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Thesis Title Classification and Diagnosis of Stator Fault Signature in Three

Phase Induction Motors Using Support Vector Machines
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Degree Doctor of Engineering
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Year 2010
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ABSTRACT

This thesis presents a new technique for diagnosis of stator winding shorted turns in three
phase induction motors using support vector machine (SVM) for classification and identification
leading to diagnosis conelusion, Specific feature extraction is on the basis of a voltage signature
analysis in a form of dg0 voltage components. The proposed dq0 voltage components related to
three phase stator voltages are obtained by using Park’s vector transformation. Unlike general dq0
quantity, the required dg components are considered from only harmonics in a certain range
resulted from the stator shorted turn fault whilst the required zero component is determined from
the fundamental voltage excitation only. The procedure for finding the harmonic spectrum
associated with the stator fault employs a FFT technique together with digital signal processing in
order to enlarge such harmonics to be casily detected leading to increased effectiveness of the
detection ability. The data of d, ¢ and zero components will be used as the input features for the
SVM classification and diagnosis. In order to confirm that the dq0 voltage components could be
used as quantity for identifying the stator fault, patterns of dg0 voltage components in three-
dimension are plotted. The obtained trajectories are obviously different depending on the severity
of the shorted turn fault. In training and testing with a multiclass-SVM classification, the good
accuracy is obtained under various load conditions for both healthy and stator fault conditions.
The SVM classification performance of the proposed method has high accuracy greater than 98%
comparable to other feature extraction processes such as a motor current signature method
(MCSA). The advantage of the proposed method over others is that the numbers of used training

data and features are less than those of others.
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2.4.1.5 namasthia (Park’s vector)
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Voltage control
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ABSTRACT. This paper presents a new technique for diagnosis of stator winding shorted
turns in three phase induction motors using support vector machine (SVM) as a classifier
In conjunction with a voltage signature analysis as feature extraction. The proposed dql)
voltage components related to three phase voltages arve obtained by using Park's
transformation. Unlike general dql quantity, the vequired dq components are considered
Jrom only harmonics in a certain range resulted from the stator shorted turn fault whilst
the required zero component is determined from the fundamental voltage excitation only.
The procedure for finding the harmonic spectrum associated with the stator fault employs
a FFT technique together with digital signal processing in order to enlarge such
harmonics to be easily detected. The data of d, g and zero components will be used as the
input features for a SVM classification and diagnosis. In order to confirm that the dg0
voltage components could be used as quantity for identifying the stator fault, patterns of
dq0 voltage components in three-dimension are plotted. The obtained trajectories are
obviously different depending on the severity of the shorted wrn fault. In training and
testing with a multiclass-SVM classification, the good accuracy is obtained under various
load conditions for both healthy and stator fault conditions. The SVM classification
performance of the proposed method has high accuracy greater than 98% comparable to
other feature extraction processes such as a motor current signature method (MCSA) but
the number of training data and features for the proposed technique are less.

Keywords: Support vector machine, condition monitoring, stator failure, dg0 voltage

components, Park’s transformation

1. Introduction. An induction motor has been developed continually and is now a first
choice in many industrial applications. The induction motor has several advantages over
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other electrical machines in terms of high efficiency, low maintenance, very high reliability,
simple construction, reasonably small size, ruggedness, etc. Motor failure statistics reveal
that the two most important factors are bearing failure about 40%-50% and stator failure
about 30%-40% [1]. The main causes of stator failure problem are a combination of various
stresses including thermal, electrical, mechanical, and environmental [2]. With these causes,
insulation failure often occurs and leads to shorted turns. In many industrial applications, in
order to avoid unexpected failure such as reduced output, product quality etc., condition
monitoring of motor is necessary. The condition monitoring techniques both time and
frequency domains have been investigated and presented by several researchers with
satisfactory results [1]. On-line condition monitoring systems seem to be more attractive.
Although, a motor current signature analysis (MCSA) is widely used in machine fault
diagnosis, it may suffer from the effect of noise in machines and power source. The use of a
voltage signature analysis is less attractive than that of MCSA for the stator fault diagnosis
since the effect of stator faults on stator voltages is difficult to be detected. Park vector in a
form of dq0 quantity for machine condition monitoring and diagnosis are mostly found in
MCSA rather than in the voltage signature analysis [3]. The difference between a
Concordia vector and Park components was proposed in [4]. In the frequency domain based
technique, the applications of advanced signal processing techniques are used successfully
to identify harmonic spectrum. The diagnostic techniques have progressed from traditional
methods to artificial intelligence (Al) based techniques such as fuzzy logic, artificial neural
network (ANN), support vector machine (SVM), etc., all of them have been employed to
create automatic motor health diagnosis.

Presently, SVM has been successfully applied in many applications to solve
classification problems. SVM based classifier is claimed to have better generalization
properties than ANN based classifiers because its error surface is free of local minima and
has a unique global optimum [5]. The SVM, successfully implemented, can lead to high
performance in practical applications such as for image coding [6], for fault diagnostic
system in multilevel inverter [7], and for induction motor fault diagnosis [8]. Reference [9]
summarizes and reviews the application of SVM in machine condition monitoring and
diagnosis which yields excellent performance and high accuracy under various conditions.

In this paper, the new non-invasive technique for detection and diagnosis of stator
winding shorted turns in induction metors is introduced. It involves the analysis of the dg0
voltage components for a signature analysis and SVM for a classification. The analysis of
the dq0 voltage components considers a dg and zero axis frame. To obtain dg and zero
voltage components from three phase stator voltages on the basis of Park’s transformation,
the motor must be star connected with floating neutral. The dg components are obtained
from the harmonic spectrum band associated with stator faults only and the zero component
is considered from only fundamental component. The difference of stator fault harmonic
amplitudes between healthy and faulty motors using modern signal processing techniques,
combined with interpolating windowed FFT, is used for the fault detection. Finally,
multiclass-SVM classification is implemented to diagnose the stator winding shorted turns
in induction motors. The advantage of the proposed method over MCSA is the ease in
detection of a power supply imbalance.
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2. Stator Fault Signal in Induction Motors. In a machine, harmonics in the current
spectra are a result of voltage harmonics induced in the winding by air gap flux density
harmonics [10]. In this paper, we use harmonic voltages generated by stator winding
shorted turns or stator fault to predict its failure. Generally these harmonics are fairly
difficult to be detected. Therefore advanced digital signal processing has made these
components possibly detectable. A turn-to-turn shorting is the initial stator failure condition
which is hard to detect due to its low level signals [2]. If the motor operates under a
turn-to-turn short condition for a long time, the condition eventually becomes heavy
severity, ie. a coil-to-ground fault, which may cause the motor to stop working. The
frequency components to be detected in the stator winding shorted turns (fiur) are defined

by
fud A {n[ﬂjﬂ} M
P

where f, is the electrical supply frequency, s is the per unit slip, p is the number of pole

pair, k = 1, 3,5 ..., and n = I, 2, 3, ... [1]. Due to the transient nature of the signal
processed, detectability may be good only for k= 1 [11].

