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ABSTRACT Electromagnetic vibration is an important excitation source for squirrel-cage induction motors.
However, the electromagnetic vibration under various loadings has not been sufficiently analyzed. It is
proposed in this paper that the electromagnetic vibration of motors under different loads can be obtained
by analyzing the amplitude of the electromagnetic force wave. The Maxwell tensor method is employed
to derive the spatial and temporal distributions of the radial force. This paper also calculates the radial
force using the finite element method and decodes the calculated results using two dimensional fast Fourier
transform (2D-FFT) to determine the amplitude of the electromagnetic force at the spatial order under
different loads. In addition, through the modal analysis of the stator core, it can be concluded that in
the case of nonresonance, the vibration response increases when the electromagnetic force of the first-
order and second-order rotor slot harmonic increases. Finally, the conclusion is verified by separating the
electromagnetic vibration of the motor using a vibration test rig.

INDEX TERMS Electromagnetic vibration, squirrel-cage induction motor, load condition, electromagnetic
force wave.

I. INTRODUCTION
The three-phase squirrel-cage induction motor has been
widely used due to its robustness, simple structure, low cost
and easymaintenance. In addition, higher demands have been
made on the performance of squirrel cage induction motors,
such as demands for lower noise and vibration.

The vibration of squirrel-cage induction motors usu-
ally includes three categories: mechanical vibration, fluid
vibration and electromagnetic vibration [1], [2]. Unlike the
mechanical and fluid relevant vibrations, the electromagnetic
excitation significantly changes with different loadings and is
consequently the main vibration excitation source.

Studies on the main vibration excitation source have been
conducted using two main methods: numerical analyses and
analytical methods [2]. In numerical analyses, finite element
models have been widely used to calculate the transient
electromagnetic field, investigate the effect of the magnetic
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field saturation on the electromagnetic force, and examine the
electromagnetic force distribution [3]–[8].

In analytic methods, the electromagnetic excitation was
analyzed by multiplying the magnetomotive force (MMF) by
themagnetic permeance [9], and the waves of magnetomotive
force and magnetic permeance were obtained by taking the
teeth effect and magnetic saturation into consideration [10].
Analytic models were constructed to obtain a suitable mag-
netic field for different pole slots, radial electromagnetic
forces and no-load magnetic fields of motors [11]–[13].
Simple and clear as it is, this method barely considers the
effect of the actual mechanical structure of the motor on
the vibration. Studies on the vibration under different load
conditions have established the correlation between motor
vibration and load conditions but failed to associate the vibra-
tion with the force waves [14].

A combination of these two methods based on the finite
element has been proposed to study air gap magnetic fields
and electromagnetic force waves [15], [16]. The actual arma-
ture reaction magnetic field of the air gap was determined
after combining the excitation effects of all slot currents with
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the calculated armature reaction magnetic field when the
single slot is energized [17].

On the other hand, the vibrations, noise and electromag-
netic force waves of different working conditions were cal-
culated [18].

In addition, the finite element method was utilized to esti-
mate the rotor magnetomotive force; then, the semianalytical
subdomain method was adopted to evaluate and optimize the
electromagnetic force and vibration performance of the built-
in motor [19]–[22].

The frequency characteristics of the motor vibration and
noise coincide with the radial electromagnetic force wave,
so the radial electromagnetic force wave is considered to be
the main cause of motor vibration [23]–[27]. Despite the
increasing application of the finite element method, the corre-
lation between the motor vibration and electromagnetic force
wave has not been fully studied and verified through practical
tests [28].

This paper first determines the spatial and temporal distri-
butions of the radial electromagnetic force using theMaxwell
tensor method and then calculates the radial force using the
finite element method. The calculated results are decoded
through a 2D fast Fourier transform to obtain the amplitude
of the electromagnetic force at spatial order under different
loads. In addition, by analyzing the electromagnetic vibra-
tion under varied load conditions, this study determines the
frequency variations of the electromagnetic vibration in the
case of nonresonance and identifies the dominant electromag-
netic force waves that affect the electromagnetic vibration.
Finally, the results are verified using experiment in which the
mechanical and electromagnetic vibrations are separated, and
the vibration of the stator is tested individually.

