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Abstract

Electric power steering (EPS) motors require low torque ripple, low cogging torque, and
smooth torque output to ensure precise control and driving comfort. However, consequent
pole permanent magnet synchronous motors (CP-PMSMs), although advantageous in
reducing permanent magnet usage, exhibit an imbalanced magnetic flux distribution due
to the iron poles, resulting in even-order harmonic components in the back electromotive
force (BEMF) and significant torque ripple. In this paper, a rotor pole arrangement for
CP-PMSMs is proposed to improve torque characteristics for EPS applications. Symmetric
and asymmetric pole arrangements are introduced to modify the magnetic flux distribution
and suppress harmonic components generated by the iron poles. In addition, the iron pole
arc ratio is selected as a key design variable and analyzed for each model to achieve low
torque ripple while maintaining torque performance. The electromagnetic characteristics
of the proposed structures are evaluated using finite element analysis under identical
operating conditions. The results show that the torque ripple of the proposed models is
reduced by approximately 33.3%p and 34.1%p compared with the conventional CP-PMSM,
and the cogging torque is also significantly reduced. Although average torque decreases,
overall torque characteristics improve due to reduced torque ripple and harmonic com-
ponents. These results demonstrate that the proposed rotor pole arrangement effectively
enhances torque quality in CP-PMSMs without increasing axial length or requiring three-
dimensional analysis.

Keywords: consequent pole; electric power steering; harmonic analysis; permanent magnet
synchronous motor; rotor pole arrangement; torque ripple

1. Introduction

Permanent magnet synchronous motors (PMSMs) are widely used in automotive ap-
plications due to their high efficiency, high torque density, and compact design [1-4]. Most
PMSMs employ rare-earth permanent magnets because of their high magnetic flux density
and superior output capability, which contribute to the high torque density. Although
rare-earth permanent magnets offer a high magnetic flux density, they pose the challenges
of limited resources and supply instability, leading to significant price fluctuations [5-8].
To overcome these, reducing the amount of permanent magnet has become an important
research topic in motor design. One of the topologies to reduce permanent magnet utiliza-
tion is the consequent pole permanent magnet synchronous motor (CP-PMSM), in which
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one polarity of the rotor poles is replaced with an iron pole. However, the magnetic field
distribution becomes asymmetric as one permanent magnet is replaced by the core. This
causes even-harmonic components to increase the back electromotive force (BEMF), leading
to increased torque ripple and electromagnetic vibration. Since the motor is located near
the steering wheel, as shown in Figure 1, this poses challenges for electric power steering
(EPS) applications, where low torque ripple and vibration are essential for smooth steering
performance and driver comfort [9-11].

Figure 1. Structure of electric power steering system.

Various studies have been conducted to reduce torque ripple and improve the electro-
magnetic performance of CP-PMSMs. Most previous studies have focused on the shape
optimization of permanent magnets and iron poles to reduce the torque ripple [12-15].
In [16-18], various structural modifications, such as pole shifting, unequal airspace design,
and stator shape optimization, were also investigated to improve electromagnetic charac-
teristics and reduce torque ripple. However, these approaches mainly rely on geometric
modifications and do not fundamentally resolve the asymmetric magnetic flux distribution
caused by the iron pole structure. Other studies have investigated the reduction in unipolar
end-leakage flux through pole-slot combinations and winding configurations [19]. In [20],
a topology that applies consequent poles to a skewed stator and a surface-inserted rotor
was proposed to improve torque and reduce cogging torque. Although these methods
improve specific performance, they increase design complexity. In EPS applications, low
torque ripple is an important requirement because torque pulsation can deteriorate steering
feel, vibration, and acoustic noise. Previous studies on surface PMSM-type EPS motors
have reported torque ripple levels of approximately 1-2% when additional ripple reduc-
tion topologies, such as skew structures or slotless stators, are adopted [9,10]. However,
conventional CP-PMSMs with standard slotted stator structures generally exhibit relatively
higher torque ripple levels of approximately 12% [12]. Therefore, reducing torque ripple
within the CP-PMSM topology itself remains an important challenge for practical EPS
motor applications. Since torque ripple in CP-PMSMs is primarily caused by imbalances
in magnetic flux density, a configuration combining an N-CP-PMSM and an S-CP-PMSM
in the axial direction has been proposed [21]. This approach improves flux symmetry and
reduces torque ripple compared with conventional CP-PMSMs. However, it introduces an
axial leakage flux, which degrades torque performance. To mitigate this issue, an axial gap
between the N-CP-PMSM and S-CP-PMSM rotors is required, which increases manufactur-
ing complexity and computational cost in three-dimensional finite element analysis (3D
FEA). Therefore, despite its effectiveness in improving flux symmetry, the axial combination
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structure is limited by its increased structural complexity and reliance on three-dimensional
design and analysis. Unlike the axial combination structure in [21], the proposed method
achieves flux symmetry improvement through circumferential pole arrangement within a
single 2D rotor structure, without requiring axial stacking or three-dimensional analysis. In
this study, a two-dimensional rotor pole arrangement is proposed to achieve a similar flux
redistribution effect without increasing axial length or requiring three-dimensional analysis,
thereby providing a simpler and more practical solution for torque ripple reduction.

