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Abstract: The high-frequency electromagnetic noise caused by a frequency converter power supply
has become the main composition of the vibration and noise of frequency-converter-driven PMSMs.
Determining how to reduce this kind of noise is very important to improve motor performance. This
paper analyzes the frequency characteristics of the high-frequency noise generated by an inverter,
using the magnetic circuit analysis and Maxwell tensor methods. The switching frequency and
the natural frequencies of the main modes are optimized according to the modal characteristics
of the motor in order to reduce the vibration and noise of the motor. The results show that the
high-frequency electromagnetic vibration and noise generated by the inverter is mainly caused by the
high-frequency switching harmonic current. The frequencies of the vibration and noise are related
to the switching frequency and the modulation wave frequency. At the same time, the simulation
calculation of the natural frequencies of the main modes and the noise spectrum obtained from the
experiment provide direction for the optimization of the vibration noise near the switching frequency.
The switching frequency optimization and the natural frequency optimization based on the main
modes of the motor can effectively reduce vibration and noise. This work has certain reference
significance for the design of low-noise PMSMs.

Keywords: frequency-converter-driven SPMSM; switching frequency; switching harmonic current;
electromagnetic force; optimization of electromagnetic vibration and noise; natural frequency

1. Introduction

Today, a variety of compressors are used in all walks of life, including in facilities
closely related to our daily lives, such as air conditioners and refrigerators. With the
continuous development and maturity of permanent magnet motor technology, the number
of compressors driven by variable frequency permanent magnet motors is increasing.
However, compressor noise still exists, and this seriously affects people’s working and
living environments. The medium- and low-frequency noise of compressors is mainly
generated by the non-motor part, while the high-frequency noise is mainly generated
by the permanent magnet motor driven by frequency conversion. The high-frequency
electromagnetic noise generated by a permanent magnet motor is more uncomfortable, and
the suppression of this noise has become a problem worth discussing.

As the source of electromagnetic noise, electromagnetic force is the main research
object of electromagnetic noise. At present, the main electromagnetic force analysis methods
are the magnetic circuit analysis and the Maxwell tensor method. Some scholars have
used these electromagnetic force analysis methods to analyze the electromagnetic force
expressions of motors with different structures, including built-in PMSMs, solid PMSMs
and convex synchronous motor structures [1-4]. Considering that the magnitude and
distribution of electromagnetic force are affected by various structures on the magnetic
circuit, the influence of air-gap deformation, the auxiliary slot, the fractional slot and the

Energies 2022, 15, 7474. https:/ /doi.org/10.3390/en15207474

https:/ /www.mdpi.com/journal/energies


https://doi.org/10.3390/en15207474
https://doi.org/10.3390/en15207474
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/energies
https://www.mdpi.com
https://orcid.org/0000-0001-9080-8668
https://orcid.org/0000-0002-4764-6947
https://doi.org/10.3390/en15207474
https://www.mdpi.com/journal/energies
https://www.mdpi.com/article/10.3390/en15207474?type=check_update&version=2

Energies 2022, 15, 7474

20f18

concentrated winding structure on the electromagnetic force has been deeply explored [5-8].
At the same time, the electromagnetic force is mainly determined by the current and the
magnetic field, so different control strategies, such as weak magnetic field control, id =0
control and maximum torque current ratio control, have different effects on electromagnetic
noise [9,10].

The high-frequency electromagnetic noise near the switching frequency, which is also
called sideband noise, is a major problem in the electromagnetic noise of PMSMs. Sideband
noise is caused by harmonic currents generated by the frequency converter. In view of the
formation reason of such harmonic currents, W. Deng obtained the expression of harmonic
currents from the perspective of power electronics [11,12].

