www.czasopisma.pan.pl P N www.journals.pan.pl
=

POLSKA AKADEMIA NAUK

BULLETIN OF THE POLISH ACADEMY OF SCIENCES
TECHNICAL SCIENCES, Vol. 67, No. 5, 2019
DOI: 10.24425/bpasts.2019.130882

Analysis on electromechanical coupling vibration characteristics
of in-wheel motor in electric vehicles considering air gap eccentricity

Y. LI"%* H. WU?, X. XU, Y. CAI', and X. SUN!

! Automotive Engineering Research Institute, Jiangsu University, Zhenjiang, 212013, P. R. China
2Key Laboratory of Advanced Manufacture Technology for Automobile Parts (Chongging University of Technology),
Ministry of Education, Chongqing 400054, P. R. China
3School of Automotive and Traffic Engineering, Jiangsu University, Zhenjiang, 212013, P. R. China

Abstract. The distortion of air gap magnetic field caused by the rotor eccentricity contributes to the electromechanical coupling vibration of
the brushless DC (BLDC) permanent magnet in-wheel motor (PMIWM) in electric vehicles (EV). The comfort of the BLDC in-wheel motor
drive IWMD) EV is seriously affected. To deeply investigate the electromechanical coupling vibration of the PMIWM under air gap eccentric-
ity, the PMIWM, tyre and road excitation are analyzed first. The influence of air gap eccentricity on air gap magnetic density is investigated.
The coupling law of the air gap and the unbalanced magnetic force (UMF) is studied. The coupling characteristics of eccentricity rate, air gap
magnetic density, UMF, phase current and vibration acceleration are verified on the test bench in the laboratory. The mechanism of the electro-
mechanical coupling vibration of the BLDC PMIWM under air gap static eccentricity (SE), dynamic eccentricity (DE) and hybrid eccentricity
(HE) is revealed. DE and HE deteriorate the vibration acceleration amplitude, which contributes the electromechanical coupling vibration of
the PMIWM. The research results provide a solid foundation for the vibration and noise suppression of the PMIWM in distributed drive EV.

Key words: BLDC in-wheel motor, rotor eccentricity, unbalanced magnetic force, electric vehicle, electromechanical coupling vibrat.

1. Introduction

With the increase of global automotive ownership, the energy
crisis and environmental pollution have become essential fac-
tors that restrict the development of the automotive industry
[1]. Electric vehicles with the characteristics of clean energy
consuming and non-polluting are becoming the development
trend of automotive in the future. The brushless DC (BLDC)
in-wheel motor drive (IWMD) technology integrates the drive
motor and the hub to simplify the vehicle powertrain system,
increase the interior space and improve energy efficiency [2, 3].
Therefore, the IWMD electric vehicles (EV) improve the elec-
trification level of modern vehicles. As an important part of the
intelligent transportation system (ITS), electric vehicles (EV)
are supposed to improve traffic safety and travel efficiency,
and realize modern intelligent transportation. Electrification and
intellectualization have become the development trend of future
vehicles [4—6]. The research and development of IWMD EV
that can guarantee the safety and low energy cost have become
the goal pursued by most of the governments and automotive
industries in the world.

As the power source of the IWMD EV, the IWMD system
has the advantages of compact structure, high efficiency, energy
saving and quick response. However, the employment of the
in-wheel motor significantly increases the unsprung mass of the
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whole vehicle. The electromagnetic vibration of the in-wheel
motor is directly delivered to the vehicle body through the
wheels, resulting in comfort reduction of the vehicle [7-9]. In
addition, the air gap eccentricity will be caused by unbalanced
load, bearing friction, bearing bending, road surface excitation
and other factors while the vehicle is operating. That also leads
to further aggravation in torque ripple of the in-wheel motor,
which seriously affects the comfort and safety of the IWMD
EV [10-12].