II. ANALYSIS OF THE ELECTROMAGNETIC FORCE
When the motor is in operation, the currents of the stator and
rotor interact to produce a composite air gap magnetic field,
which contains a large number of frequencies and rotating
force waves in the spatial distribution. Therefore, the radial
electromagnetic force waves can be expressed as [9]

pr (θ, t) =
∑
n

Pn cos(ωnt − nθ + φn) (1)

where pr is the rth-order radial electromagnetic forcewave;Pn
is the nth-order force wave amplitude. ω is the angular speed.
n and r are the orders (n = ±1, ±2,. . . ); θ is the azimuth
angle; t is time; and ϕn is the phase angle.

According to Maxwell stress tensor, the radial magnetic
force per unit area or magnetic pressure waveform in the air
gap of the stator of the air gap is [9]

pn(θ, t) =
1

2µ0

[
B2r (θ, t)− B

2
t (θ, t)

]
(2)

where µ0 is the permeability of vacuum; Br and Bt are the
radial and tangential components of the magnetic flux density
in the air-gap.

In the formula above, since the magnitude of the tan-
gential force wave is small, Bt is neglected in the calcula-
tion [29], [30], and the radial magnetic density is expressed
as [9]

Br (θ, t) = f (θ, t)λ(θ, t) (3)

where f (θ, t) is the air gap magnetomotive force, and λ(θ, t)
is the air gap magnetic permeance.

Neglecting the higher orders and constant component of
the electromagnetic force, we have

pn(θ, t)=
B2r
2µ0

=
1

2µ0


B21
2

cos(2pθ − 2ω1t − 2φ0r )

+

∑
vz

∑
µz

BvzBµz cos[(µ± v)θ−
(ωµ ± ω1)t − (φµr ± φvr )]


(4)

where

ωµ=k2Z2/p(1− s)ω1 + ω1 (5)

B1 is the fundamental magnetic flux density, p is the pole
pairs, ω1 is the angular velocity, ϕ0r, ϕµz, and ϕvz are the
phase angles of different harmonic magnetic fields, Bvz is
the magnitude of the vz stator harmonic magnetic field, Bµz
is the magnitude of the µz rotor harmonic magnetic field, v
is the number of stator harmonics, µ is the number of rotor
harmonics, vz is the number of stator slot harmonics, µz is
the number of rotor slot harmonics, vz = k1Z1 ± p, and
µz = k2Z2 ± p.
The additional electromagnetic excitation at the presence

of k times power harmonics is

pnk (θ, t)=
1

2µ0


∑

F0Fk32
0 cos[(p± p)θ

−(ωk ± ω1)t−(φk ± φ0)]

+
1
2

∑
F2
k3

2
0 cos(2pθ−2ωk t−2φk )

 (6)

where F0 is the fundamental MMF, Fk is the MMF of the
k time harmonic current, ϕk is the MMF initial phase angle
of k times harmonic current, and ωk is the harmonic angular
velocity.

According to the above derivation, the main orders and
frequencies of the MMF, magnetic permeability, electromag-
netic force waves, and current harmonic are listed in Table 1.
Due to the increased temperature under load, these natural
frequencies will change slightly when they are measured
during normal operation [23].

The natural frequency of the stator of the machine system
of the mth circumferential vibrational mode can be simplified
as [2]

fm =
1
2π

√
Km
Mm

(7)

whereKm is the lumped stiffness, andMm is the lumpedmass
of the stator system.
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TABLE 1. Components of the electromagnetic force waves in the squirrel-cage induction motor.

TABLE 2. Parameters of the motor.

