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Abstract

Axial flux motors have more advantages than radial flux motors in terms of volume, torque to inertia ratio, efficiency and
power density. However, when using axial flux permanent magnet synchronous motor (AFPMSM) as hub motor for elec-
tric vehicles, their torque ripples it is a thorny problem that affects its development. It is a common method to reduce the
torque ripple by weakening the cogging torque. This paper studies the impact of permanent magnet deflection on motor
torque ripple, efficiency and other aspects in the absence of cogging torque, that is, no stator core. Finite element simulation
results show that the permanent magnet deflection of 10° is the optimal deflection angle. Currently, the electromagnetic
torque pulsation is smallest, the radial air gap magnetic density waveform is closest to the sine wave, the magnetic induction
intensity is the largest, and the efficiency is highest. This research result provides an effective method for reducing torque
ripple of in-wheel motors.

Keywords Axial flux permanent magnet synchronous motor (AFPMSM) - Permanent magnet skew - Torque ripple - Finite

element simulation

1 Introduction

Excessive torque pulsation of the electric vehicle wheel hub
motor will cause large vibration and noise during vehicle
driving, affecting driving comfort and stability [1, 2]. Meas-
ures such as increasing the number of motor poles, optimiz-
ing the motor magnetic field distribution, and slot less cores
can reduce torque ripple [3—5]. Although after improvement
and optimization, the torque pulsation of modern in-wheel
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motors has been alleviated to a certain extent, there is still a
certain amount of torque pulsation [6]. In order to minimize
the torque ripple without increasing the overall mass of the
motor, this paper selects the AFPMSM as the research object
[7, 8].

Since the AFPMSM has no reduction gear, the rotation
speed is lower than that of the radial flux motor [9, 10].
When the output power is the same, the mass and volume are
half of the radial flux motor [11]. Moreover, the AFPMSM
uses magnetic force to generate torque, and its torque is pro-
portional to the cube of the rotor radius [12—14]. In contrast,
the torque of a radial flux motor is proportional to the square
of the rotor radius [15]. AFPMSM therefore have a higher
torque-to-weight ratio. Since the torque is proportional to
the cube of the rotor radius, the rotor core of the AFPMSM
can be better utilized and has higher power density [16, 17].
This means that the AFPMSM can produce greater torque in
the same space [18]. In addition, the structural symmetry of
the axial flux permanent magnet motor solves the problems
of space limitations and efficiency of traditional wheel hub
motors [7, 19].

In [20], a system-level design optimization method based
on the actual operating environment is proposed. In [21,
22], multi-objective optimization was proposed based on
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sequential subspace optimization and climbing algorithm.
These research studies mainly focus on the comprehen-
sive optimization of motor efficiency and electromagnetic
performance using different multi-objective optimization
methods. In [23], by considering the non-uniform distribu-
tion of axial air gap magnetic flux density, an optimal step
deflection method of a cantilevered PMSM with a rotor axial
length greater than the stator axial length is proposed to
reduce torque ripple. However, the study only analyzed the
situation where the ratio of the air gap magnetic flux density
reduction length to the entire axial length of the motor is
4% and 10%. Other situations were not analyzed, which has
great limitations. In [24] uses the double slope method to
design the permanent magnet into a multiplicative waveform
to reduce the torque ripple. On the basis of the traditional
two-dimensional structure, the permanent magnet is three-
dimensionally deflected relative to the Z-axis direction,
which undoubtedly increases the Manufacturing difficulty.
In [25] skewed the magnets in V and However, the degree
of V- and X-shaped skew has not been studied in detail.
Previous studies have treated permanent magnets with an
iron core to reduce torque ripple. This paper chose to design
a 28kW dual-rotor single-stator AFPMSM without an iron
core to study the deflection of the permanent magnet at this
time. The impact on the no-load and load conditions of the
motor at different tilt angles.

