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Abstract: The induction motor (IM) is one of the most important elements in industry. Although IMs
are robust machines, they are susceptible to faults, where the stator winding short-circuit fault is one
of the most common ones. In this work, the Shannon entropy (SE) index and a fuzzy logic (FL) system
are proposed to diagnose short-circuit faults, considering both different severity levels and different
load conditions. In the proposed methodology, a filtering stage based on brick-wall band-pass filters
is firstly carried out. After this stage, the SE index is computed to quantify the fault severity and a FL
system is applied to diagnose the IM condition in an automatic way. Unlike other works that propose
some types of space transformations, the proposal is only based on a filtering stage and a time domain
index, requiring low computational resources. The obtained results demonstrate the effectiveness of
the proposal, i.e., the SE index quantifies the fault severity, regardless of the mechanical load, and the
proposed FL system achieves a positive classification rate of 98%.
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1. Introduction

In recent years, the development of monitoring systems to assess the physical condition of rotatory
machinery has been vital to guaranteeing the reliability of industrial processes [1-3]. Among the
rotatory machinery, the three-phase induction motor (IM), representing ~85% of the consumed power
in the industry, is a default implementation in industrial processes [4] because it offers great benefits,
such as low maintenance, low cost, high robustness to aggressive environments and easy control
under different load conditions [5,6]. Despite these great benefits, IMs are susceptible to present
electrical and mechanical faults during their service-life, which are produced mainly by power quality
problems, prolonged activity times and harsh operating conditions, among other factors [1-3,5,6].
Regarding electrical faults, stator winding faults (SWFs) are one of the most dangerous and common
faults in IMs [7], representing about a 36-38% of faults that can take place [8,9]. This fault, even in its
incipient/early state, can produce alterations and increments in current consumption, temperature and
vibrations, putting at risk the personnel, the production, the machine itself and other machines in the
same line of production.
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During the last 15 years, an important number of techniques and methodologies for SWF detection
using the analysis of acoustic, current and vibration signals have been proposed [10-14]. Motor current
signature analysis (MCSA) is one of the most used methods because of its advantages, such as possessing
a non-invasive capacity, possible remote sensing, easy implementation and low implementation
costs [2,9]. MCSA is mainly used to identify faults in the IM according to the analysis of frequency
components found in the measured signal. Particularly, MCSA for SWF detection is employed to
identify frequencies around the fundamental frequency or harmonic components [15]. In the literature,
diverse signal processing algorithms for stator winding short-circuit (SWSC) fault detection using
MCSA have been introduced; for instance, fast Fourier transform (FFT) [14,16,17], wavelet transform
(WT) [18-20], empirical mode decomposition-based methods (EMD) [21,22], Wigner-Ville distribution
(WVD) [22], Hilbert transform (HT) [23], statistical time series model (STSM) [24], and statistical
analysis (SA) [25]. Despite obtaining promising results, diverse limitations still remain. For instance,
the FFT is a proficient tool to analyze time signals with stationary properties; yet, current applications
in industry require continuous changes of the load applied to IMs, which can generate fluctuations in
the voltage and current signals, producing non-stationary properties, therefore making the FFT method
unsuitable [26]. WT is a suitable tool for analyzing signals of non-stationary nature; regrettably, it
requires a fine election of the decomposition level and the wavelet mother in order to estimate adequate
features that allow for correct evaluation of the IM’s condition [27]. In this sense, EMD-based algorithms
are used to analyze or decompose time signals of non-stationary nature according to their frequency
components; yet, they are susceptible to present a phenomenon called mode mixing, which produces
waves with different frequency components that are assigned to the same frequency band, complicating
the identification of frequencies associated to the SWSC fault. Furthermore, the computational resources
can increase depending on the EMD-method used, e.g., when the ensemble-EMD method is used [28].
HT is employed for obtaining the instantaneous frequency and the instantaneous amplitude of a time
signal; but its results can be affected by the noise and the number of frequency components found in the
analyzed signal [29]. WVD is a method capable of providing a time-frequency representation of time
signals; yet, its results can be contaminated with spurious frequencies, frequency components that do
not exist in the measured signal due to a problem called cross-term [30], compromising the ability for
adequate location of the frequencies associated to the SWSC fault. STSMs are employed for modelling
signals with a linear or time-invariant behavior; but, they can present problems for modelling nonlinear
behaviors [31], which are greatly produced in an IM because of the dynamic loading. Further, their
results are susceptible to errors due to the quantity of noise contained in the measured signal. The
SA methods are employed for calculating statistical parameters of the time-domain signals, such as
median, variance, standard deviation and among others, but their results can fail due to the noise and
nonlinearities found in the time signal [32].

