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Abstract— In this paper, 2-D finite element analysis and 

MATLAB/Simulink software are used to model and simulate the 

proposed tubular linear switched reluctance actuator. The 

analysis of the actuator by finite element is essential for 

determining the magnetization characteristics. The obtained data 

from the analysis is useful for testing and verifying the machine 

operation performance and behavior. According to the analysis, 

when a step current signal of 3A was applied to the actuator, 

oscillation occurred at beginning of the motion with maximum 

overshooting of 2mm and settling time of 0.15s. Besides, the force 

analysis showed there was nonlinear force behavior between -

3.5N and 2N observed from the actuator motion. The saturation 

and nonlinear magnetization curve of materials causes the 

nonlinearity characteristics of thrust force and magnetic flux 

which affect the performance of the actuator. The determination 

of the characteristics and performance is crucial for the proposed 

actuator to realize a precision positioning system in the future. 

 

Keywords: Finite element analysis, modeling, tubular linear 

switched reluctance actuator. 

I. INTRODUCTION 

In semiconductor industry, motion control and precision 

positioning play an essential role in production such as in 

die bond and wire bond process. Most processes require 

linear actuators in their operation. Recently, there are 

several types of linear actuator which commercially used 

such as pneumatic and hydraulic. As kind of linear actuator, 

linear switched reluctance actuator (LSRA) becomes an 

attractive alternative technology to other linear actuators 

owing to a simple, low production cost, no intermediary 

mechanical gear, no permanent magnet and durable 

structure. It has been proposed for application such as 

precision motion control [1]–[7]. Typical LSRA can divided 

into three distinct topologies, single-sided planar, double-

side planar and tubular type [8]. In addition, depending on 

the adjacent magnetic flux route, the actuator structure can 

be configured into longitudinal flux or transverse flux. For 

longitudinal flux, the flux line and actuator movement is in 

parallel while in transverse, the flux line is perpendicular 

with actuator movement. According to prior LSRA double-

sided [9]–[11], single sided  [12] and tubular [13], [14] 

modeling analysis, the switched reluctance type of machine 

has extremely nonlinear characteristics. Therefore, 

designing and developing the performance of the actuator is 

become more challenging. Examination of actuator 

characteristics is essential for predicting the steady state and 

the dynamic performance, i.e. to express flux linkage and 
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thrust force as a function of excitation current and mover 

linear position.  

This paper is devoted to modelling and simulation of 

proposed a longitudinal tubular linear switched reluctance 

actuator (T-LSRA) by using 2-D finite element analysis 

(FEA) and MATLAB/Simulink software. The description of 

the designed T-LSRA is presented in section II. The design 

is characterized by compact stator structure and easily 

replaceable mover since it is independent with the stator. 

The structure and dimensions of T-LSRA design had been 

optimized in [15]. In section III, the finite element analysis 

is elaborated. The flux and force characteristics calculated 

by finite element method are discussed in this section. 

Section IV elaborates the dynamic mathematical model of 

the machine. In section V, the MATLAB/Simulink model is 

constructed based on the electromagnetic curve. In this 

section, the simulation results are discussed. Finally, section 

VI presents the conclusions of this paper.  

II  DESIGN STRUCTURE & METHODOLOGY 

The designed longitudinal T-LSRA is three phases’ 

actuator which consists of twelve stators and a mover that 

made from the carbon steel. Therefore, there are 24 coils 

winding and twelve stator slots are included in the design. 

To produce a continuous motion, three phases of current 

excitation are implemented. Therefore, for each phase, eight 

coils are connected in series. The structure of linear 

switched reluctance motor with 12:8 stator-to-mover pole 

pairs is shown in Fig. 1. 

In general, the driving current of T-LSRA is applied to 

the phase coils sequentially for performing a linear motion 

of the mover. The thrust force generates high attraction from 

the mover tooth near to the active stator pole. When the 

mover tooth moves near to the centre of the pole, the active 

coils are switched to generate a continuous motion up to 

15mm. Table- I and Table- II show the current excitation 

sequence for forward and reverse motion. For forward 

motion, the current excitation sequence is A-C-B while in 

backward motion is A-B-C. The compact size of the 

proposed actuator is around 120mm x 57mm. Fig. 2 shows 

actual dimensions of the T-LSRA which provides a full 

view of the actuator structure. The mechanical and electrical 

parameters of the actuator are summarized in Table- III. 
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Fig. 1.Design structure of proposed tubular linear 

switched reluctance actuator. 

