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ABSTRACT

This research work illustrates the use of softwzaekages based on the concept of nu-
merical analysis technique to evaluate the elefigld and voltage distribution along composite
insulators for system voltages ranging from 138up/to 1200 kV ac. A part of the calculations
was made using the 3D software package, COULOMB I&8ed on the concept of Boundary
Element Method (BEM). The electric field was ca&ted under dry and wet conditions. Compos-
ite insulators experience more electrical stresenvbompared to porcelain and are also more
prone to damage caused by corona activity. The woeksented here investigates the effect of
corona rings of specific dimensions and bundleddootors on the electric field along composite
insulators. Inappropriate placement or dimensidnsooona rings could enhance the electric field
instead of mitigating it. Corona ring optimizatiéor a 1000 kV composite insulator was per-
formed by changing parameters of the ring, sucthasliameter of the ring, thickness of the ring
tube and the projection of the ring from the higltage energized end fitting. Grading rings were
designed for Ultra High Voltage (UHV) systems thae two units of composite insulators in par-
allel. The insulation distance, which bears 50%heftotal applied voltage, is raised by 61% with
the grading ring installed, when compared to tistaslice without the grading ring. In other words,
the electric field and voltage distribution wasiduto be more linear with the application of grad-
ing rings.

The second part of this project was carried outqushe EPRI designed software EPIC.
This is based on the concept of Charge Simulatiethad (CSM). Comparisons were made be-
tween electric field magnitude along composite liaguws used for suspension and dead end con-
figuration for system voltages ranging from 138 t0/500 kV. It was found that the dead end
composite insulators experience significantly higblectrical stress when compared to their sus-
pension counterpart. It was also concluded thatdifference gets more prominent as the system
voltage increases. A comparison made between igldietid distribution along composite insula-
tors used in single and double dead end structuwrggested that the electric stress experienced by
the single dead end composite insulators is retiigher when compared to double dead end

composite insulators.
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1. INTRODUCTION
1.1 Introduction to Outdoor Insulation

The generation and consumption of electric powersatdom in close vicinity. The bulk
of electric power is transmitted through overhdadd from the generating sites to the distribution
level. Most of these lines span over several thodsaf kilometers. In order to minimize losses,
power is transmitted at higher voltages in the oafeseveral hundred kilovolts. The high voltage
line conductor has to be physically attached totthreer support structure which is at ground po-
tential. For the purpose of electrically isolatihgse line conductors from the support structure as
well as providing mechanical support to them, iaguls are used [1].

Most of the insulators are often under high eleatras well as mechanical stress. The
ever increasing demand for electrical energy woidévhas lead to the use of even higher system
voltages for power transmission. For instance, &thias completed the construction of a 1000 kV
ac system, India currently installed systems at B@Gc. Both India and China are planning to
expand their systems to 1200 kV in the near futGauntries like The United States of America,
Japan and Russia already have systems operating 80V for many years [2]. Higher voltage
rating puts the insulators under a huge amountegftiical stress. In addition to that, the high
voltage insulators used in outdoor applicationsdsgraded by various environmental factors in-
cluding precipitation, winds, temperature variati@nd pollution. Under wet and polluted condi-
tions, the electric field along their length gettehnsified which might lead to flashover. Flashover
of insulators in service could give way to intetiaps in power supply which affects the reliabil-
ity of these bulk systems. Also, interruptions cbudcur heavy monetary losses to many custom-
ers and industries. Therefore, insulation perforreaiorms a small but extremely significant part
of the whole picture. Research on its functionadityl design is of utmost significance.

One of the major factors governing the electricatfgrmance of composite insulators is
the electric field distribution along their length.order to understand and improve their perform-
ance, electric field analysis of high voltage cosiminsulators is necessary. Electric field distri
bution is affected by a variety of factors like theometry of the insulator, tower configuration,

the geometry of the attachment hardware, valuenefgized line voltage, presence of nearby



phases etc [3]. High electric field might leacttyona discharges on the surface of the composite
insulator or the seals of the end fittings. Theoald be internal discharges along the fiberglass
rod. In case of contamination, the property of loypdirobicity might be lost resulting in high sur-
face leakage currents. In the work presented ledgetric field calculations on composite insula-
tors are shown for voltage ranging from 138 kV &0Q kV ac. The effect of corona rings and
bundled conductors on the electric field along cosie insulators is analyzed. Composite insula-
tors are known to be more prone to corona relatedagie when compared to porcelain [4]. Elec-
tric field analysis is carried out to determine treed for application of corona rings for different
voltage levels.

The Electric Field and Voltage Distribution (EFVBJpng composite insulators is more
non-linear than porcelain insulators [5]. Coronagrinstallation not only mitigates the highest
electric field but also shifts it away from the gtion of the high voltage energized end fitting and
the polymer material. Unfortunately, there are pec#fic standards for the design and placement
of corona rings. Keeping that in mind, ring optiatinn for a 1000 kV composite insulator is per-
formed. Also, the effect of grading rings on namelir EFVD along composite insulators used in
UHV systems is analyzed.

To study the effect of the tower configuration,ctlie field analysis on composite insula-
tors is carried out in dead end and suspensiorr@mmients for voltage rating ranging from 138
kV to 500 kV ac. Dead end structures can consist single or double circuit. The effect of the
number of circuits on the electric field distrilatialong composite insulators is also investigated.

The electric field analysis can be done with thip fed laboratory tests, analytical tech-
nigues or numerical techniques. Laboratory testseatremely time consuming and can be very
expensive. These might require several roundssbintgin order to obtain accurate results. Ana-
lytical techniques can be carried out for simpledeis but when the model complexity increases
these prove to be very rigorous and time consunwWith the computing power available today, it
is relatively simple to carry out extensive modgliof the most complex geometries. Several

commercially available software packages basedhencbncepts of Finite Element Analysis
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(FEM), Charge Simulation Methods (CSM) and Boundalgment Methods (BEM) are available.
For the purpose of this research, COULOMB 8.0 Hdfieesign and analysis software based on the
concept of BEM is used. This has been providednbggrated Engineering Software (IES). Also,
EPRI developed software EPIC based on the cond¢&p®hl is used.
1.2 Research Obijectives

The work done here focuses on the determinatidheperformance of composite insu-
lators with the help of software tools. This camtities towards the design process of Extra High
Voltage and Ultra High Voltage insulators wherefpening laboratory tests could prove to be
extremely expensive and time consuming. The m&search objectives are stated below:

1. Performing calculations to determine the electigddf distribution along different com-
posite insulators rated from 138 kV up to 1200 k¥/ ander wet and dry conditions.
These calculations help in ascertaining the pdggiloif flashover in designing appropri-
ate flashover or corona mitigation techniques.

2. Analysis of the effect of corona rings and bundiedductors on the electric field distri-
bution along composite insulators of differentmgt. These help in choosing appropriate
ring dimensions and also the optimum number of ootats that should be used per
bundle in order to keep the electric field undezegtable limits.

3. Another objective is to optimize the corona ringgmaeters namely, the ring diameter,
ring tube thickness and the projection of the fimgn the high voltage energized end fit-
ting for use in UHV systems. Corona ring with optied parameters is designed and
modeled on a 1000 kV UHV system.

4. Analyzing the effect of grading rings on electrield and voltage distribution along
composite insulators used for UHV (1000 kV and 1R90) systems. Demonstrating the
improvement in the EFVD with the help of these é&aggading rings around two parallel

units of composite insulators (double insulatoingj.



5. Determining the difference in the electric fielalaulations for suspension and dead end
composite insulators for system voltages rangiognfd 38 kV to 500 kV ac. This differ-
ence was also studied as a function of the systdtage.

6. Analysis of electric field distribution along congite insulators used in single and dou-
ble dead end configurations for a 230 kV ac ratestiesn voltage.

1.3 Organization of this Thesis

The work presented here is divided into seven @raptn chapter 1 and 2, the overview
of this research work and a literature summaryetsted topics: basics of insulators, types of insu-
lators and failure modes are discussed. Chaptes&ithes various methods of electric field calcu-
lations with special emphasis on the ones thatisee for the work presented here. Chapter 4 de-
scribes in detail the composite insulators modealedg with the techniques employed for model-
ing. Results of electric field calculations madelendry and wet conditions as well as the effect
of corona rings and bundled conductors on the ritefield distribution along composite insula-
tors is discussed. Chapter 5 presents electrid &iehlysis performed on EHV and UHV compos-
ite insulators including optimization of coronagiand the effect of grading ring on the linearity
of EFVD along composite insulators. In chapter @rkvcarried out using the software EPIC
which includes modeling composite insulators inpsumsion and dead end environments for sys-
tem voltages ranging from 138 kV to 500 kV ac aisewuksed. The modeling techniques used in
software EPIC are briefly discussed. Also, modeltagried out on single dead end and double

dead end composite insulators for a 230 kV systepndésented.



2. LITERATURE REVIEW
2.1 Introduction

Outdoor insulators form an integral part of powansmission systems. These perform
the dual function of mechanical support to the knaductors as well as electrically isolating them
from the tower structure [1]. This section is ainagroviding an insight into the available litera-
ture on different types of insulators already ie asd also account for different reasons for failur
of insulators. The first part of the chapter is idated to an overview of the different insulating
materials used for manufacturing insulators anddifferent configurations available. Following
this is a description of the different modes ofuigs on insulators. These are discussed in detail.

2.2 Types of Insulators

By definition, an insulator is an insulating ma#érdesigned to support a conductor
physically as well as electrically separate it frother conductors or objects [20]. The basic parts
of an insulator are:
e Dielectric
e Metal end fittings
e Internal parts

There is a variety in the type of construction roehused as well as the kind of materi-
als employed for construction. The use of diffedentls of insulators is based on the application
and the environment conditions. There are diffedémtensions and designs based on the voltage
rating for which they are used. Broadly, insulatcas be divided into different classes based on
the kind of dielectric material used for their ctvostion which are as follows:

2.2.1 Porcelain Insulators

Porcelain insulators fall in the category of cemainisulators. These have been used in
the power industry for more than a century andstiiethe most widely used. Porcelain insulators
are relatively heavy and brittle. These consish atring of porcelain sheds with each shed made
up of a metal cap, a metal pin and porcelain siied.number of sheds used varies with the sys-

tem voltage and these are well documented in tHel E&nsmission line reference book. Porce-
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lain material is hydrophilic in nature, i.e. waterms a thin film on the surface of the insulator.
The different insulator configurations are:

e Cap and pin insulator

e Station post insulators

e Transformer and circuit breaker bushings

o — MALLEABLE/DUCTILE
i ! IRON GAP
POATLAND
CEMENT —~___
BITUMINOUS \
COATING — |
SAND -
BAND — PORGELAIN

| |
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MALLEABLEFORGED _/
IRON PIN

Figure 1.Cap and pin insulator (directly taken from [1])

Porcelain insulators are generally glazed for mglthee surface of the insulator smooth.
This helps in reducing localized corona discharatesharp edges. The glaze is chemically inert
and therefore resists surface corrosion.

2.2.2 Glass Insulators

Insulators made from glass were in use for teldgdapes even before they were em-
ployed for power transmission lines [1]. The diffiet kinds of insulator configurations made form
glass are:
e Glass suspension insulator
e Glass pin type insulator
e Glass multicone post insulator

The main difficulty in using glass is that flawstime surface often lead to fracture under
stress. Processes like thermal tempering or tougbesre carried out to improve the strength

characteristics of glass material [1]. These arengbrone to vandalism.



