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Abstract: In this paper, the Segmental Translator Permanent Magnet Linear Switched Reluctance Motor (STPMLSRM) 

has been introduced as a new type of improved Linear Switched Reluctance Motor (LSRM), which increases the flux 

density in the air-gap by using Permanent Magnets (PMs) in the stator yoke. Also, the moving part does not have a yoke 

and discrete segments are used instead of the yoke, which reduces the volume of active magnetic materials. In order to 

better evaluate, segmental translator permanent magnet linear switched reluctance motor is compared with conventional 

linear switched reluctance motor and Segmental Translator Linear Switched Reluctance Motor (STLSRM) without 

permanent magnet, then their different aspects are discussed. In order to validate the introduced STPMLSRM, based on 

the Finite Element Method (FEM), the static and dynamic characteristics of linear motors including static flux-linkage, 

static force, co-energy, instantaneous current waveform and instantaneous thrust waveform are predicted and compared. 

These comparisons show that the STPMLSRM has better performance characteristics than the conventional LSRM and 

STLSRM.  
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1. INTRODUCTION 

Switched Reluctance Motors (SRMs) have advantages 

such as simplicity of structure, robustness, no magnet or 

winding on one side and high fault tolerance, which makes 

them a suitable choice for many applications [1-3]. Linear 

switched reluctance motors have a structure similar to rotary 

SRMs, with the difference that the movement is linear instead 

of rotary and linear force is produced instead of torque. 

Therefore, they have all the advantages of SRM. These 

motors are widely used in applications such as transportation 

systems, home use, and etc. [4-6]. Electric trains and 

elevators are other applications of LSRMs [7,8]. In these 

motors, both distributed windings and centralized windings 

are used, which can be mechanically and electrically isolated, 

so they have high reliability. These windings are placed in the 

stator or mover. Structures in which the winding is located on 

the translator produce more force than the structure in which 

the winding is located on the stator. In addition, the cost of 

mass production of these systems is lower [9-11]. 

In order to improve the performance of SRM and reduce 

its disadvantages, various structures have been presented, in 

most of which the structure complexity has increased and 

their production has also become more difficult. Considering 

that the principles and performance of LSRM are similar to 

the rotary SRM, the methods of improving the performance 

of rotary SRM can be used to improve the performance 

characteristics of LSRM. One of the ways to improve the 

performance of LSRM is to remove the yoke in stator or 

translator, where by using independent segments, the thrust 

force of new motor increases compared to conventional 

motors. This method is used both in rotary SRMs [12-14] and 

in linear SRMs [15-17], which significantly improves the 

performance characteristics of motor. Another way to 

improve the performance of LSRM is to use permanent 

magnet (PM) in the stator or translator, which creates a new 
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structure. Choosing the right location for PMs in the motor is 

very important. By choosing an inappropriate location, some 

of the advantages of LSRM such as simplicity of structure, 

reliability and endurance are lost [18-20]. In [21], by using 

the PM in structure of LSRM and linear flux switching motor, 

a comparison has been made between these two motors. This 

comparison shows that using the PM in the LSRM structure 

gives a better result. In [22], two improved double-sided 

LSRMs with PMs embedded in their structure are introduced. 

By comparing both structures, it is shown that using the PM 

in the structure of motors, the flux density in the air-gap has 

increased, which leads to a decrease in the magnetic 

saturation and an increase in thrust force of the motor. In these 

two structures, due to the fact that PMs are located in the 

mover, the reliability of motors may decrease due to the 

movement of PMs.  

