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Abstract

Overhead power lines are among the top contribwtovsilture mortalities
in South Africa due to direct contact electrocutidgturthermore these
electrocution incidences on the endangered birféstafhe power quality
and the power reliability. Utilities around the Whrfaced with the same
problem, have implemented various solutions sucheasnfiguring the

lines to bird-friendly structures, retrofitting thexisting structures and
making use of underground cable by-passes. Thecehof these
preventative measures is a function of cost andhiéty. This research
presents a case study involving insulated conductsfers that were
retrofitted on 88 kV power line structures to rmutig vulture

electrocutions. This research report presents@ehieal evaluation of the
performance of the insulated conductor covers tmgewith laboratory
tests performed to evaluate the theoretical priedist These results
conclude that the insulated conductor cover flashgeerformance is
similar to that of High voltage (HV) insulators hewver it requires a lower
specific creepage distance to prevent flashoveratoy corresponding
pollution severity level.
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1 THE RESEARCH OVERVIEW

1.1 Introduction

Power lines span several thousands of kilometressacSouth Africa to deliver
electricity to homes and industries. Power line®daonately sometimes interfere
with nature - electrocutions and collisions are agsb the greatest threats that
vultures as well as other birds of prey face intBern Africa [1]. Although the
more recently built power line structures are wdttriendly, earlier designs have
resulted in the death of many vultures. These bandselectrocuted when they
touch simultaneously two live conductors or a leasmductor and an earthed part

of the pylon [2].

In South Africa, bird-unfriendly structures, notglskeel lattice structures, are still
found in the North West province where these magsabirds breed. The utility,

in partnership with an environmental conservatipns conducting research in
order to understand the negative interaction ofvtliures with the power lines to
introduce effective mitigation measures. The coraénist employed by the

utility acts as a watchdog reporting any incidenmeshe power lines.

Incidences of voltage dips and conductors breakiing to flashovers resulting
from contact electrocution are being reported. Toistinued threat to the vulture
population as well as the system reliability hasated a significant concern for
both the utility and the conservationist. The tytiln South Africa in collaboration
with the conservationist has been proactive andtifiled problem locations
which have been found to be mainly in wetlands gache reserves. Mitigation

strategies have therefore been targeted at thesdisf@areas.

The main problem in these areas is birds perchmgaaver lines to rest or to spot
their prey and in the process bridging the safé¢yarances. In line with other
utility practices, reconfiguration of structureseuof underground cable bypasses
and retrofitting existing structures are the opgi@vailable for mitigating these



adverse effects [3]. These mitigation measuresadanly assist with minimising
vulture electrocutions but also improve the powestem reliability.

The utility, identifying the high capital cost raggment of the first two options,
opted for the third option. To date it has targetiled identified hotspots and
installed bird guards (retrofits installed on poJiae structures to prevent birds
from perching) and also pilot insulated conductovers on the portions of the
conductor directly below the structures.

1.2 Problem Statement
The option of insulating the conductors is effegtim protecting the birds against
direct contact electrocution more so when insufatigth an earthed screen is
used. This technique allows the birds to make @vntéh the power line without
any danger of electrocution or electrostatic shddile insulated conductor covers
currently installed do not have an earthed scréers rendering the vulture
susceptible to static discharge shock when clogbgaover. This technique has
generally succeeded in reducing cases of vultuectrelcutions although
additional problems have been introduced. Thesklg@mts are:

1. Tracking which occurs on the insulated conductaecs due to pollution

and insufficient creepage distance.

2. Conductor corrosion which occurs on the portion tlé conductors

enclosed by the insulated conductor covers.

This research will focus on the first problem wéih aim to evaluate the flashover
performance of the installed insulated conductorecavhen contact at various
locations along its surface is made with the valtaitting on an earthed steel
structure. A technical explanation for the eleaitaan incidences that have been
reported on these mitigated locations is requicellelp propose modifications to

the insulated conductor cover to enhance its flashperformance.
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The second problem stated above, while having amiajpact on the success of
this mitigation technique, is out of the scope lof tinvestigation. It is being
researched concurrently with the former as a rélpteject. Insulated conductors
together with bare conductors are intended to séalied in a natural coastal
environment for a period of 24 months to evalude ¢orrosion performance.
Bare conductors will be installed for control puspe. The corrosion status of the
conductors will be evaluated every six months. slt hypothesised that the
insulated conductor cover can potentially corrdaedonductor by creating humid
conditions inside the cover during rainy seasonsretty reducing the life
expectancy of the conductors.

1.3 Knowledge to be gained

Power line retrofits available in the market, uded electrocution prevention,
come in many non-standard shapes and sizes witthtbiee being guided by the
insulation level of the product. This is mainly base there are many different
tower structures that are in use by utilities acbthre world making it difficult to
develop a product that can be used on all towactstres. Utilities therefore have
to look for the best-fit product that addresse# tldentified concerns.

This research will add to the knowledge of the gsial techniques that can be
used before any roll-out. Utilities will save a witmoney by avoiding installation

of products that may not fully address all the éssu

An in-depth knowledge of the level of mitigationhéeved by these insulating
cover retrofits will equip the utilities with sufient motivation to opt for more
effective solutions such as tower structure reguméition and underground cable
by-passes even though these would require hugeéatapists. Elsewhere in the
world environmental laws to protect migratory biftem the dangers of power
lines have been passed and this has resulted ia gtilities being fined amounts
of the order of USD 100,000 for violating these saj4]. In South Africa the
current Environmental Impact Assessment (EIA) Ragoh provides for

protection of migratory birds on new installatioosly; however increased
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pressure from conservationists may see this ragoléeing extended to existing

structures.

1.4 The research methodology

The insulated conductor cover under investigatisndesigned to avoid high
voltage bus-bar flashover as a result of directtainwith birds, squirrels and
other wildlife [5]. The utility has adapted thisway to protect vultures against
direct contact with the bare overhead conductodeniiting on an earthed steel

structure.

When the insulated conductor cover is used inrttasiner, it assumes a function
similar to that of a high voltage insulator at tinstant there is contact with a
vulture. It is thus reasonable to apply the samacples for evaluating the

flashover performance of high voltage insulatorthiinsulated conductor cover.

The following methodology is therefore used:

1. Standard rod-rod gap breakdown voltages (standarospheric
conditions and square-cut electrodes) are usedethgb breakdown in the
gap created by the approaching vulture wing tip efled as an earthed
rod at various positions in the vicinity of the uteted conductor cover.

2. An equivalent circuit for surface flashover of thesulated conductor
cover is developed which represents vulture comdfatarious positions
along the surface.

3. A laboratory experiment is set up to test the sirfdashover predictions.

1.5 Research report structure

The research report has six chapters. Each chagseribes different components

of the research that builds up to the conclusiothefinvestigation.

Chapter 1: This chapter gives an introduction to the redeavork, defines the

problem and then presents the proposed researtiododogy.

12



Chapter 2: This chapter gives a background to the method=sl us gather
information leading to the choice of mitigation reeee as well as justifying this
option. Parameters required for critical analyggishe insulated conductor cover
are also identified. The flashover performanceeiation to creepage distance and
gap geometry is discussed. Limitations to the mebeanethodology are also

discussed.

Chapter 3. This chapter analyses and predicts the breakdmliage of the gap
created when the vulture wing tip is at variousifpmss in the vicinity of the
insulated conductor cover. The breakdown voltagepisdicted from the

breakdown voltage of standard rod-rod gaps.