0f— —
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Frequency (Hz)

FIGURE 1. Stator phase voltage spectra of different analysis methods,
(top) the FFT method, and (bottom) the windowed FFT method.

In this paper, we use the application of digital signal processing technique for harmonic
detection to transform time domain to frequency domain using a fast Fourier transform
(FFT) technique. The transformed frequency domain can be easily converted back to the
time domain using an inverse fast Fourier transform function. The data preprocessing is an
important step which can reduce noise and maintain more information for a better
classification. Misapplication of FFT results in the signal showing the grid effect and the
leakage effect. The leakage effect results from the sampling period not equal to the
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integer-times of the signal period [12]. However, the interpolation algorithm can eliminate
the errors caused by the grid effect and the windowing can reduce the harmonic leakage.

FIGURE 1 shows the analysis of harmonic spectra particularly at the interval of
harmonics caused by the stator winding shorted turns (indicated by the arrow), calculated
from equation (1). The stator fault harmonic bands under changing load conditions from no
load to full load are used to calculate dg components. The fundamental is only used to
calculate the zero component, which will be detailed in the following section.

3. Proposed Approach of dg0 Voltage Component Decomposition. The principle of
stator winding shorted turn detection is based on the phase impedance imbalance in any of
the stator phase [13]. This effect causes harmonic voltages and currents and their relation-
ship depends on the severity of the stator faults. In this paper, we employ the analysis of the
dq0 voltage components for the stator faults diagnosis obtained from voltages between
motor terminals and a star point (Vau, Ve, Ven) and using Park’s transformation, well-known
for a machine analysis, to obtain dg0 voltage components (vy, vy, vo) [14]. The dg0 voltage
components for a digital technique using Park’s transformation are defined as

vy (1) ] 1 2531 S A o)
v, (n)|= 1 AC ™IV Vi (1) (2)
vo(n) X/ L \IF A

where n =0, 1, 2, ..., N-1 and the N is the whole number of data.

In reference [15], stator faults diagnosis has been conducted in induction motors based
on the computer-aided using the current Park’s vector which yields satisfactory results.
However, such analysis is based on the combination of stator fault signals and fundamental
signals of locus pattern in 2-dimension (d and g components) which is sensitive to
misleading interpretation due to the significant difference of stator faults and fundamental
signals. Besides, stator faults signals also comprise other harmonics caused by several
factors from both internal and external machines. In this paper, we aim to improve the
methodology to more accurately diagnose the stator failure. On the basis of Park’s
transformation, for d and ¢ components (vq s, v s in time domain), we will consider
harmonics associated with the stator fault only while neglecting harmonics, not generated
by the stator fault. We consider the harmonic voltage band caused by the stator faults
(Vabe ) In equation (1) which can be determined by parameter s relating to no load to full
load. The resultant matrix form of equation (2) excluding the fundamental component can
be obtained as

Va_ 1y (1)
va_r(n)| 12 -1 -1 _ I
L_fs,(”)}_g{o ] \5} "b_.fng”; - (3)



107

For the zero sequence voltage (vo n in time domain) obtained by using the sum of three
phase voltages, considering only the fundamental component (Va4 n). Thus equation (2)
becomes

1 Va_4 (n)
[Vow.fl (r:)] = 5[1 1 l] Vy g (n) . 4
Ve s (1)

When considering zero voltage component using only fundamental component,
reference [16] has clearly demonstrated using the analog circuit. The example result
obtained from the proposed transformation of voltage component signals with the stator
winding shorted turns is shown in FIGURE 2. It is noted that the zero sequence component
exists. The reason is the fact that the stator fault is likely to cause a voltage imbalance. The
RMS values of these signals will be as the input features for SVM. If the motor is healthy,
these signal component waveforms ar¢ very small and close to straight lines having
approximately zero values. According to the example waveform result, it is implied that the
variety of a trajectory shape can be achieved with a three-dimension plot. For the healthy
and perfect source, the shape of the trajectory will be close to a single point. In this work,
these trajectory patterns will be used only for monitoring and investigating the severity of
the stator failure.

&

Voltage (V)
=]

i

Y1 | DU S—— ..........................

15 20 25 30 35 40

FIGURE 2. Example result of the vy s/, vy s and vo_p signals for the stator
winding shorted turns in induction motors.

4. SVM for Classification and Diagnosis. The signals of dg0 voltage components are
considered separately in three features (vq s vy s and vo n) and used to learn by support
vector machines (SVM) algorithm. SVM is a learning system that uses a hypothesis space
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of linear and non-linear functions in an #-dimensional feature space. For training the system,
a learning algorithm based on optimization theory which implements a learning bias
derived from statistical learning theory will be used to train the system [17-18].

4.1. SVM Theory. Let us consider the binary classification problem, a training dataset of /
samples can be represented in the forms: {x;, y}, k=1, 2,... ,/ and x,eR", we{-1,+1}. x¢
is an input vector and yy is a class label. The basis of support vector machine classification
is to construct a hyperplane that separates this training dataset into two classes. The
hyperplane is determined by the pair (w,b) where w is a vector normal to the hyperplane
and b is the offset constant which determines its location related to the origin of the input
space. The equation of the linear hyperplane is given by (w-x)+b=0. The arbitrary choice of
scale for w and b can be removed by constraining w and & to satisfy |(w-x)+b|=1 for the
point nearest to the hyperplane, then we have

yl.[(w‘xj)+b]21 Vi (5)

Training a support vector machine means finding the hyperplane with the largest margin.
The maximum margin of the hyperplane can be found by minimizing w. This optimization
problem can be solved using the Lagrange multipliers method defined by:

L(w,b,a) =%||wﬂ2 —Zfla,yf.(x,. -w+b)+icr, (6)

where the variables ¢; 2 0 are called positive Lagrange multipliers. From equation (6), we
need to minimize L(w,b,c) with respect to the weight vector w and b (primal variables) and
maximize it with respect to o; > 0 (dual variables). This problem can be solved by using the
Wolfe dual of the Lagrangian in equation (6). Thus, the problem we have to solve has
become

- Maximize
! 1 [

W(a):Za[—EZZa,.aj.y,.yj(x!.-xj) (7
i=l i=l j=I

- Subject to

(D) Za;‘)’i =0

(2) a, 20
fori=1,2, ..., 1

In the solution, those samples for which o; > 0 are called support vectors, and are on the
border of the margin. All other training samples in the dataset having =0 could be
removed from the training dataset without any impact to the final hyperplane. Thus, the
decision function of equation (5) can be shown as
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[ = sign(y, ay,(x-x)+b). @®)

The algorithm that we have discussed so far is limited to the cases that the dataset can be
separated by linear separating hyperplanes. The extension of the method described above to
nonlinearly separable dataset can be done by mapping the sample points into a higher
dimensional space, called feature space, via a non-linear function.

D:R" > F 9)

A ]

Input space

" \\D\“DD

Feature space

)
O

L . s

FIGURE 3. Nonlinear mapping of the sample points from an input space to a feature space.

