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Abstract—An acoustic emission (AE) technique is useful for
detection of partial discharges (PDs) at ajoint and aterminal section of
across-linked polyethylene (XLPE) cable. For AE technique, it is not
difficult to detect a PD using AE sensors. However, it is difficult to
grasp whether the detected AE signal is owing to asingle discharge or
not. Additionally, when an AE technique is applied at a terminal
section of a XLPE cablein salt pollution district, for example, thereis
possibility of detection of AE signals owing to creeping discharges on
the surface of electric power apparatus. In thisstudy, we evaluated AE
signals in order to grasp what kind of information we can get from
detected AE signals. The results showed that envelop detection of AE
signal and aperiod which some AE signal s were continuously detected
were good indexes for estimating state-of-discharge.
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|. INTRODUCTION

THE stable power supply is strongly demanded for the latest
advanced information society. From such a viewpoint, the
monitoring or the diagnostic apparatus which can be applied
even to a power transmission and distribution system in
operation should be established. Such apparatus should aso be
simple to operate and cost lessin their installation.

Incidentally, at joint and terminal sections of cross-linked
polyethylene insulated vinyl sheath (XLPE) cables, partia
discharges (PDs) may occur in defects of insulating materials.
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Because PDs generally lower the insulation performance of
XLPE cables, the diagnostics is very important. We focused on
the PD detection at joint and terminal sections, made of ethylene
propylene rubber (EPR), of a XLPE cable because defects at
joint and terminal sections occupy approximately 30% of
electric failures in XLPE cables. To detect PDs, we utilize an
acoustic emission (AE) technique [1]-[6].

AE wave consists of sound and ultrasonic waves as elastic
waves and can be observed when stress or energy isreleased in
materials. The AE signals are detected by a piezoelectric AE
sensor set on the surface of atest material. From the detection of
AE signal, we can grasp occurrence of PDs even under systems
in operation.

As with an electromagnetic wave detection technique [7], a
noise removal is required even for an AE technique. On the
other hand, because AE sensors are directly attached to power
apparatus, a complicated removal technique is not required. In
the case of measurement on a XLPE cable, most noise
components owing to vibration of the X L PE cable are excluded,
easily. Thus, the AE sensor can easily detect elastic waves
owing to aPD in dielectric material when a PD |ocates near an
AE sensor.

Portabl e diagnostic instruments with an AE sensor have been
sold, recently. The deterioration may be diagnosed even by such
instruments; however, diagnosis may not be enough because
evaluation of PD location is not carried out. For example,
diagnostic instruments which do not locate a PD using several
sensorsmay not be judge whether detected AE signal isfromthe
inside of a XLPE cable or not. In salt pollution area, electric
power apparatus is easily damaged by briny air. Creeping
discharges may occur at the surface of a joint or a termina
section of aXLPE cableinthe salt pollution district, i.e., thereis
possibility of detection of AE signals owing to creeping
discharges.

Also, there is much possibility of occurrence of several PDs
at the initial stage of deterioration. Until now, it has not been
investigated that detected AE signa is owing to a single
discharge or not. To settle the problems, it is desired to pick
variousinformation up only from AE signalsdetected by using a
low cost diagnostic instrument.

In this study, we first focused on whether the AE technique
can distinguish between PDs and creeping discharges.
Additionally, we tried to distinguish between single and plural
PDsin materia by using an AE technique.
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II.EXPERIMENTAL METHODS

A. Generation of inside and outside discharges

Instead of creeping discharge occurred outsidea X L PE cable,
we here generated discharges at the surface of a plate-like EPR
and inside a sandwiched EPR plates. Figure 1 shows the
experimental setup for measurements of AE signal and PD
current, and Fig. 2 shows electrode arrangements for generation
of discharges at the surface of a plate-like EPR and inside a
sandwiched EPR plates. A plate-like EPR (200 mm x 200 mm)
with thickness of 10 mm, density of 1.19 g/cm®, dielectric
constant of 3.0 and volume resistivity of 5 x 10™ Q-cm was used
here. A couple of copper needle-like electrodes 10 mm in width
was arranged on the surface of an EPR plate with length of 110
mm. The gap length of the electrode system was 3 mm. When
discharges were generated in EPR, a couple of copper
needle-like electrodes was sandwiched by a 20 mm-thick-EPR
plate and two EPR plates with a total thickness of 40 mm. AC
voltage with frequency of 60 Hz was applied until discharges
were generated, and itsrangewas 2 - 4 kV.

