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In this paper, the results of a finite element analysis are carried out on a new stator geometry of a three phase
longitudinal flux Linear Switched Reluctance Motor (LSRM). In the new geometry, pole shoes are affixed to the stator
poles. Static and dynamic characteristics for the proposed structure have been highlighted. Motor performance for
variable load conditions is discussed. The 2-Dimensional (2-D) finite element analysis (FEA) and the experimental
results of this paper prove that LSRMs are one of the strong candidates for linear propulsion drives.
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1. INTRODUCTION

Linear switched reluctance motors are attractive
alternatives to linear induction or synchronous
machines due to lack of windings on the stator or
translator ~ structure, easier manufacturing and
maintenance, good fault tolerance capability [1].
LSRMs are classified as (a) longitudinal flux (b)
transverse flux. This paper is dedicated to the
longitudinal flux LSRM. A design procedure for
longitudinal-flux LSRM has been described in [2].
Other types of longitudinal-flux LSRMs are presented
in [3], with coupled flux paths, and in [4] with
uncoupled flux paths for a magnetic levitation system.
A high force longitudinal-flux double-sided double-
translator LSRM has been analyzed in [5].
Longitudinal-flux LSRMs have been proposed for
applications such as precise motion control [6], [7] and
as propulsion systems for railway vehicles [8] or
vertical elevators [9]-[11]. Recently, a detailed
sensitivity analysis of double sided LSRM parameters
based on [12] has been presented in [13].

Despite of the various advantages, LSRMs has
some drawbacks such as high force ripple, vibration,
acoustic noise and need of power electronic converters.
Several efforts to reduce or eliminate the torque ripple
of the rotary switched reluctance motors (RSRMs) have
been presented in the literature [14-18]. Multi phase
excitation to reduce the force ripple in the LSRM has
been explained in [19]. However, the previous method
considerably increases the copper losses. In this paper a
novel stator structure for a longitudinal flux LSRM is

proposed to reduce the force ripple. Two dimensional
(2D) finite element analysis (FEA) is carried out to
predict the performance of the conventional and the
proposed structures.

A control strategy for the proposed LSRM is
dynamically simulated, which consists of force and
velocity control loops. A trapezoidal velocity profile is
used to control travel position smoothly during
acceleration, deceleration, and stop of the motor.
Conventional proportional-integral controller is used
for the current and velocity control loops [10]. Further,
the influence of load variation on some of the
parameters like the velocity, current, and the efficiency
of the motor are studied.

The organization of the paper is as follows: Section
2 presents new stator geometry for LSRMs that
improves the force profile and FEA results for the
conventional and the proposed structures. Section 3
contains dynamic simulation results of the proposed
structure. Experimental results from the prototype
machine and their correlation with FEA results are
presented in Section 4. Conclusions and future work
are summarized in Section 5.

2. FORCE RIPPLE ANALYSIS USING AN
ALTERNATIVE GEOMETRY

2.1. Definition, Sources of the Force Ripple and
Techniques to Reduce It

Assuming that the maximum value of the static
force as Fna, the minimum value that occurs at the
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intersection point of two consecutive phases as Fuin,
and the average force as F,yq, then the percentage force
ripple may be defined as (1)

% Force Ripple = F"‘ax min_» 100 @
avg

The causes of the force ripple in LSRMs are mainly
due to the switching of phase currents into its windings
and the highly nonlinear nature of the phase inductance
variation when the translator moves. These force
pulsations contribute to vibrations and acoustic noise in
LSRMs.There are two approaches to force profile
improvement. One approach is to suitably shape the
input excitation current profile by using an electronic
control of the power controllers. The second approach
is to modify the geometry of the poles of the stator and
translator. This research makes an attempt to examine
the force profile by the geometry modifications
approach and by providing pole shoes on the stator
poles.

2.2. Effect of Stator Pole Shaping on the Force
Profile

This sensitivity study aims mainly to determine the
improvement in the force profile when the stator pole
width gets varied. The conventional LSRM is shown in
Figure 1. The specifications of the conventional
machine are given in Table 1.

TRANSLATOR WITH WINDINGS

DIDIDOD.!

