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Abstract: Partial Discharge (PD) is one of the symptoms of an electrical insulation problem, and its
permanence can lead to the complete deterioration of the electrical insulation in high-voltage equip-
ment such as power transformers. The acoustic emission (AE) method is a well-known technique used
to detect and localize PD activity inside oil-filled transformers. However, the commercially available
monitoring systems based on acoustic sensors still have a high cost. This paper analyses the ability of
low-cost piezoelectric sensors to identify PDs within oil-filled power transformers. To this end, two
types of low-cost piezoelectric sensors were fully investigated using time-domain, frequency-domain,
and time-frequency analysis, separately. Thereafter, the effectiveness of these sensors for PD detection
and monitoring was studied. A three-phase distribution transformer filled with oil was examined.
PDs were produced inside an oil-immersed transformer by applying a high voltage over two copper
electrodes, and the AE sensors were coupled to the housing of the transformer. By extracting typical
features from the AE signals, the PD signals were differentiated from on-site noise and interference.
The AE signals were analyzed using acoustic signal metrics such as peak value, energy criterion,
and other statistical parameters. The obtained results indicated that the used low-cost piezoelectric
sensors have the capability of PD monitoring within power transformers.

Keywords: partial discharge; power transformers; piezoelectric sensors; acoustic signal analysis

1. Introduction

Power transformers are considered important equipment in power systems. Based
on the transformer failure statistics in CIGRE A2.37, the most common cause of failure
in power transformers is represented by winding and insulation faults [1]. Therefore, the
online monitoring of power transformer insulation systems could avoid failures and the
resulting catastrophic chain of events that increase destruction. One of the best solutions to
monitor transformers is partial discharge (PD) measurement.

PDs that occur in high-voltage equipment are electrical discharges that happen at
points with poor insulation or a high electrical field and only partially bridge the insulation
between the conductors; they may or may not occur adjacent to a conductor [2]. The PD
phenomenon has several effects, such as electrical, electromagnetic, chemical, acoustic,
and optical effects, and can be detected using specific sensors. In some studies, High-
Frequency Current Transformers (HFCT), High-Voltage Coupling Capacitors, Ultra-High-
Frequency Antennas (UHF), and acoustic sensors have been used for PD detection and
measurement [3-12]. Based on the type of equipment that is monitored, the choice of the
appropriate method can be crucial for detecting faults and avoiding false alarms. The
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method based on acoustic wave propagation, also known as the acoustic emission (AE)
method, is a non-destructive testing (NDT) method and has the advantage of being non-
invasive to the monitored equipment. AE can also be used for the localization of faults
inside transformers. An advantage of acoustic detection with respect to electrical methods
is its immunity to on-site electromagnetic interference (EMI). Immunity to EMI makes
acoustic detection ideal for online PD detection and monitoring. Its better signal-to-noise
ratio (SNR) for the acoustic signal leads to fewer false alarms.

The AE method is based on detecting transient elastic waves generated by a rapid
release of energy caused by the PD. The spectrum of the resulting acoustic signal can
extend to several MHz [13]. These acoustic signals are detected by AE sensors located on
the external wall of the transformer. However, the main disadvantage of this method is
the high cost of commercial AE sensors (from 100 to 1000 dollars [14]), especially when
multiple sensors are required. In this context, the objective of this paper is to present a
low-cost, non-invasive method for PD detection in power transformers by applying low-
cost piezoelectric diaphragms, commonly known as buzzers. This study uses two low-cost
piezoelectric sensors, the lead zirconate titanate (PZT) and the microfiber composite (MFC).
Several studies have previously used these sensors for PD detection and measurement. In
ref. [14], a comparative study between the low-cost piezoelectric diaphragm (PZT) and a
commercial AE sensor (RS151-AST) was done. A comparison of the responses in the time
and frequency domains of both sensors was carried out. The experimental results indicated
that the proposed piezoelectric sensors had great potential for detecting acoustic waves
generated by PDs in insulation oil. In ref. [15], a microfiber composite (MFC) and the AE
sensor (RS15I-AST) were studied through parameters such as root mean square (RMS),
energy criterion, Akaike criterion, power spectral density (PSD), and correlation. Most
articles that showed the effectiveness of these low-cost piezoelectric sensors only analyzed
the signals in the frequency-domain mode, which may hide useful information such as
repetitive faults [16,17]. In ref. [18], a comparative study between the low-cost PZT and the
MFC was performed only through time-frequency analysis and RMS of the signals.