2.2.3 Non-ceramic Insulators

The demand of electrical energy has been everasuorg with time. In order to cater to
the needs of customers, it was required to upgoadestall new transmission lines at even higher
voltages. The dimensions of the insulators usedHese lines increased and consequently the
weight also increased. The quest for designinglasts with reduced weight and improved me-
chanical and electrical characteristics lead todieelopment of non ceramic insulators. The last
few years have witnessed the replacement of panceldh polymer materials such as silicone
rubber. This is attributed to multiple advantadest they have over porcelain. Polymer materials
have excellent pollution performance and hencesaitable for high polluted areas.

Non ceramic insulators are usually made up ofailcrubber, Poly-Tetra -Fluoro-Ethane

(PTFE) or Ethyl Propylene Diene Monomer (EPDM) rebiiNon ceramic insulators consist of the

following main parts:

e Fiberglass rod: Provides the main mechanical fram# at the same time is also the main
insulating material in the geometry. This rod cetssdf axially aligned, 70-75 % by weight of
‘E’ type glass fibers [1].

e Silicone rubber housing: The fiberglass rod islesed in silicone rubber housing with
weather sheds. The polymer material is shaped pacded over the rod in various ways to
protect it from the environmental conditions.

o Metallic end fitting hardware: The end fitting harare is generally made form cast or forged
aluminum, iron or steel [1]. Various techniquesé&een developed to attach this end fitting

to the core for optimum electrical performance.

Ok - T
Hardware Weaathar Sheds
Fibarglass
Core

Figure 2. Non-ceramic suspension insulator (directly takemnfi1])
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Composite insulators/bushings, especially made fsdimone rubber samples with hy-
drophobic surfaces, have discrete water dropleterahan thin film of water on their surfaces
under moist conditions (rain, fog etc). Therefdres insulator provides a high resistance path to
the flow of leakage current. This helps in redudimg probability of flashover [21].

2.3 Causes of Failure

This section presents an overview of the diffe@nises that lead to the failure of com-
posite insulators in particular:

2.3.1 Handling

Mishandling of composite insulators during transgion can lead to their failure. Con-
tact with sharp objects or abrasive surfaces carecdamage to the housing material. During in-
stallation, the composite insulator might be sutgi¢édo tension due to torsion or cantilever load
which could lead to cracking of the core [1]. Anndk of physical damage to the outer housing
material makes the fiberglass rod vulnerable byosip it to the environmental conditions like
moisture, pollution etc. This could lead to trackalong the core and brittle fracture.

Equipments that are extremely damaged are notlledthut there might be cases of
cracks and fractures that are invisible to the dades. Installation of such specimen might lead
to failure during operation. Hence, utmost careutthdbe taken in packing these samples during
transportation as well as installation.

2.3.2 Vandalism

Composite insulators are less prone to damageetetatvandalism unlike porcelain and
glass. These are capable of withstanding severshgtilamage without any immediate electrical
or mechanical failure. However, if the gunshot esgmthe fiberglass rod to the environment, fail-
ure might occur due to tracking along the rod attlbrfracture. Regular inspections should be
carried out in regions that are prone to vandalisorder to prevent any misoperation due to insu-

lators affected by gun shots.



2.3.3 Manufacturing Defects

Many failures do arise from inadequate quality deads during manufacturing stage of
composite insulators. Generally, end fittings atached to the core by the process of swaging [1].
Care should be taken to carry out this process thatino damage is caused to the core. The toler-
ances between the outside core diameter and thie ihardware diameter should be optimum in
order to reduce the risk of crack in the hardware @ swaging. Bonding of the polymer housing
to the core post injection molding may be insuéfiti due to incorrect core preheat temperature,
moisture in the form of humidity, incorrect moldniperature etc [1]. Care should be taken to
maintain these variables within acceptable limits.

2.3.4 Flashover

As per the standard definition, flashover is defias a disruptive discharge though air or
over the surface of solid insulation, between paftdifferent pollution or polarity produced by
the application of voltage wherein the breakdowth fieecomes sufficiently ionized to maintain an
electric arc [20]. A few factors that could caukesfiover are switching surge, lightning impulse
and contamination:

e Flashover caused due to Switching surges and ligbtmpulses:

When impulse surges are applied to air gaps, thakidlown process consists of three ma-
jor stages: corona development, formation of leattemnels and finally the main stroke. The
formation of corona happens almost instantanednglyfraction of a microsecond. This might be
followed by a second burst of corona dependinghennbagnitude and rate of rise of the applied
voltage. If the voltage is high enough to develdeader channel which crosses the gap, break-
down will occur. The formation of the leader chdneehe main criterion for flashover of the gap
[25].

e Flashover caused due contamination:

Polymer material is hydrophobic in nature and hemsists the formation of a film of

water on its surface. Instead water beads up irfdima of small droplets and does not wet the

entire surface. This reduces the leakage currethtpaobability of forming dry bands which im-
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plies better performance. However, the hydrophopizi these materials might be destroyed tem-
porarily due to heavy pollution in addition to weinditions thus increasing the leakage current.

However the surface recovers hydrophobicity post2®ours of dry and arc free period [22].

Figure 3. Composite insulator showing water droplets

The mechanism of flashover phenomenon for compasstalators is different from the
ones suggested for porcelain and glass insulasersuggested by Karady et all. The mechanism is
briefly discussed here. Surface contaminant pagtitke salt spray, emissions from industries and
automobile exhaust fumes are generally driven tds/éine surface of the insulator though wind.
Fog, mist or light rain wets these deposits thenalaking the contamination layer conductive re-
sulting in a leakage current. The composite insulé& now covered by a high resistive layer,
which is scattered with conducting droplets. Theewdroplets are often elongated in the presence
of high electric field [23]. The neighboring drofdemay coalesce and form small flaments which
are conductive in nature. These conductive spassarrounded by regions of high resistance.
There might be localized spot discharges arounsetlitaments due to electric field intensifica-
tion which affect the hydrophobicity of the matéri@radual increase in filament length and for-
mation of wet areas increase the conductive patih@surface on the insulator and might short it.
The conductive path enhances the chances of fasmafian arc which might travel on conduc-

tive surface of the insulator causing flashovei [24
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2.3.5 Corona Degradation

Another phenomenon that affects the electricalrardhanical performance of composite
insulators is corona. Corona is caused due to élgttric fields on the surface of the insulating
material. High electric fields have the tendencydtoelerate the free electrons around the insula-
tor. The collision of atoms of air and the fast imgvelectrons cause a phenomenon known as
electron avalanche. The number of free fast moeiagtrons increases exponentially which leads
to the air around the insulator to get ionized.sT¢auses corona discharge. Under dry conditions,
if the electric field exceeds the threshold of BV@mm, chances of corona discharge are very high
[4]. However, in wet conditions corona is seenacatdr electric field magnitudes. The threshold
electric field magnitude for the corona discharge anly depends on the condition of the surface
(dry or wet) but also on the type of applied vo#tdgc or dc). Manufacturing defects or rough and
sharp edges are regions of high electric stress. [dbalized high electric stress could also cause
corona discharge.

The mechanical impact of ions is capable of causieghanical damage to the insulator.
The generation of hydrated nitrogen oxides, throsggtondary reactions, form acidic water on the
insulator surface on dissolving with water. Thesgrece of acidic water might lead to corrosion of
the insulator surface. The presence of corona isdination of high electric field making the in-
sulator vulnerable to damage caused by flashomewadrst case, continuous corona could lead to
line loss.

The electric field at the triple junction formed tHye dielectric material, the end fitting
and air is usually very high. This is further entech by the presence of water droplets along the
length of the composite insulator. A water droglletys a number of roles in the electrical break-
down of air and insulating material junction [2B]rstly, it enhances stress due to its high permit-
tivity. Secondly, it undergoes deformation in thegence of an electric field. The elongation of
water droplet by electrostatic forces results imiediate increase in electric field at the drop tip,
causing corona. Thirdly, it is a good conductothia presence of contamination and hence shorts

out some of the insulating surface of equipmenhe €orona inception voltage depends on the
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volume of the water droplets, the conductivity bé twater, the contact angle that the droplet
makes with the surface of the insulator, which [@aperty of the hydrophobicity of the material
[27].

2.3.6 Voltage Stress

The potential distribution along composite insulats highly non-uniform as a result of
absence of any distributed or stray capacitandéeuporcelain insulators [1]. The voltage stress
is a function of line voltage and does not depemdhe length of the insulator. Corona discharge
is a consequence of voltage stress which can hatihgelectrical and mechanical performance of
the composite insulator. Therefore the knowledgéhefvoltage and electrical stress along com-
posite insulators or any high voltage equipmenttf@at matter is very essential in order to im-
prove the performance of the equipment.

This research is dedicated to analyzing electetdfiand potential distribution along
composite insulators used in transmission systamderudifferent conditions. Also, ways to miti-
gate the high electric fields are presented. Thdblpm of non linearity of the electric field and
voltage distribution, especially along compositsuiiators used for UHV transmission system, is
studied and a solution to improve the EFVD along lémgth of the composite insulator is sug-

gested.
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3. ELECTRIC FIELD ANALYSIS TECHNIQUES
3.1 Introduction

Knowledge of electric field and potential distritut along high voltage insulators is of
great importance in the design, operation and pmdace of the equipment. There are various
methods of electric field calculations. Severahtéques can be used for the analysis of electric
fields. They can be categorized into experimendd fanalysis methods, analytical methods and
numerical analysis methods. These methods havedh& advantages and disadvantages; there-
fore it is advisable to choose a suitable methopeaighe requirements of the analysis. For a long
time, laboratory experiments were performed towate the electric field along insulators due to
the lack of efficient computational techniques. Atiaal methods are suitable for simple geome-
tries. With the computing power available todaymeuical methods can provide accurate electric
field calculations along high voltage equipmentniuical methods are highly recommended for
initial design stages of composite insulators useHV and UHV systems in order to avoid the
high cost of running laboratory tests. Therefonegésign and analysis of high voltage equipment,
selection of an efficient technique for electrieldi analysis is very essential. This section aitns a
providing an overview of the different electriclieanalysis techniques that exist. For the purpose
of this research, boundary element method has tssh

3.2 Experimental Field Analysis Technique

Experimental field analysis techniques are methondshich the real physical system is
replaced by an analogue one, where the quantiteesnach easier to measure [28]. Laboratory
tests are performed to measure the electrical etdss the insulators. These are done under dif-
ferent simulated environments. Laboratory teste te&re of the factors that cannot be modeled
easily. With the computing power available todagctic field analysis along insulators can be
calculated very easily. However, laboratory testssdill carried out in order to validate the résul
obtained from computer simulations. The differerdgtimods used to calculate the electric field

experimentally are briefly described below:



3.2.1 Impedance Networks

Impedance networks can be defined as dividing th&iguous resistive medium into
small blocks and replacing them by lumped resigai@dequate magnitude [28]. The concept of
impedance networks leads to a finite differenceraxmation to the differential operators and
therefore inherits errors because of the impedastiof the finite difference methods. The resis-
tance network analogue used in this system caroappate Laplace’s equations and Poissonian
fields. The application of this method for solvielgctrostatic fields in high voltage equipments is
not very useful.

