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ABSTRACT

In this papet, the results of an experimental project on insulating material aging, performed in
both Denmark and Italy, are reporied. This study was concerned with pavtial discharge (PD}
behavior at temperatures between 30 and 80°C using CIGRE method II. The material tested
was a commercial polymethylmethacrylate (PMMA) which was chosen net for its good dielec-
tric properties but rather because much of its dlscharge resistance data at ambient tempera-
ture is already well documented, A description is given of the theoretical and experimental
methodology followed in this work. Mixed Weibull analysns techniques in terms of the ro
amplitade and phase disttibution characteristics were employed to distinguish the presence
of different aging mechanisms. Such a difference was observed at 30 and at 80°C. At 30°C the
analysis inferred a single discharge aging process acting until breakdown, while at 80°C the
results suggested the predominance of a single the PD aging mechanism for the first half of
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the insutation life time; however, for the remainder of the insulation life time, an additional

degradation mechanism was evinced.

1 INTRODUCTION

ﬁ N electrical insulation system is an insulating structure contain-

ing one or more electrical insulating materials in contact with as-

sociated conducting parts, [t is well known that the service life of elec-
trical equipment in many cases is determined by the life of its electrical
insulation system and that electrical failure in solid insulation is of the
non-reversible destructive type [1]. The quality of an insulation strue-
ture in general is estimated by different post-production tests, These
measurements also should yield information concerning the insulation

life expectancy and its long-term stability. The knowledge of aging pro-

cesses taking place in insulating materials under actual working condi-
tions could contribute to the assessment of the lifetime of equipment.
This is an important factor due to the economic consequences of an
unexpected insulation breakdown, the cost of which often can surpass
the price of the whole installation. Furthermore, Y insulation in ser-
vice is usually subjeeted to several stresses at the same time: thermal,
cleetrical, environmental, and mechanical stresses [2]. These can cause
synergistic effects by their simultaneous action and the life expectancy
determined from simulated tests where each kind of stress is applied
separately, may be misleading. '

In 1971, CIGRE Working Group 15-06 estzblished a Task Group in or-
der to concentrate the best efforts in developing a standard method and
clectrode assembly to facilitate reliable selection of materials in relation
to their use in HY equipment. Tt 1985 [3, 4] CIGRE method II was pre-
sented by this Task Group as a proposal for a standard methodology for
assessing the resistance of different materials against PD activity with
low experimental data scatter in terms of time to breakdown (lifetime)
and assuming environmental test conditions equal fo the ambient. Tt
may be considered as an improved version of the antecedent CIGRE
method T with which many Po tests have been performed at temper-
atures higher than the ambient [5-7]. Little data can be found in the
literature dealing with the offect of temperature on PR activity in con-
nection with CIGRE TI, with the exception of Gjaerde's work [8], who
studicd PD behavior under different temperatures and found some in-
teresting correlation between the void gas pressure decrease and time
to breakdown. The majerity of the present work is concerned with the
study of PD activity under conditions as close as possible to the real
working ones, e.g. at temperatures higher than room temperature. Tn
this paper, results are reported from an experimental project developed
between the Technical University of Denmark and the University of
Palermo, Ttaly, regarding PD measuroments in connection with CIGRE
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method 1 at different testing temperatures.

The material tested here was a commercially available PMMA, char-
acterized by a very low time scatter in its time-to-failure data which we
deemed very useful for verifying different PD testing apparatus in [taly
and in Denmark as well as to achieve consistency in the experimental
results [9]. The testing temperatures were chosen such 23 not o exceed
the material glass transition temperature; the latter was obtained by
dieleetric spectrometry [10], performed on specimen sheets similar to
those used in the PD tests.

In the tests performed until now, the main goal was to establish
whether the aging mechanism in the fest cell was temperatare depen-
dent. This was cffected by means of periodical digital acquisilions,
cluring the life tests, of the YD signals at different temperatures and the
related analysis. In particular, it was possible to demenstrate that use-
ful information on the discharge mechanism taking place within the air
gap, can be obtained by representing the cumulative PD distribution of
the acquired data on a Weibull graph [11-13].