Based on the generation principle of sideband noise, a large number of studies have
optimized the harmonic current generated by an inverter drive from the perspective of
the modulation method so as to reduce the sideband noise near the switching frequency.
Currently, the optimization methods include the random pulse width modulation (RPWM)
method [13], pseudo-random triangular pulse width modulation (PTPWM) technology [14],
random hysteresis current control pulse width modulation (RHCC-PWM) technology [15],
random asymmetric carrier pulse width modulation (RACPWM) technology [16], etc. All
these methods are based on the concept of switching frequency randomization, which
means that the electromagnetic vibration noise in a narrow frequency range is dispersed
to a larger frequency range so as to reduce the maximum noise level near the switching
frequency. However, the randomization of the switching frequency must increase the
frequency range of the switching harmonic electromagnetic forces, which makes it easier
for these high-frequency electromagnetic forces to act on the natural frequencies and
produce large vibration and noise. This effect is not discussed in these articles.

Since the electromagnetic vibration noise of a motor decreases with an increase in
the electromagnetic force frequency, carrier phase shift technology has become another
main method to optimize sideband noise [17-19]. Its operating principle is to increase the
equivalent switching frequency by adding an extra modulation circuit and to reduce the
sideband noise interval in the observation frequency interval (0~20,000 Hz). However, this
method inevitably brings a higher cost and a higher switching loss.

In recent years, the optimization of the sideband noise of PMSMs has been carried out
mainly from the perspective of control, and the high-frequency harmonic current generated
by the inverter is optimized to reduce the high-frequency vibration noise. However,
electromagnetic noise is not only related to the electromagnetic force, but it also has an
inseparable connection with the structural mode of the motor itself. This paper mainly
optimizes the sideband noise of PMSMs from the perspective of mode. On the one hand,
the selection of the switching frequency is optimized according to the natural frequencies
of the main modes. On the other hand, the switching frequency is adapted by optimizing
the natural frequencies of the main modes.

The research steps of this paper are shown in Figure 1. Firstly, the influence of the
frequency converter power supply on the air-gap flux density is discussed using the
magnetic circuit analysis method. The frequency law of high-frequency electromagnetic
force under a frequency converter power supply is analyzed using the Maxwell tensor
method. The above analysis results are verified using Maxwell software, with an SPMSM
used in the compressor. The correctness of the theory is also verified by experiments.

Different from other studies, this paper uses the experimental results and the modal
shapes, natural frequencies and vibration acceleration spectrum calculated by ANSYS
simulation software to determine the main modal shapes and the natural frequencies.
According to the natural frequencies of the main modes, the optimal switching frequency is
determined with the minimum vibration radiation power as the criterion. Finally, according
to the characteristic that the motor stator has a great influence on the overall motor mode,
the distribution of the natural frequencies of the main modes is improved by optimizing
the outer diameter of the motor stator. The results show that the selection of the switching
frequency has a great influence on high-frequency electromagnetic vibration and noise,
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and the optimization of the switching frequency can greatly improve vibration and noise
performance. At the same time, the vibration and noise performance can be optimized by
properly optimizing the stator outer diameter and changing the natural frequencies of the
main modes.

 Electromagnetic Harmonic response |
force analysis

Figure 1. Vibration and noise research process.

2. Research on Air-Gap Magnetic Field of SPMSM Powered by Frequency Converter
2.1. Analytical Analysis of Air-Gap Magnetic Field Driven by Frequency Conversion

At present, when analyzing the electromagnetic force of PMSMs, the magnetomotive
force-magnetic conductivity method is often used at first to analyze the air-gap magnetic
field, and its expression is as follows:

B(6,t) = F(8,)-A(6, 1) )

where B(0, t) is the air-gap flux density, F(0, t) is the air-gap magnetomotive force, and
A(6,t) is the air-gap magnetoconductivity.

The air-gap magnetomotive force is related to the permanent magnet and the stator
armature current. It can be regarded as the linear superposition of the permanent magnet
magnetomotive force Fi (6, t) and the stator armature current magnetomotive force F,(0, t):

F(6,t) = F1(6,¢) + (6, 1) @)

where the permanent magnet magnetomotive force is only related to its structure, mate-
rial and other characteristics, and its result of Fourier decomposition can be expressed
as follows:

131 (9' t) = Zy:l,S,S--- FH COS(V“}t - ‘11}79) 3)

When the rotor maintains synchronous speed, u is both the spatial order and the time—
frequency, w = 27tf, f is the fundamental frequency, p represents pole pairs, and 6 is the
mechanical angle.