3.2.2 Electrolytic Tank

Electrolytic tank analysis technique consists sfraple tank constructed from insulating
material filled with a conducting fluid. The elemties for which the potential distribution is to be
determined are immersed in the fluid. The elegbatential is determined using probes. Three
dimensional problems are difficult to simulate @gsthis method.

3.3 Analytical Field Analysis Techniques

Analytical techniques are recommended for relagiwéinpler geometries where the con-
ducting surfaces are cylinders, spheres etc [29¢s& make use of developed formulae to calcu-
late the electric field along a simple geometryr Eomplex geometries, which is generally the
case with high voltage equipment, the analyticgiregsions get extremely complicated and the
analysis becomes cumbersome. Numerical methodsldfanalysis, using computer software, are
replacing all other methods of electric field asady

3.4 Numerical Field Analysis Techniques

Numerical methods are used to determine the atefitid distribution for complex ge-
ometries, where it is cumbersome and expensivesgéoamalytical techniques or run laboratory
tests. All electromagnetic field problems can bpregsed in terms of partial differential equations

with the help of Maxwell’s equations [29]. Alongtlvthese set of equations, certain boundary
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conditions are described in order to completelycdbe the electric field for the system under
consideration. The Maxwell’s equations are as fedlo

In free space, Maxwell's equations and the cortstglequations are [29]:

V.B=0 1)

D = uE

In the presence of conducting materials, the pplecdf charge conservation is expressed

by the relation [29]:
v.J+ g—’t) =0 (2)

The variables used are described below:
e H = Vector of magnetic field strength
e E =Vector of electric field strength
e B =Vector of magnetic flux density
e D = Vector of electric flux density
e J = Conduction current density
e p = Electric charge density

e [] =Permittivity of free space

o 1 = Permeability of free space.
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At the interface of different materials the intdgram of Maxwell’'s equations is reduced
to [29]:
n(B1—B2)= 0
n(D1-D2)= o
nx(E1—-E2)=0 3)
n x (H1—H2) = K

do
nx({Jl1-J2)= T

Where:

e n = Unit normal vector to the interface of surfaces 1 and 2
e Bl1, D1, E1, H1, J1 = Field vectors on surface 1

e B2, D2, E2, H2, J2 = Field vectors on surface 2

e K = Density of surface currents

o ¢ = Density of surface charges

By using Green’s function, these partial differah&quations can be transformed into
differential or integral equations. The purposenafmerical methods is to transfer an operator
equation, differential or integral, into a matriguation. These are solved iteratively till the solu
tion converges with a certain predefined tolerdiro&. There are two different categories of nu-
merical methods: The domain methods and the boyndathods [29]. Domain methods make
use of differential equations whereas boundary ousimake use of integral equations in their
solver. The different domain methods are Finitentelat Method (FEM) and Finite Difference
Method (FDM); while the boundary methods includeatje Simulation Method (CSM) and
Boundary Element Method (BEM).The work presentedehmakes use of computer software
based on Boundary Element Method (BEM). This methotploys integral equations and the

principle of weighted residuals for calculationli¥me integral is transformed into surface inte-
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gral, thereby reducing the dimension of the problgman order of one. The various numerical
techniques mentioned above are discussed briefheiisections that follow.
3.4.1 Finite Difference Method

This method is an approximation for solving partiifferential equations. This can be
applied to linear, non —linear, time independemt dependent equations. In this method, the solu-
tion domain is divided into many nodes in a reggléd. The partial derivatives of unknown func-
tions are approximated by the difference quotieMisthods like Taylor’s series are used to trans-
form the differential operator into difference ogter. According to Laplace’s equations, potential
at any node in a mesh is given by:

62V+ 16V+ an_O (4)
ar2  ror  9z%2

The finite difference form of this equation is givey:

Viz= KiVis1z+ KoVioa, + K3Vi g0 + KoV g (5)

Where the co — efficients kk,, ks, ks depend on the model geometry and mesh configu-
rations. The application of this method is reldiveasy. However, the elements need to be recti-
linear which implies that convoluted geometriesravediscretized accurately enough.

3.4.2 Finite Element Method

Finite element analysis is an example of domainhogt The method is based on the
concept of obtaining differential equations aftpplging Green’s theorem to Maxwell’'s equations
[29]. The idea is to divide the solution domainoir number of small interconnected elements.
The following steps describe the FEM:

e Discretization of the solution domain into smaltegions. Considering triangular elements,
the unknown functiomp is approximated by the nodal valuesy; pm and the shape function

Nek:

He = z Ny i (6)

17



e With the help of the principle of weighted residiyjaghe element matrix equation is derived.

The matrix equation for triangular elements is espnted as:

K Ky Kyl =

K Kij Kik

(7)

Ki Ky K Wi
[u
u

J
k

Where k is the co-efficient qf obtained by weighted least squares methods.

e The system matrix equation is obtained by assemlfia element matrix equations.
Ky =B (8)

Whereyp is the column matrix with order N, where N is thember of nodes, containing
all the nodal values of the domain. Matrix K isasfler N x N and is sparse, symmetric and posi-
tive definite in nature. The column B contains Hwairce terms included in Poisson’s equations
and the known boundary conditions.

FEM is very flexible and can be applied to the nmshplicated geometries. It is capable
of giving highly accurate results and the accuratyesults depends on the number of elements
considered in the geometry. The main disadvantédgi@omethod is that the entire domain space
is divided into elements. In case of unboundedoregithe number of elements considered be-
comes extremely large which in turn increases caatjmn burden. There could also be large lo-
calized errors with no means to check the accunétiye results.

3.4.3 Charge Simulation Method

Charge simulation method has been used for martyVogage problems. It falls under
the category of boundary methods. This method wbykeeplacing the distributed charge of con-
ductors as well as the polarization charges ordiékectric interfaces by a large number of ficti-
tious discrete charges [29]. The magnitudes ofettedmrges are calculated such that their inte-
grated effect satisfies the boundary conditionsctixaat a selected number of points on the
boundary. An advantage is that it can be appligtiree dimensional field problems without axial
symmetry.
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The first step in solving a problem by charge satioh method is to find out the equiva-
lent simulated charges by the charge simulatiorattgqq. These charges are always located out-
side the domain of field distribution calculatiokfter determination of these lumped charges, the
solution of potential and electric field strengtrsywhere in the domain are computed by the ana-
Iytical formulation and the superposition principldowever, care should be taken to avoid singu-
larity when the point at which the potential isr@ptalculated is the same as the point at which the
calculated charge is present.

For instance, let be a lump of a number individual charges n, @nide the associated

potential at any point P within the space. Accogdim the superposition theorem:

@ = Z Py Qx 9
=1

Where R, are the potential coefficients which can be found lwy solving Laplace’s or
Poisson’s equations. Let;Q Qs be three point charges in space. Let the poteattial point X
be measure and given by. Therefore:

Q1 Q> Qs

= 10
4meR, + 4meR, + 4meR, (10)

Pk

P = Pg1Q1 + P2 Qz + Py3 Q3 (11)
A relationship between potential and charge at qamiht is established. The matrix equation
solved to get the solution for the charge simutatisethod is [29]:
Py . . P [& @1
N I (12)
Pni - - Bunl 1Oy [

With the assumption that there are N conductorh tuiiown potential in a single dielec-
tric medium, the actual charges on the surfacehe$d conductors are replaced Qyfictitious
charges placed inside or outside the conductorordier to calculate the magnitude of these
charges, ppoints are selected on the surface of these comducthe condition that should be

satisfied is that the known conductor potentialudtidoe equal to the potential resulting from su-
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perposition of all the simulation charges, at ahthe contour points. The charges are determined
from [29]:
[Plnxn[@lnxn = [@]n (13)
Where, [P] is the potential co-efficient matrix

[Q] = Column vector of values of unknown charges

[¢] = Potential of boundary points

After equation (14) is solved for magnitude of siation charges, it is essential to verify
whether the set of calculated charges produce ldotusdary conditions on the electrode surface.
The charge simulation method does not require titieeedomain to be divided into elements. This
reduces the computation burden. The required ed@td or potential at any particular point can
be calculated easily using the principle of supsition once the simulated charges are calculated.
Extreme care should be taken to avoid a sourceeapasition where the potential is to be calcu-
lated in order to avoid any errors due to singtyari

3.4.4 Boundary Element Analysis

The work presented here makes use of the softwackage COULOMB based on the
concept of boundary element method. This is basdaboindary integral equations and the princi-
ple of weighted residuals. Calculations for theeptil function are made by calculating an
equivalent source which sustains the required ridefigld at a given point. It is mandatory for the
function to satisfy the boundary conditions. Thestminportant feature of boundary element
method is that it requires discretization of suefacather than volume. This decreases the order of
the problem and also gives more accurate results.

The expansion and testing functions as well aggemetry is are specified on an ele-
ment by element basis. Expansion function co-effits are defined at nodes on the element. The
software package COULOMB uses linear shape funstaefined over each element [9]. These

are expresses as follows:
Br=u—tu (14)
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Bo=1l—-T—pu+1u (15)
Bz=1—1U (16)
Bs =TU a7

The charge at each element is given by:

o= o (18)

COULOMB models the geometry by fitting Lagrangidrage function to the specified

surface given as:

pr=twr—2)+p1-1)(2p—-1) 19)

Bo=T1(1 -t -1+ A -1+ p2u-3)) (20)
Bs = (1 — w2t — 2) + t(1 + u(2u — 3)) (21)

By = (2t — 2) + tu(2u = 1) (22)

Bs =4u(1 —1)(1 —p) (23)

B =4t(1 -1 — ) (24)

B, = 4tu(1 — 1) (25)

Bs = 4tu(1 — 1) (26)

Global positions in cartesian system are specdiezt each element as:

Bi(T, wx; (27)

Il
_

Il
_

Bi(T, 1)x; (28)

Bi(t, 1)z (29)

Il
fu
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From the method of weighted residudis,,, K®,) = (w,,, b) has to be determined. The
operator K is dependent upon the boundary conditiginere the inner product needs to be calcu-
lated. In the case of Dirichlet sections of thermtary,

Ko=o(r) = [G6(7 )a()ds’ r €Bir (30)

Substitution of the shape functions for the eq@mabkources results in:
KBTo = [ 6 G Gds'o = o) (31)
In the case of Neumann sections of the boundangriproduct produces:
p) = [ GG BTG dro + 2m [ BGIFTG)dro (32)

The software package COULOMB applies the approgriaber product for each ele-
ment, depending on the boundary conditions. A mdifficulty in the integral equation approach
is the integration of green function singularityhid occurs when the observation points coincide
with the source points being calculated. COULOMBdias this singularity by further dividing
the singularity and using different transformatiamerder to remove them [9]. These may require
mathematical or coordinate transformations.

For the analysis of electric field in insulatorguBidary Element Analysis is an efficient
method. It gives high accuracy while decreasingdingensionality of the problem by one. Gener-
ally, insulators are rotational symmetric. COULOMt&akes use of this advantage by considering
only angular sections of the entire geometry fdcuations. This reduces the computation time
significantly. Also, there are means to check tbeusacy of results. Integration performed on the
electric field graph obtained gives the appliedeptiill across the equipment. The difference in the
value obtained and the applied voltage gives tiher dactor. For the purpose of this work, the
error factor was maintained below 5%.