The purpose of this paper was to conduct an in-depth analysis of the PD phenomenon
through a comparative evaluation of captured PD signals from two low-cost piezoelectric
sensors, via time-domain, frequency-domain, time-frequency, and statistical analysis. Based
on the AE method, we studied the ability of two low-cost piezoelectric sensors attached to
the external wall of a transformer to detect the elastic waves emitted by PDs, allowing non-
invasive PD monitoring. Online continuous monitoring for defect prevention contributed
decisively to an improvement in the quality of the electricity supply. Moreover, considerable
material losses were prevented, improving the equipment’s reliability and safety. First, the
signals from acoustical measurements were digitally processed in the time-domain mode;
this type of signal processing is commonly used in all commercially available equipment
for PD analysis. When the acoustic signal crosses a threshold, the monitoring system reacts
and measures certain typical AE parameters such as amplitude, rise time, duration, and
oscillations (also called counts). A good SNR is necessary for this analysis to obtain a
correct response. Otherwise, the system is less effective and could lead to false alarms. The
better the SNR, the more sensitive the apparatus. Data from a PD’s acoustic signal allows
for performing a more in-depth analysis in the frequency domain using the fast Fourier
transform (FFT), power spectral density (PSD), and a spectrogram that is a time-frequency
analysis. To better understand the characteristics of the measured acoustic signals, this
study also used the energy criterion, RMS, and other statistical parameters, such as standard
deviation (STD), skewness, and kurtosis. These parameters were very helpful for a proper
analysis of the sensors to detect and measure the PD phenomenon.

This paper is organized as follows: Section 2 describes the low-cost acoustic sensors for
PD detection and the experimental setup and present the time-domain, frequency-domain,
and time-frequency analysis. Additional statistical parameters are presented and discussed
in Section 3. Finally, Section 4 concludes the paper.
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2. Partial Discharge Detection Using the AE Method and Signal Processing Analysis
2.1. Piezoelectric Sensors

The piezoelectric effect occurs in materials that produce an output voltage when sub-
jected to mechanical stress. The reverse effect also occurs, so that a mechanical deformation
arises by applying an electrical voltage between two sides of the piezoelectric material [14].
The piezoelectric transducers shown in Figure 1 are AE sensors available at low cost,
ranging from a few cents to a few dollars, depending on the size and the manufacturer.
Piezoelectric diaphragms are sound components with a simple structure consisting of a
piezoelectric ceramic disk adhered to a brass plate, as shown in Figure 1a. The ceramic is
coated with a metal film, which serves as an electrode [14]. The LDT1-028K is a piezoelectric
sensor that detects physical phenomena such as vibration or impact (Figure 1b). The piezo
film element is laminated to a sheet of polyester (Mylar) and produces a useable electrical
signal output when forces are applied to the sensing area. This study compared two types
of low-cost piezoelectric transducers, the microfiber composite (MFC) LDT1-028K type and
the lead zirconate titanate (PZT). These sensors should be installed on the surface using
an acoustic couplant. An acoustic couplant is a material used at the structure-to-sensor
interface to improve the transmission of acoustic energy across the interface during AE
monitoring.

Dimensions in mm [inches]
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Figure 1. Acoustic emission sensors (a) PZT-7BB-35-3 and (b) MFC-LDT1-028K used in the experiment.

2.2. Experimental Setup

The MFC-LDT1-028K and PZT-7BB-35-3 sensors were fixed to a three-phase distribu-
tion transformer wall (Figure 2) using lithium grease gel to capture the AE signals emitted
by PDs. Figure 3 shows two copper electrodes placed in front of each other with a 1 mm
gap between them to form a needle—needle configuration (PD source). The PD source
was placed inside the transformer, and a PD was generated by applying 9 kV between the
electrodes with a high-voltage transformer. The acoustic signals sensed by the piezoelectric
sensors (Figure 4) were transferred to an oscilloscope via twisted pair cables to avoid EMI
and other environmental noise. An oscilloscope captured the data, the acquisition rate was
set at 500 MSa/s, and no filter or amplifier was used in the circuit. As discussed in the next
sections, several routines for signal processing analysis were developed in MATLAB.
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Figure 2. The three-phase distribution transformer under testing.
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Figure 3. The copper electrode used to generate partial discharge (PD source).
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Figure 4. AE sensors coupled with the transformer’s walls and PD signals captured by an oscilloscope.

