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TpaHchopMaTopa 3a JOMOMOTOI0 KOMIUIEKCHOI MOJIEi TEXHIYHOTO CTaHy IIeITFOJI03HO1
1BOJISIL .

Huceprariiss Ha 3100yTTS HAYKOBOTO CTYNEHS KaHIWAAaTa TEXHIYHUX HayK
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JucepTaiirto TPUCBIYEHO YAOCKOHAJICHHIO MaTeMaTHUYHUX MOZENeH s
MIPOTHO3YBAHHS CTPOKY CJIYy>KOM IIEFOJIO3HOI 1B3OJIAI CHUJIOBOTO TpaHcdopMmaropa Ta
TEXHIKO-€KOHOMIYHOTO OOTPYHTYBaHHS CTpaTerii MOro TEXHIMHOTO OOCIyrOBYyBaHHS
NUIIXOM PO3POOKM KOMILJIEKCHOI MOl TEXHIYHOTO CTaHy IENMI0JIO3HOI 13oJiiii. B
po0OTI MpoaHaNi30BaHi PO3pPaXyHKOBI METOAM MPOTHO3Y CKOPOYEHHS CTPOKY CITy:KOU
[EJTI0JI03HOT 130J1sMii. Bu3HaueHo, Mo 1i METOAM Hapsay 3 MO3UTHUBHUMH SKOCTSIMH
MalOTh 1 HEIOJIKM, I[OB'S3aHI 3 HEJOCTATHIM YypaXyBaHHAM 3MIHH (aKToOpiB
eKcIuTyartallii TpaHc@opMaropy B Tiepiojl MPOTHO3YBaHHS Ta BIUIMBY IPOBEICHHS
TEXHIYHOTO OOCIIyrOBYBaHHS Ha IBHUJKICTh CTApiHHA BoJirii. JlaHo BW3HaYeHHS
KOMIUIEKCHOI ~ MOJENI  TEXHIYHOTO CTaHy IIEMIOJIO3HOI  BBOJIAIi  CHJIOBOTO
TpaHcopMartopa, I AKOI MAETHCS Ha yBa3l CYKYMHICTh MaTeMaTHIHUX MOJICIICH, 1110
ONMUCYIOTh 3MIHY TEXHIYHOI'O CTAaHYy LEOJO3HOI 130JILI BHACIIOK IUIMBY 30BHIIIHIX
eKCIUTyaTallliHuX (PaKTOpIB Ta MPOBENCHHSA TEXHIYHOTO OOCIIyroBYBaHHs. Bu3HaueHo,
10 HEOOXITHUM € pO3poOKa TaKOi KOMILJIEKCHOI MOJIEJNl Ha OCHOBI1 ICHYFOUUX METOJIIB
Ta Mojienei. JIJis MJOCSTHEHHs METH IHCEPTaIllifHOT poOOTH TMOCTaBJICHI 3aBAaHHs, SK1
BKJTIOYAIOTh:

— aHaJI3 METO/IIB BU3HAYCHHS PECYPCHUX XapaKTEPHCTHK IEITFOJIO3HOT 130JIA1IIi

— po3poOky  Moxaem  GOpMyBaHHS  pecypcy  ICIIOJIO3HOI  13OJISIT
TpaHc(opMaTopa Ha eTari Horo BUpOOHHUIITBA;

— po3po0Ky MOeNi TEXHIYHOTO CTaHy LEI0JIO3HOT 13OJMAIi  CUIIOBOTO

TpaHchopMaTopa Ha eTari eKCIuTyaTarlii;



— PO3pOOKY CUCTEMH TEXHIKO-EKOHOMIYHOTO OOTpYHTYBaHHS BHOOPY CTparerii
TEXHIYHOTO OOCITyrOBYBaHHS 130JBI11ii TpaHc(opMaTopa Ha CTafii HOro eKcIuTyaTaIlii;

—BHUOIp mMapaMeTpiB po3po0JEHOT KOMIUIEKCHOI MOJIEN TEXHIYHOTO CTaHy
LEJTI0JI03HOT BOJsALil Ta i Bepudikallist, peani3allisi MOJEN y BUIIIAI NpOrpaMu Ta
BIIPOBA/I’)KEHHS 1 B EKCILTyaTalllko.

OO6'ext mociimKeHHs — Tpoiiec (OPMyBaHHS Ta BUTPATH PECYpPCY IEIMFOIO3HOI
BOJIALI CUJIOBOTO TpaHcdopMaTopa Mif 4ac 3MIHA MOTr0 TEXHIYHOTO CTaHy.

