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Abstract
In this paper, we build a fast simulation model for the analysis of eccentric induction motor.
The self and mutual inductances of the motor windings are calculated with modified winding
function method, with slotting effect and core saturation considered for improved accuracy.
The calculated inductances are then fed into a coupled circuit model to simulate the dynamics
of an eccentric induction motor. Compared with time-stepping finite-element method, the
model is much faster for machines under eccentric faulty conditions. The accuracy of the
model is validated with experiment measurements, with good match for fault component
amplitudes.
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Abstract—In this paper, we build a fast simulation model for
the analysis of eccentric induction motor. The self and mutual
inductances of the motor windings are calculated with modified
winding function method, with slotting effect and core saturation
considered for improved accuracy. The calculated inductances are
then fed into a coupled circuit model to simulate the dynamics
of an eccentric induction motor. Compared with time-stepping
finite-element method, the model is much faster for machines
under eccentric faulty conditions. The accuracy of the model is
validated with experiment measurements, with good match for
fault component amplitudes.

I. INTRODUCTION

Among many different faults that can happen in a motor,
eccentricity is one common fault that occurs when air gap
between stator bore and the rotor is not uniform [1], [2], [3].
Eccentricity faults can be categorized into three types: static
eccentricity, dynamic eccentricity, and mixed eccentricity.
Static eccentricity occurs when the center of the rotor is
displaced from the stator bore central axis, while the rotor
rotation center is still aligned with the center of the rotor.
Dynamic eccentricity occurs when the rotation center and
the stator bore central axis still aligns, but the rotor center
is displaced. Mixed eccentricity is a combination of both
static eccentricity and dynamic eccentricity [4], [5], [6]. There
are many reasons lead to the eccentricity faults in rotating
electric machines, and the air gap eccentricity in a electric
motor can damage other components of the machine and cause
breakdown of the machine if not corrected in time. During the
manufacturing stage, it is impractical to make perfect motors
with zero eccentricity. A small level of static eccentricity
may exist due to the imperfect alignment between the stator
core assembly and the rotation center, or the deviation of the
stator core from a perfect circle. Similarly, a small dynamic
eccentricity can also exist due to the imperfect alignment
between center of the rotor and the rotation axis, or imperfect
shape of the rotor. Throughout the operation of a motor,
this eccentricity level can increase over time, for instance,
due to the bearing degradation, or mechanical degradation
of the mounting structure of the machine, which causes
physical shift of the stator assembly and leads to eccentricity.
The air gap eccentricity induces unbalanced magnetic pull,
which may cause stator winding faults and rubbing between
rotor and stator with the eccentricity level is high, eventually
leads to machine failure without prompt maintenance. It is

therefore important to check electric motors for eccentricity
in the manufacturing stage for quality control, and monitor
the eccentricity level throughout the operation for safety and
asset protection.

Many efforts have been put into the technology development
of the eccentricity fault analysis and detection in the past a
couple decades, with motor current signature analysis (MCSA)
one major approach proposed for eccentricity fault detection
[2], [7], [8], [9]. Compared with other methods such as
vibration and acoustic sensing, MCSA has advantages of
simple implementation and cost saving, as no additional
sensors are required. When the air gap is non-uniform with
eccentricity, additional harmonics will be introduced in the
air gap permeance function and air gap flux combined with
the rotor-generated MMF. Some of these harmonics will be
reflected in the induced voltage in the stator windings, and
eventually in the stator current. It is therefore theoretically
possible to connect the eccentricity with certain frequency
components in the stator current spectrum, making MCSA
possible for eccentricity fault detection.

A lot of work has been dedicated to the detailed modeling
and analysis of fault signatures for each type of eccentricity.
Time-stepping finite-element simulation is a relatively accurate
method to calculate the dynamic performance of the motor
with eccentricity fault [10], [11]. However, such transient
simulations are time consuming and computational intensive.
Modified winding function method (MWFM) has been
developed as an alternative technique for the analysis of
electric machines [7], [12], [13]. Key features of MWFM
are to describe the stator and rotor winding distributions with
winding functions, describe the air gap distribution in the case
of mechanical faults with a gap function, and compute the
self and mutual inductance terms between all windings for
each rotor position. Dynamic simulations with coupled-circuit
model built on the MWFM can be used to obtain the stator
current signals [14], where fault signatures can be revealed.
However, due to simplifications in the modeling process,
while past models can successfully identify the frequency
components in the obtained stator current spectrum that are
related to eccentricity fault, the exact amplitude of each fault
component does not necessarily match with experiment results.

In this work, we improve the modeling process of an
eccentric induction motor by taking the slotting effect and



saturation effect into consideration, and obtain the dynamic
performance and stator current of different eccentricity
conditions. We also build a test bench to conduct experiment
measurements for the different eccentricity levels, and then
quantitatively analyze and compare the frequency components
of the stator current related to the eccentricity fault with data
obtained from both MWFM based model and the experiment
measurements, and show their good agreement across different
eccentricity levels.

