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Abstract: Modal analysis is an indispensable part of the
research on motor vibration and noise issues. Taking a
permanent magnet motor for compressor with a rated power of
1.98 kW as an example, the effects of thermal and
interference stresses on the radial natural frequencies of
various modes of the motor structure are analyzed. Firstly,
the influence of winding and modeling on the modal analysis
of motor structure is analyzed. Then, the selection range of
motor interference fit is analyzed theoretically, the thermal
deformation size of the iron core and casing during the highest
temperature rise of the compressor motor is analyzed through
finite element simulation of thermal-structural coupling.
Based on the selection range of interference fit, the optimal
interference fit is selected from the perspective of vibration
and noise suppression. Finally, a compressor pre-stressed
modal simulation model is established, and the effects of
thermal stress and interference stress on the modal natural
frequency of the compressor are analyzed. Considering the
effects of thermal stresses and interference stresses, the modal
of the entire machine can be calculated effectively and
accurately, which improves the accuracy of the NVH
performance assessment of air-conditioning compressors.
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Tab.1 Motor parameter table

TE THEHL 9
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WE Y/ (romin™!) 3 240
WE T/ kW 1.98
E THME/mm 101
SE T A/ mm 60
e FHME/mm 59
F AR/ mm 16
RO S ChinaSteel _35CS300
HE IS N54SH
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Fig.1 Flow chart of compressor modal analysis based

on thermal-structural coupling
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Tab.2 Size and structural parameters of stator winding
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Fig.2 Finite element model of stator winding
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Fig.3 Finite element simulation model of stator
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Tab.3 Structural material parameters for modal

analysis of compressors

45t MR SR/ (kgemT)  BEMEARLE/Pa

Ey=E,=1.5x10"

BT 3508300 7 650
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Ey=E,=9.6x10"
A il 8 300
E,=13x10"
Ey=E,=9.5x10"
RS il 4300
E,=1.4x10"
GHAGE MG SR 1 400 E=1.4x10°
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Tab.4 The influence of winding on the natural

frequency of motor structure

A%/ H:
e -t A i K%
ETH0 LRI
1727 1 890 9.4
4 351 4 562 4.8
7 064 7 330 3.8
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Fig. 4 Schematic diagram of hammer impact method
modal test
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Fig.5 Schematic diagram of modal test point

arrangement for stator structure
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Fig. 6 The total curve of the frequency response
function of the fitted stator core
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Tab. 6 Analysis of the first four orders of natural

frequency results of stator core structure
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Tab.7 Distribution of losses under various working

conditions and environmental temperature
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Tab.8 Thermal simulation parameters of various

components of the motor
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Fig.7 Cloud diagram of steady-state temperature field

between compressor casing and stator core
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Fig.8 Temperature rise curve of compressor casing and

stator core
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Fig.9 Shell-stator equivalent structural model and

mesh generation diagram
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Fig. 10 Stress distribution diagram of compressor

structure

TR SETIUN 7 1) [ A7 R S5 R He ik 9
fizs e MF9 aIE ), % SR TN ) 0 A 25 7 4G
S B, R AR Y R R R 22 R A
26.7% o NI, ALLEA 5 B AR F7 | aod 10 T i
F9 1A A3 I S Al e o DR T AN T A
T ARG B GO, SeR-RE T 45K A5k
— AT, SN HE S B ad 2 e R -2 T4

© Editorial Office of Electric Machines & Control Application. This is an open access article under the CC BY-NC-ND 4. 0 license.



