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An Enhanced Axial-flux Magnetic-geared
Machine with Dual-winding Design for Electric
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Abstract—Axial-flux magnetic-geared machine (MGM) is a
promising solution for electric vehicle applications for
combining the virtues of both axial-flux electric machine and
magnetic gear. However, generalized MGMs are limited by
the torque density issue, accordingly inapplicable to industrial
applications. To solve the abovementioned issue, an improved
axial-flux magnetic-geared machine with a dual-winding
design is proposed. The key merit of the proposed design is to
achieve enhanced torque performance and space utilization
with the proposed design, which installs a set of auxiliary
winding between modulation rings. With the proposed design,
overload protection capability, and fault-tolerant capability
can be also achieved, for the proposed machine can work with
either the excitation of armature windings or auxiliary
windings. The pole-pair, slot combination, and parametric
design is studied and optimized by the 3d finite-element
method and designed C++ optimization software.
Electromagnetic analysis and performance comparison
indicate that the proposed machine can achieve a torque
enhancement of 68.6% compared to the comparison machine.

Index Terms—Axial-flux, Dual-winding, Magnetic-geared
machine, Torque enhancement.

I. INTRODUCTION

LECTRIC vehicles (EV) have emerged as one of the most
promising solutions for advancing green energy and a
popular research topic in recent years. The electric machines
that power EVs play a critical role and must exhibit high

Manuscript received March 30, 2023; revised June 25, 2023; accepted
August 01, 2023. Date of publication September 25, 2023; date of current
version September 18, 2023.

This work was supported by the National Natural Science Foundation of
China (Grant No. 52277049); by part of the Industry-university-research
Cooperation Project in Fujian Province University and Enterprise (Grant No.
2022H6026); the National Key Research and Develop Plan, Special Project of
“New Energy Vehicles” (Grant No. 2022YFB2502802-2-1). (Corresponding
Author: Yuanxi Chen, Xinhua Guo)

Xinhua Guo and Qinying Wu is with the college of information science and
engineering, Huaqiao University, Xiamen, Fujian, 361021, China. (email:
guoxinhua@hqu.edu.cn and 852932065@qq.com)

Yuanxi Chen and Shuangxia Niu is with The Hong Kong Polytechnic
University, Hong Kong, 999077, China. (e-mail:
19109864r@connect.polyu.edu.hk and eesxniu@polyu.edu.hk).

Weinong Fu is with the Shenzhen Institute of Advanced Technology,
Chinese Academy of Sciences, Shenzhen, 518055, China. (e-mail:
wn.fu@siat.ac.cn).

Digital Object Identifier 10.30941/CESTEMS.2023.00047

efficiency, torque density, and reliability [1]-[3] to meet the
demands of modern transportation. In the realm of EV driving
systems, two general solutions have gained widespread
adoption. The first type comprises a high-speed, low-torque
motor, paired with a mechanical gearbox. The second type, on
the other hand, employs a large-torque, low-speed direct-drive
motor. Both solutions, however, come with inherent drawbacks.
The former is constrained by high transmission loss, potential
overload damage, considerable weight, and loud noise while
the latter is limited by its inefficient performance at low
operating speeds and bulky size. The Axial-flux
magnetic-geared machine (AMGM) combines the benefits of
two solutions, resulting in outstanding advantages such as high
transmission  efficiency, inherent overload protection,
improved heat dissipation, and low operational noise [4]-[7].
Due to these features, the AMGM is a highly promising
solution for EV applications [8]-[19]. Reference [14]
investigated the potential use of the space between modulators
by installing windings. However, the windings were utilized
solely as an armature winding and the structure featured only
one set of winding. Thus, the potential synergy between the
windings remains unexplored. References [15]-[16] investigate
the advantages of the axial-flux single-stator dual-rotor
machine, demonstrating the effectiveness of the proposed
design. These studies provide a fundamental understanding of
the superiority of this design. In contrast, References [17]-[18]
focus on the elimination of the modulator and the reuse of the
stator core, resulting in a highly efficient use of space. These
studies show the potential for significant gains in efficiency and
performance by optimizing the design of the machine.
Reference [19] proposed an innovative approach by placing the
machine in the bore of the axial flux magnetic gear, resulting in
improved space utilization within the system. However, while
this structure has advantages, it lacks fault-tolerant capabilities,
and the output torque is limited due to the use of a single output
rotor. Besides, the yokeless and segmented armature (YASA)
machine is a typical axial-flux machine with high performance.
However, compared to the proposed machine, torque
performance of the conventional [20] YASA machine is
weaker without flux modulation effect.

