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ABSTRACT: A dual-stator flux reverse motor (DS-FRM) has a simple rotor structure and high output torque. However, a high torque
ripple remains a problem. A DS-FRMwith an irregular Halbach array is proposed in this study. A small piece of tangentially magnetized
permanent magnet (PM) is placed between two radially magnetized PMs. Then, aMulti-Objective Genetic Algorithm (MOGA) combined
with the response surface method (RSM) was used to optimize the motor’s key parameters. The results show that, compared with the
conventional motor, the proposed model achieves a torque increase of 11.51N·m and a torque ripple reduction of 2.56%. Therefore, this
study provides a feasible scheme for the DS-FRM.

1. INTRODUCTION

With the rapid development of rail transit and electric ve-
hicles, there is an increasing demand for electric drive

systems with high power density and reliability [1]. Perma-
nent magnet synchronous machines (PMSMs) are widely used
in these applications because of their high efficiency, compact
structure, and excellent dynamic characteristics [2].
According to the location of permanent magnets (PMs),

PMSMs can be broadly classified into rotor-PM and stator-
PM machines [3]. Stator-PM machines include doubly salient
machines [4], flux reversal machines (FRMs) [5], and flux-
switching machines [6]. A flux-reversal machine, character-
ized by a doubly salient structure with PMs mounted on the sta-
tor, offers several advantages, such as improved thermal dissi-
pation and reduced requirements for rotor mechanical integrity.
Therefore, FRMs have been widely used in traction systems,
including metro drives and electric vehicles [7].
In recent years, extensive research on FRMs has been carried

out, mainly focusing on the following aspects: Torque enhance-
ment: Researchers have introduced Halbach-array PM config-
urations into FRMs by placing PMs on both stator and rotor,
achieving a significant torque improvement up to 64.2N·m [8].
In [9], the PMs on the stator teeth were separated and inter-
leaved with iron cores to form consequent poles, effectively re-
ducing flux leakage. In [10], different winding modes, rotor
tooth widths, and stator slot width combinations were used to
analyze their influence on torque ripple, and various methods
to reduce the ripple were summarized. Furthermore, dual-stator
configurations have been explored to improve spatial utilization
and electromagnetic performance.
To further improve space utilization and electromagnetic per-

formance, a dual-stator flux reverse machine (DS-FRM) has
been proposed, in which PMs and armature windings are in-
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tegrated into two separate stators [11]. This configuration ef-
fectively alleviates the geometric conflict between the PMs and
armature windings. In [12], the authors proposed a DS-FRM
with PMs placed on both the inner stator and rotor, and the re-
sults showed that the utilization rate of PMs is increased by
33%. In [13], the application of Halbach-array PMs in DS-
FRM was investigated, demonstrating improved air-gap flux
density and electromagnetic performance. In addition, Meng
et al. proposed two machines that combine consequent poles
with a DS-FRM; the first has a better overload capacity, and
the second has a higher torque density [14]. Furthermore, in
[15], the authors proposed a novel DS-FRM using hybrid ex-
citation, where the output torque was increased by 22.4%, and
the back-EMF (Electromotive Force) was also improved.
To further improve the electromagnetic performance, re-

searchers have used many optimization methods. In [16], a
multi-objective sensitivity analysis was used to optimize the
design of each machine parameter. In [17], the authors used
the Response Surface Method (RSM) and Multi-Objective Ge-
netic Algorithm (MOGA) to optimize the machine. In addition,
Wang et al. used NSGA2 and RSM to optimize a brushless hy-
brid excitation motor with a dual-stator configuration [18].
Despite these advancements, DS-FRMs suffer from inherent

drawbacks. In particular, the adjacent placement of surface-
mounted PMs on the inner stator results in a severe flux leakage.
To address this issue, a DS-FRM with an irregular Halbach-
array PM configuration is proposed in this study. By using a
segmented PM arrangement and introducing tangentially mag-
netized PMs along the flux path, the proposed design effec-
tively suppressed flux leakage and improved torque perfor-
mance. The remainder of this study is structured as follows.
The topology and operating principle of the proposed motor are
introduced in Section 2. The key motor parameters were opti-
mized using RSM and MOGA in Section 3. In Section 4, the

301doi:10.2528/PIERC26051905 Published by THE ELECTROMAGNETIC ACADEMY

https://doi.org/10.2528/PIERC26051905


Su et al.

(a) (b)

FIGURE 1. Topology structure. (a) Conventional and (b) proposed.

electromagnetic performance of the proposedmotor is analyzed
and discussed. Finally, a summary of the article is presented in
Section 5.

