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Abstract

Recently, the electrification of cars has been rapidly proceeded. The rapid advancements in technology require the moving
force parts of such cars to be increasingly compact. Consequently, it is likely for higher electric fields to be generated in
the parts of compact electrified cars. The higher electric field indicates that partial discharges may occur within structures
of the car. The compactization of the parts indicates very small discharge gaps, such as several tens of microns in the
structures. Small-gap discharge phenomena cause a new and crucial aspect of partial discharge. We attempted to clarify
the fundamental partial discharge characteristics of commonly used polymer films, such as polyimide (PI), polyethylene
terephthalate (PET), and polyethylene naphthalate (PEN) films with the same film thickness of 75 um. Partial discharge
characteristics such as ¢-n distribution, ¢-g distribution, and g-» distribution were measured over several applied voltage
frequencies of 50, 100, 200, 500 and 1000 Hz with the same discharge gap of 75 um. Adding to conventional partial
discharge measurements, we attempted to measure nanosecond-order partial discharge currents directly using a recently
developed oscilloscope. We concentrated our intentions on the partial discharge current waveform measurements for the
PI, PET, and PEN films. These measurements clarified that the increasing times in the order of nanoseconds differ for

different types of films with the same film thickness, same electrode, and same applied voltage.
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1. Introduction

Previously, we investigated the effects and mechanisms of
partial discharges (PDs) to the damage for power equipment
and electronic devices (1)(2). Especially the effect of PDs
may cause intense damages to the insulation stability of high-
voltage equipment and high-field machines (3)(4). Recent
advancements have increased electric field design, even
extending it to mobile car equipment, and the  significance
of electrical insulation has been increasing (5-10). Within
this movement, the power equipment used in modern cars also
has the same tendency. Moreover, the compactization of
motor vehicles also causes electrification of the motive force
mechanisms and requires an effective higher electric field
design. This movement may cause small partial discharges
that occur in small gaps within small driving force parts (1-
14). The minimization of equipment may cause small
discharge gaps within several tens of microns and the PD
characteristics of these small discharge gaps should be
clarified.

This paper deals with PD characteristics within a small
discharge gap model over several polymer films, such as
polyimide (PI), polyethylene telephthalate (PET), and
polyethylene naphthalate (PEN). PD characteristics were
measured under sinusoidal wave alternating current voltages
of 50, 100, 200, 500, 1000 Hz. Within many kinds of partial
discharge  characteristics, ¢-n  characteristics, ¢-q
characteristics, and g-n characteristics were measured. In
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addition to these ordinal PD characteristics, we measured fast
PD currents directly in the order of several nanoseconds and
attempted to distinguish the PD characteristics over different
polymer films. We found that the shapes of the discharge
current shapes are different for different types of polymer
films with the same discharge gap of 75um for PI, PET, and
PEN films, and clear differences in discharge current forms
for different discharge gaps of Oum, 75um, and 150 um for a
PI film at all the same applied voltage of 1000V.
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Fig.1. Partial discharge magnitude measurement circuit.
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2. Measurement methods

PD pulses were measured using the circuit shown in Fig.1.
Power source was developed using an oscillator (Texio-
AG205) that generated a sinusoidal wave signal of 50—
1000Hz, and the sinusoidal waves were amplified to a 1000V
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peak by a power amplifier (Matsusada-HEOPS10B2). The
PD signals were detected using a signal integration circuit
with a 1kQ resistance and 1000pF capacitance under the
electrode system. The applied high voltage was measured
using a high-voltage probe with an impedance of more than
100MQ. The detected PD signals were filtered by two-steps
high-frequency filters of 10000pF capacitance and 1kQ
resistance, and the signals were sent to an oscilloscope
(WaveSurfer-3014Z, Teledyne LeCroy), with an input
impedance of IMQ. Due to the small machine power of the
power source, the coupling capacitor was set to 33pF.
Fortunately, the capacitance of the experimental structure was
about 1 to 2 pF; therefore, the small coupling capacitance
worked well. PD signals detected with a determined threshold
level were sent to a memory with an instantaneous voltage at
the PD occurrence.

