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Abstract: This paper investigates partial discharge (PD) characteristics that lead to the erosion of
silicone rubber (SR) polymer under AC stress and DC stress of both polarities. The experiments
are performed on high temperature vulcanized (HTV) SR material samples. The inclined plane test
apparatus, constructed in accordance with IEC 60587 requirements, is employed to produce the
surface partial discharges and the resulting accelerated aging of the specimens. Two commercial
instruments are used to obtain the PD data. A concurrent analysis of visual observations of discharge
and PD data is performed to classify discharges based on the severity of material degradation that
each type causes. Three types of PD are identified and characterized using diagrams of charge
magnitude versus time and a signal processing technique called time-frequency mapping. Individual
pulse waveshapes of each type of discharge are also analyzed. PD pulse waveforms are analyzed
according to their amplitude, energy, pulse width, and frequency spectrum. These pulse waveform
parameters are evaluated and compared for the eroding discharge pulses under AC and DC voltage
stresses. It is found that the stages of material degradation during IPT are related to the variations in
discharge magnitude and the location of pulse clusters on the time-frequency maps.

Keywords: polymer insulator; inclined plane test; partial discharge; silicone rubber; erosion; time-
frequency map

1. Introduction

Since the late 1960s, polymer transmission class insulators have been replacing ceramic
and glass insulators on HVAC lines in coastal and industrial pollution areas [1]. In the late
1970s, following an increase of in-service HVDC transmission lines, polymer insulators
were adopted for some DC lines [1]. DC insulators attract more airborne pollution due
to electrostatic attraction. In high pollution environments, leakage current (LC) and dry
band arcing (DBA) activity may develop on contaminated surfaces of polymer insulators.
DBA makes the insulator housing prone to tracking and erosion degradation, which in
turn reduces reliability of the insulator. Service experience with HVDC polymer insulators
installed in high or very high pollution environments remains limited. However, field
and laboratory tests comparing AC and DC performance of silicone rubber (SR) housing
material show that the eroded mass of specimens energized with DC is greater than that of
those energized with equivalent AC voltage [2-4]. These findings are concerning for the
long term reliability of HVDC insulators in service.

Design of insulation materials that possess acceptable erosion resistant performance
under DC became an important task. The standard inclined plane test (IPT) method has
been used in the industry as a rapid and reliable test for the evaluation of the tracking
and erosion resistance of solid insulation materials during their design stages [5,6]. The
test is designed to reproduce service conditions in which DBA forms on the surface of
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insulating material [7]. Voltage is applied to a small sample of material at a prescribed
test level while a controlled stream of liquid contaminant flows on the surface of the
sample. The standard test procedure, described in ASTM D2303 [6] and IEC 60587 [5]
standards, applies to evaluation under AC stress only. In recent years, the IPT method has
been adapted for testing materials with DC stress [8-12]. The DC IPT has been found to
produce repeatable results in terms of material erosion severity [13,14]. However, when
the test is performed with the same test parameters, that is, test voltage and contaminant
flow rate as recommended in IEC 60587 for the AC test, the materials that pass the AC
test, fail under the DC stress [15,16]. Moreover, high temperature vulcanized (HTV) SR
materials are most severely eroded by surface discharges under a positive DC voltage as
compared to the equivalent tests under negative DC voltage [9,14,15].

Further rigorous investigations of the mechanisms that cause reproducible deep
erosion under a DC voltage relative to the AC voltage are ongoing. Numerous analytical
techniques, including statistical analysis of the leakage current, frequency analysis of dry
band arcing energy, thermal imaging and arc mobility studies, have been employed to
determine possible erosion indicators [17-21]. Results of these studies suggest that there
are many different variables which contribute to the overall material degradation [14].
However, thus far no particular erosion indicators have been proposed which will always
be indicative of the level of damage caused.

The study presented in this paper investigates the presence of erosion indicators in
the characteristics of surface discharges during various degradation stages of SR material
subjected to IPT under AC and DC stress. The authors employ partial discharge (PD)
measurement instruments to collect and analyze discharge data. The results of this study
advance the understanding of the AC and DC erosion mechanisms. This in turn contributes
to the development of a standardized DC test procedure and the design of materials that
withstand erosion under DC stress.