II. ECCENTRIC MOTOR MODELING METHOD

The MWFM is used to calculate the motor’s inductance
matrices. The inductance between a pair of windings at each
time step can be calculated by the integration of the product
of the two winding functions and the air gap permeance
function, over all stator angles. For winding i and winding
j, the inductance is derived as

Lij(t) = µ0lr

∫ 2π

0

ni(ϕ, t)Mj(ϕ, t)g
−1(ϕ, t)dϕ, (1)

where µ0 is the vacuum permeability, r is air gap radius, l
is the stack length, ni(ϕ, t) is the winding turns function for
winding i, and Mj(ϕ, t) is the modified winding function for
winding j, which is calculated by

M(ϕ, t) = n(ϕ, t)−
〈
M(t)

〉
, (2)

where 〈
M(t)

〉
=

1

2π⟨g−1(ϕ, t)⟩

∫ 2π

0

n(ϕ, t)g−1(ϕ, t)dϕ, (3)

〈
g−1(ϕ, t)

〉
=

1

2π

∫ 2π

0

g−1(ϕ, t)dϕ. (4)

As we can see from the above equations, the air gap
function is essential in calculating the motor performance
especially under eccentricity conditions, and needs to be
described accurately.

For an ideal slot-less motor, the air gap is uniform with
nominal size denoted as g0. Static eccentricity makes the
air gap asymmetric, and creates a time-invariant sinusoidal
modulation to the air gap with amplitude given by δSE .
Dynamic eccentricity, on the other hand, causes a time-varying
modulation to the air gap, which is represented by another
cosine function with amplitude δDE .

In addition, the slots in the stator and rotor effectively
make the gap length larger than the nominal g0. A Carter’s
coefficient Kc is used to represent this increase of average
gap size. The value of Carter’s coefficient can be calculated
from the geometrical parameters of the motor, especially the
slots.

Last but not the least, due to the nonlinear magnetic
properties of iron core of motors, the permeability of the
iron core is not a constant, but drops at higher flux density.
This saturation effect makes the effective air gap size smaller,
and also adds a time-dependent modulation to the air gap
function. A common way to describe the saturation effect is

to define a saturation factor ksat as the ratio of fundamental
components of the air gap voltage for motor at non-saturated
and saturated conditions [15], [16]. The air gap modification
due to saturation is describe as

gs(ϕ, t) = g1 [1− ρ cos(2pϕ− 2ωrt)] (5)

where p is the pole pair number, ϕ is the stator angle, ωr is the
rotation speed, g1 is the mean value of air gap length under
saturation,

g1 = g0
3ksat

ksat + 2
, (6)

and ρ is the peak value of air gap fluctuation due to saturation,

ρ =
2(ksat − 1)

3ksat
(7)

After taking these effects into consideration, the air gap
function is now described as:

g(ϕ, t) = gsKc − δSEg0 cos(ϕ)− δDEg0 cos(ϕ− ωrt). (8)

For dynamic simulation of the induction motor, the
inductance terms are updated at each time step using the
MWFM formulation. Coupled with the voltage, flux linkage,
torque, and mechanical dynamics equations from circuit
model, the full dynamic performance of the induction motor
can be obtained.

For a three-phase squirrel-cage induction machine with rotor
bar number R, the stator voltage and flux linkage are described
by equations

Vs = RsIs +
d

dt
Λs, (9)

Λs = LssIs + LsrIr, (10)

where Vs = [vs1, vs2, vs3]
⊤ is the stator voltage, Is =

[is1, is2, is3]
⊤ is the stator current, Λs = [λs1, λs2, λs3]

⊤ is
the stator flux linkage, Ir = [ir1, ir2, ..., irR, ie]

⊤ is a vector
of length R+1 to describe rotor loop currents and the end ring
current respectively. Rs is a 3×3 stator resistance matrix, Lss

is the 3×3 stator inductance matrix, and Lsr is the 3×(R+1)
matrix containing mutual inductances between stator phases
and rotor loops.

For the rotor side, the voltage equation and flux linkage
equation are respectively

Vr = RrIr +
d

dt
Λr, (11)

Λr = LrsIs + LrrIr, (12)

where Lrs = L⊤
sr, and Lrr is the (R + 1) × (R + 1)

self-inductance matrix of the rotor loops. Note that for squirrel
cage rotors, the rotor voltages are zero: Vr = [0, 0, ..., 0]⊤.

The torque equation of the induction motor is

Te =
1

2
I⊤s

∂Lss

∂θr
Is + I⊤s

∂Lsr

∂θr
Ir +

1

2
I⊤r

∂Lrr

∂θr
Ir, (13)

where θr is the rotor’s mechanical angle.



