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Thrust Performance Improvement of a Linear Induction Motor 
 
 

Hyung-Woo Lee†, Chan-Bae Park* and Byung-Song Lee* 
 

Abstract – The end effect of a linear induction motor (LIM) has been known for several decades, es-
pecially in high speed operation. The exit part of the primary is not dealt as extensively as the entry 
part because of its minor effect. However, the exit part is one of the keys to weaken the dolphin effect, 
which occurs in high speed operation. In this paper, the concept of the virtual primary core is intro-
duced, and chamfering of the primary outlet teeth is proposed to minimize the longitudinal end effect 
at the exit zone. For this, LIM for the high-speed train is designed and analyzed by using finite element 
method. Results confirm that chamfering can improve thrust performance effectively. 
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1. Introduction 
 
A linear induction motor (LIM) is a conventional rotary 

motor whose stator, rotor, and windings have been cut open, 
flattened, and placed on the guide way [1]. Fig. 1 repre-
sents the configuration of an SSSP (Single-Sided Short 
Primary)-type LIM and a practical application for railway. 
The primary is installed on the bogie under the vehicle and 
moves against the secondary, which is installed between 
rails on the ground. Although the operating principle is 
exactly the same as that of a rotary induction motor, the 
linear induction motor has a finite length of a primary or 
secondary parts causing a “longitudinal end effect” and a 
“transverse edge effect.” 

Among the various LIMs, the SSSP is generally used for 
railway system because of the cheap construction cost. 
This SSSP-type LIM has numerous of advantages, includ-
ing (1) excellent Accel. and Decel., (2) lower construction 
cost, (3) capability of climbing steep gradients, (4) ability 
to conduct flexible route planning by travelling through 
sharp curves, (5) less susceptibility to weather conditions, 
(6) quiet and smooth running operation (no mechanical 
couplings), and (7) less maintenance cost [2]-[5].  

Yet, despite the advantages possessed by the non-
adhesion propulsion system, LIM has low energy effi-
ciency from the drag force and the leakage inductance re-
sulting from the end effect and large airgap [1]. This 
chronic end effect is generated from the finite length of the 
primary part. Major longitudinal end effect is caused at the 
entry part of the LIM, and the minor end effect is caused at 
the exit part. 

 
(a) Configuration of an SSSP-type LIM 

 

 
(b) Practical application for a railway system [6] 

Fig. 1. Linear induction motor and sample practical appli-
cation. 

 
 

2. End Effect of the High-speed Traction System 
 
Fig. 2 shows the peak magnitude of the airgap magnetic 

flux density of the LIM in the longitudinal direction. The 
magnitude of the By at the entry and exit parts are different 
and are not uniformly distributed as the speed of the pri-
mary increases. Consequently, the primary experiences a 
different kind of normal force apart from the original nor-
mal force. 

In other words, asymmetric airgap magnetic flux density 
at the end parts of a linear motor produces unbalanced 
normal force; as such, the airgap tends to increase at the 
entry and decrease at the exit part. This is called the “dol-
phin effect.” 
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Fig. 2. Airgap magnetic flux density. 
 
This airgap magnetic flux density of a LIM can be di-

vided into the following: 
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where Bs is the peak value of the wave travelling with syn-
chronous velocity vs, and B1 and B2 are the peak values of 
damped entry-end and exit-end waves travelling in the 
positive direction, respectively. In the above,  
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From the unevenly distributed airgap magnetic flux den-

sity, the thrust force can be calculated as:  
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where Je is the induced current density, By is the y com-

ponent of the airgap magnetic flux density, and ds is the 
differential surface element. 

Several researchers in the past have developed proper 
modeling techniques to analyze and explain the end effect, 
and some of these have proposed additional hardware to 
compensate for the flux at the entry part [7]-[16]. Although 
their proposed methods seem plausible, the installation of 
the additional part may be too difficult to practice. There-
fore, although the end effect at the exit part is minor com-
pared with the entry part, it cannot be ignored. 

Given that additional hardware at the entry part cannot 
be installed in practice, the end effect at the exit part should 
be minimized by modifying the teeth shape in order to re-
duce the dolphin effect and improve the performance. 

 
 

3. Proposed Design Methodology 
 
Fig. 3 shows the airgap magnetic flux existing at the exit 

zone in the LIM. For a rotary induction motor, this flux 
does not exist inherently and every flux line makes an end-
less loop. Therefore, by introducing the concept of the vir-
tual primary core, it can be assumed that a core similar to 
Fig. 4 [17] exists in the virtual core. The virtual primary 
core generates drag force and uneven normal force at the 
exit zone. 