When only the fundamental wave current exists in the stator armature, the magne-
tomotive force generated by the armature current maintains the same frequency, but its
spatial order changes. When a sinusoidal voltage is used for the power supply, there is a
harmonic current in the armature current, in addition to the fundamental current, and the
magnetomotive force produced by the two currents has both time-frequency changes and
spatial order changes:

F(6,t) = Zk Zﬂ Fyy cos(kwt — npd + ¢) 4)
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whereyp = p(£6n+1)(n =0,1,2,3, ) is the spatial order,and k = 2n+1(n =0,1,2,3,---)
is the time—frequency. When k = 1, the corresponding formula in (4) represents the magne-
tomotive force generated by the fundamental current.

In Reference [20], when using a frequency converter power supply, in addition to
fundamental frequency components and frequency-doubling components, the armature
current increased the composition related to the switching frequency current. Based on
the characteristics of frequency, the switching harmonic current can be divided into two
parts. One part is the harmonic current on the switching frequency and its frequency
doubling. The other part is the sideband harmonic current near the switching frequency
and its frequency doubling. The composition proportion and distribution of the latter are
much larger than those of the former. In fact, the former is mainly concentrated on the odd
switching frequency, which means that it can be integrated with the latter to represent the
switching harmonic current. Then, the magnetomotive force generated by the armature
current powered by the frequency converter can be expressed as follows:

E(0,t) =) 4 2,70 Fyopo cos(kowot — opd + @o) + . Y g1 Faby1 €08(Wapt — 11198 + ¢1) ®)

where wy = 27fy, fy is the fundamental frequency, w,, = 27 f,, and fy; is the frequency
of the switching harmonic current. The relationship between f;;, fo and the switching
frequency ft is as follows:

fab = kafr Tk fo

where k, is a positive integer, kj is a non-negative integer, and k, and k; have different
parity. When k, is odd, k; can be zero, and the frequency is the odd times switching
frequency if kj, is zero. However, when k; is even, k; cannot be zero, so there are only
sideband harmonic currents near even times switching frequencies.

The air-gap permeability is related to the equivalent air-gap thickness, which can be
approximately expressed as follows:

A(0) = Mo+ ) i 5. Aicos(iZ6) (6)

where Z is the number of stator slots.

Substitute (5) and (3) into (2). The angular velocity in (3) maintains the synchronous
angular velocity. By substituting (2) and (6) into (1), the formula of the air-gap flux field of
an SPMSM powered by a frequency converter can be obtained:

B(6,t) = F(8,1)-A(6)

= <§ Fy cos(pwot — upf) + %ZOFkOWO cos(kowot — 1opd + @)
Ul
+ ;%;Fabr]l cos(wapt — m1p6 + §01)>
n

-(Ao + LA Cos(iZ9)>
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(O~® in the formula correspond to the six formulas on the left of the equal sign in
order. (3 and () make the air-gap flux density appear the switching harmonic components.

2.2. Simulation Verification of Air-Gap Flux Density Driven by Frequency Conversion

Taking a 25 kW SPMSM used for a compressor as an example, Maxwell simulation
software is used to calculate the current and air-gap flux density of the motor under a
frequency converter power supply. The related parameters of the SPMSM are shown
in Table 1.

Table 1. Main parameters of motor.

Rated power P=25kW The number of stator slots Z=36
Rated frequency F=78Hz Stator inner diameter Dil = 138 mm
Rated speed n = 1560 r/min Stator outer diameter D1 =210 mm
Pole pairs P=3

The simulation model of the SPMSM used in the compressors is shown in Figure 2. To
calculate the current and air-gap flux density under the frequency converter power supply,
the windings are connected to the SVPWM drive circuit. The switching frequency is 4992 Hz.
To verify that the size and distribution of the high-frequency sideband harmonic current
is greater than that of the harmonic current on the switching frequency and its frequency
doubling, the A-phase current waveform is simulated, and Fourier decomposition is carried
out to obtain the spectrum diagram. The results shown in Figure 3 fully prove that the
high-frequency harmonic current generated under a frequency converter drive is mainly a
high-frequency sideband harmonic current.