Normally, air gap eccentricity can be classified as static
eccentricity (SE) and dynamic eccentricity (DE). The SE with
a constant air gap is caused by the ellipse of the stator core
and incorrect mounting position of the stator or the rotor. Shaft
bending, bearing wear, mechanical vibration in severe condi-
tion will lead to DE, in which the position of minimize air
gap changes with the rotating rotor. The electromagnetic force
(EMF) differences with positions due to the unbalanced air
gap, which affects the air gap flux density and harmonic field
inside the air gap [13—15]. That will lead to a change in cogging
torque, motor performance and loss. 80% of rotor eccentricity
is caused by mechanical assembly and 60% of the mechanical
fault derives from air gap eccentricity [16]. In-wheel motor
installed inside the wheel hub works in harsh environment with
road excitation and vibration. SE, DE and hybrid eccentricity
(HE) including both of SE and DE have significant influence
on the performance of IWMD. Therefore, it is necessary to
investigate the performance of the in-wheel motor with air gap
eccentricity.

Many researchers have done research on air gap eccentricity
of the motor. Deng et al. studied the influence on EMF of the
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air gap eccentricity of PMSM [17]. Analytical method and finite
element method (FEM) were used to analyze the influence of
SE and DE eccentricity on electromagnetic force. It was con-
cluded that the additional components of EMF and unbalanced
magnetic force (UMF) were produced by SE and DE. It was
also studied that the linear UMF components changed with
eccentricity rate. In [18], the distribution of radial electromag-
netic force under SE was studied. Since most of the eccentricity
inside the motor is presented in the form of HE, there are still
some errors between the actual mixed eccentricity and the static
eccentricity or dynamic eccentricity. The changes and expres-
sion of air gap flux under HE eccentricity of induction motor
was studied in [19]. The current and magnetic density harmon-
ics produced under HE of the induction motor was investigated
in [20]. The mathematical analytical expressions of SE, DE and
HE of motor without any load were established in [21]. The
EMF and UMF can be calculated from the air gap magnetic
field. Li studied the air gap magnetic field and UMF of motor
under different eccentricity [22]. It was concluded that the influ-
ence of stator eccentricity and rotor eccentricity on the unidirec-
tional magnetic tension is different. The global analytical model
of permanent magnet motor was established based on pertur-
bation theory in [23]. The eccentricity air gap magnetic field
distribution is obtained from the zero-order and the first-order
component of the air gap magnetic density. The Maxwell tensor
method was used to calculate the rotor unbalanced magnetic
tension and cogging torque. The frequency distribution of radial
EMF was analyzed based on the model of the air gap and radial
EMF under rotor eccentricity in [24]. The transient distribution
of the magnetic field of the air gap, Cogging Torque and UMF
were calculated through magnetic conductivity function consid-
ering stator cogging and rotor eccentricity in [25]. The influence
of rotor eccentricity on the performance of parallel winding
permanent magnet synchronous motor (PMSM) is studied in
[26]. It was found that the UMF caused by rotor eccentricity
led to an increase in mechanical loss. The motor performance
under rotor eccentricity was analyzed and evaluated based on
the equivalent magnetic circuit model of PMSM. Luo et al.
[27] analyzed the influence of UMF generated by the in-wheel
motor on the lateral and vertical coupling dynamics of electric
vehicles. It was concluded that the UMF should be necessarily
considered in vehicle design to decrease the lateral and vertical
coupling vibration.

Most of the current research focuses on the theoretical anal-
ysis of the rotor eccentricity, UMF and the vibration character-

In-wheel motor

istics analysis of the outer rotor in-wheel motor independently
[17-27]. Few researches were studied on the analysis of the
electromechanical coupling vibration of the IWMD system. The
electromechanical coupling model of IWMD system was estab-
lished based on the electromagnetic torque model and vibration
equation [28, 29]. The influence of electromechanical coupling
vibration to the torque ripple and vibration characteristics was
analyzed. The influence of electromechanical coupling to the
longitudinal vibration of the IWMD system was investigated
based on its dynamic model. However, the research on the
mechanism of electromechanical coupling vibration under air
gap eccentricity of IWMD is rare. The comfort of IWMD EV
mainly depends on the outer rotor in-wheel motor. Therefore,
it is necessary to study the mechanism of electromechanical
coupling vibration of hub motor under air gap eccentricity.

