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ABSTRACT: The Double Stator Magnetic Field Modulation Motor (DSMFMM) realizes the magnetic field modulation effect and opti-
mizes the torque ripple effect by accurately optimizing the flux line. In order to further explore the influence of permanent magnets (PMs)
magnetization model on the performance of DSMFMM, this paper conducts a comparative study on the performance of three motors with
radial magnetization, Halbach magnetization, and Spoke magnetization. Firstly, three motor models are designed based on the same outer
radius and axial length, and the flux lines of the three motors are analyzed in detail. Secondly, the static and dynamic performances of the
three models are compared by finite element analysis (FEA) method. Compared with the conventional radial magnetization structure, the
DSMFMM structure with Halbach magnetization and Spoke magnetization improves the output torque and torque density of the motor.

1. INTRODUCTION

With the rapid advancement of modern industrial technol-
ogy, the motor has become a key device for transforming

electrical energy into mechanical energy [1–3]. The optimiza-
tion of motor performance and the improvement of efficiency
have attracted wide attention from academia and industry. It is
worth noting that high-performance motors play a vital role in
areas such as high-precision control, energy conservation and
emission reduction, and renewable energy utilization [4–6].
Conventional motors need to be connected to the drive shaft,

which increases the volume and weight of the motor [7, 8]. The
permanent magnet synchronous motor simplifies the structure
by direct connection, making the motor lighter and more com-
pact. However, the permanent magnet synchronous motor has
magnetic flux leakage during operation [9]. Therefore, from
the perspective of optimizing the flux line and proposing a new
topology, there is still room for improvement in motor perfor-
mance.
In recent years, scholars have carried out many studies on

optimizing the flux line of the motor. Adding stator structure
to the inner and outer rotors of the convention motor is an effec-
tive method to optimize the flux line. In [10], a double-stator
permanent magnet synchronous is proposed. By properly ad-
justing the winding of the inner and outer windings, the motor
has higher torque and power density. In [11], a new design
strategy centers on the power level to calculate the size of the
double-stator switched reluctance motor. The inner and outer
rotor motors are designed respectively, and then the results are
combined together.

* Corresponding author: Zeyu Min (minzeyu@ctgu.edu.cn).

In order to further utilize the effective flux line and increase
the torque, magnetic field modulation motor has become one
of the powerful candidates [12]. It regulates the magnetic field
inside the motor through a specific magnetic field modulation
structure to achieve high efficiency and high precision opera-
tion of the motor. In [13, 14], the optimal design and control
strategy of a new type of double-stator magnetic field modu-
lated motor were studied in depth. In addition, the application
prospects and potential advantages of dual-stator magnetic field
modulated motors were discussed [15].
However, these studies did not involve the influence of per-

manent magnet magnetization on the performance of the mo-
tor. In this paper, the magnetic field modulation theory is in-
tegrated into the motor design, and three motor topologies are
proposed according to the different magnetizations of perma-
nent magnets. Then, the three motor structures are compared in
detail from the perspectives of torque output capability, torque,
power density, and operating efficiency, and the performance
and characteristics of different topologies are analyzed.
The organization of this paper is outlined as follows. In

the first part, the DSMFMM structure with conventional ra-
dial magnetic field is briefly introduced. Then, combined with
different permanent magnet magnetization structures, two new
Spoke and Halbach DSMFMM structures are proposed, and the
magnetic flux line of the motor is analyzed. Subsequently, two
novel DSMFMM structures with spoke and Halbach configura-
tions are proposed. The flux lines of these motors are analyzed.
In the second part, the general design procedure for the motor is
provided, and the motor is designed under the same inner and
outer diameter and axial length parameters. In the third part,
the performances of the three motors are compared and ana-
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FIGURE 1. Topologies of DSMFMs. (a) M1: with radial PMs. (b) M2: with Halbach PMs. (c) M3: with spoke-array PMs.

lyzed in detail, including magnetic density, flux linkage, and
torque characteristics. Simulations for steady-state and starting
conditions of the motors are conducted. In the end, conclusions
are drawn in this paper.

