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Study on Electromagnetic Vibration Performance of Hybrid
Excitation Double Stator BSRM for Flywheel Battery
under Eccentricity

Qianwen Xiang, Zhende Peng”, and Yu Ou

Abstract—In this paper, the electromagnetic vibration characteristics of hybrid excitation double-
stator Bearingless Switched Reluctance Motor (HEDSBSRM) used in flywheel battery are analyzed
when the rotor is eccentric. Firstly, the influence of rotor eccentricity on motor vibration is theoretically
analyzed. Then the finite element method is adopted to study the radial electromagnetic force of the
motor in the two-dimensional air-gap region. In addition, the three-dimensional equivalent vibration
model of the motor outer stator is established, and the mode shapes and natural frequencies of the
motor stator are obtained by the modal analysis. The vibration characteristics of the outer stator
under eccentric motion are analyzed by the coupling calculation of electromagnetic field and mechanical
field. Finally, the modal combination principle is used to analyze the vibration characteristics of the
motor running at multiple speeds under eccentric condition. The results show that the vibration
of HEDSBSRM is closely related to eccentricity, which affects the motor performance and lays the
foundation for the optimization design of HEDSBSRM application in flywheel battery.

1. INTRODUCTION

With the increasing aggravation of energy crisis, the proportion of flywheel battery is increasing in the
field of new energy. As the core component of flywheel battery, motor makes flywheel battery more
critical to motor performance. Hybrid excitation double stator bearingless switched reluctance motor
(HEDSBSRM) has advantages of no mechanical bearing and small loss and solves the problem of the
coupling between torque and suspension system of traditional BSRM. BSRM achieves high output power
and high speed operation, which meets the requirements of flywheel battery for motor performance.
Therefore, BSRM has good prospects in flywheel battery application [1-3].

HEDSBSRM produces electromagnetic vibration by electromagnetic force when operating in
practice, which leads to potential risk in the application of flywheel battery. There are less research on
electromagnetic vibration of HEDSBSRM at present. Due to the large rigidity of rotor and closed inner
stator of HEDSBSRM, the inner stator directional excitation generates the suspension force, and outer
stator three-phase alternating excitation generates torque. Thus, the outer stator is the main source
of vibration. The phase current of outer stator is discontinuous. During the commutation period, the
radial force of outer stator air gap will change dramatically. In the meanwhile, the outer stator is
deformed by radial force and generating vibration. The generating electromagnetic vibration is more
obvious when the radial force frequency is close to the natural frequency of the outer stator [4-6].

Motor rotor eccentricity is unavoidable due to the error in processing and assembly and the rotor
affected by centrifugal force during operation. Eccentricity contributes to uneven stator and rotor air
gap and unbalanced magnetic pull, which affects magnetic field variation and leads to new frequency
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components emerging in the radial force waves eventually. The mathematical model of BSRM radial
force is obtained by the analysis of the eccentric air gap magnetic density in [7,8]. It is acquired that
the radial force varies nonlinearly with the rotor position angle of the excitation current. According to
eccentric magnetic field distribution, [9] concludes that radial force is an increasing function of eccentric
displacement. Reference [10] indicates that eccentricity would increase new vibrational forms of BSRM.

In order to predict the vibration of HEDSBSRM accurately, guide the low noise design of motor to
more fit the performance requirements of flywheel battery, and improve energy conversion efficiency, the
influence of the rotor eccentricity on electromagnetic vibration is non-negligible. At present, there are
few articles on BSRM eccentric vibration, especially the effect of eccentricity on double stator BSRM.
This paper first introduces the operating mechanism of HEDSBSRM and characteristics of the radial
force of outer stator during the rotor eccentricity. Then finite element method is adopted to analyze
the harmonic component of the outer stator radial force under different eccentricities. Additionally, the
vibration shapes and natural frequencies of the outer stator are obtained by comparing and combining
modal analysis. Establish the electromagnetic-vibration simulation model and analyze the influence of
eccentricity on motor vibration response. Finally, motor vibration response under different eccentric
states at multiple speeds is analyzed based on harmonic response.

