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AHOTALIISA

Ilonomapenxo  C.I. Y@IOCKOHANEHHS  METOMIB  JIIaTHOCTUKUA  CTaHy
Tpancopmaropuux Mmacen B oOmaaHanHi 110-330 kB 3 ypaxyBaHHSIM BILUIUBY
peXUMiB Ta yMOB ekciuryatamii. KsamidikamiiiHa HaykoBa Tmpairsl Ha IpaBax
PYKOITHUCY.

Hucepraiiiss Ha 3700yTTS HAyKOBOTO CTymHeHs JoKTopa ¢urocodii 31
cnemianpHicTIO 141 — EnekTpoenepreTruka, eIeKTPOTEXHIKA Ta eleKTpoMexaHnika (14
— CJICKTpUYHA 1HXKeHepis). — HamioHanpHUN TEXHIYHUI YHIBEPCUTET «XapKiBCbKUN
MOJIITEXHIYHUHN THCTUTYT», Xapkis, 2023.

Mema pobomu noniArae y BUPIIICHH] 3aBAaHHS 10 YOCKOHAJIEHHIO METO/IIB Ta
KpUTEPIiB, 1110 BUKOPUCTOBYIOTHCS JIJISl OIIHKK CTaHy TpaHC(hOpMATOpHUX Maced, 3
ypaxyBaHHSM TPHUBAJIOCTI Ta PEXUMIB EKCIUTyaTalli TpaHc(hopMaTOpiB HAMPYTOIO
110 xB ta aBToTpancdopmaropiB Hanpyrow 330 kB.

06 ’exm 0ocniodcenHs — MPOIIECH CTapiHHS TPaHCPOPMATOPHUX Macel y Oakax
TpancdopmaropiB Ta aBToTpaHchopmaropiB 110-330 kB 3 ypaxyBaHHsIM pexuMiB Ta
TPUBAJIOCTI EKCIUTyaTallii.

IIpeomem oocniddcens — apaMeTpu Maced, 10 XapaKTepu3yloTh HOro cTaH, B
0akax TpancdopmaropiB Ta aBrorpancpopmaropis 110-330 kB, 1m0 ekcrmyaTyroThes
B PI3HUX PEKUMAX.

YV ecmyni oOTpYHTOBAHO aKTyaJbHICTh TEMHU JIUCEpTaIlli, BUBHAYCHO METY 1
3aBJaHHS JOCIIKEHHS, TTOKa3aHO 3B'S30K POOOTH 3 HAYKOBUMHU TEMaMH, HaBEIACHO
BIJIOMOCT1 TIPO HayKOBY HOBHU3HY, MPaKTUYHE 3HAYCHHS, anpoOarlito pe3yibTaTiB Ta
myOJTiKarii.

YV nepwomy poszOini BHUKOHAHO aHal3 EKCIUTyaTalllfHOI  HaJIMHOCTI
BUCOKOBOJIbTHUX CHJIOBMX TpaHc(hopMmaTtopiB 1 aBTOTpaHCHOpMATOpPIB, WIO
EKCILTyaTYIOThCSl B €JICKTPUYHUX Mepekax YKpainu. Po3rissHyTo OCHOBHI NPUYWHU
VIIKOJKEHHS TpaHchopMmaTopiB Ta aBTOTpaHC()OpPMATOpiB, Ta MPOAHATI30BAHO
BIUIMB  TpaHC(opmMaTOpHMX Maced Ha  HAOIMHICTh [bOrO  OOJaJHAHHSL..

