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XapbKOBCKHI HAI[MOHAJIbHBIM YHUBEPCUTET ropojckoro xossiictea umenn O.H. bekerosa

AAATHOCTHKA ACUHXPOHHOT'O SJIEKTPOABUT'ATEJIA
TEIIJIOBU30POM C UCITOJIb30BAHUEM HEUPOHHbBIX CETEU

Inekmpuueckue Osuzamenu NPUMEHSIOMCS HA CAMOM 3KO/I02UYECKU HUCMOM HA3eMHOM mpaHcnopme -
asnekmpompancnopme. OOHAKO, UCNO/b3yeMble 31eKmpodsuzamenu 8bl0eAsII0m 3Ha4UMeabHoe KoAU4ecmso menaa u3-3d
6o1bwux MoujHocmetl, ¥mo 8 ceoio oyepedb 8aUslem Kak Ha pabomy camux deuzameJetl, mak U ompuyameabHo 81usem Ha
OKpyxcarowyr cpedy nymem nosvluleHuss memnepamypbl. B danHoll cmamve paccmampusaiomcst 8onpocbl UaZHOCMUKU
ACUHXPOHHBIX 3/1eKkmpodeuzamesieli C NOMOWbI0 Men/108U30pa U AHAAU3A NOAYHEHHOU KApMUHKU npU NOMOWU HEUPOHHbBIX
cemetl. /JlanHasi mMemoduka no3eoasem caedumb 3d npedenbHO-0ONYCMUMbIM U3/AYYeHUeM Mmen/aosol 3sHepauu 6
ammocgepy, a makice ygeauHums HA0eHHOCMb pabombul 31eKMpPOMEXAHUHECKOU cucmeMbl.

Knioueevle cao0ea: mensnosoll KOHMpOAb, 3/eKmpodsuzamens, mennosusop, dudzHOCMUKd, 6eCKOHMAaKmHble
Memodbl, HedemkKasi 102uka, 6e30mkasHas paboma, HelipoOHHAS cemb.
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DIAGNOSTICS OF AN ASYNCHRONOUS MOTOR THERMAL INSULATOR USING NEURAL NETWORKS

Electric engines are used on the most environmentally friendly land transport - electric transport. However, the used electric
motors emit a significant amount of heat due to high power, which in turn affects both the operation of the engines themselves and
negatively affects the environment, by increasing the temperature. This article addresses the issues of diagnosing asynchronous electric
motors using a thermal imager and analysing the resulting image using neural networks. This method allows you to monitor the maximum
permissible radiation of thermal energy into the atmosphere, as well as to increase the reliability of the electromechanical system. Electric
transport is one of the environmentally friendly technical means for the transport of passengers. However, the operation of its main electrical
components contributes to the release of significant amounts of heat into the atmosphere, which adversely affects the environment and leads
to environmental changes on the planet. Failures of electric rotating motors also lead to operation failures and can be listed as: stator faults,
rotor electrical faults, mechanical rotor faults. However, the methods for the faults mentioned become complex and specific. In the literature,
methods for diagnosing faults have been developed by scientists. Analyses of electrical signals, acoustic signals, vibrations, thermal imaging
of electric motors have been very popular in recent literature. Methods for diagnosing electrical faults in electric motors have been developed
in the literature. MCSA (Motor Current Signature Analysis) is a fault diagnosis technology. In the literature, MCSA was used to detect specific
malfunctions of electrical and mechanical asynchronous motors. MCSA has many advantages, because it is not expensive. Infrared physics
and technologies of stator winding diagnostics, not subject to stress or asymmetry. As well as the ease of installation of current sensors.
However, this has drawbacks, such as stator current data must be selected after the engine speed reaches a steady state. Vibration alarms
were also very popular for troubleshooting. Methods based on vibration analysis have an advantage and are more sensitive than MCSA to
certain malfunctions.

Keywords: thermal control, electric motor, thermal imager, diagnostics, contactless methods, fuzzy logic, trouble-free operation,
neural network.