Although diverse methods for SWSC fault detection have been introduced in the literature,
most of them are negatively affected by the non-stationary properties of the measured signal. These
properties are generated by different factors, e.g., the variations in current consumption associated
to changes in the mechanical load. In this regard, the proposal and development of efficient and
reliable methodologies in terms of processing and performance are still required, mainly if they are not
susceptible to the motor load, e.g., they have to be independent of the motor mechanical load in order
to provide a consistent diagnosis for a large variety of industrial processes where the mechanical load
can be different and time-variant.

In this paper, a new methodology to diagnose and quantify the severity of SWSC faults, where
an independent fault indicator of the mechanical load is presented. The proposed methodology is
based on MCSA, using the monitored current during the IM steady-state as input. It is based on
three steps. Firstly, a filtering stage based on brick-wall band-pass filters is carried out. This type of
filter is used as it presents great advantages, such as a rectangular frequency response and an abrupt
transition between the pass and stop bands. Secondly, the Shannon entropy (SE) index is applied to
the filtered signal in order to identify the short-circuit faults, considering both different severity levels
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and different load conditions. Other indices, such as the signal energy and the root mean square (RMS)
value are tested and compared with the results obtained by the SE index. Finally, a fuzzy logic (FL)
system is developed in order to classify the IM condition in an automatic way. The usefulness and
effectiveness of the proposal is validated through experimentation, where a healthy (HLT) IM and an
IM with short-circuited turns using four different levels of load are considered. The obtained results
show that the proposal is an effective and consistent tool for diagnosing SWSC faults independently of
load conditions, making it a promising solution for a large variety of industrial applications.

2. Theoretical Background

2.1. Motor Current Signal Analysis (MCSA)

MCSA is a widely used method for online condition monitoring in IMs, where the current spectra
is used to obtain information associated to the motor fault. This fault information is obtained through
abnormal harmonics in the stator current produced by the magnetomotive force distribution and the
permeance-wave representation of the air gap [15,33].

Regarding the SWSC fault, signature patterns in different frequency components have been
associated to the following equation [9,15,33]:

fst :fl{g(l—s)ik} k:1;3r5r'-~ n:1/2/3/*" (1)

where the values for f;; are the frequency components due to the SWSC fault, f1 is the supply frequency,
p is the pole-pairs and s is the slip. Different values for k and n can be tested in order to obtain the
frequencies of interest, where promising results have been obtained for k = 1 with n = 3 and n = 5 [15].

2.2. Brick-Wall Filters

Brick-wall filters or sinc filters are idealized digital FIR (finite impulse response) filters with a
rectangular frequency response, which provides an ideally flat amplitude response in the passband
and an abrupt transition in the cutoff frequency [34]. Besides, a FIR filter is featured by its stability and
linear phase. Then, an ideal brick-wall low-pass filter with bandwidth w), and zero phase provides the
impulse response, as per Reference [35]:

B ai sin a)pt

g(t) = 2)

2 wpt

As the filter impulse response has an infinite length, making the structure implementation
impossible [35], a window function w(t) of length 7 is applied to g(t) to obtain a practical filter, which
can be expressed as per Reference [35]:

Wit ; wp Sin wpt 3
(t) = w(t) > ot ®)

By using two brick-wall low-pass filters, a brick-wall band-pass filter is obtained as follows:
h(t)gp = h(t), = h(t), @)

where h(t), and h(t); are the upper and lower band edges, respectively.

