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Abstract: Under normal operation, insulation systems of high voltage electrical devices, like power
transformers, are constantly subjected to multiple types of stresses (electrical, thermal, mechanical,
environmental, etc.), which can lead to a degradation of the machine insulation. One of the main
indicators of the dielectric degradation process is the presence of partial discharges (PD). Although
it starts due to operational stresses, PD can cause a progressive insulation deterioration, since it is
characterized by localized current pulses that emit heat, UV radiation, acoustic, and electromagnetic
waves. In this sense, acoustic emission (AE) transducers are wildly applied in PD detection. The goal is
to reduce maintenance costs by predictive actions and avoid total failures. Becasue of the progressive
deterioration, the assessment of the PD evolution is crucial for improving the maintenance planning
and ensure the operation of the transformer. Based on this issue, this article presents a new wavelet
-based analysis in order to characterize the PD evolution. Three levels of failures were carried out in
a transformer and the acoustic signals captured by a lead zirconate titanate piezoelectric transducer
were processed by discrete wavelet transform. The experimental results revealed that the energy of
the approximation levels increasing with the failure evolution. More specifically, levels 4, 6, 7, and
10 presented a linear fit to characterize the phenomena, enhancing the applicability of the proposed
approach to transformer monitoring.
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1. Introduction

The interest in transformer monitoring systems has grown significantly in recent years, due to its
widespread use in the energy generation, distribution, and industry [1]. The motivation for studying
comes both from researchers and several sectors of the industry. From a scientific point of view, monitoring
and detecting faults mean achieving a high degree of control over the condition of these electrical machines.
From a financial point of view, systems with this capacity allow significant savings in maintenance and
better control the industrial process. The transformers in its regular operation are subject to different types
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of unexpected stress that can produce failure, such as thermal, mechanical, electrical, and environmental.
These critical factors in the operation of this equipment induce a slow degradation of the physical-chemical
properties of the dielectric materials and its insulation, culminating in a total failure of the device [2]. For
the early detection of these failures, some non-destructive methods have shown promising results [3–7].
The acoustic emission method consists in the frequency analysis of the acoustic signal behavior, provided
by the machine and when combined with temporal data, it is possible to establish patterns of evolution in
the degradation of the transformer [2,8–10]. In the final stages of the total failure in the transformer, it is
common to detect discharges (DPs), which are low energy ionization processes in dielectrics materials,
composing the machine insulation [11,12]. Therefore, the diagnosis of partial discharges is an important
indication of the insulation condition and the well functioning of the transformer. Your early diagnostic
can anticipate device failures. The discharges, when occurring, produce heat, light, electromagnetic,
and acoustic waves, aggravating the degradation of the electrical machine’s insulating material [2,13].
As the discharges intensify through the time, the insulation of the material becomes less effective, and the
characteristics described before are intensified until the complete failure on the transformer.

The goal of this work is to present a new technique for classifying the evolution of partial discharge
while using wavelet transform. The results indicate that the energy of the approximation coefficients can
be a promising solution for assessing the failure evolution.

This work is divided into six sections: Section 2 reviews the piezoelectric sensor and Sections3 reviews
wavelet transform. The methods used in this work are described in Section 4. The results are presented in
Section 5. In the final section, the conclusion from this work is presented.

2. Piezoelectric Sensors: Review

The piezoelectric sensors can be defined as bidirectional devices that transform mechanic energy into
electric energy and the electric in mechanic [2]. It is based on the properties of specific types of material
that can create this phenomenon. The relation of transformation, direct and reverse, are described by
Equations (1) and (2):

Di = diklTkl + εT
ikEk (1)

Sij = SijklTkl + dkijk (2)

In Equations (1) and (2), dikl and dkij are the piezoelectric constants, Sij is the tensor of mechanical
deformation (strain), Tkl is the mechanical stress tensor, sijkl is the tensor of material elasticity. Ek is the
electric field component, Di is the electrical displacement component, and εT

ik is the dielectric permittivity
tensor of the material, the superscript T indicates constant mechanical stress, and i, j, k, and l are the
indices of the material tensioners (1, 2, and 3).

Knowing that, in Equation (2), an application of an electric field Ek causes a mechanic deformation
Sij, the reverse piezoelectric effect can be used as transducers, being configured as acoustic wave sensors,
identifying discharges that are produced by transformers.

In this work, the Piezoelectric transducers were used in the acquisition of the partial discharge
waves. With these signals, the wavelet transform was applied in order to characterize the evolution of the
discharges.

3. Wavelet Transform

The Wavelet transform allows a simultaneous observation of the wave in frequency for each instant
of time of a signal. This type of analysis is as a powerful tool for identifying transients in signals [14,15].
Because partial discharges emit acoustic waves, this approach becomes fundamental in identifying the
moment of failure, as well as their frequency spectrum.



