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Abstract

Permanent magnet synchronous motors (PMSMs) are widely employed in electric vehicles
owing to their high efficiency, high power density, and wide speed regulation capability.
However, electromagnetic vibration is aggravated by the non-sinusoidal air gap magnetic
field distribution and cogging torque. To suppress vibration, this paper proposes an opti-
mized asymmetric rotor design. Through sensitivity analysis of rotor parameters on motor
performance, a high-precision Metamodel of Optimal Prognosis (MOP) is developed for
the surrogate-based motor model. Subsequently, rotor parameters are comprehensively
optimized using a genetic algorithm. The results demonstrate that, compared with the
reference motor under identical operating conditions, the optimized motor maintains equiv-
alent output torque while achieving significant reductions in vibration-related performance
indicators: torque ripple is reduced by 17.9%, and cogging torque is reduced by 82.8%,
the amplitude of the 48th-order electromagnetic force decreases from 2.60 N to 1.28 N
(representing a 50.7% reduction), and the peak vibration response decreases from 109.7 dB
to 107.2 dB. This study provides an effective design approach for electromagnetic vibration
suppression in PMSMs.

Keywords: PMSM; electromagnetic vibration; cogging torque; rotor optimization; finite
element analysis

1. Introduction

Permanent magnet synchronous motors (PMSMs) are widely employed in electric
vehicles owing to their high power density, high efficiency, wide speed regulation capability,
and excellent reliability [1]. With the rapid expansion of the new energy vehicle market,
consumer demands have extended beyond power performance, energy economy, and
safety to include driving comfort, low vibration, and minimal noise, which have become
critical selection criteria. The vibration characteristics of PMSMs can generally be classified
into two categories according to their excitation sources: mechanical vibration and elec-
tromagnetic vibration [2]. Mechanical vibration mainly originates from bearing defects,
gear meshing, and rotor imbalance, whereas electromagnetic vibration is induced by elec-
tromagnetic force waves acting on the stator structure. In vehicle traction motors, high
rotational speeds increase the excitation frequency range and the risk of resonance caused
by electromagnetic and mechanical excitations. In particular, radial electromagnetic forces,
high-order harmonic components, and cogging torque can excite stator deformation and
housing vibration, thereby deteriorating the vibration and acoustic performance of PMSMs.

Actuators 2026, 15, 398

https://doi.org/10.3390/act15070398


https://crossmark.crossref.org/dialog?doi=10.3390/act15070398&domain=pdf&date_stamp=2026-07-15
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/actuators
https://www.mdpi.com
https://orcid.org/0000-0003-2396-5983
https://doi.org/10.3390/act15070398

Actuators 2026, 15, 398

2 of 20

Currently, electromagnetic vibration and noise in PMSMs are mainly mitigated
through two approaches: control-oriented suppression and structural optimization design.
Control-oriented suppression methods regulate electromagnetic excitations by dynamically
adjusting current harmonics. Martin et al. [3] achieved an approximately 10 dB reduction
in the total sound pressure level of a PMSM using flux harmonic injection. Le et al. [4]
suppressed radial vibration by optimizing the frequency, amplitude, and phase of current
harmonics. Ji et al. [5] employed a quasi-proportional resonant controller to compensate for
specific harmonic currents and reduce low-frequency torque ripple in IPMSMs. Similarly,
Wang et al. [6] combined low-frequency pulse voltage injection with an adaptive observer
to attenuate electromagnetic force excitation caused by current harmonics; however, the
achievable suppression bandwidth was limited by the carrier frequency constraints. Jian
et al. [7] developed a dynamic harmonic torque cancelation method to reduce cogging
torque. Zhang et al. [8] proposed a finite control set model predictive control strategy that
dynamically adjusts the d—q axis current references to compensate for low-order air gap
magnetic-field harmonics, achieving improved vibration suppression over a wide speed
range compared with conventional PI control. Additionally, Hwang et al. [9] proposed a
zero-sequence voltage compensation strategy for dual-three-phase PMSMs to suppress
common-mode voltage and associated vibration. Chen et al. [10] employed a sliding-mode
observer to estimate magnetic saturation and harmonic currents, followed by feedforward
compensation to reduce low-frequency electromagnetic force fluctuations. However, the
dynamic performance was limited by the convergence speed of the observer.

Structural optimization has been demonstrated as an effective approach for suppress-
ing electromagnetic vibration and noise in PMSMs. Recent studies have systematically
explored various structural optimization strategies, including pole-slot combination opti-
mization [11-15], stator-rotor topology optimization [16-18], rotor skewing [19-22], and
stator skewing slot [23-25], providing a theoretical foundation for low-noise PMSM design.
Wang et al. [11] compared various fractional-slot surface-mounted permanent magnet
motors and found that the 18-slot/10-pole configuration effectively suppressed torque
ripple while eliminating unbalanced magnetic forces. Pedram et al. [12] investigated the
influence of pole pair numbers on vibroacoustic performance using the multi-slice sub-
domain method. Zhang et al. [16] demonstrated that rotor auxiliary slots can suppress
electromagnetic harmonics by optimizing air gap flux distribution. Shen et al. [18] reduced
electromagnetic force harmonics by integrating stator auxiliary slots with rotor magnetic
barriers and optimizing slot depth and barrier inclination angle. Zhu et al. [19] demon-
strated that coordinated optimization of rotor skew angle and permanent magnet geometry
can effectively suppress harmonic components in PMSM air gap magnetic fields. Jang
et al. [21] developed a novel skewing method for railway traction motors and verified
its effectiveness under high-voltage operating conditions. Sun et al. [23] reduced electro-
magnetic force fluctuations in moving-magnet-type linear synchronous motors through an
independent coil structure design.

