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Abstract

Persistent discrepancies remain in the perceived far-field noise of automotive permanent-
magnet synchronous motors (PMSMs) and the predictions of conventional NVH sim-
ulations. To bridge this gap, a Tri-source Electromagnetic Coupling NVH Integrated
Framework (Tri-ECNVH) is developed, in which air-gap electromagnetic force harmonics,
torque ripple, and cogging torque are treated as a coupled excitation system rather than
as independent sources. Traditional workflows usually superpose their responses in the
power domain, which tends to underestimate the radiating contribution of torque-related
excitations and neglect their phase and order coupling with radial electromagnetic forces.
In the proposed Tri-ECNVH framework, the three sources are mapped into the order
domain, aligned by spatial order, and applied to the stator with phase consistency, so that
inter-source coupling and cross terms are explicitly retained along a unified electromagnetic—
structural-acoustic chain. Acoustic radiation is evaluated by prescribing the normal velocity
on the stator outer surface as a Neumann boundary condition and computing the far-field
A-weighted sound pressure level (SPL) using a boundary element method (BEM) model.
Numerical results reveal pronounced cooperative amplification of the three sources at
critical orders and within perceptually sensitive frequency bands; relative to independent-
source modeling with power-domain summation, Tri-ECNVH predicts peak levels that
are typically 5-10 dB higher and reproduces the spectral envelope and peak—valley evolu-
tion more faithfully. The framework therefore offers a practical, radiation-oriented basis
for multi-source noise mitigation in traction PMSMs and helps narrow the gap between
simulation and perceived sound quality in automotive applications.

Keywords: PMSM; electromagnetic noise and vibration; multi-source NVH coupling; BEM;
A-weighted SPL

1. Introduction

With the rapid growth of new-energy vehicles, PMSMs have become the dominant
option for electric drivetrains owing to their high efficiency, high power density, and excel-
lent dynamic response [1,2]. Compared with conventional automotive induction motors,
PMSMs typically achieve higher efficiency and power density in the low-to-medium speed
range, enabling more compact drivetrains and more accurate low-speed torque control [3].
Relative to switched reluctance motors, which were once regarded as potential traction
candidates, PMSMs also exhibit markedly lower torque ripple and electromagnetic noise
and therefore offer superior NVH behavior and a smoother driving feel [4]. Nevertheless,
despite their favorable efficiency and power characteristics, NVH issues in practical PMSM
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operation remain non-negligible and have become critical bottlenecks for ride comfort,
overall reliability, and the market competitiveness of new-energy vehicles [5]. Under high-
speed and complex operating conditions, electromagnetic excitations can easily trigger
structural resonances, which substantially amplify NVH responses and, in severe cases,
may even disturb sensor accuracy and the system stability of autonomous vehicles [6,7].
Moreover, the actual NVH impact of PMSMs in the vehicle’s external acoustic field is often
observed to exceed that predicted by conventional A-weighted SPL calculations [8]. These
observations highlight the need for a comprehensive mechanism study and contribution
assessment of the three main electromagnetic excitations—radial electromagnetic forces,
torque ripple, and cogging torque—to identify their dominant spatial orders and sensi-
tive frequency bands, thereby providing a theoretical basis for subsequent vehicle-level
NVH optimization.

For new-energy vehicles, motor noise is typically decomposed into mechanical, elec-
tromagnetic, and aerodynamic components. Among these, electromagnetic noise originates
from the interaction between electromagnetic force waves and the structural natural fre-
quencies of the motor, which drives vibration and sound radiation. It often emerges as
the dominant noise source in pure electric vehicles and directly influences overall NVH
performance and perceived acoustic comfort [9]. The electromagnetic excitation of a PMSM
mainly stems from air-gap electromagnetic force harmonics, torque ripples during oper-
ation, and cogging-torque-related structural effects [10,11]. These excitations act on the
stator, rotor, and housing through an electromagnetic—structural-acoustic coupling path-
way. Air-gap force harmonics readily trigger structural resonances at specific frequencies,
thereby amplifying both vibration responses and radiated sound [12]. During operation,
torque ripple induces periodic variations in electromagnetic torque and associated force
components, which excite low-frequency vibration and noise [13,14]. Cogging torque gen-
erates periodic reluctance torque fluctuations, particularly under low-speed and start—stop
conditions, and can likewise lead to resonance phenomena [15]. It is therefore essential to
systematically analyze the composition and mechanisms of electromagnetic noise to clearly
identify its primary excitation sources.

