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Abstract—Permanent magnet linear synchronous motors 
(PMLSMs), which have great advantages, such as simple 
structure, high positioning accuracy, good performance, 
high thrust force density, high dynamic response, are widely 
used in high precision direct drive field. As a research focus 
and difficulty, the force ripper and dynamic characteristic 
of PMLSM is important for its performance. In this paper, 
the present research status and characteristics of PMLSM is 
discussed firstly. Then a 16-pole 15-slot PMLSM is built 
used finite element method (FEM). Based on the finite 
element model, the thrust force ripple and minimization 
technologies, the power factor and efficiency of PMLSM 
with different load, were solved and analyzed, and an 
optimized model was got. The analysis result of thrust and 
magnetic flux density shows that through the new geometry 
of primary tooth shape, named optimized model, can 
improve the average thrust and reduce thrust fluctuations. 
The optimized model also has higher the power factor and 
efficiency. The back EMF of original and optimized model 
are also compared and discussed. 
 
Index Terms—FEM, PMLSM, thrust ripple, magnetic flux 
density, back EMF constant, power factor, efficiency 
 

Ⅰ.  INTRODUCTION 

Permanent magnet linear synchronous motors 
(PMLSMs) have great advantages in high precision direct 
drive field. In recent years, PMLSM has been used in the 
machine tool, semiconductors and electronics 
manufacturing, optical instrument and industry 
automation field. It has many advantages such as simple 
structure, high positioning accuracy, good dynamic 
performance, high energy index, fast reaction rate, high 
sensitivity, good motion following ability, big force 

density and good controllability. Ref. [1] introduces the 
principle and present research situation of permanent 
magnet linear synchronous motor. 

There are many researchers and scientists around the 
world have been engaged in much research aiming at 
decreasing thrust and speed ripple in order to improving 
positioning accuracy and dynamic performance of motor. 
Ref. [2] proposed that the thrust fluctuation can be 
reduced by proper selection of magnetizing methods and 
magnet position and shapes. Ref. [3] proposed that the 
slot effect could be greatly reduced by using fraction slot 
structure and the thrust ripple was key factor which 
affected the properties of permanent magnet linear 
synchronous motors. Ref. [4, 5] proposed that the electro-
magnetic field model was built up and analyzed 
quantificational. And the stator teeth notching can reduce 
the cogging torque effectively. Ref. [6, 7] summarized the 
methods of detent force reduction. The optimization of 
primary structure is one of the methods. Generally 
speaking, a good motor structure and an excellent control 
method could restrain the thrust ripple.  

In this paper, in order to improve the performance of 
motor, a novel primary structure for a long-primary 16-
pole 15-slot PMLSM has been proposed to reduce the 
thrust ripple. The performances of PMLSM with the 
optimized and the original primary structures have been 
confirmed by the two dimensional (2D) finite element 
analyses (FEA), respectively. The power factor and 
efficiency of the optimized model was analyzed and 
compared with the original model. The back EMF 
constant was calculated in the final section of paper. 

Ⅱ.  PRINCIPLE OF FINITE ELEMENT METHOD 

Based on variation principle, Clough puts the Finite 
Element Method in his book in 1960. It has a better 
application in a lot of project fields in recent years. 
Especially in electrical engineering area, FEM plays an 
important role in quantitative analysis and optimization. 

All the electromagnetic phenomena can be described 
by maxwell equations in PMLSM. Generally, the effect 
of displacement current doesn't be considered, so the air-
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gap magnetic field is stable in vertical direction. The 
expression of parallel plane field as follows: 
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where H
v

 is the magnetic field intensity, B
v

 is the 
magnetic induction, J

v
 is current intensity, rμ  is the 

differential permeability, 0μ  is the permeability of 
vacuum. 

Considering the saturation effect of ferromagnetic 
material, the above vector equation can be simplified as 
follow: 
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There is no initial conditions in magnetic field of 
PMLSM, the solution of field is determined by boundary 
conditions. 
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where 1S  is the first boundary condition, 2S  is the 
second boundary condition. These boundary conditions 
are equivalent to the conditional variational problem of 
energy function. 
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The solution of regional Ω  can be discredited into a 
series of units. By using corresponding unit interpolation 
displacement function, the above function can be 
calculated by the following: 

 [ ] [ ] [ ]ΩΩΩ = PAK z  (5) 

where [ ]ΩK  is the element coefficient matrix, [ ]ΩP  is the 
margin vector. And the problem of electromagnetic field 
PMSLM has been converted to pure mathematics 
problems. It can be solved by using Newton Raphson 
iterative method. 

III.  ANALYSIS OF THRUST AND MAGNETIC FLUX 

A.  The Reason and Minimization of Force Ripple. 
The detent force is composed of cogging force and end 

force. By choosing appropriate boundary conditions, the 
end effect of unit motor model can be ignored. So, the 

cogging is the main part of the detent force. Essentially, 
the creation of cogging force is due to the primary slot. 
The interactions between permanent magnet poles and the 
primary pole and slot have changed the air gap 
permeance between secondary and primary, the magnetic 
resistance and energy storage of magnetic field have 
changed with the position of motion, and these changes 
create thrust ripple. When the motion moves a tooth pitch 
the change occurred periodically, and has no correlation 
with the armature current. 