The measured PD signals and voltage signals were AD
converted to digital signal at a rate of 1000 points per 10 nS.
Each signal comprised 1000 points for one PD pulse
measurement. The stored PD data and AC spontaneous
voltage data were combined into a single data group with
several additional data such as time information and setting
parameters of the oscilloscope. We tried to perform 10
measurements for one applied voltage and frequency. In total
10,000 positive and negative pulse numbers were measured.
Ideally, the ratio between the positive and negative PD pulses
would be 0.5:0.5. However, in reality, the ratio fluctuated
from 0.2:0.8 to 0.8:0.2. The measured pulse data were
statistically and consistently analyzed, even in the worst-ratio
case.

The electrode system for PD pulse signal measurement is
depicted in Fig.2 with a needle electrode for the high-voltage
side and a plane bras electrode for the ground. The needle
electrode has a 300 um tip radius, Imm diameter, and length
of 55 mm. The needle electrode was held using a PMMA
holder. The electrode was set over a specimen, such as PI film
with a spacer for ensure a proper gap distance. The thickness
of the spacer was set to 75um. However, for the gap distance
changing experiments, the spacer thickness was changed to
Opm or 150pm.
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Fig.2.Schematic electrode structure.

In this study, the PD current measurements were
explained using a current detection circuit, as shown in Fig.3.
The circuit was slightly modified for PD current measurement
from PD pulse measurement. The difference was observed
under the ground electrode. More specifically, for PD current
measurement, only a 50 Q resistance existed under the ground
electrode and was connected to the earth. A small current of a
few mA to a several hundreds mA at PD generation could be
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detected with this resistance and transferred to the
oscilloscope with an input impedance of 50 Q. For the high-
voltage measurement, the same input impedance of 1IMQ was
used. For the current measurement, the fastest sampling rate
of 10° samples per second was set up with 100 points for one
dataset. In other words, only 100 nS data length can be
measured for one-time current data. The current continues to
be less than 50 nS and therefore, the current waveform can be
measured with this time range.
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Fig.3. Partial discharge current measurement circuit.

The PD current measurements were repeated 1000 times
and stored as one data point with the applied voltage data
measurements. The measurements were repeated 10 times
and a total of 10000 pulse data were obtained. The positive
and the negative pulse ratios fluctuated form 2:8 to 8:2,
similar to the PD magnitude measurements. The polymer
films used in the experiments were PI, PET, and PEN films
with a thickness of 75 um. Those films have almost the same
relative permittivity of approximately 3-3.1.

3. Ordinary PD characteristics

The PD characteristics of the PI films are shown in Fig.4 as
¢-n characteristics, ¢ -q characteristics, and g-n characteristics.
The red and blue lines in the figures correspond to the positive
and negative pulse data, respectively. The applied voltage was
1000 V at peak and the applied voltage frequencies were 50,
100, 200, 500, and 1000 Hz, as shown in Fig.4.
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Fig.4.PD characteristics with PI film at d=75 pm with V,=1000 V.
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very similar for every applied voltage frequency.
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The PD characteristics of PEN films are shown in Fig.6
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Fig.6.PD characteristics with PEN film at d=75 pm with V.=1000 V.

The ¢-n characteristics show a large peak at phase angle
near 3/8 radians for the positive pulse distributions of
different applied voltage frequencies. The negative
distributions also have a single peak near 57/4 radian at 50Hz,
100Hz, and 200Hz. However, the peak is at 37/2 radians at
500Hz and 1000Hz. The ¢-¢g characteristics show a large
simple peak of around 300pC near n/4 radians for positive
distributions and a single peak around 300pC near 3m/4
radians for negative PD distributions for all applied voltage
frequencies. The ¢-n characteristics corresponding to
different applied voltage frequencies have the same relative
pulse magnitude of 1 corresponding to 1140pC. These
distributions show similar distribution patterns of the positive
and negative distributions for every frequency.

4. New PD characteristics

Partial discharge currents were measured as new partial
discharge characteristics to extend PD characteristics. The
measurement examples are shown in Fig.7, with positive and
negative PD pulses. Hereafter, “ns” stands for “nanoseconds”.
The rise time of the peak shape for the positive pulse was 2—
4 ns and the pulse width is about 7ns. A negative pulse
waveform is slightly smarter. The rise time of the negative
pulse was 2-3 ns and the pulse width is about 6 ns. Generally,
positive pulse current magnitudes are larger than those of
negative ones.

