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B paboTax pa3nmuuHbIX aBTOPOB HEOJHOKPATHO PACCMATPUBAIIUCH IPOOIEMBI, BOZHUKAIOIINE
MIPH SKCIUTyaTalliu CETH C U30JIMPOBAHHON HEUTPaNbI0. DTUX MPOOIIEM HACTOIBKO MHOTO, YTO
BCEX M HE IIepedecTb. 1eM He MeHee, Kpyr pacCcMaTpUBAaEMbIX PaHEE BOIPOCOB BCeraa
3aMBIKAJICS Ha HCCIIEIOBAHUH PEKIUMOB PaOOTHI BBICOKOBOJIETHOTO 000PY/IOBAHUS B CaMOMi CETH
C M30JINPOBAHHOW HENTpanbto. OHAKO UCCIIEIOBAHMS, IPOBEICHHBIE B TEYEHUE TTOCIIETHETO
Bpemenu Ha kadeape TuDBH HI'TY, moka3pIiBarOT, 4TO B HEKOTOPBIX CIIydasX HEIITATHBIC
CUTyallud B CETU C M30JHUPOBAHHOM HEUTPAJIbI0 MOTYTT CIYXKUThb IPUYMHOM aBapui,
MPOUCXOISIIIUX B BBICOKOBOJIBTHOM CETH C TITyX03a3€MJIEHHON HEUTPAJIBIO.

CyTb ucciienoBaHUN CBOAUTCS K TOMY, YTO IPU BO3ZHUKHOBEHUH OAHO(A3HOTO TyTrOBOTO
3aMBIKAHUS Ha 3EMJII0 CO CTOPOHBI HU3KOBOJIBTHOW OOMOTKM TpaHcdopmaropa,
IIEPEHANPSIKEHNUS MOTYT, BCIEACTBUE ITPOTEKAHNS PE30HAHCHBIX MICKTPOMArHUTHBIX ITPOLIECCOB
B 0OOMOTKaX CHJIOBOTO TpaHCcpopMaropa, MPUBECTH K MPOOOI0 BHICOKOBOJBTHOW OOMOTKHU
Tpa"chopmaTopa.

Ha puc.] npeacraBneHa TUNHMYHAS CXeMa MPUCOEAMHEHUS K 3JIEKTPOIHEPreTUYECKOU
CHUCTEME MOIIHBIX OJIOKOB TEIJIOBBIX M ATOMHBIX CTAHIIUH.
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Puc.1. [lpuHIMnuansHas cxeMa COeTMHCHUN THITMYHBIX OJIOKOB OOJIBIITION MOIITHOCTH
TEMIOBBIX M @aTOMHBIX CTaHITUMN

[Ipy BKIIOYCHHOM T'€HEPATOPHOM BBIKJIFOYATENC SJICKTPOMArHUTHBIC MapaMeTph
reHEepaTOPHOTo 000pyJ0BaHUS 00YCIABIMBAIOT COOCTBEHHYIO YaCTOTY IEPEX OIHBIXITPOIICCCOB
B cnydae O/I3 Ha ypoBHE HECKOJBKHX KHJIOTEpIl. B OCHOBHOM 3Ta yacToTa O0YCIOBIICHA
EMKOCTSIMH ¥ CBEPXIIEPEXOTHBIMH HHIYKTHBHOCTSIMHU T'€HEepaTopa u OJIOUHOTO TpaHChopMaropa.
Hanpumep, miist reaeparopa TBB-1000 u 6;10un0T0 TpaHchopmaTopa O111-417/500 cymmapras
eMKOCTh cocTaBiigeT 556 HD (B 0CHOBHOM 00ycCIlIOBJIeHa eMKOCThIO reHepaTopa — 530 HD),
CBEpXIIEpPEXOHAsT WHAYKTHBHOCTh reHeparopa — 0.53 MI'H u, ciiegoBarenbHO, cOOCTBEHHAsS
gacToTa Konebanuii Oyer
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9Ta qacTtoTa sABJIACTCA AOCTATOYHO HHSKOﬁ U HEC MOXCT HpI/IBO,Z[I/ITB K BOBHHUKHOBCHHUIO
PE30HAHCHBIX JICKTPOMATrHUTHBIX MTPOIECCOB B 0OMOTKAX TpaHchopmaropa.

