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ABSTRACT

All-dielectric self-supporting (ADSS) fiber optic cables arsed for data
transfer by the utilities. They are installed along high gatadansmission lines.
Dry band arcing, a phenomenon which is observed in outdoor insulataispis
observed in ADSS cables. The heat developed during dry band arcimgetam
the ADSS cables’ outer sheath. A method is presented hereetdheatcable
sheath using the power developed during dry band arcing.

Because of the small diameter of ADSS cables, mechanicaltioitris
induced in ADSS cable. In order to avoid damage, vibration dampers known as
spiral vibration dampers (SVD) are used over these ADSS calblese ampers
are installed near the armor rods, where the presence ofjéeakaent and dry
band activity is more. The effect of dampers on dry band actwiiyvestigated
by conducting experiments on ADSS cable and dampers.

Observations made from the experiments suggest that the hydrophobici
of the cable and damper play a key role in stabilizing dry band arcs. Hydrophobi
ity of the samples have been compared. The importance of hydropyhabithe
samples is further illustrated with the help of simulation resilbhe results indi-
cate that the electric field increases at the edges tefr waip. The dry band arc-
ing phenomenon could thus be correlated to the hydrophobicity of the outer sur

face of cable and damper.
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Chapter 1

Background on ADSS fiber optic cablesand dry band arcing

Telegraphy using copper conductors was the beginning of wire trgnsmi
sion technology which dates back 120 years. As technology improvedayhi® w
transfer data took various forms. In 1974, fiber was made into a aadl was
introduced in the field as a way to transfer data [1]. Sntallesand large scale
installation of these cables followed the increasing neelddter communication
in early 80’s.

|. DIFFERENT TYPES OF FIBER OPTIC CABLES

In order to satisfy the needs of diversified fiber optic cdelEgn and var-
ied working environment of fiber optic cables, a number of cable catisin de-
signs were made available in the industry. These fiber opltiesaan be in-
stalled along with transmission lines and could be supported atatisrtission
towers. This is an effective use of right of way, as the fiadtes can be used for
the utility’s internal data communication and excess availddest can be leased
to others. Three important types of fiber optic cables used by the utilities are

A. Optical ground wire (OPGW),

B. WRAP type fiber optic cable and

C. All-Dielectric Self-Supporting (ADSS) fiber optic cable.

A. Optical ground wire

OPGW has its optical fibers inside concentric stranded neetaiies. It
has both the electrical properties and mechanical strengttstofraded metallic
ground wire and also has the optical transmission properties oflofibers.
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OPGW can be installed where new ground wire is planned to be edstallby
replacing the existing ground wire.
B. WRAP type fiber optic cables

WRAP type fiber optic cables are cables that are wrapped artend
ground wire. When WRAP type fiber optic cables are installedrtaiceamount
of tension should be maintained while wrapping, in order to avoid darodbe t
fiber optics in the long term. WRAP type cable requires faudt lgghtning pro-
tection.

C. All-dielectric self-supporting fiber optic cables

ADSS cable, as the name suggests are self-supporting andtalledns
a way similar to overhead transmission line conductors. But, dneynstalled
separate from the power system, usually below the phase condddterme-
chanical strength to the ADSS cable is provided by the ¢esitength member
around which the loose buffers are stranded. The material antustrac the
central strength member are selected to keep the elongation cdhtteeat 0.2%
or less [1]. The central strength member is fabricated fiber glass filaments
bonded in resin or aramid yarn filaments [2]. Optical fibershangsed in loose
buffer tubes to provide adequate mechanical protection. The tubeHearevith
a gel that prevents cracks in the fibers. Solid Polyethyleng Baier tubes
known as fillers are stranded with the buffers [1]. Buffersranting but solid
polyethylene tubes used to fill space and also to give addititneaigth to the

cable. Cable sheath which is present in the ADSS cable prdtectote from



~—— Polvethelene sheath

— Aramid yarn
Filler

Center strength member

Optical fibers

Figure. 1 Cross section of an ADSS fiber optic cable

thermal, mechanical and chemical effects. The cable sheatbrps the moisture
in the atmosphere from entering the fibers present inside the cable.

An ADSS fiber optic cable is similar to a WRAP type filmgatic cable.
WRAP type cables lack the central strength member that Af2B&s possess.
One more advantage that ADSS cables possess over WRAP thpansreased
number of fiber count which results in increased data transfer thD&S ca-
ble. An ADSS cable could be seen as a solution when there is foneedeased
number of fiber counts and also when replacing ground wire could prove to be
more expensive than installing ADSS cable in the existing tower steuctur

As ADSS cables are made for working with high voltage trassion
lines, the outer jacket is made of special polymers to prelerdable from dam-
age due to electrical discharges. The cross section of altydXsS cable is

shown in Figure. 1. Usually the outer jacket is made out of Polyethylene (PE), and
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for voltage levels above 138 kV the material used is a speak tesistant
polymer. PE is one of the popular materials used to manufdbeieuter sheath.
PVC and for some special applications Polyamide (PA) protectivers are also
used to manufacture the outer sheath. In order to reduce tereskeatd pressure
on ADSS cables, an additional armoring is provided to protect theabpable
core and the cable sheath.
[I. DESCRIPTION OFADSSCABLE FAILURE

ADSS cables were initially installed in transmission line®wel38 kV
and they showed successful operation for a long time. Due to ticegssful op-
eration, ADSS cables were installed along with transmissias lwith voltage
levels beyond 138 kV. Even though ADSS cables performed sucdgdsiul
voltage levels below 138 kV increased number of ADSS cable fawase ob-
served when the cables were installed in transmission lin@geal38 kV [3].
Even though ADSS cables were economical and had some advantages-as
tioned earlier, the failures seem to be a drawback for ADS& @& they will
cause loss of valuable data and also monetary losses wiltibead as the fiber
optics are also leased to others. The cable is considered itedenaen the opti-
cal fibers are exposed due to the outer sheath failure or the cable is diopged
strength member failure. The reasons for these failures wene through inves-
tigations on these failed cables [3] and from experimental work [4]. They are

A. Corona, and

B. Dry band arcing



Figure. 2 Arcing near armor rod [5]

When ADSS cables are placed in the electric field createdebgverhead
transmission lines, the outer layer of the ADSS cable erodetdlectrical dis-
charge. ADSS cables are installed in transmission towergwdgtihanical support
being provided by armor rods at the tower structure. The armor redgaunded
at the transmission tower structure. There is an increasddaakedischarge be-
tween the tips of the armor rod and the outer sheath of ADSS cab&esurface
of the ADSS cable sheath near the armor rod suspension points usdargoe
change in appearance and structure due to the increasectalelischarge near
the armor rod end points. The space potential drops near thesfigtmgthis rate
of decrease cause the air around the fitting to break down aheaheeveloped
during this discharge can cause damage to the cable surface. Caorage dan
be prevented by rounding the tips, which has a distributing effect ostrénees
concentration and keeps the arc away from the cable sheath ie.Fgshows
arcing between the tip of armor rods and the ADSS cable [5].

OPGW do not have corona losses because they are immune from electrical
field as they are placed inside the ground wires. WRAP tgpées have corona
discharge in the lines on which they are wrapped. Research work has beem done t
reduce electrical discharge near the armor rods and methoeduicerthis phe-

5



nomenon could be found in the literature [5]. Detailed explanation abobadd/
arcing is presented in the upcoming section.
[lI. DRY BAND ARCING ONADSSCABLES
Distributed capacitance between the ADSS cable, each phase conduct

ground wire and the ground results in a field gradient along theceusfahe di-
electric cable [6]. In chapter 2, this distributed capacitanegptained in detail.
The surface of the ADSS cable has a high resistance (in tee afriga ohms)
usually, but pollution which settles on the surface can reduceesistance (to

the order of Mega ohms). This allows leakage current to flow aloagable.

Visible arcing does not occur when the cable is well wettedhanwit is dry [3].
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Figure. 3 Space Potential around 132 kV line, marked in percent of
phase potential [6]
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A wet cable suspended on a power line is likely to dry prefetigmiear the sup-
ports, partly because the cable slope encourages the water tcawesin and
partly because the current and hence the electrical heating is higrest t

Figure. 3 shows an example of space potential in which the catsleg s
the mid span. The use of space potential contours has become adspaadtace
to identify locations of low space potential where an ADSS azdoiebe installed,
thereby minimizing the current to an arc [6]. The potential conto&igure. 3 is
for a 132 kV line marked in percentage of phase voltage.

V. VIBRATION ON ADSSCABLE

When a smooth stream of air passes across a cylindrical shapeasa
conductor or an ADSS cable, eddies will be formed in the backwuaedos the
cylindrical structure. The eddy alternate from the top and bottofaces and
create alternating pressures that tend to produce movemégittaamgles to the
direction of air flow [7]. The intensity of Aeolian vibration is reoowing to the
fact that the ADSS cable is light in weight and has a sdmatheter. ADSS cables
are light and because of this they are prone to Aeolian obgtAeolian vibra-
tion can cause severe damage to the cable and this could prove to be expensive.

In order to avoid damage, dampers are used by the utilities toetianut
the vibration. A spiral vibration damper (SVD) is an impact typemamsed for
damping Aeolian vibration. A spiral vibration damper reduces vibratioough
dissipation of vibration energy by impacting the cable. A SViziry effective at
high frequencies associated with small diameter fiber opbtes and conductors.

Work has been done to prove the effectiveness of SVDs in dampingaAeuli

7



Lift component

Wind
direction

5

Damping section ¢

Damper ADSS Cable

Gripping section

Figure. 5 Spiral vibration dampers
ADSS cables [8]. They are installed near the armor rod suspemsidhenum-

bers of dampers used between every transmission tower differtvirorto four,
one on either side of the tower to two on either side of tower. Th#ewof
dampers used depends on the span of the transmission line.

