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Abstract: Aiming to address the rotor eccentricity problem caused by various factors, such as
manufacturing, operation and the mass imbalance of the induction motor, the variation law of
electromagnetic force wave and vibration response under rotor eccentricity during no-load operation
is investigated. To begin with, on the basis of the air-gap permeability, the air-gap magnetic density
components under static and dynamic eccentricity are analyzed by using the analytical method. The
order and amplitude expressions of the radial electromagnetic force generated by the interaction
of harmonics are obtained. Subsequently, a finite element model of the electromagnetic field was
developed, and the space-time spectrum of the electromagnetic force was obtained by combining
the 2D Fourier analysis. Finally, the electromagnetic force wave is used as a load to investigate
the electromagnetic vibration response under different rotor eccentric forms. The effect of rotor
eccentricity on the vibration response of the motor is quantitatively analyzed by using the spectral
analysis method. The method of analyzing electromagnetic force wave and vibration response can
also provide a reference for the same type of motor.

Keywords: vibration response; squirrel-cage induction motor; rotor eccentricity; electromagnetic
force wave; 2D Fourier analysis

1. Introduction

The squirrel-cage induction motor is widely used in various applications, with the
advantages of its simple structure, low price and reliable operation. With the attention
paid to noise pollution in recent years, the demand for low-noise motors is increasing.
The problem of motor vibration and noise has become one of the important indicators to
evaluate motor performance [1-3].

During the manufacturing and operation of the motor, owing to the deformation
of the rotating shaft, the wear of the bearing and the unbalance of the rotor mass, an
air-gap eccentricity fault may occur between the stator and the rotor. When the eccentric
fault occurs, the air-gap magnetic field will distort and generate additional harmonics.
These additional harmonics will generate additional electromagnetic force waves after the
interaction, which will increase the vibration and noise of the motor [4-6].

Many experts and scholars have conducted ample research on the electromagnetic
vibration response of motors, focusing mainly on the analysis of the electromagnetic force
wave, the natural frequency of the stator system and vibration characteristics [7-10].

The causes of the electromagnetic force wave of the induction motor are qualitatively
analyzed in theory and quantitatively calculated and analyzed by using the analytical
method [11,12]. Although the accuracy of the electromagnetic force wave calculated by
analytical method is slightly poor, the finite element method has made great progress in
order to improve the calculation accuracy. Regarding the electromagnetic force waves of
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the induction motor, the switched reluctance motor and the permanent magnet motor are
calculated by using the finite element method (FEM) [13-15].

When the rotor has an eccentric fault, its electromagnetic force wave will have obvious
characteristics in the frequency domain. Understanding this kind of frequency characteristic
can be helpful in motor vibration diagnosis [16]. Although some studies have shown
that rotor eccentricity has little effect on the average output torque of the motor, rotor
eccentricity can have a significant effect on the radial electromagnetic force, which is worth
investigating [17]. The air-gap magnetic density, electromagnetic force wave and vibration
response of a permanent magnet synchronous servo motor under the conditions of static
eccentricity, dynamic eccentricity and mixed eccentricity have already been analyzed
in [18]. It was found that static eccentricity changed only the spatial order of radial
electromagnetic force, while dynamic eccentricity changed both the spatial order of radial
electromagnetic force and the frequency component, but the effect of rotor eccentricity has
not been quantitatively analyzed.

This paper is organized as follows: First, the air-gap magnetic density components
under static and dynamic eccentricity are analyzed on the basis of air-gap permeability,
and the order and amplitude expressions of the electromagnetic force generated by the
interaction of harmonics of different orders are obtained. Second, the time-step finite
element method is applied, and combined with a 2D Fourier analysis, the space-time
spectrum of the electromagnetic force is obtained. Finally, the electromagnetic vibration
response under different eccentric forms is analyzed by using the modal superposition
method with the electromagnetic force wave as the load. The effect of air-gap eccentricity
on the electromagnetic vibration response of the motor is quantitatively analyzed by using
the spectral analysis method.