[IpoananmizoBaHo MeTONM Ta KpUTEpii, 0 BUKOPUCTOBYIOTHCA JJIA OIIIHKU
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TEXHIYHOT'O CTaHy TpaHc(opMaTopHUX Maced SK B YKpaiHi Tak 1 3a ii Mexamu.
BHCOKOBOJIFTHOTO OOJaJHAaHHS €NEeKTPUYHUX Mepex. [IpoaHanizoBaHO OCHOBHI
HaIMpsIMKK YJOCKOHAJIGHHSI METOJIB OI[IHKM TEXHIYHOTO CTaHy OOJIaJHaHHA, IO
3aCTOCOBYIOTHCS  3aKOPJOHHUMH  JIOCIHITHUKAMU. 3a pe3yibTaTaMd aHali3y
c(hOpMOBaHO OCHOBHI HAIIPSIMKH JOCITIIKEHb.

Y opyeomy po3zoini po3pobiieHO METOAM sl KOPUTYBAHHS TPAHUYHUX 3HAYEHb
MOKa3HUKIB TpaHC(HOPMATOPHUX Maces. BUKOHAHO MOCHIIKEHHS 3aKOHIB PO3MOLTY
MOKAa3HUKIB TpaHCPoOpMATOpPHUX Macel ISl CHJIOBHX TpaHcPopmaTopiB 1
aBToTpanchopmaropiB Hanpyroto 110 kB ta 330 kB. BcranorneHo, 1110 sk 111 Macen
NpUIATHUX TaK W HE MPUIATHUX A0 MOMAIBIIOT eKCIUTyaTallil 3HaYeHHs MMOKa3HHUKIB
MaroTh posnoain BeitOyna. [loganpminii aHami3 mokasas, IO IILTBHOCTI PO3MOILTY
MOKA3HUKIB ISl Maces 3 PI3HUM CTaHOM IMEPETUHAIOTHCS, 1O CBIAYUTH MPO TE IO
KOpDETyBaHHs TpPaHUYHUX 3HAYEHb TMOKA3HUKIB MaceJl MOXJIMBO TIUIBKH 3
BUKOPHUCTAHHSAM METOMIB CTAaTUCTUYHHUX PIIIEHb. 3a pe3yjbTaTaMH MOPIBHSAIBHOIO
aHai3y MMOBIPHOCTEW BIPHHMX Ta XMOHHMX PIIIEHb, a TAKOXX 3HAYEHb PHU3UKIB, IO
CYIPOBO/DKYIOTh ~BHUKOPUCTAHHS TPAaHUYHHUX 3HAUYE€Hb OTPUMAHUX METOIOM
IHTerpadbHuX (YHKIIHA (BH>KMBAHHS), METOJOM MIHIMAIbHOI KUIBKOCTI XHOHHMX
pillleHb, METOAOM MIHIMAJIBHOIO pu3uKy Ta MeroaoM Heiimana Ilipcona
BCTAQHOBJICHO, 1110 HaWOUIbII ONTUMAJIbHUM METOJOM KOPETYBaHHS € METOJ
MIHIMQJIBHOTO pHU3HMKY. Bu3HAaueHI rpaHW4HI 3HAYEHHS MOKAa3HUKIB Macen s
OJTHOMIPHUX PO3MOJUTIB 3 ypaxyBaHHSIM pPEXUMIB Ta TPUBAJIOCTI EKCIUTyaTallli.
BcraHoBEHO 110 BUKOPUCTAHHS LIMX 3HAYEHb JI03BOJISIE 3HU3UTU MOXKIIMBI PU3UKHU
1,05 - 4974419,5 pa3iB NOpPIBHSAHO 3 pU3UKAMH, IO CYIPOBOKYIOTh BUKOPUCTAHHS
IrPaHUYHUX 3HAYCHb PETJaMEHTOBAaHUX B JIIOYOMY B YKpaiHi HOpPMATHBHOMY
nokymeHTl. g ypaxyBaHHA — (PI3MUHHUX  OCOOJMBOCTEM  CTapiHHS  Maceln
3alpOIIOHOBAHO KOPEryBaTH T'PAaHUYHI 3HAUYEHHS MOKAa3HHUKIB Macesl OJHOYAaCHO AJIs
JEKUTbKOX JIIarHOCTUYHUX O3HaK. JIJ1s bOro mpoaHaji3oBaHO CTOXACTUYHUM 3B'SI30K
MDXK MMOKa3HUKaMH Macen. Po3po0ieHo GyHKIII0 cepeAHbOT0 PU3UKY ISl TBOMIPHUX
Ta TPHOXMIPHUX PO3MOJUIIB, TOKA3HHWKIB IO MAalOTh 3HAYYIIUH CTOXACTUYHHMA

