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Abstract: Studies have substantiated that the vibration and noise produced by the iron core of
an electromagnetic device are closely related to the magnetostriction of the iron core silicon steel
sheet. Moreover, when the induction motor works under the condition of frequency conversion,
the symmetry of the core silicon steel sheet will change, and the distribution of the vibration and
noise field of the motor will be asymmetric, which will aggravate the vibration and noise. This paper
completes the experimental measurement and analysis of the electromagnetic characteristics and
magnetostrictive characteristics of silicon steel sheets. The magnetic field of a 1140 V /75 kW variable-
frequency motor is calculated analytically based on the analytical method, and the stator/rotor
magnetic induction intensity and permeance are calculated separately to obtain the air gap magnetic
density and the radial electromagnetic force. The vibration and noise of the 1140 V /75 kW variable-
frequency motor are analyzed by the finite element method, while the magnetization curve and
magnetostrictive characteristic curve of a silicon steel sheet under different conditions are considered.
An experimental platform is built to measure and analyze the vibration displacement and acceleration
of the variable frequency motor, which verifies the correctness of the proposed scheme. Considering
the influence of the magnetostrictive effect will make the result of calculating the vibration and noise
of variable-frequency motors more accurate.

Keywords: frequency conversion; induction motor; magnetostriction; vibration and noise; analytical

method; finite element method; simulation and experiment

1. Introduction

In recent years, the AC variable-frequency speed-regulation system has become the
most promising speed control method, gradually replacing the DC speed control system
with its excellent speed control performance, significant power saving effect, and wide
applicability in various fields of the world economy [1]. However, the vibration and noise
produced cannot be ignored.

Studies have substantiated that one of the reasons for the vibration and noise of
the induction motor powered by a variable frequency is the magnetostrictive effect of
the iron core [2]. In [3], Fan, W. studied the dynamic model and analysis method of the
transmission process of DCDS. In [4], Maraaba, L.S. presented a novel method for the stator
inter-turn fault diagnosis of a wire-started PMSM, which utilizes frequency analysis of
the acoustic signals caused by asymmetric faults. In [5], Chang, Y. H. studied the core
vibration of a transformer based on the measurement results of the magnetostriction of
silicon steel sheets and gave a mathematical calculation model of magnetostrictive force
and electromagnetic force. In [6], O. A. Mohammed studied the deformation of the motor
stator caused by the magnetostrictive effect of the silicon steel sheet. In [7], K. Delaere
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studied the magnetostrictive force by measuring the strain of the motor stator, and then
calculated the vibration of the motor based on the thermal stress micro-displacement finite
element method and analyzed the vibration frequency spectrum. At the same time, the
electromagnetic design and manufacturing process of the motor will also affect the vibration
and noise of the motor. In [8], M. Islam studied the vibration and noise of fractional-slot
permanent magnet motors with variant pole-slot ratios. In [9], D. Fodorean calculated
the vibration frequency and noise of a DC motor and a permanent magnet motor and
concluded that permanent magnet motors are more suitable for a number of low-noise
applications than DC motors. In another study [10], starting from the stiffness of the motor
stator, L. Gao analyzed the radial electromagnetic force wave and the harmonic response of
the motor stator by an analytical method and the finite element method, and the vibration
and noise of a 48-slot, eight-pole motor were simulated. In [11], based on a special dual-
branch three-phase permanent magnet synchronous motor (PMSM), W. Deng presented
a method that utilizes a known modified space vector PWM technique that can suppress
unpleasant high-frequency vibration noise as well as acoustic noise more effectively than
other methods. In [12], Han, Z. found that the zeroth-spatial-order axial force is dominant
for the generation of the vibration and noise in axial-flux motors. In [13], the performance
of the vibration and noise under classical field-oriented control, offline MTPA control, and
online MTPA control was investigated.

Researchers have conducted a great deal of research on motor vibration and noise-
related issues, but there are few studies on motor silicon steel sheet magnetostriction at
different temperatures and frequencies.

