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FRP Tools Under DC Conditions ABSTRACT

Abstract

In high voltage direct current (HVDC) electric power systems, live-line maintenance meth-
ods, using fibreglass reinforced plastic (FRP) tools, are being applied to enhance their
reliability and avoid costly outages. The effects of direct current (DC) space charges are
not well understood or accounted for in live-line working standards.

Surface charge is generated by a ring of needles, pre-stressing and wiping. Surface
potentials are measured using a vibrating Kelvin probe and converted to charge densities
using a probe response matrix. Surface charging characteristics of FRP are compared to
silicone rubber (SIR) and wood hot stick insulator samples.

The effects on flashover voltage due to the presence of surface charge are investigated by
applying both polarities of voltage when charges pre-existed on the surface. It is discovered
that the presence of surface charge does impact the flashover voltage of FRP insulator

samples. Mitigation methods are investigated and discussed.
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Chapter 1

Introduction

1.1 Background

There is a growing interest worldwide for high voltage direct current (HVDC) systems
for bulk transmission of electric power over long distances. HVDC transmission systems
operate at voltages up to 800 kV and higher levels are emerging [1]. Live-line maintenance
methods are used to safely secure continuous and reliable transportation of electric energy in
such systems while avoiding revenue loss. Live-line maintenance methods employ fibreglass
reinforced plastic (FRP) insulating materials to safely insulate the energized conductors
from each other and from the ground, as well as ensuring the safety of the personnel.
During live-line maintenance work, space charges accumulate on the surface of FRP hot
sticks (commonly used in live-line work) due to corona discharge from energized nearby
objects and /or by direct contact with energized objects. This work can be carried out using
FRP tools from structures where the tool is the worker’s sole line of defense. There are also
barehanding techniques (worker is at the same potential as the energized conductor) where
aerial devices are used or a ladder is used from the structure (Figure . In these latter

cases, leakage monitoring is used in conjunction with the insulation to provide extra security,
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as measurable leakage current is a precursor to a contamination-type flashover. Workers are
visually required to monitor the leakage current during the duration of energized contact.

Industry and recent research is taking interest in the space charge accumulation and
flashover performance for insulators of various materials under direct current (DC) con-
ditions. The impact of surface charge is being investigated and given extra consideration
under DC conditions as studies have shown, for example, that the flashover characteristics
can be affected by charges residing on the surface of cylindrical polymer insulators [2]. This
phenomenon will need to be better understood for live line tools made from FRP used
for HVDC maintenance since existing standards do not consider the effect of space charge
for DC minimum approach distances. The effects of DC corona space charge is not well
understood as of yet on FRP tools.

After two flashover accidents, in 1997 and 2002 at 500 kV AC (alternating current)
at Manitoba Hydro, extensive research was carried out to study and understand the root
cause [3]. Testing and research have shown that the root cause of the AC accidents was light
salt pollution on the surface of the FRP tools combined with surface moisture/ice. Follow-
up testing at 500 kV HVDC at Institut de recherche d’Hydro-Québec (IREQ) revealed
a “fast flashover” phenomenon [3], [4] that appears to be due to space charge from DC
corona. The fast flashover phenomenon was characterized as occurring at low humidity,
with absence of leakage current, at less than the system’s operating voltage, light to no
contamination, and occurs exclusively at negative voltages. There are well distinguished
differences that characterize the fast flashover from the well understood pollution flashover
which always occurred with prior leakage current of greater than 2 mA. The test procedure
was such that the electrodes were pre-stressed for about 30 minutes with HVDC, and then
a series of voltage ramps were started along with increasing humidity. The DC withstand
voltage of clean FRP surface was shown to be reduced compared to their AC withstand

voltage, due to the accumulation of surface charges [5].
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Glass
insulators

FRP hot stick

(@ (b)

(c)

Fig. 1.1: Pictures illustrating live-line work on HVDC using a) FRP hot stick from the
structure(ladder), b) barehand method from a ladder and c) barehand method from an
aerial device. Photographs courtesy of Manitoba Hydro.
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At the same time flashover incidents are occurring in industry all at the negative peak of
the AC waveform [6]. At the same time Manitoba Hydro experiences anomalous flashovers
on their 500 kV HVDC transmission lines during summer months always on the negative
poles during the afternoon to early evening. Many of the flashovers occur in the northern
part of the line where the towers are more likely to be standing in or surrounded by water [7].
Further understanding is required as to why these flashovers are all occurring at negative
polarity and the cause of the anomalous flashover, as it is suspected to be caused by space
charge as well.

The benefits of this thesis to industry are an increased safety of live-line workers and
the economic benefit of avoiding outage costs by maintaining or allowing the ability to
carry out live-line maintenance on HVDC transmission lines. The results of this research
can aid utilities that currently carry out live-line maintenance or plan to on HVDC lines,
in the understanding of the possible effects of DC corona on FRP tools and on live working

procedures.

1.2 Problem Definition and Existing Solution

There is a large worldwide experience on live-line work on AC lines but the knowledge and
experience of live-line work on DC is much more limited. Also of great significance is that
present minimum approach distances, for DC live-line work, such as those found in IEEE
516-2009 [8] are based on AC test results with no surface charge considerations under DC
conditions. The minimum approach distances are based on switching surge tests in the
absence of DC space charge. Other live working standards such as IEC 61472-2013 [9] make
no recommendation for the calculation of minimum approach distances for live-line work
on HVDC transmission lines. Standards such as ASTM F711-02 [10] specifies AC tests for
the design of FRP tools and no consideration is given for the effects of space charge under

DC conditions as well.
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Based on tests done previously by Manitoba Hydro and others [2], there is some belief
that the dielectric withstand of DC, and therefore at the suggested minimum approach
distance, the strength may be reduced compared to AC because of the presence of space
charge. Previous testing at Manitoba Hydro [11] also showed that AC corona tends to cause
static charge on a FRP tool to decay rapidly. Under AC conditions, due to the alternating
polarity, space charge will reside very close to the energized apparatus while under DC
conditions space charge will spread out due to the repelling nature of the charge. There
are many similarities between live work on HVDC systems and live work on high voltage
alternating current (HVAC) systems. Live work methods on DC lines were derived from
AC live work, and, in general, the two employ the same work methods and tools. There
are also several very important differences and issues that require special consideration and
further research, including possible effects of DC space charge produced on HVDC lines.

It is critical that the effects of DC corona on FRP tools are understood so that future
incidents can be avoided which could result in the inability to perform live-line work and
the associated economic benefits. This thesis is based on the testing that was completed
by Manitoba Hydro at the IREQ laboratories which resulted in the discovery of a ”fast
flashover” phenomenon (3], [4] and the previous work of Kumara et al. on the effects of DC
charge on cylindrical polymer insulators [2], [12].

Concerns with surface charging of polymeric insulators is increasing as the durations
that charges reside on surfaces are significantly longer due to the progression of material
types. Prior to the 1950s FRP tools were made from wood but have been replaced with
the FRP material and in recent years there have been an increasing amount of hot stick
flashovers in industry. It has been shown that epoxy resin can have an even slower charge
decay times than silicone rubber (SIR) and the charges will reside even longer [13|. This
thesis will consider a FRP (composed of fibreglass reinforced epoxy resin) hot stick, SIR,

and a wood insulator sample.
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Experiments have been performed to better understand the phenomenon and these
showed that electric charges can be deposited on polymeric surfaces in different ways, such
as being activated by corona discharges in the surrounding air [12]. The issue with most of
the past studies on corona charged polymeric surfaces is that they were conducted on very
thin flat samples. Few studies involved thick samples or cylindrical shapes, which are more
relevant to the case of high voltage insulation and live working tools such as hot sticks,
strain poles, and aerial device booms. No study to date have successfully characterized the
surface charging and flashover characteristics of FRP tools. Studies of cylindrical insulators
to date have mainly focused on streamer propagation.

Previous work done [14] by EPRI (Electric Power Research Institute) concluded that
quantifying the possible effects of DC charge on tool performance is a difficult task. An
approach to measure the voltage profile along FRP tools with a non-contact measuring
device, which could help address this task, was suggested. More recent testing by EPRI
attempted to measure surface charge along a FRP tool from a corona brush but due the
failure of an electric field probe it was not possible. The effects of wiping with silicone
clothes, buffed with wax and rubbed by leather gloves was to be investigated but the work
was not successfully completed due to a lack of measurement equipment [15].

Manitoba Hydro was not successful at reproducing fast flashovers at their own high volt-
age laboratory as completed at IREQ. This was deemed to be due to the ground electrode
being closer to the ground and shorter lengths of bundled conductor on the energized side
of the FRP tool which resulted in lower space charge potentials |7]. It was recommended
that the size of the laboratory be increased along with the length of conductor or testing
should be carried out on smaller sized hot sticks. These recommendations would result in
higher space charge potentials.

Manitoba Hydro is the only utility in the world that is applying mitigation measures for

HVDC live-line work, using polymer sheds and inhibitor electrodes, and interest is growing.
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Polymer sheds have the effect of increasing the flashover voltage required for surface charge
based flashovers under HVDC conditions, while inhibitor electrodes suppress the formation
of positive streamers. This topic will be discussed later in the thesis in the Results and
Discussion chapter. Other utilities are not currently performing live line work until further
research is carried out and the risks associated with HVDC space charge on FRP tools are
fully understood. There is great interest currently in industry to better understand the
effects of space charge on FRP tools and its effects on minimum approach distances for

HVDC live-line work.

1.3 Objective of the Thesis

The objective of this thesis is to investigate the effects of DC corona on the surface charge
and flashover characteristics of an FRP hot stick. Laboratory testing will be carried out in
combination with computer simulation to determine the effects of electrical surface charges
on FRP tools under DC conditions. The characteristics of the deposited surface charge (sur-
face potential profile) and flashover performance will be investigated using various methods
of charging. It is expected that the surface charge on the tool surface will decrease the
flashover voltage and increase the probability of a flashover at the system operating voltage.
The effects of different material properties on the charge profile and flashover characteris-
tics will be investigated. The thesis will provide an understanding of the impact of surface
charges and their characteristics on the DC flashover voltage of FRP tools, which is essen-
tial to consider in live-line working standards, live-line methods, and flashover prevention.
Possible mitigation methods are discussed for improving worker safety during live-line work

on HVDC transmission lines.
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1.4 Contributions

The contributions of this thesis are as follows:

e Determination of the DC surface charging characteristics of cylindrical FRP, SIR and
wood insulator samples using three charging methods of direct and non-direct contact.

These characteristics included charging time, voltage and decay.

e The influence of distance from the non-contact corona source to the insulator surface

is determined for all insulator materials.

e Comparisons between all insulator materials is made in regards to their surface charg-
ing characteristics. The difference between polarity of charging voltage and the ma-

terials properties effect on charge collection and decay is determined.

e Determination that the wiping method, as completed in live-line work just prior to

hot stick contact, could be hazardous prior to live line work for DC.

e Provided a full understanding of the effects of triple point junctions and electrode
configurations for pre-stressing insulator samples from one side with the other side

grounded.

e The DC flashover characteristics of a FRP cylindrical sample are determined for sur-
face charge applied by direct and non-direct corona charging. Flashovers are repeat-
ably produced in the absence of leakage current, in low humidity, and in the absence

of contamination.

e The impact of sheds on a clean FRP insulator sample is evaluated along with their

optimum location.

e Validation of flashover characteristics for a cylindrical SIR insulator sample as per-

formed in [2].
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e Confirmation that the effect of DC space charge needs to be given consideration in

existing live-line working standards.

1.4.1 Publications

The outcome of this research have been submitted and accepted as conference papers.
One paper [16] focuses on the surface charging characteristics of FRP hot sticks while the
other [17] focuses on the flashover performance of FRP hot sticks considering space charge

under DC conditions.

1.5 Thesis Outline

This thesis is divided into six chapters as described below:

Chapter 1: Introduction of the thesis, giving the background, problem definition and
existing solution, objectives, and contributions.

Chapter 2: Discussion on the literature review of research completed on surface charg-
ing of insulators under DC conditions, streamer propagation in air and along surfaces and
flashover characteristics of insulators under DC voltage. This chapter also discusses surface
measurement techniques and details on the vibrating Kelvin probe.

Chapter 3: Discussion on the experimental setup and methodology used for the surface
charging characteristics and DC flashover tests for all insulator samples. A discussion on
the computer simulation technique used to develop the probe response matrix required for
converting the measured surface potential distribution to a charge density distribution is
provided.

Chapter 4: Discussion on results of the DC charging characteristics study using the
direct and non-direct surface charging methods and the DC flashover investigation. Miti-
gation methods are discussed.

Chapter 5: Conclusion of this thesis, with a discussion on future work.

