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AHOTAIIIA

Ilonomapenko C.I. VYIOCKOHaJEHHS METOMIB  JIarHOCTHKH  CTaHy
TpaHchopMaropaux Macen B obmamHanHi 110-330 kB 3 ypaxyBaHHSAM BILTUBY
pexxuMiB Ta yMOB ekcrutyaramii. KpamidikariitHa HaykoBa mpamns Ha TMpaBax
PYKOIIHCY.

Hucepramist Ha 3100yTTSI HAYKOBOTO CTyNeEHs JOKTopa ¢inocodii 3i
cnermiansHICTIO 141 — EnexTpoeHepreTrka, eeKTPOTEXHIKA Ta eleKTpoMexaHnika (14
— eNeKTpUYHa 1HxkeHepis). — HamioHansHU TEXHIYHUNA YHIBEPCHUTET «XapKiBCHKUM
MOJTITEXHIYHUHM 1HCTUTYT», XapKiB, 2023.

Mema pobomu nonsArae y BUpIIEHH] 3aBIaHHS 110 YIOCKOHAJICHHIO METOMIB Ta
KpUTEPIiB, 10 BUKOPUCTOBYIOTHCS JUJIS OLIHKU CTaHy TpaHC(OpMATOpPHUX Macell, 3
ypaxyBaHHsIM TPHUBAJIOCTI Ta PEXMMIB €KCIUTyaTauii TpaHc(OpMaTOpiB HAIPyrolo
110 kB ta aBroTpanchopmaropiB Hanpyrowo 330 kB.

06 ’exm docnidxcenns — NIPOLECH CTapiHHS TpaHCPOPMATOPHUX Macel y 0akax
TpaHchopMaTopiB Ta aprorpanchopmaropis 110-330 kB 3 ypaxyBaHHSM pEXHMIB Ta
TPUBAJIOCTI €KCILTyaTarii.

Ilpedmem Odocniodcenv — mapameTpu Macell, 0 XapaKTepUu3yloTh MOro CTaH, B
Oakax TpancdopmaropiB Ta aBroTpanchopmatopis 110-330 kB, mo ekcruyaTyroThCs
B PI3HHX pEXKUMAaX.

YV ecmyni oOTpyHTOBAaHO aKTYyaJbHICTh TEMH AMCEpTallii, BABHAYEHO METY 1
3aBIaHHS OOCTIPKEHHS, TIOKa3aHo 3B'I30K pOOOTH 3 HAYKOBHMH TE€MaMH, HaBEICHO
BIJOMOCT1 PO HayKOBY HOBH3HY, IpaKTUYHE 3HAYEHHs, almpoballiio pe3yibTariB Ta
myOmiKarii.

YV  nepwiomy po30ini BHUKOHAaHO aHaNI3 EKCIUTyaTallHHOI HaaIiHHOCTI
BHCOKOBOJIPTHHMX CHJIOBMX TpaHcdopmaTopiB 1 aBTOTpaHchopMaropiB, IO
eKCILTyaTyIOThCS B €IEKTPUYHHX Mepexax YKpaiHu. PO3riasiHyTO OCHOBHI MPUYHMHH
VIIKO)KEHHST TpaHchopMaTopiB Ta aBTOTpaHCHOPMATOPIB, Ta IIPOAHATIZ0BAHO
BIUIMB  TpaHCOpMAaTOpHMX  Macell Ha  HaUIHHICTE  1BOro  O0JIaJHaHHSL..

[IpoanamizoBaHO MeETOAW Ta KpHTEpii, O BHKOPHUCTOBYIOTBCHA IS OIIIHKH
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TEXHIYHOTO CTaHy TpaHcpopMaTopHUX Macen sSK B YKpaiHi Tak 1 3a i Mexamu.
BHCOKOBOJIBTHOTO OOJIaIHAHHA €JNEeKTPUYHHUX Mepex. [IpoaHami3oBaHO OCHOBHI
HanpsMKH YAOCKOHQJICHHS METOIB OLIHKH TEXHIYHOro CcTaHy oOOJajHaHHsA, IO
3aCTOCOBYIOTHCS  3aKOPJOHHMMH JIOCHIJHUKaMH. 3a pe3ylibTaTaMd aHaii3y
c(hopMOBaHO OCHOBHI HAIIPSAMKH JIOCIIIPKEHB.

