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BBeaenne

[Ipu pabote TpaHchOpPMATOPOB BOZHHUKAIOT I10-
TepU DHEPTUU, TPEBPAIIAOIINECS B KOHEUYHOM
cyeTe B TEIUIOTYy. TemioTa MOBBIIIAET TeMIIepaTy-
py OOMOTOK, aKTHBHOH CTayd, KOHTaKTHBIX CO-
€/IMHEHUM, KOHCTPYKTUBHBIX JIeTajled U OJIHOBpE-
MEHHO paccemBaeTcsl B OKpyKawiyoo cpemy [1].
HarpeBanme o0opymoBaHUS OTPaHWYUBAET €r0
MOIITHOCTh M SIBJISIETCA TJIaBHOM NMPUYMHON cTape-
Hus u3onsuuu. I[IpoBeneHHBIM aHaANM3 Hay4yHO-
TEXHUYECKOW OTEUYECTBEHHOU U 3apyOeKHOU JTUTE-
paTypsl MOKazaj, 4To padoT, HENOCPeICTBEHHO
MOCBSIICHHBIX MOHUTOPHMHTY TEIUIOBBIX IIOJICH
CHOXHBIX JJCKTPOTEXHUYECKUX DSJIEMEHTOB U
YCTpOMCTB mMeeTcs Hebonpmioe konmdectBo. He
WCCIIEZIOBaHBl TPOIIECCHl PACIPENeNIeHNAs TeIo-
BBIX MOTOKOB BHYTPH U CHApyXH YCTPOWCTBA, HE
PaccMOTpPEHBI BOIIPOCHI OMpeeNeHUs] M HIECHTH-
dbuKanuy BHYTPEHHUX TIOBPEXKICHHUNA TpaHCchop-
MaTOPHOT'O ¥ MHOTO 3JIEKTPOTEXHUYECKOTO 000py-
noBaHus. [IpoBeneHHbIE paHee HCCIEIOBAHUS CO-
3/1aJ¥ TPEATIOCHUIKH JIJISl PEUIeHHs 3a/1ad HIISHTH-
(uKauu BHYTPEHHUX HAPYIICHUH, BIUAIONIMX Ha
TEIUIOBOM peXuM pabOThl 00OPYIOBAHUS, U OIIpE-
JIEJIEHUS] €70 MECTOPACTIONOXKECHHS M TEMIIEPaTyPhl
nedekrta. [loaTomy Teoperndeckoe 00o0OIECHNE
MIPOIIECCOB TEIUIOBOTO pacHpeiesieH!s] C Y4eTOM
JMUHAMHYECKOTO IBMXKCHHUS Macjia B TpaHC(opma-
TOpax W HASHTU(UKAIMSA HA dTOW OCHOBE €ro II0-
BPEXKJCHHI (COCTOSHUS PabOTOCTIOCOOHOCTH) SIB-
JSIeTCS aKTyallbHOM HayyHOU 3ajauei.

[IpuHOMOBI MOAEIMPOBAHUS TENJIOBBIX pe-
*KUMOB padoThl TpaHcdopmaTopa

B Hacrosimiee BpeMst pa3paboTaHO U ammapaTHO
pearm30BaHO MHOXKECTBO CHCTEM 3alllWTHI, IHa-
THOCTUKH ¥ MOHHTOPHUHTA COCTOSHUS BBICOKO-
BOJIBTHBIX CHJIOBBIX TPaHC(HOPMATOPOB. IKOHOMHU-
yecknil 23QQEKT 0T UX HCMOIB30BAHUS 00YCIOBICH
MpenynpexIeHIeM aBapUHHOTO BBIXOJA M3 CTPOS
o0opysOBaHUSI W  MEPEeXoJOM OT IUIAaHOBO-
MpeAyNpeAUTEeIbHBIX PEMOHTOB K PEMOHTaM IIO
coctosanuo. Ilpu HOMmMHampHON wactoTe 50 I'mg
OCHOBHYIO YacTb ITACIIOPTHBIX MOTEPh COCTABISIIOT
notepu Jlxoyns — Jlenna (Ha aKTHUBHOM COTIPO-
TUBIICHUH, OJHM3KOM TI0 CBOEMY 3HAYEHHUIO K CO-
MPOTHBIICHUIO TIOCTOSHHOMY TOKY), @ TaKXe MoTe-

