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ABSTRACT

The performance of insulators used on overhead transmission lines and
overhead distribution lines is a key factor in determining the reliability of
power delivery systems. The insulators not only must withstand normal
operating voltage, but also must withstand over voltages that may cause
disturbances, flashovers and line outages.

Some power system networks designed without consideration to insulators
length and characteristics which should adjusted according to the relevant
contamination conditions of the area crossed by the lines to eliminate under
design or over design scenarios. By analysis of the current networks and
compare the installed insulators characteristics with the requirement of the
international and local standards the insulators length and characteristics
will be adjust to eliminate the possibilities of frequent flashover voltages
alongside analysis the benefits of using new polymer insulators. Insulator
selection for overhead transmission lines and overhead distribution lines is
an exercise which requires specific considerations given the particularity of
the application. Insulators for AC lines are made with specific dielectric
materials, and this project presents the key and fundamental attributes of
these insulators. Additionally, the insulator length and characteristics, such
as leakage distance, have to be adjusted according to the relevant
contamination conditions of the area crossed by the line hence the reduction
in the performance of outdoor insulators occurs mainly by the pollution of
the insulating surfaces from air-borne deposits that may form a conducting

or partially conducting surface layer especially when wet.



Guidance is given in this project to help understand the process of definition
of insulators for an AC application and its Electrical & Mechanical Ratings
and testing. Using examples from Sudanese electricity Distribution

Company and Sudanese transmission line company as case study.
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CHAPTER ONE

INTRODUCTION
1.1 Preface

The performance of insulators used on overhead transmission lines and
overhead distribution lines is a key factor in determining the reliability of
power delivery systems. The insulators not only must withstand normal
operating voltage, but also must withstand over voltages that may cause
disturbances, flashovers and line outages.

Insulator selection for overhead transmission lines and overhead distribution
lines is an exercise which requires specific considerations given the
particularity of the application. Insulators for overhead lines are made with
specific dielectric materials, and this project presents the key and
fundamental attributes of these insulators. Additionally, the insulator length
and characteristics, such as leakage distance, have to be adjusted according
to the relevant contamination conditions of the area crossed by the line hence
the reduction in the performance of outdoor insulators occurs mainly by the
pollution of the insulating surfaces from air-borne deposits that may form a
conducting or partially conducting surface layer when wet. Guidance is
given in this project to help understand the process of definition of insulators
for an AC application and its Electrical & Mechanical Ratings and testing.
Calculations were performed according to the international relevant
standards values. Sudan national networks consist of many overhead lines
from 11-33 KV in distribution network level and from 110 KV up to 500
KV in transmission network level which crossing a varying environmental
climate, the reliability of this network depend on how effective its insulators

behave in this different climates and how good they were designed and
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maintained, This reliability could be enhanced by designing a compatible
network for every environmental case. Flashovers happening in high-voltage
electric power transmission systems caused huge losses to Society, estimated
at 80100 billion dollars just in the USA [1], According to statistics from the
power industry in China, Contamination flashovers ranked second in the
occurrence of power accidents and ranked first in the cost of power accidents
in 2001, in Brazil in 2009 a blackout cause by insulators failure left an
estimated 87 million residents without power.

1.2 Problem Statement

Some power system networks designed without consideration to insulators
length and characteristics which should adjusted according to the relevant
contamination conditions of the area crossed by the lines to eliminate under

design or over design scenarios.
1.3 objectives

e To analyze the design and selection criteria for overhead lines
Insulators to be used in the design of the power system networks that
are so reliable and flexible with the minimum contamination
flashovers and outages.

e To reduce the overall cost when designing new networks and
eliminate overdesign cases.

1.4 Methodology

First some references and related work have been collected and reviewed.
Then the overhead line distribution line has been determined (Elhuda 11KV
overhead line) located in Bahri) and the types of the insulator to be used was
selected (polymeric and porcelain).After that the suspension was prepared



according to IEC standard 60060-1 in order to achieve a layer with specific
conductivity.

Finally practical test has been conducted and the behavior of the insulator
has been observed.

1.5 Project Layout

Chapter one provides essential background. Chapter two discusses the
electric field in general way and the basic insulators design & selection.
Chapter three illustrates the pollution flashover process, effect of various
aspects on pollution accumulation and provides an overview of power
quality system. Chapter four with implementation of the IEC and SEDC
testing procedures provides the data analysis of the typical insulators and
their behavior under polluted condition. Chapter five provides

recommendations and conclusion.



CHAPTER TWO
ELECTRICAL INSULATORS

2.1 Introduction

Insulator is defined as a material or an object that does not easily allow heat,
electricity, light or sound to pass through it .Air, cloth and rubberier are
good electrical insulators.

The purpose of the insulator or insulation is to insulate the electrically
charged part of any equipment or machine from another charged part or
uncharged metal part. At lower utilization voltage the insulation also
completely covers the live conductor and acts as a barrier and keeps the live
conductors unreachable from human being or animals. In case of the high
voltage overhead transmission and distribution the transmission towers or
poles support the lines, and insulators are used to insulate the live conductor
from the transmission towers. The insulators used in transmission and
distribution system are also required to carry large tensional or compressive
load. Flashovers or High-voltage breakdown happening in high-voltage
electric power transmission systems caused huge losses to Society, estimated
at 80—-100 billion dollars just in the USA [1].