2.3. Time-Domain Analysis

AE is based on the detection of transient elastic waves generated by a rapid release
of energy from localized sources inside a material. When applied to power transformers,
these transient waves (acoustic emissions) are produced by faults inside the unit. These
signals were detected by the piezoelectric sensors placed on the transformer’s tank, and all
data were collected and stored by an oscilloscope. Most articles that show the effectiveness
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of these low-cost piezoelectric sensors analyzed the signals only in the frequency-domain
mode, which may hide useful information such as repetitive faults [16,17]. Figure 5 shows
the waveforms from acoustic sensors mounted on the outside of the transformer tank.
Some of the features extracted were amplitude (volt), duration (nanoseconds), rise time
(nanosecond), and counts, which are shown in detail for the PZT sensor in Figure 6 and for
both sensors in Table 1. To understand whether an AE signal is a PD, factors such as burst
length, movement of the AE signal relative to the excitation frequency, and rise time of the
first oscillation that crosses the threshold are considered. The number of counts is usually
higher when an AE signal is created by transient or environmental noises. The duration
of the signal is another important factor that can help separate PD from on-site noises; for
example, for a PD with the dominant frequency of 20 kHz, the duration of the acoustic
PD signal is around 200 ps [13]. PDs monitored by conventional electrical methods use a
threshold to predict severe activity. This level is generally from about 300 pC to 500 pC [13].
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Figure 5. Partial discharge signals in the time domain that were obtained from the AE sensors.
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Figure 6. Typical acoustic signals’ features extracted from PZT Sensor.
Table 1. AE signal characteristics.
Extracted Features Amplitude (V) Rise Time (ns) Duration (ns) Counts
PZT 0.2573 6.3 56.55 8

MFC 0.3263 6.1 41.5 6
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There is no similar threshold for acoustic systems because of variations in the acoustic
signal caused by distance and interfering materials. A strong signal buried deep within
a winding may be very weak by the time it reaches the acoustic sensor. Differences in
amplifier gain settings also cause differences in magnitude [13]. If these points are not taken
into account, this method could lead to errors or false alarms. Another usage of the time-
domain analysis is in the comparison of sensors’ performance and characteristics. MFC
has a higher amplitude because of its better sensitivity. Parameters such as rise time and
duration can also help determine a sensor’s characteristics. In Figure 5, by comparing these
two sensors’ responses for a fast edge pulse (PD), it is shown that the captured AE signal
by MFC had a faster rise time and a lower duration. Therefore, it can be concluded that
it follows a fast vibration better than the PZT sensor. The PD source was placed between
these two sensors at equal distance, so the difference between the captured AE signals was
due to their frequency response (Figure 5 and Table 1). Therefore, this analysis is crucial
for differentiating PD signals from on-site noises and comparing sensors characteristics.
These analyses were also confirmed by the results found in the frequency-domain and the
statistical analysis presented in the next sections that show the complementary nature of
these different types of analysis.

The time of arrival of a PD signal to the sensors is another parameter that can be useful
in AE analysis, especially for PD localization applications. A major error in PD localization
is due to the time of arrival or the time delay calculation. Because of noise and initial
oscillation, the exact time of arrival of an AE signal is difficult to obtain directly from the
time-domain of the signal. The time of arrival (TOA) could be calculated based on the
minimum point of a signal energy plot (Figure 7). The total energy of the signal, Sy, and
the “S” parameter are given by [19]:

sy =) x*(0) ()
5= ixz(i)—n%’ )
i=1

where S is the signal energy, # is the number of samples up to which the energy is calculated,
and N is the total number of data points in the signal; x(7) is the value of each data point.
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Figure 7. Signal energy curve of acoustic signals.

In Figure 7, it can be seen that both plots have almost the same trend, and the only
difference is the amplitude of the signals. TOA can be achieved by finding the minimum
of the signal energy curve, which for both sensors, was 42 ns. Signal analysis in the
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time domain does not give any information about PD frequencies, so it is not enough to
thoroughly analyze the signal. To better understand PD aspects, acoustic signals that have
been analyzed in the frequency-domain mode are discussed in the next section.

