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CuiioBuii Tpanchopmatop — 3aliMae 3HaAUMME MiCIE B eleKTpoMepexi. Takii
CJIEKTPUYHIA MaIllMHI BapTO MPUIUISATH yBary IiJ 4yac MOro eKCIuTyartallii, OCKUIbKU
floro BuUXiT 3 Jagy MOXE IMPU3BECTH 1O CEpHO3HUX mpoljeM s
€JIEKTPOCHEPTeTUYHOTO TianmpruemMcTBa. OCOOIMBO aKTyaIbHHM IOCTANIO MUTAHHS 3
pPO3BUTKOM '"3enieHoi" eHepreTukun B YKpaiHi. Ake Taki 00’€KTH € YMOBHO
KEpOBAaHMMHU M0 TTPU3BOJIUTH JI0 YACTOI 3MIHH PEXKUMY POOOTH, SK MITMPUEMCTBA IO
BUPOOJISiE ENEKTPUUHY €HEPTil0 3 aJbTEPHATUBHUX JIKEpEN TakK 1 JJis1 pO3MOALUTBHUX
MEpeX BIILIOMY.

OnHuM 3 HaWKpaIyMX MiAX0/IB JIJIs JIarHOCTYBAHHS CUJIOBUX TpaHC(HOpMATOpPiB
Ha JTaHWK Jac € a”am3 yactoTHoi peakiii (FRA) BunpoOyBanHs Ha TpaHchopMaTopi.
OpHak BUKOPUCTAHHS TAaKOTO METOAY YCKIATHSETHCS BIICYTHICTIO HOPMATHBHHX
JIOKYMEHTIB K1 peTJIaMeHTYIOTh HOT'0 3aCTOCYBaHHS Ha TEPUTOPil YKpaiHU B IOBHOMY
o0cs3i, a iHTEepIpeTaIlis OTPUMAHUX PE3YNIHTATIB YACTO 3AMIIAETHCS 3aTaIKOI0 IS
00CIIyTOBYIOUHMX ITiATIPHEMCTB.

Ls mucepTartisi MpuUCBSIYCHA TOCTIKEHHIO aHAJI3y YaCTOTHOI PEaKIlii 3 METOIO
BJIOCKOHAJICHHSI icCHYI0unX MeToAiB aiarHoctyBaHHS CT. Tak B mporieci TOCTiKEHHS
Oy70 TPOBEJACHO BUMIPIOBAHHS aMIUIITY/I0 YaCTOTHUX XapAKTEPHUCTHK, CUIIOBHX
TpaHc(opMaTopiB 110 YACTO EKCIUTYaTYIOThCA Ha TepuTopil Ykpainu. [l{o mo3Bonumno
chopMyBaTH METOJ BHU3HAYCHHS ONTHUMAJIbHOI mociimoBHOCTI BunpoOyBansr CT B
3alleKHOCTI Bim 3MmiHM pesynbTaTiB orisimy CT, omepaTuBHUM MEPCOHAIOM.