YV opyzomy po3dini po3poblieHO METOAM AJI KOPUTYBaHHS IPAHMYHUX 3HAYCHb
MTOKa3HUKIB TPaHCPOPMATOPHHUX Maced. BHKOHAHO MOCIiKEHHS 3aKOHIB PO3ITOALTY
MOKa3HUKIB TpPaHCOPMATOPHHUX Macel M CHJIOBHX TpaHchopMaropiB i
aBroTpanchopmaropiB Hanpyrorw 110 kB Ta 330 kB. BcraHoBieHo, 1110 K 118 Macen
NPUJIATHUX TaK # HE MPHIATHUX JI0 MOJAIBINOT eKCIUlyaTallii 3HaYeHHs MOKa3HUKIB
MarTh po3noair BeiiOyna. Ilomansmmii aHami3 mMOKas3aB, MO MIUTBHOCTI PO3MOJILTY
NOKAa3HUKIB JJI1 Maced 3 PI3HUM CTaHOM IEPETHHAKTHCA, L0 CBIAYUTH IIPO T€ LIO
KOpPEeTyBaHHS TpPAaHWYHUX 3HAYeHb TMOKA3HWKIB Macel MOXIUBO TINBKU 3
BUKOPHUCTAHHAM METOJIB CTATUCTHMYHHUX pIlIeHb. 3a pe3ylbTaTaMH IOPIBHAILHOTO
aHayi3zy HMOBIPHOCTEH BIpHMX Ta XMOHHX pilllEHb, @ TAaKOX 3HAYECHb PH3UKIB, IO
CYNIPOBOKYIOTh BHUKOPHUCTAaHHS TPAaHUYHMX 3HAYEHb OTPHUMAHHX  METOJIOM
iHTerpanbHuX (QYHKIIA (BHKHBAHHA), METOJOM MIHIMAJIbHOI KIUJIBKOCTI XUOHHX
pilleHb, METOJOM MiHIMAIBHOTO pH3UMKy Ta MerogoM Heiimana Ilipcona
BCTaHOBJIEHO, M0 HAWOILIBII ONTHUMAJIGHHM METOJAOM KOPETYBaHHS € METOJ
MIHIMaJIbHOTO pPHU3UKy. BH3HaueHI IpaHWYHI 3HAYEHHS IOKAa3HHKIB Macen Ui
OIHOMIPHUX pO3MOIUTIB 3 ypaxyBaHHAM pPEKHMIB Ta TPHBAIOCTI EKCILTyaTallii.
BcTaHOBIIEHO IO BUKOPHCTAHHS IMX 3HAYEHB TO3BOJISE 3HU3UTH MOMIIHBI PHU3UKU
1,05 - 4974419,5 pa3iB NOPIBHAHO 3 PU3UKAMH, 1O CYIPOBOKYIOTh BUKOPUCTAHHS
IPaHMYHUX 3HAYCHb PEIJIAMEHTOBAHMX B JiIOYOMY B YKpaiHi HOPMaTHBHOMY
nokymeHTti. Jlns  ypaxyBaHHS ~ (I3MYHMX  OCOOJIMBOCTEH  CTapiHHSA  Maces
3aMpPOIIOHOBAHO KOPEryBAaTH IPAHWYHI 3HAYCHHS MMOKA3HHKIB Macell OJHOYACHO IS
OEKITBKOX MIarHOCTHYHUX O3HaK. JIJis IbOTO MPOaHATI30BAaHO CTOXACTHYHHH 3B'S30K
MDK IoKazHHKaMu Macell. Po3po6ieno ¢yHKIIII0 cepelHbOT0 PU3NKY A JBOMIPHUX
Ta TPHOXMIPHHMX PO3MOIUIB, TOKA3HUKIB II0 MAIOTh 3HAYYIIMH CTOXACTHYHHIMA

3B'130K. MiHiMi3alis po3pobnenux ¢yukmiii metomoM Henpepa- Mina m103BOJIHIO
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OTPUMATH IPAHUYHI 3HAYECHHS BUKOPUCTAHHS SIKUX IIPU3BEIC 10 3HIKCHHS PU3HKIB B
1,7-84,4 pa3ip TOpPIBHAHO 3 pHU3MKAMH, IO CYNPOBOUKYIOTH BHKOPHCTaHHS
IPaHUYHMUX 3HAYCHb PErJIAMEHTOBAHMX B JII0YOMY B YKpaiHI HOPMAaTHBHOMY
JIOKYMEHTI.