Berymienune

ONeKTpUYecKUil TPaHCHOPT SIBJIAETCS OJHUM M3 HKOJOTHUECKU YHCTBIX TEXHUYECKUX CPEACTB JUId
mepeBo3kn maccaxupoB. OmHako paboTa ero OCHOBHBIX 3JIETPOMEXAHMUYECKUX Y3IJIOB CIIOCOOCTBYET BBIICICHHIO
3HAYUTEIBHBIX 00BEMOB TeIia B atMocdepy, YTO HEOIArONPHUATHO BIUSAET Ha OKPYKAIOMIYIO Cpely U MPHUBOAUT K
9KOJIOTHYECKAM H3MEHEHHSM Ha IUTaHeTe. TakKe HEHCIPAaBHOCTH JIIEKTPUYCCKUX BPAMIAIOIINXCS IBUTATENCH
MPUBOJAT K OTKa3aM pPaboTbl M MOTYT OBbITh MNEPEYMCICHBl KaK: HEUCIIPABHOCTH CTaTOpa, DIEKTPHYECKUE
HEUCTIPAaBHOCTH POTOpa, MEXaHMYeCKHMe HewucmpaBHOCTH poropa [l1]. OmgHako METOOBI  YHOMSHYTBIX
HEHUCTIPAaBHOCTEH CTAaHOBATCS CIIOKHBIMH U crneuupudneiMd [2]. B nmrepaTtype MeETOIBI IUArHOCTHKHU
HEWCIpaBHOCTeH OblIM pa3paboraHbl y4yeHbIMH [1-7]. AHaiIM3bl DJIEKTPHUYECKUX CUTHAJIOB, aKyCTHUYECKHX
CUTHAJIOB, BHOpalWH, TEIUIOBHICHUE JJIEKTpOJBHUrareieil ObUIM O4YeHb MOIYJSIPHBI B HElNaBHEH JMTEpaType.
Meroapl TMarHOCTUKH HEHCHPABHOCTEH JIIEKTPUUYECKHX TOKOB OJIIEKTPOABHMIaTeNiell ObUIM pa3paboTaHbl B
mureparype [3—-6]. MCSA (aHanu3 cHrHaTypbl TOKa JBHIaTelisl) SBISIETCS TEXHOJOTHMEH JAWarHOCTHKU
HeucnpaBHoctedl. B mmrepatype MCSA wucnonb3oBancsi aist OOHapyKeHUs crielM(UYEcKHe HEHCHPaBHOCTH
SJIEKTPUUYECKUX U MEXAHUYECKUX aCHMHXPOHHBIX ABurareieit [2,3,7]. MCSA umeer MHOTO MPEUMYIIECTB, IOTOMY
49TO OH He jaoporoil. MH}ppakpacHas (uU3WKa W TEXHOJOTMH IHATHOCTHKH OOMOTKH CTaTOpa, HE TOABEp KEHHAsS
HArpy3Ke WIH aCHMMETPUHU. A Tak)Ke MPOCTOTa YCTAaHOBKH JATYHKOB TOKa. OMHAKO 3TO UMEET HEIOCTATKH, TaKUe
KaKk JaHHbIE TOKa CTaTropa HOJDKHBI OBITh OTOOpaHBI TOCJIE TOTO, KaK CKOpPOCTh IBUTATENs IOCTUTHET
yCTaHOBHBIIETOCS COCTOsSHUS [3]. BuOparmmonHBIe CHUTHANBI Takke OBUTH OYEHb MOIMYISPHBI JJIS TUATHOCTHKH
HeucnpaBHocTe [8—11]. Meronmpl, OCHOBaHHBIE Ha aHaTW3e BHOpAIMH, HMEIOT TPEHMYIIECTBO H Ooiee
4qyBCTBUTEJIbHEE, YeM MeTo]l MCSA K onpeJeneHHbIM HEeUCIIPaBHOCTM [2]. DTH MeTo/bl ObLIM UCIIOJIb30BAHBI IS
00OHapy>XKeHHsI KOHKPETHBIX HEUCIIPABHOCTEH B IBUTATENISIX, HAIIPUMED, TUarHOCTUKA MOIIUITHUKOB [9] nin cucrem
3yOuaToii nepenauu [10]. MeTo/bl, OCHOBaHHBIC HA BUOPAIIMOHHBIX CHTHANAX, AT JUATHOCTHKY HEUCIPAaBHOCTH
U COCPEJOTOUYCHBI HA PACHOJOXKEHHU CIEKTPAIbHBIX KOMIIOHEHTOB, CBSI3aHHBIX C HeucnpaBHocTd [8]. B crarse
MIPEACTAaBICHO CPaBHUTEIHEHOE HCCIICJIOBAHUE PA3HBIX METOIOJOIMH YacTOTHOTO aHallM3a, KOTOpPBIE MOTYT OBITh
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WCTIONIB30BaHbI I O0OHAPY>KEHHSI HENCTIPABHOCTH AaCHHXPOHHBIX JBUTATEIICH, aHATM3UPYIOIINX CUTHAIBI BUOpanu
BO BpEMsI 3aIlyCK NEPeXOIHbIN Mpouecc. AHAIN3UPyEMble CUTHANIBI BUOPALMK OBUTH CO CIIOMaHHBIMU CTEPXKHAMHU
poOTOpa, JBa CIIOMaHHbIX CTEPXKHS, IUCOATAHC U 1€(PEKThI HOALIIUITHUKOB.

