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OBILIAS XAPAKTEPUCTHUKA PABOTbBI

AKTYaAJIbHOCTDH POOJIEMBbI:

AKXTyallbHOCTb Pa0OTHI CBSI3aHA C TEM, YTO MHTEHCHBHAS JIIEKTPUQPHKAINSI MHOTHX
YYaCTKOB JKEJIE3HBIX JOPOT MPOU3BOANIACE TPEUMYIIECTBEHHO BO BTOPOI ITOJIOBHHE IPOIILIO-
ro BeKa, M0ITOMY OOJIbIIast YacTh CHIIOBOTO NEKTPOTEXHHMYECKOTO 000PYJOBAHUS YKE BBIpa-
GoTana CBOI pecypc, M HyXXJaeTcsl B 3aMeHe. BMecTe ¢ TeM TeMITbl MOJepHU3aiH X03siicTBa
JNEKTPOCHA0KEHNST TAKOBBI, YTO JUIST 3aMEHBI TOJIBKO TTOHU3UTENBHBIX TPaHC(HOPMATOPOB TH-
TOBBIX TIOJICTAHIMN, KCIUTyaTHPYEMBIX Ha CETOIHANIHUNA J€Hb CBEPX HOPMATHBHOTO CPOKa
ciryxObl, moHagoouTcss MuHUMyM 100 eT. B 0CHOBHOM yXY/IIIEHHIO TEXHHYECKOTO COCTOSHUS
TpaHc(hOPMATOPOB CIOCOOCTBYET BBICOKAs YacTOTa BO3HUKHOBEHHUSI KOPOTKUX 3aMBIKAHUH B
TATOBBIX CETSAX, KOTOpas MPUMEPHO Ha ABa MOPSAAKA BBIIIE, YEM B PACHPENEITUTENBHBIX CETIX
OO0IIENPOMBIIIJIEHHOTO0 Ha3HAUeHWs] aHAJOTUYHOTO ypoBHs HampsbkeHus (6-35kB). Ilpu xo-
POTKHX 3aMBIKaHMSX B OOMOTKax TPaHC(OPMATOPOB BO3HUKAIOT IMOHAEPMOTOPHBIC CHIIEL,
MHOTOKPATHO MPEBBINIAIONINE MaKCHMAIbHO JOMYyCTHUMbIE 3HAUEHUs, KOTOPBIE MPHUBOIAT K
WHTEHCUBHOMY CTapeHUI0 n3oiiuu. OT KOPOTKHX 3aMBIKaHWH CTpaJaeT M caMa KOHTAKTHas
ceTh (IEepexord U OTXKUT IPOBOJIOB), MMOITOMY TPEOYIOTCSI CPOUYHBIE MEpHI, MO3BOJIIONINE
HPOUTUTH CPOKH CITy>KOBI MOHU3UTEIBHBIX U MPeoOpa3oBaTeNbHBIX TPaHC(HOPMATOPOB, a TaK-
)K€ COKpAaTUTh YHCIIO IEePEKOroB MPOBOJOB KOHTAKTHOW CETH. 3alUTUTh OOMOTKH MOHH3H-
TEJIBHBIX TPaHC()OPMATOPOB OT JHHAMHYECKOTO NEHCTBUS TOKOB KOPOTKOTO 3aMBIKaHUS, a
MIPOBOJIa KOHTAKTHOH CETH OT MEePEXKOTOB, MOTYT EANHCTBEHHBIE B CBOEM pojie OE3MHEPIHOH-
Hble KOMMYTAllMOHHBIE YCTPOWCTBA — CBEPXITPOBOJHUKOBBIE OIPAaHMYMTENHN TOKA, MO3BOJISIO-
mye He TOJIBKO Cpe3aTh aMIUIUTYAY YAAPHOTO TOKa KOPOTKOTO 3aMBIKaHUS, HO ¥ OTPaHHYHUTH
€ro KBa3MyCTaHOBUBINIEECS 3HAUCHUE.

Oco60 crenyeT OTMETHTD, UTO ceidac, B MEPHO. TTI00aTbHOM MOJCPHU3AIIUH XO3SHUCT-
Ba 2JIEKTPOCHAOKEHHS JKEJIE3HBIX IOPOT, KaK HAKOTIa OTKPHIBASTCS IPEKPACHasi BO3MOXKHOCTh
HayaTh €r0 TEXHWYECKOE INEPEeBOOPYKEHHE C MPHIMEHEHHEM HOBEHIINX TEXHOJOTHH, B TOM
yrcie, cornacHo DHeprerudeckoi crparernu OAO «PX/[» na mepuox no 2010r. u Ha mep-
cnektuBy 10 2030r., OCHOBaHHBIX HA HCIIOJB30BAHUM SIBICHUS CBEPXIIPOBOANMOCTH. OTH
TEXHOJIOTHHU TI03BOJISIT BEIBECTH PabOTy CHCTEM TATOBOTO MekTpocHadkeHus (CTD) Ha HOBBIHA
Ka4ueCTBEHHBII YPOBEHb U B MOJTHON Mepe CIOcOOCTBOBATh PEaIn3allil BBHICOKOCKOPOCTHOTO

U TAXECIIOBECHOI'O ABHXKCHUA.



Ileab padoThI:

Lempio auccepTaliioHHON pabOTHI SBISIETCS pa3paboTka CBEPXIPOBOJAHUKOBEIX Orpa-
HUYUTETEH TOKOB KOPOTKOTO 3aMBIKaHMS M UCCIIEIOBaHHE UX TOKOOTPAHHYMBAIOIIETO ACHCT-
BHUS B CHCTEMAX TATOBOTO 3JICKTPOCHAOKEHHS TOCTOSHHOTO U MIEPEMEHHOTO TOKA.

OcHOBHBIC 32/124H:

1. HccnenoBanue TEIUIOBBIX MPOLIECCOB B CEKIMHM TOKOOTPAaHMYHUBAIOIIETO AJIEMEHTA
CBEPXIPOBOTHUKOBOTO OTPAaHUIHTEISI TOKOB KOpoTKoro 3ambikanus (COT).

2. Pa3zpaboTka MaTeMaTH4eCKOH MOJENIN BBICOKOTEMIEPATYPHOTO CBEPXIPOBOIHHUKO-
Boro (BTCII) orpaHuuuTeNss TOKOB KOPOTKOTO 3aMbIKAHUS PE3UCTHBHOTO THTIA.

3. DkcrepuMeHTalbHOe uccienoBanne (usndeckux cBoiicte BTCII mpoBomHHKOB
BTOPOTO TOKOJIEHHS Pa3IMYHBIX NPOU3BOIUTENEH W KOMIUICKCHBIE HCIIBITAaHUS MOJEIBbHON
cekimi  BTCII TOKOOTpaHMYMBAIOIIETO 3JIE€MEHTAa pE3UCTUBHOIO THIIA B aKTHBHO-
WHAYKTUBHOM IIETIH IEPEMEHHOTO TOKA.

4. Bepudukauns maremaruueckoir mopenu BTCII orpaHudMTenss TOKOB KOPOTKOTO
3aMbIKaHUS PE3UCTUBHOIO THIIA HA OCHOBE MOJyUYEHHBIX SKCIIEPUMEHTANIBHBIX JIaHHBIX.

5. Beibop mapameTpoB TOKOOTPAaHWYHMBAIOMIAX JIEMEHTOB, Pa3padOTKa KOHCTPYKIHU
OCHOBHBIX Y3JI0B U CHCTEMBI KPHOTEHHOTO o0ecneueHus: OyAylIux MPOTOTUIIOB MPOMBIIICH-
HeIX COT i CHCTEM TATOBOTO AJIEKTPOCHA0KEHUSI TOCTOSHHOTO U TIEPEMEHHOTO TOKA.

