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Partial discharge (PD) characteristics within an artificial air-filled void contained in a solid insulator were
experimentally investigated under superimposed sinusoidal voltages of 60 and 600 Hz at liquid nitrogen tem-
perature (77K) to find the effects of the waveforms of distorted sinusoidal voltages on PD characteristics at

T7K. The results show that PD inception voltage at 77K is independent of the applied voltage waveform.
The results also show that, when the 600 Hz component of the superimposed voltage is increased with its
constant peak value, PD intensity seems to be independent of the voltage waveform, whereas PD pulse num-
ber increases. Since PD charge magnitude and pulse number at 77 K were remarkably different from those
at 298 K, their mechanisms are discussed based on the observation results of residual charge distributions
remaining on a void surface subjected to PDs under 60 Hz ac voltages at both temperatures.
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1. Introduction

In the high temperature superconducting power equip-
ment embedded in liquid nitrogen (LNy), partial dis-
charge (PD) is one of the main factors to cause degra-
dation of its solid insulators used under cryogenic con-
ditions. Therefore, it is necessary to clarify PD char-
acteristics and PD degradation mechanism of solid in-
sulators at LNo temperature (77 K). Furthermore, these
characteristics should be investigated under not only ac
voltages with commercial power frequency but also dis-
torted ac voltages produced by operations of non-linear
loads such as power electronic devices used in electric
power systems ), LA

In this study, taking a void defect contained in a solid
insulator as a PD source, fundamental PD characteris-
tics within an artificial air-filled void were experimen-
tally investigated under 60 Hz ac voltages at both 77K
and room temperature of 298 K. Moreover, the PD char-
acteristics under superimposed sinusoidal voltages of 60
and 600 Hz which simulated distorted ac voltages were
measured at 77 K. As a result, it is clarified that the first
PD inception voltage, PD charge magnitude and pulse
number at 77K are remarkably different from those at
298K. It is also clarified by the experiments at 77 K
that PD- inception voltage is almost independent of the
applied voltage waveform. However, when the 600 Hz
component of the superimposed voltage increases with
its peak value at the PD inception level, the occurrences
of PDs become synchronized with the 600 Hz component
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and PD pulse number increases. In order to explore the
mechanisms causing the differences between PD charge
magnitude and pulse number at 77 K and those.at 208 K,
the residual charge distributions on an inner void surface
subjected to PDs were investigated at 77 and 298 K.

2. Experimental Setup and Method

The experimental setup and the PD measurement Sys-
tem are the same ones as reported in the reference ®.

2.1 Applied Voltage Waveform The superim-
posed sinusoidal voltage v, is defined as

Vo = Visin(27 fit) + Vi sin(2w fpt) - oo oo n - (1)

where f; = 60Hz and f;, = 600Hz in this study. The
summation of the peak values of the 60Hz and the
600 Hz components, i.e. (V;+V}), is defined as V. Since
the difference between the real peak value of the super-

* imposed voltage and V;, is small (less than 5%), the max-

imum magnitude of the applied voltages is approximated
by V, in the followings. :

2.2 Test Sample Generally, the superconduct-
ing power equipment is manufactured in atmospheric
air at room temperature and then operated under cryo-
genic conditions. Therefore, if void defects are contained
in its solid insulators, the gas inside the voids is basically
air, which was taken into account in our preparation for
the test samples. The practical void size is presumably
in the order of ym in diameter ®, but from the view-
point of obtaining fundamental PD data, the cylindrical
void with a height of 250 yum and a diameter of 5mm
was selected so that occurrences of sufficiently high PD
pulses beyond the detection sensitivity (3 pC) and good
reproduction of void configuration could be achieved.
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In this study, two different types of electrode system
are employed as a test sample. They are referred to
“test samples A and B”, respectively. Their schematic
diagrams are shown in Fig.1. The test sample A was
used to measure fundamental PD characteristics. On
the other hand, the test sample B was used for the ob-
servation of a distribution of residual charges on a solid
insulator as a result of PD activities. .