2. Analytical Calculation of Electromagnetic Force Wave
2.1. Introduction of Eccentric Model

The rotor of the motor inevitably suffers from eccentricity because of the processing
of, assembly of and imbalance in the rotor quality. This results in an uneven air gap,
which in turn causes a distortion in the air-gap magnetic field and consequently to some
extent deteriorates the performance indicators of the motor. Air-gap eccentricity is divided
mainly into two basic types: static eccentricity (SE) and dynamic eccentricity (DE). Static
eccentricity refers to when the rotor rotation center and the geometric center of the rotor
(Or) coincide, but with the geometric center of the stator (Os) offset by a certain distance,
which is mainly due to bearing wear and poor installation accuracy; dynamic eccentricity
refers to when the rotor rotation center and the stator geometry center coincide but also
when this is offset from the rotor geometry center, thus causing the minimum air-gap
position to rotate with the motor rotation frequency. It can be seen that the main difference
between static eccentricity and dynamic eccentricity is whether the center of the rotation of
the rotor rotates around the geometric center of the stator or around the geometric center
of the rotor. The schematic diagram of two eccentric forms is shown in Figure 1, e is the
static eccentricity distance, ¢4, is the dynamic eccentricity distance, 6 is the stator location
angle, and w; is the rotor rotation speed.

2.2. Magnetomotive Force of Stator and Rotor

When the stator winding is connected with three-phase symmetrical AC current, the
expression of air-gap synthetic magnetomotive force (MMEF) is [19]

0,6 =f,0,6) +Y_£(0,6) + Y fu(6,1) 6y
v H

where f,(0,t) is the fundamental MMF; £, (6,t) is the harmonic MMF generated by stator
winding; f,(6,t) is the harmonic MMF generated by rotor winding; ¢ is time; p is the number
of pole pairs; and v and p are the harmonic pole pairs of the stator winding and the rotor
winding, respectively.
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The expressions for three kinds of MMF are as follows:

fp(6,t) = Fycos(pd — wit — (po)
fv(6,t) = F, cos(v0 — wit — @,) )
fu(6,t) = Fy cos(uf — wyt — <p#)

where Fj is the amplitude of the fundamental wave MMF; F, is the amplitude of the
harmonic wave MMF of the stator winding; F, is the amplitude of harmonic wave MMF
of rotor winding; w1 is the angular frequency of the fundamental wave MMF; w), is the
angular frequency of the rotor y-th order harmonic relative to the stator core; ¢g, ¢, and
@y, are the initial phase angles of each MMF.

The relationship between w; and w) can be expressed as

wy = w1 +kzZ;(1 )] ()

where Z, is the number of rotor slots; s is the slip ratio; and k; is the nonzero integer.

Rotor rotation
center

Os

(b)
Figure 1. Schematic diagram of air-gap eccentricity: (a) static eccentricity; (b) dynamic eccentricity.

2.3. Air-Gap Permeance

In order to analyze the permeance expression under the eccentric condition, the length
of the air gap in the eccentric case needs to be analyzed. Without considering the effect of
stator and rotor slotting, the length of the air gap with static and dynamic eccentricity can
be expressed as [20,21]

{ 2se(0,t) = g0(1 — €50 cos6) )
20e(6,£) = go[1 — eapcos(8 — wyt)]

where g is the length of the air gap between stator and rotor without eccentricity; & is the
degree of static eccentricity; €4, is the degree of dynamic eccentricity; and w; is the rotor
rotation speed.

Further, w, can be expressed as follows:

w1

p

wy =

(1-5) = z”pflu ) =2nf, )

where f; is the rotor rotation frequency.
The variation of the air-gap length under static eccentricity is shown in Figure 2.
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Figure 2. Variation of the air-gap length under static eccentricity.

As can be seen in Figure 2, when the rotor is static eccentricity, in the (0, 0.57r) and
(1.5m, 2m) regions, the air-gap length is less than that of the motor in normal operation,
which makes the air-gap permeability greater than that of the motor during normal op-
eration at these locations, and the same magnetic potential produces a greater magnetic
density. As the eccentricity increases, the range of air-gap length variation also increases
with it. When the eccentricity is 50%, the maximum air-gap length can reach 1.65 mm.

The degree of eccentricity is defined as follows:

80
ede = 2 x 100% ©)

{ €0 = & x 100%
80

If only the influence of eccentricity is factored in, the expression of air-gap permeance is

Ase(6,1) = Ag(1+ €5 cos ) ,
{ Age(8, 1) = Ag[1 + €4 cos(0 — wyt)] 7)

where Ag is the mean air-gap permeance.
Given the influence of stator and rotor slotting, the air-gap permeance will have a
series of permeance harmonic components.

