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ABSTRACT: The flux reversal machine (FRM) has the advantages of a high utilization rate of permanent magnets (PMs) and a wide speed
range. However, it still suffers from low output torque and large torque ripple. In this study, an FRM with a double-layer dual-PM Halbach
array (DLDPMH-FRM) is proposed. The PMs are arranged in a double layer at the stator slot, and a Halbach array is employed at the
rotor slot opening. The stator and rotor PMs together form a dual-PM structure. The response surface method (RSM) and multi-objective
genetic algorithm (MOGA) were combined for global optimization. Compared with the dual-PM FRM (DPM-FRM), the torque of the
DLDPMH-FRM reaches 7.75 N-m, which is 35.72% higher than that of the DPM-FRM, whereas the torque ripple is reduced by 86.01%.
This model provides a feasible solution for the design and optimization of high-performance FRM.

1. INTRODUCTION

In response to the increasingly severe energy shortage, high-
power-density machines have become an important research
direction in the field of electrical engineering [1]. However,
in application scenarios requiring high dynamic performance
and high reliability, conventional permanent magnet (PM) ma-
chines gradually exhibit problems, such as low torque density
and large torque ripple [2]. Therefore, it is of great significance
to study new high-torque-density machines [3].

As a typical magnetic field modulation machine, the flux re-
verse machine (FRM) has the advantages of a high utilization
rate of PMs, simple structure, and suitability for high-speed op-
eration [4]. Recently, it has received extensive attention [5].
Simultaneously, FRM shows good application prospects in
the fields of new-energy vehicle drive and distributed gener-
ation [6]. However, there are still some problems, such as lim-
ited output torque and large torque ripple, which need to be fur-
ther addressed [7-9].

Currently, researchers focus on these two core issues and op-
timize them along three main technical lines. The first is a dual-
PM structure. In [10], the flux regulation and torque capability
of the FRM and dual-PM FRM (DPM-FRM) were compared,
and it was found that the dual-PM machine was better suited
for high-torque operation. In [11], the authors placed radially
magnetized PM in the rotor slots while retaining the Halbach ar-
ray in the stator slots, thereby forming a dual-PM structure that
effectively improved the utilization of PM materials. In [12],
a dual-Halbach array was proposed to solve the flux leakage
problem of a dual-winding dual-PM machine. In [13], a dual-
stator FRM was proposed. A Halbach array was used at the slot
openings of the inner and outer stators. Through prototype ver-
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ification, it was found to have better torque performance and
PM utilization.

The second is the Halbach array. In [14], a consequent-pole
FRM with Halbach array magnets embedded at the top of the ro-
tor slots was proposed. By guiding the flux into the rotor teeth,
the flux leakage is effectively reduced, improving the PM uti-
lization and torque density. In [15], an alternating “PM-iron”
structure was used on both the stator and rotor, and the torque
density was improved by utilizing the bidirectional flux modu-
lation effect. In [16], the addition of silicon steel material be-
tween the two PMs of a conventional two-stage Halbach array
was proposed, which effectively improved the electromagnetic
performance of the machine.

The third is a double-layered PM structure. In [17], the au-
thors proposed a coaxial magnetic gear with a dual-layer PM
and spoke structure for a tidal power generation scenario. The
outer rotor PM is divided into two layers (one layer is a Halbach
array, and the other is radial magnetization). Through verifica-
tion, it was found that the output torque of the proposed struc-
ture was increased by 33.42%. In [18], three new dual-layer
PM arrangements were proposed. Compared with the conven-
tional single-layer parallel magnetization method, the working
harmonic amplitudes of the three new machines were improved,
and their electromagnetic performance was improved.

Previous studies have verified the improvement in machine
performance by a dual-PM structure, Halbach array, and dou-
ble PM arrangement. Therefore, an FRM with a double-layer
dual-PM Halbach array is proposed in this study. It reduces
flux leakage and optimizes the air-gap magnetic field, thereby
enhancing the torque and back electromotive force (EMF). Si-
multaneously, it reduces cogging torque, suppresses torque rip-
ple, and considers the stability, fault tolerance, and reliability
of the operation. The remainder of this paper is organized as
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FIGURE 2. PM array expansion diagram.

follows. The topology and working principle of the proposed
sensor are introduced in Section 2. In Section 3, the method of
combining response surface method (RSM) and multi-objective
genetic algorithm (MOGA) is used for global optimization. In
Section 4, the performance of the machine is compared based
on finite element analysis (FEA). The key contributions of this
study are summarized in Section 5.

