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Abstract: Addressing the problem of the vibration and noise of a permanent-magnet synchronous
motor (PMSM), this paper optimizes the structure of a permanent-magnet motor rotator, introduces
the electromagnetic-structure-acoustic coupling calculation model, and optimizes the motor rotator
to reduce the vibration and noise of a permanent-magnet motor. Using the theory of Maxwell’s
stress equation, the radial electromagnetic force on the stator teeth of the permanent-magnet motor
is deduced and analyzed, and the correctness of the analysis calculation is verified by using the
finite element multi-physical field coupling method. Based on the deduced analytical expression
of the radial electromagnetic force, the sources of the radial electromagnetic force for each order
and the frequency of the permanent-magnet motor are summarized. A 12-slot, 8-pole, permanent-
magnet motor is taken as an example. A calculation model considering the spatial distribution of
the radial electromagnetic force and the electromagnetic vibration of an iron-cobalt-based stator is
established. The harmonic response of the electromagnetic vibration of the motor is analyzed, and a
modal analysis is carried out. The optimized acceleration vibration noise cascade of the FeCo-based
permanent-magnet drive motor under load is given. The correctness and validity of the theoretical

derivation and simulation are verified by experiments.

Keywords: FeCo based; permanent-magnet synchronous motor (PMSM); radial electromagnetic
force; vibration and noise; finite element method (FEM); modal analysis

1. Introduction

Vibration and noise are two of the indices used to measure the quality of a permanent-
magnet motor. Because of its high efficiency and simple structure, a permanent-magnet
motor is widely used in various fields. Therefore, studying the vibration and noise of a
permanent-magnet motor has important practical significance.

The electromagnetic vibration noise of a permanent-magnet motor (PMSM) is a prob-
lem in the coupling of multiple physical fields, such as electromagnetic, mechanical, struc-
ture, and sound fields. At present, the main research methods of PMSM electromagnetic
vibration noise include the analytical method, the finite element method, and the experi-
mental method [1-3]. In [4,5], the authors optimize the thickness and slot shape of the stator
yoke of a permanent-magnet motor to reduce the vibration noise of the motor. In [6], the
authors compare different stator/rotor and slot/pole combinations, and it is found that the
vibration noise of the motor is usually determined by its lowest order radial force harmonic,
followed by the frequency of the radial force and, finally, by the amplitude. In [7,8], the
vibration displacement and the acceleration of stator housing under electromagnetic force
waves are analyzed using the finite element method, and the vibration and noise perfor-
mances of the motor are accurately predicted. In [9,10], the authors study the relationship
between the slot width and radial electromagnetic force. Opening auxiliary slots in the
stator can suppress the low-order electromagnetic force to optimize the electromagnetic
vibration noise. In [11], the author presents a method of pasting copper rings on permanent
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magnets to reduce the high-frequency component of motor vibration. Reference [12] dis-
cusses the influence of the shape of the permanent-magnet pole on vibration under no-load
and rated load conditions. References [13-15] use the finite element method to analyze,
in detail, the influence of the structure parameters of the fixed rotor on the low-order
electromagnetic excitation force wave. It can be seen from the above literature that the
components of the radial electromagnetic force can be accurately obtained by using the
finite element method, but the calculation takes a long time. Furthermore, it is difficult
to obtain the magnetic potential of each order, and it is more difficult to determine the
corresponding relationship with the electromagnetic force of each order diameter, which
is not conducive to the analysis of electromagnetic force and the precise calculation of
vibration and noise.

In [16-18], the authors use the finite element method to calculate the modes of the
stator but only for specific surface-mounted permanent-magnet structure motors; in partic-
ular, when changing the size parameters of the stators to optimize their natural frequencies,
the computational load is too large, and the limitations are obvious. In [19-22], the authors
use the two-dimensional time-stepped finite element method to accurately calculate the
radial force of a permanent-magnet motor. The influence of the combination of the pole
and slot on the vibration and noise of the motor is analyzed in detail. The auxiliary slot in
the stator can suppress the low-order electromagnetic force to optimize the electromagnetic
vibration and noise, but the derivation process is relatively complex. Reference [23] con-
ducts a comparative analysis on the electromagnetic vibration noise and electromagnetic
characteristics of three kinds of motors, namely, a permanent-magnet motor, an excitation
motor, and a reluctance motor, because of the large error in the results calculated using
the analytic method. In [24-26], the authors calculate the electromagnetic vibration noise
of a permanent-magnet motor using the analytic method without considering the sound
radiation efficiency, so the calculation accuracy is limited. Since the motor of an electric
vehicle usually works in a wide speed range, it is often necessary to predict the vibration
and noise of the motor in a full speed range.

