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1 OCHOBHBIE CBEAEHUSA O TPAHC®OPMATOPAX
N OCHOBbBI UX TEOPUU

1.1 IlpuHuun AelcTBUS U KOHCTPYKUUS TpanchopMmarTopa

TpauncdopmaTop — 3JeKTPOMArHUTHBIN armapar, IpeoOpa3yronuid IEKTPHU-
YECKYIO SHEPIUIO0 OJTHOTO HAIPSIKEHUS B JIIEKTPOIHEPTUIO IPYTrOro HAMPSKEHUS TOM
K€ YaCTOTBHL.

[TpuHun nefictBus TpanchopmMaTopa OCHOBAH HA 3aKOHE 3IeKMPOMACHUMHOU
unoykyuu (3axon Papaoes).

[Tpu monmavye HampspKEHUS HA MEPBHUHYI0 OOMOTKY TpaHcopmaTopa Mo Hei
MOTEYET TOK I1, KOTOPBI CO37]aCT OCHOBHOW MEPEMEHHBI MarHUTHBIN MOTOK D (puc.
1.1). IlepeMeHHbI MATHUTHBIN TOTOK, Hepecekas BUTKA 0OMOTOK TpaHc(hopMaTopa,
OyIeT MHIYKTUPOBaTh B HUX 3JeKTpoABmkylme cuiibl (3/C), BeTUYuHbI KOTOPBIX
OyIayT MmpsIMO MPOMOPLMOHAIBHBI YUCIaM MX BUTKOB. [Ipy 3aMbIKaHMHM BTOPUYHOMU
0OMOTKHM TpaHc(hopMaropa Mo HEeH MoTedeT TOK Iz, KOTOPBIA CO37aCT CBOW MarHUT-
HbI MOTOK. Pe3ynbTupyronuii MarHuTHBIM MOTOK TpaHcopmaropa Oyner coszia-
BaThCsl TOKAMHU 00€nuX 0OMOTOK.

Puc. 1.1. Ilpunmun gefictBus ogHogazHOro TpanchopmarTopa

Cepaeunnku oHO(GA3HBIX TpaHCHOPMATOPOB OBIBAIOT CTEP>KHEBBIMU U OpO-
HeBbIMU (puc. 1.2). Yactu cepaeunuka tpanchopmaTopa, Ha KOTOPBIX YCTAaHOBJICHBI
KaTyIIKu OOMOTKH, HA3bIBAKOTCA CMEPHCHAMU, @ YACTH, COSTUHSIONINE UX, Ha3bIBa-
I0TCSL APMAMU.

a) 0)

\ \ \
(R

Puc. 1.2. Buabl MarauTonpoBoJI0B TpaHC(POPMATOPOB:
@) CTEP>KHEBOM; 0) OpOHEBOI



1.2 Tpex¢a3nsliit Tpancpopmarop

[IpocTpancTBeHHass MarHUTHas cucteMa TpexdasHoro Tpanchopmartopa (puc.
1.3) obecnieunBaeT 3aMbIKAHUE MArHUTHBIX IMOTOKOB, CO3JAHHBIX TOKaAMHU KaxJaou
¢da3pl, 10 MyTSIM C OJJUHAKOBBIM MarHUTHBIM CONPOTUBIIEHUEM, T.€. TTOJIHYIO MarHuT-
HYI0 CUMMETPHIO.
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Puc. 1.3. IlpocTpancTBeHHAss MarHuTHas cuctemMa TpexgasHoro TpaHchopmaropa

Cepaeunuk TpaHchopMaTopa U3rOTaBIMBAIOT U3 OTACIBHBIX TUIACTUH XOJO/I-
HOKATaHOU 3JIEKTPOTEXHUYECKOW CTAJIM, U30JIMPOBAHHBIX APYT OT ApYyra TOJIIIUHOMN
0,3-0,5 mM.

[Tpu uconb30BaHUM MPOCTPAHCTBEHHOM MarHUTHOW CUCTEMBI rabapuThl U Mac-
ca TpancdopMaTopa 3HaYUTEILHO BO3PACTAIOT, [IOATOMY OHA MCIOIB3YETCS PEAKO.

[Ipu ucmoONb30BaHUM TUIOCKOM MAarHUTHOW CHUCTEMBI B cepjeuHuke (puc. 1.4)
MarHuTHBIE MTOTOKU (a3 3aMBIKAIOTCS O MYTSIM C Pa3JIMYHBIM MAarHUTHBIM COTIPOTHUB-
JIEHUEM, HO 3TO MPAKTUYECKU HE CKa3bIBaeTCa Ha pabote TpaHchopmaTopa, T.K. Mar-
HUTHas MPOHUIIAEMOCTh JIEKTPOTEXHUYECKOM CTaM BecbMa BhICOKA. CeplIeUHUKH CO-
BPEMEHHBIX TPAHC(HOPMATOPOB U3TOTABIUBAIOTCS TOJIBKO M3 XOJIOIHOKATAHOW CTaJU C
MMOHUKEHHBIM YPOBHEM MOTEPb, IOATOMY B HUX HE JIEJAI0TCA OTBEPCTHUS, a UX CTSHKKA
OCYIIECTBISIETCS TMPU TMOMOIIM IIBEUIEPOB U CTAIbHBIX OaHaaxe. CepaeuHUKH
TpaHc(hopMaTOpOB UMEIOT B CEUEHUU (POPMY MPAaBUIBHOTO MHOTOYTOJIbHUKA, BIUCHI-
Ba€MOTO B OKPY>KHOCTh. DTO TIO3BOJIIET CHU3UTh TadapuThl 1 MacChl OOMOTOK.

l-cT1ePp®HIM
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Puc. 1.4. Ilnockas MarHuTHas cucreMma TpexdazHoro Tpancpopmaropa



OO6moTKu TpaHc(hopMaTopa BBIMOIHSIIOTCS W3 MEIHBIX (TIPU MOIIMHOCTSAX [0
1000 xB-A) u u3 amoMuHUEBBIX MTPOBOAOB. OHU OBIBAIOT HIJIMHAPUYECKUMHU OJTHO-
Y MHOTOCJIOMHBIMHM, BUHTOBBIMU U HENPEPBHIBHBIMU CIIUPATIBHBIMA KATYIIEYHBIMU U
M3rOTaBIIMBAIOTCS U3 CTAHIAPTHBIX MPSIMOYTOJIBHBIX U KPYIJIBIX ITpoBoAOB. Cepaeu-
HUK TpaHcpopMaTropa ¢ OOMOTKAMU Ha3bIBAECTCS AKMUBHOU €T0 YacThlO. AKTHUBHAs
4acTh TpaHchopMaTopa OCYHIECTBISET IEKTPOMATHUTHBIM MyTeM MpeoOpa3oBaHuUs
ANEKTPOIHEPTHH OJHOTO HAMPSHKEHUS B AJIEKTPOIHEPIHUIO IPYroro HanpsuKeHUs. AK-
TUBHAs YaCTh MOMEMIAETCA B CTaJbHOU 0aK, KOTOPBIN 3aMOJHSAETCS TpaHcPopMaTop-
HBIM MAacJIOM JIJIsl JIYYIIEr0 OXJIAKJAEHUS OOMOTOK M CEpJCYHUKA U YIy4lIEHUS U30-
JSIIMOHHBIX CBOMCTB. bak TpaHcopmaTopa 3akpbIBaeTCs KpBIIMIKOW, HAa KOTOPOMU
YCTaHABJIMBAIOTCS BBOJBI (MPOXOAHBIE M30JISATOPHI) BBICIIETO W HU3IIETO HaIpshKe-
HUH, MacIOpacCIIMPUTENbHBIN 0a40K, yCTPOMCTBO AJI PETryIMPOBAHUS HAMIPSDKEHUS U
BBIXJIONHAA TpyOa (1 TpanchopMaTopoB OONBIION MOIMIHOCTH). C IENbI0 MOBBIIIE-
HUSI THTEHCUBHOCTH OXJIQXICHHS 0ak TpaHcpopMaTopa CHaAOXKaeTcsl HABECHBIMU pa-
JMATOPaMU C TIPSIMBIMH WJIM THYTBIMU TpyOamu. M3-3a moxkapo- U B3phIBOOMIACHOCTH
MacCJSHbIX TpaHC()OPMATOPOB B MOMEUIECHUSAX, B KOTOPHIX HAXOJSATCS JIFOJH, YCTa-
HAaBJIMBAIOT CyXUE TPaHCPOPMATOPHI C ECTECTBEHHBIM BO3/YIITHBIM OXJIAKICHUEM.

1.3 UneaabHblil TpaHcGOpMATOP M JJIEKTPHYECKHE COOTHOLIECHHUS B HEM

[Ton udeanvrvim noHuMaroT TpanchopmMaTop, y KOTOpPOro:

1) HET moTepb MOIIHOCTHU, COIPOTUBJIEHUSI OOMOTOK PaBHBI HYJIIO;

2) MarHuTHas MPOHMUIIAEMOCTb CTAJIM CEpACYHHUKA paBHA OECKOHEUYHOCTH
(Ler = ©) U B CepACUHUKE HET 3a30POB U CTHIKOB;

3) Bce MarHUTHbBIE CWJIOBBIE JIMHUKA MarHUTHOTO MOTOKA MPOXOAST MO cepey-
HUKY U CIEIUISIOTCS CO BCEMH BUTKaMHU BCeX 0OMOTOK TpaHchopMaropa.

VY uneansHoro Tpancopmaropa JIEKTPOMArHUTHAs CBSI3b MEXKAY OOMOTKaMH
ABJISIETCS IOJTHOM, U €€ KO3 (DULIMEHT cOoCTaBIsAET

c=Me g (1.1)

LL,
rae Ly, Lo— uaayktuBHOCTH 00MOTOK; M12— B3auMHast HHIYKTUBHOCTH OOMOTOK.

MaruuTHbIN MMOTOK, IepeceKass BATKHM 0OMOTOK TpaHchopMaTopa HHIYKTUPYET
B HUX DJIC:
_dy, _ W d(d,,sinwt) _

g = it A dat “W,0d  cosmt;
e, =—FE,, cosot; (1.2)
e,=— d(;':Z =-W,od, cosmt;
e, =—E,  cosot, (1.3)

rje Y1, Y2 — norokocnerieaue oomorok; Wi, W, — griciia BUTKOB 0OMOTOK.
HetictBytouue 3HaueHue J/C:



E - E, oW, 2nfW D
2 2 V2
Ananornuno E, =4,44 W, D . (1.5)

Tax xak B u1ealbHOM TpaHC(HOPMATOPE COMPOTHBICHHE OOMOTOK PaBHO HYIIIO,
0 D/1C paBubl Hanpspkenusim Uy = Eq; Uy = Ey, Torna:

w_E_U _34Wo, . (1.6)
w, E, U, 444fW,D_

= 4,44 WD, . (1.4)

U,=-2, (1.7)

rae K — koadduiment tpancopmanuu. Tak Kak B uaeaabHOM TpaHchopmaTope HET
OTEPh MOITHOCTH, TO TTOJIHBIE MOIIHOCTH 0OMOTOK oiuHaKoBhI: Uil = Uzl Otcto-
aa |2 =k- |1.

XoTsa B peaqpHOM TpaHchopMmaTope HaOMIOMAIOTCS U MOTEPH MOIIHOCTH, U
MarHUTHBIC TOTOKHM PAaCCeSHMS, HO TOJYYEHHBIE COOTHOIIECHUS O0e3 OOJBIION I10-
I'PEITHOCTH MOTYT MCIIOJB30BaThCA IS aHaIM3a paboThl TpaHchopmaTopa co cTajb-
HBIM CEPJICIHUKOM.

1.4 HamarHu4yuBaHue cepAe4yHUKa 0JHO(a3HOro TpaHchopmatopa

MarnuTtHbeie CHUCTEMBI TpaHcpopmaTopa padOTalOT B HACHIIICHHOM PEXHME,
IIpM KOTOPOM BO3HHKAIOT SIBJIEHUs, TpeOyromue u3ydeHus. Paccmorpum paboty
TpaHcdopmaTopa B pexUME XOJOCTOro xoaa (X.x.). Eciu k mepBuyHOM 0OMOTKE
IPUJIOKEHO CUHYCOUAAILHOE HalpsKeHue, To padoTa TpaHchopMaTropa OMUCHIBAET-
Csl ypaBHEHUEM:

U, sinot =—w10('j—ctp+ioq, (1.8)

rze I — aKTUBHOE COIIPOTUBJICHHE ITEPBUYHON OOMOTKH; Ip— TOK XOJOCTOr0 X0/a.

Tox xomnocroro xona cocrasisieT oT 0,5 10 5 % OT HOMUHAJIBHOTO TOKA TPAHC-
dhopmaropa, ¥ BeIMYMHA aKTUBHOTO CONPOTHBJICHUS NIEPBUYHON OOMOTKH OYCHb Ma-
na. [Toaromy npousBeeHue Iol'h — BETMYMHA Majas, U il 0OBIYHO TIpeHeOperaroT, To-
I/1a ypaBHEHUE TIPUMET BUI:

U,,sinmt :—chg—ctb. (1.9

Tok x.X. g OyzeT paBeH: o = lor + loa, (1.10)

lor — pEaKTUBHAs COCTABJIAIONIAs TOKA XOJIOCTOTO X0/a, ee 3HaueHue (95-97) %
OT lp, ¥ pacXoJyeTcss OHa Ha CO3JIJaHWE OCHOBHOIO MAarHMTHOI'O IMOTOKA; loa — aKTHB-
Has COCTABJISIIOIIAS TOKA XOJIOCTOTO XOJ/ia, OHA YYHUTHIBAET MOTEPU B CTAIHM TPaHC-
dbopmaropa. J{i1s yrporeHus aHanu3a mojiaraeM loa = 0, Toraa ip = lor.

Ecnu manpspkeHue, TpHIoKEeHHOE K TEPBUYHON OOMOTKE, Oy/neT M3MEHSThCS
CUHYCOUJIATTFHO, TO CHHYCOUAAIBHO OY/IET M3MEHSITHCSI 1 MAaTHUTHBIN TTOTOK.



PaccmoTpuM rpaduueckrie 3aBUCHMOCTH M3MEHEHHS MAarHHTHOTO IOTOKa BO
Bpemern @ = Osin(ot — n/2) u kpuBoki HamarauuuBanusg ® = f(igr), Mo KOTOPBHIM
HaiiieM 3aBUCHUMOCTH lor(t) rpaduueckum myrem (puc. 1.5).

@(io r)

D W o
|
\
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o

Puc. 1.5. Ilpouecc HaMmarunyrBaHus 0HO(a3HOTO TpaHchopMaTopa

BuaHo, 9To 3aBUCUMOCTS lor(t) SBISICTCS HECMHYCOUIAIBLHON M COACPIKUT BCE
HedeTHbIe TapMOHHUKH ToKa (1, 3, 5...). Pasioxum kpuByro Ior(t) Ha mepByro u TPETHIO
rapMoHukH (puc. 1.6).

lor, =1

Puc. 1.6. Paznoxenne kpuBOil HAMarHMYMBAKOLIETO TOKA HA TAPMOHHUKHU

N3 puc. 1.6 BuAHO, 4TO, AJIsI TOTO YTOOBI MAarHUTHBIA MOTOK B CEPACYHUKE
TpancpopmaTopa ObUT CHHYCOUAAIBHBIM, HEOOXOAUMO, YTOOB HaMarHWYMBaIOIIUN
TOK lor OBII HECHHYCOMJAIBHBIM M COAEPIKall TPEThIO rapMOHHKY. TOJBKO B 3TOM
cinydae (aznpie 3HaueHUs DJIC, HaNPsHKEHHUS U TOKA OyIyT CHHYCOUIATbHBIMU.

1.5 HamarHn4yuBaHue cepAe4YHUKA Tpex(da3Horo rpancpopmaropa

1.5.1 Hamaznuuueanue cepoeunuxka mpexgaznozo mpancghopmamopa
¢ coeOuHenuem 0OMOmoK no cxeme «36€30a» — «MPEy20abHUK)
npU NUMAHUU CO CMOPOHBL 0OMOMKU, COCOUHEHHOU 8 «(MPEY20TbHUK)

HamaranuuBatomue Toku (a3 CMeEIIeHbl APYr OTHOCHUTEIhHO apyra Ha 120
rpaaycoB. TOKM BBICHIMX TapMOHHUK OYJIyT UMETh 0OJiee BBHICOKYIO YacTOTy M OYIyT
CIABUHYTHI Ha: lor3 — 3 - 120° = 360° (0°);



lors — 5 -120° = 600° (240°);

lor7 — 7 - 120° = 840° (120°);

lorg — 9+ 120°=3-360° (0°).

O4eBUIHO, YTO TOKU TPEThEM FapMOHUKH M KpaTHbIE TpPEM HE OYIyT UMETh
BPEMEHHOTO CJ[BUTa, M BO BceX 00OMOTKax TpaHchopmaTopa OHU OYIyT COBHAAATh IO
¢da3e u 00pa30BBIBATh OOIIMK TOK lgr3, KOTOPBIH OYyAET HUPKYJIUPOBATh BHYTPH 3a-
MKHYTOTO KOHTypa NepBHYHON 00MOTKM TpaHchopmatopa (puc. 1.7). IToatomy
HAMarHMYUBAIOIU TOK TpaHchopMaTopa OyneT HECHHYCOWJAlIbHBbIM, a (a3HbIe
O/1C, HanpsiKeHUsI U TOKU — CHHYCOUIAJIbHBIMHU.

s A X

Puc. 1.7. Cxema coenunenust 0OMOTOK TpaHchopmaTopa
(TPEYTOIBHUKY» — «3BE3/1a»

1.5.2 Hamaznuuueanue cepoeunHuxka mpexgaznozo mpanchopmamopa
C COeOUHeHUeM 00MOMOK no cxeme «36€30a» — «Mpey2oabHUK)
npU RUMAHUU CO COPOHBL 0OMOMKU, COCOUHEHHOIL 8 (36€30))

[Ipu Takom nonkiatoueHuu (puc. 1.8):
loras + lorss + lorcs = 0.

Puc. 1.8. Cxema coequnenus 0OMOTOK TpaHchopmaTopa
«3BE3/1a» — «TPEYTOJILHHUK

Tak xKak TOKM TpeThel TapMOHUKH B HAMArHUYUBAIOIIEM TOKE TpaHC(hOpMaTo-
pa OyayT OTCYTCTBOBAaTh, TO OH OYJE€T CHHYCOMJAIbHBIM,  MAarHUTHBIA MTOTOK — He-
CUHYCOUJANbHBIM. Pa3oXuM HECHHYCOUJAIbHBIN MOTOK Ha TapMOHHYECKUE CO-
crapistonue (puc. 1.9).

EcrecTBeHHO, 4TO Kaxkjaas rapMoHUKa UHAYKTUpYyeT cBoro DJIC. Tpeths rap-
MOHHUKA MarHuTHOro mnoroka ®y3 OyaeT UHAYKTUPOBATh BO BTOPUYHON OOMOTKE
tpanchopmaropa IC:

10
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Puc. 1.9. Paznoxenue KpI/IBOﬁ OCHOBHOI'O MAaroHuTHOI'O I1IOTOKA HAa TapMOHUKHN

Dy3 — Erz — laz — Das,
O] ICMCTBUEM KOTOPBIX B 3aMKHYTOM KOHTYpe TpaHCOpMaTopa MOTEKYT TOKH I3,
NpPaKTUYECKH YUCTO UHAYKTUBHBIC. TOKH |z3 CO31aMyT CBOM MarHUTHBIN MOTOK Das.
[IpencraBum 3TO Ha BeKTOpHOU nuarpamme (puc. 1.10).

Eas

a3

Paz
Puc. 1.10. BekropHas nuarpaMMa MaraHuTHOTO MTOTOKa

N3 BeKTOpHOI quarpaMmbl BUAHO, YTO MarHUTHbIE TOTOKH Dy3 1 Dpz IPaAKTHU-
YECKHU TOJIHOCTBIO KOMIEHCUPYIOT Apyr Apyra. OTcroAa cieayeT, YTO MarHUTHBIN
MOTOK B CepJIeUHUKE TpaHCchopmaTopa OyJeT CHHycOUaTbHBIM. CUHYCOUIAIbHBIMU
oynyt dazusie D/IC, nanpsoxkenus u Tokd. [[o3TOMy Bce MOIIHBIE CUIOBBIE TpaHC-
(hopMaToOpPhI BBHIMOJHAIOTCSA CXEMaMU COCIMHEHUS «3BE3/1a — TPEYTOJIbHUK.

1.5.3 Hamaznuyueanue cepoeunuxa mpexgaznozo mpancghopmamopa
C COeOUHeHUemM 00MOMOK «36€30a» — «36€30a»

[Tpu Takom coenMHEHUU OOMOTOK B HAMAarHWYMBAIOIIEM TOKE TPETbU TapMOHU-
KM CYyIIIECTBOBATh HE MOTYT, IOATOMY HAMarHUYMBAIOIIHNIA TOK TpaHchopmaTopa OyaeT
CUHYCOMJIAJILHBIM, & MAarHUTHBIM MOTOK — HET. DTO MPHUBEAET K TOMY, 4TO (pa3HbIC
OJIC, HanpspkeHUs ¥ TOKKM OyIyT HECHHYCOMJAIBbHBIMHU, YTO MOXET OTPULIATEIHLHO
CKa3bIBaThCsl Ha paboTre ogHoda3HbIX noTpedureneit. Kpome Toro, TpeThb rapMOHUKHU
MarHuTHOTO MOTOKA OyAYT BBIHYKACHBI 3aMbBIKAThCS TT0 KOHCTPYKTHUBHBIM dJIEMEHTaM
TpanchopmaTopa (JieTaau KperuieHus, 0ak U APyTrue), BbI3bIBasl JOMOIHUTEIBHBIC TO-
TEpPHU MOIIHOCTH, 4TO MpUBOIUT K cHKeHuto KII] tpancdopmaropa.

11



1.6 YpaBHenust MarHutoaBrkymux cui (M/IC) u 3J1eKTpoaABHAKYIIMX CHJT
(AAC) Tpanchopmartopa

Paccmotpum onHOda3HbIN 1BYyX 00MOTOYHBIN TpaHnchopmaTop (puc. 1.11).

&
{1351 ;I)JZ i é

A A B R I
m o m
I L I W
I P I [ 1
= P I /Bz
n=: Fh I

H‘ T I L L -
. _|L/_ d'L——a———

Puc. 1.11. Onnoda3znpiii 1ByX0OMOTOYHBIN TpaHCHOPMATOD:
W31, W, — 4mcio BUTKOB MEpBUYHOM M BTOPUYHONM 0OMOTOK TpaHc(opmMartopa,
@5 — MOTOKMU paccessHusi, @ — OCHOBHOW MOTOK

HamaranumBaromnmii ToK lor CO34aCT OCHOBHOM MAarHUTHEIN MOTOK P, a TOKH |1
— MarHUTHBIH MOTOK paccesHus MmepBUYHONM oOMOTKH Djy, i — Dsp. K mepBuuHOM
00OMOTKE MPUIIOKEHO MEPEMEHHOE, HE 0053aTeIbHO CHHYCOUJIaIbHOE, HAMPSHKEHUE.
OcCHOBHOM MarHUTHBIN MOTOK @ UHIYKTUPYET B 00enX 0OMOTKaX TpaHcpopmaTopa
OJIC:

t (1.11)
e,=-W ao
2 2 dt '

MarauTHbie TOTOKU paccesHuss MHAYKTUpYIoT DJ]C paccesHus B 0OMOTKax u
3aBUCAT OT MHAYKTUBHOCTU U CKOPOCTH U3MEHEHHUS TOKA B HUX:

di
e, =—L-—2=0_;
ol Ll dt ol
di
e :—L -2 :@ , 1.12
G2 2 dt o2 ( )

rae L1, Ly — MHIyKTUBHOCTH OOMOTOK.

Kpome Ttoro, B obmMoTkax TpaHchopMaropa OyayT MMETh MECTO TMaJeHUs
HanpsbKeHUs 11r1; ior,. Ha ocHOBaHuu BTOporo 3akoHa Kupxroda ajis mepBoi U BTO-
poii niene TpancopmMaropa COCTABUM YPABHEHUS:

) dod di, .
u=—e—=e_.+ir=W,—+L —2+ir; 1.13
1 1 ol 1°1 1 dt let 1°1 ( )
) ddo di, .
u=e +e.—ir,=W ——L —2—ir,. 1.14
2 2 G2 2'2 2 dt 2dt 22 ( )

12



Ha ocHoBanuu BTOpOro 3akona Kupxroda s MmarautHoi 1ienu Tpanchopma-
Topa 3anuiiem ypaBuenusa MJIC:
IoW1 = 11W1 + ibWs. (115)
Taxum oOpa3oM, ypaBHEHUs TpaHC(HOpPMATOpa B CAaMOM OOILEM BUJE:

i do di. .
u=—e—=e.+ih=W,—+L —2+ir; 1.16
1 e1 cl 1°1 1 dt Ll dt 1°1 ( )
) do di, .
U, =e,+e_, — i, :WZE_ de—tz— I, (1.17)
oW1 = 11W1 + bW, (118)

1.6.1 Ypasuenua M/IC u 3/1C mpancghopmamopa npu cunycouoaibHom
HaAnpsa3HceHuu

Ecnu D/1C, HanpsokeHHEe M TOK U3MEHSIOTCS CHHYCOHIABHO, TO MUX MOKHO
MPEJICTABUTh B BHJIE KOMIUIEKCOB MX JICMCTBYIOIIMX 3HAYEHUM, TOTJa ypaBHEHHUE
MJIC npumert BUA:

LW, =T W, + L W,; (1.19)
ypaBHenus J/1C:
Ul :_El - Ecl + I‘lr ;
U,=E,+E_,—L,I,. (1.20)
Onpenenum D/1C paccesaHus €,1 C y4eTOM CHHYCOUJAIILHOCTH TOKa B OOMOTKE:
eGlz—Ll%:—Llwz—lellm cosot . (1.22)

W3 mocneanero cootHorieHus ciuenyet, uro IC e, Oymer oTcTaBaTh OT CO-
3nmaro1iero Toka Ha 90 rpaaycoB; Torja B KOMIUIEKCHON (opme

E,=—jlx. (1.22)
AHaJIOTHYHO
E,=—jlx,. (1.23)
X = oL — UHIYKTUBHOE CONPOTUBIIEHUE pacCEeSTHUS OOMOTOK.

[ToxcraBuB 3nHauenus E,1 u E, B ypaBaenue (1.20), mosnyunm ypaBHEHHUSI, OTU-
chIBarolue padboTy TpaHchopmaropa Mpu CUHYCOUIATBHBIX HAMPSIKEHUAX U TOKaX:

I‘OW:L =1 1VV1 + |-2W2;

Ul = _E1 + j|'1X1 + |-1I’1 = _E1 + |.1(r1 + JX1) = _El + I.lZl; (1-24)
Uz = Ez - j|'2X2 - |'2I’2 = Ez - I.z(rz + sz) = Ez - |'222.

