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Abstract: Acoustic inspection is a valuable technique that can detect early stage defects in equipment,
thereby facilitating predictive maintenance. In recent times, ultrasonic sensors have made detecting
partial discharges through acoustic sensing increasingly feasible. However, interpreting the acoustic
signals can pose challenges, as it requires extensive expertise and knowledge of equipment configu-
ration. To address this issue, a technique based on zero-crossing rate and fundamental frequency
estimation has been proposed to standardize insulator diagnosis. In an experiment involving a
database of 72 raw acoustic signals with frequencies ranging from 0 to 128 kHz, various types of
pollution and defects were introduced to a chain of insulators. By employing the proposed technique,

check for

updates the occurrence of partial discharges can be detected and classified according to type, such as corona
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or surface discharges. This advanced approach to diagnosis simplifies the process while providing
valuable insights into the severity of observed phenomena in the field.
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Insulators: Analyzing Partial

Discharges through Zero-Crossing
Rate and Fundamental Frequency 1. Introduction
Estimation of Acoustic Raw Data.
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Partial discharges (PDs) are spatially limited and incomplete dielectric breakdowns,
in which the voltage gradient is only strong enough to sustain the electric discharge in the
vicinity of the point of inception [1]. According to [2], there are four types of PDs: corona,
internal, surface and electrical treeing discharges.

As shown in Figure 1A, corona discharges occur if the electric field is sufficiently
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non-uniform in the surrounding air. This type of PD is established, commonly, near sharp
points or where conductors are curved on transmission lines. Corona discharges may be
accompanied by a bluish luminescence and a hissing noise, containing ultrasound and
audible acoustic signals. Moreover, corona discharges could have a transient or steady state
behavior, and they may lead to insulation deterioration.

Figure 1B illustrates an internal discharge that may occur in voids or cavities inside the

insulator layer, where there is low dielectric strength. The continuous occurrence of internal
discharges in a solid dielectric may lead to major defects in insulation and the formation of
discharge channels, thus resulting in electrical trees, see Figure 1C. Furthermore, surface
discharges, shown in Figure 1D, occur when there is a relatively high parallel component
of the electric field to a dielectric surface [2].

PDs are typically accompanied by the emission of sound, light, heat and chemical
reactions [1]. Therefore, the most common techniques to measure PDs are based on acoustic,
electrical, optical, thermal and chemical methods of detection. Electrical methods are
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premised on the coupling of a measuring instrument (MI) in the system that has equipment
subjected to PDs. Through this MI, voltage and current signals are taken and PDs are
evaluated. The measurement system for high-voltage (HV) tests is presented in [3].

—
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Figure 1. Types of partial discharges: (A) corona; (B) internal; (C) treeing channel; (D) surface discharge.

Visual or optical detection is based on the emission of light from PDs. It may require
a dark room or, alternatively, a photographic record could be used throughout a long
exposure time [2]. The detection of PDs made from chemical reactions is more commonly
used in systems with oil or gas insulators. It consists of the analysis of decomposition
products dissolved in the insulating media, e.g., humidity and gas [1].

Acoustic methods are based on the measurement of the sound produced by electrical
discharges. In this regard, audible sound is, typically, generated by severe PDs and electric
arcs. By comparison, the satisfactory detection of incipient PDs depends on ultrasound-
based techniques [2]. The use of ultrasound signals to evaluate the occurrence of PDs
is a well-established technique and has been used in previous studies, such as [4,5]. In
these articles, the authors discuss theoretical and practical foundations for the online (or
otherwise stated, energized) PD evaluation in gas-insulated substations [4] and power
transformers [5].

More accurate ultrasonic sensors have been introduced on the market, resulting in
an emergence of sophisticated methods for evaluating PDs. A feature that turns acoustic
detection into a powerful technique is the immunity to electromagnetic interference (EMI),
making it a suitable method for evaluating PDs in energized equipment [6]. In this regard,
ultrasound inspection is used in different types of equipment, including generators, trans-
formers, cables and insulators. However, the acoustic measurement could be contaminated
with noise, which makes the identification of PDs difficult and complex [6].