According to the theory of mechanical vibration
impedance [2], the amplitude of the vibration displacement
of mode m can be derived as

Am =
Fm/M√(

ω2
m − ω

2
r
)2
+ 4ζ 2mω2

rω
2
m

(8)

whereM is the mass of the cylindrical shell, ωn is the angular
natural frequency of mode m, ωr is the angular frequency of
the force component of order r , ζm is the modal damping
ratio, and Fm is the amplitude of exciting force.
When the squirrel-cage induction motor is operated with a

load, its speed decreases, and the slip rate increases, which
changes the electromagnetic force wave. The relationship
between the frequency and the motor slip rate is

1f = k
f1Z2
p
s (9)

where f1 is the power frequency, Z2 is the rotor slot, s is the
slip, and p is the pole-pairs, k = 1, 2, 3 . . ..
This paper calculates the excitation amplitude of the har-

monics for 5 operating conditions: without load and 25%,
50%, 75%, and 100% rated load. By comparing the calculated

amplitude with vibration, we obtain the vibration increase
caused by the load. The 0th-order and 4th-order magnitudes
of the forces under different loads are presented in Table 3.

Table 3 indicates that the vibration caused by the excitation
force wave is related to the amplitude and the order of the
force wave. For the small motor, the lower order of the force
wave corresponds to the larger vibration [2]. For example,
the 0th-order and the 4th-order force waves have great impact
on the motor vibration (the electromagnetic forces of the
8th-order and above are neglected due to their minor impact).
For a motor of 2 pole pairs, the 4th-order 100 Hz electro-
magnetic force is substantially larger than the forces of other
orders. However, due to its symmetric distribution and the
large radial stiffness of small motors, the 4th-order electro-
magnetic force imposes a small impact on the vibration.
Among the electromagnetic forces generated by the inter-
action of the stator and rotor harmonics, the 1st-order for-
ward rotor slot harmonic and reverse stator slot harmonic of
the 4th-order electromagnetic force produce a considerable
electromagnetic force, whose amplitude reaches 6927 Pa
(100% load). Although amplitudes much lower than this are
caused by the interaction of the 1st-order rotor-stator slot
harmonics, the electromagnetic force amplitude produced by
other harmonics increases when the motor is loaded. The
calculation of electromagnetic excitation suggests that the
amplitude of the low-order electromagnetic force generally
increases with increase in loading, but the natural frequency
of motor slightly changes. As a result, the vibration amplitude
of the motor increases.

Instead of calculating the vibration response of the motor,
this study calculates the electromagnetic force wave to
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TABLE 3. Frequency and amplitude of the em force wave under different loads.

TABLE 4. Vibration mode and natural frequency of the stator.

estimate the vibration variation of the motor under different
working conditions.

III. MODAL ANALYSIS OF THE STATOR CORE
A modal analysis is performed using the finite element sim-
ulation. The number of nodes is 1,036,213, and the number
of elements is 41,188. The vibration modes of the core are
shown in Figure 1. Table 4 shows the modal analysis results,
including the frequency and mode shape of the core.

IV. SIMULATION RESULT
To better explain the electromagnetic vibration characteristics
of the motor under different loads, the finite element software

FIGURE 1. Modes of the stator core obtained by the FE simulation.

is utilized to calculate the magnetic flux density of the air gap
to determine the density distribution of the electromagnetic
excitation force.

Figure 2 show the topologies of the motor model with the
air gap centerline. As shown, the mesh number of elements
in the squirrel-cage induction motor with different loads
is 61161. The 100% load torque is 47.5 Nm.
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FIGURE 2. Cross section with the magnetic flux lines of the motor model.

FIGURE 3. Time magnetic flux density of the air gap under difference
loads: (a) time domain; (b) frequency domain.

Figure 3a shows the radial magnetic flux density of a
certain point on the X axis of the air gap central line between
the stator and rotor with different loads. The variation trend
of the air gap magnetic density in the time domain is not easy
to observe, so it is transferred to the frequency domain.

Fourier transform is performed on the load time domain
magnetic flux density to determine the magnetic flux density
frequency amplitude, as shown in Figure 3b. When the load
increases, the amplitude of the harmonic field increases; the
1st- and 2nd-order rotor slot harmonics have the most sig-
nificant increases, while the frequency decreases. When the
rotor bar current increases with the increasing load, the rotor
magnetic field in the circuit gains strength. As a result,
the rotor slot harmonics become larger.