Regarding the NVH mechanisms of PMSMs, previous studies have systematically
examined the respective contributions of air-gap electromagnetic force harmonics, torque
ripple, and cogging torque to acoustic noise generation. Based on Maxwell stress analysis,
Ma et al. [16] showed that the radial force component predominantly governs electro-
magnetic vibration and sound radiation. Consistently, Dai et al. [17] reported through
noise-reduction experiments on a high-speed magnetically suspended motor that mitigat-
ing the air-gap radial electromagnetic force can lead to substantial NVH improvements.
In an optimization-oriented inverse analysis of electromagnetic noise, Soresini et al. [18]
developed an electromagnetic—structural-acoustic multiphysics finite element model with
harmonic current injection and demonstrated that appropriate optimization of injected
current harmonics effectively suppresses air-gap force harmonics and reduces radiated
noise under high-speed operating conditions, indirectly confirming the dominant role of the
radial component. Lenz et al. [19] employed finite element analysis both to reduce torque
ripples and to compare the performance of n-phase and multiple three-phase PMSMs; their
results indicated that air-gap electromagnetic force harmonics are the primary cause of NVH
degradation under open-phase fault conditions, highlighting their critical influence on
vibration and acoustic behavior. With respect to torque ripple, under low-speed, start-stop,
regenerative braking, and sudden load-change conditions, periodic torque fluctuations can
significantly amplify torsional vibrations and give rise to pronounced low-frequency NVH
issues inside the vehicle [20]. For example, torsional-electromagnetic coupling models of
electric drivetrains have shown that torque ripple can markedly affect driveline torsional
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vibration and aggravate low-frequency NVH behavior; when the torsional mode of the
drivetrain coincides with the fundamental torque frequency, even small torque ripples may
be strongly amplified [21]. The correlation between torque ripples and cogging torque has
also attracted considerable attention. Ref. [22] reported that, by optimizing the current
waveform, attenuating specific air-gap force harmonics can simultaneously reduce torque
ripple, vibration, and radiated noise. At low speeds, cogging torque itself should not be
neglected, because the torque ripple it induces can lead to speed fluctuations, mechanical
vibration, and undesirable acoustic noise [23]. Furthermore, Ref. [24] investigated the
coupling between torque ripples and cogging torque under low-speed conditions using an
analytical multiphysics approach and revealed that the interaction between tangential force
harmonics and tooth modulation can substantially amplify vibration and acoustic responses
within specific frequency bands, demonstrating the notable impact of this coupling on
NVH performance. However, most existing NVH studies on electric machines still focus on
a single electromagnetic excitation source and treat the three sources as independent or only
weakly correlated, which makes it difficult to fully capture their coupling under complex
operating conditions. To address this limitation, the authors of [25] applied the translation
theorem of forces to convert tangential tooth forces into an equivalent radial moment
pair acting on the stator yoke; their verification showed that the tangential force can be
equivalently represented as a radial force couple, indicating that tangential excitation is
not negligible. In studies of fractional-slot concentrated winding PMSMs (FSCW-PMSMs),
it has been observed that phase coupling between the lowest-order radial and tangential
forces and tooth modulation can significantly enhance radial vibration at the pole—pair fre-
quency, further emphasizing the importance of three-source coupling in NVH behavior [26].
Nevertheless, when three-source coupling is considered in traction applications, factors
such as cooling configuration, PWM and sideband harmonics, lightweight structural design,
and in-cabin sound-quality constraints introduce substantial differences between the NVH
mechanisms of automotive traction motors and those of industrial machines. Therefore,
there is strong motivation to develop a comprehensive multi-source coupling strategy that
consistently integrates electromagnetic, structural, and acoustic domains [27]. Analytical
frameworks linking electromagnetic forces, stator-ring vibration, and acoustic radiation can
rapidly predict dominant orders and peak frequencies; yet, owing to the combined effects
of control harmonics, tooth modulation, and structural/acoustic boundary conditions,
models relying on single-source excitation or overly simplified assumptions often deviate
from experimental observations and exhibit limited fidelity [28,29]. Even in conventional
coupling studies, such as [30], where an integrated electromagnetic—structural-acoustic
chain is constructed and applied to noise-reduction optimization, simple power-spectrum
superposition has proved insufficient to accurately reproduce the characteristics of the
radiated acoustic field.

To overcome the above limitations, this paper develops an integrated three-source
coupling framework, as schematically shown in Figure 1. Using a 6-pole 36-slot PMSM as
the study object, the framework combines two-dimensional electromagnetic finite-element
modeling, vibro-acoustic coupling, and BEM-based acoustic prediction to form a multi-
physics collaborative analysis chain. Within this chain, the air-gap radial electromagnetic
force harmonics, torque ripple (tangential force), and cogging torque (slot-induced radial
force) are consistently mapped into the order domain, and their complex amplitudes are
synthesized with strict order alignment and phase coherence. The A-weighted SPL is
adopted as a unified acoustic metric, enabling quantitative comparison of the relative
contributions of the three excitation sources on a common scale.
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Figure 1. Tri-source coupling framework for electromagnetic noise.

Compared with conventional workflows that treat each electromagnetic excitation
source independently and simply superpose their responses in the power domain, the
proposed framework explicitly retains the coupling and synergistic amplification among
the sources, thereby clarifying the underlying interaction mechanisms. It also provides a
structured basis for subsequent studies on electromagnetic noise in traction motors and for
modeling and parameter optimization of multi-source coupling effects. In summary, the
main contributions of this work are as follows:

e A Tri-ECNVH integrated three-source coupling framework is proposed, in which
radial electromagnetic force harmonics, torque ripple (tangential force), and cogging
torque are uniformly mapped into the order domain and synthesized at the complex-
amplitude level on a same-order basis.

e Anintegrated computational chain combining electromagnetic FEA, structural vibro-
acoustic coupling, and BEM acoustic analysis is established for a 6-pole 36-slot PMSM;
using A-weighted SPL as a unified metric, it enables quantitative assessment of the
coupled contributions of the three excitation sources on a consistent scale.

The remainder of this paper is organized as follows. Section 2 introduces the study ob-
ject and modeling fundamentals, including the main parameters and the two-dimensional
finite-element model of the 6-pole 36-slot PMSM. Section 3 maps the radial force harmonics,
torque ripple (tangential force), and cogging torque into the order domain and performs
same-order alignment and phase-consistent loading in the complex-amplitude domain.
Section 4 uses the stator outer-surface normal velocity as the radiation boundary in a BEM
framework to compare the proposed three-source coupling with direct power-spectrum
superposition and a single-source radial-force full-link (SSRF) method, thereby quantifying
differences in amplitude, peak frequency, and band energy within sensitive regions. Finally,
Section 5 summarizes the main findings of the study.
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2. Motor Electromagnetic Noise Analysis
2.1. Motor Parameters

Following mainstream EV traction-motor specifications, an interior 6-pole/36-slot
PMSM was designed; its main parameters are listed in Table 1.

Table 1. Permanent magnet synchronous motor parameter table.

Parameter Value Parameter Value
Stator slots 36 Peak power 220 kW
Rotor poles 6 Rated speed 6000 rpm
Motor length 200 mm Stator outer diameter 240 mm
Permanent magnet width 1.75 mm Stator inner diameter 160 mm
Rated torque 250 N-m Air-gap length 0.8 mm
Magnet thickness 3.2mm Core length 180 mm
Rated power 150 kW Slot opening width 5mm

2.2. Two-Dimensional Finite Element Model of the PMSM

A two-dimensional finite element model of the PMSM was established using ANSYS
Maxwell 2025 R2 and Motor-CAD v2025.1.1. To reduce computational complexity and
simulation steps, a 1/6 motor model was adopted, as illustrated in Figure 2.

Figure 2. 1/6 fractional motor model.

