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STEP SKEWING ROTOR DESIGN OF PERMANENT MAGNET
BLDCMOTOR FOR INWHEEL ELECTRIC VEHICLE

THIET KE DONG CO MOT CHIEU KHONG CHOI THAN NAM CHAM VINH CUU RANH NGHIENG

CHO BANH XE DIEN

ABSTRACT

Permanent magnetic brushless direct current motor (PM BLDC) can be designed with different rotor
configurations based on the arrangement of the permanent magnets. Rotor configurations strongly
influence the torque an efficiency performance of permanent magnet electrical motors. Most of the
applications prefer surface mounted permanent magnet design due to its ease of construction and
maintenance in [1]. The aim of this paper is to compare and evaluate different rotor configurations for PM
BLDC motor with or without skewed stator slot. A finite element method has been used for analysis and
comparison of different geometry parameters and configurations in [2-4]. This paper describes a
comprehensive design of a three phase PM BLDC motor 20kW for in wheel. An optimal design of PMBLDC
motor have been implemented by analytical and simulation methods.

In this paper, the skewing slot is applied to the PM surface mounted Brushless DC Motor 20kW 36
slots and 12 magnet poles (Z = 36, p = 12) for eliminating torque ripples. To observe the skewing stator
effect, the stator lamination layers are skewed with different angles. With determined skewing angle, the
cogging torque eliminated theoretically and flux density space harmonics are also reduced.

Keywords: Permanent Magnetic Brushless Direct Current Motor, Finite Element Method, Ansys Maxwell,
SPEED software, Magnetic flux density.

TOM TAT

Dong co mot chiéu khdng chdi than nam cham vinh ctu (PM BLDC) c6 thé dugc thiét ké vdi hinh dang
roto khac nhau dya trén sy sp xép cta cac nam cham vinh cliu. Do cau hinh réto c6 dnh huéng manh mé
dén hiéu sudt mo men dién tir trong dong co nam cham vinh clfu. Nén hau hét cac ng dung déu thiét ké
nam cham vinh ciu gan trén bé mat do dé dang trong ché tao va bdo tri [1]. Nghién ctiu nay ¢ muc dich
50 sanh va danh gia cu hinh roto khac nhau cho dong co PM BLDC ¢6 hodc khong c6 ranh léch 6 stato.
Phuong phép phan i hitu han dugc st dung dé phan tich va so sanh céc thdng s6 va hinh dang réto khéc
nhau [2, 4]. Bai bdo mo ta thiét ké toan dién dong co ba pha PM BLDC 20kW cho banh xe dién. Thiét ké toi
uu dugc thuc hién bang phuong phap phén tich va mé phong.

Trong bai bao nay, ranh nghiéng dugc ap dung cho nam chdm gan bé mat dong co mt chiéu khong
chi than 20kW, 36 ranh va 12 cuc nam cham (Z = 36, p = 12) d€ loai bd gon song mo men dién ti. Khi
quan sat hiéu (ing léch ranh stato, cdc I6p thép stato bi I&ch & cac goc khac nhau. Vi mgt goc léch xdc
dinh, ggn séng mé men bi loai bo vé mat Iy thuyét va séng hai khdng gian do mét do tir thong sinh ra
dugc giam xudng.

Tir khéa: Ding co mdt chiéu khdng than nam chdm vinh ciu, phuong phdp phan ti hitu han, Ansys
Maxwell, phdn mém SPEED, mdt dg tir thong.
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1. INTRODUCTION

Permanent magnetic  brushless
direct current motor (PM BLDC) have
been widely used because of their
attractive features like compactness,
low weight, high efficiency, and ease in
control [1]. The reliability of PM BLDC
motor is high since it does not have any
brushless to wear out and replace. The
stator consists of stacked steel
laminations with windings placed in the
slots where as the rotor is made of
permanent magnet that can vary from
two to twelve pole pairs with alternate
north and south poles.

A large number of PM BLDC
applications require minimized torque
ripple for reduced vibration and acoustic
noise, and smooth operation of the
motor. In addition, low torque pulsations
in motor drives are essential for high-
performance speed and position control
applications where friendly human-
machine interactions are desired. The
three main components of torque in PM
BLDC are asfollows:

1) Mutual torque, which is caused by
the interaction of the rotor field and
stator currents;

2) Reluctance torque, which is due
to the rotor saliency;

3) Cogging torque, which arises
from the interaction between
permanent magnets (PMs) and slotted
iron structure.

