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Abstract: Considering the difficulty to calculate rotor losses accurately by loss model and too much time by
three-dimensional finite element method, the rotor loss of a 36 slots 42 poles single-layer surface permanent magnet
synchronous motor with fractional-slot concentrated winding was calculated based on the two-dimensional motion
transient finite element method operating at maximum torque both in constant torque region and in flux-weakening
region. Additionally, the effects of the number of axial segments, slot width and air gap thickness on the loss of
permanent magnets at high speed were investigated. It was shown that the magnet loss accounted for more than 90% of
the total rotor loss in the whole speed range, the hysteresis loss of the rotor core was higher than the eddy current loss
when the speed was lower than 1 500 r/min, and the eddy current loss was obviously higher than the hysteresis loss
when the speed was higher than 1 500 r/min. The eddy current loss of the magnet could be reduced obviously by
segmenting the permanent magnet; changing slot width contributed nothing to magnet loss under load condition;
increasing the air gap width had no obvious effect on reducing the loss of permanent magnet. Meanwhile, changing the
slot width and the thickness of the air gap would change the inductance and affect the performance of the motor.

Key words: permanent magnet motor; fractional-slot concentrated winding; rotor loss; operation under

maximum torque; transient finite element method for two-dimensional motion

# AT FER [ RRREILATH (51677052)
FEBRIA  XIRRBE(1972—) | 53 -1, 2082, BF9 7 ) o T RRF R o R
W 8L(1992—) 3 B-EFSE , BFFE7 18 L R S AR5
BRI (1981—) , 35 , Wit B , BF9E )5 6 s TR bR P A0 S TR b B S (A 0 2 )



2019,46 (2)

WSk | EMCA

0 3 =

G3BORE S v BE 2H G R F LR ) T N T
A Ry K BAL . Sl i SR A sl R E S TE £
UYL BRI A TR SR A R R
FE T D R L 0 1) 55 s e T 40 2 P A (R R L
SE T LEALRE s B R ROR = YO I o e S TEFE T
AR AR, BRI, ™ E N 2
KRG AT HGR RE L e, BRI R T AE
X Tk g ALY e e s T A

SCHR[2 ] BT RAFEB MG T 1 5 AW K&
ML 4% B A8, T L 5 4G IR oot A 45
AT X o AR WT, FHASE A 3550 1) 45 R W]
BARTA R ITTH R A 45 R, X 02 T 4 FE AR A
ToiE % JEAE LM L K S A iy JLAa BB A . Bianchi
ALV BIR SR T WG B3 A )W Dl X TR T IR 105
M, IR 5 P FE 2 2 o e 3l 3459 U U Ay
PR il 20 S I R B S URE  [] B
LRy At g N (Y Sl e aala B N N U 17 G SRR
SCHR[ 8-9 | JEF =4t A7 FRTIL A 58 T Ak #g IR 25
FLHL(PMSM) %158 R BFE , B 9K RE A5 21 16 1Y
iR B S HHR 2 W AT R, S
HRL 10 BF9E R ALZEAIRGE T 00 R i B #E . A
R VAN 27 FATLAZE AN [5] F 3 8 DX (R LA AS []) 1) 428
il 77 Az 17 B i FE

AT MotorSolve — 43z Bl 44 FRICIE
5T 1 )2 36 [l 42 i BrE e b gE 4
PMSM 7 fE 5455 DX 55 0 X DL e KL A2 4TI Y
PR, R M T i T TR SR AR
JBE R TR R Bl 1) - BB BSOG) A R AR TR (1) 5 )

1 &R PMSM 5 K 4% 1547
1.1 PMSM #s:4&E5

ot T2 PMSM, oy T 7K Bl A 19 3 2 4%
WS RIS, P AR AR LR T Bl ot )
AL BRI L, =L, =L .

