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Abstract: Drive motors, which are used in the drive modules of electric cars, are interior permanent
magnet motors. These motors tend to have high cogging torque and torque ripple, which leads to
the generation of high vibration and noise. Several studies have attempted to determine methods of
reducing the cogging torque and torque ripple in interior permanent magnet motors. The primary
methods of reducing the cogging torque involve either electric control or mechanical means. Herein,
the authors focused on a mechanical method to reduce the cogging torque and torque ripple. Although
various methods of reducing vibration and noise mechanically exist, there is no widely-known
comparative analyses on reducing the vibration and noise by designing a notched rotor shape.
Therefore, this paper proposes a method of reducing vibration and noise mechanically by designing
a notched rotor shape. In the comparative analysis performed herein, the motor stator and rotor were
set to be the same size, and electromagnetic field analysis was performed to determine a notch shape
that is suitable for the rotor and that generates reasonable vibration and noise.

Keywords: interior permanent magnet synchronous motor; torque ripple; cogging torque; electric
vehicle; notch

1. Introduction

Globally, the market for eco-friendly vehicles is continuing to grow, and a variety of electric car
models are being released in the automotive market. The reason for this increased prevalence of electric
cars in the market is because the laws concerning the average amount of carbon dioxide emissions
from internal combustion vehicles are becoming increasingly stringent, and there is concern regarding
fine particles being emitted into the atmosphere; thus, eco-friendly cars are becoming increasingly
prevalent globally [1].

The electric motors that are used to drive electric cars influence the cars’ performance considerably.
The type of drive motor used can determine the car’s mileage, efficiency, torque, vibration, maximum
speed, and acceleration. One such drive motor that is widely used nowadays is the interior permanent
magnet synchronous motor (IPMSM). The IPMSM involves a structure with a permanent magnet
embedded in the interior of the rotor. It has a torque component that is caused by the interior magnet
(alignment torque) and a torque component that is caused by the difference in the d—q axis magnetic
reluctance (reluctance torque); thus, it can provide a large power density. Because the embedded
permanent magnet’s magnetic properties are similar to that of an air gap, marked differences in the
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d—q axis inductance distribution occur in the rotor interior. The motor can have a wide range of
variable speed driving properties owing to weak field control in proportion with the saliency ratio.
Therefore, these motors continue to be used as the drive motors of electric vehicles because they
enable high-power and high-speed operation by ensuring high power density, a wide range of speeds,
and mechanical strength, all of which are characteristics of the interior permanent magnet motor [2].

In the interior motor’s structure, a magnet is inserted in the rotor, and magnet barriers exist at
both ends of the rotor. The electrical device’s properties vary based on the path of the magnetic flux
produced by the magnet. By applying this property in the desired direction, it is possible to improve
upon the loss, power, efficiency, cogging torque, and torque ripple [3]. This has various advantages;
however, it also has several disadvantages. The magnetic distribution on the surface of the rotor is not
uniform, and more cogging torque and torque ripple occur in this type of motor than with other forms
of motors having the same magnetic circuits [4].

If the torque ripple is high, vibration and noise occur in the motor, and this may lead to motor
drive system malfunctions. Unlike other motors, an IPMSM uses a permanent magnet to create
magnetic field, and cogging torque generally occurs in the motor owing to the difference between the
magnetic reluctance at the permanent magnet in the rotor interior and at the stator’s slot structure.
Cogging torque significantly affects the occurrence of noise and vibration in the motor; hence, it is
necessary to reduce it as much as possible at the design stage. Torque ripple, which is related to the
back electromotive force harmonics, must also be reduced as much as possible because “it increases
the noise and vibration in the motor [5].

Thus, many studies have been conducted to reduce the vibration and noise in interior permanent
magnet motors to ensure improved performance and reliability in electric car drive motors. A variety
of papers have introduced methods that reduce the cogging torque and torque ripple. These methods
involve adjusting the motor’s arrangement, adjusting the width of slots and teeth, using permanent
magnet skew, creating auxiliary teeth, using slot-less armatures, and using notches [6,7]. In contrast,
this study aims to reduce cogging torque and torque ripple by changing the shape and arrangement of
the permanent magnet [8,9].

