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I.B. MNonos, K.B. YepHos., A.C. Actawos, K0.M. OBCsiHHUKOB
®IrB0YBINO «MBaHOBCKMI rocynapCTBEHHBIN 3HEPreTUYECKUI yHMBEPCUTET MMeHn B.U. JleHnHay,
r. iBaHoBo, Poccuiickas denepaums
E-mail: popov@bjd.ispu.ru

ABTOpCKOE pe3tome

CocTosiHue Bonpoca: 3agaum obecneyeHnst npouecca NPUHATUS PELUEHUA B paMKax aBTOMAaTM3UPOBAHHOW CUCTEMbI
OLIEHKWN COCTOSIHMSA 3MeKTpoobopyaoBaHUS BapnogrKaLMOHHBIMU MOAENSMM, ONUCLIBAOLWUMN pa3BUTUE AedEKTOB Npu
aKcnnyatauum TpaHcopmaTopoB, paHee He paccMaTpyBarnuCh U akTyanbHbl AMst UCCNeaoBaHUs.

MaTepuanbl 1 metoabl: OCHOBY NOCTPOEHUS BapUOMUKALMOHHOW MOLENN COCTaBMseT CUCTEMHasi METOAOoSNOrus, B
COOTBETCTBUM C KOTOPOW BapuodmkaLmsi TEXHONMOTMMYECKUX HAPYLLUEHWUIA COCTOUT B OOHApPYXXEHUU 1 packpbiTUM geTepMu-
HUPOBAHHbIX, 4ETEPMUHMPOBAHHO-CTOXACTUYECKUX U CTOXaCTUYECKMX MPOLECCOB, UHNLMMPYEMbIX U pa3rpaHMyMBaemMbix
COObLITUSIMM U NPOUCLLECTBUSAMMW, COBOKYMHAsA MOCNEeL0BaTENbHOCTb KOTOPLIX NMPUBOANUT K NMOBPEXOEHMIO 060pyA0BaHNS.
Pe3ynbTathbl: [prBeaeHO onncaHne METOAMKM Cco3aaHusi BapMoukaLmMoHHbIX Moaenen. MNpeactaBneHbl Mogeny B3pbiBHOrO
pa3pyLueHns 6akoB CUITOBOrO TpaHcdopMaTopa ¢ paclumpuTenemM n TpaHcdopmaTopa ¢ rogppobakom. OnmcaHa BO3MOXHOCTb
NPUMEHEHNS YKa3aHHbIX MOJENEN B COCTaBe IKCMEPTHBLIX CUCTEM OLIEHKWN COCTOSIHUS 3NEKTPO0O0pYyA0BaHMSI.

BbiBogbl: KonnyecTBeHHbIV y4eT BRMSIHUSA KaXXOoro M3 NpoLEeccoB, NPUBELAEHHbIX B BapvoOMUKaLMOHHBLIX MoAensXx,
peanu3oBaHHbIA C MOMOLLbI MaTeMaTU4EeCKOro MOAENMPOBaHUS, AenaeT BO3MOXHbLIM BCECTOPOHHIOK 1 Gornee TOYHYHO
OLEHKY HageXHOCTV paboTbl U MPOrHO3MPYEMOrO COCTOSIHUS 3NEKTPOOGOPYA0BaHUS.

KnioueBble croBa: curoBoi TpaHcopmaTop, BapuodukaLms, B3pbiBHOE paspylueHue 6aka TpaHcdopmaTopa, rodpo-
6aK, aKcrnepTHas CUCTEMA OLIEHKW COCTOSTHUSI.
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Abstract

Background: The problems to consider the decision-making process within the automated system of electrical equip-
ment estimation by means of the varioficational models are not studied before. Nowadays they are current for the re-
search. Moreover, these varioficational models can be used for the description of defects development during transfor-
mation operation process.

Materials and Methods: The basis of the construction of the varioficational model is the system methodology. It means
that the variofication of technological faults consists of finding deterministic, deterministic-stochastic and stochastic proc-
esses. These processes define through events and accidents that bring to the technical faults of equipment.

Results: The description of the development methodology of varioficational models is considered. The models of explo-
sive rupture of power transformer tanks and transformer with corrugation tanks are provided. The implementation of
these models within evaluation expert system of electrical equipment is described.

Conclusions: Quantitative account of the effect of each process listed in varioficational models, implemented by means
of mathematical modeling, allows to make more comprehensive and accurate assessment of the reliability and projected
posture of electrical equipment.

Key words: power transformer, variofication, explosive rupture of power transformer tanks, goffer tank, evaluation expert system.

B cunosom TpaHcdopmaTtope nog BO3OENCT-
BMEM 3KCMyaTaUMOHHbIX (DaKTOPOB MpOTeKatoT npo-
LieCCbl PasnnMyHoON NpuUpoAbl U MHTEHCUBHOCTW, Bbl-
3bIBalOLLME CTapeHNE 1 OECTPYKUMIO €r0 SrEMEHTOB.
CywiectBytolme n paspabatbiBaeMble MateMaTuye-
CKne MoAenu ykasaHHbIX NpOLEeCCOB MO3BONSIOT C
PasnM4YHON CTEMNeHbLI0 LOCTOBEPHOCTU KONMYECTBEH-
HO OLIEHUTb BIMSIHWE TOTO UMM MHOIO 3KCMIyaTauu-
OHHoro chaktopa. KomnnekcHoe ucrnonb3oBaHme aTux
MOZenen, B CBOK ouvepedb, MOBbILLAET LOCTOBEP-
HOCTb [OMarHOCTMPOBAHUSI COCTOSIHUSI U KavyecTBO
ynpaBrieHns NpoLeccammn TEXHUYECKOTo 0bCnyxnBa-
HWS 1 PEMOHTA CUIOBbIX TPAHCOPMATOPOB.

