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 Abstract—Switched Reluctance Motors (SRMs) are classified into two types, rotary and 

linear, based on the type of movement. The linear switched reluctance motors (LSRMs) have 

the same structure as rotary types and therefore they have all the advantages of SRMs. In this 

paper, for the LSRM, two analytical models based on field equations in electromagnetics and 

Magnetic Equivalent Circuit (MEC) method are presented. The static characteristic of the flux 

linked with a phase is predicted in the fully aligned and fully unaligned as well as intermediate 

positions of the mover. Then, based on the phase voltage equation, the dynamic analysis of the 

motor is done and the instantaneous phase current and instantaneous thrust force are 

determined. By applying the developed analytical models to a three-phase LSRM, the 

simulation results are presented and compared with those of the Finite Element Method (FEM) 
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for validation. The comparisons clearly show that the presented models have appropriate 

calculation speed and accuracy. 

Keywords— Linear Switched Reluctance Motor (LSRM), Magnetic Equivalent Circuit 

(MEC), Analytical Model, Finite Element Method (FEM) 

1. INTRODUCTION  

Switched reluctance motors (SRMs) have many applications in production automation, 

because these motors have prominent features such as simplicity of structure, high endurance, 

high fault tolerance, application in harsh environments, high reliability and operation in a wide 

range of speeds. Therefore, in many industrial applications [1,2], electric vehicles [3,4], rail 

transportation [5,6] and home use [7,8] are suitable options. The linear switched reluctance 

motor (LSRM) has a structure similar to its rotary counterpart in terms of performance and 

principles, with the difference that it has linear motion instead of rotary motion. Therefore, 

LSRM has all the advantages of SRM. For linear applications, in the rotary SRM, motion 

converters are used to convert the torque into linear force, while the LSRM does not need any 

motion converter and the force is directly applied to the moving part. The absence of a motion 

converter reduces costs and the space is used optimally, so the LSRM can be used for rail 

transportation and home applications [9-11]. 

Because of the salient pole structure and non-linear behavior, it is difficult to predict the 

performance characteristics of SRM. In addition, the phenomenon of local saturation causes 

significant changes in the characteristics of this motor, so its static and dynamic parameters 

change non-linearly. According to these cases, predicting the exact behavior of SRM by 

considering the saturation phenomenon is an important issue, and by developing non-linear 

analytical models, the performance characteristics of the motor can be extracted [12-13]. One 

of the most effective analytical methods for analyzing the performance of SRMs is the magnetic 

equivalent circuit (MEC) model, which can predict the important characteristics of motor with 

considerable accuracy and speed. The MEC model has been widely used in the literature to 

analyze the SRMs [14-16]. In recent years, various structures have been presented for the 

LSRM, which by using the MEC model, different aspects of this motor such as electromagnetic 

design and thermal design have been investigated and static and dynamic characteristics have 

been predicted [17-19]. To design and analyze the electric motor and predict the parameters of 

motor using the FEM, it takes a lot of time if the modeling details are considered. Therefore, it 

is necessary to use faster methods. The analytical method can significantly reduce the 

calculation time.  
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In [20], an analytical and standard design method for the LSRM is presented, and by using 

the proposed analytical methods, the important characteristics of this motor are predicted. In 

[21], the inductance of LSRM in aligned and unaligned positions are predicted using two-

dimensional field solution and Fourier series expansion. Considering that LSRMs have the 

same performance as rotary SRMs, it is possible to use the analytical models presented in the 

rotary domain by adopting appropriate transformations to predict the characteristics of linear 

motors. In [22], using the magnetic permeance method, an analytical model has been developed 

for the rotary SRM, which can only predict the flux-linkage in two positions of fully aligned 

and fully unaligned. The weakness of this model is the inability to predict the flux-linkage in 

intermediate positions. Also, due to the many assumptions for the flux path, the accuracy of 

model decreases for predicting the saturation phenomenon. In [23], an analytical model is 

presented that only predicts the flux-linkage in the fully unaligned position and cannot be a 

complete model. Therefore, with the aim of improving it in [24], another analytical model is 

presented that predicts the flux-linkage only in aligned position. These two models are not 

integrated, and with the aim of improving them in [25], an integrated analytical model for linear 

switched reluctance motor with segmental translator is presented, which has good accuracy in 

predicting motor characteristics.  