Spiral vibration dampers have a gripping section at one end and a damping
section at the other. The radius of the helix at the damgiciips is larger than

that at the gripping section. Figure. 6 shows the method used &l BBSD’s



over ADSS cables. The damper will be placed with its grippictjcsetowards
the tower structure. The damping section will be wrapped on and outtliem
tower structure. The installation is completed by finishing up trepming sec-
tion. Damper could be slid out into the ADSS cable before wrappinhgeogrip-

ping section. The distance between the armor rod assembly agdppieg sec-

e = e el g™ e e

B [T i S S L -

Figure. 6 Installation of spiral vibration damper [9]
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tion end is around three to five inches. A similar methodology is useth \w-
stalling two dampers over ADSS cables. Hot installation of timepées is also
possible by the use of a jumper holding tool.
V. ORGANIZATION OF THE THESIS

A literature survey on the research work that has been done insthenpdry
band arcing in ADSS cables and the goal of this thesis is peesenthapter 2.
Methods used by the utilities before installing ADSS cable andthod to calcu-
late the power developed during the arc is presented in chapter Bsightion
the experimental setup, sample preparation, setup of damper on AbEBSand
the results from the experiments are presented in chapter lenodéebased on the
observations made during the experiment is presented in chaptectapter 6,
simulation of electric field on the surface of ADSS cablgrissented and also
models used for the simulation, properties of the material usg¢desults from
the simulation are shown. A conclusion based on the experiments asichtha-

tion is presented in chapter 7.
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Chapter 2
Literaturereview
. INTRODUCTION

This chapter gives a review of the available literature on experintestal
ing and simulation work done to study dry band arcing on ADSS cahldke |
first section of this paper a short introduction about the phenomenorras int
duced. Then, short reviews about few papers which presented the peterof
the early installation of these cables are given. This isftiikEmwed by an over-
view on the experimental studies available on ADSS cables. Thereariew
on the research work performed to simulate dry band arcing on ABI38sds
presented. Finally, the chapter ends with a summary of the cksgark done in

the past and the goal of the thesis.

Il.  DRY BAND ARCING ONADSSCABLE

The outer layer of ADSS fiber optic cables when it is fresmas-
conductive as it is made of dielectric material. After aaderperiod of time, pol-
lution settles down on the surface of the cable and forms acesmuctive layer
in the presence of moisture. When installed along high voltage overheathis-
sion lines, capacitive coupling is formed between high voltage lineABSS
cable and also between the ADSS cable and the ground. This wapeitpling
induces a voltage on the ADSS cable. This induces a current througbniihec-
tive layer. The current flow generates heat in the moist conguietyer. The wet
layer will be dried due to this heat developed in small bands foraipgpands’.

An arc will be formed across this dry band as an induced voltdg@ppear
11



across this dry band. The outer surface of ADSS cable will bagkthdue to the
heat developed due to arcing.
A. Experimental work

In [3], C. N. Carter mentions that cable failure has been obseftezdae
year from the installation of these cables along 220 kV linesofeahce of
ADSS cables was observed and the formation of dry band on ADSSicale
plained. It is mentioned in the paper that wet, polluted cables day®and arc-
ing. Variation of voltage across a dry-band with position and sheathispesis-
tance is shown. C. N. Carter suggests that dry bands and theategraaused
by the dry band, is confined to an active length of cable adjacent to the support.

A novel design of self-supporting fiber optic cables has been proposed in
[10]. U. H. P. Oestreich and H. M. Nassar calculated the voltagecarrent on
the ADSS cable for different resistances and suggest tmatimction of semi-
conducting material will reduce dry band arcing phenomenon on these cables. The
semi-conductive material used is a pretreated aramid yarn.ufthers mention
that the pretreated aramid yarn satisfies the two basic eagemts, semiconduc-
tion and high mechanical strength.

In [11], cable samples from three different manufacturers tested. The
test setup had an RC circuit to simulate pollution. The test ¢ycladed two
minutes of water spraying and twenty eight minutes of dryingce@tuimeasure-
ments were taken to check the proper operation of the test setugevatiplied
to the setup is the maximum space potential that the cable ttestand which is

25 kV. The resistance and capacitance value of the RC circuitisud&dl M2
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and 200 pF. Test results indicate the number of cycles taken bigréeedable
samples to fail. In order to calculate the mean time tarkaitate of the three ca-
ble samples, Weibull distribution was used. Reliability curvesfathare rates of
the three cable samples are calculated and respective plots was shown.

When IEEE 1222 standard is used to test ADSS cables random sgatteri
of water droplets was observed. In order to avoid the presenaaddm scatter-
ing of water droplets S. Kucuksari et. al in [12] proposed a newaddb test
ADSS cables. ASTM D2303 standard was proposed to test the campdesa
Three samples were selected and tested using the two methamapArison be-
tween the results has been shown and it was observed that both tbdsnab-
vided similar results. But, the time taken by the cable tosad increased in the
ASTM D2303 method. In addition, ASTM D2303 did not include the current lim-
iting RC circuit. In order to improve these parameters a newwaddty including
the inclined plane and the RC current limiting circuit to ASTRBD3 method is
proposed to test ADSS cables.

Dry band arcing near armor rod tips was experimentally studi¢ti3].
Mechanical support to ADSS cable is provided by armor rods abwer struc-
ture. J.D. Shikoski and G. Karady in [13] conducted electric fielcutation near
the armor rods. The authors varied the length of termination afrther rods and
obtained the electrical field distribution. Experimental testirag \wwonducted on
ADSS cable samples for different values of current limitegjstance and capaci-
tance. The voltage and current values of the arc developed wer@mdnlh the

experimental setup, the armor rod assembly was simulated byhrasgyrod ar-
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rangement. High voltage was applied across the brass rodsathéraelectrode,
which was grounded. The dry band voltage and current needed for itige ard

the time when the dry band arcing begun and also the ending @neer@corded
for different current limiting resistance and capacitance. dityeband starting
voltage, starting current, ending voltage and ending current \wewens The ef-
fect of variation of current limiting resistance and capac#aon dry band volt-
age, arc current, time duration of the arc, starting time and ehdiegf the arc
were presented. Statistical data of the above mentioned pararfoeteiifferent

current limiting resistances and capacitances were experimeiotatig.

In [14], several mitigation devices to control dry band arcing in AD&S
bles is proposed. C. N. Carter suggests methods that could makegHess sta-
ble. From theoretical and experimental work the potential avaifabldry band
arcing is observed to be from 15 to 30 kV. It was put forward thae tisea
threshold value of earth leakage current below which damagingvdrest oc-
cur. A typical value of this threshold is believed to be 0.5 mA. Datdban col-
lected from two ADSS cable installations in UK which show thak&ge current
exceeds 5 mA during very bad weather conditions. Methods proposed it [14]
mitigate dry band arcing in ADSS cable are use of hydrophobicialatéo re-
duce leakage currents, spark gaps, confining arcs to an atamepiaque, use of
rain shield and altering the electrical coupling at the fitirihe use of any miti-
gation method from the above, if proven to be effective can signifycartend

the cables life.
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Experimental results reported in [15] suggest that when an aroms
pressed the severity of the arc can be increased, whichtteadble failure con-
siderably earlier than expected from the dry band arc model.cémpression
here indicates the reduction in length of the arc due to movemerdtef drop-
lets towards each other. S. M. Rowland and F. Easthope in [15], talk akout t
effects of using a salt fog and also about the effects afjusintinuous spray.

The experiments were carried out in samples which were keptohtaizand
samples which were inclined by a slope. The importance of the soyredance

in the failure of the cable has also been shown by varying the source impedance in
the experiments. The cable samples with higher source impedancksotfail

earlier than the ones with lower source impedance. From the wiss@tvations

made during the experiments, the authors explain the behavior followed by the arc
and a phenomenon called arc compression is introduced. Authors suggest that the
arc will be compressed in length, when there is movement of wadptets on

the surface of the cable. The sample tested in the laboratmy &arlier when

there is an arc compression when compared with samples which failenl chre t

tinual erosion by stable dry band arcs.

A new test method that represents quasi-environmental conditions-expe
enced by fiber-optic cables strung along high-voltage trangmisige is intro-
duced in [16]. The study of the effect of current limiting impeeanepresenting
heavy and light pollution levels was also presented. The effecp@&f circuit
voltage and short circuit current on failure of the cable waeduotred. The test

setup used for testing ADSS cables was explained. Five teptesawere simul-
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taneously tested in this setup. Aluminum foils are used asaestand the ends
of the samples are sealed to avoid moisture ingress. The cablésseed for
heavy and light pollution levels with resistances of @ khd 43 M2 and capaci-
tances of 600 pF and 66.7 pF respectively. Short circuit currenéasured by
varying the applied voltage levels. The cycles needed by cabled tvere re-
corded. A test cycle is considered to have two minutes of wataying and thir-
teen minutes of drying. The area and depth of damage were obsemethé
samples. It was found that the area of damage in the cable rsalywpropor-
tional to the number of cycles taken by the samples to falhelicables fail very
fast, dry band arcing would happen over a large area insteadusirfgdo one
certain place. The average area damage and the average depth fdartregea-
ble samples were presented.
An alternative solution for dry band arcing was presented in [17],hwhic

has had extensive trials. The solution is based on a rod of cedtrelsistance

Overhead
line tower
Earth bond
/a;t ADSS
cable
50 metres, !
—
\ midspan

Bazooka earth

Installation
engineer

Rod Termination

Figure. 7 Schematic of the rod installation [17]
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known as the arc arrest system. This has been deployed at Windee sheath
damage has occurred six months after the ADSS cable vgasatly installed.
The cables have a polyethylene sheath and were supplied by a rminmrgtina-
tional manufacturers with a similar design, all employingredayarn as strength
member. In majority of the cases, the sheath damage was duatitelglsevere
dry-band arcing near the towers. Damages have caused the geamin break
and the tubes containing the optical fibers have been exposed. The dantage on
cable has been graded according to the radial depth of the punctuablen c
sheath. At their closest, the lines are 600 m from the ocean, antbsilg 1 to 2
km from the coast for long stretches and, here remedial workegaged imme-
diately. The resistivity of the contaminants on the ADSS cabkuch locations
was crudely measured to be approximately 500k Potential between 7kV and
11 kV were predicted to be available on the cable layer. Th@SAEables were
not installed in the optimum position to reduce induced currents. Thaewdnts
high fields from being built up over the ADSS cable region on lwhisits, thus
preventing dry band arcs occurring in that region of cable closése tower and
also the current diminishes away from the tower. Trials have ibeee, currents
were monitored on the system and compared to those predicted diware
model. In this case, only a very high resistance rod would be apteuent cur-
rent at its tip from being too high. The arc arrest systermdidshow any new
damage. Even though few of the rods showed no new damage, it wasmot

pletely effective. Past installation experience showed thaslikath of the rod
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ages. This is also created dry band arcing. The authors stiggtedte arc arrest
system was on the borderline of acceptability for high reliability.
B. Simulation work on dry band arcing

In [18], a software package named CDEGS is used to model thecalec
environment of an ADSS cable. The ADSS cable under test had beprots ke
service after 15 years and was installed along 132 kV trasiemiBnes of span
314 meters. The voltage gradient and the leakage current alongfédmef the
ADSS cable were investigated. Relationship between modeled envirbiame
the hydrophobicity of the cable sheath affected by this enviromnweanalyzed.
Prediction of leakage current magnitude was correlated with redsceh contact
angle within a span. Due to the different clamping technologie$ atseension
towers and at suspension towers and also due to the differergiddesaeen
ADSS cable and the conductors, there is a change in the positiorADISE ca-
ble relative to the phase conductors in between the two towers Hpamduced
voltage on the ADSS cable at the tension tower end, suspension talemceat
the mid span was calculated and is found out to be 0.23 kV, 3.94 kV and 0.22 kV.
Current magnitude was also calculated. Asymmetry in curreghituges with
respect to mid span could be observed from the results. Vargmnglttive posi-
tion of the ADSS cable was responsible for this asymmetri¢atenaf the leak-
age current. Contact angle measurement, a measure used to ittentifydro-
phobicity of a material surface was calculated for the csdneples. Three cable

samples were used and they are cable from service, UV agedacab#alt fog
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aged cable. The contact angle measurements are correl#teithevieakage cur-
rent and an inverse relationship between the two was identified.