2.2 Electrical Insulator History

Electrical insulator is a material which has a very small numbers of mobile
electric charges, these electric charges under influence of an electric field
will have a very little current to flow[8].The history of insulators began
together with the development of electrical communications or the

4



Telegraph Lines. Ceramic materials and rubber have been used in insulators
from late 1700s, early 1800s for low DC voltage, in 1840 glass plates used
to insulate telegraph line DC to Baltimore; in 1850 the first porcelain post
insulators were introduced. A few years later, in 1858, glass pin-type

insulators appeared ,in 1893 wet process porcelain developed for high
voltage applications,. At the beginning of the 20th century, suspension
insulators became available, and by 1910, cap and pin insulators already had
geometrical designs very similar to those seen today. Between 1920 and
1950, there was an almost explosive development of different insulator types
and designs with the overall goal to increase performance under
contaminated conditions. The concepts employed to achieve this were
different and sometimes quite unexpected. Most often, designers developed
geometry of the insulator so as either to enlarge creepage or to increase the
self-washing property [8].The history of polymeric insulators began in the
1940s when organic insulating materials were used to manufacture high
voltage indoor electrical insulators from epoxy resins. These materials were
light weight, impact resistant, and could be used to form large complex parts
.Polymeric insulators for outdoor use were made feasible by the discovery in
the 1950s that alumina trihydrate filler increases the tracking and erosion
resistance of the polymer material .However, polymeric insulators for
outdoor application on transmission lines were not developed until the late
1960s and 1970s. Polymeric insulators finally came into general use on
transmission lines in the 1980s.The first polymers used for electrical
insulation were bisphenol and cycloaliphatic epoxy resins. Introduced
commercially in the mid 1940s, bisphenol epoxy resins were the first
polymers used for electrical insulation, and are still used to make electrical

insulators for indoor applications. Cycloaliphatic epoxys (CE) were
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introduced in 1957, and were introduced in England for outdoor insulation in
1963 .They is superior to bisphenol because of their greater resistance to
carbon formation. However, the first commercial CE insulators in the U.S.
failed shortly after installation in outdoor environments. Since then, new CE
formulations have resulted in improved electrical performance .In the early
1960s, distribution class (CE) insulators were first sold commercially in the
U.S. under the name GEPOL. These units failed due to surface damage and
punctures. CE was used later in experimental 500 kV station breaker
bushings, and in 115 kV bushings in the 1970s, and for suspension insulators
by Transmission Development Limited (TDL) of England [1]. The TDL
suspension insulators used slant sheds to provide natural washing of
contamination. From the mid1960s on, CE insulators were tested at up to
400 kV service voltage as suspension/strain insulators and cross-arms in the
United Kingdom. For various reasons, including poor cold temperature
performance and insufficient weight reduction, CE did not gain acceptance
in the US for outdoor high voltage suspension insulators. But today, CE is
used in indoor and even semi-enclosed power systems [8],. In the 1960s an
insulator having porcelain sheds supported by an epoxy resin fiberglass rod
was developed. It was not widely used because of developments in lighter
weight polymeric insulating materials.

Polymeric outdoor insulators for transmission lines were developed as early
as 1964 in Germany, and by other manufacturers in England, France, Italy,
and the U.S. In Germany, units for field testing were provided in 1967. In
the late 1960s and early 1970s, manufacturers introduced the first generation
of commercial polymeric transmission line insulators. The composite
insulators were widely used from the 1980's and the usage increased rapidly

in the 1990’s. In 1980, Furukawa Electric was engaged in the development
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of inter-phase spacers to prevent galloping in power transmission lines, and
at that time developed composite insulators that had the required light
weight and flexibility. In 1991 the first composite insulators having a SIR
housing were used as inter-phase spacers for 66 kV duty, and in 1994 their
use was extended to 275 kV service with a unit 7 m in length. Excellent
contamination and wetting performance, high ratios of strength to weight,
vandalism resistance, easy transport and installation and obvious cost
advantages over conventional ceramic insulators, especially in extra HV and

ultra HV lines, are great attractions for utilities.
2.3 Overview of Electrical Field Calculation

When the electric field in a system becomes high High-voltage breakdown
occurs, Electric field is the potential gradient, or the rate at which the voltage

changes per unit length. It has many names: electric field strength, electric
-1
field intensity, stress, or just E[13],. It is expressed in units of V m , kV

m ., kV mm , KV cm  or MV m .Materials with negligible electrical
conductivity and high polarize ability are referred to as “dielectric
materials.” Such materials do not possess free charges. However, they
become polarized upon the application of an external electric field [13].The

figure below shows illustration of electric field:

Do

Tl
o

P,
Figure 2.1: lllustration of electric field



In Figure2.1, the potential difference Uab between two points a and b

having scalar potential @a and @b in an electric field E, is defined as the
work done by an external source in moving a unit positive charge from b to

a.

Uab=- [E]dx=( pa — ¢a) (2.1)

The magnitude of electric field intensity is given by the rate of change of
potential with distance. The maximum magnitude of the field intensity is
obtained when the direction of E is opposite to the direction in which the

potential is increasing most rapidly,

duab
dx

max=—[E]max (2.2)

field intensity from the scalar potential @ . The operator @ on by which is E

obtained is thus known as the gradient. The relationship between @ andE is

written as:

E=-Vp (2.3)

Knowing the electric field strengths present in a high-voltage system is
essential to predicting its performance. Electric fields can be calculated

using equations.



e Maxwell’s equations for Static Fields

Maxwell’s equations are a set of four equations that completely describe the
relationships between electric and magnetic fields. They define not only the
shape and strength of the electromagnetic field, but also how it varies with
time. The equations can be expressed in different ways, but the most

compact form is in differential notation:

)
VXE—— E (2'4)
) )
V><H—J+E (2.5)
V-B=0 (2.6)
V-D=p (2.7)
Where:

E is the electric field strength (V/m),

B is the magnetic flux density (Weber/m?),
H is the magnetic field strength (ampere/m),
J is the current density (ampere /m?),

D is the electric flux density (coulomb/m?),
p is the charge density (coulomb /m°),

Equation (2.1) describes how a time-varying magnetic field generates an

electric field. It explains how electrical generators work. It is the differential

form of Faraday’s law of induction [13]. Equation (2.2) describes how

electrical currents produce magnetic fields. It explains how electromagnets
9



and motors work [13].Equation (2.3) describes the shape of the magnetic
field, which states that the flux of B through a closed surface is
zero[13].Equation (2.4) describes the shape of the electric field in the
presence of electrical charges. Both point and diffuse charges can exist. It is
the differential form of Gauss’s law [13].When subjected to an external
electric field, the molecules or atoms of a dielectric material undergo charge
separation. The electron cloud of a molecule shifts in one direction and the
positive ion core shifts in the opposite direction. Consequently, the
molecules behave as electric dipoles, and the induced dipole field opposes
the applied field. In the case of polar dielectric materials, the molecules or
atoms possess a permanent dipole moment. These dipoles are randomly
oriented in the absence of the external electric field. Upon the application of
the electric field, the permanent dipoles become aligned with the applied
field [13]. The key property of a dielectric material is the absolute dielectric

permittivity (€), which is related to electric susceptibility () as follows:

e=(1+y) &0 (2.8)

