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Eccentricity fault identification in round rotor synchronous
motors considering load variation

Abstract. Impacts of load variation have not been so far investigated on the eccentricity fault diagnosis in synchronous motors. In this paper, a
synchronous motor under static and dynamic eccentricities with different load levels is modeled using winding function method (WFM) and finite
element method (FEM). Self and mutual inductances of the stator windings, stator currents and torque are calculated and analyzed. Spectrum of the
stator currents is utilized for eccentricity fault detection, its type recognition and its degree determination. Variation of eccentricity degrees and load
levels on the selected indices is scrutinized separately and simultaneously. The accuracy of the obtained simulation results is verified by FEM and

experimental results.

Streszczenie. Zbadano wpfyw obcigzenia na btgd diagnozowania ekscentrycznosci w silniku synchronicznym. Modelowano silnik uzywajgc metody
WFM (Winding function method) i metode elementu skoriczonego. Analizowano indukcyjno$ci wtasna i wzajemng stojana oraz moment. Analize
widmowg pradu stojana uzyto do oceny ekscentryczno$ci. Oceniono doktadnos$¢ diagnozowania. (Btgd oceny ekscentrycznosci w silniku

synchronicznym o réznym obcigzeniu)
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Introduction

Synchronous machines are essential and valuable parts
of power systems. These machines are generally well
constructed and robust. However, they are subjected to a
wide variety of abnormal operations due to stress involved
in electromechanical energy conversion process. Operation
of synchronous machines under fault conditions disturbs
their performances and declares their life spans. Also,
persistent faults damages these machines and
consequences outage time for repairing is costly. Thus,
fault detection and condition monitoring of the synchronous
machines allow more flexibility in operation by knowing the
performance and extend machine life by adjusting the
operation to avoid known operating regimes or ranges and
cost effectiveness. Consequence of many electrical and
mechanical faults occurring during the operation of
electrical machines is the eccentricity between the rotor and
stator [1]. Eccentricity is categorized into three general
groups: static eccentricity (SE), dynamic eccentricity (DE)
and mixed eccentricity (ME).

In [2], two air gap search coils method applied to
diagnose the static and dynamic eccentricity faults in the
synchronous generators. It has been shown that the odd
multiple harmonics of the fundamental frequency present at
the EMF of search coils in the presence of the SE fault. It is
noticeable that the stator currents and the shaft signals of
the synchronous generators are two essential parameters
that so far have been used to analyze synchronous
machines under eccentricity fault. Unbalanced flux-linkages
on the shaft caused by the asymmetrical condition can
generate shaft signals. Variations of magnetic properties,
tolerances in physical dimensions and any asymmetrical
induced currents in the winding or stray paths may cause
unbalanced flow of fluxes around the shaft [3, 4]. Also,
sectional frames and segmental punching are the major
cause of asymmetries of synchronous machine [5]. The
rotor eccentricity is one of the prominent causes of
magnetic asymmetries and shaft voltage. It has been shown
that the shaft signals reduce in tilted rotor condition due to
the opposite shaft flux- linkage at both ends. Also, the
amplitude of the shaft signal is proportional with the
eccentricities. Shaft signals of large turbo generator have
been used to detect the faults [6, 7]. The shaft signals and
other related methods have been frequently used for the
eccentricities diagnosis of asynchronous machine [8, 9].
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The measured stator currents are utilized for signature
analysis in condition monitoring [10]. So far static and mixed
eccentricity faults in synchronous machines have not been
diagnosed using the analysis of the stator current signature.
However, analysis and diagnosis of dynamic eccentricity
faults using stator current signature analysis has been
reported in [10, 11]. The amplitude of the 17th and 19th
harmonic components as an index was utilized for
eccentricity fault recognition in synchronous generators.
Stator and rotor windings distribution and air-gap
permeance have been taken into account in [12] while this
was not considered in [10, 11]. In [13], effects of different
degrees of static eccentricity (SE) and dynamic eccentricity
(DE) on the synchronous generator inductances have been
investigated. However, influence of load variation on the
fault detection procedure has not been investigated in [13].

Eccentricity fault diagnosis in synchronous machines is
subject to consider faulty generators under different
conditions. These conditions are variation of load levels,
and variation of static and dynamic eccentricities degrees.
Impacts of these states on the nominated indices should be
analyzed to evaluate indices efficiency for incisive fault
detection. According to [1]-[13], albeit eccentricity fault
identification has been illustrated, the eccentricity severity
has not been determined in faulty synchronous machines.
Furthermore, effects of load variation on the nominated
indices (17th and 19th harmonic components) have not
been studied.