TERAZS TR, W 2820 L BELIT, 2200
3 PMSM 7E d-q Rk hi R T g R
u; =— wLSiq
u, =wf, +stid <1)
d .q HiHE
I TR 4 P PR 5

Kb ou,u,

w

L —— A L JE
Ly \iq—d \q h %{ﬁ,
. L W A UN R R

L,l \Lq—d\(] EEIEIEEEQ\‘O
M T L, =L, , 50 PMSM AN {776 0 BH 5%
Fior i, H AR SRR

T, =pi,icos (2)
s p——HXF 4L
i, —— LR B R
S—HLR AR i, 5 g JZ [E] B, Bl
L, Y A A o

EAEER SR, D) A (2) R A &=
YIRARUE, BAE d-¢ Ao B IR REEERY
ARUE S T % 1k ABC 2% rh 45 M A 201 V3

fi

o

1.2 EBEMBEFEHRG
ZRER AR IR A A R, 1E d-q T A by
T MR BT,

2 2 2
[ud + uq = Upax

i +i < i, <)
A L > W
KHL .
B (D MRARK(3) AT i, 0, bR FTE T
JE IR 38 1) R 7 A

2 -2 2
lg + L(/ = L inax

(i+¢m)2+i2<(um“)2 )
T q ol

FH FE, R P 3 B ) 8 T A R ) Ry —
AR, B R — R IR RO B, Bl A )
Hhn, AR Ok N, i 1 R .

A (2) /IR, 2 i =i, ,6=0 I, Bl 4,=0, H
BLATBRAT B R X [ 1 Ay Ms o SR AL
DU KA i 47 I H G SRR , fRL 2k 310 4% PR
{8, FUEIF A IS B BRAE . 22 L A PR AT F

WA A% SRV B R K HL I R B

P A H i PR



WrFsE 5l | EMCA

Tt BRI AHAS T My B, mTAS F AL DA B R AR A
TEF AR BT I B K, R SE T
30u

max

1) max on ﬁm e Lzlf (5)
AL ny |, 20 TR B ALIE
NS5 TAEX, T LA KA A2 1T, F L
IEAT TAE sUR TR L IR PR BN M8 N A
DU () e R HE R AE XTI & f N I I KRG . 45
AP LT R A BRI R, FELPILAE S5 R X ) R
KGN
30u,,,
" pw(y, - L)
2 KR UER s FHAEITHE
&l 2 it/ A TE MotorSolve 34 H 7 (19 4 R
JOBA R 1 R A AR AL G EE S 4k,

R REAR A R e S BBk, 5 e 7 ko M BB
H M-19 29 Ga, HIEAIAHLSEOLSCHR 14] .

(6)

n,

K2 36l 42 Bk g HL LS

®1 KHBIXESH

SRR SH0E
B R w/V 42
BUEHL i/V 110
AR TESE o,/ mWh 9.9
AR L/ pH 91.4
JKRERFIRE B,/ T 0.9
M S8 ww/mm 2
SBRIERE g/mm 0.635

2.1 HOBENITE
BETR0 BRRE AR 55 p 420 L 30y JH A 37 2 5
7
p=K/fB* +K.(s/B)’ (7)
X K, K, ——Rg i 2500 250
SR

2019,46 (2)
s—& R
B—— AR R0
o \B—/z'{l:\}é&o

BRIEAT R FE R BN 2 FiR.
£2 M-1929 Ga B T{RIRERE

SRR Es
K, 0.009 686
K, 4.123x107°
1.198
B 1.796
s 1.0

2.2 kEFRRRFENITE

T HERLRE S b RS R T A
LA I R B0, DR T R S 62 A U A i i)
A, o TEBEAD IS, I Sl i S o 7 A AN (8 )
N

1 9A
VX*VXA=]S—0'E—0'V¢+V><HC

M
(8)
Ao u—— KR RE TF
AR AR A
J— il L
o— KRGV S5,
R TR
H,—— KRR w7
R R R TR B R
J. =—0'((?;:+qu) (9)
WA R VTR LA RE
1JI?
pdxt>—Lg77;fds (10)

S L S— AR A ] K R
VERE, 04 th R 2 e AR P
LI

3 =0 mEHEH AT TR

3.1 i,=0 EHINETIRE

240,=0 0, Ry KAE R, f AL DL K G AR AR
fE R T R T T, X (5) Mk 1 424t
(RS AT A5 AL 7R 1 R DX P e K% 1y R
27 550 r/min, & 3 Br7R A B WL FE 3G A XY