6. ImuranuonHoe MoeIpoBaHue TokoorpannunBatoniero aedcTsust COT B TATOBBIX
CeTSX MOCTOSTHHOTO M IEPEMEHHOTO TOKa.

MeToauka ucciae0BaHNA:

Jlnst mccne1oBaHUs TETUIOBBIX MPOIIECCOB B CEKLIUH TOKOOTPAHMYHMBAIONIETO IEMEHTa
CBEPXNPOBOJHUKOBOIO OIPaHUYMTENs TOKOB KOPOTKOIO 3aMbIKaHMs HCIIOJIB30Bajach Mpo-
rpammHas cpenra COMSOL Multiphysics 3.4, opueHTHpOBaHHAs Ha PEIIeHNE MIUPOKOTO CIIEeK-
Tpa HHXEHEPHO-(PHU3MUECKUX 3a1ad METOJOM KOHEYHBIX JJIEMEHTOB. ODKCICPHMEHTAIbHBIE
nccnenoBanus ¢guzndeckux cBoiictB BTCII mpoBOJHMKOB pa3iMYHBIX HPOU3BOAUTENECH U
KOMIIJIEKCHBIE UCTIbITaHus MoJenbHOH cekumu BTCII TokoorpaHWYMBAIOIIEro JIeMEHTa Pe3t-
CTHBHOI'O THUIIA IPOBOAMWINCH Ha 3KCIIEPUMEHTAIBHOM CTeHAe MHCTUTyTa CBEpXIpPOBOAUMO-
ct u ¢usukn 1BEpAoro tena PHI] «KypuaroBckuit mHCTUTYTY. MCccnenoBanne TOKOOTpaHH-
yuBaromiero AedcTBust COT B TATOBBIX CETAX ITOCTOSHHOTO M NMEPEMEHHOTO TOKA MPOU3BOIH-
JIOCH TP UCTIOJIB30BAHUH CIIEIMAIBHO Pa3pabOTaHHOW JJIS 3THX IieJeld KOMIBIOTEPHOH IMpo-
rpaMMBbl OCHOBaHHOW Ha PEIICHUH METOJIOM MTepaliii JINHEHHBIX U HeJIMHEeHHbIX ajarebpande-
CKUX ypaBHEHH, 3aIIUCaHHBIX, KaK B IBHOM, TaK U B HESIBHOM BHJIE.
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Hayunas HoBH3HA pa0OTHI 3aKJIIOYAETCS B TOM, 4TO:

- TIPEeIIOKEeH MEeTOJ pacuéra BPEeMEHH Iepexofa HEHAEaNbHBIX CBEPXIIPOBOJHHUKOB
BTOPOTO POJia B HOPMAIILHOE COCTOSIHUE;

- JI0Ka3aHa BO3MOKHOCTb CYIIECTBEHHOI'O YIPOIIEHUs HECTAllMOHAPHOIO YPaBHEHUS
TEIUIOTIPOBOJHOCTH HCIIOIB3YEMOTo MpH pacuéte TemriepaTypsl neperpesa BTCII npoBoaHu-
KOB BTOPOT'O MOKOJIEHUS 3a CYET Iepexoa OT IBYMEpHOH (pacuéT pachpeneieHus TeMIepary-
PHI IIeperpeBa MO CEYSHUI0) K OMHOMEPHOH MoJenH (pacdéT TeMIeparyphl IeperpeBa B LeH-
TPaJbHOM TOYKE CEUEHHS);

- mpeanoxeHa Maremarnyeckas moaenb BTCII orpannunTens TOKOB KOPOTKOTO 3aMbl-
KaHMs Pe3UCTUBHOTO THIIA;

- BepBble B Poccuu mpoBeieHbl KOMIUTEKCHBIE HCIIBITaHUS MozenpHoM cexin BTCIT
TOKOOTPAaHMYMBAIOIIETO 3JIEMEHTa PE3UCTUBHOIO THIA, HA OCHOBE KOTOPBIX NMPOM3BE/ICHA BeE-
pudukanus marematndeckoil Mopenu BTCII orpaHu4mTenss TOKOB KOPOTKOTO 3aMBIKaHUS
PE3UCTHBHOTO THIIA;

- IPEUIOKEH METOJl pacuéra 3JIEeKTPUUECKOW M30JSIMHM KPUOTEHHOW 4acTH TOKOBBO-
108 BTCII 21eKTpoTeXHUYECKUX YCTPOUCTB Pa3IMuHOIO poja TOKA U YPOBHS HAIIPSKEHUS;

- OpeAsoXeH MeToJ pacuéra Tokoorpanuuusatomero aevictsus COT mpu ero ycra-
HOBKE B CHJIOBBIX IIETISIX JIEHCTBYIOMIMX JIEKTPOYCTAHOBOK (TSTOBBIX MOJACTAHIIUI) MOCTOSH-
HOTO ¥ IEPEMEHHOI'0 TOKa.

J10CTOBEPHOCTh NMOJIYUYEHHBIX Pe3VJILTATOB

Bce sKcIepuMEHTAIbHbIE HCCICIOBAaHUS IIPOBOJMINCH C HCIOJIB30BAaHHEM BBICOKO-
TOYHOH M3MEPHUTEBHOW ammaparypsl: H(poBOro 3amoMuHaromiero ocumwuiorpapa AKTA-
KOM ACK-3107 u MHOTOKaHAJILHOH M3MepuTensHoi cuctemsl Agilent 34970A. DddexTus-
HocTh paboTel BTCII TOKOOTpaHHYMBAIOIIETO 3JIEMEHTAa PE3UCTHBHOTO Obla JOKa3aHa Mpea-
BapUTENBHBIM MOJIEIMPOBAHUEM IIEPEXOHBIX MPOLECCOB B IEKTPHUYECKON LIENU C ero Hc-
nonb30BaHueM. TOYHOCTh MOZIENIUPOBAHMS ITOATBEPIK/ICHA HKCIICPIMEHTAIBHO (PacXoXKIeHHe
coctaBisieT He 6onee 10%).

IlpakTHYecKkas HEHHOCTh pa6OTLI 3aKJIF0YacTCA B TOM, YTO:

- pa3paboTaHBl HHXXEHEepHBIe MeToab! pacuéTta u npoektuposanust BTCII Tokoorpann-
YHBAIOIIUX 3JIEMEHTOB PE3UCTHBHOTO THIIA;
- pa3paboTaHBl KOHCTPYKTUBHBIE pemieHusi Oynymmx npototurioB COT opueHTHpO-

BAaHHBIX Ha UCIMOJIL30BAHKE B TATOBBIX CETAX IMOCTOSIHHOTO U niepeMeHHOro Toka OAO «PX/»;



- pazpaboTaHa cxema yHUBEpCaJIbHON cucTeMbl kpuoreHHoro obecrreuenns COT;

- TOKa3aHa BO3MOXXHOCTb pasMEIICHHS B CTaHIAPTHOW s4eiike MOCTOSHHOTO TOKa
COT u 6bicTpozeiicTBytomero Boikiodatens (BAB-49);

- pa3paboraHa sUeifka BBOJA B paclpelennuTenbHoe ycTpoiictBo 27,5kB ¢ omgHodas-
meivMu COT;

- JIaH TJIaH pa3MelleHus 000pyI0BaHHs HAa TEPPUTOPHU THIIOBOI TATOBOH MOJCTAHIIUNN
MIEpPEMEHHOT0 TOKa C MepBUYHBIM HanpspkeHneM 110kB, a taxoke siaeex BBoja ¢ ogHO(Ma3HEIMU
COT u cucTeMbl UX KPHOTEHHOTO 00€CTICUeHHST;

- pa3zpaboran nopsnok Bzaumozelcteus COT ¢ yerpoiicTBaMy aBTOMAaTHKU U 3aILUTHI
IIPU €ro yCTAaHOBKE Ha BBOJAX B paclpesienuTeabHoe ycTpoiictso 27,5kB.

BHeapeHue pe3yabTaTOB:

PazpaboranHple MeTOIBI pacyéTOB U TEOPETUUECKUX HMCCIIEAOBAHUI HOCAT HOBATOP-
CKMI XapakTep, NO3TOMY HaIUIM CBOE IPUMEHEHHE MPH BBIIOJHEHHHM HAYy4HO-
HCCIIEIOBATENECKIX paboT B Takux opraHm3anusx kak: OO0 «LIeHTp«ATOM-MHHOBAUI» U
locynapcTBeHHBIN yHUBEpCUTET a3pokocMudeckoro npudopoctpoenus (I'YAII). C ucnons3o-
BaHHEM MeToJla pacu€Ta JJIEKTPUUYECKOW HM3O0JSIMH KPUOTeHHOW vactu TokoBBoJoB BTCII
NEKTPOTEXHMYECKUX YCTPOUCTB Pa3IMYHOrO POAA TOKA M YPOBHS HAIPSHKEHHS pa3paboTaHbI
TOKOBBOJIHBIE MY(THI 11l NpOTUTHNA NepBod B Poccum CBepXIMpOBOAHMKOBOI KabeabHOM
JIMHUH, KOTOpPble BHEpeHb! Ha HcibliTarenbHoM nonurone OAO HTLL «OnekTposHepreTukuy.