Fig. 1. 2D Cross sectional view of the conventional

LSRM
Table 1. Specifications and dimensions of the studied

LSRM

l;=1.5mm Wgp =21 mm

Frax= 120 N hy, = 30 mm

Lstack = 40 mm Wy = 35mm

Steel type (Stator) -M 45 Wgs =31 mm

Steel type (Translator) -M 45 W= 26 mm

Travel length=2m hyp =48 mm

Viated = 120 V W =13 mm

Irated =10A Wiy = 30mm

Ny, = 396 Wire size = AWG 18

The width of the stator pole is varied from 16mm to
21mm in steps. The translator geometry remains
unchanged throughout the sensitivity study. The height
of the stator pole is fixed. The field analysis has been
carried out for a phase excitation of 10 A. The
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predicted propulsion force, normal force, inductances
and average force profiles are shown in Figure 2. Table
2 summarizes the comparison of the studied
configurations.
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Fig. 2. Force and inductance for various stator pole
widths (without pole shoes)

From Table 2 it can be observed that, when the
stator pole width is increased, there will be a reduction
in the average force, which is not large after a certain
point. Figure 2(d) shows the stator pole length/pole
pitch vs. average force. From Figure 2(d), we inferred
that the maximum average force and low force ripple
occurs when the pole width is 19mm.

Table 2. Comparison of force ripple for various stator
pole widths (without pole shoes)

Wsp Fmin Fmax Favg % Lmin Lmax
(mm)  (N) (N (N)  ripple  (H) (H)

6 67.33 12487 100.39 60.38 0.02972 0.08626

17 67.91 12470 101.07 57.68 0.03019 0.08658

18  68.23 12457 101.10 55.88 0.03071 0.08683

19 68.32 12411 101.30 5341 0.03125 0.087

20 68.28 12434 100.86 56.16 0.03184 0.08713

21  67.88 123.90 100.63 55.67 0.03246 0.08725

2.3. Force Ripple Minimization Using Stator Pole
Shoes

In this section, improving the force profile using
stator pole shoes is investigated by 2-D finite-element
analysis. The difference between conventional and
proposed stator poles are shown in Figure 3. The cross
sectional view of proposed LSRM is shown in Figure 4.

The aim in proposing the stator pole shoe is to
widen the stator pole width to smoothen the force
profile. The analysis is carried out on the conventional
LSRM with a pole shoe, which is affixed on the stator
poles. The width of the stator pole shoe is 4mm. The
stator pole width is varied from 16mm to 20mm in
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steps. The width of the pole shoe and overall height of
the stator pole are maintained constant. The mutual
inductance and leakage effects are neglected. The
simulation is presented for an excitation current of 10
A. The predicted propulsion force, normal force and
inductance profiles are shown in Fig.5.

(@) (b)

Fig. 3. (a) Conventional (b) Proposed Stator poles

TRANSLATOR WITH WINDINGS

STATOR WITH POLE SHOES

Fig. 4. 2D Cross sectional view of the proposed
LSRM

Table 3 summarizes the comparisons of studied
configurations with pole shoes. Figure 5(d) shows the
stator pole length/pole pitch vs. average force. From
Figure 5(d), the maximum average force and low force
ripple occurs when the stator pole width is 19 mm with
a 4mm pole shoe.
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Fig. 5. Force and inductance for various stator pole
widths (with pole shoes)

1]
Transtasor position (mm)

Table 3. Comparison of force ripple for various stator
pole widths (with pole shoes)
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20 68.27 121.77 100.70 53.12 0.03403 0.08737

2.4. Discussion on 2-D FEA Results

This section addresses an important technical
problem in LSRMs, specifically the force ripple. A
study of the same by modifying the stator pole affixing
stator pole shoes, and the observations made from the
2-D FEA, used for field simulation results on this
geometry, are reported. The provision of stator pole
shoes improves the force profile and reduces the force
ripple at the maximum force regions. Hence, the
maximum force is allowed to remain the same for more
positions of the translator. The extent of the low force
region around the unaligned position is reduced due to
the addition of pole shoes. From Table 3 it can be
observed that as the stator pole width is increased,
keeping the stator pole shoe width as constant, there is
a reduction in the average force, which is not large after
certain a point. The sensitivity study also depicts that
any reduction in the width of the stator pole for the
same variations of the pole shoe arcs, contributes to a
loss of the average force. It is generally accepted that
decreasing the stator pole width will decrease the
aligned inductance with negligible effect on the
unaligned inductance. This is reflected in Table 2
obtained from a 2-D FEA field simulation. Finally, the
stator volume, stator mass and the %force ripple
reduction are compared in Table 4. From the Table 4
we inferred that, the proposed LSRM (19 mm stator
pole width) has high force density, less force ripple and
volume when compared to the conventional machine.
So, for other analysis in this paper we prefer LSRM
with pole shoe having 19mm pole width.

