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CHAPTER 1

THESIS OVERVIEW

1.1. Introduction

Insulators are an essential apparatus in electrical power transmission and
distribution systems. They are always subjected to 1) external overvoltages from
atmospheric discharges or lightning and 2) internal overvoltages from switching or fault
initiation etc. For tropical countries, lightning surge is a main problem which leads to
faults in the power systems. Because lightning overvoltages can cause high dielectric
stress, which may be higher than the impulse strength of the insulation. It affects
directly to the insulators to cause a damage and lead to breakdown in the power
systems. The study about the behaviors and the characteristics under the lightning
overvoltages are very important in the power protection system including insulation
co-ordination systems [1, 2]. The whole for limiting and reducing the damages which

will occur in the insulators as well as the electrical power systems.

Several previous researches have been done to understand the fundamental
characteristics of the electrical discharge and breakdown [3-10]. They defined the
formulas which use to calculate these electrical behaviors. Then, several methods
have been proposed. Among them, the integration method and the differential
equation i.e. leader progression model are widely used. Both methods were used to
calculate and simulate several of gap i.e. a small air gap until very large air gap. Almost
all of the previous studied, they studied breakdown characteristics in various air gaps
i.e. arcing horn rod-rod gap, arcing horn sphere-sphere gap, electrode rod-plane gap
etc., to calculate the breakdown voltages and times to breakdown. When bring these
data plot in a graph, while X-axis is times to breakdown and Y-axis is breakdown
voltages, after that draw a curve along through each point of them. This curve was
called as volt-time characteristic or volt-time curve. Therefore, electrical breakdown

characteristic of an insulator string with the different number of discs under the



different applied lightning impulse voltages have great significance for the design of

the overhead transmission line systems.
1.2. Motivation of the thesis

The magnitude of the lightning overvoltages remains essentially independent
of the system’s design. The well-known of the volt-time characteristics of the insulators
are significance for the insulations co-ordination in the electrical power systems. The
volt-time characteristic illustrate the relation between the breakdown voltages and
the times which lead to breakdown. It can be tested and established in high voltage
laboratory by stressing the lightning impulses to the insulators. But it is difficult and
time consumption i.e., to set the apparatus, the measurements instruments etc. An
alternative method is using the computer software to help establishing the volt-time
characteristics. The popular software which be used to simulate is Alternative
Transients Program/Electromagnetic Transients Program (ATP/EMTP) [11-13]. The
leader progression model have been selected to simulate in ATP/EMTP, this method
has been proposed by CIGRE [3]. The leader progression model is more flexible than
the integration method, this method can offer the breakdown volt-time characteristics
of any impulse wave shape with positive and negative polarities, any gap
configurations, any gap lengths (up to 7 m) [4], and this method was modified in many

versions [6, 7].

In this study collected data from previous studies [14, 15] and tested the air
breakdown voltages experimentally in high voltage laboratory at Chulalongkorn
University. The insulator strings with various number of discs were used to test for
collection the experimental results i.e. volt-time characteristics and critical flashover
voltages. The insulator stings which be used to test and simulate in this study consist
of ANSI class 52-1, 52-2 and 52-4. The experimental results as mentioned earlier are
conducted at normal temperature and pressure, as well as the influence of the

humidity on breakdown characteristic test has been also considered in this thesis.

The aim of this thesis is to create a model to simulate the breakdown

characteristics. This model has been carried out in the ATPDraw which a graphic



software include ATP/EMTP, and base on leader progression model (LPM). Finally, the
experimental results have been compared with the simulation results and their errors

have been proposed and analyzed.
1.3. Objective of the thesis

1. To perform the practical experiment of air breakdown voltages in high
voltage laboratory and study the important theories of understanding

the performance characteristics of the air breakdown voltages.

2. To find the air breakdown voltages of the insulator strings and their

characteristics which plot versus time to breakdown.

3. To understand the breakdown simulation program i.e. ATP/EMTP and
ATPDraw.

4. To create the breakdown model which carry out in the ATPDraw by
using leader progression model (LPM) and establish the volt-time

characteristics.

5. To compare between the volt-time characteristics which obtained from

the model and the experimental results.
1.4. Scope of the thesis

1. Develop a breakdown simulation in computer software by using the

ATP/EMTP.
2. Establish the volt-time characteristics of the suspension insulator strings.
3. Test and simulate under lightning impulse only.
1.5. Process and method of the thesis
1. Determine the scope of the thesis purpose.
2. Study the research papers and the thesis involved.

