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In the interior permanent magnet synchronous motor (IPMSM), an asymmetric rotor is used as a design method to reduce torque
ripple or cogging torque by adjusting the saturation of the rotor core. The advantage of an asymmetric rotor is that it can reduce
torque ripple or cogging torque in the forward direction while maintaining the average torque or output power. However, when
driving in the reverse direction, the torque ripple or cogging torque can be increased. Therefore, the asymmetric rotor produces
different characteristics in the forward and reverse directions. In this study, the asymmetric rotor shape is designed using an
optimization technique taking into consideration the rotating direction. The optimum design is performed based on the symmetric
rotor as the base model. When rotating in the forward direction, the asymmetric rotor has a lower torque ripple than the symmetric
rotor, and when rotating in the reverse direction, the asymmetric and symmetric rotors are designed to be similar. The kriging
surrogate model was used to determine the optimum design point that satisfied the constraints. Finally, a symmetric and asymmetric
rotor was manufactured and evaluated through tests.

Index Terms— Asymmetric rotor, electric vehicle (EV), interior permanent magnet synchronous motor (IPMSM), optimization,
rotating direction, torque ripple.

I. INTRODUCTION

THE advantage of an interior permanent magnet syn-
chronous motor (IPMSM) is that it is known for having

a high power density by utilizing the magnetic torque and
the reluctance torque [1], [2], [3]. Accordingly, the IPMSM is
used in various industrial components such as robots, electric
vehicles (EVs), and home appliances to achieve high power
density [4], [5], [6]. The industrial components using IPMSM
are considered not only for high power density but also for
low torque ripple as an important performance. The torque
ripple is related to the noise and vibration characteristics of
the IPMSM. Thus, it is necessary to reduce the torque ripple
when designing an IPMSM. Many design methods have been
studied for torque ripple reduction, such as rotor eccentricity,
skew, notch, and chamfer [7], [8], [9], [10]. This method
reduces torque ripple by designing the air-gap length by
making the air-gap magnetic flux field distribution sinusoidal.
However, the average torque decreases because the effective
air-gap length increases [11]. A design method of asymmetric
rotor shape has been proposed to reduce the torque ripple
while maintaining the average torque [12]. The symmetric and
asymmetric rotor shapes are illustrated in Fig. 1. Compared
to the symmetric rotor shape, the asymmetric rotor shape
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Fig. 1. Comparison between symmetric and asymmetric rotor shape.

can reduce the torque ripple without reducing the average
torque while maintaining the air-gap length and adjusting the
rotor core saturation by changing the permanent magnet (PM)
position. The significant difference between the symmetric and
asymmetric rotors is the effect of the rotating direction on the
torque ripple. When applying a symmetric rotor in IPMSM, the
torque ripple is constant regardless of the rotating directions.
On the other hand, the torque ripple varies depending on
the rotating directions when applying the asymmetric rotor
in IPMSM. Some applications such as an EV traction motor
require rotation in both the forward and reverse directions.
In particular, the EV traction motor has a longer driving time
in the forward direction than the driving time in the reverse
direction. Therefore, it is necessary to consider the rotating
direction in the design for reducing the torque ripple of the
asymmetric rotor.

In this article, the IPMSM with an asymmetric rotor shape
is designed considering the rotating direction. Unlike the
conventional method for the torque ripple reduction, the
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Fig. 2. MMF by armature winding and PM. (a) Symmetric rotor and
(b) asymmetric rotor.

average torque is maintained with an asymmetric rotor. The
base model is a symmetric rotor and the optimum model is an
asymmetric rotor. Therefore, the torque ripple of the forward
direction is minimized, and the torque ripple of the reverse
direction is designed at the same level as the symmetric rotor.
To verify the result of the design optimization, prototypes of
the symmetric and the asymmetric rotor are fabricated and
the experimental results of the symmetric and the asymmetric
rotors are compared.

II. MMF FOR COMPARISON BETWEEN A SYMMETRIC
AND AN ASYMMETRIC ROTOR

Fig. 2 shows a schematic of the magnetic motive force
(MMF) by the armature winding and PM. The MMF by the
armature winding and PM is assumed to be linear. Also, the
stator tooth and slot effect are ignored. The MMF by armature
winding is assumed to be sinusoidal. The MMF is defined as

F = R8 (1)

where F is the MMF, R is the magnetic reluctance, and 8 is
the magnetic flux. The magnetic flux is determined based on
magnetic reluctance. In an asymmetric rotor, the MMF by the
PM can be determined by adjusting the permeability of the
rotor core according to the position of the PM. The magnetic
reluctance of the rotor core is expressed as

Rc =
lc(θ)

µoµr (θ)Ac
(2)

where Rc is the magnetic reluctance of the rotor core, µo

is the vacuum permeability, µr is the relative permeability

Fig. 3. Formulation for design optimization.