Anpodanust paéoThl

OcHOBHBIE pe3ynbTaThl paboTHl OBUTH MpencTaBlIeHbB! Ha VI HaydHO-TPAKTHIECKOMH
koH(pepeHnu «be30nacHOCTh ABMKEHUsS Moe30B» 26-27 okTsi6ps 2005r., Mocksa, MUUT; Ha
TpeTbeM MeXmayHapoxHoM cummosnyMe Eltrans2005, 15-17 nosiops 2005r., Cankt-IletepOypr,
M[I'VIIC; Ha MexayHapoaHo# koH(epeHuuu Siemens AG, 5 ampens 2006r., Mocksa; Ha 3ace-
JTAHUM CeKIMH «DIeKTpU(UKAIMS U AIEKTPOCHAOKEHNe» HaydHO-TexHH4Yeckoro coera OAO
«PX/» «IlepcriekTHBHBIE TEXHUYECKUE CPEACTBA M TEXHOJIOTHUH JUISl CHCTEM TATOBOTO JJIEK-
TPOCHAOKEHUSI JKENE3HBIX opory 26-27 centsops 2006r. m 19-21 centadps 2007r. Mocksa,
OAO «PX/1»; Ha 3acemaHny COBETa IO peaM3allii TeHEPaIbHOTO COTTIALIEHHUS O COTPYAHIYE-
ctBe Mexnay Poccuiickoit Axkanemueri Hayk 1 OAO PAO «EDC Poccum» no omnpenencHuro
HampaBieHuid paszButuss EDC Poccmm, 15 mas 2007r. MockBa, PAH; VIII Haywno-
MpakTHYecKkol KoH(pepeHInH «be3onacHoCTh ABMKeHHs moe3noB» 1-2 Hosops 2007T., Mockaa,

MUHNT; Ha yerBEpTOM MeEXayHapomHoM cummosuyme Eltrans2007, 23-26 oxktsopst 2007r.,



Cankr-IlerepOypr, TII'YIIC; Ha koHGMepeHIMEM TO (PU3KMKE KOHICHCHPOBAHHOTO COCTOSHUS,
MaTepUaIOBEICHUIO M CBEPXIIPOBOAUMOCTH, IMOCBAMIEHHOW S50-TH JETHIO UCCIIEIOBATEIECKOTO
saeproro peakropa UPT, 26-30 nostopst 2007, Mocksa, PHI] «KI»; Ha BcepoccHiickoM ceMu-
Hape 110 IPUKIaJHOHN cBepXIpoBoaumocty, 14 ausaps 2009r., Mocksa, PHII «KI1».

Hyoankanuu

[lo Teme auccepranoHHOM paboTel nMeeTcs 17 myOnuKanuii, U3 HUX OJMH MAaTeHT Ha
n300peTeHne, OHO CBUJETENLCTBO O PETUCTpauy IporpaMmel st OBM u aBe myOimkarmn
B M3J1aHNH, pekoMeHayemoM BAK:

«OnexTpuuectBo », No2, 2007r., «HTT — Hayka u TexHuka Tpancnopra», Ned, 2008r.

CTpyKTYpa ¥ 00bEM AnccepTaluu

Juccepranys COCTOMT U3 BBEJICHHS, IATH IJIaB, 3aKIFOYCHMS, CIIMCKA JIUTEPATyphl U
npuioxxeHnid. O0muit 00bpEM anccepranmu coctapiser 198 crpanun, Bkmoyast 107 puCyHKOB,

12 tabuun u cincka nutepatypsl 13 103 HanMeHoBaHuit U S5 npuiIokeHHi Ha 14 cTpaHunax.

OCHOBHOE COJAEPXAHUE PABOTbI

Bo BBeieHnn 000CHOBaHA aKTyaJbHOCTh TEMBI, C(OPMYIUPOBAHBI LIENb, 3a/Ia9H HC-
CIIeZIOBaHMS, HayyHas HOBH3HA M MPAKTHUYECKas LEHHOCTh AUCCEPTALMOHHONW paboTsl. OTMe-
YEHO, YTO HaJ MPOOJIEMOil OrpaHHUUCHHS TOKOB KOPOTKOTO 3aMbIKaHUsS pabOTalu TakHhe Crie-
nuanuctsl, kak boueB A.C., I'epman JI.A., Keitniun B.E., Osnaciok U.4., [lynsinun B.H., ®u-
rypHoB E.IL., u np.

B nepBoii riaBe npeacTaBieHbl (U3UUCCKHE CBOMCTBA M TUHAMHUKA Pa3BHUTHS, a TakK-
K€ TPOAHATU3UPOBAHBI TEXHOJOTMUECKHE aCIEeKThl COBPEMEHHOTO MPOMBIIIIEHHOTO MPOU3-
BOJICTBA HU3KO- M BBICOKOTEMIIEPATYPHBIX CBEPXIPOBOAHUKOB (pUC. 1) MCTIONB3yEeMBIX UIS
CO3JIaHHS DIICKTPOTEXHHUUECKUX M DIICKTPO(PU3NICCKUX YCTAHOBOK PA3IHMYHOIO Ha3HAUCHHS.
Paccmotpensr ocHoBable THITBI COT, o0ianaromyie peatbHOW KOMMEPUYECKOM MepCIeKTHBOM:
WHIyKTHBHBIN, BBIIPSMHUTENbHBINA U pe3UCTUBHBINA. OTpakeHBI MOCIEeIHIE MUPOBBIE TOCTHIKE-
HUSl M YCIIELIHO 3aBepIleHHbIe MpoeKThl B cdepe cozmanust COT. laH 00630p COBpeMEHHOTO
COCTOSTHUE JIeJI B OOJIAaCTH CUCTEM KPHUOCTATUPOBAHUS W TEIUIOBOW m3oysiiuu. [IpuBemeHb
OCHOBHBIE THITHI MUKPOPHU(PPEKEPATOPOB (KPHOKYIEPOB), B TOM UHCIEC MOPITHEBBIX MAIIHH
pabotatomux no 1ukiay CTHPIMHTA, BXOMSIIMX B COCTaB, KAK CHCTEM LUPKYJSALHOHHOTO OX-

JIAXKACHMS, TaK U KOMIIAKTHBIX BO3YyXOpa3ACJIUTECIbHBIX YCTAHOBOK.



BYPEPHBIE
CJIOH

NOJLTOKKA

Puc. 1 — Crpyxrypa BTCII mpoBoHIKa BTOPOTO TIOKOJICHNS X €70 BHEITHUH BUJ

Bo_BTOpoii_riase MPEUIOKEH METOJ pac‘{'e‘Ta BPEMEHU II€pEXoJa HEUACAIbHBIX

CBEPXIPOBOJHUKOB BTOPOTO pofa, K KoTopsiM oTHOocATcs BTCII mpoBOgHUKHE BTOPOTO MOKO-
JIEHUsI, B HOPMaJbHOE COCTOSIHHE, OCHOBAHHBIM Ha JBYX BBIIBUHYTBIX B paMKax HaHHOW JHC-
CepTaIMOHHOM paboTHI THUIIOTE3aX:

1) ocHOBHOW mpuYMHOW Tepexoma B HopmanbHoe coctosaune BTCII mpoBogHmkoB
BTOPOT'0 MOKOJICHUS B ciydyae OMMHIAPHOH KOHCTPYKIMM TOKOOTPaHMYMBAIOIIETO 3JIEMEHTa
SIBJISIETCSL POCT MX TEMIIepaTypbl, BOSHUKAIOIIUK TIPH MPEBBIIEHHNH TOKOM HEKOTOPOro IOpO-
TOBOTO 3HAYEHUsI, HA3IBAEMOTO KPHUTHUECKUM;

2) CBEPXNPOBOAHHK MEPEXOJUT B HOPMAIBHOE COCTOSHUE PABHOMEPHO I10 BCEH JITHHE
MIPY yBEIWYEHHUHU TOKA B HEM CBEPX KPUTHUECKOTO 3HAYCHHUS.

BeIBHHYTHIE THIIOTE3HI TO3BOJISIIOT MPEICTaBUTH nporecc nepexona BTCII nposonos
BTOPOTO TOKOJEHUsI B HOPMAaJIbHOE COCTOSHHE CXEMOH 3amMerieHus (puc. 2), COCTOsIEeH U3
JIBYX MapajuiebHO BKIIOYEHHBIX HEJIMHEHHBIX CONPOTUBIICHHUI, U pacCMaTpUBaTh B aquabaTh-
YecKOM NpHuOkeHnd. JJaHHOe IPHOIIKEHIe UMEeT MECTO TIOTOMY, UTO OTBOJ TEIlIa B XKH-
KHH a30T 3a XapaKTepHbIE BpeMeHa nepexoja B HopmaisHoe coctosiuie BTCII npoBoaoB BTO-
pOTro MOKOJICHHUS! KpaifHe 3aTpyJHEH BBUAY 00pa30BaHMs ra3000pa3HO MIEHKH ¢ HU3KOH Ter-
JIOIPOBOJIHOCTBIO BOJM3M HarpeBarolneiicss moBepxHocTH. C yd4éTOM BBINIECKA3aHHOTO, IS
ncnions3oBanHoro BTCII mpoBoaxmka BToporo moxoneHust mMapkun SF12050 mpon3BoacTBa
KoMnaHuu SuperPower OBUIO 3aIlCAaHO HECTALMOHAPHOE ypaBHEHUE TEIUIONPOBOIHOCTH MPHU

NEPEXoae €ro CBEPXMNpOBOAANICTO CII0SI B HOPMAJIBHOE COCTOSTHUE!