The pulse current waveforms measured with the PI films
are shown in Fig.8. The upper left figure shows about 8600
positive pulse data points, and the upper right figure shows
about 1400 negative pulse data points under a 50 Hz 1000V
peak voltage. The time from pulse detection to the pulse peak
is named “peak time” in this paper. The lower left figure
shows positive pulse current magnitudes as a function of the
peak time. The positive peak time had two peaks at 7 ns and
10 ns. The negative peak time distribution is shown in the
lower right figure and has a simple peak about 3 ns. The
positive pulse generation basically requires more time than
the negative pulse.

The peak time distributions for positive and negative
pulse measurements at 50, 100, 200,500, 1000 Hz are shown
in Fig.9. The positive pulse distribution has two peaks at 4 ns
and 7 ns at 50, 100, and 200Hz, respectively, and wider
distributions or dull peak shapes at 500 and 1000 Hz.  On the
contrary, the negative pulse data showed a single peak at 3 ns
at all applied voltage frequencies. The experimental result
suggests a difference in charge generation and movement
between the positive and negative charges.
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Fig.7. PD pulse current sample for a positive current pulse and a
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The pulse current waveforms measured with the PET
films are shown in Fig.10. The four figures in Fig.10 are the
same as those in Fig.8. The upper left side figure illustrates
the positive currents and the right side one shows the negative
ones. The positive pulse data indicates a pulse occurred just
before the detected larger main pulse in several cases. In total,
the detected positive pulse number is 4996, the double pulse
detection case number is less than 100, and the effect of these
unusual pulse effects is not sever. The total number of positive
processed pulses was 4930, as shown in the lower left figure.
The waveforms are very similar to positive pulse shape for the
PI films. However, the current intensities are several times
larger. Negative pulse waveforms are shown on the upper
right side. The total pulse number is 5004, and the pulse
heights were about one-forth of the positive pulse heights, as
shown in the lower right figure. However, the negative pulse
magnitude was about twice of the negative pulses of the PI
films. Several pulse have a delay time much greater than 10
ns. These large delay times for the negative pulses are quite
different from those of the PI film.

The peak time distributions for the positive and negative
pulse measurements or PET films at all applied voltage
frequencies are shown in Fig.11. The peak time distributions
for the positive and negative pulses were very similar for
different applied voltage frequencies. Besides, the positive
pulses have two peaks at 3 ns and 5 ns and the negative pulse
case 5 ns and 10 ns with a small occurrence rate than that at 5
ns. The distribution shapes for the positive and negative
pulses of the PET film were different from those of the PI
films.



Tatsuki Okamoto/Journal of Engineering Science and Technology Review 15 (SI) (2022) 22 - 30

0.025

0.02

0015;

0.01

PD current [A)
PD current [A]

0.005

25 0 25 50
Time [nS) Time [nS]

300
400
= € 200
3 3
5 200 g
3 2 100
e . &
(- 0
30 W»‘“ | 30
20% ’ '
4]
|
Time to peak [nS] 0 Time to peak [nS] 0 o 10

Pulse current [mA)

Pulse current [mA]

Fig.8. PD pulse currents for PI film with d=75 pm and V,=1000 V at 50 Hz.

V.=1000 V at different applied voltage frequencies.
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5. PD characteristics difference due to discharge gap
distance for PI films

Pulse current waveforms measured with the PI films without
a PD spacer are shown in Fig.14. The measured positive and
negative pulse number is 5042 and 4958, respectively. The
positive PD magnitude was approximately three times larger
than that with a 75 pm discharge gap, as shown in Fig.8.
However, the negative PD pulse magnitudes were almost
identical. The peak-time and the pulse current relations for the
positive and negative pulses are shown in the lower left and
the lower right figures. A comparison of the distribution area
in Fig.15 with those in Fig.8 shows a significant difference.
For the positive pulse case, the pulse magnitudes are more
than 60mA and quit differ from those in Fig.8; however, the
peak times are about 14 ns and similar in those two cases. For
the negative pulse case, the pulse magnitudes are similar in
Fig.15 and those in Fig.8; however, peak times are quite
different. Without a spacer case, the peak times are sometimes
more than 30 ns and much larger than those with a spacer case,
as shown in Fig.8.
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The peak-time distributions for all applied voltage
frequencies are shown in Fig.15. The peak-times for the
positive and negative pulses without a spacer were much
larger than those for a spacer case at each applied voltage
frequency. For the positive pulses, the main peak-time exists
near 15 ns and appears around several applied frequencies.
For the negative pulses, there were two peaks. One peak
appears near 4 ns and the other close 12 ns to 14 ns. The lager
negative peak-time shows the characteristic for the negative
PD characteristics without a spacer.
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Fig.15. PD current peak time for PI films with d=0 pm and V.=1000 V
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Fig.16. PD currents for PI films with d=150 pm and V,=1000 V at 50 Hz.