[Ipeamer aoCHMKEHHS —METOAM Ta 3aco0M OIIHKK 1 TPOTHO3YBaHHS
PECYPCHUX XapaKTEPHUCTHK IEIOI03HOI 130111 CUIIOBOTO TpaHc(opmaropa.

Meroan TOCHIKEHHS — MPU PO3POOIN KOMIUIEKCHOT MOJIETIi BUTPATH PECYpCy
LEJIOJIO3HOT  BOJISAIl MiA 4Yac eKCIUTyaTallii BUKOPUCTAaHI METOIUM MaTeMaTHYHOTO
MOJICTIIOBAHHSI, TEOPETUYHUX OCHOB EJIEKTPOTEXHIKM 1 TEOpil HAAIMHOCTI, MOJEIb
(GopMyBaHHA pecypcy LEIIOJ03HOI BoJsilii  TpaHcopmaropa Ha eTaml KHOro
BUpPOOHMIITBA Oa3yeTbcsl Ha Teopi rpadiB, anreOpuW HEUITKMX 4YHCET Ta Teopil
HAAIMHOCTI, AJi1 BUOOPY MapaMeTpiB po3po0sIeHOi KOMILIEKCHOI MOJEN TEXHIYHOTO
CTaHy IICITIOJIO3HOI 130JIAIIll BUKOPHUCTAHI METOAM amnpOoKCHMAIli PO3paxyHKOBO-
EKCTIEpUMEHTATIbHUX 3aJIeKHOCTEH Ta Metoa MonTe — Kapio.

B po6oTi oTprimaHi Taki HAyKOBI pe3yJIbTATH.

BukonaHo aHaii3 po3paxyHKOBHX METOJIB Ta MOJIENEH BU3HAUEHHS PECYPCHUX
XapaKTEPHUCTHK IICITFOJIO3HOI 130JIAIII CHJIOBHX MACJIOHAIOBHEHUX TpaHC(OopMaTopis,
110 JI03BOJIMJIO BCTAHOBUTH LIUISXH YAOCKOHAJICHHS IIUX METO/IIB Ta MOJIEIICH.

Po3poOneni maTemarnyHi MOJAEN 1Jii OLIHKY BIUIMBY €Tally BUPOOHUUITBA HA
OPU3HAYCHUN pecype, fAKl BIIPBHAIOTHCS ypaxyBaHHSIM HEIOCKOHAJIOCTI 3aco0iB
KOHTPOJTIO 1 CTOXaCTUYHOCTI MPOIIECY 3MIHU PECYPCY B XOJI1 TEXHOJOTTYHOTO MPOIIECY.
[Ipu BupimieHH1 3a/1a4l pO3pPOOKU MOJIENe TEXHOJOTTYHOI Ta KOHTPOJILHOI Oreparlii
OyB 3acTOCOBaHWM amapar aireOpu HEYITKUX dYhcell. BUKOpHCTaHHS 3a3HAYCHUX
MojieNied  JTO3BOJII€ MIIBUIIMTH TOYHICTh PO3PAXyHKY 3aHUILIKOBOTO pecypcy
TpaHcopmaTopa NUIAXOM YpaxyBaHHS 3MEHILEHHS MPU3HAYEHOTO pecypcy uepes

BHECEHHS 1ePEeKTIB Ha eTari BUpOOHHIITBA.



Po3pobneHo maremarndHa MOJCIH TEXHIYHOTO CTaHY IIETOJI03HOI 1301
CUJIOBOTO TpaHCc(opmartopa Ha eTami eKCIUTyaTallil, sfKa CKJIAHacTbCs 3 MoJIeNei
(dakTopiB eKcIuTyarallii, TEIUIOBUX IPOIIECiB, BOJIOTOOOMIHY B CHCTEMI MarepoBa
BoJsiLisl — TpaHc(opMaTopHe Macyo Ta OJIOKY OLIHKK 3HOCY. YpaxyBaHHsS JUHAMIKU
BMICTY BOJIOTH B BOJISILII JO3BOJIAE MIIBUIIMTU TOYHICTh OLIHKUA PECYpCy 130JIALIl
Tpancopmaropa. 3amnporoHOBaHA MOJEIb BOJIOTOOOMIHY J0O3BOJIIE OyIyBaTu
MIPOTHO30BaHUM Tpadik BOJOTOCTI IEIOJO3HOI BOJAII 3a JaHUMH MOHITOPHUHTY
OJWHUYHOrO TpaHchopmaropa abo 3a pe3yJbTaTaMd  MOJICIIOBAHHS  3MIHU
eKCIUTyaTallifHu X ImapaMeTpiB TpaHcdopmaTopa.

