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Deformation and Noise Mitigation for the Linear Switched
Reluctance Motor With Skewed Teeth Structure
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In this paper, a skewed teeth structure is proposed for the linear switched reluctance motor (LSRM). First, the normal force, as
the main source of the machine deformation as well as the acoustic noise, is analyzed theoretically. Second, the skewed LSRM is
designed, and the angle of the skewed structure is analyzed and optimized. Then, the normal force output of the LSRM is calculated
using the finite element method (FEM), and the deformation results for the proposed machine are obtained. The relationship of
the normal force and the skewed angle is derived. Finally, the experimental results demonstrate that the acoustic noise is reduced,
which is a testament to the effectiveness of the proposed structure.

Index Terms— Acoustic noise, deformation, finite element method (FEM), linear switched reluctance motor (LSRM), skewed

structure.

I. INTRODUCTION

INEAR switched reluctance motors (LSRMs), as one

type of direct-drive actuator, are characterized by simple
machine structures, low cost and high robustness. LSRMs
have no permanent magnets and are capable of operation
under hostile environments. A typical example is to apply the
LSRMs as the control objects for the high-precision position
control applications. Normally, both the stator and the mover
employ the doubly salient teeth structure, which inevitably
leads to normal force fluctuations during either single or
multiple phase current excitations. Normal force fluctuations,
as one of the main causes for motor deformation, further
generate acoustic noise during the operation process [1].

To reduce the acoustic noise of the motors, some advanced
linearization schemes and control strategies are employed for
LSRMs [2], [3], including the force distribution function,
parameter identification and self-tuning control, and so on.
In [5], the proposed method is dedicated to the calculation
of the acoustic noise based on the spectrum analysis, and [6]
presents a simple way to test acoustic noise for the rotary
switched reluctance motor (RSRM) under different working
conditions. Some approaches are focused on the optimization
of the excitation strategy to decrease the change rate of the
normal force. In [7], a method to mitigate the vibration through
twice turning OFF the power switches of the drive for the
RSRM is introduced. In [8], the intelligent current profile
for radial force modification is employed to decrease the
acoustic noise of the RSRM. Due to the inherent mechanical
characteristics from the rotor and stator teeth structure, the
noise and deformation caused by the sharp change of normal
forces between the rotor and stator teeth can no longer be
reduced by the methods discussed above. In addition, they
only apply to certain operational conditions.

On the other hand, the design of improved mechanical
structures of switched reluctance motor s also plays a key
role for acoustic noise reduction. In [9], the modal analysis
for the motor is presented, and the radiating rib structure is
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Fig. 1.

designed to reduce the radial force and decrease the acoustic
noise. The non-uniform air-gap structure is proposed in [10]
for a single-phase RSRM for high-speed operations. The stator
pole structure is further optimized for the adaptation to the air
gap to mitigate the acoustic noise [11]. In [12], the skewed
structure is proposed for a single-phase RSRM for noise
reduction. The design methodology of the skewed structure for
the stator and rotor teeth is presented to reduce the acoustic
noise and motor vibration by analyzing the distribution of the
radial force. However, the specific relationship between the
radial force and the skew angle is not investigated.

In this paper, the skewed structure for the LSRM is proposed
to reduce the deformation and noise for the motor. Both the
stator and mover adapt to the skewed structure and the normal
force is analyzed theoretically. Not only the deformation of the
motor is calculated using the finite element method (FEM),
but the relationship of the normal force to the skewed angle is
analyzed and derived. The skewed angle is optimized and the
deformation is mitigated as well. The experimental platform
is constructed to measure the acoustic noise of the LSRMs.
Both the simulation results of the deformation and the acoustic
noise tests verify the effectiveness of the skewed structure for
the LSRM.

II. STRUCTURE AND ANALYSIS

A. Mechanical Structure

The LSRM is mainly composed of three movers and a stator,
which are fixed on an aluminum board. The movers with three
phases are stacked by laminated silicon steels and assembled in
the moving platform. Each phase has a concentrated winding
connecting to the drives [13]. The same skewed structure for
both the stator and rotor teeth is employed, as shown in Fig. 1,
for any one phase.
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B. Mathematic Model
The LSRM is a typical electromechanical device with three-

phase electrical input ports and one mechanical output port.

