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Application Design and Analysis of FSCW PMSM Based on
Stator Flux Barrier
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Abstract; The fractional slot concentrated windings ( FSCWs) lead to the disadvantage of large harmonic
content, which can easily cause stator and rotor core loss and vibration and noise problems, and limit the application
of FSCW in high-end fields. Based on a 12-slot 14-pole permanent magnet synchronous motor (PMSM) with FSCW,
the finite element software is used to simulate and analyze the effect of flux barriers in the stator non-wound teeth on
magnetomotive force harmonics, electromagnetic torque, core loss and radial electromagnetic force, and compare the
motors with and without stator flux barriers. The simulation results show that the motor using stator flux barriers can
effectively reduce the low-order harmonics of the winding magnetomotive force. The 1st, 3rd and 5th harmonics are
reduced by 87% , 84% and 30% , respectively, and the core loss is reduced by 21.1%. The lower-order radial
electromagnetic force is reduced by more than 20% . The noise and vibration are effectively suppressed.

Key words: fractional slot concentrated winding ( FSCW ); permanent magnet synchronous motor

(PMSM) ; flux barrier; low-order harmonic

Wk H 407 2021-03-11; UeBMERCH B 41 : 2021-04-29
* HERIH . R AR C 285 H (2017-123)
YEF TR VLB (1994—) | 53 B AF T A 9T 05 1oy LA (R T
fi# E(1982—) 55 W50 6, W2 U, BT 7 T A L IR A IR AR 4 Tl el IR R e %



& AU HHZ-H) %M 2021,48(7)

W S5k | EMCA

0 3 =&

N RG] 20 LML (TPMSM) R & 0%
o A R R G RV R A, ) IZ N T
SHAH THEMIRSI R G o ARk, B 4
AL (FSCW) 7£ IPMSM (1) i HH 32 31 i o ik
2R, 50 A M e, A G4k AL,
R R, S Ge g, R FRAIG, DL SR = S 1S
LM AN FSCW 8 LA 15 25 i 55
PEREGFAEA0 5 . (B, FSCW 7 A I T- 06
oA R S S, R R AR OE I, dE T
VETR IR 237 S SRy 5 A O T R L AR R A P 1) i 3 958
FELA S M s PR 3l 55 [ J51 , HL 5% 1R IR , &) i
K REAGRRE XS, R B S R T L
LA KRG ALERE I E— 2 4R v o

Ry TR S AL ARG H HL 1 RE T AR
O K B 7E 00 HE 2 00 B IR U s 0 % = i At
5% M T HIE IR e F o4 ™ AR, X gk
MR EBEPTFLRARENMNIL. 22584 (E
WA Z T 2 )2 ) A DL G sh b AR UG
Wyt , DT REALG 2 o Bk s e 70 RE , {HL [R) s,
WNT TAEE I G2l 280, I B3 17 8 148
Lo SCHR[ 10 5R AR 2R B N A [ [ 4
MG I MU I o SCRR[ 1112 ] i e 58
SEIE G FREEOREH 2 B4 0 2 B
FLRAH W T 1 A A4 g xfE R, SR
[13]&iH T —Fh 2 - = MR G MEEdER =,
1 o8 AR BE A PEIOR B ARG U U8 o

VA b T i 35 3 1ok ol AR 28 2 I R 0 /D i B
PSS T a . SCHR[ 14 ] RO &, it
T b R i BT UG BN 70%
DAL H R o3 B G B X M S R sh i 52 il . 22 1
BRI AR ) AR O 2 H AL IR B A RS Y S B R
A, 1 B i i T e AR T AR G AL E Tk
L EERE DR A 06 B A3 By AR 1) FELRE T R KT
W8 75 4R 31 5

Aoy i 5E 12 K 14 WK 1 R 20 AL
(PMSM) 5. X2 L4 () Be 2 7= %%, {11 ANSYS
Maxwell #fF, iz F A R 7T 78 % >Rk F %2 T # B 1)
PRZZE] 12 £ 14 W LIRS T B R HL R
i B45 R R, F W R T 7E A AH I8 55 4
T SRR IS I, Ik /N Bk O F5LFE 21.1% (1) [R] B

e/ MIEIT A2 6 93 9 5 20% L4 L, 41 ) T4
LG 35 50 T M. A, AR LA I
A8, B T B BEH A I T 25 %%, B,
R AT S K U 5L 05
T,

1 &5 1245 14 Al

1.1 SARYITE

K FSCW 14558 12 §t 14 #%; IPMSM 4n & 1
JR o B B2 G IR SR 2 Fhoe 584l
45k HLEIR S BN ER 1 R,