-9-
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Chapter 2

Literature Review

This chapter of the thesis summarizes research completed on the effects of DC space charge
on insulators samples. Firstly the literature on surface charging characteristics of insulators
under DC voltage is summarized. Streamer propagation research is then discussed which
includes positive and negative streamers and ice surfaces. The literature on flashover of
insulators under DC voltage is then reviewed which includes the fast flashover phenomenon.
The effects of DC space charge on cylindrical FRP samples is not yet fully understood or

characterized.

2.1 Surface Charging on Insulators under DC Voltage

Kumara et al. investigated the characteristics of charge distribution on a cylindrical in-
sulator composed of a silicone rubber layer (SIR) over a fiberglass reinforced epoxy resin
core |12]. The sample was charged using a corona ring of needles and by pre-stressing from
an electrode. It was shown, in the case of a corona ring of needles, that charging by negative
voltage results in a slightly higher surface potential than charging by positive voltage. It
was also observed that under certain conditions a bell shaped surface potential was mea-
sured while under charging scenarios back discharges were observed as seen in Figure [2.1

Back discharges appear to occur when the voltage source is turned off and grounded as the
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Fig. 2.1: Surface potential on the surface of a SIR cylindrical insulator showing the bell
curve and a back discharge for different charging conditions [12].

charge on the surface discharges back to the needles if the electric field strength is approxi-
mately 30 kV/cm, which is the ionization threshold. Back discharges are discussed further
in Section [{.1.2.5] Under positive charging using the ring of needles, a charging voltage
above 10 kV did not result in a noticeable change of potential at the center of sample where
as for negative charging, there was an increase in potential, for all charging voltages, along
the sample at all locations. In areas close to the electrodes hetero-charges (charges of the
opposite polarity to the charging voltage) are found.

It was also discovered in that the net charge on the surface of the samples was higher
for negative charging than positive charging. The amount of charge was shown to increase
linearly with charging voltage for positive and negative charging. Higher charging voltages

displayed that charge was spread further away from the center as well. As reported in
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14—

—Negative 72 kV
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Surface Potential (kV)

Position (cm)

Fig. 2.2: Surface potential on the surface of a SIR cylindrical insulator after pre-stressing
with negative voltage . (-5 cm is energized electrode, +5 cm is grounded electrode)

the charging time using the ring of needles did not have a sizable effect on the resultant
charging time when 1, 2 or 3 minutes was utilized. When moving the location of the ring
of needles to the left or right of the center, symmetry is found for the same locations (i.e.
+ 2.5 cm) on either side.

When the pre-stressing method was used to deposit charge on the surface of the insu-
lator in [12], with one electrode grounded and the other energized with negative voltage,
a positive charge was produced on the majority of the surface of the insulator as seen in
Figure Large hetero-charges (charges of the opposite polarity of the charging voltage)
exist near the grounded electrode while homo-charges (charges of the same polarity of the
charging voltage) exist near the energized electrode. Higher pre-stressing voltages did not
significantly increase the amount of surface charge at the energized electrode while there

was a noticeable increase at the grounded side especially at 72 kV.
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Research in |18] for flat PTFE (polytetrafluoroethylene) insulators showed that negative
charges accumulate more easily on insulator surfaces than positive charge. It was concluded
that in high humidity, surface charge decays faster than in low humidity. Also it was found
that about 65% of the total charge on the insulator surface was accumulated in the first 2
minutes as compared to 200 minutes.

Yamano et al. [19] studied the surface charging characteristics of a flat dielectric sample
in a vacuum chamber where a triple junction was used to broadcast the charge. It was
determined that when charging with negative DC voltage, a larger magnitude of charge is
distributed on the surface than when charging with positive DC voltage. In the case of a
negative DC voltage, the charge is more widely distributed over the surface as compared
to a positive DC voltage where the charge distribution is steeper and more localized. This
speaks again of the higher mobility of electrons versus positive ions. Similar observations
were made in [20] for flat silicone samples. It was noted that the spread of negative charge
is over a wider area than positive charge which stays in a much more concentrated area

near the high voltage electrode.

2.1.1 Decay of Surface Charge

Kumara et al. [21] studied surface charge decay on polymeric flat materials. It was deter-
mined that positive impulse corona resulted in a higher surface charge and a larger area of
charge than in the case of negative corona. Locations with higher potentials had a faster
decay of potential. No significant differences were found if positive or negative charge ex-
isted on the surface and the associated decay rate, of surface charge, for either polarity.
However, the difference in decay rates of surface charge for different materials is found to
be significant.

In 22|, the charging characteristics of flat EDPM (ethylene propylene diene monomer)

and SIR was investigated. It was determined that under positive impulse voltage, a larger
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amount of accumulated charge was deposited. It was shown that positive or negative charges
do not decay at different rates. The decay rate of different materials was also found to be
significantly dissimilar.

In [23] it was discovered that positive charge decays faster than negative charge, for
room temperature vulcanized (RTV) silicone rubber (SIR) although the difference is not
considerable. When the SIR was treated by direct fluorination, the decay rate of positive
and negative surface charge was found to increase and the accumulation of charge was found
to decrease.

It was shown in [13] for surface decay studies that surface charge on epoxy resin does
decay considerably slower than SIR. FRP insulators are composed of an epoxy resin as well

and reinforced with fibreglass.

2.2 Streamer Propagation

Streamer propagation was first studied mainly in air and later research initiated on the
effect of insulator surfaces on the propagation of streamers. Streamers can be thought of
as a transient electrical discharge. Research on streamer propagation mainly focuses on
positive streamers as they tend to propagate under lower electric field strengths and are
thus much more common. The majority of the work on streamer propagation dates back to
the 1990’s. DC surface charge and flashover characteristics research tended to focus on flat
samples while streamer propagation investigations focused on cylindrical insulators. The
following review is presented in chronological order from the oldest to newest research on
this topic.

Allen and Ghaffar in [24] studied the conditions required for a positive streamer in air.
The minimum electric field that is required for propagation was discovered of 440 kV /m. Tt
was shown that the velocity of streamers increases linearly with the electric field strength.

Allen and Ghaffar in [25] studied the impact of cylindrical insulator surfaces on the
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Fig. 2.3: Typical setup for streamer propagation investigations in literature [24-36]. The
setup includes a negative DC voltage source, photomultipliers, two electrodes, a cylindrical
insulator sample, a needle which is pulsed by a positive pulse to generate positive streamers,
and a high speed camera.

propagation of positive streamers. Much of the work on streamer propagation carries com-
monalities in that photomultipliers are used to measure the velocities of streamers from one
end of the sample to the other. Photomultipliers are able to detect the light emitted due
to streamer propagation and are used to measure the speed of the streamers by using mul-
tiple photomultipliers along the sample. High speed cameras are used to capture images of
streamers. One electrode is energized with a negative constant DC voltage while the other
ground electrode will have a sharp point or needle which is pulsed with a positive pulse of
voltage to start a positive streamer. A typical is setup is shown in Figure [2.3

The work in [25] demonstrated that the minimum electric fields for propagation along

insulator surfaces are elevated as compared to air only by studying cylindrical insulators of
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glazed ceramic, PTFE and silicone rubber. At the same time, the streamer velocity (the
speed at which the streamer propagates) is higher along insulator surfaces than through air.
Distinct air and surface components of streamers were discovered where the air component
was described as slow and the surface component was described as fast. This concept was
further discussed by Allen and Mikropoulos [26] where it was shown that the stable propa-
gation of a streamer is dependent on a propagation field(electric field required for streamer
propagation) and a streamer velocity which are related to the dielectric properties of the
insulator. Both the propagation field and the velocity are larger for a surface than for prop-
agation in air alone. When an electric field is higher than that required for stable streamer
propagation and a pulse is given, a streamer will propagate with a surface component that
is faster than the speed of a streamer in air with no insulator. With an insulator surface
present, the air component of the streamer has a velocity slower than in air alone.

Serdyuk et al. [37] studied the propagation of positive streamers in a weak and uniform
background electric field. Two electrodes were separated by air. A needle was located at
one of the electrodes to trigger streamers. The distance between the electrodes was 33 mm.
It was determined that at a field strength of 500 kV/m, one could create stable propagation
of a streamer which had a constant velocity. The streamers could however cross the 33 mm
distance in field strengths as low as 300 kV/m.

Positive streamers are investigated along a silicone rubber surface by Akyuz et al. [27].
Again, it was determined that the voltage and electric field required for a streamer to cross
with stable constant velocity are both increased in the presence of an insulator as compared
to air. It is discussed that when a streamer travels through air the positive charge tends to
be located mainly in the front head of the channel however when a surface is present the
positive charge spreads along the streamer channel as it interacts with the surface of the
insulator.

Allen et al. [28] used their same setup as previous work [24-26] for streamer propaga-
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tion studies except they investigated the impact of a shed on a cylindrical rubber silicone
insulator. The distance to be traveled by streamers between the electrodes in the study
was 12 cm. The shed was shown to cause a loss of energy about % of what is required for
streamers to cross the gap. The shed was shown to increase the electric field required for
streamer propagation to higher levels than those required to produce flashovers in air or
along smooth SIR surfaces. Three factors are suggested that may impact why insulating
surfaces cause a faster velocity for the propagation of streamers. These are suggested as the
relative permittivity of the material, photoemission of electrons from the surface insulator,
and attachment and detachment of electrons on the surface. Electric field stresses of 700
kV/m are noted as very likely to cause flashover across the gap and a shed will raise the
electric field stress required for this to occur.

Further work with sheds is carried out in [29] and [30] where the authors studied
cylindrical insulator surfaces again with a similar setup as that used in [2428]. Previous
observations were confirmed such as streamers propagate at higher electric field along sur-
faces than air alone. If the needle, where positive streamers are generated from, corona
source is displaced away from the surface horizontally, the effect of the sheds and surface,
lessens as the streamer travels in air and not on the surface. The insulator with a single
shed weakens the strength of the gap compared to an air gap but strengthens the air gap
compared to only a smooth insulator surface. The shed is shown to be more effective when
placed closer to the high voltage electrode which in this experimentation is where the pos-
itive streamer propagates from. It is suggested that the permittivity of the insulator has
an effect on the performance of the shed. The higher the permittivity of the material, the
more effective the shed is in blocking the progression of the positive streamer. Photographic
evidence displays that there is still considerable positive streamer propagation through the
air around the shed to the ground electrode. The first shed is shown to be the most crucial

and the second shed does not significantly increase the electric field strength required for

- 17 -



FRP Tools Under DC Conditions 2.2 Streamer Propagation

breakdown. In [29] the higher permittivity of porcelain vs PTFE is suggested as the reason
PTFE has a higher flashover voltage.

Mikropoulos [31] investigated positive streamer propagation on cylindrical insulators
covered in room temperature vulcanized (RTV) silicone rubber coatings and compared to
bare nylon insulators. It was established that RTV silicone insulators increase the required
electric field for streamer propagation and increase the velocity of stable propagation as
compared to nylon alone. Changes in the coating chemistry led to differences in the proper-
ties of streamers, again reinforcing that material types can influence the flashover voltage.
RTYV silicone coatings have been proven to improve insulator flashover performance under
various conditions including ice [3§].

Mikropoulos went on to further study the influence of humidity on positive streamer
propagation and flashover voltage [32]. Higher stable propagation electric fields are required
for streamer propagation under high humidity. The velocity of stable streamer propagation
also increases with humidity. The electric field required for flashover increases with humidity
as well. Interestingly, the time to breakdown of air decreases with higher electric fields
and humidity. In [33], it is suggested that as humidity is increased the conductivity of
the streamer channel is lowered thus higher electric fields are required for stable streamer
propagation.

Recently, work was carried out on the characteristics of streamer propagation along
different insulator surfaces to determine the influence of the material by Meng et al. [35].
Six different dielectric materials were studied and the same setup was used with photomul-
tipliers, high speed cameras, and a pulsed needle which dates back to the work of Allen in
the early 1990’s [24-26]. It is observed that the electric field required for streamer propa-
gation in air is less than along an insulator surface. It is reconfirmed that materials with
higher permittivities require higher electric fields for streamers to propagate. The work of

Allen [39] was validated as Meng et al. found only one peak of light when the streamer
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propagated in air alone but two peaks of light were observed when the streamer propagated
along the insulator surface. Also from the photographs that were taken, a fast and a slow
component can be seen when an insulator surface is present. The fast component is shown
to be dependent on the dielectric material type while the slow component is not significantly
different for the different materials. It is demonstrated that the velocity of the fast surface
streamers is inversely proportional to the dielectric permittivity.

