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HNuceprariiina po0OoTa MNPUCBSYEHA BHUPIIMIEHHIO BAXKIUBOI MpoOIeMH
JIarHOCTUKA MDKBUTKOBUX 3aMUKaHb 1 TMpoOOiB 130ys1ii Ha KOpIyC B
0araTOBUTKOBMX BCUITHUX OOMOTKaX HHU3BKOBOJIBTHUX ACHHXPOHHHMX JBUTYHIB.
Pob6ora 30cepemkena Ha po3poOIll Ta BUKOPUCTAHHI MPOTPECUBHUX METOIUK, IIO
J03BOJISIIOTh  €(DEKTUBHO BHUSABIISATH Ta OIIHIOBATH JEePEKTH 1307111 B TaKUX
00OMOTKaX.

Y Berymi faHoi aucepTalii 1eTalbHO OOTPYHTOBAHO aKTYyalbHICTh PO3POOKH
BHCOKOYACTOTHUX METOJIB JIJIsl JIarHOCTHKHU 130JIA1111 OOMOTOK €JICKTPOMEXaHIYHUX
OPUCTPOIB Ta BUSIBJIEHHS BUTKOBUX 3aMHUKaHb. 3arajibHa XapaKTepHUCTUKA poOOTU
BKJIIOYA€ B ce€0€ AeTAIbHUN OTJISIT TOCTIKYBaHUX MTUTaHb 1 TPOIIOHOBAHUX METO/IHK.
[Togano 3arajibHy XapakTepUCTUKY poOOTH, chopMyibOBaHa ii MeTa, OCHOBHI 3aj1a4i,
00’€KT Ta IpeIMET JOCIIKEeHb, HaBeeHA HayKOBa HOBHM3HA Ta MIPaKTHYHA IIHHICTh
OTPUMAaHUX PE3yJIbTATIB.

VY nepuomMy po3JIijii OXOIUTFOETHCS BAXKIMBUU ACIIEKT JTOCIIIKEHHS - BABUCHHS

1 aHam3 mpoOJsieM, M0 BUHUKAIOTh Yepe3 BIAMOBY 130JIAII1 €IEKTPUYHUX MAIIIWH.
30KpeMa, 3BEpTAETHCS yBara Ha OOTOBOPEHHS PI3HMX METOIIB JIarHOCTHUKH Ta
KOHTPOJIIO, SIKI BHKOPHUCTOBYIOTHCA Y CYYaCHOMY BHPOOHMUYOMY CepeloBHUIIl. Y
IIJIOMY, TIel PO3JI1JT BUPIIIY€E BAXKITUBE 3aBJaHHS - MOYATKOBUM aHAII3 CUTYyaIlii, 1Mo
JI0TIOMara€ BCTAHOBUTH OCHOBY JUIS JCTAJBHOTO 1 PETEIBHOTO JIOCIHIIKEHHS
mpoOemMu, Hala€ TMEPCTIEKTUBU JJII BHOOPY ONTHMAIBHUX METOJIB KOHTPOJIIO Ta

IArHOCTHKH 130JIs1i1.



Hpyruil po3aia 30ocepeKeHul Ha BU3HAYEHH1 Ta OOIPYHTYBAaHHI HalOUIbLI

e(EeKTUBHUX METOJIB JIarHOCTUYHOTO BUMIPOOYBAHHS JUIsi BHU3HAYEHHS BIJIMOB
130J1511011  €JIEKTPOMEXaHIYHUX MPUCTPOiB. DOpMYIOTbCS KpuUTepli sl BHOODPY
J1arHOCTUYHHUX MapaMeTpiB, 3aCHOBYIOUYKCH Ha JIOCHIIHULIBKINA pOOOTI, BUKOHAHIN y
nepiiomy po3zaiiai. Bukonanuit mepexij 10 aHalli3y MalllvH 31 BCUITHUMHU OOMOTKaMH,
Kl OyJM EKCIUTyaTOBaHI MPOTArOM 3HAYHOTO Mepiofy 4acy, 1 BUBYEHHUN BILIUB
TPUBAJIOTO BUKOPUCTAHHS HA TXHIO HAJ[IHHICTh T MPOIYKTUBHICTb.

TpeTiit po3/ia NPUCBIYEHO CTBOPEHHIO JIETAIbHUX MOJIENICH ISl aHaJi3y Ta

BUSIBJICHHS BIJIMOB 1301511111 B €JIEKTPOMEXaHIUHUX TTPUCTPOSIX.

