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Abstract: This article presents a detailed analysis of the electromagnetic force and vibration behavior
of a new axial flux permanent magnet (AFPM) machine with a yokeless stator and interior PM
rotor. Firstly, the configuration of an AFPM machine with a dual rotor and a sandwiched stator
is introduced, including the structural design, fixation of the yokeless stator and segmented skew
rotor structure. Then, the influence of anisotropic material and a fixed structure on stator modes is
analyzed, including elastic modulus, shear model, the skew angle of slot and the thickness of stator
yoke. Furthermore, a new non-equally segmented skew rotor structure is proposed and calculated
for the reduction in vibration based on the multiphysics model. Three different segmented skew
rotor schemes are compared to illustrate the influence of reducing vibration and noise. The predicted
results show that the effect of the non-equally segmented skew rotor on reducing vibration is better
than the other two schemes. Finally, a 120 kW AFPM motor is experimented with and the result
matches well with the predicted data. The vibration performance of the AFPM motor with a dual
rotor and sandwiched yokeless stator is revealed comprehensively.

Keywords: axial flux permanent magnet motor; yokeless stator; electromagnetic force; modal analysis;
vibration and noise; non-equally segmented skew rotor

1. Introduction

Axial flux permanent magnet motors receive substantial attention due to their signifi-
cant advantages of high torque density, high efficiency and compact axial size [1-6]. With
the frequent attempted use of AFPM motors in electric vehicle (EV) applications, noise and
vibration have become an important concern, as well as torque density and efficiency, in
regard to evaluating the quality of drive motors for EV applications [7-12]. Compared to
surface-mounted PM motors, the flux-weakening ability of axial flux interior PM motors
behaved better, making them more suitable for EV traction application. Therefore, it is
necessary to explore the methods of reducing noise and vibrations in axial flux interior PM
motors in depth.

The electromagnetic force performances of AFPM motors have attracted significant
attention in much of the literature, mainly in regard to surface-mounted AFPM motors.
The literature [13] presents the axial electromagnetic force and vibroacoustic behavior of
the external-rotor axial-flux PM motors. It is found that the zeroth spatial order axial
force is dominant for the generation of vibrations and noise in single stator single rotor
axial-flux motors. Accordingly, it also presents an analytical model of the electromag-
netic vibration and noise for an external-rotor axial-flux in-wheel motor (AFWM) with a
mounted PM rotor [14]. ]. Li presented a detailed analysis of electromagnetic force and
vibration behaviors of an AFPM with dual three-phase windings. It was proven that the
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application of detached dual three winding has obvious advantages in reducing vibra-
tions in double stator inner rotor AFPM motors [15]. Hyeon-Jae Shin [16] examines the
effects of the electromagnetic source on the vibration of a double-sided axial permanent
magnet generator with a slotless stator depending on the AC and DC-load conditions.
The electrical harmonics affect the vibrations by multiples of the number of magnetic
pole pairs, and the sixth harmonics of the axial force in terms of the electrical degree
produced the 120th mechanical vibration x* harmonic order in the DC-load condition.
Shengnan Wu [17] analyzes magnetostriction-induced vibrations in AFPM machines with
amorphous metal cores (AMCs). This research shows that the vibration of the motor due to
magnetostriction is proportional to magnetostriction strain. Mengfei Wei [18] compared
the vibration and noise characteristics of the axial flux motors and radial flux motors. The
electromagnetic force of an axial flux motor has more complex harmonic components. The
vibration noise peak value of an axial flux motor is larger. Finally, it is observed that the
main vibration modes affecting axial flux motor vibration are low-order vibration modes.
Xiaoyuan Wang [19] deduced the calculation method of the axial electromagnetic force of a
YASA motor based on Maxwell’s equation. The vibration was finally reduced by 11.24%
compared to a normal motor, and the average torque was increased by 6.36%.

In [20-22], optimization of stator structure to minimize the cogging torque is intro-
duced. It has been proven that the stator structure is significantly concerned with the
vibration and noise of the AFPM motor. Based on the proposed stator tooth modulation
effect model in [23], the radial vibration performances of stator can be accurately predicted.
Moreover, the influences of the design parameters on the stator radial vibration character-
istics can also be insightfully revealed by the corresponding analytical model. However,
little has been written on the effect of stator structure and anisotropic material on stator
modes. Research on how to reduce vibration and noise by optimizing the rotor and stator
structure is also very limited.