Let @ denote the feature mapping (see FIGURE 3), which maps from the input space to
the feature space. Now we need to incorporate such a mapping into the previous algorithm.
This can be done by replacing x; everywhere with ®(x;). The term ®(x;)-O(x;) may be very
expensive to calculate in case that the dimensionality of F is large. We will avoid to
compute O(x;)-D(x;) directly, but we use a kernel function instead. The kernel function K
can be defined as follows:

K(x,,x,;) =®(x,)- D(x,). (10)

Substituting the kernel K in the optimization problem, the problem becomes

- Maximize

/ i
W(a)zzag_%Zzaiajyiyj[((xhxj) (11)

i=l j=1
- Subject to

!
(1) Zaiyfzo
i=l
@) 0<a, <C Vi

C is a constant controlling the tradeoff between training error and model complexity and
is determined by the user.
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4.2. Design of the SVM Algorithm. The block diagram of the whole proposed process for
a feature extraction is shown in FIGURE 4. The obtained results comprising three features
(Va_fse» vq i, and vo n) will be used to train SVM. The stator phase voltage across each
winding with respect to the motor neutral of the three phase induction motor is scaled down
by voltage probes in order to achieve appropriate values for data acquisition. Analog signal
processing is used to filter noise out and to properly adjust the voltage signals. The block of
windowed FFT employs a digital filter with a hanning window type to adapt dispersed
spectra harmonic voltages to broken individuals harmonics easy to be detected. Then the
two band pass filters are used in order to obtain the harmonics in the certain band
associated with the stator shorted turn fault and the fundamental component for the
calculation of the zero voltage component. Note that the harmonic band of the stator fault
band filter (BPF_f;,) is determined by using equation (1) with n=1, 2, 3, 4, and 5 depending
on the motor parameters and operating conditions. Then all components will be converted
into time domain using inverse fast Fourier transform (IFFT). vy 5 and v, 4 are achieved
by using equation (3) whilst the zero voltage component (v _n) is derived by using equation
(4). All is called pre-processing or the feature extraction process. After that, the multi-
class-SVM has three input features X=[vy 51, V4 s Vo n] obtained from the pre-processing
for the stator winding shorted turns diagnosis. This process is called post-processing.

Stator phase
voltage signal

Pre-processing

Analog signal [
processing {3

Windowed
FFT

Post-processing with
multiclass-SVM
classification

Fault detection

& Diagnosis % Yo_f
with SVM Z A

FIGURE 4. Block diagram of the proposed dg0 voltage component computation for
motor diagnosis in case of stator winding shorted turns.

For the post-processing, the procedure for classification with multiclass-SVM is shown
in FIGURE 5. The vy 4, v4 s, and vy p input features are used for the training stage and the
testing stage for the motor diagnosis. In this paper, we apply the SVM technique for our
classification tasks by using the LIBSVM from Chang and Lin [19]. In our study, we use
C-classification with the radial basis function (RBF) kernel.

Two parameters must be tuned on our SVM model: C, a general penalizing parameter,
and y, the radial basis function-specific kernel parameter. The tuning process is carried out
by a grid search over the C-y space (C ranges from 2°, 27, ..., 2" | yranges from 27, 273,
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..., 2%). The optimal value of C and yis obtained by training SVM model with four-fifth of

the training data set and selecting the one returning the minimum classification error on the
validation data set (one-fifth of the training data set). As described above, the goal of this is
to construct a function for classifying the stator faults. The LIBSVM also provides a
method for estimating class probabilities, and we can use this method to build the function
for approximating the stator faults in terms of probabilities. For the binary classifier, the
LIBSVM employs an improved implementation of Platt’s posterior probability to estimate
posterior class probabilities. The details of implementation technique and algorithm can be

found in [20].

dg0 voltage
component features

Post-processing with
multiclass-SVM classification

Training stage

Construct phase

space of feature [l

vector

Determine SVM
parameters based on
clonal selection

== Parameter <,y

Completed

=

¥

Construct phase

=P space of feature [wp»

vector

Binary class SVM
Classification

-

Healthy, Fault 1

to Fault 4

Testing stage

FIGURE 5. Stator fault diagnosis scheme using SVM-based classifier.

Input data
dg0 voltage component with DSP techniques
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FIGURE 6. Proposed decentralization of multiclass-SVM classification for

Output binary class
[Y1: Y9 Y37Y4:Y5)

[1:0:0:0:0] Healthy
[0:1:0:0:0] Fault_1
[0:0:1:0:0] Fault_2
[0:0:0:1:0] Fault_3
[0:0:0:0:1] Fault 4

the stator winding shorted turn diagnosis.
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Form our proposed multiclass-SVM algorithm, we create a SVM classifier for each
binary combination of motor diagnosis. This set of tests yields five classes of the stator
fault condition. A fault diagnostic scheme is presented that compares class by class with
several machines and combines the output as shown in FIGURE 6. We use
one-against-the-rest strategy constructs the binary class classifier for the proposed
multiclass-SVM classification, consisting of five SVM. Each SVM model is trained with
one set of normal data and four sets of abnormal data, thus in the testing, the size of the
input matrix is one input data rows with three columns, [v4 s V4 s Vo alixs. The size of the
output target matrix is one output data rows with five columns, [¥; Y5 Y3 Y4 Ys]ixs. The
target output between 0 and 1 corresponding with classification data is represented in
TABLE 1. In our work, we have implemented our algorithm by using JAVA and LIBSVM
for SVM classification.

TABLE 1. Division of stator faults to classes.

SVM number Classification Target
1 (Healthy) Healthy | [1:0:0:0:0]
2 (Fault 1) 1% shorted turn [0:1:0:0:0]
3 (Fault 2) 2% shorted turn ~ [0:0:1:0:0]
4 (Fault 3) 3% shorted turmn [0:0:0:1:0]
5 (Fault 4) 4% shorted turn [0:0:0:0:1]

5. Experimental Results. In order to evaluate the dg0 voltage components, it is necessary
to acquire the data of stator phase voltage of induction motor (floating neutral) using
voltage probes. The data-acquisition board is a 16 bit DAQ board (Agilent U2356A)
connected to USB port, while the sampling rate is set to be 20 kHz for duration 0.5 second
(400 samples per 1 cycle and all for diagnosis is 10,000 samples). The experimental setup
is illustrated in FIGURE 7. In the testing, the induction motor is coupled to the DC generator
supplying a variable resistor acting as a load system. This motor was tested under healthy
and stator winding shorted turns 1%, 2%, 3% and 4% of number of stator winding in one
phase. The details of induction motors under test are shown in TABLE 2.

Three-Phase Source
| Analog Signal
:E} Conditioner

Voltage
probe

| Signal in
Time Domain

Three-Phase

Induction Motor T Multiclass-SVM Fault
Data Acquisition Board Di 3
1agnosis System

FIGURE 7. Structure of the experimental setup.



113

TABLE 2. Squirrel-cage induction motor data used in the experiment.