The artificial air-filled void in the test sample A
consists of three sheets of polyethylene terephthalate
(PET). The central sheet is 250 yum in thickness and has
a punched hole of 5mm in diameter at the center. The
thicknesses of the other two sheets are 50 um. These
sheets are bonded tightly together with epoxy resin and
placed between a high voltage sphere electrode of 5.6 mm
in diameter and a grounded plane electrode of 10 mm in
diameter. The electrode system is molded in epoxy resin
to prevent parasitic discharges at the other locations.

The geometric arrangement of the test sample B is
similar to that of the test sample A, but for simple ob-
servations of residual charge distributions, the diame-
ters of the void and the grounded plane electrode are
extended to 20mm and the three PET sheets are not
bonded with epoxy resin. Instead, in order to obtain
the same gas condition within a void as that of the test
sample A, the electrode system is enclosed with acrylic
walls.

2.3 Observation Method of Residual Charges
Remaining on a PET Sheet Residual charge dis-
tribution on a PET sheet by PDs at 298 K was easily
observed by the dust figure method ® which utilized the
adhesion of charged powder (printing toner) to residual
charges remaining on a solid insulator, but its use was
difficult under cryogenic conditions. Therefore, these
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residual charges on a PET sheet were observed at 77K
by means of the frost figure method . The frost figures
in our case were created when a cryogenic surface of a
PET sheet with residual charges touched with open at-
mospheric air, and water vapor in air near the charged
area was attracted to the residual charges and froze. It
was checked that the figures obtained by the frost figure
method and ones by the toner dust figure method were
almost similar.

3. Experimental Results

3.1 PD Characteristics under 60 Hz AC Volt-
ages at Liquid Nitrogen and Room Temperatures
It has been reported that PD behaviors within a void
at 77K are different from those at 298 K under 60 Hz
ac voltage (7, but details of PD charge magnitude and
pulse number have not been discussed. Therefore, these
characteristics were investigated with the test samples
A under 60 Hz ac voltages at 77 and 298 K.

3.1.1 PD inception voltage The relationships
between PD inception voltages (PDIVs) and the order
of the voltage applications at 77 and 298 K are shown
in Fig. 2. They were measured with five test samples at
each temperature. In the measurements, the peak value
of the 60 Hz ac voltage was raised at the constant rate of
0.5kV /s and it was regarded as PDIV when the first PD
pulse was observed by an oscilloscope (Tektronix TDS
620A). From Fig. 2, it is found that the value of PDIV
for the first voltage application is higher than those for
the following voltage applications at both temperatures.
Concerning the first PDIV, the value at 77K is larger
than that at 298 K. It is considered that this is because
the delay time for the initial electron generation trigger-
ing the first PD ignition inside a void at 77K is longer
than that at 298 K ®. The values of PDIV for the sec-
ond or latter voltage applications are almost the same
at both temperatures, and they are defined as V;, here.
With the test sample B, the similar results of PDIVs
were obtained.

3.1.2 ¢-g characteristics  Figs. 3(a) and (b) are
the ¢-q characteristics measured just after the 60Hz
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Fig.3. ¢-g characteristics under 60 Hz ac voltage
at 77 and 298K (V, = 2.5kV)
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voltage applications with V, = 2.5kV at 77 and 298K,
respectively. Here, ¢ is the phase angle of the 60 Hz
ac voltage and ¢ is the apparent PD charge magnitude.
These figures depict that the values of g are distributed
in the range of a few ~500pC at 77K while they are
distributed in the wider range of 100~2500 pC at 298 K.
3.1.3 Time dependence of PD characteristics
When successive PDs occur in a void, gas conditions
within the void and conditions of an inner surface sub-
jected to PDs will change ®. Therefore, it is possible
that PD characteristics such as PD charge magnitude
and pulse number will vary with time. Then, the time
dependence of these characteristics was measured under
the 60.Hz ac voltages of V, = V; at 77 and 298 K. The
values of V; are 2.56kV at 77K and 2.5kV at 298 K.
The time dependence of the mean PD charge magni-
tude in 1 second ¢meqn Was measured at 77 and 298 K

and their results are shown in Fig.4. From Fig. 4, it .

can be seen that the value of ¢ean at 298K is about
3~10 times larger than that at 77 K. On the other hand,
the time dependence of the PD pulse number during 1
second n at both temperatures shows different features
from that of ¢mearn, as réported in Fig.5. That is, the
value of n tends to be constant immediately after the
voltage application and afterwards it begins to decrease
to zero. Furthermore, from Fig. 5, it is found that the al-
most constant value of n at 77K is about 8 times higher
than that at 298 K.