2. OPERATION MECHANISM

HEDSBSRM is composed of a 24 pole outer stator, a 16 pole rotor, an 8 pole inner stator, and 4
permanent magnets. Fig. 1 is motor topology diagram. The outer stator is divided into A, B, and
C phases which together with rotor provide rotor rotation force according to the torque minimum
principle. The inner stator winding and permanent magnet work together to provide the suspension
force. Taking x-direction as an example, when the rotor shifts in positive x-direction, the magnetic
flux generated by inner stator winding and the magnetic flux generated by permanent magnet overlay
in positive z-direction, and the magnetic field increases, generating the suspension force in negative
x-direction to make the rotor in a balanced position. Torque and suspension system achieve decoupling,
with good speed and suspension performance, which are quite suitable for the application in flywheel
batteries.

(a) Torque (b) Suspension force F;

Figure 1. Topology of HEDSBSRM.

3. ECCENTRIC RADIAL ELECTROMAGNETIC FORCE MODELING

3.1. Radial Electromagnetic Force Analysis

According to the integration of Maxwell stress tensor on inner surface of outer stator core or outer
surface of rotor, the radial electromagnetic force wave is [11]:
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In the formula, pg is the permeability of vacuum, whose value is 47 x 10-7H/m, and b,(0,t) is

radial air gap magnetic density which is the function of time and spatial location. Without considering
the magnetic saturation, it can be expressed as:

b(0,t) = f(6,t)A(0,1) (2)

In the formula, f(6,t) is air-gap magnetic potential; A(f,¢) is the air-gap permeance. Ignoring the
current harmonics, the air gap magnetic potential can be expressed as:

pr(6,t) =

o0
F0.8) =) frcos(pwt £ kpb + ¢) (3)
k=1
k is the number of magnetic field harmonics, and when the influence of saturation and stator and
rotor slots and the eccentricity is disregarded, the motor air gap magnetic permeance is:

Ag(0,) =~ Ay cos(kZ6) (4)
k=0

According to (1) (2) (3) (4), the radial electromagnetic force can be expressed as a series of force
waves with different frequencies and different distributions, as shown below:

pr(97 t) = an cos(wnt —nb + ¢n) (5)

Here p,(0,t) is a radial force wave and is the force per unit area. The unit is N/M?, and n represents
the force wave of order time. w represents the rotor rotation angular velocity. p, represents the n-degree
force wave amplitude.

3.2. Air-Gap Permeance during Rotor Eccentricity

During the operation process, the rotor of HEDSBSRM will appear in three eccentric states: static
eccentric, dynamic eccentric, and hybrid eccentric [12,13]. Taking static and dynamic eccentricity rotor
as an example, the coordinate system is established with the stator center as the origin. As shown
in Fig. 2, O is the stator center, O’ the rotor center during the rotor eccentricity, Rs the stator inner
diameter, and R, the rotor outer diameter. The stator and rotor air gap during eccentricity can be
described as:

w
0(0) = Rs — R, + e cos <9—a—7t> (6)
p
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Figure 2. Schematic diagram of motor eccentricity.
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where ¢ is the eccentricity, and 6 is the relative position angle of the stator and rotor. -~ is different
eccentric type, and v = 1 indicates a static eccentricity while v = 2 indicates the dynamic eccentricity.

Eccentricity € is defined as:
-
= - 7
=7 7)

r is the distance from the stator center to the rotor center. J is the air gap length under normal
conditions. At this time, the motor air-gap permeance during eccentricity is:

A0, t) = Z A cos(kZ0)(1 — ecosyl) = Ag(0,t) — e cos 0 Z Ay cos(kZ0) (8)
k=0 k=0

New components apparently appear in the eccentric air-gap permeance. The second part is defined
as the eccentric magnetic permeability part. Combining with Formulas (1) and (2), the eccentric radial
electromagnetic force of the outer stator will produce a new order and frequency. If the new radial force
frequency is close to the natural frequency of the outer stator, the vibration response of the motor is
more obvious.

