbHBIE JABUTATEII, KOTOPbIE HEMOCPEICTBEHHO CBS3aHbI C MECTOM
K3 nnupacnonoskeHsl Ha HEOOIBIION IEKTPUUIECKON yIaaeHHOCTH oT MecTa K3.

3. IlocTpoeHue cxeM 3aMelIeHHSI.

3.1 lIpumeHeHne cOOCTBEHHBIXH B3aMMHBIX IPOBOAMMOCTEM

Bcesikast anekTposHepreTuieckasi CHCTeMa MOXKET ObITh MPEJICTaBICHA KaK 71 -TIOJIOCHUK,
CcoAEepKalllMil JIMHEHHYIO MTACCUBHYIO JIEKTPUUYECKYIO CXEMY, Y KOTOpPOM B Toukax j =1,...,n 3a

CONPOTHBIICHUSMH Z ; TIOJKIIIOYCHBI 3JICKTPOABIKYIIE CUIIbl E (3. 1. C), IPEACTABIISIONINE
ANEKTPUUECKUE MAIIUHBI 1,...,71 .

Bwmecto kakoro-mubo reHeparopa B CXeMy MOKET OBbITh BBeJIeHA Harpys3ka. Toraa ero . 1.
C. CTAHEeT PaBHOW HYJIIO, @ CONPOTUBIIEHHE WM OyleT MOCTOAHHBIM (Z,, = const), WIu OyneT

byHKIKEH pexXrUMa CUCTEMBI [Z 5= gp(U o )] . B aTOM Cci1ydae cxeMa CTaHOBUTCS HEJIMHEHHOM.

Toku, a cieqoBaTeNIbHO, H MOIIHOCTH B JIFOOOW BETBU CXEMBI MOTYT OBITh OIPEEIICHBI Yepe3
MaTpHIly MPOBOJAUMOCTEH 7 -motocHuka Y (puc. 1).

Bpowarouiuecs MaccubBrele
MQUUHG! fHaccubuan cems  Haepyany
N 1
< 1
O o S
S 2 Uy ‘A:.:'l, I
E DO T
3 ' f _*t r IUK
Q- T - VS b, cconst—e
Z,- 0 7/ *"‘- k=C0NS
~ Urp o)

¥
aHHDLIC
[ |
x
)
=
o
: 5
_E:
2
\
/
/7

Puc. 1. Ucxonnas pacueTHas cxema 3JIeKTPOIHEPIeTHIECKON CUCTEMBI.

Tok co cTopoHBI reHepaTopa OyzaeT onpeaensaTbes cootHomenneM [/ =Y - E. Ecnu 3. 1. c.
EB n1aHHOM cXxeMe H3BECTHBI, TO Ui OMNpEICIEHHUs TOKOB M MOIIHOCTEH HAA0 HAWTH
nposoaumMoct Y. Matpuna Y umeer quaroHaibHblC Y, ¥ HEAMAaroHalbHBIC Y, SIEMEHTHL
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HssectHo, uto Y =y, ALy, =g -+ jb  sABIdeTCA COOCMBEHHOU NpoGOOUMOCmbIO, T. €.

nn

KOMNIIeKCHOU genuyunoll (B 00IIEM citydae), onpedensioujeii MoOyib U ¢azy moka 8 KaKou-moo
6eMBUN CXeMbl OM 0eUCmeus 3.0.C, NPUIOHCEHHOU MOl 8emeu npu Omcymcmeuu 3.71.C. BO
BCEX OCTaJIbHBIX BETBAX. Benuuuna Y, =y Ly, ABIAETCS 63aUMHOU NPOBOOUMOCTbIO MEKILY

y31aMud 7 W k. DTO KOMIUIEKCHAsl BEIMYUHA, ONpeoensouas Mooyiv u (asy moka 6 Kakoll-
aU60 6emeu n om Oetcmeaust 3. 0. ¢, NPULONCEHHOU 8 Opy2oll emsu k , npu omcymcmeuu 3.0 C.
80 8cex ocmanvhblx gemssix. JIFDOYIO U3 TUX TIPOBOJUMOCTEH MOYKHO TIPEACTaBUTh KaK
_ . - Fj(00-a) . g
Y=g jb=ye =y ) =g jyee,
rne  y=arcng(b/g);a=90"—yY =F jye’* = y(sina ¥ jeosa)=y(r/zF jx/z); 3nmech
BEPXHUH 3HAK OTBEYAET UHAYKTUBHOU ITPOBOJAUMOCTH, @ HUIKHUN — €MKOCTHOMN
' J

J Zon Zom Pom -____an-
&, Snm
Zn -0%nm| -
; X
4.1 o
nn cpnm
Fon + - . Fom +

Puc. 2. CtpykTypa COOCTBEHHBIX Z, ¥ B3aUMHBIX Z,

, COIIPOTHUBJICHUM

[Tpu onpeneneHnn B3aMMHON MPOBOAMMOCTH YaCTO MONYYarOT OTpHUILIATEIbHbIE 3HAYCHUS
€€ BEIIECTBEHHOW COCTaBJSAIONIEH, T.€. —g, U COOTBETCTBEHHO IJIAyIJia o = arctg( g/ b). 210

MOJKET BBI3BaTh HEJAOYMEHME, TaK KaK y KaKoro-iu0o peajbHOro 3JI€MEHTa OTpHUIlaTeNbHas
COCTaBJISAIONIAs] IPOBOJUMOCTH MOXET OBITh TOJIBKO B aKTMBHOH cxeme (NMpH HaJU4MUU B 3TOM
3JIeMEHTe UCTOYHMKA dHeprur). OIHaKO B3auMHasi MPOBOJUMOCTh XapaKTEepU3yeT He peabHbIN
AJIEMEHT, a  TIPEACTaBISIET coboi HEKOTOPBIN KOMIUTCKCHBIH koa(urment
IPONOPLHOHATIBHOCTH MEKIY TOKOM B OJHOW BETBM CXEMbI U HAIIPSHDKEHMEM B JAPYroil BETBU.
[ToaToMy OHa MOXET MMETh OTPUIATENIbHYIO BEIIECTBEHHYIO COCTABIISIONIYIO M B MACCHUBHBIX
cxeMax. Y COOCTBEHHBIX MpoBoxumocTteil Y, .Y, , ONpenenseMblX Kak OTHOIIEHHUS TOKa K

nn " kk
HANPSDKEHUI0O B JIAHHOM TOYKE CXEMbl, AaKTHUBHBIE COCTaBJISIONINE HE MOTYT OBITh
OTPULIATENILHBIMH, €CITU OTIENIbHBI BETBU CXEMbl HE COJEpXKaT OTPHUIATEIbHBIX AKTHBHBIX
CONPOTHUBIICHUH, T. €. HEKOTOPbIX UCTOYHUKOB MOIIHOCTH, HAJIMYUE KOTOPHIX B JAHHOM CIlly4yae
U3 paccMOTpeHHs uckimodaercs. Takum oOpasom, yriel @, M, COOCTBEHHBIX

nn

HpOBOI[I/IMOCTCI\/'I M UX BCHICCTBCHHBIC COCTABJIAIOINMNE BCCTAa ITOJIOXHUTCIbHBI, YIOJI &, MOXECT

OBITh KaK MOJIOKHUTENbHBIM, TaK U OTPUILIATEIbHBIM.

Bennuunsl, oOpaTHble COOCTBEHHBIM MPOBOIMMOCTSIM, HA3bIBAIOTCA COOCMEEHHbIMU
conpomugnenusmMy, a BEIWYUHBbI, OOpaTHbIE B3aUMHBIM TMPOBOJUMOCTSIM, — B3AUMHbBIMU
CONPOMUBTICHUAMU.

s Toro 4toObl HAMTH AaKTUBHBIE M PEAKTHBHBIE MOIIHOCTH, TOKM W HANpSOKEHUS B
TF000M DJIEMEHTE CHCTEMBl IPH YCTAHOBHBILEMCS PEXHME WIM OYEeHb MEIJICHHOM €ro
W3MEHEHUW TIPUMEHSIOT W3BECTHBIM Croco0 HamoxeHus (cymepriosunuu). [ 3toro
HEOO0X0MMO, 4YTOOBI BCE CHHXPOHHBIE MAIIUHBI, OBUIM MPEICTABICHBI HEKOTOPBIMU
MOCTOSTHHBIMU COTIPOTHUBIICHUSIMU C MPHJIOKEHHBIMU 32 HUMHU 3.]1.C, & aCHHXPOHHBIE JIBUTaTeNN
Harpy3ku — IacCUBHBIMHU dJIeMeHTaMu. PaccmaTpuBaemas cucteMa Ipu 3TOM JOJDKHA ObITh WM
JUHEHHON, WM TIOCPEICTBOM KaKHUX-IMOO MpeoOpa3oBaHUN M3 HeEe JOJDKHBI OBITh BbIEIEHBI
nuHerHble yacTh. Ilocne mpeoOpa3oBaHuil cxema CHCTEMBI MOXET OBITh IOJIOKEHA B OCHOBY
pacueToB YCTAHOBUBIIMXCA WM KBAa3UIEPEXOJHBIX pEKUMOB. OHa CTaHOBUTCS cxemou

3amewjenus, OOBENUHSAIONIEH TeHepaTopbl (MCTOYHMKM HANpsOKeHHUs B BHIE 3. O. €. E H
COIIPOTHUBIIEHUS Z, ), HATPY3KH U DIIEMEHTHI CETH (CM. puC. 1).
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DNeKTpUYecKass CeThb MpEJCTaBlI€HAa B CXEME 3aMEUICHUs JMHEHHOM MacCHUBHOM
JNEKTPUYECKON IeNblo, PEXHM KOTOPOH MOXKET OBITh OINKCaH Y3JIOBBIMH YpaBHEHHSIMH,
CBSI3BIBAIOIIMMH HANPSKEHUS B Y3JIOBBIX TOUKAX 3TOM CETH C TOKAMH I'€HEPAaTOPOB M HATPY3O0K.
Jlist cetu, copepxaiieit 7 y3IoB, 3TU ypaBHEHUSI B MAaTPUUHOU (DOpMe 3amuicu UMEIOT BUJT

Yll _le _Yln U1 11
_YZl YZZ _YZn % U2 — [2 ’(1)
Y, Y, - Y, ] |0, |,

TJIe 3a MOJIOKUTETHFHOE MIPUHSATO HAPABICHUE TOKA B CETh.

DneMeHThl MaTPULBl Y3JIOBBIX IMPOBOJUMOCTEN CETH Y, JIETKO OMpPEAEISIOTCSA MO CXEMe
3aMEIICHHS CETH:

— IWaroHaJbHBIA JIEMEHT Yl.l.,(i = 1,2,...,n) , Ha3bIBAEMBII COOCMBEHHOU NPOBOOUMOCTIbIO
y371a i, paBeH CyMMe IPOBOJAUMOCTEH BETBEH CETH, CBI3aHHBIX C Y3JIOM i ;

—  HEIWaroHaJIbHBIN DJIEMCHT Zj,(i ,J = 1,2,...,n) , Ha3bIBACMBIA  83AUMHOU
npPOBOOUMOCMbIO Y3JI0B | U j , paBEH MPOBOJIMMOCTH BETBH, COSIUHSIONICH ITH y3JIbI.

PaccMoTpuM JIMHEHHYIO CXEeMY 3aMENIEHUs SJIEKTPUYECKUI CUCTEMBI MPH MPEICTABICHUN
Harpy30K IMOCTOSHHBIMU CONPOTUBIIEHUSIMU Z,, = const . Ilonaras, 4To K NepBbIM 7 y3J1aM CEeTH
(i =1,...,m < n) TOAKIIOYCHBI TEHEPATOPHI, & K OCTAIBHBIM y31aM (j =m +1,...,n) — Harpysku,
3aMMIIeM YpaBHEHHUS Harpy30K C yU4ETOM MOJIOKHUTEIbHBIX HAMPaBJICHUH TOKOB coryiacHo (1):

[, =-(1/Z2,)U, ==Y, U, j=m+1,..n (2)

O6benunuB (1) u (2), momydum

v, - Y, Yy Y, F U, [ I, ]
Ton 7 Yo | oy T | U || 3
Yoy ooy | Yoy Y | Ut || otV
i -7, -Y, —Yn(mﬂ) Y | L Un 1| _YnnUn |
NIn
i Y, _Yl(m) 1(m+1) _Yl(n) N U1 1 _11_
Yo RO o) Y || L @
oy ey Yooy Py Vg | U | | O
| on ~Hap(m RO Yoy o | L v, ] o]

[IpuBenenue ypaBHeHW (2) kK BuUAy (4) COOTBETCTBYET BBEICHUIO TOCTOSHHBIX
COMPOTUBIICHUH HArpPy30K B CXEMY 3aMEIICHHsI CETH. DTO MPUBEIO K U3MEHEHHUIO COOCTBEHHBIX

MPOBOJAMMOCTEN HArpy304YHBIX Y3JI0B ij,( j=m +1,...,n) U HCKIIIOYEHUIO TOKOB HAarpy30K Kak

BHEIIHUX MEPEMEHHBIX CeTH. B cOOTBETCTBUU C yKa3aHHBIM paszjaeneHueM (4) Ha OIOKH, 3TH
YpaBHEHUSI MOXHO 3alIMCaTh B MATPUYHOM BUJIE:
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b T Ol e )
YHF YHH UH 0
[lopsnok cucremsl ypaBHeHHH (5) paBeH 7, HO €ro MOKHO IOHM3UTh A0 m<n,
UCKJTIIOYMB M3 COCTaBa MEPEMEHHBIX HampsbKeHUs Harpy3ok. Croco® MOHMKEHHUs MOpsIKa
HMCIIONB3YeTCS B TOM Clydae, KOTJa B 3a/ady pacdera pexuMa He BXOAMT ompesesieHue U -
Packpoewm (5):
Yo Up + YUy =1 (53)
Y Up + YUy, =0(56)
N3 (56) monyuum
i 0 )
Uy = _(YHH) Yy Ur.
[ToncraBuB nociennee BeIpakeHue B (5a), MOTyduM
_1 . .
(Yrr - YFH (YHH) YHF)UF = ]r;
WIH
YU, =1 (6)
rjae
-1
Y. :YFF_YFH(YHH) Y,

HI *

DNEeMEeHTBl MaTpUIlbl TPOBOAUMOCTEH B (6) B ommmuue OT (2) TpeOyrT Juisi CBOETO
OTpeieNIeHUs CIOKHBIX BBIYMCIEHUH, H TOJIBKO TUArOHAIbHBIE AJIEMEHTHI 3TOM MAaTPHUIIBI UMEIOT
SCHYI0 (PU3MYECKYIO TPAKTOBKY. JIeHCTBUTEIHHO, PACCMOTPUM IPOM3BOJBHOE (i -€) ypaBHECHHE
cucteMsl (6):

Ur Ur(m)

_YCilUFl ==Y

Ci(i-1)

+ YCiiUFi -¥

Ci(i+1)

(i-1) T YCimUFm = jl"i' (7)

Cobcmeennas npogooumocms y3na Y., MOXKET ObITh OIpeJie/ieHa KaK OTHOLIEHHE TOKa K
HANpPsKEHUIO y37a IIMPH PAaBEHCTBE HYIIO HANPSKEHUI BCEX OCTAIbHBIX Y3J0B (T. €. NpH
3aMBIKAHUM 3THX Y3JI0B HAKOPOTKO), MHBIMH CIOBaMH, Y., — BXOJHAas MPOBOIHMOCTb CXEMBI

OTHOCHTEJIBHO y371a I. Tak Kak B pacCMaTpUBAEMOU MACCUBHOM LIENIN AKTUBHBIE CONPOTUBIICHUS
BETBEH MOJOKUTEIBHBI, TO M aKTUBHAs cocTaBisitomas Y, OyAeT MONOXKUTEIbHA, a 3HAaK

PEaKTUBHOM COCTaBISIONICH OyAeT OmpeneisiThCsl COOTHOLIEHNEM MHAYKTUBHBIX U €MKOCTHBIX
COIIPOTUBJICHUI BETBEM CXEMBI.

Bzaumnas npogooumocms y310B YCij,( j;ti) MOKET OBITh OTpejelieHa KaK B3ATOE C

0oOpaTHBIM 3HAKOM OTHOILIEHHE TOKA B y3JI€ [ K HANpsHKEHHUIO B y3Ji€ j INPU PABEHCTBE HYIIO

HANpsOKEHUN BCEX OCTAIBHBIX Y3JI0B, T. €. SBIseTCS KOA((UUHUEHTOM MPONOPIHOHAIBHOCTH
MEXIYy TOKOM B OJHOM Y3JIe¢ CXEMbl M HANpsHKEHUEM B JPYyroM M (DU3MUECKOro aHaora, B
OTIIMYME OT COOCTBEHHOW MPOBOJUMOCTH, HE HMeeT. B CBs3M ¢ 3THUM 3HAaK aKTUBHOMN
COCTaBJIAIOLIECH B3aMMHOW IMPOBOJMMOCTH MOYKET OKa3aTbCs OTPUUATEIBHBIM JUISl MACCUBHOM
CXEMBbI, aKTUBHBIE COIPOTUBJIEHUS BETBEN KOTOPOM MOJOKUTEIbHBI.

Jns nUHEWHOW cXeMbl 3aMEUICHUs] DJIEKTPUYECKOW LIENU W MPEACTABIEHUS HArpy30K
MOCTOSIHHBIMHM CONIPOTUBIIEHUSMH CXEMa 3aMEILIEHUS AIEKTPUYECKON CUCTEMBI C yUETOM 3. JI. C.
U CONIPOTHUBIICHUH T€HEPATOPOB TaKKE OyIeT JTMHEHHON. YpaBHEHUs Y3JIOBBIX HANPSHKEHUN IS
INEKTPUYECKOMN CHUCTEMBI MOKHO TIOJTYYUTh, JOTOJIHUB (6) YypaBHEHUSAMHU

E,-U.=Z1;i=1,.m

it ri?

WM B MAaTPUYHOHN Popme

E.-U.=Z.1 (8)
rae EF,(']F,].F — BEKTOpBI 3. J. C, HANPSDKCHUI M TOKOB T'€HEpPaTOpoB; Z. — JAUAroHajbHas
MaTpHUIla COMPOTUBIICHUN TEHEPATOPOB.
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O6o03naunB Z;.' =Y., 3anuimem (8) B BUjIe
YI"EF - Y}Ur = jr- 9
[ToncTaBus ir u3 (9) B (6), momyunm
~YE + (Y. +Y.)U. =0.(10)
O6benunuB (9) u (10) B MaTpu4yHOE ypaBHEHUE, 3alIULIEM CHUCTEMY Y3JIOBBIX YpaBHEHUM

AJICKTPUIECKON CUCTEMBI B CJICTYIOIIEM BUJIE:

Yr _Yr Er I

Sl= Tt an
=Y. Y. +Y. | |U, 0
[Topsimok cucremsl ypaBHeHuil (11) paBeH yABOEHHOMY YHCIy T€HEpaTOpoOB, T. €. 2m.

Ecnu B 3amauy pacyera pe;xuma He BXOAMT onpeaeneHue U, To nopsanok (11) MokHO MOHU3HUTH

J0 m aHAJIOTUYHO TOMY, KakK 3TO Jenanocs npu nonydenuu (6). Mckmoum U, u3 (11),

MOJIyYMM CUCTEMY YPaBHEHHUU MOpSAKA M :
Y,k =1, (12)
rae
-1
Y, =Y. —YF(YC+YF) Y.

Takum o00pa3oM mpeAcCTaBI€HUE TEHEPaTOpOB U HArpy30K B CXEME 3aMeleHHS
AIIEKTPUYECKOW CUCTEMBI B BHUJE IEMEHTOB 3JIEKTPUUECKOM ILIENH, COJAEPKAIMX IOCTOSHHbBIE
CONPOTHUBIICHUS, TO3BOJIAET TOHMKATh MOPSAJOK CHCTEMBI Y3JOBBIX YPABHEHUN IyTEM
VCKJIIOYEHMSI TACCUBHBIX Y3JI0B.

CoOcTBeHHbIE W B3aWMHbBIE TMPOBOJUMOCTH, T. €. DOJEMEHTHl MAaTpPULbl Y3JIOBBIX
IIPOBOJAMMOCTEHN JIMHEWHOHN 3JIEKTPUYECKON LIENH, ONPEACISIOTCS Yepe3 MPOBOAUMOCTH BETBEU
LENH, €CIM Y3JI0BbIE YpaBHEHUs 3alHCaHbl 7S BCeX Y3JIOB (OMpEeIeTIeHUE HJIEMEHTOB MAaTPHIIbI
Y. B (1)). IIpu pacuere 3TUX NPOBOAMMOCTEHN CYLIECTBEHHBIE TPYIHOCTH BO3ZHHUKAIOT, €CIH W3

yKa3aHHOM TIOJIHOM CHCTEMbI Y3JIOBBIX YpaBHEHHH HEOOXOIUMO HCKIIOYUTH YpPaBHEHHS
[IACCUBHBIX Y3JIOB, T. €. Y3JIOB, K KOTOPBIM HE IOAKIIOYEHbI HCTOYHUKH TOKA UJIH 3. .. C.

3.2 PacyeTt cOOCTBEHHBIX M B3AUMHBIX IPOBOAMMOCTE U CONPOTUBJICHU I

Jns  nuHEWHOW CXeMbl pacueT COOCTBEHHBIX U B3aUMHBIX IPOBOAMMOCTEH U
COTPOTUBIICHUH MOXKET ObITh MPOU3BEACH YETHIPHMSI CIIOCOOAMHU.

1. Cnocob Hanoxcenus. Cucrema MOXKET OBITH B 3TOM ClIydae IpeJICTaBJI€HA CXEMOil,
MoKa3aHHOW Ha puc. 2.4, a. 3amMeHAeM pacCMOTPEHHE OSTOW CXEMbl MOCIEI0BATEIbHBIM
paccMOTpEeHHEM IMOACXEeM, MOKa3aHHBIX Ha pUC. 2.4, 0, B. DTUX MOJCXEM JOHKHO OBITh CTOJIBKO,
CKOJIBKO B cxeMe (puc. 2.4, a) uMeeTcst BETBEH, coiepKaIiux 3. 1. ¢. Tok B 1r000ii BEeTBU OyIeT

jl 2111_112_j13_"']1n_ Ly

rae /,,— coOcTBeHHbl TOK; 1,,,1;,1

1n’j1k - B3aUMHBIC TOKH.

[on cobcmeennvim mokom MOHUMAETCS COCTABIISAIONIAsl TOKa B 1000 BETBH, BbI3BAaHHAS
JEWCTBHUEM 3. JI. C, IPWIOKECHHOW B JAHHOW BETBH IPU OTCYTCTBUHU (PAaBEHCTBE HYIIO) 9. 1. C. B
npyrux BeTBsxX. [loa e3aumusiv mokom MOHUMAETCS COCTABISIONIAS TOKA B KaKOW-THOO BETBH,
BbI3BaHHAs JIEHCTBUEM 3. J. C. B JPYrOd BETBH MPU PABEHCTBE HYIIIO 3. . C. BO BCEX OCTAJIbHBIX

BCTBiAX.
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Puc. 3. Cxema ompezeneHUsi COOCTBEHHBIX M B3aWMHBIX COTPOTHBIICHUN CIIOCOOOM HAIOXKECHHUS: @ —
MCXO/HBIIl PEXKHUM PAaCYETHOI CXEMBI; § — I0JCXeMa NP JEHCTBHH 9. 1. ¢. [} ; 6 — mojcxema npu IefcTBHM 3. 1.
c. E,.

O4eBUIHO, YTO

I}’ll’l = EnYnn;Inm = Em)]nm;
rae Y — coOcTBeHHas IpPOBOJMMOCTb, paBHas [, /E, ; Y =~ — B3auMHas IIPOBOAUMOCTD,

pasHas I /E, .

2. Cnocob npeobpazosanus. COOCTBEHHbIE W B3aUMHBIC MPOBOJUMOCTH JJsi JHOOOU
CXEMBbl MOTYT HaxoIuTbcsa IyTeM npeoOpa3oBanus. Ilpu sTom mrobas cxema NpUBOIUTCA K
BUIY CXEMbl, TMOKa3aHHOM Ha puc. 4. Mcxons u3 mpeoOpa3oBaHHOM CXEMBbI, JIETKO HaWTH
B3aUMHble M cOOCTBeHHBle  mpoBomumoctu: Y, =1/Z.,;Y.=1/Z.; wmn T. n#;

Y =1/72,+1/72,+1/Z ,+---+1/Z nrt. A

Puc. 4. Cxema onpeneneHusi COOCTBEHHBIX U B3aMMHBIX IIPOBOAMMOCTEH HITM COMPOTUBIICHUH CITIOCOOOM
mpeoOpa3oBaHuUs.

3. Cnocob eounuunvix mokog. Jlns onpenenenus Y, , T. €. COOCTBEHHOH MPOBOIUMOCTHU
KaKoW-Tn00 BETBM, HAYMHAIOMICHWCS TOYKONW Kk, W €€ B3aMMHOW MPOBOJUMOCTH C TOUYKOU
n,(n = 1,2,3,...) MOCTYIAIOT clieayronuM oopasoM. [IpenmonararmT, uTo K BeTBU k (cM. puc. 3,

a) IPUJIOKEHA HEeKas pacyeTHas 3. . ¢. AE, , 3HaYeHus U (a3a KOTOPOH NPUHATHI TAKUMH, YTO B
BETBU N OT JEHCTBHUS TOJBKO 3TOM 3. A. C. (IIpY PaBHBIX HYJIO 3. J. C. BO BCEX OCTAJIBHBIX
BETBSX) NPOTEeKaeT TOK /,, =1. 3Has TOK B BETBU 71, HAXOAMM, YTO NaJICHUE HANPSLKEHUs B HEH

AU, =1,7Z =1-7Z . O4eBUIHO, YTO HANpPSHDKEHUE, MPUIOKEHHOE B TOYKE NPUCOCAMHEHUS

conporuBiienuss Z , paBHo AU, . IIpousBoas pnajiee TOKOpacHpenelICHUE, HaXOAWM TOKH U
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HaNpsOKEHUs BO BCEX BETBAX M B KOHEUHOM cueTe TOK [, u 5. a. ¢. AE, . IIpu 3TOM B3auMHas

nposoaumocts Y, =1/AE, , a cobcTBeHHas mpoBoguMocTs Y, =1, /AE,

4. Cnocob mampuunozo onpeoenenus cOOCMBEHHbIX U 83AUMHBIX Nposooumocmeti. B aTom
cIydyac Jid OIpCACIICHUA COGCTBGHHBIX B B3aUMHBIX HpOBOILI/IMOCTef/'I COCTaBJIAKOTCA
CIelMagbHbIE TPOTpaMMbl W BBIUMCICHHUS OOBIMHO mpoBoasTcs Ha [IBM. HWuorma
PEKOMEHIyeTCsl COOCTBEHHYIO MPOBOJMMOCTD KaKOTO-TMOO y3/1a k (TOYKH) CIOKHOH CXEMBI
ONnpeaACIsITb ACJICHUCM OIIPCACIIUTCIIA M MaTpulbl Y3JIOBBIX HpOBOI[I/IMOCTeﬁ (HOJII/IHOMa
IPOBOJMMOCTEN BETBEH JIEPEBbEB) HA MOIMHOM M ,, IPOBOAMMOCTEN ABYX COOTBETCTBYIOIINX

nepeBbeB (i y3710B & u 0) unmn
Y=Yy =M/M,,.
BzanMHas IpoBOJMMOCTE MEXKY Y3/IaMH 71,k OyAeT BEIpa)KaThCs KaK
Y, = M/l:Mnk,Om —M,, 0, |5
rae 1 onpenenenus M, v M,  HE0OXOJUMO BBIABUTH IIyTH MEXAY y3namMu kn u Om , a

3areM Mexay y3namu km u On, tae k,n,m — HOMEpa y3JIOB.

CrrocoOnl MAaTpUYIHOIO ONpPCACIICHUA OIlpaBAaHbl TOJBKO IIPU CIIOXKHBIX CXEMax. C
MOMOIIBI0O KOMITBIOTEpPAa TAaKHE pacyeThl 0e3 OCOOBIX 3aTPyAHEHHWH TIO3BOJSIOT HAXOIWTh
OPOBOIUMOCTH Aisi ceteid, umetonmx 10 3000 y3noB u Gonee. OpHaKo MpH MPOBEIECHUH
pacyeToB Ha KOMIIBIOTEpE OOBIYHO HET HAJAOOHOCTH OTAEIBHO BBIYHCIATH COOCTBEHHBIE M
B3aUMHBIC TIPOBOAMMOCTHU, C TEM YTOOBI JaJIeC HaXOOUThb PCKUM, OIMPCACIIAA TOKHU, IMOTOKH
MOIIIHOCTEH, HANpsDKEHHUS B y371ax M T. 1. Bce 9Tm omepanum (WM Ta 4acTh W3 HUX, KOTOpas
HeO6XOI[I/IMa AJIs1 KOHKPCTHBIX uenef/i I/ICCHCILOBaHI/I}I) COBMCIIACTCA B OI[HOI>'I nmporpamMmme HUJinu
nporpaMme ¢ MoANporpaMMaMH.

3.3 OnpenesieHue yriioBbIX XapaKTEePUCTUK MOIIIHOCTH Yepe3 COOCTBEHHbIE U B3aUMHbIE
CONPOTHBJICHUSA

Ecnu u3BecTHa MaTpuila y3JI0BBIX COMPOTHUBIIEHUWH WJIM MPOBOAMMOCTEH, TO ISl TOKa B
MeCTe KOPOTKOTO 3aMbIKaHHSI B COOTBETCTBUU C MPUHIIMIIOM HAJIOKECHUS

n E n
Iy :Zth:le/iKEi’

K i=
rne E,,...,E, -os.1.c.renepatopos, Z;;,Y;x - B3aUMHBIE CONPOTHBICHHUS WM TPOBOJANMOCTH
MEXy UCTOUHUKOM 3.]1.C. U TOYKOH KOPOTKOI'O 3aMbIKaHUSI.
Cxemy 3amerieHust 06e3 3.1.C. MOXHO paccMaTpHUBaTh KaK MHOTOIIOJIOCHHUK, KOTOPBIi
MOYET OBITh OXapaKTePU30BaH MIPHU MOMOILU MATPHIIBI Y3JIOBBIX IPOBOAMMOCTEN
AR ¢

n

Y =
Y, .. Y

n nn
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FHROMDGHAE

5
e OJOYO
S

e

o

IIpu >TOM COOCTBEHHBIE NPOBOJUMOCTH Y; TpencTaBisioT co00H KOMIUIEKCHYIO

BEJIMUMHY, ONpejeNsdomue Moayns u ¢asy Toka I; B BeTBM i OT geictBui d.4.c. E;,
MIPWIOKEHHOM K 3TOM K€ BETBH , IIPU YCIOBUU PAaBEHCTBA HYJIO BCEX OCTAJIBHBIX 3.11.C.
I; =Y;E;;
a B3aMMHBIC IPOBOMMOCTH ¥; IIPEACTABIISIOT COOON KOMIUIEKCHYIO BEIMYNHY, ONPEACIISAIOINC
Moayib U a3y Toka I; B BeTBU i OT jeifctBus 3.40.c. E;, IPUIOKEHHOW K BETBU j, NpH
YCIIOBHM PAaBEHCTBA HYJIIO BCEX OCTAJIbHBIX 3.11.C.:
I, =Y;E,;.
Torna Tox B BeTBH kK MOXXHO ONIPENETUTH 1O GopMyIie
I, =E Yy _zYkiEi'

izk
Ecnu yuects, 4To B 001eM ciydae 3.1.c. E; sABiIseTcs KOMIUIEKCHON BEIUYHHOMN, TO €CTh
— 6ij
E; =|E e,

a Yij - €CTh TOXKE KOMILICKCHAA BEJIWMYNHA, ITPEACTAaBUMAA B BUAC

Y; =gy~ jby =—jyze’";

8
Q; = arctg(b—f);yij = Jgé +b,§.

ij
Torma BepakeHHUE 7151 TOKA MOXKET OBITh TIEPEMUCaHO B BUJIE
_ _ _ JOk 2 Joux Joi Joui
I, =E.Y, ZYkiEi = ‘Ek‘e IV e +Z‘Ei‘e e -
izk izk
[Ipu pacyerax »dIEKTPOIHEPTETUUECKUX CHUCTEM OYECHb YacTO B KAaYeCTBE CHUCTEMBI
KOOpJMHAT BBIOMPAIOT MNPSIMOYTOJbHYIO CHCTEMY, Y KOTOpPOHM OJHa OChb ¢, COBHIAJaeT IO
HanpasieHuio ¢ Hanpsokenuem E, , a npyras oce d, orcraer or E, Ha 90° , npuueM k
BBIOMPAIOT U3 KaKUX-JIMOO COOOpaKEHU WU TIPOU3BOJIBHO. B 3TO# crcTeme KoopauHaT
_ ,J% — 3 — Jok Joux Jo; Joui
I, =e"™* (L — jly) = ‘Ek‘e JYixe +Z‘Ei‘e "€ -
i#k
Ecnu nopenuts 06e yacti ypaBHeHus Ha e’ %  a3atem YMHOXHTH HX Ha j, TO
. _ Jour _ J(Si+ay;i=5;)
g + 1y _‘Ek‘ykke Z‘Ei‘ykie RO
izk
VYuutsiBas popmyiy Ditnepa
e’? =cosp+ jsing,
noJjiy4yaeM
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H oy + 1y = ‘Ek‘ykk COS & gy +j‘Ek‘ykk sin oy, _Z‘Ei‘yki cos(0; +ay; —6;) -

izk
— D E; |y sin(S; + ay; —5,).

i+k

[TpupaBHUBas AeCTBUTEIbHBIE 1 MHUMBIE YaCTH W YYMTHIBAs YE€THOCTH (DYHKIIMU KOCHHYC U
HEYETHOCTh (PYHKIIMU CUHYC, HAXOHM:

1, = ‘Ek‘ykk COS &y _Z‘Ei‘yki cos(0y = 6; =y );
ik
I, = ‘Ek‘ykk SIN &gy +Z‘Ei‘yki sin(oy —0; — ).

ik

O6o3Hauas yepe3 J;; =6, —6; - yron mexnay s.4.c. E, u E; , monmy4aem

1, = ‘Ek‘ykk COS gy _Z‘Ei‘yki cos(Oy; — Ay );
izk
I, = ‘Ek‘ykk sin +Z‘Ei‘yki SIn(Sy; — ;i )-

ik

KomriekcHass MOIIHOCTH (IONHAs MOLIHOCTB), IPOTEKAIOIIas 4epe3 TOUKy Kk CXeMBI
3aMEIIEHHs , ONPEENIIETCS KaK
Sy=E 0, =E Ly +jly)=E 1, +JE 1, =P+ jO,,

rae P,,0, - akTHBHAas M peaKTUBHAs MOIIHOCTb COOTBETCTBEHHO. [loaTOMY

0, = ‘Ek‘zykk COS Oy, _Z‘EkHEi‘yki CoS(Oy — Ay );

i+k

P = ‘Ek‘z.ka sinay + )| E| E;|yi sin(Sy; — ).

i#k
Hanpumep aiist npocreitiieit cxeMbl
A0 A
— —_—

i

. r
<

[IOYTOMY
2 2
. EU . EU
P =—sina+—sin(d—a);0, = —cosa———cos(d —a);
2z 2z z z
2 2
) EU . EU
P,=——sina+—sin(d+a);0, =———cosa+——cos(d + a);
z 2z b4 2z

Ecmm E =1,U =0.95;Z =0.05+ 0.2, To

72=1/0.05% +0.2? =0.206; & = arcsin(0.05/0.206) = 14°;
IIODTOMY
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) = sin14¢ + 22 sin(6 —14%) =1.174 + 4.612sin(5 —14°);
0.206 0.206
2
0, = 0957 os140 - 993 cos(6 —14%) = 4.251-4.612cos(5 —14°);
0.206 06
P, =- L Gin140 4 999 sin(6 +14%) = —1.174 + 4.612sin(5 +14°);
0.206 0.206
2
0, =095 os140 4 093 cos(8 +14°%) = —4.251+ 4.612cos(5 +14°);
0.206 0.206

4. CocTaBiieHHE CXeM 3aMellleHUs ¢ UCKJII0YeHUEeM U 0e3 MCKJII0UYeHHUs TPAHCPOPMATOPHBIX
cBs3el

4.1 CucreMbl OTHOCHUTEJIBLHBIX €IMHHUIY

IIpuMeHeHrEe OTHOCUTENBHBIX €IMHHUIl CYLIECTBEHHO YIPOLIAET PACUETHBIC BBIPAKCHUS,
o0JerdyaeT KOHTPOJIb PACYETHBIX JaHHBIX.

IL]IH BBIPpAKCHUA napamMeTpoB Pa3JIMIHBIX 9JICMCHTOB CXCMbI 3aMCIICHU A
JIEKTPOIHEPreTUUECKOM cHUCTEMBI HEOOX0IMMO UMeTh 4 OazucHble eaununsl U, ,S;, 1, Z .. Tak

KaK JUIs TpeX(a3Hoil ceTH CIpaBeTMBBI COOTHOIICHUS:
S =+/3UI,
U
9
NEY
TO JIOCTaTOYHO 3aJaHUsI TIOOBIX ABYX 0a3MCHBIX BEJTHYUH.
B yactHOCTH:

1. npu 3amaHuu B kauecTBe 6asucHbx U,, 1, :

Us

= —\/516 ;

S5 = \EUﬁ[ﬁ:Zﬁ

2. mpu 3ajaHuU B KauecTBe OasucHelx U, S :

N U}
16:—6 526:_6;
\/§U5 S6

3. Tpu 3aaHUU B KadecTBe 0asucHBIX U 5,Z :

U2
I, = S, = =5 ;

J_Z Z,

4. 1npu 3a7aHUM B KauecTBe Oa3UCHBIX [, S, :
S, S,
U, = s =7
NOAREEE
5. IIpH 3aJjlaHUU B KadecTBe Oa3UCHBIX [, 7 :
U, =32,1,,5, =31Z_;

6. Tpu 3aJlaHUU B KayecTBe Oa3UCHBIX S,,Z,:
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S.Z,.

OTHOcUTENbHOE 3HAYCHHE JFOOOTO TapaMeTpa OMpeeNseTcs Kak 4YacTHOE OT JeNCHUS
3HAYeHMs MapaMeTpa B MMEHOBAHHBIX €IUHUIAX HA 3HAUYE€HHE COOTBETCTBYIOIIEH Oa3ucCHOMU
BEJTMYMHBI

y-o
L] Y6
Torma
1. mpu 3amaHuu B KadecTBe O0azucHbix Uy, [, :
1.7
pely Uy L S 5 B
* U6 * U6 * ]6 * \/§U5]5 * U6
2. mpu 3ajaHuU B KauecTBe OasucHex U, S,
3U,1 S.Z
E:i’ 2271:\/_ g 7S:i7Z: 62;
U, v Ut S, S5, U;
3. npwu 3amaHuu B KauecTBe OasucHbIX U, ,Z, :
3Z, 1 SZ
gLy U B 7 L,
) U6 ) U6 ’ U6 * U6 ) 26
4. 1npu 3a7aHUM B KauecTBe Oa3uCHBIX [, S, :
I,E I 1;Z
E:\/g(; ’U:\/gﬁU’I:L’S:i,Z:?’g ’
: S, S, I, S5, S,
5. Ipu 3aJjlaHUU B KadecTBe Oa3uCHBIX [, 7 :
E U 1 S Z
E=—rUs—— [=— S=—" 7="",
3z,18, " 371,87 I 37T Z
6. IIpu 3alaHUH B KauecTBe OAa3UCHBIX S,,Z,
32,1
e o B
Sﬁzﬁ S626 S6 S5 25

YacTo B KaTalOXHBIX JaHHBIX OJICMCHTOB 3H€KTpOBHCpFCTH‘-I€CKOfI CHUCTCEMBI HX
napaMeTpel MNPEACTABJICHBI B IMPOLHCHTAX HWJIM OTHOCHUTCIBHBIX CAWMHUIAX OTHOCHUTCIBHO
HOMMHAJIbHBIX yCHOBHﬁ, Torga - OJid nepesojia ux 3HAUCHUH B OTHOCHUTCIIBHEIC,
COOTBETCTBYIOIIIHE 0a3UCHBIM BEIUYHHAM HGO6XOI[I/IMO 3HAYCHUA OTHUX IMapaMETPOB NEPEBECTU B
HMCHOBAHHBIC, @ 3aTCM B OTHOCUTCIILHLIC ITPU 0a3MCHBIX YCJIOBUAX:

Y= }*, ’ Yuo.w;
Y
Y=—;
L] Y6
NN
Y
Y=Y Hom_
* * nom Y6

Torna:
1. npu 3amaHuu B kauecTBe 6asucHbIX U,, 1, :
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E=E

UHOM [ Sno,w \/51 [ Zno/w

2. 1mpu 3a1aHuM B KayectBe O0asucHex U, S, :

HOM

HOM U G

U=

3. mpu 3ajaHuM B KadecTBe OazucHeix Uy, Z, :

HOM

HOM U G

U=

4. mpu 3a7aHUU B KauecTBe Oa3UCHBIX [, S :

E=F
* * Hom

\/gl 6 E HOM
S

3

U=

J=1 “ens=§ Zmv z-7 ;
HOM U6 * * nom [6 * * Hom \/§U616 * * nom U5
U 3U. .1 S Z
U HOM , { — { \/_ 6" HOM , S — S HOM , % — g 6 ;o.w ;
* won  J p HoM S g * *uwom S g won  {J ;
U 321 Z.S VA
U HOM , [ — ] \/_ 6~ HOM , S — S 6 ;0.\1 , Z — Z HOM ;
* wom J p * * Hom U 6 * *nom U ; * *nom [ 6
31,U I N 3127
U \/_ 6~ HoM ,1 =7 HOM ,S =S HOM ,Z =7 6 “~ Hom
* Hom S p * *nom [ 6 * *wom S P * * Hom S p

5. Ipu 3aJjlaHUU B KadecTBe Oa3uCHBIX [, 7 :

HOM

E=F

* * Hom \/§Z6 16 *

U=U -t
* Hom \/52616

S Z
=S ;aM , 7 =7 HoM :
* Hom 316 Z6 * * Hom Z6

HOM

6. IIpu 3aJ]laHUM B KadecTBe Oa3UCHBIX S,,Z,:

HOM

Ho m ’

U=y

*

Y S:Z; ’

\3Z. 1 VA
U;,UM { — { 6~ Hom , § — § S HOM , Z Z HOM .

* - *
'S6 HOM S6 HOM 26

4.2 CocTaBJjieHHE CXEM 3aMelCHU s

4.2.1. Buael cxeM 3aMeneHus

Cxema 3ameujenus — 3T0 MPUOIMKEHHAs CXeMa UCXOIHON 3JIEKTPUUECKOH IIeTH, KOTopas
IIPY OTIPEJIeIEHHBIX YCIOBHAX OTOOpaXkaeT OCHOBHBIE CBOICTBA pPeabHOI LIeMH.
CymiecTByeT 1Ba MpHeMa COCTABIICHUS CXEM 3aMEILECHUS:
® C HCKJIIOYEHHEM TPaHC(HOPMATOPHBIX CBS3€H MyTEeM NMPUBEICHHS MapaMeTpPOB BCEX
3JIEMEHTOB PA3JUYHBIX CTYNEHEW HAMNpsHKEHUS K OJHOM CTYNEHHW, MPUHITON 3a
OCHOBHYIO (0a3UCHYIO) CTYIICHB;
® C COXpaHEHHMEM TpaHCPOPMATOPHBIX CBSI3EH MEXKAYy Ppa3IUYHBIMU CTYIEHSIMU

HAIpsOKCHUA.
[Ipuemsl cocTraBieHus cxem JloctonHcTra Henocrarku
3aMeEIICHUA
C UCKITIIOYEHUEM - JIETKOCTb B pacderax | -HEOOXOIMMOCTh  TIepecueTa  IJist
TpaHC(OPMATOPHBIX CBsI3el | AHATHTHICCKHM crocooom; NoITyeHHA ,I[CI‘/'ICTBI/ITCJEBHBIX
3HA4YEHHUN TOKOB M HAINPSDKCHU;
-HEOOXOAMMOCTL  TIepecdeTra MpH
YCTAHOBKE YCTPOWCTB yIPaBJICHHS
ko3¢ ¢unneHTaMu TpaHchopMaLuu
B O0C;
-TpyZIHOCTH B  pacyerax IpH
NUTAHUK CETH OT JBYX WM Ooliee
HCTOYHHUKOB c Pa3THUYHBIMU
HaNpsHKSHUSIMU.
C coxpaHeHnem - HCKIIOYCHHE  HEOOXOIMMOCTH | - OoJiee CI0XKHAS CXeMa 3aMEeIICHHUS;
TpaHc(OPMATOPHBIX CBs3el | Mepectera ANS  HAXOMICHWS | -HEBO3MOKHOCTH MPOBECHUS
WUCTUHHBIX 3HA4YE€HHH TOKOB M | pPacueToB AHAJMTHYECKUM
HaIpsDKEHUH; CrocoooM.
- BO3MOXHOCTb pacyeTroB MpH
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MePEMEHHBIX BO BpEMEHU
ko3¢ dunmeHToB  TpaHchopmanuu
TpaHcHOpMaTOpPOB u
aBTOTPaHC(HOPMATOPOB.

4.2.2 CocTaBjieHHe CXeM 3aMellleHHs ¢ PUBEIeHUEM NapaMeTPOB BCeX 3JIEMEHTOB K
0a3UCHOI CTYNIeHN HATIPSKEHH .

Orpannyenusi. TpanchopmaTopsl ¢ coeJUHEHHEM OOMOTOK 1O cxeMe Y /A yYUTBIBAIOTCS
no cxeme Y/Y.
Tounoe npusedenue

N

Bri0uparot HekoTopyto 0a3sucHyro cTyneHb HanpspkeHust U, = U,, Torna B IMEHOBAaHHBIX

o |Ml:::

&,
.’21= ?22= M _E_

eMHUIAX C YY€TOM HMCTUHHBIX KOA(D(PHUIIMEHTOB TpaHCHOpMAIMK TPaHCPOPMATOPOB 3HAYCHUS
napametrpoB OOC CTymeHW HampsHKEHUs, OTACNEHHONW OT Oa3uCHOM CTyNeHH 7
TpaHC(HOPMATOPHBIMU CBS3SIMH, OTIPEIEIAETCS 10 GOpMYyIIaMm:

E=(nmn,..n)E;
U=(nmn,.n,)Ug;
] .
—3
(nn,..n,)
Z 2
Z=(nn,.n) Z.
Jns mpuBeeHus 3Ha4eHUH napameTpoB 3aeMeHTOB DDC K OJHON CTYNEHU HaNpsSHKEHUs B

MMEHOBAHHBIX €IMHUIIAX MPHU UX 3aJaHUHU B OTHOCUTENBHBIX €IUHHUIIAX HEOOXOIUMO HAUTH HX
3HaYeHUs B MMEHOBAHHBIX EIMHMIIAX, @ 3aTEM IPOBECTU IepecyeT MO MPHUBEACHHBIM BHIIIE
bopmymnam.

Jns mpuBeieHrs 3HaYeHUH napameTpoB 3aeMeHTOB DDC K OJHON CTYNEHU HaNpsSHKEHUsS B
OTHOCHUTEIIBHBIX €UHUIIAX MPH UX 33JIaHUU B OTHOCUTENBHBIX €IMHUIIAX HEOOXOAUMO HANTH HX
3HAYeHHs] B UMEHOBAHHBIX €MHMIIAX, MPOBECTH NEPECUYET MO MPUBEICHHBIM BhIIIE (opMyIiaMm,
a 3aTeM HAWTU WX OTHOCUTENIbHBIC 3HAUCHUS, TIOJICTHB HAWIEHHBIC ITPUBEICHHBIC HAa Oa3UCHBIC.

I=

4.2.3 IIpudau:xeHHOE IPUBeECHHE.

Ecnu uctunHBIE K03 (GUIMEHTH TpaHCHOPMAIMM HEM3BECTHBI, TO YacTO HCHOJIB3YIOT
npueM, Ha3bIBaeMbIi NPUOJIMKEHHBIM TpuBeaeHueM. OH 3aKiioyaeTcs B CIEAYIOIEM: JUis
KQ)XJOH CTyNEHH HANpsDKEHHsS YCTAHABIMBAETCS OJHO CpeJHee HOMHHAIBHOE HalpsDKeHHE,
BBIOpaHHOE U3 pAja:

3,15; 18; 20; 24; 37; 115; 154; 230; 340; 515; 770; 1175 B;
U KOdQPHUIMEHTH TpaHchopMaIlMM s KaXAO0ro TpaHchopMmaropa ONPEAeTsIoTCsS Kak
OTHOIIIEHHNE BEIOPAHHBIX CPETHUX HOMUHAIIBHBIX HAMIPSKCHUI.

4.2.4 CocTaBjieHHe cXeM 3aMelleHHsl ¢ TPAHC(POPMATOPHBIMHU CBSI3SIMH.
Pacuetsl B 3TOM ciiydae mpoBOJAT B UMEHOBAHHBIX eWHUIIAX. KakIbIit TByXO0OMOTOUYHBIHM
TparcopmaTtop npeactaBistoT [1-o0pa3HON cxemMol 3aMelleHwHs], P 3TOM CONPOTUBIICHHE

TpaHchopmaTopa Z, NPUBOAAT K CTYIEHU HanpsokeHus 11 :
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Zy
{ &3 i
Zy o Zy

#plar — 1) 1—#p

4.3 CxemMbl 3aMellleHUs IPsIMOi1 (00paTHOIT) MocJIe 0BaTeIbHOCTH TPaHcopmaTopos

4.3.1 /IByxo0MO0TO4YHbBIE TPaHCHOPMATOPHI.

JIByXOOMOTOUYHBII TpaHCHOPMATOP B CXEME 3aMEIICHUS MOXKET OBITh TpEeCTaBICH
KOMILJIEKCHBIM(TIOJTHBIM ) COIIPOTUBIIEHUEM
Z=r+jx;
IIPU 3TOM OTHOCHUTEIbHBIC 3HAUEHUSI OTHOCUTEIILHO HOMUHAJIBHOTO PEXUMa paOOThI MOTHOTO Z
, AKTUBHOTO 7' ¥ PEaKTUBHOTO COMPOTHBIICHUS X MOTYT OBITh BBIUHCIICHBI MO KATAJIOKHBIM
JaHHBIM 1O CIeAyINM GopMmysam:

Z  =u, /100;
roo= AR 107%;
* nom S wont

X — ZZ _ 2

I€ u, - HaNpsDKEHUE KOPOTKOTO 3aMbIKAHUS B HPOLEHTAX OT HOMHHAJIBHOIO HAIPSKEHHS
COOTBETCTBYIOILIEH 0OMOTKM TpaHc(hopMmaTopa; AP, - MOTepu aKTUBHON MOIIHOCTH B PEKUME

K.3., KBT; S - HOMHHaJIbHAss MOITHOCTH TpaHchopmaropa, MBA.

HOM

VY tpanchopmaTopoB MoutHOCTHIO Oosiee 1 MBA 00bIYHO IpUHUMAIOT Z =~ X .
4.3.2 TpexoOmMoTo4HbIe TPaHCHOPMATOPHI.

Cxema 3aMelIeHHsT TPEXOOMOTOUHBIX TPAaHC(POPMATOPOB OOBIYHO MPEICTABISET COOOI
TPEXJIy4eBYIO 3BE3/y:
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B kaTtamoXHBIX JaHHBIX I TPEeXOOMOTOUHBIX TpaHC(OPMATOPOB 3aMAOTCA TPHU
HAIpPsKEHUs K.3. MEXKIy MOMAPHO B3ATBIMU OOMOTKAMHU, U, .U, 4 Uy - COMPOTHBICHUS
Zy,Z,,Z, B CXeMe 3aMeIleHUs] HE UMEIOT (PU3MUECKOro CMbICIA U SBIAIOTCA aOCTPaKTHBIMU

MAaTEMATUYCCKUMHU BEIIMYMHAMHU, YAOBJIICTBOPAIOIIUMU YPABHEHUIO

U, /100 =2

uKB—H / IOO = ZB(H{)M) + ZH(H{)M) b

+7

B(nom) C(nom) >

uKC—H /100 = ZC(H{)M) + ZH(HOM) H

30€Ch  Z 300> Z t(uom)» L Cuowy = BPIPAKAIOTCS B OTHOCHTENBHBIX CUHULAX OTHOCHTEIBHO

HOMHHAJILHOTO peXXuMa TpaHcopmaropa.
Pemrenue 3Toil CUCTEMBI YypaBHEHUN JAeT

ZB(HOM) =05t ¢ty — Uy )/100,
ZC(HOM) = 0,5t ¢ YUy U,z ) /100,

ZH(HOM) =055y +toy — Uz )/100,

4.3.3 IByxo0MoTO4YHBIE TPAHCHOPMATOPHI € PACIIENICHHON Ha IBe YaCTH 00MOTKOI
HM3IIEero HANpPSKeHUsl.

Cxema 3aMelnieHus] IByXOOMOTOYHOTO TpaHc(hopMaTopa ¢ pacileIUIeHHOW Ha JIBE YacTH
00OMOTKOWM HM3IIIETO HANIPSHKEHUST OOBIYHO MPEACTABISET COOOM TPEXITYUEBYIO 3BE3]IY:

B £

e iy

HapaMeTpLI CXEMBbI 3aMCIICHUA B OTHOCHUTCIIbHBIX CANHHNIIax OTHOCHUTCIIBHO
HOMHUHAJILHOTO PEKUMa pabOoTHI TpaHCPOopMaTOpa MOTYT OBITh pACCUUTAHBI 1O (hopmyJie

ZHI(HOM) = ZHz(HOM) = O’SMKHl—Hz /100,
ZB(H{)M) = (uKB—H - O,ZSUKHlin)/]_OO,

T U, ;, - HaIpsDKEHHE KOPOTKOTO 3aMBIKAHUSI MEXKIY YacTsIMH DPACIIEIUICHHOW OOMOTKH
HU3ILET0 HANpSOKEHUs; u,, ,, - HanpsbkeHue K3 Mexay oOMOTKON BBICHIErO HANpsDKEHUS U
napajjiCJibHO COCAMHCHHBIMU YaCTsIMU OGMOTKI/I HU3MICTO HAIIPAKCHHUA.
WNHorna B KaTaloOXHBIX JAHHBIX BMECTO U, ,, U U , OBIBACT MPEACTABICH
Koo uurenT paciensienus K, , onpeenseMbiii Kak
u
_ H1-H2
K, =—"""=,
U
Toraa
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ZHl(noM) = ZH2(H0M) = O’SKpuKB—H /100,
ZB(HOM) = (1 - 0725Kp )uKB—H /100,

IIpumep

JlanHble:
e Tpanchopmarop T-1 : 40 MBA; 115/38,5/11 kB;
Upe =17%5u 4, =10,5%;u.;, =6%;
e Ttpanchopmarop T-2: 6,3 MBA; 35/6,6 kB; u, =7.5% ;
aunusg JI-1 : 60 km ; x = 0,4 Om/KM;
aunnsg JI-2: 10 kM ; X = 0,4 Om/kM;
CHUCTEMa: HaIlpsSDKEHUE HEU3MEHHO U cocTaBisieT 117 kB.

4.4 TouHoe NMPUBEACHUEC B UMECHOBAHHbLIX €AUHHULIIAX

B xadecTBe OCHOBHOM CTyNE€HU BBIOMpaeM, HaIIpUMeEp, CTYIEHb K KOTOPOIl MOJKII0YEHa
cucreMa. Torga
1. s nuHAN 3neKTponepenady
x, =0,4*60 = 240m;
x; =0,4%10* (E)2 =360mMm.
38.5
2. nmns tpanchopmaropa T-1
uy, =0,517+10,5-6)=10,75%;

e =0.5(17+6-10.5) = 6,25%;
u, =0,5(6+10,5-17) = —0,25%;

2
B (RERIE SN
100 40
2
o O2SIST
100 40
_ 2
o OB S
100 40

3. nmns tpancdopmaropa T-2:
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L 15350 (115
° 100 6,3 38,5

=131om;

4. UIST CUCTEMEI

U,=—==675kB.