Po3ain po3noynHaeThes 3 aHaji3y 30BHIIIHIX MMEpPEHANpPYr Ta KOMYyTallliHUX
NIEPEeHANpPYT, SKi BAHUKAIOTh B OOMOTIII IpY BKJItOYeHHI. HacTynmHuit eTan - po3risg
NEepexiTHUX MPOLECiB MPU KOMYyTallli Ta KOMYTAI[IWHUX MPOIIECIB MPU PO3PHUBI
ctpymy. Lli po3ainu naiooTh 4iTKe YSBIEHHS IMPO MPOILECH, AKI BIAOYBAIOTHCA B
00OMOTKax pu poOOTi €JIEKTPOMEXaHIYHOTO IPUCTPOIO.

Jami 311iCHEHO OCHiHe BU3HAYCHHS IMPOIIECIB BIAKIIOUCHHSI, TTOPIBHSIHHS
JTOCHITHUX 1 pO3paxyHKOBHUX JaHuX. [lo pe3ynmpraram muxX aHai3iB po3pobiieHa
MaTeMaTU4YHA MOJIeJIb 0OMOTKH Ha OCHOBI SIKO1, MM aHaJIi3yeEMO BTPATH B 130JIALI1 Ta
€JICKTPOMArHiTHOMY TIOJII.

YerBepTuii po3iJi MPUCBAYEHO BH3HAYCHHIO KJIIOUOBHUX ITapaMeTpiB, SKi

BIUTMBAIOTh Ha YACTOTHI XapaKTEPUCTUKU €NEKTPUIHUX MAIIUH.

[TouaTkoBHii (GoKyCc B IBOMY pO3IUILI - 1€ JACTaJbHUM aHalli3 MapaMeTpiB
MalllMHU Ta 1X BIUIUBY Ha YacTOTHI XapakTepucTuku. Llei aHami3 po3mmproeThes,
JOCIIKYIOUN 3aJIEKHOCTI TapaMeTpiB 0OMOTOK BiJl YaCTOTH.

Jlanmi mpoBOUTHCS €KCIIEPUMEHTAIbHE BU3HAYEHHS TTapaMETPIB, 110 JT03BOJISIE
OTPUMATH pPeasibHI 3HAYCHHS Ta MOPIBHATHU iX 13 TEOPETUYHUMHU MOJICIISIMH.

BaxxnmuBrM acmekToM pO3IUTy € aHami3 YacTOTHUX 3aJIeKHOCTEH BXITHHUX
omopiB. Ile mo3BoJsie raubIIIe 3p03yMiTH MOBEAIHKY CHCTEMH T4 BUBHAYNTH KPUTHUHI

YaCTOTHI TOYKH IS JIarHOCTHYHUX IIJIEH.



[I'aTuii po3Ain pPO3KpUBAE TMPOIEC EKCIEPUMEHTAIBHOTO JAOCIIKEHHS

ne(eKTIB Ta aHOMAJIH B 130715111 €IEKTPUYHUX MaIIUH.

30CepeKEeHICTh Ha EKCHEPUMEHTAIbHOMY MOJENIOBaHHI Je(eKTiB B
KOPITYCHIM 1 MDKBHUTKOBIM 13071111 JomoMarae 1HTEHCU(DIKYBaTU IOCTIKEHHS 1
MEPETBOPUTH TEOPETUYH] 3HAHHS HA MPAKTHYHI.

AHali3 BKJIIOYAE PO3PAXyHOK JTOAATKOBOI €MHOCTi, IO YTBOPIOETHCS B
pe3yabTaTi CTapiHHSA Ta 3BOJIOKEHHSI 130JISI1111, 1110 Ma€ BaXKJIMBE 3HAUCHHS JIJIs1 OLIIHKU
CTaHy OOMOTKH.

Ha nactynmHoMy eTami MOJETIOE€THCS MDKBUTKOBHH Je(EKT B MIKBUTKOBIM
130J1S1111 TP PI13HUX CTaHaX 130JIALII, 110 HAJa€ I[IHHI BUCHOBKH MPO BIUIUB CTaHY

130JIA1111 Ha SIKICTh OOMOTKH.