2. TOPOLOGY AND OPERATION PRINCIPLE

2.1. Topology
Figure 1 shows two different DS-FRM structures. Both mo-
tors employ a 10-pole/12-slot configuration and share the same
main structural parameters to ensure a fair and effective com-
parison. Fig. 1(a) shows the conventional DS-FRM, in which
the PMs are continuously arranged. The primary difference be-
tween the two motors lies in the arrangement of the inner stator
permanent magnets.
As shown in Fig. 1(b), the design separates the originally

continuous PMs into discrete pieces. To guide and enhance the
magnetic flux distribution, tangential PMs are arranged along
the magnetic flux path and inserted between adjacent radial
PMs. On the inner stator, these PMs were placed sequentially
in four directions radially inward, tangentially right, radially
outward, and tangentially left, forming a Halbach array. No-
tably, the tangential PMs differed from the radial PMs in terms
of both length and width. The structure forms an irregular Hal-
bach array.
Table 1 presents the key design parameters of the motor.

TABLE 1. Motor parameters.

Parameters Values
Rated speed (r/min) 600

Air gap (mm) 0.5
Outer radius of Outer Stator (mm) 58

Outer radius of Rotor (mm) 37
Stator tooth width (deg) 4.5
Rotor tooth width (deg) 14
Stack length (mm) 55
Rated current (A) 10

2.2. Operation Principle
The working principle of the DS-FRM with an irregular Hal-
bach array is also based on the principle of magnetic field mod-
ulation. The motor has two irregular air gaps, and there are
also two air-gap flux density distributions. One of them is the
flux density modulated by the rotor by themagnetomotive force
(MMF) generated by the inner stator PM, and the other is the
flux density modulated by the rotor after the MMF generated
by the armature winding is introduced into the three-phase alter-
nating current. Since this study focuses on the air-gap flux den-
sity under zero-current conditions, only the PM-excited mag-
netic field in the inner air-gap is analytically investigated.
Figure 2 shows a simplified MMF motor of a no-load PM.

Given that only the radial air-gap flux density is calculated, the
two tangentially magnetized PMs are neglected in the analytical
model. At this time, the MMF generated by the PM can be
expressed as,

F (θ) =

∞∑
n=1

FPMn sin (mPPMθ)

FPMn = −2FPM

mπ
cos (mPPMθ1)

(1)

where m is a constant, FPMn the harmonic MMF amplitude,
PPM the polar logarithm of PM, and θ3 the spatial mechanical
angle.
The simplified permeance model generated by the salient

pole of the rotor is shown in Fig. 3. The simplified permeance
can be expressed as,

Λ (θ) = Λ0 +

∞∑
k=1

Λk cos (nNrθ − ωrt)

Λ0 =
Nr

π
Λ1θ3

Λk =
2Λ1

πn
sin (nNrθ)

(2)

where n is a constant, ωr the rotation speed of the rotor,Nr the
pole-pair number of the rotor, andΛ0 the amplitude of the wave
of the permeance.
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FIGURE 2. Simplified magnetomotive force model of inner-stator PMs.
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FIGURE 3. Simplified diagram of rotor salient pole permeance model.
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FIGURE 4. Multi-objective optimization flowchart.

Therefore, the excitation magnetic flux density produced by
the PMs of the inner stator together with the rotor can be ex-
pressed as,

Br =F (θ) · Λ (θ) = Λ0

∞∑
n=1

FPMn sin (mPPMθ)

+

∞∑
n=1

∞∑
k=1

FPMnΛk

2
[sin ((mPPM + nNr) θ − ωrt)

+ sin ((mPPM − nNr) θ + ωrt)]

(3)

According to Eq. (3), Table 2 shows the expressions for the
working harmonics of this motor. According to the modula-
tion relationship in Table 2, the 6th harmonic corresponds to the
minimummodulation coefficient (m = 1, n = 0) and therefore
exhibits the highest amplitude, making it the dominant working
harmonic.

TABLE 2. Working harmonic expression of modulated.

Harmonic Order Rotational Speed
|mPPM | 0

|mPPM ± nNr| nNrωr/ (mPPM ± nNr)

FIGURE 5. Local structure diagram of motor and geometric parameters
labeling.

3. MULTI-OBJECTIVE OPTIMIZATION
To further improve the comprehensive electromagnetic perfor-
mance of the proposed motor, a multi-objective optimization
design for key structural parameters was performed. The op-
timization process was conducted by considering torque and
torque ripple simultaneously, with the objectives of maximiz-
ing the average torque while minimizing the torque ripple.
The overall process of multi-objective optimization is shown

in Fig. 4, which includes the following stages: design machine
stage and optimization calculation stage.