YV mpemwvomy po3dini po3poOIeHO METOH Il PaHHBOI NIarHOCTHUKH CTaHy
TpaHC(HOPMATOPHHUX Maced, 10 0a3yeThCs HA BUKOPUCTAHHI BaplaTUBHUX TPAHHUYHUX
3HA4YCHb IMOKa3HHKIB. 3a pe3yJbTaTaMH KOBapiaIliifHOTO aHali3y MOKa3HHKIB Maceln
Ta TPHUBAJIOCTI EKCIUTyaTallli BCTAHOBJICHO HASBHICTh 3HAYYIIOI CHCTEMAaTHUYHOI
CKJIaIOBOI B HAaCOBHX 3aJCKHOCTSIX MOKa3zHUKIB. [Ipu nboMy MBHAKICTH Aperdy
OJIHOT'O H TOT0 K IMOKa3HUKA B PI3HUX aBTOTpaHC(HOpMATOpax CYTTEBO BiJIPI3HAETHCS,
B 3aJI©XHOCTI BiJ] PeXXUMIB Ta yYMOB eKCIUTyaTallli, a TakoX SKocTi Macen. Jlms
BpaxyBaHHA BIAMIHHOCTEH B IHTEHCHBHOCTI1 CTapiHHA Macell, po3po0JIeHO IIpoLeaypy
st (opMyBaHHS €TaJOHHHX MAcHBIB IOKa3HHWKIB Macell, B yMOBaX OOMEXeHOT
anpiopHoi iHdopmarii. Pe3ymsTaTH IBOGMAKTOPHOTO IUCHEPCIHHOTO aHANI3y
MOKa3HUKIB Macen 3 chOpPMOBAHMX E€TAJOHHUX MACHBIB, CBIAYaTh OO HASBHOCTI
3HAYYIIOTO BIUIMBY PEXUMIB Ta TPUBAIOCTI €KCIUTyaTallii Ha 3HAYEHHS MOKA3HUKIB
Macenl. 3a pesyibraTaMM JUCIEPCIMHOrO aHali3y Ha BIAXWIEHHS BiA JHIHHOCTI
YaCOBUX 3QJICKHOCTEH ITOKa3HUKIB TpaHC(HOPMATOPHHUX Macell BCTAHOBIIEHO IO
3MIHa 3HaY€Hb IOKAa3HHUKIB B Yacl BIAOYBa€TbCA 3 PI3HOI IIBHAKICTIO, TOOTO
3aJeKHOCTL € HeNmHIMHUMH. J[71s paHHBOI JIarHOCTUKHM CTaHy TpaHC(OpMAaTOpHUX
Macel 3 ypaxyBaHHSAM BIUIMBY pPEKHMIB Ta TPHBAIOCTI €KCIDIyaTallii, a TaKOX
HEJTIHIAHOTO XapakTepy 3MIHM TOKa3HHMKIB Macell B dYaci po3poOJIEHO METon
BaplaTUBHUX I'PAHUYHHX 3HAYCHb ITOKA3HHKIB.

YV wemeepmomy po30ini po3poOIeHO METOX IS PaHHBOI [IarHOCTHKM CTaHy
TpaHCHOPMATOPHUX Macell, 32 KOMIUIEKCOM IIarHOCTMYHMX O3HAK. 3allpOIIOHOBAHO
MOJIE€JIb MHOKHMHHOI Perpecii B AKOi TPUBAIICTh €KCIUTyaTamii € (PyHKIIE 3HAYEHb
MOKa3HUKIB TpaHChopMaTOpHUX Macen. Po3po0rieHo mporexypy HaBUaHHS perpec
10HHOi Mopemi, M pPaHHBOI MIarHOCTHKH CTaHy TpaHC(HOpMATOpPHHUX Macel, 3a
KOMIUIEKCOM JiarHOCTHYHHX O3HakK. ChopMOBaHO BHpIIIAIBHE IPABHIIO 3TiHO 3

SKUM TIPUAMAEThCS PIIIEHHS M[OJ0 CTaHy TpaHchopmaropHux wacen. Jlns
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ypaxyBaHHs BIUIMBY PEXKHMIB eKCIUIyaTalii, a Tako COpPTy Ta SKOCTI
TpaHC(OPMATOPHUX Macel Ha IHTEHCUBHICTh IPOIECIB CTapiHHS, 3alPONOHOBAHO
BUKODHCTOBYBATH TIPyIy MOJEJECH HAaBYECHHMX 110 3HAYEHHAM IIOKA3HHUKIB
aBTOTPAHC(OPMATOPIB IO SKCIUIYaTYIOThCS B Pi3HMX yMOBax. BHKOHAHO HaBYaHHS
Ta JOBEICHO aJeKBaTHICTh 4 Mojelnel ansa aBrorpancdopmaropiB Hanpyrow 330 kB
3a pe3yJbTaTaMH aHajli3y BCTAHOBJICHO IMOXHOKA 1110 BUHUKAE IPU JIaTHOCTHUIIL CTaHy
Maceln 3HaxoauThes B Mexax 0,327-0,407 poky.