The segmental translator linear switched reluctance motor 

(STLSRM) is one of the structures whose performance 

characteristics are improved compared to the conventional 

LSRM. Although the STLSRM has better performance than 

the conventional LSRM, few research has been carried out to 

introduce this motor. Also, in recent studies for the STLSRM, 

a model that uses the PM in its structure has not been 

presented. In [23], different structures of linear switched 

reluctance motor have been investigated and their static and 

dynamic characteristics have been compared based on the 

finite element method. In this paper, with the aim of 

improving the results presented in [23], changes including 

how to choose the right location for embedding permanent 

magnets in the motor structure, more detailed comparisons of 

the results, providing more details about the parameters and 

calculating specific parameters such as the average 

instantaneous power for different structures have been 

applied. Therefore, in this paper, in order to show the 

advantages of STPMLSRM compared to the conventional 

LSRM and STLSRM, firstly, a comparison is made between 

these motors, then, by placing PMs in the stator yoke of 

STLSTM, the segmental translator permanent magnet linear 

switched reluctance motor (STPMLSRM) is presented as a 

new structure. In order to show the effect of PMs on motors, 

the performance characteristics of STLSRM and 

STPMLSRM are predicted and compared. The novelties of 

this paper are the use of discrete segments instead of poles 

connected to the yoke in the moving part and adding PMs in 

the stator yoke. In this structure, compared to conventional 

LSRM, less magnetic material is used, and due to the 

presence of PMs, the flux density in the air-gap increases 

significantly, which causes more thrust force to be applied to 

the moving part. Based on this, modeling of motors and their 

comparison is carried out in Section 2 and the simulation 

results are presented in Section 3. Finally, the conclusion is 

given in Section 4. 

2. DIFFERENT STRUCTURES OF LSRM 

2.1. Conventional Linear Switched Reluctance Motor 

The cross-section of a conventional LSRM is shown in 

Fig. 1. As it is clear from this figure, each stator slot is filled 

with the windings of two phases, and two windings that are 

connected in series form one phase. There are no coils or 

permanent magnets in the moving part (translator), which 

makes it electrically isolated and increases reliability. This 

motor (Fig. 1) is like a 6/4 rotary switched reluctance motor,  

 

Fig. 1: 2-D geometry of conventional LSRM [15] 

with extra poles in the stator and translator to reduce noise 

and end effect. These poles are connected by a yoke to create 

a flux path. The presence of a yoke in the motor body 

significantly increases the use of magnetic materials, which 

increases iron loss and reduces the force applied to translator 

[15]. 

2.2. Segmental Translator Linear Switched Reluctance 

Motor 

The cross-section of a STLSRM is shown in Fig. 2. Each 

unit of this motor includes six poles and six slots in the stator 

and four segments in the translator. Therefore, in any length 

of this motor, the ratio of the number of stator poles to the 

translator segments is 3/2. To create a flux path in stator, the 

poles are connected by a yoke, while there is no yoke in the 

translator and instead of prominent poles, discrete segments 

are used. The segments are magnetically and mechanically 

independent from each other, and there is air or non-magnetic 

material between them. Since, the yoke has a considerable 

volume and weight of active magnetic materials, the use of 

magnetic materials in this motor is significantly reduced. The 

lack of yoke and special structure of translator makes the 

STLSRM produce more power than the conventional LSRM 

[16]. 

The STLSRM consists of three phases, each phase 

includes three stator poles. The current direction of coils 

enters from the first three slots and exits from the second three 

slots. According to Fig. 2, each phase occupies two slots of 

stator, and each slot of stator is filled only with the windings 

of one phase. Due to the type of placement of coils, the 

windings of different phases are mechanically independent 

from each other and no insulation is needed to separate the 

windings in the slots. Therefore, when one winding is 

damaged, the faulty winding can be replaced without 

damaging the other windings [17].  

The prominent advantages of the STLSRM compared to 

the conventional LSRM are stated as follows: 

• Only one coil is placed in each slot. Therefore, the 

use of insulating materials in the stator slot 

decreases and its space coefficient increases, which 

increases the output power. 

• Optimum use of the stator slot surface and 

simplification of the manufacturing process due to 

the absence of an insulating separator in the stator 

slot. 

• Due to the special structure of translator, the flux 

produced by each phase is independent from other 

phases.  
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• The translator does not have a yoke. Therefore, the 

use of magnetic materials is significantly reduced.  