To take account of the external noise in acoustic measurement, new approaches devel-
oped in [7] combine the use of distinct sensors with signal processing to eliminate noise
and generate diagnostics of the state of the equipment.

The wavelet transform (WT) is widely used in signal noise reduction, e.g., the tech-
niques in [8-11]. In [8], the authors reported the use of wavelet energy coefficient and
principal component analysis (PCA) for glass and polymer insulators; wavelet packet trans-
form (WPT) for glass insulators [9]; and WT, filtering and noise reduction for polymeric
insulators [10].

Figure 2 shows the main types of sensors, signal processing techniques and diagnostic
methods applied to acoustic inspection.
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Figure 2. An overview of acoustic inspection. Adapted from [6].

In [11], a method is proposed for the evaluation of surface discharges in HV glass
insulators. This method is based on WT for signal processing and on radial basis function
neural networks for identifying PDs. A similar technique is also proposed in [12]. In
this approach, a hybrid model that combines particle swarm optimization (PSO), WT and
neural networks is used to classify PDs in a gas-insulated switchgear (GIS).

An ultrasonic diagnostic method is proposed in [13] for monitoring PDs in medium-
voltage pin-type insulators. This work takes advantage of a normalized frequency, obtained
from measurements in the insulators, to identify the magnitude of PDs. In [14], the state
echo network is used for the classification of insulators based on ultrasound signals. This
study, [14], demonstrates that the proposed neural network presented an 87.36% accuracy
for multiclassification. The insulators are evaluated in the laboratory under controlled
conditions at a voltage of 13.8 kV (phase-to-phase). Furthermore, this work has shown that
the echo state network performed better than multilayer and support vector-machines.

This paper presents a novel methodology for detecting and categorizing PDs in HV
glass insulators using raw (unprocessed) acoustic signals. The acoustic signals are captured
within a frequency range of 0 to 128 kHz without undergoing any prior processing, such
as heterodyning (a widely employed technique in acoustic inspection equipment). The
conducted experiments involve insulators contaminated with various types of artificial
pollutants to simulate real-world conditions that can give rise to PDs. For the diagnosis of
the raw acoustic signals, two techniques are employed: zero-crossing rate and fundamental
frequency estimation. These techniques contribute to the identification of anomalies and
the categorization of PD severity. The proposed method standardizes the diagnosis of
insulators and categorizes PDs into corona and superficial types. This, in turn, helps to
predict failures and reduce unwarranted shutdowns by facilitating scheduled maintenance.

The paper’s primary contributions are as follows:

Firstly, it introduces a method that does not rely on extensive training datasets for
neural networks or artificial intelligence models. This departure from traditional
machine learning approaches eliminates the need for large-scale data collection and
time-consuming training processes.

Furthermore, the proposed technique offers distinct advantages for acoustic inspec-
tions, particularly in the context of energized substations. By enabling online diagnosis
directly in the field, it enhances the efficiency and effectiveness of HV glass insulator
assessments. This capacity empowers maintenance teams to make real-time decisions
and take proactive measures to ensure the reliable operation of equipment.
Categorizing PDs according to type (using the proposed methodology) and under-
standing the spatial distribution of acquired acoustic emissions (via the measuring
device) enables the assessment of the severity of these phenomena and the associated
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risks to electrical equipment. The potential offered by the proposed technique can be
further enhanced when integrated with regular acoustic inspections and the historical
monitoring of the equipment.

e  Finally, the technique greatly mitigates challenges associated with interpreting acoustic
data in the electrical sector. Presently, acoustic signal interpretation heavily relies on
the experience of inspectors and, often, the subjective act of listening to signals using
headphones or auscultation devices. This reliance on human expertise inherently
introduces limitations and inconsistencies. The proposed method offers a standardized
approach, reducing reliance on individual experience and establishing a more reliable
and objective framework for acoustic signal analysis.