2. TOPOLOGY AND OPERATION PRINCIPLE
Figure 1 shows the three DSMFMMmodels, which are marked
as M1, M2, and M3, respectively, corresponding to radially
magnetized PM, Halbach PM, and spoke array PM. The com-
mon feature of these three motors is that the inner stator has
9 slots, which are occupied by three-phase concentrated wind-
ings.
Each stator tooth of the motors is divided into two flux-

modulating poles, with isolation teeth inserted for inter-phase
separation. The introduction of auxiliary teeth and modulation
teeth not only play the role of magnetic field modulation, but
also play the role of phase isolation. This enhances the out-
put torque of the motor and improves the stability of the motor.
The stator includes 27 flux-modulating poles. This signifies
that the pole pair combinations of flux-modulating pole (FMP),
PM, and winding poles for the three motors are 27/23/4, re-
spectively. When the slots per pole per phase exceed 1/2, the
double-layer winding structure exhibits a relatively high fun-
damental winding factor. Consequently, the proposed motors
M1,M2, andM3with the 27/23/4 combinations adopt a double-
layer winding connection.
Assuming that the initial angle of the target motor is zero,

through the three-phase symmetrical sinusoidal current, the
three-phase synthetic magnetomotive force calculation formula
is expressed as:
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6
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where k = 0,±1,±2 · · · I is the effective value of each phase
current (A);N is the winding turns of each phase; p is the pole-
pair number; θ is themechanical angle (◦); ωr is the rotor speed.

The permeability of the stator up-regulated magnetic tooth
modulation pole is

Λ = Λ1 +
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j=1,2,3,...

Λj cos (jnsθ) (2)

where ns is the number of pole; Λj is the amplitude of the jth
harmonic permeance.
According to the above two formulas, the radial air gap flux

density after harmonic magnetic field modulation can be ex-
pressed as:
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
C0 = (6k + 1)pωrt

C1 = −(6k + 1)p+ jns

C2 = −(6k + 1)p− jns

(4)

The number of poles of the magnetic field on the stator ar-
mature can be obtained as follows:

p−(6k+1),k = |−(6k + 1)p+ ins| , i = 0,±1,±2 · · · (5)

The relationship among the number of magnetic teeth, the
number of stator armature, and the number of rotor poles is ob-
tained as follows:

pi,m,k = |mpi + ins| , m = 1, 3, 5 · · · ; i = 0,±1,±2 · · ·
(6)
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FIGURE 2. The relationship between pole arc coefficient and torque. (a) M1. (b) M2.

where pi is the number of stator armature poles; pi,m,k is the
rotor pole pairs; ns is the number of magnetic teeth.
The rotational angular velocity of the spatial magnetic field

harmonics after modulation is expressed as:

ωr =
mp

mp+ kns
ωs (7)

where ωr is the rotor speed; ωs is the Stator armature magnetic
field speed.
Based on this unique magnetic field modulation, the output

torque can be transmitted through the air gap fundamental wave
and effective harmonic field. Its speed ratio is expressed as:

Gr = −ωs

ωr
=

p− ps
p

(8)

3. MOTOR ANALYSIS AND OPTIMIZATION
Factors impacting the air gap flux density of DSMFMM fall
into two categories: conventional motor parameters and repul-
sion factors. Conventional motor parameters include air gap
length, pole arc coefficient, and PM thickness. Repulsion fac-
tors, arising from the integration of flux modulation plates at
the stator teeth, encompass FMPwidth and gear ratio. To main-
tain comparison fairness, designed prototypes must share uni-
form core material, inner and outer diameters, axial length,
bus voltage, and speed. However, due to their unique designs,
slight differences are observed in stator yoke height, stator pole
length, rotor pole length, stator slot width, and rotor slot width.

3.1. The Impact of the Pole Arc Coefficient on Output Torque
The pole arc coefficient indicates the variation in permanent
magnet (PM) volume, influencing the air-gap flux density dis-
tribution. In both surface-mounted and Halbach DSMFMMs
(M1 and M2), the pole arc coefficient (αp) is defined as the
ratio of pole arc width (τw) to pole pitch (τ), aligning with tra-
ditional DSMFMMs.
Figure 2 show the relationship between torque and pole arc

coefficient of the two machines. As can be seen from Fig. 2, we

can observe that the torque decreases first and then increases
with the increase of the pole arc coefficient.

