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Abstract: Three-phase induction motors (IMs) are electrical machines used on a large scale in
industrial applications because they are versatile, robust and low maintenance devices. However,
IMs are significantly affected when fed by unbalanced voltages. Prolonged operation under voltage
unbalance (VU) conditions degrades performance and shortens machine life by producing
imbalances in stator currents that abnormally raise winding temperature. With the development of
new technologies and research on non-destructive techniques (NDT) for fault diagnoses in IMs, it
is relevant to obtain economically accessible, efficient and reliable sensors capable of acquiring
signals that allow the identification of this type of failure. The objective of this study is to evaluate
the application of low-cost piezoelectric sensors in the acquisition of acoustic emission (AE) signals
and the identification of VU through the analysis of short-term Fourier transform (STFT)
spectrograms. The piezoelectric sensor makes NDT feasible, as it is an affordable and inexpensive
component. In addition, STFT allows time-frequency analyses of acoustic emission signals. In this
NDT, two sensors were coupled on both sides of an induction motor frame. The AE signals obtained
during the IM operation were processed and the resulting spectrograms were analyzed to identify
the different VU levels. After comparing the AE signals for faulty conditions with the signals for the
IM operating at balanced voltages, it was possible to obtain a desired identification that confirmed
the successful application of low-cost piezoelectric sensors for VU condition detection in three-
phase induction machines.
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1. Introduction

Due to its easy adaptation to different applications, three-phase induction motors (TIMs) are
widely used in industries. Today, about 70% of industrial processes are driven by TIMs [1].
Consequently, there is a high demand for continuous and reliable monitoring of their operational
parameters. One such parameter is the supply voltage of the machine. Inside a manufacturing plant,
many factors can interfere in power quality and produce unbalanced voltages. The voltage unbalance
(VU) condition affects the operation of the machine and may cause permanent damage. When
exposed to VU, TIMs present high currents in affected phases which produces torque oscillations,
winding overheating, power loss and loud audible noise [2]. These oscillations can lead to
deterioration of the mechanical parts of the induction motor, as well as insulation wearing in the
stator windings.
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In consequence, many studies have been carried out to evaluate the occurrence of faults in TIM
[3-5]. Among then, the non-destructive techniques (NDTs) emerge as a successful alternative for this
purpose. This kind of approach allows diagnosing faults in electrical machines without causing any
damage to the equipment or need for maintenance downtime [6,7]. Therefore, non-destructive
techniques applied to voltage unbalance diagnostics prove to be a useful tool, since this type of fault
can be intermittent and requires continuous monitoring.

In this context, the main goal of this work is the application of low-cost piezoelectric sensor to
identify phase undervoltage in TIM using acoustic emission (AE) analysis as a non-destructive
technique. In order to achieve the proposed objective, two piezoelectric sensors were attached to a
1.5 hp TIM and different VU patterns were applied to the machine. The AE signals acquired by the
sensors were processed using short-time Fourier transform (STFT) and the resulting spectrograms
were analyzed.

The experimental results indicate a good performance of the low-cost piezoelectric sensors. Once
the STFT was applied to the AE signals, it was possible to identify different levels of VU present in
the machine power supply. The satisfactory results ratify the capability of the proposed low-cost
sensors to identify electrical supply faults in TIM trough the AE signals analysis.

On the following sections, the piezoelectric sensors and the STFT technique are presented in
Sections 2 and 3, respectively. The materials and methods proposed to this work experiments are
described in Section 4 and the results in Section 5. The final thoughts and conclusions are addressed
in Section 6.

2. Piezoelectric Sensors

The proposed low-cost sensor is based on the piezoelectric effect. This phenomenon can be
defined as a bi-directional relation between mechanical stress and electric voltage. The relation
observed in the piezoelectric sensors is described as follows [8]:

D; =d T, +€,Ey 1)
E
Sij = SijuTa + A Ex 2)

The sensors used in this research were the piezoelectric diaphragms, which are similar to PZT
ceramics. Also called buzzers, these components were generally applied as sound generators,
however, many recent studies have used them as an AE sensor successfully [9,10]. These diaphragms
have a circular brass plate with a diameter of 20 mm that houses a circular piezoelectric ceramic with
a diameter of 14 mm, which is coated by a metallic film for electrical contact (Figure 1).

The acoustic emission signals are processed and analyzed by means of the short-time Fourier
transform technique for identification of unbalanced voltages.
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Figure 1. Piezoelectric sensor [11].
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3. Short-Time Fourier Transform

The STFT is a time-frequency domain analysis that has been used several times in diagnostics of
electrical machines [12,13]. It allows to evaluate the behavior of the frequencies of a signal over a
certain period of time by dividing the signal into multiple small-time windows. The application of
the STFT allows the compilation of a spectrogram. The Equation 1 shows the discrete version of STFT
as follows [14]:

N-1
X (k)= x(m)Wy* 3)
n=0

where N is the number of samples, k is the discrete-frequency index, n is the discrete time index and
Wi corresponds to the transformation kernel as:

WNnk — e(fj(Zirkn/N)) (4)

The resulting spectrograms allowed to achieve the scope of this paper and the results were
discussed in Section 5.