Variable-frequency motors usually work under conditions of high temperatures, poor
power supply quality, and variable load conditions. Silicon steel sheet manufacturers
usually only provide the magnetic characteristic data curve of silicon steel sheets at room
temperature and power frequency, which does not reflect the actual operating conditions
of the variable-frequency motor. Therefore, it is of great significance to investigate the
magnetic properties of the stator core materials of variable-frequency motors resulting in
various temperatures and harmonics.

This article considers a frequency conversion motor with a laminated core of a sil-
icon steel sheet and studies its vibration and noise; the electromagnetic force and the
magnetostriction of the silicon steel sheet are considered comprehensively. This paper is
organized as follows. Firstly, the magnetic properties and magnetostrictive properties of a
non-oriented silicon steel sheet under different temperatures and harmonics are described.
Secondly, the electromagnetic force wave of the variable-frequency motor is calculated;
then, the vibration and noise of the 1140 V /75 kW variable-frequency motor are simulated
and analyzed by multi-physics coupling, and the vibration test is verified. This paper pro-
vides a relatively novel method for calculating the vibration and noise of variable-frequency
motors and provides theoretical support and a reference for the design of low-noise motors.

2. Analysis of the Magnetic Properties of Non-Oriented Silicon Steel Sheets at Variant
Temperatures and Frequencies

The magnetic properties of non-oriented silicon steel sheets will affect the performance
of the motor [14]. This paper analyzes the electromagnetic characteristics of the stator core
silicon steel sheet of a 1140 V /75 kW variable-frequency motor that is used in coal mines at
varied temperatures and different harmonics, and gives the magnetic performance data of
silicon steel sheets under dissimilar temperatures and harmonics.

2.1. Measuring Principle

Figure 1 shows the device for measuring the magnetic properties of silicon steel sheets.
The device is mainly used to measure the magnetic properties of various soft magnetic
materials. The system complies with IEC (IEC60404 and IEC60205) and ASTM standards.
In the experiment, the working temperature of the silicon steel sheets was adjusted by
the temperature control system, and the input waveform of the silicon steel sheets was
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adjusted by the excitation power supply. We obtained the B-H data, B-P data, and magnetic
permeability data of the silicon steel sheets through the data acquisition system.

B s
' Tem perature ,_ll. Excitation
control system § DW315-50 source

Figure 1. The system of test insulation for magnetic characteristics of silicon steel sheet.

Data collection
system

Figure 2 provides a sectional view of the magnetic property measuring device for
silicon steel sheets. The experiment used the single-chip measurement principle to measure
the magnetic properties of silicon steel sheets under different temperatures and harmonic
conditions. The sample was placed in the center of the coil skeleton and formed a closed
magnetic circuit with the iron yoke, which was formed by stacking the silicon steel sheets.
For the sake of evenly distributing the magnetic field applied to the sample, there had to
be a sufficient contact area between the sample and the iron yoke. In addition, the “B coil”
was the magnetic induction intensity measuring coil, and the “H coil” was the magnetic
field intensity measuring coil; the “B coil” and the excitation coil were evenly wound on
the coil skeleton in two layers. The “H coil” was evenly wound on a plate-shaped support
composed of non-magnetically conductive insulating material and as close as possible to
the sample.

Excitation .
coil Skeleton  Sample Hcoil Bracket B coil

Figure 2. Single sheet tester section view.

In further analysis, the data acquisition part of the silicon steel sheet magnetic charac-
teristic test system converted the voltage collected by the excitation coil, H coil, and B coil
into the magnetic field strength, which can be expressed as follows:

_ NiI(t) _ Ny (t)
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At the same time, the magnetic induction intensity can be obtained from the collected
B coil voltage, and it can be expressed as follows:

dj  uo(t) _ 1 !
At~ NpAnm =)= _NzAm/O ualt)dt ?

where H(t) is the magnetic field strength, N is the number of primary windings, I(t) is the
primary current, I, is the length of the magnetic circuit, u1(t) is the primary voltage, Ry, is
the equivalent resistance, u,(t) is the secondary side voltage, N, is the number of secondary
windings, Am is the equivalent area, and J(f) is the magnetic induction intensity.