2 Motor Design
2.1 Motor Structure and Magnetic Circuit Selection

According to the topological structure, AFPMSM can be
divided into: single-stator single-rotor, double-rotor single-
stator, double-stator single-rotor, and multiple-stators mul-
tiple-rotors [26—28]. Among them, the double-rotor single-
stator adds a rotor based on the single-stator single-rotor.
The two rotors are arranged on both sides of the stator, and
the windings on the stator interact with the two rotors at the
same time. Moreover, since the rotor disk is symmetrically
distributed on both sides of the stator disk, a double air gap
structure can be formed, effectively reducing the generation
of leakage magnetic flux. Magnetic flux leakage is one of the
energy losses during motor operation. Reducing magnetic
flux leakage can improve the efficiency of the motor. The
symmetrical distribution of the rotor disk can also avoid the
problem of axial force imbalance and reduce the vibration
and noise generated when the motor is running. In addition,
this structure also improves the utilization of permanent
magnets, so this paper chooses a double-rotor single-stator
structure.

The topological structure of double-rotor and single-
stator can be divided into two types: stator with iron core
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and stator without iron core [7]. In traditional motors with
a stator core, the magnetic field is transmitted between the
rotor and the stator through the iron core. However, the iron
core structure can cause problems such as magnetic circuit
saturation, resulting in low efficiency. The stator coreless
structure improves the efficiency of the motor by changing
the magnetic circuit of the motor to solve problems such as
magnetic circuit saturation and torque pulsation. Moreover,
the ironless core also reduces the mass of the motor, making
the motor lighter and more suitable for in-wheel motors.

The dual-rotor single-stator structure can be divided
into the NN structure as shown in Fig. 1a and the NS struc-
ture as shown in Fig. 1b according to the magnetic pole
arrangement. The main difference lies in whether the mag-
netic circuit passes through the stator yoke [29-31]. The
NS arrangement has no interference from the stator yoke
magnetic circuit. The magnetic circuit is relatively open. The
magnetic induction lines pass through the permanent mag-
net, pass through the air gap and winding, pass through the
air gap on the other side, and enter the permanent magnet.
This structure has a large magnetic energy dispersion range
and relatively small stray losses. In the NN arrangement, due
to the existence of the stator yoke magnetic circuit, the mag-
netic flux is more concentrated. The magnetic flux lines pass
out from the permanent magnet, pass through the air gap,
enter the stator yoke, and pass out of the air gap on the same
side into the phase. Adjacent to permanent magnets, this
structure has a short magnetic circuit, small magnetic resist-
ance, and high magnetic circuit transmission efficiency, but
there is a certain magnetic pressure and stray loss. Since this
paper chooses a stator less core structure, the NS arrange-
ment is selected, and the insulation performance of the fixed
winding is improved, and the winding is plastic-sealed into
a thin disk with epoxy resin.

2.2 Motor Model Building

According to the formula of the main dimensions of the
AFPMSM, the size of the motor can be calculated as shown
in Table 1.

Since the permanent magnet needs to be tilted at different
angles, it cannot be directly parameterized using the RMxprt
module in Maxwell. This paper builds the model according
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Fig. 1 Double-rotor single-stator structure. a NS structure. b NN
structure
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Table 1. Motor parameters

Parameter Value
rated power/kW 28
rated voltage/V 380
rated frequency/Hz 400
rated speed/rpm 3000
rotor outer diameter/mm 382
rotor inner diameter/mm 218
rotor core thickness/mm 15
Permanent magnet thickness/mm 10
number of pole pairs 8
pole embrace 0.7
number of parallel branches 2
parallel winding number 2
winding connection method Y
permanent magnet selection NdFe30

to the motor size in SolidWorks and then imports it into
Maxwell 3D. The final motor model is shown in Fig. 2. In
order to reduce the calculation amount and calculation time
and improve the simulation efficiency. The motor model is
first segmented in the static magnetic field, and the segmen-
tation results are shown in Fig. 3. Then the segmentation
results are imported into the transient field for simulation.

2.3 Permanent Magnet Skewed Design

Permanent magnet deflection design refers to the deflec-
tion treatment of the permanent magnets at a certain angle
to achieve a specific magnetic field distribution during the
permanent magnet design process. The motor designed in
this paper uses 16 permanent magnets with 8 pairs of poles.
The central angle occupied by the magnet is 22.5°. Consid-
ering that the polar arc coefficient is 0.7, both sides of the
permanent magnet are reduced by 7.50 mm. The permanent
magnets are skewed 0-22°, among which 0°, 5°, 10°, 15°,

Permanent

magnet Rotor coil

Fig.2 Motor 3D model

Fig.3 Static magnetic field meshing model

and 20° are proposed. Other results are shown in Table 2
Comparison of performance indicators of permanent mag-
net deflection at different angles. Fig. 4 is the operation of
the permanent magnet deflection of 5°. The model of the
permanent magnet deflection of 0°, 5°, 10°, 15°, and 20° is
shown in Fig. 5.