However, a there are a few disadvantages of Boyriei@ment Method. Sometimes, in-
tegrals can produce a singular matrix. Care musgtaken to avoid such a situation or to handle it

appropriately. The method is not applicable to hinear problems directly.
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4. ELECTRIC FIELD ANALYSIS OF COMPOSITE INSULATORS
4.1 Introduction
In order to meet the ever increasing demand fectet power, many utilities
are either building new transmission systems oragigg the existing ones to higher capacity.
Insulators made from porcelain have been in useftong time. The last few years have wit-
nessed the replacement of porcelain with polymeerizs such as silicone rubber. This is attrib-
uted to multiple advantages that they have ovecgain. Polymer materials have excellent pollu-
tion performance and hence are suitable for higloljuted areas. Lead time is reduced owing to
the fact that composite insulator manufacturerehagreased significantly in the last few years.
They are also light weight, easy and economicalasport and install. Also, these are not brittle
in nature as against porcelain type. However, tlaeeemanufacturing constraints as the size of
these insulators increases with the voltage rafihis puts greater mechanical and electrical stress
on high voltage insulators. This section is dediddb analyzing how the electric field distribution
along composite insulators changes with increas®litage rating, under different conditions like
dry and wet. The effect of corona rings in mitiggthigh electric fields is also studied. The analy-
sis also includes the effect of bundled conduaborshe electric field distribution along composite
insulators.
4.2 Composite Insulators Dimensions
Composite insulators are considered for the pa@rdghis research. Insulators

of different dimensions are used for different agk ratings, keeping in mind the mechanical
stress that they need to handle. Dimensions f8r K\8 and 230 kV systems were taken from
EPRI's Task Force on modeling composite insulaéma Salt River Project respectively. Insulator
dimensions for voltage rating from 345 kV to 1000 kere taken from the catalog provided by
Xinjiang New Energy [5]. Catalog information foRQ0 kV composite insulator was not available

and this was obtained by extrapolation.
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Table 4-1.BIL and SML levels of insulators used at differgnttage rating

Voltage rating BIL SML
(kV) (kv) (kN)
138 # #
230 # #
345 1425 100-210
500 2250 100-400
765 2700 100-400
1000 3200 210-420
1200 * *

*Catalog information not available

Table 4.1 shows the Basic Lightning Impulse Insatatevel (BIL) and the Specified
Mechanical Load (SML) of insulators used for diéfet voltage ratings. BIL is defined as the crest
value of a standard lightning impulse for which thsulation exhibits a 90% probability of with-
stand under specified conditions applicable fof-sdtoring insulation [1]. Insulators are defined
in terms of Mechanical and Electrical (M&E) streimgalso known as SML, which is determined
by subjecting the insulator to a tensile streng#t thile it is energized at 75% of rated dry low
frequency flashover voltage specified for the pattir model [8]. The range of tensile load for an
individual specimen is specified in the manufaatgreatalog. The weight of the sample varies
according to the tensile load that it can bear.

Table 4-2Dimensions for composite insulators at differertage ratings (taken from [5], [6],

(7D

Voltage rating Dry arc distance | Leakage distance]

(kV) (mm) (mm)

138 1042 2809
230 2000 5815
345 2600 9075
500 5000 13750
765 6600 23500
1000 7110 25550
1200 8530 30660

Table 4.2 shows the dry arc distances and leakistendes used for electric field calcu-
lations along insulators at different voltage rginDry arc distance is defined as the shortest dis

tance through the surrounding medium between tedn@lectrodes, or the sum of the distances
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between intermediate electrodes, whichever is shdreakage or creepage distance is defined as
the sum of the shortest distances measured alenigghlating surfaces between conducting parts

as shown in Figure 4 [1].

Dry arc distance

\‘. _-_H‘_L'_._L.[_i -I_- 1 1 -: " 1"1—1'_1' '1 | B i>

1
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Tl o P =y e e e el —f — U

AR I
A Leakage distance — —

Grounded end fitting Energized end fitiing

Figure 4. Dry arc distance and leakage distance along a csitegasulator

Figure 5. Schematic used in COULOMB 8.0 for composite insrlaf following voltage ratings
(a) 138 kV (b) 500 kV and (c) 1000 kV [Directly &k from manufacturer catalog]
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In the figure above, H denotes the total connedgogth whereas h denotes the dry arc
distance.
4.3 Base Case — Electric Field Analysis under Drydnhditions

The three — dimensional software COULOMB 8.0 wasduto calculate the
electric field distribution along composite insalet. The numerical analysis was carried out on a
workstation with 3.16 GHz processor, 4GB RAM. Thiegess of calculation involves some spe-
cific steps which are discussed in the sectionisfthlaw:

4.3.1 Modeling Insulator Geometry

Taking advantage of the fact that the composisalators are rotational sym-
metric, only angular sections are modeled. Fodlicases, the entire 360 degree section is con-
sidered. The simulation files are as large as3MB in size. For wet cases, the presence of water
droplets all along the length of the hydrophobiderial of the composite insulator make the file
size very large, in the order of 20 to 30 MB. lderto reduce computation time without affecting
the accuracy, only angular sections are considér@dvoltage rating from 138 kV up to 500 kV,
30° angular section is considered. While only 2&tisn of the insulator rated at 1000 kV is con-

sidered.

Figure 6. Schematic of arangular section of a 138 kV composite insulator eted in COU-
LOMB
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4.3.2 Assigning Material Properties
The different parts of the model are assignecedsfit materials. Table 4.3 lists
basic properties like relative permittivity and timal conductivity of the materials used:

Table 4-3.Properties of different materials used for modeling

Material Relative permit-| Thermal conduc-
tivity tivity (Mho/m)
Silicone 3 1017
Fiberglass 5 1612
Steel 1 1670000
Water 80 0.0002
Fiberglass rod
//

Silicone housing

IIetallic ernd ftting

-
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Figure 7. Assigning material properties to different pat€omposite insulator in COULOMB
4.3.3. Assigning Boundary Conditions
Boundary conditions include assigning the ratee-to-ground voltage to the
energized high voltage end fitting and 0 voltshe grounded end fitting of the composite insula-
tor. The next step is to define the angular peciatictions. For the ease in construction of the
model and reduction in the computation time, ontgwar sections of the rotational symmetric
model are considered. It is essential to speciéydction angle and also the number of sections
required to complete one insulator. The numbereofisns is given by 360° divided by the angle

of the section considered.
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4.3.4 Assigning Boundary Elements
The boundaries in the model need tadiscretized into individual sectionse-
ferred to as boundary elemerThe distribution, number and shape of these elesranat the ke'
factors that determine the accuracy of the soluBEM generally uses 2Blements for analys
purpose. For the purpe of this research, 2D triangular elements weaseah as it is relativel
simple to assign 2@riangularelements to any surface when compared to 2D qadehdl ee-

ments which can be assigned to only four sidedasas

Figure 8. Triangularboundary elements assigned along a composite inswlatler dry cori-
tions

The accuracy of the results obtained gets bettdr iwcreasing the number
the elements assigned. In hindsight, this mighseaan unreasonable increase in the comput
time. Therefore, a tradeff between accuracy and computation time has takde. Initial runs
were carried out in order to establish the optimmumber of 2D triangular elements keepboth
these factors in mindror this purpose, 138 kV rated composite insulatater dry conditions we
modeled with 5000 evenly distributed triwular elements. This run gave reasonably good
in about 20 minutes whereas doubling the numbeteshents increased the computation time
fold, while only marginally improving the accuracWhen he same was repeated for a lai
model, a 1000 k\composite insulat, the computation time was increased fivefold whern-
significant improvement in accuracy was observdte fiumber of elements considered for -

ent insulator configurations are given in Ta4.4.
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Table 4-4.Number of elements used for boundary element aisatyslifferent composite insula-

tors at different voltage ratings under dry and eatditions

Voltage | Angular Angular | Elements | Elements
(kV) section section | (dry case)| (wet case)
modeled -| modeled -
dry case | wet case
(degree) | (degree)
138 360 30 3000 3305
230 360 30 3000 4205
345 360 30 3000 4705
500 360 30 3500 6225
765 360 20 3500 6630
1000 360 20 4000 7790
1200 360 * 4000 *

* Simulation was not possible due to large file size under wet conditions
When the number of elements increases beyond 808G;omputation time goes up to
more than fifteen hours for large models, 765 k' 4600 kV voltage rating, under wet condi-
tions. Therefore, care has to be taken to limitrtbmber of elements in order to reduce the com-
putation burden and time.
4.3.5 Assumptions and Simplifications

A typical 500 kV composite insulator has more ti#0 weather sheds and can
be as long as four meter in length. In order taimbaccurate results, a large number of elements
would be required in such a case. This number wéurddher increase for wet conditions where
water droplets in the order of hundreds are modeledg the length of the insulator. This would
increase the computation time drastically. Themfsome reasonable simplification of the model
is required. The important parts of a compositelatsr are fiberglass rod, polymer sheath on the
rod, polymer weather sheds and the two end fittirgs all cases, the weather sheds were ignored.
Justification for this came from the initial rurigat were made on two different models of 138 kV
rated composite insulator:
Model A) This model considered the fiberglass rpdlymer sheath on the rod, 19 polymer

weather sheds and the two end fittings.
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Model B) This model considered all the parts in elod except for the polymer weather sheds.

Comparison of the calculated results showed tiettfference in the maximum
value of the electric field for both the models vess than 2%. Model A required 5000 triangular
elements whereas model B required only 3000 elesniemtsimilar accuracy. The computation
time for the model with weather sheds was four falden compared to that without weather
sheds. Therefore, it was concluded that a goatbtodf could be made between model complex-
ity and accuracy by considering model B. Thereftire,weather sheds were ignored for all cases.

While performing the simulations for the work prated here, the following
factors were kept in mind [9]:
e All dielectric materials are assumed to be linear,the permittivity is constant and independ-

ent of the electric field intensity
e Assignment of volume charges is not incorporatedfty case.
e Only surfaces and not segments are assigned bgucaladitions.
4.3.6 Results for Dry Case

This section presents the electric field calcalaifor all voltage ratings, under
dry conditions, without considering the effect afyacorona mitigating technique. The electric
field is calculated along a straight line startihhghm form the energized end fitting and culminat-
ing at the grounded end fitting. It is ensured that measurement line is straight and also 1 mm

above the surface of the composite insulator asmetended by EPRI.
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Figure 9. Maximum electric field along composite insulatorglar dry conditions as a function
system voltage

Figure 9represents the maximum electric field value aldmg surface of th
composite insulators under dry conditions function of system voltage. The maximum elec
field value occurst the triple point of the metallic energi: end fitting-insulating housing me-
rial — air. Although the dry arc distance, along which eledigtd calculations are made, increa
with the system voltage, the electric field stresm@lcomposite insulators at higher voltage
still higher. A value of 1.5 kV/mm is considered the threshold for corona initiatioi4]. From
the results obtained, it is concluded that a coraitaation device is required for system voltay
230 kV and above. The maximum electric field vali@scases lesser than 500 kV were foun
be relatively higher for composite insulators wteempared to porcelain [10]. Also, compos
insulators are more prerto corona related damage when compared to porcélaerefore, mi-
gation devices like corona rings are highly recomdssl at the energized high voltage end ¢

for system voltages lesser than 500
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4.3.7 Error Checks
The following checks were carried out in order take sure that the simulations were
accurate:

e All the assumptions and simplifications are madepkeg the error factor lesser than 5%. To
compute the error, the plot of electric field magde along the length of the insulator geome-
try was obtained and vector integration was peréaton it with respect to displacement. The
value thus obtained should be equal to the applittdge. The difference between the applied
voltage and the voltage thus calculated gives thar.eCare was taken to keep this value less
than 5% for all the cases.

e Secondly, the change in electric field calculatishsuld not vary by a very large margin by
changing the number of assigned elements.

e The tangential component of the electric field gltime boundary of the insulator must be
equal both inside and outside the insulator [9].

e The normal component of the electric field alongaterial boundary should be in inverse
proportion to the dielectric constant of the twotenials.