For the electromagnetic analysis, a two-dimensional finite element model of one-sixth
of the machine is established in ANSYS Maxwell 2D. The model is constructed on a mid-
plane cross-section of the laminated core and exploits the six-pole, 36-slot symmetry, such
that only a 60° sector is retained. Accordingly, the air-gap flux density in the central region
of the stack is assumed to be approximately uniform along the axial direction, and winding
end effects near the overhang are neglected. The laminated stator and rotor cores are
modeled using the electrical steel M350-50A at 20 °C with its nonlinear B-H curve, the
interior permanent magnets are represented by the high-temperature NdFeB grade N42UH
at 120 °C, the stator windings are defined as pure copper at 120 °C, and the surrounding
region is treated as vacuum (ur = 1). The space-time harmonics of the air-gap radial
electromagnetic force obtained from this 2D model are later used to define equivalent radial
pressure loads in the 3D structural FE model of the stator-housing assembly.

An adaptive mesh refinement strategy is employed. First-order triangular edge ele-
ments are used with local refinement in the air-gap, magnet, and tooth-root regions, and
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the resulting finite-element mesh is shown in Figure 3. The maximum number of adaptive
passes is set to 15, with 20% refinement per pass, and the target energy error and delta-
energy error are both specified as 1%. In the present simulation, convergence is achieved
after 10 adaptive passes, yielding a final mesh with approximately 5.2 x 10% elements and
energy-related errors below 1%.

Regarding the boundary conditions, a rotating-band region is introduced in the air-
gap to represent the relative motion between rotor and stator. The two radial sides of
the 60° sector are assigned as an independent/dependent pair to enforce cyclic periodic
boundary conditions, and a zero-vector potential is applied on the outer circular boundary,
effectively acting as a magnetic insulation boundary. The machine is excited by balanced
three-phase sinusoidal currents corresponding to the investigated operating points, and
the nonlinear magnetic solution is computed with a residual tolerance of 1 x 10~4.

Figure 3. Mesh division of the motor model.

Figure 4 shows the simulated air-gap flux-density distribution of the designed PMSM
under steady-state operation. The magnetic flux density attains its highest value at the
stator tooth tips and rotor pole shoes. Apart from a few localized hotspots near the tooth
tips, bridge regions, and magnet corners, most of the stator and rotor yokes, as well as
the tooth bodies, maintain flux levels of approximately 0.7-1.6 T, which lies within the
normal operating range of conventional automotive silicon steel and approaches the onset
of core saturation.

Some extreme hotspots could be alleviated by adjusting the air-gap length; however,
their volume fraction is below 2% and they do not intersect the main magnetic path, so
the associated loss and temperature rise remain within acceptable limits. The model can
therefore be regarded as sufficiently accurate for subsequent analyses.
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Figure 4. Air-Gap flux density distribution.

3. Electromagnetic Noise Analysis of Three Excitation Sources
3.1. Electromagnetic Force Analysis

The electromagnetic force acting on the stator teeth is a primary source of electromag-
netic vibration and noise in PMSMs. This force arises from the interaction of the air-gap
magnetic field between the stator and rotor, making analysis of the air-gap field essential.
Under the combined influence of the rotor permanent magnets and the stator armature
reaction, a magnetic field that varies with both time and spatial position is established in
the air-gap. The electromagnetic force generated by this air-gap field can be expressed
as follows:

(0, 1) =2 BL0D W
dy(0, 1) =ELo. t;OBt(G, D
where B, (0, t) and B¢(0, t) denote the radial and tangential air-gap flux densities, respec-
tively; d,(6,t) and d; (6, t) represent the corresponding radial and tangential electromagnetic
force densities; g is the permeability of free space (47t x 107 H/m); 8 is the mechanical
angle in the rotor reference frame; and ¢ is time.

In evaluating the effect of electromagnetic forces on electromagnetic noise, the tan-
gential air-gap flux density can be neglected in the radial pressure calculation because it is
much smaller than the radial component [31]. However, in the analysis of torque ripple,
tangential stress should be treated as an independent excitation source, and its contribution
is introduced via a proportional factor. The resulting electromagnetic force can therefore be
written as follows: B2(6, )

_5rib
do(6, t) = 200 @
the air-gap magnetomotive force F (6, t) is composed of the magnetic motive forces
generated by both the stator winding and the rotor permanent magnets acting in the air-
gap. The corresponding air-gap permeance C (6, t) is the sum of the average air-gap
permeance and the slotting-induced permeance harmonics. Their product determines the
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radial air-gap flux density B, (6, t). Therefore, the radial electromagnetic force F, can be
expressed as

_ 1 1 21 T p2
Pr_z!—lo'ﬁfo TJo Br(6, t)dtde

D Fycos (vpd — wt — ¢,) 2
v=L15,.., 6k+1
+ D Fycos (46 — wyut— @) 3)
1 1 2t 1 T u " "
= 2up b 1o n=13,...2k+1 .
<|Cot £ Creos(r2:0)
v=1,...k

where v and y denote the harmonic orders of the stator current and rotor permanent-
magnet magnetomotive forces, respectively; F, and F, are their corresponding harmonic
amplitudes; p is the number of pole pairs; w is the electrical angular velocity; ¢, and ¢y,
represent the initial phase angles of the v-th and u-th harmonic magnetomotive forces,
respectively; Cy is the average air-gap permeance; C, is the amplitude of the slotting-
induced radial permeance component; - is the order of the radial permeance harmonic;
and Z; is the number of stator slots; ¢, denotes the n-th sampling instant in the discretized
time domain at which the instantaneous electromagnetic torque is evaluated.

After integral averaging, the result retaining only the fundamental frequency compo-
nent can be expressed as:

. Cg;PECOSZ(VPQ_aJt_q)V) +C§§P}2{C052(}[9—wﬂt—q)y)

F = _— 4
" 2u9 +2C§§§FVFHCOS(V;99 — wt — @y)cos(pf — wut — @) @)

where vp — wt and puf — wy,t represents the harmonic terms of the stator and rotor magne-
tomotive forces, respectively.

To further analyze the harmonic components of the electromagnetic force, the trigono-
metric identity cos?(x) =3 + Jcos(2x) is applied to expand the quadratic terms, and the
product term is expressed using the identity cos Acos B = }[cos(A — B) + cos(A + B)],
yielding the final expression of the air-gap force.

cos(va — wt — <pv)COS(}49 — wyt — (Py)
_ cos((vp — )0 — (w — wy)t — (o — @y)) (%)
+cos((vp + )0 — (w + wy)t — (o + @p))

after Fourier expansion and spectral convolution, only those air-gap force harmonics whose
spatial orders match the stator modes, whose temporal frequencies lie within the target
bandwidth, and whose amplitudes are non-negligible are retained, while higher-order or
insignificant components are discarded to construct the order-source table (Table 2).

