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Influence of Stator Structure on Vibration of
Switched Reluctance Motor

Kyung-Ho Ha, Young-Kyoun Kim, Geun-Ho Lee and Jung-Pyo Hong

Abstract - This paper deals with the influence of the various stator structures in a Switched Reluctance Motor (SRM) on the vibration
behaviors. The stator part in SRMs produces most vibrations. Therefore, the geometric design of the stator is necessary to reduce the
vibration. The free and forced vibrations for four different stator yoke structures are analyzed by the electromagnetic and structural
Finite Element Method (FEM). Then vibration stator structure that offers less is proposed. The modal analysis results of a tested motor

are compared with measurements.
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1. Introduction

In recent years, interest in Switched Reluctance Motor
(SRM) drives has grown due to their simple and rugged
construction, high efficiency, high power density, and life-
time. However, high levels of torque ripple and acoustic
noise are the main drawbacks of SRM drives in many ap-
plications.

The interaction of electromagnetic forces and the me-
chanical structure of the SRM is the major cause of the
noise and vibration [1,2]. To reduce the vibration, existing
research focuses on either the drive strategies or the geo-
metric design. The former approach offers smoothing or
current shaping, switch angle control, and duty cycle ac-
cording to the control mode [3]. The second approach,
which is used in this study, deals with the mechanical de-
sign related to vibration behavior, in particular the geomet-
ric design of the stator considering the magnetic force
wave [4,5,6].

The SRM is excited by large radial forces acting on op-
posite poles, which deform the stator into an oval. This
vibration motion is most important when the harmonic fre-
quency of the electrical excitation pattern coincides with
the natural frequency of the stator. Therefore, the vibration
behavior coupled with electromagnetic forces, natural fre-
quencies, and mode shapes of the stator must be predicted.

The forced vibration of the stator is subjected to the
electromagnetic force, which can be obtained by the fre-
quency domain method or the time domain method [5].
The latter determines the dynamic response as a function of
time in transient state and is useful for revealing the link
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between acoustic noise, stator vibration, and the current in
the phase winding [3,5,6]. The modal analysis determines
the vibration characteristic under a free structure of the sta-
tor, such as the natural frequencies or the mode shapes.
The above analysis can be used at the design stage to avoid
excessive vibration and hence reduce the noise generated.

Four stator structures modified from a common SRM
with six poles on the round stator are used in this work: a
round stator, a hexagon/round stator, and two hexagon sta-
tors. To propose a stator structure that is robust to vibration
due to the magnetic force, the influence of the four models
on vibration behavior is analyzed by the structural and
electromagnetic FEM.

Initially, the effects of each model on the vibration
modes and the corresponding natural frequencies of the
SRM stator are compared via the modal analysis. The elec-
tromagnetic FEM is applied to the SRM magnetic structure
to obtain the radial forces. Finally, this paper presents the
forced vibration of the stator, when the radial magnetic
force is applied at the surface of two opposite stator poles.
The dynamic response in the time domain is used for ana-
lyzing the forced vibration.

This research is performed to propose a new stator struc-
ture with less vibration under the same magnetic force.

2. Computation Models of Stator Vibration

The analysis models are a SRM with 3-phase that has six
stator poles and four rotor poles. Fig.1 presents the cross
section of four stator structures examined in the structural
FEA. All the models shown in Fig. 1 have about 5520
hexahedron elements used for 3D modeling of a solid
structure. The element is defined by eight nodes having
three degrees of freedom at each node.

Table 1 presents the measured mechanical properties
needed for analysis of mechanical structure.
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(a) Model T (b) Model IT

(c) Model II1

(d) Model IV

Fig. 1 Four different structures of stator and mesh generation

Table 1 Mechanical Material Property

Mass density of core  Poisson’s ratio
7800(kg/m”) 0.25

Young’s modulus
205(Gpa)

The stator yoke design of Models II, III and IV is based
on Model I with the round stator.
e Model I: The round stator is a common cylinder con-
figuration, which is the tested motor in this paper.
¢ Model II: The stator yoke’s exterior is hexagonal and
its interior is circular (hexagon/round stator).
e Model III: The stator yoke has a hexagon shape and
the poles are positioned in the middle of each side.
* Model IV: The stator yoke is hexagonal and the poles
are positioned at each corner.
The stator structure for each model is formed with a
stack length, pole width, yoke thickness, and inner radius
equal to that of the round stator.