4. FINITE ELEMENT ANALYSIS OF ECCENTRIC RADIAL ELECTROMAGNETIC
FORCE OF OUTER STATOR

4.1. Finite Element Analysis of the Outer Stator Radial Electromagnetic Force

The relation between outer stator vibration amplitude A,, and electromagnetic force wave of
HEDSBSRM:

A Fm [ ! ] (9)

x
@D - (f/ )

where F,, is the radial electromagnetic force amplitude of the outer stator, v the spatial force wave order,
f the force wave frequency, and f. the outer stator intrinsic frequency. It is observed that A,, is directly
proportional to £, and is approximately inversely proportional to the 4th power of v. Therefore, the
lower the order is, the stronger the vibration is. When f and f. are close, the motor also produces
a relatively large vibration noise. Thus the design should be considered to avoid making the motor

produce a resonant frequency. For the 24/16/8 HEDSBSRM, the time order u and space order v of the
outer stator air gap radial force harmonic component can be expressed by (10) [14, 15]:

u=mMmxZ)xj+Z, xk=48xj+16 x k

Zs (10)
v = Z xk=8xk
where m is the motor phase number, Z, the rotor pole number, and Z, the stator pole number. j and
k are arbitrary integers. Therefore, the low-order space order of the motor is 0, 8, and 16, and the time
order is 0, 16, 32, and 48.

The radial electromagnetic force density generated by the A-phase winding excitation of the outer
stator of HEDSBSRM is fast Fourier decomposition. As shown in Fig. 3, there are radial forces of v =0
and v = 8 respectively for the blue and green columns in the figure. And the radial electromagnetic
force amplitude value is larger when the base frequency is 0 times, 1 time, and 2 times. The frequency
here corresponds to time order 0, 16, and 32, respectively. The results are consistent with the previous
theoretical analysis. However, the 0 time base frequency is 0, and it will not cause vibration [16].
Therefore, the influence of 1 time base frequency and 2 time base frequency on motor vibration are
focused on. This frequency should be avoided as close to the natural frequency of the motor during
motor operation which may cause large vibration.

4.2. Analysis of Eccentricity to Radial Electromagnetic Force

When torque winding of HEDSBSRM is single-phase excited, taking static eccentricity as an example,
the radial air gap magnetic density of outer stator along the circular distribution curve is compared
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Figure 4. Air gap magnetic density distribution with different eccentricities.
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Figure 5. Radial force FFT of outer stator at SEF = 40%.

when static eccentricity (SEF) SEF = 0%, SEF = 40% and SEF = 60%. As shown in Fig. 4, comparative
analysis shows that with the increase of eccentricity, the radial magnetic density at the maximum air
gap increases significantly. FFT is made to the outer stator radial force when SEF = 40%, as shown
in Fig. 5. Compared to no eccentricity in Fig. 3, the radial force increases the number of harmonic
components of the lower spatial order of order 1 and order 9. In order to further analyze the influence
of eccentricity on motor vibration, the fast Fourier changes of 0 order radial electromagnetic force waves
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Figure 6. 0 order electromagnetic force spectrum with different eccentricities.

are compared at different rotor eccentricity. As shown in Fig. 6, it is observed that the outer stator
radial force amplitude is maximum at 1 time base frequency and increases by 30% with increasing
eccentricity. While the eccentricity of the smaller amplitude of 2 and 3 time base frequencies increases,
but its amplitude decreases. Based on the above analysis, the rotor eccentricity of HEDSBSRM greatly
affects the amplitude and frequency of low-order radial electromagnetic force, and motor electromagnetic
vibration is inevitable.

