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Anomayia. Y cmammi pozenaHymo imimayitine MOOeN08aHHsA NPAMO20 NYCKY MA208020
ACUHXPOHHO20 enekmpoosueyHa (All) 3 Hecumempicio MHCUBUTLHOI Hanpyeu 6 NpocpPaAmMHOMY
komnaekci  Ansys  Electronics. Byno ompumano epagixu uacmomu  obepmauHs — ma
eIeKMPOMACHIMHO20 MOMEHMY Npu 86edeHHi Hecumempii Hanpyau ¢asu A 6 4 % npu ycmanenomy
pedrcumi pobomu msa208020 ACUHXPOHHO20 eNeKMPOOBUSYHA, A MAKOIC NPOBEOEHO NOPIGHAHHS 3
XapakmepucmuKamu npu CUMempUuyHOM) HCUBTIEHHI.

Kniouoegi cnosa: maeosuii acuHXpoHHUL e1eKMpOOBUSYH, HECUMEMPUYHULL PENCUM IHCUBTICHHS,
imimayitina mooenws, Ansys Electronics.

Abstract. The asymmetry of the supply voltage adversely affects the operation of electric
motors, in particular induction ones. With an uneven load of the phases of the network, the voltage
becomes asymmetric - unequal between the individual phases. Voltage asymmetry leads to the fact
that the currents in the phases of the stator winding of the electric motor differ sharply from one
another. A phase with a high current can overheat above acceptable limits even with a small voltage
unbalance. In addition, the active steel of the motor rotor overheats. Overheating of the motor
winding causes an increase in electrical losses, ripples of the electromagnetic torque also appear,
and other negative consequences. These factors can lead to process failure, accelerated insulation
aging, or even motor failure.

In the event of a mains phase failure, running three-phase motors switch to single-phase mode.
If the motor load before phase failure was no more than 60% of the rated value, then the motor
continues to operate with slightly worse energy performance, the rotor speed decreases slightly, the
winding temperature is within acceptable limits. Under heavy loads, the motor winding overheats
excessively, and in some cases the motor rotor stops and a large current flows through two phases of
the stator winding. After stopping the engine, it cannot be started even at idle, since a pulsating
magnetic field is obtained in the engine with a single-phase current.

To study the effect of supply voltage asymmetry on the operation of an asynchronous electric
motor, simulation modeling was carried out in the ANSYS Electronics software package for direct
start of induction motor with the introduction of a supply voltage asymmetry of one of the phases at
a level of 4% in the steady state operation of the electric motor. The characteristics of the rotation
frequency and electromagnetic torque were obtained with asymmetry of the supply voltage and a
comparison was made with the symmetrical mode of operation of the electric motor. The results of
simulation show a slight change in the frequency of rotation of the rotor of the electric motor,
however, there are significant ripples of the electromagnetic torque.

Key words: traction asynchronous electric motor, asymmetric power supply mode, simulation
model, Ansys Electronics.
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Beryn. AcubxpoHHU#l JBUTYH HaOyB
IIUPOKOTO PO3MOBCIOJKCHHS K B MPOCTHX
CHUCTEMax HEpEryJbOBaHOTO EJIICKTPOIPUBOLY,
Tak 1 B HAWCKJIATHIIINX CYYaCHHUX CHCTEMax

pEryJabOBaHOTO  €JIEKTPOIPUBOAY  3aBISKU
IPOCTOTI  KOHCTPYKLIi, JIOCUTh  HHU3bKIH
cobiBaprocTi Ta Bucokomy KKJI.

BaxmuBum  ¢akTopoM  ONTHUMAaIbHOT

excrutyatarii AJl € HWOro BHUKOpPHCTaHHS B
HOMIHaTbHOMY pexumi. OgHaK B yMoOBax
€JIEKTPOPYXOMOIo CKianxy mapamerpu A/l
MOXYTh BIIXWJIATUCS, HANPHUKIIAJ, BHACITIIOK
HeCUMETpIii JKMBWJIBbHOI Hampyru. HagiTe
HE3HAYHE BIAXWJICHHS JKUBUJIBHOI HAMpyru
NMPpU3BOJUTH 10 3HayHOro 3HWKeHHs KKJ[ Ta
KoeillieHTa MOTY)XHOCTi, 110 MPUBOAUTH JI0
3HIKEHHSI MAaKCUMaJIbHOI TIOTYKHOCT1 Ha Bajly
nsurysa [1].