2.3. Fault Indices

In the literature, several indices have been presented for fault diagnosis. In this work, the SE,
energy and RMS indices, which have proven to be efficient in other electric applications related to the
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diagnosis of faults in induction motors and transformers [36-39], are analyzed as potential indicators
to diagnose SWSC faults.

In the information theory, SE is used to describe the uncertainty of information content provided
by an event or a signal [36]; as the SWSC fault generates different frequency components, the amount
of information can change, making the SE index a promising fault indicator to quantify this change.
It is given by:

SE(X) = - ) p(xi) log,[p(x;)] (5)
i=1

where x1, x, x3, ... , X, are the possible outcomes of an event or signal given by X, where p(x;) is the
corresponding probability vector.

On the other hand, the energy and RMS indices are obtained by means of the following
equations [37]:

(6)

@)

where x(i) is the signal value at the sample i and N is the total number of samples. As can be noticed,
these indices somehow increase their value according to the increments in the signal amplitude x(i);
therefore, they can be sensitive to SWSC faults, considering that the presence of fault and its severity
increase the signal amplitude from the increment of different frequency components.

2.4. Fuzzy Logic Systems

In general, FL systems can be used as control strategies based exclusively on FL or in
combination with other methods, such as neural networks (neuro-fuzzy systems) [40-44] or classification
algorithms [5,26], where features such as simplicity and flexibility of design, handling of imprecise
data and the capability to model nonlinear systems, among others, can be exploited. In particular,
a classification task can be carried out if the information behavior is described using ‘if-then’ classification
rules for when information about the input data is known. These rules describe the class of an object
according to its features; for instance, if an object is high then its class is big.

FL systems consist of four stages: Fuzzification, rules, inference mechanism and defuzzification [5,44],
as shown in Figure 1. In the fuzzification, the inputs are mapped into linguistic variables and quantified
through membership functions. These functions can have Gaussian, triangular, trapezoidal or other
shapes. As mentioned previously, the ‘if-then’ rules describe linguistically how an object has to be
assigned to a specific class according to its features. These rules are set by an expert that knows
the features and classes. In the inference mechanism, the decision-making process is carried out,
giving a conclusion for a specific set of inputs. Finally, the conclusion is converted to understandable
information for the user using the defuzzification stage. In this stage, there are several defuzzification
methods, where the center-of-gravity method is one of the most popular.
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Figure 1. General diagram of a fuzzy logic (FL) system.

3. Proposed Methodology

The proposed methodology to detect SWSC faults in IMs is shown in Figure 2. In general,
the methodology is divided into two stages: Design and implementation. In the design stage, the
current signals of an IM, ranging from steady state to different fault severities, along with different
load conditions are firstly acquired. Then, from the frequency domain analysis, and by following
Equation (1), information related to the SWSC condition can be found in f1, (k =1 and n = 3) and fr
(k=1 and n =5). In particular, an IM with two pairs of poles (p = 2) operating in an electric system
where f = 60 Hz at no load condition (slip of s = 0) presents information related to the SWSC fault,
where f1, = 150 and fr = 210. In this regard, two brick-wall band-pass filters (using Equation (4))
are constructed to extract that information. Figure 3 shows their design. In Figure 3a, the region of
interest in the frequency domain (f;, and fr) can be observed. As s in the IM can shift the f1 and
fr components, the brick-wall band-pass filters consider the bandwidths denoted by (f1, 1,1, 2) and
(fr_1,/R 2), respectively. By considering a wide range for s according to the nominal motor speed, the
values of f1 1 =160, f1_ » =170, fr 1 =200, and fr_» =210 are used. Figure 3b shows that the band-pass
filter, Ff1, is designed using the difference of two brick-wall low-pass filters with f1,_; and f1, » as cutoff
frequencies. In a similar way, the band-pass filter, Ffy, is designed using fr 1 and fr ». The order of
the filters is set to 1024 in order to achieve a high attenuation in the stop band. Figure 3c shows the
frequency responses for the two brick-wall band-pass filters. Ffy is the filter that is constructed to
extract the f1, component and FfR is the filter that is constructed to extract the fg component. Once the
filters are designed, the analysis of fault indices is carried out (see Figure 2); in order to do so, the SE,
energy and RMS indices (using Equations (5)—(7) are applied to the filtered signals to determine which
index presents the most discriminant information in terms of the fault severity and its susceptibility to
the mechanical load. When the most appropriate index to diagnose the SWSC has been obtained, a FL
system is designed to automatically determine the IM condition from the information provided by the
selected index. The designed FL system consists of the stages presented in Figure 1, i.e., fuzzification,
rules, inference mechanism and defuzzification. As the elements that compound each stage depend on
the experimental results, they are described in detail in Section 4.3.

