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Pedepat. CHHXpOHHBII JBUTaTENb C WHKOPIIOPUPOBAHHBIMU MOCTOSHHBIMUA MarHutamu (CIIIM)
OTHOCUTCS K SIBHOIIOIIOCHBIM, XapaKTEpU3YIOUIMMCS HEPABEHCTBOM UHIYKTUBHOCTEH IO IPO-
nonbHbM (d) 1 nomepeynsM (Q) ocsiM. DnekTpoMarHuTHbIN MoMeHT CJIATIM coCTOUT U3 JBYX
COCTaBJISIONINX: aKTUBHOW M PEaKTUBHOM, KOTOPAsi 3aBHCHT OT IPOJOJIBFHOH M MONEpPEeYHON WH-
nykTuBHOCTeH. [IpencTaBieH aHamMTHYECKHH MeETOJ pacdeTra COOCTBEHHBIX HHAYKTUBHOCTEH
U MHAYKTUBHOCTEH B3anMouHIyKuun Tpexdasnoro CAUIIM. PacnpeneneHHble 0OMOTKH CTaTOpa
3aMeIIeHbl SKBUBAJICHTHBIMU CHHYCHBIMH 0OMOTKaMH. POTOp ¢ MHKOPIOPHPOBAaHHBIMU MOCTOSH-
HBIMH MAarHUTaMH 3aMEIIEeH SKBUBAJICHTHBIM SBHOMONIOCHBIM POTOPOM. YYaCTKM MAarHHUTHOMH
LETH, COAEP KAIEH TOCTOSHHBIE MarHUTHI, BO3AYILIHbIE Oaphephl U CTANbHBIE MOCTHI, 3aMEIIECHBI
9KBHBAJICHTHBIM BO3IYLIHEIM 3a30poM. [lomydeHs! BEIpaKeHHsI MarHUTHOIM MHIYKINH, CO3/1aBae-
MO TOKOM OOMOTOK CTaTopa B KaXJOH TOYKE BO3AYIIHOTO 3a30pa, a TaKKe MMOTOKOCIEIUICHUI
00MOTOK cTaTropa. YpaBHEHHs COOCTBEHHBIX MHAyKTHBHOCTeHl (a3 A, B, C u mHAyKTHBHOCTCH
B3aMMOMH/YKIIMH OINpeNeeHbl M3 MOTOKocHerieHnit. NaaykruBHOCTH oceil d M ( MONyYeHsl
B pesylnbrare npeobpasoBanus oceil abc—dq. Pe3ynbrarsl pa3paboTaHHOTO aHATUTHYECKOTO METO-
Jla ¥ MeToJla KOHEYHBIX 3JIEMEHTOB MpeJCTaBlIeHb! B Buje rpaduka. OCymecTBICHO CpaBHEHHE
pacdeToB, HONTyYEHHBIX STUMH JABYMs] METOJaMH.

KuroueBsbie cioBa: CI/IHXpOHHbIﬁ JABUTATEC]Ib C MHKOPIIOPUPOBAHHBIMU MarHuTaMu, SKBUBaAJICHT-
Has CUHYyCHast 06MOTKa, SKBUBAJICHTHBINA SIBHOTIOTFOCHBIN POTOp, HHAYKTUBHOCTDH
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Calculation of Inductance of the Interior Permanent
Magnet Synchronous Motor

Phyong Le Ngo®
YBelarusian National Technical University (Minsk, Republic of Belarus)

Abstract. Interior permanent magnet synchronous motor (IPMSM) refers to salient-pole synchro-
nous motors, characterized by inequality of inductances of longitudinal (d) and transverse (q) axes.
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Electromagnetic torque of IPMSM consists of two components: active torque and reactive torque;
the latter depends on inductances of d and q axes. An analytical method to calculate own induct-
ances and mutual inductances of a three-phase IPMSM is presented. Distributed windings of the
stator are substituted by equivalent sine distributed windings. An interior permanent magnets rotor
is substituted by an equivalent salient-pole rotor. Sections of a magnetic circuit comprising interior
permanent magnets, air barriers and steel bridges are substituted by equivalent air-gap. The ex-
pressions of the magnetic induction created by current of the stator windings at each point of the
air gap as well as of magnetic flux linkage of the stator windings have been obtained. The equa-
tions of the self-inductances of phases A, B, C, and of inductance of mutual induction are deter-
mined from magnetic flux linkage. The inductance of the d and q axes have been obtained as a
result of transformation of the axes abc—dq. The results obtained with the use of the proposed ana-
lytical method and the finite element method are presented in the form of a graph; the calculations
that have been obtained by these two methods were compared.