In order to overcome the shortage of single solution calculation of the analytical
method and finite element method, this paper aims to explore the method of multi-physical
field coupling to quickly and accurately predict the electromagnetic vibration and noise
of permanent-magnet synchronous motors. This paper takes a 30 kW permanent-magnet
synchronous motor with a rated speed of 4000 r/min as the research object. This paper
uses a combination of the finite element method and the analytical method to accurately
calculate the motor vibration and noise of silicon steel and iron cobalt (FeCo)-based stator
materials. Through a comparison of these two stator materials and the optimization of
te rotor structure, the vibration and noise of the motor with two stator materials are
restrained. Finally, the correctness of the simulation and theoretical derivation is verified
by an experiment with the FeCo-based permanent-magnet motor.

2. Motor Structure of FeCo Based Materials

A section diagram of the PMSM used in this study is shown in Figure 1. The motor is an
8-pole, 12-slot, fractional-slot, double-layer, concentrated winding PMSM. The permanent-
magnet structure of the rotor is V-shaped, which is equivalent to four 3-slot, 2-pole unit
motors stitched in turn on the circumference. Its main parameters are shown in Table 1.
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Figure 1. Finite element model of V rotor of PMSM.

Table 1. Main parameters of permanent-magnet motor.

Parameter Value Parameter Value
Rated power 30 kW Stator diameter 210 mm
Rated voltage 194V Air-gap length 1.6 mm
Rated current 94 A Rotor diameter 150 mm

Rated speed 4000 rpm PM thickness 7.7 mm

Slot/pole 12/8 Core length 175 mm

3. Electromagnetic Force of PMSM
3.1. Armature Magnetic Potential of Stator Winding

According to the principle of electromagnetics, the v-th harmonic magnetic potential
of single-phase winding can be expressed as

Fe(a,t) = iPmV cos(wt) COS(V%IX) 1)

v

where F;,;, is the amplitude of the v-th harmonic magnetic potential, w is the electrical
angular velocity, T is the pole distance, « is the angular displacement, f is the time, v is the
harmonic order, and p is the number of pole pairs.

The stator winding of a three-phase PMSM is three-phase symmetrical winding with
a space difference of 120 degrees. The stator is connected to the three-phase sinusoidal AC,
and the three-phase current is balanced. Based on the principle of the single-phase winding
magnetic potential in the electromagnetic field of the motor, it is known that the time-space
function of the winding air-gap magnetic potential under the three-phase sinusoidal AC
excitation is

1 [e®)
Fia(a,t) Fyy cos(wt) cos(vpa) Z Fyy cos(wt —vpa) + = Z Fyy cos(wt + vpa) )
v=135 2,55 2,3
o0
Fp(a,t) = Y Fyycos(wt— &) cos[v(pa — 2]
v=1,35
) o ®3)
=3 ¥ Fwecos[(wt—vpa)+ (v —1)3]+1 ¥ Fuycos[(wt—vpa) — (v+1)Z]
V=135 v=135
[ee]
Fic(a,t) = ¥ Fyycos(wt — )cos[ ]
v=135 )
[ee]
=1 ¥ Fucos[(wt—vpa)+2(v—1)Z] +1 Z Fyy cos|[(wt —vpa) —2(v + 1) &]
v=1,3,5 v=13,5