Description IM1|IM 2

Power (Hp) : 2 3

Input voltage (V) 380 | 380
Full load current (A) 3.7 4.5
Supply frequency (Hz) 50 50
Number of poles 4 6

Number of stator conductor per phase 282 | 270
Full load speed (rpm) 1390 | 935

Another advantage for the proposed method is a reduction in unavoidable noise effects
associated with imperfect characteristic sources and motor such as low distortion, a small
voltage imbalance, saturation, etc due to the particular band pass filters. Upon testing the
healthy motor, it is found that even three-phase balanced voltages can inevitably generate
triple harmonic components. This testing corresponds to the testing in [21] and [22]. It is
evidently shown that there are the triple harmonic components in the healthy motor. This
could arise from interaction of saturation and reverse rotating field. Apart from this, the
arisen harmonics may be due to little imbalance of the source. However these harmonics
are very low amplitudes. In order to reduce this effect, the supply voltages should be

The next testing is to investigate the dg0 voltage trajectory patterns. Firstly, the
trajectory patterns for the healthy three-phase balanced voltage supply and the healthy
motor acting are plotted as the references. The testing yields the dg0 voltage trajectory
patterns shown in FIGURE 8. With the proposed voltage analysis, the measured voltage
across the stator-phase voltage and the source neutral is transformed and plotted in a
three-dimension dg0 pattern as shown in FIGURE 8(a). The pattern is nearly a single point
shape as mentioned previously for the perfect supply source. For the healthy motor, the
voltage across the stator-phase voltage and the star point of the motor was measured. Then
it is transformed and plotted in a three-dimension dg0 pattern as shown in FIGURE 8(b). It is
found that it has wider locus than the case in FIGURE 8(a) due to harmonics generated
within the motor itself as mentioned in reference [23].

)

\ \
SR, LR

. O-axis (V)
, 0-axis (V)

Qaxis (V) 2 2 D-axis (V) Qads(v) 2 -2 D-axis (V)
(a) (b)
FIGURE 8. Patterns of dq0 voltage trajectory for, (a) balanced source, (b) healthy motor.

The experimental results in three-dimension of the dg0 voltage trajectory pattern with
stator faults are shown in FIGURE 9, denoting various shapes of three-dimension pattern of
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the proposed technique under various stator fault conditions at no load. Quite clearly, the
increase in percentage of shorted turns widens the distorted shape of the trajectory pattern,
far from the healthy motor. The more percentage of short turns, the bigger size of the
distorted shape. By testing with 2 size motors, it is found that the dg0 voltage trajectory
patterns may differ significantly due to different phase signals and motor parameters.
Besides, using amplifier gain in the algorithm processing also affects the locus distance.
The considered loci for the motor diagnosis are in RMS values which increase with the
severity of stator faults. To make the picture clearer, RMS values are converted into per unit
(pu.) as shown in FIGURES 10 and 11. The per unit value of each dg0 voltage component of
the IM_1 and IM_2 rises proportionally. The experimental results in FIGURES 10 and 11 are
derived from many testing and the values are averaged and converted into per unit. In
addition, we have also tested to verify d, ¢, and 0 voltage components under no load and
various load conditions. Number of stator winding shorted turns is varied for each
condition. It is found that the changed RMS value ranges about £0.015 pu., which is
insignificant compared with the stator fault amplitude in each number of the stator winding
shorted turns. It can be concluded that the stator fault amplitude does not depend on the
different load conditions. With the obtained results, this implies that it is possible to detect
stator faults with the proposed technique.
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FIGURE 9. Patterns of the dg0 voltage trajectory of IM_1 (a-d) and IM 2 (e-h) all for
condition of 1%-4% stator winding shorted turns from left to right respectively.

Again, the data faults of all three features obtained from the experimentally acquired
motor voltage data represent the type of induction motor stator faults. The data set for
training our classification systems can be listed 30 samples per class per feature and equal
to all five classes and three features, total 450 data sets. The details of training are stator
fault data with different load levels and time. Our classification problem is a multiclass
problem. We develop a series of binary classifiers to handle the multi-classification case.
For each class, a classification system is trained with all samples in that class with positive
labels and all other samples with negative labels. In order to build SVM, some parameters
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of SVM need to be tuned. In our experiment, each model of SVM is trained on four-fifth of
the data set, while one-fifth of the data set will be used for validating the model (five-fold
cross-validation). Then the best parameters which minimize the system error on the
validation set will be selected and further used to construct the models.
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FIGURE 10. The modified amplitude of dq0 voltage components
versus shorted turns in IM 1.
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FIGURE 11. The modified amplitude of dg0 voltage components
versus shorted turns in IM_ 2.

The performance of the proposed technique is tested in unseen data of stator faults. As
described above, for each fault, the classifier is trained with all samples in that fault with
positive labels and all other samples with negative labels. As our classification problem is a
two-class classification problem, to avoid numerical difficulties during the calculation, the



negative labels and positive labels in each fault are assigned the numeric values of 0 and 1
respectively. To evaluate performance of SVM classification system, we apply the
implemented classifiers to the whole data set of each fault and report the classification
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accuracy of each fault. TABLE 3-4 shows the classification accuracy rate of each classifier

on the whole dataset in the forms of confusion matrices. From the results, our technique has
classification performance of more than 98%. These results demonstrate the relatively high
degree of accuracy of stator fault classification that is associated with the use of this

method.

TABLE 3. Classification accuracy rates, confusion matrices of the
unseen stator faults with the proposed multiclass-SVM of IM_ 1.

Unseen Classified faults

faults Healthy | Fault 1 | Fault 2 | Fault 3| Fault 4
Healthy | 98.22% 1.78% (Non Healthy)

Fault 1 99.07% 0.93% (Non Fault 1) -
Fault 2 0% | 100% | - (Non Fault 2):
Fault 3 0% (Non Fault 3) 100% |

Fault 4 1.27% (Non Fault 4) 98.73% |

TABLE 4. Classification accuracy rates, confusion matrices of the
unseen stator faults with the proposed multiclass-SVM of IM_2.

Unseen Classified faults

faults Healthy | Fault 1 | Fault 2 | Fault 3 | Fault 4
Healthy | 100% 0% (Non Healthy)
Fault 1 98.17% 1.83% (Non Fault 1)
Fault 2 0% 100% (Non Fault 2)
Fault 3 0.44% (Non Fault 3) 99.56%
Fault 4 0% (Non Fault 4) 100%

TABLE 5. RMSE of SVM classification for our stator faults diagnosis implementation.

RMSE

of SVM Healthy|Fault_I | Fault_2 |Fault 3 | Fault 4
IM 1 ]0.0341]0.1041 | 0.0866 | 0.2014 | 0.1563
IM 2 |0.1156 | 0.1342 | 0.0764 | 0.1069 | 0.2083

TABLE 6. A comparisons between the presented work and the MCSA method.

Features | Training | Classified | Correct

Niethod no. samples states rate (%)
Presented work 3 450 5 98-100
MCSA 5 1382 5 98-100
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As the implemented classifiers estimate each type of faults in the form of a probability
value as mentioned above, the measurement of difference between values predicted by a
classifier and the real class labels (numeric values of 0 and 1 for negatives and positive
labels respectively) is an important factor to select an appropriate classifier. The root mean
squared error (RMSE) of each type of fault approximation has shown in TABLE 5. As can
be seen, the error between the actual and target output data after testing our proposed
technique is less than 0.2083, thus the training process is complete.