In this paper, a synchronous motor under different
degrees of SE and DE is modeled by winding function
method (WFM) and finite element method (FEM). Stator
currents are calculated using these approaches for
processing and feature extracting. Then, spectrum of the
simulated currents is evaluated to estimate the degree of
eccentricity. After that, competency of the aforementioned
indices is evaluated in different load levels. Finally,
simulated results are validated by experimental results.

Modeling of Synchronous Motors using WFM

Winding function theory facilitates the performance
analysis of electrical machines under different internal faults
such as eccentricity between stator and rotor. The major
part of this theory is calculation of machine inductances
considering time and spatial harmonics; the first step in the
evaluation of the machine inductances is determination of
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the magnetic permeance distribution of the air gap in the
eccentricity fault condition. This distribution has an inverse
relationship with the air gap length and a direct relationship
with the radius. The air gap length and radius are precisely
calculated in this paper. The next step is the use of
Ampere's law on a closed-path, the result defines a turn
function of the motor circuits and calculates the field
intensity in the air gap. The resulting field intensity depends
on the air gap magnetic permeance distribution and
magnetic field intensity at the origin. Application of Ampere
and Gauss’s laws lead to an expression for the magnetic
field intensity of the winding, which is proportional to the
magnetic permeance distribution. The proportionality factor
is called the winding function of the specific winding.
Having the magnetic field intensity from any winding and
applying the electromagnetic laws, an integral form
equation is obtained for different inductances of the motor.
By applying the Ampere’s law and considering the turn
function [10, 11], the following equation for winding is
obtained as follows:

) {:I—?X(r,(o).d?:nx((o)ix

Since the iron permeability, ufe , is considerably larger
than 1, the mmf drop within the iron can be ignored,
compared to that of the air gap. Also, because the air gap
length is small, it is assumed that the magnetic field
intensity within angle ¢ is independent of the radius and its
value is equal to that at the middle of the air gap. The
inductance between two arbitrary windings is:

@ Ly =1[p@)N, (p)n,(9)dp

where p(p) is the air gap magnetic permeance distribution,
nH(p) is the turn function of winding H, and NK(p) is the
winding function of winding K. The last step entails
computation of the motor inductances. The calculated
inductance matrices lead to a quick solution of the
differential equations. If such analytical expressions are not
used, all inductances profiles of the motor must be
calculated at several rotor angular positions and stored in
the inductances matrices. For solving it, an interpolation is
then carried out for all inductances. This results in a longer
computation time and lower computations accuracy. The
method presented here is based on a manual computation
of all inductances and deriving their closed-form analytical
equations. Computerizing this method leads to the
development of a software function that calculates the
inductance matrix of the motor by receiving the mechanical
position of the rotor and geometry of the eccentricity
condition. After calculation of self- and mutual-inductances
of the healthy and faulty motor for several rotor angular
positions and storing data in the inductances matrices,
computation of stator currents, torque and speed are
necessary for processing and feature extracting. Hence the
electromagnetic coupling model of the synchronous motor
is solved using 4th- and 5th- order Runge-Kutta approach.
Fig.1 depicts the per phase self-inductance of the stator
winding of a synchronous motor in healthy, 10% DE and
40% DE cases. It is seen the dynamic eccentricity
increases the magnitude of the self-inductance of the stator
winding. As shown in Fig. 1, the high level DE distorts the
self-inductance of the stator winding. The reason is that in
the dynamic eccentricity case, the air gap permeance
depends on the rotor angular position and this angle varies
continuously.
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Fig. 1. Per phase self- inductance of stator winding for healthy and
different faulty cases

Asymmetry in flux distribution

Fig. 2. Flux distribution in faulty motor cross-section at no load and
rated excitation current

Modeling Synchronous Motors by TSFEM

According to [14, 15], the model of the faulty motors is
the first stage of any reliable fault recognition algorithm.
Thus, practical conditions of the faulty motor should be
considered for accurate modeling. The modeling methods
which are based on the magnetic field determination and
also they consider different aspects of faulty machines can
be selected as an efficacious approach to calculate required
signals and parameters for processing. In this paper, the
healthy and faulty synchronous motors under SE and DE
are modeled using TSFEM. In this modeling, geometry of
the motor elements including stator, rotor and shaft are
taken in to account. Moreover, spatial distribution of the
stator windings, non-uniform air-gap, physical conditions of
the stator conductors, rotor, shaft and air-gap, and non-
linearity of the core materials are taken into account. Three-
phase sinusoidal voltage applied to the terminals of the
motor is the input of the simulation procedure.
Specifications of the proposed synchronous motor have
been given in Table I.