AHaJi3 ocTaHHIX JOCTiIKeHL Ta
nyoJiKanii. [Ipn po3po0eHHi Ta
nociikeHHi AJl mpioputeTom € 3amobiraHHs
aBapifHUX peXHMIB POOOTH 3  METOI0
TT1IBUIIICHHS TepMiHY CITY)KOHU AJl,
€KOHOMIYHOTO CIIO)KMBAaHHS €JIEKTPOEHEPrii,
CKOpOYEHHS BUTpAT Ha PeMOHT [4]. OCHOBHUM

METOJIOM  JOCHiDKeHHS pobotu Al €
MaTeMaTH4He MOJICTTIOBaHHS B
CHeLiali30BaHOMY IpOrpaMHOMY  3a0e3re-

4yeHH1, Hanpukiaag Matlab [3].

CuHre3 maTreMaTHU4YHHX Mojeler A/l B
HeroBHO(Ma3HOMY  pexumi  (oOpuB  dasu
cTaTopa Ta HECUMETPis HAMpYTd >KUBJICHHS)
po3rsiHyTO B poboTtax [5-9], B ymoBax
HEBUCOKOI SIKOCTI €JIEKTPUYHOI eHeprii — B
poborax [10, 11]. B poborti [2] po3risHyTO
BITUB BiIXWJICHHS HAMPYTH >KUBWIBHOI
MEpeKi Ha pecypc 130Jslii aCHHXPOHHUX
JIBUTYHIB. Po6Gota [12] MIPUCBSYCHA
MOJICTIIOBAHHIO HECTIPABHOTO TpU(a3HOTO
JBUTYHA 3 BUKOpUCTaHHsM (ibTpa Kammana.

Bu3zHayeHHsi MeTm Ta 3aBJaHHS
OOCJHiIKeHHs. MeTor  HOCHIDKEHHS €
JOCTIPKEHHS BIUIUBY HECUMETPHYHOT HAIIPYTH
KUBJICHHSI Ha pOOOTY TATOBOTO ACHHXPOHHOTO
€JIEKTPOJIBUTYHA Ta OTPUMAaHHS
XapaKTEepUCTUK Horo pobotu. Jlnga 1mporo
HEOOXiTHO 3MOeNOBaTH NpsMuil myck A/l ta

BBECTH HECUMETPiI0 B OJHY 3 a3 JpKepena
KHUBIICHHS IIPH YCTAJICHOMY PEXKHMI.

OcHoBHA YyacTHHA  JOCJiIKEeHHS.
Hecumertpis Hanpyru — HepiBHICTh (a3HUX Ta
MDK(]a3HUX HAMpYT B YCiX €JIEeMEHTaX TATOBUX
MepexX, 3YMOBJICHHUX HECHMETPIEI0 CTPYMIB.
IIpn HecuMmeTpii Hampyru B ACHHXPOHHHUX
€JIEKTPOABUIYHAX BUHUKAIOTh MAarHiTHI MOJI,
o0 00epTarThCs 3 MOJABIMHOK CHHXPOHHOIO
MIBUJIKICTIO B NPOTHJICKHOMY  HANpsMKY
obepranHs poTopa. Y pe3yiabTaTi IbhOTO
BUHUKAE  TalbMIBHUI  €JIEKTPOMAarHiTHUMN
MOMEHT Ta HarpiB JBUTYHA 32 PaXyHOK CTPYMIB
noJIBiHOT yacToTH. TepMiH CIIy>KOH MOBHICTIO
HaBaHTaxkeHoro AJl, skuii mpaue m0pu
HecuMeTpii Harnpyru 4 % 3MEHIIYETbCS B
2 pa3u, npu HecuMmeTpii 5 % MOTYXKHICTb
JBUT'YHA 3MeHIIyeThest Ha 5—10 %.