When the harmonic order v =3k, (k=1, 3,5, ... ), the difference between each phase is
120 degrees, and the sum of the harmonics is equal to 0. Therefore, there is no harmonic
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order where v = 3k in three-phase symmetric windings. When the harmonic order v = 6k + 1,
thatis, v =1,7,13, ... each phase of these harmonics differs by a 0 electrical angle, the sum
of the vectors is equal to the arithmetic sum, and the rotation direction of the harmonic
synthetic magnetic potential is the same as that of the fundamental synthetic magnetic
potential. When the harmonic order v = 6k — 1, or v =5, 11, 17, ... the difference between
each phase is 240 degrees, the sum of the vectors is equal to 0, and the rotation direction
of the harmonic synthetic magnetic potential is the opposite to that of the fundamental
synthetic magnetic potential. In three-phase symmetric winding, when the three-phase
current is balanced, the v-th magnetic potential of the stator winding is

Fi(a,t) = ) Fuycos(vpa F wt) )
v=1

3.2. Rotor’s Permanent-Magnet Magnetic Potential

When the stator armature winding and the stator cogging of PMSM are not considered,
the magnetic potential generated by the permanent magnet can be expressed as

Fy(a,t) = ) Fupcos(upa F wut + ¢y) (6)
u=1

where the absolute value of y is the harmonic number; the positive and negative signs repre-
sent the forward rotation and reverse rotation of the harmonic magnetic field, respectively;
Fny is the p amplitude of the sub-permanent-magnet harmonic magnetic potential; wy, is the
p angular frequency of subharmonic; and ¢, is the initial phase of the magnetic potential.

3.3. Calculation of Air-Gap Permeance

Without considering the influence of rotor eccentricity and assuming that the rotor
surface is smooth, the air-gap permeance can be approximately made up of two parts. One
part is the constant permeance, and the other part is the harmonic permeance caused by
stator slotting. The analytical expression of the equivalent air-gap permeance is

Ag(w) =Ago+ Y, AgoAycos(kZa) (7)
k=0,1,2,...

where a¢( is the average magnetic conductance of the air gap, and k is the order of the tooth
harmonic; Ak is the amplitude of the k-order tooth harmonic magnetic conductivity in the
air gap, and Z is the number of slots.

3.4. Radial Electromagnetic Force Density of PMSM

The functional relationship between the air-gap magnetic density b(«,t) and the mag-
netic potential F(a,¢) is as follows:

b(a, t) [Fl(oc t) + Fa(a, t)]Ag(a, t)
= Z By cos(vpa F wt) + Z By cos(upa F wyt + ¢y 8
= bl(oc t) + ba(a, t)

where by (a,t) is the part generated by the stator winding, by(«,t) is the part generated by the
rotor’s permanent magnet, B;,, is the amplitude of the armature reaction harmonic flux
density generated by the v-th harmonic magnetic potential acting on the average air-gap
magnetic conductivity, and By, is the amplitude of the armature reaction harmonic flux
density generated by the y-th harmonic magnetic potential acting on the average air-gap
magnetic conductivity.
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According to Maxwell’s stress tensor method, the radial and tangential electromagnetic
force densities in the air gap are

P(a,t) = Zlm [ 1) ~ (0, )] )

Pi(a,t) = ;jobrw,t)bt(«,t) (10)

B2 [bi(a, )+ ba(w, )] [br(e, )] + 26y (0, )ba(a, £) + [ba(a, 1))
240 2po 2po
where P,(a,t) is the radial electromagnetic force density, P;(«,t) is the tangential electro-
magnetic force density, b/(a,t) is the radial magnetic density of the air gap, b(a,t) is the
tangential magnetic density of the air gap, and p is the vacuum permeability.
The radial electromagnetic force density in the formula is composed of three parts:
The radial electromagnetic forces interacting with the v-th harmonic density of the stator;

Pr(a,t) ~ (11)

[Bimy cos(vpa F wt)] B,zm/

Frola 1) = 240 4

[1+4 cos(2vpa F 2wt)] (12)

The radial electromagnetic force generated by the same order p-th harmonic dense
interaction of the rotor;

2

2
B t
(B cos(pupa 5 wut)]” _ By [1+ cos(2upa F 2wut +2¢;) ] (13)

P(a,t) = 0
ulat) 20 o

The radial electromagnetic force generated by the harmonic magnetic density interac-
tion between the stator and the rotor.

