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ABSTRACT: Permanent magnet assisted synchronous reluctance motor (PMaSynRM) has been widely concerned, but the research on
the vibration and noise of this kind of motor is relatively limited. In addressing the problem of significant vibration noise caused by
radial electromagnetic force waves in PMaSynRM, the research explored a motor vibration and noise suppression solution involving
stator slotting and rotor magnetic isolation hole opening. The study analyzed the impact of different slotting parameters on the radial
electromagnetic force and air gap magnetic flux density of the motor and compared it with the solution involving slotting of the stator teeth
only and magnetic isolation hole opening of the rotor only. Finally, the modal, vibration response, and noise response of the motor after
slotting are analyzed and verified. The results show that the amplitude of radial electromagnetic force and the total harmonic distortion
rate of the air gap magnetic flux density of the motor are significantly reduced by opening the stator auxiliary slot and rotor magnetic
isolation hole. The maximum vibration acceleration of the motor is reduced by 33.44 mm/s2, and the peak A-weighted sound pressure

level of the motor decreases by 5.68 dBA.

1. INTRODUCTION

ermanent magnet assisted synchronous reluctance motors,
Pwith advantages such as low dependence on rare earth mate-
rials, wide speed range, low cost, and high drive efficiency, are
currently widely used in engineering fields such as new energy
vehicles, compressors, and robots [ 1-3]. However, its complex
rotor magnetic circuit structure and high saliency ratio lead to
increased radial electromagnetic force amplitude due to high air
gap magnetic density harmonics, resulting in significant vibra-
tion and noise issues [4, 5]. This affects the smooth operation
and lifespan of the motor, especially considering the stringent
requirements for vibration and noise in new energy vehicles.
Therefore, effectively suppressing the electromagnetic vibra-
tion and noise issues in PMaSynRM is of great significance and
research value.

Ref. [6] suppresses motor vibration and noise by altering the
pole arc coefficient and magnetic pole eccentricity. Ref. [7]
suggests that changing the damping of materials can effectively
reduce the high-frequency vibration response of the motor, low-
ering the amplitude of motor vibration acceleration. Ref. [8]
modifies the shape of permanent magnets and rotor core surface
to optimize the reduction of air gap magnetic density harmon-
ics, thereby reducing motor vibration. Ref. [9] optimizes a rotor
demagnetization bridge structure, altering the electromagnetic
excitation force on the motor stator teeth to decrease motor vi-
bration and noise. Ref. [10] analyzes the motor’s vibration char-
acteristics in terms of pole groove coordination and shell ma-
terial. Ref. [11] adopts the method of slotting the top of motor
stator teeth to improve motor vibration and noise. Ref. [12] in-
vestigates the impact of factors such as the number of magnetic
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steel layers in the built-in motor rotor, the angle cutting of mag-
netic steel ends, and demagnetization holes on motor vibration
and noise. Refs [13,14] derive analytical expressions for ra-
dial electromagnetic force waves in the motor after segmented
skewed rotor and analyze the suppression mechanism of seg-
mented skewed rotor on electromagnetic vibration and noise in
permanent magnet synchronous motors. In addition to the op-
timization of the motor’s geometric structure mentioned above,
other methods mainly concern the influence of current excita-
tion on the electromagnetic vibration and noise of the motor.
Ref. [15] analyzes the impact of current harmonics generated
during the operation of the inverter on the motor’s electromag-
netic noise. Ref. [16] focuses on reducing the electromagnetic
vibration and noise of the motor by suppressing the amplitude
of current harmonics in the inverter. Ref. [17] studies vibra-
tion and noise under different power supply currents, explain-
ing the characteristics of changes in noise and vibration peaks
through variations in the amplitude of the lowest spatial force
wave caused by current harmonics.

Based on the above research, this paper takes a 132 kW H315
frame number PMaSynRM as the research object from the per-
spective of motor body structure design. The vibration and
noise of the motor are suppressed by the scheme of opening
auxiliary slots in stator teeth and opening magnetic holes in ro-
tor. The corresponding finite element simulation model is built,
and the influence of different slotting parameters of stator and
rotor on radial electromagnetic force and air gap flux density is
analyzed. Finally, the feasibility of this scheme is verified by
multi-physical field simulation of modal, harmonic response,
and acoustic response. While ensuring that other electromag-
netic performance is almost not lost, the purpose of effectively
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suppressing the electromagnetic vibration and noise of the mo-
tor is achieved, which has certain reference significance and
application value.

