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Abstract: [ Objective] To address issues of experience
dependence, low efficiency, and possible omission of feasible
solutions in motor winding layout design under complex slot-
pole combinations, multiphase configurations, and different
winding forms, a search-and-pruning-based automatic winding
layout method is proposed. The method provides an automated
solution framework for the unified generation and screening of
concentrated windings, distributed windings, and multiphase
windings. [ Methods ] The winding layout problem was
formulated as a constrained coil-side combination search
problem. A backtracking-based depth-first search framework
was constructed to generate candidate winding layouts through
coil-side pairing. Bit-mask representation was used to record
slot occupancy, enabling fast conflict detection and feasibility
checking. The synthesized fundamental and harmonic phasors
were updated through incremental complex summation, which
eliminated redundant full-range summation calculations. To
narrow down the actual search space, symmetry reduction, a
triangle-inequality reachability upper bound, and a projection
upper bound along the current synthesized phasor direction
were adopted to prune invalid branches that fail to satisfy the
target winding factor. [Results] Representative three-phase
and five-phase case studies showed that the proposed method
can automatically generate feasible winding layout schemes
with high fundamental winding factors under different slot-pole
combinations. Compared with combinational enumeration
method, the proposed method significantly reduced the
number of visited search nodes and computation time, with
pruning rates exceeding 95% in typical cases. Finite element
simulation of a 40-slot 26-pole five-phase permanent magnet

synchronous motor showed that the average torque of the

winding layout obtained by the proposed method was
14.570 N-m, slightly higher than the 14.547 N-m obtained
by the star diagram method. lts torque ripple of 0.067 4%
was lower than 0. 075 6% obtained by the star diagram
method, and the total harmonic distortion of the air-gap flux
density waveform reached 9.95% , also lower than the 11.18%
given by the star diagram method. [ Conclusion] The
proposed method effectively reduces the practical search space
while ensuring the completeness of feasible solution
exploration, thereby yielding winding configurations with a
high fundamental winding factor and low low-order harmonic
content. It is applicable to rapid design and scheme
comparison for complex slot-pole combinations, multiphase
configurations and diverse winding forms, providing a reliable
front-end design tool for subsequent electromagnetic
optimization, harmonic suppression, and torque ripple
mitigation.

automatic concentrated

Key words: winding layout;

winding; distributed winding; depth-first search

B = [ BRI G 2 A AR SE
I T R HLGE A HE AT BT MO 22 5 AR AR HL 5 it e
AT T SR AN, AR SO T — A TR S B R SE A
AahHfiTr ik v S o e e Z S I 5 —
A S R AL [ SR B, [ 753k DR SE AL HE A )
R R 0y 215 24 SR A 2 B 10 201 8 R T AL, ) 7 3 T [l )
R TR JEE I S A8 AR ME AR, L2 B i i 5 AR A ik B2 41
Jr5R o R HILHERS AT S 1 5 HPIR S, 52 B PRk v 2 A
55 BRI RE o TP ek 2 ORI R S 0 S 0 5 T
R G EE A SR A, O AR DB S PR R, 5
FRILLY | = AN S5 AT kb AT 25 i AR 07 1) )

© Editorial Office of Electric Machines & Control Application. This is an open access article under the CC BY-NC-ND 4. 0 license.



LSRN, 55 53 %, oM

Electric Machines & Control Application, Vol. 53, No.9, 2026

929

B B AT REIA B B AR SeH R AW 43 ST BT R,
(SR ) = A0S FoAH SR F2 BT | i 35 05 15 R 48 #E AN )
RS BEA T A A R 28 4 2R B0 WY T AT S A R A
FE, METHGMEF L, AXTE R ERLD THR
5 ASEO T SR ) M A8 S 051 B A SRS i 95% , 40 1
26 W FAHKRERI A6 LA PROT A BL45 SRR W, AR SO vk
FifS Ll B34 14.570 N-m, B 5 T 2 2 E
Y 14.547 N-m; B AE K560 0.067 4% 8T B4 Kk
1 0.075 6% ; BRI IE SOE I G AE %R 9.95% LT
BRKEER 11.18% , [ 4518 ) AN U7 R RS 7E PRIE T 4T
it 4 2 58 e 1) R el 5 S PR A8 R s [, I 3R AR
HAT S0 53 20 2 B0 FLAC I 18 0 2 = 1K A S Al HE A
R, BINEEN TR WA A M E R 2R A
T By b -5 07 et ke, 7T R e Sk B gk 8 ik
IV AL AR Dk S i e R s T T