The improvement of the proposed method compared to the MCSA can be seen in TABLE
6. The number of features and training samples can be reduced whilst the performance is
not deteriorated. Since motor currents depend on loads, the MCSA needs more training
samples. The study of the spectrum fault using the MCSA for the shorted turn diagnosis can
be found in [24]. As a consequence, the MCSA needs more training samples in order to
keep the same accuracy rate. Note that the MCSA uses only one phase current. Probably the
measured phase current is not directly affected by the shorted turn fault. Since the proposed
technique uses all stator voltage phases, this encountered problem does not occur.

6. Conclusions. This paper has presented a new approach for detection and diagnosis of the
stator winding shorted turns in three-phase induction motors. The proposed SVM approach
is based on the dg0 voltage components which have been improved in terms of the number
of features and training samples. The digital signal processing is used in identifying the
shorted turn fault in three-dimension dg0 voltage trajectory pattern with clear distinction of
each severity of stator fault, which yields good input features and can lead to high accuracy
in induction motor stator fault diagnosis. The experimental results have shown that our
proposed system can provide rather high true positive rate (see TABLES 3 and 4) on
different severity of stator faults. Unlike MCSA, using the proposed voltage signal
diagnosis, offers a small variation of the voltage level under different motor loads which
results in classification performance being nearly uniform throughout. Our proposed
technique is appropriate for fault classification task and can be further developed to be used
to diagnose other electrical machines. The weakness of the proposed technique is the
leakage effect of the FFT resulted in the detection error and time consuming. The
development could be made with the special digital signal processing for more accuracy
and principal components analysis (PCA) for less computing time due to a data number
reduction and more accuracy.
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Stator Faults Detection based on the dg0
Voltage Components

Chalermchat Manop, and Vijit Kinnares
Department of Electrical Engineering, Faculty of Engineering,
King Mongkut’s Institute of Technology Ladkrabang, Bangkok, 10520, Thailand

Abstract—This paper presents the technique for detection of
shorted turns in stator winding of induction motors. The strategy
is based on the dq0 voltage components. The proposed technique
determines dgq components of time domain of harmonics obtained
from Park transformation instead of the stator phase voltage.
Zero component (0) is calculated from the fundamental voltage
excitation only. In the testing, the supply is sinusoidal waveform
and the motor must be star connected with floating neutral.
From experimental results, pattern of dq0 voltage components in
order to use for the stator faults detection is possible.

Index Terms—Induction motor, dq0 components, stator fault,
fault detection, condition monitoring.

[. INTRODUCTION

QUIRREL cage induction motors are popular electrical

machines for a wide range of applications throughout the

manufacturing, processing, energy, transportation, service,
and medical industries. Nowadays there is a great concern
about the reliability of the productive process in order to
reduce production costs and increase productivity in the
industrial area. This fact makes maintenance techniques a very
important issue. The highlights of the moment are predictive
maintenance techniques. The various types of faults and their
detection techniques are stator faults, broken rotor bar and
end-ring faults, bearing faults and eccentricity-related faults
[1]. Surveys [2] have found 30%-40% of induction motor
failures are stator related. The primary causes for failure
problem of stator insulation are as follows, high winding
temperature, slack core lamination, loose bracing for end
winding, contamination due to oil, short circuit, electrical
discharges, and leakage in cooling systems [3]. The stator
failures could reveal all five modes included turn-to-turn, coil-
to-coil, phase-to-phase, coil-to-ground and open circuit. Most
of the stator faults start as a turn-to-turn fault. Therefore,
detection of turn-to-turn faults can prevent machines from
severe damage.

In fact, condition monitoring induction motors become very
important in order to reduce maintenance costs and prevent
unscheduled downtimes. Recent survey published in the
offline and online stator faults detection technique, the most
accepted and widely used offline diagnoses include the
capacitance, surge comparison, partial discharge (PD) tests
etc. The methods available include thermal monitoring,
chemical monitoring, ground fault relay, and online partial
discharge monitoring [3]. These techniques are based on both
online and offline stator faults detection which can effectively
detect. The arising problem is the diagnosis of severity level of
stator faults. The information of the healthy -electrical

978-1-4244-1706-3/08/$25.00 ©2008 IEEE.

machines is necessary to be recorded for reference such as
experimental results given in [4-6]. Because, in an actual
machine, the impedance of any phase balance is never
achieved. The primary source of phase impedance nonlinearity
can be traced to stator core magnetic saturation. Magnetic
saturation of the core causes nonlinearity in the magnetizing
and leakage reactances and is evidenced by characteristic
harmenies present on all three line-to-neutral phase voltages

[7]. However, the Al-based technique is effective for deciding

severity level of faults by referring to fault signals recorded as
data base.

In this paper, the proposed approach is based on the dg0
voltage components for detection of induction motor stator
faults. The analyzing dg0 voltage pattern obtained from dg
components using Park transformation instead of three phase
voltages of induction motor (between terminal voltage and the
star-point of machine) and zero component (0) considering
only fundamental component obtained from the sum of three
phase voltage. A harmonic amplitude rclationship between
healthy and faulty motors by using modern signal processing
techniques, which combined with interpolating windowed FFT
allows optimizing the fault detection.

[I.  HARMONICS IN ELECTRICAL MACHINES

Harmonics in the current spectra of a machine are a result of
voltage harmonics induced in the winding by air gap flux
density harmonics [8]. Harmonics in electrical machines can
be divided into four groups. They are inherently associated
with machine structure and supply which the causes can be
categorized as magnetic, mechanic, aerodynamic, and
electronic [9]. Presently, the use of harmonic spectra is found
in condition motoring of electrical machines as follows.

A. Air-gap Eccentricities

The condition of machine eccentricities is unequal air gap
that exists between the stator and rotor such as rotor
unbalance.  Air-gap  eccentricities  generate  spectral
components at frequencies of the following equation.

Fre = f,[lik(l;sﬂ M
P

where [ is electrical supply frequency, k=1,2,3..., s is the
slip, p is the number of poles pairs.



B. Broken rotor bars

Broken rotor bar is a breakage or cracking of the rotor bars.
This type of fault creates the well-known twice slip frequency
sidebands around the supply frequency. The broken rotor bar
generate spectral component at frequencies defined by

f.sra=f;|:k(]_sJis] @
P

where, k/p=1,5,7, 11,13, --.

C. Slotting

With the conductors in slot, almost all the flux now passes
the low-reluctance path through the teeth. The slots produce
magnetic circuit reluctance variations too. This variation
causes an air-gap flux modulation with frequency depending
on speed. The equation for the slot harmonic frequency can be
given as

fmFL[N,(]_SJik] 3
P

where, §_ is the number of rotor slots.