5. [IpuMeHeHMe NPUHUIMIIA HAJIOKEHHS] TP pacyeTax NepexogHbIX Pe:KMMOB.

Ipunyun nanoscenus: NEUCTBUTEIBHBIA PEKUM DIIEKTPOIHEPTETHUECKONW CUCTEMBI MOXKHO
NPEICTABUTh KaK pe3ylIbTaT HANOXKEHHS pPAJa YCIOBHBIX PEXHMOB, KXKIBI M3 KOTOPBIX
OTIpeNieNIIeTCsl B MPENOI0KEHUH, YTO K CXeMe MPHIIOKEHa TOJIBKO OJIHA 3.]1.C., B TO BpeMs Kak
BCE OCTaJIbHBIE PABHBI HYJIIO.

Ipunyun nanoocenus npumenum, ecnu cxema 3amerienuss DIC mpencTtaBiseT coOoOn
JTMHEHHYIO JIEKTPUIECKYIO LETIb.

Ha npaxTHke HCIonp3yIoT cieayromnye GopMbl MPUHLIUIIA HAJOKESHUS:

— HAJIOKEHHE aBAPUUHOTO PEeKUMa Ha MPEIIIECTBYIOIINNT;
— TIpUMEHEHHe  COOCTBEHHBIX M  B3aUMHBIX  CONPOTUBICHHH  WIIH
MPOBOJUMOCTEH.

5.2 HaJsio:keHne aBapMiiHOI0 Pe:KUMA Ha NpealecTBY I,

Ecnu reHepaTopbl BBEJCHBI B CXEMY 3aMEIICHUS CBOMMH 3.11.C., KOTOpPBIE ObLIH y HUX 0
KOPOTKOTO TpexX()a3HOTO 3aMbIKaHHs, TO aBAPHHMHBIA PEXUM yH0OHO NPEACTaBUTH B BUJEC
HaJIOXKEHUS IBYX PEIKHMOB:

1. 3.1.c. TEHEPATOPOB OCTAIOTCS HEM3MEHHBIMH, @ B TOUKY K.3. BOJHUTCS 3.]1.C., paBHAsI
0 BEJIMYMHE HAMPSHKEHHIO B 3TON TOYKE JI0 KOPOTKOTO 3aMBIKaHUS,

2. 3.0.c. TEHEPaTOpOB pPaBHBI HYNIIO, a B TOYKY K.3. BOAUTCS 03.1.C., PaBHas IO
BEJIMYMHE HANPSDKEHHIO B OTOM TOYKE 10 KOPOTKOTO 3aMBIKAHUS, B3fATas C
O0OpaTHBIM 3HAKOM.

Torna mpu TpexdazHOM KOPOTKOM 3aMbIKAHUH TSI JIFOOOH TOUYKH CXEMbI 3aMEIICHUS:

I=1+1,;
U=U,+U,.
IMpumep.
AT C
0,235kA
T M —
O 0
| | N
r 0,17kA l 0,8kA
—T K
|
H

Pucl. Ucxonnas cxema D9C.
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HUcxoonwvie oannvie:
U, =224kB; U, =116xB; Uy =10,2kB,;

Ir: §$=194MBA; x, =0,235; U, =18kB;
T: S=200MBA; 242/18kB; wuyx =12%;
AT : S =125MBA4; 220/121/11kB; uge =10,5%;ugy =36,3%;ucy =23%;
J: 135kwm; 0,40m;

C: x =100Mm.
Haumu mox kopomkozo 3amvikanusl.

Pewienue

CocraBinsieM cxeMy 3aMeIIeHUs
1 2
E Xar Xar o

Puc.2. Cxema 3amenienns D9C.

BriOupasi B kauecTBe OCHOBHOU CTYIEHH JIMHUIO AJICKTPOIIEpEad ¢ HAMPSHKCHHEM B TOUKE

M paBubIM 224 kB, numeem:
U, =U,, =224kB;

Uy =Ugn, :10.221210:2081<B; Uy =Uyn, :116?5?:211@;

i 18% 242,
£, =x ST( 3)? _0235@(—) =Tlom;
r
2 2
Cug Uy 12 242 _ 350m:

XT - -

100 S, 100 200
x,; =0,4*135 = 540m;
ol _ et gy —Uay Uz _10.5+36.3-23 220°

AT = = =460m;
200 S i 200 125
42 _ Mpct Uy Uy Up _105+23-363 220° _ S dom.
ar 200 SAT 200 125 ’
i = 200 sAT 200 125 ’

220
X=X =10 =330m;
= xetny 122

10.2 (220 2

s — | =29450m.
o= (1 m)” = J3.0.8 11)

BBCI[GM B TOYKY KOPOTKOT'O 3aMbIKAHUA 3.4.C , PaBHYIO
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_Ug 208
5 h
Toraa ynpoieHHas cxeMa HOpMajabHOIO PEKUMA UMEET BUJL:

206aM 27, 6om

@J"‘ﬂ"‘-ﬁ""ﬂ"‘l_

Er 04 5am

E, = 120KB;

£

294 Sam

Puc.3. YHPOIIIGHHaH cXeMa 3aMCUICHUSI HOPMAJIbHOI'O pEKUMaA.

B aBapuiinom pexume E . orcyrcTByert, a BMecTo E, BBogurcs E, , paBHas -120 xB.

Toraa cxema 3amMenieHrsi aBapuUHOTO PeKMMa UMEET BU/T:

206am 37, 6om

P T i T

Er 04 5 am

E,

294 5am

Puc.4. Cxema 3aMelieHus aBapuitHOro pexxuma.

[TocenoBaTenbHO yIPOIIAEM CXEMY:

Tiaut 37 an
§ 294 5 an
94 5am
i
L
K,
111
L~ 0.04108625299001;
Z 206 276

7. =1/0.04108625299001 = 24.3390m

24,34 am

294 5am

Yy

94, Sam

@



Z =94.5+24.34=118.840m;

118, 5dans SOAE

£,

oL 1 400875
Z 2945 118.84

7. =1/0.00875 =114,230m

114, 2500
I
Far)
N
Eﬂ
Torna
E
sz— z - 120 =1.051<A;I}(=iK@=1.05*@=21KA;IK:21+O.8:21.8KA.
11423 114.23 11 11

6. Ucnosib30BaHue B3aUMHBIX U COOCTBEHHbBIX CONPOTHBJIEHNH U IPOBOAUMOCTEIH.

Ecnan u3BecTHa MaTpuLa y3J0BBIX COIPOTHUBIICHHHM MM IIPOBOJMMOCTEH, TO Ul TOKa B
MECTE KOPOTKOIO 3aMBIKAHHS B COOTBETCTBUH C IPUHIUIIOM HAJIOXKEHUS

> Ei = iYiKEi’
i=1

Ie =2,
rae E,,...E, -»o..c.reaepatopos, Z,. Y, - B3aUMHBIC CONPOTUBICHHUS WIH IPOBOAUMOCTH

i=l “iK

MEXy UICTOYHUKOM 3.71.C. U TOYKOH KOPOTKOTO 3aMbIKAHHUSI.
Cxemy 3amenieHus 6e3 3.4.C. MOXHO paccMaTpUBaThb KaK MHOTOIOJIOCHUK, KOTOPBIN
MOJKET OBITh OXapaKTePU30BaH MPU MOMOIIN MATPHUIIBI Y3JIOBBIX TPOBOAMMOCTEM

Yll . len
Y =
Ynl Ynn
5
- R
5T

PHIOMOCHIAE

Puc. 5. Cxema 3amemenuss 9OC ¢ MHOTOIOIIOCHUKOM.
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IIpu »TOM CcOOCTBEHHBIE MPOBOAUMOCTU Y; MPEACTaBISAIOT COOOM KOMILICKCHYIO

BEIIMUKHY, OIpelelsione Moayib u ¢asy Toka I; B BeTBH i OT geiictBus ».a.c. E;,
NPUIOKESHHOM K 3TOM JK€ BETBH , IPH YCIIOBHH PABEHCTBA HYJIIO BCEX OCTAIBHBIX 3.11.C.

I, =Y;E;;
a B3aMMHbIE IPOBOJMMOCTH ¥;; TIPENCTABISAIOT COOOM KOMILIEKCHYIO BENMYHHY, OTPEIENSIONIHIE

Moayib U a3y Toka I; B BeTBU i OT jeifctBus 3.40.c. E;, IPUIOKEHHONW K BETBU j, NpH

j )
YCJIOBUHM PABEHCTBA HYJIIO BCEX OCTAJIBHBIX 3.1.C.:
Torma Tok B BeTBU kK MOXHO ONPEIEUTh 10 popmyrie
I, =E. Y, _ZYkiEi'

izk
Ecnu ydects, uTo B 001eM ciaydae 3.1.c. E; gBIseTcs KOMIUIEKCHON BEIMYMHOM, TO €CTh
_ 6iJ
E; =|E e/,

a Yij - €CTb TOXXC KOMILJICKCHAA BCJIMYNHA, TPECACTAaBUMAA B BUAC

_ . . Jai
Y; =g; —jb; =—jyze";

g..
;= arctg(b—”);y,-,- = W -

ij
Torna BeIpaXkeHUE 17151 TOKA MOXKET OBITH TIEPENUCaHO B BUJIE
_ _ _ JOk 2 Joux Joi Joui
I, =E.Y, ZYkiEi = ‘Ek‘e IV e +Z‘Ei‘e e -
izk izk
[Ipu pacyerax »dIEKTPOIHEPTETUUECKUX CHUCTEM OYECHb YacTO B KaYeCTBE CHUCTEMBI
KOOpJMHAT BBIOMPAIOT MPSIMOYTOJbHYIO CHCTEMY, Y KOTOpPOHM OJHa OChb ¢, COBHAJaeT IO
HanpasieHuio ¢ Hanpsokenwem E, , a npyras ock d, orcraer or E, Ha 90° , npuueM k
BBIOMPAIOT U3 KAaKUX-JIMOO COOOpaKEHU WU TTPOU3BOJIBHO. B 3TO# crcTeme KoopauHaT
_ ,J% _ 3 —_ IOk ; Jy Joi » Joug
I, =™ (1 — jly) = ‘Ek‘e JY i€ +Z‘E,-‘e JVii€ .
i#k
5 )
Ecnu nozsenuts 00e yacTh ypaBHEHUS Ha e/”% | a 3aTeM YMHOXHUTH MX Ha j , TO
: — Jo _ J(;+ay;=6)
H oy +1 4 _‘Ek‘ykke Z‘Ei‘ykie .
izk
YuuteiBas hopmyny Ditnepa
e’ =cosp+ jsing,
noJjry4yaeM
Hoy + 1y = E | yii €08 @y + JIE | yyp sin oy, — Z‘Ei‘yki cos(J; +ay; — 0 ) -

i+k
- jZ‘Ei‘yki sin(d; + &y — Oy)-

i+k
HpI/IpaBHI/IBaSI l[Gf/iCTBPITGJILHLIC U MHHUMBIC Y4CTU U YUYUTbIBass 4YC€THOCTb (byHKLII/II/I KOCUHYC U

HEYETHOCTHh (DYHKI[UHM CHHYC, HAXOIMM:
1, = ‘Ek‘ykk CoOSaryy — Z‘Ei‘yki cos(0; —0; —ay);

ik
qu = ‘Ek‘ykk sin +Z‘Ei‘yki sin(8y, —0; — ;)
izk

O6o3navas yepe3 9,; = 0, —9J; - yroa mexay s.a.c. £, u E; , nony4aem
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1, = ‘Ek‘ykk COS &y _Z‘Ei‘yki co8(Oy; — Uy );

i+k

I, = ‘Ek‘ykk SIN &gy +Z‘Ei‘yki sin(Sy; — ;i )-

izk

KomrmiekcHass MOIIHOCTH (TIOJTHAs MOIIHOCTH), MpOTEKaromias 4yepe3 TOUKy Kk CXeMbl
3aMENIeHUS , ONIPEACIIIETCS KaK

S, =E I, =E (I, +jly)=E 1, +jE 1y =P +jO,,

rae P,,0, - aKTuBHas U PEAKTHBHAs MOLUIHOCTb COOTBETCTBEHHO.
ITosTomy

0, = ‘Ek‘zykk COS Oy, _Z‘EkHEi‘yki CoS(Oy — Ay );

ik

P, = ‘Ek‘z.ka sinay + )| E| E;|yi sin(Sy; — ).

i#k
Hanpumep st npocreitiieit cxembl

P].!Ql Pﬂ?Qﬂ

T

Puc. 6. Ipocreiimias cxema 99C.

. F
Y, =Y,=1/Z;y,=y,=l/2,00 =, =, = arcsin(—);
MO3TOMY

2 2

) EU . E
P =—-sina Jr—Usm(é'—oz);Q1 = —cosa —ﬁcos(é'—a);
V4 V4 V4
2 2

. EU .
P, =——sina +—Usm(é‘+05);Q2 = —U—cosa +ﬁcos(5+ ),
z z z

Ecmm E =1;U =0.95;Z =0.05+ j0.2, T0

z2=1/0.05% +0.2% =0.206; = arcsin(0.05/0.206) = 14°;
O3TOMY
.o 095 . 0 . 0
= sinl4” + sin(0 —14") =1.174+4.612sin(6 —14");
0.206 0.206
2
0 - 0.95 140 095

= cos cos(6 —14%) = 4.251—-4.612cos(5 —14°);
0.206 0.206

sin14° + 0.95

) =— sin(S +14°%) = —1.174 + 4.612sin(5 +14°);
0.206 0.206
2
0, =— 0957 5140 4 093 cos(8 +14°) = —4.251+4.612 cos(5 +14°);
0.206 0.206

u rpaduxu 3asucumoctu P, P,,0,,0, ot yrna 0 mexny E u U umeror BUx
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K ] 7] E3 a K] 53 @ ] £l

Puc. 7. I'paduk 3aBUCUMOCTH aKTMBHOI cocrapisomeil Mmomuoctd £ OT yrja 0.

Ta % i u: b W [EY 'y . &

Puc. 8. I'padyk 3aBHCHMOCTH PEaKTUBHOM cocTaBnsromeii momuoctn O, OT yria o .

1

£} 5 i ) [} oE i £

Puc. 9. I'paduk 3aBUCHMOCTH aKTHBHOM cocTapJistonleil Mousoctd P, OT YIJia O .

Puc.

2 L L s L 5 | L 5
< kij i & @ kol 10 e %)

10. Ipaduk 3aBMCMMOCTH peakTUBHOI cocTaBstomeii momuoctu Q, OT yria o .
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7. IlepexoaHblii mpouecc NpM KOPOTKOM 3aMbIKaHUM B Tpexda3Hoii nenu 6e3

Tpancdopmaropa

My M B M, M
‘RK LK Ilff r‘K [ }{m ‘E':'az = 5
Ry iy v | [ %
Fy x Ay PR Ly,

Vol

By M,

Puc. 1. Ucxoanas snekTpudeckas cxema tpexgasunon 33C

[Ipu TpexdaszHoM KOPOTKOM 3aMBIKaHHH, BBHY CUMMETPHUYHOCTH MOXKHO paccMaTpUBATh
MOBEJICHUE TTApaMETPOB PEKUMa TOJIBKO JUIsl OTHOM (hazbl:

Ry Ly R, &
O @ D
i‘q i..ll:uz
-

Puc. 1. Ucxomnas snexrpudeckas cxema 93C (daza A)

Jlnst koHTypa I uMmeeM:

diA.H? +M diB.HZ +M diC.He

He He = O’
dt Codt dt

RHZ iA.HZ + Luz

HJIK BBUY CI/IMMeTpI/ILIHOCTI/I CETU
lA.uz + lB.uz + lC.lzz = 0’ lA.uz = _(ZB.HZ + lC.lzz )’

OTKy/a

R +(L, M, ) —*==

HzlA.Hz

3TO OJHOpPOJHOE JuHeWHoe auddepeHnranbHoe ypaBHEHHE 1-rO MOpsIKa C TOCTOSHHBIMHU
K02 puLmeHTaMu, permeHue KOToporo AaeT

. . t
lA.HZ (t) = lA.HzO eXp(——),

A.ne
rae i,,., - HadaJbHOE 3HAYEHHUE ANECPUOJUYECKON COCTABIAIOUICH TOKA B IIPAaBOM Y4YacCTKe
nenu; a 7, - HOCTOSHHAs BPEMEHU HArpy3KH, onpesesnseMas 1no Gopmye:
T _ LH? _MHZ
A.ne
R

Jlist koHTypa Il umeeM:
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di di di
Rei, +L, a”: +M, ;f +M, ;; ~U(®),

HJIK BBUAY CUMMCTPUIHOCTHU CCTU

i +ipg+i. =050, =—(i, +i.);
OTKYyZIa
di,

Rei, +(L, —M
klq+(Lg K)dt

=U(2);

9TO HEOJHOPOJHOE JUHEWHOoe AudQepeHImaIbHOe YpaBHEHHE 1-r0 MOpsaKa C MOCTOSHHBIMU
KOd(pUIMEHTAMHU, PEIIeHnEe KOTOPOTO MPH

U@)=U, sin(et +a);

JaeT
. . t ) )
i (1)=1i, eXp(—T—) +1,, sin(@t + o — @),
A
rae I, - MakCUMajbHOE 3HAYEHHUE NMEPUOJUYECKON COCTABIIAIOLIEH TOKA B JIEBOM y4acCTKe
LIETIH PAaBHOE
I Un

IIm

TR oL, M)

@, - yroa ciusura mo Qase NepuoaMYecKON COCTaBISIONEH TOKa K.3. IO OTHOIIEHUIO K
HaNpsHKEHUIO PaBHBIN

L, - M
P = arctg(—a)( £ )

);

K

a T, - NOCTOsIHHAsl BPEMEHH Harpysku, onpezesnsemas 1o gopmyie:

LK _MK
R,

HauvanbHoe 3HaYeHME anepuoOAMYECKOM COCTABIAIONIEW TOKAa K.3. I,, ONPEAEHAETCI W3

T, =

ycnoBusi: Tok #(0) B 1enM ¢ MHAYKTUBHOCTHIO K MOMEHTY KOPOTKOTO 3aMbIKaHHS PaBEH TOKY B
HayaJbHbIA MOMEHT K.3. , KOTOPbI B CBOI OYEpE/lb PAaBEH CyYMME HaYalbHbIX 3HAYEHUM
MIEPUOANYECKON U allepUOANYECKON COCTABIISIIOIINX:

i(0) =i + 1405

[m Sin(a - ¢) = [Hm Sin(a - ¢K ) + iAO;

rac
UWI
[Hm = 2 2 s
JRE +(o(Le =M )
U

m

" JR + R,V +(@(Ly +L,)~ (M +M,)) ;
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L. —-M
O = arctg(—w( =M

);
K
w(LK +LH2 _MI( _MHP)
R, +R,

@ =arcrg( )

OTKyza
i =1,sin(a—@)—1,, sin(a—g@;).

Ua

S [ P Tl

Puc. 3. BektopHas nuarpamma 99C

W3 BekTOpHON auarpaMMmbl BHJIHO, YTO MOAYJIb HA4aJbHOTO 3HAYEHHS arepuoIuYecKOou
coctaBisitonied Toka K3 paBeH mpoekuuu Ha OCh BpEMEHU OTpe3Ka MPsSMOM, COEAUHSIONIEH
KOHIIBI BeKTOpoB [, u 1, .Ecim 3Ta npsiMas mapasuiebHa 0CH BpEMEHH TO MOJYIIb HAYaIbHOTO
3HAYEHUs amnepuoJNYecKor cocrtaBisitome Toka K3 makcumaneH, ecid ke 3Ta mpsiMas
NEPHEHAUKYJIIPHA OCH BPEMEHHM, TO MOIYJIb HA4YajJbHOTO 3HAYEHUs aIlepUOJUYECKOU
cocTabismonien Toka K3 paBeH Hyio.

Ecmu B nmenmu 1o K3 mpeobnamgana akTHBHO-eMKOCTHAsl Harpys3ka, To TOK 1o ¢ase Oyxaer
omnepexaTh HalpsHKEHUWE M HaydajlbHOE 3HAUYEHHE arnepuoJuYecKor cocTapiswonied Toky K3
MOJKET  TPEBBICUTh  aAMIUIUTYQy  INEepHOAudecKod  cocraBistomieil Toka K3, B
JIEKTPOIHEPreTUUECKUX CUCTEMaX TaKOW BHUJ HAarpy3kd MpPaKTUYECKH HE BCTpEYaercs, a
MO3TOMY OOBIYHO TTpUHUMAKOT, 4To B MOMEHT K3 i(0) =0. Torma

iy =—Ipo =1 p, sin(a—@y);

it)y=1,,sn(ot+a—-@,)—1, sin(a—@,)exp(—t/T));

OTKYZla BUJHO, YTO IIPH OINPEIEIICHHBIX YCIOBUAX MTHOBEHHOE 3HAUEHHE TMOJHOIO TOKAa MOXET
CYILIECTBEHHO MPEBBIIATh aMIUIUTYAY Mepuoandeckoil cocrapistomen Toka K3. MakcumanbHO
BO3MOKHOE MTHOBEHHOE 3HAYEHHE MOJHOT0 TOKA Ha3bIBAIOT YAAPHBIM TOKOM K.3..

B ciygae, korja B 1ienu npeobiagaet HHAYKTUBHOCTD, TO
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L.—M
O = arctg(—w( £ k)) = arctg () = z.
R, 2
1
TOTJa IPU @f = 7/ WIH, yauTeiBas uto [ =502y , t = % = 100 = 0.0lcex , Oyner mocTuraThCs

yAapHBIA TOK

iy =1 + 1, exp(~0.01/T,) = kI
k,, =1+exp(~0.01/T,).

IIm >

TouHoe 3HaueHHe yaapHOro KoddduimienTa npu M00bIX OTHOMIEHUSX X /R MOXET ObITh
MOJTYYEHO ITyTeM MaKCUMU3AIHUU () yHKIITHA

g(t) =sin(awt — @, ) +sin(e, ) exp(—TL);

a

g'0) = ocosor —p )~ exp-- Ly =0,

a a

PemreHne TpaHCHEHIEHTHOTO YpaBHEHUs MPEJCTABISAECT OIPEACIICHHbIE TPYIHOCTH,
MO3TOMY YacTO UCTIOIB3YIOT YIIPOILICHHbIE (POPMYIIBI:

k,, =1+exp(-0.01(0,5+ ¢, /7)/T,), nmpu  R/X >0.2;
k, =102+0.98exp(-3/(wT,)), mpu  R/X >0.8;

[Ipu ananu3e MEpexoJHOTO Mporecca OoJee CIOKHONH CXEMBI HMCXOMAT U3 CIETYIOIINX

MMPEAIIOChLIOK:

1. cBobGoaHas (amepuoandeckas) coctabisitonias Toka K3 npeacrasisier coOoi:

. . t . t . t
i,(t)=1i,, eXp(—T—) + 10 eXp(—T—) +et iy, eXp(——);

al a? an

2. €€ 3aMEHAIOT Ha

i, (1) = i, exp(-——),

a.oK

3. s ompeneneHus 1, WCHOJB3YIOT CICIYIONTNE TTOIXOIbI:

a.gK
C HCIOJb30BAaHHUEM COCTABISIIOIIMX KOMIUIEKCHOTO  PE3yJIbTHUPYIOLIETO
CONPOTHUBJICHUSI PACUETHOM CXEMbl, HAWJIECHHOTO MpPH MPOMBIIIIEHHON
yactoTe (yAapHbIil KO3((HUIIMEHT OKa3bIBACTCS 3aHUKEHHBIM):

B ImZ,
@K wReZak’

C HUCIIOJIb30BAHUECM MHAYKTUBHBIX U aKTUBHBIX COHpOTHBJ’ICHHﬁ, HaﬁHeHHBIX
npu Mnmoo4YepCaAHOM MCKIIIOYCHUU K3 CXCMblI BCCX AKTHBHBIX, a 34aTCM BCECX
PEAaKTUBHBIX  CONPOTHBICHWH  (ymapHbId  KOXGOHUIIMEHT  OKa3bIBACTCS
SaBBIH_ICHHLIM) — CHOC06 NpeaACIIbHBIX YAaCTOT :
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T _ XZ(R:O) .
aosx s

Rz(X:O)

® C HCIHOJB30BAHHEM COCTABISIOLUIMX KOMILJIEKCHOTO  PE3YJIbTHPYIOLIErO
COINPOTHUBIICHUS PACUETHON CXEMBI, HailieHHOro npu yactote 20 ri (yaapHbIil
K03 puIeHT OJIM30K K HCTUHHOMY):

ImZ,

a.sx * s

a)ReZ3K(20)

8. IlepexoaHblii Mpouecc B HEMOABUKHBIX MATHUTHOCBSA3AHHBIX IENsIX.

8.1 OcHOBHBIE NPEANOCHIIKH.

Mexany TOKaMM M HaNpsOKEHUSIMH B PAacCMaTpPUBAEMOM IEMHU COXPaHAETCS JIMHEHWHAs
3aBUCHMOCTh, a MOJ3TOMY HMX JWHAMHUKA IMPHU TMEPEXOTHOM MPOIECCe MOXKET OBITh OMucaHa
TuHeHHbIMU AuddepeHITnaTbHBIMU YPABHEHHSIMU C TIOCTOSIHHBIMU KOA(DPHUITHEHTaMU.

OTO MNPEeANnoNoXKEeHHE SBISETCS CIPAaBEUIMBBIM JJII CHIOBBIX TpaHCHOPMATOPOB U
aBTOTPaHC(HOPMATOPOB MPH MEPEXOTHOM MPOIECCE, BOSHUKAIOIIEM MPH KOPOTKUX 3aMBIKaHHUSX
WM TIepeTpy3Kax.

Jlnist I3MEepUTENBHBIX TPaHC(HOPMATOPOB 3TO MPEANOIOKECHUE HE SBISETCS BEPHBIM, TaK
KaKk TOK B WX BTOPHYHOW OOMOTKE CHJILHO 3aBHUCUT OT HACHINIEHUS MarHUTONPOBOJA, a
CJIEZIOBATENILHO €0 IMHAMHUKA SIBIISIETCS CYIIECTBEHHO HEITMHEHHOM.

OTO MpEeANnoyOXKEHUE HE SBIACTCS BEPHBIM JUIS CUJIOBBIX TpaHCHOPMATOPOB HIIH
aBTOTPaHC(HOPMATOPOB B YCIOBHUSX MX BKJIIOUCHHS WM MPH BHE3AITHOM COpOCe WX HArpy3KH,
TaK Kak B 3TOM CJIy4ae CYIIECTBEHHOE BIUSHUE HAa MEPEXOHBIN MPOIECC OKa3bIBaCT U3MEHEHUE
HACHIIIIEHUS] MATHUTOIIPOBOIA TpaHCHOPMATOPA, a ITO HETMHEWHBIN TIPOIIECC.

8.2 OcHoBHEIE COOTHOILIEHUS.

c\ M

(£ L L

JIsi KakJ0ro KOHTypa MpH BKJIIOYEHUH TpaHchopMmaropa ¢ 3aKOPOUYEHHOW BTOPUYHOM
00MOTKOI1:

¢ TIOCTOAHHBIC BDEMCHH
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e K03 PUIHMEHTHI paccesHUs

KoaddurmeHT MarHuTHOM CBSI3M MEXKTy KOHTYPaMU:
M
k= ;
LILZ

001t K03 PUIHEHT paccessHUS
2

oc=1-k>=1- M

12

=o0,+0,—-0,0,70,+0,.

[Tpu BKJIIOYEHUM BBIKIIOUYATENs B KOHTYpax NEPBUYHON W BTOPUYHONH OOMOTKH OyayT
HpOTEKATh TOKU ,(¢) U i,(t), yAOBIETBOPSAIOLINE YPABHEHHSIM:

di di
u(t)y=in +1L, £+ @,

/ dr -
0=i2r2+L2%+ %

JlaHHas cucTeMa ypaBHEHHMI MOXKET OBITh 3allicaHa B ONepaToOpHOil (hopme ( IPH yCIOBUU
1(0)=0 ui,(0)=0)
u(p)=1,(p)r + L,pl,(p) + Mpl, (p);}
0=1,(p)r, + L, pl,(p) + Mpl, (p).

N3 BTOpOro ypaBHEHHUS

Mp
1 =——7 ;
() r,+L,p (p)

HOJICTABIISAS BBIpaXkeHUe [, (p) B IEpBOE ypaBHEHHE, IOIy4aeM

u(p)=1,(p)r, + L pl, (p)~Mp—"P [ (p) =

r, + pL,
M2p2
=(n+pL,———)(p) =z, (p),(p);
r, + pL,
OTKyJa
u
1(p)="4P),
Z1(p)
rae
M2
2(p)=r+p(L,—L=—).
r,+ pL,

[TocneaHee BeIpakeHUE MOXKHO MPEOOPa30BaTh CIECAYIONINM 00pa3oM:
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M M/ My
2(p)=r+ p(L ——EE oy = (L, -y =, - P

r, + pL, 1+ pL,/r, 1+ pT,,

MZ
pM>L, [(r,L,L,) Pl oT R
:’”1+pL1(1— 2 "\ ity ):,,1+le(1_#):,,1+le(1_ 20 )=

1+pT20 1+pT20 1+pT20

1+ pT,, — pT, k> 1+ pT,,(1-k* 1+ »T
=n+pL( P20~ Plao )=n+pL( PTn( ))Zl’l+pL1(—p 2OO-):

_h +npT, + pL, +p2L1T200' _ 1+ pT,, + p(L, /”1)"‘172([41 /’H)Tzoo-r _

1

1+ pT,, 1+ pT,

_ 1+ pT,, + pT, +p2TloT200-r _ 1+ p(T5, +Tlo)+pleoTzoO_

1 1

1+ pT,, 1+ pT,,

N3 xapakrepuctudeckoro ypasHenus z,(p) =0, umeem:

1+ p(Ty, +T10)+p2T10T200'

r, =0;
1+ pTy, 1
WA
1+ p(Ty, +T,) + pleoTz()O' =0,
OTKyza
b = — (T} +Tzo)i\/(Tm +Ty)" — 40T, T __ Ty + Ty (1+q);
2 20T, T, 20T,y
e
qz%_jﬁﬁﬁg (*)
(T + Ty

VYrBepxaenue 1. Kopau ypaBHEHHUS SIBISIOTCS IEHCTBUTEIBHBIMU M OTPUIIATETHHBIMHU.
Jokazamenvcmeo. J{jis TOro 4To0bl KOPHHM OBUIM JE€HCTBUTEIBHBIMU JOCTATOYHO, YTOOBI
MOJIKOPEHHOE BBIPAKEHHE B TTOCIEAHEM BBIPAKEHUN OBLIIO HEOTPUIIATEILHBIM, TO €CTh
40T, T

(T +Ty)”

WIN

(Tyy +Ty)* = 40T, Ty 2 0;

Ty + Ty + 2T, Ty — 40T, Ty = Ty + T = 2T, Ty + 4T, Ty — 40T Ty =

= (T} _Tzo)2 +4T1,, T, (1-0) = (T}, _T20)2 +4T10T20k2 =

2

= (T} _Tzo)2 +4T,,T % >0,
TaK KaK BXOJJAIIHWE B IIOCICAHEC BBIPAXKCHUC napaMeTpul ABJIAKOTCA IMOJIOXHUTCIbHBIMHA
BEIIMYMHAMU.

OTpuIaTeTbHOCTh KOPHEH ClIelyeT U3 TOro (pakTa, 4To IS TOJIOKUTEIBHOCTH OJTHOTO U3
KOpHEHN TpeOyeTcsl CIpaBeyIMBOCTh COOTHOIICHUST ¢ >1 , 4TO HEBO3MOXXHO BBHUY BBIPAKECHUS

().

Ymeepowcoenue ooxazano.
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Yr1Bep:kaenue 2. CBOOOAHBIM TOK KaXJIOT0 M3 KOHTYPOB IPEICTABISET COOOWH CymMMy
JIBYX CBOOOJIHBIX TOKOB, 3aTYXAIOUIMUX C IIOCTOSHHBIMU BpeMeHu 7' u 7", COOTBETCTBEHHO. DTH
IIOCTOSIHHBIE BPEMEHHU OIIPENEIIAIOTCS U3 COOTHOLIECHUN

, 1+
T =Tq(Tlo +Tzo);

1—
T =Tq(Tlo +T20)~

Jloxazamenvcmeo. V3 yTBepxkIeHHs 1 cleayer, 4TO KOPHU XapaKTEPUCTUUECKOTO
ypaBHEHHs, XapaKTEPU3YIOIIEro MEPEeXOJHBIH Mpolecc MpU BKIIOYEHHM TpaHchopmaTopa ¢
KOPOTKO3aMKHYTONH BTOPUYHOM OOMOTKOM, SIBIISTFOTCSI JE€HCTBUTEIBHBIMH U OTPHUIATEIHHBIMH.
Torna m3 kKauecTBeHHOW Teopuu AupQepeHInanbHbIX YpaBHEHUN CJEIyeT, YTO MepeXOIHbIH
npouecc OyaeT MpeacTaBisTh COOON CYMEepro3uLMI0 ABYX alepHOJUYECKUX 3aTyXarolux
IIPOLIECCOB C MOCTOSSHHBIMU BPEMEHMU:

' 1 20T, 1 2 oty Ty

o To+T)(—q) (—q) Ty +Ty)
__20+q) ofyIy _2(+q) of\ T
(I_Q)(1+Q) (TIO+T20) (l_qz) (]]0+T20)’

TaK KakK
2
1—g*=1- \/1_ 40T, Ty, —1-1+ 4ot Ty, _ 4ot T,
(Tlo"‘Tzo)2 (Tm"‘Tzo)2 (Tlo"'Tzo)2
TO
Tr:2(1+Q) o, 15 _ 2(1+¢q) ol,,T5, =1+q(T +T,);
(l—qz)(Tl0+T20) 40T}, Ty (T +Ty) 2 . 20
(T} +Tzo)2
AHaAJIOTUYHO
" __L_ 20T,,T), 1 2 ol T

Py Ty +Ty) (+q) (+q) (T, +Ty)
_ 2(1-q) ol 1) :2(1_9) ol Ty, _
(I-g)1+q) (T, +Ty) (l—qz)(Tl0+T20)

_ 2(1-¢q) ol Ty zl_q(T +T,)
4ol Ty (T, +Ty) 2 PR
(T +Ty)’
Ymeepowcoenue ooxazano.
N3 yrBepxaeHN 2 HEMOCPEICTBEHHO CIEAYET
Cneocmeue 1. ]1yis noctostHHBIX BpeMeHn 7' u T cripaBesTMBO COOTHOIICHHE:
T" l+gq
" 1—gq
W3 mocnenHero BIpayKeHUs CIEIyeT CICIYIOIINE BHIBOIBI:
1. T' Bcerna 6onpire 7" ;
2. Pazmmume mexay 7' u T" Bo3pacraeT o Mepe yMEHbBIICHUS PaCCEsSHHS;

3. Tlpwm orcyrcrBuu paccesuus 7' = (T, + T, );T" = 0.

Ecnu ucTouHMK HanpspKeHUs BRIpadaThIBaeT MOCTOSTHHBINA TOK
u(t)=U = const ,
TO U300paKEHHUE HAIPSHKEHUS
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U =Y,
V4

U 17151 1300pakeHU TOKOB B IIEPBOM M BTOPOM KOHTYpPax, HUMEeM:

u(p) U U
Il(p): = = 3 =
z,(p)  pz,(p) 1+ p(Ty +Ty)+ p T,y T o
p n
1+ pT,,
_2_ (I1+ pTy) )
n p(1+p(T20+T10)+p2TloT200')
M, U M, 1+ pT,,)
L(p)=——2—L(p)=————. e -
r+L,p n (n+L,p) p(+p(Ty, +T)+ p T, Ty0)
U Mp 1+ pT,,) MU 1

nr, (1+Ty,p) p(1+p(T20+Tm)+p2TmT200') nr, (l+p(T20+TlO)+p2TlOT200').

[Ipn nHaxoxaeHuw opurnHana f(¢)mo wu3zoOpakeHutro F(p) OONBIIYIO POJL HIpaeT
TeopeMa 0 Pa3JIoKeHUH:

Ecimu
G
X(p)= 2D,
H(p)
u
G(p) =D A,p"sH(p)=> B.p';
i=0 i=0
npUYeM:
o n>m,
e xopau G(p) He coBmaaaroT ¢ KopHsIMu H(p);
e H(p) He UMeeT KpaTHBIX KOPHEN;
TOT/1a
G 5 C
x(p=P_y G,
H(p) T p-p
u

oG _
x(t) = Z—'(p’) e’
o H'(p,)
rae p, - kopuu H(p)=0.
Cneocmeue 1. Ecnmu p, =0, 10

= el
H'(0) = H'(p;)

Haiinem opurunans! ans tokoB /,(p),1,(p) . Umeem
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MU 1 _ MU G, ().
ey (I+ p(Ty + 1)+ p’TyTyo) 111y Hy(p)
G,(p)=1H,(p) =1+ p(Ty, +T,y) + p°T,,Ty0

H;(p)=(Tyy +Ty) + 2pT,, Ty

I,(p)=-

T
H(p)) = (T}, +Ty) - 2T, Tyyo ”—20(1"‘Q) (Ty +Ty) — (T + T)(A +q) =

Olygly
_(TIO +Tzo)q;
' Ty + T
H,(p) =T, +Ty)-2TT)yo ——(1=q) =T}, + T)y)q;
10420
OTKyza
. MU U e
()=~ [_(Tlo"'Tzo)‘J'epzt+(T10+T20)‘I'eplt]:_ (T + Ty )q(e et )

nr nr,
[Tocne HecmoXXHBIX TTPeoOpa30BaHUA
i, (0) = ﬂ T,y Ty ( -t/T'
LL T -T"
IIpu ¢ = 0 TOK B KOHTYypE 2 OTCYTCTBYET, IIO3TOMY:
5(0)=1,(0)+i3(0) = 0;
;5 (0) = —i;(0).
Jlpyrumu coBaMy B HaYaJIbHBIM MOMEHT MEPEXOHOTO MPOIecca CBOOOAHbIE TOKU B KOHTYpE 2

COBIAJIAIOT MO a0COFOTHOW BETMYMHE U Pa3IIMYAIOTCS 110 3HAKY.
IIpu ¢t > o, i,(t) > 0. OnHako TOK I, () UMEET JIOKAIbHBII MaKCUMyM B MOMEHT f,

e =iy (1) +iy(1);

KOTOpPBIN ONpeaensieTcs Kak

di2 MU EOTZO ( —-t/T'

Ao Y e—t/T" —
dt dt( LL T-T" 2
:_MU 7—'107—'20 _L -t/T 1 7[/T"):0'
LL T!_Tﬂ T! T!!
Otkyna
(_%e—t/T' +%e—1/T") — 0;%6—1/7 — %e—z/T";
—t/T' 11 r'-T" ’
efz/r" _ p!/TIT et(FfF) — et TT" — T";
e T
T!_TI! TI
t 22l = 11'1 n;
T T
T’T" T!
tm = ’ " ln /A
T -T T

IIpr 3TOM MaKCUMAJIbHOC 3HAYCHUEC TOKA PaBHO
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iz (t) __ MU ]710T20 (e,tm/T' —eit"’/Tﬂ) _ MU ]:IOTZON (e*ﬁlnF/T _efmlnF/T ) _
LL T-T" LIL2 T'-T
P : e _r
_ MU TIOTZO (e Tip‘"%_ ri~l"7) MU TIOTZO (L' T"T"_ 1) T’_T")_
LL T'-7" LL2 T'-7"\T" T"
-
— MU TIOTZO (T_j ﬁ(1_]7_”)
LL T! Tﬂ T! /"
Ha pucynke npezacraBieHa JMHaMUKa TOKa i, ()
L A
i
1
1
I
! -
0 £ F3
Jns Toka i, (¢):
(1+ pT;) _UG(p) .

1(p)=—
' i p(l+ p(Ty +T) + p'To o) 7 H(p)'

G(p)=1+pT,;

H(p) = p(1+ p(Tyy +T,))+ p°T, T,,0);

H'(p)=1+2p(T,, +T,y) +3p°T, T,y0;
T,+T. T,+T.

:0; = 20 — ; 20
pl p2 2 7;07,20 ( ) 3 2 ]-;O]-,ZO ( )
T,+T T,+T
G(pl):laG(pz)zl_M(l_Q),G(p3):1 T10 " 20 (1 )
201, Ol
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H'(pl) =1

2
H(py=1-220" T 1 oyer ary+3Tot D) g ppr 7 6
10420 (2o 10 20)
2
1=t Tl gy 3 Tt T gy
ol T, 40T, T,,
2
S Y R LU L TG TR R R YL
ol T, 4 40T,,T,,
T,+T, (T,+T,) X
H' =1-220 22049, +T )+3—2 2" _(1+¢)T, T,0=
(ps) 20T|0Tzo( )Ty +T,) 20T 1oTzo)Z( q) Ty Ty
O-TIO 20 4O-TloTzo
2
:1 (7;0+T20) (1 )(1_3(1+Q)): _(7;0+T20) (1+q)(1_3q)’
ol T} 4 401,71,
OTtkyna nosydaem:
T, +T. T, +T
l—u(l—q) l—u(l+q)
. U 20—711() pit 20-]-'10 Pt
ll(l):7(1+ T+ T.) e’ T +T.) e™).
b1 (1-g)(1+3g) 1---0 =22 (1+¢q)(1-3q)
40T, T, 40T, T,

[IpuMmeHsisi HeCIOXKHBIE, HO JOCTATOYHO JUIMHHBIE TPeoOpa3oBaHMsl OKOHYATEIHHO
MOJTy4aeM:

U _E(Tm _T”)e‘% _E(Tzo _T”)e_%

il (t) = ’ " ’ "
non (I'=T7 n (T'=T")
Ha pucyHnke npejcrapieHa TuHaMuKa Toka i, ()
A
31
2 A
!
>
0 ¢

8.3 Bunsinue paccesiHusi Ha CBOOOHbIE TOKH

N3yunm xakuM 00pa3oM MarHuWTHas CBSA3b OKa3bIBaeT BIWSHUE HAa CBOOOAHBIE TOKH. [nis
JTOrO 3amnuiueM Teopemy Buera nins kopuen p,, p, :
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1 1 T, + T,
+ =—(—4+— =
P+ D, (T, T,,) oT T,

OTKY/Ia MOCJICIOBATEIBHO MMOJIy4aeM
[/ 14 ’ 14
oo LT THT" Ty +Ty _ TotDy _Ty+Ty.
b ! 14 b
T,T, TT' oT,Ty 7TT rT”
T\ Ty

e

L L
T'+T"=T,+T,y=—"+—=.
hon

Takum 00pa3oM MarHuTHas CBS3b MEXIY OOMOTKaMHM M OOYCIIOBIEHHOE €l paccesHue
OKa3bIBaIOT TOJIBKO BIMSHHE Ha MOPSJIOK 3HAYCHMI MOCTOSIHHBIX Bpemenn 1’ u T", He
OKa3bIBasd HUKAKOI'O BJIMAHHA HA UX CYMMApHOC 3HAYCHHC.

9. Bki1IoYeHHeE X0JI0CTOr0 TpaHchopmaTopa

PaccmMoTpyM  TiepexoJHBIM MPOIECC, BO3HUKAIOIMIMK MpH BKIKYEHUHU XOJOCTOIO
TpaHcopMaTopa Ha CHUHYCOUAAITBHOE HAIPSDKCHHE MOCTOSHHOW aMIUTUTYABl M HEM3MEHHOU
yacToThl. o cyiiecTBy 3TO paBHOIIEHHO BKJIFOUEHHUIO APOCCENSi C MATHUTHBIM CEPJIEYHUKOM, B
KOTOPOM HPOABJIACTCA HACBIILICHHUC.

[Ipu 3aMbIKaHUU TIpeABApUTEIBHO HEHArpY)KEHHOW Lenu C L ur Haubosblias BeIHYMHA
TOKa BO3HHUKACT MPH YCIIOBUHU, KOI'/Ia MOABCACHHOCHAIIPS?IKCHUC B MOMCHT 3aMbIKaHUA ITPOXOAUT
yepe3 HyNb. M3 3TOro ycinoBus Kak Hanbojee HeOIaronpusITHONO UCXOAUM U B IaHHOM CIIydae.
Ecnu npeneOpeyb MajabIM aKTHBHBIM CONPOTHUBICHHEM OOMOTKH TpaHC(opmaTopa, TO YCIOBHE
paBHOBeCHs HaIPsHKEHUS OCIie BKIIIOUEHUs TpaHchopMaTopa OyaeT:

U, sinot = wd—
d

I/1Ie W—UYHUCJI0 BUTKOB MOJIKJIFOUEHHOM 00MOTKHU TpaHchopmarTopa.

3
N R

X
‘é-.
G

AR K]

HuTerpupoBanue NOay4eHHOTO BBIPAKEHUSI C YY4E€TOM TOTO, YTO HAa4YaJIbHbII MarHUTHBIN
notok @, =0, IpUBOAUT K OYEBUIHONW 3aKOHOMEPHOCTH U3MEHEHUSI MATHUTHOT'O ITOTOKA:!

D=, (1-cosar)
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[Ipu yueTe akTHBHOTO COTPOTHUBIICHUSI OOMOTKH MOCTOSIHHAS COCTABIISAIOIIAS B TIOCIICTHEM
. L
BBIPAKEHUU OYJIET 3aTyXaTh C IOCTOSIHHOW BpeMeHU T, = — ¥ 9TO BBIPAKEHUE IPUMET BUJL:
r

t

T,
Q=D |e '« —coswt

Cea3p  Mexay mNOTOKOM®P U TOKOM  HaMarHWYMWBAHWs [, BBIPQKACTCS  MAarHUTHOM

XapakTepUCTHKON. VIcronb3ys MOCIeAHI0, MOXKHO Irpa)udeCKUM IMOCTPOCHUEM HANTH KPUBYIO
M3MCHEHHsl TOKa HAaMarHWYMWBAHWSAI, B IEPEXOJHOM IIPOLECCe BKIOYCHHUs TpaHC(hopmaropa.

Kak BungHo, 6marogaps HacbhIIIEHHIO MarHUTHOM CHUCTEMBI OPOCOK TOKa HaMarHWMYMBaHUS TpU
BKIIIOUEHUU JOCTUTACT OYCHb OONBIINX BEIUYHH, KOTOpPbIE MOTYT MPEBBIIIATh JaXKe
HOMMHAJIBHBIM TOK TpaHcpopmaTopa, YTO MpPU OTCYTCTBUU CIIEHUATBHBIX CPEICTB MOKET
BBI3BaTh OTKJIFOUEHHUE TpaHCchopmMaTopa.

B neiictBuTensHOCTH TpaHchopMaTrop o005aJaeT OCTATOYHBIM MAarHeTU3MOM, U 3TO
00CTOSITENECTBO MIPUBOJUT K €Il OONBIIMM OpOocKaM TOKa HAaMarHWYWBAHUS MPH BKIIOUYCHUH,
X0JIOCTOrO TpaHchopmaropa.

Kpusass wusmenenns i, = f ’(t)B CBOEM HaYaJIbHOM CTAaJUUCWIBHO OTJIMYAETCS OT

CHUHYCOU/IBI, YTO 00YCIIOBIEHO HEJTMHEHHON YacThIO0 XapaKTePUCTUKU HaMarHUYMBaHUSI.

10. YpaBHeHusl 3JIEKTPOMATHUTHOI'O MEPEXOAHOI0 MPOLECCa CHHXPOHHOM MAIIUHbI

10.1 UcxonHble ypaBHeHUs

[TpuHuMNUaIbHAS CXeMa CHHXPOHHONW MalIuHbI, POTOP KOTOPOM UMEET SIBHO BBIpa)KEHHbBIE
MOJIFOCHI, TPEACTaBI€Ha Ha puc.l, rae CcTpelaKaMHu YyKa3aHbl NPUHATHIE MOJOXKUTEIbHBIC
HaIpaBJIEHUS! TOKOB U HANPSHKEHUN B 0OMOTKaxX cTaTopa U poTopa.

Puc. 1. IIpuHuunuanbHas cxema SBHONOIIOCHON CUHXPOHHOM MallMHBI.

COOTBETCTBECHHO 9TOMY, KOrja TOK B 00MOTKE CTaTopa WU POTOpa IMOJIOKHUTCIICH,
COSI[aBaeMBIfI MM MATHUTHBIM IIOTOK TaKXe CUUTACTCSA ITOJOKHMTEILHBIM. IloIoXuTeNbHBIE

HaIpaBJICHUs MAarHUTHBIX Ocel (a3HBIX OOMOTOK cTaTtopa (A,B,C ) Y MarHUTHBIX OCEH poTopa

(d,q) na puc. 1 TaKxke OTMEUCHBI CTPEIKAMH.
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JuddepeHunanbHple ypaBHEHUs] paBHOBECHUS 3. J. C. U MAJACHUHN HANPSHDKEHUH B KaXKI0U U3
00MOTOK OyITyT:

d¥
U, =— dt” —ri ;(n=4,B,C)
(D
v, .
U= T

Ije 7 ¥ r,— aKTUBHbIC CONPOTUBJICHUS COOTBETCTBEHHO KOHTYPOB KaX{oH (asel W uenu

Bo3Oyxkaenus; W, u W, — pesynbTupyrole MOTOKOCUCIUICHHS! COOTBETCTBYIOIIMX 0OMOTOK

(BKJTFOUAS UX TTOTOKOCIICTICHUS PACCESHUSA).

Packpoem BbIpakeHUs Il MOTOKOCLEIUIEHWH, KOTOPBIE INPU MPUHATHIX JOMYIIEHHSIX
NPEACTaBISAOT COOOW JMHEHHBIE 3aBHCHUMOCTM OT TOKAa [JAaHHOIO KOHTypa U TOKOB
MarHUTHOCBSI3aHHBIX C HUM JIpyTuX KOHTYpoB. Koadduumentamu nponopuroHaaIbHOCTH MPH
9TOM OYyAyT MHAYKTUBHOCTh L paccMaTpuUBaeMOIro KOHTYpa M €ro B3aUMOMHAYKTUBHOCTH M ¢
JIPYTUMH KOHTYpaMu. Beenst y L u M WHIEKCH COOTBETCTBYIOIIMX OOMOTOK, MOKHO HAaIHMCaTh:

Y, :LAiA+MABiB+MACiC+MAfif;

Wy =Lyiy+Mpi,+Mpic+Myi,; )
VYo =Leic+Mcpiy+Mepic+Mqi,;

VY, =L +M,i,+M i, +M .

Uucno pa3nuuHbIX 3HA4€HUH M B JEHCTBUTENIBHOCTH B 2 pa3a MEHbLIE, TaK Kak IO
npuHUumy B3auMuHocta M, =My M, =M ;, uT. 1.

Ecim Ob1 Bce Lu M ocrtaBanuch HEW3MEHHBIMH, TO cuctema (1) coctosuia Obl U3
JTUHEWHBIX AU depeHInanbHbIX YPaBHEHUN C MOCTOSHHBIMU KO3(DQHIIMEHTaMU U pelIeHue ee
HE TPEeJCTaBIsUIO0 Obl MPUHLIUIIHATIBHBIX TPyAHOCTEH. OHAKO BO BpalaIOLIeiics MallliHE 3TO HE
uMeeT MecTa. TONBKO HHAYKTUBHOCTD L, MOXKHO CYMTaTh HEM3MEHHOM. Bee e ocranbHbie L 1
M 3aBUCAT OT TMOJIOKEHHUSI POTOpa OTHOCUTEIHLHO OOMOTOK CTaTopa MW, CIIEJOBaTEIbHO,
SIBIISIFOTCS. (QYHKIIUSIMH BPEMEHHU.

Takum obOpazoM, k0d(pPUITMEHTH ypaBHEHHH CUCTEMBI (1) SBISIOTCS MEPEMEHHBIMU, YTO
PE3KO YCIOXKHSET PELIEHUE 3TOW CUCTEMBI.

OOpatuMcsi K BBIICHEHHIO 3aKOHOMEPHOCTEH W3MEHEHHS HWHIYKTUBHOCTEH OOMOTOK
CHHXPOHHOM MAIlIMHBI.

10.2 UHAYKTHBHOCTH O0MOTOK CHHXPOHHOI MAIIHHBI

VYcnoBumes GUKCUpPOBAaTh MOJOKEHUE POTOpA YIIioM y = f (t) MEXJY MarHUTHOW OCBIO

da3bl A U IPOIOIBLHOM OCBIO poTopa d (puc. 2).

Puc. 2. K onpeneneHuio IpoCcTpaHCTBEHHOTO MOJIOKEHUS POTOPA.
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CHHyCOMJAIBHOCTh HAaBOJUMBIX B CTAaTOpE 3. . C. XOJOCTOTO XOJa YXK€ YKa3blBaeT Ha
3aKOH HM3MEHEHHUS B3aUMHBIX HHJIYKTHUBHOCTEH MEXIY OOMOTKOM BO30YXKIEHHUS M KaxJIOu
da3zHoit oO0MOTKOW craropa. OuYeBHIHO, OH BBIPAXKACTCS CHHYCOUJATBHON (QYHKIUEH C
nepuoioM 27 (711 IBYXTOJIOCHOM MAaIIWHBI 3TO COOTBETCTBYET OJHOMY OOOpOTY poTopa),
MaKCUMyM KOTOpO# M ,, HAacTymaeT IpH COBHAJEHUM MAarHUTHBIX oceil 3Tux obmorok. Tak,

Harpumep, U1t (as3sl 4 umeeM:
M, =M,=M,cosy (3)

W3menenne MHIYKTUBHOCTEH (a3HBIX OOMOTOK M B3aMMHBIX WHAYKTHBHOCTEH MEXIy
9TUMHU OOMOTKaMM OOYCJIOBJIEHO BpAIIEHHUEM SIBHOINOJIIOCHOTO POTOPA, MOCKOJIBKY IPH 3TOM
HENPEPHIBHO MEHSETCS CONPOTHBIEHHE MarHUTHBIM MOTOKAM, KOTOPBIE ONPEAEISAIOT JaHHbIE
WHAYKTUBHOCTH. MI3MEHEHNE MarHUTHBIX IIOTOKOB ITPOUCXOIUT FAPMOHUYECKH C MIEPUOJIOM 7T ,T.
€. B 2 pa3a MEHbIINUM, TaK KaK IIpY NOBOPOTE pOTOpAa Ha 7 TOBTOPSIETCS NPEABIIYIINN LIHUKII
WU3MEHEHHUSI MarHUTHOTO COITPOTUBIICHMS.

B  OonpumiMHCTBE  MPaKTHUECKUX  PACYETOB  OTPAHWYMBAIOTCA  MPUOIMKEHHBIMHU
BBIPQKEHUSAMHU /ISl TUX MHAYKTUBHOCTEH . Tak, MHAYKTUBHOCTb OOMOTKH (pa3bl 4 oNpenensor
CIeIyroImuM 00pa3om:

L,=1,+1,cos2y(4)
U B3aMMHYIO MHJIYKTUBHOCTb ME&XJy 0OMOTKaMu, Harrpumep, paz A u B

M ,, =my,+m, cos2(7—%) (5)

rac lo n m,—TIOCTOSIHHBIC COCTABJIAIOIINC COOTBECTCTBYIOIINUX HH,Z[yKTHBHOCTQfI; 12 un m, —

aAMILIUTY/IbI BTOPBIX TAPMOHMK TE€X K€ NHYKTUBHOCTEH.

7.8

T
\

=
0 ,ﬁ ‘\< ] - Jfﬁ:ﬂ?
. ..-; L
Ny “"-»..,\\\\\.\______,/ .
M, L7055
A f
N,
0.2
O %
02}
-84 =
Mo
-08 .

Puc.3. KpI/IBLIC WU3MCHCHUA PIHZ[yKTPIBHOCTeﬁ MaNIMHbI B 3aBUCUMOCTHU OT IOJIOKECHUA pOTOpA.

Bripaxxenus (3) — (5) merko pacnpocTpaHuTh Ha Apyrue ¢asbl, JUIsl YeT0 COTJIaCHO pHC. 2
B KaUC€CTBC apryMmCeHTa B HUX HYKHO BBE€CTU COOTBCTCTBYIOIIINEC 3HAYCHUA yTJIa.