The structure of this paper is outlined as follows. Section 2 presents the mathematical
foundation underlying the proposed method. The experiments and the characteristics of
the insulators tested in a laboratory are described in Section 3. Subsequently, Section 4
reports the evaluation and analysis of the measurements with the proposed technique.
Section 5 substantiates the validation of the diagnostic approach, while Section 6 presents
the concluding remarks and findings derived from this study.

2. Mathematical Basis of the Proposed Method

Two techniques underlie the evaluation of PDs in this paper: zero-crossing rate (ZCR)
and fundamental frequency estimation. As will be discussed in the following sections,
ZCR is a technique used to detect anomalies in audio frames. In this sense, anomalies are
defined in this paper as the presence of recurrent and accentuated peaks in the ultrasound
signal, which lead to changes in the ZCR result. When changes occur, the fundamental
frequency is calculated and utilized to classify ultrasound signals as normal or abnormal.
In the event of identifying anomalies, they can be categorized as corona or surface PDs, or
may indicate the presence of an inconclusive phenomenon. The theoretical aspects of ZCR
and fundamental frequency estimation are discussed below.

2.1. Zero-Crossing Rate (ZCR)

The zero-crossing rate (ZCR) of an audio measurement represents the rate of changes
of the signal during a frame. In other words, it is equal to the number of times the signal
modifies from a positive to a negative value, divided by the length of the frame [15], in the
following manner:

Wi,
ZCR() = g0 lsgnlxi(m)] — sgnlxi(n — V)] g
n=1

where sgn is the function (2), WL is the frame length, x; is the instantaneous value and 7 is
the number of the sample. In this case, the ZCR result is dimensionless.

sgnf(n)] = { 710 =) @

Moreover, ZCR may also reflect, in a coarse manner, the spectral characteristics of
a signal [16].

2.2. Fundamental Frequency Estimation

Frequency estimation is performed through the power spectral density (PSD). The
PSD technique describes how the power content of a signal distributes as a function
of the frequency. The power spectrum is obtained from the Fourier transform of the
autocorrelation function of the acoustic signal. The autocorrelation function is a powerful
mathematical tool to evidence repeating patterns, such as an unknown periodic signal
hidden by noise. Additionally, it can identify the fundamental frequency of a signal
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with harmonics through the linear relationship between delayed values in a time-series
data [17,18].
For random signals, the periodogram power spectral density (Sy) is given by (3);
N 2
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where E is the evaluation, that is, the mathematical expectation.
Considering a finite amount of data with lengths equal to N — 1, (3) can be rewritten as (4):
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where X (ej‘”) is the discrete-time Fourier transform (DTFT) of the windowed signal, which
in turn is given by (5). The rectangular window has the same length as the input signal and
the frequency sample is equivalent to 256 kHz.

27tk
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w N/ 0/// N (5)

Through PSD, the fundamental frequency and harmonics characteristics can be calcu-
lated, as performed in Section 4.

3. Laboratory Experiments

The purpose of laboratory tests is to produce different types and intensities of PDs in
a chain of HV glass insulators. PDs are generated during an increase in the applied voltage.
Artificial pollution was applied to the insulators to replicate real operational conditions
that may influence the occurrence of PDs. For each voltage step, ultrasound measurements
were made at a fixed distance.

The measurement methodology, the description of the artificial pollution and the
ultrasound measurement process are described below.

3.1. Measurement Methodology

The methodology of the laboratory experiments is shown in Figure 3.
The equipment illustrated in Figure 3 consists of:

Resonant controller;

Power transformer;

Resonant source;

Device under test—insulator chain (IC);

Capacitive divider;

Digital Digital ultrasound testing device, positioned at a distance of 12.5 m from the
device under test;

Oscilloscope;

Acquisition system of the capacitive divider;

9.  Computer.

SANNANE R A

® N

In the tests, a chain of HV glass insulators with three elements was used, in which
different types of artificial pollution were applied. The technical sheet of the insulator is
presented in [19].
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Figure 3. Experimental method organization.

