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Abstract—In this paper, the acoustic signal within an
audio sonic range emitted by partial discharge (PD) in an oil-
filled cylindrical tank was investigated. The PD was generated
by point-to-flat electrodes subjected to a high-voltage DC. The
PD source location, installation method, and sensor
microphone, as well as the electrode gap distance, were
varied. Subsequently, acoustic waveforms and their
frequency spectrum, as well as the PD current, were analyzed.
The results showed that transient acoustic signals indicated
the emergence of PD. The acoustic sensor attached to the
outer wall of the tank (contact type) was more sensitive than
the sensor that had a distance from the tank (non-contact
type). Sensor contact type acoustic signals placed parallel to
the location of the PD source provided a more accurate signal
form compared to those set nonparallel to the frequency
spectrum, which was relatively flat. A closer electrode
distance caused the duration, acoustic signal amplitude as
well as the currents to be more considerable. For the identical
variable, the acoustic signal form was not related to the
current signal despite the same signal duration. Besides,
locations of sources of the PD notably influenced the signal
form, but it did not apply for the current signal.

Keywords—acoustic, audio frequency, fast Fourier
transform,  high-frequency  current  transformer, oil
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I. INTRODUCTION

Partial discharge (PD) is the beginning of insulation
failure. Ironically, PD in power transformer is often
ignored. This was indicated by the absence of a PD
detection system installed. Consequently, many cases of
power outages occur suddenly and unscheduled as the
transformer is damaged. Equipment replacement also
requires considerable time and cost. Thus, many losses are
caused by the absence of a PD detection system at the
transformer.

The PD generates several emissions, such as light [1-3],
heat [4-6], electromagnetic waves [7,8], and acoustic waves
[9-11], as well as current [12,13] so that they can be used as
an indicator of PD existence. In this case, the PD detection
method is designed by using the characteristic of the
emission signal. PD detection in transformer oil has a
unique challenge due to its presence inside the transformer’s
tank.
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The use of a high-frequency current transformer
(HFCT) sensor will be challenging to determine that PD
current pulses are sourced from the transformer oil
insulation [1]. In addition, the electromagnetic sensor is
vulnerable to noises produced by electromagnetic waves,
such as telecommunication signals. Dissolved gas analysis
(DGA) is carried out by taking oil samples [2]. It will
consume a lot of time, and the results cannot be obtained in
real-time.

The acoustic method is resistant to electromagnetic
interference. Moreover, its installation in the transformer
tank is relatively easy and practical. This method can also
provide the results in real-time. On the other hand, acoustic
is vulnerable to audible surrounding noises. This problem
may be anticipated by using an ultrasonic sensor. But, this
sensor with high sensitivity and wide spectrum frequency is
relatively much more expensive than another sensor type
with the same quality, i.e., microphone sensor (audio
frequency range). The weakness of the microphone, as
stated before, may be compensated by applying this sensor
to the power transformer located in areas that are relatively
not crowded all the time or low noises. In addition, artificial
intelligence has widely been developed to recognize the
different characteristics of sound, so that it can be adopted
to mitigate audible noises disturbing PD acoustic signal in
the future.

Many detection systems had been designed for the PD
in an oil-contained transformer tank with box type [14-18].
This type is, indeed, commonly used in all voltage systems.
Otherwise, the PD detection for a cylinder type transformer
tank is very little [19]. The cylinder tanks widely used for
distributed voltage systems are still commonly found in
certain areas, mostly in rural areas. In [19], the PD was
generated using a flat-plate needle electrode subjected to a
DC voltage. The locations of PD sources were varied, while
the sensor locations were not altered (attached to the outer
tank wall). The utilized sensor had a frequency width of up
to 1000 kHz. The results showed that the acoustic signal
emitted by the frequency bandwidth of the detected acoustic
signal was affected by the location of the PD source. In this
case, the highest peaks were always met at a frequency of
less than 100 kHz. In other words, the higher the frequency,
the lower the relative amplitude. According to these
findings, the use of acoustic sensors in the audio frequency
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range for PD detection in a cylindrical tank has good
potential to be investigated.