The contribution of this paper is to present the electro-
mechanical coupling vibration characteristics of outer rotor
in-wheel motor considering air eccentricity through theoretical
analysis and experimental investigation. The electromagnetic
vibration characteristics and mechanism of IWMD system are
revealed, which provides a solid theoretical and experimental
foundation for vibration and noise suppression of the vehicle.

The paper is organized as follows. First, the dynamical
model of permanent magnet in-wheel motor (PMIWM) is ana-
lyzed in Section 2. The EMF analysis under eccentricity, in
Section 3, is presented. After that, in Section 4, the electromag-
netic coupling vibration characteristics are analyzed. Section 5
is devoted to the conclusions and future work.

2. Electromechanical coupling model
and analysis under air gap eccentricity

To build the accurate model of the in-wheel motor drive sys-
tem, the electromechanical coupling under air gap eccentricity
is analyzed firstly. The electromechanical coupling schematic
under air gap eccentricity is shown in Fig. 1. The in-wheel
motor, tyre and road excitation of electromechanical coupling
vibration are modelled as follows, respectively.

2.1. Mathematical model of the PMIWM. To simplify the
modelling analysis of the PMIWM, some assumptions are as
following: (1) the motor cover effect is ignored. (2) the core
permeability is infinity. (3) the magnetic permeability is equal
to that of the air[30, 31].

A

Tyre

Electromechanical
coupling vibration

Air gap
eccentricity

v

Road excitation

Fig. 1. The electromechanical coupling schematic under air gap eccentricity
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The electromagnet torque of the PMIWM without air gap
eccentricity is expressed as

(iaea + ibeb + icec)
0]

T, = (1

where i,, i, and i. are the current of phase-a, phase-b and
phase-c of the stator, respectively; e,, e, and e, are the back
EMF of phase-a, phase-b and phase-c of the stator, respectively;
o denotes the mechanical angular velocity of the PMIWM.

2.2. Tyre model. Tyre model is one of the most important parts
of vehicle dynamics model, which bears the adhesion between
vehicle and ground [32]. The semi-empirical model under lon-
gitudinal slip and lateral slip is used in this paper. Assume the
lateral deformation only occurs on the tyre, and both of the
rotation angle around x-axis and the displacement along z-axis
are neglected.

In particular, S, and S, are introduced into the unified
semi-empirical model as follows:

5= (Vi — o)/ V]

g=18,=V,cosa/|V| 2)
V=\Vi+V;

where V is the tyre rotating speed, V,, V, are the tyre speed
component on x-axis and y-axis, respectively; 7, is the radius
of the rolling wheel; « is the sideslip angle between the tyre
and the wheel rotating surface.

2.3. The model of excitation on the road surface. When the
vehicle operates on the road, the time frequency power spectral
density is expressed as [27, 33]

v,
G,(f)= Gq(no)néﬁ 3)

where n, is the reference spatial frequency, G,(n,) is the road
roughness coefficient, /" is the equivalent time frequency, V, is
the vehicle speed.

3. UMF analysis under air gap eccentricity

3.1. Air gap magnetic density. The air gap of the in-wheel
motor with eccentricity is shown in Fig. 2.

As shown in Fig. 2, the length of the air gap of the sur-
face mounted PMIWM changes with the time, which can be
expressed as follows

5(0, 1) = &[1 — ecos(w,t — )] 4)
where: 6 is the length of the air gap of the rotor eccentricity,
6 is the rotor angle, 9 is the average air gap length of the rotor
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Rotor

Stator

Q.

Excentricity

Fig. 2. Air gap of the in-wheel motor with eccentricity

without eccentricity, ¢ is the is the relative eccentricity, ¢ is the
rotor angular position.
The air gap magnetic flux can be expressed as

AO,t) = = ZA cosn(6 —¢) )

(‘9 N =

where p, is the coefficient of the magnetic flux of the air.