2. THE PRINCIPLE OF ELECTROMAGNETIC VIBRA-
TION AND NOISE

When the motor is running, the interaction of magnetic fields
in the air gap between stator and rotor generates radial electro-
magnetic forces that vary with time and space on the stator core.
This causes the motor to undergo periodic vibrations and radi-
ate electromagnetic noise, which is the main reason for motor
vibration noise. According to the Maxwell Tensor method, the
radial electromagnetic force on the inner surface of the stator
can be expressed as:

F.(0,t)= 5o

(M
where 6 represents the spatial position angle of the rotor; ¢ rep-
resents time; (i represents the vacuum permeability; b, (0,t)
represents the radial air gap magnetic flux density; b; (6,t) rep-
resents the tangential air gap magnetic flux density.

Since the permeability of air is much smaller than the perme-
ability of the core material, the magnetic field lines in the air gap
are approximately perpendicular to the center arc. Therefore,
the tangential air gap magnetic flux density is much smaller
than the radial air gap magnetic flux density and can be ne-
glected. The radial electromagnetic force can be simplified as:

b2

FT’ (97t) = Tz(i(;t)
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The magnetic field generated by the rotor permanent magnet
interacts with the magnetic field generated by the stator wind-
ing. The magnetic potential harmonics generated by the rotor
permanent magnet and the stator winding are as follows:

u = 2a+1 3)
6b
v d—l— “

where a = 0,1,2,3,...; b = 0,4+1,£2,43,...; d is the de-
nominator of the number of slots per pole and per phase. The
number of slots per pole and per phase of the motor involved in
this paper is 3/2, so d takes 2 in this paper.

The order of electromagnetic force and the corresponding
frequency of electromagnetic force under each harmonic of the
motor are expressed as:

m = (uv)p ©)
fr=0xu)f (6)

where p is the number of poles of the motor; f is the fundamen-
tal frequency of the motor.

The vibration amplitude of the motor is proportional to the
amplitude of the radial electromagnetic force of the motor,
which can be expressed as:

F,

AocKm4

™)
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where A represents the amplitude of vibration acceleration; F;.
represents the amplitude of radial electromagnetic force; K is
the vibration coefficient.

Considering the effect of motor slotting, the air gap perme-
ance function and the air gap magnetic flux density expression
are respectively as follows:

A@Bt) = Ao+ Y Aycos (kph — kwt) (8)
k=1,2,3.--
b-(6t) = ZF#AO cos(pwt—pupd)

+> %F“Ak cos[pwt — (uptkZ)8]  (9)

where Ag represents the direct current component of magnetic
flux linkage; Aj represents the amplitude of k-th order mag-
netic flux harmonics; Z stands for the number of slots in the
motor; I, represents the magnetomotive force; y is the ampli-
tude of subharmonics; w is fundamental angular frequency.

3. STRUCTURE AND MAIN PARAMETERS

The study focuses on the investigation of an H315 frame size
ferrite permanent magnet assisted synchronous reluctance mo-
tor. The motor employs a 72-slot 16-pole slot-pole combina-
tion, with a stator winding form of short-pitch double-layer
winding and a rotor utilizing a double-layer U-shaped topol-
ogy. The 2D finite element model of the motor is illustrated in
Figure 1, with its key parameters listed in Table 1.

FIGURE 1. The finite element cross-sectional model of PMaSynRM.

TABLE 1. Main parameters of PMaSynRM.

Rated power/kW 132
Rated speed/rpm 1500
Rated voltage/V 380
Rated current/A 239.5
Stator outer diameter/mm 520
Stator inner diameter/mm 393
Gap length/mm 1
Rotor inner diameter/mm 130
Permanent magnet brand | Y30BH

4. DESIGN AND ANALYSIS OF SLOTTING OF
PMASYNRM

The stator tooth auxiliary slot is shown in Figure 2(a). The sta-
tor slotting method adopts rectangular slots opened at the cen-
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FIGURE 3. Comparison of magnetic lines before and after slotting. (a) Before slotting. (b) After slotting.

ter of the stator teeth. The depth of the stator auxiliary slot is
represented by H, and the width of the stator auxiliary slot is
represented by L. The rotor magnetic isolation hole is shown
in Figure 2(b). In this paper, the isolation holes are circular
openings, and the radius of the rotor magnetic isolation hole is
represented by R. The distance between the isolation hole and
air gap is represented by D. Compared with the auxiliary slots
on the rotor, this structure has little impact on the magnetic re-
luctance of the motor air gap, thus having a smaller impact on
torque performance.

