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Abstract

Vibro-acoustic is very important considerations in the design of interior permanent magnet synchronous motor (IPMSM) for
electric vehicles (EV). In this paper, the problem of large vibro-acoustic of 8-pole 48-slot IPMSM under multiple operating
conditions (MOC) is theoretically analyzed to be caused by the first-order tooth harmonics. Vibro-acoustic reduction effects of
continuous segmented skewed poles and V-shape segmented skewed poles are compared by finite element analysis (FEA) and
optimization of the rotor with 8-segment V-shape skewed poles is given. Finally, the equivalent radiated power level (ERPL) at
the largest vibration order caused by tooth harmonics of the optimized motor is decreased by 14.9%; the A-weighted sound
pressure level (SPL) at 3500 RPM and 5500 RPM are decreased by 19.7% and 17.6%, respectively.

1 Introduction

NVH performance is recognized as a primary indicator for
assessing the quality and market competitiveness of new
energy electric vehicles. The IPMSM is widely used in EV due
to its distinct advantages in power factor and efficiency [1].
However, unlike fuel-powered vehicles, new energy electric
vehicles are driven by electric motors. Due to the absence of
internal combustion engine noise masking effects, the NVH
issues of IPMSMs are accentuated [2]. The vibro-acoustic of
IPMSM can be categorized into three types according to the
source: electromagnetic vibro-acoustic, aerodynamic vibro-
acoustic and mechanical vibro-acoustic [3]. Among them,
electromagnetic vibration is the main source of motor vibro-
acoustic, generated by harmonic EMF excitation, which can
act on the stator teeth, leading to structural deformation and
inducing motor vibration [4]. Its electromagnetic vibration
characteristics are mainly determined by the spatial harmonic
properties of the EMF, in which the zero-order radial force
wave plays a dominant role in the vibration response [5]. A
phase compensation method based on vibrational conductivity
theory and operational force measurements can accurately
identify the main excitation source under multi-physics field
coupling[6].

Skewed slots and skewed poles can effectively reduce tooth
harmonics and have a good effect on the electromagnetic
vibro-acoustic of the motor [7]. For permanent magnet
synchronous motors, the rotor segmented miter method is
often used. Compared with the traditional slotted pole method,
the rotor segmented pole method is simple and convenient for
pole assembly, and can effectively suppress electromagnetic
noise [8]. Conventional approaches primarily employed
continuous skewed rotors to spatially distribute harmonic
fields along the axial direction [9].

In this paper, in order to improve the 8-pole 48-slot IPMSM
with high vibro-acoustic due to tooth harmonics, the noise
reduction effects of continuous skewed poles and V-skewed
poles are compared, and then an optimization scheme of 8-
section V-skewed poles is given for the rotor to optimize the
harmonic electromagnetic field, the vibration ERPL, and the
A-weighted SPL of the motor. Finally, the comprehensive
optimization of the NVH performance of the motor under
MOC conditions with the proposed optimization scheme is
completed by FEA.

2. EMF and Vibro-acoustic Analysis

2.1 EMF analysis

Neglecting the tangential component of the air-gap flux
density, the radial EMF wave generated by the harmonic
magnetic fields of the stator and rotor, according to the
Maxwell tensor method, is expressed as equation (1):
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Where: u, v are the number of stator and rotor magnetic field
harmonics, B,, B, is the stator and rotor radial harmonic flux
density, uo is the vacuum permeability.

From equation (1), it can be seen that the radial EMF wave
component is mainly composed of three parts, the first and
third items are generated by the stator and rotor magnetic fields
alone, and the second item is generated by the stator and rotor
magnetic fields together. Since the force wave generated by
BB is of higher order, and the stator surface deformation
displacement amplitude is inversely proportional to the fourth
power of the EMF wave order, their impact on vibro-acoustic



is generally small, so these two items can be omitted in the
analysis.

Assuming that the number of axial rotor segments is n, and the
angle of the inclined pole is a, the angle of stagger between
each rotor segment is a/(n-1). Neglecting the current time
harmonics generated by the PWM modulation, the magnetic
potential f;, f, expressions of the stator and rotor after the rotor
segmentation with inclined poles are equation (2).
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In order to simplify the analysis and ignore the effect of the
inclined pole on the air gap permeability, the air gap
permeability per unit area can be used by the equation (3):
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Where 40 is the invariant portion of air gap permeability per
unit area, A1 is the harmonic ratio permeability of the stator
slotting caused by the periodic component of the permeability,
Lo 1s the vacuum permeability, s is the air gap coefficient, J is
the length of the air gap, and Z; is the number of stator slots.