46

B A R BLE TN SRS A

ZHAO Zhe, et al: Pre-Stress Modal Analysis of Compressor Motor

PRI K 255 BRI R G AR, o T S B AR,
A 0 A 350 A R AR

*9 BEBEMERERI
Tab.9 Comparison of natural frequency results
ik ek e i PR
2 By 1 669 1317 26.7
3 By 2 365 2319 1.98
4 By 3 967 3 890 1.97

WS AR BRI RS SV
JEFNE IR0, BB A R B T H R LA, Al
TR Sigp 225 R SRR o

4 £EiE

ARG T 25 W R AR LA TN S BRI
PiEAAY, BT R-SE M 2 g 0 1, o3 1
TR 3R 3k 1 I ) %oF % ] R AR AL AR ATLAR S 1 5
ma) , SIS AT T 2 W A BRI 05 EL AR
e T TR (1 T

(1) GRUD A LA R IR B AR 28 1) [T A A3 52
MR, R R HLBIL 2 B AR I B %) 1A A, A1
WM S A 5 51 R B RIR Bl e 75 ) 8, W e it
T TR LGSR 254 A W Dk

(2) MAHLHLIR S0 7= i ] £ 2% SR r AL ER O
S HLrEZ 8] i 0 38 RO , N7 T3 A (] A RH R
REIK 2 B8O ) 5 B0 A R0 £ 1784k, s A g PIL
U -5 v 100 B F, ML 45 A T A A R e A R A
A3 S e B /Nl i, DA Sk B B TR R
A BRTF IR, ™ E S 0 H ML S ) 1 T A A3

(3) I3 M TAEPREL 845 1 F LR 2 M 7 i)
IF, 55 AT RN ) X AL G A B R e . AN
AR 3 ik J8 7 3 o) L BIL S R 1) 52 M I [ A
R LA R R, EHRAE R 5 5 R BURH
TGATR 50 R F T M P (R (IR P ASE S I, 52 5 i 52 K
W R R T L H AL AS R RS 3 AT, I 5 D A
MWL) A

GG ARSCEE R TN, 02 P R AR ML TR
Ve 3h. 7 & ML 8% 2 ( Noise, Vibration, Harshness,
NVH) PERE 53 A1 I, ZEA S 43 A7 I 75 2% iy 7
TS 800 7 1 S el DA T A8 451 A A3 1) 47 L 45
TR UERA , B2 v =S I R4 UL NVH P RE DAl 04 1
78

2 % X o

(1]

(2]

(3]

(4]

(6]

WRAbse, TG, s, A5 AR TR I 3K
[l AL F R A sl 2 A S5 am il [T ] s TR
4R, 2023, 38(5) : 1275-1286+1298.

CHEN S X, DING S'Y, SHEN S F, et al. Analysis
and suppression of electromagnetic vibration of
surface mounted permanent magnet synchronous motor
for ships [ J]. Transactions of China Electrotechnical
Society, 2023, 38(5) . 1275-1286+1298.

FESEHE, BEUR, SRR, 45, RIIHR e BUK gL
FHEH T RERS N [T]. BT AR,
2017, 32(22) . 101-107.

DU G H, HUANG N, ZHANG F G, et al. Modal
analysis of the flexible rotor system for high-power
(1]
Transactions of China Electrotechnical Society, 2017,
32(22) . 101-107.

HEw, WL, SRR, S BTSRRI Y
S UL TSRk BRas W (D ] i THOR 24,
2023, 38(8): 2048-2059

XIAZ L, HUK B, SHI T N, et al. Fault diagnosis

of rotor broken bar in induction motor based on

high-speed permanent magnet machine

variable mode decomposition [ J]. Transactions of
China Electrotechnical Society, 2023, 38(8) . 2048-
2059.

GIRGIS R S, VERMAS S P. Method for accurate
determination of resonant frequencies and vibration
behaviour of stators of electrical machines [ J]. IEE
Proceedings B Electric Power Applications, 1981,
128(1) : 1-11.

YANG S J. {RMEAEHShHLLM].
JEnT: Bha i kL, 1985,
YANG S J. Low-Noise Elect [M]. LV Y S, LI Y X.
Beijing: Science Press, 1985.

AR, BRI HLHLE T A 3R R R Y
ARRTTETLT]. BTHEARM, 1987, 11(4):
39-45.

ZHU Z Q, CHEN Y X. The analysis of natural

LI, 2RI

frequencies and mode of electrical machine stators by
finite element method [ J]. Transactions of China
Electrotechnical Society, 1987, 11(4) . 39-45.
FEREE, FRA. KERL A ShPLE T Ik 58
BoHTLT]. AL AR 4, 2007, 27(12)
41-45.