Chapter 4: This chapter discusses the flashover processeslaried polymeric
insulators and applies these concepts to the imslleonductor cover when a
vulture makes direct contact while sitting on tlaetleed structure. An equivalent
circuit of a polluted insulator is then used todice flashover over the surface of
the insulated conductor cover at various pointsootact.

Chapter 5: In this chapter a laboratory experiment consisth@pplication of

high voltage between the phase conductor and \argauth contact positions
along the surface of the insulated conductor cas/elescribed - each time noting
the flashover voltage. The experimental results then compared with the

theoretical predictions.

Chapter 6: In this chapter the conclusions are presented abhgb
recommendations proposed to help in further adwanthe effectiveness of the
electrocution mitigation approach under investigadti

13



2 THE RESEARCH PROBLEM

2.1 Introduction

In addition to bird streamer problems on steelidattower structures, contact
electrocution has been suspected to be responfbléhe continued vulture
electrocutions. The former has been mitigated leyafsbird guards, whereas for
the latter, insulated conductor covers have beerpgsed. Pilot insulated
conductor covers have been installed in the identifproblem areas. This

research focuses on evaluating insulated condaot@r performance.

2.2 Insulated conductor covers and HV line insulators

High voltage (HV) line insulators are used for coctr support and for
insulating the earthed tower structure hardwarenfithe live conductors. An
insulated conductor cover is used to prevent eaterbjects such as wildlife from
coming into direct contact with the live conductdf¢hile both HV line insulators
and insulated conductor covers provide insulatiamcfions, the former
additionally requires sufficient mechanical strdngt

Figure 2-1 shows a sketch of the insulated conducbwer. It is a hollow
cylindrically shaped object made from a 2 mm thickdrophilic polymeric
material with a relative permittivity of 5. This teaial has similar properties to
that of hydrophilic polymeric insulators and it @assumed that the flashover
processes of the two products are similar. The diffgrences between the two
are that:
1. The HV line insulator is connected between the twaductor and earth
whereas the insulated conductor cover surroundsvéheonductor only.
2. Leakage currents on a polluted line insulator floontinuously whereas
on the insulated conductor cover leakage currdois dnly when there is

contact with an external earthed object.
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3. Leakage current flows over the entire surface efitfsulator whereas on
insulated conductor covers the leakage currentslomly over a portion of

the surface area where contact is made.

S00mm

1000mm

149mm

Figure 2-1: Insulated conductor cover (the condugtot shown) passes through
the center of the above)

The insulated conductor cover is moulded into dolotylinder of different radii
as shown in Figure 2-1. The middle section haggetaradius to accommodate
the conductor-insulator connection accessories @dsethe outer sections have a
smaller radius to allow the insulated conductor ezoto fit snugly on the

conductor.

2.3 Identification of bird electrocution hotspots for the case study

The faults recorded on the utility power line oferest during the period 2005 to
2007 by a numerical protection relay located inféeding substation were used

to identify bird electrocution hotspots are showirigure 2-2.
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Figure 2-2: Faults recorded on a steel lattice tastreicture power line [6].

The fault distribution in Figure 2-2 shows that time portion between 55 km and
75 km from the substation is a hotspot area. Thatsfan this location were
correlated with known bird outage characteristioseitract possible contact

incidences.

All faults recorded between 2300 hrs and 0600 hth successful auto-reclose
and no obvious alternative causes such as lightemgtamination and switching
were extracted. It was found that the red outeispha@corded a relatively high
number of these faults when compared to other ghadée position and the
presence of bird guards on the outer phase mdughlty susceptible to contact
electrocution incidences and therefore the powiityutnade a decision to install

insulated conductor covers on the red outer phase.
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Figure 2-3: Photo showing an insulated conducteecmstalled on a lattice
tower structure [6].

Figure 2-3 shows a steel lattice tower structunefigaration with an insulated
conductor cover installed to mitigate vulture direontact electrocution. The
structure also has the bird guards installed, these initially installed to prevent
vultures from perching directly above the HV ingataas well as directly below
the red phase conductor to prevent streamers amdaato electrocution
respectively. However due to the forceful naturéhefvultures these birds tend to
force their way through the bird guards which resin accidental contact with
the live conductor. Insulated conductor cover praes electrocution in case of

this accidental contact.
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2.4 Novelty

The insulated conductor cover under investigatiommonly used on substation
busbar and equipment bushings was adapted for mseverhead power lines.
This practice is novel and to the best knowledgéefauthor, no work has ever
been done to analyse the flashover performanchi®fproduct when utilised on

overhead power lines to prevent direct contacttedeation.

2.5 Research hypothesis

A vulture in contact with or in close proximity tbe insulated conductor cover
shown in Figure 2-3 gives rise to the developmérguoface leakage current and
perhaps surface discharges. The extent of thesecomgponents is critical to
effective prevention of vulture electrocutions. Thgpothesis is illustrated in
Figure 2-4.

. Insulated conductor cover
Energised

conductor

‘ Leakage current path
Insulated Conductor —rod gap

Vulture wing
modelled as a

Supply

voltage
2 rod

Earthed plane

Figure 2-4: lllustration of the hypothesised flagiocondition

It is hypothesised that if the insulated conductover-rod gap sparks over or if
the vulture makes contact with the insulated cotwtucover at a point where
there is insufficient creepage distance to the ggsed conductor, high leakage
currents will flow that may lead to surface flaseowand electrocution of the

vulture.

18



Equivalent circuits shown in Figure 2-5 and 2-7ctleally represent sparkover
conditions as well as estimate the leakage curreagnitude to test the
hypothesis. If proved correct, the equivalent atcwill be used to modify the
insulated conductor cover design by varying theapeters until a surface

condition unfavourable to flashover is achieved.

2.6 Leakage current equivalent circuit model

Figure 2-5 shows a proposed equivalent circuitasgmting the condition at the
instant the vulture makes contact with the insdat®nductor cover on a
conductor with voltage ¥ At this instant the leakage current through Ibivel
resistance Ris limited by the parallel combination of the aoé resistance R
and insulation impedancerZThe latter consists of capacitancedhd resistance

R+ of the insulated conductor cover material.

4

|
— G Ry
Vs Rs %
R Aproximated by an
¢ open circut

Figure 2-5: Leakage current equivalent circuit

It has been observed on the power line in queshianflashover normally occurs
in the early hours of the morning in the presentelew or rain. For these
conditions the insulation surface is wet resulimghe surface resistance Being
relatively small compared to the insulation impemta®;. therefore most of the
leakage current flows over the insulation surfadee research assumes that the

insulation impedance is infinitely high and is reggnted as an open circuit. The
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effective resistance becomes a series combinafiadheosurface resistance and

vulture resistance.

2.6.1 Surface resistance

Holtzhausen [7] showed that the surface resistaheecylindrically shaped object

with a film of uniform pollution can be calculateding equation 2-1
—_ 2-1

Where

L is the length of the cylindrical surface [mm]

r is the radius of the polluted cylinder [mm]

s IS the surface layer conductivity [uS]

The International Electrotechnical Commission (IH8)) specifies the pollution
level on the insulators based on the severity efgbllution that will be expected
to accumulate on the surface. This is quantifiedthy conductivity of the
pollution and is specified in Table 2-1

Table 2-1: IEC surface resistivity classificati@j [

IEC Pollution Classification Surface layer conductivity ( S)

Light 15-20
Medium 24-30
Heavy >30

This research assumes light pollution which comesls to a surface layer
conductivity of 20S. The resultant surface resistance of the insdilabnductor

cover obtained by substituting in Equation 2-1gpraximately 1.45 M .

