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Abstract. Firstly, the paper established a finite element model for a steel motor shell and
computed related modals, vibration velocities, stress and strain respectively. Computational
results show that the flange and end shield of the motor shell had the maximum vibration velocities
and strain because these locations lacked the reinforcing ribs, while the maximum stress was
mainly at joints between different structures. Secondly, the steel material was replaced by the
aluminum alloy. Mechanical parameters of the motor shell were recomputed and compared with
those of the steel structure. Results show that modal frequency on each order increased, which is
good for avoiding the structural resonance. In addition, the maximum stress of the structure
decreased by 4.4 MPa, and the maximum strain decreased by 0.27 mm, which could effectively
improve the fatigue characteristics of the motor shell under long-term excitation. Then, the
boundary element method was used to compute radiation noises of the motor shell in far field,
where the radiation noise presented an obvious directivity. Finally, the paper proposed a GA-BP
neural network model to predict the radiation noise of the motor and compared the prediction
results with the boundary element. In the whole analyzed frequency band, the maximum difference
between the neural network prediction and the real values did not exceed 5 dB, indicating that it
is feasible to predict radiation noises of the motor by the neural network. Additionally,
experiments were also conducted and compared with two kinds of numerical methods. Methods
proposed in this paper provide some references for realizing the rapid noise reduction and light
weight of motors.

Keywords: motor shell, radiation noises, boundary element method, GA-BP neural network.
1. Introduction

Vibrations and noises of motors have become an important technical index to evaluate the
quality of motor products. Modern motors have started the development towards high current,
high flux density and light structure. Therefore, problems with vibrations and noises of motors
become especially prominent [1, 2].

The problem about vibrations and noises of motors is complex. Its research involves multiple
disciplines such as electromechanics, electromagnetics, motor drive and control, mechanical
vibration science, acoustics and mechanics [3-6]. The purpose of acoustic design is mainly shown
as follows: in order to effectively reduce vibrations and noises, it is necessary to take full account
of requirements regarding motor vibrations and noises at the earliest stages of the structural design
of a motor. At present, there are many researches on motor vibrations and noises, and have
obtained some achievements. Islam [7] researched and analyzed noises and vibrations of a
permanent magnet synchronous motor, while research results show that noises and vibrations are
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from electromagnetic vibration caused by electromagnetic forces. He [8] used the finite element
method to analyze vibration characteristics of a motor and obtained sound field distribution of the
motor through boundary element method. Fu [9] firstly computed the electromagnetic field of a
U-shaped single-phase permanent magnet synchronous motor and obtained the electromagnetic
force of stator based on the two-dimensional nonlinear finite element method, then used
Workbench software to establish a 3D model of the motor. He also computed vibration
displacement, velocity and acceleration under stator electromagnetic force through numerical
simulation of vibration responses of the motor. Finally, Virtual.Lab was used to extract acoustic
boundary element conditions and obtain sound pressure distribution in space and sound pressure
frequency response characteristics. Such research laid a foundation for further optimizing and
improving this kind of motor structures, which can reduce vibrations and noises of motors and
improve working performance. Aiming at the problem that the finite element software ANSY'S
cannot directly obtain acoustic response characteristics and compare results with experimental
data during motor noise analysis, Cui [10] proposed the method which conducts combined
simulation with the acoustic analysis software Virtual.Lab. With a permanent magnet direct
current motor as the example, a structural dynamic model based on ANSYS was established,
vibration frequency response characteristics was computed and added into Virtual.Lab as the input
boundary excitation condition, and sound pressure frequency response characteristics were
computed by Virtual.Lab.

However, the mentioned researches mainly focused on vibration and acoustic radiation
problems of structures in a motor, while rare researches reported vibrations and noises of the motor
shell. The paper firstly made comparative analysis of vibration characteristics of a steel motor
shell and an aluminum motor shell. Results show that the vibration of the aluminum motor shell
obviously is better than that of the steel structure. Finally, an acoustic boundary element model
was established to compute radiation noises of the aluminum motor shell. The computational
result was compared with that of neural networks, while both of them had a good consistency.
Two kinds of computational methods are mutually verified and provide an effective method for
noise reduction design of a motor shell. Finally, experiments were also conducted and compared
with two kinds of numerical methods to validate the reliability.