A piezoelectric AE sensor with a diameter of 10 mm and the
wide frequency sensitivity in the range of 20 kHz to 1000 kHz
was arranged at the surface of aCV cable. In the case when AE
signals owing to outside discharges were measured, an AE
sensor was arranged on the surface of an EPR plate. The
distance between the AE sensor and the center of the gap axis of
an electrode system was 20 mm. The AE signal detected by the
AE sensor was amplified by apreamplifier of 30 dB (Maximum
gain: 40 dB) with a frequency band of 2 kHz - 1.2 MHz and a
main amplifier of 50 dB (Maximum gain: 40dB) with alow pass
filter of 500 kHz, i.e., a total amplification was 80 dB. The
signal from the amplifier system was sent to a digital
oscilloscope with a sampling frequency of 1 MHz or 50 MHz
and then recorded with a computer for further analyses
including afast Fourier transform (FFT).

PD current with a pulse width of several tens ns was detected
with a CT sensor and was sent to a digital oscilloscope with a
sampling frequency of 100 MHz, which triggered a digital
oscilloscope used for recording AE signals. The measurements
of the AE signal and the PD current against time (t) elapsed
from the voltage application were continuously carried out.
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Fig. 1 Experimental setup for AE measurement
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(a) Electrode arrangement for outside discharge

(b) Electrode arrangement for inside discharge
Fig. 2 Electrode arrangement for generation of discharges

B. Generation of single discharge and plural discharges

Figure 3 shows our used T-branch joint of XLPE cable for a
22 kV distribution system. Figure 4 shows the experimental
setup for measurements of AE signal and PD current, and Fig. 5
shows the arrangement of AE sensors on the surface of a
T-branch joint with outer diameter of 86 mm. The insulation
taps were connected to the T-branch joint, and tow copper
needle-like el ectrodes mentioned in Sec. A were arranged on the
surface of the connected insulation tap. The distance between
the tip of the cooper electrode and the tip of the conductor of
T-branch joint was 20 mm. AC voltage with 60 Hz was applied
to conductor of the T-branch joint in order to generate
discharges and itsrange was 5 — 10 kV.

AE sensors, preamplifiers, and main amplifierswere the same
as those mentioned in Sec. A. Two AE sensors and two earth
electrodes were placed every 90 degrees. The sensitivity of
“Sensor B” system is about 40% lower than that of “ Sensor A”
system.

Fig. 3 T-branc jont
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Fig. 5 Arrangement of AE sensors and earth electrodes

IIl. EXPERIMENTAL RESULTS

A. Distinction between inside and outside discharges

Figure 6 shows AE signals obtained when outside and inside
discharges were generated. “0 ms’ in this figure means the
ignition of discharge. The applied voltages for the outside and
the inside discharge were 2.6 kV and 3.7 kV, respectively.
However, the leakage currents were the almost same. The
maximum current values for the outside and the inside discharge
were 2.2 mA and 2.3 mA, respectively. Although the current
values were the same, it seemed that waveforms of AE signals
were extremely different. The signal decay time in the case of
the outside discharge is much shorter than that in the case of the
inside discharge. Then, we carried out envelop detection of AE
signal. Fig. 7 shows envelops obtained for the cases of outside
and inside discharges. The decay for the case of outside
discharge is obviously short.
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Fig. 6 AE signals obtained when outside and inside discharges were
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Figure 8 shows distribution of decay times for tdases of
outside and inside discharges.

The number of measurements was 3 for each dischaéhge
decay time for the case of outside dischargetisamange of 0.1
to 0.14 ms whereas that for the case of insidéndige is in the
range of 0.22 to 0.26 ms. As mentioned before,l¢h&age
currents for both cases were the almost sametheamounts
of energy release owing to discharges might balthest same.
Energy transformed into generation of elastic waagsing EPR
may disperses in all directions of EPR in the azsthe inside
discharge. However, in the case of the outsidéhdige, energy
transformed into generation of elastic wave pasgiPR is half.
Therefore, the AE signal for the case of the oetsiidcharge is
smaller than that for the case of the inside disgha
Additionally, a period which the AE signal is canibusly
detected is short.
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Fig. 8 Distribution of decay time for the case®ofside and inside
discharges

Figure 9 shows FFT spectra of AE signals shiomig. 6. A
frequency component around 60 kHz is extremelydiathban
other components for the case of the inside digeh@fig. 9(b)).
As shown in Fig. 6, the maximum intensity of AEr&d owing
to the inside discharge (Fig. 9(a)) is 3 times darthan that
owing to the outside discharge. Thus, the largesiggal for the
case of the inside discharge is mainly due to gukecy
component around 60 kHz. In contrast, the interesitund 60
kHz for the case of the outside discharge is muaallsabout
one-sixth) in comparison with that for the caseth# inside
discharge.

components than 200 kHz are large.