In practice a vulture makes contact with a smaitipo of the insulated conductor

cover surface. The effective surface resistandbasefore much higher than the

20



value calculated above. The surface leakage cupaht to earth is through this

high resistance, small contact surface area.

2.7 Vulture electrical model

The vulture type common in South Africa standsrh.high with a wing span of

about 2.55 m and weighs between 7 kg and 9.5 kg [9]

Insulation cover [ 3

< Electrode gap =x mm

1500mm

650mm

Vulture

Earthed structure

Figure 2-6: Model of a vulture sitting on an eadtstructure with wings spread
out.

Figure 2-6 shows a vulture model with it wings sgfe@ut such that it creates a
conductor-rod gap geometry. It is assumed thavthieire can span its wings up
to an angle =45 and the gap can be of the order of 0.2 cm. TheyWim is

represented as a hemispherical rod with a diano&20 cm

Nelson [10] in his unpublished document showed thet feathers burn off at
around 7 kV whereas dry feathers can withstanduf®tkV when in contact with
a live conductor. The time of the day when mostthe# electrocutions occur

coincides with the time for the morning dew. Ittierefore assumed that the

21



vulture will be wet and the vulture resistance floe equivalent circuit can be

calculated in this condition.

Considering that when the vulture makes contach whie insulated conductor
cover the resultant surface leakage current is@btder of milliamps, this author
assumed the vulture resistancg 8 be 1000 . The value was selected so that
the corresponding voltage drop across resistancis Bf the order of volts and
hence easily measured by a conventional analogtmeter enabling an accurate
determination of the surface leakage current. Hsismate does not affect the
flashover leakage current since the estimatedteesis value is relatively small
compared to the series surface resistance of thdaited conductor cover (1.45

M ) calculated in section 2.6.1.

2.8 Sparkover circuit model

Figure 2-7 shows the proposed equivalent circagdim representing conditions
hypothesised in Figure 2-4. A non-uniform elecfrétd stress E is developed in
the insulated conductor cover-rod gap. The wetlated conductor cover is
modelled as a plane at a high voltage and the neuitting tip is modelled as an

earthed rod.

E[V/m]
Insulation impedance
NN\
Q
Electrode air gap
Supply voltage %Vulture impedance
O

Figure 2-7: Equivalent circuit for air breakdown.
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Localised discharges are developed on the wingvlipre points of highest field
intensity exist and these may develop into a cotapdparkover. The discharge

current flowing during sparkover is limited by timsulation surface resistance.

The electric field distribution depends on the gapmetry and is independent of
electrode material. Non-uniformity of electric fiein this geometry makes it
difficult to accurately determine the sparkovertage. Standard rod-rod electrode

gap sparkover voltages are thus used to estimatgpidrkover in the gap.

2.9 Concluding remarks

The leakage current and discharge current are a&stdmunder wet conditions.
This approach is valid as
1. The wvulture contact with the insulation is momeytand may not
allow the surface to form dry bands.
2. Flashover is common under wet polluted conditions.
3. The insulation material is hydrophilic and therefcexhibits lower
surface resistivity when wet.
4. The vulture feathers are conductive when wet; oitser they are

highly resistive hence rendered non-conductivéis esearch.

The estimated insulated conductor cover surfacestaege of 1.45 M (in
practice much higher because the leakage currezd dot flow uniformly round
the cylinder) is used to predict the leakage curatnhe instant of the contact. At
this point the surface is wet and the resistandaésar, otherwise it varies non-

linearly with voltage [11].

The next chapter discusses breakdown of the rateptap created when the
vulture is simulated at different positions in theinity of the insulated conductor
cover. The breakdown in this gap is analysed assyretandard rod-rod gap

breakdown is applicable.
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3 ELECTRIC FIELDS AND GAP SPARKOVER

3.1 Introduction

If the electric field developed in an air gap idfisiently large, ionisation of the

air may arise which may result in sparkover actbesair gap. A vulture sitting on
the earthed steel tower structure with its wingansgd towards the insulated
covered conductor is assumed to constitute a coodumd gap geometry where
the gap length is less than 10 cm. It is assumatdthie vulture wing is spread out
at an angle such that the electric field is conegatl at the wing tip. This

condition may result in the development of cororszltarges at the wing tip that

can transform into a sparkover.

The sparkover voltage of small gaps can be acdyratedicted by numerical
solution of the Townsend and Meek equations atdosgsures and high pressures
respectively. Use of these breakdown models indas® is limited due to the lack
of fundamental data such as the field distributiorcomplex geometries. As a
result of this limitation, this research uses datailable in the literature for the
standard rod-rod sparkover voltages to predictkspar when the vulture wing

tip approaches the insulated conductor cover.

3.2 Sparkover in small air gaps

The sparkover voltage across air gaps dependsyhighthe gap geometry which
determines the field distribution. Generally fdiet same gap length and
atmospheric conditions, the breakdown voltage in-moiform fields is always

lower than that in uniform fields. The reason foe fower breakdown voltage in
non-uniform fields is essentially because of theciic field enhancement that

initiates avalanches at voltages lower than fofasm fields
Typically, the Townsend mechanism applies gdrproducts less than 1000 torr-

cm, or for gaps lengths around a centimeter atatmosphere, while for longer

gap lengths up to 100 cm at any pressure the streamechanism applies.
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Townsend’s breakdown involves the development sfiecession of sufficiently
sized electron avalanches that reach the oppos$#etr@de, while streamer
breakdown involves the development of a suffickergized single electron
avalanche that develops into a conducting plasmanredl that reaches the

opposite electrode.

An electron avalanche increases exponentially r@ sis a result of ionizing
collisions. Reather [12] showed that an avalansheequired to reach a critical
value of 18 for sparkover to occur. Equation 3-1 represergsatfalanche growth
across the gap.
3-1

Where

is the Townsend’s primary ionisation coefficiemtri]
n(x) is the number of electrons at a distarder the cathode [unitless]

x is the distance from the cathode [mm]

The Townsend breakdown criteria states that theakicondition for breakdown
is achieved when equation 3-2 is satisfied.
3-2

Where

is the Townsend's secondary ionisation coeffic[emn]
d is the gap length [mm]
Townsend’s secondary ionisation coefficient is vesgnsitive to electrode
condition and gas impurities, which can only be uaately defined under

laboratory conditions.

The streamer breakdown criterion states that bi@akdaccurs when equation 3-3
is satisfied.

3-3

It is apparent that the breakdown voltage predicby both criteria depends on

Townsend’s coefficients. Field measurement by wericesearchers [13] showed
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that the Townsend’'s primary coefficients are a fiamc of the electric field
intensity and pressure for a specific temperatlifeese are constant in uniform
fields and vary in non-uniform fields. To calculabe sparkover voltage across an
electrode gap it is thus essential to accuratelyjnprde the electric field

distribution for the geometry.

In the absence of accurately known field distribng, such as in the gap in this

investigation, standard rod-rod sparkover voltaayesused to predict sparkover.