In the implementation stage, the designed filters, Ff1 and Ffg, are applied to the input current
signal (see Figure 2). Then, the selected index is computed for each frequency component, namely
SE| for f1 and SER for fr. Finally, on the one hand, the indices are averaged to provide an indicator
that quantifies the fault severity, and on the other hand, the indices are analyzed by the FL system to
determine the IM condition in an automatic way.
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4. Experimentation and Results

4.1. Experimental Setup

In Figure 4, the experimental setup used to test and validate the proposal is depicted. In general,
it consists of: A personal computer (PC) to implement the analysis using MATLAB software, an IM
in which the stator-winding has been modified with several taps, a motor starter, a data acquisition
system (DAS) to acquire the current signals and a dynamometer to generate the mechanical load in
a controlled way. The model of the used 3-phase IM was WEG 218ET3EM145TW, featuring 2 poles,
2 hp, 220 VAC and 60 Hz. The SWSC conditions were artificially produced with the insertion of taps in
phase A. The analyzed taps correspond to 10, 20, 30 and 40 short-circuited turns (SCTs). The current
signal was acquired using a model i200 current clamp from Fluke, a 16-bit analog-to-digital converter
model which was incorporated in the NI-USB 6211 board from National Instruments, and a sampling
frequency of 6000 samples/s during a time window of 1 s. For the analysis, twenty tests for each motor
condition (0, 10, 20, 30 and 40 SCTs) were carried out; therefore, 100 tests were analyzed. Regarding
the mechanical load, it was provided by a four-quadrant model 8540 dynamometer from Lab-Volt,
where 0.00, 2.04, 4.09 and 6.13 Nm were used as the load torques. These values ranged from no-load to
nominal load.

Dynamometer

Stator winding taps

Figure 4. Experimental setup.

Figure 5 shows an example of the acquired current signals, where it was observed that the
magnitude of the current signal increased with both the mechanical load and the fault severity. This
is very important, as the proposed methodology has to be capable of detecting the SCTs regardless
of the mechanical load. For instance, a methodology based on the magnitude of the current signal is
inappropriate as the fault can be confused with an increment in the load.
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Figure 5. Current signals for (a) 0 SCTs, (b) 10 SCTs, (c) 20 SCTs, (d) 30 SCTs and (e) 40 SCTs at different
loads (0.00, 2.04, 4.09 and 6.13 Nm).
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4.2. Results for Real Signals

Following the proposed methodology, the current signals in steady state were filtered using Ff1,
and FfRr. After the filtering stage, the SE, RMS and energy indices were computed for the output signals
given by f1 and fR (see Figure 2). In order to have a common reference to quantify the fault severity,
the results of the indices were normalized using the numerical value as a normalization factor for the
healthy condition (0 SCTs); thus, these indices will have a value of 1 for 0 SCTs, indicating a healthy
condition. Figure 6 depicts the obtained results for the analyzed indices. At the left side of this figure,
the results for f under both different fault severities and different load conditions are shown, whereas
the results for fr are shown at the right side.