2 PD TESTING SYSTEM AND
DIGITAL DATA PROCESSING

Both HY measurement systems used in this work can be described
schematically as consisting of three main parts, including a v circuit,
with a PD coupling unit in accordance with {C Publication 270 and
ASTM 171868; a measuring circuit, partly analog and partly digital: the
digital circuit continuously records the peak values of individual pulses
and of the related actual test voltage vatue during the acquisition time,
s0 that the controller can post-process these data. Following the quasi-
integration of the discharge current pulse and after the poak value of
the discharge pulse has been capturad, a rectangular pulse is generated
with a time width equal to that of the analog pulse. During this dead
time, analog to digital cperations are performed and results are stored
in digital form. The above described operations were performed in
Denmark by an electronic Robinson apparatus (i A} discharge detec-
tor combingd with a digitizing oseilloscope and a digital system com-
parable to the one reported in [14] and in Italy by a university-built
instrument described in [13). Both systems have different digital reso-
lution, 8 bit in Denmark and 12 bit in Italy. In both cases, the controller
and the data processing was performed by the tivd part, a PC desk com-
puter, The PD quantitics recorded were the discharge magnitude in pC
(‘sensﬂmty 5 pC) of the single discharge pulse q;, discharge phase or
epoch ¢y, that represents the phase position of g within the power fre-
quency cycle and the discharge instantaneous inception voltage vatue
V;, that is the momentary value of the applied voltage at which the
discharge «; oceus,

. Based on the foregoing measured dlsch"lrgc quantities, the pertinent
probabi llty functions may be deduced. If#,, is the acqmsltlon test time,
then it is possible to arrange all the acquired discharge values in an
amplitude histogram: number of discharges 72 vs. discharge amplitude
4; cither positive or negalive. The last distinction is made on the basis
of the polarity of the test voltage dorivative, Another way to represent
the above data, but for positive and negative discharge separately, is
to plot them on a Weibull graph as the cumulative probability (g;),
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relative to the generic ¢; amplitude o5, ¢

Ny .

¢ Ny +1 w

where Ny is the total number of acqmred dlschalges and 17 the number

of the detected discharges in Channel (0 < § <t f)and 0 < i £ N,

where N+ is the number of the fofal channels adopted in the measuring
system, ineluding either positive or negative discharge pulses.

Plotting F{g;) vs. gy, a diagram is obtained from which it is pos-
sible, by a suitable Weibull algorithm, to extract information about the
number of discharge phenomena acting within the insulation and to
verify whether during the aging process any new type of discharges
{¢.¢. supcerficial, pitting or other discharges) supetimpaose upon the pre-
vious incipient discharges [16]. This operation is performed on the basis
of the number of Weibull functions ».,, to which the experimental data
can be fitted, e.¢.

gy = Z piF ()

Sl @)

Zm =1

and where v, [3; are the scale and the shape parameter respectively

of the generic pulse sub-population present in Equation (2) and p; is a

value of probability suitably chosen for cach of these sub-populations.
The other derived quantitics cvaluated are the mean pulse repetition

rate
1
.fr! = a Z Ty (3)

and the average total charge mﬂgmtudc per cycle of the test voltage,
separating all the positive and negwtlvt polavity discharges
Nea 2

Z it 1))

where [ is the frequency of the voltage source,

3 TEST CELL AND INSULATING
MATERIAL

CIGRE method I1is the latest standard methodology for assessing the
resistance of different insulating materials against pL with low experi-
mental data scatter. The test cell is shown in Figure 1. This system is an
tmproved version of the CiGRrE method Tand it is characterized by the
following features in that the D resistance of materials can be assessed,
a thin sheet specimen may be used, various solid insulating materials
may be tested, assembly of the test cell including the test material is
comparatively simple, geometrical space of the void is 100 times larger
than that of CIGRE method I, and that 1> is concentrated in a specified
area and will continue until final failare unaffected by the side wall of
the cavity.