In that regard the rest of the sections in thigptérapresents how the standard rod-
rod sparkover voltage is used to predict the insdlaconductor cover-vulture

sparkover voltage.

3.3 Standard electrode gaps

The sparkover voltages of standard rod-rod andptade gap geometries are
linear for a limited range of atmospheric conditoand gap lengths. These
electrode gap geometries, even though not accynaptesenting configurations
such as the conductor-rod geometry, give an adskepestimation for sparkover
voltages for practical gaps less than 25 cm [14he standardised sparkover
voltages are specified for standards atmosphenriditons at a temperature 20 C,
absolute pressure 1.013bar and absolute humidigm?1 For non-standard

conditions the values are corrected to standardlitons. Conversely standard

values can be corrected to any prevailing atmosplkendition.

3.3.1 Atmospheric correction factors

The atmospheric correction factor is proportiomatite product of the air density
correction factok; and the humidity correction factég [15]. This is given by
Equation 3-4

3-4

Where K is the atmospheric correction factor [unitless]
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The sparkover voltag¥, corrected for atmospheric conditions is therefawem
by Equation 3-5
| 3-5

The air density correction factor is obtained fridme relative air density by the
relationship " # _ The exponenmis specified in [15] for specific ranges of
g as shown in table 3-1. The valuermfranges between 0 and 1. The relative air

density given in equation 3-6

Where

P is the atmospheric pressure [kPa]
T is the temperature [ C]

Po is equal to 101.3kPa

Tois equal to 20 C

The air density correction factor is further shown[15] to be reliable for
&+, , &- . This is applicable to the current investigatiomce the relative
air density is expected to vary marginally withimetstandard temperature and

pressure.

The a.c sparkover voltage humidity correction facdayiven by - wherek
iIs obtained from Equation 3-7. The humidity con@ct factor is valid for
/0 "61 234 5 | The exponentv in the humidity correction factor is also

specified in [15] as shown in table 3-1 for thesperanges o.
L
7& 8 5 3-7
Where
h is the absolute humidity [gfh

The exponents in the air density and humidity aioa factors discussed above
depend on gap length and relative air density dstlate humidity as shown in

Table 3-1
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Table 3-1: Values of exponemhandw as a function of parameter g [15]

. <_ ? @
T
,d 0 0
0.2t0 1.0 v ¢ 6 + Do ¢ 6 &+
1.0to 1.2 1.0 1.0
1.2t0 2.0 1.0 E ¢ ;6 &
A ¢ 1.0 0

From Table 3-1 the value gfapplicable to the investigation lies between 1 2nd
the exponentsin andw are hence assumed to be equal to 1. This imiastiie
air density and humidity correction factors areragpnated by the Equation 3-6

( ) and Equation 3-7J respectively.

It is however important to note that although tleéative air density has an

influence on the value of the humidity correctioactbr; it is the absolute
humidity that is of greater importance as this basn experimentally shown in
[17] to have a wider variation when compared to ¢beresponding relative air

density. The air density correction factor is #iere ignored in this investigation

3.3.2 Sparkover voltage for rod-rod gaps

The sparkover voltages of standard rod-rod gapsi@ceamented in the literature
for both d.c. voltages and peak values of powegueacy a.c. voltages. The gap
consists of two rods mounted on a common axis thighends cut at right angles
to the axis. These brass rods have a square @ossrswith side between 15mm
and 25mm. The rod length is chosen such thatetisal to or greater than one-

half of the gap spacing [16].

It is shown in [16] that the sparkover voltage[kV], for a square electrode at

standard atmospheric conditions varies linearly\gap length and is given by
7-2B 3-8

Where
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d is gap length [m]

Figure 3-1 shows the variation of the a.c. anddhe sparkover voltages as a
function of gap length for a rod-rod geometry ainslard atmospheric conditions.
The a.c. voltage curve in Figure 3-1 was redravamfithe rod-rod sparkover
voltage data obtained in [16] whereas the d.c.kepar voltage was obtained

from Equation 3-4.
Rod-rod sparkover voltage 60Hz (kV peak)
160
140 +
120 +
100 +

80 1

Voltage (kV)

60 -

40

20

o#
0 5 10 15 20 25
Gap Spacing (cm)
Linear (60Hz kV positive peak) Linear (DC positve)

Figure 3-1: Variation of sparkover voltage with gagacing for rod-rod geometry
[16]

Figure 3-1 shows that in both cases the variatiosparkover voltage with gap

spacing for rod-rod geometries is linear and asetqul the sparkover for the a.c.

voltage is always higher than that of the d.c.agt
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3.3.3 Rod-plane geometry

The geometry consists of a rod with the same diloaessas in the rod-rod
geometry vertically suspended over a plane shds. dimension of the plane
sheet is chosen such that all gap flashovers ouithin its surface area.

The sparkover voltage of this gap geometry is line@er a wider range of
absolute humidity compared to the rod-rod geomé&the sparkover voltage was
shown in [14] through a series of experiments t@lpeys lower than that of the
rod-rod gap for all gap lengths. The reason fas thithat the field distribution for
this geometry is more divergent when compared &b o the rod-rod geometry.
This effect becomes more evident when the gap hengtreases as shown in
Figure 3-2 where the difference significantly widen

The gap geometry was further shown in [17] to pesghis linear characteristic
for both hemispherical shaped rod tips and squatreod tips, hence making it a
more appropriate sparkover prediction tool whenliadpo practical gaps found

in coastal regions where high humid conditionscamamon.
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Figure 3-2: Variation of sparkover voltage of rddqe gap with gap spacing
(P.L. Bellaschi 1934:1641) [17]

Figure 3-2 shows that for gap lengths less tharr@510 inches) the flashover
voltage of the rod-plane and the rod-rod geometiieshe almost the same. This
gap length is applicable to the current investaatilt is therefore reasonable to
use the standard rod-rod sparkover voltage datpredict breakdown for the

insulated conductor cover-rod gap in the curremgstigation.

3.3.4 Conductor-rod geometry

This geometry is an accurate representation oftipedcelectrode gaps that are
found on power lines. Sparkover voltages for thirarmgement were
experimentally obtained in [18] using various 3 amd conductors (solid and
stranded) having various diameters together with etattrode with similar
dimension to that in rod-rod and rod-plane arrarg@s The experimental results

showed that
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1. Conductor stranding, sagging and curvature of tr&lactors do not have
significant effect on the sparkover voltage

2. Conductor diameter has a significant effect onsi&rkover voltage

It was further shown that the sparkover voltagéhef conductor-rod arrangement
for small gap lengths is marginally less than tbathe standard rod-rod gap
whereas for longer gap lengths it is higher.

This further justifies the rationale of using tharglard rod-rod gap to predict the

sparkover voltage for the gap of interest in thigestigation.

3.4 Predicting the sparkover voltage

Discussions in the previous sections on the sparkesitage for the rod-rod, rod-
plane and conductor-rod gap geometries have shioatrfdr small gaps less than
25 cm (applicable to the current investigationg thd-rod gap sparkover voltage
matches accurately the sparkover voltage expemematween the conductor
insulation cover and the vulture wing tip due ®lihearity over a wide range of

atmospheric conditions.

The calculated voltage across the insulated condwecver-vulture wing gap for
an 88 KV line is 50.8 kW (71.8 k\jeay. If standard atmospheric conditions are
assumed, the corresponding sparkover length frgur€&i3-1 is 10 cm.