The distributions of magnetic lines before and after slotting
the stator and rotor of the motor are shown in Figure 3. The aux-
iliary slot of stator teeth makes the air gap length uneven, which
corresponds to a certain reduction in radial air gap flux density,
thus reducing the radial electromagnetic force. The opening of
the rotor magnetic isolation hole leads to the inconsistency of
the magnetic conductivity at this position, which leads to the
decrease of the magnetic flux outlet angle, so that the radial
component of the magnetic flux density is reduced, which is
also conducive to reducing the radial electromagnetic force of
the motor.

The value of each slotting parameter is evaluated by the two
indexes of radial electromagnetic force amplitude (F.) and air
gap flux density total harmonic distortion (THD) rate. THD is
a performance parameter representing the degree of waveform
distortion in electrical related industries. The lower the THD
is, the smaller the harmonic content is, the higher the stability
of the motor is during operation, and the smaller the vibration
and noise are generated. THD is expressed by the formula:

B

gL

3N

n=2

THD = x 100% (10)

37

where n is the harmonic order, B; the amplitude of the funda-
mental wave of the air gap magnetic flux density, and B,, the
nth harmonic amplitude of air gap magnetic flux density.

Due to the absence of coupling relationships between above
parameters, this paper provides a detailed description of the pa-
rameters of the motor stator auxiliary slot and rotor isolation
hole. While ensuring that the magnetic circuit is not saturated,
the values of L range from 1 mm to 3.5 mm, H from 1 mm to
4mm, R from 0.5mm to 3 mm, and D from 1 mm to 3 mm ac-
cording to the structural dimensions of the motor. The influ-
ence of slot parameters of the stator and rotor on the amplitude
of the radial electromagnetic force and the THD of the air gap
magnetic flux density is shown in Figure 4.

With the increase of L, the radial electromagnetic force den-
sity decreases first, then increases slightly and then decreases
continuously. When L reaches 3.5 mm, the radial electromag-
netic force density reaches the minimum value of 428461 N/m?.
The THD of air gap flux density increases first and then de-
creases continuously. When L reaches 3.5 mm, the THD of air
gap flux density reaches the minimum value of 17.4%. As H
increases, the radial electromagnetic force density continues to
decrease. When H reaches 4 mm, the radial electromagnetic
force density takes the minimum value of 439402 N/m?, but
the air gap flux density THD first decreases to the minimum
value of 18.2% and then continues to increase. Compared with
the stator auxiliary slot, the rotor magnetic isolation hole has
little influence on the radial electromagnetic force density of
the air gap, but it has obvious influence on the THD of the air
gap flux density. The influence of R on the radial electromag-
netic force density of the air gap has no obvious change, but
the THD shows a continuous downward trend, from 27.6% to
16.3%. With the increase of D, the radial electromagnetic force
density increases slowly, and the harmonic distortion decreases
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FIGURE 4. (a) The influence of stator auxiliary slot width. (b) The influence of stator auxiliary slot depth. (c) The influence of rotor magnetic
isolation hole radius. (d) The influence of the distance between the rotor magnetic hole and the air gap distance.

FIGURE 5. The magnetic dense cloud diagram of the motor after slotting.

first and then increases slowly, when D = 1.4 mm, the THD
reaches the minimum value of 18.7%. Through comprehensive
consideration, the value of L in this paper is 3.5 mm, the value
of H 3 mm, the value of R 3 mm, and the value of D 1.4 mm.
Through the comparative analysis of Table 2, when only the
stator auxiliary slots are opened, the weakening effect of the
amplitude of the radial electromagnetic force density is better,
but when only the rotor magnetic isolation holes are opened,
the THD of the air gap flux density is smaller, and the opening
of the stator auxiliary slots is combined with the opening of

38

the rotor magnetic isolation holes. The weakening effect of the
amplitude of the radial electromagnetic force density and the
THD of the air gap flux density is the better than the first two,
so this paper uses this scheme to optimize.

The motor is analyzed by ANSYS MAXWELL simulation
software. Figure 5 shows the finite element magnetic density
cloud diagram of the motor after slotting. The maximum mag-
netic flux density is measured to be 1.7 T, and the magnetic cir-
cuit is not saturated, which reflects the rationality of the mag-
netic circuit design.
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TABLE 2. Comparison of slotting schemes.