The air-gap flux density of the fundamental current drive and the SVPWM drive is
simulated. Fourier decomposition is carried out to obtain the corresponding spectrum, as
shown in Figure 4. Compared with the fundamental current drive, the air-gap flux density
under the frequency converter drive produces a large number of harmonic components
near the switching frequency and its frequency doubling. The frequencies of these harmonic
components are the same as those of the sideband harmonic current.

[ |
TE== 0 30 60 (mm)

Figure 2. Simulation model of motor.
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Figure 4. Spectrum of air-gap flux density: (a) fundamental current drive and (b) SVPWM drive.

3. Research on Electromagnetic Excitation Force of PMSM Powered by
Frequency Converter

3.1. Analysis of Frequency Characteristics of High-Frequency Electromagnetic Force

The electromagnetic force density of the motor can be calculated according to the
Maxwell tensor method, and the expression is as follows [3]:

_ B2(6,t) —B(6,t) _ B2(6,1)
2‘uo 2]/10

p ®)
In the formula, B, (6, t) is the radial component of the air-gap flux density, and B; (6, t)
is the tangential component of the air-gap flux density. In order to facilitate an analytical
analysis, and in general, the tangential component of the air-gap flux density is much
smaller than the radial component, so the tangential component is ignored.
The analytical formula of the electromagnetic force density can be obtained by sub-
stituting (7) into (8). It is found that the three frequencies of the electromagnetic force

density components related to formula (3) and formula () in the analytical formula can be
expressed as follows:

zfab
f =9 fawo1 & faoeo = kmfr £ knfo ©)
kofo & fap

In the formula, ky, is a positive integer, and k; is a non-negative integer. k;, and k;
have the same parity.

The larger the k;; and k;, the smaller the amplitude of the electromagnetic force
at the corresponding frequency. Therefore, the frequencies of the main high-frequency
electromagnetic force are near the switching frequency and its double frequency, such as
fT + f(), fT + 3f0, ZfT, sz + 2f0 and ZfT + 4f0.
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3.2. Simulation and Verification of Frequency Characteristics of High-Frequency
Electromagnetic Force

In order to highlight the influence of the frequency converter drive on the electro-
magnetic force, a simulation analysis on the electromagnetic force under the fundamental
current power supply is carried out, and then Fourier decomposition is used to obtain the
results, as shown in Figure 5. The air-gap flux density distribution produced by the perma-
nent magnet is close to a sine wave due to the eccentric pole. Therefore, the electromagnetic
force is basically concentrated in the low-frequency band, and the main components are
constant quantity and double-frequency components.

& & 104
g g 10 x 10
< z 5000
> >
.‘3‘ :;,; 8 4000
S s
g ° 3000
8 g 6 2000
& o
e fo 1000
] '24 ’|‘|1[,.......
@ 2 % " s00 1000 1500 2000 2500 3000 3500 000
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<) ©
< £ 2
§ g |
£ S Ll ]
3 w o 500 1000 1500 2000 2500 3000 3500 4000
) Frequency(Hz,
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Figure 5. Electromagnetic force density under fundamental current power supply: (a) electromagnetic
force density waveform and (b) spectrum diagram of electromagnetic force density.

Keeping the fundamental frequency current under the frequency converter drive and
under the fundamental current drive the same, the time waveform of the electromagnetic
force under the frequency converter drive at a certain point in the air-gap is calculated,
as shown in Figure 6a. It is found that the area around the maximum amplitude of the
waveform is obviously non-sinusoidal, and there are a large number of small burrs. Fourier
decomposition is performed to obtain the spectrum, as shown in Figure 6b. Compared with
the electromagnetic force spectrum diagram under the fundamental current drive, the elec-
tromagnetic force spectrum diagram under the frequency converter drive obviously adds a
lot of electromagnetic force components to the high-frequency band. Their frequencies are
4758 Hz, 4914 Hz, 5070 Hz, 5226 Hz, 9828 Hz, 9984 Hz and 10,140 Hz, corresponding to the
theoretical fr £ fo, fr £ 3fo, 2fr and 2f7 £ 2fy.
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Figure 6. Electromagnetic force density under frequency converter drive: (a) electromagnetic force
density waveform and (b) spectrum diagram of electromagnetic force density.
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4. Experimental Analysis of Vibration and Noise of Permanent Magnet Motor Used
in Compressor