Merojonorusi, npeuIoKeHHasi B CTaThe, NPUMEHHMA, KOT/la OHa HE MMEET TOKOBBIX CHTHAJIOB U UMEET
TOJIbKO BHOpaIMOHHBIC curHaibl [8]. MeToj00rus, OCHOBaHHAs Ha aHAIW3e¢ BHOPALWU i1 JUATHOCTHKU
pa3MuHBIX YpOBHEH PaBHOMEPHOTO M3HOCa B KOPOOKe Iepenay U oOHapyKeHHs Hecyluid aedeKT, CBA3aHHBINA C
OJTHOHM M TOW e KMHEMaTHYeCcKO# Lemnbio, ObUT mpezcTtasiieH [9]. PesynbraTel aHamu3a BHOpauuy MOKa3alld, YTO
YBEJIMYEHUE aMIUIUTY/Ibl B YACTOTHOW COCTAaBIISIONIEH CETKH M €€ COOTBETCTBYIOLIME TapMOHHUKH OBUIM CBSI3aHBI C
HaJIMYMeM H3HOca B KOpoOka mepemad. O030p MOCIEIHUX JOCTHXKEHUH B JMArHOCTHKE T'MOPHIHBIX OTKa30B B
CUCTeMax 3yO4aThIX Iepeiad ¢ MCIOIb30BaHNEM CHTHaJIa faTduka BuOpanuu Osut mpenctasieH [10, 11].

HccnenoBatenn MCHONIB30BAIM TAaKKe aKyCTHUSCKHE CHUTHAJIBI JUIS JWArHOCTUKW HEHCIPaBHOCTEH
MammHb [12—15]. MeToabl, OCHOBaHHBIE Ha aHAJIN3€ aKyCTHYECKOT'O CHTHAJa MMEET MPEUMYIIECTBO B TOM, UTO
JEIIEBIIE, YeM IPYTHe METOIbI.

[Ipennaraemasi METOROIOTHS MOXKET OBITH UCTIOIB30BAHA AJIsI BHISIBJICHUS IPYTUX TUIIOB HEUCTIPABHOCTEN B
ACHHXPOHHBIE [IBUTAaTeNd W B JIOOOM OOOpPYyZOBaHMHM, B KOTOPOM 3BYK W BHOpamuu OBUIM OIO3HAaHBI KaK
OJITHO3HAYHOE CJIe/ICTBHE HercnpaBHOCTH. OTHAKO MpeUI0KeHHAst METO0IOT U UMeJIa HEKOTOPbIe OTPaHUYEHUS.