From both Figs.4 and 5, it is clear that PD pulses
eventually disappear with its number decreasing, and
the final PD pulse extinction comes much earlier at
298 K than at 77 K. It is believed that such time depen-
dence of the PD characteristics is related to the changes
in gas composition and surface conditions of PET sheets
during the appearance of repetitive PDs, which will be
described in detail in the section 4.2. Then, the results
reported in Figs. 4 and 5 suggest that these changes in-
side the void can be more accelerated at 298 K than at
TTK.

3.2 PD Characteristics under Superimposed
Sinusoidal Voltages at Liquid Nitrogen Tempera-
ture In this section, the experimental results of the
PD characteristics measured with the test samples A
under the superimposed sinusoidal voltages of 60 and
600Hz at 77K are presented.

3.2.1 Dependence of V; on the applied voltage
waveform At room temperature, it’s been ensured
that the value of V; is independent of the waveform of
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Fig.5. Time dependence of PD pulse number dur-

ing 1 second under 60 Hz ac voltage at 77 and 298 K
(Vo = V45 2.56kV at 77K and 2.5kV at 298 K)

the superimposed voltage ®, but its effect on V; has not
been investigated at 77 K. Then, the values of V; were
measured under the superimposed sinusoidal voltages of
60 and 600Hz at 77K. In the measurements, the peak
value of the superimposed voltage was increased at the
constant rate of 0.5kV /s keeping the ratio V;,/V, con-
stant. Moreover, assuming the scattering of V; among
test samples, the same test sample was used at both
77 and 298 K. The values of V; were measured for each
voltage waveform at 77 K at first, and then the ambient
temperature of the test sample was raised up to 298 K
and the values of V; were measured in the same way.

The values of V; at 77 and 298 K are plotted as a func-
tion of V3, /V,, i.e. the ratio of the 600 Hz component in
the v,, in Fig. 6. From the figure, it can be seen that the
values of V; at 77K as well as 298 K are almost indepen-
dent of the voltage waveform. Hence, it is believed that
the effects of the applied voltage waveform on the other
PD characteristics described below will have nothing to
do with V;.

3.2.2 Effect of the voltage superposition on
¢-q characteristic  Figs.7(a)~(e) are the ¢-g
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sinusoidal voltages of 60 and 600Hz at 77K
(V. = 2.5kV)

characteristics just after the applications of the voltages
in the range of V;/V, = 0 ~ 1.0 with V, = 2.5kV.
From these figures, the following trend can be recog-
nized. From the ¢-¢ pattern in the case of V3, /V, = 0.25
(see Fig.7(b)), the absence of PD occurrences can be
seen in the regions of ¢ = 0 ~ 90° or 180 ~ 270°, where
PDs appear under the 60 Hz ac voltage (V4/Va = 0).
When the value of V4,/V, is increased to 0.5, the re-
gions of ¢ with PD occurrences can be found at every
half cycles of the 600 Hz voltage component. Therefore,
it can be said that the ¢-q pattern’is similar to that un-
der the 600 Hz ac voltage (Vi/V, = 1.0) in terms of the
¢ with PD occurrences, but the scattering of ¢ at each

EHH B, 1234 115, 2003 &

300E
| , ——o—Vh/V =0.0
a
—epm=V [V =026
h a
200 B """i"'"Vh/Va=0.5
Q _
o ; —O'—Vh/Va~1.0

0 50 100 150 200 250
Time [min]
Fig.8. Time dependence of mean PD charge mag-

nitude in 1 second under superimposed voltages of
60 and 600Hz at 77K (V, = V;)

3000 ,
l —e—V, /V =00
; —a- -V, /V, =025
. a
200032 —a- -V, /V =05
! —_—V /V =10
[ h a
)

n {pps]

