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Pulse-Sequence Analysis of Discharges
in Air, Liquid and Solid Insulating Materials

Suwarno* and Teruyoshi. Mizutani**

Abstract — Electrical discharges may occur in gas, liquid as well as solid insulating materials. This
paper describes the investigation results on the discharges in air, silicone oil and low density
polyethylene (LDPE) using needle plane electrode system under AC voltage of 50 Hz. The
experimental results showed that for discharge in air (corona), discharge pulses were concentrated
around the peak of applied voltage at negative half cycle. For silicone oil positive as well as negative
discharges were observed which concentrated around the peak of applied voltage. The positive pulse
number was smaller but the magnitude was higher than that of negative discharge. Discharges in void
took place at wider range of phase of applied voltage. The unbalance in pulse number and magnitude
similar to that of oil discharges were observed. For electrical treeing in LDPE, the discharges were
spread before the zero cross of the applied voltage up to the peak at both positive and negative half
cycles. The discharge pulse sequence analysis indicated that the PD occurrence in air , oil and void
were strongly affected by the magnitude of applied voltage. However, for electrical treeing it was
observed that the discharge occurrence was strongly affected by the time derivative of the applied

voltage (dv/dt).
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1. Introduction

Insulation is an important part of a high voltage
apparatus. The insulation has to be able to withstand the
operational electric field in order to make the apparatus
working well. Due to high voltage and several extreme
conditions, discharges may take place in the insulation. In
air corona discharge is commonly observed[1]. In liquid
insulating materials discharge due to streamer were
reported[2,3]. In solid insulating materials, discharges
associated with void and electrical treeing are often
observed[4,5,6].

The occurrence of discharges in an insulating material
usually related with aging of the insulation and precursor
of the failure of the insulation[7,8]. Therefore,
understanding of the discharge is very important to know
the condition of the insulation. This become more
important since recently a condition- based maintenance
(CBM) was introduced to power system. The maintenance
system requires the information on the condition of the
apparatuses including the insulation system. By using the
particular characteristics of the discharges and its patterns,
the discharge sources may be recognized and the insulation
condition may be assessed.
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This paper reports the investigation results on the
phase-resolved measurement and pulse-sequence analysis
of discharges took place in air, silicone oil and low density
polyethylene. The three insulating materials are widely
used in high voltage apparatuses. Phase-resolved and PD
pulse-sequence analysis were used to interpret the
mechanism of the PD and to clarify the physical
phenomenon behind the occurrence of the PD.

2. Experiment
2.1 Sample and electrode system
Samples used in the experiment are air, silicone oil and
low density polyethylene. A needle -plane electrode system

as shown in Fig. 1 was used. The needle electrode (Ogura
Jewellery) has radius of tip of 3 pm and the curvature of

* 30°. The medium between the needle and plane electrode

was air for corona experiment. For investigating the
discharge in liquid insulating material, silicone oil with
viscosity of 500 cs was used and was put between the
electrodes. PD in solid insulating material was investigated
in LDPE samples. There are two kinds of LDPE samples.
First sample is a sample with 1 mm length of void at the tip
of needle electrode and second sample without void at the
tip of the needle electrode. An AC voltage was applied to
the needle electrode.
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Fig. 1. Sample — electrode arrangement

2.2 Measurement system

Discharges occurred in the insulating materials were
measured using a PC based measurement system as shown
in Fig. 2. The discharges occurred in the sample were
detected with an RC detector with R of 2 kQ2 and C of 330
pF with a lower cut off frequency of 250 kHz. The system
is able to measure and to show PD pulses in the 6-g-n
windows. Here 0 is the phase of PD occurrence, q is the
magnitude of discharge and n is the PD number. During
measurement discharges were detected by a discharge
detector. The detector is a kind of integrator. The output of
the detector is proportional to the charge of the discharge.
The output of the detector was measured by PD analyser
and digitized. The digital data was transferred to a PC for
further analysis. Calibration of the measurement system is
done by applying a known PD pulses from a PD calibrator
at sample and the system is run to measure. The sensitivity
of the measurement system was obtained from the pC of
the calibrated PD pulses and the measured voltage
indicated in the computer. The typical sensitivity of 55
pC/V was used in the experiment. Using the measuring
system the discharge magnitude, frequency as well as the
phase of discharge occurrence in the applied voltage cycles

is measured and the digital data are storage in the PC.
Further analysis of the discharges was done by using the
PC.