The magnetic field inside the air gap changes obviously
with the air gap length when the rotor eccentricity occurs.
The air gap magnetic field changes with the eccentricity rate.
According to the solution of permanent magnet magnetic field,
the armature winding magnetic field and air gap permeance,
the air gap magnetic density of PMIWM can be obtained
[35-37].The radial air gap magnetic field under eccentricity
can be described as

ZB cos (k0 — kt) +

+ " Bycos (k30 + o,1) +
V (©)

ZB co{ )9—(]6294;%)1:'—1-
+ ZBWCOS|:(/€3 +1)0+ (a)r i%) t}

where B, (0, ¢) is the radial flux density of permanent magnet,
B,,(6, 1) is the radial flux density of magnetic field produced by
the armature, k is the spatial order of the magnetic field, &, is
the angular frequency of the magnet field, &5 is the spatial order
of the armature winding, o, is the angular frequency of the
armature winding, p, is the pole pair number of the PMIWM,
6 is the variable in polar coordinate.
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The distribution of air gap magnetic density is not com-
pletely sinusoidal due to the motor cogging without air gap
eccentricity. In this condition, it can be seen that the overall
distribution of the air gap magnetic density of the motor is
relatively uniform. However, the air gap magnetic density pres-
ents unevenly along the circumferential direction under air gap
eccentricity [38, 39].

3.2. UMF modelling. The UMF is produced inside the air gap
of the PMIWM under air gap eccentricity. That brings great
influence to the performance of the motor, such as vibration
and noise increasing, bearing wear and maintenance diffi-
culty. To investigate the electromechanical coupling vibration
mechanism of PMIWM, it is necessary to analyze the UMF
[35, 40—42].

The radial force and the tangential force under air gap
eccentricity can be obtained based on the Maxwell tensor. By
decomposing the radial force and the tangential force on x-axis
and y-axis, the UMF can be expressed as

. L 2r ) e
fo= 211 Jo |:(Br (6,1)— B; (0, t)) cos O + o

+ 2B,(0, 1)B(0, 1)sin6|d0

where 7 is the UMF coefficient, p is the magnetic permeability
of the air.

The 1-order radial force is used to judge the existence of
UMF when the rotor eccentricity of the PMIWM occurs. The
corresponding frequency of 1-order radial force is 0 Hz under
SE, while the corresponding frequency of 1-order radial force
is f/p, under DE. f is the frequency of the three-phase current.
Compared with the uniform air gap, high-order force is pro-
duced under air gap eccentricity, which leads to great electro-
magnetic vibration and noise.

3.3. Electromechanical coupling vibration under air gap
eccentricity. The rotor eccentricity brings obviously influence
to the air gap of PMIWM system, which changes the distribu-
tion of magnet density inside the air gap [43, 44]. There are
some fluctuations in the output torque of the PMIWM caused
by the non-uniform air gap, which leads to severe vibration and
noise. The radial electromagnetic force generated by the air gap
magnetic field excites the stator, rotor, winding, end cover and
enclosure of the PMIWM [45, 46].

The resonance occurs when the frequency of the EMF
approaches to the natural frequency of the PMIWM. The vibra-
tion acceleration of the stator caused by the rotor eccentricity
can be expressed as follows without considering the motor cog-
ging [47-49].

Pnli
V. =

a),ra2
s 20 2 2 ®)
I 21— &  oymy1; — Gl

where 7; is the inner radius of the stator, 7, is the average radius
of the stator yoke, m,, is the unit surface quality of the stator

854

Fig. 3. PMIWM test bench

yoke, G is the elasticity modulus of the stator, /; is the depth
of the stator yoke.

4. Electromechanical coupling vibration
characteristics analysis

A novel PMIWM is developed in this study. The test bench
shown in Fig. 3 is built to test the performance of the PMIWM.
The parameters of the IWMD electric vehicle are illustrated in
Table 1.

Table 1

Parameters of the in-wheel motor

Parameters Value Unit
Nominal power 8 kw
Nominal speed 1600 r/min
Slot number of stator 36 N/A
The outer diameter of the rotor 303 mm
The inner diameter of the rotor 283 mm
The outer diameter of the stator 273 mm
Magnet length 50 mm
Magnet width 24 mm
Magnet depth 4 mm
Slot width 11 mm
Wires number per slot 195 N/A
Motor length 107 mm
Air gap length 0.6 mm
Pole pair number 16 N/A

Bull. Pol. Ac.: Tech. 67(5) 2019
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4.1. Eccentricity and magnetic density of the air gap. The
corresponding disposition between the rotor and the stator,
on one hand, is produced by the electromechanical coupling
vibration of the PMIWM, which leads to the rotor eccentricity.
On the other hand, the aberrance of the air gap magnet field
has a great influence to the characteristics of the gap magnetic
field and the coupling vibration of the PMIWM. The air gap
magnetic density doesn’t change with the time. That is caused
by the non-uniform distribution of the air gap magnetic field.
The magnetic density will increase when the length of air gap
decreases. The magnetic density will decrease when the length
of air gap increases. And, the aberrance of the magnetic density
occurs inside the air gap.