The dynamic equation of the LSRM can be expressed as [1]
d’x dx

F=M- D.— 1

dr? + dt +f M

where F stands for the electromagnetic force along the

x-direction, M is the total mass of the moving platform, D is

the damping coefficient, x is displacement, and f represents

the load force. From the electrical part, for any one phase

dij .
where uj, i;, Rj, and A; represent voltage drop, current,
resistance, and flux-linkage for any one phase.

C. Normal Force Generation

_ According to the Maxwell tensor method, the normal force
F can be calculated by [12]

P / Tds 3)

where s is the integral area and T is the Maxwell stress tensor
with

- - = 1 Sy L
T:—[(B-n)B——-VB n] (4)
) 2
The normal force in the unit area can be expressed as
= 1 22 Loz 2
F, B —By,) ——|(B;, — B 5
n 2/‘1( lt) 2( 2n 2t) o)

where ﬁn is the force element of the vertical direction.
Lo is the relative permeability of vacuum. B is the magnetic
intensity. 77 is the normal vector of the vertical direction.
U1, Bin, 31, and uo, an, th are the relative permeability,
magnetic intensity from the vertical direction, and tangential
direction for different materials 1 (air) and 2 (silicon steel),
respectively. The deformation and acoustic noise are mainly
generated by the magnetic normal force along the z-axis [1].

D. Electromagnetic Characteristics

The magnetic field distribution for any one excitation phase
is shown in Fig. 2(a). Since the mover, the corresponding stator
and the air gap region form a short magnetic path, mutual
coupling can be neglected between any phases [2]. The self-
inductance profile of one phase under different phase current
levels and the propulsion force waveforms in the x-direction
according to displacement can be found in Fig. 2(b) and (c),
respectively.

III. DETERMINATION OF THE SKEW ANGLE
A. Analysis of the Skew Angle

The skewed teeth structure can be found in Fig. 3 with
main machine parameters tabulated in Table I. Assuming that
the thickness of the lamination is /; and the stack length /,
then the skew angle 6., can be derived as

I3 Db

tan Oskery, = 7= = (6)
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The pole area of the skewed structure is the enclosed area
denoted by ABCD. Although area ABCD equals area ABEF,
the distribution of the normal force is different. It can be seen
that the normal force distributes along line AD and line AF
for the skewed structure and the vertical structure, respectively.
Accordingly, we can define the line density of the normal force

as
F, - 0
£ = T (0 < Gyt < 90). 7
It can be concluded that ¢ decreases with the increased skew
angle.
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TABLE I
MAJOR SPECIFICATIONS

PARAMETER QUANTITY
Rate power 150 W
Rate current 10 A
Pole width (p/2) 6 mm
Pole pitch (p) 12 mm
Phase division 10 mm
Phase resistance 2 ohm
Air gap length 0.3 mm
Number of turns 160
Stack length of the motor 50 mm
Height of the lamination steel 0.5 mm
Material type 50W1300
Thickness of laminations 0.5 mm
Skew angle 20 degree
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Fig. 4. (a) Normal force profile versus position at rated current. (b) Propulsion
force with respect to skew angle at different positions. (c) Force output along
y-axis versus position.

B. Optimization of the Skew Angle

The normal force along the z-axis is calculated using the
3-D FEM. The normal force of one phase at the rated current
excitation from the aligned position (0 mm) to the unaligned
position (6 mm) is derived, as shown in Fig. 4(a). It is clear
that the disparities between the maximum normal force values
(at O mm) and its minimal values (at 6 mm) decrease as the
skew angle is increased. At the rated current excitation, the
relationship between the propulsion force and the deformation
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Fig. 5. Force output along the y-axis (black), and the line density of the
normal force (blue).

angle is shown in Fig. 4(b). It can be concluded from the
simulation results that the influence of the skew angle on the
propulsion force can be neglected.