B mocnenHee Bpemst METOIbl TMarHOCTUKU HEMCHPABHOCTEH, OCHOBAaHHBIC HA TEIUIOBUACHHUH ITOJIYYHIIH
3ametHoe BHMMaHue [11-13]. TemnmoBuaeHue paccMaTpuBaeTCs IS YJIYUIIEHHS KOHTPOJII ACHMHXPOHHBIX
JBUTaTeNeil ¢ TPEerMYIIeCTBOM HEMHBA3MBHOIO Meroja [7]. DTO MOXKHO 3aMETHTh IIPH aHAJIM3€ TEIUIOBBIX
M300paXEHUH CBSI3aHHBIX C HEUCIPABHOCTSMH, aHanu3 Obul mpencraBieH [20]. B mpemiaraemom crocobe
MCIIONIb30BaH IEPEXOHBIA MPOIECC M TEIUIOBOH KOHTPOJbL NpH 3amycke ABHrareins. Jlajee 3T0 NIPUMEHHMO IpH
TEXHHKE IICEBJOOKPACKH Ha HMH(QPAKPACHOM HW300paKEHWM MIBHIATENs, IOCIE OHO JOCTHIVIO TEPMUYECKOTO
ycroianBoro coctosiausl. CrcremMa KOHTPOJIS Oblila peaan30BaHa Ha aCHHXPOHHOM JIBUTATEJE C WCIIOJIb30BaHHEM
TeruioBu3opa [14]. MeToa IBETOBOM CErMEHTAIlMU MCIIOJIb30BAJICS JUISI BRISIBIICHUST aHOMAJIBHBIX TOPSYUX O0acTei
Ha TEIUIOBOM u300pakeHMU. J[lng pacro3HaBaHMs TOpAYMX TOYEK OBUI peann30BaH METOA HM3MEHEHUS
MHTEHCUBHOCTH KPacHOTO IBETA.

IlosToMy axTyanpHass 3ajada JUArHOCTUKM ACHHXPOHHOTO 3JEKTPOABHUraTess TEMJIOBU30POM Ui
YMEHBILEHHUS BBIICJICHHS TEIUIA B OKPYIKAIOLIYIO CPEy ¥ NOBBILIEHHE HaJe)KHOCTH paboThI 3JIEKTPOTPACcIopTa.

ExcnepuMeHTAIbHAS YaCTh

[Mpennaraemblie METOABI TUATHOCTUKHM HEHCIPABHOCTEH UMEIOT CIIAYIOLIHE ITAMbL: MTOJyYeHHE TEIIOBOIO
n300paxeHus, IMpeaBapuTeNbHas o0padoTKa, BBIIEICHHE NPU3HAKOB M Kiaccudukauus. B Havane mponecca
pacrio3HaBaHMsl TEIUIOBBIX M300paKeHHWH B3STHI ¢ NPUMEHEHHEeM TerioBu3noHHOW kamepsl FLIR E4 (nnamazon
temnepatyp: ot 20 mgo 250 C, gactoTa kagpoB: 9 ', meTekTop: (HeoXIaKaaeMbIid MUKPOOOIOMETp) U IPOrpaMMHOE
obecnieuerne ms [IK FLIR IR Camera Player.

Ha peiHKE ecThb MHOTO JOCTYNHBIX TEIUIOBH3MOHHBIX KaMep C aHAJOTWYHBIMH WM JIyYIINMH
napaMeTpamMy. OTH KaMepbl TAKKE MOTYT OBITh UCIIOJIb30BaHbI ISl aHAIIN3A.

YnomsiHyTas TEIUIOBU3MOHHAs Kamepa HaxomuTcsi Ha paccrosHuu 0,25 M 0T aHaIM3MpyeMoro MoTopa.
@unabMBl ¥ TEIUIOBU3HOHHBIE M300pakeHHs ITONydeHbl ¢ ucroib3oBaHueM IIK mporpammuoro obecredeHust u
TEIUIOBU3MOHHON Kamephl. TeruioBeie H300paxeHus umetorT paspemreHue 320 x 240 mukceneit. Cnenyroinee
n300pakeHHe IMypIypHOTo 1IBeTa paccuuThiBaeTcs. [locie 3Toro ¢pyHKIMs U3BJICYEHHS BBIIOIHAETCS C IPUMEHEHNE
MoASoID u rucrorpammbl u3o0paxenus. Cnenyromas kiaccuUKalMs MOJTyYEHHBIX BEKTOPOB W IPU3HAKOB
ocymectsisiercst ¢ nomouipio NN (Kiaccudukarop Omkaiimiero pacrosnaBanusi), K-means, BNN (neliponnas
ceTh 00paTHOTO pacIpoCTPaHEHUs).