2. Study Methodology

The main objectives of this research are to identify characteristics of discharges that
lead to deep erosion of silicone rubber, and to determine the differences and similarities
between the eroding discharges produced by AC stress versus DC stress. The IPT setup is
useful for generating surface partial discharges initiated from surface pollution that lead
to the degradation of materials by surface erosion. A review of publications pertaining to
partial discharge (PD) measurement on polymer insulators showed that the research has
mainly focused on the detection of surface pollution severity and dry band arcing under
the AC stress [22-25]. In a recent publication, the authors presented the results of a partial
discharge evaluation of discharges that lead to the degradation of silicone rubber under
AC stress [26].

This research extends partial discharge measurement to the evaluation of surface
erosion discharge characteristics under DC stress. The three-part study methodology
employed in this work builds on the measurement and analysis methods employed for
AC studies. First, silicone rubber samples are subjected to IPT tracking and erosion tests
under DC stress. Second, while the material is undergoing degradation, the PD data are
acquired, and discharge characteristics are identified. Third, to investigate the differences
between AC and DC erosion mechanisms, the properties of discharges that cause erosion
are determined and compared for the AC test versus the DC test.

The study of discharges in this paper will utilize the classification of visible discharge
activity by types suggested by Rowland et al.: mobile discharge, localized arcing, and high
temperature arcing [21]. The three types of discharge were identified based on their
physical appearance and the severity of material degradation that each type causes [21]:

*  Mobile discharge does not get rooted to any point on the surface and causes least
severe damage;

e  Localized arcing becomes rooted at a certain location on the sample and leads to
moderate surface erosion;
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e High temperature arcing is observed as a bright hot spot, and leads to most severe,
deep erosion damage.

3. Experimental Apparatus and Procedure
3.1. Apparatus

The inclined plane test apparatus, shown in black outline in Figure 1, conforms to
IEC 60587 specifications. The test samples were prepared from 6 mm thick sheets of
commercially available HTV silicone rubber. Each sample was placed on a Teflon backing
and positioned at 45° from the horizontal (see Figure 1). Although the standard permits
simultaneous testing of several samples, only one sample was tested at a time for this
study to minimize interference. A new set of stainless steel electrodes was used for each
new sample. A peristaltic pump (Ismatec REGLO Digital ISM834) was used to supply a
controlled stream of liquid contaminant. For both the AC and DC tests, the contaminant
was prepared by dissolving ammonium chloride in deionized water until a conductivity of
2.52 £ 0.02 mS/cm of the solution was reached. A nonionic wetting agent was added to
the solution at 0.02 wt% to combat hydrophobic properties of the silicone rubber material.

Ballast Resistor
)\/V\f Peristaltic
22kQor 33 kQ r--F-- 1 nF Pump
| i Coupling
] .
! Capacitor
ACor DC Reference _iq_ 1 G
Test Voltage I ! NH,Cl
Supply Divi dg ' ' Test Triton X-100
tvider e “— Specimen Contaminant
- 150 Solution
____ PD Y‘\I ideo
] System 1 Camera
HFCT
|| PD /°
System 2
LC Data 100 Q
Logger Shunt

Figure 1. AC and DC inclined plane test (IPT) experimental setup. The test setup as prescribed by
IEC 60587 is in black and the additional equipment employed in this study is in red.

To achieve research objectives, several additions and modifications were introduced
to the standard IPT arrangement, as shown in the red outline in Figure 1. For the AC test,
the voltage was supplied by a 30 kVA, 600/25,000 V dry type transformer. To investigate
erosion mechanisms under DC stress, the AC supply was replaced by a polarity-reversible
15 kV, 5 kW DC source (Glassman LH15R330) that has an output ripple less than 0.05%
RMS of the rated voltage at full load. The contaminant flow rate and the ballast resistor
value were adjusted in accordance with the test parameters prescribed in Table 1 of IEC
60587 [5]. The bottom electrode on the sample was grounded through a 60 mA time delay
fuse. Supplementary leakage current data was acquired across a 100-() shunt resistor. A
video camera, positioned about 20 cm away from the specimen, captured color video of
the arcing activity during test.

Partial discharge measurements were acquired during testing using two commercially
available PD systems concurrently. Both systems are shown to be connected to the test
specimen in Figure 1. PD System 1 was used in conjunction with a 1 nF coupling capacitor.
It was used to acquire the phase resolved partial discharge (PRPD) plots during the AC
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tests, and the diagrams of charge versus time during the DC tests. The background noise
and the PD generated by the experimental setup with a dry specimen were measured with
both AC and DC test supplies and found to be below 80 pC at 6.0 kV s, and 130 pC at
+4.0kV DC.