TABLE I
SPECIFICATIONS OF SYMMETRIC ROTOR

of the material, lc is the distance between the rotor diameter
and PM, and Ac is the cross-sectional area of the rotor core.
In a symmetric rotor, the MMF by the PM is generated
symmetrically. However, the area of the rotor core in the
asymmetric rotor is not constant depending on the rotor
position. As the distance between the rotor diameter and PM
is shortened, the permeability and magnetic reluctance of the
rotor core increase. Therefore, the MMF by PM is generated
asymmetrically.

The rotating direction is determined by the amplitude and
angle of the MMF by the armature winding. If the MMF
by the armature winding is positive, the rotor rotates in the
forward direction. The positive MMF by the armature winding
is expressed as

Fa(I, β, θ)+ =
3
√

2 kw N I
p

cos(pθ + β) (3)

where Fa is the MMF by the armature winding, I is the
armature current, β is the armature current angle, θ is the
electrical angle, kw is the winding factor, N is the number of
series turns per phase, and p is the pole pair. If the MMF by
armature winding is negative, the rotor rotates in the reverse
direction. The negative MMF by the armature winding is
expressed as

Fa(I, β, θ)− = −
3
√

2 kw N I
p

cos(pθ + β). (4)

The torque and torque ripple are generated by the interaction
of the MMF by the armature and PM. In the symmetric
rotor, the torque ripple is the same regardless of the rotating
direction. However, In the asymmetric rotor, torque ripple
occurs differently depending on the rotating direction.

III. DESIGN OPTIMIZATION FOR AN ASYMMETRIC ROTOR

The symmetric rotor is used as the base model to perform
the optimum design. The specifications of the symmetric rotor
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TABLE II
BOUNDARIES OF DESIGN VARIABLES

Fig. 4. Constructed (a) kriging surrogate model and (b) part of the kriging
surrogate model for determining optimum point.

are summarized in Table I. For comparison, the same stator
of the symmetric rotor was used in the asymmetric rotor
design. Moreover, the PM size, pole angle, rib thickness,
and rib angles were the same as those of the symmetric
rotor. By applying the asymmetric rotor, the air-gap magnetic
field distribution under load conditions can be sinusoidal
compared to the symmetric rotor. Considering that the
magnetic permeance of the rotor is determined by the rotor
shape, the three design variables are selected as shown in
Fig. 3. In the figure, the lx and ly represent the x-axis and
y-axis directional displacements, respectively. a represents the
positional angle of the PM. The maximum and minimum
ranges of the design variables summarized in Table II are
determined by confirming the magnet position to be located
within the outer and inner rotor diameter according to the
design variables. The objective function and the constraints
for the torque ripple minimization are defined considering the
forward and reverse directions. The objective function and
constraint condition are used to determine the optimum design
point from the kriging surrogate model. They are expressed as

min F(x) = y1(x)

s.t. G1(x) = y2(x) ≤ Taverage_symmetric

G2(x) = y3(x) ≤ Tripple_symmetric (5)

where x is the vector of the design variables, F is the objective
function, G is the constraint condition, y1 is the torque ripple
of the asymmetric rotor in the forward direction, y2 is the
average torque of the asymmetric rotor, and y3 is the torque
ripple of the asymmetric rotor in the reverse direction.Because
the targeted system mainly rotates in the forward direction,
the torque ripple when rotating in the forward direction is
set as the objective function while the torque ripple when
rotating in the reverse direction is considered in the constraints.
In addition, the average torque was maintained with the value
of the base model.

The surrogate model was used to predict the torque ripple
for the optimum model. Kriging was used as the interpolation

Fig. 5. Optimum design result (a) no-load core saturation, (b) no-load air-gap
flux density, and (c) load air-gap flux density according to rotating direction.

method for the data in the surrogate model. This technique is
widely used in the design optimization of electric motors [13].
A combination of optimal Latin hypercube design (OLHD)
and sequential maximin distance design (SMDD) is applied as
a design of experiment (DOE) to create the kriging surrogate
model [14]. The number of sample points was selected
as 50 through the DOE. The kriging surrogate model was
constructed as shown in Fig. 4(a). The kriging surrogate model
is required for verification using the leave-one-out cross-
validation method [15]. The normalized root mean square error
(NRMSE) of the kriging surrogate model is expressed as

NRMSE =

√√√√ 1
ns

·

ns∑
i=1

(
Y (xi ) − Ŷ (−i)(xi )

max{Y(x)} − min{Y(x)}

)2

· 100%

(6)

where ns is the number of sample points, Y(x) is the vector
of the response values, which can be the torque ripple in the
torque ripple in the forward direction. Y (xi ) is the response at
the i th point calculated from the finite element analysis (FEA)
simulation. Ŷ (−i)(xi ) is the predicted response at the i th point
calculated from the kriging surrogate model. The NRMSE for
the torque ripple in the forward was calculated at 5.2%. The
results were considered sufficiently accurate. The optimum
design point is satisfied with both the objective function and
constraint condition from the kriging surrogate model. As part
of the kriging surrogate model, Fig. 4(b) shows the results of
the torque ripple in the forward direction according to the
a and ly with lx at 5.6 mm. The optimum design point is
selected as the point with the smallest torque ripple in the
forward direction while satisfying the constraint condition.