2. Finite element analysis of the steel motor shell

Solidworks is a type of three-dimensional design software based on Windows operation
platform. The software is featured by a series of advanced three-dimensional design functions and
tools such as complicated surface modeling, combination between solids and surfaces, and
constraint assembly. Meanwhile, SolidWorks can realize the connection with Hypermesh.
Established solid models can be input into Hypermesh for analysis without any modification,
which cannot be prevailed by other types of softwares.

Among optional elements of mesh division, a tetrahedron element can be used for meshing of
any solid model. However, a lot of elements may appear when the tetrahedron element is used for
meshing of a solid model. This is caused by that small meshes must be used during meshing of a
thin wall model, while large meshes may reduce mesh quality and result in inaccurately
computational results. A motor shell is a thin-wall structure, so that the analyzed scale will be
expanded greatly and computation can hardly be continued if a single solid mesh is used for
structural dispersing. In order to ensure the computational accuracy and rationally control the
computational scale, the paper applied hybrid elements for mesh division. Three-dimensional solid
meshes were blended with the shell element. Finally, the finite element model of the motor was
obtained, as shown in Fig. 1. The model contains 103873 tetrahedron elements and 20398
triangular shell elements. Structures are made of steel. Therefore, elasticity modulus is 2.1¢'! Pa,
density is 7800 kg/m?, and Poisson’s ratio is 0.3.

Based on the above finite element model, the base located on the lower part of the motor was
constrained, and the whole degree of freedom will be fixed in this model. Modals of the motor
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under the constraint status were solved, as shown in Fig. 2. It is shown in the figure that mainly
the endshield and flange of motors have an obvious vibration, because that these two structures
lacked reinforcing ribs, while the vibration responses would be larger under the same excitation
force. Full constraint was applied by bolts between the motor base and the ground, so that vibration
responses were restrained. Therefore, the structural modals were presented, as shown in this figure.

Fixed constraints

Fig. 1. Finite element model of a motor

B: Modal B: Modal

Total Deformation Total Deformation 2
Type: Total Defarmation Type: Total Deformation
Frequency: 1224 Hz Frequency: 167.82 Hz

Unit: mm Unit: mm
2016/11/16 16:13 2016/11/16 16:14

88954 Max 87148 Max

7907 7.7465

69186 67782

59303 5.8000

40410 4.8416

39535 38733

29651 2.9040

19768 19366

008838 096831

0 Min 0 Min

a) First order b) Second order

E: Modal B: Modlal
Total Deformation 3 Total Deformation 4
Type: Total Deformation Type: Total Deformation

Frequency: 281.61 Hz Frequency: 293.19 Hz
Unit: mm Urit: mm
2016/11/16 16:14 2016/11/16 16:14

85717 Max 8.2768 Max

76193 7.3571

6.6668 64375

57144 5.5178

4762 45082

3.8096 3.6786

2.8572 2.7583

19048 1.8392

095241 0.01964

0 Min 0 Min

¢) Third order d) Fourth order

B: Modal B: Modal
Total Deformation 5 Total Deforrnation &
Type: Total Deformation Type: Total Deformation

Frequency: 38251 He Frequency: 43752 Hz

Unitz mm nit: mm
2016/11/16 16:14 2016/11/16 16:14

9.7805 Max

97981 Max
8.6038 8.7004
1607 7.6207
[ 65321
54336 54434
43469 43547
3.2602 3.266
21734 21774
10867 10887
0 Min o0 Min
e) Fifth order f) Sixth order

Fig. 2. Modals of the motor on top 6 orders
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At two points of the motor finite element model, the vibration velocities in Fig. 3 were applied
as the excitation respectively. As shown in the figure, the excitation lasted for 2 s, and a lot of
peaks and valley values were presented in the vibration velocities. In Fig. 3(a), the maximum
vibration velocity is 5.2 mm/s, the minimum vibration velocity is —3.6 mm/s, and the vibration
velocity fluctuated around 0 mm/s; during the first half of the excitation duration, the vibration
velocity was relatively small, while the vibration velocity was relatively large during the second
half of duration. Similarly, it is shown in Fig. 3(b) that the vibration velocity mainly fluctuated
around 0 mm/s with the maximum value of 4.3 mm/s and minimum value of —3.7 mm/s; during
the first half of the excitation duration, the vibration velocities were relatively large, which is
opposite to the vibration velocity situation at Point 1.

y/(mm/s)