In this paper, a novel rotor pole arrangement for CP-PMSMs is proposed to reduce
the torque ripple for EPS applications. An electric machine with an eight-pole/12-slot
combination for EPS is considered to evaluate the electromagnetic performance for pole
arrangement. By rearranging the N, S, and iron poles with a two-dimensional (2D) rotor
structure, the magnetic flux distribution changes, reducing harmonics and torque ripple.
The proposed structures are classified as symmetric and asymmetric according to the pole
arrangement, and their electromagnetic performance is evaluated using finite element
analysis (FEA) in ANSYS Maxwell 2024R1. In the proposed structures, a segmented rotor
configuration is adopted to mitigate leakage flux paths within the pole arrangement. The
torque ripple is analyzed according to the iron pole arc ratio, which is the main design
parameter to reduce the torque ripple. The optimal iron pole arc ratio is designed for each
model to compare the torque ripple. Compared with the conventional CP-PMSM, the
torque ripple of the symmetric and asymmetric CP-PMSMs is reduced by approximately
42.61%p and 41.78%p, respectively, while the average torque decreases by about 14.12%
and 8.98%, respectively. As a result, although the proposed method leads to a reduction
in average torque, it achieves a significant reduction in torque ripple compared with the
conventional CP-PMSM through the pole arrangement.

This paper is organized as follows. Section 2 discusses the conventional CP-PMSM,
which uses only the N-pole, and the axial CP-PMSM structure proposed in [21]. Section 3
defines the proposed model by analyzing the electromagnetic characteristics of the pro-
posed symmetric and asymmetric pole arrangement CP-PMSM structures and the defined
design variables. Section 4 compares and analyzes the electromagnetic performances of
the conventional CP-PMSM and the proposed models using finite element analysis (FEA).
Finally, Section 5 concludes this paper.

2. Conventional CP-PMSM
2.1. Characteristic of Conventional CP-PMSM

Figure 2a shows the structure of a conventional CP-PMSM. In this structure, a per-
manent magnet is arranged with one polarity of the rotor poles, and the opposite polarity
is an iron pole. The line and arrows of Figure 2b show the magnetic flux and flow di-
rection of magnetic flux. It is generated by the permanent magnet that flows through
the rotor core, and through the opposite magnetic pole in the iron pole. Since one rotor
pole is formed by an iron pole instead of a permanent magnet, the air-gap flux density
becomes asymmetric compared to a conventional surface PMSM (SPMSM)), as illustrated in
Figure 3a. This asymmetry introduces additional harmonic components in the air-gap flux
density, which increases torque ripple and vibration. Figure 3b shows the comparison of
the magnitudes of the air-gap flux densities of the SPMSM and conventional CP-PMSM
by harmonic order using the fast Fourier transform (FFT). The SPMSM exhibits a larger
fundamental component, whereas the conventional CP-PMSM shows higher magnitudes
in the remaining harmonics, particularly even-order harmonics. Since these harmonic
components induce torque variations and consequently increase torque ripple, mitigating
the imbalance in magnetic flux distribution is a critical design consideration for reducing
torque ripple in CP-PMSMs.
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Figure 2. Conventional CP-PMSM: (a) 2D shape and (b) magnetic flux path on cross-section.
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Figure 3. Air-gap flux density of SPMSM and conventional CP-PMSM: (a) waveform of air-gap flux
density and (b) fast Fourier transform of air-gap flux density.