3.2. Description of Artificial Pollution

The tests are intended to reproduce real conditions, to which an insulator chain, as
presented in Figure 4a, may be subjected. For example, the formation of a conductive
microfilm deposited by rain, wind, or other environmental conditions; the presence of mud,
which can be formed by dust and/or bird droppings; and partial damage and degradation.

The first case is illustrated in Figure 4b and it is characterized by a conductive microfilm
produced with saline pollution, distributed partially or totally along the superficies of the
insulators. For the second case, mud pollution (a mixture of soil and water) was applied as
shown in Figure 4c. Finally, partial damage was performed on the surface of the insulator.
In Figure 4d, small cracks are perceptible in the insulator.

Table 1 shows the condition of the insulators and the voltage range used in the labora-
tory experiments. The insulator chain was subjected to voltage levels ranging from 10 kV
to the highest level supported by the laboratory’s resonant source, until the overcurrent
protection system intervened.

Table 1. Test cases.

Case Condition Voltage Range (kV)

1 Clean and undamaged insulator chain. 10 to 100
Partial pollution with saline solution. Location: Upper

2 element of the insulator chain. 10t0 80
Total pollution with saline solution. Location: All elements

3 . . 10to 70
of the insulator chain.

4 Partlal pollut{on with mud. Location: Upper element of the 10 t0 120
insulator chain.

5 Partial pollution with mud. Location: Upper and 10 to 120
intermediate elements of the insulator chain.

6 Total polluthn with mud. Location: All elements of the 10 to 100
insulator chain.

7 Upper element of the insulator chain with partial and 10 to 130

surface damages.
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Figure 4. (a) Clean and undamaged insulator chain; (b) total pollution with saline solution; (c) partial
and surface damages; (d) partial pollution with mud.

Importantly, the maximum voltage levels depend on the conditions of the insulator
(pollution levels) and on environmental conditions, since humidity and temperature influ-
ence the occurrence of PDs, owing to either favorable or unfavorable ionization conditions
in the air. Therefore, laboratory tests carried out on days with distinct environmental
conditions with the same chain of insulators may lead to different maximum voltage levels
required for partial dielectric breakdown.

3.3. Ultrasound Measurement Process

Ultrasound measurements were made at a fixed distance of 12.5 m with a sampling rate
of 256 kHz during a period of 10 s. The measurements are composed of raw audio signal
sized in microvolts and frequency spectrum, both time-varying. Figures 5-11 show the
amplitude and frequency spectrogram for each test case under different voltage intensities.
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Figure 5. Amplitude and frequency spectrogram of the ultrasound signal for Test Case 1 at 10 kV.
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Figure 6. Amplitude and frequency spectrogram of the ultrasound signal for Test Case 2 at 50 kV.

x10* Test Case 3 at 50 kV

Amplitude (1 V)

-
o
o

Frequency (kHz)
Power (dB)

Time (s)

Figure 7. Amplitude and frequency spectrogram of the ultrasound signal for Test Case 3 at 50 kV.
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Figure 8. Amplitude and frequency spectrogram of the ultrasound signal for Test Case 4 at 70 kV.
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Figure 9. Amplitude and frequency spectrogram of the ultrasound signal for Test Case 5 at 120 kV.
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Figure 10. Amplitude and frequency spectrogram of the ultrasound signal for Test Case 6 at 100 kV.
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Figure 11. Amplitude and frequency spectrogram of the ultrasound signal for Test Case 7 at 130 kV.

The 10 s measurement time has been demonstrated to be adequate for capturing
the occurrence of PDs. This duration also allows the operator to maneuver the digital
ultrasound tester along the insulator chain without experiencing fatigue or shaking, thereby
facilitating field measurements.