Koaddummentsr B (4) u (5) MOKHO BBIpa3uTh Yepe3 WHIYKTUBHOCTH, KOTOPHIMH OOBIYHO
XapaKTepU3yeTCs CHHXPOHHAS MalllMHA
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I, =§(Ld +L,+L,) (6)

1, =m, :%(Ld -L) ()

1 L,+ Lq
my =~ Ly———— (8)

2

HaHOMHI/IM, uyro B Cucreme OTHOCHUTEIBHBIX CANHUL] MHAYKTUBHOCTU W HMHAYKTHUBHBIC
COIIPOTUBJICHHU A YUCJICHHO OJUHAKOBBI, T.C. L=x.

Jnsa wmmocTpanuu  Ha  puc.3 TPHUBEACHBI KPHUBBIE HW3MEHEHHMS WHIYKTHBHOCTEH
CUHXPOHHOHN MAallIMHBI B 3aBUCUMOCTH OT TOJIOKEHUH poTopa. OHU MOCTPOEHBI AJIs MALLIUHBL, Y
koropoii x, =1.0;x, =0.6 u x;, =0.05.

{Cuctemy muddepernuanpapix ypaBHeHuid (1) ¢ xodddunmeHTaMu, BBIPAKEHUS IS
KOTOPBIX 3/1€CHh MOJYUCHBI, pCIIUTH HCBO3MOKHO. HO3TOMy MMPpUXOAUTCA UCKATH HHOU myTh JIs
ee pemenusa. C »HTOH 1enpl0 MepeieM K BBIICHEHHIO HEKOTOPBIX JOMOJHUTENIbHBIX
MPEeJICTaBICHHIA, KOTOPBIMUA MOKET XapaKTepH30BaThCsl TpexdazHasi CUcTeMa.

10.3 O0001meHHbIN BeKTOP TPpex(a3HOH CHCTEMBbI

BmecTto 00BIYHOrO mMpencTaBieHUsS KAKWUX-THMOO BENWMYMH TpeX(pasHOW CHUCTEMBI
CUMMETPHYHON 3BE370H BEKTOPOB, MPOCKIIMHA KOTOPBIX HAa OCh BPEMEHH ! JTAIOT MTHOBCHHBIC
3HAYCHUS ATHX BEIMYWH B (a3ax (puc. 4,a), ;T€ k€ MTHOBCHHbBIC 3HAYECHUS MOXKHO IOJYYHTh,
IIPOEKTUPYS €IUHBINA BEKTOP HAa TPU OCH BPEMEHU, KaKJ1as U3 KOTOPBIX COBIAAACT C MATHUTHOU
OCBIO COOTBETCTBYIOIIEH (ha3wl (puc. 4.0).
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Puc. 4. Onpenenenie MTHOBEHHBIX 3HAUYCHUH 3. . C. B TpeX (a3HOl cucTeMe: a — Yyepe3 BEKTOPBI 3.1.C. Kax a0 ¢asbl; 6 — yepes
0000ILICHHBII BEKTOP 3.]1.C.

Takoil BeKTOp Ha3bIBaeTCsl 0OOOIIEHHBIM (MM HM300paXKAIONINM) BEKTOPOM Tpexda3zHou
cucteMsbl. [Ipu ero BpamieHUH B Ty e CTOPOHY, YTO U CHUCTEMBI TPEX BEKTOPOB, YepeIOBaHHE
oceii BpemeHu a3 HYKHO HU3MEHHTh Ha MPOTUBOMNONOXKHOE. Ilpu cumMMeTpuIHOM
YCTAaHOBHBIIIEMCS PEKUME KOHEI 000OMIEHHOTO BEKTOpa OMUCHIBAET C MOCTOSITHHOW CKOPOCTBIO
OKPYXHOCTb, a €0 BeJTMYMHA PaBHA aMIUTUTYJE pACCMATPUBAEMON BEIIMUUHBI.

[IpencraBnenre 006 0O0OOIMIEHHOM BEKTOpPE MOXXHO B 3HAYHMTEIIBHOW MEpPE pacUIupHTh.
TakuM BEKTOpPOM, OKAa3bIBACTCS, MOXKHO XapaKTepHU30BaTh JIOObIe (ha3HbIE TMEepeMEHHBIC

BEJIMYUHBI f,, f;, f- U3MEHAIOIMKECS B OOLIEM Cllydae MO MPOM3BOJIBHOMY 3aKOHY, JIMIIb OBl
coOII0AaI0Ch €TUHCTBEHHOE YCIOBUE, @ UMEHHO:
fA +f3 +fc =0. (9)
BenuunHa nMckOMOro OOOOIIEHHOTO BEKTOpa ]7 MOXKET OBITh OMpeAeNieHa, UCXOJs U3
CJIEIYIOIIUX OUYEBHUIHBIX PABEHCTB (pHUC.5):

f, = fcosa;
/s :fcos(a—%zj; (10)

2
fo=fcos|la+—|.
3
JUTSL Y€TO JIOCTATOYHO BO3BECTH UX B KBAAPAT M MPOCYMMHUPOBATH:
3
2 2 2 2
fA +fB +fc :Ef >

OTKyZa

f=\/§(fj+f;+fé) (1)

A
fa

Puc.5. O600meHHbI  BEKTOp Tpex(a3HOW CHCTEMBI.

HcxonHoe TONOKEHHE OTOTO BEKTOpPAa OTHOCHUTENIBHO JHOOOH W3  (a3HBIX ocei
oTpeNIeIsieTCsT COOTBETCTBYOMUM paBeHCTBOM m3 (10). Tak yrom caBura OTHOCHUTENHHO OCH
dass1 4 (puc. 5)

S
o= 24 (12
arccos K (12)

Konery Takoro BekTopa omuchiBaeT B OOLIEM ciy4yae CJIOXKHYI KpHUBYIO, U TpHU
BO3HMKHOBEHMH Ka4aHUIl CHHXPOHHOM MalllMHbI CKOPOCTh BPAILIEHHs €I0 OTHOCUTENLHO MOJII0ca
BpallleH!s1 IEPEeMEHHa.
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Bo3MoXHOCTh TIpeACTaBICHUs BEKTOPOB OOOOIIEHHBIM BEKTOPOM Tpex(a3HOH CHCTEeMBI
CYIIECTBEHHO YIPOIIAET BBIPAKECHUE CBA3M MEXTY CTaTOPOM M POTOPOM, YTO B CBOIO OYEpElb
no3BoJsieT B Au(QepeHInanbHbIX YpaBHEHUSAX IEPEXOJHOrO Ipolecca OCBOOOTUTHCS OT
nepeMeHHbIX K03 durmeHToB. [Ipu 3ToM 3ameTnM, 9TO OTpaHUYEHHE, BBIPAKEHHOE PAaBEHCTBOM
(9), kak Oyzaer mMoKazaHo Jajnee, He BIUSIET Ha OOITHOCTh PEIICHUS.

10.4 3ameHna nepeMeHHbIX

[Ipu pereHnu CIOXKHBIX MaTeMaTHMYECKHX 33/1a4 YacTO HCIOJIb3YIOT M3BECTHBIM CIOCOO
3aME€Hbl IEPEMEHHBIX HEKOTOPBIMH JpPYTUMH, OOBIYHO CBSI3aHHBIMH C HHUMHU JIMHEHHBIMU
3aBUCUMOCTSIMH.

Puc. 6. IIpeobpa3oBanie KOOpIHHAT.

a — HENOABUWIXHBIC B NPOCTPAHCTBE KOOPAUMHATHI x, y ;60— KOOpAUHATBI d, q , ’KECTKO CBSA3aHHBIC C POTOPOM.

[Ipu ynaunoM BbIOOpE TakoW 3aMEHBbl pEUICHHE B HOBBIX INEPEMEHHBIX MOXET OBITh
BBITOJIHEHO Tpore. PaBHBIM 00pa3oM M 0OpaTHBIM MEpexoi K HCXOIHBIM IEPEeMEHHBIM HE
BCTpeuaeT TpyaHocTe. OueBHIHO, MMEHHO B 3TOM HANpaBIIEHUWU CJeAyeT HcKaTh Oosee
MIPOCTOE PEIlIeHUE CUCTEMBbI ypaBHeHHH (1).

Ha puc. 5 06001eHHbIN BEKTOp f ONpeeNieH B TPEXOCHOW cucTteMe KoopauHat ((asHbie

ocu BpeMeHH). TOT ke BEKTOpP MOHO BBIPA3UTh TAKXKE B MPOU3BOJIBHOM JBYXOCHOH CHCTEME
KoopauHaT. B KkadecTBe mocnenHEl ymoOHEe BCEro BBHIOPATh JEKAPTOBBIE OPTOTOHATHHBIC
KOOpJMHATHI, HAIPUMEDP X, ), KaK MOKa3aHo Ha puc. 6,a. Takoe mpeoOpazoBaHUE KOOPAMHAT C

TOYKHU 3pCHUA MATCMATHUICCKUX onepaum‘/'l COOTBCTCTBYCT 3aMCHC IICPCMCHHBIX.
HoBrble mepemMeHHbIe, T. €. MPOSKIUK f HA OCH X,y OYIyT:

/.= fcos(0-a); 13)
f, = fsin(0-a)
1 UX CBA3b C (baSHBIMI/I NEPEMCHHBIMU OMPECACIIUTCA paBCHCTBAMMU:

Sfi=J.cos0+ f sind;

/s =fxcos(t9—2?ﬁj+fysin(6’—27”j; (14)

fe :ﬂcos(6+2§j+fysin(9+2§j.
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Onpenenutens STOW CHCTEMBl HE PAaBEH HYIIO M BHE 3aBHCHMOCTH OT € ocTaeTcs
NOCTOSIHHBIM W paBHbIM — 3/2, 4YTO yKa3plBaeT Ha OJHO3HAYHOCTh BBIPAKEHHS OJHUX
IIEPEMEHHBIX Y€peE3 APYTHE.

Pemus (14) OTHOCUTENTEHO HOBBIX TIEPEMEHHBIX, HAHIEM:

fng fAcos:9+chos(H—sz+chos(9+2—j (15)

f, = fA81n9+f551n(9—2Tj+fCSIIl(9+2—j (16)

Jlo cux mop mpeamnonaraigoch, 4To TpexdasHas cuUcTeMa YAOBIETBOpsET ycioBuw (9).
EcTecTBEHHO BO3HHMKAET BOMPOC: BO3MOKHBI JIH MTOI00HBIEC TPeoOpa3oBaHusl, KOTIa 3TO YCIOBHE
He cobroneHo?

Ecmu cymma (ha3HBIX nmepeMeHHBIX He paBHA HYJIIO, TO €€ [eIecO00pa3HO BBIPA3UTh Yepes
TpeThbe," HOBOE MIEPEMEHHOE f, ClIEIYIOIUM 00pa3oM:

SotTet =3/

OTKyJ1a
fo=3 (it fy 1) (17

HasoBem f, Hy;neBoil cocTaBisilOIIEH, KOTOpas B M3BECTHOM Mepe TOXKIECTBEHHA
COCTABIISIIONIEH HYJEBOH TIOCIEIOBATEIPHOCTH METO/Ja CHMMETPUYHBIX COCTABIISIOIINX, 3a
UCKITIIOYCHHEM TOT0, YTO OHa TPEJCTaBIsIeT MIHOBEHHOE (a2 HE BEKTOPHOE) 3HAYCHHE,
ompenensieMoe 10 MTHOBEHHBIM (Da3HBIM 3HAYEHHUSIM JaHHOW (U3UYECKON BEITWYUHBI,
W3MEHEHHE KOTOPOI BO BPEMEHU MOXET IMPOUCXOAUTH 1O TH000MY 3akoHy. [lockombKy HyNeBas
cocTaBisOmas f, Bo BcexX (pazax OAMHAKOBA, ECTECTBEHHO, OHA HE BIIMSET HU Ha 0OOOLICHHBIN

BEKTOp f°, HA Ha ero CocTaBisiiolke f, W f, HE3aBUCHMO OT TOTO, Kak OPHEHTHPOBAHBI OCH

X,y OTHOCUTENbHO (a3HbIX oceil. B aToM nerko yoemnutscs, mojactaBuB B (15) u (16) BmecTo

fs fgs S coorBerctBenro (f, — f,).(fs = /5).(fe — f;), KOTOpEIC YIOBIETBOPSIIOT YCIOBHIO
9).

Takum oOpaszoM, Tpu nepemMeHHble B KoopauHaTax A,B,C MOXHO OJHO3HAYHO 3aMCHHTH
JIPYTUMH TpeMs TEepeMEHHBIMH B KoopAuHatax x,)»,0. Ilpm stom B oOmem cinyyae MpH

nepexone K (a3HbIM IMEPEeMEHHBIM HEOOXOJUMO B KaXIoM u3 paBeHCTB (14) mpubaBuTh
HYJIEBYIO COCTABJISIONIYIO, T. €.

£, :fxcosﬁ+fysin9+f0;

s fcos(&'—z?j+f sn(ﬁ—z—j Jos (18)

Je =fxcos(t9+2%rj+fysin(9+27ﬁj+fo.

IIepexox OT TpPEeXOCHOM K ABYXOCHOM CHUCTEME KOOPAMHAT IOCYLIECTBY COOTBETCTBYET
TOMY, 4TO Tpex(as3Has MallMHa 3aMEHEHa JKBUBAJICHTHOW aByXdazHoil. Yrom € (puc. 6,a)
orpeneNsieT NPOCTPAHCTBEHHOE MOJOXKEHHE MAarHUTHBIX Oceil 00enx OOMOTOK TaKOM MAalIHHBI.
B uwactHoctn, mpu € =0 mnomyyaercs CUCTEMa KOOPIHMHAT, KOTOPYIO MPUHSATO HAa3bIBATh
cUCTeMOW «,f ¥ TNPUMEHEHHE KOTOPOW BHOCHUT H3BECTHBIE YIPOLICHHUS IPHU pelIeHUU
HEKOTOPBIX 33/1a4y.

XOTsl NpUMEHEHUE HOBOM, HO BCE € HEMOJBHKHOM CHUCTEMbI KOOPAMHAT W COKpAIAECT
YHICII0 KO3 PHUIMEHTOB BypaBHEHHIX Bua (1), TeM He MeHee IIIaBHbIe TPYAHOCTH PELICHUS ITPH
9TOM BCE €IIe€ OCTAIOTCS, TaK KaK yKa3aHHbIC yPaBHEHUS IMO-TPEKHEMY COJEep)KaT MepEeMEHHBIC
K02(ppuIMeHTH. 3HAYUTENBHOTO YIPOILEHUS MOXHO JIOCTHYb, HCIOJIB3Yys MpeoOpazoBaHHE,
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BIIEPBBIC TPEUIOKEHHOE bBIOHIeneM Ui yCTaHOBUBIIETOCS PEXUMa  SIBHOIIOJIOCHOU
CHHXPOHHOM MamuHbl U BocieacTBun pazputoe P. X. [Tapkom u A. A. T'opeBbIM 1171 yCIIOBHi
NEPEXOJIHOTO Mpoliecca.

CymHOCTh Takoro npeoOpa3oBaHHsl COCTOMT B TOM, YTO JIByXOCHasi CHCT€Ma KOOpPJWHAT
npenonaraeTcs XECTKO CBSI3aHHOU ¢ poTopoM. [lpu 3ToM, 9TOOBI pOTOp OBLT PACHONIOKEH
CUMMETPUYHO OTHOCHUTEIHHO OOMOTOK 3THX JABYX (ha3, MX OCH COBMEIIAIOT COOTBETCTBEHHO C
MPOJOIBHON U TOMEPEYHON OCAMU POTOpa. DTy CUCTEMY KOOPJIUHAT COKPAIIEHHO HA3bIBAIOT U
obo3HavaroT d,q (puc. 6,0). 3nech yron y = ot + y, Apiasgercs QyHKIUEH BPEMEHU M OTPaXkaeT
BpalllecHHe pOTOpa C YIJIOBOM CKOPOCTBIO @, KOTOpas B oOImeM ciydae MOXKET  OBITh
nepemenHoi: Korma ycnosue (9) He cobmrofeHo, K KoopauHatam d,q JOJbKHA OBITh 100aBiIeHA
TpeThst koopauHata (), KOTopast ompeesnseT HyJeBYIO COCTABISIONIYIO IEPEMEHHBIX BEIMYHH.

[Mockonbky (ha3Hbple OOMOTKH, pACHOJOKEHHbIE B OCSIX d W ¢, HEMOABUKHBI
OTHOCHUTEIILHO POTOpa, BCE WHIYKTHBHOCTH TaKOW MAaIIWMHBI MOCTOSHHBI. VIMEHHO 1Mo 3TOMU
NPUYUHE BBITOJIHO TEPEHTH OT MEepeMeHHBIX B KoopauHatax  A,B,CK TMEepeMEHHBIM B
koopauHatax d,q,0. Dto mo3BodsieT ypaBHeHus (1) mpeoOpa3oBaTh B COOTBETCTBYIOIIWE

YPaBHEHHUs C IOCTOSHHBIMH Kod(pduuueHtamu. Bce coOTHOLIEHHS MeXAy HCXOAHBIMU H
HOBBIMU TIEPEMEHHBIMU oOlpeaensatorcs BolpaxkeHusamu (14) — (17), B KoTopbIX s
paccMaTpuBaeMOro IMpeoOpa3oBaHMsT HYKHO TOJBKO 3aMEHHUTh MHIEKCHI .X U Y

COOTBETCTBEHHO UHJEKcaMU d U ¢, a yrol € — yriaom y = ot +y,.
Ilpumep.

B koopaunatax A,B,C ¢a3Hble IepeMeHHbIE BETMYMHBI 33/1aHBI:
a) CHHYCOHMJAJIbHBIMH (DYHKIHSIMU

2 2
fi=fcos(ot+a,);fp =fmcos(a)t+ao—7”j;fc =fmcos[a)t+a0+?ﬂj;

0) HeW3MEHHBIMHU 3HAUYCHUSMH
fA :f;fB :fc =-0.5f.
Jis oboux ciydaeB OMpeNeUM 3aKOHOMEPHOCTH HM3MEHEHHS] COOTBETCTBYIOIIUX UM
MIEPEMEHHBIX BEJTMYUH B KOOpAWHATAX d,( .

[Moxcraue B (15) wm (16) 3amaHHble CcUHycoMnaidbHBIE (YHKIMH, TIOCIE psa
TPUTOHOMETPUIECKUX MPeoOpa3oBaHUI HAKIEM:

Ji=1n 005(70 _ao);fq = fn Sin(7o —0!0)
T. €. CHHYCOHUJIaJIbHO U3MEHSIoINeCs B KoopJauHaTax A,B,C BeIMYHUHBI MPU MEPEXOAE K
BpaH.[aIOH.[I/IMCSI KOOpI[I/IHaTaM d ,q CTAHOBSTCS COOTBGTCTBYIOH_II/IMI/I IIOCTOAHHBIMHA
BCIIMYMHAMMU.
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Puc. 7. Hpeoﬁpamsaﬂne CUHYCOHJAJIbHO U3MEHAIOIIUXCS U ITOCTOSHHBIX BEJIMYUH B KOOpAUHATAX A, B, C K3KBHUBAJICHTHBIM
BCJIIMYMHAM B KOOpAUHATaX d, q .

AmnamornuHo mocie mojactaHoBkd B (15) m (16) 3amaHHBIX HEW3MEHHBIX BEITWYHH
[IOJIYyYUM:

Sy =fcosy=fcos(wt+y,); f, = fsiny = fsin(wt +y,).
T. €. HEU3MEHHblE B KoopauHatax A,B,CBenwuyMHBl NpU IEpPEXoje K KoopauHataMm d,q

IpeBpallaloTCsi B COOTBETCTBYIOIIME  CHUHYCOMJAJIbHO  U3MEHSIOIIMECS  BEJIMYUHBL
[IpousBeneHHoe MpeoOpa3zoBaHNE UILTFOCTPUPYIOT KPUBBIE PHUC. 7.

11. YpaBuenus Ilapka-I'opeBa

11.1 Inddepennuanbuas popma

[IpousBenem Temepb mnpeoOpa3oBanue AubGEpEeHIMATBHBIX YpPaBHEHUH MEPEXO0THOTO
mpoIrecca CHHXPOHHOW MallMHBl MyTeM 3aMeHbl (Pa3HBIX MEPEMEHHBIX UX COCTABISIOIIMMU B
KoopauHarax d,q,0.

Jliss 3TOrO BBIPA3MM TOK, HAINpPsDKEHHE M TOTOKOCHemsieHue (as3sl A depe3 HOBBIE
IIEPEMEHHBIE:
iy =1,C08y +i,siny+iy;

U, =u,Ccosy+u, siny +u;
VY, =%, cosy+¥ smny+%¥,.

[ToncraBuB HX B IEPBOE YPABHEHME NIEPEXOAHOTO MPOLIECCA CHHXPOHHONW MAlIMHBI U UMes
B Buy npu 1uddepenuuposanuu, uto V¥,V u y ABASIOTCS QYHKUMSIMU BPEMEHH [, IOTY4HM:

. d . .
U, Ccosy +u,siny +u, :—E(‘I’dcosy—i—‘Pq51n7+‘P0)—r(idcosy+iq51n7+i0):

dy d¥,
dt

d

d¥ . dy d¥
=— cosy+V¥ , siny——
dt P S T

q

siny =¥ cosy —ri, Cosy —ri, siny —ri,

IIocne NEPETPYHIIUPOBKHU CJIAraCMbIX 3TO BBIPAKCHHUEC MOKHO MIPCICTABUTH B BUIC
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d¥y, dy . d¥ dy ..
u, + +¥ 4, |cosy+|lu + 1 W L 4y |siny+
( O dr ! dt "j A R “dt 4

+(u0 + a¥, + rioj =0
dt

OTO ypaBHEHHE JOJKHO OBITH YJOBIIETBOPEHO MPHU JIOOOM 3HAYEHHH ), YTO BO3MOXKHO

TOJIBKO TIPU YCJIOBUH, YTO Ka)XJ0€ W3 BBIPAKEHUI, 3aKIIFOUEHHBIX B CKOOKH, TOKIECTBEHHO
paBHO HyO. TakuM 00pa3oM, TaHHOE YpaBHEHUE PaclagacTcs Ha TPU YPABHECHUS:

d¥, dy .
u, =—-=-%Y —-ri;
¢ dt “dr
d¥ dy
u =——++¥ ——ri;
‘ dt “dr T
dy,
U, =— —ri,

dt

Pasymeercsi, pe3ynbTar mpeoOpa3oBaHHs HE M3MEHHUTCSA, €CId BMecTo ¢assl A
paccMmarpuBath UHYIO (asy.

VYpaBHeHue a5 OOMOTKHM BO30YXKACHHUSI COXPAHSAETCS TaKHM JK€, YTO M B HCXOIHBIX
YpaBHEHHSX MEPEXOTHOTO MPOIECca CHHXPOHHOW MAIUHbBI; MO3TOMY OHO 3/IeCh MOBTOPHO HE
HPUBENICHO.

B mony4eHHBIX ypaBHEHHUSAX IPH BBIPAKEHUH BEJIMYWH B OTHOCHTENIBHBIX CIUHHIIAX

IIOTOKOCHEIUIEHHS] PaBHBI:
0 0
V=M, i+ L, =x,,0+X0,;
‘{I‘I = L‘]lq = quq;
Y, = Li, = Xyl

rae L, 1 x,— UHIYKTUBHOCTb U MHAYKTMBHOE COIPOTHUBICHHE HYJIEBOH MOCIEN0BATEIbHOCTH
MAIIHHEI.
IlouepkHeM eriie pas, YTo B MOJIYYCHHbBIX YPABHEHHSAX TOKH i, W I, NIPEICTaBISIOT COOOM

COOTBETCTBYIOIIME MPOEKIUU OOOOLIEHHOr0 BEKTOpa TOKa cTaTopa i, M3MEHEHHE KOTOPOro
MO’KET UMETh MPOU3BOJIbHBIN XapakTep.

Takum oOpa3zom, mepexoj K HOBBIM IEpEMEHHBIM B KoopauHatax  d,q,0mo3Bonui
npeoOpa3oBath cucteMmy aAuddepeHInaIbHbIX YPaBHEHUH C MIEpEeMEHHBIMU KOd(DHuImeHTaMu B
ypaBHEHHS, B KOTOPBIX BCE KOAPPUIIMEHTHI TOCTOSIHHBI.

[TomryueHHble ypaBHEHUS BBIPA)KaIOT OCHOBY TEOPUH JIBYX PEAKIMII CHHXPOHHON MallMHbI
IIPU 3JIEKTPOMArHUTHOM IEPEXOAHOM IPOLECCE; UX Ha3bIBatOT ypaBHeHUsIMU [lapka — ['opesa.

Ecin wu3mMeHeHwe yria y, XapakTepusylollee JABW)KEHHE pOTOpa, BBIPa3uUTh
COOTBETCTBYIOIIUM YpaBHEHHEM, TO BMECTE C paHEE COCTABIECHHBIMU YPAaBHEHUSMHU JUIs Lienied
cTaTopa M pOTOpa MOJyYUM CHCTEMY YpaBHEHUU, KOTOpas OTpa)kaeT y»Ke€ OJHOBPEMEHHOE
IPOTEKAHUE JIEKTPOMAarHUTHOTO U JIEKTPOMEXAHUUECKOTO MIPOLIECCOB C YUETOM HX B3aUMHOI'O
BIUsHUS. Penienne u aHaiM3 TakoW CHCTEMBl YPAaBHEHHH SBISETCS OJHOM M3 3a/1ad MPOOIEMBI
YCTOMYUBOCTH MapauIeIbHON pabOTHI AIEKTPUYECKON CUCTEMBI M OT/IEIBHBIX €€ 3BEHbEB.

B cooTBeTcTBUU C MPUHATHIM JOMYIIEHUEM B JalIbHEUIIIEM CUUTAEM:

y=at+y,,
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rjie @, — CUHXPOHHAs yIrJIoBas CKOPOCTh; ¥,— HAdaJIbHBIM yroJ,

CrnenoBaTenbHO,
d
a_,
dt

Y B OTHOCUTEJIBHBIX €JJMHULIAX IIPH 0); = @,

d
av 1.
dt

B ypaBuenmsix Ilapka - IT'opeBa mepBble claraeMble MPEACTABISIOT 3. J. C.

TpaHc(OpMalMK, MOCKOJIbKY OHHM BBI3BIBAIOTCS HW3MEHEHHEM BEIUYMH COOTBETCTBYIOIIUX
MOTOKOCIEIUIEHUH, a BTOpbIE ciaraemMble - 3. 1. C. BpalleHus. B cranumoHapHOM pexuMe
TpaHc(OpPMATOPHBIE 3. 1. C., €CTECTBEHHO OTCYTCTBYIOT.

gt
v e
1? !l e Oﬁnﬁl/
o T 55—
g - ' b %y

£ i o
e A
. = :
> '
w5 _% 5d
: d
Puc.1. [TpunnumuansHas Moieib npeoOpa3oBaHHOW CHHXPOHHON MAaIllWHEI.

s HArIsITHOTO TIpeNCTaBIeHHs] oOpaTHMcs K YCIOBHOW MOJenu mpeoOpa3oBaHHON
MallliHbI, KOTOpas u3o0paxeHa Ha puc. 1. 3nmech aBe oOMOTKH d —d W ¢ —¢q, CIBUHYTHIE
OTHOCHTEJIBHO APYT JIpyra Ha 90°, )keCTKO CBsI3aHBI MEXKAY cO00i M MMEIOT O0IIYI0 C pOTOPOM
och Bpamenus. Kaxknas u3 3Tux oOMOTOK MPOHU3BIBAETCS CBOMM MAarHUTHBIM MOTOKOM, T. €.
coorBercTBeHHO ®, n @ . Ilpn M3MECHEHNM BEIMYMH OTHUX IOTOKOB, YTO MMECT MECTO B

IepEXOJHOM IIpoliecce B 0OMOTKaX HaBOJATCA 3. 1. C. TpaHc(opMmanuu, npudeM usmenernue O,
BBI3BIBAET 3. /. C. TpaHcpopMauumii TonbKo B 00MOTKe d —d , a usMenenue O, - TOJBKO B

00MOTKE ¢ — ¢ .

Yro Kacaercs 3.1.C. BpPAIIEHUSI TO HA TAKOM MOJENHN €€ MOKHO IT0Ka3aTh JIUIIb YaCTHYHO.
Jleno B TOM, YTO MpHU CHHXPOHHOM BpAIICHHMH OOMOTOK W MAarHUTHBIX ITOTOKOB, OYEBHJIHO,
HUKAaKUX 3. J. C. BpalleHUs B ITUX OOMOTKax HeT. TOJBKO MpH MepeMEemeHud OOMOTOK
OTHOCHUTEJIEHO BPAIIAIONINXCsl MarHUTHBIX IMMOTOKOB, YTO B OOIIEM cllydae TakKe WUMEET MECTO
IIPU TEPEXOAHOM IPOIIECCe, B OOMOTKAaX HABOISATCS JOMOTHUTENBHBIC 3. 1. C. BpalieHus (W,

d d
TOYHEE, J. J. C. CKOJBXEHHUs): B oOMOTKe d —d - ‘Pq—}/ U B OOMOTKE ¢ —¢q - ‘Pd—y.

dt dt
[TomHOCTBIO 3. 4. C. BpallleHUS MOXXHO OTpPa3UTh Ha MOJEIH, MOCTPOEHHOM MO MPUHIUIY
KOJUIEKTOPHOU MAIINHBI.

11.2 OneparopHas gopma

[Tomyuennbsle B mpeablaylieM mnaparpade ypaBHEHHs BBIPa3UM B orepaTopHOM (dopme,
ucronb3ys npeoOpazoBanue Jlammaca. Ilpu 3ToM It ympoulIeHHs! 3alMCH  ONEPaTOPHBIX
YpPaBHEHUN NPHUMEM, YTO HayalbHbIE YCIIOBUS SIBIIAIOTCS HYJEBBIMU. Takue ycloBUs Bceraa
BO3MOXXHBI, TaK KakK [0 MPUHLUIY HAIOKEHUS pELIEHUE 3aJauyd MOXKHO CBECTH K
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CYMMHUPOBAHHUIO BCJIIMYUH H3BCCTHOIO MPCAMICCTBYIOLICTO pPCXKUMa C HUX NpUpAlICHUSAMU,
KOTOpbIE BO3HUKAIOT OT PAcCCMAaTPUMBAEMOr0 BO3MYIIAIOMIETO (haKTOpa, KaK-TO: CHIXKEHUS WU
TMOBBIIICHUA HAIPSXKCHUA, 6poc1<a TOKa M T. II.; COOTBETCTBCHHO OJOTOMY IIpU 3alllCH B
orepaTopHOi (hopMe B ypaBHEHHUS BXOIST HE MOJHBIE BEIMYMHBI, @ TOJBKO UX MPHUpALICHHUS,
HNPEALIECTBYIOMINE 3HAYEHNU KOTOPBIX PaBHBL HYIIIO.

O6o3Hayasi mpupanieHue 3HAaKOM A TIepea COOTBETCTBYIOIIEH BEIMYMHOW, TOJydaeM
YPaBHEHUS IEKTPOMArHUTHOTO MEPEXOIHOTO MpoIecca B 00JIacTH H300pakeHUs B BUTIE :

Aud(p) =-pAY, (p)—A‘Pq(p)—rAid(p);
Au,(p)=—pAY, (p)+A¥,(p)-rAi(p);
Auy(p)=—pA¥,(p)-rii,(p);

Aug(p)=pAY, (p)+rhi (p),
rJie IpUpAIIeH s HOTOKOCIEIIEHUIA:
AY, (p) = xadAif (p) + x,Ai, (p);
AY (p)=x,Ai (p);
AY, (p) = x,Ai, (p);
AY ,(p)=x,400,(p)+x,Ai (p).
Kak BHIHO, IIPY HYJIEBBIX HAYAIbHBIX YCIOBUAX ONEPATOPHBIE YPABHEHMS COXPAHSIOT TOT

)K€ BHJ, YTO M COOTBETCTByIOIIME nuddepeHanpHble; JHIb 3HAK MPOW3BOIHON d /dt
3aMEHEH Ha p, KaKk D3TO JeJlaeTcs TpH OOBIYHON anreOpam3anuu auddepeHInaIbHbIX

YpaBHEHUH.

Belpaxenus i npupameHuil MOTOKOCLEIUIEHWM IIO3BOJISIIOT HAWTH B ONEPATOPHOM
(opMe peaKTUBHOCTH MAILIUHBI.

[TockonbKy MO OCH ¢ pacnoioXkKeHa TOIbKO 0JJHa 0OMOTKa CTaTopa, TO

PaBHBIM 00pa30M, KOJIb CKOPO IOTOK OT i, HE CBA3aH C POTOPOM, TO

xo(p):xo.

HHoe nonoxkeHne UMeeT MECTO B HpOl[OJIbHOﬁ OCH, A€ paCIlOJIOKCHEBI ABC OOMOTKH:

Aug(p)=pAY  (p)+rAi (p)= p[foif (P)+ x4 (P)} + 1,8 (p);

OTKyJIa
. Au, (p) - px,Ai,(P)
i (p) = AP
T X P
Janee,
AY,(p)=A(p)Au,(p)+x,(p)Ai,(p):
rac
X
A p — ad
(z) ry (14 70p)
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UIIPOJOIbHASONIEpATOPHASIPEAKTUBHOCTh

X, X
2 ol x +T,0X,
_ XadP ! ! Xy v Lo Xy P
% (p)=x, - +x.p 14T Y,
Fp*tXeP roP 7oP
rac xd nu .x; — HU3BCCTHBLBIC HpOIIOHLHLIe CI/IHXpOHHaﬂ nu HepeXOﬂHaH peaKTI/IBHOCTI/I MAalllUHBbI,
T,, — IOCTOSHHAs BPEMEHH 0OMOTKH BO30YXK/ICHHS IPH PA3OMKHYTOM CTaTOpe, ONpeessemas
KaK
-
o=
’

Eciu uens cratopa 3aMKHyTa 4epe3 BHELIHIO PEAKTUBHOCTb X,,, TO BO BCEX
NPE/BIIYIIUX  BBIPAKEHUSIX MO X,,X,,X, CJelyeT MOHMMATh CYMMY COOTBETCTBYIOUIEH
PEAKTHBHOCTH MAIIMHBI M BHEIIHEH PEAKTUBHOCTH X,

B cooTBercTBuM ¢ mpeobpasosaHuem Jlammaca f=1/p°. CnemoBaTensHO, NpeenbHbIE
sHaueHus X, (p) Oymyr:

mpu p=o0,T. e t =0 peakTuBHOCTb X, (p)=x);

npu p=0,T.e. =00 peaktuBHOCTb X, (0)=1x,

Takue xe npenenst x, (p) Oyayr:

npu 7, = (00MOTKa BO30YkKaeHUs O€3 NOTeph) X, ( p) =x;

npu T,, =0 (06MOTKa BO3OYsKACHHS pasoMKkHyTa) X, (0)=1x, .

Jns mMamuHbl ¢ AeMn@epHbIMH OOMOTKaMH OINEPATOPHbIE PEAKTHUBHOCTH TaKXKe MOMXHO
MOJIYYUTh U3 CXEM 3aMelleHus. Jlis OONbIIMHCTBA ABHOMOMIOCHBIX MAIUH 7;, >> 1, . [Ipn aTOM

MO’KHO TIPaKTHYECKH IPUHATH 7, = 0, IIoCie 4ero BhIpakeHne i X, ( p) npuoOpeTaeT BUA:

_ X+ TgXep
d(p) 1+7,p

Tae
2
X
_ ad
Tld - Tuo 1-
Xig Xy

— TIOCTOSIHHAsi BPEMEHU TMPOJOJILHON JaeMIi(pepHOi OOMOTKH MPH Pa30OMKHYTOM CTaTope, HO
3aMKHYTOM OOMOTKE BO30YXXIEHMs, KOTOpas B JaHHOM CJIydyae paccMaTpUBaeTCs Kak
cBepxnpoBoaHuK (7, =0); T}, - TO )€ NPH BCEX PA30OMKHYTBIX LEISX, ¢ KOTOPBIMH TIPO/OJIbHAS

nemrdepHast 0OMOTKa UMEET MarHUTHYIO CBS3b.

Loy Lary

by ]
‘q"ﬁ"‘

W
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Puc. 2. Cxembl 3aMemieHus, ONPEACISIONNE ONepaTOPHBIC PEAKTHBHOCTH MAIIIHEI ¢ AeMII)EePHBIMU
00MOTKaMH. a — B MPOJOIBHOI OCH poTOpa; 0 — B MOIEPEUHON OCH POTOPA.

[IpuBeneM emie BBIpAKEHHE I IOCTOSHHOW BpPEMEHH MPOJOIBHON aeMrdepHOn
0OMOTKH TIPH 3aMKHYTOM CTaTOpPE ¥ Pa30MKHYTOH 0OMOTKE BO30YKICHHUS:
2
xad
X1aXa

TlLi:Tldo 1-

12 CuHXPOHHBIN reHepaTop B YCTAHOBMBIIEMCS pesKMMe H B HAYAJIbHbIH MOMEHT
KOPOTKOI'0 3aMbIKAHUSA

12.1 U cxoaHble NMOI0KEHUST PACCMOTPEHHUsI MIEPeX0IHOI0 NMpoLecca B CHHXPOHHOI MalluHe.

[Tepexomupiii mporecc B CUHXPOHHOM MAaIllMHE MPOUCXOIUT MPHU MEPEeXoJe OT OJHOTO
YCTaHOBUBIIETOCSI COCTOSIHHSI PabOTBhl MAIllMHBI K JPYroMy BCJEICTBHE W3MEHEHUsS JHEPTHH
MAarHuTHOTO TOJIA.

[Ipy BHE3amHOM KOPOTKOM 3aMbIKAaHMKM B II€MNH CTAaTopa MEpPeXOJHbI MpoIecc
MPOSIBIISIETCS. OCOOEHHO OTYETIMBO: TOKH KOPOTKOTO 3aMbIKaHUSI CTaTOpa U POTOPa B HECKOJIBKO
pa3 MpeBOCXOAAT TOKH HOMUHAIILHOTO PEXHUMa.

Kpome Toro mepexomHslii mporiecc 0OYCIaBIMBACTCS MArHUTHOW CBSI3bIO  MEXKIY
00OMOTKaMHu CcTaTopa U OOMOTKaMH POTOpa, TaK KaKk OOMOTKY CTaTopa MOKHO paccMaTpuBaTh
KaK MepBUYHBIA KOHTYp TpaHchopMaTopa, a OOMOTKY pOTOpa — KaK €ro BTOPUYHBINA KOHTYD.

B ommuumm or TpaHchopmaTopa OOMOTKH JJIEKTPUYECKOM MAIITUHBI TOJBUKHBI
OTHOCHUTEJIBHO APYT APYra, a IO3TOMY UX B3aUMOMHAYKIIMS SBIISIETCA IEPEMEHHON BETUYMHOM.

VdueT BceX acmeKTOB MOABMKHOCTA OOMOTOK SBIISIETCS OYEHb CIIOKHOM 3ajadei, a
MO3TOMY JENAr0T PsAJ JOMYLIEHUH, MMO3BOJISIOIMINX, HE CMOTPSl Ha MCKaKEHUE JIEWCTBUTEIIBHON
KapTUHBI SIBJICHUS, TMOHATh (DU3MUECKYIO CYIIHOCTh MPOUCXOJSIIMX SIBICHUH W TOJYYHUTh
dbopMyIibl, TpUEeMIIEMBbIE ISl TPAKTUYECKUX MPUIIOKEHUH.

Jlonywenus.

l. He yuuTHIBAaeTCs HACBIIIEHHWE MArHATHOM LENW MAIIWHBL, - 3TO TO3BOJSET
MNPUMCHUTH MPUHIUIT HAJTIOKCHHA

2. CKOPOCTh Bpall€HUs] MAIIMHBI CYUTAETCS TOCTOSTHHOM;

3. y TypOOreHepaTopoB CHHXpPOHHAs PEAKTUBHOCTb X ,;, TPOJOIBHON pEaKIUu

CTaTopa HPUHUMACTCS PABHOW CHHXPOHHOM peakTHBHOCTH X, —MONEPEYHOU

pcakuuu, nNpudYeM OTU PCAKTUBHOCTU TMPCANOJAratoTCsa IMOCTOAHHLBIMUA, (I[JIH
THAPOreHEePaTopoB 9TO HEBEPHO X,y # X, ;

4. B HaYaJIbHBII MOMEHT TIEPEXOJHOr0 IMpolecca B CHUHXPOHHOM MAIIMHBI
MpeArnojaraeTcsi, 4YTo €€ CXeMa 3aMEIICHHUS COJEPKUT TOJbKO HWHIYKTUBHbBIC
CONPOTUBIIEHUST — OTO TMO3BOJSET HCHOJIB30BaTh MPHUHIMI OCTOSHCTBA
HOTOKOCHGHHGHI/Iﬁ 06MOTOK MalinH; AaKTHUBHBIC COIMPOTHUBJIICHUA YYHUTBIBAKOTCA
TOJIBKO TIpU BBIYUCICHUU TOCTOSIHHOM BpPEMEHHU 3aTyXaHHUs MEepPEeXOIHBIX
IIPOLIECCOB.

[TpyHIMI TOCTOSHCTBA MOTOKOCHEIUIEHUH OOMOTOK MAalIMHIO3BOJIET BBUAY MAarHUTHOM
CBSI3U MEXIY OOMOTKaMH MAaIlIMHBI c(hOpMYyIHpOBaTh CIEAYIOUIMH aHaior 3akoHa JIeHna Juis
CUHXPOHHOMN MAIIIMHBI:
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8CAKOe BHE3ANHOEe U3MEHeHUe MOKA 6 OOHOU U3 0OMOMOK 6 CUHXPOHHOU MauiuHe
noposicoaem B03HUKHOBEHUE MOKA 8 Opyeux 0OMOMKAX, KOMOPbIU CMPeMUmcs noooepicams
HEeUZMEHHOCIMb MACHUMHO20 NOMOKA 8 MauuHe.

B nauvanenbiii MmomenT K3 neiictBue APB, BBUIy €€ MHEpUHAIBHOCTH, HE YYUTHIBAETCH,
NO3TOMY HavdanbHBIA TOK K3 B 11enu, nuTaeMoil 0JJHUM reHepaTopoM MOXKET OBITh BBIUMCIIEH O
dbopmyie

E;(0)
2
Xe(0)+ Xy

rae E;(0)— DC cuHxpoHHON MamuHbl B HadanbHbI MOMeHT K3, X (0) - comporusieHue

IK3 0)=

CHUHXPOHHOHM MalllMHbl B HadaibHbIi MOMEHT K3; X, - cyMMapHOE CONPOTHBIIEHUE LIENU OT
mecta K3 110 BbIBOJIOB reneparopa. s pacueToB He00X01uMOo BeIOpaTh UMeHHO Te E;(0)— u
X;(0) , KoTOpBIE OCTAIOTCS HEM3MEHHBIMH B Ha4aabHbII MOMEHT K3.

12.2 Ilepexoanbie /IC 1 MHAYKTHBHBIE CONPOTHBJICHUS CHHXPOHHOMH MalIMHbI 0e3
aemindepHoii 00MOTKH.

[Ipu K3 B nienu cratopa MOSIBIAAIOTCA MEPUOANYECKAS] U allEPHOIUYECKasi COCTABISIONINE
toka K3. Ilpu omnpenenennn O/IC MammMHbl anepuoJUYeCKyl0 COCTABIISIIOIIYI0O MOYKHO HE
YYUTHIBATh, TAK KaK CBSI3aHHBIN C HE MarHUTHBIN TTOTOK HETIOJIBK)KEH OTHOCUTENIBHO CTaTopa, a
MO3TOMY Ha HaBoJguMyto B mamuHe DJ[C BIMSHUS HE OKa3bIBaeT, a TOJIBKO CJIETKA MCKAXKAET
00110 KapTUHY MAarHUTHOTO TIOJISI MAIIIMHEI.

[lepuoanueckasi cocTaBisionlas TOKa CTaTOPa BbI3BIBACT BPAILAIOIIMIICS MOTOK, KOTOPHIN
NepeMeIIaeTcs OTHOCUTENBHO CTaTOpa B HOPMAJIHHOM HaIlPaBJIECHUU C CHHXPOHHON CKOPOCTHIO,
TO €CTh 3TOT MOTOK HEMOABUKEH OTHOCUTEIBHO poTopa. [Ipu cBoeM BHE3alTHOM MOSBIEHUU OH
BBI3BIBACT TOSIBJICHUE JIOMOJIHUTEIBHO TMOCTOSHHOTO TOKAa B OOMOTKE BO30YXKIEHUS, NPHYEM
HaIpaBJ€HUE M 3HAYEHUE 3TOr0 TOKAa TAKOBBI, YTO MPOUCXOJIUT KOMIIEHCALUS HU3MEHEHUS
[IOTOKOCIIEIUIEHUS 3TOI OOMOTKH B HaYaJILHBIA MOMeHT K3.

OTOT  JONOJHUTCIBbHBIA TOK Al f  BBI3BIBACT  CKAQYOK  MarHUTHOIO  IIOTOKA,

MOTOKOCLEIUIeHHs! 1 nporopunoHanbHoit uM IJ1C xomocroro xoxa E,(—0) mo E, (+0) .

E. A
‘CAPB
E_ (-0 bes APB
|
0 t

B HOpManbpHOM pexnMme paboThl CHHXPOHHOW MalIMHBI 0e3 JeMI(epHbIX KOHTYPOB TOK
00MOTKH BO30Y)IeHHS [, 0OyCIIaBINBACT MOJHBIA MarHUTHBIA TOTOK OOMOTKH BO30OYXICHHUSI

() r o KOTOPBIN MPH XOJOCTOM XOJI€ MAIIMHBI COCTOMT W3 MOJE3HOro nmoroka @ fad ¥V TIOTOKA

paccestHust 0OMOTKH Bo3Oyxuenus @ . .
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IIpy HarpyXCHHO! MalINMHE MONC3HBIA MOTOK @ ,, paBEH TEOMETPUYECKOH pPasHOCTH
IPOJIOJIEHOTO ITOTOKA B BO3YNIHOM 3a30pe D 5, M IOTOKa MPOAONbHOM peakuyu craropa D, .
Pe3ynbTHpYIOMUA MarHUTHBIA NOTOK @ » , CLEIUICHHBI ¢ OOMOTKOW BO30OYXACHWS,

paBeH cymme moTokoB @ .. u moToka paccesHust O, .

IIpu K3 nmpoucxonuT u3MEHEHHE NEPUOAMYECKON COCTABIIAIOIIEH TOKAa CTaTopa, 4To B
CBOIO Ouepe/b BieYeT 3a co0OM yBEeIMYEHHUE MOTOKA peakluH cTatopa Ha BenuuuHy AdD , .

OTOT MOTOK HAIpABJICH NPOTHB OCHOBHOIO MOTOKA BO30OYXK/AeHUS D , W CTPEMHUTCS M3MCHUThH

€ro B CTOPOHY yMeHbIIeHUs. OHaKO B HayaldbHbIH MOMEHT K3 pe3ynbTHpyIOmMil MarHUTHBIN
noToK @ ; HE M3MCHUTCS, TaK Kak COINIACHO aHAIOry 3akoHa JIeHIa, OJHOBPEMEHHO C

n3meHeHneM @, B oOMOTKe BO30YXIEHHsI MOSBHUTCS JONOJHUTEIbHBIH TOK, BBI3bIBAIOLIMIM
OTBETHBIN [OTOK peakuuy Bo30yxueHust AD , 1 komnencupyrommii AD ,,
U3 pucynka
Op=0,-0,;
HOBBIC 3HAYCHUS ITOTOKOB ITPHU BHE3AITHOM U3MCHCHHUU PCIKUMA:
CD'f =0, +AD
Oy =Dy +AD

TOoTraa
q)'fZ :cp’f -0, =0, +AD, — (D, +AD ) =D, -D,, =D,
TaK KakK
A®f :Aq)ad;

W3 nocneqHero COOTHOIIEHUS
AY,, +AY, =0;
WIH
ALy X g + A (X + X y)=0;
rae Al ,Al , - mpupaleHust TOKOB POTOPA M OOMOTKHU BO30YK/ICHHSL.
Poct @ , 10 CD’f IPUBOJUT K MPONOPLHOHAIBHOMY YBEIHYCHHIO IOTOKA paccesHust D
no @ . ¥ COOTBETCTBEHHO YMEHBIIEHHIO NOTOKAa B BO3JYIIHOM 3a30pe oT Pg 10 Dy,

nosromy D/1C, nponopuuoHansHyo @ g, , HCIIOIB30BaTh Ul BEIUUCIIEHUS ToKa K3 Henb3s.
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Kak cnenyer u3 pacCCMOTPEHHBIX BBIIIE COOTHOIIEHUN HEM3MEHHBIM B HaYaJIbHBIII MOMEHT
K3 maruutHbIi 10TOK siB1sieTcst O 4, KOTOPOMY COOTBETCTBYET MOTOKOCHeILIeHHe ‘¥ fy
OJIC craropa, COOTBETCTBYIOLIYIO 3TOMY IOTOKOCLEIJIEHUIO Ha3bIBAIOT MONEPEHYHOMN
nepexoaHoit IC n 0603HauarOT yepes E ; . 1151 Hee xapaKTepHO ClieIyIollee COOTHOLIEHUE
E,(-0) = E (+0).
IIpu Haxoxaenun 3Hauenus DC E :1 clieZlyeT MOMHHUTh, YTO OHa OOYCJIOBJIEHA TOJBKO

TOW YacCThIO PE3YIBTUPYIONIETO MOTOKA (MOTOKOCIEIUICHHS), KOTOPBIH CBSA3aH CO CTAaTOPOM, TO
ecTh
’ .
Td = (l_af)‘{lfza
TaK Kak II0TOK paccesiHusi 00MOTKU Bo30yxeHust D, HUKaK HE CBs3aH ¢ OOMOTKO# cTaTopa.

B HeHacrhIeHHON MalllHe
O, Xxp XptXy

O

THC X, X4q,X p - MHIYKTHBHbBIC CONPOTUBIICHHUS PACCESHHUS OOMOTKH BO30YXK/ICHHS, pEaKIUH

cTaTopa, 0OMOTKH BO30YKICHHUS.

Torma
X
i =(1-0,)¥s=>10-0,)(¥, +Tad):(l_ﬁ)(lf(xad + X )= I x,) =

ad of

2

X X

:¢(If(xad t X))~ Lyx,)=1,x, -1, o

Xog +Xof Xy

3HaK MHHYC B3sT U3-3a pasHonpasieHHocTH O, u D, .

ITepexons k 31C, MOKHO 3anucaTh

2 2 2
Ey=1;x,—jl, Sad =E, - Jjl, Faa :{Eq =U, +dexd}:Uq +ilax, = Jjl ~d
2
. xad . /
=U, +.]Id(xd_xf):Uq + I, x,

rac
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X X X
Xg =Xy~ ad—xd_ ad =X, t X,y — ad =
xf xof +xad xof +xad
X X
ad
:xo_+q‘7
xof+xad

Ha3bIBACTCA MPOAOJIBbHBIM NMEPEXOAHBIM HHAYKTHUBHBIM COIIPOTUBJICHUEM .
HOJIy‘-ICHHHe BBIPAXKCHUSA TIO3BOJIAIOT MPCACTABUTH CXEMY 3aMCIICHUA CPIHXpOHHOﬁ

MalllnHBI
m
) —
] — X
E! g
q Ko ir
q
&
N
O
» e
W :
E X
)
U‘i‘
&

[Toxoxyro cxeMy 3aMeIleHHs MOXHO TIIONy4YHTh, paccMaTpuBas MalIMHY Kak
JIByXOOMOTOYHBIN TpaHC(HOPMATOP U CTPOSI €0 CXEMY 3aMEIICHUS:

Ko X
I | ]
- —

‘rf I.f

xﬂ:lp xl}'
I 1 &
- —
! F Iy

-

Tax Kkak 1o nomnepevHo ocu poropa HeT 06MoToK, T0 E; =0 ,a X, = x, .

Takum 00pazoM 7S MalllH, Y KOTOPBIX OTCYTCTBYIOT JieMI(epHble 00MOTKH, Tok K3 nmmn
1r000#1 pyroil HauvalbHBIM NEPEXOAHBIM MEPUOIUYECKUH TOK MOTYT OBITh HaWIECHBI IO

dbopmyre:

I..0)=— %1
x3(0) )+ X o
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13 DylekTpoABUIaTe M U HATPY3KH B HAYAJIbHbIIi MOMEHT KOPOTKOI'0 3aMbIKAHMA

13.1 YaapHbIii TOK KOPOTKOI'0 3aMbIKAHMS

IIpu K3 mnpoucxoguT yMEHBIIEHHE CONPOTHUBIECHUS KOPOTKO3aMKHYTOW LE€NU IO
CPaBHEHHUIO C €€ CONPOTUBJIEHUEM B HOPMAJIBHOM pekuMe. PaccMoTpuM ocluiorpaMMy TOKOB

. i
B (aze A , rae nepumommueckuii Tok n0 K3 coorsercrByer 3mauenmoo () Hopomy

. i
compotuBlieHUI0 Iienu npu K3 cooTBeTCTBYyeT yxke mepuogudeckuii Tok 40, Tlepexon
ANEKTPUUECKON I1eMu U3 OJHOrO0 COCTOSHUS B JPYroe COMPOBOXKAACTCS MOSBICHUEM

i o
anepuoauueckoro (csobomnoro) Toka 44 . O6muit Tok K3 B (aze A cocraBmser cymmy

i i
nepuoandeckoro "4 u amepuoamueckoro 44 TOKOB

ly=1l,4 + L

13.2 U3menenune Toka K3 u ero cocrapiasiromux B ¢aze A npu orcyrcrsuu APB.

. . i
Tak kak B MOMEHT HApyNIEHUs PEXHMa HAYalbHBI MIHOBEHHBIM TOK B nemm "4(0)
0CTaeTCs HEM3MEHHBIM, TO, CIIEJI0BATEIHHO, HAYaTbHOE 3HAUYCHUE allepPUOMYECKOTO TOKA B (haze
A Oyner paBHO

lga0 = inA(O) —i,40 =1, sinf(a—p)—1,, sin(ax — ¢, ),

rnel,ul,, - aMINIUTyAHBIE 3HAYECHUS IIEPUOJUYECKOrO TOKa B HOPMAJILHOM pexkume u npu K3;
@U@, - yroi C/IBUTa TOKAa B IIENIU B HOpMaJIbHOM pexxume U 1npu K3 ( B OOIBLIIMHCTBE ClIydaeB

npuHUMaloT @, =90°); - }aza BkIrOYEHUS (3aBUCHT OT MTHOBEHHOTO 3HAUCHUS HANPSHKEHHS
B MoMeHT K3}.
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B nmepexoaHoMm mpoliecce HET MPUYUH MOAJACPKAHUS ANEPUOAUYECKOTO TOKAa U OH, Kak
BCSIKUM CBOOOHBIN TOK, 3aTyXaeT M0 HKCIOHEHIMAIbHOMY 3aKOHY C IOCTOSSHHOU BpeMeHu T, ,

3aBHUCAILIEH OT NapaMeTPOB X, U r; KOPOTKO3AMKHYTOH LIETIH

L, x

CnenoBatenbHO, B JII000H MOMEHT IEPEXOAHOTO MPOIIECCa MTHOBEHHOE 3HAYEHHUE MTOTHOTO
toka K3 ¢a3sl A paBHO

t

v, . . T,
i, (1) :Z—'”sm(a)t+a—(p)+taAOe T,
k

rae U,, - HanpshkKeHWe MCTOYHMKA NMUTAHUA (IPUHUMAETCS MMOCTOSIHHBIM 110 aMIUIMTYne); Z, -

nojHoe conportusienue mnenu K3. Ilpu aTom nepuoandeckas (MpUHYXIEHHAS) COCTABISAIOIIAS
TOKa Oy/IeT C TOCTOSIHHOW aMIUTUTYION

AHanornyHas kapTuHa OyJeT W B JApyrux ¢aszax Tpex(a3HO# Ienu, TOJbKO HadalbHbIE
3HAYCHUS TEPUOJMYECKOTO M alepuoJMYecKoro Toka Oymyr npyrue ( B omHOW w3 (a3
anepUONMYECKUN TOK MOXKET OBITh PaBEH JIaXe HYJIIO).