@ Results for f1 Results for /i
g 6 g 12
g 25 210
zZ 5 4 E
8 8’ 3 g 6
S 3 2 = 4
E 1 E 2
070 10 20 30 40 00 10 20 30 40
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[SILSIE G e CN
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Figure 6. Results for the Shannon entropy (SE), root mean square (RMS), and energy indices at
(a) 0.00 Nm, (b) 2.04 Nm, (c) 4.09 Nm and (d) 6.13 Nm (left side for f; and right side for fR).

The results presented in Figure 6 show that the values of the indices increased with the fault
severity, which was useful for quantification purposes; however, the change rate in some indices was
different for different load conditions, which can compromise the diagnosis. For instance, the energy
in f, for 30 SCTs under a load of 2.04 Nm was approximately 3, which can be confused with the energy
in f1 for 40 SCTs under a load of 6.13 Nm, since it was also approximately 3. In the RMS index, a
similar behavior was observed; for instance, the RMS in fr for 20 SCTs under a load of 0.00 Nm was
approximately 2, which can be confused with the RMS in fR for 30 SCTs under a load of 4.09 Nm, since
it was also approximately 2. From these observations and by analyzing the SE behavior, it was found
that the SE index provides the most uniform rate of change regardless of the load conditions, making
it the most appropriate index to diagnose and quantify the severity of the SWSC fault. For clarity
purposes, Figure 7 shows a three-dimensional bar chart of the SE values (SEy, value for f1, and SEg
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value for fR), where a behavior almost constant for different loads levels and a constant increment
according to the fault severity are both observed. This behavior demonstrates that the SE index can
diagnose the fault severity in a proper way, regardless of the mechanical load. In order to provide
a single fault index, SE; and SEr were averaged, where the result, SE5, was used as indicator for
quantifying the fault severity (see Figure 7c).

40

409

20 20
10 Short-circuited turns Load (Nm) 6.13 10 Short-circuited turns

20

" 409
10 Short-circuited turns

Load (Nm) 6.13

Figure 7. SE values for (a) f1, (b) fr, and (c) SE at both different loads and different fault severities.

Table 1 presents the mean (u) and the standard deviation (o) for the SE values of the twenty tests
of each IM condition (0, 10, 20, 30 and 40 SCTs). Figure 8 shows the results of Table 1 as Gaussian
distribution functions, where u and o are considered. From this figure, it is evident that, in all the cases,
the higher the fault severity, the higher the index value, which applies to both SE;, and SEg. Although
the SE index allows for quantification of the fault severity, the classification of the IM condition (0,
10, 20, 30 and 40 SCTs) cannot be directly achieved, since there are small overlaps between some
conditions; for instance, there is an overlap between the 0 SCTs condition (dark blue) and the 10 SCTs
condition (light blue) in Figure 8a at the different loads. In this regard, a FL system with SE; and SEr
as inputs was used to provide the automatic classification. It is important to mention that a FL system
was used as classifier in this work, since the information presented in Figure 8 (Gaussian distribution
functions) can be seized to generate the Gaussian membership functions.

Table 1. u and o for SE values.

L
Number of Short-Circuited Turns (4 and ¢ for SE Values)

Load 0 10 20 30 40
0.00 1,0.1229 1.1326, 0.1578 1.3051, 0.1720 1.3297, 0.1160 1.5324, 0.0699
2.04 1,0.1097 1.0916, 0.0890 1.3673, 0.0483 1.4781,0.0413 1.6144, 0.0533
4.09 1,0.0516 1.0358, 0.0530 1.3025, 0.0395 1.5279, 0.0335 1.6354, 0.0359
6.13 1,0.0558 1.0559, 0.0771 1.2410, 0.0613 1.4507, 0.0477 1.5444, 0.0591
fr
Number of Short-Circuited Turns (u and o for SE Values)
Load 0 10 20 30 40
0.00 1,0.1082 11082, 0.1121 1.5639, 0.0951 1.8904, 0.0696 2.0860, 0.0830
2.04 1,0.1614 1.2044, 0.1315 1.6318, 0.1035 1.9104, 0.0647 2.1743, 0.0580
4.09 1,0.1204 1.0683, 0.1135 1.5052, 0.1166 1.7788, 0.0960 1.9281, 0.0727

6.13 0.073833 1.0878, 0.0720 1.3794, 0.0838 1.6181, 0.0786 1.7425, 0.0932
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fault severities.