A((), t) = Ao+ kZAkl coskiZ1 + kZ:Akz cos k222(9 — %wlt)
1 2

+kZAk3 cosks[(Z1 — Z»)0 — %(1 —5)wrt] ®
3

where the 2nd term is the stator slot permeance; the 3rd term is rotor slot permeance; the 4th
term is the permeance caused by the interaction between stator slotting and rotor slotting;
and Z; is the number of stator slots.

By summing Equations (7) and (8), the expression of the total magnetic permeance of
the induction motor under static eccentricity and dynamic eccentricity is

Ase(6,) = Ao + Aogse cos 8 + 3 Ay, coskiZ18 + 1 Ay, coskaZo(6 — 12wnt)
ky ky

+L A, cosks[(Z1 — Z2)0 — 2 (1 = s)awn ]
ks

Age(8,1) = Ao + Noege cos(0 — wyt) + Y Ay, coski Zy + Y Ay, coskaZo (6 — %wlt) ©)
K ky

+L Ay, cosks[(Z1 — Z2)8 — 2 (1 = s)awn ]
k3
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p(0,t) =

p(0,t) =

2.4. Air-Gap Permeance Magnetic Field

The expression of the harmonic magnetic field during the normal operation of the
induction motor and the expression of the main additional harmonics caused by static
eccentricity and dynamic eccentricity are shown in Equations (10)—(12) [22,23].

b (9 ) = By COS(PG w1t — (po)
by(6,t) = EBV cos(v0 — w1t — @)

(10)
bu(0,t) = Z By, cos(uf — wyut — ¢y)
bise(6,t) = B1 % cos[(p £1)0 — wit — ¢
byse(0,t) = ZB,,SEB cos[(v£1)0 — wit — ¢y 1)
buse(6,t) = Z By, % cos[(n £1)0 — wut — @p)]
b1ae(6,1) = B1%§e cos[(p £ 1)0 — (w1 & wr)t — @o]
buacl6,1) = £, cos[(v £1)0 — (w1 £t - ] W

bude(0,t) = Z By, ¢ cos(p £1)0 — (wy & wr)t — )]

where B is the amplitude of the fundamental wave magnetic field; B, is the amplitude of
the stator harmonic wave magnetic field; and B, is the amplitude of the rotor harmonic
wave magnetic field.

It can be seen from Equations (10)—(12) that when the motor is eccentric, in addition
to the magnetic field generated during normal operation, additional magnetic fields are
generated, and the order of additional magnetic fields arep =1, v £ 1and u & 1. The
increased frequency of rotor dynamic eccentricity is w; + wy and wy, + 1w,. The amplitude
of the additional magnetic field increases with an increasing level of eccentricity.

2.5. Electromagnetic Force Wave

There are many stator and rotor magnetic fields in the air gap, which interact to
produce a large number of electromagnetic force waves. According to the Maxwell tensor
method, the electromagnetic force wave is proportional to the square of the magnetic flux
density, which can be expressed as

b2(6,t)
6,t) = ’ 13
pl6:t) == (13)
where p is the permeability of a vacuum.
The force wave generated by the fundamental magnetic field is
1
20 ——[B1cos(pf — wit — @) + Y _ By cos(vl — wit — ¢y) + ZBVZ cos(puf — wyt — goﬂ)} (14)

vz

Because the force wave with a low vibration order and a large amplitude plays a major
role in the vibration and noise of the motor, the force wave component with a high vibration
order and a small amplitude can be omitted, and the constant component that will not
produce a vibration response can be omitted. Thus, Equation (15) can be rewritten as

B,2
—{— cos(2pf — 2w1t — @o) + ZZBVZBVZ cos[(+tv)0 — (wy = wy )t — (pu = ov)]} (15)

Vz Kz

The components of an electromagnetic force wave during normal operation are shown
in Table 1.
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Table 1. Components of electromagnetic wave under normal operation.

Order Frequency
1 2 21
2 kZy —koZy ko Zofr
3 2p + k121 — kzZz 2f1 — kzZer
4 Zp — klzl — kzZz 2f1 + kzZny

In Table 1, order number 1 is the double-frequency electromagnetic force generated by
the fundamental magnetic field; order numbers 2, 3 and 4 comprise the electromagnetic
force generated by the interaction of stator and rotor harmonic magnetic field.