In this study, the acoustic emission characteristics of PD
in the audio frequency range in the oil-filled cylinder tank
on the given variables were investigated. In this case, the
effects of the way a sensor was installed and the location
where the microphone sensor was attached as well as the
electrode distance toward signal characteristics and acoustic
frequency spectrums, were analyzed. High—frequency
current sensors were also used; therefore, the correlation
between the acoustic signal characteristics and the current

could be described.
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Fig. 4. Configuration of the data acquisition system

Il. METHODS

The methods used for an experimental setup in this
research will be described in the following points.

A. Configuration of PD Generation System

The DC high voltage generation circuit and the point-to-
flat electrodes were needed to generate PD, as shown in Fig.
1 and 2, respectively. The DC high voltage was basically
obtained from the AC high voltage rectified by a diode. A
step-up transformer provided the AC high voltage with a
220 V: 50 kV ratio. The waveform of the diode output
voltage was smoothed by a capacitor (0.1 uF). In addition,
a resistor (50 kQ) was added to limit PD current peak. The
point electrode was subjected to the DC high voltage, while
the flat electrode was connected to a grounding system.
Both electrodes were immersed in a transformer oil tank, as
depicted in Fig. 3. The tank was cylindrical with a diameter
of 27 cm and a height of 45 cm. Shell Diala S4 ZX-I was
used as the oil transformer.

B. Configuration of PD Detection System

The data acquisition devices configuration is shown in
Fig. 4. There were two PD detection methods employed.
The first one was based on acoustic as an investigated
signal. It consisted of two Behringer ECMS8000
measurement condenser microphones, a Behringer
UMCA404HD audio interface, and Audacity software. The
specifications of the Behringer sensor and audio interface
are given in Table I and I, respectively. The Behringer
ECMB8000 was chosen as the acoustic sensor since it had flat
frequency response and ultra-high sound resolution. The
audio interface had mic preamplifiers. However, in this
experiment, it was set at a minimum level. The audio
interface accompanied by Audacity was employed to record
the acoustic signal. In Audacity, the sample rate of
recording was chosen to be 44.1 kHz. This value met the
Nyquist’s criteria.

The second method was based on high frequency
current as a reference signal. It was comprised of an Innovit
high frequency current transformer (HFCT) and a GW-
Instek GDS-3254 digital oscilloscope. The PD activity
would emit small currents with high frequency components.
Then, these impulse currents traveled along the grounded
cable and passed through the HFCT. The oscilloscope then
acquired the HFCT output voltage. The HFCT and
oscilloscope specifications are presented in Table Il and
IV, respectively.

TABLE I. ACOUSTIC SENSOR SPECIFICATION

Parameter Value
Impedance 200 Q
Sensitivity 70 dB
Frequency response 20 Hz — 20 kHz
Phantom power +15Vto +48 V

TABLE Il.  AUDIO INTERFACE SPECIFICATION

Parameter Value
Total of input channel 4 channels
10 Hz — 50 kHz (input),
Frequency response 10 Hz — 43 kHz Eouripu)t)
Supported sample rates | 44.1/48/88.2/96/176.4/192 kHz (24 Bit)

Phantom power +48 V
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TABLE Ill. HFCT SPECIFICATION

Parameter Value
Bandwidth 0.3 ~ 150 MHz
Sensitivity, current input 1 mA (peak-to-peak)
Sensitivity, voltage output > 16 mV (peak-to-peak)
Load impedance 50Q
Hole dimension 54 mm

TABLE IV. DIGITAL OSCILLOSCOPE SPECIFICATION

Parameter Value
Total of input channel 4 channels
Bandwidth 250 MHz
Real-time sampling rate 5 GSals
Rise time 1.4ns
Acoustic Acoustic
sensor 50 em sensor
T
(a)
Acoustic
SENsOr |
"E Acoustic
SEensor
-l
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Fig. 5. Location variations of the PD source and acoustic sensors: (a)
The first scheme. (b) The second scheme.

C. Scheme of The Experiment

The Positions of electrodes and acoustic sensors were
varied, as shown in Fig. 5. In the first scheme, the location
of PD was at the tank center (0,0), and there were two
differently installed acoustic sensors. The first one touched
the outer tank wall (contact type), and the second one did
not touch the tank (hon-contact type). In the second scheme,
the PD position was lowered by 10 cm from the tank center,
so that it was at a point (0,-10). The two sensors were
contact type, but their position was different. The first one
was parallel to the PD source location at point (0,-10), while
another sensor was nonparallel to the point (0,0). In

addition, the gap distance between electrodes was varied for
all schemes, namely 1 mm and 2 mm.