Table 4. Comparison of volume, mass and force

ripple
Volume (m°) Mass (kg) Force
Wsp ™ Without : Without  With  ripple
(mm) pole W;thhoggle pole  pole  reduction
shoes shoes  shoes (%)
16 0.00243 0.00238 18.68 18.37 10.62

17 0.00245 0.00242 18.88 18.64 7.18

18 0.00247 0.00245 19.1 18.92 5.24

19 0.0025 0.00249 19.28 19.19 1.44

20 0.00253 0.00252 19.48 19.46 5.41

21 0.00255 NA 19.67 NA NA

Wsp Fmin Fmax Favg % I—min I—max
(mm) (N) (N) (N) ripple  (H) (H)

16 69.30 123.33 100.2 53.97 0.03130 0.08681

17 68.83 122.76 100.74 53.54 0.03194 0.08708

18 68.84 122.18 100.72 52.95 0.03260 0.08723

19 68.62 121.78 100.98 52.64 0.03327 0.08730

NA: NOT ANALYZED IN THIS PAPER.
3. DYNAMIC SIMULATION

3.1. Force and Velocity Control

For a vertical or horizontal applications, the LSRMs
needs a precise control strategy consisting of force,
current, velocity, and position controls, as shown in
Figure 6. Force control with a force distribution
function (FDF) is used to control the LSRM. A
trapezoidal velocity profile is used to obtain the desired
response curve of the position. In addition, current and
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velocity controls with proportional—-integral (P1) control
for the proposed LSRM are explained in this section.
The proposed LSRM is simulated at 0.15 m/s velocity.
The data for the dynamic simulation is obtained from
the FEA, which is shown in Figure 5. The remaining
motor parameters and input specifications are
summarized in the Table 1.

PI Controller  Current Mechanical
PI Controller Model

? d
i i YF=F,
i F‘+n Current PWM Fiet Z;*
i Distribution — Command Pl Controller  Converter Electrical Force 0%
i Function Generator Model
H where dLy

Force and Current PI Controller, n-phase machine k= d

.Fig. 6. Control block diagram for the proposed LSRM

During starting, the deceleration command is given
at 0.5 m, and during stopping, the deceleration
command is given at 0.1 m. The duration for holding at
the stop position is set to 1sec. Figure 7 shows the
simulation results of the position, velocity, phase
current, and generated force of the LSRM at 0.15 m/s.
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stops at 0.49 m and 0.1 m, where the velocity command
from the velocity profile is zero. Under continuous
operation, the current amplitude values in starting and
stopping are 9.6 and 8.4 A/phase, respectively. In
addition, the average force produced is 1191.7 N during
acceleration and 113.6 N during deceleration.

3.2. Motor Performance for Variable Load
Conditions

In practice, motors operate with changing load
conditions. The influence of load variation on some of
the parameters like the velocity, current, and the
efficiency of the motor are studied. The results shown
in Table 5 are obtained when the circuit is turned ON at
the point when the inductance starts to increase and
turned OFF before it starts to decrease.

Table 5. Influence of load on motor performance

Input Output
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Fig. 7. Dynamic analysis (a) Force control (b) Velocity
control

In Figure 7 (a) the designed LSRM successfully
carries the load at 0.15 m/s producing an excellent
velocity and position control performance. After the
deceleration command is given at 0.5 m and 0.1 m
during starting and stopping respectively, the motor

FL \Y Efficiency
N 'Oy PR PO (%)
2 2.09 10.42 57.85 26.12 45.15
5 3.28 8.03 65.84 31.46 47.78
10 4.72 6.40 91.39 39 42.67
20 5.31 4.02 114.61 46.99 41
40 6.19 3.35 151.36 57.70 38.12
”"[ Feemand] 60 7.87 2.65 181.32 63.66 35.11
Saachack 80 8.29 1.28 196.36 67 34.12
100 9.79 0.5 214.45 71.11 33.16
120 10.5 0.15 255.84 77.8 30.41
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Fig. 8. a. Variation of current and velocity with load
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Fig. 8. b. Variation of Pm, efficiency with load
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Fig. 8. c. Variation of efficiency with Py,

