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Low Vibration Design and Investigation of an
Interior Permanent Magnet Motor in the
Perspective of the Saliency Ratio

Hui Qu, Li Quan, Xiaoyong Zhu, Member, IEEE, Zixuan Xiang, Teng Liu, Jiamin Bai

Abstract—To address the issue of increased electromagnetic
vibration in permanent magnet (PM) motors for electric vehicles
under flux-weakening speed extension operation, this paper
proposes a low-vibration design method for PM motors from the
perspective of saliency ratio. First, by establishing a theoretical
model for vibration analysis under flux-weakening operation, it
reveals the vibration mechanism whereby high-order armature
magnetomotive force (ARM-MMF) harmonics under flux-
weakening operation leads to enhanced radial electromagnetic
force (REF). Second, an in-depth investigation into the intrinsic
relationship between saliency ratio and ARM-MMF is
conducted. This study proposes a novel methodology to design
key ARM-MMF harmonics that induce significant
electromagnetic vibration from the perspective of the saliency
ratio. An innovative rotor topology featuring elliptical-arc
composite flux barriers is developed to implement this approach.
Furthermore, and synergistic optimization is performed with the
saliency ratio and torque as optimization objectives to balance
vibration suppression and torque output performance. Finally, a
prototype is manufactured and tested. Both theoretical and
experimental analyses validated the effectiveness of the motor
and the proposed design method.

Index Terms—Permanent magnet (PM) motor, Armature
magnetomotive force, Saliency ratio, Vibration suppression.

I. INTRODUCTION

NTERIOR permanent magnet synchronous motors

(IPMSMs) have gained widespread application in the
electric vehicle sector due to their advantages of high power
density and high efficiency [1]-[2]. Motor vibration, as one of
the key indicators for evaluating motor performance, has
always been a focal point of attention in both academic and
industrial circles [3]-[4]. Compared with low-speed operation,
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electromagnetic vibration in electric vehicles significantly
increases under flux-weakening speed extension, which not
only affects ride comfort but also restricts further speed range
extension. Research indicates that this exacerbation of
vibration primarily stems from magnetic field distortion in the
airgap caused by flux-weakening control [5]. While reducing
the amplitude of fundamental waves to expand the speed
range, this process generates higher-order spatial harmonic
magnetic flux, thereby worsening electromagnetic vibration.
Therefore, studying methods to suppress electromagnetic
vibration in permanent magnet (PM) motors under flux-
weakening operation hold significant importance.

Currently, in order to suppress vibrations caused by low-
order radial electromagnetic force (REF), scholars have
proposed numerous methods, such as using stator skew slots
[6], rotor skew, and rotor slots in the motor structure itself [7]-
[8], and injecting harmonic currents in control strategy
optimization [9]. However, although these methods suppress
electromagnetic vibrations, they inevitably compromise torque
performance, and the complex manufacturing processes
required for special structures increase manufacturing costs.

Generally speaking, from the perspective of vibration
generation mechanisms, the armature magnetomotive force
(ARM-MMF) is the primary source of excitation for
electromagnetic vibration [10]. Therefore, some scholars have
conducted a series of studies based on ARM-MMF. In [11], a
star-delta hybrid winding structure has been proposed, which
optimizes the superposition effect of the winding MMF by
making the current phase angle and spatial phase angle of the
delta winding behind the star winding by n/2m, where m is the
phase number of the motor. This significantly weakens the
amplitude of REF harmonics. In addition, a dual three-phase
winding design is adopted in [12], with the two sets of
windings spatially offset by 30° electrical angle. By
leveraging the mutual cancellation effect of MMF within
specific harmonic frequency bands, the excitation of REF
harmonics is further reduced. Although these methods can
suppress vibration while ensuring a certain torque output, they
still have obvious limitations. On one hand, multi-phase
winding systems increase control complexity and costs; on the
other hand, existing solutions are mainly optimized for single
rated operating conditions and fail to effectively address the
issue of worsening electromagnetic vibration caused by
enhanced armature reaction under flux-weakening operation.
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Therefore, addressing the practical application needs of
electric vehicles, effectively suppressing electromagnetic
vibration under flux-weakening operation while maintaining
torque performance remains a significant challenge.

This paper proposes a method for suppressing
electromagnetic vibration by designing ARM-MMF harmonic
components from the perspective of the saliency ratio. The
saliency ratio [13]-[14], as a key parameter of IPMSM,
modulates the harmonic distribution of ARM-MMF through
its numerical characteristics. By reasonably designing the
saliency ratio, it is possible to effectively suppress the higher-
order harmonic of ARM-MMF under flux-weakening
operation, thereby suppressing REF. Section Il analyzes the
mechanism of vibration generation under flux-weakening
operation and establishes a theoretical analysis model linking
saliency ratio, ARM-MMF, and electromagnetic vibration,
proposing the concept of achieving low-vibration design from
the perspective of saliency ratio. In Section 11, considering
both high-speed vibration suppression and low-speed torque
output design criteria, a rotor topology structure capable of
dynamic saliency ratio adjustment is designed. Section IV
conducts parameter design and performance analysis of the
proposed motor structure, verifying the effectiveness of the
proposed low-vibration motor design method. In Section V, a
prototype motor is fabricated and experimentally validated.
Finally, Section VI summarizes the paper.