In order to improve the analytical model in [25], an analytical model based on the magnetic 

equivalent circuit approach in [26] has been developed that predicts the performance 

characteristics of the motor with good accuracy and speed. In this model, to form the magnetic 

equivalent circuit, the air-gap between the stator and the moving part is divided into four 

different magnetic reluctances and their values are calculated using ANSYS and MATLAB 

software tools. Although the models introduced in [25] and [26] have acceptable accuracy and 

speed, some assumptions reduce the accuracy of the results. These models are proposed for the 

linear motor with segmented moving part, in which discrete segments are used in the moving 

part instead of salient poles. The space between two adjacent segments forms a trapezoidal 

geometry, which is considered rectangular for predicting the flux-linkage, which reduces the 

accuracy of predicting the dynamic characteristics of the motor. Therefore, to solve this 

problem, a more accurate model is developed in this paper. The important innovation of this 

paper is the method of predicting the flux-linkage characteristic in unaligned and aligned 

positions, which is developed into an integrated model using appropriate transformation. 

Among the analytical models presented for LSRM, considering that the saturation 

phenomenon occurs in the aligned position, but there is usually no saturation in the unaligned 
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position, it is difficult to provide an analytical model to predict the performance characteristics 

of motor in intermediate positions. Therefore, in this paper, two separate models are presented 

to predict flux linked in aligned and unaligned positions. In the unaligned position, assuming 

that no saturation occurs in the motor, the motor flux-linkage is calculated using appropriate 

equations in electromagnetics, while in the aligned position, assuming that saturation occurs, 

using the MEC model, flux-linkage is predicted. Considering the unsaturated inductance, these 

two separate models are linked together and an accurate and fast integrated analytical model is 

presented for predicting the static and dynamic characteristics of LSRM. Based on this, the 

developed analytical models are described in Section 2. Applying the proposed model to a 

typical three-phase LSRM, the simulation results are presented in Section 3. Finally, the 

conclusion is given in Section 4. 

2. DEVELLOPED MODEL  

The cross-section of a studied LSRM is shown in Fig. 1. As it is clear from this figure, each 

slot of the stator is filled with two phase windings. For the studied motor, the stator and the 

mover include ten and six poles, respectively. The positions of aligned and unaligned of the 

sample motor for phase B are shown in Fig. 2. Since it is enough to have one phase to analyze 

the SRM, so only the winding of one phase is considered, which can be generalized to the three-

phase motor after analysis. In the unaligned position, the reluctance of air-gap is higher than 

that of the aligned position. Therefore, as it is clearly seen in Fig. 2, the flux lines are more 

irregular in the unaligned position. By using the magnetic potential, which is a vector quantity, 

the magnetic field can be obtained. Therefore, if it is possible to find the magnetic potential 

vector for a current distribution, with a differential operation, the magnetic flux density is 

obtained from the magnetic potential vector.  

In the parts of motor where there is air, it is difficult to calculate the performance 

characteristics of motor. According to Fig. 2, in the unaligned position, the magnetic flux 

inevitably passes through the free space between the two poles of moving part, which can be 

used to calculate the static characteristics of motor using the magnetic potential vector. In the 

unaligned position, the flux produced by the coil can be divided into two parts: one is the flux 

that passes through the free space between the two poles adjacent in the moving part, and the 

other is partial fluxes that close their path through the stator slot. Therefore, the motor flux-

linkage in the unaligned position is calculated using prediction of the fields in the air-gap 

between the translator poles and stator slot. In the aligned position, a simple and accurate MEC 

model is used to predict the motor flux-linkage. 
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2. 1. Unaligned Position  

By applying the current to phase B, in the unaligned position of Fig. 2b, for the generated 

flux, the contribution of moving part and stator slot are predicted separately, then by adding 

these two values, the total flux in the unaligned position is obtained. 

