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Abstract

Electromagnetic vibration and noise become increasingly pronounced in high-power-
density traction motors. This paper proposes harmonic-guided air-gap-domain topology
optimization for a 48-slot, eight-pole interior permanent-magnet motor with hairpin wind-
ings. A normalized Gaussian network is used to parameterize the rotor-edge topology.
NSGA-II then optimizes the network weights to adjust the characteristic flux-density har-
monics in the air-gap-domain at the low-speed high-load (OC1) and high-speed light-load
(OC2) operating points, while meeting torque, stress, and manufacturability requirements.
Multiphysics simulations show a 57.52% reduction in F,(48,12f) at OC1. The 12f vibration
acceleration decreases by 86.30% and 56.65% at OC1 and OC2, respectively, while the
maximum sound-pressure level on the evaluation surface decreases by 1.04 and 1.75 dB.
Average torque remains comparable to the baseline. Finally, a 40 kW prototype is tested to
evaluate electromagnetic performance and vibration and noise characteristics.

Keywords: interior permanent-magnet motor; electromagnetic vibration and noise;
multi-objective optimization; topology optimization

1. Introduction

As the global energy transition and the electrification of automobiles continue to
accelerate, the drive motor has become a key component that determines the efficiency,
dynamic performance, and ride comfort of electric vehicles [1]. Permanent-magnet syn-
chronous motors (PMSMs), due to their high torque density, high efficiency, compact
design, and strong weak-field acceleration capability, are widely used in electric vehicle
traction systems [2,3]. However, as motor power density and speed ranges continue to
increase, the electromagnetic vibrations and noise generated by drive motors have be-
come more pronounced, directly affecting the vehicle’s ride comfort and the operational
reliability of the motor system [4]. Therefore, research into the vibration and noise charac-
teristics of high-power-density permanent-magnet motors holds significant engineering
importance [5].

The sources of vibration and noise in permanent-magnet motors are relatively complex
and typically include various factors such as mechanical, electromagnetic, and aerody-
namic causes [6]. Among these, mechanical vibration and noise are primarily caused by
bearing defects, rotor imbalance, assembly deviations, and transmission system coupling;
aerodynamic noise, on the other hand, is related to cooling fans, airflow disturbances,
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and ventilation structures [7]. In contrast, electromagnetic vibration and noise are closely
related to the motor’s electromagnetic design and operating conditions, and constitute
the primary component of vibration and noise in most permanent-magnet motors [8].
Electromagnetic vibration is primarily caused by harmonics in the air-gap magnetic field.
Factors such as the magnetic force of permanent magnets, armature reaction, stator slots,
magnetic circuit saturation, and inverter current harmonics generate spatial and temporal
harmonics in the air-gap magnetic flux density. When these harmonics interact, they form
radial and tangential electromagnetic force waves of different orders and frequencies [9].
Radial force waves act on the stator teeth and yoke, causing elastic deformation of the
stator and motor housing and radiating noise outward; tangential force waves primarily
manifest as torque ripple and may further induce torsional vibrations or structure-borne
noise through the rotor, shaft system, and mounting structure [10-12].

To address the issues of electromagnetic vibration and noise in permanent-magnet
motors, scholars both domestically and internationally have proposed various suppression
methods focused on two aspects: attenuating excitation sources and regulating struc-
tural responses. Zhou et al. proposed a low-vibration design method targeting radial
electromagnetic force harmonics, treating radial force harmonics as a bridge between the
electromagnetic field and structural vibration, and achieving vibration suppression through
the transfer of the lowest nonzero spatial order on the stator side and the attenuation of
dominant harmonic amplitudes on the rotor side [13]. Xing et al. optimized the stator
slot parameters of a permanent-magnet synchronous motor and combined deep neural
networks with an immune cloning algorithm to attenuate key electromagnetic force waves,
thereby reducing the maximum vibration acceleration of the prototype under no-load and
rated load conditions, respectively [14]. Shen et al. established analytical models of radial
and tangential electromagnetic force waves for a fractional-slot concentrated-winding, inte-
rior permanent-magnet synchronous motor, effectively reducing electromagnetic vibration
and noise [15]. Ma et al. used resonance controllers to suppress fifth- and seventh-order
current harmonics, thereby reducing vibration and noise in permanent-magnet motors [16].
In summary, motor vibration typically requires the suppression of specific-order forces in
the stator and rotor. Existing methods adjust these specific-order forces by modifying the
motor structure or altering the excitation current; however, given design requirements such
as torque and efficiency, it is difficult to achieve a low-vibration, low-noise motor structure
that optimally balances multiple objectives [17-19].

In recent years, intelligent optimization algorithms and topology optimization tech-
niques have provided new approaches for optimizing the vibration and noise design of
electric motors. Yao et al. proposed a method for rapid prediction and staged optimization
of electromagnetic vibration in permanent-magnet synchronous motors, considering vibra-
tion, torque, and efficiency in a multi-objective optimization framework [18]. Zhang et al.
proposed a multi-objective optimization method for IPMSM noise based on a nonuniform
air-gap micro-slot structure, which reduced back-EMF harmonics, torque ripple, and 24th-
and 48th-order vibration responses [20]. Li et al. proposed a rotor structure with a single
pole-pair double-layer permanent-magnet shift to reduce torque ripple and vibration in
a delta-type IPMSM [21]. Sato et al. applied a normalized Gaussian network (NGnet) to
multimaterial topology optimization of electric machines [22]. Kim and Lim optimized
IPMSM rotor flux barriers using NGnet [23], while Takenouchi et al. combined topology
and parameter optimization with mechanical-strength constraints [24]. Multi-objective
optimization has become an effective means of improving motor vibration and noise by
balancing electromagnetic, mechanical, and acoustic performance. However, as motors are
increasingly required to meet performance demands across multiple operating conditions,
the design must account for condition-dependent force harmonics and competing targets.
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Adjusting conventional structural parameters alone may not provide sufficient flexibility to
satisfy these complex multi-condition requirements.