Il. RESEARCH ON VIBRATION CHARACTERISTICS UNDER
FLUX-WEAKENING OPERATION

In this section, a 36-slot/8-pole IPMSM is selected to study
the vibration performance under flux-weakening speed
extension, and the principles of vibration generation are
analyzed.

A. Vibration Characteristics of Motors under Flux-

weakening Speed Extension

Fig. 1 shows a two-dimensional model of a traditional
PMSM for vehicles, which adopts a 36-slot/8-pole V-shaped
interior permanent magnet structure. Fig. 1(b) shows the

standard driving cycle — New European Driving Cycles

(NEDC) operating conditions. It can be observed that the
vehicle operating conditions are mainly divided into frequent
start-stop, heavy-load climbing, road driving, and high-speed
cruising. These correspond respectively to PM motor
operating under low-speed high-torque, medium-speed light-
load, and flux-weakening speed extension operation. To
analyze the vibration characteristics of IPMSM under
different operating conditions, Fig. 2 compares the vibration
acceleration spectrum diagrams and equivalent radiated power
(ERP) level waterfall diagrams of the motor under low-speed
heavy-load and high-speed flux-weakening conditions. As
shown in Fig. 2(a), compared with the rated operating
condition, the motor exhibits significantly larger vibration
acceleration amplitudes under flux-weakening speed
extension. It is noteworthy that under high-speed flux-
weakening conditions, the amplitude of the 9f vibration

component, where f is electrical frequency is approximately 4
mm/s?. However, since it is significantly lower than the main
vibration peaks (such as 4f, 8f), with the amplitude at 8f being
82.6% larger than that at 9f, it was treated as a secondary
factor in vibration characteristic analysis and not discussed in
detail. Correspondingly, ERP level waterfall diagram in Figs.
2(b) and 2(c) demonstrate significantly elevated ERP levels
under flux-weakening speed extension, with some frequency
bands exceeding 100 dB, particularly at 4f and 8f components.
This indicates that, compared to low-speed heavy loads, high-
speed flux-weakening significantly worsens the vibration
characteristics of motors. Therefore, it is necessary to
implement vibration suppression for the motors under flux-
weakening speed extension operation.
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Fig. 1. Operating requirements for PM motors. (a) Structure field of 36-slot 8-
pole interior permanent magnet (IPM) motor. (b) PM motor under variable
operating conditions.
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Fig. 2. Vibration performances. (a) Vibration acceleration. (b) ERP level
waterfall diagram under rated operating conditions. (c) ERP level waterfall
diagram under high-speed operating conditions.

B. Study on the Mechanism of Vibration Generation under
Flux-weakening Operation

The electromagnetic vibration of IPMSM mainly originates
from RER harmonics of the airgap magnetic field. This force
acts on the stator core, causing radial deformation, which in
turn triggers vibration and noise [15]. Therefore, in order to
evaluate and suppress the electromagnetic vibration of the
motor, the primary task is to study and analyze the
characteristics of REF. According to Maxwell’s tensor
method, REF can be expressed as:
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B(0.1)-Bl(6.1) _ B (6.1)
~ 1)
244 241,
where B(6, t) and B¢(#, t) are the radial and tangential
components of the airgap magnetic flux density, respectively;
6 is the spatial angular position; t is the time; uq is the
magnetic permeability of free space.

From (1), it can be seen that the REF is positively
correlated with the airgap magnetic flux density. Since the
airgap magnetic field is composed of both the permanent
magnet magnetic field and the armature magnetic field, the

permanent magnet magnetomotive force (PM-MMF) and
ARM-MMF can be expressed as:

F(6,t)=

fou (0:t)= D F,cos(u,0 - uot)
pu=2m+1 (2)
fm(6,1)= Y F,cos(v,0—S ot)

v=3n+1

where F, and F, are the amplitudes of the uth and vth PM-

MMF harmonics and ARM-MMF harmonics, respectively; o

is the angular frequency of the current; u, is the harmonic

order of PM-MMF; v, is the harmonic order of ARM-MMF.
Therefore, substituting (2) into (1) yields:

(Bew + Bam )
24,

=i|: 1:PM (H,t)/l+ farm (e’t)ﬂ’}z
2,

F (6,t)=

3)
= %(Z F, cos( 44,0 — peot)- A+
0\ u

2
DF, cos(vaH—SVa)t)-lj

where Bpy is the permanent magnet field; B, is the armature
magnetic field; 4 is the airgap permeability.