PD System 2 was used in conjunction with a high frequency current transformer
(HFCT), placed on the ground lead of the test specimen. This system quantifies PD in mV
and captures individual pulse waveshapes. Processing software for System 2 utilizes a
signal processing technique called time-frequency (TF) mapping [27].

3.2. Test Procedure

There are two recommended IEC 60587 test methods, constant voltage or step-wise
increasing voltage. Experiments were conducted using a combination of the two methods.
This allowed us to find the critical test voltage and flow rate necessary for the formation of
stable rooted discharges on the surface of the material [28]. The IPT was first performed
on eleven SR specimens subjected to AC stress. The AC experiments were conducted at
voltages between 3.0 and 4.5 kV s in 0.5 kV steps. The test voltage was varied between the
four levels in order to find conditions that produce effective scintillations and initiate the
most damaging eroding discharges. An AC test voltage level of 4.0 kV;,s and 0.6 mL/min
contaminant flow rate were found to produce the most stable discharges that lead to
formation of high temperature arcing.

Once the critical AC test level was determined, the equivalent DC test levels were
selected to be 85% and 68% of the critical AC test level for negative and positive polarity
tests, respectively. These percentages were set within the suggested voltage ranges for
equivalent IPT methods under DC stress [16,29,30]. A total of ten samples were subjected
to negative DC tests. In addition to the critical test level of —3.4 kV (85% of AC), some
samples were tested at —3.0 kV and —3.2 kV for the purpose of investigation of most
damaging test conditions. Positive polarity DC tests were performed on eight samples.
In addition to the critical test level of 2.7 kV (68% of AC), some samples were tested at
2.9 kV and 4.0 kV to investigate favourable conditions for formation of high temperature
arcing. The flow rate of the contaminant however is not defined for the equivalent DC
tests, because IEC 60587 test parameters only apply for the AC stress. In the negative DC
test, the flow rate was set at 0.6 mL/min. In the positive DC test, flow rates of 0.6 mL/min
and 0.3 mL/min were investigated.

The duration of test for each silicone rubber specimen was based on end-point criteria
from IEC 60587 [5]. This was determined by the length of tracking and erosion damage
path, and the leakage current magnitude. If the damage path reached half way between the
electrodes or if the specimen showed a hole due to erosion or intense arcing caused ignition
of the polymer material, the test was terminated. If the leakage current exceeded 60 mA
for over 2 s, the fuse would open the circuit and stop the test. Otherwise, the maximum
test time was limited to 6 h. At the end of all tests, the depth of erosion and vertical length
of erosion and tracking were measured for all the specimens.

The video footage recorded by the camera was used to identify the types of surface
discharges (i.e., mobile, localized, or high temperature) based on their physical properties,
such as intensity, stability, location on the sample, and the corresponding severity of
material damage. The video recordings and PD acquisitions were synchronized and
acquired at various times during the test. The leakage current data were used in conjunction
with visual observations of arcing activity to determine arcing intermittency/stability
and intensity.

3.3. Data Analysis

The analysis of AC PD data, described in [26], consisted of the evaluation of the PRPD
patterns obtained with System 1 and TF map clusters obtained using System 2. In the
DC tests, diagrams of charge magnitude versus time and the corresponding synchronized
videos of discharge activity were reviewed simultaneously. Magnitude windows as well as
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intermittency of mobile, localized, and high temperature discharges were determined from
these diagrams. The TF maps were obtained and analyzed in the same way as in the AC test.
The TF map clusters of pulses were characterized by the range of equivalent time-length
and bandwidth (T? and W?) describing a rectangle encompassing each individual cluster.

The processing software for PD System 2 captures individual PD pulse waveshapes
obtained in both the AC and the DC tests. The software also performs Fast Fourier Trans-
form (FFT) and provides information about frequency spectrum of the pulse. Waveshapes
and frequency spectra were compared for pulses from separate TF map clusters and for
pulses from AC tests relative to pulses from DC tests of both polarities. Pulse characteristics
such as amplitude, energy, pulse width, and FFT, were evaluated and compared for the
eroding discharge pulses at the three types of voltage.

4. Results and Discussion

In the negative DC tests, the most stable discharges were observed at the equivalent
test voltage of —3.4 kV and contaminant flow rate of 0.6 mL/min. The severity of SR erosion
was similar to that of the AC test at 4.0 kV ms. In the positive DC tests, stable discharges
were easily initiated and developed into high temperature arcing. At the equivalent test
voltage of 2.7 kV and 0.3 mL/min contaminant rate, the severity of SR erosion in terms
of depth and length was greater than that of the AC test and the negative DC test. It
was found that the positive DC test causes the most severe erosion of SR material despite
applying an equivalent test voltage of 68% of the AC test level, as discussed in Section 3.2.
Based on the depth of sample erosion and relatively shorter times to failure, it is concluded
that the DC test at 2.7 kV is more severe than AC test at 4.0 kVs. Examples of material
degradation on samples tested with AC or DC voltage are shown in Figure 2. Additional
photographs of samples at the end of the tests are provided in Appendix A.