Key words: permanent magnet synchronous motor, equivalent sinusoidal windings, equivalent
salient rotor, inductance

For citation: Ngo Phuong Le (2017) Calculation of Inductance of the Interior Permanent Magnet
Synchronous Motor. Energetika. Proc. CIS Higher Educ. Inst. and Power Eng. Assoc. 60 (2),
133-146. DOI: 10.21122/1029-7448-2017-60-2-133-146 (in Russian)

BBenenne

CUHXpOHHBIE IBUTATENM C MOCTOSIHHBIMH MarHuTamu (CAIIM) oGnamator
PSAOM MIPEUMYLIECTB, TAKUX KaK: OTCYTCTBHE OOMOTKH BO30Y)KIEHHS Ha POTO-
pe, 4To OOecIeunBaeT yMEHbIIEHHE SIIEKTPUUECKUX NMOTeph, noBbienne K11/
U YJIydIlI€HUE YCJIOBUH OXJIAKAEHUS JIBUTATeNs; BHICOKOE OTHOLICHHE MAaKCHU-
MaJIBHOT'O JIOIyCTHMOI'O MOMEHTa K MOMEHTY MHEPLMU ABUTaTeNs — 4TO Mpef-
HNOYTUTENIFHO AJISl IPUMEHEHUS B ObICTPOAEHCTBYIOIIEM 3JIEKTPOIIPUBOE; JIyd-
e MaccorabapuTHbIE TTOKa3aTeNd, YTO XapaKTePU3yeTcsl BBICOKMM OTHOLICHU-
€M HOMHUHAJIBHOM MOIIHOCTH K Macce ABMraTeins. B cucremax snexkTponpuBosaa
UCHONB3yIoTCs pasnuunble Buasl C/IIM, oTnudaroniuecss KOHCTPYKTUBHBIM
WCTIOTHEHHeM poTopa. Bce MHOroodpasne MOKHO OOBEIMHHUTH IBYMsI OCOOEH-
HOCTSIMM: C pacllOJIOKEHHWEeM IOcTOosiHHbIX MarHuTtoB (IIM) Ha mnoBepx-
HOcTH poropa — moBepxHocTHBIe (C/AIIIIM) 1 ¢ BHyTpEHHHM pPacIOJIOKEHHEM
I1IM B poTope — unkopnopupoBannsie (CJUIIM).

B otiuuue ot CAIIIIM, KOTOpBIE UMEIOT OJMHAKOBbIE 3HAYEHHS UHIYyKTHB-
HocTellt B mponoibhoil (d) u momepeunoit (Q) ocsx, CAWUIIM obnamarot pas-
JUYHBIMH TPOJOJBHBIMU M TOINEPEYHBIMA HHIYKTUBHOCTSMH, YTO HPHUBOIUT
K BO3HMKHOBEHHIO PEAKTHBHOW COCTABISIOIIEH 3JIEKTPOMAarHUTHOI'O MOMEHTA.
PeaxkTtuBHbIl MOMeHT no3Bosiger CHAUIIM perynupoBaTh €ro CKOpPOCTh BBILIE
HOMMHAJIBHON, YTO Ba)KHO JUISI IPUMEHEHHS B TATOBOM 3JIEKTPOIPHUBOJE IPH
PETYJINPOBAHMHU CKOPOCTH B PEKHUME TOCTOSIHHOM MOIIHOCTH. 1 onpeaeneHus
peakruBHOoro MomeHTa CJIMIIM HE00X0MUMO BBIYUCIUTD MIPOJOJIBHYIO U ITOTIe-
PEUHYIO HHIYKTUBHOCTH.

B mnocnennee Bpems s pacuera mHAykTHBHOCTEW C/IMIIM ¢ BbICOKOM
TOYHOCTBIO TPHUMEHSETCS METOJl KOHEUHBIX 31eMeHToB (MKD), peanusyemblit
Ha kommbioTepe [1, 2]. Onqnako MKD TpeOyeT GONbIINX BBIYUCIUTEIbHBIX 3a-
Tpar. AHATUTUYECKUH pacdeT IeNecoo0pa3Ho MPUMEHSTh B MPEIBAPUTEIHHBIX
pacuerax. Pa3paboraH aHanMWTHYECKWI METOA pacdeTa WHIYKTHBHOCTEH
CHAUIIM, B KOTOpOM pacmlpenaeieHHble 0OMOTKH CTaTOpa 3aMEHSIOTCSl CHHYC-
HBIMH, @ B pOTOPE YYaCTKH MarHUTHOM LEMNH, COAEPKAIIEH OCTOSIHHbIE MarHu-
TBI, BO3JyLIHbIE Oaphephl U CTAIBHBIE MOCTBI, 3aMEIICHbI SKBUBAJICHTHBIM BO3-
JIYUIHBIM 3230POM.
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JKBUBAJIEHTHasA CUHYCHas o0MoOTKa