FIGURE 4. Spatial radial magnetic flux density of the air gap under
different loads (a) space; (b) spatial order.

Figure 4a shows the change in radial magnetic density on a
circular path within the air gap at a certain time when the load
varies. Apparently, the air gap portion between the stator slot
and the rotor has a large magnetic flux density, while the air
gap portion between stator slots has a magnetic flux density
of almost zero. Due to the difference in air gap clearance,
the magnetic resistance changes, which causes a remarkable
amplitude fluctuation of the magnetic density. When the load
increases, the amplitude of the fundamental wave for the air
gap radial magnetic density significantly increases, and the
harmonics become more pronounced.

A main order diagram (Figure 4b) is obtained by per-
forming Fourier transform on the spatial air gap magnetic
density of different load conditions. In the diagram, the spatial
fundamental frequency is the reciprocal of themechanical cir-
cumferential angle. As demonstrated in the diagram, the order
for the fundamental wave of the 4-pole motor is 2, and the
fundamental wave barely changes. However, Z2 ± p (the
26th-order and 30th-order force wave) changes most signif-
icantly and is the first-order slot harmonic of the rotor mag-
netic potential. Z1 ± p (the 34th- and 38th-order force wave)
also displays a noticeable change and is the first-order slot
harmonics of the stator magnetic potential. When the motor
is running with a load, the increased current causes a large
increase in amplitude of the magnetic flux density of the
stator and rotor.

The temporal and spatial comparison of the air gap mag-
netic flux density shows that there is no clear trend in the
variation of the magnetic density amplitude of each order
under different load conditions. The data in Table 5 show
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TABLE 5. Flux indensity of the main harmonic order under different loads unit: tesla.

FIGURE 5. Electromagnetic force wave under different loads.

that the 26th-order rotor slot harmonic increases most signifi-
cantly, and themagnetic flux density of this order increases by
12 times from no-load to 100% of the rated load. Therefore,
the 26th-order rotor slot harmonic is most affected by load the
most.

The separate analyses of the temporal and spatial changes
of the magnetic flux density are shown above. To analyze the
changes in these two dimensions together, the electromag-
netic force wave generated by the air gap magnetic density
is calculated. The harmonics of the radial electromagnetic
force are analyzed using 2D fast Fourier transform (2D-FFT)
under different load conditions. 2D-FFT is performed on the
air gap magnetic density, and a three-dimensional diagram
of the electromagnetic force wave is obtained with respect to
the frequency, order and amplitude. For a clear comparison,
only three conditions of no-load, 50% load and 100% load
are selected. As shown in Figure 5, almost identical to the
change in air gap magnetic flux density, the electromagnetic
force amplitude increases when the load increases. When the
motor is running with a load, more frequencies of the elec-
tromagnetic force are produced, and the amplitude greatly
increases. When the frequency of the force wave does not
coincide with the natural vibration frequency of the stator
core, the amplitude of the vibration increases when the load
increases.

FIGURE 6. Testing system.

V. EXPERIMENTAL VERIFICATION
A. DESIGN OF THE TEST RIG
A test rig is designed to separate the electromagnetic exci-
tation from the mechanical excitation of the motor under
various operating conditions. To this end, the bearing hous-
ing and stator were separately mounted on a base plant of
large rigidity. Meanwhile, the cooling fan was disassembled
to minimize the fluid noise. To ensure the concentricity of
the end cover and casing structure, the components were
machined with higher precision, and the bearing housing
was installed with a dial gauge. A feeler gauge was used to
measure the air gap clearance.

The test rig design is shown in Figure 6.
The measuring points are shown in Figure 5. In the load

test, a magnetic powder brake served as the load with mag-
netic powder as the working medium. The magnetic powder
on the brake disc was controlled by adjusting the supply
current to generate the resistance torque, which had a good
linear relationship with the supply current. Connected by a
coupling, the motor and magnetic powder brake were fixed
on the cast iron bench.