The flux densities and the field densities are related through the constitutive
relations. For linear and isotropic media, the constitutive equations are
needed to fully describe the electromagnetic behavior of a given material

medium. The constitutive equations are as follows:

D=sE=s05E (2.9)
B=pH=popu:H (2.10)
J=cE (2.11)

10



Where:
£ is the permittivity of the media (dielectric constant) (F/m),
& 1S the free space permittivity,
& 1s the relative permittivity,
 is the permeability of the media (H/m),
I, is the free space permeability,
1, is the relative permeability,

o is electrical conductivity,

2.4 Approach for Insulator Selection and Dimensioning

Electrical insulator is use to:
I. Maintains an air gap.
Ii. Separates line from ground.
iii. Support the line mechanically.
Iv. Resists mechanical stresses like everyday loads, extreme loads.
V. Resists electrical stresses like system voltage/fields, over
voltages.
vi. Resists environmental stresses like heat, cold, UV,
contamination, etc.
Insulator surfaces are the weakest point of any high-voltage system [8].and
care must be taken in their design, the process of insulator selection and
axial dimensioning together with its influencing parameters is shown in
Figure 2.2.The flow chart in this figure forms the basis of this review

document for which an overview is given below [11]. The process of
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insulator selection starts with the collection of the basic data consisting of

information on:

- Insulator application.

-Insulator characteristics.

- Power system parameters.

-The environment.

- Constraints.

- Field performance.

The application of the insulator is an important aspect from the pollution
performance viewpoint as it determines both the radial dimension and the
orientation of the insulator.

An integral part of the basic data is the characteristics of the available
insulators.

Power system parameters that form part of the basic data consist of:

The electrical environment in which the insulator is applied, i.e. AC or
DC. Voltage; maximum system voltage; and lightning, switching and
temporary over voltages and their effects on insulator performance.

The performance required from the insulator. This is determined mainly
by power quality criteria such as the power system’s sensitivity to
outages [11].

Each environment where the insulators are to be installed has a different
set of conditions under which the insulator must operate reliably.

An insulator that has a good performance under one set of conditions might

have a bad performance in a different set of conditions. It is therefore

necessary to characterize the environment in terms specific to insulator

performance [11].

12



Constraints may also influence the selection of insulators. For
example, limitations on the width of the right of way may dictate the
use of structures for which special insulator designs are required. In
such cases, the range of available insulators may be restricted [11].
Field performance of insulators in service is an invaluable source of
data for future applications. Unfortunately, these data are not always
available; service experience is usually a very important component of
the basic data since it forms the basis for determining whether the
selection of a particular insulator leads to acceptable performance
[11].

The following flow chart provides an overview of process of insulator

selection as shown in Figure 2.2 :

13
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Figure 2.2: An overview of the process of insulator selection

Once these basic data are collected, the various options for insulator
selection can be identified for further study. Depending on whether or not
information is available on service experience, insulator characteristics and

the environment, the need for further field tests should be determined.
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However, it should be noted that these tests normally take 2-4 years [11].
Since the time required for field tests is very long, such tests are usually
augmented with laboratory tests. When the basic data and field and
laboratory test results have been compiled, the actual design procedure can

begin.

2.5 Insulators Selection and Dimensioning

- Design criteria — mechanical

An insulator is a mechanical support its primary function is to support the
line mechanically and we need to determine if insulators will support the
line so we should determine The Maximum Load the Insulator Will Ever
See [7].

- Design criteria — electrical

An insulator must prevent leakage current flow in normal operation condition;

this is done by increasing Dry Arcing Distance or (Strike Distance) and
Leakage Distance or (Creepage Distance).
Dry Arcing Distance or (Strike Distance):

e The IEEE STD 100 - 1992 define it by “The shortest distance through

the surrounding medium between terminal electrodes....”
e The IEC 60815-1 define it by “The shortest distance in air external to
the insulator between those parts which normally have the operating

Voltage between them”.

15



DRY ARCING DISTANCE

&

Figure 2.3: Dry Arcing Distance.

Leakage Distance or (Creepage Distance)

The IEEE STD 100 - 1992 define it by “The sum of the shortest
distances measured along the insulating surfaces between the

conductive parts, as arranged for dry flashover test.”

The IEC 60815-1 define it by “The shortest distance, or the sum of the
shortest distances, along the contours of the external surfaces of the
insulating parts of the insulator between those parts which normally

have the operating voltage between them”.
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Figure 2.4: Creepage Distance.
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CHAPTER THREE
POLLUTION FLASHOVER PROCESS

3.1 Introduction

Pollution flashover process of insulators is greatly affected by the insulator’s
surface properties [11]. Two surface conditions are recognized: either
hydrophilic or hydrophobic. A hydrophilic surface is generally associated
with ceramic insulators whereas a hydrophobic surface is generally
associated with polymeric insulators, especially silicone rubber. Under
wetting conditions - such as rain, mist etc. - hydrophilic surfaces will wet out
completely so that an electrolyte film covers the insulator. In contrast, water
beads into distinct droplets on a hydrophobic surface under such wetting
conditions. Pollution flashover requires the occurrence of two events, a
sufficient degree of the pollution composed of some ionic soluble salt,
delivered to the insulator and deposited on its surface and a light rain or mist
or fog that moistens the surface but does not create a washing effect.
Although the pollution alone creates no problems, this mixture, contaminant
and moisture, produces a conducting film such that a current flows through
the contamination layer [11]. At locations Such as the narrow portion of a
post insulator or in the rib area underneath a line insulator, the current is
concentrated to the degree that the layer dries, i.e., a dry band is created. The
total line-to-ground voltage now appears across these small dry bands, and
flashover of the dry bands occurs. These arcs gradually grow outward, and
flashover occurs when the arcs extend and meet [8].The Figure below shows

pollution flashover process across a hydrophilic surface:

18



1l 2, 3. 4
Follution Vifetting Dry Band Flashover
Deposit Arcing

Figure3.1: Schematic representation of the pollution flashover process across
a hydrophilic surface. The key processes involved in the flashover process
are shown in Figure 3-1. The environment, in which the insulator must
operate in, influences the first two processes - pollution deposit and wetting -
whereas electrical aspects govern the last two processes. The conditions
surrounding a HV insulator leading to the pollution deposit, and the wetting
or cleaning of the insulator are caused by a set of atmospheric variables
which interact among themselves and with the insulator surface. The most
important atmospheric variables are: wind, rain, humidity, temperature and
pressure. To assist in the selection and design of external insulation, typical
environments have been defined. Some examples are:

Marine: Areas where the insulator pollution is dominated by the presence of
the sea like the Red Sea state. The pollutants present on the insulators are,
therefore, mostly NaCl and other marine salts that are easily soluble. On

19



insulators close to the coast it is generally found that the inert component of
the pollution is low [11].

Industrial: Areas in close proximity of polluting industries - such as steel
mills, coke plants, cement factories, chemical plants and generating stations
or quarries - are classified as industrially polluted. In these areas, the
pollution types can be very diverse. The pollutants present may vary from
dissolved acids - such as found close to power stations or chemical plants
like in Khartoum - to slow dissolving salts - such as gypsum or cement like
in Atbara- found close to quarries or cement factories. Generally, the
pollution has a high inert component in areas close to industries [11].

Desert: In desert environments, the pollution tends to be sand based like in
North State and the Nile River State. The desert sands may contain high
amounts of salt, e.g. 18 % in Tunisia, resulting in a very conductive layer
when wetted. The pollution on the insulator tends to be hygroscopic with a
very high inert component. Inland desert areas are typically very dry, dusty,
windy and hot. The large fluctuations between day and night raises the
relative humidity to levels as high as 93% during early morning up to sunrise
thereby leading to very heavy dew that causes frequent flashovers in some
cases. If desert areas are close to the coast, the pollution problems are
compounded.

Mixed: If industrial areas are situated close to the coast or desert like cement
factories in Atbara, then the pollution can be described as mixed.
Agricultural: Localized insulator pollution may also be caused by
agricultural activities such as crop spraying, ploughing etc. When lines cross
land ready for harvesting like in Central Sudan states the structures may
serve as perches for large birds - thereby leading to flashovers due to bird

streamers.
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3.2 Effect of Various Aspects of the Insulator on its

Pollution Accumulation
3.2.1 Profile

The contamination-collection processes on insulators in-service are very
complex. In desert areas, the insulators having an aerodynamic profile are
mostly less contaminated than are those with a more convoluted profile. The
insulators which have a larger spacing between sheds and that the alternating
profiles (i.e. one in which the ribs have different lengths) perform better than
the box type (i.e. one in which all the ribs have the same length).The

following table shows typical profiles and their characteristics:
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Table 3.1: Typical profiles and their main characteristics

Standard profiles

Standard profiles are effective for
use in "very light™ to "medium”
polluted areas where a long
creepage distance or an
aerodynamically effective profile is
not required

Cap and pin standard disc
insulators

-

Porcelain standard profile, long

rod insulators | post insulators,
hollow insulators

Aerodynamic or open profiles

Aerodynamic or open profiles prove
to be beneficial in areas where the
pollution is deposited onto the
insulator by wind, such as deserls,
heavily polluted industrial areas or
coastal areas which are not directly
exposed to salt spray. This type of
profile is especially effective in
areas that are characterized by
extended dry pericds. Open profiles
have gocod self-cleaning properties
and are also more easily cleaned
under maintenance

Aerodynamic disc insulators

SN

Porcelain long rod insulators, post
insulators, hollow insulators

Polymeric long rod Tnsu|ators.
post insulators, hollow insulators

Anti fog profiles

The use of anti fog profiles with
steep sheds or deep under-ribs are
beneficial in areas exposed to a salt
water fog or spray, or to other
pollutants in the dissolved state,

These profiles may also be effective
in areas with a particulate pollution
precipitation containing slow
dissolving salts.

They can also be effective in areas
with low NSDD and slow|dissolving
salts

Steep anti-fog disc insulators

)

Deep under-ribs disc insulators

=

Deep under-ribs on porcelain long
rod insulators, post insulators,
hollow insulators

Steep porcelain long rod
insulators, hollow insulators, post
insulators

Steep polymeric long rod
insulators, hollow insulators, post
insulators

Under-ribs on polymeric long rod
insulators, hollow insulators, post
insulators
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Alternating ghed profiles

Alternating shed arrangements are
in general feasible for all profiles,
although steep sheds are less
beneficial. They offer increased
creepage distance per unit length
without penalising performance in
heavy rain or icing. Similar benefits
to open profiles are also provided
by simple alternating profiles

Porcelain long-rod insulators,
post insulators, hollow insulators

Alternating shed disc insulators

Polymeric long rod insulators,
post insulators, hollow insulators

Low Efficiency

s e

High Efficiency

Broad
Narrow spacing Restricted ST Sreae Wide
between ribs inter-rib areas between ribs
. floctive natiril
danger of gitticutt et Sriifrcat arc Deioging
[ arc bridging 1o cloan ckn:r:rt;:nq ravented

Figure 3.2: Rib distribution depending upon dielectric material processing
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3.2.2 Orientation
Horizontally installed insulators collect less contaminant than the vertically
mounted ones [8].
3.2.3 Diameter
The larger the diameter of an insulator, the smaller the ESDD level it
accumulates over insulator surface. The relationship between the level of
relative ESDD and the average diameter, D, of the insulator:
ESDD =13.9 ¢ D-0.55
Equivalent salt deposit density ESDD amount of sodium chloride (NaCl)
that, when dissolved in demineralized water, gives the same volume
conductivity as that of the natural deposit removed from a given surface of
the insulator divided by the area of this surface, generally expressed in
mg/cm?
3.2.4 Material
Another factor that influences the pollution deposit on insulators is the
housing material, there are three main types Porcelain, Glass and Polymer.
Ceramic insulators are said to be hydrophilic meaning that the surface wets
completely under heavy fog or rain conditions [10].