Po3po6yieHO anroputM MOMIYKY MOMIKOMXEHb CHJIOBUX TpaHCcHopMaTopiB, IO
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3a0€3Me4nTh KOMIUIEKCHUM MiAX1], 3 METOK0 MIHIMIi3allli BUTPAT 4acy, Ha MPOBEAEHHS
ananizy. Bnockonaneno meton BusHaueHHs aedexTiB CT nuisixom nopiBHsiHHS AUX,
32 paXyHOK KOHTPOJIIO T0AaTKOBUX A1arHOCTUYHUX MMapaMeTpiB. Brockonaneno Mmeron
onTUMIi3allli BU3Ha4eHHs TexHIYHOTo cTaHy CT, sKkuil MIIsSXOoM BpaXyBaHHS MOXUOOK
BUMIPIOBAIBHUX  MpUJIaAIB  JO3BOJISIE ~ BU3HAUUTU  KUIBKICTh  TOBTOPHHX
€KCIIEPUMEHTIB, L0 JO03BOJSE 3MEHIIUTH MHOMMJIKH IEpUIOr0 Ta JIPYroro pojuy.
BrockonaneHo MeToj BU3HAUEHHS ONTHUMAJIbHOI MOCIiI0BHOCTI BunpoOyBanb CT B
3aJIeKHOCT1 Bia 3MiHM pe3yibTaTiB orisay CT, omepaTMBHMM INEpCOHANIOM, SIKUN
IUIIXOM BpaxyBaHHS pe3yJbTaTy 30BHIIIHIX MPOSBIB AePEKTy, A03BOJIE BUOpATH
ONTUMAJIBHY TOCIIJOBHICTh KOHTPOJIIO Ta 3MEHIIUTH 4Yac Ha BHSBICHHS Ta
OOIpyHTYBaHHS MOXKJIMBOTO e(EKTy Ha paHHI1i CTaaii HOro po3BUTKY. BockoHaneHo
meron Bu3zHaueHHS nedektiB CT nursixom mopiBHsHHA AUX, sSkuil 3a paxyHOK
KOHTPOJIO  JOAATKOBMX  JIarHOCTMYHUX  IapaMeTpiB, 3alpolOHOBAaHUN  3a
pe3ynibTaTamMu BUsBICHUX BiaxuiaeHb AUX 1o3Bosisie miaATBEpAUTH, a00 CIPOCTYBATH
nedeKT MPOrHO30BaHuM 3a pe3ysibTaTaMu KOHTposrro AUX.

Tak y pucepTarliiiniii poOOTI MOCTaBIeHa 1 BUpIlIeHa aKTyalbHa 3aja4a 1010
BU3HAUEHHS TEXHIYHOTO CTaHy CHUJIOBUX TPAHC(POPMATOPIB L0 EKCILTYyaTYIOThCS B
PO3MOJIUTFHUX eNIeKTpuuHuX Mepexax 3 OEC.

Tak, y mepmoMy po3aiuri aAWcepTamiiHoi poOOTH BHUKOHAHO aHaTI3
EJIEKTPOECHEPTETUYHOTO KOMILJIEKCY YKpaiHH, KU J03BOJIKUB C(hOPMYBAaTH BUCHOBKU
I0JI0 JIOIUTLHOCTI MPOBEICHHS MOCTIKEHHSA. BHKOHAHO aHai3 MapKy CHIOBUX
TpaHCcPOpPMaTOPiB Ta IX KOHCTPYKTUBHUX 0cobOmuBocTeit CT, 110 03BOIMB MPUHHSITH
pimenas moao nociuimkyBanux CT, chopmyBaT OOMEKEHHS Ta TPUITYIIECHHS B
po6oTi. BuznaueHo, 1o oJHUM i3 KI0U0BHX elteMeHTiB, Hamux EEM, € CT 35-0,4 kB,
Ta JJOCUTH BEIWKA 1X KUIBKICTh, €KCILTyaTYIOThCS B YKpaiHi, TOMY MPUIHSATO PIllIEHHS
B MoJaJIbIIIOMY JociikyBatu came 1eit kiac CT. [IpoBenenuii aHamiiz MaTeMaTHYHOL
Mozenl GpparMeHTy po3mnoAuIbuoi Mepexi, nokasas, mo CT, yacto nepeOyBaroTh y
noaBapiiHux pexxumax, a CT mo ekcruryaryrotsest Ha DEC, Takok 3a3Hat0Th 3HAUHUX
BITUBIB IT1/T YaC YaCTUX KOMYTAIlIMHUX PEXKUMIB. Tak HACTYITHUM KPOKOM MIPOBEACHO

nociikeHHs: nomko/KkyBaHocti CT, gki mokaszanu, 1o K B YKpaiHi Tak 1 3a
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kopaoHoMm, CT mpomoBXKYIOTh IOIIKOKYBATUCh, HE3BAXKAIOYM Ha PI3HOMAHITTS
ICHyIOUMX METOMIB Ta 3aco0iB JIIarHOCTYBAaHHs. BU3HAU€HO MOKAa3HUKHU HaAIMHOCTI
EEM, Tta moka3Huku 1m0 xapakTepu3yroTh HauiiHicHuid ctan CT. JlocnimxeHHs
J03BOJIATh Cc(POpMyBaTH METOAM Ta 3acO0M JTIarHOCTYBAaHHS, IO JIO3BOJISIOTH
BH3HAUMTH TexHiuHui ctad CT.