_ 2By cos(vpaFwt)Buy cos(pupaFwyt+du)
Prop(a,t) = I
= 7 LB Buu{cos|(vpa F wt) — (upa F wut + ¢u)| + cos|(vpa F wt) + (upa F wut + ¢u)] } (14)

= 2% B By {cos[pa(v — p) F (w — wy)t — ¢pu)] + cos[pa(v + p) F (w + wy)t + ¢u)] }

Replacing the above formula with the radial electromagnetic force density P,(«,t),
Equation (11) is expanded to summarize the components of the radial electromagnetic
forces generated by different magnetic fields of the PMSM on the surface of the stator teeth;
that is, the magnetic fields interact with each other to generate radial electromagnetic forces
at each frequency. The order and frequency of the radial electromagnetic force in three
cases are shown in Table 2, where only the first-order tooth permeability is considered and
the stator armature current is only the base wave.

Table 2. The order and frequency of radial electromagnetic force.

Rotor Permanent Stator Armature PM Magnetic Field and Armature
Magnetic Field Magnetic Field Reaction Magnetic Field

Order Frequency Order Frequency Order Frequency
(1 = H2)po (11 = 12)fo (1 —v2)po 0 (n = v)po (v—="Dfo
(11— H2)po (m 1+H2)f0 (11 +v2)po 2fo (H+v)po (v+1)fo
(11 — H2)po 22 (11 —m2)fo (vi —v2)po £ 220 (1 —v)po £ 22 (v—="1fo
(11 + p2)po + 220 (Hl +m2)fo (v1 +v2)po £ 22 2fo (1 +v)po £ 22 (v+1)fo
(11— H2)po £ 20 (1 Hz)fo (1 —v2)po £ 20 (1 —v)po =2z (v—=1)fo
(414 p2)po+ 20 (141 +12)fo (v1 +v2)po + 20 2fo (1 +v)po £ 22 (v+1)fo
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3.5. Radial Electromagnetic Force of 3-Slot, 2-Pole Unit Motor

The harmonic content of the armature reaction magnetic field of the different pole
slot matching motors is different. Taking the 3-slot, 2-pole, permanent-magnet unit motor
as an example, the order and frequency multiple (multiple of fundamental frequency) of
the radial electromagnetic force generated by the separate action of the rotor’s permanent
magnetic field, the stator armature reaction magnetic field, and the interaction between the
rotor’s permanent magnetic field and the stator armature counter magnetic field are listed
in Table 3, Table 4, and Table 5, respectively. The number of slots per pole and phase of the
unit motor is a fraction, and the harmonic number of the armature reaction magnetic field
of the fundamental current is

v=3k+1k=0=£1, £2,--- (15)

where the absolute value of v is the number of harmonic magnetic fields, and the positive
and negative signs indicate the forward rotation and reverse rotation of the harmonic
magnetic field, respectively.

Table 3. The permanent magnetic field alone generates radial electromagnetic force.

Order/Frequency Multiplier

Harmonic
Order Ho

M1 1 3 5 7 9 11 13
1 0/0 2/2 4/4 6/6 8/8 10/10 12/12
2/2 4/4 6/6 8/8 10/10 12/12 14/14
3 0/0 2/2 4/4 6/6 8/8 10/10
6/6 8/8 10/10 12/12 14/14 16/16

5 0/0 2/2 4/4 6/6 8/8
10/10 12/12 14/14 16/16 18/18

7 0/0 2/2 4/4 6/6
14/14 16/16 18/18 20/20

9 0/0 2/2 4/4
18/18 20/20 22/22

11 0/0 2/2
22/22 24/24

0/0
13 26/26

The vibration caused by the electromagnetic force is directly proportional to the
amplitude of the force wave and inversely proportional to the fourth power of the force
wave order. When the air-gap magnetic field is close to sinusoidal, the amplitude of the
electromagnetic force generated by the tooth harmonic magnetic field is very small, so
only the order and frequency multiple of the electromagnetic force generated by the basic
magnetic field are listed in the table. When the frequency of the electromagnetic force wave
is 0, the electromagnetic force will deform the motor without causing vibration.