- Porcelain
Electrical porcelain is made of a mixture of roughly 50% clay, 25% quartz or
alumina, and 25% feldspar. Clays constitute some combination of hydrated
aluminum silicate of one or more. Crystalline form, of a wide range of
alumina (Al203) to silica (SiO2) ratio. Quartz is chemically pure silica
(Si02), while feldspar is a class of alkali—alumina-silicate minerals, for
example, potash feldspar comprises K20 - Al203 6SiO2. The raw materials
are mixed together and ground to the desired particle size. In the wet
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preparation process, these materials are mixed with water, and the resulting
mixture is filtered to remove foreign particles. Actual forming is carried out
by casting, extrusion, jiggering, and plunging. For the dry preparation
process, forming is performed by dry and vacuum pressing. Forming is
followed by drying, finishing, glazing, and firing, which is probably the
most important operation in porcelain manufacturing. It is obvious that the
quality of porcelain depends not only on the raw materials but also on the
skill of the manufacturer and on quality control. Metal fittings are attached
to porcelain by cementing. Fitting materials include malleable cast iron,
ductile iron, and steel. The types of cement used include alumina cement,
Portland cement and sulfur cement. Experience has shown that some
problems could be encountered with sulfur cement in hot climates, while
Portland cement could suffer in industrial environment that includes sulfates
like sewage treatment plants, tanneries, and textile mills. Tables on physical
properties of electrical porcelain are available in material science texts in
IEC 60672. Some properties are summarized in the following [10]:
= Density: =2.5 glcm®.
= Tensile strength of porcelain depends on composition and varies in the
range of 40-80 MPa.
= Compressive strength of porcelain is about an order of magnitude
higher than its tensile strength.
= \olume resistivity is of the order of 10" Q - m.
= Relative permittivity er at room temperature and power frequency: 6-
1.
= Dielectric strength is typically 200 kV/cm but depends on the
thickness of the specimen.
» Maximum safe operating temperature is approximately 160°C.
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= Coefficient of linear expansion =5 x 10 (1/K).

= Thermal conductivity ~1-4 W/m - K.

= Tan & at power frequency: 1-3 x 10
The aforementioned properties lead to many advantages and some
limitations of porcelain insulators. On the positive side, porcelain insulators
are immune to degradation due to environmental factors, are resistant to
surface damage due to leakage current, and have high compressive strength.
They are, however, vulnerable to breakage and cracking due to power arcs
and, when punctured, take specialized techniques to detect.

- Glass
The soda lime glass consists of a melt of a mix of silica (SiO2), limestone
(Ca0), feldspar (Na20 - AI203 - 6Si0O2), and soda ash (Na20). Difference
from porcelain arises primarily from its method of forming rather than from
its ultimate composition. In glass manufacturing, raw material mix is melted
in a suitable furnace and then cooled to a lower temperature to become more
viscous and can be worked into the desired shape. For cap and pin glass
insulators, a heat treatment process called toughening is applied. This
comprises reheating to a uniform temperature between transitions and
softening temperatures, followed by rapid quenching by exposing the
surface to jets of cold air.
Relevant physical properties of toughened glass are summarized in the
following [10]:

= Density: 2.5 g/lem®,

= Tensile strength is in the range of 100-120 MPa, somewhat higher

than porcelain.
= Similar to porcelain, the compressive strength is considerably higher,
reaching 700 MPa.
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= \/olume resistivity is similar to porcelain: ~10" Q - m.
= Relative permittivity at room temperature and power frequency: =7,
close to porcelain.
= Dielectric strength somewhat higher than porcelain and, as other
solids, decreases with sample thickness.
= Maximum operating temperature is somewhat lower than porcelain
and could be as low as 110°C.
= Coefficient of linear expansion: ~9 x 10°®, significantly higher than
porcelain.
= Thermal conductivity: =1 W/m - K, significantly lower than porcelain.
= Tan & at power frequency: up to 6 x 1074 significantly higher than
porcelain.
The positive features of glass insulators include high dielectric strength and
resistance
to puncture, easy detection of damaged insulators due to shattering, and
good compressive strength. On the other hand, glass insulators constitute a
target for vandalism and are susceptible to erosion due to leakage current,
which can precipitate shattering.
- Polymers
Polymeric insulators for high-voltage transmission lines comprise a resin-
embedded fiberglass core, which provides mechanical strength and a
polymeric cover for protection from adverse weather conditions. Two
housing materials are presently in use: ethylene propylene diene methylene
(EPDM) and silicone rubber (SIR). Silicone rubber is resistant to UV
radiation and has hydrophobic property. This makes composite insulators

with silicone rubber sheds a viable alternative to ceramic insulators in
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polluted regions. Silicone rubber is made from polydimethylsiloxane with

the mere structure shown in Figure 3.3 which, as elastomers, is cross-linked.

CH3

|
Si— 0 —

CH3

Figure 3.3: Chemical structure of polydimethylsiloxane.

Some relevant physical properties of silicone rubber material are given in the

following:

Density: ~1.15 g/cm”.

Glass transition temperature Tg: —120°C. This means that the material
retains its rubber behavior in very low temperatures.

Maximum operating temperature: ~350°C.

Relative permittivity at room temperature under power frequency: ~4.
Tan & at room temperature under power frequency: 2—-3 x 107,
Dielectric strength at power frequency: 160-200 kV/cm.

Volume resistivity: 10 Q - m.

Elongation to rupture: 150%—-300%.

