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Factor for Dual-Stator Axial-Flux Permanent Magnet Motors

Considering Nonlinear Iterative Convergence
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Abstract: [ Objective] The magnetic circuit of dual-stator
axial-flux permanent magnet motors is distributed along both
the axial and circumferential directions, requiring three-
dimensional finite element method for electromagnetic
performance analysis. Although the three-dimensional finite
element method offers high computational accuracy, it also
presents challenges such as high computational resource
demands and long solution times. This paper proposes an
equivalent magnetic network method that accurately accounts
for nonlinear iterations, enabling fast and precise calculation
of the electromagnetic performance of such motors.
[Methods] First, considering the three-dimensional magnetic
circuit characteristics of this motor, the motor was divided
radially into multiple independent slices, with each slice
equivalently modeled as a two-dimensional linear motor,
thereby a quasi-three-dimensional layered magnetic network
model that accounts for iron core saturation was established.
Second, to overcome the convergence difficulties and poor
robustness of traditional magnetic network models in nonlinear
solutions, an iterative strategy with a dynamic relaxation
factor based on the Sigmoid function was proposed. This
strategy utilized the continuous and smooth characteristics of
the Sigmoid function to dynamically adjust the relaxation

factor, achieving fast convergence in the initial iteration
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stages and high-precision stable solutions in the final stages.
Finally, taking a dual-stator axial-flux permanent magnet
motor as an example, the calculated results were compared
and analyzed with three-dimensional finite element results |,
demonstrating the correctness and feasibility of the proposed
method. [Results] The established quasi-three-dimensional
layered magnetic network model was able to accurately reflect
the magnetic field distribution characteristics of this motor.
The calculated results of air-gap flux density, no-load back
electromotive force, and electromagnetic torque agreed well
with the finite element simulation results, and the errors were
within the engineering allowable range. In terms of nonlinear
iteration performance, the proposed Sigmoid function dynamic
relaxation factor strategy significantly improved the iterative
convergence characteristics. Compared with the traditional
fixed relaxation factor method, this strategy exhibited stronger
robustness, the convergence process was more stable, it
maintained stable convergence performance under different
saturation levels, and it effectively avoided the iterative
divergence problem that might occur in the deep saturation
region. [ Conclusion ] The electromagnetic performance
analysis method proposed in this paper, which is based on the
quasi-three-dimensional layered magnetic network model and
the Sigmoid function dynamic relaxation factor, balances
computational accuracy and efficiency. This method possesses
good generality and can be extended to the electromagnetic
performance analysis of other types of axial-flux motors with

complex magnetic circuit structures.
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Fig.8 Flowchart for solving the MECN model
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Fig. 9 Comparison results of no-load air gap flux

density obtained by two methods
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Fig. 10 Comparison results of armature reaction air

gap flux density obtained by two methods
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Fig. 11 Results of phase no-load flux linkage and
phase no-load back electromotive force

obtained by two methods
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Fig. 12 Comparison results of electromagnetic torque
obtained by two methods
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Fig. 13 Iterative error under rated conditions
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Fig. 14 Iterative error under overload conditions

PR AN BE IR, AR L AR B R 3% [T s ot
TS A SOE S, HLA A R b R 2
AR  WBTR e V2, AR R IO, . AR
SO B AN R T WA IR PR R A A Wi e
RE, BRI H T 00N s B SO 7 i AUl
B AR ZE AT RE AR AR TR # R
W 5 A B 42

L LRI FREC T ARG IR E AN st N 13k , AR 3
P YT Sigmoid PR ALY B A AL 5t 5 SR A
W SAGHR I USRS 2 8 PR B I v 41 1 45 D7 T 4
HA R ZZ A5, JCHGE T v 1 B o 305 T
T ARG ) A TR SRR St | S B 1 3 K G HL L
P e 28K et A PR A RE A SRR 1 TSR A PR

4 ik

ARTCHR T — ol T U ¥l 1] e 7K
FLAIL A B R S5 AR P 28 AR SRR o =
Heop JZT7 A, ISl AFE T Sigmoid PRLH) B
A A SR O AR LA R Qe s, 5 =4k
A BRICE R AN LRI, BG83
KA R T AR E AR T AR ARV, 5
kT P A MER . AR IR QR BE DT I, BT R
ShASHA S T SRR AL G [ E A b [ 795 HoA
PR AR ACBICTEE 38 A BT 5 1) 5 R, o A TR B M
T FTRE OR3P AR 8k, A Rkt e 1 ik Uk
BLIRIRR, [RIE, P4 7 kA = 4 A BROCTT 5 H.
AT S TSR AR T il v e LA R
T B PO BT S AL

FlzE MR AR
F G YEE 75 BAAFETE R 25 v 2
All authors disclose no relevant conflict of

interests.