In order to reduce the vibration and noise of the motor, the radial electromagnetic force
of the motor must be reduced. According to Equation (11), the air-gap magnetic density
determines the radial electromagnetic force, and the magnetic circuit structure of the motor
affects the air-gap magnetic density. Therefore, this paper optimizes the magnetic isolation
bridge of the motor, which is 5 mm along the straight axis, as shown in Figure 1.
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Table 4. The stator armature magnetic field alone generates radial electromagnetic force.
Harmonic Order/Frequency Multiplier
Order Vs

121 1 -2 4 -5 7 -8 10

1 0/0 1/2 3/0 4/2 6/0 7/2 9/0
2/2 3/0 5/2 6/0 8/2 9/0 11/2

_» 0/0 2/2 3/0 5/2 6/0 8/2
4/2 6/0 7/2 9/0 10/2 12/0
4 0/0 1/2 3/0 4/2 6/0
8/2 9/0 11/2 12/0 14/2
5 0/0 2/2 3/0 5/2
10/2 12/0 13/2 15/0
; 0/0 1/2 3/0
14/2 15/0 17/2
-8 0/0 2/2
16/2 18/0
0/0
10 20/2
Table 5. PM field and stator magnetic field produce radial electromagnetic force.
Harmonic Order/Frequency Multiplier
Order v

i 1 -2 4 -5 7 -8 10

1 0/0 1/2 3/0 4/2 6/0 7/2 9/0
2/2 3/0 5/2 6/0 8/2 9/0 11/2

3 2/2 1/4 1/2 2/4 4/2 5/4 7/2
4/4 5/2 7/4 8/2 10/4 11/2 13/4

5 4/4 3/6 1/4 0/6 2/4 3/6 5/4
6/6 7/4 9/6 10/4 12/6 13/4 15/6

7 6/6 5/8 3/6 2/8 0/6 1/8 3/6
8/8 9/6 11/8 12/6 14/8 15/6 17/8

9 8/8 7/10 5/8 4/10 2/8 1/10 1/8
10/10 11/8 13/10 14/8 16/10 17/8 19/10

1 10/10 9/12 7/10 6/12 4/10 3/12 1/10
12/12 13/10 15/12 16/10 18/12 19/10 21/12

13 12/12 11/14 9/12 8/14 6/12 5/14 3/12
14/14 15/12 17/14 18/12 20/14 21/12 23/14

4. Spectrum of Vibration and Noise of PMSM
4.1. Radial Electromagnetic Force Density of PMSM

Figure 2 shows the spatial harmonic field of the radial electromagnetic force of the
zero-phase stator teeth at the rated speed of the motor.

Ignoring the influence of the higher harmonics of the stator and the rotor, the first
13 harmonics of the magnetic potential of the rotor’s permanent magnet and the first
10 harmonics of the armature magnetic potential of the stator are substituted into the
formula (11) of the radial electromagnetic force density derivation to obtain the no-load and
load electromagnetic force density and the calculation error, as shown in Figures 3 and 4,
and Tables 6 and 7, respectively. Due to the influence of the armature magnetic field of the
rated load, it is obvious that the value of the electromagnetic force density under load is
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greater than that under no load. Because the influences of the magnetic potential and the
high-order harmonics of the magnetic conductivity are ignored by the analytical method,

the accuracy of the analytical calculation method (ACM) is lower than that of the finite
element method (FEM).

EdgeForce [N/m]
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Figure 3. No-load radial electromagnetic force density. (a) Force density distribution; (b) low-order
radial force density component.
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Figure 4. Load radial electromagnetic force density. (a) Force density distribution; (b) low-order
radial force density component.
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Table 6. Main low-order no-load radial force density.
Low Order
(OrderfFrequency) 0p/0f 2pl2f aplaf 6pl6f 8p/8f 10p/10f 12p/12f
ACM (kN/m?) 203.504 91.796 76.542 56.821 31.467 21.438 16.819
FEM (kN/m?) 208.915 93.641 78.360 57.945 32.083 22.056 17.256
Error/% —2.59 -1.97 —3.48 —-1.94 —3.19 —2.58 —2.53
Table 7. Radial force density of main low order rated load.
Low Order 0plof 2pl2f aplaf 6pl6f 8plsf 10p/10f 12p/12f
(Order/Frequency) P P P P P P P
ACM (kKN/m?) 459.541 224.648 170.175 123.812 92.492 67.064 48.672
FEM (kN/m?) 473.495 230.139 176.313 127.819 95.537 69.578 50.214
Error/% —2.95 —2.38 —3.48 -3.13 —3.19 —3.61 —3.07