AHaJi3 BIUIMBY HECHMETpii HAmpyr Ha
xapakTepucTuku AJl MOXHa TNPOBOAUTH 3
BUKOPUCTAHHSIM METOy CUMETPUYHUX
CKJIaJOBUX, IO 0a3yeTbCs Ha MPUHIMIAX
JiHeapu3alii Ta HaKJIAIEHHS CHMETPUYHUX
CKJIa0BUX Hanpyr npsmMoi Upp, 380poTHOI Uogp
Ta Hynp0BOI U OCTIOBHOCTEH. Y BHMAIKaXx,
KOJIU B CHCTEMi NEpPBUHHHUX HANpyr MPUCYTHS
HYJIbOBa TIOCIIIOBHICTh, 1TO0 OOMOTIII cTaTopa
AJl TmpoTiKaroTh TpU OAHO(PA3HUX CTPYMHU
HYJIBOBOi TTOCIZOBHOCTI, sIKi HE CTBOPIOIOTH
00epTOBOr0 MarHiTHOrO MOJS M 00EpTOBOTO
MoMeHTY B A/l.

Hnst ¢azu A Hampyru IMOCIHiJOBHOCTEH
BHU3HAYAIOTHCS 31 CITIIBBIIHOIIIEHD

l.]Anp :é(i/A'Fa(.]B‘Faz(.fc);
(}Aoﬁp:l(i]A"‘az(}B"‘a(}C); (1)
3
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Bektopom  U,,, BekTOpH

Hanpyr Uszop Ta Ucog, — Bektopom U 4odp,

BU3HA4YarOTHCA

BekTopu Hampyr UsoTa Uco — BekTOpOM
U ..
HecumeTpist Hampyr XapakTepU3yeThCs

KoedilieHTaMl HeCUMETpiil Ui 3BOPOTHOI Ta
HYJIBOBOI MTOCTIJOBHOCTEH

UA o0p U
kogpns = =100, =—42100, (2)
o UAH o UAH

HopmanbHO nomyctume ta rpaHU4HO
JOTyCTUME 3HaUeHHS KoedimieHTa HeCuMeTpiil

JUIT  3BOPOTHOI  TMOCTIJOBHOCTI B  TOYKax
3araJiIbHOIro HpI/ICI[HaHHH o0 eHeKTpI/I‘-IHI/IX
Mepexk HopMyeTbest 2 Ta 4 % BIAMOBIIHO.

Onnak, B CHUCTEMI TATOBOT'O
€JIEKTPONOCTAYaHHS 3MIHHOTO CTpyMy
3HA4YeHHs KoedillieHTa HecuMeTpii Moxke

csaratu 6-12 %.

JIist iMiTaIitHOTO MOJIETTIOBaHHS BILTUBY
Hecumetpiii Ha AJl Oymo BHKOpHUCTaHE
nporpamHe 3abesnedeHHs Ansys Simplorer
(puc. 1). ImiramiiiHa MOJEIh CKJIANAETHCS 3
JpKepena Tpuga3zHoi HaNpyrd, aCHHXPOHHOTO
JBUTyHa, OJIOKY 3aBIaHHs HecHMeTpii azHoi
Hampyru Jokepena skxuBieHHs (1) Ta OJoKy
3aB/laHHA MOMEHTy onopy (2). Sk TectoBmii
JIBUTYH OyJ0 BUKOPHUCTAHO TSATOBUU
acCMHXpOHHUM  enexkTpojasuryHn AJI914 3
napaMmeTpamu, HaBeJIeHUMH Ha pucC. 2.

