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Design of the Segmented-Type Switched Reluctance Linear
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Nur A. M. Nasir1, 2, Fairul A. A. Shukor1, 2, *,
Nor A. M. Zuki,1, 2, and Raja N. F. K. R. Othman1, 2

Abstract—This paper proposes an SRLSM with segmental stator pole. The segmented SRLSM which
is known as SSRLSM was designed for domestic lift application. The SSRLSM was designed to fulfill
the design target requirement where the lift must be able to transport a maximum 200 kg payload.
This payload requires a motor with more than 2000 N thrust force at rated power of 1.5 kW. The rated
current is 2.5 A. However, for the excitation current, the maximum current is taken twice of the rated
current which is 5.0 A. The design of the SSRLSM was completed in two stages. The first stage is
to design the stator pole length, lst, while the second stage is to design the stator pole thickness, tst.
The designed models were simulated with FEM software. The simulation results show that the highest
thrust produced in first stage is 6773 N. The thrust is produced by the model with stator pole length,
lst, of 120 mm. Meanwhile, in the second stage, the model with the stator pole thickness, tst, of 20 mm
produced the highest thrust. The thrust obtained from the model is 6903 N. Based on the analysis, the
final model was selected. The model has the stator pole length, lst, and stator pole thickness, tst, of
120 mm and 20 mm, respectively.

1. INTRODUCTION

Elevator, or also known as a lift, is a device that increases or decreases a person’s potential energy
without his/her needing to supply that energy themselves. This is because the elevator provides the
potential energy of going up and takes the potential energy of coming down. Based on this working
principle, an elevator requires a linear motion principle that can move up and down. Conventionally,
a linear motion is produced by using motion translators to convert rotational motion to linear
motion [1]. The examples of the commonly used motion translators are belts, gears, and ball screws.
The conventional motion system introduces a few weaknesses such as low acceleration performance,
mechanical complexity and limitation, backlash, and low impact load capacity [2]. In lift application,
these disadvantages can cause mechanical complexity, and additional room is required to place the
motor. To overcome this problem, a modern linear motion system that produces direct linear motion
was introduced. This linear motion system eliminates motion translators resulted in a system that has
a simple structure, high dynamic response, high speed, and high accuracy [3]. This motion system was
produced by a linear motor instead of a rotational motor.

At present, linear synchronous motors (LSMs) have been proposed for the primary propulsion of
vertical transportation systems [4–8]. LSMs can be divided into two types. They are switched reluctance
linear synchronous motor (SRLSM) and permanent magnet linear synchronous motor (PMLSM).
Compared to an SRLSM, a PMLSM has additional permanent magnets on its mover side. Therefore, it
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has two magnetic sources that help to increase the thrust density of the PMLSM. Despite its superior
performance, PMLSM suffers from thrust fluctuation, especially during low-speed operation. The thrust
fluctuation is mainly due to the existence of cogging force [9]. Apart from that, the manufacturing cost
of a PMLSM can increase rapidly as the prices of permanent magnets are high [10]. On the other hand,
due to the absence of the permanent magnet on its structure, the SRLSM does not suffer from the
cogging force and manufacturing price fluctuation [11]. The other advantages that an SRLSM has over
the PMLSM are that the SRLSM has a simpler structure and can operate at high temperatures.

The application of a switched reluctance motor in an elevator system is not something new. In
recent years, SRLSM is increasingly advocated as an alternative to other linear electrical motors such
as linear induction motor (LIM) and PMLSM. This is caused by their simple and robust construction
with concentric windings on only one side, which is stator or translator, and fault tolerance due to the
absence of mutual coupling between windings, maintenance ease, less thermal problems and cooling
arrangement, and finally low cost [12]. With these advantages, SRLSMs have been studied for their
suitability in some linear applications such as in horizontal linear transportation systems, high-precision
position application in manufacturing automation, and cylindrical type linear actuator using an SRLSM
for applications requiring controlled low-speed linear motion [12].

2. SEGMENTED SWITCHED RELUCTANCE LINEAR SYNCHRONOUS MOTOR

In this research, an SRLSM is designed as a segmented-type. Compared to a conventional SRLSM, the
segmented SRLSM was designed without teeth on both the mover and the stator sides. The purpose of
the design topology is to reduce manufacturing tolerance as well as to increase the efficiency of motor
performance.