Meng et al. carried out further investigation on the influence of permittivity and surface
properties in [34]. The amount of charge deposited on the insulator surface increases with
permittivity. Negative charges accumulated on the insulator surface before streamer prop-
agation reduces the electric field. Higher electric fields are required for positive streamer
propagation along dielectric material with higher permittivity due to the negative charge
on the surface. Under identical electric fields, the streamer propagation velocity and per-
mittivity are inversely related. When the permittivity of a material is increased, more
charge accumulates on the surface, which means that more charge in a positive streamer
will attach to the surface with a larger permittivity. This will weaken the streamer and
thus the streamers require a higher electric field for propagation. Nylon was found to be
most favourable for streamer propagation followed by PTFE and silicone rubber.

The effects of sheds and their configuration were researched further by Meng et al. [36].
The first shed, closer to where the positive streamer starts has primary influence. Other
sheds didn’t have a significant influence. The shed causes the fast component on the surface
to be cut off. The slow component through the air still can bypass the shed and reach
the cathode. The electric field required for streamer propagation is required to be larger
with a shed. The velocity of slow components along insulators with shed are higher than
along insulators without sheds. The electric field required for streamer stable streamer
propagation was directly proportional to the diameter of the shed, and the velocity of the

slow component were shown to be inversely proportional to the shed diameter. Sheds are
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discussed to cause an energy loss of the streamer. There is a decrease in the electric field
strength at the shed, an increase in the length of propagation path for the streamers over
the shed, and streamer charges will attach and interact with the shed which cause energy

losses to the streamer.

2.2.1 Positive and Negative Streamers

Streamer propagation studies mainly focus on positive streamers as discussed in the previous
section. Interestingly, flashover incidents in industry all are occurring at the negative peak
of the AC waveform and seem to indicate a positive streamer was initiated from the ground
side to the negative source side.

Luque et al. [40] showed that at high electric fields, positive and negative streamers
have similar behaviour, however at lower electric fields positive streamers are produced at
lower strengths than negative. They move with a higher velocity, and are longer in length
and the radius of the streamers is smaller. Electron drift in the case of negative streamers
actually leads to the growth of radius of the head of the streamer and leads to weakening
of the electric field, a slower streamer, and likely extinction. Positive streamers depend
more on the impact ionization and the radius of the streamer stays smaller and results in a
stronger electric field and faster moving streamer.

Briels et al. [41] used a voltage pulse through a needle to grounded plane in air across
a 40 mm gap to study the differences between positive and negative streamers. At voltages
from 5 to 40 kV, only positive streamers propagated. A negative glow discharge is only
visible above 20 kV and there are no negative streamers and no branching. The positive
streamers branch easily at low applied voltages. Negative streamers only form at voltages
greater than 40 kV but do not cross the air gap until a voltage of 56 kV. The negative
streamers travel at a speed less than positive streamers.

Research shows that stable propagation of positive streamers can occur in an electric
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field of approximately 5 kV/cm and at 10 kV/cm for negative streamers [42]. Due to the
high electric field in the head of a positive streamer, the size of the positive streamer head
tends to be smaller than a negative streamer. Negative streamers have a much larger radius
of their heads which can be up to 12 times large than a positive streamer. Positive streamers
have higher electric fields and are much narrower. Negative streamers can not propagate at
as low an electric field due to the large radius of the streamer head and more difficulty with
streamer branching. Negative streamers have weaker electric fields in the head compared

to positive streamers thus require stronger electric fields in the channel to propagate.

2.2.2 Ice Surface

Ghassemi et al. carried out various studies [6,43-46] researching the incidents that occurred
on Manitoba’s 500 kV AC line and a Saskatchewan 230 kV AC line. The role of light
pollution combined with a layer of ice are considered as all accidents occurred in below
freezing weather. All accidents also occurred at the negative peak of wave.

Research has shown that in the presence of ice and salt contamination, negative stream-
ers have a higher streamer propagation velocity and positive streamers propagate slower [47].
Breakdown voltages and time to breakdown, under negative polarity, are still higher than
for positive polarity. Under light contamination, with an ESDD (equivalent to salt deposit
density) of 2.5 uS/cm, the streamer inception voltage is lower for negative polarity than for
positive. At higher contamination levels of 80 uS/cm the positive polarity inception voltage
tended to be lower.

Investigation in [48] showed that while streamers can propagate in air alone at approxi-
mately 5 kV/cm, lower electric fields were able to produce stable streamer propagation with
ice on the surface of an insulator. Under a lower contamination of 2.5 uS/cm, the effect
of temperature was more significant. Both increasing surface conductivity and increasing

temperature, lower the required electric field for stable streamer propagation.
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2.3 Flashover of Insulators under DC Voltage
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Fig. 2.4: Negative DC flashover voltage, experimental (error bars) and calculated, with
positive and negative charge on the surface .

2.3 Flashover of Insulators under DC Voltage

The research on the impact of surface charge on flashovers has mainly focused on impulse

voltages and non-FRP flat materials. Darveniza et al. determined that surface charges

had an influence on the impulse flashover voltage for polymer insulators. An increase in

flashover strength was noted in their experiments.

Kumara et al. studied the effect of surface charges on the negative DC flashover

voltages of a cylindrical SIR insulator, both experimentally and theoretically. This paper is a

continuation of the work in . It was determined through experimentation and theoretical

finite element simulation that for a negative DC flashover voltage, positive charges decreased

the flashover voltage, where as negative charge increased the flashover voltage. The results

of the work can be found in Figure [2.4

In , the results of an experimental study completed in are discussed. The ex-
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Table 2.1: Experimental CFO flashover voltages as reported in [51] and discussed in [50].

Voltage Polarity Charge Polarity Experimental CFO (kV)
Positive None 58.9
Positive Positive 56.1
Positive Negative 63.8
Negative None -57.9
Negative Positive -55.9
Negative Negative -60.2

perimental study focused on flat samples of EPDM and SIR with electrodes made of half
cylindrical brass rods on either side. The experiments, using impulse voltages, revealed that
the positive flashover voltage for a sample with no charge is slightly higher than when a
negative polarity voltage is applied. When positive charge is present on the surface, both
the positive and negative flashover voltages decrease. When negative charge is applied to
the surface the flashover voltage for positive and negative polarity both increase. The lowest
flashover voltage is experienced with positive charge located on the surface and negative
voltage is applied until flashover (Table [2.1)). The results in [51] agree with the flashover
voltages and conditions presented in [2], as the results correlate for negative flashover volt-
age, with positive and negative surface charge on a cylindrical SIR sample.

In [52], lightning impulse tests are carried out on a 15 kV HDPE insulator. Under all
test conditions that were applied to the insulator, a 50 % flashover voltage (CFO) that
was higher for negative polarity than positive polarity resulted. This was attributed to the
presence of negative charge on the surface for negative flashover voltages which slows the
progress of streamers and the presence of a lesser amount of positive charge on the surface
in the case of positive flashover.

Computer simulations in [53], on 35 kV post insulators to determine the effect of de-
posited charges under impulse flashover voltage (IFV) proved that when the insulator is far

removed from the ground plane, positive charges decrease the IFV while negative charges
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increase the IF'V for both polarities of applied impulse voltage. Conversely when the ground
plane is closer (i.e. touching) the post insulator, the opposite effect is observed, compared
to when the ground plane is far away. For positive IFV, positive surface charge increases the
IFV, while negative surface charge causes a decrease. For negative IF'V, negative surface
charge causes a decrease in the IFV and positive charge also causes a slight lowering of the
IFV.

Du and Xiao [23] studied the impact of surface charge on the DC flashover voltages of
flat Epoxy/BN (boron nitride) Nanocomposites. With no charge on the surface, the negative
flashover voltage was shown to be lower than the positive one. With positive charge present
on the surface, the flashover voltage was shown to be the lowest for a positive applied
voltage. When negative charge was present on the surface, the negative flashover voltage
was shown to be the lowest for a 2 cm gap. Charge accumulation is noted as being the main
driver behind decreased flashover voltages.

In a recent paper [54] it is shown that for air gap flashovers without the presence of an
insulator, needle and rod type flashovers occur at lower voltages under positive polarity than
negative polarity. For a sphere gap flashover, the voltages are more similar with negative
polarity flashovers actually occurring at a slightly lower flashover level. When a flat PMMA
(polymethyl methacrylate) insulator sample is introduced, the positive polarity flashovers
are much higher than negative polarity flashovers. Flashover voltages were higher with an
insulator present versus an air gap only.

In [55], the effect of surface charge under AC and DC applied voltage is studied for a
disc insulator in SFg. It was determined that with increased charges the AC or DC flashover
voltage would decrease but under DC voltage the largest decrease would be seen with a 23%

decrease vs 10% for AC.
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2.3.1 Fast Flashovers

Manitoba Hydro experienced two flashovers in 1997 and 2002 at 550 kV AC [3] which
were determined to be due to light pollution. Since Manitoba Hydro also has 500 kV DC
HVDC lines, additional tests were carried out to study direct voltage. During this test
a “fast flashover” phenomenon was discovered. Fast flashovers occurred at voltages less
than the system operating voltage, lower humidities than pollution type (as low as 67%),
negative DC polarity, clean FRP tools and aerial booms, and at leakage currents less than
2 mA(detection limit of the monitoring equipment at IREQ). In more recent testing on a
3 m hot stick a fast flashover occured at a relative humidity of 53% [5]. Fast flashovers
were found to occur both for 32 mm diameter FRP hot sticks of 3.0 m length and a 44 cm
diameter 4.72 m aerial device boom. Fast flashovers were completely mitigated by the use
of 2 polymer sheds on the FRP hot sticks and only one shed had a considerable impact in
raising the flashover voltage. Fast flashovers are of particular significance for aerial device
booms and ladders as normally the leakage current is monitored during live-line work but
if no prior current is noticed, workers are particularly vulnerable to fast flashovers.

Fast flashovers are repeatably produced on FRP hot sticks by McDermid, in [4] . It is
suggested that the high voltage electrode under negative DC polarity produces a negative
space charge which leads to a positive streamer from the ground electrode. A large double
toroid electrode at the ground end wrapped with metal fabric (Figure was used to
increase the flash over voltage from below system operating voltages to greater than 600 kV.
The thin wire acts to increase the corona inception field and suppresses positive streamers
[56]. Although this may not be practical to apply to hot sticks, it may be effective to prevent
fast flashovers on aerial devices.

In this chapter, the existing literature on surface charging of insulators, streamer prop-
agation, and flashover of insulators under DC conditions is summarized. An understanding

is gained on the behavior of surface charge, streamer propagation, and how surface charge
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impacts the DC flashover voltage for various insulating material types. As discussed in
the surface charging characteristics of FRP samples could not be successfully investigated
in existing research and the fast flashovers were not successfully produced at the Manitoba
Hydro high voltage laboratory.

The following chapter will summarize the experimental setup and methodology for
characterizing the surface charging and DC flashover voltage characteristics for an FRP

sample.
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Chapter 3

Experimental Setup and
Methodology

This chapter of the thesis discusses the experimental setup and methodology used for study-

ing the DC surface charging and flashover characteristics of FRP insulator samples.

3.1 Surface Charging Characteristics

3.1.1 Experimental Setup

FRP, SIR, and wood insulator samples were used in the experiments. The samples were all

13 c¢m long. Details of each sample are shown in Table 3.1.

The larger FRP sample is from a strain type tool (i.e. used to change insulators) while

the smaller is from a universal hot stick tool (i.e. used by lineman with various tools at

Table 3.1: Details of insulators samples used for surface charging characteristic experi-
ments.
Insulator Type Outer material Core Material Total Diameter | Outer Material Thickness

FRP large fibre glass reinforced epoxy resin hollow/foam filled 3.81cm 3.6 mm

FRP small fibre glass reinforced epoxy resin hollow/foam filled 3.2cm 3.0 mm

SIR large silicone rubber fibre glass reinforced epoxy resin 4.3 cm 3.5 mm

SIR small silicone rubber fibre glass reinforced epoxy resin 3.0cm 3.0 mm

Wood varnished wood solid wood 3.2cm NA
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M

Fig. 3.1: Samples, of 13 cm length, used in surface charging experiments, from left to
right: Silicone Rubber (SIR) large, Fiberglass Reinforced Plastic(FRP) large, FRP small,

Wood, SIR small.

the end). The silicone samples are from silicone covered FRP rods for use as a modular
system of suspension type insulators. The wood sample is from a vintage 1950’s hot stick
tool. The relative permittivity (dielectric constant) of the FRP, the silicone rubber, and the
wood sample insulators (surface) were assumed to be 4.0, 3.5 [12], and 2.6 in dry conditions
respectively. The relative permittivity of wood, however, can range from 1.4 to 2.9 . It
should be noted that for the FRP tools some have assumed permittivities as high as 5.0 .
In Figure a picture of the samples used is shown.