Therefore, according to (3), the REF is generated by the
interaction between ARM-MMF and PM-MMF. However,
compared to PM-MMF, flux-weakening operation primarily
alters the distribution of ARM-MMF. This leads to increased
REF amplitudes, consequently causing aggravated vibrations
during flux-weakening operation. Fig. 3 shows the three-
dimensional (3-D) spatiotemporal distribution of ARM-MMF
and REF. As shown in Fig. 3(a), when the motor operates
under flux-weakening operation, although the fundamental
component of ARM-MMF reduces, the amplitude of ARM-
MMF harmonics that generate the lowest non-zero order REF
actually increases, such as (8th, 11f), (12th, 3f), (16th, 1f), and
(20th, 5f). Therefore, the amplitudes of the fourth-order REF
such as 4f and 8f also increase, as shown in Fig. 3(b). This is
the main reason for the intensification of vibration in flux-
weakening operation.

C. Design Principle for Saliency Ratio under Flux-
weakening Operation

To further investigate the impact of flux-weakening speed
extension on the electromagnetic vibration of motors, it is
necessary to study the underlying mechanism through which
flux-weakening affects ARM-MMF. The principle of flux-
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Fig. 3. The basic electromagnetic performance of IPMSM. (a) Spatial-
temporal distribution of ARM-MMF. (b) Spatial-temporal distribution of
REF.

weakening speed extension is to increase the d-axis current
component and reduce the g-axis current component, thereby
weakening the airgap magnetic field, allowing the motor
speed to continue to increase steadily, and enabling the motor
to operate at higher speeds.
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Fig. 4. Characteristics of current and voltage constraint circles.

Fig. 4 shows the motor current vector trajectory diagram
and the relationship between ARM-MMF and the degree of
flux-weakening. In the BC segment, the motor is in flux-
weakening speed extension stage, and ARM-MMF increases
with the degree of flux-weakening. At this point, the ARM-
MMF can be further expressed as:

farm = 1:d,arm + fq,arm

f — Bd,arm — _Ldid

“@mT A ANS (4)
f — Bq,arm — anlq

gam A ANS

where fym is the ARM-MMF; fg om is the d-axis ARM-MMF;
fqam is the g-axis ARM-MMF; Bg.m is the d-axis armature
magnetic field; Bgam is the g-axis armature magnetic field; Lq
is the d-axis inductance; iqy is the d-axis current; L is the g-
axis inductance; iq is the g-axis current; a is the coupling
coefficient; S is the effective area perpendicular to the
magnetic field direction; N is the number of turns.

It can be observed that flux-weakening current and dg-axis
inductance influence ARM-MMF. However, the regulation of
armature current is constrained by multiple factors such as
inverter capacity, temperature rise limits, and system
efficiency, making it difficult to adjust specifically for
vibration suppression requirements. Therefore, this paper
investigates the intrinsic correlation mechanism between
electromagnetic ~ vibration and  dg-axis  inductance
characteristics of the motor itself.

The inductance characteristics of IPMSM are generally L,
greater than Ly, and the saliency ratio is the ratio of the dg-
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axis inductance. Therefore, a certain relationship has been
found between the saliency ratio and ARM-MMF:

(5)

¢ :aniq :aKLdiq
me ANS ANS
where K is the saliency ratio.
Substituting (4) and (5) into (3) yields the relationship
between the saliency ratio and REF as:

1 2
Fr :2—0( fpm A+ farm A)
L\ (6)
Ll e bleKth)
24, NS

As shown in (4)-(6), the saliency ratio is a key factor in
designing ARM-MMF and REF, and changes in its value
directly affect the harmonic amplitude of ARM-MMF and
REF.

Additionally, since the saliency ratio is closely related to
torque, the effect of the saliency ratio on torque cannot be
ignored when suppressing vibration noise through the saliency
ratio.

3 . .
T, =EP,[¢/PM|q+|_d(1—K)|d|q]+ng ©)

where P, represents the number of pole pairs, and ¥pum
represents the permanent magnet flux linkage.

The relationship between ARM-MMF and REF as a
function of the saliency ratio is shown in Fig. 5. It can be seen
that as the saliency ratio increases, the amplitude of the
fundamental component in ARM-MMF continues to decrease,
while the amplitudes of higher-order harmonics such as (8th,
11f) and (12th, 3f) show a significant increasing trend. The
(20th, 5f) ARM-MMF harmonic exhibits a trend of first
decreasing and then increasing. Correspondingly, the
amplitude of REF harmonics (Oth, Of) and (8th, 2f) is
negatively correlated with the saliency ratio, while the
amplitude of REF harmonics (—4th, 2f) and (4th, 4f) increases
with increasing K value. Among these, the amplitude of the
(—4th, 8f) harmonic REF wave exhibits a trend of first
decreasing and then increasing. This harmonic evolution
pattern reveals a close relationship between the saliency ratio
and the characteristics of electromagnetic force waves.
Therefore, by designing the saliency ratio, the harmonic
distribution of ARM-MMF can be effectively regulated under
flux-weakening operation, thereby suppressing motor
vibration caused by electromagnetic force waves.
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Fig. 5. Analysis of ARM-MMF and REF characteristics under variable
saliency ratio. (@) ARM-MMF with the saliency ratio. (b) REF with the
saliency ratio.