Although control algorithms can effectively attenuate motor vibration, their practical
implementation in vehicular motor controllers may be constrained by hardware resources,
computational burden, and limited control bandwidth. Therefore, motor design optimiza-
tion has emerged as a fundamental approach for reducing electromagnetic vibration at the
source. Existing rotor-related optimization studies mainly focus on stator slot skewing,
rotor skewing, and pole-slot combination optimization. However, stator slot skewing and
rotor skewing may degrade PMSM performance and increase manufacturing complexity.
Moreover, pole-slot combinations are usually determined during the initial electromagnetic
design stage.
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In recent years, additional structural optimization approaches, including asymmetric
magnet arrangements, segmented rotors, rotor offset techniques, and non-uniform air gap
designs, have been investigated for electromagnetic vibration and cogging torque reduc-
tion. Although these methods have achieved certain vibration reduction effects, they often
require substantial modifications to rotor topology, introduce additional manufacturing
complexity, or consider only a limited number of structural parameters. Furthermore, most
existing studies investigate individual structural features or limited parameter combina-
tions, whereas the coupled effects of multiple asymmetric rotor parameters on electromag-
netic vibration remain insufficiently explored. Table 1 summarizes representative structural
optimization methods for PMSM vibration reduction and highlights their differences from
the proposed approach. As shown in Table 1, existing structural optimization methods
primarily investigate individual structural modifications or limited combinations of design
variables. In contrast, the proposed method performs coordinated optimization of multiple
asymmetric rotor parameters, including permanent magnet geometry, magnet position,
and auxiliary slot dimensions, through a sensitivity-analysis-assisted surrogate-based
optimization framework.

Table 1. Comparison of representative structural optimization methods for PMSM vibration reduction.

Literature Structural Method  Design Variables Optimization Main Limitation
Method Improvement
Parametric Reduced Increased
Zhu et al. [19] Rotor skew Skew angle S electromagnetic manufacturing
optimization . .
force harmonics complexity

Ge et al. [20] Step-skew rotor Skew step and FEM optimization Cogging t.orque 3D manuf.acturmg
angle reduction required
Auxiliary slots + Slot depth, barrier Multi-parameter Reduced Rotor topolo,
Shen et al. [18] Y . pth, “paran electromagnetic POIOgY
magnetic barrier angle optimization o modified
vibration
Non-uniform air . Multi-objective Noise and Complex magnetic
Zhang etal. [16] gap Alr gap geometry optimization vibration reduction circuit
. Electromagnetic
Peng et al. [22] Segmented rotor Segment number Comparatlv.e FEM vibration Increased ass.embly
and arrangement analysis e complexity
mitigation
PM width, Cogglong torque
. . . . 182.8%; torque No rotor skew or
. Parameterized thickness, offset Sensitivity analysis . o
This work - o1 ripple |17.9%; 48th segmented
asymmetric rotor  and auxiliary slots + MOP + GA f o . ired
(16 variables) EM force |50.7%; magnets require
vibration 2.5 dB

To mitigate PMSM vibration, this paper proposes an asymmetric rotor structure. An
electromagnetic analytical model and a finite element model are developed for an eight-
pole 48-slot interior permanent magnet synchronous motor. Addressing the prototype’s
excessive cogging torque and prominent 48th-order vibration response, we optimized the
asymmetric rotor parameters using the Metamodel of Optimal Prognosis (MOP) coupled
with genetic algorithms. Simulation results validate both the optimization methodology
and the enhanced motor structure’s effectiveness.

2. Modeling and Characteristics Analysis for PMSM

Modern vehicular PMSMs feature high rotational speeds, high power density, and
lightweight structures, which introduce increased challenges in electromagnetic vibra-
tion suppression. This section establishes the electromagnetic field model and vibra-
tion response analysis model of the PMSM using finite element analysis. Subsequently,

https://doi.org/10.3390/act15070398


https://doi.org/10.3390/act15070398

Actuators 2026, 15, 398

4 0f 20

simulation-based vibration analysis is performed to investigate the electromagnetic excita-
tion characteristics and vibration response of the motor.

2.1. PMSM Model

The investigated motor is an eight-pole 48-slot interior permanent magnet syn-
chronous motor (IPMSM) designed for electric vehicle applications. It adopts a double-layer
V-type rotor configuration, with the corresponding structural parameters listed in Table 2,
and an eight-layer flat-wire stator winding. The material properties of the main motor

components are summarized in Table 3.

Table 2. Design parameters for vehicular PMSM.

Parameter Value Unit
The inner/outer diameter of the stator 150.4/220 mm
The inner/outer diameter of the rotor 53/147.65 mm
Length of the stator 130 mm

Angle of the permanent magnet 90/110 °
Width of the permanent magnet 19.5/9 mm
Thickness of the permanent magnet 5.54/3.7 mm

Pole number 8 -

Slot number 48 -

Table 3. Constituent materials for individual motor components.