4.2. Modal Analysis of Motor Stator

When the radial electromagnetic force frequency of the motor and the inherent fre-
quency of the vibration mode of the motor are close or coincident, it will cause a large
resonance and produce a very obvious vibration noise. To avoid this resonance phe-
nomenon, it is necessary to analyze and calculate the natural frequency of the motor stator.
The new FeCo-based B800 and silicon steel sheet DW310_35 are used as the stator materials.
The material performance parameters are shown in Table 8. Using the structure field
simulation model, the vibration modes and natural frequencies of the motor stator are
calculated as shown in Figure 5.

Table 8. Stator material performance parameters.

Parameter FeCo-Based B800 DW310_35

Saturation magnetic induction (T) 2.46 2.03
Magnetostriction (x 1079) 60 —

Density (kg/m?) 8200 7650
Curie temperature (°C) 980 746
Resistivity (uQ2-m) 0.4 0.45
Tensile strength (MPa) 1340 343
Elastic modulus (GPa) 128 206
Coercivity (A-m~1) <128 <30
Lamination coefficient 0.88 0.95

Based on the previous theoretical analysis of the radial electromagnetic force order
and the frequency of the motor, the effective modes of the electromagnetic vibration noise
of the 12-slot, 8-pole, permanent-magnet synchronous motor are shown in Table 9.

The fundamental frequencies of the motor are f = 266.7 Hz, 2f = 533.4 Hz, 4f = 1066.7 Hz,
8f = 2133.3 Hz, etc. The radial electromagnetic force frequency in Table 9 is far from the
stator natural frequency in Figure 5, so the motor will not have a large resonance, nor will
it have resonance.

4.3. Vibration Analysis of PMSM

The vibration harmonic response models of two kinds of stator material motors are
established, and the 3D finite element vibration harmonic response analysis is carried out.
By loading the radial electromagnetic force on the corresponding motor stator teeth as the
excitation source for the vibration analysis and by setting the boundary conditions of the
solver and the motor vibration, the harmonic response can be solved. The result is the
deformation of the stator caused by the radial electromagnetic force at different frequencies.
A finite element calculation model for the coupling of the electromagnetic field and the



Energies 2022, 15, 3888

10 of 15

structure field of the motor is established, and the vibration and noise spectrum of the
motor in the range of 1000 r/min-8000 r/min multi-speed is calculated.

(a)2nd order 662Hz (b)3rd order 1523Hz (c)Fourth order 2776Hz

o

e v 4

(d)5th order 4163Hz (e)6th order S020Hz (H)7th order 5846Hz

" o

Figure 5. Modal shape of FeCo-based stator.

Table 9. Frequency distribution of low-order radial force harmonics of 8-pole, 12-slot, permanent-
magnet motor.

Spatial Order Frequency Distribution
0 ..., —18f, —12f, —6f, 0f, 6f, 12f, 18f, . ..
4 ..., —14f, —8f, —2f, 4f, 10f, 16f, 22f, . ..
8 ..., —10f, —4f, 2f, 8f, 14f, 20f, 26f, ...

Comparing the performance of the two stator materials, B800 and DW310_35, it is nec-
essary to ensure that the radial electromagnetic force loaded by them remains unchanged.
After selecting a point on the inner surface of the motor housing, the average value of each
node on the surface of the stator teeth is analyzed. The accelerations of the stator vibrations
of the FeCo-based motor and the silicon steel motor are calculated. The acceleration spec-
trum curve of the motor vibration is obtained and shown in Figure 6. In Figure 6, it can
be seen that the vibration acceleration of the new FeCo-based B800 motor is significantly
greater than that of the silicon steel motor. This is mainly due to the fact that the elastic
modulus of the new FeCo-based B800 material is much smaller than that of the silicon steel
sheet, which results in the performance of suppressing electromagnetic vibration not being
as good as that of the silicon steel sheet.