The time response of the air gap magnetic density under
SE, DE and HE, when the motor is operating at a speed of
300 r/min, are shown in Fig. 4a, Fig. 4b and Fig. 4c, respec-
tively. From Fig. 4a, it can be seen that the air gap magnetic
density under SE still changes periodically with the time. The
air gap magnetic density changes by one period when the rotor
passes a pair of magnetic poles. The reason is that the distri-
bution of air gap magnetic field along the circumference does
not change with time under SE. In the case of DE, in Fig. 4b,
the air gap magnetic density no longer changes periodically
during the rotation, and it is also distorted in time. This is
because the DE makes the distribution of the entire air gap
magnetic field change with time. The radial electromagnetic
force magnetic density changes with time, and it no longer
distributes unevenly along the circumference. We can see from
Fig. 4c, the aberrance of the air gap magnetic density under HE
is more severe than that under SE and DE shown in Fig. 4a and
Fig. 4b, respectively.

The frequency response of the air gap magnetic density
under SE, DE and HE are shown in Fig. 5a, Fig. 5b and Fig. 5c,
respectively. It can be seen that the frequency distribution
under SE, DE and HE condition are similar. Compared with
the SE, both of DE and HE don’t have obvious influence on
the frequency distribution of air gap. Fig. 5a, Fig. 5b and
Fig. 5¢ show that the main frequencies with large magnetic
density are 16 Hz, 48 Hz, 240 Hz and 368 Hz, respectively,
which are odd numbers of base-frequencies of the current.
Compared with main frequencies under SE in Fig. 5a, it can
be found that there are lots of harmonic components inside
the red ellipses in Fig. 5b and Fig. 5c around 16 Hz, 48 Hz,
240 Hz and 368 Hz. The harmonic components around main
frequencies in Fig. 5c are getting worse than that in Fig. 5b.
From top to bottom in Fig. 5, we can also find that the ampli-
tude of magnetic density is getting larger at 16 Hz, 48 Hz,
240 Hz and 368 Hz with the increasing eccentricity under SE,
DE and HE, respectively.

To study the influence of air gap eccentricity rate on the
amplitude of electromagnetic force, the fast Fourier transform
(FFT) is used in the analysis of radial UMF under different
eccentricity rates. The EMF order under SE, DE and HE is
shown in Fig. 6. It can be seen that the EMF 1-order, 2-order
and 3-order have large amplitude than other EMF order. Vibra-
tion and noise will be excited by the abovementioned EMF
orders, which bring severe fluctuations to the PMIWM torque.
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The relationship between the amplitude of radial UMF and the
eccentricity rate is shown in Fig. 7, which shows the relation-
ship between the EMF generated by the air gap eccentricity
and the eccentricity rate. It can be concluded that the EMF
caused by the air gap eccentricity increases linearly with the
eccentricity rate. The magnetic permeability of the permanent
magnet and that of the air gap are close to each other due to
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the thickness of the permanent magnet of the PMIWM. That
leads to a small effective eccentricity rate and linear amplitude
of the force wave order under eccentricity. The frequency and
the amplitude of the radial EMF are influenced by SE, DE and
HE. The amplitude of the radial EMF changes linearly with the
increase of the eccentricity rate.