The multifunctional data acquisition system “SCADAS”, designed by Siemens, is
used in the experiment to collect the vibration and noise data of the SPMSM of the marine
compressor when it is powered by the frequency converter. The experimental motor and
the positions of the acceleration sensor are shown in Figure 7. The vibration acceleration
data of five parts are collected by the acceleration sensor, and five vibration acceleration
spectrum diagrams are obtained, as shown in Figure 8.

Al

-/ .. = \

& 97 - B

Figure 7. Experimental motor (The numbers in figure are the testing point of vibration acceleration).

An analysis of the vibration acceleration spectrum of the five detection points shows
that there are seven main high-frequency vibrations on the whole. Their frequencies are
compared with the analytical theoretical values, as shown in Table 2. The actual mechanical
rotation frequency measured in the experiment is 26 Hz, so the base frequency is 78 Hz,
and the switching frequency is 4992 Hz. The error between the experimentally measured
frequencies and the theoretic frequencies remains at about —2%. The main reason for this
may be that the measurement accuracy of the mechanical rotation frequency is insufficient,
resulting in the calculated switching frequency being higher than the actual value, but
the error of the different compositions is similar. However, the measured values of each
main vibration frequency can correspond to the theoretical compositions one by one, which
proves the correctness of the analytical analysis of electromagnetic force when the frequency
converter is driving.

A-weighted noise levels near the exhaust port, near the middle of the motor side, near
the suction port and near the suction flange were detected in the anechoic chamber, and
spectrum diagrams of the four noise levels were obtained, as shown in Figure 9. The main
noise frequencies in the spectrum diagrams of the four noise levels were summarized, and
the average noise frequencies of the same compositions were calculated and compared with
the theoretical frequencies obtained from the analytical analysis, as shown in Table 3. The
measured rotation frequency was 26 Hz, the base frequency was 78 Hz, and the switching
frequency was 4992 Hz.
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Table 2. Main vibration frequencies.

Composition Theoretic Frequency (Hz) Measured Frequency (Hz) Error (%)

fr —3fo 4758 4660 —2.05969
fr+3fo 5226 5110 —2.21967

2fr —6fo 9516 9310 —2.16478

2fr —2fo 9828 9620 —2.1164

2fr 9984 9770 —2.14343
2fr+2fo 10,140 9920 —2.16963

2fr + 6fo 10,452 10,200 —2.41102

Table 3. Main noise frequencies.

Composition Theoretic Frequency (Hz) Measured Frequency (Hz) Error (%)

fr —3fo 4758 4750.68 —0.15385
fr+3fo 5226 5216.8 —0.17604

2fr —6fo 9516 9500.64 —0.16141

2fr —4fp 9672 9656.45 —0.16077

2fr —2fy 9828 9812.01 —0.1627

2fr 9984 9967.48 —0.16546

2fr +2fo 10,140 10,122.9 —0.16864

2fr +4fo 10,297 10,278.2 —0.18258
2fr+6fp 10,452 10,436.5 —0.1483

Compared with the measurement of the vibration, the compressor is closer to the
complete start when measuring the noise. The actual mechanical rotation frequency is
closer to the rated speed, and the measured data error is smaller. The results of the noise
level further prove the correctness of the analytical theory. At the same time, including the
compositions in the vibration acceleration spectrum, the noise-level spectrum also contains
2fr £ 4fp, which is more consistent with the analytical theoretical results.