It can be seen that the development in the degradation of the insulation capacity of
the HV glass insulators has a behavioral trend. This tendency is marked by a gradual
increase in the amplitude of the ultrasound signal, ranging from values close to 500 uV at
10 kV (see Figure 5) and reaching values approximately equal to 50,000 1V for a voltage
of 120 kV (see Figure 10). This represents an increase of 100 times in the amplitude of the
ultrasound signal. The occurrence of high-frequency components can also be seen in the
spectrogram, marked by the presence of frequencies in the order of 20 kHz for HV and
relative insulation degradation.

4. Application of the Proposed Method

Based on the ultrasound measurements performed, as well as on the mathematical
foundation provided in Section 2, a method is proposed for identifying and classifying PDs
in HV glass insulators. This approach is based on the ZCR evaluation to identify anomalies
in the ultrasound signal. If there is an anomaly, a fundamental frequency estimation
technique is used to classify the type of the PD, as described in Section 2.

4.1. ZCR Evaluation for the Test Cases

Figure 12 shows the ZCR evaluation for the test cases.

The pattern depicted in Figure 12 clearly demonstrates the ability to detect PDs using
the ZCR technique. It is essential to note that this pattern has undergone validation
in a HV laboratory setting, and Section 5 provides further explanation for the reader’s
comprehension.

In Figure 12, a distinct behavior pattern emerges, wherein the ZCR remains relatively
constant for low voltages. However, as the voltage increases within the range of 40 to 60 kV
(depending on the specific case), the ZCR experiences a notable decrease. These decreases,
with values below 0.5, are accompanied by discernible peaks in the acoustic raw signal,
which are strongly correlated with PDs occurrences. This characteristic serves as a clear
indication of anomalies present within the ultrasound signal, thus confirming the presence
of PDs.
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Figure 12. ZCR evaluation for the test cases.

This observation confirms the effectiveness and reliability of the proposed method-
ology in identifying and characterizing PDs. The ability to discern such abnormalities
through the analysis of the ZCR and associated acoustic raw signals further reinforces the
diagnostic capabilities of the technique.

4.2. Fundamental Frequency Estimation for the Test Cases

The fundamental frequency via the periodogram method for each test case is shown in
Table 2. The “-” notation represents the lack of measurements, that is, the source overcurrent
relay was triggered by a short-circuit.

Table 2. Fundamental frequency estimation.

Fundamental Frequency Estimation (Hz)

Voltage

V) Test Test Test Test Test Test Test
Case 1 Case 2 Case 3 Case 4 Case 5 Case 6 Case 7
10 64.000 k 64.000 k 0.1667 23.362 k 23.359 k 56.933 k 64.000 k
20 11.938 k 0.1000 9.0617 k 23.363 k 23.361 k 23.361 k 64.000 k
30 23.366 k 0.2666 23.360 k 23.359 k 23.358 k 64.000 k
40 10.429 k 11.957 k 23.856 k 23.361 k 64.000 k
50 16.846 k 23.359 k 23.355 k
60 20.218 k
70 19.074 k 21.831 k 20.596 k
80 20.194 k - 20.841 k 19.290 k
90 - - 19.725 k 9.9998
100 19.424 k - - 20.991 k 19.846 k 19.853 k
110 - - - 19.317 k 19.901 k -
120 - - - 19.640 k 19.835 k - 19.443 k
130 - - 19.110 k

In yellow: frequencies in the range of 60 Hz (Corona PDs). In red: frequencies in range of 20 kHz (Superficial PDs).

The relationship between PD types and the estimated frequencies has been established
through numerous HV laboratory tests, comparing the results of the proposed methodology
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with measurements of apparent electrical charges. This comparison has provided validation
for the diagnostic approach, with further details discussed in Section 5.