The methods for reducing cogging torque and torque ripple that were used in other studies
were mostly electromagnetic methods. However, this paper aims to reduce the cogging torque and
torque ripple using a mechanical method. Existing electromagnetic methods have the disadvantage
of also reducing the active magnetic flux, which lowers power and efficiency. Mechanical methods,
however, reduce active magnetic flux far less than electromagnetic methods and enable high-efficiency
high-power motors to be built. As a typical example of this, the T Company has built relatively
high-efficiency motors for electric cars using a mechanical method similar to that introduced in this
paper. Herein, a 3D finite element method is used to reduce the time required for obtaining an optimal
design, and a variety of notches are introduced on the rotor to reduce the cogging torque and torque
ripple. A notch shape for optimal torque ripple and cogging torque reduction through detailed shape
design is determined. The results of this study are believed to offer a rotor notch design shape that can
reduce the vibration and noise in future electric drive cars, and they are believed to contribute toward
the efficiency gains of designing drive motors with reduced torque ripple.

This paper first describes the properties of the cogging torque and torque ripple in terms of
theoretical equations, and the analysis model and its specifications. Furthermore, details of the
comparative analysis performed according to the position and shape of the notch are presented, and
the results and conclusions derived from the analysis are discussed.
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2. Materials and Methods
2.1. Relevant Equations for Cogging Torque and Torque Ripple

2.1.1. Cogging Torque Equation

Cogging torque is the non-uniform torque of the stator, and it occurs inevitably in a motor that
uses a permanent magnet. It is a radius-directed torque that is directed towards the position with
the minimum magnetic energy, i.e., in an equilibrium state, in the motor. As shown in Equation (1),
the cogging torque can be determined by deriving the drive motor’s internal energy by differentiating
the magnetic energy with respect to the synchronous motor’s rotor position angle.

TCogging(“) = —avgiia) @

In Equation (1), « is the rotor position angle and W is the motor’s magnetic energy.
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Here, B is the magnetic flux density, and yu is the permeability.
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In Equation (3), G(6, z) is the gap permeance function and B(6, «) is the gap magnetic flux density.
Furthermore, 8 is the angle along the circumference, and « is the rotation angle.
If Equation (3) is substituted into Equation (2):
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Here, y is the air permeability, and L; is the lamination layer length. R; is the inner radius of
rotor, and R; is the outer radius of rotor.

In Equation (4), if a Fourier series expansion is performed on G?(6,z) and B?(6,«), and the
trigonometry function’s orthogonality are used to solve Equation (4):
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In conclusion, for the cogging torque, the gap energy is partially differentiated by thve rotor’s
rotation angle, as shown in Equation (5), and it can be expressed as in Equation (6) [10-13]. Here, Ny, is
the least common multiple (LCM) between the number of rotor poles and stator slots:
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2.1.2. Torque Ripple Equation

There are several reasons why torque ripple occurs in a permanent magnet synchronous motor,
including the cogging torque generated because of the mechanical structure, offset and scale errors in
the current sensor in terms of electrical control, fluctuations in the direct current (DC) link voltage,
phase current distortions owing to the inherent properties of power switching elements, and dead
time [14-17], and distortions in the back electromotive force [18-22].

A synchronous motor’s power is determined by the maximum DC voltage and maximum current
supplied by the inverter. The maximum current is denoted by Iy, and it is determined in conditions
that satisfy the thermal rating of the inverter. The equations for current and voltage are as follows:

Vis + Vs < Vinax
2 4 2 2 @)
Ids + Iqs < Imax
Here, I;; and ;5 are the d- and g-axis currents, respectively. V5, and Vs denote the d and g-axis
terminal voltages, respectively.
The following are the voltage equations for a synchronous reference frame that sets the rotor that
is rotating at a synchronous speed as the standard coordinate system.

. dAg
Z)gs = 1’5125 + dtds - Cl)rAZs
e ®)
e __ . e 5 A8
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As seen in Equation (8), if it is assumed that the voltage drop due to the stator’s phase resistance
is not large, it can be said that the terminal voltage is proportional to the speed, w;. In addition, the d—q
axis magnetic flux part present in Equation (8), which takes into account the harmonic components,
can be expressed as shown below. Here, A 45 o and Ay, are the d—q axis interlinked magnetic flux
harmonic components caused by the permanent magnet.

