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Abstract—In this paper, a direct thrust control (DTC) of linear 
induction motor (LIM) has been developed and a 
comprehensive study is presented. DTC is a method based on 
primer flux control in the stationary reference frame using 
direct control of the inverter switching. The basic concept of 
DTC is to control both primer flux and electromagnetic thrust 
of the machine simultaneously. Modeling phase begins with a 
derivation of suitable mathematical model to describe LIM in 
the stationary α−β reference frame. Then, the concept of DTC 
based on switching table (ST-DTC) strategy is illustrated and 
dealt with in detail. Finally, the performance of this control 
method has been demonstrated by simulations performed using 
Matlab/Simulink and the results obtained from the simulations 
are discussed. 

Keywords-direct thrust control; switching table; vector 
control; linear induction motor; end effect. 

I. INTRODUCTION

Linear electric motors (LEMs) belong to the group of 
special electrical machines. LEMs convert electrical energy 
directly into mechanical energy of linear motion. Thus, there 
is no need to wheel, gear or any type of mechanical rotary-
to-linear convertors. The most popular of LEMs are linear 
induction motors (LIMs). Nowadays, LIMs are widely used 
in transportation systems and in many industrial applications 
such as conveyor systems, elevators, actuators, material 
handling, hammers, presses, mills, separators, textile 
shuttles, sliding door, robots, etc [1-2]. But LIMs have some 
drawbacks due to its own structure of a finite core length. 
The most important problem is called “End Effects”. The 
end effects occur from the relative motion between primary 
and secondary. As the primary moves, it continuously 
encounter with a new secondary sheet. This new secondary 
sheet tends to resist a sudden increase in flux penetration 
and only permits a gradual accumulation of flux density in 
the air gap [3]. This influence on the flux density leads to 
braking force and additional loss that are produced by eddy 
currents at the entry and exit rail [4]. So, the end effects 
should be considered in both the modeling and controlling of 
LIMs in order to achieve speed or thrust tracking. 

In recent years, direct thrust control (DTC) is preferable 
to give a fast and good dynamic thrust response in the small 
and medium power range applications. This control method 
is different in terms of the operation principle from the field 
oriented control (FOC) or the vector control technique. As 
the vector control is a method based on primer current 
control in the synchronous reference frame, DTC is a 

method based on primer flux control in the stationary 
reference frame [5]. DTC has very simple control structure 
in comparison with the conventional vector control and is 
characterized by a good and fast dynamic response. 

DTC-based drives do not require the coordinate 
transformation between stationary frame and synchronous 
frame and the inverter is directly controlled by the inverter 
switching states selected using switching table. Thus, neither 
current controllers nor pulse-width modulation (PWM) 
modulator is needed [6]. However this DTC approach has 
some disadvantages such as difficulty to control thrust and 
flux at very low speed, high current and thrust ripple, 
variable switching frequency due to the hysteresis 
comparators used for the thrust and flux comparators and 
high noise level at low speed [7]. 

The main objective of this paper is to develop the 
simulink model of direct thrust control of linear induction 
motor. The rest of the paper is organized as follows. Firstly, 
the mathematical model of linear induction motor in 
stationary reference frame is presented. Second, the 
principals of direct thrust control including end effects are 
introduced. Finally, the simulation results and some 
conclusions are given.  

II. MODELING OF LINEAR INDUCTION MOTOR

 To obtain a suitable LIM equivalent circuit, we must 
quantify the end effects during entry and exit from the 
secondary. So, the end effect is modeled by f(Q) which is 
represented by: 
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Where, Q is a factor related to not only the primary 
length but also the machine velocity. 
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It can be seen in (2) that the Q factor is inversely 
dependent on the velocity. i.e. for a zero velocity the end 
effects can be neglected (Q=∞, f(Q)=0). As the velocity 
increases, the end effects increase and this causes a 
reduction of the magnetization current of LIM. This effect 
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may be quantified by modifying the magnetization 
inductance as follows. 

� �� �QfLL mm �� 1' (3)

On the other hand, ohmic losses occurring with the 
increase of the eddy currents induced at the entry and exit 
ends of the secondary must be taken into consideration when 
the equivalent circuit is created. So, a resistance inserts in 
series with the inductance in the magnetization branch of the 
equivalent electrical circuit. This resistance represents the 
ohmic losses produced by the eddy currents and it is 
described as the product of the secondary resistance Rr by 
the f(Q) factor. 

� �QfRR reddy � (4)

The equivalent circuit of the LIM is presented as shown 
in Fig. 1. This circuit is on a per phase basis. 
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Figure 1. Per-phase LIM equivalent circuit 

This equivalent model must be expressed in the 
synchronous reference frame (d−q model) or the stationary 
reference frame (α−β model) in order to develop the 
dynamic analysis and model-based control algorithms of 
LIM. In this study, the stationary reference frame is used to 
analyze the dynamic model including end effects of the 
LIM. Fig. 2 shows the α−β model of the equivalent circuit 
considering the end effects. 

sR lsL lrL
rR

� �QfRr

� �� �QfLm �1

mi
si�

sv�

rr ��	�

rv�

ri�

(a) α-axis equivalent circuit

sR lsL lrL rR

mL

mi
si�

sv� rv�

rr ��	�
ri�

  

(b) β-axis equivalent circuit
Figure 2. α−β equivalent circuit of the LIM with the end effects in the 

stationary frame 

From the α−β equivalent circuit of LIM, the primary and 
secondary flux equations are given as follows. 
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The primary and secondary current equations are given 
as follows. 
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The thrust force and the motion equation are expressed 
as equation (13) and (14), respectively. 
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Where subscripts ‘s’ and ‘r’ denote the primary and 
secondary values, respectively; subscripts ‘α’ and ‘β’ denote 
α-axis and β-axis values, respectively; p is the poles number; 
v is the linear primary speed in m/s; D is the primary length 
in meters; τP is the pole pitch; TL is the load thrust force; B is 
the viscous friction coefficient of the LIM; m is the mass of 
the LIM.  