Scheme

Stator teeth slotting only

Rotor magnetic isolation hole opening only

Both of the above

F. (N/m*) | THD (%)
420504 19.77
487097 18.45
395423 16.82

600000
500000
400000 |

300000

Fr

200000

100000

@ 0.75 (b)

050
08 T T T T T T T T T T T
0.25
0.00 0.7 B Original motor
= ) B After slotting

F-025 % z

=

0.50 g 5

Z

075 2 &

g .2

075 o 51

g 5

050 g

= ="

025 IO g

0.00 é
025
050

! : : 075 Harmonic
0.00 025 0.50 075 1.00 125

Distance (m)

FIGURE 7. (a) Air gap flux density waveform. (b) Harmonic distribution of air gap flux density.

When the rotor undergoes rotational motion, the electro-
magnetic force possesses both temporal and spatial attributes
when being observed from the entire circumference of the air
gap. The radial electromagnetic force density is modified us-
ing the Maxwell Tensor method, and the transient field anal-
ysis is utilized to obtain the radial electromagnetic force sim-
ulation results of the motor. The temporal and spatial distri-
butions of the radial electromagnetic force of the motor are
shown in Figure 6. The original spatial-temporal distribution
map of the radial electromagnetic force of the motor has many

39

sharp peak waves, with a large amplitude of up to 559063 N/m?2.
The amplitude of the spatial-temporal distribution of the radial
electromagnetic force after slotting is 486585 N/m?, which is
72478 N/m? lower than that of the original motor.

On the basis of the above electromagnetic force analysis, the
radial air gap flux density of the motor in one electric cycle is
further analyzed, and the air gap flux density waveform is de-
composed by Fast Fourier Transform (FFT) to obtain the har-
monic distribution of the air gap flux density. It can be seen
from Figure 7(a) that the distortion of the air gap flux density
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FIGURE 8. (a) The FFT space-time distribution of F). of the original motor. (b) The FFT space-time distribution of F’. after slotting.

TABLE 3. Influence of other performance of PMaSynRM before and after slotting.

Performance Before slotting | After slotting Effect

Output torque (N-m) 840.2 835.8 1 4.4
Torque ripple (%) 20.5 18.1 1 2.4%
Electromagnetic efficiency (%) 97.41 97.55 10.14%
Power factor 0.877 0.892 1 0.015

waveform of the motor after the slotting design is reduced, and
the sinusoidality is improved to some extent. Through the anal-
ysis of Figure 7(b), it can be seen that the 5rd, 7th, 9th, and 11th
harmonics are lower than the original motor, which are reduced
by 39.57%, 44.28%, 53.91%, and 20.25%, respectively. It can
be seen that the effect of air gap flux density harmonic suppres-
sion after slotting design is better.

The FFT space-time distributions of the radial electromag-
netic force of the motor before and after slotting are shown
in Figure 8. It can be seen that the 2-order time, —8-order
space and 8-order time, —8-order space of the original mo-
tor model will produce relatively large radial electromagnetic
force harmonics. After slotting through the stator and rotor, the
amplitude of the fundamental wave of the radial electromag-
netic force decreases slightly. The 2-order time and —8-order
space harmonics are reduced from 6.76 x 10* N/m? of the orig-
inal motor to 4.28 x 10* N/m?. The eighth-order time and-8-
order space are reduced from the original 4.55 x 10* N/m? to
3.58 x 10* N/m2. It can be seen that the harmonic component
of the electromagnetic force is effectively weakened, which is
beneficial to weaken the vibration and noise of the motor.

The electromagnetic performances of the motor before and
after slotting are shown in Table 3. The output torque of
the slotted motor is 835.8 N-m, which is slightly reduced by
4.4N-m compared with the original motor. However, the
torque ripple is reduced by 2.4% compared to the original mo-
tor, which makes the motor run more stable. At the same time,
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the efficiency and power factor of the slotted motor are 97.55%
and 0.892, respectively, which are 0.14% and 0.015 higher than
those of the original motor, so that the energy saving of the mo-
tor is guaranteed. Overall, the other performance of the motor
almost did not suffer much loss.

5. VIBRATION AND NOISE ANALYSIS OF PMASYNRM

The simulation experiment is carried out with the help of An-
sys Workbench platform, and the modal superposition method
is adopted to calculate the surface vibration and noise response
of the stator. Firstly, modal analysis is carried out on the struc-
ture of the stator, and then the simulation results of the electro-
magnetic force obtained from the finite element calculation are
imported, and the excitation is set up to act on the teeth of the
stator to carry out the harmonic response analysis. The elec-
tromagnetic force on the surface of the stator teeth is shown in
Figure 9.