or .
C —= )
mcn p at Q
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rne: me; — Macca noronsoro metpa BTCII npoBosHIKa BTOPOT0O HOKOIEHHS, KI/M;

C (D) = 11 yBacuo"C pevBacuoy (1) + 1 ag'C piag) T 110°C py (T) — yHenbHast 0ObEMHAs TemIo-
émkocts BTCII mpoBoaHKKa BTOPOrO MOKOJIEHUS, BKJIaJ B KOTOPYIO BHOCUT KaXZbli U3 CIIO-
és, ok (xrK)™;

7 YBacuo = S vBacu0/Sss 1 ag = S Ag/Ss, 11 = S1/Sx — COOTBETCTBEHHO KO3(P(HIMEHTBI 3a110]1-
Herus BTCII cnos, cros cepeOpa u xactemuiost Mapku Cy;

C pvBacuoy (1) = 2,0228-10%T% — 7,8163-10°T*, Cpag = 235, Cpy (1) = 345,18145 +
0,2205-T — TemmepaTypHbIe 3aBUCIMOCTH yaenbHOH Termoémkocta BTCII, cepebpa u xacren-
105 Mapku Cy, I[)K'(KF‘K)'I;

0 = (AU ()R, (I,T) — MomHOCTH TemoBbiaeneHuii 8 BTCII i cepeGpsHOM CIOSX Mpo-
BOJIHUKA, BT/M;

AUg () = AU (/1 )" — manenne nanpsokenus va BTCIT nposoze, B/wm;

AU=10°+10"2 B/m; n ~ 27+35;

Ry (IT) = (AUcq (1) Rao(T)/(AUcy (I) + Ray(T)-1) — KBHBAIEHTHOE COMPOTUBJICHUE Mapa-
nenbHO BKIoUeHHBIX cio€B: BTCII u cepebpa B hyHKIMHK ToKa 1 TemnepaTypbl, OM/m;

Rpg(T) =-0,02035 + 0,00124 T - 4,52933°107T? — anmpoKCHMAIHs SKCIIEPHMEHTATBHO H3-
MepeHHOTo conpoTuBieHus cepedpsHoro cinost BTCII npoBoaauka Broporo nmokonenus, Om/M;

[ — BeMUMHA TOKA B LIETH, A.

Jns BTCII npoBoanuka SF12050 obeit amunoit 24m: m, = 0,0055kr/M; Sygacuo = 1,2 108m%;
Sag = 4,8:10°m% S, = 6:10°M%; Sy = 6,6:107 M.

i R.(T.B)
Rag (T)

Puc. 2 — Cxema 3amemienuss BTCII npoBogHHKa BTOPOTo MOKOJIECHUS

[Ipunss nomymenue, 4to npoBoAHUK SF/2050 U301UpOBaH OT BHEIIHETO MOJSL U pa-
60TaeT ML B COOCTBEHHOM II0JI€ OTIMYHOM OT HYJd, BIMSHHE KOTOPOTO Ha BEMHUMHY [
YUYHUTBIBACT JKCIIEPUMEHTAILHO W3MEpEHHas! BOJbTaMIIepHAsi XapaKTepucTHKa (puc. 3), umc-
JIEHHOE pelleHne ypaBHeHUs (1) IMO3BOJIIET pacCUMTATh BpeMs €ro Mepexofia B HOPMAIbHOE
COCTOSIHHE B 3aBHCHMOCTH OT aMIUTUTYABL, (hOPMBI M CKOPOCTH HapacTaHWs Toka (puc. 4-6).
OTcuéT BpeMeHHM HAuMHAETCs C MOMEHTa IOSABJIECHUS IIEPBOIO TEIUIOBOIO BO3MYIICHUS B

BTCII npoBoanuke npu / > [, ¥ 3aKaHYMBAETCA C AOCTHXKEHHEM TeMIleparypsl nopsaka 88K,
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KOTOpasi HIDKE KPHUTHYECKOHW TeMIlepaTyphl XapakTepHoil it coexunenus YBaCuO

TEXHOJOTHYECKUX OCOOCHHOCTEH TIPOU3BOJICTBA CBEPXNPOBOJHUKOB Ha €TI0 OCHOBE.

1.4 | | ]
" . - - T . "
1,24 - - ; ” . —
l,=2158 A i |
1.0 f———— —_——
g
08 — I
a
=
06
=1
<
0.4
0.2
0.0 T T
0 50 150

1A
Puc. 3 — BonpTaMnepHast XapakTepUCTHKA

BTCII npoBoxnuka 2-ro mokonerns SF12050

I, A T.K R, Ou
22
| 88 Lzo
300 - 18
]
16
250 -
o [
200+ [y
1504 Las 10 T
los
100
80 06
504 04
o F™® Loz
: Foo
-50 76

0,003 0,004 0,005

Le

Puc. 5 - Bpems nepexona BTCII npoBogauka

T T T
0,000 0,001 0,002

Broporo nokosienus t = 0,00232c¢

BBULY
I, A T.K R Ou
400 2.2
FB8 20
300 d
18
200 4 ro% Lig
i Las :E 14
k1.2
o Lez F10
A0 Los
FB0 06
200
F04
-300 r™ Loz
+ 00
400 T T T T T 6
0,00 0,01 002 0,03 0,04 0,05

Puc. 4 - Bpems nepexona BTCII npoBoganka

Broporo mokojienus t = 0,03112c

ooaird o ——t=flik) ——dldt

2.5

oo
g2

3
i

dlidt, MAJe

0.0000 S T - -
164
(FIY

o0
172

T T T
166 168 170

Puc. 6 - Bpems nepexona SF12050 B Hop-

MaJIBHOC COCTOSAHUE U JOCTHUTacMast KpaTHOCTh

TOKa B 3aBUCHMOCTH OT dl/dt

Pacuér pacnpeaesieHus TEMIIEpATypbl IIEperpeBa IO CEYCHUIO UCIOJIB30BAHHOI'O

BTCII npoBoxHuKa BToporo nokoneHust — SF12050 B pexxuMe OrpaHHYEHHs] TOKa KOPOTKOTO

3aMBIKaHU TMOKa3aJl, 4YTO MO UCTCYCHUHU, KaK IPOMEKYTOUYHBIX, TaK U 3aJaHHOTO OTPE3Ka Bpe-

MEHH Pa3HOCTb TEMIIEpaTyp Mex1y HauOojee U HaMMEeHee HarpeTbIMH TOYKaMH €ro rnomnepey-

HOT'O CE€UCHUS HE INMPEBLIIIACT O,3K DT0 00CTOSATENLCTBO SABJISETCS OCHOBHBIM JA0Ka3aTeJIbCT-

BOM TOTO, YTO pacHpejielIeHle TeMIIepaTyphl 110 ce4eHnIo npoBoaHuKa SF12050, moxygaemoe

MOCPEICTBOM PEIIEHUS] HECTAIIMOHAPHOTO YPABHEHHS TETIONPOBOAHOCTH (2), MOXKHO CUUTATh
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PaBHOMEPHBIM, a 3TO IO3BOJIACT nepeﬁTH K pacqéTy TEMIIEpaTyphbl IEPErpeEBa B HeHTpaJ'II;HOiI

TOYKE €ro MONEePeyHOro CeUeHHs, NCIONb3Ys ypaBHeHHE (3):

PC, L+ VATT) =0, @
ar .
m.C, 5 =0 )

rae: Q =U? /(RAg (T)- > S) — MOIITHOCTH J[KOYJIEBOTO TEILIOBEIICIICHHSI, OTHECCHHAS K 00b-

emy cepebpa B poBosie (Il XaCTEII0eBOH TOMIOKKH () = (), Br/M’; U — pomycTumoe maze-

uue HanpspkeHus Ha BTCII nposoae; L — nmuaa BTCII mpoBoza, M; S — cymMMapHas miomans
TOTIEPEUHOTO CEUCHHS CEPEOPIHBIX CIOEB, M*; p, C, ¥ K - TIIOTHOCTB, YZIebHAs TEMTIOEMKOCTh

1 TEH30pP TEIJIONPOBOJIHOCTU BEIICCTBA B Ka)KZ[OfI paCCManHBaeMOfI HOHO6J’I&CTI/I/

Taroke OBUTO BBISICHEHO, YTO TEIUIOBBIE IOCTOSIHHBIE BpeMeHH SF12050, B cuiy Manoi
TonumHbl oOpasytomux 31oT BTCII npoBox c1o€B, CymecTBEHHO MEHBIIE MOCTOSHHEIX Bpe-
MEHH HEpeXOAHBIX JNEKTPUYECKHX MPOLECCOB Pa3BUBAIOIIMXCS B LEMH IPH €ro Mepexone B
HOPMaJIBHOE COCTOSIHHE, BCIEICTBHE YEro Pe3UCTUBHBIH HArpeB MOCIECIHEr0 MPOUCXOMUT OT

KBaJjpaTa MTHOBEHHOT'0 3HaYCHUs Toka (puc. 7).