EE Tk

T HESEAT 177 BB A4S RG50S
5 RHE SR NG A TR R 5,
T KEES S TR S BN, if
VEE BT [ & T B AR 352

Fan Tenghui was responsible for conceptual
and manuscript

design, content summarization,

writing. Hou Zhaoting, Gao Qi and Sun Jianchao

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



686

TR , 25 - 25 TR AR LA ARSI WUE ol 170 38 K FRLATL Bl 2 st PR 1 258 200 ) 45 A 1

Fan Tenghui, et al: Equivalent Magnetic Network Model with Dynamic Relaxation Factor for Dual-Stator Axial-Flux

Permanent Magnet Motors Considering Nonlinear lterative Convergence

contributed to the electromagnetic design of the

motor. Guo Hanyuan and Zhang Zhifeng participated

in the review and revision of the paper. All authors

have read the last version of paper and consented for

submission.
5 % 3wk
[ 1] BREE, B, g, & NI/ R s el

[5]

[ 6]

HRBL SN R G LR [ 1], P E AL TR
iz, 2024, 44(12) ; 4966-4986.

Chen Q X, Wang Q J, Qian Z, et al. Overview of the
technical roadmap and powertrain system for small
all-electric or hybrid aircraft[ J]. Proceedings of the
CSEE, 2024, 44(12) . 4966-4986.

AT, s, RRUE, A5 WEh AT A
LB TSR A SR (1], T AR
2025, 40(17) ; 5402-5421.

JuX W, Long J X, Zhang F G, et al. Development
status and research review of propulsion motors for
electric flying vehicles [ J]. Transactions of China
Electrotechnical Society, 2025, 40 ( 17). 5402-
5421.

FAESE, 4B, oA K ) 2R 48 Ae 2% A L B
HAREER[)]. PEBHLLFR R, 2024, 44(7)
2871-2886.

Zhang H L, Hua W. Overview of in-wheel traction
machine and its key techniques for distributed-driving
system[ J ]. Proceedings of the CSEE, 2024, 44
(7). 2871-2886.

XUF5E, BOPbR, PROGIE. SMC & il i 38 K
PR AL RS BT (1], A HL S 4 i A
2025, 52(7) . 769-7717.

Liu Y H, Huang P L, Chen X F. Study of inductance
parameter of an axial flux permanent magnet machine
with SMC stator [ J ].
Application, 2025, 52(7) . 769-777.

X, SRR, AR . T TP 1 58 K
2B AL RED S RE T[], A AL 5 2l
A, 2026, 53(2); 139-147.

Zhao X K, Zhang C, Zhu L K. Research on flux-

Electric Machines & Control

weakening speed expansion methods for yokeless-

stator axial-flux permanent magnet synchronous

motors[ J]. Electric Machines & Control Application,
2026, 53(2): 139-147.
PN, AR, AT R A e 0 R R A

[10]

[11]

[12]

[13]

BLLTT. BBLEHERIN, 2021, 48(4) ; 77-82.
Sun A, Feng G H. Axial flux permanent magnet
traction motor of mine engineering vehicle [ J ].
Electric Machines & Control Application, 2021, 48
(4).77-82.

AL, IR AR, S, SF il R K G AL
ARG LR BARFNT RIELEIR )], T EBHLT
e, 2022, 42(7) : 2744-2765.

Zhao J L, Lu Z L., Han Q F, et al. An overview on
development of axial flux permanent magnet motor
system and the key technology [ J]. Proceedings of
the CSEE, 2022, 42(7) . 2744-2765.

TRUE, BXRENS , AR, 45, &2 R0 2 ) Al
16 1 37 0 36 D7) 45 L K s P AL A S R P A AT (0 ]
HBLSTERINL, 2017, 44(11) ; 79-84.

Xu D, Zhao X M, Lin M Y, et al. Electromagnetic
performance analysis of axial field flux-switching
permanent magnet machine using equivalent magnetic
circuit method [ J ]. Electric Machines & Control
Application, 2017, 44(11) . 79-84.

Gadiyar N, Van Verdeghem J, Severson E L. A
review of axial flux permanent magnet machine
technology [ J ]. TEEE Transactions on Industry
Applications, 2023, 59(4) . 3920-3933.

Li B, Zhang J, Zhao X, et al. Research on air gap
magnetic field characteristics of trapezoidal halbach
permanent magnet linear synchronous motor based on
improved equivalent surface current method [ J ].
Energies, 2023, 16(2) . 793-803.

v, MRIGENI, BREE, 2. M T UM E il
SR (R A X ik i s 0 B R AF TPMISML 1583 [ ).
HHL SIS, 2025, 52(2) ; 181-191.

Zheng T, Lin X G, Chen W, et al. Design of IPMSM
with asymmetric magnetic barriers and magnetic
sensorless

& Control

bridges for rotor mechanical position

technology [ J ]. Electric Machines
Application, 2025, 52(2) . 181-191.
Qin W, Ma Y, Lv G. Three-dimensional modeling of
axial flux electrodynamic maglev motor [ J]. IEEE
Transactions on Magnetics, 2023, 59(11) . 1-4.
Lhadi, B, BOSCHE, A, LT BRRE E AL
B K ) 25 LA R R SRR [0 ] R T
A2, 2025, 40(20) : 6511-6523.