@) (b) (©)

Figure 2. Examples of erosion damage on high temperature vulcanized (HTV) silicone rubber (SR)
samples following IPT: (a) Sample #10 after the AC test with an erosion depth of 4.7 mm. (b) Sample
#21 after —DC test with an erosion depth of 5.4 mm. (c) Sample #27 after +DC test with an erosion
depth of 6.0 mm.

The LC failure criterion of 60 mA for 2 s was not reached for any of the test samples.
No classical tracking failure was reached by any of the specimens tested under the critical
AC or DC voltages. Similar results were reported by Koné et al. for SR filled with natural
silica [28]. The AC and DC test parameters and results of evaluation of damage on each
sample are summarized in Table Al of the Appendix A.

The properties of mobile, localized, and high temperature types of surface discharges
were identified from visual observations and video recordings. The physical characteristics
of these three types of discharges were discussed in [26]. The appearance of these discharges
as well as the severity of material damage that each type causes is similar at the AC, —DC
and +DC test voltages. In this paper, high temperature arcing discharges are also referred
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to as eroding discharges. These discharges produce the most severe (deep erosion) damage
compared to the other two types of discharges.

In the AC IPT, it was found that each type of discharge produces a distinct PRPD plot
and forms a separable cluster on the TF map. The results of the PRPD pattern identification
and TF map cluster separation for mobile, localized, and high temperature discharges were
presented in [26]. The evaluation of PD characteristics obtained in negative and positive
DC IPT are presented in this paper.

4.1. Negative DC Discharge Characteristics

The results of charge magnitude window evaluation and TF map cluster separation
for mobile, localized, and high temperature discharges observed in negative DC IPT are
summarized in Table 1.

Table 1. Negative DC partial discharge characteristics.

Discharge Type

PD Characteristics Mobile Localized High Temperature
Apparent charge magnitude [nC] >4 1-4 <1
T? [ns] 35-150 42-120 35-200
W2 [MHz] 10.5-12.6 5.5-9.5 1.0-5.5

It was found that each type of discharge produces a distinct magnitude window on
the charge vs. time diagrams, as shown in Figure 3. Mobile discharges appear as the
highest magnitude discharges, localized discharges fall in the 1 to 4 nC range, and high
temperature discharges have the lowest magnitude. Each discharge type also forms a
separable cluster on the TF maps, as shown in Figure 4. Similar to discharges in the AC
tests, negative DC pulse clusters shift towards the lower equivalent bandwidth range as
the material degradation becomes more severe.

8.000s 18.00 s 20,00 s

6.000 nC

4.000 nC

(b)

" 8.000s 18.00 s 2000 s
£.000 nC
4,000 nC
2.000 nC Q=1nC

(0)
Figure 3. Diagrams of apparent charge magnitude vs. time acquired during negative DC IPT at
—3.4 kV. (a) Mobile discharges producing magnitudes greater than 4 nC. (b) Localized discharges
producing magnitudes between 1 nC and 4 nC. (c) High temperature discharges having peak charge
magnitude of 1 nC.
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Figure 4. TF map clusters obtained during negative DC IPT. (a) Mobile discharge pulses form cluster
having greatest W? coordinates. (b) Localized discharge pulses form cluster with mid-range W?
coordinates. (c) High temperature discharge pulses form a cluster with lowest W2 coordinates.

4.2. Positive DC Discharge Characteristics

The results of magnitude window evaluation and TF map cluster separation for
discharges observed in positive DC IPT are summarized in Table 2. Similar to discharges in
the negative polarity tests, each type produces a distinct magnitude window, as shown in
Figure 5. Mobile discharges appear as highest magnitude discharges. Localized discharges
fall in the 1 to 6 nC range. However, there is an overlap in magnitudes between the
localized and high temperature discharges, which makes it challenging to distinguish
between the two types. The high temperature discharges tend to appear in longer intervals
of discharge activity on the diagrams than the localized discharges. Each discharge type
also forms a separable cluster on the TF maps, as shown in Figure 6. Similar to AC and
negative DC tests, positive DC pulse clusters shift towards the lower equivalent bandwidth
range as severity of material damage increases. In positive DC tests, it was observed
that the apparent charge magnitude varies with the applied test voltage level. Therefore,
although ranges of magnitudes were established for the three types of discharges, these
ranges apply at specific test voltages. However, the ratios of magnitudes between mobile,
localized, and high temperature discharges remain the same. Pulse clustering on the TF
maps was not affected by the test voltage level. Therefore, cluster separation is more useful
for determining discharge characteristics in DC tests than charge magnitude windows.

