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Abstract: Detecting motor bearing faults by stator currents is of great importance as it improves the
adaptability of measurement means to different environments and reduces the number of sensors.
Therefore, many studies have been conducted to investigate bearing faults by constructing motor
models, most of which have used signal models to simulate the dynamics of the bearings. However,
the signal model may be exposed to the issue that the nonlinearities in the bearing operation are
neglected, thus oversimplifying the coupling effects between the electromagnetic and dynamics
models. Hence, a coupled electromagnetic-dynamic modeling method for induction motors based
on multiple coupled circuit theory and the rotor-bearing dynamics model is proposed in this study to
implement the coupled simulation of electromagnetic and dynamic models. The air gap length and
rotor velocity are used as coupled parameters for the calculation of stator—rotor mutual inductance
and ball contact deformation, respectively. The simulation results show that the proposed model can
effectively implement the electromagnetic—dynamic coupled and reflect the bearing fault characteris-
tics in the current signal. Experiments were conducted on induction motors with typical winding
configurations under laboratory conditions. The comparison results verify the effectiveness of the
proposed modeling method.

Keywords: induction motor; coupled model; bearing fault; multiple coupled circuit; dynamic model

1. Introduction

Induction motor is most widely used in the field of industry with significant advan-
tages in reliability and cost. The typical structure is shown in Figure 1. Despite induction
motor itself being low cost, it is often used to drive various moving parts in industrial
production activity, some of which are vital to local and even entire task chains. In the event
of induction motor failure, the consequent loss can be catastrophic. According to statistics,
around 44% of induction motor failure cases are related to bearings [1-3]. Therefore, early
effective condition monitoring and fault diagnosis against induction motor bearing failures
are of practical significance to ensure the stable operation of industrial production activity.

Since the 1960s, plentiful literature has been published on fault diagnosis of induction
motors, covering all aspects of the process. Research results can be labeled at each stage by
the basic process of “signal acquisition—signal processing—fault diagnosis”. In the phase
of signal acquisition, the main types of developed signals are vibration, current, sound,
temperature, magnetic flux, etc. Among them, vibration signals, as the most classic and
straightforward means of transmitting fault characteristics, have received the most attention
from researchers. In the phase of signal processing, the main concern is how to highlight
fault characteristics and distinguish compound faults, which are generally processed in
the time domain, frequency domain, and time—frequency domain. The methods adopted
in the phase of fault diagnosis are generally divided into the data-driven method and
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model-driven method. In early days, model-driven approaches were mostly used for
fault diagnosis in order to analyze fault mechanisms and characterization forms, while
the situation has changed with the advent of artificial intelligence algorithms such as
neural networks. In the past fifteen years, numerous research results of fault diagnosis
combined with artificial intelligence algorithms have emerged with the increase in computer
computing ability and the popularity of deep learning methods, forming a data-driven type
of diagnostic method. Currently, data-driven methods represented by artificial intelligence
algorithms have performed well in terms of fault feature fitting and diagnostic accuracy [4].
However, the lack of physical interpretability in structure as well as the insatiable data
volume requirements is still the biggest obstacle to the wider application of data-driven
methods, though some studies have recently explored this issue [5,6]. In contrast to
data-driven methods, Randall [7] summarizes the advantages of a model-driven method
represented modeling techniques. Sufficient representative signals can be generated by
simulating machine faults through the model to meet the data volume requirements of
the data-driven method, avoiding the economic considerations of a large number of fault
tests. Furthermore, the capability of the fault model to simulate multiple fault conditions
facilitates testing and comparison of diagnostic algorithms, as well as an understanding of
the physical relationships that exist in the machine. Accordingly, the model-driven method
based on failure mechanisms is still receiving much attention in the current field of fault
diagnosis research.

e Out
x In
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© Phase b
@© Phase ¢

Figure 1. Structure of a 3-phase, 4-pole induction motor.

Most of the current modeling methods for diagnosing motor bearing faults concentrate
on the construction of a bearing dynamic model, consequently analyzing the time and
frequency domain information in vibration signals in the hope of discovering the type and
extent of faults of signal characteristics. For instance, Niu et al. [8] proposed a bearing
dynamic model with six degrees of freedom considering the ball bearing based on the dy-
namic model established by Gupta [9] and discussed the influence of ball three-dimensional
motion on the vibration response of bearings with ball bearing defects in the time domain
and frequency domain. Considering that most bearing models can only describe single
defects such as surface ripples and local defects, Liu et al. [10] proposed a ball bearing
dynamic model with combined defects, including surface waviness and localized defects
on the raceway. Zhao et al. [11] established a bearing dynamic model based on Hertz theory
to study the influence of raceway defects on the nonlinear dynamic behavior of bearings.
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Yang et al. [12] used the impulse sequence model and nonlinear multi-body dynamic
bearing model to explain the causes and influencing factors of bearing fault characteristics
in the rotor-bearing housing system. Considering the double pulse behavior in bearing
spalling faults, Wu et al. [13] analyzed the vibration characteristics of the rolling element in
and out of spalling position by establishing a nonlinear dynamic model of rolling bearing,
obtaining a positive correlation between the double pulse phenomenon and spalling di-
mension. Considering the edge characteristics of spalling defects, Liu et al. [14] proposed
a new defect expansion and shape modeling, and analyzed the influence of defect edge
characteristics evolution of the defect edge characteristics on the vibration of cylindrical
roller bearings.