HameTtuBwasca B nocrnegHee Bpemsi 06-
LemMmpoBasa TeHOEHUNA Ha co3daHne «MHTennek-

TyanbHbIX CeTen» npegnonaraeT UCMNosib30BaHUE
MHOroacneKkTHbIX MoAenen KOMMIIEKCHOW OLLEHKM
COCTOsIHMA anekTpoobopynoBaHus. NMpu aTom He
BbI3bIBAET COMHEHMN TOT haKT, YTO ynpaBneHue
nogobHbIMK Npoueccamm ByaeT oCyLLecTBNATLCA
Ha 6a3e 3KCNepPTHbIX CUCTEM.

Hwxke paccmoTpeH nogxon v npeanaraeTcs
MeToauka pas3paboTky Tak HasblBaeMblX Bapuo-
UKaALMOHHBLIX MOAENEN, 3aHMMatoOLWNX BEPXHUIA
YPOBEHb B MEpapxum matemaTtudeckoro obecne-

' Bapuodukaups (nat. Varians — nsmeHeHue u facio — Aenaro) —
pacKkpbiTUe BHYTPUKOMMOHEHTHbIX MPOLIECCOB U  NpOLIECCOB
B3aMMOAEVCTBUS, UHULMMPYEMBIX U NepemMexaeMblX COObITUS-
MW U NPOUCLLECTBUSIMU, KOTOPbIE MPOUCXOASAT Y MOTYT NPOUCXO-
OVTb B CUCTEME.
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YeHMs Mnpouecca NPUHATUS PEeLIeHUA B pamKax
aBTOMAaTU3MPOBaAHHOW CUCTEMbl OLIEHKM COCTOSI-
HUA anekTpoobopyaoBaHus.

OcHoBYy MOCTPOEHMS YyKa3aHHbIX MoZenewn
COCTaBNsAeT CUCTEMHBIN NOAXOA K BO3HUKHOBEHMIO
TEXHOMOMMYECKMX HapylleHun B paboTe anekTpo-
obopynoBaHua. Bapuodukaums TeXHONOrMYecKnx
HapyLLeHWIA 3aKroyaeTcs B oBHapy>XeHun 1 pac-
KPbITUM  0ETEPMUHUPOBAHHBIX, AETEPMUHMPOBAH-
HO-CTOXaCTUYECKNX U CTOXaCTUYECKMX MPOLEeCcCOoB,
WHULMMPYEMBIX U pasrpaHU4MBaemMbix cobbITUsAMM
N NPOUCLLECTBUSIMM, COBOKYMHasA nocregoBarterb-
HOCTb KOTOPbIX MPUBOAUT K MOBPEXOEHMIO 060pY-
poBaHus [1]. UTor obBHapyXeHusi M pacKpbITUs
NPOLIECCOB 1 COOLITUI NpeacTaeT B Buae rpadu-
YecKon BapMOUKALMOHHOMW MOAENWU, COCTOSLLEN
13 npeacTaBneHHbIX B Tabn. 1 anemMeHToB.

BbonblMHCTBO TpaHcdopmaTopoB, ycTa-
HOBIEHHbIX Ha ANEKTPOIHEPreTU4ecKknx npegnpum-
atnsax PO, aBnsawTcs MacrnoHanomHEHHbIMU 1
UMEIOT CPOK 3KCnryaTalumu, NpeBbILaloWmnii Hop-
MaTuBHbIN. B xoge akcnnyaTtauum nof BO3AencT-
BMEM pasfM4YHbIX 3KCMyaTauMOHHbIX (haKToOpOB
TEXHUYECKOE COCTOSIHME TpaHCOpMaTOpPOB YXyAa-
LWaeTcs, B HUX MOSABAAIOTCA pasnunyHble AedeKTbl
N B criydae Hea(p(eKTUBHOroO AMarHoCTMpoBaHNA
N HEMNpPUHATMA COOTBETCTBYHOLLUMX Mep MOXeT
NpoM3oWTM OTKa3, BMIIOTb A0 BO3HUKHOBEHUS
B3pbiBa Haka (puc. 1).
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Puc. 1. Cunoson TpaHcdopmaTop ¢ paclumputenem
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Ona nosbiweHna addeKTMBHOCTN Juar-
HOCTMpPOBaHUA TpaHcdopmaTopoB npeacTaBns-
eTcs uenecoobpasHbiM pa3paboTatb Bapuodu-
KauMOHHble MOAENU pasHbIX MNPOUCLLECTBUN,
BKMOYAas B3pbiBHOE pa3spylieHne 6aka TpaHc-
dopmaropa, kak Hanbonee onacHOro u TSHXerno-
ro No NocrneacTBUAM.

ABapun 1 B3pbIBbl BbICOKOBOSbTHBLIX Mac-
MOHaNOMHEHHbIX TpaHcdOpMaTopoB onpenens-

loTca obpasytowenca npu npoboe m3onsaumun ay-
rov. Hapacratliee gaBneHne B Kopnyce TpaHc-
dopmartopa npmBoauT K ero paspyweHuto. OHo
BbI3BaHO 6OMbLIMM KOMMYECTBOM 3HEPruuv, Bbl-
cBoboxpatowenca B Buge TennoTel npu obpaso-
BaHWM anekTpuyeckon ayru [2]. Paccmotpum atoT
npouecc 6onee nogpobHo.

KonuuyecTtBo aHepruu, nepeaaHHoe B Macro
TpaHccopmaTopa nNpu BHYTPEHHEM KOPOTKOM 3a-
MbIKaHWW, pacxogyeTcs:

1) Ha obpasoBaHMe 3NeKTpoHaMu KaHana
paspsiga v nogaepXaHue ero 3apsbkeHHbIMKU Yac-
TMuamu;

2) HarpeB XuOKOCTM OO0 Temnepartypbl Ha-
CbILLEHUSA MNPWU CTONKHOBEHMAX C 3apsbKEHHbIMU
yacTuuamu;

3) ucnapeHve, T.e. Ha NpeofoneHve cun
MEXMONEKYNAPHOro CUuenneHns B Xxugkon dase u
Ha paboTy paclmMpeHust Npu NpeBpaLleHun Xua-
KOCTM B nap;

4) paspblB XMMUYECKUX CBA3EN B MONEKY-
nax 3apsbkeHHbIMU 4YacTuuamu, NpUBOOSALNA K
obpa3oBaHuio pagnKanos;