13



1.7 llpuBenenuslit Tpancopmarop

[TapameTpsl TIEpBUYHONW M BTOPUYHONW OOMOTOK TpaHC(OpMATOpa OTIMYAFOTCS
APYT OT IPYra, YTO OCOOCHHO PE3KO MPOSBIISIETCS TIPH OOJIBIINX 3HAYCHUSIX KOd(duIm-
eHTa TpaHcopManyu. ITo 3aTPyJHIET KOTUIECTBEHHBIN aHAN3 ero paboThl, pacueT U
MIOCTPOCHHE BEKTOPHBIX TUarpaMM. [IJis ocTpoeH sl BEKTOPHBIX JUarpaMM U CXeM 3a-
MEIICHHsT TPaHC(POPMATOpa IIPUBOASATY YHCIIO BUTKOB W MapaMeTpbl BTOPUYHOH 00-
MOTKH TpaHC(HOpMaTOpa K YKCITy BUTKOB IEPBUYHON OOMOTKH, TIOJTy4ast IPHBEACHHBIHN
Tpancopmatop ¢ kodhuIreHToM TpanchopMaluy paBHbIM eaunuie. [Ipu s3Tom Bee
DHEPreTUUECKHUE XapaKTEePUCTUKH Y «IIPUBEJACHHOTO» M PeabHOro TpaHchopmaropa

W, AT .
JIOJKHBI OBITH OJMHAKOBBIMU: K = V\—/l = kW, =W, =W,; W, =kW,. B nambHeiimem
2

MpUBEIEHHBIC ITAPAMETPHI M BEJTMUMHBI OyZieM 0003HaYaTh MTPUXAMH.
Koaddumument tpanchopmaruu y npuBeaEHHOTO TpaHChopMaTopa:

W, W
kl = 1, = 1 = 1 .
KW,

2
Tak kak KOJIWYECTBO BUTKOB BTOPHUYHON OOMOTKM HPUBEIEHHOTO TpaHCchOp-
MaTOpa yBETUYMIOCh B K pa3, To B K pa3 yBenWuuTCsS W MPUBEACHHOE BTOPHUYHOE

nanpsokenne: U, =KU,. Tak kxak sHepreTnueckue XapakTEpUCTHKU PEANbHOTO M

IPUBEIEHHOr0 TpanchopMaropa JI0KHBI OBITh OJAUHAKOBBIMHU, TO IIPHBEICHHBINA TOK
BTOPMYHON 0OMOTKH JOJKEH OBITH COOTBETCTBEHHO YMEHBIIIEH B K pas:
I; — I?Z — I2 — IZWZ
W /W, W,
[pusenéunoe Bropuunoe 3uadenne DJIC E, =kE,. Onpenenum npusencunoe

(1.25)

3HAYCHUE AKTHBHOTO COIPOTHBIICHHS BTOPUYHOM OOMOTKH, MCXOMS M3 TOTO, YTO
MOIITHOCTD JJICKTPUYECKUX TOTEPH BO BTOPUUYHBIX OOMOTKAX y PEaJibHOTO W MpPHUBE-
JIEHHOT0 TpaHcopmaTopa J0JKHA ObITh OMHAKOBA!
2. I\2 1.
I2r2 - (IZ) r2’
2 2

I !
n=|-2|r=—2|r,=Kor,
2 R 2 /K 2 2 (1.26)
[TonHOE TIpUBEEHHOE COMTPOTUBIIEHUE BTOPUYHON OOMOTKH:
p=m2 ey oy, (L.27)

1, 1k 3
[IpuBeneHHOE MHIYKTUBHOE CONIPOTUBIIEHNE BTOPUYHON OOMOTKH:
X, = \/(%;)2 (1))’ = \/k“%j —Kk*r? =k®x,. (1.28)
YpaBHeHUs MPUBEIECHHOTO TpaHCcPopMaTopa:
U1 = _El + j|1X1 + |1r1;

17 =/ - NAW AR
U, =E, - JI,)x - 1;1;

(1.29)
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(|.0W1 = |.1W1 + |-2W2) TW;

Y .Y | N
|o=|1+|V721=|1+f=|1+|z
lo =1, +1,; (I, =T, —13). (1.30)

1.8 BexkropHast ruarpamma TpaicgopmMarTopa nNpu aKTUBHO-UHAYKTHUBHOM
HAIpy3Ke

Ha npaktuke Hanmbornee 4acTto Harpys3ka TpaHcopmaropa MMeEET aKTHBHO-
WHIYKTUBHBIN Xapaktep. [locTpouM BEKTOpHYIO AuarpamMmy TpaHcdopmaropa, Hc-

noyib3ys cucreMmy ypaBHeHud (1.30) nnsi aKTUBHO-UHIYKTUBHOW Harpy3ku (puc.
1.12).

.

dNL
LW
U1 7‘E1 L
. q =1,
I
P,
% A s
%
{8/6/ — 0
¥ e
Jxly”

Puc. 1.12. BekropHas nuarpamMmma Tpancopmaropa
IPY AKTUBHO-UHIYKTUBHOM Harpys3ke

[Topsmok mocTpoeHus: BEKTOPHOM TMarpaMMbl PUBEEHHOTO TpaHcpopmaTopa:
1) BEKTOpHYIO nHarpaMMy Ha4MHAE€M CTPOUTH C BEKTOpAa MarHUTHOTO MOTOKA

d Y
m b
4,44 fW,
JICHUY;
2) B macmitabe Toka M = A/MM C OlepeXKeHUEM Ha yroJl MarHUTHBIX MOTEPh

KOTOPBIN OTKJIa/bIBaeTCsl 6€3 MaciiTaba B rOpU30HTAILHOM HaIlpaB-

nensTa (8) crponM Bektop Toka g ;

15



3) B MacinTabe HampspkeHHst My = B/MM crpoum Bektopsl DJIC E, = E} ¢ o1-

craBanreM Ha 90 rpaaycos ot Bektopa D ;

. o h '
4) nanee B MacITabe Toka cTpouM BekTop |,, orcrarommii or E, na yrom:

! !

X, + X
v, =arctgﬁ; (1.31)
2 H

17
5) o BTOpOMy ypaBHeHHI0 B cucteme (1) crponm Bextop U ;
. .
6) coemunub korel, — |, ¢ Hauanom koopauHat, momyuum U, ;

7) Ha ocHoBanuu ypaBHeHus (3) B cucteme (1.30) onpenenum BekTop Toka | ;
8) Ha OCHOBaHUU MeEpBOro ypaBHeHHs cuctembl (1.30) ompenenum BeEKTOP

Hanpskenus U, | coenunus X1, ¢ Hauanom KOOPAMHAT, oay4uM Bektop U, .

Macitabbl Ipy TOCTPOSHUM BEKTOPHOM JuarpamMmbl TpaHchopmaTopa Ha
dbopmare A4 ciaeayet BEIOMpaTh TaK, YTOOBI pa3Mepbl OCHOBHBIX BEKTOPOB OBLIH I10-
panka 100 mm.

1.9 Cxema 3ameinenust Tpaicgopmaropa

Tpanchopmarop npeacraBisger coOOr IEKTPOMAarHUTHYIO CUCTEMY, paboTaro-
YO0 B HACBIIIICHHOM PEXHUME, UTO JIeJaeT pacueT ero XapakTEepUCTHK CIOXKHOHN 3aj1a-
yeil. [l ynpoiieHust aHanusza paboThl TpaHcpopMmaropa ero JIEKTPOMarHuTHYIO CH-
CTEMY 3aMEHSIOT AJIEKTPUUECKOM CXEMOI, KOTOpast HA3bIBAETCS CXEMOW 3aMEIICHUSI.

PaccMoTpuM BHauase SKBUBAJIEHTHYIO CXEMY MPUBEIEHHOTO TpaHc(hopMaTopa
(puc. 1.13), monaras mapaMeTpsl (aKTUBHbIE U MHAYKTHUBHBIE COTIPOTUBIICHUS) 00€HX
00OMOTOK COCpPEIOTOYCHHBIMHU.

Puc. 1.13. DxBuBasieHTHAs cXxeMa 3aMelleHus MPUBEJACHHOTO TpaHchopmaTopa

Jiis mpuBenéuanoro tpanchopmaropa K = 1 1 31eKTpUYECKUE MOTEHIUATIBI TO-
yek 1 u 3 u 2 u 4 onuHAKOBHL. [109TOMY UX MOKHO COEIMHUTH IEKTPUIECCKU. DIICK-
TPOMAarHUTHYIO CBSI3b MEXIYy OOMOTKaMHU 3aMEHHM HaMarHWYWBAIOIICH BETBBIO, TO-
I/1a MOJIYYUM CXEeMY 3aMeIlIeHHs PUBEICHHOTO TpaHchopmaTopa (puc. 1.14).

16



L] :'_.7
. Ly M Ié Zh
U1 IO Ué /El/
><m

Puc. 1.14. Cxema 3amenieHust IpUBEAECHHOTO TpaHcpopMaTopa

CxeMa 3aMeIEeHHs] COAEPKUT TPU BETBU:
e I u X cToKOM |y;
e I/ u X, crokom I};
e I'. u X, ctoxom |, — HamarauuuBaromas BeTB;

I, X{ — aKTUBHOE U UHAYKTUBHOE COMPOTUBIICHUS IEPBUYHON OOMOTKHU;

!

! 19
I,, X, — IpuUBeICHHBIC aKTUBHOE M WHIYKTUBHOE COMPOTHUBIICHUS BTOPHUYHOU
OOMOTKH;

I, — aKTHBHOE CONMPOTHBIICHHE, SKBHBAJICHTHOE TIOTEPSIM B CTAalU TpaHc)op-
MaTopa;
X, — UHIYKTHBHOE COMPOTHUBIICHUE, OOYCIOBICHHOE B3aMMHON MHIYKTHBHO-
CTBIO OOMOTOK TpaHcopmaTopa.
U3Mensss BeMMYUHY Z;; OT OECKOHEYHOCTH 10 HyJs, MOXKHO MOJEIHPOBATH
00011 BO3MOXKHBIN pexuM paboTsl TpaHchopmaTopa. Ecnu tpanchopmaTop tpex-
(da3HbIi, TO cXeMa 3aMEIICHHs COCTaBIIAETCS sl Kaxka0i u3 ¢da3. OnHako ecnu (asbl

Harpy>k€Hbl CUMMETPHUYHO, TO JOCTATOYHO BBIMOJHUTH PAacyeT IO OAHOM CXeMe 3a-
MEILIEHHS, a PE3YJIbTAT YMHOKUTH Ha TPH.

1.10 ITpenenbHbIe peskuMbI padoThl TpaHchopmaTopa

1.10.1 Onvim xonocmozo xoo0a mpancghopmamopa

Bce mapametpsl TpanchopmaTopa MOTYT OBITh ONpPEACIICHBI U3 HEMOCpe-
CTBEHHOU €r0 Harpy3KH, HO B 3TOM CJIy4ae 3aTPaurBaeTCs 3HAYUTEIHHOE KOJTUYECTBO
AIIEKTPOIHEPTUH. ITH K€ MapaMeTPbl MOTYT OBITH OTIPEICTICHBI M3 OIBITa XOJIOCTOTO
(X.X.) ¥ ombITa KOPOTKOTO 3aMblKaHUs (K.3.) IPU 3HAYUTEIbHO MEHBIIMX 3aTpaTax
3JIEKTPOdHEPrUr U BpeMeHH. [Ipu ombiTe X.X. z),= . Cxema ombita X.X. (U1g = Uip)
npeacrasiieHa Ha puc. 1.15.

[Tytem usmepenus onpenenstoT lo, Po, Ug = U1y, Pacuerom onpeaesnstor:

P, Uy

T2, F0
I0

U P
k:i;COS(pOI > o= Xy = Zg_roz.

1)
2H 1HIO I0
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Puc. 1.15. Cxema ombITa X0JIOCTOrO X01a

Tok x.X. IIPUHATO BBIPAXKATH B IIPOUCHTAX OT HOMHUHAJIBHOI'O:

|
. _ 1o
oo = | 100, (1.32)
1H
PexxuMy X.X. OyZleT COOTBETCTBOBaTh CXeMa 3aMEIICHHUs, M300pakeHHas Ha

puc. 1.16.

Puc. 1.16. Cxema 3aMelieHus pekuMa X0JI0CTOTO X04a

JIJIs IIMPOKOTO CIIEKTPa MOIIHBIX TpaHCHOopMaTopoB lgy, = 0,5...5 %, npudem
OoJiblliee 3HAYECHHUE OTHOCUTCSA K TpaHChOopMaTopaM Majioil MOIITHOCTH.

JIns MHYKEHEePHBIX PacueToB IMOJIAararoT Fy = Im; Xo = Xm, a 3HAYEHUS 1 U X1
ONPEAETSAIOT IyTEM pacyeTa Uil U3MEPEHUS.

MorHOCTB, IOTpeOIIsieMast TpaHCPOPMATOPOM TIPH X.X:

Po = P» + Pcr, (1.33)

rae P> — motepu B MeAM MEPBUYHON OOMOTKH (dJIEKTpUYecKue); Pcr — moTepu B
cTaiu (0T BUXPEBBIX TOKOB M TUCTEPE3UCA).

Tox lp Becbma mait, u Iy Takke Mano. OTcroga cienyer, uto Py = 102 1 HE Tpe-
BBIIIAET ABYX MpOuUEeHTOB OT Py. Torna Pcr = Po = Pcrn.

[Ipu ombITe X.X. BEJIMUUHA TTOTEPh MOIIHOCTU B CTaJIM TpaHc(opmaropa OyaeT
TaKoM e, Kak 1 B HOMUHAJILHOM PEKUME, T. K. MArHUTHBIN MTOTOK B CEpACYHUKE OY-
€T HOMUHAJIBHBIM, U MO3TOMY MOTEPU MOILHOCTH B CEpACYHHKE (B cTayin) OyayT
PaBHBI MOTEPSIM B CTAIHM MPU HOMUHAIBHOM PEXUME PabOTHI.

1.10.2 Onvim Kopomko2o 3amblKanua mpancghopmamopa
CrnenyeT pa3nuyaTh ONBIT KOPOTKOTO 3aMbIKaHUA (K.3.) U PEXKUM aBaAPUHHOTO

KOPOTKOI'O 3aMbIKaHHA. OnmIT K.3. IMPOU3BOIAT IIPHU IMOHMKCHHOM HAIIPAXKCHUHU, IIPU
9TOM BTOpHYHAA 00MOTKa 3dKOPaYMnBaCTCA, 4 Ha ICPBUYIHYIO O6MOTKy moaaroT I110-
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HI)KCHHOE HampshKEHHUE, MPU KOTOPOM Mo 00erM 0OMOTKaM OyIyT Te€4b HOMHUHAIb-
Hble TOKU. CXeMa OIbITa KOPOTKOTO 3aMbIKaHUs MpecTaBieHa Ha puc. 1.17.

&) i
NI N |

0 &

AT

Puc. 1.17. Cxema onbITa KOPOTKOTO 3aMbIKAHUS

Hanp:asicenuem K.3. Ha3bIBAIOT TAKOE HANPSKEHUE, IPU KOTOPOM IIPU 3aMKHY-
TON HaKOPOTKO BTOPHUYHON OOMOTKE 10 00eMM 0OMOTKaM OynyT T€4b HOMUHAJbHBIE
ToKU. HampsiokeHue K.3. IPpUHATO BhIpaXKaTh B MPOLEHTAX:

U
Ukop = U—K -100. (1.34)
1H

W3 ombiTa K.3. UBMEPEHUEM OMPEILIISIOT:
Uk, P, lik= lin. (1.35)
Pacuérom omnpenendror:

P R U
cosp =5 T BT XRe=VE K. (136)

MarauTHslii TOTOK TpaHchopMaTopa MpU OMbITe K.3 OyJIeT BechbMa Maj, Tak
KaK MPUJIOKEHHOE K TIEPBUYHONM OOMOTKE HarpspkeHus Oyaer cocTaisaTh 4...10 %
or U;y. Hampsbkenue KOpPOTKOro 3aMbIKaHMs SIBJSIETCS TMACMOPTHON BETUYHMHOU
Tpanchopmaropa. s co3aHus MarHUTHOTO MOTOKA MPU OMBITE K.3. MOTPEOYIOTCS
KpaifHe MaJible 3HaUYC€HHUs] HAMarHUYMBaIOMIEro Toka lo, KOTOPHIA MOKHO MPUPABHSITH
K HYJIO0, TOT/Ia CXeMa 3aMeIleHus TpaHc(opmaTopa MpU OMBITE K.3. MPUMET BUI,
n300pakeHHbIN Ha puc. 1.18.

4

Puc. 1.18. Cxema 3amenieHus TpancopmMaropa ImpH OIBITE K.3.

MoiHoCTb, OTpedssieMast U3 CeTU MpPU K.3., UAET HA MOKPHITUE DIIEKTpUYe-
CKHUX TOTeph (MOTEPh B MEAM) B MEPBUYHON P51 U BTOPUUYHOU Pr; 0OMOTKaxX TpaHC-
dbopmaropa, mpuyeM 3TH NMOTEPU OYAYT TAKUMH K€, KaK 1 B HOMUHAIILHOM PEKHUME
paboThI, T. K. 10 OOMOTKaM T€KYT HOMUHAJIbHBIE TOKH.
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PaccmoTpyM BEKTOpPHYIO IHarpaMmy IPH OIBITE K.3., ODUCHTUPYSCh HA CXEMY
3amelieHus, n300pakeHHyro Ha puc. 1.19.

Uk

O
Puc. 1.19. BexropHas nuarpamma TpancopMaropa Mpu OIbITe K.3.

OTH0XKM BEPTUKAIBLHO BBEPX BEKTOP HAINPSDIKEHUS K.3., O] YTJIOM @, K HEMY
otknanpiBaeM Bektop |, =—1), . Jlanee oTKiIagpIBaeM BEKTOPHI MAACHHS HAIpsKE-
. . . L,
ausa | 6, Jly X, Ly, JlyX; . OmycTHB NepHeHauKyIsap U3 KOHIa BEKTOpa I X5 ma
TOK, TIOJIYYUM MPSIMOYTOJIBHBIN TPeyroiabHUK OAB (TpeyroJIbHUK K.3.), KAT€Thl KOTO-
pPOTO MPEICTABIISIOT COOOI:
—— . B
oB=1,n+l,r,=1,r=U

Kakrtus !

— , 1.37

AB =1, % + L X5 = Ty X :Ueram- ( )
['unoTenysa TpeyrojibHUKA:

AOD =OB?+0B? = JUZ, +UZ, =U,, (1.38)

6§ — AKTHBHAA COCTABJIAIOIIASA HAIIPSKCHUS KOPOTKOI'O 3aMbIKAHUWA, Kg — pcakKk-
THUBHAs COCTABJIAIONIASA HAIIPSKCHUS KOPOTKOI'O 3aMbIKaHUA, I = I + r2’ — AKTHBHOC
COIIPOTHUBJICHUEC KOPOTKOT'O 3aMbIKaHUS, X = X1 + X2' — MHAYKTHUBHOC COIIPOTUBJICHHC
KOPOTKOI'O 3aMBIKaHUA.

1.10.3 Ynpowennaa eekmopuan ouazpamma mpanchopmamopa

Ha npakTuke 4acTo UCIOIb3yeTCsl YIPOILIEHHAs BEKTOPHAs Iuarpamma TpaHc-
¢dbopMaTopa, MOCTpOEHHas! B MPEANOJI0KEHUH, YTO HaMarHMYMBarolui Tok lop paBeH
HyJt0. [l 3TOro0 citydasl CXeMy 3aMelleHus TpaHCc(hopMaTopa MOKHO IIPEICTABUTH B
BHJIE, IPECTABICHHOM Ha puc. 1.20.

M il
=1 ./
_h=fz ¢Ui HZ

Puc. 1.20. YnpouienHas cxema 3aMeIleH s TPU OTbITE K.3.
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Bri6upator MacmTaObl TOKa U HANPSDKEHUS, CTPOSIT BEKTOPHI TOKA, HaIpsikKe-
HUW U MaJCHUI HaNpsKEHUS Ha COOTBETCTBYIOIIMX CONPOTHUBIECHUAX. B ympomén-

HOM BekTOpHOM auarpamme (puc. 1.21) Bextop U, passopaumBaercs na 180 °, u K

€ro KOHIy NPHCTPauBaIOT TPEYrOdbHUK K.3. Bekrop Toka |, = |, nampasnsior Bep-

THUKAJILHO, TTOJT YTJIOM Q K HEMY CTPOSIT BEKTOp HampspkeHust —U .

UKD

Puc. 1.21. Ynpoménnas BeKTOpHas Auarpamma Tpancgopmaropa mnpu K.3.
Ha puc. 1.21 nng HarmssaHOCTH TPEYroJbHUK KOPOTKOTO 3aMBIKAHUS MMOKa3aH

YBCIIMYCHHBIM 110 CPABHCHHIO C €ro pcaJlbHbIMHU pa3sMCpaMu. Ha camom ACJIC Tpe-
YT'OJIbHUK K.3. HAMHOI'O MCHBIIIC.
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2 PABOTA TPAHC®OPMATOPOB 11O/ HATPY3KOM.
INEPEXO/IHBIE ITPOLHECCBHI B TPAHCO®OPMATOPAX

2.1 U3meHeHHe BTOPHMYHOI'0 HANPSIZKEHUs TPaHcpopMaTopa
10/ HAPY3KOH

OmnpenenuM HW3MEHEHHE BTOPUYHOTO HAIPSDKEHMsI TpaHcpopMaTopa IOJ
Harpy3Koi Mpy NOMOIIHY YIPOIIEHHOW CXeMbI 3amenieHus (puc. 2.1).

Puc. 2.1. YnoporieHnnas cxema 3aMenieHus: TpancgopMaropa rnpu Harpys3ke

N3meHeHue BTOPHUYHOI'O HAITPSAKCHHA TpaHC(bopMaTopa:

U —U;
AUZL-loO_ (2.1)
1H
[Tpu x.x. | = 0, HeT manenuii HanpsprkeHui, U mosromy U g = Uy; Torna:
Auzu.lool (2.2)
Uin

Jnst 6onpmmHCTBA TpaHchopmatopoB AU coctaBisieT 4...8 %. Onpenenum us3-
MEHEHUE BTOPUYHOIO HaIpsDKEHHs TpaHchopmaropa Mmoj Harpy3Kou Hmpu MOMOIIU
YIPOIIEHHON BEKTOPHOM IuarpaMmsl (puc. 2.2), BEIOJHUB HA HEH Psijl MOCTPOESHUIA.

L: o Ia

0
Puc. 2.2. YnopouieHHasi BeKTOpHas 1uarpaMmma TpaHchopmaTopa npu Harpyske

C ool 11e7bI0 Ha AUarpaMMe BBITIOTHEHBI IOTTOTHUTEIbLHBIE TTOCTPOCHUS:
1 OnycTuM neprneHauKyIsap U3 BEpIIMHBL A Ha MpoposvkeHue BexTopa —U, ]

2 OnycTUM MepIeHanKYIIApLl Ha NpoaosKeHue Bekropa —U, u3 Touku B,
3 B pesynbTaTe nmojiy4aeMm Tpu NpsIMOYTOJIbHBIX TPEYroibHUKA (CM. puc. 2.2).
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Jlyist HAC MpECTaBIsIET UHTEPEC OIpEAeIICHHe a0COIOTHOW BEIMYUHBI Pa3HO-
ctu Hampspkenuit U;—U,. Tlomaraem, uto U;-U; = CD. M3 npsMOyroibHBIX Tpe-
yronbHUKOB: yron FCB = ¢o; yron FBE = ¢y yrom DAE = ¢,. Otpesok
CD =CF + FD . U3 tpeyronsuuka FCB naiinem CF = BC cos@, = Uka cos@,. Otpe-
30k FD = FE + ED. U3 Tpeyronsauka FEB:BE = sing, = FE. 13 TpeyronbHHKa
EDA omnpenenum ED = AEsing, = BEsing; + AEsing; = (BE + AE)sing,; =Ukp sing;.
OKOHYATENIBHO MOTyYaeM:

U1 —U; = Uka cos@, + Uk, sing. (2.3)

V3MeHeHrne BTOPUYHOTO HaMpsDKEHUs TpaHchopMaTopa OyJeT paBHBIM:

Uy, Ssin
AU :M.looJer—(Pz.loo

2.4
Uy Uy (24)
Uﬁ.loo_ . ZKP 100=
Bsenem o003HaueHMs =UKa ; =Ukp . Tornpa:
1H Uy
Aun = U COSQ2 + Uy, SINQ2. (2.5)

Ota dopmysna MO3BOJAET ONPEASIUTh U3MEHEHHWE BTOPUYHOTO HAMPSKEHUS
JUTIS HOMUHAJIBHOTO PEKUMa paOOTHI.
Jlst moGoro pexkrma paboThl (TIPU COXPaHEHUH XapakTepa Harpy3Ku):

Au = k(UCOSQ2 + Uy, SINP), (2.6)
(OTHOIIICHNE TEHCTBUTEIBLHOIO TOKA BO BTOPUYHONH OOMOTKE K €€ HO-

MUHAJIBHOMY TOKY) — KOd(DPUITUEHT HArpy3KH.
J171st GOTBIIMHCTBA CUIIOBBIX TpaHCHOPMATOPOB HOMUHAIBHOE U3MEHEHHE BTO-
PUYHOTO HaNpspKEeHUs coctaisieT 4-8 %.

2.2 BHeniHue XapaKTepPUCTUKHU TpaHchopMaTopa

Buewnein xapaxkmepucmukoii mpancgopmamopa Ha3bIBAIOT 3aBUCHMOCTb
BTOPUYHOTO HATIPSDKEHUS OT TOKa Harpy3ku (puc. 2.3): Uy = f(l2) mpu cose, = const,
f = const. Dto camast 3HaUNMasi XapaKTEpPUCTHKa TpaHChopMmaTopa.

Us

1
UEO J\/L\
e ——— = == ===t

|
|
|
|
0 0.5Ls L. .

Puc. 2.3. BHemHsAa xapakTepucTHKa TpaHCPopMaTopa:
1 — cos(—z) = —0,8 — akTHBHO-EMKOCTHAsI HAarpy3Ka; 2 — cos@, = 1 — akTHBHas
Harpyska; 3 — cos@ = 0,8 — akTUBHO-UHAYKTHUBHAsI Harpy3Ka
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Kak mnpaBuimo, Harpyska CHJIOBBIX TpaHC(OpPMATOPOB HMMEET AaKTHUBHO-
WHAYKTUBHBIN XapakTep, U MpH yBEJIMYEHUHU BTOPUYHOIO TOKA HAMNPSHKEHHE HA BbI-
BOJaX TpaHchopMaropa MajaeT, a MPU aKTUBHO-EMKOCTHOM Harpy3ke BTOPHUYHOE
HamnpsHKEHUE BO3pacTaer.

2.3 CxeMbl 4 rpynbl COeJMHEHUS TPAHCHOPMATOPOB

OO6MoTKH TpexdazHbIX TpaHC(HOPMATOPOB COSTUHSIOTCS B «3BE3Y» HIIU «Tpe-
YTOJIbHUKY», 3HAYUTEIBLHO PEKE — B «3Ur3ar», Ipu KOTOPOM BTOpUYHAsT OOMOTKA BbI-
MOJIHAETCA M3 JIByX YacT€W M OJHA W3 HHUX PACIIONaraeTcsi Ha CTEpKHE, MPUHAIIE-
xarmem apyrou ¢aze. Ecnu HanpsbkeHue oOMOTKH TpaHchopmaTopa mpeBbImmaeT 35
KB, TO OHa coeMHSETCS B «3BE3y», a HyJIeBas TOYKa 3a3emiisieTcs. B aTom ciryuae
CTOMMOCTb M30JSIUK TpaHcpopMaTtopa cHUxkaeTca. BropuuHnas oOMOTKa y MOITHBIX
CUJIOBBIX TpaHC()OPMATOPOB OOBIYHO COCTUHSIETCS B «TPEYTOIBHUKY.

['pynna coenuHeHus TpaHncpopMaropa ONpenemsieTcss yrioMm ciasura mo ¢ase
MEXy COOTBETCTBYIOIUMU JHHEHHBIMU DJ[C nepBUYHON U BTOPUYHON 0OMOTOK. 3a
SAMHUYHBIN yTOJI MPUHST Yrodl, paBHbI 30°, a HOMep Ipynibl 0003HaAYa0T HUPpamu
0,1,2,3,4,5,6,7,8,9, 10, 11. Hudpa, onpenenstomas HOMEpP TPYIIIB COSTUHCHUS,
MPEJCTABIACT COOOM YacTHOE OT JEJICHMs yriia cAaBura mexnay JuHedHbiMu DJ[C
MEPBUYHON M BTOPUYHOW OOMOTOK Ha €IMHUYHBIN yroiu. IIpu oJMHAKOBBIX cxemax
COEIMHEHUS OOMOTOK I'PYIIbl OyAYT YETHBIMU, a TIPU Pa3HBIX — HEUETHBIMH.

PaccmoTpum rpynmsl coeuHeHus: oHoda3HbIX TpaHchopmaTopoB (puc. 2.4).
Bbynem cuurtars Hanpasienue 3/]C MoI0XKUTENbHBIM, €CIIM OHA JCHCTBYET OT KOHIIA
O0OMOTKH K €€ Hayamy.

