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Abstract
This paper proposes a new double mover configuration of a linear switched reluctance motor (LSRM). The proposed design

is established for optimization of the motional forces and to ensure a high-grade electromechanical energy conversion

process. The major drawback of the traditional linear machine is that its force densities within and throughout its area is

produced in its radial direction of the yoke and does not contribute to its motion or twisting force of the rotor. If these

normal forces happen to be in the direction of motion, a larger motional force profile for SRM is yielded. Based on these

guidelines, a new LSRM is developed. In order to compare the energy conversion efficiency of LSRM with that of the

conventional SRM, a finite element model is constructed. The proposed system is simulated using the FEM software and

tested under four conditions. Further, an experimental prototype of the proposed machine is also developed and tested in

the laboratory. The results obtained from the prototype indicate that the proposed geometry offers superior performance

in terms of high-power density and higher percentage of the national forces.
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1. Introduction

A linear synchronous motor (LSM) is a linear motor in
which the mechanical motion is in synchronism with the
magnetic field, that is, the mechanical speed is the same
as the speed of traveling magnetic field. In motors with
the surface arrangement of magnets, the yoke (back iron)
of the reaction rail is ferromagnetic and the permanent
magnets (PMs) are magnetized in the normal direction
(perpendicular to the active surface) (Kouroussis et al.,
2017). The main advantages of these motors are the
decreased friction and vibration during starting and
running conditions. These types of motors experience
fewer energy loss when compared with other motors,
since an intermediate gearbox is not necessary for
converting rotational motion into linear translation.
However, these motors have a limitation. All the existing
linear motors utilize PMs for producing the electro-
magnetic field required for operation (Abdou and
Tereshkovich 2000). In industry, the design of the mo-
tor is dependent on the application and has some
drawbacks such as complications in average precision
and position control, and complications of the
control algorithm based on the inductivity of the motor

(Tounsi, 2015). Linear motors are also subjected to the
larger air-gaps resulting in lower power densities. For the
maximization of the thrust force, stator pole length, air-
gap length, winding window width, and stator pole width
are considered, which defines the optimization problem
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(Murty et al., 2023). The main objective is to reduce the
vibration of the motor while keeping in line with geo-
metrical, thrust, and detent force. As such, several op-
timization techniques were applied in the design stages
such as response surface methodology, genetic algo-
rithm, particle swarm optimization (Wang et al., 2013),
and bacterial foraging algorithm (Chittajallu and Lanka
2022) to reduce the vibration of the motor. Linear
switched reluctance motor (LSRM) has concentrated
windings on the mover which provides the flux flow for
translation. These motors are robust with high fault-
tolerant capabilities. In specific, these motors do not
use the PMs and therefore are easy to manufacture and
cheaper. The presence of PM screens in such motors also
increases the thrust force and is dependent on the
magnetic screen type (Fan et al., 2022). The passive
stator topology designed with the power converter is
placed in the mover (Xin et al., 2022). This method is
cheaper since only one section of the power converter is
used; however, it cannot be used in high-speed appli-
cations due to the translation of power through the
brushes. A new topology for the LSRM with short-
pitched and full-pitched winding is presented by Diao
et al. (2022). This study focuses on the comparison
between the single-sided and double-sided LSRM. The
basic model of linear motor used in this work is derived
from Prasad et al. (2022). The original LSRM is of
a single-sided active stator (SSLRSM). This LSRM has
a maximum peak force of 3.05 N with a ripple of 44.85%
is the stationary non-moving part and the mover which
consists of the coil and is the linear translation com-
ponent. In the proposed work, the structure of linear
reluctance motor has been adapted as a double-sided
LSRM (DSLSRM) with single stator and dual mover
inbuilt with a coil for the double magnetic circuit. The
topologies of these two machines and their magnetic
circuits are shown in Figure 1 and Figure 2, respectively.
The DSLSRM is formed by the combination of two
SSLSRMs as presented is shown in Figure 1. In these
machines, the thrust force is doubled and the two sides of
the translator balance is the normal force.