The mechanical dynamics of the motor is

d

dt
ωr =

1

J
(Te − TL), (14)

d

dt
θr = ωr, (15)

where ωr is the mechanical speed, TL is the load torque, and
J is the inertia of the rotor.

As we can see from the motor dynamic model, it is critical
to obtain the inductance components in equations (10) and
(12), and the inductance derivatives in equation (13). These
values are computed using the MWFM models.

III. EXPERIMENT SETUP & DATA ACQUISITION

To validate the model accuracy, we conduct experiment
measurements to obtain data from an eccentric induction
motor. In this work, a 0.75 kW, three-phase squirrel-cage
induction motor is used for the experimental study, with major
parameters listed in Table I. The line-to-line voltage and
frequency are 200 V and 60 Hz, respectively. As shown in
Fig. 1, a few modifications are made to the motor to create
different levels of eccentricity fault. The original bearings of
the motor are removed, and the rotor is instead supported
by two custom-made mounting structures (only the mount on
the load side is visible in the photo) through the extended
rotor shaft and a pair of new bearings installed on the
mounting structures. The stator assembly of the motor is
mounted on a linear stage with its position adjustable in the
horizontal direction by two pairs of micrometers. Two pairs of
displacement sensors are also installed on the stator facing air
gap at the load side and opposite side respectively, to measure
the actual air gap size in horizontal and vertical directions
when the motor is operating. A power brake is connected to
the test motor and serves as load.

TABLE I: Major Parameters of the Induction Motor

Parameter Value
Number of pole pairs 2
Number of bars 28
Number of stator slots 36
Number of turns per slot 37
Nominal air gap length 0.28 mm
Air gap radius 41.6 mm
Stack length 80 mm

With the modified motor setup, different static eccentricity
levels in the horizontal direction can be created. In our
experiment, a total of 6 eccentricity levels were created when
the motor is stand still; data from three phase current sensors
and four air gap sensors were recorded for each eccentricity
level at 10 kHz sampling frequency under no-load condition.
The eccentricity levels were set at 1.5%, 17.2%, 24.1%, 40.5%,
47.1%, 64.6% respectively, with percentage defined as the ratio
of the maximum air gap deviation and the nominal air gap size.
From the air gap sensor readings shown in Fig. 2(a) and (b), we
see that the actual static eccentricity level, represented by the

Fig. 1: The experiment setup for the study of induction motor
eccentricity.

vertical offset, is close to the pre-set values, while there is also
periodic oscillations, representing a small dynamic eccentricity
level. The static eccentricity occurs mostly in the x-direction,
while there is a small static eccentricity in y-direction. In
addition, there are slight differences in the two sets of sensor
readings on the load side and opposite side, indicating a small
misalignment of the setup.

We then extract the actual static and dynamic eccentricity
levels from the gap sensor readings for all cases , and plot
them in Fig. 2(d) and (d). As we can see, the actual static
eccentricity of the air gap is very close to the initial settings,
with difference within 3% in all cases. In addition, a small
dynamic eccentricity level of around 6% exists for all cases
according to air gap sensor readings. This mixed eccentricity
effect create a side band signal at fc = fs ± fr, where fs is
the supply frequency and fr is the rotation frequency.

IV. RESULTS & DISCUSSIONS

Before running simulation with the MWFM based model,
we need to determine the Carter’s coefficient and saturation
factor values. While there are different ways to identify
their values, we determine the two factors with the assist of
finite-element simulations in this work.

To identify Carter’s coefficient, we build 2d model based on
the CAD drawing of the induction motor, and run linear 2d
finite-element simulation, under no-load and no eccentricity
fault, using core material of fixed permeability (µr = 3,000).
We then compare the obtained stator current amplitude from
MWFT based model with different Carter’s coefficient values
and those obtained from the linear finite-element simulation.
With carter’s coefficient Kc = 1.40, the MWFT model
result for phase current amplitude matches with the linear
finite-element simulation result.

To identify saturation factor, we further run nonlinear
finite-element simulation using the B-H curve from the actual
iron core material. We then compare the phase current result
from the MWFM based model using different saturation factor
values with the nonlinear finite-element simulation result. As
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Fig. 2: The time-domain gap sensor readings for two pre-set
eccentricity levels (a) 17.2% and (b) 64.6%. (c) The extracted
(c) static eccentricity level and (d) dynamic eccentricity level
from gap sensor readings as function of the pre-set static
eccentricity level.

shown in Fig. 3(a), the stator current amplitude increases when
the iron core permeability in the finite-element simulation is
changed from linear to nonlinear. As a result, some parts of
the core saturates even at no-load condition, which makes the
effective permeability lower than in the linear region, and

With ksat = 1.60, the phase current amplitude from the
model matches with the nonlinear finite-element simulation
result.