In this simulation, transient analysis of rotating machines
is employed for modeling and analyzing the synchronous
motor with mechanical coupling. The electrical equations
due to the external circuits which exhibit supply and
electrical circuits are combined with magnetic field equation
in FEM and motion equations of the mechanical coupling.

Fig. 2 illustrates flux distribution in the simulated
synchronous motor. As shown in Fig. 2 the eccentricity
clearly affects the flux distribution within the round-rotor
motor and the magnetic flux distributions are not identical
on both sides of the motor in faulty condition. The reason is
that the flux path reluctance in this type of motor is mainly
determined by the length of the air gap. When the rotor is
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displaced to the stator, the length of gap between rotor
poles and stator core in one ha If of the rotor surrounding air
is reduced, while rising in the other half. This leads to the
creation of unbalanced magnetic reluctance paths for the
flux and consequence asymmetry in flux distribution within
motor. The eccentricity is too capable to more clearly affect
to the total reluctance of the motors in low excitation
current, in which the motors magnetic circuit are linear and
saturation not occurred. Therefore, the full reluctance paths
of the motors dominantly are determined by the air gap
reluctance.
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Fig. 3. Per phase mutual- inductance of stator winding for healthy
and different faulty cases

Table I: Salient Pole Synchronous Generator Parameters Used in
the Simulation

Motor Power 475 kW Frequency 60 Hz
Number of 3 Power Factor 0.8
phases
Field Voltage 60 V Motor length 273 mm
Stator 844 mm Rotor Windings 108
diameter turns/pole
Airgap length 2.54 mm Stator resistance 0.01592 Q
Stator 3 turns/coil Rotor resistance 0.3632 Q
Windings

Calculation of winding inductances is a prominent
approach to analyze the electrical machine under different
fault conditions. In order to predict performance of the
motors under dynamic eccentricity, inductances of the
stator circuits should be estimated precisely. Due to the
symmetrical distribution of the windings in the motors slots,
the inductance profile of stator windings will have identical
variation with a phase shift in the presence of the
eccentricity. Consequently, one phase of stator (phase A) is
considered in this paper. Self inductance of phase A (Laa)
is calculated from the flux-linkage seen by the phase (Aaa),
when a dc current passes through it, and other windings are
open-circuited, as follows:

iy sig iy =0

) “

ig. 3 demonstrates the self-inductance of phase A in the
healthy and in case of different DE degrees in round-rotor
synchronous motor. They have been obtained for different
rotor angular positions from 0° to 360° with step-angle of 3°.
According to Fig. 3, it is clear that the minimum and
maximum amplitude of the self-inductance of the phase A
rises with the increase of DE. It is seen 10% DE and 40%
DE increase the self-inductance mean 4% and 12%,
respectively.

Modeling Synchronous Motors by TSFEM

Following the calculation of the stator current using
WFM and TSFEM, determination of the stator current
spectrum is necessary to introduce a criterion for fault
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detection. The maximum required frequency is around 1000
Hz (21th harmonic component) and according to the
Nyquist law, sampling frequency is set equal to 2000 Hz.
However, in order to have an acceptable resolution,
sampling frequency has been set to 6400 Hz (128 sample
per cycle).
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Fig. 4. Normalized line current spectra of the motor using WFM in
(top) healthy, (middle) 30% SE and (bottom) 50% SE
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Fig. 5. Amplitude variation of 19th harmonic component versus SE
and DE degrees obtained by WFM.