Table 2. Harmonic order sources of radial electromagnetic forces in PMSMs.

Type Spatial Order Temporal Order
Stator 2ovp 2w
Permanent magnet 2u 2wy
Interaction term vptu w+twy

Based on the air-gap data obtained from the electromagnetic model, the principal
harmonic orders of the motor magnetic field were determined according to the harmonic
order table (Table 2), and the resulting dominant components are summarized in Table 3.
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Table 3. Main harmonic orders of radial electromagnetic force waves.
Harmonic Orders of Rotor Permanent-Magnet Field

1 3 5 7 9 11 13
6/4 12/8 24/26 30/20 30/20 36/24 42/28
3 0/0 6/4 18/12 24/16 24/16 30/20 36/24
15 18/12 24/16 30/20 36/24 42/48 48/32 54/36
Harmonic Orders 12/8 6/4 0/0 6/4 12/8 18/12 24/12
of 1 24/16 30/20 36/24 42/28 48/32 54/36 60/40
Armature Reaction 18/12 12/8 6/4 0/0 6/4 12/8 18/12
Field 36/24 42/28 48/32 54/36 60/40 66/44 72/48

33 30/20  24/16  18/12  12/8 6/4 0/0 6/4
39 42/28 48/32 54/36 60/40 66/44 72/48 78/52

36/24 30/20 24/16 18/12 12/8 6/4 0/0

The space-time harmonic spectrum of the radial electromagnetic force obtained from
the FFT decomposition in Ansys Maxwell is shown in Figure 5. The dominant components
are mainly located at (0, 0), (6, 0), (6, 6), (12, 0), (18, 0), (18, 12), and (24, 12), which
are consistent with the main harmonic orders listed in Table 3. Among these, the (0, 0)
term corresponds to a circumferentially uniform mean pressure that does not contribute
to vibration or sound radiation; it is therefore removed by mean-value processing and
excluded from the subsequent NVH analysis.

X

-

o
[

Electromagnetic Force Density (N/mz)

Time Order

Figure 5. Space-Time harmonic spectrum of radial electromagnetic force.

3.2. Torque Ripple Analysis

The torque ripple of an interior permanent-magnet synchronous motor (IPMSM) arises
from the tangential Maxwell shear stress in the air-gap, which synthesizes into a tangential
electromagnetic force distributed along the circumferential direction [32,33]. To analyze
the periodic fluctuation of shaft torque, the air-gap on the stator or rotor side is discretized
into vectorial segments along the entire circumference so that the local tangential force
distribution and its resultant torque can be distinguished, as illustrated in Figure 6.
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| —— Local tangential forces

= Global resultant tangential force

Air gap thickness

----- Rotor boundary (dashed)

Figure 6. Synthesis of the global tangential force.

In this model, the air-gap between the stator and rotor is partitioned into a series of cir-
cumferential sectors, each associated with a local tangential force vector. These local forces
are obtained by integrating the tangential Maxwell shear stress over the corresponding
air-gap sector and are directed along the stator circumference. On this basis, compara-
tive simulations and harmonic analyses are carried out. The tangential component of the
Maxwell shear stress is given by [34]

a B,(6, t)B:(0, t)

(Trt(e, t; 06) = 1o

,ae [0,1] (6)

In the equation, & is an introduced scaling factor used to characterize the contribution
of the tangential force to torque ripple. Its value follows the approach described in [35] and
is calibrated against the reference torque obtained from finite element analysis. Based on
this, the electromagnetic torque derived from tangential stress can be expressed as:

_R2L

) Ho

/0 7 B.(6, 1) Bul6, £)d0 @)

where R; is the inner radius of the stator, and L is the effective axial length of the motor core.

Building on the above parameter definitions and incorporating the tangential-force
scaling factor, the instantaneous electromagnetic torque at each time is derived from the
Maxwell stress tensor and can be written in discrete form as

27 Ny
RS B, (B, ta) Bi(6y, t) d6 ®)
k=1

T(a, ty) = 0

where Ny is the number of discretized nodes along the circumferential direction of the
air-gap; 0y denotes the k-th discrete angular position; and Af represents the angular dis-
cretization step, approximately equal to 271/ Nj.

To more intuitively illustrate the influence of the tangential force on torque fluctua-
tion, the torque ripple ratio (TRR) and the Rt peak-to-valley method are introduced for
evaluation [36]. In the same equation, the mean torque T(a), standard deviation o7 (a),
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normalized root mean square ratio RRMS («), and peak-to-valley ratio Rt («) are defined

as follows: B
T(x) = %mfo "T(a, t)dt

o1(0) = \/ £ Jg " [T (a, 1) — T ()24

9
RRMS(w) = %) ®)
RT (0() — Tnax (zoazzoz;ntin(“)

the average torque and TRR in this study are evaluated over an integer number of me-
chanical periods T}, with the integration interval defined as [to, o + KT;;] and K = 10. As
shown in Figure 7, for a common mean torque level of 120 N-m, inclusion of the tangential
electromagnetic force produces pronounced multi-frequency modulated ripples in the
instantaneous torque, with a peak-to-valley ratio Rt of approximately 9-10% and RRMS of
5-6%. When the tangential component is neglected, the fluctuations are markedly reduced,
with Rt around 1-2% and RRMS about 0.8-1.0%, i.e., lower by roughly a factor of 5-7 in
both indices. In conjunction with the harmonic spectrum, this indicates that the modulation
is mainly concentrated at the mechanical fundamental and its multiples, implying that the
tangential stress couples with the air-gap field in space and time and substantially enhances
the contribution of low-order harmonics to torque ripple. The tangential electromagnetic
force; therefore, must not be neglected in torque-ripple and NVH analyses.

l+Wilh tangential component = & = Without tangential component

Electromagnetic Torque T (N-m)

0 0.002 0.004 0.006 0.008 0.01 0.012 0.014 0.016 0.018 0.02
Time t (s)

Figure 7. Comparative analysis of the instantaneous torque ripple with and without the tangential
force component.