A numerical algorithm to analyze the equivalent circuit formedtdube
capacitive coupling and to predict dry band arcing in fiber caldes was pre-
sented in [19]. The sag for ADSS cable and the conductors are tedcotansid-
ering a line sag of 2 % and a fiber optic cable sag of 0.2%. ftire span is di-
vided into many sections. The capacitive coupling and the resistivdipollayer
is considered to be distributed along this span. Maxwell potentidiacest was
used to calculate the capacitance values. A Thévenin equivalarnt was used
to replace the three phase voltages and capacitances to sithelifalculation.
Nodal equations were used to write a generalized formulationl¢calaiz the
voltage and current in each section. Heavy, medium and light pollutiels lare
considered with resistance values of bBms/meter, 10ohms/meter and 10
ohms/meter respectively. ABC and ACB phase sequences weldezedsin the
calculation method. The authors mention that an open circuit voltage abowe
and low currents in the range of 0.5 mA to 1 mA is needed for steeithg and
to produce most damage. The authors also suggest that the resultkif algo-
rithm could be compared with these known values and thus a predictiog of dr
band arcing could be made from the comparison.

In [20], the electric field distribution along the cable surface is found using
a commercially available software package known as COULOB&:tric field
distribution along the cable is responsible for initializing the &he simulation

results are used to compare the electric field distributiomersamples by vary-
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ing the thickness of the water film, shape of the water fihoh l@angth of the dry
band. The criteria for the arc to extend along the electrsiytiace are discussed.
From the results, it was shown that the breakdown of the dry band must occur first
at the edge, and then extend to the whole dry band. Initializatidry dfand arc-
ing is due to surface flash over. The thinner the water layéheable surface,
the higher the electric field along the dry band. It is concluded that ascasgab-
lished through the cascaded breakdown of dry band and drying of thelayater
by the arcs could be a dominant factor to force the arc to extend along the cable.
S. M. Rowland et. al in [21] suggest that aging of ADSS cabteroa
two phases. First, a hydrophobic sheath gradually becomes hydrapeiticev-
eral years of low-current surface discharges and UV radiati@mon8edry-band
arcing occurs occasionally throughout the cables’ remainieg difadually de-
grading its surface through tracking or erosion. A commercialgggcknown as
CDEGS is used and in particular the sub package HIFREQ istossadculate
current distributions for networks of overhead conductors and metaitls. gr
From the current distributions, electric field and scalar potlerdiain-air and in-
soil field observation points are calculated. The result obtaioad tihe model is
compared with the results shown in literature published by othersul@@bns
for three different values of differential sag were provided. €kalts are similar
to the models provided by others. The effect of the presence ajwee on the
current and field calculation is obtained from the model. The presantee
tower only affects the current at a distance up to 5 to ®@m the tower. The ef-

fect is significantly more pronounced with a reduction in peak cuaethe tow-
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ers of approximately 30%. Voltage gradients are not affectetidoyotver in ei-
ther case. The voltage gradient is considerably reduced for thecomdective
cable compared to the very resistive case. The space potemies fram less
than 10% to a value slightly greater than 20%. It has been showat thigher
and more realistic cable resistivity, the tower can masigraficant difference to
the current to ground. This is primarily because the distangendueh current is
gathered is small in the high resistance case and alsertbth laffected by the
tower capacitance is of more importance. The model shown in [ZDnsstent
with published models of other researchers.
1. SUMMARY OF LITERATURE REVIEW

A summary of the literature review and past research wopkesented

below

Models to predict the current and voltage distribution on the ADSS

cable layer has been proposed.

e Prediction of dry band arcing based on current and voltage distribution
on models has been proposed.

e Implementation of ASTM 2303 — Inclined plane test which is used to
test insulators has been suggested to test ADSS cables.

e Aging of cable sheath has been related to the leakage cuownbri
the surface of ADSS cable.

e Methods like using an insulator to support the armor rods at towers

and wrap the surface of ADSS cable near the armor rods with semi

conducting tape has been proposed to mitigate dry band arcing.
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Figure. 8 shows capacitive coupling formed between the transmisse
and the ADSS cable as explained in the literature. The ressta@iween each
capacitive coupling is indicated by the resistor and this corresporttie pollu-
tion on the outer layer of the cable sheath. ADSS cables tack bg the maxi-
mum space potential that the outer sheath can withstand without daRedge
ence [22] suggests that it is not the efficient way to ratabée on the space po-
tential. It will be serving without considering the pollution in thevieonment,
voltage and current distribution. The cable should be rated according toit-
age and current that the cable can withstand. But, this does naht@leecount
the heat developed during the development of the arc. A more appropedite pr

tion of the effect of dry band arcing would be to identify the posereloped

1 2 3
Ca Ce Cc
— i A
R 0 R
Cg e

Ca._Cg, Cc — Capacitive coupling between
ADSS cable and phases A, B and C

C,;— Capacitive coupling between ADSS
cable and ground

R - Pollution

Figure. 8 Capacitive coupling between overhead lines and ADSS cable
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during the arcing period and rate the cables according to the poeged&o
damage the cable. Table. 1 shows some of the ADSS cable fadilatesre re-
ported throughout the world.

Table. 1 Reported ADSS cable failure [22]

Location Voltage level (kV)
Cairns, Australia 132
Cape Town, South Africa 132
Gaza Strip 132
Dungeness, UK 132
Fawley, UK 132
Gaza Strip 161
Dungeness, UK 275
Fawley, UK 275
Hunter son, Scotland 400
Southern Florida, US 500

IV.  AIM OF PRESENT WORK

In this thesis, a method to calculate the power generated dhardgtelop-
ment of an arc is calculated from experiments and from thdtgesbtained, an
approach to rate the cable has been proposed. The dielectric ftidgpiral vi-
bration dampers are installed near the armor rods where the@geesfeelectrical
discharge and leakage current is more. Cable sheath damagedaléctric fit-
tings has been reported. An investigation of this phenomenon is condudtes] in t

report and a conclusion based on the results from the experiments is presented.
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Chapter 3

Available methodsto rate ADSS cable
. INTRODUCTION

Typical methods followed by the utilities when installing AD3&1 op-
tic cables in the transmission towers are explained in thisehdpte procedure
for calculating space potential around the transmission line,geolféstribution
and current distribution on ADSS cable are shown. A method to gldéissifank-
ing of ADSS fiber optic cables using the power developed to darhageable
surface is proposed.

Il.  SPACE POTENTIAL AROUND THE TOWERS

Before a utility installs ADSS cable in its transmissioiu gspace poten-
tial calculations around the mid span would be performed. This is ddwsthe
cable manufacturer to identify potential problems. Most of the cableufactur-
ers rate their cables according to this space potential. Aalyppace potential
contour around the mid span is given in Figure. 9. The cable manufauterer
scribes a certain maximum space potential limit at whickcéide could operate
without failure. The cable should be installed at the tower steictinere the
available space potential does not exceed the space potenitigiréstribed by
the manufacturer. According to Institute of Electrical and Edeats Engineers
(IEEE) 1222 standard, an ADSS cable with a PE sheath can betysesitians
where the space potential is not more than 12 kV and cables wittiaaking
sheath could be used at positions where the potential is anywhereebet2 kV
to 25 kV [28]. The manufacturer of the cable samples used in theragpés has
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cables available in the above mentioned range. The ADSS cablenuded ax-
periments are rated for 25 kV. Cables with a rating of 12 k\lsis available for
installation from the manufacturer. In the tower structure showkigare. 9, at
certain places the space potential goes below 25 kV. If a whindé is rated for a
space potential of around 25 kV is installed at these places B&l&W, dry band
arcing on ADSS cable is minimum. But, if the cable is inddaleound places
where the space potential is above 25 kV, then the outer dieleallie sheath
can be damaged due to increased dry band arcing activity. Vaiiatibe phas-
ing and the sag of conductors and ADSS cables can heavily infltleapace
potential. To have a better understanding of the above mentioneds etfex
space potential around the transmission line for most of the pophidéng and
space potential around the mid span of the transmission line aoenpedt Space
potential calculation around a typical transmission line is pregenté¢he up-

coming section.

Z (m) . Unit kW

5 4 2 0 2 a4  sxm
Figure.9 Space potential around a transmission line mid s1]
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Figure. 10 Models showing ADSS cable and Phase conductor position

(Model I-(a) and Model -(b))
Table. 2 show the co-ordinates of a six phase transmission liree @od-

able ADSS cable location is (0 m, 21.65m). The following calculasoper-
formed to find the space potential at the location of the ADSS cable.

Space potential due to lines 0 to 3 is

Q, *ln(\/(xk'xf) +(Y%e- Y1)

Vspacg = 2% 1% 4 \/(Xk-xf)2+(yk-0)2 1)
Space potential due to lines 4 to 6 is
Vspace = Q *In(\/(xk_xf)ZJr(yk_ Y (2)
2% 7% 85 J(% - %)2+ (Y, -0)?
Where
k=1,2,......6
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Vspacek= Space potential due to like

Xk, k= X and y co-ordinates of lines 1,2,.....,6
X, Yy = X and y co-ordinate of the ADSS cable
Q«x = Charge due to k th line

go= Permittivity of free space

Magnitude of the space potential on the surface of the ADSS cable is

Vspace= ) Vspag (3)
k

=15.373 +j.16.882 kV

Vspace =22.8 kV (4)

The above mentioned method could be used to make a contour plot of the
space potential around transmission lines and such a plot is shown in Figure. 9.
[ll.  VOLTAGE AND CURRENT DISTRIBUTION ON THE SURFACE OFHE ADSS CA-

BLE

A distributed capacitive coupling exists along the span between tke pha
conductors to the ADSS cable and ADSS cable to the ground [3]. Pollution tha
settles on the surface of the ADSS cable forms a distribusestanece along the
entire span. Figure. 11 show two section of a three phase double loneuwith
resistance in series between them. The admittdreespresents the resistance of
the pollution layerYxg, YXg andYxgrepresent the capacitive admittance formed
between phase and ADSS cable, phase B and conductor cable, phase & and co

ductor cable.Yxg represent theapacitive admittance between ADSS cable and
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ground The phase conductors could be replaced by voltage sources whose values

are given by (4).

