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Abstract: [Objective] This paper aims to address the issue
of high content of non-dominant harmonics and significant
torque pulsation in fractional slot concentrated winding
(FSCW ) dual-rotor synchronous motors. A compensation
winding is proposed to optimize the magnetic field structure of
dual-pole-pair coupling, suppress non-dominant pole-order
harmonics, and increase the content of dominant harmonics,
thereby reducing torque pulsation caused by non-uniform
magnetic fields. [Methods] Firstly, the fundamental theory
of FSCW was analyzed, and the structural characteristics and
coupling principles of dual-rotor synchronous motors were
introduced. The algebraic and phasor synthesis methods were
employed to analyze the distribution patterns of harmonic
magnetomotive force in FSCW under different slot-pole
combinations, and the distribution coefficients were derived.
Subsequently , based on the distribution of dominant and high-
content non-dominant pole-order harmonics, as well as the
peak and valley characteristics of the synthesized
magnetomotive force, a direct compensation method for
specific harmonics was designed. The virtual displacement
method was used to derive the expression for electromagnetic
torque. Finally, finite element simulation and theoretical
calculations using the virtual displacement method were
conducted to analyze the changes in air-gap flux density and

torque pulsation before and after harmonic compensation.
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[Results] The finite element simulation results showed high
consistency with the theoretical calculations using the virtual
displacement method, verifying the accuracy of the method for
torque calculation. The electromagnetic torque waveform
exhibited better sinusoidal characteristics after adding the
compensation winding, and the torque pulsation of both rotors
was significantly reduced. Specifically, after adding 1-pole
compensation windings, the torque pulsation of Rotor 1 and
Rotor 2 decreased by 30.11% and 41. 1%, respectively.
[Conclusion] The proposed method can effectively suppress
the high-content non-dominant harmonics, optimize the torque
waveform, and reduce the torque pulsation, thereby
enhancing the operational efficiency of the motor.
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Fig.1 Topology of FSCW dual-rotor synchronous motor
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Fig.4 Phasor diagram of synthesized magnetomotive
force harmonics using algebraic method for

odd-slot configurations
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Tab.1 Model parameters of finite element simulation
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Tab.2 Winding turn settings for finite element simulation
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Fig. 12 Magnetic flux density analysis of air gap
before and after compensation
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Tab.3 Average torque variation of air gap 1 and
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Fig. 13 Comparison of results from virtual displacement

method and finite element simulation
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after compensation
®4 1 S5EMN2 SSREERKS
Tab.4 Torque pulsation of air gap 1 and air gap 2
1| SR 2 SR BRI

i Bk (N-m) Wkzh (Nem)
ToAMEA HAE 1.365 1 0.978 39
1 XA AME T B 0.803 81 0.683 78
5 % e M B 0.924 7 0.795 48
5 45iE

ALU—FEEF 18 F 7 X, 1 55T 14 18
7 R 2 S 22 4l 11 XY FSCW [R5 FLHL
SR G153 BT T AU X SOk 1 U [R) A0 R BL A R
TE R U 43 AT FUAEE S L A Dk s il ol &
2, FARBOE FIMH &5 A S o010 28, F T
SE ML A A AN [ RE A 5 18 B J R s

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



W, A U R BSORE  F OUR 1 [] 25 H AL Ak 3l 41 7

338 JI Wei, et al: Torque Pulsation Suppression in Dual-Rotor Synchronous Motors with Dual-Pole-Pair Coupling

BRI, IR, T A o 1 o e 2 Tk
W, W/ NFRE K Bl AR SR AR O . B, i
A FRIC 7 ELFN R AR vk BEIE 20 B A LAMEE T S
YRR Bk 8l 2 S B 8k, AT BRIC T 4G
SRR (7 A% 3 B T 25 R W) & BE e, R
(EASTE TR BA B (9 IR 5 8 b
FAGRAL ) A LRGBS FE IOE Y IE 52 RE AT AN A%
TR DK S W AR, A0 1 XA SE 4L
1S 2 5 5% 1 I A bk 30 3 00 /) 30. 119 A0
41.1% .

s A=A
Fr A 1EE 75 BAAAEAE R 25 v 2
All authors disclose no relevant conflict of

interests.