Furthermore, the stator current signal is simulated over
4 seconds which allows analyzing the signals with a
frequency resolution of 0.25 Hz. As shown in Fig. 4, 30%
SE increases the amplitude of the 17th and 19th harmonic
components about -2.05dB and -2.21dB, respectively.
Furthermore, fault expansion to 50% SE raises the
amplitude of the 17th and 19th harmonic components about
6 dB and -6.1dB, respectively. Comparison between
amplitude of the 17th and 19th harmonic components in the
stator current spectra due to SE reveals that incremental
rate of the SE and DE degrees. Fig. 5 shows that the slope
of AB is as same as BC. Indeed, incremental rate of the
amplitude of the 17th harmonic component due to different
SE degrees is as equal as DE cases. Therefore, it may be
concluded that influence of the SE and DE fault on the
stator currents harmonics is equal. It is related to the
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unbalanced magnetic pull (UMP) due to eccentricity which
is larger for the SE cases. Fig. 6 exhibits the spectrum of
the stator current which has been calculated by FEM.
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Fig. 7. Normalized line current spectra of the motor using
experiment in (top) healthy, and (bottom) 50% DE [13]

Comparison between Fig. 4, Fig. 6, and experimental
results in Fig. 7 demonstrates that the obtained results by
FEM is more precise than obtained results by WFM. The
reason is the utilized approximation in the WFM in which
non-linearity characteristics of the ferromagnetic materials,
spatial distribution of the stator windings and stator slots
effects are ignored.

Impacts of Load Variation on Fault Recognition
A. Stator Currents

Fig. 8 shows the variation of the amplitude of the 19th
harmonic components versus different load levels.
According to Fig. 8, amplitude of the aforementioned
harmonics rises due to the increase of the eccentricity
degree and it is fairly constant for load variation between
0% and 120% rated load. It is seen, that the load variation
has no influence on the magnitude of the aforementioned
harmonics. This may be justified based on the speed profile
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of the healthy and faulty synchronous motors. Since the
synchronous motors rotate with a constant synchronous
speed, load variation has no noticeable impacts on the
amplitude of harmonic components at the same eccentricity
degrees. Indeed, these criteria are robust against the load
variation and it is not necessary to specify motor load for
accurate fault detection. Therefore, these criteria are much
efficient than the global indices which are utilized for the
eccentricity fault diagnosis in induction motors. Amplitude of
the aforementioned harmonic components has been
summarized in Table II.

90-

PSD (dB)
b4
A

=)
S

b=
oo
/
/

e 08

e “0s
- . ntricity
2 e otoynamc
percel

Fig. 8. Amplitude variation of 19th harmonic component versus SE
degrees and different load levels obtained by WFM
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Fig. 9. Torque profile of the full load synchronous motor (top)
healthy and (bottom) 50% SE

B. Developed Torque

Fig. 9 depicts the time variation of the developed torque
of the healthy and faulty motor for 50% and 100% rated
load cases. As shown in Fig. 9, eccentricity raises the
variation rate of the motor torque. This is due to the
increase of magnitude of harmonic components in the stator
currents and distortion of the airgap flux density. In addition,
it is seen that load increase causes to decrease of the
overshoot of the motor torque.

Modeling Synchronous Motors by TSFEM

In this paper, WFM and FEM were used to simulate the
healthy and faulty synchronous motors under different SE
and DE degrees. It was illustrated that SE and DE have the
identical impacts on the inductances and stator currents
spectra of the synchronous motors. In addition, it was
demonstrated that load variation has no influence on the
17th and 19th harmonic components of the stator currents
spectra. Indeed, these criteria are robust against load
variation which is the noticeable feature for accurate fault
recognition in different conditions of the motor.
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Table Il. Amplitude of the 17th Harmonic Components for different SE degrees and different Loads

Percentage of Rated Load
Eccentricity 10% 20% 30% 40% 50% 60% 70% 80% 90% 100% 110% 120%  130%
Degree
Healthy 102.3 102.6 101.6 103.5 103.7 102.4 102.4 103.3 103.7 103.3 103.2 103.3 103.3
10 % 102.0 102.4 101.4 103.2 103.5 102.2 102.2 103.1 103.5 103.1 103.0 103.1 103.1
20% 101.5 101.8 100.9 102.6 102.9 101.6 101.6 102.5 102.9 102.5 102.4 102.5 102.5
30% 100.7 100.8 100.0 101.5 101.8 100.7 100.7 101.4 101.8 101.5 101.4 101.5 101.5
40% 99.56 99.33 98.63 100 100.1 99.28 99.26 99.93 100.2 99.98 99.95 100 100
50% 98.33 97.19 96.65 97.77 97.94 97.23 97.22 97.75 97.99 97.83 97.82 97.84 97.85
60% 94.76 94.35 93.84  94.69 94.85 94.34 94.33 94.72 94.9 94.82 94.84 94.84 94.86
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