
Investigation of Frequency Effects on the Performance of Single-
Sided Linear Induction Motor 

 
 

Abbas Shiri and Abbas Shoulaie 
 

 Department of Electrical Engineering 
Iran University of Science and Technology, Tehran, Iran  

abbas_shiri@iust.ac.ir, Shoulaie@iust.ac.ir 
  
 

Abstract ─ Single-sided linear induction motors 
(SLIMs) have been widely used in industry, 
especially in high-speed transportation systems. 
The performance of the SLIMs is considerably 
affected by the characteristics of its secondary 
back-iron. The conductivity of the iron used as 
well as its magnetic permeability influence the 
performance of the machine, while the magnetic 
permeability itself is affected by the input 
frequency of the SLIM. In this paper, using 
Dancan equivalent circuit model and considering 
all phenomena involved in the single-sided linear 
induction motor, the outputs of the motor such as 
efficiency, power factor, normal force and output 
thrust are analytically derived. Then, the effects of 
the input frequency on depth of the field penetr-
ation and saturation level of the secondary back-
iron as well as the SLIM outputs are analyzed. To 
confirm the analytical results, 2D time-stepping 
finite element method is employed. The results are 
in good agreement with each other confirming the 
analytical analysis.  
  
Index Terms ─ Back-iron saturation, efficiency, 
input frequency, normal force, output thrust, 
power factor.  
 

I. INTRODUCTION 
Single-sided linear induction motor (SLIM) is 

one of the many kinds of linear motors that 
became popular in industry in recent decades. 
Their simple structure and comparatively low con-
struction cost make them a reliable candidate for 
high-speed transportation systems [1, 2]. Because 
of the importance of the SLIM, it has gained 
interests of the researchers in industry. Many 

investigations have been done concerning the 
design of the SLIMs. In design, the primary 
weight [3], the thrust and power to weight ratio 
[4], the power factor and efficiency [5-7], and 
thrust in constant current [8] have been consi-
dered. To study the performance of the SLIMs, 
several equivalent circuit models have been propo-
sed which facilitate their analysis [9-11]. There are 
special phenomena in linear motors that make 
them different from their rotary counterparts. Lee 
et al. have investigated the effect of the construc-
tion of the secondary on edge effect [12]. There 
are some researches which investigate the end 
effect in linear induction motors. Bazghaleh et al. 
have designed the SLIM considering end effect 
phenomenon [13-15]. In [16], the existence of the 
end effect has been confirmed by using analytical 
equations and defining end effect factor. Also, the 
effects of design parameters on the end effect have 
been investigated in [17-19].  

In double-layer secondary SLIM, the 
performance of the latter is mainly influenced by 
saturation level of the back-iron. The secondary 
back-iron plays important role in operation of the 
SLIM. Besides providing a mechanical support, it 
is used as magnetic flux pass produced by the 
primary. Changing the input frequency changes 
the saturation level of the back-iron and so, 
impresses the performance of the motor. In this 
paper, to study the performance of the SLIM, 
analytical equations for the efficiency, power 
factor, normal force and output thrust are derived. 
All phenomena involved in the single-sided linear 
induction motor such as longitudinal end effect, 
back-iron saturation, transverse edge effect, and 
skin effect are considered in equations. Then, 
using the derived equations, the frequency effects 
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on the saturation level of the back-iron and the 
motor performance are investigated. To confirm 
the validity of the analytical analysis, as well as 
the obtained outputs, finite element method is 
employed and the results are compared. 
 
II. EQUIVALENT CIRCUIT MODEL OF 

THE SLIM 
Similar to rotary induction motors, the 

performance of SLIM can be investigated by 
equivalent circuit model [9-11]. For investigation 
of the performance of the SLIM, the equivalent 
circuit model proposed by Duncan is employed 
[9]. The per-phase equivalent circuit model is 
shown in Fig. 1. In this figure, 1R  is the per-phase 
resistance of the primary which is calculated as 
follows: 
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 In the above equation, wσ  is the conductivity 
of the conductor used in the primary winding, ecl  
is the end connection length, sW  primary width, 
N  the per-phase number of turns of the primary 
winding and wA  is the cross-sectional area of the 
conductor. 

The primary leakage reactance is given by [20, 
21]: 
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where 0µ  is the permeability of the vacuum, p  
the number of pole pairs, q  the number of the 
slots per pole per phase, 1ω  the primary angular 
frequency and sλ , eλ  and dλ  are the permeances 
of slot, the end connection and the differential, 
respectively. 

The per-phase magnetizing reactance of the 
motor is given by [20]: 
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where wk  is the winding factor, τ  the pole pitch 
and seW  and eg  are the equivalent primary width 
and the effective air-gap length, respectively, 
which are calculated by the following equations: 

           ,msse gWW +=  (4) 
,)1)(/( mstmlce gkkkkg +=  (5) 

 
Fig. 1. Equivalent circuit of SLIM. 