pu Ha rUcTepe3uc u TOku Dyko B MarHUTOMPOBO-
ne. OcTanbHBIE TOTEPH SBISIOTCS JOOABOYHBIMHU U
COCTaBJISIOT HECKOJIBKO MPOIEHTOB OT OCHOBHBIX.

[lepcrieKTUBHBIM SIBIISICTCSI CO3JaHUE CHCTEM
MOHHUTOPHHTA JJISI MPEAYNPEKICHHUS Pa3THYHBIX
MOBpEXKIeHUH TpaHchopMaTopHOro 000pyIOBa-
Hus. OYEBUIHO, YTO MPH KAXKIOM OIPEACICHHOM
nedekre OyneT CBOE pachpeieficHUE TEIIOBOTO
MOJIsI, a 3HAYUT M CBOM TocieacTBus. Unentudu-
Kanusa IMIDOTCHIUAJIBHO BO3MOKHBIX Heq)CKTOB Cc
MOMOIIBIO aHANIM3a PACIpPENEICHUE TEeIIOBOTO
TOJIST — JTOBOJTBHO 3P PEKTUBHBIH cITOCO0 M30eKaTh
BBIX0JIa M3 CTPOsl TpaHC(HOPMATOPHOrO 00OPYI0-
BaHUsI.

B OoNBIIMHCTBE CllydaeB i OLEHKH COCTOS-
HUS O0OpYIOBaHMS CO3JAOTCS MaTeMaTHYECKUE
MOJICJIH, CoJiepKaliue B cebe OOJbIIoe KoJude-
CTBO PAcyeTOB, TPEOYIONIHE OONBIIOE KOJIHIESCTBO
BPEMEHH I pacueTa KaKIOro OTIEIBHOIO y3iia
eanHuIBl o0opyaoBanus. K ToMy ke, Ipu pacuete
CJIOHBIX CHCTEM HEpPEAKH OIIMOKH YHCTO Mare-
MaTHYECKOTO XapaKkTepa.

Co3panyie MOAETH MOXHO YCJIOBHO Pa3OUTh Ha
3 craguu. IlepBas 3T0 cOOp MaHHBIX A MOJCIHU-
pOBaHUsl, [eb 3TOW CTaJUU COOpaTh MaKCHMAlb-
HOE KOJIMYECTBO MHGpOpMAIUU, TPeOyIOmencs s
co3maHus Mojenu. Bropas cramums — Hemocpen-
CTBEHHO CaMO MOJICIMPOBAHUE, ONTHMU3ANUS all-
TOPUTMOB U OTICIIbHBIX 3JIEMEHTOB MOJETH. TPThs
CTaJiis TO OIIEHKAa MOJIEJIM, CPaBHEHHUE TOKa3arTe-
JIeH MOJIeNH C PeaJbHBIMU SKCIIEPUMEHTAMH, JIbIH-
HBIMHU 00 SKCIUTyaTalii 000pyIOBAHUS, YTO SIBJISI-
eTcs HeOOXOUMBIM JUISl YCIIOBHS TPUHSTHUS MOJIC-
JIY WJTH O €€ TopaboTKe.