2.1. Design Target

In a multilevel building, there is a regulation that requires the developer to provide an elevator to
physically handicapped people especially in a building where it is impractical to construct and build a
wheelchair ramp [13]. In Malaysia, there are a few Malaysian standard codes of practice on access for
disabled persons that specify the basic requirement of buildings and related facilities to permit access
for disabled persons [14]. Apart from a person with a wheelchair, an elevator can also help elderly
people and obese people to easily move in a multistoried building.

In this research, an SSRLSM-based domestic lift was proposed in a laboratory scale for case study
analysis. Figure 1 shows the skeleton of the proposed SSRLSM domestic lift. The domestic lift was
designed based on specific design targets such as minimum thrust requirement, rated current, and rated
power. The domestic lift was designed to be able to transport a maximum of two people at a time with
a maximum payload; 2 people and luggage weigh 200 kg. Therefore, it requires a motor with more than
2000 N at rated power, Prated of 1.5 kW to operate the lift. The rated current, Irated, for the motor is
2.5 A. However, for the excitation current, I, the maximum current is taken twice of the rated current
which is 5.0 A.

2.2. Basic Thrust Equation of the SSRLSM

When the coil of the SSRLSM is energized by a certain current, I, a magnetic flux, Φ, is induced and
flows from the mover to the stator. The thrust of the SSRLSM is developed when the unaligned pole
is attracted to each other until the aligned position is achieved. Figure 2 shows the relation between
magnetic flux, Φ, and displacement, x.

Based on the flux profile shown in Figure 2, the magnetic flux, Φ, can be expressed as Fourier
Series as in Eq. (1) [15].

Φ = ΦDC +
∞∑

n=1

Φn cos
2π
τp

nx (Wb) (1)

where ΦDC is the DC component of magnetic flux in (Wb), n the Fourier order, Φn the nth Fourier
component of magnetic flux in (Wb), τp the pole pitch in (m), and x the stator displacement in (m).
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Figure 1. Skeleton of the SSRLSM domestic lift.
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Figure 2. Magnetic flux, Φ.

The magnetic energy of the SSRSLM, W , can be calculated using Eq. (2).

W = N

∫ I

0
ΦdI

= NIΦ (J) (2)

where W is the magnetic energy in (J), N the coil turn, Φ the magnetic flux expression in (Wb), and
I the input current in (A).

Based on Eq. (1), the expression of magnetic energy, W , can be rewritten as Eq. (3).

W = NI

[
ΦDC +

∞∑
n=1

Φn cos
2π
τp

nx

]

= NIΦDC +
∞∑

n=1

NIΦn cos
2π
τp

nx (J) (3)

The thrust, F , can be calculated by differentiating the magnetic energy, W , with respect to the mover
displacement, x, as shown in Eq. (4).

F =
dW

dx

=
d

dx

[
NIΦDC +

∞∑
n=1

NIΦn cos
2π
τp

nx

]
(N) (4)

By solving the differentiation in Eq. (4), the general thrust for the SSRLSM can be expressed as
Eq. (5) [15].

F = −NI

∞∑
n=1

Φn sin
[
2π
τp

nx

]
· 2πn

τp

=
2πNI

τp

∞∑
n=1

nΦn sin
2π
τp

nx (N) (5)
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Based on Eq. (5), despite coil parameter such as coil turns, N , and current, I, the thrust of the
SSRSLM also depends on the pole pitch, τp.

3. DESIGNING SEGMENTED SWITCHED RELUCTANCE LINEAR
SYNCHRONOUS MOTOR

Figure 3 shows the basic structure of the 3 phase 6-slot 4-pole SSRLSM. The SSRLSM is designed
in a flat structure. The mover consists of yoke and coil. The stator side consists of stator track and
segmental stator pole. The material for the stator pole and stator yoke is SS400. The stator track is
made of aluminum.
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Figure 3. Basic structure of the SSRLSM.

In order to identify the optimum model for fabrication, two structure parameters were varied in the
design modelling. They are stator pole length, lst, and stator pole thickness, tst. For both parameters,
the values were varied starting from the lowest possible to the highest possible values. The modelling of
each structure was designed with CAD software then simulated with FEM software. The FEM outputs
were then analysed and compared to identify the model with the highest thrust, F .

Apart from the stator pole length, lst, and stator pole thickness, tst, the other structure parameters
of the SSRLSM were fixed throughout the design process. The fixed parameters are stack length, L,
air gap length, δ, mover shoe length, lm, and mover shoe thickness, tm. Table 1 shows the structure
specification of the SSRLM designed for both design stages.