210
2001
1901
180.-
1701
160
1504

140
130
120
1104

T.K

0,00 n.bz n.'m n.lnﬁ te n.'na 0,10 o.'12 o.'m 0,16

Puc. 7 — BpemMeHHBIE 3aBUCIMOCTH TEMIIEPATYPHI eHTpanbHO# Toukn ceueHns BTCII mpo-

BOJIHHMKA 2-TO TIOKOJICHUS [UIMHOM 24M Ha IOCTOSIHHOM U [IEPEMEHHOM TOKE IPH aMIUTUTY e
najieHus HanpsbkeHus Ha HéEM 380B u \/5 -380=537,4B cooTBeTCTBEHHO
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IIpn mMonenupoBanun BoccraHoBieHHs cexkuueil BTCII TokoorpaHMyuBaromero sie-
MEHTa CBEPXIPOBOMSIINX CBOWCTB, OCHOBAHHOM Ha PEUICHWHM ypaBHEHUs (2) B OTCYTCTBHU

JDKOYJIeBa TETUIOBBIICIICHUS (Q = (), OBIIO BBIICHEHO, YTO B MUPOBOU MPAKTHUKE HET €AMHOTO

MHEHUS KaKUM U3 TPaHUYHBIX YCJIOBUH (pHC. §), ONpeesoluM BeIMYUHY TEIIOBOTO HAIlo-
pa ¢ HarpeToil MOBEpXHOCTH B XKUAKHUIT a30T MOIb30BaThCA. OJHAKO 3TO HE TOMEIIANIO CeNaTh
BBIBOJ O TOM, YTO JJISl COKpaIleHus BpeMeHH BoccTaHoBieHus cekiueid BTCII Tokoorpannyn-
BAIOIIETO AJIEMEHTa CBEPXIPOBOISIINX CBOMCTB Hy)KHO NpHOEraTh K KOHCTPYKTHBHBIM pelie-

HUAM, MAaKCUMAJIbHO pa3BUBAONIUM IUIOMIAb OXJIaXTaeMOU TOBEPXHOCTH.

=

— =y

w12 o

g 0

=10 f 1 B Bubblg

= transitian (rat stabls) z belirg

§ =

8 o8 | £ '|

- g

8 5 L i

g 06 .- 10 /‘ \

- 8 ,

g M 1 B Convectionr——

o

= : ! Ll

% 0z coiveclion .= . Builing

= . - Transition
o film boiling g 10-1 - - - .
0.1 1 10 0o T 10 10 10

temperature difference [K] AT (K:I

Puc. 8 — 3aBucumoctn ko3 GuLMEeHTa TEIIONepeaayn B )UAKNI a30T OT TEMIIEPATypHOTO

Haropa ¢ HarpeToi MOBEPXHOCTH

OrtgetHoit peakiueit BTCII Tokoorpannuurens pesuctuHoro tuna (COT) Ha n3meHe-
HHE BEJIMYMHBI TOKAa B AJIEKTPUUECKON LETH SBIISIETCS N3MEHEHHE €r0 aKTUBHOTO COIIPOTHUBIIE-
HHSI, COOTBETCTBEHHO OCHOBHBIE PEKHUMBI €70 PaOOTHI:

1) HyneBoe comnpoTuBieHHe — BeanunHa Toka B 1ienu ¢ COT He mpeBbINIaeT ero KpuTu-
4yecKoro 3HaueHus — [ < [

2) nepexoj B HOpPMAIBHOE COCTOSIHUE — BenmunHa ToKa B uenn ¢ COT — T e[1,;1,);

3) TOoKOOrpaHHYMBAOLIee ACHCTBHE — BEIMYMHA TOKA B LIENH OOJbIIE WIN PaBHA TOKY
ycraBku — I > I

4) BOCCTaHOBJIEHHE CBEPXIIPOBOAIIETO COCTOSIHUS — TMOCJIE OTKIIOYEHUs OBICTpOeH-
CTBYIOILIETO BBIK/IIOYATENS, YCTAHOBIEHHOrO B Lienu nocienoBaresnsHo ¢ COT (BenuuuHa Toka

B Ileny paBHa Hyo — [ = 0).
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U3 pexumoB padotel BTCII TokoOorpaHHYHTENS] PE3UCTHBHOTO THIA BBITEKAET 00IIast
MaTeMaTudeckas Mojelb ero paboTsl (4), KoTopas, Kak ObUIO MOKA3aHO BHIIIE, B OCHOBHOM
0a3upyeTcss Ha PEIICHUH HECTAllMOHAPHOTO ypaBHEHHs TerutonpoBogHocTH (3). OmHako st
MOJETTMPOBaHUs TOKoorpaHnynBatomero aeiicteusg COT B CHIOBBIX LETAX PeabHBIX 3IEKTPO-
YCTaHOBOK HEOOXOJUMO TIOJyYHTh COBMECTHOE pPEIICHHE MOTU(PHIMPOBAHHOTO HECTAMOHAP-
HOTO YpaBHEHUs TEIUIONPOBOTHOCTH (5), U muddepeHInanbHbIX YpaBHEHUH, ONMCHIBAOIINX

HU3MCHCHUE DJICKTPUIECKOI'O TOKa B TaKou enu.

Reor =0, I<I
AU _(I)-R, (T
RCOT: cn( ) Ag( ) , [KS[<[ ,
AU (D+ R, (T)-1 Y
Reor =R, (1), 121,
Reor = f(T), 1=0.

*V3MeHeHne CcOMpOTHBICHUS TOKoorpanndmBatomiero snemeHTa COT — Rcor mpH BoccTa-

K2

“)

HOBJICHHH MM CBEPXIPOBOJILIEr0 COCTOSHHUS NPEJICTaBIeHO B (DYHKLIMM TeMIEepaTypsl MO
TOW IPUYMHE, YTO KOHEUHbIC BBHIKIAJKH OMNPENEIISIOTCS OCOOCHHOCTSAMH TEIIOOTIaYd B
JKUJKUH a30T 3aBUCSIIEH TakKe OT KOHCTPYKIIMU TOKOOTPAaHUUYUBAIOLIETO AIIEMEHTA.

MonuduuupoBaHHOe HECTAIMOHAPHOE YpaBHEHHE TEIUIONPOBOJHOCTH, ONMUCHIBAIOLIEE
HM3MEHEHHe TeMIepaTyphl TokoorpaHmduBaromero sneMenta COT oT BpeMeHM W BETHIHHBI

TOKa B LICIIN:

T +i2(f)'RC0T(T)

T(t) = TH Hay
¢, (T)-my

+AT(t)= , (5)

ayu

rae: Ty = 77K — HavanpHas Temmeparypa TokoorpaHmdmsaromero snementa COT; AT(f) —
TeMIeparypa neperpesa Tokoorpannumnsatomero snementa COT, K; my — cymmapHas macca
BTCII npoBozia B TOKOOrpaHUIUBAIOLIEM JIEMEHTE, KT; ¢,(T) — yaenbHas Ternoemkocts BTCII

MpoBoJa, I[)Ic(lcr'K)'l; Rcor(T) — conpoTtuBienue Tokoorpannyusatoiero snemesta COT, Om.

B muccepTarmy ObUTH MOMy4eHbl COBMECTHBIE PEIIEHHS MOJU(MHIMPOBAHHOIO HECTa-
[IMOHAPHOTO YPaBHEHUS TEIUIONPOBOIHOCTU (5), M M epeHINanbHbIX YpaBHEHUH, OIUCHI-
BAIOLIMX TMEPEXOHBIE MPOIECCHI B MEKTPUIECKUX IEMSIX MOCTOSHHOTO TOKa, Kak MpU paboTe
COT B ciryuae oTkaza OblcTpoaeiicTByromero Beikmoudarens (BAB), Tak npu coBMecTHOH pado-
te COT u BAB, ognako BBUIY 601b1I0T0 00BEMA 3TH BBIKIAAKH HE PEICTABICHBI.
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Paccmotpen ciyyaii ucrions3oBanust COT Ha nepeMeHHOM TOKe, TPH €ro yCTaHOBKE Ha
(ha3ax BBOJA B pacpeIeIUTENbHOE YCTPOHCTBO M OTKA3€ BBIKIIIOUATENS WM YCTPOMCTBA 3aIUThHI

Ha oJTHOM 13 (unepoB (puc. 9).

| y i Ity

Puc. 9 — Cxema 3aMEIICHUS NJIA Cly4asd BOSBHUKHOBECHHUSA KOPOTKOI'O 3aMbIKaHU B TSATOBOM

CETHU IEPEMEHHOT'O TOKa IIPpH OTKa3¢ q)HI[epHOFO BBIKJTIOYATCIIA U HAJTMYHUHU COT, " 3aBUCUMO-

CTH U3MEHEHHUS TOKa B HEH

Ha cxeme 3amenienus (puc. 9) mpuHATHI cieayoume 0003HaYCHHS dJIEMEHTOB! Uxxf

JIeWCTBYIOIIee 3HAUCHNE HAIPSDKEHUsI XOJIOCTOTO X0/a Ha mHHax TsaroBoi moacranmuu (TII);
Ly, Ryp — 5KBUBAJIEHTHOE CONPOTHBIIEHUE U MHAYKTUBHOCTH TII, onpenenseMble mapameTpamu
MEPBUYHON MUTAIOIIEH CHCTEMBI, MOIIHOCTBIO U YHCIOM BKJIIOUEHHBIX MOHMKAIOIIUX TPaHC-
¢dopmaropoB; Rcor(T) — conpotusnenne BBogumoe COT B mens mpoTtekaHus Toka; R, L, —
yZeIbHOE COINPOTHBICHHE M WHIYKTHBHOCTD TATOBOH CeTH (CyMMapHBIE 3HAUEHHUS ITOCIEN0BaA-
TENBHO COCAMHEHHBIX M HHAYKTHBHO CBA3aHHBIX KOHTAKTHOH M penbcoBol cereif); K —
MECTO KOPOTKOI'O 3aMbIKaHHS.