Compared with the dynamics modeling and the analysis of vibration signal, fewer
studies establish the electromagnetism model against bearing fault motor and analysis of
the current signal. Schoen et al. [15] analyzed the influence of vibration of faulty bearings
on air gap length fluctuations, and simply defined the formula of characteristic frequency
reflected by bearing faults to stator current. Boldt et al. [16] later carried out a detailed
theoretical derivation of this characteristic formula and obtained an extended formula with
more abundant frequency components. In the same paper, Boldt et al. also analyzed the
performance of bearing faults in stator current from the perspective of torque fluctuations.
Based on Schoen et al. and Boldt et al., two viewpoints of air gap fluctuation and torque
fluctuation have been gradually formed in the research of motor bearing fault detection.
For example, based on Schoen’s air gap fluctuation theory, Bouchikhi et al. [17] used
the motor multiple coupled circuit (MCC) model under mixed eccentricity to simulate
the stator current signal under bearing fault and proposed a diagnostic index based on
subtraction residual energy. Ojaghi et al. [18] calculated the stator mutual inductance based
on Blodt’s air gap frequency formula by winding function approach (WFA) and constructed
the MCC model by using the non-uniform air gap function with bearing faults, as well as
determining the characteristic frequency of bearing faults in current signals. Han et al. [19]
obtained a non-uniform time-varying air gap from the rotor system dynamics model and
input magnetic equivalent circuits (MEC) model to solve stator current, validated by finite
element analysis and dynamic tests. Similar to Boldt, Jafarian et al. obtained the accurate
representation of bearing faults in the stator current spectrum by introducing the Dirac
function into the finite element (FE) model of the motor to simulate bearing faults. Based
on the d-q model, Zhang et al. [20] proposed a method to estimate bearing faults by
reconstructing the radial air gap displacement profile. Trajin et al. [21] paid more attention
to the torque disturbance model in the case of bearing fault and proposed a bearing fault
detection method based on current spectrum energy estimation. Fourati et al. [22] chose to
establish an electro-mechanical model in the angular domain rather than the time domain
and verified the detectability of bearing defects by simulating the torque disturbance
generated by bearing local defects.

Modeling methods used in the above studies are d-q, MCC, MEC, and FE, in increasing
order of complexity. Less complex models, such as the d-q model, face difficulties in
accurately simulating multiple types of motor faults, whereas complex models often mean
higher computational accuracy and time cost, which are detrimental to the implementation
of online fault diagnosis based on a model-driven method. As Randall [7] mentioned, one
of the main purposes of fault modeling and simulation is to provide a large amount of data
for diagnostic algorithms, which cannot be achieved by overly complex models and too
long a simulation time. A typical example is that, as commonly used methods of inductance
calculation in the MCC model [23-25], WFA and FE methods differ significantly in the time
cost of inductance calculation. In the work of Lubin et al. [26], on the same computer, it
took 8 h to calculate the inductance using FEM, and only 1 min using WFA to calculate the
inductance with 10x resolution. Sapena-Bano et al. [27] used the WFA and FE methods to
calculate the inductance of the given parameter times 7.571 s and 3 h 9 min, respectively,
and the calculation results of the two were similar. As a result, the model’s ability to balance
complexity and types of faults is essential to develop online model-driven fault diagnosis
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problems. The MCC model, MEC model, and FE model are all capable of simulating
most types of motor faults to varying degrees. The MCC model, as a lumped parameter
model, has lower calculation accuracy than MEC and FE models, but its consideration
of the geometry and winding layout of the motor still makes it suitable for analyzing
induction motors with arbitrary winding distribution and asymmetries. Therefore, for
several mechanical and electrical faults that may occur, the MCC model has a significant
advantage in the ratio of the types of faults that can be simulated to the computational cost.
At present, the MCC model has been widely used in the modeling of induction motor stator
winding faults, rotor bar breakage, and other faults. In addition, a small number of studies
focusing on bearing faults have adopted the MCC method. However, from the point of
view of air gap fluctuations, the modeling studies selected for the MCC theory for bearing
failures have been limited to modeling bearing failure characteristics utilizing non-uniform
air gap distribution signal models [18,28]. The signal model ignores a variety of nonlinear
factors in the bearing system and simplifies the dynamic response of the rotor-bearing
system into a specific function, which is not conducive to reflecting the actual physical
condition of motor model output. By coupled the electromagnetic model and the dynamic
model, the motor system model which is more consistent with the actual electric magnetic
force interaction condition can be constructed, and the simplified error of the signal model
can be avoided. According to the survey, there are relatively few studies on the coupled
modeling between the electromagnetic and the dynamic model, and there is no study on
the application of the MCC model to the coupled model.