Hau6omnbiryto onmacHOCTh NpecTaBiseT HauboIblllee MTHOBEHHOE 3HAU€HHE MTOJTHOTO TOKa
K3. Ero Ha3pBaroT yIapHBIM _TOKOM i P OuyeBUHO, OH BO3HUKHET B Cly4ae, €cCld

amepuoruecKkas cocrapiusionias Toka K3 B HayanpHbIii MOMEHT OyaeT HanOOobIIas.

1
rM T

P

2 -
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K onpeoenenuto yoapnozo morxa K3 (ocyunnocpamma TK3 npu naubdonvuieit
anepuoouueckoii cocmaenaouieil)

OOBIYHO HauYaTbHOE 3HAYCHUE AllepPUOJIUYECKOTO TOKA 3aBUCUT OT (pa3bl BKIIOUCHUS ILIETH
Ha K3. MakcumanpHOE 3HAYCHHE alepHOIUYECKOTO TOKa B HadainbHbI MoMeHT K3 yxke Oynmer
3aBUCETh KaK OT (ha3bl BKIIFOUEHUS, TaK U OT MPE/IISCTBYIOIIETO TOKA B PACCMAaTPUBAEMOM IeTIH
ln(o) .

AHanu3upys BeIpaK€HHUE Ul TOKA i, , [I0JIy4aeM

Lagomax = ina0) ~nao = 0= Lygomax = —ﬁln;

T.€. MAKCUMAaJIbHOE 3HAYEHHE TOKA I, 0. OYJIET P KOPOTKOM 3aMbIKAHUU B HEHArpyKeHHOH
uenn  (i,40) =0) mpu HyneBodl (ase BKIIOYEHHSA (MIHOBEHHOE 3HAYEHHs HANPSDKCHHUS

IPOXOAUT uepe3 HyleBoe 3HaueHue). CleoBaTeNbHO, 3HAYEHUE i, ,(.x PABHO aMILIUTYE
MEPUOUYECKON COCTaBIIAIONIEH

inAOmax = Inm = ﬁln

PaccmoTpenHast cutyanusi MOKET MPOU30UTH TOJIBKO B OJHOM aze ( B HalIeM ciy4ae B
¢daze A), Tak Kak B 3TOM CIy4ya€ MIHOBEHHbIE 3HAUYEHHUS HAYAJIBHOTO MEPUOIUYECKOTO
(cemoBaTeNbHO M AaNIEPUOIUYECKOT0) TOKA APYTuX (a3 OyayT MEHBIIIE.

W3 ocummiorpaMmel BUAHO, YTO yIApHBIA TOK HACTYNAeT 4YEpEB IOJIINEPHOAA, T.€. IIPH
yactore 50 ' mpumepno uepes 0,01c.

0.01 _0.01

i, =i,(t=001)+i,(t=000)=21,+2,e ™ =2I,(1+e T):ﬁl,,ky.

B mpakTudeckux pacderax CUMTAIOT, YTO HAYAIbHBIA CBepXIepexonmHblii TokI” K
MoMeHTy BpeMenu ¢ = 0.01c. mo ammuutyae Takxke ocraercs HemsMeHHbIH, T.e [, = 1" .Torna

yaapusiil Tok K3 paBen

. ", .
i, = 21 ky,
a yAapHbIi K03 hUIueHT
0.01

T, _ .
k,=l+e ™ =i /21,

3aBUCUMOCTD YAAPHOTO KO3(PIHUIIMEHTA OT TOCTOSTHHOW BPEMEHH KOPOTKO3aMKHYTOU TN
T, npexacraBicHa HA CIEAYIOEM PUCYHKE.
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i
L6 7

7] 20 30 W Xjr

A L i 1 I A L ' A i i J

[E— PSR B o
g 7,08 G108 Ta»®

W3 amammisa BBIPAKCHUA IJId ky MOKHO OIpCACIAThL MPEACIIbl U3MCHCHUS 3HAYCHUA

ynapHoro ko3 duimenta. [lpu oueHb 3HAUUTENBHOM, MTPEBBIIICHHUH AaKTUBHOTO COTPOTHBIICHHUS
HaJl MHAYKTHBHBIM X/r — 0, a k, —> 1 (Habmozmaercst B cersx HampspkeHnem Hikel kB),

HA000POT, B MPAKTHYECKH YUCTO MHAYKTUBHBIX 1ensax (K3 Ha BbIBOAax KpYIMHBIX T€HEPATOPOB)
x/r—>wo, a k y 2. CrnenoBaTenbHO,3HAYCHHUS yIapHOTO Kod(pHUIIMeHTa HAXOAUTCS B

npeenax

1<ky<2.

Kpome Toro ymapueii K03((UIMEHT YyKa3bIBaeT MPEBBIIICHHE YAApHOTO TOKa
(MakcUMaJbHOTO 3HAYEHUS MOTHOTO Toka K3) Haj aMIIMTy 101 IEPHOINYECKON COCTaBISIOMEH
TK3.

Mt ToyHoro ompeneneHusk, NpeoOpasoBaHME CXEMBI 3aMEILICHHS CIEyeT BECTH B

KOMIUIEKCHOU ¢opMe 10 TOJIY4CHHUS PE3yIbTHPYIOIIETO COMPOTHBICHUS €M KOPOTKOTO
3aMbIKaHUs (Hanbosee mpocTo DTOIenaeTcs ¢ ucnoyibzoBanueM [19BM)

IIpu K3 Ha BBIBOAAaX KpYMHBIX [CHEPATOPOB 4acto npuxuMaer k, =1,9 (wist Toka or

reHeparopa). [lo mepe yBenuuenus ynaneHHocTH K3 OT MCTOYHMKA MUTaHUS €r0 3HAUCHHE
yMeHbIlaeTcsi (0COOEHHO MPH 3HAYMUTENBHOW J0Jie BO3AYIIHBIX JWHUHN). [Ipu mpakTtudeckux
pacyerax K3 B BBICOKOBOJIBTHBIX BO3JYLIHBIX CETAX NPUHUMAIOT k , =1,8. Bonee uenecoobpasHo

HCIIOJIB30BaTh PCKOMCHAAIINN, TAHHLIC B Ta6n1/1ue

HanmenoBanue BeTBu nim mecto K3 x/r k, T,,c
BetBs reneparop-tpanchopmaTop 30-50 |1,9-1,95 0,1-0,2
BerBb aCHHXDOHHOTO IBUTATEIIS 6.3 1.6 0.02
K3 3a muHelHBIM PEaKTOPOM Ha

3JIEKTDOCTAHIIUN 30 1.9 0.1
K3 3a nmuHelHBIM DeaKkTODOM Mmi

IIOICTAHIINHU 18-20 1.85 0.06
K3 3a kabenbHOI uauei 6-10 xB 3 1.4 0.01
K3 3a tpanchopMaTOpOM MOIIHOCTEHIO

1000 kB«A 6.3 1.6 0.02
K3 na npucoennuennu PY nosbiieH-

HOT'0 HAIPSKEHUS MOACTAHIINU 15 1.8 0,05
K3 na npucoennHeHn BTODUYHOTO
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HaNPSDKEHUS TOICTaHIIHS | 20 | 1.85 | 0,06

ACHHXpOHHBIE JBUraTend K Jpyras Harpy3ka B Mecte K3 yuuTeiBaeTcs B BUIE
JIONOJTHUTEIbHBIX UCTOUYHUKOB MUTaHMs. [Ipu 3TOM cieayer yduThIBaTh, YTO OJJHOBPEMEHHO C
3aTyXaHHEM alepuoJNYECKOr0 TOKa IMPOUCXOJUT HWHTEHCUBHOE 3aTyXaHUE MEPHOJUYECKOIO
TOKa ( B YCTAaHOBUBILIEMCSI PEXKHME OH TaKXKe CTAHET paBHBIM HYJH0). Cie10BaTeNbHO yIapHBbIi
KOd(PGUITMEHT OYyJeT yYUTHIBAaTh OJTHOBPEMEHHOE 3aTyXaHHWE OOCHX CIaralriluX TOoKa WU Oymer
HIDKE, YeM y KPYIHBIX reHepatopoB. JUis KPYIHBIX aCHHXPOHHBIX JBUTraTesedl 3HaveHus k,

IpUBE/ICHbI Ha PUCYHKE

L3 )
¥
L8
LT
f.? : H:‘%.""'"h
]
1_, NSy
W
e,
L5 HEN . ¥
o s 40 xBr 5000

[Tonusiii ynapusrii Tok B Mecte K3 Oyner paBen
. " ",
i, =2k 1" +-2k, I};
rne I;.k yd - HAUaIbHBI CBEPXIEPEXOAHBIH TOK W  yAApHbIH KOd(uIHeHT
ACUHXPOHHOT'O JIBUTATEJSL.

VY MeNKuX JABHUratesei 3aTyxaHue TOKOB MPOUCXOAUT Oojiee MHTEHCUBHO. [loaTomy mmst
HUX U JUis 000OLICHHOM HATPY3KH NMPUHUMAIOTA , =1 . DTO O3HA4aeT, YTO eCIU NPHHATH JUIs

aux E" =0.9,x" = 0.2, To yaapHbIii TOK OT HArpy3Ku
o =2k T = 2R 00 65T,
Ly = vl = 0 Hd T Sy

MOATOMY yJIapHBIN TOK MPU HATUIUH 00001eHHON Harpy3ku B mecte K3 coctaBut
. _ ” .
i, =2k, I"+6.51},;

rne I, , - HOMUHQIBHBIA TOK OOOOIIEHHOW HArpy3Kd WM [JBUTaTelied, NMPHUBEICHHBIN K
crynenu K3.
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JInisi CHHXPOHHBIX JBUraTeNieil BeMuurnHa yaapHOro Kodd@uimenTa MoKeT ObITh MPUHATA
TaKOM e, KaK y TeHepaTOpOB MPUMEPHO TOM 7K€ MOIIHOCTH.

Econ touka K3 nmenuT cxemMy Ha pajauaibHble HE 3aBUCHUMBIE IPYroT Apyra BETBH, TO
yIapHBIN TOK CIIEZyeT ONMpPEAesATh Kak CyMMY YIapHBIX TOKOB OT/IEJIbHBIX BETBEH

0.01

i, =) 20 (+e k)
k=1

rae I;,T,, - HadanbHbIH CBEPXIEPEXOIHBIN TOK M MOCTOSAHHAS BpeMEHHU K -if BETBH.

B CHOXHBIX pa3BETBIEHHBIX JJIEKTPUYECKUX CXEMaX, COACpXKAIUX KaOelbHbIE CETH,
MPOTSKEHHBIE BO3AYIIHBIE CETH, YAAPHBIN TOK CIEAYET paCCUUTHIBATh MYTEH PEIICHUS CUCTEMBI
YpaBHEHUN KOHTYPHBIX TOKOB HJIA Y3JIOBBIX HaNpPsKEHUH (TIPU HYJIEBbIX HAa4aJbHBIX YCIOBUSX),
COCTaBJICHHBIX C YY4E€TOM KaK MHJYKTHUBHBIX, TAK U aKTUBHBIX COIPOTHUBIICHHI BCEX 3JIEMEHTOB
pacUeTHON CXEMBIL.

Onnako B TPUONIDKEHHBIX pacdeTax yaapHoro Toka K3 B 5r000W CIIOKHOW cXxeme
ctanaapT Ha onpeaenenue TK3 momyckaeT ucmnonbp3oBanue Gopm

i, =20"k,;

0,01

T, _ .
k,=l+e ™ =i /21,

ITIpu sToM mocrosiHHas BpeMeHst 7, oOmpenensercss WIM UCXOAS U3 pe3yIbTHPYIOLIETo

KOMIUIEKCHOTO CONIPOTHUBIIEHUS Z; =) + jX,.

 ImZ,
“ wReZ,

WJIM TI0 IPUOJIMOKEHHOW METOINKE

_ Xz(r:O).
“ Ry(x=0)’

rie Xs(r=0) u R;(x=0) - pe3ylnbTupyrolye UHIYKTUBHbIE U AKTHBHBIC CONPOTUBIIECHUS,
ompejensieMble B CXeMaX, B KOTOpPbIE€ BCE JJIEMEHThl BBEJIEHBI COOTBETCTBEHHO TOJIBKO
WHJYKTUBHBIMU U TOJIBKO aKTUBHBIMU COMPOTUBIICHUSM.

Crnenyer ykas3aTb, YTO B HEKOTOPBIX, YaCTHBIX clydasx, Hanpumep, npu K3 B
INEKTPUYECKUX CETSIX CO 3HAUUTEIbHBIM aKTHUBHBIM conpoTuBieHueM (x/r < 3). wiu npu K3 B
JUHUSAX C YCTaHOBKAMHUIIPOAOJIBHOM €MKOCTHOW KOMIIEHCAllUM, MOMEHT BO3HUKHOBEHHS
yaapHoro Toka K3 ne pasen 0,01 c. u ero cieayeT onpeaenuTb JOMOTHUTEIBHO.

B mepBom ciydae 9TOT MOMEHT (7,) B CeKyHIax K yjaapHbii Tok K3 B kuimoammepax

JOITYCKaeTCsl OIpeeNsaTh N0 GopMyiaM
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ty

i :ﬁl"(1+sin¢ke Ty,

y

rae ¢, - yroiu casura asz 9/1C ucrounuka u nepuoauueckoi coctapistoniei Toka K3, paa.
Bo BTOpoM cnydae mpu ompeneneHuu i y ¥ MOMEHTa €ro BO3HHKHOBEHHS HEOOXOINMO

JIOTIOJTHUTEIBHO  YYUTHIBATb CBOOOJHYIO IEPUOAMYECKYI0 COCTABIISIOIIYI0, HMMEOLIYIO
HNOJCHHXPOHHYIO 4YacTOTy.JT0 OyaeT ydreHo mpu paccMoTpeHud K3 B AJIMHHBIX JIMHUSX
nepeaayy NepeMeHHOro TOKa.

14 IlepexoaHblie 3J1eKTPOMATHUTHBIE MPOLECCHl B CHHXPOHHOI MalllMHe

AHanu3 3NEKTPOMArHUTHOTO TIEPEXOJHOT0 TMpolecca TMPU BHE3AMHOM KOPOTKOM
3aMBIKAaHUH, PACCMaTPUBAEMBIi B HACTOSIICH IJIaBe, OTPaHUYEH YCIOBHEM, YTO CHHXPOHHAS
MalpHa paboTaeT OTJAEeNbHO OT JIPYTMX MCTOYHUKOB NMUTaHWA. BHENIHAA Lenb ee crtatopa mpu
BO3HMKIIEM  KOPOTKOM  3aMBIKaHHHM  XapakTepU3yeTCs  HEKOTOPHIM  ITOCTOSHHBIM
COIIPOTHUBIIEHUEM, TPEUMYIIIECTBEHHO UHAYKTHBHBIM.

YT1oOBl MMETh HEKOTOpOE IPEJCTABICHHE O B3aMMHOM BIMSHUM MAIlMH Ha XapakTep
NPOTEKaHUS DJIEKTPOMArHUTHOTO MEPEeXOAHOro mporecca (IpU HEU3MEHHOW CKOPOCTH UX
BpAIlIEH!s ), B KOHIIE TJIaBbI JAHHBIA BOIPOC KPAaTKO OCBELIEH JUIS MPOCTEHIINX YCIOBHM, KOTaa
B CX€ME UMEIOTCS JIBE€ MAIIMHbI, CBSI3aHHbIE MEX/ly COOO uepe3 MPOU3BOIbHBIE PEAKTUBHOCTH.

Brauane paccMmarpuBaeTcss TEpeXOJHBIM MPOIECC B CHHXPOHHOW MammuHe 0e3
nemrdepHbpIX OOMOTOK W TpPU OTKIIIOYEHHOM YCTPOMCTBE aBTOMATHUYECKOTO PETYIUPOBAHHS
BO30yX/eHHs. B nanmpHelImeM BBEIEH YYeT TAKOTO PETyIMpPOBAHHS, HCIOIb3YysS MaTepHai
npenplayeid rnaBel. BiousiHMe u yueT jaeMmngepHbIX OOMOTOK U3J0XKEH 0€3 CTporux
MaTeMAaTHYeCKNX BBIKJIAJ0K; NPU O3TOM OCHOBHOE BHHUMAHHE OOpalleHO Ha BCKPBITHE
($U3UUECKOl CYITHOCTH SABICHHS U BO3MOXXHOCTH YIIPOLICHHOW OIIEHKH 3TOTO BIUSHUS.

[IpakTHueckuii HWHTEpeC NPEACTABISET MPOTEKaHME Ipolecca NPH KACKaAHOM (WM
CTYNEHYaTOM) OTKJIIOYEHHUH KOPOTKOTO 3aMBIKaHUS M €ro MOBTOPHOM BKIIOYEHHH. B oOuiem
BUJIC JIAaHHBI BONPOC OYEHb ciokeH. [loaTomMy 31ech OH paccMOTpEeH NPHMEHHTENBHO K
YCIIOBUSAM, KOT/Ia B CXEME MMEETCs JIMIIb O[HA MAIIKHA.

14.1 BHe3anHOe KOPOTKOe 3aMbIKAaHHE CHHXPOHHOI MAaIIMHBI 0e3 AeMII(pepHBIX 00MOTOK

[Ipu metanmnmdeckoM Tpex(}a3sHOM KOPOTKOM 3aMBIKAHHH HAMPSOIKEHHE KaXI0H (asbl B
MecTe KopoTkoro 3amblkanust U = 0. CrnenoBarenbHo, NpUpallieHue HalpsHDKEHNUS B 3TOM TOUKE
NP BO3HMKHOBEHMU Takoro mnospexiaeHus Oyner AU =-U;, umum B onepaTopHoil ¢opme

AU(p)=-U,/p.
AHaNOTHYHO MPHUPALICHUS COCTABIIIONINX ATOTO HAPSHKEHHS OYIyT:
Au, =—u, +Au, (p) =-u, /p; (1)
Au, =—u, +Au, (p) =-u, /p.(2)
IIpu orcyrerun APB Au, =0. Torma nmeem:

A (p) _ —px,,Al, (p) __ X, Al (p)p . (3)
! Ty + pX; Ty (1 + prO) ’

AY, =x, (p)Aid (p) 4)
Jlns paccMaTpuBaeMoro MEpeXOHOTo IMPOoIecca paHee IMOJNyYSHHBIE YpaBHEHHsS IMOCTe
COOTBETCTBYIOIIEH TPYMITHUPOBKH CIATa€MBIX MOYKHO MPEICTABUTH B BUJIE
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M, (p) =2 = —(r+ px, (p)) A, (p) ~x,7, (p): (5)

p
u
Auq(p)z— ;" =diid(p)—(r+pxq)Aiq(p); (6)
OTKy/a IIPUPALICHUS TOKOB:
u, (r+px )—u x

Aiy(p)= ol pD("Iz) “ (7)
A ( )_uqo(r+pxd(p))+udoxd(p). @®)

q p - pD(p) 5

/1€ OTPEICIIUTENb
D(p)= (r + px, (p))(r + pxq)+ x,(p)x,- (9)
[IpupaBHsSB ompeAenuTeNb HYIIO, MOJYYUM XapaKTEPUCTUYECKOE YpaBHEHHE, KOTOPOE
x, +T, x;p
10CJIe MOJCTAaHOBKU BMECTO X, ( p) BBIDAKCHUS X, ( p) =———"— ¥ MPOBEACHHUS psla
1+7, p
0
npeoOpa3oBaHUil TPHOOPETAET BUI:
2
’ 3 ' xd 2 ’ xd + xq xdxq +r _
XgX, P H| X+ x| ==+ | [pTH| XX, T +r p+T——0. (10)
fo fo Jo
Kak BuIHO, OHO SIBIISIETCS] IOJTHBIM KYOMYECKUM YpaBHEHHEM OTHOCHTEIBLHO OTepaTopa p

. DTO yKa3bIBaeT Ha TO, YTO KaXJ0€ M3 MPHUPALICHUN TOKOB (Ai FIVAY) q) COJICPKUT B cebe TpH

CBOOOIHBIE COCTABISIIOIIME. TakuM o00pa3oM, yKe IS CaMbIX JJIEMEHTAPHBIX YCIOBUUN
TpeOyeTcsl peluTh ypaBHEHHE TPETbeW CTEMEeHH, YTO AOCTATOYHO MPOCTO JHUIIb B YUCIOBBIX
3HAYCHUAX.

AHanmu3 xapakTepuctudeckoro ypaBHeHus (10) mpuBOAMT K BBIBOLY, YTO TIPH
OTHOCUTCIIBHO MaJIbIX 3HAYUCHUAX AKTHUBHBIX COHpOTI/IBJIeHI/Iﬁ ueneﬁ, KaK 2TO OGBI‘-IHO HUMECT
MECTO B YCJOBHSX KOPOTKOTO 3aMbIKaHHUS, KOPHH 3TOTO ypaBHEHHUS C JOCTATOYHOM MAJis
NPaKTHKHA TOYHOCTHIO MOKHO -OIPE/EIATh, IPUHUMAsI TooYepeHo 7, =0 u =0,

Tax, mpu r, =0 (wmm 7, =o0) XapaKTEPUCTHYECCKOE ypaBHEHHE mpuoOperaet Gonee
IIPOCTOM BUJ:
' 2 ' ' 2 _
[xdxqp +r(xd +xq)p+(xdxq +r )]p =0. (11)

EroxopHu cOOTBETCTBEHHO PaBHBI:

2
__r(x;+xq) . (xq—x;)r
P2 = 2x;xq £ Zx;xq (12)

u p,=0.
JIBa TEpBBIX KOPHSA, KaK BHJHO, BBIPAXKAIOTCA CONPSHKEHHBIMH KOMILIEKcamu. Mx

JIEMCTBUTENbHASI YacTh OTpHUIATENIbHA, YTO YKAa3bIBA€T HAa 3aTyXaHHE COOTBETCTBYIOIIUX WM
CBOOOJTHBIX TOKOB C ITOCTOSTHHOW BPEMEHHU

T 2x,x, X (13)
¢ r(x;,—kxq) r’
rae
PR T
(x{’i +xq)
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NpEJCTaBIsIeT  CO0OM PEaKTHBHOCTh OOPATHOM MOCIIENOBATENLHOCTH MAIIWHBI. 3HAYCHUS
MHHMBIX YaCTe 3TUX KOPHEN

2
)
+j [1- o =tjo,; (15)
Xy X,

MPEJICTABISIIOT OTHOCUTENBHBIE YIJIOBbIE YAaCTOThl M3MEHEHHS COOTBETCTBYIOUIMX CBOOOIHBIX
TOKOB, BBIPQXKEHHBIX B KOOpAWHATAX d,q

Brranraemoe o kopHeM B (15) 0OBIYHO HUYTOKHO MAJIO IO CPABHEHUIO C SAMHUIICH, YTO
MO3BOJISIET TPAKTUYECKHA UM TpeHeopeub. Toraa BMecTo (12) moayduM yrpouieHHo:

B

1, .
Dis z—Fi]. (12a)

a

B 1o Bpemst Kak HaiijieHHbIe NIpU 7, = 0 3HAYEHHUs KOPHEH p, U p, NOCTATOYHO OJIM3KH K

I[ef/’ICTBI/ITeJILHOCTI/I, 3HAaYCHHUC TPCTBCIO KOpHA p, IPH TOM KCE JOOIYIICHHH HC OTPAXXacT

UCTUHHOTO XapaKTepa M3MEHEHHs COOTBETCTBYIOIIEH eMy CBOOOJHOW cocTaBisomieil Toka. B
caMmoM zene, p, =0 yka3bIBaeT Ha TO, YTO JTa COCTABIAIONIAS TOKA OCTAETCS HEU3MEHHOM, HO

9TO MPOTUBOPEYHT (PUZNIECKOH CYIITHOCTH PACCMATPHBAEMOTO MTPOIIECca.
bnuskoe k I[ef/’ICTBI/ITeJILHOCTI/I 3HAYCHHUEC KOPHA p3 MOKHO IOJIYYHUTb, IHoJIarad r = 0, HO

r, # 0. IIpu aTom (10) mepexoaut B mpocToe ypaBHEHNE

X
(P> +1)| X p+=2L |=0 (16)

Tf

0
IMEPBLIC JIBA KOPHA KOTOPOI'O MOJIYy4YarOTCd YUCTO MHUMBIMU CONPSKCHHBIMU!
P,=%J

a TPETUH KOPEHb
X4

!
T, x4

SIBJISIICH BEILIECTBEHHOW OTPUUATEIBHOW BEJIMYHMHOM, YKA3bIBAET HA TO, YTO OTBEUAKOLIUN €MY
CBOOOJTHBIN TOK 3aTyXaeT IO IKCIIOHEHTE C TOCTOSTHHOW BPEMEHHU
1 x'
Td’ =——=Tf . (18)
0
Ds Xq

Py=- (17)

ITpn HeoOXOAMMOCTH 3HaYeHHE 7, MOYKHO HECKOJBKO YTOYHHTB, BBEIS MPUOIMKEHHBIH
y4eT aKTUBHOTO CONPOTHBIICHUS Iienu crartopa » . [Ipu 3ToM Beipakenue 1st 7, mpuodperaet
BHL:

XX, + r

T =T

T . (19)

XX, +r

[TockobKy KOpHH XapaKTEpPHUCTUYECKOTO YpPaBHEHHS OMPEICIICHbI, TO TEPeXoJ OT
n3o0paxkenuit (7) u (8) Kk uXx opuruHaiam (T. €. BpEeMEHHBIM (YHKITUAM) YK€ HE TMPECTaBIsCT
MPUHIUIINAIBHBIX TPYAHOCTEH. J[JI1 Ka)K0ro €1aracMoro 3TUX BBIPAXKEHUN MOXKHO IIPUMEHHUTH
U3BECTHYIO (GopMyiy pasznokeHus. OIHAKO M 3/eCh IS YIPOIIEHHs PEIIeHUS MOXHO 0e3
3aMETHOH MOrpCImHOCTU  HMCIOJIb30BAaThH CHIC JOIOJIHUTCIBHOC JOIMYIICHUC. CyH_IHOCTB
TOCJIEJIHETO COCTOMT B CJIEAYIOIIEM: TIOCKOIBKY 7, U ¥ OTHOCHTEILHO MAJlbl, IPU ONpPEIEICHUH

INPUHYXJIEHHBIX TOKOB W HAYaJbHBIX 3HAYEHHH CBOOOJHBIX TOKOB MPAKTHUYECKH MOMXHO
npeHeOpeyb BCEMH aKTUBHBIMH CONPOTHUBICHUSMHU OJHOBPEMEHHO, a HE MOOYEPETHO, KaK ITO
JIeNajgoch MpH OIpeneleHUH KOpPHEH XapaKTepHUCTUYECKOTro ypaBHeHUs. B 3ToM ciydae,
OYEBHUJHO, YYET aKTHUBHBIX COMPOTUBICHUN HAXOAUT OTPAXKEHUE TOJIBKO B 3HAUYCHUSIX
COOTBETCTBYIOIIMX MOCTOSIHHBIX BPEMEHU 3aTyXaHUsl CBOOOHBIX TOKOB.
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Hpu r =0 u r, =0 onpexnenurens BmMecto (9) Oyner:

D(p)= (1 + pz)x;,xq (20)

1 BbipakeHust (7) u (8) CTAaHOBSITCSI COBCEM IPOCTHIMU:

Aj ( ) udo u‘]o (21)
i = — ;
P (1+p2)x; p(l+p2)x£,
u u
Ai (p)= D4 b (22)
! (1+p2)xq p(1+p2)xq
HemnocpencreenHo u3 Tabaui npeodpazoBanus GyHKIui 1o Jlammacy nmeem:
- =sint
I+p
u
1
——=1-cost;
p(1+7r)

MO3TOMY OpUTHHAIaMH BeIpakeHuid (21) u (22) OyayT:

u u
Ai, =—sint ——2(1-cost); (23)

!

Xa Xq
u u
Ai, =—sint +—(1-cost).(24)
X xq
q

lpn6aBuB K MOITYYCHHBIM NPUPALICHHUSIM TOKOB IPEALICCTBYIOIME 3HAYCHUS [, M i, U

NPUHSB BO BHUMAaHHWE, YTO B COOTBETCTBUH C NMPHHATHIMH TOJOXHUTEIBHBIMHA HAIPaBICHUSIMH
oceit d u ¢q

" ) _ .
E‘Io _u‘IO xdldo ? udo - qu‘IO ?

MOJTYYUM:

!

S el SR t;(25)
i, =—— *sin o cost;

Xg Xy Xy

U,

u d

. uq .
i, = —sint —
xq Xq

cost. (26)

Jlanee MOKHO TIEPEHTH OT MEPEMEHHBIX B 0CAX d,q K NMEpeMEHHBIM B(a3HBIX ocsix 4, B,
C. Tax, Haripumep, 7151 pa3sl A ocie psiaa npeodpa3oBaHuil UMeeM:

E' "4+ "+
i =x—‘f°cos(t+7/0)——uq° (Zid’x xq)cosyo _te\te T, (Z)JC;x xq)sinyo -
o e T @
) oy b G
2x,x, 2x,x,

3nech, Kak BUAHO, TOKA €Illeé HEe YYTEHO 3aTyXaHHe CBOOOJHBIX TOKOB. B wacTHOCTH,
MIEPBBIN WICH 3TOTO BBIPAXKEHUS MPEICTABIACT COO0M MEPHUOIUUECKYIO CIIaralollyl0 OCHOBHOU
YacTOTHI, AMIUIMTY/Aa KOTOPO# mpu r, =0 oCTaercs MOCTOSHHOW M paBHOW HaYaIbHOMY

NepeXoHOMY TOKY. DTa cliararoiias BbI3BaHa 3.]1.C. BpallleHUs!, U €€ U3MEHEHHUE JIETKO BBISIBUTD,
paccMaTpuBasi OTAEIBHO JEHCTBHE ATOM 3.J1.C. NMPU NPEACTABICHUM MAaIIUHBI ONEPaTOPHON

PEaKTUBHOCTBIO X, ( p). Jpyrumu crnosamu, s NpPHUpAIleHWs DTOM cnaraiomed Ai,, B

orepaTopHOii (hopMe HMeeM:
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P Uy, —_ u‘IO(1+pr6) - (28
A pxd(p) p(xd+T/;]x£1p)’( :

KOTOpOE IOCIIe Nepexoia K OpUTHHATy IPU 3HAYEHUH p,, onpenensemom u3 (17), naert:

t

u u e
. T
Aijy=——2—| L2 g% (29)
Xa Xe X

IpnbaBus npeecTBY O TOK i, W CeNaB HeOOIbIINE IPEOOPA3OBAHNUS, IOy IHM:

E E -L
) o _ 4 9 49 T;
g = Ay +1, =————| —+=———|e ' (30)
Xq Xg Xy

[TonyueHHass 3aKOHOMEPHOCTb M3MEHEHUsS TOKa I, B KOOpAMHATaX d,q B TO K& BpeMs

XapaKkTepU3yeT M3MEHEHHE Orn0aroell KpUBOM MepUOANIECKON Cllararoieid OCHOBHOM YaCTOTHI
TOKa CTaropa. JTa clarammas B pacCMaTPUBAEMBIX YCIOBUAX (MpeHeOpeKeHHe aKTHBHBIMH
COIIPOTHBJICHUSIMH LIEMIU CTATOPA U OTCYTCTBHE 3aMKHYTOI'O KOHTYpa B IOMEPEUYHON OCH POTOPA)
SIBJISIETCSL.  TOJBKO MpoAoibHOM. Ee nelicTByromiee 3HA4YEHHE B IPOU3BOJIBHBIA  MOMEHT
OIpPEACIIAETCS aHATOTUYHBIM BBIPAKEHHUEM, T. €.

E (E E \-% 7 ¥
Iy =) o W =T (1 = T)e ¥ =T+ 10 ™, (302)
X, Xa Xy

rae [ — YCTaHOBMBIIMICS TOK KOPOTKOI'O 3aMBIKaHUS, (1‘;‘ -1 ):I Ha4yaJIbHBIN

’
03‘0‘
CBOOOJIHBIN TIEPEXOAHBIM TOK. JIJIsi MTHOBEHHOTO 3HAYCHHS MEPHOIUYECKON Clararlie Toka
OCHOBHOM 4acTOTHI (a3bl A UMeeM:

Iy, =| =y D0 T cos(t+}/0). (31)

OcranpHbie ujieHbl B (27) OOyCIOBIICHBI JEUCTBHEM TpPaHCHOPMATOPHOM 3.4.C, U HX
3aTyXaHHe IPOUCXOIUT ¢ IOCTOSHHOM BpeMeHu 7, onpenensemoi (13).

TakuM 00pa3oM, MOTHOE BRIPAKEHUE JJII MTHOBEHHOTO 3HaU€HUsS TOKa (ha3bl 4 C y4eTOM
3aTyXaHHusl CBOOOJIHBIX Cllararonuiux OyaeT:
E (E E \-L (x, +x)) -+
. ' . d
= | e cos(t+70)—[u cosy, +1u, smyo]q—e fa —
' 90 0 !
X, X, X, 2x x)
q
(32)
! t
x —x,) —
. ( q d) T,
—[u% cos(2t +y, ) —u, sin(2¢+ 70)]2—,3
X X,
q
3nech TepBBIC JBAa WieHAa OOPa3ylT NEPUOAUYECKYIO CIIArarollyl0 TOKa OCHOBHOMN
YaCTOTBI, TPETUH U YETBEPTHIN WICHBI — aNCPUOMUYECKYIO CJIArarollylo U JBa MOCICIHUX YieHa

— BTOpYIO TapMOHHKY Toka. M3 cTpykTyps! (32) BHIHO, YTO BTOpas rapMOHHMKa OOYCIIOBIIEHA
HECUMMETpUEH poTopa (xq ;tx;,). Ee BO3HMKHOBEHHE BBI3BAHO ANEPHOJIUYECKOMN Cllararoiiei

TOKa CTaTopa, YTO HEMOCPEJCTBEHHO CJEeAyeT M3 MPOCThIX (U3MUECKUX MpencTaBieHuil. B
caMoM Jiesie, TIOCKOJIbKY MarHWTHBIA MOTOK OT alepHOAMYECKON Cllararoleil TOKoB Tpex a3z
cTaTopa MPaKTUYECKU HEMOJIBUYKEH B MIPOCTPAHCTBE, B 0OMOTKE BO30YKJICHUS OH HaBOJUT 3.1.C.
CUHXPOHHOH YacTOTHI, KOTOpasi CO37[aeT B ATOM OOMOTKE MEPEMEHHBII TOK TOW K€ 4acTOThl. B
pe3ynbTaTe BO3HMKAET MYJIbCUPYIOIIMM MAarHUTHBIM MOTOK, HEMOJABWXHBIM OTHOCHUTEIBHO
poropa. UToOBI mpolle MpeaCcTaBUTh BIUSHHUE 3TOrO MOTOKA HAa CTATOp, Pa3JIOKUM €ro Ha JBa
BpalalOIUXCs B IPOTHUBOIOJOXKHBIE CTOPOHBL. OJIUMH U3 HUX, OYEBHUJHO, HEMOJBHKEH
OTHOCHUTEJIBHO CTaTOPa U YaCTUYHO KOMIIEHCUPYET BBI3BABILMM €r0 IOTOK, a IPyrof Bpalaercs
OTHOCUTEIIBHO CTaTopa C JABOWHOM CHHXPOHHOM CKOPOCTBIO W BBI3BIBAET B HEM BTOPYIO
TFapMOHHKY TOKA
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Bce IMOJTYYCHHBIC BBIPAKCHUSA CIIPABCIAJIMBLBI IIPU KOPOTKOM 3aMbIKAHHWU KAaK Ha BBIBOJAaX
MaliuHbBI, TaK U B HpOI/IBBOHBHOﬁ TOYKE HpHCOC,Z[HHCHHOﬁ K MallnHe ceTu. B IMOCJICIHEM ClIydac
nmog u dy n u 0 HY>XHO TIOHHMAThb COCTAaBJIAIOINHUEC TMPCAMICCTBYIONICTO HAIPSKCHUA B

paccMaTpuBaeMO TOYKE KOPOTKOTO 3aMBbIKaHMS, a K KaXXJIOW M3 PEaKTUBHOCTEH MaIlluHBI
JOJDKHA OBITh TMpuOaBleHA BHEIIHAS PEAaKTUBHOCTh IO MECTa KOPOTKOT'O 3aMbIKaHUs,
Anamornuno B (13), a tak xe B (19) BenwumHa » JOJDKHA BKIIOYATh B ce0s aKTHMBHOE
COIIPOTUBIICHNE BHEIIHEH LIENH 1O TOYKU KOPOTKOIO 3aMbIKaHUA. M3 BbIpaskeHUs Ui BTOPOU
TapMOHHUKH CJEIYeT, YTO C YBEIMUYEHUEM YJAJIC€HHOCTH KOPOTKOTO 3aMbIKAHUSI BETMYMHA STOU
TapMOHUKH Ta/1aeT.

O6patumcst Tenepb K OOMOTKE BO30OYXAeHUS. BpIpakeHWe miig TOKa B HEH MOXKHO
MOJIyYUTh, UCTOJIB3Ysl cooTHOLIEHHE (3). OaHAKO MTPHU paHee MPUHATHIX AOMYIIEHUSAX €T0 MOKHO
YCTaHOBUTH TPOIIIE.

Jl1s KoMIeHcalud MarHUTHOTO TIOTOKA, CO3aHHOTO TOKOM Al il

HadaJbHBIM MOMEHT MpCAMICCTBYIOMICTO IMTOTOKOCUCTIIICHUA 00MOTKH BOBGy)KI[CHI/ISI B HOCHGI[HGI‘;I

BO3HHUKHET CBOOOJHBI TOK [, , HAYaJbHOE 3HAYEHHE KOTOPOro (NPUBEIEHHOE K CTAaTOpY)

C OCJIBIO COXPAaHCHUS B

OMPCACIIAACTCA U3 PABCHCTBA:

. A _ 4
I oXr = Azdmo‘xad =— X
Xq
OTKy/a
l- _ u‘lo xad
falol ’
Xy X,
1507051
. u, x,—x
Xy ad

DTOT TOK OOMOTKHM BO30YXIEHHs, OYEBHIHO, 3aTyXaeT ¢ IOCTOSHHOH Bpemenu 7T, .C

JIPyrOM CTOPOHBI, KaK OTMEYAJIOCh BBIIIE, OT aNE€pUOAMYECKON ClIaralmield TOKa cTaTopa B
00MOTKE BO30OYXKACHUS HABOAWUTCS TEPEMEHHBIN TOK MPAKTUYECKH CHHXPOHHOM YacTOTHI,

3aTyXaloIui ¢ NOCTOsIHHOM BpeMenu 7, . HauanpHOeE, 3HaUeHHE 3TOr0 TOKA JOJIKHO OBITH PABHO

i, 4> HO HPOTHBONOJOXKHO €My, 9TOOBl B MOMEHT KOpPOTKOTO 3aMbIKaHHs B OOMOTKE

BO30Y)KIIEHHS COXPAHMJICS NMPEANIECTBYIOIUA TOK I, . CIIe0BaTeNbHO, BBIPAKEHHE IS TOKA B

00MOTKEe BO30YKICHHS ITPU BHE3AITHOM KOPOTKOM 3aMBIKaHUH B LIENH cTaTOpa OyaeT:

' t

X, —x, U, 7 x,—x, U 7
+L—d Dol 44 e lcost. (34)

’
Xaa  Xa Xea  Xa

i, =i,

CrnenyeT 3aMeTHTh, 4TO, B TO BpeMs Kak TOK B (pa3zax cTaTopa MpU KOPOTKOM 3aMbIKAaHUU
3aBHCHUT OT 3Ha4E€HHs HA4YaJIbHOTO YIia J,, TOK B OOMOTKE BO30OYKAEHHs HE 3aBHCUT OT HETO.
DT0 OOBSACHSETCS TEM, UYTO CBOOOJHBIE TOKH OOMOTKHA BO30YXKICHHS CBS3aHBI C
pGSYJIBTI/IpyIOH_[I/IMI/I MAargauTHbIMH IIOTOKaMH, O6pa3yeMbIMI/I COOTBCTCTBYIOH_[I/IMI/I CBOGOIIHBIMI/I
TOKaMu (ha3HBIX OOMOTOK CTAaTopa, W BEJIMYMHBI 3TUX TOTOKOB HE 3aBUCAT OT IOJIOKCHHUS
pOTOpa B MOMEHT BOSHHKHOBEHHSI KOPOTKOTO 3aMBIKAHUSI.

Ha puc. 1 mpuBeieHBl KpUBBIC M3MEHEHHS TOKOB CTaTopa W pOTOpa MPU BHE3AITHOM
KOPOTKOM 3aMBIKaHUW CHHXPOHHOT'O T€HEpaTopa, MPeIBapUTEILHO Pa0OTABIIEro Ha XOJIOCTOM
xomy. Jlns OombIeid HArJAJHOCTH KpPHBBIX OCHOBHAsS 4YacTOTa TOKAa pPE3KO COKpalleHa.
Iepuoauueckas ciararomasi TOKa CTaTopa i; COOTBETCTBYET allepHOJIUUECKON cllararoleil Toka

OOMOTKH BO30YKIEHHA [,; B TO K€ BPEMs alepHOAMYecKas Ciaraiomas ToKa craropa i,

00YCIIOBIIMBAET MEPHOAMYECKYIO CIIATAIONIYI0 TOKA OOMOTKU BO3OYKIEHHA I, & TOCIEIHSS
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BCJIE/ICTBUE HECUMMETPUM pPOTOpa — BTOPYKO T'apMOHMKY TOKa CTaropa [TocTosiHHas

Ly

BpeMeHH [, , KaK IPaBUIIO, 3HAYUTEIBHO Ooibie 7,

In
‘;“af@'
r
?‘} 1
z;'-'o"- ﬁ /\ lﬁ\.k zl.
Jf | ' /y\ l;"n
gl (AN

Puc. 1. KpuBble U3MEHEHHs TOKOB PH BHE3AITHOM KOPOTKOM 3aMbIKaHHN CHHXPOHHOI MalIMHbI 6e3 neMIdepHbIX 00MOTOK, a —
00MOTKa cTaTopa; 6— 00MOTKa BO30YXICHUSL.

Ilpumep 1. ]Ins renepatopa U3BECTHHI ciaeAyromue napamerpsl 67 Mea; 10,5KB; 3,68 kA4,
x,=1.0; x,=0.6, x,=0.15; x,=03; r= 0.83-107 om; T,y =5cex, TOK BO3OYKICHHS
xonoctoro xoma 450 A. Tenmepatop paboTaeT Ha XOJOCTOM XOAY C HOMHHAJIbHBIM
HanpsbkeHueM; ero APB otxitoueHo.

Jns cnydas BHe3anmHOTO Tpex(a3zHOro KOPOTKOTO 3aMbIKaHMsS Ha BBIBOAAX TE€HEpaTopa
TpeOyeTcsl MOCTPOUTh KPHUBBIE M3MEHEHHS MTHOBEHHBIX 3HAUEHHIH TOKOB CTaTOpa M OOMOTKH
BO30YXKICHMSI, a TAaK)K€ KPUBbIE U3MEHEHHsI IEUCTBYIOIIETO 3HAUYEHHUs MOJIHOTO TOKAa CTaTopa B
HAayaJIbHOW CTAaUM TpoIlecca KOPOTKOro 3aMblkaHUs. OMpeaenuTbh TakkKe MaKCUMalIbHOE
MTHOBEHHOE 3HAYEHUE HANPSHKEHUS Ha KOJbIaX poTopa.

Pemenue.

Pacuer npoBeneM B OTHOCHUTENBHBIX €IMHUILIAX TP HOMUHAJIBHBIX YCIOBUSAX I'€HEpaTtopa
U JIMIIb HEKOTOPbIE KOHEUHBIE PE3yJIbTaThl BEIPAa3UM B UMEHOBAHHBIX €MHUIIAX.

CornacHo 3aIJaHHOMY YCIIOBHIO E;O =E,,=U,=1.Ilpustom Oynem nMeTh:

o1 1

I 23'33;1=I=1;

03
HayaJbHOE 3HAYCHUE allepHOAMYECKON cllararmouiei Toka craropa (mpu y, =0), ¢ yderom Toro,

uto u,, =U ,, Oyzer:
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o U, ) _1(06+03)
N 2:0.6-0.3
HayaJlbHasl aMIUIMTY/a BTOPOM FapMOHMKH TOKa CTaTopa
Uy, =24) _1(0.6-03) _

I, = =0.83.
2x X, 2-0.6-0.3
BennunHa peakTMBHOCTH
2x,x,  2.0.3-0.6
x2 = 4 d' = = O ’
x,+x, 03+0.6
OTHOCHUTCIIbHAA BCIIMUWHA aKTUBHOI'O COIIPOTUBJICHUA CTAaTOPa
r=0.83-10"" 672 =0.005..
10.5
3HaueHHUs NOCTOSTHHBIX BPCMCHHU:
4
r=22o_ 0% 55 cex

“or 314-0.005

]Z:Tfox—":S-%:l.S CeK.

Xq

BeIpaxkeHue 11 MTHOBEHHOT'O 3Ha4eHus Toka ¢assl 4 (pu y, = 0) Oyner:

t t
i, = [2.33e L5 +1jcosa)t—(2.5+ 0.83cos2ar)e 2%,

IJie HayaJIbHBIA CBOOOTHBIN TIEPEXOIHBINA TOK

Ly =1Ly —1=3,33-1=2,33.
OTHOCUTENBHBIN TOK BO30YKIEHUS, PUBEICHHBIN K CTATOPY, OYAeT:
° I 1 1
Iro=-L2= 1.18.

x, 10-0.15 0.85
ﬂJ’IH MTHOBEHHOI'O 3HA4YEHUS TOKAa B OOMOTKE BO36y>K,I[CHI/IH NMEECM:

'o _[ O+(‘xd—_‘x;)_%eié _(‘xd—_x:;').%ei%”cosa)t:

1.=1.
! ! xad x;l xad x;
t t t t
=1.18 +£-Le L5 —ﬂ-ie 0225 cosawt =1.18+2.74e 5 —2.74e 9225 cos wt
0.85 0.3 0.85 0.3

[lo TuM BBIpaXXEHHUSM IOCTPOEHBI KPHUBBIE, NPEJCTABIECHHBIE HA puc. 2,a u ,a. s
CTaTOpa OHU JJaHbI TOJIBKO JUIS NEPBBIX HECKOJIIBKUX MEPUOJIOB, a /Ul 0OMOTKH BO30YKACHUS —
10 3 cex, mpuyeM Juis OOJbLICH HATISAHOCTH MEPHOA CIIATAIOMIEH i, PE3KO YBEIUYEH, XOTS

OI‘I/IGaIOIJ_[aSI no ¢€¢ MaKCUMAJIbHBIM MI'HOBCHHBIM 3HAYCHUAM COXpPAaHCHA B MPaBUJIIBHOM

Macriuraoe.
Jlyist ymapHOTO TOKa KOPOTKOTO 3aMBIKAHHSI HMEEM:
001 001
i, = 2.33e ¥ +1+ (2.5 + 0.83)e 0255 =6.52,
NN

i =~2-3.68-6.52 =34xA
Y napHsiii ko3hpHUIHEHT cocTaBsET:
k,=6.52/3.33=1.90.
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Puc. 2. K npumepam 1 u 2. KpuBble H3MeHeHHs TOKa CTaTOpa CHHXPOHHOW MalIWHEI IIPY BHE3AITHOM KOPOTKOM 3aMBIKaHUH, a— IIPH
OTCYTCTBUH AeMII(EpHBIX 0OMOTOK; 0— MpH HAMHYUK AeMII()EPHBIX OOMOTOK.

i

Puc. 3. K npumepam 1 u 2. KpuBble u3MeHEHNUS TOKa BO30YKACHUS CHHXPOHHOH MalIMHBI IPU BHE3AaITHOM KOPOTKOM 3aMBIKaHHUH, a -
MIPU OTCYTCTBUH AEMI(EPHBIX 0OMOTOK; O — MpPU HATMYUHK JAeMII(EPHBIX OOMOTOK.

st neiicTBYIONIETO 3HaYEHHUs MMOJTHOTO TOKA CTaTopa (B OTHOCUTENBHBIX €AMHUIAX ):

t 2 % %

7 e T, A
I, = Icg‘o‘e “+1| +|1,e +2 Ia‘o‘e =

t

‘ 2 2

= 112.33¢ 5 +1 +(o.832 +2-2.52)e7°~255 = J1+4.66e" +54¢7 113207

Ecnu ne BBIICIATE BTOPYIO TapMOHHMKY, a4 CUHUTATh, YTO TOJBKO OJHA arcpuoandeCKas

cjlararomias nmoJIHOCTbHO YPAaBHOBCIIMBACT HAYAJIIbHYIO aMIUUIUTYAY Hepnonﬂqecxoﬁ cnaranmei/'I
(1. e. I/ =3.33), To TpeTbero ciaraeMoro moj pagukaioM He Oyner, a KodpdUIMEHT nepen

MOCJICTHUM ciiaraeMbiM Oyzaet 22 (BmecTo 13,2), 4TO IPUBOAUT K 3aBBIIICHUIO ONPEICIIIEMOM
BCJIIMYHHBI TOKA.

I[Io BBRIYMCIICHHBIM OJI1 HECKOJIBKMX MOMCHTOB BpPEMCEHHU BECIWYHMHAM HCI;'ICTBYIOHIHX

3HaYeHUU TOKOB CTAaTOpa IMOCTPOEHBI KPHUBBIE /, 2 U 3, Ipe/ICTaBICHHBIE Ha pHC. 4.
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Puc. 4. K npumepam 1 u 2. Kpusble u3MeHEHUs JEHCTBYIOIIEr0 3HaUeHU TOKA CTaTopa.
1 — mepHoaIYIecKoi crararomel Toka; 2 — IIOIHOTO TOKA C y9€TOM BTOPOIl TapPMOHHUKH; -3 —TO e, HO 0e3 ydeTa BTOpOil TapMOHHKU
C COOTBETCTBYIOLIMM yBEINYCHHEM AIICPHOANYECKON CIaraoleil Toka Py OTCYTCTBHU AeMI(EpHBIX 0OMOTOK; 4, 5 1 6 — TO XKe, HO IIPH
HAJIMYUH JeMI(EpHBIX 0OMOTOK.

Jlna omnpeneneHus HanpsDKEHUS HAa KOJbLAX POTOpa NMPEABApPUTEIbHO HAWAEM aKTHBHOE
CONPOTHBIIEHHE OOMOTKH BO30y)1eHus. U3 Bbipakenus 1ist T JUIsk OTHOCHTENBHON BETNYNHbI

9TOTr0 CONPOTUBJICHUS, IIPUBCACHHOTO K CTATOPY, UMCCM:

X L.
r,=—= - M8 _g655.107,
ol 314:5
IJie PeaKTUBHOCTh OOMOTKH BO30YKACHUS
2 2
x =t 085 g3

X, -x, 10-03

Bo B3auMHOH CHCTEME OTHOCHTEIBHBIX CJIMHHI[ OA3WCHBIM TOK B IICMH BO30YKICHUS
JIOJIKEH OBITH

1,=1, %, =450-0.85=3804;

S, =8, =61MBA
CJIEA0OBATCIIbHO,

67
Upy =g =175kB

3
JlelicTBuTenpHasi BENMYMHA AaKTHUBHOTO COIPOTHBIIEHUS OOMOTKHM BO30YXICHHS B
MMEHOBAaHHBIX €IMHUIIAX COCTABIIAET:

r, =0.655-107-176 /67 = 0.3040m.

MaxkcuMallbHOe MIHOBEHHOE 3HAueHHE TOKa B OOMOTKE B036y>KI[eHI/IH, BBIPAXXCHHOEC B
OTHOCHUTCIIbHBIX CAUHULIAX, ITPH KOTOPLIX 3a4aCTCA XapaKTCPUCTHUKA XOJIOCTOI'O X014, 6YI[€TI

If = If X, =6.52-0.85=5.55
Nnn

1, =5.55-450=25004
Hanpsoxenne Ha konbliax potopa npu xonoctom xone U, =0.304-450 =137B; uckomoe

MaKCHMaJbHOe MTHOBCHHOE 3HAYCHHE TIPH KOPOTKOM 3ambikanuu U, . =0.304-2500=760B .

88



14.2 Bansinue cucrteM BO30y:KIeHHMs M TallleHUsI MATHUTHOT O IOJIsl HA XapaKTep
NePEexXo/HOr O NMpouecca B CAHHXPOHHOH MallHHe

[Ipu moBpexneHUsIX BHYTPH JIEKTPUYECKON MAIIMHBI WIMHA y4acTKe OT €€ BBIBOJIOB JI0
Onrxaiiiiero OTKIIOYAIOIIETO armapara eIMHCTBEHHBIM CPEACTBOM IMPEKpPAIEHUsI TOKa B ATOU
MallliHe SIBJISIETCS €€ Pa3BO30YKIACHNE WM, UHBIMH CIIOBAaMH, rallleHHe ee MAarHMTHOIrO MOJIf.
OOMOTKa BO30YXXIEHUSI KPYITHOH CHHXPOHHOW MAIIMHBI 00JIalaeT OOJIBIIUM  3aracoM
AIIEKTPOMArHUTHON aHepruH, W OBICTPOE IMOTJIOIMIEHUE TOCIEAHEH INPEACTABISAET CIOXKHYIO
3ajavy.

OObIUHBIN MOJIHBIA Pa3pbIB LENH BO30Y:KIeHUS] ONMACEH, TAKKaK BCJIEICTBHE OOJBINOM
MHAYKTUBHOCTH OOMOTKM BO30YXXJIEHUSI Ha €€ BBIBOJAaX BO3HUKAET IepeHalNpsKeHue,
CrocoOHOE BBI3BaTh MPOOOH M3OMAIMM JaHHOM o0MoTKH. IlosToMy rameHue moss
OCYIIECTBIISIIOT MYyTEM MEPEeKII0YeHUs] OOMOTKH BO30YXKICHHsI Ha TaK Ha3blBaeMOe pa3psiiHoe
CONMPOTHBJIEHUE WU HA BCTPEYHO HANPABJEHHYIO 3. A. . AmNmnapar, NPOU3BOIALIMNA TaKue
GyHKIIMM, Ha3bIBAIOT aBTOMAaTOM Tamenusi moJsi (AI'TI).

VYcTpoiicTBO — TramieHuss MoNs  JIOJDKHO — YAOBJETBOPATH — CIEAYIOIIUM  OCHOBHBIM
TpeOOBAHUSIM:

1) Bpems ramenus nonst,,, J0JKHO OBITh BO3MOKHO MEHBILHM;

2) HampsHKeHHE Ha BBIBOJIAX OOMOTKM BO30YKIEHHS NPH TAIICHUU MO HE JOJDKHO
IPEBBILIATH TOTO HAIPSKEHUS, KOTOPOE ABISAETCA JOMYCTUMBIM JUIsl M30JSLUHM  3TOW OOMOTKH.
Ilon BpemeHeM rameHusi IOJA IIOHUMAOT BpeMs C Hayajla ralleHHs NoJas 10
MOMEHTA, KOI/a 3. [. C. CTaTopa Cnajaer 10 BeJIHYHHBI, IPH KOTOPOIl MPOMCXOAUT €CTeCT-
BCHHOE MoOracaHue JIyrm II€pEMEHHOTO0 TOKAa. OJTa BEJIMYMHA COCTAaBISIET MPUMEPHO

500/~/2 =3506. [IpuHuMas B cpeiHEM HABOJUMYIO 32 CYET OCTAaTOYHOIO MarHeTu3Ma poTopa 3.
. c. paBHod 200 8, MOXHO CUMUTATh, YTO TAlIEHHUE TOJS MPAKTUYECKH 3aKOHYEHO, KOrja
HaBOJMMasi TOKOM pOTOpa 3. 1. €. craaeT npubausutensHo 10 350—200=150 6.