To solve the abovementioned issues, this paper presents a
novel dual-winding axial-flux magnetic-geared machine for
electric vehicle applications. Compared to conventional designs,
the proposed structure offers three key advantages.

2096-3564 © 2023 CES
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1) The use of an auxiliary winding strengthens the magnetic
field generated by the armature winding, resulting in a
significant improvement in both output torque and overload
protection capability.

2) The proposed structure inherently possesses fault-tolerant
capabilities, as it can operate with either the excitation of
armature windings or auxiliary windings.

3) The shared stator structure and the wing winding reduce
the length of the end region, which reduces the consumption of
copper and the overall weight of the machine.

II. MACHINE CONFIGURATION AND OPERATING PRINCIPLE
ANALYSIS

A. Machine Configuration and Parameter Study

The overall structure of the proposed machine is shown in
Fig. 1(a) while the parameters and the 2D cross-section at
average diameter are shown in Fig. 1(b), which consists of two
rotors, two modulators, armature winding, auxiliary winding,
and a shared stator. the rotors are connected with the same
operating speed, while the PMs installed in the corresponding
position of the two rotors have oppositely magnetized
orientations shown in Fig. 2(b). Excepting the fixed axial length
Ly, all the parameter combinations shown in Fig. 2(b) will be
used to optimize the proposed machine.
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Fig. 1. Structure configuration of the (;)r)oposed machine (a) 3-D and exploded
view. (b) 2-D cross-section at average diameter and parameters.

The phase coils of both the auxiliary and armature windings
are connected in series and utilize centralized winding. The
winding electromotive force (EMF) phasors are depicted in Fig.
2(a) and 2(b). The armature winding has 45 slots, while the
auxiliary winding has 27 slots. To construct a three-phase
winding, 27 modulators are chosen. The wing winding is desi-
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Fig. 2. Structure configuration of the proposed machine (a) 3-D and exploded
view. (b) 2-D cross-section at average diameter and parameters.

gned to suit the dual-rotor structure, resulting in reduced end
region length and overall machine weight.

The coil electromotive force (EMF) phasors for the proposed
machine are depicted in Fig. 2, with (a) representing the
armature winding and (b) representing the auxiliary winding.
The driving system configuration for the proposed machine is
illustrated in Fig. 3, comprising two sets of three-phase
inverters and a DC source. As depicted, the corresponding
auxiliary windings installed in the two sets of modulators are
connected in series and operate independently of the armature
winding. This sets it apart from a six-phase electric machine.
This unique feature allows the proposed machine to operate
with either the auxiliary winding or the armature winding
excitation, providing inherent fault-tolerant capability.

meam

Lwitiary B2

Fig. 3. Configuration of the driving system for the proposed machine.

B. Operating Principle Analysis,

The number of pole-pairs of the PMs, armature winding, and
modulators of the magnetic-geared machine should follow the
following rules.

D =D, ip3 (1)
D@, = D@, T pioo, (2)

where p1, p2, p3, w1, w2, and w; are the pole pair and speed of
armature winding, modulator, and rotor PMs.

Considering the torque density, the pole pairs of modulators
should equal the summation of that of armature winding and
rotor PMs [12]. Hence, the flux frequency of the armature
winding and auxiliary winding under the rotation speed w is
expressed as.
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where the fum and fax are the flux frequency of armature
winding and auxiliary winding, respectively. The relationships
of flux between rotor PMs, armature winding, and auxiliary
winding is shown in Fig. 4.
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Fig. 4. The flux relationships between rotor PMs, armature winding, and
auxiliary winding.

As shown in Fig. 4, the flux generated by auxiliary winding
is in phase with that modulated flux of armature winding. The
synthesis flux leads to the degree of flux generated by rotor
PMs, making the proposed machine operates as a motor.

III. OPTIMIZATION AND COMPARISON

In this section, the genetic algorithm (GA) is utilized to
optimize the performance of the proposed machine and
comparison models. The GA is implemented through a
co-simulation between the finite-element method (FEM) and
custom-designed C++ software [21]. To optimize the machine,
we use the parameters shown in Fig.1 (b). The optimized
targets are selected based on multiple criteria, including output
torque, ripples, and torque density, with the aim of achieving
the best possible performance for the proposed structure.

A. Optimization Algorithm

The optimization procedure of the proposed machine is
shown in Fig. 5 and the process is as follows.