Consequently, based on MCC theory and the bearing dynamics modeling method,
we proposed and constructed an electromagnetic—-dynamic coupled model combining the
motor model and the rotor-bearing system dynamics model. The electromagnetic-dynamic
coupled model based on MCC is capable of simulating the dynamic response characteris-
tics of motors under most electrical and mechanical faults with low computational cost,
facilitating rapid data support for fault mechanism studies and online intelligent diagnosis
methods. Firstly, the induction motor is decomposed into a generic MCC structure and
described by a series of electromagnetic equations. The non-uniform time-varying air gap
is introduced into the MCC when calculating the inductance parameters through the WFA.
Secondly, a rotor-bearing system dynamics model was established in the radial direction of
the rotor, in which the Hertzian contact and radial clearance in the bearing were considered.
The non-uniform time-varying air gap is calculated from the displacement response of
the rotor-bearing system, being used as the coupled parameter between the sub-models
together with the rotor velocity. Finally, concurrent with the above electromagnetic and
vibration differential equations, the dynamic response of the coupled model is solved by
a numerical iterative algorithm. The contribution of this work is to propose a modeling
approach that couples MCC with a rotor-bearing dynamic model, which has the potential
to serve for mechanism analysis and data expansion in fault diagnosis. Many previous
studies have validated the ability of the MCC model to simulate electrical faults such as
turn-to-turn shorts, broken rotor strips, and missing phases. Therefore, this work focuses
on the ability of this coupled model to reflect the mechanical fault characteristics from the
kinetic model into the electromagnetic model, which is of interest to investigate the fault
transmission mechanism and the detection of bearing faults by stator current. The model’s
availability is measured by whether the fault characteristics of the simulated signals match
the theoretical analysis and the experimental signals.

The structure of this paper is as follows. In Section 2, dynamic fault characteristics
of ball bearings and the reflection of the fault in stator current are reviewed. Section 3
briefly introduces the construction of MCC motor models and the calculation of inductance
parameters. Section 4 presents the bearing fault dynamics modeling method considering
the Hertzian contact and radial clearance. Section 5 analyses and proposes the coupling
path of the electromagnetic—-dynamic model. Section 6 reports and analyses the simulation
and experimental results under two types of faults. The conclusion of this study is given
in Section 7.
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Outer race

2. Bearing Fault Characteristics in Stator Current

The defects causing bearing failures can be classified as distributed or localized.
Distributed defects usually exist at various locations on the bearing components that are
difficult to be characterized by definite frequency features. Therefore, single point defects
and other localized faults with specific frequency characteristics are generally considered
for the study of bearing failures. For the ball bearing in Figure 2, n, is the number of
balls, dy, is the ball diameter, Dy, is the bearing pitch diameter, w; is the inner ring angular
velocity, and f; is the rotation frequency. The classification of single point defects and their
characteristic frequencies are listed below:

e  Outer race fault:

n
fom = jbf r (1 (1)
Outer race fault
_______ D, Inner race fault
Ball fault
Figure 2. Rolling bearing and typical failure modes.
e Inner race fault:
n d
fim_zbfr(l—FDst[S). @)
e Ball fault:
_ Dy i,
fom = a r< o7 cos?B |. 3)

Schoen et al. [15] pointed out that the bearing failure causes the change in air gap
length, which in turn affects the stator—rotor inductance and thus the stator current, and
gave the corresponding calculation formula. For a motor with a power supply frequency fs
and a bearing fault characteristic frequency f,,, the fault characteristic frequency of the
stator current is

ffe :|kffm:tfs|- 4)
Blodt et al. [16] introduced the Dirac generalized function to derive formulas on the

principle of reflecting bearing faults to stator currents, thus theoretically proving that air
gap variations can be reflected in the frequency components of stator currents. Firstly, in
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the presence of a bearing fault, the generalized expression for the air gap length ¢ can be

defined as
2(6s,t)=go|1 —ecos(bs + ¥(t) Z 5<t—>1
k=—o0 f mf
0, outer race fault ®)
P(t)= < wit, inner race fault

Weaget, ball fault,

where 0; is the stator mechanical angle, g¢ is the uniform air gap length without eccentricity,
e is the eccentricity introduced by bearing faults, and (¢) is an introduced angular position
function that considers the change of defect position with the rotation of the inner race.

According to the air gap permeance formula P = puAg/g, the air gap permeance
formula in case of bearing failure is obtained:

P(0s,t)=Po : + |
1 —ecos(95+4’(t)>k:§oo5(ti fm)] (6)
p,_ Moy
8o

where y; is the relative permeability, g is the permeability of free space, and A is equiva-
lent air gap cross-sectional area.

According to the first-order approximation of the Taylor expansion of 1=, the Fourier
series expansion of the Dirac generalized function is:

1
—=14x+22+ x4y,
1—x

) 5(1? — ) = Y g mik = 05 +2 )" gy cos(wnmgtk),

k=—o00 fmf k=—00 k=1

where |x|< 1 and the Fourier coefficient ay = fis.
Equation (6) can be reduced to

k= k=1

P(bs,t) ~ 770{1 +eagcos(0s +(t)) +e Z a cos(0s + P(t) + lwmpst) + e Jio ay cos(Os + P(t) — lwmet) } 8)

D(6s, 1)

Suppose the magnitude of the magnetomotive force is Fj, the number of motor
poles is p, the supply angular frequency is ws, and the initial phase angle is ¢, then the
magnetomotive force function is

F(bs,t) = Fo cos(%@S — wgt + (p). )

We can then derive the motor flux density distribution:

= F(0s,t)-P(6s,1)

10
= FoPocos(50s — wst + @) + Z Bi[cos((5 £1)0s £ 9(t) £ kwms — wst + ¢)], (10)
where By is the magnitude of the flux density wave associated with bearing faults.
Voltage equations for stator phases m(m = a,b,c):
dd,, (¢
Vn(t) = Rt + 220 a)

dt
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For a motor powered by a balanced three-phase voltage source, the stator current
contains the frequency component of the flux derivative and can be written as follows:

Lu(t) = Jio I cos[£9(t) £ kwmet — wst + @), (12)
k=0

where I, is the amplitude of each frequency component.