To address this challenge, this paper proposes an NGnet-guided air-gap topology opti-
mization method for a 48-slot, eight-pole interior permanent-magnet motor. The method
coordinates different electromagnetic force-wave targets under multiple operating condi-
tions. NGnet provides flexible control of the rotor-edge contour, enabling finer air-gap
design to balance the motor’s torque and vibration characteristics across multiple operating
conditions. The rest of this paper is organized as follows: The mechanisms of electromag-
netic vibration and noise generation in permanent-magnet motors with hairpin windings
are systematically analyzed, the formation process of radial electromagnetic force waves
is elucidated, and the basic approach for suppressing electromagnetic excitation through
air-gap-domain optimization is introduced in Section 2. In Section 3, a multi-operating-
condition air-gap optimization model is established, a normalized Gaussian network is
used to describe the local topology of the air gap, and the NSGA-II algorithm is adopted to
obtain the final optimized structure. In Section 4, the optimization results are validated,
with emphasis on the comparison of vibration and noise performance before and after opti-
mization. Section 5 presents prototype fabrication and experimental testing. Conclusions
are drawn in Section 6.

2. Vibration and Noise Mechanisms of the Interior
Permanent-Magnet Motor

2.1. Electromagnetic Vibration and Noise Mechanism

During operation, the air-gap magnetic field produces periodic electromagnetic forces
on the stator teeth and yoke. These forces contribute to torque production and excite the
stator core and housing. Strong vibration occurs when the spatial order and temporal
frequency of a force wave couple with a structural mode. The vibrating housing then
radiates electromagnetic noise. Figure 1 summarizes this process. Motor topology, inverter
current harmonics, winding parameters, air-gap nonuniformity, and load variation make
the air-gap flux density nonsinusoidal. It therefore contains harmonics with different spatial
orders and temporal frequencies. Nonlinear coupling among these harmonics produces
the electromagnetic excitation force.

Electromagnetic noise
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Figure 1. Mechanism of electromagnetic vibration and noise in the motor: (a) spatial force harmonics

F,

in the air gap; and (b) equivalent tooth-tip forces and moments.

The air-gap force has tangential and radial components. The tangential component
is associated with torque, torque ripple, and tooth rocking. The radial component acts
normal to the tooth surface and deforms the stator. This vibration reaches the housing and
disturbs the surrounding air. A strong resonant response occurs only when the spatial and
temporal characteristics of the excitation match a structural mode. The modal resonance
amplification factor k;, quantifies this effect:
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where f, is the excitation frequency, f;, is the structural natural frequency, and (, is the

modal damping ratio. When f, approaches f, k,; rises sharply and amplifies the structural
response. Resonance is therefore a major cause of electromagnetic vibration and noise.
The stator can also be approximated as a thin cylindrical shell. If asymmetric excitation is
neglected, its static displacement and vibration acceleration are

o — R;Ry )
12RZ~R§ 1 2

Yy (m>2) = Thg (n12—1> Pm (3)

A = Ynw? o = Y (27f,)? 4)

where wexc = 271f; is the angular frequency of the electromagnetic excitation, where m is
the spatial order of the radial pressure, p,, is its amplitude, and Y}, is the peak displacement.
R; is the inner radius of the stator yoke, Ry is its mean radius, E is Young’s modulus, and £,
is the radial thickness of the yoke.

Equations (2) and (3) show that the fourth-order term in the denominator suppresses
the response when m > 2. In integer-slot motors with many poles, the zeroth-order force
wave can therefore dominate the lowest nonzero-order waves. Vibration control should
focus on the zeroth-order radial component.

2.2. Calculation and Analysis of Electromagnetic Vibration and Noise

The previous section identified low-order radial force waves as the main excitation
source. This section derives their spatial orders and frequencies from the coupling of
magnetomotive force (MMF) and air-gap permeance. The results guide the subsequent
structural optimization. The force-wave spectrum is determined by the stator armature
MME, the rotor permanent-magnet MMF, and slot-induced air-gap permeance. Their
modulation produces radial excitations with specific spatial orders and rotational frequen-
cies. These excitations act on the tooth tips and drive the stator core and housing. The
fundamental armature MMF is

3. _ 32V2Nky
27

[ ~ 1.35 ka1

I ®)

where k;; is the winding factor of the fundamental MMF and N is the number of series
turns per phase. The permanent-magnet MMF is

fom(6,t) =Y Fycos(pwt — uph), p=2k+1, k=0,1,2,... (6)
K

where F, is the amplitude of the pth rotor MMF harmonic and y is its harmonic order. With
stator slotting, the air-gap permeance is

A0, 1) = Ao+ i Ay cos(kZ0) (7)
k=1

https:/ /doi.org/10.3390/en19215272


https://doi.org/10.3390/en19215272

Energies 2026, 19, 5272

50f24

where Z is the number of stator slots, A is the mean permeance per unit air-gap area,
and Ay is the kth slotting permeance harmonic. The radial electromagnetic force is

F(6,t) = 1 [32(9 t) — B(6 t)} ~ LB2(9 t) (8)

7 2;/[0 r 7 7 2‘110 r 7

where y is the permeability of free space. The tangential flux density B(6,t) is much
smaller than the radial component B, (0, t) except near the tooth edges. The air-gap flux
density B(6,t) is the product of the MMF f(6,t) and the permeance A(6,t). If air-gap
saturation is neglected, the total flux density is

B(6,t) = [fpm(6,t) + farm(6,t)] A(6,1) ©9)
Substitution of Equations (5)—(7) and (9) into Equation (8) gives

E(0,t) = ZF, cos(wyt — 10 + ¢;) (10)

where r is the spatial order, w; is the angular frequency, and F; is the amplitude of the rth
radial force wave. Throughout this paper, B,(r,kf) and F.(r,kf) denote radial flux-density
and radial force harmonics, respectively. The first index r is the mechanical spatial order,
defined as the number of spatial cycles around the full circumference; the second index
specifies the temporal frequency kf, where k is the temporal harmonic order relative to the
fundamental electrical frequency f = pn/60. Here, p is the number of pole pairs and # is
the speed in rpm. For example, B,(52,13f) has mechanical spatial order 52 and temporal
frequency 13f. The same convention applies to tangential components. Torque is closely
related to the tangential force. From the Maxwell stress tensor,

Fi(0,t) = ;OBrw»)Bt(e,t) (11)

Equations (5)—(11) show that armature MMF, permanent-magnet MMEF, and permeance
harmonics jointly determine the radial force-wave orders. A zeroth-order or low-order
wave produces global radial deformation. Its response is amplified when its frequency
approaches a structural natural frequency. The optimization should therefore reduce
low-order radial forces at the critical frequencies.