PaccmoTtpum obmotky oxnoit dassr CAMIIM. Ona mpencraBnsier coOoit
pacrpe/esieHHyl0 0OMOTKY, COAEPIKaIIlyt0 P TPy KaTyIlIeK, COeIUHEHHBIX II0-
cnenoBarenbHO. Kakaas rpymnmna KaTymek coIepKuT (| KaTylIeK, COeTUHEHHbIX
nocjenoBaTesbHO. POTOp ¢ MHKOPIOPUpPOBAHHBIMU MarHUTaMyd HMMeEET P Imap
nosrrocoB. Cxema CJIWTIM B cirydae p = 2 u ( = 2 mipencraBiieHa Ha puc. 1.

CTaTtop

MocToAHHbIE
MarHuTbl

Bapbepbl

3asop

CranbHble
MOCTEI

/ PacnpeneneHHas
obmoTKka

Puc. 1. CxemMa CHHXPOHHOTO JIBUTaTeNs ¢ MHKOPIOPHUPOBAHHBIMH IIOCTOSHHBIMU MarHUTaMH,
p=2wuq=2:0,— yroy nepeMeIeHns: poTopa; ¢s — yroj MexK 1y HaqaIoM OTcueTa
U paccMaTpHBaeMO TOUKOHM Ha CTaTope; ¢ — TO JKe Ha pOoTope

Fig. 1. The scheme of a synchronous motor with permanent magnets incorporated, p = 2
and g = 2: 6, — angle of displacement of the rotor; ¢s — angle between the reference point
and the considered point on the stator; ¢, — angle between the reference point
and the considered point on the rotor

3HadyeHue ¢y MOKHO BBIPA3HTh uepes O, u ¢
o =0, -6,

Pacnipenenenue marautonsmwkymieit cuiisl (M/JIC) omHol ¢asbl u ee neppast
rapMOHHMKA ITOKa3aHbI HA PHC. 2

MarHutonBrKyIas cuia ogHoi (a3bl IpeAcTaBiIseTCS B BUAE CYMMBI 4je-
HOB TapMOHHYECKOTO psaaa [3, 4]

F¢ (¢s ) = zetvm COSVp(I)S. (1)
v=1
AMILTUTYIa V-if TApMOHHUYECKOM cocTaBiIsioneii [3]
4q 1w,
I:<|>vm = E? kyu kpv | (2)

Vo
i y .
rae K, = SmT — K02 UIHMEHT YKOPOUEHHS mara OOMOTKH sl V-il rapmMo-

HUYECKOW COCTABJIAIOLIEH, XapaKTEpU3YIOIMKM BIMAHME INAra KAaTyIIKH Oy
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. LT
SIn——
Ha ammunTy sl rapmonnk MJIC; k, = 2”;[ — k03 pUIHEHT pacmpeenne-
gsin——
2mqg

HUSI JUTs V-i TapMOHUYECKOM COCTABIISIONICH; | — TOK, MPOTEKAIONIUIA B KATYIIKE;
Wy — 9HCII0 BUTKOB KaTYIIKK; M — 9uciio ¢a3s.

F
N

Fo1mCOS(Pds)

Rl

Puc. 2. Pactipenienexre MarHUTOABHKYIIEH CHITBI

Fig. 2. The distribution of magnetomotive force

C poctom ( 06MOTOYHBIH KO3 UIMEHT pactpenenenus Ky, s 0OCHOBHOM
TapMOHHYECKOW COCTaBIISIIOLICH YMEHBIIAETCSl HECYIIECTBEHHO. B To ke Bpems
00MOTOUHBIE KO3()(UIMEHTH Al BBICHIMX T'aPMOHUYECKHX COCTABIISIONINX
pe3ko cHmwkaroTcs. Pacripenenenne 0OMOTKH MO HECKOJIBKUM Ia3aM OCIadisieT
BBICIIIIE TaPMOHHWYECKHE COCTABIISIONINE B KPWUBOH pesyibTupyromeid MJIC
U ynydmaeTr GopMy 1ot B BO3AYIITHOM 3a30pe, IPHOIIKas ee K CHHYCOHIE.