The literature mentioned above focuses on the fractional-slot concentrated-winding
axial flux motors in regard to vibration performance. The peak speed of these AFPM motors
is relatively low. The electromagnetic performance comparison between interior PM axial
flux motors and surface-mounted PM axial flux motors is introduced in [23-27]. The results
indicate that the interior PM axial flux motor has greater potential in electric vehicle drive
system applications if the peak speed is lifted up.

However, there are few reports on the electromagnetic force and vibration characteris-
tics of the double rotor and single stator axial flux motors with distributed winding that
are not even on the interior PM rotor. Therefore, this article first proposes a new double
rotor sandwiched stator axial flux motor with interior PM. Its special contents are the fixed
structure design of the stator and the rotor topology. The fixed structure design of the stator
and the rotor topology affect the electromagnetic force and then affect the motor vibration
and optimization method.

This article is organized as follows. The structure design and parameters of the
AFPM motor with a double rotor and single stator are introduced. Section 2 emphatically
elaborates on the effect of material and fixed structures on the yokeless stator model. In
Section 3, the laws of zero-order electromagnetic force are introduced and explained. Then,
Section 4 proposes a new non-equally segmented skew rotor to reduce torque ripple and
stator vibration. The vibration behaviors are compared to the other skew rotors. Finally, a
120 kW AFPM motor is manufactured and tested. The vibration experiments are carried
out to validate the theoretical results.

2. Motor Structure and Stator Mode Analysis
2.1. Overall Structure

In this section, the overall structure design of the proposed double rotor sandwiched
stator axial flux motor with an interior PM for the electric vehicle application is introduced,
as shown in Figure 1a. The yokeless stator is sandwiched by two rotors to balance the
dual-side axial attracting force that two rotors create. Both the stator and rotor are made of
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a silicon steel sheet to be wound with the help of a special mold and tooling. The stator
is wound with a 0.2 mm thick (B20AT1500) silicon steel sheet, and the windings feature
a double-layer concentric Y-shaped connection. Different from the YASA axial flux PM
motor, the proposed AFPM motor adopts integer slot distribution winding. In order to
improve the torque density, the Torus slotted NS AFPM electromagnetic topology was used
to eliminate the stator magnetic yoke. As shown in Figure 1b, an amount of the magnetic
yoke is still retained at the stator core as a structural connection for the 48 teeth. Although
the pressure on the stator from both sides of the rotor magnetic pull force can be balanced,
the stiffness in the design of the stator structure is still a concern. For the yokeless stator
assembly, the outer and inner sleeves are used to tighten the stator core so as to connect
and support the casing and bearing chamber steel sleeve. It is noted that four pins on both
sides of the stator evenly distributed are used to further clamp the stator core, and the
four pins on both sides are staggered at a 45-degree mechanical angle. The shell is made
of aluminum alloy. It will reduce the motor mass as well as ensure structural strength. In
order to increase stator strength, the interior PM rotor core will be introduced below. The
motor parameters are shown in Table 1.

Shell Outer sleeve Winding Pin Stator core  Winding Shell

(b)

Figure 1. Configuration of the proposed AFPM motor. (a) Overall structure. (b) Yokeless stator assembly.

Table 1. Motor parameters.

Parameters Value
Outer diameter of stator and rotor 220 mm
Inner diameter of stator and rotor 130 mm
Air-gap length 1.5 mm
Number of slots 48
Number of poles 8
Number of phases 3
Rated power 70 kW
Peak power 120 kW
Rated speed (frequency) 6000 r/min (100 Hz)
Peak speed (frequency) 15,000 r/min (250 Hz)

2.2. Influence of Stator Structural Parameters on Modes

Anisotropic materials usually require three orthogonal planes of symmetry and nine
parameters in order to be defined. For the stator core made of a wounded silicon steel sheet,
the stator core has the same mechanical properties in the x and y directions. Regardless of
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the Poisson’s ratio variation in the core material, the relationship between the nine defined
parameters of the core material is as follows:

Viy = Vyz = Vor = 0.3
Ex= Eyr E; (1)
Gy, Gyz = Guz, G = E/2(1+ V)

V: Poisson’s ratio, E: Young’s modulus, G: Shear modulus.