O = W o O

[
—

Vibration velocit
~

[
L

]
=

0 0.4 0.8 [ 1.6 20
Time's
a) Vibration velocity at point 1

S = W B

Vib‘rﬂl‘jpn velocity/(mm/s)
=

' '
= W

0 0.4 058 12 16 2.0
Time/s
b) Vibration velocity at point 2
Fig. 3. Excitation velocity at two points of the motor

Based on above computation model, a vibration velocity contour of the motor shell under
excitation can be obtained, as shown in Fig. 4. Excitation was mainly applied on a lifting hook of
the motor, so that the vibration velocity was large here. The flange of the motor shell had large
vibration modal, so that the vibration velocity would be large under excitation. In the whole
analyzed frequency band, the vibration velocities of the motor shell gradually increased. When
the analyzed frequency is 80 Hz, 160 Hz and 240 Hz, the maximum vibration velocity was
presented around the lifting hook. At 320 Hz, the maximum vibration velocity was presented at
the flange.

The stress contour of the motor shell was extracted, as shown in Fig. 5. It is shown in Fig. 5
that the maximum stress is presented at the position different from the position of the maximum
vibration velocity. The maximum stress is presented at joints because stress concentration could
easily be caused at these positions such as joints between base and ground, and the endshield. In
addition, with increase of the analyzed frequency, the maximum stress of the motor also increased,
while the maximum stress value was 74.6 MPa.
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C: Harmonic Response

¥ Asis - Directional Velodity - 80. Hz
Type: Directional Welocity (v Auxis)
Frequendy: 80. Hz
Sweeping Phase: 90, °
Unit: mm/s

Global Coordinate Systern
2018/11/16 16:32

C: Harmonic Response

¥ Ads - Directional Velocity - 160. Hz
Type: Directicnal Velodity(¥ Auds)
Frequency: 160 Hz
Sweeping Phase: 50. °
Unit: mm/'s

Global Coordinate System
2016/11/16 16:32

39006 Max 94.60 Max
34418 §3.328
29.83 71966
25242 60.604
20854 49.242
16.066 37.88
11477 26,519
6.8893 15157
23012 37048
-2.2868 Min -1.5671 Min

a) 80 Hz b) 160 Hz
C: Harmonic Response

C: Harmonic Response
¥ Axis - Directional Velocity - 240 Hz ¥ #uds - Directional Velocity - 320. Hz
Type: Directional Velodity(y Axis) Type: Directional Velocity(Y Ais)
Frequeney: 240. Hz Frequency: 320. Hz
Sweeping Phase: 90. ° Sweeping Phase: -90. °
Unit: mim/s Units rm/s
Global Coordinate System Global Coordinate System
2016/11/16 16:32 2016/11/16 16:32

280.88 Max

555.37 Max
248.35 487
215.82 418.63
1833 35026
15077 281.80
118.24 213.52
85,716 145.15
5318 76.779
20,663 84093
-11.864 Min -59.961 Min
¢) 240 Hz d) 320 Hz
Fig. 4. Contours of the motor vibration velocity
C: Harmonic Response C: Harmonic Resporise

Equivalent (von-Mises) Stress - 80. Hz

Type: Equivalent (von-Mises) Stress - Top/Eottom
Frequency: 80. Hz
Sweeping Phase: -180. *

Equivalent (von-Mises) Stress - 160, Hz

Type: Equivalent (von-Mises) Stress - Top/Bottom
Frequency: 160, Hz
Sweeping Phase: -180. >

Unit: MPa it: P&
2018/11/16 16:30 2016/11/16 16:31

12185 Max 20,512 Max
10831 18.233
94775 15.954
81235 13.675
67696 11.396
54157 91166
40618 6.8375
27078 4.5583
13530 22792
0 Min 0 Min

a) 80 Hz b) 160 Hz

€: Harmonic Response C: Harmonic Rasponse

Equivalent (von-Mises) Stress - 240. Hz Equivalent (von-Mises) S_tress - 320.Hz

Type: Equivalent (von-Mises) Stress - Top/Bottom Type: Equivalent (von-Mises) Stress - Top/Bottorm
Frequency: 240, Hz Frequency: 320. Hz
Sweeping Phase: -150. * Sweeping Phase: 0.

nit: MPa Unit: MPa
2016/11/16 16:3L 2016/11/16 16:31

32.648 Max 74.552 Max
29.02 66.269
25.393 57.985
21765 48.702
18.138 41418
1451 33134
10.883 24.851
72551 16,567
36276 82836
0 Min 0 Min