The effective length of each sample is 11 ¢m, as 1 cm on each side is inserted into
the grooves of two metallic, smoothed, round electrodes mounted on a wooden setup. The
work of Kumara et al. on SIR materials was used as a benchmark for this investigation
of FRP tools and thus a similar length was chosen for our samples. Figure shows

the experimental equipment used for measuring surface potential distributions. Two 150
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+/- 150 kV DC Sources

Corona Ring of
Needles

+/-20kV DC-ESVM XY Table Controllers

LabVIEW /Control and Data
Acquisition & Logging

Fig. 3.2: Experimental setup for surface charging characteristics. The DC sources supply
voltage to the corona ring of needles or the pre-stressing electrode. The potential along
the surface of the insulator sample is measured by the vibrating Kelvin probe connected to
the DC-ESVM. The measured potential at each location is recorded by the data acquisition
and logging equipment. The location of the probe is controlled by the XY table controllers
using LabVIEW.
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kV, 12 mA Glassman (Model LX150P12 for positive polarity and LX150N12 for negative
polarity) HVDC sources are used separately for positive and negative energization. A 420
kV electrostatic voltmeter, Trek model 341B, is used for surface potential measurement
through a vibrating Kelvin probe (Trek Model 3455ET). For high accuracy, the probe-to-
surface distance is kept at 2 mm during surface potential measurements. The positioning
of the probe is achieved by using an XY table, Arrick Robotics XY30, traveling in two
directions. A LabVIEW program is used for controlling the positioning system, collecting,
and recording the experimental data through a data acquisition card. The potential from
the DC-ESVM was provided to the DAQ unit and scaled by 1000. The positioning was
provided to the DAQ unit from the Arrick Robotics controllers as a digital signal. The
potential and digital signal were interfaced to the computer and LabVIEW via a National
Instruments BNC-2110 which could accept BNC cables and digital signals.

LabVIEW software was used to create a virtual instrument with 3 different loops. One
loop was for the movement and control of the probe location. The probe is moved to its
initial position and stepped in 0.5 cm increments. The measurement is delayed for 1 second
after the movement, due to vibrations of Kelvin probe after each movement. The probe
is held for one second for the measurement of the potential. After the measurement is
complete the probe is moved to a safe position away from the high voltage source. The
second loop was for the position of the probe. The position of probe was determined by
starting at an initial position and incrementing the position by sending a digital signal to
LabVIEW from the motor controls after every move. The last loop was for recording the
potential and position of the probe at each location to an Excel file for plotting and data
analysis in MATLAB. The recorded potential is the average of 10 samples per second of the
DC RMS average of the ESVM voltage signal. The ESVM BNC voltage monitor output
is a modulated signal (due to the Kelvin probe being sinusoidally modulated) where the

DC RMS average of the signal is the surface potential. Using this method we were able to
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exactly match the LabVIEW calculated potential with that displayed digitally on the front
of the ESVM.

3.1.2 Methodology Used for Surface Charging

Three different charging methods were employed to study surface charge characteristics of
the insulator samples. The first method was to induce space charges in the surrounding air
through a non-contact corona discharge source, referred to as a corona ring of needles. The
ring of needles consists of a 3D printed polyethylene frame on which 27 connected needles
are mounted. The 6.4 cm long needles are distributed around the frame periphery with 1
cm spacing between two adjacent needle tips. The needles are symmetrically distributed
around the sample surface and the separation distance between the needle tips and the
sample’s surface is maintained at 5 mm during charging (see Figure [3.3). The ring of
needles is energized with both polarities of different DC voltages ranging from 7 kV up to
20 kV, while the two electrodes are kept grounded as per Figure The ring of needles
was hinged such that it could easily be opened for installation and removal. The ring of
needles is displayed in Figure in both a closed and open configuration. The results of

the experiments are presented in Section

(a) Ring of needles closed (b) Ring of needles open

Fig. 3.5: Corona ring of needles used for applying non-contact space charge.
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Fig. 3.3: Closeup view of corona ring of needles.

Grounded
Electrode

Energized
Corona Ring

Fig. 3.4: Corona ring of needles with both electrodes grounded.
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Grounded Electrode

Copper Strip

Fig. 3.6: Pre-stressing from one electrode with the other electrode grounded and use of
copper strips.

The second charging method is to create space charges along the sample surface through
direct contact between the sample and the DC voltage source, which is known as pre-
stressing . Pre-stressing is achieved by energizing one of the electrodes with a DC
voltage, while the other electrode is kept grounded. Charging the FRP surface by corona
discharge, from energized nearby objects or from direct contact with energized objects,
allows for controlling charge deposition on the FRP surface . Our original electrodes
were too large and corona free to produce significant space charges. Copper strips were
introduced to create triple point junctions between air, the insulator, and the electrodes.
Tests were carried out without copper strips, with copper strips at both ends, and with
copper only at the ground or energized side. The results of the experiments are presented
in Section

The third charging method allows for uncontrolled charging, by wiping the insulator

surface, which produces space charges by friction action. Wiping FRP hot sticks, using cot-
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ton and/or silicon wiping clothes, is a daily routine done before live-line maintenance work,
to be sure that the surface is contaminant free and has excellent hydrophobic properties.

This was found to induce significant charge on the FRP sample, as presented in Section

414

3.1.3 Experimental Procedure

All samples must be free of surface charges before running the experiments. This can be
achieved through removing any deposited residual charges by wrapping the sample with a
wetted (tap water) piece of cloth for 2 minutes, then cleaning the surface with isopropyl
alcohol. Extra care is given to not rub the surface as the friction from wiping can cause sig-
nificant surface charge, therefore the surface is rinsed and the dabbed lightly. The insulator
surface was scanned prior to tests to ensure there was no significant charge on the surface.
The ring of needles is mounted symmetrically around the sample at the desired location,
then the needles are energized with different values of both polarities of DC voltage (7, 10,
15, and 20 kV). The duration of applying any voltage to the needles is 2 minutes. This
time is chosen based on an experimental investigation for studying the affect of charging
time. It was discovered that more than 80% of the charges are deposited during the first
2 minutes. Next, the voltage source is turned off and grounded and the ring of needles is
carefully removed while the probe is brought to the starting measuring point in about 30
to 45 seconds. The scanning span contains 19 measuring points of a 5-mm separation each
and takes around 90 sec to complete the measurement.

During the pre-stressing method of depositing charges, the DC voltage is applied to one
of the two electrodes for 2 minutes while the other electrode is grounded. The DC source is
then turned off and grounded at the energized electrode side. The probe is brought to the
starting measuring point in about 40 seconds and the electrostatic voltage measurement as

described above is repeated.
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The charging by wiping of samples is done in the same way as the live-line maintenance
procedure. First, the FRP sample is wiped by using cotton cloth for contamination removal.
Then a silicone cloth is used to produce a hydrophobic layer on its surface. Unlike the two
other charging methods, there is no need to a voltage source but still the two electrodes are
grounded during the wiping as well as during the measurement. After wiping, the probe is
brought to its starting point and the measurement starts in about 40 seconds, similar to
that described above.

The laboratory conditions were monitored daily during the experiments using a Vaisala
HMT70 humidity meter. The temperature was constant in the laboratory at approximately
23 °C and the average atmospheric pressure was 99 kPa. The humidity was very low at
the beginning of the experiments. In the first half of the experiments, the humidity was
between 8% and 23% with an average of 13% while in second half of the experiments, the
humidity was in the range of 10% to 28% with an average of 20%. The variation of the

humidity and temperature is displayed in Figure

3.2 DC Flashover Tests on Insulator Samples

The experimental setup and methodology used to characterize the DC flashover perfor-

mance, with surface charge, of FRP samples is discussed below.

3.2.1 Experimental Setup

Figures [3.8a] and [3.8b] shows the schematic of the circuit used for laboratory tests and a
photograph of the laboratory setup.

The high voltage sources used for the experimentation were again the 150 kV/12 mA
Glassman DC sources which provided both negative and positive polarities. The sample
was charged, with positive or negative voltage, using the ring of needles and then negative

or positive voltage was applied and raised until flashover. The DC source was protected by

-35-



FRP Tools Under DC Conditions 3.2 DC Flashover Tests on Insulator Samples

35
— Temperature (Celcius)

Humidity (%)
Absolute Humidity (g/m3)

25
20

30

Fig. 3.7: Laboratory environmental conditions during surface charging experiments.

placing a 100-M{2 resistor in series with the source to ensure that the maximum capability
of 12 mA was not exceeded during the flashovers. Next, two 100-kV 0.25-uF capacitors were
placed in series to the ground. The capacitors were installed in series to allow the voltage
to be increased above the single unit rating of 100 kV. The capacitors smoothed the output
of the DC sources as we did not have a controller and this allowed us to consistently ramp
the DC voltage at a rate of 2-kV /s manually. High Voltage Testing Standards recommend
an approximate rate of rise of 2% per second of the withstand voltage [58], [59]. Since
the flashover voltage for these experiments is in the order 100 kV, a raise of 2-kV/s is
appropriate. A 300-k{2 ohm resistor was then installed in series with the insulator sample
to limit the current output of the capacitors and across the insulator sample during flashover.
The flashover voltage was monitored by an oscilloscope connected to a 1000:1, Ross Eng.
Corp., 225 kV voltage divider. A multimeter was connected in series with the ground

side of the insulator sample and ground to monitor leakage current of the insulator. Since
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+/-

150 kV DC Sources

300;k-ohm

. resistor

100 M ohm resistor

(a) Labratory setup for DC flashover tests of insulator samples

100 M ohm Resistor 300 k ohm Resistor

— 0.25 uF Capacitor

+/-150kvDC L
12 mA C) Insulator test sample l

Source

S— 0.25 uF Capacitor

(b) DC flashover circuit diagram

Fig. 3.8: a) DC flashover test equipment and, b) the equivalent circuit
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B (IR [ R : T T — _
(a) FRP - copper rings (b) SIR - copper rings

T

Fig. 3.9: a) FRP and b) SIR insulator samples with copper rings at each end to create
triple point junctions.

in the previous testing for pre-stressing, the copper tape strips caused flashovers at lower
voltages than desired under positive polarity due to the overlap of tape and the associated
imperfection, an improvement was made for the flashover testing. Perfectly uniform and
symmetrical copper rings, 15 mm in length, were placed at each end, between the larger,
rounded, corona-free aluminum electrodes and the sample to create a triple point junction
between air, the insulator surface, and the electrode. This is the most effective method to
produce significant surface space charge and was also found to lower the flashover voltages
to levels within the specifications of our DC sources. If only the larger round aluminum
electrodes were used, flashovers could not be achieved with the high voltage sources. For
all flashover tests there was a distance of 13 c¢cm between the edges of the copper rings
as displayed in Figure 3.9] Surface charge was induced, with the ring of needles, on the
large FRP and SIR sample for the DC flashover testing as in Figure [3.4] and in the case
of pre-stressing the small FRP sample was used. Given our effective source capacitance of
0.125-puF and that the flashovers occur at approximately 100 kV, the capacitive source can

supply 12.5-mC of charge during the flashover.
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3.2.2 Methods of Charging for DC Flashover Tests

As discussed in Section two different charging methods were applied to produce space
charge on the insulator samples prior to raising the DC voltage to flashover. The first
method to create space charge was by using a ring of needles. The ring of needles was
used to charge the FRP sample with either 20 kV positive or negative voltage with both
electrode ends grounded. The second method to create space charge was to pre-stress the
FRP sample from one end while the other end was grounded. This would be very similar to
real case scenario of a lineman contacting energized apparatus with an FRP tool while they
are standing on a grounded structure. The wiping method was attempted but since the
laboratory humidity had risen significantly from the time of the previous surface charging

tests, it was difficult to create surface charge and relevant flashover results.

3.2.3 Experimental Procedure

Prior to each of the DC flashover tests, the sample was cleaned prior to testing to ensure
that the surface is clean, dry and neutralized from any charge as per Section [3.1.3] The
most effective method, as mentioned previously, that was found to neutralize charges is to
take a damp cloth saturated in tap water and wrap it around the sample for 2 minutes.
The FRP sample is then rinsed with isopropyl alcohol to clean the surface and ensure there
are no contaminants or conductive residue left behind. The surface is only ever dabbed to
remove moisture as rubbing and wiping of the surface can leave behind significant positive
charge that could impact the results. In the previous surface charging tests, the surface
was always scanned prior to the next test. Since we developed a method that was able to
repeatably neutralize charge, to insignificant levels, the insulator surfaces did not need to
be scanned for charge prior to flashover tests.