Out of the nine parameters mentioned above, only the four parameters of E, (Ey),
Ez, Gxy and Gy (Gyx;) vary independently. In order to investigate the effects of these four
parameters on the stator modal frequency, finite element analysis (FEA) simulations were
conducted using Ansys Workbench software of 2021 R2 version by changing the anisotropic
data of the four parameters.

Modal and harmonic analyses were conducted by ANSYS, a structural analysis solver.
As can be seen from Figure 2, radial mode (m = 0) is mainly affected by G,y and E (Ey),
while axial mode is greatly affected by G, (Gy;) and G;. The higher the order of the mode,
the more affected by these parameters it becomes. (m,n) represents the combination of axial
and radial modes. The m represents the order of the axial modes and the n represents the
order of radial modes.
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Figure 2. Influence of material-defined parameters on modes. (a) The impact of Ey (Ey). (b) The
impact of E;. (c) The impact of Guy- (d) The impact of Gy;.

The structural component design is used to ensure the acceptable deformation of the
stator, including the pin and sleeve. These structural parts and equivalent winding will
affect the stator mode. As can be seen in Figure 3, the mode of stator with equivalent
winding will decline because of the stiffness reduction caused by equivalent winding.
Nevertheless, the mode of overall stator assembly with equivalent winding and structural
components will increase due to the structural support for the stator. This proves that
the existence of stator support is very important for the yokeless stator. Therefore, it also
provides an approach to changing the stator mode. In Figure 3, the redder the color on the
chromatic scale, the greater the degree of the model deformation.
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Frequency:298.2 HZ
Unit: mm

21.085
18.745
16.405
11.725
9.3856
7.0458
4.706

2.3661
0.0263

(b)

Frequency:297.6 HZ
Unit: mm

16.583
14.744
12.905
11.066
9.2274
7.3885
5.5496
3.7108
1.8719
0.03302

(d)

Frequency:346 HZ
Unit: mm

25.435
22.619
19.802
16.986
14.17
11.353
8.5371
5.7208
2.9044
0.08811

()

Figure 3. The structure and mode of yokeless stator. (a) Yokeless stator core. (b) Zeroth order mode
of stator core (298.2 Hz). (c) Yokeless stator with equivalent winding. (d) Zeroth order mode of stator
with equivalent winding (287.6 Hz). (e) Yokeless stator with equivalent winding and structural part.
(f) Zeroth order mode of stator with equivalent winding and structural part (346 Hz).

The influence of other parameters of the stator is also studied. In this article, the
winding is equivalent. Winding equivalence refers to the simplification of complex winding
structures during motor modal simulation. The end winding on the inner and outer circle
is equivalent to the ring, and the winding in the slot is equivalent to the cuboid. The
equivalent winding model structure is shown in Figure 4. The purpose of equivalent
winding is to simplify the calculation process.

This article ensures that the effect of equivalent winding is the same as before. In
Figure 5, we can see that the mode of the stator will increase with the increase in the slot
skew angle and yoke thickness. When the slot skew angle and yoke thickness increase to a
certain value, the mode of the stator will be almost unchanged.
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Figure 4. The equivalent winding model structure.
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Figure 5. Influence of stator structure on mode. (a) The influence of skewed slot angle on the mode.
(b) Influence of stator yoke thickness on the mode.

3. Axial Electromagnetic Force Analysis

According to [11], the axial force under no load and load can be expressed as:

2
2 By mag A
B M, under no load
f ~ 2”‘0 2”‘0 ) (2)
z B% [(Bzfmag"l‘Bzfarm)/\z] d l d
55 = e ,under loa

Here, f, represents the axial electromagnetic force density.

B, represents the axial air gap flux density. A, represents the relative permeance
function. B;_y,¢ represents the harmonics of magnetic flux density produced by permanent
magnets. B, ;- represents the harmonics of magnetic flux density generated by the stator
currents. Equation (2) explains that the axial force is different when under no load and load.

Considering the source of axial force, the f, can be classified into six categories, which are
shown in Table 2.

Table 2. Source, spatial order, and frequency of axial force density.