The performance parameters of the monolithic silicon steel sheet measuring device
are shown in Table 1.

Table 1. Performance parameters of single-piece silicon steel sheet measuring device.

Parameter Value Precision (%)
Temperature/°C 20~300 -

Sample size }
(length x width x height)/mm 150 150 > 0.5

Magnetic field strength /(A /m) 10,000 0.2
Magnetic induction/T 0.001~2 0.2
Frequency/Hz 1~5000 -

2.2. Analysis of the Magnetic Performance Test Results of Non-Oriented Silicon Steel Sheets

2.2.1. Test and Analysis of Magnetic Properties of Non-Oriented Silicon Steel Sheets at
Separate Temperatures

Figure 3 shows the B-H curve, B-p curve, and magnetic permeability curve of the
non-oriented silicon steel sheet at different temperatures.

(@) (b) ()

Figure 3. B-H curves, B-p curves, and magnetic permeability curves of silicon steel sheets at diverse
temperatures: (a) B-H curve of silicon steel sheet at different temperatures; (b) B-p curve of silicon steel
sheet at different temperatures; (c) permeability curve of silicon steel sheet at different temperatures.

As can be seen from Figure 3a—c, with the increase in temperature, the working point
of the non-oriented silicon steel shifted to the right, the saturation magnetic induction
intensity decreased, the loss of the silicon steel sheet decreased under the same magnetic
induction intensity, and the permeability of the silicon steel sheet increased.

The results in Figure 3 show that the increase in temperature increased the activity
of the magnetic domain change of the silicon steel sheet, and its hysteresis characteristics
decreased, which in turn decreased the magnetic induction intensity and the loss, and
caused the magnetic permeability to proliferate. The results demonstrate that temperature
has a certain influence on the magnetic properties of silicon steel sheets. When using silicon
steel sheets for electromagnetic product design, the influence of the working temperature
should be considered.
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2.2.2. Test and Analysis of Magnetic Characteristics of Non-Oriented Silicon Steel Sheets
under Diverse Harmonics

The B-H curve, B-p curve, and permeability curve of silicon steel sheets under different
harmonics are shown in Figure 4.
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Figure 4. B-H curve, B-p curve, and magnetic permeability curve of silicon steel sheets under
diverse harmonics: (a) B-H curve of silicon steel sheet under different harmonics; (b) B-p curve
of silicon steel sheet under different harmonics; (c) permeability curve of silicon steel sheet under
different harmonics.

As can be seen from Figure 4a—c, with the increase in frequency, the working point of
the magnetic induction intensity of the silicon steel sheet shifts to the right, the saturated
magnetic induction intensity and permeability of the silicon steel sheet decrease, and
the loss of the silicon steel sheet increases. The above results show that the magnetic
properties of silicon steel sheets deteriorate with the increase in frequency in the non-power
frequency state.

2.3. Analysis of Magnetostrictive Properties of Non-Oriented Silicon Steel Sheets

Under the action of a magnetic field, not only will the electromagnetic properties of
silicon steel sheets change, but also periodic expansion and contraction (magnetostrictive
effect of silicon steel sheets) will occur. The expansion and contraction of silicon steel
sheets will result in vibration and noise in the electromagnetic device. Based on the above
assumptions, in this study, we tested the magnetostrictive properties of non-oriented silicon
steel sheets. Figure 5 shows the magnetostriction measuring device for silicon steel sheets.
The performance parameters of the silicon steel sheet magnetostrictive measuring device
are shown in Table 2.

Control System

Figure 5. Silicon steel sheet magnetostrictive measuring device.
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Table 2. Silicon steel sheet magnetostrictive measuring device performance parameters.