Table 2. Positive DC partial discharge characteristics.

Discharge Type

PD Characteristics Mobile Localized High Temperature
Apparent charge magnitude [nC] >6 1-6 3-12
T? [ns] 50-150 52-128 70-200

W2 [MHz] 9.5-12.0 5.5-9.0 1.7-5.0
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Figure 5. Diagrams of apparent charge magnitude vs time acquired during positive DC IPT at 2.7 kV.
(a) Mobile discharges producing magnitudes greater than 6 nC. (b) Localized discharges producing
magnitudes between 1 nC and 6 nC. (c) High temperature discharges having a magnitude window
between 3-12 nC.
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Figure 6. TF map clusters obtained during positive DC IPT. (a) Mobile discharge pulses form cluster
having greatest W2 coordinates. (b) Localized discharge pulses form cluster with mid-range W?
coordinates. (c) High temperature discharge pulses form a cluster with lowest W2 coordinates.

4.3. PD Pulse Waveshapes
4.3.1. Mobile Discharge

The TF map analysis showed that the common characteristics of mobile discharge
pulses at the three voltage types are high equivalent bandwidth W2, and low equivalent
timelength T2, relative to localized and high temperature pulses. A comparison of the

TF-map coordinates of mobile discharge pulses of the three voltage types is shown in
Table 3.
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Table 3. Comparison of mobile pulse characteristics at the three types of voltage stress.

Test Supply AC -DC +DC
T2 [ns] 20-175 35-150 50-150
W2 [MHz] 13.5-15.0 10.5-12.6 9.5-12.0

While the —DC and +DC mobile pulses have an overlap in both T? and W? coordi-
nates, the AC mobile pulses have greater W2 coordinates. The AC mobile pulses appear
oscillatory, which results in an increased higher frequency content of the FFT. The oscilla-
tions may be caused by the AC experimental setup rather than being a characteristic of the
pulse itself. Examples of mobile discharge pulses in the time and the frequency domains
are shown in Figure 7. Predominance of the higher frequency components (>25 MHz) in
the AC mobile pulse spectrum can be observed compared to the DC mobile pulse spectra.
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Figure 7. Mobile discharge pulse waveforms and corresponding frequency spectra. T2, W2 co-
ordinates of each pulse are shown on the time domain graphs. (a) AC pulse appears oscillatory.
(b) Negative DC pulse. (c) Positive DC pulse.
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4.3.2. Localized Discharge

A comparison of the TF-map coordinates of localized discharge pulses at the three
types of voltage stress is shown in Table 4.

Table 4. Comparison of localized pulse characteristics at the three types of voltage stress.

Test Supply AC —DC +DC
T? [ns] 70-170 42-120 52-128
W2 [MHz] 6.5-11.5 5.5-9.5 5.5-9.0

Localized discharge pulses are plotted in the mid-range of equivalent bandwidth,
relative to W2 coordinates of mobile and high temperature discharges. The W? coordinates
of localized pulses at AC, negative and positive DC overlap between 6.5-9 MHz range.
Examples of localized discharge pulses in the time and the frequency domains are shown
in Figure 8. In comparison to the frequency spectra of the mobile pulses, the localized
discharge pulses show predominance of the lower frequency components, while compo-
nents greater than 10 MHz gradually drop in magnitude. The localized pulses appear to be
similar in waveshape and spectra at the three voltage types.

4.3.3. High Temperature Discharge

The high temperature discharge pulses at the three voltage types have low equivalent
bandwidth coordinates, relative to the localized and the mobile discharges. A comparison
of the TF-map coordinates at the three voltage types is shown in Table 5.

Table 5. Comparison of high temperature pulse characteristics at the three types of voltage stress.

