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Abstract: Induction motors are complex energy conversion systems across the domains of dynam-
ics, electricity, and magnetism. Most existing models mainly consider unidirectional coupling, such
as the effect of dynamics on electromagnetic properties, or the effect of unbalanced magnetic pull
on dynamics, while in practice it should be a bidirectional coupling effect. The bidirectionally cou-
pled electromagnetic-dynamics model is beneficial to the analysis of induction motor fault mecha-
nisms and characteristics. This paper proposes a coupled electromagnetic-dynamic modeling
method that introduces unbalanced magnetic pull. By using the rotor velocity, air gap length, and
unbalanced magnetic pull as the coupling parameters, the coupled simulation of the dynamic and
electromagnetic models can be effectively realized. Simulation results for bearing faults show that
the introduction of magnetic pull induces a more complex dynamic behavior of the rotor, which in
turn leads to modulation in the vibration spectrum. The fault characteristics can be found in the
frequency domain of the vibration and current signals. Through the comparison between simula-
tion and experimental results, the effectiveness of the coupled modeling approach and the fre-
quency domain characteristics caused by the unbalanced magnetic pull are verified. The proposed
model can help to obtain a variety of information that is difficult to measure in reality and can also
serve as a technical basis for further research on nonlinear characteristics and chaos in induction

motors.

Keywords: induction motor; bearing faults; coupled model; unbalanced magnetic pull; multiple
coupled circuit

1. Introduction

Induction motors are the most widely used electromechanical energy conversion de-
vices in the industrial production chain, which benefits from the significant advantages
of their simple construction in terms of easy maintenance and reliable operation. How-
ever, while most induction motors are inexpensive and easy to replace, their importance
in the task chain may not match the cost of maintenance. In mission situations where un-
planned interruptions are not tolerated, the cost of induction motor faults can be incalcu-
lable. According to the statistics of IEEE-IAS and EPRI, for a large number of small and
medium-sized motor faults, more than 40% of induction motor faults are related to bear-
ings [1-4]. Therefore, the research on mechanism and prevention of induction motor bear-
ing faults has been widely concerned.

Vibration from motor bearings can be transmitted to motor end shields and enclo-
sures; thus, it seems that many of the vibration analysis methods applied to common bear-
ings can be easily transferred to motors. Based on vibration signals, many research results
on bearing faults have been published over the years, including, but not limited to,
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modeling and simulation, signal processing, feature extraction, life prediction, and intel-
ligent diagnosis. Taking some of the recently published studies as examples, Zhao et al.
[5] proposed a performance degradation prediction method based on high-order differ-
ential mathematical morphology gradient spectrum entropy, phase space reconstruction,
and extreme learning machines to predict the performance degradation trend of rolling
bearings. Zhu et al. [6] used a hidden Markov model to locate the fault occurrence time
and solved the distribution discrepancy problem by a transfer learning method based on
multiple layer perceptron. Cui et al. [7] proposed a coupled multistable stochastic reso-
nance method with two first-order multistable stochastic resonance systems, which has
higher output signal-to-noise ratio than multistable stochastic resonance. Dong et al. [8]
used a bearing dynamics model to generate a large amount of simulated data for the small
sample problem, and then implemented transfer learning between the diagnostic
knowledge in the simulated data to the real scenario based on convolutional neural net-
work and parameter transfer strategies. Considering the compensation balance excitation
caused by the rotor mass eccentricity, Liu et al. [9] developed a dynamic model for the
bearing rotor system of a high-speed train under variable speed conditions. The use of the
angle iteration method in this case solves the problem that the space position of the rollers
cannot be determined during bearing rotation. With the improvement of computer com-
puting power and the rise of artificial intelligence algorithms, a large number of intelligent
diagnostics works with excellent performance in public data sets have been published in
recent years. However, how to explain the artificial intelligence model at the physical level
and how to obtain enough fault sample data are still the key issues for the intelligent di-
agnosis method. By automatically generating data, the modeling approach that simulates
machine faults makes it possible to solve the latter. Analytical models constructed accord-
ing to the laws of physics can simulate faults of different sizes and locations and generate
enough representative signals to train intelligent diagnostic algorithms. In addition, for
complex cases occurring in the machine such as nonlinearity and coupling, an analytical
model helps the understanding and analysis at the physical level [10].

Unlike general mechanical structures, induction motors are complex energy conver-
sion systems with mechanism—electricity-magnetism coupling, which requires more de-
tailed consideration in the research on it. However, as noted above, most studies focused
on motor bearing faults have adopted analytical approaches similar to those of nonmotor
bearing studies. Although they seem to work from the results, many simple transfer
schemes ignore the electromagnetic force between the stator and rotor, i.e., the unbalanced
magnetic pull (UMP) on the rotor. There have been studies and discussions about UMP
since the beginning of the last century [11]; one of the reasons is to reduce the air gap in
the design for improving the power factor [12]. The small air gap in rotating motors is
susceptible to small variations in the dimensions of stator, rotor, bearings, etc. A nonuni-
form air gap will twist the flux density distribution, thus producing a UMP that tends to
drag the rotor further away from its center position, which is difficult to ignore during
motor operation. Therefore, UMP has been a long-standing concern in the electrical field,
from early discussions of computational methods to current research on the dynamic be-
havior of motor rotors. Taking some of the research in the last three decades as an exam-
ple, Dorrell and Smith [13,14] proposed a general analytical model for calculating the
UMP in three-phase squirrel-cage induction motors with static eccentricity and observed
a favorable correlation between the measured and calculated results. In another study,
Dorrell [15] considered the axial variation of the eccentricity in the calculation for the
UMP. Guo [16] et al. derived an analytical expression of the UMP caused by eccentricity
in a three-phase motor at no load and investigated the nonlinear vibration response ex-
cited by the UMP in the Jeffcott rotor model. Using the same Jeffcott rotor model, Chen et
al. [17] derived an analytical expression for the UMP in a permanent magnet synchronous
motor and introduced it into the nonlinear vibration equation to investigate the variation
of the system response under different design parameters. To investigate the rotor dy-
namics stability, Han et al. [18] proposed a method to calculate the radial and axial motor
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eccentric forces by magnetic equivalent circuit modeling. Zhang et al. [19] developed a
rotor bearing system dynamics model considering gyroscopic effect, nonlinear bearing
force, and UMP force, discovering the coupling effect between bearing force, unbalanced
mass force, and UMP. From the published literature discussing UMP, many studies have
focused on the effect of UMP on rotor dynamics.

