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Abstract: Three Phase Induction Motors (TIMs) play a key role in industrial production lines. Due to
its robustness and versatility, TIMs are commonly used to drive different devices like fans, conveyors,
sieves, and compressors. However, these equipment are often exposed to mechanical and electrical
faults. Among them, failures in stator winding insulation lead to severe damage to the TIMs and
can cause operational interruptions. Therefore, several approaches have been developed to monitor
electrical faults in induction motors. The acoustic emission (AE) stands out as an efficient non-invasive
technique (NIT) for TIM diagnosis. In this work, the AE analysis was applied to detect winding
insulation faults and identify which electrical phase was affected. To achieve this proposal, a TIM
was subjected to insulation faults in each of the three electrical phases, and the acoustic signals were
acquired by four piezoelectric sensors attached to the motor. These signals were processed using a
new technique, which calculates the energy of a specific range of the signal spectrum and assigns
the energy values of each piezoelectric sensor to a coordinate axis (x, y). By ploting the values for
each fault condition, this technique allows the detection of insulation faults and correctly identifies
the affected phase by clustering the resulting values. Finally, the proposed methodology presented
satisfactory results in winding insulation diagnosing.
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1. Introduction

Three-phase induction motors (TIMs) are robust, durable, and efficient machines that are widely
applied to drive different types of industrial loads. Hence, any unplanned interruptions of its operation
are directly related to productive and financial losses [1]. Therefore, monitoring and diagnosis
techniques are growing trends in the modern industrial scenario. As a consequence, sensor-based
systems have been massively developed, focusing on TIMs fault detection and identification [2,3].
According to [4], stator failures are the second most common type of motor failures and can lead
to severe damage to the TIM. Among them, inter-turn short circuits (ITSCs) frequently affects
induction motors. ITSCs generate overcurrent, winding overheating, torque losses, and insulation
deterioration [5]. Therefore, several monitoring techniques have been proposed to diagnose this fault.
However, non-invasive techniques (NIT) stand out for their ability to perform TIM monitoring without
interrupting the regular machine operation [6].

In this context, this work proposes an ITSC detection and phase identification system by using
acoustic emission (AE) sensors, which consists of an NIT for TIM diagnosing. To achieve this goal,
the three phases of a TIM were individually submitted to inter-turn short circuits. Also, during the
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application of ITSCs, the acoustic signals of four piezoelectric sensors were acquired. After that,
these signals were processed using a new grouping technique, which calculates the signal energy in
a specific range of the frequency domain. The clustering behavior was achieved by assigning these
energy values from two different sensors to the x and y coordinated axis, respectively. This processing
technique allows a novel acoustic emission diagnosis that detects the occurrence of the short circuit
and identifies which phase was affected.

In conclusion, based on the relevance of the TIMs, it is crucial to develop fault detection methods
for this equipment [7]. Also, the acoustic-based technique proposed in this work proved to be
an efficient NIT for ITSC diagnosing. The piezoelectric sensors applied to signal acquisition are
considerably cheaper than conventional AE sensors, allowing the development of viable monitoring
systems. Finally, the results showed that the novel clustering method was able to correctly diagnose
the ITSC condition.

This paper is divided into six sections. Sections 2 and 3 describe the piezoelectric sensors and the
signal processing technique, respectively. Section 4 describes the experimental setup that was carried
out in this work. Section 5 contains the results, and Section 6 presents the conclusions.

2. Acoustic Sensors

The piezoelectric effect is defined as a reversible electromechanical iteration that can be observed in
some specific materials. This property allows the piezoelectric materials to act as an acoustic transducer,
i.e., it can convert the acoustic emissions into electrical signals [8]. Consequently, several studies have
taken advantage of this property, including fault detection and structure monitoring [9,10].

The piezoelectric sensors applied in this work were the piezoelectric diaphragms. Their basic
construction consists of a thin piezoelectric ceramic disk covered by a silver electrode and positioned
over a circular brass electrode (Figure 1). The circular base dimensions are 20 mm × 0.2 mm and the
circular piezoelectric ceramic dimensions are 14 mm × 0.42 mm. Finally, the AE signals provided by
the piezoelectric diaphragms were processed and analyzed using the new technique based on Fast
Fourier Transform (FFT), which will be described in the next Section.

Figure 1. Piezoelectric sensor representation.

3. Acoustic Signals Analysis

The novel NIT developed in this article is based on the Signal Energy and the Fast Fourier
Transform. The following subsections will present and formulate both of these algorithms used to
process and analyze the acquired data.

3.1. Fast Fourier Transform

The algorithm used to transform a digital signal in the time domain into its representation in
frequency domain is known as Discrete Fourier Transform (DFT). For a digital signal x(n), with n = 0,
1, 2, ..., N − 1, and the twiddle factors ωN associated to it are defined by Equation (1) [11]:

X(k) =
N−1

∑
n=0

x(n)ωkn
N (1)

Due to computational effort, it was used the Fast Fourier Transform (FFT) to calculate the DFT
coefficients [11].
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Due to capacity to evaluate the frequency behavior of signals, FFT analysis has been used several
times in the diagnosis of electrical machines [12,13]. Therefore, the proposed technique uses Fast
Fourier Analysis to perform a diagnose of inter-turn short circuit fault in stator of induction machine.