Jns oOecrieyeHHss  M3BECTHOM  HAJEKHOCTH  BEJIIMYMHY JOMYCTUMOIO HaNpsKEHUs
MPUHUMAIOT:

U()on < 0’ 7chn (1)

rac U wen ——HACIHBITATCIIBHOC HAIps>KCHUE JJIA JaHHOT'OKJIaCcCa H30JIIIUU 0OMOTKH

BO30YKJIeHHs; OHO HaxoauTes B mpeaenax 1 500—5 000 s.

B Hacrosimee Bpemsi CyIIECTBYEeT MHOTO pa3iM4HBIX crocoOOB rameHus mnois. OgHako
HIU)KE  OCTAaHOBUMCSl  JIMIIb HA JBYX W3 HHUX, KOTOpPbIE MOJYYHJIM HauOOjbIlIee pacrpo-
CTpaHEHHE B COIO3HOM MpaKTHKe.

[lepBbiii cocTOMT B pa3page OOMOTKM BO30YKIEHUS Ha IIOCTOSHHOE aKTHBHOE
COIIPOTHBIICHUE.ABTOMAT TallleHUsl TOJIsl, CXeMa BKIIOYEHHUS KOTOPOTo IMOKa3aHa B BEpXHEU
YacTH pHC. 5, UMEET KOHTAKTHI 2, KOTOPbIe B HOPMAJIbHBIX YCIOBHSIX 3aMKHYTBI, U KOHTAKTHI /
— pa3zoMkHyTHL. [Ipu gelicTBUM aBTOMaTa BHAYajle 3aMBIKAIOTCS KOHTAKTHl / W JUIIb 3aTeM (BO
n30ekaHue OONBIIMX TEPEHANPSDKCHHMM) TMPOUCXOIUT pa3MblkaHue KoOHTakToB 2.Ilpm
OTCYTCTBUH JIeMI(PEPHBIX OOMOTOK U Pa30MKHYTOM CTaTOPE TOK B 0OMOTKE BO30YKJIeHUs OyaeT
3aTyXaTh OT CBOCTO NPEAIIECTBYIOLIETO 3HAYCHHUSL I, 110 M3BECTHON 3aKOHOMEPHOCTH

t

T
Ly =1po€ )
e IMOCTOsSTHHAsA BpeMeHI/I TallICHUA
Ly 1

Tzam - re+r - TfO 1+k » (3)

r
3echk = —.
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XoraT,,, <T;,, TeM He MEHee BIUSHUE  TPAHCHOPMATOPHOM 3. 1. C, BO3HMKAIOLIECH

BCJICACTBHUE 3aTyXaHHs TOKa, BECbMa MaJIO U C JTOM 3. A. C. MOXKHO IIPAKTUYECKHU HE CHUTATHCA.

o

Z
‘ 2
) 82 [ 713 0.8 1

Yoo | Lrau=077 Tpz—at

.
fauT &

Puc. 5. T'amenune nosust TICPEKITIOUYCHUEM 0OMOTKH BO36y)K£[eHI/I5{ Ha IOCTOSAHHOC Pa3psAAHOC CONPOTUBIICHUEC.

Hanpsokenue Ha 0OMOTKE BO30YKIACHHs U, TIPONOPLHMOHANBHO TOKY{, . Cuntas nelicTue
KOHTAakTOB / ¥ 2 O/HOBPEMEHHBIM, €T0 HauOOIbIIas BEIMYMHAU , HACTYNAET B MOMEHT

BKJ‘IIO‘ICHI/ISI(ZIO) paspsAHOrO CONPOTHBIICHUS] M CBA3aHA C TMPEIIIECTBYIOUIUM 3HAUYECHUEM

OTOr0 HAIpsXKEHUA ITPOCTBIM COOTHOUICHUEM:

;
Upn =Up0) = r_“fo =ku,, (4)

S

£(0)

YToObl yCKOPUTH TalleHHe MOJsl, HY>KHO YBEJIIUYUTH Pa3psiIHOE COMPOTHBICHUE, OJHAKO
MO0 YCJOBHIO JIOMYCTUMOTO TIOBBIIICHUS HANPSDKEHHUS 3TO COMPOTHUBICHHE HE JIOJHKHO

BBIXOJUTb3a MPEACIIBLF = (3 + 5) re .

JIJ1s1 HEHACBIIIIEHHON MaIlIMHBI UMEEM:

Pp _ Ep _ o _ 5)
q) deawt quam ifzam
rz[eifmm— TOK BO30YXICHUS, comatoutmi £ =1506, mpu KOTOpOHl TacHET jayra

qeaw
nepemMeHHoro Toka. 13 (5) u (2) ¢ yuerom (3) HaX0uM BBIpaXKEHHE JIJIST BpEMEHHU TaIllCHUS:
1
t.=T,,——InN (6
eaut f0 1+k ( )
Tak, Hampumep, mJIs TeHepaTopa, paboTaromero c¢ HampsikeHueM 15 xB, KpaTHOCTH
ymenbueHusN=15/0,15 =100 u Bpewms rawmenus npu k=5 no (6) cocrasuser ¢, =0.77T

Jist 5THX yCIoBHii Ha pHC. 5 PUBEJCHBI KPUBBIC H3MCHEHUSL {, U u, B QyHKunu ¢/7,.

P

OTMeTI/IM, 4TO IPU TalI€CHUW II0Jd HANPsSKCHUEC U, MCHSCT CBOM 3HaK IO CPaBHCHHIO C

7
MpEaAMICCTBYIOIUM.

Ecmu craTop 3aMKHYT 4yepe3 peaKTUBHOCTb Xy, , TO B IIPEIBIIYIIMX BEIPAKEHUAX BMECTO
!
T,, Hy)HO BBecTH 1, ONIpEACIACMYIO KaK
2 '
X X
ad _ d
I=—= =T,
XX, X,

Tf' =T},

B oTOM ciydae npouecc raumeHus mpoTekaeT ObICTpee, HO 3HAYEHUE TOKAl,,, OYEBUIIHO,

Oonbiie, 4yem mpu XojoctoM xoxae. [losTomy 3apaHee Henb3s CKa3aTb, INPU KaKOM
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IpPEIIECTBYIOIIEM peXuMe rameHue mons Oyzaer s¢dextuBHee. Haubomnbinas BenndyuHa
HANPSUKEHUAU ;, , PA3YMEETCS, Oy/IET NPU MPENMIECTBOBABLIENH PabOTe MAIIMHBI € OTCTAIONIUM

no Qasze TOKOM WM KOTJa TalieHHe OCYIIECTBISETCS B TEUEHHE KaKOro-au0o MepexoaHOro
npolecca.

CyIecTBeHHBIM HEJIOCTaTKOM paccMaTpUBAEMOro croco0a TeIIeHUs O SBISETCS
OBICTpPOE CHIKEHUE CKOPOCTH 3aTyXaHHs TOKa B IENH BO3OYXKICHHS, YTO YIJIMHSET Mpoliecc
ramieHusl.

MOXHO yCTaHOBUTh ONTHMAJIbHbIC YCJOBHMSl TAalllEHUs IO, TPU  KOTOPBIX
o0ecrieuynBaeTcsi BO3MOXKHAsI HAMMEHbBINAs POIOJKUTEIBHOCTD MPOLIEcca TrallleH s, a HalpsKe-
HUEe Ha OOMOTKE BO30YXKIEHHMs B TEUYEHHE BCEro IMpollecca TalleHus] He TMPEeBbIIIAeT
nomyctumoro 3HadeHus. IlpeneOperasir 1o cpaBHEHUIO Cr,, JUIS yKa3aHHBIX YCJIOBHI MMeeM

IPOCTOE ypaBHEHUE

di, di
L,—+ri,=L,—+U,, =0
dt ' dt
KOTOPOC MOCJIC UHTCTPUPOBAHUA OACT:
. . U()an
lf = lfO —L—t (7)

S
Takum 00pa3oM, TOK/, JOJKEH YMEHBIIATBCS 10 JIMHEWHOMY 3aKOHY; NPH 9TOM BpEMS

ramenus (noi, =0) Oyner:

L . 1
ZLzam:l] lfOZTfOZ (8)

don

k
T. €. OHO B(ﬁlnN pa3 MeHbIle, 4YeM [pHU TallleHUd HANOCTOSIHHOE pa3psIHoe
+

COIIPOTHUBIICHHUE.

Ha puc. 6 nokasansl 3aKOHOMEpPHOCTH, OTBEYAIOIINME ONTHUMAIbHBIM YCIOBHUSIM TalllEHUs
nosus. Jnsg noctumkeHus uX HEoOXOAMMO, YTOOBI Pa3psAAHOE CONPOTHBIIEHHE 7 U3MEHAJIOCh OT
CBOET0 HAuYaJIbHOI'O 3HAYCHUS 7, OOpaTHO MPONOPLHOHAIBHO TOKY7,. C 3TOH Lesibl0 pa3Hble

aBTOPBI MpeJiaraloT MCIOJIb30BaTh B Kau€CTBE Pa3psAIHBIX COMPOTHUBICHUN COMPOTHUBIICHHS C
HEJIMHEWHBIMH XapaKTepUCTUKaMU (HalpuMep, BBITIOJHEHHBIE U3 KapOopyHaa U ap.).

oy E\
L.
%o
2 d’.??f e | B2 a3
)8
U,ea M=Eﬁ =]

Puc. 8. OnTUMasnbHble YCI0BHS TaIIEHUS OIS,

[Ipn momxonae TOka K HYITIO 4acTO HAOJIOAeTCs TaK Ha3bIBAeMBIA CPBIB TOKA, T. €.
BHE3amHOe TpekpamieHue ero. [Ipu OobImION WHIYKTUBHOCTH OOMOTKH BO30YXKIEHUS
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CHHXPOHHON MAIIMHBI 3TO COMPOBOXKAAETCS PE3KUM BO3PACTAHHWEM HANPSHKEHHS Ha OOMOTKe.
Jlnsg orpaHdyeHHs] TEpeHanpsDKeHHs Ayroracsinas pelierka HIYHTUPOBaHAa OTHOCUTEIBHO
OOJIBIINM COIPOTUBICHUEM /), , IpUYEM, 4TOOBI Jyra racia IO 4YacTsM, a HE Bcsi cpasy,

pelieTka pa3duTa Ha CEKIUU, KOTOPbIE MPUCOECTUHEHBI K IPOMEXYTOUYHBIM OTBETBICHHUSIM 3TOTO
CONPOTHUBIICHUS.

W3 cnocoOoB BKIIIOYEHHUS Jyroracsiiedl pemeTkd MpearouYTUTENbHBIM — SBIISETCS
MOCJIEIOBATEIbHOE BKIIFOUEHUE YTOTacsIIe pemeTKy.

Cuutas HampspKeHHe BO30yauTendu, (IPaKTHYECKHPABHOE INPEALIECTBYIOILEMY

HAIPSUKESHHUIO Ha KOJIbLIAX POTOPA U ;) HEH3MEHHBIM, ULl LIeTIH BO30YXACHHUs B cXeMme puc. 8-7,6

MIPY TAIIEHUH TTOJIS] UMEEM:
di p ]
Lf _dt Fri Uy =ug=u,,

raeu, =30n—HanpsoKeHWe HA PeUIeTKe (W3 71 IUIACTHH)IIPU TOPEHUH 1yTH, 6.

HuTerpupoBanue 3TOro ypaBHEHUS IPUBOJUT K BHIPAXKEHHUIO JUISI TOKA!
t

u _t
iy =i =~ 1= 1 (9
7.,
f
Hanpspkenue Ha nmyroracsiieil pemeTke
u, = (1+k)u_,,0 (10)

rae
=l _Hm
rf ufO

M03TOMY BhIpaxkeHHe (9) MOKHO MPECTaBUTH B HHOU (opMe:
t

. Tro
i =i, (1+k)e k| (11)

N3 crpykTypsl (9) HEMOCPEACTBEHHO CIEAYET, YTO BKIIOUEHHE IYroracsiieid pemeTKu
SKBUBAJIEHTHO BHE3alTHOMY BKIIIOUEHHUIO B IIETIb OOMOTKHM BO30Y)KIIE€HHUS MOCTOSHHOM 3. 1. C,

PaBHO¥ 1, U HANPABICHHON NPOTUBU,. Ilpu 3TOM Hy*kHO uMeTh B Buxy, 4to (9) m (11)

CHpaBEeJIUBHI JIUIIb B TEUEHUE BPEMEHU TOPEHHS AYTH, KOTOPOE MPH OTCYTCTBUH JeMIIpepHBIX
O0OMOTOK SIBJIIETCS TAaK)Ke BPEMEHEMTallleHHs NoiAf,, . DTO BpeMs jerko Haith u3 (11) npu

i,=0

1+k
t :l?am :Tfo IHT (12)
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Puc.8 Iarenne MarHUTHOTO MOJIS C TIOMOMIBIO HyTOFaCHTeHBHOﬁ PEIIETKN

3aKOHOMEPHOCTH W3MEHCHHUS [ ,u, Wi, B ynkuunz /T, Tpu paccMaTpHUBacMOM

crioco0e TramieHus 1oJis mpeacTaBieHbl Ha puc. 8. OHU MOCTPOEHBI, KaK M KPUBBIE pUC. 5, TIpH
k=35. Bpewms rawenus no (12) cocrasnsters, =t¢,,, =0.187,,, 1. e. ono 80,77/0,18 = 4,3 paza

MCHBIIC, YC€M IIPpU TallCHUMU C IMMOMOMIBIO IMOCTOAHHOIO PAa3psAAHOrO COMNPOTHUBIICHUA, IIPU

KOTOpOM CO6J'IIOI[aCTC$I TO K€ 3HAYCHUC uﬁn .

KpuBas u3mMeHeHus TOKai, 3aKaHIMBACTCA NPU MEPECEYEHUU € OCBIO abcuuce, T. €. Npu

t, =t ; IYHKTUPOM IOKa3aHO ee MpojokeHue, coorsercTByromiee (9) uu (11). Hanpspkenue

2aut

A
Ha JYyroracsimed pemieTke Mpu TOPeHUH IYTH IMOCTOSHHO U paBHo(1+k)uf0 =06u ,; Tocne

[oracaHusi JIyrd OHO MajaeT [0 HampsbkeHus Bo3Oyaurens. Hampspkenue Ha 0OMOTKe
BO30Y)KICHHUS TIPM BO3HMKHOBEHMH [yIM, MEHs 3HAK, YBEIMYMBACTCA MO KU, =5u, U TP

MOTAaCaHUM €€ MajaeT 0 HYJIS.

Tenepb paccMOTpHUM, Kak CKa3bIBaeTCsl HalIW4yhe AEeMI(epHbIX OOMOTOK Ha Ipolecce
TrallcHUusA 110JI.

[Tonepeunass nemrdepHass OoOMOTKa HE HMMEET MArHUTHOM CBSI3M C OOMOTKaMH B
MPOJOIBHONM OCH POTOPA, TOITOMY HEOKA3bIBACT BIUSHUS Ha MPOIIECC TAIICHUS TOJIS.

Hanuuwe npomonsHON nemriepHOl OOMOTKHM TPEXIE BCEro CKaKETCS B TOM, YTO

3aTryxaHue noToka®, u oOycIOBIEHHOH UM 3. 1. C. cTaTopa OyAeT MPOUCXOAUTH ¢ OosblIei

MOCTOSSHHOU BPEMCHH, NOCTOSIHHASA BPCMCHU IMPAKTUUCCKHU paBHA CyMME IMOCTOAHHBIX BPCMCHU
MPOJIOJIBHOM JTeMITpepHOli OOMOTKM W OOMOTKH BO30OYKICHHS C Y4E€TOM BBEICHHOTO B HEE
pa3spsAIHOrO COIPOTHUBIIEHHS, T. €.

1
r =7,+T,,— (13
eaut 1d0 10 1+k ( )
Y BpeMs ralieHus coriacHo (6)

Lo :(TldO+TfoﬁjlnN:T InN (14)

caut

T. €. OHO OOJbIle, YeM IMPH OTCYTCTBHM MPOJOJBHON JemrndepHoil 0OMOTKH, YTO SIBISETCH,
KOHEYHO, HexenaTenbHbIM. C ApYyrol CTOPOHBI, IPOIOJIbHAS aeMIipepHas 0OMOTKa B Tpoliecce
raieHus IPUHUMaeT Ha ce0s 4acTh SHEPTUH MarHUTHOTO TI0JIE POTOpa, YeM O0JIeryaeT yCIOBHS
JU1s OOMOTKH BO30YXKICHHUS U BKIIFOUEHHOTO. B €€ IIeTIh aBTOMATa TaIlleHUs TOJIS.
Jlerko HaitTH, yTo npu o = () TOK B 00MOTKE BO30YXICHUSI MTHOBEHHO MAIaeT JI0
T,
+z 0 (15)

I =
£l )
TldO Tfo
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a3aTeM 3aTyXaeT IO DKCIIOHEHTE C IOCTOAHHOW Bpemenul,, , ompexensemor mno (13). B

POJOIBHON neMIpepHOi OOMOTKE, HAlpPOTHUB, TOK MTHOBEHHO BO3pAacTaeT; €ro HadalbHOE
3HAYCHHE, TPUBEJICHHOE K 00OMOTKE BO30YXKIEHUs, OyIeT:
ild\o\ = T foo i (16)
140 70
a Jlajiee 3aTyXxaeT ¢ TOU e 3aKOHOMEPHOCTHIO.
B neiictButensHocTH O >0 M COOTBETCTBEHHO 7)), TIO9TOMY BHE3AIHBIX M3MEHEHUH TOKOB

"

He NpoucXoauT. OHM CrIIAKUBAKOTCS OBICTPO-3aTYXAIOIMMU TOKAMH iy Uiy, .

[Ipu rameHuy moJisg Ayroracsiield PemeTKol MposiBJICHUE IeMIIPEPHBIX 0OMOTOK HMEET
OoJee CIOXKHBIN XapakTep. Bech mporiecc B JaHHOM CIIy4ae COCTOUT U3 JIBYX OCHOBHBIX CTaIUM:
NEepBOM, KOrjJa B pEIIeTKE TOPUT Jyra U COOTBETCTBEHHO TOK MPOXOAUT KaKk B OOMOTKe

BO30YXJIEHHS, TaK U B AeMIIpepHOIl 0OOMOTKE, U BTOPOMi, KOT1a Jayra mnoracia (z’ 0= 0) , HO TOK B
nemrdepHoit oOMoTke emie He 3aTyX. CremoBaTenbHO, MOCJIE pa3pbiBa LEMU BO30YKICHHS
MarHUTHBIN MMOTOK MAIIMHBI TTOIEPKUBACTCS TOKOM nemMiidepHoi ooMoTku. [1o aToi npuunne
BpEMs TallleHust Monst,, Oonbie BpeMeHH ropenus ayruf,. IlpuBemem oOKoHYaTENbHBIE
BBIpA)KEHUS, TIO3BOJISIONINE HAUTH TOKM B OOMOTKaxX poTOpa MAaIlluHbBI, BpeMsl TOPEHUs AYTU U
BpeMs TalleHUsI MOJIS.

Tox B 00MOTKE BO3OY*)nenus (uist0<7<7 )

T _t
e T~k | (17)

i =i|(1+k)

Tox B mpostonbHOH  emnpepHoii 00MOTKe Ha nepBoi cramun 0 <7 <¢,

t

iy =] (145) 240 T | (18)

eawl

Ha BTOPOM CTaIUU (t >t )

s
iy =10k =4%e 10 (19)
10
Bpewmst ropennst nyru [u3 (17) npui, =0]

1+k T
t,=T In|—=L2(0
y/g 2awu k T ( )

eawt

0
IMpU 3HAYCHUAX k OIM3KUX K 3HAYEHUIO OTHOH_IGHI/I}IL , 0oJ1ee TOYHBIM SIBJISIETCS BBIPAXKCHUC!
1d0

1 (xf_xad) 1 l_xd—x:i

t, = =
A 10
I+k  x, 1+k X,

Ty, (20a)

Bpewms ramenus moss

T
tiw =17 T4 In Nle—f’0 (21)

eaw
f0
HN3menenne wmarmutHOro mnorokad, Ha NEpBOM  CTaAuU  TalICHUAONPEIAENACTCS

U3MEHEHHEM H.C. pOTOpa, T. €. CYMMBbI TNPUBEICHHBIX TOKOB OOMOTKH BO30YXKIEHUS U
IPOAOIBHON JeMI(pEepHON OOMOTKH, YTO IPUBOJUT K BHIPAXKEHHUIO
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D,=D, {(1 +k)e T — k} (22)

a Ha BTOPOM CTaIuM — U3MEHEHHUEM TOJBKO TOKA MPOJOILHOM JeMIpEpHOt OOMOTKH, T. €.
t

T _
D, :deozk—l"0 e N (23)
Ty
rae ® , , — MOTOK B Hayaje BTOPOU CTaUH.

Ilpumep

s typ6orenepatopa tuna TB2-100-2 uzBectHbl cnenytontue napamerpsl: 100 MBm,
13,8 xe, x,=0,11; x7=0,138;x, =0,203; x,=1,8; x,=1,78;x,,=1,73; T,,=9,75 cex; T,,=3,25

cek; 7, =0,415 om (1pu ropsiaeM COCTOSHHM OOMOTKH); TOK BO3OYXXIEHHS [PU XOJIOCTOM XO/E

270 a, TO Xe MpU HOMHUHAIBHOW Harpy3ke 650 a, HWCHBITaTEILHOE HAIpPSHKEHHE OOMOTKH
B30y x)aeHus 3 200 8.

OnpenenuM BpeMsl TallleHUs MOJs 3TOro TypOoreHeparopa HpHU HCHOJIb30BAaHUH: a)
MOCTOSTHHOTO Pa3psAHOTO COMPOTUBIICHUS U 0) Iyroracsiieil peneTku.

Pemenuie BBIMONMHUM MAJ YCIOBUHM, KOT/Ia CTaTOp 3aMKHYT HAaKOPOTKO W BO30YXKIeHUE
UMEET JIBYKPATHYIO (DOPCHPOBKY (OTHOCUTEITHPHO HOMUHAIBLHOTO PEXUMA).

a) I'awenue na paspsaonoe conpomuenenue
Hanpsokenue Ha  0OMOTKe BO30YX/I€HUS B MPEALIECTBYIOIIEM PEKUME

Upy = 0.415(2*650) =540B.
Jonyctumoe HanpsikeHue coriacHo (1)
U jon =0.7%3200 = 22408 .

HeobxonumMoe pa3psigHOe COpoTUBIIeHUE U3 (4)

224
r= 0 re= 4.1 5rf
540 - :
[TocTostHHBIE BpeMEHH MPU KOPOTKO3aMKHYTOM CTaTOPE:

r 0750205,
1.8

, 1.69°
I, =325(1-—— | = 0.27c;(xad =1.8—-0.11=1.69)
1.73*1.8
ITo (13) mocTositHHAsE BpEMEHH TaIlICHUS TTOJIS
T, =027+1.1 L 0.48¢
) 1+4.15
Tok BO30YXIIeHUS, TPH KOTOPOM TacCHET JyTa IIePEMEHHOTO TOKa,
0.15

i =270~ =3a
13.8

CrnenoBaTenabHO,

N = (2*650)/3 =434

u BpeMms ramienust no (14)
t. =048In434=29¢

0) [awenue na dyeoeacsauyio peuiemxy
JlomycTuMOe HaNpsKEHUE Ha PeIeTKe:
uy =U o +u,=2240+540 = 27808
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Heob6xo1muMoe 9nciio TIacTUH B PEIIeTKe

n=2780/30=93

[Ipunumaem k ycranoBke nBa aBromara AI'TI-12, kaxapiil u3 kotopbix nMeeT 40 MIaCTHH.
[Ipy wx mocnegoBaTEIbHOM COCIMHEHHH YHCIO TUTacTHH cocTaBimseTr 2%*40=80; Torma
HaIpsKEHUE Ha PelleTKe

u, =30*80=24008

k= (2400—540)/540 =34
[TocTosiHHBIE BpEMEHU rallleHUs:
npu ropenun nyrul, , =0,27+1,1=1,37¢c;
=0,27c.
Bpewms ropenust nyru onpeaensieM 1o (20a), yuuTelBasi, YTO CTATOP KOPOTKO3aMKHYT:
;o 1 (1,78—1,69)
T143,4 1,78
BpeMs ralleHus MoJs HaXo UM 1o (21), y4uTeIBas, 4TO CTATOP KOPOTKO3aMKHYT:

t :0,013+0,271n(325-3.4-%j:1,53c_

nocJe ee rmoracanus 7.

a2

1,1=0,013c

15 MeTox THIIOBBIX KPUBBIX

Korma 3amaua orpaHuveHa HaXOXICHHEM TOKAa B MECTE KOPOTKOTO, 3aMbIKaHHS
WIMOCTATOYHOIO HAINPSKEHUsST HETOCPEACTBEHHO 3a aBApUHMHON BETBBIO, [UIS IPOBEJCHUS
COOTBETCTBYIOIIIETO pacueTa B TEYCHHWE MHOTHX JIET IIMPOKO HCIIONB3YEeTCS TaK Ha3bIBaeMBIN
MCTOJ] TUIOBBIX KpPHUBBIX. HpH‘IHHOﬁ 9TOIr0 ABJIACTCA €T0 OTHOCUTCIIbHAsA IPOCTOTA U B
OOJILIITUHCTBE CITy4aeB JIOCTATOYHASI TOYHOCTH (B paMKaX yKa3aHHOM 3a7aum).

I[aHHLIﬁ MCTOA OCHOBAaH Ha NPUMCHCHHU CIHCHHUAIIBHBIX KPHUBBIX, KOTOPBLIC AAIOT JIA
NPOM3BOJILHOTO MOMEHTa TpoIlecca KOPOTKOTO 3aMbBIKaHHUS TpU Pa3IMYHON pacdyeTHOU
PCAKTUBHOCTU CXCMblI OTHOCHUTCIILHBIC 3HAUCHUA HepHOHHHGCKOﬁ CHaFaIOIJ_ICfI TOKa B MCECTEC
KOPOTKOTO 3amblkaHus. [locTpoeHWe TaKMX KpPUBBIX TIPOHM3BEICHO TPUMEHHTENBHO K
npocTeiimeld cxeme puc. 1, A€ NPUHATO, YTOTCHEpPaTop NpeIBapUTENbHO pabdoTanm ¢

cos@p=0.8

(HOMMHAJIBHOW Harpy3koi (mpu ). COOTBETCTBEHHO TOMY CaMa Harpys3ka ydTeHa

z, =0.8+ 0.6

OTHOCHUTEIIBHBIM COIIPOTUBIICHUEM , KOTOPOE€ CYHUTAJIOCh HCU3MCHHBIM B TCUCHUC

BCEro Ipouecca KOPOTKOrO 3aMblKaHMs. BeTBb ¢ PEAKTMBHOCTBIO Y, 3a KOTOpOM
npeznonaraercs Tpex@asHoe KOPOTKOE 3aMbIKaHKE, PEIBAPUTENIBHO ObliIa HE Harpy>KeHa.

[ cpenHux 3HA4YEHWM IapaMeTpOB TIEHEpaTopa U IPHU PA3IUYHOU yIaJIECHHOCTH
KOPOTKOT'O 3aMBIKaHMs B CXEME PHUC. | BBIUMCIEHBI OTHOCUTEIBHBIE BEIMYMHBI IEPHOJUIECKON
CJaramplIle ToKka B MECTe€ KOPOTKOro 3aMmblKaHudA. [0 mosrydeHHBIM pe3yibTaTaM IOCTPOCHBI
TUIIOBBIE KPUBBIE, NPEACTABIAIOINE W3MEHEHUE OTHOCUTEIIBHOM BEIMYUHBI NEPUOJUYECKON
ClarampIle TOKa B MECT€ KOPOTKOIO 3aMbIKaHUs JUIs Pa3HbIX 3HAYECHHUHM pacyeTHOU

X o
PCaKTUBHOCTH #*“ B 3aBUCUMOCTH OT BPECMCHH 4 (puc. 2) win Ans pa3nudHbIX 3HAYEHUN I'p

X
3aBUCHUMOCTH OT P4,
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Puc. 1. Cxema, npuHsTas Ipu NOCTPOESHUH TUIIOBBIX KPUBBIX.
a —MHCXOJHas cxema; 0 —cxema 3aMelleHUs -
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Puc. 2, TunoBsle KpuBbIe M5l TypOOreHepaTopa CpeaAHer MOLUTHOCTH
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Puc. 3. TunoBsle kpuBbIe 17151 TypOOTeHepaTopa CpeHeNd MOIITHOCTH

B nepsoM BapuaHTe pacueTHbIE KPUBBIE HAIVISAHEE OTPAKAIOT XapaKTep U3MEHEHUS TOKa
IIPY PA3HOW YJAJIEHHOCTH KOPOTKOT'O 3aMBIKaHMsl, HO IIPH IOJb30BaHUU MU NPUXOJUTCS Yalle
npuberaTth K MEHEe TOYHOMY HMHTEpIoONupoBaHHi0. [103TOMy B OOJBIIMHCTBE JIUTEPATYPHBIX
UCTOYHUKOB M B CIIPABOYHMKAX pPACUYETHbIE KPHUBBIE OOBIYHO MPHUBOIAT BBINOJHEHHBIMU IO
UXOpOMY BAPUAHTY.

Tabauua 1
[TapameTpsl THTIOBBIX T€HEPATOPOB CPETHEHMOITHOCTH
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Fh_ni;ﬁreﬂepﬂmp
TypSorae . Ges .
HanmeHoBatHe [l paserpol patop cé;;’:{:;g @epii:axn
MOTEAME] OOMOTGE
PeakThBuocte %74, oTHed. . , . . .| 125 0,20 0,27
To . e xg, othex .....| 0,175 0,30 0,65
. xfg,omen. ... ..| 021 0,30 0,30
* » Xg, OTH.el , . + . . . ‘,72 1’00 1,00
* » Xq, OTH.ER, . . . . - 1,72 0,65 0,65
» L] xcl OT['Leﬂ' L A 0,1' 0‘17 0)17
Jrootwenne k.3, Koo . . v . . .. .| 0,70 1,06 £.06 -
Nocrosunas BpeMens Tyo, cok. . . .| 7,00 5,00 . 5,00
To e Toocek o . - o 0,57 0.57 0,57
Tox Boadymnedust npH  HOMHHAAbHOR
Harpyske [m, OTH.RL . . « + o 4 .« . 2,26 1,80 1,80
Mpeaenbunit TOR pO3GyRLeHna, [inp,
OTELeA. . . . . . v v v v .. ..] 3,9 3,16 3,15
XapaKTepHCTHEA XONOCTOTG XOX4 Crangapraad

14
o . X .=X,+X
ITon pacueTHON PEAKTUBHOCTBHIO MPHUHATA CyMMa PEAKTUBUOCTEH ~ 7o ¢ "k T, e B

HEel He OTpaXeHO HAJMYUE HArpy3KH B CXEMe, YeM B CYIIHOCTH U OIPENENIeTCS] METOIUKA
NOJb30BAaHNUS  THUMOBBIMH  KpUBBIMH.  llpuBeneHHsle Ha  puc. 2 3 THIOBBIC
KpPUBBIECOOTBETCTBYIOT THIIOBBIM TIe€HepaTopaM cpeaHeid moumHoctu (1o 50—100 Mem).

X

3HaueHUsl TOKa U 7 BBIPaKE€Hbl B OTHOCUTENBHBIX €JUHMIIAX IPU HOMMHAIBHBIX YCIOBMSX
redeparopa. [lo Mepe yBelnMYeHUs pacyeTHOW PEAKTUBHOCTH (WIM YJAJIEHHOCTH KOPOTKOTO
3aMbIKaHUA) pa3iIMuue MEXAY TOKaMU BO BPEMEHH, KaK BUJHO, CTAHOBUTCSI BCE MEHbIIE. DTO

X, >3
MMO3BOJISICT MPAaKTHYCCKH CYWTaTh, YTO IIpu 74 NepuoguYeCKas cjararomas ToKa
KOPOTKOT'O 3aMbIKaHHSI OCTAa€TC HEM3MEHHON U PaBHOW CBOEMY HadaJlbHOMY 3HaueHuto. Ha puc.
2 NpOBENEHbI MYHKTUPHBIE JIMHUU, KOTOPBIE U1 CPAaBHEHMSI J1alOT TE )K€ 3aKOHOMEPHOCTH NpHU

X
orcyrctBur APB y reneparopos. Ciefyer Takke OTMETUTh, UTO C YBEJIMUEHUEM ~ P*““ pa3iIudue

BTuNax TEHEPAaTOPOB CKa3bIBACTCSA BCE MCHBLIIC U YXE MOpU Y pac =1 THUIIOBBIC KPMBBIC I
TeHEPATOPOB PA3HbBIX TUIIOB ITOYTH COBIIAAAIOT.

[IpuHATHIN cOCOO MOCTPOEHHUS PACUETHBIX KPHBBIX YCTaHABIUBACT MPOCTYI0 METOJIUKY
UX NpUMeHeHMs. B camom zaene, U1 HaX0KI€HUs 110 HUM 3Ha4€HMs TOKa KOPOTKOIO 3aMbIKaHUS

B MPOU3BOJILHBIN MOMEHT BpPEMEHH JOCTAaTOYHO OIPEIACIUTH Y pacy OTHOCHUTEJILHO
paccMaTpuBaBacMOM TOYKH KOPOTKOI'O 3aMBIKAaHUs, UCIIOJIb3Ys CXEMY JUIsl HAYaJIbHOI'O MOMEHTA,
[IPUYEM HArpy3Kd B IIOCJIEIHIOI HE JOJDKHBI BXOIUTH; 3TO 3HAYUTEIBHO YIPOILAET PELICHHUE.
[Tpu 3TOM, KakK caemyeT U3 caMoro MOCTPOEHUS THIIOBBIX KPUBBIX HAlHJCHHOE 110 HUM 3HA4YCHHE
TOKA ITOJIy4aeTCsl C y4€TOM BIIUSHUSA Harpy3ku. Takoil KOCBEHHBIN y4eT Harpy3Ku, KOHEYHO, HE
MOYKET MPETeHI0BaTh Ha OOJIBIIYI0 TOYHOCTh, HO BCE K€ OH NPHUBOJUT K Oojiee MpPaBUIbHBIM
pe3yabTataM, 4eM eciau Obl Harpyskoil coBceM mpeHeOpeub. UTO KacaeTcsi TOW Harpyskw,
KOTOpasi B AEHCTBUTEIBLHOCTH MOKET OBITh MOJK/IIOUEHA HEMOCPEICTBEHHO K TOUYKE KOPOTKOTO
3aMBIKaHUs, TO €€ Y4€T MOXKHO IIPOU3BECTH OTIEIBHO.

PacnipocTpanenne MeToja THIOBBIX KPUBBIX Ha CIIOKHBIE CXEMBbl C OOJBIIUM YHUCIOM
TEHEPATOpPOB IO CYILUECTBY COOTBETCTBYET IONYIICHHIO, YTO BCE YYacCTBYIOIIUE B CXEME
reHepaToOpbl MOTYT OBITh 3aMEHEHBI OJJHUM I'€HEPATOPOM .CYMMapHOH HOMHHAJIBHOJ MOIIHOCTH,
IIOCTaBJICHHBIM BHEKOTOPBIE CPEJHUE YCIOBUS 10 OTHOLIECHUIO K TOYKE KOPOTKOI'O 3aMBIKAHMSL.
Ommbka OT TakoM 3aMeHbl 3aBUCUT OT TOro, B KaKOil Mepe peajbHble YCIOBHS OTAEIbHBIX
TeHepaToOpOB OTIMYAIOTCS OT YKa3aHHBIX cpenHuX. Ha 3ToM Bompoce HIKe 0OCcTaHOBUMCS OoJiee
noJpoOHO, a cedyac MpocaenM HOPSIIOK BBIIIOJHEHUS pacyeTa MpU 3aMEeHE BCEX I'€HepaTopOB
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OJTHUM T€HepaTOpOM CyMMAapHOW MOIIHOCTH HJIH, KaK TOBOPST, M0 OOIIEMY U3MEHEHHIO. DTOT
MOPSAIOK COCTOUT B CJIIEAYIOLIEM:
1) Jlns 3amaHHOM cHUCTEMBI COCTaBISIOT CXEMY 3aMELIEHUs, B KOTOPYHO T€HEPATOpPbI

"

BBOJAT CBOUMH xd; Harpy3Kd B HEH JOJDKHBI OTCYTCTBOBATb, 3a MCKIIOUEHHUEM KPYIHBIX
JIBUTATENIC M CHHXPOHHBIX KOMIICHCATOPOB (B OCOOCHHOCTH DPACIOJIOXKEHHBIX BOJIM3M MECTa
KOPOTKOTO 3aMbIKaHUs), KOTOpPBIE pPACCMAaTPUBAIOTCA KaK T'eHEPAaTOPbl PaBHOBEIHMKOU
MOITHOCTH. [IOCKONBKY METOJ ITOCTATOYHO MPHOIKEH, CXeMy 3aMeIIeHHUs IeIecoo0pa3Ho
COCTAaBJIATH YIIPOILICHHO. Hukakux ». A. C. B CXEMY 3aMCIICHNA BBOJUTH HE HYKHO.
2).IlocTreneHHBIM TIpeOOpa30BaHUEM CXEMBbI 3aMEIIeHHS (MJIM 3aMepoOM Ha pacyeTHOU

X
MOJIeJI) HaxoJAT €€ pPEe3yJIbTHPYIOIIYI0 PEaKTUBHOCTh ~* OTHOCHTEIBHO MeCTa KOPOTKOIO
3aMBIKAHUA.

o X pacu 3 Xy
3) I[HSI OMpCACIICHUA PAaCUCTHONU PCAKTHUBHOCTU P HaAaUJCHHYIO PpCAKTHUBHOCTD
BBIPAXAIOT B OTHOCUTEJIBHBIX CAVMHUIAX ITPU CyMMapHOP'I HOMHUHAJIBbHOMN MOIIHOCTHU T'CHEPATOPOB

SHZ = Z SHi
i=l , Msa,

X U
Y4YaCTBYIOIIMX B MIUTaHUU KOPOTKOTO 3aMbIKaHUS, T. €. €CJIM ~ > BBIpaXKEHO B oMax npu ~ <*, KB,
TO
SHZ

xpactt = xE U2 >
cp

X S
COOTBETCTBEHHO, €CJIM ~ > BBIPAXKEHO B OTHOCUTEINIBHBIX EAUHULIAX IIPU 7, TO
SHZ.
9
b3 55
4) BLI6I/IpaIOT COOTBETCTBYIOIIUE paCUYETHBIE KPUBBIE, 10 KOTOPBIM, HCXOAd U3

=X
*

* pacu

o X
MOJIyYUEHHOM PpEaKTUBHOCTH ~ 7, HaXOAAT (MHOTJa WHTEPHOJUpPYS) I HHTEPECYIOLINX

I
MOMCHTOB BPEMCHH OTHOCUTECJIBHBIC BEJIMYHUHBI TOKA Fawt

x >3
[Tpu = rac 3Ty BEJIMYMHY TOKa JJIs1 BCEX MOMEHTOB BPEMEHHU OIIPEACIISAIOT KaK
I =1/x_.;

it pacu?’
5) HaxoasT uckoMyro BETMYMHY IEPUOIAYECKOMN Cllararoliell Toka KOPOTKOTO 3aMbIKaHUS
JUTSL KaXKJI0TO MOMEHTA:
Imc,t = gmc ‘ IHZ
K4,
S

sz = 2
3o

rae CyMMapHbli HOMMHAJIbHBIM TOK T€HEPATOPOB, IIPUBEIACHHBIN K
U T X acy > 3
HaIpSOKEHUI0 ¢ TOW CTYIEHH, II€ pacCMaTpUBAeTCs KOPOTKOE 3aMbikaHue. Ilpu . ~7 ,
OYEBHUJIHO,
Inrc,t = IHZ /xpacu;
R Is 4“5
MPUYEM 37IeCh BMECTO ~#X | ~ P4 MOTYT OBITh UCITOJIb30BaHbI TAK)KE€ COOTBETCTBEHHO ¢ H ,

T. €. 3HAUEHUsI TP POU3BOJILHO BHIOPAHHOM 0a3MCHOM MOIIIHOCTH.

[Tockonbky mMpu BBIOPAHHBIX Oa3UCHBIX YCIOBHUSX OTHOCHTENbHBIE BEIMUMHBI TOKa W
MOLIHOCTA KOPOTKOI'O 3aMbIKaHHSI YHMCIEHHO COBIAJAIOT, TUIIOBBIE KPHBBIE OJHOBPEMEHHO
JTAIOT 3HAYEHUS OTHOCUTEJIBHOM MOIIHOCTH KOPOTKOI'O 3aMBIKaHHSI B MPOM3BOJBHBI MOMEHT
BPEMEHU.
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Korma cucrema conepXUT TeHEpaTopbl pa3HBIX THIIOB, NpPU pacueTe Mo ooumemy
U3MEHEHUI0O MOXKET BO3HHKHYTh (hopMajbHOE3aTpyIHEHHE B BbIOOpEe KpuBBIX. OueBHIHO,
clIeZlyeT OTJaBaTh MPEANOYTEHHWE TeM IeHepaTopaM, KOTOpble OOJblIe Y4acTBYIOT B NMUTAHUH
KOPOTKOT'O 3aMbIKaHUs, T. €. HAXOJATCS OJIMKe K aBapuiHOM TOUKe.

16 MeToa cipsiMJIeHHBIX XapaAKTEPUCTUHK

PaccmoTrpuM teneps METO pacdeTa, KOTOPBIM ITO3BOJISET HAUTH B IPOU3BOJIBHBI MOMEHT
IIEPEXOTHOTO IMpolecca HETOJIBKO TOK B MECT€ KOPOTKOTO 3aMBIKaHUS, HO Takke U
pacrmpenienieHue 3TOro Toka B CXeMe, YTO 4acTO MPAaKTUYECKH HEOOXOIUMO TJIaBHBIM 00pa3zoM
IIPY PEILIEHUN BOIPOCOB PEJIEHHON 3aIUTHI U aBTOMATH3ALMH JJIEKTPUUECKUAX CHCTEM.

Korma renepaTop mHpeiacTaBiIeH CBOMMH E M X, BEIMYUHBI KOTOPBIX HE 3aBUCAT OT
U3MEHEHUs BHEIIHUX YCJOBUH, NMEpPHOAMYECKas ciararolas TOKa Ipu Tpex(dasHOM KOPOTKOM
3aMBIKaHUU JIETKO MOKET OBITh OIIpE/ieNIeHa U3 OOBIYHOIO BBIPAKEHUS:

E
fn Xp+ Xpy M
TJI€ X, —PEAKTUBHOCTb BHEUIHEW LENHM IIPU PacCMaTpUBAEMOM YIAJIEHHOCTH KOPOTKOIO
3aMBIKaHUS.

Takoe BeIpakeHHE MCIONB3YIOT IIPU BBIYMCIICHWH HAYaJIBHBIX M YCTAHOBHMBLIMXCS TOKOB

KOPOTKOT'O 3aMBIKAaHHMS, BBOJISL B HETO B IIEPBOM CIIydae 3. J. C. TeHepaTopa £ 1 CONPOTHBIICHUE

X);, @ BO BTOPOM — COOTBETCTBEHHO E, o E_ - (npu Hammunn APB u pabote renepatopos B

qnp
pEKUME IPEIENbHOI0 BO3OYXKICHUS) U X, .
EcTecTBeHHO BO3HMKAaeT BONPOC: HENb3s JIM BblpaxkeHue (1) pacnpocTpaHuTh Ha

BBIYHMCIICHHE TEPUOJAMYCCKON clararomieii Toka B JIFOOOM MOMEHT IIpoliecca KOPOTKOTO
3aMbIKaHUA HIJIIM, WHBIMH CJIOBaMHM, MOXXHO JIM BOOGH.IG yCTaHOBI/ITB JJIs reHepaTopa TaKHUC

BEJIMUYMHBI FE U X,, KOTOpbIE SABISUIUCH Obl (QYHKIUSAMHU TOJIBKO BPEMEHM C MOMEHTA

BO3HUKHOBEHUSI KOPOTKOT'O 3aMbIKaHUsI?

UroObl OTBETUTH HAa ITOT BONPOC, JOCTATOYHO BCIIOMHMTbH, YTO M3MEHEHHE BO BPEMEHHU
10001 3. 1. C. TeHeparopa OmpeAesseTcs He TOJIbKO €ro COOCTBEHHBIMM IapaMeTpamH, HO U
pPEaKTHUBHOCTHIO BHemrHel menu. CrenoBarenbHO, CTporue (YHKIMOHAJIbHBIE 3aBUCHUMOCTH

E=f (t) u x = g(t), KOTOpble ObUIM OBICTIPABE/UIMBBI TPU JIOOBIX BHELIHHX YCIIOBHSX,

yCTaHOBI/ITB HCJIb34.
VaestnoBy C.A. coBmectHO ¢ FO. H. backakoBbIM ymajioch mokasaTh, YTO ISl KaXJA0TO
MOMEHTA Ipolecca KOPOTKOTO 3aMbIKaHHsI MOKHO IOA00paTh HEKOTOPhIE pacuyeTHble £ U X, , HE

3aBUCALIME OT BHEIIHEH PEaKTMBHOCTHU,KOTOPBIE IO3BOJISIOT C JOCTATOYHOM I IIPAKTUKHU
TOYHOCTBIO ONPEIEIINTh 3HAYCHUE NMEPUOAMYECKON CIararomeil Toka B 3TOT MOMEHT BPEMEHH.
IMonOop 3TUX pacueTHbIX £, U X, HATJIsIHEE BCETO WILIIOCTpUpOBaTh rpaduuecku. Ilepenumem

(1) B uHOM BHE:
E—ILyxe =Inxy, =Ur,
OTKYyJa CJIEAyeT, 4TO B cucreMe KoopauHatU,/ TOK MHAIpPsKEHUE IeHepaTopa ONpEAeIISIOTCS
KOOpJMHATAMHM TOYKM II€PECEUEHUs] BHEUIHEW XapaKTepUCTHKU TeHeparopa E—I,x.=U. u
upamon Uy =[xy, .
Jns  reHeparopa, HMMEIOLIETO B OOLIEM clydae aBTOMAaTHYECKOE pEryJIMpOBaHUE
BO30Y>KJI€HMsI, BHEIIHUE XapaKTePUCTUKHU ITOKa3aHbl Ha puc. 1.
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Puc. 1. K MeTony cripsIMIIEHHBIX XapaKTEPUCTHK.

[Tpamas N,C oTBeyacTBHENIHEH XapPAKTEPUCTHUKE JJI HAYAJILHOTO MOMEHTa KOPOTKOTO
3aMbIKaHus. JlJi1 yCTaHOBUBIIETOCS PEKMMa 3Ta XapaKTepUCTUKA, KaK M3BECTHO, COCTOUT W3
HAKJIOHHOTO OTpe3ka. NF;, (peXHuM IpeleabHOro BO30YKIEHUS) U TOPH30HTAIBHOIO OTpE3Ka
NN, (pexxuM HOpMaJIbHOTO HampsukeHus). Ilepenom 5Toi XapakTepuCTUKH (B Touke N ) UMeeT
MECTO IIPH Xy, = Xpp |

IIpsmele N,C u NF;,oTcekatloT Ha ocu  abcuucc  OTPE3KH, IMPOHNOPLUOHAIBHBIE
COOTBETCTBEHHO TOKaM [" W [ MIPUKOPOTKOM 3aMbIKaHWM Ha BBIBOJAX TIeHeparopa, a
IPOJIODKEHHE 3TUX HPSIMBIX JI0 OCH OPAMHAT onpenenser 3. 1. ¢. £ nkE . [Ipu ogmHaKOBBIX

MaciITabax mo oGenM ocsiM (my, = m, ), OYEBHHO,

tga = xg,

tgy=x..
I'mnepOonuueckas 3aBUCUMOCTb MeXIy [, Mx,, [cormacHo (1)] Bo3MOXHA nMIIb NpH
NPSAMOJIMHEMHON BHEIIHEH XapaKTEPUCTUKE I€HEPaTOpa, TaK KaK TOJBKO B OTOM ciaydae E ux,
HEU3MEHHBI. OTO COOCTBEHHO MOJCKA3bIBACT IIyTh K HAXOKIEHHUIO E 1 X, .

Jlomyckasi, 4TO B CXeMe UMEETCsl OJIMH TeHEPaTop, He MPEACTABISET TPYy/a MOCTPOUTH €ro
BHEIIIHIOK XapakKTEPUCTHKY HJisi MPOU3BOJIBHOTO MOMEHTAa BPEMEHHU IIpoliecca KOPOTKOIro
3aMbIKaHMA. [ 3Toro, 3axaBasch pa3IMYHBIMU 3HAYEHUSMHM BHEINHEH DPEaKTHMBHOCTH X, ,
JOCTaTOYHO II0 HW3BECTHBIM BBIPAKEHUSAM TMOJCYMTATh TOK KOPOTKOIO 3aMBIKaHUS B
paccMaTpuBaeMbli MOMEHT BpPEMEHHM M 10 HEMY BEJIIMYMHY OCTAaTOYHOI'O HaNpsHKEHUS
reHeparopa. [1o mosydyeHHBIM pe3yabTaTaM JIETKO MOCTPOMUTH Ui JAaHHOTO MOMEHTa BPEMEHHU

BHEIIIHIOK XapakTepuctuky U, = f (It). [Tycts xkpuBast N/H' Ha puc. | mpencraBisieT Ty 4acTh

TaKOM XapaKTEepHUCTHUKH, KOTOpas OTBEYaeT paboTe reHepaTropa MpH MOoAbEME €ro BOo30YXKIEeHUS
or neiictBusi APB. Ee napyras wacth, oTBedaromias pabore TreHeparopa IMpPH HOPMAIbHOM
HaNpsDKEHUH, TPEJCTAaBIAeTCS TOPU3OHTANbHOW mpsmoit N, N,. Haknon mygaON,
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MPONOPIIMOHATIEH BHEIIHEH pPEaKTUBHOCTH, MNpPU KOTOPOM B JaHHBIA MOMEHT BpPEMEHHU !
HanpsDKEHUE TeHepaTopa YK€ JOCTUraeT CBOET0 HOPMAIbHOIO 3HAU€HUs. DTy PEaKTHUBHOCTH
MOXXHO Ha3BaThb KpHTH‘IGCKOfI PCAKTUBHOCTBHIO IJII OAHHOTO MOMCHTA BPCMCHU xKPt i

UroObl ONpeAeauTs UCKOMbIE 3HAUE€HHs PAacdeTHOH 3. 1. ¢. £, u pacueTHOW peakTUBHOCTU
X, TeHepaTopa Ajs BHIOPAHHOTO MOMEHTAa BPEMEHH IIPOIECCa KOPOTKOIO 3aMbIKaHHsA, HYKHO
COOTBETCTBYIOILYI0O 3TOMY MOMEHTY BHEIIHIOK XapaKTEPUCTHKY 3aMEHUTh MOAXOASIEN
IpsSMOM, NPOJOKEHUE KOTOPOM JI0 NEPECEYeHHs C OCbIO OpAMHAT JAcT 3HadyeHue E , a ee
HAKJIOH K ocu abcumcc, T. €.tgy,, — 3HaueHue x,. Ha puc. 1 Takoii 3ameHsromen npsmon
sBisiercd npsmas N, H . OHa npoBesieHa Tak, 4TOOBI ee OTKIOHEHHe OT KpuBoi N/H' Ha BceM

JMara3oHe B CPeHEM ObLII0 HaMMeHBINM. [loydaembie mpu TakOM CHPSIMIICHHH OTKJIOHECHHS
OOBIYHO HE BBIXOJSAT 3a MPEICIbI i(6+8)%; IpU 5TOM HET HEOOXOIUMOCTH O00ECIeYUBaTh,

4TOOBI IIPsIMast IIPOXOHIIa yepe3 Touku N, n H'. TakuM ImyTeM MOXHO HaWTH pacueTHsle E U X,

JUIL KaXJIOro MOMEHTAa BpeMeHU. I3 H3J10KEHHOrO MOHATHO IPOUCXOXKICHUE HA3BaHUS
paccMaTpuBaEMOro METOAA..
Konb cxopo nns reneparopa ¢ APB HalineHbl ero pacderHele £, U X,, IEPUOJUYECKYIO

CJIararonryro TOoka TpeX(ba?)HOF O KOPOTKOT'O 3aMbIKaHHA B COOTBeTCTByIOH_II/Iﬁ MOMCHT BPEMCHU
MOXXHO BBIYHUCJIUTHE COBCPHICHHO aHAJIOTMYHO TOMY, KaK 3TO ACIAJIOCHh I YCTAHOBHBUICTOCA
PEKHUMa KOPOTKOT'O 3aMBIKaHI/I5I.I[JISI IMPOU3BOJIbHOT'O MOMCHTA MOKHO HAlIMCATh:

KPpUTHYECKas pCaKTUBHOCTb

U
xkpt =X, E I;J
t YH
U KPUTUYECKUN TOK
] _ Et _UH _ UH
Kkpt -
X X

t Kpt

Ecnu BHEHIHsAS pPEakTUBHOCTb Xy, < X TO TeHepaToppaboTaeT B pexUME MOabeMa

Kkpt >

BO30Y)KIEHHUAN JIOJDKEH OBITh BBEJCH B CXEMy CBOMMH E M X, ; €ClIH X, =X, , TO TEHEPATOD

Kpt 2
JOJKEH OBITh BBEAEH B CXEMy "M, UTO COOTBETCTBYET €ro pabore B pexume E=U, u x=0

HOPMAaJIbHOTOHATIPSKEHHUS.
W3n0xeHHbI IyTh HaxOXJIeHMA L, MX,, BOOOIIE TIOBOpSA, MOXHO HCIIOJIb30BaTh IS

Kaxaoro reHeparopa. OfHako B OOJBIIMHCTBE CIy4yaeB JOCTAaTOYHO OTPAHUYHUTHCS
INPUMEHEHUEM PACUETHBIX £, U X, , HAMIEHHBIX I TUIOBBIX MAIIHUH. J{Js T€HEpPaTOpOB CpeqHEN
MOIIHOCTH, TTapaMeTpbl KOTOPBIX YKa3aHbl B TalOa. 1, Ha puc. 2 MpUBEACHBI CEMENCTBAa KPUBBIX
E = f(t)ux,=¢(t) mpu pasHbIX 3HAYCHMAX MPEINUICCTBYIOUIEr0 TOKA BO3OYXKIEHMS I .
Benuuunsl £, ¥ x, BBIpaKEHbl B OTHOCHTENBHBIX €IMHUIAX IPU HOMHHAIBHBIX YCIIOBHSAX

reHeparopa.
Ecmu I[ef/’ICTBI/ITeJIBHBIC napaMeTpbl reHeparopa CymeCTBCHHO OTIMYArOTCA OT THUIIOBBIX,

IpU KOTOPBIX HMOCTPOEHBIKPHUBBIE PHC. 2, 3HA4YeHUs £, M X, TAKOrO IeHepaTopa MpPUOIMKEHHO
MOTYT OBITh HaliJICHbI U3 BEIPAKCHUM:
_ "
E =E, —(E, —Ej)o,

qnp
x, =x,—(x, _XS)UX,

rneE, , E;, x,, X"— COOTBETCTBYIOIIIHE 3. [I. C. UPEAKTUBHOCTHU JJAHHOT'O FEHEPaTOpa;

qnp >
O, UO, — KOS(i)(bI/IHI/IeHTBI, 3HAYCHUA KOTOPBIX ONPEACIAIOTCA 110 KPUBBIM, IIPUBCACHHBIM Ha
t t

puc. 2.
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Puc. 2. KpuBsle ais onpeenenus pacueTHbIX £, U X, T€HEpaTOPOB CPEAHEN MOLTHOCTH €
aBTOMATHYECKUM PETyIUPOBAHHEM BO30YKICHHS.
a—isi TypboreHeparopa; 0 — 1y TuaporeHepaTopa (MpU MalbIX BpeMEHax IS
THIporeHepaTopa o 1eMipepHbIMA OOMOTKaMU — MYHKTUPHBIC TUHUHN).