K L B AT B G e SR TR BE AR G
HE

0 35|15

Wil T RE R A A Tl A Sk BOR P &
J&  ALE R s %0, HMERE B e R GE Y Ak
BRI iz AT tE . R AR BE IR
B WA UR MR RAETE AL A OCTY K o A4
B b AR ) AN S RS RS
FACRE B BRI EE H AR

VLA B vh GE 20 M LA A Hom ik g o
o A TR DL K G TR R B Sk ] 3 A R
FBUCR HHINED R R B K R H AL ) R B SR T (]
Z— IR AE SRS | RN o3 A UK S e 4 v
Az RES AT,

&5 i XA ML, 73 B L h S8 21
( Fractional Slot Concentrated Winding, FSCW ) £
206 5 i S K B | AR AR A FE L B T I AR 4 iR
SSWEY HRE T LA K ok A 5 1 55 O T B B
PLHe. [RImE, FSCW AR AL & R4 8 T TR 45 €
HME RSE FE e 5 29 0] T 47 25 5 i i Ak
R AE BT RE VR VA2 i b XU FLOR & AL 2 AH
PRIk P BIL L R e B 2 PR B 8 2R 4 v 2 B¢
ZpE g,

SR, FSCW L RF Bt B 0y T REAAE . LR 5l
PSR W WS RNE R, W R — L5 R
FEFE K E) BRINASRE AR AR I8 A 10 LA B M 7 i

S, 75 ELE A LA S 2B S
P55 T B T I At

TEAEXFREAE & MU LA T, S84l 7= 4 11
F S A A X L S BRI X 40 A, 2 TGS
23t AR A AV R 8 U 2 TR, DA o Jal
R B R FL B 2 R DK B0 A IR S e s PR g, O AT
RETE Sl 100 75 & o 35 A K R MR iR R SR RE
TETHRIRE, 7 =R R A AR ALK =Rl A AL 2% A&
AN b 3k BB ] UV 2% 5% 0 22 AR B S
BT

EFXF FSCW HLAILAR A B 14538 8 5 U7 9 il &%
N AL GRS T B BRI 1 4 5 bk
Bl (AFELE S Dy 5% B 5 P 0 (kT4
PR Z R AP J& T A i 20 T AR A, 5%
HHATEH AR T FSCW 3% — 25254 . T &
SRS PSR, IS SE M IR A B AR
PRSI BC A T R SRAL, AR T L #0v Je e 4 e 1
B B AR B IR R R RE L R A T, X
LR VBT R R v 8 23 (8] 23 A HEA T 1 5 0 3
LA HEAR (G FRPE B4 52 e L U SR A R A S ()
WA B KBl A0URE B ik 2 M A5 G S R e
febr, B, #r —FaE HF 2 REA A5
—HE AR S TP T, A BRI E NS
TREME,

H AT, S84 110 2 22 A0 sl AR 5 HUR A% i
G FSCW BT A MO g BT i | R4k IRTTE A I
2o R0 Sfe A B Ak e ZE 4L HEAR T X e
PAEH FFR = A SE 4 A7 /0, R e A K
F A8 R i 85 A AN KU P A T Il AT AT )
PRI ME R A5 23 ) 1 g i 2 T 224

AR, B B 98 T 4 22l 0 2 )2 SR 4 45
A ORARUZGA BOL VL AL Ik, 50
L8 BRI 0T R A BRI R A BRI, Ry
e A s A S A B A JE i

SRy LR ) B, A SCHE H — 3 T [l 48
RINE MR ZAIREG — A A EARAE
R X R R 8 AR SR i SR A T SRR AT
RO ER, WA A N RS vh 2RI | 3 A R
FLA LT = A N % 20 B B R W, 78 S iE HE A
IEWAPERRTEE T 503 4 1 2 A (], 3 v ik
T RCR . M TAR G A s T ik, i di
TR B EE S T S AR SR LA R oM 4

© Editorial Office of Electric Machines & Control Application. This is an open access article under the CC BY-NC-ND 4. 0 license.