2.3. Vibration Suppression Through Air-Gap-Domain Topology Optimization

The preceding derivation shows that MMF—permeance coupling determines the spatial
orders and frequencies of radial force waves. The key waves can therefore be changed
by adjusting local air-gap permeance without significantly reducing average torque. This
study applies topology optimization to reconstruct the local air-gap geometry and reduce
vibration at its source. The candidate design region includes the stator slot openings,
the effective air-gap boundary, and the near-surface rotor region. A variable component
AA(0,t) is added to the original permeance A (6, t). It redirects local flux paths and changes
the radial force-wave amplitudes. The objective directly targets low-order radial forces and
their vibration response. This differs from methods that only correct isolated flux-density
harmonics. A normalized Gaussian network (NGnet) provides high design freedom and
smooth, manufacturable boundaries. Figure 2 illustrates the Gaussian basis functions,
their weighted combination, and threshold-based material assignment. Continuous two-
dimensional Gaussian basis functions describe the material distribution. A threshold then
converts each continuous variable into air or iron. Compared with a conventional ON/OFF
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method, NGnet reduces isolated cells and jagged edges. The basis functions and material

rule are
[[x = xil12 + lly — vil?
Gi(x,y) = _ — 12
(%) 272 P 252, (12)
Gi(x,
bi(x,y) = N,ll(iy) (13)
Gi(x,y)
i=0
21
My(x,y) = ) wibi(x,y) (14)
i=0

An(ry) = air, Myu(x,y) <, (15)
' iron, M, (x,y) > 7.

where (x;, ;) is the center of the ith Gaussian function, sg is its scale parameter, w; is its
weight, and 7 is the material-assignment threshold. Changing w; continuously evolves the
local air-gap topology.

0.4
Normalized value

0.0

oy,
Weighted sum Mn(x,y) ’ e)
0.8
0.4
0.0 \y: ”
04 @,
—0. f
i Um) i

Figure 2. Principle of NGnet-based topology optimization: (a) normalized Gaussian basis func-

tions; (b) weighted combination of the Gaussian basis functions; and (c) threshold-based material
assignment.

The NGnet-based procedure is summarized below. N continuous Gaussian functions
Gi(x,y) are placed in the prescribed design domain, which is divided into n microcells.
Equation (12) defines the Gaussian basis functions G;(x,y). Equation (13) computes the
normalized basis functions b;(x, y), whose sum at each location equals unity. Equation (14)
computes the weighted material parameter M, (x,y) for each cell. Each cell receives a
binary material label A, (x,y): 0 for air and 1 for iron. Equation (15) compares M, (x, )
with the threshold 7 to assign the material. Cells with the same material are merged to form
a new topology. A finite-element model then evaluates radial force waves and vibration at
each operating condition. Low-order radial force, torque performance, structural safety,
and manufacturability are used as objectives or constraints. This process suppresses
electromagnetic excitation while retaining the main electromagnetic performance.
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3. Multi-Operating-Condition Air-Gap-Domain Optimization
3.1. Design Example

To verify the effectiveness of the proposed air-gap-domain topology optimization
method, a permanent-magnet traction motor with a six-layer hairpin winding is selected
as the design case. The motor adopts a combined A + U-shaped rotor topology and
is representative of high-power-density electric-drive applications. Figure 3 shows an
exploded view of the design-case motor, including the rotor, stator, hairpin winding,
cooling-oil channel, housing, and front and rear covers. The rectangular conductors provide
a high slot fill factor and favorable heat dissipation, whereas the compact electromagnetic
and structural arrangement makes the motor susceptible to electromagnetic vibration and
noise under wide-ranging operating conditions. The main motor parameters and specified
performance targets are summarized in Table 1.

Table 1. Main motor parameters and specified performance targets.

Parameter Value

Rated power (kW) 40

Rated torque (N-m) >70

Peak power (kW) >100

Peak torque (N-m) >160

Rated speed (rpm) 6000

Maximum design speed (rpm) 16,000

DC-link voltage (V) 630

Number of stator slots 48

Number of rotor poles 8

Air-gap length (mm) 1.2

Permanent-magnet grade N52UH

Core material Silicon steel

Core-material yield strength (MPa) Approximately 430

Winding type 6-layer hairpin winding
Rotor Stator Housing

Auxiliary
. Q. slot o~

Front Hairpin Cooling 0il ~ Rear
cover windings channel cover

Figure 3. Three-dimensional structure of the design-case motor.

Figure 4 presents the equivalent radiated power (ERP) waterfall map of the design-
case motor over the speed range. The stator breathing mode lies within the 6-8 kHz band,
with the highlighted response occurring near 6.77 kHz. The dominant excitation associated
with this resonance is the radial electromagnetic force harmonic at 12f. As motor speed
increases, the frequency of this force harmonic rises and approaches the breathing-mode
natural frequency, amplifying the structural vibration and radiated noise. This resonance
mechanism motivates the suppression of the 12f radial electromagnetic force harmonic in
the subsequent air-gap-domain topology optimization.
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Figure 4. Equivalent radiated power (ERP) waterfall map of the design-case motor.