I11.  PERMANENT MAGNET MOTOR DESIGN BASED ON
SALIENCY RATIO DESIGN METHOD

The section employs saliency ratio design principles to
optimize the spatial harmonic distribution of ARM-MMF
through targeted dg-axis magnetic circuit modifications. The
approach  specifically suppresses critical ARM-MMF
harmonics (8th, 11f), (12th, 3f), (16th, 1f), and (20th, 5f) order
that excite dominant REF, such as (4th, 4f) and (—4th, 8f)
order, during flux-weakening speed extension, thereby
improving motor vibration performance.

A. Evolution of Motor Topology

The low vibration design flowchart based on the saliency
ratio is shown in Fig. 6. Firstly, a theoretical model is
established to clarify the influence mechanism of key
harmonics on vibration. Then, the saliency ratio is defined as
the key design variable for the harmonic distribution of ARM-
MMEF. Secondly, a rotor structure featuring a combination of
composite magnetic barriers and arc-shaped PMs is designed,
enabling dynamic control of saliency ratio. Subsequently,
with the saliency ratio as the optimization objective, the
response surface method (RSM) is combined with the multi-
objective genetic algorithm (MOGA) for optimization.
Finally, optimal parameters are determined based on the
Pareto front, completing the entire design optimization
process.

Establish the theoretical relationship between ARM-MMF and REF under the
fl ing condition, and clarify the influence of key harmonics on vibration
4
Define the saliency ratio as a key design variable for
the harmonic distribution of ARM-MMF

L, ¢ : d-axis flux weakening causes core
desaturation, resulting in g-axis rise.

Ly + : -ig increases d-axis reluctance, weakening
the fundamental itude of ARM-MMF

Saliency ratio (K) t : exacerbates the saturation difference between
the d-axis permanent magnet path and the g-axis iron core path

'
Amplitude of the higher harmonics of ARM-MMF
rises, REF increases and vibration i ifi

i

Design the rotor structure : adjust the dg-axis magnetic circuit through composite
magnetic barriers and arc-shaped PMS to d i adjust the saliency ratio

The influence of saliency ratio on ‘
the harmonics of ARM-MMF

Set the magnetic barrier on the g-axis path; precisely adjust g-axis magnetic
resistance and control L, by changing its position and size

. . X X Adopt arc-shaped PMS on the d-axis to optimize
Design the saliency ratio to improve | the magnetic field and torque output
ARM-MMF and suppress REF l

Take the saliency ratio as a new optimization objective; use RSM and MOGA to coordinately
optimize ARM-MMF and torque, balancing vibration suppression and torque output

‘ Determine the optimal value based on the Pareto frontier ‘

g
Fig. 6. Low vibration design flowchart based on saliency ratio.

The saliency ratio serves as a key parameter for
characterizing the degree of difference in the dg-axis magnetic
circuit inductance of an IPMSM, directly influencing the
distribution characteristics of ARM-MMF harmonics [16]-
[17]. When the motor is in a weak magnetic state, applying
—igq to the d-axis magnetic circuit causes more magnetic flux to
pass through the high-reluctance permanent magnet path,
thereby reducing the d-axis inductance while weakening the
fundamental amplitude of ARM-MMF. Meanwhile, under the
influence of —igy, the d-axis magnetic field weakens, reducing
the core saturation state and increasing the magnetic
permeability of the g-axis magnetic flux, thereby increasing
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the g-axis inductance and saliency ratio. This further
exacerbates the difference in saturation levels between the d-
axis permanent magnet path and the g-axis core path. This
enhanced non-uniformity in the magnetic permeability spatial
distribution makes the modulation effect of magnetic
permeability harmonics on ARM-MMF strength more
pronounced, ultimately leading to an increase in the amplitude
of higher-order harmonic magnetic flux.

IPM motor |

R R i

d-axis flux path g-axis flux path |
L =

Fig. 7. Simplified equivalent magnetic circuit model.

To illustrate the principles of the saliency ratio design, the
corresponding simplified equivalent magnetic circuit models
for the d-axis and g-axis are shown in Fig. 7, where the
magnetic circuit paths for the d-axis and g-axis are
represented at different rotor positions. Compared to the
magnetic circuit model of a traditional permanent magnet
motor, this model introduces an additional variable resistor
unit Ry,. The characteristics of this unit change with variations
in the armature current, thereby dynamically adjusting the
saturation level of the magnetic circuit and influencing the dg-
axis inductance values. Therefore, the variable resistor plays a
crucial role in achieving dynamic leakage flux and saliency
ratio. As shown in the figure, the dg-axis inductances and
leakage flux can be expressed as:

NZ
Ly (2R, +R+R +2R))
NZ
5 “(R+R+2R +R,)
A ®)

¢ — q
’ (R,+RS+2Rg+Rbr)
L

K:_q:¢6><(2Rpm+Rr+RS+2Rg)

L, F,
where Ry, is the permanent magnet reluctance; Ry is the air
gap reluctance; R, is the rotor core reluctance; Rs is the stator
core reluctance; Ry, is the variable reluctance; F is the g-axis
MMF.