5) nocnenytoLlyo hparMeHTaumio Mosekyn
N pekoMOMHaUM OCKONKOB ¢ obpasoBaHMeM ca-
XKWUCTOrO yrrepoaa u razoBow ¢asbl

lMpeogoneHve cun MEXMOIEKYNAPHOrO
cuenneHns B Xuakon ¢ase u paclumpeHue npwu
npeBpaLleHnn XNOKOCTU B Nap Bbi3blBAOT ABW-
XeHune yacTtuy, TpaHcdopmaTopHoro macna. Mpu
3TOM TennoTa ucrnapeHnsi npeobpasyeTcs B KUHe-
TUYECKYID 3HEprno awxyllerocs macna. Cko-
POCTb OBWXEHUSI 00YyCrnoBnNMBaeTCA KONMYECTBOM
Macria u KMHETMYECKOW 3Hepruen, T.e. TEennoToun
ncnapenusi. CteHkn Gaka cnyxaT NpenaTCTBUEM,
WHULMUPYIOLLMM MapaBnvyeckuin yoap. YBenu-
YyeHve [daBneHus Mnpu rMagpaBnvMyeckoM ygaape
npeacraBnsaeT cobow BHYTpeHHee W3bbITOYHOE
AaBrieHne B3pbIBHOMO pa3pyLueHns 6aka.

CkopocTu BblOENeHUss 3Heprun npu gyro-
BOM paspsge, npeobpasoBaHue ee yacTu B Ten-
NOTY UCNAPEHUS U KUHETUYECKYID 3HEpruio, npu-
BOASALLYIO K IrMApaBnuyeckoMy yaapy, CTonb Be-
TNKKW, YTO NpegoxXpaHUTENbHbIA KnanaH SOIMKHbIM
obpas3om He cpabaTtbiBaeT, a 6ak cTaHOBUTCH pas-
PYLLAOLLMMCS COCYAOM Mo OaBMEHUEM.

BHyTpeHHee 136bITOYHOE JaBneHUe B3pbiB-
HOro paspyLueHus 6aka MOXHO OueHUTb Mo dop-
myne
_20¢s

Pr = D+s’

roe D — BHYTpeHHW anameTp OBanbHOM 4acTu
0aka, MM; S — TOJLLMHA CTEHKU, MM; G — BpEMEH-
HOEe COMPOTMBIIEHNE UNKN NpPeaen NPOYHOCTH, T.€.
MEXaHM4YEeCKoe HanpsbkeHue, Bbllle KOTOPOro
npoucxoguT paspylleHne martepuwana, MlMa; ¢ —
K03 pMLUMEHTBI MPOYHOCTN CBAPHbIX LUBOB.
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Tabnuua 1. Npacdhnyeckoe npeacTaBneHme aneMeHToB BapmodukaumoHHON Moaenv

O603Ha4eHne

CopepxaHune

@ TOYHbIM

TennoBoro TepMmn4eckoro CTapeHMﬂ)

S PaccmaTtpuBaemoe TexHonorm4eckoe HapylueHne B pabore anektpoobopynoBaHus

Cob6bIThe, HacTynarollee B xofe dKcrnyataumn obopyaoBaHUs 1 okasbiBatollee CyLLEeCTBEHHOE BRUSHWE Ha
€ro TEXHUYECKOE COCTOSIHWE (YBENMYEHUE HaNPSKEHHOCTU SNEKTPUYECKOro Monsi BHYTpY 6aka, BO3HUKHOBE-
HWe 3NeKTPUYECKOro paspsiaa B U30NALMOHHOM NPOMEXYTKE U T.A.); MOXeT BblTb OTNPaBHBIM UIN MPOMEXY-

Mpengapstowumii npouecc, B pesynbTaTe NpoOTEKaHUsi KOTOporo GesycrioBHO HACTynaeT TeXHOMornveckoe
HapyLleHve (NpoLecc AMHaMMYECKOTO BO3LEUCTBUS ra3oMacrsiHOW CMECU Ha KOHCTPYKTUBHbIE 3MEMEHTHI
TpaHcdopmaTopa Mpu HamMymm yCTOMYMBOrO AyroBoro paspsiga BHyTpy ero 6aka)

Mpouecc, MHMLI,VIVIpyPOLLWIﬁ HacTynneHne o4yepenHoro cobbITus npu aKkcnnyaTtauuu 060py,EI,OBaHMFI (Hanpmmep,
npouecc yxyaweHua ananekTpuyeckmnx nokasatenen TBep,E]OIZ n3onayummn TpchcbopmaTopa BCneacteune ee

YcnoBue OTAENbHOro NpoTeKaHUsi HECKOMbKMX NPOMEXYTOYHbIX NPOLEeCCOB B YacTu UX BIIUAHUA Ha HacTyn-

neHne cobbITust

YcrnoBue COBMECTHOMO MPOTEKAHUA HECKOSNBbKUX MPOMEXYTOYHbIX MPOLIECCOB B YacTW UX BIUSIHUSL Ha HacTyn-
neHue cobbITus

YBenuyeHve paBreHns npyv OgHOMEPHOM
rmgpaBnuyeckoMm ypape onpegensierca no dgop-
myne H.E. Xykosckoro:

p=p(vy-vy)c,

roe p — yBenuyeHuwe pasnexus, H/m?* p — nnor-
HOCTb KUAKOCTH, KI/M>; Ly U L1 — CPEAHUE CKOPO-
cTn B TpybonpoBoae A0 v Nocrne nepekpbiTus ce-
YeHns Ana nepeMeLLeHns XXUOKocTn, M/C; ¢ — CKo-
pOCTb pacnpocTpaHeHuss yaapHON BOMHbl BAOMb
Tpybonpoeoaa.

CkopocTb Macrna ¢ y4etoM cdepuyeckon
CMMMETPUM MPWU rMOpaBNMYeckoM yaape, paspy-
watowem bak, onpegensercd no opmyne

_3pr
" CuPu
roe C, — CKOpOCTb pacnpocTpaHeHUs yaapHOW BOr-
Hbl, paBHasi CKOpocTu 3Byka B macne (1390 m/c);
p v — NNOTHOCTb XNAKOCTU (895 Kr/m?3).