From Equation (12), it can be seen that air gap fluctuations generated by bearing faults
will introduce a specific frequency component in the stator current. For different fault types,
the theoretical fault characteristic frequencies are as follows.

e  Outer race fault:

foe = kfom :tfs- (13)
e Inner race fault:
fie = kfim £ fs £ fr. (14)
e Ball fault:
fbe :kfbmifs :l:fcage- (15)

Since the rotation of the ball in the raceway is often not frictionless strict rolling, and
accompanied by the possibility of spin in all directions, ball spalling failure characteristics
in the bearing with the ball as the rolling element does not appear in a definite and uniform
impact. Therefore, we will not discuss the ball spalling failure in ball bearings for the
time being.

3. Multiple Coupled Circuit Modeling for Induction Motors
3.1. Multiple Coupled Circuit Theory

Industrial motors inevitably operate with asymmetric power supplies, accompanied
by saturation effects, eddy current losses, and friction losses. The MCC theory achieves a
compromise between complexity and accuracy of motor electromagnetic models by some
reasonable simplifying assumptions. We aimed to explore the effective coupling path
between the electromagnetic and dynamics models, and therefore, the MCC modeling
relies on the popular assumptions used in most studies. In this study, the development of
the MCC model relies on the following assumptions:

1.  The motor is a linear system powered by a balanced three-phase voltage source;
2. Saturation, eddy current loss, and friction loss are not considered; and
3.  Rotor bars are insulated from each other.

Based on these assumptions, as shown in Figures 3 and 4, by equating each phase stator
winding as a series circuit of resistance and leakage inductance, as well as considering the
cage rotor as a circuit uniformly distributed in space, the voltage equation of a three-phase
squirrel-cage induction motor with a star connection can be expressed as

d
=IL;Rs + — 1
US S S+ thS/ ( 6)
d
0=LR;+ —Ar, (17)

dt
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where Us is the stator voltage vector; Isr, Rsr, and As, are the current vector, resistance
matrix, and magnetic chain vector of the stator and rotor, respectively;

usa isa RS 0 O /\Sa
U = usb s = Z.sb Rs=10 Rg 0],A= /\sb ’
Usc lsc 0 0 R Asc
2(Ry+Re)  —Ry 0 - R, —Re] i ] At ]
—Ry 2(Rb + Re) —Ry cee 0 —Re i A
0 —Ry 2(Rp, +Re) -+ 0 —Re ir3 A3
RI‘ = . . . . 7 ir = 7 AI‘ = . 7
—Ry 0 0 2(Rp, +Re) —Re irn, Arn,,
L  —Re —Re —Re —Re npRe | | 7e L Ae |
Usa sb sc is the three-phase voltage of the stator; ig, gp o is the current of the three-phase
stator winding; Rs is the single-phase stator winding resistance under the assumption of
stator symmetry; Ag, ob s is the flux linkage of the three-phase stator winding; ny, is the
number of rotor bars; Ry, is the rotor bar resistance; Re is the rotor end ring resistance;
ij(i=1,2,...,n) and i,;(i = 1,2,...,1np) are the current and flux linkage in the i-th rotor
loop, respectively; and i. and A, are the current and flux linkage in the end ring, respectively.
The equation of the flux linkage of the stator and rotor is expressed as
As - LssIs + Lerr/ (18)
Ar - LrsIs + erIr - L;[rls + erIr/ (19)
where Lgs and L, are the stator self-inductance matrix and rotor self-inductance matrix,
respectively; Lg; and Lys are stator—rotor mutual inductance matrix and rotor-stator mutual
inductance matrix respectively, here Ly = Lgr ;
Lsasa Lsasb Lsasc Lsarl LsarZ LsarS Lsarnb 0
Lss = |Lsbsa Lsbsb Lsbsc |, Lsr = |Lsbr1  Lsbr2  Lsbr3 strnb 0f,
Lscsa Lscsb Lscsc Lscrl Lsch LScr3 Lscrnb 0
_Lrlrl + Z(Lb + Le) Lrer - Lb Lr1r3 Lrlrnb - Lb _Le_
Lo — Lb Lo + Z(Lb + Le) Liors — Lb Lr2rnb —Le
L Lian Lizro — Lb Ly3rs + 2(Lb + Le) Lr3rnb —Le
r — . . . . . . ’
Lrnbrl - Lb Lrner Lrnbr3 Lrnbrnb + Z(Lb + Le) —Le
L —Le —Le —Le —Le nyLe |

Lsisj(i =1,2,3;j = 1,2,3) is the mutual inductance between stator phase i and stator
phase j, Lsirj(i =a,b,cj=1,2,...,np) is the mutual inductance between the stator phase
i and the j-th rotor loop, Lrir]-(i =12,...,n,,j=1,2,...,1n) is the mutual inductance
between the i-th and j-th rotor circuits, and Ly, and L. are the leakage inductance of rotor
bar and end ring, respectively.

