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Abstract— In this paper, a permanent magnet synchronous
machine (PMSM) for electric vehicles (EVs) is studied. Since EVs
need to face some low speed road conditions, it is necessary to
drive the machine to maintain a stable torque at low speed. The
stator skew slot is often adopted to reduce torque ripple; howev-
er, it declines the output torque at same time. Besides, the differ-
ence between positive rotation performance and negative rotation
performance which caused by the skew slot are often ignored.
Through the finite element analysis (FEA), the cogging torque
and dynamic performance of the PMSM at different skew angle
are studied. Moreover, the different influence of slot skew angle
on positive and negative rotation performance is studied. Then
the optimum skew angle of the PMSM is studied through com-
prehensive consideration. Finally, the cogging torque of the pro-
totype is verified to be less than 2 N.m. through the experiment.

Index Terms—electric vehicles; finite element analysis; skew
angle; torque ripple

I. INTRODUCTION

With the rapid development of the new energy industry,
new energy vehicles, especially electric vehicles (EVs) are at-
tracting more attention from the society and government. The
development of EVs mainly depends on the development of
battery, electric control, and electric machine technology. As
the only power source of pure electric vehicle, the develop-
ment of electric machine technology is particularly important.
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As the permanent magnet synchronous machines (PMSMs)
have the characteristics of high power density and high effi-
ciency, PMSMs are the most attractive drive machine among
all types of machines [1, 2]. In order to improve the dynamic
performance of PMSMs a large number of studies have been
carried out [3-5].

However, the torque ripple of permanent magnet machine at
low speed is still urgent to be solved. The main solutions to
reduce the torque ripple are suitable permanent magnet struc-
ture design, well matching of pole and slot numbers, and
skew-slot order to reduce the cogging torque and torque ripple
of the permanent magnet machines, a lot of research has been
carried out [6-8]. The main measures are using unequal thick-
ness permanent magnets, adopting the auxiliary slot, and
adopting skew-slots [9, 10]. Skew slot is the most effective
way to reduce the cogging torque, however it will sacrifice the
output torque. Moreover, when the skew angle is not equal to
the slot angle, the influence of the skew angle on the positive
and negative dynamic performance is different. Due to the
frequent switching direction of the EV machines, the positive
and negative dynamic performance needs to be studied sepa-
rately when studying the optimal skew angle.

The purpose of this paper is to improve the dynamic per-
formance of a PMSM for EVs and select the appropriate skew
angle for the PMSM. Firstly, parameter matching of the ma-
chine is given in part Il and a 24/8-pole PMSM is adopted for
the study. Secondly the treatment method of skew slot in by
2D-equivalent finite element analysis (FEA) model is put for-
ward and verified. Then, the relationship between the torque
ripple and the skew angle is investigated in details. The posi-
tive rotation performance and negative rotation performance
of the PMSM under different skew angle is studied. Finally,
an appropriate skew angle is chosen for the proposed machine.

Il. PARAMETER MATCHING OF THE MACHINE

An EV was designed for the daily use in Zhenjiang. The
speed and torque requirements were investigated for this EV
application by recording the road condition. The highest
torque demand, good voltage regulation over wide-speed gen-
eration, and the demand for maximum speed are the primary
design parameters [11, 12]. The parameter values of the test
EV are given in Table I. The rate power and the machine
speed can be calculated from these values.



TABLE |
Miniature Battery EV Parameters.