For non-standard conditions the humidity correcfi@actor is applied. Assuming
that06" 34° the humidity correction factor calculated from Btjan 3-7 is
equal to 0.86. The sparkover voltage at non-stah@mospheric conditions
calculated from Equation 3 is given by

+
—2rc D& EF g J+28CEEWO

The corresponding value whé6" 234 5( is assumed to be 49.4 k¥ (69.8
kVpeaQ
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From Figure 3-1, the sparkover is predicted to o@ua maximum distance of
between 8 cm and 12 cm

3.5 Concluding remarks

When a vulture spans its wings it creates a gap wie insulating conductor
cover (assuming the conductor cover is covered wotiductive pollution) as the
other electrode. This gap sparks over at a maximgamlength of between 8 and
12 cm depending on atmospheric conditions when cinered conductor is
energised at 50.8kV.

When sparkover occurs, the vulture does not retiigeif but involuntarily

continues to make contact with the insulated cotwtucover. If the horizontal
distance at the point of contact is less than thica creepage length the
probability of surface flashover increases. The tnekapter discusses this
flashover process.
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4 THE HYDROPHILIC POLYMERIC
INSULATOR FLASHOVER PROCESS

4.1 Introduction

Pollution flashover of ceramic and hydrophilic polgric high voltage insulators
involves the propagation of an arc across the sertated with a conductive
pollution layer. The conductivity of the pollutidayer is usually a result of the
moistening of a dry pollution layer by fog, moigtuwr rain. This leads to the flow
of leakage current resulting in the formation oy-dands and dry-band arcing.
This surface arcing process then propagates alemgnsulator surface until it

spans the whole insulator [19].

This chapter discusses the flashover process dutgalinsulators and then adapts
this to predict surface flashovers on insulateddoetor covers. The equivalent
circuit proposed in Chapter 2 is used to test thpothesis that insufficient
creepage length is the main cause of the flashoveirsg experienced where
insulated conductor covers are used in the fields Ts done by simulating the
vulture in contact with the insulated conductor&oat various positions along the
length of the insulated conductor cover and conmgathe resulting leakage

current with the threshold current.

4.2 Polluted insulator flashover
Pollution flashover on a high voltage insulatorfaoe is summarised by the
following stages:

a) Settling of dry pollutants on the insulator surface

b) Wetting of the dry pollutants thereby forming thenductive layer

c) Flow of leakage current

d) Formation of dry-bands due to the leakage curiemt f

e) Dry-band arcing across the dry-bands followed bgtibver.
It is essential that the initial leakage currewiiing on the insulator surface is
sufficiently high to initiate the formation of dbands. A minimum voltage across
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the insulator is also required to sustain the digebarcing otherwise the flashover

process terminates.

4.2.1 Drybands and dry-band arcing

Leakage current flowing through a conductive padlutiayer on the surface of an
insulator has a heating effect that causes thengrgif the conductive layer
forming dry-bands. Discharges across these drysanel usually extinguished at
the zero crossings of the current but may develdp a flashover across the

surface [11].

surface leakage current (LA

Applied voltage (V)

—— - |n

Figure 4-1: Variation of current and dry-band widgtith applied voltage [20]

Figure 4-1 adopted from [20] shows that the leakageent over the surface of a
polluted insulator increases linearly up to a caitivoltage where the dry-band
formation starts. Beyond this point the surface pgerature rises above the
ambient causing the moisture in the pollution lalyeevaporate - initiating dry-
band formation. The high resistance dry band iresewith the lower resistance

conductive pollution layer causes the voltage foeap mainly across the dry band
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(voltage divider effect). At this point non-linegrioccurs as a result of the
development of arc discharges across these drysbamtis condition is
electrically modelled as a nonlinear resistor imiesewith the low resistance

conductive pollution layer as shown in Figure 4-2.

Arc Discharg Pollution Resistanc

Drybanc

Leakage dischar

A
A 4

Applied voltag Insulator Blocl|

A
A 4

Figure 4-2: Dry band and arc discharge development on a polluted surface

The arc discharge across the dry band in series thié pollution resistance
sustains the leakage current. A minimum voltageeduired to sustain the arc
discharge.

4.3 Critical leakage current and voltage

The previous section showed that a critical voltagd a corresponding critical
leakage current are required to complete the itmukurface flashover process.
Verma [20] showed that the critical leakage curiggt on an insulator surface is
determined by Equation 4-1. This assumes an evdidiyibuted continuous

current flowing over the entire insulator surface.

_ SCD 2
mex 1532

Where

Imaxis the critical leakage current [mA]
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SCD is the Specific Creepage Distance [mm/kV]

In [21] Holtzhausen proposed that the maximum pssible peak leakage current
must remain below 0.25,4« In addition he proposed that the corresponding

critical flashover voltage is determined by the @mpl Equation 4-2.

2

F 10° .
s.L

S

V, =k, ~10° L 4-2

Where:

V.is the critical flashover voltage [kV]
sis the surface conductivity [US]
F is the insulator form factor [unitless]
L is the creepage distance [mm]
K, is constant equal to 7.6
K> is a constant equal to 0.35
Both equations show that the critical flashoveueallepends on the surface

conductivity and insulator form factor.

4.3.1 Surface leakage currents

Surface leakage current flows when a high voltagegplied across a polluted
insulator. The leakage current magnitude as shawthe previous section is a
function of pollution conductivity. Figure 4-3 shewypical leakage current wave
shapes that were measured in [21] on polluted assublock when a voltage was
applied across it. The leakage current wavefornplays harmonic current

components.
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Figure 4-3: Measured leakage current waveform&doltin-salt polluted insulator
sample under clean fog at 20 kV [22]

An equivalent circuit Figure 4-4 proposed in [22hslates this leakage current.
The circuit is essentially a wet pollution layertvdry-bands in parallel with a

clean insulator surface. The wet pollution layemigdelled as a nonlinear resistor
Rp and the dry-band as a nonlinear resistor Rdiarallel with a capacitor Cdb.

The clean insulator surface is modelled as a gredimbination of a resistor R1
and a capacitor C1.

g
g

Cdh

U C1
—H >
R1
- N ————————4

-||-<

Figure 4-4: The proposed electrical equivalentustsc[22]

The equivalent circuit in Figure 4-4 applies to @lyted hydrophilic polymeric
insulator surface. Considering that the insulateddactor cover is made from a
similar polymeric material, the equivalent circcén be extended to this case. The
only major differences being that the surface lgakaurrent is momentary and
the leakage current path is concentrated over al stoatact surface area.
Therefore lower total currents are expected to hdnee same effect as that

predicted in Equation 4-1.
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4.4 Predicting flashover

Figure 4.5 shows a polluted insulated conductoecevith a total surface length
L m. When a vulture sitting on a earthed steelcstme makes contact with this
insulated conductor cover at a pokim from the closest live end, a parallel
leakage current path to earth constituting the asgrfareas corresponding to

surface lengtlx and Lx is created.