Component Material Density (kg/m?) Modulus of Elasticity (MPa) Poisson’s Ratio

Stator 355W1900 9768 185,000 0.3
Rotor 355W1900 9768 185,000 0.3
Magnet N48UH 7300 150,000 0.3
Winding Copper 8933 94,681 0.29
Shell ADC12 2900 69,000 0.33
Reducer ADCI12 2900 69,000 0.33
Controller ADC12 2900 69,000 0.33

In finite element analysis (FEA), mesh quality plays a critical role in determining
simulation accuracy. Although a finer mesh improves numerical accuracy, it substantially
increases computational cost. Therefore, an appropriate trade-off between accuracy and
computational efficiency is required in electromagnetic field simulations. The mesh density
should be carefully selected based on the characteristics of the electromagnetic field and
available computational resources. Considering the non-uniform electromagnetic field
distribution within different motor regions, different meshing strategies are applied to
individual components. Among these regions, the air gap mesh density has the greatest
influence on the accuracy of air gap flux density, cogging torque, and electromagnetic
torque ripple calculations. Therefore, a refined mesh is adopted in the air gap region. The
air gap is radially divided into six mesh layers to accurately capture the air gap flux density
distribution. A relatively fine mesh is also applied to the stator teeth to accurately capture
local flux density variations. For other regions, adaptive mesh sizes are selected according
to local electromagnetic field variations to maintain sufficient accuracy while reducing
computational cost. The mesh parameters of different components are summarized in
Table 4, and the final mesh distribution is presented in Figures 1 and 2.
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Table 4. Mesh size of each region.

Area Sizing Grid
Stator/rotor 5 mm
Air gap 0.5 mm
Winding 0.8 mm
Magnetic steel 1 mm

Air gap Stator tooth tip

Figure 1. Meshing of the electromagnetic field model.

. .. insulati
Winding ™12

Shell

Figure 2. Three-dimensional finite element model of the electric drive assembly.

A refined finite element model of the electric drive assembly is developed using Hyper-
Mesh 2024. HyperMesh is used to generate high-quality meshes for each component of the
electric drive assembly, considering both computational efficiency and simulation accuracy.
During mesh generation, structural characteristics and load transfer paths are considered,
and local mesh refinement is applied in critical regions to accurately capture the dynamic
response of the electric drive assembly under vibration excitation. To accurately represent
mechanical interactions and load transfer among internal components, a shared-node
approach is adopted at critical connection regions. This approach ensures nodal continuity
between adjacent structures and avoids numerical errors caused by node mismatch or
discontinuous interfaces, thereby improving the reliability of the finite element analysis.
After mesh generation, material properties are assigned to each component according to
their actual material characteristics. The detailed material parameters are listed in Table 3.

It should be noted that the stator core is not a homogeneous solid structure but
consists of numerous stacked silicon steel laminations. Due to the laminated structure, the
stator core exhibits equivalent orthotropic mechanical behavior at the macroscopic scale,
resulting in direction-dependent mechanical properties. Therefore, the stator core cannot
be accurately represented as an isotropic material in the finite element model. Instead,
equivalent mechanical properties, including Young’s modulus, Poisson’s ratio, and density,
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are defined based on the characteristics of the laminated structure to accurately characterize
the dynamic response of the stator core under vibration excitation. The detailed material
parameters are presented in Figure 3.

Name Value Table
= Common Properties
Density 9.768e-06 kg/mm3
= Mechanical Properties
=l Elastic
C11 380230 MPa
ic12 1199220 MPa
c22 289370 MPa
C13 96272 MPa
c23 54194 MPa
C33 244010 MPa
C44 168940 MPa
Cs5 24059 MPa
C66 24059 MPa
Expansion_11
Expansion_22
Expansion_33
Stiffness Matrix Vs Temperature none v B

Figure 3. Material properties.

After assigning material properties to each component, the interface constraints be-
tween different components are defined. Specifically, tie constraints are applied between
the stator core and insulation layer, windings and insulation layer, and stator core and
housing. The remaining structural connections are modeled using RBE2 elements at bolt
hole locations to represent rigid connections. The mounting positions of the electric drive
assembly housing are constrained using bushing elements. After completion of the finite
element model, free modal analysis is performed on the stator assembly. The first four
modal shapes and corresponding natural frequencies are extracted, as shown in Figure 4.
Different modal shapes exhibit distinct spatial distributions of nodes and antinodes. The
closer the color is to red, the greater the amplitude of the vibration; conversely, the closer it
is to blue, the lower the amplitude of the vibration. The simulation results indicate that the
first natural frequency of the stator assembly is 5982 Hz.

050 15000 30000 gmem) i 15506 S0 et 000 150.00 30000} ™ 18000, aocomm
- 1

TR0, Z 2 ay 750 2500

22500

(a) (0, 0) Order of vibration mode,  (b) (0, 2) Order of vibration (¢) (0, 3) Order of vibration (d) (0, 4)Order of vibration
5982Hz mode,1567Hz mode,4135Hz mode,7354Hz

Figure 4. Stator mode shapes and modal frequencies.