Ha puc. 1 npuBenena 610k-cxema mporiecca co-
3MIaHUST MOJICIIH.

cop OaHHbIX gnA
MOAENUEoBaHIS

A
Y

MOLENHPOBaHUA DUEHKA MOZ ENH

Puc. 1. briok-cxeMa npouecca cozganusi MOJEIN

Bonee nepcreKTUBHBIM M HATJISAHBIM SBIAETCS
CO3/1aHHE MHTEPAaKTHBHBIX MOJENEH B Pa3IMYHBIX
mporpaMMHBIX TakeTax [2]. OHH MO3BONAIOT CO-
30aBaTh MOJENH, OJIM3KHE K PealbHBIM, IPU 3TOM
He TpeOys TI1yO0OKMX MaTeMaTH4eCKUX 3HAHHH.
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B nanHoii paboTe a1t MOIEIHPOBAHUS HCIIONb-
3yercs mporpaMMmHbid maker Comsol Multiphysics
[3]. OTO MoIIHAs UHTEpAKTUBHAS cpeAa AJid MOJie-
JUPOBAHUS U PACUETOB OOJBINIMHCTBA HAYYHBIX U
WHKEHEPHBIX 3a71a4 OCHOBAHHBIX Ha AUQhepeHITH-
aJTBHBIX YPABHEHUSIX B YACTHBIX MPOU3BOIHBIX ME-
TOAOM KOHEYHBIX 31eMeHTOB. C 3THUM Mporpamm-
HBIM TAKETOM MOXKHO paCIIUpPSTh CTaHAAPTHHIE
MOJICJIH, MCIIOJIB3YIOUIHEe ONHO AudQepeHIraib-
HOE ypaBHEHHE (IPUKIATIHON PEXUM) B MYJb-
TU(U3NYECKHE MOJETH JUIS pacyueTa CBS3aHHBIX
Mexay coboi ¢u3muecknx sBIeHWH. B ocHOBe
pacuetoB makera Comsol Multiphysics nexuT me-
TOJIa KOHEUHBIX 2JIEMEHTOB [4].

[TomHyr0 TPEXMEPHYIO KOMIBIOTEPHYIO MOJEIH
TaKOM CIJIOKHON HEJIMHEHHON TepMOruapaBiInye-
CKOU CHCTEMBI, KaK PealbHbII CUJIOBOW MAaCIIAHBIN
TpaHcopMaTop, MOXKHO OIMPEENIUTh KaK OOIIYIO
TEIUIOTHPABINIECKYI0O MaKpOMOJEelb TpaHchop-
Matopa [2]. OHa MOXET BKJIFOYATh B ce0sl ommca-
HUE TEOMETPHH U JICTAJIbHON CTPYKTYPHI BCEX TPEX
(ha3, BKJITIOYAIONINX B C€0S MarHUTONPOBOJ M pa-
O0oure oOMoTku. Takas MoOjeNnb JOJDKHA obecrie-
YUTh MOJIYYCHHE JOCTOBEPHBIX OCHOBHBIX HHTE-
TPAbHBIX XapaKTEPUCTUK CHCTEMBI TCTUIOBBIIEIIC-
HUs, TEeMIepaTypbl Ha BBIJCICHHBIX MOBEPXHO-
CTSIX.

Jng ynpolmeHuss MOJENMpoBaHUs, Ha YPOBHE
MaKpoOMOJIeTTH OOMOTKa TIPEACTaBIICHA JKBUBA-
JICHTHBIM CIUTOIIHEIM TBEPJBIM TEJIOM 0€3 OT/IEeNb-
HOTO PacCMOTPEHHUS KOHBEKIIMH B MEXKATyIIed-

HBIX TOPH3OHTANBHBIX KaHallaX ¥ JeTalbHON
CTPYKTYpPBI KaTyIIEK C U30JBILIUEN U AUCTAHLMPY-
IOIIMMU  TIPOKJIQAKaMu. 3agadeldl MaKpoOMOZEIH
SBIISIETCSl OMUCAHWE W OOIMMH pacdéT TEeTUTOTH-
PaBIUYECKUX MPOIIECCOB BCETO TpaHChopMaTopa ¢
00s3aTeIbHBIM yUETOM BceX (OCHOBHBIX U JOTIOJN-
HUTEJBHBIX) TEIJIOBBIACICHUN, HMEIOIUX MECTO B
TpaHchopmarope.