The expression of the electromagnetic force wave under a static eccentric condition is

2
Pse(gz t) = 2;140{?7_1 COS(ZP —2wit — 2(Pl)

2
+ 2 cos[(p = (p£1))60 — (wi £ wn)t — (91 £ ¢1)]

(
—|—§,%BMBV cos[(v+ (4 £1))0 — (w1 £ w,)t — (v + @p)] (16)
+§§BHBV cos[(p£ (v+1))0 — (w1 L ws)t — (¢y £ goy)]}

The components of electromagnetic force wave under static eccentricity are shown
in Table 2.

Table 2. Components of electromagnetic wave under static eccentricity.

Order Frequency
1 +1 0
2 Ki1Z1 — koZo £+ 1 ko Zofs
3 Zp + k121 — kzZz +1 2f1 — kZZZfr
4 Zp — k121 — k222 +1 Zfl + kzZny

As can be seen from Table 2 that when static eccentricity occurs, the variation rule
of electromagnetic force wave order increases £1 time on the basis of normal operating
conditions; the variation rule of frequency is that the other frequencies remain unchanged—
except for the main wave, which becomes 0 Hz. The expression of the electromagnetic force
wave under a dynamic eccentric condition is

2
Pde(0,t) = 2;140{1321 cos(2p — 2wyt — 2¢1)
28
+ 52 cos{(p  (p £1))0 — (w1 £ (w £ wn)t = (1 £ 1)
+¥ Y. BuBy cos[(v £ (£ 1))0 — (w1 + (wr £ wy))t — (¢ £ @y)] (17)
Vo
+Y Y ByBycos[(p £ (v+1))0 — (wy £ (w1 T wy))t — (@ £ (py)]}
v
The components of the electromagnetic force wave under dynamic eccentricity are

shown in Table 3.

Table 3. Electromagnetic wave under dynamic eccentricity.

Order Frequency
1 +1 +f,
2 ki1Z1 —koZp + 1 koZofr + f
3 2p + k121 — kzZz +1 2f1 — kzZ;fr ifr
4 2]7 — k121 — kZZZ +1 2f1 + k2ZZfr :tfr
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From Table 3, it can be observed that when the rotor has dynamic eccentricity, the
electromagnetic force wave order appears with 1 order components, in comparison with
the original order, which is consistent with the change law of static eccentricity; furthermore,
the rotor dynamic eccentricity will cause the frequency of the force wave of that order to
increase by £f, relative to the original order.

3. Simulation Results and Analysis of Electromagnetic Force Wave

There are two main methods to calculate the electromagnetic force wave: the analytical
method and the finite element method. The analytical method can obtain the order and
frequency of the electromagnetic force wave, while the FEM considers the saturation effect and
nonlinearity of the magnetic circuit. Therefore, the FEM is used more in the calculation process.
A squirrel-cage induction motor is taking as an example, and the parameters are shown in
Table 4. The time-stepping FEM is used to solve the radial electromagnetic force wave.

Table 4. Prototype parameters.

Parameter Values (Units)
Rate power 45 kW
Rate voltage 380V
Number of stator slots 36
Number of rotor slots 28
Stator diameter 368 mm
Air-gap length 1.1 mm
Core length 220 mm
Rate speed 2968 r/min

The exact dimensions of the stator slots and the rotor slots are shown in Figures 3
and 4, respectively.

-

11.3mm

R7.55mm

24mm

20°
.

4.0mm

1.0mm

Figure 3. Dimensions of the stator slots.

:
1.5mm
3mm
10mm
g
=
2
o~
3.5mm

Figure 4. Dimensions of the rotor slots.
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In order to facilitate calculation, the following assumptions are made when establishing
the finite element simulation calculation model of the induction motor: (1) Owing to the
long axial length of the motor, the influence of the end effect is ignored. (2) The plane of
the magnetic circuit is orthogonal to the axial direction of the motor. (3) Without including
the external magnetic field, the circumference of the outer diameter of the motor stator is a
zero-vector magnetic potential line.

The 2D finite element electromagnetic field simulation models established in ANSYS
EM for normal and eccentric conditions are shown in Figure 5.

[Winding

Maximum air gap,1.43mm

Minimum air gap.0.77mm

Figure 5. 2D finite element electromagnetic field simulation models: (a) normal operation condition;
(b) eccentric operation condition.