Based on the above theoretical analysis, a convex pole
adjustable permanent magnet (CPA-PM) motor is proposed.
Fig. 8 shows the evolution of the rotor topology from
traditional IPM motor to CPA-PM motor, with a focus on
improving the permanent magnet layout and magnetic barrier
structure design. The motor adopts a composite magnetic
barrier structure that integrates elliptical and arc-shaped in the
rotor g-axis magnetic circuit. This configuration creates a
variable leakage magnetic path and achieves variable
magnetic resistance. Compared to traditional V-shaped
permanent magnet motors, this structure not only enables
precise control over the g-axis magnetic circuit but also

demonstrates significant advantages in enhancing the saliency
ratio and optimizing magnetic field distribution. The design of
two sets of three-segment arc-shaped magnetic barriers, which
prevent the g-axis magnetic field from saturating, reduce the
g-axis magnetic resistance, and increase the g-axis inductance.
Additionally, the multi-layer magnetic barrier structure
improves the path of the g-axis magnetic flux, effectively
suppressing magnetic flux leakage. On the d-axis magnetic
circuit, arc-shaped PM are used instead of V-shaped PM,
effectively improving PM utilization and enhancing torque
output capability. Combined with the magnetic barrier design,
this reduces magnetic leakage while enhancing d-axis
magnetic field saturation, thereby achieving reduced d-axis
inductance. The motor achieves flexible adjustment of the
saliency ratio through the rotor magnetic circuit design. The
unique arc-shaped magnetic barrier structure regulates the dg-
axis inductance interaction by guiding the main magnetic flux
leakage, thereby reducing the saliency ratio and suppressing
the harmonics of ARM-MMF (8th, 11f) and (12th, 3f),
achieving targeted suppression of REF.
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Fig. 8. Rotor evolution from the conventional IPM motor to the CPA-PM
motor.

The cloud diagram of the ARM-MMF harmonics (8th, 11f)
and (12th, 3f) of a CPA-PM motor as a function of the
saliency ratio are shown in Fig. 9, with the horizontal and
vertical axis representing the dg-axis inductance. ARM-MMF
harmonic components generally exhibit a decreasing trend as
the saliency ratio decreases, verifying the feasibility of the
saliency ratio design. The motor proposed in this study is
illustrated in Fig. 10, and the basic design requirements are
listed in Table I. CPA-PM motor was configured with a
higher current setting. The core reason for this was to adapt to
its unique magnetic circuit structure, ensuring that the internal
magnetic field and output torque of the motor reached levels
comparable to those of traditional motors. This design aimed
to establish a fair comparison of their output capabilities.
LR 0 s
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Fig. 9. Cloud diagram of ARM-MMF harmonics with saliency ratio. (a) (8th,
11f)-order ARM-MMF. (b) (12th, 3f)-order ARM-MMF.
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B. Performance Verification
To validate the effectiveness of the proposed motor

saliency ratio design method, the performance of IPMSM
motor and CPA-PM motor is analyzed and verified.

_—Stator—__——_

A ¥~ \‘!?“ ,  Armature | ) ) -
’ N ! [
/ xﬂ/d. %r?:: windings { /

_Magnetic
barrier

%g\:\\\\PMsj ’

@) (b)
Fig. 10. Proposed CPA-PM motor. (a) Configuration. (b) Parametric
geometric structure of motor.

TABLE |

BASIC DESIGN SPECIFICATIONS AND PARAMETERS

Items IPM motor CPA-PM motor
Rated output power/kW 4 4
Rated speed/(r/min) 1200 1200
Phase rated current/A 18 21
Stack length/mm 65 65
Air gap length/mm 0.5 0.5
Stator outer radius/mm 95 95
Rotor outer radius/mm 57.5 57.5
Rotor inner radius/mm 32 32

Fig. 11 shows the three-dimensional spatiotemporal
distribution of ARM-MMF and REF. Except for the
fundamental wave, the amplitudes of other harmonic orders of
ARM-MMF decrease to varying degrees. Furthermore, the
fourth-order harmonics such as 4f and 8f, which are generated
by the interaction between ARM-MMF harmonics (8th, 11f),
(12th, 3f), (16th, 1f), (16th, 13f) and (20th, 5f), are
significantly attenuated.

Fig. 11. Spatial-temporal distribution of ARM-MMF and REF. (a) ARM-
MMF. (b) REF.

The above results indicate that by regulating the saliency
ratio, ARM-MMF of the motor was successfully suppressed,
thereby suppressing the harmonic amplitude of REF. The
torque and vibration acceleration diagrams of the designed
motor are shown in Fig. 12. The proposed motor achieves a
marginal torque improvement while reducing torque ripple by
approximately 7%. The vibration acceleration at 4f and 8f is
lower than that of the traditional motor. Overall, the CPA-PM
motor demonstrates significant advantages in vibration
performance.
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IV. PARAMETER DESIGN AND PERFORMANCE EVALUATION

A. Harmonic-orientated Parameter Design

Based on the in-depth analysis of the electromagnetic
vibration characteristics of CPA-PM motors discussed earlier,
this study proposes a multi-parameter collaborative
optimization design method aimed at further suppressing REF
harmonics. As shown in the parameter schematic diagram in
Fig. 10, this scheme focuses on four key design parameters:
magnetic barrier position parameters (Rsy, Rsy), Which are
used to regulate the g-axis inductance characteristics;
permanent magnet parameters (hpm, Iom), which regulate the d-
axis inductance characteristics while ensuring the use of
permanent magnets; the two parameters together determine
the key parameters of the saliency ratio (K = Lq/Ly).