2. TOPOLOGY AND WORKING PRINCIPLE

2.1. Topology

Figure 1 shows the structural topologies of the two machines.
Fig. 1(a) shows the topology of the DPM-FRM. Both the stator
and rotor PMs are magnetized by the Halbach array to form a
dual-PM structure.

Figure 1(b) shows the topology of the DLDPMH-FRM. The
PMs of the DLDPMH-FRM are arranged in double layers at
the stator slot. The upper PM is magnetized along the radial
direction, and the lower PM is divided into two parts. The aux-
iliary PMs on both sides are magnetized at a certain angle, and
silicon steel is used in the middle to form a new Halbach array
of ‘PM + silicon steel + PM’. Moreover, a Halbach array was
employed at the rotor slot openings. The stator and rotor PMs
together form a dual-PM structure. To weaken the adverse ef-
fect of non-working harmonics on performance, the rotors of
the machine are designed as convex pole teeth with equal inner
and outer pole arcs, and the pole shoe is treated eccentrically.
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2.2. Working Principle

The DLDPMH-FRM still follows the magnetic field modula-
tion effect in the working principle. Fig. 2 shows the PM ar-
ray expansion diagram of the DLDPMH-FRM. The stator and
rotor PMs use a Halbach array and form a dual-PM structure,
which significantly changes the distribution of the magnetomo-
tive force source and air-gap permeability characteristics and
improves the electromagnetic performance.

According to the theory of magnetic field modulation, the
magnetomotive forces generated by the stator and rotor PMs
can be expressed as

Fy(0) = Z Fs pmcos (7 Ps pmf)
j=1,3,5,...
N (1)
FT(H, t) = Z FRﬁPM COosS (kPRiPM (9 — wrt)) .

k=1,2,3,...

where Fs py and FR _pv are the Fourier coefficients of the PM
magnetomotive force of the stator and rotor, respectively; ps pm
and pgr_pwm are the polar pairs of the PM of the stator and rotor,
respectively; and w, is the mechanical angular velocity of the
rotor.

Because of the cogging structure on the surface of the sta-
tor and rotor, the air gap permeance changes periodically. The
stator-side air-gap permeance can be expressed as

Ay cos (aN,0) 2)
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The air gap permeance on the rotor side changes with the
rotor position, and the expression is

A(0,1) =
b=0,1,2,

Ay cos (BN, (0 — wyt)) 3)

where N, and N, are the number of stator and rotor teeth, re-
spectively, and A, and A,., are the corresponding Fourier co-
efficients.

Under the excitation of a double-layer PM, the air-gap flux
density is modulated by the magnetomotive force of the stator
and rotor and the air gap permeance.

By (0,t) =F(0,1) - As(0) Q)
_ - i Fr pmAsy
2
k=1,2,3,...a=0,1,2,...
COS ((kPR_pM + CLNS) 0 — /{PR_prrt) (5)

As can be seen from Equations (4) and (5), the pole-pair num-
bers of the air-gap magnetic flux density harmonics generated
by the modulated stator and rotor PM fields can be uniformly
expressed as

Pk,S:‘bNT‘ijPPM78|7 (6)
Pk,r = ‘]{iPR_pM + CLNS| .

where b = 0,1,2,...; 7 =1,3,5,...; k =1,2,3,...;a =
0,1,2,....
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For the machines in this study, Ny = 12, N, = 14. The
DPM-FRM and DLDPMH-FRM adopt the dual-PM structure
and Halbach array. The number of PM poles of the stator sat-
isfies ps py = Ny = 12, and the number of PM poles of the
rotor satisfies pr py = N, = 14. By using the above for-
mula, the main working harmonic orders of the two machines
are the same, which are 2, 12, 14, and 26 times. However,
the DLDPMH-FRM increases the magnetomotive force Fourier
coefficients Fg py and Fr pm, and improves the air gap perme-
ance distribution, so that the working harmonic amplitude of
the same order is higher than that of the conventional machine.
The subsequent FEA also fully verifies this result.

3. PARAMETER OPTIMIZATION

To ensure that the DPM-FRM and DLDPMH-FRM were com-
pared under the same conditions, the same values were used for
the selection of the basic materials and parameters, as shown in
Table 1.

The structural parameters of the FRM are numerous and cou-
pled. It is difficult to obtain the global optimal solution using
conventional single-parameter scanning. In this study, the op-
timization strategy combining RSM and MOGA was adopted.
The surrogate model was constructed by RSM to accurately
capture the nonlinear relationship between parameters and re-
sponse, and then MOGA was used for efficient global optimiza-
tion, which greatly improves optimization efficiency. The spe-
cific process is shown in Fig. 3.