As outlined in Table 2, the estimated frequencies around 60 Hz (indicated in yellow)
signify the presence of corona discharges. Essentially, electric charges accumulate during
the crest of the voltage waveform, leading to intermittent sparking that occurs at the same
frequency as the voltage, i.e., 60 Hz. In this context, Figure 13 illustrates the comparison
between the ultrasound signal from Test Case 1, where a voltage of 90 kV was applied, and
a sine wave at 60 Hz.

Test Case 1 at 90 kV - Detailed View of the

Ultrasound Signal and a 60 Hz Sine Wave
T T T T T T

—— Ultrasound signal
- ——-Generic wave at 60Hz

x10%

Amplitude (1V)

! | | | | | | 1
14.82 14.84 14.86 14.88 14.9 14.92 14.94 14.96 14.98

Time (s)

Figure 13. Ultrasound signal with the presence of corona discharges for Test Case 1 at 90 kV.

During the laboratory experiments, as the applied voltage increases, a fundamental
frequency with values close to 20 kHz (indicated in red) emerges in the spectrogram. This
frequency indicates the likelihood of superficial PDs occurrences, which are, usually, more
damaging to equipment than corona discharges and have a frequency near the audible
range (below 20 kHz). Superficial discharges are generally more detrimental to electrical
equipment as they generate heat, emit ultraviolet radiation and form chemical compounds
such as ozone and nitric acid. Additionally, surface-type PDs can lead to the phenomenon
of “treeing channels” in more advanced stages. It is worth noting, however, that corona
discharges also pose a significant threat to the integrity and performance of the insulation
system as they indirectly contribute to the deterioration of dielectrics by generating ozone.

Finally, it is crucial to emphasize that, in this paper, the concept of superficial PDs
incorporates both dry surface discharges, also known as dry band arcing (DBA), and wet
surface discharges, when detecting faulty insulators.

4.3. Algorithm for Classification of PDs

The proposed approach calculates ZCR and, if it is greater than 0.5, the equipment
is considered to be operating in normal conditions. However, an anomaly is detected for
a ZCR lower than 0.5. If there is an anomaly, the fundamental frequency is estimated.
If the frequency presents intensities approximately equal to 60 Hz—between 59 Hz and
61 Hz—the PD is characterized as a corona discharge. If the estimated frequency presents
values close to 20 kHz—between 18 kHz and 22 kHz—the PD is identified as a superficial
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type. If none of these conditions are met, an inconclusive result is obtained and a new
measure is required.

Figure 14 shows the method flowchart for identifying and classifying PDs based on
ultrasound measurements.

Start
A 4
Read input
signal
A 4 NO
Anomaly
ZCR>0.
CR>0.5 detected
YES v
Frequency
estimation
Y NO NO
59<f<61 18k<f<22k
A 4 YES YES
Equipment N ) Inconglrusive -
in normal < Corona PD < Superficial PD < .
Measure again
state | | |

> End

Figure 14. Methodology flowchart for identifying and classifying PDs based on ultrasound measurements.

The proposed method output for the cases is shown in Table 3.

Table 3. Results of the proposed method for classification of PDs.

Results
V(()llga/%e Test Test Test Test Test Test Test
Case 1 Case 2 Case 3 Case 4 Case 5 Case 6 Case 7

10 N N N N N N N
20 N N N N N N N
30 N N N N N N N
40 Al N Al N N N N
50 AC N Al N N N N
60 AC AC AC AC AC N
70 AC AC AC AC
80 AC AC AC
90 AC - -
o - :
110 - - -
120 - - -
130 - - - - - -

N: Normal (Green—No precautions); Al: anomaly inconclusive (Yellow—Attention); AC: anomaly corona
(Orange—Attention); AS: anomaly superficial (Red—Caution).
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In general, PDs undergo a transition from a normal behavior (N) to the presence of
an anomaly (Al, AC, or AS) in the acquired ultrasonic signals as the voltage is increased.
At lower voltage levels (between 60 and 90 kV), the anomaly is represented by corona
discharges (AC), which then progress to surface discharges (AS) at higher voltages. The
presence of surface discharges, characterized by the emission of acoustic signals with
frequency components within the audible range, can indicate a stage of the phenomenon
that is close to the formation of an electrical arc [20].