In addition, compared with the vibration acceleration spectrum, the noise-level spec-
trum clearly shows the vibration and noise characteristics of the motor. It is easier to
observe the resonance band of the motor in the noise-level spectrum. For example, there is
obviously a major natural frequency near 5000 Hz, which generally leads to a high noise
level in the range of the resonance band. Based on this, the switching frequency and natural
frequencies of the main modes can be changed to avoid these resonances and to reduce
vibration noise near the switching frequency.

5. Structural Modal Analysis and Optimization of PMSM in Compressor
5.1. Finite Element Theory of Structural Mode

When the finite element method is used to analyze the vibration mode of a motor,
the motion equation of the element body can be obtained according to the Lagrange
function [21]:

Meé + Ceq + Ketf =F (10)

where M, represents the mass matrix of the element body. C, represents the damping
matrix of the element body. K, represents the stiffness matrix of the element body. F,
represents the load matrix of the element body. ¢° represents the node displacement of the
element body. g represents the node velocity of the element body. g represents the node
acceleration of the element body.
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The whole system can be regarded as a combination of multiple units. Therefore, by
integrating all units of the whole system, the equation of the motion of the unit can be
extended to that of the vibration system:

Mii+ Cii+Ku=F (11)

where M is the mass matrix of the vibration system. C is the damping matrix of the
vibration system. K is the stiffness matrix of the vibration system. F is the node force vector
of the vibration system. u is the node displacement of the vibration system.

The vibration of the motor system at the natural frequency is close to undamped
vibration, so the damping matrix and the node force vector in (11) can be set to 0. According
to the differential equation theory, the solution of (11) can be expressed as follows:

{u()} = {e“" }{o} (12)

where w is the natural angular frequency of the mode. {®} is the mode vector, representing
the corresponding vibration mode of the natural frequency. Substituting Equation (12) into
Equation (11), we obtain the following;:

(K - w2M> (D}l = {0} (13)
The eigenvalue of Equation (13) can be solved as follows:
’K—w2M’ -0 (14)

The natural angular frequency w is the characteristic value of the motion equation.
f = w/2m is the natural vibration frequency of the motor. Corresponding to the natural
frequency f, the non-zero solution vector ®;(i = 1,2,3...n) is the natural mode of vibra-
tion. It can also be seen from Equation (14) that an increase in stiffness can increase the
natural frequency, while an increase in mass decreases the natural frequency.

5.2. Vibration Modal Characteristics of PMSM in Compressor

A permanent magnet synchronous motor is generally composed of an end cover, a
stator core, a rotor, casing, winding, etc. The overall modal and natural frequencies of the
motor are affected by each structure. The stator mass and stator stiffness are relatively
large and concentrated so that the stator has a greater impact on the modes and the natural
frequencies of the motor.

The modes of the motor stator have obvious characteristics because of its structural
symmetry. In order to reflect the mode shape characteristics of the main vibration modes of
the stator, the order of the stator mode is expressed as “Model (m, n)”, and its principle is
shown in Figure 10. “m” is the order of the motor stator in the axial direction, and “n” is
the order of the motor stator in the radial plane.

Considering the spatial distribution of the electromagnetic force, the order of the main
stator vibration modes in the axial direction is zero. The modal characteristics are mainly
reflected on the radial plane. Low-order modes on the radial plane are easily excited due
to the large electromagnetic force corresponding to the spatial characteristics and natural
frequencies of these modes. In addition, for modes whose order on the radial plane is
more than one, the deformation quantity Ad of the stator core is inversely proportional
to the fourth square of spatial order r under the same amplitude of electromagnetic force
excitation [22]. So, vibration noise caused by low-order modes is more serious.

