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Analysis and Design of PMSM with Fractional-Slot Concentrated Windings
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Abstract: Permanent magnet synchronous machine (PMSM) with fraction-slot concentrated-winding
(FSCW) is popularly applied in the field of aerospace and electric vehicle for its good flux-weakening ca-
pability, low cogging torque, and high torque density and efficiency. This paper mainly focuses on the
PMSM-FSCW used for airborne radar servo system. With the magnetic circuit characteristics of PMSM-
FSCW, the analytic model of the motor is established. Influences of some design parameters, such as
number of poles, ratio of length to diameter, split ratio and magnetic flux density coefficient on the mo-
tor performance are studied. Analytical results show that output torque and weight of the motor are re-
spectively proportional to the outer diameters of stator, D, and D2 ,and the percentage of coil end to
whole windings is inversely proportional to the ratio of stator length to its outer diameter A. In view of
torque density and percentage of coil end mentioned above, the value of A is recommended from 0. 2 to
0.4. When split ratio ¥, i. e. the ratio of stator inner diameter D, to outer diameter D, , raises, output
torque firstly increases and then decreases. Hence the ¥ is advised to select in the range of 0. 6—0. 8 for
the maximum torque density. When the ratio of the largest flux density in the stator iron core to air-gap

flux density y enlarges, output torque firstly increases and then decreases. y should be designed at about
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the value of 1. 75 for the maximum output torque. Based on the theoretical analysis and simulation re-

sults above, a prototype of PMSM-FSCM, with the combination of 45-slot/38-pole,is designed and man-

ufactured, and its performance is experimentally tested.

Key words: fractional-slot concentrated windings (FSCW); permanent magnet synchronous machine

(PMSM) ; length diameter ratio; split ratio; flux density ratio
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Fig. 1 Magnetic field difference of PM motor with frac-

tional slot and integral slot
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Structure of motors with different pole-slot com-

Fig. 3
binations
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Tab.1 Motor parameters
5/ TR 12/10 24/20 36/30 45/38
EFHME/mm 200
EF MR/ mm 160
R /mm 50
S BRKEE/mm 1
TR AR R B/ mm 3
i %/ o 65
B L SME/ mm 0. 35(= 50
B E /(A mm *) 7
B/ (r » min ") 50
5% /mm 16. 8 8.4 5.6 4.2
HEHRIE EE / mm 10.1 5.0 3.4 2.4

TR RSN 378 308 230 198

T A R IEG I 4K 756 1232 1380 1485
R2 HBEHMEEEIER
Tab.2 Motor performance index

Tl K/ W R 12/10  24/20  36/30  45/38
WS /(Nsm) 21,5 35.6 40. 1 43.1
Jii & kg 8.54 7.72 7.69 7.45
/W 101.7 105.8 111.1 118.8

B /W 0.97 1.12 1.83 2.38

H12¢ 1.2 AT DUFE i, Bl R BILAR Xeh 250 vy 38
P BIL A% i S PP R T R B T R B A
FIBCRIETE . RIS A XS TR0 AR BB
P,
2.2 KELE

T SCHBLE T8O R S5 TAME R HE
LI AR EL . B

A= D,

45 4 i AL R (X C9)) R AL f (X
(10)) AT LAF A ML BN AR A AT T L 46 48 vl
BLEYKAR Lo W] DL i s % 46 . LA B3R 4 Fh gy
(9 HL AL A AIE 500 G2 DR AR HE - M A0 il
DA X L.=2.0X10" m*, B WL i )2 . D/
D, =0. 8, AN A2 LT iy % th e 56 DL I 4,

* m)

&
Z
=
Lol
£
=3
=
&

0002 04 06 0.8 1.0

0002 04 06 0.8 1.