3a pe3ynbTaTaMu HayKOBOT'O JOCIIHKCHHSI OTPUMAHO HACTYIHI pe3yJIbTaTu:

1. Boiepie BCTaHOBJIEHO Ta HAYKOBO OOIPYHTOBAHO IO 3HAYEHHS MapaMeTpiB
TpaHCHOPMATOPHUX MaceN, SK MPHJATHUX TaK 1 He NPHIATHHX JO0 IOJAIBIIOL
eKCILTyaTaIlii, po3mo/IijeH] 3TiIHO 3 3aKOHOM Be#Oymny, mpu IIbOMYy BCTaHOBJIEHO
3HAYYIIM BIUIMB PEKHUMIB Ta YMOB €KCIUTyaramii oOJiafHaHHSA HAa 3HAYECHHS LHX
mapaMmeTpiB, MmO OOYMOBIIOE HEOOXIHICTh iX ypaxyBaHHS TIpH KOperyBaHHI
TPAaHUYHUX 3HAYECHb MOKA3HUKIB MacCell;

2. Bmepmie HaykoBO OOIpyHTOBaHO BHKOPHUCTAaHHS TpPaHHYHUX 3HAYCHB
MOKa3HUKIB TpaHC(OPMATOPHUX MAaceN, SIKI BU3HAYAOTHCSA MIHIMIZAIE (QYyHKIT
CEPETHBOI0 PHU3MKY JUI OIHOMIPHHMX PpO3MNOALIIB, 3 YpPaxyBaHHSIM PEKHMIB
eKcIuTyaramii TpancgopMaropiB Tta aBrorpaHchopmaropiB Hampyroio 110-330 kB,
o ao3Bomiio st TpancopmaropiB 110 kB 3au3utu pusuku B 1,05-37,2 pasu, a
s aprorpanchopmaropie 330 kB B 1,8-4974419,5 pa3ziB moOpiBHSAHO 3 PHU3UKAMH,
IO CYNPOBO/DKYIOTh BHUKOPHCTaHHA TI'DaHWYHMX 3HA4Y€Hb pPErjJaMEHTOBAaHUX B
Iiro9oMy B YKpaiHi HOpMaTHBHOMY JOKYMEHTI,

3. Brepie 3amponoHOBaHO METOJ UIi KOPETyBaHHS I'DAaHUYHHX 3HAYEHB
[IOKa3HUKIB TPaHC(OPMATOPHHUX Macel 3a KOMILUIEKCOM [IarHOCTHYHHUX O3HaK 3
ypaxyBaHHSIM OCOOJIMBOCTEH MPOIECY CTapiHHS TpaHC(HOPMATOPHHUX Macell, a TaKOX
PEXHMIB Ta YMOB ekcrutryaTauii Tpanchopmaropis 110 kB, Ta aBroTpancdopmaropis
330 kB, skuii Bigpi3HAETHCSA BiJl ICHYIOUHUX THM, III0 TPAaHWYHI 3HAYEHHS MOKA3HHUKIB
Macel BHU3HAYAIOTHCA 32 PaxyHOK MiHiMi3amii (yHKIII cepeaHbOTr0 PHU3UKY IS
0araToOMipHHX PO3IMOALIIB MOKA3HUKIB, 10 MAIOTh 3HAYYIIH CTOXaCTHYHHH 3B'A30K,

10 JO3BOJIUTH 3HU3UTH pU3uKu B 1,7-35,7 pasu ans tpanchopmaropis 110 kB, a qys
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aprorpancdopmaropis 330 kB B 8-84,4 pasiB NOpIBHAHO 3 pPU3UKAMH, IO
CYIIPOBOJDKYIOTh BUKOPHUCTAHHS I'PAaHHYHHX 3HAYEHb PETJIAMEHTOBAHMX B JIIOUOMY B
YKpaiHi HOpMAaTUBHOMY JIOKYMEHTI;