1
Ad o (15)
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r=3 r=4
Figure 10. Definition of mode order.

5.3. Simulation Calculation and Optimization of Natural Frequency

Based on the frequency characteristics of the high-frequency electromagnetic force
caused by the frequency conversion drive and the natural frequencies of the main motor
modes obtained from the simulation calculations or experiments, the switching frequency
or the structure can be optimized to avoid the switching harmonic frequency. For the PMSM
in this paper, the whole motor (including the stator, rotor, bearing, end cover and main
housing) is modeled, as shown in Figure 11. In order to restore the experimental conditions
more realistically, the simulation uses the same fixed position as the assembly and assumes
that the stiffness of the fixed position is sufficient to use completely fixed conditions.

stator

complete
appliance

Figure 11. Simulation model.
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All the natural frequencies and mode shapes can be obtained by calculating the modes
of the machine alone. However, it is difficult to excite many modes considering the spatial
characteristics of electromagnetic force excitation. Furthermore, it is difficult to screen out
the main mode shapes and natural frequencies from a large number of modes. Therefore,
it is necessary to screen the natural frequencies and modes of the main modes through a
harmonic response simulation.

In order to avoid the high-frequency electromagnetic force affecting the selection and
judgment of the main natural frequencies in the simulation, an alternating current input
is used in the electromagnetic part of the simulation. The vibration acceleration of the
motor-housing surface obtained from the simulation is shown in Figure 12. The results
show that there are three natural frequencies that have a great influence on the motor
vibration near the switching frequency.
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Figure 12. Simulation results of vibration acceleration on shell surface.

Then, according to the results obtained from the mode simulation, the mode shapes
and natural frequencies of the main vibration modes can be determined by comparing the
frequencies, as shown in Table 4. According to the main vibration mode shapes obtained
from the simulation, the main vibration modes of the motor are determined to a large
extent by the mode shapes of the motor stator.

At the same time, compared with Model (1,3), the vibration acceleration on Model
(0,3) and Model (0,4) is significantly larger, which is in line with the distribution law of
electromagnetic force. The vibration acceleration of Model (0,3) is greater than that of
Model (0,4), which confirms the relationship between the vibration deformation size and
the mode order in the radial plane.

In order to improve the vibration and noise near the switching frequency, on the one
hand, the switching frequency can be set in the frequency interval far from the main natural
frequencies. According to the frequency characteristics of the electromagnetic force near the
switching frequency, the frequency interval needs at least 6 times the fundamental frequency
range. For the PMSM studied in this paper, according to the vibration acceleration spectrum
obtained from the simulation, it is most appropriate to set the switching frequency between
Model (0,3) and Model (1,3). Considering that Model (0,3) is more easily excited than
Model (1,3), the switching frequency is biased toward Model (1,3), that is, about 4300 Hz.

In order to verify the above point of view, an equivalent vibration radiation power
at fr — 3fp and fr + 3fy at different switching frequencies is simulated. The step size of
the switching frequency is the fundamental frequency, namely, 78 Hz, so 13 groups of
switching frequencies from 54 to 66 times the fundamental frequency are simulated.
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Table 4. Mode shapes and natural frequencies of main modes.

Order Natural Frequency Mode Shape of Motor Mode Shape of Stator
Model (0,3) 3762 Hz
NSYS ANSYS
2020 R1 2020 R1
Model (1,3) 4700 Hz ez
Model (0,4) 5616 Hz

v . M
o e Z.L x w - Z.L x

uuuuu 5000

Figure 13 shows the equivalent vibration radiation power variations at fr — 3 fy and
fr + 3fo under different switching frequencies. The result shows that, when the switching
frequency is 4368 Hz (that is, 56 times the fundamental frequency), the equivalent vibration
radiation power at fr — 3fy and fr + 3fj is the minimum. This is not much different
from the previous estimate of 4300 Hz. Compared with the initial switching frequency, the
optimized switching frequency reduces the equivalent vibration radiation power at fr — 3£
by nearly 5 dB and the equivalent vibration radiation power at fr + 3 fy by nearly 8 dB.

On the other hand, by improving the structural parameters of the motor, the natural
frequencies of the main modes can be changed to avoid the switching frequency. Consider-
ing that the mode of the motor is mainly related to the motor stator, the natural frequencies
of the main modes can be changed by changing the stator yoke thickness appropriately.