3B's130K. MiHiMi3alisl po3pobiieHux ¢yHkiiii merogom Hempepa- Mina mo3Bosiniio
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OTpUMATH I'PaHUYHI 3HAYEHHS BUKOPUCTAHHS SIKUX TIPU3BEJE 10 3HIKEHHSI PU3UKIB B
1,7-84,4 pa3iB TOpIBHSHO 3 pHU3HKaMH, MIO CYMPOBOKYIOTh BHUKOPHUCTAHHS
IrPaHUYHUX 3HAYEHb PErJaMEHTOBAaHUX B JIIOYOMY B YKpaiHi HOPMATHUBHOMY
JIOKYMEHTI.

YV mpemvomy po3oini po3poOJIEHO METOJ Ui PaHHBOI J1arHOCTHKU CTaHy
TpaHCc(hHOPMATOPHUX Macel, 10 0a3yeThCsl HA BUKOPUCTAHHI BapilaTUBHUX TPAaHUYHUX
3Ha4YeHb MOKA3HMKIB. 3a pe3ylbTaTaMy KOBapialiifHOTO aHali3y MOKa3HHUKIB Macell
Ta TPUBAJIOCTI EKCIUIyaTallli BCTAHOBJICHO HAsBHICTh 3HAYYHIOI CUCTEMATHYHOI
CKJIQZIOBOI B YAaCOBHUX 3aJIEKHOCTSIX IMOKAa3HUKIB. [Ipu 1boMy MIBUIKICTH Apendy
OJTHOTO 1 TOTO  MOKAa3HHUKA B PI3HUX aBTOTpaHCHOpMATOPaX CYTTEBO BIAPI3HAETHCA,
B 3QJIEKHOCTI BiJI PEXUMIB Ta YMOB EKCIUTyaTallii, a TakoX sIKOCTI Mmacen. Jlis
BpaxyBaHHsI BIIMIHHOCTEH B IHTEHCUBHOCT1 CTapiHHA MaceJ, po3po0IeHO IPoLEeaypy
Uisi popMyBaHHSI €TAJIOHHHWX MACHUBIB TIOKa3HMKIB Macesd, B YMOBaX OOMEXEHOI
anpiopHoi i1Hdopmarii. Pesynbrati  ABOGAKTOPHOTO TUCHEPCIHHOTO — aHamizy
MOKA3HUKIB Maces 3 CPOPMOBAHUX E€TAJOHHUX MACHUBIB, CBIIYaTh I10JI0 HAsIBHOCTI
3HAUYIIOTO BIUIMBY PEXXHMMIB Ta TPUBAJIOCTI €KCIUTyaTallli Ha 3HaYEHHS MOKa3HUKIB
Macell. 3a pe3yJbTaTaMd AUCHEPCIHHOrO aHaldidy Ha BIAXWICHHS Bl JIHIHHOCTI
YacOBHUX 3aJI)KHOCTEH TOKAa3HUKIB TpPaHC(HOPMATOPHUX MAacesl BCTAHOBICHO IO
3MiHa 3HAYE€Hb IMOKAa3HUKIB B dYacl BiJIOYBA€ThCA 3 PI3HOI MIBHIKICTIO, TOOTO
3aJIEKHOCTI € HENIHIMHUMHU. /[ paHHbBOI JIarHOCTHKU CTaHy TpaHC(hHOpMaTOPHUX
Macel 3 ypaxyBaHHSIM BIUIMBY PEXHUMIB Ta TPUBAJIOCTI EKCIUTyaTailii, a TaKoX
HEJTIHIHHOTO XapakTepy 3MIHM TOKa3HUKIB Macedl B daci po3po0JeHO METOo.
BaplaTUBHHUX I'PAaHUYHUX 3HAYEHb MOKA3HHUKIB.