Project Parameter
Silicon steel sheet model DW315-50
AC excitation parameters 50 Hz, Bpeak = 0.5~1.7 T

Figure 6 shows the B-H hysteresis loop of the silicon steel sheets, and Figure 7 shows
the magnetostrictive butterfly curve of the silicon steel sheets. The values are shown
in Figures 6 and 7. The magnetic induction intensity from inside to outside gradually
increases, the hysteresis loop concerns the origin symmetry, and the butterfly curve refers
to the Y-axis symmetry. In Figure 8, we show a single-value curve of silicon steel sheet
magnetostriction.

5 5 5 5 —0.11
—02T
E E E —0.4T
i : g 0.6T
0 0 : ' —08T
' —09T
0.5 . A Vot
4 —1LIT
; 5 | 13T

=300 =200 -10 b 0 20 300 400

H/(A/m)
Figure 6. Silicon steel sheet B-H hysteresis loop.
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Figure 7. Silicon steel sheet magnetostrictive butterfly curves.
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Figure 8. B-H curve, B-p curve, and magnetic permeability curve of silicon steel sheets under diverse
harmonics: (a) B-A curve; (b) H-A curve.

As shown in Figure 7, with the increase in magnetic induction intensity, the area of the
magnetostrictive butterfly curve increases, i.e., the vibration of the silicon steel sheets inten-
sifies. It can be seen from Figure 8 that when saturation is reached, the magnetostriction of
the silicon steel sheets stabilizes at 4000 nm/m.

3. Analytical Modeling of Frequency Conversion Motor Core Vibration

For the purpose of mathematically expressing the vibration characteristics of variable-
frequency motors, it is necessary to establish a mathematical model of motor vibration [15].
First, the stator magnetic potential and rotor magnetic potential of the variable-frequency
motor are mathematically calculated. Second, the permeance wave is calculated; the
electromagnetic force in the air gap is obtained by multiplying the stator and rotor magnetic
potential with the magnetic conductivity. Finally, combined with the structure and material
properties of the motor stator, the radial displacement and natural frequency of the motor
vibration are calculated.

The air gap magnetic field of the motor will produce an electromagnetic force on
the inner surface of the motor stator. By decomposing the electromagnetic force, two
electromagnetic forces of different magnitudes, perpendicular to each other, can be obtained,
namely the radial electromagnetic force and the tangential electromagnetic force. The radial
electromagnetic force is the main result of motor vibration and noise, while the tangential
electromagnetic force mainly produces the torque of the motor, and the contribution to the
vibration and noise of the motor is relatively small; hence, the tangential electromagnetic
force is often ignored and simplified in calculations. We used traditional mathematical
analysis to model and calculate the vibration of the motor. Figure 9 shows a simplified
schematic diagram of motor vibration.

Stator —
displacernent \_/ .
deformation 1

Alr gap

magnetic
\ field
\
Stator |
I| Flange
+ fized
Eotor /
/ Shaft
~_0

Figure 9. Simplified schematic diagram of motor vibration.
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According to Maxwell’s stress tensor law, the radial electromagnetic force acting on
the unit area of the stator core of the motor or the waveform of the electromagnetic force
wave in the air gap of the motor is proportional to the square of the air gap magnetic
induction intensity. The equation is as follows:

2 BZ
P,(0,t) = bz(:(,)t) — 21% { - cos(2pf — 2wt — 2¢0,)+

®)
LY. By, By, cos[(p £0)6 — (wy £ wr)t — (@, + G"vz)]}
Uz Uz
where P, (6, t) is the radial electromagnetic force, b*(6,t) is the air gap magnetic induction
intensity, and p is the air permeability.

In Equation (3), the air gap magnetic induction is the product of the air gap magneto-
motive force, and the relative air gap permeability, b?(6, t) can be formulated as follows:

b2(8,1) = f(6,1)A (6, 1) )

where f(6, 1) is the radial electromagnetic force and A(0, t) is the air gap permeance.