WWwWw.jpier.org
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TABLE 1. Basic parameters.

Parameters Value
Material of PM NdFeB
Material of Iron DW310-35

Axial length/(mm) 60
Stator outer radius/(mm) 120
Length of air gap/(mm) 0.7
Speed/(r/min) 600
Series turns per phase 30
Rated current/(A) 10

3.1. Sensitivity Analysis

In the practical application of FRM, torque and torque ripple
are two key indicators for measuring the machine performance.
However, there are often constraints between these two opti-
mization objectives. To achieve a balance between the two,
this study established the following multi-objective optimiza-
tion function:

F(zi) = M|Goi(wi)] + A2| Gui(zi)|- @)

where |Go;(z;)| and |Gyyi(x;)| are the torque and torque ripple
under the design variables, respectively, and A; and A, are the
weight coefficients. The model is mainly designed to reduce
the ripple of the FRM, and the torque output capacity needs
to be maintained at a reasonable level. Therefore, this study
considers the values of A\; = 0.4 and A, = 0.6.

e\

Ug \ \

FIGURE 4. Structural parameters.

Figure 4 shows the parameter settings of the proposed ma-
chines. Fig. 5 shows the sensitivity of each parameter to the
torque and torque ripple of the DLDPMH-FRM. Among them,
c4 and a3 have the greatest influence on the torque, indicat-
ing that the electromagnetic force density is highly sensitive to
these parameters. ag is the most sensitive to changes in torque
ripple and has an obvious control effect on torque ripple. The
effects of as and c5 on the two were relatively small.

Using Equation (7), the influence degree of each parameter
on the optimization target was calculated and sorted. Accord-
ing to the analysis results, | F'(x;)| higher than 0.24 is defined as
high sensitivity, that between 0.10 and 0.24 defined as medium
sensitivity, and that less than 0.10 defined as low sensitivity.
The specific results are shown in Table 2. For high sensitiv-
ity parameters, RSM and MOGA are combined to optimize.
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FIGURE 5. Parameter sensitivity analysis.

TABLE 2. Sensitivity analysis and parameter ranges.

Stratification | Parameters | F'(x;) | Initial | Scope
a3 (mm) [0.3238| 2.7 2.0-3.0
Strong sensitivity | ¢4 (mm) |0.2875| 16.0 | 14.0-18.0
o1 (mm) |[0.2516| 24.5 |24.0-25.0
0> (deg) |0.2259| 5.1 | 4.2-5.6
05 (deg) |0.2230| 5.2 | 5.0-6.8
ps(mm) [0.1803| 0.8 | 0.6-1.2
Medium sensitivity angle (deg) | 0.1537 | 63.4 |60.0-75.0
po(mm) [0.1276| 1.0 | 0.8-1.2
01 (deg) |0.1258| 3.7 | 3.1-4.2
pr(mm) |0.0915| 0.9 | 0.6-1.1
01 (deg) |0.0846| 9.5 | 9.0-10.5
c3(mm) |0.0381| 1.5 -
Weak sensitivity a1 (mm) | 0.0298) 11.2 B
cs(mm) |0.0128| 4.9 -
az (mm) |0.0012| 13.0 -

The medium sensitivity parameters are optimized by single-
parameter scanning. The low sensitivity parameters have little
influence on the motor and are not optimized.

3.2. RSM and MOGA

For the three parameters selected above, we used the method
of combining RSM and MOGA for optimization. The RSM
results corresponding to these three parameters are shown in
Figs. 6, 7, and 8, respectively.

Figure 6 shows that with an increase in cg4, the torque grad-
ually decreases, and the torque ripple first decreases and then
increases. The increase in 07 will change the effect of ¢4: with
the increase in o1, the weakening effect of ¢4 on torque is weak-
ened, and the torque decreases slowly. The influence of ¢4 on
torque ripple changes from a decrease to an increase and then
to a continuous increase. This indicates that the interaction be-
tween o7 and ¢4 on the torque ripple is significant.

The data in Fig. 7 show that as a3 increases, the torque grad-
ually increases, and the torque ripple increases. With an in-
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crease in o1, the change trend of torque and torque ripple does
not change significantly, indicating that the interaction between
01 and a3 on machine performance is weak.

From the data in Fig. 8, it can be seen that with an increase
in ¢4, the torque gradually decreases, and the torque ripple re-
mains constant. It is worth noting that with an increase in ag,
the downward trend of torque continues to slow down, and the
torque ripple first decreases and then increases, indicating that
the interaction between ¢4 and a3 on the machine torque ripple
is strong.