Figure 2 shows the equivalent magnetic circuit for both
the configurations of the LSRM. As seen from the magnetic
circuit, the force of the motor is doubled and the designs of
such machines are improved through optimization of the
tooth pitch (Gauntt et al., 2022). In this work, the single-
sided and double-sided machine is evaluated with a teeth
optimization method in which the tooth tapers width is
varied for thrust improvement. The LSRM design is derived
from the DC linear actuator (Aravind et al., 2013). The tooth
width plays an important part in determining the power of
the motor as it is proportional to the square of the tooth
pitch, “τp.” Zhang et al. (2017) presented the effects of teeth
pitch ratio. Petrov et al. (2014) observed that the torque of
the system is increased by reducing the saturation through

rearrangement of stator teeth widths. Therefore, it is
identified that tooth optimization reduces the armature re-
action influence on the produced force. This is supported by
the stator comb tooth design modification motor presented
by Romlay et al. (2016). Therefore, optimizations in teeth
taper are used in this work. The major contributions of the
proposed work are as follows:

• The main objective of this paper is to design a new
LSRMmotor and investigate a new method of controlled
electromagnetic system using switched reluctance
technology.

• The secondary objective is to use an optimization method
through which the vibration of the teeth in the developed
system can be reduced to improve the performance of the
system.

• The third objective describes about the performance
comparison of the existing and developed system.

This paper is organized as follows: Section 2 describes
about the design of the suggested system; Section 3 de-
scribes about the tooth optimization; Section 4 presents the
experimental prototype of the proposed system; Section 5
presents the results of the existing and proposed system.
Finally, the proposed work is concluded in Section 6.

2. Proposed system design

The main structure of the linear reluctance motor consists of
two parts, namely, the stator, which is the stationary non-
moving part and themover which consists of the coil and is the
linear translation component. The structure of a DSLSRM
with single stator and dual mover in top view as well as in side
view is presented in Figure 3. This assembly includes the
LSRM stand, the linear bearing, and the coil case. There are
two sections of the LSRM structure, each consisting of 3-
phase mover. The 6-phase arrangement allows for various
methods of control for the LSRM. The power input to the
different phases is controlled through power electronic
switches. An excitation circuit can be used to power each
phase separately, as shown in Figure 4. The sequential ex-
citation of the phases is carried out through switching the
power electronic switches. This makes the LSRM to work in
motoring conditions. The sequence of pulse switching for the
power electronic switches is presented in Figure 5. The
structure can also perform similar operation for a 3-phase
system where the U phase and U0 phase, V phase, and V0

phase, and the W phase and W0 phase are interconnected in
series and control is processed through power electronic
circuits. Advanced commutation methods can also be utilized
for increasing the performance of the LSRM.

2.1. Electromagnetic design equations

The work done by the motor is given in equation (1):
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W ¼ p˘IzZ (1)

where “Iz” is the current through the armature conductor,
“Z” is the total number of armature conductors, “f” is the
total flux of the pole through which the conductor moves,
and “p” is the total number of poles. The magnetic loading
of the motor is indicated by the right side of the work

equation and can be used to calculate the specific magnetic
loading (Bav).

Bav ¼ flux per pole

area under pole
(2)

Bav ¼ f

τpW
(3)

where “τp” is the width of the tooth and “W” is the cross-
sectional axial length of the motor. Hence, the specific

Figure 1. Structure of (a) single-sided SRM and (b) double-sided

LSRM.

Figure 2. Magnetic circuit of (a) single-sided SRM and (b) double-

sided LSRM.
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electrical loading (ac) of the motor is presented in equation
(4) and equation (5).

ac ¼ Total armature amp� conductors

Armature periphery at airgap
(4)

ac ¼ IzZ

Lm
(5)

where “Lm” is the length of the mover.
The induced electromotive force in the armature is

calculated in equation (6).

E ¼ fZτp
Lm

(6)

Therefore, the current through each conductor (Iz) is cal-
culated in equation (7).

Iz ¼ Ia
a

(7)

where “Ia” is the total current flowing through the armature
and “a” is the total number of parallel conductor paths. The
power developed in the armature of the motor is thus
calculated using equation (9).

Pa ¼ EIa (8)

Pa ¼ fZτp
Lm

× aIz (9)

By substituting the equations for specific magnetic
loading and electrical loading in the equation, we can get the
power developed in the armature:

Pa ¼ BavτpWLmacτpa
Lm

(10)

Pa ¼ τ2pBavacW (11)

Pa ¼ τ2pWC0 (12)

Figure 4. Single phase system with excitation circuit.