YV uemeepmomy po3oini po3poOICHO METOM JJIi PaHHBOI JIarHOCTUKH CTaHy
TpaHcPOPMATOPHUX Maces, 3a KOMIUIEKCOM JIarHOCTHYHUX O3HaK. 3ampONOHOBAHO
MOJIeJIb MHOKUHHOI perpecii B sIKOT TPUBAIICTh €KCIUTyaTallli € (QyHKII€I0 3HaYeHb
MOKa3HUKIB TpaHCHOpMATOpHUX Macen. Po3poOiieHo mporeaypy HaBYaHHS perpec
10HHOT MOJENi, IJii PaHHbOI JIaTHOCTUKU CTaHy TpaHC)OpMATOPHUX Maces, 3a
KOMITJIEKCOM J1arHOCTUYHUX o3HaK. CPopMOBaHO BUpIMIAIBbHE MPAaBUIO 3TAHO 3

AKAM TPUAMAETbCS PIIIEHHS 1100 CTaHy TpaHcpopmatopHux wmacen. [l
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ypaxyBaHHS BIUIMBY pPEXUMIB €KCIUTyaTallli, a TaKoX COpTy Ta SKOCTI
TpaHC(hOPMATOPHUX Macesl Ha IHTCHCHUBHICTh MPOIIECIB CTapiHHS, 3aIPOIIOHOBAHO
BUKOPUCTOBYBaTH TIpPyly MojJeJed HaBUYEHMX [0 3HAYCHHSM IIOKa3HHKIB
aBTOTpaHC(POPMATOPIB IO €KCIUTyaTYIOThCSA B PI3HMX yMOBax. BUKOHaHO HaBYaHHS
Ta IOBEICHO aJeKBaTHICTh 4 Mojelnel s aBToTpanchopmaropis Hanpyroio 330 kB
3a pe3yJbTaTaMu aHaji3y BCTAHOBIICHO MOXMOKA 1110 BUHUKAE TPU JIIaTHOCTHIII CTaHY
Macell 3HaxoiuThest B Mexkax 0,327-0,407 poky.

3a pe3yibTaTaMu HAyKOBOTO JOCTIKEHHSI OTPUMAHO HACTYIHI PE3YJIbTATH:

1. Briepuie BCTaHOBJIEHO Ta HAYKOBO OOTPYHTOBAHO 1110 3HAYEHHS MapaMeTpiB
TpaHCPOPMATOPHUX Macell, SK MPHUIATHUX TaKk 1 HE MNPUAATHUX [0 MOAAIBIION
eKCIUTyaTarlii, po3MojAUIeH] 3TiJHO 3 3aKOHOM BelOyny, mpu 1bOMY BCTaHOBJICHO
3HAYYIIUI BIUIMB PEXUMIB Ta yMOB €KCIUTyaTallii oOlagHaHHS Ha 3HAYEHHS IUX
napameTpiB, IO OOYMOBIIOE HEOOXINHICTh I1X YpaxyBaHHS TMIpU KOpETryBaHHI
I'PaHUYHUX 3HAYEHb [TOKA3HUKIB MacCell;