When establishing the optimization scheme, the objective
function simultaneously considers minimizing the harmonic
components of ARM-MMF that generates the critical REF
and maximizing the output torque, ensuring both
performances are optimized. At the same time, the saliency
ratio is taken as the optimization target. Second, a MOGA is
employed to obtain a Pareto front representing the trade-off
relationships among objectives, rather than a single solution.
Finally, torque constraints are set to ensure basic electric
vehicle drive requirements are met, while an upper limit is
imposed on REF to achieve low-vibration performance.
Ultimately, through this constrained multi-objective
co-optimization framework, we selected a design point from
the Pareto front that achieves the optimal trade-off
between vibration suppression and torque output. This
comprehensive optimization method, which considers
multiple parameters and objectives, balances the requirements
for electromagnetic vibration suppression with torque
performance requirements.

The optimization range for each parameter is determined
comprehensively based on electromagnetic performance,
mechanical reliability, and manufacturing feasibility [18].
Excessively small magnetic barrier value results in excessive
proximity to the air gap, leading to reduced torque,
insufficient mechanical strength of the magnetic bridge, and
manufacturing difficulties. Excessively large values cause the
magnetic barriers to be embedded too deeply into the rotor,
weakening their ability to regulate the g-axis magnetic circuit,
saturating the saliency ratio, and exacerbating vibration. As
shown in Fig. 13, when parameters are excessively large, the
saliency ratio increases significantly while the amplitude of
REF harmonic (—4th, 8f) exceeds 10,000 N/m?, severely
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compromising vibration suppression performance. The
parameter ranges described were determined through
extensive simulation iterations to achieve an optimal balance
between torque output, vibration suppression, and
manufacturability. The final optimized ranges for each
parameter are presented in Table I1.
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Fig. 13. Variation relationships of key parameters on leading harmonics
(Raw > 1.5 mm, Ry, > 5mm). (2) K. (b) (—4th, 8f)-order radial force.

TABLE Il
VARIATION RANGE OF DESIGN VARIABLES
Parameters Value range
End depth of the first magnetic barrier, Ry,/mm [0.5-1.5]
End depth of the second magnetic barrier, Rs/mm [2.0-5.0]
Permanent magnet thickness, hym/mm [1.5-2.5]
End depth of permanent magnet, lpn/mm [2.4-3.2]

Constraint boundary setting in multi-objective optimization
balances driving performance and vibration suppression. The
torque lower limit, based on vehicle requirements, is slightly
higher than that of conventional motors to ensure power
delivery under high-speed flux-weakening conditions while
reserving optimization margin. (4th, 4f) and (—4th, 8f) of REF
constraints are defined based on initial simulation amplitudes
of 4263 and 10,672 N/m?. By setting upper limits below initial
values, the optimization direction is forced toward vibration
suppression objectives. All constraints reference the initial
model. The objective function and constraint conditions are as
follows:

Function : [Min &, (K),Min &, (i ap) )

Min &, (f( ath 8f)) Max &, (To, )]

Constraints: T, >13N-m, 9
F <4.2x10°N/m?,

(4th,4f)
F <1.1x10*N/m?

(~4th,81)

where Tq is the output torque.

The response surface method was employed to analyze the
effects of these parameters on the saliency ratio and harmonic
components of ARM-MMF. As shown in Fig. 14, when the
saliency ratio decreases, the harmonics of ARM-MMF, such
as (8th, 11f) and (12th, 3f), are suppressed.

Furthermore, REF harmonic and torque response surface
diagrams under parameter design are shown in Fig. 15. The
main-order harmonics (4th, 4f) and (-4th, 8f) of REF
generated by the interaction of ARM-MMF have been
effectively suppressed. Additionally, the torque variation
range, which serves as a constraint condition, is only 1 N-m.

This saliency ratio-torque co-optimization based parameter
design method achieves optimal balance between vibration
suppression and torque output performance.
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Finally, to identify the optimal design for the CPA-PM
motor, a MOGA is employed to determine optimal
parameters. Fig. 16(a) shows the scatter plots of optimization
objectives. As can be seen, optimization objectives converge
to the Pareto front successfully. To facilitate visualization of
the optimization objectives, parallel coordinate plots are
utilized, as shown in Fig. 16(b). The optimal design point is
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identified and marked in red within the diagram. The final
optimized parameter values are summarized in Table IlI.
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Fig. 16. Pareto front plot. (a) Pareto front of the MOGA. (b) Parallel
coordinates plots of optimization objectives.