Note that these numbers, as those given for porcelain and glass earlier, are

material properties. Accordingly, figures such as maximum operating

temperature cannot obviously be applied to characterize an insulator unit,

which results from application of different materials and manufacturing

processes. A typical design of a composite silicone rubber insulator is shown

in Figure 3.4. It includes a fiber reinforced polymer (FRP) rod, which is

chemically bonded to a high-temperature vulcanized (HTV) silicone rubber
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sheath. HTV silicone rubber sheds are vulcanized to the sheath. The FRP rod
Is attached to the end metal fittings by a cleaving wedge. The techniques
used to attach the FRP rod to the end fittings include crimping, use of a
cleaving wedge as in Figure 3.4, or application of an epoxy wedge within the
end fitting. It is important to ensure proper sealing between the end fitting
and the silicone rubber sheath to avoid ingress of moisture. This and the
chemical bond between the FRP rod and the sheath are intended to produce a

puncture-free interface zone.

—— FRP rod

$ H'T'V-silicone rubber sheath

(& ‘ —— HTV-silicone rubber shed

Chemical bond

Vulcanization

D

- Silicone polymer sealing

End fitting

Cleaving wedge

Figure 3.4 Typical details of a composite long-rod insulator
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3.3 Power Quality of Electrical System

Power Quality It is the aim of a well-designed electricity system to provide
voltage to customers that are stable, meet power demands under excessive
loads variations and other disturbing waveforms. The term ‘power quality’ or
‘quality of power’ has come to be a collective term which includes electrical

power parameters such as:

- Voltage variation outside of standards.
- Voltage sags and swells.

- Repeated fluctuations.

- Impulses (spikes).

- Momentary interruptions (sudden dips).

- Frequency variations and waveform distortion (harmonics).

High-quality components offer superior performance, are more durable and
require replacing less often. In addition to decreasing device downtime, they
also reduce costs associated with repairs and production loss. The insulator
should be suitable for the intended purpose (fit for purpose) and
errors/omission should be eliminated before putting the insulator in service.
This chapter has been developed to capture various aspects/requirements of
inspection and test thru Factory Acceptance Test (FAT), Site Acceptance
Tests (SAT) [7]. The tests on equipment/system have been broadly
categorized into two categories Factory Acceptance Test (FAT) and Site
Acceptance Tests (SAT). These tests have been tailored to ensure design,
construction and performance requirements of each equipment compliance to

relevant international standards/specifications for example:

I. International Electrotechnical Commission (IEC)
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I1.  Institution of Electrical and Electronics Engineers (IEEE)
I11.  National Electrical Manufacturers Association (NEMA)
IV. British Standards (BS)

V. American National Standards Institution (ANSI)
3.3.1 Factory Acceptance Test (FAT)

The Factory Acceptance tests shall be made to Electrical insulator at the
manufacturer’s to ensure that the product is in accordance with the insulator
relevant standards.The factory acceptance tests consist of Routine, Type,
sample and special tests as per company and International standards [7].

- Routine test
Routine tests are intended to detect faults in materials and workmanship and
ascertain proper functioning of the insulator. They are made on each
individual piece of insulator.
The routine test can be done to certain insulator at the factory after
manufacturing and at the site during commissioning tests or troubleshooting
tests.

- Type test

Are intended to verify compliance of the design of given insulator with this
standard, where applicable, and the relevant product standard. They may
comprise, as appropriate, the verification of, Constructional requirement,
Temperature rise, Dielectric properties, Making and breaking capabilities,
Operating Limits, Operational performance, Degree of protection of enclosed
equipment. Type Tests are performed on single specified Electrical insulator

of one type and are intended to check the design characteristics. Type test
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usually relates to the first unit or prototype manufactured by a firm to given

specification.
- Sample tests

Are carried out to verify the characteristic of an insulator which can vary
with the manufacturer’s process and the quality of the component materials
of the insulator. Sample tests are used as acceptance tests on a sample of
insulators taken at random from a lot which has met the requirement of the

relevant routine tests.
- Special test

A test done for electrical insulator other than a type test or a routine test
agreed by the manufacturer and the purchaser. It can be carried out on one
insulator or all insulators of a particular design as specified by the purchaser

in the enquiry and order.

3.3.2 Site Acceptance Tests (SAT)

Site Acceptance Tests is the test defined in the Contract specification, are
carried out by the vendor/contractor during commissioning /pre

commissioning at site and are witnessed by Company Engineer.

3.4 Insulators Electrical and Mechanical Test

3.4.1 Type Test
Impulse Withstand Voltage Test.

An impulse withstand voltage test of an insulator is the crest value of an
applied impulse voltage that under specific conditions does not cause a
flashover, puncture or discharge on the insulator under test[6].
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I. Dry & Wet impulse flash over Test.

An impulse flash over voltage of an insulator is the crest value of the impulse
wave that under specific conditions causes flashover through the surrounding
medium.

1. Dry & Wet power frequency withstand (one minute test).

An impulse withstand voltage of an insulator is the crest value of an applied
withstand voltage that under specific conditions does not causes flashover

through the surrounding medium.
V. Verification of dimension.

The dimension verification of an insulator is the comparison process between
the measured value and the relevant drawings and standards with regards to

specific standards tolerance [6].
V. Mechanical failing load Test.

The maximum load reached when a string insulator unit is tested under the

prescribed condition of the test.

3.4.2 Routine Test

I.  Visual Inspection.

I.  Identification of marking.

1. Dry & Wet power frequency withstand (five minute test) [4].
3.4.3 Sample Test

I. Verification of dimension.
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The dimension verification of an insulator is the comparison process between
the measured value and the relevant drawings and standards with regards to

specific standards tolerance.
I1. Mechanical failing load Test.

The maximum load reached when a string insulator unit is tested under the

prescribed condition of the test.
[1l. Temperature cycle Test.

« The insulator is first heated in water at 70 °C for one hour.
 Then this insulator immediately cooled in water at 7 °C for another one
hour.

» This cycle is repeated for three times.

After completion of these three temperature cycles, the insulator is dried and

the glazing of insulator is thoroughly observed.

After this test there should not be any damaged or deterioration in the glaze

of the insulator surface [10].
IV. Thermal shock test.
V. Puncture withstand test.

Puncture withstand voltage of an insulator is the crest value of the voltage
which will not cause puncture of an insulator under the prescribed condition
of the test [7].

The insulator is first suspended in insulating oil, voltage of 1.3 times of flash

over voltage, is applied to the insulator.
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V1. Porosity test.
Porosity is the ratio of voids to solids in a tile.