In the calculation, the force on the inner surface of the stator of the motor needs to be
converted into the concentrated electromagnetic force acting on the stator teeth, as shown
in Equation (5):

P, = 27Ry;l Py )

where Ry; represents the equivalent radius of the inner surface of the stator teeth, and /; is
the length of the stator core.

The vibration displacement of the motor is not only related to the magnitude of
the radial electromagnetic force but also closely related to the stiffness and mass of the
motor stator and shell. The equations of concentrated stiffness and concentrated mass are

as follows:
E. K3L;

K =16m—=% n? —1)k? 6
nz+1
m=G =" )

Table 3 shows the main parameters of motor and silicon steel sheet stiffness.

Table 3. Main parameters of motor and silicon steel sheet stiffness.

Parameter Meaning Value
E. the elasticity of the material 200 e’
D the average diameter 368 mm
he the thickness of the core yoke 30 mm
L; the effective length of the core 310 mm

the order of the vibration force
n 24
wave

ka the coefficient 2
G total mass 316.2 kg

By calculating the radial electromagnetic force, concentrating stiffness, and concen-
trating mass, the vibration displacement of the motor and the natural frequency of the
stator can be obtained. Since the closed motor stator and the shell are closely connected,
the vibration displacement of the motor stator is the same as the vibration displacement of
the shell. The equation can be expressed as follows:

- ®)
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Stator natural frequency:

1 /K

=27\

©)

Because the order of the force wave generated by the tooth harmonics of the stator
and rotor is not overwhelmingly large, it is not the main source of vibration. The harmonic
excitation force when y = —36 and v = 38 should be mainly considered, i.e., the vibration
frequency and displacement analysis when n = 2.

Vibration force frequency:
/ Zy
f=fle=r(1=s)+2] (10)

where f = 50 Hz, k, = —1, Z, = 38, p = 2, s = (0.015) can obtain f = 835.75 Hz,
w = 27nf" = 5251 rad/s.

Placing Equations (7)—(9) into Equation (3), one can calculate the vibration displace-
ment of the induction motor. When the relevant parameters of the induction motor are
changed, under the same excitation, the vibration displacement of the induction motor will
change.

By summarizing the above formulas, we used computer programming for mathemat-
ical calculations, as described in this section. The distribution waveform of the air gap
magnetic induction intensity on the circumference when the phase current reaches the
maximum value is obtained, and then the radial vibration displacement of the motor is
obtained, as substantiated in Figures 10 and 11.

1.5 T T T T T T

displacement (pm)

0 1 2 3 4 5 6

Mechanical angle (rad)

Figure 10. The calculation results of air gap magnetic induction.

12 .
E |
58 |
g
: 6 |
=
g 4
2r ]
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0.5 1 1.5 2

Mechanical angle (rad)

Figure 11. The calculation results of motor radial displacement.

In Figure 10, the magnetic induction intensity of the air gap of the motor is close to the
sinusoidal distribution, and its maximum magnetic induction intensity is 1.1 T. As can be
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seen in Figure 11, the vibration displacement of the motor changes with the change in the
air gap magnetic induction, and the maximum displacement is around 10 pm.

4. Analysis of Electromagnetic Characteristics, Vibration, and Noise of
Variable-Frequency Motors

In order to explore the influence of the electromagnetic characteristics of variable-
frequency motors on vibration and noise, it is necessary to use finite element software for
modeling and analysis [16]. Based on the COMSOL finite element software, we carried
out a simulation analysis of the electromagnetic vibration and noise characteristics of the
1140 V/75 kW variable-frequency motor at different temperatures, dissimilar harmonics,
and considering the magnetostrictive characteristics. The basic parameters of the variable-
frequency motor are shown in Table 4.

Table 4. Variable-frequency motor basic parameters.

Parameter Value
Rated power/kW 75
Rated voltage/V 1140
Rated current/A 48.32
Number of pole pairs 2
Rated speed/(r/min) 1478

Figure 12 shows the process of electromagnetic vibration and noise finite element analysis
of variable-frequency motors. First, we established a finite element model of the variable-
frequency motor; secondly, we input the distinguishing temperature, different harmonics,
and magnetostrictive single-value curves into the finite element model, and simulated and
analyzed the magnetic induction intensity, vibration, and noise of the variable-frequency motor;
finally, the simulation and experiment were compared and analyzed.