III. DIRECT THRUST CONTROL

Fig. 3 shows the basic direct thrust control scheme which 
is similar to that for RIM. 
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Figure 3. Basic direct thrust control scheme for linear induction motor 



The basic principle of DTC is to control both primer flux 
and thrust directly by selecting the optimum inverter 
switching states [8]. As shown in Fig. 3, to determine the 
optimum voltage vector, the reference values (Te

* and Ψs
*)

are compared with the actual values calculated from primer 

variables. The error signals obtained at the end of the 
comparison are applied to the three-level thrust and two-
level flux hysteresis comparators. Then, the optimum 
voltage vector is selected by using the outputs of the
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Figure 4. Simulink model of DTC for LIM with end effects 

comparators and knowledge of the position of the primer 
flux at the switching table. This selection maintains the 
primer flux and thrust error inside their respective 
hysteresis bands. The switching table is shown in Table I. 
In the six-pulse VSI, there are six non-zero active voltage 
vectors and two zero voltage vectors. These are shown in 
Fig. 5. 

TABLE I. SWITCHING TABLE

Flux 
error 

position

Thrust 
error 

position

Sector
I

Sector
II

Sector
III

Sector
IV

Sector
V

Sector
VI

1
1 V2 V3 V4 V5 V6 V1
0 V7 V0 V7 V0 V7 V0
-1 V6 V1 V2 V3 V4 V5

0
1 V3 V4 V5 V6 V1 V2
0 V0 V7 V0 V7 V0 V7
-1 V5 V6 V1 V2 V3 V4

Sector ISector III

Sector IV Sector VI

Sector II

Sector V

β 

α V1

V2V3

V4

V5 V6

S1=100

S2=110S3=010

S4=011

S5=011 S6=011

V7
S7=111

V0
S0=000

Figure 5. VSI voltage vectors 

The actual values of the primer flux and thrust are 
obtained by using a closed-loop estimator and α−β 
components of primer voltage and primer current space 
vectors in the stationary reference frame are obtained from 
the state of switches of the inverter which is represented 
by SA, SB and SC in Fig. 3. Primer voltage components 
(Vαs, Vβs) are calculated as follows.  
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On the other hand, primer current components (iαs, iβs)
are calculated as follows. 
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It is important to determine accurately the knowledge 
of the primer flux and thrust for DTC. So, the end effects 
are considered while the primer flux and thrust are 
estimated. In this case, the primer flux is derived from (5) 
and (6). 
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In equation (5), α-axis secondary current is ignored 
due to its measurement difficulty and less effect on the 
flux estimation [9].The position of primer flux is denoted 
by θψ and given by equation (22). 
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The thrust value is estimated as follows. 
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IV. SIMULATION RESULTS

Simulink model of DTC-based drive system for LIM 
considering the end effects is shown in Fig. 4. In this part, 
the validity of the control system is examined under 
different conditions. A step change of thrust command is 
applied at the beginning of the simulation from 0 to 10 
Nm and this command is not changed until the end of the 
simulation. The primer flux reference is set to 0.5 Wb. 
During the simulation, the different reference speed is 
applied to the system. Firstly, the system is sped up with 
the acceleration of 10 m/s2 until from 0 to 0.3 second. 
Secondly, a constant speed that is 3 m/s is applied to the 
system between 0.3 to 0.7 second and finally the system is 
decelerated with the acceleration of 10 m/s2 between 0.7 
to 1 second. Fig.6, Fig. 7 and Fig. 8 show the speed, thrust 
and flux linkage trajectory responses, respectively. Fig. 9 
and Fig. 10 show the estimated primer flux and thrust, 
respectively. 
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Figure 6. The speed response of LIM with DTC-based drive 
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Figure 7. The thrust response of LIM with DTC-based drive 
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Figure 8. The primer flux trajectory of LIM with DTC-based drive 
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Figure 9. Estimated primer flux magnitude waveform 
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Figure 10. Estimated thrust waveform 

V. CONCLUSION

This paper presents a dynamic model and a DTC-
based drive system for LIM including end effects and it is 
focused to develop a direct thrust control simulink model. 
A classical DTC is used, but unlike a conventional DTC 
used for RIM, the flux and thrust equations are improved 
considering the end effects and these equations are used at 
the flux and thrust estimator. The given improvement is 
validated by the simulation results. It can be seen from 
simulation results that the proposed method has been 
given fast thrust and speed response and this method can 
be preferable for the small and medium power range 
applications.  
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APPENDIX

The test machine has the following parameters as shown 
in Table II. 

TABLE II. PARAMETERS OF TESTED LINEAR INDUCTION MACHINE [9] 

Number of Poles−P                                                                                    2 
Primary Resistance−Rs                                                                     2.82 Ω
Secondary Resistance−Rr                                                               48.84 Ω
Primary Inductance−Ls                                                                 0.0452 H 
Secondary Inductance−Lr                                                             0.0301 H 
Magnetizing Inductance−Lm                                                        0.0262 H 
Pole Pitch−τp                                                                                                                0.06 m
Primary Length−D                                                                            0.21 m 
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