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Abstract: Owing to the development of electric vehicles (EVs), research and development are
underway to minimize torque ripple in relation to vibration and noise in EV motors. Although there
are various ways to reduce torque ripple, this study analyzes the torque ripple, cogging torque,
total harmonic distortion (THD), and magnetic flux density distribution for the three rotor shapes
of interior permanent magnet synchronous motors, which are widely employed in EVs. To reduce
the torque ripple while retaining the required average torque, the barrier shape is optimized, and
wedge skew is applied. First, regarding the rotor barrier shape, torque ripple is primarily reduced by
designing the rotor barrier shape with the response surface method, which is an experimental design
method. Additionally, the wedge skew shape considering the bidirectional rotation and fabrication
was applied to the stator shoe as a step and analyzed using three-dimensional finite element analysis.
When designing the wedge skew, the layer subdivision according to the axial length, wedge skew
diameter, and wedge skew position was analyzed and improved. The torque ripple reduction method
in this paper can be applied not only to motors for EVs or Hybrid EVs (HEVs) but also all types of

permanent magnet synchronous motors.

Keywords: torque ripple; cogging torque; interior permanent magnet synchronous motors; total
harmonic distortion; electric vehicle; magnetic flux density saturation

1. Introduction

In recent years, research and development in electric motors for electric vehicles (EVs)
have been actively conducted. The minimum and maximum numbers of electric motors
for EVs are 50 and 150, respectively. Vehicles equipped with traction motors can be largely
divided into EVs and hybrid EVs (HEVs). If the internal combustion engine and traction
motor are installed together, it is an HEV. On the other hand, if a car is driven only by
a motor, it is an EV. In addition, according to the battery capacity, they are divided into
micro HEVs, mild HEVs, full HEVs, plug-in HEVs, and EVs. In other words, the higher the
dependence of the automobile motors on the battery, the larger the battery capacity and the
lower the fuel consumption. As shown in Figure 1, electric motors for EVs are classified
from PO to P4 according to the mounting position [1]. The minimum capacity from PO to
P5 is over 15 kW.

Interior permanent magnet synchronous motors (IPMSMs) are widely employed in
EVs due to their high power density [2,3]. IPMSMs can operate in a wide speed range with
weakening magnetic flux control operation and have the advantage of a higher efficiency
than induction motors and wound field synchronous motors [4-8].

For motors for EVs or HEVs, torque ripple, which could be one of the sources of
vibration and acoustic noise, must be minimized [9-11]. In the case of PO and P1 installed
in the front of the clutch, the vibration and acoustic noise transmitted to the passenger
may be weakened by the engine vibration and the flywheel of the clutch. However, P2~P5
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are mounted on the rear part of the clutch, which can greatly affect passenger comfort.
Total harmonic distortion (THD) of no-load back electromotive force (back-EMF) is one
of the causes of torque ripple [12-14]. In addition, when magnetic flux saturation occurs
in the stator or rotor, the torque ripple increases nonlinearly [15,16]; thus, a magnetic flux
saturation prevention design is needed to reduce torque ripple. The torque ripple is also
related to the cogging torque that is generated in the no-load condition, and research is
being conducted to reduce torque ripple and cogging torque for safe motor operation [17].
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Figure 1. Topological diagrams of motors for a hybrid electric vehicle (HEV).

Methods for reducing torque ripple include rotor shape design or motor control [18-20].
However, in the case of a slot-less motor, no such problem exists as the cogging torque is
quite small due to the characteristics of the stator structure [21]. Although torque ripple
can be reduced by motor control, torque ripple reduction by motor design is deemed better
in terms of reliability and performance.

Characteristics of torque ripple, cogging torque, and no-load back-EMF THD vary
according to the combination of the number of stator slots and the number of rotor poles.
The combination of the number of stator slots and the number of rotor poles is divided
into integer slot winding and fractional slot winding. The integer slot winding means
that the number of slots divided by number of poles is an integer. If the number of slots
divided by the number of poles is not an integer, it is a fractional slot winding. According
to [22], higher cogging torque occurs in integer slot winding compared to fractional slot
winding. In other words, in fractional slot winding, relatively low torque ripple can be
expected [23,24]. Furthermore, fractional slot winding has a high power density and
a short end coil structure; therefore, the efficiency is improved by minimizing copper
loss [25,26]. It is also very advantageous when applied to EVs because it has excellent fault
diagnosis characteristics due to nonoverlapping end coils [27,28]. Although the fractional
slot winding can generate a large magnetomotive force (MMF) due to the nature of the
concentrated winding, it has the disadvantage of large spatial harmonics [29,30]. There
are two main methods to reduce spatial harmonics. The first is to apply skew to the stator
or rotor. Second, there is a method of optimizing the shape of the rotor. However, in this
study, a novel method of applying wedge skew to the stator is proposed to reduce the
torque ripple.