Figure 9 shows the distribution of the candidate points of the
DLDPMH-FRM. As the torque increased, the torque ripple also
increased. Because the goal of this model is to reduce the torque
ripple, the torque ripple is selected as the key target, and the
candidate points meet this requirement.

3.3. Optimization of Weakly Sensitive Parameters

For the medium-sensitive parameters identified in the sensitiv-
ity analysis, the single-parameter scanning method was used
for optimization. Fig. 10(a) shows the influence of f5 on the
torque and ripple. With an increase in 63, the torque first in-
creases and then decreases, and the ripple first decreases and
then oscillates. When 65 = 6.2°, the torque ripple reached the
minimum value, and the torque also tended to be near the maxi-
mum value, which satisfied the optimization goal. The analysis
principle of Fig. 10(b) is similar, and the torque ripple reaches
a minimum at f5 = 4.8°. After the above parameter optimiza-
tion, all the parameters of the conventional and proposed ma-
chines are summarized in Table 3.

4. ELECTROMAGNETIC PERFORMANCE

To further verify the reliability and effectiveness of the opti-
mization method of RSM and MOGA, two-dimensional finite
element models of the optimized DPM-FRM and DLDPMH-
FRM were established. Through simulation and modeling, the
electromagnetic properties, such as back-EMF and torque, be-
tween the two models were compared.
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TABLE 3. Summary of all parameter optimization results.

Parameters | DPM-FRM | DLDPMH-FRM
a1 (mm) 16.39 11.20
a2 (mm) 12.27 13.00
a3 (mm) - 2.47
p1 (mm) 2.03 0.88
p2 (mm) 2.19 1.08
p3 (mm) - 0.90
c3 (mm) - 1.50
c4 (mm) 15.29 16.00
¢5 (mm) 5.58 4.90
01 (deg) 2.82 3.60
02 (deg) - 4.80
03 (deg) 4.94 6.20
04 (deg) 3.33 9.70
o1 (mm) - 24.25

angle (deg) - 65.40

4.1. Air Gap Flux Density

Figure 11 shows the radial air gap flux density of the DPM-
FRM with the DLDPMH-FRM. From the diagram, it can be
seen that the peak magnetic density of the DLDPMH-FRM in-
creases significantly, and the spatial waveform is more abun-
dant, which is also verified by the fast Fourier transform (FFT)
spectrum quantification. The richer operating harmonics pro-
vide an additional contribution to the electromagnetic torque,
which essentially explains the DPFRM torque enhancement.

4.2. No-Load Back EMF

Figure 12 shows the no-load back-EMF waveform and
harmonic spectrum of the two machines. It can be clearly
seen from the diagram that the back-EMF amplitude of
the DLDPMH-FRM is higher than that of the DPM-FRM.
Under the same conditions, the peak value of back EMF was
23.5V, which was 42.25% higher than that of the DPM-FRM
(16.52V). This improvement is attributed to two aspects:
the use of a double-layer dual-PM structure and the use of a
Halbach array.

However, it can be seen from the diagram that the waveform
distortion of DLDPMH-FRM is higher than that of DPM-FRM,
and we use THD to calculate the degree of distortion. The
smaller the THD is, the better the sine degree of the waveform
is. Through calculation, the THD = 1.78% of the DPM-FRM
and THD = 3.05% of DLDPMH-FRM are obtained. Although
the distortion rate of the DLDPMH-FRM was higher than that
of the DPM-FRM, it was less than 5%, which met the design
requirements.

4.3. Cogging Torque

Figure 13 shows the cogging torque of the two machines.
The peak cogging torque of the DPM-FRM was 95.17 mN-m,
whereas that of the DLDPMH-FRM was 37.92mN-m. The
comparison waveform shows that the peak-to-peak value of the

WWwWw.jpier.org



rPIER C

Zhang et al.
0.30 T T T T T T
(a) ; . . . T T (b) L 0.045
8.0
L 0.25 L 0.040
75 L 0.035
L 0.20
7.0 _ - 0.030
e g L 0.025
> L0.15 &5 Z 025 =
Z 65 = Y
® = L 0.020
T
6.0 010 L0.015
L 0.010
5.5 L 0.05
L 0.005
5.0 0.00 ; — ; ————0.000
3 4 5 6 7 8
0;(Degree) 6,(Degree)
FIGURE 10. Single parameter scanning. (a) Torque characteristics change with 6s. (b) Torque characteristics change with 6-.
(a) --=-- Conventional (b) o051+
1.0+ :
—— Proposed g ] - Conventional