3.2. Characteristic Electromagnetic Forces

To further analyze the electromagnetic excitation of the motor, finite-element analysis
(FEA) is used to calculate the air-gap force distributions over space and time under no-load
and loaded conditions. A two-dimensional fast Fourier transform (2D FFT) is then applied
to identify the spatial and temporal force harmonics. Figure 5 shows the air-gap force wave-
form and its spatiotemporal harmonics over one pole pair at rated load. Armature MMF
couples with permanent-magnet MMF and permeance harmonics, so loading increases
both the force amplitude and the number of harmonics. The strongest terms are the zeroth-
order tooth-frequency components (0,(Z/2p)f) and (0,(Z/p)f). The lowest nonzero
spatial order is eight. Because structural response decreases rapidly with spatial order,
the subsequent analysis focuses on zeroth-order and tooth-order components. Figure 5c
shows the tangential force waveform at rated load. Its spatial distribution resembles the
radial force but its amplitude is lower. The positive (0,0f) tangential component confirms
torque production. Radial force is therefore the primary NVH excitation, while tangential
force is retained because it affects torque ripple and coupled vibration.

[0}
8005 ©
Q
= e
[}
5 002 o
> 5 32
£ & 220
S 400 5= 16
: tE
—_— o .2 40 0.(Z2p)f)
< o S o = = 3
5 b 23S % <
5 < E 16 O
e -3?’1;.6,02160 %Q%\\
=
& eg,,. Xal
IICJ,

300

200

o

Tangential electromagnetic

Tangential electromagnetic
force harmonic amplitude (kPa)

8 o
fr‘eg Doy, 716 0 S
Ue”c_y

(d)

Figure 5. Radial and tangential force waveforms and spatiotemporal harmonics of the baseline motor

at rated load: (a) loaded radial force waveform; (b) radial spatiotemporal harmonics; (c) loaded
tangential force waveform; and (d) tangential spatiotemporal harmonics.
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The dominant excitations are low-order and tooth-frequency force waves. For the com-
bined A + U-shaped rotor, MMF-permeance coupling strongly affects F,(0,6f), F,(0,12f),
and F;(48,12f). F;(0,12f) is closely related to torque ripple. The topology optimization
therefore targets these force components while constraining average torque, torque ripple,

and manufacturability.

3.3. Effects of d- and q-Axis Currents on Characteristic Forces

Changes in armature current alter the armature MMEF, distort the air-gap field,
and change the amplitude and phase of characteristic force harmonics. Uniform sam-
pling of i; and i; combined with FEA is used to map the key harmonics over the full
operating range. Figure 6 shows the results.

, 4 — - 0 _
—~ 100 === ~ ~ 100 e <
< 4 £ < o 25 Ay
= 80 34 T 80 - N
b= = == ~
g — g |l 20
[P} 60 ~~ o 60F =~ 15-——=——" Q
g 2% & 15 N
= N = —
O 40 X O 40f. 10 o
72] () 1) 0
2 12 Z2 <
! il k | 1 /
S 930-100 80 —60 —40 20 0 S 420-100 80 —60 —40 —20 0
d-axis current (A) d-axis current (A)
(a) (b)

120 0.5 ~
~100 ~ 100 =
$ 100 _ 3:/ 04 S
+~ 80 E +~
= 80 2 80 o
O 60 £ 9 038,
5/ — 60 £ <y
o= Q = 60 g
O 40 5 ©° 0.2

40 o Q
% 20 20 X FT———

g I R 02550 E
4207 =80 =40 0 SN a0 00
d-axis current (A) d-axis current (A)

(c) (d)

Figure 6. Variation of key radial force harmonics and torque performance with d- and g-axis currents:
(a) F-(0,12f); (b) F,(48,12f); (c) average torque; and (d) torque ripple.

Figure 6c,d show average torque and torque ripple, respectively, as functions of i; and
ig. Torque increases with current magnitude. The motor uses maximum-torque-per-ampere
(MTPA) control in the low-speed region, flux-weakening (FW) control at medium-to-high
speed, and maximum-torque-per-voltage (MTPV) control near the voltage limit. Torque
ripple decreases along the low-speed control trajectory but becomes positively correlated
with i; in the flux-weakening region. High-speed torque ripple therefore requires explicit
suppression. Figure 6a,b show the characteristic radial force harmonics F,(0,12f) and
F,(48,12f), respectively. F,(0,12f) generally rises with current and remains large in both
low-speed high-load and high-speed light-load regions. F,(48,12f) follows the torque
trend and is mainly governed by i;. The selected optimization terms are F,(0,12f) and
F,(48,12f) at the low-speed high-load point OC1, and F;(0,12f) and F,(0, 12f) at the high-
speed light-load point OC2. Their dominant flux-density harmonics are then identified for
targeted optimization. The force amplitudes are projected onto the speed—torque plane.
K-means clustering selects two representative operating points, listed in Table 2. Hereafter,
the low-speed high-load condition (OC1) and high-speed light-load condition (OC2) are
used as the representative operating points. These points cover both operating regions, so
the optimized structure is not tied to one operating point.
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Table 2. Selected representative operating conditions.
Condition ig (A) ig (A) n (rpm) Angle (deg)
oC1 —53 99 3000 28.16
0oC2 -95 46 12,000 64.16

3.4. Multi-Objective Optimization Model

Figure 7 shows the air-gap design domain and Gaussian-cell grid. The domain includes
the initial air gap, the rotor-edge region, and the stator-tooth-edge region. It is divided
into 3000 microcells. Twenty-two Gaussian functions G;(x, y) are placed at one-third and
two-thirds of the radial span. Their normalized weighted sum defines M, (x,y), and the
threshold rule defines A, (x,y). To reduce prototype cost and ensure manufacturability,
only the rotor-edge contour is modified. Stator-edge cells remain iron, while the slot-
opening and initial-gap cells remain air. After identifying the key force components at
OC1 and OC2, the 22 Gaussian weights wy, w1, . .., wy1 are used as design variables. Each
weight vector generates a rotor-edge geometry. FEA evaluates its average torque, torque
ripple, structural stress, and characteristic force amplitudes.