On the other hand, studies on the dynamics of rotor-bearing systems have also led to
many results. Cheng [20] et al. investigated the nonlinear dynamic behaviors of a rotor-
bearing-seal coupled system by using the nonlinear seal fluid dynamic force model and
nonlinear oil film force. Li et al. [21] proposed a generalized dynamics model for a rolling
bearing-rotor system by coupling an explicit finite element model with a dynamic bearing
model. Li et al. proposed a generalized dynamics model for a rolling bearing-rotor system
by coupling an explicit finite element model with a dynamic bearing model. Yan et al. [22]
developed a fractional order mathematical model of the rotor-bearing-seal system and
investigated the dynamic characteristics with changes in rotational speed, mass eccen-
tricity of rotor, sealing clearance, and sealing pressure drop at a specific seal fractional
order. Cheng et al. [23] investigated the dynamic properties of a rotor-bearing system with
different compliances, radial clearances, rotor-stator rubbing, raceway defects, and sur-
face waviness in an analytical model. Dynamic studies focusing on rotor-bearing systems
have shown that faults occurring in the bearings will cause significant changes in rotor
dynamic characteristics, which will affect the distribution of the air gap between the stator
and rotor in the motor. A nonuniform and varying air gap will not only introduce the
effect of UMP but will also affect the inductance between the stator and rotor, which will
also affect the UMP through the current. Therefore, we believe that the modeling and fault
characteristics study for motor bearings should be based on a bidirectional coupling of
dynamic and electromagnetic models. Currently, only a few researchers have conducted
studies on electromagnetic-dynamic coupled modeling for induction motors. Fourati et
al. [24] proposed an electromagnetic-dynamic model to describe the dynamical behavior
of an elastically supported rotating shaft coupled to a squirrel-cage induction motor. Han
et al. [25] proposed an electromagnetic-dynamic coupling model based on magnetic
equivalent circuits, which can consider nonlinear air gap permeance, nonlinear iron ma-
terial, and magnetic saturation. The main difference between the models developed by
the above studies is the choice of the induction motor electromagnetic model, which may
produce differences in computational speed and accuracy. However, the existing coupled
model only considers the unidirectional coupling from the dynamic model to the electro-
magnetic model, which may bring some unexplained simulation biases. Therefore, in or-
der to investigate the effect of whether to consider the UMP on the simulation results in
the coupled model, we propose an electromagnetic-dynamic coupled modeling method
considering the UMP. UMP is introduced into the coupled model, which is based on rotor-
bearing dynamic model and multiple coupled circuit (MCC) theory for the first time. The
dynamic response of the coupled model is solved by the numerical iterative algorithm.

This paper is organized as follows. Section 2 briefly describes the modeling process
of the coupled model, containing the theoretical formulations of the rotor-bearing dy-
namic model and the MCC model, the calculation methods of inductance and UMP, and
the overall logic of the model. Section 3 presents the simulation, experimental results, and
analysis of the coupled model. Finally, conclusions are given in Section 4.

2. Electromagnetic-Dynamic Coupled Modeling Process Considering Unbalanced
Magnetic Pull

2.1. Rotor-Bearing Dynamic Model

In contrast to the signal model, the simulation results provided by the dynamic
model are more objective in reflecting the real physical situation. In this work, the nonlin-
earities of the rotor-bearing dynamics model are considered by introducing the bearing
clearance and the additional radial clearance due to spalling. As shown in Figure 1, the
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radial force supporting the rotor rotation is provided by the Hertzian contact force be-
tween the ball and the inner ring in the bearing. The UMP acts directly on the rotor.

Rolling bearing

y2-restoring

x2-restoring

I Highlight & Explanation
I Velocity

I Force

I Coordinate axis

x1-restoring

Rolling bearing

Figure 1. Rotor-bearing dynamic model.

The contact deformation of the j-th ball in the bearing is

0, =xsin@, +ycosb, —c —c,. 1)

Han et al. [25] simulated the additional radial clearance generated when the ball
passes through the defective position by the half-wave sine function:

spall > spall

hsin( z (ej—espm)], mod (6, —8,,,,27) < AQ

clj = spall 4 (2)
0, else
5 2 2 2
D (Do) [ Wou | | | Do |[do ] _[ W , Outer race fault
2 2 2 2 2 2
h= N C)
d d Y (wo.Y d dY (Wou )
St Ze | p el BT S| el Tnner race fault
2 2 2 2 2 2
A 6 _ 2 - Wspall
patl = 2rCSIN 2_Ro . (4)

According to the Hertzian contact theory, the total restoring force of the bearing in
the X and Y directions is

Thall
— 3/2 :
F;(—restoring - Z/’Lchaj S ej , (5)
=
Mall .
F;/—restoring = leKcaj Ccos Hj , (6)
=

A4,=1 when 6,>0, otherwise, 4,=0.

Finally, considering the effect of UMP, the differential equation for the vibration of
the rotor-bearing system is formulated as
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2.2. Electromagnetic Model Based on Multiple Coupled Circuit Theory

In industrial applications, motors are inevitably operated under asymmetric supply
conditions, accompanied by saturation effect, eddy current loss, and friction loss. If the
influence of the above factors can be effectively introduced into the process of motor
model construction, a simulation model closer to the real motor could be obtained. How-
ever, the consideration of detailed factors always implies the growth of model parameters
and complexity of the structure, which leads to small improvements in results and huge
increases in costs. It is not compatible with the cost-efficiency ratio requirements of indus-
trial applications. Furthermore, the objective in this study is to construct coupled models
that can effectively reflect the fault transmission paths and generate usable fault signals,
which can help to qualitatively analyze and explain the fault mechanisms. Therefore, sev-
eral popular simplifying assumptions were used in the construction of the MCC model to
help improve the computational efficiency. These assumptions are as follows.