Ecnu npeneOpeyb BHICHIMMH TapMOHHUYECKMMH COCTABISIFOIIMMH M JOIY-
CTHTB, 4TO pacnupenenenne MJIC umeer cuHyconaanbHbIi BUA, TO TOITY4YUM

4q iw, Iw

F 2“’ cos( pos ), (3)

3 (05) = Fyum COS( P9, ) = = 2 k1K €0S( P, ) =

4q
rac er =7Wk kylkpl — 3KBUBAJICHTHOC YHMCJIO BUTKOB I'PYIIIbI KATYIIKHU C YUC-

TOM YKOPOYEHHSI IIara U pacrpeieieHus] OOMOTKH.

CunyconmanbHoe pactpeneneane MJIC TeopeTmdeckun oOecrieanBacTCs
CHUHYCHBIMH OOMOTKAaMH, B KOTOPBIX BUTKH PaclpeleNIIOTCs 110 3aKOHY CHHY-
ca [5, 6]. Yncio BUTKOB IPYIIIbI KATYIIKU (ha3 BeIpaKaeTcs 10 3aKOHY CHHYCa

w(6,) =2 2[sin(po, ). @

Cunycnass obMoTka u cuHycommanbHas MJIC B 3a3ope mpencTaBiICHBI
Ha pHc. 3.
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/\Fd)

Fo1mCOS(Pds)

ds

/N

| W(¢s)

Puc. 3. CHHyCOI/IZ[aIIbHOG pacnpeaciicHUue: a — MarHuTOABMIKYIIas Cujia
OT DKBUBAJICHTHOM 06MOTKI/I; b — skBuBaneHTHAS pacnpeaciicHHas 00MOTKa

Fig. 3. The sinusoidal distribution: a — magnetomotive force from the equivalent winding;
b — equivalent distributed winding

JKBHMBAJIEHTHbI IBHONOJIIOCHBII POoTOP

PoTop ¢ MHKOPIOPHPOBaHHBIMA MarHUTaMu 00JIaZaeT CIOKHOM CTPYKTY-
pOﬁ, Coz[epxcau_[ef/'l IMOCTOSIHHBIC MATrHUTBI, BO3AYIIHBIC 6apLepI>I N CTAJIBHBIC MO-
CThI. BCHCI[CTBI/IC 3TOr0 aHAJIUTHYECKHHU pacueT COOCTBEHHBIX HHAYKTUBHO-
CTeH M I/IHI[yKTI/IBHOCTCﬁ B3aUMOHWHAYKIIUA 00OMOTKH JAO0CTAaTO4YHO CJIOJKHBIH.
Jlns ynpomieHus pacuera npejyiaractcst 3aMEHHTh PeajlbHbIA poTop (pHc. 4a) SKBHU-
BaJIEHTHBIM poTopoM (puc. 4b), B KOTOPOM MOCTOSIHHBIE MarHWTHI, BO3.IYIIHEIE
6apI>epLI 1 CTAJIbHBIC MOCTBI 3aMCIICHbI S5KBUBAJICHTHBIM BO3AYIIHBIM 3a30POM.

a b

Crarop

/.///\‘\ Smin / ‘\'\-.
i Smax_',}' - S

Y A4 Ny -
[ \ e

PoTop st

Puc. 4. a— poTop ¢ ”HKOPIIOPHUPOBAHHBIMU MarHUTaMH;
b — sKBHUBaNICHTHBII SABHOIOIIOCHBIH POTOP

Fig. 4. a— rotor with magnets incorporated;
b — equivalent salient-pole rotor



®rronr Jle Hro
138 Pacuer uHAYKTUBHOCTEN CUHXPOHHOT'O JABUraTeNsl C UHKOPIIOPUPOBAHHBIMM. ..

3aMeIeHHe OCYIIECTBISICTCS Ha OCHOBE TOTO, YTO TMOCTOSIHHBIC MAarHHTBI
Y HACBIIIEHHbIE CTAJbHbIE MOCTHI UIMEIOT MarHUTHYIO MPOHUIAEMOCTD ISl Mar-
HHUTHOTO TOTOKA CO CTOPOHBI CTATOpPA, MPAKTHYECKH PaBHYIO MArHHUTHOM IPO-
HUIaeMocTd Bo3ayxa [6—8]. Cxema SKBHBAJICHTHOTO BO3YIIHOTO 3a30pa
IIpUBEJCHA Ha puC. 5.