2019,46 (2)

WSk | EMCA

Fer e, 3 al LA KRG B8 AR FE i
SMRFERY 90% LA_E, 5% 18U il i 450 FE 110 D451
FEAZEAK, LR MG BAE R TR AL, Hak
(7) FIZE 2 25 H BRI, AT LA B 25 38 R A
PR OB, I 2 T AR RO N T i 28, Rtk
IR R R0 AR N R bk 78 8

K3 fEEAEIEAT TO0 N 7 Hife

3.2 SERLIEHIMEE A

I (3) FIEE 1 XS IR PR, LGk Fi s R A
£09] 1 MY VA Rl 7 55551 D o ol W 2 B 51 e iR
ATRIASEIICSS KA 2 R SR 5k 20tk
TG 3 AN AT 39 3R 0, 55 G IX 1 e vy e i 1 R
6 000 r/min 3 3 fr78 N n=600~6 000 r/min
INF, 5558 n FIRERTA 6 AIXTRIE R o

R3 BHESTREMEIAONEX R

Ve n/ i 6/ e n/ i 6/
(r+min”") ) (remin™") )

600 8.73 2500 72.04
800 31.53 3000 75.06
1000 44.00 3500 77.21
1200 52.00 4 000 78.82

1 400 57.60 4 500 80.08
1600 61.74 5 000 81.08

1 800 64.94 5500 81.90
2 000 67.48 6 000 82.58

4 JI 7R 0 S5 RPN (R TR . AT 4

Kl 4 SEmE I 5L e

AT, TEREA 551 DX KRG R FEATS 4R 90% LA
e U HURAE A AT AR R S T
7E 6 000 t/min B, HPFEME LS T 2 072 W,

T 5 I h 55 4 o s 420 [0 R VA 1 TR
WA, 5 AT LLE s 5 EA T 600 ~
1 500 r/min B, #3151 FE K T 18 T 45048, (0 24 5%
AL 1500 r/min UG, B0 A0 I8 I AR B 2
FREMBFE. HxX(T7) Ao, £ = T 00 B, 5
RN TR Co A FE 9 T R T B S, R b v A Ak
NI AOTRE 23 I S i T REVRF I AE o

(CISINEEL R U RN 70

3.3 HikEERENER

HI 56 3.1 IS 3.2 Rl 0, AE B A e i X
Vi), A R A I8 3 R o 7 7 SR AR 1 90% L I,
e A 55 1 T A R AR B RE T, P R
I8 T HAILAE R B 1T B SR I 1T RE 1 Ak i 1R
NPT AR o DRI 38 AT A A P e A A XoF
TR LEEHPEEITEAEEE L, FIOR
ARy Bl i AR A 1 B B I 3 AN
X TR GRS FE 52

& 6 i Ry 00K (3 000~6 000 r/min)
(5] J&] 73 B A RE AR BRFE (R 2 o i T Be g )
B2 O TR ME LA R S AR b T, B A sC
AR B I 25 o 4 Br, hIE 6 T LA
o a4 BT LB 5 AR AR 4 RE B R AIK Y
K, 53 B 4 BB KRR FEAE 600 r/min fif 75 5]
262 W, HJ R, 7K W A4 o3 B U 55 45 R ) — P A

K6 i oL 23 BOBCE O K RE PR 0UFE Y 52 0



WrFsE 5l | EMCA

2019,46 (2)

4 PR R SRS 2~ 3 mm KR
ARG BEF FATL AL IR X B ) B KA e Tl
Vi B ok /N2 3 S LR e RDHE, R TR T 3 mm
ALY i e %8I T 6 000 v/ min, [H AR SC
WF5E TR H SERE 2~3 mm I G T 00 B Xk w4
TRILREIY SO MR o IR A B, Rl 1 5 J3E X T 7k
PRIFE LT B 2, X 02 T 51 sh 3 A ik
IR, AR 11 /N B R 2 R
NG F T A RO P B4R . Rl
R 0 0J O3 A [+ A RIS DAL T A i £ AN ], B R AH
[V S8 R Rl P 103 T FE SR AR AN (B o T
R AR, [l — 5838 T i e R AN

x4 EOZETURBRERAERE

T J¥ w/mm 2.0 2.2 2.4 2.6 2.8 3.0

S

iqn|
MR L/pH 914 882 8.4 831 81.1 792

\g

RFEH 140

(remin”!)