2.2. Axial Combination Design for Torque Ripple Reduction of CP-PMSM

In a previous study [21], an axial combination structure was proposed to improve flux
symmetry in CP-PMSMs, as illustrated in Figure 4. In this structure, N-pole and S-pole
CP-PMSMs (N-CP-PMSM and S-CP-PMSM) are combined in the axial direction, leading to
the elimination of the effect of asymmetry of the air-gap magnetic flux distribution, such as
even-order harmonic components. Therefore, the axial combination CP-PMSM allows the
even-order harmonic components generated by each CP-PMSM rotor to cancel each other
out, thereby improving symmetry and reducing harmonics in the BEMF. Figure 5 shows the
comparison of normalized BEMF waveforms of the N-CP-PMSM, S-CP-PMSM, and axial
combined CP-PMSM. The BEMF waveform of the axial CP-PMSM is positioned between
those of the N-CP-PMSM and S-CP-PMSM, indicating that the harmonic characteristics
generated by the two conventional CP-PMSM structures are partially compensated through
axial combination. As a result, the even-order harmonics in the BEMF that cause waveform
distortion, as illustrated in Figure 5, are eliminated, thereby reducing the torque ripple
compared with the conventional CP-PMSM. Although the axial combination structure can
reduce the torque ripple, the axial leakage flux can degrade electromagnetic performance.
To address this, an axial air gap should be added between the N-CP-PMSM and S-CP-
PMSM, increasing the motor’s axial length and requiring 3D finite element analysis, which
significantly increases computational time and manufacturing complexity. Therefore,
although the axial CP-PMSM effectively reduces torque ripple by improving flux symmetry,
its increased axial length and the requirement for 3D analysis limit its practical application.
This paper focuses on improving flux symmetry within a 2D structure without increasing
axial length or requiring 3D analysis.
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Figure 5. Comparison of normalized BEMF waveforms.

3. Design of Proposed CP-PMSM
3.1. Structures and Design Parameters of Proposed CP-PMSM

To overcome the limitations of the axial CP-PMSM, this paper proposes a consequent
pole PMSM with a 2D structure that improves the magnetic field distribution through
the pole arrangement. Figure 6 shows the 2D shapes of CP-PMSM comparison models
for the pole arrangement. In the conventional CP-PMSM, only one polarity is formed by
a permanent magnet, while the other polarity is formed by an iron pole, resulting in an
imbalanced magnetic flux distribution, as illustrated in Figure 6a. In contrast, the proposed
pole arrangements for the CP-PMSM rearrange the N, S, and iron poles in a circumferential
direction, as illustrated in Figure 6b,c, thereby making the magnetic flux distribution
more balanced over one mechanical period. In the axial CP-PMSM, which improves flux
symmetry by stacking two CP-PMSM rotors in the axial direction, the proposed pole
arrangement CP-PMSM achieves a similar effect by rearranging the pole structure within a
single rotor in the circumferential direction. Therefore, the proposed structure can improve
the air-gap magnetic field distribution without increasing the machine’s axial length. In
addition, a segmented rotor structure is adopted to reduce flux leakage and shorten the
magnetic flux path between the permanent magnet and the iron pole. This concentrates
the main magnetic flux in the air-gap region and improves torque. Depending on the
arrangement order of the permanent magnet poles and iron poles, the proposed pole
arrangement CP-PMSM can be classified into symmetric and asymmetric structures.
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Figure 6. 2D shapes of CP-PMSM comparison models: (a) conventional CP-PMSM, (b) symmetric
CP-PMSM, (c) asymmetric CP-PMSM.