The contribution from reluctance
torque in surface-mounted PM BLDCs,
also known as surface PM (SPM)
machines, can be ignored since the
difference  between the direct-and
quadrature-axis reactances is negligible.
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The output torque quality can be improved by reducing the
torque ripple in the mutual torque, which is related to the
harmonics in the back-EMF (BEMF). Reducing the cogging
torque will also improve the output torque quality. Methods
for reducing cogging torque and for minimizing the BEMF
harmonic contents to minimize the torque ripple appear in
[5-12]. Some researchers have addressed the torque ripple
problem in PM BLDCs primarily from a design point of view
[6-8], while others worked from the control side [10, 11].
Several researchers have shown that the improvement in
cogging torque leads to the improvement in torque ripple
[8]. One of the well-known approaches to minimize cogging
torque is rotor or stator skewing. Cogging or detent torque
in PM BLDCs can be theoretically reduced to zero by the
selection of optimum skew angle, which can be achieved
through a suitable choice of slot—pole combination [10].

This paper presents a detailed analysis of torque ripple
variation under field-weakening operation and also
cogging torque variation with different magnet shapes and
skewing. This paper shows that the torque ripple can either
decrease or increase after magnet skewing when step-skew
techniques are used. Step skewing is a common practice in
the industry adopted for ease of manufacturing and cost
reductio. FEM has been applied to design BLDC motor
widely in [15].

2. PM BLDC MOTOR DESIGN AND ANALYSIS

The analysis is being carried out for a three phase BLDC
motor. Magnet Vacodym 677 HR is magnet material used
due to its good thermal stability allowing its use
inapplications exposed to high temperature about 180°C.
The flux density is selected about 0.8T.

electric vehicle applications, the manufacturing cost,
complex controller are not so important, but efficiency is
the first priority of this design. With those requirements
above, a layout of BLDC motor was calculated by SPEED
software shown in Figure 1.

Figure 1. Layout of a BLDC Motor Z=36,p =12

Based on this design, some basic performances are
shown in Figure 2. The most important parameter is
efficiency of 95.2% which is target of the proposal design in
full efficiency map in figure 5. In order to obtain maximum
efficiency value, the BLDC motor is optimized by control
angles from 0 to 360/2p =12 degree. The torque on the
shaft is 180 Nm with 200VDC and current of 180 A.

Table 2. Torque and efficiency results of PMBLDC Motor Z =36, p =12

oM, =ﬁ Sy, = AH - 1.18T =1.026 1) Paremeter Value Unit
AB HoAB  915kA/my, Average torque (virtual work) 180.21 Nm
The geometry specifications of the motor used for the Average torque (loop torque) 179.07 Nm
analysis are listed in Table 1. Torque Ripple (MsVw) 14.74 Nm
Table 1. Geometry parameters of PMBLDC Motor Torque Ripple (MsVw) [%] 8.17 %
No Parameters Unit Cogging Torque Ripple (Ce) 13.92 Nm
1 Outer diameter 218mm Cogging Torque Ripple (Vw) 14.26 Nm
2 Rotor diameter 116mm Speed limit for constant torque 918.39 rpm
3 Slot length 112mm Electromagnetic Power 18884 Watts
4 Normal Torque 200Nm Input Power 20632 Watts
5 Maximum Torque 350Nm Output Power 18679 | Watts
6 Speed 3600rpm Total Losses (on load) 195333 | Watts
/ Slot Number 18 System Efficiency 90.53 %
8 Power 20kW Shaft Torque 158.37 Nm
) stator B.ore 142 In order to evaluate the maximum torque of the motor,
10 Tooth Width /mm a maximum current is applied to determine torque is
n Slot Depth 29mm 178Nm at speed of 3600rpm with a current | = 200A and
12 Pole Number 12 the efficiency is quite low about 90.53%. However, this
13 Magnet Thickness 4mm design is still not yet optimal. To improve the design,
14 Number turn per coil 12 different motor configurations, controlling angles can be
The design requirements are low cost, overload adjusted to achieve maximum efficiency but the geometry

capacity, complex controller, efficiency and reliability. For
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parameters in Table 1 are kept constant.
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Figure 2. Average torque of a BLDC Motor Z=36, p =12

Based on this simulation, the electromagnetic torque
curves have also determined at different rotor positions
from 0 to 360 and | = 200A as Figure 2.