2.2. Electromagnetic Characteristics Analysis for PMSM

Figure 5 presents the simulated no-load back electromotive force (BEMF) waveforms,
which exhibit deviations from ideal sinusoidal characteristics and evident harmonic distor-
tions in the three-phase induced voltages. Harmonic spectrum analysis identifies prominent
3rd, 5th, 7th, 9th, and 11th order harmonics in the BEMF.
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Figure 5. No-load BEMF and harmonic content.

The stator slotting effect introduces a non-uniform circumferential distribution of air
gap permeance, which varies periodically with rotor position. As the rotor rotates, the
periodic variation in air gap permeance causes changes in magnetic co-energy, thereby
producing cogging torque, which can be expressed as follows:

oW
Tcog = W (1)

where W is the magnetic field energy, and 0 is the rotor angle.
Equation (1) can be rewritten in Fourier series form as follows:

rzL ad .
Teog (@) = 5 ;e (R3 — R}) Y nG,Byy sin(nza) ()
n=1

where z denotes the number of stator slots; Lg. is the effective stack length; g is the
permeability of free space; Ry and R are the inner and outer stator radii; G, is the n-th
Fourier coefficient of the air gap permeance; B;, is the n-th Fourier coefficient of the squared
magnet remanence; and # is the harmonic order.

Cogging torque induces output torque ripple, particularly at low speeds, resulting in
motor vibration and consequent noise radiation. Figure 6 displays the no-load cogging
torque profile at 1° /s rotational speed, revealing a 7.5° periodic variation with a peak-to-
peak amplitude of 1.278 Nm.

1.00
0.754
0.50 4
0.254
=
& -0.50

-0.75 4

-1.00 T T T
0.0 2.5 5.0 7.5 10.0 12.5 15.0

Angle(deg)

orque(Nm)

Figure 6. Cogging torque.

Figure 7 presents the circumferential distributions of the radial and tangential com-
ponents of air gap magnetic flux density in the PMSM. The radial component exhibits
distinct periodic variations that reflect the pole pair configuration, with each pole pair
corresponding to one complete waveform cycle. The waveform consists of a nearly sinu-
soidal fundamental component superimposed with higher-order harmonic components,
where cogging effects introduce waveform distortions. The harmonic spectrum reveals
a fundamental amplitude of 0.86 T, accompanied by 3rd, 5th, 7th, 9th, 11th, and 13th
harmonics, with the 5th harmonic demonstrating the highest magnitude.
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Figure 7. Magnetic density and harmonic content of radial air gap.

Figure 8 presents the output torque characteristics of the PMSM under an effective
current of 520 A and a rotational speed of 1000 rpm. The simulation results show an average
torque of 324.40 Nm and a peak-to-peak torque ripple of 17.02 Nm, corresponding to a
torque ripple rate of 5.24%, calculated using Equation (3).

T _ Tmax — Tmin
Ripple — —

®)

Tavg

where Tmax and Trin are the maximum and minimum values of the output torque, respec-
tively, and Tpyg is the average torque.

3325

330.0]
E
Z 32757
ERSE
=
23225
=
53200

© 31754

315.0 T T T
0.0 2.5 5.0 75 10.0 12.5 15.0

Time(ms)

Figure 8. Motor output torque under steady-state conditions.

2.3. Vibration Characteristics Analysis for PMSM

Considering the slot—pole combination, slotting-related electromagnetic force har-
monics are expected to be the dominant excitation sources of motor vibration [7,11,15].
For the investigated four-pole-pair, 48-slot PMSM, the fundamental slot harmonic cor-
responds to the 48th-order electromagnetic force component because the slot number
determines the dominant spatial harmonic order. Therefore, the 24th, 48th, and 96th orders
are selected for comparison to investigate the fundamental slot harmonic and its related
components. Figure 9 presents the order-dependent vibration responses under external
characteristic operating conditions. The 48th-order electromagnetic force produces the
most significant vibration response, with a peak value of 109.7 dB at 7424 rpm. The 24th-
order electromagnetic force generates noticeable vibration responses in the speed range
of 14,000-16,000 rpm, whereas the 96th-order component exhibits a relatively smaller re-
sponse peak near 3712 rpm. The acceleration responses are converted into decibel values
using Equation (4) for quantitative comparison.

Agp = 201log ‘;f—”;l )
re

where A;p is the acceleration level after decibel conversion, a,,, is the actual value of
acceleration, and 4, is the acceleration reference value, 1 mm/ s? is taken in this paper.
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Figure 9. Order-dependent vibration responses under sinusoidal current excitation during motor
external characteristic operation.

3. Experimental Validation

Model accuracy is essential for ensuring the reliability of the simulation results. To
verify the effectiveness of the model and ensure that it can accurately reflect the actual
dynamic characteristics of the PMSM, a test bench, as shown in Figure 10, is constructed
for experimental validation. Both steady-state and transient experiments are conducted to
evaluate the PMSM performance under different operating conditions, thereby verifying
the consistency between the simulation results and experimental measurements.

[

Figure 10. Experiment bench of PMSM.

A triaxial accelerometer is radially mounted on the motor housing to measure vibra-
tion responses. Low-impedance copper conductors are used to connect the three-phase
windings to high-precision current sensors for accurate phase current acquisition. An HBM
power analyzer synchronously records motor operating parameters, including vibration,
current, voltage, speed, and torque, together with controller CAN signals.