3. Experimental Results

3.1 Discharge in air

Fig. 3a shows 6-q-n pattern of discharges in air
(corona) at the tip of the needle electrode at applied voltage
of 3 kV. The horizontal axis is the phase of the applied
voltage (degree) while the vertical axis is the magnitude of
the discharge in pC. Each point represents a discharge
pulse. The coordinate of each point indicates the magnitude
of the discharge and the phase where the discharge took
place. The Fig. was obtained from discharge pulses took
place in 10 consecutive cycles.

From the Fig. it is seen that there are only negative
discharges observed in associated with corona. This
indicated that negative discharges much more easily to
occur in the corona. The phenomenon related with the
electrode arrangement. Negative discharge took place
when the needle electrode was negative. The fact revealed
that the initial electron was released from the needle tip.
The Fig. also showed that almost PD were concentrated
around the peak of the applied voltage suggested that the
magnitude of the applied voltage determined the
occurrence of the discharges.

Fig. 3b. shows the discharge pulse train took place in a
half cycle. The PD pulse number is about 25 pulses per
cycle. The time between 2 discharge was very small and
the discharge almost coincide each other. This results
indicated that discharges took place at a small over voltage
around the peak of the applied voltage.
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Fig. 2. PC-based PD measurement system
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Fig. 3. Typical 6-g-n patterns (a) and pulse sequence (b) of
discharges due to corona in air (§ mm electrode
separation and 3 kV applied voltage)

3.2 Discharge in silicone oil

Fig. 4 shows 6-g-n pattern and pulse sequence of
discharges in silicone oil at 4 mm electrode separation
and 9 kV applied voltage. The Fig. was obtained from
discharge pulses took place in 10 consecutive cycles. From
Fig. 4.a it is seen that positive and negative discharges
observed in silicone oil. This indicates that initial electrons
are available in both polarity of the needle and silicone
molecules played important role in releasing the initial
electrons. The Fig. also indicates that the magnitude of
positive discharge was higher than negative discharge. This
means that positive discharges took place in higher over
voltage than negative one. This may be due to the
availability of initial electron for positive discharges was
more difficult to occur than for negative discharges.

This asymmetrical behavior reflects the asymmetrical
role of electrode system in producing discharge in silicone
oil. Similar behavior was also observed in transformer oil
and perflouropolyether[9]. The magnitude of discharge in
both half cycles was proportional to the applied voltage.

Fig. 4.b shows discharge pulse train took place in a half
cycle. From the Fig. it is seen that discharge occurrence
was distributed around the peak of the applied voltage both
positive and negative half cycles. The typical PD numbers

were 8 and 12 for positive and negative half cycles
respectively. The time between 2 discharges in positive half
cycle was around 500 ps which is higher than 280 ps for
negative discharges.
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Fig. 4. Typical 6-g-n patterns (a) and pulse sequence (b) of
discharges in silicone oil with 4 mm electrode
separation at 9 kV applied voltage

The PD pulse sequence as shown in fig 3b. also showed
that the PD magnitude in silicone oil was greatly affected
by the instantaneous applied voltage.

3.3 Discharge in a void in LDPE

Fig. 5.a shows the typical PD pattern of a 1 mm void in
LDPE with 8 mm electrode separation at applied voltage of
45kV.
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similar to discharge in silicone oil. The Fig. also showed (b)
that there are positive discharges took place at negative Fig. 6. Typical 8-g-n patterns (a) and pulse sequence (b) of
applied voltage (350° — 360°) and negative discharge discharges due to electrical treeing in LDPE with 8
occurred at positive applied voltage (170° — 180°). The mm electrode separation and 8 kV applied voltage
phase shift is due to the effect of space charge in the
polyethylene caused by the discharge the proceeding half discharge increased with instantaneous voltage. The

cycle which increased the surface conductivity [10] and
made phase shift of actual void voltage from that of
external applied voltage.

Fig. 5b. shows the PD trains in a cycle. As indicated in
the Fig., the positive PD magnitude was slightly higher
than that of negative one. The time between two
consecutive PD pulses was around 0.4 ms.

3.4 Discharge due to electrical treeing in LDPE

Fig. 6 shows 0-g-n pattern and pulse sequence of

discharges due to electrical treeing in LDPE. The
distance between the needle tip and plane electrode was 8
mm and the applied voltage was 8 kV for 100 minutes.

The tree length was around 800 um. The Fig. was
obtained from discharge pulses took place in 50
consecutive cycles. From Fig. 6.a it is seen that positive
and negative discharges observed in the treeing. The Fig.
also indicates that the magnitude of positive discharge was
slightly higher than negative discharge. This means that
positive discharges took place in higher over voltage and
the availability of initial electron for positive discharge was
more difficult than for negative discharge. '

The Fig. also indicates that the magnitude of the

discharge took place around the zero cross of the applied
voltage and distributed up to the peak. Similar to that of
void discharges, phase shift was also observed in the
electrical treeing discharges.