Parameters Symbol Value

Total mass of the EV M 900kg
Rolling friction coefficient f 0.015

Final drive fixed gear ratio igit 8.83
Front cross sectional area A 2.1m?
Radius of wheel R 275mm

Air drag coefficient Co 0.34

Rotor core

Winding C
N Winding B
8. Winding A

;/.
" e

Rotor core
Fig. 1. Structure of the PMSM

TABLE Il
MAIN PARAMETERS OF THE PMSM
Phase number 3
Pole number 8
Slot number 24
Stator outside diameter 154mm
Rotor diameter 101mm
Shaft diameter 31.5mm
Air-gap length 0.5mm
Core length 129.5mm
PM dimensions 4.81X 30.5X 134 mm®
Turns per slot 80
Permanent magnet material NdFe35
Lamination material DWA465-50

The drive force will keep balance with the total resistance
force and when run at a constant speed. And the output power
of drive machine will keep balance with the sum of resistance
power and system loss power. So the drive torque (Ty) and
power of the machine (P¢) can be expressed as follow
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where #7 is the system efficiency of drive system, igand io are
the transmission ratio and deceleration ratio respectively, G
and f are the total gravity of the EV and rolling friction coeffi-
cient respectively, Cp is the air drag coefficient, 5 and A are
the angle of slope the front cross sectional area, respectively.
In the case of having P. and u,, the rotational speed (n) re-
quirements of machine at a certain u, can be given by.
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The initial design parameters of PMSM can be obtained by
calculating the vehicle driving power and the speed of the drive
system above mentioned. A PMSM with 24 slots and 8 poles is
designed for this research which is shown in Fig.1 and main
parameters of the machine are given in Table Il. Here « is used
to represent for the skew angle which is measured in mechani-
cal angle. To improve dynamic performance of the PMSM,
some dynamic characteristics will be analyzed by FEA mainly
includes the analysis of the winding back electromotive force

(EMF), the flux linkage, the cogging torque, and the output
torque. The effects of the skew-slot on the motor characteristics
will be summed up by comparing the characteristics under dif-
ferent skew angle.

I1l. TREATMENT OF SKEW SLOT IN 2D-FEA MODEL

The common method for calculating the performance of a
PMSM is the three-dimensional finite element analysis (3D-
FEA). However, since 3D-FEA needs a large amount of calcu-
lation and a long period, the efficiency of this method is rela-
tively low when the slot angle needs accuracy optimization.

In this study a two dimensional finite element analysis (2D-
FEA) calculation method of segmented slot is adopted. The
concrete method is to divide the machine into N section along
the axial average, and calculate each segment approximately
as a straight slot to calculate the magnetic chain and magnetic
co energy in each section of the rotor at different angles of the
rotor [13, 14]. Then the winding flux linkage and the magnetic
flux of the each section are separately added to replace a skew
slot structure. The equivalent flux linkage and equivalent
magnetic flux are written as

N. L. Nt
Va= %Z¢Ai
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where P, is the equivalent flux linkage of the phase A, Npn is
the number of conductors, Les is the motor depth, @, is the
magnetic flux on unit length of phase A. Aaziand Aa; are the
magnetic vector potential of the i part of the PMSM. The
equivalent electromotive force (EMF) of the machine can be
calculated from (5)

(4)
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where eaeq is the equivalent electromotive force, fa2i and Gaii
are the rotor position degree of the i part of the PMSM,

In order to verify the effectiveness of this method, a typical
model at 0=7.5° is selected to compare 2D and 3D simulation
results. Fig. 2 gives the 2D and 3D FEA model of the pro-
posed machine. In this simulation, the 2D-model is divided in-
to 15 segments to simulation the flux linkage and back elec-
tromotive force of each part and then calculate of equivalent
results. In the following simulation results, there is a differ-
ence between phase positions of two models, which is conven-
ient for comparison.

The flux linkage and back-EMF simulation results of 3D-
model and 2D-equivalent model is show in Figs. 3 and 4, re-
spectively. The flux linkages of two models are almost the
same, and there is only a little difference on the back-EMF of
two models. Besides, the cogging torque results of two models
are shown in Fig.5. Based on the above simulation results, it
can be seen that the 2D-equivalent model is effective and ac-
curate for the study of the stator skew-slot, and by using 2D-
equivalent model can save 80% calculation time. Therefore,



the 2D-equivalent model is adopted in study of the best skew
angle optimization.