at different applied voltage frequencies.

Pulse current waveforms measured with the PI films are
shown in Fig.16, with a 150 pm thick PD spacer and an
applied voltage frequency of 50 Hz. The measured positive
and negative pulse numbers were 2393 and 7607, respectively,
and the maximum PD magnitudes were about 12 mA. The
positive PD magnitude becomes approximately half of those
with a discharge gap of 75 pum, as shown in Fig.8. The
negative pulse magnitude was almost the same as shown in
Fig.8. However, the pulse shapes of the positive pulse were a
bit longer than those of the negative pulses.

The peak-time distributions for all applied voltage
frequencies are shown in Fig.17. The peak-time of the
positive pulse distributions is about 5 ns and there is a second
peaks at 8 ns in the distributions of 200 and 500 Hz data. The
negative peak-time distributions have a peak at 4 ns for every
applied voltage frequency. The current pulse shapes of
negative pulse are a bit shaper than those of the positive pulses
and have small sub-peaks 7 ns at 100 and 200 Hz.

The peak-time distributions for the PI films with different
discharge gaps have the stable distribution patterns for
different applied voltage frequencies with the same voltage,
and the patterns are different from each other. The result
indicates the difference in peak-time distribution due to the
discharge gap distances may also indicate the difference of the
charge trapping mechanisms and charge movement speeds at
the surface of polymer films.
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Fig.17. PD current peak time distributions for PI film with d=150 um and
V.=1000 V at different applied voltage frequencies.

6. Conclusion

Resent development of oscilloscopes provides easy
measurement of nanosecond order current measurements.
With this new technology, the direct current measurements
can be performed easily than before. The direct current
measurements provide us the differences of polymer surface
characteristics that cannot be distinguished by the ordinary
PD characteristics. The results are summarized as follows;

(1) The PD characteristics were measured using a needle-
plane electrode system. The needle tip radius was set to 300

pm with a 75 pm discharge gap distance. The PD current was
measured directly. Polyimide (PI), polyethylene telephthalate
(PET), and polyethylene naphthalate (PEN) films of 75 um
were used as the samples. The applied voltage was set to
1000V peak voltage, and the frequencies of the applied
voltage were set to be 50,100,200,500, and 1000 Hz.

(2) The measured ordinary PD characteristics, such as ¢-n, ¢-
q, and g-n characteristics, are almost the same for different
material films. The PD pulse distributions and polarity
differences were determined.

(3) The PD current forms have clear polarity difference. A
new PD current parameter, peak-time, clearly distinguishes
the discharge current differences. The PI films have the
positive peak times of 4 ns and 7 ns and a negative peak time
of 3 ns. The PET films have positive peak-times at 3nS and
5nS. The negative peak-times appear at 3 ns and 9 ns. The
PEN films have positive peak-times over 4 ns to 5 ns and the
negative peak times over 3 ns and 4 ns.

(4) The PD current forms without a spacer and with a 150 pm
spacer were measured over the PI films. Without a spacer, the
high-voltage electrode touches the surface. The positive peak-
time is about 15 ns. The negative pulse has two peaks at 4 ns
and 13 ns. With a 150 pm spacer, the positive peak-time is 5
ns. With 200 and 500Hz of applied voltage frequencies, the
positive peak-time is 8 ns. The negative peak-time is 4 ns for
all applied voltage frequencies. However, there is another
small peak at 7 ns for 100 and 200 Hz.

We measured the PD current directly, and we would like to
measure PD currents with different kinds of electrode systems.
We hope that PD current measurements will help us the PD
mechanisms to establish better insulating systems.
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