The spherical 11V electrode placed directly on the test specimen en-
sures an inhomogeneous electric field in the cavity and thereby a high

Cgm,‘ -
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Figure 1. CIGRT mothod (L. 1: plane electrade; 2: acrvlic plate; 3: Kapton
spacer; & molded sphere clectrode with a specimen; 5 polyearbonate bolt;
6: polycarbonate nut; ¥: nylon washer.

discharge concentration in a limited area on the surface of the test sam-
ple. Furthermore, the choice of a large cavity diameter ensures that the
discharges can be assumed as being unaffected by boundary effects.
This is one of the main reasons for adopting the CIGRE method T elec-
trode system as a standard test electeode for the PD degradation tests.
For small-void diameter systems, such as CIGRE method I electrodes,
the walls surrounding the void strongly influence and complicate the
infernal PD process, thereby rendering the interpretation of the test re-
sults more difficult. Obviously, the flatness of the specimen sheet and
the bottom electrode together with the spacer in the new test cell were
decisive for the forming of the calibrated cavity of the CIGRE method 1.

As already mentioned in Section 1, the material chosen for this
project is a pMMA xesin. The PMMA has a relatively homogencous
polymeric structure; the scatter of the time-to-breakdown of PMMA at
<30 kV, 50 11z at 20°C is extremely low (from 10 to 20%) and serves a
useful reference [9]. Tt is widely used in many industrial components
for its superior optical properties and weather resistance. High are re-
sistance makes PMMA suitable for NV applications such as circuit break-
ers, A decreasing permittivity with increasing frequencies makes it an
athractive candidate for high fiequency applications. On the contrary,
it is not suitable where flammability may be a problem. In order to
establish the thermal and environmental constraints, some preliminary
tesks an the dielectric characteristics of PMMA were carricd out. For
this purpose, an automatic measuring system for dicleetrie spectrome-
try was used in the temperature range from 25 to 100°C at frequencies
from 120 Hz to 10 kHz, The results in terms of permittivity & and of
dielectric loss tan & as a function of temperature are shown in Figure 2,
It is possible to observe and to confirm the decreasing trend of = with
frequency, but at 80°C its value was ~25% higher than at ambient tem-
perature, The tan d valte is seen fo exhibit a dispersed peak over the
glass trausition temperature region centered between 80 and 100°C. As
the temperature increases, the density of PMMa will decrease causing e
to fall with tomperature, However, in the vicinity of the glass transition
temperature, the side link dipoles in the PMMA molecule become free to
rotate, giving rise to a dipole loss as well as a very substantial increase
ing[17].

On the basis of the above results, it was decided te limit the highest
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Figure 2. Dielectric spectrometry results on PMMA,

test temperature in the PD tests to 80°C, while for ambient temperature,
the value of 30°C was selected in order to take into account the climatic
differences between Denmark and Ttaly. During the experiments, the
cell was immersed in a silicone oil bath with constant temperature in
order to avoid external corona phenomena, The cylindrical cavity was
therefore sealed by a suitable epoxy resin cured at ambient tempetature
that exhibited & very high adhesion capability at high temperatures,

4 ANALYSIS OF EXPERIMENTAL
DATA

The 1D measurements were performed to examine the dependence
of discharge activity upon temperature, On the basis of the results cb-
tained with dielectric spectrometry and PD life tests on the same mate-
rial that were reported in [9], it was decided to follow two scparate test
protocols in order to obtain additional data on the temperature depen-
dence of the PD process.

41 TESTS IN ITALY

In [faly the test procedure consisted of a step voltage test in steps of
5 kV from 15 to 30 kV, performed at 30°C and a step temperature test,
from 30 40 80°C, under constant voltage of 30 kV, All P measurements
were made 1 h after the voltage application across the specimen. At
this particular time, they are considered as having been performed on
virgin specimens i.e., not subjected to siguificant aging, It should be
emphasized that the 30 kV voltage level in the life tests was adopted as
a result of a compromise between the expected variation in the time to
breakdown, and its average time to breakdown value, which exhibits
an acceptable value as far as laboratory test procedure is concerned.