KonnyectBo macna, npmBognmoe B ABWKe-
HVWe pacLIMpsALLENCca NaporasoBol CMecCbto, KO-
Topasi obpa3oBaHa AyrosbiM pa3psgom (OP), oby-
CMOBMMBAaETCs KONMMYECTBOM Macna B TpaHcdop-
MaToOpHOW ycTaHoBKe. KOnmyecTBO KMHETUYECKOM
3Hepruu, npmobpeTaemoin ABUXKYLLMMCSH MACIIOM,

paccynTbiBaeTCA Kak

2
E :mMUM

M 2
roe m, — KOnn4ecTBo Macna; v, — CKOpOCTb ABU-
XeHns macna.

Mpn TXenbIX aBapusix Bpemsi ropeHus [P
MOXET JOoCTUraTb COTEH MUINTIMCEKYHA, @ SHEPIUs —
100 MOx. KoaddpmumeHT razoobpasoBaHmus paBeH

B. =1-107 m3/Ix.
O6bem obpasyomxcs rasos
V, =E,, B,

V)

Macca >xugkoro macna, npespaTmBLLIASsCS B
ras, onpenendaetcd Kak

Myn =M, =p. V.

OHeprus, 3aTpauynBaemasi Ha (Has3oBbIf Me-
pexop, T.e. Ha UcnapeHue, HaxoauTcs no dopmyre

Evn=M,.r,

X-n‘wuen -

CkpblTasa TennoTta napoobpasoBaHnsi Mac-
na, k[x/kr, coctaBnsaeT

on = 236,44 +0,9233(t,,,, —350).

OHeprus gyrosoro paspsga, [x, paBHa
__ 9m,pi
208 Clten e B

Mpwn ropeHnn gyrm B Macne, korga npouecc
He 3aTparvBaeT TBepdoW M3onsiuuM, B OCHOBHOM
obpasytotca Bogopog (60-80 %) w auetuneH
(10-25 % no obbemy). O6beMHOE copepkaHue
mMeTaHa — 2—4 %, atuneHa — 1-2 %. B cnyuae,
€Cnn TOpeHue Ayrv 3aTparMBaeT MNPOMUTAHHYHO
Macrnom TBepAylt M30MAUMI0 Ha OCHOBE Lenmto-
no3bl, Takke Habniopgaetcs OOMbLIOK BbIXOA BO-
gopoga v auetuneHa. OgHako Hapsiy € 9Tum B
3HaA4YNTENIbHOM KOnmn4yecTBe OOpa3yeTcsi OKNCb U
OBYOK/Cb yrrnepoga W MnoBbILAETCS coAaepXaHue
MeTaHa B CMECU rasos.

B3pbiBHOE paspylieHve Baka co3gaeTt BO3-
OYLUHYIO YAQpHY0 BOSHY, pasneTalroLlmnecs ocKon-
Kn 0B0MoYKM 1 pasbpoc XuaKkoro macna ¢ onpe-
JeneHHON 30HON B3PbIBHOrO BO34ENCTBMSA Ha pa-
60THMKOB ” obOopydoBaHWe cTaHumu. Bbibpoc
Macrna 1 rasoB, B CBOH ovepenb, MOXET COonpo-
BOXOATbCSl TOPEHNEM U B3pbiBaMM C 30HOW Nopa-
)Karollero Bo3gencTBusa Ha paboOTHUKOB U CMEX-
Hoe obopydoBaHNE CTaHLMW.
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Ha puc. 2 npuBegeHo rpadudeckoe M30-
OpaxeHne Mopgenu, BapuouUUpYOLLEN B3pbIB-
Hoe paspylleHne 6aka TpaHcdhopmartopa.

HdaHHasa wmogenb onucbiBaeT MPUYUHHO-
CNeaCTBEHHYI0 B3aMMOCBSA3b PasfM4HbIX Mpouec-
COB 1 COObITUIA, UMEIOLLIMX MECTO B NPOLIECCE IKC-
nnyataumMm TpaHcdopmartopa C pacCMOTPEHHbIMU
Bbile nocrneacteuamMu. OnucaHne Kaxagoro 6rioka
pa3paboTaHHOW Moaeny npMBedeHo B Tabn. 2.

[ns TpaHcdopmaTopoB Kracca Hanpsike-
Hua 35 kB mowHocTelo o 10000 kB-A B nocnen-
Hee BpeMs BeCbMa pacnpoCcTpaHeHHOW cTana
TEHOEHUMS KOMMEeHcauMn TemnepaTypHOro pac-
LUMpEeHNs Macrna NocpeacTBOM U3rotoBneHus ba-
Ka, MEHSIIOLLEro CBOM BHYTPEHHU oObeM. Takas
KOHCTPYKUMS nony4una HasBaHue rogpobaka
(puc. 3).

B pgaHHOM crniyyae TennoBoe pacluMpeHve
TpaHcopMaTOPHOrO Macna KOMMEHCUMPYEeTCHa He
C MOMOLBIO pacwmpuTens, a ynpyrummn gedop-
MauUsSMU TOHKOCTEHHbIX ropMpOBaHHbIX MeTar-
NINYECKMX NnacTuH Gaka. XapakTepHoW OCObLEH-
HOCTbIO A@aHHOro Tuna MacrioHanosIHeHHoro obo-
pyaooBaHna ABndeTcaA  u3ondauua BHYTPEHHero
obbema Gaka TpaHcdopmaTopa OT OKpyXatoLen
cpenpl, YTO 3HAYUTENBLHO Yry4llaeT yCroBus pa-
60Tbl Macna, NpakTU4eCcKN WCKI4YaeT ero yB-
nakHeHWe, OKMCMeHMe W Lwnamoobpas3oBaHueE.
Mpn aTom obsi3aTenbHbIM YCITOBMEM Ka4eCTBEH-
HOrO WCMOSTHEHNSI FepMEeTUYHbIX TpaHcdopmarto-
poB Takke ABnseTcs rnybokas gerasaums TpaHc-
dopmaTopHOro Macrna nepea ero 3anmBKoun.