The motor vibration accelerations of the FeCo-based B800 and silicon steel DW310_35
stator materials are higher at 533.4 Hz, 1066.7 Hz, 1600 Hz, 2133.3 Hz, 2666.7 Hz, and 3200 Hz,
which correspond to 2f, 4f, 6f, 8f, 10f, and 12f, respectively. From the Formulas (12)—(14)
derived earlier, it is known that the radial electromagnetic force amplitude of the motor at
these frequency points is relatively large, so the vibration is obvious. The optimized rotor
structure is shown in Figure 1, and it can be seen in Figure 7 that the acceleration amplitude
of the FeCo-based permanent-magnet motor after optimization significantly decreases as a
whole. Its maximum value decreases from 53.4 before optimization to 31, which decreases
by 41.95%. The goal is to ensure that the electromagnetic performance of the FeCo-based
permanent-magnet motor cannot be changed. The reason why points with frequencies higher
than 3200 Hz are not analyzed is that in these high frequencies, the radial electromagnetic
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force of the FeCo-based B800 stator material motor is already very small, so these frequency
points do not cause a large vibration acceleration.

360 . T . T - T
2 (533.4,53.4) --a-- Silicon steel materials
E —— FeCo based materials
= (3200,40.2)
O
_g (1066.7,39.2)
E40F (2666.7,32.7) )
o,
g (533.4.24.3) (2133.3,26.5) (3200,20.7)
= (1066.7,19.6)
2 ! (2666.717.3)
— A (1600,17.2) L
S20F i ' 2133:313.9) A1
2 :I| i ' ' i
0 i 1 i o
[5] iy 1"“600‘91 |'l :1 I |
Q -3 i i ol oo
& \ ; X RN '
: | ! r'~
S :
§ Qo -
S 0 1000 2000 3000
> Frequency(Hz)

Figure 6. Comparison curve of vibration acceleration frequency spectrum of different materials.
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Figure 7. Vibration acceleration spectrum contrast diagram of motor.

4.4. Noise Analysis of PMSM

Based on the simulation analysis of the vibration and harmonic response of two
materials, FeCo-based B800 and silicon steel DW310_35, the electromagnetic noise of the
motor is simulated. Electromagnetic noise is the noise caused by structural vibration
resulting from electromagnetic force. The electromagnetic noise at the rated speed is
simulated by spherical radiation, and the noise radiation surface is used to calculate the
fluid, that is, the sound transmission medium, as air. The spectrum of the sound pressure
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level of the electromagnetic noise at a point on the inner surface of the motor housing
can be observed by simulation, and coordinate points the same as those of the vibration
solution are selected for analysis. The optimized rotator is used to compare the sound
pressure level (SPL) of the original motor, as shown in Figure 8.
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Figure 8. Contrast results of SPL frequency spectrum of FeCo-based motor. (a) FeCo-based motor;
(b) silicon steel motor.

FeCo based motor Silicon steel motor

1
[y
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The noise spectrum distribution of the FeCo-based motor is obtained by establishing a
simulation model of the acoustic coupled field of the magnetic field structure. Figure 9a
presents the sound pressure level distribution of the FeCo-based motor in an air area of
1 m. It is obvious from the picture that sound appears in an umbrella-shaped distribution
in the air; the closer to the motor, the greater the sound pressure level and the greater the
noise, and the radial sound radiation diffuses outward.
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Figure 9. (a) SPL and noise distribution within 1 m of FeCo-based motor; (b) noise waterfall diagram
of FeCo-based motor under load.



Energies 2022, 15, 3888

13 of 15

Controller

Sound speed sensor

Torque and speed meter

Figure 9b shows a waterfall diagram of the full-speed noise spectrum of the motor
within 8000 rpm. The high-noise areas are mainly concentrated in the zero-order, fourth-
order, eighth-order modes and high-speed states. This confirms the high-noise areas
deduced by the previous theory. When the FeCo-based permanent-magnet motor is in a
high-speed, low-magnetic state, the air-gap harmonics caused by the low-magnetic field
will increase, and a large vibration noise will also be generated.