2.4. Frequency-Domain Analysis

Fast Fourier transform (FFT) is the first algorithm used to analyze signals in the
frequency domain. Using FFT, vibration signals in the time domain are transmitted to
the frequency domain. In this way, the dominant vibrational frequencies of the acoustic
signals are identified. The FFT of acoustic signals is shown for the PZT and MFC sensors
in Figures 8 and 9, respectively. In Figures 8 and 9, the x-axis reports the dominant
frequencies, and the y-axis reports the values of the spectrum for the PD’s acoustic signals.
Any frequency whose spectrum values have a peak is called a dominant frequency. For
the PZT sensor, the dominant frequency was around 1 MHz and for the MFC sensor, the
dominant frequency was around 2 MHz, as shown in Figures 8 and 9, respectively. The
center point of the two copper electrodes (PD source) was placed in a way that its distance
to the sensors was almost equal. With the path of the signal to the sensor being the same, the
sensors captured the same signal that was the PD signal generated by the PD source (acting
as a fast edge signal generator). It can be concluded that the differences in the amplitude
of FFTs were due to the sensitivity and frequency responses of the sensors; therefore, the
PZT sensor had higher sensitivity than the MFC to frequencies over 5 MHz, and the MFC
sensor was more sensitive to frequencies below 500 kHz.

0.03

0.025 -

0.02 -

0.015 -

Voltage(v)

0.01F

0.005 -

0.5 1 5 10 100
Frequency(MHz)

Figure 8. Fast Fourier Transform for the PZT sensor.
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Figure 9. Fast Fourier Transform for the MFC sensor.
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The secondary processing of the FFT signals was performed by power spectral density
(PSD) analysis. PSD can be calculated by dividing the square of the spectrum values by the
frequency of that spectrum. With this method, high frequencies have a lower PSD value.
The spectrum of acoustic signals generated by PD could extend up to a few MHz, so it is
reliable to eliminate the higher frequencies to reject noise. This method could be useful
when the signal has a low SNR and it is difficult to find dominant frequencies using the
FFT method. The PSD of the signals is shown in Figure 10. For the PZT sensor, the peak
wave frequency was 0.9766 MHz, and for the MFC sensor, the frequency of the peak wave
was 2.075 MHz.
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Figure 10. Power spectral density of the signals captured by AE sensors.

In the monitoring system of transformers, transient noise (rain, wind, etc.), Barkhausen
noise, and electromagnetic interference can affect the frequency analysis, so if the signals
are only analyzed in the frequency-domain mode, this can lead to wrong conclusions.
The Fourier transform and power spectral density do not provide any information about
when the dominant frequencies occur. Therefore, for signal analysis, a method should
be used that provides frequency information in addition to time information of the PD
phenomenon.

2.5. Time-Frequency Analysis

Short-Time Fourier transform (STFT) is a method that has been used to analyze
signals in the time-frequency domain. Using this method, it is possible to determine when a
phenomenon occurred as well as its frequency characteristics. This is feasible by windowing
the main signal into smaller time windows and then using the Fourier transform algorithm
for each of these windows. Thus, the STFT can be defined by [20]:

+o0
STET(t,w) = / h(u) f(t+ u)e Trd,, 3)

—00

where f(t) is a given signal in the time domain, t is the time, w the frequency, and (u) the
temporal window function such as rectangular, Gaussian, Blackman, Hanning, Hamming,
Kaiser, etc. In this method, the signal should break into signals so small that can be assumed
to be stable. The dominant frequencies in each part of the mother signal can be achieved by
performing the Fourier transform. Figures 11 and 12 are the spectrograms of the acoustic
signals captured by the PZT and MFC sensors. These 3-D graphs show three parameters,
frequency (y-axis), time (x-axis), and power spectrum by colored map. The time-domain of
the signals are shown above the spectrogram of the signals for a better understanding. The



Appl. Sci. 2022, 12,3010

9o0f12

occurrence of the defect can be seen from the spectrogram diagram. Before 40 ns and after
140 ns, the power spectrum has low amplitude, indicating that the system is in steady-state
mode and there is no disturbance or defect. A sudden increase in the power spectrum
amplitude indicates that a PD has occurred in the transformer. It is noteworthy that this
type of analysis has been neglected in most of the previous works. This method can be
an alternative for the typical frequency analysis using FFT and PSD that can only provide
the dominant frequency of the PD without any indication of the time of the defect. This
method has some features of time-domain mode analysis as well as of frequency-domain
analysis. The value of the power spectrum in the spectrograms (Figures 11 and 12) can be
set as a threshold for the monitoring system to react. From the spectrogram, it can be seen
that the PD happened around 40ns, as it could also be seen from the energy of the signal
figure in the time-domain analysis (Figure 7). Using time-frequency analysis, the time of
occurrence of the fault and the dominant frequencies can be identified.
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Figure 11. Spectrogram of the PD acoustic signal captured by the PZT sensor.