»5.4 kl'.
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OpnHako coBceM WHas KapTHHA HaOJI0JaeTcss TPH OTKIIOYCHHOM T'€HEPaTOPHOM
BBIKITIOUaTesie. B 3ToM ciydae cymMMapHas eMKOCTh C HU3KOBOJIBTHOM CTOPOHBI OJIOYHOTO
TpaHchopMmaTopa pPE3KO YMEHBIIACTCS W COCTaBISICT BEMMYMHY Tmopsaka 35+40 HD
(oOycnoBieHa EMKOCTBIO TpaHC(hOpMaTopa COOCTBEHHBIX HY K1, TEHEPATOPHOT'O TOKOIPOBO/IA U
caMoro 0JIOYHOTO TpaHchopMaTopa). YMEHbBIIIACTCS TAKKE M CyMMapHas UHyKTUBHOCT CXEMbI
— oHa Haxoautcs B quana3one 0.3+0.4 mI'u. CiienoBaTenbHO, COOCTBECHHAS YaCcTOTa KOJICOAHMI
COCTaBUT

w 1 10°°
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Habmronaemast mpu OTKIIFOYEHHOM T€HEPATOPE YACTOTa COOCTBEHHBIX KOJIEOAHUI CXEMBI
nipu OJ13 B ceTH reHepaTOpHOTO HANPSIHKEHUS XOPOIIO COrTIaCyeTCsl CO CHEKTPOM PE30HAHCHBIX
9acTOT CHIIOBOTO TpaHchopmaTopa.

C nenpto 6osee moIpoOHOTO aHAIM3a BO3MOKHBIX MOCIIEICTBUH 3TOM CUTYaIlMH Ha Kadeape
TuDBH npoBoannace Hay4yHO -uccieioBaTeNIbekasi paboTa, B X0e KOTOpoi Oblia caenana
MTOMBITKA KaK MOYKHO 00J1ee ToApOoOHO CMOICIIMPOBAThH CHIIOBOM OJIOUHBIN TpaHchopMaTop B
COOTBETCTBYIOILIEM CIIEKTPE YACTOT.

Cxema 3amemieHus TpaHchopmaTopa MpHU ydeTe KOHCTPYKTUBHBIX OCOOCHHOCTEW €ro
O0OMOTOK BKITIOYAET B C€0sI COBOKYITHOCTH PA3JIMYHBIX JIEMEHTOB (EMKOCTEH, MHIYKTUBHOCTEH
Y aKTUBHBIX COTIPOTHUBIICHMI), COSIMHEHHBIX PA3IMYHBIM 00pa3oM Mex Ty co00ii. CIOKHOCTD
pacuéra 3THX MapaMeTPOB CXEMbI 3aMEIIIEHUSI COCTOHUT B TOM, YTO BCE OHU (3a MCKITFOUCHHUEM,
E€MKOCTEe) SBJISIOTCS HE TOJIBKO YaCTOTHO-3aBUCHUMBIMH, HO U HEJIMHEHHBIMU. Bece pacueTs
[apaMeTPOB CXEMBbI 3aMEIIEHUS TPOBOUINCH YUCIEHHO C NCMOJIb30BAHUEM COBPEMEHHOTO
METO/Ia pacyeTa 3JIEKTPOMATHUTHBIX TMOJIEH — MeTo/la KOHEeUHBIX 31eMeHToB (MKD). Ilpu
ONpE/ICICHNN HHAYKTUBHBIX MapaMeTpPOB CXEMbl 3aMELICHUs] NMPUHUMAIOCh JIONMYIIECHUE,
3aKJIFOYAIOIIEE B TOM, YTO BCJIEACTBUE BBITECHEHUSI MATHUTHOI'O IMOTOKA MPH «JOCTATOYHO)
BBICOKMX YaCTOTaxX Ha IMOBEPXHOCTh MAarHUTONPOBOAA MArHUTHOE IOJIE HE NPOHUKAET B
MaraHutonpoBo. [lorpentHocTs, BHOCHMAas 3TUM AOMYIIEHUEM YMEHBILIAETCS C YBEIMYEHUEM
4acTOTHl M B MCCIIEAYEeMOM auana3zoHe 2535 kl'1 He siBasieTcd cyliecTBeHHOU. TpéxmepHas
reomMeTpus TpaHchopmaropa peanuszoBbiBaiack B makere Solid Works Ha ocHoBaHWmM
cOopouHbIX uepTexeit Tpancdopmaropa OJ111-417000/500 (puc.2).

»23.0, 28.4 xI'l.