Test Supply AC —-DC +DC
T2 [ns] 65-160 35-200 70-200
W2 [MHz] 1.5-6.5 1.0-5.5 1.7-5.0

The T? coordinates of the pulses obtained in DC tests extend higher than those in the
AC tests. Examples of the high temperature discharge pulses in the time and the frequency
domains are shown in Figure 9. It was observed that the high temperature discharge pulses
that are present at later stages of material erosion have a wider waveshape (higher T2)
than the pulses that are present at the onset of the erosion. The pulse spectra show a
predominance of the low frequency components (DC to 2 MHz) characteristic of the high
temperature pulses. The deep eroding discharges exhibit a dominant DC component (at
0 Hz), even in the AC tests.
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Figure 8. Localized discharge pulse waveforms and corresponding frequency spectra. T2, W2
coordinates of each pulse are shown on the time domain graphs. (a) AC pulse. (b) Negative DC
pulse. (c) Positive DC pulse.



Energies 2021, 14, 6051 12 of 19
Waveform Pulse spectrum
8.00E-2 7.086-3
7.0082 : :
68.3 ns, 6.1 MHz e
6,008~2
5.008-3
— 5.00E-2
> =
o 4.00E-2 4 H00E-3
3 2
£ 3.0082 \ Ex 3.00E-3
< 20082 \
L% 2.008-3
1.00E-2 —
e B 11T
i . | , ‘ e | | “Illl!llum..:,.“ |
0 200E-9 400E-9 600E9 8OOE-9 990E-Q 0 10E+6  20E+6  30E+6  40E+6 49E+6
Time [s] Frequency [Hz]
(a
Waveform Pulse spectrum
2.00E-3 1.656-3
0.00E+0 [, j_.«vn.q.»—'“—f“'—”“”* ¥
1.408-3
2.00E-3 ik
s 1.208-3
= -4.006-3 =
' -6.006-3 u e
£ -5.0083 £ 8.0084
2 10062 = 6.0084
1.20E-2 4.00E-4
e 79 ns, 5.3 MHz 2.0084 ||“ ’ |
I.GOE'ZI . . ; . 0.00E~+0 ; ||||! |1|“||||[|l“|l|ll:1 |l||||I
0 200E-9  400E-9 600E-9 800E-9 990E-9 0 10E+6 20E+6 30E+6 40E+6 45E+6
Time [s] Frequency [Hz]
(b)
Waveform Pulse spectrum
2.256-2 4,243
2.0082 79 ns, 3.2 MHz
1.7582 3.506-3
15082 | 3.006-3
= 12582 \ % 2.506~3
3 o
S L0082 L % 2.00E-3
E 7.506-3 \._\ X as
5.006-3 j
2.5083 Mﬁ\ =
0.00E40 [~V A 5.008-4 | H ‘
-2.50E-3 i . ; ; 0.00E+0 ' “lllllJ:llll.hniu Ly
0 200E-9  400E-9  G00E-G  SOOE-9 990EQ 0 10E+6  20E+6  30E+6  40E46  49E+6
Time [s] Frequency [Hz]
(c)

Figure 9. High temperature discharge pulse waveforms and corresponding frequency spectra. T2,
W2 coordinates of each pulse are shown on the time domain graphs. (a) AC pulse. (b) Negative DC
pulse. (c) Positive DC pulse.

4.4. Evaluation of Eroding Discharge Pulse Characteristics

The high temperature discharge pulses signal the onset of SR erosion in the IPT.
The experimental results show that the positive DC test causes the most severe erosion
of material. To investigate the differences between AC and DC erosion mechanisms,
properties of eroding discharge pulses have been determined and compared for AC vs. DC
voltage. Four pulse characteristics were selected for the evaluation:

1.
2.

Pulse amplitude in Volts;
Approximate pulse energy, calculated using the equation for energy of a discrete-time

signal given by

Engn, = ) lx(m)P,

Np

n:N1

@
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where Nj and N; are the start and end of the signal acquisition, and x(n) consists of
the data points from the sampled PD signal in Volts;

3. Width of the pulse in nanoseconds, calculated by subtracting the time of the first 50%
of the peak crossing on the rise from the time of the last 50% of the peak crossing on
the fall of the pulse waveform;

4. The fourth property is determined from the frequency spectrum of the pulse, defined
as the ratio of DC to 1 MHz frequency components in the spectrum.

The mean pulse amplitude, mean energy, maximum pulse width, and maximum
DC/1MHz component ratio were calculated from a set of high temperature pulses from
AC, negative DC, and positive DC tests, representative of the entire range of equivalent
bandwidths and timelengths (shown in Table 5). Results of evaluation of eroding discharge
pulse characteristics at the three types of voltage stress are summarized in Table 6.

Table 6. Summary of eroding discharge pulse characteristics obtained in AC, negative and positive
DC tests. Red, orange and yellow cells indicate the relative order of values in each row from high to
low, respectively.