\

) Proposed

; g 0.4 -
z 0! 'Z 0.3
z g
o £ o
A E _
; =
o -0.5 a 0.2 4
-1.0 0.1+
» 17 " 11
-5+ T T 1 0.0 T -“.“-.-Jﬂ-rﬁ- T 'FE'T'T'l'l'l
0 120 240 360 0 2 4 6 8 10 12 14 16 18 20 22 24 26
Rotor Position (Degree) Harmonics
FIGURE 11. Radial air-gap flux density of DPM-FRM and DLDPMH-FRM. (a) Waveform. (b) Harmonic spectra.
a _ b -
@) 30 (b) 25 4 [ ] Conventional
--s-- Conventional o v Proposed
20 4 —— Proposed
BBBBBBBB 20
s =
\Z 10 [, ]
= 213
o s
~ 04 Q
3 2
° Q
Q 2 10
S _104
S S
-20 3]
-30 T T T T | oO+—"T—TF7T T T T T 7T
0 120 240 360 1 2 3 4 5 6 7 8 9 10 11

Electrical angle(Degree) Harmonics

FIGURE 12. Back EMF. (a) Waveform, (b) Harmonic spectrum.

186

Www.jpier.org



Progress In Electromagnetics Research C, Vol. 171, 180-188, 2026

PIER C

100 4 —=-—- Conventional
uﬁ% Dﬁn —— Proposed
@ 8 g
o =] o =]
= 5 % g B
£ 501 g % ? %
Z ~ : 7 5
= ; ’—‘\.\.D\Q D'D 9
Iy ¥, ! &
8 g 5 !
=]
g 0 . " g 5 ,'ﬂ.
= “ %o o
éﬁ % \D\M"" ]
‘B 6 d\:\ }j\ [
& -50 - E g 5 g
@) % # 4 s
Y o L o
b d L Dn
—100
T T 1
0.00 40.00 80.00 120.00

Rotor Position (Degree)

FIGURE 13. Cogging torque of DPM-FRM and DLDPMH-FRM.

14 4
12 4

10 4

—o=— Conventional

—=— Proposed

-2 T T T T
18 24

Current(A)

FIGURE 15. Overload capacity of DPM-FRM and DLDPMH-FRM.

cogging torque of the proposed machine is significantly lower
than that of the conventional structure, which fundamentally
weakens the low-speed torque ripple of the machine and is con-
ducive to reducing the mechanical vibration and electromag-
netic noise during the operation of the entire machine.

4.4. Torque

While the cogging torque is improved, the load performance of
the machine also shows significant advantages, which directly
reflect the torque and torque ripple of the machine. Fig. 14
shows the electromagnetic torque of the two machines under
rated current excitation. The average torque of the DLDPMH-
FRM reached 7.75N-m, which was 35.72% higher than that
of the DPM-FRM (5.71 N-m). In terms of torque ripple, the
DPM-FRM was 4.72%, and the DLDPMH-FRM was reduced
to 0.66%, a decrease of 86.01%. The amount of PM was sig-
nificantly reduced.
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4.5. Overload Capacity

Figure 15 shows the overload capacity curves of the two ma-
chines. It can be observed that the DLDPMH-FRM provides a
higher torque at the rated current and exhibits better working
ability under rated conditions. However, with an increase in
current, the torque growth rate decreases owing to the stronger
magnetic saturation effect; however, the unit PM still exhibits
a higher torque output efficiency.

5. CONCLUSION

In this study, an FRM with a double-layer dual-PM Halbach
array is discussed, and the global optimization of the machine
is performed using the RSM and MOGA. Through FEA and
verification, several conclusions were drawn.

1) Under no-load conditions, the harmonic content of air
gap flux density of DLDPMH-FRM is higher than that of the
DPM-FRM, resulting in a relatively large distortion of the
no-load back-EMF waveform. Its no-load back-EMF ampli-
tude reaches 23.5V, which is 42.25% higher than that of the
conventional machine. The cogging torque is reduced from
95.17 mN-m of the traditional motor to 37.92 mN-m.

2) Under the rated current, the torque of DLDPMH-FRM
reaches 7.75 N-m, which is 35.72% higher than that of DPM-
FRM. The torque ripple is reduced from 4.72% to 0.66%. Un-
der overload conditions, the machine also exhibits good torque
output characteristics.

Nevertheless, the back-EMF waveform distortion will intro-
duce additional harmonic iron loss and electromagnetic vibra-
tion noise. In the follow-up study, further attention should be
paid to the optimization design of harmonic suppression.
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