Fig. 5 shows the symmetric rotor shape and the asymmetric
rotor shape determined by the optimum design. Also, the
no-load and load air-gap flux density using FEA simulation
are summarized. Fig. 5(a) shows the no-load core saturation
of symmetric and asymmetric rotors. It was confirmed that
the permeability distribution of the rotor core differed within
the same no-load condition. Fig. 5(b) shows the no-load air-
gap flux density of symmetric and asymmetric rotors. In an
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Fig. 6. Simulation result of torque ripple (a) forward direction and (b) reverse
direction.

Fig. 7. Harmonic analysis for simulation result of torque ripple (a) forward
direction and (b) reverse direction.

asymmetric rotor, the air-gap flux density decreases in the
high saturation region of the rotor core. Fig. 5(c) shows the
load air-gap flux density according to the rotating direction.
The simulation was conducted under the same input current
at 60 Arms and the current angle at 30◦. In the case of
the forward direction, lower harmonics of the air-gap flux
density are generated for an asymmetric rotor than for a
symmetric rotor. Fig. 6 shows the simulation results for the
torque waveform according to the rotating direction of the
symmetric and asymmetric rotors. When the motor is operated
in the forward direction, the torque ripple of the asymmetric
rotor is reduced by about 53% rather than the symmetric rotor.
When the motor is operated in the reverse direction, the torque
ripple of the symmetric and asymmetric rotor is similar. Fig. 7
shows the harmonic analysis of the torque waveform. In the
forward direction, the torque ripple and the 12th component
of the asymmetric rotor are reduced. In the reverse direction,
it was confirmed that the symmetric and asymmetric rotors
generated the same torque ripple.

IV. VALIDATION

Fig. 8 shows the manufactured symmetric and asymmetric
rotor. The asymmetric rotor is manufactured based on the PM
position determined by the optimum design. Also, the same
iron core and shaft materials are used for the symmetrical and
asymmetrical rotors. Fig. 9 shows the experimental setup for
the no-load and load test which were performed to evaluate the
torque ripple for the manufactured symmetric and asymmetric
rotors. The back electromagnetic force (EMF) was measured
through a no-load test. Through the load test, the torque ripple
was evaluated using a torque sensor under the same applied
current, phase angle, and voltage.

Fig. 8. Manufactured rotor shape (a) symmetric rotor and (b) asymmetric
rotor.

Fig. 9. Experimental setup.

Fig. 10. Comparison of back EMF test and simulation result (a) symmetric
rotor and (b) asymmetric rotor.

Fig. 11. Test result of torque (a) forward direction and (b) reverse direction.

Fig. 10 shows the back EMF of the test and simulation
result. It was confirmed that the simulation and test results
were similar under the same rotor speed at 1000 r/min. The
torque ripple of the symmetric and asymmetric rotors was
confirmed through the load test. Fig. 11 summarizes the
torque ripple test results for the symmetric and asymmetric
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Fig. 12. Harmonic analysis for test result of torque ripple (a) forward
direction and (b) reverse direction.

rotors. The torque ripple test was conducted under the same
input current at 60 Arms and the current angle at 30◦. In the
forward direction, the torque ripple for the asymmetric rotor
is reduced to about 65% compared to the symmetric rotor.
In the reverse direction, the difference in torque ripple between
the symmetric and asymmetric rotors is approximately 2%.
Fig. 12 shows the results of the harmonic analysis for torque
ripple. In particular, it can be seen that the torque ripple
of the 12th component is reduced. In the forward direction,
the torque ripple is lower in the asymmetric rotor than in
the symmetric rotor. In the reverse direction, the harmonic
order and amplitude of torque ripple are similar for both the
symmetric and the asymmetric rotors.

V. CONCLUSION

In this article, a design method using an asymmetric rotor
was proposed for torque ripple reduction considering the
forward and reverse directions. The torque ripple in the reverse
direction and the average torque are similar to those of
the symmetric rotor, while the torque ripple in the forward
direction is reduced. Therefore, the design results can be
implemented in various applications with the forward and
reverse rotations of the asymmetric rotor.
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