Bce amemeHTHI cxeMbl 3aMerieHus (puc. 9) cunrarorcs auHEHHBIMH, KpoMme Rcor(7),
MIPOSIBIIAIOIIETO ceOs B Ha BTOPOM 3Tare JUIMTENbHOCTBIO Afyy.

Jns cxembl (puc. 9) U MepBOro 3Tana JIUTEIBHOCTRIO Afy JTHHEITHOEe T hepeHITnaTb-

HOE YpaBHEHHE 3alMCaHHOE 10 BTOPOMY 3akoHy Kupxroda:

Ly % +Ri=~2U _ sin(wt +), (6)

rae: Ly = 2LgtL.; Ry = 2RptR,; © — YIJIOBasi CKOPOCTb, pau-c'l; y — HavyasbHas (asa Hampsi-

KEHUS, L. TPaf.,
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PEMICHUE KOTOPOTr'O BBITIAAUT TaK:

Jau . . e
i:7’”-(sm((ot+q/-(p,<)—sm(\y-(ph,))~e = @)
VRS +(oLy)’

rae: @, = arctg(oL, / Ry ) —yron cnura (ha3el MKy TOKOM H HANPSDKEHUEM, D1, TPal.

st cxeMsl (puc. 9) ¥ BTOpPOTo 3Tana JIUTEIBHOCTBIO Afy IO BTOpoMy 3akoHy Kupx-

roda 3anuieM HenuHeiHoe AuddepeHnnaIbHoe ypaBHeHHE:
di . .
Ly (Re + Reor (T)i =2 sin(at + ), ®)

peleHre KOTOporo, CpaBeInBOE ISl HHTEpBasa IMHeapU3auy A, BHITISANUT TaK:

_Ry+Reor (1),

xx Ly

i \/EU: . sin(wt+y-9,)— o
Ry + R (T)) +(0Ly)* \—sin(y-9,)

©

C ucnonp30BaHHEM MOJYUYEHHBIX ypaBHEHHH, B TOM 4YHCJE€ U Ha IOCTOSHHOM TOKE,
OBLTO BBHITIOJIHEHO MaTeMaTHYecKoe (MMUTAMOHHOE) MOJCIHPOBAHHE TOKOOTPAaHHYHBAIOLIE-
ro aeiictBuss COT B TATOBBIX CETSIX MOCTOSIHHOTO U EPEMEHHOT0 TOKa.

B Tpetneii ri1aBe onucaHbl 33a4d U IPEICTABICHBI CXEMbI IPOBEAEHHBIX DKCIEPHU-
MEHTaNbHBIX HccienoBanuii cBoiictB BTCII mpoBOTHHKOB BTOPOTO MOKOJCHUS PA3THYHBIX
MIPOM3BOAMTENEH, B YACTHOCTH BOJBTAMIIEPHBIX XapaKTEPUCTHK U TEMIIEPATYPHOH 3aBUCHMO-
CTH WX MOTOHHOTO COMPOTHBIICHHUS, a TAKKE KOMIUICKCHBIC Ja0OpaTOPHBIC WCIBITAHHUS MO-

nenpHOH cexkiun BTCIT TokoorpaHMYMBAOMIETO 3JIEMEHTa pe3ucTUBHOTO THMA (puc. 10).

—
=
= 2= =
= s
- ?
=y
- - -

[ . " Pornaevwue
. 3 - /'/ ORI TS
.‘t S OnopHas Yacms KOMywKy
— 16 s

Mednan nagcmussa

Puc. 10 — Konctpykuust monensHoro BTCII TokoorpaHHYMBAOLIETO JIeMEHTa
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[IpoBenén aHanM3 MOJyYEHHBIX AKCIIEPUMEHTANIBHBIX JAHHBIX, HA OCHOBE KOTOPBIX
MIOCTPOCHBI KpUBBIE ypoBHA HOoTeph B MoaernbHoM BTCII TokoorpaHMYMBAIOMEM 3IEMEHTE

(puc. 11) 1 BpeMeHN BOCCTAHOBIICHUSI UM CBEPXIIPOBOASIINX CBOWUCTB (puc. 12).

0,12 4
0,10

=
g 0,08 4
0014

Q, Brim

& 06
[r—
Tox BTCN anesenta 0.04 -
(] | B0 BpEUR cabTa K3
! 0.02 4
1
1E-3 T T T T T 0
106 108 190 112 114 116 118 120 12 124 126 0.00 T T T
0 5 10 15 20 25 0

1..A t,c

Puc. 11 — 3aBucumocTs moroHHoi BenunHel Puc. 12 — BpeMeHHast 3aBUCMOCTE IIOTOHHOTO
MOTEePh Ha IIEPEMEHHOM TOKE OT JeHCTBYIoIIe- conpotusienus MoaensHoro BTCII Tokoorpa-
TO 3HAUEHMs pab0overo Toka B MOJEIHHOM  HHYMBAIOIIETO HJIEMEHTa B XOJIe BOCCTAHOBIIE-

BTCII TokoorpaHHYUBAaIOLIEM dJIEMEHTE HUS UM CBEPXITPOBOJSAIIMX CBOMCTB

IIpencraBieHsl COBMEMIEHHBIE OCLILIOIPAMMBI OIPAHUYEHHOIO TOKa KOPOTKOrO 3a-
MBbIKaHUs, TageHns HanpspkeHus Ha BTCIT TokoorpaHMIHBAIONEM I€MEHTE H TeMIIepaTyphl

€ro neperpepa CHsTHIC IPH pPa3HOW Ha4YaIbHOM (ha3e KOPOTKOro 3aMbIkaHus (puc. 13, 14).

500 200 500 140
—LA
400 - —u,B 5004 —LA 6
- -1
—TK 18 w] —uB
300 —T,K
We=134" J 180 300 =301 J10
@ 200 o
= - o X = 200 Wa=7° -
4 - ERAL
< -
= < 100 4 -
5 =
120 o 100
100 -
100 4
100 160
2004 i
300 ; : - T & -300 - T T T L
0.04 0.08 0.08 . 010 012 014 0.050 0,055 ops0 o 0ss 0,070 0075

Puc. 13 — OcummnorpamMmsl cHATHIE Ipr Ha-  Puc. 14 — OcuuiuiorpaMMBbl CHATBIE TIPH Ha-
4abHOM (ha3e TOKa KOPOTKOTO 3aMBIKaHHs 4apHOM (ha3e TOKa KOPOTKOTO 3aMBIKaHHs

Vi = 334° (-26°) Ye=T7°
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[IpousBenena Bepudukanus mateMaTndeckoit Mogenu COT, mony4eHHbIE JaHHBIE 1O
pe3yabTaTaM MOJEIUPOBAHUS MPU MPOYMX PABHBIX YCIOBUSX OBUIM COIIOCTABIEHBI B OIHUX

KOOpIUHATHBIX ocsiX (puc. 17, 18).