Model establishment of
variable frequency motor

|

Import of magnetic
properties of

Material

Import of magnetostrictive
properties of electrical steel

electrical steel sheet

settings

sheets

Electromagnetic
field setting

Solid mechanics

Pressure

settings

acoustic settings

|

Meshing

l

Multiphysics coupling
calculation

Analysis of calculation
results

end

Figure 12. Finite element analysis flowchart.
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4.1. Analysis of Electromagnetic Characteristics of Variable-Frequency Motors under Different
Temperature and Harmonic Conditions

According to the finite element analysis process shown in Figure 12, the electro-
magnetic characteristics of the variable-frequency motor at separate temperatures and
harmonics were simulated and analyzed.

We set the fundamental frequency of the induction motor at 50 Hz, 100 Hz, the third
harmonic 150 Hz, and the fifth harmonic 250 Hz. The finite element analysis of the induction
motor’s electromagnetic force and noise during operation was carried out.

Figure 13 shows the magnetic induction intensity distribution of the variable-frequency
motor at different temperatures. Figure 14 shows the distribution of the magnetic induction
intensity of the down-conversion motor with diverse harmonics.

mm T mm T mm
A 19602 200 A 19599 5
150 150
100 100
50 50
0 0
-50 -50
-100 -100
-150 -150
-200 -200
¥ 0.0007 250 ¥ 0.0007 -250
mm -200 0 200 mm

(@) (b) (c)
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200 A 19592
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100
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-50
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NA_O® NAO®

0.0007
-200 0 200 mm M

Figure 13. Magnetic field distribution of motor at diverse temperatures: (a) magnetic field distribution
at 20 °C; (b) magnetic field distribution at 80 °C; (c) magnetic field distribution at 120 °C.
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-200 : -200 pe -200 0.2

-250 ¥ 0.0007 =250
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¥ 0.0006 -250
mm

¥ 0.0006
mm

Figure 14. Magnetic field distribution of motor at diverse frequencies: (a) magnetic field distribution
at 50 Hz; (b) magnetic field distribution at 150 Hz; (c) magnetic field distribution at 250 Hz.

As shown in Figure 13, as the test temperature of silicon steel sheets proliferates, the
internal magnetic induction intensity of the motor decreases to a certain extent. However,
in the process of motor design and performance research, it is generally the case that
the magnetic induction intensity data are acquired at room temperature. Therefore, the
influence of the silicon steel sheet test temperature on the performance of the motor should
be considered when analyzing and designing the motor.

As shown in Figure 14, as the test frequency of the silicon steel sheets increases, the
internal magnetic induction intensity of the motor decreases, which will lead to a change in
motor loss, temperature, and other parameters, especially a change in motor performance
under a variable-frequency power supply.

4.2. Analysis of Vibration Characteristics of Variable-Frequency Motor Considering
Magnetostriction Effect

To investigate the influence of silicon steel sheet magnetostriction on the vibration
of the variable-frequency motor, based on the COMSOL finite element analysis software,
we proposed a finite element analysis model of motor vibration considering the magne-
tostriction of the silicon steel sheet. Figure 15 shows the vibration calculation process of the
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1140 V/75 kW variable-frequency motor. As shown in Figure 16, the vibration deformation
of the variable-frequency motor without considering the effect of magnetostriction was
investigated, and Figure 17 presents the vibration deformation of the variable-frequency
motor considering the effect of magnetostriction.

Establish the field circuit coupling
model of varable frequency motor

iLH

Y

Electromagnetic field analysis I o ad LV ( 1V x A}
]\4 ot "
11

B=pop:H =V A
J=aE+J*

Structural force field analysis
\ M _ g aryec B
11I do  EZ [=ley

1 AE
R B e |
fTMACA:K 1

Figure 15. Calculation process of the motor.