) 0)
A ] N B e
) e . e
A E A Xy E .
d . .
e, e, IEa Ve
Xy Xy a
] ]

Puc. 2.4. I'pynmsl coenraeHnss 01HO(a3HBIX TPaHCHOPMATOPOB:
a) «HyJIeBas»; 0) «IIECTas

| , 180
£=0; 7 = 0-s rpynma; £=180; ==

VY onHO(ha3HBIX TPaHCPOPMATOPOB MOTYT OBITH TOJIBKO JIBE TPYIIIBI COCIUHE-
Hus: «0» u «6». lllectas rpynmna coeTMHEHUsS TIOJIYIUTCSI, €CJIM HA49aJl0 U KOHEIl BTO-
PUYHONM OOMOTKH TIOMEHSITh MECTaMH. ECITi BKITFOUHTH Ha MapajuiebHyI0 padboTy 1Ba
onHO(a3HBIX TpaHchopMaTopa ¢ TpynmnaMu coequHeHus «0» U «6», TO Ha BTOPUYHOU

= 6-s rpymnma.
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00OMOTKE OyAeT yABOCHHOE BTOPHUUYHOE HAIMPSHKEHHE W MPH MOAKIIOUYEHUH NOTpeOu-
TEJIU DJIEKTPOIHEPTUU MOTYT BBIUTH U3 CTPOSI.

2.3.1 I'pynnwt coedounenus mpancghopmamopos npu coeouHeHuu
Ux 00MOmoK «36e30a» — «36€30a)

Y/Y-0 — crangapTHas rpymmna coenuHenus tpancdopmartopos (puc. 2.5). C ta-
KO TPYIIION COCTUHEHUS CUIIOBBIC TPAaHC(HOPMATOPHI BBITTYCKAIOT C 3aBOJIOB.

Ao BoC B
EAB
. o
A
Qo o C Eob
o
Eob

Puc. 2.5. I'pynma coequnaenus Tpexdasnpix Tpanchopmaropon Y/Y-0:
£=0°

Ecmm BeBOABI (a3 BTOPWYHOW OOMOTKHM TIOMEHSTH MECTaMH, IOIY4IHM,
Hanpumep, ciaeayrouryto rpynmy (puc. 2.6).

Ao Bo C B
‘EAB
EAB
C
A
Co Qs b
120
O .
= S

Puc. 2.6. I'pynna coenuuaenus Tpexdasupix tpanchopmaropon Y/Y-4:

£=100° 22 =4
T 30
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2.3.2 I'pynnul coedunenus mpancghopmamopos npu coeouneHuu
Ux 00MOmMOK «36€30a» — «MPey20abHUK»

Y/A-11 — cranpmapTHas rpynmna coeauHeHus TpaHcdopmaropoB (puc. 2.7). B
OOJIBIIIMHCTBE CITy4aeB MOIIHBIE CUJIOBBIE TPaHC(HOPMATOPHI C 3aBOJIOB BBIITYCKAIOT C
TAKOW TPYMIION COEUHEHHUS.

Eao

60 330

~ ol

Puc. 2.7. I'pynna coenunenus tpexdazubix Tpanchopmatopon Y/A-11:

(o]

=11

/=330°; —
30

Ecau mepernyraTh Havana U KOHIIBI ()a3 BO BTOPUYHONH OOMOTKE, TO IMOIYYHUM
CICAYIONIYIO TPYIITy coeauHenus (puc. 2.8).

%%AK

ay»

cx
c b @

Puc. 2.8. I'pynna coegunenus tpexdasHpix Tpancpopmaropos Y/A-5:

.. 10 _¢
£=150°;

['pynmel coenuueHuss TpaHCHOPMATOPOB OMPEICTAIOTCS MYTEM IMMOCTPOCHHUS
BekTOpHBIX auarpamm ux JDJ[C. CymecTByOT U MPUOOPHI, ONMPEACIISIONTUE TPYIIIBI
coenuHeHusi TpanchopmaTopoB. B ciyuae aBTOHOMHOM paboThl TpaHchopmarTopa
3HAHHE TPYIIHI €r0 COSTUHEHHS HE00S3aTeBHO.
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2.4 IlapaanenbHasi padota TpaHcGoOpMaTOPOB. Y CI10BUS BKIKOYCHUS

Tpancpopmaropsl peako padoTaroT aBTOHOMHO. OOBIYHO Ha OOIIYI0 HATPY3KY
paboTaroT HECKOJIBKO MapaljIeIbHO COSAMHEHHBIX TpaHcopmaTopos. [lapannenpaas
paboTa TpaHCHOpPMATOPOB 0OECIIEUNBACT BHICOKYIO HAJICKHOCTh JIEKTPOCHAOKECHUS
noTpeduTenei, pe3epBUpPOBaHNE MOIIIHOCTH HA CIydail aBapuil WJIM PEMOHTA H IM03-
BOJIIET YMEHBIIIUTh TOTEPH MOIIHOCTH B MEPUOJBI YMCHBIIICHUS HATPY3KH 32 CUET
OTKJIIOYEHUS yacTu TpaHchopmaTtopoB. [Ipu mapamrensHoit pabote Tpanchopmaro-
pPOB 001IIasi Harpy3Ka J0JDKHA PaCTIPEACNISIThCS MEXKIYy HUMHU TPOMOPIHOHATBHO UX
HOMUHAIBHBIM MOIIHOCTSM. JJIT 3TOr0 Mpu BKIIOYEHUU TpaHCPOpPMATOpOB Ha Ma-
pajuIeTbHY 0 paboTy HEOOXOIUMO COOTFOCTH PSIJT YCIIOBUIA:

1) TparchopMaTOPBI JOKHBI MPUHAIIICKATH K OJTHOW TPYIINE COSANHEHUS;

2) mepBUYHBIE W BTOPUYHBIE HAIPSIKEHUS TPaHCHOPMATOPOB JOKHBI OBITH
COOTBETCTBEHHO OJMHAKOBBIMH, T. €. JOJDKHBI OBITH paBHBI KOAI(DPHUIIMEHTHI TpaHC-
dbopmaruu;

3) HanpsDKEHHUST KOPOTKOTO 3aMbIKAHMSI MMapajlieIbHO BKIIOYAEMBIX TpaHC(Op-
MaTOpPOB JIOJKHBI ObITh OJTUHAKOBBIMH.

2.4.1 Ilapannenvnasa paboma mpancghopmamopos npu He0OUHAKOBbIX
2pynnax coeOuHeHus

[IycTh Ha mapaienbHy0 padoTy BKIIFOUEHBI JBa TpaHCPOPMATOPA C TPYIIIAMH
coenunenns Y/Y-0 u Y/A-11, umeromue OIMHAKOBLEIE HOMHUHAJIBHBIE MOIIHOCTH,
OJIMHAKOBBIE KOA(p(ULIMEHTHI TpaHchopmanuu U HanpsbkeHus K.3. [Ipu napannens-
HOM COEJMHEHUU MEPBUYHON M BTOPHUYHON OOMOTOK 3a cyeT casura no ¢ase Ha 30°
obpaszyetcs pazHocTh IJIC AE. Tlokaxkem 3TO Ha BEKTOpHOM nuarpamme (puc. 2.9).

Puc. 2.9. Bekropnas auarpamma 3/[C npu BKIIIOUEHUHU Ha MapalieIbHYI0 paboTy
tpaHcdopmaropos co cxemamu Y/Y-0 u Y/A-11

[Ton nmeiictBuem pasHoctu DJIC B 3aMKHYTOM KOHTYpPE BTOPHUYHOM OOMOTKHU
MOTEYET ypaBHUTEIbHBIN TOK. Ha ocHOBaHum 3akoHa OMa:

. AE
Iy =—-—. 2.7)
ZKl + ZKZ
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BenuunHa ypaBHUTEIHHOTO TOKa Oy/I€T OTPaHHUYMBATHCS TOJIBKO MOJHBIMH CO-
OPOTUBJIEHUAMH K.3. 000MX TpaHCPOPMATOPOB:
_ U KL, , _ UZK
K1 ™ I y TK2 T I .
1H 2H

Z (2.8)
Tak xak |1H = |2|-|, a UK1 = UKz, TO Zk1 = Zk2.
HYCTB, HaIlIpuMcep, OTHOCHUTCIIBHBIC 3HAUYCHUA HaprI)KeHI/Iﬁ K.3.

*

Uy, =U,, =0,05, Torna u oTHOCUTENbHbIE 3HAYEHUSI CONPOTUBIIEHUH K.3. COCTABAT

COOTBETCTBEHHO Z,, = Z,, = 0,05. U3 tpeyronsuuka OCB:

EC:%: E,, sin15. (2.9)

Torma AE =2E,,,sin15=0,518E,,,.

[IpencraBum:

«
Y o
Iy =7 — YPaBHUTCIIbHbBIKM TOK B OTHOCUTCIBbHBIX CAMHUIAX

I2H

\£*_ AE _0518E,,

= = =0,518 — pasnocts D/IC B OTHOCUTENLHBIX €MHHIAX.
2H 2H

AE" 0518
Z.,+2., 0,05+0,05

BuaHo, 4TO ypaBHUTENBHBIM TOK YK€ HAa XOJOCTOM XOJy MPEBBIIIAET HOMHU-
HaJbHBIN B 5,18 paza. DTOT pexuM OIU30K K PEKUMY aBAPUHHOTO KOPOTKOTO 3aMbl-
KaHMs, U TI0O3TOMY MapajuieibHas padoTa MpyU HEOJUHAKOBBIX TPYyMIax COCIUHEHUS
TpaHc(hOpPMaTOPOB HEBO3MOKHA M HEJIOITYCTUMA.

*

Torna I, =

2.4.2 lapannenvnasa paboma mpancghopmamopos npu HeoOUHAKOBbIX
KoI(hpuyuenmax mpancgopmayuu

[TycTh Ha mapasuieNnbHy0 padoTy BKIIIOYEHBI ABa TpaHchopMaropa ¢ OAUHAKO-
BbIMM HOMHUHAJIBHBIMU MOITHOCTSIMH, TPYNIaMU COSIUHEHUSI U HANPSKEHUSIMU K.3.,
a ko punreHTs TpaHchopMaIlMd HEOIUHAKOBEI, TIpUYeM K1 < k2. B 3TOM ciydae Ha
x.X. Ey > Eg.

[Tpu mapannenbHOM BKJIIOYEHUU MEPBUYHOM M BTOPUYHOM OOMOTOK 3a CYET
pazHoctu BTOpu4HbIX D/C AE 10 BTOPHUYHBIM OOMOTKAM IMOTEYET YPaBHUTEIHHBIM
TOK, YTO TPHUBEAET K TOMY, YTO BO BTOPHUYHBIX OOMOTKAX YCTAHOBSTCS OJMHAKOBBIC
Hanpspkenus (puc. 2.10).

Bennuuna ypaBHUTENBEHOTO TOKA OYJIET ONMPEEISITHCS KaK:

. AE,
ly, = T, (2.10)
K1 K2

[Tpu moakIrOYeHUH BTOPUYHONW OOMOTKH K Harpy3ke BTOPUYHBIC TOKU TpaHC-
dbopMaTopoB OyayT ONPEAEISITHCS BEIMUYUHON TOKA HArpy3KH, KOTOPBIM OJMHAKOB B
00enx 0OMOTKaX, IJIIOC YPAaBHUTEIBHBIN TOK KaXKJ10H OOMOTKHU.
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L lIn.erl
AF
] ]Irzrr:xz
E,, U,
j_-r Irz.f
F2Ir _‘_._,_‘--V’

Puc. 2.10. Bextopras nuarpamma napajjiebHONU paboThl TpaHCHOPMATOPOB
IIPU HEOJIMHAKOBBIX 3HAYEHUIX KOA(P(UIIMEHTOB TpaHCHOPMAIIMH HA XOJIOCTOM XO1y

B arom ciyuae (puc. 2.11) tpaHchopmaTopbl OKa3bIBalOTCS HAarpy>KeHbl He-

paBHOMepHO. [lycTh K03 uiments! Tpanchopmanuu otimyarorces Ha 1 %, T. e. Ha

0,01
0,05+0,05

0,01, ¥ UIMEIOT OTMHAKOBBIE Zk; =Zk, =0,05. Torma ly =

Uz

IQEI

Puc. 2.11. Pacnipenenenue TOKOB MKy MapauieIbHO padOTarOIUMHU
TpaHchopMaTopamMu

[To 'OCTy nmomyckaerca otiauuve Kod(p¢uuueHta TpaHchopmanuu npu mna-
pajuIeIbHOM BKJIFOYEHUHU OT Cpe/iHero apudmMeTudeckoro ero 3nauenus Ha 0,5 %, ec-
au k < 3, m oranune Ha 1 %, ecim k > 3.

Ipumep: k1 = 1,95, ko, = 2,00, k3 = 2,05.
Kep = (k1 + K2 + K3)I3 = 2.

K1 — K
Ak =——P 100 % =2.5%.
Kep

[TapannensHas paboTa 3TUX TpaHCHOPMATOPOB HEBO3MOXKHA.
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2.4.3 Hapannenvnasa paboma mpancghopmamopos npu HeoOUHAKOBbIX
HANPANHCEHUAX KOPOMKO20 3AMbIKAHUA

CrangapToM JOMYCKaeTCs BKIIOYCHHE Ha Mapalie/IbHyI0 paboTy TpaHchop-
MaTOPOB, €CIIM MX HaNpsOKCHHS K.3. OTJIMYarOTCs He Oosee yem Ha 10 % oT ux cpen-
HEro apu(pMETHUECKOro 3HaueHus. Harpyska Mexay mapauiebHO BKIIOYCHHBIMU
TpaHchopMaTopamMu OYIACT paclpeAeIsaThCss 00paTHO MPOMOPLUUOHAIBHO HUX HaIps-
’KCHHSIM KOPOTKOTO 3aMbIKaHHSI.

[Tpu napaynenbHON padoTe TpaHCHOPMATOPOB UX MOLTHOCTH JAOJHKHBI COOTHO-
cHuThCA He OoJree uem 3:1.

Ilpumep: Ha napannenvhyio pabomy eKioueHbl mpu mpancgopmamopa, y Ko-
MOPbLIX 0OUHAKOBb SPYNNbL COCOUHeHUs. U Kodpuyuenmovl mpauncgopmayuu, a
Hanpscenus K.3. pasuvl coomeemcemaenno Ukr = 5 %, Uka = 6 %, Uz = 5,5 %.

Uker = (Uka+ Uk + Uks)/3=5,5%

AU, = 2K Yker 10006299,

KCP
Ot1u TpaHcHOpMATOPBI MOKHO BKIKOYUTH Ha HapajuIeNIbHYI0 padoTy.

2.5 HecumMeTpuuHbIe pe:kUMbI padoThl TpaHchopMaTopa

HecummeTpuuHble pexuMbl Tpex(pazHOTO TpaHCPopMaTopa BO3HHMKAIOT MpPHU
HEPAaBHOMEPHOM paclpeieIeHUH TOKOB Harpy3ku 1o (a3am, Harpumep, Ipu BKIIIO-
YEeHUH MOIIHOTO OJHO(A3HOTO MOTPEOUTENS WM MPU HECUMMETPUYHBIX KOPOTKHX
3aMBIKaHUSX.

Obwuti MemooO ananu3a HeCUMMEMPUYHBLX PEHCUMOB MPAHCHOPMAmMopa — 3TO
MPUMEHEHUE METO/a CUMMETPHUYHBIX COCTaBIISIOIIMX U MPUHLHUIIA CYNEPHO3UIUU B
MPEANOJIOKEHUH, YTO MarHUTHasT MPOHUIIAEMOCTb CEpJCYHMKAa HEU3MEHHA, T. €.
Lcr = const.

HecummerpuyHasi cucteMa BEKTOPOB paszjiaraercs Ha BEKTOpBHI IPSIMOM, 00-
PaTHOM W HYJEBOM IOCIEAOBATEIBHOCTENW. BEKTOPBI MpsIMOM MOCHENOBATENBHOCTH
MMEIOT TOT K€ MOPSAOK cleloBaHus (pa3, 4To U UCXOJHAs HECUMMETPUYHAs CUCTe-
Ma, a BEKTOpbl 00paTHON — MPOTUBOMNOJIOKHBIN MOPAIOK YepenoBaHus ¢as.

2.5.1 Ilpumenenue memooa CUMMEMPUUHBIX COCHABTAIOULUX

Ha npaktuke BcTpedaroTcs ciyyau, Korja oTaeiabHble (a3bl TpaHchopMaTopa
Harpy>keHbl HECUMMETPUYHO (HEpaBHOMEPHOE paclpeiesieHue OCBETUTEIbHOU
Harpy3kud mno ¢azam, MOJKIIOYEHHE MOIIHBIX OAHO(A3HBIX MPUEMHHUKOB W T. 1.).
Kpome Toro, B aIeKTpHUUECKUX CETSIX, MUTAIOIIMXCS OT TPaHC(HOPMATOPOB, CIYyUaIOT-
Csl HECUMMETPUYHBIE KOPOTKHE 3aMbIKaHUsl (0JHO(A3HbIE HA 3EMIIIO WM Ha HYJIEBOU
npoBoJ U aByx¢a3Hsie). [Ipu aHanm3ze HECUMMETPUUYHBIX PEXUMOB padOThHl OyleM
MpeAnojaararb, 4To TpaHc(HOpMaTOp UMEET CUMMETPUYHOE YCTPOMCTBO, Y KOTOPOIO
Bce TpH (ha3bl OJIMHAKOBBI B BJIEKTPUUECKOM U MarHUTHOM OoTHoleHuu. Kak u3BecT-
HO, OOILIIMM METOJIOM aHAJIM3a HECUMMETPUYHBIX PEKUMOB SIBIISIETCS METOJl CUMMET-
PUYHBIX cocTaBistomuX. CoriacHo 3ToMy MeToAy TpexdaszHasi HeCUMMETPUYHAs CHU-
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CTeMa TOKOB I'a, I'b, I'C pazyiaraeTcsi Ha CUCTEMbI TOKOB MPSMOM (|.a1, |'b1, |'cl), obpart-
HOM (|'a2, Iy | |'c2) U HYJIEBOI (|'a0, |.b0, IIcO) rocienoBarenbHoCTH (puc. 2.12). BekTopsl
TOKOB IIPSMOM T10CIIE0BATENLHOCTH g, Tog, T PaBHBI 110 3HAYEHHIO U YEPELYIOTCS
co caBurom 1o ¢ase Ha 120° B HampaBIeHUH ABMKCHUS 9aCOBOU CTpeiku. BekTopsl
TOKOB OOpaTHOM MOCIICIOBATEILHOCTH I, |.b2, |.Cz TaK)Ke PaBHBI 10 3HAYEHUIO, HO
YepeIyroTCs CO cIBUroM 1o (a3e Ha 120° B HampaBJICHHH, OOPAaTHOM JIBH)KCHHIO Ya-

COBOH cTpenku. BekTopbsl TOKOB HYJEBOM |a01 |bo, lcO MOCJIEA0BATEILHOCTH PABHBI
10 3HAYCHMIO U COBITIJIAIOT 110 haze.

|' Ial
a0

l4 l0=Tho= 1T

S W

Puc. 2.12. CumMeTpu4HbIe COCTABIISIONNE TPEeX(HA3HBIX TOKOB

[Ipu sTOM:
I.a = I.al + I.a2 + I.aO;
b =lpa + 162 + Ipos
Iczlcl+|02+|cO- (211)
Iy = a’ lar; T =aly;
I =alap; T = a’ l2; (2.12)
I‘aO = I.bO = I.CO

j2m jén

rme a=e 3;a’=e 3,
npuuem 1 +a +a?=0.

CuMmMmeTpuyHBIe cocTaBIsomue Ga3bl A MOKHO OpaTh 3a OCHOBHBIE, M TOT/A
coryiacHO BbIpaxeHusMm (2.11) u (2.12) MOKHO TakKe HamucaTh:

I = Ia1+la2+ Iao,
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I, =a®ly +al g, + I,
o (2.13)
IC:a|a1+a Ia2+|a0.

Pemrast ypaBaenue (2.13) otHocuTenbHO |41, 12 1 1o, mMOTydaem:
1y .,
|ﬂ=§@a+mb+alg,

g2=%@;+aﬁ5+auy

o1, ..
|a0:§(|a+|b+|c)' (2.14)
Ha ocHoBanuu nocienHero paBeHcTra (2.14)
I, + 1, +1.=3l,. (2.15)

Takum oOpa3om, MpU HAJIMYUH TOKOB HYJIEBOM MOCIEIOBATEIBHOCTH CyMMa
TOKOB TpeX (a3 oTiinyHa OT HyJs. COBEpIICHHO aHAJIOTMYHbIE COOTHOIIECHUS AEH-

CTBHTEJBHBI TAKXKE U1 HECUMMETPHYHOM cucTeMbl Hanpsbkenuit ¢pas Uy, Uy, U, n nx
CHUMMETPUYHBIX COCTABJISIONIKX.

2.5.2 Hecummempuunan nazpy3ka mpancghopmamopa npu omcymcmeuu
MOKO08 HY1e801l NOC/1e008amMe1bHOCHIU

Toku HyleBOW MOCIEAOBATENIBHOCTH OTCYTCTBYIOT B Ciy4yae, KOrja CeThb He
MMeEET HYJIEBOIO MPOBOJAA WM KOI/a 3TOT MPOBOJ HE HArpy»KeH TOKOM. IlockoibKy
TOKHM IPSIMON U 0OpaTHOM MOCIIEI0BAaTENbHOCTH BO BCEX CIydasiX OAMHAKOBBIM 00Opa-
30M TPaHC(HOPMHUPYIOTCS U3 OJHOU OOMOTKH B JPYTYIO U COIPOTUBIIEHUS TpaHchop-
MaTropa JJIs1 TUX TOKOB OJMHAKOBBI, TO UX ACHCTBUE MOYKHO YYHUTBIBATH COBMECTHO.
[ToaToMy mpu OTCYTCTBUM TOKOB HYJIEBOH MOCIEIOBATEIbHOCTH HEOOXOIMMOCTD
Pa3I0KEHMS TOKOB M HAIIPSDKEHUH HA CUMMETPUYHBIE COCTABIISIFOLINE OTIIAJAET.

Ecnu Wi = W, 1 HaMarHM4MBAIOIUN TOK IPHUHATH PABHBIM HYJIIO, TO IEPBHY-
HbI€ ¥ BTOPUYHBIE TOKU IPSIMOM MOCJIEI0BATEILHOCTH B KaXKJ10M (ha3e paBHbI 110 Be-
JUYUHE U 00paTHBI MO 3HAKY. DTO K€ CIPaBEAJIMBO U JIJIsl TOKOB OOpAaTHOM MOCHEN0-
BaTEJIbHOCTH, @ 3HAYUT, U JJI1 CYMMBbI TOKOB MPSMOIN U 00paTHOMU MOCiIe10BaTeNIbHO-
ctu. [1o3TOMy npH NPUHATHIX MPEANOI0KEHUSIX B PACCMATPUBAEMOM CIIy4dae IOJIHbIE
toxu daz =l Ig=—lp; Ic=—I. (2.16)

Ecnu yuyuThIBaTh Takk€ HaMarHUYMBAIOLME TOKH, TO paBeHcTBa (2.16) neit-
CTBUTEJIBHBI JIJIS1 HATPY30YHBIX COCTABIISIOIIHNX TOKOB.

N3 ckazannoro cieayet, 4to MJIC 1 TOKM NMEpBUYHBIX U BTOPUYHBIX OOMOTOK
YPaBHOBEIIMBAIOTCS B KaXKJI0M (paze U Ha KakKI0OM MarHUTONPOBO/IE MO OTAEIbHOCTH.
CBsizu Ke MEXIy OTACIbHbIMU (hazamu TpaHchopMaTopa HEOOXOAMMO paccMaTpH-
BaTh TOJBKO ]ISl YCTAHOBJICHHSI COOTHOIICHUN MEXAYy JTUHEHHBIMU U (Pa3HbIMU Be-
JUYMHAMU B 3aBUCUMOCTH OT BUJA CXEM COEAMHEHU OOMOTOK.

[Tpu HecuMMeTpuyHOM Harpy3ke majaeHus HanpspkeHuss AU B oTnenbHbIX (a-
3ax TpaHcdopMmaTopa paznuuHbl. Ho ecnu Toku oTaenbHbIX (ha3 He MPEBBIIAOT HO-
MUHAJIBHBIX 3Ha4eHUH, TO 1pH lor = 0 Benmmunabl AU OTHOCUTENIBHO Mallbl, T. K. CO-
npotuBieHne Zy TpaHchopmaropa OTHOCHTENbHO Mayio. OTcroa MOXHO CHENaTh
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BBIBOJI, UYTO HECUMMETPUYHAS Harpy3ka Tpancopmaropa npu log = 0 HE BBI3BIBAET
3HAYUTEIILHOTO UCKAKCHNUS CUMMETpHUH (Da3HBIX M TUHEHHBIX HanpspkeHui. [loatomy
pH lorr = 0 OoBIIUX OCTIOXKHEHUN B paboTe TpaHchopMaTopa HE BOSHUKAET.

Ha puc. 2.13, a, 6, 6 1 2 IOKa3aHO pacmpe/ieieHne TOKOB B (ha3ax TpaHchop-
MaTopa U JTUHEHHBIX MPOBOJAX B CIlydyae KOPOTKHUX 3aMBIKAHHA MEXKy BTOPUIHBIMHU
JUHEHHBIMU 3aKUMaMu TpaHcopMmaTopa. YKa3aHHOE paclpeliejieHUe TOKOB JeH-
CTBUTEIIEHO TaKXe MPH Pa3IIUIHBIX XapakTepax Harpysku, korna lo, = 0. Puc. 2.13, a
COOTBETCTBYET CUMMETPUYHON HArpy3Ke.

a) 2)

|, L00% 100% | 61% 1% 100%
a
3100% 940 B33% <— 33%
C1000/9 . 100%/ . C3_33/£nmmm_ O 33% / .
100%
6) 0) 100%4
A a A 67% a
100%, 100% b B 33% 00%" |
(0) (o)

c 100 /; 00%)4 . c 33% c
6)

200%
a

100%
. 100%

Puc. 2.13. TokopacnpeneneHue B 00OMOTKax TpaHCPOPMATOPOB € PA3TUIHBIMU
CXeMaMU COEIMHEHUN 0OMOTOK IMPHU PAa3TMYHBIX BUIaX KOPOTKUX 3aMbIKaHUN

OtMeTtuMm, uTO Tpex(dazHasi cucTeMa HaAMPSHKEHUM UM TOKOB CUMTAETCS MpaK-
THYECKH CHUMMETPUYHOM, €CIIH COCTABJISIIONIAs 0OpaTHOM TOCIIeI0BATEIbHOCTH paBHA
He Oosiee 5 % cocTaBisoNIe NpsIMON MOCIEI0BATEIBHOCTH.

2.5.3 Hecummempuunan nazpy3ska mpancghopmamopa npu Ha1usuu moKoe
HYJ1€601l NOCE006ameabHOCIU

Toku HyNeBOM MOCIEOBATEIBHOCTH BO3HUKAIOT OOBIYHO TOT/a, KOTJa BTO-
puYHas 0OMOTKA COEJMHEHA B «3BE3/y» C HYJICBBIM ITPOBOJIOM U MEXAY HYJEBBIM H
JMHEHHBIM MPOBOJAMH BKIIIOYAIOTCS OJHO(A3HBIE TOTPEOUTENH, a TaKKe MPH OJTHO-
(ha3HOM KOPOTKOM 3aMBIKAaHHH Ha BTOPUYHON CTOPOHE TAKOTO TpaHchopMarTopa.

Jlanee OymeM mpenrosiarathb, 4TO CHCTEMa TNEPBUYHBIX HAMPSHKEHUN TpaHC-
dhopmaropa ocTaeTCsi CHMMETPUYHOM.