STEP2
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Puc. 1. ImitamniitHa Mo/ieJIh ACHHXPOHHOTO JIBUTYHA B HEPYXOMill CHCTeMi KOOpIUHAT
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Parameters - IM1 - Induction Machine x
Parameters ]outputf[msma”
Name ‘IM‘I [v' Show
Parameters
Deseription |Name ‘ Value ‘ Units |
MNumber of Pole Pairs 3

" |Moment of Inertia J 15 kgm2

| |Main Inductance M 0018 H

" |stator Resistance R1 0.0226 ohm

| |stator Leakage Inductance LS1 0.0006078 H

N Rotor Resistance (related to stator side) R2 0.0181 ohm

" |Rotor Leakage Inductance (related to stator side) LS2  0.0004594 H

" [nitial Current Stator Phase a A0 0 A

| |initial Current Stator Phase b neo o A

" [nitial Current Stator Phase ¢ nco o A

" |initial Current Rator Phase a 12A0 0 A

" [initial Current Rotor Phase b 12680 0 A

" |initial Current Rotor Phase ¢ 12c0 0 A

" |initial Rotor Position PHID O deg

" |mitial Rotor Speed NO 1] rpm

Puc. 2. ITapameTpu TAroBoro acCHHXpoHHOTo aBuryna AJ1914

Jlnisi MOJIeNIOBaHH HECUMETpil Hanpyru
BUKOPUCTOBYETHCS MEPEMHUKAY, SKUNA 3MIHIOE
3Ha4YeHHS (pa3HOI HANPYrd 3 HOMIHAIBHOTO
(Ux= 1100 B) na 3amxene (U = 1056 B), mo
BiJmnoBiae HecuMeTpii y 4 % B MOMEHT 4acy
t = 1,4 c. Pe3ynbrati MOJIETIOBAaHHS HABEJAECHO

Angular spped

Ha puc. 3, 4. Ha puc. 3 300paxkeHo rpadik
gactoth obepranHs AJl mnpu HecumeTpii
Hanpyryu >kuBlieHHs. Ha puc. 4 300paxeHo
MOPIBHSUIBHUN  Tpadik  eIeKTpOMarHiTHOTO
MOMEHTY npu CUMETPHYHOMY Ta
HECUMETPHUYHOMY PEKUMAX JKUBIICHHS.

ANSYS
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225000 T T
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Puc. 3. I'padik yacrotu obepranus A/l
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- ANSYS
Torque comparison

20.00

Curve Info

15.00 1 Asymmetrical machine

—  Symmetrical machine
v 098 ik 1048

10.00 7

5.007]

0.00 7

-5.00 7

Torque [kNewtonMeter]

-10.00 7

-15.00 7]

-20.00 T e B S B e S T L e e e e N H A e S T A e e T e
0.00 0.20 0.40 0.60 0.80 1.00 120 1.40 1.60 1.80

Time [s]
154

Puc. 4. XapakreprucTuka eIeKTpOMarHiTHOrO MOMEHTY IPH CUMETPUIHOMY Ta HECUMETPUYHOMY
PEXKUMI )KUBIICHHS

BucHoBku. B pe3synbrari iMitariitHoro gactoTh oOepTraHHS B Mexax 1 00/xB Ta
MOJICTIIOBaHHS B MPOTPaMHOMY CEpeIOBHIII 3HAYHUX  MYJNbCAllii  €JIeKTPOMArHITHOTO
Simplorer npsimoro nmycky A/l npoaHnainizoBaHo MOMEHTY £5 % BiJl HOMIHAJIBHOIO 3HAYEHHS,
BIUTMB HECUMETPUYHOI HANPYTU KUBJICHHS Ha 0 TPU3BOAWUTH JO  BTpaT  aKTUBHOI
oro po0oTy Ta OTpUMaHO Tpadiku YaCTOTH MOTY)KHOCTi, HEPIBHOMIPHOTO  CIIOXWBAaHHS
o0epTaHHs Ta eJIEKTPOMAarHiTHOIO MOMEHTY. 3 eJIEKTpOeHeprii Ta CTapiHHS 130yl 3a
rpadikiB BHUIHO, IO BIAXWJICHHS HaNpyTu paxyHOK JOJATKOBOTO HarpiBy 0OOMOTOK
onHiei ¢pa3u Ha 4 % TPU3BOIAUTD 10 3HIKEHHS JBUTYHA.
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