4.4 Electric Field Analysis under Wet Conditions
Composite insulators, made from polymer materidh vaydrophobic surfaces,
have discrete water droplets on their surfaces unagst conditions (rain, fog etc) as against a
thin film of water on porcelain material. A watemoglet plays a number of roles in the electrical
breakdown of air and insulating material junctitmot only enhances the electrical stress due to
its high permittivity but also undergoes deformatio the presence of an electric field. The elon-
gation of water droplet by electrostatic forcesutssin immediate increase in electric field at the
drop tip, causing corona. It also behaves as a gooductor in the presence of contamination
caused due to pollution and hence shorts out sdntkeocinsulating surface of the equipment,
which might lead to pollution flashover. Therefoiejs very essential to analyze the effect of

these droplets on the surface of the compositdatwms
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4.4.1 Insulator Geometry

For the work done here, water droplets are considlemly along the surface of the
sheath. Weather sheds are ignored to reduce coityptdxhe model and also computation time.
It has been shown that the critical value of eledteld for corona onset is lower for sheath regio
when compared to that of shed [11]. This justifies consideration of water droplets only along
the sheath region which is more prone to cororstedl|to water droplets. The schematic of a 30 °
section of a 138 kV composite insulator under vegtditions is shown in Figure 10. The diameter
of water droplets and the separation between tisaiaken as 6 mm. A perfectly hydrophobic ma-
terial makes a contact angle of 90° with the swrfathe electric field is plotted along a line

though the junction of the water-air-insulating eréal along the length of the insulator.

Water droplets

Fiberglaze rod

Silicone housing

Mletallic etd fitting

Figure 10.Schematic of a 30 ° section of a 138 kV composisellator under wet conditions

modeled in COULOMB
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4.4.2 Assigning Physical Conditions
Relative permittivity of 80 is considered for watinoplets, while the conductivity is set
at 20uS/cm. The boundary conditions are the same a$ahdty case.
4.4.3 Assigning Boundary Elements
For wet conditions, the distribution of boundargraknts is not uniform. Elements are
assigned locally to each individual surface. Eaeliewdroplet is assigned 15 elements locally.
System voltages for which a 30 degree section idetenl has twelve water droplets evenly dis-
tributed along the circumference. For 20° sectitis number is eighteen. Table 4.4 in section
4.3.4 shows the total number of boundary elemesgigaed in case of each of the composite insu-

lators modeled.

= Triple point

1 .
o E=acd

Locally assinged triangles to water
droplets

Figure 11.Boundary elements assigned locally to the watepldts under wet conditions
4.4.4 Electric Field Analysis for Wet Case
Electric field distribution along 230 kV and 1000 kcomposite insulators under wet
conditions are shown in Figure1l2 and 13 respegtividie electric field spikes at the water droplet
— air — silicone sheath interface. The minimum teledield required for initiating streamer propa-

gation in air varies from 0.45-1.1 kv/mm [12], [1Bhe lower value corresponds to positive polar-
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ity and the higher value to negative pola For the purpose of this research, a value .8
kV/mm is considered as the threshold for streamepamgation for electric field calculations unt

wet conditions.
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Figure 12.The electric field along a 230 kV composite insofatnder wet conditiol
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Figure 13.The electric field along a 1000 kV composite insadainder wet conditior
Figure 14 showsnaximum electric field along composite insulatass different voltage

ratings. It is concluded that the electric fielchancement is higher for higher voltage levels
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order to prevent flashover by corona, it is essgmti mitigate the high elect field which is o-

cated close to the energized end fit and the rubber housing.

1000

Streamer threshold

138

Maximum E-field (kV/mm)
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0 300 600 900 1200

System voltage (kV)

Figure 14. Maximum E-field as a function of system voltage under wetditbons
4.5 Effect of Addition of Corona Fings under Dry Conditions

In dry conditions, high electric fields might causentiouous corona activity on thee-
tallic end fittings and insulator surface whickclese to these end fittings. This might lead fo-
sion of the insulator surface and ultimately expesaf the fiberglss rod to the environment k-
ing it vulnerable to failure modes such as briftkcture, partial discharge activity or an inter
flashover. Calculations performed along the lergftiiomposite insulators under dry conditic
showed that the maximum ctric field occurred in the line side of the compesnsulators. T¢
suppress this field, coronangs of appropriate dimensionre added to the composite insulat
modeled under dry conditions. Tat4.5 shows the dimensions of these rirfgigure 5 (a) and
(b) show corona rings modeled with composite insugafor 230 kV and 345 kV composite u-

lators.
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Table 4-5.Dimensions of corona rings used at different vadtegfings at line and grounded end

Voltage rating Corona ring added Ring diameter

(kV) (inch)

Line- | Grounded-| Line- | Grounded-

end end end end
138 No No - -
230 Yes No 8 -
345 Yes Yes 15 8
500 Yes Yes 15 15
765 Yes Yes 15 15
1000 Yes Yes 30 30
1200 Yes Yes 30 30

Weathersheds

Sheath

Triple junction

End fitting

Corona ring

Figure 15.Schematic otorona rings around composite insulators in COULOMB
With the installation of corona rings, not onlytlee maximum electric stress
area transferred from the sections between thdiginds and the first shed to the outer side &f th
ring, but the maximum electric field value is afsolucedFigure 16 shows a comparison between
the maximum electric field values calculated al@ognposite insulators at different voltage rat-

ings with and without corona ring as a functionaied voltage.
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Figure 16. Maximum Efield as a function of system voltage under dryditions considering
the effect of corona rings

It is concluded from these results that the additd corona rins mitigates the highe:
electric field to appreciable levels. Corona freemtion can be expected for voltage rating u
765 kV by proper application of ringCoronarings are recommended even for lower systert-
ages like 230 kV and 234 kin case of composite insulators. However, HV levels th  elec-
tric field value & found to be on the higher side even after appdicaf rings and therefore rir
size and position optimizan is performed for corona free operation which is used in the
sections that follow.

4.6 Effect of Bundled Conductors on Electric Fieldalong Composite nsulators

Generally EHV and UH\transmission systengmploy the technique of bund conduc-
torswhich refers to having more than one conductorpbexse It not only improves the load r-
rying capacity of the transmission line but alstphen the reduction of high electric fields arot
the conductorsThe work presented here contries to the study of the effect of bundled ccc-
tors on electric field calculations along the scef@f composite insulators. For EHV (500 kV ¢

765 kV) systemscases with 1, 2, 4, 6 conductors per bundle areetadd For UHV system:
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cases with, 1, 4,,8, 10, 12 conductors per bundle are modeRegular intrabundle spacir of
18 inches is considered which is independent @& lioltage, load carrying capacity and sun-
ductors [14], [15].Conductor diameter is taken as 1.165 inc Corona rings of @propriate i-
mensions (as discussed in the previous sectionalaceconsidered along with the bundlen-
ductors. For all cases, side down configuration of the baadé considered. For instance, fc
three conductor bundi¢ghe base of the trianglormed by the threeonductors would be parall
to the ground surface. Figui& (a) shows the schematic of a 500 kV composite &isulstructure
supporting a three bundled conductor configuratkigure 7 (b) demonstrates the alignment

the three coductors in the bundle

~

(@) (b)

Figure 17.Schematic of bndled conductors with side down configurationd500kV voltage
system (aperspective view of the bundle and demonstrating the alignment of the thren-
ductors in the bundle
The relationship between the maximum electric fieidthe surface of tt
composite insulator versus the number of condugterdundle for all voltage ratings is shown
Figure 18 According to this, the maximum field value alathg surface of the composite ira-

torsdecreases appreciably as the number of conduct@dundle is increas. There is a prai-
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cal limitation on thenumber of conductors tt canbe used per bundle for different voltagt-
ings. Keeping that in mind, four conductors perdiarwere used for EHV (5000 kV and 765 k

systems and six for UHV (1000 kV and 12000 kV) syss.
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Figure 18.Maximum Efield as a function of number of conductors perdie, considering th
effect of corona ring under dry conditions
The electric field calculations thus made were carag againsthe cases that consider
only one conductor per bundIThe percentage decrease in the maximufield-in these twc
cases is discussed in tabl® 4k is concluded that the effect of bundled caridts on the electri
field along composite insulators in more prominenthigher system voltage

Table 4-6.Effect of bundled conductors or-field calculation of composite insulators under

conditions.
Voltage ratini Maximum E-field Percentage decrease
(kV) (kV/mm) in maximum E-field
N=1 N=4
500 0.79 0.52 34%
765 1.06 0.72 32%
N=1 N=6
1000 1.34 0.85 37%
1200 1.56 0.89 43%
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5. ANALYSIS OF UHV SYSTEMS
5.1 Introduction

Power generating and consumption sites are seldanose vicinity. The bulk of electric
power is transmitted through overhead lines from glenerating sites to the distribution level.
Most of these lines span over several thousan#darheters. In order to minimize losses, power
is transmitted at higher voltages in the orderesfesal hundred kilovolts. UHV transmission sys-
tems not only transmit more power but also ovet déstances with lesser transmission losses.
Countries like The United States of America andadapave systems over 700 kV ac that have
been operating for many years now. Countries likin& have recently installed 1000 kV trans-
mission structures. Developing countries like Indra Brazil are soon planning to venture into
1200 kV transmission systems. Gradually, thereshiti towards higher levels of voltages for the
numerous advantages that they have [17]:
e Anincrease in the transmission capacity
e Reduced transmission losse¥R(losses): large power transferred at low curreiies which

implies lower transmission line losses
e Reduction in cost per unit transmission capacitighHamount of power can be transferred
without installing multiple transmission lines aaguipments

e Reduced land requirements
e Transmission over vast distances

Although, high voltages and currents, long distanaed variable power flows of UHV
transmission systems might make reactive powerrgbmniore challenging in terms of require-
ment of appropriate reactive power compensationces\[16].

