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Abstract—In this paper, the skew angle of the permanent magnet 
synchronous motor (PMSM) for electric vehicles (EVs) is studied. 
The stability of the output torque of the driving motor is 
important for the EVs. The influence of skew angle on the Back-
electromotive force, cogging torque, and output torque are 
studied by finite element analysis. The optimum skew angle of the 
stator slot is analyzed for the prototype. The results show that the 
proposed PMSM has better comprehensive performance after 
the optimization of the skew angle. 
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I. INTRODUCTION 

In recent years, with the rapid development of electric 
vehicles (EVs), a lot of research is devoted to the research of 
driving motors [1-5]. Especially the research of permanent 
magnet synchronous motor (PMSM) has become one of the 
hottest spots in the EVs studies due to its higher power density, 
higher efficiency, easier cooling, and higher reliability. In 
particular, the performance of PMSMs at low speed is far 
better than other drive motors such as induction motors and 
switch reluctance motors. However, the torque ripple of 
permanent magnet motor at low speed is still urgent to be 
solved. The main solutions to reduce the torque ripple are 
suitable permanent magnet structure design, well matching of 
pole and slot numbers, and skew-slot.  

A great deal of studies are devoted to the research of 
suitable permanent magnet torque structure design to reduce 
the torque ripple [6-8]. There are also some researches focused 
on the skew-slot while existing research mainly focuses on the 
positive rotation performance. However, if the skew angle is 
not an integer multiple of slot pitch the skew-slot will have 
different influence on the positive rotation performance and 
negative rotation performance. As stability in the state of 
reversing is important for EVs and there is no idle wheel 
structure in most EVs. So when skew-slot design is adopt in a 
PMSM, the effects of skew angle on the positive rotation 
performance and negative rotation performance should be 
studied respectively. 

The purpose of this paper is to analysis the skew angle for 
the PMSM for an EV. Firstly, the relationship between the 
torque ripple and the skew angle is investigated in details. Then 
a 24/8-pole PMSM is adopted for the study. The positive 
rotation performance and negative rotation performance of the 

PMSM under different skew angle is studied by finite element 
analysis (FEA).  

II. PERFORMANCE ANALYSIS 

A 24/8-pole PMSM is adopted for the study which structure 
is shown in Fig.1. Here α is used to represent for the skew 
angle which is measured in mechanical angle. The performance 
analysis of the PMSM mainly includes the analysis of the 
winding back electromotive force (EMF), the flux linkage, the 
cogging torque, and the output torque. The FEM is employed 
to analyze the system performance. Integer skew slot was 
adopted in most previous studies, which can effectively reduce 
the cogging torque but reduce the output torque at the same 
time. In this paper decimal skew slot will be studied to find a 
best skew angle for the proposed PMSM.  
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Figure 1.  Structure of the PMSM 

A. Back EMF 

Fig. 2 presents no-load back EMF waveforms of the PMSM 
under different skew angle. As shown, the amplitude of the 
back EMF waveforms reduces with the increase of α.  

0 60 120 180 240 300 360
-40

-20

0

20

40
α=0

α=10
α=15

α=5

electrical angle (°)

B
ac

k 
E

M
F 

(v
)

 
Figure 2.  Back EMF waveforms @2500r/min 
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B. Cogging Torque 

Cogging Torque is the most important part of the no-load 
performance which is shown in Fig. 3. As shown, when the α 
increase, the cogging torque reduced obviously. 
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Figure 3.  Cogging torque 

C. Output Torque  

As the main purpose is to reduce the torque ripple, the 
output torque is the most important point which need to be 
analyzed. The output torque under different skew angle is 
shown in Fig. 4. As shown, the torque ripple reduces with the 
increase of α. However, the average torque will reduce with the 
increase of α.  
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Figure 4.  Output torque  

Besides the influences of the skew slot on the positive 
rotation and negative rotation are also different which will be 
discussed in detail in the full paper. 

 

III. ANALYSIS OF THE OPTIMUM SKEW ANGLE 

In section II, the influence of skew slot on the Back EMF, 
cogging torque, and output torque has been studied. The skew 
slot can reduce the torque ripple, but cause the decline of 
average torque at same time. Besides, the influences of the 
skew slot on the positive rotation and negative rotation are 
different. So it is essential to find a suitable skew angle. 

The average torque and torque ripple of motor at different 
skew angle both positive rotation and negative rotation of are 
taken into consideration. Thus a multi-objective optimization 
problem can be formulated as 
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where TPave and TNave are the positive rotation and negative 
rotation average output torque of the PMSM, PTP% and PTN% 
are the torque ripple, and Tcog is the amplitude of the PMSM. 
Finally when α=12 comprehensive performance of the 
proposed PMSM is the best.  

IV. CONCLUSIONS 
This paper has investigated the influence of skew angle on 

the performance of the PMSMs. The results show that the skew 
slot do reduce the torque ripple and cogging torque while 
decline the output torque at same time. An objective 
optimization function is put forward and the optimum skew 
angle of the proposed PMSM is obtained through the 
optimization function.  
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