B4 A Lo i AL BE 1937 Wi

Fig. 4 Influence of length diameter ratio on motor per-
formance
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Tab.3 Prototype parameters

ZH B
BUERM /(N m) 40
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EFEROKE/mm 50
KB/ mm 1
WM/ mm 3
0K/ mm 52

A FH 8 41 L 4 1200

FEATL I Ao 166 il 25 5 0 2 B ) i 4 00 2 AL 32
F Magtrol /A &4 7219 1PB115-1S 71 @4 45 S #1L
B RS AT IR 100 N« m; 36 5 e 1% Jk 4 7
5o TM311/431, HHLIGIELZE R A&l 10 fros
A LA H - QL) H e o P, 38 28 b 7 4 P B 345
() E PR XL FE



334 Moal o= PV NI O 14 %5 50 %
SE K
(1] THhb 4B PWM A8 55 4% £t i J8% 07 i #4434
FrPELT Dm0 28 T R R % 4 4R, 2016, 48 (1) < 122-
129.
DING Shuye, CUI Guanghui. Charateristics of heat
transfer for induction motor supplied by PWM con-
verter[ J]. Journal of Nanjing University of Aeronau-
tics & Astronautics, 2016, 48(1):122-129.
(2] TR ME, 420 HL0E, 45 afF 30 3h WL 2% 1 7k G [m) 25
AL R PR TR B R 4 I L) ], B B =5 M R R 2 2
#2,2015,47(3) :367-371.
SHEN Shaobo, LI Tao, ZU Hui, et al. Nonliear
predictive tracking controller for permanent magnet
B O REHL AT & synchronous motor with disturbance observer [ ] ].
Fig.9 Prototype and test platform Journal of Nanjing University of Aeronautics & As-
tronautics, 2015,47(3):367-371.
(3] FERIH. AKmEHHLTE R ) & R G i ] e H R
JEam )], BT EOAR AR, 2012,27(3) :12-24.
WANG Fengxiang. Application and development
tendency of PM machines in wind power generation
00 10 20 30 40 system[ ] ]. Transactions of China Electrotechnical
q HHELR A HEH / (r » min™) Society, 2012,27(3) :12-24.
(a) Output torque vs g-axis current  (b) Output torque vs speed [4] WANG]J. YUAN X, ATALLAH K. Design optimi-
B 10 SZI6 i 45 R zation of a surface-mounted permanent-magnet motor
Fig. 10 Experimental results of prototype with concentrated windings for electric vehicle appli-
cations[ J ]. TEEE Transactions on Vehicular Tech-
4 2 A nology. 2013, 62(3):1053-1064.
S X4 HOH S b e AL LB X e e g, L) PIREFAIE A Mo ALEXANDER T P, GALIOTO
2L R 5 2RSS SR T A S I T 25 36 S, et al. Advanced hlgh—powcr—'dcnsny ‘mtc‘rlor per-
manent magnet motor for traction apphcallonsU].
(1) vy v AL AR X %80 8 08 ol L AL 4 % i 3 D . o
IEEE Transactions on Industry Applications, 2014,
ZIN A R B S JE R R R D /1N + DT 52 W) L AL £ 50¢5) 32353248,
e L [6] BIANCHI N, BOLOGNANI S, PRE M D, et al.
(2) Ha ML o % 40 5 2 1 AR 9 = R i IE Design considerations for fractional-slot winding con-
He i LB 5 E T AMNE 7 R IE B 5 58 4 s R figurations of synchronous machines [ J ]. IEEE
o] H:@U% K#ZEEMRR . %%%%ﬁ%ﬂ‘g Fn%g Transactions on Industry Applications, 2006, 42(4) .
2 S 350 B o5 BG4 A 5 T AR B AE 0. 2~0. 4 997-1006.
SNl Bt [7] ISHAK D, ZHU Z Q, HOWE D. Comparison of
(DHEHMHEHEERELTETFHLN =K E PM brushless motors, having either all teeth or alter-
BRI L TE TR kR, ME nate teeth wound[ J]. IEEE Transactions on Energy
T AL IR 55 SRR B . o B L Comversion. 2006, 21(1) 957105
B B e L 2 TS H L AE 0. 6~ 0. 8 35 FEl 7 [8] KIM H, KIM D, HONG ]. Characteristic analysis
for concentrated multiple-layer winding machine with
TEFE . : .
N s - N optimum turn ratio J]. IEEE Transactions on Mag-
(O HLRE RO BL /sl R il AR 5 netics, 2014, 50(2):789-792.
A/ 2 S ORI R T R ALK [ B 2 [97 CROS J. VIAROUGE P. Synthesis of high perform-
%ﬂ%%ﬁ E‘Jﬁfﬁﬁj{?ﬁﬁ( gélﬂﬁd\’%%%“‘i&ﬁj{ ance PM motors with concentrated windings [ ] ].
2 YO R AR L BRE ) % . BERE IEEE Transactions on Energy Conversion, 2002, 17
RO B R R S M RS el L O e e o B (2):248-253.
FEL B K W AR BRI R A 1. 75 BHiE . [10] pA3E0F, %, W ain, . MR BRIk &