Yu Cratop
8(0) 5 I Jf’_\ o
! I i | . [
=  w oz ox 0
» 2p » 2p Potop

Puc. 5. Cxema 3KBHBaJICHTHOTO BO3IYIITHOTO 3a30pa

Fig. 5. The scheme of the equivalent air gap

OKBHUBAJICHTHBIN BO3AYITHBIA 3a30p OMUCHIBACTCS (PYHKITHCH:

8((i)r):ésmalx npu _Y_Msd)r <Y_M'

2p " 2p’ )
TT Y Y TT
5(d. )= < <ty g < T
((I)r) min 1IPH 2p (I)r 2p u 2p (I)r 2p

TJ€ Ominy Omax — MUHUMAIIBHOE U MAKCHMAJIbHOC 3HAUCHUE DKBHBAJICHTHOIO BO3-
JIYIIHOTO 3a30pa.
ITokazaTenb Omin OTIPEACIISICTCS U3 BRIPAXKCHUS

)

J— '_
min — IS - ISkc'

rae |i =k |y — mummHa SKBHBaNCHTHOTO BO3MYIIHOTO 3a30pa C Y4ETOM BIMSHHS
3y6uoB cratopa; K, — koadduuuent Kaprepa.

3HaYEHUS Opmax HAXOAUTCS U3 HOPMYJIIBI

HoWsl,,
P,+P, , +P

CT.M

!
8max = |8 +

M

rae Wy = — OIMpPUHA yTJIa OTKPBITUS MarHUTOB; Yy — YTOJ OTKPBITUS ITOCTO-
SIHHBIX MarHUTOB; I' — CPeIHUIA paanyc 3a3opa; |, — JmrHa MarHuTa Mo Hampas-
JIEHUI0O MarHUTHON WHAYKIMH, Llg — MarHATHAs MIPOHHUIIAEMOCTh Bo3ayxa; P, —
TO K€ MMOCTOSHHBIX MAarHUTOB; P, — TO K€ CTAIbLHBIX MOCTOB; Pp — 00I1ast mar-
HUTHAs IPOBOIUMOCTH 0aphepoB.

3nauenus Py, P.;,, Pp ONPEnenstoTcs UCXO U3 TECOMETPUUECKUX PA3MEPOB
MOCTOSIHHBIX MAarHUTOB M UX PacronoxeHus B potope [9].

MarauTtHas TPOBOAMMOCTD ITOCTOSTHHBIX MarHUTOB
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w1
Py = 21,1 .

M

rae W, — IIUpUHa MarHuTa; |, — anunHa potopa; |, — OTHOCHTEIbHAS MaTHUTHAs
MPOHUIIAEMOCTh MarHUTA.
MarsauTtHas TPOBOANMOCTH 0aphepoB

rae  Ppi, Pp2, ..., Ppi — MarauTHas TPOBOAMMOCTh KaXKIOTO Oapbepa,

3 HoWyil,

= i Whi, lpi — mupuHa 1 aiuuHa 6apbepa.

R, |
bi
MaruurtHas MPOBOAUMOCTDH CTAJIbHBIX MOCTOB

) _ Mo 2WCTAMIp

CT.M | !
CT.M

1€ Wy, lory — IIMPHHA U JJTHHA CTATBHOTO MOCTA.
IMpenctaBuM  KOIGOHUIUECHT YICTBHOW MArHUTHOW MpoBOAUMOCTH A(dy)

1 1
B BHIE A (O, )= . Iloncrasus (5) B A(¢, )= , IOy YHM:
4750 )50
Y Y
N - TS AV
(b)=5— mpw —g << o
1 T Y Y i
A =— -——=<¢ <" 4 <p, <—.
(4) S T T2 T2 M 2p T 5
Oyuxrmo A(d,) mpeacraBum B Buae paga Oypbe
M) =2 + ikncosmpq),, @)

n=1
1 Vu Ty |.
ho= ‘[5— : s—]
n max min

}L—isinn i_i
e . |

max min

rac

Pac4er co6cTBeHHBIX HHIYKTHBHOCTEMH

U HHAYKTHBHOCTEH B3aUMOUHIYKIIMHU

st pacueta COOCTBEHHBIX WHAYKTHBHOCTEH W MHAYKTUBHOCTEH B3aMMOMH-
nykiuu  oOMoTok craropa CJWUIIM 3amenum TpexdasHple pacrpeaciicH-
Hble OOMOTKM CTaTropa CHHYCHBIMH B COOTBETCTBHM C Haparpad)oM JaHHOH
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cTaThl «DKBHBAJICHTHAsI CHHYCHAas OOMOTKa», a pOTOP ¢ WHKOPIIOPHPOBAHHBI-
MH MarHUTaMH — 3KBHBAJICHTHBIM SIBHOIIOJIOCHBIM POTOPOM B COOTBETCTBUH
¢ naparpagoM «IKBHBAJICHTHBIN SBHOMOIIOCHBIA POTOp». Jlrarpammel cuHycou-
nansHOTO pacnpeneneHns M/IC, SKBUBAaJICHTHBIX CHHYCHBIX OOMOTOK M TaKKe
9KBUBAJICHTHOH AJMHBI BO3AYIIHOTrO 3a30pa Tpexdasnoro CAMIIM mnpencras-
JICHBI Ha pHuC. 6.