 
In the aforementioned equations, the following 

denotations and equations are hold: 
mg  is the magnetic air-gap, lk  the air-gap leakage 

factor, ck  the Carter's coefficient, tmk  the 
magnetizing reactance factor due to edge effect, 
and sk  is the secondary iron saturation factor. The 
mentioned coefficients are given as follows: 
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In the above equations, g  is the physical air-
gap, d  is the secondary aluminum sheet thick-
ness, s  the motor slip, G  goodness factor of the 
motor, iδ  the depth of the field penetration in the 
secondary back-iron, and iµ  is the secondary 
back-iron permeability which should be calculated 
using iterative algorithm [22]. 

For the calculation of the secondary resistance, 
the conductivity of the secondary sheet should be 
modified. The effective conductivity of the 
secondary sheet, eσ  is given by [20]: 

                ,/ ske kσσ =  (20) 
in which 
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where sδ  is the depth of the field penetration in 
the secondary sheet which can be calculated by: 
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In the above equation, 1f  is the primary 
supply frequency, τ  the motor pole pitch, σ  is the 
conductivity of the secondary sheet which is 
reduced by the factor skk  because of the skin 
effect. Besides the skin effect, the edge effect 
reduces the secondary conductivity by the factor 

trk . If the latter factor and contribution of the 
secondary back-iron in conduction of the seconda-
ry current are taken into account, the effective 
conductivity is modified to: 
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The primary referred secondary resistance is 
defined as [23]: 

                 ,/2 em GXR =′  (24)  
where eG  is the modified goodness factor of the 
motor which is given by [20]: 
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In secondary sheet linear induction motors, the 
secondary reactance can be neglected [24]; so, 

02 ≈′X . Also, due to low value of the flux density 
in the air-gap, the core loss is negligible; so, 

0≈cR . In Fig. 1, Q  is normalized motor length. 
The value of Q  is obtained by the following 
equation [9]: 

                ],)/[( 22 rms VLLRLQ ′+′=  (26) 

In which, sL  is the primary length, rV  the 
motor speed, mL  the magnetizing inductance, and 

2L′  is the secondary leakage inductance which is 
zero for secondary sheet motors.  

Air-gap flux density is given by [20]: 
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where, mJ  is the amplitude of the equivalent 
current sheet which is calculated as follows [20], 
[25]: 

            )./(23 1 πτNIkJ wm =  (28)  
Using (27), the tooth flux density is obtained 

as: 
                  ./ tsgt wBB τ=  (29) 
Referring to Fig. 1 and doing some mathemat-

ical calculations, the following equations for 
efficiency, power factor, output thrust and normal 
force are derived: 
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In the above equations, mR  is the magnetizing 

branch resistance in Duncan model which 
represents the power loss due to end effect and 

1mX  is the modified magnetizing reactance 
considering end effect which are calculated by the 
following equations:  

            2[1 ] /Q
mR R e Q−′= − , (34) 

        1 (1 [1 ] / )Q
m mX X e Q−= − − , (35) 

 
III. SECONDARY BACK IRON 

SATURATION EFFECTS 
The secondary back-iron plays important role 

in performance of the SLIM. On the one hand, it is 
used as magnetic flux pass produced by the 
primary; on the other hand, it is a mechanical 
support for the secondary of the motor. For proper 
working of the SLIM, the magnetic field produced 
by the primary should penetrate in the secondary 
aluminum sheet as well as the secondary back-
iron. Because of the low value of the relative 
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permeability of the secondary conductor sheet, the 
field can easily penetrate in whole of it. However, 
the depth of the field penetration in the secondary 
back-iron is limited. The field can only penetrate 
in a limited thickness of the iron. Hence, the whole 
thickness of the secondary back-iron is not used as 
magnetic flux pass. Thus, at some operating 
conditions, due to high value of the flux density, 
saturation occurs in the back-iron and should be 
taken in to account in calculations. The saturation 
factor is given in (17) where the iron relative 
permeability iµ  should be determined. To do this, 
an iterative algorithm is employed. First, a proper 
value for the relative permeability iµ  is assigned. 
Then, the saturation factor and the depth of the 
field penetration are calculated using (17) and 
(18). Then, air-gap leakage factor lk ,  Carter's 
coefficient ck ,  magnetizing reactance factor due 
to edge effect tmk  are calculated using (7), (8), and 
(10). Then, the effective air-gap length and the 
secondary modified effective conductivity are 
calculated using (5) and (23). The air-gap flux 
density is calculated using (27). If the distribution 
of the flux density through the back-iron takes 
exponential form, in depth x  from the surface of 
the back-iron, we have: 

                    i
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where isB  is the flux density on the secondary 
back-iron surface. By having air-gap flux density, 

isB  is calculated using the following equation: 
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With the obtained flux density, and using the 
back-iron HB −  curve, the relative permeability 
of the back-iron is calculated. Now, the relative 
permeability used in the previous calculation step 
is replaced by the calculated one. With the new 
obtained relative permeability, the calculations are 
repeated to obtain a desired convergence.  