1. The motor is powered by a balanced three-phase voltage source;
2. Hysteresis loss, eddy current loss, and friction loss are ignored;
3. Rotor bars are insulated from each other.

As shown in Figure 2, the MCC theory treats each stator winding phase as a series
circuit of resistance and inductance and treats the squirrel-cage rotor as a loop evenly dis-
tributed in space. The voltage equation for a three-phase squirrel-cage induction motor
when star-connected is

d
Us:IsRs+aj’s/ 9)
0=1R +3 ), (10)
dt
U, iy, R 0 O A,
where U=\U,|I=|i,|,R=0 R 0|i=|4, ,
U, i 0 0 R A,
[2(R,+R)  -R, 0 -R, —R, fi ] [ A ]
R,  2(R,+R)  -R, 0 -R, iy Z
R - 0 R, 2(R, * R,) 0 R i = b = ’153
-R, 0 0 2(R,+R,)) -R. -
L R R, R, R omo R[] A |
The flux linkage equation of stator and rotor is
iA=L I +L]I, (11)
J=LJI+LI=LTI+L]I, (12)
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The electromagnetic torque equation in matrix form:

T_lp IST d Lss Lsr Is
© 22|11 |d6|L, L, |1

. (13)
_Apfprdle 8y 8y il
22 de, " dé, dé, dé,
The motor dynamic equation:
da
T =J—=+T,. 14
e dt 1 ( )

Figure 2. The stator and rotor are equivalent to an MCC model. (a) Induction motor; (b) stator equiv-
alent circuit; (c) squirrel cage rotor equivalent circuit.

2.3. Calculation of Inductance and Unbalanced Magnetic Pull

The rotor radial displacement determines the air gap distribution between the stator
and rotor, as shown in Figure 3. Strictly speaking, the air gap in real conditions is always
nonuniform due to manufacturing errors and gravity, etc., which is aggravated by the
additional radial displacements caused by bearing faults. The bearing faults cause the dy-
namic eccentricity of the rotor due to the variation of the restoring force, so as to obtain
the time-varying air gap. The distribution of the air gap can be calculated in successive
numerical iterations. According to the displacement of the rotor in the x and y directions
at moment t, the rotor eccentricity, eccentricity angle, and relative eccentricity introduced
by the bearing faults can be obtained:
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dccc = erz +yr2 4 (15)

Orce = (16)

€= e (17)
g
Hence, the distribution of the air gap length at moment t is
g(es’t):go_decc Cos(eecc_es)' (18)
Y A Rotor

Stator

Displacement range %

Figure 3. Nonuniform distribution of air gap caused by rotor eccentricity.

The air gap length distribution is associated with the inductance through the winding
function approach (WFA), which in turn affects the stator current in the MCC model. The
WEFA allows one to calculate the time-varying inductance between the stator and rotor by
the motor winding structure and the air gap length distribution. The assumptions when
applying the winding function method are as follows.

1.  The flux linkage passes through the air gap radially, that is, the axial flux linkage is
ignored;

2. The magnetic permeability of magnetic materials is infinite;

3. There is a negligible slot effect.

By derivation based on Gauss’s law and Ampere’s law, the equation for the WFA to
calculate the mutual inductance between any coil ¢, and coil ¢, can be expressed as

2z
L., =trlf, " n, (6)-N,(6)¢"(6)d8, (19)

S S

where the winding function N_ (6) is a function of the turn function n, (6,) and the

air gap length g(6,):

N..(8)=n, (a)—;)> [("n,(8)-¢7 (646, 0)
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Taking into account the relative motion between the stator and rotor, the WFA equa-
tion can also be rewritten as a function of the rotor’s mechanical angular position or time
t:

cicy

L. (6) /zorlj (6,,6,) N, (Hs,Br)g’l(Hs,Br)st, (21)

Lclcz (t) = lu(JrlJ.:”nc, (9s’t)‘ch (0s7t).gil (057t)d05 ° (22)

The reason of UMP is that the nonuniform air gap generated by the eccentricity
makes the flux density unevenly distributed. The presence of UMP tends to pull the rotor
in an eccentric direction, which can lead to more complex rotor dynamics. Therefore,
many studies have focused on the analytical calculation of the UMP. Based on the expres-
sion for the UMP proposed by Guo et al. [16], Zhou et al. [26] derived the general expres-
sion for the UMP at different number of poles:

ficos(8,. )+ foccos(2at -6, )+ fo.sin (et -6, )+
fi.cos(2w,t-36,. )+ f,.sin (20, —36,. ), p=2
- ficos(8,. )+ fi.cos(2@,t-36.. )+ f,.sin (2.t —306,,. )+
X—magnetic = 23
#U | frecos(2a,t— 56, )+ fi.sin (2a,t - 56,..), p=4 @3
ficos(8,, )+ fi. cos(2m,t =56, )+ fi;sin (20,1 -56...), p=6
fCOS( euc) ng
f Sln( CCC)+\f‘2C Sln(za) t_eecc)_-ﬂs COS(Za) t HCCC)
frosin(2a,t-36,. )+ f,, cos(2a,t-36,.. ), p=2
F f SIH( CCC)+ f;ﬁc Sln(2w t CCC) f;f COS(Za) t 3030(3)—
—magnetic = 24
e foosin (2@t =56, )+ fi cos(Za)t 56...), p=4 @4
f Sln( CCC)+f;‘ Sln(2 CCC) f;‘S Cos(za) CCC) p = 6
f Sln( ecc) p >8
where:
a)re = a)rm E 4
2
f= RL”(zAOAl + A4+ A A)X(F + F+2FF cos, ),
0
fo = RL”[AOA laa+lag j (F? +2FF cosp, + Fcos2p, ),
4u, 2 2 ’ ’ ’ ’
£ ff”[Ao #3 A A j (27 Fsing, + F2sin2p,),
fi= {EZZ(AOA + ; A4 j (F2 +2FF cosg, + Fcos2, ), )
RL7 1 . .
j{35 = 4[[10 (AOAS +5A1A2)X(2‘E‘E sin ¢sr + ‘/Tr.2 Sln2¢sr )’
RLx 5 2
fro == A X(F +2F.F, cos@, + F cos2g, ),
0
f;ls = RLﬂ- A2A3 ><(2"7:8‘7:r Sin ¢)sr + ‘7—:2 Sin 2¢)sr)