Mesh micro-element 2D Gaussian basis function

Stator
\

T i
Rowe A

#(0,0)  wobo(x,y) e w1ob10(x,¥) 1(99,0)

s e e o

Stator

Optimized air-gap domain

i _
=)

1 m munl
T T
:!:

T

T

T
T
e R

Figure 7. Air-gap design domain and Gaussian-cell discretization: (a) air-gap optimization region in
the motor cross-section; (b) initial air-gap domain with the micro-element mesh and two-dimensional
Gaussian basis functions; and (c) optimized air-gap design domain and its boundary.

Changes in the air-gap geometry directly modify the air-gap flux-density harmonics.
According to the Maxwell stress expressions in Equations (8) and (11), the characteristic
force harmonics arise from interactions between flux-density harmonics. Their amplitudes
therefore depend on both the magnitudes and relative phases of the contributing harmonics.
To connect the air-gap topology to the optimization targets, the dominant contributions to
F.(0,12f), F(48,12f), and F;(0,12f) are examined using vector synthesis.

Figure 8 shows that interactions involving B,(52,13f) and B,(44,11f) provide ma-
jor contributions to F,(0,12f) at both operating points. The dominant contribution to
F,(48,12f) at OC1 involves B,(52,13f), whereas B,(44,11f) provides an important contri-
bution to F;(0,12f) at OC2 through its interaction with a tangential flux-density harmonic.
These vector relationships indicate that force reduction requires coordinated adjustment of
the contributing harmonics rather than a uniform reduction in all harmonic amplitudes.
In particular, reducing B;(52,13f) and strengthening the opposing contribution associ-
ated with B,(44,11f) at OC2 provide a basis for suppressing the resultant characteristic
forces. Air-gap-domain topology optimization therefore targets these key flux-density
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harmonics to reduce electromagnetic excitation at both operating points and improve

vibration performance.
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Figure 8. Vector synthesis of characteristic electromagnetic force harmonics under OC1 and OC2:
(a) F;(0,12f) at OC1; (b) F-(48,12f) at OC1; (c) F-(0,12f) at OC2; and (d) F;(0,12f) at OC2.

Based on the above analysis, this study proposes a multi-objective flux-density opti-
mization model based on topology optimization, targeting the harmonics B,(52,13f) and
B,(44,11f) while constraining average torque and rotor-edge stress. These constraints

ensure that vibration reduction does not compromise electromagnetic performance or

structural safety.

min fi(X) = B,(52,13f)oct (X),

max f2(X) = B,(44,11f ) oc2(X),

X = [wo,wl, e ,le]T,
subjectto 0<w; <1, i=0,1,...,21,
B(4,1f)(X)
X)=—"2>+> €1[1,1.05],
s1(X) By (4, 1f)initial | ]
0 X
2 (X) = %(m) € [1,1.20].
Umax

(16)

The two objectives are optimized simultaneously using NSGA-IIL. The first objective
minimizes the amplitude of B,(52,13f) at OC1, while the second objective maximizes
the amplitude of B,(44,11f) at OC2. The design vector X = [wp, w1, ..., ws1]! contains
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the 22 Gaussian weights and is used consistently in all objective and constraint functions.
Non-dominated sorting identifies Pareto-optimal tradeoffs between the two objectives.
The fundamental air-gap harmonic B,(4,1f) contributes strongly to average torque, so
constraint g; limits its change. Topology reconstruction can also create thin magnetic
bridges at the rotor edge. Constraint g limits the increase in maximum rotor stress to 20%
relative to the baseline at the same rotational speed.

3.5. Optimization Process and Final Topology

NSGA-II is employed to solve the optimization model formulated in Equation (16).
The algorithm parameters are listed in Table 3. During the optimization process, NSGA-II
updates the 22 Gaussian weights through selection, crossover, and mutation. NGnet maps
each weight vector to A, (x,y) and generates a rotor-edge topology. FEA then computes
average torque, torque ripple, structural stress, and key force components. Non-dominated
sorting and crowding distance retain the best tradeoff solutions. Figure 9 shows the
iteration histories of the objectives and torque at both operating points. The target harmonic
B,(52,13f) at OC1 decreases from 0.07 T to about 0.03 T after 20 generations, a reduction of
more than 57%. At OC2, it converges from 0.07 T to about 0.05 T. The beneficial harmonic
B,(44,11f) at OC2 increases from 0.01 T to about 0.02 T after 30 generations. These trends
indicate stable convergence.

Table 3. NSGA-II algorithm settings.

Parameter Value or Definition

Population size 200

Number of generations 50

Crossover probability 0.9

Mutation probability 1/22

Stopping criterion Maximum of 50 generations
Number of independent runs 3 runs with different random seeds

Figure 9d shows that torque fluctuates and initially decreases as the force objec-
tives improve. The constraint on B, (4, 1f) then restores and stabilizes torque. The multi-
objective formulation therefore reduces characteristic excitation while maintaining the basic
torque performance.

0.07

= £ 007
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Olo.os O|0.06
<("30.04 q("%
o— —

1 7 0.05
% 0.03 %
N N
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R .02 : Q
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Figure 9. Cont.
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Figure 9. Iteration histories of the optimization objectives and torque: (a) B-(52,13f) at OC1;
(b) B/(52,13f) at OC2; (c) B,(44,11f) at OC2; and (d) average torque at OC1 and OC2.

[=]

Figure 10 shows the topology evolution. During the first 20 generations, the stator and
rotor boundaries change frequently and form a continuous but irregular air gap. The large
air region temporarily disturbs the main flux path and reduces torque. Later, the torque
constraint shrinks the air region and stabilizes the topology. Two irregular, approximately
elliptical slots finally form near the rotor edge. They avoid the main flux path while
adjusting local permeance and reducing key force waves.

Figure 10. Evolution and convergence of the air-gap topology.