If the porcelain insulator is manufactured at low temperatures, it will make it
porous, and due to this reason it will absorb moisture from air thus its
insulation will decrease and leakage current will start to flow through the

insulator which will lead to insulator failure

VII. Galvanizing test (when applicable).

3.5 Related work

A scientific paper by Apu Banik. Abhik Mukherjee. Sovan
Dalai"Development of a pollution flashover model for 11 kV porcelain and
silicon rubber insulator by using COMSOL multiphysics issued in March
2017 was reviewed and the analysis method used in this paper was carefully
read.[14]
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CHAPTER FOUR

RESULTS AND DISCUSSION

4.1 Introduction

The required tests were carried out at Transformer Factory for dry flashover
voltage test and at Sudanese Electricity Distribution Company for wet

flashover voltage test.

4.2 Experiment

The test object used were porcelain and polymeric insulator with the below
characteristics:
- porcelain
= Density: =2.5 glcm”.
= Relative permittivity er at room temperature and power frequency: 6—
1.
= Dielectric strength is typically 200 kV/cm but depends on the
thickness of the specimen.
= \olume resistivity is of the order of 10" Q - m.
- polymer
= Density: ~1.15 g/cm®.
= Relative permittivity at room temperature under power frequency: ~4.
= Dielectric strength at power frequency: 160-200 kV/cm.
= Volume resistivity: 10 Q - m.
An experimental setup is developed according to IEC 60507; a test voltage is

applied across the sample insulator.
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4.3 Flash over Voltage Test

4.3.1 Test Requirements

i. Cascade transformer.
il. Measurement circuit.

iii.  Porcelain & polymeric insulator as test object.
4.3.2 Test Objects

The test objects were 2 of the 11-kV porcelain and polymeric insulators with
creepage distances of 360mm for the porcelain insulators and 395 mm for the

polymeric insulators as shown Fig 4-1

Table 4-1: Line Post Insulator parameter Table4-2: Pin Insulator parameter
Description Line Post Description Pin Insulator

Length 165 mm Length 155 mm

Width 105 mm Width 165 mm

Total Creepage 395 mm Total Creepage 360 mm
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Figure 4.1: Test Samples a) Line post b) Pin insulator

Weather sheds

Y
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Figure 4.2: Models of Test Samples a) Line post b) Pin insulator

Metal Fitting

FRP Core

4.3.3 Arrangement of the Test Object

The test object was carefully cleaned by washing with tap water. It was not
touched by hand.

The test objects was Contaminated by a pollution layer, first the insulators go

through a pre-contamination procedure as per IEC60060-1. According to this
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V.

procedure, kaolin powder is deposited after spraying a fine mist of water droplets
on the surface. Afterward, the insulator is immersed in the slurry and dried for
24h. The pollution composition consisted of 40 g/L kaolin, 15 g/L NaCl, and
1000 ml distilled water with the volume conductivity of 23.4 mS/cm as shown in
Fig 4-6.The test object was coated with a reasonably uniform layer of a
conductive suspension and was left to dry. The ambient temperature in the test
location was 30C° and the test object was almost in thermal equilibrium with the
ambient temperature. The disruptive-discharge characteristics of a test object
with external insulation may be affected by its general arrangement (for example,
proximity effects such as distance in air from other live or earthed structures,
height above ground level and the arrangement of its high-voltage lead).
4.3.4 The Suspension Preparation Procedure
The conductive suspension was prepared in an 1SO 17025 accredited laboratory,
the suspension was prepared according to this steps:
The kaolin element was in a rock states as shown in Fig 4-3 a), it was crushed
and turned to a soft powder and then 40 g of the kaolin powder was weighted
as shown in Fig 4-3 b).
Laboratory pure NACL was obtained and 15 g was weighted as shown in Fig
4-4 a).
1000ml of a distilled water was used as reaction medium, the suspension was
stirred until the kaolin and NACL powder was fully mixed shown in Fig 4-4
b).
The suspension conductivity was measured using calibrated conductivity
meter as shown Fig 4-5 , the conductivity meter was calibrated before use

following this procedure:
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a. The conductivity meter probe cleaned with distilled water first and immersed
in CRM (certified reference material) with known conductivity of 84 uS and
the probe give a reading of 84 uS as shown in Fig4-5 a).

b. The probe was cleaned with distilled water again and immersed in CRM
(certified reference material) with known conductivity of 1413 uS and the
probe give a reading of 1412 uS as shown in Fig4.5 b).

c. The probe was then cleaned by distilled water before measuring the

suspension conductivity as shown in Figure 4.6.

Figure 4.3: Preparation of coating material: a) solid Kaolin b) kaolin powder
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Figure 4.4: Preparation of coating material: a) NaCl powder b) prepared

suspension

41



Figure 4.5: Calibration of conductivity meter probe: a) 84 uS CRM b) 1412
uS CRM

Figure 4.6 pollution composition conductivity
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4.4 Test Procedure

4.4.1 Flashover Voltage Dry Test

V.

The test object was coated with a reasonably uniform layer of a
conductive suspension by immersion and was left for 24H to dry. The
ambient temperature in the test location was 30C° and the test object
was almost in thermal equilibrium with the ambient.

The test object was connected to single phase 20KVA, 100KV
transformer shown in Fig 4.7, high voltage cable connected to one
terminal and ground cable connected to the other terminal for the
ceramic and polymer samples under the test as shown in Fig 4.8

The voltage test was increased gradually by 5KV step until the
flashover discharge occurs on the test object.

The voltage and current readings in the flashover moment was
recorded.

The voltage decreased automatically and any voltage charges were

discharged.

Figure 4.7: single phase 20KVA, 100KV transformer test unit
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Figure 4.8: test object connection: (a) Polymer (b) Ceramic
4.4.2 Flashover Voltage Wet Test

The same test sample and suspension was used and the test procedures was
the same, the only different was a preparation of solution of 10g of NACL in

250ml of distilled water with a conductivity of 57.3 mS as in Figure 4.9
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Figure 4.9: wet test solution: a) conductivity reading b) prepared solution

The NACL solution was sprayed on the test samples before each test
sequence and the test started after 3 minutes from the spraying process
as shown in Fig 4-12.