To evaluate the electromagnetic performance of only the rotor pole arrangement, the
values of the design variables in Table 1 were set to be the same. The stator structure,
pole and slot number, shape of permanent magnet, air-gap length, stack length, and
analysis conditions were kept identical to ensure a fair comparison. Only the rotor pole
arrangement was changed between the conventional CP-PMSM, the symmetric CP-PMSM,
and the asymmetric CP-PMSM. The permanent magnet thickness and iron pole thickness
were also fixed to maintain a magnetomotive force (MMF) and magnetic circuit conditions
across all models. All electromagnetic performances were analyzed using 2D finite element
analysis (2D-FEA) under identical operating conditions.

Table 1. Design parameter specifications.

Contents Value Unit
Number of poles/slots 8/12 -
Rated speed 3200 RPM
Rated current 40 Amax
Number of turns 18 -
Permanent magnet arc ratio 0.8 -
Iron pole arc ratio 0.8 -
Thickness of magnet, iron pole 3 mm
Diameter of stator 89 mm
Diameter of rotor 37.9 mm
Stack length 52.5 mm
Material of permanent magnet N355H -
Material of core 35PN230 -

3.2. Symmetric CP-PMSM

Figure 6b shows the structure of the proposed symmetric pole arrangement CP-PMSM.
The rotor is arranged in the order of N-pole, iron pole, iron pole, and S-pole, forming a
symmetric structure over half of the mechanical period. Unlike conventional CP-PMSMs,
which use only one magnetic polarity from a permanent magnet, the proposed structure
includes both N-pole and S-pole permanent magnets within a single mechanical period,
resulting in a more balanced magnetic flux distribution. Figure 7 shows the magnetic flux
path by linearly representing a symmetric CP-PMSM. The main magnetic flux generated
by the permanent magnet passes through the air gap to the stator and returns through
the adjacent iron pole, forming the main magnetic circuit. Arrows indicate direction and
the black line indicates magnet flux flow, as illustrated in Figure 7. However, some of the
magnetic flux enters the permanent magnet rather than the adjacent iron pole, as illus-
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trated by the pink line in Figure 7. Since this leakage flux degrades the electromagnetic
performance of the proposed CP-PMSM, a segmented rotor structure is adopted to mitigate
it, as illustrated in Figure 7. By separating the rotor core for each pole pair, the magnetic
flux path between poles is shortened, thereby reducing the leakage flux and improving the
main flux as well as the overall electromagnetic performance. For practical EPS motor ap-
plications, the mechanical robustness of the segmented rotor can be reinforced by applying
non-magnetic bridges or retaining sleeves, while simultaneously maintaining the overall
electromagnetic characteristics.

— - -——--

Figure 7. Magnetic flux path of symmetric CP-PMSM.

3.3. Asymmetric CP-PMSM

Figure 6¢c shows the structure of the proposed asymmetric pole arrangement CP-
PMSM. Unlike the symmetric CP-PMSM, the rotor poles are arranged in an asymmetric
order over one mechanical period. This asymmetric pole arrangement changes the distri-
bution of permanent magnet poles and iron poles, resulting in a different magnetic flux
path compared with the symmetric CP-PMSM. Figure 8 shows the magnetic flux path by
linearly representing the asymmetric CP-PMSM. The main magnetic flux generated by
the permanent magnet still passes through the air gap to the stator and returns via the
adjacent iron pole. Arrows indicate direction and black line indicate magnet flux flow,
as illustrated in Figure 8. Unlike the symmetric CP-PMSM, which has two leakage flux
paths, the asymmetric CP-PMSM has a single path, where the flux flows from the N-pole
to the S-pole rather than through the iron pole, as illustrated by the pink line in Figure 8.
Since this leakage flux similarly degrades electromagnetic performance, a segmented rotor
structure is adopted.

Figure 8. Magnetic flux path of asymmetric CP-PMSM.