Figure 3. LSRM with double mover configuration.
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C0 ¼ Bavac (13)

3. Teeth optimization

One method of removing the vibration of the linear ma-
chine is by varying the parameters of teeth width. In this
method, the tooth width is kept constant by varying the
protruded part Tws, of the teeth, thus finding an optimized
ratio for the teeth of both the stator and the mover.
Figure 6(a) illustrates the parameters that are to be kept
constant and the parameters that have to be changed. Tooth
pitch ðτpÞ is to be kept constant while varying Tws and as
a result of this, variance Tss varies automatically. Two
different types of optimizations are conducted and are
based on the stator and mover teeth shape modification as
shown in Figure 6(b). This is necessary in order to opti-
mize the magnetic flux flowing through the mover’s teeth,
the air-gap and to the stator teeth, and vice versa. In this
work, the tooth pitch τp, is changed from 1mm to 6mm, as
shown in Figure 6(c). The tooth width Tw, is changed as
a function of τp, where Tw ¼ ðoptimized ratioÞ× τp. The
teeth ratio is kept constant in the suggested work. Sim-
ulation work is carried out using the FEM software for four
conditions in which the current parameter is changed from
1A, 5A, 7A, and 10A. These values are selected based on
the maximum power specification of the motor and is
computed based on power loss. Figure 6(d) shows the
different aspects of the parameters to be changed in the
proposed work. The resolution of angle change is de-
termined by conducting preliminary simulations. In the
preliminary simulation, the effect on the thrust of the
LSRM at 1A current is observed by changing the angle to
1°. The result of the simulation is indicated in Figure 7.
From the results, it is observed that there is not much

variation in the thrust force as the angle is increased. There
is an average deviation of 0.39% overall when changing
from one degree to the next. The highest percentage
change is observed at 14°, which is 0.84%. Due to the little

Figure 6. Optimization of teeth.

Figure 5. Switching pulses for activating the 6-phases.
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change observed in the thrust force at the low resolution of
1°, it is decided to use a 10-degree resolution in the
proposed work. The degrees of angle are then changed to
0°, 10°, and 20°. 20° is the maximum slope angle that can
be achieved since the teeth become triangular at that point.

4. Experimental design

The prototype of the proposed system is developed from the
existing design. The complete assembly is shown in
Figure 8. The prototype is of the design dimensions and
having a tooth width of 6 mm with an air-gap of 0.5 mm. In
the prototype, the air-gap is increased to 0.5 mm for ob-
taining a uniform air-gap.

The experimental setup comprises of the LSRM, the load
cell (which measures the force), the sensor measuring
displacement, and the gear arrangement for displacing the
mover forward and backward, as shown in Figure 8. Static
testing is then conducted on the motor for each phase under
different current conditions as mentioned in Figure 9. The
LSRM is coupled with the gear arrangement for the forward
and backward movement. A constant DC power flows
through the coils U and V. The output from the load cell is
connected to a converter which then connects to the os-
cilloscope. The displacement sensor is directly connected to
the oscilloscope, which then records both the output values.
For each test, the handle is used to provide manual dis-
placement to the mover which then exerts a force on the load
cell while moving in the forward and backward direction.
These values are then imported into numerical tool for
performance analysis.Figure 7. Maximum force developed at each angle change.

Figure 8. Experimental setup.
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5. Results and discussions

5.1. Tooth pitch characteristics

Table 1 shows the changes in the tooth variation for the
single-sided and double-sided LSRM. The experimental
results are obtained by carrying the test in the prototype. In
the prototype, the pitch width τp = 6.0 mm is considered
with no angle change. During testing, each coil is excited
and the force obtained before powering the windings in
series are determined. Maximum force is obtained when
both the tooth pitch and the current source are increased. It
is observed that the force has increased to 63.3% when the
pitch width increases from 1 τp to 2 τp, an increase of 17.8%
is observed when the pitch width increases from 2 τp to 3 τp,
an increase of 6.9% is observed when the pitch width in-
creases from 3 τp to 4 τp, an increase of 0.02% is observed
when the pitch width increases from 5 τp to 4 τp, and finally
an increase of 1.44% is obtained when the pitch width
increases from 5 τp to 6 τp at 1A input current. This is
because as τp increases the amount of space for flux linkage
and flux flow increases, thus increasing the flux density and
allowing for increased thrust (170N increase at

τp = 6.0 mm). The increase in the percentage levels will
decrement as the pitch value increases due to saturation of
the LSRM. At low current values of 1A, the saturation has
already occurred at 4 τp. As the current increases, the flux
induced by the coil increases, which increases the magnetic
field and hence the efficiency and thrust of the machine
increases. From Table 1, it is observed that, as the tooth
pitch increases the thrust waveform resembles more like
a sinusoidal waveform.