¢) 240 Hz d) 320 Hz
Fig. 5. Contours of the motor stress

Similarly, strain values of the motor under each frequency were also extracted, as shown in
Fig. 6. By comparing Fig. 4 and Fig. 6, we can find that the strain distribution of the motor shell
was similar to its velocity distribution. With increase of the analyzed frequency, the maximum
strain on the motor surface gradually increased. When the analyzed frequency is 80 Hz, 160 Hz
and 240 Hz, the maximum strain of the motor is mainly presented around the lifting hook. At
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320 Hz, the maximum strain of the motor is presented at the flange, mainly because that the
excitation was applied on the motor flange, while the flange with a smooth surface had large
vibration response due to the lack of reinforcing ribs.

C: Harmonic Response C: Hammonic Response

‘fods - Directional Deformation - 80. Hz ¥ s - Directional Deformation - 160. Hz
Type: Directional Deformation(Y Axis) Type: Directional Deformation( Ais)
Frequency: 80. Hz Frequency: 160. Hz
Sweeping Phase: -180. ° Sweeping Phase: 180, °
Units mm Unit: mm
Global Coordinate System Globel Coordinate System
2026/11/16 16:33 2016/11/16 16:33

00776 Max
0068472

008418 Max
0.082858
0.071586
0.060284
0.048982
0.03768%
0.026378
0.015077
0.0037747
-0.0075271 Min

0059345
0050217
0.041089
0.031961
0022834
0013706
00045782
-0.0045495 Min

a) 80 Hz b) 160 Hz
: Harmonic Response €: Harmonic Response

¥ Axis - Directional Deformation - 240. Hz ¥ fwis - Directional Deformation - 320. Hz

Type: Directional Deformation(Y Axis) Type: Directional Deformation(Y Axis)

Frequency: 240, Hz
Sweeping Fhase: -180. °
Unitz rmrm

Global Coordinate Systern
2016/11/16 16:33

Frequency: 320, Hz
Sweeping Phase: 0. *
Unitz rmm

Global Coordinate System
2016/11/16 16:33

0.18626 Max
0.16469

0.27622 Max
0.24221
0.20821
01742

01402

01062
0.072101
0.038187
0.0041824
-0.029822 Min

04312
012155
0.099983
0.078412
0.056842
0.035272
0.013702
-0.0078677 Min

c) 240 Hz d) 320 Hz
Fig. 6. Contours of the motor strain

3. Finite element analysis of the aluminum motor shell

Material parameters of the motor shell were replaced by the aluminum. Structural modals were
recomputed and compared with those of the steel structure. Results are shown in Table 1. It is
shown in Table 1 that each modal frequency of the aluminum motor exceeded that of the steel
structure. A high modal frequency could effectively avoid the structural resonance. A vibration
modal contour of the aluminum structure was extracted, as shown in Fig. 7. It is shown in Fig. 7
that obvious vibrations still appeared at the endshield and flange, which is consistent with the steel
structure. When the analyzed frequency is below 294.6 Hz, with the increase of the analyzed
frequency, the vibration displacement of the motor gradually decreased. When the analyzed
frequency exceeded 294.6 Hz, the vibration displacement of the motor gradually increased with
the analyzed frequency.

Table 1. Modal comparison of motors with two different materials

Order | Steel motor / Hz | Aluminum motor / Hz | Absolute error / Hz
1 122.4 123.0 0.6
2 167.8 168.4 0.6
3 281.6 282.3 0.7
4 293.2 294.6 1.4
5 382.5 384.2 1.7
6 437.5 439.6 2.1

Based on the computation model, a contour of vibration velocities of the motor shell can be
obtained, as shown in Fig. 8. The excitation was mainly applied on the lifting hook of the motor,
so that the vibration velocities here were large. The flange of the motor shell had large vibration
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modals, so that vibration velocities were large under the excitation. This result is highly similar
with that of steel structure mainly because only the material parameter was changed while the
structural characteristic was not changed for the computational model. In the whole analyzed
frequency band, the vibration velocity of the motor shell gradually increased. When the analyzed
frequency is 80 Hz, 160 Hz and 240 Hz, the maximum vibration velocity is presented around the
lifting hook. At 320 Hz, the maximum vibration velocity is at the flange. Compared with the
vibration velocity contour of the steel structure, we can find that the vibration velocities of
aluminum structure were much lower. Therefore, when the motor shell material was replaced by
the aluminum alloy, the structural vibration would be obviously improved.