JpyruM po3AUIOM JOCHIKEHHS BHUKOHAHO aHali3 ICHYKOYMX METOJIIB
niarnoctyBanHss CT, 1mo omnucaHi B HOPMAaTUBHI JiTeparypi. Po3riasiHyTo OCHOBHI
METOJIA, TKHMH 4YacCTO KOPHCTYIOTBhCS B YKpaiHi, 3 METOI BU3HAYCHHS TCXHIYHOTO
crany CT. IlpuBeneHO JOCHIDKCHHS aJIrOPUTMY, IO JO3BOJUTH, BHU3HAYUTHU
roroBHicTh CT nmo ekcruryarartii. BuznadeHo, mo B JaHWW Yac, METOJIU aMILTITY/IO0
YaCTOTHOTO J1arHOCTYBaHHS, € BIIHOCHO HOBHMH, 0co0JMBO B Ykpaini. [IpoBeneno
aHamiz Takux MeroniB. [IpuBeneHo aHami3 BIUIMBY METOMIB  4YaCTOTHOIO
niarHocTyBaHHsI Ha BusBieHHs nedekrtiB CT, mig yac BU3HAYEHHS MOTO0 TEXHIYHOTO
ctany. [IpoBeaeHuit aHaTI3 METOIB AiarHOCTYBaHHS, JI03BOJIMB y3arajJbHUTH METOIN
ta kmacudikyBatu iX. Illlo B momanbIioMy MO3BONHUTH palliOHATBHO BU3HAYUTH
HeoOXiIH1 IHCTPYMEHTH, i BusHaueHHs ctany CT mix yac Horo ekcruryarariii.

B tpeTproMy po3ain aucepTamiiiHOro AOCHIIKEHHS MPUCBSIYEHO PO3POOJICHHIO
HOBUX Ta BJIOCKOHAJICHHIO ICHYIOUMX METOIB Ta 3aco0iB JiarHocTyBaHHS. Tak 3a
pe3yibTaTaM JOCTIIKEHHS] OTPUMAaB MOAANBIINN PO3BUTOK METOJ BU3HAYCHHS
ONTUMAaIbHOI TTocaiAoBHOCTI BunpoOyBanb CT. Takuii METOM I03BOJIUTH BpaxyBaTH
pesyapTatu orysiny CT mo ekcruryaryroTeess Ha OEC, onepaTUBHUM MEPCOHAIIOM,
SAKUN MUITXOM BpaxyBaHHSA pE3yJbTAaTy 30BHINIHIX TPOSBIB JAEPEKTy, T03BOJISIE
BUOpaTH ONTUMAJbHY MOCTIIOBHICTh KOHTPOJIIO Ta 3MEHIIUTH Yac Ha BUSBICHHS Ta
OOTpYHTYBaHHS MOXJIIMBOTO JePEKTy Ha paHHINA cTajii iioro po3BuTKy. [IpuBeaeHo
QITOPUTM  3aMpPOTOHOBAHOTO  METOAY BH3HAYCHHS ONTHMAIBHOI  KIUTBKOCTI
BUTIPOOYBaHb, SKUW NUISIXOM BpaxyBaHHs moxuOok FR Analyzer Ta Bukopuctanus D-
ONTUMAJIBHUX TUIAHIB, TO3BOJISIE 3MEHIIUTH MTOMIJIKH TIEPIIOTO Ta APYTOro POIY i
yac BU3HaueHHs TexHiuHoro ctany CT, mo 3HaxonsaTbes B ekcruryaranii. [lokasano

ANTOPUTM, 1110 JTI03BOJISIE BU3HAYUTH JIaTy MpoBeaeHHs HacTynmHoi nepeBipku CT, mo
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Ha OCHOB1 MOINEPEAHBO IPOBEACHOrO J1arHOCTYBAHHS, J03BOJUTH 3a0€3MEUYUTU
MOBHUM KOHTPOJIb TEXHIYHOTO CTaHY CHJIOBOTO TpaHchopmaTopa.