/\ZS = Ldlgs + ll]f + Adfhar

e e ©)
)‘qs = Ldlqs + )\qf_har
The torque equation for the permanent magnet synchronous motor is as follows:
3P , .
T, = Z( 6 i — Agszd) (10)

Equation (9) is substituted into Equation (10) to obtain Equation (11). From this, the torque ripple
component, which is the torque component that occurs because of the interlinked magnetic flux’s
harmonic component in the synchronous motor’s torque equation, can be derived, as in Equation (12):

3P . ;o ' ]
T, = T{l/’flq + (La — Lq)igiq + (Adfhurlq - )‘Qf—’“”ld)} v
3P . .
Te = Z (/\dfhar lq - Aqf_]’lﬂrld) (12)

2.2. Analysis Model and Specifications

Figure 1 shows the shapes of the rotor and stator of the basic model employed in this study.
A V-shaped magnet configuration was selected from several rotor shapes owing to its excellent
speed-versus-torque characteristics and high allowable radial direction force [23-25]. Table 1 shows
basic specifications of the interior permanent magnet synchronous motor, used in this paper.
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Figure 1. Slot stator and 8-pole rotor core: (a) stator core; (b) rotor core.

Table 1. Interior permanent magnet synchronous motor (IPMSM) basic specifications.

Parameters Unit Value
Number of Slots EA 48
Number of poles EA 8

Capacity kW 35

Rated Speed rpm 10,000-11,000
Outside Diameter mm 200
Inside Diameter mm 122
Stack Length mm 50
Air Gap mm 0.7

Thereafter, notches were added at various positions in accordance with the basic model
specifications listed above, and a comparative analysis was performed. According to the energy
method, the cogging torque is a change in the magnetostatic energy that occurs because of the rotation
of the motor. Changes in magnetostatic energy mostly occur when a pole transition occurs through
the gap between the stator and the rotor. Consequently, cogging torque occurs at this time. Therefore,
when a notch is added to the rotor’s surface, the notch acts in the same way as the air gap. As a result
of acting as the air gap, it changes the distribution of the gap permeance function, G(6,z), and as the
number of active slots is changed, G, is also changed, which results in reducing the cogging torque
This has the effect of reducing the energy changes due to the rotation of the motor, thereby reducing
the cogging torque and torque ripple [26,27].

2.3. Test Method

The aforementioned V-shape was selected as a typical shape for an interior permanent magnet.
Notches were designed for the drive motor rotor magnet using a mechanical method rather than the
existing electromagnetic method, and a comparative analysis was performed on the position with the
smallest cogging torque and torque ripple. In each model, a notch was placed on the surface of the
rotor to reduce the interior permanent magnet motor’s cogging torque, and a comparative analysis
was performed. The magnetic flux density distribution of the gap and the cogging torque properties
change according to the position of the notch, and thus an optimal notch shape design is necessary.
Figure 2 shows the positions of the notches in the analysis. In (a), (b), and (c), respectively, the notches
are located on the inner, outer, and central parts of the rotor’s surface. In (d), a central notch is added
to the (a) notch shape. Finally, (e) shows the basic shape without any notches. A comparative analysis
of the shapes according to the five notch positions was performed. After the optimal position was
determined, a more detailed design was created accordingly.



Energies 2018, 11, 3053 6 of 14

- = .
U L X
7 o

) J

Y m——

(@) (b) (c)

. Ty ﬁ;

PO, ¢

(d) (e)

Figure 2. Motor rotor notch design positions: (a) magnet’s inner notches; (b) magnet’s outer notches;
(c) magnet’s central notches; (d) magnet’s additional central notches; (e) no notches (basic form).

3. Comparative Analysis and Results

3.1. Comparative Analysis of Cogging Torque and Torque Ripple According to Notch Position

For analysis, we used the motor electromagnetic field analysis tool program, “JMAG” (ver. 14.1),
made from Nagoya, Japan, with data produced through simulation analysis. The cogging torque is
calculated by dividing the difference between the maximum and minimum value of torque by the mean
value of torque and presenting the result in percentile values. The back electromotive force voltage
and cogging torque analysis speed were analyzed at 1000 rpm. For the torque ripple, the analysis was
performed at 4000 rpm, which is the rotational speed corresponding to the maximum power output.
Figure 3 and Table 2 show the corresponding analysis results. The back electromotive force voltage
was found to be low for the V-shape (a) (20.68 V) and V-shape (b) (20.87 V). These are thus considered
shapes that can ensure a high rotational speed when the motor is under no load. The cogging torque
was 1.7 N m for V-shape (a) and 1.73 N m for V-shape (b). When there are notches on the inner and
outer parts of the magnet, a rotor with a low cogging torque value can be designed. The torque ripple
of V-shape (b) was found to be 8.04%, which is 7.86% lower than that of V-shape (a). The cogging
torque of V-shape (b) was 0.03 N m higher than that of V-shape (a); however, its cogging torque value
was lower than V-shape (a) against its motor power and size. These results show that the torque ripple
and cogging torque can be lowered simultaneously when notches are placed on the outer edge of the
magnet, as in V-shape (b).