The test object was coated with a reasonably uniform layer of a
conductive suspension by immersion and was left for 24H to dry. The
ambient temperature in the test location was 30C° and the test object
was almost in thermal equilibrium with the ambient.

The test object was connected to single phase 100KV transformer
shown in figure 4-10. High voltage cable connected to one terminal
and ground cable connected to the other terminal for the ceramic and

polymer samples under the test as shown in Fig 4-11
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IV. The voltage test was increased gradually by 1.5KV step until the
flashover discharge occurs on the test object.

V. The voltage and current readings in the flashover moment was
recorded.

VI. The voltage decreased automatically and any voltage charges were

discharged.

Figure 4.10: single phase 100KV Transformer control test unit
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Figure 4.12: test object wetting procedure
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4.5 Results and Discussion

The flashover development process under 50Hz alternative current voltage

was examined with non-uniform pollution distribution. The influence of the

insulation surface pollution on the behavior of the insulator (porcelain and

polymer sample) was investigated.

Dry flashover test result

The electric discharge development with the increase of the applied voltage

magnitude and for the test sample above the following was observed.

In porcelain insulator the flashover sparks was visually observe in 60
KV and the current meter showed a reading between 10-90 mA for
each spark, corona sound was clearly heard when the applied voltage
cross 40KV.

The polymeric insulator maintains it is high dielectric strength while
test voltage was increased until 80KV, the test was stopped at 80 KV
to avoid the electrical stress on the testing transformer windings.This
test is intended to determine the insulators skirting potential of
severity of pollution. To reach this objective, we increased voltage
until obtaining flashover of the insulator. In composite insulator

flashover voltage is higher than porcelain insulators.

Wet flashover test result

For porcelain insulator the flashover spark was visually observed in
35 KV and the current meter showed a reading between 1-19 mA for
each spark corona sound was clearly heard when the applied voltage
reach 20 KV.
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II.  The polymeric maintain its high dielectric strength while test voltage
was increased until 50 KV, the test was stopped at 50 KV to avoid
the electrical stress on the testing transformer windings.

4.5.1 Dry Flashover Analysis

The flashover voltage decreases according to the conductivity of the polluted
environment. Due to the high conductivity the leakage current is increased and
flashover voltage value is decreased. The pollution severity depends on wind
speed, temperature, humidity and the insulator material. So the sulfur cement
used for porcelain metal fitting to be use in north Sudan state may effect by hot
climate so technical consideration must be taken. Also The Portland cement
used for porcelain metal fitting to be use close to industrial environment like
sewage treatment plants, tanneries, and textile mills may effect by emitted
sulfates. As main results, the conductivity of the polluting layer has practically
a slight effect on the distributions of the potential and the electric field. On the
other hand, the surface (polluted or clean) state of the insulator influences the
distribution of the electric field. At the same contamination level of 23.4
mS/cm, the composite insulator performance is better than porcelain insulators

as shown in table 4.3.

Table 4.3: Dry flashover of polluted insulators

Types of insulator Voltage KV Leakage Current mA
Pin 60 10-90
Line post >80 --
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4.5.2 Wet Flashover Analysis

The line post showed good dielectric strength up to 50KV and no sparks
appeared across the insulator surface. The porcelain showed poor dielectric
strength after 20 KV and small sparks produced across the insulator surface.
While the applied voltage increased the sparks size and location increase
across the insulator surface, in the 28 KV large sparks appears and kept
increasing until it reached 35 KV then the voltage was reduced gradually to

zero to protect the test equipment from the effect of the total flashover.

Table 4.4: wet flashover of polluted insulators

Types of insulator Voltage KV Leakage Current mA
Pin 35 1-19
Line post >50 --

Figure 4.13: Flash over sparks a) at 20KV b) at 28KV
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4.5.3 Design Analysis

The line post used in this research was installed as experimental design in
Khartoum Bahri in Elgadisia 33 KV and AL Alhuda 11 KV double circuit
line in 2014 figure 4-15,and since then this line didn’t suffer from any
flashover or insulator defects according to the record of MV Overhead
department in Bahri. Using line post insulator improves the system

efficiency and performance due to some aspects:

Line post use less metallic fitting materials compare to normal pin
insulator as shown in figure 4-14 so reducing installation and
maintenance cost.

Armless configuration reduces the line clearance distance required as
shown Figure 4.15.

Eliminate the occurrence of conductor displacement or unseen conductor

cutting as shown in figure 4.15
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Cross Arm 3x3x1/4 inch &2.0 m as length

Short Strap 2x2x1/4 Inch & 1.5 m fength

Short Strap 2x2x1/4 Inch & 0.85 m length

Pin Instiator with spindle 33kV

Bolt & nut: 12x8/8 Inch with washer
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Figure 4.14: spindle insulator configuration
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Figure 4.16: spindle insulator hidden conductor cutting
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CHAPTER FIVE
CONCLUSION AND RECOMMENDATIONS

5.1 Conclusion
The polymeric insulator showed high dielectric strength compare to
the porcelain at the Dry test and Wet test. The polymeric insulator can
withstand extremely polluted weather and will be suitable for coastal area or
near heavy industrials plants.
From this work, some conclusions are listed:
= Polymeric insulators: As for new lines and stations, if contamination
Is severe, Polymer insulators is an option, although the cost of
retrofitting may be large for transmission lines.
= Line post polymeric insulators: Is more efficiency and more economic
and reduce the numbers of fittings to be use and show great working
performance and reliability.
= To improve installed ceramic insulators performance, RTV coating
may be applied.
= Periodic cleaning for insulator may prevent accumulate of pollution
layer on insulator surface.

5.2 Recommendations

= [nsulators in practice usually have a more complex structure and
environments, which are different with the ideal condition in Lap test.
Therefore, future work will aim to simulate a more realistic insulator
and its surroundings with data collected from real pollution
measurements stations distributed across the country. In the
meanwhile, the practical measuring results will be used to verify the
simulated results in this project.
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