W C IS e L
R e~ X s o=
2.7 4 \e __B V. 4 \\“‘_
R0 ) i@k
A o) ;A /’Ja:
%\&a‘?&f/ &\&5&’ =
"I'**L“‘ A "k cea (=
(a) L EERHL (b) A5

BT 48 12 F 14 bl

®1 BIEESH

SRR ZHUH
FEFHEEQ 12
X5 p 7
AHEL m 3
R RE# n/ (romin") 1 500
BEF P/KW 3
BUE LT IRE 1/A 30
EFIME D, /mm 150
¥FHME D3/ mm 89
B 8/mm 0.5
Bl KB L/mm 50

IR AT A Ve T Sk 280 o 2L A
RIS 28 A FSCW [266H R BUA R
K, = Kdl_va (1)
S K R K, SRS o B e 2
E%ﬁﬁﬁﬁ%ﬁJﬂ&:m%fﬁﬂ=i;ﬁ
HIBE Ay 150 X ARy =1
FSCW 5 {4 50 BB M SR 4 1 41 3 54124
SAFRI o YIS RRO TS A %



WrFsE 5l | EMCA

B AL DI LM 2021,48(7)

K, = (2)

’qph y‘jﬁ%&

et g I LI BRI, =0

B Q SRR p B 2% AR TR LAY
MG oy, IR H B R P PR S8 AR B R Y

. 2 kQ/t+ 1
AT = (140, ) 10,27 ne

8 MHREH fre/NVEER

MRAER (1) K (2) , TLHER ML S 12 18
14 ALY BURSEA S T UG ISE &
B, R 2 R X AT R SR N SR R L
HXSURZEH ™ T 3.3% .

F2 HAEARH
HZE WUZ G
5 RiEE 0.965 9 0.932 9
7 RSB 0.965 9 0.932 9

WA, SRR LA L, RS A R
H %, A A T/ N R Y op o RO, A
RESEREAE O I, YT R S g4 R
BRI S A5 AE RE JTIT , B R GE 4 2 P e 85, Hom
T A AR
1.2 ®EEhBiEE S

XHESE 12 8 14 # ALY R U2 Se 4 1 50
SR AT N HEA T 3, DL T UGS I i
R LM IEATRR 2 AL AL B A5 2 A 25 SR A &) 2 i
o M2 Haf LIE W, %8 TR 2

A [EECA 1.5.7 17 F1 19 E .

AT e R AR R 38 R FH R e 1Y
5 Wk 7 W HAE TAER I, BISR A 10 # 8k
14 W+ W 12 R 14 A5 A B A Al AR B d /s
OSAEEOR T 12 18 10 B, PR 12 48 10 4 14 o5 1
FRAE R O TN R R X LR 14
Wt WO T YO I A BE -5 Ak R R 74
VERT, Fe A S B i o LAt B YR 9 3 D8, D0

1.5 17 25 HLA 5 K B8 4 385 0, ok 2 6 o o8 9%
H oimk, HAEH R &AL T IR, IR 5 R M
YR 3 )

1.4

1.2
310
£08
E 0.6
S04
L .0l
0 (. |

0 2 46 8 1012141618 20
i i I
(a) g2t

12
1.0
£08
%{]_l‘)
S04

02
]

[}"468I0I7|4I6]S70
VB I o B
(b) Az 5el

K2 fedt 12 fF 14 B HLRE sh 5o b

2 BT

12 1 14 1 L HLR B2 SR 2 B, BLAT ey 0
W LR BN B A RE RN T A S i (H
fRYGE S B, P 1 YOR IR A .