0 50 100 150 200 250
Time [min]

Fig.9. Time dependence of PD pulsé number dur-
‘ing 1 second under superimposed voltages of 60 and
600Hz at 77K (Vo = Vi)

half cycle of the 600 Hz voltage component clearly de-
pends on the region of ¢. For example, in Fig. 7(c), the
values of ¢ are distributed in the range of 50~1350 pC
around ¢ = 40° where large values of ¢ beyond 500 pC
are detected in Fig.7(a) while the values of ¢ scatter
in the narrower range of 60~300pC around ¢ = 150°
where no PD is observed in Fig. 7(a). From Fig.7(c), it
is also found that negative PDs appear in the region of -
¢ where only positive PDs are detected in Fig. 7(a), and
vice versa. :

If V3, /V, is further increased to 0.75, the ¢-g pattern
becomes similar to that under the 600Hz ac voltage
shown in Fig. 7(e).

3.2.3 Time dependence of PD characteristics

Since the PD pattern depends on the voltage wave-
form at 77K as described in the previous section 3.2.2,
it is predictable that the PD characteristics also depend
on it. Therefore, the time dependence of the PD charac-
teristics such as gmean and n was investigated at 77 K. In
the measurements, the ratio V,/V, was changed among
A) Vi)V, =0, B) Vj,/V, = 025, C) Vi /V, = 0.5 and
D) V4,/V, = 1.0. The value of V, was set to V; for each
voltage waveform, and their values for the above cases



are as follows; A) V; = 2.56kV, B) V; = 2.46kV, C)
Vi =2.84kV and D) V; = 2.52kV.

The result reported in Fig. 8 represents each of the
time dependence of ¢eqn for the selected values of
Vi/Va. From the figure, it is found that the values of
Jmean for the values of V},/V, are different from each
other just after the voltage applications, but their dif-
ferences become small after the changes in ¢,eqn With
time become almost constant. On the other hand, the
time dependence of n shown in Fig.9 suggests that, if
nearly constant values of n for the time elapse are com-
pared among the cases A) ~ D), the value of n increases
with the increase in the ratio Vj,/V,. From these ob-
tained results of gyeqn and n, it is clear that PD charge
magnitude is almost independent of the voltage wave-
form, but PD pulse number becomes larger as the ratio
of the 600 Hz voltage component becomes higher. This
means that the total PD charge magnitude during 1 sec-
ond also increases with the increase in Vj,/V,.

The time elapse from the voltage application to the
final PD pulse extinction becomes shorter as Vj /Va be-
comes larger, as represented in Figs. 8 and 9. It is con-
sidered that this is due to the acceleration in the changes
in the conditions inside the void (gas composition, void
surface, etc).

4. Discussion

4.1 Mechanisms Causing the Remarkable Dif-
ferences between ¢;c0n, and n at 77 K and those
at 298 K When the void temperature T is decreased
from 298K to 77K, PD charge magnitude remarkably
decreases while PD pulse number per second greatly
increases. To find the mechanisms causing these dis-
tinguished changes in the PD characteristics, residual
‘charge distributions on a PET sheet subjected to PDs
were investigated with the test samples B at 77 and
298 K.

At first, residual charge distributions just after the
first PD occurrences under 60 Hz ac voltages were in-
vestigated with virgin test samples B at 77 and 298 K.
Fig.10(a) is the picture of the frost figure on a PET
sheet obtained at 77K and Fig. 10(b) is the picture of
the toner dust figure on a PET sheet similarly obtained
at 298 K. The values of V, at the first PD occurrences at

Charged area by PDs

g

(b) Toner dust figure at 298K
Fig.10. Residual charge distributions by PDs on a
PET sheet just after the first applications of 60 Hz

ac voltages (Vo = 5.4kV at 77K and V, = 3.25kV

at 298 K) ;

(a) Frost figure at 77K
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77 and 298K are 5.4kV and 3.25kV, respectively, and
the larger value of V,, at 77K than that at 208 K is con-
sidered to be derived from the longer delay time for the
initial electron generation at 77 K than that at 298 K as
explained in the section 3.1.1.