(a) (b)

Fig. 3: The time-domain gap sensor readings for two pre-set
eccentricity levels (a) 17.2% and (b) 64.6%. (c) The extracted
(c) static eccentricity level and (d) dynamic eccentricity level
from gap sensor readings as function of the pre-set static
eccentricity level.

With all the input parameters determined, we now run
dynamic simulations under different eccentricity conditions.
Based on the experiment measurement of the air gap profile,
we add 6% dynamic eccentricity in the MWFM based
simulations, and run simulations for different eccentricity
levels every 10% from 0% to 70% under no-load condition.
Fig. 4 shows the simulated stator current time-domain data
and frequency spectrum from Fourier transform, along with
experimental measurement results, for the case of 40% static
eccentricity. As you can see, the modeled results agree
very well with experiment results, in both time-domain and
frequency-domain data.

An important component in the stator current spectrum due
to mixed eccentricity fault is the side band signal at fc =
fs±fr, where fs is the supply frequency and fr is the rotation
frequency. In our experiment fs = 60 Hz, and fc is close to
30 Hz. As shown in Fig. 4(f) from experiment data, the two
side bands around 30 Hz and 90 Hz are significant. And the
MWFM based model result show similar behavior as shown in
Fig. 4(e). Results at other eccentricity levels are also matching
well between simulations and experiment measurements.

To study the evolution of eccentricity fault and how we can
detect and quantify the fault level from stator current, we use
the power ratio of the fs − fc side band and the fundamental
frequency fs as a fault indicator. We obtain values of the fault
indicator for motor with different eccentricity fault levels from
both experiment and simulation stator current data, and the
results are shown in Fig. 5. As expected, the amplitude of
the fault indicator increases monotonically with the increasing
eccentricity fault level. As a matter of fact, the amplitude of the
fault component is proportional to the corresponding magnetic
flux component generated due to the fault. Since the magnetic



flux is the product of the air gap permeance and the rotor
generated MMF, both of which are linearly proportional to the
eccentricity fault level [17], [18], the fault component should
be a quadratic function of the fault level. In Fig. 5, we fit
simulation results and experiment results respectively with a
quadratic function to show the trend of the fault indicator with
increasing eccentricity fault level.

(a) (b)

(c) (d)

(e) (f)

Fig. 4: Simulated and measured stator (a) & (b) current
time-domain signal, (c) & (d) frequency spectrum, and (e)
&(f) low-frequency end of the stator current spectrum for static
eccentricity level 40%.

Fig. 5: Comparison between simulation and experiment of
the extracted side band amplitude, as a function of static
eccentricity level.

Comparing the results between the experiment and
simulation results, we can see that the two curve agree well
with each other, especially when the eccentricity level is low.
The experiment values of the fault indicator are higher than
the simulation results at higher eccentricity levels, due to
the contributions from other factors in the experiment setup,
such as the misalignment in the axial direction, increased
vibration level causing additional air gap variation, etc. When
the eccentricity level is higher than 50%, the rotor may
start rubbing the stator, which may eventually cause damages
or even failures of the machine, and also contributes to
the differences between simulation and experiment. For the
purpose of fault detection, it is more important to be able to
detect accurately when the fault is at early stage and the fault
signal is relatively small.

For condition monitoring and condition-based maintenance
of electric machines based on MCSA method, we envision
that fault components in the stator current of the machines
that correspond to different fault types are regularly monitored
and compared against pre-determined threshold values;
maintenance requests for corresponding faulty components are
triggered if the monitored fault indicators exceed the threshold
values. To achieve that, proper threshold values need to be
identified for each component and each electric machine. As
there can be many machines of different power ratings that
are operating at the same plant, each with varying speed
and load conditions, the fault component values for different
machines and different conditions also vary. The quantitative
MWFM based model includes the electrical parameters of
the electric machine, accounts for different mechanical faults
with changing air gap profile, and can simulate the dynamic
operation of electrical machine with different load conditions
as well.

V. CONCLUSIONS

In this paper, we investigated the accurate modeling
of induction motor with eccentricity fault based on
coupled-circuit model and modified winding function method.
The eccentricity fault is described by the time-invariant and
time-varying periodic modulations of the air gap profile of
the motor. Slotting effect and saturation effect were taken
into consideration to improve the accuracy of the model.
We showed that the motor dynamics can be simulated
and the stator current spectrum can be obtained from the
model, and fault signatures of eccentricity fault can be
extracted. The modelled results agree well with experiment
measurements at different eccentricity levels. For motor
condition monitoring and condition-based maintenance using
motor current signature analysis method, this model helps
track the fault level and set proper threshold values for
maintenance needs.
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