1) The optimization process begins by setting the output
torque and ripples as the targets while considering the
computing power, a population quantity of 100 is selected.

2) Next, models with varying parameters are generated,
selected, and calculated. The parameter combination that
delivers superior performance is saved for use in the
optimization of the next generation. If a combination fails to
meet performance criteria, it is discarded to conserve
computational resources [22]-[25].

3) To ensure that computational resources are used
efficiently, the calculated models are subjected to qualification
checks, preventing the computer from wasting resources on
models with unreasonable dimensional parameters.

4) Finally, the optimization process concludes once the
iterations reach the pre-defined setpoint, which in this design is
100. By employing co-simulation, the optimization process can
effectively design an optimized structure.

The parameter range of the optimization parameters and
fixed parameters of the proposed machine is shown in Tables I
and II. The fixed parameters include the air gap length, current
density, and pole-pair numbers, to ensure that the optimization
is conducted in a fixed topology [26]-[30].
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Fig. 5. Designed optimization procedure of the proposed machine.

TABLE I
FIXED PARAMETERS
Symbol Quantity Value
N Number of slots 45
N, Number of modulators 27
Nom Pole-pairs of PM 24
L., Axial-length of machine 60mm
D, Outer diameter of stator/modulator 92mm
D; Inner diameter of stator/modulator 46mm
dir Air gape 0.5mm
K Slot package factor 0.6
J Rated current density 6A/mm”"2
3} Nominal speed 300rpm
TABLE II
OPTIMIZED PARAMETERS
Symbol Quantity Range Oﬁz;?lllf:d
O,/Th Rotor magnetic angle ratio 0.8-1 0.95
Wi/ T Modulator angle ratio 0.7-1.3 1.1
Wei/Ts Pole shoe angle ratio 0.5-0.8 0.72
Wi/ T Stator tooth angle ratio 0.4-0.7 0.68
L. Rotor yoke thickness 2-6 mm 4.5
Do Rotor PM thickness 1.5-4 mm 3.05
Do Modulator thickness 2.5-6 mm 7.97
ST Pole shoe thickness 0.5-1 mm 0.98
Dins Stator tooth thickness 3-7 mm 6.9

Py Stator yoke thickness 5-13 mm 11.2

B. Optimization Result Comparison

The optimized parameters of the proposed machine are given
in Table IT and the corresponding performance of the proposed
machine under different parameter combinations is given in Fig.
6, indicating the relationship between torque, torque ripple, and
torque density versus PM consumption as well as the optimized
solution region. As shown in Fig. 6, the optimized solution of
the proposed machine can achieve a maximum output torque of
167.38 N'm and torque density of 0.87N-m/cm?® versus PM
consumption with a ripple of 0.044.
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Fig. 6. Relationship between output torque, torque ripple, and torque density
versus PM comsumption. (a) 3D surface. (b) 2D figure under xy plane.

To conduct a fair comparison, the proposed machine and
comparison models, including the axial-flux dual-rotor
magnetic-geared machine (model I), axial-flux permanent
magnet machine (model II), dual-winding single-rotor
axial-flux generalized magnetic-geared machine, (model III),
and axial magnetic-geared machine (model IV), will be
optimized. The topology of comparison models is given in Fig.
7. Those comparison models have the same volume, current
density, and material as the proposed machine. Excepting the
generalized PM and magnetic-geared machine (model II and
II), model I has the same shared stator topology with the
proposed machine while model III has the same dual-winding
topology with the proposed machine.

(b)

(© (d
Fig. 7. Comparison models. (a) Axial-flux dual-rotor magnetic-geared machine
(model I). (b) Axial-flux permanent magnet machine (model II). (c)
Dual-winding single rotor axial-flux generalized magnetic-geared machine
(model III). (d) Axial magnetic-geared machine (model IV).
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As shown in Fig. 8, the comparison models all have poor
performance compared to the proposed machine. The
maximum output torque of models I, I, I1I, and IV only reaches
99.2, 106.4, 149.5, and 97.24, respectively. Based on the
optimized solutions conducted in this section, a comprehensive
comparison between the proposed machine and comparison

models will be conducted in section IV.
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Fig. 8. Optimization results of comparison models. (a) Axial-flux dual-rotor
magnetic-geared machine (model I). (b) Axial-flux permanent magnet machine
(model II). (c¢) Dual-winding single rotor axial-flux generalized
magnetic-geared machine (model III). (d) Axial magnetic-geared machine
(model IV).