3.2. The Influence of PM Thickness on Output Torque
For the proposed DSMFMMs of M1 and M2, there are no
definitive constraints linking αp and PM thickness. Conse-
quently, PM thickness can be varied freely within the rotor ra-
dius. However, under a fixed rotor radius, a correlation exists
between PM thickness and performance.
Figure 3 illustrates how the output torques of M1 and M2

change with PM thickness. As can be seen from Fig. 3, with
the increase of PM thickness, the torques of both M1 and M2
will increase. However, when PM thickness exceeds 2mm, the
growth rate of output torque becomes very slow.
It is noteworthy that the αp of M3 diminishes as the PM

thickness increases, provided that the PM pole-pair number
and pole pitch (τ) remain constant. Additionally, variations in
PM pole-pair number further influence αp, which is then con-
strained not solely by PM thickness but also by PM pole-pair
number.
For the spoke-array DSMFMM of M3, the pole arc width

and pole pitch are denoted as τ0 and 2τ , as shown in Fig. 4.
The corresponding pole arc coefficient αp of M3 is defined as

αp =
τ0
2τ

(9)

Figure 5 shows the relationship between rotor torque and PM
thickness of M3. As can be seen from Fig. 6, with the increase
of PM thickness, the torques of both M1 and M2 will increase.
However, when PM thickness exceeds 2mm, the growth rate
of output torque becomes very slow.
Table 1 outlines their electrical and structural specifications.

4. PERFORMANCE ANALYSIS AND COMPARISON
Under the premise of identical structural dimensions, core ma-
terials, phase voltages, and speeds for the three models, a com-
parative analysis is conducted on their static and dynamic per-
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FIGURE 3. The variations of the output torque of PM thickness. (a) M1. (b) M2.

FIGURE 4. Illustration of pole arc width and pole pitch of M3.

FIGURE 5. The relationship between rotor torque and PM thickness of
M3.

formances. It includes static flux density characteristics, static
torque characteristics, flux linkage characteristics, inductance
characteristics, and steady-state operation characteristics.

4.1. Static Performance Comparison
The electromagnetic performance of the motor serves as a cru-
cial benchmark for assessing its overall performance. In this
part, the electromagnetic characteristics of the target motor are
examined using the finite element method. Firstly, according
to the structural size parameters of Table 1, the FEA of three
models was established in Ansys Maxwell software.
The magnetic flux density of the motor under no-load condi-

tion is shown in Fig. 6. It can be seen that in the no-load state of

TABLE 1. Main specification.

M1 M2 M3
Number of rotor pole 23 23 23
Armature pole pairs 4 4 4

Slot number 9 9 9
Outer radius of outer stator 102mm 102mm 102mm
Inner radius of outer stator 81mm 81mm 81mm

PM length 2mm 15mm 2mm
Outer radius of inner stator 64mm 64mm 64mm
Inner radius of inner stator 20mm 20mm 20mm

Axial length 100mm 100mm 100mm
Air gap 1mm 1mm 1mm

PM material NdFe35 NdFe35 NdFe35

the motor, 4 pairs of pole magnetic fields are generated on the
inner stator and outer stator, and 23 pairs of pole magnetic fields
are generated on the permanent magnet on the rotor, which sat-
isfies the corresponding relationship in Eq. (6). Since M3 uses
spoke array magnet to obtain flux focusing effect, the air gap
flux density has been greatly improved.
Figure 7 depicts the distribution of flux density in the outer

air gap. According to the principle of magnetic field modu-
lation, the harmonic components with pole pairs of 4, 23, 31,
and 50 are identified as the operational harmonics. Observation
reveals that the radial air gap magnetic flux density amplitude
in the M3 motor model is marginally higher than the M1 and
M2 motor models. Furthermore, the amplitude in the M2 mo-
tor model is slightly greater than that in the M1 model. This
is attributed to the efficient utilization of flux lines achieved
through spoke and Halbach magnetization techniques.
Figure 8 displays the flux density waveform of the inner air

gap. By altering the structure of the permanent magnet, it be-
comes evident from the diagram that the radial air gap magnetic
density waveform of the M2 and M3 is larger than that of M1.
In comparison to the M1 model, the non-working harmonics of
the 12th, 20th, 28th, and 36th orders in the M2 model are sig-
nificantly suppressed. This contributes to reducing the torque
ripple of the motor and enhancing its stability. Furthermore,
compared to M1 model, M3 model optimizes the flux line, re-
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FIGURE 6. Flux density. (a) M1, (b) M2, and (c) M3.