D. Data Recording and Processing

The DC high voltage applied to the point electrode was
increased by 1 kV per step until the PD current was clearly
visible on the oscilloscope screen. Along with it, the
acoustic sensor output was recorded. Otherwise, the HFCT
output was only recorded when the PD current appeared
since the oscilloscope recording duration was limited. The
recorded acoustic signal in decibels was relative to full
scale (dBFS). In the dBFS unit, the loudest sound
detectable by the instrument was represented by the value
of 0 dBFS. In other words, the more negative the value of
dBFS, the lower the sound. The acoustic signal was then
transformed using the fast Fourier transform (FFT) to
obtain the frequency spectrum. The frequency spectrum
window was a rectangular type with a Y-axis unit in dBFS.
The acoustic waveforms and their frequency spectrum, as
well as the high frequency discharge current, were
analyzed and correlated for all schemes.

1. RESULTS AND ANALYSIS

A. Gap Distance and PD Source Location Effects to PD
Current Characteristics

The PD currents based on the first scheme (PD source at
(0,0)) and the second scheme (PD at (0,-10)) were shown in
Fig. 6 and 7, respectively. Current pulses generally
characterized the appearance of PD. However, its presence
accompanied by the high amplitude, which was several to
tens volt indicated that the PD had developed into arc
discharge.

The variation of electrode gap distances produced a
significant difference in current characteristics. At the same
duration, i.e., 3.5 seconds, the current pulses for the 1 mm
gap distance was much more significant and longer than the
2 mm gap distance. In other words, the shorter the gap, the
higher the PD activity. These characteristics were found not
only in the first scheme but also in the second scheme.
Besides that, at the same electrode distance but different PD
source positions, the shape of the current pulses was
relatively similar. It meant that the PD source position did
not affect the current characteristics.

B. First Scheme: Different Sensor Installation Effect
(Contact and Non-Contact Type) to Acoustic
Characteristics

The acoustic signals for each variation of sensor
installation are illustrated in Fig. 8 - 12. The signal emitted
by PD was generally characterized by impulse waveform,
followed by small distorted waves. In addition, based on the
frequency spectrum, the PD appearance was confirmed by
a significant increase in amplitude for all audio frequencies.

The contact type acoustic sensor that was attached to the
outer wall of the tank had better sensitivity than the non-
contact type installed about 50 cm from the outer wall of the
tank. At the same duration and gap distance, the sensor with
contact type is able to get more acoustic signals (in
amplitude and duration) than the non-contact type, as seen
in Fig 8(a), 9(a), 10(a), and 11(a). Moreover, the contact
type is able to detect earlier, as seen in Fig. 12. In this case,
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the contact sensor received the signal 0.0004 s faster than e e i L e T == S =
the non-contact sensor.

The impulse waveforms encountered in this scheme f\
may be grouped into two types. The first one is the impulse | |
wave that is sequentially arranged from the valley, the hill, ' \
and the valley, as seen in Fig. 8(a), 9(a), and 10(a). In other W‘l’f’“’f
words, these waveforms were observed on the experiments '
using the contact type sensor for all gap distance variations =
and non-contact type sensors for a 1 mm gap distance. The

Jhant L ! 2
second one is the impulse wave consisted only of the valley, L * ~
- - - - - . Ll
as seen in Fig. 11(a). This waveform was obtained during
the experiment using a non-contact sensor for a 2 mm gap (@)
distance. In the frequency spectrum, the first type gave a 0
relatively regular and smooth curve, while the second type
resulted in a curve that had a lot of high peaks and was
irregular. T
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Fig. 8. Acoustic characteristics based on a contact type sensor and a
1mm gap distance. (a) PD acoustic signal (13 kV). (b) The
frequency spectrum of non-PD (1 kV - 12 kV) and PD (13 kV).
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Fig. 9. Acoustic characteristics based on a non-contact type sensor and a
1 mm gap distance. (a) PD acoustic signal (13 kV). (b) The
frequency spectrum of non-PD (1 kV - 12 kV) and PD (13 kV).
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Fig. 10. Acoustic characteristics based on a contact type sensor and a 2
mm gap distance. (a) PD acoustic signal (15 kV). (b) The
frequency spectrum of non-PD (1 kV - 14 kV) and PD (15 kV).
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Fig. 11. Acoustic characteristics based on a non-contact type sensor and
a 2 mm gap distance. (a) PD acoustic signal (15 kV). (b) The
frequency spectrum of non-PD (1 kV - 14 kV) and PD (15 kV).
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Fig. 12. Difference in sensor sensitivity: (a) Contact type. (b) Non-
contact type.