Item Source Spatial Order Frequency
1 PM field 2u 2ufi/p
2 Interaction of PM field and stator slotting 2[2p £ kQ4] 2uf1/p
3 Interaction of PM field and armature reaction field [7==RY) (mxp)fi/r
4 Armature reaction field v+ Uy 2f
5 Interaction of PM flsfigci;?rsrlréiciunrg reaction field, and (44 kQy) + 0 (L p)fi/p
6 Interaction of armature reaction field and stator slotting ~ (v1 £ vp) £ kQ; 2f

According to Equation (2) and Table 2, the axial force of the AFPM motor with 48 slots
and eight poles can be calculated. The frequency of axial force with zeroth spatial order
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under no load and load are listed in Table 3. The axial electromagnetic force wave is divided
into three components.

1. The amplitude of axial electromagnetic force remains unchanged. This axial electro-
magnetic force only causes static deformation for the stator but will not cause periodic
vibration on the stator surface;

2. The axial electromagnetic force is generated by harmonic interaction between the
magnetic fields from stator and rotor. The electromagnetic force generated by the
interaction of different order harmonics from stator or rotor itself;

3. The electromagnetic force is generated by the interaction between harmonics from
stator and rotor.

Table 3. Frequency of zeroth spatial order axial force density under no load and load.

Spatial Order =~ Condition Frequency (A Multiple of the Mechanical Frequency)
No load 12 k
Zeroth Load 6k

Figure 6 shows the axial force spatial order and frequency of the proposed AFPM
motor under no load and load conditions. The colored columns in the picture have no
practical significance, they are only for the sake of graphic aesthetics. It can be seen
that the simulated spatial order and frequency of the axial force are coinciding with the
theoretical analysis results in Table 3. For the 48-slot 8-pole AFPM motor, the axial force
spatial order has an even relation to the number of pole pairs both under no-load and load
operating conditions. It can be seen that the axial force with zeroth spatial order is playing
a leading role at different frequencies. Different from the electromagnetic axial force under
no load, the zeroth spatial order axial force increases significantly at 6 kf; frequencies under
load. The variation in these axial forces is the main cause of vibration and noise in the
AFPM motor.

Figure 6. Spatial orders and frequency of axial force. (a) Under no-load. (b) Under load.

4. Vibration and Noise Analysis

The generation of vibrations and noise in motors is basically determined by the
electromagnetic force and the motor modes. Therefore, research on the influence of rotor
topologies on axial electromagnetic forces providing an approach for reducing vibration
and noise is implemented in this article. In this section, continuous skew pole, non-equally
segmented skew pole and equally segmented skew pole are processed, the diminution
effect of different rotor structures on air gap magnetic field harmonics is analyzed and the
influence of rotor structure on vibration and noise is then analyzed.
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4.1. Continuous Skew Pole

Continuous skewed rotor refers to a rotor core with an interior permanent magnet.
The distribution of the inner and outer circles of the rotor core is not on the same concentric
angle, but the distribution of the outer and inner circles differs by an angle, which is the
angle of the skewed rotor, as shown in Figure 7. The structure of the rotor of the interior
permanent magnet is shown in Figure 8. Through parametric modeling of the skew pole
angles, the torque ripple and cogging torque of AFPM motors under different skew pole
angles are analyzed. When the rotor had a continuous skew pole, the rotor was divided
into three sections from the inside to the outside for analysis in the FEA simulation. In
order to ensure the accuracy of the simulation results, different encryption methods were
applied to each part of the rotor, resulting in a total mesh mass of 0.75; the number of
mesh divisions is 1,125,444, and the number of mesh units is 481,224. Figure 9 shows the
torque ripple result of different continuous skew angle rotors. It can be clearly seen that a
continuous skew pole can reduce the ripple of cogging torque and torque ripple. This is
very effective in terms of reducing vibration noise.

skew angle

Figure 8. The structure of the rotor of the built-in permanent.

According to the analysis of the axial electromagnetic force of the 48-slot 8-pole motor
proposed in this article in Section 3, the influence of mechanical frequency electromagnetic
force under order 12 k and 6 k should be given attention. The corresponding frequencies
are 600 Hz and 300 Hz. As shown in Figure 6, the electromagnetic force density under
no-load and load has been displayed to prove the correctness of formula calculation.
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Figure 9. Influence of skew pole on the electromagnetic torque ripple, cogging torque and
output torque.

4.2. Segmented Skew Pole

Since the rotor core is made of silicon steel sheet to be wound with the help of a mold
and tooling, the continuous skew pole is not easy to realize in actual manufacturing. In
practice, manufacturability needs to be considered from the perspective of engineering
applications. This section carries out the non-equally segmented skew pole scheme.