The test time sequence adopted in the step voltage tost is sketched
in Figure 3(a). The time interval between two consecutive measure-
ments is 30 min and the acquisition time £,, of the measuring cireuit is
Mt s. In Figure 4, the results of a typical test perfermed.on one of five
sperimens at 30°C are reported. These are presented as amplitude his-
tograms of positive and negative discharge ampliludcs. Their shape,
for test voltages between 15 to 30 kV, does not appear to change with
the applied voltage. The maximum discharge number, however, does
change. Numerical evidence for the above PD behavior with voltage
is obtained when the acquired data is analyzed using Weibull statis-
tics; this is shown in Figure 5, which gives the aand 3 coefficients
for the positive and for the negative discharges, Only a single Weibull
distribution in both eases can be recognized, beeause the experimental
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.CVM variable also is reported for positive discharges,

data can be fitted to Equation {2) with n,, — 1. The goodness of fit
to a Weibull distribution ustally is checked by the Cramer von Mises
{CvM) tost [12]. This test essentially is based on the evaluation of a sort
of root mean s@uarg deviation between the experimental data and those
fitted by the Weibull distribution, Sincé the discharge activity is very
similar for both pelarifics, the result of the CYM fest is shawn enly for
the positive discharges; it is seen to exhibit always a value much lower
than its test passing limit value, dssumed here to be equal to 0.2,
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variable is also reported for positive discharges.

The step temperature test was performed by increasing the tempera-
ture of the oil surrounding the test cell. The test sequence is illustrated
in Figure 3(b). The time between two consecutive measurements has
boen fixed at 30 min in order to ensure temperature uniformity inside
the oil bath. In Figure 6 the detected pulse amplitude and, in Figure 7
the related Weibull parameters also in this case, confirmed the presence
of enly one discharge phenomenon acting inside the air-gap, from 30 to
80°C. The cvM test, performed on the results for positive discharges,
confirms this hypothesis as well and the complete overlap of the o~
and o™ valnes vs. testing temperature shows that the negative and
the positive pulse distributions are very similar. However, there is a
clear trend of dischatge activity characterized by a reduced number of
discharges and an increasing amplitude with temperature, furthermore
the 65°C and the B0°C posilive and negative discharge pulse amplitude
distributions are almost coincident,

4.2 TESTS IN DENMARK

As already stated, the B test protocol was petformed in Denmaark
and consisted of life tests at 30°C and at 80°C carried out with a test
voltage of 30 kV on 5 specimens. The results are summarized in Ta-
ble 1, which indicates a decreased life time for the specimens subjected
to 80°C. The acquisition phase £, lasted for 20 tost voltage periods
and the digitally acquired and processed PD data during the life tests
included the {a) the pulse mean repetition rate; (b) mean charge trans-
ferred per cycle, either for positive or for nepative discharges; and (¢}
Weibull analysis in accordance with Equation (2. In Figures 8 and 9
arc shown somne typical pulse amplitude histograms related to the frst
and the last (before breakdown} acquisition obtained at 30 and 86°C re-
spectively. Analysts of the data af the beginning of cach test indicated
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Table 1. P tests performed in Denmark on specintens at 30 k¥, temper-
ature T, lifetime [, average lfetime L., and standard deviation $.

Spee [T F [t | S
T h h
ETN N
2 (30 | 82.5
dlan ] oes  [Roaziieag
4 |10 |o2s2
5|30 | o404
L |40 | b7.R
3 |0 | T2
380 | k5 (71.A9|20070
4|80 | an
AN

a very good correlation with the pulse amplitude histograms obtained
in Ttaly, either in term of pulse repetition rate or of the maximum am-
plitude of the discharge pulses. The only difference is obviously due
to the number of bits in the digitized data (8 bit in Denmark and 12 bit
in Italy}. Some attention should be given to the different time behavior
of pulse amplitude histograms with varying temperaturc. It can be ob-
served that at 30°C the histogram shape maintains its exponential form
up to breakdown, while at 80°C deviation from a simple exponential
behavior becomes apparent in the vicinity of the breakdown time,
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Figure 8. Discharge amplitude disteibutions detected under a life test
at 30 kY and 30°C.
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Figure 9. Discharge amplitude distributions detected wnder a life test

at 30 kV and 80°C.