Substituting the peak and valley values of the torque ripple amplitude obtained in
Figure 7 into the single-sided ripple equation (Equation (10)), the resulting single-sided
torque ripple amplitude is 7.08%, and the corresponding peak-to-peak relative value is
14.17%. AT

Rsingle = 2T (10)

For high-performance automotive PMSMs, the torque ripple amplitude is typically
controlled within 5-10%, as values exceeding 10% can markedly deteriorate NVH perfor-
mance. When the tangential electromagnetic force is considered, the single-sided torque
ripple ratio reaches 7.16%, which lies within the target window and indicates a control-
lable yet non-negligible NVH risk. At the same time, a peak-to-peak relative value of
14.32% implies a moderate bidirectional oscillation of the instantaneous torque about its
mean, leaving scope for further optimization. In the 8-pole/48-slot PMSM study by Liang
et al. [37], tangential electromagnetic harmonics were shown to be strongly correlated
with torque ripple and acoustic peak amplitudes, with slotting modulation generating pro-
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nounced noise peaks near the 48th-order band. Analogously, in the present motor, slotting
modulation reflects the tangential-force harmonics around the 36th spatial order, which
can induce secondary enhancement and peak amplification within the 30-36 order range.

3.3. Cogging Torque Analysis

Cogging torque is an inherent torque ripple that persists in PMSMs even under no-
current conditions. It arises from the interaction between the permanent-magnet field and
the stator slotting. Physically, cogging torque appears as a tangential component acting on
the rotor; however, unlike load-related torque ripple, its magnitude is entirely independent
of the armature current. Instead, it is governed by the relative alignment of rotor position,
pole—pair number, and stator slot count, and reflects the modulation of air-gap permeance
imposed by machine geometry. To quantify this mechanism, an analytical expression for
cogging torque is derived using an energy-based approach. In addition, the sensitivity
to key structural parameters is examined, and the associated spatial orders are discussed
in detail.

The cogging torque is defined as the negative derivative of the magnetic field energy
with respect to the rotor position under no-current conditions:

{E (0) = 5o o Jo " [Clo)@(p—0) dg a

Teog (6) = — 25

where E(0) denotes the magnetic field energy of the system under no-current conditions;
C(¢) represents the relative permeance variation caused by stator slotting; ¢ is the circum-
ferential spatial coordinate on the stator; and @ denotes the intrinsic air-gap flux-density
distribution produced by the rotor magnets. The squared permeance term C? gives rise to
slotting-induced permeance harmonics with slot wave number §Zs, whereas ®? generates
pole-related harmonic components with pole wave number 2/;4,p (Where igx = 1,2, ... s
a positive integer index). The interaction between these components forms the principal
frequency contributions to the cogging torque.

To derive the selection rules and fundamental orders of cogging torque, the air-gap
flux density is decomposed into the intrinsic permanent-magnet field and the slotting-
induced permeance modulation. The intrinsic field ®(¢) varies periodically with the pole
pitch, whereas the relative permeance C(¢) varies periodically with the slot pitch. Because
cogging torque depends on the relative phase alignment between these two periodic
quantities, the rotor—stator relative angle is defined as § = ¢ — 6 [38].

@ (&)= ¥ Amcos(mp&+ ¢m)

C(p)=Co+ Zl Cqcos(9Zs ¢ + pg)
q>

where Ay, is the amplitude of the m-th harmonic component, C; is the amplitude of the
g-th slotting harmonic, and p, is its corresponding phase angle.

A cogging-torque component is generated only when the slotting and pole harmonics
satisfy the matching condition qZs = 2l;4,p, for which n = mNp; under this condition, the
fundamental order of the cogging torque is given by:

2p Zs

(13)

in the equation, LCM (a, b) denotes the Least Common Multiple, and GCD (a, b) denotes
the Greatest Common Divisor.
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By expanding the above energy integral, applying Fourier decomposition and regroup-
ing identical terms, the cogging torque can be written as a sum of harmonic components
that satisfy the selection rule, whose general form is given by:

ng(G) = ZQ Tysin (9Zs60 + ¢g), Q= {q>1]|49Zs = 2lp}
=

AqRL
_ &S
T; =

(14)

£ (42:) CoCy Sy Sy = 3| hicsz

where T, and ¢, are the amplitude and phase of the g-th cogging-torque harmonic; Q
denotes the set of harmonic orders that satisfy the selection rule; and S; represents the
spectral amplitude of the intrinsic PM field at the spatial wave number k = gZ;. When the
spatial harmonics of C? and ®? coincide, a cogging-torque component is generated, and
the corresponding mechanical order equals gZ;. The fundamental order Nj is determined
by the motor configuration and is equal to 36.

Given that the amplitudes of higher-order harmonics decay rapidly with increasing
order and that engineering evaluations are primarily sensitive to the fundamental and first
higher-order components, the contributions of the 108th, 144th, and higher orders were
verified to be below 5%. Accordingly, a minimal yet sufficient model comprising only the
36th and 72nd orders is adopted to approximate the cogging torque and can be written as

Teog (8) ~=Tsin (360 + ¢s6)+Tsin (720 + ¢72) (15)

The magnitude of the cogging torque is governed by the interaction between the
slotting-induced permeance harmonics and the spectral components of the squared intrinsic
permanent-magnet field at the same spatial wave number. As a result, it is highly sensitive
to geometric parameters such as the air-gap length g, slot-opening width b and magnet
thickness t. For consistency, cogging torque, torque ripple, and electromagnetic force are
therefore compared under identical reference conditions.

In this study, the electromagnetic force component is quantified by integrating the
force-spectrum energy to obtain a percentage-based index linked to the electromagnetic
output capability [39]. This energy measure is then normalized by the average output
torque to yield the Radial Electromagnetic Force Index (RFI), which expresses the relative
strength of the excitation with respect to the mechanical output in percentage form.

Af
fm+7
Er= Y [ AF |Fr(m, F)|df
meM fm*T (16)
R
RFI = —2 Ef x 100%
Tuvg

where Er denotes the band-limited force integral; F,(m, f) is the radial electromagnetic-
force spectrum at spatial order m; M is the set of dominant orders extracted from the 2D
spectrum (6, 12, 18); f;; is the center frequency of the order m, with the integration per-
formed over [fy — Af/2, fu + Af/2]; Ry is the effective air-gap radius; and Ty, denotes
the average electromagnetic torque.

