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Abstract—In this paper, the parameters of a linear type 

reluctance motor was verified by varying the motor 

parameters; i.e. (a) air gap thickness and (b) number of 

winding turns of a 3-phase Tubular Linear Reluctance Motor 

(TLRM). The aim is to optimize the electromagnetic thrust 

force. At first, a three-dimension TLRM structure is designed 

using ANSYS Maxwell 3D software Ver. 17.2. Next, the effects 

of the varying parameters are evaluated using Finite Element 

Method (FEM) analysis. The obtained results show that the 

variation of the air gaps and the number of winding turns 

greatly influence the electromagnetic thrust force. It is found 

that the maximum thrust force of the design TLRM is 370.3mN 

at 0.5mm air gap thickness and 300 numbers of winding turns.  

 

Index Terms—Finite Element Method (FEM); Linear 

Electromagnetic Motor; Thrust Force; Tubular Linear 

Reluctance Motor. 

 

I. INTRODUCTION 

 

Electric linear motors are known as the best candidate to 

replace the conventional rotary-to-linear motor for the linear 

motion drive, as it does not require additional mechanism 

such a gear and ball-screw to translate a rotary motion to the 

linear motion. There are various types of electric linear 

motors, such as piezoelectric motor, electrostatic motor and 

electromagnetic motor [1]–[3]. The characteristic 

differences of these electric linear motors are the working 

range, the heat dissipation and the thrust force as shown in 

Table 1. The electromagnetic motor has the advantages of 

long working range and large thrust force but it still has 

disadvantage which is it has high heat dissipation compared 

to the other electric motors [4]. 

 
Table 1 

 General Characteristic of Electric Motors. 

Type of Motor  Characteristic 

Working 
Range 

Thrust 
Force 

Drive 
complexity 

Heat 
Dissipation 

Piezoelectric Short High Moderate Nonlinear 

Electrostatic Short Small Moderate Nonlinear 
Electromagnetic Long High Complex Nonlinear 

 

 

There are few types of linear electromagnetic motors; i.e. 

Linear Permanent Magnet (LPM) motor and Linear 

Reluctance (LR) motor. The LPM motor is widely used in 

high precision motors, robotic and biomedical industry since 

as it has high power density and high precision [5]–[10]. 

LPM motor uses permanent magnet which may lead to 

higher cost especially when neodymium magnet is 

implemented. An alternate candidate for replacing the LPM 

motor is the Linear Reluctance Motor (LRM). Both LPM 

and LRM consist of two main parts; the stator that consists 

of coil windings and the rotor or mover. The main difference 

between these two motors is the LPM motor has permanent 

magnet on the mover structure while the LRM does not 

require permanent magnet on the mover structure. The LRM 

consists of two main materials; i.e.: (i) ferromagnetic 

material for the both stator and rotor core and (ii) copper for 

the winding coil. Due to the lack of magnetic field source of 

the permanent magnet, the LRM is not able to produce high 

thrust density as compared to the LPM motor. The LRM can 

be designed either in a flat shape or in a tubular shape. The 

tubular shape of LRM is commonly known as Tubular 

Linear Reluctance Motor (TLRM). Comparison between the 

tubular shape and the flat shape is the coil winding in the 

tubular shape of the LRM does not require the end windings 

as the flat shape does. The coils end winding can reduce the 

efficiency of the motor. All coils in the TLRM are active 

participants in the magnetic field and the thrust production 

[11–16].  

In this paper, a new design of TLRM is evaluated for 

determining the maximum thrust force characteristics when 

the air gap thickness between the stator and the mover and 

the number of coil winding turns are varied. The analysis is 

done using ANSYS Maxwell 3D software Ver. 17.2 and 

using Finite Element Method (FEM) analysis [17]–[20].  

 

II. TLRM DESIGN STRUCTURE GEOMETRIES 

 

In this paper, the TLRM is design based on the following 

performance specifications; which are to design a miniature 

size TLRM that has a long working range (i.e: 100 mm 

displacement), but at the same time it is able to produce high 

thrust force (i.e.: 20 N). To evaluate the FEM analysis, the 

TLRM is drawn using ANSYS Maxwell 3D software Ver. 

17.2. The TLRM consists of two main structures, the 

stationary part (stator) that contains coil phase windings and 

the mover part (rotor). Figure 1 (a) shows the construction 

of the TLRM. The isometric cross section view of the 

TLRM is shown in Figure 1 (b). The three identical coils 

phase winding sets are connected in series connection to 

each phase and driven by an external input current amplifier. 