©
w
\

——wrc] |

Volatge(v)
o

o
w
T

-0.5

20

40 60 80 100 120 140 160 180 200
Time(ns)

- -
o [8)]

Frequency(MHz)
o

Figure 12. Spectrogram of the PD acoustic signal captured by the MFC sensor.



Appl. Sci. 2022,12, 3010 10 of 12

3. Data Processing Parameters

The statistical parameters for both acoustic sensors were calculated and are discussed
in this section; they are shown in Table 2. The RMS of a signal is not affected by noise,
so it could be used to compare sensors’ sensitivity. The higher the value of the signal’s
RMS, the higher the sensitivity of the sensor. The value of RMS for the signal received
by the MFC sensor was almost twice the value of the signal received by the PZT sensor,
which could indicate that the MFC sensor is twice as sensitive as the PZT sensor. Standard
deviation (STD) is a measure of the amount of variation or dispersion of a set of values; a
low standard deviation shows that the values tend to be close to the mean of the signal.
If the mean of the signal tends to zero, STD and RMS become equal. The impulse factor
compares the height of a peak to the mean level of the signal, and a high impulse factor
shows that the signal has more peaks. This parameter is widely used to monitor signals
with frequent and transient changes and is useful in monitoring the impact behavior of
the signals. The amount of energy of a signal indicates the amount of its perturbation.
The energy of a signal is another parameter that indicated that the MFC sensor wis more
sensitive than the PZT sensor. Kurtosis is the length of the tails of the signal distribution
or, equivalently, how outlier-prone the signal is. Developing PDs can increase the number
of outliers and, therefore, increase the value of the kurtosis metric. The value of kurtosis
for a normal distribution is equal to 3; a higher kurtosis value means that the signal has
fast edges or high amplitude. This parameter increases with the occurrence of a defect, and
usually, if the value of kurtosis for a signal exceeds 3, that means the system is faulty.

Table 2. Statistical Parameter for Captured Signals by Low-cost AE Sensors.

Statistical . Impulse

Parameter Max Min Mean RMS STD Factor Energy Kurtosis  Skewness
PZT 0.2573 —0.2698 —0.0029 0.0477 0.0476 93.5123 9.3092 12.0076 —0.1379
MEFC 0.3263 —0.4204 —0.0172 0.0745 0.0725 24.4610 22.7376 13.5322 —0.2543

Faults can impact the distribution symmetry of a signal and, therefore, increase the
level of skewness. Experiments have shown that every type of insulation fault has its
unique statistical parameters that can be used to diagnose PD faults in transformers.
In Table 2, data were obtained from an acoustic-based analysis of an artificial PD that
was equivalent to corona discharges that happen inside transformers. For the online
monitoring of transformers, information such as the type of fault and its repetition rate can
be obtained by extracting these parameters and storing them into a database. Parameters
such as STD, skewness, and kurtosis can be used for partial discharge identification and
classification [21-23]. RMS and energy are two parameters that can be used to compare
sensors’ sensitivity. Increases in the values of some parameters, such as impulse factor,
energy, and kurtosis, mean that there is a fault in the system; thus, in online monitoring,
these parameters can be set as a threshold for the system to react. As discussed, these
parameters are powerful tools for finding the nature of a fault, and an in-depth data analysis
can be used in partial discharge fault identification and classification.

4. Conclusions

In this paper, two low-cost piezoelectric sensors, piezoelectric diaphragms (PZT)
and microfiber composites (MFC), were fully investigated to find their effectiveness in
PD detection. The MFC sensors’ cost is around 10 times higher than the cost of PZT
sensors. but MFC sensors have better sensitivity and built quality and can last longer
in harsh environments. The data collected from both sensors were analyzed by time-
domain, frequency-domain, and time-frequency and through statistical analysis. RMS
and energy criterion were used to compare the sensors’ sensitivity. Increased values of
some parameters, such as power spectrum, impulse factor, energy, and kurtosis meant that
there was a fault in the system; thus, in online monitoring, these parameters can be set as
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a threshold for the system to react. The result showed that using these different modes
of analysis together could prevent wrong conclusions made by analyzing signals solely
in one or two modes. Throughout this paper, the PD phenomenon was investigated, and
several aspects of the PD acoustic signal were studied using different types of analysis. The
obtained results indicate that the low-cost monitoring of PDs inside power transformers
is feasible.
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