As shown in Figure 10, the segmented skew rotor adopts two different methods. One is
to divide the rotor into three sections equally from the inside to outside. The length of the
three sections is kept the same in the radial direction, and the mechanical angle difference of
the three sections is the same. The other one is to divide the rotor into three unequal sections
from the inside to outside. The length of the three sections of the rotor in the radial direction
is different but the mechanical angle difference of the three sections of the rotor is the same.
The proportion of the three sections and the skew angle are modeled parametrically.

(a) (b)

Figure 10. Rotor segmented skew pole methods. (a) The rotor is equally divided into segmented
skew poles. (b) The rotor is not equally divided into segmented skew poles.

In order to investigate thoroughly the relationship between the proportion of
three-segment rotors and motor performance, as well as vibration and noise, paramet-
ric modeling of the rotors is carried out as follows. The inner and outer diameters of the
rotors remain unchanged. The proportions of the radius of the inner, middle and outer rotor
segments are represented with a, b and ¢, respectively. The diagram of parametric modeling
of the segmented skew pole is presented in Figure 11. As a result, different combinations of
a—b—c are used to represent the combination of the proportion of three rotor segments. The
purpose of this program is to prove that the effect of a non-equally segmented skew rotor
in terms of reducing vibration and noise will be better than that of an equally segmented
skew rotor.
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skew angle €«~—i

Figure 11. The diagram of parametric modeling of segmented skew pole.

As can be seen from Table 4:

When the angle of the non-equally segmented skew pole is 5 deg, the best seg-
mented ratio is 2:1:2. Compared with the segmented skew pole, the torque output
changes from 111.5 Nm to 118 Nm and the ratio of output torque fluctuation decreases
from 8.05% to 7.54%.

When the angle of the non-equally segmented skew pole is 10 deg, the best segmented
ratio is 1:1:2. Compared with the segmented skew pole, the torque output changes from
102.6 Nm to 114.6 Nm, while the proportion of output torque fluctuation decreases
from 6.7% to 6.45%.

When the angle of the non-equally segmented skew pole is 15 deg, the best seg-
mented ratio is 1:1:2. Compared with the segmented skew pole, the torque output
changes from 93.4 Nm to 105.7 Nm and the ratio of output torque fluctuation decreases
from 6.2% to 4.92%.

When the angle of the non-equally segmented skew pole is 20 deg, the best segmented
ratio is 1:1:2. Compared with the segmented skew pole, the torque output changes
from 83.15 Nm to 98.3 Nm and the proportion of output torque fluctuation decreases
from 5.3% to 5.2%.

Table 4. Influence of unequal segmental skew pole on motor performance.

Torque Peak-Peak Percent

Skew Pole Angle Section Peak-Peak Value of Average Value of Rated Torque Peak-Peak .
(deg) Ratio (a-b—c)  Cogging Torque (Nm)  Output Torque (Nm) Torque Ripple (Nm) Fluctuation, Referred to
Average Torque (%)
1:1:2 438 123 11.4 9.26
5 deg 2:1:2 3.7 118 8.9 7.54
1:2:2 43 123 10.37 8.43
2:2:1 4.01 117.8 10.6 8.99
1:1:2 3.9 114.6 74 6.45
10 deg 2:1:2 3.6 107.9 9 8.34
1:2:2 24 113 7.48 6.62
2:2:1 5.3 107 9.62 8.99
1:1:2 3.7 105.7 5.2 492
15 deg 2:1:2 3.8 95.85 7.9 8.24
1:2:2 3.6 104.2 7.31 7.02
2:2:1 3.8 91.6 72 7.86
1:1:2 221 98.3 5.1 5.2
20 deg 2:1:2 2.61 79.94 5.03 6.29
1:2:2 271 92.1 6.31 6.85
2:2:1 34 73.65 6.25 8.48

The above results indicate that, compared with the equally segmented skew pole,

the non-equally segmented skew rotor has a better effect on reducing the torque ripple of
the motor. As shown in Figure 12, the most effective effect on reducing torque ripple is
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adopting a non-equally segmented skew rotor. The effect of reducing the output torque
caused by the skew pole is weakened and the reducing value of output torque is smaller.
This indicates that the non-equally segmented skew rotor can better reduce the vibration
and noise of the motor while maintaining the motor output performance.