Eroding Pulse Characteristic +DC —-DC AC
Degree of erosion Most severe Moderate Least severe
Mean amplitude [mV] 7.6 5.7 29.0
Mean energy [mV?] 852 431 5549
Maximum pulse width [ns] 540 530 330
Maximum DC/1MHz component ratio 2.0 2.0 1.7

Although the mean amplitude and energy of the AC eroding discharges are greater
than the DC discharges, less erosion severity was observed in the AC tests. Greatest pulse
widths and predominance of the DC frequency component were identified for the DC
eroding discharge pulses at both polarities. Based on the comparison of the sets of four
evaluated pulse parameters, it can be concluded that a greater pulse width and the presence
of more dominant DC component in the spectrum are attributable to PDs that cause a
greater severity of silicone rubber erosion.

5. Conclusions

The research presented in this paper evaluated partial discharge characteristics of
discharges in the IPT that lead to the erosion of silicone rubber under AC and DC stress. In
the first part of the study, critical AC and DC test voltages and flow rates were determined.
Specimens subjected to these critical test parameters failed due to erosion degradation or
ignition. No classical tracking failures or leakage current exceeding 60 mA were reported
for any of the specimens tested under the critical AC or DC voltages. In the positive DC
experiments, at the equivalent test voltage level of 2.7 kV and 0.3 mL/min contaminant
flow rate, the depth and length of SR erosion was greater than that of the AC test at
4.0 kVms and the negative DC test at —3.4 kV. It is concluded that the positive DC test
causes the most severe erosion of SR material.

This study showed that the stages of material degradation during the IPT are related
to variations in the apparent charge magnitude and the location of pulse clusters on
the TF maps. In both of the AC and DC tests, mobile discharges (least severe) appear
as having highest apparent charge magnitudes. On the TF maps, the mobile discharge
pulses at the three voltage types are characterized by high equivalent bandwidth and low
equivalent timelength, relative to TF map coordinates of the localized and high temperature
pulses. The frequency spectrum of the mobile discharges obtained in the AC tests exhibits
predominance of the higher frequency components, over 25 MHz, compared to the DC
mobile pulse spectra.

The localized discharges produce damage of moderate severity. In the DC tests, their
apparent charge magnitude falls in the 1 to 4 nC range in the negative polarity tests, and 1
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to 6 nC range in the positive tests. On the TF maps, the localized discharge pulses are in
the mid-range of equivalent bandwidth, relative to W? coordinates of the mobile and high
temperature discharges. The frequency spectrum of localized pulses shows predominance
of the lower frequency components, while components greater than 10 MHz gradually
drop in magnitude. The localized pulses appear similar in waveshape and spectrum at the
three voltage types.

The high temperature arcing discharges produce the most severe damage, in the
form of deep erosion, compared to the other two types of discharges. Apparent charge
magnitudes in +DC tests were found to be 3 to 12 times greater than in —DC tests, despite
the lower positive test voltage level. On TF maps, high temperature discharge pulses are
characterized by lowest equivalent bandwidth coordinates. Pulses that are present at later
stages of material erosion have a wider waveshape (higher T?) than pulses that at the onset
of erosion. Pulse spectra of the eroding discharges show a characteristic predominance of
the low frequency components, 0-2 MHz.

The amplitude, energy, maximum pulse width, and frequency spectrum were eval-
uated and compared for the eroding discharge pulses at the three voltage types. The
highest mean amplitude and energy were calculated for the AC eroding discharge pulses.
However, the greatest pulse widths and predominance of the DC frequency component
were identified for the DC eroding discharge pulses. It is concluded that the greater pulse
width and the presence of dominant DC component in the pulse frequency spectrum are
attributable to PDs that cause greater severity of SR erosion.

Partial discharge measurement during the IPT shows promising results for quantita-
tive evaluation of severity of SR degradation. However, further investigations are needed.
Additional processing of PD charge versus time data is suggested to establish statistical
behavior of PD pulses with time. Calculation of cumulative pulse energy produced by
the eroding discharges is also suggested to produce quantitative evaluation of material
degradation. Experiments using other contaminant solutions and other polymer materials
should be performed to study their effects on the PD characteristics.
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Appendix A