3.1. Torque and Current

Because the air-gap length is 1.1 mm, 30% eccentricity means that the maximum
air-gap length is 1.43 mm and the minimum air-gap length is 0.77 mm.

When the motor is running under the no-load condition (s ~ 0), the speed is approx-
imated to be 3000 r/min. The torque values under normal operation, under 30% static
eccentricity and under 30% dynamic eccentricity are shown in Figure 6.

1 T . ;

Normal
""""""" Static 1
- Dynamic

0.28 0.285 0.29 0.295
Time[s]

Figure 6. Comparison of no-load torque under three operating conditions.

It can be seen from Figure 6 that when the motor is eccentric, the no-load torque will
also increase, and the peak no-load torque under dynamic eccentricity is greater than that
under static eccentricity.

A comparison of the current waveform and the spectrum under three operating
conditions is shown in Figure 7.
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Figure 7. Comparison of current waveform and spectrum under three operating conditions:
(a) current waveform; (b) current spectrum.

As can be seen in Figure 7, the no-load current amplitude also changes when an
eccentricity fault occurs.

3.2. Air-Gap Magnetic Flux Density and Electromagnetic Force Wave
3.2.1. Air-Gap Magnetic Flux Density

The magnetic field line distribution and the magnetic density diagram of the motor
under no-load operation (t = 0.3 s) are shown in Figure 8.

B[T]

A [Wb/m]

0.0669
0.0580
0.0491
0.0402
0.0312
0.0223
0.0134
0.0045
—0.0045
—0.0134
—0.0223
—0.0312
—0.0402
—0.0491

=
=gy

1.8000
1.6800
1.5600
1.4400
1.3200
1.2000
1.0800
0.9600
0.8400
0.7200
0.6000
0.4800

—0.0580
—0.0669

0.3600
0.2400
0.1200
0.0000

(b)

Figure 8. The magnetic lines distribution and the magnetic density diagram of the motor during

normal operation: (a) magnetic lines distribution; (b) magnetic density diagram.

From Figure 8a, it can be seen that the magnetic lines enter the stator teeth mainly in
the radial direction and that the circumferential flux exists at the two boundaries of the
stator teeth in opposite directions; from Figure 8b, it can be seen that the magnetic flux
density in the stator teeth of the motor is the largest, and the stator teeth are the main force
parts in the radial direction.

The distribution of the magnetic line and the magnetic density diagram of the motor
under static and dynamic eccentric conditions are shown in Figures 9 and 10.

From Figures 9 and 10, it can be seen that when the rotor suffers an eccentricity failure,
compared with the normal working condition, the change in the air-gap length to a certain
extent shifts the distribution of the magnetic force lines; in addition, the magnetic density
of some stator teeth will be elevated, and the change caused by dynamic eccentricity is
greater than that of static eccentricity in the state of equal eccentricity.

The air-gap magnetic flux density waveforms and frequency spectrum for the three
operating conditions are shown in Figure 11.
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A [Wh/m]

0.0669
0.0580
0.0491
0.0402

0.0312
0.0223
0.0134
0.0045
—0.0045
—0.0134
—0.0223
—0.0312
—0.0402
—0.0491
—0.0580
—0.0669

A [Wb/m]
0.0669
0.0580
0.0491
0.0402
0.0312
0.0223
0.0134
0.0045
—0.0045
—0.0134
—0.0223
—0.0312
—0.0402
—0.0491
—0.0580
—0.0669

(a)

B[T]

1.8000
1.6800
1.5600
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1.3200
1.2000
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0.8400
0.7200
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0.4800
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(b)

Figure 9. The magnetic lines distribution and magnetic density diagram of the motor under static
eccentric conditions: (a) magnetic lines distribution; (b) magnetic density diagram.

B[T]

1.8000
1.6800
1.5600
1.4400
1.3200
1.2000
1.0800
0.9600
0.8400
0.7200
0.6000
0.4800
0.3600
0.2400
0.1200
0.0000

(b)

Figure 10. The magnetic lines distribution and the magnetic density diagram of the motor under
dynamic eccentric conditions: (a) magnetic lines distribution; (b) magnetic density diagram.