D. Stator winding short circuit

The most common stator winding faults are related to either
the end winding portion or the slot potion. The majority of
these acting on the stator can be classified into thermal,
electrical, mechanical, and environmental effects. The
frequency components to be detected in the stator winding
shorted turns defined by

1 =fs[n(l_—s}-rk} @
p

where k% in this case is 1, 3, 5 .., and
n=1,2,3,..,(2p-1). Due to the transient nature of the

signal processed, detect-ability may be good only for k= 1 [4].

IIl. dg0 VOLTAGE COMPONENTS APPROACH

Assuming star-connected three-phase sfator  windings
without neutral connection between supply and the machine
neutral (star point), the voltage equations for the stator
windings in the matrix form can be written in (5)-(6). When
the machine is asymmetric, the inductance matrix in (7) can be
separated into two components [10]: the first term (8) models
the balanced portion of the stator inductance matrix, which
would correspond to that of a balanced machine; and the
second term (9) models the asymmetric portion of the stator
inductance matrix caused by the faults. In Fig. 1, the set power
supply and squirrel-cage induction machine system can be
replaced by a simple three-phase equivalent circuit.
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3-phase voltage source

3-phase Induction motor

Fig. 1. A three-wire, wye-connection between power source
and induction motor.

ol = (R L, ©
dt
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where x is phase a, b, or ¢, v,, is the voltage of the machine
neutral with respect to ground, Ly is a leakage inductance, L,
is a magnetizing inductance, and M is - L,,; / 2.

The dq0 voltage components are obtained from ABC
voltages using Park’s transformation matrix. This transfor-
mation is well-known for a revolution in machine analysis.
The classical dg0 components of the phase voltage are
presented by

vy [n] 2., A S -1|v.[n]
wlnl =30 =5 Al [n] (10)
[~]

vy [1] ! ! v

e

where n=0, 1, 2, ..., N-1 and the N is all number of data.

In order to neglect the harmonics which are not affected the
stator fault by remaining components present in (4) for certain
frequency range, removing (set to zero) unassociated
components and ignoring zero sequence components of
harmonics, the resultant matrix form of equation (10)
excluding the fundamental component can be obtained as
equation (11).
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The zero sequence voltage obtained from the sum of three
phase voltage with considering only the fundamental compo-
nent of electrical excitation is given by

(12)

o_s [l = 3Pa_aln] v g 0n] v (0]

where s [n] are the data of stator fault signal of phase
W€ Tt

a,b,c, respectively, and 511 are the data of stator

Vab,c_

fundamental signal of phase a,b,c, respectively.

Time (mS)

Fig. 2. Example result for the faulty motor: signals Vd iy

v‘i'_fsf , and vf)#f[ ‘

Fig. 2 shows the three signals for the induction motor with
stator winding faults. If the motor is healthy, three-signal
components are very low level. For the 3D of the proposed
dg0 component pattern for the perfect three phase quantities
(i.e voltage, current, flux, etc.), it is noted that the trajectory is
single point. If it is corrupted mainly by the harmonic
contents, the trajectory is far from the expected single point.
Then, the variety of the trajectory shape can be possibly used
for monitoring and diagnosing the stator machine fault.

IV. DIGITAL SIGNAL PROCESSING TECHNIQUE FOR DATA
DESIGN

The frequency domain analysis is more attractive one
because it can give more detailed information about the status
of the machine whereas, the time domain analysis can give
qualitative information about the machine condition [11].
When a signal is transformed into frequency domain by Fast
Fourier Transform (FFT), the signal will case the grid effect
and the leakage effect under unsuitable frequency scales [12].
The leakage effect results from that the sampling period is not
the integer-times of the signal period. If the sampling period is
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not the integer-times of the signal period, in time domain,
there is no continuity in the truncated points, in frequency
domain, the signal will cause side lobes and harmonic energies
will leak to the nearby scales. However, the interpolation
algorithm can eliminate the errors caused by grid effect, but
the errors produced by harmonic leakage must be reduced by
windowing the signal. Fig. 3 shows the analysis of harmonic
spectra particularly at the interval of frequency from 500 Hz to
1,500 Hz and the amplitude in the interval from -200 to 0 dB
(the interval of harmonics caused by shorted turns).
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Fig. 3. Spectrum of different analysis method, (a) the window
method, (b) the window method with interpolation, and (c) the
window method, interpolation and power spectrum.

V. EXPERIMENTAL RESULTS

In order to evaluate the dg0 voltage components, it is
necessary acquire the data of three phase voltage of the
induction motor under test. The data were acquired using
acquisition board in the digital oscilloscope (12-bit, 250-
MHz). Fig. 4 shows the block diagram of algorithm for turn-
faults = detection. This algorithm was processed using
MATLAB program.

3 voltage BrE_ A, IFFT

signal

Signal

Proc. LPE_/]

Fig. 4. Block diagram of the dg0 voltage component computa-
tion for stator winding faults detection.



The induction motor under test is 3-hp, 4 Pole, 380 V..., 50
Hz. In the testing, the motor was supplied from the AC source
(sine-wave) with balanced voltage and Y-connection. The
stator winding of the motor has 270 turns per phase. It is
coupled to DC generator feeding a variable resistor. The DC
generator is used to load the induction motor. Test results were
obtained under turn fault conditions in the stator winding with
1%, 2%, 3% and 4% of number of turns in one phase. Before
testing, the supply was set to a balanced voltage condition and
the neutral point of the motor was floated. Fig. 5 shows test
results obtained from the source (v,,) and the induction motor
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Fig. 5. Stator voltage harmonic spectra of the balanced source
(top) and the healthy induction motor (bottom) at no-load with
the floating neutral.

Due to the imperfect source and motor, harmonic voltages
occur inevitably. Therefore, Fig. 5 reveals harmonic
components at 250Hz and 350Hz from the balanced source
and at 150 and 250Hz from the healthy motor. It is evidently
shown that there is the third harmonic component in the
healthy motor. This could arise from interaction of saturation
and reverse rotating field. The harmonics spectra of source
may be due to little unbalance in the source. However these
harmonics are low amplitudes compared with the
fundamental.

The dg0 voltage component pattern in Fig. 6 has been
initially operated without faults in order to be used as the
reference acting as the healthy motor for Fig.6 (b). For Fig.
6(a), it confirms 3D dg0 pattern which is nearly single point
shape for almost balance of the three phase source system as
mentioned before. For Fig. 7(a)-(d) shows various shape of 3D
pattern of the proposed technique under various faulty
conditions. Quite clearly, the increase in percentage of shorted
turns affects the distorted shape of the 3D pattern far from for
the healthy motor. The more percentage of shorted turn, the
bigger size of the distorted shape can be obtained.
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Fig. 6. Patterns of dgq0 voltage components for, (a) Balanced
source, (b) Healthy motor.,
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Fig. 7. Patterns of dg0 voltage components for stator fault
conditions (a) 1%, (b) 2%, (c) 3%, and (d) 4% shorted turns.
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Fig. 8. The modified amplitude of dg0 voltage components
versus shorted turns.

In order to illustrate the effect of shorted turns on the motor
voltage, the proposed dg0 rms values in per unit are shown in
Fig. 8. The increase in percentage shorted turns results in an
increase in amplitude of the proposed dg0 voltages. The
variation of dg0 quantities is heavy at higher percentage of
shorted turns. With the obtained results, this implies that it is
possible to detect stator faults with the proposed technique.