The test parameters and the results of evaluation of material damage are summarized
in Table A1.
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Table Al. Results of evaluation of test parameters and comparison of material damage at AC, —DC, and +DC voltages;
green cells lie within the lower range of erosion damage, white cells are within the middle range, and red cells are within

the higher range.
Sample Test Voltage  Flow Rate Time on Test Erosion Erosion Track Comment
# kV) (mL/min) Depth (mm)  Length (cm) Length (cm)
AC1 3.5 0.3 5h 0.43 0 1.9 Trial sample
AC2 35 03 35h 3.95 24 03 Old contaminant
was used
AC3 35 0.3 6h 0.5 0 22 -
AC4 35 0.3 6h 0.3 0 24 -
AC5 35 0.3 6h 0.4 0 25 -
AC6 45 0.6 6h 0.32 0 2.0 -
AC7 45 0.6 6h 0.32 0 0.8 -
Voltage varied for
ACS8 4.0-4.75 0.6 35h 3.82 2.8 0 first 12 min then
proceeded at 4.0 kV
AC9 4.0 0.6 25h 3.98 27 0 -
Arcing energy too
AC10 3.0,4.0 0.3,0.6 2h,3h 4.68 2.5 0 low at 3.0 KV
AC11 45,40 0.6 20 min, 2.5 h 0.65 0.9 11 Test stopped
prematurely
~DC 12 —3.0 0.6 1h 40 min 5.57 3.8 0 -
—-DC 13 -3.0 0.6 1 h 39 min 391 35 0 -
—DC 14 —34 03 6h 0.88 0 32 -
—DC 15 —34 0.6 1h 3 min 4.09 2.4 0 ignition/intense arc
—-DC 16 —-34 0.6 1 h 40 min 3.95 2.1 0 ignition/intense arc
~-DC17 —34 0.6 3h23 min 3.35 2.0 1.6 -
~DC18  —34,-32 0.6 2h 44 min 3.26 23 0.3 -
~-DC 19 ~32 0.6 2h 20 min 45 3.1 0 -
-DC20  —3.0,-32 0.6 2 h 50 min 434 32 0 -
~DC 21 —34 0.6 2 h 5 min 5.38 35 0 -
+DC22 27,29 0.6 2h 50 min 25 14 0 Test stopped
prematurely
+DC 23 29 0.6 3 h 43 min 5.18 2.0 0 ignition/intense arc
+DC 24 4.0 0.6 2 h 42 min 4.81 35 0 -
+DC 25 4.0 0.6 2h 4.93 2.5 0 -
+DC 26 27 0.3 2 h 50 min 4.68 3.0 0 -
+DC 27 2.7 0.3 1 h 39 min 6 2.6 0 -
+DC 28 27 0.3 1 h 40 min 5.66 4.0 0 -
+DC 29 27 0.3 1 h 40 min 5.11 29 0 -

The color scales in columns 5 and 6 facilitate visual comparison between values. The
green cells lie on the lower end of the range, the white cells are in the middle range and the
red cells are at the high end. The erosion depth for the samples tested at an AC voltage of
3.5 kVims, 0.3 mL/min and 4.5 kVs and 0.6 mL/min is least severe. For the samples that
were subjected to an AC voltage of 4.0 kVms and 0.6 mL/min, the erosion depth was of
moderate severity.

The erosion depth for negative DC samples is in the moderate to high severity range,
with the exception of sample #14 for which the contaminant rate was too low to initiate
stable discharges. The erosion severity for samples tested at —3.0 and —3.2 kV and
0.6 mL/min was greater in terms of depth and length combined, than for samples tested at
—3.4 kV and 0.6 mL/min. The erosion patterns at —3.4 kV more closely resemble erosion
patterns at 4.0 kVyms.

The erosion depth for positive DC samples is the most severe. On sample #27, the ero-
sion progressed through the entire thickness of material in just 1 h and 39 min on test. The
positive DC stress produced the most severe test conditions as can be seen from red and
white cells in Table Al.
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To minimize damage to the camera, the test was stopped on samples #15, #16, and #23
when the arc appeared too intense causing momentarily ignitions of the sample. Out of
the 11 samples tested with AC voltage, samples #1, #2 and #11 were excluded from the
assessment of test severity, and from the 8 samples tested with positive DC, sample #22
was excluded, because the test was interrupted before reaching the failure criteria.

Photographs of the specimens subjected to AC, —DC, +DC IPT are shown in
Figures A1-A3, respectively.

kA R N P T2 ORI A L

Figure A1. Photographs of test specimens #1—#11 at the end of AC IPT.
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Figure A2. Photographs of test specimens #12—#21 at the end of —DC IPT.
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Figure A3. Photographs of test specimens #22—#29 at the end of +DC IPT.
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