4.3. Fuzzy Logic System Results

The proposed FL system is a Mamdani-type fuzzy inference system with two inputs, one output
and 25 rules. As mentioned previously, the inputs were SE;, and SER, while the output was the IM
condition. For the fuzzification stage, both inputs were portioned into five Gaussian membership
functions, as shown in Figure 9a. These functions were labeled as follows: Very small value (VSV),
small value (SV), normal value (NV), high value (HV) and very high value (VHV). The crisp output of
the proposed FL system assumes values between 0.5 and 5.5, as shown in Figure 9b; in this figure,
0 SCTs are 1, 10 SCTs are 2, 20 SCTs are 3, 30 SCTs are 4 and 40 SCTs are 5. On the other hand, the
25 functions are presented in Table 2, where one rule can be read as follows: If SE; is VSV and SEg, is
VSV, then the IM condition is 0 SCTs. The minimum composition was used for quantifying the output
of the rules and the center-of-gravity method was used for defuzzification [44]. Table 3 shows the
classification results for the performed tests. As can be observed, most cases present an effectiveness of
100%; however, two cases present an effectiveness of 95%, implying a general effectiveness of 98%.
These cases correspond to 0 SCTs and 10 SCTs. This result can be somehow expected, since the existing
overlaps in the Gaussian distribution functions shown in Figure 8 indicate that, in probabilistic terms,
there is not a complete separation between cases.
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Figure 9. Membership functions for (a) SE;. and (b) SEr and (c) FL outputs.

Table 2. Rules for the proposed FL system.

Inputs SEr
SEL VSsv SV NV HV VHV
VSV 0SCTs 0SCTs 10 SCTs 20 SCTs 20 SCTs
SV 0SCTs 10 SCTs 20 SCTs 20 SCTs 20 SCTs
NV 10 SCTs 20 SCTs 20 SCTs 20 SCTs 30 SCTs
HV 20 SCTs 20 SCTs 20 SCTs 30 SCTs 40 SCTs
VHV 20 SCTs 20 SCTs 30 SCTs 40 SCTs 40 SCTs

Table 3. Classification results (confusion matrix).

IM Condition 0 SCTs 10 SCTs 20 SCTs 30 SCTs 40 SCTs EP (%)
0SCTs 19 1 0 0 0 95
10 SCTs 1 19 0 0 0 95
20 SCTs 0 0 20 0 0 100
30 SCTs 0 0 0 20 0 100
40 SCTs 0 0 0 0 20 100
Effectiveness 98%

EP: Effectiveness percentage.

4.4. Discussion

Table 4 summarizes a comparison between the proposal and other recent methodologies presented
in the literature, where the methods or algorithms applied to diagnose the SWSC fault in the IM and
the features or operating conditions that are considered in the experimentation are shown.

From Table 4, it can be observed that the proposed methodology presents an effectiveness
percentage of 98% for detecting the SWSC fault, considering both different severity levels (10, 20, 30
and 40 short-circuited turns) and different mechanical load levels (0%, 33%, 66% and 100%), unlike
other works reviewed in the literature [12,19,24], which present mainly the analysis of either a level
of damage and different operating conditions or different levels of damage and a constant load
operating condition.