IV. PERFORMANCE ANALYSIS AND COMPARISON

A. Slot Combination Investigation and Comparison

The pole pair of the stator, modulation rings and rotor
permanent magnets (PMs) are fixed. The impact of slot number
on back EMF is investigated and given in Fig. 9, with slot
numbers 36, 45, and 54.
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Fig. 9. Back EMF of winding with different number of slots.
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The results given in Fig. 9 indicate that, under no-load
conditions, the proposed machine with the armature winding



FU et al: AN ENHANCED AXIAL-FLUX MAGNETIC-GEARED MACHINE WITH DUAL-WINDING DESIGN FOR ELECTRIC VEHICLE 243

APPLICATIONS

and auxiliary winding of 36, 45, and 54 slots exhibits peak back
EMF values of 4.46V, 7.69V, and 8.41V, as well as 9.96V,
7.68V, and 10.06V.

Fig. 10 shows the results of the fast Fourier transform (FFT),
indicating that the total harmonic distortion (THD) contents of
the armature winding's back EMF are 3.91%, 5.71%, and
0.21%, while those of the auxiliary winding are 3.06%, 2.60%,
and 3.38%. Those results reveal that there is not a significant
difference in the harmonic distortion rates of the back EMF in
both windings. Although the proposed machine with 54 slots
and 36 slots has the highest peak value in the armature and
auxiliary winding, respectively (as shown in Fig. 9), the volume
of inverter required for the normal operation would be larger,
resulting in increased manufacturing costs. Therefore, the THD
is not the most important consideration for determining the
combination. In this paper, the 45-slot combination is chosen
considering the abovementioned issues.

0.06
0.05 = Armature Winding of slot 36
° B Armature Winding of slot 45
E 0.04 = Armature Winding of slot 54
Eo A Auxiliary Winding of slot 36
S 00 Auxiliary Winding of slot 45
0.02 Auxiliary Winding of slot 54
0.01 ' L
0 i 2 d8 . sl ]x I
2 3 4 5 6 7 8 9 10 11 12 13 14 15
Orders

Fig. 10. FFT of back EMF of winding with different number of slots.

The Back EMF waveforms of the armature and auxiliary
windings for motor I, II, III, and IV are depicted in Fig. 11.
Additionally, the FFT analysis reveals the THD for each
winding of motor I, II, I, and IV, as shown in Fig. 12.

10
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Fig. 11. Back EMF of the proposed machine, motor L, I, III and IV.
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Fig. 12. FFT of back EMF of the proposed machine, motor I, II, III and IV.

The THD for the armature winding and auxiliary winding of
the proposed machine are 5.71% and 2.42%, respectively. For
motor I, II, and IV, the corresponding THD are 7.05%, 6.76%,
and 3.25%, respectively. Besides, the THD values for the
armature winding and auxiliary winding of Motor III are 3.28%
and 2.52%, respectively.

B. Finite Element Analysis and Efficiency Comparison

The Finite element analysis (FEA) of the proposed machine
under no-load and full-load conditions are given as Fig. 13.
Under the full-load condition, the current density of the
armature winding and auxiliary winding are both 6A/mm?. As
indicated in Fig. 13, the magnetic induction intensity of the
proposed machine is lower than 1.8T under the full-load
condition, which is less prone to saturation.

The efficiency map of the proposed machine as well as
comparison motors I, I, III, and IV is given in Fig. 14. The
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Fig. 13. FEA results of the proposed machine under different operating
conditions. (a) no-load condition. (b) full-load condition.
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Fig. 14. Efficiency map of the proposed machine and motor L, II, III, and IV. (a)
The proposed machine. (b) Motor I. (c) Motor II. (d) Motor III. (¢) Motor IV.
efficiency of the proposed machine can reach 90% under rated
conditions.

Apart from the efficiency map given in Fig. 14, the
comprehensive comparison of the proposed machine and
comparison machine is given in part C, including the efficiency,
power factor, torque performance, overload capability, and
torque density.

C. Torque Performance Investigation

The cogging torques of the proposed machine, motor I, I1, I,
and IV are shown in Fig. 15. The proposed machine has nearly
the smallest cogging torque compared with comparison models.
The torque performance of those machines is given in Fig. 16.