3.2. Signal Energy

The energy of acoustic signals is a well known metric for fault diagnosis. In TIM monitoring,
AE sensors are applied to detect variations in the energy of acoustic signals [14,15]. Atypical variations
usually indicate an anomaly. Therefore, the acoustic energy was used in this work as a index to assess
the ITSCs.

The energy value can be describe as Equation (2) [14]:

E =
N

∑
j=1

∣∣Xj
∣∣2 (2)

where N is the length of signal X.

4. Experimental Setup

The objective of this work is to apply the acoustic piezoelectric sensors in the inter-turn short
circuit fault diagnosis. The procedure for the acquisition of AE signals and the experimental setup of
electrical machines are described in the following subsections.

4.1. Test Bench Setup

The test bench was assembled using a 1.5 hp TIM coupled to a DC machine. Both of them were
aligned and firmly bolted. The three-phase induction motor is powered at nominal voltage by a Pacific
Power 360 AMX source, and the DC machine was used as a generator to supply restive loads, providing
nominal torque on the TIM shaft. The three-phase induction motor was specifically designed to allow
access to stator windings, as shown in the Figure 2a. In order to emulate an ITSC in the TIM, a 10 Ω
resistor was connected between the winding sections 1 and 3, as shown in Figure 2b. This procedure
corresponds to a 11 % short circuit regarding the entire winding and was repeated for the three phases.
To improve the reliability of the diagnosis, a baseline experiment was performed in nominal operation.
Also, each experiment was repeated 50 times to ensure the repeatability of the experiments.

Figure 2. (a) Winding external connections. (b) Winding internal sections. (c) Piezoelectric
sensors positions.
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4.2. Sensor and Data Acquisition

To accomplish the signal acquisition, four acoustic piezoelectric sensors were attached to the TIM
frame (Figure 2c) during the ITSC experiments. The AE signals were acquired by a digital oscilloscope
with a sample rate of 2MS/S, which matches the Nyquist theorem. Also, a conditioning board was
used as a anti-aliasing filter. Finally, the data were processed using a personal computer where the FFT
and Energy values were calculated and the results were analyzed using the software MATLAB R©.

5. Results

After the application of FFT to AE signals, the spectra of the signals acquired under healthy
condition (baseline) was compared to the spectra of the signals acquired under ITSC condition.
The comparison showed amplitude variations between healthy and fault situations in the frequency
band starting at 800 to 850 Hz, as shown in Figure 3. Also, it was noted that each sensor presented a
different response depending on affected phase or baseline. It can be explained by their geometric
positions and the internal winding distribution. This feature allowed the development of a new
clustering technique based on the different energy values contained within this band for each sensor.
The technique consists in assigning the energy values of two sensors to the x and y axes of a Cartesian
Plane. Three different combinations of sensors were tested and the results can be seen in Figure 4.

By analyzing Figure 4, it was observed that the resulting clusters presented a remarkable
distancing between each affected phase and the baseline. Also, all the combinations presented good
clustering results. Additionally, it was implemented the k-means algorithm to determine the centroids,
that are also presented in the Figure 4. Using the centroids it was possible to calculate the Silhouette
and Precision indexes. The first one analyzes the accuracy of the clusters by measuring how close a
point is to the other points of the same cluster. The last one evaluates the precision of the technique by
verifying if all points were correctly related to each affected phase or baseline. The Silhouette index is
measured from −1 (low accuracy) to 1 (high accuracy) and the Precision values are measured from 0
(low precision) to 1 (high precision). The Silhouette indexes related to the three combinations (sensor 4
and 2-sensor 4 and 1-sensor 4 and 3) are, respectively: 0.95, 0.97 and 0,94, proving the high accuracy of
the novel technique. Similarly, all combinations reached the maximum Precision value, as can be seen
in Figure 4.

Figure 3. Spectral comparison between baseline and fault situations for each phase.
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Figure 4. Phase identification clusters for ITSC.

6. Conclusions

Due to the relevance of TIM in production lines and industrial environment, reliable diagnosis
systems are powerful tools to improve the maintenance plans. Therefore, in this work, it was developed
a NIT that uses a low-cost acoustic sensor to perform a detailed analysis of inter-turn short circuits in
these machines.

The application of the new technique has stood out for providing precise and high accuracy
results, as proved by Silhouette and Precision indexes. It allowed to correctly detect the occurrence of
a ITSC and also identify which phase was affected by this condition.

In future works, more than one phase can be affected by ITSC at the same time. Also, it can be
proposed the classification of different levels of ITSC using the same signal processing technique.
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#88882.432803/2019-01).
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