SO

«W»

«N»

(sT4) s14) (15

Puc. 2. BapurodmkaLmoHHas Mofesb B3pLIBHOTO paspyLueHnst 6aka MacrnoHanonHEHHOrO CUIIOBOro TpaHcgopmaTtopa ¢ paclumpuTenem

Tabnuua 2. CobbITUA M Nnpouecchl B TpaHcdopmaTope npu B3pbiBe 6aka

MaeHTu- nutenb-

A OnucaHune 6noka A

dukatop HOCTb, C
SO B3pbiBHOE paspyLueHne H6aka TpaHcdopmaTopa 10" =1
pp1 [Mpouecc aMHamMmnyeckoro, unu CUIOBOro, B3aMMOAENCTBUS MaccmBa macna u obonoyku (baka) TpaHcdopma- 10" +1

TOpa BCneacTteme AyroBoro paspsaaa.

[MokasaTensamu faHHOro npouecca, B KOTOPOM y4acTBYHOT TepMOoANHaMU4eCKaa SHeprnda mMmaccuea macna u
MexaHu4ecKas aHeprua matepumana netanen ob0noYky, ABNAOTCA AaBNeHne macna n CKOpPOCTb pOCTa AaB-
neHu4. I'Ipm He3HauUTenbHoOM CKOpPOCTM pOCTa AaBlieHusa cpa6aTb|BaeT npeuoxpaHMTeanbM KnanaH
TpaHcdopmaTopa, YMeHbLlUaaA BeNmM4nHy naBlieHnA BHYTPU 6aka go AonycTtuMbIX npegenos
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lpodomkeHue mabin. 2

NoeHTu- nuTenb-
A OnucaHue 6noka A
cukatop HOCTb, C
pp2 Mpouecc B 0bonoyke, xapakTepudyeMblii U3BMEHEHNEM COCTOSIHUSA MaTepuana getanen obonovku Bcneacreve | (8+16) -10°
BNUSHNA NEePeMEeHHbIX YCNOBWIA ANIMTENbHON 3KCnyaTaLuu.
[aHHbI Npouecc NPUBOANT K NOCTENEHHOMY HaKOMMEeHWo AedeKToB 1 yXYALLUEHNIO MeXaHN4eCKUX CBOWCTB
6aka TpaHccopmaTopa
s1 OTka3 npefoxpaHUTENbHOro KnanaHa. (5+9) 107
370 cobbITME ABNAETCS NMPOMEXYTOYHBIM OTHOCUTENBHO Npouecca pp1 v onucbiBaeT BO3MOXHbIA 0TKa3 npu
cpabaTtbiBaHMM NMpefoXpaHMTENbHOro knanaHa TpaHcdopmartopa
s2 BosHukHOBeHMe ayroBoro paspsga B MaccuBe Macna mexay otsogom BH u cteHkon 6aka. 107" + 1
3T0 NpoMeEXyTOYHOE CTOXacTn4yeckoe cobblTue 3aBepLuaeT HECKONBbKO MPOMEXYTOYHbIX npoueccos (p3, p4,
p5), NPMBOASALLMX K BO3HUKHOBEHUIO AYTOBOrO pa3psaa
p3 Mpouecc pa3suTusi Npobos B M3OMALMOHHOM NPOMEXYTKE MeXAy BUTKaMuW OOMOTKM unu WwuHamu oteoda u | (8+16) 108
CTeHKoW Gaka.
[aHHbI Npouecc xapaKkTepu3yeTcs BO3HUKHOBEHWEM, YBENUYEHUEM WHTEHCUBHOCTM YaCTUYHbIX pa3psifoB
BCMEACTBVE NOBbLILLEHHOW HANPSX)XEHHOCTUN 3neKTpuYeckoro nons B 6ake TpaHcgopmaTopa
p4 [Mpouecc B TBEpAON N30NALUN, XapaKTepU3yeMblil UISMEHEHNEM ee COCTOSIHUS BCEACTBME CTapeHus. (8+16) 108
[aHHbI Npouecc xapakTepusyeTcs yXyALeHWeM KavyecTBa W, Kak CrnefcTBue, yXyALleHWEM AUaneKTpuye-
CKNX CBOWCTB TBEPAON n3onsauum
p5 [Mpouecc B Xnakow N3onaumm, Xxapakrepusyemblii UBMEHEHMEM ee COCTOSIHUS BCreACTBUE CTapeHus. (8+16) 108
[aHHbIV NpoLecc xapakTepuayeT OKUCNEHVEe BXOASLMX B COCTaB Macra yrrneBoAopoAoB U CEPHUCTbLIX NPo-
[OYKTOB, a Takke obpas3oBaHWe 1 POCT Pa3MepoB KOMMOUAHbIX YacTUL, B Macne, CHUXatoLWMX U3OMALNOHHYIO
NPOYHOCTb XWUAKOW N30NSLMm
s3 OTKa3 ra3oBoro pene. (5+9) 107
370 cobbITME ABNAETCA MPOMEXYTOYHbIM OTHOCUTENBHO MpoLecca p3 1 ONUCbIBAaeT BO3MOXHbI 0TKa3 B pa-
60Te razoBoro perne TpaHcdopmaTopa Npu MHTEHCUBHOM rasoobpa3oBaHun BHYTpu Haka
s4 HanpsKeHHOCTb 3NeKTPUYECcKOoro nonsi Mexay OTBOAOM W CTEHKOW 6aka 4oCTuraeT 3HauyeHusl, COOTBETCTBYIO- 1+10
Lero Npo6b1BHOMY HaNPSHKEHMIO.
HacTtynaeTt BCneacTB/e NOBLILLEHUS HANPSHKEHHOCTW 3NEKTPUYECKOro MoNs Npu NepeHanpsKeHUsX U CHU-
XeHUs1 NPOBMBHOTrO HANPSPKEHWS! XMOKOTrO UMW TBEPAOro ANINEKTPUKOB
p6 MpoLecc NoBbILLEHNA HANPSHXKEHHOCTW 3NEeKTPUYECKOro Mofs Npu yBeNMYeHnn curbl Toka B OTBOAE BCMeACT- 10%+3
BWE NMPUXOAA B aKTUBHYIO YacTb TpaHcdopmMaTopa poHTa BOMHbLI FPO30BOro paspsaa.
[aHHbIN npouecc oTpaxaeT BRUsSiHWE aTMOCEepHbIX NepeHanpsikeHUn Ha u3onsaumio 06MOoToK TpaHcdop-
mMaTtopa, MMeIoLLIMX MECTO NPY BO3HUKHOBEHWM rPO30BbLIX pa3psaos BONMsn aHeproobbekTa
sb5 OTKa3 orpaHuM4MTENs NepeHanpsikeHns. 107"+ 1
3710 cobbITME ABNSIETCA NPOMEXYTOUYHBIM OTHOCUTENBHO NPOLECCOB P6 M p7, ONUCbIBAET BO3MOXHbIN OTKa3
B paboTe orpaHM4UTens nepeHanpskeHns nNpyu BO3AENCTBUK (DPOHTA rPO30BON BOSHbI UM BO3HUKHOBEHUN
KOMMYTaLMOHHOrO NepeHanpsikeHns
p7 [Mpouecc NOBbILEHUS HAMPSXXEHHOCTU ANEKTPUYECKOro Mons Npy yBenM4YeHU Curbl TOka B OTBOAE BCNEACT- 102+3
BME KOMMYTaLMOHHbIX NepeHanpsiXeHni.
[aHHbIA NpoLiecc NPOMCXOANT BCNEACTBUE PE3Koro M3MeHeHUsl napaMeTpoB CeTu K3-3a 3apsiaa U nepesa-
psiaa ee eMKocTel MNpu nepexoae OT OOHOTO COCTOSIHUSI K APYroMy, KOTOpPOE BbI3bIBAETCSt KOMMYyTaLMSIMM
3M1EeKTPOYCTaHOBOK
p8 [Mpouecc NoBbIWEHNST HAMPSXXEHHOCTN 3NEKTPUYECKOro MONs NpyU yYBENMYEeHNM Cuibl Toka B 0OOMOTKe BCneacT- 102+3
BME BHELUHEr0 KOPOTKOro 3aMblKaHUS!
p9 MpoLecc NoBbILLEHNS HANPSXXEHHOCTU ANEKTPUYECKOro NOMS NPU YMEHbLUEHUN ANINEKTPUYECKOrO NPOMEeXyT- 10%+3
Ka Mexay OTBOAOM W CTeHKoW 6aka BCNeACcTBME CMELLEHMS OTBOAA, BbI3BAHHOIO yaapHbIM Tokom K3.
[aHHbIN Npouecc oTpaxaeT BO3HWMKHOBEHME Aedopmauumi o6MOTOK TpaHcdopMaTopa npu nNpoTekaHun no
HMM TOKa KOPOTKOrO 3aMblKaHWs
s6 OnekTpomexaHudeckoe ycunue npu K3 gocturaer 3HayeHUs MexaHW4Yeckow MPOYHOCTU KpenneHusi oTBoAa, 107 + 1
MOHWKAIOLLENCA B YCNOBUSIX ONIUTENbBHOM IKCNyaTauuu.
370 cobbITVEe SABMNAETCA NPOMEXYTOYHbIM OTHOCMTENBHO Npouecca P9 1 oTpaxaeT MOMEHT Havana aedop-
Mauum obMOTKM 1 CMeLLeHMs oTBoAa TpaHcdopmaTopa
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OkoHyaHuUe mabin. 2

