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Step-skew is a common technique for eliminating the cogging torque of a target harmonic order in permanent magnet synchronous
motors (PMSMs). However, when step-skew is applied to the rotor, the cogging torque of the target harmonic order is not completely
eliminated due to 3-D leakage flux. Therefore, the 3-D leakage flux should be considered in designing a PMSM with step-skew for
cogging torque reduction. The most accurate way to consider the 3-D leakage flux is to perform 3-D finite element analysis (FEA),
but it has the disadvantage of high computation time. To resolve this challenge, this article proposes a design method that utilizes
transfer learning to reduce the time for 3-D FEA while maintaining accuracy. Through the proposed method, a large amount of
2-D FEA-based data and a small amount of 3-D FEA-based data are used instead of a large amount of 3-D FEA-based data, with
similar accuracy as using a large amount of 3-D FEA-based data, and the computational time is highly reduced. Finally, a prototype
is fabricated and tested to verify the validity of the proposed design method for cogging torque reduction.

Index Terms— 3-D leakage flux, cogging torque, deep neural network (DNN), permanent magnet synchronous motors (PMSMs),
step-skew, transfer learning.

I. INTRODUCTION

COGGING torque is a type of reluctance torque, which
is caused by the interaction between the magnetomo-

tive force of the permanent magnet (PM) and the variable
reluctance of the slotted stator as the PM rotates past the slot
openings [1]. The cogging torque is the primary source for
the torque ripple of PM synchronous motors (PMSMs), which
leads to mechanical vibration and acoustic noise. Reducing
cogging torque is essential for applications requiring high
precision and smooth operation of PMSMs, such as conveyor
systems, pumps, and fans. Many techniques for reducing
cogging torque in PMSMs have been broadly investigated,
such as applying skew angle to poles and slots [2], selecting
the combination of the number of slots and poles [3], shifting
of the PMs [4], optimizing the magnet pole-arc width [5],
stator teeth pairing design [6], teeth notching [7], and so on.

The cogging torque occurs with a period of the least
common multiple of the number of poles and slots. Ideally, this
cogging torque of fundamental wave order can be completely
eliminated by applying an optimal skew angle. However,
this optimal skew angle is based on the ideal assumption
that the PMSM has an infinite stack length and no axial
leakage flux. Accordingly, the cogging torque of the target
harmonic order still exists at the conventional theoretical opti-
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mal skew angle due to the 3-D leakage flux in PMSMs with
step-skew. Especially, it is more apparent at shorter stack
length. However, since 3-D finite element analysis (FEA)
should be performed to consider the 3-D leakage flux, high
computation time is required.

Therefore, this article proposes a computationally efficient
design method while considering 3-D leakage flux to reduce
cogging torque in PMSM with step-skew. First, the similar
tendency between the 3-D FEA-based cogging torque of a
target harmonic order in PMSMs with step-skew and 2-D
FEA-based cogging torque of the target harmonic order in
PMSMs without step-skew was presented and verified using
FEA. Then, a transfer learning-based surrogate model was
built to reduce computation time in the cogging torque reduc-
tion design stage. For this transfer learning, a large amount
of 2-D FEA data and a small amount of 3-D FEA data were
used. To validate the effectiveness of the proposed method, two
PMSMs were optimized: conventional method and proposed
method, and their cogging torque was compared using 3-D
FEA. Finally, a prototype of an optimized PMSM with the
proposed method was fabricated and verified through test.

II. 3-D EFFECTS AND COGGING TORQUE TENDENCY

In this section, the effect of axial leakage flux on cogging
torque was verified using 2-D FEA and 3-D FEA, and the
tendency of 2-D FEA-based cogging torque without step-skew
and 3-D FEA-based cogging torque with step-skew according
to the geometry variables was analyzed. The analysis was
performed with the target model of the surface-mounted
PMSM (SPMSM). The specifications and geometry of the
target model are summarized in Table I and Fig. 1.
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TABLE I
TARGET MODEL SPECIFICATIONS

Fig. 1. Geometry of the target model. (a) 2-D FEA. (b) 3-D FEA.