B: Modlal B: Modal

Total Deformation Total Deformation 2
Type: Total Deformation Type: Total Deformation
Frequency: 122.99 Hz Frequency: 168,39 Hz

Unit: rmm nit: mm
2016/11/16 16:28 2018/11/16 16:29
14.966 Max
13.304
11.641
99777
83147
6.6518
4.0888
33259
16629
o Min

a) First order b) Second order

E: Modal B: Modlal

Total Deformatian 3 Total Deformation 4
Type: Total Deformation Type: Total Deformation
Frequency: 282.26 Hz Frequency: 204.55 Hz
Unit: mm Unit: mm
2016/11/16 16:29 2016/11/16 16:29
14415 Max
12814
1212
9.6102
8.0086
64069
48051
3.2034
16017

0 Min

13.945 Max
12.305
10.846
9.2965
77471
61977
45483
3.0088
15494
0 Min

¢) Third order d) Fourth order

E: Modal B: Modal

Total Deformation 5 Total Deformation &
Type: Totsl Deformation Type: Total Deformation
Frequency: 384,17 Hz Frequency: 430,61 Hz
Unit: rmm Unit: mm
2016/11/16 16:2 2016/11/16 16:20
16.454 Max
14.626
12708
10,969
o.1411
7.3120
54847
36565
18282

o Min

16485 Max
14653
12.821
1099
91582
73265
54849
3.6633
18316

o Min

e) Fifth order f) Sixth order
Fig. 7. Modals of the motor on top 6 orders

The stress contour of the motor shell was extracted, as shown in Fig. 9. It is shown in Fig. 9
that the maximum stress is at the position different from the position of the maximum vibration
velocity. The maximum stress is mainly at the joints because the stress concentration could easily
be caused at these positions such as the joints between base and ground, and the endshield. In
addition, with the increase of the analyzed frequency, the maximum stress of the motor also
increased, while the maximum stress value was 70.2 MPa. Compared with the maximum stress
74.6 MPa of the steel motor shell, the maximum stress decreased by 4.4 MPa. It can effectively
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improve the fatigue failure caused by too large motor shell stress.

Similarly, strain values of the motor under each frequency were also extracted, as shown

C: Harmonic Response
¥ Ais - Directional Veloity - 80. Hz
Type: Directional Velociy(Y Axis)
Frequencys 80. Hz
Sweeping Phase: 50. °

Unit: mm/'s

Global Coordinate System
2016/11/16 16:18

13.912 Max
12.275
10.638
9.0015
73647
5728
40012
24544
081759
-0.8192 Min

a) 80 Hz
C:Harmonic Response

¥ Ais - Directional Velocity - 240 Hz
Type: Directional Velocity(Y £uds)
Frequendy: 240. Hz
Sweeping Phase-su 8
Unit: m

Global Coordinate Systern
2016/11/16 168

10171 Max
89.083
78.153
66.372
54.592
42812
31031
19.251
74705
-4.3099 Min

¢) 240 Hz

€: Harmonic Response
¥ #uds - Directional Velocity - 160. Hz
Type: Directional Velocity(¥ Axis)
Frequency: 160 Hz
Sweeping Phase: 00.
Unit: mmfs

Global Coordinate System
2016/11/16 16:16

33.812 Max
29.737
25.662
21587
17513
13438
93628
52879

1213
28619 Min

b) 160 Hz

VAx\s Dwenmr\a\Ve\n:\ty 320.Hz
Type: Directional vElmty[VAm
Frequency: 320. H

Sweeping bhaser 20,
Unit: mm/s

Global Coordinste Systern
2016/11/16 16:18

187.74 Max
164.59
14144
118.20
95145
71996
48847
25.698
25485
-20.601 Min

d) 320 Hz

Fig. 8. Contours of the motor vibration velocity

C: Harmonic Response
Equivalent (von-Mises) Stress - 80. Hz

Type: Equivalent fron-Mises) Stress - Top/Bottom
Frequeney: 80. Hz
Sweepmg?hase -180.°

2015/11/16 16:16

12.005 Max
10.671
9.3371
£.0033
6.6694
5.3355
4.0016
26678
1.3339
o Min

a) 80 Hz

€: Harmonic Response
Equivalent (von-Mises) Stress - 240, Hz

Type: Equivalent (von-Mises) Stress - Top/Bottom
Frequency 240, Hz
Sweepmg Phase: -180.