I R

s W P

5((1),) 6max 871[_\ q)r '_e"-
. [\ S [

1
o1 3n T n 0 Potop
p 2p p 2p
Puc. 6. PactipesieneHie MardUTOIBIKYILCH CHITEI, YHCIIO BUTKOB OOMOTKH (has3hl U JUTHHA 3230pa

Fig. 6. The distribution of the magnetomotive force, the number of turns of the phase winding
and the length of the gap

O6motku (a3 A, B, C 3amenieHpl 5KBUBaJICHTHBIMA CHHYCHBIMA 0OMOTKaMH,
Yy KOTOPBIX YHCJIO BUTKOB TPEACTABICHO IO 3aKOHY CHHYCA!

w, (6,) =2 [sin(po, ) ®)
O . sin[p¢s —2—3“} ©

PW;
WC (¢s ) = Tp

sin ( Po + 2—5}‘ (10)
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Pacmpenenenne MJIC, co3naBaemoe TokoM (a3 A, B, C, onpezaensercs 1o
dhopmynam:

Foa (05) =%COS( PO, ); (11)
Fie (95) =%CO$( Pbs —2—;} (12)
Fic (05)= ic\;v”’ COS( Po; + %nj (13)

e ia, I, ic — Tok a3 A, B, C.

[Ipu yrne mepemerienust portopa 0, B TOUKe (s [UIMHA SKBUBAICHTHOTO BO3-
JYIIHOTO 3a30pa uMmeeT 3HaueHue O(Ps—Oy). 3HayeHHe HANpPSIKEHHOCTH Mar-
HHUTHOTO T0JIsI, CO3/1aBaeMoil TOKOM (asbl A B Touke ¢s [3]:

HSA(¢saer):6(lirs—(j)se?)'

MarnuTHasi HHIYKLUS, co3aBaeMasi TOKOM (a3bl A B TOUKE (s

F¢A (¢s )

BSA((I)s’er):HOHSA(¢S’9r):Ho8(¢ P ) (14)

IMoxacraBuB 8((1)S -0, ) =; u (11) B (14), momyumm:

(9, —6,)

BSA((I)S’er):“O%COS( p¢s))”(¢s_er) (15)

AHaNOTMYHO HaWIEeM MAarHWTHYI0O MHAYKIOWIO, CO3/1aBacMyl0 TOKOM
¢a3 B, C:

Bsg (d)s,er ) =1, 'B\;Vrp COS( PO, —2—;)7\,(4)5 -0, ); (16)
B (0,00) = o 5 cos{ p, + 25 Ju(p, -0, an

MarsuTHBIH TIOTOK, CO3/1aBacMbId TOKOM (ha3sl A, TIPOHH3BIBAIOIIHNA Yepe3

s
HOBEPXHOCTh POTOPA OT yria ¢s 10 yriaa ¢y +—:
p
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m
s+—
¢ p
cI)A((i)s’er): I BBA((Ps’er)rlpd(ps’ (18)
s

rae I — CpeHui pagnyc BO3IYIIHOTO 3a30pa.
IMocrasus (15) B (18), nony4um:

byt
iAW P

D, (05,6, )=Ho Azp rl, j cos(pog )1 (s — 6, )de,. (19)
¢S

AHAJIOTUYHO MarHUTHBIN MOTOK, co3aaBaeMblii TOkoM ¢a3 B, C u npoHu3bI-

. s
BAOMINIT Yepe3 MOBEPXHOCTh POTOPA OT yria ¢s 0 yrna ¢ +—:
p

b+ T
igW_ P
g (0,0, ) =po 21l | COS(p@s——jl(ws—er)d%; (20)
ds
i-~wW ¢S+% 2
@C(d)s,er):uo%rlp J cos(p(pswt?nJX((ps—er)d(ps. (21)
¢S