 

Table- I: Current excitation sequence for forward 

motion 

Positions 
Phas

e 

0mm -5.0mm A 

5.0mm – 10.0 

mm 
C

 

10.0mm -

15.0mm 
B 

Table- II: Current excitation sequence for backward 

motion 

Positions 
Phas

e 

0mm 5.0mm A 

5.0mm – 10.0 

mm 
B

 

10.0mm -

15.0mm 
C 

Table- III: Parameters of designed actuator 

Symbo

l 
Parameter Value 

M Actuator Materials 
AISI 

1045· 

n 
Number of winding 

turns 
60

 

P Number of phases 3 

N 
Number of coil per 

phase
 8 

D1 Stator outer diameter 57 mm 

D2 Stator inner diameter 37 mm 

T 
Stator yoke 

thickness 
10 mm 

h1 Stator tooth width 5mm 

h2 Stator slot width 2.5 mm 

h5 Stator tooth height 14mm 

L2 Stator length 120 mm 

d1 
Mover outer 

diameter 
8 mm 

h3 Mover tooth height 1.5 mm 

h4 Mover tooth width 5mm
 

p Mover tooth pitch 10 mm 

L1 Mover length 420 mm 

g Air gap thickness 0.5 mm 
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h2 h1h4

h
3

h
5
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d
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D
1

D
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Fig. 2.Side view of schematic diagram of proposed 

tubular linear switched reluctance actuator. 

III ELECTROMAGNETIC CHARACTERISTICS 

The proposed T-LSRA is analyzed using commercial 2-D 

finite element analysis program (Maxwell 2-D from ANSYS 

Inc.). 2-D FEA analysis is used since it provides lower 

computation power and time compared to 3-D FEA analysis. 

Fig. 3 illustrates the 2-D FE model. The model is an axial 

symmetric (RZ) model which represents a cross-section that 

is revolved 360° around an axis of symmetry (z-axis).  

Stator Pole

Coil Windings

Mover

Fig. 3.2-D axial symmetric finite element model of 

tubular linear switched reluctance actuator. 

 

Flux and magnetic field distribution for the unaligned, 

half aligned and aligned positions are shown in Fig. 4, Fig. 5 

and Fig. 6 respectively. The analysis has been carried out 

between three positions x=0mm, x=2.5mm and x=5mm 

which is the distance between the aligned and unaligned 

positions. In the analysis, the phase coil C is fed by a current 

of 5A. The unaligned position corresponds to the mover 

teeth unaligned with stators. The air gap between stator and 

mover teeth is higher and flux linkage is lower in this 

position. The maximum flux density is approximately 1.3T 

at the mover as in Fig. 4. 

At intermediate position, the magnetic field distribution 

shows an expansion notably along the mover. Besides, a 

slight increase of flux density noted on overlapping regions 

approximately 0.5T. In Fig. 6, it shows that the moving teeth 

are aligned with the slots of stator. The flux linkage shows 

large increment as the flux line canals from stators onto the 

mover teeth in this position. 

To evaluate the magnetic characteristics, the mover of T-

LSRA is shifted from an unaligned position to a aligned 

position for multiple excitations current, starting from 0A to 

5A with the steps of 0.5A. Fig. 7 indicates flux linkage 

curves of phase A for various excitations current with the 

position from unaligned to aligned position with the 

increment of 0.2mm. The flux linkage increases gradually 

for each position with different current values. 

Approximately around 2A, nonlinear effect of the saturation 

begins. 
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(a) 

 

 
(b) 

Fig. 4.Unaligned position plots from 2-D FEA (a) Flux 

linkage distribution (b) Magnetic field distribution. 

 

 

 
(a) 

 

 
(b) 

Fig. 5.Half aligned position plots from 2-D FEA (a) 

Flux linkage distribution (b) Magnetic field distribution. 

. 

 

 
(a) 

 

 
(b) 

Fig. 6.Aligned position plots from 2-D FEA (a) Flux 

linkage distribution (b) Magnetic field distribution. 

 
Fig. 7.Flux linkage curves of phase A. 

 
Fig. 8.Current-force-position curve. 

Besides examined the magnetic characteristic of the 

actuator, the performance of the proposed T-LSRA is 

determined by the force characteristics verses the mover 

position and applied current. The magnetic field is evenly 

distributed along circumferential direction for tubular type 

of LSRA. Therefore, only thrust force Fz provides 

significant roles in tubular type of LSRA. Fig. 8 presents the 

thrust force curve in relation to the position of moving teeth. 

For each excitation current, the maximum value of the thrust 

force is at 0.2mm which approximately around unaligned 

position. When obtaining equilibrium position which the 

aligned position, the thrust force is almost zero. The curve 

represents the highly nonlinearity of the force characteristics 

of T-LSRA. 
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Fig. 9 shows the force generated by the 3 phases of T-

LSRA for the same applied current (3A). The phases 

develop a maximum force of 2.1 N and the minimum force 

of 0.36 N. The average force value for each phase is about 

1.55 N. 

 
Fig. 9.Thrust force of 3 phases with 3A excitation 

current. 

IV DYNAMIC MATHEMATICAL MODEL 

The nonlinear electrical phase equation causes the 

modelling of the T-LSRA is characterized with high 

difficulties. The designed model must take into account the 

nonlinearity of the force characteristics presented in Fig. 8 

and the variation of the flux linkage of T-LSRA as in Fig. 7. 