As shown in Figure 8a—c, cogging torque remains strongly correlated with the NVH
indicators under different geometric perturbations. With increasing air-gap length, cogging
torque decreases rapidly; in parallel, TRR falls from 9.8% to 8.6% and RFI from 3.0% to
1.9%, indicating an approximately linear positive correlation among the three quantities.
Conversely, when the slot opening widens, cogging torque increases and TRR rises from
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8.8% to 9.6%, while RFI grows from 2.0% to 2.6%, reflecting cooperative growth as the
slotting effect is strengthened. The influence of magnet thickness in the range 2.4-4.0 mm
is more nuanced; cogging torque and RFI both increase (from 2.1% to 2.6%), whereas TRR
exhibits a U-shaped trend, reaching a minimum at intermediate thicknesses and increasing
again when the magnet is too thin or too thick. Overall, cogging torque is tightly coupled
with torque ripple and radial electromagnetic force through air-gap permeance modulation
and shows high sensitivity to geometric parameters. Via slotting-induced spectral folding
and order alignment, its dominant impact is projected onto critical spatial orders such as the
36th, supporting the feasibility of three-source coupling. Cogging torque can therefore be
regarded as a sensitivity anchor for NVH evaluation, particularly because of its pronounced
response in the 36th-order band.
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Figure 8. (a) Air-gap length scale; (b) slot opening width scale; (c) description of what is contained in
the first panel; permanent magnet thickness scale.

4. Structural Analysis and Vibro-Acoustic Prediction
4.1. Structural Analytical Model and Order Alignment Verification

The preceding section has identified the dominant orders and mutual correlations
of the three electromagnetic sources. To further verify the structural consistency of these
relationships, an analytical shell model is introduced. This model offers compact deriva-
tion, broad applicability, and direct correspondence with electromagnetic orders, enabling
rapid identification of overlap between electromagnetic orders and structural modes and
resonance-prone frequency bands [40,41]. As the primary load-bearing and radiating com-
ponent, the stator displacement can be expanded in circumferential orders to establish a
one-to-one correspondence with electromagnetic orders and to formulate order-coupling
criteria. Although the radial component is generally dominant, the tangential component
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and cogging torque can also exert significant influence via modal coupling at specific orders
and frequency bands. The stator; therefore,, therefore, serves as an effective integrated
carrier for analyzing the combined action of the three excitation sources, and on this basis,
analytical expressions for its natural frequencies are derived to construct a modal corridor
aligned with the previously identified spatial orders.

After slot-harmonic modulation and field coupling, the three excitation sources are
ultimately manifested as radial pressure components acting on the inner surface of the
stator, which appear in the spatial order-frequency spectrum of the resulting radial force.
Accordingly, the radial equivalent-pressure spectrum on the stator inner surface is adopted
as a unified representation of the excitation, while the stator is approximated as a two-
dimensional cylindrical shell. The parameters used in the thin-shell model are listed in
Table 4.

Table 4. Thin cylindrical shell parameters.

Symbol Parameter Value
R Stator Radius 100 mm
h Equivalent Thickness 15 mm
Hc Yoke Height 15 mm
E Elastic Modulus 200 GPa
Ve Poisson’s Ratio 0.29
Pc Density 7700 kg-m 3

The ring thickness is expressed as a dimensionless parameter, representing the influ-
ence of the relative shell thickness on the natural frequency [42]

2
2_HC

K= —% (17)
3D2

where Hc the yoke height, and D¢ represents the equivalent mean diameter of the cylindri-
cal shell.

Let the dimensionless natural frequency be defined as w;,;, = wrm L CgR4 = Oy,
where D is the bending stiffness given by D = 1251(:—}!13/2) .Then, we have
C
0p=1
(18)
Qus1 = 3/ (1+m2 +x2m?*) £ \/(1+m? + Zm*)2 — 4x2m®
restoring the dimensional frequency:
Wr,m = me/ Fﬁ
(19)

therefore, a modal analysis is carried out to determine the natural (resonant) frequencies
and mode shapes of the stator core. When a spatial order present in the air-gap radial
equivalent-pressure spectrum coincides with the circumferential order of the structure
and its frequency component lies within a narrow modal corridor centered on the modal
frequency f;, strong coupling and resonance are deemed to occur at that order. Based on
the above considerations, a three-dimensional structural finite element model of the stator—
housing assembly is established to verify the analytical results, and the corresponding
2nd-5th circumferential mode shapes are shown in Figure 9.
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(a) (b) (c) (d)

Figure 9. (a) 2nd mode shape; (b) 3rd mode shape; (c) 4th mode shape; (d) 5th mode shape.

From Table 5, for orders n = 2 — 4, the relative errors between the analytical fre-
quencies and the FE results remain within 5%, confirming the validity of the equivalent
model for the stators’ in-plane circumferential modes. At n = 5, the discrepancy increases,
mainly because slotting further reduces the effective stiffness of the yoke. Order-aligned
comparison between the modal corridor and the dominant peaks in the 2D radial-force
spectrum shows that the principal electromagnetic harmonics of the three sources are
folded by slotting and effectively projected onto low-order modes, giving rise to coupling
and radiation peaks within the 1-5 kHz sensitive band.

Table 5. Stator natural frequencies.

Result

Model n=2 n=3 n=4 n=>5

Analytical Frequency (Hz) 978.5 2662.3 4991.8 7986.8
Finite Element (Hz) 998.4 2675.1 4784.8 7042.3
Relative Error (%) +1.02% +0.5% —4.1% —11.8%

4.2. BEM Modeling and A-Weighted SPL Prediction

After modal verification, the subsequent acoustic analysis uses the aligned spectral
peaks as the primary excitation sources. The normal displacement or velocity response on
the stator outer surface is obtained via modal superposition and adopted as the bound-
ary input for acoustic radiation calculation. In this step, the acoustic field is treated as
an unbounded exterior domain filled with homogeneous, quiescent air. A direct BEM
based on the free-space Green'’s function of the Helmholtz equation is employed, which
satisfies the Sommerfeld radiation condition and thus ensures that the radiated sound
propagates to infinity without reflection from artificial outer boundaries. Based on this
structural boundary response, the BEM converts the modal responses into SPL indicators,
yielding far-field acoustic outputs under consistent frequency bands and operating condi-
tions. A-weighting is then applied to obtain an equivalent perceived-noise index, enabling
comparative evaluation under both single-source and three-source coupled excitations [43].