Puc. 2. Pesynbrar mogenupoBanus tpanchopmaropa OJILL 417000/500 B makere Solid
Works



Pacuém émkocmei

[Tpu pacuére EmkrocTeit 0OMOTKH TpaHCPOpPMATOPa Pa3OMBAIMCH HA AIIEMEHTBI, IO KaXKIBIM
13 KOTOPBIX (2JIEMEHTOM) TOJIpa3yMeBaiach OJIHA WM TpyIIa pealbHBIX KaTyIIEK, TaK Kak
pacd€T cxembl 3aMelIeHus Mpu yuére Bcex karymek (148 mr. Ha omny oomorky BH s
tparchopmaropa OJIL]) He mpencraBnseTcs B HAcTosIIee BpeMs BO3MOXKHBIM. OOriee
KOJIMYECTBO 3JIEMEHTOB pa3ouenus coctaBmio 47 . [Ipu rpynmupoBKe 37IEMEHTOB B OCHOBY ObLT
MOJIOKEH TPHUHIMUI, 3aKIIOYAIINICS B TOM, 4TO 4YacTh oOMmoTku BH, mcmbrTeiBaromas
HauOOJBIINE TPATUEHTH HANPSDKCHUM, MOJACIHpPOBalachk Oosee MmoaApoOHO (MpaKTUYECKH
MOKATYIIEYHO) — 3TO HadaJio 0OMOTKH (Y BBICOKOBOJIBTHOTO BBOJIa) M KOHEI] 0OMOTKH (BOJIM3H
3a3eMJICHHOTO KOHIIa). B pe3ynbTaTe pacuéra mo pa3paboTaHHOMY alTrOPUTMY ONPEIEIUTHCh
coOCTBEeHHBIE EMKOCTH DJIEMEHTOB Ha 3eMJTI0 (MAarHUTONIPOBO/I, OaK M SKPAHUP YIOIIHE KOJbLA
MPUHUMAJIUCH 3236 MJIIEHHBIMH ) U B3AUMHBIE EMKOCTH MEXKIY dNieMeHTaMu. CpaBHEHHe EMKOCTEH
oomorok BH m HH, a Taxke wmx B3amMHON EMKOCTH C W3MEPEHHBIMU 3HAYCHUSIMH,
npenoctaBieHHBIMU OAO «3amopoxTpancGopmaTopy, MOKa3bIBAIOT XOPOIIYIO CXOJAUMOCTb
pe3yabTaTOB.

Pacuém undykmuenocmeit

Pacyér nHIyKTUBHOCTEHN OCYIIECTBIISIICS TAKXKE C MOMOLIBIO0 BEKTOPHOTO METOAA KOHEUHBIX
aneMeHToB. ['eomerpust pacu€THOW Mojaenw, a Takxke pa3zdoumenue oomMorok BH m HH
IIPAKTUYECKHU Ta K€, YTO U IPU ONPEICICHUN EMKOCTEM.

NHayKTHBHOCTH CXEMBI 3aMeIIeHHs TpaHC(hOopMaTopa ¢ yu€TOM IPUHSTOTO TOMYIICHHS O
MTOJTHOM BBITECHEHUU MAarHUTHOTO TOJIS U3 METAJUTMYECKON CPEJIbl MOTYT OBITh OTIPE/ICIICHBI Ha
MOCTOSTHHOM TOKE (C TMOMOIIBI0 pacuéTa MarHUTOCTATHYECKOTO TMOJs BHYTpU OOBEMA
Tpanchopmaropa). EAMHCTBEHHOM 0COOEHHOCTBIO B 3TOM CITydae SIBJISIETCSI KOPPEKTHOE 33aHNE
IPAaHUYHBIX YCIOBHUI HA MOBEPXHOCTIX METaLIOB. KOPpEKTHBIM T'paHUYHBIM yCIOBUEM IIPU
MPUHATOM JIOMYLIEHUH SBIIAETCS YCJIOBUE MapaJICIbHOCTH BEKTOpa HANpPsHKEHHOCTH
MarHUTHOTO TOJIsl (MHIYKITUU MarHuTHOTO TOJISA) MOBEPXHOCTH MPOBOJTHUKA

I';'H:()I/IJ'II/IH:[‘[t,

rae H, - TaHreHUMalbHasl COCTABIISIONIAsl HAIPSKEHHOCTH MAarHUTHOTO TOJIA.