In Figure 7, X, Y and Z indicate the axial, lateral and
vertical directions, respectively. The acceleration sensors
were placed at points P1-P7, which were the no-load end
bearing housing, motor base top, motor foot, base plate
beneath the motor base, bearing housing, bearing hous-
ing foot, and the top of the magnetic power brake in
sequence.
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FIGURE 7. Measuring point diagram.

FIGURE 8. Acceleration of P1Y and P2Y in the time domain when the
power is cut off.

B. VERIFICATION OF THE TEST
When the motor that was running without a load had a
sudden power cut, the electromagnetic excitation instantly
disappeared, but the rotor excitation remained due to inertia.
The time domain diagram of acceleration at testing points
P1 and P2 at the moment of power off was obtained, as shown
in Figure 8. The diagram illustrates that the stator accelera-
tion response immediately disappears after the power turns
off, while the rotor vibration response gradually decreased.
Because the electromagnetic vibration will disappear when
the power is off, it can be concluded that the stator mainly has
electromagnetic vibration. Therefore, it can be verified that
the bench managed to separate the electromagnetic excitation
from the mechanical excitation.

C. TESTING
In the loaded test, the load torque was adjusted by changing
the current of the controller. After the torque calibration with
a torque sensor, the data were collected for five working
conditions, namely, no-load, 25% load, 50% load, 75% load
and 100% load, in two modes of elastic pin coupling con-
nection and tire coupling connection. The data are shown
in Figure 8 and Figure 9.

In Figures 9 and 10, the vibration amplitudes of the test-
ing points gradually increase when the load grows, and the
vibration amplitude of the motor connected to the load by the
tire coupling is smaller than that connected by the elastic pin
coupling.

D. DISCUSSION
This study focuses on the motor electromagnetic vibration
and analyzes the vibration spectrum of testing points P2 and

FIGURE 9. Vibration in elastic pin coupling connection under different
loads.

FIGURE 10. Vibration in tire coupling connection under different loads.

FIGURE 11. Amplitude of the vibration acceleration under different loads.

P3 under different loads when the motor and load are con-
nected by the elastic pin coupling.

The vibration trend under various load conditions is consis-
tent with the simulated magnetic density and electromagnetic
force wave, and the vibration of the slot harmonics shows
distinct characteristics. The test magnetic density spectrum
displays the ±1-, ±2-, ±3- and other-order rotor slot har-
monic magnetic densities, which are Z2/p(1-s)f1, Z2/p((1-s)-
2)f1, 2Z2/p((1-s)-2)f1, 3Z2/p((1-s)-2)f1, etc.

In addition, the low-frequency vibration is clearly signifi-
cant in the no-load condition. Figure 11 shows that when the
load increases, the amplitude of the harmonic magnetic field
increases, whereas the amplitude of the fundamental wave
barely changes. However, the 1st-order rotor slot harmonics
displays the largest growth. When the load increases, the
frequency decreases because of the increasing slip rate and
lower rotation speed.

173246 VOLUME 7, 2019



D. Kong et al.: Electromagnetic Vibration Characteristics Analysis of a Squirrel-Cage Induction Motor

VI. CONCLUSION
This paper analyzes the influence of the electromagnetic exci-
tation force on the electromagnetic vibration of a motor under
different load conditions and verifies the simulation results by
testing the electromagnetic vibration under different working
conditions on the motor vibration separation test bench. The
following conclusions are made:

(1) When the motor is running with a load, the harmonic
magnetic field of the air gap slot greatly increases. Most of
the response frequencies come from electromagnetic force
waves generated by the interaction between stator and rotor
slot harmonics.

When the motor runs without a load, the main vibration of
the motor is concentrated in the low-frequency band. When
the motor operates under a load condition, the high-frequency
vibration of the motor greatly increases, and the main fre-
quency feature is the harmonic frequency of the rotor slot.

(2) After the motor has been loaded, due to the larger
current, the amplitude of the interaction force of the stator
and rotor increase, which result in significant vibration of
different parts of the whole machine.

(3) After the motor is loaded, the rotor and stator slot
harmonics in the first order and second order demonstrate the
largest change, which is the major cause for the difference
between the no-load and load vibration response.