 
IV. PERFORMANCE ANALYSIS AND 

DISCUSION 
In this section, the effect of the input 

frequency on the performance of the SLIM is 
investigated. The specifications of the SLIM are 
shown in Table 1. As mentioned in the previous 
sections, the frequency influences the depth of the 

field penetration and saturation level of the 
secondary back-iron. In Fig. 2, the depth of the 
field penetration in back-iron, its relative permeab-
ility, the input impedance and the input current of 
the SLIM are illustrated. It is seen in this figure 
that by increasing the frequency, the depth of the 
field penetration is decreased while the relative 
permeability of the secondary back-iron is 
increased. At first, it seemed that by decreasing the 
depth of penetration, the relative permeability 
would decrease because of increasing the flux 
density in limited thickness of the iron. However, 
the increment in the relative permeability is 
because of the increasing the input impedance and 
accordingly decreasing the input current and the 
air-gap flux density, as the frequency increased. In 
order to approximately maintain the input current 
and the air-gap flux density constant, the input 
voltage is increased by increasing the frequency. 
So, V/f  is kept constant. In this case, the results for 
the same characteristics depicted in Fig. 2 are 
illustrated in Fig. 3. As expected, it is seen that by 
increasing the input frequency, the relative 
permeability of the back-iron decreases. The 
relative permeability in these figures is obtained 
by iterative algorithm discussed in the previous 
section. The magnetizing curve for the sample iron 
used as back-iron is illustrated in Fig. 4 which has 
been extracted by experiment. Figure 5 shows 
outputs of the SLIM versus input frequency. It is 
seen that increasing the frequency, on the one 
hand, increases the efficiency; on the other hand, 
decreases the power factor, the output thrust and 
the normal force. As the input impedance 
increases by increasing the frequency, the input 
current and accordingly the air-gap flux density 
decreases and causes the output thrust and also the 
normal force to decrease. As seen in the figure, the 
normal force becomes negative for the frequencies 
higher than 262Hz. It means that in mentioned 
frequency ranges, the repulsive normal force is 
larger than the attractive one. This phenomenon is 
because of the reaction of the secondary conductor 
sheet. For further clarity, the attractive and 
repulsive normal forces are separately shown in 
Fig. 6. As it is seen in this figure, although the 
absolute values of both of the attractive and 
repulsive normal force decrease by increasing the 
frequency, the absolute value of the repulsive 
force is larger than that of attractive one in high 
frequency ranges. Figure 7 illustrates the depth of 

500SHIRI, SHOULAIE: INVESTIGATION OF FREQUENCY EFFECTS ON THE PERFORMANCE OF SINGLE-SIDED LINEAR INDUCTION MOTOR



 

the field penetration and relative permeability of 
the secondary back-iron versus frequency in 
different back-iron resistivities. The figure shows 
that by increasing the back-iron resistivity, the 
depth of the field penetration is increased as 
expected from (18). Also, increasing the 
resisitivity of the back-iron increases the 
permeability of the iron, and accordingly 
decreases its reluctance. In Fig. 8, the relative 
permeability of the back-iron versus the motor 
speed is illustrated for constant input frequency. 
As seen in this figure, in low speeds, the frequency 
in the secondary circuit of the SLIM is high; 
hence, the value of the relative permeability is 
low. As the speed increases the relative 
permeability also increases. It should be noted that 
in this case, only the frequency of the secondary 
circuit changes; so, the input impedance of the 
motor does not change too much to decrease the 
input current and the air-gap flux density. This is 
the reason for different behavior of the relative 
permeability in Figs. 2 and 8. 

 
Table 1: The SLIM specifications 

Specification Values 
Phase input voltage, V 220 

Primary current density, A/mm2 6 
Primary width, mm 130 

Secondary sheet thickness, mm 2.0 
Air gap length, mm 5.1 

Slip 0.5 
Number of pole pairs 2 

Number of slots/pole/phase 3 
Number of turns/phase 72 
Motor length( sL ), m 0.4138 

Tooth width, mm 2.9 
Slot width, mm 6.8 
Slot depth, mm 39.3 

Primary weight, Kg 29.34 
 
 

 
Fig. 2. Frequency effects on different parameters 
of the SLIM. 