500 4 500 -
400 - 400 -
300 - 300 4
200 - 200 4
! @
= 100 = 100 o
< <
- 04 = 04
-100 4 -100 4
~200 - ~200
<3004 300 4
-400 T T T T T =400 T - T - T T T v T u T
000 001 002 003 004 0,05 0,00 0,01 0.02 0.03 0,04 0.05

tec A
Puc. 17 — CpaBHeHue pacuéTHbIX AaHHbIX ¢ Puc. 18 — CpaBHeHHe pacu€THBIX TaHHBIX C

pe3ysIibTaTaMU S3KCIEPUMEHTA ITPU HavaIbHOU pe3yIbTaTaMU S3KCIEPUMEHTA ITPU HavaIbHOU

(a3e Toka KOPOTKOTO 3aMBIKaHUS Y, = 7° ¢aze Toxka y, = 84°

BBuiy HEBO3MOMKHOCTH INPOBEACHHA HAa HMEIOLMIEMCS HKCIEPUMEHTAIBHOM CTEHIE
OTIBITA TIYXOT0 KOPOTKOTO 3aMBIKAHMS (K.3.) C LENBIO ONPEAENICHNS aMIUTUTYIbl yIapHOTO U
YCTAQHOBHMBILIETOCSI TOKOB KOPOTKOTO 3aMbIKaHHs, IOCIEAHHE OBUIM IOMY4eHBI Pacu&THBIM

Croco0OM IMpu HaYaIBHO (paze KopoTKOro 3ambIkaHus ¥, = 334° (puc. 19) u y, = 7° (puc. 20).

1500 1500
R PR - T LR o R S
1000 - / 1000
5004l A i C T R Ay T
|
<6 2. . A I atn SRS \
500 | | -500 -
o, A
— Ik, A v, A
-1000 e, A ~1000
<1500 T T T T T
-1500 T T T T T T T T
0 e o Py P o 0.00 001 0.02 0.03 0,04 0.05
tc te
Puc. 19 Puc. 20

Xapakrep U3MEHEHHS TOKa K.3. B IPEUMYIIIECTBEHHO aKTUBHOM 1iern ¢ MonensHpiM BTCIT

TOKOOTPAaHMYHMBAIOLINM 37ieMeHTOM U 6e3 Hero npu L = 0,492mI'H, R = 0,07820M
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Puc. 21 Puc. 22
XapakTep U3MEHEHHUS TOKA K.3. B IPEUMYIIIECTBEHHO WHIYKTUBHOM 1enu ¢ MoaenbHsM BTCII

TOKOOTPAaHMYHMBAIOLINM 3JIeMEHTOM U 0e3 Hero npu L = 2,46MI'H, R = 0,07820Mm

BBy HEBO3MOXHOCTH TPOBEIEHHS SKCIHEPUMEHTOB MO OMPEJETICHHIO JOCTHIaeMOTO
sddexra OT TOKOOrpaHHIMBAOLIETO AciicTBUs MozaenbHOM cekiun BTCII TokoorpaHudnBao-
IIEro 3JIE€MEHTa B LMK ¢ Npeo0iIalaHieM HHIYKTHBHOTO CONPOTUBIIEHUS OHO ObUIO CMOJIEIH-
POBaHO IpH HavabHOH (paze KOPOTKOTO 3aMbIKaHus Y, = 7° (puc. 21) u vy, = 334° (puc. 22).

B yeTBepTOii I/1aBe BbHINONHEHA Pa3pabOTKa CXEMbl U KOHCTPYKIMU TOKOOTPaHHYHU-

Barorux 3eMeHToB COT /7151 TATOBBIX CETEl MOCTOSIHHOTO M IEPEMEHHOro ToKa (puc. 23).

1758

T opco0r parErmMEARIHE 3neMerT ofEodasHoro BTCTT MOCTOAHHOT 0 TOKA M FOTAHOBRH Ha dHep MHTAHNA
COT nepeMeHHOr0 TOKA H B0 IPHHTHITHATEHAT CHEMA MEMD H Er0 TPHHIHIHATEHAA CXEMA
T o= 840 -1,5 = 12604, L= 840-1,5 = 12604,
4, = 27500/380 = 73mm.; I, = 27500380 = 73w,
AL = 1260/250 = Smr.; M= 1260/250 = 5mm.;
Ly = 224-365= 17520, Ly= 2:24-365 = 17520u;
Rogr=150m. Regr=150m
OBnpEt paczof CEepXIpoBomEnEa SF 12050 ¢ Ofuptt pacxoq CEepXIIpoBomEEa SF12050 ¢
MAKCHMATEHOE TOROHeCVINEd crocobHocTED B 215,84 MAKCHMATEHOR TOROHECVINER ciocobHocTR B 215,84
COCTABHT 17,580, INH 3TOM [EPBOHAYATEHD BEEOHMOE B COCTABHT 6, 9K, TIPH 3T0M [EPEOHAYANEHD BEOJHMOE B
IeE DpoTeraEdd Toka COT conpoTHEMEHME COCTAERT nene oporerarmnd Toka COT compoTHENSmIe COCTABHT
150m1. 0,87 Cna.

CofcTECHHEOE BREMA TOKOOT paHIHEaronx sleMeHToE COT mopamsa 0,1- Lac

Puc. 23 — TokoorpaHHYMBAIOLINE JIEMEHTHI MPOTOTHITOB MpoMbIIuIeHHBIX COT
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[pemnoxkeHa cxema CHCTEMBI IPUHYIUTEIHHOTO IIEPEBOAa B HOPMAILHOE COCTOSTHHE
TokoorpanmymBaromero siaeMenta COT mo curHamy OT MHKPOIPOIECCOPHOH  3aIlIUTHI
(CIIITHC), no3Bousitoniasi peryJIMpoBaTh €ro yCTaBKy B IIMPOKOM JiMana3oHe. BrimonHeH pac-

Y9€T MEKTPUIECKON MPOYHOCTH H30JIAIHH KPHOTeHHOH Yactu TokoBBOZ0B BTCII anekrpoTex-

HUYECKHUX YCTPOUCTB (puc. 24).

g Ll

Puc. 24 — YpoBHU npoOHBHOTO HaIpsDKEHNS B TOKOBooax npororumna BTCII xabensHo# mH-

HUM: @) — 0e3 N30JAIUOHHBIX 0aphepoB; 0) — ¢ U3OISIMUOHHBIME Oapbepamu

ITpoBenen pacuér TemnoBbix noteps B COT MOCTOSHHOTO 1 IIEPEMEHHOr0 TOKa, Ha 0C-
HOBE KOTOPBIX OCYIIECTBIISUICS BBIOOP MPOM3BOAMTEIBHOCTH KOMITAKTHOW BO3IYyXOpa3[eiH-
TEJILHOW yCTaHOBKM M 00BEMa OydepHoii émkoctn. Pa3paborana yHuBepcanbHas cuctema
kpuorenHoro oboecriedenuss COT. [lokazana Bo3amoxxHOCTh pasmemieHus COT B cTanmapTHOU
sTYeiiKe MOCTOSHHOTO TOKa COBMECTHO ¢ OBICTpoaeiicTBYIOMNM BhIKiIIOUareneM (BAB-49). Jlan
IUIaH pa3MeleHHs] 000pyIOBaHUS THIOBOW TATOBOH IMOJACTaHIMHM NEPEMEHHOIO TOKa C Iep-
BUYHBIM HamnpsbkeHreM 110kB u pa3paGoTaHHBIX sT9eek BBOJOB B PaCIpeeIUTEIBHOE YCTPOH-
CTBO TSTOBOTO HATIPSDKCHUSL.

B nsiToii riaBe BHIMONHEHO MMHTAIMOHHOE MOJEIUPOBAHUE TOKOOTPAHUYHBAIOIIETO
neiictus COT mpu ero ycraHoBKe Ha (uepe NMUTAHUS JIeNo TAroBoi moactanmun «Osxepe-
16e» MOCKOBCKOH Xkene3Hoit noporu (puc. 25, 26). Pa3paboran nopsnok B3anmoaenctsuss COT
C CYyIIECTBYIOIIMMH CHCTEMAaMH 3aIIUThl U aBTOMATHKU TATOBBIX MOACTAHIMH MEPEMEHHOTO
TOKa IIPY €ro YCTAaHOBKE Ha BBOJAX B PACIIpe/IeNIMTEIbHOE YCTPOHCTBO TATOBOTO HAIIPSIKEHNSL.
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Puc. 25 — BpeMeHHBIE 3aBUCHMOCTH MPOLECCOB OTKIIOYEHHS OIM3KNX TOKOB K.3. (s COT

ucnons3oBanack CIIITHC, neiictByromas no curnaiy ot I3AD-3,3), rae: I — oTKiI04aeMbIi

TOK K.3., 2— HaIpsHKEHUE Ha Ayre BbIKIIIOYATEIA, 3- NEpECHANPAKCHUA HAa UHAYKTUBHOCTH

uenu, 4— MaJICHUE HAMIPSAKEHUA Ha aKTUBHOM COIIPOTUBJIICHUN COoT BBOJIUMOM B L€Ib, d —

(——) 1XBAB-49+COT, (- - - -) 2xBAB-49; 6 — (——) 2xBAB-49+COT, (- - - -) 2xBAB-49.
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Puc. 26 — I3MeHeHune ToKa K.3. IPH 0TKa3e ObICTPOIEHCTBYIOLIETO BEIKIIOUATEIS