BzanMHass MHAYKTHBHOCTH MEXIy IBYMS KaTylIKamMH (WJIM  TPYNIaMH KaTyIIEK)
ONpeAeANach UCXOAS U3 HHEPreTUYECKUX IMPEACTaBlICHU [1] ¢ UCIoOnb30BaHUEM MOHATHS

IIPUPALLECHNS] DHEPTHM MArHUTHOIO IOJIA. B COOTBETCTBME C 3TUM METOAOM, B3aUMHas
MHAYKTUBHOCTb MEXAY IBYMSI KOHTYPaMH C TOKOM OINPEAENSIETCS KaK:

_dw oW,
" dldl, DIDI,’

rae DI, - mpupanienue Toka B i-oM KOHType (Katyiuke), DI, - npupaiienue Toxa B j-oM

(D

KOHTYpE (Katyuike), W, - IpUpanieHue SHEPIUK MaTHUTHOTO 1107151, BBI3BAHHOE NPUPAILCHUEM
TOKOB B KaTYIIKAaX, OMPEICIISIEMOE KaK

W, = % o{bH {pBlay . )

NuTterpupoBanue B (2) 10KHO OBITH MPOU3BEACHO 1O BCeMy 00BEMY TpaHchopmaropa (3a

MCKITFOUEHNEM MarHUTONPOBO/IA U ME/IM KAaTYIICK).

CobcTBeHHAss MHAYKTUBHOCTD -0 KaTYIIKU OMPEAEISETCS TIPH i =)

N3noxxennas metonuka Obu1a peanu3oBana B makere ANSYS (Tak ke, Kak ¥ METO/IMKA
pacuéra EMKOCTEil).

Pacuér wmarpumpl wuHAyKTHBHOCTEW L mpoBommics mnpu pa3OMEHUH MOJETH
tpancopmaTopa Ha 406000 KOHEUHBIX TETPAdAAIBHBIX JIEMEHTOB (pHC.3) U 3aHST IPUMEPHO
80 yacoB KOMIBIOTEPHOTO BpeMeHHU. Ha prc.4 mokazaHo pazdoueHrne 00MOTOK 1O KaTyIIKaM.
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Puc.3 Pazbuenne o6bema TpancopmaTopa Ha KOHEUHBIE TETPAdJATBHBIC dJIEMCHTHI
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Puc.5. Karymku, cmogenupoBanssie B ANSY'S

Pacuém axmuenvix conpomugieHui

3amava pacuéTa aKTUBHBIX COTIPOTUBIICHUH CXEMBI 3aMEIICHNS TpaHc(hopMaTopa CTOUT
000CO0IEHHO B psiAy 3ajady IO ONpPENEJCHUIO0 MapaMeTpPOB MHOT03JIEMEHTHOM CXEMBbI
3amenieHusi. CTpOrui pacyé€T aKTUBHBIX CONMPOTHUBJIEHUHN C YUETOM HAJIMYUS IIMXTOBAHHOTO
(eppOMarHUTHOTO CEpPACYHHKA B HACTOSIIEE BPEMS HE MPEJCTABIACTCS BO3MOKHBIM.
MonenupoBaHHu€e CTaJIBHOTO CEPICYHUKA B BUAE CIUIOMIHOTO muiuHApa (0e3 yuéra dakra
IIMXTOBKH) [2] HE KOppeKkTHO. [103TOMY mpu BBEITIOJIHEHHH HACTOSIIEH PaOOThl YYUTHIBAIHCH
JUIIH aKTUBHBIE TOTEPU B MeIM OOMOTOK. Takoe JOMyIIeHHE MPUBOUT K He 3aHMKEeHHbIM
KpPaTHOCTSIM TEPEHANPSKSHN, TaK KaK aKTUBHBIE COMPOTHUBIICHUS BIIMSIOT B TIEPBYIO OYEePEIb
Ha 3aTyXaHHE AJIEKTPOMArHUTHBIX MPOIIECCOB B 00OMOTKAx TpaHchopmaTopa.



Pacuér aktuBHBIX comnpotuBieHuil npoBoawics B mnakere FEMLAB npu ycinoBum
O0CECUMMETPUYHOCTH 3a/1auu (IIMIIMHAPUYECKAsi CHCTEMa KOOPIUHAT).