WANG T Y, WANG F X. Vibration and modal

© Editorial Office of Electric Machines & Control Application. This is an open access article under the CC BY-NC-ND 4. 0 license.



MG RN, 5551 %, 5 1§
Electric Machines & Control Application, Vol. 51, No. 1, 2024

47

analysis of stator of large induction motors [ ] ].
Proceedings of the CSEE, 2007, 27(12) . 41-45.

[ 8] HTalg, fRuE, 44 K#ER A i LR 8RRk

RSHESELT]. bl #2016, 43(3) .
22-27.
HUANG K F, XU Y, WANG J Q. Vibration
characteristics modal research of permanent magnet
synchronous motor [ J]. Electric Machines & Control
Application, 2016, 43(3) . 22-27.

[ 9] WANH H, WILLIAMS K. Effects of laminations on
the vibrational behaviour of electrical machine stators
[J]. Journal of Sound & Vibration, 1997, 202(5) .
703-715.

[10] CAI W, PILLAY P, TANG Z J. Impact of stator
windings and end-bells on resonant frequencies and
mode shapes of switched reluctance motors [ J].
IEEE Transactions on Industry Applications, 2002,
38(4) . 1027-1036.

[11] CHAIF, YIL, PEIY L, et al. Accurate modelling
and modal analysis of stator system in permanent
magnet synchronous motor with concentrated winding
for vibration prediction [ J]. Electric Power
Applications IET, 2018, 12(8) . 1225-1232.

[12]  Zm86, XGesE, TORS, 5. KuEF LB L

PRENBE T S5 30 [J]. i TR R, 2017,
32(1): 159-167.
ZUO S G, LIU X X, YU M H, et al. Numerical
prediction and analysis of electromagnetic vibration in
permanent magnet synchronous  motor LJ].
Transactions of China Electrotechnical Society, 2017,
32(1) . 159-167.

[13] BUads, skil, &%), 55 JETHssaU R & i

BUE T RGBS M [T]. LS 26 2,
2019, 23(3) . 51-56.
HE Y S, ZHANG H, ZHAO Q, et al. Modal analysis
for stator system of claw-pole alternator based on real
structural model [ J]. Electric Machines and Control ,
2019, 23(3) . 51-56.

[14]  sKik, fielaRe, BUmidE, 5. B EREEh R0 i)
RALN S B Oy B3 908 [T]. B TRk,
2017, 32(#E4) 2) . 50-55.

ZHANG X, XIE C Q, ZHU L H, et al. Numerical
simulation and experimental research on stress of
motor including magnetostriction effects [ J ].
Transactions of China Electrotechnical Society, 2017,

32(S2): 110-113.

[15]

[16]

[17]

[18]

[19]

[20]

RMET, T, KO0, S BEBUR ARG R
Te fE HL AL AE T3 IR SRS i R (T ). W
TH ARSI, 2019, 34(2) ; 226-235.

WUS N, YU S B, TONG W M, et al. A precise
analytical model of stator core vibration due to
magnetostriction for radial flux motors [ J ].
Transactions of China Electrotechnical Society, 2019,
34(2) . 226-235.

KIMURA K, SHIMIZU I, KAWATA T. Assembly
method of motor housing and stator core of sealed type
motor-driven compressor [ P]. US: US20050115055
Al. 2005-06-02.

MR FeTE T S e R A Y 3K S i P g
PO BARB 5T [ D], A8 A 0B Tk K2,
2019.

YANG Y P. Noise analysis and experimental study of
driving motor based on interference fit of stator and
shell [ D]. Hefei; Hefei University of Technology,
2019.

BRI, HURBEHFA M. dEaT: fer Tl R
1, 2004.

CHENG D X. Handbook of Mechanical Design [ M].
Beijing: Chemical Industry Press, 2004.