Heobxoaumo paznudarh nBa ciydasi: 1) TOKM HYJIEBOM MOCIENOBATEILHOCTH
BO3HHKAIOT B 00enx 0OMOTKax TpaHcpopmaTopa, u 2) OHU BO3HUKAIOT TOJBKO B O/I-
HOI BTOPUYHOM OOMOTKE.
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B nepBoMm ciyuae (TpaHcdopmaTopsl ¢ coequHeHrHeM 00MOTOK Yo/ Yo u A/Yo)
HAMarHUYUBAIOIIMM TOKOM HYJICBOW IMOCIIEOBATEIILHOCTH MOXHO MPEeHEOpeYb, TakK
Kak OH OYJeT COCTaBJSATh HEOOJBIIYIO JOJI0 TOJHOTO TOKAa HYJIEBOM MOCIEIOBa-
TEJILHOCTH, U

Lao =10 =1co=—too =~1po =—lco- (2.17)

[Toatomy MJIC TOKOB HyJEBOW MOCIENOBATEILHOCTH B3aMHO YpPaBHO-
BELIMBAIOTCS B KXKI0M (paze TpaHchopmaropa, COMPOTUBICHUE HYJIEBOU MOCIIE0BA-
TeNbHOCTH Zor1 = Zk. IIOCKOJIBKY BCIIEICTBHE 3TOIO TOKH BCEX MOCIEN0BATEIbHOCTEN
TPaHCPOPMHUPYIOTCS OAMHAKOBBIM 00pa30M M3 OAHONM OOMOTKH B IPYTYIO U JUISI HUX
CYILLECTBYIOT OJIMHAKOBBIE CXEMbI 3aMELICHUS C OJMHAKOBBIMHU IapaMeTpaMu, TO B
JaHHOM CITy4dae Takke, BOOOIe TOBOPS, HET HaJJOOHOCTH PACKIIaAbIBATh MOIHBIE TO-
KU ¥ HampspkeHus (a3 Ha CUMMETpHUUHbIe cocTaBiisitomue. HyneBble cocTaBisitomue
BTOPUYHOTO HanpsikeHUs: Uag B JAHHOM CITyyae BO3HHMKAIOT TOJIBKO 33 CYET OTHOCH-

TENbHO HeGOIBIINX HaneHnii Hanpsokenns Zl,. ITostomy B TpaHcopmaTopax ¢
coelMHeHHEM 00MOTOK A/Yo MpyU HECUMMETPUYHOM HArpy3ke cucTema Tpex(aszHbIX
HaIPSHKEHUN MCKaXaeTcsi OTHOCUTENBHO €1a00 U TpaHc(hOopMaTOpbl MOTYT IKCILTya-
THUPOBATHCA.

Bo BTOpoMm citydae (TpanchopmaTopsl ¢ coenuHeHneM ooOMoTok Y/Y() Toku

HYJIEBOM IOCJIEI0BATENBHOCTH |,0 MPOTEKAIOT TONBLKO BO BTOPUYHON OOMOTKE M
SBJISIFOTCS YACTO HAMArHUYMBAIOIIMMU, T. K. OHM HE YpaBHOBEIIECHbI TOKAMHU HYJIE-
BOM TMOCJE0BATEIHLHOCTA B MEPBUYHOM OOMOTKE M MOTYT JOCTHYbL OOJBIIUX 3Ha-
yeHul. Hanpumep, a1 rpynnoBoro Tpancopmaropa, y KOTOporo Zmo = Zm, yxke
mpu |9 = lp = (0,02— 0,05) Iy DJIC Eon = Un. B pesynpTare cucrema paszueix DJIC
Y HaNpsKEHWH CUIIBHO UCKaXKAETCs, B YeM MOXKHO YOSIUTHCS U3 HUKECIICIYIOIIETO.
Eort =—Zmola0-

[Iycts mepBuuHas obmotka (Y) TpaHcopmaTopa C coeqUHEHUEM OOMOTOK

Y/Y, noakiroueHa K CeTH, JUHEHHbIC HanmpsukeHus KoTopod Uag, Usc, Uca cummer-

PUYHBI U SBIIOTCA ITOATOMY HAIPSHKEHUSAMH NPSMOM MOCIIEIOBATEBHOCTH. Bek-
TOpHAsl JUarpaMMma NepBUYHBIX JIMHEUHBIX U (Pa3HbIX HANPSHKEHU Ha XOJIOCTOM XO-

Iy TpH 3TOM HUMEET BHJ, MOKa3aHHBIH Ha puc. 2.14, a. ®asueic DJIC £y = Uy,
Ep = —Ugy, Eq = —Ugy, taxke npencTaBisior co6oif CHMMETPUUHYIO CHCTEMY

MPSIMOM TIOCJIEIOBATENIBHOCTH. BeKTOpHast nuarpaMma CHCTEMbI BTOPUYHBIX Hampsi-
KEHUHN Ha XOJIOCTOM X0y Oy/IeT UMETh COBEPIIEHHO TaKOW e BUJL.

[Tycts Teneps BTopuuHas 0OOMOTKa (COEAMHEHHUE B «3BE3/y» C HYJIEBBIM BBIBO-
JIOM) Harpy»eHa HECUMMETPUYHO, C COACpP’KaHUEM TOKOB BCEX IOCJIEI0BATEIbHO-
cTeil. BropuuHble TOKM TpsIMOM ¥ OOpaTHOW MOCHEA0BATENLHOCTH, TPAHCHOPMHUPY-
IOlMeCSd Ha MEPBUYHYI0 OOMOTKY, MarHUTHO YpPaBHOBEILIEHBI W BBI3BIBAIOT TOJHKO
OTHOCUTEJIBHO MaJble IMaJieHus HanpsokeHus. OIHAKO HE YpaBHOBEIIEHHBIE CO CTO-
POHBI TEPBUYHON OOMOTKM BTOPUYHBIE TOKHM HYJIEBOW IOCJIEIOBATEILHOCTH WH-

AYKTHPYIOT B 00enx oOMoTkax DJIC Egp, kotopeie ckiaapiBatoTces ¢ DJC mpsamoit
MOCJIeIOBATEILHOCTH, B pe3yibTaTe uero nojHbie gasusie IJC OyayT:
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Ey=Eq+Eon: Ep=Ep +Eop: Ec=Ecy+Eop-

Cucrema nepBUYHBIX (Pa3HBIX HANPSHKEHUN MPU MPEeHEOPEKEHUU MaJeHUSIMU

HaIPSHKEHUH ONPEENsieTCs] BEKTOpaMu
Uy=-Ey; Up=~Ep; Uc~-Ec

1 OyZeT IIPU 3TOM CHJIbHO MCKaXXK€Ha, a HyJIeBas TOYKAa Ha AHarpaMMe CMECTHTCS Ha
BenuunHy Egr W He GyIeT COBIAAATh C EHTPOM TSDKECTH TPEYTOIbHHKA JTHHEHHBIX
HanpspkeHuil (puc. 2.14, 6). luarpaMMa BTOPUYHBIX HalpsDKEHU OyneT uMeTh aHa-
noruuHbIi BUJ. HampaBieHue BEKTOpOB Eor 3aBHCHT OT hasbl TokoB lg, 1 onpene-
JSIeTCsl YCJIOBUSIMU Harpy3ku. Ha 3HaueHus JTUHENHBIX HANpsKEHUN HapsIKEHMs
HYJIGBO} TOCIIEOBATEIFHOCTH HE BIHSIOT, TaK Kak B pasHoctsax Uy, =U, -U, u 1. 1.
HYJIEBBIE COCTABJISIOIUE UCYE3ALOT.

Puc. 2.14. Uckaxenue cuctemMbl (pa3HbIX HAMPSKEHUN B TpaHCHOpMaTOpe
¢ coenuHeHreM 00MOoTOK Y/Y-0 Mpu HATMYMK TOKOB HYJCBOU MOCIICIOBATEIBHOCTH

Takum oOpa3om, B TpaHchopmarope ¢ coeaquHeHneM 00MOTOK Y/Y( TOKH Hy-
JIEBOM MOCJEI0BATEILHOCTH MOTYT BBI3BaTh CHJIbHBIC MCKAXCHHs BEIMUUH (Da3HBIX
HaIpsHKEHUH, YTO HENPUEMJIEMO U OMACHO AJi1 OAHO(Aa3HbIX MOTpeOUuTene.

B rpynmnoBbix, OpOHEBBIX U OPOHECTEPKHEBBIX TpaHCHOpPMATOpPAX C COECTUHE-
HUEeM 00MOTOK Y/Y( CHIIbHOE HCKa)KEHHE CHCTEMBI (Da3HBIX HANPSDKEHUH BO3HUKACT
YK€ TIpU HE3HAYUTEIbHBIX 3HAUYCHUSIX TOKOB HYJIEBOH mocienoBaTenbHOCTH. [1oaTo-
My coenuHenne Y/Y( B 3THX TpaHchopMaTopax 0OBIYHO HE IPUMEHSIETCS, a €CIH BCE
KE B OTJIETBHBIX CIydasx MO KaKUM-JTMOO MpuYrMHaM o0e 0OMOTKH >KeJaTeIbHO CO-
EAVHUTH B «3BE3/Yy», TO Ha KaXkI0H (ha3e BHITIOIHSACTCA €Ie TPEThs, WIIM TaK Ha3bIBa-
emasi TpeTH4Has, o0OMOTKa, KOTOpasi COEIUHSETCS B «TpeyrosbHUK». Eciu 3ta 00-
MOTKa TpeJHa3HaueHa TOJIbKO JIJiIsi YpaBHOBEIIMBAHUS TOKOB HYJIEBOM MOCIE0Ba-
TEJTLHOCTH, TO KOHIIbI €€ Hapy>Ky He BBIBOAATCS. Eciin ske oHa paccunTaHa TakxKe JUis
HArpy3Kd U €€ KOHIIbI BBIBOJAATCS HAPYXKY, TO MOTYy4aeTCsl TPEXOOMOTOYHBIN TpaHC-
dbopmarop (m. 3.3). OT™MeTHM, YTO HaJUYUE HYJIEBOTO MPOBOJA WM 3a3€MIICHHS C
o0eux CTOpPOH TpaHcopmaTopa ¢ coeauHeHneM 0oOMOTOK Yo/Y(o HE JaeT rapaHTHH
YpaBHOBEIIMBAHUS TOKOB HYJIEBOH MOCIEAOBATEIHHOCTH, TaK KaK COMPOTUBIICHHE
MEPBUYHOTO KOHTYPA ISl STUX TOKOB MOXET OKa3aThCs OOJBIITIM.

VY TpexcTepKHEBBIX TpaHCHOPMATOPOB ¢ coeauHeHneM ooMoTok Y/Y-0 ucka-
KEHHE CUCTeMbI (ha3HBIX HAMPsDKCHUN MTPH HATMYHH TOKOB HYJIEBOUM MOCIIEI0BATEb-
HOCTH MEHbIIle, Tak Kak Zyo < Zm. B Poccum Ttakme tpanchopmaTopbl cTposTcs
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motHOocThI0 10 6000 kB-A. [Tpu 3ToM TpebyeTcs, 4ToObI TOK B HYJIEBOM IIPOBOJIE HE
npesblan 25 % HOMMHAIBHOrO TOKA. Toraa TOK HyJIEBOM MOCJIEI0BATEIIBHOCTH HE
Oynet npeBocxoauTh 25 : 3 = 8,3 % HOMUHAJIBHOTO TOKA.

OTtmeTuM, 4TO TpaHCPOPMATOPBI C COENUHEHUEM OOMOTOK «3BE3a» — «3UT-
3ary» ¢ HyJIEBBIM BBIBOJIOM XOpPOILIO MEPEHOCAT HArpy3KU € COJEP:KaHUEM TOKOB HY-
JIEBOM TOCJEI0BATENbHOCTH, TaK KaK 3TU TOKU YPAaBHOBELIMBAIOTCA BO BTOPUYHBIX
O0OMOTKaX Ha Ka)kJIOM CEpJICUHUKE, IOCKOJIbBKY Ha Ka)KJIOM CEpAEUYHUKE UMEIOTCSI JIBE
MOJIOBUHBI (a3 BTOPUYHON OOMOTKH, KOTOpPBhIE OOTEKaIOTCS TOKAaMHU HYJIEBOW MocCie-
JOBATEIBbHOCTH B MPOTUBOIIOJIOKHBIX HAIPABICHUSX.

Pacnpenenenne TokoB mo ¢azaM MEPBUYHON M BTOPUYHOW OOMOTOK TpaHC-
dopmaropos ¢ coequaenneM Y/Y-0 u A/Y-0 npu oqHO(Da3HBIX KOPOTKUX 3aMbIKaHH-
X ¥ oAHO(DA3HBIX Harpy3Kax MpeJcTaBiIeHo Ha puc. 2.13, 0 u e.

2.6 Ilepexoannbie nmpouecchbl B TpancgopmaTopax

2.6.1 Bxnrwuenue HacvluyeHHO20 MPAHCHOPMaAmopa Ha Xo010CHLOM X00Y

[Tpu BriIIOYEHUHU TpaHChOpMaTOpa Ha X.X. €ro padoTa MOXKET OBITh ONKCAaHA
YpaBHEHUEM:
d(Li)
dt '’

U, sin(ot+y) =11, + (2.18)

rae Lir; — moTokocuenieHue.

NHIyKTUBHOCTD TIEPBUYHON OOMOTKHU L TIpH HACBIIIEHUU CEPJICUHHUKA TPaHC-
dhopmaropa He SABISIETCS OCTOSTHHON BETMUNHOM.

[IpencraBum norokocuermienne kak Lirp = Wi® = y; u npousBesieM B ypaBHe-
W,®

Huu (2.18) 3aMeHy niepeMeHHoi | =

W, D do
: "1+W2E. (2.19)

N3 TeopeTndyecknx oCHOB 31eKTpOTeXHUKH (TO3D) U3BECTHO pelIeHne ypaBHE-
Husg (2.19):

U, sin(ot+vy) =

D= + D, (2.20)
®' — BBIHYX/ICHHBIH (yCTAHOBUBINMICS) MATHUTHBIN MOTOK, KOTOPBIA HOAIED-
YKUBAETCS MIPUIIOKEHHBIM K 0OMOTKE HaNpPsSHKEHUEM;
®" — cBOOOMHBIN (aEPHOAMIECKHI) MATHUTHBIA TIOTOK, KOTOPBIA HE HOANEP-
KHUBACTCS] BHEIITHUMM UCTOYHUKAMU HanpspkeHus unu J1C.
Perienue ypasaenus (2.18) onpenenseT MarHuTHbIN MoTok @' B BUIE:

D' =] sin(ot+y+q,), (2.21)
U
rae P :ﬁ; P :arctgﬁzzl
WL + % "
Jlist onpenenenus @ HY)KHO PEIIUTL yPABHEHHE:

I, dd

O=L1d+—.
RaE (2.22)

36



Pemenue nact: ®" =ce '™, (2.23)

rac TO = T — IIOCTOAHHAA BPCMCHHU IICPCXOAHOI'O IIPpOLCCCa.
1

IlocTossHuas HHTCIPUPOBAHHUA C OIPCACIEICTCA M3 HAYaJIbHBIX YCHOBI/Iﬁ B
IMPCAIIOJIOKCHUH, YTO, B 06HI€M ClIydyac, B MOMCHT BKJIIOUCHHUA B CCPACUYHUKC TPAHC-
(dhopmaTopa MOKET OBITh OCTATOYHBIN MOTOK £ D,

’ 14
[CD]t:O = [(D + CI) ]t:O = i(I)OCT’ (224)

~®, cosy+C=+tD = c=D, cosytD = " =(d_cosy+d )e"". (2.25)

Torpa
® =—-@_cos(ot +y)+ (P, cosy+d,_)e ™. (2.26)
PaccmoTrpuM n1Ba mpenenbHbIX (10 BpeMEHH) MOMEHTA BKIIFOUEHUS TpaHChOp-
MaTopa.
1 Ecnu npu BriOUeHHH TpaHchopmaropa Ha X.X. Dy = 0; y = 90°, 270°, To
@ = +Dpsinmt 1 cpazy 6e3 mepexoqHOro MpoIecca YCTAaHABIMBACTCS HOMUHATBHBIN

MarHuUTHBIM TOTOK B CeplleyHuKe TpaHchopmaTtopa. DTOT MOMEHT BKIIIOUECHHUS
HauOoJee OaronpusiTeH st Tpancpopmaropa (puc. 2.15).

(7))

/
0 \> 4/ ol
\ /°
\\\_/ /

Puc. 2.15. U3menenne marautHoro notoka @ = f(wt) mpu OnaronpusiTHom MOMEHTE
BKJIFOYEHUS TpaHCPOopMaTopa Mo HanpsKeHUe

2 Ecnm xe mpu BKIOYECHHH TpaHchopmaropa Ha X.X. Doy = +Dper; ¢ = 0°,
180°, — aT0 camplli HEOJAromMPHUATHBIH MOMEHT JJIS BKIIFOYCHHUS TpaHc(opmaTopa.
I'padyix M3MEHEHUs MarHUTHBIX MOTOKOB MPHU NEPEXOAHOM IMpOolEcce MOKa3aH Ha
puc. 2.16.

Buano, yto mpu ot = nd > 2@, Takoe yBenMUYeHUE MAarHUTHOTO MOTOKA
MPUBOJNUT K OUYEHb CHJIbHOMY HACBILIEHUIO CEPJIEYHUKA TpaHCPOPMATOpPA U K PE3KO-
My (B 100-150 pa3) yBennueHHU0 HaMarHM4uBarouiero Toka lo, KOTopsiii moTpedIs-
eTcst U3 ceTu. B 3TOM ciyyae TOK MepBUYHON OOMOTKM MOXKET B HECKOJIBKO pa3 mpe-
BBICUTh HOMUHAQJIBHOE 3HAYEHHE, YTO MOKET MPHUBECTH K CpabaThIBAHUIO TOKOBOMU
3aIlUThl TpaHC(HOpPMATOpa U OTKIIOYCHHIO €ro OT ceTu. Eciin HeT KOpOTKUX 3aMbIKa-
HUM BHYTpHU (BUTKOBBIE K.3.) M B LIETISIX HAarpy3KH TpaHc(opmaropa, TO OCYLIECTBIIS-
€TCsl IOBTOPHOE €r0 BKIIFOUEHUE.
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ﬂ?=¢'+¢'

D, o /s @

7

@, / " \7 \/ ax

Puc. 2.16. 3menenne marautHoro notoka @ = f(wt) npu HeGmaronpustHom
MOMEHTE BKJIIOUEHUS TpaHc(hopMaTopa Mo HanpsKeHUe

i

2.6.2 Pacuem nepexoonslx npoueccoe npu éKil4eHuu mpancgopmamopa
HA X010CMOM X00y

2.6.2.1 BenmnunHa HaMarHUYUBaIOIIEH MOIITHOCTH
Q«x =1 Z(qHGH +0cG + 0511 +2q5411; + 4‘/§HCQ3CT )’ (2.27)

rne (g — yJenbHas HaMarHW4YMBarollas MOIIHOCTH B sipme, BA/kr, (c — yaenbHas
HaMarHU4MBarolas MOIHOCTh B cTepxkHe, BA/KT, (3 — ynenbHas HaMarHUYMBaIoLIast
MOIIIHOCTh B 30HE IIMXTOBAaHHOIO CThIKa, BA/M?. VjenbHble HaMarHUYHUBAKOIIME
MOIITHOCTH OTIPEACIIAIOTCS I 3HaYCHU MarHUTHON MHAYKIUU Bc=2 Tnu Bc=4 Tn
M0 KPWBBIM, MpHUBeNEeHHBIM Ha puc. 2.17 u 2.18 u tabmuue npunoxenus, Gg u Ge —
Macca COOTBETCTBEHHO CTaJlU sipMa U cTepkHeH, /e u [1g— nionmanu cedeHust PUurypsl
COOTBETCTBEHHO CTEPKHS U sipMa.

25 50 7

0

100 g+ 10%, BAAE

Puc. 2.17. Y nenpHble HAMarHUYMBAIOIINE MOITHOCTHU
pu OOJIBIIUX WHIYKIMSAX B 3a30pax

38



B, a
ol 3404 /
3405
3

0 L1 | L )
1000 2000 3000 4000 q. BA/xi

Puc. 2.18. Y nenpHble HAMarHMYMBAIOIINE MOIITHOCTH JIJIsl TPAHC(POPMATOPHBIX
CTayiel (CTeP>KHU U ApMa) TIpU OOJIBIIUX MHIYKIIUSIX

2.6.2.2 MarautHast MHIYKIUS B KOCBIX CThIKAaX
B

C

B, = 7 (2.28)

Ha ocHOBaHMM MOJYyYEHHBIX PE3YJIbTATOB BBIMOIHSAETCS MOCTPOCHUE KPUBOM
HaMarHu4uBaHus TpaHchopMaropa, Kak 3To Moka3zaHo Ha puc. 2.19.

Bemuunna B, 3amaercs.

B.Ta

Bu-’.'t ?

{

ol “F"

Puc. 2.19. [ToctpoeHue KpuBO HaMarHUYMBaHUS CePACYHUKA TpaHCPopMaTopa

2.6.2.3 KosbdummeHnt caMOMHAYKIIMA OJHOW (ha3bl OOMOTKH BBICOKOTO
nanpsoxenust (BH) mpu 3naunTenbHOM HachieHnu ctanu (B > 2 Th)

39



W, -AB-17.-10°°

L,, = Al | : (2.29)
lopm $2
Alopyi = lopv — lopmi (2.30)
rne W,, — uyucino BuTKOB 0OMOTKM BH mnpu HOMHUHaIpHOM HampsHKEHUH,

AB =2Tm; I1c B cM?;
|y — HOMHHANBHBIN (a3HbIN TOK 00MOTKH BH;
lopmi — AMITIMTYAa HAMarHMYMBAIOIIEro Toka npu B = 2 To;
lopm2 — AMITIMTYAa HAMarHMYMBAIOIIETro Toka mpu B = 4 T,

2.6.2.4 AMruTya HaMarHMIMBaOIIEro Toka TpaHchopMaTopa OnpeessaeTcs
JUIs1 3HAYCHU MarHuTHOM nHaykuuu 2 Ti u 4 To.
_ Qa2

IOPM - 10S y %l (2.31)
H

rae Sy — HOMHHaJIbHAsg MOIIHOCTE, KB-A.

2.6.2.5 AKTUBHOE COTIPOTHBIEHUE OAHOH (a3bl oOMoTk BH

P (2.32)

2
m-IHq)2

r, =

rae P> — anekTpudeckue norepu B ooMotke HH.

2.6.2.6 Tlpu nambGosnee HEOIATONMPHUATHOM BKIIOUECHUU TpaHCcPopMaropa mar-
HUTHAs UHIYKIUS B CTEPKHE U3MEHSIETCS MO CICAYIONIEMY 3aKOHY:

-n
B=(B.+ BOCT)eLZZt —B. cosot . (2.33)
3agaBasich 3Ha4€HUSIMU BpeMeHHu OT Hyns ¢ marom 0,002 ¢ mo 0,1 ¢, paccuu-
THIBAIOT COOTBETCTBYIOIIUE BEJIMYMHBI MHAYKIUU B, a TPU NOMOIIM KPUBOW Hamar-
HUYKBaHUS (CM. puc. 2.19) onpeaenstoT 3HaYeHUs TOKOB Iopym U1 COOTBETCTBYFOIIINX
MOMEHTOB BPEMEHHU U CTPOAT 3aBUCHUMOCTb Iopm = f(t).

B 3akmoueHue HEOOXOAMMO OIEHUTHh MPAaBUIBHOCTH BHIOOpa yCTpOMCTBa 3a-
LIMATHI HA SJICKTPOIMOJACTAHIUAX C YYETOM TOKA BKIIFOUEHHS.

2.6.3 Kopomkoe 3amvikanue mpancphopmamopa

ABapuiiHble KOPOTKHE 3aMbIKaHMs TpaHc(opMmaTopa BO3HUKAIOT MpHU Mpodoe
M30JISILMH, TIPU 3aMBIKAHUSIX B Harpy3ke WM B pe3yJibTaTe OMIMOOYHBIX AECHCTBUN
nepcoHana. McciaenyeM INepexoaHbIl mpouecc MpU K.3., 3@ BPEMs KOTOPOIO TOK
TpaHcopmaTopa JOCTUTHET CBOEro yCTaHOBHBIIErocsl 3HaueHus. [Ipu aBapuiiHbIX
KOPOTKHUX 3aMBIKaHUSX B 00OMOTKax TpaHchopmaropa Bo3HHKaeT Tok, B 10-20 pa3
MPEBBIIAIONINN HOMUHAIbHOE 3HaYeHue. [loaTomMy npu aHanu3e KOPOTKUX 3aMbIKa-
HUN TOKOM lo MOKHO mpeHeOpeub, U Mpolecc K.3. MOKHO aHAJIM3UPOBATH MPH TO-
MOIIM YIIPOIIEHHOM cxeMbl 3amelenus (puc. 2.20).

[Tagenue Hanpspkenus Iy nocturaer npumepno 0,5E1. [ToatoMy npu k.3. mar-
HUTHAas cuctema Tpanchopmaropa Oyaer HeHachilieHHa. [lonaraem, 4ro npu K.3. nep-
BUYHOE HanpspkeHue Ui He u3MeHsieTcs (3To OyJeT mpyu MOITHOM MUTAIOIICH CETH).
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Puc. 2.20. YnpouieHHas cxema 3amMelieHus Tpancpopmaropa rnpu K.3.

HpOHeCC K.3. MOXKCT 6I)ITI) OIINCaH ypaBHeHI/IeMZ
U, sin(ot +y) =i, r +L, %tK, (2.34)

X
rne L, =—%.
®

Pewmenue ypaBaenus (2.34) npencraBuM B BUJE:
i =iy +ig, (2.35)
iy — YCTAaHOBUBILUICS TOK K.3., 00yCIIOBJIECHHBIN NPUIOKEHHBIM HaIIPSKEHUEM
Us;
iy — cBOOO/HBIN (anepuoIUYECKUil) TOK, KOTOPBIA HE NOAACPKUBACTCS BHEIL-
HUM IIPWIOKEHHBIM HANPSYKEHUEM U BHYTpeHHUMU ucTtouHukamu JJ1C.
Toxk iy , onpeneneHHbld U3 ypaBHeHus (2.34), npeACTaBUM Kak:
i =l SIN(0t+y—0,), (2.36)
Ulm

| — . XK
rae lm = 5, @ =arctg—.
Jr2+x2 e

I[J_IH OonpcACICHUA aliCpUOJUICCKOIO TOKA BOCIIOJIL3YEMCA YPAaBHCHUCM I[Z .
di
_n K
O_IK +LKE, (237)

N4

i momydeHo B BuE iy =i e "™, (2.38)

L
rae T = r_K — IIOCTOSIHHASI BPEMEHU 3aTyXaHUs allepUOAUYECKOTO TOKA K.3.
K

i, OTIPECIISIOT U3 HAYAIBHBIX YCIOBHUIA B MPEIIOIOKEHHH, YTO TpaHchopMa-
TOP [0 HACTYIUICHHUS K.3. pabOTAaJ MO/ HArPY3KOH U [0 ero 0OMOTKaM MPOTeKal TOK:
i = L SIN(OL+ W+ 0y ) (2.39)
Kak mpaBuiio, Harpyska TpaHcopMaTtopa WUMEeT aKTHBHO-WHIYKTHBHBIN Xa-
pakTep, Ho3TOMy

"

lido = +icTo =[] o

i SINCY =2 5) Fico = D SINY =0y

ico = iarm SIN(W = @y ) + 1y SIN(W — 9,);
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e =[lirm SINCY = @) + Ly SINCW — @ ); Je™. (2.40)
[1omHBIN TOK IPU BHE3AITHOM KOPOTKOM 3aMBIKAHUU:
iK =1 Km Sin(O)t Ty - (PK) _[I Km Sin(\V - (PK) - IHFm Sin(w - (PHF)]e_t/TK : (2-41)

[IpeacraBum mpoliecc aBapuiHOTO KOPOTKOTO 3aMblKaHUsl Tpaduuecku (puc.
2.21).

I}{_ b by

T

pald

/7 27 X
I-:lq'.'& _/_,.f" ilx

Puc. 2.21. Toku TpanchopmaTopa npHu aBapuiiHOM BHE3AITHOM K.3.