B deTtBepTOMy po3nini AMCEpTAIIMHOTO AOCIIKEHHS OMUCaHO C(HOPMOBAHMUI
QITOPUTM  TPOBENEHHS KOMIUIEKCHOTO jaiarHoctyBanHs CT, 1m0 BUSBUTH
MOIIKOJKEHHSI HAaBITh HAa paHHIA cTaaii iX pO3BUTKY. 3ampONOHOBAHMM MIAXI1N
JI03BOJISIE ONTUMI3yBaTH MOCIJOBHICTh BUKOHAHHA A1l min yac piarHoctyBaHHsa CT,
32 paxyHOK 4Oro MpOBEJEHI AOCTKEHHS JaayTh 3MOTy cpopmMyBaTH OUIbII TOYHI
nani monao crany CT. 3ampomnoHoBaHy CTPYKTYpHY CXEMY MIKPOIPOIIECOPHOTO
3aco0y, 1o 3a0e3nevynTh KOMIUIEKCHUW MIAXIJ 10 BUMIPIOBAaHHS KOHTPOJIbOBAHHMX
napametrpiB CT. 3anponoHoBaHO MpOrpaMHUiA 3aci0, M0 3a0€3MeUnTh KOMIUICKCHUM
OiAXiJ, 70 1HTEprpeTalii OTpUMaHUX Pe3yJbTaTiB MiJl 4ac OOpOOITKY BUMIPSHUX
napametpiB CT.

HaykoBa HOBM3HA OTpPUMAHHMX pe3yJbTaTiB 1[0 BHHOCATHCS Ha 3aXUCT,
MOJISATAE y TOMY, I110: OTPUMAB MOJAJBIINI PO3BUTOK METO/I ONTUMI3aIlli BU3HAYCHHS
texHigyHOTO cTany CT, aKuii NUIIXOM BpaxyBaHHS TOXHUOOK BUMIPIOBAIBHUX IMPUJIATIB
JI03BOJISIE BUSHAYUTH KUIBKICTh MOBTOPHUX E€KCIIEPUMEHTIB, IO JO3BOJISIE 3MEHIIIUTH
NOMHJIKM TIEPIIOr0 Ta JAPYroro poAy; OTPUMAaB TMOMAIBIINN PO3BUTOK METO]
BHU3HAYCHHS ONTUMAIBHOI TOCTiIOBHOCTI BUnpoOyBanb CT B 3aj€KHOCTI BiJ 3MiHH
pesynbratiB ornsgny CT, onmepaTMBHUM NEPCOHATIOM, SKMM IUISXOM BpaXyBaHHS
pe3yabTaTy 30BHIMIHIX TMPOsBIB JedeKkTy, 1g03BOJsI€E BHOpATH ONTHMAJIbHY
MOCJIIIOBHICTh KOHTPOJIFO Ta 3MEHIIMTH 4Yac Ha BHSBJICHHSA Ta OOIPYHTYBaHHS
MO>KJIMBOTO IePEeKTy Ha paHHIH CTaail HOTO PO3BUTKY; OTPUMAB MOIATBIITNI PO3BUTOK
Meron BuzHaueHHS AedekTiB CT muisxom mopiBHsSHHS AUX, skuii 3a paxyHOK
KOHTPOJIIO  JIOAATKOBMX  JIarHOCTUYHMX  MApaMeTpiB, 3alporlOHOBaHUM  3a
pe3ynapTaTamMu BUSBICHUX BiaxuwieHb AUX no3Bosisie migTBepaAuTH, a00 CIpOCTYyBaTH
nedeKT MPOTHO30BaHUM 3a pe3yibTaTaMud KOHTPot0 AUX; oTpumMaHO MOMaIbIIHMA
PO3BUTOK METOAY BHU3HAYEHHs ONTHUMAJIbHOI KUIBKOCTI BUIPOOYBaHb, SIKUN HUIIXOM
BUKOPHUCTaHHS D-OnNTHUMalbHUX IUIaHIB, JO3BOJISE 3MEHIIUTH MOXUOKY BU3HAYEHHS

texHigHoro crany CT.
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IIpakTnyHe 3HAYeHHS OTPUMAHMX Pe3yJbTAaTIB BU3HAUEHO SK: PO3POOJIEHO
aNropuTMHU BU3HAYeHHs TexHiuHoro ctany CT, mix yac koHkpeTHoro oocrexeHHss CT
6-35 kB; po3pobieHo mporpamMHe 3a0€3MEUEHHS MPUCTPOI0 KOMILIEKCHOTO
J1arHOCTYBaHHS; pPO3pOOJIEHO MporpaMHUi 3acid JJii BU3HAYEHHS ONTHUMAJIbHOI
KUIbKOCT1 BUMIPIOBaHb, IiJ] 4aC KOMIUIEKCHOTO J11arHOCTYBAHHS.