WAL E. TR A s R LS LE TS
FER I BB ATIIEID]. AR TL K, 2017.
TAN L Z. Research on interference fit between motor
stator and housing used in pure electric bus based on
temperature rise | D ]. Hefei; Hefei University of
Technology, 2017.

k7K, ISR, B LAk = 2 B AR 4
FrlT]. sPERAL T 24, 2010, 30(30): 114-
120.

TAI Y, LIU Z M. Analysis on three-dimensional
transient temperature field of induction motor [ J].

Proceedings of the CSEE, 2010, 30(30) : 114-120.

ks 3 17 .2023-07-12
B e iR H 199 :2023-09-21
YEZ T

P (1997-) 55 T A, WEFE 0T 16 0 2 T H

BL 0 L LI H A7 B L I EL B 45 B , 962314861 @
shu.edu.cn;

JEEVEH Y B(1980~) , L Wi+, BB, iF 58 7
6] R ML AR B S | P 3R 4R 4 5 | T LB H4% , ying.

dai@ shu.edu.cn,

© Editorial Office of Electric Machines & Control Application. This is an open access article under the CC BY-NC-ND 4. 0 license.



Extended Summary

DOI: 10.12177/emca.2023.157

Pre-Stress Modal Analysis of Compressor Motor

ZHAO Zhe', LIN Haoran', DAI Ying'* , XIONG Duanfeng’
[ 1. School of Electrical and Mechanical Engineering and Automation, Shanghai University,
Shanghai 200072, China;
2. Hanzhao Inspection Technology (Shanghai) Co., Ltd., Shanghai 200435, China ]

Key words: interference fit; thermal-structural coupled; natural frequency; NVH performance

Central air-conditioning systems are becoming
more and more popular in the construction industry,
and their improvement of indoor microclimate comfort
also brings vibration and noise problems, so it is
necessary to carry out vibration control and noise
management of air conditioning systems to improve
environmental comfort. The electromagnetic noise
frequency band of the built-in motor of the air
conditioning compressor is often the main cause of
noise pollution in the central air conditioning system,
which is sensitive to the human ear.

Modal analysis is an indispensable part of the
research on motor vibration and noise problems.
Modal is an inherent characteristic of motor structure
and one of the key links in motor noise analysis and
suppression research. Accurate modal analysis of
motor structural is a prerequisite for solving motor
vibration and noise problems. Domestic and foreign
scholars mainly conduct in-depth research on motor
modes through analytical methods, finite element
methods, and modal testing methods.

At present, there is a certain degree of research
on the analytical analysis of motor structural modes
both domestically and internationally, and some
theoretical models have been proposed for the

The

analytical method usually equates the stator to a

calculation of motor natural frequencies.
single or double ring, and adds windings, stator
teeth, etc. as equivalent masses to the single or
double ring. However, due to factors such as the
influence of the end cover and the relative motion

the the

calculation accuracy is relatively low.

between the winding and iron core,

S5

Compared with analytical methods, using modal
experiments to modify finite element modal simulations
can consider complex machine structures and accurately
model various components, enabling faster and more
accurate modal results to be obtained.

During the machining and assembly process of
types of

residual stresses are generated inside the mechanical

motor structural components, various
structure, which have an impact on the natural
frequency of the motor structural mode. Domestic
and foreign scholars have gradually considered the
vibration characteristics of the stator under pre-
stressed conditions.

This article takes a permanent magnet motor for
compressor with a rated power of 1.98 kW as an
example, the effects of thermal and interference
stresses on the radial natural frequencies of various
modes of the motor structure are analyzed. The outdoor
air conditioning unit is exposed to wind and sun, and
the working environment is harsh, especially in direct
sunlight during summer. The maximum exposure
temperature can reach over 50 “C. Due to the different
thermal expansion coefficients of various components of
the air conditioning compressor, the internal stress of
the motor structure may change, which may lead to
significant changes in the modal frequency of the motor
structure. In this paper, based on the multiphysics
simulation of heat flow structure, the prestress modal
analysis of the motor structure is carried out, and the
influence of thermal stress on the compressor motor
modal is studied. Consider the impact of temperature
rise changes on the structural model of the motor during

the electromagnetic design process.
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