=

Haubonee onacHbIM IIpH K.3. ABJIETCA yAapHbIU TOK ly,. BenumunHa sToro toka

Kyn
xapakrtepusyercs KodpduuueHtom Ky, = . Jng MomHbeIX TpaHchopmMaTopoB

Ikm
Kyn=1,7...1,8, 1151 MaJIOMOIIHBIX TpaHC(HOPMATOPOB Ky, = 1,2...1,3.

TOKM KOPOTKOTO 3aMBbIKaHHSI BBI3BIBAIOT YCUJICHHBIA HarpeB OOMOTOK TpaHC-
dbopmaTtopa U OoJIbLIME BIEKTPOMATHUTHBIE YCHIIUA, CIOCOOHBIE e(hOpPMHUPOBATH
oOMoTkH. Haumbosee omnacHbIMU SIBISIOTCA BHYTpPEHHHE (MEXBUTKOBBIE) KOPOTKHE
3aMbIKaHMs B TpaHchopMaTtope.

JI71 3a1MTHI OT BHYTPEHHUX KOPOTKUX 3aMbIKaHUI B TpaHc(hopMaTope UCIOib-
3YyIOTCSl Ta30Bble penie. B coBpeMeHHBIX TpaHcpopmaTopax MPUMEHSIOTCS CHCTEMBI
TOKOBBIX 3aIIMUT OT K.3., KOTOPbIE OTKIIFOYAIOT UX OT CETH 3a JECSThIE IO CEKYH/bI.
[Ip1 KOPOTKMX 3aMBIKaHUSX MHOT/IA CIIy4aroTCsl B3PBIBBI M BO3ropaHus TpaHchopMma-
TOpPOB, KOTOpPbIE BIEKYT 3a OO0 TsKelble MOCHEACTBU. J{JIs 3alUThI OT B3PHIBOB U
MOKapOB Ha KPBIIIKE MOIIHBIX MAaCISHBIX TPaHC(HOPMATOPOB PaclOararoTcsl Bbl-
XJIOTIHBIE TPYOBI, [0 KOTOPBIM KHUIIAIIEE MAciIO BbUIMBAETCS U3 OaKa Ha 3eMIIIO.

2.6.4 Pacuem nepexooHblX npoueccos 6 mpancgopmamope npu 6He3anHOM
KOPOMKOM 3aMbIKAHUU

2.6.4.1 JlelicTByrolllee 3HaYE€HUE YCTAHOBUBILIETOCS TOKA KOPOTKOTO 3aMbIKa-
HUA TpaHchopmaTopa ¢ y4ETOM MOUTHOCTH 3JEKTPUUECKON CUCTEMBI.
100- Iy,

ley = ) (2.42)
0 1, 100-S,

Uy - Sy
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r71e Sk — MOITHOCTh KOPOTKOTO 3aMBIKAHUS AJICKTPUUECKOW CUCTEMBI, KB-A; mms ce-
Tel ¢ kimaccoMm Hanpsbxenus 6 u 10 kB ona pasna 500 000 kB-A, a nns cereit 35 kB —
2 500 000 kB-A, Ux — HampsiKEHUE KOPOTKOTO 3aMbIKAHUS

2.6.4.2 HanGomplas aMIuIMTY 1a TOKa KOPOTKOTO 3aMbIKaHHS

m-u

Ka

eu =\2|1+e ™ | Iy, (2.43)

rae Ugxa — aKTHBHAs COCTABJIAIOIIAA HAMPSXKCHUSA KOPOTKOI'O 3aMbIKaHUA Uy, — pEak-
THBHAA COCTABJIAIOIIAA HAIIPSIKCHUA KOPOTKOI'O 3aMbIKAHNA.

2.6.4.3 Anepuoaudeckasi COCTaBIIAIONIas TOKa B OOMOTKE OJHOM (has3bl TpaHC-
(dbopmaropa nipu HanboJjIee HeOIaronpPUATHOM BHE3aITHOM KOPOTKOM 3aMbIKaHUHU

OUg, t

i ®=v21ye * (2.44)

2644 HepI/IOIII/I‘IGCKaH COCTaBJIsKOIIIadA TOKa KOpOTKOFO 3aMBIKaAHU Tpch-
dhopmaropa

i o () =—V2 - 1, COS Ot . (2.45)

2.6.4.5 MruoBeHHbBIC 3HAUYCHHUS PE3yIbTHPYIOIIETO TOKA BHE3AMMHOTO KOPOTKO-
IO 3aMbIKaHUsl.

iK(t) = iKAH (t)+ iKHEP (t). (2.46)

3anaBasdch BennunHOW BpeMeHH t ot Hyns no 0,1 ¢ marom 0,002 ¢, paccuuTsi-
BAIOT ANEPUOAUYECKUN U PE3YJbTUPYIOLIMI TOKM BHE3AIIHOTO KOPOTKOI'O 3aMbIKa-
Hus. [Ipu pacdeTax cienyeTr y4yecTh, 4TO BEIMYHMHA Ot BbIpakaeTcsd B paauaHax. I1o
pe3yibTaTaM pacdera JaeTcsl OLIEHKAa C TOYKH 3pEHHUs MPaBHIBHOCTU BBIOOpa H
HAaCTPOMKH YCTPOMCTB 3alUThI HAa DJIEKTPONOICTAHIIUSAX.

2.6.5 Ilpumep pacuema nepexooHblX RPOUECCO8 01 CUN08020 MPancop-
mamopa TM-160/10

Pacuer Benmercst B cOOTBETCTBHHU € popmynamu (2.27-2.33) u (2.42-2.46).

2.6.5.1 BennurHa HaMarHMYMBAIOIIEH MOITHOCTH ONPEACAeTCS sl 3HaUYCHUN
MarHuTHOM UHAYKIMH 2 T u 4 T

2.6.5.2 MarauTtHas UHAYKIHS B CTEPKHE:

B.=2 T
2.6.5.3 MarautHasi UHIYKIHS B ipMe:
5 _p M
HH
0,01363
B, =2-——=1975
17%70,0138 L.
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2.6.5.4 MarauutHas MHAYKIHS B KOCBIX CTBIKaX:

5 B

CT_\/E’

2
By =—==1414Tn.

J2
Que =L2(0cGc +05Gy + U Tl + 205511, + W21 T1,)
Qu =1,2(350-141+340-155,1+130 000- 0,01363+ 2-1 270 000- 0,0138 +
(+4+/2-10120-0,0136) =129 770 B-A,
rae 0. =350 B-A/kr, Oy =340 B-A/kr, 0y =130000 B-A/M2, Gy, =127 000 B-A/M?,

Oscr =10120 B-A/M? onpenensrores no Tadmuie NpuiIoxkeHus u puc. 2.18 u 2.19.

2.6.5.5 MarauTtHas MHAYKIHS B CTEPKHE:
B.=4 Tn.

2.6.5.6 MarauTtHas UHAYKIUA B IpME:

2.6.5.7 MarauutHast UHIyKIIHs B KOCBIX CTBIKaX:
B
C

B. =—~
CT ﬁ;

B. =% _28087Ty

cT — ﬁ
Qux =1 2(9.G.. + 043Gy + Uy 11 + 254 11 + 4\/§q3CTHC) ;
Q. =1,2(3230-141+3100-155,1+1130 000-0,01363+2-1070 000- 0,0138 +
+4+/2 -500 000-0,01363) =1182 030 B-A,

rae 0. =3230 B-A/kr, Q4 =3100 B-A/xr, g,.=1130000 B-A/M?, 0, =1070000
B-A/M?, Gy =500000 B-A/m? onpemensrorces 1o Tabumie NprIokKeHus u puc. 2.18
n2.19.

2.6.5.8 AMIITMTY1a HAMarHMYMUBAIOIIETO TOKa TpaHc(opmaTopa onpeaenseTcs
JJ1s1 3HAYEHU MarHUTHOM MHAYKUUK 2 U 4 T COOTBETCTBEHHO:

QY2

i =
OPM 108, ,

B.=2 T
1297702

o =" 10160 !
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B. =4 Tu:
1182 030-/2
lorm2 = 07160

2.6.5.9 Ha ocHOBaHMM TIOJYYEHHBIX PE3yJbTATOB CTPOUTCS KpHBask HaMarHu-
yuBaHus TpaHchopmaropa (puc. 2.22).

=1044,8 9,

B.Tn

1cme %
0 200 200 500 200 1000

Puc. 2.22. KpuBasg HamarauuuBanus Tpanchopmaropa

2.6.5.10 Koappunuent camonnaykiuu ogHou ¢asel 00MoTku BH npu 3Hauun-
TeJILHOM HachleHuu ctamu (B > 2 Tn):

W, -AB-11.-10°°
Lzz = - ;
AIOPM ) |<1>2
-3
:1241 2-136,3-10 _ 039 Ty,

2 930,1-9,24

AiOPM = lopmz —lopwmi s
AiOPM =1044,8-114,7 =930,1 %,

rne AB =2 T Ilc — B cM?;
lopM1 — AMILIUTY/Ja HAMarHHYMBAIOIIETo ToKa pu B =2 T,
lopM2 — AMIUIMTY/Ia HAMArHHYKBAIOIIEro ToKa mpu B =4 Ti.

2.6.5.11 AxtuBHOE compoTHBICHHE 01HOM (a3sl 0OMoTKH BH:

P
- 'alzz !
2H
r, =227 _ 57665 Om.
3-9,24
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2.6.5.12 IIpu Hanbonee HEOIATOMPUATHOM BKIIOUEHUU TpaHCPOpMaTopa Mar-
HUTHAsI MHIYKIMS B CTEPIKHE U3MEHSETCS 10 CICAYIOIIEeMY 3aKOHY U MpeCcTaBIcHA
Ha puc. 2.23 u B Ta6. 2.1:
“foy

B=(B.+B,,)e” —B.coswt .

—5.7665 ¢

B =(1,537+0,25)e *®* —1537coswt.

L] 001 003 005 ojoT 0|0 a1

Puc. 2.23. I3MeHeHne MarHuTHOW MHIYKIIUU BO BPEMEHHU

Tabnuya 2.1

3aKOH U3MEHEHHWsI MAarHUTHON MHIYKIUH MPU Pa3HBIX 3HAUYCHUSX B .,
t,c B, Tn t,c B, Tn

1 2 3 4

0 0,25 0,054 0,4882
0,002 0,0898 0,056 -0,461
0,004 0,5192 0,058 -1,235
0,006 1,2162 0,06 —1,537
0,008 1,7965 0,062 —1,252
0,01 1,9505 0,064 —0,49
0,012 1,5538 0,066 0,4597
0,014 0,7085 0,068 1,2337
0,016 0,299 0,07 1,537
0,018 -1,113 0,072 1,2538
0,02 -1,441 0,074 0,4922
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Oxonuanue maon. 2.1

1 2 3 4
0,022 -1,175 0,076 0,458
0,024 0,427 0,078 1,235
0,026 0,5087 0,08 -1,54
0,034 0,4952 0,082 1,258
0,036 0,457 0,084 0,495
0,038 -1,231 0,086 0,4558

0,04 -1,532 0,088 1,2331
0,042 1,246 0,09 1,5398
0,044 -0,482 0,092 1,259
0,046 0,4664 0,094 0,4978
0,048 1,2381 0,096 0,453
0,05 1,5381 0,098 -1,232
0,052 1,2518 0,1 ~1,54

2.6.5.13 YcranoBuBIIeecs 3HaUCHUE TOKA KOPOTKOI'O 3aMbIKaHU:

| __ 1001,

KY ,

" (1+ 100S,, J
UKSK
Loy = 100-9, 24 =196,1A,
" 68_(“ 100-160 j
4,68-500 000

rae Sy — MOIIHOCTh KOPOTKOTO 3aMBIKaHHs AJeKTpudeckoi cuctembl, S, = 500 000

kB-A. 3aKkOH M3MEHEHMS TOKa BKJIOUEHHS BO BPEMEHHM IOKa3aH Ha puc. 2.24 u B
Tadi. 2.2.

topu, % 7

106

0.01 0.02 0.03 0.04 0.05 006 0.07 0.08 0.0 0.1
Puc. 2.24. I3meHeHne TOKA BKIIOUYEHUASA
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Tabauya 2.2

3aKOH U3MEHEHHUS TOKA BKIIFOUCHHMS BO BpEMCHU

t, C iopM, % t, C iopM, %

0 0 0,01 124.6
0,001 0 0,0105 110
0,002 0 0,011 85,3
0,0065 0 0,0115 53,5
0,007 0 0,012 14,9
0,0075 48,4 0,0125 0
0,008 80,1 0,013 0
0,0085 105,2 0,05 0
0,009 121,7 0,1 0
0,0095 128,3

2.6.5.14 HaubonpImas aMIminTyaa TOka KOPOTKOTO 3aMbIKAHHUSI:
Tl
: ST
[ =J2|1+e " | Iy,

1,71

i =2 (1+ g 4% } 1196,1=2358,27 A.

2.6.5.15 Anepuonuyeckasi COCTaBISIONIAs TOKa B 0OMOTKE OJTHOM (Da3bl TpaHC-
dbopmaropa npu HanboJee HeOIAroNPUATHOM BHE3AITHOM KOPOTKOM 3aMbIKaHUU:

O-Ugp

ficam (t) = \/E e ™,
01,71

i (1) =+2196,1-6 “®

2.6.5.16 Tlepnoamueckas COCTaBIIAIONIAS TOKa KOPOTKOTO 3aMBIKAHWS TPaHC-
dhopmaropa:
e (1) = V2 1, COS O,

e (1) = —/2-196,1cos oot .

3aKOH M3MEHEHHUsI TOKa KOPOTKOTO 3aMBIKaHHWS BO BPEMEHM MPEICTaBJICH Ha
puc. 2.25 u B Tabn. 2.3.

2.6.5.17 MrHoBeHHbIE 3HAYEHHs PE3yJIbTUPYIOUIETO TOKA BHE3AIHOIO KOPOT-
KOT'O 3aMbIKaHUS:

I (t) =lean (t)"' Ierep (t)
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Puc. 2.25. I3aMeHeHue ToKa BHE3AITHOTO KOPOTKOI'O 3aMbIKaAHHA

Tabnuya 2.3
3aKOH M3MEHEHHS TOKA BHE3AIIHOTO KOPOTKOTO 3aMBIKAHHUS
t,c Ikam, A Ikrep, A Ik A
1 2 3 4
0 277,3273 277,327 0
0,002 216,7827 -224,414 -7,63167
0,004 169,4559 -85,8669 83,58906
0,006 132,4612 85,44676 217,908
0,008 103,543 224,1546 327,6976
0,01 80,93809 277,3269 358,265
0,012 63,26814 224,6736 287,9417
0,014 49,45579 86,28672 135,7425
0,016 38,65887 -85,0265 -46,3676
0,018 30,21908 223,894 —-193,675
0,02 23,62182 -277,326 -253,704
0,022 18,46483 —224,932 -206,467
0,024 14,43369 -86,7064 —12,2727
0,026 11,28261 84,60593 95,88854
0,028 8,819452 223,6333 232,4528
0,03 6,894038 277,3241 284,2182
0,032 5,38897 225,1903 230,5793
0,034 4,21248 87,12581 91,33829
0,036 3,292835 -84,1852 -80,8924
0,038 2,573961 223,372 220,798
0,04 2,012028 277,322 -275,31
0,042 1,572773 -225,448 —223,875
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Oxonuanue maon. 2.3

1 2 3 4
0,044 1,229414 —87,545 —86,3156
0,046 0,961015 83,76424 84,72526
0,048 0,751212 223,1098 223,861

0,05 0,587211 277,3185 2177,9057
0,052 0,459015 225,7048 226,1638
0,054 0,358805 87,96402 88,32282
0,056 0,280473 —83,3431 —83,0626
0,058 0,219241 —222,847 —222,628

0,06 0,171378 —2177,315 —2177,143
0,062 0,133964 —225,961 —225,827
0,064 0,104717 —88,3828 —88,2781
0,066 0,081856 82,92171 83,00356
0,068 0,063986 222,584 222,648

0,07 0,050017 277,31 277,3601
0,072 0,039097 226,2169 226,256
0,074 0,030562 88,80133 88,83189
0,076 0,02389 —82,5001 —82,4762
0,078 0,018674 —222,32 —222,302

0,08 0,014597 —277,305 —277,29
0,082 0,011411 —226,472 —226,461
0,084 0,008919 —89,2196 —89,2107
0,086 0,006972 82,07833 82,0853
0,088 0,00545 222,0559 222,0613

0,09 0,00426 277,2988 277,3031
0,092 0,00333 226,7268 226,7301
0,094 0,002603 89,63774 89,64034
0,096 0,002035 —81,6563 —81,6543
0,098 0,001591 —221,791 —221,789

0,1 0,001243 —2171,292 —2177,291

2.6.6 Pacuem mennoewvix npoyeccoé 6 mpanchopmamope npu nepezpysxe

2.6.6 1 IlocTtosiHHAs BpeMEHH HarpeBa 0OMOTOK TpaHCc(opMaTopa:

To _ CM (GMl ) eOMCPl; GMz 'GOMcpz)Km ’ (2.47)
K

rae C, = 6,6 Br-Mun/kr-°C — ynienbHas TEIJI0EMKOCTh MEJIH;
c, = 13,6 Br-Mun/kr-'C — TO k€ aqrOMHUHUS,
K,, = 1,25 — ko3¢ HULIUEHT, yIUTHIBAIOIINN TEMIOEMKOCTh BUTKOBOW U30JISIIIUH;
Bomcp1 — TIPEBBINIIEHUE TEMIIEPATYPhl 0OMOTOK HaJl CPETHEN TeMITepaTypoil Maca,;
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Bomcp2 — TpeBbITIEHHE TeMIepaTypbl 00MoTku BH Haj cpeaneil temneparypoi;
Py — norepu KOpOTKOro 3aMbIKaHUS.

2.6.6.2 YcraHoBHBIIEECS CpelHEEe 3HAUCHHE MPEBBILICHUS TEMIIepaTyphbl 00-
MOTKH HaJl TeMIIepaTypoi Macia (pacdeT BeJIeTcs i1 HanOoJiee HarpeToi 0OMOTKH)
710 HavaJa meperpy3Ku:

Oomi = Oomcrn Ko (2.48)
2.6.6.3 BenmnurHa HOMHUHAJIBHOTO MEPErpeBa CTajv MO OTHOIICHHUIO K MacIy:
Oomcrn = 70— Oppy - (2.49)

rae  Oomcpn — BEIMUYMHA HOMUHAJIBHOTO MEPErPEBa CTAIU MO0 OTHOIICHUIO K MaCy;
K1 — cTrenens Harpy3ku TpancopmaTopa J0 neperpysKu.

2.6.6.4 YcraHoBHBIIICECS MPEBBIIICHUE TeMIIEpaTypbl OOMOTOK Haj TeMIepa-
TypOM Maciya npu neperpyske:

e01\/12 = eOMCPHKH22 ) (2.50)

riae K — cTeneHb Harpy3ku TpancdopmaTtopa mpu rneperpyske.

2.6.6.5 IIpeBsbilieHre TeMIiepaTypbl Haubosee HarpeTo OOMOTKM HaJ TeMIle-
paTypoii Macia TpaHncopMaTopa Ipu neperpyske B PyHKIIMM BpEMEHHU BBIPAKACTCS
CJIEYIOIUM 00pa3oM:

—t/T
Oom (t)= Oomz — (GOMZ _90M1)e o (2.51)
[puBeneHHast 3aBUCMOCTD TPEICTABISACTCS TpahUICeCKu.

2.6.6.6 IlocTosiHHAsI BpeMEHH HarpeBa TpaHcpopMarTopa:

T = CM (GMl ) eOMCP1 + GM2 'GOMcpz) + CCGCTeOMCPH + CMACH 'eMBH 'GMACH.

M P, +P, ’ (2:52)
I7Ie 3HAYCHHS YIEITbHBIX TETIOEMKOCTECH:
— MeIH Cy = 0,108 Bru/kr°C;
— IFOMUHUSA C, =0,227 BTu/kr°C;
— CTanu C. = 0,133 Bru/kr°C;

— TpancdopmaropHoro macina C,,,., = 0,5 Bru/kr°C;

Gwmi 1 Gwmp — Macca menu coorBeTcTBeHHO 00MoTOK HH 1 BH;
Gwmacy. — Macca Macia
Gcr— macca cranu Tpancdopmaropa;

Px — morepu xonocroro xoxa.
HoMmuHanbHbIi eperpes Macia 110 OTHOLIEHUIO K BO3AYXY:
Ovpn =05 +5, (2.53)
rae Oss — cpeaHee MpeBbIIlIEHUE TEMIepaTyphl MOBEPXHOCTH Oaka HaJ TeMIepaTy-
pou BO3ayXa.
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2.6.6.7 YcraHoBUBIIIEECs CpeHEe MPEBHIIICHUE TEMIIepaTypbl Macjaa Hajl TeM-

nepaTypoi Bo3ayxa /10 Ieperpy3Ku:
0,8

P. +P_K?
Oy =0 X K Hal (2.54)
MB MBH PX +PK

2.6.6.8 YcraHoBuBIIEECS MPEBBIINICHUE TeMIEPaTyphl Macia OTHOCHUTEIHHO

BO3/yXa IIPH IEPETPY3KE:

08

Py +P. K, |

Ovin2 = Ovimn XP +KP — . (2.55)
x T4k

2.6.7 Ilepenanpsaxcenusn 6 mpancghopmamopax

[Ipu skcrutyaTanuu smeKkTpoceTeil u auHui snextponepenad (JISI) nepuoau-
YECKU BO3HHMKAIOT MMITYJIbCHl HANPSDKEHUS, KOTOPhIE MOTYT B HECKOJIBKO pa3 Ipe-
BBIIIIATh HOMHUHAJIbHBIE HaNpspKeHUs ceTdu. [IpuunHamMu mnepeHanpsiKeHUd MOTryT
OBITh KOPOTKHE 3aMbIKaHHS Ha 3€MIII0, BKIIFOUEHHUE WJIA BBIKIIOYEHUE MOIIHBIX IO-
Tpedurtenel (KOMMyTallMOHHBIE NTEPEHANIPSDKEHUS ), a TaKkKe pa3paibl MojHui B JIDII
WM BOJIM3M Hee (aTMOoc(epHbIe MepeHanpsKEHus).

[lepeHanpspkeHUsT MUMEIOT XapakTep alepuogUYECKHX HUMITYJIbCOB M BOJIH.
BousHbI nepenanpshpKeHus epeMeratoTes 1Mo MpoBoAaM INPAKTUYECKU CO CKOPOCTHIO
CBETa U MOYTHU MTHOBEHHO JIOCTUTAIOT TpaHC(HOPMATOPOB HA MOJICTAHIIUAX.

HauGonee onacHbIMH SIBISIFOTCS aTMOC(EpHBIEC MEepPEHANPSKEHUS, JTOCTUTAIO-
I[1M€ HECKOJbKUX MHIJIJTMOHOB BOJIBT. J[JIs1 3alMThI OT aTMOCGHEpHBIX MepeHarnpsixe-
HUUN UCIIOJIb3YIOT UCKPOBBIE Pa3psITHUKHU, BO3YIIHBIN 3230p KOTOPBIX MTPOOUBAETCS U
OoJplIas 4acTh MEPEHANpPSKEHUS OTBOAUTCS B 3€MJII0. 3HAUYUTEIBHO YMEHbIATH
BO3JIYIIHBIN 3a30p B pa3psAHUKE HEJIb3s, TAK KaK OH TOI'/Ia CMOKET MPoOUBaThCS HO-
MHUHaJIbHBIM HanpspkeHuem JIOIL. TlosToMy mociie pa3psIHMKOB UMIYJIBCHI TIEpEeHa-
IIPSDKEHHUST MOTYT B HECKOJIBKO pa3 IPEBBIIATh HOMUHAJIBHOE HANPSIKEHUE JIMHUH
aJeKTporepeaad. ITH NepeHaNpPsKEHUsT JOCTUTal0T TpaHC()OpMaTOpOB Ha MOACTAH-
LUSIX U MPEICTABISIOT ISl HUX 3HAYUTENBHYIO OMTACHOCTh. MCIONB3yIOTCSA U IpyTHE
BU/JIbI PA3PSITHUKOB JIJISI 3aIIUTHI OT aTMOC(HEPHBIX MEPEHANPSIKCHHIM.

ATMoc(hepHbIe epeHaIpsHKEHUS UMEIOT XapakTep UMIYIbCOB (puc. 2.26).

0

Puc. 2.26. Anepuoauyeckasi BOJHA NEpEHAPSKEHU:
Oa — GpoHT BOJIHBI (ATUTCS HECKOJIBKO MUKPOCEKYHT); ab — XBOCT BOJIHBI
(3aTyxaeT 3a HECKOJIBKO JECATKOB MUKPOCEKYH/IbI)
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[Tpu anamm3e aTMochepHBIX TIEpeHANPSHKEHUN TpaHchopMaTopa Uil YIIpoIe-
HUS 9aCTO 3aMEHSIOT UMITYJIbC MEPEHANPSKEHUS OJTHUM TOJIYTIEPHOIOM ITEPEMEHHO-
r'o HaIpsDKEHUs ¢ MPSIMOYTOJIBHBIM (ppoHTOM (pHc. 2.27), IpUYeM 4acToTa ero u3Me-
Henud coctanisieT 10-50 kI .

U,
T
— U
v .
0 . t

Puc. 2.27. IlpsamoyroabHasi BOJIHA EPEHANPSHKEHUM

2.6.8 Cxema 3ameuwieHus 6b1COK0BOILMHOU 0OMOMKU MPAHCHopmamopa
npu nepeHanpsaiceHuu

B oOMoTKe TpaHchopmaTopa CyIIECTBYIOT €eMKOCTU MEXK]Y OT/ICJIbHBIMU BUT-
KaMH ¥ KaTyIKaM{d 0OMOTKH (TIPOIOJIBHBIC €eMKOCTH) U €eMKOCTH MEXKTY dJIEMEHTaAMHU
OOMOTKM (BUTKAMM M KaTyIIKaMH) M 3a3€MJICHHBIMU 4YacTsAMH TpaHchopmaTopa
(cepneunuk, 6ax) (mornepeyHble EMKOCTH).

B HoMuHanmpHOM pexuMe paboThl MPOJAOJIbHBIE U TMOMEPEYHBIE E€MKOCTH

1
HACTOJIbKO MaJIbl, YTO CMKOCTHBLIC COIIPOTHUBIICHHA, COOTBCTCTBYIOIINUC UM, X. =—,

o®c
OYEHb BEJIMKU. [103TOMY TOK IT0 HUM T€4Yb HE MOXKET, 1 OHM HUKAK HE BIUAIOT HA pa-
6oty Tpanchopmaropa.

[Tokaxxem cxeMy 3ameleHus (pasbl 4 BBICOKOBOJIBTHON 0OMOTKU TpaHchopma-
TOpa, MpeHeOperasi akTUBHBIM CONTPOTUBIIEHUEM €€ BUTKOB (puc. 2.28).

Puc. 2.28. YrporenHas cxema 3aMeInieHus 0OMOTKH TpaHc(opMaropa:

L — uHAYKTUBHOCTH BUTKA OOMOTKH; ¢, = —I

2.Cy
C, = 2.C;, — MmormepeyHas EMKOCTb

— IPOJI0JIbHASL EMKOCTB;
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Korma BonHa mnepeHanpsykeHUsT BEIUYMHOW B HECKOJBKO HOMHHAJIBHBIX
HaNpsKEHUN TOCTUraeT 0OMOTKHM TpaHc(OpMaTopa, TO HACTYNAET MEePEeXOHbIN BbI-
COKOYACTOTHBIN Ipouecc. B mepBblii MOMEHT BpPEMEHU IO BUTKaM OOMOTKH M3-3a
BBICOKOT'O UX MHIYKTUBHOT'O COIIPOTUBJIEHHUS (IIPU BBICOKOM YaCTOTE MHAYKTUBHOCTH
OyAyT NMpeAcTaBIATh COOON pa3phlB LIEMHU) TOK MIPOTEKATh HE MOXKET. B To ke camoe
BpPEMSI €EMKOCTHBIE COIPOTHUBIICHUS M3-3a2 BBICOKOM YaCTOTBHI PE3KO YMEHBIIATCA, U
TOK IMOTEYET IO €MKOCTHBIM CBSI3IM BBICOKOBOJIETHOM OOMOTKM TpaHC(popMaTopa.
J1is 5TOr0 MOMEHTa MIEPEXOTHOTO MpoIlecca cxema 3aMelieHus (paspl A BHICOKOBOIIb-
THOM 0OMOTKH TpaHcopmaropa npuaHMaeT Buf (puc. 2.29). Tok, mpoTeKaromui 1mo
€MKOCTHBIM CBSI3IM OOMOTKH B MEPBBII MOMEHT BPEMEHU, MOXKET AOCTUTaTh 0OJIb-
[IMX 3HaYEHUN U NPUBOJIUTH K MOBPEXKICHUIO (TPOOOI0) M30JISUUN HECKOJIBKUX TEp-
BBIX BUTKOB. B Takom cirydae TpanchopMaTop BBIXOAUT U3 CTPOSI.