NoeHTu- nmTenb-
A OnucaHwue 6roka A
cukatop HOCTb, C
p10 Mpouecc cHMXeHUst NPOBMBHOIO HaMPSXXEHNUS MPU YMEHbLUEHUW COMPOTMBMAEHUSI TBEPAON M30NALUUN BCNEACT- 102+3
BME TEPMUYECKON AEeCTPYKLMN, BbI3BaHHOW TokoM K3.
[aHHbIN npouecc conpoBoXAaeTcs NepeErpeBoM MeTannIM4Yeckoro NpoBoAHUKA OOMOTKU U CHUXKEHWEM U30-
TNALUMOHHBIX CBOWCTB LIEN0N03HON U3onsaumm
s7 OTka3 penemnHon 3awuTbl. (1+9) 102
370 cobbITE ABNSIETCA MPOMEXYTOYHBIM OTHOCUTENBHO NpoueccoB p8, p9 1 p10,nNOCKONbKY OHU MOTYT NPo-
WCXOAUTbL MPU OTHOCUTENMBHO ANUTENIbHOM AEeNCTBUMN TOKa KOPOTKOrO 3aMblKaHWS, Tak Kak npu npaBuIbHON
paboTe ycTpoWcTB penenHon 3almTbl 060pya0BaHNS NOBPEXAEHHbIV Y4aCTOK CETU OTKMYaeTCst MIHOBEH-
HO 1 YPOBEHb HEraTUBHOIO BO3AENCTBUS TOKA KOPOTKOrO 3aMblKaHWUs Ha 3neMeHTbl TpaHcchopmMaTopa MUHK-
MuUsmnpyeTcs
s8 Mpsmon yaap MonHum B NpoBog BJ1, nHMLMUpyoLLniA BO3HUKHOBEHUE B CETU aTMOCEPHOro nepeHanpshkeHus. 10°+1
C MOMEHTa HacTynreHns 3TOro CTOXaCTUYECKOro cobbITUSi HaYMHaEeTCs NpoTekaHue npolecca pb
s9 KommyTauusi aneMeHToB CeTu, pe3ko M3MeHsoLas ee napameTpsbl. 10°+1
[aHHoe cobbITEe MOXET CNPOBOLMPOBaTbL KOMMYTALMOHHOE NepeHanpsikeHe 1 AaTb Havano npoueccy p7
s10 BHewwHee K3 B ceTu. 102+3
[aHHoe cobbiTue nHuumupyet npoueccsl p8, p9 1 p10
p11 Mpouecc CHKeHM NPOBUBHOIO HaNPSPKEHMUS XKUOKOW M30NALMN BCNEACTBME NOCTYNUBLLEN B MAcio 3MynbCu- 1+10°
OHHOW BOAbI.
[aHHbIN npouecc oTpaxaeT yXyAleHNe U30NSLMOHHBbIX CBOWCTB XWAKON U30MAUMM BCNEACTBME yBenu4e-
HUS BMAXKHOCTU Macra B npoLecce 3Kcnnyatauun (Npu pasnoxeHuy Lensonosbl, nonagaHve Bnarv B Mac-
10 13 Bo3ayxa)
s11 lMocTynneHne B Macno amMyrbCUOHHON BOAbI. (1+16) -10°
[aHHoe cobbiTne uHuuumnpyet npouecc p11
p12 MPOLIECC CHIKEHUS IPOBUBHOTO HAMPSHKEHUs! TBEPAOI N30MNSLMM BCIEACTBME NOMafaHus Ha ee NoBepxHocTs | (1+16) -10°
pacTBOPEHHbIX B Macne Yyactuy metanna.
[aHHbIN npouecc oTpaxaeT yXyALleHUe M30NSLUMOHHBIX CBOMCTB TBEPAOMN M30NsAUMU BCreacTBME yBenuye-
HUSA KONMYyecTBa MeTannMyeckux npuMmecelrt B Macne B npoLecce aKcrnyatauun (Npu LUpKynsaumMn macna
BCNeACTBUE €ro TPEHUSI O MeTaNIM4YeCcKUe rEMEHTbI CUCTEMbI OXMaXAeHUs)
s12 MocTynneHne B Macno vactuu MeTanna. (1+16) -10°
[aHHoe cobbiTue nHuumnpyet npotecc p12
p13 Mpouecc yxyAlweHUsi COCTOsIHWUSA AeTanen KpenneHus oTBoAoB 06MOTOK TpaHcdopmaTopa BcreacTeme nepe- | (1+16) 108
MEHHbIX YCNOBUIA ANWUTENbHON dKCMyaTauuu.
[aHHbIN npouecc oTpaxaeT yXyAlUeHue KayecTBa KpernrneHust 0TBoAOoB OOMOTOK TpaHcdopmaTopa B npo-
uecce akcnnyaTtauuu (Bubpauusi, TepMUYECKOE BO3AENCTBME, 3MEeKTpoAMHAMUYECKOE BO3[ENCTBME TOKOB
K3)
s13 SkcnnyaTtauus TpaHcgopmaTopa nocre yctpaHeHus AeeKTOB B paMKkax peMOHTa 2,5-10°
s14 Hauano akcnnyaTauuu TpaHccpopmMaTopa nocre ero ycTaHoOBKM Ha aHeproobbexkTe 1