4. OTprMaB NMOAAJBIIHA PO3BUTOK METO]I BU3HAYCHHSI XapaKTepy 3aJIC)KHOCTEH
MOKa3HUKIB TpaHCPOPMATOpPHMX Macel, SKHH BIOPIZHAETBCS  ypaxyBaHHSM
TPHUBAJIOCTI €KCILUTyaTallii, 10 J03BOJIMJIO BCTAHOBUTH, III0 B aBTOTpaHchopMaropax
330 kB, 3HaueHHA TOKAa3HHWKIB y dYaci 3MIHIOIOTBCA HENIHIHHO, a XapakTep
3aJ€)KHOCTCH OKPEMHX TOKa3HHMKIB CIIBNAga€ 3 KIHCTUYHUMH KPHBHUMH
OKHCIIIOBAHHS;

5. Bnepme po3poOiieHO MoJenb MHOXHHHOI perpecii Juisi paHHBOL
TIarHOCTHKH CTaHy TpaHcHOpMaTOpHHX Macel, 3a KOMIUIEKCOM IarHOCTHYHHX
O3HAaK, 3 ypaxyBaHHSAM YMOB Ta PEKHUMIB €KCILTyaTaril o0JaqHaHHA, IO HA BiAMIHY
BiJT ICHYFOUHMX JIO3BOJISIE BUSBIIATH O0JIaTHAHHS 3 IIPUCKOPEHUM CTApIHHSIM Macedl, 111
B TOW MOMEHT Yacy KOJIM 3HAYEHHS ITOKAa3HWKIB 3HAXOAATHCS B 00JacTi M0
BIJITIOBIIal0OTh HOPMAJIBHOMY cTaHy. BcTaHOBIEHO mo mMOXuOKa OLIHKM HaBYECHHX
Mojenel 3HaxoauTecs B Mexax 0,327-0,407 poxy

IIpaxmuune 3HaveHHs: OMPUMAHUX pe3yTbmamis JUIsl eNeKTPOCHEPreTHKM:

1) Orpumani Ta HayKoBO OOIPYHTOBaHI BapiaTMBHI TpaHW4YHI 3HAYEHHS
MOKa3HUKIB Maces, sKI 3MIHIOIOTBCSA B 3aJ€XKHOCTI Bl TPHBAJIOCTI Ta PEKHUMIB
eKcIUTyarailii TpancopMaTopiB, BUKOPHCTOBYIOTHCA B IKOCTI JOJATKOBUX KPUTEPIiB
IIPH OIIHKHM CTaHy TpaHC(HOPMATOPHUX Macell B paMKax IPOBEIACHHS IMEPIOTHIHUX
BUATIPOOYBaHb CITy»x)0010 13011 Ta rpo3o3axucty AT «XapkiBoOIeHEproy;

2) Po3pobnena wmeronuka i1 (QOPMYBAaHHS €TAJIOHHUX TPAEKTOPii
MOKAa3HUKIB 130151111 B yMOBax 0OMEKeHO1 anpiopHOi iHpopMallii BUKOPUCTOBYETHCS
B HayKoBiii pmisimpHOCTI Kadenpu mnepemadi enexrpoeneprii HTY «XIII» npwm
OOCIIDKEHHI  MPOIECIB  CTapiHHA  130/s1(ii BHMCOKOBOJILTHOTO  OOJIaJiHaHHS
EIIEKTPUIHHX MEPEXK;

3) PospoOieni meTonM MiarHOCTHKU CTaHy TpaHCGOPMATOPHUX Macell,
NPOrpaMHO PEali30BaHl B BHIVIAAI OKPEMHX MOIYJIB iHGOpMaliiHO-aHATITHIHOL

cuctemu «CHUPEHA», sxa Ha naHuii yac po3pobnsietbess Ha kadenapi «llepemada



enekrpuunoi enepriin» HTY «XIIDy;

4) Otpumani B poOOTI pe3yJNbTaTH BHKOPHUCTOBYIOTHCS Y HaBYAIBHOMY
nporneci Ha kadenpi «Illepemava enexkTpUYHOI €HEPrii» B OCBITHIX KOMITOHEHTaX:
«TexHika BUCOKHMX Hampyr», «MaTeMaTWuHI OCHOBU TEXHIYHOI [1arHOCTHUKH» Ta
«MaremaTHuHI 3a1adi eHepreTUkw» HallioHAIBPHOTO TEXHIYHOTO YHIBEPCHTETY
«XapKiBChKHI1 MMONITEXHIYHUN ITHCTUTYT».