TABLE Il
MOTOR SIZE AFTER OPTIMIZATION
Objective  Initial/mm Optimal/mm| Objective Initial/mm Optimal/mm
Rew 14 1 Npm 2.3 2
Rsw 4.6 3 lom 25 3

B. Performance Evaluation

To verify the effectiveness of the CPA-PM motor and its
optimization method, a detailed study of the electromagnetic
performance of the CPA-PM motor was conducted using the
finite element method.

First, the no-load back electromotive force (EMF) and
torque of the initial and optimized CPA-PM motors at a speed
of 1200 r/min were simulated, as shown in Fig. 17. As can be
seen from Fig. 17(a), the optimized no-load back EMF
waveform is more sinusoidal, and the amplitude has also
increased. Additionally, a Fast Fourier Transform (FFT)
analysis was performed on the simulated back EMF
waveforms, yielding total harmonic distortion (THD) values
of 7.15% and 5.4% for the initial and optimized motors,
respectively, indicating that the optimized motor exhibits
reduced torque ripple. Figs. 17(c) and 17(d) show the 3-D
spatiotemporal distribution of ARM-MMF and REF,
respectively. Compared to the initial motor, the optimal motor
maintains the fundamental wave unchanged, while the
harmonic components of ARM-MMF, such as (8th, 11f),
(12th, 3f), (16th, 1f) and (20th, 5f), are reduced. The amplitude
of the main-order REF harmonics generated by the interaction
of ARM-MMF harmonics, such as (4th, 4f) and (—4th, 8f),
also decreases accordingly.

: LOW VIBRATION DESIGN AND INVESTIGATION OF AN INTERIOR PERMANENT MAGNET MOTOR IN THE

441

1
— B MWW
240 72.98V 2 7
T 1146 B T.E1396N 1341
2o =8 1893% N 13.2206
X THD% 5 -
2 40F]5.40% 5S4 —Initial—Optimal
@ 7.15% =
-8
50 120180 300 36
%otor po? ﬁg%(dgé? 300 3 '??Ootor pos |t2 on(degg
T =Initial
o8f 1 | || :'IC%H?\LaI £8.0x10* ‘ —Optlmal
B S z
£ 06 ?;g Decrensed = Opmal | ¢ | Zo.0x10"
=] E
= 3, oxiof
S 24.0x10
' 2
" 4|
% 22.0x10
X 2 L
T

Fig. 17. Electromagnetic performances. (a) Back-EMF. (b) Torque. (c) ARM-
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Fig. 18 shows the vibration acceleration of the CPA-PM
motor. Within the 2000 Hz range, there are some areas with
relatively large vibration acceleration amplitudes, such as 800
and 1600 Hz, which are consistent with the frequencies of 4f
and 8f (f = 200 Hz) of REF. After optimization, the vibration
acceleration amplitudes of 4f and 8f are further decreased.
Additionally, Figs. 19 and 20 show the vibration displacement
diagrams and ERP level waterfall diagram before and after
optimization, respectively. The vibration performance of the
CPA-PM motor is significantly improved after optimization.
The vibration displacement amplitude at 4f decreased from
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Fig. 18. Vibration acceleration.
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Fig. 19. Vibration performances. (a) Vibration displacement diagram of the
motor under 800 Hz frequency. (b) Vibration displacement diagram of the
motor under 1600 Hz frequency.



442 CES TRANSACTIONS ON ELECTRICAL MACHINES AND SYSTEMS, VOL. 9, NO. 4, DECEMBER 2025

4.49
87.29

| 5.00
0.00 3240 s 66.495
g%%}%\'c oLl A 1 57.995,
13305 1800 : o2
134,433 1500 40.982
S 1ol ’/ 32.48%
25.53% 21200 ('
16640 5 oo I 3.7

900
5 5.47
800343 4076351230 1825 2420 2.46

1230 2420 3
Frequency %Hzg
(@)

Frequ(erscy (Hz% :

Fig. 20. Vibration performances. (a) ERP level waterfall diagram before
optimization. (b) ERP level waterfall diagram after optimization.

0.258 pm in the initial design to 0.137 um, and the vibration
displacement amplitude at 8f decreased from 2.03 to 1.53 um.
Further analysis of the ERP level waterfall diagram shows
that the noise amplitudes at 4f and 8f decreased by 14.53 and
15.81 dB, respectively, after optimization. This indicates that
the motor vibration has been reduced after optimization.

V. EXPERIMENT VALIDATION

To verify the correctness of the theoretical analysis, a CPA-
PM motor was manufactured based on the optimization
results. Fig. 21 shows the corresponding silicon steel sheets,
the assembled motor, and the experimental platform. A high-
performance drive controller, dSPACE 1103, was used to
control the armature current. The experimental section used
an inverter to supply power to and control the CPA-PM
motor. Despite the complexity of its mold design and
stamping process, the rotor of CPA-PM motor can be
manufactured with conventional stamping technology, which
enables mass production potential and cost benefits [13].
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drlvmg board
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Fig. 21. Schematic diagram of the experimental platform.