Figure 11 shows the final objective-space samples and Pareto front. The clear non-
dominated set confirms a tradeoff between electromagnetic performance and vibration sup-
pression. Minimizing B, (52,13f) at OC1 and maximizing B,(44,11f) at OC2 are competing
objectives, so improving one may come at the expense of the other. NSGA-II preserves
diverse tradeoff solutions through elitist selection and crowding distance, allowing for
multiple mutually non-dominated solutions to remain in the final population. Several
representative solutions have similar auxiliary-slot shapes, which indicates convergence to
a stable feature. The Pareto solutions are screened using the following torque and stress
limits, together with the manufacturability requirements:

Tavgk(X) > 095 Tou!,  k € {OC1,0C2},
rr(X) < 1.50AM8 k€ {OC1,0C2}, (17)

Tmax(X) < 430 MPa.
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where Tygx and rrx denote average torque and torque ripple at operating point k, re-
spectively, and omax is the maximum rotor stress over the evaluated speed range. Sample
1466 is selected as a compromise between the two optimization objectives. The selected
topology is smoothed to remove jagged edges and support lamination stamping, as shown
in Figure 12.

® Pareto front 0.056
0.040
= 0.054
=]
= B =
= 003t 2 00525
o) S 9
< g 0050 _|
< 0.030} F &
o = 0.0489;
4 £ o
& =3 0.046 3
0.025} G,
] 0.044
W e N0.1466 (__N0.1428
0.016 0.018 0.020 0.022 0.024

Br(44,11f)_OC2(T)

Figure 11. Optimization results and Pareto front.

edge smoothing

(a) (b)

Figure 12. Air-gap-domain geometries before and after optimization: (a) baseline geometry; and
(b) optimized geometry.

The rotor contour is extracted from the microcell boundary centerline, and local
sharp corners are rounded. The smoothed contour maintains tangent continuity at joined
segments and contains no sharp corners or isolated material islands. The final rotor contains
only two local auxiliary slots near the air gap, arranged symmetrically about the magnetic
pole axis. This limited change reduces the targeted electromagnetic excitations while
retaining the main rotor topology. The two slots lie mainly ahead of the edge flux barriers
and avoid the main flux paths. They reduce characteristic air-gap harmonics under different
loads while maintaining torque. Their effects on torque ripple and vibration are evaluated
at OC1 and OC2 in Section 4. Table 4 lists preliminary geometric limits and stamping
requirements for the smoothed rotor contour.
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Table 4. Manufacturability criteria for the smoothed rotor contour.

Criterion Required Limit or Verification
Minimum magnetic-bridge thickness >1.0 mm

Minimum auxiliary-slot width >0.8 mm

Minimum auxiliary-slot length >2.0 mm

Minimum corner radius >0.5 mm

Lamination thickness 0.27 mm

4. Multiphysics Finite-Element Validation
4.1. Magnetic Flux-Density Distribution

A coupled Maxwell-Workbench model evaluates electromagnetic vibration and noise
under multiple operating conditions. Modal superposition is used to compare the baseline
motor (M1) and optimized motor (M2). For the Maxwell model, the mesh size, time step,
boundary conditions, and convergence criteria are listed in Table 5.

Figure 13 compares the geometries and rated-condition flux-density contours of M1
and M2. The uniform air gap of M1 is locally modified by two auxiliary slots arranged
symmetrically about the magnetic pole axis.

[ Initial motor M1 Optimized motor MZ]

i
Mesh
generation

Figure 13. Motor geometries and magnetic flux-density contours for M1 and M2.

The flux density of M2 remains within a reasonable engineering range, and no severe
local saturation appears. The two slots are located ahead of the edge flux barriers. They
adjust local permeance while avoiding the main flux path. M2 therefore retains torque
capability and provides a structural basis for reducing the key force waves.

Table 5. Setup parameters for the Maxwell electrical finite-element model.

Item Setting

Air-gap mesh size 0.15 mm

Rotor/stator mesh size 1.0-2.0 mm

Slot edges” and magnetic bridges’ mesh size ~ 0.10 mm

Time step T, /100 (electrical period/100)

Magnetic boundary Balloon boundary

Rotor motion Rotating band

Convergence targets Relative residual < 10~°; period-to-period

changes in torque and target forces < 1%
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4.2. Torque Performance

Figure 14 compares the torque of M1 and M2 at OC1 and OC2. At OC1, average torque
decreases slightly from 70.9 to 70.4 N-m, while torque ripple increases from 5.9% to 7.5%.
At OC2, average torque increases from 42.2 to 43.4 N-m. Suppression of F;(0,12f) also
reduces the torque harmonic at 12f, and torque ripple decreases from 17.9% to 15.3%.

90 80
—— MI_OCl —— MI_0C2 EZZ2 M1_oc1 MI_0C2
—== M2 OCl === M2 0C2 0 22 m2_oc1 M2_0C2
78 64
£ \ VIO E
% 66 Tav: Trip: % 48
8 |709N'm, 704N-m  59%, 7.5% | 8 _|¢HA
554 5 o & 32HI
5 42.2N'm, 43.4Nm 17.9%, 15.3% 5 ég
& oNANNNS ANNM T 16 22
v
30 oL 5 :
0 60 120 180 240 300 360 0 2 4 6 8 10 12 14 16
Rotor position (elec.deg) Harmonic order
(a) (b)

Figure 14. Torque performance for M1 and M2: (a) torque waveforms; and (b) torque harmonic spectra.

4.3. Air-Gap Flux Density Under Multiple Operating Conditions

Figure 15 compares the air-gap flux-density waveforms and Fourier spectra of M1
and M2. The harmonic order in these spectra denotes the temporal order k relative to the
electrical fundamental frequency f. At OC1, the amplitude of B,(52,13f) decreases from
0.044 to 0.031 T, a reduction of about 29.5%. The rotor topology of M2 therefore weakens a
major source of the target radial force wave. At OC2, the amplitude of B,(52,13f) decreases
by about 11.4%, while that of B,(44,11f) increases slightly. These changes reduce the key
F.(0,12f) and F:(0,12f) excitations and show that the multi-objective strategy remains
effective in different operating regions.
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Figure 15. Air-gap flux density and harmonic spectra for M1 and M2: (a) air-gap flux-density
waveform at OC1; (b) harmonic spectrum at OC1; (c) air-gap flux-density waveform at OC2; and
(d) harmonic spectrum at OC2.
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4.4. Characteristic Force Maps over the Full Speed Range

This section compares the full-speed-range distributions of the characteristic electro-
magnetic forces of M1 and M2.