From the magnetic co-energy equation for linear motor systems, the matrix form of
the electromagnetic torque equation can be derived as:

T
- w1l £l
221 I 4O | Lis Ly I, (20)
_ 1P (fTdLs TdLyy  jTdLs TdLy,
=22 (Is e, s+ L g I + I g Is + I g, Ir)f

where p is the number of motor poles and 6. is the electrical angle.
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Figure 4. Rotor multiple coupled circuit model.
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The motor dynamic equation is

dw
Te = ]T; + T, (21)

where ] is the rotor inertia, wn, is the mechanical angular velocity, and Tj is the load torque.

3.2. Inductance Calculation

Accurate inductance calculations are the basis for proper multi-loop modeling. Leak-
age inductance in the stator, rotor bars, and end loops can be calculated from motor
geometry parameters, but the time-varying self and mutual inductance in the stator and
rotor are usually difficult to measure or accurately estimate. Considering that the winding
structure determines the motor magnetomotive force as well as most of the air gap perme-
ability, WFA provides an effective way to calculate inductance using the motor winding
and air gap length distribution. Similarly, based on the assumptions of the multi-loop
model, WFA extends some necessary assumptions:

1.  The flux passes radially through the air gap, i.e., the axial flux is negligible;
2. Infinite magnetic permeability of magnetic materials; and
3. Negligible slot effect.

Through the derivation based on Gauss’s law and Ampere’s law, the formula for
calculating the mutual inductance between any coil x and coil y by WFA can be expressed as

27T
Ly = porl /0 1y (65)- Ny (6)-g 1 (6) b, 22)

where ji is the air gap permeability,  is the radius of the center of the air gap, I is the stack
length, 1 (6s) is the turn function (TF) of coil x, Ny (6s) is the winding function (WF) of coil
y, and g~ (65) is the air gap inverse function.

In the motor, considering the relative motion between the stator and rotor, and intro-
ducing the rotor mechanical angular position 6;, Equation (22) can be rewritten as

21
Ly (6) = pior! /O 1y (B, 6¢)- Ny (B, 6¢)- g (6, 6:) 6. (23)

Alternatively, it can be rewritten as a function of time #:

27
Ly (1) = pior /0 (65, 1) Ny (6, £)-g (65, 1) 6. (24)

In the calculation of the WFA, the winding distribution of the motor stator and rotor
is expressed by TFs. The TF represents the turn spatial distribution of a stator winding
or rotor loop at one side of motor, while the WF represents the magnetic potential spatial
distribution of a stator winding or rotor loop due to current passage. Obviously, the WF is
a function of the TF and the air gap length:

e MESCSE AL @)

where (g71(6)) is the average value of air gap inverse function.
For a stator with a one-layer winding distribution, the TF of each winding phase can
be defined as

Ny (6s) = ny(6s) —
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i=1:1:p/2,
Nstart= ZQs(i - 1)/P1
ZS']'/ ] = nstart + (1 : 1 : Qpp) (26)
ns(0s)= Zs*Qpp/ j = nstart + ((Qpp +1) : 1:3Qpp) )
Zs(Qpp —1), j = nstart + ((3Qpp +1) : 1:4Qpp)
0, J = Nstart + ((4Qpp + 1) 1 :ZQS/P)

Turn function

200

100

(=]

Turn function
S
~noon o =

e
)

Rotor 14
bar number

where Zs is the number of turns per winding, Qpp is the number of slots per pole and
phase, and Qs is the total number of stator slots.
The TF of a single rotor bar can be defined as:

1, Opar <05 < Opor +a
nr(es) _ {0 bar selse bar r, (27)

where 6y,,, is the mechanical angle position of the rotor bar, and «, is the angular displace-
ment between two consecutive bars.

Taking the three-phase and four-pole induction motor shown in Figure 1 as an example,
the motor design parameters are shown in Table 1. According to the motor winding
structure, the TF spatial distribution curve of the stator and rotor can be obtained, and the
corresponding WEF can be calculated by Equation (23). Figures 5 and 6 show the stator and
rotor TFs and the calculated WFs under the assumption of a uniform air gap, respectively.

8

=100

2

SR

)

g

E —100

= P <

27 c ~ 2T
b - <
" Phase - i
0 Angle(rad) a r Angle(rad)
(a) (b)

Figure 5. TFs and WFs of three-phase stator windings. (a) TFs; (b) WFs.

A 1 T l
= 0.8
B 06 Al
0.4
202
o 0 T=

Winding functio

28
o Rotor 14 - 27
” bar number 0 ™
Angle(rad) 0 Angle(rad)
(a) (b)

Figure 6. TFs and WFs of the rotor loops. (a) TFs; (b) WFs.
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Table 1. Motor parameters.