3. Magnetic and Structural Analysis
3.1 Magnetic Force Calculation

For magnetic field analysis considering the nonlinear in-
ductance profile of the SRM, the governing equation with
vector potential is:

Vx(%VxA )= d, (1)

After equation (1) is coupled with the voltage equation, the
system matrix is obtained by time difference schemes. The
Maxwell stress tensor from the magnetic field analysis is used
to obtain the exciting force acting on the stator. The electro-

magnetic force applied on the pole face of the stator core in
the radial direction is evaluated by equation (2). The force
density p between the stator core and air is represented as [2]:

p=—1[(n B)B-15n] @
. 2

where n is the direction of the normal unit vector on the
pole face and B is the flux density solved by electromag-
netic FEA.

3.2 Modal Analysis

The vibration equation for an undamped system is based
on the principle of Hamilton. The modal solution can be
carried out using the stator model without fixed points.

M]{x}+ [K]{&}= {0} 3)

where x is the vector of node displacement, and {M] and
[K] are the global mass matrix and stiffness matrix.
The solution of free vibration will be a harmonic of the form

{x(1)} =" {@}, C))

where {®}, is an eigenvector representing the mode shape of
the ith natural frequency, and @ is the ith natural frequency.
Thus, equation (3) leads to the eigenvalue problem

(IK1-o/[MD{®@}e™ = {0} ®)

A nontrivial solution of the set of equation (5) is possi-
ble only if the determinant coefficient vanishes.

IK1-o?M][=0 ©)

Equation (5) is solved for up to n value of o’.
3.3 Force Vibration Analysis

When the timing varying force is applied at a point or
surface on the stator structure, the forced vibration pattern
is examined by using the mode superposition method. To
characterize the response of the structure with the dynamic

load F, the response equation for the » modes to be used in

the modal analysis is as follows. The response as a function
of time is obtained by the solution of equation (7) [4,6].

IMIY (@5, + [CIZAD 17,() + KIS (@ 1y, () = (F ()} (T)
i=1 i=t i=1

where y; is response, {®;} is the mode shape factor of
mode i, and {F(s)} is the forcing term including the mag-
netic force.

4. Modal Analysis

Fig. 2 shows the frequency response function of Model I
measured by experimental modal testing. This signal pre-
sents the transfer functions as a function of frequency,
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while the impulsive excitation pulse is applied at several
points of the structure. The peak points shown in Fig. 2
indicate the natural frequencies of the stator.

Table 2 shows the comparison of the natural frequencies
of the four models via theoretical modal analysis. From the
comparison of results for Model I, the relative error of the
first natural frequency is 0.96%; the experimental natural
frequency agrees with that calculated by FEM. The differ-
ence between calculation and experiment in high frequency
is due to the lamination stack.

Fig. 3 presents the first two vibration modes according to
the stator geometry. The mode shape characteristics of each
model are similar as oval, triangular, and square with the in-
crease of natural frequency. There is a gradual increase of the
sides of a polygon with ascending natural frequency.

The oval mode given in (al), (bl), (cl), (d1) of Fig. 3
may be excited by the electromagnetic symmetries due to
the excitation pattern of the 6/4 SRM. These modes are
main components of the acoustic noise. Among the oval
modes, Model II (hexagon/round stator) creates the small-
est nodal displacement. Then, the oval modes of each
model are different. The frequency corresponding to Fig.
3(bl) becomes 1854Hz and the natural frequency of Fig.
3(c1) and Fig. 3(d1) decrease to 1375Hz and 1415Hz, re-
spectively. With the help of these frequencies, the driver
can determine the chopping frequency range for avoiding
the vibration in the oval modes. (a2), (b2), (c2) and (d2) of
Fig.3, the mode of the lamination stack in which the adja-
cent lamination would move against each other causes
three-dimensional bending and torsion deformation. The
bending mode cannot be vibrated in normal operation.