3 Analysis of Finite Element Simulation
Results

3.1 No-load Condition Analysis

From Fig. 6, the no-load electromagnetic torque increases
first and then decreases with the skew angle of the perma-
nent magnet. At 10°, the pulsation is the smallest, and the
pulsation coefficient is 1.92%, which is the same as when
there is no skew. Compared with 19.46%, it decreased by
17.54%. The pulsation increases sharply from 15° to 20°.
When the permanent magnet rotates, the direction of the
magnetic field is no longer completely perpendicular to the
direction of motion of the rotor, but will produce a certain
tilt angle, like the use of a Halbach array for permanent mag-
nets. This results in the permanent magnet’s magnetic force
on the rotor being inconsistent at different positions. This
uneven magnetic force will cause torque pulsation. In this
paper, skewing 5°, 15°, and 20° is unreasonable, resulting
in greater torque ripple than no skew. Skewing 10° is a more
reasonable angle, so that The torque ripple is reduced. When
the deflection angle matches the rotor movement speed,
magnetic field distribution and other factors, the magnetic
force at different positions can be ripple.

3.2 Load Condition Analysis

The load condition can apply current excitation or volt-
age excitation to the motor. This paper chooses to apply
current excitation because current excitation can more
directly control the working state of the motor. The out-
put power and speed of the motor are directly related to its
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Table 2 C°mP ar.ison of Skew No-load electromagnetic Maximum value of load Load induced Efficiency (%)

performance 1nd1cator§ of angles(®) torque ripple coeffi- magnetic density cloud electromotive force

permanent magnets with cient(%) chart(T) )

different angles of skew
0 19.46 1.4979 365.11 91.3
1 21.79 1.4991 364.39 91.46
2 22.54 1.4998 362.08 91.62
3 27.92 1.5202 360.13 91.78
4 28.11 1.5547 359.86 91.94
5 28.14 1.5755 359.46 92.10
6 27.64 1.5842 358.80 92.62
7 10.70 1.6203 350.60 93.14
8 5.38 1.6700 348.05 93.66
9 2.33 1.7288 342.67 94.18
10 1.92 1.7485 338.47 94.70
11 1.97 1.7480 337.83 93.66
12 3.33 1.7064 330.06 92.62
13 5.78 1.6441 326.77 91.58
14 9.16 1.5580 310.95 90.54
15 9.38 1.5091 309.90 89.50
16 14.45 1.5486 301.04 89.48
17 17.66 1.5922 299.65 88.86
18 20.70 1.6320 290.44 88.54
19 22.51 1.6591 275.09 88.22
20 30.23 1.6675 273.80 87.90
21 38.59 1.7080 271.22 87.87
22 44.36 1.7309 269.08 87.02

\L// \ L/~ \ L~

SL &8s

Feses Uy Yy oV
(a) (b) (c)

Fig.4 Skew angle design

(d) (e
current, and precise control of the motor can be achieved

by controlling the current. The applied current excitation ~ Fig.5 Skewed permanent magnets at different angles. a Skew 0°. b
iS as shown in Equatlon (1) Skew 5°. ¢ Skew 10°. d Skew 15°. e Skew 20°

N . « 3000 .
Igrms*sqrt(2) sin (2 n * 8 % tzme)
60 Fig. 7 shows that the load speed has not changed sig-
N . + 3000 . 7 . . .
Igrms™sqri(2) sin (2 b4 * 8 * time — 2-) (1)  nificantly. As time goes on, the speed gradually stabilizes
60 at 3000 rpm. The skew of the permanent magnet will
N . «_ 3000 . 7 .
Igrms*sqrt(2) sin (2 JTW % 8 % time + 2§> cause the magnetic field of the permanent magnet to not
completely coincide with the stator magnetic field, result-
In the formula, Igrms is the effective value of current. ing in the displacement of the torque generation position.
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However, the relationship between speed and torque is not
linear, so the influence of deviation on speed is relatively
small. The torque fluctuation caused by the skew may
cause vibration and noise, but it will not directly affect
speed.