Figure 4 shows the SSRLSM design flowchart for both stages. For the first stage, the design started

Table 1. Specification of the proposed SSRLSM.

Parameter Value
Stack length, L 400 mm

Air gap length, δ 3 mm
Mover shoe length, lm 85 mm

Mover shoe thickness, tm 35 mm
Stator pole length, lst 60mm ∼ 150 mm

Stator pole thickness, tst 10mm ∼ 100 mm
Number of turns, N 1800

Winding resistance, R 20 Ω
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Figure 4. SSRLSM design flowchart.

by modelling the structure of the SSRLSM with different stator pole length, lst, parameters with a fixed
air gap, δ, and stator pole thickness, tst. The stator pole length, lst, was varied from 60 mm to 150 mm
with 10 mm increment. Each model was simulated to obtain thrust characteristics. The simulation
results were then compared in order to determine the model with the highest maximum thrust, Fmax.

Once the model with the highest maximum thrust, Fmax, has been identified, the SSRLM design
was continued in the second stage. In the second stage, the stator pole length, lst, of the chosen model
in the first stage was taken and fixed throughout the design process. In this second stage, the stator
pole thickness, tst, was varied from 10 mm to 100 mm with 10 mm increment. Each model was simulated
to obtain thrust characteristics. The simulation results were then compared in order to determine the
model with the highest maximum thrust, Fmax.

4. PERFORMANCE OF THE SSRLSM

The SSRLSMs for different values of the stator pole length, lst, and stator pole thickness, tst, are
designed and simulated with FEM software. Based on FEM results, their characteristics are compared
and analyzed. The analysis involves magnetic flux analysis, thrust characteristics, and total harmonic
distortion for thrust, THDF .

4.1. Magnetic Analysis

Figure 5 shows the magnetic flux lines analysis of Phase B SSRLSM for both fully aligned and fully
unaligned positions. In the SSRLSM, when the coil is excited, it will induce the magnetic flux where
the flux will flow from the mover yoke to the stator pole by passing through the air gap to complete a
closed path. The magnetic flux lines in Figure 5 show that the magnetic lines are more concentrated
on the mover yoke when a higher current is injected into the coil.
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Figure 5. Magnetic flux line. (a) Fully unaligned (I = 2.5 A). (b) Fully unaligned (I = 5.0 A). (c)
Fully aligned (I = 2.5 A). (d) Fully aligned (I = 5.0 A).
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Figure 6. Magnetic flux density, B . (a) Fully unaligned (I = 2.5 A). (b) Fully unaligned (I = 5.0 A).
(c) Fully aligned (I = 2.5 A). (d) Fully aligned (I = 5.0 A).

Figure 6 shows the magnetic flux density, B , distribution for the SSRLSM. The indigo colour
shows the regions where the magnetic flux density, B , is minimum. Oppositely, the red regions are the
region with maximum magnetic flux density, B . In Figures 6(a) and (b), it can be observed that the
magnetic flux density, B , is mostly concentrated in the upper region of the mover yoke. At the fully
unaligned position, the maximum magnetic flux densities, B , recorded at given currents of 2.5 A and
5.0 A are 1.09 T and 1.62 T, respectively. Meanwhile, the minimum magnetic flux density, B , at both
given current is nearly 0T. Nevertheless, at the fully aligned position, the magnetic flux density, B ,
observed at excitation current is higher at the stator pole area. In this condition, the maximum 1.8 T
was recorded at the stator pole. The same condition can be observed at higher current, I, of 5.0 A where
the magnetic flux density, B , is intensified at both upper region of mover yoke and stator pole where
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1.8 T is obtained. Overall, it can be observed that magnetic flux density, B , distribution is higher at a
fully aligned position.

4.2. Variation of the Stator Pole Length,l st

Figure 7 shows the thrust, F , of the SSRLSM at the input current, I, of 5.0 A. The thrust characteristics
shown are for the different values of stator pole length, lst. Based on the thrust characteristics shown
in Figure 7(a), the maximum thrust, Fmax, for each stator pole length, lst, is identified. The maximum
thrust, Fmax, is shown in Figure 7(b). The thrust pattern shows that as the stator pole length, lst,
increases from 60 mm to 120 mm, the thrust, F , obtained increases. However, starting from stator
pole length, lst, 130 mm to 150 mm, the produced thrust decreases. The highest thrust, F , produced
is identified from the model with the stator pole length, lst, of 120 mm. The maximum thrust, Fmax,
of the model is 6773 N. Apart from the thrust characteristics, the other performance observed in this
SSRLSM design is the total harmonic distortion of thrust, THDF . In the SSRLSM, a lower THDF