In the proposal, the obtained effectiveness (98%) is mainly due to the SE index, which allows for
both quantifying the severity of damage regardless of the torque load applied to the IM and classifying
the SWSC fault using the proposed FL system for an automatic diagnosis. In qualitative terms, it is
important to mention that a low computational burden is achieved by the proposal, since a space
transformation of the measured signal is not required, allowing for a low complexity implementation,
unlike the other introduced proposals, where a signal transformation and several nonlinear indices is
required, along with an expert to interpret the obtained results [12,19,23]. It should be pointed out that
the expert role is to interpret the results obtained by the analysis of several characteristics, such as:
The location of peaks, the spectrum, among other characteristics; in this regard, the aforementioned
analyses are performed qualitatively. Yet, the automatic detection of the motor condition can drastically
reduce time taken and allow for continuous and online monitoring. In Reference [8], similar features
and operating conditions with the proposal can be observed; however, results about the fault indictor
as an independent parameter of the mechanical load are not presented. On the contrary, the proposed



Electronics 2019, 8, 90

12 0f 15

SE index demonstrates to be an efficient and insensitive fault indicator to the mechanical load, allowing
for consistent diagnosis in different industry applications.

Table 4. Comparison summary between the proposed methodology and works reporting stator winding

short-circuit (SWSC) fault diagnosis.

. . Variable Different Fault
Work Applied Methods Domain Accuracy Load Severities
1.  Compute the mutual information among
current signals.
8] 2. Normalize data. Time >93% Yes Yes
3. Pattern recognition by means of artificial
neural networks (ANN).
1.  Estimate Zero crossing time (ZCT).
Compute frequency spectrum of ZCT signal by
[12] means of discrete Fourier transform. Frequency NR Yes No
3. Locate peaks related to inter-turn fault.
1. Decompose current signal using stationary
Wavelet transform (SWT).
2. Obtain fault residues using
reconstructed currents.
[19] 3. Obtain coefficients by decomposing the Time-Frequency ~ NR No Yes
residues with discrete Wavelet transform
(DWT).
4. Estimate the fault index and compare with an
adaptive threshold.
1. Obtain an analytical signal by means of
extended Park’s vector approach and Hilbert
transform (P-H).
2. Estimate frequency domain of the analytical
signal via fast Fourier transform (FFT).
[23] 3. Calculate the amplitudes and frequencies Frequency NR Yes Yes
corresponding to harmonics associated with
the fault.
4. Compute the partial relative indexes (PRI) for
fault detection.
1.  Map into the a-f stator-fixed reference frame
the stator currents.
2. Compute the instantaneous space phasor
[24] (ISP) module. Time 95% No Yes
3. Evaluate the final prediction criterion (FPE) for
the proposed ISP autoregressive model by the
different operation condition.
1. Brick-wall band-pass FIR filters for extraction
of frequency components.
Thiswork 5 Compute the SE index as fault indicator. Time 98% Yes Yes
3. FL system for automatic classification

5. Conclusions

Winding faults are one of the most common faults in IM. In this work, a new method based on
filters, fault indices and a FL system for the assessment of SWSC faults in IMs was presented. The SE,
RMS and energy indices were tested. These indices evaluated the information that was extracted by
the brick-wall band-pass filters from the steady-state current signal. Our results indicated that the SE
was the most suitable index for the assessment of SWSC faults. For the analyzed cases, i.e., 10, 20, 30
and 40 SCTs under different load torque conditions (0, 2.04, 4.09 and 6.13 Nm), this index has been
demonstrated to be sensitive to fault severity and insensitive to mechanical load, i.e., the SE index can
properly assess the fault severity regardless of the mechanical load, which is very important, as the
mechanical load can change or be different for different industrial applications. On the other hand, the
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proposed FL system uses the SE values to classify the IM condition in an automatic way. The obtained
results indicate that the proposed FL system provides a general effectiveness of 98%.

In a future work, the proposal will be tested under an unbalanced power supply voltage condition
(a common electrical condition in industry) in order to increase its robustness and applicability.
Furthermore, as the proposal is based on low complexity algorithms (filters and indices based on
time-domain formulas), it may be implemented into an embedded system in order to provide an
online condition monitoring system. On the other hand, it is important to mention that at this stage of
research, the proposal is focused on the diagnosis of SWSC faults in steady state conditions; however,
adaptive filters and time-frequency techniques will be also explored in order to provide a solution for
transient operating conditions.
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