3anporoHoBaHa CHUCTEMa TEXHIKO-CKOHOMIYHOTO OOIpYHTYBaHHS BHOOPY
CTparerii TEXHIMHOro OOCIYroByBaHHsS BOJsLi TpaHchopMmaropa Ha cTafii HOro
excrutyaraiii. [IpoBeaeHo aHami3 BIUIMBY MPOBENEHHS TEXHIYHOT'O OOCIYrOBYBaHHS
CUJIOBOTO TpaHcopmaropa (30Kpema, CYUIHHS AaKTUBHOI YacTMHU) Ha PECYPCHI
XapaKTePUCTUKU LEMIOJIO3HOI BOJALil. BHUKOHAHO MOJENIOBaHHS BUTPATH PECypCy
TpaHcopMatopa JUisl pI3HUX CTPATErii TEXHIYHOTO OOCIyrOBYBaHHS. 3a JOTIOMOIOO
aHalBy pe3yibTaTiB MOJEIIOBaHHS OOTPYHTOBAHO HEOOXINHICTh ypaxXyBaHHS
TEXHIYHOTO OOCIYroBYBaHHsS (30KpeMa, CYIIHHS 13OJIINi) TpU  po3paxyHKax
3QJIMIITKOBOTO PECYPCY BOJIAIII B eKCIUTyaTalrii.

3ailicHeH0 BUOIp MapaMmeTpiB Po3pOOJEHOT KOMIUIEKCHOI MOJENl TEXHITHOTO
CTaHy UEIIOI03HO1 Bosiii. JlicTaB pO3BUTKY PO3PAXyHKOBHM METOJ BH3HAYCHHS
CKOPOYEHHSI CTPOKY CJIY>KOM BOJALI 3a paXyHOK KOpEryBaHHSA BiIOMOi (opMyiH
IHTEerpaly CTapiHHSA LUIIXOM OUIbII TOYHOI IHTEPHOJISLI BUXIIHMX JaHUX, LIO
BUKOPHUCTOBYIOTHCS JIJIs1 TOOYI0BU 3aJIEKHOCTI LIBUKOCTI CTAPIHHS B BMICTY BOJIOTH
B BOJIILI. YpaxyBaHHs CTOXaCTUYHOTO XapakTepy 3MIHEHHsI (pakTOpiB eKCILTyaTallii
TpaHcdopmartopy 31iHCHEHO 3a JOTIOMOTOI0 MeTo 1y MoHnTe — Kapio.

Po3pobneni momeni peanidoBaHi y BUIIILAI IporpamMu B cepemoBuinl Matlab
Simulink ® 7.7.0. Pe3ynpTat AOCTIIKEHb BIPOBAIKEHO B YKPAiHCBKOMY HAayKOBO -
JTOCTITHOMY,  TPOCKTHO-KOHCTPYKTOPCHKOMY  Ta  TEXHOJIOTTYHOMY  IHCTHTYTI
tparchopmaropoOyayBanas [TAT "BIT" (m. 3anmopixoks) Ta B HaBYAILHUNA MPOIIEC

kadenpu EnekTpuuyHHX Ta eNeKTPOHHHUX amnapariB 3amopi3bKOro HAIOHAJIbHOTO



TEXHIYHOTO YyHIBEpCHUTETy. PO3riIiHyTa MOJKIMBICTE BHUKOPHCTAaHHS OTPHMaHUX B
IUCepTaIliiHiA  poOOTI pe3ynbTaTiB MpPU MOJEpHB3AIlli CHCTEMH HEmepepBHOTO
koHTposto SAFE-T (BupoOnuura TOB «EneproaBromarmsaiis», M. 3amopnkiks)
cuinoBoro Tpancdopmaropa TPJJHC-40000/35-YXJI 1 BctaHOBIEHOI Ha AKCYCHKIiid
TEC y pecniy6miui Kazaxctan y 2015 poi.

Kiro4oBi ciioBa: MOJIEIIOBaHHS, pPecype, HAAIMHICTh, IETIOJI03HA 130JIAIIIS,

CUJIOBUH TpaHcpopmaTop, TEXHIYHE 0OCTyrOBYBaHHS.
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ABSTRACT

Vasilevsky V.V. Predicting the lifetime of power transformer using a complex
model of technical condition of cellulose insulation. — Qualifying scientific work on the
rights of manuscripts.

