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Induction motors are robust machines that are often exposed to a variety of environmental and operating
conditions that can result in a number of failures during their use. One such fault is a short-circuit that
starts in a few turns, and quickly extends to other winding sections. Early detection and diagnosis of
this type of failure is very important and can prevent the complete motor loss. In this work, a multiple
linear regression modelling technique is used in synergy with the genetic algorithm optimization and
the analysis of variance methods to obtain models to classify the motor operating in normal and in short-
circuit conditions. The proposed method is suitable for application in real industrial plants due to three
important features: (i) it uses RMS values of voltages and currents, (ii) only simulation data is required
to obtain the MLR classification model and (iii) incipient faults can be identified with high accuracy.
Experimental tests carried out over a wide range of machine operation conditions demonstrates the
simplicity and effectiveness of the new diagnosis method.
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1. Introduction

The majority of industrial loads are powered by three-phase
induction motors, which are robust machines, of low maintenance
cost and can work in a range of environments. Even though they are
robust, various failures can occur in these machines since they can
work under different operating conditions and in hostile environ-
ments [1]. Fast fault detection in dynamic systems, like induction
machines, provides a high degree of reliability in industrial pro-
cesses, because it avoids production downtime, material losses,
reduction in quality and even accidents with human beings [2,3].

According to [4], faults like short-circuits in coils represent 21%
of the total faults in electric motors. In this case, the stator coil
degradation starts with a short-circuit between a few turns in the
same phase. The faulty current can be nearly twice the blocked rotor
current and generates local heat that spreads quickly to some other
coil parts [5]. Thus, an early detection of this kind of failure is very
important since it can prevent more serious failures that can lead
to irreversible loss of the motor. However, initial fault detection
is not a trivial task, since its impact over the motor characteristics
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is still low [6-8]. In addition, the supply voltage unbalance can be
mistaken for stator winding failure [9].

Several techniques for fault diagnosis in an induction motor sta-
tor have been developed by researchers using different machine
variables such as magnetic flux [10], supply voltage [11], vibration
[12] and stator current signals [13-17]. Among these approaches,
it is clear that motor current signal analysis (MCSA) is by far the
most preferred technique for diagnosing faults, since it uses sen-
sor signals normally available in real plants, being non-invasive and
cheap [18]. However, under certain conditions its application is not
sensitive enough because it has a low signal to-noise ratio, which
is more evident in inverter-fed motors [19-21].

Recently, a new non-iterative algorithm called empirical
demodulation has been proposed by [22], which determines the
envelope of signals providing important information about the
operating condition of an electric machine. To show the applica-
tion of the technique in the diagnosis of induction motor failures,
the authors present case studies involving the detection of bro-
ken rotor bar and short-circuit faults in the stator winding, using
magnetic flux and vibration signals.

Some modelling and classification techniques have been used
to categorize features of the motor operating condition [23,24].
In paper [25], the authors proposed a new approach for identify-
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ing broken rotor bar, short-circuits in the stator coils and bearing
defects, by analyzing the amplitudes of the current signals in the
time domain. The experimental results showed a high efficiency of
the proposed classifier technique. For the diagnosis of failures in
induction motors fed by frequency inverters, an alternative intelli-
gent method is presented in [26].

The starting point for the development of a reliable fault diagno-
sis tool is to have a good understanding of the difference between
the behavior of the machine in a healthy state and under fault con-
ditions [27]. The models also allow the signature of the failure to
be obtained and the diagnostic method for machines with different
power ratings to be tested. A dynamic model to analyze electrical
(rotor broken bar and stator winding short-circuit) and mechanical
faults (unbalance, misalignment) in induction machines was pro-
posed by [28]. The proposed model only needs the same parameters
of the traditional model and also includes net asymmetries and load
conditions.

Avariety of theories and methods, in particular neural networks,
fuzzy logic, neural fuzzy and genetic algorithms (GAs) provide the
possibility of making the diagnostic systems more autonomous
[29,30]. Although giving valuable results, some methods normally
need large data sets to provide correct answers. In addition, the
models are normally trained with real data, which makes the
application of diagnostic techniques in a real plant more difficult.
Consequently, in this work, regression models were obtained for
the diagnosis of incipient faults in stator windings. The models
become part of a specialist system created to test and classify, in
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real time, the machine operating conditions. The new diagnostic
approach uses multiple linear regression (MLR) in synergy with the
GA and analysis of variance methods to design polynomial models,
being applicable in industry due to the following relevant advan-
tages: (i) it needs only the 60 Hz component of the voltage and
current that can be obtained through voltmeters and ammeters,
(ii) few and only simulation data are necessary to create the classi-
fication MLR models and (iii) incipient faults can be diagnosed with
a high accuracy. The condition of voltage imbalance inherent in a
power system, does not affect the diagnosis of the failure.

2. Multiple linear regression modelling

Regression analysis is a statistical technique for investigating
and modelling the relationship between variables, where the goal
is to obtain an approximate function between the response of inter-
est (output) and independent variables (inputs). When more than
one independent variable is involved, regression analysis is called
Multiple Linear Regression (MLR) Montgomery et al. (2006) [31].

In the majority of MLR problems it is not known how the inde-
pendent variables relate to the dependent ones. Thus, the first step,
and the main problem, is to find an approach for relating them.

Generally, the first-degree and second-degree polynomial models
are enough, as shown in Egs. (1) and (2) respectively:
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where: f's are the polynomial coefficients, x the independent vari-
ables, y the dependent variable and € other possible variation forms,
like errors or lack of numerical convergence. The index k represents
the total number of variables and the indexes i and j represent a
specific variable between 1 and k.

Egs. (1) and (2) can be written in a matrix form as in Eq. (3):
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For the second order models and n being the total number of the
systems observations, the matrices and vectors involved are:
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According to [31], the method of least squares is typically used
to estimate the coefficients of the MLR models, i.e., the vector B, as
in(4):

B=(XX)"'XY (4)

The signals of currents and voltages of the induction motor, in
different operating conditions, can be used in the establishment of a
set of independent variables. In this way, by means of Eq. (4) and an
output of interest, MLR models can be developed for the diagnosis
of presence or absence of faults.

3. Analysis of variance

Through the analysis of variance, a fast measure of a MLR model
quality can be obtained and low significant terms can be identi-
fied [32]. Thus, the MLR models developed for the classification of
the induction motor operating conditions, as well as the indepen-
dent variables employed in the adjustment of these models, i.e., the
regressive variables used, can have their applicability assessed.

To evaluate whether at least one of the regressive variables x1,
X2, . .., X is significant for the model, the statistic distribution mea-
sure Fy given by Eq. (5) is computed:
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