HlocTuil po3iia € MiJACYMKOBUM Bi3yaJbHUM IPEACTABICHHIM IIPOIECY
niarHocTUKH JedekTiB B 130isiii. B 1mpomy posnin BukopuctoByeTbess Matlab
Simulink s cTBOpeHHs 0araToJIaHKOBOI CXEMH, sSKa MOJENIOE NePeKTH 1301
EJIEKTPUYHUX MAIlIUH, IO J03BOJISAE€ Bi3yalli3yBaTH Ta aHANI3yBaTH JAMHAMIKY IIHX
nedexTiB.

KitouoBi acmekTy MoOJENIOBaHHS BKIIOYAIOTh MDKBUTKOBUU Je(deKT B
MDKBHTKOBIHM 130511111, MpoOid 130711111 BCUITHOI OOMOTKM Ha KOpPITYC, Ta BILUIUB
CTapiHHS Ta 3BOJIOKCHHS Ha TapaMeTpH Ae(EKTHOT 130JI11HOT CUCTEMHU.

AHaJi3 pe3yabTaTiB MOJCIIOBAHHS Ta X MOPIBHSHHS 3 €KCIIEPUMEHTAIbHIMU
JTaHUMHK 3a0e3redye I[iHHI BUCHOBKHM IIOJIO aJCKBATHOCTI MOJIE 1 MOXKJIMBOCTI ii
BUKOPHUCTAHHS ISl POTHO3YBAaHHSI BZIMOB 130JISI1111.

Ha 3akiHueHHST po3po0JIEHO peKOMEHAAIIIT 11010 BUKOPUCTAHHS PE3yJIbTaTiB
MOJICIIIOBaHHS NIl JIarHOCTHUKK Ta TPOTHO3YBAaHHSA BIJIMOB, SKi MOKPAIIYIOTh
MPOICAYPY JAIarHOCTUKH 130JIAII11 B €JICKTPHYHUX MAIlIHHAX.

Po3po0neni MeTomUKM Ta MPOIEeAypH il BCEOIYHOTO aHami3y 130JSAIIHHUX
CUCTEM y 3BUYANHIX EIIEKTPUYHUX MAITUHAX 13 BCHITHUMHU 00MoTKamu. L{i MmeToaukm
BIIPI3HSIOTBCSA BT TPaAWIIMHUX TiAXOJIB, OCKIIBKM BOHH JO3BOJISIOTH YITKO

pPO3pPI3HATH MK TUMH JAepeKTaMy 130JIAMii, SIKI MOXHA BHWIIPABUTH T dYac



CTaHJAPTHOTO TEXHIYHOTO OOCIYroBYBaHHS, Ta TUMH, SIKI € KDUTUYHUMH 1 MOXKYTb
MIPU3BECTH JI0 TIOBHOI BiTMOBU MaIlTUHHU.

Meron cnpsMOBaHMW Ha MIJBUILEHHS 4YYTJIMBOCTI BHSBIEHHS Je(EKTIB
130/15110iT OOMOTOK ~ 0a3yeThCsi Ha JETAJIbHOMY aHaji3l BXIJHOTO OHOpYy IiJ 4ac
pPE30HAHCY CTPYyMIiB 1 Hampyr y KOHKPETHHUX TECTOBUX yMmoBax. lleir meton
BUKOPHCTOBYE CIEIiaIbHO CTBOPEHUH PE30HAHC HA MITYYHUX YaCTOTaX 3 TOTIOMOTOFO
J0JTIATKOBHUX €JIEMEHTIB, 3HIKYIOUH BTPATH Y CKIIATHOMY KOJUBAJILHOMY KOHTYDI.

CtBOpeH1 YHIKaJdbHI MaTeMaTU4YHI MOJENl IS aHalli3y BUCOKOYaCTOTHHUX
npoueciB B 130is1idHUX cucteMax. Lli Moneni BUKOPUCTOBYIOTH CKIIAJHI
0araTojJaHKOBl CXEMH 3aMIlIEHHS JUIsl BKpaluIeHUX OOMOTOK 1 JO3BOJISIIOTH
MOJICJTFOBATH PI3HOMAHITHI Ae(EKTH 13011111, sIK TOKaJIbHI, TaK 1 3arajbHi.