Jns pacuera coOCTBEHHON HWHAYKTHBHOCTH (Da3el A ompeeinM IOTOKO-
CIIEIJICHUE OT MarHUTHOTO TIOTOKAa, CO37]aBaeMOro TOKOM ¢a3bl A, Ha 0OMOTKY
tbazer A

2?11
\VAA(er):LOiA+pIWA(¢s)(DA(¢s’6r)d¢s’ (22)
0

riae Lo — MHIYKTHBHOCTB paccessHUst OOMOTKH.
[oxncrasus (8), (18) u (7) B (22), nponHTErpUpOBaB, MOTYYUM

2
(W 1
Wan (0, )= Loin +ig [T”’J nuorlp(xo +Ekl cos(2 pe,)j. (23)

Hamo ormeTuth, uTo B (23) OTCYTCTBYIOT BCE TapMOHHUYECKHE COCTABJISIO-
1IMe Boiiie mepBoit y A(¢r) Omaromapst cuHyCHOU QYHKIIH Wa((s).
CoOcTBEeHHAs HHIYKTUBHOCTD (hasbl A

2
LAA(er)ZWAA_—(ef): L, +£%} orl, [ko +%kl cos(2 pe,)j.

I
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Jliis pacueTa B3aMMOMHAYKIMHA OT OOMOTKH (a3el B Ha 0OMOTKYy (azer A
HYXHO OTpEJENTUTh NOTOKOCIEIUIEHHE OT MarHUTHOTO TIOTOKA, CO3JaHHOTO TO-
koM (a3l B Ha 00MOTKY (azer A

2

a

\VAB(er): p WA(d)s)q)B(d)s’er)dd)s' (24)

S |a—o

[Moxncrasus (8), (20) u (7) B (24), npoMHTETPUPOBAB, MOTYIUM

2
A 1 21
Vg (0,) =13 (TPJ o rl, E[—xo +2 005(2 po, —?D (25)

Bzaunmonnaykius ot ¢asel B Ha dazy A

2
Wae (9 1( W, 2
MAB(er):¥=E[ ZP] Woflp(—ko +7»1cos(2|06r —?D
B

OcranbHbBIC ITOTOKOCHCIIJIICHU A, COOCTBEHHBIE WHAYKTUBHOCTU W B3aMMOWH-
AYKIUA ONPCACIIAOTCA aHAJIOT'MYHbBIM 06pa30M. Ecau o0o3Haumm:

2
W
L = (?”’J oA

2
(W,
L2=—§[ ZP} oAy,

TO TMOJYYMM KOMIIAKTHBIM BHJ COOCTBEHHBIX HHIYKTHBHOCTEH M B3aHMOHWH-
TYKIUH:

Laa(6,)=Lo+ L, —L,cos(2p6,); (26)
LBB(er)=L0+L1—chosz[per—2—;} (27)

e (0,) =Ly + L - L, cosz[per +2—3“j; (28)
M (er):MBA(er):_%Li_LZCOSZ(per —%); (29)

My (0, )= MCA(er):_%Li_chosz[per +gj; (30)
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1
Mg (6, )= MCB(Gr)z—ELi—LZCOSZ(pGr). (32)
00603HaUYNM MaTPHUIY MHAYKTHBHOCTEMH 10 ocsm abe

La(8,) Mus(6,) Muc(6,)
L= MBA(eI’) LB(GF) Mgc (er) : (32)
Mca(6:) Mcg () Lc(6:)

Marpwuia HHIYKTHBHOCTEH 110 ocsiM d( moJTydaeTcs myTeM peodpa3oBaHust
MaTPHIIB HHAYKTHBHOCTEH 1o ocsiv abc Ha ocu dq [10]

qu = Ks Ls K;l’ (33)

T
rae qu =[Ld Lq 0] — MaTpuIla UHAYKTUBHOCTEH 1o ocsim dQ; Ky — maTpuia
npeobpaszoBanms 1o ocsam abc wa dq:

cosO, cos(er —ﬁj cos(er +Ej
3 3
2| . . 2n . 2n
K, =3 —sino, —sm(er —?j —sm[er +?j ; (34)

1 1 1
2 2 2

Ky ! _ mMaTpuua oGpaTHOro npeobpasoBaHms, Takke 0bpaTHas MaTprua K K.
Ioacrasum (26)—(32), (34) B (33) 1 HOMyYMM HHIYKTHBHOCTH 110 ocsiM d 1 O

3, 3
L=l +-L —~L,;
a=borol-L

3 3
Lq = LO +EL1+§L2.