Insulated conductor

Live conductor cover Live conductor

xm

Point of Vulture
contact with

Figure 4-5: Electrical representation of a vultureontact with a wet insulated
conductor cover

Considering that a polluted insulator surface hasnbshown in the previous
section to be electrically represented by the pErabmbination of the pollution

impedance ¢ and the clean insulation impedance Zhe resultant leakage
current when a voltage is applied across the itisnldas also been shown to be
entirely dominated by the pollution conductivityt. it therefore reasonable to
represent the insulation impedance in Figure 4-thvan open circuit. The

proposed equivalent circuit can therefore be apgprated by the circuit in Figure

4-6
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SUPPLY

Figure 4-6: Modified equivalent circuit of a pokat insulator

In the case of an insulated conductor cover whenviliiture makes contact at
point x, the surface resistances corresponding to surtaaghs X) and (Lx) are
represented by,Rand R-Ry respectively where Rs the total surface resistance

of the insulated conductor cover. Adopting the rfiedi equivalent circuit of

Figure 4-6 this scenario is electrically represéniteFigure 4-7.

E? SUPPLY

RT-RX

Figure 4-7: Electrical representation of a vultureontact with a wet insulated
conductor cover

The pollution resistances in Figure 4-7 are modelie their linear range
representing the vulture contact. The equivalemtudi simulates the initial

current conditions at the point of contact.

With reference to Figure 4-7, when the contact p@mmidway from either ends

of the insulated conductor cover in Figure 4-53%Requal to (R- Ry); otherwise it
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is always less at all points away from the mid-poifigure 4-8 shows this

variation.

Creepage resistancce vs. Creepage length
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Figure 4-8: Variation of insulated conductor coveurface resistance with
creepage lengtk

It is apparent that as the point of contact apgreadhe live end the difference
between Rand (R —Ry) increasing to a point where the total leakageeniris
entirely determined by Rt is at this creepage distance where high pritkiab

of surface flashover occur.

4.4.1 Critical leakage current

Using the equivalent circuit in Figure 4-7, leakagerents were simulated using
the Alternative Transient Program (ATP) program ifesistances corresponding
to creepage lengths 150 mm, 300 mm, 675 mm, 1000amin1325 mm when
voltages 10 kV, 30 kV and 55 kV are applied in tufihe resultant leakage
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currents are plotted together with the correspanpdmeshold current predictions

as shown in Figure 4-9.

3.00
250
s }
€ 200
g
S
v
[
88 1.50 -
8
~
2
g ‘
1.00 -
£
=
v
0.50 -
0 200 400 600 800 1,000 1,200 1,400
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=== Critical current (Holtzhausen)

Figure 4-9: Surface leakage currentareepage distance with a supply voltage of
55kV

Figure 4-9 shows that when a voltage of 55 kV ipliad across the insulated
conductor cover, a high probability of flashovecs when the creepage length
is less than 500 mmf},] and 800 mm [0.2%.]. These predictions assume a
uniformly distributed continuous leakage curreoiming over the entire insulator
surface. This is in contrast to current flowing the insulated conductor cover

surface which is concentrated on a small surfaea.ar
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Figure 4-10: Surface leakage current vs. creepéiante for supply voltage of
30 kV
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Figure 4-11: Surface leakage current vs. creepagante for supply voltage of
10 kV

Figure 4-10 and Figure 4-11 shows that when thdieppoltage across the
insulated conductor cover is reduced, the prokgloli flashover also reduces as
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is predicted to occur at a shorter creepage lenftis suggests that flashover

voltage is proportional to the creepage length.

4.4.2 Critical voltage

The form factor F of a cylindrical insulator is giv by

Where
ris radius of the insulator [mm]

Substituting into Equation 4-2 the critical voltag@m the insulated conductor
cover reduces to Equation 4-4

10° ™
vc=k1><10‘3[ l XL
2nro,

4-4

For a constant pollution severity the critical agi¢ varies linearly with creepage

length. This is clearly illustrated in Figure 4-12.

90 -
80 -
70 -
60 +—

I e e
40 -
30 4

Critical voltage (kV)

20 -
10 -

0 200 400 600 800 1,000 1,200 1,400

creepage distance (mm)

——— Critcal voltage @ = = = Supply voltage

Figure 4-12: Variation of critical voltage with egage distance
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The probability of breakdown increases as the calitvoltage falls below the
supply voltage. The supply voltage across the atedl conductor cover is a
phase-earth voltage of 50.8 kV. Figure 4-12 shdvet flashover is likely to

occur when the creepage distance is below 800 mm.

The critical creepage distance coincides with thdicted in the equivalent
circuit using maximum permissible current (0£%) proposed in [21] as shown
in Figure 4-9. The specific creepage distance & foint is approximately
16 mm/kV which is in line with that recommended IBC60815-1 for light
pollution severity.

4.5 Concluding remarks

Probability of flashover increases if the vulturentes into contact with the
insulated conductor cover at a distance less thartritical creepage distance. At
this point both the leakage current and the comedimg voltage exceed the
threshold values.

Threshold current and voltage proposed in [21lhised as a reference to
predict flashover probabilities for the insulatexhductor cover.

The developed equivalent circuit is used to predigtface flashover by
comparing the simulation results with the thresheddues calculated from

Equation 3-1.

Creepage length is a critical parameter in the dsimming of an insulated
conductor cover to mitigate surface flashover fa@pacific pollution severity

application.

The flashover process on the insulated conducteercis similar to that of high
voltage insulators. However the leakage currenh patconcentrated within a
small surface area thus requiring a lower totatentrto have the same effect as

that predicted in Equation 3-1.
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A laboratory experiment is set up to establish Hti@nship between the
theoretical and the experimental obtained creepaggh. This is discussed in the

next chapter.
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5 EXPERIMENTAL INVESTIGATION

5.1 Introduction

A laboratory experiment was conducted to inveséighow insulator surface
conditions affect the leakage current as a functibsupply voltage and also to
determine the flashover voltage as a function oftact position (creepage
distance). The latter investigation was performed @& polluted insulated

conductor cover.

Theoretical predictions discussed in the previoligpter showed that wet
pollution on an insulator surface results in aréased surface leakage current. It

was further shown that an insufficient surface pegge length results in flashover.

5.1.1 Pollution monitoring techniques

The previous sections also that surface flashogeurs when the surface current
exceeds a maximum valugak This value is a function of specific creepage
distance which in turn is determined by the patintiseverity on the insulating
surface. In order to determine the flashover pertorce of an insulator required
for a particular application, the following techo&s are therefore available for
monitoring [25].

1. Measuring of hax

2. Surge counting

3. Flashover stress
The first two options are accurately measure leakagrrent under controlled
environments free from external interference asdhrvolve very low currents in
the order of milliamps, whereas the flashover streechnique determines the
flashover withstand stress by blowing a fuse rétgdconnected in series with the
insulation surface. The latter technique is theeef@ppropriate under the

uncontrolled conditions the experiment was condiicte

The other acceptable techniques are the measureafetite pollution layer

surface conductivity and equivalent salt depositsity (ESDD) measurements. In
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these techniques the measured values are comparegollution severity
classifications specified in IEC 815. The standdefines the minimum specific
creepage distance required for every pollution sgvelassification to prevent

flashover on an HV insulator in operation

Unlike the case of HV insulators in insulated aoctdr cover application the
leakage current only flows at the instant whendhsrcontact more so and it is
concentrated at the point of contact, hence theifspecreepage distance in

defined in IEC 815 cannot be used directly.