A. Effect of 3-D Leakage Flux on Cogging Torque

The cogging torque of PMSMs can be expressed in the
general form [3]:

Tcog =

∞∑
i=1,2,3,...

KskTi sin(i Ncθ) (1)

where Nc is the fundamental order, which is the least common
multiple between the number of rotor poles and the number
of stator slots, θ is the mechanical angle between the stator
and rotor, and Ksk is the skew factor. The cogging torque has
a periodicity equal to the least common multiple between the
number of poles and slots per mechanical period. Through this
periodicity and the number of rotor steps, the theoretical skew
angle to eliminate the cogging torque of the fundamental wave
order can be calculated. For a step-skewed rotor, the theoretical
skew angle between the first and last steps of the rotor can be
calculated as follows:

θskew =
360◦

Nc
×

n − 1
n

(2)

where n is the number of rotor steps. For 8-poles 12-slots
SPMSM, a 24th cogging torque of the mechanical rotation
speed is generated, and the skew angle of the two rotor steps
to eliminate the cogging torque of the target harmonic is 7.5◦.
However, when the 3-D FEA was performed under no-load
condition applying the skew angle (7.5◦), magnetic flux in the
Z -axis direction is generated at the junction and both ends of
the PMs, as shown in Fig. 2, so the 24th cogging torque is
not completely eliminated. This axial leakage flux does not
contribute to the output torque and can significantly affect the
cogging torque of the PMSMs, especially in PMSMs with
short stack length or a high number of pole pairs. This is

Fig. 2. Magnetic flux density contour in the Z -axis direction.

Fig. 3. Comparison of 2-D and 3-D FEA-based cogging torque of SPMSM
with step-skew. (a) Cogging torque waveforms (mechanical 1/4 period).
(b) Spectrum analysis (mechanical 1 period).

because the axial leakage flux interacts with the main air-gap
magnetic flux to increase the cogging torque.

Fig. 3 shows the difference in cogging torque of SPMSM
with step-skew between 2-D and 3-D FEA, when the rotor
electrically rotates one period. Specifically, the 24th cogging
torque has a much higher magnitude (9.23 mNm) in the
3-D FEA. As previously discussed, the cogging torque of
fundamental wave order still remains due to axial leakage
flux. It was confirmed that the cogging torque of PMSM with
step-skew is not reliable for 2-D FEA results. Therefore, in the
design stage of the SPMSM applying step-skew, axial leakage
flux should be considered.

B. Cogging Torque Tendency by Geometry Variables

As previously analyzed, the 24th cogging torque in the
SPMSM with step-skew is caused by the leakage flux at both
ends of the PMs and the leakage flux at the junction between
the PMs. The magnitude of the 24th cogging torque based on
3-D FEA, which is not offset even when step-skew is applied,
is expected to increase as the magnitude of 2-D FEA-based
24th cogging torque without step-skew increases. Therefore,
to verify this, the tendency of the 2-D and 3-D FEA-based
24th cogging torque according to the main geometry variables
that have a significant effect on the cogging torque was
investigated based on the target model. Slot opening width,
tooth tip thickness, and pole angle were set as geometry
variables, and the 2-D and 3-D FEA results are shown in
Fig. 4. As expected, the 3-D FEA-based cogging torque of the
target harmonic order in the SPMSM with step-skew exhibits a
similar tendency to the 2-D FEA-based cogging torque of the
fundamental wave order in the SPMSM without step-skew as
the geometry variables change, where the FEA was performed
by varying only certain geometry variables while keeping the
other geometry variables fixed in the target model. In other
words, the slot opening width, tooth tip thickness, and pole
angle were varied separately based on the geometry of the
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Fig. 4. 2-D and 3-D FEA-based 24th cogging torque tendency of SPMSM
according to geometry variables. (a) Slot opening width. (b) Tooth tip
thickness. (c) Pole angle.

TABLE II
COGGING TORQUE DATASETS USED ACCORDING TO DESIGN METHOD

target model. This similar tendency was used in the design
method.