Unit: M)
1015/11/15 1617

32.785 Max
29142

255

21857
18.214
14571
10928
7.2856
3.6428

0 Min

¢) 240 Hz

C: Harmonic Response

Equivalent (von-Mises) Stress - 160. Hz

Type: Equ\ve\enl tonhizes) Stress - Top/Bottom
Frequen

Sweeping ohaser 150,
Unit: WPa
2016/11/16 16:16

20.622 Max
18.33
16.089
13.748
11457
91652
68739
45826
22913

0 Min

b) 160 Hz

C: Harmonic Response

Equivalent (von-Mises) Stress - 320. Hz

Type: Eqmve\en( {von-Mises) Stress - Top/Bottom
Frequency: 3
Sweepmg Phaser 0,

it: MPa
2016/11[15 16:17

70,193 Max
62.304
54.504
46.795
38.996
31107
22.308
15.598
7.7992
o Min

d) 320 Hz

Fig. 9. Contours of the motor Stress

in

Fig. 10. By comparing Fig. 7 and Fig. 10, we can find that the strain distribution of the motor shell
was similar to the velocity distribution. With increase of the analyzed frequency, the maximum

714
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strain on the motor surface gradually increased. When the analyzed frequency is 80 Hz, 160 Hz
and 240 Hz, the maximum strain of the motor is mainly around the lifting hook. At 320 Hz, the
maximum strain of the motor is at the flange. This was mainly caused by that the excitation was
applied on the motor flange, while the flange with a smooth surface had large vibration response
due to the lack of reinforcing ribs. The maximum strain of the aluminum motor shell was
0.093 mm. Compared with the maximum strain 0.28 mm of the steel motor shell, the maximum
strain decreased by 0.27 mm. Strain performance of the motor could be improved greatly. Through
comparison of stress, strain, vibration velocity and modal, we can find that the mechanical
performance was obviously improved after the aluminum alloy was used as the motor shell
material.

€: Harmonic Response

¥ fuds - Directional Deformation - £0. Hz
Type: Directional Deformation(Y Axis)
Frequency: §0. Hz

Sweeping Phase: -180.

Unit: mm

Global Coordinate Systermn
2016/11/16 16:15

C: Harmonic Response

¥ Asis - Directional Deformation - 160. Hz
Type: Directional Beformation(Y Axis)
Frequency: 160. Hz

Swesping Phase: -180. °

Unit: mm

Global Coordinate System
2016/12/16 16:15

0.027677 Max
0.024421

0.033634 Max
0.02958

0.021164 0.025527

0.017908
0.014652
0.011395
0.0081391
0.0048828
0.0016265
-0.0016297 Min

0.021473
0.01742
0.013367
0.0093133
0.00526
0.0012066
-0.0028467 Min
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Fig. 10. Contours of the motor strain

4. Prediction of radiation noises based on boundary element method

Vibration accelerations in time-domain and frequency-domain at four observation points of
the aluminum motor shell were extracted, as shown in Fig. 11. By comparing time-domain
vibration accelerations at 4 points in Fig. 11, we can find that the vibration accelerations have an
obvious periodicity, while the vibration accelerations fluctuated around 0. Different from the
time-domain vibration accelerations, the frequency-domain vibration accelerations had obvious
differences in the whole analyzed frequency band. Obvious peaks were at the 4 positions around
2000 Hz-2500 Hz.

As shown in Fig. 12, at the step 1, solid mesh division technology was used, and solid meshes
could not be used as boundary elements, so that the original finite element model should be
processed appropriately and transformed into a relevant acoustic boundary element model. The
vibration frequency response characteristics of the motor, which was computed at the step 2,
should be added in acoustic computation as the input boundary excitation condition of the acoustic
boundary element model, so that shelling was implemented to the finite element model, and local
characteristics which could only slightly influence the computational results of sound field outside
the whole motor mechanism were further simplified. However, no processing is conducted to the
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nodes. In this way, node consistency between the finite element model and the boundary element
model could be maintained, and thus accurate data input can be ensured. In addition, in the noise
radiation computation of boundary elements, the refinement degree of elements depended on
structural dimensions as well as the maximum frequency value obtained in pre-computation in the
acoustic fluid domain.
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d) Time-domain and frequency-domain vibration accelerations at point 4
Fig. 11. Time-domain and frequency-domain vibration accelerations at 4 observation points

When element characteristic size is smaller than 1/6 of the sound wave length decided by the
maximum concerned frequency, the computational accuracy of acoustic results could satisfy
requirements. Based on comprehensive consideration for the computational accuracy, modeling
complexity and probability in successful solution, the paper selected triangular elements for the
motor shell to realize dispersing of the boundary element mesh model. The paper confirmed that
the maximum element length applied by the acoustic boundary element mesh was 2 mm, so that
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the frequency accuracy of the model to be analyzed could be kept below 2500 Hz. The acoustic
boundary element mesh model obtained according to the mesh division principles is shown in
Fig. 13(a). The model contains 10254 triangular elements and 11536 nodes.