Figure 11 presents the measured and simulated BEMF waveforms and harmonic
spectra of the motor at 1000 rpm. The experimental (solid line) and simulated (dashed line)
waveforms in Figure 11a show good consistency, with slight deviations observed near the
peak regions. Figure 11b shows similar harmonic distributions between the simulated and
experimental results, with only a 0.6% deviation in the fundamental component (26.04 V
experimentally and 25.86 V numerically) while maintaining similar amplitudes for higher-
order harmonic components.
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Figure 11. Motor BEMF waveform and harmonic amplitude.

Figure 12a compares the experimentally measured and simulated phase current wave-
forms under an operating condition of 1000 rpm and 200 Nm. It is observed that both
the experimental and simulated waveforms exhibit noticeable distortion near the current
peaks. Meanwhile, the time domain profiles of the measured and simulated currents
show good consistency, indicating that the simulation model can effectively reproduce
the motor operating characteristics under this condition. The corresponding frequency
domain characteristics are further analyzed in Figure 12b, which illustrates the harmonic
spectrum of the phase current. The amplitude distribution of different frequency compo-
nents is clearly presented. For the low-order harmonic components, the experimentally
measured amplitude of the 5th harmonic is 4.82 A, while the corresponding simulated
value is 4.17 A. In the high-frequency region around the switching frequency, the maximum
harmonic amplitudes obtained from experiments and simulations are 0.15 A and 0.17 A,
respectively. These results indicate that the proposed simulation model can reproduce both
the time domain characteristics and frequency domain behavior of the phase current with
satisfactory accuracy.
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— | ko] 0
= S 10 l
8 = X 10129.9
= a Y 0178419
5
O g | :
< Ji i Y osstiod 14 L
50 ‘ ‘ ‘ | ; r . L
0.1 0.11 012 0.13 0.14 0.16 0 2000 4000 6000 8000 10,000 12, 000
Time(s) Frequency(Hz)
(a) Phase current waveform (b) Current spectral distribution

Figure 12. Phase current waveforms and spectral distribution of the motor (1000 rpm, 200 Nm).

Figure 13 compares the experimentally measured and simulated phase current wave-
forms under an operating condition of 2000 rpm and 200 Nm. It is observed that the
measured and simulated waveforms exhibit good consistency in the time domain under
this operating condition. In addition, the harmonic spectrum further indicates that the
simulation model can effectively reproduce the frequency domain characteristics of the
phase current.
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Figure 13. Phase current waveforms and spectral distribution of the motor (2000 rpm, 200 Nm).

Figure 14 presents the harmonic spectra of the phase voltage under different operating
conditions. It is observed that the harmonic amplitudes remain generally consistent across
different operating conditions. Under the condition of 1000 rpm and 200 N, the fifth-order
harmonic amplitudes of the phase voltage obtained from simulation and experiment are
0.99 V and 0.90 V, respectively, while the maximum harmonic amplitudes around the
switching frequency are 1.03 V and 1.27 V, respectively. Under the condition of 2000 rpm
and 200 Nm, the fifth-order harmonic amplitudes obtained from simulation and experiment
are 1.50 V and 1.04 V, respectively, and the maximum harmonic amplitudes around the
switching frequency are 3.02 V and 3.39 V, respectively. These results indicate that the
simulation model can effectively reproduce the phase voltage characteristics observed in
the experiments.

Experiment Experiment
10% Emulation | 10% Emulation ||
-y - X 10269.9
z X 320,007 P 2, X 669.993 Y 3.02008
% ol | Y 0.004349 Y 1'2755_ % ol [ \Y 1"50252 X 10299.9
= 10%p ' 2 10% |t P Y 3.39918
= ¥ oaeouss = ¥ tosezr
g g
< <
1072 102
0 2000 4000 6000 8000 10,000 12,000 0 2000 4000 6000 8000 10,000 12,000

Frequency(Hz)
(a) 1000rpm phase voltage spectrum

Frequency(Hz)
(b) 2000rpm phase voltage spectrum

Figure 14. Phase voltage spectrum under different operating conditions.

Figure 15 presents the Campbell diagram of the radial vibration response measured
at the monitoring point during maximum speed acceleration. As observed, the radial
vibration spectrum exhibits distinct order characteristics, and the vibration components
at different orders vary consistently with motor speed. With increasing motor speed,
an apparent umbrella-shaped spectral structure emerges around the carrier frequency of
10 kHz, indicating high-frequency vibration components associated with inverter switching
excitation. Moreover, these high-frequency components may interact with specific-order
electromagnetic excitation frequencies within certain speed ranges, leading to locally
amplified vibration responses.
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Figure 15. Vibration spectrum of the motor radial measurement point under external characteristic
acceleration conditions.

During low-speed operation, the electromagnetic excitation frequencies are separated
from the natural frequencies of the stator modes. Therefore, the resonance effect is limited,
resulting in relatively low radial vibration amplitudes. As the speed increases, the excitation
frequencies of different-order electromagnetic forces gradually approach the stator natural
frequencies, causing the structural dynamic response to increase. When the electromagnetic
excitation frequency approaches the zero-order modal frequency of the stator, the vibration
response is significantly amplified, resulting in a pronounced increase in radial vibration
amplitude. Particularly, a pronounced vibration peak is observed around 6000 Hz, where
the 48th-order vibration component exhibits the strongest response. This indicates that
the resonance between the 48th-order electromagnetic excitation and the stator structural
mode is a dominant mechanism responsible for the vibration amplification under this
operating condition.