VY paMkax AucepTariiiHOTro JOCIIIKEHHS peali3oBaHa cepisi EKCIIEPUMEHTIB,
METOIO SIKMX OyJI0 BCTAHOBJICHHS XapaKTEPUCTHUK OOMOTOK. B X011 IuX JOCITiIIKEeHb
3aCTOCOBaH1 1HHOBAIIMHI METOAY BUMIPIOBAHHS Ta I1HCTPYMEHTH, IIO CIPHUSIIH
aHaJizy poO3MIpiB Ta JIUHAMIKH 3MiHH TlapaMeTpiB OOMOTOK €JIeKTPOJBUTYHIB.
Po3pobnena HOBa MeTO/AMKa, 3aCHOBAaHA HA BUKOPUCTAHHI JEKpPEMEHTa 3TacaHHs
KOJIMBaHb SIK TMOKAa3HMKA CTaHy 130Jsmii. Takuil Mmiaxijg IOMOMIT BUSBUTH DPIBEHb
Jerpaaarii 1305111ii Ta OI[iHUTH PU3MKHU MTOTEHIIIMHUX HecTipaBHOCTEH. JlocmimkeHHsS
JNEeKpeMEeHTa 3racaHHs BHSBWIO HOro 3HAa4YHy 1HGOOPMATHUBHICTH I IUICH
niarHoCTUKH 130J1s1ii. [IpoBeneHo aHaIi3 YaCTOTHUX 3QJIEKHOCTEH Ta KOJIMBATBHUX
XapaKTepUCTHUK, 110 MIATBEPAMUIIO IX CXOXKICTh Y BHUCHOBKaX. Lle Bka3ye Ha BHCOKY
e(eKTUBHICT, 000X METOJMIB IS JIarHOCTYBaHHS 130JIAIil Ta iX MPUAATHICTH IS
IHTETPOBAHOTO BUKOPHCTAHHS Y TPOTHO3YBAaHHI HecmpaBHOCTEH. Pesynbratu
€KCIIEPUMEHTIB MIATBEPAWIN TEOPETHUYHI TiMOTE3HU, HArOJONIIYIOUM Ha 3HAYYIIOCTI
JOCTIKEHb JUIsl TTOKPAIIeHHs METOMIB J[IarHOCTUKU Ta TMPOTHO3YBAaHHS BiJIMOB
1307151111 B yHIBEPCAJIBHHUX EJEKTPOJBUTYHAX 3MIHHOTO CTPyMYy 3 BCHITHUMH
0OMOTKaMH.

Pesynbratn po6oTu BripoBakeHo: B KII «MicskBogokanam» CMP m. Cymu.
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ABSTRACT

Stulishenko A.S. High-Frequency Diagnostics of Insulation in Low-Voltage
Asynchronous Motors — Qualifying scientific work as a manuscript. Dissertation for
the degree of Doctor of Philosophy in the specialty 141 — Power Engineering,
Electrical Engineering and Electromechanics — National Technical University of
Ukraine "lgor Sikorsky Kyiv Polytechnic Institute” Ministry of Education and
Science of Ukraine, Kyiv, 2023.

The dissertation is dedicated to solving the important problem of diagnosing
inter-turn short circuits and insulation breakdowns to the housing in multi-turn bulk
windings of low-voltage asynchronous motors. The work focuses on developing and
applying advanced techniques that effectively detect and evaluate insulation defects
in such windings.

The introduction of this dissertation thoroughly substantiates the relevance of
developing high-frequency methods for diagnosing the insulation of
electromechanical device windings and detecting turn-to-turn short circuits. The
general characteristics of the work include a detailed overview of the researched
issues and proposed methodologies. It presents a general characterization of the work,
formulates its purpose, main tasks, object and subject of research, indicates the
scientific novelty and practical value of the obtained results.

The first chapter covers an important aspect of research - studying and
analyzing problems arising due to the failure of electrical machine insulation. In
particular, attention is paid to discussing various diagnostic and control methods used
in the modern production environment. Overall, this chapter addresses an important
task - initial analysis of the situation, which helps establish a foundation for detailed
and thorough investigation of the problem, providing perspectives for choosing
optimal control and diagnostic methods for insulation.

The second chapter is focused on identifying and substantiating the most
effective diagnostic testing methods for determining insulation failures in

electromechanical devices. Criteria for selecting diagnostic parameters are formed,



based on the research conducted in the first chapter. It transitions to analyzing
machines with bulk windings that have been operated over a significant period of
time, examining the impact of prolonged use on their reliability and performance.