Parameters Values
Number of phases 3
Number of poles 4
Number of stator turns in series 61
Stack length 1.25 x 1071 m
Air gap center radius 455 x 1072 m

The self and mutual inductance of the stator and rotor can be calculated from Equation (8).
Figure 7 shows the mutual inductance curves of stator phase a and rotor bar 1 in the rotor
angular range [0,377] and their differentials, which allow us to determine the time-varying
characteristics of the inductor during the motor operation. As shown in Figure 8, when the
air gap is inhomogeneous due to static or dynamic eccentricity, etc., the mutual inductance
curve will be distorted with respect to the eccentricity. This phenomenon of air gap length

distribution affecting inductance variation can be explained by the air gap inverse function
included in Equation (8).
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Figure 7. Stator—rotor mutual inductance and its differential curve under the condition of uniform air
gap. (a) Mutual inductance of stator phase a and rotor bar 1 with rotor angular position; (b) mutual
inductance difference between stator phase a and rotor bar 1.
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Figure 8. Stator—rotor mutual inductance and its differential curve under static eccentricity. (a) Mutual

inductance of stator phase a and rotor bar 1 with rotor angular position; (b) mutual inductance
difference between stator phase a and rotor bar 1.

In the MCC model, the inductance is coupled with the current through the flux linkage.
While affecting the stator—rotor inductance matrix, the air gap length distribution can
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be derived by solving the rotor-bearing dynamics model. Therefore, the air gap length
can be considered a common parameter of the MCC and dynamic models. Thus, the
numerical calculation of the coupled model integrating these two models can be realized
by parameter transfer.

4. Rotor-Bearing System Dynamic Modeling

The rotor-bearing system is shown in Figure 9. Differential equation of vibration of
rotor-bearing system:
MyXy + Xy + Foxg + Foxa = 0, (28)

mrj/'r + C;f/r - Fbyl - FbyZ = —M:§, (29)

where m; is rotor mass, c is rotor damping, F,,;(i = 1,2) is the restoring force of the i-th
bearing in the x-direction, F,y;(i = 1,2) is the restoring force of the i-th bearing in the
Y-direction, and g is the gravitational acceleration.

Figure 9. Rotor-bearing system dynamic model.

According to Hertzian contact theory, the total restoring force in both directions for a
bearing with ball number ny, is

Ny,

F =Y. /\ch(s]?’/ 2 sin 6; (30)
j=1
np

Foy =) )\chéj»B/z cos ; 31)
j=1

where J; is the contact deformation of the j-th ball; A; is the contact coefficient of the j-th
ball and Ap=1 when 9; >0, otherwise, Aj=0; K is the contact stiffness; and 0; is the
angular position of the j-th ball.

In the pure rolling case, where dy, is the ball diameter, D}, is the bearing pitch diameter,
wy is the orbital angular velocity of ball, « is the contact angle, and wy is the rotor angular
velocity, the 6; at moment ¢ can be determined by the following equation:

0;(t) = wyt + 271(5%1) (32)
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wp = %wr (1 - gl; cos 1x>. (33)

For the bearing’s outer and inner race spalling defect, the contact deformation of the
j-th ball is
0j = xsinb; +ycosb; —c; —qcyj, (34)
where (| is the radial clearance of the bearing, and cij is the additional radial clearance
when the ball passes through the spalling position.

As shown in Figure 10, Han et al. [19] simulated this additional radial clearance by the
half-wave sine function, and its formula is expressed as

B h Sin(ﬁpall (9] - Qspall)>/ mod (9] - espalllzn) < AQspall/

5=1, o (35)
<dzb _ \/ (%b)z - (wsga“)2> - (RO —\/R2 — (wsga“)2>, Outer race fault,

" ( - Ja)- ()) + (Ri e (ngany), oty

Abspan = 2arcsin (), (37)

where } is the equivalent spalling depth considering the ball does not touch the bottom
of the spalling, wspay is the spalling width, R, is the bearing outer race radius, fgp, is the
angular position of the starting edge of the spalling, and Afgp, is the spalling angle.

Figure 10. Bearing outer raceway spalling fault.

5. Electromagnetic-Dynamic Model Coupling Path

The rotor radial displacement in the rotor-bearing system dynamics model is decom-
posed into two directions that determine the air gap distribution between the stator and
the rotor, as shown in Figure 11. In general terms, due to manufacturing errors and other
reasons, the air gap of the motor in actual operation is usually uneven, and the additional
radial displacement of the rotor caused by bearing failure exacerbates the situation. With
the motor running, the dynamic eccentricity of the rotor is caused by the pulsation of the
restoring force due to bearing failure, which in turn generates a time-varying air gap. The
distribution of the air gap can be calculated in each numerical iteration. From the rotor
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displacement in both directions at moment ¢, the rotor eccentricity and eccentricity angle
introduced due to bearing failure are

decc = v/ X2 + y%
o arccos<f dZZC , x>0 (38)
o 27T — arccos| — dZL)r xr <0

Stator

Rotor

Air gap

Figure 11. The air gap distribution between the stator and rotor.

Therefore, the distribution of the air gap length at moment ¢ is
g(9s, t) =80 — decc COS(BGCC - Gs) (39)

The air gap length distribution is associated with the inductance through
Equations (23) and (24), which in turn affects the stator current in the MCC, which is
a clear path from the rotor-bearing system dynamics model coupled to the induction motor
MCC model. Accordingly, the feedback of the dynamic behavior of the MCC model to the
rotor-bearing dynamics model is achieved through the transfer of rotor angular velocity
parameters by Equations (30) and (31). Therefore, by coupling the induction motor MCC
model with the rotor-bearing dynamics model through the air gap length distribution
and rotational velocity, we obtained the coupled electromagnetic-dynamic model of the
induction motor, and its program is shown in Figure 12.
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Angular velocity
Stator current

Output

Figure 12. Block diagram of electromagnetic-dynamic coupled model.