From Figs. 10(a) and (b), it is found that many traces
of PD occurrences are distributed within a certain area
on a PET sheet at each temperature. These charged ar-
eas by PDs were observed at the center of the void apart
from the void wall at both temperatures. Therefore, it
becomes clear that, in the sphere-plane electrode sys-
tem employed in this study, a location of PD occurrence
is not limited to the central axis of the sphere electrode
but do exists around the axis. Furthermore, each area of
the traces at 298 K is larger than that at 77 K. One PD
trace is formed when a PD reaches a PET surface and
then surface streamers slightly proceed along the PET
surface from the hit site by the PD (in the direction
perpendicular to the applied electric field) *®. Thus,
this observed phenomenon indicates a shorter proceed-
ing length of the surface streamer along an inner void
surface at 77K than that at 208 K. It is believed that
the remarkable decrease in the proceeding length of the
surface streamer is related to the increase in the electric
resistance of the PET surface as well as the decrease in
the amount of the initial electron supply with the de-
crease in the void temperature, but these are research
subjects in the future.

The charge in the distribution of residual charges from
the initial one after a long exposure of a PET sheet to
PDs was also investigated. The 60Hz ac voltages of
Vo = 2.8kV (> V; = 2.63kV with the standard devi-
ation o = 0.43kV) were applied to test samples B for
1 hour at 77 and 298K, and distributions of residual
charges on their PET sheets were observed. During the
voltage application, ¢meqs, and n were measured, and
the value of gmean at 298 K was about 3~8 times larger
than that at 77 K while the value of n at 77 K was about
2~T times higher than that at 298K, and these results
are similar to those obtained with the test sample A. Tt
should be noted that steady PD pulses were observed 1
hour after the voltage application even at 298 K as well
as 77K in the case of the test sample B. Figs. 11(a) and
(b) are the pictures of the frost figure on a PET sheet

(a) Frost figure at 77K (b) Toner dust figure at 298 K

Fig.11. Residual charge distributions by PDs on
a PET sheet 1 hour after the applications of 60 Hz
ac voltages (V, = 2.8kV at both 77 and 298 K)
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1 hour after the exposure to PDs at 77K and the toner
dust figure at 298 K, respectively. From Fig. 11, it be-
comes clear that the total charged areas at 77 and 298 K
are larger than the initial ones shown in Fig. 10, respec-
tively, and the total charged area at 298 K is still larger
than that at 77 K. It is also recognized that each area of
PD traces at 77 K shown in Fig. 11(a) is still very clear
and its size hardly changes from the initial ones while
boundaries of PD traces at 298 K can no longer be dis-
tinguished from each other. This result confirms that
the change in the composition of a PET surface sub-
jected to PDs is much more accelerated at 298 K than
at 77K.

Based on the above observation results, the mecha-
nisms causing the differences between PD charge mag-
nitude and pulse number at 77 K and those at 298K are
discussed below.

On the premise that the surface charge density de-
ployed by a single PD is uniform within the charged
area denoted as Sppen, the apparent PD charge mag-
nitude ¢ is originally expressed as the product of the
effective capacitance of PET sheets charged by a single
PD, Cppref, and the potential difference across the void
gap at the PD ignition AV, “?, and can be written by

q=kCprregAVy =k <@D—c}i) AVy---- (2)

where k is the constant coefficient, e, the relative per-
mittivity of a PET sheet, €¢ the permittivity of vacuum,
t the total thickness of two PET sheets in series with the
void gap. The equation (2) states that g is directly pro-
portional to Sppch-

Then, the values of Sppen at 77 K were obtained from
both Fig.10(a) and Fig.11(a) since the change in the
PET surface composition is considered to be very small
even 1 hour after the voltage application at 77 K. On the
other hand, the values of Spp.n at 298 K were obtained
only from Fig.10(b) because the boundaries of Sppcn
in Fig. 11(b) were hard to recognize; this is thought to
be caused by severe change in the PET surface com-
position. The results of Sppcn are plotted as a func-
tion of the temperature in Fig. 12. The maximum val-
ues of Sppey, at 77 and 298K in Fig. 12 correspond to
the traces at the center of the charged area in Fig. 11(a)
and Fig. 10(b), respectively, and they are much larger
than the other values at the same temperature. It is
considered that this is due to an intense PD induced
by the highest electric field along the central axis of
the sphere electrode within a void. The other values
of Sppen, except its maximum value correspond to the
PD traces around the central one. Their average value
is 0.086 mm? (o = 0.052mm?) in the case at 77K and
0.68mm? (o = 0.19mm?) in the case at 298 K.