Higher voltages subject the composite insulatoesius even higher electrical stress. In
additions to that, non-linear electric field andtage distribution along composite insulators used
in UHV transmission systems is a major issue. Thiattributed to the capacitive effects of con-

ductors, tower and other hardware fittings. Nowrdirity is more severe in case of composite insu-
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lators when compared to porcelain because of teerade of intermediate metal parts [18]. In ad-
dition to that, the electric field value close teetenergized high voltage end is much above the
threshold value under dry conditions without anyigation technique, as shown in the previous
chapter. This might lead to corona activity, paridcharge and premature aging of the insulator
in use. Therefore, for reliable performance andyldife of composite insulators used in UHV
transmission systems, analysis of EFVD and findiveys to deal with the problem of non-
linearity is of utmost importance and interest.
5.2 Grading Ring Optimization
Unfortunately, there exist no specific standardstli@ design and placement of grading

rings. Each manufacturer makes independent reconteiens for the use of their customized
corona control rings [1]. It is therefore very inmamt for the user to analyze their system and in-
stall appropriate rings. This sections presentgropation applied to design parameters for grad-
ing ring to be used for a 1000 kV system. Thedlpenciple variables considered for optimiza-
tion are as shown in Figure 19:

i. The ring diameter (D)

ii. Diameter of the ring tube (T)

iii. Position of the ring from the energized high vodtaamd fitting (P)

Tube thickness (T)
Ring diameter (D)) —
T Grading ring

HH Bl—

Corona ring

_
Projection form line end (P)

Figure 19.Schematic oparameters to be optimized for a grading ring tinktalled on a 1000

kV composite insulator designed in COULOMB
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The Electric field calculations are carried out BarT, and P independently while kp-
ing the othetwo constant. The parameters of the small rindnéntiigh voltage part end are: ri
diameer = 400 mm, ring tube thickne = 50 mm and distance of the ring from #eegized end
fitting is 0 mm. These parameters are kept constant while thiohe lage ring are varied for tk
purpose of optimization.

5.2.1 Electric Field as a unction of Ring Diameter (D)

The corona ring diameter is varied from 800 mm 400 mm and it is found that tl
maximum electric field value close to the energieed fittingdecreases as the ring diamen-
creases. Therefore, an optimized value of 1000 mehosen as the diameter of the ring as
decrease in electric field on further increasirg riing diameter is not significant. FigurO shows

the same.
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Diameter of ring (mm)

Figure 20.Effect of ring diameter D on maximun-field along 1000 kV composite insula
5.2.2 Electric Field as a Function of Ring Tube iameter (T)

This section aims at analyzing the effect of thicknessof the corona ring tube on tl
electric field distribution along the composite ufetor used in UHV transmission systems. -
ring tube diametersivaried from 80 mm to 140 mm. Figi21 shows the maximum electric fie
value along the surface of the cposite insulator as the function of the ring tubieknes. The

maximum field value decreases as the ring tube elianisincreases.The optimized parameter
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T is chosen to be 120 mm. Increasing T further andkes the ring more bulky whereas there is

no significant decrease in the maximum electrildfi@lue.
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Figure 21.Effect of ring tube thickness T on maximum E-fieldng 1000 kV composite insula-
tor
5.2.3 Electric Field as a Function of Position ofie Ring from the Energized End Fitting (P)

The effect of placement of the corona ring withpexs to the energized high voltage fit-
ting is analyzed in this section. The positiontsd ting is changed from P = 0, which refers to the
junction of the energized high voltage end fittangd the rubber sheath to P = 700 mm. As seen in
figure 26, the maximum electric field value aloig ttomposite insulator at first decreases with
the increase in the projection distance and thereases again. P is not varied beyond 700 as the
dry arc distance decreases as P increases. Ketfgingn mind, the optimized parameter of P is

chosen to be 400 mm.
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Figure 22.Effect of projection P from energized end fitting maximum [-field along 1000 kv
composite insulator
5.3 The Effect of Grading Fing on Double Units

On the 1000 kVline in operation, the use of two insulators pesp&msion string &
shown in Fig 23 (for both | or V string) and up4dnsulators per de-end string is widesprear
This is done for reliability reasons as if one ilasor fails it will not cause theonductor to drog
In such cases, each insulator has its own coraaat the line and ground end and a comi
grading ring at the line end. To evaluate the é¢ffecess of this arrangement, the electric f
near the line end of the string was calced and compared with single insulator string auna-
tions shown in Figures 15 (corona rings only) aBddorona rings and grading ring at line en
For the double unit string a large grading ringd@meter 3200 mm (D) and ring tube diam

140 mm(T) and placed at a distance of 400 mm (P) fromhigh voltage end fitting

This section presents the effect of this gradimg on theelectric field and voltage s-
tribution along double stringomposite insulators especially employed in UH\hs$raission sys-
tems. Both the units of insulators have their imdlial corona rings on high voltage as well
grounded side. The parametef this ring are: D = 400 mm, 50 mm and P = 0 mnBundled

conductors with 6 conductors per bundle for botBQlkV ard 1200 kV are considere
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Figure 23.Schematic of grading ring applied to a 1000 kV Uetmposite insulator in COU-
LOMB
5.3.1 Results for 1000 kV UHV System
The effect of the grading ring is such that theciie field and voltage distribution along
the 1000 kV composite insulator is improved to aoeptable level. The maximum electric field
value is reduced to 0.508 kV/mm which is well untiee corona inception threshold set at 1.5
kV/mm under dry conditions as evident from Figude Bigure 25 shows that the insulation dis-
tance, which bears 50% of the total applied voltégjeaised to be 1860 mm with the grading ring
installed, while the distance without the gradiimggris only 1150 mm: an increase by 61%. In
other words, the electric field and voltage disitibn is found to be more linear with the applica-

tion of grading rings.

The results of the calculations, shown in Figure i2diicate that the reduction in the
maximum electric field at the triple junction prded by the double unit arrangement when com-
pared to the single unit arrangements is quiteifgigmt. Of course the cost will increase, but in

certain locations such elaborate arrangements magduired when using composite insulators.
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Figure 24.Electric field distribution along 1000 kV compositesulator with the addition of

grading ring
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Figure 25.Potential distribution along 1000 kV composite iiasor with and without grading rir
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5.3.2 Results for 1200 kV UHV System
The effect of the grading ring on 1200 kV compositgulator is the same as that on the
1000 kV composite insulator. The maximum electietdfvalue is reduced to 0.679 kV/mm which
is well under the corona inception threshold set.&tkV/mm under dry conditions. Figure 27
shows that the insulation distance, which bears 5®%he total applied voltage, is raised to be
1930 mm with the grading ring installed, while tfistance without the grading ring is only 1040
mm. In other words, the electric field and voltatistribution is found to be more linear with the

application of grading rings.
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Figure 26.Electric field distribution along 1200 kV compositesulator with the addition of a

grading ring
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6. ELECTRIC FIELD ANALYSIS USING EPIC
6.1 Introduction

EPRI Software for Polymer Insulator Electric Fi€dlculations (EPIC) is developed for
EPRI for the purpose of assessing polymer insufaoformance. EPIC is, by large, used by utili-
ties to make performance related analysis of tleposite insulators installed or to be installed in
the future on their power lines. The solver useBRC is based on the concept of Charge Simula-
tion Method [19]. For the models constructed, allnponents from tower structure to the end fit-
ting hardware can be selected from the vast dagathes the software provides. The component
details are derived from the companies’ catalogs mthanufacture them. These can, however, be
customized by the user as far as the dimensionscaeerned. All simulations are carried out in a
dry environment which basically considers the stefeesistance to be infinite.

For the purpose of the work presented here, EP1@8ta version was used on a work-
station with the following specifications: Windowd, 1.95 GB RAM and 2.99 GHz processor
speed, 3D Graphics Video Card with OpenGL Drivéiise following sections give a brief de-
scription about the various tools provided by tbftvgare and their application in creating suspen-
sion and dead end models for the purpose of tkareh.

6.2 Modeling 138 kV Suspension Structure

A typical suspension structure supports the comsotertically by a suspension insula-
tor assembly. For the purpose of this researcl38akV suspension structure is modeled in EPIC
software taking the entire geometry into consideratThis consists of the tower geometry, all
three phases, phase conductors, ground wire, repthffittings, structure attachment hardware,
composite insulators and corona rings, if any. Birgcuits are considered for the case of 138 kV
rated suspension model. A systematic step by stapedure is followed to specify design charac-
teristics of all the parts. Changes can be madayoone or more parts without disturbing the rest
of the geometry, which is very convenient featlmecase of misfit of any part due of dimension

constraints, an error message is displayed. Apatgpchanges can be made to take care of that.
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Minor co-ordinate misfits are automatically sethtidpy the software. Following steps are taken in
order to model the geometry:
6.2.1 Choosing Tower Configuration
The tower structure chosen for the 138 kV suspensinicture is tubular or pole type.
The structure is a standard model with the dimerssas shown in Figure 28 and is represented by

the code name ‘STSIEEE'. The dimensions are sgekifi table 6-1. These can be customized.

Figure 28.Tower configuration and dimension for 138 kV suspen model
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Table 6-1Tower dimensions for 138 kV suspension model

Segment Segment length
(mm)
A 27.150
2.650
0.600
3.130
0.140
0.310
0.300
3.000
1.500
0.330

Sln|z|eo|mmolo|m

6.2.2 Phase and Ground Wire Specifications
Line to ground voltage of the system is specified78.67 kV, which is the line voltage
divided by square root of three. ACSR Drake conoligcare used for phase wires with diameter
equal to 28.1 mm while 7/16 HS with diameter eqaall mm is used for ground wire. One con-
ductor per bundle is considered for phase wireg ddrordinates for the phase and ground wire

are set as shown in Figure 29.

31500 B84t

L SrsEEE

Figure 29.Phase and ground wire co-ordinates for 138 kV suspe model
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6.2.3 Attachment and Hardware Specifications
The attachment hardware part numbers are chosgreasied by EPRI Task Force on
modeling of composite insulators [6]. Figure 30wha@ basic layout of the various parts used.

The catalog names of these parts are mentionedbte B-2.

Structure

118

Structure Al.tachme;ﬂ
Hardware (SATT)

L7

Link oo
Polymer-io-SAH
Ltor
Polymer
Link to Polymer -
Clamp —
1-SV

Figure 30.Attachment hardware layout for 138 kV suspensi@ulator

Table 6-2Attachment hardware specifications for 138 kV suaspm insulator

Designation Product catalog number
L2 - Clamp # HAS -139-S
L5 — Link to Polymer # SA-13
L — 7 Link Polymer to Structure Attachment None
Hardware
L8 - Structure Attachment Hardware (SAH) # SAH-P-Custom-3
Catalog # SAH-P-Custom-3

6.2.4 Composite Insulator and End Fittings Specifations
The composite insulator modeled is according tolEteE standard model in EPIC. The

other specifications are as in Table 6-3.
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Table 6-3Composite insulator geometry and material propeftie 138 kV suspension insulator

Connection length 1316 mm

Leakage distance 2806 mm
Energized end hardware Ball
Grounded end hardware Y —clevis

End fittings material

Galvanized steel

Rubber material

Relative permittivity = 4

Fiberglass rod

Relative permittivity = 5.5

Insulator Type Hi*Lite

Standard Mechanical Load (SML) 25/30 KIP

6.2.5 Determination of the Worst Affected Phase

Initial runs are made to determine the phase uhdergoes the highest electrical stress
among all three. Electric field measurements ardearalong the composite insulators at various
locations on all three phases of the 138 kV susprmaodel. It is observed that the middle phase
is the worst affected and the electric field valaes the maximum along insulators in the middle
phase. For instance, the electric field magnitudgshases A and C are found to be 6% and 5%
less than that in phase B for calculations alomgsilirface of the composite insulator from the en-
ergized end fitting.