6. Simulation Results and Experimental Verification
6.1. Model Parameters

In order to verify the effectiveness of the coupled model, the bearing fault simulation
of the three-phase, two-pole induction motor (Marathon D391) used in the experiment
was conducted. The induction motor stator winding structure is single-layer, and the
parameters of the MCC model as well as the rotor-bearing system model are given in
Tables 2 and 3, respectively.

6.2. Simulation Results

For the SKF 6203 bearing parameters given in Table 3, the fault characteristic frequency
can be calculated by Equations (1)-(3). The frequency of outer race fault in the bearing is
fom = 3.0681f;, the frequency of inner race fault is fi,, = 4.9319f;, and the frequency of
ball fault is fi,, = 4.0594f,. Two types of failures, outer ring failure and inner ring failure,
are simulated in the coupling model, where the spalling position of the outer ring failure
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is set to Ospan = 0" to ensure effective contact between the ball and the spalling. Since the
spalling on the inner race rotates with the rotor, the inner race fault is not affected by the
initial position of the spalling.

Table 2. MCC model parameters of the induction motor.

Parameters Values
Number of phases 3
Number of poles 2
Power 1/3 Hp
Number of stator slots 24
Number of stator turns in series 61
Stator resistance 220
Number of rotor bars 34
Stack length 6 x 1072 m
Rotor inertia 1.41882 x 1073 kg-m?
Rotor bar resistance 8x107°Q
Rotor end ring resistance 2375 x 107° Q
Initial air gap 3x107*m
Air gap center radius 4.025 x 1072 m
Table 3. Parameters of the rotor-bearing dynamic model.
Parameters Values
Rotor mass 2.2299 kg
Rotor damping 600 N-s/m
Bearing outside diameter 4x1072m
Bearing bore diameter 1.7 x 1072 m

Bearing pitch diameter 29001 x 1072 m
Bearing ball diameter 6.7564 x 1073 m
Number of bearing balls 8
Bearing radial clearance 5x 10 °m
Contact stiffness 1.188 x 10° N/m3/2

Firstly, simulation and analysis of the outer race fault were performed. Figure 13
shows the vibration spectrum in the Y-direction of the rotor (equivalent to the Y-direction
of the inner race of the bearing) when powered by a 10 Hz supply frequency, where the
two cases of normal and outer race failure are compared. From the comparison, it is clear
that the overall vibration amplitude of the bearing dynamics model with outer race fault is
higher than normal, while it has prominent amplitude at the outer race fault frequency and
its harmonic frequency. This phenomenon is consistent with the vibration characteristics
of real bearing outer race faults. It is worth noting that the vibration spectrum under
normal conditions also has a prominent amplitude at the outer race fault characteristic
frequency, which is determined by the bearing’s own characteristics. In the process of
circumferential motion of rolling elements with bearing operation, the arrangement of
rolling elements in the bearing repeats when the latter rolling element j moves to the
position of the former rolling element j 4 1, which means the bearing compliance (or
stiffness) has a certain periodicity. Therefore, it is called variable flexibility (VC) vibration in
the related literature [29,30]. In single-row bearings, the VC frequency is exactly equal to the
rolling element passage frequency and also equal to the bearing outer race fault frequency.

The frequency domain plots of the stator currents with two power supply frequen-
cies obtained by the electromagnetic-dynamic coupled model simulation are given in
Figures 14 and 15, where the two cases of normal and outer ring faults are compared. From
the comparison, it can be seen that the bearing fault frequency is reflected in the stator
current spectrum through the coupling path. Besides the power supply frequency and
its harmonic components, the current spectrum under the outer race fault condition is
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although the outer race fault characteristic frequency is close to some of the power supply
harmonic frequencies due to the bearing parameters. Some of the characteristic frequencies,
such as fom — fs,2fom + fs, 3fom + fs, etc., have better performance in reflecting outer race

still obviously higher than the normal condition at some of the characteristic frequencies,
fault at both supply frequencies.

100

Figure 13. Comparison of rotor vibration spectrum in Y-direction under outer race fault (10 Hz).
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Figure 14. Comparison of stator current simulation signal spectrum under outer race fault (10 Hz).
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Figure 15. Comparison of stator current simulation signal spectrum under outer race fault (20 Hz).

Then, the inner race fault was simulated and analyzed. The vibration spectrum of
the rotor in the Y-direction in the case of inner race fault is shown in Figure 16, where the
characteristic frequency of the inner race fault and its multiplier amplitude are obvious.
Since the inner race spalling rotates at rotor velocity during bearing operation, it results
in a large modulation sideband around the inner race fault characteristic frequency and
its multiplication. The interval between these modulation sidebands is exactly the rotor
rotation frequency. In addition, the inner race fault did not cause a significant amplitude
gain at the VC frequency, which laterally reflects the overlap between the outer race fault
frequency and the VC frequency.