Figure 16 presents the no-load BEMF waveform and 48th-order vibration response
of the PMSM under the same operating conditions as those used in the simulation. The
experimental and simulated vibration response curves exhibit consistent trends during the
external characteristic acceleration process. Quantitative analysis reveals that the maximum
vibration responses are 109.7 dB in simulation and 110.2 dB in experiments, corresponding
to a deviation of only 0.45%.

110
100 —

90 —
80 [—

70 Source Maximum

Emulation 109.7dB
Experiment 110.2dB

60

50
40
30

Acceleration (dB re 1.0mm/s"2)

. . ! . . . . I . .
0 2000 4000 6000 8000 10,000 13,000
Rotating Speed(rpm)

Figure 16. Comparison of radial 48th-order vibration simulation and experiment of motor.

In summary, the PMSM simulation model demonstrates good capability in predicting
the electromagnetic and vibration characteristics under practical operating conditions,
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thereby providing a reliable basis for evaluating the effectiveness of the proposed structural
optimization strategy.

4. Design and Optimization of Asymmetrical Rotor Structure for PMSM

To mitigate electromagnetic vibration and cogging torque in the PMSM, a parameter-
ized asymmetric rotor structure is proposed. The degree of asymmetry is systematically
determined by defining the permanent magnet geometry, magnet position, and auxiliary
slot dimensions as design variables within predefined engineering constraints. A Design of
Experiments (DOE)-based sensitivity analysis is first performed to identify the dominant
design parameters, followed by the development of a MOP. Finally, a genetic algorithm is
employed to determine the optimal asymmetric rotor configuration by minimizing cogging
torque, torque ripple, and the 48th-order electromagnetic force while maintaining the
required output torque.

4.1. Design of Asymmetrical Rotor Structure for PMSM

Figure 17 illustrates the key geometric parameters: (A, C, E, G) denote individual
permanent magnet widths, (B, D, F, H) represent corresponding thicknesses, and (P1-P4)
specify magnet positions within magnet slots, (W, W) for first/second layer magnet slots
widths. The auxiliary slot dimensions comprise: (N1, Ny») for D-axis auxiliary slot widths,
and (Ny;, Nyp) for their respective depths.

A
The first layer of < ',ff\he second layer of
permanent magnet | permanent magnet

Figure 17. Schematic diagram of permanent magnet parameters.

The geometric parameters are defined as follows: first layer include permanent magnet
width: Wpy; D-axis left-right width difference: Wp1; magnet thickness: Tp;; D-axis left—
right thickness difference: Tpq; left/right magnet offsets: (Sr1, Sr1). Second layer include
permanent magnet width: Wpy; D-axis left-right width difference: Wp,; magnet thickness:
Tpy; D-axis left-right thickness difference: Tpp; left/right magnet offsets: (Sr», Sra). The
parameter relationships in Figure 17 are as follows:

A =Wp + W E = Wpy + Wpp

C =Wp1 — Wor G =Wp— Wo2

B=Tp1 +Tp1 F=Tp, +Tp 5)
D=Tp —Tox H =Tp + Toz

Py =W1/2-S1 Py =W,/2— 511

P, =Wi/2—5r Py =W5/2—Sp1
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4.2. Sensitivity Analysis of Asymmetrical Rotor Structure Parameters for PMSM

This study focuses on four key performance metrics for PMSM optimization: cogging
torque, torque ripple, output torque, and radial electromagnetic force. By establishing
predetermined parameter ranges, this study systematically investigates their effects on
motor performance, thereby improving the reliability of the sensitivity analysis. The pa-
rameter ranges of the motor model, determined based on design constraints and operating
conditions are presented in Table 5.

Table 5. Optimization design variables with their feasible ranges.

Parameter Initial Value (mm) Value Range
Tp1 5.64 [42 6]
TOl 0 [—12 1]
Wp1 19.4 [18: 20]
Wor1 0 [—2:2]
S11 14 [—1.8:1.8]
Sk1 14 [—1.8: 1.8]
Tp2 3.7 [3 5]
To2 0 [—12 1]
Wp2 9 [71 9]
Woo 0 [—2:2]
SL2 0 [*1.22 1.2]
SRZ 0 [—1.2: 1.2]
Ny 4 [2.5: 5]
Nuo 4 [2.5: 5]
Ny 0 [0: 0.5]
N 0 [0: 0.5]

The asymmetric rotor structure of the PMSM involves 16 design parameters during
the optimization process. To improve design efficiency, sensitivity analysis is employed to
quantify the effects of different parameters on motor performance and identify the most
influential design variables. OptiSLang is an integrated optimization platform that pro-
vides functions including sensitivity analysis, design optimization, robustness evaluation,
and reliability analysis. Owing to its graphical user interface and efficient model-building
capability, OptiSLang facilitates the management of design parameters and objective func-
tions, thereby improving the efficiency of the optimization process. The sensitivity analysis
procedure implemented in OptiSLang generally consists of the following steps. After
defining the input variables and response objectives, the design space is sampled using
DOE or other appropriate sampling techniques. The responses of the sampled designs are
subsequently calculated using the high-fidelity solver. Based on these samples, a surrogate
model is constructed, and variance-based sensitivity indices are subsequently calculated
from the surrogate model.