3. Study the fundamental theory and the calculation method of the

breakdown simulations.



4. Collect the important data from the previous researches and laboratory

experiment methods.
5. Use the 3“and 4~ processes for developing a breakdown simulation.
6. Collect all the information which received and evaluate the results.
7. Write the thesis.
1.6. Expectation and benefit from the thesis
1. Can establish the volt-time characteristics nearby with the original.

2. To be helpful to establish volt-time characteristics from the breakdown

simulation. Hence, be unnecessary to test in laboratory.
1.7. Books, research papers and thesis involved

In this thesis studied on the characteristics of air breakdown voltages. This study
offer a part of the co-ordination insulation systems[1, 2]. Some experimental obtained
from the practical test in high voltage laboratory which followed ref. [16, 17], and
received from the previous research [14, 15]. To create the breakdown model with
ATPDraw [11-13] by using the leader progression model. Ref. [3, 4] provided the
guideline for this model, and this model was used and modified in many researches
e.g. ref. [5] used this model to determine the volt-time characteristics and the critical
flashover voltages (CFO), ref. [7] was modified this model to calculate leader
development characteristics for long gaps of several meters, ref. [6] compared the
various modified methods which base on this method and other methods. Also, still
have the fundamental theories form books which discussed about breakdown in gases
[18-25] and discussed about the insulators [26, 27]. And the thesis references which
guide to write this thesis [15, 28].

1.8. Outline of the thesis

The thesis is consist of six chapters in which each chapter has its own way of
describing and analyzing the fundamentals of the work which followed the theories,

experimental setup and simulation results.



CHAPTER 1:

CHAPTER 2:

CHAPTER 3:

CHAPTER 4:

CHAPTER 5:

CHAPTER é6:

This chapter deals with the thesis overview such as: the basic
introduction, motivation, objective, scope, process, method,

expectation and benefit of the thesis.

In this chapter discussed about the theories of breakdown. It
also covers the fundamental definition of air breakdown
voltages for example breakdown mechanisms, breakdown time
lags, breakdown under lightning impulse voltages, breakdown
volt-time characteristics etc. And discussed about the insulator

strings and their dimensions.

This chapter discussed about the experimental method,
collection data, and equivalent diagram of experimental circuit.
Determining the chopping times or the times lead to

breakdown. And shown these data.

In this chapter deals with the function and benefits of a
computer software to use to a model to simulate the volt-time
characteristics i.e. ATP/EMTP as well as ATPDraw, shown the
basic the simulation circuit and the method to use to create
the IM & LPM model. How to determine the value which use

in this model

In this chapter shown the results of comparison between

experimental and the simulation and analysis their errors.

This chapter is final chapter which deals with the conclusion

the suggestion of this thesis.



CHAPTER 2

THEORY

2.1. Introduction

The main characteristic of insulating materials are preventive discharge which
may occur during the application of stress. However, these material cannot resist
infinite amounts of voltages stresses. An insulating material is also called as a dielectric
which mean a material that resists the flow of electric charge. These materials are used
in electrical apparatus as insulation. Their function is to support or separate electrical
conductors with without allowing current through themselves. Breakdown voltage is
well-known as a characteristic of an insulator which is the minimum voltage that causes
a portion of an insulator to become electrically conductive and collapses. Breakdown
voltage is also called the striking voltage [18]. The breakdown voltage of the insulation
are grouped broadly into three groups like: (i) Self-restoring i.e. gases which no change
produced by the application of stress or by breakdown voltage or by discharge, hence,
can test the simple many times. (i) Non-self-restoring i.e. liquids which are affected by
discharge only, these materials can be used until discharge occurs. And (iii) Affected
by applied stress i.e. solids which has the insulation experiences ageing and in testing
of these materials should ponder to their dielectric strength. In this thesis will talk
about the breakdown in gases only. To obtain a better understanding of the
fundamental processes of dielectric i.e. gas-breakdown are summarized and the
equations are given. For extensive principles of the breakdown of gases see Meek and
Craggs [18], Townsend [19] and the other books which discussed about this topic
namely “High Voltage Engineering” [20-25].