B cnyyae HeBbINOMHEHUS 3TOrO YCMOBUS
Npy BO3HUKHOBEHWUMN paspsbkeHust BHYTpY Baka us
mMacrna HayuHaeT BbIOENSATbCH PaCcTBOPEHHbIA B
HeM BO34yx W BHyTpu Baka nog Kpbiwkon obpasy-
eTCsl Bo3aylUHasi NoAyLlka, KoTopasi CHUXaeT Ha-
OEXHOCTb (PYHKLIMOHMPOBAHUSI BBOOOB U MPUBO-
OWT K OKUCIEHMIO Macna.

Ha tpaHcdopmaTopax ¢ rodppobakom, BBU-
Ay OTMEYEeHHbIX KOHCTPYKTMBHbIX OCOBeHHocTen,
He yCTaHaBMMBalOTCH ra3oBoe pene u npegoxpa-
HUTEnNbHbIA knanaH. CrneunanbHble UCTbITaHUS Y
OMbIT 3KCNNyaTauuyu nokasanu, YTO BO3HUKHOBE-
HWe ayrm BHYTpu rodpobaka He NpUMBOOUT K
B3pbIBY. [pyvynMHa TOMy — MeHbLUAs XeCTKOCTb

MeTanmnmMyecknx CTeHok rocppobaka (Mx TonwmHa
COCTaBnsieT OKOMo 1 MM) MO CpaBHEHUIO C OObIY-
HbIM MacrsiHbIM TpaHcgopmaTopom (2,5-4 mm).
Mpn BHE3aNHOM poCTe AaBMeHUs BHYTPU rogpo-
6aka nponcxoanT MECTHbIM paspbiB rodpbl C Bbl-
xogom obpasoBaBLuerocs rasa, npu 3ToM M36bl-
TOYHOIO [aBfieHMsl, NPUBOSLLETO K B3pbIBY, HE
BO3HUKAET.

Cxema mopenu, BapuodumumpylolLen pas-
pyweHne Gaka repMeETUYHOro TpaHcgopmartopa ¢
rocppobakom, npeacraBneHa Ha puc. 4.
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Puc. 3. MacnsHbIn TpaHcghopmMaTop ¢ rodppobakom TMIT-630

XapaKTepHbIM OTNMYMEM [aHHOW MOAEenu
OT MOJEenuM B3pbIBHOrO paspyweHna 6aka
TpaHcdopmaTopa C pacwmputenemM BnsdeTcs
OTCyTCTBME npoueccoB p5/s2, p11/s4 n p12/s4
BBMAY W3MEHMBLUMXCS YCIOBWUA AnNs Macna, a
Takke NpPakTUYeCKU MOSIHOrO OTCYTCTBUSI TEXHU-
4YecKoro o0cnyxMBaHWsi U peMOHTa JaHHOro Tmna
o6opyaoBaHus.

B [3] npuBeaeHbl nogxoabl K knaccuduka-
uMn gedektoB B CUIOBLIX TpaHcdopmaTopax.
BbibpaB KOHKpeTHbIA noaxod, HeobxoouMmo pas-
paboTaTtb NogoOHble BapunodUKaLNOHHLIE MoAe-
M Ons Kaxgoro gedpekta, a 3aTteM BBECTUM 3TU
Mogenn B 6asbl 3HaHWIA COOTBETCTBYIOLLMX 3KC-

nepTtHeix cuctem (OC). Kak npaBuno, nogobHble
OC gBnsAwTCA A4pOM aBTOMaTU3MPOBaHHbBIX CUC-
TeMm, co3gaBaeMbiX ANs OUArHOCTUKM 3NEKTPO-
obopynoBaHusa B pexumax on- unu off-line. Og-
HOW M3 Taknx aBTOMATU3MPOBAHHBIX CUCTEM
OLIEHKN COCTOSAHMS anekTpoobopyaoBaHus, pas-
paboTtaHHbix B P®, aenaetca cuctema «[umarHo-
cTuka+» [4].