To 06cTOsATENBCTBO, UTO YCTAHOBIICHHBIE TSI FEHEPATOpa pacueTHbIe 3HaueHus E, U x, He
3aBHUCAT OT YAAJCHHOCTH KOPOTKOTO 3aMbIKAaHHs, Ka3ajoch Obl, JaeT MpaBO HCIOJIB30BaTh HUX
JUIsL pacueTra Ipoliecca KOPOTKOrO 3aMbIKaHUS B JIIO0OM cXxemMe € IPOU3BOJBHBIM YHCIIOM
UCTOYHUKOB nUTaHus. OTHAKO Takoe 3aKiIoueHne ObUI0 OBl IpekIeBpeMeHHbIM. B camom nerne,
3HauYeHMs E, U X, MOJlydyeHbl U3 yCIOBUI OTAEIBHOM pabOThl TeHepaTropa, B TO BpPeMs Kak IpH

napajuieibHOM paboTe ¢ ApyrMMU TeHepaTopaMH BHEIIHHE XapaKTePUCTUKH B TOM WM MHOU
Mepe OTIIMYAITCA OT TeX, CIPSIMIIECHHE KOTOPBIX MO3BOJIMIO YCTAHOBUTH 3TU 3HAadeHUs £ HUx,

rereparopa. Takum o0pa3oMm, NPUHIMIHATIBHBIM U TJIaBHBIM JIOMYIICHHEM PacCMaTpPHBAEMOTO
METOZA B €ro MPUMEHEHHH K CIIOXKHBIM CXEMaM SBISETCS MCIIOJIb30BaHUE PAaCYETHBIX F U X, ,

KOTOpbIE C  HEOOJBIIOW  IMOTPEIIHOCThI0, OOYCJIOBJIICHHOW  CIPSMJICHHEM  BHEIIHEH
XapaKTEepUCTUKHU, CIPABEUIMBBI JIMIb, U1 3JIEMEHTApHOW CXEMBbI (T. €. CXEMBI C OJHUM
reHeparopom). TemM He MeHee BO MHOTMX CIIydasx 3TOT METOJA Ja)Ke NPHU CIOXKHOU cXeme
MO3BOJIIET C JOCTAaTOYHOW JUIsl TNPAKTUKU TOYHOCTBIO OINPEAEIUTh s IPOMEXYTOUHBIX
MOMEHTOB BPEMEHM HE TOJIBKO TOK B MECT€ KOPOTKOI'O 3aMbIKaHMs, HO TaKXe (4TO 0COOEHHO
Ba)KHO) U €r0 pacupesesieHne B cXeMe. JTO NOATBEPKIAETCSA CPABHEHUEM KAK C pe3yJIbTaTaMU
pacuera 60s1ee TOYHBIMM METOJJAMH, TaK U C SKCIIEPUMEHTAIbHBIMU IaHHBIMHU.

AHajilorn4Hble KpHUBBIE JJIS  HAXOXKICHWA E, U X, IOCTPOEHBI TaKXkKe JUIsl THUIIOBBIX
rereparopos 0e3 APB.

OOuwmii MopsAAOK BBHINOJHEHUS pacyeTa IO METOJNy CHpPSMIIEHHBIX XapaKTepUCTHK
MOJIHOCTBIO MJIEHTUYEH MOPSAJKY pacdeTa yCTAaHOBUBIIETOCS PEXUMA KOPOTKOTO 3aMbIKaHUS.

Jlna paccmatpuBaeMoro MoMeHTat Bce reneparopsl ¢ APB B 3aBUCHMOCTH OT 0’KUAAEMOTO
IUIsL HUX PeXHMa JOJDKHBI ObITh BBEJIEHBI B CXeMy JIM00 cBouMHu £, ux,, iubo £ =U, u x=0,a

renepaTopsl 6e3 APB — cBoumu £, nx, . JnsanpeaBapuTeabHON OLEHKH BO3MOXKHOIO PEKHUMA
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reHeparopa ¢ APB crefyer conocTaBuTh BENHIMHY €r0 X, , C BHEIIHCH PEaKTHBHOCTBIO CXEMBbI
[I0 OTHOLIEHUIO K JaHHOMY TeHepaTopy. B CIIO)KHON cXeMe C HECKOIbKUMH HCTOYHUKAMU
NUTAHUS Takas OLIEHKAa MOXKET OBbITh ClelaHa JUIb B mnepBoM npubmmwkenun. st < 0.5 cex,
umes BBHIy enie manoesnusnue APB, Bce reneparopsl ¢ APB M0kHO BBOIUTE CBOMMH E, KX,

(T. . cuMTaTh, YTO OHH PAOOTAIOT B PEXKUME MOJbeMa BO30YyxaeHus). Harpy3ku 10mmKHBI OBITH
BBE/ICHBI B CXEMY 3aMEIICHHS B TOYKAX WX ACHCTBHUTEIHHOTO NMPHCOEIWHEHHS; IPU 3TOM HX
OTHOCHUTEIIbHAs PEAKTUBHOCTh IPUHUMaeTCs paBHoOM x,  =1.2,a3. 1.c. £ =0.

Ilocne Toro kak Juisl 3aJaHHOM CXEMBbl HaWIEHBI €€ E M Xy OTHOCUTEILHO TOYKH

Hazp

KOpPOTKOI'0 3aMbIKaHUA, 3HAYCHHC HCpHOIIPI‘-IGCKOfI cllararoliei ToKa B MecCTe KOpPOTKOI'o
3aMbIKaHUs B ,HaHHBIfI MOMCHT JICTKO OIMPECACIINTD:
E

_ [}
Ikt -

X,
[
3areM cieyeT MpOBEPUTH MPaBHIBHOCTh BBHIOPAHHBIX pekUMOB TreHepatopoB ¢ APB. C
9TOM 1eNIbI0 He0OXO0AUMO, pa3BePThIBAs CXEMY, HAUTH TOKHM I€HEPATOPOB MM HANpPSDKEHUS Ha
UX BbIBOJAaX (ecaM Juis HUX OBUI MPHUHAT pPeXHM MoabemMa Bo30OyxkieHus). Ilpu pexume

HOPMAJIBHOTO HAIPSDKEHHUs JOJDKHO ObIth [, <[, a NpU pexuMe MoAbeMa BO30YKACHHUs
I,<1,.

Ecnmu okazanmoch, 4TO y HEKOTOPHIX T'€HEPAaTOPOB PEKUMBI BHIOPaHBI HEBEPHO, TO HUX
CICAYCT COOTBECTCTBCHHO U3MCHUTDH U 3aTCM ITOBTOPUTH aHaJOTUYHBIN pacucrT.

YrtoObl IOCTPOUTHh KPHBYIO M3MEHEHHS TOKOB B KaKOH-TMOO BETBU (MJIM HANpPSHKCHUS B
IIPOU3BOJBHOW TOYKE) CXEMBI, MPOU3BOAAT pacueT, Uil HECKOJBKMX MOMEHTOB BpeMeHU. B
OOJILIITUHCTBE CJIy4aeB OBIBAET JOCTATOYHO MPOM3BECTH pacueT JUIsl JBYX-TpeX HamOosee
XapaKTepHBIX MOMEHTOB, BEIOPAHHBIX B IpejieliaX WHTEPECYIOIIEeTro OTpe3Ka BpEMEHH Mmporiecca
KOPOTKOTO 3aMBIKaHHS M, HHTEPIOIUPYS MEXAYINOITYYCHHBIMUA pPE3yJIbTaTaMH, MOCTPOUTH

HMHTEPECYIONIYIO0 KPUBYIO.

17 MeToabl pacyeTa HeCUMMMETPHUYHBIX PEKMMOB TPeX(Pa3HbIX JIeKTPUYECKUX CHCTEM

OcnosHoe npeononosicenue. HecuMMeTpusi BOSHUKAET JIMIIb B OJTHOM TOYKE CETH.
Buasl HecummeTpuu:
1. momepeuHas — J1t000€ HECUMMETPUYHOE KOPOTKOE 3aMbIKaHHE;
2. mpoponbHas — OOpbIB OJHOM WiIM JBYX (a3, HECUMMETPHUYHOCTh HAarpy3Kd IO
dazam.
AHanu3 HECUMMETPUYHBIX MEPEXOIHBIX PEKUMOB 3aTPYAHEH TeM O0OCTOSATEIbCTBOM, YTO
OpU TakuX IMpoIeccaX BO3HUKAET IYJIbCUPYIOIIEe MarHuTHOE II0J€ pOoTopa TreHepaTopa,
BBI3BIBAIOIIEE IMOJIHBIN CHEKTP BBICHIMX TFApPMOHHUK. JTO MPUBOAMUT K TOMY, YTO MEPEXOA OT
¢da3HBIX TepeMeHHBIX B AU (depeHIUaNbHBIX YpPaBHEHUSAX IEPEXOJHOro Imporecca K
IIEpEMEHHBIM B Bpalllaloliencsi cucteMe KoopauHat d,q,0 He 0CBOOOXIAaeT 3TU YpaBHEHHS OT
nepuoAndeckux Kodd¢uimeHToB. be3ycmoBHO MoxHO Obuto OBl 3amucaTh ypaBHEHUS
NEPEXO/IHbIX MPOLECCOB I KaXJIO0M TapMOHHMKH, TO €CTh 3alucaTh A3TH YypaBHEHHUS B
NMepeMEHHBIX B CHCTeMe KoopauHaT d,q,0 , Bpallaromeiicss ¢ yrioBOW YacTOTOM,
COOTBETCTBYIOIIEH BHIOPAHHOM rapMOHUKE, a 3aTeM, UCIOIb3Yys MPUHLHUII CYTEePHIO3UINHN, HAUTH
3HaueHUs (a3HbIX BEJIWYMH, HO TaKOM MOAXOJ TPUBOAUT K HEOOXOAMMOCTH pEIICHUS
OeckoHeUHOM cucTeMbl Tu(GepeHIIMaTbHBIX YPAaBHEHUH ¢ TTIOCTOSIHHBIMH KOY(PUITUEHTAMH.
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17.1 Oopa3oBanue Bpiciinx rapMonuk C.I'. npu HecumMeTpuH.

[Tpu HecummMeTpun potopa ( OTCYTCTBUE AeMI(EPHBIX OOMOTOK MM MX HAJHYUE TOJIBKO
10 OJTHOM OCH):
— KaXaas HeyeTHas TapMOHHMKAa TOKa OOMOTKHM BO3OYKACHHS TOPOXKIAET
CIIETYIOUTYIO YETHYIO TAPMOHHKY (a3HBIX TOKOB;
— KaX7Jas YyeTHas rapMOHMKA TOKa OOMOTKH BO30YXKICHHS MOPOKIAET CIETYIOLIYIO
HEYETHYIO TapMOHUKY (pa3HOro TOKa.
Yem cuipHEe HECHMMETPHSI pOTOpa, TEM BHINIE aMIUIMTYyZa BBICIINX TapMOHUK (ha3HOTO
TOKa, JUII CUMMETPUYHBIX POTOPOB 3TOT 3()(HEKT MMEeeT MPOTHUBOIMOJIOKHBIA XapakTep. ITOT

apdexT wucmoap3yroT B TypOOreHeparopax, [I0OMBasCh KaK MOXXHO 0o0yiee BBICOKOM
CUMMETPUYHOCTH POTOpA.

17.2 MeToa cMMMETPHUYHBIX COCTABJISAIONIUX B HCCJIEI0BAHMHU MEPEXOIHBIX MPOLECCOB NMPHU
HApYLIEHUW HeCUMMeTpuM TpexdgasHoii ceTu.

Cummempuunoil CUCTEMON HA3BIBAIOT TPEeX(a3HYI0 CUCTEMY DJIEKTPUYECKHX BEIMYHH, B
KOTOPOM AJIEKTPUYECKUE BETUYMHBI B OTAEIBHBIX (Da3zax paBHBI MO aMIUTUTYJAE U OTCTAIOT IO
¢dase Ipyr OTHOCUTENBLHO JPyTa Ha YIIIbl, paBHbIE ¢ -27/3 ,TH€ ¢ - MH000€ 1eJI0e YHUCIIO.

IIpu g =1 nonydaercs cuctema U3 TpEX PaBHBIX M0 AMIUIMTYAE NEKTPUUECKUX BEJINYUH U
CIABUHYTBIX OTHOCUTEIILHO JAPYT Apyra Ha yron 27 /3:

e, =E, sin(wt+y)e, =E, sin(wt+y—2r/3);e, =E, sin(wt +y —47x/3);
WM B KOMITJIEKCHOU popme
2z 4

, - = =
— JV . _ 3. _ 3
E =Ee';E,=Ee 3;E,=FEe 3.
i
Ecnu 0o603Haunth a =¢e * , 10O

T 2r ..o 2x 1.3, % 4r .4 1 B3
a=e > =cos—+ jsin—=——+j—;a  =e * =cos—+ jsin—=———j—;
3 3 2 2 3 3 2 2
67 8z 27 brm 27

j . . j 5
a’=e 3 =cos2z+ jsin2r=la*=e 3 =¢ 3 3 =e 3 =al+a+a’ =0.

Tor Aa CHMMCETpUYHAas TpeX(i)aSHaSI CUCTCMA DOJICKTPUYCCKUX BCJIIMYUH MOXKET OBITh
3aliucaHa B BUJC:

E;;a’E;ak, .
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E, &

Tak Kak SJEKTpPHUYECKHE BEIMYMHBI B (Da3ax NPOXOJAT UYepe3 MAKCUMYM B TOPSIKE
cinenoBanusi HomepoB a3 (1,2,3,1,2,3,...) , TO Takyl CHCTEMY HA3bIBAIOT CUMMEMPUUHOU
cucmemoul npsImMol nocie008amelbHOCMIL.

[Ipu g =2 momydvaercs CUCTeMa U3 TPEX PaBHBIX IO AMILTUTY/EC YICKTPUUCCKUX BEITUIHH
U CIIBUHYTBIX OTHOCUTENBHO APYT Apyra Ha yron 47z /3:

e, =E, sin(wt+y)e, =E, sin(wt+y —4r/3);e; =E, sin(wt +y —8x/3);

WIM B KOMITJIEKCHOU popme
4 8r

. S -
— JV . — 3. — 3
E =Ee';E,=Ee 3;E,=FEe 3.
CummerpruHas TpexdasHas CHCTeMa dJIeKTPHYCCKUX BEIMYMH MOKET OBITh 3alMCaHa B
BUJIE:

E;aE,;a’E,.

El

E, E

W

Tak Kak aJIeKTpUYECKHE BEIMYMHBI B (pazax MHPOXOASAT uUepe3 MaKCUMyM B OOpaTHOM
nopsifke ciemoBanus HomepoB a3 (1,3,2,1,3,2,...) , TO TaKyl CHCTeMY Ha3bIBalOT
CUMMEMPUYHOLL cCUCmeMoll 06pamHotl nocie008amenbHOCmU.

IIpu ¢ = 0 momyuaeTcs cucTeMa U3 TPeX PaBHBIX M0 AMILTUTY/IE SJIEKTPUUECKUX BETHUNH

E =E =E,
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Tak Kak 2JIeKTPHUUECKUE BETMUMHBI B (pa3ax MPOXOAT Yepe3 MAKCUMYM OJHOBPEMEHHO, TO
TaKyl0 CUCTEMY Ha3bIBAIOT CUMMEMPUYHOL CUCMEMOT HYe80U NOC1e008amelbHOCHIU.

OCHOBHBIMH  BUJAMU  COCJUHEHUS Tpex(a3HBIX CHUCTEM SBISCTCS  COeOUHeHue
Mpey2oNbHUKOM U COeOUHeHUe 36e300ll.

E} ol
!
L
I 4
8
Iy
-
!5
B
I3

[Tpu coenuuenuu 3Be3/01 Havama 0OMOTOK (pa3 reHepaTropa OObEIUHSIOT B HEUTPATLHYIO
touky O reneparopa. [IpoBoa, coequHSAIOMMI HEUTpAIbHBIE TOYKH T'€HEpaTopa M MPUEMHHUKA,
HA3BIBAIOT HEUTpaIbHBIM MPOBOJOM HIIM HEUTpanbio, a MPOBOJAA, WAYIIHME OT KOHIOB ¢a3
reHepaTopa K MpUEMHUKY, - JINHEHHBIMH MpoBoaMu. [Ipu cuMMeTpuu TOKOB IO HEUTpPAIbHOMY
IPOBOJY MPOTEKAET HYJIEBOH TOK, a MPH HECUMMETPUU — TOK, aMIUIUTY/Aa KOTOPOTo OOBIYHO
MHOT'O MEHBIIIE AMILTUTY/bI TOKOB B JINHEHHBIX MPOBO/IAX.
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[Ipu coeauHEeHUHM TPEYroJbLHUKOM KOHEI OOMOTKM Kaxkaod ¢(a3sl B TeHeparope
COCTMHSIETCS C HA4aJIoM OOMOTKH CIIeAYIoIen (a3bl.

[Ipy OTCYTCTBUM HEWUTPAJbHOTO TPOBOAA CHOCOOBI COETUHEHHs (Da3HBIX OOMOTOK
reHEepaTopa 1 HE3aBUCHMBI.

Hanpsbkenuss Ha 3aXHMax OTIENbHBIX (pa3ax reHeparopa WM TMPHEMHHKA HAa3bIBAIOT
Gazubimu HanpsdceHusMu, A HANPSHDKEHUS MEXIy JIMHEHHBIM U TNPOBOAAMHU — JUHEUHbIMU
HanpsfceHusAMU; aHAIOTUYHO, TOKM B (hazax reHepaTopa WM NMPUEMHUKA HA3BIBAIOT (asHuLMU
moxamuy, a TOKA B JIMHEHHBIX IPOBOAX — JUHEUHbIMU MOKAMU.

ITpu coenuHeHNM 3BE3/10M JIMHEIHBIE TOKM PaBHBI COOTBETCTBYIOUIMM (ha3HBIM TOKaM, a
JVHEWHBIE HANIPSDKEHUS — PA3HOCTSAM COOTBETCTBYIOIIUX (DAa3HBIX HANPSKEHHH.

IIpy coeauHEHMM TPEYTOJbHUKOM JIMHEWHBIE HANpPSKEHUS DPABHBI COOTBETCTBYIOIUM
(a3HBIM HANPSHKEHUSM, a JINHEHHBIE TOKU — Pa3HOCTH COOTBETCTBYIOIIMX (pa3HBIX TOKOB.

Pacuer mo0oii Tpex¢aszHoil ceTH MOXKeT OBITh MPOM3BEAECH OJHUM M3 MeTonoB TOD
(KOHTYPHBIX TOKOB, Y3JIOBBIX HaNpsDKEHUH, CEYEHUH , CMEIIAHHBIX BEJIMYUH, METOJ| pacuera,
OCHOBaHHBbIM Ha TPUHLUIE HAJIOXKEHMs, DSKBUBAJEHTHOIO TIE€HEpaTopa), TaK KakK CXeMa
3aMelIeHus Tpex(pa3Ho MenH MPEACTABISIET COO0H CIIOXKHYIO JIEKTPUUYECKYIO 1IeTh, B KOTOPOH
JNEUCTBYIOT HECKOIbKO HCTOUHMKOB JJIC — Kaxaeldi Tpexda3Hblii TEeHepaTop MOXKHO
paccMaTpuBaTh Kak Tpu ucTouHuKa ¢azabix J]1C.

Hanpumep, niis a1€KTpOIHEPreTUYECKOM CUCTEMBI

O—t——@

IMpU HECUMMCTPUIHOM PCIKUME CXCMaA 3aMCIICHUSA MOXKET UMCTH BUJ

Tor Aa, Y4YUTbBIBag, UYTO CXEMa COIACPKUT J[JBa Yy3Jjida, HUCIOJB3YysA MCTOH Y3JOBBIX
HaNpsLKeHUH, oTydaeM U1 HanpsikeHust Mexay y3iaamu 0 u 07:
b & &~ &~ .
U +Y,+Y,+Y,)=3,+3, +3;;
TAC TpOBOAUMOCTHU BETBEH OMPCACIIAOTCA KaK
1 1 1 1
Y, = Y, = Y = Yy
VAR A Z, +72, Z, +7, Z,

J

a TOKH HCTOYHHMKOB
S =EY;3, =E)Y,; 3, =B
Haxomnum
_ El}fl +E2Y2 +E3Y3 .
O Y 4+Y, Y, +7,

OTKY/1a TOKH B ITPOBOJIAaX
1y =Uy Yy, = Uy Uy )Y5d, = Uy —Ug)Yy3 15 = Uy = Uy )Ys.
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17.3 Pa3nioskeHne HeCHMMETPHYHBIX TPeX(a3HbIX CHCTEM Ha CHMMeETPHYHbIE
COCTaBJIAIOLHE

JroOyro HecumMmeTpuuHyro Tpexdasnyro cucremy BemwmumH (DC, cumy ToKa,
HanpsDKEHUE) MOXKHO TMPEACTaBUTh B BHJIE CYMMBI TPeX CHMMETPHUYHBIX COCTaBIISIONIMX:
IpsSMOiA, 00paTHOW M HYJIEBOM MOCIEI0BATEIHHOCTH.

[Tycth 3amana HecumMmeTpuuHas Tpexdasuas cucrema DJIC E ,E,,E. . Ilorpebyem,

qTOOBI

E,=E,+E +E,;
_ 2 :
E,=E,+a E +ak,;
_ 2
E.=E,+aE, +a’E,;
rne (E,,E,,E,) - cuMMeTpuuHasi cucTeMa HyJeBoil mocienosatensHoctu, (£,,a’E,,ak)) -

CUMMETpHYHAs CHCTeMa NpsMoill TocienosatensHoctn; (E,,aE,,a’E)) - camMMeTpuyHas
cucteMa oOpaTHOM TociIenoBaTebHOCTH. M3 mocimeaHel CUCTEMBI HECJIOXKHO TOJIyYUTh
ypaBHeHus cBsi3piBatonue Benuunasl  E E E, u EE, E.:

Eo :;(EA +EB +Ec);
E :;(EA vab, +a’E):

B, = ;(EA +@’E, +ak,).

Tak xak E,,E,,E, u E,,E,,E. npeacTaBisifoT cO00H KOMIUIEKCHBIC YUCIIA, TO T€OMETPUICCKH
3TO BEKTOpA Ha TUIOCKOCTH, a TI03TOMY:

A Ey a By
Ey

£ £y
38,

b &,
ak

Mg
BFQ\

% =
2, i ‘T"' B,
AR !
ad

17.4 IlpumeHeHH e MeTOAA CHMMETPHUYHBIX COCTABJISIOMIMX K pacyeTy HeCUMMETPUYHbIX
Tpex(a3HbIX Lemnei.
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DTOT METO/1 MO3BOJISIET CBECTH 33J]1a4y pacyeTa CI0XKHON HECUMMETPUUHOU CETU K pacueTy
Tpex Oosiee MPOCThIX CUMMETPUYHBIX Heneil. OcoOeHHO 3TOT METO]I MOJIe3€H B cliyyae pacyera
enel, comepkanux B ce0e Bpararmuecs TpexgasHble MJIEKTpUIecKrue MaluHbl. [leo B ToM,
YTO pacyeT WHAYKTUBHBIX CONPOTHUBIEHUH (a3HbIX OOMOTOK MallMH B HECHMMETPUYHBIX
pexuMax KpaiiHe 3aTpyaHeH. BMecTe ¢ TeM nacrnopTHbIE U KaTaJIO0XKHbIE TaHHbBIE AIEKTPUUIECKUX
MaIliuH U TpaHCcPopMaToOpoOB coziepKaT 3HAUEHHUS TOJIHBIX COMPOTUBIIEHUHN MPSMON, 0OpaTHON U
Hy)ICBOfI MOCJICAOBATCIIBHOCTH, a4 MMO3TOMY MCETOJ CUMMCTPHYHBIX COCTABJIAIOMIUX IMO3BOJIACT
JIOCTaTOYHO TPOCTO PACCUUTHIBATH HECUMMETPHYHBIE PEXUMBI, UCHONb3ysd Meroasl TOD u
IpeJCTaBICHHbIE B IPEBIAYIIEM YHKTE (POPMYIIBI.

JInsi CHMMETPUYHBIX 3JIEMEHTOB AJIEKTPUUYECKOM IENU CIpaBeIuB 3akoH Oma:

AU, =Z1;
AU, =2Z,1,;
AU, =Z,1,;

a MPH paCCMOTPEHHUH TOJIBLKO OCHOBHOM rapMOHUKH 2-i 3akoH Kupxroda s HECHMMETPHYHOTO
K.3. UMCCT BU .
Ug =Ey—Zly;
Ug, =0-Z,5145;
Ugo=0-Zysl i

rae Uy,,Uy,,Uy, - CAMMETPHYHBIC COCTABISIONINE HANPSDKEHUH B TOUKE K.3.; 1), s, 1y -

*)

CHMMETPHYHBIE COCTABIISIOIINE TOKOB B TOUKE K.3.; Ey - pesynprupyromias DJIC OTHOCHTENBHO
TOYKM K.3.; Zs,Z,5,Z,s - CYMMAapHBIC IIOJHBIE CONPOTHBIICHUS IOCIEI0BATEIBHOCTEN
OTHOCHTEJIBHO TOYKH K.3.
OTU ypaBHEHMs CIyXaT OCHOBOM JJIsi pacdeTa HECUMMETPHUYHBIX KOPOTKHX 3aMbIKaHUU.
CocraBiss 5T ypaBHEHUS, HCXOAAT U3 CIEAYIONIMX IPEATNOCHUIOK:
— 10 MECTAa KOPOTKOTO 3aMbIKaHUA IICTIb BIIOJIHC CUMMCTPHUYHA,
— HECUMMETPHYHOE KOPOTKOE 3aMBIKAHUE HAPYIIAET CHMMETPHIO 1ICTIH;
— JAns TOro, 4roObl IeMb ObLIa CUMMETPUYHOM MOXKHO B TOUYKE K.3. BBECTH
JIOTIOJTHUTEIbHBIA COEIMHEHHBIN B 3Be311y reHepatop, ¢ /1C, paBHbIMU
E,=-U E,=-UygE.=-U,.
B ypaBHenun (*) mecTb HEU3BECTHBIX, MOATOMY HEOOXOAMMO K OSTHM YPaBHEHUSIM
100aBUTh TPU YPABHEHHUS, XapaKTEPHU3YIOIINE KOHKPETHBII BU HECUMMETPHU:

MMpoaAOJIbHAsA HCCUMMCTPHA

Bun HecummeTpun JIONOTHUTENBHBIE YPABHEHUS

ITepexoc dazer A Ui Uy #Ugs = Z (L + 1, +110);
(comporusnenue Z ) @*U, +aU,, +U,, =0;

aUg +a’Ug, +U,y =0;

PazpeiB dassr A Lo +1, =0;
a’Uy, +aU,, +U,, =0,

aUy, +a’U,, +U,, =0;

ITepexoc pa3 A u B U +Ui, vUs =Z, U+ 1, +140);
(comporuBnenus Z ,,Z ) QU +aU,, +Uyy =2, (a1, +al e, +1.,);

aU,, +a’U,, +U,, =0;

nornepeuHast HCCUMMCTPH

Bug necummerpuun JlonoHUTEIbHBIE YPABHEHUS \
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oxHO(]a3HOE K.3. U +Ug, vU s =Z, (g, + 1, +140);
(paza A)

a’ly +al, +1,, =0;
Z , - CONPOTUBJICHUE IYyT'U

2 —0N-
al, +a“ly, +1,,=0;

IByX(a3Hoe K.3. Ha 3eMIII0 a’Up +aU, +U,y =Z,(Ly + 1y +1,);

(dassr B,C) i 5 . )
Z,,7Z. - CONPOTHBICHHS IyTH aUgy+a Uy +Upy =Zc Ly + 1y + 110
Lo +1, +1, =05

nByxdasHoe K.3. 1o +1, =0;

aszel B,C . . ) )
Z, - CO(HqI))OTI/IBJIeH)I/IH yrH azUKl +aUy, —(aUyg, + azUKz) =Z, (alel + a[KZ);

18 [TapamMeTpbI 3JIEMEHTOB /1151 TOKOB 00PATHOM M HYJIeBOH MOCJI1€10BATEJIbHOCTH
Pa3JIMYHBIX dJIeMeHTOB JC

18.1 O61Me nmoJ10KeHus.

Bce comporuBnenus, xapakrepusyroomue 3aeMeHTsl OC B HOPMaJbHOM CHUMMETPUYHOM
peKuMe,a TakKe CUMMETPUYHOM IEpPEXOJHOM IIpolecce, BO BCeX ClydasX, KpoMe ciydas
OIIpeJIeTICHUs] IOCTOSHHOM BpeMeHu 7, = x,/r 3aTyXaHHs CBOOOJIHBIX TOKOB IIPU BHE3AIIHOM

KOPOTKOM 3aMbIKaHMM CHHXPOHHOW MamMHbl 0e3 AeMndepHbIX  KOHTYPOB, SBISIOTCS
COIPOTHBIICHUSIMHU IIPSIMOM OCIIENOBATENBHOCTH.

[Tpu OTCYTCTBMM MarHMTHOHM CBS3M MEXIYy (a3zaMH KakKoro-nmubo sneMeHTa ( Hampumep,
PEAKTOPBI) CIPaBEAINBO COOTHOIIECHUE:!

X, =X, =Xl =1, = 1.

I[J'DI 9JICMCHTOB, MArHMUTHO CBA3aHHBLIC LCIIU KOTOPBIX HETIOABHIXXHBI OTHOCHUTCIIBHO APYT
npyra (TpancgopmaTopbl, aBTOTpaHC()OpPMATOPHI, BO3AYIIHBIE JIMHUH, KAaOEIN) CIpaBeTHBBI
COOTHOIIICHUS:

X, =X, £ X3l =1, 1.

18.2 CunXpoHHBIe MaIIMHBI

Tak kaK MarHUTHBIA TOTOK, CO3/IaHHBIA TOKaMHU OOPAaTHOW MOCJIEIOBATEILHOCTH CHUHXPOHHOU
YacCTOTHI, BPAILACTCSI OTHOCUTEIBHO pPOTOpa C JBOWHOM CHHXPOHHOM 4YacTOTOM M IPU ITOM
BCTpEUaeT Ha CBOEM IIyTH HENpPEpPhIBHO MEHAIOIIEECS MarHUTHOE CONPOTHBIICHHE,
00yCIIOBJIICHHOE HE cuMMeTpueld poropa. [Ipu 3TOM MarHUTHOE CONMPOTHUBIEHUE TeM OOJbIIE,
yeM OoJibllie HE CUMMeETpusi potopa. sl CHHXpOHHON MarmuHbl 0e3 aeMndepHbIX KOHTYPOB
W3BECTHO MPUOIIKEHHOE COOTHOIIICHUE:

!
2x,x,
X, =——;
!
X, +x,
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ompejensonee co00i PEeaKTUBHOCTb OOpPaTHOM IOCIEIOBATEIbHOCTU, OHPEAEISIEMYI0 Kak
OTHOILLICHHWE MOJABEJECHHOIO CHUHYCOMIAIBHOIO HAIpPsKEHUs OOpaTHOW IOCIeN0BaTeIbHOCTH
CHHXPOHHOM YacTOThl K OCHOBHOH TapMOHHMKE TOKa OOpaTHOM IOCIeI0BaTEIbHOCTH. JTa
PEAKTUBHOCTb MOXET OBITh MPEICTaBIECHA CXEMOM 3aMELCHUS

[Ipy 5TOM TOK B BETBH C COIPOTUBIICHUEM X, €CTh TOK TPOMHON CHHXPOHHOM YacTOTHI MPSIMOM

MOCIIe0BATEIbHOCTH, KOTOPBIA BBI3BAH MAarHUTHBIM MOTOKOM CHHXPOHHON 4acTOTHI 0OpaTHOM
Mocle0BaTeNbHOCTH. Ecin  HampspkeHHe OoOpaTHOM MOCHeAO0BaTENbHOCTH IOJAeTCs Ha
ctatopHble 00MoTKH CI yepe3 npou3BOJIbHYIO pEaKTUBHOCTh, TO B 3TOM CIIydae:

2(x}, +x)(x, +Xx)
X, = ;

’
Xg+x, +2x

IIpU 3TOM Ha JOJIIO caMoi MaITNHBI MNpUXOAUTCA:

' ' ' 2 ’ 2
_ 2(x; +x)(x, +x) e 2xgx, +2x,x+2xx, +2x° —x;x—x,x - 2x
! /
Xg+x,+2x Xy +x,+2x

2x;x, +x(x; +x,)

2

’
Xg+x,+2x
IIpu cTpemileHNH BHELTHETO CONPOTHBIEHUS K OECKOHEUHOCTH:

2x,x, +x(x; +x,) =1im2x’;xq [x+(x; +x,) _ 0+(x; +x,) _ (x; +x,)

x, =lim
e X+ X, +2x e Xy [ x+x, [ x+2 2 2

b

YTO COOTBETCTBYET OTCYTCTBHUIO BETBU C TOKOM TPOITHON 4acTOTHI, TO €CTh €T0 HE yUeTa.
IIpu ydere Bcex TapMOHHMK, CXE€Ma 3aMEIICHHUs IMpeBpallaeTcs B OECKOHEYHYI0 U
PE3yIbTUPYIOLIAsi PEaKTUBHOCTD ONPEAEIAeTCS KakK:

Takum 00pa3om JJ1si CHHXPOHHOTO reHepaTopa 6e3 neMr@epHbIX KOHTYPOB PEaKTUBHOCTh
00paTHO# MOCIeI0BATEIFHOCTH paBHA:
— TIpH y4eTe BCeX TapMOHUK
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— IIPU Y4eTe TOJIbKO OCHOBHOM U TPEThEU FapMOHUKHU

!

_ 2xyx,
X, =——;
!

X, +X,

— IIPU Y4ETe TOJIbKO OCHOBHOW rapMOHUKH

!
_ (xd + xq)
x2 =
2
,H.]-[ﬂ CI/IHXPOHHOFO reHepaTOpa C HeMH(bepHBIMI/I KOHTypaMI/I peaKTI/IBHOCTB O6paTHOI71
IIOCICA0BATCIIbHOCTHU paBHa:
— HpI/I yque BCEX FapMOHI/IK

_ "_n
Xy = [XgX,
— IIPU Y4eTe TOJIbKO OCHOBHOM U TPEThEU FapMOHUKHU

2xix"

X, =——91

2 xﬂ +xﬂ 4
d q

— IIPU Y4ETe TOJIbKO OCHOBHOW rapMOHUKH

(x) + x;’)

X .
2
2
B kagecTBe npuOIMKEHHBIX 3HAYCHUI IPU MHXKEHEPHBIX pacyeTax 4yacTo MPUHUMAIOT:
— JUId CHHXPOHHBIX T'€HEpPaTOpoB 0€3 AeMI(epHBIX KOHTYPOB:

x, = 1.45x);
— JUIg CUHXPOHHBIX MAIlIMH C JeMII()epHBIMH KOHTYpaMHU B 00EHX OCSIX pOTopa:
14
x, #1.22x,.

Toxku Hy.]'IeBOI\/JI MMoCJICAOBATCIIBHOCTU CO3OAI0T TOJIBKO MArHHUTHBIC IMOTOKHW PACCCAHUA
CTaTOPHOH OOMOTKH, KOTOpbIE MEHBIIE, YEeM TpH TOKax TMpsAMOH ©  oOpaTHOU
IIOCJICA0BAaTCIIbHOCTH. HpI/I OTOM MArHUTHBIC IOTOKHU PACCCAHUA O6MOTOK cratopa OYCHb
CHWJIBHO 3aBUCAT OT KOHCTPYKTHBHBIX IapaMEeTpOB JTHUX OOMOTOK, IO3TOMY BeJIHYMHA
PCAKTUBHOCTU Hy)'ICBOfI NoCJICAOBATCIIBHOCTU JIsI CHHXPOHHBIX T'CHEPATOPOB KOHG6JI€TC$I B
OOJIBIITUX TIpeIenax:

x, =(0.15+0.6)x),

a ee yTouyHeHHe TpeOyeT MPUMEHEHHUs JOCTAaTOYHO TOHKUX PacdeToB, JIMOO MyTeM MPOBEICHUS
CEpHUHU DKCIIEPUMEHTOB.
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18.3 AcHXpOHHBIE IBUTaTe/ !

Ecnu B HOpMabHBIX YCIOBUSIX aCHHXPOHHBIN JIBUTATENlb PAO0OTAET CO CKOIBKECHHEM § , TO
M0 OTHOIIICHHIO K MAarHUTHOMY ITOTOKY OOpaTHOM MOCIEA0BATEIHHOCTH POTOP JBUTATEIS NUMEET
CKOJIb)KCHUE (2—s). TlodToMy peakTUBHOCTH OOpAaTHON MOCIEAOBATEIHLHOCTH €CTh
PEAaKTUBHOCTh TPSIMOM  IOCJIEAOBATEIBHOCTH TIPH  CKONBXEHHUH (2 —s5). 3aBHCHUMOCTH
OTHOCHUTEJIbHOTO 3HA4YeHHs] PEAKTUBHOCTH TMPSMOIl TMOCIEI0BATEIbHOCTH OT CKOJIbKEHUS
[IOKa3aHa Ha PUCYHKE:

1.0 i\
|
A\
A
05 \“*u‘h
| :
| I
| I
| |
I I
o 4 '
5
(2-z)
U3 rpaduka BugHO, 4TO
Xy X =Xy

To ecTb peakTUBHOCTb OOPATHOM MOCIET0BATENIFHOCTH ACHHXPOHHOTO JIBUTATENs PUOINKEHHO
paBHa €ro pPEAaKTHMBHOCTU IPHU CKOJBXCHHM, PAaBHOM €IMHHUIE — YacTOTa TOKa B POTOpE
COBIIQJAET C YaCTOTOM CETH, KOTOpask HA3bIBAETCS PEAKTUBHOCTBIO KOPOTKOTO 3aMblkaHus. Ee
YHCJIOBOE 3HAYEHUE B OTHOCUTEIIBHBIX €INHUIIAX PABHO:

X, =—
k )
117

rae [, - HOMMHAJIBHBIN ITyCKOBOW TOK aCUHXPOHHOTO JIBUTaTEIS.

PeakTUBHOCTh HyNEBOW MOCIENOBATENBHOCTH ACHUHXPOHHOTO [BUTATElNs OIpPEesseTcs
paccessHuEM CTaTOPHOH OOMOTKH, IIOATOMY CHJIBHO 3aBHCUT OT €€ KOHCTPYKTHBHBIX TapaMeTPOB
U MOXET OBbITh HalJeHbl IMyTEM TOHKUX U CIIOXHBIX TEOPETUYECKHUX PpacueToB WIM IIyTEM
IPOBEJCHUS CEPUU IKCIIEPUMEHTOB.

18.4 O000menHas Harpy3Ka.

Jns cpenHed TUINOBOW TMPOMBIINUICHHON HAarpy3Kd, COCTOSIIEW B OCHOBHOM W3
ACMHXPOHHBIX I[BHFaTeJIeﬁ

x, = 0.35,

pUYeM OTHOCUTEJIbHAsI BETMYHMHA 3TON PEaKTUBHOCTH OTHECEHA K MOJIHOM pabodell MOIHOCTH
B METaBOJIbTaMIICpax 9TOU Harpys3kKu U Cp€aHCMy HOMUHAJIBHOMY HAIPSAKCHHUA B KUJIIOBOJbTAX
TOM CTYIIEHH, K KOTOPOH OHA MOAKIIIOYEHA.
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ComnpoTuBieHHE HYJIEBOW MOCIEIOBATEIBHOCTH OOOOIIEHHONM HArpy3Kd MOXKET OBITh
HaWJCHO TOJBKO IyT€M KOHKPETH3alUU 3JIEMEHTOB, BXOIIIINX B OOOOIIEHHYIO Harpysky, ee
cpenHee 3HAaYeHUe AJis 0000IEHHOM HATPY3KH MMPUBECTH HEIb3S.

18.5 Tpauncopmartopsbi

PeakTuBHOCTH HYJIEBOW MOCIEAOBATEIHLHOCTH TpaHChOpMaTOpa B 3HAUYUTEITBHOW Mepe
orpezensercss ee KOHCTPYKTUBHBIMH OCOOEHHOCTSAMU U coelnHeHneM oOMOTOK. Co CTOpOHBI
0OMOTKH, COEIMHEHHOW B TPEYTOJbLHUK WIIH B 3BE31ly 0€3 3a3eMJICHHsI HEHTpalu, PEaKTUBHOCTh
HYJIEBOI TMOCJeN0BaTeNIbHOCTH TpaHchopMaTropa paBHa OECKOHEYHOCTH, TaK KaK B JTHX
00MOTKaX UCKITIOYEHA BO3MOXKHOCTH IUPKYISAIUN TOKOB HYJIEBOW MOCIEIOBATEIBHOCTH. Takum
00pa3oM peakTHMBHOCTh HYJIEBOW IOCIIECIOBATEILHOCTH OYJET KOHEYHA TOJBKO Yy OOMOTOK
TparcopMaTopa, COeTMHEHHBIX B 3BE3/1Y C 3a3€MJIICHHON HEUTpaIbIO.

Huxe mpuBoasTcs cxeMbl COeTUHEHHs] 0OMOTOK TpaHC(POPMATOPOB PA3NUYHBIX THUIIOB U
COOTBETCTBYIOIIIME UM CXEMBI 3aMEIICHHUS C COOTBETCTBYIOIIUMU PA3bSICHCHUSIMHU:

08YX0OMOMOUHbIEe MPAHCHOPMaAmopbl.
— coeauHeHue 0OMOTOK Y /A:
I II

o ] H
I X7 Xr
or Iﬂf Ing
-~ [ CD X0
3ar
o — — T —

B 3TOoM ciydyae DJIC HyJIeBOW MOCIeI0BaTEIFHOCTH TpaHChopMaTopa IMEeIMKOM PacXoyeTcsl Ha
IpOBEJICHNE TOKa HYJEBOH MOCIEAOBATEILHOCTH YE€pe3 PEaKTUBHOCTb paccesHUs OOMOTKH,
COC,Z[I/IHGHHOP'I TPCYIrOJIbHUKOM, TaK KaK 3TOT TOK HC BBIXOJIHUT 3a HNPCIACIIbI l[aHHOfI O6MOTKI/I,
MO3TOMY B CXEM€ JiJIsi BTOPUYHOM OOMOTKM BE€TBb C PEAKTUBHOCTHIO BTOPHUYHON OOMOTKHU
3akopouyeHa. TakuM o0Opa3oM CONPOTHBICHHE HYJIEBOW IMOCIEIOBATEIBHOCTH  TaKOTO
TpaHcopmaTopa XapaKTepU3yeTcs TOJbKO PEaKTUBHOCTHIO MEPBUYHON OOMOTKH, a MOITOMY
paBHa:

Xo =X,
— coenuHeHne oOMOTOK Y/Y, :
I I

o e — —] -
o —> o

or I for 7 i

or

&
0_/ ¥o Yo CD o : :
or Sz ._:_

|

|

B OTOM CJIy4ae MpEAroyiaraeTcsi, 4YT0 Ha CTOPOHE BTOPUYHOH OOMOTKH HMMEETCS DIIEMEHT
Tpex(a3HOW CeTH C coeAMHEHHEM (Pa3HBIX OOMOTOK B 3BE3y C 3a3€MJICHHON HEWUTpasblO, UTO
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o0ecrieynBaeT MUPKYISAIUIO TOKOB HYJIEBOM MMOCIEI0BATEILHOCTH B IIETIH BTOPUYHON OOMOTKH.
Ecnm ’xe Takoro sieMeHTa HET, TO Ciy4ail coeauHeHus oOMOTOK Y., Y,COOTBETCTBYET
OpeIbIAYIIEMY CIy4ato coequHeHnss 00MOToK Y/Y ;

— coenuHenne oOMoToK Y/ Y :

I il
o o — —
J; xr g ———»
0 IEII i
0r
-~ [ CD X0
By
G 2 T— —

B OTOM CJIy4ae PEXKUM M[UPKYJISALIUA TOKOB HYJIEBOW ITOCIIEIOBATEILHOCTH COOTBETCTBYET
pPEeXKUMY XOJIOCTOTO X0/1a TpaHchopmaropa;
mpexooMomoyHvle MpaHchopmMamopol:
— coenuHenne Y/A/Y :

| I I o

X

B 9TOM cliy4ae Tok B oOMoTke [IloTcyTrcTBYyeT, a mosTomy
Xo =X Xy =X g5
— coequHenne Y/A /Y, :
I I I

o— ————————0
—

IIJI

—A| (=

«—

MpeAnoaraeTcs, 4To MmyTh TOKOB HYJIEBOW mocieaoBarenbHocTH B oOMoTke III cymecTByer, TO
ecTb B 1enu oomotke Il mmeercs anemMeHT Tpex@a3Hoi ceTu ¢ coeMHeHnEM (Ga3HbIX 0OMOTOK B
3BE3/ly C 3a3eMJICHHOW HEWTpajblo, YTO O0OECIeUrMBaeT IUPKYJIAINI0 TOKOB HYJIEBOU
MOCJIEI0BATEIBHOCTH, @ MO3TOMY TpaHC(OPMATOp MOKET ObITh BBEAECH B CXEMY 3aMeEIICHUS
HYJIEBOM MOCJEN0BATEIBHOCTH CBOEH CTAHIAPTHOM CXEMOM 3aMeIeHUS;
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— coenuHeHue YJ/A /A :

! I m L

- ‘@ [ -

B 9TOM CJIy4a€ KOMIICHCAIUs TOKa Hy.HGBOfI IIOCJICA0OBATCIbHOCTHU B O6MOTK€ I OCYHICCTBJISACTCA
TOKaMH, HaBeIeHHbIMU B oOMoTKax Il u 111, a mostomy

XuXm

X, =X, + :
Xy + Xy

18.6 Onenka BeTHYMHBI PEAKTHBHOCTH HAMArHUYMBAHUS HYJICBOM N0OC/Ie10BATEIbHOCTH
aByx¢gasHoro tpancgopmaropa

Jns rpynmsl U3 Tpex OAHO(asHBIX TpaHcHOpMaTOpoB HIM Tpex(azHbIX OpOHEBBIX
TpaHc(OpMaTOpOB TOK HAMATHWYMBAHUS HYJIEBOH ITOCIENOBATENPHOCTH OYEHb Majl, MOITOMY
JUISL HUX CYMTAIOT, YTO X, = 0.

Jlnst Tpex(dasHbIX TPEeXCTEPKHEBBIX TpaHC(HOPMATOPOB MArHUTHBIC TOTOKH HYJIEBOH
MOCIIEI0OBATEIHPHOCTH 3aMBIKAIOTCSl Yepe3 U3OIHPYIONIYIO Cpelly U KOXyX TpaHcopmaTopa, a
MO3TOMY OHHU JOJDKHBI OBITh JOCTaTOYHO OOJBIIMMH, a CJIEIOBATEIBHO TOCTATOYHO OOJIBIIUM
JIOJDKEH OBITh TOK HAMarHWYMBaHUS, a TIOATOMY X £ = 0,3+1,0 .

Y TpexoOMOTOUYHBIX TpaHCPOPMATOPOB OJHA W3 OOMOTOK OOBIYHO COEAMHEHAa B
TPEYTOJILHUK, & II03TOMY NPUHUMAIOT, YTO JUIS HUX X, = 0.

s OIICHOK COIPOTHUBJICHUA xﬂo N TIPUBCACHHBIX BBINIC CXEM 3aMCIICHHA HYJICBOP'I

MOCIIEI0BATEIBHOCTH  JIBYXOOMOTOUHBIX TpaHC(OPMATOPOB MOXKHO OLEHUTh BEIUYHHY
PEaKTUBHOCTH X, :

— TpaHchopMaTop Ir000ro TUIIA ¢ COeAUHEHNEM 00MOTOK Y, /A - x, =X, ;

— Tpex(dazHas rpynma u3 oaHoO(]a3zHbIX TpaHCHOPMATOPOB WM TpexdazHbIH
OpOHEBOM:
" ¢ coenuHeHueM oOMoTok Y, /Y x, =©;

* ¢ coenuHeHueM oomotok Y, /Y, - x, = x,;

— Tpexda3HbIii TPEXCTEPKHEBOM:
" CcoemuHeHneM 0OMOTOK Y, /Y X, =x; + X4

" C coeguHEHHueM oOMOTOK Y, /Y, -3aBHCHUT OT BHEUIHErO CONPOTHBIEHHS (CM.
CXEeMy 3aMEeICHHS ).
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18.7 ABToTpancdopmarTopbl

Tak xak B aBTOTpaHC(hOpMaTOpax OOMOTKH CBSI3aHBI MEXKIY COOOW HE TOJHKO MAarHWTHO,
HO U 3JICKTPHUYCCKU, TO HUPKYJIIAIUA TOKOB HYJ'IGBOI;'I MOoCJICA0BATCIIbBHOCTU MTPOUCXOAUT COBCEM
o Jpyromy, 4eM B TpaHchopMaTopax. B dWacTHOCTH maxe B cilydae HW3OJISIIUM HEUTpaH
aBTOTpaHc(hopMaTopa B HEM MOTYT MPOTEKATh TOKU HYJIEBOH MOCIIEI0BATEIbHOCTH.

o

— T ——————= -
O Ty 7
Tm"' ——————————————————— | T i) = fog :'1|
[ i:) L
I
|
= < | I
3U0:‘ IJE:' :
Al -+

Ecmu y aBroTpancdopmatopa HET TpeTheil OOMOTKHM M BO BTOPMYHOHN IlenmH obOecrieueH
OyTh JAJs TOKa HYJIEBOH IIOCIENOBAaTEIBHOCTH, TO €ro CXeMa 3aMelICHHs MOXKET ObITh
IIPEJICTaBICHA CYMMAapHOM PEaKTUBHOCTBIO PACCESHUS X, ;,, IPH OTOM HENOCPEACTBEHHO W3
CXEMBl 3aMCILEHUs HYJIEBOW IIOCIEAOBATENbHOCTH IIOJYYUTh TOK, IPOTEKAOMUNA B €ro
HEUTpaJIi, HEJIb3sl, TAK KaK TOKU HYJIEBOM IOCIEN0BATEIbHOCTH, IPOTEKAIOIINE B IIEPBUYHON U
BTOPUYHONW OOMOTKAX, Hy’KHO OTHOCHUTB K CBOEH CTYIEHHU HANPSHKEHUS.

[IpeanonoxuM, 4T0 HEHTpaab aBTOTpaHC(HOPMATOpA 3a3€MJICHA Uepe3 PEAKTUBHOCTD X,

TOr4a, CCJIM HAIPsKCHUC Ha BbIBOJAX HeﬁTpaHI/I PaBHO UN , a4 HAlIpAKCHHUA Ha BbIBOJAAX

CTYHCHCﬁ NEPBUYHOIO U BTOPHUYHOI'O HANPSIKCHUA OTHOCUTCIIBHO HeﬁTpaHH COCTAaBJIAIOT
U, »Uy; > TO I8 pe3yNbTUPYIOIIEH PEAKTUBHOCTH, OTHECEHHOM K CTyIeHH |

0
oo U,y +Uy)-U,, +U )k Uy - kU, +UN - k) = Uy —Unu +UN a-h.
101 ]01 101 ]OI 101
rae k - kodddumment tpancopmanuu aBToTpanchopmaropa:
(- Ur
UI]
ITockonbKy
0
u, -U
x1711 _ NI NII :
[01
a

Uy _ 3xyULy, —1oy) _
1y, Iy,

3x, (1-K),

TO
' 2
X =% +3x,(1-k)".

AHanoruuHeiM 00pa3oM MOJKHO TMOKa3aTh, YTO HJIsi aBTOTpaHC(hOpMaropa, HMMEIOIIEro
TPEThI0O OOMOTKY, COEAMHEHHYIO TpPEYTOJIbHUKOM, MOKHO HaWTH pPEaKTUBHOCTH HYJIEBOI
MIOCJIEIOBATEIbHOCTH, OTHECEHHbIE K CTYNEHM [, Mpu 3TOM cXema 3aMEIIEeHUs] HYJIEBOU
MOCJIEIOBATEIBHOCTH  TPEXOOMOTOYHOrO  aBTOTpaHChOpMaTopa  IpeacTaBiseT  coOoi

TPEXJIY4EBYIO 3BE3/Y:
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U
xh=x, +3x,(1-—1),
11
(UI _U11 )UI
i

ro_
X, =x,; +3x,

r_ 1
Xy =X +3xy .

1

18.8 Bo3ayumnbie JuHMH.

Toxk Hyn€BOM MOCIIEI0BATENFHOCTH BO3AYIIHOW JIMHUU BO3BPAIIAETCA Yepe3 3€MITIO UIIU 10
3a3€MJIEHHBIM LEISIM, MO3TOMY TJIaBHAsl TPYAHOCTb ONPEAEIEHUS COIMPOTUBICHHUS HYJIEBOU
MOCJIEIOBATEIbHOCTH ISl BO3YIIHBIX JIMHUM 3aKJIF0YAETCS] B HAXO0XKICHUH PACIIPEEICHUS TOKa
B 3€MJI€, YTO MPEJICTABIISIET COOOM JOCTATOYHO CIOKHYIO TPOOIeMY.

Pacnpenenenne Toka B 3eMile BBIPAXKAETCA CIOXKHBIMU 3aBUCHUMOCTSAMH, KOTOpBIE
AQHAJIOTUYHBI PACTIPEICIICHUIO TOKA B MACCUBHBIX ITPOBOJHUKAX.

PaccMoTpuM OHONIPOBOHYIO JTMHHUIO B BHJIE JIMHUU «IPOBO-3€MJISI», TO €CTh 0OpaTHBIM
MPOBOJOM B TaKOM CHUCTEME SBISIETCA 3eMilsl. MHIYKTMBHOCTH TakOW JIMHUU, KAK MOKa3ajl
KapcoHn, MoxeT ObITh Omnpe/ieieHa KaKk MHAYKTUBHOCTh SKBUBAJIEHTHOW JABYXIPOBOIHOM JTMHUH,
C PacCTOSIHUEM MEX]y poBoJaMu D, , Ha3bIBA€MBIM HKBHBAJIEHTHOH I'TyOMHON BO3BpaTa TOKa

gepe3 3eMITI0 U onpeiensieMon o gopmyoie:

D =29 1054

to 07

rae f -dacTtoTtaT, ru, A - yAenbHas MpOBOAUMOCTB 3eMild, 1/oM™cMm.
OO6bIYHO IpHHUMAIOT, uT0 f =502y ,a A =10""1/0om-cm, Torma D, =935u.
Torma uz TOD u3BeCTHO, YTO

D
x, =0.145 1g —>,om / km,

r3

TZie 7, - SKBUBAJICHTHBIN pajinyc MPOBOJIa, 3HAaYCHHE KOTOPOTO COCTABIISCT:
— JUId BUTBIX MEJHBIX IPoBoJoB 7, = (0,724 +0,771)r ;

— ]IS QJJIOMUHHUEBBIX U CTaJeaTlOMUHEBBIX TpoBoa0B Mapku A, AC, ACO, ACY
r, =0,95r.

Jlns nUHMN ¢ pacllelUIeHHBIMH IPOBOJAMH B BBIPQXKEHHUE JUI1 X, BMECTO 7, CIEIyeT
BBOJIUTH CPEAHHUI T€OMETPUIECKUN PaJyC CHCTEMBI TIPOBOJIOB OJTHOM (ha3bl:

_ n—1
l"cp =1 rgaLp 5

TJIe 71 - YUCII0 POBOJIOB B (ase, a,, - CPEIHEE TEOMETPHUUECKOE PACCTOSHUE MEXKTY TIPOBOIAMH

OJTHOM (ha3bl.
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AxTuBHOEC COIIPOTUBJICHUEC JIMHUU «IIPOBOA-3EMJIS»  CKIIAABIBACTCA HW3 AKTUBHOI'O
CONPOTUBJICHUA IIPOBOJAA r; HW COIPOTUBJIEHUA r, , YUYHUTHIBAIOLICTO IOTEPU aKTHBHOU

MOIITHOCTH B 3eMJIe, IPY TIPOTEKAHWHU B HEH TOKa:
ro=x"f-10", oM/xm
3 > 2

wia npu f =50 ru, r,=0,05 oM/kM.
Torma TmONHOE COMPOTUBIICHWE, OOYCIOBICHHOE B3aMMOWHAYKIIMECH MEXIy JABYMS

HapauIeIbHBIMU JTUHUSAMH «IIPOBOJI-3EMJISD» C PACCTOSHUEM d MEXy OCSIMHU IPOBOJIOB MOKHO
OTIpeNIeIUTh 10 (hopMyIIe:

D
Zy =005+ j-0.145-1g> -, owfiw,

KOTOpast AJis Tpex(a3Hoi OHOLETIHON JIMHUY J1aeT:

D
Zyy =005+ j-0.145-1g=-, owfiw,

cp

rIe

Dcp = 3\ daadacdbc .