Yacmomubwlit cnekmp 00MOMKU 8bICULE20 HANPANCEHUS CUTI068020 MPAHCHopmamopa

MeTtoauKa onpeieieHrs 9aCTOTHOTO CIIEKTpa OOMOTKH BBICHIETO HAIPSKEHUS RAKTIOYATIACh
B cruenyromeMm: k oomorke HH mpuknameiBancs waeanbabiii uctounnk J/(C ¢ 3amaHHON
4acTOTOM, KOTOpasi M3MEHsIach B HeoOxoaumeix mpenenax (1...100 kI['m). BeicokoBombTHBII
BbIBOI oOMoTkM BH 3azemusiercst depe3 aktmBHOE compoTuBieHue BenwmunHOi 330 Om
(BomHOBOE compoTusieHue BJI 500 kB). B pesynbTare pacuéra onpeaensiiuch HalpsHKCHHS B
y371aX MHOTO3JIEMEHTHOU Mojiein oOMoTki BH oTHOCHTENBHO 3eMiTH, a TakkKe MPOJOIbHBIC
HaIpsDKCHHS Ha dJIeMeHTaxX pa3oueHus. CxeMa BO3ACHCTBUS HA MHOTOXJIEMEHTHYIO MOJICNb
TparchopMaTopa mpuBeeHa Ha puc.6. Ha puc.7. mpuBeaeHa 3aBHCUMOCTh MaKCHMAaTbHBIX
MPOIOJLHBIX HAMPSHKEHUH Ha KaTyIIKaxX B 3aBUCUMOCTH OT YaCTOTHI IMIPHIJIOKEHHOTO CUTHAJA.
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Puc.6. Cxema BO31eliCTBHS HA MHOTORJIEMEHTHYIO MoJieib TpanchopmaTopa O] mpu
oTpeieNIeHUH criekTpa ooMoTkn BH
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Puc.7. 3aBucuMOCTh MaKCUMaIbHBIX TPOJIOJIBHBIX HANIPSKEHUHM Ha KaTyIIKaXxX B
3aBUCHUMOCTH OT YaCTOTHI IPUIIOKEHHOT'O CUTHAJIA

W3 puc.7 BUIHO, 4TO XapaKTEPHBIMHU PE30HAHCHBIMHU YaCTOTAMH SABJISIIOTCS 4aCTOTHI 29-30
k['1, 1 60 x['11, mepBast U3 KOTOPBIX COBMAAAET C XapaKTEPHBIM CIIEKTPOM YaCTOT COOCTBEHHBIX
koJyiebanuii cxemul mpu OJ13 Ha ctopore HH TpancdopmaTopa mpu 0 TKIIFOUEHHOM reHEpaTope.
[Ipu 3T0#1 YacTOTe BOZHUKAIOT MPOAOIBHBIC TEPEHANTPSHKCHIS Ha KaTyrkax ooMotky BH, 1, kak
BHUJIHO W3 PHC.7, 3HAUMTEIbHBIC TPAJUCHTHl BO3HHUKAIOT Ha KpalHUX (PEryIupOBOYHBIX)
KaTyIKax.

Pacuer mepexoansix mpoueccoB, mnpoucxoasuwmx npu OJ[3 nHa cropone HH
BBICOKOBOJIBTHOTO TpaHchopmaTopa (puc.8) mokasai, 4To BO3HHKaroume B ooOMoTke BH



TpaJeHTHBIC TIEPEHANIPSKEHUS MOTYT B PSI/IE CIIyYaeB MPEBBIMIATE TOMYCTUMOE HAIIPSKCHHE
KaTyIIIKu U TIpUBECTH K €€ mpobor (puc.9). XapakTepHO, YTO HAWOOJBIINE TPATUCHTHI
HaIpPsHKCHUH HaOII0Aar0TCs BOJIM3H 3a3€MIIEHHOTO KOHIIA BEICOKOBOJIBTHOM 0OMOTKH (MECTO
YCTaHOBKH peryIupoBouHbIX KaTymek PITH).
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Puc.8. OcimorpaMma HanpspKeHUH Ha (azax Mmpu IBYX 3aKUTAHUSIX TyTH
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Puc.9. Pacnipenenenue Hanpspxkenus no oomorke BH mpu O3 wa cropone HH

Takum 006pa3om, ucciaea0BaHMs MOKA3bIBAIOT, YTO MpoIecchl, Bo3HukKaromme npu O/[3 B
CETH C U30JMPOBAHHON HEUTPAIbIO, MOTYT HETATUBHO CKA3bIBATHCS HE TOJIBKO HAa 000PY/I0BAHII
caMoil ceTH, HO U Ha BBICOKOBOJILTHOM 000PY/I0BaHHUH, UMEIOIIEM CBsI3b C Heil. Pe3ynbpTaThl
pabOTHI HENIB3S1 Ha3BATh MOJTHOCTHIO HCUEPIBIBAIOITUMEU, OHH TPEOYIOT JATbHEHINIETO aHaIN3a B
MJIaHe YTOYHEHUS aKTUBHBIX IMapaMETPOB CXEMBbI 3aMEIIEHHs CUIIOBOTO TpaHchopMaropa u
pa3paboTku CIOCOOOB YCTpAaHEHHS BO3HHUKAIOIIMX BHYTpH o0OMOTkHM BH pesoHaHCHBIX
IIEpEHANPSKCHUHN.
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