Figure 8 (a) shows the velocity and current variation
for different load conditions. The velocity steadily
decreases with an increase in load. This characteristic
reminds of the speed-load characteristic of a series DC
motor. Figure 8 (b) shows the characteristics of
mechanical power Py, and the efficiency with change
in load. It can be seen that initially as the load increases
the efficiency increases and when the load is further
increased the efficiency started to decrease. Figure 8
(c) shows the characteristics of the efficiency with
change in mechanical power Pp. It can be seen that,
the efficiency is high at most of the cases, encouraging
the proposal of the pole shoe concept in LSRM.

4. EXPERIMENTAL RESULTS

Figure 9 shows the actual experimental setup for the
prototype LSRM with the stator pole shoe that is used
as a material carrying vehicle in the laboratory. The
experimental road is 2 m long and translator weight is
12 kg. It should be noted that the present setup is
intended for development purposes only.

(@)

Fig. 9. Experimental setup of (a) LSRM and converter
(b) Driver circuit (c) PC along with measuring
instruments

The inductance for the different positions at rated
current is measured by locking the translator at each
position. A constant current is applied to a phase and is
turned off and the falling current profile is computed.
The time constant is measured from the profile and
hence the inductance is calculated. The measured
values of inductance are plotted with the result of FEA
results in Figure 10. A comparison of inductance values
at aligned and unaligned positions is given in Table 6 at
the rated current. Figure 11 shows actual phase voltage
and phase current waveforms of the LSRM.

Vol. 4, No. 2, June 2010

. i STATOR WITH POLE SHOE FO 19 MM POLE WIDTI

[—a—rea
*  Measured |

B "] =

v ¥ [0

1
Trasmlatar pasitian {mesy

Fig. 10. Comparison of FEA and measured inductance
values at rated current

Table 6. Comparison of the calculated and the
measured inductance at rated current

Method Inductance (H)
Aligned Unaligned
FEA 0.0873 0.0332
Measured 0.0884 0.0321
Woltage
|
120 " [oea
0oy J o
-120 J
=
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Current
=
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[
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Fig. 11. Experimental waveforms during single pulse
operation (a) Actual phase voltage of LSRM (b) Actual
phase current of LSRM

5. CONCLUSION

A modification of the stator geometry by the
provision of stator pole shoes has been presented. A
prototype LSRMs is modeled, simulated, analyzed,
developed, and experimentally validated with the
conventional control  strategy. The folowing
conclusions are observed when compared to the
conventional machine
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() force ripple is reduced by 5.44%

(b) volume of the stator is reduced by 2.35%

(c) mass of the stator is reduced by 2.44%

(d) Force density is high in the proposed structure

(e) The maximum efficiency occures at a load
force of 5N, which is also high when
compared to the conventional LSRM.

(f) There is a good agreement between
measurement results and FEA values of the
inductance profile.

The proposed stator pole shoe geometry research
can be further extended to study the thermal, stress and
vibration analyses.

6. NOMENCLATURE

Wep width of the stator pole (m)
Wes width of the stator slot (m)
Wy stator back iron thickness (m)
hsp stator pole height (m)
Wip width of the translator pole (m)
Wi width of the translator slot (m)
Wiy translator back iron thickness (m)
he translator pole height (m)
lq air gap length (m)
Vied  rated voltage V)
lrated rated current (A)
\% velocity (m/s)
Frnax maximum force (N)
Fmin minimum force (N)
Favg average force (N)
Fo load force (N)
P mechanical power output (W)
Nph No. of turns per phase
Lgack  Stack length (m)
Lmin minimum inductance (H)
Lmax maximum inductance (H)
x* position (m)
X* commanded velocity (m/s)
X actual velocity (m/s)
Fe* commanded force (N)
Fe actual force (N)
k phase a, b, c.
iy force distribution function
Fe* distributed commanded force (N)
Fren™  distributed commanded force for
N no. phases (N)

I* current command (A)
I actual current (A)
Vi* reference phase voltage V)
Vi instantaneous phase voltage V)
Ly phase inductance (H)
X displacement in propulsion

force direction (m)

Ok
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rate of change of inductance
with respect to x direction (N/A?)
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