C momomrsio Comsol Multiphysics co3nansl Ba-
pHaHTBI MoJeNel Tpanchopmaropa ¢ AeeKTaMu 1
0e3 TakoBEIX. TpaHCoOpMaTop MpenCcTaBlIeH B BU-
Jle TIPSIMOYTOJIBHOTO Oaka, 3aloJHEeHHOTO TpaHC-
(OpMaTOPHBIM MacJIOM W C paclojararoIluMuCs
BHYTpPHU HETro OOMOTKaMH U CepJedHUKOoM. [lomon-
HUTEIHHO BOKPYT Oaka co3gaHa 00JacTh, 3arod-
HeHHasi Bo3ayxoM. JledekThl 3a7aHbl Kak JIOMOJI-
HUTCJIBbHBIC HICTOYHHUKU TCIIJIOTHI.

[IpoBeneHHbpIe pacdyeThl pacnpeneeHus TerIo-
BOTO IIOJII HAIJSIAHO TIOKAa3alH pacipeeeHne
TEIJIOBOTO MOJS MO BCeH MMOBCPXHOCTU MOJCIIH,
BKIIFOYas TeMIepaTyphl Ha pedpax W TrpaHUIax.
[IpoBemeHs! pacdeTsl I MOJeNeH ¢ nedeKTaMu B
OJTHOW M3 OOMOTOK, B CEpJICUHHKE, OJHOBPEMEHHO
B pa3HBIX dYacTsX TpaHcpopmartopa. B obnacry,
TZIe PacIoNokeH edeKT, TeMIepaTypa BhIIIe, 4eM
B aHaJOTHMYHOU MOACIN HOPMAJIIBHOI0 pEeXUMa
(6e3 nmedexToB), clieOBaTENbHO, TEMIEpaTypa Ha
MTOBEPXHOCTH TaK e IMOBBIIIACTCS.

Ha puc. 2 u 3 npeacraBieHbl NpUMeEpPbl MOTY-
YEHHBIX MOZeJiel ¢ HaanuueM JedekTa u 0e3 Ta-
KOBOTO.

_ '_i-ceim!:-e’_l-'. N Max 315,188
.‘ as
45
0
| | =
z £ e
Puc. 2. Pacnipenencuue TermioBoro mois B TpanchopmaTope 6e3 1epeKToB.
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Beurdary: Tempaature [1]
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Puc. 3. Pacnpenenenue TemnoBoro nossi B TpaHcdopmarope ¢ nedekrom ¢asbl A (JeBas 0OMOTKa).

Takxum o6pazom, Comsol Multiphysics mo3Bosier
CMOJICIIMPOBATh M HATJSITHO TPOJCMOHCTPHPOBATH
pacrpesielicHie TeMIepaTypHbIX IMOJNeH MpH 3a/1aH-
HOM pexuMme paboTel TpaHcdopmaropa. Co3mgaHue
WHTEPAKTUBHOW MOJIENIM MOXET CTaTh OYeHb yI00-
HBIM UM TEPCHEKTUBHBIM CIHOCOOOM JTMArHOCTHKHA U
MOHHTOPUHIA Je(EKTOB B PA3NUYHBIX €ro YacTsX.
3TO MO3BOJISIET MPOTHOZUPOBATH M TPEAYIPEKIATH
pa3BUTHE Pa3IUUYHBIX JE()EKTOB U, CIIEAOBATEILHO,
MPOJITIEBATh CPOK CITYKOBI 000PYI0BAHMS.
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Buytpennuii penensent Coivenko B. I

PaccmaTtpuBaloTca npuHUMNbI

BoiBoabI

MogaenupoBaHue TEIUIOBBIX MPOLECCOB TPAaHC-
(hopmaTopHOTO 000pY/NOBaHHS IO3BOJIAET YCTa-
HaBJIMBATh C BBICOKOM J0JiIed BEPOSTHOCTH HaJM-
YUe HEUCIPABHOCTEW HA HAYaJIbHOW CTaJuu pas-
BUTHS JIePEKTa, YTO TO3BOJSIET YHTH OT ITAHOBBIX
PEMOHTOB, MOJIYYUTh SKOHOMHUIO OT CHUXKEHUS U3-
JIepKEK Ha AKCIUTYaTalM0 U CHU3UTh K MUHUMYMY
YOBITKH OT BBIXOJ]a 000PYAOBaHUS U3 CTPOSL.
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Buemnuii penensent Taunkesuu E. M.