VI. CONCLUSION

This paper has presented a new approach based on a dg0
voltage component analysis for detecting the stator winding
shorted turns in three-phase induction motors. The proposed
technique is alternative to other techniques such as MCSA.
This method is derived from the stator voltage of the induction
motor with star connection and floating neutral. The detail of
procedure for obtaining the proposed dg0 components has
been fully given. The obtained results reveal the possibility of
the proposed technique for detecting and diagnosing stator
winding shorted turns. The future work with the application of
Al techniques for decision making will be investigated.
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A Low Cost Prototype for Testing Stator
Winding Shorted Turns in 3-Phase
Induction Motors
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Department of Electrical Engineering, Faculty of Engineering,
King Mongkut’s Institute of Technology Ladkrabang, Bangkok, 10520, Thailand
! Department of Electrical, College of Industrial Technology,
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Abstract-This paper presents a prototype of stator
winding shorted turns detcctor for three-phase induction
motors. The focus condition is turn-to-turn short circuit,
because this condition is the initial problem. The
diagnosis technique is detectable from the voltage sum of
the three instantaneous line to star-point voltage, In the
testing, the supply is sinusoidal waveform and the motor
must be star connected with floating neutral. Before
diagnosis, this instrument will also determine the level of
supply voltage imbalance, if it is over the limit, the test
instrument will not diagnose shorted turns. From
experimental results, 3-hp and 5-hp induction motors
were used for testing this equipment which is capable of
accurately identifying percentage of stator winding
shorted turns.

Keywords: Instrument, fault diagnosis, induction motor,

condition monitoring.

I. INTRODUCTION

The majority of all motors used in industry are
induction motor since the power-semiconductor de-
vices, microelectronics and control techniques have
been developed. These motors driven by a static
converter undergo severe voltage stresses due to rapid
switch-on and switch-off of semiconductor switches.
The pulse-width modulated voltage is one of many
causes which life of the stator fails prematurely. The
unexpected induction motor failure could lead to lost
production, expensive repair and significant process
down time.

0-7803-9484-4/05/$20.00 ©2005 IEEE
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Fig. 1. The component failures account for percentage
of all motor faults.

A random wound motor is frequently started, and
due to excessive coil movement, it sustains a minor
turn-to-turn short in a coil (the turn-to-turn condition
was most the initial problem of the stator failure). For
this condition, increasing heat is generated in the
damaged area and progresses to catastrophic phase-to-
phase or phase-to-ground short circuit faults and the
motor off the live [1]. The stator winding shorted
circuit constitutes approximately 30% portion of all
reported motor component faults. The induction motor
failures now account for a larger percentage that
shows in Fig. 1 when induction motors are both fed
from pulsewidth modulation (PWM) inverter and a
sinusoidal voltage supply. However, more details of
Induction motor component failure in Fig. 1 can be

found in reference [2]. This paper implemented the



turn-faults (stator winding shorted turns) detection and
diagnosis in induction motors using three instant-
taneous voltage sum which has also been presented
extensively for detection technique [3].

II. VARIOUS TyPES TURN-FAULTS DETECTION
TECHNIQUES
The technique of turn faults detection and

diagnosis in induction machines have been investi-
gated for the last many years. Siddique er al. which
obtained a brief review of the monitoring techniques
have been classified into the following 13 categories
using different parameters and machine variables [4].
The example of the monitoring techniques are magne-
tic flux, vibration, current, power etc.

In this section, this technique allows noninvasive
on-line diagnosis of the turn-fault detection, the
techniques focusing in the time domain were used by
several researchers in the followings. Natarajan has
investigated turn-faults by looking at a symmetrical
three phase system, the vector sum of three phase
current in the primary eircuit is zero [5]. Stone et al.
were able to detect turn-turn faults for rated 4 kV and
above (this technique is for large motor) with online
partial discharge (PD), test methods give very reliable
results [6]. Cash ef al. [3] presented a method using
line-neutral voltage to detect stator insulation failure,
They have shown a promise of reliable turn-fault
detection, while retaining ease of practical implement-
tation. However, in this paper, we used this method (in
reference number [3]) which could lead to develop-
ment of a prototype instrument for turn-fault detection.
The main point of this research is one of many
methods in turn-fault detection. In the future work, we
will use a mixed method for incorporating turn-fault

signal which is a more reliable diagnosis.

III. BASIC THEORY FOR STATOR SHORTED TURNS
DIAGNOSIS

This principle of turn-fault detection is based on

the phase impedance imbalance in any of the stator

phase. The system equation considers only the funda-

mental frequency and voltage supply balance, with

application of Kirchoff’s current law on the “0” point

of the circuit described in Fig. 2, as follows:
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1)+ 1,(6)+ 1,(e)=0 (1)
or
Vo Oy + Vo (0, +V,, (), =0 @)

The V;, is the phase voltage with respect to
machine line-star point (¢). The Y, is admittance of
stator winding phase “x”, and the V., is give by
VXU([)= VJ.‘M([)+ VNO(I) (3)
Also, equation (2) can be rewritten to the

summation of the instantaneous signal (all current and
voltage, Vyum)- That is,

W O)+ Vg O -V, () 4V, (0}, + @
(o ()41 (e < 0

From (4), if the voltage ¥,, and admittance Y, are
imbalance, the equation will not be zero. The causes of
imbalance are supply voltage (V) and stator winding
short circuit (¥,). However, the voltage sum also
contains the harmonic component due to slotting, core
saturation etc., the voltage sum will not be zero as

well.

Y
&

Fig. 2. A three-wire, wye-connection between power

source and induction motor.

IV. INSTRUMENT DESCRIPTION
In order to implement the voltage sum equation

given above, it is necessary to simultaneously acquire
the three phase voltage, neutral-point of supply (power
source) and star-point of induction motor under test,
The block diagram for turn-fault detection and
diagnosis is shown in Fig. 3. First step, the 50-Hz
instantaneous voltage (V,, ¥V, and V.) on all three
phase voltages are adjusted to an acceptable level from



step down miniature transformer. The diagnosis is to
check the imbalance of system voltage, the instrument
will do the next step when supply voltage imbalance is
within the limit (V). Microcontroller will, then,
switch the contactor for testing the turn-fault
conditions (Vym2). A buffer circuit is connected for
matching impedance in circuit. These three-phase
signals are summed, filtered and transformed into rms
value (called stator-faults or turn-faults value). The
percentage of shorted turns will be displayed by LCD.
The voltage control in this figure is used for supply
imbalance. A picture of the prototype instrument is

shown in Fig. 4,

Ho—
P o—{ Voluge

¥ 6] Control

n g—

')
Fault signal
Fig. 3. Block diagram shows a test setup for a stator
winding shorted turns diagnosis.

Fig. 4. The prototype of turn-faults instrument for
three-phase induction motors.