A X
2 , , , , —
= | Ca 1= 1159

— Tl R |y g |
& & &
$c; “a | Ca | C4 C4 Cq

Puc. 2.29. Cxema 3amenienus 0OMOTKH TpaHc(hopMaTopa IpH MepeHanpsKEeHUn

Jns 3ammuThl TpaHchopMaropa OT NMepeHANpsHKEHUN (BOJHOBBIX IMPOIECCOB)
M30JISIIAI0 HECKOIBKUX TEPBBIX M MOCICTHUX BUTKOB JCNIAIOT yYcuiieHHOH. [l aKkpa-
HUPOBAHUS TPOJOJBHBIX EMKOCTEH HCIIONB3YIOT pa3pe3Hble KapTOHHBIC KOJIbIA, Me-
TaJUTM3UPOBAHHBIC C OJTHON CTOPOHBI M DJIEKTPUUSCKH CBSI3aHHBIE C BEIBOJIOM OOMOT-
ku. KapToHHbIe pa3pes3Hbie Koyblla pa3MeIIaT HaJl BEPXHEW Y4acThi0 BHICOKOBOJIBT-
HOIl 00MOTKHM TpaHcopmaropa. O60pyaOBaHHBIE TAKOW 3alTUTON TpaHCHOPMATOPHI
Ha3bIBAIOT «TPO3OYMOPHBIMUY», O YeM CBHIETENLCTBYET OykBa «[» B 0003HaueHHM
Mapku TpaHchopmaropa.

2.7 PeryJupoBaHue Hanpsi:xkeHus1 Tpancpopmaropa

BcenencrBue manenuss HanmpspkeHU B TpaHC(OPMATOpE U MUTAIOIIEH CETH, W3-
MEHEHUSI Harpy30K MOTPeOUTeNeH BO3HUKAIOT KOJICOAHUS BTOPUYHOTO HAMPSIKEHUS
Tpancopmatopa. [losTomy cyiecTByeT HEOOXOIUMOCTh PETYJIMPOBAHUS HAIpPSDKE-
HUSL TpaHC(HOPMATOPOB, UTO MOKHO OCYIIECTBUTH MyTEeM HU3MEHEHHs KoddduimeHTa
TpaHchopMauu K =W, /W, WU 9rciIa BKIFOUYEHHBIX B PA0OTY BUTKOB IIEPBUYHOU HITH
BTOPUYHOU OOMOTKHU TpaHchopmaTopa. {yist 3Toi 1enu 0OMOTKa BBITIOIHSETCS C Psi-
JIOM OTBETBJICHUM, U JJI PETYIMPOBAHMS HAMPSHKEHUS IPOU3BOIUTCS TIEPEKITIOUECHUE
ATUX OTBETBJIEHUH C MIOMOIIBIO COOTBETCTBYIOIIETO MEPEKITIOYAIONIEr0 YCTPOMUCTRA.

[TepexitoueHre OTBETBIEHUH OOMOTKH MOKET MPOW3BOIUTHCS MPU OTKITFOYE-
HUU TpaHCchOpMaTopa OT CETH WM e 0e3 OTKIIIoueHus, 1moa Harpyskou. [Ipu nep-
BOM Croco0e MepeKIoyvaroliee yCTpOoUCTBO MOIydyaeTcs Mpolle U JeHeBie, 0JHaKO
MEPEKITIOUEHUE CBSA3AHO C MEPEPHIBOM PHEPTOCHAOKEHUS TTOTPEOUTENCH U HE MOXKET
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MPOU3BOIUTHCS YacTo. [loaToMy 3TOT criocod mpuUMeHsieTcs, TIaBHbIM 00pa3oMm, AJis
KOPPEKIIMU BTOPUYHOI'O HAIPSIKEHHUSI CETEBBIX MOHIKAIOIIMX TpaHC(HOPMATOPOB B
3aBUCUMOCTH OT YPOBHSI IEPBUYHOIO HAIPSKEHUS HA JAHHOM YYacCTKE CETH, a TaKKe
IpY U3MEHEHUSIX HAMPSKEHUS CETH B CBSI3U C CE30HHBIM M3MEHEHHEM Harpy3ku. [le-
PEKIIIOUEHHUE T10]] HArpy3Koil TpeOyeT 0oJee CI0KHOTO U IOPOrOCTOSIIETO MEePEKITIO-
YalolIero yCTpOMCTBa U UCIONB3YEeTCsl B MOUIHBIX TpaHc(opmaTopax mpu HEoOXo-
JUMOCTH YacTOTO WJIM HEMPEPBIBHOTO PETyJIMpOBaHUs HampsikeHus. [IpuMenenue
TpaHCPOPMATOPOB C PETYIUPOBAHUEM HAIMPSIKEHHs TOJI HAarpy3Koi Bce Oosee pac-
LIUPSIETCS U YIy4YIIaeT KAYECTBO 3JIEKTPOCHAOKEHHS.

2.7.1 Tpaucghopmamopui c nepekiroueHuem 4ucia 6UmMKoOe
8 OMKIAIOUEHHOM COCIOAHUU

TpancpopMaTopbl U3rOTABIMBAIOTCS C PETYJIUPOBAHUEM HAIPSKEHUSI OTHOCH-
TEJIbHO HOMHHAJIBHOTO Ha £5 % (cuioBbIe TpaHCPOPMATOPHI MAJION U CpeTHEN MOTII-
HOCTH) uim Ha £2.5 % u £5 % (TpanchopmaTopsl 00JbIION MOIIHOCTH). B mepBom
ciiy4yae TpaHchopmaTop UMEET TPHU CTYNEHHU, & BO BTOPOM — ISATh CTYIEHEW Hamps-
xeHuss. OTBETBJICHUS LIENeCO00pPa3HO BBIMOJIHATh HA TOM CTOPOHE, HANPSIKEHHE Ha
KOTOpPOM B IMPOILIECCE AKCILTyaTalluu NOoJABepraeTcss u3MeHeHusM. [lpu 3tom MarauT-
HBIA 1OTOK Tpancdopmaropa ®~U/W npu paGore Ha pa3HBIX CTyNEHSX (OTBETBJIE-
HUSAX) MeHseTcst Majgo. OOBIUHO 3TO CTOPOHA BBICIIETO HAIpsHKEHUs. BpinoiaHeHue
OTBETBJIEHUII Ha CTOPOHE BBICIIETO HANPSKEHUS] UMEET TAKXKE TO MPEUMYILECTBO,
YTO MpPHU 3TOM BBHJY OOJBIIOrO KOJUYECTBA BUTKOB O0TOOP +2.5 % u +£5 % konuye-
CTBa BUTKOB MOKET OBITh MMPOU3BEJEH C OOIBIION TOYHOCTHIO.

Kpome Toro, Tok Ha CTOpOHE BBICIIETO HAMPSYKEHUSI MEHBLIE U MEPEKITI0YATEh
noJrydaercst 0onee KOMIakTHbIM. [lepexioyaemblie y4acTKU OOMOTKH MEX]y OTBETB-
JICHUSIMU 11eJIeCO00pa3Ho pacroiaratb B OKHE TpaHc(hopMaTropa 1o BbICOTE OOMOTKH,
B CpellHEel ee 4acTH, 4yTOObl pacnpesneseHne yacteii 0OMOTKH, Harpy>KEHHBIX TOKOM,
ObUIO 1O OTHOLICHMIO K sSipMaM MpH padoTe Ha pa3HbIX OTBETBJICHUSAX 110 BO3MOXKHO-
CTH CUMMETPHUYHBIM. B MPOTHBHOM cilyya€ MarHUTHOE I10JIE PACCESTHUS CUIIbHO MCKa-
KAETCsl, YTO NPHUBOJIUT K YBEJIIMYEHUIO MHAYKTUBHBIX CONPOTUBIICHUIA PACCESIHUS U K
PE3KOMY YBEIUYEHHIO YCUIIMH, IEHCTBYIOLUIMX Ha OOMOTKHU MPH KOPOTKUX 3aMbIKAHU-
ax. C Ipyroil CTOpOHBI, OTBETBJICHUS IPEIIIOYTUTENBHO BBIIOJIHATE CO CTOPOHBI 3a-
3eMJICHHOUW HeUTpanu (HyJIeBOW TOYKH) OOMOTKH, T. K. U3OJISAIUS MEPEKITI0YaTeNs IPU
3TOM 00JIeryaeTcsl.

Ha puc. 2.30 nokazansl Hanbosee XapaKTepHbIE CXEMbI BBITIOJHEHUSI OOMOTOK
otBeTBiIeHUsAMU. Cxema puc. 2.30, a mpuMeHsIeTCs P MHOTOCIIOMHON 0OMOTKE, U OT-
BETBJICHUS PACIIONAraloTCsl B KpailHEM LWJIMHIpUYecKoM cioe. B cxeme puc. 2.30, 6
OOMOTKHM BBIMIOJIHSIOTCSI M3 JIBYX YacTeil, HAMOTAHHBIX B Pa3HbIE CTOPOHBI, YTOOBI
OJC u marauronaswxkymue cuiibl (M/IC) nByx dacteir 0OMOTOK CKJIabIBAJIUCh, 4 HE
BbIUUTATNCh. B cxemax puc. 2.30, ¢ u 6 mpuMeHseTcss OO MEePEeKITIoYaTeb s
Tpex a3 (puc. 2.31, a), a B cxemax puc. 2.30, 6 u 2 kaxaas ¢a3za UMEeT CBOH Tepe-
kitovarens (puc. 2.31, 6), T. K. B 3TOM cliyyae MEXIy OTBETBJICHUAMHU pa3HbIX (a3
cymectByeT Hanpspkenue U = 0,5U,. [lepexmroyarenu pacrnonararorcs BHYTpU Oaka
TpaHchopMaTopa, a KOHLIbI OCel NepeKrouaTesiell BRIBOASATCSA Ha KPBILIKY Oaka.
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Puc. 2.30. Cxembl 0OMOTOK C OTBETBICHUSIMU JJIsl PETYJIMPOBAHUS HATIPSHKCHUS
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Puc. 2.31. Cxembl nepexirodaresiei s peryaupoBaHus HaPsKEHUS

2.7.2 Tpaucghopmamopuwt c pezyaruposanuem HanpaxceHus noo Hazpy3Koul

Tpanchopmaropbl 0OBIMHO pacCUMTaHbl JUJIsl PETYJIMPOBAHUS HANPSHKEHUS B
npenenax 6—10 % c marom 1,25-1,67 %. B atux tpancdopmaropax mnepexoi ¢ o-
HOH CTyNEHU Ha JPYTyI0 JOJDKEH MPOUCXOAUTh 03 pa3pbiBa Lenu Toka. [losTomy B
MPOMEXYTOUHOM IMOJIO)KEHUU BKJIFOYEHBI JIBA COCEIHMX OTBETBICHHUS OOMOTKHU, U
4acTb OOMOTKH MEXIy HUMHU OKa3bIBAa€TCsl 3aMKHYTOM HaKOpOTKoO. JlJi1 orpaHUYeHus
TOKa KOPOTKOTO 3aMBIKAHMS PUMEHSIOTCS TOKOOTPAaHUYMBAIOIME PEAKTUBHBIE WU
AKTHBHBIE CONIPOTUBIICHUS.

Ha puc 2.32 npuBeneHa cxema NepeKItOYEHUs ¢ TOKOOTPAHNYUBAOIINM PEaK-
TOpPOM P 1 MOKa3aHO MATh MOCJIEI0BATEIbHBIX MO3ULNNA MPU MEPEXOIE C OTBETBIIE-
Husa X1 (mo3uiusa a) Ha oTBeTBieHHE X2 (mo3unwms 0). B kaxmol u3 AByX BeTBEH
CXEMbI NIEPEeKIToYeHUsT uMeeTcs: KoHTakTop (K1, K2) st BHIKIIIOUEHHS] TOKA U3 JaH-
HOI BETBU Iepe]] ee NePEeKITIOYEeHUEM U TOJIBHXKHBIE KOHTAKThI niepekitouatens (/71,
112), KoTOpBIE paccunTaHbl JUIsl IEPEKIIIOUEHUs BeTBel 0e3 Toka. B HopManbHOM pa-
0oueM MoJIoKeHUHU (TTO3UIIMHU A U 0) TOKU JIBYX BETBEH CXEMbI OOTEKaIOT JIBE MOJIO-
BUHBI OOMOTKH PEakToOpa B pa3HbIX HampaBieHUsX. [103TOMy MOTOK B cepleYHUKE
peakTopa MPakKTUYECKU OTCYTCTBYET U MHAYKTUBHOE COITPOTUBIIEHUE PEAKTOpa MaJo.
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Hao0opoT, TOK KOPOTKOTO 3aMbIKaHUS CTYINEHHU, BOSHHKAIOUIUI MPH MPOMEXKYTOY-
HOM TIOJIO’KEHHMH TIEPeKIIIoYaTelis U MoKa3aHHbIN Ha puc. 2.32, 6 IITPUXOBOM JIMHUEH,
o0TeKaeT BCI0O OOMOTKY peakTopa B OJJMHAKOBOM HAIMPABIICHUH, ITPU ATOM CEPICUYHUK
pEaKTOpa HaMarHUYMBAETCS U COMMPOTUBJIEHNE PEAKTOPA MO OTHOLIEHUIO K 3TOMY TO-
KY BEJIUKO.

Puc. 2.32. TlepexitoueHre OTBETBJICHUI OOMOTKU JJIs1 PETYIMPOBAHUS
HaIpPsHLKEHUS TI0/1 HArpy3Kou ¢ UCI0JIb30BAaHHEM TOKOOTPAHUUMBAIOILIETO peakTopa

Peaktop P u nepexntoyatenu /1 momemniaroTcs BHyTpu O0aka TpaHcopmaropa,
a KOHTaKTOpbl K — B CIENUAILHOM JIOMOJIHUTEIIEHOM OaKe, KOTOPBI MOHTHPYETCS
Ha OOKOBOM cTeHke Oaka TpaHcdopmatopa. [Ipu Takom ycTpoiicTBe Macio B Oake
TpaHchopMaTopa 3aIlMIIeHO OT 3arps3HEHUS, BBI3BIBAEMOTO pabOTOW KOHTAKTOPOB
MIPHU pa3pbiBE€ UMHU LIETIH TOKA.

Ha puc. 2.33 nokazaHa npyHIMIHATIBHAS CXeMa MEPEKIIOUEHHUs 0] Harpy3Koi
C MPUMEHEHUEM aKTUBHBIX TOKOOTPAaHUYHMBAIOIIMX COMpoTUBIieHU# Ry 1 Ry.

X2 |
by

wt

5
'h-—o
> A7
= xgllt L
Puc. 2.33. Cxema peryaupoBaHusi HAIPSIKEHUS 110]] HArPY3KOM € UCIIOIb30BaHUEM
AKTUBHBIX TOKOOTPAHUYUBAIOUIUX COMPOTUBICHUIN

[Ipu monoxxeHUM MepexIroYaTese, mokazaHHoM Ha puc. 2.33, TpanchopmaTtop
pabotaet Ha oTBeTBIeHUU X2. [Ipu nepexose Ha orBeTBiIeHUE X1 CHauasga B MOJIOXKe-
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HUe paboThl Ha oTBeTBIeHMHU X1 mepeBoauTCs nepekitodartens /71, a 3aTemM nepexto-
yarenb // 1o BO3AEUCTBUEM COOTBETCTBYIOLETO MEXaHU3Ma ObICTPO NepedpachiBaeT-
Csl B IIOJIO’KEHHUE, B KOTOPOM OH IIpHUcoenuHseTcsa K KoHTaktaM 1 u 2. [locnenoBarens-
HOCTb Pa3MbIKaHUSI KOHTAKTOB 3 U 4 M 3aMbIKaHUsI KOHTAKTOB 1 1 2 ipu 3TOM paccuu-
TaHa TakK, 4To Lenb paboudero Toka | He pa3zpbiBaeTcs. beicTpoe, B TeUEHHE COTBIX J0-
JeH CeKyH/bl, IEPEKIIIOYEHNE HEOOXOMMO BO U30€kKaHHE MEePErpeBa COPOTUBIICHUI

R1 nu Rz.

2.8 Koa¢p¢unueHT nose3Horo aeiicteus Tpancpopmaropa

[ToTepu akTUBHON MOIIHOCTH B TpaHC(hOpMaTOpe MOJAPa3ACNSIOTCA Ha AJEK-
TPUYECKHE TIOTEPU B OOMOTKaX M MarHUTHBIC TOTEpPH B cepacuHuke. J[o6aBouHbIC
MOTEPU HA BUXPEBBIE TOKM B OOMOTKaX BKJIIOYAIOTCS B dJeKTpuueckue notepu. Kpo-
M€ TOr0, BO3HUKAIOT MOTEPU HA BUXPEBBIE TOKU OT IOJIEN paccesiHus TaKkKe B CTCH-
Kax 0aka U B KPEMeXKHBIX JeTalsIX. Tak Kak 3TH MOTEPU IPOMOPIIMOHATBLHBI KBaIpaTy
TOKa, TO OHU TOXE OTHOCSATCA K 3JEKTPUUECKUM NOTepsiM. ONBITHOE 3HAYCHUE aAK-
TUBHOTO COIPOTHUBJICHUS] KOPOTKOTO 3aMbIKaHUS [y YUUTBIBAET M 3TH J100ABOUYHBIE
IIOTEPH.

Benuuuna morteps ompenensercs pacueTHbIM IMyTEM MPU MPOSKTHUPOBAHUU
TpaHchopMaTopa WIM ONBITHBIM ITyTEM B TOTOBOM TpaHc(opmaTope.

Cornacuo ['OCT 52719-2007 MarHuTHBIE HOTEPH Py ONIPEAENSAIOTCS U3 ONBITA
XOJIOCTOTO XO0/1a.

Kaxk Ob110 ycranosneno B n. 1.10, motok Tpanchopmaropa nipu U; = const ¢
M3MEHEHHEM Harpy3kd HECKOJIbKO M3MEHSIETCS, B COOTBETCTBUM C YEM H3MEHSIIOTCS
TaK)kK€ MarHuTHele notepu. OAHAKO 3TO UBMEHEHUE OTHOCUTEIBHO HEBEJIUKO, U TO-
stomy nipu U; = Uj; = const MarHuTHbIE IOTEPU MPU BCEX HArPy3Kax MPUHUMAIOTCH,
cornacio ['OCT 52719-2007, paBHbIMH MOIIHOCTH XOJOCTOrO Xoja Py IMpU 3TOM
HaIpsKECHUU.

DNEKTPUYECKUE TOTEPU Py, BKIIOYAS T0OABOYHBIC, MPU HOMHUHAIHLHOM TOKE
MPUHUMAIOTCSI PABHBIMU MOIIIHOCTH KOPOTKOTO 3aMBIKaHUsI Py MpU 3TOM K€ TOKE.
OOBIYHO B OMBITE KOPOTKOTO 3aMbIKaHHUS TeMmIiepaTypa oOMOTOK 0 oTiaudaercst ot
75 °C, 1 mod3ToMy MOIIHOCTh Py mpuBoautcs K 75 °C, /uisl 4ero ONbITHOE 3HAYCHUE
MOTEPh MHOXKHUTCS TIPU MEIHBIX OOMOTKaX Ha KOIPDHUIIUEHT:

235+ 75
0= Sac o (2.56)
a IIpU aTFOMUHUEBBIX 0OMOTKaX — Ha KO3(PPUIUEHT
245475
T (257)

Onextpuyeckue notepu npu Harpyske | # |, B coorBerctBum ¢ I'OCT 52719-
2007 npuHMMaroTCcs paBHBIMH K P,
2
ke =1,11,, (2.58)
MpeACTaBIsIeT co00il kKorhdumueHT Harpy3ku Tpanchopmaropa. [Ipu s3Tom He ydu-
THIBA€TCSI TO OOCTOSATENBCTBO, YTO BBUAY HAJMUMs HAMArHUYMBAIOIIEH COCTaBIISIIO-

58



miei Toka otHomeHue li/liy Heckonmbko oTimyaercs oT Ky, onpenensiemoro mo ¢op-
myie (2.58).

Takum oOpazom, cymMmapHble ToTepu TpaHcpopmatopa npu U = Uy nipunu-
MAaIOTCSl PaBHBIMHU:

R =P, + P, =Py +hi P (2.59)

JIJist opreHTanuu BO BCTPEYAIOIINXCS HA MMPAKTUKE COOTHOIICHUSAX B Tabm. 2.4
NPUBOJATCS 3HaueHUss Py U Py IS HEKOTOPBIX TpPaHC(HOPMATOPOB C COCAMHEHHEM
o0MoToK Y/Yo u Y/A mo 'OCT 52719-2007. YV u3roToBisieMbIx TpaHCPOPMATOPOB
Po u P He JOIDKHBI TIPEBHINIATh YKa3aHHBIX B TAOIUIIE 3HAUCHUH.

Tabnuya 2.4

[Torepu xosocToro Xoaa Py 1 KOPOTKOTO 3aMbIKaHUs Py
MAacCJSHBIX JBYXOOMOTOYHBIX TpaHncpopmaropos coriacHo ['OCT 52719-2007

HomunanbHas MOIHOCTH Bepxuuit Npe/iet KOMHHATb- ITorepu, kBT
rpanchopmaropa, KB-A HOI'O HanpspKeHus, KB

’ BH HH P, P«

25 10,0 0,4 0,125 0,60

100 10,0 0,4 0,365 1,97

160 10,0 0,69 0,540 2,65

1000 38,5 10,5 2,15 12,2

10 000 38,5 10,5 14,5 65,0

80 000 38,5 10,5 65,0 330,0

Koaddumment nonesnoro aeiicteust (KIIJI) Tpancopmaropa BeuucisieTcs B
MPEANOJIOKEHNUN, YTO TOJIe3Has MOITHOCTh TpaHc(opmaTopa BBIPaXKAE€TCsl COOTHO-
ICHUEM

P, =mU,k,.1,,, cos@, =K,.S; CoS®,, (2.60)
KOTOpOE€ HE YYUTHIBACT TOTO, YTO MPH M3MEHEHWSAX Harpy3kw Hampspkenue U, He-
CKOJIbKO MEHSIETCS U HE PaBHO B TOYHOCTH Uyp.
B cooTBeTcTBUU ¢ U3N0KEHHBIM (popmyna juist BerauciaeHus: KI1J]

:&:Pz'i'pz_pz -1 pz
R P, + Py P, + Py

(2.61)

IIPUHUMACT BU

P0 + klfl“ Pk

n=1 (2.62)

K,.S, COSQ, + Py + kB,

VYKa3zaHHbIE BBIIIEC JOMYIICHUS NPAKTUYECKU MaJi0 CKa3bIBAKOTCS HA TOYHOCTHU
Boruncienust KII/1. KII/] Tpancdopmaropa umeeT MakcUMallbHOE 3HAUYEHUE MPHU Ta-
KOW Harpyske, MpHU KOTOPOW MEPEMEHHBIE MTOTEPHU P»; PABHBI MOCTOSHHBIM MOTEPSIM
Pwr, T. €. ipu K _P_=P,.

Takum 006pazom, 1 = Nyaxe PU
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Ker = &' (2.63)
Pk
3aBucumoctb KI1JI oT koaddunmenta Harpy3Ku Ky 7151 CHIIOBOTO TpaHCOpMa-

topa MoitHOCThIO 180 kB-A u Hanpspkenuem 6,3/0,525 kB mipu cosgz = 1 1 cosz = 0,8

P, 1
n300paxena Ha puc. 2.34. JJIst 9TOro N = Nyae TpU Ky = B = 2 =0,5.
k

n
1,00

T
0,954 =
chsp = OB GOSIp 3

w
—

L0

0,90;

0,85

0.80
0 0235 050 075 1.0 fw

Puc. 2.34. 3aBucumocts KIIJ[ Tpanchopmaropa ot kodduiinenta Harpy3ku

JUIsl OLIEHKH SKOHOMHUYHOCTH padOThl TpaHCPOpMaTOpa C YYETOM M3MEHEHH
€ro Harpy3ku BO BPEMEHH MOJIb3YIOTCS IOHATHEM 200068020 KII/[, o1 KOTOPBIM IO~
HUMaeTCsd OTHOUIEHUE SHEPIHH, OTJAHHON TpaHC(OpMATOPOM B TEUEHHE TOJa BO
BTOPUYHYIO CE€Th, K SHEPTHH, TOTPEOJEHHOM 32 3TO KE BPEMS U3 IEPBUYHOI CETH.
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3 PABHOBHU/HOCTHU CHJIOBBIX TPAHC®OPMATOPOB
3.1 ABToTpancpopmMaTopsl

Aemompancghopmamopom Ha3pIBalOT TpaHcPOpMATOp, ¥ KOTOPOTO HMEETCS
ANEKTPUYECKasi CBSA3h MEXKITYy 0OMOTKaMu. [0 KOHCTpyKIMH, TTO PACIIONIOKEHUIO 00-
MOTOK Ha CTEP)KHSIX OHH HE OTJIMYAIOTCSI OT OOBIYHBIX TpaHChopmaTtopoB. Ux oTiu-
9gre OT TpaHC(OPMATOPOB COCTOUT B TOM, UYTO M3OJIAIMS 00erX 0OMOTOK pacCUUTHI-
BaeTCs Ha BBICIICE HANPSDKEHHE. ABTOTPaHC(HOPMATOPHI MPUMEHSIOT JIJIsi 00hEeTHHE-
HUS OTACIBHBIX JTUHUH dekTponepenad (JIDII) ¢ pasHbiMu Kitaccamu HapsDKCHUS B
obmryro 3Heprocuctemy. st oopeauaeHus apyx JIDII B 06mryio sHEprocucTeMy, Kak
MPaBHJIO, UCIIOJIB3YIOT CXEMY, MIPH KOTOPOH 0OMOTKa HU3IIErO HANpsDKEHUS BCET/Ia
BKJTIOYAETCS MApaJUICIbHO CETH HHU3IIETO HAIpPSDKEHUs, a OOMOTKA BBICIIIETO Harmpsi-
KEHHSI — TIOCTICIOBATEIBHO C CEThIO BBICIIETO HarpshkeHus (puc. 3.1).

¥ v &

Puc. 3.1. Cxema aBToTpancopmaropa Jjisi COEAMHEHUS dIIEKTPOCETeH
C pa3HBIMU HAMPSKEHUSIMHU

[TapameTrpsl 0OMoTOK aBTOoTpanchopmatopa (U, E, I) cBs3anbl Takumu xe co-
OTHOUIEHUSIMU, KaK U Yy 0OBIYHOTO TpaHchopmaTopa
Uil B W
UZ Il E2 W2
Crnenyet 3aMeTuTh, 4TOo K03 duIMeHT Tpanchopmanuu aBroTpaHchopmaropa
OyJleT UHBIM:

_UBH _ IHH _UHH+U2 _1+ U2
AT — - - - .
Ui e Ui Ui
Mo1HOCTh, IepeaBaeMyIo U3 OAHON OOMOTKU B JPYTYIO 3JIEKTPOMAarHUTHBIM
MyTEM, T. €. IPU NOMOILA MATHUTHOTO TOJIsL, HA3bIBAIOT PACYEmMHOU.