 

2. 1. 1.  Contribution of Moving Part:  

Assuming that the current is in the Z-direction, since the magnetic potential vector is 

generated in the direction of current, this vector is non-zero only in the Z-direction. Therefore, 

Poisson's equation can be written as follows: 

 
2

0z zJ                                      (1)  

Where A is the magnetic potential vector, 0  is the magnetic permeability of air and J  is 

the electric current density. There is no current between the poles of moving part, so 0 zJ   

and Eq. (1) reduces to Laplace's equation: 

 
2 0z     (2) 

By solving the two-dimensional equation of Laplace on the free space between the two poles 

of moving part in the unaligned position, the field is obtained and as a result the magnetic flux 

density is obtained. Then, by choosing a suitable surface and integrating on this surface, the 

flux-linkage is calculated. The parameters required for calculations are shown in Fig. 3. The 

parameters 1trw  and 2trw  are equal in the full unaligned position, which changes their value 

when the translator is moved. 

Using the boundary conditions of the stationary magnetic field, following equation is 

obtained: 

 2 1t t sJ    (3) 

In the yellow rectangular geometry of Fig. 3, there is no current, that is, 0sJ   . As a result, 

the tangential field in two adjacent environments are equal ( 2 1t t  ), and by having the field 

in one of the environments, the field in the other can be obtained. In the unaligned position, the 

magnetic permeability coefficient of the sheets is assumed to be almost infinite. Therefore, the 

tangential field at the boundary between the poles and free space as well as the lower boundary 

are zero and the tangential field at the upper boundary of this area is non-zero. The boundary 



 

6 

 

conditions are applied in the rectangular geometry of free space between the two poles of the 

moving part as shown in Fig. 4. 

The y component of magnetic field denoted by y  at 0x   and trx w _and the x 

component of magnetic field denoted by x  are zero at the lower boundary, but the x  field 

in the upper boundary is non-zero and unknown. The boundary conditions of the magnetic field 

should be converted to appropriate boundary conditions to obtain the magnetic potential vector 

according to Fig. 5. Therefore, by solving the Laplace's equation with appropriate boundary 

conditions in Fig. 5, using the separation of variables method, the magnetic potential vector is 

obtained as follows: 

  
0

, cosh .cosz trk

k tr tr

k k
x y A y x

w w

 



    
       

    
  

(4) 

 

If tr  is the contribution of field in the moving part, it is calculated from the following 

equation: 

  
0

1
tr z


    

(5) 

According to (4) and (5) can be written: 

 

  

  

 

(6) 

 

In Eq. (6), by obtaining trkA , the moving part field is obtained in the unaligned position. In 

Fig. 3, in try h  , only the x component of tr  can be calculated. Therefore, to obtain the 

approximate value of x  at try h  where it overlaps with the stator pole, x  becomes zero 

and assuming that the field in x-direction ( x ) is constant, Ampere's law is used to calculate 

this constant value. According to these explanations, if N  is the turns per phase and I  is the 

phase current, the following equations are written from Fig. 6: 

For  10 trx w   : 

 
0 0

, sinh cos cosh sintr trk x y

k tr tr tr tr tr

k k k k k
x y A y x y x

w w w w w

    







         
          

         
 i i
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  
1

,               x tr

tr

NI
x h

w
    

(7) 

 

For  1 1tr tr psw x w w   : 

  , 0              x trx h   (8) 

 

For  1 1 2tr ps tr ps trw w x w w w     : 

  
2

,x tr

tr

NI
x h

w
   

(9) 

To calculate the trkA  coefficient in try h , only the x-component of Eq. (6) is considered. 

Therefore, trkA  is calculated using the Fourier series as follows: 

 

 

1 2 1

0

2 2 1

sin sin sin
2

sinh

tr

tr tr trtr
trk

tr tr

tr

k k k
q q w

w w wNIw
A

w wk
k y

w

  






      
      

         
   
      

 

 

(10) 

where: 

 1 1 2tr ts trq w w w    (11) 

 2 1tr tsq w w   (12) 

By obtaining trkA , the magnetic field can be calculated according to Eq. (6) in the moving 

section. By multiplying the x  and y  fields by the magnetic permeability coefficient of free 

space ( 0  ), the magnetic flux density in the x and y direction is obtained as: 

  

  

 

 

(13) 

 

   