B TemnoBbIx n300paXeHUSIX W3BJICUECHNE [IBETA SBJISETCS BAXKHOW 3a/aueii, TOTOMY YTO HEKOTOpPBIE IBETa
npenMyIniecTBeHHee Apyrux. CaMble BakHbIE I[BeTa ObLIM OENBIH, ITypIypHBIH M KpacHBIH JUIS aHAIU3UPYEMBIX
N300paKeHHH.

Camble BBICOKHE TEMIIEPaTypbl MMENIH OCnblii IBET. ABTOPHI PEINMIN AHAIU3UPOBATH IyPIYPHBIA U
6emprit. [TyprypHBIit 1 O€TIBIi IBETa TEPMAaJIbHBIX

n300pakeHus: TpexPpa3HOro aCHHXPOHHOTO JIBUTATEJIsI OJIyUeHbI ¢ HCnojb3oBanneM Matlab.

Metona BeIOOpa oOJyacTei ompeneseHuss n300paxeHuid nmpu nomonty mnporpaMmbl MoASoID pa3spaboran
JUISl MHOYKECTBA TPEHUPOBOYHBIX HAOOPOB U TEIJIOBBIX N300paKEHHUH 3JIEKTPOIBUTraTEIeH.

OnpeneneHne COCTOSHUS JIEKTPOIBUTATEINIS ONMUMCAaH BO MHOTHX HAy4HBIX CTaThsAX [2—15]. OH Ha3zHauaeT
HeKJIaCCU(HUIMPOBAHHYIO BEKTOPHYIO XapaKTEepHCTHUKY Ha MHOXECTBE paHee KIacCH(PHUIUPOBAHHBIX 00yYaromIux
BEKTOPOB MPU3HAKOB. DTOT KJIACCU(PHUKATOP AOCTUTAET BHICOKOH 3(h(heKTMBHOCTH pacrio3HaBaHMs, 0€3 apUOPHBIX
MPEATIOI0KEHUH O pacrpeieNleHnH 00yJaroliX JJaHHBIX. JTO OHA U3 MIPUYHMH MCIOJIb30BaTh €ro IS TUarHOCTUKHI
HEeHCIpaBHOCTEH Tpex(a3HOro aCHHXPOHHOTO MIEKTPOABHUraTesIsl. OTa (GyHKIUS OIpEensieTcs KaK:

d(a,b) = z":|a,. -b,|, (1)
i=1

T7i¢ BEKTOpaMu NMPU3HAKOB SIBJSIIOTCA @ = [ay, as, ..., a,] © b = [by, b, ..., b,], n = 1 g MoASoID, n = 256 ans
THCTOTPaMMBbI H300paKEeHHsL.
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anekTpoBurareneii. OnucaHHbie METOJMKHA HA OCHOBE aHAIN3a TeIUIOBBIX H300PaXKEHUH, MOTYUCHHBIX TIPH CHATUU
n300pakeHHs ¢ TEIUIOBH30pa Ha PadOTAIOLIEM 3JIEKTPO/BUTaTeNe. ABTOPBI aHAIH3UPYIOT MOJY4YEHHbIC TEIJIOBbIE
n300paKeHHs JIIEKTPOABUIATENS.

B cratbe aBTOpHI Mpenjiarar0T HKCIOJIB30BaTh HEHPOHHBIC CETH i1 OO0pabOOTKH HM300paKEHUS H ee
pacro3HaBaHusl.

OmnucaHHble METOABI THATHOCTHKH HEUCIPABHOCTEH HEOOXOJAMMBI s 3allUThl ACHHXPOHHOTO
ANIEKTPOJBUIATENsl U IPYTHX TUIIOB BPAILIAIOIIUXCS IEKTPOABUraTelNeH, TAKUE KaK: IBUIATeH MOCTOSHHOTO TOKA,
TeHEePaTOpPbl, CHHXPOHHBIE JIBUTATEIH.

JlaHHBIC METO/BI IMATHOCTUKH U aHAITM3a MO3BOJISIIOT KOHTPOJIMPOBATH MPEACIbHbIC 3HAUCHUS BbIICICHHS
Teruia B atMmocepy u 00e30macuTh paboTAOIIYI0 TEXHUKY OT OTKA30B.
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