4.2. Eccentricity and phase current. To study the relationship
between the eccentricity and the phase current, the phase-a cur-
rent under different rotor eccentricity rate at a speed of 300 r/
min and a constant load of 20 Nm is analyzed. The phase-a cur-
rent under SE is shown in Fig. 8. It can be seen that, in Fig. 8a,
the time response of phase-a current under different SE rate
0, 0.2, 0.4, 0.6 and 0.8 are shown from top to bottom, respec-
tively. Also, the current spectrum under different SE rate 0,
0.2, 0.4, 0.6 and 0.8 are shown in Fig. 8b, respectively. It can
be seen that the amplitude of the low frequency of the current
under different SE rates is much larger than that of the high fre-
quency of the current. The phase-a current under DE is shown
in Fig. 9. It can be seen that, in Fig. 9a, the time response of

Bull. Pol. Ac.: Tech. 67(5) 2019
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phase-a current under different DE rate 0, 0.2, 0.4, 0.6 and 0.8
are shown from top to bottom, respectively. Also, the current
spectrum under different DE rate 0, 0.2, 0.4, 0.6 and 0.8 are
shown in Fig. 9b, respectively. It can be seen that the amplitude
of the low frequency of the current under different DE rates are
becoming smaller when the current frequency is increasing. The
phase-a current under HE is shown in Fig. 10. It can be seen
that, in Fig. 10a, the time response of phase-a current under
different HE rate 0, 0.2, 0.4, 0.6 and 0.8 are shown from top to
bottom, respectively. The current spectrum under different HE

Bull. Pol. Ac.: Tech. 67(5) 2019

rate 0, 0.2, 0.4, 0.6 and 0.8 are shown in Fig. 10b, respectively.
It can be seen that the amplitude of the low frequency of the
current under different HE retes are much larger than that of
the high frequency. Especially at HE rate 0.8, the frequency
amplitude of the current is larger than that under SE rate 0.8
and DE rate 0.8.

From Fig. 8a, Fig. 9a and Fig. 10a it can be seen the aver-
age amplitude of phase-a current increases with the air gap
eccentricity rate. In the case of eccentricity rate 0.6, the max-
imum current amplitude is 78.6 A under SE, 92.9 A under DE
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Table 2
Phase-a current fluctuation under eccentricity

. Maximum phase current | Fluctuation coefficient
Eccentricity (A) (%)
rate
SE DE HE | SEvs.DE | SE vs. HE
0.6 78.6 929 | 107.3 18.1 36.5

and 107.3 A under HE, respectively. Current fluctuation under
different eccentricity rate is clearly shown in Table 2, which
indicates the rotor eccentricity rate has a certain influence on
phase current of PMIWM.

In Fig. 8b, Fig. 9b and Fig. 10b, from the current frequency
response under different eccentricity rate, we can see the current
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has larger amplitude at low frequencies. There are much more
harmonic components under eccentricity rate 0.8 in Fig. 10b
than that under the same eccentricity rate in Fig. 8b and Fig. 9b.
It also can be seen, from Fig. 8b, Fig. 9b and Fig. 10b, current
amplitude just has influence on the electromechanical coupling
vibration of the PMIWM. The frequency distribution is not
affected by the current amplitude.

4.3. Eccentricity and vibration. The vibration acceleration
caused by the rotor eccentricity is investigated in this section.
The spectrum of the vibration acceleration under different SE
rate 0, 0.2, 0.4, 0.6 and 0.8 on x-axis and y-axis are shown in
Fig. 11, respectively. It can be seen from Fig. 11 the amplitude
of the vibration acceleration increases with SE rate. The aver-

/
-
12— o
1 - -
— /
%08 el
£
< 06
E
£ 04
E
<02
0
1

. 11. The spectrum of vibration acceleration under SE. (a) x-axis, (b) y-axis
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Fig. 12. Spectrum of vibration acceleration under DE. (a) x-axis, (b) y-axis

age amplitude of the vibration acceleration on x-axis is larger
than that on y-axis. Compared with the amplitude of the vibra-
tion acceleration on y-axis, there are a lot of high frequency
components than that on x-axis. The spectrum of the vibration
acceleration under different DE rate 0, 0.2, 0.4, 0.6 and 0.8
on x-axis and y-axis are shown in Fig. 12, respectively. From
Fig. 12 we can see the amplitude of the vibration acceleration
also increases with the DE rate. The average amplitude of the
vibration acceleration on x-axis is larger than that on y-axis.
Compared with the amplitude of the vibration acceleration on
y-axis, there are a lot of high frequency components than that
on the x-axis. The main components of additional frequency
change with the eccentricity rate. Whether it is SE or DE, the
amplitudes of the vibration acceleration in large frequency
range are obviously different. The main harmonic components
under SE and DE can be clearly seen from Fig. 11and Fig. 12.
It can be seen 350 Hz, 1900 Hz, 3200 Hz, 3500 Hz and 3700 Hz
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P
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are main vibration frequency on x-axis under SE and DE. It also
can be seen 10 Hz, 350 Hz, 500 Hz, 1100 Hz and 2000 Hz are
main vibration frequency on y-axis under SE and DE.