3arajaomM, BUCHOBKH 3 LIi€1 TUcepTaLIiHOT pOOOTH MOKYTh BUKOPHUCTOBYBAaTUCH
AK eKCIUTyaTylOUMMH MiJNPUEMCTBAMU TaK 1 TUMH 110 OOCIYTOBYIOTH Taki
nianpueMcTBa. BHUKOpUCTaHHS 3alpONOHOBAHUX METOJUK JO3BOJIUTh 3MEHIIUTH
BUTPATH Ha MPOBEACHHS TEXHIYHOrO J1arHOCTYBaHHS CHJIOBOTO TpaHchopmaropa, Ta
MJBUIIUTH SIKICTh OTPUMAHUX PE3yJIbTATIB.

Knrwouosi cnosa: niarHOCTyBaHHS, TMOIIKOJKEHHS, CHJIOBUHM TpaHchopmatop,

YaCTOTHUU aHaJIi3, 06MOTKI/I, IIAHYBAaHH, CKCIICPUMCHT, q)OTOGJIGKTpI/I‘-IHa CTaHIIiH.



ABSTRACT

Hryshchuk M. Methods and tools for diagnosing power transformers of
electrical distribution networks with photovoltaic stations. - Qualifying scientific work
on the rights of the manuscript.

The dissertation on competition of a scientific degree of the doctor of philosophy
in the direction of preparation 141 - "Electric power, electric engineering and
electromechanics” on a specialty 14 - "Electrical engineering” - Vinnytsia national
technical university, Vinnytsia, 2020.

The power transformer occupies a significant place in the power grid. Such an
electric machine should be given attention during its operation as its failure can lead to
serious problems for the electric power company. This issue has become especially
relevant with the development of "green” energy in Ukraine. After all, such facilities
are conditionally controlled, which leads to frequent changes in the mode of operation,
both for companies that generate electricity from alternative sources and for
distribution networks in general. Currently one of the best diagnosing power
transformers approaches is frequency response analysis (FRA) on a transformer.
However, the use of such a method is complicated by the lack of regulatory documents
which regulate its use on the territory of Ukraine in full, and the interpretation of the
obtained results often remains a mystery to service companies. This thesis is devoted
to the frequency response analysis study in order to improve available methods of
power transformers diagnosing. Thus, in the research process the measurement of
frequency response analysis of the power transformers which are often operated on the
territory of Ukraine was carried out. Which allowed to form the power transformer
optimal test sequence determining method depending on the personnel staff inspection
results changes. Develop power transformer damage search algorithm, which will
provide an integrated approach to minimize the time spent on analysis. Improve the
power transformer defects determining method by comparing frequency response
analysis due to additional diagnostic parameters control. Improve the power

transformer technical condition optimization determination method, which allows to
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determine the repeated experiments number by taking into account the measuring
instruments errors, which reduces the first and second kind errors. Improve the power
transformer optimal test sequence determining method depending on the personnel
staff inspection results changes, which allows to choose the optimal control sequence
and reduce the detection and justifying time of a possible defect at an early stage of its
development by taking into account the result of external manifestations of the defect.
Improve the power transformer defects determining method by comparing FRA due to
additional diagnostic parameters control, proposed by the detected deviations based
results of the FRA, allows to confirm or refute the defect predicted by the FRA control
results.

Thus, in the dissertation the actual problem of determining the technical
condition of power transformers operated in electrical distribution networks
with photovoltaic station is set and solved.