The difference in thrust values for the double-sided
LSRM is almost twice the increase in thrust value of
single-sided LSRM (for τp = 6 for single sided, the thrust is
at 85 N, while for the double sided, it is at 170 N). This is
due to the increase in flux from the double coil and the
increased flux linkage from both the sides allowing for an
increase in output force. The double-sided configuration
allows for the balancing of the normal force, thus allowing
for a more sinusoidal waveform. Figure 10 shows the
maximum thrust values at each pitch value for different
current values of single-sided LSRM. As seen from the
graph, the thrust increases with increase in pitch value, and
the motor achieves saturation at the pitch value of

Figure 9. Flowchart of static testing.
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τp = 6 mm. The magnetic flux density of the LSRM pre-
sented in Figure 11 for τp = 6 mm is at 2.04 T. Therefore, at
pitch value of τp = 6 mm, the LSRM is saturated. Saturation
is one of the factors that limit the design of the machine. It
governs the maximum allowable flux density and is inherent
in the material properties. The material used for the mover
and stator in this study is SS400. It is desirable to work these
iron parts in higher values of flux density in order to achieve
a higher output to weight ratio. The value of the reluctance
of the magnetic material is greatly dependent upon the value
of flux passing through it. The relative permeability of the
ferromagnetic material varies, affecting the saturation levels
of the material. The B-H curves of such materials are
commonly used for the determination of the excitation
value.

5.2. Thrust characteristics

Figure 12 shows the thrust characteristics for the LSRM.
From Figure 12, it is observed that the U, V, and W phases
are having a phase difference of 120° with each other.
This corresponds with the design of the LSRM with
a phase difference of 120°. The maximum force that is
measured is approximately 4 N observed in Coil A and
Coil B at 6A (Table A1 – APPENDIX). As seen from
Figure 12, the measured force values are low compared to
the simulation data, due to the difference in the air-gap of
the prototype which is at 0.5 mm. These low values are

obtained due to the differences in air-gap for the man-
ufactured prototype as indicated in Figure 13. Moreover,
most phases do not have a constant air-gap and are found
to be narrower on one side while wider at the other. This
change in the air-gap affects the flux flowing through the
mover teeth to the stator teeth and vice versa. The increase
in air-gap also increases the reluctance at the point of air-
gap.

Table 1. Tooth pitch variations.

Figure 10. Maximum thrust vs current single-sided LSRM.
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Therefore, increasing the chances of flux leakage in the
different teeth tips. The translation of the mover during the
static experiment also showed that, during displacement, the
teeth gap in different areas are also changed constantly and is
not kept uniform. These imperfections could make the teeth
wider in some places while in others it could be found to be
narrower. In addition to this, there may also be changes in the
shape of tooth tip, which prevent it from being straight and
produces curved edges. Such manufacturing tolerance values
can produce non-uniform magnetic strength, density, which
in turn fluctuates flux through the teeth, leading to a decrease
in the thrust force of the LSRM (Morse et al., 2018; Aravind
et al., 2011). These deviations may generate undesired
parasitic effects such as torque ripple, losses, or acoustic
noise. In order to measure these differences in manufacturing
tolerance values, special equipment such as a vision mea-
suring system is required. Due to limitations in obtaining
such a machine, this work focuses in the difference in air-gap
values which are outlined in the next section.

5.3 Impact of air-gap variations

Experimental investigations are done to understand the effect
of a non-uniform or difference in air-gap values to the thrust
produced by the LSRM. These investigations are necessary
for identifying the manufacturing defects of the LSRM. The
manufacturing defects are the difference in air-gap values for
the phases, non-uniformity of air-gap at the start and the end
of the phase. Therefore, these defects affect the measured
force values and decrease the accuracy of the measurement.
Figure 14 presents the graphical chart of thrust and airgap.

From Figure 14 it is observed that the thrust decreases with
increase in the air-gap. It shows an 88.2% decrease from the
original simulated value of 0.1mm air-gap to an air-gap value
of 1.5 mm, as shown in Figure 15. This is due to the increase
in reluctance with an increase in the length of the gap be-
tween the mover and stator causing an increase in leakage
flux. Moreover, the flux entering the stator from the air-gap
flows into the teeth. There are other losses such as the tooth
top leakage flux, where the flux from the mover flows from
the top of mover teeth to adjacent mover teeth, instead of
flowing to the stator. This leakage flux is increased by the
increase in air-gap values.

Figure 11. Magnetic flux vector for single sided at τp = 6 mm.