Multiply the stator and rotor air-gap magnetic potential
expressions (2) with the air-gap permeability expression (3) to
obtain the stator and rotor flux density expressions (4) after the
rotor is segmented into inclined poles[7]:
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The average value of radial EMF wave after rotor segmented
inclined pole can be obtained by iterative averaging of EMF

wave of each segment, and the average value of radial EMF

wave after rotor segmented inclined pole can be obtained
according to equations (1) and (4). As in equation (5):
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Where: r, o, pr are the order, electrical angle frequency and
amplitude of the radial EMF wave, respectively; ¢, is the phase
angle; k is the oblique pole coefficient of the rotor segmented
oblique pole, the equation is (6):
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The rotor segmented inclined pole can effectively weaken the
tooth harmonics, and the weakened tooth harmonic order is
closely related to the number of segments. The relationship
between the rotor field harmonic number and the tooth
harmonic order i is as equation (7):
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Where: LCM is the least common multiple function.

In order to achieve the purpose of weakening a certain order of
tooth harmonics, the relationship[8] between the optimal
skewed pole electrical angle and the order of tooth harmonics
can be derived from Eq. (6), as in equation (8):
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Combined with (7) and (8), and by making i/n=t, it can be
obtained (9):

)

p|_siniz_|_|sin(um)| _[1, teZ
_|n 0, tgZ

sin(iz/n)| |nsin(ir)|

From the above analysis, it can be seen that: when the order of
the tooth harmonics is an integer multiple of the number of
segments, the rotor inclined pole cannot weaken the order of
the tooth harmonics; when it is a non-integer multiple of the
order of the tooth harmonics can be effectively suppressed.

2.2 Vibro-acoustic analysis

When the frequency of the r-order excitation force wave is
close to the intrinsic frequency of the r-order vibration mode
of the motor stator, resonance occurs, which causes high
electromagnetic noise. Therefore, the resonance frequency of
the motor should be kept away from the frequency of the main
excitation force wave, i.e., the low-order excitation force wave,
to avoid the occurrence of resonance when the design of the



permanent magnet motor is carried out. The stiffness and mass
of the stator core and case of a permanent magnet motor are
equation (10):
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Where: the subscript i = 1,2 represents the core and case,
respectively; K1, K> is the stiffness of the core and case; m, m»
is the equivalent mass of the core and case; Ji, J> is the inertia
of the core and case; G| is the total mass of the core yoke, teeth,
and windings; G- is the mass of the case; Ri, Ry, hi, b, [1, 1> is
the average radius, yoke thickness, and axial length of the core
and case, respectively; Ei, E» are the modulus of elasticity of
the core and housing, respectively.

Let the amplitude of the r-order excitation force wave acting
on the inner surface of the stator armature be P,, then the
equivalent concentrated force is equation (11):

P, =27RI,P, (11)
Where R;is the inner radius of the stator core. For the closed
permanent magnet motor, set the core and casing without
relative tangential displacement, the casing and core vibration
and amplitude is equal, the two vibration similar to the same
rigid body circle, its stiffness and mass are equal to the casing
and the core of the stiffness of the sum and the mass of the sum,

then according to the theory of mechanical impedance,
vibration displacement is equation (12):
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where o, is the angular frequency of r order force wave
vibration. Considering the permanent magnet motor as a finite-
length cylindrical radiator to calculate the electromagnetic
noise generated by the motor, the sound power radiated by the
permanent magnet motor are equation (13):
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where: p is the density of air; ¢y is the propagation speed of
sound waves in air; Sy is the surface area of the acoustic
radiation model of the motor. Spr is the sound power level,
Spire 18 the synthesized sound power level.
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Fig. 2 Vibro-acoustic Calculation Flow.

Table 1. Basic parameters of the prototype motor

Inner diameter of

Poles 8 140mm
stator
Slots 48 Iron core stack 110mm
length
Magnetic pole v Inner diameter of 78mm
type rotor
Outer diameter of 210mm Outer diameter of 138.6mm

stator rotor

The above formulas can be quickly analyzed and calculated for
vibro-acoustic, and complex multi-physical field coupling can
be calculated with the help of FEA.