3.1. Parameter Optimization Analysis
To improve optimization efficiency, a sensitivity analysis was
first performed to evaluate the impact of each parameter on mo-
tor performance and identify high-sensitivity ones, as shown in
Fig. 5. The sensitivity index was calculated using:

|S (xi)| = λ1

∣∣G(oi) (xi)
∣∣+ λ2

∣∣G(kri) (xi)
∣∣ (4)

whereG(oi)(xi) andG(kri)(xi) are the torque and torque ripple
under the design variables, and λ1 = λ2 = 0.5 are the weight
coefficients. Based on the calculated sensitivity indices, pa-
rameters with |S(xi)| > 0.25 were defined as highly sensitive,
whereas those with |S(xi)| < 0.25 were defined as lowly sen-
sitive. Therefore, the PM length, rotor tooth width, and stator
tooth yoke width were selected for the subsequent RSM opti-
mization. MOGA was then employed to perform a global opti-
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FIGURE 6. Response surface of θ3 and h1. (a) Torque ripple and (b) torque.

(a) (b)

FIGURE 7. Response surface of θ3 and θ4. (a) Torque ripple and (b) torque.

mization search on these high-sensitivity parameters to obtain
an optimal parameter combination.
The range of parameter optimization is shown in Table 3,

and the MOGA is employed to maximize torque and minimize
torque ripple.

TABLE 3. Optimization range of key parameters.

Parameters Optimal range
Height of PM h1/mm 3–5
Width of rotor θ3/deg 12–16

Width of stator yoke θ4/deg 9.5–13

Figure 6 shows the influence of the rotor tooth width and PM
height on the torque and torque ripple of the motor. It can be
seen from the figure that when θ3 = 12◦ and h1 = 3.5mm, the
torque ripple reaches the minimum value, and the torque also
reaches the maximum value at θ3 = 12◦, but the correspond-
ing h1 is 4.3mm. It is worth noting that when h1 < 4mm,
the torque growth is more significant; when h1 > 4mm, the

amount of PM increases sharply, but the torque increase tends
to be gentle.
The influence of the rotor and stator tooth widths on the

torque and torque ripple of the motor is illustrated in Fig. 7.
As observed from the figure, the minimum torque ripple is ob-
tained when θ3 = 12.5◦ and θ4 = 11.47◦. Meanwhile, the
torque increases with the decrease in θ4, and the maximum
value is obtained at θ3 = 12.5◦ and θ4 = 9.9◦.
The influence of stator tooth width and PM thickness on the

torque and torque ripple of the motor is shown in Fig. 8. When
θ4 = 11.44◦ and h1 = 2.5mm, the torque ripple reaches
the minimum value; the torque increases with the increase in
torque; and the maximum value is obtained at θ4 = 9.9◦ and
h1 = 4.3mm.
Figure 9 shows the distribution of the candidate points ob-

tained using MOGA. As the average torque increases, the
torque ripple tends to increase simultaneously, indicating an
inherent trade-off between torque output and torque ripple per-
formance. Since the primary objective of this study is to min-
imize torque ripple, torque ripple is selected as the key opti-
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FIGURE 8. Response surface of θ4 and h1. (a) Torque ripple and (b) torque.
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FIGURE 9. Optimization result graph based on MOGA.

mization criterion for evaluating the Pareto-optimal solutions.
Therefore, the red-marked candidate point is selected because
it achieves the maximum torque while maintaining a relatively
low torque ripple. In this way, a desirable balance between
torque enhancement and torque ripple suppression is achieved.
Subsequently, the final optimal design is determined through a
single-parameter scanning process.
As shown in Table 4, the optimal values of the high-

sensitivity parameters were obtained based on the RSM.

TABLE 4. The optimal value of the key parameters.

Parameters Final value
Height of PM h1/mm 4
Width of rotor θ3/deg 12.5

Width of stator yoke θ4/deg 9.9

4. ELECTROMAGNETIC PERFORMANCE
To evaluate the capability of the proposed model, a compre-
hensive comparison of the electromagnetic performance was
conducted. Both the conventional DS-FRM and the proposed
motor were optimized using the same RSM/MOGA to ensure
a fair comparison. Based on Finite Element Analysis (FEA),

the field distributions, back-EMF, and torque of the motor were
calculated and analyzed.