5 17
=< =<
g L g
2 4% o
E %12
Qs L E
¢’ .2
“& 2 5 —*%-Continuous skew rotor —'& 1
=se T = N
2 > -=-Equally segmented skew rotor 2 = 7 -=-Equally segmented skew rotor
g Lr ——Non-equally segmented skew g —<—Non-equally segmented skew
= rotor = rotor

0 1 1 2 1 1

0 5 10 15 0 5 10 15
Angle(deg) Angle(deg)

(a) (b)

Figure 12. Influence of skew pole methods with different angles on torque. (a) Influence on cogging
torque. (b) Influence on rated torque.

Using the Maxwell Workbench multiphysic coupling model calculation, the vibration
performance of a normal rotor, an equally segmented skew pole and non-equally segmented
skew pole motors at different skew pole angles under optimal proportions of a-b—c are
compared. It can be seen from Figure 13 that the motor adopting a non-equally segmented
skew rotor has the lowest vibration and noise performance. The result is displayed when the
AFPM motor works at 3000 r/min. According to Section 3, the frequency of electromagnetic
force under no-load and load are 600 kHz and 300 kHz. As shown in Figure 13, it is noted
that the frequency of maximum vibration amplitude under no-load and load is 600 Hz
and 300 Hz, which confirms the analysis correctness of the analysis in Section 3. More
importantly, the result in Figure 13 also illustrates that the vibration and noise are reduced
at almost all the range of frequency when adopting a non-equally segmented skew rotor.
It can be concluded from Table 4 that, when each segmented ratio is suitable, the non-
equally segmented skew rotor can better reduce the vibration and noise. Meanwhile, the
non-equally segmented skew rotor results in less loss of output torque compared to the
equally segmented skew rotor and continuous skew rotor.

= 0.5 -==Conftinuous skew rotor o 0.6 g — Continuous skew rotor
g 0.4 Equally segmented skew rotor _5 0.5 —#—Equally segmented skew rotor|
E; V! Non-equally segmented skew E 0.4 5 Non-equally segmented skew
803 |o# rotor 8
s 203
02 £ 02
£ £
= 0.1 2 0.1
= K|
20 20
0 1500 3000 4500 6000 7500 0 1500 3000 4500 6000 7500
Frequency(Hz) Frequency(Hz)
(a) (b)

Figure 13. Cont.
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Figure 13. Comparison of three kinds of skew rotor. (a) Comparison of acceleration under no load.
(b) Comparison of acceleration under load. (¢) Comparison of noise under no load. (d) Comparison
of noise under load.

5. Prototype and Experiment

This section introduces motor performance and vibration tests. The vibration accel-
eration sensor is installed on the surface of the rear end cover and housing of the AFPM
motor to measure the vibration acceleration in the radial and axial directions. The pa-
rameters of the vibration acceleration sensor are listed in Table 5. The measured data are
processed by the data collector and uploaded to the computer software for analysis. The
experimental curves of the vibration acceleration in the time domain and the frequency
domain are obtained.

Table 5. Parameters of vibration acceleration sensor.

Parameters Value
Sensitivity 100mV/g
Range 10g
Frequency response 0.5 kHz-6 kHz
Resolution 100 ug
Operating voltage 18 V=28 V DC
Output impedance <100 2

The prototype has been manufactured and tested to verify the correctness of the
FEA method employed in this paper. Figure 14 shows the AFPM motor and bench in
the experiment. The developed AFPM motor adopts an equally segmented skew pole for
manufacturability. The measured and 3-D FEA predicted line-to-line back-EMF waveforms
at 3600 r/min are shown in Figure 15. The FEA value of back-EMF agrees well with
the measured data. The measured torque/power—speed curves are shown in Figure 15,
respectively. The predicted values in Figure 16 agree well with the measured data. The
consistency of the results proves that the manufacturing of the prototype AFPM motor
follows the setting of the simulation well.