6.2.6 Electric Field Calculations for 138 kV Suspesion Structure

Figure 31 shows the complete model designed f@8akV suspension structure in EPIC

7 -

3.1 Beta software.

Ground wire

Suspension insulator

Phase conductor

Tower structure

Figure 31.138 kV suspension structure modeled in EPIC 3.ABet
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For electric field calculations, measurements aaslenalong five different locations as
recommended by EPRI [6]. All measurements are nadmigy the middle phase composite insula-
tor as it is established that the maximum fieldueal occur in the middle phase insulator in the
previous section;

I Electric Field magnitude along the surface of thigber sheath of the middle phase composite
insulator. Measurement is made for a distance 6f(@Mbng C) mm, starting 1 mm from the
energized end fitting, marked by B. The line of swwament is 1 mm above the surface of the
insulator marked by D. It is ensured that the biieneasurement is straight and parallel to the
axis of the insulator as shown in Figure 32.

Il. Electric field magnitude along the surface of thbler sheath from the grounded end fitting.
Measurement line is the same as above.
[l. Electric field magnitude along the fiberglass roahfi energized end fitting. Measurement line
is the same as case |I.
(\VA Electric field magnitude along the energized ettéhf.
V. Electric field measurement along the grounded dtidd.

The Figure 33-35 and Figure 37-38 show the graphésalts for the above cases.

7| Side View [T

(mm)

W

Top Vie
Normal
Direction |-

121) O B0 90 02 110 120
(mm} X

Figure 32.Figure showing the line of measurement along thtase of the rubber sheath of a 138

kV suspension insulator
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Figure 34.Electric field along the insulator sheath from gmeunded end fitting 138 kV suspen-

sion model- case I
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Figure 35.Electric field along the fiberglass rod from theemgized end fitting for a 138 kV sus-

pension model- case llI
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Figure 36.Line of measurement along end fitting of the ingarldor a 138 kV suspension model
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Figure 38.Electric field along the grounded end fitting fot33 kV suspension model
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Table 6-4 summarized the maximum electric fieldueal and their location for all five
cases as seen in the graphs above. The locatiosdes I, Il and Il refer to the distance away
from the junction of the end fitting and the rublsdreath towards the length of the insulator.
Those for cases IV and V refer to the distance afn@y the junction of the end fitting and the
rubber sheath towards the length of the end fittlhhgalue of 1.5 kV/mm is set at the threshold
for corona initiation.

Table 6-4Maximum electric field values and their locatioomd 138 kV suspension insulator

Maximum electric field Location of this field
(kV/mm) (mm)
l. 1.32 1 mm
1. 0.36 At the junction of grounded
end fitting and sheath

Il. 0.55 8.9 mm
V. 2.13 11.09 mm
V. 0.55 5.85 mm

6.3 Modeling 138 kV Dead End Structure

Dead end structures are used where the transmiiséerither ends to follow a substa-
tion or when it turns through a large angle. Thgulator string is in line with the conductor and
under tension. This section presents modelingl#&&kV dead end structure and evaluation of the
performance of composite insulators supportingcibreductors with the help of electric field cal-
culations. A comparison is made to the electrildf@lculations carried out for suspension model
of the same voltage rating. The steps that atevield are more or less that same as those for sus-
pension model. There are a few changes that aoepoated in this design which are discussed in
the sections that follow. Single circuit is cons&té for this model. Figure 39 shows a pictorial

representation of the modeled dead end structUe®I€ software.
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Dead end insulator

Figure 39.138 kV dead end structure modeled in EPIC 3.1 Beta
6.3.1 Tower Configuration, Phase and Ground Wire Spsfications

The tower configuration chosen for 138 kV dead sindcture is the same as that for sus-
pension. The model code is STSIEEE. ACSR Drake wcttods are used for phase wires with di-
ameter equal to 28.1 mm while 7/16 HS with diametgual to 11 mm is used for ground wire.
One conductor per bundle is considered for phaseswi

6.3.2 Attachment and Hardware Specifications

The attachment hardware part numbers are chosspeaffied by EPRI Task Force on

modeling of composite insulators for dead end stines [6]. Figure 40 shows a basic layout of the

various parts used. The catalog names of thesg gr@tmentioned in Table 6-5.
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Figure 40. Attachment hardware specifications for 138 kV dead insulator

Table 6-5Specification of attachment hardware for 138 kVdlead insulator

Designation Product catalog number
L1 — Structure Attachment Hardware (SAH #SAHD Histom-2
L4 — Grounded Link to Polymer (GPLink) None
L5 — Composite Insulator IEEE
L6 - Energized Link to Polymer (EPLink) #SYCS-30-90
L11- Dead End connector #CDE -A0311

6.3.3 Composite Insulator and End Fittings Specifations
The insulator modeled is according to the IEEE ddath model defined in EPIC. The ma-
terial specifications and end fitting details areeg in Table 6-6.

Table 6-6 Composite insulator geometry and material propeftie 138 kV dead end insulator

Connection length 1316 mm
Leakage distance 2806 mm
Energized end hardware Ball
Grounded end hardware Y — clevis
End fittings material Galvanized steel
Rubber material Relative permittivity = 4
Fiberglass rod Relative permittivity = 5.5
Insulator Type Hi*Lite
Standard Mechanical Load (SML) 25/30 KIP
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6.3.4 Electric Field Calculations for 138 kV Dead BEd Structure
The electric field calculations were made alonggame five locations as for the suspen-
sion model. For the ease of representation, talstiacture is adopted here. Table 6-6 summarizes
the maximum electric fields calculated along déferlocations along the composite insulator:

Table 6-7Electric field results for 138 kV dead end compesitsulator

Maximum electric field Location of this field
(kV/mm) (mm)
l. 1.45 1 mm away from energized
end fitting
Il. 0.33 1 mm away from grounded end
fitting
[l. 0.87 6.6 mm away from energized
end fitting
V. 2.54 9.8 mm
V. 0.55 8.9 mm

6.4 Comparison of Electric Stress along Compositesulators in Suspension and Dead End
Environment for 138 kV System

Suspension structures support the conductors abiytiwith the help of a suspension in-
sulator assembly whereas dead end structures suiyeoconductors such that they are in line
with the insulator string. The insulator stringinspermanent tension which is unbalanced in na-
ture. The purpose of modeling 138 kV rated systeuleiad end and suspension environments is to
study the effect of this configuration on the pemfance of the composite insulators with the help
of electric field calculations.

Electric field calculations carried out in EPIC tsedre have shown that the maximum
electric field stress calculated along composiselligitors in dead end configuration is around 11 %
higher when compared to its suspension counterpduich is significant. Therefore, it is con-
cluded that dead end insulators have higher etefitid magnitudes when compared to suspen-
sion. Figure 41 shows the electric field distribatialong the surface of the rubber sheath for 138

kV dead end and suspension insulators.
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Figure 41.Comparison between electric field calculations 88 kV dead end and suspens
structure
The maximum value of electric field is found to ar very close to the junction of tt
rubber sheath and the metallic energized endditfirhis could lead tdischarges and corone-
lated activity which could expose the fiberglasd to the environment and moisture. Degrada
of the fiberglass rod athe polymer material of the composite insulatorilddaad to prematur
aging of the sampler deterioration in mechanical strength of the latu. In order to mitigat:
this high electric field, a corona ring with diametqual to 8 inces is recommendeat the err-
gized high voltage endt is found that the pplication of this ring has reduced the maximunc-
tric field value by around 76 % in case of the dead end
6.5 Comparison of Electric Stress alorg Composite Insulators in Suspension and Dd End
Environment for dfferent Voltage Ratings
The electric field calculations made above are aggbfor structures with higher volta
ratings.For ease in comparison, all models are consideitdtbw any corona ring. The mode
both suspension ardkad end, for voltage ratings 138 kV, 230 kV an8 B¢ consider one -
ductor per bundle. For 500 kV systems, two condsgper bundle are consider¢This explains

why the maximum electric field along the surfacdtaf insulator for 500 kV is lessehan that of
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345 kV. All these models are considered under dndiions). All models consider single circuit
configuration. The results obtained after elecfiétd calculations along the surface of the com-
posite insulators from the energized end fitting both suspension and dead end structures for
four different voltage ratings are documented ibl€&-8.

Table 6-8Comparison of maximum electric field values alongmension and dead end compos-

ite insulators for different voltage ratings

Voltage rating Maximum E-field along surface of insulator| Percentage difference
(kV) (kV/mm) in E -field
Suspension model Dead end model
138 1.32 1.45 11%
230 2.21 2.63 19%
345 2.65 3.35 26%
500 2.50 3.24 30%

From the results above, it is concluded that:
e The maximum electric field value along the surfateomposite insulator increases with the
voltage rating of the system.
e The percentage difference between maximum elefigid along suspension and dead end
insulators increases as the voltage rating of yeem goes higher.
The percentage difference in the maximum elecieid fvalues for suspension and dead

end insulators as a function system voltage is shavigure 42.
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Figure 42.Percentag difference in maximum elect field between suspension and dead
insulators as a function of system volt
6.6 Comparison betweer230 kV Single and Double Circuit Dead End Buctures

A single circuit transmission line carries onrcuit consisting of three phases and o-
priate ground wires whereas a double circuit lineries two circuits consisting of three pha
each, on either side. This section presents tleetefff the number of circuits on a transmiss
tower on the pedrmance of the composite insulators used in thes@ds with the help of ec-
tric field calculations.

Single and double circuit 230 kV dead end structane considered here for the purp
of analysis. The specificatiarof the entire geometry including tower structurbag wire con-
ductors, ground wires arftardware attachment structures are documented pergix C. One
conductor per bundle is considered for both theegzablo corona mitigation technique im-
ployed. The details of the composite insulator reled are presented in Table 6Figure 43

shows the modeled composite intor in EPIC.
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Table 6-9Dimensions of 230 kV composite insulator for singtel double circuit dead end struc-

ture
Manufacturer Hubbell Power Systems
Insulator type Hi*Lite
Catalog# 511012
SML 25/30 kip
Energized end fitting Ball
Grounded end fitting Eye
Base connection length 2121 mm
Leakage distance 4674 mm
Shed type Regular
Number of sheds 48

Figure 43.230 kV modeled composite insulator for single dirdead end structure

Figure 44 shows the electric field distributionradathe surface of the composite insula-
tors for a length of 120 mm, starting 1 mm from é&mergized high voltage end fitting. It can be
seen that the maximum electric field value for Engrcuit dead end structure is18 % higher than
that of double circuit dead end structure. Thia sgnificance difference considering the fact that
most of the other geometries related to both thectires are more or less the same. Therefore,
appropriate measures should be taken to mitigagentgh electric field. For instance, application
of a corona ring with diameter equal to 8 inchethathigh voltage end fitting for single circuit

dead end structure leads to reduction in the maxirfield value by 65 %.
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Figure 44.Electric field distribution along 230 kV single adduble circuit dead end structures

6.7 Comparison between Simulations run in COULOMB ad EPIC Software

Two sets of simulations are carried out to cheekabcuracy of the results obtained. This
is done by carrying out the modeling in differemvieonments, i.e. by using COULOMB and
EPIC. Software. Although one is based on the cangeBoundary Element Method and the other
on Charge Simulation Method, the electric fieldcottions carried out on both the platforms
should be in good agreement.