Se =El, =El,.
MorHocCTh, NepeaBaeMyto aBTOTpaHC(HOpMATOPOM U3 OJTHON OOMOTKH B APY-
I'YI0, Ha3bIBAIOT NPOXOOHOU:

k

Uyl

Sip = Ul BH 'BH *

VY aBtoTpanchopmaropa Spp Bcerga 0oiblie, yeM Sy, T. K. 4aCTh MOUTHOCTHU U3
OJIHOM CETH B JIPYryl0 NEpeNaeTcss HEMOCPEACTBEHHO AIEKTPUUYECKUM NyTeM H3-3a
AJIEKTPUYECKON CBSA3M OOMOTOK. Y OOBIYHOTO TpaHcpopMmaTopa Spp = S,, MO3TOMY
st ooveauHenus JIDII Beironnee npuMeHsTh aBToTpancopmatopsl. Koadduument

TpaHchopMmalu aBToTpaHchopmaropa OOBIYHO COCTABIISACT K, <2,5. ABTOTpaHC-

HH'HH —

(dhopmaTopsl OBIBAIOT OJTHO- U TPeX(Pa3HBIMH.
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3.2 CBapouHble U NeYHble TPaHCPOPMATOPHI

JU1s 27eKTpUUECKON AyroBOM CBapKU MPHUMEHSIIOTCS TpaHC(OpMaTopbl ¢ BTO-
PUYHBIM HAIpsHKEHUEM, OOECIICUHBAIOIINM Ha/Ie)KHOE 3aKUTaHUE U YCTOMYMBOE ro-
penue nyru. Jns pydHOM CBapKu MCHOJIB3YIOTCS TpaHC(HOPMATOPhI C HAMPsHKEHUEM
mpu xojoctoM xojae 60—75 B u npu HomuHansHOU Harpy3ke 30 B (3To HampsbkeHue
BCE NPABWIbHO). /{151 orpaHnYeHusi CBapOYHOrO0 TOKA MPU KOPOTKOM 3aMBIKaHUU H
YCTOWYMBOTO TOpPEHUsi YT TpaHCcHOpMaTop MOIKEH HMETh KPYTO MaJarollylo
BHenmHO xapakrepuctuky U, = f(l2), a cBapounas mens — 3HAYUTEIBHYIO HHIYK-
TUBHOCTH (cos@ = 0,4-0,5). lns peryaupoBaHusi BEIUYHHBI CBAPOYHOTO TOKA 3HAYe-
HUE 3TON MHIYKTUBHOCTHU JAOJKHO OBITh PETYIUPYEMBIM.

JUis TIaBHOrO M3MEHEHHUs CBapOYHOIO TOKAa HCIIOJB3YIOTCS CBApPOUYHBIE
TpaHcQOpMaTOPBl C JONOJHUTEIBHON PEryIMPYyEeMON PEaKTUBHOM KaTyLIKON (puc.
3.2). Ilpu yMeHBILIEHUH € TOMOIIBIO COOTBETCTBYIOLIETO MEXaHU3Ma 3a30pa O B Mar-
HUTHOM LENU KaTyIIKU €€ MHIYKTUBHOCTb Bo3pacTaeT. lI1 CTyleHYaToro peryJsu-
POBaHUSA BEJIMYMHBI CBAPOYHOI'O TOKA IPUMEHSETCS MEPEKIIOUCHUE YUCIIa BUTKOB B
00MOTKe TpaHchopMaTopa.

o f'-'_--'} LY Mt
+ le——
[l
Yy :
\ ) Sl
i

Puc. 3.2. CBapounblii TpaHC(OPMATOP C PEAKTUBHOW KaTyIIKON

OpHomnocToBble TpaHC(HOPMATOPHI IJI1 PYYHOR AYTOBOM CBapKd M3rOTaBJIMBa-
10TCst MOIIHOCTHIO 10 30 kB-A, a ns aBroMatudeckoit cBapku — 10 100 kB-A u 60-
nee. JIJi1 KOHTAKTHOM AJIEKTPOCBAPKH BBIMYCKAIOTCS TPaHCHOPMATOPHI MOUTHOCTHIO
1o 1000 kB-A npu Hanpsi>KeHUH X0JI0CTOro Xo/a 110 36 B.

JInst TyroBBIX CTajerIaBUJIbHBIX IMEUEeH MPUMEHSIOTCS TpexdasHble TpaHC-
dbopmaropsl, cormacHo 'OCT 54827-2011, momuocTthio 10 25 000 kB-A, co cTyneH-
YaThIM PErYJIUPOBAHHEM BTOPUYHOTO Hampspkenus B npenenax 110-420 B. Perynu-
pOBaHUE HAMPSHKEHUS OCYIIECTBISETCS KOMOWHUPOBAHHEM CIEAYIOMIUX MPUEMOB:
1) nmepexIoueHHs TIEPBUYHON OOMOTKH CO 3B€3JIbI Ha TPEYTOJbHUK; 2) YCTPOHCTBA
OTBOJIOB B MEPBUYHON OOMOTKE; 3) MEPEKIIOUEHUs OTACIbHBIX TPYMNI BTOPUYHBIX
BHUTKOB C MMAPAJJIEIBHOTO COEUHEHHSI Ha TIOCJIEI0BATEIIHLHOE.

3.3 Tpexo0OMoOTOYHBbIE TPaHCHOPMATOPLI

[[Iupokoe MpuMEeHEHUE B SHEPTEeTUKE HAIIIA TPEXOOMOTOUHBIE TpaH(OPMATO-
psI (puc. 3.3), y KOTOPBIX UMEIOTCSI OJIHA TIEPBUYHAS U JIBE BTOPUYHBIE 00OMOTKH. Ta-
KHe TpaHC(HOPMATOPHI MCTHOIB3YIOTCS Ha DJEKTPUUYECKUX CTAHIUSAX U TMOJCTAHITUSX
JUISl IMTaHUSL PACTpPEICTUTENbHBIX CETE C Pa3IMYHBIMA HOMHUHAIBHBIMU HampsKe-
HUSIMU U TO3BOJISIIOT JOCTUYh SKOHOMUHU B KaUTAJIbHBIX 3aTpaTax 3a CUET YCTAHOB-
KH MEHBIIIETO KOJIMYECTBA TPAaHCHOPMATOPOB.
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Puc. 3.3. TpexoOmoTouHbIH TpaHchopMaTop

bynem cuutaTh, yT0 0OMOTKM 2 U 3 MPUBEACHBI K YUCITY BUTKOB OOMOTKH 1,
IS 9eTO BBEACHBI KO3(PPUIIMSHTHI NPUBEICHUS, UM TpaHCHOpMaLIUU:
W . Wi
kip = w,’ Kig = W, (3.1)
Cxema 3amelleHus: TpeXoOMOTOYHOIO TpaHc(hopMaTropa, B OTIMYUE OT CXEMBbI
3aMeIEeHUs IByX0OMOTOYHOTO TpaHcpopmaropa, OyaeT UMETh 1B€ BTOPUYHbIE LETH.
VY MOIIHBIX TPEXOOMOTOUHBIX CHUJIOBBIX TPaHC(HOPMATOPOB HaMarHUYMBAIOIIUN TOK
MaJl, © ©IM MOXHO mpeHeOpedb. Cxema 3aMelIeHns TaKuX TpaHchopMaTopoB MoKa3a-
Ha Ha puc. 3.4.

Puc. 3.4. YnopouieHHasi cxema 3aMeIieHus: TpeXxoOMOTOYHOro TpaHchopmaTopa

Kak cnenyer u3 cxembl, U3MEHEHUE HArpy3Kd OJHOW BTOPUYHOU OOMOTKH
BJIMSIET HA HAMNPsHKEHUE JIPYyrod BTOPUUHONM OOMOTKH, T. K. IPU 3TOM U3MEHSETCS Ma-
JICHUE HAMPSHKEHUS IEPBUUHONM 00OMOTKHU Z31.

BektopHble auarpamMmbl TPeXOOMOTOYHOIO TpaHcpopMaTopa MOMXKHO COCTa-
BUTh HA OCHOBE CXEMBbI 3aMelIeHUs puc. 3.4, OHM UMEIOT BUJ, OKa3aHHBIN Ha PUC.
3.5.

[TapameTpbl cxembl 3aMelieHusi pyuc. 3.4 MOXKHO ONPENEIUTh PACUETHBIM ITy-
TE€M WJIM W3 JIaHHBIX TPEX OIMBITOB KOPOTKOTO 3aMBIKaHUSI TPEXOOMOTOYHOTO TpaHC-
dhopmaropa (puc. 3.6).

63



Puc. 3.5. BekTopHas auarpamMmma TpexoOMOTOYHOTO TpaHchopmaTopa

é o

Puc. 3.6. CxeMbl OIBITOB KOPOTKOTO 3aMbIKAHUS
TPEXOOMOTOYHOTO TpaHchopmaTopa

[To ONBITHBIM 3HAYEHUSAM COMPOTHUBIIEHUH KOPOTKOTO 3aMbIKAHHSI:
Loy =L +2Z, =Ny, + ij12 = (rl + I‘2)+ J(X1 + Xz);
Ly =2y +Zy =Nyt Kz = (rl + I’3)+ J(X1 + Xs);
Zyps=2Zy+Zy =Nt Kps = (I’2 + r3)+ j(xz + Xa);

MO>KHO HAUTH

ya Lyt ZLys—Lyos.
1 1
2
7 Lotz —ZLygs.
2 = ;
2
7 - Zyzt+ 2o =Ly
3= 5 :
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[To ananoruyasiM popMyiaM depe3 aKTUBHBIE U WHIYKTUBHBIE COCTABIISIONTNE
Zy12, Zxi3, Zko3 BBIPAXKAIOTCS TAKXKe I1, I, I'3 U X1, X2, X3.

JlaHHBIC OITBITa KOPOTKOTO 3aMbIKaHUS MEKy OOMOTKaMHU 2 1 3 JIOJKHBI OBITh
IPHUBEACHBI K IIEPBUYHON 0OMOTKE ¢ KO3 (DHUIIMECHTOM MTPUBEICHUS

W Uy

Wy Uzy (34)

B ombITax KOPOTKOTO 3aMBIKAHHSI OMIPEISISIFOTCS TAKKE HAMPSHKCHHUST KOPOTKO-
T'O 3aMBIKAHUS Uk12, Ux13, Ux23, SHAUCHUS KOTOPBIX B OTHOCUTEIILHBIX SIUHUIAX PaBHBI
COOTBETCTBYIOIIUM COIPOTUBJICHUSIM KOPOTKOTO 3amblkaHus. ClieyeT OTMETHTh,
YTO WHIYKTUBHOE COTPOTHBIICHUE pACCESHUS OOMOTKH, PACIIOIOXKCHHOH MEXITY
IBYMsI IPYTUMU, OJM3KO K HYJIIO WM UMEET HEOOJbIIIOe OTPUIIATEIIEHOE 3HAUCHHE,
9T0 (hOpMaIbHO PKBUBAJIEHTHO EMKOCTHOMY COMIPOTHUBJICHHIO.

B0O3MOXHOCTh TIOSIBJICHHSI OTPHUIATEIBHBIX WHIYKTHBHBIX COMPOTHBIICHUH
paccestHHsI CBsi3aHa C T€M, YTO JUIS IByXOOMOTOUYHBIX TpaHC(OPMATOPOB OHH OIpe-
JEJSI0TCSL PA3HOCTHIO JIBYX (B Oojiee 0OIIEM ciiydae — HECKOJIbKMX) BEJIMUUH U 3Ta
Pa3HOCTh MOXKET OKa3aThCsl OTPUIIATEIIEHOM.

MontHocTH 0OMOTOK TPEX0OMOTOYHOTO TpaHcPopMaTopa B ciiydae, eCiiu

Slsz1|1;52 :mU2|2;83:mU3|3. (35)

OOmoTka 1 sBisieTcsl MepBUYHOMN, HAXOAATCS B COOTHOIIICHHUH
$1 <5, +8S;,
TaK KaKk KOd()PUIIMEHTHI MOIIHOCTH COSP2 M COS(P3 OOBIUHO Pa3ivudHbl, TOKU lp u |3
CABUHYTHI 1O (haze, u modTomy |1 < Iy + I3.

[IpakTHKyeTcs M3rOTOBIICHHE TPEXOOMOTOYHBIX TPAHCHOPMATOPOB CO CIEIY-
IOIIMMH BapUaHTAMH COOTHOIIECHUH HOMHHAIBHBIX MOIITHOCTEH TpeX OOMOTOK:

1) 100 %, 100 %, 100 %;

2) 100 %, 100 %, 67 %;

3) 100 %, 67 %, 100 %;

4) 100 %, 67 %, 67 %.

HampsixeHus: KOpOTKOTO 3aMbIKaHUS Ukiz Ukis Ukes OTIPEICTISIOTCS TP TOKAX,
KOTOPBbI€ COOTBETCTBYIOT HOMUHAIBLHOM MOIIHOCTA HAanOoJiee MOIIHOM (TIEPBUYHOI)
OOMOTKH.

Tpexdaszupie TpaHchOpMATOPHI BBIMOTHSIIOTCS € TPYININAMH  COCAMHEHHIM
Yo/ Yo/A-0-11 unmu Yo/A/A-11-11, a ogaoasubie — ¢ rpymmoit coeaunenuii 1/1/1-0-0.

TpexobmoTouHble TpaHCHOPMATOPHI C IBYMS MIEPBUYHBIMU OOMOTKAMH H O/I-
HOM BTOpUYHOU (puc. 3.7) M3rOTaBIMBAIOTCS 11 YCTAHOBKH HA MOIIHBIX 3JIEKTPO-
cTtaniusax. [lpm 3ToM TepBUYHBIE OOMOTKM HWMEIOT OJWHAKOBOE HOMHHAIBHOE
HaIpsODKEHUE, U K HAM TPUCOCIUHSCTCS 1O OJHOMY MOIIHOMY T€éHepaTopy, a BTO-
pudHas 0OMOTKa, MMEIOIIIasl BE Mapajule/IbHbIE BETBU, COSAMHACTCS Yepe3 MOICTaH-
U0 C JUHUSAMH Tiepeaadd. TpaHchopMaTopsl BEIOJHSAIOTCS OJHOMA3HBIMA U CO-
SAUHSIOTCS B TpeX(da3HyIo TPYIITY.

[Tpu TakoM ycTpoiicTBe TpaHchopmaTopa 00IerdyaeTcsi M3rOTOBICHUE TTEPBUY-
HBIX 0OMOTOK, UMECIOIIMX OOJIBIIINE TOKH, U B Clydae KOPOTKOTO 3aMbIKaHUS Ha 3a-
KUMax OJIHOTO TeHepaTopa MEXIy ABYMsI Te€HepaTopaMu JEHCTBYIOT aKTHUBHBIEC U
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WHAYKTUBHBIE COMPOTHBIICHUS JABYX MEPBUYHBIX OOMOTOK TpaHc(hOpMaropa, yToO
IIPUBOJUT K YMEHBIICHUIO TOKA KOPOTKOI'O 3aMBIKAHUS.

a1
|3 U3;
T TN T — 1 N 7~ - D

HH mﬁ
~ ) 4_..6‘___
————————<—N—___

—_———— N———— e —_————

Puc. 3.7. TpexoOMoTouHBIN TpaHCcHOpMATOP € ABYMS IEPBUUYHBIMU OOMOTKaAMU

3.4 TpancpopmaTopsbl, yCTOHYHUBBIE K KOPOTKHUM 3aMbIKAHUAM

Hecmotps Ha pa3BUTHE U COBEPIIEHCTBOBAHUE CUCTEM 3AIMTHI CUIOBBIX MacC-
JISTHBIX TpaHC()OPMATOPOB OT BHEUIHWX UM BHYTPEHHHUX KOPOTKHX 3aMbIKaHUU, KOJH-
YECTBO aBAPUNHBIX CUTYyaIlUd C TSKEIBIMHU MOCIEACTBUSIMH, TAKUMHU KaK B3PbIBbI U
MOYKAapbl HA JNEKTPOCTAHIUIX U MTOJCTAHIUAX, IPAKTUYECKU He CHUkKaeTcs. [loxkapsl
1 B3PBIBbI CUJIOBBIX MACISHBIX TPaHC(HOPMATOPOB MPU KOPOTKUX 3aMBIKAHUSIX MPO-
HCXOJST BO BCEX MPOMBIIIJIEHHO Pa3BUTHIX cTpaHax Mupa. OcoOEHHO 4acTo aBapuii-
HbIE KOPOTKHE 3aMbIKAHMsI CIIy4alOTCsl HAa TSTOBBIX MOJICTAHIUAX, CHAOMXKAIOUIUX
AJIEKTPUYECKON DHEPIUE KOHTAKTHBIEC CETH KEJIE3HOAOPOKHOI0 TPAHCIIOPTA.

OnHYM W3 TIaBHBIX 3JIEMEHTOB KOHCTPYKIIMM aKTUBHOM YacTH CHIIOBOTO Mac-
JITHOTO TpaHchopMaTopa SIBJISETCS €ro MarHUTHAsE CUCTEMA, 110 KOTOPOIl 3aMBIKAETCSI
OCHOBHOM NEPEMEHHBI MarHUTHBIA MOTOK. MAarHUTHBIN MOTOK IS TTOJY4YEHUs BbI-
COKOTO 3HaueHUsI KOA(( UIIMEHTA MOJIE3HOTO JCUCTBHS JOJIKEH 3aMBIKAThCS IO TY-
TAM C MajJblMM MAarHUTHBIMH CONPOTHUBICHUSAMH. [103TOMYy MarHUTHBIE CUCTEMBI
(cepieyHUKN) CHJIOBBIX TpaHC(HOPMATOPOB BBHIMOIHSAIOTCS (EPPOMATHUTHBIMU U
HaOUpaIOTCS U3 OTIEIbHBIX, U30JMUPOBAHHBIX JIPYT OT JApyra IJIACTUH, U3TOTOBJICH-
HBIX W3 DJIEKTPOTEXHUYECKON CTalld, UMEIOIIEH Y3KYIO METII0 TUCTEPE3nca U, COOT-
BETCTBEHHO, MOHMKEHHBIE NTOTEPU MOUIHOCTH HA MEpeMarHu4YMBaHue. PaccmoTpum
CUJIOBBIE TpaHC(OPMATOPhl, MAarHUTHBIE CUCTEMBI KOTOPBIX cojepxkaT (eppomar-
HUTHYIO )uJaKkocTh (PMIK), B kauecTBe OXJIaXKIarolIen >KUIKOCTU B 0aKe HUCIOIb30-
Ba"Ha ®MK, u3rorosieHHasi Ha OCHOBE TpaHCHOPMATOPHOTO MacJa.

Camoit >(pheKTUBHON >KUAKOCTHIO JJIS OXJIAXISHHUS AaKTUBHBIX YacTel u
VIIYUIICHHUS U30JISIIIMOHHBIX CBOMCTB CHJIOBOTO TpaHChOpMaTopa Mo ceil JACHb SIBIIS-
eTcsi TpanchopmaropHoe macio. TpanchopMaTopHOe MACIO TIPU BCEX CBOWX IOJIO-
KUTEIbHBIX KAYECTBAX UMEET CYIIECTBEHHOE OTPULIATEIIbBHOE CBOMCTBO — MOKAPO- U
B3PBIBOONACHOCTh. CO3/1aHO HEMAJIO HETOPIOYUX KUJIKOCTEH ISl OXJIAXKICHUS CUIIO-
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BBIX TPaHC(POPMATOPOB, HO HU OFHA U3 HUX JIO CUX MOP HE MOIy4UsIa IPaKTHIEeCKOTO
IPUMEHEHUS M3-32 BBICOKOM CTOMMOCTH M HU3KOW TEIUIOEMKOCTH. CHUIIOBBIE TpaHC-
dbopmatopsl, 6aku KoTOphIX 3anosHeHsl ®MIK Ha ocHOBe TpaHCHOPMATOPHOTO Mac-
J1a, UMEIOT IEPCIIEKTUBBI JJISI HCTIOJIB30BAHUS B AJIEKTPOIHEPTETUKE.

deppoMarHuTHas )KUJIKOCThb, B KAYECTBE OXJIAIUTEIILHOTO areHTa MpeCTaBIIs-
€T co00i KOJUIOUAHBIA PACTBOP, BKIIOYAIOIINNA OCHOBHYIO KHIKOCTH (B HAIIeM CIy-
yae 9TO TpaHC(OPMATOPHOE Macio), B KOTOPOM MpH IMOMOIIM MOBEPXHOCTHO-
AKTUBHBIX BEIIECTB YCTOWYMBO W PABHOMEPHO paCHpeNesieHbl MUKPOYACTHLIBI U3
dbeppomMarHuTHOrO Matepuaina (HarpuMmep, U3 OKHCH WJIM JIBYOKHCH >kene3a). [lepen
ucrnonb3oBanueM OMIK oOpabareiBaeTcss B meHTpudyrax, uro oOecreuynBaeT BO3-
MOKHOCTH JJIUTEIILHOTO €€ UCMOJIb30BaHUs. BakHbIM CBONMCTBOM (eppOMarHUTHOU
KUJKOCTH SIBJIIETCS U3MEHEHHE €€ MJIOTHOCTH (U JIaXKe arperaTHOro COCTOSIHUS) MO/
JNEHACTBUEM MAarHUTHOT'O MOJIA.

B 6ax tpanchopmatopa 3anuBaetcs ®MIK, koTopas nmpu 3KCIUTyaTalldyd CHIIO-
BOT'0 TpaHCPOpMaTOpa B PeKUMAX, OJU3KMX K HOMUHAIBHOMY, (DYHKITMOHUPYET Kak
0OBIYHOE TpaHC(HOPMATOPHOE MACIIO, T. €. HUPKYJIUPYET BHYTpU Oaka U B HAaBECHBIX
panuaropax, HO ¢ OosblIel 3(pPEeKTUBHOCTBIO M3-32 HAINYUS (PEPPOMATHUTHBIX Ya-
ctuil. [Ipy BO3HUKHOBEHUH aBApUIHBIX KOPOTKHUX 3aMbIKaHUM (K.3.) PE3KO YBEIUYH-
BaIOTCSl TOKU B 0OMOTKax Tpancpopmaropa (B 10-20 pa3), u 3T0 IpUBOAUT K TOSB-
JICHUIO OOJIIIMX MAarHUTHBIX MOTOKOB PAcCEsiHUs, CUJIOBBIE JIMHUU KOTOPBIX OOJb-
IIYI0 YacTh IyTH MPOXOAAT yepe3 (peppOMarHuTHYIO XKUAKOCTb. [lnotHocTe MK
YBEJIMYMBAETCS BILIOTH JI0 MOJHOTO €€ 3aTBepAeBaHus. IHBIMU CclIOBaMHU, KUIKOCTb
MpeBpallaeTcss B TBEPAOE TeNO (M3MEHSETCs ee arperatHoe cocrosinue). [loaromy,
HarpeBasich OT OOJIBIIMX TOKOB B 00MOTKax, ®MIK He MOXKeT 3akumnarh U Nepexo-
JIUTh B ra3000pa3HOE COCTOSTHUE KaK 3TO MPOUCXOAUT MPU KOPOTKUX 3aAMBIKAHUSX C
TPaJAULIMOHHBIM TPaHC(OPMATOPHBIM MaciOM. Y CHIIOBBIX TpaHC(OpMaTopoB, Oaku
KOTOpbIX 3anoiaHeHsl @MOK, uckioueHb 0c000 OMacHbIE MOCIEICTBUSI OT KOPOTKUX
3aMbIKaHHI, @ IMEHHO TOKapbl U B3PHIBHI.

[Ipy KOPOTKHMX 3aMBIKaHUSAX MPHUMEPHO Yepe3 IMOINEpUoaa U3MEHEHHs TOKA B
oOMOTKax TpaHchopMaTopa, a Mo BpEMEHH MPU MPOMBILIUIEHHON 4acTOTe TOKa 3TO
npuMepHo coctapiigeT 0,01 ¢, TOK K.3. JOCTUTAET CBOET0 MAaKCUMAJIBLHOTO (YIapHOTO)
3Ha4YeHUs. Y JapHBIA TOK KOPOTKOTO 3aMbIKAHUS MMOYTH B 2 pa3a O0Jbllle YyCTaHOBHB-
1IErocsi 3HaY€HUsI TOKa K.3., KOTOPOE MPEBBIIIAET HOMUHANIBHBIA TOK B 10—20 pas.
[lox neficTBUEM yIapHOTO TOKA K.3. B BUTKaX 0OMOTOK TpaHC(popMaTopa CO3Jar0TCs
ANEKTPOJUHAMUYECKHE YCUITUS, KOTOPbIE MOTYT MPUBOAUTH K IeOopMaluy KaTylIeK
obmoTok TpaHcopmaropa. Mtorom BO3JAEHCTBUSI DJIEKTPOJUHAMUYECKUX YCHIIUM
ABJISIETCS] BBIXOJ TpaHchopmaTopa u3 cTpod. [Ipuyem TokoBas 3amiuTa He CocoOHa
MPEAOTBPATUTh BOZHUKHOBEHHUE AJIEKTPOJUHAMUYECKUX MPOLECCOB B TpaHChopma-
TOpE U3-3a HEJOCTATOYHOIO €€ OBICTPOACUCTBUS.

[Tpo6yiemMa MOBBILIEHHS SKCIUTyaTallMOHHON HAJEKHOCTU U Oe30MacHoil pado-
Thl MOIIHOTO CHJIOBOTO TpaHC(hOpMaTopa MOKET ObITh pelleHa MpH UCIOIb30BAaHUU
HOBOM €ro KOHCTPYKTHBHOM CXEMBbI, MPECTaBIeHHOMN (03 mepeaHell CTeHKU 0aka)
Ha puc. 3.8.
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Puc. 3.8. CunoBoii Tpanchopmatop:
1 — akTUBHAs 4acTh; 2 — MAarHUTOIPOBOJI; 3 — KaTYIIIKK OOMOTKH; 4 — KpbIllika 0aKa;
5 — BBOJ OOMOTKH BBICOKOTO HAIPsDKCHHMS; 6 — BBOJ OOMOTKH HU3IIIETO HAPSIKCHHUS,
7 — pacmupuTeNb; 8 — HABECHOM paaraTop

bak, pacmmpuTens U HaBECHbIE pagdaTOPbl pacCMaTPpUBAEMOI0 TpaHchopMa-
TOpa 3arojHeHbl (epPPOMArHUTHOM KUIKOCTBIO. OJHa M3 BaKHBIX OCOOCHHOCTEH
JTAHHOT'O CHJIOBOTO TpaHCc(opMaTopa — BBIIIOJHEHUE €r0 0OMOTOK M3 IMOJIBIX TPOBO/I-
HUKOB, KOoTOphle Takxke 3anosiHeHbl MK, KoHcTpykiusa mosioro mpoBoiHHKa (I10-
nepeyHoe ceueHue) nzoopaxeHa Ha puc. 3.9.

."\\ / j
=1

Al /

Puc. 3.9. Tlosnbrit mpoBoa 0OMOTKH TpaHchopmaTopa:
1 — momBIH POBOT; 2 — MPOBOJIHUK; 3 — heppOMArHUTHAS KUJIKOCTh; 4 — 000JI0UKa

PaccmarpuBaemblii cuioBoii TpaHchopMaTop paboTaeT CISaYIOIIM 00pa3oMm.

B pexumax, OIUM3KUX K HOMUHAJIBLHOMY, (PEppOMArHUTHAS >KUIAKOCTh UMEET
TaKyl € IJIOTHOCTh, KaK M OOBIYHOE TpaHC(HOPMATOPHOE MACiIO, U MHTECHCHUBHO
OXJIQXK/IaeT KATYIIKH OOMOTKH, TOJIbIe MMPOBOJHUKN W MarHuTonpoBo. [Ipu kopoT-
KOM 3aMbIKaHUM 3HAYUTEIHLHO YMEHBIIIAETCS OCHOBHON MarHUTHBIN MOTOK U BO3pac-
TalOT MarHUTHBIE MOTOKKU paccessHus. [Ipu BO3A€MCTBUM MarHUTHBIX MMOTOKOB pacce-
saust Ha @MIK B Oake ¥ B MOJBIX MPOBOJHUKAX 0OMOTOK OHa 3arBepjeBaeT. JKecT-
KOCTbh TOJIBIX MPOBOJHUKOB CTAHOBUTCSI TAKOW, YTO 3JECKTPOJAMHAMUYECKUE YCUIIUS
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HE MOTYT AeQOpMHUpPOBATH KaTyIIKM OOMOTKH TpaHC(opMmaTropa U BBIBECTH €ro U3
cTposi. 3aTBepaeBIIas (PeppOMarHUTHAs KHUAKOCTb HE BCKUIIAET U HE MOKET NEPEUTH
B ra3000pa3HO€ COCTOSTHUE, YTO HCKJIIOYAET B3PbIB U MOXap TpaHchopmaropa npu
aBapUMHBIX KOPOTKUX 3aMmblkaHuAX. [lociie cpabaTbiBaHUs TOKOBOHM 3alllUThl U
yCTpaHEHUs MPUYMH K.3. BOCCTAHABIMBAETCS O0BIYHOE <GKUIKOE» cocTossHue MK
B 0ake U MOJbIX MPOBOJHUKAX, U CUJIOBOW TpaHCc(OpMATOp rOTOB JUIsl JajbHEHIIEH
JKCIUTyaTaluu.