OptiSLang employs the MOP approach for sensitivity analysis. The MOP involves
selecting the most appropriate surrogate model for a given set of input variables from
candidate models, such as polynomial models with linear or quadratic bases and the
least-squares moving approximation (MLS). In addition, the prediction accuracy of the
response surface is quantitatively evaluated using a cross-validation-based method. Based
on the obtained surrogate model, the CoP is calculated according to the MOP and response
variance, and can be expressed as follows:

Prediction
ssP

CoP=1-— S5,

(6)
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CoP(X,) = CoP - SMOF(X,) ®)

where SSPrediction g the sum of squared prediction errors; SMOP(X,) is the variance-based
sensitivity factor under the optimal meta-model of prognosis; CoP is the overall predictive
quality of the model; CoP(X,) represents the importance of parameter to the model.

The electromagnetic model of the PMSM established in the previous section was
imported into OptiSLang for sensitivity analysis. Regarding the parameter settings, the
maximum number of samples in OptiSLang was set to 300, ensuring sufficient design space
coverage while maintaining computational efficiency. Meanwhile, the prediction coefficient
was set to 0.9 as an important indicator for evaluating the goodness of fit of the surrogate
model, ensuring high prediction accuracy. The influence factors of each parameter on
motor performance were ranked in descending order, and the corresponding parameter
influence maps are presented in Figures 18 and 19. The figures present the key parameters
and their corresponding influence levels on multiple performance indicators, including
cogging torque, torque ripple, output torque, the 24th-order electromagnetic force, and the
48th-order electromagnetic force.
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o A o INPUT : _SL2 -
- - 1%
INPUT : __Nd2
19%
INPUT : __Nw1 -
_of 1 Em T
] INPUT : _ Tp2 INPUT : _SR2
E; ol ! ‘G-JJ lNPU?I'% Tol
H INPUT : __Nd2 . O :_To |
%“’ 4% % 4%
s INPUT:_ Wp1 e INPUT: _Nd1
S 10% P 5%
H] INPUT : _ Nd1 ] INPUT : __Wp1 |
< 15% = 5 %
INPUT : _Wp2 INPUT: _To2
i INPU(E‘I'% Tp2
L INPUT : _SR2 i :_Tp A
™~ 31% o 1%
INPUT : _SR1 INPUT: _SR1
33% 64 %
1 1 1 1 | 1 1 1 1 1
0 20 40 60 80 100 20 40 60 80 100
CoP [%] of Cogging CoP [%] of Ripple
B ) ‘
(a) Cogging Torque (b) Torque Ripple
T T T T T T
oL -
b
INPUT : _To2
1%
- INPUT: _Tp2 ]
Ew TP
INPUT: _SR2
‘CI-‘J 2%
- INPUT : _To1 -
%“" 2%
i INPUT: _SL1
IS 36
L] INPUT: _Tp1 a
~ 12%
INPUT : _SR1
14 %
H INPUT : _Wp2 J
™~ 19 % P
INPUT : _Wp1
I- 1 Ho% 1 1
0 20 40 60 80 100

Figure 18. The main influencing factors of motor performance.
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Figure 19. The main influencing factors of electromagnetic force.

Figure 18 reveals significant influences on PMSM performance:

(1) Cogging torque: the dominant influencing parameters are the D-axis right-side perma-
nent magnet offset, magnet width, and left-side auxiliary slot depth.

(2) Torque ripple: it is primarily influenced by the first-layer magnet parameters, which
account for 64% of the importance in the MOP model.

(38) Output torque: strongly dependent on magnet width, thickness, and first-layer offset
due to their direct impact on rotor magnetic field energy.

Figure 19 illustrates the sensitivity results of electromagnetic force components. The
permanent magnet offset exhibits the most significant influence on the 24th- and 48th- order
electromagnetic force components, with CoP values of 67% and 57%, respectively, followed
by the second-layer magnet thickness. Other design parameters exhibit relatively limited
influences on the investigated performance metrics.

Based on the sensitivity analysis results, which reveal the influence of different design
parameters on PMSM performance, a high-fidelity surrogate model is constructed. The
minimization of cogging torque, torque ripple, and the 48th-order electromagnetic force
amplitude, together with the maintenance of output torque, are selected as the optimization
objectives. A genetic algorithm is then employed based on the MOP surrogate model for
global optimization. The genetic algorithm performs global searches in the multidimen-
sional design space through selection, crossover, and mutation operations. Compared with
existing studies that mainly optimize individual objectives such as cogging torque or torque
ripple, the proposed objective functions simultaneously consider electromagnetic excitation
and torque performance, thereby achieving a balance between vibration suppression and
torque capability.

The multi-objective optimization function is defined as follows:

min] = {Tcog/ TRippler AdB,48/ 1 /Tmax} )

To obtain the final design solution from the multi-objective optimization results,
weighting factors are introduced to evaluate the trade-off among different performance
objectives, as expressed as follows:

F = a1 Teog + a2 TRippre + 23 A4B 48 + 04/ Tmax (10)

where a1, ap, a3, and a4 are the weighting factors of the four objectives, respectively, and
all are set to 0.25.
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To optimize the asymmetric rotor structure, the 16 parameters listed in Table 5 are
selected as design variables for the optimization algorithm. The predefined ranges of these
variables are also specified in Table 5.