0
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Figure 4 shows the synthesis of the stator magnetomotive force (MMF) and rotor
magnetomotive force when the motor is running with a load. Due to the assumption that

hysteresis loss and eddy loss are not considered in the MCC model, the core loss angle
a,. =0°. The rotor leakage reactance causes the rotor MMF to lag behind the induced

s n=0

electromotive force by an impedance angle y, . When the rotor leakage reactance is small,

x
7 )

v, =0, and thus, ¢, =7 arccos(

Figure 4. Synthesis of stator and rotor magnetomotive force.

The stator and rotor MMF amplitudes are calculated by:
]vkw[rms
X —2
p

The object of this paper is a 3-phase 2-pole squirrel-cage induction motor, whose sta-
tor windings are distributed in a single-layer and full-pitch manner. For the stator, the
number of phases n, =3, the total number of series turns per phase for single-layer

n hase
F=0.9x-he (25)
2

phase

winding distribution N :ngZs , and the fundamental winding factor

[\

i
QS

=%, the total number of series turns per phase N =%, and the funda-

P sin(Q,a/2)

. W= > . For the rotor, the number of
’ " Q,sin(er/2)

, where k, =1 and 0{=§~

phases 7.

mental winding factor &, =1.

2.4. Electromagnetic-Dynamic Coupled Model Framework

As shown in Figure 5, the bidirectional coupling between the rotor-bearing system
dynamic model and the induction motor MCC model is achieved by the variables in the
center coloring area. The blue frame represents the dynamic model of the rotor-bearing
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system, and the red frame represents the MCC model of the induction motor. In the dy-
namic model, the contact deformation equation includes a preset bearing fault state. Based
on the Hertzian contact theory, the restoring force of the bearing in the X and Y directions
can be calculated from the contact deformation and the ball position obtained by integrat-
ing the angular velocity. Since the UMP and restoring forces act on the rotor simultane-
ously, both are introduced into the vibration differential equation. The air gap length dis-
tribution is related to the stator-rotor inductance by the WFA, and it can be obtained by
solving the vibration differential equation of the rotor-bearing system. The inductance be-
tween the stator and rotor directly affects the state of the motor MCC model and is re-
flected in the system’s state parameters such as current and rotor angular velocity. The
rotor angular velocity is fed back to the calculation of the bearing restoring force through
the Hertzian contact theory, which is one of the paths by which the electromagnetic model
affects the dynamic model. In addition, regarding the UMP calculated by current, relative
eccentricity will be fed back to the vibration differential equation, potentially causing
more complex rotor dynamic behavior.

Dynamic model of rotor-bearing system

7 A

Contact deformation equation
o Additional radial clearance
o Bearing radial clearance

IContact deformation I

v —§L Vibration differential equation ]

[ Hertzian contact theory ]

Eccentric distance

4

Angular

\

I } Relative eccentricity {

iRestoring forces (in X and Y axis)

Eccentric angle

velocity

fMagnetic pull (in X and Y axis)! I
|

[ Unbalanced magnetic pull equation ]

A

Stator current Y
Rotor current Winding function theory

1 Radial time-varying air gap length

Multiple coupled circuit theory
e Voltage equations
o Flux equations

! ¢ Winding function
e Turn function
e Inductance equation

o Electromagnetic torque equation |

* Motor dynamic equation

Mutual inductance between stator and rotor

Multiple coupled circuit model of inductance motor
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Figure 5. Framework of electromagnetic-dynamic coupled model with consideration of unbalanced
magnetic pull.

3. Simulation, Experimentation, and Analysis of Results
3.1. Model Parameters and Experimental Conditions

The parameters in the coupled model are set according to the 3-phase 2-pole induc-
tion motor used in the experiments, as shown in Tables 1 and 2. Due to the limitations of
measurement means and methods, a few mechanical and electrical parameters that were
difficult to determine were estimated with reference to parameters from other works of
the literature. The faults in the inner and outer races of the bearings are spalling faults
with the same width. In order to highlight the bearing fault characteristics, the spalling
position of the outer race fault is set directly below the inside of the outer race. Because of
the complex rotational state of the ball in the raceway, this paper will not discuss the ball
spalling fault in the bearing for the time being.

Table 1. Rotor-bearing dynamic model parameters.

Parameter Value

bearing designation SKF 6203
bearing outer race diameter 40 mm
bearing inner race diameter 17 mm

bearing ball diameter 6.747 mm

number of bearing balls 8
bearing clearance 3x102mm

spalling width 3 mm

rotor mass 22299 kg

rotor damping 600 N-s/m

Table 2. Multiple coupled circuit model parameters.

Parameter Value
number of phases 3
number of poles 2
rated power 1/3 Hp
number of stator slots 24
number of stator coil turns 126
stator resistance 220
number of rotor bars 34
rotor length 60 mm
rotor bar resistance 8x105Q
end ring resistance 2.375x105 Q
center radius of air gap 40.25 mm
initial length of air gap 0.7 mm

The experimental bench and bearings used to simulate the faults are shown in Figure
6. The vibration signal on the motor end shield is measured by an IMI 608A11 accelerom-
eter. The inverter provides a three-phase voltage at a specific frequency to the induction
motor. The photoelectric sensor collects the pulse signal reflecting the rotational velocity
by detecting the reflective strip located on the rotating shaft. The brake is connected to the
induction motor via a rotor shaft and coupling to simulate the load at work. The bearing
outer race spalling fault is simulated by cutting grooves on the inside of the outer race
with a spalling width of about 3 mm, as shown in the Figure 6. Due to the low number of
motor poles, this experiment was conducted at 20 Hz supply frequency for safety reasons.
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Figure 6. Mechanical fault simulation experimental bench and fault bearing.