The identification of surface PDs for cases 3 and 6, subjected to voltages equal to 60 kV
and 70 kV, respectively, can be attributed to the presence of pollution from saline solution
or mud on all elements of the insulator chain, affecting the electrical conductivity of the
medium. This may lead to DBA, which ceases if the generated heat completely dries out
the pollution layer.

Identifying a surface PD for Case 7 at a voltage level of 80 kV may indicate the forma-
tion of a dry and localized flashover (a transient breakdown event where the insulation
momentarily fails due to the combined effects of contamination and high electric field) that
regressed to a corona discharge. It is important to note that the process of PD formation
may exhibit instabilities, whereby it can abruptly cease, persist or progress in severity
in an uncertain manner depending on changes in the electrical characteristics of the sur-
rounding medium. An example of this is when the phenomenon progresses in severity
when the wetting rate exceeds the drying rate of the pollution layers deposited on the
dielectric surfaces.

Uncertainties and inconclusive cases (Al) arise from various factors that impact the
occurrence and measurement of PDs. These factors encompass a range of influences,
such as environmental conditions and external noise, which can affect the accuracy and
reliability of PD assessments. Notably, environmental conditions play a significant role,
with humidity emerging as a factor influencing the absorption of ultrasound waves by the
air [21]. However, despite the inherent complexities and potential sources of uncertainty, the
proposed method demonstrates the capability to identify abnormal conditions in electrical
equipment, as evidenced by the results presented in Table 3. In such situations, it is highly
recommended to establish a routine monitoring program for the equipment and conduct
further measurement campaigns to gain a more accurate understanding of the underlying
factors at play.

5. Validation of the Proposed Method

To validate the proposed methodology, a comparative analysis was conducted us-
ing apparent charge signals and phase-resolved partial discharge (PRPD) patterns. The
comparison was made for a heavily contaminated insulator chain scenario where all three
elements were affected, and the results are presented in Table 4. The attributes of interest in
these kinds of measurements include the phase angle and polarity of PDs, the frequency
and regularity of impulses, changes in magnitude relative to the test voltage and the ratio
between the ignition and extinction voltages of the PDs, as stated in [2].

Figure 15 shows the spectrogram for a voltage of 60 kV applied in the insulator chain.
The ZCR value is 0.5209, and the estimated fundamental frequency is 54.316 kHz, indicating
a normal condition according to the proposed methodology. Similarly, the PRPD analysis
and interpretation on apparent charge signals, as illustrated in Figure 16, reveal a situation
of normality.

Conversely, an irregularity is observed, following the analysis of the acoustic signal
depicted in Figure 17, with a ZCR and fundamental frequency amounting to 0.3856 and
59.9959, respectively. These attributes align with the corona discharge concept proposed
in this study. Reinforcing this, Figure 18 displays apparent charge measurements for
corona discharge [2]. Regular magnitude impulses can be seen, occurring near the voltage
waveform peaks.
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Figure 15. Amplitude and frequency spectrogram of the ultrasound signal for validation of the
proposed method at 60 kV.
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Figure 16. Apparent charge signal at 60 kV.
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Figure 17. Amplitude and frequency spectrogram of the ultrasound signal for validation of the
proposed method at 70 kV.
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Figure 18. Apparent charge signal at 70 kV.
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Another irregularity is discerned in the spectrogram presented in Figure 19 when the
voltage level attains 80 kV. Under these circumstances, the ZCR and fundamental frequency
yield values of 0.2713 and 18.316 kHz, respectively. Based on the methodology, these values
imply a surface discharge. In this context, Figure 20 demonstrates impulses with increasing
intensities from the zero-crossing point to the voltage signal peak (occasionally surpassing

this value). This pattern is generally representative of superficial PDs [2].
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Figure 19. Amplitude and frequency spectrogram of the ultrasound signal for validation of the

proposed method at 80 kV.
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Figure 20. Apparent charge signal at 90 kV.
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Table 4. Validation of the proposed method.