4. Materials and Methods

The procedures for the acquisition of AE signals and the physical assembly of electrical machines
are described in this section, as well as the signal processing technique. Figure 2 presents the complete
diagram of the proposed steps.

4.1. Machinery Setup

Initially, the 1.5 hp TIM was coupled to a DC machine and both of them were aligned and firmly
bolted to the test bench (Figure 3a). The induction motor is powered by a Pacific Power 360 AMX
three-phase programmable source that permits to program asymmetries and disturbances on their
three-phase power output. The armature current of the DC machine was increased until the TIM
current reached its nominal value. In this way, the load torque was applied on the motor shaft to
simulate the real operational condition. After that, different levels of unbalanced voltages were
applied to the TIM phases using the software-controlled three-phase source. The voltage values were
presented in Table 1.

Table 1. Undervoltage values.

Van RMS Vas RMS Vec RMS Vca RMS
V¥/Vn 1[%]
Voltage [V] Voltage [V] Voltage [V] Voltage [V]

0 0 127 220 127

20 25,4 141.4 220 141.4
40 50.8 158.6 220 158.6
60 76.2 177.8 220 177.8
80 101.6 198.4 220 198.4

1 Vnis the nominal phase voltage and Vr is the fault phase voltage.

4.2. Sensor and Data Acquisition

In order to accomplish the signal acquisition, two low-cost piezoelectric sensors were attached
to the TIM frame (Figure 3b). The acquired signals were conditioned by a board based on Texas
Instruments® instrumentation amplifier IC INA 128P, whose frequency response is up to 400 kHz.
After the conditioning, the signals were acquired by a digital oscilloscope. The sample rate was set to
2 MS/s, which satisfies the Nyquist theorem. Finally, the data were transferred to a personal computer
where the STFT technique was accomplished and the results were analyzed using the software
MATLAB®.



Proceedings 2019, 42, 72 40f 6

Programmable i DC Machine
Power Source (Load)
|
1
E = Sensors
B B
@0 v
ooog
oooo \
ooog
oooo
itioni Computer +
Conditioning
Board Oscilloscope MATLAB®

Figure 2. Setup diagram.

Figure 3. (a) Three-Phase induction motor (TIM) coupled to a DC machine; (b) piezoelectric sensors
attached to TIM.

5. Results

Aiming to identify VU condition in TIM supply, the STFT values were calculated for each of the
six undervoltage levels. Therefore, it was possible to draw one spectrogram for each of these levels.
The AE signals were acquired for 2 s and the frequency axis was limited between 0 and 1.5 kHz, for
better visualization. Also, the unbalanced voltages were applied after 1 s after the beginning of signal
acquisition, thus, it is possible to evaluate the STFT values after and before the fault in the same image
(Figure 4).

After the STFT application, the results showed that some frequencies presented a power increase
directly proportional to the fault level. As consequence of VU, the power of 600-800 Hz frequency
band of the AE signals has a significant increase as seen in Figure 4. Therefore, by evaluating the AE
signals provided by the piezoelectric sensors through a spectrogram and comparing the power
contained in this frequency range with its baseline value, this method allowed to identify the
unbalanced voltages applied to the TIM.

The spectrograms presented in this section were accomplished using the signals obtained
exclusively from just one sensor, after the application of the unbalanced voltages in phase A.
However, the results achieved for the other phases and sensors also showed equivalent results.
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Figure 4. Short-term Fourier transform (STFT) spectrograms.

6. Conclusions

Three-phase induction motors are often exposed to unbalanced voltages during their operation.
This harmful condition has many origins and increases the electrical and mechanical wearing. As the
VU can be a temporary occurrence, devices that are able to discern between faulty and normal
operation present relevant advantages. In this framework, the NDT-based solutions allied with low-
cost piezoelectric sensors stand out as a feasible alternative to industrial applications to identify VU
faults in TIMs.

The results provided by the experiments pointed to the success of the AE signals analysis in
identifying different levels of undervoltage faults. Consequently, the low-cost piezoelectric sensors
proved to be satisfactory to this application. After the implementation of STFT, the resulting
spectrograms showed a clear difference between the baseline values and the fault values.

Additionally, future works may be proposed through advanced signal processing techniques in
order to classify the VU level. Finally, new approaches may also be able to identify which phases
have been affected by unbalanced voltages.
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