2. Bmepme HayKoBO OOIDYHTOBAaHO BHKOPUCTAaHHS T'PaHUYHHUX 3HAYEHb
MOKa3HUKIB TpaHC(HOPMATOPHUX Macel, SKi BHU3HAYAIOTHCS MIHIMI3aAlLI€0 (PYHKINT
CEepPEeIHbOI0 PHU3UKY JUIsl OAHOMIPHHMX PpO3MNOJUIIB, 3 YypaxyBaHHSM pPEXHUMIB
eKcIutyarariii TpancgopmaTtopiB Ta aBroTpaHchopmaropiB Hampyrow 110-330 kB,
o J103BoJiuio st TpanchopmaropiB 110 kB 3uu3uTn pusuku B 1,05-37,2 pasu, a
st aBroTpancdopmaropiB 330 kB B 1,8-4974419,5 pasiB mopiBHSIHO 3 pU3UKaMH,
IO CYNPOBOJUKYIOTb BHKOPUCTAaHHS TPAHUYHUX 3HAYEHb pPErJIaMEHTOBAHHUX B
J1I040MY B YKpaiHi HOpMaTUBHOMY JIOKYMEHTI,

3. Brmepmie 3anpornoHOBaHO METOX il KOPETryBaHHsS TPAaHWMYHHMX 3HAYEHb
MOKa3HUKIB TpaHC(POpMATOPHUX Maced 3a KOMIUIEKCOM MJIarHOCTUYHUX O3HaK 3
ypaxyBaHHSM OCOOJIMBOCTEH MpOIECY CTapiHHS TpaHCHOPMATOPHUX MAcCel, a TAaKOX
peXUMIB Ta yMOB ekcrutyaTtarlii TpanchopmatopiB 110 kB, ta aBToTpanchopmartopis
330 kB, sikuii BiApi3HAETHCS BiJl ICHYIOUMX THUM, 10 TPAHUYHI 3HAYCHHSI MOKA3HUKIB
MaceJa BHU3HAYAIOTHCS 3a PAXyHOK MiHIMIZalli (YHKIII CepeHbOTO PU3UKY s
OaraToMipHUX PO3MOJLIIB MOKA3HUKIB, 110 MAIOTh 3HAYYIIN CTOXAaCTUYHHUH 3B'SI30K,

110 JTO3BOJIUTH 3HU3UTHU pU3UKH B 1,7-35,7 pa3u qyst tpancopmaropi 110 kB, a ans
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aBroTpancopmaropiB 330 kB B 8-84,4 pa3iB MOpIBHAHO 3 pU3UKAMU, IO
CYIIPOBO/DKYIOTh BUKOPUCTAHHS TPAHUYHUX 3HAYEHb PETIAMEHTOBAHUX B J1I0YOMY B
Ykpaini HOpMaTUBHOMY JIOKYMEHTI;

4. OTpuMaB NOJaNbIINA PO3BUTOK METOJ BUSHAUYECHHSI XapaKTepy 3aJI€KHOCTEN
MOKAa3HUKIB TpaHCHOPMATOPHUX Maceld, SKUM BIJIPI3HAETHCS  ypaxXyBaHHSAM
TPUBAJIOCTI €KCIUTyaTallii, 10 J03BOJIUJIO BCTAHOBUTH, 1110 B aBTOTpaHChOpMaTOpax
330 kB, 3HauyeHHA TMOKA3HUKIB Yy 4Yaci 3MIHIOIOTbCA HENIHINHO, a XapakTep
3aJIeKHOCTEM OKpEeMHUX TOKa3HHWKIB CIIBMAJa€ 3 KIHETUYHUMHU  KPUBUMU
OKHUCJTIOBAHHS,

5. Bmepme po3po0iieHO MOJedb MHOXHHHOI —perpecii uisi paHHBOI
JIaTHOCTUKU CTaHy TpaHC(OPMATOPHUX Maces, 3a KOMIUIEKCOM J1arHOCTUYHHUX
O3HaK, 3 ypaxyBaHHSIM yMOB Ta PEXXUMIB €KCIUTyaTallli 00JaHaHHs, 110 HA BIIMIHY
BiJl ICHYIOUHUX JI03BOJISI€ BUABIIATU 00OJIaIHAHHS 3 IPUCKOPEHUM CTApIHHAM Macell, 111e
B TOW MOMEHT 4acy KOJM 3HAUYECHHA IIOKa3HUKIB 3HAXOAAThCs B 00JacTi 11O
BIJIIOBIJIAIOTh HOPMAJILHOMY CTaHy. BCTaHOBIIEHO 1m0 MOXHMOKa OI[IHKM HaBYEHUX
MoJiesiel 3HaxoauThes B mexkax 0,327-0,407 poky