BEIoTHEHO UMHUTAMOHHOE MOJEIHPOBaHHE TOKOOrpaHmuuBaromero neicrsust COT
IIPU €T0 yCTAaHOBKE Ha BBOJAX B PACHPEACIUTENFHOE YCTPOHCTBO 27,5kB TAroBoii moacranumm
«'pst3m» st citydast oTkasa GpuaepHoro BeIKIro4atess (puc. 27).
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Irecs 3. (1) Teor(t) —— IHoKa(t) Teor(t)
loxkaft) ——RcoT(l) ——loxa{t) ——Rcor(t)
14000

- 180
12000 -4
- 160
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Puc. 27 — Toxoorpannuusatomiee neiicrsue COT na BBogax PY-27,5kB TII «I'psi3u» npu ot-

Kaze (umepHoro BHIKITIOUATENS H HaYanbHOI (ase K.3. Y, = 30 1 90 a11.rpag. cooTBETCTBEHHO

IIpuBeneHsl cooOpaXkeHHs1 O TEXHUKO-DKOHOMUUYECKOH 3(p(EKTHBHOCTH HCIOIB30Ba-
uusg COT B cucTeMe TSAroBOTO AIIEKTPOCHAOKEHNS IEPEMEHHOTO TOKA.
3AKJIIOYEHUE

1. MHccrnenoBanue mpoliecca Mepexoja HEUICANbHBIX CBEPXIPOBOIHUKOB BTOPOTO poja Mo-
Ka3ajJ0, YTO XapaKTEpHbIC BPEMEHA, 33 KOTOPbIE IPOUCXOMUT ITOT NEPEXoh, ACHUCTBU-
TEJIFHO MaJbl, TI0 CPAaBHEHHUIO C XapaKTEePHBIMU BPEMEHAMHU MEPEXOAHBIX PEXHMOB KO-
POTKOTO 3aMbIKaHHS.

2. HUccnenoanue temneparypsl neperpeBa BTCII npoBoJHUKOB BTOPOrO MOKOJEHUS B pe-
JKFMe OTPaHMYECHUSI TOKa KOPOTKOTO 3aMbIKaHHS HE BBIBHIIO MO UCTEUCHNUH, KaK MpOMe-
KYTOUHBIX, TaK M 33JlaHHOTO OTPE3Ka BPEMEHH 3HAUMTENHHOTO Mepernajga TeMIepaTyp
MeX1y Haubosee ¥ HaMMeHee HarpeThIMU TOYKaMH €ro MOMEepPEeYHOro CEYCHUs, YTO CBH-
JIETENILCTBYET O PaBHOMEPHOM DACIPEAENeHHH TeMIEepaTypbl M BO3MOXHOCTH CYIIECT-
BEHHOTO YIPOILEHHUS pacu€THONW MOJEIN.

3. MHccnenoBaHue NpoIecCOB OCTHIBAHUSA TOKOOTPAHUUYHMBAIOIINX 3JIEMEHTOB B a30THOM BaH-
He MOCIIe UX MEepPEeX0/ia B HOPMaIbHOE COCTOSHUE II03BOJIMIIO BBIIBUTH CYIIECTBEHHBIC HE-
JIOCTAaTKH B CYIIECTBYIOIIMX METOAMKAX pacuéra 3THX MPOIECCOB, TPEOYIONUINX TiTyOOKO-
IO 3KCIIEPUMEHTAIIBHOTO U TEOPETUYECKOr0 U3yUEHUsI.

4. TIpoBemeHs! 3KCIepUMEHTANbHBIE HccaenoBanus ¢usmdeckux csoiicts BTCII npoBoxHu-
KOB BTOPOTO ITOKOJICHUSI PA3INIHBIX TPOM3BOIUTENICH.

5. MWsrorosneH u ucnbiTad MonenbHbIE BTCII TOKOOrpaHUUMBAIOIUM 3JIEMEHT Pe3UCTUB-

HOro THUIIa.
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10.

11.

13.

14.

15.

Maremarnueckast Mmopens COT mpoBepeHa IMyTEM COIOCTAaBICHHS B OJHHX KOOPJHHAT-
HBIX OCSIX 3KCIEPHMEHTATBHBIX JaHHBIX U TTOMYYEHHBIX C €€ MOMOIIBIO BPEMEHHBIX 3aBH-
CUMOCTEH NpU NPOUYMX paBHBIX yCiI0BUAX. PacxoxneHue cocrasigeT MeHee 10%.

BBumy oTCcyTCTBHS BO3MOXKHOCTH HPOBEICHUS HKCIICPHUMEHTAIBHBIX HCCIIETOBAHHUI TO-
KoorpaHH4mBaromiero neiictsus moaensHoro BTCII TokoorpaHMYHBAIOMIETO 3JIEMEHTa B
aKTHBHO-MHIYKTHBHON LIEMHU MEPEMEHHOTO TOKa OBIJIO BHINOIHEHO €ro MaTeMaTH4ecKoe
MOJICIUPOBAHUE.

CrpoexTrpoBaHbl mosHoMacmTadHeie mpoToTunbl COT asist TATOBBIX ceTel MOCTOSHHOTO
U TIEPEMEHHOT0 TOKa, a TakXKe pa3paboTaHa yHUBEpcalbHas CHCTEMa MX KPHOTE€HHOTO
obecrniedeHys, KoTopas pH HEOOXOIUMOCTH MOXKET OBITh IOyKOMIUIEKTOBaHa OydepHoit
EMKOCTBIO.

Pa3paborana cxema cucTeMbl MPUHYAUTENHHOTO MEPEBOJA TOKOOTPAHUIHMBAIOLIETO 3JIe-
MeHTa COT B HOpMaJIbHOE COCTOSIHHE I10 CUTHAJY OT MHUKPOIPOLIECCOPHOI 3aIllUThI, OT-
KPBIBAIOIIAsl BO3MOXKHOCTH PETyJIHPOBAHHS €0 TOK yCTaBKH B MIMPOKOM AWANa3oHe.
Pazpaboran meton pacuéra 3MEKTPUUECKON HM30JIALMHM KPUOTCHHOW YaCTH TOKOBBOIOB
BTCII 21eKTpOTeXHUYECKUX YCTPOUCTB Pa3IMuHOI0 poJa TOKAa U YPOBHS HAIIPSKECHUSL.
IToxa3aHa BO3MOXKHOCTb pa3MeEILEHUsl B CTaHIApTHOH Auelike noctosHHOro toka COT u
aBTOMaTHYIECKOT0 OBICTPOJEHCTBYIOIIETO BHIKIIOUATEIS.

Pa3paborana sueiika BBOAA B paclpeaeUTeIbHOE YCTpoiicTBO 27,5kB ¢ ncnonb3oBanuemM
ornrodasueix COT u 1aH niaH pa3MeIIeHNs STHX SUeeK Ha TEPPUTOPHU THUITOBOH TATOBOM
MOACTAHIIMY MarkCTPaIbHBIX JKEJIE3HBIX IOPOT IEPEMEHHOTO TOKa C MEPBUYHBIM HAarps-
xeHneM 110kB cOBMECTHO C 3JIEKTPOTEXHHYECKMM 00OpYIOBaHHEM TPAIMIIMOHHOTO HC-
TIOJTHEHUSL.

BeImonHeHO MMHTAIOHHOE (MaTeMaTHIECKOE) MOAEIUPOBAHNE TOKOOTPAaHUIHNBAIOIIETO
neiictBust COT B TSAroBO# CeTH MOCTOSIHHOTO TOKA MPHU €ro YCTaHOBKE Ha (uaepe muTa-
HUS JIeTIO.

Pazpaboran nopsaok BzaumoaeiictBuss COT ¢ CyIIecTBYIOIIUME yCTPOMCTBAMH aBTOMa-
TUKH U 3alUTHI, IPH €T0 YCTAaHOBKE HA BBOJAX B PACMpPENEIUTEIBHOE yCTPONUCTBO TATO-
BOT0 HanpsbkeHus — 27,5kB.

BrimonmHeHO MaTeMaTHdeckoe MOAEIHpOBaHUe ToKoorpanuuuBaromero aeiicteus COT B
TATOBOM CETH NMEPEeMEHHOro TOKa B CIydae OTKa3a (PUAEPHOTo BBIKIIOYATENS NpPH pas-

JINYHOW HaYaTbHOM (1)8.36 KOPOTKOI'O 3aMbIKaHMUS.
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16. IloxazaHa TEeXHHKO-3KOHOMHYECKas d(pdeKTHBHOCT paznuyHoit komnoHoBkn COT Ha Ts-
rOBOIf IOICTAaHIIUY TIEPEMEHHOr0 TOKa, HOTOMY KaK Ha TATOBOM MOJICTAHLMM ITOCTOSHHOTO
Toka rcnons3oBanne COT mone3Ho, HO He TaKk HEOOXOAMMO KaK Ha IEPEMEHHOM TOKe.
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