Tpanchopmaropsl, cepaeyHuKr KOTOpbIX 3amnoiaHeHsl ®MIK, mo3Bomsior pe-
I'yJIUpPOBAaTh KX MOIIHOCTb.

['paduku Harpy3Ku CHIOBBIX TpaHC(HOPMATOPOB HEPABHOMEPHBI B TEUCHHUE CY-
TOK. MoIltHOCTh, HeoOXoquMas AJisg paboThl MOTpeOuTeNel, MOKET OBITh KaK OOJb-
e, TaK ¥ MEHbIIE YCTAHOBICHHOW MOIIHOCTU TpaHC(HOPMATOPOB HA MOJCTAHIIUH.
Ecnu nHarpyska npeBbllIaeT HOMUHAIBHYIO MOIIHOCTH TpaHcdopMaTopa, TO A Ka-
YECTBEHHOM U 0€30MacHOil paboThl HEOOXOAMMO MOJAKIIOUUTh NapauIeIbHO JO0MOJI-
HUTEJbHBIN TpanchopMmaTop. Eciu jxe Harpy3ka 3HaUUTENIbHO MEHbIIIE HOMUHAJIBbHON
MOIIIHOCTH CHJIOBOTO TpaHC(opMaTopa, TO IKCIUTyaTallMOHHBIE PACXO/Ibl AJIEKTpUYE-
CKHX IOJICTAaHLIUHA BO3PACTAIOT.

Perynupyemsbie cunoBbie TpaHc(hOpMaTOPhI MO3BOJISIIOT CHUXKATh MOUIHOCTh Ca-
Moro TpaHc(opmMaTopa Mpu YMEHBIIEHUN HAarpy3Kd. ITO 00eCHeunBaeT COKpalleHHe
NOTEPb XOJOCTOrO X0/1a, OOYCIIOBIEHHBIX JIEHCTBUEM BUXPEBBIX TOKOB U IE€peMarHu-
YUBaHUEM MarHutonpoBoja. [IpobieMa peryampoBaHHs MOUTHOCTH CHJIOBOTO TpaHC-
(dopmaropa 0COOCHHO aKTyallbHA JJI TATOBBIX MOJCTAHLMK 3JIEKTPU(ULIMPOBAHHBIX
KEJIEe3HbIX Jopor. Ha TAroBBIX MOACTAaHUUSAX YCTAHABIMBAIMCH TpPaHC(HOPMATOPBL,
MOIIIHOCTh KOTOPBIX B MEPCIEKTUBE MO3BOJISLIA MOBBIIIATH MPOBO3HYIO M IMPOITYCKHYIO
CIIOCOOHOCTB KEJE3HBIX JOPOr M CTPOUTH JOIOJHUTENbHbIE y4acTKu myTu. [locne
pacnaga CCCP B psige pernonoB Poccuiickoit @enepanyin (0COOEHHO B MpUTrpaHUY-
HBIX) KEJIE3HOJOPOKHBIE MEPEBO3KH 3HAYUTEIBHO COKPATHIIMCh WM NPEKPATUIHChH
coBceM. TAroBble MOJCTaHIUN CHA0XKAIOT AMEKTPUUECKOM SHEPTrUueil He TOJIBKO JKee3-
HBIE JIOPOTH, HO ITPOMBIIIJIEHHBIE MIPEANIPUATHS U KUIIBIE TOCEIIKH, PACIIOJIOKEHHBIE B
OKpYyTe, MOTOMY OTKJIFOYEHHE U IOJIHAs KOHCEPBALMS TATOBBIX MOJCTAHIMM HEBO3-
MO’KHBI. TSTOBBIE MMOJICTAHIIMK BBIHYK/IEHBI pa00TaTh MPU MaJbIX Harpy3kax. Y cuio-
BOT0 TpaHC(popMaTopa MOIIHOCTh MOTEPh XOJOCTOrO XOZa HE 3aBUCHUT OT HAarpy3KH:
NOTEpU B CTAJIM OJIMHAKOBBI NPHU padoTe TpaHc(hopmaTopa IpU HOMUHAIIBHON Harpys-
K€ U B P&KMMAaX C MAJIIMU Harpy3Kamu, O3TOMY pacXo/ibl Ha OIUIaTy MOTEPh MOIIHO-
CTH XOJIOCTOTO XOJa JENAI0T IKCIUTyaTaluio TpaHchopmaTopa HepeHTaOeIbHOM.

Co3iaHbl KOHCTPYKIMH PETYJIUPYEMbBIX CHIIOBBIX TpaHC(OpMATOpoB ¢ Geppo-
MAarHUTHOM XUAKOCTBIO, KOTOPBIE B IEPHO/IbI MAJIbIX HArpy30K MO3BOJISIIOT CHUKATh
BEJIMYMHY MOIIHOCTU TpaHcpopmarTopa. [Ipu ymeHbIIeHuN MOLIHOCTH TpaHchopma-
TOpa OJHOBPEMEHHO CHIKAIOTCS MOILIHOCTh MOTEPh XOJOCTOI0 XOJa M JKCIUTyaTa-
[IMOHHBIE pacxojbl. BO3MOXHOCTh peryjanupoBaHusi MOUIHOCTH CHUJIOBBIX TpaHc(hop-
MaTOpPOB MOBBIIIAET HEProd((HEeKTUBHOCTh (PYHKLIMOHUPOBAHUS TATOBBIX MOJCTAaH-
LUNA 3JIEKTPUYECKHUX JKEJIE3HBIX JIOPOr, MPU OJHOBPEMEHHOM IOBBIIICHUH YPOBHS
0€30macHOCTH UX PadOTHI.
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3.5 Tsarosslie TpancopmMaTopsbI

Tsroeie TpaHchOpMaTOPhI BXOAT B COCTAaB MpeoOpa3oBaTeIbHON YCTAHOBKH
JIOKOMOTHBa. X 0CHOBHOE Ha3HaueHWE — CHKEeHUE HanpshkeHus U Ha TOKOoprueM-
HUKe 10 3HaueHus U; HeoOXOoAMMOro NIl MMMTAaHUs TATOBBIX ABUTaTenel. Jlomycka-
€TCSl BOBMOYKHOCTh M3MEHEHMS HanpsukeHust Uy 11 peryaupoBaHus BEITIPSIMICHHOTO
HanpspkeHuss Ug U pexxuMoB paboTel asurateneil. Kpome Toro, tpancgopmaTopsl
UMEIOT OOMOTKH, OT KOTOPBIX MOJYYArOT MATAHNE e COOCTBEHHBIX HYK]T JIOKOMO-
THBOB, a MHOT/Ia U II0S3]1a.

HomunanpHas MOIHOCTH TpaHChoOpMaTopa, NMpeAHa3HAUYCHHAs I TATOBBIX
nBUTaTeNeH (TAroBasi MOIIHOCTB):

PTHOM :KMT 'Nz( 'PI[HOM’ (3-6)

rae Prpom — HOMUHAIBHASE MOIIHOCTD TSTOBOTO ABUratensi; Ny — uucio nBurarenei,
nuTarmuxcs ot Tpanchopmaropa; Kyr = 0,8...1,0 — koaddumnuent, 3aBucsamuii OT
HKCIUTYaTallMOHHOTO HMCIOJIb30BaHUSl JIOKOMOTHBA U CHOcO0a pEryIupOBaHMUS
HaIPSKEHUS.

MormHoCTh TpancopMaTopa i MUTAHUS LieTied COOCTBEHHBIX HYX JIOKO-
MOTHBA!

Pgrom = 2 (Ppi tri) = Ny - Prom * Kpen +gar - P, (3.7)
riae Pgi — MOIIHOCTB JIFOOOTO I-r0 MOTPEOUTENsT BCIIOMOTAaTEIbHON HArpy3ku; trm —
MPOJIOJKATEILHOCTD BKITIOUEHHUS; NBAr — PACUETHOE YHCIIO MACCAXKUPCKUX BAroHOB,
MPUXOAIINXCS Ha onuH TpaHcdopmaTop jokomotuBa; Po = 30...50 kBt — mom-
HOCTb, 3aTpayMBaeMasi Ha 3JEKTPUUECKOE OTOIUICHHE OJHOrO BaroHa (BEpXHUM mpe-
JIeNT — TIPU PUMEHECHUH KOHIUITMOHUPOBAHMS).

Tpancpopmarop — camblii TPOMO3JIKHI 3JIEMEHT JIEKTPOOOOPYAOBAHUS JIOKO-
MoTuBa. Ero HeuenecooOpa3HO OTAANATH OT NEPEKIIOYATENsl CTYNEeHeH, Tenioo0-
MEHHUKOB CHUCTEMBbI OXJIAXKICHUS, ITUPKYJIAIMOHHOTO HACOCa M JIPYTUX JJIEMEHTOB
BCIIOMOTATeNbHBIX YCTPOoUcTB. [ToaToMy 6110k TpaHchopmaTopa 0OBIYHO MPUXOIUTCS
pa3Melarh B IEHTpe Ky30Ba. B TATOBBIX TpaHcpopMaTopax MPUMEHSIOT UHTCHCHUB-
HOE >KHMJIKOCTHO-BO3JIyIIHOE OXJIaxkaeHne. Macca TpaHchopMaTopoB 3JIEKTPOBO30B
nocturaet 8—15 T, anmekTpornoe3noB — 2,5-3,5 T, yAelbHBIE MAacChl Ha CAUHUILY HO-
MHUHQIBHOW MOIITHOCTH JISl DJIEKTPOBO30B JocTurarot 1,5-2,4 kr/kB-A u s snex-
Tponoe3nioB 2,7-3,3 kr/kB-A. TpancpopMatopsl moApeCcCOPEHbl U TOITOMY HE TMOJ-
BEPIKEHBI BO3JICHCTBHUIO 3HAYMTEIIBHBIX TUHAMUYECKUX CHJI, HATIPUMED, KaK TATOBBIC
neuratenn. OgHAKO CHIIBI, BBI3BIBAEMBIC JHHAMHUYCCKUMHU YCKOPEHUSMH HEJb3sl HE
MIPUHUMATH BO BHUMAaHHE.

B KOHCTpYKIHSIX OTEUYECTBEHHBIX TATOBBIX TpaHC(POPMATOPOB OTpaKeHA TMPHU-
OPUTETHOCTh TEXHOJIOTMH OOILEro TPaHCHOPMATOPOCTPOCHUS: CTEPKHEBbIE MarHu-
TonpoBobl (puc. 3.10, a) 1 HenpepbIBHBIE KaTylIEYHbIE 0OMOTKH. MarHuTOpOBO/IbI
TATOBBIX TpaHcopmaTopoB (puc. 3.10, 6) muXTyrOT (COOMPaAIOT W3 JTUCTOB CTAJIH)
TaK, 9YTOOBI B MPOIIECCE IKCILTyaTAI[MH UX XapaKTEPUCTUKU U MOHOJUTHOCTh OCTaBa-
TuCh ctabmibHBIMU. JKenaTeabHo, yToObI (hopma JHCTOB ObLTa, KaK MOYHO TIPOIIIE,
WX YUCJIO W YUCIO CTHIKOB MUHUMAJBHBIM, a JJII CKpPEIJICHUS MX HE TpeOOBaIoCh
CJIOXKHBIX yCcTpoucTB. Hanbosee 4acTo mpuUMEHSIOT IJis CTEP)KHEBBIX TpaHChopMa-
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TOPOB CIOCOO MIMXTOBKHU MPU KOTOPOM MOHOJUTHOCTH JOCTUTAETCS YePEeIOBAHUEM
cioeB a u 6 (puc. 3.11, a). [l OpOHEBBIX TATOBBIX TPaHC(HOPMATOPOB YaCcTO MIPUME-
Hst0T [1-00pa3HbIe IMCTHI CTaJIM, 3aMblKaeMble 001uM sipMoM (puc. 3.11, 6), uto co-
KpalaeT KOJIMYECTBO BUIOB 3JIEMEHTOB U YHUCIIO CTHIKOB.

a) 6)

Puc. 3.10. MarauTomnpoBoAb! CTEPKHEBOTO (a) 1 OpoHEBOrO (6)
TATOBBIX TPaHCHOPMATOPOB

I S

a) 0)

02

A\ 4
A

clioua CHouno T o T

T

Puc. 3.11. Cxembl LIMXTOBKH TATOBBIX TpaHC(HOPMATOPOB

JIsi OBBIIIEHHUS] MHIYKTUBHOIO COINPOTHUBIICHHS TpaHchopmaropa ¢ IeNbio
oOJieryeHus 3aUThl OT KOPOTKUX 3aMbIKAHUN U CMSITUYEHUS TATOBBIX XapaKTEPUCTHK
anekTponoABuxkHOro coctara (IIIC) nHorna mexay HUMH TpeaycCMaTpPUBAIOT JHa-
MarHMTHBIH 3a30p 01, @ YACTO ¥ BHYTPEHHUI 3a30p O IS OXJIAXKIAIOILIEro Maca.

B oTedecTBEHHBIX CTEPKHEBBIX TATOBBIX TpaHC(oOpMaTopax yaile BCEro mpu-
MEHSIOT HENpPEpPbIBHBIC HUIUHAPUYECKHE OOMOTKH. WX H3roTaBiIMBaiOT W3 Meau
MPSIMOYTOJIBHOTO CEYEHUSI, IPUMEHSIST U30JISIINI0 U3 KabenbHol Oymaru o0rieit ToJ-
nHou 0,25-0,3 MM Ha cTopoHy. Ha BeIXoAax U3 KaTyleK U30JSLHI0 YCHIIUBAIOT J10
tommuHbl 0,6—-0,7 MM Ha cTtopoHy. OCHOBHBIE KOHCTPYKTUBHBIE OCOOEHHOCTH TSTO-
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BBIX TpaHC(OPMATOPOB OPOHEBOIO THUIMA 3AKIIOYAIOTCS B MPUMEHEHUN MarHUTONpPO-
BOJIOB C INPSIMOYTOJIbHBIMU MOINEPEUHBIMH CEYEHUSIMH U TOPU30HTAIBHOM IIMXTOB-
KOH, a Takxke 1maiiboBeIXx 00MOTOK. Takas KOHCTpyKuus OoJjiee yCTOHYMBA K BHEUI-
HUM Bo3zaeicTBUsM. [1aii0oBbIe OOMOTKH BBICOKOTO HAIPSKEHUSI MOXKHO BBIIIOJIHATD
KaTyIIKaMH{ C Pa3HbIM YUCJIOM BHMTKOB, YTO IPU PEryJIMpPOBAaHUM HaNpsIKEHUS Ha
IEPBUYHON CTOPOHE TpaHCcPopmaTopa 1Mo3BoisieT odecneunBats Al = const.

BpoHeBbIM TATOBBIM TpaHc(hopMaTopaM, 00Jadat0IIUM BICOKON TPOYHOCTHIO,
0O0JIBIIION IKCIITyaTallMOHHON HAJEKHOCTBIO M PSAOM JIPYTHX MOJOKUTENbHBIX Ka-
YeCTB, IPUCYIIA U HEKOTOPBIE HEJIOCTATKH: 3HAUMUTEIBHBIN pacxoa 0OMOTOYHON Me-
11 1 O0NbIlIMe MOTEPU B OOMOTKAX M3-3a OTCYTCTBHS TPAHCIO3HUIIMU MIaii00OBBIX 00-
MOTOK; 0oJiee BRICOKHE TPEOOBaHUS K KAUECTBY MX M3TOTOBJICHHS M PEMOHTA.

Bonbiioe BiusHue Ha paboTy TpaHCHOPMATOPOB OKA3BIBAIOT KOJIEOAHUS TEp-
BuyHOro HampspkeHus Uc, KOTOpBIE BBI3BIBAIOT M3MEHEHUS MAarHUTHOTO IOTOKA.
Haubonee HeOnaronpusTHO MOBBIINIEHWE HANPSDKEHUS, TaK KAaK IPU 3TOM CyIle-
CTBEHHO BO3pacTaroT norepu B cranu. [Ipu pacuere mpeamnosnaraior BO3MOXKHOCTb
NOBBILICHUS HanpsbkeHus Ha 15 %, pacueTHoe 3HaUY€HUE MHAYKIMHM B MarHUTONPO-
BoJax npuHuMaroT He 6onee 1,5 Tn. U3onauuio TpanchopmaTopoB OT Kopiryca pac-
cuuThiBaloT Ha HampspkeHne Ugs = 79—100 kB. BepodTHOCTH K.3. B LENSAX TATOBBIX
TpaHCPOPMATOPOB 3HAUUTENbHA, YTO 3aCTABJSCT MOBBINIATH MAJCHUE HAIPSHKEHUS
AUy 10 10—15 %. O6pryH0 Ha DIIC nmepeMeHHOro Toka CTyIeHYaToe peryJIMpoBaHue
HaIpSDKEHUS. JIBUTaTeseld MPOU3BOJAT MEPEKIIOYEHUEM 4acTed (CeKui) 0OMOTOK
BTOPUYHOM WJIM IEPBUYHOMN CTOPOH TIAroBoro tpancdopmaropa. [lnmaBHoe perynupo-
BaHue HanpspbkeHusa Ha DIIC oaHO(]a3HO-OCTOSHHOTO TOKA OCYUIECTBISIOT, JOMOJI-
HUB €r0 CTYNEHYaTOe PEryJHMpOBaHUE IJIABHBIM, THPUCTOPHBIM PETYJIUPOBAHUEM C
MOMOILBIO IPE0OPA3OBATEINSI MEXK]TY CTYIIEHIMH.

[Tpu mpocToM perynupoBaHWN HA BTOPUYHOW CTOPOHE TAToBask OOMOTKa W,

(puc. 3.12, a) pa3ieieHa Ha HECKOJIBKO CEKITHM, OT KOTOPHIX CJIeJIaHbl BBIBOJIBI K TI€-
pexitoyaromumM kKontakropam 1-8. Kpome nepBuyHOM 0OMOTKH W, U BTOPUYHOM TH-
TOBOM MIPEAYCMOTPEHBI ellle 00MOTKU COOCTBEHHBIX HYXJ ¢ HanpspkeHueM 600 u 220
B. Jlns cHmXEeHUS TOTYKOB MYCKOBOTo Toka Al HE0OXOIMMO YBEJIMYMBATH YMCIIO
CeKIIui 0OMOTKH TpaHc(opMaTopa, 4TO YCIOKHIET KOHCTPYKIMIO 000pyaoBanus. B
OTEUECTBEHHOW MPAKTUKE i COKPAIICHHUS] HEOOXOIUMOTO YMCIia CEKIIMM BTOPUY-
HOM OOMOTKM NMPUMEHSIOT MX BCTPEYHO-COTJIACHOE BKiIO4YeHHe (puc. 3.12, 6) s
AJIEKTPOBO3a C IBYMSI TPYIIIAMU JABUTATEIEH U ABYMS BBIIPAMUTEISIMU.

3nech BTOPUYHAS TATOBAask OOMOTKA Ka)X[IOW TPYMNIBI pa3JeiieHa Ha MOCTOSH-
HYI0 4acTb Wi U PETYIHPYEMYIO Wops, Pa3ICTIEHHYI0 Ha ceKunu. [Ipu cormacHOM u
BCTPEUHOM BKJIFOUEHHUU OOMOTOK Wi U W, COOTBETCTBEHHO KO3(P(PHUIIMEHTHI TpaHC-
dbopmarium:

kre =Wy / (Worp +Wop) =U e / (U +Us0p), (3.8)

krg =W / (Worp —Wop) =U / (Uyo —Usgp), (3.9)
rae Uyon, Usop — COOTBETCTBEHHO HAIPSIKEHHS XOJIOCTOTO XO/a PEryIHpPOBOYHON U
MOCTOSHHOM OOMOTOK.

72



.\'j
Lipppommmmmmmmmmm oo v

o o rVV\WfVVW -
W
600 B 2208
- W
o] 62 343 o4 l() 5 6 7 8

al 1) N o 0l X2
Tsncosan obmomeua

0 \\‘| .\;‘?

N‘Y} ° . .
wan wap r— : wan
d A‘\ An 07 o8 002001 ¢4 |
N > A~y al
>

3

a2 x2 ald a4 aS «x

Hocmonnnas Pezyruposounan wacme Hocmosnnan
\_ Macmu Nacmus )

I'ncoean \'ﬁ.v omka

Puc. 3.12. [IpuHIMnuaibHbIe CXeMbI TPAaHC(HOPMATOPOB € COMIACHBIM (a)
U C BCTPEUYHO-COTJIACHBIM (6) peryJupoBaHUEM Ha BTOPUYHOUN CTOPOHE

VYcnoBus paboThl TATOBBIX TpaHC(HOPMATOPOB TPEOYIOT OXJIAXKIECHUS BBICOKOMN
MHTEHCUBHOCTU. OTEIbHbIE YaCTH OOMOTOK B IMPOLIECCE IKCILTyaTallid HarpeBaroT-
Cs1 HEPAaBHOMEPHO, ITIOATOMY BHYTPEHHSISI CHCTEMA OXJIAXKACHUS JTOJKHA IO BO3MOXK-
HOCTHU BBIDABHMBATh MECTHBIEC MPEBBILICHUS UX TEMIIEPATYPBI.

CoBpeMeHHbIE TATOBBIE TPaHC(HOPMATOPHI UMEIOT CUCTEMY MPUHYIUTEIHHOTO
OXJIQXKJICHUS Maclia, IUPKYJIAIHS KOTOPOTro 00ecreynBaeTcs MaciasiHbIM HacocoM. B
KOHTYp IHUPKYJSIHUA BXOIAT TEITUNIOOOMEHHUKH, PACIOJIOKEHHbIE OOBIYHO Ha Oake
Tpanchopmaropa. Kaxaplii TErmI00OMEHHUK COCTOMT W3 Tpex cekiuil. Bo3myx u3
BEHTWISILIMOHHOM CHCTEMBI 3JIEKTPOBO3a MOCTYMAET B TEINIOOOMEHHUKN PaBHOMEPHO
Mo UX JJrMHe. Maciio u3 BepxHel yacTu TpaHchopmaTopa NoJaeTcs HEHTPOOEKHBIM
AIIEKTPOHACOCOM M, MPOIAS TEIIOOOMEHHUKH, BO3BPAILAETCS B HIXKHIOKO YacTh Oa-
Ka. TennooOMEeHHUKH TPOIYBAIOT BO3AYyXOM, YTO CYIIECTBEHHO MOBBIMIAET 3 dek-
TUBHOCTb CUCTEMBI. [Iporiecchl ox1aXkaeHusl 3aBUCST OT AOMYCKAEMbIX MPEBBIIICHUIA
TEeMIIepaTypbl YacTeil TpaHcPopMaTopa OT TEIJIOBBIX HATPY30K HA TOBEPXHOCTH TETI-
noobMeHa. J{Jist TAroBbIX TpaHC(HOPMATOPOB C MPEUMYIIECTBEHHO OyMaXKHOW U30J15-
1Mel 0OMOTOK JIOMYCKAIOT MPEBBINICHHE TeMIepatypsl st oomotok 70 °C (u3mepe-
HUE TI0 COTIPOTUBIICHUIO), I TOBEPXHOCTEH cepaeuHnkoB 75 °C (C mOMOMIbIO Tep-
MOJIATYUKOB), JIJIs1 BepxHero ciios Macyia 60 °C (¢ MOMOIIBIO TEPMOJTATIHKOB).

TsroBele TpancopMaTOpbl COCTABISIOT 3HAUUTEIbHYIO YacTh OOIIEH Macchl
anekTpuaeckoro odopyaosanust II1C nepemenHoro Toka. [loaTomy oHa U3 TTIaBHBIX
3aJ1a4 MX MEPCIEKTUBHOTO COBEPIIEHCTBOBAHUS COCTOUT B MOMCKAX CIIOCOOOB CHU-
KEHUS UX MACChl U TaOAPUTHBIX Pa3MEpOB.
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[lonnas yACIbHAas1 HaMarHM4MBaroniass MOIIHOCTD B CTaJIM ( U B 30HE

IIpunoxenue

IIMXTOBAHHOTO CThIKA (; U151 X0JI0JHOKaTaHou ctainu Mapok 3404 u 3405
tosuaoi 0,35 u 0,30 MM npu pa3nuyHbix HHAYKIUIX u f= 50 '

Mapka cTajiu u ee ToJuuHa (, BA/kr

. 2
B, Tn Us, B-A/m
3404, 3404, 3405, 3405, 3404 3405
0,35 mm 0,3 Mmm 0,35 mm 0,3 MM
0,20 0,040 0,040 0,039 0,038 40 40
0,40 0,120 0,117 0,117 0,115 80 80
0,60 0,234 0,230 0,227 0,223 140 140
0,80 0,375 0,371 0,366 0,362 280 280
1,00 0,548 0,540 0,533 0,525 1000 900
1,20 0,752 0,742 0,732 0,722 4000 3700
1,22 0,782 0,768 0,758 0,748 4680 4160
1,24 0,811 0,793 0,783 0,773 5360 4620
1,26 0,841 0,819 0,809 0,799 6040 5080
1,28 0,870 0,844 0,834 0,824 6720 5540
1,30 0,900 0,870 0,860 0,850 7400 6000
1,32 0,932 0,904 0,892 0,880 8200 6640
1,34 0,964 0,938 0,924 0,910 9000 7280
1,36 0,996 0,972 0,956 0,940 9800 7920
1,38 1,028 1,006 0,988 0,970 10 600 8560
1,40 1,060 1,040 1,020 1,000 11 400 9200
1,42 1,114 1,089 1,065 1,041 12 440 10120
1,44 1,168 1,139 1,110 1,082 13480 11 040
1,46 1,222 1,188 1,156 1,123 14 520 11 960
1,48 1,276 1,238 1,210 1,161 15 560 12 880
1,50 1,330 1,289 1,246 1,205 16 600 13 800
1,52 1,408 1,360 1,311 1,263 17 960 14760
1,54 1,486 1,431 1,376 1,321 19 320 15720
1,56 1,575 1,511 1,447 1,383 20 700 16 800
1,58 1,675 1,600 1,524 1,449 22 100 18 000
1,60 1,775 1,688 1,602 1,526 23 500 19 200
1,62 1,958 1,850 1,748 1,645 25100 20 480
1,64 2,131 2,012 1,894 1,775 26 700 21 760
1,66 2,556 2,289 2,123 1,956 28 600 23 160
1,68 3,028 2,681 2,435 2,188 30 800 24 640
1,70 3,400 3,073 2,747 2,420 33000 27 000
1,72 4,480 4,013 3,547 3,080 35 400 28 520
1,74 5,560 4,953 4,347 3,740 37 800 30 840
1,76 7,180 6,364 5,651 4,736 40 800 33 000
1,78 9,340 8,247 7,161 6,068 44 400 35 000
1,80 11,500 10,130 8,770 7,400 48 000 37 000
1,82 20,240 17,670 15,110 12,540 52 000 39 800
1,84 28,980 25,210 21,450 17,680 56 000 43 600
1,86 37,720 32,750 27,790 22,820 60 000 47 400
1,88 46,460 40,290 34,130 27,960 64 000 51 200
1,90 55,200 47,830 40,740 33,100 68 000 55 000
1,95 89,600 82,900 76,900 70,800 80 000 65 000
2,00 250,000 215,000 180,000 145,000 110 000 75 000
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