Ha ocHOBe monydyeHHOTO METO/]a POBEACH AaHAIUTUYCCKHUN pacueT WHIIYK-
tuBHOCTeH st CHAUIIM. Pacuer mamyktuBHOCTeH C/IUIIM Takke ocyiiecTs-
JIEH METOJIOM KOHEUYHBIX DJIEMEHTOB C TIOMOIBI0 IporpaMMbl FEMM. Tlpu BBI-
YHCICHUSIX TIPeHEeOperaiu MHIyKTUBHOCTBIO paccessHus ooMotku Lo = 0. Cpas-
HEHHE pe3ylbTaTOB pacueTa AByMS METOAaMH IIPEICTaBICHO Ha pHC. 7.
WnnykrusHocty Ly, Ly, paccunTeiBaeMble aHATUTHYECKUM METOIOM, HE 3aBUCAT
OT TOKa CTaTopa U U300paKeHbl LITPUXOBBIMU JTMHUAMH. MHyKTHBHOCTH Ly, L,
paccuMThIBa€MBbIE METOJOM KOHEUYHBIX 3JIEMEHTOB, M300pakKeHbI CIUIONIHBIMHU
muHuSIMHA. Tak Kak MHIYKTHBHOCTH Ly MpakTH4ecKu He 3aBHCHUT OT TOKA CTaTo-
pa, OTINYME MEXKIy aHATUTHYSCKUM PAcUeTOM W METOJOM KOHEYHBIX 3JICMEH-
TOB HE3HAYMTEIRHO W He mpebimaer 10 % (puc. 7a). PacxoauMocTs pe3yibTa-
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TOB aHAJIUTHUYECKOTO pacuera i MKD HHIYKTUBHOCTH Ly MOKHO OOBACHUTH OT-
CYTCTBHEM yd4eTa HAChIIeHHsS (EepPOMArHUTHBIX y4aCTKOB MArHUTHOMW IETIH.
OHaKko 3HaYEeHUs] MOMEHTa, paccunThiBaeMoro MKD u aHaJIMTHYECKHM METO-
ZIOM, TIpH HEOOJIBIIOM TOKE CTATOPa MPAKTHUECKHU COBMANaroT (puc. 7b).

a b

WNunykruBHOCTH, MI'H MowmenT, H-m

- S SR — B Y R B IS S N
80, __________________________________________________ U
F[) L

0 20 40 60 801 AI100 0 20 40 60 801, A100

Puc. 7. CpaBHenue pa3paboTaHHON aHATUTHYECKONH METOUKH M METOJa KOHEUHBIX JJIEMEHTOB:
a— MHOYKTUBHOCTH Ly, Ly B 3aBUCMMOCTH OT TOKa CTaTOpa;
b — MOMEHT B 3aBUCHMOCTH OT TOKa CTaTOpa; LITPHXOBAS JIUHHUS — PACUET aHATHTHICCKUM
METOJIOM; CIUIOIIHAS JIMHUS — PacyeT METOJIOM KOHEUHBIX JIEMEHTOB

Fig. 7. Comparison of the analytical methods that have been developed and the finite element
method: a - inductance of Ly, L, depending on the stator current;
b — torque depending on the stator current; dashed line — an analytical solution;
solid line — a calculation by finite element method

BBIBO/I

1. TTony4eHsl MaTEeMATHUYECKHE BBIPAKEHHS, MO3BOJISIONIUE 3aMECTHTH PO-
TOp ¢ UHKOPIIOPHPOBAHHBIMH ITOCTOSIHHBIMUA MAarHUTaMH SKBUBAJICHTHBIM SIBHO-
MOJIFOCHBIM POTOPOM.

2. Pa3paborana MeToMKa pacueTa HHAYKTUBHOCTEH U B3aUMOHHTYKIIMH IS
CUHXPOHHOTO JIBUTaTENsl ¢ UHKOPIOPUPOBAHHBIMU IMOCTOSHHBIMU MarHUTaMHu
Ha OCHOBE TIOHATHS JKBHBAJICHTHON CHHYCHOW OOMOTKH W JKBHBAJICHTHOTO
BO3JIYIIIHOTO 3a30pa.

3. Ocyl1iecTBIIeH CPaBHUTEBHBINA aHAITU3 PE3YJILTATOB pa3pabOTaHHOTO aHa-
JIATAYSCKOTO METO/Ia M MeToJa KOHEYHBIX 3JIeMeHTOB. IlorpemHocTs pacdera
AHATUTUYECKUM METOIOM He mpeBbimaeT 10 % mo cpaBHEHUIO ¢ METOJOM KO-
HEYHBIX 3JIEMEHTOB.
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