Vs, =V,.1 V§=Y.4 Vs V.
Vs, =V,.LVg= V.4 Vs= V. i

(5)

Vin = Line to neutral voltage

a=1,120°

Figure. 12 shows the equivalent of Figure. 11 when the phases are re-
placed with voltage sources. In order to simplify the circuit, thevdihié equiva-
lent for Figure. 12 is calculated and is shown in Figure. 13. Therdtage
sources are replaced with their Thévenin equivaligntThe capacitive coupling
between phase conductors and the ADSS cable and from the ADSSoctige
ground is replaced with a Thévenin equivalent admitta¥’¢e The Thévenin
equivalent voltage source and Thévenin equivalent admittance are gh@&)n i

and (6) respectively. In Figure. 12, the admittaviceg due to the pollution is not

shown, but it exists between every unit section (Figure. 13).

¢

B, I~

A; I~
~C
- B
M~ A

Yxca T Yxey T Yxeo |

Yxca—TY Xy Yxce—=Yxcar==Yxcp— Yxe. T YxcaT Yxe, | Yxc, |

N Yra e
Yxc, Yxcg ==

Figure. 11 Circuit showing two equivalent sections
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_V, [YXQN +& Yxg, +aYxg +Yxg +a Yxg +aY>C@
X

Vs, 6)

Where
Yx, = j0.Cpy (7)
CTHN:CaN+CbN+CcN+CaJN+CbJN+CCJN+Cg‘ (8)
YXGn, YXGN, YXGn = Capacitive admittance formed between phase and
ADSS cable, phase B and ADSS cable, phase C and ADSS cable at section N

Cxn = Capacitance between phase x and cable at section N

Cgn = Capacitance between ground and cable at section N

1 e EYF

Vsa | Vs Vse | Yxcg Yxcy | **T [ T Vspr | Vs
. ACC C@ AF@

Figure. 12 Equivalent circuit with voltage sources from (6)
Yra

il 1

Yx N- 17 Yx N
VS N-1 VS N

AC@ AC@

Figure. 13 Thévenin equivalent circuit
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The equivalent circuit considered is grounded near the towers €éFiytix
In Figure. 14, the entire length of the span is divided into N sediiopvide a
better understanding of the nodal equations used. In Figure. 14, thespatres
divided into five sections. The equivalent circuit shown in Figure. bmsid-
ered to be distributed along the span. The admittance value ofesdicim svill be
the same if sag is not considered for calculating the valuapafctance. For the
calculations presented here, sag is taken into account and ea@nsbgma dif-
ferent admittance value.

A. Equations for voltage distribution

A generalized equation could be obtained from the nodal equatiorefor t

circuit shown in Figure. 14. Equations (8), (9) and (10) represents théemdh-

tion at node one, two and three respectively.

-V, Yra+ (Vs -V ).Yx +(Y -y ).Yra=( 9)
(V, -V, ).Yra+(Vs -\ ).Yx +(¥ -V ).Yra=( (10)
(V, -V, ).Yra+ (Vs -V ).Yx +(V¥ -V ).Yra=( (11)

Yra Yra Yra , Yra Yra | Yra
N+1
W%%WWWI
- Yo | Yxs Yx; | Yy -
Vs ) Vs 3 Vs 4 Vs N

Vsu@ Q) ) A A

Figure. 14 Equivalent circuit for the entire length of the line
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Where

Yra= Admittance due to the section resistance

Vn = Voltage at node N

By rearranging (9), (10) and (11), a generalized equation can beeabta
Equation (12) is a generalized equation for calculating the voidtageery node.
The current flowing in every section for Figure. 14 can be calcufaten (15).
By using (12) and (15) voltage and current distribution charatitsrisan be cal-

culated.

[ If N=
- lzarlaN N

N : , . (12)
aria, +V,,,.Varib, Otherwise

Where

Yra
Yx +2.Yra
Varib, = _Yra (13)
N Y +2.Yra Otherwise

1-VaribN_1.L
Yx +2.Yra

If N=

Vs N If N=1

VariaN = VS\I . Yi)q\‘ +VariaN_l . L
Yxy +2-Yra Yx +2 YraOtherWise
Yra

(14)

Vn = Voltage at node N

In=(Vna-Vi)-Yra (15)
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IV.  OPEN CIRCUIT VOLTAGE AND SHORT CIRCUIT CURRENT
From the Thévenin equivalent admittance of the entire span showg-in Fi
ure. 14 and from the short circuit current, the open circuit volkagebe calcu-

lated using (16).

Voc =% (16)
o YI'hev

Where

l=1, (17)

Dry band
Voc@ Q) 1‘}::urc

Figure. 15 Thévenin equivalent of the span
Using the above voltage and current values, the power available in the sys-

tem for the dry band arc could be calculated. Equation (18) is used to calcelate t
power available in the system.

Power available in the systems Real(V.- <d) (18)
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V.  MODELS AND PARAMETERS CONSIDERED FOR CALCULATION
B. Models
The voltage and current distribution on the surface of ADSS cable for
three phase double circuit line and a three phase single cineuisIshown in this
section. The tower geometry for the two models used for the aatoulis given
in Table. 2 and Table. 3. Figure. 10 shows the tower geometry ofdtels used

and the ADSS cable is considered to be at the position marked by a plus symbol.

Table. 3 Tower geometry for double circuit line used in voltage and

current distribution calculations (model I)

ADSS cable (m) Phase conductors(m)
(X0, Yo) (XY  (X2Y2) (X3,Ys) (XaYs)  (Xs5Ys) (X6, Ye)
(0,21.65) (5.3, (-4.95, (-4.95, (5.3,  (4.95,  (4.95,

17.25) 23.85)  30.45) 17.25) 23.85)  30.45)

Table. 4 Tower geometry for single circuit line used in voltage and cur-

rent distribution calculations (model I1)

ADSS cable (m) Phase conductors(m)
Xo Yo X1 Y1 X2 Y2 X3 Y3
0 30.48 -11.88 37.18 0 37.18 11.88 37.18

A. Effect of sag
The height of the conductor is assumed to be a hyperbolic cosineofuncti
along the span [4]. The sag of phase conductors is generaltgrgifean the sag
of the fiber-optic cable. In order to calculate the voltage anacudistribution,

sag of 2% for the phase conductors and sag of 0.2% for the ADSS wanies
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considered .In model Il, towards the middle of span, the distanceedetthe
phase conductors and the ADSS cable is reduced. The sag detaitsleif |
could be observed from Figure. 16. This will affect the capacdougling be-

tween the phase conductors and ADSS cable.

Sag of Phase Conductors and
ADSS Cable for a Span of 500 feet
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Figure. 16 Models showing ADSS cable and Phase conductor sag
B. Effect of pollution

The outer sheath of the ADSS cable is not conductive when theg-are i
stalled. The outer layer of the cable is made up of dielectaierials and their
resistances are in the order of-4Q/m. Depending on the pollution of environ-
ment surrounding the cable, a conductive layer is formed on the cabeadad

pollution can increase the severity of dry band arcing, which eubnteads to

Table. 5 Resistance values for different levels of pollution

Pollution level Layer resistanc€/m
Low 10’
Medium 10°
Heavy 10°
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the failure of ADSS cables earlier than expected. Pollution isdmnesl to be one
of the prime factors that causes dry band arcing. Pollution tiypioaludes salt
content settled on the surface of the cable. Typical pollutiontaasis used for
calculations are given in Table. 4
C. Voltage and current distribution

The voltage distribution for models | and Il is shown in Figure. 17 and
Figure. 18 respectively. Both the models were considered to hauwrelihe to
neutral voltage of 220 kV. In spite of the fact that both models@msidered to
be working at the same voltage level, the distribution is diffef@nboth the
models. The tower geometry plays a key role in the distribution tdgal The
voltage distribution is symmetric with respect to the middldhefdpan. The volt-
age level increases from a low value near the towers to snuaxnear the mid-
dle span. The voltage distribution is observed to be at maximungfdrand me-
dium pollution levels and reaches a minimum for low pollution level. For model I,
maximum voltage is observed near the tower for low and medium pollTitnen.
maximum voltage for model Il is observed at the middle spanolissrved from
previous experience and through experimehnésd voltage levels greater than 10
kV are required to producgistained arcing [5]. From Figure. 17 and Figure. 18,
it is clear that there is high probability for dry band ag¢cims the voltage and cur-
rent distribution are higher than needed to initiate dry band arcing [5].

The current distribution for models | and Il are shown in Figure. 19 and
Figure. 20 respectively. The current distributions indicate thatrmaxi current

is observed near the towers. Even though the available voltagefi@estfto
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strike an arc across a dry band, there is a need for sufficreoira of current
flow to maintain the arc. The pattern of current distribution on ther laf the
ADSS cable suggests that among the three pollution levels, theateasint of
current was observed for light pollution level. The probability ofrayat low
pollution levels is less due to the lack of available curremsustain the arc. As
the pollution level increases the conductivity of the outer layeeases. Due to
the increased conductivity, the current flow increases as the polligvel in-
creases and reaches maximum for heavy pollution. The currenisfmwnmmetric
along the mid span. To sustain a dry band arc, current flow of 0.5 mAigimet
is needed [5]. The risk of dry band arcing is near the towdrsrrttan at the mid
span because of the increased leakage current flow near the Wsing the cal-
culation method explained earlier, the open circuit voltage and shauit cur-

rent for three pollution levels are calculated and is shown in Table. 5.

