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Abstract- In this paper the speed control method of LIM, 

which lead to optimal control characteristic of motor such 

as thrust, flux and current, is proposed. The performance 

of the proposed DTFC method is analyzed with 

considering end-effect. DTFC is one of the improved 

control methods which employ several PI controllers. 
Proper adjustment of coefficients of the PI controller 

plays an important role in the satisfactory performance of 

control system that are determined using MATLAB 

optimization functions. The obtained results show that the 

DTFC method considering end-effect has led to a 

considerable reduction in the FORCER flux and thrust 

ripple near to 0.8%. The most important feature of DTFC 

method is its performance robustness against the end-

effect phenomenon. 

 

Keywords: Direct Thrust Control, Indirect Vector 

Control, Linear Induction Motor, End Effect. 

 

I. INTRODUCTION                                                                         

Linear electric motors (LEMs) belong to the group of 

special electrical machines. Main applications of these 

machines are in high-speed ground transportation, sliding 

doors, flexible manufacturing systems, robotic systems, 

etc. [1]. In a linear induction motor (LIM), the primary 

winding corresponds to the stator winding of a rotary 

induction Motor (RIM), while the secondary corresponds 

to the rotor. Normally, the secondary part of a LIM is 

made of aluminum and steel plates. As the primary 

moves, a new flux is continuously developed at the entry 

of the primary yoke, while existing flux disappears at the 

exit side.  

Sudden generation and disappearance of the 

penetrating field causes eddy currents in the secondary 

plate. This eddy current affects the air gap flux profile in 

the longitudinal direction. The losses, as well as the flux-

profile attenuation, become severer as the speed 

increases. Such a phenomena is called ‘End Effect’ of 

LIM [2]. So, the End Effects should be considered in both 

the modeling and controlling of LIM in order to achieve 

speed or thrust tracking.   

A current control type vector control is generally used 

as a control method of LIM [2, 3]. The control scheme 

requires rotor position detector, the rotating coordinate 

transformation, and the current controller of which PI 

control is general, which needs the gain tuning. As a 

result, the controller configuration becomes complicated. 

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 [4, 

5].  

DTC structure is very simple in comparison with the 

conventional vector control and is characterized by fast 

dynamic response and low thrust ripple. Direct thrust 

control does not require a rotor position detector and the 

current controller in the rotating coordinate system. Thus, 

position   sensorless control can be realized easily. 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, the main disadvantage 

of DTC is the need for high sampling rate and variable 

switching frequency resulting from hysteresis based 

control loops. [7].  
In addition, many studies of DTC in linear induction 

motor drives are performed [1, 3]. Linear motors have 

been examined with three-phase moving magnetic field 

models and insufficiently-research parts of the problem 

were interpreted as different models in the literature has 

been evaluated. Polar step-change on the moving area 

was modeled with variation of magnetic flux. The rotor 

and stator magnetic flux change was demonstrated 

graphically and envelops during in different times 

calculated theoretically [8].  
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Equivalent circuit modeling of a linear induction 

motor is more complicated than a rotary induction motor 

because of the existence of the End Effect. In a rotary 

induction motor, an accurate equivalent circuit model is 

obtained due to its pole-by-pole symmetry. In the LIM 

because of the existence of the End Effects, electrical 

conditions vary at the entry and exit point, so the pole 

symmetry argument is not maintained. Most of the 

existing models of LIMs, which have been derived in 

recent literatures, cannot be directly applied for the vector 

control because of their dependency on field theory. 

Thus, an accurate equivalent circuit model of LIMs is 

essential for vector control drive [10].  

To eliminate disadvantage of conventional DTC such 

as high ripple of torque and flux in low speed, the new 

control method has been proposed. In this method the 

frequency of inverter switching has been increased. The 

proposed control method, controls inverter switches 

directly by means of predictive capability [11]. There are 

several techniques for modeling of LIM in rotating 

reference frame, which help to simulate precisely [12]. 

The model of LIM with considering end effect had been 

proposed in [13]. 

In this paper, first the dynamic model of the linear 

induction motor with including End Effects is 

represented. By using direct thrust control, position 

sensorless drive is available in linear metro and that can 

be used as a fail-safe function of the vector control when 

position sensor broke. Proper adjustment of coefficients 

of the PI controller plays an important role in the 

satisfactory performance of control system. To adjust the 

coefficients of PI controllers FINDLIMITS function and 

COST function which are two kinds of optimization 

functions of MATLAB software are used. In addition, the 

simulation result at starting and accelerating in both 

control schemes is discussed and has been shown by 

employed DTFC control methods. Control characteristics 

have been improved and End Effect does not have any 

influence on the control of the thrust and the speed. 