4.3. Analysis of Eccentric Vibration Response of Motor

5. MODAL ANALYSIS AND HARMONIC RESPONSE ANALYSIS

5.1. Modal Analysis of Outer Stator

Modality is the intrinsic vibration property of structure, which includes two layers of meaning of natural
vibration type and natural frequency. HEDSBSRM will produce a large vibration phenomenon when
the space order of outer stator radial electromagnetic force and outer stator mode order are the same
and electromagnetic force frequency are close to the mode natural frequency. The vibration mode of
each order and the natural frequency of the corresponding modes can be achieved via modal analysis
of the outer stator, avoiding resonance to a certain extent [17-19]. Generally, the low-order mode has a
great impact on the motor vibration [20, 21]. The vibration mode and natural frequency of outer stator
order 1 ~ 8 are obtained by finite element method which is compared to experimental method. The
experimental method is to tap the outer stator and acquire the signal by sensor and process data to
obtain the inherent frequency of object. The experimental data are presented in Table 1. Both errors

Table 1. Outer stator Mode shapes.

Specification 1st 2st 3nd 4th 5th 6th 7th
P Nat. Freq. Nat. Freq.  Nat. Freq. Nat. Freq. Nat. Freq. Nat. Freq. Nat. Freq.
FE analysis 3457 HZ 3688 HZ 3703 HZ 3948 HZ 5383 HZ 5509 HZ 5517 HZ
Experiment 3786 HZ 3710 HZ 3676 HZ 3665 HZ 5346 HZ 5559 HZ 5548 HZ
Differences 8.6% 6.1% 7.3% 4.8% 6.8% 9.1% 5.6%

-0 0060 CCO
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are within 10%, and the finite element model has good validity. According to the above analysis, the
eccentricity of the motor will make the radial force of the outer stator increase new frequencies. If these
new frequencies are close to the frequency of the outer stator vibration shape obtained from the modal
analysis, the motor vibration will be strengthened.

The outer stator radial electromagnetic force is loaded on the stator tooth when HEDSBSRM is
performed at 7000 rpm. Fig. 7 is a schematic diagram of radial forces on different eccentric states on an
outer stator tooth. When the eccentricity is 60%, the radial force amplitude is the largest, which means
that the fluctuation is more obvious when the amplitude of the stator tooth is larger as the degree of
eccentricity increases. In addition to the frequency of 0 HZ, the most stressed frequency points of the
stator teeth occur in turn around 1866 HZ, 3732 HZ, and 5598 HZ. The three frequencies correspond to
1, 2, and 3 time base frequencies of the radial electromagnetic force, which is basically consistent with
the Fourier decomposition results of the electromagnetic force in the upper section.

12 T T T T T T T T T
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Radial Force (N/M?)

T T T T T T T T T
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Figure 7. The magnitude of force in different eccentric states on a tooth.

Figure 8(a) is the curve of maximum shape variation of stator teeth varying with frequency in
different eccentric states within the 0 ~ 8000 HZ frequency range. It is observed that the deformation
quantity is the most obvious when frequency f = 3732 HZ followed by 5598 HZ, and the dependent
variable is different under different eccentricities. The deformation quantity decreases a little when SEF
= 40% and increases significantly when SEF = 60%. Fig. 8(b) is the acceleration frequency spectrum of
different eccentric states when the stator tooth is deformed. It is observed that the vibration acceleration
is obvious at frequencies of 3732 HZ and 5598 HZ, respectively. The vibration acceleration amplitude is
maximum when SEF = 60%, and frequency is around 3732 HZ. The 3732 HZ here corresponds to the 2
time base frequency of radial electromagnetic force, and 5598 HZ corresponds to 3 time base frequency.
As known from the modal analysis, the stator natural frequencies of order 1 to 4 are close to those of
3732 HZ, and the order 5 ~ 8 natural frequency is close to those of 5598 HZ, which shows that the mode
order from 1 to 8 is the source of stator vibration mode. Through the vibration response frequency
spectrum, the frequency vibration near 3732 HZ is more obvious with the increase of eccentricity. Fig. 9
is comparison of vibration response difference between different eccentric states under 7000 r/min. It
can be seen that with the increase of eccentricity, the vibration is more obvious in different eccentric
states at 2 time base frequency and 3 time base frequency, which is the same as the above analysis.
In conclusion, the base frequency of the outer stator radial electromagnetic force is the main source of
motor vibration, and the mode order 1 ~ 4 is the main vibration mode of motor vibration. With the
increase of eccentricity, the vibration response is more obvious.