To determine the required specific creepage distarejuired on insulated
conductor cover design, it is thus necessary tosoreathe flashover stress
different points of contact and determine a retatlop with well know pollution

performance of HV insulators discussed above.

The next section discusses the laboratory expetirseh up to measure the
insulated conductor cover flashover stress and &sdest the theoretical

predictions so as to validate the proposed model.

5.2 Experimental Procedure

The tests were performed at room atmospheric dongitwith room temperature
(17PQ, pressure (0.837 bars) and relative humidity (L786the High Voltage
Laboratory at the University of the Witwatersraddhannesburg. The experiment

was set up as shown in Figure 5-1.
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Figure 5-1: Experimental Set-up:1. HV bushing stgptransformer, 2. Voltage
divider, 3. Polluted insulated conductor cover,lL€éakage current meter, 5.
Multimeter, 6. Series resistance

The insulated conductor cover in Figure 5-1 wadupedl by pre-depositing a
NaCl and kaolin solution mixed in proportions showrTable 5-1 over the entire
surface. The wet pollution was then allowed to ulpyas required in the clean fog
test; steam was then used to re-wet the pollutignhblding the insulated
conductor cover over a container of boiling watettiluthe pollution was

appropriately wet.

Figure 5-2 shows the electrical representatiorhefaxperimental setup of Figure
5-1.
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Figure 5-2: Electrical representation of experinak&et-up

In the first tests, voltages ranging from 10 kV5&% kV which represent voltages
within the expected phase-to-ground voltage werepli@gh to the insulated
conductor cover. A copper wire connected to edrtbugh a 1000 resistor to
simulate bird contact was attached at position #shown in Figure 5-2 for a
clean insulated conductor cover. The applied veltagd the current through the
resistor were noted at each voltage step. The gaovedure was repeated for the
polluted insulated conductor cover. In the secast the procedure above was
repeated for the polluted insulated conductor calir time at positions P2 and

P3 as shown in Figure 5-2.

5.3 Pollution mixture concentration
Table 5-1 below shows the NaCl concentration itr gdixed with 40g of kaolin

prepared to simulate pollution and the correspampdiution conductivity.
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Table 5-1: An extract of conductivity measuremaenfitdifferent kaolin pollutant
solutions from [23]

Pollutant concentration (gr/lItr Solution condud S/cm)
20 16.64
40 17.07
80 21
100 22.7
120 25.3

In the experiment a pollutant concentration of Xfitrgof NaCl was used to
simulate light pollution levels defined accordirg IEC pollution classification

shown in Table 2-1.

It was shown in [25] that the measurement of pmiuiayer conductance is an
acceptable technique for assessing the pollutigargg on insulator surface. The
shortcoming of this method is in addition to thgeapollution severity it also

heavily depends on the amount of condensationeoptilution layer.

5.3.1 Surface conductivity

Conductivity is a measure of the ability of a vokiof material to allow current to
flow per unit length when a voltage is applied asrd. If a thin pollution layer
with length, width and thickness of L cm, W cm ath@m respectively is pre-
deposited on a non-conducting rectangular sheet, ctnductivity of the

pollution layer is determined by Equation 5-1.
R S - w6 WX 5-1

Where
G is the conductance of the pollution layer [S]

Re-arranging Equation 5-1
RY S — X 5-2

The term (d) in Equation 5-2 is defined as the surface cotiditic .
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To determine the surface conductivity of the padiatlayer pre-deposited on the
insulated conductor cover using the NaCl-Kaolinutoh in Table 5-1, surface
conductance of a polluted sheet with known areaedsions polluted in a similar
way to the insulated conductor cover is determimgdheasuring the voltage drop
across the sheet and its corresponding current.

In this research two polymeric sheet cut from tloéymeric material similar to
that of the insulated conductor cover with lengtld aidth dimensions of 60 mm
X 65 mm and 105 mm 112 mm respectively. Both shastsach in turn polluted
with kaolin/NaCl concentration of 40 g/10 g and g@0 g per litre of distilled
water as shown in table 5-1 using the procedureritesl above specified in IEC

60507. The dimensions of the sheet are chosenteatkthe L/W ratio is similar.

5.3.2 Measuring surface conductivity

Figure 5-3 shows the experimental set up to detegrtiie pollution conductivity.
In the experiment AC voltage ranging from 0 to 90n\steps of 10V is applied
across the polluted sheet under dry and wet camditeach time noting the
voltage across a series resistor. The applied g®lta chosen such that the
pollution does no dry up during measurement heangming in its linier range,
also the series resistance is chosen so that shéaet voltage drop across it is in
order of volts.
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Figure 5-3: Surface resistivity test setup: 1.Varid. Multimeter 1, 3.Polluted
polymeric sheet, 4. Multimeter 2 5. Series resistor

Figure 5-4 is the electrical representation of Fegb-3. The pollution layer is

represented as a non-linear resistor in paralleh whe sample sheet surface
resistance. In this experiment the measurementdaare in the linear range of the
pollution layer resistance by ensuring that thdytion layer does not up creating

dry bands.
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Figure 5-4: Electrical representation of the swefaonductivity test set up

It is assumed that the pollution layer is non-cariche when dry and conductive

when wet.

5.3.3 Surface conductivity measurement results

Figure 5-5 and Figure 5-6 shows the resultant geltdistribution across the
samples 1 and sample 2 plotted against the sesmstance when a voltage
ranging from 0 to 90 V is applied. In both cases\hltage was applied when the
pollution layer was dry as well as wet for the KaflaCl pollutant with

concentration 40 g/10 g and 40 g/40 g.
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Figure 5-5: Voltage distribution across Sample @l aaries resistor for wet and
dry pollution layer

The surface resistance for both pollution levelarider dry condition is the same
as expected, this agrees with the assumption tiggdallution is non-conductive.
In this case the effective surface resistance & ti the polymeric material
otherwise the pollution layer provides a less tasgarallel path.

Surface conductance is dependent on the pollutwergy. This is apparent in
figure, as the salt concentration in the Kaolin-NaGlution increase the total
conductance increases owing to the lower resigtiamallel as a result of the
pollution layer proposed in Figure 4-4 in sectio®.4.
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Figure 5-6: Voltage distribution across Sample @ aaries resistor for wet and
dry pollution layer

A similar result to that of Figure 5-5 is obserweith sample 2. This is expected,
it was shown in the previous section that surfasedactivity is a function of

pollution severity and the form factor. It is indgwlent of the size of the
insulating surface. The two surfaces under tesighmf different sizes share the

same form factor of 0.9 hence a similar results.