Thus, envelop detection is useful for distinging between
the inside and the outside discharge, i.e., betwebs or
creeping discharge on the surface of a joint / irgsthsection of
a XLPE cable. If adding frequency information oh&d from
detected AE signal, the distinction accuracy wéltigher.
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Fig. 9 FFT spectra obtained from AE signals fordhses of the
outside and inside discharges

B. Digtinction between single and plural discharges

Typical waveforms of AE signals obtained by “Sensdr
and “Sensor B” when AC voltage was applied onlyEarth
electrode A” are shown in Fig. 10. “0 ms” in tfigure means
the ignition of discharge. There is a time differerf 0.012 ms
in detection of AE signals by “Sensor A” and “SenBd. We
have already investigated velocity of AE wave inREH6]
Considering the velocity of 1300 m/s, the calcudadéstance is
16 mm. The distance between the tip of “Earth edelet A” and
“Sensor A” was 45.3 mm, and that between the tipEarth
electrode A” and “Sensor B” was 61.3 mm. The ddfer
distance is 16 mm. Then, we first confirmed thatAl sensor
system could detect a discharge generated atphaf tiEarth
electrode A", correctly. Incidentally, the maximumtensity
getected by “Sensor A” was 1.06 V whereas thatSsnsor B”
Wwas 0.52 V. The reason why the detected intensit{Sensor
B” is small is that the sensitivity of “Sensor Bystem is about
40% lower and that elastic waves attenuated dupegsing
through EPR.

Next, we show FFT spectra of Fig. 10 in Fig. 1frequency
component obtained by “Sensor A” is large at ardd@@&Hz. In
contrast, a frequency component at around 100 kHarger
than at around 100 kHz. This may be due to attémuaf main
component of 60 kHz.
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Fig. 10 Typical waveforms of AE signals due toregt discharge
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(b) AE signal waveform by “Sensor B”
Fig. 11 FFT spectra of AE signals shown in Fig. 10

AE signals obtained by arranging one or twdtealectrodes

are shown in Figs. 12 and 13, respectively. The imax
leakage current in the case of arranging “Eartbtedde A” was
6.76 mA, and the maximum intensity of detected Afaal was
0.55 V.
Also, when arranging two earth electrodes of “Eatctrode
A" and “Earth electrode B”, detected leakage cusen “Earth
electrode A” and “Earth electrode B” were 1.62 nAl&8.55
mA, respectively.

The intensity of AE signal detected by “Sensor Adsn0.53
mV whereas that by “Sensor B” was 0.51 mV. Becdhse
leakage current detected at each earth electroeeyiad to
convert using the leakage current and the inte$iE signal
detected under arranging one earth electrode.
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The leakage current at “Earth electrode A” was 1n®®
when two earth electrodes were arranged; theretioeegurrent
was 0.24 times smaller than that by arranging oaghe
electrode (6.76mA). Until now, we have already stigated
that there is linearity between the leakage cureemt the AE
signal intensity.[8],[9] Based on the results ofa by
arranging one earth electrode, the AE signal inyeriisr the
case of arranging two earth electrodes might b& Y which
corresponded to that obtained by 0.240.55 mV. However,
the detected intensity was 0.33 mV, and it wasnksi larger
than that expected intensity. In similar, the AReirsity
obtained by “Sensor B” when two earth electrodesewe
arranged was about 1.8 times larger than that ¢egéutensity.

Considering characteristic of “Sensor B” system $¢ho
sensitivity is about 40% smaller than “Sensor Asteyn, it is
concluded that the AE intensity obtained by arraggwo earth
electrodes is about 4 times larger than by onehedetctrode.
Thus, in the case when the difference of ignitionirtg between
plural discharges is small, the AE intensity becehagge by a
fact that two AE waves overlap. Additionally, fraamalyses of
fast Fourier transform of Figs.12 and 13, it waani that
spectral distributions of FFT were the almost saamethat
shown in Fig. 11.
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By the way, the difference in ignition timing be®veplural

discharges is usually large. The typical AE sighetiected by
“Sensor A” is shown in Fig. 14.
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As can be seen from this figure, two AE waves arkl
continuously detected. Therefore, a period whid¢h gignal
was continuously detected becomes long. The peasi@bout (6]
0.5 ms when two discharges were generated andamyert
whereas that when one earth electrode was arramgeebout
0.25 ms. However, FFT spectra of Fig. 14 is theoalrsame as o
that of Fig. 11(a). Thus, the results indicatbdttwe can
distinguish between single and plural dischargesphying [g]
attention to a period which AE signal is continuguwtetected.

0.8
0.6
0af ol
0.2 r

0
02 F
-04

Intensity of AE signal [V]

.06 |

-0.8

0.3 0.4 0.5 0.6 0.7 0.8
Time [ms]

Fig. 14 AE signals when two discharges occurred
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Fig. 15 FFT spectra of AE signal shown in Fig. 14

In this study, we attempted to pick various infotioa up
from AE signals detected by piezoelectric AE sessdihe
results showed that an envelop detection technguseful for
distinguishing between the inside and the outsisiehdrge, i.e.,
between PDs or creeping discharge on the surfaeejaiht /
terminal section of a XLPE cable. Additionallywe refer FFT
spectra obtained from detected AE signal, the rdistin
accuracy might be higher. Additionally, a periodiethsome
AE signals were continuously detected was a godexrfor
estimating whether plural discharges occurred ér no
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