X 12 48 14 B AR S AL, i 7R E T
Pl BRAEGE Lt R, TG 3 R /N b R
YRR T A" 38 FRERE AT I A, AT/ 1 Ul
PEREE o 78 FRERE AT E 2 RO AR SRt Hh T
R T IMARRE 5 5 bR, 8 5 T3k 0 850, B
TSR Wi, 1A RAVR YR VRS I8 P i 5 W L, SIS X HIR Ui
PRI, ERERNZ 58 TG G, T8 B/
T TG, BB A ME— 0] E P [ — 0 i
AR [ e e e, O o T B 2 9
JE 515 55 20% ~ 50% F, XoF 355 6 14 4 44 K2 L% 1)
BT R AEY

TETFREBSCRANE 3 Fios, 2 T RERE A 1T
Ry HE TR TR AER] 53 Ah ] DL
TEE FRERE T I ARV T SR J T, AT 2
MG ST T FAILAR B BB A4, 7 T/
FLLAIRER , 3 R TR %

3 AR
FIF ANSYS Maxwell ff ELEPEXH A E T



&AL 5 EH) % W 2021,48(7)

W S5k | EMCA

K3 5 T RERCR A

B ) 12 18 14 A B0 )2 SR 2 s ALk AT A R G At
B, R TR el AR i S HCR 53R 1 g
SEHALAE R A
3.1 SAEHBSH

LT AR B B LA TR A 40 e (1) HL R AR v
THEPOZ G (2) SBRIAT 5 (3) ZNg LR

ME AR 1=30 A, 453 175 Hz 1Y 1F 5%
A T AR G A S TR A 12 1 14
W R Z SR LB SR RE 2, DT AT B fi
HEIE LA 4 Fors,

1.4

-8T%  -30% ol 4 T

L2r Wi E T

~1.0

=

gu.x

So06

=04} |||-84%
L, L
0 1

0 2 4 6 8 1012 14 16 18 20
T

K4 mEsh#as e

L YOEICTBE T 87% ,3 YOI T RE T 84% ,
5 YGEI TR T 30% , 100 7 YT AR IR (8 4 =i
T 2% o PRI, R 1 BT BE A A8 R
Pery i, A T INMIOIRFE, 75 4 AR Sl
AT
3.2 EHLERESH

TEWRAE 1=30 A, W%y 175 Hz B9 IE 5% 5
LA T, X LA SE s AL S T PR R 12 A
14 AR R AL LR, 25 R AN S Bl P2
RGO 3.4 Nom, JL-P A, 5% 5 bk 3l [
& 6% o
3.3 BRFES

TE IR E TN T, 20 5%t e 5t 5
TE T RERETY 12 A8 14 W WL E 1 B Tk 0 4

— L g
— JE TR L

i 90 180 270 360
R )

5 HLREFEAEXT LA

FELEERUNE 6 R o TR T 19.7% 5%
TERARIIN T 31.3% , BRI T 21.1%

20

~19.7% ofL 5L

u TR L

= L

BRO AW

h

-31.3%

Cem |

ET ¥

K6 BOmFext LA

3.4 ZEEBHEASH

PR MR P B T IR B R A O, e B G
Gy P A U T T8k O 7™ AR B AR 1) P ) BT i
Jo AR HLRE 3 O HE S B UGB 5 LAY
ABIFARL , W22 A SR, AT ™ A= R Y Pk 30
FIgER LBl —BUFOL T e TR
X5, 7 U A [ A8 T 2 i 20 A I 7 ) 32
BORIR, ETAEARE AR M BB TR, R AR
T , S JA Bl 28 AR 4, AT 72 A R 20 s
TREFEBCT SR TS 12 8 14 SRPLE T80
2, DA e ZET TS AR [l LR 7, IR T B 45
HEIGF I 75 % 3l 2 o A AT 2 A OB G
AR A ST N s T AR A HL G
WL

S0 = ST B (000 = BB ] (3)
Mo

PRI A5 R b B i e B 25 3 & 7 e
7N AR ] FURE 0 R 2 O AR RO I, R T T e
R LI AR GE A AL, R B A2 ) Ty B 4 Ui P A
B4, HorATidiz, 0,26 .8 Y I 7l I/ 1
20.4% .58.2% .20.6% F1 71.5% . T HAHLAY H# 7
g 7 2 R AR B B AR ) LR 7 A B B 2 A
A7 RR AR L R P B ARl o



WFsE it

EMCA

B AL DI LM 2021,48(7)