Accordingly, the exit end effect can be minimized by 
chamfering off the primary outlet teeth at the exit part and 
consequently removing the virtual core (Fig. 5). The angle 
in Fig. 4 is 51o in the Mosebach model, but the angle will 
be changed depending on the airgap length and the tooth 
length of the analysis model. 

 

 

Fig. 3. Airgap magnetic flux at the exit zone. 
 

 

Fig. 4. Virtual primary core at the exit zone. 
 

 

Fig. 5. Chamfering the primary teeth off at the exit zone. 
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4. Simulation 
 
To verify the proposed methodology, an experiment 

must be conducted using an actual size motor. However, 
doing so may prove to be difficult due to the high costs of 
such an experiment. The LIM needs at least several tens of 
meters of long distance reaction plates along the track to 
reach the steady state and bogie with the wheels to attach 
the primary. Mobile measuring instruments should also be 
on board. Therefore, finite element analysis has been con-
ducted in this research. 

 
4.1 Analysis Model 

 
Table 1 shows the main specifications of the LIM for the 

high-speed train. The rated output power was set to 100 
kW and the power supply was DC 1,500 V. The LIM de-
sign was single-sided, short primary type, with 4 poles at 
the primary. The air-gap of the LIM was 9 mm and the pole 
pitch was 252 mm. The length of the LIM primary unit was 
1,183.5 mm and the primary stack length was 230 mm. The 
double layer short-pitch winding and the 4 slots on each 
pole per phase resulted in the winding of the last 8 slots to 
become a single layer. 

Given that the fringing flux at the exit part is nonlinear 
and varies with the geometric dimension and magnetic 
strength, the authors considered various cases of the cham-
fering angles ranging from 12.5o to 78o. Therefore, the out-
let tooth of the primary core was divided into 4 equal parts 
of 11 mm in length, and the last 3 teeth were used for ex-
amination. Hence, the outlet tooth length changed from 11 
to 33 mm based on the reference tooth length of 44 mm. 

 
Table 1. Main specification of the LIM 

Contents Specification 

Rated Output Power of LIM 100 kW 

DC-link Voltage 1,500 V 

Maximum Design Speed 165 km/h 

Phase / Poles 3 ea / 4 ea 

Air-gap / Al-Sheet Thickness 9 mm / 5 mm 

Pole Pitch / Slot Pitch 252 mm / 21 mm 

Number of slots per pole per phase 4 ea 

Primary Stack Width 230 mm 

 

 

 
(a) Reference model 

 

 
(b) Proposed chamfered model 

Fig. 6. Analysis models. 
 

4.2 Analysis Results 
 
Fig. 7 shows the magnetic flux density vector distribu-

tion of the reference model and chamfered model at the 
exit zone. The velocity in the analysis is 165 km/h. For the 
reference model, the outlet tooth was saturated severely 
and the flux flowed outside from the last tooth as expected 
because of the longitudinal end effect. On the other hand, 
the magnetic flux of the chamfered model flowed almost 
evenly through the first, second, and third tooth from the 
outlet; the flux which flowed outside from the last tooth 
decreased. Therefore, severe flux saturation did not occur 
on the teeth, and the fringing flux also decreased. 

Airgap flux density is represented in Fig. 8. The refer-
ence model had a relatively large amount of flux density, 
which resulted in the dolphin effect in a linear motor on the 
last tooth. However, the airgap flux density of the cham-
fered model has been diminished at the outlet. Conse-
quently, normal force also decreased by about 5.12 % from 
2,097.16 to 1,989.76 N. 

Even with the decreased dolphin effect, thrust force 
should be maintained to satisfy the performance. Authors 
have analyzed several cases of varied chamfering models 
and obtained similar results (Fig. 9). Thrust force was almost  

 

 
(a) Reference model 

 

 
(b) Chamfered model 

Fig. 7. Magnetic flux density vector distribution at the exit 
zone. 
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Fig. 8. Airgap flux density at the exit zone. 
 

the same on both models, confirming that chamfering did 
not result in lost traction force. In addition, the thrust ripple 
decreased by about 4.5 %. 

Results confirmed that chamfering effectively weakened 
the dolphin effect so as to decrease the thrust ripple with 
the same thrust force as the reference model. 

 

 

Fig. 9. Thrust forces of each model. 
 
 

5. Conclusion 
 
The exit end effect of a linear induction motor for the 

high-speed train propulsion system was considered in this 
paper. The exit end part created minor effect compared 
with the entry part, but it weakened the dolphin effect. 
Therefore, the concept of the virtual primary core was in-
troduced and chamfering of the outlet teeth was proposed 
and simulated by using FEM. Results confirmed that cham-
fering was effective in reducing the thrust ripple without 
losing thrust force. 
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