The stator current spectrum shown in Figures 17 and 18 for the inner race fault case
has a more complex frequency component than that of the outer race fault, associated
with the presence of rotational velocity modulation in the inner race fault. Several fault
characteristic frequencies including Equations (4) and (14) can be found on the spectrum,
such as fin — fs — fr fim + fs, etc.,, which verifies the validity of these formulas to a
certain extent. Furthermore, due to the velocity modulation, the limited energy originally
concentrated at the inner race fault characteristic frequency is dispersed into other frequency
components. The amplitude at the inner race fault characteristic frequency and its harmonic
frequency is lower than that of the outer race fault. An intuitive explanation of this
phenomenon is provided by Stack et al. [31]. A spalling defect located on the inner race
rotates in and out of the load zone formed by the gravity of the rotor with the rotation of
the shaft. In this case, the strong fault features generated when the defect is in the load
zone are averaged with the weaker features obtained when the defect is outside the load
zone, which has the effect of attenuating the magnitude of the inner race feature fault
frequency. Simulation results in the work of Patel et al. [32] verified that the effect of inner
race defects on vibration is weaker than that of outer race defects with the same spall size.
The lower the vibration amplitude, the lower the amplitude of the characteristic frequency
component reflected to the stator current through the air gap fluctuation, which means
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that the detection of bearing inner race fault by characteristic frequency amplitude is more

difficult than the detection of outer race fault.
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Figure 16. Comparison of rotor vibration spectrum in Y-direction under inner race fault (10 Hz).
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6.3. Experimental Platform and Measurement Condition

The experiments in this study were conducted on a machinery fault simulator. As
shown in Figure 19, the experimental bench mainly consists of an induction motor, inverter,
brake, and photoelectric sensor. The photoelectric sensor is used to obtain the rotor rotation
velocity of the motor. The FLUKE i200 s AC current clamp is used to measure the current
signal in the stator three-phase windings. The motor end cap vibration signal is measured
by the IMI 608A11 acceleration sensor.

Induction motor

| Converter | | Photoelectric sensor |

Figure 19. The machinery fault simulator.
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The bearing outer race spalling fault is simulated by cutting grooves on the inner
surface of the outer race with a spalling width of about 3 mm, as shown in Figure 20. Due
to the limitation of the type of bearing fault motor provided by the experimental platform,
only outer ring spalling fault experiments were conducted in this study.

Figure 20. Bearing with outer race spalling at the motor drive end.

6.4. Experimental Results

Figures 21 and 22 show the vibration spectrum and the stator current spectrum
of the motor drive end cap at 10 Hz supply frequency, respectively. In the vibration
spectrum, beyond the rotational frequency and its multiples, significant bearing outer
race fault characteristic components can be observed, i.e., the outer race spalling exhibits
significant dynamic characteristics. The presence of a 50 Hz sensor supply frequency
may be due to the measurement system not being fully grounded. In the stator current
spectrum, the amplitude of the multiplication of the fundamental frequency of the power
supply is significantly higher than the simulated spectrum due to the non-ideal sinusoidal
waveform of the supply voltage output from the inverter. The modulation sidebands that
exist around the power-related frequency may be due to torque fluctuations. Excluding
the interference components mentioned above, the amplitude gain at the bearing outer
race fault characteristic frequency is still visible. Although the gain of the characteristic
frequency in the experimental signal is lower than that in the simulated signal because of
reasons that are difficult to take into account in the simulation model, such as noise, the
characteristic frequency of the experimental signal matches well with that of the simulated
signal. The characteristic frequencies fom — fs,2fom + fs,4fom + fs, etc., all have obvious
amplitude gain generated by the outer race fault. In the same experimental conditions
using a power supply frequency of 20 Hz, the vibration spectrum and stator current
spectrum are shown in Figures 23 and 24, respectively. The outer race fault characteristics
are still significantly represented in its vibration spectrum. In the stator current spectrum,
there are significant amplitude gains at the characteristic frequencies fom — fs,3fom —
fs,4fom + fs. The above experimental results initially verify the derivation of the motor
bearing fault characteristic frequency equation and the validity of the electromagnetic—
dynamic coupled model.
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7. Conclusions

We propose a modeling method for constructing a coupled electromagnetic—-dynamic
model of an induction motor based on the MCC model and rotor-bearing system dynamics
model. The time-varying air gap length distribution was obtained from the rotor-bearing
system dynamics model. The stator-rotor time-varying mutual inductance was calculated
by WFA. The MCC model was applied to simulate the electromagnetic behavior and
dynamics of the motor; its velocity was fed back into the rotor-bearing system dynamics
model to implement iterative calculations. The characteristic frequency corresponding
with bearing faults in the stator currents are obtained by derivation and examined in
the frequency domain of the simulation and experimental results, which validates the
effectiveness of this electromagnetic-dynamic coupled modeling method.

The coupled modeling method integrating a multi-loop model and a rotor-bearing
system dynamics model advanced in this paper is capable of simulating a wide range of
mechanical and electrical faults in motors, providing a new way to construct models that can
reflect the electromagnetic and dynamic states of motors centrally. This method takes into
account the model complexity and computational cost as much as possible, and facilitates
the rapid updating of motor model parameters and the online application of advanced
fault diagnosis algorithms. For experimental constraints, we only experimentally verified
the bearing outer ring spalling fault. In future studies, we will perfect the experimental
conditions to further investigate the reflection of motor bearing fault characteristics in
stator current, including inner ring and ball spalling faults. Moreover, we will investigate
how to further improve the calculation efficiency of inductance parameters and optimize
the model structure in our upcoming work.
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