Figure 14 shows the natural frequencies of the main modes under different stator outer
diameters. The results show that the natural frequencies of the main modes greatly increase
with an increase in the stator yoke thickness. Figure 15 shows the equivalent vibration
radiation power at fr — 3fp and fr + 3 fo under different stator outer diameters, where the
switching frequency fr is always 4992 Hz.
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Figure 14. Natural frequencies of main modes under different stator outer diameters.

By observing Figures 14 and 15, it can be seen that, when the stator outer diameter
decreases, the natural frequency of Model (0,4) decreases and gradually approaches the
switching frequency. At this time, the electromagnetic force at fr — 3fy and fr + 3fp is
distributed near Model (0,4), which causes a lot of vibration. Relative to the initial outer
diameter, the increase in the vibrational radiation under the smaller outer diameter caused
by the proximity of Model (0,4) to the main high-frequency electromagnetic force can reach
about 30 dB.

When the stator outer diameter increases, the natural frequencies of Model (0,4) and
Model (1,3) increase. The natural frequency of Model (0,4) gradually becomes far away
from the main high-frequency electromagnetic force. However, the natural frequency of
Model (1,3) gradually becomes close to the main high-frequency electromagnetic force. Due
to the existence of many similar modes near Model (1,3), it is difficult to simply describe the
influence of the natural frequency variation caused by the stator outer diameter variation
on the vibration. Therefore, it is necessary to optimize the stator outer diameter within
a certain range. For example, when the stator outer diameter is 213 mm, the vibration
situation is better than that when the stator outer diameter is 210 mm.
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At the same time, a decrease in the switching frequency leads to an increase in the
electromagnetic force interval in the frequency range of human hearing, resulting in more
noise. Therefore, the optimization of the above two aspects can be combined. The switching
frequency can be optimized after the natural frequencies are increased. However, limited
by the control method, the optimization step of the switching frequency can only be based
on the fundamental frequency. The fine tuning of the natural frequencies can make up for
this defect. Therefore, the joint optimization method of the switching frequency and the
mode can be established in the following work.

6. Summary

In this paper, the high-frequency electromagnetic vibration and noise of an SPMSM
used in a compressor powered by a frequency converter is analyzed using an analytical
method. The theory is verified by simulations and experiments. At the same time, the vibra-
tion and noise are optimized by using the mode theory. Finally, the following conclusions
are drawn:

(1) The air-gap flux density harmonics of an SPMSM driven by SVPWM are mainly caused
by the sideband harmonic current. The frequencies of the harmonic components of
these air-gap flux densities are the same as those of the sideband harmonic current,
which can be expressed as f,;, = kafT £ kj, fo, where fr is the switching frequency, fo
is the fundamental frequency, k, is a positive integer, k;, is a non-negative integer, and
ks and k;, have different parity.

(2)  When the SPMSM is powered by the frequency converter, there is a large high-
frequency vibration noise near the switching frequency and its frequency doubling.
The main vibrational noise frequency can be expressed as f = k, fr £ ki, fo, where ky,
is a positive integer, k;, is a non-negative integer, and k;; and k, have the same parity.

(3 The mechanical vibration characteristics of the whole motor can be determined by
the noise spectrum obtained from the experiment. Cooperating with the harmonic
response simulation and modal simulation, the main modal shapes can be determined,
and their natural frequency ranges can be basically located from the noise spectrum.

(4) According to the response spectrum of the motor vibration, the high-frequency side-
band noise near the switching frequency can be improved by optimizing the switching
frequency. Considering that the stator has a great influence on the modes of the whole
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motor, the high-frequency sideband noise near the switching frequency can also be
improved by optimizing the stator outer diameter.

Different from most current studies on switching harmonic noise, this paper not only
analyzes the characteristics of electromagnetic force but also focuses on the important
influence of the motor vibration response characteristics on the switching harmonic noise.
On the basis of an electromagnetic analysis and a modal analysis, the switching harmonic
noise is optimized to reduce it. However, from the simulation results, it can be judged
that the optimization of the switching frequency or the natural frequency alone has certain
limitations. Determining how to combine the two optimization methods in order to form
a new optimization method and apply it to practical engineering will become the next
research direction.
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