 

II. DYNAMIC MODEL OF LINEAR INDUCTION 

MOTOR 

A mathematical model of three-phase, two-pole 

permanent-magnet synchronous motors should be 

developed. Three-phase, two-pole permanent-magnet 

synchronous motor is illustrated in Figure 1. 

 

A. Motor Modeling 

To obtain a suitable LIM equivalent circuit, we must 

quantify the end effects during entry and exit from the 

secondary [14]. Figure 1 shows the fluxes induced by 

moving part which called End Effect.  Therefore, the End 

Effect is modeled by  f Q  which is represented by:   

 
1 Qe

f Q
Q


  (1)                        

where, Q is a factor related to not only the primary length 

but also the machine velocity: 

r

r

DR
Q

L v
  (2) 

where, rR  and rL  are rotor resistance and inductance 

respectively, v  is the linear primary speed in m/s, D is 

the primary length in meters. It can be seen in Equation 

(2) that the Q  factor is inversely dependent on the 

velocity. I.e. for a zero velocity the End Effects can be 

neglected ( Q  ,   0f Q  ). As the velocity increases, 

the end-effects increase and this causes a reduction of the 

magnetization current of LIM. This effect may be 

quantified by modifying the magnetization inductance as 

follows: 

  1m mL L f Q    (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: 

 eddy rR R f Q  (4) 

The equivalent circuit of the LIM is represented as 

shown in Figure 2. This circuit is on a per phase basis. At 

low speeds, there is no difference between the equivalent 

circuits of LIM and RIM. However, if the primary moves, 

the equivalent circuit of RIM is not good for LIM 

because of the existence of the end effect. In order to 

develop the dynamic analysis and model-based control 

algorithms of LIM, the equivalent model must be 

expressed in d-q model as shown in Figure 3 and Figure 4 

respectively. 

 

 
 

Figure 1. End-effect conception in LIM 

 

 
 

Figure 2. Per-phase LIM equivalent circuit 
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Figure 3. The d-axis equivalent circuit 

 

 
 

Figure 4. The q-axis equivalent circuit 

 

From the d-q equivalent circuit of LIM, the primary 

and secondary voltage equations are given as follows: 

  ds s ds r ds dr ds e qsV R i R f Q i i p        (5) 

qs s qs qs e dsV R i p      (6) 

 dr s dr ds e r qsV R i p        (7) 

 qr r qr qr e r drV R i p        (8) 

   1ds ls ds m ds drL i L f Q i i      (9) 

 qs ls qs m ds drL i L i i     (10) 

   1dr lr qr m ds drL i L f Q i i      (11) 

 qr lr qr m ds drL i L i i     (12) 

where sR is the stator resistance, dsi , dri  and qsi , qri are 

the stator and rotor currents in d-q reference frame 

respectively,  lsL , lrL  are stator and rotor leakage fluxes, 

ds , dr  and qs , qr  are stator and rotor fluxes in d-q 

reference frame respectively. 

 The thrust force and the motion equation are 

expressed as Equations (13) and (14), respectively: 

 
3

2 2
e dr qs qr ds

p

p
F i i


 


   (13) 

e L

dv
F m Bv F

dt
    (14) 

where, p  is the poles number, p  is the pole pitch, LF  

is the load thrust force, B  is the viscous friction 

coefficient of the LIM, m  is the mass of the LIM. 
 

III. PROPOSED DIRECT THRUST FORCE 
CONTROL FOR LINEAR INDUCTION MOTOR 

Direct thrust force control is hysteresis control of the 
forcer flux and thrust, using the flux linkage estimated by 
the command voltage and the armature current on the d-q 
coordinate. Output stator voltage vector is directly 
selected according to vector selection table and output of 
the hysteresis controllers.  

The difference between the reference value and the 

actual force and flux, which called the error signal, is 

input of the hysteresis controller. To control the thrust 

and flux, dual-band and single- band hysteresis controller 

are used respectively. In these controllers, the favorable 

bandwidth of the force and flux error has been 

determined, by considering the thrust and flux error 

signal, command to increase or decrease the force and 

flux is given based on the switching table.  