EE ok

AT TR BT A AT SR SUR S
B ETNISS S TR SCH S B %R, A
TEHE I R R T AR IFRIEEAL,

The scheme design, content summary and
paper writing were carried out by Ji Wei. The
manuscript was revised by Luo Hao, Wang ZiGang,

et al. All authors have read the last version of paper

and consented for submission.
S £ X #k

[ 1] B&hG, VFRRRL, fRIEMR, 55, JET 2RO AL
BB E IR LA RS S e T (0],
J1 A EkEE4, 2021, 41(2) : 159-165.
LUO H, XU X W, SHI Z K, et al. Analysis of
electromagnetic coupling characteristics for doubly-fed
induction generator based on multi-frequency pole
pairs” magnetic field coupling [ J]. Electric Power
Automation Equipment, 2021, 41(2) . 159-165.

[2] 30U, REEE, 28R, JE TS REIERN I
B AR vh S 4 K G W) 20 e ML SR S B ST [ ]
HL T AR 2R, 2015, 30(13) ; 150-157.
TONG W M, WU S N, AN Z L. Study on the
inductance  of synchronous

permanent  magnet

machines with fractional slot concentrated winding
[J].

Transactions of China Electrotechnical Society, 2015,

based on the winding function method

30(13) . 150-157.

[ 3] BRas). KGR AL HL AR S B 4R vh SR L )

HERUR[T]. KA AR (ARPEE S TR
AR, 2012, (9): 798-802.
CHEN Y G. Magnetomotive force and inductance in
permanent magnet synchronous machine with single-
layer fractional-slot concentrated winding [ J ].
Journal of Tianjin University ( Natural Science and
Engineering Technology Edition), 2012, (9). 798-
802.

[ 4] MpEpE, 5E2m. 70 Borl 8 v S8 4 K w32 i Av) il

HHLE THESh B R R R T[], BOB L,
2012, 45(4) . 1-7.
TIAN Y Y, MO H C. Stator magneto-motive force and
winding coefficient analysis of permanent magnet
servo motor with fractional-slot concentrated windings
[J]. Micromotors, 2012, 45(4) . 1-7.

[5] WZHZ. APFIM]. 5R. bt P Tl AR
#t, 2014,

TANG Y Q. Electrical Machines [ M ]. 5 ed.
Beijing: Machinery Industry Press, 2014.

[ 6] INEM, B8, RE, %5 Mo h SRLLUg
PLAR S Ol B i sh 3l Ok [T, mls
PRI, 2023, 50(11) ; 86-95.
SUN C Y, LUO H, WU G, et al. Method for

suppressing  non-dominant  pole  log-harmonic
magnetomotive force in fractional slot concentrated
winding induction machines [ J]. Electric Machines
& Control Application, 2023, 50(11) . 86-95.

[ 7] KR, 9%8%, Gis7E, &5 HTER T BlE
FR SR A0 R R AR B AR R E BT (] BT
AR, 2023, (23): 29-33.
ZHANG H Y, LUO H, NI X J, et al. Analysis of
starting torque characteristics of induction motors
based on fractional slot concentrated winding of stator
and rotor [ J]. Electric Engineering, 2023, (23):
29-33.

[ 8] 75k, BXSCHE, WHUE, % M BUEE T SE4LK
PG BB T B SRR (1], v E A LT
2, 2020, 40 (BT 1) . 272-280.
ZHENG J Q, ZHAO W X, JI J H, et al. Review on
design methods of low harmonic of fractional-slot
concentrated-windings machine

[J]. Proceedings of the CSEE, 2020, 40 (S1):

272-280.

[9] CHONG L,

permanent-magnet

RAHMAN M F.

Saliency ratio

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



HIPL SR, 55 52 %, %53 1)
Electric Machines & Control Application, Vol. 52, No. 3, 2025 339
optimization in an IPM machine with fractional-slot ZHAO H C, SUN M C, WANG S B, et al

[10]

[11]

[12]

[13]

[14]

[15]

concentrated windings [ C ]//2008 International
Conference on Electrical Machines and Systems,
Wuhan, 2008.

r b, B, M — ML, A BETAS IR 24 RO AL
TGRS B FSCW BUSHEN B HIL F 1 S 0 FE e
AATLT]. LSRN A, 2024, 51(10): 107-
119.