Y

Figure 16. Vibration distortion of a motor not considering magnetostriction.
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pm

H N W S Dy d 0 W

o

Figure 17. Vibration distortion of a motor considering magnetostriction.

In Figure 15, y is the vacuum permeability, y, is the relative permeability, A is the
vector magnetic potential, | is the current density, E is the electric field strength, and “ x”
represents the curl calculation symbol.

M is the mass matrix, C is the damping matrix, K is the stiffness matrix, ¢ is the
damping ratio, A is the partial derivative of displacement to time, A is the deformation
variable, o is the stress, ¢ is the strain, I, is the energy functional, and “-” represents the
divergence calculation symbol.

As shown in Figure 17, the vibration displacement of the induction motor is asymmet-
ric under the bottom constraint and the maximum displacement is 9 pm when considering
the influence of magnetostriction.

The comparison of vibration displacement before and after considering the influence
of magnetostriction is substantiated in Table 5.

Table 5. Comparison of vibration displacement.

Project Vibration Displacement/pm
Considering magnetostriction 8
Magnetostriction not considered 9

It can be obtained from Table 5 that the vibration displacement of the variable-
frequency motor considering the influence of magnetostriction is larger than that without
considering the influence of magnetostriction.

This is mainly due to the alternating magnetic field. The vibration of the iron core is
mainly caused by the magnetostrictive effect of the ferromagnetic material, i.e., the size of
the silicon steel sheet increases along the direction of the magnetic field line, and the size of
the silicon steel sheet decreases perpendicularly to the direction of the magnetic field line.
Under the condition of frequency conversion, it complies with the ISO-1 standard.

After the coupling calculation, the sound field simulation results of the 1140 V /75
kW variable frequency motor were obtained, and the noise in the air area one meter away
from the periphery of the motor was analyzed. Figures 18 and 19 shows the sound field
distribution and sound pressure waveform before and after magnetostriction
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Figure 18. Sound field distribution before and after magnetostriction: (a) the sound field distribution
when magnetostriction is not considered; (b) the sound field distribution when magnetostriction

is considered.
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Figure 19. Sound pressure waveforms before and after magnetostriction: (a) before magnetostriction;

(b) after magnetostriction.

Through the analysis of the results ofFigures 18 and 19, it can be seen that the sound
pressure increases significantly after adding the influencing factors of the magnetostriction
effect. The specific data comparison is substantiated in Table 6.

Table 6. Comparison of acoustic data before and after magnetostriction.

Magnetostriction Not Considering
Considered Magnetostriction
Sound pressure level /Pa 0.306 0.35
Noise/dB 83.6 84.8

5. Experiment on the Vibration Characteristics of Variable-Frequency Motor

With the aim of verifying the correctness of the scheme proposed in this paper, an
experimental investigation was carried out on the vibration of the 1140 V /75 kW variable-
frequency motor. Figure 16 shows the variable-frequency motor experimental system.

During the experiment, the induction motor had a rated voltage of 1140 V, a rated
current of 54 A, a rated speed of 1478 rpm, and a rated frequency of 50 Hz. We measured
the vibration of the motor at 5 Hz, 25 Hz, and 50 Hz. Each measuring point was measured
5 times, one maximum value was removed, one minimum value was removed, and the
error of the other three values was controlled within 5% as the actual measurement result.

As shown in Figure 20a, the test platform mainly included variable-frequency motors,
loads, detect and control systems, frequency converters, etc. Figure 20b shows the vibration
test points of the variable-frequency motor. Point A is at the end from the motor shaft side,
and point B is concentrated in the middle of the motor. Figure 20c shows the vibration
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test instrument of the variable-frequency motor. The host used HBM’s MX410 B, and the
vibration acceleration sensor used BK’s 4525-B.

‘Frequency
converter

Detection
control

cabinet

Figure 20. Experimental system of variable-frequency motor: (a) testing platform; (b) measuring
point position; (c) test instrument.