3 Analysis Prototypes under MOC through
FEA

In Chapter II, the formulae for the EMF on the rotor under
skewed poles are given, as well as the formulae for the
vibration and noise of the motor under EMF. In this chapter,
for an 8-pole 48-slot motor, the vibration and noise under
multiple working conditions are simulated, and the order and
frequency of the vibration and noise are analyzed, based on the
results of the simulation combined with the theory in Chapter
II. The prototype motor is shown in Fig. 1. The motor
parameters are shown in Table 1.

3.1 Vibro-acoustic Analysis by FEA under skewed pole

This subsection presents the vibro-acoustic simulation for the
8-pole 48-slot motor. The EMF mainly acts on the teeth of the
stator, which is transmitted through the stator teeth to the stator
yoke and radiates noise outward. In this subsection, the
harmonic EMF is first calculated by ANSYS Maxwell under
MOC, and then the EMF is applied to the stator teeth in the
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Table 2. Types of skewed poles
Skewed Pole No-Skewed 4-Segments 8-Segments
Type Pole Continuous V-Shape
yp Skewed Skewed
Geometry — -—_ S

Table 3. Skewed pole angle

Angle of skewed pole of each segment

Skewed Pole
Type
No-Skewed
Pole
4-Segments
Continuous
Skewed
8-Segments
V-Shape
Skewed

28 28 09 09 28

ANSYS harmonic response module to calculate the vibration
of the stator yoke, and the vibration data under MOC are
imported to the harmonic acoustics module for the calculation
of acoustic. The vibro-acoustic calculation process is shown in
Fig. 2.

The vibro-acoustic ERPL waterfall of the prototype motor at
1500RPM-6000RPM operating conditions is shown in Fig. 3.
It can be seen that 5500rpm-2200Hz, 3500rpm-2800Hz at the
ERPL value is larger, according to the theoretical analysis of
the motor in Chapter 11, it can be seen that the former is the
stator 5th, 7th the harmonics and rotor the same number of
times of the interaction of the harmonics of the permanent
magnet magnetic field, the two spatial poles are equal to the
number of pairs of synthesized force wave poles of 0, which
will cause a larger amplitude, the use of the Short pitch
winding and rotor pole repair can be weakened; the latter is the
stator armature reaction fundamental wave potential generated
by the 11th and 13th tooth harmonics and rotor permanent
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Fig. 4 A-weighted SPL at multiple rotational speeds.

Table 4. Comparison of optimization effect under different
inclined pole types

Skewed 3500  Optimization 5500  Optimization
Pole Type RPM effect RPM effect
No-Skewed  82.59 77.8
Pole dB dB
4-Segments
Continuous 69.3 16.1%7 67.9 12.7%1
dB dB
Skewed
8-Segments
66.3 64.1
V-Shape 19.7%1 17.6%7
dB dB
Skewed

magnet magnetic field of the 11th and 13th tooth harmonics
generated by the interaction of the two spatial poles are equal
to the number of pairs of synthetic force wave poles are also 0,
the same caused by a large amplitude, generally using a
continuous skewed pole or skewed groove can be basically
eliminated by the axial Oth-order EMF caused by the tooth
harmonics components.

3.2 Vibro-acoustic optimization

Considering that the basic electromagnetic parameters and
dimensions of the 8-pole 48-slot prototype motor have been
determined, this paper adopts the vibration damping measure
of rotor segmented inclined poles to optimize the vibration
acoustics at these two frequency points, and the commonly
used skewed poles are the Continuous skewed pole and the V-
pole skewed pole, and the vibration damping and noise
reduction effects of the non-used inclined poles are different.
The skewed pole type used in this paper and the angle of the
skewed pole are shown in Tables II and III. In this paper, the
A-weighted SPL of the motor at 1500RPM-6000RPM with
different types of inclined poles is calculated using finite
element analysis as shown in Fig. 4. By comparing the A-
weighted SPL results at full speed, it is found that the noise
reduction effect of adopting 8-section V-type inclined pole is
better, and the noise is larger at 3500RPM and 5500RPM, and
its noise reduction comparison effect is shown in Table I'V. It



— ERP Level before optimization| ]| 120

\ ERP Level after optimization
O - 100

Before optimization (2200 Hz, 109.6 dB)
After optimization (2200Hz, 102.8 dB)