A 12-pole 18-slot fractional slot winding was used to minimize the torque ripple
for HEV motors. In Section 2, torque ripple characteristics are analyzed for the bar-type,
U-type, and V-type, which are the representative shapes of the IPMSM. In Section 3, the
rotor barrier shape was optimized using the response surface methodology (RSM), which
is an experimental design method. In Section 4, wedge skew to stator shoe is investigated
with design parameters to reduce torque ripple while retaining the required average torque.
In addition, this study was conducted to minimize torque ripple while considering the
manufacturability of the motor in designing the wedge skew.
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2. Analysis of Torque Ripple Characteristics by Various Rotor Shapes

The torque characteristics employed for HEVs were compared and analyzed for the
bar-type, U-type, and V-type IPMSMs. A 12-pole rotor and an 18-slot stator, which is a
fractional slot winding, were adopted. The fractional slot winding has the advantage of
a lower cogging torque than an integer slot winding. Figure 2 shows the shape of the
bar-type, U-type, and V-type IPMSMs. When comparing the three rotor types, the shapes
of the stator, the input current, voltage limit, stack length, and air gap distance were the
same. In the case of a permanent magnet, the thickness of the permanent magnet was
6 mm, and the permanent magnet usage was the same as that shown in Table 1. It also
shows the main dimensions of the three types of IPMSM. The rated average torque and
rated speed of the motor are 106.5 Nm and 1350 rpm, respectively, and the capacity is
15 kW. In addition, the maximum speed is 5000 rpm and the required average torque is
29 Nm. The design constraints are a phase voltage limit of 46.7 V,,, an input current of
300 Apeax, and a torque ripple within 15%.

A&

Figure 2. A 1/6 periodic model of a 15 kW HEV motor. (a) Bar-type interior permanent magnet
synchronous motor (IPMSM); (b) U-type IPMSM; (c) V-type IPMSM.

Table 1. Specification of electric motors.

Item Value Unit

Stator diameter 270 mm

Rotor diameter 151 mm

Air gap length 1 mm

Stack length 74 mm

Area of permanent magnet 192 mm?
Number of poles 12 -
Number of slots 18 -

Figure 3 shows the torque and cogging torque waveform according to the rotor shape.
In designing the three types of rotor, the rotor is designed to reduce torque ripple and
cogging torque while satisfying the required average torque. From Equation (1), the torque
ripple is generated with periodicity by the stator and rotor MMFs [18].

Do

Tripple = - 2 ¢ rglstk” Z (hfs,hfr,h sin((h & 1)w,t £ 7,)) 1)
h=6m=x1
m=1,2,3---

where P is the number of poles, y is the air permeability (H/m), r¢ is the air gap radius
(mm), f; j, is the hth-order stator MMF (A-T), f,, is the hth-order rotor MMF (A-T), and 7 is
the phase angle (degree) between the d-axis and i,.
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Figure 3. Wave form of three types of motors. (a) Torque; (b) cogging torque.

As the stator MMF is determined by the current and number of turns, the spatial
distribution by the magnetic reluctance characteristic is immediately inferred. The MMF of
the rotor is determined by the permanent magnet, and the spatial distribution is inferred
by the barrier shape. MMF due to the barrier shape of the rotor is expressed as follows:

fr="Y_ frucos(ho) )

W24, -

The maximum average torque per ampere was determined from the rated speed of
each rotor shape. The current phase for the bar-type is 22°, the current phase for the U-type
is 27°, and the current phase for the V-type is 28°. The bar-type can generate higher average
torque, but the torque ripple is 9.12% and the V-type torque ripple is 10.73%, which is a
small difference. More importantly, as shown in Table 2, it can be seen that the tendency of
cogging torque and torque ripple is different. The bar-type cogging torque is worse than
the V-type cogging torque. In the case of the U-type rotor, even if the cogging torque is the
lowest among the three types of rotors, the torque ripple of the U-type is 12.20%, which is
the severest torque ripple among the three types of models. In this study, the torque ripple
was calculated using Equation (3).
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Table 2. Comparison of torque ripple and cogging torque at 1350 rpm.