• Due to the fact that there is no pole or slot in the 

secondary, the windage loss in the translator is zero.  

• Due to the absence of a yoke in the translator and 

the use of less iron, iron losses are reduced. 

2.3. Segmental Translator permanent magnet Linear 

Switched Reluctance Motor 

The use of PMs in the STLSRM makes a new structure 

that is effective in improving the performance of this motor. 

In recent studies for the STLSRM, a model that uses a PM in 

its structure has not been presented. Therefore, here by 

embedding the PMs in the motor body, the segmental 

translator permanent magnet linear switched reluctance motor 

(STPMLSRM) is presented as a new structure. The main role 

of the PM is to increase the flux density in air-gap, which 

reduces the magnetic saturation in the iron parts and the 

average current. Also, adding the PMs in the motor structure 

causes the motor produce more thrust force. For a better 

evaluation, the STLSRM of Fig. 2, is considered, in which 

there are no PMs in its structure and only phase (B) is excited. 

With simulation based on 3-D FEM and using ANSYS-

Maxwell software, flux density distribution and magnetic flux 

path are obtained for the motor structure without PMs, which 

are shown in Fig. 3. In this case, by passing the magnetic flux 

through the teeth around the coil, air-gap, stator yoke and 

translator segments, the force is applied to the motor 

translator. The average static force for a current 10 A and 

different positions of the translator is equal to 108 N. 

To investigate the effect of PMs on flux density 

distribution and magnetic flux path in the STPMLSRM, 

firstly, it is assumed that current of phase B is zero and only 

PMs create magnetic flux. For this purpose, PMs are placed 

in the stator yoke, then the motor is simulated and their results 

are discussed. Using modeling based on the FEM, flux 

density distribution and magnetic flux path are obtained 

according to Fig. 4. This figure shows that with the presence 

of PMs in the motor stator yoke and zero excitation current, a 

significant part of the magnetic flux lines produced by the 

PMs, close their path through the iron core with very low 

reluctance, the air-gap with high reluctance and the translator 

segments, which causes the force to be applied to translator. 

 Embedding PMs in the translator causes the PMs to 

move with the moving part, which challenges the outstanding 

advantages of the SRM by considering the mechanical 

factors. Therefore, PMs are embedded in the stator. The  

location of PMs in the stator should be in such a way that the 

flux produced by them and the flux produced by the coils are 

 

Fig. 2: Two-dimensional geometry of STLSRM 

 in the same direction to increase the flux density in the air-

gap. In addition, the PMs should be placed in such a way that 

they completely cover the flux path produced by the coils. 

Therefore, the stator yoke section above the stator slot is a 

suitable location. Due to the fact that in this structure, the PM 

completely blocks the stator yoke, most of the flux produced 

by the PMs inevitably passes through the air-gap between the 

stator and translator, which increases the air-gap flux density. 

In the full load condition, where both the PMs and the 

winding of phase B generate magnetic flux, as shown in Fig. 

5, the flux generated by PMs is in the same direction as the 

flux generated by phase B, which increases the flux density 

in air-gap, and in this case, the force applied to the translator 

is strengthened and the motor performance is improved. For 

different positions of translator (0 - 69 mm) and a current of 

10 A, the average static force in the presence of PMs is equal 

to 195 N, which is more than the STLSRM without PM. 

 
Fig. 3: Modeling of STLSRM without PM for current 10 A: 

(a) Flux density distribution, (b) Magnetic flux path 

 

 
Fig. 4: Modeling of STLSRM by embedding PMs in the 

yoke and current 0 A: (a) Flux density distribution, (b) 

Magnetic flux path 
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Fig. 5: Modeling of STLSRM by embedding PMs in the 

yoke and current 10 A: (a) Flux density distribution, (b) 

Magnetic flux path 

3. SIMULATION RESULTS 

The simulation results for different topologies of linear 

switched reluctance motor based on the FEM are given here 

and compared. The specifications of motors are given in 

Tables 1 and 2, and the stator and translator core sheets are 

M800-50A with a thickness of 0.5 mm. The LSRMs generate 

thrust force by changing reluctance. The power produced of 

these motors is created by the co-energy difference between 

the fully aligned and fully unaligned positions. The flux path 

in two important positions for STLSRM and conventional 

LSRM are shown in Fig. 6 and Fig. 7, respectively. As can be 

seen in Fig. 6, in the aligned position, two poles adjacent in 

the stator pass the flux, while in the conventional LSRM as 

shown in Fig. 7, only one stator pole passes the flux. 