In Figures 10 to 12, the mean pulse repetition rate and the mean
charge transtorred per eycle are shown, for both the life tests at 30 and
80°C. It is evideat from the pulse mean repetition rate behavior that
the decrease of v activity prior lo breakdown is more regular at 30°C.
The decreasing trend in PR aclivity with aging of the mean repetition
rate and the charge transferred per cycle is also evinced at 80°C, if one
considers the lincar portion of the curve prior to the extrapolated dot-
ted lines, corresponding to ~50% of the specimen’s life time; beyond
this point the discharge process at 80°C appears to assume a diffexent
characterlstic.
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positive discharges of for negative discharges.

This difference in I'D behavior at 30 and 80°C becomes more obvi-
ous in the Weibull analysis of the data obtained in typical life tests. For
the test performed at 30°C (Figure 13), the results show only a single
Weibull function to which the experimental data may be fitted. The
CYM test is accordingly within its limit value of 0.2 for the pesitive
discharges, with the negative discharges exhibiting the same character-
istic behavior, In contrast, at 80°C the P activity evinces a very differ-
ent, Also for the tests performed in Denmark, the decrease of discharge
number and the increase in their amplitude infer a definite temperature
offect. The PD activity can thus be modeled by anly one Weibull func-
tion during about half of the specimen’s life time. The CVM test, applicd
to all the data acquived during life tests at 80°C, (Figure 14) suggests the
accurrence of another discharge phenomenon in terms of the changes
in the amplitude histogram in Figure 9 and of the repetition rate and of
the charge transferred in Figures 10 to 12,

As was observed in Section 3, the permittivity of PMMa increased
from 30 to 80°C, thus giving in principle a different clectric field distri-
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bution inside the test cell. In Figure 15 the elecitiz field along the main
axis, obtained by the finite element method (QuickField program), is
reported at the two test temperatures, From the analysis of the two
diagrams, no substantial difference emerged except for a very slight
increase of the applied field strength (~16% inside the air-gap). But
this was not sufficient to explain the aging mechanism differences at 30
and 80°C. On the other hand, possible effects connected with changes
of geometrical dimensions of the void cavity in consequence of the in-
creased temperature, could be excluded because the expansion coef-
ficients of materials used for building the test cell are of the order of
1078/°C, eg. with improbable effects at 80°C such as those observed
in the related tests. Possible changes in the discharge mechanism -
self may account for the observed differences between the aging test
results obtained at 30 and 80°C. In our experiments, the D pulses were
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detected ona R7.C' impedance and then their amplitudes were trans-
formed into digital form, such that only pulsive type discharges were
recorded. If one considers Figure 10, which presents typical pulse vep-
etition rate data in a life test performed at 30°C, then the P12 behavior
may be divided infc two possible consecutive stages:

(1) in the first 10 or 20 h the D activity is governed mainly by prlse-
type discharges with a phase discharge epoch distribution which is dis-
persed over a broad part of the voltage cycle as a conscquence of a
large dischatge time-lag which resulis in a large overvoltage across the
cavity, This can be observed in Tiguve 16(a}, where no substantial dis-
charge polarity effect is apparent and, consequently, an equi-probable
first electron emission from metallic or diclectrie electrode is inferred
and the discharge process appears to be characteristic of a streamer-like
discharge.

(2) During this phase, until breakdown, the number of detectable
discharge pulses decreases slowly in consequence of a discharge trans-
formation from pulse-type to pseudo glow discharges (a discharge pat-
tern consisting of numerous minute amplitude pulses), as is observed
on the monitoring oscilloscope. A conventional PD pulse detector docs
not respond to these discharges, so that the phase discharge distribu-
ton in Figure 16(b) indicates a reduction in the detected number of
discharge pulses and their occurrence at the applied voltage zeros [18].
It has been argued that the PD turning from pulse-type to pseudo glow
discharges scems {0 be due to the increasing surface conductivity on
the specimen during aging under a very narrow air gap fest condition.
Similar results have been found from other authors, in a very narrow
alr gaps between stainless steel parallel-plane clectiodes covered with
molded epoxy [19].