Type Torque Ripple Cogging Torque (Peak to Peak)
Bar-type IPMSM 9.12% 12.76 Nm
U-type IPMSM 12.20% 4.81 Nm
V-type IPMSM 10.73% 6.13 Nm

The results reveal that it is difficult to apply the U-type to a multi-pole model because
as the number of poles increases, the pole pitch that can be used per pole is limited;
therefore, it is structurally difficult to use the U-type in multiple poles.

Tmax — Tmi
= M TR 100 [%] 3)

T,
! Tavg

ipple

Figure 4 shows the magnetic flux density saturation level under the rated load for
each rotor shape. The maximum magnetic flux density saturation level at the teeth and
yoke of the stator is approximately 1.6 T, and the saturation level at the shoe end is 1.8 T. In
addition, it is observed that the end of the permanent magnet in the rotation direction is
saturated to a minimum of 1.8 T or higher due to the movement of the magnetic neutral
point according to the rotation direction. The torque ripple can be reduced by minimizing
the area of magnetic flux density saturation.
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Figure 4. Magnetic field distribution at 1350 rpm. (a) Bar-type IPMSM; (b) U-type IPMSM; (c) V-type
IPMSM.

Figure 5 shows the analysis of the no-load back-EMF THD of the three models. All
three models have large 5th and 7th harmonic components. When the fundamental
wave rotates in the wt direction, the 5th harmonic rotates in the opposite direction of the
fundamental wave rotation —wt, and the 7th harmonic rotates in the same direction as the
fundamental wave rotation direction wt, as follows:

f5 = 3Fussin(50 — wt) [AT]

f7 = 3Fussin(70 + wt) [AT] )
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Figure 5. Total harmonic distribution at no-load back electromotive force (back-EMF).

The bar-type THD seems relatively lower than the other types, but it is confirmed that
it has poor cogging torque characteristics, as shown in Table 2. It cannot be determined that
the THD and cogging torque are unconditionally proportional. A comparison of the three
basic models confirmed that the V-type model can minimize the torque ripple, cogging
torque, and THD.

3. Design of Barrier Shape to Reduce Torque Ripple

To analyze and reduce the torque ripple according to the barrier shape, the design
parameters were set as shown in Figure 6. The torque ripple was reduced using the
experimental design method, RSM. The conventional optimization method was able to
monitor the response to one variable [31]. However, RSM can obtain an optimal response
for more than two variables. Accordingly, RSM can obtain more efficient and accurate
optimization results than conventional optimization methods. In particular, the central
composite design (CCD) of RSM was applied. Since the CCD contains an embedded
factorial or fractional factorial design with center points that is augmented with a group
of star points that allow an estimation of curvature, which depends on certain properties
required for the design.

Angle 3 Angle 1

Inner barrier

Figure 6. Design variables of rotor.

Figure 7 shows the contour plots of the average torque and torque ripple for the barrier
angle. For reference, the shape of the inner barrier of the rotor was analyzed, but the inner
barrier did not affect the output characteristics. The level of influence contributes to the
average torque and torque ripple. The average torque should be as large as possible, and
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the torque ripple should be as small as possible. Comparing the average torque and torque
ripple characteristics according to each barrier angle reveals that the torque ripple may
increase when the barrier is designed in the direction of increasing the average torque,
and the torque ripple tends to decrease when the barrier is designed in the direction of
decreasing average torque. Therefore, it is necessary to design in the area where the green
areas of the average torque and torque ripple graph overlap. After optimizing the outer
barrier, which are Angle 1 of 14°, Angle 2 of —0.1°, and Angle 3 of 3°, the average torque
obtained is 109.9 Nm. The torque ripple is 7.57% which is a 7% reduction, as shown in
Figure 8. In addition, with the optimization of the barrier shape, the torque max value is
not significantly different, but the torque ripple peak to peak is reduced. To further reduce
the torque ripple, the wedge shape applied to the stator shoe, such as the step skew, will be
discussed in Section 4.