MOAENNPOBAHUSA TEMOBbIX PEXWMOB paboTbl CUMIOBOro TpaHcdhopMmaTtopa.

MpUHUMA NOCTPOEHNSA MOAENM CMNOBOro MacnsHOro TpaHcopMmaTopa npeacrasfeH Kak MaTeMaTMyeckas Moaesnb
C/IOXHOW HEeNMHENHOW TepMornapasanyeckon cucteMbl. Mogenb Bko4vaeT B cebs onucaHue reomMeTpum u ge-
TaNbHOW CTPYKTYpbl BCcex TPEX a3, BkAvawowmx B cebs marHMtonposos v paboune ob6MoTkM 1 obecneuymBaeT
nosly4eHne AOCTOBEPHbIX OCHOBHbIX MHTErpasbHbIX XapakTepPUCTUK CUCTEMbI TEMIOBbIAENEHUS], TeMNepaTypbl Ha

BblAENEHHbIX MOBEPXHOCTAX.
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MpumMeHaa nporpamMmHbin naket Comsol Multiphysics co3aaHbl BapuaHTbl Moaenen TpaHcdopmaTtopa C Ae-
dexkTaMn n 6e3 TakosbiX. TpaHcdhopMmaTop npeacTasfeH B BMAE NPSMOYrofibHOro 6aka, 3amoO/IHEHHOrO TpaHC-
¢dopMaToOpHLIM MacioM M C pacrnofiaralownuMncs BHYTPU Hero obMoTKamMum n cepaevyHUKoM. [ONONHUTENbHO BO-
Kpyr 6aka co3pgaHa obnacTb, 3anonHeHHas BO3AyXOM. [ledekTbl 3aA4aHbl Kak AONOMHUTENbHbIE UCTOYHUKK Ten-
NnoTbl. B 0CHOBe pacyeToB AaHHOr0O NakeTa /IEXUT MEeTO KOHEYHbIX 3/IEMEHTOB.

MogpenvposaHue TensoBbIX NPOLLECCOB TpaHChopMaTopHOro o6opyAoBaHMA MO3BOMSET yCTaHaBAMBaTb C Bbl-
COKOM A0Nen BEPOSATHOCTM HanMyMe HeMCnpaBHOCTEN Ha HavanbHOW CTaAuu pasBuTUS AedekTa, YTO No3BONSET
YWTU OT NAAHOBbLIX PEMOHTOB, MOSYUYNTb SKOHOMMUIO OT CHUXXEHWUS U3AEepXeK Ha 3KChayaTauuio U CHU3UTb K MU-
HUMYMY Y6bITKM OT BbIXOAa 060pyA0OBaHMSA U3 CTPOS.

KnioueBble c/ioBa: CUI0BOI TpaHchopMaTop, NOTepPU IHEpPrnmM, 06MOTKa, CEPAEUYHMNK, HArpeB, CPOK 3KCryaTa-
UMK, TEMJIOBOKM Mpouecc, nose, nospexaeHne, aedekTt, naeHTudukaums, Moaesnb, MaTeMaTmyeckas, Ternaornapas-
Nnyeckas, UHTepakTMBHas.
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HPUHLIUIIN MOAEJIOBAHHA TEIIJIOBUX PEKUMIB POBOTH
TPAHC®OPMATOPA