1 T T T T T 0.7 ——
L I Normal
0.8 |~ ——-Normal L .
- —scoartTiIcm :pfﬁu T;‘u | 0.6 [ Static BE
0.6 |- Dynamic . H| b \%4 1 [ JDynamic
E o HAH Eos
. m 1 !!ﬂﬁi‘ Z
E L il HES i ‘Z
g Al UL Bl
£ oft f ] %
8 W ' =
2 02t "’1 i - 203
: U, :
& o4t pthi ; i Bl
s \uu.”l.“ ki i 1\! wl P‘A’ ! So2f
—06T LL"J‘ {J‘ il'. hi
—0sf i 0.1 l
—1 | | | | | Il n
0 60 120 180 240 300 360 0 1 2 3 5 6 7 2627 28 29 34 35 36 37 38
Rotating angle[Mech.deg] Harmonic order
(a) (b)

Figure 11. Air-gap magnetic flux density waveforms and frequency spectrum for the three operating
conditions: (a) waveforms; (b) frequency spectrum.

As can be seen from Figure 11, under static and dynamic eccentricity, the magnetic
flux density amplitude at the larger air gap of the motor is significantly smaller than that at
the smaller air gap, which will cause a unilateral magnetic pull on the motor; the direction
of the magnetic pull is along the direction that makes the eccentricity increase; and a new
order will be added to the spectrum.
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3.2.2. Electromagnetic Force Wave

A 2D Fourier analysis is carried out on the number, frequency and amplitude of the
force wave.

Generally, the lower the order of the electromagnetic force, the greater the distance
between two adjacent nodes when the stator core is bent and deformed and also the greater
the vibration and noise caused. In the core vibration, the amplitude of the deformation is
inversely proportional to the fourth power of the order [24]:

1
Ay x I (18)
where Aj is the amplitude of the deformation.
The space-time spectrum of the electromagnetic force wave of the motor under the
three operating conditions is shown in Figures 10-12. The detailed force wave frequency,
order and amplitude are shown in the Appendix A.

2

[dB Re 1 [N/m~]

T

a

B 1
9000 N (R
7000 1 !
\\I 1 |
1
1

1
I
1
I
1
|
1
I
I
I
1

5000 . R
Frequency [Hz] Slll]l]\ ~

3
1000 —4 Wavenumber

Figure 12. Space-time spectrum of electromagnetic force wave of the motor under normal operat-

ing conditions.

As can be seen in Figure 12, the order of the electromagnetic force wave is mainly 0,
£2 and £4 (negative signs have no real meaning here) when the motor is operating under
normal working conditions, and the main force wave frequencies are 1300 Hz, 1400 Hz,
1500 Hz, 5500 Hz, 5600 Hz, 5700 Hz, 7000 Hz, 7100 Hz, etc.

For Figure 13, it is shown that when the rotor has a static eccentricity fault, the electro-
magnetic force wave will appear in the order of =1 and £3 force wave components, without
generating force waves of new frequencies, such as (1, 1400 Hz), (1, 7100 Hz), (—1, 5500 Hz),
(3, 7000 Hz) and (—3, 5600 Hz).
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Figure 13. Space-time spectrum of electromagnetic force wave of the motor under 30% static eccen-
tricity conditions: (a) space-time spectrum; (b) order-magnitude correspondence.
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In Figure 14, when the rotor has a dynamic eccentricity fault, the electromagnetic
force wave will not only have £1 and +3 force wave components but also produce force
waves at new frequencies, such as (1, 1450 Hz), (1, 7150 Hz), (—1, 5450 Hz), (3, 1350 Hz),
(3, 7050 Hz), (—3, 5550 Hz), etc. Furthermore, the amplitude of the force wave components
will significantly increase, indicating that the dynamic eccentricity has a greater effect on
the electromagnetic force wave than the static eccentricity has.
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Figure 14. Space-time spectrum of electromagnetic force wave of the motor under 30% dynamic
eccentricity conditions: (a) space-time spectrum; (b) frequency-magnitude correspondence.

4. Calculation and Analysis of Electromagnetic Vibration Response

A 3D structural model that includes the stator, winding, frame, front end cover and
rear end cover is shown in Figure 15. An exploded view is shown in Figure 16.

Vibration point

Figure 16. Exploded view.
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The vibration at any point in the motor is the result of the joint action of multiple
excitation sources. The sum of the vibration acceleration levels at this point is not the
algebraic sum of the acceleration levels of each excitation source, which can be calculated as

n
Lot = 10logy, Y 10%1F (19)
i=1

where L; is the vibration acceleration level of each excitation source and # is the number of

excitation sources.