Ve, 45 B TR BIL A LSE AL A S HEA 7 ik

930 Shen Weijian, et al; Automatic Motor Winding Layout Method Based on Search Algorithm

BT BIGREL 18 T = TR S AN TR A B
SRR IC S T B SEA HEAT BT, T oI5 2
VAN REIK 50 23 BT S A P 4R 4L s AR T
A,

1 #ZbimB SRS

1.1 4%l 0] [ iR
1.1.1 ©RF#Es R
FEL T AT A A% 0 S R 22 AR B A TR A A 23 (1]
G3 A LR XK (S EAR A B 5 B, X
T m AHXTFRGEAL, 55 o MHFLTRARDE @, PTRIR N
o = 27w(a - 1) "

m

:1’29...,m (1)

UG a MTEREN T G HURE R C, A
C,.,= Yo k=0,1,-,2-1 (2)
Ak RO Z 8RR o AR GBS 22 ) 11
WA E  a=2mp/Z ,p TN E o, 9 k HEZR
Bl 1 7 1) R, BUE A £1.0,
K (2) BRFIE FE A T AW L 0, =a BIREAL
kya, J5 K RERTIE AR
HARSPA 25 F T R h

‘Cl,l‘: ‘C2,1‘=“'= ‘Cm,l‘ (3)
HABLBPIAR Z 0] AR 2528 27/m,
1.1.2 M4 B 47

TG JE FL R ST R A 5 2 R R
PAFL I SR R B KA AR AL B A, IR BY
25 [RVE AN . T a A v WRES T D, S84 HE
A% LA B €,

C =Yoo, k=01,-,Z-1 (4)

K (4) BRFVE TG R a, =a WIREDT &,

SR RBK, , Tkl

_le|
! Nuc
KN, AR,

PRI, BE4H ) st HEAR ) T 238 « 76 1 2 H
WETA RS AL 5 2R 4500 T, SR K, | 3
KEIN,, o
1.2 REEEEEHHIL

RS S U A — H Sh T e —I
MBI , A SCAAE R FHAR H AL 20, AR 55
HE A R e B A BRI A R 2 thl B e

(5)

t

1.2.1 He3) A Atk

HEG A AR e & S A BE T B Al 2.0 D) BB
SEIE T A RIAHEL m 8 TR Z SR p,
A A VR B SR LA BT, I R LR P IE
L8/ G (KB RN IE S, /NE F KRR
B8 AP B AR T RERHEA T &R

PLZ=6,m=3 ML LI N B, B i
e E RN GRS (0~5) , SR S5 MR AH H000 2 1 4
B 2 AR A T S HES U S5 A RS
REEFEE, e &0 HEF J7 %6 A0 45 “ AaBbCe” Al
“AbBcCa” %53t 36 M TE %,
1.2.2 BAas @ik

NI AL TR A% O B b a2 38 o HE S AR A,
T e Z AR LA AT A 2K, AN [FAEE ALY
AEAE [] B AN ] - = A LWL TR Wl A2 45 4 8] B] B 120°
FELFF R AR R MG 6 5 AR T ) B 72° F A B

BREHLIE L B v PR B BRI R, 15 SR L
R 57 46 Ay v AR BE RS, 9K Jis AR A B0 2 75
PR, VL Z=12, p=2,m=3 [HHL L], i f
JERAG S Rl O XFI 00 R 1 X0 60° 8 2 X 1
120°, BB H0Ch 12/(3%2) =2, Hl A F#HHE 0 JF
i, B AMAE 2 FFUA (KPR 120°) , C A 4 FF46
(XTI 240°) , PR = AHAR O A
1.2.3 F=H1EHR

P A HR R AR 4 2 0 VR B BT, 4 A HE S
A BRI S A7 AL BB H (9 T g 38 0t B2 4 A
SERCPERETER AL INE 1 PR, HUARRAA T

(DI MAR Z.p 5 HIMES B
FHHES A= BB Az B AR T 5% 5

(2) VA RS A7 Ak BHARE B 38 & 4 AR AR 7, i TR
ARV - 5

(3) VA FH A 2800 4 W S B S I TE 3 %8, R
AT O

(4) XA RR O R AT MR RE T8 36 T 2 B
BHITHSRHREK;