Figures 21-23 show the vibration acceleration and displacement curves of point A and
point B of the variable-frequency motor at 5 Hz, 25 Hz, and 50 Hz.
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Figure 21. Acceleration and displacement curve of point A and B in X/Y direction at 5 Hz: (a)
acceleration curve of point A; (b) displacement curve of point A; (c) acceleration curve of point B; (d)
displacement curve of point B.
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Figure 22. Vibration acceleration and displacement curves of points A and B at 25 Hz: (a) acceleration

curve of point A; (b) displacement curve of point A; (c) acceleration curve of point B; (d) displacement
curve of point B.



Symmetry 2022, 14, 569

16 of 17

m/s2

m/s2

I T
31.5 32.0
Time [s]

@)

10 ﬂiﬂ‘r‘”M“
¢ ol g o E
gl 1
T 05 I
sk 0.5 n ’\
e 3 | kAt
E o L N E ol MLAULL S AL,
o P Y € PR
o ! ! B
SR LT T Y T ‘\1\‘111\‘1\\\ B0 R o e e e .
31.0 31.5 32.0 31.0 31.5 32.0 31.0 31.5 32.0
Time [s] Time [s] Time [s]

(b) (c) (d)

Figure 23. Vibration acceleration and displacement curves of points A and B at 50 Hz: (a) acceleration
curve of point A; (b) displacement curve of point A; (c) acceleration curve of point B; (d) displacement
curve of point B.

As seen in Figures 21-23, the error between the measured vibration displacement
data of the variable-frequency motor and the vibration displacement curve was obtained
by the curve error of an order of magnitude, consistent trend, and qualitative analysis
of the vibration trend of variable-frequency motors. There are two reasons for the error:
(1) in the simulation process, the variable frequency motor is an ideal model; however,
in the experiment, the variable-frequency motor was constrained by the bottom and was
connected with the accompanying motor through a flexible coupling, which increased the
error; (2) the measuring instrument experienced measurement error.

6. Conclusions

We studied the electromagnetic characteristics and vibration characteristics of the
1140 V /75 kW variable-frequency motor and drew the following conclusions:

(1) From the point of view of motor materials, the electromagnetic properties and mag-
netostrictive properties of the silicon steel sheet were measured and analyzed. We
observed from the results that, with the increase in temperature and harmonics, the
working performance of the DW315-50 silicon steel sheet becomes worse. With the
increase in the measured induction strength of the silicon steel sheet, the single-value
magnetostriction of the DW315-50 silicon steel sheet gradually increases and tends
towards saturation, and its maximum magnetostriction is 4000 nm/m.

(2) The vibration of the 1140 V /75 kW variable-frequency motor was programmed and
calculated using the traditional analytical method. The force wave order of the ratio
of stator 48 slots and rotor 38 slots was analyzed. After analytical calculation, the air
gap magnetic induction intensity of the 1140 V/75 kW variable-frequency motor was
1.1 T, and the maximum vibration displacement of the motor stator was 10 pm.

(38) The simulation modeling of the 1140 V /75 kW variable-frequency motor was com-
pleted, and, based on COMSOL finite element simulation software, the coupling
analysis of the electromagnetic field, mechanical field, and sound field was completed,
and the influence of magnetostriction on vibration was considered. Through simu-
lation calculation, the vibration displacement was found to be 18 ym and the sound
pressure was 0.35 Pa.

(4) Anexperimental platform was built for the vibration test of the 1140 V/75 kW variable-
frequency motor, and its vibration acceleration and vibration displacement were
collected and analyzed. The maximum vibration displacement was 20 um, which
verified the scheme proposed in this paper.

It is of great significance to investigate the magnetic properties of the stator core
materials of variable-frequency motors resulting in various temperatures and harmonics.
When calculating the vibration and noise of variable-frequency motors, considering the
influence of the magnetostrictive effect will make the results more accurate and play a
guiding role in optimizing motor design.
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