8 Xiang, Peng, and Ou

/ o S8 H R 3732 Hik\ 5598 HZ
SEF=60%

24 ) 2 5000
=3 % ) SEF=60% £ 4000
g, / SEF=40% 2 3000 L
g k =40% g 000 SEF=40%
£ 3
% 1 SEF=0% § 1000 A SEF=0%
a 0t T T T T T 1 < 0-1 T T T T T {
0 1000 2000 3000 4000 5000 6000 0 1000 2000 3000 4000 5000 6000
Frequency (HZ) Frequency (HZ)
(a) Impact of eccentricity on vibration deformation (b) Impact of eccentricity on vibration acceleration

Figure 8. Impact of eccentricity on vibration response.
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Figure 9. Comparison of vibration response difference.

5.2. Vibration Response Analysis at Multiple RPM

HEDSBSRM needs to be adapted to run at different rotate speeds in the flywheel battery. In order to
simulate the actual working conditions and analyze the influence of eccentricity on motor vibration, the
vibration response is analyzed at three different eccentricities within the range of 6000 to 1200 r/min,
as shown in simulation results of Fig. 10. It can be seen that the vibration at different rotate speeds
mainly occurs near the frequencies of 3732 HZ and 5798 HZ, corresponding to the above analysis. SEF
= 0% is shown in Fig. 10(a). Near the frequency 3732 HZ, vibrations above 80 dB occur in the velocity
ranges of 900 to 1,000 rad/s and 790 to 800rad/s. Vibrations above 75dB occur in the velocity range
from 660 to 1256rad/s. Compared to the SEF = 40% in Fig. 10(b), the velocity range of vibration
which is greater than 80dB is reduced to 900 to 980rad/s and 790 to 800rad/s, and the frequency
range is correspondingly reduced by 10%. The velocity range of vibration which is greater than 75dB
is reduced by 11%, and the frequency range is reduced by 8%. Fig. 10(c) is the vibration frequency
spectrum when SEF = 60%. The velocity range is reduced by 12%, and the frequency range is reduced
by 9% when producing the same vibration effect compared with no eccentricity. However, the velocity
range above 75dB is from 1021 to 1256 rad/s near 5798 HZ without eccentricity. The velocity range
gradually increases when SEF is 40% and 60%, and the velocity range of vibration above 80 dB gradually
increases with increasing eccentricity, which means that the vibration effect becomes larger and larger
at the same rotate speed. Therefore, the range and amplitude of vibration response gradually decrease
with increasing eccentricity at different speeds near 3732 HZ, and the increasing eccentricity causes an
enhanced range and amplitude of vibration response around 5798 HZ at different rotate speeds.
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Figure 10. Vibration response analysis at multiple RPM.

It is confirmed by the above analysis that eccentricity affects the electromagnetic vibration
performance of HEDSBSRM. The overall vibration response is greater than no eccentricity. Larger
vibration levels are observed in a larger velocity range. When designing HEDSBSRM for the flywheel
battery, considering the influence of the eccentricity on the vibration performance is essential.

6. CONCLUSION

This paper studies the outer stator radial force influence on the vibration of HEDSBSRM for the flywheel
battery taking static eccentricity as an example. The radial forces of the outer stator with different
eccentricities were analyzed. The basic mode shapes and natural frequencies of the outer stator were
obtained by modal analysis and analyzing the vibration responses of the outer stator with different
eccentricities. The results show that the eccentricity increases the new radial force wave component and
radial force amplitude, making the vibration more obvious in the same frequency range. Finally, the
harmonic response is used to analyze the multiple-speed vibration of the eccentric motor, which shows
that the vibration response is different in different eccentric states in the same rotate speed range. This
analysis contributes to providing reference for optimizing the motor design in the HEDSBSRM for the
flywheel battery, and improving the efficiency of flywheel battery.
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