Fig. 6.b shows pulse sequence of discharges took place
in positive and negative half cycles. From the Fig. it is
clearly seen that discharge occurrence (repetition rate) was
higher at around zero cross of applied voltage (high the
dv/dt) than that around peak (small dv/dt) of the applied
voltage. These suggested the important role of the time
derivative of applied voltage (dv/dt) on the occurrence of
treeing discharges. The time between 2 discharges around
zero cross was around 1000 ps and around 1400 ps for
discharges took place around peak

The number of discharge pulses in each half cycle was
small (around 4). This Fig. was much smaller than that of
discharge due to corona and discharge in silicone oil.

The role of instantaneous applied voltage (v(t)) in
determining the magnitude of the discharges and the role of
the time derivative of the applied voltage (dv/dt) in
determining the occurrence of the discharges due to
electrical treeing are much clarified by the 6-q-n pattern
under triangular and rectangular applied voltages as shown
in Fig. 7.
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As shown in fig 7.a, under triangular applied voltage
the pattern was triangular indicating the role of applied
voltage in determining the discharge magnitude [11].

Fig. 7.b. shows the 0-g-n pattern of discharge due to
electrical treeing under rectangular voltage. The magnitude
of the discharges reflected well the shape of the rectangular
applied voltage. The discharges only took place around
zero cross where dv/dt was not zero and high enough to
initiate the discharge. This clarified the role of dv/dt in
determining the probability of discharge occurrence[5].
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Typical 8-q-n pattern due to electrical treeing under
triangular voltage (a) and rectangular voltage (b)
with 8 mm electrode separation at 9 kV (triangular)

and 6 kV (rectangular)

From the experimental results, the characteristics of the
discharges in air, liquid and solid insulating materials can
be summarized as indicated in table 1.

Phase Angle [deg.]
()
Table 1. Summary of the characteristics of discharges in air, silicone oil and LDPE
Corona PD in Silicone Oil Void PD Treeing PD
Phase of PD Almost at around peak Starting from about 457 ]s)el\irrl:luc,;zd f]r;er?ore
Occurrence of negative half ¢ pcle of At around peak of before zero cross up to Zero crossg; to
and possible | applied voltage applied voltage peak of applied voliage. | 2\ B
fac t(frs Ssp estin th% suggesting the Both instantaneous Bol tace pp
affected the inizgintanegous voltage instantaneous voltage voltage and time Timegdérivative of
J role on the PD derivative of applied .
PD role on the PD applied voltage
occurrence voltage affect the PD g
occurrence occurrence rence (dv/dt)determines
oced ' the PD occurrence.
]i?xzf:rﬂglfe%ievolta € Depend on the
Almost constant ge- instantaneous voltage. Depends on the time Depend on the
atterns reflected fast Almost constant patterns | derivative of the applied | instantaneous
PD II')ecove of the reflected the recovery of | voltage. voltage
Magnitude | 520 t;yc the dielectric.
PD at both polarfties. PD at both polarities. P(?laiti tti):sthPosi tive
Positive PD magnitude Positive PD magnitude p .
PD PD only observed at ) ) ) . PD magnitude was
. was bigger than negative | was bigger than negative . .
Unbalance negative half cycle bigger than negative
but PD number was but PD number was
smaller smaller. but PD number was
) smaller
Many PD pulses and Many PD pulses at each | A few PD pulses in
Many PD pulses at distributed around peak g?slfrlcgg:; 23‘; a laree ;?::;::g t?t yv(s:/laes&
Pulse negative half cycle and | of applied voltage of & :
" phase angle. Phase shift | observed which
Sequence concentrated around 90 | both polarities. .
. was observed which reflected strong
deg No phase shift was
observed reflected the effect of effect of space
’ space charge. charge.
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4. Conclusion

Based on the experimental results some conclusions
can be drawn as follows: There are differences in
characteristics among discharges in air, silicone oil and
LDPE. The differences related with the magnitude and the
phase or discharge occurrences. The magnitude as well as
discharge occurrences in air and silicone oil are greatly
dependent on the instantaneous applied voltage. In LDPE,
the magnitude and PD occurrence are dependent of
instantaneous applied voltage while for electrical treeing
the discharge magnitude is greatly affected by the applied
voltage but the discharge occurrence is dependent on the
time derivative of the applied voltage. The discharge
characteristics and patterns are important to discriminate
the origin of discharge sources
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