Figure 12. Thrust characteristics for LSRM.
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5.4 Comparative evaluations

Table 2 presents the performance evaluation of the un-
optimized single-sided and the proposed optimized double-
sided motor. For both the experimental and simulation
purpose, the motor volume is considered as 5:68 × 10�5 m3.
Since only static testing of the prototype is conducted, the
motor constant square density ðGÞ is used as a measure of

efficiency in the proposed work. From Table 2, it is iden-
tified that there is a major variation in the thrust constant,
motor constant, and motor constant square density of the
conventional and the proposed system. The G value takes

Figure 13. Manufacturing tolerances in the design.

Figure 14. Maximum thrust vs air-gap.

Figure 15. Tooth top leakage flux.
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into consideration the magnetic force flowing through the
motor and the volume of the configuration. As seen from the
results of Table 2, it is observed that the motor constant
square density G value of the experimental prototype is
about 40.82%, while the conventional system has a G value
of 28.0%. Therefore, it is found that the proposed DSLSRM
design is of high thrust density.

Table 3 presents the comparative analysis of the pro-
posed system with the existing system. From Table 3, it is
identified that the G value changes between the unoptimized
single-sided LSRM, the optimized single-sided LSRM, and
the optimized DSLSRM. The force of the optimized
DSLSRM motor is obtained as 170.2 N, whereas as the
unoptimized single-sided LSRM and modified single-sided
LSRM have about 40.1 N and 81.9 N. This shows that
almost the force of the proposed motor has been increased
four times when compared with the unoptimized single-
sided LSRM and is doubled when compared with the
modified single-sided LSRM. Comparing the volume of the
three machines, the proposed motor has a volume value of
5.68 × 10�5 which is a lower value when compared with the
other two motors thereby giving a higher force to volume
ratio. Furthermore, the G value shows an improvement from
32301.8 (N2/W)/m3 in the unoptimized single-sided LSRM
to 121939.4 (N2/W)/m3 in the optimized double-sided
LSRM. This shows that the G value has almost increased
to four times when compared with the unoptimized single-
sided system. In the single-sided LSRM, the phase windings
rotate along with the mover. Due to this arrangement, the
single-sided LSRM is more prone to faults and connection
issues. In the DSLSRM, the phase windings are separately
arranged to avoid the connection issues and failures. In the

single-sided LSRM, a set of linear guides are responsible for
keeping the space between the rotor and the stator at
a constant distance. Under high current excitations, the
force between both the mover and stator teeth can be around
10 times higher than the propulsion force, putting a sig-
nificant strain on the linear guides and lowering motor
performance. The double-sided design utilizes both the
magnetic flux and provides symmetry which greatly de-
creases the normal force. Indirectly the vibration and noise
of the machine also gets reduced in this structure, thus
improving the performance of the system. Therefore, these
results show that the designed LSRM can be utilized as
a controlled electromagnetic brake in railway applications.

6. Conclusion

A double-sided LSRM that utilizes a dual magnetic circuit
is presented in this paper. The numerical analysis is con-
ducted for the proposed design. The optimized method for
the designed prototype model is tested using software FEM
calculation and the PAM analysis, respectively. The motor
characteristic calculation was done based on motor constant
square density (G), and from the results, it is evident that
there is a 40.82% and a 28.08% difference between the
proposed prototype and the unoptimized LSRM. The ex-
perimental analysis presents the results of expected per-
formance indices. Therefore, from the results, it is proved
that the double-sided design offers symmetry by employing
magnetic flux on both sides. This significantly reduces the
normal force. Therefore, the vibration and noise of the
machine also gets reduced in this structure, thus improving
the performance of the system.

Table 2. Performance parameters of the unoptimized and the optimized motor.

Item Symbol FEM Experimental Unit

Motor volume V 5:68 × 10�5 5:68 × 10�5 m3

Thrust constant Kf 0.866667 0.666667 N/A

Motor constant Km 0.732467 0.563436 N/W1/2

Motor constant square density G 9444.232 5588.303 (N2/W)/m3)

Table 3. Comparative evaluation of the proposed system with existing systems.

Item Symbol

Single-sided LSRM

[10]

Modified single-sided

LSRM

Proposed double-sided

LSRM Unit

Maximum force F 40.1 81.9 170.2 N

Motor volume V 1.08 × 10�4 2.84 × 10�5 5.68 × 10�5 m3

Thrust constant Kf 4 8 17 N/A

Motor constant Km 1.87 1.75 2.63 N/W1/2

Motor constant square

density

G 32301.8 108015.5 121939.4 (N2/W)/m3)

CV et al. 11
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Appendix

Table A1. Measured force value for different currents.
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