 
1 2 1

0 

1 2 1

sin sin sin
2

, cos

tr

tr tr tr

x

k tr tr tr

k k k
q q w

w w wNI k
B x y x

k w w w

  

 







      
      

             
   

 
 



 
1 2 1

0 

1 2 1

sin sin sin
2

, sin

tanh

tr

tr tr tr

y

k tr tr tr

tr

k k k
q q w

w w wNI k
B x y x

w w wk
k y

w

  

 








      
      

             
     
      


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(14) 

 

where  ,xB x y  and  ,yB x y  are the magnetic flux density of the free space between the two 

poles of moving part in x- and y-directions, respectively. In this area, the direction of flux is in 

the direction of both vertical axis and the horizontal axis. Therefore,  ,xB x y  and  ,yB x y  are 

required to obtain the magnetic flux. If n  is a normal vector, the magnetic flux in x- and y-

directions can be obtained by choosing the appropriate surface from the following equations: 

  

   

 

(15) 

  (16) 

Considering that the normal vectors are in the opposite direction along the horizontal axis, 

their sum is zero. Therefore, only the flux along the vertical axis is considered. If stkL  is the 

axial length of the motor, having the number of turns, the contribution of translator flux-linkage 

( tr ) of each phase is obtained as follows: 

 

1 2 12

0 

21 2 1

sin sin sin
2

1 cos

tanh

tr

tr tr trstk tr
tr ts

k tr tr tr

tr

k k k
q q w

w w wN I L w k
w

w w wk
k y

w

  

 









      
      

                        
      

  

 

 

 

(17) 

2. 1. 2.  Contribution of Stator Slot:  

In unaligned position due to high air-gap reluctance, part of flux passes through the stator 

slot, which is difficult to calculate. In Fig. 7, assuming that the current in the stator slot 

conductors has a uniform distribution and the flux path is straight, the magnetic resistance of 

core is ignored. A strip with a width of dx , which is located at a distance x  from the bottom of 

slot, is considered and the magnetic conductivity is calculated for two sections of the stator slot 

with height 1h  and 2h , then the contribution of stator slot flux-linkage is calculated through the 

magnetic conductivity. According to Fig. 7, the magnetic conductivity is obtained from the 

following equation: 

.nds   

. . .y y y yds ds       i

. . .x x y xds ds     i
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1

2

0 
0

Λ
h

x
stk

s

N dx
L

N w


 
  

 
  

 

(18) 

where: 

 

1

x s

s

N w x

N w h
  

(19) 

From Eq. (18) and Eq. (19), the flux-leakage in the first and second sections are predicted 

from the following equations, respectively: 

 
2 1

1 0 
3

s stk

s

h
N I L

w
   

(20) 

 
2 2

1 0 s stk

s

h
N I L

w
   

(21) 

The total flux in the stator slot is equal to the sum of flux-leakage calculated for two sections: 

 1 2s s s     (22) 

From Eq. (17) and Eq. (22) the flux-linkage in unaligned position is calculated from the 

following equation: 

 unaligned s tr     (23) 

2. 2. Aligned Position  

For the aligned position with the excitation of phase B according to Fig. 8, part of the flux 

generated by winding passes through the translator pole and another part passes through the 

free space between the two poles of translator, which are indicated by m  and f , respectively. 

Therefore, to model the flux-linkage at intermediate positions, the flux path width is divided 

into two separate parts. These two parameters are variable so that with the displacement of the 

moving part, their values change and an increase in one causes a decrease in the other. At the 

beginning of aligned position, all the flux produced by a phase closes its path through the air-

gap between the two poles of translator. Therefore, 0m  . Also, in the fully aligned position 

according to Fig. 2a, the produced flux closes its path through the translator pole, hence 0f 

. To calculate the flux-linkage in aligned position, an accurate MEC model is presented in this 

subsection. The proposed MEC model predicts the magnetic saturation in the aligned position 

with high accuracy, then m  and f  can be calculated. 
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2. 2. 1. Prediction of mλ : 

 By exciting the phase B in LSRM, the magnetic flux lines for the fully aligned position are 

obtained by the two-dimensional FEM using ANSYS software and can be seen in Fig. 9. 