To induce space charges using the ring of needles, the needles were energized by a 20

kV positive or negative voltage for 2 minutes. To do this the flashover circuit was bypassed

-39 -



FRP Tools Under DC Conditions 3.2 DC Flashover Tests on Insulator Samples

and the needles were directly connected to the DC sources as in Section [3.1.3] The ring of
needles was then removed from around the sample after charging. Next, the flashover circuit
(Figure ) was ungrounded and the voltage was raised at a rate of approximately 2-kV /s
until flashover occurred. The flashover voltage was recorded on an oscilloscope while the
leakage current to ground through the sample was monitored at all times on a multimeter.
Samples were replaced if any significant changes in leakage current or flashover voltage was
observed. Degradation of the FRP samples was experienced after 8-10 flashovers. SIR
samples were noted to be able to withstand flashovers better than the FRP samples. No
burn marks were evident on the samples after flashovers and more tests could be carried
out on each SIR sample before replacement. For pre-stressing the FRP sample, the voltage
was raised to 72 kV positive and negative and held for 2 minutes. The same voltage, of
either positive or negative polarity, was then ramped at a rate of 2 kV /s until flashover
occured. The laboratory conditions at the time of testing were an average temperature of
22.5 °C, 33.4% of relative humidity, and an absolute humidity of 6.6 g/m>®. The average
atmospheric pressure was 98 kPa during the period of testing.

The experimental setup and methodology used for the DC surface charging and flashover
characteristics have been explained. In the following chapter of the thesis, the experimental

results are presented and discussed.
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Chapter 4

Results and Discussion

In this chapter the results of testing for the DC surface charging and flashover characteristics

are presented and discussed.

4.1 DC Charging Characteristics

In the section of the chapter, the results of the experiments for DC charging characteristics,
of the insulator samples, are presented and discussed. The ¢-matrix method used to convert

the measured surface potential to charge density is also presented.

4.1.1 Probe Response Matrix

Since the DC-ESVM only provides a surface potential on the surface of the insulator, a
method is required to translate the potential to a surface charge density. To find the surface
charge density distribution, it is assumed that the electrostatic voltage on the surface of

insulator and the surface charge density are related by [12]:

[V]nxl = [qﬂnxn [U]nxl (41)

or
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[U]nxl = [qﬂ’rzin [V]nxl (42)

where, o [C/m?] is a vector containing the calculated values of surface charge density
distribution, V [volts] is a vector containing the measured values of surface potential, and ¢ is
the probe response matrix. This method is known as the ¢-matrix method, presented in [60]
and used in [12]. As discussed in |12], since the electrodes, the cylindrical insulator, and the
ring of needles all have axial symmetry, the measured surface potentials are also assumed
to be rotationally symmetrical on each segment. A finite element method (FEM) based
software, (Comsol Multiphysics), solving Poisson’s equation for the rotationally symmetric
model, is used to calculate the probe response matrix [16]. When space charge exists, the

electrostatic Poisson’s equation:

V2V = %" (4.3)

is solved where, p is the charge density and ¢ is the permittivity.
In the absence of charge (4.3) becomes Laplace’s equation:
ViV =0 (4.4)
The boundary conditions of the electrostatic simulation can be described across any
boundary (region) as:
Dn2 - Dnl = Ps (45)

where Dy1 and D,s are the normal components of the electric flux and p;s is the surface
charge at the boundary,
Etanl = Etan2 (46)

where Fiq,1 and Eyg,o are the tangential components of the electric field.

- 492 -



FRP Tools Under DC Conditions 4.1 DC Charging Characteristics

f \

&1 o

Fig. 4.1: 3D Comsol Multiphysics model of electrodes, insulator and probe. A surface
charge density of 1 uC/m? is assigned to one of the rings and zero for other rings.

The boundary conditions for the electrostatic model are such that the electrodes have a
voltage of zero assigned, the probe/electrode/insulator model is inside a grounded box and
surrounded by air, one segment of the insulator sample has a charge density assigned while
the others have zero charge density, and the probe potential is varied through a range of
voltages.

The simulation model can be seen in Figure [{.I] The sample surface is divided into 19
rings, each of 5 mm width. The 5 mm width was determined by the chosen measurement
step, using the vibrating Kelvin probe and was found to provide sufficient resolution. Po-
tentials, for those rings, are measured experimentally with the vibrating Kelvin probe. Two
extra rings, one at each end, are added between the last point that the probe can reach
and the two grounded electrodes. Potentials of those two rings are interpolated between
the nearest rings potential and the electrodes potential, which is zero.

This results in a square matrix (21 by 21), containing 441 elements. Since symmetry
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Fig. 4.2: Three columns of the probe response matrix of large diameter FRP sample.

can be assumed, the calculations were only carried out for 11x21 elements. The values of
each column of [o] represent the surface potential induced at each ring due to a surface
charge density of 1 uC/m? assigned to one of the rings and zero for other rings. Figure
represents surface potentials induced by a 1 uC/m? charge density assigned to the middle
as well as the two extremely right and left rings.

For each of the probes locations, the potential on the point directly beneath the probe
surface is calculated. The value of the matrix element is obtained when the probes potential
is equal to the calculated potential of the ring element at which the probe is located. Two
sweep functions were used in Comsol Multiphysics, one for moving the probe to face the
middle point of each ring to reduce the number of runs, and one for achieving “the field
nullifying effect” of the vibrating Kelvin probe, by initially setting the probes potential to
a certain value (0 V) and letting it change through a range. The potential of the probe was

swept from 0 to 200 V at each location along the surface of the insulator. The potential at
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the point directly under the probe is calculated and the potential of the probe is determined
by solving a linear equation. Since the probe voltage is varied through a range and we know
the induced voltage on the surface for these values, and we know the potential of the probe
is equal to the potential on the surface, we have a linear equation representing the potential

on the surface in the form:

Ps=m-Pp+b (4.7)
and since
Pp = Ps (4.8)
therefore,
b
P = — 4.
p=T (4.9)

where, Ps is the potential on the surface, Pp is the potential on the probe, m is the slope
of the linear equation for the range of potentials induced on the surface by the probe,
and b is the y-intercept of the linear equation for the range of potentials induced on the
surface by the probe. This equation is solved for all 21 locations along the surface for each
charge condition, and as previously mentioned results in a 21x21 matrix. Five models were

completed to extract the probe response matrix for each material sample.

4.1.2 Corona Ring of Needles Charging Method
4.1.2.1 Charging Time

Experimental investigation for the charging time proved that more than 80% of the charges
are deposited during the first two minutes compared to 10 minutes using the corona ring

of needles. This is shown in Figure with the ring of needles located at the centre of
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Fig. 4.3: Effect of corona charging time on surface potential distribution with applied
voltage of -20 kV on the large FRP sample.

the sample, and explains why 2 minutes was chosen as the default charging time for the
remaining experiments. Using 2 minutes resulted in a repeatable test that could be carried

out consistently and efficiently.

4.1.2.2 Location of the Corona Ring of Needles

The effect of moving the location of the ring of needles was tested by moving the needles
2.5 cm to the left. It has been noticed that there is no significant change in the voltage
distribution when the ring is moved from the middle to the left for both DC polarities other
than a spatial shift. The position of the ring of needles is chosen to be at sample mid-point
for the remaining corona charging studies. Having the sample in the middle is also the safest
as locating the needles to close to the ground electrodes could result in arcing. Figure [£.4]

shows the results of the study on the location sensitivity of the ring of needles for the small
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FRP sample.

4.1.2.3 Charging Voltage

Next, the impact of the charging voltage was carried out. Repeatable tests were possible
with the ring of needles charging method at each charging voltage. Each plot displayed in
the following figures of this chapter for the charging characteristics are the average plots of
5 tests done at each operating condition where the sample is cleaned prior to the test and
scanned to ensure no significant remaining space charge existed. Figure and show
an example of the average data with error bars for a positive and negative charging condition
(£20 kV). The results show that the surface charge profiles can be repeatably produced. As
will be seen in the testing, negative charge tended to have a higher surface potential than
positive polarity. Negative charge also tends to be more widely spread over the surface
of the insulator, while positive charge is more narrowly distributed on the surface. The
error is noted to be less on the left side of the sample than the right. This may be do to
the asymmetry of the ring of needles, as the needles are not located exactly at the center
(located at left of center) of the ring.

Th surface potential and the corresponding charge distributions are plotted in Figure
for two study cases (large FRP sample energized by ring of needles at £20 kV), to clearly
show the consistency between the calculated surface charge distribution pattern using the,
¢ - matrix method, and the measured induced surface potential pattern. Again it is noted
that negative charging results in the highest surface potential at the middle. In the case of
both positive and negative charging, hetero-charges (charges of the opposite polarity) are
observed near the electrodes. The charge density is actually slightly higher at the middle
for positive polarity charging, due to the fact the charge is concentrated more in a narrow
band at the center of the sample, where as the negative charge is more spread out over the

surface.
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Fig. 4.4: Position effect of the ring of needles on a) the surface potential and b) charge
density distribution for the FRP small sample surface at +15 kV for 2 minutes.
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Fig. 4.5: Surface potential distribution of the large FRP sample with error bars when
charged at a) -20 kV and b) 420 kV for 2 minutes using the ring of needles.
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The surface potential distributions were measured for each insulator sample when volt-
ages (7 kV, £+ 10 kV,+ 15 kV, and + 20 kV) were applied to the corona ring of needles.
These tests were to determine the effects of charging voltage magnitude and polarity on
each insulator sample for comparison. In Figure [£.7] the effect of the corona ring of needles
charging voltage, with different polarities and magnitudes, on the surface charge and poten-
tial distributions is shown for the large FRP sample. It is observed that for the higher values
of applied voltages, + 15 kV and + 20 kV, the profiles of surface potential distribution have
a bell shape. The measured surface potential values for low applied voltages, + 7 kV and +
10 kV, are significantly low as compared to higher voltages. The measured surface poten-
tials give an indication of the amount and polarity of charges deposited on sample surface
during the charging process. Negative charging voltages result in higher surface potential
values, measured over the sample surface, as compared to the positive charging voltages,
as seen in Figure [{.7al This can be related to the nature of electrons and positive ions,
as electrons are much faster and more diffusible than the positive ions [61]. For the same
applied voltage, more electrons can reach the sample surface resulting in higher surface
potential. The calculated values of surface charge density distribution for both polarities of
different magnitudes of applied corona charging voltage are shown in Figure It is clear
that surface charge profiles follow their corresponding surface potential profiles. In the case
of negative charging voltages, homo-charges (having the same polarity as charging voltage)
are more widely extended over the insulator surface (from the ring location) as compared to
that produced by positive charging voltages. The positive charges are more centralized to
the location of the ring of needles, pointing to the higher mobility of electrons compared to
positive ions. Low values of hetero-charges (having the opposite polarity of charging volt-
age) are observed closer to the electrodes. Similar observations and mechanisms explaining
the reasons were reported in [12].

The surface potentials and charge distributions were measured and calculated for all
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of the FRP, SIR and the wood samples as described in Table for the same charging
conditions as illustrated in Figure .71 The results can be found in Appendix [B] These
results were used to calculate the total charge on all of insulator samples, for each charging
voltage magnitude and polarity, as discussed below.

The total amount of charge deposited on the sample surfaces for each corona charging
voltage is shown in Figure [4.8] The total charge values were calculated using a surface
integral of the obtained charge densities. The main observation is that increasing the
magnitude of applied corona charging voltage is accompanied by an increases in the total
amount of charges injected to the surface. The net charge injected to the surface during
negative charging is significantly higher than that induced by positive charging. In addition,
it is noted that, for lower charging voltages, (+7 and +10 kV), hetero-charges are observed
on the surface for both polarities. Under negative charging polarity at -20 kV the large
FRP and large SIR had the largest total charge accumulation. Under positive charging,
all samples had similar total charge on the surface at 20 kV except for the wood sample.
It is observed that the total surface charge on the samples increases linearly with charging

voltage as was observed in [12].
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Fig. 4.9: Adjustment of needles using a caliper for investigating the effects of the needle-
to-surface separation distance.

4.1.2.4 Needle to Surface Separation Distance

This study is conducted to investigate the effect of the distance of energized nearby objects
on surface charge distribution on insulating materials (FRP and SIR). The needles were
adjusted one by one using a caliper, as displayed in Figure [£.9] to accurately obtain the
desired needle-to-surface distance for each sample. The tests carried out throughout the
rest of this thesis with the ring of needles was at a distance of 5 mm from the needles to
the surface.

Testing was completed at 20 kV on the small FRP and SIR samples and the following
conclusions were observed. In Figure it is shown by the measured values that increas-
ing the distance between the surface and needles increases the surface potential for both
polarities and for both materials. The so called back discharges are noted which will be
discussed in Section and were also noted in .

The surface potentials shown in Figure [£.10] were converted to their corresponding

surface charge densities and integrated over the surface to determine the total charge.