Since the electromagnetic force mainly acts on the circumfer-
ential plane of the stator, and the vibration of the motor mainly
occurs on the stator, the radial mode of the stator is generally
analyzed [18]. When the driving frequency of the motor is the
same as the natural frequency of a certain mode of the motor sta-
tor, or when the stator vibration deformation caused by the ra-
dial electromagnetic force is the same as a certain natural mode,
resonance phenomenon will occur, resulting in vibration and
noise, affecting the normal operation and service life of the mo-

WWwWw.jpier.org



Progress In Electromagnetics Research C, Vol. 143, 35-43, 2024

rPIER C

(d)

(b)

FIGURE 10. (a) 2nd-order mode (308.1 Hz). (b) 3rd-order mode (714.4Hz). (c) 4th-order mode (1343.2 Hz). (d) 5th-order mode (1779.8 Hz).

(e) Oth-order mode (2604.5 Hz).

tor. The lower the order of the radial electromagnetic force is,
the greater the influence is on the vibration and noise of the mo-
tor. Therefore, for this kind of motor, this paper mainly studies
the natural modes of 2nd to 5th order natural modes, and since
the 1st order mode has a very low frequency and small influ-
ence, the 1st order mode is generally not analyzed. The modal
shapes of the stator and the corresponding natural frequencies
are shown in Figure 10. Since the fundamental frequency of
the electromagnetic force of the motor studied in this paper
is 200 Hz, the corresponding low-order frequencies of 2f, 4f,
6f, and 8 f, namely 400 Hz, 800 Hz, 1200 Hz, and 1600 Hz are
greatly different from the frequencies of the above-mentioned
stator natural mode shapes, so it can be ensured that the reso-
nance phenomenon will not occur.
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The vibration acceleration spectra of the motor before and
after slotting are shown in Figure 11. It can be found that
the vibration acceleration amplitude under even frequency dou-
bling is larger, and the vibration acceleration corresponding to
2f (400 Hz) is the largest. The maximum vibration accelera-
tion after slotting is 150.58 mm/s?, which is 33.44 mm/s? lower
than that of the original motor (184.02 mm/s?), and the opti-
mization effect is obvious. The vibration acceleration corre-
sponding to 4 f (800 Hz), 6 f (1200 Hz), 8 f (1600 Hz) also de-
creases slightly. When the frequency reaches 13f (2600 Hz),
it is very close to the natural frequency (2604.5 Hz) of the Oth-
order mode of the motor stator. Therefore, the peak value at this
point is larger than that at other points, but through the slotting
design in this paper, the vibration acceleration of this point is
also effectively reduced.
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The air domain 1 metre away from the circumference of the
motor is selected as the test area for simulation, and based on the
harmonic response analysis, the vibration acceleration is cou-
pled to ANSYS Mechanical ACT as the excitation. The sound
pressure cloud of the motor is obtained as shown in Figure 12. It
can be seen that the maximum sound pressure value of the mo-
tor is changed from 0.01408 Pa to 0.00684 Pa, which is 51.42%
lower. In order to better simulate the auditory characteristics of
the human ear, the A-weighted sound pressure level is used to
evaluate the noise response of the motor. It can be seen from
Figure 13 that the A-weighted sound pressure level of the mo-
tor after slotting has different degrees of reduction in each fre-
quency band. The average A-weighted sound pressure level is
changed from 54.32 dBA t048.55 dBA, adecrease of 5.77 dBA,
and the peak A-weighted sound pressure level is changed from
59.76 dBA to 54.08 dBA, a decrease of 5.68 dBA. The effect of
noise suppression is significant.

6. CONCLUSION

In this paper, a 72-slot 16-pole permanent magnet assisted syn-
chronous reluctance motor with H315 frame number is taken
as the research object. A slotting scheme with auxiliary slots
in stator teeth and magnetic isolation holes in rotor is adopted
to suppress the vibration and noise of the motor. The research
results show that compared with the traditional method of only
slotting the stator teeth or only opening the isolation holes to the
rotor, this scheme has a better weakening effect on the ampli-
tude of the radial electromagnetic force and the total harmonic
distortion rate of the air gap flux density of the motor, which
is more conducive to suppressing the vibration and noise of the
motor. Finally, the multi-physical fields of the modal, vibration
response, and noise response of the motor are analyzed. The re-
sults show that the maximum vibration acceleration of the mo-
tor is reduced by 33.44 mm/s2, and the peak A-weighted sound
pressure level of the motor decreases by 5.68 dBA, which ver-
ifies the rationality and effectiveness of the proposed method,
and has certain reference value and engineering significance.
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