(4) The results of the vibration test suggest that the cou-
pling stiffness can affect the vibration amplitude, and the
smaller rigidity of the coupling can reduce the amplitude of
the motor vibration.

(5) The relationship between the electromagnetic force
wave and the motor magnetic vibration was theoretically
shown. The effect of electromagnetic vibrations under the
loading was experimentally discussed. It has been clari-
fied that the dominant electromagnetic vibration increases
in approximate proportion to the amplitude of the low-order
harmonic, which is the main cause of the vibration.

DATA AVAILABILITY
The data used to support the findings of this study are avail-
able from the corresponding author upon request.

CONFLICTS OF INTEREST
The authors declare no conflicts of interest.

REFERENCES
[1] S. J. Yang, Low-Noise Electrical Motors. Oxford, U.K.: Clarendon, 1981.
[2] J. F. Gieras, C. Wang, and J. C. Lai. Noise of Polyphase Electric Motors.

New York, NY, USA: Taylor & Francis, 2006, pp. 5–19.
[3] A. Belahcen, A. Arkkio, P. Klinge, J. Linjama, V. Voutilainen, and

J. Westerlund, ‘‘Radial forces calculation in a synchronous generator for
noise analysis,’’ in Proc. 3rd Chin. Int. Conf. Elect. Mach., Xi’an, China,
Aug. 1999, pp. 122–199.

[4] P. J. Rodriguez, A. Belahcen, and A. Arkkio, ‘‘Signatures of electrical
faults in the force distribution and vibration pattern of induction motors,’’
IEE Proc.—Electric Power Appl., vol. 153, no. 4, pp. 523–529, Jul. 2006.

[5] T. P. Holopainen, A. Tenhunen, and A. Arkkio, ‘‘Electromechanical inter-
action in rotordynamics of cage induction motors,’’ J. Sound Vib., vol. 284,
nos. 3–5, pp. 733–755 2005.

[6] M. Valavi, A. Nysveen, and R. Nilssen, ‘‘Characterization of radial
magnetic forces in low-speed permanent magnet wind generator with
non-overlapping concentrated windings,’’ in Proc. 20th Int. Conf. Elect.
Mach. (ICEM), Sep. 2012, pp. 2943–2948.

[7] X. Sun, Z. Shi, G. Lei, Y. Guo, and J. Zhu, ‘‘Analysis and design optimiza-
tion of a permanent magnet synchronous motor for a campus patrol electric
vehicle,’’ IEEE Trans. Veh. Technol., vol. 68, no. 11, pp. 10535–10544,
Nov. 2019, doi: 10.1109/TVT.2019.2939794.

[8] X. Sun, K. Diao, G. Lei, Y. Guo, and J. Zhu, ‘‘Study on segmented-rotor
switched reluctance motors with different rotor pole numbers for BSG
system of hybrid electric vehicles,’’ IEEE Trans. Veh. Technol., vol. 68,
no. 6, pp. 5537–5547, Jun. 2019, doi: 10.1109/TVT.2019.2913279.

[9] Y. X. Chen, Z. Q. Zhu, and S. C. Ying, Analysis and Control of Motor
Noise. Hangzhou, China: Zhejiang Univ. Press, 1987.

[10] S. P. Verma and A. Balan, ‘‘Determination of radial-forces in relation to
noise and vibration problems of squirrel-cage induction motors,’’ IEEE
Trans. Energy Convers., vol. 9, no. 2, pp. 404–412, Jun. 1994.

[11] L. J. Wu, Z. Q. Zhu, D. Staton, M. Popescu, and D. Hawkins, ‘‘Sub-
domain model for predicting armature reaction field of surface-mounted
permanent-magnet machines accounting for tooth-tips,’’ IEEE Trans.
Magn., vol. 47, no. 4, pp. 812–822, Apr. 2011.

[12] H. Guhuan, Z. Huang, and D. Chen, ‘‘Two-dimensional field analy-
sis on electromagnetic vibration-and-noise sources in permanent-magnet
direct current commutator motors,’’ IEEE Trans. Magn., vol. 47, no. 4,
pp. 787–794, Apr. 2011.