Energies 2018, 11, 3053

ey
o

P N w
o o o
| | | 1

B-EMF Voltage [V]
o
1

------ —+— V-Shape(d

T T T T T T T

1 —s— V-Shape(a
N —e— V-Shape(b

’ ‘ —a— \/-Shape(c

L

_— — — — —

—v— V-Shape(e

@ @ i @

O (©

[l
2}

20 40 60 80
Machine Angle [deg]

(@)

g
o
|

@ (® © () (9 —=VShape(

-
o
L

Cogging Torque [Nm]

5 o o =
(3] o (4] o
1 1 1 L

-
o
Il

=
(&)

)
I |—e—V-Shape (b)|-
I —a&— V/-Shape (c)

~—&—V-Shape (d)
—v— V-Shape (e)

o

120

5 10 15 20 25 30
Machine Angle [deg]

(b)

110

B @ @ (@

-

o

=]
|

Torque [Nm]
8

80 oo

70

Machine Angle [deg]

(©)

7 of 14

Figure 3. Back electromotive force voltage, cogging torque, and torque ripple according to notch
position: (a) back electromotive force voltage; (b) cogging torque; (c) comparative analysis of

torque ripple.
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Table 2. Comparative analysis of cogging torque and torque ripple according to notch position.

Characteristic V-Shape (a)  V-Shape (b) V-Shape (c) V-Shape(d) V-Shape (e)
B-EMF Voltage [V_rms] 20.68 20.87 23.03 26.45 24.08
Cogging Torque [Nm] 1.7 1.73 2.6 1.21 1.882
Torque [Nm] 88 87 93 87.66 87.62
Torque Ripple [%] 15.9 8.04 22.58 12.9 24.41
Power [kW] 36.86 36.44 38.95 36.71 36.70

3.2. Comparative Analysis of Cogging Torque and Torque Ripple According to Notch Shape

The comparison results in Table 2 show that the shape with notches on the outer part of the
magnet had low torque ripple and cogging torque. Therefore, a method is proposed that can optimize
this shape to obtain the lowest torque ripple. Figure 4 shows diagrams of the notch optimization
position and the detailed design. In Figure 4b, the radius refers to the length of the radius of a circle
drawn from an arbitrary point on the stator surface. The shape and size of the notch is changed by
changing the radius.

Radius | .-

B e
e
S

(@) (b)
Figure 4. Notch shape optimization: (a) notch optimization position; (b) notch optimization diagram.

3.2.1. Comparative Analysis of Cogging Torque and Torque Ripple According to Changes in
Notched Shape

In the first optimized shape, the standard point radius was 7.61 mm, and shape optimizations
within a range of +3 mm of the radius were analyzed. Table 3 lists the changes in notch width
according to changes in the radius.

Table 3. Rotor notch radius parameter.

Analysis Case Width[mm]  Radius(2) [mm]

1 0.75 5
2 0.82 6
3 0.9 7
4 0.93 7.61
5 0.94 8
6 0.96 9
7 0.98 10
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The cogging torque analysis results shown in Figure 5 show that the cogging torque was 4.14 N
m at the initial standard point radius of 7.61 mm, and it was 3.88 N m when the radius was 5 mm,
which corresponds to the lowest cogging torque. As the radius increased, the cogging torque increased.

An interior permanent magnet (IPM) motor delays the current phase angle and uses the magnet
torque and reluctance torque together; thus, the torque ripple and cogging torque according to the
current phase angle were analyzed. Figures 6 and 7, respectively, show the torque ripple and torque,
according to the radius, for various current phase angles. When the radius was 5 mm, the torque
ripple was low, at 9.7%. As the radius increased, the power increased, and the torque ripple increased.
When the radius was 10 mm, and the current source was 0°, the torque ripple was 15%.

The comparative analysis results in Figure 7 shows that when the notch radius changes from 5 to
10 mm, the difference in the torque is less than 1 N m. Overall, it was determined that a smaller radius
can lower the cogging torque and torque ripple considerably. A large notch shape does not reduce the
cogging torque. Consequently, an additional analysis was performed to obtain a design to minimize
the notch size and reduce the cogging torque and torque ripple.