The vibration displacement in the rotor outer surface is tested on the surface of the rear
end cover at different speeds under no load and load, which is detailed in Table 6. The result
in Figure 14a,b shows that the 12 k frequency of the electromagnetic force plays a leading
role under no load and that the 6 k frequency of electromagnetic force is associated with
the vibration under load. It can be seen that the calculated vibration can match the tested
results at the resonance frequencies. Meanwhile, in Figure 17, when the frequency of the
electromagnetic force is closer to the frequency of the zero-mode of the stator, the amplitude
of vibration caused by electromagnetic force is much more serious. More interestingly,
the amplitude of axial vibration acceleration reduces gradually with the increase in speed.
A reasonable explanation for this is that the frequency of the electromagnetic force will
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increase with the increase in speed while the difference with the zero-mode frequency
of stator increases. Although the amplitude of the electromagnetic force increases, the
vibration will decrease.

(d)

Figure 14. Comparison of experimental components. (a) Stator. (b) Rotor. (c) Complete machine.
(d) Experimental bench.

400 - —— FEA
300 —=— Experiment

0
S
S

Line-to-line Back-EMF/V

N
S S
S S

60 120 180 240 300 360
Rotor Position/Elec.deg

o

S

S
=

Figure 15. Measured and simulated line-to-line back-EMF waveforms @3600 r/min.

Figure 18 shows the data of radial vibration acceleration. It can be seen that the
amplitude of radial vibration acceleration is far less than axial vibration acceleration.
This indicates that axial vibration is the main element causing noise in the AFPM motor.
Compared to radial flux motors, an axial flux motor should pay attention to axial vibration
and zero-order mode. The zero-order mode in the AFPM motor is much lower compared to
the radial flux motor. Therefore, the axial electromagnetic force can lead to large vibrations
when its frequency is close to zero-order mode in the axial direction.



World Electr. Veh. ]. 2024, 15, 335 14 of 16

400 200
i 1160
g 300 =,
: %
Q. =
5200 5
=
= 180 2
ﬁ -0 - Simulation, torque U\ ni
10017 1 e a— {40
->K-Experiment, power

0 . : . . 0
0 3,000 6,000 9,000 12,000 15,000
Speed/rpm

Figure 16. Torque/power-speed curves of simulation and experiment.

Table 6. Experiment conditions.

Vibration Frequency  Vibration Frequency

Speed under no Load under Load DC Bus
3000 r/min 600 Hz 300 Hz 350V
6000 r/min 1200 Hz 600 Hz 350V
9000 r/min 1800 Hz 900 Hz 350V
™ 0.4 — 3000rpm,experiment o~ 0.6 ——3000rpm,experiment
= —6000rpm,exper3ment = —6000rpm,experiment
£ ——9000rpm,experiment 2 ——9000rpm,experiment
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Figure 17. Comparison of different speed data. (a) No load. (b) Load.
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Figure 18. Radial vibration acceleration data.

The experiment compared the simulation and experimental data under no-load and
load. The result verified the correctness of the finite element simulation and the theory
studied in this article. Although the final prototype did not adopt the scheme of unequal
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skew poles, the approximation of the results can also prove the credibility of the finite
element results of unequal skew poles.

6. Conclusions

In this article, a new single stator double rotor AFPM motor with a yokeless stator
and interior PM rotor is presented and designed for EV traction application. The axial
electromagnetic force and vibroacoustic characteristics of the AFPM motors are investigated
in this study. A non-equally segmented skew rotor structure is proposed. The axial elec-
tromagnetic force and vibrations are investigated and compared among the three different
types of rotor skew poles. The main conclusions are as follows.

1. The theoretical calculation of axial electromagnetic force generated by the air-gap
magnetic field of an AFPM motor is derived for a single stator double rotor AFPM mo-
tor, and the zero-mode frequencies of the axial electromagnetic force of 48-slot-8pole
AFPM topology under no-load and load are 12 k and 6 k, respectively.

2. The anisotropic material has an important impact on the stator mode due to the
wounded silicon steel sheet. It provides an approach to the change stator mode
frequency. Moreover, the structural support for the yokeless stator can improve stator
stiffness and increase the stator mode frequency.

3.  The decrease in motor performance caused by the non-equally segmented skew pole
is weaker than that caused by the equal segment skew pole, which indicates that the
unequally segmented skew pole is an effective way to reduce the vibration and noise
of the AFPM motor.

4. Due to poor manufacturability, it is difficult to implement continuously segmented
skew pole rotors for AFPM motors in the mass production process. Therefore, the
non-equally segmented skew pole rotor will be an effective method for reducing
vibration and noise while ensuring motor performance.
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