According to the flux path in this figure, the MEC model for the LSRM is suggested according 

to Fig. 10. Using Ampere's law, the equation of the magnetic motive force (MMF) according 

to the flux m  is obtained as follows: 

  2 2 2sp sy trp try g tNI       R R R R R R  (24) 

In Eq. (24), spR  and syR  are the reluctances related to the pole and yoke of stator, trpR  and 

tryR  are the reluctances related to pole and yoke of translator and gR  is the air-gap reluctance 

between stator and translator. In this equation, the calculation of reluctances, especially air-gap 

magnetic reluctances, are difficult and requires special methods that challenge the simplicity of 

the magnetic equivalent circuit model. To solve this problem, since the goal is to calculate the 

magnetic flux, all the magnetic reluctances in Fig. 10, can be written in their equivalent form. 

By determining the equivalent magnetic reluctance in Eq. (24), the flux can be calculated. It 

is difficult to calculate these reluctances with the movement of translator. Therefore, both 

saturation and translator position should be entered in Eq. (24) by choosing the appropriate 

method. Assuming that the motor goes into saturation in the aligned position, to consider the 

saturation phenomenon, the B-H curve of sheets is interpolated using the following equation 

[27]: 

 0

1

fe

fe
fe

sat

H
B H

H

B





 



 
 

(25) 

where, the two parameters satB  and   are determined by interpolating the magnetization curve 

of the motor laminations with this equation. In Fig. 8, according to the flux path, the following 

equation is obtained: 

 2 2fe g gH L H L NI   (26) 

In this equation, L  is the average length of the flux path in iron,  gL  is the length of the air-

gap, feH  and gH  are the magnetic intensity in iron and air-gap, respectively. For the air-gap, 

the following equation can be written: 
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 0 gB H  (27) 

From Eq. (24), Eq. (26) and Eq. (27) we can write: 

 

0

2
2

g

t fe

L B
H L


 R  

(28) 

Assuming that the cross-sectional area of flux in the air-gap and the translator pole is equal 

to A , By multiplying the flux cross-sectional area and the magnetic flux density, the magnetic 

flux passing through that area is calculated. Therefore, following quadratic equation is formed 

from Eq. (25) and Eq. (28): 

0

0

0

0

2

2

2
1

gt

gt

gt

sat

BL
A

BLL L
A

BL L L

L L

B




 
 






 
 

      
    
 

R

R

R
 

22

02

gt
sat

L
B

L A L

 



  

R
 

22 2

2 2

0 02 2 4 2

sat g o t gsat t sat o t o t
B A L A LB A B A A

L A L L L A L

        

 
    

RR R R
 

2 2 2

2 2 2 2

0 0 02

sat o g o g t o gB A L A L A L

A L A L A L

       

  
  

R
 

22
2

2 2 2

02 4

g g t gt o t

o

L L LA

L A L L L A L

   


 

 
     

 

RR R
 

0

0
2 2

sat g sat gsat t sat o t
sat

B L B LB A B A
B

L L L L

 




 
      

 

R R
 

 

 

 

 

 

 

 

 

 

 

 

 

 

(29) 

 

This equation has two separate solutions, one of which is correct considering the modeling 

goal. In Eq. (29), 0   cannot provide the desired solution. Therefore, the acceptable answer 

is obtained from the following equation: 
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(30) 

In Eq. (24), it is necessary to determine the equivalent magnetic reluctance to obtain the 

magnetic flux in different parts of the motor. For this purpose, equation Eq. (30) is used. From 

Eq. (24) and Eq. (30) a quadratic equation is obtained in terms of tR  which has two separate 

solutions. This equation and its solutions are obtained as follows: 
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      
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(31) 

where 

  1g rZ L L     (32) 

     2 2 1g g r gW Z L L L L L      (33) 

 
2 28 gS L L   (34) 

Only one solution to this equation is acceptable. This solution is determined using the current 

value. In Eq. (31), for zero current, the value of tR  should not become zero. Therefore, only 

positive sign is considered. In Fig. 10, to predict the flux, considering both saturation 

phenomenon and translator position, it is difficult to calculate the reluctances, but it can be done 

with high accuracy using Eq. (31). By obtaining the flux from Eq. (24) and Eq. (31), it is 

possible to obtain the flux linked in aligned position by considering the saturation as follows: 

 m N   (35) 