Po3rnspatoTbcs NpuHUMNKM MOAENOBAHHSA TEMNIOBUX pexuMie poboTn cunosBoro TpaHcdopmatopa . MpuHumn
nobyanoBn mMoaeni CMNOBOrO0 MacinsHOro TpaHcdopMaTopa NpeACTaBAeHUI K MaTeMaTUyHa MOAENb CKNaAHOI He-
NiHiMHOI TepMorigpaBniyHnx cucteMn. Mogenb BKAOYAE B cO6i onuc reoMeTpii i AeTanbHOI CTPYKTYPU YCiX TPbOX
¢a3, wo BkAOYaEe B cebe MarHiTonposig i pobouyi 06MOTKM Ta 3abe3neyye OTPMMAHHSA AOCTOBIPHUX OCHOBHUX iH-
TerpanbHUX XapakTEPUCTUK CUCTEMU TEMSIOBUAINEHHS, TEMNEpPaTypn Ha BUAINEHNX MOBEPXHAX.

3acTocoBytoum nporpamHuii naket Comsol Multiphysics cTBopeHi BapiaHTu Moaenei TpaHcdopmaTopa 3 ae-
dekTamn Te 6e3 HMX. TpaHcdopmaTop NpeacTaBNeHOo y BUrNSAi NpAMOKYTHOro 6aky, 3anoBHeHoOro TpaHcgopma-
TOPHMM Mac/oM i 3 06MOTKaMmM Ta OCepAsM, O PO3TallOBYOTbCA BCepeaunHi. loaaTkoBo HaBkono 6aka cTBopeHa
obnacTtb, 3anoBHeHa NoBiTpAM. [JedekTn 3aaaHi 9K A0AATKOBI AXepena TennoTn. B ocHOBY po3paxyHKy AaHOro
nakeTy NokKfafeHo MEeTOA KiHLEBUX e/IEMEHTIB.

MopentoBaHHA TennoBMxX npoueciB TpaHcpopMaTopHOro obnagHaHHA AO3BOJSISIE BCTAHOB/OBATM 3 BUCOKOKO
YaCTKOK MMOBIPHOCTI HAsBHICTb HECMPaBHOCTEN Ha MOYaTKOBIM CTaAii po3BUTKY AedeKTy, WO A03BONAE YHUKHY-
T NNAHOBMX PEMOHTIB, OTPMMATM €KOHOMIl0 Bif 3HWMXEHHS BMAATKIB Ha eKcrlyaTauilo Ta 3HU3UTU A0 MiHiMyMy
36uTkuM BiA BUXOAY 0bnagHaHHA 3 naay.

KnrouoBi cnoBa: cuioBuii TpaHchopMmaTop, BTpaTu eHeprii, o6bMoTka, ocepasi, Harpis, TepMiH ekcnyaTauii,
TEN0BMIA Mpouec, none, NOWKOoAXEHHS, aedekT, iaeHTMdikauisa, moaenb, MateMaTtuyHa, TenorigpasniyHa, iHTep-
aKTUBHa.
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HPUHLIUIIBI MOJAEJIMPOBAHUSA TEIIVIOBBIX PEZKUMOB PABOTDI
TPAHC®OPMATOPA

Discusses the principles of modeling of thermal modes of the power transformer. The principle of construct-
ing a model of power transformer oil is presented as a mathematical model of a complex nonlinear thermal-
hydraulic system. The model includes a description of the detailed structure and geometry of all three phases
which include a magnetic circuit and winding performance and provides reliable integral main characteristics of
heat, the temperature on the selected surfaces.

Using the software package Comsol Multiphysics model variants created transformer defects and those
without . A transformer presents a rectangular tank filled with insulating oil and it is positioned within the wind-
ings and the core. Additionally created around the tank area filled with air. Defects are defined as additional
sources of heat. The calculations of this package is the finite element method

Modeling of thermal processes transformer equipment allows you to set a high probability for faults at an
early stage of development of a defect that allows escape from the scheduled repairs , get the savings from re-
duced operating costs and reduce losses to a minimum of equipment failure .

Keywords: power transformer, loss of energy, winding, core, heat, lifetime, thermal process, field, damage,
defect, identification, model, mathematical, thermohydraulic, interactive.
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