Voltage Distribution for model |
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Figure. 17 Voltage distribution for model |
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Voltage Distribution for model II
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VI.  CURRENT AND VOLTAGE DISTRIBUTION TREND

Variation in tower geometry varies the voltage distributiomdrebut it
does not vary the distribution trend of current distribution. This couttbberved
from the voltage and current distribution plots presented. The currémibwtisn
for both the models increases from a maximum near the towemiaimum at
the middle of the span. However, the trend followed by the voltag&dison is
different from that of model Il. From the results obtained fromabeve men-
tioned method, it is clear that the level of pollution influences tineent distribu-
tion. In both the models regardless of the tower geometry, currepagas with
increase in pollution level. From the distribution calculations, onedeamify the
voltage and current available to create dry band arcs on #faeeswf ADSS ca-

ble. References [19], [23] and [25] talks about voltage and curretnibbdtion on

Table. 6 Open circuit voltage, short circuit current and power in the system

Modd |
Pollution level Open circuit voltage  Short circuit current Power
Low (10’ Q/m) -0.221+j.30.114 kV  -0.345+j 0.366 mA  10.94 W

Medium (10°Q/m)  -7.69+j32.062kV  -1.511+j0.952 mA  18.91 W

High (10° Q/m) -22.657+j 21.097 kV  -5.575-j 0.028 mA  126.90 W
Model 11

Pallution level Open circuit voltage  Short circuit current Power

L ow (107 Q/m) -9.158 +j 18.169 kV  -0.303+j 0.112mA  0.735 W

Medium (10°Q/m)  -8.75+21.811kV  -1.106 +j 0.491mA  1.043 W

High (10° Q/m) -21.051 +j 19.148 KV -4.959-j 0.076 mA 105.837 W
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the surface of ADSS cable for different configuration.

In spite of these calculations and proper placement, the cabiésa fail
after a certain number of years due to aging and due to theunaay of predict-
ing dry band arcing. In this chapter, a slightly modified experiaiesgtup and
the results of the experimental setup indicating the power devethpety the
arcing is shown.

VII. PROPOSED CALCULATION METHODOLOGY

For all the experiments performed, the samples were prefraradthe
same model. Figure. 21 show the electrical circuit used fosumeg the power
drop across the arc in testing ADSS cables. The output from thevbligige end
of the transformer is connected to a potential transformer. Thoaitofitom the
low voltage end of the potential transformer is connected to a UBBNVmeas-
urement system. The LABVIEW system used has a samplingfra@k samples
per second. A high voltage resistor of resistance 400MOhm anaaeitoaf ca-
pacitance 650pF are connected in between the high voltage elemicbdee out-
put from high voltage output of the transformer. This is indicatethéyesistor
R1 and R2 is 1kOhm resistor across which the leakage currenteasured.
Two different circuits were used in the experiment. One with a 6588p&citor in
the circuit and the second without the capacitor. The power dropsabmsrc is
given by (21) and (24) respectively.

(a) Power drop across the arc for the circuit with the capacitor

Vin =1-R1+1-R2+ voltage across the arc+ % [ rdt (29)
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Voltage across the arc= Vin—1I1-R1 —I-R2 —% [ 1dt (20)

Power drop across the are = Voltage across the arc + | (21)
Where

Vin = supply voltage

| = leakage current

R1, R2 = Resistors

(b) Power drop across the arc for the circuit without the capacitor

Vin=1+(R1)+1(R2)+ voltage drop in the arc (22)
Voltage drop inthe arc = Vin—1I'(R1)+1'(R2) (23)
Power drop across the arc = Voltage drop in the arc: [ (24)

The arc discharge causes damage to the outer layer of th8 A&iSe.
The damage caused is thermal in nature. This experimentalceetishbe used to
measure the power drop across the arc and to rate the catdirgly. Figure.
22, Figure. 23, Figure. 26 and Figure. 27 indicate the supply voltagagteaur-
rent observed for both the circuits. Figure. 24, Figure. 25, Figuran@ Figure.
28 indicate the calculated voltage across the arc and power tadcukng (21)
and (24). Figure. 25 and Figure. 28 are used to calculate the ew&dgd by the

arc to deteriorate ADSS cable surface.

Rl

|
C
e

Potential
transformer (Vin)

Lab view
card

Figure. 21 Circuit used to calculate the power drop across the arc
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Figure. 22 Supply Voltage for the circuit with capacitor
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Figure. 23 Leakage current flowing in the circuit with capacitor
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Figure. 24 Voltage across the arc for the circuit with capacitor
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Figure. 25 Power drop across the arc for the circuit with capacitor
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Figure. 27 Leakage current flowing in the circuit without the capacitor
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Figure. 29 Power drop across the arc for the circuit without capacitor

VIIl.  CLASSIFICATION OFADSSCABLE RANKING

The recorded experimental data are used to calculate the pewer d
veloped during the dry band arcing. (20) and (23) are used to calihdgtewer
values. Supply voltage, leakage current, voltage across the arc andgooossr
the arc for the experiments performed with and without the tapace shown
from Figure. 22 to Figure. 29. Table. 6 shows the power available gysiem to
create dry band arcing. Table. 7 and Table. 8 indicate the poweopesealuring

the deterioration of the cable surface.Table. 8 is used faviiaation, as Table.
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8 corresponds to the experiments carried out with an RC bank and ¢hgobd
model which is more analogous to the capacitive coupling in the figjgerk
mental results when evaluated against the results from Tabidicate that the
power in the system for low and medium pollution is less than the power observed
during the experiments for surface deterioration. This indichtesdble will sur-

vive at low and medium pollution in both the models. But, the power in g sy
tem for high pollution level is higher when compared to the power obdehur-

ing the experiments for surface deterioration. The cable wilsumative high pol-

lution in both the models as the power available in the systemns than what it

is needed to deteriorate the surface of ADSS cable sheath.

Table. 7 Energy developed in the arc for circuit with capacitor — (a)

Cycle Energy (in Joules per cycle) Power (W)
1 0.1473 6.2006

2 0.1635 16.3420

3 0.1643 18.7296
4 0.2 26.065

5 0.0879 26.4343

6 0.0729 27.4379

7 0.0735 25.6385
8 0.0589 16.166

9 0.0495 21.5225

10 0.0486 19.6565
Average 20.41
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Table. 8 Energy and power developed in the arc for circuit without capaci-

tor — (b)

Cycle Energy (in Joules per cycle) Power (W)

2 0.168 14.5975

4 0.1255 12.6366

6 0.1596 12.0043

8 0.1496 12.7765

Average 11.84
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Chapter 4
Experimental study on dry band arcing
. INTRODUCTION

The experimental setup used to study dry band arcing is explained in detail
in this chapter. Reasoning of the experimental setup and the methodaagp us
conduct the experiment are justified by comparing the methodology with dry band
arcs occurring in the field. Sample preparation and the sammddarsthe tests
are presented. Finally, the chapter is concluded with the fedlegples showing
damage due to arcing.

Il.  EXPERIMENTAL SETUP
A. Equivalent circuit representation of transmission lines and &\bD&ble

As mentioned earlier, the outer cable sheath of ADSS cablas nvaBu-
factured is hydrophobic in nature and is arc resistant. The ADIS8 isacoupled
to the conductors, earth wire and the ground by distributed capacitance throughout
the entire span of the transmission line. Pollution that settteshe non-
conductive layer of the ADSS cable can be considered as resistaetween the
distributed capacitance. This resistance varies with the amopnotlofion depos-
ited on the cable layer. Figure. 30 show the capacitive cougimigeiists be-
tween the transmission line and ADSS cable. The above mentionechreno
was reviewed in detail in chapter 2 and chapter 3.

There will be a leakage current flowing on the resistiverlalye to the
capacitive coupling between transmission lines and the cable. €etkiage cur-
rent along with ultra violet radiation and pollution aids in earlyhggdf cable
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sheath and makes the cable sheath less hydrophobic. When the bgtlepéo-
bic and resists moisture on the layer, dry band is never promineplacss like
Phoenix, where the presence of moisture is very less, dry banud aschot
prominent. But, occurrence of dry band will increase in the presd#noeisture
and as the cable gets more hydrophilic and less hydrophobic. Shalie been
conducted on ADSS cables which were working in highly polluted environment
and in places with such pollution level, their outer layer showestaese of very

low value.

T
Tel T To T T T Tl T

Cg —_— Ra Cg _-— Cg - Cg f—

Figure. 30 Capacitive coupling for a three phase single circuit line

Table. 9 Typical Resistance and capacitance values used in experiments

Pollution Resistance ( Mohms) Capacitance (pF)
10° 4.2 650
10> 5.8 457
10° 13.1 200

Typical space potential available for arcing is around 15 to 25 knghw
was shown in chapter 2 and chapter 3. This voltage level depends on fagious
tors like the working voltage level of the transmission line, pollutiailable in

the environment, relative sag between cable and transmissiorFigwe. 30
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show the three phases A, B, C and the capacitive coupling between the phases and
the cable. Ra in Figure. 30 indicates the conductive moist pollayean that set-

tles down on the outer cable sheath. Table. 9 shows typical valiRss ainsid-

ered for different pollution levels.

The experimental setup used in testing has an RC impedanceulatsim
the effect of pollution during cable tests. Figure. 31 shows theimgdal setup
used for testing ADSS cables. An RC circuit is connected wdmzt the high
voltage electrode and high voltage supply. The high voltage eleasocden-
nected to one end of the sample and the other end of the sample istedriae
the ground through a series resistor. The leakage current fldlrimggh the test
circuit is measured from the voltage across the 100 ohm sesistor. For all the
experimental work carried out in this thesis, cables from thee saanufacturer

and same model were used.

Water sprinkler | | 6——
H | = 3 Water

PT R c - PPN N

ADSS

cable
7 100 ol 1o
7 ; - , )0 ohm
Aluminum electrodes - Current
C - Capacitor resistor measurement

R - Resistor
PT - Potential Transformer =

Figure. 31 Experimental setup used in testing ADSS cables

49



B. Mechanism of dry band arcing

The mechanism of dry band arcing under field conditions are egdlain
here to provide a correlation between the methodology used in thenesipie
setup and dry band arcing in the field. Dry band arcs typicly ® occur when
the accumulated pollution layer on the outer cable sheath gets kwhish the
cable sheath accumulates moisture on its outer layer, the Isighives pollution
layer becomes conductive and leakage current starts flowing thtbedayer. As
long as this leakage current flow is uninterrupted, arcing doescoat. As long
as moisture is available and provides a conductive path for theofid@akage
current, dry bands will not be formed. The moisture is availableusecaf the
presence of rain and dew in the environment. When rain stops, the movtur
dry either due to the heat from the sun or due to heat developed during the leakage
current flow. The leakage current flow on the surface of theecptduces a
Joules heating effect and begins to dry the cable out [26]. Th@nslated using
the experiment in the upcoming section.