When the permanent magnet is skewed, the magnetic
field line will be distorted, resulting in uneven distribution of
the magnetic field. The uneven magnetic field will cause the
magnetic field line density to be unevenly distributed, result-
ing in uneven changes in magnetic flux. According to Fara-
day’s law of electromagnetic induction and Ampere’s loop
law, this will lead to the weakening of the magnetic induc-
tion intensity in a specific area, and the distortion of the
magnetic field line may also make the magnetic field more
concentrated. This results in increased magnetic induction in
specific areas. Changes in magnetic flux lead to changes in
magnetic induction intensity. As shown in Fig. 8, the mag-
netic induction intensity increases from 0° to 10°, and then
decreases from 10° to 20°. It can be observed that when
skewed by 10°, the magnetic induction intensity is greater
than other angles. Although the magnetic density map turns
red at this time, it does not exceed the saturation magnetic
induction intensity of the magnet material neodymium iron
boron but works near the saturation point.

As the skew angle of the permanent magnet increases
from 0° to 20°, the magnetic field inhomogeneity increases,
resulting in a decrease in the magnetic induction intensity,
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Fig.8 Magnetic density cloud map. a Skew 0°. b Skew 5°. ¢ Skew
10°. d Skew 15°. e Skew 20°
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Fig.9 Induced electromotive force. a Skew 0°. b Skew 5°. ¢ Skew
10°. d Skew 15°. e Skew 20°

corresponding to a decrease in the induced electromotive
force shown in Fig. 9.

As shown in Fig. 10, when the skew Angle of perma-
nent magnet is 10°, the radial air gap magnetic density is
overall closest to the sine wave compared with other skew
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Fig. 10 Radial air gap magnetic density. a Skew 0°. b Skew 5°. ¢
Skew 10°. d Skew 15°. e Skew 20°

angles overall. The radial air gap magnetic density is close
to sine wave, which can reduce the fluctuation of magnetic
force, reduce the generation of vibration and noise, make
the magnetic linkage and current of the motor more stable,
and reduce the reluctance loss and iron loss. Improve motor
performance and improve motor efficiency.

Because AFPMSM not only have radial air gap magnetic
flux density but also axial flux density, only analyzing radial
air gap magnetic flux density cannot better illustrate the air
gap magnetic flux density of the motor. Therefore, it is nec-
essary to analyze the three-dimensional cloud map of air gap
magnetic flux density, as shown in Fig. 11. When the skew
angle is 10°, the corresponding air gap magnetic flux density
is the most uniform. The reason for the particularly large air
gap magnetic flux density in several places in the magnetic
flux cloud map is that the magnetic field in some areas is
uneven due to the skew of the magnet, relatively concen-
trated, resulting in a higher air gap magnetic density. In areas
with high magnetic density, the magnetic field strength is
also high. According to simulation results, the load magnetic
field strength corresponding to a skew of 10° is indeed the
highest, which is consistent with theory.

Compared with the traditional stator core motor, the iron-
less motor has great advantages in efficiency and quality, the
permanent magnet is skewed on the basis of the no core, the
loss is reduced, the output power is increased, and the motor
efficiency is improved, Fig. 12 shows that the permanent
magnet skew angle is too large to reduce the motor effi-
ciency, and even lower than the non-skewed efficiency, when
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Fig. 11 Three-dimensional air gap magnetic density cloud map. a
Skew0°. b Skew 5°. ¢ Skew 10°. d Skew 15°. e Skew 20°

the permanent magnet is skewed by 10°, the motor efficiency
is the highest, reaching 94.7%, which is 3.4% higher than the
non-skewed efficiency.

4 Conclusion

The purpose of this paper is to reduce torque ripple, improve
air gap magnetic flux density, and enhance magnetic induc-
tion strength by skewing the permanent magnet of a dual
rotor single stator axial flux coreless permanent magnet syn-
chronous motor at different angles. This motor is used as the
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Fig. 12 Motor efficiency
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hub motor for electric vehicles to solve the problem of large
torque ripple in hub motors. The design and finite element
simulation of AFPMSM were carried out using SolidWorks
and Maxwell software. The research results showed that
when the permanent magnet was skewed 10°, the torque
ripple was the smallest, the air gap magnetic flux density
was the highest, the magnetic induction intensity was the
highest, and the efficiency was the highest, which increased
by 3.4% compared to when it was not skewed. This study
provides an effective method for reducing torque ripple in
electric vehicle hub motors.
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