Figure 16 compares F, (0, 12f) and F,(48,12f). Suppression of the dominant B, (52,13f)
harmonic reduces F;(0,12f) from 2.87 to 0.65 kPa at OC1 and from 2.99 to 1.76 kPa at OC2.
Both reductions exceed 40%, and the full-speed-range map improves substantially. At OCl,
F,(48,12f) is also important. Its amplitude decreases from 20.27 to 8.61 kPa, a reduction of
57.52%. This result confirms effective suppression of the key radial force harmonics.
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Figure 16. Full-speed-range maps of the characteristic radial electromagnetic forces for M1 and M2:
(a) F-(0,12f) for M1; (b) F,(0,12f) for M2; (c) F,(48,12f) for M1; and (d) F(48,12f) for M2.

4.5. Vibration Acceleration and Displacement

Subsequently, modal analysis and mode-superposition harmonic response analysis
in Workbench are employed to investigate the motor vibration characteristics, using elec-
tromagnetic harmonic forces transferred from Maxwell as the excitation. The acceleration
is evaluated at the top of the motor housing in the +X direction, while displacement is
reported as a spatial maximum over the structure.

Figure 17 compares the vibration acceleration spectra of M1 and M2 at OC1 and
OC2. At OC1, a peak occurs at 12f (2400 Hz), as predicted by the mechanism analysis.
Optimization reduces the acceleration from 2.19 to 0.30 m/s?.
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Figure 17. Vibration acceleration spectra at the representative operating conditions: (a) OC1; and
(b) OC2.
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At OC2, the 12f peak decreases from 23.00 to 9.97 m/ s2, a reduction of about 56.65%.
The topology is therefore effective in both low-speed high-load and high-speed light-load
operation. Figure 18 shows the displacement contours of M1 and M2. The maximum
displacement at OC1 decreases from 1.14 x 1074 t0 6.60 x 10~° mm, a reduction of about
42.1%. At OC2, it decreases from 4.23 x 10™* t0 3.38 x 10~* mm.

Vibration displacement (mm) Vibration displacement (mm)

1.14x10~* 423x107"
1.02x10~* 3.76x107*
8.90x10~° 3.29x107*
7.63x107° 2.82x10~*
6.36x10~° 2.35x10~
5.09x107° 1.88x10~*
3.82x10°° 1.41x107*
2.55%10~° 9.42x10~°
1.28x10~° 4.73x10"°
1.03x10~7 3.30x1077
Initial motor Initial motor
Vibration displacement (mm) Vibration displacement (mm)
6.60x10~° 3.38x10™*
5.87x107° 3.00x107*
5.14x10~° 2.63x10~*
4.40x10° 2.25%10*
3.67x107° 1.88x10~*
2.94x107° 1.50x10~*
221x107° 1.13x107*
1.47%107° 7.53%10~°
7.40%10-° 3.78x10~°
7.03x10-* 3.26x1077
Optimized motor Optimized motor
(a) (b)

Figure 18. Structural displacement contours: (a) OC1; and (b) OC2.

4.6. Acoustic Performance

An acoustic finite-element and boundary-element model is used to compute sound-
pressure contours and spectra. Table 6 lists the corresponding structural damping, modal
boundary conditions, acoustic-domain settings, and mesh information. Figure 19 shows the
sound-pressure-level contours on a cylindrical observation surface 0.5 m from the motor.
The reported values are spatial maxima on this surface. The maximum SPL decreases from
44.27 to 43.23 dB at OC1 and from 68.95 to 67.20 dB at OC2, corresponding to reductions of
1.04 and 1.75 dB, respectively. SPL is based on RMS acoustic pressure. Acoustic radiation
depends on the vibration distribution and phase over the radiating surface, so its reduction
need not follow the local acceleration reduction.

Table 6. Setup parameters for the Workbench acoustic model.

Item Setting

Structural damping {m = 0.02
Supports at mounting and bearing locations; remaining exposed

Modal boundary conditions
surfaces free

Structural mesh size 2.0 mm

Air properties p =121kg/m3 c=343m/s

Acoustic domain Surrounding air with an exterior radiation condition
Acoustic mesh size <c/(10fmax)

Observation surface 0.5 m from the motor
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Figure 19. Radiated sound-pressure-level contours: (a) OC1; and (b) OC2.
Figure 20 compares the sound-pressure-level spectra for M1 and M2. At OC1, M2 has

lower sound-pressure levels over most of the plotted frequency range. At OC2, the low-
frequency levels are similar, while the level near 9600 Hz decreases after optimization.
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Figure 20. Sound-pressure-level spectra for M1 and M2: (a) OC1; and (b) OC2.

Figure 21 presents the rotor stress distributions under centrifugal loading. At
16,000 rpm, the maximum stress of M1 is 185.01 MPa and occurs near the reinforcing
rib of the rectangular slot. In the rotor of M2, stress is concentrated near the magnetic
bridges adjacent to the auxiliary slots. The maximum stresses are 51.22, 115.25, 204.90,
and 320.15 MPa at 8000, 12,000, 16,000, and 20,000 rpm, respectively, increasing approx-
imately with the square of rotational speed. At 16,000 rpm, optimization increases the
maximum stress by 10.75%. At the highest evaluated speed of 20,000 rpm, the maximum
stress remains below the specified yield strength of approximately 430 MPa, corresponding
to a safety factor of 1.34. The rotor of M2 therefore satisfies the yield-strength requirement
under the evaluated centrifugal loading conditions.