Therefore, it is clear that the proposed STLSRM can carry 

more flux. 

 

Table 1: Specifications of STLSRM 

Parameter Value 

Stator pole width [mm] 46 

Stator slot width [mm] 46 

Stator pole height [mm] 67 

Stator core depth [mm] 46 

Air-gap length [mm] 1 

Segment width [mm] 115 

Slot opening width [mm] 23 

Segment height [mm] 46 

Core stack thickness [mm] 125 
Turns per phase 160 

 

Table 2:  Specifications of conventional LSRM 

Parameter Value 

Stator pole width [mm] 46 

Stator slot width [mm] 46 

Stator pole height [mm] 67 

Stator yoke height [mm] 46 

Air-gap length [mm] 1 

Translator pole width [mm] 49 

Translator slot width [mm] 89 

Translator yoke height [mm] 49 

Core stack thickness [mm] 125 
Turns per phase 160 

 

Fig. 6: Important positions for STLSRM 

(a) Aligned position, (b) Unaligned position 

 

 
Fig. 7: Important positions for conventional LSRM 

(a) Aligned position, (b) Unaligned position 

 

Based on the 2-D FEM, the flux-linkage with a phase is 

calculated for the STLSRM and the conventional LSRM in 

different positions (0 - 69 mm) and shown in Fig. 8. For a 

better evaluation, the flux-linkage of STLSRM and the 

conventional LSRM are compared for two important 

positions including fully aligned and fully unaligned in Fig. 9 

and Table 3. As can be seen in this figure, the co-energy 

difference between the two critical positions in the STLSRM 

is greater than that of the conventional LSRM. 

Using the static characteristic of Flux-linkage, the co-

energy characteristic is obtained from the following equation: 

𝑤𝑐(𝑥, 𝑖) = ∫𝜆(𝑥, 𝑖)𝑑𝑖 
(1) 

The co-energy characteristic in the current range of 0 to 

20 A for two motors is shown in Fig. 10. This figure clearly 

shows that the co-energy difference in the STLSRM is higher 

than the conventional LSRM. Therefore, the STLSRM 

produces more static force at equal current.  
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a 

 
b 

 

Fig. 8: Flux-linkage with a phase: (a) STLSRM, (b) 

conventional LSRM 

 

 
Fig. 9: Flux-linkage for two important positions 

 

Table 3:  The values of flux-linkage (Wb.turns) predicted 

for two positions 

Position Motor type Current [A] 

 

 

 2 6 10 14 

 

Unaligned 

LSRM 0.004 0.013 0.022 0.030 

STLSRM 0.011 0.033 0.054 0.076 

 

Aligned 

LSRM 0.091 0.280 0.474 0.625 

STLSRM 0.184 0.561 0.931 1.170 

 

 

a 

 

b 

Fig. 10: The co-energy characteristic: (a) STLSRM, (b) 

conventional LSRM 

 

The characteristic of static force (𝐹(𝑥, 𝑖)) is predicted 

from the following equation: 

𝐹(𝑥, 𝑖) =
𝜕𝑤𝑐(𝑥, 𝑖)

𝜕𝑥
|
i=const

 
(2) 
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For STLSRM and conventional LSRM, the static force 

characteristics in terms of translator positions are obtained by 

solving (2) and shown in Fig. 11.  For better evaluation, the 

average static force in terms of different currents for two 

motors are calculated and compared in Fig. 12 and Table 4, 

which shows that the STLSRM produces more force than the 

conventional LSRM. For a better comparison of motors, 

instantaneous current (𝑖(𝑥)) and instantaneous thrust force 

(𝐹(𝑥)) can be used. The instantaneous current is predicted 

from the phase voltage equation of the SRM as follows: 