(5) i th L8 4 & FOw 2 H bR EUE 1 T A
ES

2 fRALREE

SEE LR I TR R, RIS (2R
SRR =AY B B X PRI AL SR, i e f% ¢
B IR R T RA AR L B R

© Editorial Office of Electric Machines & Control Application. This is an open access article under the CC BY-NC-ND 4. 0 license.



LSRN, 25 53 %, oW

Electric Machines & Control Application, Vol. 53, No.9, 2026

931

1 $EHRRREE
Fig.1 Control module flowchart
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Tab.2 Winding layout results of five-phase motor
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Fig.3 Winding diagram of a 40-slot 26-pole motor
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Fig.4 Curve of electromagnetic torque versus

electrical angle
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Fig.5 Curves of five-phase currents versus

electrical angle
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Tab.4 Comparison of torque performance

ik -2y S YN /N B ARk
Si/(N-m) #i/(N-m) %/(N-m)  Bi%/%
B E: 14.547 14.553 14.542 0.075 6
AR5 % 14.570 14.574 14.564 0.067 4
x5 SEHEBERMIERIIE
Tab.5 Comparison of low-order air-gap flux
density harmonics
AT B
et d e AHXS L AHXS L
W W
=%/ % o/ %
1 0.8370 100 0.8320 100
5 0.071 1 8.50 0.080 8 9.71
7 0.034 1 4.07 0.033 1 3.97
11 0.022 7 2.71 0.029 2 3.49
13 0.014 3 1.71 0.014 1 1.68

% 4 AT, AR SOy I AR SR 4l 2 10734
¥ 4 h 14570 Nem, B& & T B 24 K % W
14.547 N-m, RIIA ST LA DL A0 S8 4 HEA B 9F:
KRBT e e i 1 e 7 [RIAS, AR SO s 1 i
ik 3h % R 0.0674%, 1% T £ & K &0
0.075 6% , %% 5 Ik 2l 2 B A% 10.85% , R WA SCIr
BTSSR J7 R R TR AR T G AR AR 1Y
SER L B F R A SRR

% 5 W AR SOk I 35 U AR B i % T (L
49 0.837 T, Wk T LR IEL 19 0.832 T, R EH A C
T5 B B B W R v A R Re T . ARSI N
5 YIS AR X S S il 9.71% FEAIRZ 8.50% , 4%
11 WIS 0 AR R JRE 0 5 2 PR 3.49% FRAIRZE 2.71%
AR T IR 13 YRS ARG JE 0% & e AT -7 2
MR, LA A AR B I I 3R 2, A SO
) R I B AR SR ((Total Harmonic Distortion,
THD) } 9.95% , ik T 2 & Y 11.18% , AR
10.9% . PRI, A8 SO A0 DR 35 i JE 0% 43 1t 1Y)
IR, RE A% B AR AR AR 25 A1 i KT, st OB

g5 b RSO R AR g R D AMURE RS
A 2 P 357 e i R R I8l S B 2 AL, i T
B AR R Dk 2 6 RV BRRE % THD , R A A SOy
ARG A ShHEAR ARG R RE S Ty T A — 2

et
5 Z5iE

AEEE IR R AR AT AR
TCXT AR 1 A B3 VA Il i 3 vk, 4 1 — Fh S8 20
FIEATT 1) R S e 5 ik, 107 AR Bl b HE A B H 1Y
[ R TR 40 1 26 B AR KRG ) 26
ML R B 5 RREAR L, A SO E T i 58
5 58 V- X5 B T T e LDk gl AR A B
THD H{I%, 48 REFX 45 R W], 78 LAY 55 451]
WA SCOT 15 AH A 6 MO O v 1Y) B BSR4 i
95% , Sk 1 BT A R 5 BT BORME A B, R
RTAERTIAE Z A IF 9 i 2= T A0 fE
et
) 25 i 52 7= AR
A AR AR R 25 T2
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