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Abstract: Ultra-high-speed permanent magnet synchronous motors (PMSMs) have been

widely applied in aerospace, advanced manufacturing, and consumer products due to their

small size, high reliability, and high-power density. As the rotational speed increases, losses,

cooling requirements, excitation forces, bearing losses, and noise characteristics of the motor

are significantly different from those of conventional motors. To minimize iron losses and

improve efficiency, ultra-high-speed motors typically employ a low pole count configuration,

exemplified by the prevalent 2-pole 3-slot (2P3S) design. In 2-pole machines, low-order

electromagnetic excitation forces may cause significant electromagnetic vibration and noise.

Reducing electromagnetic noise, especially the two-times mechanical rotational frequency (2f)

noise in 2P3S motors, is critical. Therefore, the noise reduction strategies for a 120,000 rpm

PMSM are investigated. First, the electromagnetic excitation frequencies and magnitudes of the

motor are analyzed. Through changing the pole-slot configuration (such as transitioning from

2P3S to 2P6S), the unbalanced magnetic pull (UMP) in the original 2P3S design is eliminated,

significantly reducing the main source of vibration. Then, the impact of the stator assembly

gap on electromagnetic excitation is examined using a segmented stator structure. Effective

control of this assembly gap further reduces the electromagnetic noise of the motor. Finally,

experimental tests demonstrate a significant noise reduction in the 2f frequency band, with a

sound pressure level reduction of about 9 dB. The reduction validates the effectiveness of this

pole-slot optimization and stator assembly gap control strategies.

Keywords: ultra-high-speed; permanent magnet synchronous motor; unbalanced
magnetic pull; noise; assembly gap

1. Introduction

Ultra-high-speed motors (exceeding 100,000 rpm) are typically designed
as PMSMs due to their compact size, high efficiency, and robust reliability.
Ultra-high-speed PMSMs are widely applied in aerospace, high-end manufacturing,
and household appliances. In the operation of ultra-high-speed motors, noise has
become an increasing concern for manufacturers and users. As rotational speed
increases, the noise issue becomes more significant than in low-speed motors.
Effectively reducing the noise of ultra-high-speed motors is crucial for their
development and application.
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The noise generated by ultra-high-speed permanent-magnet motors has been
studied worldwide. Gao et al. [1] established an electromagnetic-structural-acoustic
multiphysics coupling model for a 150,000 rpm ultra-high-speed PMSM. They focused
on structural vibration and noise caused by electromagnetic force waves, and achieved
effective vibration and noise suppression by optimizing the rotor sleeve material
and stator modal properties. Wang et al. [2] provided a comprehensive review of
active vibration control methods for high-speed PMSMs, including voltage injection
techniques to counteract specific electromagnetic excitation forces. Active control can
be used as an effective supplementary means for suppressing broadband vibration in
high-speed motors. Liu et al. [3] analyzed electromagnetic vibration in a high-speed
motor, and innovatively considered the flexibility of the stator core and the effect of
the housing. They found that traditional rigid assumptions overestimate the natural
frequencies of the structure. A flexible model can predict mid-to-high frequency
vibration responses more accurately, providing a new perspective for precise NVH
design. Peng et al. [4] investigated a 150,000 rpm compressor motor supported
by magnetic bearings, with a focus on rotor dynamics and vibration reduction. The
magnetic bearings can provide active damping to suppress vibrations when passing
through critical speeds, and compensate in real time for unbalanced magnetic forces.
These studies focus on noise reduction through the pathway of structural vibration
transmission. While vibration path control methods are valuable, their applicability
to ultra-high-speed motors is limited, as they do not directly address the source
of excitation. Specifically, these methods primarily concentrate on controlling the
transmission of structural vibrations rather than mitigating the electromagnetic forces
that generate the noise. The lack of direct engagement with electromagnetic noise
sources, especially at higher speeds, means that these methods are unable to fully
address the fundamental causes of noise in ultra-high-speed motors.