Average torque o Angle2*Anglel Angle3* Angle2 Angle3* Angle|
[ | < 1045 ’ 80 80
B 1045 - 1065 -20
[ 106.5 - 1085 -10 40 40
B 1085 - 1105
W 1105 - 1125 0 0 0
[ | > 112.5 10
20 0 20 =30 20 -10 O 10 =20 0 20
(a)
" I Angle2*Angle| Angle3*Anglel Angle3* Angle2
Torque ripple -30 ' 80 80
. < 10.0 =20
10.0 - 125 10 40 40
12.5 - 15.0
B 150 - 175 0 0 0
W 175 - 200 10
-20 0 20 -20 0 20 -30 20 10 0 10

(b)

Figure 7. Contour plot according to design parameters by 2D finite element analysis (FEA) result:
(a) average torque; (b) torque ripple.

\
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Figure 8. Torque wave form with the optimized barrier angles.
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4. Design and Analysis of Wedge Skew
4.1. Conceptual Idea of Wedge Skew

In general, continuous skew is applied to the stator or rotor or the 3-layer, 4-layer, or
5-layer step skew is applied to the rotor. However, it is difficult to apply step skew to a
stator because of windings. In this section, a wedge shape is applied to the stator shoe
part—similar to a step skew—to reduce the torque ripple. The output characteristics of the
spoke-type PMSM with a wedge shape have been verified experimentally [21].

Figure 9 shows three conceptual diagrams for wedge skew. Wedge skew is a method
in which a groove is made in a circular shape in the stator shoe, and the air gap length
between the rotor and the stator can be partially lengthened from the viewpoint of the
magnetic equivalent circuit. However, when the region in which the saturated magnetic
flux density is removed, the air gap magnetic reluctance becomes uniform; the air gap
magnetic flux density can also be expected to be more uniform.

N— —

E—
™~ Stator

‘\ back-yoke

J\‘ \\ Teeth - H

H

T Shoe -layer] H

\\ .
I~ Wedge-4 —e Ll
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2 1
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Figure 9. Schematic of the wedge skew: (a) A-type; (b) B-type; (c) C-type.

4.2. Result of Torque Ripple Characteristic with the Wedge Skew by 3D Finite Eelement Analysis

In the A-type and B-type, the shape of the wedge skew is arranged in only one direc-
tion. In the case of the C-type, the shape of the wedge skew is symmetrically arranged in a
bidirectional manner based on the center line of the wedge. Therefore, when considering
the rotation direction of the motor, the C-type can obtain the same torque ripple character-
istics in both directions. Figure 9c shows the four-layer wedge skew, and the three-layer or
five-layer wedge skew were also analyzed by three-dimensional finite element analysis
(3D FEA).

Prior to discussion about the results of the wedge skew application, the average
torques of 2D and 3D FEA of the final model in Section 3 were 109.9 Nm and 109.1 Nm,
respectively. The result of the wedge skew shows the C-type has better torque ripple
characteristics than the A-type and B-type. Figure 10 shows the results of a more detailed
analysis of the C-type according to various layers. The results also show the characteristics
of average torque and torque ripple according to the number of layers, wedge skew
diameter, and the depth of the wedge skew. The wedge skew depth is determined by the
position of the wedge center. Before obtaining the analysis results in Figure 10, an analysis
was conducted to determine the optimal location according to the wedge locations for
all layers. To minimize the torque ripple while retaining an average torque greater than
106.5 Nm, each green area should be overlapped in the average torque and torque ripple
graphs in Figure 8. The design points are marked in the graphs. In the case of the 3-layer
wedge skew, the analysis was performed in conditions where the gap distance of wedge-1
was 4.01 mm, gap distance of wedge-2 was 6.68 mm, and gap distance of wedge-3 was
9.35 mm. For the 4-layer wedge skew, the analysis was conducted in conditions where
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the gap distance of wedge-1 is 10.68 mm, gap distance between wedge-2 and wedge-3 is
21.36 mm, and gap distance of wedge-4 is 18.69 mm.

1. 1.8
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(c)

Figure 10. Contour plot of average torque and torque ripple characteristics by wedge skew parameter
by 3D FEA: (a) 3 layers; (b) 4 layers; (c) 5 layers.

Analysis of the 5-layer wedge skew was performed in conditions where the gap
distance of wedge-1 was 5.34 mm, the gap distance between wedge-2 and wedge-3 was
10.68 mm, and the gap distance of wedge-4 was 5.34 mm. These conditions are design
variables in which the torque ripple is minimized while satisfying the required average
torque via 3D FEA.

To increase the average torque, the wedge skew should be located near the air gap
(minus direction of the wedge center position), and the diameter should be as small as
possible. Conversely, to reduce the torque ripple, the wedge skew must be located far
from the air gap, and the diameter must be large. To improve both the average torque and
reduce the torque ripple, it is necessary to identify a condition that satisfies both conditions
in the contour plot.