Eng. Proc. 2020, 2, 33 3 of 7

By definition, the continuous Wavelet transform W (a, b) of an x (t) signal can be described as a
function of two variables: scale and displacement

W(a, b) =
∫ ∞

−∞
x(t)Ψa,b(t)dt (3)

where a and b are the scale and displacement coefficients. Ψa,b is a Wavelet function obtained according to
the equation:

Ψa,b(t) =
1√
a

Ψ
(

t− b
a

)
(4)

where Ψ represents a mother Wavelet function.
In this article, the Discrete Wavelet Transform (DFT) was applied aiming to perform feature extraction

of PD evolution by analyzing the detail and approximation coefficients. The approximation coefficients
allow signal analysis in high scale and low frequencies, as opposed to details, which take features in
low-scale and high-frequency components [15].

aj+1[p] =
+∞

∑
n=−∞

h[n− 2p] · aj[n] (5)

dj+1[p] =
+∞

∑
n=−∞

g[n− 2p] · dj[n] (6)

where a and d are, respectively, the approximation and details coefficients; g and h are, respectively, the
low and high filters and j is the DWT. To characterize PD evolution, this work used the energy of the
wavelet coefficients (Ew) according to Equation (7):

Ew =
N−1

∑
n=0
|Wc[n]|2 (7)

where Wc[n] is the wavelet coefficient

4. Experimental Setup

To evaluate the effectiveness of the proposed wavelet-based technique in characterizing the PD
evolution, an electrode with a gap of 5 mm was placed in the transformer in order to produce the failure
activity. A piezoelectric transducer was attached to the transformer wall in order to capture the acoustic
emission waves that are produced by the failure (Figure 1). The sensors used in this work were the
piezoelectric diaphragms, which have similar characteristics to conventional PZT ceramics [16].
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Figure 1. Acoustic emission setup.

An oscilloscope was set to a 100 MHz sampling rate. All cables were grounded, and the signals were
amplified 25 times by INA128P in order to avoid electromagnetic interference. This integrated circuit was
used as an antialiasing filter once its frequency response is until to 400 kHz. Because the degradation level
of the dielectrics and the electric field can interfere in the PD activity evolution, a voltage of 2.1 kV, 2.9 kV,
and 3.5 kV was applied in the copper electrode. For each acquired signal, the energy of the approximation
and details coefficients of Daubechies wavelet was calculated.

5. Results and Discussion

Figure 2 show AE PD signals that are produced by three different PD levels.

Figure 2. Partial discharge (PD) signals produced by increasing voltage.

Although the energy of PD activity increasing with the voltage applied, by analyzing the raw signals
it is not possible to conclude about PD evolution, since the signals are similar. Based on this issue, this
article applied wavelet analysis in order to characterize PD evolution. Figure 3 presents the energy of the
approximation and detail levels for each type of PD.
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(a)
(b)

Figure 3. Energy for (a) approximation and (b) detail coefficients.

All of the approximation levels were effective in assessing the PD evolution since the energy of the
coefficients increase with the voltage applied. The approximation levels 1, 2, and 3 have higher values of
energy since it grows around from 1 V2 to 2.5 V2 and 5.5 V2 for each increment of 700 V in the electrode.
Wavelet levels 7, 8, 9, and 10 were less sensitive, once the values of the energy were less than 1 V2. By
Figure 3b, only the detail levels 5, 7, and 8 perform the PD evolution characterization. Level 5 has higher
sensibility, since the energy increased from 0.4 V2 to 0.6 V2 and 1.94 V2

The linear fit of the energy points per voltage applied was calculated intending to quantify the quality
of the wavelet analysis to assess PD evolution. Besides, the residuals, i.e., the difference from the points to
linear fit were taken for the four wavelet levels that presented lower residuals.

Figure 4 shows the linear fit for the approximation levels 4, 6, 7, and 10, which were observed lower
residuals. By analysis of these results, it can be concluded that the wavelet transform is a promising tool
for assessing PD evolution. Besides, the linear fit of the energy values achieved PD evolution estimation,
since the residuals of these levels were lower than 0.1 V2.
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(a) (b)

(c) (d)
Figure 4. Linear fit and residuals for approximation levels (a) 4, (b) 6, (c) 7, and (d) 10.

As shown in all graphics, the linear fit equations become a simple predictive tool for assessing the
quality of the insulation system of the transformer.

6. Conclusions

The presence of partial discharges is one of the indicators of the dielectric degradation in power
transformers. This critical issue can lead the device to total failure since this phenomenon causes progressive
insulation deterioration. Therefore, the development of techniques that aim to guarantee the assessment of
PD evolution can improve maintenance planning and ensure the operation of the transformer. In this sense,
this article presented a new technique to assess the partial discharge evolution by wavelet analysis. A lead
zirconate titanate (PZT) transducer was attached to a transformer wall to detect the acoustic activity of the
PD, and the wavelet transform was applied as a signal processing tool to characterize its evolution. The
results indicated that the energy of all approximation wavelet levels increased with the level of PDs. Besides,
the linear fit has been demonstrated as an important tool for predictive maintenance. Future works need to
investigate more levels of PDs under noise and temperature variations. Further analysis can use machine
learning in order to improve the effectiveness of this proposed methodology.
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