4

8 1 i
351 | |sermmony SEER

F2 1) BB )% E (N -m )
%

[
s =
LA

90 180 270 360
FEEN®)
(@) 1% [ B Bty o

T9
X{ T Ofe bl
z 7|24 st T REHLBL
%}6
%5
- -20.6%
:,;,: -58.2% =71.5%|
® 2
£l WﬂNﬂ LA
0 2 4 6 8 10 1214 16 18 20
Bk
(b) F2 17 HL R 7 8 P A0 4
&7 AR 1a) e R T BT LE ]
2= 1B

ASCERXT—3K 12§l 14 2584 PMSM, 17

TESEL TGS FRUGH I 5 et ) )L, WIS A
ARG P AR R4 T 1%, DLIK B AR ARG
e, I/ VB AR FE S AL A MR B H Y. (5 E
SRR 8 T RERELS RO I A SR
2,1.3.5 YOl B N RE T 87% (84% F1 30% , %
FERKE/N T 6% Bk OIRFENIN T 21.1% . b,
SE T RERRIEIR/ N T AR 1] LG % 20% LU I,
AR TG R ALAR B S

[1]

(2]

(3]

[4]

(& % x ]

Mok A OKRE A) 20 AL B i 5 20 [ D ] X
DL AR RHER A, 2015.

REDDYP B, EL-REFAIE A M, HUH K K, et al.
Comparison of interior and surface PM machines
equipped with fractional-slot concentrated windings
for hybrid [ J]. IEEE
Transactions on Energy Conversion, 2012, 27 (3):
593.

DUTTA R,CHONG L,RAHMAN M F, et al. Design

traction  applications

and experimental verification of an 18-slot/14-pole
fractional-slot concentrated winding interior permanent
magnet machine [ J ]. IEEE Transactions on Energy
Conversion,2013,28(1) : 181.

EL-REFAIE A M. Fractional-slot concentrated-

[6]

[10]

[11]

[12]

[13]

[14]

windings synchronous permanent magnet machine:
opportunities and challenges [ J ]. IEEE Transactions
on Industrial Electronics,2010,57(1) : 107.

NAIR S S, PATEL V I, WANG J. Post-
demagnetization performance assessment for interior
permanent AC  machines [ J ]. IEEE
Transactions on Magnetics,2016,52(4) . 8102810.

DU G,XU W,ZHU J, et al. Power loss and thermal

magnet

analysis for high-power high-speed permanent magnet
machines [ J ]. IEEE Transactions
Electronics,2020,67(4) . 2722.

CHOI G, ZHANG Y, JAHNS T M. Experimental

on Industrial

verification of rotor demagnetization in a fractional-slot
concentrated-winding PM synchronous machine under
drive fault conditions [ J ]. IEEE Transactions on
Industry Applications,2017,53(4) ; 3467.
FARNASIERO E, ALBERTI L, BIANCHI N, et al.
Considerations on selecting fractional-slot windings
[C] /2010 IEEE Energy Conversion Congress &
Exposition (IECCE) ,2010.

CISTELECAN M V, FERREIRA F, POPESCU M.
Three-phase tooth-concentrated interspersed windings
with low space harmonic content [ C ] // 2010
International Conference on Electrical Machines
(ICEM) ,2010.

DAJAKU G, GERLING D. Eddy current loss
minimization in rotor magnets of PM machines using
high-efficiency 12-teeth/10-poles winding topology
[ C] /2011 International Conference on Electrical
Machines and Systems (ICEMS) ,2011.

DAJAKU G, GERLING D. A novel 24-slots/10-poles
winding topology for electric machines [ C ] //2011
[EEE Electric &  Drives
(TEMDC) ,2011.

DAJAKU G,GERLING D. A novel tooth concentrated

Machines Conference

winding with low space harmonic content[ C ] //2013
IEEE Electric & Drives
(IEMDC) ,2013.

DAJAKU G, HOFMANN H, HETEMI F, et al,

Machines Conference

Comparison of two different IPM traction machines
with concentrated winding[ J]. IEEE Transactions on
Industrial Electronics,2016,63(7) ; 4137.

DAJAKU G, GERLING D. Low costs and high-
machines [ C] // 2012 2nd

International Electric Drives Production Conference

(EDPC) ,2012. (T#%8 W)

efficiency electric