The detent force plays an important role in the thrust 
ripple in PMLSMs. And these force pulsations contribute 
to vibrations and acoustic noise of PMLSMs. Especially 
at low speed operation, the ripple can cause resonance, 
which affects operation performances of the system. So 
the effect must be reduced in driving system. There are 
many approaches to improve the detent force profile. One 
approach is to choose suitable control strategy. Another 
approach is to modify the structure of motor. This 
research makes an attempt to improve the force profile by 
the geometry modifications approach which is to provide 
pole shoes on the primary poles. 

Generally, the percentage thrust ripple is defined as: 

 %100minmax ×
−

=
avgF

FFRippleForce  (6) 

where maxF  is the maximum value of the force, minF  is 
the minimum value of force and avgF  is the value of 
average force. 

B.  Analysis of Primary Pole Width 
This research aims at determine the improvement in 

the force profile when the primary pole width gets varied. 
The motor uses fraction slot structure to reduce the thrust 
ripple. The difference between integral slot and fractional 
slot has been researched in reference [8]. The shape of 
original PMLSM is shown in Fig. 1. And the 
specifications of it are given in Table I. 

 

 
 
 

 
Figure 1.  3D view and flux lines of the original PMLSM. 
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TABLE I.   
SPECIFICATIONS AND DIMENSIONS OF PMLSM. 

Name and Unit Value 

width of the primary pole [mm] 7 

width of the primary slot [mm] 18 

primary pole height [mm] 20 

air gap length [mm] 1 

width of permanent magnet [mm] 20 

permanent magnet height [mm] 11 

number of turns per phase 200 
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(a)  Propulsion force with various pole width. 

 

2980

3000

3020

3040

3060

6 6 5 7 7 5 8

V
al

ue
 (N

)

Average Force (without pole shoe

 
(b)  Average force with various pole width. 
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(c) Air gap centerline flux density distribution. 

Figure 2.  Force and Flux for various primary pole widths (without pole 
shoes). 

The width of the primary pole ( 1PW ) is varied from 6 
mm to 8.5 mm in steps. The propulsion force, average 

force and magnetic flux profiles are shown in Fig. 2. The 
secondary remains unchanged throughout the research. 
The height of the primary pole is fixed. The field analysis 
has been carried out for three phase sinusoidal excitation 
of 90 V. From Fig. 2(b), it can be observed that, when the 
primary pole width is increased from 6 mm to 8 mm, 
there is an increase in the average force. And there is a 
maximum average force ( avgF ) occurring when the pole 
width changes.  

 From Fig. 2(c), it can be observed that the value of 
magnetic flux is maximized when the pole width is 8 mm. 
As the width decreasing, decreasing width will lead to the 
magnetic saturation. The magnetic flux density becomes 
small with the width over 8 mm. 

TABLE II.   
COMPARISON OF FORCE FOR VARIOUS PRIMARY POLE WIDTHS  

(WITHOUT POLE SHOES) 

1PW  
[mm] 

maxF  
[N] 

minF  
[N] 

avgF  

[N] 

6 3020.933 2987.631 3006.811 

6.5 3045.807 3007.068 3028.148 

7 3064.335 3020.607 3042.54 

7.5 3076.024 3021.872 3049.338 

8 3083.114 3025.903 3054.531 

8.5 3086.101 3015.476 3052.776 
 

 
Table II summarizes the comparison of the studied 

configurations and shows the primary pole width vs. 
average force. With the increasing of pole width from 6 
mm to 8 mm, the average force has a 1.587% increase. It 
is generally accepted that decreasing the primary pole 
width will decrease the aligned inductance with 
negligible effect on the unaligned inductance. But from 
Table II, when the width of primary pole is more than 8 
mm, the average force is lower than 8 mm. 

C.  Analysis of Thrust Ripple Minimization 

 
(a) Primary pole with pole shoe. 

 

 
 

(b) Optimized motor with primary pole shoes. 

Figure. 3.  Geometry of pole shoes and optimized motor. 
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In this section, the improvement of thrust force profile 
by using primary pole shoes is investigated by 2-D finite-
element analysis. The width of the primary pole shoe 
( PSW ) is varied from 0 mm to 2 mm in steps. The 
differences between original and optimized pole shape 
are shown in Fig. 3.  

The aim of proposing the primary pole shoe is to 
widen the primary pole width to smoothen the force 
profile. The width of the pole and overall height of the 
primary pole are maintained constant. The simulation is 
presented for a three phase sinusoidal excitation of 90 V. 
The propulsion force, magnetic flux profiles and the rate 
of thrust ripple when the pole shoe width is increased 
from 0 mm to 2 mm are shown in Fig. 4. 
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(a)  Propulsion force with various pole shoes width. 
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(b)  Propulsion force with various pole shoes width. 
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(c)  Air gap centerline flux density distribution (with pole shoes). 