3.2. Vibration Characteristics Analysis

This is performed for the purpose of studying the effect of UMP on the rotor dynamic
behavior. The simulation time is set to 8 s, and the coupled model is used to simulate the
normal, outer race fault, and inner race fault states of the induction motor in two cases:
without magnetic pull and with magnetic pull. The rotor vibration time domain in Figure
7 shows the effect of whether or not UMP is introduced. The simulation results show that
the healthy motor rotor has stationary vibration without UMP. In the presence of UMP,
the vibration amplitude of the healthy motor rotor increases, and modulation occurs. The
spalling located on the outer race of the bearing makes the rotor vibration waveform have
regular shocks, while the presence of UMP seems to make the shock amplitude vary ir-
regularly. In case of inner race faults, there is a significant amplitude modulation in the
vibration waveform without UMP. With the introduction of the UMP, the amplitude in
the originally low amplitude range (formed by amplitude modulation) increases signifi-
cantly. In general, the effect of UMP on rotor vibration in the time domain is mainly shown
as an increase in amplitude and jitter.

— With magnetic pull
3 X 10° Healthy —— Without magnetic pull
- T T T T T T T
-3.5
_4 1 1 1 | 1 1 1
0 1 2 3 4 5 6 7 8
%107 Outer race fault
T T T T T T T
g 0 p
é 2 L o mana b L] |
S 1] 11111 Ll L L I
g -4/ : ‘ ‘ ) \
< e
_6 1 1 1 | 1 1 1
0 1 2 3 4 5 6 7 8
%107 Inner race fault
0 T T T T T T T
-2
4
_6 1 1 1 | 1 1 1
0 1 2 3 4 5 6 7 8

Time(s)

Figure 7. Time domain signal of rotor displacement in Y direction.
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Figures 8-10 show the rotor axis trajectories for 7~8 s in normal, outer race fault, and
inner race fault states, respectively. Under normal conditions, rotor displacement exists
mainly in the horizontal direction, which may be due to bearing radial clearance. As
shown in Figure 11, the radial clearance allows only a portion of the balls to be in contact
with both the inner and outer races, so not all of the balls provide restoring force. The
component of the combined restoring force in the horizontal direction depends on the
rotor position and fluctuates with the rotor position. At the same time, the vertical vibra-
tion of the rotor caused by the restoring force fluctuation is limited by the presence of
gravity. As shown in Figure 8, in the absence of UMP, the rotor axis has a clear trajectory
despite the nonlinear factor caused by the radial clearance. When there is UMP, the range
of the axis trajectory is significantly expanded, and the shape is close to the irregular mo-
tion under the condition of no UMP.

x107
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Figure 8. Rotor axis trajectory (normal).
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Figure 9. Rotor axis trajectory (outer race fault).
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Figure 10. Rotor axis trajectory (inner race fault).



Entropy 2022, 24, 1386

15 of 24

Figure 11. Changes in restoring forces due to bearing radial clearance and rotor position.

In the axial trajectory for the bearing outer race fault condition shown in Figure 9, the
defect located at the bottom of the outer race causes the axial displacement in the vertical
direction. The density of the axial trajectory reflects the difference in speed of the ball as
it moves in and out of the defect position during counterclockwise rotation. The analysis
of the process from position a to position d in Figure 9 is shown in Figure 12. As the de-
formation of the ball entering the defective position gradually decreases, the bearing re-
storing force supporting the rotor in the vertical direction gradually decreases. With grav-
ity, the rotor accelerates from position a to position b. Position b to c is the process of the
ball leaving the defective position. In this process, the ball deformation increases and the
vertical restoring force increases. The resultant forces of the vertical restoring force and
gravity support the rotor to accelerate upward after preventing it from continuing to fall.
Due to the process of counteracting the falling momentum of the rotor, the rotor rises at a
lower speed when the balls start to leave the defect position. In addition, before the ball
enters the defect position, the resultant force of the bearing restoring force has a rightward
horizontal component, and the rotor has a rightward horizontal velocity component. As
the ball rotates counterclockwise away from the defect, although the rotor will rise to the
vertical position before entering the defect, the speed of the rotor horizontally to the right
at this time will tend to compress the balls leaving the defect. As a result, a greater restor-
ing force of the ball leaving the defective position acts on the rotor and produces a behav-
ior similar to “ejection”, forming an approximately parabolic axial trajectory from position
c to d in Figure 9. The range of axial trajectories is extended by adding UMP, which may
be due to the fact that UMP always tends to pull the rotor away from the equilibrium
position.

Extrusion direction M Direction of rotation B Restoring force M Direction of rotor movement

Figure 12. Rolling ball moves in and out of the bearing defective position.

As shown in Figure 10, when the bearing has an inner race fault, the balls can move
in and out of the defective position at almost any angle because the spalled inner race
rotates with the rotor. Therefore, a dynamic behavior similar to that described above for
the outer race failure case can occur at all angles. Depending on the defect position angle,
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the specific behavior may vary in part, as reflected in the more haphazard parabolic-like
trajectory in Figure 10. It is worth noting that the overall shape in the dense area of the
axial trajectory is close to the trajectory in the normal case, regardless of whether UMP is
introduced.

Summarizing the rotor motion trajectories in the three bearing states, the simulation
results of introducing UMP often cause the expansion in displacement range and the in-
crease in disorder.