2. 2. 2. Prediction of fλ : 

 Ampere's law is also valid for the closed path created by the f . In the middle lengths of 

the aligned position where there are both m  and f , by following the closed path of f  and 

applying Ampere's law, the following equation is written:  
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 2 2fe gf gfH L H L NI   (36) 

Here, the value of gfL , which is the length of flux in space between the two translator poles, 

is different from gL . Therefore, the magnetic field created by m  and f  are also different. As 

a result, the same model that was presented to predict the value of m  is used with simple 

changes to predict the f . The cross-sectional area through which the f  passes is a part of the 

stator pole that does not overlap with the translator pole in the aligned position. If spw  is stator 

pole width and trpw  is a variable value and equal to the part of translator pole that overlaps with 

the stator pole, then the width that f  passes through is sp trpw w .  

In the proposed model for the unaligned position, it was assumed that motor does not go to 

saturation, but in the model presented in the aligned position, assuming that the motor goes to 

saturation, a B-H curve was considered for the saturation. Therefore, these two models are 

independent of each other. In order to connect the two models together, unsaturated inductance 

is obtained near the beginning of the aligned position where f  has its highest value. This 

inductance is calculated using the proposed model for the unaligned position where the aligned 

position has not yet started. With the mentioned considerations, the length of path f  in space 

between the translator poles has its maximum value at the beginning of aligned position and its 

minimum value in the full aligned position. Therefore, this length is obtained from the following 

equation: 

 1
trp

gf g gtr

sp

w
L L L

w

 
   

 
 

 
(37) 

where length gtrL  is obtained from the unsaturated inductance calculated from the proposed 

model for the unaligned position. If trL  is the unsaturated inductance, the following equation is 

obtained: 

 
 2

0stk sp trp

gtr g

tr

N L w w
L L

L


   

(38) 

Therefore, by applying these changes to (31), the following equation is obtained: 
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(39) 

where 

  1f gf rZ L L     (40) 

     2 2 1f f gf gf r gfW Z L L L L L      (41) 

 
2 28f gfS L L   (42) 

  f stk sp trpA L w w   (43) 

From Eq. (24) and Eq. (39), f  is obtained from as follows: 

f fN    (44) 

By adding Eq. (35) and Eq. (44), the phase flux-linkage in the aligned positions is predicted 

from the following equation: 

 aligned m f     (45) 

3. SIMULATION RESULTS 

The simulation results based on the proposed analytical models and 2-D FEM for LSRM are 

given here. Motor specifications are given in Table 1 and the sheets of stator core and translator 

are M800-50A with a thickness of 0.5 mm. For the sample LSRM, the parameters of satB  and 

µ  are obtained from the interpolation of the B-H curve of the motor sheets with Eq. (25) 1.8 

and 0.00997, respectively, and this interpolation is shown in Fig. 11. Using the analytical 

models and the FEM, the static characteristics of the flux-linkage with a phase of LSRM are 

predicted, which are shown in Fig. 12. These characteristics have been obtained by applying 

currents of 0 to 20 A for phase B and moving from the unaligned position to the aligned position 

with a length of 69 mm.  

In order to better evaluate the results of analytical model and FEM, the flux-linkage obtained 

in the positions of fully aligned and fully unaligned as well as the middle position are compared 

in Fig. 13 and Table 2.These comparisons clearly show that the introduced analytical model has 

a suitable accuracy in predicting the static characteristic of the flux linked for all translator 
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positions, and due to its calculation speed, it can be properly used in the performance analysis 

of the three-phase LSRM.  

Having the characteristic of flux-linkage ( ) for the currents and different positions, other 

characteristics including co-energy (  ,cw x i ) and static force (  ,F x i ) can be obtained using 

the following equations: 

    , ,cw x i x i di   (46) 

  
 

i=const

,
, |

cw x i
F x i

x





 

(47) 

According to (46), the area between the aligned and unaligned graphs represents the motor 

energy. So, more area means more co-energy and thus more static force. The co-energy 

characteristics for LSRM is compared only for currents of 6, 12 and 16 A and depicted in Fig. 