Mal] Y, Zeng Y, Zhao W X, et al. Cogging torque

reduction in interior permanent magnet synchronous

motors based on air-gap field reconstruction [ J ].

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



HAL

SR, %5348, %7
Electric Machines & Control Application, Vol. 53, No.7, 2026

687

[14]

[15]

[16]

[17]

[18]

[19]

[20]

Transactions of China Electrotechnical Society, 2025,
40(20) : 6511-6523.

FWET, B, KA. MR BAES A AR
BUEN 13T S2EARAC )] B bR
2024, 51(5) : 61-71.

Wang H Y, Li R, Zhang J. Detent force analysis and
parameter segmented

optimization of  primary

discontinuous linear motor[ J].  Electric Machines
& Control Application, 2024, 51(5): 61-71.
M, SRR, T, . BT U TR
AN TR BOKRE ) AP L2 BAR AR [ D], L
SRR, 2023, 50(1) ; 44-54.

MaZ M, Qi X G, Wang S B, et al. Multi-objective
optimization of outer rotor hub permanent magnet
synchronous motor based on global analytical method
[J1.
2023, 50(1) : 44-54.

Wu Y, Zhang Z. AC copper loss analytical models of

Electric Machines & Control Application,

high-power-density axial flux permanent magnet motor
with different wire types [ J]. TEEE Transactions on
Transportation Electrification, 2025, 11(2): 6654-
6663.

Li Z, Chen Z, Shen Y, et al. Analytical analysis of
quasi-halbach array permanent-magnet motors based
on field separation theory[ J]. IEEE Transactions on
Transportation Electrification, 2024, 10(2) . 3529-
3537.

Chen Y, Tao D, Ge B. Additional magnetic field of
dual-parallel rotor permanent magnet synchronous
motor and its influence on electromagnetic torque
[J]. CES Transactions on Electrical Machines and
Systems, 2025, 9(2) . 189-198.

Korman O, Nardo M D, Riccio J, et al. Distributed
magnetic equivalent circuit modeling of synchronous
machines [ J |. TEEE Transactions on
Applications, 2025, 61(1) ; 4-15.
RIS, XIESE, XIFEEE, 55, FETRA I HHS
P14 2 Tt R R 0 s L L ) S5 55 R 28 AR [ ] D
o UL TR AR, 2024, 44(5) : 2009-2019.
Zhu X G, Liu Z M, Liu G H, et al

Industry

General

equivalent magnetic network model of surface
permanent magnet vernier machine based on hybrid

medium mesh[ J]. Proceedings of the CSEE, 2024,
44(5) : 2009-2019.

[21]

[22]

[23]

[24]

[25]

[26]

EM, 2, Efh, % YASA e B K i B bl
SE TR D]. IR AL T AR 24, 2024,
44(10) ; 4082-4091.

Wang C, Peng B, Yan W, et al. Calculation of slot
inductance of axial flux permanent machine with
yokeless and segmented armature[ J]. Proceedings of
the CSEE, 2024, 44(10) . 4082-4091.

FEET, SEC. G b A A J0 PE A B 1 il 1)
TG KRG B LS ] = e R 8 A8 [ )], i T4
AR, 2026, 41(2) ; 416-425.

Jiang S X, Peng B. A general 3D magnetic network
model for yokeless modular axial flux permanent
magnet motors based on edge step equivalence[ ] ].
Transactions of China Electrotechnical Society, 2026,
41(2) : 416-425.

Derbas H W, Williams J] M, Koenig A C, et al. A
comparison of nodal- and mesh-based magnetic
equivalent circuit models[ J]. TEEE Transactions on
Energy Conversion, 2009, 24(2) . 388-396.

Ceylan D, Friedrich L. A J, Boynov K O, et al. A
new loop-based hybrid analytical modeling formulation
and the selection of its nonlinear solver|[ J]. IEEE
Transactions on Magnetics, 2021, 57(6) . 1-4.
Yang S, Asfirane S, Hlioui S, et al. Introduction to
mesh based generated lumped parameter models for
electromagnetic problems [ J]. CES Transactions on
Electrical Machines and Systems, 2021, 5(2); 152-
162.

Huang R, Song Z, Dong Z, et al. An improved
magnetic equivalent circuit method for segmented-
halbach axial-flux permanent magnet machines [ J ].
IEEE Transactions on Transportation Electrification,

2023, 9(2) . 3218-3227.

e H #H.2026-03-19
W ek B 11.2026-04-18
TEZ A

LIS HE(2000—) , 55, 0L BF 5T A8, BIE5E 05 1] Ry K e

]2 B LT, m13644297925@ 163.com;
# AR LR (2000—) , 5B LB 98 Lk RIS 0
11 A AR T A LI T, m13644297925@ 163.com,

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