III. DESIGN METHOD BASED ON TRANSFER LEARNING

In this section, the proposed design method using transfer
learning to consider the axial leakage flux with low com-
putation time for cogging torque reduction of PMSM with
step-skew is described and compared with the conventional
design method that does not consider the axial leakage flux.
The design specifications are the same as Table I for the
target model shown previously. Table II shows the datasets
used according to the design method. In the proposed method,
an additional small amount of 3-D FEA-based cogging torque
with step-skew is required to consider the effect of the 24th
cogging torque due to axial leakage flux.

A. Transfer Learning With DNN

A deep neural network (DNN) is composed of multiple lay-
ers of artificial neurons that process input data and gradually
learn to recognize features within it. DNNs are capable of
learning complex non-linear relationships between input and
output variables, processing large amounts of data, and being
trained on data from multiple sources. In addition, DNNs can
reduce the number of times expensive functions need to be
evaluated, providing significant savings in computational time.
Therefore, DNNs are highly adopted as surrogate models for
optimization [8].

Transfer learning is a deep learning technique that utilize
the pre-trained domain knowledge for large amount of source
dataset to predict small amount of target dataset with similar
tendency to source dataset, but with a bias. Fig. 5 shows the
process of DNN-based transfer learning. A pre-trained DNN
model is selected based on its architecture and performance on

Fig. 5. Process of DNN-based transfer learning.

Fig. 6. Design variables.

a similar task. Subsequently, high-level features are extracted
by passing the input data through the pre-trained layers of the
model. From these features, a new model is trained. Finally,
the general features learned from the pre-trained dataset are
utilized to learn the specific features of the target task.

B. Proposed Design Process

In the proposed design process, design variables sensitive
to the cogging torque were selected, as shown in Fig. 6. With
these design variables, the optimal design was carried out in
the same process, as shown in Fig. 7. First, the objective
function and constraints are determined in the formulation
stage. The objective function was defined to minimize the
cogging torque, and the constraints were established based
on the design specifications. Second, DNN-based surrogate
models for optimization are created. To create DNN models,
1000 and 150 experimental points were extracted through the
design of experiment based on optimal Latin hypercube design
(OLHD), which distributes the experimental points, so that the
minimum distance between the points is maximized depending
on the range of design variables for optimization, as shown
in Table III, and the corresponding 1000 2-D FEA-based
source data and 150 3-D FEA-based target data were obtained.
As previously demonstrated, the 3-D FEA-based 24th cog-
ging torque in the PMSM with step-skew exhibits a similar
tendency to the 2-D FEA-based 24th cogging torque in the
PMSM without step-skew. A large amount of 2-D FEA-based
data can be acquired more faster than the 3-D FEA-based
data. Therefore, 1000 2-D FEA data and 150 3-D FEA data
are obtained for transfer learning. In other words, for each of
the 1000 experimental points, the 2-D FEA was performed
under the no-load analysis condition. Then, the peak-to-peak
cogging torque with step-skew and the magnitude of the 24th
cogging torque without step-skew were calculated. In addition,
3-D FEA was performed under no-load analysis condition
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Fig. 7. Proposed transfer learning-based design process.

TABLE III
RANGE OF DESIGN VARIABLES FOR OPTIMIZATION

for 150 experimental points. Then, the 24th magnitude of
the cogging torque with step-skew was calculated. Similarly,
to create DNN models for predicting constraints, 2-D FEA was
performed under rated load condition for 1000 experimental
points and line-to-line voltage and load torque were calculated.
Afterward, to predict the objective function, one DNN model
(DNN1) was created using 1000 2-D FEA-based peak-to-peak
cogging torque data with step-skew and another DNN model
(DNN2) was created using 1000 2-D FEA-based 24th cogging
torque data without step-skew and 150 3-D FEA-based 24th
cogging torque data with step-skew by transfer learning to
consider 3-D leakage flux. Moreover, DNN models were
created with 1000 2-D FEA-based line-to-line voltage and
load torque data to predict the constraints, respectively. Finally,
the optimization was performed using genetic algorithm (GA)
to minimize the specified objective function and satisfy the
constraints [9].

The optimization problem is defined as follows:

min Tcog

s.t. T ≥ Trated

VL ≤ VL_ max (3)

where Tcog is the cogging torque, T is the load torque, Trated is
the rated torque (2.1 Nm), VL is the line-to-line voltage, and
VL_ max is the maximum line-to-line voltage.