14. Based on Eq. (47), the force static characteristic in different positions and currents for 

LSRM is obtained, which is shown in Fig. 15. 

In order to calculate the dynamic characteristics of LSRM, including the instantaneous phase 

current (  i x ) and the instantaneous thrust force (  F x ), having the flux-linkage characteristic, 

first the phase instantaneous current is obtained from the phase voltage equation as follows: 

 
 ,d x i

V Ri
dt


   

(48) 

where R  is the resistance of the phase winding and V  is the phase voltage. Having (  i x ) 

and the force static characteristic (  ,F x i ), the instantaneous thrust force (  F x ) is calculated. 

The control parameters for calculating instantaneous current and thrust force are the turn-on 

position ( onx ) and the turn-off position ( offx ) of phase. For this LSRM, onx  and offx  are 

considered 13.8 mm and 48.3 mm, respectively. Considering these cases, the waveforms of 

instantaneous current and instantaneous thrust force for LSRM are predicted and compared 

using the proposed analytical model and FEM, which shown in Fig. 16 and Fig. 17, respectively. 

The RMS value of instantaneous phase current predicted using analytical model and FEM are 

8.83 and 8.97, respectively, while the average instantaneous thrust predicted using analytical 

model and FEM are 66.93 and 66.85, respectively. The static and dynamic comparisons of 
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LSRM using the developed analytical model and the FEM show that the presented model 

predicts the performance characteristics of motor with high speed and acceptable accuracy.  

In order to better evaluate the presented analytical model, for the operating point phase 

voltage is 150 V and speed is 3 m/s, the instantaneous thrust force and force ripple are also 

calculated. For the proposed analytical model and the finite element method, turn-on position 

and turn-off position are considered to be equal to 18 mm and 32 mm, respectively. Considering 

this operating point, the instantaneous thrust force curves for two different models are shown 

in Fig. 18. The average instantaneous thrust force and force ripple for the proposed analytical 

model are obtained as 71.56 N and %61.9, respectively, while for the finite element method 

they are calculated as 70.7 N and %57.35, respectively, which shows that the proposed 

integrated analytical model has an acceptable accuracy in predicting the dynamic characteristics 

of the LSRM. 

The finite element method (FEM) has high accuracy to predict the results and it is a 

conventional method for validation of the proposed analytical models. In the FEM, in order to 

increase the accuracy of the model, meshing details and adding appropriate boundary conditions 

must be considered. Therefore, although considering these details increases the accuracy of the 

FEM, it also increases the calculation time, while in analytical models, fewer details are 

considered, which reduces the accuracy of the results compared to the FEM. The main 

advantage of analytical methods is the time required to predict motor characteristics, which is 

much less than those of the FEM. To predict the characteristic of flux-linkage, the simulation 

time (related to a Core i3. processor speed: 2.27GHz, RAM: 4GB) is 45 seconds for the 

developed analytical model and 55 minutes for FEM, while in [25] is 29 seconds for proposed 

analytical model and 45 minutes for FEM.  

To evaluate the accuracy of the analytical model presented in this paper compared to the 

analytical model presented in [25], the dynamic characteristics are compared with the FEM. 

The average thrust force and the RMS value of current for the developed model of this paper 

are 66.93 N and 8.83 A, respectively, while for the FEM are 66.85 N and 8.97 A, respectively. 

The error of the results for the average thrust force and current are %0.12 and %-1, respectively. 

Also, the average thrust force and RMS value of current for the proposed model in [25], are 60 

N and 6.05 A, respectively, while for the FEM are 63.1 N and 6 A, respectively. The error of 

the results for the average thrust force and current are %-4.9 and %0.8, respectively. These 

results show that the accuracy of the analytical model presented in this paper for predicting 

motor performance characteristics is acceptable. 
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4. CONCLUSION  