Finally, Table 7 summarizes the performance of M1 and M2 at OC1 and OC2. M2
reduces the characteristic radial force harmonics, vibration acceleration, displacement,

and sound-pressure level (SPL) at both operating points while maintaining comparable
average torque.

https://doi.org/10.3390/en19215272


https://doi.org/10.3390/en19215272

Energies 2026, 19, 5272

20 of 24

Stress
(MPa)
185.01

143.90 @800

102.80

1.688
Ml

20.580
@16,000rpm @16,000

Max:204.90MPa

@12,00
Max:51.224MPa Max:115.25MPa

Max:320.15MPa

Figure 21. Rotor stress distributions under high-speed operation: M1 at 16,000 rpm and M2 with the
smoothed rotor contour at 8000, 12,000, 16,000, and 20,000 rpm.

Table 7. Summary of simulation results for M1 and M2 at OC1 and OC2.

0oC1 ocC2
Quantity M1 M2 M1 M2
Average torque (N-m) 70.9 70.4 42.2 43.4
Torque ripple (%) 5.9 7.5 17.9 153
F.(0,12f) (kPa) 2.87 0.65 2.99 1.76
F,(48,12f) (kPa) 20.27 8.61 11.98 10.02
12f acceleration (m/ %) 2.19 0.30 23.00 9.97
Maximum displacement (10~% mm) 1.14 0.660 4.23 3.38
12f SPL (dB) 44.27 43.23 68.95 67.20

5. Experimental Verification
5.1. Prototype Motor and Test Platform

To experimentally evaluate the proposed air-gap-domain topology optimization

method, a 40 kW interior permanent-magnet motor incorporating the optimized rotor is

manufactured. Test platforms are established to assess its electromagnetic performance and

vibration and noise characteristics. Figure 22 shows the prototype motor, the electromag-

netic and vibration/noise test setups, the rotor laminations, and the hairpin-wound stator.

.

== AL L <.
30"”. I »

Figure 22. Prototype motor and experimental test platforms: (a) electromagnetic test setup; (b) vibra-

tion and noise test setup; (c) rotor laminations; and (d) hairpin-wound stator.
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5.2. Electromagnetic Performance Test

The optimized prototype is first tested under no-load conditions at the rated speed
of 6000 rpm. Figure 23 compares the measured and simulated back-EMF waveforms and
their harmonic spectra obtained by Fourier decomposition. The measured fundamental
amplitude is 421.78 V, compared with 449.23 V predicted by FEA, corresponding to a relative
deviation of approximately 6.11% with respect to the simulated value. The measured total
harmonic distortion (THD) is 5.21%, close to the simulated value of 5.26%. The differences
may be associated with temperature-dependent magnet properties and manufacturing
tolerances. The agreement in waveform shape and harmonic distortion supports the
electromagnetic model of the optimized prototype.

400 =y ool TEST FEA
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< £300 20F 7
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Figure 23. Measured and simulated no-load back-EMF of the optimized prototype at 6000 rpm:
(a) waveforms; and (b) harmonic spectra.

5.3. Vibration and Noise Tests

The vibration and noise characteristics of the optimized prototype are subsequently
measured. The accelerometer is mounted at the uppermost point on the motor housing (the
+X position), matching the simulation evaluation point, and measures acceleration in the
+X direction. The reported experimental acceleration amplitudes use the peak convention.
Figure 24 presents the housing vibration acceleration spectra in the +X direction at OC1
and OC2. The measured 12f acceleration amplitudes are 1.91 m/ s2 at OC1 and 7.98 m/s?
at OC2. Additional high-frequency peaks are observed and may be associated with inverter
carrier-related excitation. These components should be distinguished from the characteristic
12f excitation.
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Figure 24. Measured housing vibration acceleration spectra of the optimized prototype in the +X
direction: (a) OC1 at 3000 rpm; and (b) OC2 at 12,000 rpm.

Figures 25 and 26 show the measured vibration acceleration and sound-pressure-level
waterfall maps, respectively. Two speed sweeps are considered: 0-5000 rpm with a carrier
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frequency of f, = 4 kHz, and 0-16,000 rpm with f, = 10 kHz. The 12f excitation trajectory
is visible in both speed ranges, consistent with the predicted characteristic excitation
frequency. Carrier-related bands are also observed, including the band near 2f. = 8 kHz in
the low-speed sweep. At 3000 rpm, the reported 12f acceleration and sound-pressure level
are 1.92 m/s? and 53.21 dB, respectively. At 12,000 rpm, the corresponding values from
the speed-sweep tests are 12.05 m/s? and 71.40 dB. These measurements characterize the
prototype response across the tested speed ranges; a quantitative experimental assessment
of the improvement requires baseline measurements under matching conditions.
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Figure 25. Measured vibration acceleration waterfall maps: (a) 0-5000 rpm with f. = 4 kHz; and
(b) 0-16,000 rpm with f. = 10 kHz.
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Figure 26. Measured sound-pressure-level waterfall maps: (a) 0-5000 rpm with f. = 4 kHz; and
(b) 0-16,000 rpm with f. = 10 kHz.

6. Conclusions

This paper presents a harmonic-guided air-gap-domain topology optimization method
for a 48-slot, eight-pole interior permanent-magnet motor with hairpin windings. The dom-
inant flux-density contributions to the targeted force harmonics are identified by vector
synthesis. A normalized Gaussian network represents the rotor-edge topology, and NSGA-
II optimizes two flux-density objectives at low-speed high-load (OC1) and high-speed
light-load (OC2) operating points subject to torque, stress, and manufacturability con-
straints. Multiphysics finite-element results indicate that F,(0,12f) is reduced by more than
40% at both operating points and F,(48,12f) by 57.52% at OC1. The 12f acceleration is re-
duced by 86.30% and 56.65% at OC1 and OC2, respectively. The maximum sound-pressure
level on the evaluation surface is reduced by 1.04 and 1.75 dB, respectively, with comparable
average torque. The peak rotor stress at 20,000 rpm is 320.15 MPa, below the specified yield
strength of 430 MPa. Finally, a 40 kW optimized prototype is manufactured and tested
for back-EME, vibration, and noise. The measured back-EMF characteristics support the
electromagnetic model, and the speed-sweep measurements identify the characteristic 12f
response. The numerical and experimental results verify the effectiveness of the proposed
method for electromagnetic vibration and noise reduction in traction motors.
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