GAO Y, LUO H, XIAO Y F, et al. Analysis of
electromagnetic and loss characteristics of FSCW
doubly-fed induction motor based on spatial multi-
component polar-pair magnetic field coupling [ J].
Electric Machines & Control Application, 2024, 51
(10) : 107-119.

SWI, gEas, BRAER, & BT OR0EE TS
ZRGEARUGE DA 7k (1], BB L, 2023,
56(3): 16-22+34.

WU G, LUO H, ZHAI C C, et al. Low harmonic
suppression method for multilayer windings based on
fractional ~ slot  concentrated [J].
Micromotors, 2023, 56(3) : 16-22+34.

Wroxhs, AR, 70 B4 vh SR 41 E 1% s # 1y
SRl )], MLSESINIA, 2022, 49(1) : 62-68.
CHEN H C, SONG C L. Decomposition of stator

magnetomotive force of fractional-slot concentrated

&  Control

winding

winding [ J ]. Electric Machines
Application, 2022, 49(1) . 62-68.
by, MRIGENI, fift. IF 9 OB IR G b
AL % U5 2 BOR Ak B0 FTRE 3 15 R 1 43 BT
[J]. ALSEHIBIH, 2024, 51(8) : 67-75.

MA T, LIN X G, XIE W. Optimization design of
excitation

source parameters and magnetic field

regulation characteristics analysis for parallel dual-
rotor  hybrid [T].
Machines & Control Application, 2024, 51(8): 67-
75.

SRARRR, WA, TN X KUBIL X A S i [
AL TR EOR[J]. AP 1 8 H,
2021, 48(1): 61-67.

ZHANG L S, HU P, NING X L. Dual-rotor

self-excited motor Electric

synchronization technique of contra-rotating PMSM
used in counter-rotating fan [ J]. Electric Machines
& Control Application, 2021, 48(1) . 61-67.
R, PN, IR, S Al R K R HL AL
PRI AR ALL D). BB AL, 2023, 56(9)
50-53+68.

[16]

[17]

[18]

[19]

[20]

[21]

[22]

Characteristic analysis and torque ripple optimization
of axial flux motor [ J]. Micromotors, 2023, 56(9) :
50-53+68.

W, 4> oA th SR K G 1) A0 rl BIL R g 3R 3D
ST SMEI (D], BTN . HITIR:,2023.

YANG C R. and

Analysis suppression  of

electromagnetic vibration for fractional-slot
concentrated winding permanent magnet synchronous
motor [ D]. Hangzhou: Zhejiang University, 2023.

KW, KA. 2R MO S b e 00w I G Bh
BOMHILI]. BT, 2023, (5): 208-210+213.
WU G, ZHAI C C. Analysis of harmonic magneto-
of multilayer fractional slot
(I
2023, (5): 208-210+213.
PN, 53 RORE B vh B8 2 K il vi LA R Dk s ) 5
PEREOLALBIZE[ D] DL BT R, 2022.

SUN K. Research on torque ripple suppression and

dynamic potential

centralized winding Electric  Engineering,

performance optimization of permanent magnet motors
[D].
Wuhan; Wuhan University of Technology, 2022.

WU X D, ZHANG H Y, YANG C X

with fractional-slot concentrated windings

, et al

Analytical calculation of magnetic field and analysis of
rotor permeability effects on permanent magnet
synchronous motor with fractional slot concentrated
winding [J]. World Electric Vehicle Journal, 2024,
15(7) . 312.

GENG W W, ZHANG Z R, LI Q. High torque
density fractional-slot concentrated-winding axial-flux
permanent-magnet machine with modular SMC stator
[J]. TEEE Transactions on Industry Applications,
2020, 56(4) : 3691-3699.

Ghl, ARIEMS, H—JL, . rBORAE h e LR
HUALR S e AR e A [T ] s HL S P i B2
2024, 51(10) . 838-97.