In this paper, two analytical models based on solution of field equations in the unaligned 

position and magnetic equivalent circuit model in the aligned position were presented to predict 

the performance characteristics of the linear switched reluctance motor in different positions of 

translator. Having the characteristic of flux-linkage with a phase, the dynamic characteristics 

of motor, including instantaneous phase current and thrust force, were calculated from the phase 

voltage equation. Due to the high speed (the simulation time is 45 seconds for the developed 

analytical model and 55 minutes for FEM) of developed model, it can be used properly for the 

iterative design and optimization process of the motor. The proposed models were applied to a 

typical three-phase linear switched reluctance motor and the simulation results were presented 

and compared with the results obtained from the finite element method for validation. These 

comparisons showed that the analytical models were highly accurate in predicting the 

performance characteristics of motor and due to their calculation speed, they can be properly 

used in the performance analysis and optimal design of the linear switched reluctance motor. 
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Fig. 1. The Linear witched reluctance motor (LSRM) 

Fig. 2. Important positions for phase B: (a) Aligned, (b) Unaligned 

Fig. 3. Ggeometry of stator and air-gap between two poles of moving part in unaligned position 

Fig. 4. Boundary conditions modeled in free space between the translator poles 

Fig. 5. Appropriate boundary conditions 

Fig. 6. Magnetic field in the x-direction at the upper boundary of air-gap between the two poles 
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Fig. 8. Geometry of motor to calculate flux-linkage in aligned position 

Fig. 9. Flux path in aligned position 

Fig. 10. The magnetic equivalent circuit corresponding to the aligned position 

Fig. 11. Interpolation of the motor sheets B-H curve with Eq. (25) 

Fig. 12. Static characteristic of flux linked with a phase: (a) proposed analytical model, (b) FEM 

Fig. 13. Flux linked for three positions 

Fig. 14. Comparison of co-energy for LSRM 

Fig. 15. Characteristic of static force for LSRM 

Fig. 16. Instantaneous current waveforms for LSRM 

Fig. 17. Instantaneous thrust force waveforms for LSRM 

Fig. 18. Instantaneous thrust waveforms for the 3-phase LSRM: (a) proposed analytical model, 

(b) FEM 
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Fig. 1. The linear witched reluctance motor (LSRM) [13] 
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Fig. 2. Important positions for phase B: (a) Aligned, (b) Unaligned 

 

 

 

 

 

Fig. 3. Ggeometry of stator and air-gap between two poles of moving part in unaligned position 
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Fig. 4. Boundary conditions modeled in free space between the translator poles 

 

 

Fig. 5. Appropriate boundary conditions [25] 

 

 

Fig. 6. Magnetic field in the x-direction at the upper boundary of air-gap between the two poles 

 



 

24 

 

 

Fig. 7. Stator slot geometry to calculate stator slot flux-leakage 

 

 

Fig. 8. Geometry of motor to calculate flux-linkage in aligned position 

 

 

Fig. 9. Flux path in aligned position 
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Fig. 10. The magnetic equivalent circuit corresponding to the aligned position 

 

 

Fig. 11. Interpolation of the motor sheets B-H curve with (25) 
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Fig. 12. Static characteristic of flux linked with a phase: (a) proposed analytical model, (b) FEM 
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Fig. 13. Flux linked for three positions 

 

 

Fig. 14. Comparison of co-energy for LSRM 
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Fig. 15. Characteristic of static force for LSRM 

 

 

Fig. 16. Instantaneous current waveforms for LSRM 
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Fig. 17. Instantaneous thrust force waveforms for LSRM 
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b 

Fig. 18. Instantaneous thrust waveforms for the 3-phase LSRM: (a) proposed analytical model, 

(b) FEM 
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TABLE 1. SPECIFICATIONS OF THE LSRM 

Parameters 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 

 

TABLE 2. THE FLUX LINKED VALUES (WB.TURNS) FOR SOME TRANSLATOR POSITIONS 

Position Simulation Current[A] 

  2 6 10 14 

 

Unaligned 

position 

Modeling 0.016 0.048 0.079 0.111 

FEM 0.017 0.050 0.083 0.117 

Error -5.8% -4% -4.8% -5.1% 

 

Intermediate 

position 

Modeling 0.088 0.259 0.423 0.572 

FEM 0.084 0.251 0.422 0.589 

Error -4.7% 3.2% 0.24% -2.9% 

 

Aligned 

position 

Modeling 0.191 0.564 0.915 1.224 

FEM 0.186 0.572 0.969 1.273 

Error -2.7% -1.4% -5.6% -3.8% 
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