Given that the powertrain structure is primarily concerned with exterior acoustic
radiation, a direct BEM formulation is adopted for the acoustic system equations [44,45].
If the exterior field satisfies the Helmholtz equation and uses a time dependence of ¢!,
collocation on the equivalent shell boundary leads to the following frequency-domain
direct BEM system:

Ap, = (—ipw)Bv
A=C+H (20)
B=G
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where p_ is the complex acoustic-pressure amplitude at the boundary nodes, v is the normal
particle velocity at the boundary, A is the system matrix assembled from the diagonal
solid-angle matrix C and the double-layer kernel integral matrix H, and B is the single-
layer kernel integral matrix G. i is the imaginary unit associated with harmonic time
dependence e'“*.

A Neumann boundary condition is imposed on the stator’s outer surface as:

QJ‘QJ
YRS

= —ipwvy

{ (21)
Uy =0V N

where v, is the normal component of the boundary velocity and n denotes the outward
unit normal. Accordingly, the velocity vector v is prescribed as the boundary input, while
the nodal acoustic-pressure vector p, is treated as the unknown to be solved.

Based on the modal corridors aligned in the previous section, the shell model surface
displacement field u (x, w) is obtained. The normal velocity is then computed as:

vn(x, W) =iw uy(x, W) =iw [u(x, w)-n(x)] (22)

u(x, w) denotes the displacement vector at a surface point x on the stator at frequency
w; n(x) is the outward unit normal at that point. Their dot product gives the projection of
the displacement in the normal direction.

To convert the velocity spectrum into the acceleration spectrum, the following relation

is applied
|an (f)]
on(f)l ==~ (23)
on(F)| =15
the normal velocity and acceleration spectrum of the stator outer surface are shown in
Figure 10.
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Figure 10. (a) Normal velocity spectrum on the stator outer surface; (b) normal acceleration spectrum
on the stator outer surface.

As shown in Figure 10a,b, the normal-velocity and acceleration spectra on the stator
outer surface exhibit pronounced peaks at the main electromagnetic harmonic orders, with
the strongest responses occurring within the modal bands n = 2,3, and 4. The acceleration
spectrum shows additional amplification at higher frequencies, indicating that higher-order
harmonics are significantly magnified through modal coupling.
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The acoustic pressure p is solved based on the established Neumann boundary condi-
tion as follows:
(C+H)p=( —ipw)Gov (24)

to ensure sufficient numerical accuracy of the boundary element method at the maximum
frequency of interest, the acoustic boundary mesh is designed according to the wavelength
relation A = ¢/ fmax. The characteristic element size is constrained to & < A/6 for linear
elements and between A /4 and A/5 for quadratic elements. Under these conditions, the
acoustic pressure at a field point ps can be written as:

p(x, w) =Hxp —ipw Gx v (25)

in the equation, the field point matrices Gx and Hy are obtained from the Green’s function
and its boundary integral discretization, respectively.

As shown in Figure 11, the far-field pressure spectrum at a distance of 1 m exhibits
pronounced peaks at the 6th, 12th, 18th, 30th, and 36th electromagnetic harmonics, which
align closely with the peaks of the stator-surface normal-velocity spectrum and with the
modal corridors for n = 2,3, and 4. This consistency indicates that these harmonics are
amplified via coupling between characteristic spatial orders and structural modes and are
efficiently converted into far-field sound, thereby closing the loop from boundary velocity
to acoustic radiation.
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Figure 11. Far-field sound pressure amplitude.

Based on the computed sound-pressure amplitudes, an A-weighted SPL measure is
introduced alongside the unweighted narrowband SPL to provide a complementary and
perceptually relevant assessment of the three-source coupling effects on the motor’s NVH
characteristics. The SPL is calculated as follows:

Ly(f)=201logy, <|P ;(qi:)' ) (26)

where py is the reference sound pressure, taken as 20 pPa in air, and the A-weighting
correction is applied in accordance with IEC 61672 [46].

La(f) =Lp(f)+A(f) (27)

Therefore, the frequency range 0-5 kHz—covering both the region of high human
auditory sensitivity and the dense modal band—is selected. For a speed ramp from 0 to
6000 rpm, an A-weighted Campbell diagram is then constructed to identify the dominant
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harmonic orders contributing to NVH and to provide a basis for subsequent analysis of
multi-source coupling effects, as shown in Figure 12.
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Figure 12. A-weighted Campbell Diagram of the Motor NVH Response.

As shown in Figure 12, the dominant acoustic radiation follows both the order—
frequency trajectories and the underlying space-time harmonic pattern. Orders below 36
are mainly governed by the radial electromagnetic force, with the 6th, 12th, and 18th orders
being the most prominent. The 30th-36th orders display the strongest activity, whereas
the 72nd order remains relatively weak. Within this range, the 30th order is reinforced by
coupling between the radial force and torque ripple (tangential component), while the 36th
order stays highly sensitive to speed variations over 4000-5500 rpm, indicating a synergistic
amplification among the radial force, tangential force, and cogging torque. Consequently,
the 1-4 kHz band, which lies in a region of heightened human auditory sensitivity, emerges
as the main subjective noise hotspot of the analyzed PMSM.

4.3. Coupling Mechanism of Three Electromagnetic Excitations and NVH Correlation

Through the BEM modeling and A-weighted SPL computation described above, the
analysis of three-source electromagnetic excitation coupling is focused on the 6th, 12th,
18th, and 30th-36th modal corridors within the 1-4 kHz band. To verify the reliability
of the proposed three-source collaborative analysis method, the A-weighted coupled
SPL spectrum is compared with both the traditionally superposed acoustic spectrum
and a single-source radial-force full-chain approach, thereby highlighting differences in
computational accuracy, auditory relevance, and physical interpretability.

In conventional approaches that neglect inter-source correlation, the three acoustic
excitation sources are typically assumed to be independent and only weakly related. Their
time-domain signals under identical operating conditions are first transformed individually
into the frequency domain to obtain separate acoustic response spectra, which are then
linearly combined in the power-spectral domain. The total sound-pressure-level spectrum is
subsequently obtained by applying A-weighting, enabling direct comparison on a common
perceptual scale.