V. EXPERIMENTAL RESULTS
The induction motors under test are 3-hp and 5-hp,
4 Pole, 380 Vi, 50 Hz. In the testing, the motor fed
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from utility (sine-wave). The 3-hp and 5-hp induction
motors, each stator phase is comprised of 270 series
turns and 180 series turns respectively. Test results
obtained under faulty condition with 1%, 2% and 3%
of all shorted number of turns in one phase. At the start,
we can test Vy,,, for supply imbalance. Fig. 5 shows a
test result obtained under b-phase voltage reducing
(second from the top) as well as ¥, signal increasing
and decreasing (at ;) when b-phase voltage getting
back to balance (bottom). The waveforms of various
Vsumi signals are shown in Fig. 6 when supply is in

different voltage imbalance conditions.

Fig. 5. The instantaneous value of a-phase, b-phase,
c-phase and V., signal (from top to bottom) when
b-phase under voltage imbalance at ¢, and ¢, to balance

condition.
WEN B 7 W/ ] 1 =7
8 R IV (1) © 11 1 © (Hd/ay)

Rlacle Mk SLM R WS freq S0k

Sacet M G R SO Frg SHE

Fig. 6. The signal of V., 1-phase, 3% undervoltage
supply imbalance (left) and 2-phase, 5% overvoltage
supply imbalance (right).
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Fig. 7. The signal of V,,; of 3-hp induction motor
when 1% shorted turns (left) and 2% shorted turns
(right) at no-load motor.
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Fig. 8. Turn-faults signals (rms) of 3-hp induction
motor under 1% and 2% shorted turns.
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Fig. 9. The rms value of Vumoms signal (top) of the
instantaneous value V., of turn fault (bottom).
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Fig. 7 shows various turn-fault signals (Viumz) of
3-hp and 5-hp induction motors when voltage supply
is balanced. The figure shows the stator fault signal for
1% and 2% shorted turns. From the results, the
turn-fault signal (level of Fyumzrms) depends on the
number of stator winding shorted turns. For the Fig. 8,
the fault level has responded after switched on and off
for each one. The Fig. 9 shows the instantaneous level
of Veumz,ms and Vymy for comparison. The Fj,,; wave-
form of 5-hp induction motor under shorted turns
condition is shown in Fig. 10. In the case of 5-hp
induction motor, the value of volt per turn in one phase
is higher than 3-hp. The level of Vym2ms all 3-hp and
S-hp induction motor versus shorted turns is shows in
Fig.  11. However, the turn-faults level is linearly
proportional to the number ot shorted turns.

[Comw . Tl R P Wi
K . © (undfdv) il T Do (/e
) oS R S ... ..

Fadle r phe B i Fey Tk e M LN e G0 Frig SSie

Fig. 10. The signal of ¥, of 5-hp induction motor
when 1% shorted turns (left) and 3% shorted turns
(right) at no-load.

In addition, the error of V. level under motor
load and unload conditions from Fig. 12, can be
concluded that the stator fault amplitude does not
depend on the load condition. The examples of supply
voltage imbalance measurement display and the

percentage of shorted turns are shown in Fig. 13.

VI. CONCLUSION
In this paper, we proposed prototype instrument
for shorted turns diagnosis of three phase induction
motors. The turns-fault levels depend on the number
of winding shorted turns in each rate induction motors.
This difference in all numbers of winding turn in one



phase of turn-fault signal is not equal (e.g. AVsuma,ms of
3-Hp and 5-Hp Induction motors). This effect will lead
to the error diagnosis of the percent of shorted turns.
In the future work, this prototype will be developed to

be more reliable.

1.6 . : : :

L4t 5-hp IM 1

& 12} ]

E1of ]
B 0g] MhpIM |
>

“ 0.6f :
[7p]

5 0.4} -

02¢ 3 .

5772 29—
Shorted tums (%)

Fig. 11. Comparison of the Fy,u2,..s add value of 3-Hp
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and 5-Hp induction motors (IM) under percent of
shorted turns condition.

1.6 : : : -

.1

1.4}
& 12}
E 1.0f 4
(o]

5 0.8}
-

% 0.6} 1
¢}

5 0.4}

0.2}

B 100% load
® 50% load
4 Noload -

15 2 235 3
Shorted turns (%)

0
0.5 1 3.5

Fig. 12. Levels of turn-fault signal under load condi-
tion versus percent of shorted turns.
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Fig. 13. Picture of mains supply balance checking and

shorted turn measurement display.

REFERENCES
[1] A.H. Bonnett and G.C. Soukup, “Cause and ana-
lysis of stator and rotor failures in three-phase
squirrel-cage induction motors,” [EEE Trans. Ind.
Appl., vol. 28, no. 4, pp. 921-937, Jul./Aug. 1992.
[2] M.E.H. Benbouzid and G.B. Kliman, “What stator
current processing based technique to use for
induction motor rotor faults diagnosis,” [EEE
Trans. on Energy Convers., vol.18, no. 2, pp 238-
244, Jun. 2003.
M.A. Cash, T.G Habetler and G.B. Kliman, “Insu-
lation failure prediction in AC machines using
line—neutral voltages,” [EEE Trans. Ind. Appl.,
vol. 34, no. 6, pp. 1234-1239, Nov./Dec. 1998,.
A. Siddique, GS. Yadava and B. Singh, “A review
of stator fault monitoring techniques of induction

[4]

motors,” IEEE Trans. on Energy Convers., vol.20,
no. 1, pp. 106- 114, Mar. 2005.
[5] R. Natarajan, “Failure identification of induction
motors by sensing unbalanced stator currents,”
[EEE Trans. Energy Convers., vol. 4, no. 4, pp.
585-590, Dec. 1989,
G. Stone and J. Kapler, “Stator winding monitor-
ring,” [EEE Ind. Appl. Mag., vol. 4, pp. 15-20,
Sep./Oct. 1998.
M. Arkan, D.K. Perovic, P. Unsworth, “Online

stator fault diagnosis in induction motors,” /EE

(7]

Proceedings, Electric Power Appl., vol. 148, Issue
6, pp. 537-547, Nov. 2001.



131

1J wa Y A
ITINNIVEY
Yo-unana WWRANTIA 1UN AANRIUN 5 FUNAY W.A. 2517
A o v a & A
NVamdndanys
Uszamsanmn
ar =2 = = a o A
W.fl. 2533 Useurnuii 3 TsaSoudanys
W.Al. 2536 Usemadioiasinaw (i)
aaniuma 1u 1a0915uea9 Insuaveunau
b
W, 2539 Ysemitoingdndwguga (Wdiha)
aotiume T lads15uena InguvavouLny
W.A1. 2541 AsfaasaamMnIIITuda a1v13rans s TWihias
a W = vy =t
UnIIMeauma Tu Tagwszaouna15uly3
WA, 2544 Franssumansuniuaa gwdranssylivh
aoniumaTulaBnszaound i gumnsaiansz i
sziamsiau

as o o a a o J
wa. 254d-hgify . emsdlszdiendnimnsae i auzdmanssumans

aouma Ty TaBnszaaundudinammisaiansgi

mdenaule Msithasran1y MsItane n1stlosdu uaznisiansnasaulu

nipasnIna I