As shown in Fig. 15, the cogging torques of those machines
only reach a maximum of 1.19%, 2.02%, 1.88%, 2.54%, and
4.12% of their full load torque capacity. Besides, the proposed
machine outperforms them all in terms of the cogging torque to
full load torque ratio. Additionally, the proposed machine
exhibits exceptional torque performance, as illustrated in Fig.
16. It boasts the best torque output capacity, with a 68.6%
increase compared to motor I, 57.5% compared to motor II,
6.4% compared to motor III, and a staggering 72.16%
compared to motor I'V. Its peak torque output is an impressive
167.13 N-m, with a ripple of 7.38%. For a comprehensive

overview of the comparison results, refer to Table III. Notably,
the proposed machine exhibits the highest efficiency and torque
density. The power factor of the proposed machine and
comparison models are provided in Table III.
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Fig. 15. Cogging torque of the proposed machine, Motor L, II, Il and I'V.
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Fig. 16. Rated torque of the proposed machine, Motor I, II, IIT and IV.

TABLE III
COMPREHENSIVE COMPARISON RESULT

This Motor  Motor  Motor  Motor

Paper 1T 1T I v
Efficiency (%) 91.73 91.57 88.12 8840 894l
Toque density
(N-m/kg) 12.07 9.63 7.71 1024  8.70
Toque density Per
PM (N-m/kg) 153.36  97.53  59.36 1924 9047
Output torque (N-m)  166.13  99.34 106.2 157.5  97.83
Copper loss (W) 336.06 1512 368.7 539.0 3025
Core loss (W) 75.68 99.22  80.12 108.8 5898
Weight (kg) 13.83 10.30 13.74 15.32 11.14
Power Factor 0705 0913 094  0.68  0.891
(Armature winding)
Power Factor 0891 NA.  NA. 0967 NA.

(Auxiliary winding)

D. Overload and Efficiency Analysis

Fig. 17 displays the overload capacity of the proposed
machines, depicting their torque performance as the current
density increases from 2 A/mm? to 20 A/mm?.

The proposed machine indicates the best overload capacity
compared to motor I, II, III, and IV. The proposed machine can
improve the output torque from 65.2 N-m at 2 A/mm? to 292
N-m at 20 A/mm’. While it may not have an advantage in
relative torque density compared to motor III at a current
density of 6 A/mm?, the proposed machine does significantly
alleviate the saturation problem of motor IIl. The efficiency
comparison of the proposed machine and motor I, II, I1I, and IV
is depicted in Fig. 18.
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Fig. 18. Output torque versus current density.

Based on the results presented in Fig. 18, the proposed
machine achieves maximum efficiency at a current density of
6A/mm2, with a peak value of 92.73%. Although Motor I
exhibits the highest efficiency in most cases, it falls short in
terms of torque density compared to the proposed machine. In
summary, the proposed machine has a comparative advantage
over the other machines in terms of torque density, efficiency,
and overload capacity.

Fig. 19 investigates the potential of the fault tolerance
capability of the proposed machine, as it can operate with the
excitation of either the armature winding or the auxiliary
winding. To conduct a fair comparison, the proposed machine
is compared to model 111, which also has two sets of windings.

Results in Fig. 19 indicate that the proposed machine can
function normally with only the excitation of the armature
winding, at a current density of 16 A/mm?, or with only the
excitation of the auxiliary winding, at a current density of
nearly 10 A/mm?. This is a significant advantage not available
to other types of axial-flux magnetic-geared machines.
Additionally, compared to model III, the proposed machine
exhibits a better torque output capacity under fault conditions at
the same current density.

V. CONCLUSION

This paper proposes an enhanced axial-flux magnetic-geared
machine with dual-winding design for electric vehicle
applications. Firstly, the paper introduces the machine's
structure, corresponding coil-emf vectors, and working
principle. Next, the paper conducts a performance comparison
of the proposed machine with different slot numbers to
determine the optimal design. Additionally, the paper conducts
a quantitative comparison of the proposed machine's perform-

250

2 Auxiliary Winding of Motor 111
200} * Armature Winding of Motor III )

150

100

Torque (N'm)

Auxiliary Winding of Proposed Machine

50%° X Armature Winding of Proposed Machine

2 4 6 8 10 12 14 16 18 20
Current Density (A/mm”2)

Fig. 19. Output torque versus current density with sole excitation of armature
winding or auxiliary winding.

ance against other machines, including axial-flux
magnetic-geared  machine, axial-flux PM  machine,
dual-winding axial-flux magnetic-geared machine with single
modulator, and axial-flux magnetic-geared machine with a
single modulator. The comparison results indicate that the
proposed machine has a significant advantage in torque density
(12.07 N-m/kg), efficiency (92.73%), overload capacity, and
potential fault-tolerance capacity, thus making it a potential
solution choice for electric vehicle applications.
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