𝑉 = 𝑅𝑖 +
𝑑𝜆(𝑥, 𝑖)

𝑑𝑡
 

(3) 

where 𝑅 is the resistance of the phase winding and 𝑉 is 

the phase voltage. Having 𝑖(𝑥) and 𝐹(𝑥, 𝑖), 𝐹(𝑥) is 

calculated. Therefore, the dynamic characteristics of motors, 

including instantaneous current and instantaneous thrust 

force, for the working point:  speed = 4 m/s, turn-on position 

= 15.8 (mm), turn-off position = 28.3 (mm) and the current 

regulation control mode when maximum current is 7 A, are 

predicted and compared in Fig. 13. It should be noted that in 

Fig. 10 and 11 obtained from equations (1) and (2), each color 

shows a current from 2 to 20 A. 

 

a 

 

b 

Fig. 11: The static force characteristics: (a) STLSRM, (b) 

conventional LSRM 

 

 

Fig. 12: Average static force for two linear motors 

 

Table 4:  Average static force (N) of conventional LSRM 

and STLSRM for different currents  

Current [A] Average force for 

LSRM 

Average force 

for STLSRM 

2 2.1 4.3 

4 8.6 17.6 

6 19.5 39.7 

8 34.9 70.7 

10 55 110.5 

12 79.3 158.2 

14 107.2 211.5 

16 137.4 268.1 

18 168.9 326.8 

20 201.3 387.2 

 

The average instantaneous thrust force for STLSRM and 

conventional LSRM are 61.22 N and 32.18 N, respectively, 

while, the effective value of instantaneous phase current for 

STLSRM and conventional LSRM are 5.18 A and 7.28 A, 

respectively, which shows that with less effective current, 

more average thrust force is obtained for the STLSRM. The 

output power of the linear motor is calculated from  

𝑃𝑜 = 𝐹𝑡𝑟𝑉𝑚. In this equation, 𝐹𝑡𝑟 is the thrust force of 

translator and 𝑉𝑚 is the linear velocity of translator. 

Therefore, using the dynamic characteristic of instantaneous 

thrust force (Fig. 13), the average instantaneous power for 

two motors is calculated. The average instantaneous power 

for STLSRM and the conventional LSRM are 244.4 W and 

128.72 W, respectively, which shows that the average power 

for STLSRM is more than conventional LSRM. 
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a 

 

b 

Fig. 13: Dynamic waveforms: (a) Instantaneous phase 

current, (b) Instantaneous thrust force 

 

In order to compare the performance of STLSRM and 

STPMLSRM, simulation results are given based on 3-D FEM 

and PMs are NdFeB35 with 𝜇
𝑟
= 1.09 and 𝐵𝑟 = 1.23 T. The 

flux-linkage static characteristics of one phase for two motors 

are predicted and shown in Fig. 14. This figure has been 

obtained by applying currents of 0 to 16 A to the phase B and 

by moving from unaligned position to aligned position with a 

length of 69 mm. For a better evaluation, the flux-linkage of 

motors are compared for only two important positions 

including fully aligned and fully unaligned in Fig. 15 and 

Table 5. In this figure, the effect of PM is clearly visible. In 

the STLSRM, when there is no excitation current, the flux-

linkage is zero both in the aligned and unaligned positions, 

but in the STPMLSRM with zero excitation current, the flux-

linkage is greater than zero in all positions of translator. It 

should be noted that in Fig 8 and 14, which are the graphs of 

flux-linkage in terms of current, each color shows a position 

of the translator from the fully unaligned position to the fully 

aligned position. 