At this stage by knowing the current position vectors 

of force and flux, depending on either increase or 

decrease the amount of force or flux, the optimum 

voltage vector were selected from switching table 

(Lookup-Table) and is sent to converter (Inverter) to 

apply to the motor. So, thrust and forcer flux linkage are 

controlled directly by selecting an appropriate stator 

voltage vector. Optimum switching sequence in inverter 

is expressed in Table 1. Figure 6 shows a block diagram 

of DTFC. Flux linkage is estimated by the following 

equations: 

  ds ds s ds r dsv R i R f Q i dt     (15) 

 qs qs s qsv R i dt    (16) 

 2 2
s ds qs     (17) 

where, ds  and qs  are the estimated flux linkage on the 

d-q coordinate, dsv  and qsv  are voltage commands on the 

d-q coordinate, dsi  and qsi  are the estimated currents on 

the d-q coordinate, s  is the stator flux linkage, and sR  

is the stator resistance. The position of primer flux is 

denoted by   and given by Equation (18): 

1tan
qs

ds









 
 
 
 

 (18) 

The thrust value is estimated as follows: 

 3

2 2
e ds qs qs ds

p

p
F i i


 


   (19) 

 Figure 7 shows simple expression model of a three-

phase inverter and a motor. The relation between voltage 

vector and flux control area is depicted in Figure 8.  

 

 
 

Figure 6. A block diagram of DTFC 
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Figure 7. Simple expression diagram of a three-phase inverter - LIM 

 

 
 

Figure 8. Relation between voltage vector and flux control section 

  

Each switches uSW , vSW  and wSW  takes either state 

of “1” or “0”. Thus, the number of switching mode of 

three-phase inverter is eight. For example, in order to 

have 1u , in output switch states of uSW , vSW  and wSW

take “1”, “0” and “0” respectively. As shown in Figure 6, 

hysteresis comparators give the torque and flux-linkage 

error state to vector selection table; and then, appropriate 

stator voltage vector is selected according to the voltage 

vector selection table shown in Table 1. 

 
Table 1. Vector selection table 

 

  θ(1) θ(2) θ(3) θ(4) θ(5) θ(6) 

 eF =1 2 3 4 5 6 1 

eΦ = 1 eF =0 0 0 0 0 0 0 

 eF =-1 6 1 2 3 4 5 

 eF =1 3 4 5 6 1 2 

eΦ = 0 eF =0 0 0 0 0 0 0 

 eF =-1 5 6 1 2 3 4 

 

According to above analysis, we obtain a flux 

controller and speed controller from Equations (1) to (8) 

as follow: 

 

  

*
*

*

4

3 1

r m

qs

dr m

L L f QF
i

p L f Q



 





 (20) 

 * *1
1ds r dr

m

i T p
L

   (21) 

From Equation (4) we can obtain the slip frequency:   

1 m
sl qs

r dr

L
i

T



  (22) 

 As mentioned, the stator currents of the linear 

induction machine are separated into flux- and thrust-

producing components by utilizing transformation to the 

d-q coordinate system, whose direct axis (d) is aligned 

with the rotor flux space vector. If the d-axis primary 

current (flux current component) is kept constant, so the 

electromagnetic force is directly proportional to q-axis 

current. By using vector control technique, the thrust that 

is shown in Equation (13) can be calculated by the 

following equations: 

 
3

2 2
e dr qs

p

p
F i





  (23) 

 

IV. OPTIMAL CALCULATION OF PI 

COEFFICIENT 

To improve the performance of PI controllers, 

different method such as fuzzy logic techniques and 

genetic algorithm are used. In this section, coefficients of 

the controller are determined using an optimization 

function. Advantages of this method are simplicity and 

lack of need for additional parameters. The first step is to 

determine the objective function. Regarding the 

objectives of this study, the reduction of stator flux 

ripple, torque ripple and the speed error rate are 

importance. By controlling the torque ripple, speed ripple 

is also improved. Hence, the torque ripple and speed error 

have been considered in objective function. Since three PI 

are used in control system and the main goal of this study 

is PMSM speed control the objective function expressed 

as follows: 

 ,
j jp I ref actf k k    , 1,2,3j   (24) 

,
j j j jb p I bL k k U 

 
(25) 

where, bL  and bU  are upper and lower bounds for the 

coefficients in the defined range. 

Two functions of COST and FINDLIMITS are used 

as main optimization functions. A schematic of the 

system determines the coefficients alongside the control 

system block diagram are shown in Fig. 5. The maximum 

number of simulations repeat, the range of variables 

coefficients and convergence interval are given as inputs 

to the system. FINDLIMITS function applies defined 

boundary constraints on the system during the 

computation. 