/ TBRK 39 415 15415 10276 7966 6 504

K7 FroR e 1 45 AN AL AU B AR A I i
REAR TR N BYIFE . AT LR Y, 3 OB 0 0 55
K RERAGFEAE A R, 7K R A B4 408 A o i R AR
RS HBRALIT , R AR — o, s
i PR BRI R R A AR A

BT R T 00T B AL P 7R A T 40 FE 32

4 %

“a

T MotorSolve — 41z 3l 5 547 FRoc i, bt
87 1 G2 36 fl 42 53 BORt 4 h SE 2 PMSM
T 2 DX R 535 0 DX e A A A B 118 2 -4t
Feo RG4S,

(1) BEAERH X ], ACREAR B4 FE 5 90% LA
e DR R T AR AR B R RE T R A
6 000 r/min B3] 2 072 W Z:0HidE B (5 R /b
LA o E 2 R A AR T, A0 1) R s B 1 T TR

VARFE , (A 3 o0 T, T A AE B 0 i T Rl
WFE

(2) FRHERIT B RE I35 K B VA B R R AB A 5
TS P RS AR R B AR AR T LT BEA R (ER
ST ICHRL ) AR 5 B R RE R K RE AR AE
{ERBCRIF AW, IR 2 i R R 2

(& % x K]

[ 1] XUANH V,ANI S O,LAHAYE D,et al. Validation
of non-linear dynamic FEM model for design of PM
machines with concentrated windings in ship
application[ C] /2011 14th European Conference on
Power Electronics and Applications,2011.

[2] JASSAL A, POLINDER H, LAHAYE D, et al.
Analytical and FE calculation of eddy-current losses
in PM concentrated winding machines for wind
turbines [ C] // 2011 IEEE Internaitonal Electric
Machines & Drives Conference,2011; 717.

[3] RAIHAN M A H,SMITH K J, ALMORAYA A A, et
al. Interior permanent magnet synchronous machine
(IPMSM ) design for environment friendly hybrid
electric vehicle ( HEV ) applications [ C] // 2017
[EEE  Region 10
Conference 2017 ; 375.

[ 4] SRISCBRNT RN, S B RO 4R th S22 A1
VI LU B R BT S [0 ] AL il 2 4l
2015,19(3) : 14.

[ 5] o], BEEuk, &F 0. e BUK REB LI IA 7 5 1R
FEGH) S T [T ], B T RE B £ R, 2016, 35
(5):23.

[ 6] BIANCHI N, BOLOGNANI S, FORNASIERO E. A

Humanitarian ~ Technology

general approach to determine the rotor losses in
three-phase fractional-slot PM machines [ C] // 2007
IEEE Internaitonal Electric Machines & Drives
Conference ,2007 ; 634.

[ 7] FORNASIERO E, BIANCHI N, BOLOGNANI S. Slot
harmonic impact on rotor losses in fractional-slot
permanent-magnet machines [ J |. IEEE Transactions
on Industrial Electronics,2012,59(6) ; 2557.

[ 8] KOOM M,CHOI J Y,HONG K, et al. Comparative
analysis of eddy-current loss in permanent magnet
synchronous machine considering PM shape and skew
effect using 3-D FEA [ J]. IEEE Transactions on
Magnetics,2015,51(11) : 6301104.