 

a 

 

b 

Fig. 14: 3-D Flux-linkage with a phase: (a) STLSRM, (b) 

STPMLSRM 

 

 
Fig. 15: Flux-linkage for positions of fully aligned and fully 

unaligned 
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Table 5:  The values of flux-linkage (Wb.turns) predicted 

for aligned and unaligned positions 

Position Motor type Current [A] 

 

 

 2 6 10 14 

 

Unaligned 

STPMLSRM 0.047 0.059 0.069 0.079 

STLSRM 0.006 0.023 0.040 0.055 

 

Aligned 

STPMLSRM 0.846 1.036 1.206 1.337 

STLSRM 0.230 0.714 1.124 1.519 

 

The co-energy difference between the aligned and 

unaligned positions for the STPMLSRM is greater than the 

STLSRM, since the area between the flux-linkage in the 

aligned and unaligned positions is greater for the PM motor 

than for the motor without PM. Therefore, adding the PM in 

the motor structure increases the force applied to the 

translator. The average static force at different currents for 

two motors has been calculated using the static force 

characteristics, which are compared in Fig. 16 and Table 6. 

 This comparison shows that in all currents, the average 

static force has been increased by adding the PM in STLSRM 

structure. The dynamic characteristics of STLSRM and 

STPMLSRM, including instantaneous current and 

instantaneous thrust force, for the working point:  speed = 4 

m/s, turn-on position = 15.8 (mm), turn-off position = 28.3 

(mm) and the current regulation control mode when 

maximum current is 7 A, are predicted and compared in Fig. 

17. 

 

Fig. 16: Average static force for STLSRM and 

STPMLSRM 

Table 6:  Average static force (N) of STLSRM and 

STPMLSRM for different currents 

Current [A] Average force for 

STLSRM 

Average force for 

STPMLSRM 

2 4.7 32.9 

4 19 69.7 

6 43.3 110.7 

8 77.6 155.6 

10 120.9 203.9 

12 172.7 255.1 

14 233.1 308.7 

16 299.9 364.2 

 

 

a 

 

b 

Fig. 17: 3-D Dynamic characteristics: (a) Waveform of 

instantaneous phase current, (b) Waveform of instantaneous 

thrust force 

 

The average instantaneous thrust force for STPMLSRM 

and conventional STLSRM are 82.26 N and 46.32 N, 

respectively, while, the effective current for STPMLSRM and 

conventional STLSRM are 4.41 A and 4.51 A, respectively. 

Therefore, adding the PM, increases the flux density in air-

gap and the force applied to the translator. Using the dynamic 

characteristic of instantaneous thrust force (Fig. 17), the 
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average instantaneous power for STPMLSRM and STLSRM 

are 329.04 W and 185.28 W, respectively, which shows that 

the average power for STPMLSRM is more than STLSRM. 

4. CONCLUSION 

In this paper, a new type of segmental translator linear 

switched reluctance motor was introduced, and the 

performance characteristics were improved by placing 

permanent magnets in its structure, because, the presence of 

the permanent magnet has a significant effect on the air-gap 

flux density and increases the force applied to the moving 

part. The right position to place permanent magnets in the 

segmental translator linear switched reluctance motor is the 

stator yoke, because it completely covers the flux passing 

surface and also strengthens the magnetic flux. To validate 

the introduced structure, based on the finite element method, 

comparisons were made between the introduced motors and 

their static and dynamic characteristics were compared. These 

comparisons showed that using discrete segments instead of 

continuous poles in the translator and placing permanent 

magnets in a suitable position in the motor structure improve 

the motor performance. Therefore, the average static force in 

different currents for the segmental translator permanent 

magnet linear switched reluctance motor is more than the 

segmental translator linear switched reluctance motor. The 

average instantaneous thrust force for STPMSRM and 

conventional STLSRM were 98.45 and 49.94 N, respectively, 

while, the effective current for STPMLSRM and 

conventional STLSRM were 6.3 and 5.66 A, respectively. 

These comparisons clearly showed that adding the permanent 

magnet in the motor structure, increases the flux density in 

air-gap and the force applied to the translator. 
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