[13] J. Fu and C. Zhu, ‘‘Subdomain model for predicting magnetic field in slot-
ted surface mounted permanent-magnet machines with rotor eccentricity,’’
IEEE Trans. Magn., vol. 48, no. 5, pp. 1906–1917, May 2012.

[14] K. Tsuboi, I. Hirotsuka, and F. Ishibashi, ‘‘Causes and characteristics of the
electromagnetic vibration of a squirrel cage induction motor under load,’’
Electr. Eng. Jpn., vol. 120, no. 4, pp. 81–89, 2015.

[15] X. Sun, B. Su, S. Wang, Z. Yang, G. Lei, J. Zhu, and Y. Guo, ‘‘Performance
analysis of suspension force and torque in an IBPMSMWithV-shaped PMs
for flywheel batteries,’’ IEEE Trans. Magn., vol. 54, no. 11, Nov. 2018,
Art. no. 8105504.

[16] X. Sun, Z. Jin, S. Wang, Z. Yang, K. Li, Y. Fan, and L. Chen, ‘‘Perfor-
mance improvement of torque and suspension force for a novel five-phase
BFSPMmachine for flywheel energy storage systems,’’ IEEE Trans. Appl.
Supercond., vol. 29, no. 2, pp. 1–5, Mar. 2019, Art. no. 0601505.

[17] W. Zhu, B. Fahimi, and S. Pekarek, ‘‘A field reconstruction method for
optimal excitation of permanent magnet synchronous machines,’’ IEEE
Trans. Energy Convers., vol. 21, no. 2, pp. 305–313, Jun. 2006.

[18] D. Torregrossa, A. Khoobroo, and B. Fahimi, ‘‘Prediction of acoustic noise
and torque pulsation in PM synchronous machines with static eccentricity
and partial demagnetization using field reconstruction method,’’ IEEE
Trans. Ind. Electron., vol. 59, no. 2, pp. 934–944, Feb. 2012.

[19] E. Devillers, M. Hecquet, E. Devillers, and J. Le Besnerais, ‘‘A new
hybrid method for the fast computation of airgap flux and magnetic forces
in IPMSM,’’ in Proc. 12th Int. Conf. Ecolog. Vehicles Renew. Energies
(EVER), Apr. 2017, pp. 1–8.

[20] W.Xun andQ. Arui, ‘‘Analytical calculation for harmonics in squirrel-cage
asynchronous motors considering slotting and saturation,’’ J. Tsinghua
Univ. (Sci. Tech.), vol. 51, no. 3, pp. 18–28, 2011.

[21] H. Yang and Y. Chen, ‘‘Influence of radial force harmonics with low mode
number on electromagnetic vibration of PMSM,’’ IEEE Trans. Energy
Convers., vol. 29, no. 1, pp. 38–45, Mar. 2014.

[22] Y. Lu, J. Li, R. Qu, D. Ye, and H. Lu, ‘‘Electromagnetic force and
vibration study on axial flux permanent magnet synchronous machines
with dual three-phase windings,’’ IEEE Trans. Ind. Electron., vol. 67, no. 1,
pp. 115–125, Jan. 2020, doi: 10.1109/TIE.2018.2890494.

[23] J. Zou, H. Lan, Y. Xu, and B. Zhao, ‘‘Analysis of global and local force
harmonics and their effects on vibration in permanent magnet synchronous
machines,’’ IEEE Trans. Energy Convers., vol. 32, no. 4, pp. 1523–1532,
Dec. 2017, doi: 10.1109/TEC.2017.2720422.

[24] S. Yu and R. Tang, ‘‘Electromagnetic and mechanical characterizations of
noise and vibration in permanent magnet synchronous machines,’’ IEEE
Trans. Magn., vol. 42, no. 4, pp. 1335–1338, Apr. 2006.