4.1. Flux Distributions

Figure 10 shows the flux and magnetic flux density distribu-
tions. As shown in the figure, the proposed irregular Halbach
array motor effectively reduces the flux leakage phenomenon
at the PM connection, whereas the conventional motor suffers
from severe flux leakage in this region. Therefore, the torque
of the proposed motor was significantly improved.
Figure 11 shows the waveform of the radial air-gap flux den-

sity and the harmonic spectrum after the Fourier decomposi-
tion. As discussed previously, the 6th harmonic is the domi-
nant working harmonic, and as shown in the figure, the pro-
posedmotor exhibits a slightly higher working harmonic ampli-
tude while effectively suppressing other non-working harmon-
ics, such as the 18th, 30th, and 42nd orders. Therefore, these
harmonic changes contribute to the improvement of torque.

4.2. Phase Back-EMF

The back-EMF is an important indicator of the air-gapmagnetic
field distribution and directly affects the torque production ca-
pability and the motor’s dynamic performance.
Figure 12 shows the waveform of the back-EMF and its

Fourier harmonic spectrum. The back-EMF amplitude of the
proposed motor is slightly increased from 36.19V to 37.02V.
More importantly, the fundamental component is enhanced,
while the harmonic components are effectively suppressed after
optimization. As a result, the total harmonic distortion (THD) is
reduced from 1.49% to 0.68%, indicating a significant improve-
ment in the sinusoidal quality of the back-EMF waveform.

4.3. Torque

Torque performance analysis is the key to motor performance
analysis, which mainly includes a comparative analysis of cog-
ging torque, average electromagnetic torque, and torque ripple.
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FIGURE 10. Flux distributions. (a) Conventional and (b) proposed.
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FIGURE 11. Flux density. (a) Waveform and (b) harmonic spectrum.
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FIGURE 12. Back-EMF. (a) Waveform and (b) harmonic spectrum.

The torque ripple is calculated as,

Tri =
Tmax − Tmin

Tavg
× 100% (5)

where Tmax, Tmin, and Tavg are the maximum, minimum, and
average torques, respectively.

Figure 13 shows that the cogging torque of the proposed mo-
tor is significantly lower than that of the conventional motor.
The amplitude was reduced from 105mN·m to 7.6mN·m. The
proposedmotor is responsible for this decrease because it effec-
tively suppresses variations in the magnetic reluctance across
the air gap.
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FIGURE 13. Cogging torque.
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FIGURE 14. Output torque.

TABLE 5. Comparison of output torque in all aspects.

Type Tmin/(N·m) Tmax/(N·m) Tavg/(N·m) Tri/(%)

I 9.99 10.54 10.26 5.39

II 11.35 11.64 11.51 2.56

Note: I-Conventional motor, II-Proposed motor

Figure 14 shows that the torque of the conventional motor
is 10.26N·m, and the output torque of the proposed motor is
11.51N·m,which is an increase of 12.18%. The torque ripple of
the conventional motor is 5.39%, whereas that of the proposed
motor was 2.56%, which is a reduction of 52.5%.
Table 5 shows the minimum, maximum, and average values

of the output torque as well as the torque ripple of the proposed
motor.
Table 6 shows a comparison of the performance of the

two motors. The torque density of the proposed motor is
19.80 kN·m/m3, which is 12.18% higher than that of the con-
ventional motor. The ratio of the torque of the improved motor
to the volume of the PM was 317.5 kN·m/m3, which was in-
creased by 15.58%.

5. CONCLUSION
In this study, a DS-FRM with an irregular Halbach array is dis-
cussed, aiming to reduce magnetic flux leakage by optimizing
the magnetic field distribution, thereby decreasing the torque
ripple. Based on the FEA, the proposed motor demonstrated
the following advantages compared with a conventional motor;
1) The 6th harmonic maintained the main working harmonic

advantage, and other non-working harmonics were effectively
suppressed. The amplitude of the back-EMF increased from
36.19 to 37.02V, effectively improving the sinusoidal degree
of the waveform.
2) The cogging torque amplitude was significantly reduced

from 105mN·m to 76mN·m. The output torque was increased
to 11.50N·m, representing an improvement of 12.18%, and the
torque ripple was further decreased from 5.39% to 2.56%.

TABLE 6. Performance comparison.

Parameters Conventional Proposed
PMs volume (cm3) 37.3494 36.2538

Torque (N·m) 10.26 11.51
Torque density (kN·m/m3) 17.65 19.80

T/PMV (kN·m/m3) 274.7 317.5
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