Frequency domain analysis can provide more information. For the SKF 6203 bearing

used in the model, its outer race fault frequency is f, = % Sim (1 - %cos B J =3.0681f,,
b

. The inner race fault frequency is f,, =% S {1 +%cos yij j =4.9319f, . Figure 13 shows
b

the simulated displacement spectrum of the rotor in the Y direction without UMP. The
rotor displacement spectrum curve in the case of healthy bearings is smooth and has
prominent amplitudes only at the variable compliance frequency ( f,., equal to the outer
race fault frequency f, =56.43Hz) and its multiples (2f,,3 fyc, ). In the case of outer
race fault, the amplitude at the outer race fault frequency ( f,, ) and its multiples (
2f. >3 fim» ) increase significantly, while the amplitude on the other frequency compo-
nents is also higher than that of the healthy bearing case. The inner race fault spectrum is
significantly modulated by the rotational speed. In the marked red area, it can be seen that
besides the inner race fault frequency ( f;,) and its multiples (2f,,---), the spectrum has
the same prominent amplitude at the rotational frequency ( f,, ) and its multiples (
2fi53 imsee ). With the addition of UMP, the vibration spectrum of the coupled model
showed a more significant change. As shown in the areas highlighted in red in Figure 14,
the speed modulation with the presence of UMP appears in the spectrum for the healthy
and outer race fault cases. The spectrum of the inner race fault is less affected.
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Figure 13. Rotor displacement spectrum in Y direction without unbalanced magnetic pull.
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Figure 14. Rotor displacement spectrum in Y direction with unbalanced magnetic pull.

Experiments were conducted in the experimental bench in Figure 6, and the acceler-
ation signal of the end shield on the motor drive end was measured. Figure 15 shows the
time domain signal of motor end shield acceleration with outer race faulty bearing and
normal bearing. Obviously, the shocks caused by the bearing faults make the peak accel-
eration in the fault condition higher than normal. From the perspective of frequency do-
main, the bearing outer race fault frequency ( f;, ) and its multiples (2f,,,3f.,. ) can be
seen in the vibration spectrum of the end shield at the drive end shown in Figure 16. The
peaks in the spectrum at the industrial frequency ( /) and its multiples (2/,,3f,---) may
be caused by poor grounding. It is worth noting that the spectral curves in the case of
outer race fault have significant peaks at f, ,2f,.,3f,,,and 4f. , which may correspond
to the speed modulation caused by the UMP in Figure 14. In addition, the average ampli-
tude located in the red area is slightly higher than the surrounding area, which is also
similar to the spectral pattern in Figure 14.
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el il ‘ T R T T
Z 0 st TR POR A POATATW S
g ‘ Py Eithil 1 L | A Rkt i
_5 1 1 1 1 1 1 Il 1

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Time(s)

Figure 15. Time domain signal of acceleration at the drive end.
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Figure 16. Acceleration spectrum at the drive end.

3.3. Current Characteristics Analysis

From the model framework shown in Figure 5, it can be seen that the rotor-bearing
dynamic model affects the stator-rotor inductance through the air gap, which in turn af-
fects the MCC model. Therefore, air gap changes due to bearing faults may be reflected in
the stator current by inductance, making it possible to diagnose motor bearing faults by
stator current. Schoen et al. [27] first proposed that bearing faults affect the stator current
through the air gap and generate vibration frequency-related frequency components in
the stator current. Blodt et al. [28] theoretically derived the equation for the characteristic
frequency of bearing faults reflected in the stator current through the air gap.

° Outer race fault:

Joe =M om £ 1, (26)
e Inner race fault:
Je =M TS E S - (27)
e  Ball fault:
Je =M TS E S - (28)

By checking the characteristic frequency peaks in the stator currents corresponding
to the faults, the consistency between theoretical analysis, model development, and ex-
periments can be verified. Taking the stator current signal recorded and saved at the same
time with the vibration signal in the previous section, the spectrum of the simulated and
experimental currents is plotted, as shown in Figures 17 and 18.
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Figure 17. Stator current spectrum (simulation).
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Figure 18. Stator current spectrum (experiment).

In the spectrum of the simulated current signal shown in Figure 17, the prominent
characteristic component located at the fault characteristic frequency can be checked. The
characteristic frequencies with higher amplitude are f, +f—-f ., 2fi.—f.—f >
2fm—St S fontSos St Lot S 2fnt Sy 3fmt Sos Afnt i fon T 1., etc, indi-
cating that the air gap variation characteristics caused by the bearing faults can be re-
flected in the electromagnetic model part of the coupled model.

Figure 18 shows the experimentally measured stator current spectrum of the induc-
tion motor. The supply frequency (20 Hz) and its multiples are the main components of
the spectrum. Affected by noise, only the characteristic frequencies 3f, —f. and
5f..—f. have obvious amplitude gain, and the characteristic frequencies f, A —f.,
fom ¥ S 3+ 1, Af..+f.,and 5f, +f. have weak amplitude gain. The comparison
of simulation and experimental results verifies the correlation between the coupled model
and the characteristic frequency formulation to a certain extent.
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4. Conclusions

The simulation results show that the superposition of nonlinearities in the dynamical
and electromagnetic models can induce complex dynamical behaviors reflected in the ax-
ial trajectories. These dynamical behaviors may be valuable for further analysis of the
nonlinear and chaotic properties of the coupled model. Thus, although this paper is not a
direct discussion of entropy and nonlinear mathematical problems, we still hope it can
provide some reference for the extension of nonlinear theory in applications.

The construction of a model with effective coupling between dynamic model and
electromagnetic model is beneficial for accurate analysis of the fault characteristics of the
motor. Based on the velocity and air gap as the basic coupling paths, this study proposes
an electromagnetic-dynamic coupled modeling method for induction motors considering
UMP. In addition to the nonlinear factors such as bearing radial clearance and additional
radial clearance, the rotor-bearing dynamics model based on the Hertzian contact theory
introduces the effect of UMP caused by the radial displacement of the rotor. The change
in air gap due to rotor vibration will affect the inductance calculation between the stator
and rotor, thus serving as a path for the dynamics model to affect the electromagnetic
model. The induction motor electromagnetic model based on the MCC theory feeds the
rotor velocity directly into the dynamic model, while indirectly influencing the dynamic
model through the UMP. In simulation results, the introduction of UMP makes the rotor
show some special dynamical behaviors, and the amplitude and disorder of the vibration
increases. In the vibration spectrum of the simulated signal, the UMP excites a speed mod-
ulation in normal and outer race fault conditions similar to that in the inner race fault case.
The simulated spectrum curve located in the speed modulation range has a high ampli-
tude, which is also reflected in the low frequency interval of the experimental signal spec-
trum. In the stator current simulation results of the coupled model, the frequency compo-
nent associated with the fault can be found, which indicates the validity of the coupling
path from the dynamic model to the electromagnetic model by air gap.