Conversely, many researchers strive to reduce motor vibration and noise during
the electromagnetic design phase by minimizing cogging torque and torque ripple.
Yi et al. [5] applied a multi-objective genetic algorithm to optimize a 150,000 rpm
motor. They also optimized the magnet shape, pole arc coefficient, and air gap length
to minimize the cogging torque, torque ripple, and maximize efficiency, achieving
an optimal balance between low vibration and high performance. Bianchi et al. [6]
systematically analyzed the causes of cogging torque in surface-mounted PMSMs
and proposed methods such as optimizing magnet pole arc width and stator slot
opening to effectively suppress cogging torque. This work provides an important
theoretical basis for subsequent low-noise motor design. Zhu et al. [7] discussed
the influence of several key design parameters on cogging torque. The findings
were validated through analytical and numerical methods. Jahns et al. [8] reviewed
the techniques for minimizing pulsating torque (including cogging torque and torque
ripple) in permanent-magnet AC drives, including motor design optimizations and
control strategy approaches. Islam et al. [9] focused on reducing cogging torque in
mass-produced BLDC motors and proposed a practical solution that specially considers
manufacturing tolerances. Wang et al. [10] compared different pole-slot combinations
and electromagnetic performance metrics (including torque ripple and noise), providing
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an important reference for high-speed BLDC motor design. Anuja and Doss [11]
used magnet segmentation and circumferential shifting technology to eliminate cogging
torque, significantly reducing torque ripple and associated force harmonics in a BLDC
motor. Huang and Feng expanded the scope from electromagnetic noise to include
mechanical and aerodynamic noise in high-speed motors. Huang et al. [12] showed that
once the rotational speed exceeds a certain threshold, high-speed friction between the
rotor surface and air generates significant aerodynamic noise. This noise is generally
broadband, and its sound pressure level increases exponentially with rotational speed.
They found that improving the surface smoothness of the structure, or applying
special coatings are effective means of reducing aerodynamic noise. At ultra-high
rotational speed, aerodynamic effects become particularly pronounced. Minute
manufacturing tolerances and eccentric loading at the air inlet can induce significant
eddy generation. These eddy currents subsequently contribute to an augmentation
in mechanical structural vibrations. As a result, the eccentricity of the motor shaft
increases, along with misalignment between the stator and rotor, leading to a notable
rise in both mechanical and electromagnetic noise levels. Feng et al. [13] proposed a
noise reduction method for the coupling of first-order aerodynamic and mechanical
noise in high-speed motors. These studies improve performance by considering
aerodynamic effects and coupling them with electromagnetic forces. However, this
method is challenging to implement in practical high-speed motor designs, as it requires
significant computational effort to model wide-frequency responses.

For ultra-high-speed PMSMs exceeding 100,000 rpm, the electromagnetic
excitation frequencies are exceedingly high, often reaching several kHz. These
high-frequency excitations can easily couple with the mid-to-high order vibration
modes of the lightweight and flexible stator structure, leading to severe vibrations and
audible noise. Compared with low-speed motors, addressing the noise, vibration, and
harshness (NVH) in ultra-high-speed motors requires tracing back to the spatiotemporal
force waves generated in the air gap, which constitute the basic physical source of
excitation. Current work mainly focuses on traditional vibration path control methods
and the suppression of cogging torque and torque ripple. However, the NVH issues
of ultra-high-speed PMSMs require precise control of specific spatial orders and
time-frequency components of radial electromagnetic force waves. In addition,
electromagnetic noise in ultra-high-speed motors is not caused by a single factor
such as cogging torque or torque ripple; on the contrary, it is usually caused by the
coupling of cogging torque, radial electromagnetic forces, and mechanical excitations.
Therefore, to effectively control vibration noise, it is necessary to eliminate the
critical low-order radial electromagnetic force waves and cogging torque at the
same time [14–20]. This requires identifying key force wave frequencies and spatial
harmonics from the air-gap field, and then weakening their main components at the
source through targeted measures. Innovative pole-slot combination designs [21–24],
magnetic circuit topology optimization, multi-objective coupling design based on
intelligent algorithms [25,26], and active electromagnetic force compensation have
become the cutting-edge and core strategies for fundamentally suppressing vibration
noise from the perspective of electromagnetic design.
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In response to this, we first calculate the electromagnetic forces acting on the inner
surface of the stator in an ultra-high-speed 2P3S motor. Then the main excitation
frequency components and spatial force waves are analyzed. To alleviate low-order
spatial force waves, especially those with 2f frequency, the pole-slot combination
is optimized, leading to the development of a 2P6S optimization scheme. Taking
into account the segmented stator assembly structure of the motor, the impact of the
assembly gap on low-order electromagnetic noise is discussed. Finally, a combined
strategy combining pole-slot configuration and segmented stator gap control is used to
verify the results of noise reduction.

2. Materials and methods

A 2-pole 3-slot (2P3S) ultra-high-speed PMSM is studied. The rated speed of the
motor is 120,000 rpm, and the designed power is 450 W. The system consists of a stator
core, rotor assembly (rotor core and impeller), and an intake and duct system.