5.3.4 Conductivity test result analysis

From the results in Figure 5-5 and Figure 5-6 tbkugon layer behave like and
open circuit when the pollution is dry otherwiseoifers a low resistive path.
When the pollution layer is dry the voltage dropoas the sample is therefore the
total surface resistancesRis entirely due to the sample sheet surface eegist
Rs whereas if the pollution layer is wet the resultpollution Rstis a parallel

combination of Rand pollution resistancepRas shown in Figure 5-4.
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If R, Vr and \k are the series resistance, voltage across thessesistance and

voltage across sample sheet respectively, thgmsRyiven in equation 5-3.

fa—

n

5-3

=

If the pollution layer is dry, the total surfacesistance BrqryiS given in equation
5-4.

ne [ 5-4

Whereas if the pollution is wet, the total surfaesistance RwetiS given in

equation 5-5.
babe
Na br)b ¢ 5-5
Solving for R, in equation 5-4 and equation 5-5 then
b"b"efgh 5-6

b5b ~efgh

From equation 5-2 surface conductivity is givenelyation 5-7

R it 5-7

Rst for both dry and wet conditions is obtained frone goroduct of the series
resistance and the gradient of either Figure 5-Srigure 5-6. The result is
substituted in equation 5-6 to determine Rp. Tlsaltant surface conductivity for
the two samples polluted with the kaolin/ NaCl ptn concentration of 40 g/10

g per litre of distilled water is shown in table25-
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Table 5-2: Surface conductivity for sample sheetuped with a Kaolin-NacCl
solution with concentration of 40 g-10 g per litfedistilled water.

n [ _Ld _Lha i >
2 [ 7 d d [ Da H d |
Sample
1 5,880 () 5,230 () 46,980 () 19.6 (US)
Sample
2 5,970 () 5,380 () 54,130 () 17.3 (uS)

According to 1EC 815 surface conductivity for lighbllution severity lies
between 15 uS and 20 pS. This confirms samplesainleT5-2 were lightly
polluted and in turn the pollution severity on theulated conductor covers under

test.

When the similar analysis is repeated when the Basipets are polluted with a
solution having an increased salt concentratiofOofy per litre, the results shows
that the pollution severity class increases as.whlis is as expected since

solution conductivity is proportional to the amowhtsalts in the pollutant.

5.3.5 Limitation of the test method

From conductivity measurement results above it whserved that pollution

condensation plays a very important role in padiatclassification when using the
surface conductance measurement method. The rigidurat of pollution

condensation needs to be achieved during the tedt fimes to give consistent
reading otherwise the resultant conductivity enches into the adjacent class. A
more accurate result is obtained by conducting28BD measurement. However
severity pollution severity class have a definengeaand the results in table 5-2

falls within that range.
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5.4 Flashover stress and leakage current experimentaksults

Figure 5-7: Leakage current on clean vs. pollutstiiated conductor cover
measured at position P1

From the test results in Figure 5-7, it is obsertleat the corresponding surface
leakage current for a polluted insulated conductorer is higher than that of a
clean surface for all voltage levels measured. Téigs anticipated since the

pollution in its wet state reduces the surfacestasce.

From the results in Table 5-2 it is observed tlatthe same pollution severity
level, the leakage current increases as the coptesition is varied from positions
P1 to P3. Moreover as the position of the contaaadrth is moved towards the

live conductor end the withstand voltage stressiced and flashover occurs.

Table 5-3: Voltage vs. Leakage current at differeantact position along the
insulator surface

Applied Creepage distance from the live insulated conductazover end
voltage in
kV(rms) 550mm 300mm 150mm
Current in mA(rms) Current in mA(rms) Current in mA(rms)
(polluted sample) (polluted sample) (polluted sample)
Position 1 Position 2 Position 3
10 0.02 0.02 0.25
20 0.04 0.04 0.59
30 0.07 0.07 flashover
40 0.10 0.10
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50 0.14 0.14
55 0.17 flashover

The results in Table 5-2 are attributed to reducedpage length that results in
reduced surface resistance and currents aboveiticalovalues.

5.5 Discussion

The experimental results show that the leakageenurior both the clean and
polluted insulated conductor covers increases witheasing voltage. This is in
agreement with similar findings in the literatu@3]. The results also show that
the leakage current on polluted insulated condumweers is higher than on clean
insulated conductor covers at corresponding corgasitions. The experimental

results confirm the theoretical predictions.

Changing the contact positions along the insulatier gets to a point where
flashover occurs. The position closest to the cotafugave the lowest flashover
voltage. This is attributed to the reduced creemiigence along the insulator at
that position and is in agreement with predictibgsverma [21]. Under the same
conditions there exists a point along the insul&ngth where the leakage current
reaches a critical flashover value, developing iticat flashover voltage which

subsequently leads to flashover.

The critical values deduced experimentally (cusentoltages and specific

creepage distance) are three times less than #dwetical predictions. This is

attributed to the concentration of leakage curtena small surface area hence
offering a higher resistance. A lower specific gage of 5Smm/kV is required for

flashover to occur whereas on a high voltage ieulaa specific creepage

distance of 16mm/kV is recommended.

5.6 Concluding remarks

The results confirm the theoretical predictionst thavulture on power lines can

make contact with the insulated conductor coveia ghosition where critical
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conditions are satisfied hence resulting in flagto\However the theoretical

prediction (based on high voltage line insulatasfiover theories) is 3 times more
than the experimental results. This is attributethe concentration of the leakage
current on a small portion of the insulated conducbver where contact with the

vulture is made.

The insulated conductor cover flashover processnislar to that of high voltage
line insulators. The only major difference is thencentration of the leakage
current to a small portion of the insulated conduatover surface area. To
account for this difference a specific creepagé¢adrse lower than that required
for high voltage line insulators should be spedifie prevent flashover when

there is contact with the vulture.

5.6.1 Accuracy of test results

The readings were measured several times and wpeatable within acceptable
limits. The recorded variances were attributed tee tvarying pollution

condensations which difficult to control since thsts were conducted in an open
environment, this condition can potentially affébe accuracy of the reading,
however the results could still give a good guideabhoice of the appropriate

dimension for the insulated conductor cover.
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6 CONCLUSIONS

The research concludes that the insulated condaotar design currently in use
is susceptible to flashovers. When the vulturenspigs wings so that the gap
distance between the wing tip and a conductiveugoh layer on the insulating
conductor cover is less than 12 cm, sparkover actbe gap occurs. If the
insulated conductor cover surface is wet, surfdashbver occurs at creepage
distances less than 300 mm. Flashover can be teitigay re-dimensioning or
coating the insulated conductor cover with a siieagubber layer. The latter is
hydrophobic and less susceptible to pollution ftagr by reducing the leakage

currents below critical values.

Sparkover that occurs when the vulture comes isecfroximity at distances less
than 12 cm from the insulated conductor cover (wittonductive pollution layer)

is because the cover is not screened. Howeveraitkeper across the gap does
occur, sufficient creepage length will reduce thegnitude of the leakage current

flowing to earth through the vulture by providindpigher surface impedance path

The equivalent circuits used to model surface fiash on the insulated conductor
cover are limited to predicting the initial conditi of surface flashover for the
worst case conditions. However the circuit allov® tdesigner to simulate
resultant leakage currents that enable selecticappfopriate design for various

surface conditions that prevent any condition thgtports surface flashover.
Recommendation

To ensure the successful implementation of thelatsd conductor cover for

vulture electrocution it is recommended that:

Hydrophobic insulation material should be used the insulated
conductor cover as it offers high surface insutatiesistance even in the

presence of moist pollution hence offering an invpbcreepage distance.

62



The current insulated conductor cover in Figure shtuld be redesigned
such that the outer ends that snugly fit to thedootor are of the same
dimension as the middle section. This will imprdke creepage length at
the point of contact resulting in less probabibfyflashover.

The proposed conductor corrosion test needs tmbelwded, it has been
hypothesised that humid conditions that may devéigjmle the insulated
conductor cover can potentially cause corrosiothefenclosed portion of
the conductor. These tests are expected to comifiamnthe life span of the
conductor is not affected.
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Appendices
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Rod-rod gap sparkover peak voltagesl[3]
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