When the cable layer dries up due to the leakage current flovhatids
will be formed on the cable’s outer sheath. If the available g®lgcross this dry
band is high enough, arcs will be formed [3]. This is explainedgargi 32. The
cable layer will be damaged when the nature of the archtesfBhe aim of the
experiment is to simulate this environment in the lab. The fatiguwwo factors
should be satisfied by the experimental methodology

0 a moist conductive layer

o formation of dry bands on the surface of cable
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Figure. 32 Formation of dry band arcing

C. Simulation of dry band arcing using the experimental setup

The experiments are conducted in such a way that they sintiéateal
environment needed to start dry band arcs. This is also explaineguie.F34.
The cable samples are tested at a starting base valukVof\Bater is sprinkled
over the cable samples between the electrodes as shown in Biyuweater used
for the experiments has salinity of 1% in it. This is used talsita the conduc-
tive moist layer. To facilitate an even distribution of watepiits over the cable
surface, the water is sprinkled for about two minutes. The next iamdeature
that was considered in the experiment was to simulate a way to dry the toamduc
layer. At the earlier stages of testing, comparatively lowagel was supplied
across the electrodes and the leakage current flowing on the A&I8& layer
was very less. It will take a long time for the cable lagedry at earlier low volt-
age levels when compared to a higher voltage level. On the other hand,tdearing
beginning of the experiment, the hydrophobicity of the cable layebe high
and the water droplets will move down and eventually fall off thxeclayer due
to gravitational force. The time allowed to dry is made shia¢ it is not too long
and also not short and is selected as thirteen minutes for thenssapisr carried
out. The entire cycle will take fifteen minutes combining a twoute wetting

period with thirteen minutes drying period.
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The samples tested using the setup will have a voltage of pphiéd at
the beginning. If the sample survives the first cycle of fifteenutes without any
damage to the outer sheath, the voltage applied will be incremgnte&\b and
the sample will be tested for another cycle. The experiméhb&icontinued on
the cable sample with an increments of 5kV till the cable safapiée A timer is
used to start and stop the pump supplying the misting devices. RBgusbows
the timer used in the experimental setup. The copper sheéis iimer will turn
on the pump when it touches the switch and when the copper sheets atehot t
ing the switch the pump will be turned off. Figure. 34 (a) showsbke cample
being testes using the setup. Figure. 34 (b) shows the presence of ivendact
terlayer on the surface layer. When the sample is allowed tdharyis, when the
pump supplying the misting devices is turned off, the moist ldyes due to the
leakage current flow. As shown in Figure. 34 dry bands will be fdramevenly
and the dry band formed is similar to the ones observed ifieldeand the ap-
plied voltage will be distributed across this dry band. Arcs wemaddracross
these dry bands and this is shown in pictures from Figure. 3d t&yure. 34 (f).

The heat developed due to the dry band arc destroyed the outer cable sheath.

Figure. 33 Timer showing copper sheets



(f)

Figure. 34 Working of the experimental setup

53



D. Sample preparation

The same setup and methodology is used to compare the effectpdrdam
on dry band arcing and also for the experiments carried out tdatalthe power
developed during dry band arc. Table. 9 show the typical RC valuesrusieal i
experiments. For the experiments conducted, high pollution is considesesd, r
tors of equivalent resistance 4.2 Mohm and capacitors of equivaleattiteayze
650 pF were used for the RC bank.

When the cable is used for testing without the damper, the cahleirgo
samples of 18 inches in length and the ends of the cable are segexVent
moisture from entering the fiber inside the cable. Aluminum eldes are used
and a distance of six inches is kept between the aluminum electidaesame
electrodes setup is used when the dampers alone are tested. Buhewtedle in
the presence of damper is tested, the cable is strung between the cage drals and t
damper is installed over it. Aluminum electrodes are placed ovethmittamper
and cable and are shown in Figure. 34.

E. Performance of the samples

The performance of the samples when tested in the setup rdmed
above is given in Table. 10, Table. 12 and Table. 11. It could be obskat¢te
cable sample in the absence of damper withstood four cycles ttdaring the
fifth cycle. When damper is installed over the cable, the samplstaod two
cycles and failed in the third cycle. This is due to the fa¢tABESS cable sample
when tested in the absence of damper aged at a slower rathéhdamper sam-

ple and ADSS cable with damper on it. The hydrophobicity of the cedrere-
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duced at a slower rate than the damper sample and ADSS calgk saith

damper on it. The failed samples are shown in Figure. 35, Figjliand Figure.
36. The leakage current measurements made on the samples arensti@wmext
chapter with their corresponding hydrophobicity.

Table. 10 Performance of cable sample

Applied voltage Status of the cable sample
5kV Undamaged

10kV Undamaged

15kV Undamaged

20kV Undamaged

25 kV Damaged

Table. 12 Performance of cable sample when damper is installed

Applied voltage Status of cable and damper
5kV Undamaged

10kV Undamaged

15kV Damaged

Table. 11 Performance of damper

Applied voltage Status of damper sample
5kV Undamaged

10kV Undamaged

15kV Damaged
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Figure. 35 Cable sample showing damaged outer sheath

Figure. 36 Sample showing damage on the outer layer when damper is installed
over the cable

Figure. 37 Damper sample showing damage in the outer sheath
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Chapter 5
Hydrophobic nature and leakage current flow on the samples
. INTRODUCTION
This chapter is divided into two sections, the first talks abouhjyigeo-
phobic nature of the sample and the second talks about the leakage towe
on the surface of the samples during experiments. Also, the impexécontact
angle on hydrophobicity of the samples and the contact angle féretesam-
ples and the samples after the experiments is presented. Faabiynparison is
made between the leakage current on surface of the samples.
Il.  GUIDELINES FOR HYDROPHOBICITY CLASS
Dielectrics and electrical insulation society (DEIS), a etycof the insti-
tute of electrical and electronics engineers (IEEE) haslzated standard IEEE
1523 — IEEE guide for the application, maintenance and evaluation oftemem
perature vulcanizing (RTV) silicone rubber coatings for outdoor ceramula-
tors [27]. In this standard, a hydrophobicity classification guide & ln-

cluded. In this guide, composite insulators and coated insulatorsaaséied into

Table. 13ontact angle and its relation with other physical parameters

Contact angle Small Large
Wettability Good Bad
Adhesiveness Good Bad
Hydrophobic nature Bad Good
Hydrophilic nature  Bad Bad
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seven classes of hydrophobicity. Class HC 1 indicates thdtythrephobicity of
the insulator sample is highly hydrophobic in nature and the clasgicg@Eon
extends to HC 7, where HC 7 indicates a completely hydrophitface. Figure.
38 show the seven classes.
[lI.  CONTACT ANGLE — A MEASURE OF HYDROPHOBICITY

When a liquid or vapor interface meets a solid surface, the forghed
between the solid surface and the tangent line to the upperesatfdee end point
is called contact angle. This contact angle could be a neeaSadhesion, wet-
tability and also the hydrophobicity of a surface. Table. 13 show®kagonship
of contact angle with the above mentioned physical parametersultd be in-

ferred from the table that contact angle could be a measuredadgipbicity or

HC 1 HC 2
HC 3 HC 4

HC 5 HC &

Figure. 38 Hydrophobicity classes of outdoor insulators
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hydrophilicity of a material. Figure. 39 (a) and (b) shows the cbatagles at the

surface of a hydrophobic and hydrophilic material.

(@) (b)

Figure. 39 Contact angles of hydrophobic and hydrophilic surfaces
V. CONTACT ANGLES FOR DIFFERENT SURFACES

The hydrophobicity of the insulating material can be measuréidebgon-
tact angle between the surface of the water droplet aridgtkating material sur-
face. Figure. 39 (a) shows the contact angle for a hydrophobiciahated it is
near 90 degrees. Figure. 39 (b) shows the contact angle forahiyit material
and it is between 20 to 40 degrees. When the damper ages and also When pol
tion settles on the surface of the cable, the hydrophobicity afldh®er varies
and the contact angle will change.

V.  CONTACT ANGLE ON THE SURFACE OF THE SAMPLES

Figure. 41 (a) and (b) show the contact angle of the water dapldte
damper sample and cable sample. It could be observed that the ssanepheot
perfectly hydrophobic material. Figure. 40 (a) and (b) show the dasapeple
and cable sample after the sample were failed. It could beveldserat the sam-
ple surfaces are less hydrophobic now. The contact angle hasstheom

what it was when the samples were tested.
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(a) (b)

Figure. 41 Fresh samples of damper and cable

() (b)

Figure. 40 Contact angles of failed samples

VI.  EXPERIMENTAL SETUP AND METHODOLOGY FOR TESTING DAMFE

The experimental setup explained in chapter 4 is used to tedrt@ers.
The methodology is the same to have uniformity in the tests. A fasiple of
SVD is used for testing. The electrodes are kept six inchesiaghe middle of
the sample. The voltage applied starts from 5 kV and it incréasesrements of
five till the damper burns. The water solution used has 1% galirable | shows
the observations made during the tests.
VIl.  EXPERIMENTS ON DAMPER

The samples used here are spiral vibration dampers made 88 AB-
bles. The voltage applied is increased from 5 kV till thetaursiing on the cable
surface. Figure. 42, Figure. 43 and Figure. 44 show the surface of tiperdaim
different voltage levels. Figure. 42 show that when 5 kV was egbptie surface

of the damper was hydrophobic. Voltage applied was kept at 5 kV ffeerfi
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minutes and then the voltage level was increased to 10 kV. Figureoyatisé
surface of the damper at 10 kV.

It could be observed that the damper is less hydrophobic at the voltage

Figure. 42 Surface of the damper at 5 kV with water droplets on the surface

Figure.43 Surfact of the damper when 10 kV is appl

Figure. 44 Surface of the damper when 15 kV is applied
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level of 10 kV. After fifteen minutes of operation at 10 kV the voltage in-

creased to 15 kV. Figure. 44 show the surface of the cable at ITbhk\surface
is hydrophilic at this voltage level. A continuous water filameotld be ob-
served on the surface of the damper. Eventually the cabledsbanteing at the
voltage level of 15 kV. The aim behind the tests on the dampergomaxplain
the importance of hydrophobicity of the damper in dry band arcirepwths in-

stalled over the cable. Figure. 42 show water on the damper wheantipées
were new and when they were tested for 5 kV. The water droplete atamper
is similar to Figure. 39 where the contact angle is near 90 déggeee. 43shows
the damper sample when the damper was tested with 10 kV. It coa&kbehat
the hydrophobicity is reduced.

VIll. LEAKAGE CURRENT FLOW ON THE SURFACE OF THE SAMPLES

Leakage current flow on the surface of the samples was recoraectisi
series resistor in the experimental circuit. Leakage oum@s measured when-
ever there is a presence of visual dry band arcing. Figure. 46igureé. 47 show
the leakage current flow on the surface of ADSS cable sampléhamable sam-
ple with damper on it. Table Il shows the maximum and minimum leakage current
that was observed during the experiment.

Figure. 42, Figure. 43, and Figure. 44 showed the hydrophobicity of the
samples at 5, 10 and 15 kV. This indicates that the number of cygleseceby
the damper to fail is less compared to the cable sample witlamaper, which
took five cycles to fail. Leakage current details are givenguaréi. 46 and Figure.