The analysis results for the wedge skew shape are shown in Table 3. The A-type was
arranged in a 4-layer wedge skew with a constant spacing between the 1.4 mm radii of
the wedges; the required average torque was satisfied, and the minimum torque ripple
was obtained. In the case of the B-type, the lowest torque ripple was obtained when the
wedge radius was 1.4 mm, the distances of wedge-1 and wedge-3 were +11.35 mm, and
the distances of wedge-2 and wedge-4 were +5.67 mm from the center line of the wedge.
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As a result of the shape of the B-type, the wedge skew is located on one side; therefore, it
can be seen that the wedge skew is also related to the direction of the rotation. Among the
5 types of wedge skew, the model capable of minimizing the torque ripple while satisfying
the required average torque is a C-type 4-layer wedge skew with a wedge skew radius of
1.6 mm and a position is —0.5 mm. Figure 11 shows a 3D model of a C-type 4-layer wedge
skew. The 3D mesh of the model before and after skew wedge application are shown in
Figure 12. Figure 13 shows the torque waveform of the final model. The average torque is
106.6 Nm, and the torque ripple is 6.84%, which is 36% less than that of the basic model.

Table 3. Comparison of torque characteristics at 1350 rpm with the wedge skew.

Type Avera(flg\?n'f)orque Torqu(?%)l){ipple
A-type 107.5 8.49
B-type 107.3 7.56

C-type (3 layers) 106.5 8.36
C-type (4 layers) 106.6 6.84
C-type (5 layers) 106.5 7.30

(a) (b)

Figure 11. 3D periodic model with the 4-layer wedge skew with radius of 1.6 mm and position of
0.5 mm: (a) stator; (b) stator and rotor.

9

PAVAVA
B
TANAYAY, %,

JAN Ve
AR
_ rA

VAV,
JAVAVAVAY,

(b)
Figure 12. 3D mesh: (a) no wedge skew model; (b) wedge skew model.
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Figure 13. Torque wave form of final model.

To make the wedge skew on the stator shoe part, the stator mold frame may be
constructed into three shapes according to the position of the wedge skew or a wedge skew
shape may be produced on the shoe part by postprocessing after constructing the stator.

Figure 14b shows the magnetic flux density distribution of the final model. Compared
to the basic model, the saturation area of the magnetic flux density is reduced, and accord-
ingly, the torque ripple is reduced. The output characteristics of the wedge skew applied
model and the basic model are shown in Table 4. It was confirmed that the torque ripple
and no-load THD were reduced by applying wedge skew.

B [tesla] d Magnetic flux Reduced magnetic flux
ensity saturation i g

1.8000 Y density saturation

1.6800

1.5600

1.4400
1.3200
1.2000
1.0800

0.9600
0.8400
0.7200
0.6000
0.4800
0.3600
0.2400

0.0000 (a) (b)

Figure 14. Comparison of magnetic density field distribution at 0 ms. (a) No wedge skew model;
(b) wedge skew model.

Table 4. Output characteristic of basic model and wedge skew model.

Model Average Torque Cogging THD Back-EMF
Torque (Nm) Ripple (%)  Torque (Nm) (%) (Vph)
Basic model 107.1 10.75 6.13 10.1 434

Wedge skew model 106.6 6.84 6.40 4.89 42.8
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5. Conclusions

This study shows an investigation on the torque ripple for EV or HEV motors. The
15 kW motor can be installed after P2. The P2 is positioned after the clutch of the HEV and
can greatly affect the passenger comfort. For low torque ripple, 12-pole 18-slot fractional
slot winding is adopted. To reduce the torque ripple by comparing the cogging torque,
no-load back-EMF THD, and torque ripple for each rotor shape of the IPMSM, it was
determined that the V-type rotor is suitable. Because the torque ripple can be reduced
according to the design of the rotor barrier shape, the experimental design method, RSM,
is introduced, and the torque ripple is reduced by 7% via the barrier optimization design.
Moreover, the additional torque ripple was reduced by applying the wedge skew shape to
the stator shoe. When designing the wedge skew, the manufacturability and bidirectional
rotation were considered. It is confirmed that the wedge skew shape has made magnetic
flux density saturation low and reduced torque ripple by placing it in the stator shoe part.
The torque ripple was further reduced by 9.6% by the wedge skew. The torque ripple is
reduced by 36% compared to the basic model.
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