Kniouosi cnosa: exciuyaTamis, aBTOTpaHc(OpMaTOpH, PEXKHMH pPOOOTH,
o0nmaHaHHS ENEKTPUYHUX MEPEXK, HEPYHHIBHHI KOHTPOJb, TpaHCHOPMATOPH,
TpaHC(HOPMATOPHI Maclia, TCXHIYHMM CTaH, MOKA3HHMKH 130JIAI1ii, TAHTCHC JEJbTa,

IarHOCTUKA, MOJICJIIOBaHHS, CTAPIHHS, pErpeciiiHa MoJIeb, HABYAHHS.

Cnucox nybaikayiu 3006yeaua
Hayxkosi npayi, 6 sakux onybnikoéari 0CHOBHI HAYKOGI pe3yibmamu oucepmayii:

1.  Ponomarenko S. Development of a multiple regression model for early
diagnosis of transformer oil condition / Shutenko O., Ponomarenko S. // Arabian
Journal for Science and Engineering, 2022. Vol. 47, no. 11. P. 14119-14132.

2. Ponomarenko S. Analysis of ageing characteristics of transformer oils
under long-term operation conditions / Shutenko O., Ponomarenko S // [ranian
Journal of Science and Technology, Transactions of Electrical Engineering, 2022.
Vol. 46, no. 2. P. 481-501.

3. Ponomarenko S. Analysis of distribution laws of transformer oil
indicators in 110-330 kV transformers / Shutenko O., Ponomarenko S. // Electrical
Engineering & Electromechanics. Kharkiv, 2021. No. 5. P. 46-56.

4. ITonomapenko C. I'. KopuryBaHHs TpaHMYHO JONYCTHMHX 3HA4Y€Hb
NpOOUBHOT HANpyru TpaHc(hOpMATOPHUX Macedl METOAOM MIHIMaJbHOTO PU3HKY /
Myrenko O. B., Tlonomapenko C.I'. /' Bicnuxk Hayionanvnozo mexuiunozo
vuigepcumemy «XIIl». Cepisa: Enepeemura: Haditinicms ma eHepeoeexmuHicb.
Xapkis, 2022. Ne 1 C. 105-114.

B [Tonomapenko C. I'.  TlopiBHsUIbHMI aHal3 I1HTEHCMBHOCTI CTapiHHSA

macna B Tpancopmatopax Hamnpyroto 110 kB Ta aBroTpanchopmaropax Hanpyrowo



8
330 kB / INonomapenko C. I'. // Bicnux Hayionanvnoeo mexuiunozo yuisepcumemy
«XIIly. Cepis: Enepcemuxa: maoditinicme ma enepzoegexmusnicms. Xapkis, 2021.
Ne 2(3) C. 124-136.

6. ITonomapenko C. Orminka eQdeKTUBHOCTI MPOLEAYp CTAaTUCTHUYHOI
00poOKU )11 MIABUILIEHHS JOCTOBIPHOCTI Pe3yJIbTaTIB €KCILTYaTaI[IHHOTO KOHTPOJIIO
ctany TpaHchopmaropuux wmacen / Ilyrenko O., Ilonomapenko C. //
Enepeozbepeocenns. Enepeemura. Enepeoayoum. Xapkis, 2022. Ne 11-12(165-166).
C. 43-56.

s [Tonomapenko C. I'. ®opMyBaHHS €TAJIOHHUX TPAEKTOPIH IMOKA3HUKIB
TpaHchopmaropHux mMaces A aBrorpancpopmaropis 330 kB / TTonomapenko C. T,
// Bicnux Hayionanvnoeo mexniunoeo ynisepcumemy «XI1l». Cepia: Enepeemuxa:
Haodiunicmo ma enepeoegexmusnicms. Xapkis, 2022, Ne 1(4). C. 56-66.

8. ITonomapenko C. I'. Amnani3 0co0IMBOCTEH CTapiHHA
TpaHchopMaTOopHUX Macen B aBtoTpancopmaropax 330 kB mporsrom tpuBamoi
ekcrutyarauii  /  ITlowmomapenko C.I'.  /  Bicnux Hayionanenozo mexuiunoeco
vuisepcumemy «XI1l». Cepis: Enepeemuka: Halilinicmb ma eHepeoeqhekmusHicms.
XapxkiB, 2022. Ne 2(5). C. 58-66.