Some basic experiments were conducted on the CPA-PM
motor. First, Fig. 22 shows the three-phase no-load back EMF
waveform measured at a rated speed of 1200 r/min. It can be
seen that the measured back EMF waveform trend is
consistent with the simulation results in Fig. 17, exhibiting
sinusoidal and symmetrical characteristics.

100y

B

Torgue sensor
i :

CPA-PM motor Transformer

A phase no-load back-EMF
o N\ Ve N
AVEAVAN
B phase no-load back-EMF
SN A SN N TN

N Nt N

)

mm Simulated
THD=5.4%
Measured
THD=5.9%

<
o

NS N -

% of fundamental
(2]
o

B
o

¥

M§9 (

AC phasénﬁo—load Back—E‘l\;IF

o

Back-EMF:100V/div Time-5ms/div ! H%rmgnic4ordgr 6

Fig. 22. No-load back EMF performance.

Fig. 23 displays steady-state torque waveforms and motor
dynamic characteristics. Fig. 23(a) shows the steady-state
torque waveform at iy = 0. It can be observed that the
measured output torque is slightly lower than the simulated
value, primarily due to manufacturing tolerances in the motor.
In Fig. 23(b), it can be observed that the current is 20 A at this
time, and —ig has been applied to put the motor into flux-
weakening state. In Fig. 23(c), the motor is given a torque of
5 N-m, and the speed rises steadily at a speed of 200 r/min,
indicating that the motor has good speed dynamic response.

g Torqu/ Currerk(phaseA)
§V /\ /\‘C:q(en}(g 3;;5)/\ /\/ v \“/\

AN

: Current (p{a‘sec)

Tlme(%OSns/dlv)

+200rpm. +P00rpm.
v ‘T‘orq'u‘e/ Current (phaseA) Speed (rpm)mpm/x rpm
”\ﬁ o

200rf P
+20 mm SN

SOA/giy 10N/div

B AT AP A, AT NATATT AR
ATV th,,{;‘é‘ FAATA pv\, To@ue
AR AN A A AAAAAAAA AR )
2 Current
o

sa aviATi AT VAT ‘ 7Y UV R

Time (10ms/div) Time(10ms/div)
(b) (c)

Fig. 23. Steady torque and variable speed experiment. (a) Steady torque and
current waveforms of the motor (iy = 0). (b) Steady torque and current
waveforms of the motor (iy < 0). (c) Variable speed experiment of the
proposed motor.

Fig. 24 shows the vibration acceleration waveforms of the
CPA-PM motor under rated load and high-speed flux-
weakening operation. There are several significant vibration
points in the low-frequency range, corresponding to
frequencies that are even multiples of the fundamental
frequency f, such as 2f, 4f, 6f, 8f and 10f, consistent with
theoretical analysis. Under flux-weakening operation, the
peak acceleration amplitudes occur at 4f and 8f, which is
consistent with simulation results, thus verifying the
effectiveness of the low-vibration design and analysis of the
CPA-PM motor. The 3-D frequency spectrum and waterfall
plot of vibration acceleration are shown in Fig. 25. The major
vibrations primarily occur in the 0-2000 Hz range, primarily
due to the relatively large amplitudes of low-frequency REF
at frequencies such as 4f and 8f.

Overall, a certain deviation exists between the
electromagnetic characteristic simulations and experiments,
primarily stemming from limitations of the experimental
system. Accelerometers exhibit an inherent measurement
error of approximately 3%, while insufficient mounting
surface flatness introduces mechanical vibration background
noise. Additionally, controller delays cause the actual current
harmonic content to increase compared to the simulation.
Despite these systematic deviations, the overall trends
between experimental results and simulation predictions
remain consistent. The distribution characteristics of key
vibration orders are highly consistent with the simulated
spectrum. Furthermore, the CPA-PM motor demonstrates
significantly enhanced vibration suppression compared to
conventional motors, fully validating the correctness and
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effectiveness of the theoretical model and optimization
method presented in this paper.

VI. CONCLUSION

In this paper, a radial electromagnetic force harmonic
design method from the perspective of saliency ratio was
proposed, achieving low-vibration design for IPMSM. First, a
theoretical model for vibration analysis under flux-weakening
operation was established, revealing the mechanism behind
vibration amplification during flux-weakening speed
extension. This phenomenon was triggered by enhanced high-
order harmonics in ARM-MMF, which increase the wave
amplitude of REF. Then, by analyzing the intrinsic
mechanism between saliency rate, ARM-MMF, and REF, a
method for suppressing key ARM-MMF harmonics through

saliency ratio regulation was proposed. Based on this, a CPA-
PM motor topology was designed. Additionally, a saliency
ratio-torque co-optimization methodology was proposed,
which achieved simultaneous reduction of dominant vibration
component 4f and 8f by 68.9% and 52.9% respectively while
maintaining superior torque performance. The effectiveness of
this design method was ultimately validated through
simulation and experimentation.
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