5. Verification of Prototype Experiment

In order to verify the accuracy of the derivation and calculation of the electromagnetic
radial electromagnetic force and the multi-physical field simulation method of vibration
and noise, the results of the multi-physical field coupling simulation are verified by con-
ducting a prototype experiment. This paper studies the electromagnetic vibration noise of
a permanent-magnet motor. Therefore, the noise of the motor at a speed of 4000 r/min is
measured, as shown in Figure 10a. A noise test diagram of a prototype of the FeCo-based
permanent-magnet motor after structural optimization is given. The noise measurement
of the FeCo-based motors is carried out using a PU probe. Limited by the experimental
conditions and in order to reduce the interference of background noise as much as possi-
ble, shock pad rubber is specifically added at a fixed position on the motor bottom. The
experiment is carried out in the evening with low background noise.
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Figure 10. (a) Field test diagram of noise of FeCo-based motor; (b) comparison between SPL spectrum

simulation and experimental test.

'
(]
=

[

In the vibration noise test, a sound speed sensor is placed at a point on the inner
surface of the motor housing (the coordinates are of the same point as those in the previous
simulation). Figure 10b presents the measured SPL spectral data of the FeCo-based material
motor; it can be seen that there is a big difference between the actual measurement and the
simulation results. The main reason for this is that the simulation calculation only considers
the electromagnetic noise and makes the approximate simplification. In addition to the
electromagnetic noise, the motor itself also has mechanical noise, aerodynamic noise, and so
on, although there is a certain difference in the actual measurement of the motor vibration
noise. However, the overall change trend of the electromagnetic noise in the simulation
analysis is consistent with the actual measurement. In particular, at frequency points with a
high noise value, the maximum SPL value appears at 533 Hz, which is consistent with the
results of the simulation analysis. Therefore, the simulation results can predict the vibration
noise of the motor very well.
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6. Conclusions

In this paper, a new FeCo-based permanent-magnet motor with 8 poles, 12 slots,
and 30 kW is studied by using the coupling analysis method of the electromagnetic field,
structure field, and sound field. The radial electromagnetic force and vibration noise
characteristics under no load and load are analyzed in detail. A new FeCo-based material
is proposed for the stator of the motor. A numerical analysis and a calculation of the
two material schemes are carried out. The rationality and validity of the computational
simulation and theoretical derivation are verified by conducting prototype experiments,
and the following conclusions can be drawn:

(1) The electromagnetic vibration noise of the new FeCo-based motor is not only
related to the radial electromagnetic force of the motor but also to the elastic modulus of
the stator material. The radial air-gap magnetic density of the motor determines the radial
electromagnetic force, and the elastic modulus of the stator material determines the ability
to suppress electromagnetic vibration.

(2) The low-order frequencies of the new FeCo-based motor, namely, 2f = 533.4 Hz,
4f =1066.7 Hz, 6f = 1600 Hz, 8f = 2133.3 Hz, 10f = 2666 Hz, and 12f = 3200 Hz, are obtained by
simulation, and they are in agreement with the results derived from the analytical formula.

(3) The vibration acceleration and noise of both the silicon steel motor and the new
FeCo-based motor are greatly reduced after optimization. The maximum vibration ac-
celeration of the FeCo-based motor decreases from 53.4 mm/s? before optimization to
31 mm/s?, which is a reduction of 41.95%; the average value of the electromagnetic noise
of the sound pressure level decreases from 60.5 dB to 48.3 dB, which is a decrease of 20.2%;
the maximum value of the vibration acceleration of the silicon steel motor decreases from
24.3 mm/s? before optimization to 11.9 mm/ s2, which is a reduction of 51.1%; and the
average value of the electromagnetic noise of the sound pressure level decreases from
55.7 dB to 39.3 dB, which is a decrease of 29.4%. The correctness of the multi-physical field
coupling simulation is verified by the motor experiment of the new FeCo-based material.
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