LUO H, ZHU Z P, XIAO Y F, et al. Analysis of
starting torque characteristics of induction motors with
fractional slot concentrated winding [ J]. Electric
Machines & Control Application, 2024, 51(10) . 88-
97.

VFRERL, BRAG, FRIESR, 28 J) RO AR h SR U
TR L LR R S R e A (0], BOBAL,
2019, 52(9) : 34-40.

XU X W, LUO H, SHI Z K, et al. Analysis of

electromagnetic coupling characteristics of dual rotor

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



S OO R 1 XU 7 4 L R S

340 JI Wei, et al: Torque Pulsation Suppression in Dual-Rotor Synchronous Motors with Dual-Pole-Pair Coupling
induction machine with fractional slot concentrated W[ D). BFE . LR K%, 2023.
winding [J]. Micromotors, 2019, 52(9) : 34-40. TAN F. Research on optimal design of five-phase
(23] ALEHPE, G865, JRIPmT, 45, BT a8 R 505E o permanent magnet machine based on fractional slot
A 1Y U [R5 R & Ha BIL B 1 R 4 4 B concentrated winding [ D ]. Ji’ nan: Shandong
[J]. mMLSHHIRH, 2024, 51(11) : 85-96. University, 2023.
REN M Y, LUO H, ZHU K S, et al. Electromagnetic [28] FEBRIN. 2 =AH BN 4 v X S8 4l ok G [F) 20 25
characteristics analysis of dual-rotor synchronous wind AL 500 D]. MA: ZRE§K%,2023.
generator based on wideband coupling of spatial pole ZHA C C. Research and analysis of multiple 3-phase
pairs [J]. Electric Machines & Control Application, fractional slot concentration winding fault tolerant
2024, 51(11) ; 85-96. permanent magnet synchronous motor [ D]. Nanjing:
[24] [EHR, J56%, INEFH, 5. B0 4E h SR gl v Southeast University ,2023.
OB AN 7 SR LTS ]. AL SRR R, [29] MTER, Eitbz, AL, 2. G s o sl
2024, 51(11); 110-122. AN K A AL R AR AT ]
KUANG J Y, LUO H, SUN C Y, et al. Comparison LS Hhl 23R, 2024, 28(1) ; 12-25.
study on pole pair harmonic suppression schemes in HE Y L, WANG S Y, SUN K, et al. Analysis of
fractional slot concentrated windings [ J]. Electric electromagnetic torque characteristics of external rotor
Machines & Control Application, 2024, 51 (11). permanent magnet generator with axial radial static
110-122. eccentricity fault [ J ]. Electric Machines and
[25] SRMNSC, RS, BRITN, 4F BB RS Control, 2024, 28(1) : 12-25.
AP I U 3 RS [T ). AL S o [30] MFE4, 24, A KREHbR AL R R
iz, 2015, 19(3) : 14-19. WEFE[)]. HAUTRRAR, 2023, 18(4) : 35-42.
ZHANG B Y, LIANG B X, XU G R, et al. Research LIN B Q, LI J, YANG G D. Research of torque
of phase belt harmonic leakage permeances coefficient characteristics of permanent magnet vernier machine
for proper fraction-slot concentrated winding [ J . [J]. Journal of Electrical Engineering, 2023, 18
Electric Machines and Control, 2015, 19(3). 14- (4) . 35-42.
19.
[26] WA, BR, MTE, % B E D SRR
20 e AL AL PR B I S M P e B (0. BB AL, Wk H 19 :2024-12-19
2023, 56(5): 6-12+18. W &Rk B 1 :2025-01-08
SHEN Q P, CHENG J, ZHOU Z Y, et al. Research VEH T .
on electromagnetic vibration noise characteristics of e (2000-) , 2, AHWF5E A ST 0] b 3 260 e AL
permanent magnet synchronous generators for electric R 5 il 3 AR ,2689378350@ qq.com;
vehicles [ J]. Micromotors, 2023, 56(5): 6-12+ w B (EVEE BRI (1978-) , B T+ 22, W5 IR
18. WU & BAL KA TG fil B AR, 5188051@ gq.com,
[27] REE. T BORAR T SR L B9 A K F AL AL

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