Figure. 4.  Force for various primary pole shoe widths (with pole shoes) 
 

Fig. 4(b) shows thrust ripple with the primary pole 
shoes width. From Fig. 4(b), the low thrust ripple occurs 
when the primary pole shoe width is 1.5 mm. When the 
pole shoe width increases from 0 mm to 1.5 mm, the 
force ripple keeps decreasing. But, when the width of 
pole shoe is more than 2 mm, a big fluctuation will be 
caused. 

TABLE III.   
COMPARISON OF FORCE FOR VARIOUS PRIMARY POLE SHOE WIDTHS 

(WITH POLE SHOES). 

PSW
[mm]

maxF  
[N] 

minF  
[N] 

ForceofRate  

Ripple  [%] 

0 3083.114 3025.903 1.843607 

0.5 3084.91 3034.067 1.662693 

1 3078.441 3047.393 1.014306 

1.5 3072.293 3048.455 0.778488 

2 3082.523 3030.232 1.707289 
 

 
Table III summarizes the comparison of studied 

configurations with different pole shoes. From Table III 
the provision of primary pole shoes improves the force 
profile and reduces the thrust ripple. With the increasing 
of shoe width from 0 mm to 1.5 mm, the thrust ripple has 
been decreased by 57%. 

From Fig.4(c), the extent of the high magnetic flux 
region along the centerline of air gap is increased by 
using pole shoes. As the width of pole shoe is increased, 
keeping the width of pole as constant, the value of flux is 
increased, and the rate of thrust ripple keeps a decrease 
until the width of pole shoe up to 1.5 mm. 

Comparing Table II with Table III, keeping the 
primary pole shoe width as constant, there is a maximum 
average force as a suitable pole width. And these tables 
also depicts that keeping the width of pole as constant, 
there is a minimum thrust ripple occurring in a suitable 
pole shoe width. 

Finally, from the 2-D FEA field simulation, the 
optimized PMLSM has less thrust ripple when compared 
with the original motor. The rate of detent thrust ripple 
reduces from 0.5626% to 0.2134%. 

IV.  MORE SIMULATION AND MOTOR PERFORMANCE 

A.  Performance with Various Load 
Cause of the self-starting performance of synchronous 

motor is carried out by means of special structure or 
special control circuit. During the simulation, the speed 
motion is given at 0.3 m/s. When the speed increases to a 
new stable state, a step load is given. The amplitudes of 
fundamental armature current with load variations are 
derived by the Fourier decomposition and shown in Fig. 5. 

The efficiency μ and power factor cosφ can be 
calculated as follows: 
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Figure 5.  The amplitudes of fundamental armature current with laod 

variations. 
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where F is average thrust, sI  and sU is the effective 
value of armature current and voltage, sr is armature 
resistance, and sv is the velocity of synchronous speed. 

The influences of load variation on efficiency and 
power factor are shown in Fig. 6. 
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(b)  Efficiency of motor  μ. 

Figure. 6.  Power factor and efficiency with different load. 

 

The comparisons of power factor and efficiency 
between optimized motor and original motor are shown 
in Fig. 6. The power factor and efficiency are improved 
by affixing pole shoes. With the load increasing, the 
efficiency and power factor are rising. 

In practice, there is an influence of step load on 
velocity. Fig.7 shows that the motor with pole shoes has 
faster reaction rate and better motion following ability. 
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Figure. 7  The influence of step load on velocity. 

 

B.  Back EMF of PMLSM 
The PMLSM is simulated at 0.3 m/s velocity and with 

no-load. The back EMF of the optimized PMLSM is 
shown in Fig. 8. 
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(a) Back EMF of original PMLSM. 
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(b) Back EMF of optimized PMLSM. 

Figure. 8. The back EMF of motor. 

As fig.8 shown, the EMF of three phases, aE , bE , cE  
have the same amplitude. The ν is the velocity of primary, 
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the back EMF constant of original motor is calculated as 
follows: 

 nrms/m/s-Vp17.150
3.0
05.451

1 ===
ν

a
e

EK  (9) 

The back EMF constant of optimized motor is: 

 nrms/m/s-Vp64.147
3.0
29.442

2 ===
ν

a
e

EK (10) 

From (4), (5) and Fig. 8 it can be observed that, the 
change of the back EMF of the optimized motor is 
limited. So there is not an obvious decrease in the 
propulsion force. The new geometry of motor does not 
affect the control performance. And the decrease is also 
good for the starting performance. 

V.  CONCLUSION 

Two dimensional finite element analyses of permanent 
magnet linear synchronous motor with new primary pole 
geometry have been carried out. There is a maximum 
magnetic flux density and thrust force while the pole 
width increases to a certain value. With pole shoes, the 
thrust ripple of PMLSM can be reduced obviously. The 
changes of thrust force were confirmed by increases of 
magnetic flux density. The efficiency and power factor of 
optimized motor with different load are higher than 
original one. The change of back EMF constant is limited. 
So the motor can keep a good starting performance. And 
all of these will contribute to PMLSM optimization. 
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