The stator and the rotor are constructed using ferromagnetic 

material and both have the teeth shape design. Figure 2 

illustrates the dimensions of the proposed TLRM and the 

details of the initial parameters are summarized in Table 2.   
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Figure 1: (a)  TLRM Isometric View 

 

 
Figure 1: (b)  TLRM Isometric Cross Section 

 

 
Figure 2:  TLRM Isometric Cross Section 

Table 2 

TLRM Initial Parameter 

Initial Parameter Dimension (mm) 

Stator outer diameter, dso 63 

Stator inner diameter, dsi 20 

Stator tooth width, hst 10 
Stator slot width, hsw 4 

Stator length, ls 88 

Coil outer diameter, dco 27.5 
Mover diameter, dm 11 

Mover tooth width, hmt 4 

Mover tooth pitch, pm 14 
Mover length, lm 128 

Air gap thickness, hag 0.5 

  
 

The electromagnetic force, F is derived from the rate of 

change of co-energy with mover position shown by Eq. 1; 
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Where  ziW ,' is magnetic co-energy at position z and 

current i , which it can be derived from the coil flux-linkage, 

 Wbt .  Wbt  is a function of current and mover 

displacement, given by Eq. 2; 
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III. FINITE ELEMENT METHOD ANALYSIS RESULTS 

 

A. Magnetic Field Distribution 

The Finite Element Method (FEM) analysis for the TLRM 

magnetic field distribution was performed using ANSYS 

Maxwell 3D software Ver. 17.2. FEM analysis is a 

computerized method for predicting the TLRM reaction to 

real-world thrust forces and magnetic field distribution.The 

input current used in this analysis are varied from 0 A to 2 A 

with the interval of 0.2 A. From the result of magnetic field 

distribution, when the input current is excited at phase A and 

phase A’, the magnetic flux flows from the stator teeth to 

the mover teeth as illustrated in Figure 3. 

 

B. Varying Air Gap Thickness 

In order to obtain the maximum thrust force of the motor, 

the air gap thickness and the number of winding turns are 

varied. The air gap thickness is varied from 0.5 mm to 1.5 

mm with the interval of 0.2 mm while the parameter of the 

winding turns is 100 turns. Figure 4 shows the example of 

the air gaps variation between 0.5 mm, 0.9 mm and 1.5 mm. 

The computed thrust forces gradually increased which 

correspond to the input current as shown in Figure 5. The 

maximum of 42 mN thrust force can be obtained with the 

smallest air gap thickness of 0.5 mm. The largest air gaps 

thickness, i.e. 1.5 mm produced the smallest thrust force 

value of 6.4 mN. As the thickness of the air gap becomes 

smaller, the reluctance of the air gap becomes small and the 

thrust force becomes larger. It can be depicted that, as the 

size of the air gap thickness decreases, the reluctance of the 

air gap decreases, thus increasing the electromagnetic force. 
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Figure 3:  Magnetic Flux Density 

. 

 

 

Figure 4:  Structure Comparison When Air Gaps Are Varied 

 

 

Figure 5:  Varying Of Air Gaps Thickness 

 

C. Varying Number Of Windings Turns 

The number of winding turns is varied from 100 turns to 

300 turns with the interval of 50 turns while the air gap, i.e. 

0.5 mm remained constant. From Figure 6, it can be depicted 

that the highest number of winding turns i.e. 300 turns 

generate the highest thrust force of 370.3 mN. The minimum 

thrust force 42 mN was produced by the 100 turns. It can be 

concluded that as the number of winding turns increases, the 

thrust force also increased. This circumstance is expected 

since as the number of winding turns increase, the 

concentrated current at the coil become larger hence 

increasing the magnetic fields subsequently generating more 

electromagnetic force.  

 

 

Figure 6:  Varying Of Number Winding Turns 

 

IV. CONCLUSIONS 

 

The thrust force characteristics of the varying air gap and 

the varying number of winding turns are presented in this 

paper.  The simulation results of FEM analysis have shown 

that the air gap thickness and the number of winding turns 

influence the thrust force of the TLRM. For the air gap 

variance, the smaller the gap will contribute higher thrust 

force. For the number of winding turns, the higher the 

number of winding turns will generate higher thrust force. 

The optimum parameters of the varying parameter are 

shown in Table 3. These optimum design parameters will be 

used in the motor fabrication which is the next step of this 

research work. The comparison between the experimental 

result and simulation result will be done to clarify the 

results. 

 

Table 3: TLRM Optimize Parameters 

No Varying Parameter Optimum 
Parameter 

Thrust force 

1 Air Gap Thickness 0.5 mm 42 mN 

2 
Number of Winding 

Turns 
300 turns 370.3 mN 
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