Thesis for granting the Degree of Candidate of Technical sciences in speciality
05.09.01 — Electric machines and apparatus (14 — Electrical Engineering). — National
Technical University “Kharkiv Politechnical Institute”, Kharkiv, 2019.

The thesis is dedicated to the improvement of mathematical models for
forecasting the residual lifetime of a power transformer and the feasibility study of its
maintenance strategy by developing a complex model of cellulose insulation technical
condition. The paper analyzes the calculated methods of forecasting the residual lifetime
of cellulose insulation. It is determined that these methods, along with the positive
qualities, also have disadvantages associated with insufficient consideration of changes
in the factors of transformer operation in the period of forecasting and the effect of
maintenance on the rate of aging insulation. The definition of a complex model of the
technical state of cellulose insulation of a power transformer is given, which implies a
set of mathematical models describing the change in the technical state of cellulose
insulation due to the flow of external operational factors and maintenance. It is
determined that the development of such a complex model is necessary based on
existing methods and models. To achieve the goal of the dissertation, the tasks are set,
which include:

— analysis of methods for determining the resource characteristics of cellulose
insulation;

— development of the transformer cellulose insulation resource formation model
at the stage of its production;

— development of the model of the technical state of the power transformer
cellulose insulation during the operation stage;

— development of a system of feasibility studies for choosing a maintenance

strategy for transformer insulation at the stage of its operation;
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— selection of parameters of the developed complex model of the technical
condition of cellulose insulation and its verification, implementation of the model in the
form of a program and its implementation in operation.

The object of the study is the process of formation and consumption of a
resource of power transformer paper insulation of during the change of its technical
condition.

Subject of research — methods and means of estimation and forecasting of
resource characteristics of power transfromer paper insulation.

Methods of research — developing a complex model of the consumption of the
cellulose insulation's resource during operation are based on methods of mathematical
modeling, theoretical foundations of electrical engineering and reliability theory, graph
theory, model of the transformer's resource formation at the stage of its production
carried out using algebra of fuzzy numbers and reliability theory, approximation of the
calculation-experimental dependencies, the Monte — Carlo method using for choosing
the parameters of the developed complex model of the cellulose insulation's technical
condition.

The following scientific results were obtained in the work:

The analysis of calculation methods and models of determination of resource
characteristics of power oil-filled transformers cellulose insulation has been carried out,
which has made it possible to establish ways of improving these methods and models.
The mathematical models for the estimation of the influence of the production stage on
the assigned resource, which differ due to the imperfection of the control means and the
stochastic nature of the resource change process during the technological process, are
developed. In solving the problem of developing the models of technological and
control operations, the apparatus of algebra of fuzzy numbers was used. The use of
these models allows to increase the accuracy of the calculation of the residual life of the
transformer by taking into account the reduction of the assigned resource due to the
defects making at the production stage.

A mathematical model of the technical state of cellulose insulation of a power

transformer during the exploitation phase is developed, which consists of models of
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operation factors, thermal processes, water exchange in the system of cellulose
insulation - transformer oil and a unit for calculation of consumed resource. Taking into
account the dynamics of the moisture content in the insulation can improve the accuracy
of the transformer insulation resistivity estimate. The proposed model of water
exchange allows us to construct a predicted graph of humidity of cellulose insulation
according to the monitoring of a single transformer or based on the simulation of the
transformer's operational parameters change.

The system of feasibility study for the choice of a maintenance strategy for
insulation of the transformer at the stage of its operation is proposed. The analysis of the
influence of maintenance of power transformer (in particular, drying of the active part)
on the characteristics of cellulose insulation is carried out. Modeling the cost of a
transformer resource for different maintenance strategies is performed. The analysis of
the modeling results justified the need to take into account maintenance (in particular,
insulation drying) when calculating the remaining insulation resource in service.

Selection of the developed complex model parameters has been made. A
calculation method has been developed to determine the reduction of the service life of
insulation by adjusting the known formula of the aging integral by more accurate
interpolation of the initial data used to construct the dependence of the aging rate on the
moisture content in the insulation. The stochastic character of the transformer operation
factors is taken into account using the Monte Carlo method.

The developed models are implemented as a program in the Matlab Simulink®
7.7.0 environment. The research results were implemented at the JSC"VIT", with the
modernization of the SAFE-T monitoring system for the development of
"Energoavtomatizatsiya" Ltd. and the educational process of the Department of electric
and electronic apparatus of the Zaporizhzhya National Technical University. The acts of
implementation are added.

Key words: modeling, resource, reliability, cellulose insulation, power

transformer, maintenance.
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