Tenepr HETPyIHO HAWTH COMPOTUBIECHHUE HYJICBOW IOCIIENIOBATEILHOCTH TpeX(azHon
OI[HOHCHHOﬁ JIMHUU: 3TO COIMMPOTHUBJICHUC PABHO 3HAUCHUIO HAIIPAKCHHUA, KOTOPOC JOJIZKHO GBITB
OPUJIOKEHO K KaXIOMYy TMPOBOAY JMHUHU, UYTOObI TMOKPHITH MaJeHUE HANpSOHKEHUs Mpu
MPOTEKaHUU 10 (pa3aM TOKOB HYJIEBOU MOCIEIOBATEILHOCTH C 3HAYCHHEM | a, TO eCTh:

Zy=Z,+2,+72,,=72,+27,.

[ToncranoBKka HAWAEHHBIX paHEe 3HAUEHU JTaeT:

D
Zy=Z,+27Z, =ry +0.15+0.4351g—%; om/km.

2
3r,D.,

Ecaum o nuHuM mpoTekaeT TOK MPsSIMOM MOCIEI0BAaTEIbHOCTH ¢ A(()EKTUBHBIM 3HAYECHUEM
la, To

1,=1%1,=a%1 =a;

— 2 .
Z,=7,+d’Z, +aZ,,;
N

Z,=Z,+@+a)Z,,=Z,-Z,,;

a’+a+1=0;
OTKYJIa, pelas CHCTeMY
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Z,=72,+27Z,;
Zl :ZL _ZM;

MOJIy4aemM

Z, =(Z,+27,)/3;
Z, =(Z,~-Z,)/3.

18.9 Kaoean

AKTHBHOE U MHJIYKTUBHOE COMPOTUBJICHUS MIPSAMOI MOCIEA0BATEILHOCTH OOBIYHO HAXOAST
I10 3aBOJICKMM JaHHBIM, IIPUBOJUMBIM B CIIPABOYHOM JIUTEPATYPE.

[Tpoknanky xabemnst MPOU3BOIAT Ha MaJjlol INIyOMHE, MO3TOMY pacmpesesieHue 0OpaTHOTO
TOKa MOA3EMHON LEMU «IPOBOA-3€MJIs» MPAKTHYECKU HE OTIIMYAETCS OT TOr0, KOTOPOE MMEET
MECTO JJIsl BO3AYIIHBIX JUHUH. [103TOMY NpH OTCYTCTBHM NPOBOASAIICH OOOJOYKH y Kabeins
COIIPOTHUBJIEHUE €TI0 HYJIEBOH MOCIIE0BATEIbHOCTH MOKHO ITOCUUTATh 10 (hopMyJie

D,
Z,=Z,+2Z, =1, +0.15+0.4351gR—°p;0M/KM;

p

rIe

R, =3/rd?;

3[€Ch 7, - SKBUBAJICHTHBIN PaNyC KWIbI, d - paCCTOSTHUE MEXY OCAMU >KUJL.

Onnako KaOenb OOBIYHO COJNEPIKUT MPOBOJAIILYIO OO0OJIOUKY, KOTOpas K TOMY JKe
3a3eMJIeHa Ha €ro KOHIIaX M B NMPOMEXYTOYHBIX TOYKaX, a MOATOMY OHa o0Opa3yeT MyThb IS
TOKOB HYJIEBOW MOCJEIOBAaTEIbHOCTH, KOTOPBIM MapasuieneH 3emiie. Ha pacnpenenenue Toka
MEXIy OOOJOYKOM M 3eMJIe CYIIECTBEHHOE BIIHMSHUE OKa3blBa€T HE TOJIBKO COOCTBEHHOE
COIMPOTUBIIEHUE OOOJIOYKHU, HO TaK e COMPOTHBIICHHE €€ 3a3€MJICHHH, BEIMYMHBI KOTOPBIX
CYIIECTBEHHO 3aBHUCAT OT XapakTepa NpOKIaJKu Kabens uU psaga JIpyrux ¢GakTopoB, UTO
CYIIECTBEHHO 3aTPYyIHSAET pacyeT COMPOTUBIICHUS HYJIEBOM MOCIEI0BATEIbHOCTH KaOes.

OOBIUHO B MH)KEHEPHBIX pacueTax MPUHUMAIOT:

r, = 10r;
X, #(3.5-4.6)x,.

19 OnHokpaTHasi monepeYHasi HeCUMMETPUS

19.1 Oo0uMe 3aMeyanus

[Tonepeunass HECUMMETPHUST B TIPOU3BOJIBHONW TOUYKE Tpex(ha3HOW CHUCTEMBI B 00IIEM BHUE
MOXKET GBITB npeacrapjicHa NpUCOCIUHCHUEM B 3TOU TOUKE HCEOANHAKOBBIX COHpOTI/IBJIeHI/II\/JI, KakK
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3TO, Hampumep, nokazano Ha puc. 1. Takoil moaxoxa, BooOIie roBoOps, MO3BOJISET MOIYUHUTH
pelieHre B 00IIeM BHJIE, U3 KOTOPOTO 3aT€M BBITEKAIOT PEIICHHUs ISl BCEX YACTHBIX CIIy4aeB.
OpHako pemieHHe B 0OLIeM BUAE NMPUBOJIUT K BECbMa TIPOMO3JIKHM BbIpakeHHsIM. [loaTomy
3HAUWUTEJIBHO MpOIIE W HArJsAJHEEe NPOBOJAUTH PEIIEHHE I KaXKJIOro BUIA IONEPEYHOU
HECUMMETPUH, UCTIOJIb3YsI XapaKTEPU3YIOLIUE €r0 TPAHUYHBIE YCIOBUSI.

la

Puc.1. OGmuii Bua nomnepeyHol HECUMETPHUH.

Jlanee OyayT pacCMOTpPEHBI TP OCHOBHBIX BHJIa HECUMMETPUYHBIX KOPOTKUX 3aMBIKaHUN
(mByxda3zHoe, ogHodazHoe U JByXx(ha3zHOE Ha 3eMJII0); MPU ITOM IMPEANOoaraeTcs, 4To 3TH
3aMbIKaHUA MCTAJIJINYCCKHUC.

IIpu sTOM mpenmonaraercs, 4TO pacCMaTPUBAKOTCA TOJBKO OCHOBHBIETAPMOHUKH TOKA U
HaIpsOKEHUsl, MPUYEM CXEMbl OTHCNbHBIX MOCIAEAOBATEIIBHOCTEH COCTOSAT JIMIIb U3
PEAaKTUBHOCTEM M NPHUBEACHBI K 3JIEMEHTAPHOMY BUIY OTHOCUTEIBHO KOPOTKOI'O 3aMBIKAaHMS,
T.€. HaliIeHBI PE3yAbTUPYIOILAs 3. [I. C. £y W pe3ylbTUPYIOIIUE PEAKTUBHOCTH X,y , X,5 M X,y .

[Ipu 3anucy rpaHUYHBIX YCIOBUH pUMeM, uTo (a3a A HaXOJUTCS B YCIOBHSX, OTIMYHBIX
OT YCJOBHH s NBYX Apyrux (a3, T. €. oHa sABISETCS, KaK TOBOPST, ocobOoiidazoit. 3a
MOJIOKHUTETIbHOE HampaBiIeHUE TOKOB ((pa3HBIX M MX CHMMETPUYHBIX COCTABISIONIMX) OyaeM
CUMTATh HANpaBJICHHUE K MECTY KOPOTKOTO 3aMblKaHWs HakoHel, 4ToObl yIMPOCTHTH 3alWCh,
6YI[CM OIyCKaTb HWHJACKC BHIAA KOPOTKOIO 3aMbIKaHHA, COXpaHAsd €ro TOJIBKO B 3alllMCH
TPAaHUYHBIX YCIIOBHH M B OKOHYATEIBHBIX PE3y/IbTaTaX BHIBOJIOB.

19.2 JIByx¢a3Hoe KOPOTKOe 3aMbIKAHHE
3anuiieM rpaHUYHbBIE YCIOBHS UIS IBYX(a3HOr0 KOPOTKOTO 3aMbIKaHuUs (puC. 2,a):

i) =0; (1)
Iy =-12; 2
Uy -U =0; (3)
TlockolbKy —cHCTEMa TOKOB ypaBHOBemleHHas, T. e.l,+1,+1.=0, tol,, =0.
CrnenoBatenbHo, (1) MOkHO3aMUCaTh Kak
Ly =1y + 1y, =0,
OTKyJa
Loy ==11yn (4)
Beipazum U s M U 4 9€pEe3 CUMMETpPUYHBIE COCTaBIsromue HanpsukeHus ¢asel 4. Toraa (3)
Oyner:
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) i i : S : 5 i :

aUyy+aUy, +U,—aU,, —a'U,, —Uy = (a _a)(UkAl _UkAZ) =0
OTKyJa

U1 =Upaa - (5)

Teneps oOpatumeit K OCHOBHBIM BbIpakeHUsIM (4) — (6). CooTHomeHue (5) mo3BOISIET

IIPUPaABHATH IIpaBble yacTu (4) u (5), T.e.
E s = jxisliy = = %5l
OTKy/1a, UMesl B BUAY (4), OCie MPOCTHIX MTPeoOpa30BaHUMIIONyYaeM:
j® = E s 6)
kAl . .
J (xlE T X5 )
TOKM MOBPEX/ICHHBIX (a3 B MECTe KOPOTKOTO 3aMBIKAHMS JIETKO BBIPA3UTh uepes | ,Ej} , T.C.
r(2 27 r(2 2 r(2 . r(2
IIEB) =aly, + aIIEA)Z = (a —a)lzgﬁ = _]\/5115/12 (7)
U coraacHo (2)
r(2 . r(2
i) = j\B1Y) (7a)

Hanpspkenus npsiMoilt u oOpaTHOM mocienoBaTteabHOCTEH (a3pl A B MecTe KOPOTKOTO

3aMBbIKaHUsI B COOTBETCTBUU C (5), (4) u (5) OynyT:
(2 (2 . r(2
UIEA% = UIEA)Z = JXZZIIEA;' (8)
Uro Kacaercs HampsokeHus U k(,(z)), TO OHO MOXXET MMETHIIPOM3BOJIBHOE 3HAYCHME, TAK Kak

OpU paccMaTpUBacMOM BHUJAE KOPOTKOIO 3aMbIKaHMsl CMEIIEHHE HEUTpaliu CUCTEMBI
OTHOCHTEJIBHO 3€MJIM HE BJIMSET Ha BEJIWYMHBI TOKOB. II0CKOJIBKY B JaHHOM cily4ae il TOKOB

IyTh YEPE3 3EMIIIO OTcyTCTByeT(xOz = oo) 1o(6) nmeeM:
U ,Ej) =— jxozi ,Ef)) =—00-0 — HEONpeAEICHHOCTb.
da3HbIe HAIPSHKEHUS B MECTE KOPOTKOTO 3aMBIKaHUS COCTABIISIOT:
U = Ui +Ugy = 2030 = 25 1311 9)
10 _ 0 _ 2@ 4@ g Uik
U =Uic =a’Up +aUp, =-Ug = _T-(lo)

HOCTpOGHHLIe MO0 TOJYYCHHBIM BBIPAKCHUAM BCKTOPHBIC AOUAarpamMMmbl HaHpH)KCHI/Iﬁ )41
TOKOB TIOKa3aHbI Ha puC. 2.

Puc. 2. JIByxdazHoe KOpOTKOE 3aMbIKaHUE.
a — TpUHIMINAIbHAsA cXeMa; 0 —BEKTOpHAs JuarpaMma HalpsKeHU B MecTe KOPOTKOTO
3aMBIKaHUs: B — TO K€ TOKOB.

19.3 OpHoda3zHoe KOPOTKOE 3aMbIKAHUE

[Tpu KOpOTKOM 3aMBbIKaHWUU Ha 3eMITI0 (a3bl A (puc. 3,a)
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Yac 5)

Puc. 3. OnHodazHoe KOpOTKOE 3aMbIKaHHE.
a — INpUHOUIIKMAJIbHasA CXeMa, 6 — BCKTOpHAasA AuarpaMma HaIlps>KECHUA B MCCTC
KOPOTKOT'O 3aMbIKaHUS; B — TO e TOKOB.

rpaHUYHbIE YCIOBUS OyayT:

i) =0;(11)
i =0;(12)
U =0.(13)

Hetpynuo yoenutses, uto npu (11) u (12) cuMMeTpUYHBIE COCTABIISAIONINE TOKOB B MECTE
KOPOTKOI'O 3aMbIKaHUS CBSI3aHbI IPOCTBIMHU COOTHOIIEHUSIMMU:

1

i =it == k(19
kA

31
Jiist 3a3emiieHHO# a3kl B cooTBeTcTBUU C (13) mmeem
U =Upy + U, Uy =0,
WJIH, TIOJICTABUB CIOJ]a BMECTO CUMMETPHUYHBIX COCTaBISIOUINX HANPSDKEHUN MX BbIpaxkeHUs (4)
— (6) 1 yuts (14), nonyunm:
Es = Jli (xlE T Xy xoz) =0
OTKyJa
EAZ
J (xlz X5 +xoz)
Tox B moBpexIeHHON (pa3e B MeCTe KOPOTKOTO 3aMbIKaHHSI
() _ 7701
Ly =31, (16)
DTOT XK€ TOK B COOTBETCTBHUH C (14) sABISETCS TOKOM, MOCTYIMAIOIIMM B 3€MJII0 B MECTE

3aMbIKaHU.
CI/IMMeTpI/I‘IHBIe COCTaBJIAOIINUEC HaprDKeHI/Iﬁ B MECTEC KOPOTKOI'O 3aMbIKaHU !

(15)

Ly =

Uy = _jxozjko = _jXOijAl; (17)
Ui == J%sLiyy = = J%5L1ys (18)
Ui = _(UkAZ +Uk0) = j(xzz +x02)[kAl' (19)
da3Hble (OTHOCUTEIBHO 3E6MJTH ) HATIPSKCHUS 6 MECTE KOPOTKOTO 3aMbIKAHUSI:
Uy =a*U) +aUl), +UY) = j| (a* - +(a® —1) x5 |15 (20
=4 Y TV ko = J|\@ —a)Xx,s v\d Xos | Lias (20)
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T . 2 r(1)
U —][(a—a )x22+(a—1)x02]]kA1. (21)
Ha puc. 3,06 u 3,B mpuBeaeHBl BEKTOPHBIC JHArpaMMbl HAMPSHDKCHUH U TOKOB B MECTE
0JHO(A3HOrO KOPOTKOIO 3aMbIKaHUA. YTON 6, MEKAy HaNpsLDKEHHSMH HEMOBPEKACHHBIX (a3

3aBUCUT OT COOTHOLIEHHMS MEXAYX,s U X,; .OH u3MeHAeTCd B IIMPOKMX Npeelax:
60" <g, <180°,
HuxHuil npesien cOOTBETCTBYET YCIOBHIO X,y =00; K BEPXHEMY Npeleny d, CTPEeMUTCS

npu x,, — 0. JIums npu x,; = x,; yrond, =120".

19.4 JIByxda3Hoe KOPOTKOE 3aMbIKAHHE HA 3eMJII0

[Ipu onHOBpEeMEHHOM KOPOTKOM 3aMblkaHuM (a3 B u C Ha 3eMJIt0 B 0JJHOU Touke (puc.4,a)
IpaHUYHBIE YCIOBUS OyayT:

i’ =0; (22)
Ul =0;(23)
Ut =0.(24)

J1 — MPUHLMIHAATIbHAS cXeMa; O —BEeKTOpHasl [uarpaMma HanpsKeHU B MECTEKOPOTKOTO
3aMbIKaHUS;
B -TO 7K€ TOKOB.
B 3anucu yepe3 cuMMeTpUYHbIE COCTABIISIONIMEITH IPAHUYHBIE YCIOBUS JAIOT:

150+ 10 +15" =0(22a)

O =ULY <UL = UL, 25)

kA

WITH:
r(1.1) . r(1.1) .
]IEAZ)]XZZ = IEO )Jxoz;
Tenepp, MpuOaBUB K 0OEUM dYacTsiIM paBeHCTBaj,El()‘l) JX,s ¥ yura (22a), mocie HEOOIBIINX
npeoOpa3oBaHU OTYUUM:
I =1 —=— @6

s T Xos
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AaHaJIOTHUYHO

i) =-if) —=— (27)
2 T Xox

VYuuteias (25) u (26), umeeM:

. . . . . . - (1. . x x

U/E,lill) =E; - /Scl‘ll)fxlz = U/EIOI) = ]/Eln])fﬁ; (28)
2z T Xox
OTKyZa
=P )
J I:xIZ +(x22 I Xox )]

Toku moBpeXIeHHBIX (a3 B MECTE KOPOTKOTO3aMbIKAHMUS:

H11) 2 xzz +ax02

JUV = | g2 42200 | D (30
x22+x02
2
. + .
i) =) a- 22285 110D 31)
Xy5 + Xos

Tox B 3emuie
L) _ 4 7(1)
1 =300 ()
Moaynu BeipakeHni B ckoOkax, Bxoasamux B (30) u (31), oquHAKOBBI; OHU COCTaBIISIOT:
Xy5 X,
m(l.l) :\/g 1— 25403 . (33)
(xzz + Xox )
B' 3aBHCMMOCTH OT COOTHONIEHUS MEXKIY X,y U X,y 3HAUCHUE M

1.5<m™ <3,

HwxHuil mpenen HacTynaeT IpU X,y = X,y , @ BEPXHUH—TIPU X,5. / X5 , paBHOM Onnn oo

1.1
( )HaXOI[I/ITCH B Tpejenax

BekropHble auarpamMmbl HamnpspDKEHHH M TOKOB B MecTe JIBYX()a3HOTO KOPOTKOTO
3aMBIKaHHs Ha 3€MIIIO NIPHBEJECHBI Ha puc. 4,0 U B. Yrond, Mexk1y TOKaMH MOBPEKACHHBIX (a3

MOXeT M3MelAThes B npeaenax 60° < 6, <180°, cTpemsAck K HUKHEMY IIpeleny npu x,; — 0 u K

BEPXHEMY —IIPH X,y —> 00, YTO COOTBETCTBYET YCIOBHUSIM IBYX()a3HOTOKOPOTKOTO 3aMBIKAHUS

0e3 CoeqMHEHNS C 3EMIIEN.
Hampspkenne HemoBpexxaeHHOW (a3bl (OTHOCHUTENBHO 3€MIIM) B MECTE€ KOPOTKOTO
3aMBIKAHUS COCTABIISAET:
S(1L1) _ apy(L)
UkA _3UkAl (34)
HaANPSOKEHUS JBYX APYrux (a3 paBHBI HYIIO.

20 KoMmjiekcHbIE cXeMBI 3aMeleHUus

AHaJIUTUYECKUE COOTHOUIEHMSI MEXIY CUMMETPUUYHBIMHM COCTaBISIOLIMMH HaIpsLKEHUN
BMECTEKOPOTKOTO 3aMBIKAHUS IO3BOJIAIOT ISl KaXJO0r0 BHJAHECUMMMETPUYHOIO KOPOTKOIO
3aMbIKaHUS COEJAMHUTH MEXIY CO000M CXeMBbl OTHENbHBIX IOCIEI0BAaTEIbHOCTEH |
0o0pa30BaThTEM CaMbIM KOMIUIEKCHYI0 CXE€MYy 3aMEIlEHHs /s COOTBETCTBYIOILEIOBUAA
KOPOTKOTI'O 3aMbIKaHus. TakuecxeMbl IPUBEACHBI HA pUC. 1, MPpUYEM 3/1€Ch IPUHSATO, YTO B MECTE
3aMBIKaHUS HMMEETCSACONPOTUBICHUE JyTM UM CX€Ma KaXAOW IOCIEN0BaBATEIbHOCTU
XapaKTEpU3yETCs COOTBETCTBYIOLIUM IIOJIHBIM CONPOTUBIIEHUEM Z,,Z,,7Z, .
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Puc. 1. KoMmmiekcHbIe cXeMbl 3aMELICHMSL.
a — 17 1ByX(a3HOTO 3aMbIKAaHHS Yyepe3 Jyry; O — ais OAHO(pA3HOTO 3aMbIKaHUS Yepe3
IyTy; 6 — JUIS ABYX(ha3HOro 3aMBIKaHHSI Ha 3eMITIO Yepe3 AYTY.

4,0

by Ol

by

. i
Lo

&
3

a}
Puc. 2. KoMIuiekcHBIE CXEMEBI 3aMEIECHHUS.
@ — TpU HaJIMYUHM COIMPOTHBIIEHUS B OJHOM (pase; O — mMpM HaIMYMM OJMHAKOBBIX
COTIPOTUBIIEHUH B IBYX (hazax.
KommiekcHas cxema aist AByX(a3HOTO 3aMbIKaHUS Ha 3eMilto (puc. 1,B) mpu Z, =00 HIH

¥y =0 TEPEXOMUT B KOMIUIEKCHYIO CXEMY JUlsl OOBIYHOro IByX(a3Horo sambikaHus. Ilpu

OTCYTCTBHH IEPEXOJHOI0 COMMPOTUBIICHUA B MECTC 3aMBIKaHUA JOCTATOYHO ITOJOXKUTHh paBHBIMU

HYJIIO 7)) |
CxeMa npsMOi TIOCTIEOBATENHHOCTH OOBIYHO COACPKUT MHOTO MCTOYHUKOB, B TO BpeMs
KaK B cXeMax pHc. 1 yCIOBHO MOKa3aHa JIUIIb OJHA Pe3yJbTUpPYIOLIas 3. 1. C.
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KomMmrnekcHbpie cxemMbl O0COOEHHO YAOOHBI MPU HMCIOIH30BAHUU PACUETHBIX MOJENEH U
YCTAaHOBOK, TIOCKOJIBKY B 3TOM CIllydae MOXHO 3aMEpUTh NMPHUOOpaMH TOKH M HAMPSKCHHS
OTJICNBHBIX TOCIEAOBATEIHLHOCTEH [UIsl JFOOOTO ydacTka WIF000W TOYKH pPacCUUTHIBAGMOU
CHCTEMEI,

H &

D20 APl
—lg
L0}
Yy

Puc. 3. KommiekcHas cxema 3aMelieHus B ornepaTopHoi Gpopme mist ogHba3HOTO
3aMbIKaHUs Yepe3 AYTY.

[Ipn yuere nuib OCHOBHOM I'apMOHMKHM KOMIUIEKCHBIE CXEMBbl 3aMEIIEHUS CIPaBEJIMBBI
TaKXe JUIsl MEePEXOJHBIX MPOLECCOB. DTU CXEMBbI MO3BOJISAIOT ONPEAEINTh (B COOTBETCTBUU C
IPUMEHSEMBIM METOJOM pacueTa) Kak IEpUOJMYECKHE, TaK M alepUOJUYECKHE CIararolue
TOKOB.

[Ipu cTporom ompeneneHUH anepUONUWYECKO cllaraloomeil Toka Iernecoo0pazHo
IPUMEHEHHE ONepaTopHOro mMeroaa. Tak, Hanpumep, A1 OAHO(PA3HOTO KOPOTKOTO 3aMbIKaHUS
3Ta Cclarampmas MOXXeT ObITh ONpejAesieHa U3 KOMIUIEKCHOM CXeMBbl B OIEpaTOpHON ¢opme,
NpeACTaBICHHOM Ha puc. 3, rae Z, ( p),Z2 ( p),Z0 ( p)—onepaTopHHe COIIPOTUBJICHHUS
COOTBETCTBYIOIIIMX IIOCJIENOBATEIBHOCTEN, INPUBEACHHBIE OTHOCUTEIBHO MECTa KOPOTKOIO
3aMbIKaHus, a U ( p)—H3o6pa>KeHHe TOTO HaNpsKEHUs, KOTOpoe ObUIO B JaHHOH TOUYKe IpHU

MPEIIECTBOBABIIEM pEXHME, HO B3ATOE C OOpaTHBIM 3HakoM. Ilepexoa oT u300pakeHH K
OpUTHHAJIaM OCYIIECTBJISIOT U3BECTHBIMU ITPUEMAMHU.

Ilpumep 1.
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20Méc SoMéa
H5/230%6 230/%0,5n8
& u=12% = mee 100 1618 b we=12%
1 2, =021/ 0% OMMM 4 1

@t@‘r. za=a35‘73)5‘0.u/x4€f ¢DT-Z

e 21+013p

A,
Tip :

a17p 21+0,13p

T H— =5

arp 36+058p 9,23p
mﬂj

o
LHoh Q 200V 1

V3 (p-je)

. 6)
Puc 4. Ilpumep 1 (a- ucxomHas cxema; 6 — KOMIUIEKCHAsI CXeMa 3aMeIleHHUs B
orepaTopHoii popme)
[Tpu onHOba3HOM METAUIMYECKOM KOPOTKOM 3aMbIKaHUH B KOHIIE JIMHUU CXEMBI puc. 4,a
HauTH BBIPpAXKCHUC [JIA TOKAa B MECTC KOPOTKOT'O 3aMbIKaHUH. I/ICXOIIHBIG JAaHHBIC MPUBCICHBI Ha
puc. 4,a. McTOYHMKOM SIBJISIETCS CHCTEMa, KOTOpas TMOJjepkuBaeT y TpaHchopmaropa 7-1

. 115
CUHYCOMJIAJIbHOE  HAIIpSDKEHUE IIOCTOSTHHOM aAMILIUTY/bI J2—=«B. AKTUBHBIMU

V3
COTIPOTHUBIICHUSIMHU TPaHCPOPMATOPOBIPEHEOPEUbD.
KowMmrekcHas cxema 3aMelieHus A pacCMaTpUBaeMOro CiIydasl MmokazaHa Ha puc. 4,0.

OmneparopHble COMPOTUBICHUS Z ( p) =r+Lp ee DIEMEHTOB BBIPAXKEHHI B WMEHOBAHHBIX
€IMHUIIAX U IpUBeaeHbI K cTopone 230 k6.

PesynbTupyromue omnepaTopHbleé CONPOTHBICHHS] OTIEIBHBIX IOCIEA0BATEIbHOCTEN
COCTaBJISIOT:

Z,(p)=2140.13p+0.17p=21+03p =Z,; (p);

2
Zys (p)=(36+0.48p+0.17p)//0.23p = 0'5%5&?”
CyMMapHOE OrepaToOpHOE COMPOTUBIIEHHE MTPH 0HO(PA3HOM KOPOTKOM 3aMbIKaHUHU
0.15p° +8.15p  p*+100p+2280
0.88p+36  132p+54.5

[IpuMem, 4TO B MOMEHT KOPOTKOT'O 3aMbIKaHUsI HAIPSDKEHUE UCTOUYHHUKA MTPOXOAUIIO YEPe3
Hynb. Torma mpuBeleHHOE HANpsHKEHHE CHCTEMbl Kak (DYHKIMS BpeMEHU U ee M300pakeHue

OynyT:

Z"(p)=2(21+0.3p)+

U, =x/§@sina)t+UZ(p)=x/5

NE) J3 (p-j314)
Hckomplii TOK B oniepaTopHO# popme
IA(p)=\/52j’—O 3 21.32p+54.5) |
3 (p—j314)(p* +100p +2280)
st xapakTeprCTUYECKOTO YpaBHEHHUS
Z"(p)=0= p* +100p +2280

HAaXOAUM KOPHH:
p, =—35.15; p, =—-64.85

130



CHeZ[OBaTCHLHO, IIpu NCPEXOJHOM MpOouecce, IOMUMO NNPUHYKACHHOTI'O CUHYCOUIAJIbHOT'O
TOKa, UMCIHOT MECTO JBa CBO6OI[HI)IX TOKa, 3aTyXarlHuX SKCIOHCHIHAIBbHO C IOCTOAHHBIMHU
BPEMCHH COOTBETCTBCHHO!

T =————=0.028¢;T, = —————=0.015c.
64.85

[Tocne mepexona OT M300paKeHHsS K OPUTHHAIY HMCKOMOE BBIPKEHHME TOKAa B MECTe
KOPOTKOI'O 3aMbIKaHUs OyeT:

i, =2340sin (ot —0.447 ) +490e """ +1810e™**"

IIpn nocTWXKEHMI IOJOKUTEIBHON aMIUIMTYAbl NPUHYKICHHOIO TOKA, KYTO HACTYIIUT
(0.5+0.44)7r

314
NOJy4YEHHOMY BBIPAKEHHIO cOCTaBisAeT i, = 36504

yepest = =0.0094c, MrHoBeHHOE3HAYeHHE TOKa B TMOBPEXAECHHOW (asze 1o

21 IIpaBU103KBUBAJIEHTHOCTUIIPSAMOM MOCJI€I0BATEILHOCTH

OOpamasch K MOTYyYEHHBIM B MPEABIAYIIMX JIEKIUSAX BBIPAKEHHUSIM Ui CUMMETPUYHBIX
COCTAaBJISIIOLIMX TOKOB M HANpsHKEHUH B MeCTe HECUMMETPUYHOTO KOPOTKOTO 3aMbIKaHMS,
3aMedyaeM, YTO TOKH OOpaTHOM W HYJEBOW TIOCIIEAOBAaTENFHOCTEH M HampsHKeHUs Bcex
MOCIe0BATEIbHOCTEH MPOMOPLUUOHAIBHEI TOKY TMPSMOM TMOCIEI0BAaTEIbHOCTH B MeECTe
KOPOTKOTO 3aMbIkaHus. CleJoBaTeNbHO, 33/1a4a pacyeTa JJI000ro HECUMMETPUIHOTO KOPOTKOTO
3aMbIKaHUs MPEXKIE BCErO COCTOUT B HAXOXJACHUU TOKA MPSMOM MOCIEI0BATEIBHOCTH B MECTe
paccMaTprUBaeMoOro BUa KOPOTKOTO 3aMbIKaHMUS.

B cBoto odepenb CTpyKTypa MOJyUYE€HHBIX B MPEAbIYIINX JIEKIHUIX BBIPAKEHUI MO3BOJISET
TOK MPSMOM TMOCIeAoBaTeIbHOCTH 0c000i (a3l (A)npu  TH0O0M BHUAE HECUMMETPUYHOTO
KOPOTKOT03aMbIKaHUs BBIPA3UTh B 00IIEM BUIE KaK

jn-—fs )
kAl R (n)°
JXs +Zy
rae Zg") — JIOTIOJIHUTENILHOE COIPOTUBIIEHUE, BEIWYUHA KOTOPOrO [UIS Ka)XI0ro BHUIA

KOPOTKOT'O 3aMbIKaHUS OIPeIENseTCs] COOTBETCTBYIOLINM BhIpakKeHHEM U3 Taoul. 1.

[Tomumo TOTO, MOCKONBKY (Da3HBIE TOKM B MECT€ KOPOTKOTO 3aMbIKAHHUS TaKKe
MPOMOPILMOHANIBHBI TOKY HPSIMOM MOCIIEI0BaTeIbHOCTH, MOIYJIb (Pa3HOTO TOKA B MECTE JIF0O0T0
HECUMMETPUIHOT'O KOPOTKOTO 3aMBbIKAHUS B OOIIIEM BHJIE MOXKHO MPEJICTABUTH KaK

1 = ) g0

(n)

rae m’ — Kod(PUIMeHT, onpeaeasieMbli Mo JaHHBIMTa0. 1.
Taoanma 1
Bup 3ambikanus ( n) Zg") m™
TpexdazHoe (3) 0 1
JIByxdasHoe ) rpt %, 3
Onnodaznoe (1) 3ry + j( X, + xo) 3
AByxdasuHoe Ha semimo (L,1) Jx, //(3rﬂ +jx0) , JX+ a(3rﬂ + Jx, )|
3ry Jrj()c2 +x0) ‘

131




JIByx(azHoe Ha 3emo Tipu 7, =0 (L,1) Jx, /1 jx,

O6oOmennas 3amuch BeipaxkeHuss (1) mo3somwra H. H. [lenpuny BhoepBbie
c(hopMyIHPOBATh CIEAYIOIEE BECbMa BAKHOE MOJIOKECHHE.

Tok npsamoti nociedogamenbHOCmu a00020 HECUMMEMPUYHO20 KOPOMKO2O 3AMbIKAHUS
Modxcem Ovlmb onpedeneH KAK MOK Npu Mpex@azHoM KOPOMKOM 3AMbIKAHUU 8 MmouKe,
YOaneHHOU om  OelicmUmMeNbHOU MOYKU KOPOMKO20 3AMbIKAHUA HA  OONOJIHUMENbHOE

conpomueiienue Zgn) , Komopoe He 3aesucum om napawempoe cxXembl I’lpﬂMOlZ

nocie0o8amenvHoCmu U ONsl  KaAic0020 6UOd KOPOMKO20 3AMbIKAHUS — ONpeoesiemcs
Pe3VIbMUPYIOWUMY — CONPOMUBTIEHUAMU — 0OpAMHOU U HYIe8OU  NOCIe008amelbHOCmell
OMHOCUMENbHO PACCMAMPUBAEMOU MOYKU CXeMbl, A MAaKice 8 obuiem ciyyae conpomueieHuem
B03HUKUE OY2U.

OTO  TOJOXKEHWE, KOTOPOE  HA3bIBAIOT  MPABHJIOM  JKBUBAJCHTHOCTH  IPSIMOM
MOCIIE0BATEILHOCTH, CIPABEAJIMBO IMPHU YCJIOBUU, YTO PACCMATPUBAETCS TOJIBKO OCHOBHAs
rapMOHHKA TOKa HECHMMETPHYHOTO KOPOTKOTO 3aMBIKAHHS.

Hamnpsxenue U,; MOXHO 3alMcaTh B 00ILEM BHJIE KaK

o) = z0j0)

A Tkl

st Gonpinielt HArMSAHOCTUA pUC. | WILUTFOCTPUPYET CMBICH 3KBUBAJICHTHOTO Tpex(a3zHOTO
KOPOTKOT'O 3aMBIKaHHs, NMPH KOTOPOM MOTYT OBbITh HAWJAEHBl TOK M HANpsOHKEHHE MPSIMOM
MOCIIEI0BATEIBLHOCTH B MECTE 3a/IaHHOTO HECUMMETPHUYHOTO KOPOTKOTO 3aMbIKAHHS.

,
1 7 ﬁ,ﬁv
N @
“ it g
't
“"—"v——’zrr Z EF’ K Z; R‘;ﬁ}

Puc. 1.

VYcraHoBieHHasT ~ WAGHTUYHOCTH  MEXJAY TOKOM  MpPSIMOM  IOCJIENOBAaTEIbHOCTU
HECHUMMETPUYHOTO KOPOTKOTO 3aMbIKaHUSI MU TOKOM TIIPU HEKOTOPOM HSKBHUBAJIEHTHOM
Tpex(}a3HOM KOPOTKOM 3aMbIKAHUU YKa3bIBAE€T, YTO BCE MOJYUYCHHBIE YTO BCE MOJIYUCHHBIE panee
BBIP@XKEHUS JJIsi TOKA TPEX(A3HOTO KOPOTKOTO 3aMBIKAHUS MOXKHO PACHpPOCTPAaHUTh Ha ClIydau
HECUMMETPUYHBIX KOPOTKUX 3aMbIKaHUH.

Tak, mpu OTCYTCTBUHM JeMI(PEPHBIX OOMOTOK TIOCTOSIHHYIO BPEMEHU 3aTyXaHUs
CBOOOZHOrO TMEPEXOJHOr0 TOKa MPSAMOM MOCIEeIOBAaTENIbHOCTH JII0OOOT0 BHAAa KOPOTKOIO
3aMBIKaHUs MPU YUCTO UHIYKTUBHOM I[E€TIH CTATOPA MOMXKHO OIMPEACIIATH 10 BEIPAKEHUIO:
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)
n X +x
Td( ! =Tf0 : (An)
X, t X,

riae Xin) —/AOIOJHHUTECIbHAsA PCAKTUBHOCTL JId JAHHOI'O BHJAA KOPOTKOro 3aMbIKaHWUA,

ompenensieMas aHaJIOTHIHO Zy) (tabm. 1), Hompur =0.

[Tpu Hamuuyuu AeMnQepHbIX OOMOTOK NPUOIMKEHHbIE 3HAYEHUS MOCTOSHHBIX BPEMEHU
3aTyXaHus CBOOOJHBIX MEPEXOJHOTO M CBEPXIIEPEXOJHOTO TOKOB MPSIMOU MOCIIEI0BATEILHOCTH
J1000r0 BUJIa KOPOTKOTO 3aMbIKaHUsI OyIyT UMETh BUJ:

O_,(n)rf,(n)Tl,d(n)

T!(") ~
Tf( )+Tld( )

r(n)

r7e 3Ha4YCHHUs Tf'("), 7" uo'™

JOJKHBI OBITH ONPEeNIEHBICOOTBETCTBEHHO 1O (popmyrnam,
PacCMOTPEHHBIM MPHU M3YyYEHUH MEPEXOJHBIX MPOILIECCOB B CHHXPOHHOM T€HEpaTope C y4eToM

JIOTIOJIHUTEIbHON PEAKTUBHOCTH x&") .

JI71s1 S5KBUBAJICHTHOM ITOCTOSIHHOW BPEMEHHU 3aTyXaHUs allepUOJMYECKON CIIArarollei ToKa
CTaTopa MpH JII0OOM BHUI€ KOPOTKOI'O 3aMbIKaHUSI MOXHO HAIKMCATh BHIPAXKEHUE B 00ILEM BUJIE

(n)
Xys + X,

(n)

(n) _
" ()

) ,C€K,

rac VA(H)—,I[OHOJ'IHI/ITCJ'II)HOG AKTUBHOC COIIPOTUBIICHHUE IJIA JAHHOI'O BMAa KOPOTKOT'O 3aMbBIKaHUA,

OIpEJIENAEMOE, KaK U xi") ,HO ipu x =0

Takum 00pazoMm, M3MEHEHHE BO BPEMEHM JICHCTBYIOIIETO 3HAYEHHs IMPOJOJIHHOTO TOKa
OpsMOM MOCIIE0BATENLHOCTH MPHU JIIOOOM HECMMMETPUYHOM KOPOTKOM 3aMBIKAHUU MOKHO
IPEJICTaBUTh KaK

t t

) _ gl) o pn) T ey T () () Uy .
Lo =13 + Lo+ Lanesioe ™ +A1dlondt < DE
X, +X,

anl
MpUYEM JAHHOE BBIPAXKEHHE OrPAaHUYEHO YCIOBHEM, 4TO Toj neiictBueM APB nHampsikeHue

IPSIMOM IOCJIEIOBATEILHOCTH I'€HEPATOpPa HE MOXKET IPEB30WTH HOpMallbHOE 3HadeHwue. Jlis
MTHOBEHHOTO 3HaueHUs TOKa ((ha3el A) pu JIF0OOM BHJI€ KOPOTKOTO 3aMbIKaHHS CIIPABEJIUBO:

() 4 o)t

.(n n) ¢(n . ‘x” ()
0= —[U o1+ Upsing [ 2
dx vgx
Xfﬂén) . Aaggf) 74{;3
. T
—[qu cos(2t+y,)-U,, sm(2t70)]—q e )
dr tgZ

(n) o () (n). 3(n)

" " .
TAC X5 I/I)qu OIpeACICHbBI C YYCTOM PCAKTHBHOCTH X, I;,, —— MIAdOBCHHOC 3HAYCHHC TOKa

MIPSIMO# TIOCTIeTOBATENBbHOCTH (Da3bl A.
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BaxxHO 3aMeTHTb, UTO 8euyuUHa MOKA NPAMOU NOCIe000amenbHOCU 8 Meche KOPOMKO20
3aMbIKAHUA, A MAKHCe CA3AHHbIE C Hel BelUYUHbl MOKO08 Opy2Uux Nocied08ameibHocmel
3a8Ucam om CONpOMUBIEHUll 8cex NOCIe008aAMENbHOCIEl INEMEHMO8 DACCMAMPUBAEMOL
cxemsl (BKJIIOYAsl COMPOTHBIICHHWE AYrM TIpu ee yuere). Tak, Hampumep, €cilud HeUTpalb
TparcopmaTopa, Ha BRIBOJAX KOTOPOTO UMeEETCsl 0OJHO(Ga3HOe WU IByX(a3HOe 3aMbIKaHUE Ha
3eMJII0, 3a3eMJIUTh 4Yepe3 Kakoe-TM00 COMPOTUBIEHHE, TO 3TO CKaKETCS Ha BEIMYMHAX TOKOB
BCEX MOCIEA0BATEIHHOCTEH, XOTS TOKH MPSIMON U OOpaTHOM MOCIeA0BaTEILHOCTEH Yepes3 ITO
CONPOTHUBIIEHNE U HE ITPOTEKAIOT.

22 OgHoKpaTHasA NPOJ0JIbHAS HECUMMETPHUS

Koneunoit menpro aHanm3a HapyHICHUH HOPMAJIbHOTO pPEKHMMa PabOThl SHEPrOCHCTEMBI
IpHU MPOJIOJIbHOM HECUMMETPHUH WJIM CJIOKHBIX BUIAX MOBPEKICHUN SIBISIETCS pacdyeT TOKOB U
HaNpsOKEHUM Kak B TOYKe (TOYKaxX) HapylIeHWH HOpMalbHOM paboOThI, TaKk U B JIPYrHX y3iax
339C c nenwio BEIOOpa U HACTPOiTKK dnemenToB COC.

Jna hopmanuzanuy aHanu3a MpoJI0JIbHYI0 HECUMMETPHUIO MPEICTaBISAIOT KaK BKIIOUYEHHE

B Kaxayio ¢aszy Tpex@a3zHoil CeTH HEOJAMHAKOBBIX COMPOTHUBICHUHU. [Ipy paccMOTpeHUH TOJIBKO
OCHOBHOW FaPMOHUKHU UCXOJAT U3 CICAYIOMIMNX YCIOBHIA:

- BKJIIOYEHHE COMPOTUBIECHUH B ¢azy cerm mnpu HeusMmeHHod IJIC umcrouHumka
MATAHUSI TOXKIAECTBEHHO WIYHTUPOBAHUIO TAKHUX K€ CONPOTUBICHUM B JIPYTUX
dazax;

- pa3peiB  ¢a3zbl HKBUBAJIEHTEH BKJIIOYEHHIO B MECTE€ pa3pblBa HCTOYHHUKA
HaIpsKEHUs, PABHOTO MMAJICHUIO HANpPsDKEHUS Ha KOHIIAX Pa30pBAaHHOIO ydacTKa
ha3zwr;

- ITYHTUPOBAHUE COMPOTUBICHUS B (ha3e CETH TOXKIACCTBEHHO BKIIOYCHHIO TI0
3HAQYEHHIO TAKOT'O K€ CONMPOTUBJIEHUS, HO C MPOTUBOIOIOKHBIM 3HAKOM.

B cinydae mpomonbHON HecuMMeTpud d(PQGEKTUBHBIM SIBISETCS METOJI CHMMETPUYHBIX

COCTABJISIFOLUX, KOTOPBIM JTa€T CIEAYIOINE PACUETHBIE BEIPAKECHHUSL:

AUp4=AUp 4 + AU 40 + AU 405
AULB =a2AULA1 +aAULA2 +AULA0;

AULC :aAULAl +a2AULA2 +AULA0;

Tpg=1pqg+1p00+11405
. 2 . . .
Ijgp=a“lpq+alp o +Al 03

2 .
Ipc=alpg+aIp+11405

rne Ipq,11g1pc n AUp4,AUpg,AUp¢c - TOKM M HampsDKCHUs Ui HECHMMETPHYHOM
cucrems! ¢asubix BemwauH; Iy 1,0 p 40,0140 1 AU 0,AUp42,AU 40 - CUMMETpHYHEIC

COCTAaBIIIIONIME TOKOB W TMAJACHUH HAOpsHKEHUH TpsIMOM, OOpaTHOW W  HyNeBOH
MOCJIEIOBATEILHOCTH 0c000M (ha3br A.

Benuununst ILAISILAZSILAO Hu AULAISAULA2’AULA0 CBA3aHbl MCKIY coboii
COOTHOIICHUAMU
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AUpq =E 45— Zy31 45
AUpg0 =0-Zys 1405
AUp40=0-Zys 1] 405

tne Eys,Z15,Z55,Zys - cymmapHas DJIC HCTOYHHKOB NHTAHHS W PE3YIbTHDPYIOLIHE

COMPOTUBIICHUSI TPSIMOH, OOpaTHOM M HYJEBOM MOCIENOBATEILHOCTH OTHOCUTEIBHO TOYKHU
BO3HUKHOBEHUSI HECUMMETPUH.

JIOTIONIHUTENbHBIE ~TPH  yPaBHEHUS IS HAXOXKIECHHS Tigispqnsd 140 ™

AU 41,AU 1 42,AU [ 40 BBIIHCBHIBAIOTCS VTSl KOHKPETHOTO BH/IA TIONIEPEYHOM HECHMMETPHHL.

22.1 Pa3pbiB 01HO# (pa3bl CeTH.

Paccmotpum paspeiB da3bl A TpexdasHoii ceTu B Touke L :

L
. L

A AU 5
L L
| ] L ]

ypaBHeHI/ISI IJIg 3TOT0 BUJIda HCCUMMCETPHUU UMCIOT BU:

Ip4=0;
AUypp =0;
AULC 20;

N
AULB :AULC =a2AULA1 +aAULA2 +AULA0 :aAULAl +a2AULA2 +AULA0 =

=@ —a)AU 4 = (a* - @)AU 1 43
AUpq =AU 405

azAULAl +aAULA2 +AULAO :(a2 +a)AULA1 +AULAO :_AULAI +AULA0 =0;
AU 4 =AU 403

Tpg=1pq+ 110+ 1140 =05
Ipg=-Upa+1140)5

Otkyna
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AUpg1 =E 45 — Z1s 1 par5
AUpgp =0-Zys 11425
AU 40 =0-Zps 1140
AUpq =AUp4;5

AU 41 =AU 40;
Tiq=-Upa+1140)s

cucreMa 6 ypaBHEHUM ¢ 6 HEU3BECTHBIMHU.
Pemas merogom Kpamepa, Haxoaum

(Zys +Zy3)E 45

Iq = 5
ZisZys +ZysZys + 2152y
I = ZosE 45
ZisZys +ZyxZys + 2152y
oo ZysE 45 )
LAO — ’
ZisZys +ZosZys + Z13Z)y
) ZZos E
AU, = 25Z0sE 45 :
ZisZys + ZosZys + 2152y
) Z~Zns E
AU g = 25 Z0s E 45 ,
ZisZys +ZosZys + 21525
: Zy)sZosE 45
AUpg =

ZsZys +ZosZys + Z13Z)y

Amnanornuno Moxxuo Hati 3HaueHust Iy 4,11 40,140 v AU 41,AU [ 42,AU [ 40 215t
- paspsiBa 1BYX (ha3:

I =0;
Ip =05
AUpc =0;

- nepeKoca oJIHOM (IByX) ¢as3:
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AUpg =12l 43
AULB :0;
AULC 20;

B npumepe npeapinymieii nexiuu mnpu paspeise ¢aspl A B Touke K (BMECTo KOpOTKOro
3aMBIKaHUS) UMEEM:

Xz = Xy = 5,173 OM; EAZ 265,037 KB; X0z 25,118 OM;

Torna
Zrs + Zos ) E
I = (Zos + Zo3)E 43 — 8.40 KA:
ZisZys +ZosZys + 21525
Zos E
Tig=- 0z =A% — 418 KA;
ZisZys + ZyxZys + Z15Z))y
Zv E
Trq0=- 22 A2 =422 KA;
ZisZys +ZosZys + Z13Z)y
ZysZysE 45

AUp g =AU =AU 40 =

=21,60 kB;
ZisZys +ZosZys + 2152y

a (pa3HBIC TOKU M HAIPSHKEHUS HAXOIATCS U3 BBIPAXKEHUI
AUp4 =AU 4 +AU 45 + AU 405

AULB =a2AULA1 +aAULA2 +AULA0;

AULC =aAULA1 +a2AULA2 +AULAO;

Ipg=1Ipq+1pa0+11405

2 .
Ipp=a Iy  +alypp+Alp40;

2 .
Iic=alpg+a™lpH+11405
AHAJIOTHUYHO HOHCpG‘-IHOfI HeCI/IMMeTpI/II/I.

22.2 HecummeTpHst OT BKJIIOYEHHS CONPOTHBJICHUM

Orpanu4nMcsi pacCMOTPEHHMEM CIIy4aeB, KOr/la B OJHY WM B JiBe (hazbl BKIIOYAIOTCS
OJIMHaKOBbIe comnpoTuBieHus Z (puc. 1,a u g). Takue yciaoBusi MOTyT BO3HUKHYTb, HAIIPUMED,
IIpU HEOJHOBPEMEHHOM PACXOKJIEHHHM KOHTAKTOB MOJIIOCOB BBIKIIIOUYATENS, MPU KOTOPOM 1yTra
OTKJIFOYaEMOT'0 TOKA BO3HUKAET €LIE HE Ha BCEX IOJIIOCAX.

Bxitouenne compoTuBiIeHUH B OAHY WM JiBe (a3bl MOXKHO paccMaTpuBaTh Kak
IIYHTUPOBAaHUE TaKUX K€ COMPOTUBICHUN COOTBETCTBEHHO B JBYX JAPYTUX WIH TpPeThel (hazax
(puc. 1, 6 u r),ecii TpW TaKOW 3aMEHE MCTOYHHMKH XapaKTEPU3YIOTCS BEIMYMHAMH 3. 1. C,
KOTOpBIC Y HUX OBUTH B JCHCTBUTEIHLHOM MPEANIECTBYIONIEM PEKUME.
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Puc. 1. HecummMeTpus OT BKIIIOYEHHSI CONPOTHUBICHUN. a U 6 — B OJHY (a3y; BUT — B
nBe (haswl.

3aKOpa‘-II/IBaHI/Ie COIIPpOTUBJICHUA, B006H_[€ TOBOpA, MOXKXHO HPCACTABUTH KaK BKIIFOUCHUC
TAKOI'0 K€ COIIPOTHUBJICHUA, HO C O6paTHBIM 3HaKOM.

Jlnist ciyyasi, KOrjia IMEeTCsl COIPOTUBIICHHE B OJTHOM (ha3e, Hanpumep A, UMeeM
AULA =7I L4
JBa OCTAJbHBIX rpaHI/IIIHLIX YCHOBHﬁ,
AU,, =0;
AU, =

a TaK»XKC CCIIpaBEAJIMBBI paBCHCTBA
AU,, =AU, =AU, =~ AU
LAl — L42 — LO _5 LA-
[IpencraBus
AULA =7ZI 7
qepe3 CUMMETPUYHBIE COCTABIISIIONINEC U UCIIOIb3YS

AU, =0—jx, 551, 405
AU, =0—=jx; 051,05

LA4>

. . . 1 .
AU, =AU, =AU, = gAU

HCTPYAHO NOJYYUTH BBIPAXKCHUC I HOMOJHUTCIILHOIO COIPOTUBJICHHSA B CXCMC HpﬂMOfI
IIOCJICA0BATCIBbHOCTHU
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zZ , . )
ZSL) =?// JXis 1 X105

Taxum 00pa3oM, ydeT CONpOTUBICHHUS Z , BKIIFOYEHHOTO B OJHY (a3y, CBOIUTCS K TOMY,
1 o
YTO BMECTO PEAKTUBHOCTH xgg OIpeIeNIIeMOMIIPH pa3pbIiBe (Pa3bl Kak

!
x(AL) = X5 1/ X0z

1
HY>KHO B ITOJIyYEHHBIE paHee BhIPAKEHUSI BBECTH CONIPOTHBIICHUE ZgL) ,OIIPEIEISIEMOro Kak

zZ , . )
ZSAIL) =?//JXL22 1 x5 -

Kornga oavHakoBble CONPOTUBIIEHUS BKIIIOYEHBI TONBKO B JBe (a3bl, Hanpumep B u C
(puc. 1B u 2), Mg XapakTEpPUCTUKH TaKOW HECUMMETPHUH HY)KHO BBECTHU JIPYrMe€ TI'PaHUYHBIE
YCIIOBHS:

AU, =7I,,;
AU, =7I,.;
AU,, =0;

[Tocne pa3noxkeHus HA CUMMETPUYHbBIE COCTABISIONINE U3 TPAHUYHBIX YCJIOBHI ClIEIyeT,
YTO

AULO =§[(jm _jLA1)+(jL0 _jLAZ )}’
AU, , ZZ[(jLAl _jLA2)+(jLA1 1 )]’

AULAZ :g[(jLAz _jLA1)+(jLA2 _jLO):|'

OTH TpU YpaBHEHUS BMECTE C

N W

AU, =0=jx 051 405
AU, =0—jx; 051,45
AU, =E ;5 — x5t 45

MMO3BOJISTIOT HAWTH PACUCTHBIC BBIPAKCHHUA JIsI BCCX CUMMCTPUUYHBIXCOCTABJIAIONIUX TOKOB U

najieHui HanpsoKeHu (cM. Tabu. 1). 31eck JUib TpUBEAEM BBIPAKEHUS IS TOTIOJTHUTEIIBHOTO
COHpOTI/IBJIeHI/IH, BBOAMMOTI'O B CXCMy HpHMOﬁ ITOCJICAOBATCIIbHOCTHN .

Z8) =[(Z 11 jxyos ) +(Z11 jxpps) |11 2.

PacuerHble BBIpaXeHMsI JUII CHUMMETPUYHBIX COCTABIIIOIIMX TOKOB M  TaJEHUMN
HaIpSKEHUM B MECTE MPOJOJIbHOW HECMMMETPHUH, BBI3BAHHON BKIIFOUEHHWEM CONPOTHUBIICHUS B
oHYy WM aBe (asbl, cBeleHbl B TaOm. 1. Pa3pbiB onHoOW mim ABYX (a3 SBISETCS YaCTHBIM
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CIy4aeM TaKOM HECUMMETPHUH; PACUETHBIC BBIPAXKECHUS U1 HEro IOJIy4arOT U3 BBIPAKECHUM,
NPUBEJCHHBIX B Ta0J. 1, mojaras Z =oo.

Tabmuma 1
CuMMeTpUYHBbIE COCTABJISIIONINE TOKOB M NA/IeHUii HANPsIZKEHUil B MecTe
OTHOKPATHOM NMPOA0JIbHOH HECUMMETPUU

Onpenensiembie IIpy BKIIFOUEHUH CONIPOTUBIICHUS
BEJTUYHUHBI B 0JIHY a3y B 1B€ (ha3bl
o E,; Ly
JXps + ZSL) Jpus + Zﬁ)
(n) 7 . .
z\ ’ I s Il s ZI(Z 1 jxpp ) +(Z 1 jxpey)]
Ly ZSL) i Zgi) i
P 71| B A
JXr2s Z+ X5z
1, VAV zZo .
—— 1y ——— 1
JXros Z+ jX105
AU Z\i z0i
41 ALY LAl AL L4
AU AUy JX o (Z —ZiZL)) )
1
Z+ JX;o5 B
AU, AU, JX,0s (Z - Zﬁ)) )
1
Z+ JXox B

22.3 PacnpenesieHue HANPS2KeHU P NMPOJ0JIbHON HECUMMETPHUHU

IIpu BBIBOJE OCHOBHBIX COOTHOILUEHMM M PACUETHBIX BBIPAXKCHUH, XapaKTEPU3YIOLIUX
KaX/blii BHJI KOPOTKOIO 3aMbIKaHMs, OBUIM NPUBEACHbI BEKTOPHbBIE AMAarpaMMbl TOKOB U
HaIpsUKEHUH B MECTE KOPOTKOI'O 3aMbIKaHMsI M TOKa3aHbl MX W3MEHEHHS B 3aBUCHMOCTH OT
CONPOTHBIICHUS TYTH.