Then, with an initial guess that according to bounds of 

the specified range is defined, the system starts 

calculation. For each simulation repeat, the motor 

response is compared with the reference, point- to -point, 

and the average error is calculated for the entire 

simulation period. If the error is not within the interval 

convergence, the simulation is repeated. A COST 

function performs convergent examining. These two 

functions with programs written in a m file, determine the 

coefficients of controllers. 
 

 
 

Figure 9. Optimal PI Coefficients Determination 

LIM
Cotrol 

System

Determination

actual
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V. SIMULATION RESULTS 

In this section simulation results to verify the 

capability and feasibility of proposed control method are 

shown. The Main aid of this paper is speed control of 

LIM. For this purpose, the reference value of LIM speed 

is selected 8 m/s that is equal to 28.8 km/h. This speed 

value is higher than conventional range for linear motors 

motion. Figure 10 shows the reference and actual speed 

of LIM that is tracked by DTFC method preciously. The 

settling time is equal to 0.65 sec that is good for this 

range of speed. Achieving reference value without any 

oscillation and ripple is evident.  

For used LIM according to parameters shown in 

Table 2, 0.25 wb is selected as the reference value of 

motor flux that Figure 11 shows the actual flux of motor. 

The LIM can track the reference value at 0.21 sec that 

illustrates fast settling time and high dynamic response. 

One of the most important features of DTFC is reducing 

ripple amplitude. Figure 12 shows the zoomed view of 

flux. Maximum ripple amplitude is less than 0.002 wb 

that is equal to less than 0.8% of amplitude.  

With selecting d-axis of d-q reference frame in 

direction of flux motor, according to Figure 13, the flux 

amplitude of motor in q-axis direction will be equal to 

zero and whole flux will be created in d-axis direction. 

The three-phase fluxes show in Figure 14 that after 

achieving reference speed at 0.7t  sec, all parameters 

have constant value. The thrust of motor to generate 

desired speed is shown in Figure (15). The maximum 

amplitude of thrust is less than 100 N that illustrate the 

capability of controller to control roughly high speed 

LIM with low thrust ripple and oscillation. 

In order to create the flux and thrust of motor 

according to related references, the current that motor 

consumed through grid is shown in Figure 16. Figures 

16(a) and 16(b) show the current in d-q axis and Figure 

16(c) shows three-phase currents respectively. As 

mentioned earlier, the end-effect phenomenon causes 

destructive effect in the performance of LIM. By using 

Equations (1) and (2), Figure 17 shows the amplitude of 

end-effect phenomenon that is relevant to linear speed 

and varies with speed changes. After achieving reference 

speed amplitude by motor, the changes of  f Q  is 

constant. 

 

 
 

Figure 5. The linear speed of motor  

 
 

Figure 11. The reference flux amplitude 

 

 
 

Figure 12. Zoomed view of flux amplitude 

 

 
(a) 

 
(b) 

 

Figure 13. The reference flux of FORCER 

(a) d-axis     (b) q-axis 
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(b) 

 

 
(c) 

 

Figure 14. The three phase of reference flux 

(a) phase a     (b) phase b     (c) phase c 

 

 
 

Figure 6. The thrust of motor 

 

 
(a) 

 

 
(b) 

 
(c) 

 

Figure 7. The current of FORCER 

(a) d-axis     (b) q-axis     (c) abc 

 

 
 

Figure 8. The  f Q  function 

 
Table 2. LIM motor parameters 

 

Rs (Ω) 1.3 D (m) 0.308 

Rr (Ω) 2.66 Pole pitch 0.066 

Ls (H) 0.06 Number of pole 4 

Lr (H) 0.0451 M (kg) 4.5 

Lm (H) 0.0376 Motor Width (m) 0.33 

 

VI. CONCLUSIONS 

In this paper, speed control of LIM using direct thrust 

force control (DTFC) method based on dynamic model of 

LIM with considering end-effect phenomenon is 

presented. In this control method, flux and thrust relations 

by considering end-effect are rewritten. Using these 

equations, thrust force and flux values are estimated for 

using in controller. Because of the important role of PI 

coefficients in its operation, the coefficients are 

determined using MALAB optimization function. The 

DTFC method improved the ripple of motor 

characteristics such as flux and thrust which were 

confirmed by simulation results. Also in the control 

method DTFC, the end-effect hasn’t any destructive 

effect on speed control, thrust and flux distortion. 
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