The coupled induction motor model integrating the rotor-bearing dynamic model
and the MCC model has the ability to simulate a variety of mechanical and electrical faults,
providing a more comprehensive approach for studying the dynamic behavior of motor
rotors and fault characterization under different fault states. A correctly constructed cou-
pled model is able to effectively simulate the motor state at different fault levels, which
provides the possibility to track and predict the fault characteristics at each fault stage.
Considering the industry’s demand for confidence in the prediction data, the coupled
model constructed entirely based on the mechanism has the prerequisites to provide reli-
able results.

Due to the experimental conditions, this paper has been experimentally verified only
for normal and outer race fault. In addition, because of the lack of measured data on the
small rotor displacements, the roughness of the model validation work must be acknowl-
edged. In further work, we will improve the experimental conditions and try to simulate
the complex rotational motion of ball fault so as to incorporate the experiment of inner
race fault and the simulation of ball fault into this study. In order to further verify the
rotor dynamics in the simulation results, the measurement of the radial displacement of
the rotor is also forthcoming.
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Abbreviation

Abbreviation Meaning

s, Contact deformation of the j-th ball

X, Rotor displacement in X direction

¥, Rotor displacement in Y direction

¢ Bearing radial clearance

¢ Additional radia? cleara'n.ce when the j-th ball passes
through the spalling position

5 Equivalent spalling depth considering the ball does not
touch the bottom of the spalling

6, Spalling starting angle position

A6, Spalling angle

W Spalling width

d, Bearing outer race diameter

d Bearing inner race diameter

dy, Bearing ball diameter

K, Contact stiffness

6, Angle position of the j-th ball

m, Rotor mass

c. Rotor damping

o (i=1,2) Restoring force of the j-th bearing in the X direction

Fysorng (=12) Restoring force of the j-th bearing in the Y direction

F, agnetic Unbalanced magnetic pull of the rotor in the X direction

F, ametc Unbalanced magnetic pull of the rotor in the Y direction

g Gravitational acceleration

D, Bearing pitch diameter

Mg Number of bearing balls

Y Bearing contact angle

2, Contact coefficient of the j-th ball

U, Stator voltage vector

I, Stator and rotor current vectors

R, Stator and rotor resistance matrix

2, Stator and rotor flux linkage vectors

sa,sb,sc

lsa,sb,sc

Stator three-phase voltage

Stator three-phase winding currents
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R

S

A

sa,sb,sc

n bar

L (i=1,2,3;/=12,3)

L, (i=ab,c;j=12,..,n,)

L,(i=12,..n.,j=12,..,n,)

S

ST

—

Single-phase stator winding resistance under the as-
sumption of symmetrical stator
Flux linkages on three-phase stator windings

Number of rotor bars
Single rotor bar resistance
End ring resistance

Current through the i-th rotor circuit
Flux linkage through i-th rotor circuit

Current through the end ring

Flux linkage through the end ring
Stator self-inductance matrix

Rotor self-inductance matrix
Stator-rotor mutual inductance matrix
Rotor—stator mutual inductance matrix

Mutual inductance between stator phase i and stator
phase j

Mutual inductance between stator phase i and rotor cir-
cuit j

Mutual inductance between the i-th and j-th rotor cir-
cuits

Rotor bar leakage inductance

End ring leakage inductance

Number of motor poles

Electric angle
Electromagnetic torque

Rotor inertia

Rotor mechanical angular velocity
Load torque

Rotor eccentricity

Rotor eccentricity angle

Relative eccentricity

Uniformly distributed air gap length
Air gap length function
Permeability of air gap

Air gap center radius

Stack length
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Turn function of coil ¢,

N, Winding function of coil ¢,

g Inverse function of air gap length

6 Stator space angle position

< g’1> The average value of the air gap inverse function

" Time

0 Rotor mechanical angular position

W Rotor electric angular velocity

F., Stator and rotor magnetomotive force amplitude

A Fourier coefficient of air gap permeability

Mo Number of phases/imputed number of phases

N Total number of series turns per phase/imputed total
number of series turns per phase

k Fundamental winding factor

k, Fundamental wave pitch factor

k, Fundamental distribution factor

f Bearing outer race fault frequency (in vibration)

f Bearing inner race fault frequency (in vibration)

1 Bearing ball fault frequency (in vibration)

f Bearing outer race fault frequency (in stator current)

7 Bearing inner race fault frequency (in stator current)

1. Bearing ball fault frequency (in stator current)

Fonge Bearing cage rotation frequency

References

1.  Report of Large Motor Reliability Survey of Industrial and Commercial Installations, Part I. IEEE Trans. Ind. Appl. 1985, IA-21,
853-864. https://doi.org/10.1109/tia.1985.349532.

2. Report of Large Motor Reliability Survey of Industrial and Commercial Installations, Part II. IEEE Trans. Ind. Appl. 1985, IA-21,
865-872. https://doi.org/10.1109/tia.1985.349533.

3. Report of Large Motor Reliability Survey of Industrial and Commercial Installations: Part 3. IEEE Trans. Ind. Appl. 1987, IA-23,
153-158. https://doi.org/10.1109/tia.1987.4504880.

4. Albrecht, P.; Appiarius, J.; McCoy, R.; Owen, E.; Sharma, D. Assessment of the Reliability of Motors in Utility Applications—
Updated. IEEE Trans. Energy Convers. 1986, EC-1, 39—46. https://doi.org/10.1109/tec.1986.4765668.

5. Zhao, H.; Liu, H.; Xu, J.; Deng, W. Performance Prediction Using High-Order Differential Mathematical Morphology Gradient
Spectrum Entropy and Extreme Learning Machine. I[EEE Trans. Instrum. Meas. 2019, 69, 4165-4172.
https://doi.org/10.1109/tim.2019.2948414.

6. Zhu,].; Chen, N.; Shen, C. A new data-driven transferable remaining useful life prediction approach for bearing under different
working conditions. Mech. Syst. Signal Process. 2020, 139, 106602. https://doi.org/10.1016/j.ymssp.2019.106602.