Thus, in the first section of the dissertation the analysis of the electric power
complex of Ukraine is made, which allowed to form conclusions about the expediency
of the research. An analysis of the fleet of power transformers and their design features
of power transformer, which allowed making decisions about the studied power
transformer, to form limitations and assumptions in the work. It is determined that one
of the key elements of our computers is 35-0.4 kV substations, and many them are
operated in Ukraine, so it was decided to further study this class of substations. The
analysis of the mathematical model of the distribution network fragment showed
that power transformerare often in  pre-emergency modes, and power
transformer operated on photovoltaic station are also significantly affected during
frequent switching modes. Thus, the next step was a study of power transformer
damage, which showed that both in Ukraine and abroad, power transformer continues
to be damaged, despite the variety of existing methods and means of diagnosis. The
indicators of computer reliability and indicators characterizing the reliability state of
power transformer are determined. Research will allow forming methods and means of

diagnosing that allow to determine the technical condition of power transformer.
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The second section of the study analyzes the existing methods of diagnosing
power transformer, which are described in the regulatory literature. The main methods
that are often used in Ukraine to determine the technical condition of power transformer
are considered. The research of the algorithm which will allow defining readiness of
power transformer for operation is resulted. It is determined that at present, the methods
of frequency amplitude diagnostics are relatively new, especially in Ukraine. The
analysis of such methods is carried out. The analysis of influence of methods of
frequency diagnostics on detection of defects of power transformer, during definition
of its technical condition is resulted. The analysis of diagnostic methods, allowed to
generalize the methods and classify them. Which in the future will rationally determine
the necessary tools to determine the state of the power transformer during its operation.
The third section of the dissertation research is devoted to the development of new and
improvement of existing methods and means of diagnosis. Thus, according to the
results of the study, the method of determining the optimal sequence of power
transformer tests was further developed. This method will take into account the results
of the inspection of power transformer operated at the photovoltaic station, operational
staff, which by taking into account the external manifestations of the defect, allows you
to choose the optimal sequence of control and reduce the time to identify and justify a
possible defect at an early stage. An algorithm of the proposed method for determining
the optimal number of tests, which by taking into account the errors of FRAnalyzer and
using D-optimal plans, allows reducing errors of the first and second kind when
determining the technical condition of power transformer in operation. An algorithm
Is shown that allows to determine the date of the next inspection of the power
transformer, which on the basis of pre-diagnosis, will provide full control of the
technical condition of the power transformer.

In the fourth section of the dissertation research the formed algorithm of complex
diagnostics of power transformer is described, that to reveal damages even at an early
stage of their development. The proposed approach allows to optimize the sequence of
actions during the diagnosis of power transformer, due to which the research will

allow generating more accurate data on the state of power transformer. The structural
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scheme of the microprocessor means is offered that will provide the complex approach
to measurement of the controlled parameters of power transformer. A software tool
that will provide a comprehensive approach to the interpretation of the results obtained
during the processing of the measured parameters of power transformer is proposed.
The scientific novelty of the obtained results submitted for defense is that: the method
of optimization of determination of technical condition of power transformer was
further developed, which by taking into account errors of measuring devices allows to
determine the number of repeated experiments, which reduces errors of the first and
second kind; further developed the method of determining the optimal sequence of
power transformer tests depending on changes in the results of power transformer
examination, operational staff, which by taking into account the result of external
manifestations of the defect, allows you to choose the optimal control sequence and
reduce time to identify and justify a possible defect at an early stage; further developed
the method of determining power transformer defects by comparing the frequency
response, which by controlling additional diagnostic parameters, proposed by the
results of the detected deviations of the frequency response allows you to confirm or
refute the defect predicted by the frequency response control; further development of
the method of determining the optimal number of tests, which by using D-optimal
plans, allows to reduce the error of determining the technical condition of the power
transformer.

The practical significance of the obtained results is defined as: algorithms for
determining the technical condition of the substation have been developed, during a
specific survey of the 6-35 kV substation; the software of the device for complex
diagnostics is developed; developed a software tool for determining the optimal
number of measurements during complex diagnosis. In general, the conclusions from
this thesis can be used by both operating enterprises and those who serve such
enterprises. The use of the proposed techniques will reduce the cost of the power
transformer technical diagnostics and improve the quality of the obtained results.

Key words: diagnosing, damage, power transformer, frequency analysis,

windings, planning, experiment, photovoltaic station.
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