Fig. 2. 2D equivalent and 3D FEA models
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Fig. 3. Flux linkage simulation results of 3D- and 2D-equivalent models
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Fig. 5.Cogging torque simulation results of 3D- and 2D-equivalent models

IV. ANALYSIS OF BEST SLOT SKEW ANGLE

In this section, the best slot skew angle of the proposed ma-
chine will be studied by using the 2D equivalent model. Since
the prototype in this study has 24 slots structure, the optimum
angle of the skew angle (a) is from 0° to 15°.

A. Back EMF

The no-load back-EMFs of different skew angles are shown
in Fig. 6. As shown, with the increase of the skew angle, the
waveform of the back EMF is much close to the sine. Howev-
er, the amplitude decreases with the increase of o. In addition,
the harmonic analysis results of back EMF at different skew
angles are shown in Fig. 7 where the fundamental wave of the
EMF will decrease, but the higher harmonics can also be re-
duced.

B. Cogging Torque

The cogging torque at different skew angles is shown in
Fig. 8. As shown, the skew angle effective in reducing cogging
torque. When the skew angle is equal to the slot angle (a=15°),
the amplitude of the cogging torque is almost 0 N-m.

C. Output Torque

The output torque under different skew angle is shown in
Fig. 9. As shown, the torque ripple can be reduced by increas-

ing the skew angle. However, the output torque will be sacri-
ficed at the same time. When the PMSM rotated in negative ro-
tation direction, since Holzer sensor of the PMSM is installed
on the single side of the machine, the effect of the skew slot on
the output torque is different from that when the PMSM rotated
in positive rotation direction. The positive and negative rotation
output torques at a=2 are shown in Fig. 10. As shown, the in-
fluences of the skew slot on the positive and negative rotation

are different.
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The skew slot can reduce the torque ripple and can also de-
cline the average torque at same time. Besides, the influences
of the skew slot on the positive and negative rotation are differ-
ent. Thus, it is essential to find a suitable skew angle. In the op-
timization process, both positive and negative dynamic perfor-
mance of the machine should be taken into consideration.

Output torque (N- m)

0
Electrical angle (°)
Fig. 10. Positive rotation and negative rotation output torque @ a=2

Thus, a multi-objective optimization problem can be for-
mulated as



max:{F (a)=T,
st.{a €(0,15)}

where P1p% and Ptn% are the amplitude ratio of torque rip-
ples, Trave and Tnave are the positive and negative rotation av-
erage output torques respectively, and Tcoqis the amplitude of
the cogging torque. In this optimization function, the main op-
timization objectives are proportioned. The torque ripple and
cogging torque are negative elements, so their indexes are
negative. In addition, the torque ripple is the main optimiza-
tion objective so its index is -1.5. Through this optimization
function, the torque ripple and cogging torque can be mini-
mized without sacrificing too much average torque, and a rela-
tively suitable skew angle can be found. Finally, according to
the optimization equation the skew angle of the proposed ma-
chine is chosen to be 12°.

'TNave : (PTP %- PTN %)71.5 'Tcogil}

ave

(6)

V. EXPERIMENT

In order to validate the previous studies, a prototype of the
proposed PMSM is manufactured. The experiment of the cog-
ging torque and output torque are carried out on the platform
which is show in Fig. 11. The experimental results are shown
in Figs. 12 and 13. The amplitude of the cogging torque of the
prototype measured by the experiment is less than 2 N-m and
the torque ripple of both positive and negative output torque
are less than 5 N-m. The experimental results certify that the
optimization of skew angle is effective.
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Fig. 11. Experiment platform and prototype.
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Fig. 12. Experimental result of cogging torque.
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Fig. 13. Experimental result of output torque.

VI. CONCLUSIONS

The dynamic performance of PMSM for EVs is improved
in this paper by optimizing the skew angle. A 2D-FEA equiva-

lent method is proposed to analyze the dynamic performance
at different skew angles. In addition, the optimal skew angle is
obtained by the optimization function. Through this work, the
optimized skew angle can effectively improve the comprehen-
sive dynamic performance of the machine.
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