- 55 -



FRP Tools Under DC Conditions 4.1 DC Charging Characteristics

4

x 10
1.5 T
—&—d=2.5mm, -20 kV
we@e d = 2.5 mm, +20 kV
) —#— d =5mm, -20 kV
wooodes d = 5 mm, +20 kV
—+—d =7.5mm, -20 kV
weeedeenn d = 7.5 mm, +20 kV
,>_\ —&9— d =10 mm, -20 kv
S we@e d = 10 mm, +20 kV
= 05
=
c
2
o
a
(]
&
€ 0 ]
>
7}
-0.5 1
-1
Distance From Centre (cm)
(a) Small FRP sample, £20 kV applied voltage
"
lxlO‘ - —©&—d=25mm, -20 k¥
s @ee d = 2.5 mm, +20 kv
—#—d =5 mm, -20 kV
osl wood d = 5 mm, +20 KV
—+—d =7.5mm, -20 kV
weeeeens d = 7.5 mm, +20 kV
o6k —&— d =10 mm, -20 kV
we@eee d = 10 mm, +20 kV
0.4 . 1

0.2+

Surface Potential (V)
o
T

06

-0.8

Distance From Centre (cm)
(b) Small SIR sample, £20 kV applied voltage

Fig. 4.10: Effect of needle-to-surface separation distance on the surface potential distri-
bution for a) the small FRP sample and b) small SIR sample for +20 kV charging voltages.

- 56 -



FRP Tools Under DC Conditions 4.1 DC Charging Characteristics

) | | I [ T T T T T
T e + |
.................. _|...-----"‘
_______ oesemaest
10 P i S : | |
Q 2
£
& 0r |
=
<
S
- =10 |
g
=]
H \
220 F | |
Small FRP, V =20 kV
30 | —+— Small SIR, V =-20 kV |
=@ +=== Small FRP, V = +20 kV
seessfesees Small SIR, V =420 kV
-40 1 1 1 1 | ! | | |
2 3 4 5 6 7 8 ) " - |

Needle to Surface Separation Distance (mm)

Fig. 4.11: Effect of needle-to-surface separation distance on surface charge accumulation
for positive and negative charging voltages.

Figure shows that increasing the needle-to-surface separation distance for both DC
polarities increases the total amount of charges accumulated on the surface for both SIR
and FRP linearly. For negative DC charging voltage, however, the total charge accumulated
on the surface is higher than that of positive DC for both SIR and FRP. SIR insulating
material is noticed to attract more charges than FRP hot sticks. It also verifies the results
shown in Figure that for positive charging of 20 kV at 5 mm the results are almost the
equal, for the small FRP and small SIR, and for negative charging of -20 kV at 5 mm the

charge on the small FRP is noticeably smaller than the small SIR.
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Surface: Electric potential (V)

Fig. 4.12: Electrostatic simulation model of FRP sample, corona ring of needles and
electrodes to investigate back discharge.

4.1.2.5 Back Discharge

It was noted that for all samples we were experiencing back discharges during the ring-
of-needles-distance study of (Section which lowered the measured potentials in the
middle of the sample. This was not common at the beginning of our testing and had only
been noticeable on the wood sample at that time. Back discharges happen between the
charged surface and needles after switching off the voltage supply and grounding the ring
of needles. This can be attributed to higher electric field strength between the needles and
charged surface and also higher humidity in the laboratory, which was lowering the inception
voltage for air ionization . An electrostatic study was completed to calculate the electric
field strength between the charged surface and the needles using the electrostatic model as
discussed in Section In the model the probe was replaced with a grounded corona

ring of needles as illustrated in Figure [.12]
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The calculated surface charge density distributions for two study cases were specified
as boundary conditions. The case used was the -20 kV and -15 kV result as shown in
Appendix Figure and in Figure It has been found that for the study case with
back discharge the electric field strength, between the surface and the needle tip, is higher
than the air ionization threshold (> 30 kV/cm) and lower than that value for the study
case without back discharge. As seen in the study in Section humidity can lower the

air ionization threshold and result in more frequent back discharges.

4.1.2.6 Surface Charge Decay

Surface charge decay tests were carried on all the insulator samples for a charging voltage of
-20 kV. As discussed earlier in Section there is not a significant difference in the decay
time of positive or negative charges. All samples were charged using the ring of needles with
a b mm needle to surface distance for 2 minutes. After charging, the samples were scanned
at different times for a period up to 4 hours and the humidity conditions were similar for
all tests. In Figure an example of measured surface potentials and calculated charge
densities can be found for the small SIR sample. The total surface charge was calculated
for each sample surface at each measurement time and plotted. The surface charge was
nominalized by dividing each total charge value by its initial charge value. The resulting
data is displayed in Figure4.15, During the first 45 minutes, the SIR material lost 50% of its
initial surface charge while, the FRP material still held around 70-80% of its initial surface
charge. Also, it has been noticed that, the SIR and the wood materials can neutralize their
surface charges approximately, 1.6 faster than the FRP material. The remaining plots, of
surface charge decay, for all materials showing the surface potentials and charge densities

are shown in Appendix [C]
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4.1.3 Pre-stressing Charging Method

The work done by Kumara et al. [2] (as discussed in Section showed that, pre-stressing
one electrode with -72 kV while the other electrode grounded will produce positive surface
charge over the cylindrical SIR insulator sample. Also they demonstrated that, if positive
charges exist on insulator surface, the flashover voltage will be lower (than if negative charge
existed) for negative DC applied voltage.This is interesting from the perspective of the fast
flashover , as these flashovers also occurred under negative polarity on clean surfaces.
The electrodes used in , were smaller than the electrodes used in our experiments
and also had a sharper edge right at the surface of the insulator which would create a triple

junction point and high electric fields. The electrodes we used in the testing were large and
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without triple junction. They were relatively corona free and only created surface charge of
the same polarity as the charging voltage. For producing more surface charges on the FRP
surface, copper strips (conductive copper tape) were used at both electrode sides (as shown
in Figure . These copper strips create a triple junction point between air, surface, and

electrodes which in turn produces more corona discharge at the FRP surface.

4.1.3.1 Charging Time

The large FRP sample was pre-stressed with voltage at -72 kV for durations of 2,4, and 6
minutes. It is noticed that in the first two minutes of pre-stressing, about 90% (Figure [4.16))
of the charge is deposited on the surface. Therefore, a duration of 2 minutes was chosen for

the remaining pre-stressing tests.

4.1.3.2 Charging Voltage

The large FRP sample was pre-stressed with voltages of -66, -69 and -72 kV. As mentioned
in [12], negative pre-stressing “with corona discharge” produces more positive charges. Also,
for pre-stressing at voltages lower than -66 kV it was observed that no significant corona
discharge initiated at the electrodes and the surface was negatively charged. There was not
a significant difference in the amount of surface charge on the surface for the three charging
voltages and increasing the voltage any higher could risk a possible flashover for which our
equipment was not protected from at the time. Figure [4.17)shows the surface potential and
charge density for the different negative pre-stressing voltages. In Figure the results
are shown for different positive pre-stressing voltages, where the large FRP sample was
stressed for 2 minutes. It is noticed that the positive pre-stressing with “corona discharge”
produces more negative surface charges. It can also be seen that the amount of charge from
positive pre-stressing is considerably less than negative pre-stressing. This speaks to the

higher mobility of electrons compared to positive ions. For positive pre-stressing the voltage
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Fig. 4.16: Pre-stressing results for an applied voltage of -72 kV on the large FRP sample
showing a) measured surface potential and b) calculated surface charge density.(-5 cm is
grounded side and 45 cm is the energized side)
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could not be increased as high due to the non-uniform tape which had an overlap on one

side that would initiate positive streamer activity and there was a risk of flashover.

4.1.3.3 Electrode Configuration

This study is done to investigate the effect of sharp edged electrodes (triple junction point)
on charging of the sample surface through four different electrode configurations. For both
DC polarities, electrodes with copper strips at both ends are noticed to inject hetero-charges
to the FRP surface. Further investigation is required into why this occurs. On the other
hand, the FRP surface is charged with homo-charges if copper strips existed at only one
electrode end or both electrode ends without copper strips. It is also noticed that, if one
electrode end with a copper strip can initiate corona discharge (in the case of positive
voltage, visually seen with a corona camera), it will inject hetero-charges to the surface.
The results for this investigation are displayed in Figure [4.20

During testing for positive and negative corona discharge with pre-stressing and the
use of the copper strip for creating a triple point junction at both ends of the sample,
observations were made using a corona camera on the differences between negative and
positive corona discharge. The corona camera was a Syntronics CoronaFinder which was
connected to a camera for capturing corona activity. Negative corona appears like small
pulsating spheres covering the whole edge around the copper strips (Figure ) Positive
corona appears like a streamer discharge with many branches (Figure ) coming out
from a point on copper strip and propagates along the surface to the ground electrode.
Positive streamers occur at a lower voltage than the negative voltage for the point discharge.
Negative corona pulses are referred to as trichel pulses and the positive streamers are known

in literature to be severe [63] as they occur at lower electric fields.
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Fig. 4.17: Pre-stressing results for an applied voltages of -66,-69,-72 kV on the large FRP
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Fig. 4.19: Photos of negative and positive corona taken using a corona camera.
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4.1.4 Charging by Wiping with Cloth

Wiping hot sticks with a cotton cloth and then by a silicone wiping cloth is a daily routine
done in the field before live-line work to be sure that there is no pollution contaminates on
the stick surface and to improve the tools hydrophobicity. Figure shows the amount
charge that can be induced on an FRP tool from wiping with cotton clothes and silicone
clothes. The surface potential induced on the FRP surface was higher than what the DC-
ESVM was rated for and exceeded 20 kV at the center of the sample. Figure shows
a comparison between all charging methods that were introduced in this study as well. It
is noticed from this figure that the maintenance practice on hot sticks of wiping should be
given special consideration prior to live-line work, especially during the dry/winter months
for HVDC live-line work. More charge was deposited on the surface compared to the other
methods used in this study. Methods may need to be adapted such that tools are cleaned,
wiped and prepared the day prior to live line work so that significant charge does not exist.

Surface charge on FRP tools has been shown to decay at a slow rate.

4.2 Determination of DC Flashovers

The results of the DC flashover testing on the tested insulator samples is presented and
discussed below. To present the flashover results, box plots are used. A box plot shows
the range of flashover voltages which include the maximum, minimum, and median of the
data (red line). The bottom and top of the blue box represent the first and third quantiles,

respectively.

4.2.1 FRP Insulator Sample

Figure shows box plots for the flashover voltages under negative and positive voltages

for three conditions: i) a clean and charge free large FRP sample (strain pole-type/38.1
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Fig. 4.21: A comparison of the surface potential distributions for a FRP insulator sample
charged using different methods.

mm diameter), ii) same sample charged using a positive voltage from the ring of needles at
+20 kV, and iii) with negative charging from the ring of needles at 20kV. Each test was
repeated approximately 5 times.

It can be seen that the negative flashover voltage for a clean sample is lower than
that of a positive flashover. Under negative and positive applied voltages (Figures
and , an FRP sample with positive charge on the surface will flashover at a lower
voltage than a clean sample whereas with the presence of negative charges it will flashover
at a higher voltage. The majority of all the flashovers occurred with no leakage current
on a pA scale. The largest measured leakage current prior to flashover was 115 yA. Small
current discharges could be noticed on the micrometer in the range of 0.1 to 0.3 pA of the
same polarity of the applied voltage, but mostly they occurred with absolutely no prior
warning. Evidence of the arc burns was always seen on the negative electrodes indicating

that flashovers were always positive streamers from the positive to negative electrode.

- 71 -



FRP Tools Under DC Conditions 4.2 Determination of DC Flashovers

120 -

[
=
(S,

-
[N
o

100 H

Negative Flashover Voltage (kV)
=
o
o

[{=)
o

|_______

Clean Positive 20 kV Negative 20 kV

(a) Negative flashover voltage

125

120

115

110

=
o
o

Positive Flashover Voltage (kV)

=
(=]
(=]

—
95

Clean Positive 20 kV Negative 20 kV

(b) Positive flashover voltage

Fig. 4.22: Flashover voltage of the large FRP (38.1 in mm diameter) sample for the 3
cases of clean FRP, charged using the ring of needles at +-20kV, and charged using the ring
of needles at -20kV when the applied DC flashover voltage is a) negative, and b) positive.
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The results shown in Figure also follow the pattern of the results for an SIR
sample with negative applied polarity as presented in [2]. The results in Figures
also correlate with data presented in Table The results also confirm the conclusions
of Meng et al. [34] whom concluded that negative charge on the surface of an insulator
weakens positive streamers. It would seem that positive charge on the surface enhances the
positive streamers.

Figure shows the results for pre-stressing the sample for 2 minutes by applying a
DC voltage at one electrode while the other electrode is grounded, and then performing a
flashover test.