7. Cui, H,; Guan, Y.; Chen, H.; Deng, W. A Novel Advancing Signal Processing Method Based on Coupled Multi-Stable Stochastic

Resonance for Fault Detection. Appl. Sci. 2021, 11, 5385. https://doi.org/10.3390/app11125385.



Entropy 2022, 24, 1386 24 of 24

10.

11.

12.
13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Dong, Y.; Li, Y.; Zheng, H.; Wang, R.; Xu, M. A new dynamic model and transfer learning based intelligent fault diagnosis
framework for rolling element bearings race faults: Solving the small sample problem. ISA Trans. 2021, 121, 327-348.
https://doi.org/10.1016/j.isatra.2021.03.042.

Liu, Y.; Wang, B.; Bin Zhang, B.; Yang, S. Establishment of Dynamic Model for Axle Box Bearing of High-Speed Trains Under
Variable Speed Conditions. Chin. J. Mech. Eng. 2022, 35, 47. https://doi.org/10.1186/s10033-022-00725-0.

Randall, R.B. The Use of Simulation Models to Generate Data Corresponding to Faults in Machines. In Proceedings of the 8th
International Conference on Reliability, Maintainability and Safety(ICRMS 2009), Chengdu, China; pp. 256-261.

Gray, A.; Pertsch, ].G. Critical review of the bibliography on unbalanced magnetic pull in dynamo-electric machines. Trans. Am.
Inst. Electr. Eng. 1918, 37, 1417-1424. https://doi.org/10.1109/PAIEE.1918.6594156.

Behrend, B. On the mechanical forces in dynamos caused by magnetic attraction. Trans. Am. Inst. Electr. Eng. 1900, 17, 613-633.
Dorrell, D.; Smith, A. Calculation and measurement of unbalanced magnetic pull in cage induction motors with eccentric rotors.
Part 2: Experimental investigation. IEE Proc.-Electr. Power Appl. 1996, 143, 202-210. https://doi.org/10.1049/ip-epa:19960284.
Smith, A.; Dorrell, D. Calculation and measurement of unbalanced magnetic pull in cage induction motors with eccentric rotors.
Part 1: Analytical model. IEE Proc.-Electr. Power Appl. 1996, 143, 193-201. https://doi.org/10.1049/ip-epa:19960155.

Dorrell, D.G. Sources and characteristics of unbalanced magnetic pull in 3-phase cage induction motors with axial-varying rotor
eccentricity. In Proceedings of the 2009 IEEE Energy Conversion Congress and Exposition, San Jose, CA, USA, 20-24 September
2009; pp 240-247. https://doi.org/10.1109/ecce.2009.5316545.

Guo, D.; Chu, F.; Chen, D. The unbalanced magnetic pull and its effects on vibration in a three-phase generator with eccentric
rotor. |. Sound Vib. 2002, 254, 297-312. https://doi.org/10.1006/jsvi.2001.4088.

Chen, X,; Yuan, S.; Peng, Z. Nonlinear vibration for PMSM used in HEV considering mechanical and magnetic coupling effects.
Nonlinear Dyn. 2015, 80, 541-552. https://doi.org/10.1007/s11071-014-1887-y.

Han, X.; Palazzolo, A. Unstable force analysis for induction motor eccentricity. J. Sound Vib. 2016, 370, 230-258.
https://doi.org/10.1016/j.jsv.2016.01.045.

Zhang, A; Bai, Y.; Yang, B.; Li, H. Analysis of Nonlinear Vibration in Permanent Magnet Synchronous Motors under Unbal-
anced Magnetic Pull. Appl. Sci. 2018, 8, 113. https://doi.org/10.3390/app8010113.

Cheng, M.; Meng, G.; Jing, J. Non-Linear Dynamics of a Rotor-Bearing-Seal System. Arch. Appl. Mech. 2006, 76, 215-227.
https://doi.org/10.1007/s00419-006-0017-9.

Li, Y.; Cao, H,; Tang, K. A general dynamic model coupled with EFEM and DBM of rolling bearing-rotor system. Mech. Syst.
Signal Process. 2019, 134, 106322. https://doi.org/10.1016/j.ymssp.2019.106322.

Yan, D.; Wang, W.; Chen, Q. Fractional-order modeling and nonlinear dynamic analyses of the rotor-bearing-seal system. Chaos
Solitons Fractals 2020, 133, 109640. https://doi.org/10.1016/j.chaos.2020.109640.

Cheng, H.; Zhang, Y.; Lu, W.; Yang, Z. Mechanical characteristics and nonlinear dynamic response analysis of rotor-bearing-
coupling system. Appl. Math. Model. 2021, 93, 708-727. https://doi.org/10.1016/j.apm.2020.12.041.

Fourati, A.; Bourdon, A ; Feki, N.; Rémond, D.; Chaari, F.; Haddar, M. Angular-based modeling of induction motors for moni-
toring. J. Sound Vib. 2017, 395, 371-392. https://doi.org/10.1016/j.jsv.2016.12.031.

Han, Q.; Ding, Z.; Xu, X.;; Wang, T.; Chu, F. Stator current model for detecting rolling bearing faults in induction motors using
magnetic equivalent circuits. Mech. Syst. Signal Process. 2019, 131, 554-575. https://doi.org/10.1016/j.ymssp.2019.06.010.

Zhou, S.; Guo, W.; Xiao, Q.; Zhu, J.; Zhou, X.; Tu, W. Vibration Characteristics Analysis of EMU Traction Motor Rotor Under
Eccentric Faults. Eng. Mech. 2021, 38, 216-225.

Schoen, R.; Habetler, T.; Kamran, F.; Bartfield, R. Motor bearing damage detection using stator current monitoring. IEEE Trans.
Ind. Appl. 1995, 31, 1274-1279. https://doi.org/10.1109/28.475697.

Blodt, M.; Granjon, P.; Raison, B.; Rostaing, G. Models for Bearing Damage Detection in Induction Motors Using Stator Current
Monitoring. IEEE Trans. Ind. Electron. 2008, 55, 1813-1822. https://doi.org/10.1109/tie.2008.917108.