5. Forced Vibration
5.1 Magnetic Radial Force
Magnetic and elastic phenomena are assumed to be

weakly coupled: the elastic deformation is small and con-
sequently does not influence magnetic field distribution.
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Fig. 2 Frequency response function for Model I obtained
by experimental modal analysis

Table 2 Mechanical Material Property

Mode FEMMOdel IExp. Model I Model Tl Model IV
1 1553 1568 1854 1379 1415
2 2819 2632 3236 2617 2617
3 3655 3336 4578 3093 3381
4 4567 4144 4979 272 4035

o

(al) Mode at 1553Hz (Model I} (a2) Mode at 2819Hz (Model I)

@

(b1) Mode at 1854Hz (Model II) (b2) Mode at 3236Hz (Model IT)

&

(c1) Mode at 1379Hz (Model ) (c2) Mode at 2617Hz (Model M)

¥

(d1) Mode at 1415Hz (Model IV) (d2) Mode at 2617Hz (Model IV)

Fig. 3 The fist two vibration modes corresponding to natu-
ral frequencies of SRM stator for four models

Fig. 4 shows the instantaneous global radial magnetic
forces acting on the surface of the stator pole in Model I as
a function of time. This result is obtained by the electro-
magnetic FEM by time stepping when only one phase on
the opposite pole is excited. A period of the radial mag-
netic force for one phase excitation is 7.5(msec) at a speed
of 2000(rpm). The maximum force is about 1.33(kN) just
before the phase is turned off at 2.4(msec).

All the models produce almost the same radial force be-
cause the stator geometric dimension of each model except
the stator yoke geometry is kept unchanged. The magnetic
characteristics for each model, such as flux path, flux den-
sity and core loss, are almost identical.
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5.2 Dynamic Response of Stator

As the calculated force wave is similar to a triangle
wave, the approximate triangle wave to simplify the analy-

sis is used to investigate the forced vibration in each model.

For the forced vibration of the stator, the displacement
of a selected point A, as shown in Fig. 5, is observed while
the radial force function is applied at the surface of two
opposite stator poles. The dynamic response is analyzed by
the structural FEM on the assumption that the damping for
each model is ignored.

The displacements in the y-axis for each model are plot-
ted as a function of time in Fig. 6. From this result, the dis-
placement increases gradually up to 2.4(msec), above
which it oscillates periodically. The structure moves into
the stator center to reach a maximum displacement before
the current is commuted and the stator moves back toward
its original state and then oscillates as a damped vibration.
As a result, a significant vibration is generated when the
current in the phase winding is turned off because of the
rapid change of the radial force. The maximum displace-
ment for each model is displaying Fig. 6. The hexa-
gon/round stator, Model II, shows the smallest displace-
ment in the four models and is far superior in vibration re-
duction to the round stator and the hexagon stator. This
result is the same nodal displacement of the oval mode
predicted by the modal analysis.

In the hexagon/round stator, the thickness of the stator yoke
at the corner increases the stiffness so that it is possible to
suppress the deformation due to the radial force applied on the
opposite poles. To further reduce the stator vibration, the
hexagon/round model is selected to reinforce the strength in
the stator pole corners and an appropriate fillet radius is de-
termined from the dynamic response. From the analysis re-
sults, we determine the appropriate fillet radius is 5.0(mm)
considering the manufacturing and motor performance.

Fig. 7 shows the comparison of the dynamic response
between the test model and improved model. This result
shows that the hexagon/round stator with the fillet radius
produces less vibration than the test model. The configura-
tion of the improved model is shown in Fig. 8.
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Fig. 4 Radial force as a function of time
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Fig. 5 Observing point for displacement calculation due to
electromagnetic force
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Fig. 6 Dynamic response of each stator due to the radial
force applied to two opposite poles in time domain

Model I: Max. displacement 0.028(jtm)
Model II: Max. displacement 0.014(pim)
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Fig. 7 Dynamic response comparison between round stator
(Model I) and the hexagon/round stator (Model II)
when the force with triangle wave is applied
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Fig. 8 Configuration of the proposed hexagon-round stator
with the fillet at the pole comer for vibration reduc-
tion due to electromagnetic force

6. Conclusions

The free vibration and the forced vibration for the four
stator structures in a 6/4 SRM are investigated by using
structural and electromagnetic FEM and the analysis re-
sults are compared. The results of the study present the
dominant mode shapes and resonance frequencies related
to the radial force motion. In addition, the dynamic re-
sponse of the stator is examined and the resulting deforma-
tion is analyzed. The proposed hexagon/round stator with
the fillet radius produces less vibration than a common
round stator in the 6/4 SRM.
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