Teneps npocnenuM, Kak 1ehOpMHUPYIOTCS BEKTOPHbIE JAMAarpaMMbl TOKOB M HAIPsDKEHHUH
IIPY Pa3HBIX BUJIaX KOPOTKOT'O 3aMBIKaHMs 110 MEPE YAAIEHUSA OT MECTa KOPOTKOTO 3aMbIKaHUS U
Ipu Tepexojie uepes TpanchopmaTop.

O6patumcst Kk cxeme puc. 1, rAe B KOHIIE BO3AYIIHONW JIMHUU TPUCOSTUHEHBI
OJTHOIIOJIFOCHBIE BBIKIIIOYATENH, C TIOMOIIBI0 KOTOPBIX MOXET OBbITh OCYIIECTBJIEH JIIO00N BHJ
KOPOTKOTO 3aMbIKaHus. /11 ynpoIIeHuss IpUMeEM, 4TO LeNb KOPOTKOIO 3aMbIKaHUSI COCTOMUT U3
YUCTO UHAYKTUBHBIX COIPOTUBIICHUN.

140




Puc. 1. [IpuHuunuansHas cxema (a), SIIOpbl OTHOCUTENBHBIX HANPSKEHUH OTAETBHBIX
MOCJIEIOBATEIILHOCTEN M BEKTOPHBIC TUATPAMMBITOKOB U HaIPsDKEHUM TP ABYX(a3zHoM (0),
IBYX(a3zHOM Ha 3eMJTI0(8) 1 0THO(PA3HOM (2) KOPOTKHX 3aMBIKAHHUSX.

Xapaktep OSHIOP HANpsKEHUHM OTIEIBHBIX ITOCIEAOBATEIbHOCTEN BJIOJAb JJEMEHTOB
paccMaTpUBaEMOM CXEMBI JUJIsl KaXJA0r0 HECUMMETPUYHOIO KOPOTKOTO 3aMbIKaHMSI MTPEACTaBIEH
Ha puc. 1. Ilo mMepe nmpubimkeHUss K TeHEpaTopy HaNpsHKEHHE MPSMOM MOCIeI0BaTEIbHOCTH
BO3pAacTaeT, a HaIpsHKEHUS OOpaTHOM W HYJEBOW IOCIEI0BATEILHOCTEH yMEHBIIAITCS (10
abcomoTrHoi BenuuuHe). [Ipu ykazanHoMm Ha puc. 1 coemuHeHnu oOMOTOK TpaHchopMmaTopa
HaNpsDKEHUE HYJEBOM MOCieIoBaTeIbHOCTH 3a TpaHchopMaTopoM oTcyTcTByeT. Kak BUAHO U3

cootHouteHust Mexay U ,, u U ,, B MecTe 0JHO(a3HOIO KOPOTKOT'O 3aMbIKaHUS,B JAHHOM CIIydae,
Xog > Xps .

BeKTopHBIe AuarpaMMbl HaHpH)KeHPIﬁ, MMOCTPOCHHBIC IO COOTBCTCTBYHOIIIUM BCIIMYMHAM
CUMMETPHYHBIX COCTABIISIONINX, PUBEICHBI JJI1 MECTa KOPOTKOTO 3aMBIKAHWsI, B HAYaJIe JINHUH
U Ha BBIBOJIAX T'€HEpPATOpa; MPH ITOM CUUTAIOCH, YTO OOMOTKHU TpaHCHOpMATOpa COCTUHEHBI TI0
cxeme rpynnsl Y, /A—11. UroObl MOXHO OBLIO CpaBHUBAaTh AMArpaMMbl Ha OOEHX CTOPOHAX

141



TpaHchopmaTopa, MPUHATO, YTO TOKH U HANPSKEHUS BBIPAXKEHBI B OTHOCHTENIBHBIX €JMHHIAX
WM TIPUBEAECHBI K OJJTHOM CTYIIEHU HAIPSKEHUS.

Haubosnpiiee uckakeHue BEKTOPHOM JIuarpaMMbl HampsOKEHHM Beerja IMOIydaeTcsl B
MeCTe KOPOTKOro 3amblkaHus. JIJis TOYeKk, pacHojOKEHHBIX OJIke K TIeHepaTropy, 3TO
UCKaXCHUE CTAHOBUTCSA BCE MEHbIIUM. IIOJHOCTBIO CHUMMETPHUYHON COXpaHsSETCs CHCTEMa
BEKTOPOB 3. [I. C.

WuTepecHo oTMeTHTD, YTO Oiarogapsi TpanchopMaTopy ¢ HEUEeTHOM IPYyMITOi COeANHEHHS

00MOTOK ofHO(a3HOE KOPOTKOE 3aMbIKaHHE Ha CTOPOHE 3BE3/Ibl T€HEPATOP BOCIIPUHUMAET Kak
IByX(a3zHoe KOPOTKOE 3aMbIKaHHE.
HaxoxJeHrne CHMMETPUYHBIX COCTaBIIAIOIIMX TOKOB M HANpsDKEHUHM MPU  TPOJOJIBHOU
HECUMMETpPHUHU, BOOOIE TOBOps, MOJHOCTBIO PELIAETCSI Ha OCHOBE COOTBETCTBYIOLIEH KOM-
KJIEKCHOM cxeMbl. [Ipu 3TOM cleayer mMeTh B BHAY HEKOTOPYIO OCOOCHHOCTH MPOJIOJIBHOM
HECUMMETPUH, 3aKIHYAIOIIYIOCS B TOM, YTO €CJIM HaNpsyKEHUs MPSAMOM MOCIEI0BATEIbHOCTH
0 KOHI[JAM HECUMMETPUYHOIO0 YYacTKa OTIMYAIOTCATOIBKO IO BEJIMYMHE, TO HaIPSIKEHUS
00paTHO# M HYJIEeBOH MOCIEA0BATETHHOCTEH OTIMYAIOTCS TAKXKE U 110 3HAKY.

HarnmsgnaelM = mpuMepoM  MOTYT — CIYKHTh  JMIOPbl  HANPSKEHUM OTJIETIbHBIX
MOCJIEIOBATEIbHOCTEH, IMOKa3aHHble HAa puc. 2. OHU TOCTpOEHBI ISl CXeMbl (puc. 2,a).
[TyHKTHpOM TIpOBEJICHA AITIOPAa HANIPSIKEHUH B HOPMAJIbHOM PEKUME JaHHOW CXEMBI.

B cxeme ¢ ogHOCTOpOHHMM mHTaHuWEM (puc. 2,a) mpu pa3pbiBe onHOU (a3wl (puc. 2,6)
HaIpsKEHUE NPSIMOM IOCJIEIOBATEIbHOCTH 32 MECTOM pPa3pblBa 3HAYMTENIBHO BBIIIE, YEM IIPU
paspeiBe AByX a3 (puc. 2,8). o mecta pa3psiBa, HAO0OPOT, B MOCIEIHEM CITydae HAMPSIKCHHE
HECKOJIBKO BBILIE.

Hampspkenust 00paTHOM U HYJIEBOHM TOCTIEI0BATEIHbHOCTEH IPH pa3pbiBe OJHON U ABYX (a3
110 3HaKy NMPOTUBONOJIOKHBL [1o Mepe ynaneHus .0T Mecta MpoJI0IbHONM HECUMMETPUH CTEIEHb
UCKQXEHUS] BEKTOPHOM JIuarpaMMbl HANpsDKEHUH  CHMDKAeTCs, TaK Kak BO3pacTaer
OTHOCHUTEJIBHOE YYaCTHE COCTABIISIOLIEH HAIPSKEHUS NPSIMOU MOCIEA0BATENbHOCTH JAXKE MPHU
yJaJIeHUU OT UCTOYHMKA MHUTaHUs, KaK 3TO BUJIHO M3 3MIop puc. 2 6 u 6. [IpaBaa, B mocieaHem
Cly4yae camMy BEJIMYMHBl HANPSDKEHWH MPSMON MOCIEAOBATENBHOCTH CYIIECTBEHHO MEHBIIE
(ocobeHHO mpH pa3pbIBe IBYX (a3z), 4eM Ipu HOPMAIBLHOM PeKHME.

Ecnu coxpansiercs npeamecTByromas 3, A. C. MCTOYHHMKA, TO HANPSIKEHUS NPSIMOM
MOCJIE0BATEIBHOCTH JI0 MECTA Pa3pblBa OKA3bIBAIOTCS, HAIIPOTHB, BBIIIE MTPEALIECTBYIOIINX.

142



P

-
e _/_f-’ra
Al, TN
£ | ., \
Il !

A
: ' q’ Uz ‘\‘_
Tz

/ 8
% % )
Puc. 2. Dnropsl HanpsH>KEHUH OTAEIBHBIX MOCIIEI0BATEILHOCTEN.

a — WCXOJIHAsI CXeMa; O — JMIOphl TPH Pa3pbiBe OAHOU (ha3bl IMHUU; 6 — DIIOPBI IPU
paspbiBe ABYX (ha3 JIMHUH.

Ilpumep

s cxembl puc. 3,a IOCTPOUTH BEKTOPHBIE IUAarpaMMbl TOKOB B 00€UX HENSAX JUHUU MpU
paspeiBe mpoBoxa (a3el A nenu. [lpenmectByromue ¢a3Hble TOKM KKAOH IENU JTHHUU
coctasisitoT 305 a.

I'eneparop 1”250 Mesa, 13,8 ke, x, =0,29; x,=0,36.

Tpanchopmarop 7' 240 Msa, 248/13,8 ke, u,, =14%; Yo/A-11.

Astotpancdopmarop AT200 Mea, 209/121/11 k6, 1y =9%; uy, = 35%; uy, =20%; Yo/A-
11.

Jvans JI 175 km; x, =0,41 om/km opgHol nenu; x,=3,5x, oxHoW uenu; .x, ,, =0,82
OM/KM.

Cucrema C — MCTOYHHUK GECKOHEUHON MOIIHOCTH (X, = x, =X, ) ¢ HanpsbkeHneM 110 xe.

. Pemenne mpoBenem mo mpUHUOUIY HaylokeHUs. KoMIIekcHas cxema 3aMelieHHs IS
COOCTBEHHO aBapUIHOTO pEeXHMMa 3aJaHHOW CXEMBI MpeJcTaBieHa Ha puc. 3,0. PeaktuBHOCTH

BCEX €€ JJIEMEHTOB BBIPAXKEHBI B OMax M IIPUBEIEHBI K CTYIICHU HAIPSOKCHUS, HA KOTOPOU

HUMECTCA JINHUA.
Pe3yan1/1py101uI/Ie PCAKTUBHOCTHU CXCM OTHACIIBHBIX HOCJIG,Z[OBaTeJILHOCTefI COCTaBJIAIOT:
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x,s = 117,8 om; x,,, = 119,8 om; x,(,= 177,3 om.
PesynpTupyromas peakTUBHOCTb KOMIUIEKCHOM CXEMbl OTHOCHTEIBHO HCTOYHUKA TOKa
Oyner:
x, =117,8//119,8//177,3 = 44,5 om.

CoOcTBeHHO aBapuifHas COCTABIAIONIAs TOKAa MPSAMOM TOCIIENOBATEILHOCTH B MECTE
paspbiBa

445
I, =-305——=-115a;
abtA 117.8

COCTABJISIFONIME TOKOB 0OpaTHOM M HYJIEBOM MOCIE0BATEIHPHOCTEH B MECTE pa3phiBa

44. 44,
1, :_305—5= -113a; 1), =_305—5= =77 a.
119.3 177.3

Pacnpenenenue 3TuX TOKOB B CX€MaX COOTBETCTBYIOIIUX ITOCIIEN0BATEIBHOCTEN IOKA3aHO
Ha puc. 15-13,6.

[lo HalinieHHBIM COCTaBISIOIIMM TOKOB Ha pHC. 3,B MOCTPOEHBI TPEOYyEMbIE BEKTOPHBIE
JarpaMMbl TOKOB; TIPH 3TOM YCJIIOBHO IIPUHATO, YTO MPEIIECTBYIOLUIMMA TOK COBMAIAET 10 (aze
C COOCTBEHHO aBapUITHON COCTABISAIOUICH TOKA MPSIMOIl OCIET0BATEILHOCTH.

é
805 AT

‘= -t
e 35T 4,71 - 115 756
&) {FE—

Puc. 3. a—ucxonnas cxema: 6 — KOMIUIEKCHAsI CXeMa 3aMeIleHUsT Il COOCTBEHHO
aBapUIHOTO peXrMa (C MCTOYHUKOM TOKa B MECTE pa3pbhiBa (pa3bl); B — BEKTOPHBIE
JarpaMMbl TOKOB B IIETISIX JIMHUU-
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23 MeToabl pacyeTa TOKOB KOPOTKOI'0 3aMbIKAHHS B 3JIEKTPOYCTAHOBKAX MEPEeMEHHOI0
TOKA HanpsxeHuem 10 1 kB

Pacuer ToxkoB K3 B 3J€eKTpOyCTaHOBKAX MEPEMEHHOTO TOKa HampsokeHueM 10 1 kB,
HEoOX0aUM Ui BBIOOpa M MPOBEPKH DJIEKTpooOopyaoBaHus mo ycnoBusiM K3, s BeiOopa
KOMMYTAIlMOHHBIX allllapaToB, YCTABOK PEJICMHOMN 3aIUThI U 3a3EMJISIOIINX YCTPOMCTB.

Pacuery st BeIOOpa 1 POBEPKHU AIIEKTpooOOpyI0BaHus M0 yciaoBusiM K3 moexar:

1) HavanbHOE 3HAYCHHE MIEPUOINICCKOM COCTaBIIsIONICH Toka K3;

2) anepuoanueckas cocrasistomas Toka K3;

3) ynapnsrii Tok K3;

4) nelcTByIOlleE 3HAYEHUE MEPUOIUYECKOM cocTapiisitome Toka K3 B mpou3BOIbHBII
MOMEHT BPEMEHH, BIJIOTH IO PACUETHOTO BPEMEHU Pa3MbIKaHUsI TOBPEKICHHON LEITH.

[Ipu pacuerax TokoB K3 B anexkrpoycranoBkax 10 | kB He00X0AMMO yUUTHIBATh:

1) MHAYKTUBHBIE COMPOTUBIEHHUS BCEX A3JIEMEHTOB KOPOTKO3aMKHYTOW LIEMH, BKJIOYas
CHJIOBBIE TpaHC(POPMATOPHI, TPOBOJHUKH, TPAaHCHOPMATOPHI TOKA, PEAKTOPHI, TOKOBBIE KATYIIIKU
ABTOMATUYECKUX BBIKJIIOUATENEH;

2) akTUBHBIE COIIPOTUBIIEHUS 3JIEMEHTOB KOPOTKO3aMKHYTOM ENH;

3) aKTUBHBIE COMPOTHUBIICHUS PA3IMUYHBIX KOHTAKTOB U KOHTAKTHBIX COCIMHEHHIA;

4) 3HaueHUs apaMeTPOB CUHXPOHHBIX U ACUHXPOHHBIX AIEKTPOABUTaTENIEH.

[Ipu pacuerax TokoB K3 pekoMeHayeTcsi y4uTHIBATh:

1) conporuBnenue 3nekTpuueckoi 1yru B Mecre K3;

2) u3MEHEHHE aKTUBHOTO COIMPOTUBJICHHUS MPOBOAHUKOB KOPOTKO3AMKHYTOM IENH
BCIIEJICTBUE UX Harpesa npu K3;

3) BIMsAHHUE KOMIUIEKCHON HArpy3kH (3JIEKTPOABHUraTeNd, Mpeodpa3oBaTesid, TEPMUUECKIE
YCTaHOBKHM, JaMIlbl HakajguBaHus) Ha ToK K3, ecim HOMHHAIBHBIM TOK 3JIEKTpOABHUraTelIeH
Harpy3ku npessimaer 1,0 % HayanbHOro 3Ha4EHUs NEPUOJUYECKOM cocTaBisitoniel Toka K3,
paccurTaHHOro 0€3 yuera Harpy3Ku.

[Ipu pacuerax TokoB K3 momyckaercs:

1) MakcuMaJIbHO yIpoIIaTh U 3KBUBAJEHTUPOBATh BCIO BHEUIHIOIO CETh 10 OTHOLIEHUIO K
mecty K3 U mHAMBUAYaNnbHO YYUTHIBATH TOJBKO ABTOHOMHBIE MCTOYHHKHU AJIEKTPOIHEPTUU U
AJIEKTPOJIBUraTeNN, HEMOCPEACTBEHHO NpUMBIKatoliue k mecty K3;

2) HEe YYUTHIBATh TOK HAMarHUYUBAaHUS TPAaHCPOPMATOPOB;

3) HE yUUTBHIBAaTh HACHIIICHUE MAarHUTHBIX CUCTEM 3JIEKTPUUECKUX MAIllUH;

4) mpuHUMaTh K03hduIMeHTs Tpanchopmaluu TpaHchopMaTOpoB paBHBIMH OTHOIIEHUIO
CPEIHUX HOMHHAJIbHBIX HANPSKEHUN TEX CTYNEHEH HANpSKEHHsI CeTed, KOTOPHIE CBS3bIBAIOT
Tpancopmatopsl. Ilpu »sSToM creayeT HCHOAB30BaTh CIEAYIONIYIO IIKAIy CpPeIHHUX
HOMUHAJBHBIX HanpsbkeHuit: 37; 24; 20; 15,75; 13,8; 10,5; 6,3; 3,15; 0,69; 0,525; 0,4; 0,23 kB;

5) He Yy4YuTHIBaTh BIUSHUSA ACHHXPOHHBIX DSJIEKTPOABUTATENCH, €CIU HX CyMMapHBIH
HOMMHAJIBHBIM TOK He npesbimaeT 1,0 % HavanbHOro 3Ha4Y€HUs NEPUOJUYECKON COCTABIISAIOIIEN
Toka B Mecte K3, paccuntanHoro 6e3 yuera 3JIeKTpOBUTATENCH.

Toxu K3 B anexTpoycraHOBKax HampspkeHHEM 10 | kB pexkoMeHayeTcsi pacCunThIBaTh B
MMEHOBAHHBIX €TMHUIIAX.

[Ipn cocraBieHMM SKBUBAJIEHTHBIX CXEM 3aMELIEHUS MapaMETphbl AJIEMEHTOB HCXOIHOU
pacueTHOW CXeMbI ClielyeT NPUBOAUTH K CTYIEHH HaNpsHKEHUS CEeTH, HA KOTOPOM HaxXoAuTcs
Touka K3, a akTHBHBIE M MHAYKTUBHBIE COIIPOTHUBIIEHUS BCEX DJIEMEHTOB CXEMBbl 3aMEILEHUs
BbIpaXkaTb B MUJUITUOMAX.

[Ipu pacuere TokoB K3 B 371€KTpOycTaHOBKAxX, MOJY4YaAIOUIMX MUTAHUE HENOCPEICTBEHHO
OT CETH DHEProCHUCTEMBbI, JOIMYCKAeTCsl CUMUTaTh, YTO MOHIDKAIOIIKME TpaHcPOpMaTOph
HOJKJIIOUEHBl K MCTOYHUKY HEM3MEHHOI'O IO aMIUINTYJE HaIpsDKEHUsI 4epe3 DKBHUBAJIEHTHOE
WHAYKTUBHOE COMNPOTHUBIICHWE CHUCTEMBl. 3HAUEHHWE STOr0 COMPOTUBIEHUS (X;) B MUIUIMOMAX,
NPUBEJCHHOE K CTYNEHH HU3IIETO HAPSHKEHUSI CeTH, PACCUUTHIBAIOT IO (hopMyIie
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ﬁ]K.BH Ucp.BH S K ( 1)

el - CpeliHee HOMHMHAIBHOC HAIpPSDKEHHE CeTH, MOJAKIIOYCHHOH K OOMOTKE HH3LIEro

HaNpsHKeHUs TpaHcpopmaropa, B;

U, pn - CPeIHEE HOMHHATILHOE HATIPSDKCHUE CETH, K KOTOPOH MOJKII0YEHa 0OMOTKA BBICIIETO

HaNpsHKeHUs TpaHcpopmaropa, B;

I 5y =1, gy - ACUCTBYyIOIEE 3HAUEHUE NEPUOAMYECKON COCTaBIAIOLIEH TOKa MPU TpeX(pa3HOM

K3 y BBIBOIOB OOMOTKH BBICHIETO HANpPSKEHUS TpaHCPOpMATOpa, KA;
Sk - YCIIOBHAasi MOITHOCTH KOPOTKOTO 3aMBIKaHHS Yy BBIBOJOB OOMOTKH BBICIIETO HAIPSIKCHUS
TpaHncpopmaropa, MB-A.
IIpu oTcyTcTBUM yKa3aHHBIX MJAHHBIX SKBUBAJIEHTHOE WHIYKTUBHOE COIPOTHUBIICHUE
CHCTEMbI B MHJUTHOMAX JIOITYCKAeTCsl PaCCUNUTHIBATH MO (opMyIe
UZ

cp.HH
X, = ,

c
ﬁIOTKH.HOM Ucp.BH

)

rac 1 HOMHUHAJIBHBIM TOK OTKJIFOUCHHS BBIKJIIOYATEIA, YCTAHOBJICHHOI'O Ha CTOPOHE

OTKJI.LHOM
BBICIIIETO HANPSHKEHUSI TOHMIKAIOIIET0 TpaHchopMaTopa IeMH.

IIpu pacuere TOkOB K3 B 2/IEKTpOyCTaHOBKAax € aBTOHOMHBIMH HCTOYHHKaAMU
JJEKTPOIHEPTHUH HEOOXOAMMO YUUTHIBATh 3HAUECHUS MMapaMETPOB BCEX IJIEMEHTOB aBTOHOMHOM
AIIEKTPUYECKOW CHUCTEMBI, BKJIIOYas aBTOHOMHBIE MCTOYHHMKM (CHHXPOHHBIE TI'€HEPATOPHI),
pacnpeenuTeNbHYIO CETh U MOTPEOUTENH.

23.1 Pacuer conpoTuBJIeHUIT Pa3JIMYHbIX 3JIEMEHTOB 3JIEKTPOYCTAHOBKH

23.1.1 AKTHBHOE U MHAYKTHBHOE CONPOTHUBJIEHUS] CUJIOBBIX TPaHC(HOPMATOPOB

AKTUBHOE M WHAYKTHBHOE COMPOTUBIICHUS MPSMON MOCIIEIOBATEIBHOCTH MOHIKAIOIINX
TpaHc(opmMaTopoB (7r, X;) B MIIHOMAax, IPUBEICHHBIE K CTYNEHN HU3LIETO HANPSIKEHUS CETH,
paccYMTHIBAIOT 10 (popmynam:

2
y = PKAHOMUHHAHOM 106
T S2 )
T.HOM (3)
2
x = u2 _ 1OOPKHOM X UHH.HOM 104
T K S S ’
T.HOM T.HOM (4)
rae S, ., - HOMHHaJIbHas MOLIHOCTb TpaHchopmaropa, KB-A;
P -1oTepu KOPOTKOro 3aMbIKaHuUs B TpaHc(opmarope, kBT;

Ui oy - HOMAHQJIBHOE HaNpshKEHHE 0OMOTKH HU3IIEr0 HApsDKEHUs TpaHchopmaTopa, kB;
Uy - HaTIPSHDKEHUE KOPOTKOTO 3aMbIKaHus TpaHchopmaropa, %o.

AKTUBHBIC U WHIYKTUBHBIC COMPOTHUBIICHHUS HYJIEBOH MOCIEIOBATEIPHOCTH TOHIKAOIINX
TpaHc(hopMaTopoB, OOMOTKH KOTOPBIX COEIUHEHBI Mo cxeme A/Y, mpu pacuere K3 B cetn
HU3IIETO HAMpPSDKEHHsI CIEAyeT TNPUHUMATh pPaBHBIMH COOTBETCTBEHHO aKTUBHBIM H
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WHJYKTUBHBIM CONPOTUBIICHUSIM TpsiMOMl  mocienoBaTenbHocTH. [lpu  apyrux — cxemax
COEIMHEHUS] 0OMOTOK TpaHC(HOPMATOPOB AKTHUBHBIE M MHYKTHUBHBIE CONPOTHUBICHUS HYJIEBON
MOCIIEA0BATEIHFHOCTH HEOOXOAMMO IPUHUMATH B COOTBETCTBUH C YKA3aHUSIMH U3TOTOBHUTEIICH.

23.1.2 AKTHBHOE 1 HHIAYKTHBHOE CONPOTHBJICHUS] PEAKTOPOB

AKTHBHOE COIIPOTUBJICHUE TOKOOI'PAHMYUBAKOIINUX PCAKTOPOB (rlp = Ip = I"Op) B
MUJIJIMOMAX paCCYUTHIBAIOT 11O (I)OpMy.He
P APKAHOM 103
Ip — I >
p.HOM (5)

rie APy uou - TOTEPH aKTHBHOM MOLIHOCTH B (ha3ze peakTropa IpH HOMHUHAIBHOM TOKeE, BT;
I, o - HOMUHAJIBHBIN TOK PEaKTopa, A.

WH1yKTHBHOE CONPOTHBIEHHUE PEAKTOPOB (X1p = X2p = Xop) B MHJUIMOMAX NMPHUHUMAIOT KaK
YKa3aHO M3TOTOBUTEIIEM MJIM PACCUUTHIBAIOT 1O (OpMyIie

x, = o(L—M)-10, ©

IJie O - YIII0Bas 4acTOTa HANPSDKEHUS CETH, pajl/c;
L - "HIYKTUBHOCTH KaTYIIKU Tpexda3zHoro peakropa, [ 'H;
M - B3auMHast UHAYKTUBHOCTh MeX 1y (a3amu peakropa, ['H.

23.1.3 AKTHBHOE U MHAYKTHBHOE CONPOTHBJICHUS IIIMHONPOBO/10B

IIpu ompeneneHuM aKTUBHOTO W WHIYKTUBHOI'O COIPOTHUBIICHHM NPSIMOM MU HYJIEBOU
IIOCIIE0BATENBHOCTEN IIMHOIIPOBOJOB CIIEJYET HCIOJIB30BATh JAHHBIE 3aBOAA M3TOTOBUTEN,
DKCIIEPUMEHTA UJIU IIPUMEHSATH PACUETHBIA METO/.

23.1.4 AKTHBHOe 1 HHAYKTHBHOE CONPOTHBJICHUE KaldeJieil

3HaveHHsT TapaMeTpoB MpsiMON (0OpaTHOM) W HYJIEBOM IOCIIEIOBATEIHLHOCTH KaleseH,
IPUMEHSEMBIX B AJIEKTPOYCTaHOBKax /10 1 kB, npuHMMalOT, Kak yKa3aHO H3TOTOBUTEIIEM.

IIpy omnpeneneHun MUHUMaNIbHOTO 3HaueHUs Toka K3 pexkoMeHayeTcss y4HMThIBaTh
YBCIUYCHUC AKTHBHOTO COIPOTUBJICHHUA Ka6en;1 K MOMCHTY OTKJIIOYCHUSA ILCIIKU BCJICIACTBHUC
HarpeBaHusi kabens TokoMm K3. 3HaueHHe aKTUBHOTO CONMpPOTUBIIEHHS KaOeias B MUJUIMOMAax C

ydeToM Harpesa ero TokoM K3 (7, ) paccuutsiBator 1o opmyie

Yy =Cyly 7

rae ¢, - KOd(QQUIHMEHT, yYUTHIBAIONIMI yBeIUYEeHNE aKTUBHOIO CONpPOTHBIEHMs Kabens. Ilpu
NpHONMKEHHBIX pacyeTax 3HadeHHe KOd(OHIHUEHTa ¢, JIOIyCKaeTcs NMPUHMMATh PaBHBIM 1,5.
Ilpn yrouHeHHBIX pacyeTax Kod(Q(HULUEHT c, CIeIyeT OIpeAeNsiTh B 3aBUCUMOCTH OT
MaTepuaga W ceueHus kWi kabens, Toka K3 u mpoaommKUTENbHOCTH K3;r90 - aKTHUBHOE

CONPOTUBIIEHHE Kabems mpu Temneparype 4, , pasHoii mitoc 20 °C, MOm.
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23.1.5 AKTHBHOE 1 HHAYKTHBHOE CONPOTHUBJICHUS BO3YIIHBIX JUHUH ¥ IPOBOJI0B

PacueTHOe CONPOTHUBIIEHHE POBOI0OB

AKTHUBHOE COTIPOTHBIICHHE TIPSIMOU TOCIIEIOBATEILHOCTH OJHOW (ha3bl MPOBOJHHKA (') B
MIITHOMaX PaCcCUUTHIBAIOT 1O (hopmyIie
[
r= chcKmpgmpM —-107°,
s
rae cg - KOIPPUIMEHT, YUYUTHIBAIOIIUNA YBEIUYCHHE COMPOTHBICHUS C TOBBIIICHUEM
TEMIIEPATYPHI;
K. = 1,02 - xoaddunueHT, yduThIBAIOMNNA YBEIUUYEHUE COMPOTUBIICHUS MHOTOIPOBOJOYHBIX
KHJI TIPOBOJIOB U Kabenel BeieACcTBUE CKPYTKH. /111 0THOIIPOBOIOYHBIX MTPoBOI0B K = 1,0;
Ky - kosgpguyuenm mnoBepxHocTHOro 3ddexra mpu mnepemMeHHOM Toke. g MemaHbslx u
QATFOMUHHUEBBIX TPOBOIOB KOI(PPUITMEHT MPUHUMAIOT PABHBIM SIUHUIIE;

S yaenbHoe conpomusnenue tipoona npu 3 = 20 °C. JIns MeIHBIX TTPOBOJIOB P

0,0178 OM'MMZ/M, JUIS. aJlFOMUHHUEBBIX MPOBOJIOB Py 0,02994 OM'MMZ/M;S - CCUCHHE

TPOBOJHKKA, MM’;/ - JUTHHA POBOIHUKA, M
NHayKTHBHOE COMPOTUBIICHUE TMPSMON IMOCIEI0BATEIBLHOCTH (X) OAHOM (ha3pl MpoBOJa
KPYTJIOTO CEUYEHUS] B MIJJIMOMAaX Ha METP PaCCUUTHIBAIOT 1O (popmyiie

a
x=0,1451g—,
gR

ol

TZIE & - PaCCTOSIHUE MEXy TPOBOJHUKAMH, M;
R, - pannyc IpOBOJHUKA, M.

Ecnu ¢a3Hblii ¥ HyneBOW NMPOBOAHUKM BBIIOJIHEHBI M3 KPYIJIBIX MPOBOJOB OJMHAKOBOTO
Ce4yeHHs U MPOJIOKEHBI TApAIIEIbHO, TO HHIYKTHBHOE COIPOTHUBIECHUE LienH (a3a - Hylb (X¢-u)
B MIJUIMOMAaxX Ha METP PacCUUTHIBAIOT 1O (opMmyIie

Xy = 0,29 1gRi.
n
[Tpu npsimoyronpHON (hopMe cedeHus] HyJIeBOrO MMPOBOJIHNKA COMPOTUBIICHHE IeNH (a3a -
HYJIb OTPEAEIISIOT 110 CEYeHHUIO (Pa3HOTO MPOBOIHUKA.
AKTUBHOE W WHAYKTUBHOE COIPOTHBIICHHUS HYJIEBOW MOCIIEIOBATEIBHOCTH BO3IYIITHBIX
JIMHUH, UMEIOIUX HYJIEBOW MPOBOJ C IIOBTOPHBIM 3a3€MJICHUEM, 3aBUCAT OT YHCIIA 3a3€MJICHUN
1 K03 PuImeHTa Ce30HHOCTH.

23.1.6 AKTHBHBIE CONPOTUBJIEHHSI KOHTAKTOB U KOHTAKTHBIX COeIMHEHHNH

[TepexomHoe CONMPOTHBICHHE DIEKTPUYECKHX KOHTAKTOB JIIOOOTO BHJAA CIEAyeT
OTIpENIeTISITh Ha OCHOBAaHWM JIAaHHBIX OJKCIIEPUMEHTOB WM C HCIIOJIH30BAHUEM PAaCUETHBIX
metoauk. [Ipu nmpuOIMKEeHHOM ydeTe CONPOTHUBICHUM KOHTAKTOB MpUHUMAIOT: 7 = 0,1 MOMm -
JUTSl KOHTAKTHBIX coeMHeHn kaoeneid; 7, = 0,01 MOwm - mis muHOonpoBoAoB; 7 = 1,0 MOM - muist
KOMMYTAIlMOHHBIX aIllapaToB.

23.1.7 AKTHBHBIE U HHAYKTUBHbIE CONPOTUBJIECHUS TPAaHCHOPMATOPOB TOKA
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[Ipu pacuere ToxoB K3 B anekTpoycTaHOBKax HampspbkeHHeM a0 1 kB cienyer yuutbiBaTh
KaK UHAYKTUBHBIE, TAK U aKTUBHbIE COMIPOTHUBIICHUS MEPBUYHBIX OOMOTOK BCEX MHOTOBHUTKOBBIX
U3MEPUTENBHBIX TPaHC(HOPMATOPOB TOKA, KOTOphIe UMetoTcs B 1enu K3. 3HaueHus akTUBHBIX U
WHAYKTUBHBIX  CONPOTHUBIEHUN HYJIEBOM MOCIEAOBATEIbHOCTH MPUHUMAIOT PaBHBIMU
3HAYEHUSM CONPOTUBICHUN TMPSIMOM MOCIENOBATEIbHOCTH. AKTHUBHBIM M HMHJIYKTHBHBIM
COTIPOTUBIIEHHEM OJHOBUTKOBBIX TpaHchopmatopoB (Ha Toku Oosee 500 A) mpu pacyerax
TokoB K3 M0OXHO TpeHeOpeyb.

23.1.8 AKTHBHBIC M HHAYKTHBHbIC CONPOTHUBJICHUS] KATYIIEK ABTOMATHYeCKHX
BBIKJII0OYaTe el

Pacuers! TokoB K3 B anekTpoycraHoBKax HanpsbkeHueM 1o 1 kB cienyer Bectu ¢ yuetom
UHIYKTUBHBIX U AKTUBHBIX CONPOTUBJIECHUH KaTylleK (pacuenuTeneil) MakCUMajJbHOIO TOKa
ABTOMATUYECKUX  BBIKJIIOUYATENEH, TMpUHUMAas 3HA4YEHUS AKTUBHBIX U  HMHJIYKTHUBHBIX
COIIPOTHUBIIEHUH HYJIEBOM MOCIEA0BATENbHOCTH PAaBHBIMU COOTBETCTBYIOLIUM CONPOTHUBICHUAM
IPSIMOM NIOCIEA0BATEIBHOCTH.

23.1.9 ITapameTpbl ABTOHOMHBIX HCTOYHHKOB 3J1eKTPOIHEPrul U CHHXPOHHBIX
3JIEKTpOABHUIraTes e

[Ipu pacyere HayaIbHOTO 3HAYEHMSI IEPUOINYECKON cocTaBisAomel Toka K3 aBToHOMHBIE
VCTOYHUKH, A TAKXKE CHUHXPOHHBIE JJICKTPOABUIATENM CIEAYET YYUTBIBATH CBEPXIIEPEXOIAHBIM

CONPOTHUBIICHHEM O MPOAOIBHON OCH poTopa (X)), a MPU ONpeNeICHHN TOCTOSHHONW BPEMEHH

3aTyxaHHs anepuoJuecKoi coctapistonieid Toka K3 - MHAYKTUBHBIM CONPOTHBICHHEM JUIS

TOKOB OOpaTHOM IMOCIEN0BaTEIbHOCTH X2 M aKTUBHBIM CONPOTUBIIEHHEM OOMOTKH CTaTopa 7.
. " _ . T _ 2

[Tpu npuGnIMKEHHBIX pacuyeTax NPUHUMAIOT: X d(on) = 0,15;x, =x,;r=0,15x, .

HOM

23.1.10 ITapameTpbl aCHHXPOHHBIX JIEKTPOJABUTaTEIeH

[Ipn pacuerax HayaJbHOIrO 3HAYEHMsI NEPUOAMUYECKOHN cocTaBistonmie Toka K3 or
ACUHXPOHHBIX DJJIEKTPOJBUTATENEH TMOCIEIHHE ClIeAyeT BBOJUTH B CXEMYy 3aMelleHus
CBEPXIEPEXOJHBIM HWHAYKTHBHBIM CONpPOTHBICHHEM. llpu HEOOXOIUMOCTH MpPOBEICHUS
YTOYHEHHBIX pPacyeTOB CJEeAYyeT TaKKe Y4YUTHIBaTh AaKTHBHOE CONpPOTHBIEHHE craTopa. llpu
NpUOJIMKEHHBIX pacueTax NPUHUMAIOT: CBEPXIEPEXOJHOE WHAYKTHBHOE CONPOTHUBIICHHE

ACUHXPOHHOI'O JIBUraTess x;;g(mf 0,18; akTMBHOE CONPOTHBIIEHHE CTATOpa ACMHXPOHHOIO

_ "
asurarens r,, =0.36x;, .

23.1.11 PacyeTHble mapaMeTpbl KOMILIEKCHBIX HATPY30K

[Ipu pacuere TokoB K3 OT KOMILJIEKCHBIX HArpy3o0K CJIEAyeT YYWUTHIBATh UX MapameTpbl
npsiMO#i, 00paTHON W  HYJIEBOM TMoOcieaoBaTelbHOCTEH. PexomeHayemble  3HAUYCHUS
COMPOTHUBIIEHUH TIpsiMoii (Z;) U oOpaTHO# (Z;) MOCIENOBATEILHOCTEH OTACIBHBIX JJIEMEHTOB
KOMILJIEKCHOM HAarpy3Ku MPUBEICHbI B Ta0I. 1.

Tabauua 1

ITapaMeTpbI 3JIEMEHTOB KOMILJIEKCHOI HATPY3KH
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[TorpeOuTenu komriekcHoit  |O603HaYeHUs Cos 3HAYCHNA CONPOTMBIICHHH, OTH. E1L.
Harpy3Ku Ha cXeMax Prow % %

ACHHXPOHHBIE 3JEKTPOIBUTATETN AJl 0,8 0,07+, 0,18 0,07+ 0,18
CUHXPOHHBIE JIEKTPOABUTATEN Ca 0,9 0,03+, 0,16 0,03+, 0,16
JlaM1bl HaKaTMBaHUSA JIH 1,0 1,0 1,33
["a3opa3psiiHble HCTOUHUKU CBETA JIT 0,85 0,86 +; 0,53 0,38+, 0,24
[IpeoOpazoBarenu 11 0,9 0,9+, 0,44 1,66 +; 0,81
DIJIEKTPOTEPMUYECKUE YCTAHOBKHU 6)% 0,9 1+;0,49 0,4+;0,2

B npubnmxeHHBIX pacueTax IS y3J0B, coaepxkaniux 10 70 % acCHHXpOHHBIX JBUTATENCH,
JIOIyCKAEeTCsl 3HAYCHUs] MOAYJIEH IOJIHBIX COIIPOTHUBIICHUM KOMIUJIEKCHOM Harpy3Ku IPUHUMATh
paBubMu Z, . =2, =0,4,Z,,, =3,0..

23.1.12 AxkTuBHOe conpoTuBJeHue 1yru B mecte K3

[Ipu onpeneneHn MUHMMAIBLHOTO 3HaUeHUs Toka K3 cienyer yuuThIBaTh BIAMSHUE HA TOK
K3 akTUBHOTO CONPOTUBICHHUS JIEKTPUUECKOM a1yru B Mecte K3.
[TpuGnuxeHHble 3HaYSHNSI aKTUBHOTO CONIPOTHUBIICHHSI TyT'H IPUBEIEHBI B Ta0II. 2.

Tabauua 2

3HaueHHsA AKTHBHOI'O CONMPOTUBJICHUSA AYI'U

AKTHBHOE CONPOTUBIIEHUE yTH (77), MOM, nipu
Pacuernbie ycnosus K3 K3 3a tpanchopmaTopamMu MOIITHOCTBIO, KB-A
250 400 630 | 1000 | 1600 | 2500

K3 BOIM3H BBEIBOJIOB HU3IIETO

HaNpsDKEHUs TpaHchopmaropa:
- B pazjienke kabenei HanpsHKeHUEeM:
0,4 xB 15 10 7 5 4 3
0,525 xB 14 8 6 4,5 3,5 2,5
0,69 kB 12 7 5 4 3 2
- B mmHompoBoge Ttuna [IIMA

HaANPSOKEHUEM:
0,4 xB - - - 6 4 3
0,525 xB - - - 5 3,5 2,5
0,69 kB - - - 4 3 2
K3 B koHue mmuomposoaa tuma [IIMA

mnaoit 100 - 150 m
HaNPSOKEHUEM:
0,4 xB - - - 6-8 5-7 4-6
0,525 kB - - - 5-7 4-6 3-5
0,69 kB - - - 4-6 3-5 2-4

23.2 PacueTr HAa4YaJILHOI0 3HAYEHUS NEPUOANYECKOH COCTABJIAIOIIEH TOKA TPexX(a3HOro K3

[Ipu >1eKTPOCHAOKEHNUN AJIEKTPOYCTAHOBKM OT 3HEPrOCHUCTEMBI 4Yepe3 IMOHIMKAIOIINN
TpancopMaTop HaudaldbHOE JCHCTBYIONEE 3HAYEHHE MEPUOJUYCCKOM  COCTABIISIONICH
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tpexdaznoro Toka K3 (I,) B Kuioammepax 0e3 ydera MOANUTKHA OT DIIEKTPOABHraTese
PacCUYMTHIBAIOT IO hopmyiie

U

IHO — cp.HH ,
\/5\/ ”122 + x122 (8)

rae Upnn - CpeiHee HOMHMHAIBHOE HAIPSIKEHME CETH, B KOTOPOW IPOM30ILUIO KOPOTKOE
3aMbIKaHue, B;

his X
12 71X - COOTBETCTBEHHO CYMMapHO€ aKTMBHOE€ U CYMMAapHOE€ MHIYKTUBHOE COIPOTUBIICHUS
npsiMoid mociienoBarenbHOCTH e K3, MOM. OTH CONTPOTUBIICHUS PaBHBI:

’”12 =rT+7/iJ+rTA+I/;(B+rm+I/;(+I/iK6+rBH+rH
I/lez =)CC+XT+xp+xTA+XKB+Xm+x1K6 +)CBH,

Ie 7y U X; - AKTUBHOE€ M MHIYKTUBHOE COIPOTHBIIEHHUS MpPSIMOH IOCIEI0BaTEIbHOCTH
HnoHMXkaromero Tpanchopmartopa, MOwMm;
rrA M XTa - AKTUBHOE W HWHAYKTMBHOE CONPOTHUBIEHHSI MEPBUYHBIX OOMOTOK
TpanchopmMaTopoB Toka, MOM;
Xc - SKBUBAJICHTHOE MHIYKTUBHOE COMNPOTHUBIEHHE CUCTEMBI JI0 MOHMKAIOIIETO
Tpanchopmaropa, MOM, MPUBEAECHHOE K CTYNICHH HU3ILIETO HAPSIKECHHUS;
7, - AKTUBHOE M UHYKTUBHOE CONPOTHBIICHUS PEAKTOPOB, MOM;
Vs U Xy - AKTUBHOE U MHAYKTUBHOE CONPOTHUBIIEHUSI TOKOBBIX KaTYIIEK aBTOMaTH4YECKUX
BRIKITIOUaTeneit, MOMm;
P Y Xy - AKTUBHOE U MHAYKTUBHOE COIIPOTUBIIEHMS IIMHONPOBO10B, MOM;
7« - CYMMapHO€ aKTUBHOE COIIPOTHBIJIEHUE PA3IMUHBIX KOHTAKTOB, MOM;
¥1x65 V'sn Y1 X1x6, Xpn - AKTUBHBIE M MHIYKTUBHBIE COIIPOTUBIIEHUS IIPSIMOM MOCIEA0BATEIBHOCTH
KaOeNbHBIX W BO3AYITHBIX TUHUN, MOM;
7y - aKTUBHOE CONPOTHBIIEHUE AyTH B MecTe K3, MOM,

Ecnu snekTpocHabXeHue 3JIeKTPOYCTAHOBKU OCYILIECTBIISIETCSI OT 3HEPrOCUCTEMBI Yepes3
NOHMXAIIUI TpaHchopmarop u BOMM3KM mecta K3 HMMEIOTCS CHHXpPOHHBIE M aCHHXPOHHBIE
JIEKTPOJBUTaTeNIM MM KOMIUIEKCHAs Harpy3ka, TO HadajgbHOE JIEHCTBYIOIIEE 3HAUYEHHE
NEPUOANYECKON cocTaBismomeld Toka K3 ¢ yd4eToM MNOANMTKM OT 3JIEKTPOJABHMraTeNned Win
KOMIUIEKCHOW Harpy3ku cCleqyeT ONpeAeNsaTb KaKk CyMMY TOKOB OT 3HEPrOCUCTEMBI U OT
JIEKTPOJBUraTEIEH WM KOMIUIEKCHOM HATPY3KH.

HauvanbHoe neiicTByrolee 3HAYE€HHE MEPUOAMYECKOM cocTaBisitomeid Toka K3 ot
CHUHXPOHHBIX IeKTpoaBHUrareneit (Jyoc) B KWIOAMIEpax pacCUUTHIBAIOT O (opmylie

EdJC)l

" 2 >
\/(xd +X5) +(”cz[ +7”12)2

1

noCJ] =

)

£
rae 1 - cBepxmepexoanas DJIC CHHXPOHHOTO 3J1eKTpoaBuratelns (pasHoe 3HaueHue), B;

K
¢ W rcg - COOTBETCTBEHHO CBEPXIEPEXOJHOE HHIYKTMBHOE M AKTHUBHOE CONPOTHUBIICHHUS
anekTpoaBurareis, MOm;

r X .

2 p 71X - cyMMapHOE€ HMHIYKTHBHOE M CYMMapHOE AaKTHBHOE CONPOTHUBIICHHUS MPSIMOM
M0CJIeI0BATEIbHOCTH II€TTH, BKIIIOYCHHOM MEKIY 3JIEKTPOIBUTATEIIEM M TOYKOU
K3, MOwm.

JIsi CMHHXPOHHBIX dJIeKTpoaBHUraresne, koropsie 10 K3 paboTtanm ¢ mepeBo30yxaeHHEM,

E
ceepxnepexonuyto DJIC (1) B BoJbTaxX pacCUUTHIBAIOT IO GOpMyIIe
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Eyen = Uy + o, sin @07 + (1, cos o |0]), (10)

rie Y - asHoe HampsKeHMe Ha BHIBOJAX JIEKTPOABHTATENS B MOMEHT, MPEIIIECTBYIOMIMIL
K3, B;

Ly

¢|0)

TOK CTaTOpa B MOMEHT, nipeAmecTByomuii K3, A;

- yrous casura (a3 HalpspKeHUsl M TOKa B MOMEHT, npefmectBytonmii K3, rpan,
9IL.;

X .
d - CBEpXIIEPEXOJIHOE COMPOTHUBJICHHE IO MPOJOJBHOW OCH CHUHXPOHHOTO

3NEKTpoABUTaTENS, MOM.

JInsi CHHXPOHHBIX JJIEKTpoJBHUratenei, paboraBmmx 10 K3 ¢ HenoBo3OyxIeHHEM,

E
ceepxnepexoauyro DJIC (T *C4) B BonbTax pacCYMTHIBAIOT IO (hopMyIie

Eypen = \/(UW - I‘O‘x; sin g|0])* + (I‘O‘x; cosp|0))’,

(11)

HauanbHoe nelicTByroliee 3HAUYE€HHE NEPUOJIMYECKON cocTaBisitonied Toka K3 ot
ACHUHXPOHHBIX JIeKTpoABHUraTenei (/yoa) B KMJI0OaMIIEpax pacCUUTHIBAIOT 110 (popmyiie

EdJ~AJI

0AJ] = " s
\/(xAﬂ +x12)2 +(ryy —i—rlz)2

1

I

(12)

.,
rae ~ A | raj - COOTBETCTBEHHO CBEPXIIEPEXOJHOE MHIYKTUBHOE M aKTHBHOE COIPOTHBIICHUS
aneKTpoaBurarens, MOM;

¢AL - cepxmepexonHas DJIC aCHHXPOHHOTO 3JIEKTPOABUTATENSI, KOTOPYIO
MOKHO pacc4MTaTh mo Gopmyiie

Eypn = \/(Uq)\o\ cos p[0]— Ly )+ (U yq sin /0| —I‘O‘XLH ).

(13)

B anextpoycTaHOBKax ¢ aBTOHOMHBIMH HMCTOYHHUKAMHU DSJIEKTPOIHEPTUU HaAvaJIbHOE
JIEHCTBYIOIIEEe 3HAYEHUE TMEPUOAMYECKON cocTaBisitonied Toka K3 0e3 ydera MOANUTKH OT
anexTpoasurareneit (/;,) B KujioaMnepax pacCUYUTHIBAIOT 10 (hopmyiie

;oo B
o \/ﬁ,
hy +Xs (14)
I X,
rae ' m 1 - COOTBETCTBEHHO CYMMApHOE AaKTHBHOE M CYMMAapHOE€ HHIYKTUBHOE

conpotusneHus nenu K3, MOm. OTu conpoTUBIIEHNS PaBHBI:

Iy ZI"TA+7"KB+I’p+I’m+I"K+I’1K6+I" 5

Bl ?

Xy =Xy T Xpa T X +Xp T X, T X T Xano

rae ¢ - sxBuBanenTHas cepxnepexonnas DJIC (pa3noe 3HaueHue), B; 3nauenue sroit DJC
CJICAYCT paCCUUTBIBATDL TAK KC, KaK U IJII CHHXPOHHBIX BHCKTpO[[BI/IFaTeJIeﬁ (CM. II.
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23.2 PacueT anepuon4ecKoil cOCTABJISIIONIEH TOKA K3

Haubonpiiee HavanpHOE 3HAYCHHE amnepUOIUYECKON coctaBisitoneli Toka K3 (i) B
o0IIeM cirydae CUUTAIOT PAaBHBIM aMIUIUTYE MEPUOINISCKON COCTABIISIONIEH TOKA B HAYaIbHBIN
MomeHT K3

iy =+~21,. (15)
B pannanbHBIX ceTsX anepruoguYECcKyr0 COCTaBIAIONIYI0 Toka K3 B MpoU3BOJIbHBIN MOMEHT
BPEMEHH (i,) PACCUUTHIBAIOT 1O POpMyIIe
.. T,
Ly =lo® > (16)
rae t - Bpems, c;
T, - IOCTOsSIHHAsI BpEMEHHU 3aTyXaHHUs allepuoANdecKoi cocTasistonieit Toka K3 ¢, paBHas
Xy

T, = ,
@, rs

(17)

re = u 't - pPe3yABTUPYIOIINE UHAYKTUBHOE U aKTUBHOE conpoTuBiaeHus uenu K3, MOwm;
. - CHHXPOHHAsI YTJI0Basi 4aCTOTa HANIPSDKEHUS CETH, pajl/c.
Ecnu Ttouka K3 nmenut pacueTHyro cXemMy Ha paJualibHble, HE3aBUCHUMBbIEC JPYr OT JApyra
BETBH, TO alEpUOJIMYECKYI0 COCTaBIAOMYI0 Toka K3 B NpOU3BOJIBHBIH MOMEHT BpEMEHHU
CJIeTyeT ONpEAEATh Kak CYMMY arepruoJU4YeCKIX COCTaBISIOUIMX TOKOB OTJENbHBIX BETBEU MO

bopmyne
m
. z . —t/T,;
lat - laOie ’
i=1

rae m - YUCJIO HE3aBUCHUMBbIX BeTBef/'I CXEMBbI,
Ia0; - HAYAJIbHOE 3HAYEHHUE aNepHOIMUEeCKOM cocTaBisitoiiei Toka K3 B i-if BeTBH, KA.

(18)

23.3 Pacuer yiapHoro Toka K3

Vnapuslii Tok Tpexdasnoro K3 (iy;) B 2JEKTpOyCTaHOBKAaX C OJHMM HMCTOYHUKOM JHEPrHU
(3HEprocucTemMa Wi aBTOHOMHBIN UCTOYHHK) PACCYUTHIBAIOT IO opMyIie

i}’/l = \/Elno (1 + Sin (oxe_tyu T ) = \/EIHOK}’H (19)

) —t, /T,
K _=(l+singpe ™) .
rae - yaapHbd KO3 PUITHEHT,;
T, - noCTOsITHHASA BPEMEHHU 3aTyXaHUs allepHOIMYECKON COCTABIISIONIEH TOKa
@« - yroi casura no (ase HanpspkeHus win 3J[C UCTOUHMKA M TIEPUOJMYUECKON COCTABISIONIECH

toka K3, KOTOphIii pacCUUTHIBAIOT 1O (hopmyiie
@, =arctg x5 /15 ;
ty, - BpeMs oT Havana K3 10 nosiBiienys yapHoro Toka, ¢, paBHOE

7/2+ ¢
tyﬂ:O,OlT.
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[Ipu pacuere ynmapuoro Toka K3 Ha BbIBOJAaX aBTOHOMHBIX HCTOYHHKOB, a TaKXKe
CUHXPOHHBIX U ACHHXPOHHBIX AJIEKTPOIBUraTeNe! JOMYCKAeTCsl CYUTATh, YTO:

ynapHslid Tok Hactynaet yepes 0,01 ¢ mocne Hagana K3;

aMIUTATYJla IepuoanYecKoil cocrapistomieit Toka K3 B MmomenT Bpemenu ¢ = 0,01 ¢ paBHa
aMILTUTYJI€ STOM COCTaBIIAIONICH B HaualIbHbI MOMEHT K3.

VY napHsbIil TOK OT aCHHXPOHHOT'O DJIEKTPOABHUraTeNs (iyy Aj1) B KMI0AMIIEPAaX PACCUUTBHIBAIOT
C YUETOM 3aTyXaHHUs aMIUTUTY/IbI IIEPUOINYECKOM cocTaBisomei Toka K3 mo ¢popmyne

0,01 0,01

r p— TP Ta
i = V2 e T re ), 0
rae T, - pacueTHas IIOCTOSIHHAs BPEMEHM 3aTyXaHMs IEPUOIMYECKON COCTaBIIAIOIIEH TOKa

CTaTopa, C;
T, - mOCTOsSIHHAsI BPEMEHM 3aTyXaHHUs allepUOJNYECKON COCTABIISIONICH TOKA CTaTopa, C.
ITpu sTom T u T, 10IycKaeTcs PacCYUTHIBATE 110 (OpMyIaM

T Xang + Xigs
p— . -
., 12

xAﬂ + X6

=
b0, )

TJIe O, - CHHXPOHHAs YTJIOBasi 4acToTa, Paji/c;

o

ri 1 2 - COOTBETCTBEHHO AKTUBHOE CONPOTUBIIEHHWE CTATOpa M AKTHMBHOE CONPOTHUBIICHHE
pOoTOpa, IPUBEIEHHOE K CTATOPY,.

Ecnu touka K3 nmenut pacdeTHyro cXxemy Ha paavalbHbIE, HE 3aBUCUMBIC JAPYTr OT JApyra

BETBH, TO yaapHbIi Tok K3 (iy,) onpenensdror Kak CyMMy yJapHBIX TOKOB OTJECIbHBIX BETBEH I10

dbopmyie

i}’ﬂ = Z \/Elnoi (1 + etyn//Ta[ )9
i=1 (21)

TJIe m - 9UCJI0 HE3aBUCHMBIX BETBEH CXEMBEI;

Thoi - HaUATIBHOE JIEHCTBYIOLEE 3HAYEHUE MePUOANYEecKoil cocTapistoniel Toka K3 B i-if BeTBH,
KA;

tyni - BPEMS NOSIBJICHUS YIaPHOTO TOKA B i-il BETBH, C;

T, - TOCTOSIHHASI BpPEMEHU 3aTyXaHUs allepuouyueckoit cocrapistonied Toka K3 B i-if BeTBH, C.
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