The third chapter is devoted to creating detailed models for analyzing and
detecting insulation failures in electromechanical devices. The chapter begins with an
analysis of external overvoltages and switching surges that occur in the winding
during switching. The next stage is the examination of transient processes during
switching and switching processes during current interruption. These sections provide
a clear understanding of the processes occurring in the windings during the operation
of an electromechanical device.

Subsequently, experimental determination of disconnection processes is
carried out, comparing experimental and calculated data. Based on these analyses, a
mathematical model of the winding is developed, on the basis of which, we analyze
losses in insulation and the electromagnetic field.

The fourth chapter is dedicated to identifying key parameters that affect the
frequency characteristics of electrical machines. The initial focus in this chapter is a
detailed analysis of the machine's parameters and their impact on frequency
characteristics. This analysis is expanded by exploring the dependencies of winding
parameters on frequency. Next, experimental determination of parameters is
conducted, allowing for the acquisition of actual values and their comparison with
theoretical models. An important aspect of the chapter is the analysis of frequency
dependencies of input impedances. This enables a deeper understanding of the system
behavior and identification of critical frequency points for diagnostic purposes.

The fifth chapter reveals the process of experimental investigation of defects
and anomalies in the insulation of electrical machines. Focusing on experimental
modeling of defects in housing and inter-turn insulation helps intensify the research
and transform theoretical knowledge into practical application. The analysis includes
the calculation of additional capacitance formed as a result of aging and moisture in

insulation, which is important for assessing the condition of the winding. In the next



stage, an inter-turn defect in the inter-turn insulation is modeled under different
insulation conditions, providing valuable insights into the effect of the insulation
condition on winding quality.

The sixth chapter is a conclusive visual representation of the process of
diagnosing defects in insulation. This chapter uses MatLab Simulink to create a multi-
link diagram that models insulation defects in electrical machines, allowing for the
visualization and analysis of the dynamics of these defects.

Key aspects of modeling include an inter-turn defect in inter-turn insulation,
breakdown of bulk winding insulation to the housing, and the effect of aging and
moisture on the parameters of the defective insulation system. The analysis of
modeling results and their comparison with experimental data provides valuable
conclusions about the adequacy of the model and its potential use for predicting
insulation failures.

In conclusion, recommendations have been developed regarding the use of
modeling results for diagnostics and prediction of failures, which improve the
procedure for diagnosing insulation in electrical machines.

Methods and procedures have been developed for a comprehensive analysis of
insulation systems in standard electrical machines with bulk windings. These
methodologies differ from traditional approaches, as they clearly distinguish between
insulation defects that can be rectified during standard maintenance and those that are
critical and can lead to complete machine failure.

The method is aimed at increasing the sensitivity of detecting insulation defects
in windings and is based on a detailed analysis of input resistance during resonance
of currents and voltages under specific test conditions. This method uses a specially
created resonance at artificial frequencies with additional elements, reducing losses
in the complex oscillatory circuit. Unique mathematical models have been created for
analyzing high-frequency processes in insulation systems.

These models use complex multi-link replacement circuits for embedded

windings and allow for modeling various insulation defects, both local and general.



Within the framework of the dissertation research, a series of experiments was carried
out, the purpose of which was to establish the characteristics of windings.

During these studies, innovative measurement methods and tools were applied,
facilitating the analysis of the size and dynamics of changes in motor winding
parameters. A new methodology based on the use of the decay decrement of
oscillations as an indicator of insulation condition has been developed. This approach
helped to detect the level of insulation degradation and assess the risks of potential
malfunctions. The study of the decay decrement revealed its significant
informativeness for insulation diagnostic purposes. An analysis of frequency
dependencies and oscillatory characteristics was conducted, confirming their
similarity in conclusions. This indicates the high efficiency of both methods for
diagnosing insulation and their suitability for integrated use in predicting faults. The
results of the experiments confirmed the theoretical hypotheses, emphasizing the
significance of the research in improving the methods of diagnostics and prediction
of insulation failures in universal AC motors with bulk windings.

The results of the work have been implemented at KP "Miskvodokanal" of the
Sumy City Council, Sumy City.

Key words: high-frequency processes, asynchronous motor, diagnostics,
polymer insulation, mathematical modeling, modeling, technical condition, defects,
generator, magnetic field, winding scheme, electromagnetic field, energy efficiency,

magnetic induction, mechanical circuit.