4.1. Simulation Results of Vibration Response

The vibration acceleration magnitude of the main frequency under three operation
conditions is shown in Figure 17.

‘—Q—Nm‘nml —&—30%SE —*—30%DE
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=
30%DE " | Ul
~ S8
\L\ ¥
30% SE \“\\\ |
Operation conditions g, - .4
B 2 Frequency [kHz]

Normal

Figure 17. Vibration acceleration magnitude of the main frequency under three operation conditions.

From Figure 17, the frequency of the vibration acceleration of the motor during
normal operation is consistent with the frequency of the electromagnetic force. Except for
the vibration acceleration amplitude of 100 Hz, the frequency with the largest vibration
acceleration amplitude is 5600 Hz, followed by 1300 Hz, 1400 Hz, 5500 Hz, 7000 Hz, etc.;
when the rotor has a static eccentricity fault, the motor does not produce a new vibration
frequency, but the vibration acceleration amplitude increases at almost all frequencies; and
when the rotor has a dynamic eccentricity failure, the amplitude of vibration acceleration
increases at almost all frequencies. In addition, new vibration frequencies, such as 1350 Hz,
1450 Hz, 5550 Hz, 5650 Hz, 6950 Hz, 7050 Hz, etc., will be generated, and these frequencies
will also to a certain extent increase the vibration amplitude of the motor.

4.2. Comparison of Vibration Response under Different Eccentricities
4.2.1. Effect of Different Rotor Static Eccentricities on Motor Vibration Response

A comparison of the electromagnetic vibration magnitude of the motor under different
static eccentricity is shown in Figure 18.

As can be seen in Figure 18, the vibration magnitude at the main electromagnetic
vibration frequencies all increase with the increase in eccentricity. Among them, the
vibration amplitude at 1500 Hz has the largest change in amplitude.

The first-order and third-order radial force waves are formed after adding or sub-
tracting the first-order radial force waves with the corresponding frequencies of 1400 Hz,
5600 Hz and 7100 Hz from the spatial order; the original fourth-order radial force waves,
with corresponding frequencies of 1300 Hz and 7000 Hz, form third-order and fifth-order
radial force waves after adding or subtracting one order from the spatial order; and the
original radial force waves, with corresponding frequencies of 1500 Hz and 6900 Hz of the
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sixth order in space, form the fifth- and seventh-order radial force waves after adding and
subtracting the first order from the spatial order. These increased force wave orders are

closer to the modal frequency of the stator core, so the electromagnetic vibration response
increases here.

140 —+—Normal 10% 20% 30% —#=40% ——50%
130
_ 120 iy
g
v 110
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£
& 100 ¥
=
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0.1 1.3 1.4 1.5 2.9 4.1 4.2 5.5 56 5.7 6.9 7 7.1

Frequency [kHz]

Figure 18. Different degree of static eccentricities on motor vibration response.

4.2.2. Effect of Different Rotor Dynamic Eccentricities on Motor Vibration Response

A comparison of the electromagnetic vibration magnitude of the motor under different
dynamic eccentricities is shown in Figure 19.
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Figure 19. Different rotor dynamic eccentricities on motor vibration response.

As can be seen in Figure 19, when the motor has a dynamic eccentricity fault, the
vibration magnitude increases with the increase of eccentricity. In addition to the previous
vibration frequencies, the frequencies of 150 Hz, 1350 Hz, 5550 Hz and 7050 Hz are added.

Different from static eccentricity, dynamic eccentricity adds mainly the first-order force
wave, with a frequency of 5650 Hz; the third-order force waves, with a frequency of 5550 Hz
and 7050 Hz; and the fifth-order force wave, with a frequency of 6950 Hz on the basis of
the original spatial force wave. These increased force wave orders are closer to the modal
frequency of the stator core, so the electromagnetic vibration response increases here.