[25] S.-W. Hwang, H.-J. Lee, T.-S. Kim, Y.-H. Jung, and J.-P. Hong, ‘‘The influ-
ence of electromagnetic force upon the noise of an IPM motor used
in a compressor,’’ IEEE Trans. Magn., vol. 42, no. 10, pp. 3494–3496,
Oct. 2006.

[26] K. H. Yim, J. W. Jang, G. H. Jang, M. G. Kim, and K. N. Kim, ‘‘Forced
vibration analysis of an IPM motor for electrical vehicles due to magnetic
force,’’ IEEE Trans. Magn., vol. 48, no. 11, pp. 2981–2984, Nov. 2012.

VOLUME 7, 2019 173247

http://dx.doi.org/10.1109/TVT.2019.2939794
http://dx.doi.org/10.1109/TVT.2019.2913279
http://dx.doi.org/10.1109/TIE.2018.2890494
http://dx.doi.org/10.1109/TEC.2017.2720422


D. Kong et al.: Electromagnetic Vibration Characteristics Analysis of a Squirrel-Cage Induction Motor

[27] H. J. Shin, J. Y. Choi, H. W. Cho, and K. Hong, ‘‘Effects of mechanical
resonance on vibrations of mechanical systems with permanent magnet
machines,’’ IEEE Trans. Magn., vol. 50, no. 11, pp. 1–4, Nov. 2014.

[28] D. Fodorean, M. M. Sarrazin, C. S. Marţiş, J. Anthonis, and
H. Van der Auweraer, ‘‘Electromagnetic and structural analysis for a
surface-mounted PMSM used for light-EV,’’ IEEE Trans. Ind. Appl.,
vol. 52, no. 4, pp. 2892–2899, Jul./Aug. 2016.

[29] D. G. Dorrell, ‘‘Sources and characteristics of unbalanced magnetic pull in
three-phase cage induction motors with axial-varying rotor eccentricity,’’
IEEE Trans. Ind. Appl., vol. 47, no. 1, pp. 12–24, Feb. 2011.

[30] D. G. Dorrell, J. K. H. Shek, M. A. Mueller, and M.-F. Hsieh, ‘‘Damper
windings in induction machines for reduction of unbalanced magnetic pull
and bearing wear,’’ IEEE Trans. Ind. Appl., vol. 49, no. 5, pp. 2206–2216,
Sep. 2013.

DEFENG KONG received the B.Sc. and M.Sc.
degrees in agricultural mechanization engineering
from Heilongjiang Bayi Agricultural University,
Daqing, China, in 2003 and 2007, respectively. He
is currently pursuing the Ph.D. degree with the
College of Power and Energy Engineering, Harbin
Engineering University, Harbin, China.

His current research interests are the analysis
of electromagnetic field and vibration control of
electrical machines.

ZHIJUN SHUAI received the B.Sc., M.Sc.,
and Ph.D. degrees in marine engineering
from Harbin Engineering University,
Heilongjiang, China, in 2002, 2006, and 2013,
respectively.

He has been working with Harbin Engineering
University, since 2013, where he is currently an
Associate Professor with the College of Power
and Energy. Since 2006, he has been engaging
in the research of vibration and noise reduction,

load identification, and structural dynamics optimization of marine motors.
His research interests include the structure vibration control of rotating
machinery and analysis of the electromagnetic field of electrical machines.

WANYOU LI received the B.Sc., M.Sc.,
and Ph.D. degrees in marine engineering
from Harbin Engineering University,
Heilongjiang, China, in 1995, 1998, and 2002,
respectively.

His main research interest includes the structure
vibration control of rotating machinery of elec-
tromechanical equipment.

DONGHUA WANG received the B.Sc. degree
in thermal power engineering and the M.Sc. and
Ph.D. degrees in power machinery and engi-
neering from the Harbin Institute of Technology,
Heilongjiang, China, in 2002, 2004, and 2009,
respectively.

He has been working with Harbin Engineering
University, since 2009, where he is currently an
Associate Professor with the College of Power and
Energy. His main research interests include the

dynamics of rotating machinery and structure vibration control.

173248 VOLUME 7, 2019