ANSYS software

.

3D geometric model

v

Mesh model Harmonic response

VIRTUAL.LAB

|
v [ | ¢

Boundary element model Boundary condition

!

Acoustic response analysis

Fig. 12. Analysis processes of acoustic boundary element

Both the structural vibration responses and the boundary element model were input into
Virtual.Lab. After that, the structural vibration responses were mapped into the boundary element
mesh. In this way, the boundary element mesh could obtain all the characteristics of structural
vibrations, and vibro-acoustic coupling could be realized. With the motor center as the original
point, a spherical mesh with radius of 1m was established as the field point, as shown in Fig. 13(b).
It was used to compute radiation noises of the motor, as shown in Fig. 14. It is shown in Fig. 14
that the radiation noise contour was similar at each frequency point and showed certain directional
distribution. Vibration velocities of the motor were distributed in a concentrated manner rather
than a uniform way, so that the noise radiated by vibration had certain directivity.
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Fig. 13. Models of boundary element meshes and field point meshes

Sound pressure levels of 3 observation points in the field point model were extracted, as shown
in Fig. 15. It is shown in the figure that the sound pressure levels of 3 observation points basically
showed the same changing trends. Only the observation point 1 had obvious peak noises at
2000 Hz-2500 Hz.

© JVE INTERNATIONAL LTD. JOURNAL OF VIBROENGINEERING. FEB 2017, VOL. 19, ISSUE 1. ISSN 1392-8716 717



2350. RESEARCH ON VIBRO-ACOUSTIC CHARACTERISTICS OF THE ALUMINUM MOTOR SHELL BASED ON GA-BP NEURAL NETWORK AND
BOUNDARY ELEMENT METHOD. HE-XUAN HU, XUE-JIAO GONG, CHUN-LAI SHI, BANG-WEN SHI

a) 80 Hz b) 160 Hz

c) 240 Hz d) 320 Hz
Fig. 14. Contours of radiation noises in the far field
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Fig. 15. Comparison of sound pressure levels of 3 observation points
5. Predication of radiation noises based on GA-BP neural networks

BP neural network [11-13] makes use of a learning method based on gradient descent and
directional propagation, and aims to minimize mean square error of network output and training
samples. Regarding capability of self-learning and generalization, it is especially applicable to
solving problems with complex internal mechanisms. It is a currently mature artificial neural
network with the most widely application. Nevertheless, BP network is deficient in that it can
easily fall into local extremum; initial weight and threshold are random; stability is poor;
convergence is low or even cannot be realized, etc.

Genetic Algorithm [14-16] (GA) adopts 3 main operators including selection, crossover and
mutation to operate a population, where the individual information is exchanged by the operators;
individuals in the population are optimized generation after generation; and optimal solutions are
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approximated step by step. GA-BP algorithm is an improved BP algorithm, where the initial
weight is given by GA. It applies global search ability of GA to find the weight corresponding to
initial sub-optimal solution of a network; then takes the weight as the network initial value; and
finally uses the BP algorithm for network training to obtain the optimal solution. Algorithm
processes are shown in Fig. 16. It can very effectively prevent the network from falling into local
minimum, accelerate convergence and make the network get rid of dependence on the initial value.

Determine the N Initializing the

network structure - population
Output weight | Yy :
and threshold Computing fitness [€=— i

4

Training using
BP algorithm

Achieving accurac

Achieving accurac

Conducting genetic:
selection, crossover [— !
and mutation

BP neural network Genetic aleorithm
Fig. 16. Flow chart of GA-BP algorithm

Sound pressure

Al
X

S

Fig. 17. BP neural network topology structure

Parameters

Sound pressure levels of radiation noises are taken as network output. Objective parameters
representing the sound pressure level are taken as network input. A GA-BP network is used to
realize mapping from objective parameters to sound pressure levels. In this way, a prediction
model of motor radiation noises can be established. Related theories show that a 3-layer BP
network with one S-shaped hidden layer and a linear output layer can approximate all the
functions. Therefore, the paper adopted a 3-layer neural network to establish the prediction model
of radiation noises. 3 objective parameters were taken as the input. Sound pressure levels were
taken as the output layer. There was one node. Based on hidden layer selection regulation and
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experimental results, the paper adopted 8 nodes for the hidden layer. Finally, a network topology
structure was established, as shown in Fig. 17. Logsig function was adopted for the network
hidden layer. The purlin linear function was adopted for the output layer.