9 ITonomapenko C.I'. Amnami3 BIUIMBY TPHUBAJIOCTI €KCIUTyartalii Ha
3HA4YEHHs MMOKa3HUKIB Macna B aBToTpaHchopmatopax 330 kB / Ilonomapenxo C. I
// Bicnuk HayionanvHozo mexniynozo ynigepcumemy «XIIl». Cepia: Enepeemuxa:

Haoilinicmb ma enepeoeghekmusnicms. Xapkis, 2023. Ne 1 (6). C. 65-76.



ABSTRACT

Ponomarenko S. H. Improvement of diagnostic methods of transformer oil
condition in 110-330 kV equipment taking into account the influence of operating
modes and conditions. Qualifying scientific work on the rights of the manuscript.

Dissertation for the degree of Doctor of Philosophy in specialty 141 “Electrical
Engineering, Power Engineering and Electromechanics” (14 — Electrical
engineering). — National Technical University “Kharkiv Polytechnic Institute”,
Kharkiv, 2023.

The aim of the study is to solve the problem of improving the methods and
criteria used to assess the condition of transformer oils, taking into account the
duration and operating modes of 110 kV transformers and 330 kV autotransformers.

The object of study 1s the aging processes of transformer oils in the tanks of
110-330 kV transformers and autotransformers, taking into account the operating
modes and duration of operation.

The subject of research is the parameters of oils that characterise its condition
in the tanks of 110-330 kV transformers and autotransformers operated in different
modes.

The introduction substantiates the relevance of the dissertation topic, defines
the research objectives, shows the connection of the work with scientific topics,
provides information on scientific novelty, practical significance, approbation of
results and publications.

The first chapter analyses the operational reliability of high-voltage power
transformers and autotransformers operated in the Ukrainian electrical networks. The
main causes of damage to transformers and autotransformers are considered, and the
influence of transformer oils on the reliability of this equipment is analysed. The
methods and criteria used to assess the technical condition of transformer oils in
Ukraine and abroad are analysed. The main directions of improving the methods of
assessing the technical condition of equipment used by foreign researchers are
analysed. The main directions of research are formed.

In the second chapter, the methods for adjusting the limit values of transformer
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oil indicators are developed. The laws of distribution of transformer oils for 110 kV
and 330 kV power transformers and autotransformers were studied. It is established
that both for oils suitable and not suitable for further operation, the values of the
indicators have a Weibull distribution. Further analysis has shown that the densities
of the distribution of indicators for oils with different conditions overlap, which
indicates that the adjustment of the limit values of oil indicators is possible only using
statistical decision methods. Based on a comparative analysis of the probabilities of
correct and incorrect decisions, as well as the risk values associated with the use of
limit values obtained by the method of integral functions (survival), the method of the
minimum number of incorrect decisions, the method of minimum risk and the
Neumann Pearson method, it was found that the most optimal method of correction is
the method of minimum risk. The limit values of oil indicators for univariate
distributions are determined, taking into account the modes and duration of operation.
It is established that the use of these values allows reducing the possible risks
by 1.05 - 4974419.5 times compared to the risks associated with the use of the limit
values regulated in the current regulatory document in Ukraine. To account for the
physical characteristics of oil aging, it is proposed to adjust the limit values of oil
indicators for several diagnostic features simultaneously. For this purpose, the
stochastic relationship between the oil indicators is analysed. An average risk
function was developed for two- and three-dimensional distributions of indicators
with a significant stochastic relationship. Minimisation of the developed functions by
the Nelder-Mead method allowed obtaining limit values, the use of which will lead to
a reduction in risks by 1.7-84.4 times compared to the risks associated with the use of
limit values regulated in the current regulatory document in Ukraine.

The third chapter develops a method for early diagnostics of the state of
transformer oils based on the use of variable limit values of indicators. The results of
the covariance analysis of oil indicators and the duration of operation revealed the
presence of a significant systematic component in the time dependencies of the
indicators. At the same time, the drift rate of the same indicator in different

autotransformers differs significantly, depending on the operating modes and
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conditions, as well as the quality of oils. To account for differences in the intensity of
oil aging, a procedure was developed to form reference arrays of oil indicators under
conditions of limited a priori information. The results of the two-factor analysis of
variance of oil indicators from the formed reference arrays indicate the presence of a
significant influence of operating conditions and duration of operation on the values
of oil indicators. The results of the analysis of variance for deviations from the
linearity of the time dependencies of transformer oils' indicators show that the change
in the values of indicators in time occurs at different rates, meaning that the
dependencies are nonlinear. For early diagnostics of the state of transformer oils,
considering the influence of operating modes and duration of operation, as well as the
nonlinear nature of changes in oil indicators over time, a method of variable limit
values of indicators has been developed.