C. Second Scheme: Effect of Different Mouting Position
(Contact Type) to Acoustic Characteristics

The acoustic signals based on contact type sensors
installed with various positions, i.e., parallel and
nonparallel to the PD source location, are shown in Fig. 13
— 15. The experiment using a sensor parallel to the PD
source location for all gap distance variations shows the
first type of impulse waveform sequentially composed of
the valley, the hill, and the valley, as illustrated in Fig.
13(a) and 15(a). On the other hand, the experiment using a
nonparallel sensor exhibits two different waveforms,
namely the second type impulse, which is only structured
from the valley, as seen in Fig. 14(a), for a 1 mm gap
distance, and the distorted non-impulse, as seen in Fig.
16(a), for a 2 mm gap distance. In addition, the amplitude
of the parallel sensor is higher than the nonparallel sensor.
The second type impulse and the non-impulse type cause
the curve of the frequency spectrum to be irregular and
have many high peaks. It is very different from the first

type.

D. Correlation Between Acoustic and PD Current Signal

The waveforms comparison between the acoustic and
the current at the same PD position and gap distance are
illustrated in Fig. 17 - 20. The acoustic and current
waveforms do not depend on each other. These results
strongly prove that the acoustic signal is not generated by
the PD current, and vice versa. On the other hand, the
duration of acoustic and current signals is relatively the
same. It confirms that the detected acoustic signals are the
PD emission. Moreover, both signals have a longer
duration in the experiment with the 1 mm gap distance than
the 2 mm gap distance. The signal sensitivity difference
could not be analyzed since the acoustic signal and current
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were not acquired by the same device (synchronization
could not be performed).

Fig. 13.
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Acoustic characteristics based on a 1 mm electrode gap and
contact type sensor parallel to the PD source location. (a) PD
acoustic signal (12 kV). (b) The frequency spectrum of non-PD
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Acoustic characteristics based on a 1 mm electrode gap and
contact type sensor nonparallel to the PD source location. (a)
PD acoustic signal (12 kV). (b) The frequency spectrum of
non-PD (1 kV - 11 kV) and PD (12 kV).
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Acoustic characteristics based on a 2 mm electrode gap and
contact type sensor parallel to the PD source location. (a) PD
acoustic signal (15 kV). (b) The frequency spectrum of non-
PD (1 kV - 14 kV) and PD (15 kV).
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Fig. 17. Results based on PD position at (0,0) and a 1 mm gap distance:

(a) Acoustic signal for contact type. (b) Current signal.
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Fig. 18. Results based on PD position at (0,0) and a 2 mm gap distance:

(a) Acoustic signal for contact type. (b) Current signal.
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Fig. 19. Results based on PD position at (0,-10) and a 1 mm gap distance:
(a) Acoustic signal for contact type. (b) Current signal.
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Fig. 20. Results based on PD position at (0,-10) and a 2 mm gap distance:
(a) Acoustic signal for contact type. (b) Current signal.

IV. CONCLUSIONS

This experiment has been able to generate PD in an oil-
filled tank and to detect its acoustic emission in audio
frequency. The presence of PD has successfully been
validated by the high frequency current pulses. The high
amplitude of current pulses indicates that the PD has
developed into arc discharge. Based on the acoustic signal,
the PD condition is characterized by the existence of
transient waveforms. They are the impulse and highly
distorted non-impulse types. The acoustic sensor attached
to the outer wall of tank (contact type) is more sensitive than
the sensor that has a distance from the tank (non-contact).
The contact type sensor installed parallel to the PD source
location resulted in the impulse waveform that was more
accurate than the nonparallel contact sensor. This indicates
that the perfection level of impulse waveform may reveal
the PD location in the oil-filled tank. The acoustic and
current waveforms do not depend on each other. However,
the closer electrode gap distance equivalently causes longer
acoustic and current duration. In addition, the current is not
influenced by the PD source location.
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