(T#% 71 W)



2019,46 (2)

WSk | EMCA

SRt T, P e e LA b B SR e SR 4 Y &
AL, 1 2R SR i ] Py T i e~ i DB > e g
Wb TR B A A R N, S B T BELJE SE 2 P R
P A P I DR S g ) L L 25 7 S g A S PR, DT 5
BOERE 177 A 10 S SR L /N T L BHLBH 2
SRS A AL o 0o 00 3 R TR B L A £ 0
(6L, PR ACTHAR ) [R) 25 A A B S22 rL 97
(B, AN T gl B 252 30 FL BEL DR R A 5200

TEAEGE R BTRE T, BHLJE SE 20 BT 3 HT R
UGS T7 %, S EOT A5 S PR U4 R A
AR KRR ZE . ASCE R 3 MW JCh [R5 %
HUALAE B A AT TH A 5 I e R B A e s
LSBTk, Bt il T 3 MR 25 Y
BHIEZEZH AR AL, 188 3 A9 ri e 5 SR e i 0 K, 2R 75
0.33,0.40.,0.5 p.u. & HL e I Y 5% SR e 6 L U
(L, P00 X 07 L B P O L ) I 5 B B 2
Plo gt Z R R IS5, A
K ML IR RS R RS S A BT PR O
XSS A 2 B A AL T A BH e R 4 i3
IR RS R . XA LA 5 DT it m]
) BIAR L SR A LAY L e SE B33 o

D e N NN N <

(L35 56 )

[9] GEEST M V D, POLINDER H, FERREIRA J A.
Computationally efficient 3D FEM rotor eddy-current
loss calculation for permanent magnet synchronous
machines [ C] // 2015 IEEE International Electric
Machines & Drives Conference,2015: 1165.

[10] AZAR Z,WU L J,EVANS D, et al.Influence of rotor

configuration on iron and magnet losses of fractional-

slot IPM machines [ C] // 5th IET International

Conference on Power Electronics, Machines and

Drives,2010. 1.

[11] SOONG W L, REDDY P B, ELREFAIE A M, et al.

Surface PM machine parameter selection for wide

field-weakening applications [ C ] // 2007 IEEE

Industry Applications Annual Meeting,2007 . 882.

FEATA . BUAR A g H AL [ M) b 5 ML Tl R

#t,1997.

[12]

(1]

(2]

(3]

[4]

[5]

[6]

(7]

[13]

[14]

[15]

(& % x k]

W W, WRBR , TR BHJE SE41 0 R A0k A bl = A
B A A SZ I [ )] R IR YT ,2015,37(3) ¢ 216.
BASSI C, GIULIVO D, TESSAROLO A. Transient
finite-element analysis and testing of a salient-pole
synchronous generator with different damper winding
design solutions [ C ] // XIX International Conference
on Electrical Machines-ICEM 2010. 5608128.
BEERR, 21, EAME KBRS & R HLBEJE 454K
X HL G S HCR M H IR FE RO S M [0 ] i AL S 42 o o
#2,2011,15(5) : 89.

SR, A5 1 e, IV S B T = B A Adams 1
)5 v AILBE JE ZE 4l vt o5 [T ] il 5 43R,
2016,53(2) . 57.

R, T57.25 MW [ £ A H AL 1B 78 L 4T 08 %
[J].RER 53715 ,2017(4) ; 46.

BENA AL /N e S LB T M ] e
it Y HL R AL, 2007

US  Department of

Defense.  MIL-STD-705C.

Generator sets, engine driven, methods of tests and
instructions[ S].1989 ; Method 426.1b.
Wk A4 : 2018-11-28

AN U i T e R i N M U U M e O e D e Y

LIN P Y,LAI Y S. Novel voltage trajectory control for
flux weakening operation of surface mounted PMSM
drives[ C] //2008 IEEE Industry Applications Society
Annual Meeting,2008.

EL-REFAIE A M, JAHNS T M. Optimal flux
weakening in surface PM machines using fractional-
slot concentrated windings [ J].IEEE Transactions on
Industry Applications,2005,41(3) ; 790.
MAGNUSSEN F, THELIN P, SADARANGAINI C.
Performance  evaluation  of

permanent  magnet

synchronous  machines  with  concentrated  and
distributed windings including the effect of field-
weakening[ C] // Second International Conference on
Power Electronics, Machines and Drives ( PEMD
2004) ,2004: 679.

ks H. 2018-09-18

— 71 —