47. This indicates that the aging time of the damper and the ARBI8 differ.
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Due to this, when the damper was installed over the cable and testes@gmple
failed after three cycles at 15 kV. If the damper and the @\D&ble tested were
to be installed together the cable will fail earlier thaqpested and also the
damper will derate the cable. The cable sample in the absedeenptr used for
testing failed at 25 kV, which indicates that the cable withstand 15 and 20 kV
of applied voltage. But, the damper when installed over the cable di¢hatea-
ble to 15 kV. Moreover, it could be observed from the table thapriesence of
damper increased the leakage current flow in the surface cati@es When the
damper is installed for an applied voltage of 15 kV the maximum wixddeak-
age current flow is 0.8 mA which is a 100 percent increase. Figbrshow the
arc which damaged the cable. The red mark in Figure 45 (b) showthdhares-
ence of water droplet remaining undamaged. And also Figure. 45tkhaiiffer-
ence in hydrophobicity between the damper and cable. The reducegngolic-
ity kept the water droplet in between the damper and cable amcte¢hied an arc
and damaged the cable surface. The length of the arc which eldniegcable is

around 0.7 inches in length.

(a) (L)
Figure. 45 Samples showing damage on the damper
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Leakage current during different time intervals
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Table. 14 eakage current flow on the surface of samples

Applied voltage ADSS cable sample Cable and damper
mA sample mA
Min Max Min Max

5 kV 0.05 0.12 0 0.8
10 kv 0.18 0.24 0.2 0.3
15 kv 0.2 0.38 0.39 0.82
20 kV 0.28 0.49 - -
25 kV 0.18 0.52 - -

IX. SUMMARY

The criterion that was considered to say that the sampled faia
stable dry band arc which visibly burns the cable and it should cliemgea sta-
ble arc to a stable flame. The damper surface age very yutldn compared to
the ADSS cable. The surface of the damper should be made with gdwabihy-
bic material and with one which has a very long aging timghisfdamper is used
with an ADSS cable which has a better hydrophobic propertiesoagerl aging
time, the damper will reduce the characteristics of the galoleerties. This can
reduce the aging time of the cable. Moreover, even if the eadderated for 25
kV, because the damper burns at 15 kV the cable will also burn at 1bhieV.
above tested sample, if installed along a cable which was rag&lld/ and in-
stalled at a field of 20 kV will create dry band arcing dadhage the cable even

though the cable was rated at 25 kV.
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The selection criteria of damper should not only be limited to ouheneli
ter of the cable, span between the towers but also the elbpeidarmance of
both damper and the cable. It is suggested by the manufacturemabiaty
dampers to the middle of the span will reduce dry band arcing on daagpére
magnitude of leakage current is less. But, this might affeddhging properties
of spiral vibration dampers. A proper decision would be to test theetanapd
rate them according to their electrical performance and lirtbiin on cables

which have similar electrical properties.
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Chapter 7

Computer simulation of ADSS cable and damper
. INTRODUCTION
In the previous chapter, effect of damper on ADSS cable is shown by
comparing the leakage current flow on the surface of the ADBI® aad a con-
clusion based on the hydrophobicity of the samples is presenteds lchtpter,
electric field on the surface of the ADSS cable is simulatéedomparison be-
tween the surface electric field for different samples is shown.
[l. DETAILS OF SIMULATION MODELS
Software packages based on finite element, finite differemacendary
element and charge simulation methods are commercially lalafiar electric
field simulation. For the work presented in this chapter, a softparkage based
on boundary element analysis method called as COULOMB is usedaitiptes
that are used in the experiments and some of the characsenistite experiment
are modeled in the simulation. The electric field distributiohatween the elec-
trodes is of interest here.
A. Basic models used for simulation
The models used in the COULOMB simulation are the following
i. ADSS cable sample without damper and water strip
ii. ADSS cable sample with damper but without water strip
iii. ADSS cable sample with damper but without water strip

iv. ADSS cable sample with damper and water strip
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B. Description of the models
The following details of the ADSS cable were included in the models used
i. Central strength member
ii. Optical fiber
iii. Outer dielectric sheath
iv. Aluminum electrodes and
v. Dielectric damper
Some of the materials used to manufacture the cable were notqatonid
the software materials library. For materials that west available in the soft-
ware, their corresponding relative permittivity was used to intdam in the

simulation. Details of the materials used in the simulation are given in. T&ble

Table. 15 Relative permittivity of the materials used

Material used Per mittivity
Buffersand fillers polybutyleneterapthalat 2.45
Center strength member  Reinforced plastic 3.7
Outer sheath Polyethylene 2.25
Electrodes Aluminum 1
Damper Polyvinylchloride 4.5
Water strip Water 80.2

C. Dimensions of the samples used
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The dimensions of the samples used in the experimental testiag st
as the base for the COULOMB models. COULOMB model has ADSffe oof
length 9 inches. The electrodes are of length 1.5 inches. &tteoeles are spaced
at a distance of six inches. The water strip used in the mdelslength 2.5
inches. The presence of water strip simulates the situahen the surface of the
samples becomes less hydrophobic. The specifications of the madstsooam in

Table. 16. and are the generic details of the COULOMB sampelstiisoughout

Table. 16 Specification of the sample

Radiusin inches

Buffersand fillers 0.0118124
Center strength member 0.09845
Outer sheath Inner radius 0.3399
Outer sheath outer radius 0.4384
Cable electrodeinner radius 0.4484
Cable electrode outer radius 0.4583
Damper radius 0.3837

Water strip inner radius (over thedamper) 0.3937
Water strip outer radius (over thedamper) 0.4219
Damper electrodeinner radius 0.3864
Damper electrode outer radius 0.3964
Water strip inner radius (over the cable) 0.448425

Water strip outer radius (over the cable) 0.476665
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this study. The models used in the simulation are made close sarties used
in the experiment.
1. ELECTRIC FIELD SIMULATION ON THE SURFACE OF THE MODIES

A. Case | — Cable model without damper without water strip

The model without water strip could be called as a dry model betaigs

represents the ADSS cable without any conductive moist pollutionrsdayir.
Electric field on the surface of this when compared with modethvhas water
strip over it provides a good understanding of the phenomenon. Figure. 48 shows
the model used in COULOMB simulation. It shows the fiber optiasiéenthe ca-
ble, a central strength member and an outer dielectric sheathtulbs at two
ends of the model represent the aluminum electrodes. It could be ab&erme
the surface electric field plot that near the electrodesgldwtric field distribution
is higher, which increases the possibility of breakdown of air theaelectrodes.
Towards the ground, electric field distribution reduces to a veryviawe and

there is a small spike near the ground electrodes.

Figure. 48 COULOMB model for case |
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Figure. 50 Electric field for Model | between 4 and 7 inches from high volt-
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B. Case Il — Cable model in the absence of damper, with \saipr
In this model, a water strip is placed over the cable outer sheath. The water
strip starts at 4.5 inches and ends at 7 inches from high voltagmeééend of
the sample. The specifications and details of the materialsiused sample are
given in Table. 15 and Table. 16. It could be observed that at 4.5 inchestivae
water strip begins there is a small increase in thetreddield and also at 7 inches
where the water strip ends. This model is used to comparefdioe afwater strip

present over the damper on the electric field distribution.

Figure. 51 COULOMB model for case II
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Electric field distribution on the surface of caliModel II)
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Figure. 53 Electric field for Model 1l between 4 and 7 inches
from high voltage electrode

C. Case lll — Cable model with damper, in the absence ofrwaip

Figure. 54 Coulomb model for case Il

Figure. 54 shows the COULOMB model used to simulate the cdbe wi
damper over the cable and in the absence of water strip. Theedasnplaced
above the cable at a distance of 4.5 inches from the high voltageeéetill the
end at 9 inches. COULOMB generates an error when two surdaeesp, the
surfaces of the models shown in the simulation does not touch eachDotedn
this, another grounding electrode is placed over the damper. Polychioyide
(PVC) is the material used to simulate the damper. Elda@itat on the surface of
the cable did not change much from case |. The presence peddid not make

any difference in the electric field under dry conditions.
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Figure. 56 Electric field for Model Ill between 4 and 7 inches from high volt-
age electrode
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IV.  CABLE MODEL IN THE PRESENCE OF DAMPER AND WATER STRI

Figure. 57 shows the model used to simulate case IV in COULOWMB.
water strip is added to the damper layer. The thickness efdtex strip is main-
tained to be the same. But, the volume occupied by the water sitripewess
than the water strip that was placed over the ADSS cable surfaase Il. This
is due to the fact that the diameter of the damper isrlésse that of the ADSS
cable. Figure. 58 show the electric field on the surface AAB®S cable for case
IV. The plot shows that there is an increase in the eleafa dt the edges of wa-
ter strip that is at 4.5 inches and at 7 inches from the high eofti@gtrode end.

The maximum when 25 kV was applied to the electrodes is around 10 kV/inch.

Figure. 57 COULOMB model for case IV
V.  SUMMARY OF THE SIMULATIONS

The plots show the effect of damper and the effect of watier &trthe
electric field distribution on the surface of the cable samplestiEss the effect of
water strip over the damper on electric field distribution zoomedeiw of the
two extreme cases, that is case | and case IV is showguneFi50 and Figure.
59. At 25 kV, the model without damper and water strip had electht diel.5
kV/inch. But, the model with both damper and water strip shows thati¢letric

field was around 9.5 kV/inch for an applied voltage of 25 kV. It could be show
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by comparing Figure. 56 with Figure. 59 that it is the presafavater strip on
the damper which creates this increase in electric field.prasence of water
strip reflects that the surface tends to keep more water whith indicates the
reduced hydrophobic nature of the surface and indicates that the damipes &
partially wettable. If the surface of the damper is at timeeskevel of hydropho-
bicity as the ADSS cable, the cable will not damage premgtu@mpton’s cri-
terion states that the arc will extend over the adjacent unejsif the field ex-
ceeds that in the arc [29]. The plots shown above indicate thatetttecefield

distribution on the surface of the cable when the damper installieceisimes

Water strip Damper Electrode
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I I |
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Figure. 58 Electric field on the surface of the cable for model IV
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more than a cable without damper. This increase extends theardhe cable

surface to the water droplet in between the damper and cable.

Electric field distribution on the surface of calfldodel IV)
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Figure. 59 Electric field for Model 1V between 4 and 7 inches from high
voltage electrode
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Chapter 8

Conclusion and Future work
. CONCLUSION
A. Ranking ADSS cables using the power needed to damagdidiectric
layer

Experiments were conducted on ADSS fiber optic cable sampleg usi
two different circuits. The first circuit has a resistor-capaidiank and the second
circuit has only the resistors. These two circuits simulatg@dfiation existing in
the field conditions. The results suggest that the samples tedtes circuit with
the RC bank needed more power than the samples that were te$tezhhyia
resistor bank.