The P behavior observed at 80°C can be explained by analyzing the
recorded data shown in Figure 17{a). The PD activity at this tempora-
ture is characterized by a lower discharge repetition vate and by a larger
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scalter of the pulse amplitudes, The discharge epoch or pulse phase dis-
tribution extends over a broad part of the voltage cycle, indicating the
presence of streamer-like discharges with high time-lag values during
most of the PMMa specimen’s life to breakdowr. Increase in the gas
prossure within the void augments the discharge inception voltage at
B0°C. However, the mean free path of the jonizing electrons at 80°C
should be lower thus helping the discharge formation, It is difficult to
establish which of the two phenomena prevails because the discharge
inceplion voltage was measured only at the beginning of each test and
only a very slight difference with femperature was noted. It should
be added to these considerations, that the cavity wall conductivity at
80°C increases, thercby reducing the discharge number duc to a short-
ciraititing action. TFimally, a synergetic effect is highly likely 1o occur in
the evolution of the degradation gases due to chemical reactions and
the enhanced dielectric surface conductivity. At ~G(% of the speei-
ren's life a shape transformation begins to manifest ifself in the noga-
tive part of the discharge amplitude histogram in terms of a new peak,
giving rise to a phase discharge distribution depicted in Figure 17{b),
which was recorded just prior to breakdown, Tt is difficult to ascortain
the exact physical origin of this new phenomenon, but it is conceiv-
able that it may bhe caused by discharges originating at the grouaded
metallic eleclrode, with initiator electron extracted from the dielectric
surfaced electrode. These pulse type discharges caused considerable
pitting on the diclectric surface as can be perceived from Figure 18(b),
where many micto-crater were formied around the breakdown chanmel,
For comparison ptizposes, Figure 18(a) shows the pitted surface of a
specimen fested at 30°C.

5 CONCLUSIONS

N this paper, experimental results were reported from P tests cat-
ried out using the CIGRL method 1T cell, at 30 and 80°C. The main
goal in this project was to study in two different laboratories the D
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Figure 18, seM pictures of the breakdown atea of two specimens; (a)
aged under 30 k¥, 30°C. () Aged under 30 kV, 80°C.

resistance and the aging mechanism of materials primarily at high tem-
peratures related to their real working conditions. The investigations
here reported were carried out with PMM A, on which already extensive
data is available at ambient temperature, The main conclusions are as
follows.

The results of an analysis of PD amplitude distributions obtained in
Denmark and in Ttaly proved to be in good agreement. Therefore, one
of the pursued goals in this project can be considered as achicved,

At the ambient temperature of 30°C, the D activity decreases with
the aging time until breakdown and the analysis of the acquired data
confirms this behavior by means of D pulse amplitudes and epochs ot
phase histograms, recurrence rate and the average charge transferred
per cycle, The decrease in the number of detectable discharge pulscs
is attributed to a transition from pulse to a pseudo glow or micre-
swarming type discharge process as a result of an increased dielec-
tric surface conductivity associated with chemical degradation of the
pMMA subjected to PD. The conventional D detector was not capable
of detecting the pseudo glow discharges; however, just prior to break-
down some pulse-type discharge activity was still detected. Weibull
slatistic analysis indicated that the pulse-type discharges were asso-
ciate with one particular discharge process. The average value of the
time to breakdown of the specimens was cqual to 89.38 howith a stan-
dard deviation coefficient of 12.19%.

AtB0°C, TD activity is characterized by a general reduction of num-
ber of discharges witl respect to 30°C, but with an increase of their
amplitudes, Turthermore, the observed presence of pseudo glow (mi-
croswarming) discharges was very less marked. [n general, the PL ac-
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tivity was more regular with the aging time with a pradominauce of
the pulse-type discharge mechanism, In partieular, PD activity could
be modeled by only one Weibull function for about half the specimen
s life. Thercafter, the synergetic effects between PD gas production by
chemical reactions and the dicectric surface conductivity, substantially
higher at 80°C than at 30°C, gave rise to the onset of another discharge
phenomenon at ~G0% of specimen’s life Hime. The more severe surface
degradation at 80°C appears to be the main cause for a shorter average
life 0f 71,95 h (s, the 90 hat 30°C). Further workis in progress to define
more clearly the physical degradation mechanism active at 80°C.
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