4.50 ! I ! I ! |
—=— Cogging Torque
TS — — SN S ——
: 1 1 1 g
s | — ‘
—_— ! ! ™ Rl !
E z . i |
Z 5/5 |
[ [ [ S S * ............... i -
3 : 1
Z . .
o
|_ 4
BT ol -
3.50 ——t—————— ey
5 6 7 8 9 10
Radius [mm]

Figure 5. Comparison of cogging torque according to notch radius.
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Figure 6. Comparative analysis of torque ripple according to notch radius.
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Figure 7. Comparative analysis of torque according to notch radius.
3.2.2. Comparative Analysis of Notch Dimensions for Optimal Design

According to the previous discussion, new parameters were set to obtain a notch design to reduce
the cogging torque and torque ripple, as shown in Figure 8. Distance (1) was fixed at 0.5 mm, and it
is the distance from an end of the notch’s arc, when its radius (3) is 2 mm. Distance (1) was fixed to
observe the analysis result of torque and torque ripple with the width difference. The changes in radius
(3) were analyzed according to changes in notch depth, and not the width, and distance (2) indicates
the distance from the magnet barrier to the notch, and it was measured because it is related to the flow
of the magnetic flux.

Table 4 lists the values of distance (2) when distance (1) was fixed at 0.5 mm and radius (3)
was changed.
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To obtain the results shown in Figure 9, distance (1) was fixed at 0.5 mm, and a comparative
analysis was performed on the cogging torque. The cogging torque was 3.7 N m at a distance (2) of
0.5 mm and a radius of 2.1 mm. At the deepest point, the cogging torque was 4.29 N m, which indicates
a difference of 0.59 N m.

Figure 10 shows the results of analysis of the torque ripple according to radius (2) for various
current phase angles. When the current phase angle was 0°, 10°, or 20°, the torque ripple was large
if radius (2) was small. However, when the current phase angle was controlled to be 30° or 40°,
the torque ripple tended to decrease as radius (2) decreased.

Table 4. Changes in distance (2) and radius (3) when distance (1) is fixed at 0.5 mm.

Distance (2) Radius (3)

[mm] [mm]
1 0.5 2.1
2 0.78 25
3 0.93 3.1
4 1 3.5
5 1 4
6 1.05 4.451

Stator
Core

Figure 8. Notch optimization diagram with length parameter.
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Figure 9. Comparative analysis of cogging torque when notch shape distance (1) is 0.5 mm.
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Figure 10. Comparative analysis of torque ripple when notch shape distance (1) is 0.5 mm.
4. Discussion

In this study, a finite element method was used to analyze the properties of interior permanent
magnet synchronous motors that are used as drive motors in electric cars. The external diameters
of the stator and the rotor were set to be the same in order to compare various parameters such as
the cogging torque, torque ripple, and back electromotive force voltage according to the position of
a notch on the rotor shape. In the electromagnetic field analysis, the input voltage and input current
were set to be the same. The motor’s performance characteristics were analyzed according to the notch
position on the rotor shape.

The aim of this work was to determine an approach to obtain the design a rotor shape that can
minimize the cogging torque and torque ripple so that a low-noise drive motor can be designed.
The application target was an IPM motor; thus, current phase angle control was required to ensure that
various characteristics of the motor, such as efficiency, power, and torque, do not degrade. Therefore,
the point with the maximum torque was found via phase angle control, and the torque ripple, cogging
torque, and maximum power were determined.

First, the notch position on the rotor shape was analyzed. Notches can be placed in a variety of
positions, and thus, to determine the optimum position, notches were placed in five locations on the
rotor and a comparative analysis of the resulting characteristics was performed. The results confirmed
that placing the notches on the outer part of the magnet produced the best properties, and this design
was then further optimized to obtain the best possible design.

Next, in the design phase, the distance between the rotor and the magnet barrier was fixed, and
the original size of the notch was changed. When the overall analysis results were considered, V-shape
(a) was found to be the most suitable notch shape in terms of reducing the noise and vibration, owing
to the low values of the configuration’s torque ripple and cogging torque in the analysis in which
distance (1) was 1 mm.

This paper proposed a notch shape optimization method for reducing the vibration and noise
in vehicles. Vibration and noise are considered to be particularly important factors in electric cars.
Luxury cars experience many problems pertaining to vibration and noise, and these factors can be
reduced by designing the drive module via the proposed method. The proposed method can be widely
used in the design of electric car drive motors to ensure an appropriate noise level.
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