The fourth chapter presents a method for early diagnostics of transformer oils
by a set of diagnostic features. A multiple regression model is proposed in which the
duration of operation is a function of the values of transformer oil indicators. A
procedure for training a regression model for early diagnosis of the state of
transformer oils by a set of diagnostic features has been developed. A decisive rule
has been formed to determine the state of transformer oils. To account for the
influence of operating modes, as well as the grade and quality of transformer oils on
the intensity of aging processes, it is proposed to use a group of models trained on the
values of indicators of autotransformers operated under different conditions. Training
has been performed and the adequacy of 4 models for 330 kV autotransformers has
been proved; according to the results of the analysis, the error arising from the
diagnosis of the oil condition is within 0.327-0. 407 years.

The following scientific results were obtained from the study:

1. The values of parameters of transformer oils, both suitable and unsuitable for
further operation, are distributed according to the Weibull law for the first time, and a
significant influence of modes and conditions of equipment operation on the values
of these parameters is established, which necessitates their consideration when

adjusting the limit values of oil indicators.



3

2. The use of limit values of transformer oil indicators determined by
minimising the average risk function for one-dimensional distributions, considering
the operating modes of transformers and autotransformers with voltage of 110-330
kV, was scientifically substantiated for the first time, which allowed to reduce the
risks for 110 kV transformers by 1.05-37.2 times, and for 330 kV autotransformers
by 1.8-4974419.5 times compared to the risks associated with the use of limit values
regulated in the current Ukrainian regulatory document.

3. A method for adjusting the limit values of transformer oil indicators by a set
of diagnostic features, considering the peculiaritiecs of the aging process of
transformer oils, as well as the modes and operating conditions of 110 kV
transformers and 330 kV autotransformers, is proposed for the first time, which
differs from the existing ones because the limit values of o1l indicators are determined
by minimizing the average risk function for multivariate distributions of indicators
with a significant stochastic relationship, which will reduce the risks by 1.7-35.7
times for transformer oils.

4. The method of determining the nature of the dependencies of transformer oil
indicators was further developed, which differs in consideration of the duration of
operation, which made it possible to establish that in 330 kV autotransformers, the
values of indicators change nonlinearly over time, and the nature of the dependencies
of individual indicators coincides with the kinetic curves of oxidation.

5. A multiple regression model for early diagnostics of transformer oils, based
on a set of diagnostic features, is developed for the first time, considering the
conditions and modes of equipment operation, which, unlike existing ones, allows to
identify equipment with accelerated oil aging, even when the values of indicators
correspond to the normal state. It was found that the error of the trained models
estimation is in the range of 0.327-0.407.

Practical implications of the results for the electric power industry:

1) The obtained and scientifically substantiated variable limit values of oil
indicators, which vary depending on the duration and operating modes of

transformers, are used as additional criteria for assessing the condition of transformer
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oils as part of periodic tests by the Insulation and Lightning Protection Service of JSC
Kharkivoblenergo.

2) The developed methodology for the formation of reference trajectories of
insulation indicators under conditions of limited a priori information 1s used in the
scientific activities of the Department of Electric Power Transmission of National
Technical University “Kharkiv Polytechnic Institute” in the study of the aging
processes of insulation of high-voltage equipment of electrical networks.

3) Methods for diagnosing the condition of transformer oils have been
developed and implemented as separate modules of the informational and analytical
system "SYRENA", which is currently being developed at the Department of Electric
Power Transmission of National Technical University “Kharkiv Polytechnic
Institute”.

4) The results of the dissertation are used in the educational process at the
Department of Electric Power Transmission in the educational components “High
Voltage Equipment”, “Mathematical Basics of Technical Diagnostics” and
"Mathematical Problems of Energy" of the National Technical University “Kharkiv
Polytechnic Institute”.

Keywords: operation, autotransformers, operating modes, power grid
equipment, non-destructive testing, transformers, transformer oils, technical
condition, insulation performance, delta tangent, diagnostics, modeling, aging,

regression model, learning.
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