B kayectBe cnocoba npefcTaBneHusi 3Ha-
HUA B 3C «[marHocTuka+» UCNOMb3yrTCa Tak
HasblBaeMble NpoAyKUUW, NpeacTaBngaoLlimMe Co-
Oon norvyeckme BbIpaXeHus Buga «Eciu e, mo
h». B Teopum 3C e HasbiBaeTcs NpennonoxeHu-
€M, MOCbINKOW, a h — 3aKni4YeHueM, rmnoTeson.
Hepeako neBas vnu (1) npaBasi YacTy NPOAYKUUM
copepxaTt COCTaBHble MOCHIIKM U MMNoTe3bl, COo-
CTOALUME M3 3NEeMEHTapHbIX YacTen. ITK 4vactu
CBA3bIBaOTCA ApYr C APYroM TaK Ha3blBaeMbIMU
NpOno3nLMOoHanNbHbIMK CBA3KaMW, CPean KOTOPbIX
Hanbornee 4acTo ynoOTPebnArTCA KOHBLIOHKLUSA
(onepaumsa W) u gussioHkums (onepauusa UIA) [5].

B kauyectBe npumepa npveBegeM OOHO U3
npaswn, NpegHa3Ha4YeHHbIX s 3aHeceHnst B Oa-
3y 3HAHWI CUITOBbLIX TPAHCHOPMaTOPOB:

ECJIN e macne Habnodaemcs pocm O, UTIN N,
TO so3moxHa ymeuka macrna VI nosbiweHHoe
yenaxHeHue macna WU HapyweHue yenocmHo-
cmu membpaHbl 8 mpybe (ecnu oHa ecmb) WU
HapyweHue uernocmHocmu duacgppacmbl 6 pac-
wupumene (npu ee Hanu4yuu).

SO

«W»

4
((s4)
«Unn»

s15

Puc. 4. BaprodukaumoHHas Moaenb paspyLueHusi rocopobaka TpaHcopmaTopa
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MopobHble MpaBuna cHavana dopmynupy-
IOTCSl HA €CTECTBEHHOM $i3bIKE, 3aTEM UHXEHEPOM
Mo 3HaHWAM MEepPenucbiBalOTCA Ha cneumannsupo-
BaHHOM A3blke «Z+» U BBOOATCA B 6a3y 3HaHWUW.
[Npn pelleHnn KOHKPETHOM 3agavm UarHOCTUKK 13
MHOXECTBa nNpaBwusl  crneunansHoOW MnporpamMmmon
OC, nonyuymBlUEN Ha3BaHWE «MallMHblI BbIBOAAY,
aBToOMaTu4yeckn dopmmpyetca anroputm, obecne-
YMBaIOLLIMI NOMyYeHne pesynbraTa.

MpenctaBneHne 3HaHuiA Ha 6ase npogyk-
LUMOHHOM Mogenu obnagaeT crnegylowmmMmn gocTo-
WHCTBaMMU:

— HE3aBUCUMOCTbIO MPaBWIl, BblpaXaoLnx
CaMOCTOATENbHbIE (PparMeHTbl 3HaHUW;

— NerkocTbl N eCTECTBEHHOCTbIO Moaudm-
Kauum 3HaHWUI;

— NPOCTOTOW pasgeneHnss CUCTEMHbIX U
npeaMeTHbIX 3HaHWM;

— BO3MOXHOCTbIO pelleHus 3aad B pexu-
M€ pearibHOro BpemMeHu.

M3BecTHbl 1 B «[dnarHocTuke+» WUCNOMb3y-
toTCcs gpyrme crnocobbl 6onee KOMMaKTHOro npea-
CTaBMEHVS MNPOOYKUMOHHBbIX MOAENen 3HaHWN B
Bnae Tabnuy peweHun n matpuy bBaneca [4]. Ons
BBoda B OC 3HaHun, (hopmanm3oBaHHbIX B BuAe
BapnoMKauNOHHbBIX MOAenen, B HacTodllee Bpe-
Ms pa3pabaTbiBaeTCs crneumanbHbli pegakTop.

3HaHug, npeactaBnsgeMble NMPU MCMONb30-
BaHUK «[uarHocTukn+» B BUAE Tabnuy, peLleHui,
mMaTpuy, baneca n BapModuKaLMOHHbIX MOAENEeNn,
noaBeprarTcs AOMOMHUTENBHOW TpaHCNsaUMM U B
NPOMEXYTOYHOM BUAE NPeACcTaBnsTCS Ha SA3blke
«Z+», a 3aTeM YyXe BbINONMHAETCHA NPOLLECC OKOH-
YyaTenbHOM NHTepnpeTaumMm nHpopmaLmm.

3akno4veHune

KonuyectBeHHbIN y4eT BRAMSHUSA Ha aktu-
yecKkoe COCTosHMe 0bopyaOBaHMSA, peanM3oBaHHbIN
C MOMOLUB0 MaTeMaTU4eCcKoro MOAENMPOBaHUS
KaXXOoro M3 npoLeccoB, NpMBEAEHHbIX B Bapuodu-
KaLMOHHbIX MOAensX, no3sonseT 6onee TO4HO oLle-

lMornoe NeHHadul Bacunbesudy,

HMBaTb HAAEXHOCTb paboThbl M MPOrHO3MPOBaTL CO-
CTOSIHME 3MEKTPO0OOPYaOBaHMS.
BapvodvkaumoHHble mogenu MoryT  ObiTb
MCMonb30BaHbl B npouecce obyyeHnss nepcoHana
cnyx6 9HepronpeanpuaTUA, 3aHMMaloLLMXCA auar-
HOCTMPOBaHUEM 3MEKTPOOOOPYAOBAHMS.
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