Since the values of Sppen at 77 and 298K are very
small, the uniformity of the surface charge density in
Sppen can be assumed. Then, from the equation (2) and
the fact that the average value of Sppc, at 298 K is about
8 times larger than that at 77 K, it is concluded that the
difference between PD charge magnitude at 77K and
that at 298 K is derived from the difference between the
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charged area by a single PD at 77K and that at 298 K.
The latter difference is thought to be generated by the
shorter proceeding length of each surface streamer just
after the PD ignition at 77K than that at 298 K.

Defining the minimum area including the total PD
sites on a PET sheet as Sppsite, the difference between
PD pulse number at 77K and that at 298 K can also be
discussed in the following way.

As long as the direction of the electric field across a
void gap doesn’t change, some PDs occur within Sppsite-
This area of Sppsite is related to the discharge volume
satisfying the PD inception criterion [acgde = K,
where ap is the effective ionization coefficient and K
is a constant value. Once a part of the void surface is
charged by a PD, the net voltage across the void gap at
the PD location becomes lower than the PD inception
threshold. If the decay of the accumulated charges can
be ignored, the succeeding PDs will not occur at the
same location, especially around the voltage level of V;,
unless the direction of the electric field across the void
gap is reversed. It is also considered that the neighbor-
ing charged areas dose not overlap because the tips of
the surface streamers brought by the neighboring PDs
have the same polarity. Therefore, the number of PDs
within this time interval can be estimated by the value
of Sppsite divided by Sppen (= Sppsite/SPDch)-

The volume satisfying [ aqpdz = K is mainly deter-
mined by the gas density inside a void pyeiq as well as
the electric field. The value of pyeiq at 77 K is considered
to be nearly equal to that at 298 K since the values of V;
at 77 and 298K are almost the same (see Figs.2 or 6).
Then, it can be assumed that the value of Sppsize at 77K
is equal to that at 298 K although the value of pyoiq can
slightly vary with time as described in the next section.
This assumption could be verified by the observation re-

sults shown in Fig. 10(b) and Fig.11(a), in which the

value of Sppsite corresponds to the total charged area
from which the total value of Sppcps along the border
line of the total charged area is subtracted. Therefore,
the value of Sppsite/Sppcrn at 77K is much larger than
that at 298 K since the value of Sppep at 77K is about
an order smaller than that at 298 K, and consequently,
the PD pulse number during 1 second increases with the
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4.2 Mechanisms Causing the Time  Depen-
dence of the PD Characteristics The clarifica-
tions of the mechanisms causing the observed time de-
pendence of PD characteristics will need further inves-
tigations, but based on the experimental results ob-
tained in this study, the authors give some remarks on
these mechanisms with the conceptual diagram shown in
Fig. 13, where the reported time dependency of the gas
pressure inside a void pyeiq ¢? as well as the estimated
PD activities within a void at the three points in time
(ta, ts and t¢) before the final PD pulse extinction are
illustrated.

In our experiments, the measurements of the PD chaxr-
acteristics were performed by setting the value of V, at
V;. This voltage V; corresponds to PDIVs for the sec-
ond or latter voltage applications, and it is much smaller
than that for the first voltage application (see Fig.2).
This is because the residual charges on a PET surface
become the rich initial electron sources for the successive
PD occurrences. As long as repetitive PD activities con-
tinue in & void, new residual charges will be generated on
a PET sheet while they will be gradually neutralized by
the space charges with the opposite polarity produced
by PDs as represented in Fig. 13. At the threshold level
of V, = V; for the PD appearances, it is considered that
the generation and the extinction (the neutralization) of
the initial electron sources will affect the PD activities.