During the optimization process, the population size, number of iterations, crossover
probability, and mutation probability are set to 50, 100, 0.8, and 0.02, respectively. The
Pareto-optimal solutions are obtained through iterative evolution of the genetic algorithm.

The optimized rotor parameters are presented in Table 6.

Table 6. Parameters of the rotor optimization scheme.

Parameter Value (mm)
Tp1 5.47
Tor 0.37
Wpy 194
Wo1 0
Sr1 0.18
Sr1 —0.94
Tp> 3.08
Ton —-0.22
sz 9
Woz 0
Sio 0.76
Sro —0.49

Nwl 49
Nw2 4.5
Nd1 0.22
Nd2 0.20

5. Comparative Analysis of Motor Performance Before and After Optimization

Figure 20 compares the cogging torque characteristics of the PMSM before and after
optimization. The original PMSM model exhibits a cogging torque amplitude of 1.278 Nm
before optimization. After optimization, the cogging torque amplitude is reduced to
0.219 Nm, corresponding to an 82.81% reduction compared with the original design.

1.00 7

0.75 1 Optimization
0.50 1
0.25 1
0.00 4 "
-0.25 ]
~0.50

-0.75 1

-1.00 - ; : :
0.0 25 5.0 75 10.0 12.5 15.0

Angle(deg)

Cogging torque(Nm)

Figure 20. Comparison of cogging torque before and after optimization.

Figures 21 and 22 present the output torque characteristics and electromagnetic force
spectra of the PMSM under an operating condition of 520 A effective current and 1000 rpm,
comparing the performances before and after optimization. As shown in Figure 21, the
average torque of the optimized motor decreases by 1.3%, from 324.40 Nm to 320.05 Nm,
while the peak-to-peak torque ripple decreases by 17.9%, from 17.01 Nm to 13.97 Nm. The
48th-order electromagnetic force of the optimized model is well suppressed, from 2.60 N
to 1.28 N, a decrease of 50.7% in Figure 22. However, the amplitudes of the 24th and 96th
electromagnetic force components increase slightly after optimization.
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Figure 21. Comparative analysis of motor output torque profiles before and after optimization.
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Figure 22. Spatial order 0 electromagnetic force.

Figure 23 presents the order-dependent vibration response characteristics of the opti-
mized PMSM under external characteristic conditions. The 48th-order vibration component
at the radial measurement point is reduced by 2.5 dB, from 109.7 dB to 107.2 dB.

110
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L x =7424.0
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Figure 23. Optimizing the vibration response under the external characteristic conditions.

In summary, while maintaining the required output torque level, the proposed asym-
metric rotor structure achieves significant reductions in cogging torque (82.8%), torque

https://doi.org/10.3390/act15070398


https://doi.org/10.3390/act15070398

Actuators 2026, 15, 398

19 of 20

References

ripple (17.9%), and the 48th electromagnetic force component (50.7%). Compared with
conventional rotor skewing and segmented rotor methods, the proposed asymmetric rotor
structure avoids the need for rotor skewing processes or additional segmented magnets.
Instead, vibration suppression is achieved through the coordinated optimization of per-
manent magnet geometry and position, thereby reducing structural complexity while
preserving torque capability. These results demonstrate the effectiveness of the proposed
asymmetric rotor design for mitigating PMSM vibration.

6. Results

This paper proposes an optimized asymmetric rotor structure to reduce cogging
torque, torque ripple, and electromagnetic vibration in automotive PMSMs. The obtained
sensitivity ranking provides practical guidelines for low-vibration PMSM design. Per-
manent magnet offset should be prioritized for suppressing electromagnetic vibration,
whereas magnet width and thickness should be carefully adjusted to preserve torque ca-
pability. Auxiliary slot dimensions mainly contribute to cogging torque reduction and
can be optimized after determining the primary magnetic parameters. Based on compre-
hensive parameter sensitivity analysis, this paper established an MOP-based surrogate
optimization framework to guide multi-objective optimization targeting cogging torque
minimization (82.81% reduction), torque ripple reduction, and 48th-order electromagnetic
force attenuation (50.7% reduction), while preserving the required output torque level (only
1.3% reduction). The genetic algorithm optimization reduced the vibration amplitude by
2.5 dB, demonstrating the effectiveness of the asymmetric rotor structure in mitigating
electromagnetic vibration while preserving torque capability.

In future work, a prototype of the optimized motor will be manufactured and experi-
mentally tested to evaluate the vibration suppression performance of the proposed structure
under practical operating conditions. Meanwhile, based on the experimental results, the
vibration generation mechanisms will be further investigated to reveal the coupling rela-
tionships among electromagnetic excitations, structural modes, and assembly deviations. In
addition, considering engineering application requirements, the manufacturing feasibility,
magnet assembly tolerances, rotor balancing issues, and cost implications of the proposed
optimization scheme will be systematically investigated. These investigations will provide
further insights into the engineering implementation of the proposed motor structure.
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