80

ERP Level (dB)
ERP Level (dB)

Before optimization
(4400 Hz, 100.6 dB)

After optimization
(4400Hz, 93.1 dB)

1
|

1

1

|

[

I

I

I

1

4 i
40 '
1

1

1

1

1

1

1

1

1

20 4+ T T
0 2000 4000

T T T T T T 20
6000 8000 10000 12000 14000 16000 18000

Frequency(Hz)
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Fig. 6 ERPL waterfall at 3500RPM.

can be seen that the noise of the motor with V-type skewed
poles is 10% and 15% lower than that of the motor without
skewed poles at 3500RPM and 5500RPM, respectively; the
noise of the motor with continuous skewed poles is 8% and 9%
lower than that of the motor without skewed poles at
3500RPM and 5500RPM, respectively.

After the rotor adopts 8-segment V-type skewed poles, the
ERPLs at each frequency point before and after optimization
are shown in Figs. 5 and 6 for the two working conditions of
5500RPM and 3500RPM. The ERPL data before and after
optimization for 5500RPM-2200Hz/4400Hz and 3500RPM-
2800Hz/1400Hz are shown in Table V and Table VI. It can be
seen that after optimization, at 5500RPM, the vibration

optimization effect of 2200Hz and 4400Hz is improved by 6.2% and

and 7.4% respectively; at 3500RPM, the vibration
optimization of 1400Hz and 2800Hz is improved by 11.4%
and 14.9% respectively.

Through the analysis of the above optimization data, it can be
seen that the rotor inclined pole can significantly reduce the

Table 5. Vibro-acoustic optimization at 5S00RPM

5500RPM-2200Hz  5500RPM-4400Hz

Before optimization 109.6 dB 100.6 dB
After optimization 102.8 dB 93.1dB
Optimization effect 6.2%1 7.4%7

Table 6. Vibro-acoustic optimization at 3500RPM.

3500RPM-1400Hz  3500RPM-2800Hz

Before optimization 90.2 dB 102.7 dB
After optimization 79.9 dB 87.3dB
Optimization effect 11.4%7 14.9%7

harmonic electromagnetic field amplitude, which in turn
reduces the vibration sound. In summary, the rotor V-type
inclined pole is an effective means of vibration and noise
reduction, under the premise of ensuring the electromagnetic
performance and mechanical strength performance, the
reasonable design of the inclined pole method can effectively
reduce the vibration sound of the motor under the MOC.

4 Conclusion

In this paper, a comprehensive optimization of the vibro-
acoustics of IPMSM is accomplished by adopting an 8-
segment V-shaped skewed pole by the rotor with the objective
of weakening the harmonic electromagnetic field. The
conclusions are as follows:

The vibro-acoustic simulation of the prototype motor at full
speed is carried out by FEA, and the equivalent radiation
waterfall diagram shows that the motor vibro-acoustic is larger
at the two points of 3500RPM-2800Hz,5500RPM-2200Hz,
which is generated by the interaction of the stator's first-order
tooth harmonics in combination with the theoretical analysis
of the motor electromagnetism and the interaction of the
stator's 5th and 7th harmonics in the latter case. The rotor can
suppress the tooth harmonics by adopting the oblique pole,
comparing the A-weighted SPL data under the two oblique
pole modes of 4-section continuous oblique pole and 8-section
V-type oblique pole, it can be seen that the 8-section V-type
oblique pole has a better effect on suppressing the tooth
harmonics, and the total vibro-acoustic is reduced by 22.5%.

The limitations of this study are threefold: the validation
dimension relies on finite element simulation (FEA) without
experimental bench validation; the working condition
coverage is is limited to the speed range of 1500-6000 RPM
lacks the analysis of extreme temperature/load
fluctuations; the topology exploration is limited to the
continuous inclined pole and V-type inclined pole The
topology exploration is limited to continuous and V-shaped
inclined pole, and other structures such as helical inclined pole
are not evaluated. In order to make up for the shortcomings,
future work suggests: deepen the experimental validation,
develop intelligent optimization model For example,



combining machine learning algorithms to globally optimize
the helical pole parameters, and expanding the application of
new materials, such as exploring the synergistic design of soft
magnetic composites and helical pole rotors to suppress high-
frequency noise.
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