6.7.1 Suspension Model for Voltage Rating 138 kV

138 kV suspension structure is modeled both in COMB and EPIC. The modeling
carried out in EPIC is presented in section 6.2s Fhction focuses on the comparion between the
results obtained by both the softwares. Each gahieogeometry is constructed part by part with
the dimesnions provided by EPRI Task Force on niegeComposite Insulators using the
software COULOMB [6]. The entire model is contruttas the strucutre is not rotational
symmetric. The specifications of the composite laswn modeled in COULOMB, shown in

Figure 45, are the same as that used in EPICeT&il0 compares the results obtained by both
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the software. The electric field is measured altrgyfive different location described in section

6.2.6.

Figure 45.138 kV suspension insulator modeled in COULOMB
Table 6-10Comparison in results from EPIC and COULOMB forcttie field along 138 kV sus-

pension insulator

Maximum electric field (kV/mm)
I Il. Il V. V.
COULOMB 1.26 0.27 0.93 2.62 0.46
EPIC 1.32 0.36 0.78 2.13 0.55

It can be seen that the results do not match gxiaatlare in close provimity. Some
differences arise due to the differetn conceptsl bgeboth the softwares and also the modeling
techniques.

6.7.2 Effect of Bundled Conductors on Electric Fiel Calculations
Simulations are carried out in COULOMB and EPICtwafe for 500 kV suspension structure
with single circuit. The number of conductors ie thundle is varied to analyze the electric field
distribution along the composite insulators useake $pecifications of the entire geometry, tower
structure, phase and ground conductors, and hagdattachment structures are documented in
Appendix D. The specifications of the compositeulator modeled in EPIC and COULOMB are

presented in Table 6-11 and Table 6-12.
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Table 6-11Dimensions of 500 kV composite insulator modele&RC

Manufacturer Hubbell Power Systems
Insulator type Hi*Lite
Catalog# 513028
SML 50 kip
Energized end fitting Ball
Grounded end fitting Eye
Base connection length 4676 mm
Leakage distance 10795 mm
Shed type Regular
Number of sheds 112
Energized end corona ring diameter 15 inch
Grounded end corona ring diameter 15 inch

Table 6-12Dimensions of 500 kV composite insulator modele€OULOMB

Manufacturer Xinjiang Energy
Catalog# 513028
Energized end fitting Ball
Grounded end fitting Eye
Base connection length 5000 mm
Leakage distance 13750 mm
Energized end corona ring diameter 15 inch
Grounded end corona ring diameter 15 inch
Relative permittivity Silicone 3
Relative permittivity Fiberglass rod 5
Relative permittivity Steel 1

Bundled conductors can be oriented in two diffeneays. i.e. with apex down or side
down. Apex down means that the polygon formed leytthndled conductors is oriented with one
vertex (or apex) at the bottom. Side down referthorientation where one of the sides of the
polygon is placed horizontally at bottom, paralléth the ground base. For instance, for a bundled
with six conductors, apex down and side down oaigon is shown in Figure 48. For the purpose

of this work, side down configuration is considered

69



() |(b)

Figure 46.Bundled conductor orientations (a) Apex down (lgeSiown
The number of conductors in one bundle are vaniethfone through six, the results
obrained from both the softwares are presente&bi€l6-13 for comparison purpose:
Table 6-13Comparison in results from EPIC and COULOMB forcttie field along 500 kV sus-

pension insulator as a function of number of cotohgcin a bundle

Number of 6 | 4 | 3 | 2 | 1
conductors in Maximum electric field (kvV/mm)
a bundle
COULOMB 0.454 0.515 0.609 0.671 0.792
EPIC 0.42 0.465 0.543 0.590 0.721
Percentage 7% 10% 11% 12% 9%
difference

Comparisons made in the electric field distributipom results obtained by the two
softwares do not show a large variance. Both tHawaces have their own advantages. EPIC
proves to be more efficient in terms of computataod modeling time when it comes to more
complex models including the entire tower geometiryransmission structures. COULOMB ex-
hibits excellent scope for customizing the modehmhy extent the user wishes to. Wet conditions

can also be modeled in COULOMB.
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7. CONCLUSIONS AND FUTURE WORK
7.1 Conclusion
This research was aimed at analysis of compositdators used in transmission systems
with the aid of numerical analysis techniques. Thshnique can be used to investigate the vari-
ous factors that affect the electric field and &gé distribution along composite insulators without
the need of performing physical laboratory experiteavhich could prove to be very expensive
and exhaustive. This tool is extremely useful isigeing EHV and UHV composite insulators.

Various conclusions drawn from this research woek a

e Various numerical electric field analysis technigweere discussed in detail out of which two
were chosen to carry out this work. Designing ideldi establishing optimum number of
boundary element conditions in order to obtain ezueate solution keeping the computation
time in reasonable.

e The electric field calculations along compositeuiators under dry conditions showed that
the maximum electric field value depends on theesgsvoltage. The field magnitude is
greater for systems at higher voltages. The maxirfiald value was found to occur at the
junction of the metallic energized end fitting-r@bthousing-air.

e Comparison of the electric field magnitudes for posite insulators with porcelain (taken
from literature) have shown the composite insulateitness higher electric stress when com-
pared to porcelain.

o Field mitigating techniques like corona rings ifisth on composite insulators at different
voltage ratings help in mitigating the electricldigo appreciable levels. Corona rings are
highly recommended even for lower system voltag&6 kV and 345 kV). For composite in-
sulators used in UHV systems, an additional fieltgating device might be necessary.

e The effect of bundled conductors on the electetdfidistribution along composite insulators
was analyzed. It was concluded that the maximurotrédefield reduces as the number of

conductors in a bundle is increased. Consideriegpttactical limitations on the number of
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conductors per bundle, 4 for EHV systems and 8JidlV systems are recommended based
on acceptable E-field levels. Also, the effect ohbdled conductors on the electric field along
composite insulators was found to be more promif@rtigher system voltages.

Optimization was performed on a corona ring usedafd000 kV composite insulator. The
details for optimal parameters of the large coning were found to be: diameter of the ring,
D= 1000 mm, thickness of the ring tube, T= 120 mmd projection from the energized end
fitting, P= 400 mm.

The use of large grading ring for designs employdogble strings composite insulators not
only showed an improved electric field and voltatigtribution along the insulator but also
reduced the maximum field value seen close touhetjon between the energized end fitting
and polymer surface. Also, the insulation distandsich bears 50% of the total applied volt-
age, is raised to be 1860 mm with the grading nrstglled, while the distance without the
grading ring is only 1150 mm in case of 1000 kV lleustring composite insulator, thereby
making the voltage distribution more linear.

Under wet conditions, the electric field spikestta water-rubber housing-air junction and
exceeds the streamer threshold value. The eldmhitenhancement is higher for composite
insulators at higher voltages.

Comparisons were made between composite insulasexs in dead end and suspension envi-
ronments for 138 kV rated system voltage. E-fialdlgsis showed that the dead end insula-
tors undergo as much as 11 % higher electric sivhes compared to suspension.

The same was repeated up to voltage level 500 ld/itawas observed that the dead end
composite insulators experience significantly higbkectric stress when compared to com-
posite suspension insulators. And this differenes found to get more prominent as the sys-
tem voltage increases.

Electric field calculations were made along comggoBisulators used in single dead end and
double dead end environments. It was concludedttizgatomposite insulators used in single
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dead end structures experienced as much as 18Hértatectric stress when compared to the
ones used in double dead end structures.

7.2 Future Work
Electric field mitigation techniques used in wehdiions may be developed.
The effect of water droplets on shed and sheatlbbmesf composite insulators may be inves-
tigated and the electric field value for coronaeipiton may be established.
The effects of multiple water droplets, their vokinangle of contact and water conductivity
might be varied to study their effect on electi@dd magnitudes. These could help in per-

formance analysis of composite insulators underoeatlitions.
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APPENDIX A

138 KV SUSPENSION MODEL DATA

1) Specifications for Clamp (L2)

Catalog # HAS -139-S
Strength: 25000 Ibs/11340 kg
Length :8-7/8 inch/225.43 mm
Width: 1-17/32 inch /38.89 mm
Height: 3 inch/76.2 mm

J: ¥2inch/12.7 mm

PD: 5/8 inch/15.88 mm

Max Angle: 22.5

Clamping range:0.90 — 1.39 inch/22.86 — 35.31 mm

-1
_PD

Figure 47.Clamp specifications used in 138 kV suspensionigardtion in EPIC

2) Link to Polymer (L5)

Catalog # SA-13
Strength:30000 Ibs/13608 kg
Length:2-1/16 inch/52.39 mm
Width: 1-3/8 inch/ 34.93 mm
Diameter: 11/16 inch / 17.46 mm

R: 13/16 inch/ 20.64 mm
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Figure 48.Link to polymerspecifications used in 138 kV suspension configoman EPIC
3) Polymer specifications
e Hubbel Power Systems
e Dry arc distance: 1316 mm
e Leakage distance: 2806 mm
e Insulator Type: Hi*Lite
e Standard Mechanical Load (SML): 25/30 KIP
e Number of Sheds: 28
4) Structure Attachment Hardware (SAH)
e Catalog # SAH-P-Custom-3
e |8:4.375inch/111.125 mm
e A:2-3/4inch/69.85 mm
e B:2-3/4inch/69.85 mm

e W:3inch/19.05 mm
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SAH-P

Figure 49. Structure attachment hardwasgecifications used in 138 kV suspension configomat

in EPIC
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APPENDIX B
138 KV DEAD END MODEL DATA

1) L1SAH

SAHD-HP-Custom 2

e |8:4.375inch/ 111.125 mm

e A:2-3/4inch/69.85 mm

e B:2-3/4 inch /69.85 mm

W: %4 inch/19.05 mm

Deadend -
Altachment Point _l_
B

al Strocturs :P’ A O

L8 —
Horizontal Plate

SAHD-HP

Figure 50. Structure attachment hardwasgecifications used in 138 kV dead end configuraitio
EPIC
2) L6 EPLink
e SYCS-30-90
e Strength: 30000Ibs/13608 kg
e L:2-9/32inch /57.94 mm

e B:1-3/16 inch/30.16 mm
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Figure 51.EP Link specifications used in 138 kV dead end configureitivEPIC
L 11 Dead End Connector: compression dead end(GPE&)

# A0311

e Eye Orientation: horizontal

e Clamping range: 0.883-1.04 inch/ 22.4-26.4 mm
e L:16.3inch/413 mm

e A:2inch/50 mm

e B: linch/ 25 mm

e C:0.6inch/ 15 mm

e F:3inch/ 76 mm

e DS:1.1inch/27.94 mm

e Number of bolts # 4

e BD: 1.75inch/ 44 mm
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Figure 52.Dead end connect specifications used in 138 kV dead end configuraitioEP1C
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APPENDIX C
SPECIFICATION FOR 230 KV SINGLE AND DOUBLE DEAD ENBTRUC-
TURES

1) 230 kV Single Dead end Structure:

e Tower configuration: Tubular or Pole

e Catalog # STSIEEE

Figure 53.Schematic of single dead end tower structure 88&kV system in EPIC

Table C-1 Dimensions of single dead end tower strecused for 230 kV structure

Dimensions (m)
27.15
2.65
0.6
3.13
0.14
0.31
0.30
3.00
1.50
0.33

Slolz|o|m|mlo|o|e|>
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2) Conductor specifications

e Phase conductor diameter: 2.81 mm

e Ground conductor diameter: 1.1 mm
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