(a)
(b)

FIGURE 7. Flux density in the outer air gap. (a) Flux density; (b) Harmonic order.

(a) (b)

FIGURE 8. Flux density in the inner air gap. (a) Flux density; (b) Harmonic order.

sulting in an improved air gap flux density and a higher output
torque.

4.2. Analysis of No-Load Back Electromotive Force

The harmonic distortion rate of the no-load back-EMF of the
motor is one of the standards to characterize the operation sta-
bility of the motor. When the distortion rate is smaller, the ac-

tual operation of the motor is more stable. Its calculation for-
mula is as follows:

THD =

√
n∑

i=2

B2
δi

Bδ1
× 100% (10)

where THD is the harmonic total distortion rate;Bδ1 is themag-
nitude of the air gap magnetic flux density’s fundamental wave;
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FIGURE 9. Back-EMF. (a) Waveform; (b) Harmonic order.

FIGURE 10. Electromagnetic torque.

Bδi is the magnitude of the ith harmonic air gap magnetic flux
density.
Taking phase A of the three-phase winding of DSMFMM as

an example, the no-load back EMF and harmonics of the phase
A armature winding are analyzed, as shown in Fig. 9. Obvi-
ously, the waveforms of the three curves are in the form of sine
waves, as shown in Fig. 9(a). A period of the back electromo-
tive force is taken for harmonic analysis, as shown in Fig. 9(b).
It was found that the fundamental electromotive force ampli-
tudes of the three motors were 13.63V, 15.18V, and 21.37V,
respectively. According to formula (10), the total harmonic dis-
tortion rates of no-load back EMF are 5.97%, 48%, and 4.45%,
respectively, which proves that the harmonic content of no-load
back EMF is less, and the motor operation is more stable.

4.3. Torque Analysis
According to Maxwell stress tensor method, when the axial
length remains constant, the electromagnetic torque is directly
proportional to the product of radial magnetic density and tan-
gential magnetic density. The torque expression is as follows:

Tem =
LefRe

µ0

∫ 2π

0

BrBtdθ (11)

where Lef is the axial length; Re is a circle of a radius; µ is
the permeability of the vacuum; Br and Bt are the radial and
tangential magnetic flux densities, respectively.
Figure 10 shows the output torque of the three motors. From

the figure, we can find that the output torque of M3 is much
higher than that of M1 andM2. This is because the spoke struc-
ture can connect the stators on both the inner and outer sides,
so as to make more effective use of the magnetic field line. We
can also find that the torque ripple of M2 is lower than that of
M1 and M3. This is because the Halbach array can effectively
improve the air gap waveform, and thus, the torque ripple is
reduced.
Table 2 lists the quantitative comparison of the performance

of the three motors. It includes torque, torque ripple, torque
density, and power factor.

TABLE 2. Quantitative comparison of motor performance.

M1 M2 M3
Output torque 97.42N·m 136.09N·m 175.53N·m
Torque ripple 6.44% 5.42% 5.38%
Torque density 29.79 kN·m/m3 41.62 kN·m/m3 53.68 kN·m/m3

Power factor 0.97 0.97 0.97

5. CONCLUSION
In this paper, a comprehensive performance comparison study
of DSMFMM with three different magnetization direction of
permanent magnets have been investigated. Several conclu-
sions are drawn as follows:
1) According to the principle of magnetic field modulation,

the main working harmonics of the three motors are 4th and
23rd. Compared with M1, the two working harmonic ampli-
tudes ofM2 andM3 are increased leading to a increase in torque
for both M2 and M3.
2) Considering that the saturation of flux line leads to a de-

crease in the utilization of the permanent magnet, the design
parameters of the permanent magnet are selected as optimiza-
tion variables. When the thickness of the permanent magnet is
2mm, the performance of the motor is optimal.
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