3.4. Parametric Analysis of Iron Pole Arc Ratio

In this study, the stator structure and permanent magnet-related design variables
are fixed to focus on the effect of rotor pole arrangement and iron pole arc ratio. Since
CP-PMSMs are designed to reduce permanent magnet use, which is relatively expensive,
the permanent magnet parameters are kept constant. Instead, the iron pole, which is
composed of low-cost core material, is selected as the main design variable. As a result, the
analysis is conducted by varying only the rotor-side parameters, and a trade-off between
torque ripple and average torque is observed. Therefore, the purpose of this analysis is to
investigate the influence of the iron pole arc ratio on the electromagnetic characteristics
and to identify a favorable design point for subsequent model comparisons. The iron pole
arc ratio is expressed by «j,,,. Among the rotor-side design variables, &, is selected
as the primary variable because it directly influences the magnetic flux distribution and
torque ripple while maintaining a constant permanent magnet arc ratio. The ;,,, is set to a
common range of 0.4 to 0.9 across all models. The permanent magnet arc ratio is fixed at
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0.8 to analyze only the effect of the iron pole. In addition, a segmented rotor structure is
applied to all models to reduce leakage flux. Figure 9 shows the variation in average torque
and torque ripple with a;,,, for each model, and the dashed frame shows the selected.
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Figure 9. Torque and torque ripple according to the &;,,,: (a) conventional CP-PMSM, (b) symmetric
CP-PMSM, (c) asymmetric CP-PMSM.

As ajy,y, varies, the torque and torque ripple change due to the corresponding variation
in the magnetic flux path distribution. This variation in the flux path also affects the iron
pole’s saturation, thereby modifying the magnetic flux distribution. Consequently, both the
torque harmonic components and the torque ripple are influenced by the iron pole arc ratio.
To analyze the characteristics with respect to «;,,,,, the symmetric CP-PMSM is selected
as a representative case. Within the considered range of &, the flux lines and torque
harmonics are compared at three representative values: 0.4 (minimum), 0.55 (optimal),
and 0.9 (maximum). Figure 10 shows the flux lines according to a;,,, illustrating the
variation in flux distribution and flux paths. When «;,,, = 0.4, the flux distribution is
mainly concentrated on the iron pole because of the high magnetic resistance in the leakage
flux path. At a;,,, = 0.55, the flux distribution becomes more uniform. At a;,,;,, = 0.9, more
flux tends to flow between adjacent iron poles because of the small magnetic resistance
in the leakage flux path. Figure 11a shows the torque waveform according to a;.,,. As
shown in Figure 11b, dominant torque harmonic components, which are 3rd and 6th, are
reduced at &;,,, = 0.55. It results in the minimum torque ripple while maintaining high
average torque.

A [Wb/m]

Wiax 00060
0.0060

.n 0048
0.0036
0.0024
0.0012
0.0000
00012
00024

-0.0036
..u 0048
_0.0080

Min: -0.0060

A [Wb/m]

Wiax 00060
00060

.n 0048
00036 | |
00024 | |
00012
00000
-00012| |
-00024| ||

-0.0036
..0 0048
_0.0080

Min: -0.0060

00012 | |
}0.0000 | |
00012| ||
00024 |

4-0.0036
..u 0048
-0.0060

Min_ 00060

(b) (c)

Figure 10. Flux line of symmetric CP-PMSM according to &j.y,; (@) @jron = 0.4, (b) &y, = 0.55,
(€) &jron = 0.9.
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Figure 11. Torque of symmetric CP-PMSM according to &;,,,: (a) waveform of torque and (b) fast
Fourier transform of torque.

Similar tendencies are also observed in the conventional CP-PMSM and asymmetric
CP-PMSM. The «y,,, is selected for each model to obtain low torque ripple and high average
torque, as illustrated in Figure 9. The selected values are 0.5 for the conventional CP-PMSM,
0.55 for the symmetric CP-PMSM, and 0.55 for the asymmetric CP-PMSM. Figure 12 shows
each CP-PMSM model with the selected ;-

/// & /ﬂﬁ/\\t& \\ /‘/// %)/{/\ \,/i\\i/\\@ \\\ Q L \
v / \ . h

Figure 12. CP-PMSMs with selected «;,,,,: (a) conventional CP-PMSM, (b) symmetric CP-PMSM,
(c) asymmetric CP-PMSM.