On the other hand, as long as repetitive PDs appear
inside an enclosed void, the gas pressure inside a void
Duoid keeps: changing (see Fig.13). At first, it keeps
decreasing for some time (0 ~ ¢z in Fig. 13), and then,
it begins to increase and reaches the value beyond the
initial one through the change in the gas composition

within a void. The decrease in py.g indicates the
decrease in the gas density inside a void pyoiq, Which
will bring the reduction in the PD space charges and
then the reduction in the neutralization of the residual
charges. The decrease in pyesg may also contribute to
the enlargement of the volume inside a void satisfying
J aegdz = K, and it could explain the slight enlarge-
ments of the possible PD occurrence areas Sppges in
Figs. 11(a) and (b) from the initial ones in Figs. 10(a)
and (b) at 77 and 298 K, respectively. The succeeding
increase in pyoig will bring the increase in pyoiq, which
will contribute to the suppression of the PD occurrences.

Considering the above phenomena, the following
mechanisms causing the time dependence of the PD
characteristics are presumed.

At V, = Vi, during the decrease in pyoig OF Pyoig due
to the successive PD activities, the generation and the
neutralization of the residual charges on a PET surface
by PDs are well balanced, and the PD characteristics
can maintain their steady states. However, when pvogd
Or Pyoiq Degins to increase, the PD activities are gradu-
ally suppressed and finally cease. The above mechanisms
will also explain the result of the earlier arrival of the
PD extinction with the increase in the ratio of the 600 Hz
voltage component in the superimposed sinusoidal volt-
age of 60 and 600 Hz at 77 K because the change in pyoig
is considered to be more accelerated with the increase in
PD activities. In the actual cases, much more complex
mechanisms are assumed with the contribution of the
change in the composition of the PET surface subjected
to PDs.

5. Conclusions

In this study, for the clarification of partial discharge
(PD) characteristics under distorted ac voltages at lig-
uid nitrogen temperature (77 K), fundamental PD char-
acteristics within an artificial air-filled void were exper-
imentally investigated under superimposed sinusoidal
voltages of 60 and 600 Hz at 77 K. The results obtained
in this study are summarized as follows.

(1) The first PD inception voltage within a virgin
void is considerably larger than the second or latter ones,
and the first PD inception voltage at 77 K is about twice

- as large as the first one at 298 K. The second or latter
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PD inception voltages at 77K as well as 298K are al-
most independent of the waveform of the superimposed
voltage.

(2) With the decrease in the temperature within the
void from 298K to 77K, PD charge magnitude notice-
ably decreases while PD pulse number remarkably in-
creases. The former mechanism can be explained with
the marked decrease in the charged area by a single PD
on an inner void surface with the decrease in the tem-
perature. The latter mechanism can also be explained
by considering that the number of PDs within an iden-
tical area without any overlap of their charged areas is
much larger at 77 K than the number at 298 K.

(3) When the ratio of the 600 Hz voltage component
in the superimposed voltage increases with its constant
peak value, PD pulse number increases although PD

IEEJ Trans. PE, Vol.123, No.11, 2003



PD Characteristics under Superimposed Voltages at LNy Temperature

charge magnitude hardly changes. This is because the
PD occurrences get more synchronized with the 600 Hz
voltage component as the ratio of the 600Hz voltage
component becomes larger.

(4) At 77K, the time elapse from the voltage applica-
tion to the final extinction of PD pulses becomes shorter
as the ratio of the 600 Hz voltage component becomes
larger. This phenomenon is considered to be caused by
the acceleration in the changes in the gas conditions in-
side the void as well as the conditions of the inner void
surface due to the increase in the PD pulse number.

(5) The above items (3) and (4) suggest that, even
at 77K, when a high frequency voltage is superim-
posed on an ac voltage with commercial power frequency
and repetitive PD occurrences get synchronized with
the high frequency voltage component, the resultant in-
creage in PD pulse number will accelerate the degrada-
tion of the insulation systems as well as the reduction in
the reliability of the high temperature superconducting
power apparatus.

(Manuscript received Feb. 20, 2003,

revised June 2, 2003)
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