According to the theory of vibration and noise, noise reduction requires
establishing a coupled vibration equation between the motor structure and acoustic
field [27]. By discretizing this coupled equation, one can obtain the displacement or
acceleration responses on the surface of the structure can be obtained by discretizing
this coupled equation. In addition, using the acoustic wave equation, the Helmholtz
integral equation of sound pressure can be solved using the boundary element method
to obtain the normal displacement or velocity of points on the structural surface and
the sound pressure gradient, thereby obtaining the sound pressure in the field. In
ultra-high-speed motors, noise can be reduced by applying sound absorption/isolation
along the transmission path or by reducing the excitation at the source. In this work,
the noise generation mechanism is focused on, and the excitation sources are analyzed
to reduce the excitation loads at the source. Based on the excitation of the motor, two
load conditions are concentrated on loads that have a significant influence on 2f noise:
the electromagnetic excitation load and the eccentric excitation caused by rotor-stator
misalignment.

2.1.Analysis of electromagnetic excitation force

In a PMSM, using the Maxwell stress tensor method, the radial and tangential
force waves per unit area on the inner surface of the stator core (causing electromagnetic
noise) are proportional to the square of the air-gap flux density, that is:

f r =
1

2µ 0

(
B 2

r −B 2
t
)

, f t =
1
µ 0

B r B t , (1)

where B r is the radial air-gap flux density;B t is the tangential air-gap flux density;
f r (θ,t ) is the radial electromagnetic force wave density,f t (θ,t ) is the tangential
electromagnetic force wave density, andµ 0 is the permeability of vacuum.Bx and
By are the components of the air-gap flux density along the axes, andθ is the relative
position angle of the stator and rotor.

In a PMSM, the air-gap field comprises the field generated by the permanent
magnets and the armature field generated by the windings carrying current. Both
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are rotating fields with spatial distribution and time-varying characteristics. The
stator slotting only affects the spatial distribution of the air-gap field, and the relative
permeance of the air-gap is typically introduced to explain the slotting. The magnetic
flux density of the permanent magnet and the magnetic flux density of the armature are
linearly superimposed, and then multiplied by the relative magnetic permeability of the
air gap:

B r = ( brm + bra ) λ a (2)

where brm , bra , and λ a represent the radial permanent magnet flux density, radial
armature flux density, and air-gap relative permeance, respectively. They can be
expressed as Fourier series:

brm =
∞∑

n = 1 ,3,5,…

bm,n cos(npθ − nωt ) ,

bra =
∞∑

ν = 1 ,5,7,…

bν cos(νpθ − ωt − ϕ) , (3)

λ a = λ a0+
∞∑

µ =1

λ a,µ cos(µQ sθ ) .

where θ is the spatial angle;t is time;p is the pole pair number;Qs is the number
of stator slots, andω is the motor angular speed.bm,n ,bν , andλ a,µ are the harmonic
amplitudes of the permanent magnet flux density, armature flux density, and relative
permeance, respectively.

The radial force waves in a motor can be represented as a superposition of force
waves with different spatial orders and frequencies:

f r =



 1
2µ 0




∞∑

n=1 ,3,5,…

bm,n cos(npθ − nωt )+
∞∑

ν =1 ,5,7,…

bν cos(νpθ − ωt − ϕ)



 ×



λ a0+
∞∑

µ =1

λ a,µ cos(µQ Sθ )








2

=
1

4µ 2
0

{
∑

n1

∑

n2

bm,n 1bm,n 2 { cos[(n1±n2) pθ − (n1±n2) ωt ]} +2
∑

n

∑

ν
bm,n bν { cos[(n±ν ) pθ − (n±1) ωt ±ϕ]}

+
∑

ν 1

∑

ν 2

bν 1 bν 2 { cos[(ν 1+ ν 2) pθ −2ωt −2ϕ] + cos[(ν 1−ν 2) pθ ]}× (4)

{

λ 2
a0+2 λ a0

∑

µ
λ aµ bν cos(µQ Sθ ) +

∑

µ 1

∑

µ 2

λ a,µ 1λ a,µ 2cos[(µ 1±µ 2) QSθ ]

}}

According to Equation (4), under ideal conditions, the frequency component of the
radial force wave is an even multiple of the fundamental current frequency, that is, an
integer multiple of the pole-passing frequency. The term (n₁ ±n₂) represents the radial
force waves generated by the interaction between different harmonic components of
the permanent magnet magnetic fields. (n ± 1) denotes the radial forces generated by the
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