In this case, the smaller hot stick type FRP sample (32 mm in diameter) was used.
Figure shows that when the sample is pre-stressed at -72 kV for 2 minutes, the
flashover voltage is reduced compared to the clean sample. This is similar to the results
of Figure and with the discussion presented in Section This confirms that
under pre-stressing with a negative voltage, the surface will have a positive charge on the
surface, thus it is expected that the flashover voltage will be reduced. In Figure it is
demonstrated that when pre-stressing with a positive voltage and then raising the voltage
to flashover, there was a rise in the median flashover voltage. This is also expected, and
consistent with the results shown in Section[4.1.3.2] that when pre-stressing the sample with
a positive voltage, a negative surface charge will be developed on the insulator surface thus
increasing the flashover voltage as shown in Figure As it has been shown in Section
[4.1:3.2] positive pre-stressing does not create as significant amount of negative charge as
using the ring of needles or negative pre-stressing, therefore there is not a considerable
difference between a clean FRP sample or positive pre-stressing.

The results for pre-stressing presented in Figure [£.23] support the work of Manitoba
Hydro [3], [4] as the negative polarity fast flashovers were observed at voltages less than

system operating, low humidity, with leakage current less than 2 mA, and negative pre-
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- 74 -



FRP Tools Under DC Conditions 4.2 Determination of DC Flashovers

stressed voltage. In this research flashovers occurred on a 3-m FRP hot stick under applied
negative voltage. Under negative pre-stressing voltage, a positive surface charge is formed
along the surface of the tool which would decrease the flashover voltage. Under positive
applied voltage, a negative surface charge along the tool surface and an increase in the
flashover voltages are seen. This is a possible explanation for why no positive polarity fast
flashovers were observed and only occurred under negative polarity.

A test was also carried out for the large FRP sample where the ground side copper
ring was removed. The sample was clean prior to the test and the voltage was raised to
flashover. The maximum output voltage at the energized electrode was 130 kV, due to
voltage drop across 100 MSQ resistor. The sample was able to withhold the applied stress of
130 kV for 20 seconds before flashover. This rise in flashover voltage corresponds well with
the previous surface charge studies. When a corona ring is removed only charges of the same
polarity (negative in this case) will be produced along the surface of the insulator sample.
Also by eliminating the copper ring we have removed the triple point junction where a
positive streamer would have propagated from. Thus is this case we were able to cause the
flashover voltage to rise above what we obtained previously with a negative voltage applied
to a clean sample with corona rings at both ends. This would be similar in theory to the
streamer inhibitor which has been developed to suppress positive streamers from the ground
electrode under DC conditions and can prevent fast flashovers [4], [64]. They are composed
of double toroid electrodes and wrapped with a thin fabric layer of stainless steel cloth. The
streamer inhibitor is designed to operate in a corona glow mode such that positive streamers
are inhibited from forming. The thin wires used on the electrode cause a increase in the
electric field required for corona inception and increases the rate of rise of voltage for which
below this critical value streamers will be suppressed [56]. They can be used to protect
aerial devices or could be used on transmission structures. A photograph of the streamer

inhibitor installed over the collector band of an aerial device boom is shown in Figure 4.24
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In our case, the removal of the triple point junction was an effective way to inhibit positive
streamers at lower voltages. In the case of the aerial device boom, the installation of the
inhibitor device over the sharp edges of the collector band is a good solution.

Flashovers have been show to occur on FRP samples at stresses as low as 700 kV/m (7
kV/cm). This compares well with the work of Allen et al. [28] whom suggested that electric
fields stresses of 700 kV/m and higher are very likely to cause flashovers across the gap.

Stable propagation of positive streamers occurs at electric field stresses of 500 kV/m [42].

4.2.2 FRP Insulator Sample with Sheds

As described earlier in Sections[2.:2]and [2:3.1] sheds have proven to be successful in increasing
the voltages required for the flashover of insulator samples and 3-m hot sticks. They were
shown to mitigate the fast flashovers under negative polarity and aid in the blocking and
weakening of the surface streamer component known as “fast” [3}36].

Polymer, heat-shrinkable sheds were installed on the large 38.1 mm FRP sample. The
sheds had an overhang, from the surface, of 30 mm. Although a larger diameter of shed
would be more effective at streamer mitigation, it could impact the ability of a live-line
worker to see the end of the tool during the work procedure. Flashovers were carried out on
clean samples with the shed located at the ground end, energized side and in the middle of
the sample. Figure [£.25 shows the FRP insulator sample with the polymer sheds installed.
For the shed at the grounded side the sample was reversed.

The testing revealed that for the negative applied voltage polarity with the shed at the
energized side (negative), as shown in Figure a flashover could not be achieved. The
voltage was held at 130 kV for over one minute in the absence of flashover as revealed in
Figure When the shed was located in the middle the flashover voltage was reduced
and the lowest flashover voltages were seen when the shed was located at the ground side.

In Figure [£.26D)] it is illustrated that for positive flashover voltage, the flashover voltage was
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with woven fabric of
conductive wires

Fibreglass boom

Collector band for
leakage current
monitoring

Fig. 4.24: Streamer inhibitor electrode installed on ground side of boom of an aerial device.
Photograph courtesy of Manitoba Hydro.
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(a) FRP sample with the (b) FRP sample with the

shed in middle middle shed at the energized side
(right)

Fig. 4.25: FRP insulator sample with polymer shed located at a) middle of sample and at
b) energized side.

lowest when the shed was located at the energized side (positive). The flashover voltage
slightly increased with the shed located at the middle but was the highest when the shed
was located at the ground side. Based on this study it appears the best locations for sheds
would be a shed located at both the energized and ground side of a FRP tool. For workers
this would mean a shed could be installed as a marker for their minimum approach distance
and a shed can be installed further up the stick near the end but no so close as to hamper
their visual sight of the end of the tool. Earlier research had shown the best placement of a
shed was near the ground side with negative applied DC voltage at the source side. In this
case a positive pulsed needle located at the ground initiated streamers . Other research
also showed the best location for the shed was at the source of streamer initiation [30].
These were under very different electrode configurations however. In [3] it is discussed that
two sheds on a hot stick completely eliminated fast flashovers. They were located at 1/3
and 2/3 of the FRP hot stick’s 3 m length. With one shed in the middle, the flashovers were
greatly reduced but not completely eliminated. The range and error of flashover values is

noted to decrease as well with the sheds. Based on this research the preferred location for
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the shed is always at the negative cathode.
One can visually observe the impact of the sheds on the streamer as Figure shows
how the streamer/arc travels over the shed compared to along the surface when no shed

exists.

4.2.3 SIR Insulator Sample

Additional flashover testing was performed on the large SIR sample to compare with the
results of Kumara et al. [2]. In this paper, the SIR sample had a 30 mm diameter and
was of 10.8 cm length. Due to the electrode design the actual length is 10.2 cm between
the electrodes. The sample was tested under negative DC voltage until flashover and the
average was determined to be about 88 kV. The standard deviation of the flashover voltages
was noted to decrease with charge present on the surface as compared to with charge.
The results of the testing on the large SIR sample under negative DC is shown in Figure
Similar to [2], the range of flashover values decreased for SIR with charges present on
the surface. The flashover voltage decreased with positive charge present on the surface and
increased with negative charge on the surface when comparing the 50 % median flashover
value. The flashover values are higher in this study due to the longer length of the sample.
For the SIR material, more cases of higher leakage current were noted than for the FRP
samples. Although many flashovers occured with no prior leakage current, and some in the

0.1 pA range, others occured with leakage currents as high as 300 pA.
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Fig. 4.26: DC Flashover voltage of the FRP (38.1 mm diameter) sample for the 3 cases
of shed located at energized side (right), middle and grounded side (left) when the applied
DC voltage is a) negative, and b) positive.
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Fig. 4.27: Screenshot captured from videos of flashovers for a) no shed on an FRP insulator
b) shed located at ground side of FRP insulator.
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Fig. 4.28: DC Flashover voltage of the large SIR (43 mm diameter) under negative DC
applied voltage.

The results of testing for the DC surface charging and flashover characteristics have

been presented and discussed. In the following chapter the conclusions will be summarized
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for the thesis based on the results obtained in this chapter.
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Chapter 5

Conclusions

The thesis has investigated the effects of DC corona on the surface charge and flashover
characteristics of an FRP hot stick. An understanding has been provided, of the impact of
surface charges and their characteristics on the DC flashover voltage of FRP tools, which
is essential to consider in live-line working standards, live-line methods, and flashover pre-
vention.

Three different charging techniques were used for surface charging of FRP, SIR and
wood cylindrical insulator samples. The measured surface potentials are used to calculate
charge density distributions using the probe response matrix. A negative charging voltage
used with the ring of needles produces higher surface potentials than that produced with a
positive charging voltage. The profiles of both measured surface potentials and calculated
surface charge densities have bell shapes, and clearly show the consistency between measure-
ments and numerical calculations. The total amount of charges deposited on the surfaces
increases linearly as the magnitude of the applied corona charging voltage increases. Under
negative DC charging voltage (-20 kV) the larger FRP and SIR sample had the most charge
on the surface while under positive charging (+20 kV) all samples (except wood) had similar

total charge on the surface. The deposited charges are widely spread on the sample surface
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as the applied corona charging voltage increases. Most of the charges (80%) are deposited
on the surface during the first 2 minutes. Charging the FRP sample by pre-stressing with
different values of positive or negative DC voltages for 2 minutes, results in deposition of
hetero-charges along the entire sample surface with a smaller amount of homo-charges close
to the electrodes. Both electrodes should have corona discharge to allow for hetero-charge
deposition on the surface. Otherwise, the entire surface will be charged with homo-charges.
Wiping hot sticks with a cotton cloth and then by a silicone wiping cloth is a routine done
in the field, before live-line work, to be sure that there is no pollution contaminates on
the surface of the hot stick. Wiping FRP samples results in high accumulation of positive
charges on the surface and should be given special consideration before live line work. The
decay of charge is faster on wood and SIR materials than FRP materials. SIR and wood
have a higher rate of decay and are faster to neutralize. Back discharges were experienced
with increasing humidity, due to the lowered inception voltage, and are found to occur if
the electric field strength between the surface and the tip of the needle is larger than 30
kV/cm. It was determined that increasing the tip of needle (ring of needles) to surface
distance increases the total amount of charge on the surface of the insulator. During this
testing it is noted that SIR material collects more total charge than FRP material on the
surface. The observed differences between negative and positive corona are presented as
well.

In the DC flashover tests of the study, two different charging techniques were used for
depositing surface charges on the FRP samples and flashover voltages under DC conditions
were measured. It was demonstrated that for the given electrode configuration, the negative
flashover voltage is lower than the positive flashover voltage for a clean sample. For both
positive and negative voltages, the flashover voltage is reduced when positive charge is
present on the insulator surface while it is conversely increased with negative charge on the

surface. Under positive pre-stressing conditions, the positive flashover voltage is slightly
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increased while under negative pre-stressing the negative flashover voltages decreases for
the FRP insulator as compared to the clean case. Removal of the ground side copper ring
raised the flashover value for the FRP sample.

Sheds were installed on the FRP tools at different locations and it was determined
that under negative polarity the sheds should be installed at the energized side and for
positive polarity the sheds should be located at the ground side. From a live-line working
perspective, sheds should be installed as a marker for the minimum approach distance and
at the energized side. Flashover profiles were found for SIR under negative voltage and
were in agreement with the research in [2]. Flashovers were repeatedly produced with no
noteworthy leakage current prior to discharge and in a low humidity environment.

It has been demonstrated that wiping hot sticks prior to live-line work can produce
substantial positive charges on the surface of an FRP tool prior to live-line work and surface
charges on FRP tools will reside for a significant period of time. Changes in this FRP tool
maintenance practice prior to live-line work should be given consideration, especially during
dry/winter months, before HVDC live-line work as the flashover voltage may be reduced
with the presence of positive charges on the surface of the tool. The solution for DC
flashover prevention under normal working conditions may not be to increase the length
(leakage distance) of the tool as for pollution type flashovers, but instead, consideration
should be given to the use of sheds or inhibitor electrodes for the FRP tools and aerial
devices under DC operating conditions to increase the flashover voltage as it has been
proven that the presence of charges on the surface of an insulator can influence and reduce
the flashover voltage. Leakage current monitoring itself can not be considered a satisfactory
protection scheme for booms and ladders for HVDC live-line work due to the absence of
leakage current prior to flashovers. Consideration should also be given to ensure corona
free tools and equipment as well as materials with increased surface charge decay times and

less charge accumulation developed for DC live-line work. Standards for HVDC live-line
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working should give consideration to the effects of space charge on FRP tools.