GA was used to train the network. Training errors are shown in Fig. 18. It is shown in Fig. 18
that the neural network training region became stable when the iteration was conducted to the 8§0th
step. At that time, the computational results could better satisfy actual situations. The trained
neural network was then used to predict radiation noises of the motor. Predication results were
compared with boundary element, as shown in Fig. 19. It is shown in Fig. 19 that in the whole
analyzed frequency band, prediction values of neural networks could coincide the computational
values of boundary element method very well, while the maximum difference was not higher than
5 dB. This results show that it is feasible to predict motor radiation noises using the neural network.
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6. Experimental validation of radiation noises of the aluminum motor shell

In order to validate the computational result of radiation noises of the aluminum motor shell,
the corresponding experiment was conducted in this paper. When the sound pressure level of
radiation noises of the motor was tested, the motor and microphone were installed according to
the latest requirements of ISO [17]. The experimental field and equipment were shown in Fig. 20.
In this figure, microphones were uniformly distributed on a hemisphere with a radius of 1m, and
they were 0.25 m from the ground. The motor was fixed on the ground of semi-anechoic chamber,
and it was located in the center of the hemisphere. Four microphones were arranged in the
hemisphere. The size of the semi-anechoic chamber was 8.4 mx6.2 mx4.8 m. There were some
serious requirements for background noises of the semi-anechoic chamber because background
noises will affect the experimental accuracy. In the analyzed frequency band, the sound pressure
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level of background noises is at least 10 dB lower than that of the tested object. The background
noise in this paper was shown in Fig. 21. In the analyzed frequency band, the sound pressure level
of background noises is less than —10 dB, which was more than the requirement of ISO standards.
The analysis showed that the tested radiation noise was not affected by background noises, and
the experimental result was reliable. The experimental sound pressure level was compared with
those of boundary element method and GA-BP neural network, as shown in Fig. 22. As can be
seen from this figure, the prediction results based on boundary element method and GA-BP neural
network were reliable.
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Fig. 21. Sound pressure level of background noises
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© JVE INTERNATIONAL LTD. JOURNAL OF VIBROENGINEERING. FEB 2017, VOL. 19, ISSUE 1. ISSN 1392-8716 721



2350. RESEARCH ON VIBRO-ACOUSTIC CHARACTERISTICS OF THE ALUMINUM MOTOR SHELL BASED ON GA-BP NEURAL NETWORK AND
BOUNDARY ELEMENT METHOD. HE-XUAN HU, XUE-JIAO GONG, CHUN-LAI SHI, BANG-WEN SHI

7. Conclusions

Firstly, the paper established a finite element model for a steel motor shell and computed
related modals, vibration velocities, stress and strain respectively. Computational results show that
the flange and endshield of the motor shell had the maximum vibration velocities and strain
becasue these locations lacked the reinforcing ribs, while the maximum stress was mainly at joints
between different structures. Secondly, the steel material was replaced by the aluminum alloy.
Mechanical parameters of the motor shell were recomputed and compared with those of the steel
structure. Results show that modal frequency on each order increased, which is good for avoiding
the structural resonance. In addition, the maximum stress of the structure decreased by 4.4 MPa,
and the maximum strain decreased by 0.27 mm, which could effectively improve the fatigue
characteristics of the motor shell under long-term excitation. Then, the boundary element method
was used to compute radiation noises of the motor shell in far field, where the radiation noise
presented an obvious directivity. Finally, the paper proposed a GA-BP neural network model to
predict the radiation noise of the motor and compared the prediction results with the boundary
element. In the whole analyzed frequency band, the maximum difference between the neural
network prediction and the real values did not exceed 5 dB, indicating that it is feasible to predict
radiation noises of the motor by the neural network. Methods proposed in this paper provide some
references for realizing the rapid noise reduction and light weight of motors.
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