A novel methodology of classifying the ADSS cable with the power
needed to damage the outer dielectric surface of ADSS cablpraposed. Two
model systems were presented. Open circuit voltage and shaouit @urrent
available in the system for three different pollution levels wealeulated. The
power available in the system was calculated from the opeunitcualtage and
short circuit current results.

The experimental results were then used to predict the penfiosrof the
cables in the field by analyzing these results with the @xpetal measurements.
For both the models, at the high pollution level, the results suggeshéhabwer
was sufficient to deteriorate the cable surface. But, abotieahd medium pollu-
tion levels, the available power was less than the power neediedetriorate the
cable surface.
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B. Effect of damper on dry band arcing:

A novel experimental methodology to test the effect of the daompdry
band arcing was introduced. Samples were tested using this methodbhagy.
results indicate that the cable sample failed earlien @palied voltage of 15 kV
when compared with the sample without a damper over it. Visual @serof
the tests discloses that the hydrophobicity of the samplesadased at the time
of failure. This reduction caused water zones to be formed in betiwearable
and damper surface and formed a conductive path for the leakage cAinrémi.
creased leakage current flow was observed on the surface ohlitee sample
with damper over it.

The samples were modeled in commercially available softtwanbserve
the electric field distribution. Four models were used for the sitionis. The
electric field simulations indicate that the electricdielas high near the edge of
the water strip. In the presence of a water strip, the adattd distribution on
the surface increased by a factor of three.

[I.  CONTRIBUTIONS

I. A new methodology to classify the ranking of ADSS cable using the
power needed to deteriorate the outer dielectric cable surfasepwo-
posed.

ii.  The effect of spiral vibration damper on dry band arcing of 8@&ble

was studied.
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1. FUTURE WORK

Insulators with semi-conducting layer are gaining interest innthestry.
Spiral vibration damper manufacturers have made dampers with sowh s
conducting layers on them to avoid dry band arcing between the dantpea-a
bles. A study on such a damper could provide interesting results. Notaurity
the results be useful for the performance of ADSS cables, mutalsnsulators
which uses such a technology.
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APPENDIX A

CALCULATION FOR POWER AVAILABLE IN THE SYSTEM
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INTRODUCTION

This appendix provides the MathCA@ode needed to calculate the

power available in the system to create dry band arcingodehtalculation for

both the models is presented.

MATHCAD® CALCULATIONS

Calculation for Model |

Constants:

_12 F
£, = 8.8541878171010 ~—

m
Nggc = 25
a=e I-120de: mS:= 10 >.€ © = 2-1-60 Hz
Vi=2200 o e 500t ine=11481  dgapj=0.6%n
Riayer'= 107% Sagjne:= 0.0 Saggpje:= 0-00

Cable and line co-ordinates:

Xy = Oft Yoi= 21.6%

X = -5.3r Y = 17.2% X, = —4.95%r Yoi= 23.8% X3 = —4.95%r Y= 30.4%
Xy = 5.3r Yp= 17.2% X = 4.9%r V5= 23.8% X5 = 4.9%r Y= 30.4%

Vi | -
Vipi=11—= N=0-Rseet ! o6 pmooe et

’ 3 AA AAAS
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Sag of cable and conductors [22]:

Sagb = Span Sagypc Saqn = Span Sag
yl’l
acosn —
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Figure. 60 Sag of transmission line and ADSS cable
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Section Capacitances:
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~ 13
C =7.025« 10 " F
q\‘sec““l
Span
Ca}, =——|C(NY ~ 13
0,4 -
u %%+1| J Q% 7.025¢ 10 °F
~13
Ca =7.025« 10 " F
]Nsec+1
Span
C%u’p%mﬁ4ﬂcinQ4 Ch=9.19% 10 °F

Ch

NSGC
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~9.191x 10 F
+1

[p(0, 6,Nu)|
[p(1, 6,Nu)|
[p(2, 6,Nu)|
[p(3, 6,Nu)|
[p(4, 6,Nu)|
[p(5, 6,Nu)|
[p(6, 6,Nu)|




Span

Cb:lNu = N

sec™ ' |CS( Nu)07 5|

Coy, ::NSﬂ |Cs(Nug |

Sec

Span

CC]NU

- |CS( Nu), 6|

Span Z Cs(Nu)Ok
k_

CgNu = N

se

Cbl,=9.19% 10 13

~9.191x 10 ©°F

CbleeC 1

Co,=3.748« 10 13

=13
CCNsec+1 =3.748< 10 " F

Cel,=3.748« 10 =

=13
CCNsec+1 =3.748«< 10 " F

Cg, = 8.385 10 13p

Cgy ,,=8.385 10 B

CthNu = CaNu + CbNu + CCNU + Ca:l,\lu + Cb]Nu + CC]Nu + CgNu

Cth, = 4.831x 10 12p

Span

Ry, = W'Rlaye\

Cth | = 483K 10 12

2 2
(Ce}\lu + a CbNu + an\lu + Ca]NUI +a Cb]Nu + aCcJNu)

VSNu = Vln‘

CthNu
n:=1.Ngge
1 1 1
XNu =— Y)ﬁ\lu =— Yra:=—
J-othhNu XNu Rco
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Voltage and current distribution

Yxn tempg, = Yra
temp = ——— n )
" Yx +2Vra Y+ 2 Y
Varib_:= [tempo, if n=1
n n
tempa
n .
- otherwise
1- Varib. .-tempa
n-1 n
Varia := | Vs -temp_ if n=1
n n n
Vsn~tempn + Varlan g 1~tempon .
- otherwise
1- Varih. .-tempq
n-1 n
N:= Ngge-- 1
Vrn = Varia}1 if n= Nggc
(Varia + Vr -Varib) otherwise
n n+1 n
Vr, :=C Vr =C
0 Ngeetl
4><104 T T
3x10' .
|Vrng|  2xa0t i
1x10" i
| |
0 100 200 300

Nu
Figure. 61Voltage distribution on the surface of ADSS cable

N2 :=0.. Nsec |SurNZ = (VrN2+1 - VrN2)~YrE
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Yra Y)N
sec

Ythev:= Y§\| - —
sec Yra+ Y)N
sec

for ke Nsec‘ 1.1
ka «— Y>ﬁ( + Ysk
Yraka
Ys U EE——
k-1 vra+ Yp,

YsO

Zthev :=

Ythev

Open circuit voltage and short circuit current

Voc := Isc: Zthev

Isc := ( isuro>

| Re( Powe)| = 10.944W

Calculation for model II:
-9
10
Vi = 22KV to = e n

3|

Span:= 500f 152.4m  djjpe:=11.48

Sagine := 2% Sagypss = 0.2¢

Cable and line co-ordinates

Om 30.48m
-11.88 37.18m
X:= y =
Om 37.18m
11.88n 37.18m
N,=0.. Nggc+ 1 n:=0.2

Sag of cable and conductors [22]

Sag :=Span i n= 0Sagpss, Sagne)

Span

Ya =A -cosh b 2-N
nN" " N2 Ngget1

Power:= Voe Isc

— J-120de(
a=e

dADSS = 0.65n

A
AAR

)
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Ngeci= 25

w:=2-1- 60
5
RADSS5=10 .

Vi
V= 1.1 —= = 139.719kv
\[3



0 100 200 300
N
Figure. 62 Sag of transmission line and ADSS cable

d dj;
r::ifn=0,ADSS,—ﬂE
n 2 2

1 Jn[Z.Y%LNJ 1 J(‘f_ﬁ)2+(Y%LN<FY%,N)2

-In

e oy

p(0,ON) p(0,LN) p(0,2N) p(0,3N)
P(L,ON) p(L LN) p(L,2N) p(1,3N)
P(2,0N) p(2, LN) p(2,2N) p(2,3N)
P(3,0N) p(3,LN) p(3,2N) p(3,3N)

p(n,LN) :=ifin =1,

2-m-

N

PN =

Section Capacitances
1

Cs(N) :=P{(N)
Span
Ca, = [e Ca, = 0.639 pF -0.
N Nor 1 |CN 4 % p Cqy, 1 = 0.639 pF
Span
Ch, =———.|C Ch,=1.231 pF _ ,
N Ngeo+ 1 | S(N)0,2| 0 P Chy,, 1= 1-23% pF
Span =
Cq, = ~|Cs(N)O 3| C, = 0.639 pF CoN 1 = 0639 PF
Nsec+ 1 ’
3
Span
_ . _ C =1.83 pF
Coy = .1 D cANg Cg, = 1.83 pF N p
sec
k=0
Ra:= Span 'RADSE Ra= 6.07% 169
Nsec+ 1
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N .
Jro- G
1 1 1
XaN = XbN = X N T
j mCaN j~co-CbN j coCcN
1 a2 a
+ +
Ve v XaN XbN XCN
N 1 1 1
+ + +
XaN XbN XcN XgN
1
1 —
Yra:=— Y)N X
Ra N
Voltage and current distribution
n:=1.(Nseg
YXn Yra
temp, i=——— tempg = ——
n YX +2:Yra n YX +2-Yra
Varib_:= [tempo. if n=1
n n
tempa
n .
- otherwise
1- Varib , - tempa
n-1 n
Varig := [Vs_-temp. if n=1
n n n
Vsn : tempn + Varian_l- tempon .
- otherwise
1- Varib. - tempa
n-1 n
N := Nggg- 1

Vrn = Varian if N= Ngec

(Varia + Vr ~Varib) otherwise
n n+1 n

Vr, C

VI = C Neect1 ™
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3 T T
20~ .
|VrN|
kv
10~ .
1 1
0 100 200 300
N
Figure. 63 Voltage distribution

N2 := 0. Ny,
gy = (Vi 1~ Ving) - Y12 suy, = (La.950 1573~ 7.55% 16 9 A
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Open circuit voltage and short circuit current

Isc = (isuro)
Yra- Y)N

Ythev = Y%\l - —==
sec  Yra+ Y)i\l

sec

for ke Ngge—1..1
ka <« Y>ﬁ( + Ysk
Yra- ka
Ysk 1o oo
- Yra+ ka

YsO

Zthev =

Ythev

Voc := Isc- Zthev

Power:= Voc Isc

|Re( Powe)| = 105.837 W

5 T T
4.— —
isuer‘ 3r N
mA o -
1.— p—
0 ] ]
0 100 200

N2

300

Figure. 64 Current distribution
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