To minimize the objective function, only DNN1 was used in
the conventional method, while both DNN1 and DNN2 were
used in the proposed method. To verify the effectiveness of the

Fig. 8. Comparison of ground truth and predicted values for 24th cogging
torque with step-skew depending on the number of 3-D FEA data and transfer
learning.

proposed design method, two optimized models were derived
using each method and the cogging torque performance was
compared.

C. Validation and Performance of DNN Models

DNN models consist of a multi-layer perceptron struc-
ture, which is determined through hyperparameter tuning.
To evaluate the model’s performance on unseen data and avoid
overfitting, the source data and target data were divided into
training, validation, and test sets in a ratio of 8:1:1. Through
hyperparameter tuning, the number of learning rate, hidden
layers, and units were determined to be 5e-3, 4, and 256,
respectively. The regression performance of the three DNN
models predicting torque, line-to-line voltage, and peak-to-
peak cogging torque is well evaluated using 100 test datasets
out of 1000 2-D FEA dataset, where the normalized root
mean squared error (NRMSE) is 1.24%, 1.87%, and 1.65%,
respectively. In addition, the regression performance of the
DNN model predicting the 24th cogging torque with step-skew
varies depending on the number of 3-D FEA data and transfer
learning, as shown in Fig. 8. Then, it can be seen that by using
transfer learning, a DNN model with a better performance
based on the same amount of 3-D FEA data can be built,
and a DNN model with similar performance can be built with
smaller 3-D FEA data. In fact, it is possible to perform fewer
3-D FEA that require a lot of computation time compared
to 2-D FEA. Therefore, through the proposed method, it is
shown that the 24th cogging torque with step-skew can be
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TABLE IV
RESULTS OF CONVENTIONAL MODEL AND PROPOSED MODEL

Fig. 9. Fabricated prototype of the proposed model consisting of (a) stator
and rotor assembly and (b) cogging torque test setup.

Fig. 10. Spectrum analysis comparison of 3-D FEA and experimental
cogging torque with step-skew between conventional model and proposed
model (mechanical 1 period).

well predicted by considering the axial leakage flux with a
small amount of 3-D FEA-based 24th cogging torque data
using transfer learning.

IV. DESIGN RESULTS AND EXPERIMENTAL VERIFICATION

Table IV shows the results of the conventional model and
proposed model derived for each design method. The 2-D
FEA-based peak-to-peak cogging torque with step-skew is
similar for the conventional model and the proposed model,
but the 2-D FEA-based 24th cogging torque without step-skew
is more than 130 times larger for the conventional model than
for the proposed model. Similarly, the 3-D FEA-based 24th
cogging torque with step-skew is more than 10 times larger
for the conventional model than for the proposed model.

A prototype was fabricated and tested with a cogging torque
meter, as shown in Fig. 9. By measuring the cogging torque
of the proposed model, it was confirmed that the 24th cogging
is reduced. Except for the 8th, 12th, and 16th cogging torques
caused by manufacturing tolerance [10], the 24th cogging
torque is significantly reduced compared to the conventional

model, as shown in Fig. 10. The error of the 24th cogging
torque with step-skew between the 3-D FEA and experiments
of the proposed model is caused by the assembly tolerance of
the skew angle and the axial leakage flux.

V. CONCLUSION

This article proposes a computationally efficient design
method for cogging torque reduction of PMSM with step-skew
while considering the 3-D leakage flux. The similar ten-
dency of 2-D FEA-based cogging torque of fundamental
wave order without step-skew and 3-D FEA-based cogging
torque of fundamental wave order with step-skew according
to the design variables was used to utilize transfer learning.
Through the proposed design method, a surrogate model with
higher accuracy can be created even with a small amount
of 3-D FEA-based data. Accordingly, it was confirmed that
the PMSM designed by the proposed method has better
cogging torque performance than the PMSM designed by the
conventional method that does not consider 3-D leakage flux.
Furthermore, a prototype was fabricated and verified by exper-
imental evaluation that a superior model is designed by the
proposed method than the conventional method. Consequently,
the proposed design method can be applied to the design of
cogging torque reduction by considering 3-D leakage flux with
low computation time.
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