4. Performance Comparison

The electromagnetic characteristics of the conventional CP-PMSM, symmetric CP-
PMSM, and asymmetric CP-PMSM with the selected «;,,, are compared. Since the three
models differ only in the arrangement of the permanent magnets and iron poles, the
effect of the rotor pole arrangement on the electromagnetic performance is compared.
The rotor pole arrangement influences the magnetic flux distribution, as illustrated in
Figure 13. As shown in Figure 13, the conventional CP-PMSM has a flux path that is
relatively concentrated around the iron pole. In contrast, the symmetric and asymmetric
CP-PMSMs improve flux paths through their different pole arrangements, resulting in a
more distributed flux pattern.
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Figure 13. Flux line of CP-PMSMs: (a) conventional CP-PMSM, (b) symmetric CP-PMSM, (c) asym-
metric CP-PMSM.

Figure 14a shows the air-gap flux density waveforms of the CP-PMSM models. Com-
pared with the conventional CP-PMSM, the proposed symmetric and asymmetric CP-
PMSMs show improved symmetry in the air-gap flux distribution due to the redistribution
of the permanent magnets and iron poles. As shown in Figure 14b, the FFT results indicate
that the proposed CP-PMSMs suppress several harmonic components, particularly the low-
order harmonics generated by the asymmetric flux distribution around the iron poles. The
improved air-gap flux symmetry modifies the air-gap MMF distribution and contributes
to harmonic reduction. Figure 15 illustrates the harmonic cancellation characteristics of
the N-CP-PMSM and S-CP-PMSM. As shown in Figure 15a, the N-CP-PMSM and S-CP-
PMSM exhibit opposite waveform tendencies within one electrical period. In addition, the
dominant harmonic components in Figure 15b show nearly opposite phase relationships
between the N-CP-PMSM and S-CP-PMSM. Since the proposed CP-PMSMs are composed
of combined N-CP-PMSM and S-CP-PMSM pole arrangements, partial cancellation of
even-order harmonic components occurs in the proposed structures. Figure 16a shows the
torque waveforms, where the peak-to-peak torque is reduced in the proposed CP-PMSM.
In terms of average torque, the conventional CP-PMSM exhibits lower leakage flux than
the proposed CP-PMSMs and therefore achieves the highest average torque. This tendency
is consistent with Figure 16b, where the harmonic components, particularly the multiples
of three, are reduced in the proposed CP-PMSM compared to the conventional CP-PMSM.
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Figure 14. Air-gap flux of CP-PMSMs: (a) waveform of air-gap flux and (b) fast Fourier transform of
air-gap flux.
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Figure 15. Harmonic cancellation characteristics of the N-CP-PMSM and S-CP-PMSM: (a) BEMF
waveform and (b) phase angle of dominant harmonic components.
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Figure 16. Torque of CP-PMSMs: (a) waveform of torque and (b) fast Fourier transform of torque.

Although the proposed CP-PMSMs show reduced average torque compared with
the conventional CP-PMSM, the results demonstrate a trade-off between torque capability
and torque quality according to the rotor pole arrangement. In terms of average torque,
the conventional CP-PMSM exhibits lower leakage magnetic flux compared with the
proposed CP-PMSMs, resulting in the highest average torque. The cogging torque is also
affected by the pole arrangement, as shown in Figure 17. Figure 17a shows the cogging
torque waveforms of the CP-PMSM models. The proposed CP-PMSMs significantly reduce
cogging torque compared with the conventional CP-PMSM. As shown in Figure 17b, the
dominant cogging torque harmonic components are substantially reduced in the proposed
CP-PMSMs. In addition, Figure 17c shows that the dominant harmonic components of
the N-CP-PMSM and S-CP-PMSM exhibit nearly opposite phase relationships, which
contributes to partial harmonic cancellation and reduced cogging torque in the proposed
pole arrangements. The proposed CP-PMSM has a lower peak-to-peak cogging torque than
the conventional CP-PMSM. To verify the validity of the 2D FEA results, additional 3D
FEA was performed for the selected models. Although the absolute values of torque and
torque ripple differ slightly due to axial leakage flux and end effects, the overall tendency
remains unchanged. The proposed symmetric and asymmetric CP-PMSMs continue to
exhibit significantly lower torque ripple than the conventional CP-PMSM. The comparison
results are summarized in Table 2. To quantitatively compare the torque characteristics, the
torque ripple and cogging torque are defined as follows:

T

T _ .
Tripple = ngmm x 100% (1)

https://doi.org/10.3390 /machines14060662


https://doi.org/10.3390/machines14060662

Machines 2026, 14, 662

12 of 14

Tcogging = Tcog,max - Tcog,min 2)

To quantitatively compare the degree of waveform distortion, the total harmonic distortion
(THD) of the BEMF was calculated as follows:

THD = 7VE$10:2E% (3)

Eq

where E; is the amplitude of the fundamental component and E; is the amplitude of the n-
th harmonic component. A lower THD indicates that the waveform is closer to a sinusoidal
distribution. The THD of BEMF shows that the proposed CP-PMSM is more sinusoidal than
the conventional CP-PMSM. Although the proposed CP-PMSMs show reduced average
torque compared with the conventional CP-PMSM, the results demonstrate a trade-off
between torque and torque ripple, depending on the rotor pole arrangement. In EPS
applications, reducing torque pulsation and vibration is an important design consideration
because these characteristics directly affect steering feel and driving comfort. Therefore,
the proposed structures improve the overall torque characteristics despite the reduction in
average torque. The torque ripple decreases from 36.91% in the conventional CP-PMSM to
2.76% and 3.59% in the symmetric and asymmetric CP-PMSMs, respectively. The cogging
torque is also reduced in both models. In addition, the iron loss and magnet eddy-current
loss were compared to evaluate whether the proposed pole arrangements adversely affect
the loss characteristics. The iron loss decreases from 18.3 W in the conventional CP-PMSM
to 16.19 W and 16.15 W in the symmetric and asymmetric CP-PMSMs, respectively. The
magnet eddy-current loss also decreases from 1.02 W to 0.789 W and 0.798 W. These results
indicate that the proposed pole arrangements reduce torque ripple without increasing
the main electromagnetic loss components. As a result, the effectiveness of the proposed
CP-PMSM is validated through performance comparison.

100
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Figure 17. Cogging torque of CP-PMSMs. (a) Waveform of cogging torque, (b) fast Fourier transform
of cogging torque, (c) phase angle of cogging torque.
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Table 2. Performance of CP-PMSMs.

Contents Conventional = Symmetric Asymmetric Unit
CP-PMSM CP-PMSM CP-PMSM
THD of BEMF 8 3.2 3.6 %
Torque (2D) 4.43 3.71 3.94 Nm
Torque ripple (2D) 36.91 2.76 3.59 %
Torque (3D) 4.36 3.6 3.83 Nm
Torque ripple (3D) 40.8 6 7.5 Y%
Cogging torque 192.38 54.66 34.63 mNm
Core loss 18.3 16.19 16.15 W
Eddy-current loss 1.02 0.78 0.79 W

5. Conclusions

In this paper, symmetric and asymmetric rotor pole arrangements for CP-PMSMs are
proposed to reduce torque ripple in EPS applications. The proposed structures modify the
arrangement of permanent magnets and iron poles while maintaining a 2D configuration.
The electromagnetic characteristics are analyzed using FEA under identical conditions.
The results show that the proposed symmetric and asymmetric CP-PMSMs significantly
reduce torque ripple from 36.91% to 2.76% and 3.59%, respectively, compared with the
conventional CP-PMSM. In addition, the cogging torque is also reduced compared to
the conventional CP-PMSM. Although a slight decrease in average torque is observed,
the proposed CP-PMSMs also exhibit reduced iron loss and magnet eddy-current loss
compared with the conventional CP-PMSM. Therefore, overall performance, including
torque ripple, THD of BEMEF, cogging torque, and loss characteristics, improves. The
improvement is attributed to the modification of the rotor pole arrangement. Consequently,
the proposed symmetric CP-PMSM and asymmetric CP-PMSM improve torque ripple
and cogging torque without increasing axial length and requiring 3D analysis. Although
this study is based on finite element analysis, practical implementation of the proposed
CP-PMSM:s is feasible for EPS applications. In experimental operation, differences between
simulation and measured results may arise from manufacturing tolerances, assembly errors,
inverter nonlinearity, and mechanical vibration. However, the torque ripple reduction
tendency with the proposed pole arrangement is expected to remain valid under practical
operating conditions.
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