5.1 Future Work

e Future work should be carried out to determine the effects of light pollution (salt con-
tamination) and icing on the surface charge profiles and flashover characteristics of FRP

tools.

e Further studies should also be developed to investigate the impact of humidity in con-

junction with the above scenarios and also for clean samples with pre-existing charge.

e Testing should also be carried on longer samples at higher DC voltages (actual length of
FRP tools used for live-line work) to develop repeatable laboratory tests with the absence

of leakage current. Verify if results for short samples can be linearized.
e Larger diameter insulators should be investigated to determine if there is truly an impact.

e The role of a closed space versus an outdoor environment should be given consideration

for DC testing and how that may impact space charge and flashover characteristics.

e Investigate the possibility of positive streamer based flashovers on glass insulators to

better gain an understanding of anomalous flashovers.
e FElectrode design should also be further studied for optimum space charge production.
e Perform positive flashover tests on SIR insulator sample.

e Test the performance of sheds under positive and negative applied voltage with pre-

existing surface charge until flashover.

e Simulation models should be developed to produce time varying dynamic simulations of
the research to date for clean insulators and then for lightly polluted insulators. The

impact of linear versus non-linear contamination should be investigated.
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e An inhibitor type electrode should be tested in the laboratory for flashover mitigation.

e Further testing should be completed with partial discharge monitoring to understand
if a protective safety tool could be developed to warn of possible flashovers under DC

conditions.
e The above work should be repeated also for AC conditions.

e Determine if the material used for live-line tools could be improved such that the surface

charge decay is faster and the surface accumulates less charge.

e Investigate the flashover performance of an FRP tool, with pre-existing charge, for a

transient impulse voltage superimposed on the steady-state DC voltage.

e Determine if back discharges occur during turning off of the power supply or when it is

grounded. Develop a method to mitigate or correct the back discharge.
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Appendix A

Surface Charge Measurement
Techniques

This appendix of the thesis discusses the surface charge measurement technique applied in

the thesis.

A.1 Surface Charge Measurement Techniques

The technique used in this thesis for measuring the electrostatic potential before conversion
to a charge density is by way of a vibrating Kelvin probe. The vibrating Kelvin probe is
a non-contact electrostatic voltage measurement device which is connected to the electro-
static voltmeter (ESVM). A DC-feedback ESVM as used in the thesis has several advantages
over electrostatic field meters and AC-feedback ESVM. The DC-feedback ESVM has very
good resolution, excellent accuracy at the specified probe to surface distance, and has a lesser
chance of arcing due to the body of the probe being at the same potential of the surface
that is measured. AC-feedback ESVM and electrostatic fieldmeters have a possibility of
arcing during charge measurement as the bodies of the probe are at the same potential
as ground. They are not as accurate and do not have as a high a spatial resolution. A
fieldmeter is meant more for larger surfaces while the the DC-ESVM can be used on both

large and small surfaces [65]. The lack of surface contact with these methods means there
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is no charge disturbance. The Kelvin probe, capacitive probe [66], electric fieldmeters,
electric field mills, Pockels probe (using optical techniques) [67], [68] and induction probes
are examples of non-contact surface charge potential measurement tools. Fieldmeters and
electrostatic voltmeters all make use of the vibrating Kelvin probe. Electric field meters
and mills provide an electric field measurement. There are also electrometers which come
into contact with the surface for measurements and uses a very high input impedance but
can only measure in the range of + 2 kV. The Trek 341 B DC-ESVM electrostatic voltmeter
used for this project allows the highest possible surface charge measurements of upto +20

kV with a non-contact probe which is high speed and very accurate .

A.1.1 Vibrating Kelvin Probe

The Kelvin probe (vibrating capacitive probe) was proposed by Lord Kelvin in the year
1898 in Scotland [69]. It was not vibrating at the time and the plates had to be moved
by hand. It was based on the theory that if two plates are brought together, equal but
opposite charges will be induced on the surfaces. The contact potential was measured by
applying a potential to the plates until the surface charge no longer existed. At that time
the externally applied potential would be equal to the contact potential |70].

The vibrating Kelvin probe was invented by in 1932 by William A Zisman in Boston.
A vibrating probe was located above the sample surface. The vibrating probe is vibrated
sinusoidally. An external voltage is applied to the probe until the voltage on the sample

surface is equal to the voltage of the probe and the difference is brought to zero as shown

in Figure [69], [70].
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Tip of probe is vibrating

V =Vo -sin (wt)

—C

Adjust Ul such that =0
U1

Fig. A.1: Basis of operation for vibrating Kelvin probe.

The principle of operation is based on the below equation where the capacitance C of
a capacitor is given by:
Q

C=7 IF] (A1)

where @ [C] is the charge accumulated by the capacitor and U [V] is the voltage between
the two plates of the capacitor.
The capacitance C of a parallel plate capacitor is given by:
ecpA

C=2= IF (A.2)

where € is relative permittivity of the air, ¢ is the permittivity of a vacuum, and A [m?] is
the area of the probe surface. € is 1.0 for air and € is 8.854- 1072 [F/m].

Given that the motion of the probe is sinusoidally modulated, the distance between the
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probe and the surface being measured can be defined by:

D =Dy + D - sin(wt) [m] (A.3)

where Dy [m] is the distance between the probe surface and the surface to be measured
when the probe is not vibrating, D; [m] is the amplitude of vibrations, w is the angular
frequency of vibrations [rad/s].

The capacitance of the plate to probe configuration then becomes:

B eepA
¢= Dy + Dy - sin(wt) LF/m] (A-4)
The current can be then determined by:
ac
I1=U-—
dt
d €epA
=u dt (Do + D - Sin(wt)> (A.5)

U oA Dyweos(wt)
= Uread ([D0+D13in(wt)]2) A

The field nullifying method that is used by the DC-ESVM, with the vibrating Kelvin
probe, adjusts the voltage on the probe such that the voltage Ul is equal to U2 and then U
is zero. At this point there is no current flowing to or from the probe. Whenever the probe
is sinusoidally modulated and the current becomes zero, the potential of the probe is equal

to the potential of the surface. See below Figure for reference [69].
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Surface under
measurement

dD

>
U2 i

v Probe

Fig. A.2: Kelvin vibrating capacitive probe reference drawing for equations.

For the most accurate results and for the best spatial resolution the probe to surface
distance should be as close as possible and the surface area of the of probe surface should
be small. If the distance from the probe to surface, or the probe surface area, is to large
the measurements will be affected by other space charges on the surface nearby.

To measure the potential on the test surface, the Kelvin probe is positioned to approx-
imately 3 & 1 mm. The tip of probe, views the test surface through an aperture at the end

of the probe which measures 1.52 mm in diameter as shown in Figure [A.3]
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Fig. A.3: Aperture of vibrating capacitive Kelvin probe.

The use of a Kelvin probe with a smaller area and aperture functions to increase the
spatial resolution of the probe to a small region on the test surface. This provides a very
accurate reading and lessens the impacts of stray capacitance. To explain the basis of
operation of the DC-ESVM figure can be referenced. The vibrating Kelvin probe
metallic housing acts as a reference surface and is attached to the output of the high-voltage
amplifier (A), which changes the potential applied to the probe reference surface. The
probe-end Kelvin sensor is electro-mechanically vibrated to produce capacitive modulation
between the tip of the probe and the test surface such that a DC electrostatic charge can
be measured due to the time-varying nature. If the potential of the test surface varies from
the potential of the reference probe, the change in potential induces an AC waveform on the
electrode due to the changing of the capacitance. The current signal is essentially amplified
and modulated to produce a potential waveform. The signal induced on the vibrating Kelvin
sensor is then provided to a preamplifier (B) in the probe. The amplified Kelvin probe sensor

signal and the output potential of the oscillator (M) which drives the electromechanical
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modulator are attached to a phase sensitive demodulator whose output signal is a DC
potential whose magnitude and polarity correspond to the potential deviation. The signal
from the phase sensitive demodulator is attached to the input signal of an integrating DC
high-voltage amplifier (A). The output signal of A is the probe reference potential, which
is driven, to be equal, to the potential of the surface under testing. The electric field and
the current between test surface and probe will thus be brought to zero. With the electric
field, potential and current nulled between the probe and test surface, the signal induced
on the tip of the electrode is decreased to zero, decreasing the demodulated signal to the
integrating DC amplifier to null. The high-voltage amplifier (A) output and the probe
reference housing are now kept at the potential of the surface under testing. The output of
the high-voltage amplifier (A) is divided down by a ratio of 1000:1 to drive buffer amplifier
(C) for precise monitoring and digital display of the measured potential on the test surface,
on the front panel of the DC-ESVM [71]. The monitor output is also available as a BNC

connection for output to a data acquisition system.
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Test Surface

L

Probe

Vibrating Kelvin sensor

. Phase
\ Sensitive
\
N Demodulator A
Electro High

Mechanical Voltage
Modulator Amplifier

Monitor
Output

Vout =V
surface /1000

Oscillator

M

Digital
Panel
Meter

1

Vsurface

Fig. A.4: Circuit diagram of DC-ESVM [71].

Since the vibrating kelvin sensor and the metallic body of the probe are at the same
potential the effects of stray capacitances are less than that of AC feedback ESVM and
fieldmeters. The below Figure illustrates where C1 is the capacitance between the
test surface and ground, C2 is the capacitance between the sensor and ground, C3 is the
capacitance between the probe body and ground, and Z is the internal impedance of the
probe between the sensor and probe housing body. The capacitances between the test

surface and sensor/probe body are non-existent due to the field nullifying effect.

- 102 -



FRP Tools Under DC Conditions A.1 Surface Charge Measurement Techniques

Test Surface

U1=U2

Sensor

— o >

Probe Body

Fig. A.5: Capacitive couplings of DC-ESVM. [72]
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Appendix B

Figures of Surface Potential and
Charge Distribution of all
Insulator Samples

In the below figures the effects of positive and negative charging voltage using the corona
ring of needles are shown for all of the insulator samples. All charging is completed with
the ring of needles located at the center of the sample and for a 2 minutes charging time.

The insulator samples are further described in
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Fig. B.1: The large FRP sample a) surface potential and b) charge density distribution for
+ 7 kV, + 10 kV, +15 kV, and + 20 kV.
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Fig. B.2: The large FRP sample a) surface potential and b) charge density distribution for
-7 kV, -10 kV, -15 kV, and -20 kV.
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Fig. B.3: The small FRP sample a) surface potential and b) charge density distribution
for + 7 kV, + 10 kV, +15 kV, and + 20 kV.
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Fig. B.4: The small FRP sample a) surface potential and b) charge density distribution
for -7 kV, -10 kV, -15 kV, and -20 kV.
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Fig. B.5: The large SIR sample a) surface potential and b) charge density distribution for
+ 7 kV, + 10 kV, +15 kV, and + 20 kV.
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Fig. B.6: The large SIR sample a) surface potential and b) charge density distribution for
-7 kV, -10 kV, -15 kV, and -20 kV.
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Fig. B.7: The small SIR sample a) surface potential and b) charge density distribution for
+ 7 kV, + 10 kV, +15 kV, and + 20 kV.
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Fig. B.8: The small SIR sample a) surface potential and b) charge density distribution for
-7 kV, -10 kV, -15 kV, and -20 kV.
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Fig. B.9: The wood sample a) surface potential and b) charge density distribution for +
7 kV, + 10 kV, +15 kV, and + 20 kV.

- 113 -



FRP Tools Under DC Conditions

1000

-1000 -

-2000 -

-3000 -

Surface Potential (V)

-4000

-5000 -

-6000 | | | | | | | | | | |
-5 -4 -3 -2 -1 0 1 2 3 4 5

Distance From Centre (cm)

(a) Surface potential distribution, negative charging voltages

Surface Charge Density (pC/mz)

Distance From Centre (cm)

(b) Surface charge distribution, negative charging voltages

Fig. B.10: The wood sample a) surface potential and b) charge density distribution for -7
kV, -10 kV, -15 kV, and -20 kV.
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Appendix C

Figures of Surface Charge Decay
for Insulator Samples

In the below figures the results of the surface charge decay tests are shown for -20 kV
charging, with the ring of needles located at the center of the sample, 5 mm needle to
surface distance, 2 minutes charging time and for up to a 240 minutes measurement period.

The insulator samples are further described in
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Fig. C.1: Surface charge decay test for large SIR sample showing a) surface potential decay
and b) surface charge density decay for -20 kV charging voltage.
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decay and b) surface charge density decay for -20 kV charging voltage.
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Fig. C.3: Surface charge decay test for small FRP sample showing a) surface potential
decay and b) surface charge density decay for -20 kV charging voltage.
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Fig. C.4: Surface charge decay test for wood sample showing a) surface potential decay
and b) surface charge density decay for -20 kV charging voltage.
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