Ssum(f) =S1(f)+S2(f)+S3(f) (28)
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the introduction of A-weighting is expressed as:

‘HA(f) |2Ssum(f)

SPL 4 sum(f) = 10 logy, 5

(29)

the A-weighted Campbell diagram indicates that three-source coupling is most sensitive
in the 4000-5500 rpm range. To maintain analytical consistency, 4500 rpm is selected as
a representative operating condition, with the observation point located 1 m from the
motor. Under identical boundary conditions, the frequency-domain responses of the three
sources are computed separately. Their spectra are then linearly superposed in the power
domain and subjected to A-weighting, yielding the A-weighted SPL spectrum and the
corresponding A-weighted power contributions of the three sources, as shown in Figure 13.
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Figure 13. (a) directly superimposed spectrum; (b) power contribution under direct superposition.

As shown in Figure 13, in the 500-3000 Hz range, which corresponds to the region
of high auditory sensitivity, the total spectrum nearly matches the profile of the radial
electromagnetic force curve, with a maximum deviation of about 3 dB. The influence of
torque ripple and cogging torque on the overall spectral distribution is comparatively
minor. This indicates that under the assumption of mutual incoherence, the traditional
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power-domain direct superposition method simply adds energy without accounting for
cross terms between sources. Consequently, the same-order coupling and structural-modal
synergy among the three excitations is not fully captured, leading to a certain degree of
underestimation in both peak magnitude and band energy.

In contrast, the proposed coupled-analysis scheme simultaneously applies the complex
amplitudes and phases of all three sources within a unified model and performs superposi-
tion in the complex domain prior to energy evaluation and A-weighting. In this way, cross
terms arising from the same order coupling and modal synergy are explicitly preserved,
enabling clearer identification of critical frequency bands and dominant harmonic orders,
as expressed in (30). Figure 14 compares the results of the proposed coupling method
with those of traditional direct superposition and a single-source radial-force full-chain
approach under identical operating conditions.

Pui(f)1*  =|Pi(f) + Pao(f) + Ps(f) 12
= |PL() 12| Pa(f) 12+ Pa(f) 12 (30)
+2R{P1(f)P5 (f) + Pi(f)P5(f) + Pa(f)P5(f)}

Denoting by P;(f)(i = 1,2,3) the complex A-weighted sound-pressure contributions
of the air-gap radial force, torque ripple, and cogging torque at frequency f, the tri-source
result can be written as:

Where Pry(f) is the total complex A-weighted sound pressure, R{-} denotes the real
part operator, and (-)* denotes complex conjugation. The first line on the right-hand side
contains the self-terms corresponding to the incoherent power summation in (28)—(29);
whereas, the second line collects the three cross terms between sources, which account for
the cooperative amplification due to same-order coupling.
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Figure 14. A-Weighted SPL under Three Modeling Approaches.

As evidenced by the comparative results, the three-source coupling predicts an av-
erage increase of approximately 6 dB over the entire frequency range relative to direct
power-spectrum superposition, with gains exceeding 10 dB in the vicinity of the dominant
harmonic orders 6, 12, 30, and 36. Below 228 Hz, the directly superposed spectrum appears
slightly higher owing to low-speed start-up effects combined with strong A-weighting
attenuation; however, as speed increases, the discrepancy between the two approaches
widens, and the synergy gain of the three-source model becomes more pronounced. In
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certain narrow bands, the single-source radial-force full-link result marginally surpasses
the directly superposed curve, mainly because this method incorporates control and in-
verter nonlinearities on top of the conventional Maxwell-stress formulation. When the
injected force harmonics coincide with structural modes or high-radiation-efficiency bands,
higher instantaneous narrowband peaks are observed. Overall, the proposed three-source
coupling strategy provides quantitative evidence and a methodological benchmark for
assessing the synergistic influence of multi-source electromagnetic excitations on the NVH
performance of PMSMs. Nevertheless, the coupled spectrum still exhibits localized fluctu-
ations and limited smoothness, which may be further improved in future work through
control-strategy optimization and modal-adaptive spectral smoothing. It should also be
noted that the present study is purely numerical and does not yet include dedicated NVH
bench or anechoic-chamber measurements for this specific motor, which is a limitation.
Even so, the electromagnetic—structural-acoustic chain and the A-weighted SPL metric
follow modeling practices that have been experimentally validated in previous PMSM and
traction-drive studies, and future work will carry out controlled NVH measurements in
a semi-anechoic environment under standardized test conditions to further validate and
refine the proposed tri-source coupling framework.

5. Conclusions

This study investigates the NVH behavior of an automotive 6-pole 36-slot PMSM
subjected to three electromagnetic excitations—air-gap radial force waves, torque ripple
(tangential force), and cogging torque—by constructing an end-to-end electromagnetic—
structural-acoustic chain and evaluating all responses under a unified A-weighted SPL
metric. The main conclusions are as follows:

(1) By mapping the three excitations into the order domain and applying phase-consistent
loading, pronounced same-order coupling is observed at the 6th, 12th, 18th, 30th, and
36th spatial orders, with the 36th order remaining highly sensitive over 4000-5500
rpm. Radial electromagnetic force dominates the 6th, 12th, and 18th orders, torque
ripple mainly contributes near the 30th order, and cogging torque, driven by slotting
modulation, governs the 36th-order band.

(2) A ring-type structural analytical model and a vibro-acoustic FE/BEM chain demon-
strate that these dominant electromagnetic orders efficiently excite low-order stator
modes and are converted into radiated sound. Using the stator outer-surface normal
velocity as a unified Neumann boundary and far-field A-weighted SPL as the response
index establishes a consistent link from source excitation to acoustic output.

(3) Within the proposed three-source NVH framework for the 6-pole 36-slot PMSM, the
A-weighted Campbell analysis shows that acoustic energy is concentrated in the
30th-36th orders. Under identical conditions, three-source complex-domain coupling
yields markedly higher peaks and broader in-band A-weighted SPL around these or-
ders than both traditional power-domain summation and a single-source radial-force
chain. This confirms three-source synergy as a principal cause of noise deteriora-
tion in the sensitive band of the studied motor and provides a quantitative basis for
subsequent co-optimization of motor structure and current-control strategies.
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SPL Sound Pressure Level
RFI Radial Force Index
SSRF Single-Source Radial-Force
IPMSM Interior Permanent Magnet Synchronous Motor
TRR Torque Ripple Ratio
LCM Least Common Multiple
GCD Greatest Common Divisor
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