 
Fig. 3. Frequency effects on different parameters 
of the SLIM (V/f constant). 

 
Fig. 4. Back-iron magnetizing curve extracted by 
experiment.  
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Fig. 5. Frequency effects on different outputs of 
the SLIM. 

 
Fig. 6. Frequency effects on attractive and 
repulsive normal force. 
 

 
Fig. 7. Frequency effects on different parameters 
of the SLIM. 

 
Fig. 8. Relative permeability of the back-iron 
versus motor speed. 

 

V. FINITE ELEMENT ANALYSIS 
In this section, 2-D time-stepping finite 

element method (FEM) is employed to confirm the 
analytical results. The SLIM given in Table 1 is 
used in FEM simulations. In Fig. 9, the flux paths 
in the different parts of the SLIM is illustrated. 
The input frequency of the motor is 20Hz. In order 
to investigate the effect of the frequency on the 
depth of the field penetration and the secondary 
back-iron, the simulations are done with input fre-
quency of 20 and 200Hz in constant input current. 
With input current being constant, only the effects 
of the input frequency changes are investigated. 
Figure 10 shows the flux density distribution 
results for f=20Hz, while in Fig. 11, the flux 
density distribution results for f=200Hz are 
illustrated. The magnetizing curve shown in Fig. 4 
is used for the back-iron. As seen in Figs. 10 and 
11, by increasing the input frequency, the depth of 
the field penetration is reduced and the flux can 
only penetrate into a limited thickness of the 
secondary back-iron. Also, the flux density is 
increased in those regions. Figure 12 illustrates the 
distribution of the current density on the secondary 
back-iron, when the input frequency is 200 Hz. It 
is also clear in this figure that the depth of the field 
penetration is limited to a narrow path in the 
secondary back-iron. The current density in these 
areas is in the order of 107A/m2. This high value of 
current density produces large local MMFs and 
causes the flux density to increase and locally 
saturates the secondary back-iron. To compare the 
analytical results with the results of the FEM, the 
simulations have been done in different input 
frequencies. The efficiency, the power factor, the 
normal force, and the output thrust are calculated 
using the FEM. The analytical calculation results 
are compared with FEM results in Table 2. It is 
seen in Table 2 that by increasing the input 
frequency, the efficiency increases while the 
power factor, the normal force, and the output 
thrust decrease. These behaviors have been previo-
usly deduced from Fig. 5. It can be also seen that 
the results of the two methods are close enough to 
each other confirming the analytical calculations. 
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Fig. 9. Flux paths in the moving SLIM ( Hzf 20= ). 

 

 
Fig. 10. Flux density distribution in different parts 
of SLIM ( Hzf 20= ). 

 

 
Fig. 11. Flux density distribution in different parts 
of SLIM ( Hzf 200= ). 

 

 
Figure 12. The distribution of the current density 
on the secondary back-iron ( Hzf 200= ). 
 

VI. CONCLUSION 
The magnetic characteristic of the secondary 

back-iron in the SLIM is affected by the level of 
the saturation and accordingly the input frequency. 
So, the performance of the motor mainly depends 
on the latter. In this paper, the effects of the input 
frequency on the SLIM outputs are investigated. 
Analytical equations for the efficiency, the power 
factor, the normal force and the output thrust of 
the SLIM are derived considering the longitudinal 
end effect, iron saturation, transverse edge effect, 
and skin effect. The results show that increasing 
the frequency, decreases the active and usable 
thickness of the secondary back-iron. So, in high 

frequencies, the thickness of the secondary back-
iron can be limited to the depth of the field 
penetration in the iron. It should be mentioned that 
besides the magnetic capabilities, the secondary 
back-iron is used as mechanical support for the 
secondary sheet which should be taken in to 
account in design. 2D finite element method is 
used to confirm the analytical investigations. The 
FEM results, in which all phenomena are taken 
into account, are in good agreement with the 
analytical results. This confirms the validity of the 
proposed analytical equations and analysis. 
 
Table 2: The calculation and FEM results 

Power 
factor 

Efficiency, 
%  

0.5252 37.59 Analytical f=20Hz 0.5447 35.71 FEM 
0.5211 43.20 Analytical f=50Hz 0.5409 41.42 FEM 
0.4898 45.38 Analytical f=100Hz 0.5093 44.04 FEM 
0.2824 47.52 Analytical f=500Hz 0.3101 45.97 FEM 
Output 

thrust, KN 
Normal 

force, KN  

32.01 137.18 Analytical f=20Hz 32.05 136.21 FEM 
7.32 17.91 Analytical f=50Hz 7.35 18.01 FEM 
2.18 2.89 Analytical f=100Hz 2.20 2.81 FEM 

0.073 -0.069 Analytical f=500Hz 0.069 -0.060 FEM 
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