On the other hand, the skewed pole structure not only gener-
ates the propulsion force along the x-axis, but it also produces
the force along the y-axis, which should be counterbalanced by
the linear guides when any phase is excited. The force from the
y-axis at the rated current excitation at different skew angles
according to positions can be found in Fig. 4(c). It can be
seen that the maximum force output along the y-axis appears
at the position of 4-5 mm and that y force is approximately
proportional to the value of the skew angle. The values of
the line density ¢ with respect to the skew angle at different
positions are also calculated, as the blue profiles shown in
Fig. 5. It can be concluded that with the increasing of the
skew angle, the value of ¢ decreases at each position, except
that the skew angle is zero. This indicates that the change
rate of the normal force is also reduced as the skew angle is
increased.

If the profiles of the line density of the normal force and
the force output from y-axis are plotted together, as shown in
Fig. 5, the selection of the skew angle is considered for the
following reasons.

1) When the skew angle exceeds 10°, the line density of the
normal force will decrease if the skew angle increases.
Nevertheless, the difference of the normal force at the
aligned and unaligned positions becomes small.

2) When the skew angle exceeds 30°, the force output from
the y-axis increases dramatically.

3) To reduce the deformation and mitigate the acoustic
noise, the normal force profiles should be smooth
enough according to different positions, and this means
that the disparities should be kept as small as possible.

Since the force output along the y-axis increases with the value
of the skew angle, to reduce the burden on the linear guides,
the skew angle is selected as 20° for the LSRM.

IV. SIMULATION AND EXPERIMENTAL TEST
A. Simulation of Deformation

After the determination of the skew angle, the deformation
simulation of the stator is performed for the LSRM with
the skewed pole and non-skewed pole structure with the
same dimensions and ratings in ANSYS FEM environment.
The analysis is based on the condition that the moving part is
perfectly fixed with no deformation. All the lamination plates
are stacked together and fixed by two supporting aluminum
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Fig. 6. Deformation of the LSRM with (a) non-skewed angle and (b) skewed
pole structure.

supporting
beam

=2 movers
gl ] linear encuder
(a)
100 -
90 -
80
gm i '
s MBI I LA W 4
S0 ||M} \l' M‘ H“' l‘ ‘ || H
g |
§40 i
230 -
NZO L —0deg
10 - —20deg
0
0 100 200 300 400 500
time (s)
(b)

Fig. 7. (a) Experimental setup. (b) Test results.

beams, which are fastened to the stator base with screws. As
the same phase is excited with the rated current for 1 s, the
deformation contours for the LSRM with the skewed structure
and non-skewed structure at the same position (0 mm) can
be found in Fig. 6(a) and (b), respectively. The maximum
deformation displacement of the skewed structure is less than
0.013 mm, which is approximately half of that from the
non-skewed structure. The simulation results indicate that the
normal force from the skewed structure is exercised on the
stator evenly.

B. Acoustic Noise Test

The experiment is constructed under the dSPACE DS1104
control environment with three commercial current amplifiers
to operate the LSRM in the velocity control mode based
on the proportional integral differential algorithm [2]. For
performance comparison between the LSRMs with the skewed
structure and non-skewed structure, all control parameters are
regulated as the same values. An acoustic noise test gauge
is employed with the sampling rate of 1 s and the whole
experiment is operated in real-time, as shown in Fig. 7(a),
for the experimental setup.

The test profiles of acoustic noise according to time are
drawn in the same figure at the operation speed of 0.5 m/s.
It can be seen from Fig. 7(b) that the transient noise of the
skewed LSRM is less than the values from the non-skewed
LSRM, which attests to the effectiveness of the proposed
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machine structure. It can be also calculated that the mean noise
values over the experimental measurement for the skewed
and non-skewed LSRM can be calculated as 53 and 58 dB,
respectively, with a difference of 5 dB.

V. CONCLUSION

A skewed teeth structure is proposed for the LSRM. The
skew angle for the LSRM is designed and optimized. Defor-
mation simulation and experimental acoustic noise test results
demonstrate the effectiveness of the proposed structure.

It is concluded that the skewed structure generates more
force in the y-direction and influences the machine perfor-
mance. It is suggested that more research be carried out
to counterbalance the generated force with some advanced
control strategies and improved mechanical structures. It is
expected that this type of LSRM can be used for industrial
applications in the future.
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