IIpakmuune 3naueHHns OMPUMAHUX pe3yabmamie JUisl eIeKTPOEHEPreTUKU:

1) OrtpumaHi Ta HayKoOBO OOIPDYHTOBaHI BapiaTHMBHI TpaHUYHI 3HAYEHHS
MOKa3HUKIB Macell, sIKi 3MIHIOIOThCS B 3aJ€KHOCTI BIJl TPUBAJIOCTI Ta PEKUMIB
eKcIuTyatailii TpaHcopMaTopiB, BUKOPUCTOBYIOTHCS B SIKOCT1 JJOJAATKOBUX KPUTEPIiB
IPU OIIHKM CTaHy TpaHC(HOpMATOPHUX Macell B paMKax MPOBEACHHS MEPIOJUIHUX
BUNIPOOYBaHb CITyk0010 130151111 Ta Tpo3o3axucty AT «XapkiBoOneHeproy;

2) Po3pobnena wmetoauka ansg  QOPMYBaHHA ETAJIOHHUX TPAEKTOPIN
MOKa3HUKIB 130JIs1111 B yMOBaX 0OMEKEHOT anpiopHoi iH(OopMaIlii BUKOPUCTOBYETHCS
B HayKoBiM nisuibHOCTI Kadenpu mnepemaui enektpoeneprii HTY «XIII» npu
JTOCITIDKEHHI ~ TIPOIIECiB  CTapiHHS  130JIA1li  BHCOKOBOJIBTHOTO  0OJIaJIHAHHS
CJIEKTPUYHHUX MEPEK;

3) Po3pobsieHi MeToaM JIarHOCTUKH CTaHy TpaHCHOPMATOPHUX Macell,
MPOrpaMHO peajizoBaHi B BUIJISAI OKPEMHX MOIYJIB 1H(GOpMAITHO-aHATI THIHOT

cuctemu «CHUUPEHA», sxa Ha gaHuii 4yac po3poOnseTscs Ha kadenpi «llepemaua



enextpuuHoi eHepriin HTY «XI1ly;

4) Otpumani B poOOTI pe3yabTaTH BUKOPUCTOBYIOTHCS y HAaBYAIHLHOMY
nporieci Ha Kadenpi «llepegava enekTpu4HOi €HEprii» B OCBITHIX KOMIIOHEHTaX:
«TexHika BHCOKUX Hampyr», «MareMaTH4Hi OCHOBM TEXHIYHOI J1arHOCTUKH» Ta
«MaremaTtnuHi 3adadi CHEPreTHKW» HallloHAThbHOTO TEXHIYHOTO YHIBEPCUTETY
«XapKiBChbKUH MOMITEXHIYHUN THCTUTYT».

Knwouosi cnosa: ekcmiyarailii, aBTOTpaHCPOPMATOPH, PEKUMHU POOOTH,
oOnajiHaHHS EJNEKTPUYHUX MeEpEeXK, HEPYHWHIBHUN KOHTPOIb, TpaHCHOpMATOPH,
TpaHcopMaTopHI Macia, TEXHIYHUN CTaH, MOKA3HUKM 13011111, TAHTCHC JeibTa,

JI1arHOCTUKA, MOJICJIFOBAHHS, CTApiHHS, perpeciiiHa Mo/ielib, HABYaHHS.
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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



4
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.
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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 peculiarities 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 oil 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 is 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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