has a better thrust performance. This is because the thrust with lower THDF has lower thrust ripple.
Therefore, the thrust with a lower thrust ripple has a waveform near a sinusoidal shape. In order
to determine THDF of the SSRLSM, THDF was calculated based on the thrust, F , characteristics,
obtained by using Eq. (6). The calculated THDF was plotted in Figure 7(b). Overall, it shows that
THDF is inversely proportional to the stator pole length, lst. The model with the stator pole length,
lst, of 60 mm has the highest THDF which is 147.97%. The lowest THDF calculated is 34.45% which
is produced by the model with the stator pole length, lst, of 110 mm.
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Figure 7. Thrust characteristic for different stator pole length, lst. (a) F (I = 5.0). (b) Fmax, THDF

(I = 5.0 A).

4.3. Variation of the Stator Pole Thickness, tst

Figure 8 shows the thrust characteristics of the SSRLSM for different values of stator pole thickness,
tst. The thrust, F , was taken at the excitation current, I, of 5.0 A. Based on the thrust characteristics
shown in Figure 8(a), the maximum thrust, Fmax, for each stator pole thickness, tst, is identified. The
identified maximum thrust, Fmax, is shown in Figure 8(b). It shows that the thrust is increased until it
reaches its maximum value before it is reduced. The highest thrust, F , obtained in this stage is from
the model with the stator pole thickness, tst, of 20 mm. The maximum thrust, Fmax, of this model is
6903 N. The total harmonic distortion for thrust, THDF , obtained also shows that it is in an inverse
relationship with the stator pole thickness, tst. The highest THDF is produced by the model with the
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Figure 8. Thrust characteristic for different stator pole thickness, tst. (a) F (I = 5.0). (b) Fmax,
THDF (I = 5.0 A).

stator pole thickness, tst, of 10 mm which is 77%. Oppositely, the lowest THDF is produced by the
model with the stator pole thickness, tst, of 40 mm. THDF produced by the model is 35.82%.

4.4. Final Structure Parameters of the SSRLSM

Basically, based on the thrust characteristics of the SSRLSM designed in both stages, the best model was
selected in each stage. The model was selected based on the highest maximum thrust, Fmax, produced.
The specification and performance of the selected model in each stage are shown in Table 2. Table 2
shows that the model selected in the second stage has a higher thrust, F , than the model selected in
the first stage.

Table 2. Specification of the selected models.

First stage design Second stage design

Parameters chosen
Parameter Value Parameter Value

Stator pole length, lst 120 mm Stator pole length, lst 120 mm
Stator pole thickness, tst 60 mm Stator pole thickness, tst 20 mm

Maximum thrust,
Fmax(% increment)

6773 N 6903 N (+1.92%)

Total harmonic
distortion of

thrust, THDF

(% increment)

37.61% 51.89% (+57.2%)

Based on this finding, it is decided that the selected model in the second stage is the most optimum
model to be fabricated. The final structure and specification of the proposed SSRLSM are shown in
Figure 9 and Table 3, respectively. The stator pole length, lst, and stator pole thickness, tst, of the
SSRLSM of the selected model are 20 mm and 120 mm, respectively. At the excitation current of 5.0 A,
the model produced the maximum thrust, Fmax, of 6903 N. As the final model has been selected, the
maximum thrust, Fmax, for each given current of the model was identified and is shown in Figure 9.
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Figure 9. Thrust characteristics of the final model.

Based on the thrust characteristics, it is shown that at excitation current of 2.5 A (rated current), the
thrust produced already fulfilled the design target requirement.

5. CONCLUSION

The SSRLSM for the domestic lift application has been designed. The design of the SSRLSM was
completed in two stages. Based on the simulation results, it is shown that the maximum thrust, Fmax,
produced by the selected model in the second stage increased by almost 2% from the model selected in
the first stage design. Therefore, it is decided that the specification of the model chosen in the second
stage design will be used in the model to be fabricated. The model has the maximum thrust, Fmax, of
6903 N at the current, I, of 5.0 A. At the given current, I, of 5.0 A, the magnetic analysis shows that
the model has the magnetic flux, Φ, of 55 Wb with the magnetic flux density, B , of 1.8 T. Based on
the SSRLSM performance, it can be concluded that the designed SSRLSM fulfilled the design target
requirement for the lift application. Therefore, the SSRLSM will be fabricated for further research
analysis.
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