A 2D BLDC motor model is simulated by FEMM
software. After meshing the geometry model included
magnetic NdFe42, silicon steel M27 or 35A470 and
insolation materials, the electromagnetic characteristics
have been obtained and the flux density distribution of
rotor and stator is resulted at 3600rpm and 200A in figure 3.

oiy

Figure 3. Flux density results

Back EFM has been investigated at different modes such
as no-load, full load at diferent speed. Many steps of rotor
position and currents, the torque and flux density results
have recorded and saved in Matlab files to plot those
characteristics. Electromagnetic forces were calculated at
different speeds in Figure 4. The electromagnetic forces can
be obtained by analytical method as equations:

e= —d—lp = —d—w.@: —d—q).2n.n z—ﬂ.ZTr.n (2)

dt do dt dt A8

For overrall torque vs speed curves under normal and
overload capacity, a full efficiency map was plotted with
200 VDC/300 A and maximum current density of 15A/mm?,
There are many efficiency curves however efficiency level
from 90% to 96% in below figure can cover or meet
requirement of the BLDC Motor 20kW - 3600rpm.

It ensures that the motor cooling system can’t not
excessed limit temperatures of winding (160°C) and
magnet (140°C). Peak torque of 300Nm is constant with
speed to 1200rpm and to down from 1200 to 10000rpm.
With normal torque of 150Nm, the constant speed is
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extended to 2000rpm and maximum speed of 10000rpm
the average torque is 30Nm.

300
250
200
150

=]
e 85 8

Back EMF [Volts]
n
S =

o o
& 8

o
o o
=]

o s
2
& 8

0 50 100 150 200 250 300 350
Position [EDeg]

Figure 4. Back EMF results
3. SKEW ANGLE CALCULATION

Skewing method is used frequently in BLDC motors for
eliminating this cogging torque. With optimum skew
angle, cogging torque can be eliminated theoretically.
Skewed rotor for the stator lamination layers are
illustrated in Figure 5.

0w

Shaft Torguss (Hen)

Figure 5. Full efficiency map
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Figure 6. 9 Slice step-skewing rotor

Any consecutive slices are numbered as 1 and 2 in
Figure 6 to show the beginning position for the first slice to
last slice. Depending on optimum skew angle, each slice
should be skewed one by one by skewing angle and
number slices.

Figure 7. Cogging torque analysis of slice skewing
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Cogging torque can be calculated from stored energy in
the air gap. Variation of the co-energy gives the cogging
torque [13].

oW

do

Where T, is the cogging torque, 00 is the displacement
with mechanical degree, W is the stored co-energy in the
air gap.

Cogging torque is periodic along the air gap. By using
this periodicity feature, Fourier series of the cogging torque
can be obtained [14].

Tskew(e):ZDC:Ksk.Ti.sin(iCpem +6,) 4)
i=1

3)

Where K, is the skew factor which is 1 for non-skewed
motor laminations. C, is least common multiple between the
number of pole and number of stator slots, T, is absolute
values of the harmonics, 6, is the mechanical angle between
stator and rotor axis while motor is rotating and represent to
the phase angle K, that is skew factor, the defined by:

iCrma,,
NS

Where qa, is the skew angle and N, is the number of
slices. Skew angle is given in Equation (6).

K, = 5)

Figure 8. Cogging torque of 9 slices and reduced cogging torque

Average values of load torques are nearly same values for
even one slot pitch skewed motor result in terms of average
load torque are coherent with the non-skewed motor model.
To relative torque ripples can be calculated as follows:

T (Tmax - Tmin ) ( )
o= max  min] 6
ripple
Tavg
If increasing skew angle, the torque ripple is reducing but
the average torque will be down also but the manufacturing

and assemly technologies are big challenges.
4. CONCLUSION

The paper has presented a comprehensive design of a
PMBLDC motor 20kW - z = 36, p = 12 for in wheel electric
vehicles. The design was calculated by analytical method,
optimized by SPEED software and evaluated electromagnetic
characteristics by FEM. Particularly, detail results of torque,
efficiency was compared and analyzed under different
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operation. The step skewing slice rotor is applied to the PM
surface mounted type Brushless DC Motor for eliminating
torque ripples. To observe the skewing effect, the rotor
magnet segment (or slices) are skewed with different angles.
The best skewing angle is determined by number of slices
and skewing angle with a parametrical study.
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