Voltage (kV) 60 70 80
ZCR 0.5209 0.3856 0.2713
Fundamental Frequency Estimation (Hz) 54.316 k 59.9959 18.316 k
Result of the Proposal Normal Anomaly Corona Anomaly Superficial
Amplitude and Frequency Spectrogram Figure 15 Figure 17 Figure 19
PRPD and interpretation Normal Corona Superficial
PRPD Apparent Charge Signals Figure 16 Figure 18 Figure 20

6. Measurements in Field

In order to assess the effectiveness of the technique in actual field conditions, ultra-
sound measurements were conducted at a 230 kV substation. It was discovered that there
were two insulation chains with PDs, both located at the entrance of the substation. A visual
inspection of Figures 21 and 22 reveals that the vertical insulation chains are noticeably
dirtier compared to the horizontal ones. Therefore, it can be inferred that this condition
is responsible for the occurrence of corona and superficial discharge phenomena, which
were identified in the measurements and confirmed by the proposed technique. The results
obtained from the method are presented in Table 5.

Figure 21. In this insulation chain of 230 kV, corona-type partial discharge was found to be present
specifically in phase B.

Table 5. The outcomes achieved from the suggested approach in practical situations.

Measurement Number 1 2
. 230 kV Sector, vertical 230 kV Sector, vertical
Location . . . R . .
insulation chain insulation chain
Phase B A

ZCR 0.3924 0.2831




Energies 2023, 16, 6033

18 of 21

Table 5. Cont.

Measurement Number 1

2
Fundamental Frequency Estimation (Hz) 60.01111 21.164 k
Results of the Proposal Anomaly corona Anomaly superficial
Figures Figure 21 Figure 22
Amplitude and Frequency Spectrograms Figure 23 Figure 24

Figure 22. In this insulation chain of 230 kV, superficial-type partial discharge was found to be present

specifically in phase A.
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Figure 23. Amplitude and frequency spectrogram of the ultrasound signal captured from the insula-

tion chain of Figure 21.
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Figure 24. Amplitude and frequency spectrogram of the ultrasound signal captured from the insula-
tion chain of Figure 22.

7. Conclusions

Identification and classification of PDs through acoustic inspection can be a powerful
predictive maintenance tool. Raw acoustic signals, without any pre-processing and covering
a wide frequency range (from 0 to 128 kHz), contain a large amount of information, both
in the audible spectrum (<20 kHz) and in the ultrasound spectrum (>20 kHz). When
appropriate techniques are applied, they can provide a more accurate diagnosis of PDs.

Seven test cases of artificial pollution on HV glass insulators were performed, produc-
ing a total of seven cases with different physical conditions and different voltage levels,
such as mud build-up, conductive microfilm formation and damage. Thus, some conditions
may be more favorable to the formation of PDs than others, as can be seen considering the
different voltages achieved.

By using the zero-crossing rate, a trigger is created for detecting abnormal operating
conditions, and the fundamental frequency estimate provides a diagnosis of the type of PD;
thus, PDs can be classified in terms of severity and maintenance can be planned in advance,
contributing to a higher level of power system safety and reliability at lower costs.

Although this study is based on experimental data from laboratory-tested insulator
chains, the proposed method can be extended to other scenarios and equipment that
require the diagnosis of partial discharges (provided they are external phenomena) through
acoustic inspection.

It is noteworthy that environmental conditions influence the appearance of partial
discharges, that is, measurements on different days can lead to different diagnoses. In
this way, monitoring evolution regarding the type of PD can be a viable alternative to
avoid making wrong decisions. By executing regular monitoring procedures and follow-
up measurement campaigns, a more comprehensive comprehension of the underlying
conditions can be attained, thereby enabling informed decision-making and proactive
maintenance strategies.
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