%3

% (A 4 SNBSS ALK R A DL 5 40 B

335

[11]

[12]

[13]

ML A R B B lC & SR LT, b B L R 2= 4R
2012,32(36) :68-74.

LU Qinfen, CHENG Chuanying, Ye Yunyue, et al.
Slot/pole number combination research of PM linear
motors with fractional slots per pole[J]. Proceedings
of the CSEE, 2012, 32(36) :68-74.

KBV, TR, WRI7LL. oy BN A v G4 T A
WS HL SR S T L [T, RR AL, 2012,40(6) . 75-
76.

ZHU Zhiping, ZHANG Liming. CHEN Fanghong.
Winding configuration comparison of brushless DC
motor with fractional-slot concentrated windings[J].
Small &. Special Electrical Machines, 2012,40(6) .
75-76.

SENOL S, USTUN O. Design, analysis and imple-
mentation of a subfractional slot concentrated wind-
ing BLDCM with unequal tooth widths[C] // IECON
2011-37th Annual Conference on IEEE Industrial E-
Society. Melbourne, VIC, Australia:
IEEE, 2011, 6854(5):1807-1812.

Wi, BInGE, e, %O ORGSR e 2 e
ViR AR e 4Lk g e AL RE 09 ik 0], P E B L TR
% ,2012,32(S) :242-248.
PENG Bing, XIA Jiakuan,

lectronics

DONG Ting, et al.
Torque improvement method of unequal tooth widths

in permanent magnet motors with multiple slots and

[14]

[15]

[16]

[17]

few poles and different phase windings wound on al-
ternate teeth[ J]. Proceedings of the CSEE, 2012,32
(S):242-248.

SPARGO C M, MECROW B C, WIDMER ] D. Ap-
plication of fractional slot concentrated windings to
synchronous reluctance machines[ C]// 2013 IEEE In-
ternational Electric Machines &. Drives Conference
(IEMDC). Chicago, USA:IEEE, 2013.618-625.
SPARGO C M, MECROW B C, WIDMER ] D. Ap-
plication of fractional-slot concentrated windings to
synchronous reluctance motors[]J]. IEEE Transac-

tions on Industry Applications, 2015, 51(2):1446-

CAPPONI F G, DONATO D, RIVELLINI G A, et
al. Fractional-slot concentrated-winding axial-flux
permanent-magnet machine with tooth-wound coils
[J]. IEEE Transactions on Industry Applications,
2014, 50(4).2446-2457.

B AR AL . IR, B AL A R ) T K R i B
Rz B sh BB bt B LI] B THOR %
4%,2014.,29(7) . 77-82.

GONG Xiao, XU Yanliang, FENG Kaijie. A novel
disc transverse-flux permanent magnet machine and
analytical expression of its no-load EMF waveform
[J]. Transactions of China Electrotechnical Society,
2014, 29(7).77-82.

(%R % 303



336 (IS SRS | A N NI S S 5% 50 %