To further study the influence of HE on electromechanical
coupling vibration, HE testing is investigated based on the SE
and DE experiment. The air gap magnet density changes with
the time and rotor position angle under HE, during which both
of SE and DE exist. The spectrum of the vibration acceleration
under different HE rate 0, 0.2, 0.4, 0.6 and 0.8 on x-axis and
y-axis are shown in Fig. 13, respectively

It can be seen from Fig. 13 the vibration acceleration ampli-
tude increases with HE rate. The average amplitude of the
vibration acceleration on x-axis is larger than that on y-axis.
Compared with the vibration acceleration amplitude on y-axis,
lots of high frequency components exist on x-axis. The main
components of additional frequency change with the eccentric-
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Fig. 13. The spectrum of vibration acceleration under HE. (a) x-axis, (b) y-axis
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Table 3
Vibration amplitude under different eccentricity
Deterioration
Eccentricity | Frequency | Acceleration amplitude | Acceleration amplitude | Acceleration amplitude

(%) (%)

102 500 0.04 0.08 0.16 100 300
x-axis

0.6 3600 0.1 0.21 0.43 110 330

1 04 1000 0.01 0.08 0.18 700 1700
y-axis

0.8 800 0.07 0.11 0.21 57 200

ity rate. Compared with the single SE or the DE, the amplitudes

Future work will focus on the vibration and noise suppres-

of the vibration frequency are larger on both x-axis and y-axis.

To clearly show the deterioration brought by vibration accel-
eration under different eccentricity rate, the vibration acceler-
ation amplitudes caused by the radial EMF of the PMIWM on
both x-axis and y-axis under different eccentricities are analyzed
and shown in Table 3. From Table 3, it can be seen the deterio-
ration caused by DE under eccentricity rate 0.2 at 500 Hz and
eccentricity rate 0.6 at 3600 Hz on x-axis are 100% and 110%,
respectively. The deterioration caused by HE under the above-
mentioned condition is 300% and 330%, respectively. The dete-
rioration caused by DE under eccentricity rate 0.4 at 1000 Hz
and eccentricity rate 0.8 at 800 Hz on y-axis are 700% and
57%, respectively. The deterioration caused by HE under the
abovementioned condition is 1700% and 200%, respectively. It
can be concluded the vibration acceleration amplitude under DE
and HE are much larger than that under SE. DE and HE dete-
riorate the vibration acceleration amplitude, which contributes
the electromechanical coupling vibration of PMIWM.

5. Conclusions

The electromechanical coupling model of the PMIWM in dis-
tributed drive EV is established in this paper. The coupling
rule between the air gap magnetic density and the UMF of the
PMIWM is analyzed. The electromechanical coupling vibration
mechanism caused by the air gap eccentricity is revealed. The
following conclusions are shown as follows.

1) The distribution of the radial air gap magnetic density under
SE and DE is uneven due to the uneven spatial distribution
of the air gap magnetic field inside the PMIWM. The perfor-
mance of the motor is affected. There are some fluctuations
in the output torque of the motor, which lead to great vibra-
tion and noise. Compared with SE and DE, the distortion of
the air gap magnetic density under HE is severe.

2) The amplitudes of the radial UMF under SE, DE and HE
increase with the eccentricity rate. The influence of UMF
on rotor vibration increases with the eccentricity rate under
SE, DE and HE.

3) SE has the minor influence to the electromechanical coupling
vibration. The vibration acceleration amplitude under DE and
HE are much larger than that under SE. DE and HE deterio-
rate the vibration acceleration amplitude, which contributes
the electromechanical coupling vibration of the PMIWM.
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