The mathematical model can be represented by two sections, 

which are the electrical and mechanical model. The 

electrical parameters are involving the resistance (R), 

increment of the inductance (Lj) which is the derivation of 

flux linkage (  ) and applied voltage (uj). The mechanical is 

including the electromechanical force (Fx), mechanical load 

(FL), friction (F0), friction coefficient (B), mover mass (m), 

velocity (v) and position (x). 

The equivalent circuit of each phase is expressed in (1) 

with the voltage Uj (while j is for respective phase A, B or 

C) is equal to the total of resistive voltage drop and variation 

of flux linkage. The expression of flux depends on the 

excitation current and the mover teeth. 

dtjdψ
j

i
j

RU j 
 

(1) 

     dtjijijdψdtdxdxjdψ
j

i
j

R
j

U 

 

 

The current rate can be expressed by 

     dtdxdxjdψjijRjUjijdψ1dti j 

 

(2) 

In (2) represents the flux characteristic for every phase in 

various current and the mover position. For the mechanical 

side, the electromagnetic force is equal to the sum of applied 

mechanical load, friction and inertial force as shown in (3) 

and the elaboration of the mechanical mathematical model is 

derived in (4) with      ⁄  is the velocity of the mover, B is 

the friction coefficient and       ⁄  is the acceleration of 

the motion. 

  L0x FFdtdvmF 
 

(3) 

    L0jx
22 FdtdxsignFdtdxB)ix,(F)dtxdm( 

 

(4) 

Finally, using (2) and (4), the model is described by 

the following equation: 

     dtdxdxAdψAiARAUAiAdψ1dti
A



 

(5) 

 

 

     dtdxdxBdψBiBRBUBiBdψ1dtiB 

 

(6) 

     dtdxdxCdψCiCRCUCiCdψ1dtiC 

 

(7) 

    L0jx
22 FdtdxsignFdtdxB)ix,(F)dtxdm( 

 

(8) 

V RESULTS AND DISCUSSION 

The modelling of the T-LSRA was done by using 

MATLAB/Simulink and derivation in (2) and (4) were taken 

into account for the modelling design. In order to obtain the 

average values of the flux linkage and electromagnetic 

thrust force, lookup tables are used. The tables are based on 

the spline interpolation which the data is obtained from the 

Fig. 7 and Fig. 8. By using (2), the current value of each 

phase can be obtained for each value of flux and the mover 

position.  The current value can be used in (4) to get the 

force that generated by the actuator. The simulation block 

diagram of the proposed T-LSRA is illustrated in Fig. 10-

Fig. 12.  

 
Fig. 10.Tubular linear switched reluctance simulation 

model. 

 

 
Fig. 11.Electrical model of tubular linear switched 

reluctance actuator for each phase. 
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Fig. 12.Three phases mechanical model of tubular 

linear switched reluctance actuator. 

 

For realizing the control technique of the T-LSRA, the 

verification of the T-LSRA operation is implemented. The 

simulation results shown in Fig. 13 show the operation in 3 

phase sequential steps without external load. 

 
(a) 

 
(b) 

 
(c) 

Fig. 13.T-LSRA function evaluation (a) Current 

excitation sequence (b) Position response in 3 phases of 

current excitation (c) Force responses in 3 phases of 

current excitation. 

 

The current excitation sequence of the T-LSRA is starting 

from phase A followed by phase C and phase B with the 

amplitude of 3A and the period of 1s as shown in Fig. 13 

(a).  The presented results in Fig. 13 (b) show the mover 

moves to equilibrium position corresponding to 5mm when 

the coil at phase A excited. For the next equilibrium 

positions which are 10mm and 15mm, phase C and B are 

excited successively. According to the results, the oscillation 

occurs at the beginning of movement with high overshoot 

before reaching the equilibrium position with 0.2s settling 

time. The force curve of the movement, shown in Fig. 13(c) 

indicates highly unstable operation of the proposed T-LSRA 

due to nonlinear characteristics of the actuator. 

VI CONCLUSION 

In this paper, modelling and simulation of proposed T-

LSRA by using FEA and MATLAB/Simulink had been 

carried out. Finite element analysis is essential in 

determining the magnetic characteristics. The obtained data 

from FEA is used for testing and verifying the T-LSRA 

operation performance and behaviour. According to the 

analysis, when a step current signal of 3A was applied to the 

actuator, oscillation occurred at beginning of the motion 

with maximum overshooting of 2mm and settling time of 

0.15s. Besides, the force analysis showed there was 

nonlinear force behaviour between -3.5N and 2N observed 

from the actuator motion. As a conclusion, the nonlinearity 

characteristics affect the performance of the machine. The 

determination of the actuator characteristics and 

performance is crucial for the proposed T-LSRA to realize a 

precision positioning system. These are planned for future 

work. 
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