Because the air-gap length distribution under static eccentricity has a certain tendency,
while the dynamic eccentricity has no tendency because the average air-gap length of each
position is the same over a period of time, the total value of the electromagnetic vibration
response under static eccentricity is higher than that under dynamic eccentricity.
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5. Conclusions

In this paper, the electromagnetic force waves and vibration response under air-gap
eccentricity are calculated by using the analytical method and the FEM. The influence
of air-gap eccentricity on the electromagnetic force wave and the vibration response of
the induction motor is quantitatively analyzed, and the influence of different eccentricity
forms on the electromagnetic vibration response is explained. The following conclusions
are obtained:

(1) Both static and dynamic eccentricity will produce new radial electromagnetic force
waves. After adding the static eccentricity of the motor, the change law of the order
of the newly added electromagnetic force wave is &+ 1 according to the order of the
force wave under normal operation; when the motor has dynamic eccentricity, it will
not only increase the order of electromagnetic force wave but also produce some new
frequency. The change law of frequency is that the frequency component of +fr is
added on the basis of normal operation frequency.

(2) The vibration acceleration magnitude of static and dynamic eccentricity at the main
vibration frequency will increase with an increase in eccentricity. From the perspective
of the total vibration level, under the same eccentricity, the total vibration level of
rotor static eccentricity is greater than that of rotor dynamic eccentricity, which is
mainly because the air-gap length distribution under static eccentricity has a certain
tendency, while the dynamic eccentricity has no tendency because the average value
of the air-gap length at each position is the same over a period of time.

In future work, the problem of rotor eccentricity will continue to be studied, focusing
mainly on researching the electromagnetic force wave and the electromagnetic vibration
response under the load condition and with a rotor slot. On the basis of the no-load
operation condition, the influence of different load conditions on electromagnetic force
wave and vibration response is studied, and the 2D multislice method is constructed to
carry out the research on the skewed slot rotor structure.
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Appendix A

The frequency, order and amplitude of the electromagnetic force wave under three
operating conditions are shown in Tables A1-A4.

Table Al. Frequency, order and amplitude of electromagnetic force wave under normal operat-
ing condjitions.

1300 Hz 1400 Hz 1500 Hz 2900 Hz 4100 Hz 5500 Hz 5600 Hz 5700 Hz 6900 Hz 7000 Hz 7100 Hz

r=—4 14.66 4.83 10.01 27.13 3.19
r=-2 5.296 24.09 8.47
r=0 17.57 11.31 6.88
r=2 20.02 9.25 14.02 20.47
r=4 16.33 10.6 24.15
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Table A2. Frequency, order and amplitude of electromagnetic force wave under 30% static eccentricity
operating conditions.

1300 Hz 1400 Hz 1500 Hz 2900 Hz 4100 Hz 5500 Hz 5600 Hz 5700 Hz 6900 Hz 7000 Hz 7100 Hz

r=—4 15.35 5.62 4.87 11.01 15.2 27.87 14.99 3.43

r=-3 11.22 3.69 7.38 20.87 23.85 8.73 4.17

r=-2 6.01 6.11 8.55 24.85 18.15 8.93

r=-1 5.60 14.18 20.87 11.89 8.31 2.94 4.53 4.02
r=0 11.03 18.29 15.2 8.04 12.09 7.44 10.73
r=1 16.67 14.3 6.86 8.95 11.1 8.14 8.03 16.74
r=2 7.38 20.75 10.41 9.91 4.92 14.82 14.62 21.07
r=3 13.03 16.78 13.17 571 7.77 10.91 5.75 20.54 16.74
r=4 17.07 12.76 19.23 11.42 5.31 12.26 24.78 10.75

Table A3. Frequency, order and amplitude of electromagnetic force wave under 30% dynamic
eccentricity operating conditions (1300-4100 Hz).

1300 Hz 1350 Hz 1400 Hz 1450 Hz 1500 Hz 1550 Hz 2900 Hz 4050 Hz 4100 Hz

r=—4 15.79 4.85 12.17
r=-3 11.87 8.03
r=-2 8.82
r=-1 14.63

r=0 19.03

r= 18.68

r=2 21.28 10.41

r=3 18.33

r=4 18.04

Table A4. Frequency, order and amplitude of electromagnetic force wave under 30% dynamic
eccentricity operating conditions (5450-7150 Hz).

5450 5500 5550 5600 5650 5700 5750 6900 6950 7000 7050 7100 7150

Hz Hz Hz Hz Hz Hz Hz Hz Hz Hz Hz Hz Hz
r=—4 28.3 441
r=-3 25.7
r=-2 25.7 9.19
r=-1 21.37 8.62 6.59
r=0 12.92 7.84
r=1 12.82 17.28
r=2 15.26 21.96
r=3 12.64 22.14
r=4 12.37 25.17
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