2.2. Fundamental in the electrical breakdown processes of gases

The simplest and the most commonly use dielectrics are gases. The majority
of the electrical apparatus use air as the insulating medium. Air at atmospheric pressure

is the most common gaseous insulation. The breakdown in air is important to the



design engineer of power transmission lines and power apparatus. When a voltage is
applied to the apparatus, there are numerous phenomenon occur in gaseous
insulation. In normal condition, these material offer a very high resistance to a voltage
and its currents cannot flow between the electrodes through the insulation. However,
when the applied voltage and the current grow very shapely, they cannot withstand
an infinitely high voltage, and the breakdown phenomenon occurs. The voltage
breakdown is the maximum voltage which applied to the insulation at the moment of
breakdown. To understand the breakdown phenomenon in gases, the electrical
properties of gases should be studied. The processes by which high currents are

produced in gases are essential. The electrical discharge in gases are two type [20]:

(a) Non-sustaining discharges.

(b) Self-sustaining discharges.

The transition of a non-sustaining discharge into a self-sustaining discharge is
called the breakdown in gases. The rising of high voltage in a breakdown is due to the
process known as ionization, in which electron and ions are produced from neutral
atoms and molecules, and move to the anode and cathode respectively, leads to high
voltage. At the present, the breakdown phenomena can explain in two types of

theories or mechanisms:

(a) Townsend theory.

(b) Streamer theory.

The well-known, the two of theories explained the mechanism for breakdown
process under different condition. The various physical condition of gases, there are
temperature, pressure, electrode configuration, electric field, nature of electrode
surfaces and the availability of initial conducting particles as known to govern the

ionization processes.
2.3. lonization processes

As mentioned above, in normal condition, a gas has perfected insulators. On
other hand, during a high voltage apply to between two electrodes in a gaseous

medium, the gas becomes a conductor and occurs the electrical breakdown. The



breakdown of gas is brought about by various processes of ionization, e.g., ionization

by collision, photo-ionization, and the secondary ionization processes.
2.3.1. lonization by collision

If the kinetic energy are gained by an accelerated electron is larger than the
ionization energy threshold of the gas molecule or atom, this ionization may take place
in which an electron and a positive ion are formed. It mean that number of ionizing
collision per electron travel a unit length in the direction of the electric field is termed

“Townsend’s first ionization coefficient (Q)”. This process can be represented as:
A+e > A" +2e (2.1)
Where A is the atom, A" is the positive ion and e~ is the electron

A few electrons are produced at the cathode, ionize neutral gas particle
produce positive ions and additional electrons. Then, this additional electron make

ionizing collision by themselves and thus the process repeats itself.
2.3.2. Photo-ionization

Photo-ionization occurs when the number of radiation energy absorbed by a
gas molecule or atom exceeds its ionization potential. Thereby creating an electron

and positive ion. This process can be expressed as:

A+hv—> A" +e (2.2)
This process occurs when
A<cx n (2.3)
V.

i
Where, h is the Planck’s constant, c is light velocity, A is the wavelength of

the incident radiation and V; is the ionization energy of the atom.
2.4. Townsend breakdown process

One of the process which considered a description of the fundamentals of

steady-state gas discharge was put forth by Townsend [19], and the well-known form



of breakdown bears his name. Townsend breakdown mechanism is based on the
generation of successive secondary avalanches to produce breakdown, a voltage is
applied across two electrodes of a gas-filled discharge gap. Electron in the gap with a
sufficiently high electric field in a gaseous medium which can be ionized i.e., air.
Following an original ionization event, due to such as ionizing radiation, the positive
ion leads towards the cathode, while the free electron lead towards the anode of the
device. If the electric field strength is high enough, then it is likely to ionize a gas
molecule by simple collision, the free electron gains sufficient energy to liberate a
further electron when it next collides with another molecule. The two free electron
then drift the anode and gain sufficient energy form electric field to cause impact
ionization when the next collision occur; and so on. This is effectively a chain reaction
of electron generation and dependent on the free electrons gaining sufficient energy

between collisions to sustain the avalanche.

A " \ " "
\ \ \
\
\ \ \
\ \
\ \

b DC Voltage Source<+>

Original ionization event

Cathode

\ " "
\ \
\ \ \
| \
/ \

Electric Field

Anode

@ lonization event

lonizing electron path

— — — — Liberated electron path

Figure 2.1 Visualization of a Townsend avalanche
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2.5. Streamer breakdown process

Townsend theory cannot explain certain events when applied a voltage to
breakdown at atmospheric pressure. Firstly, according to this theory, current growth
occurs as a result of ionization processes only. But in practice, breakdown voltages
were found to depend on the geometry of gap and the gas pressure. Secondly, the
breakdown process predicts time lags of the order of 10” sec., while in the practice
the breakdown was observed to occur at very short times of the order of 10° sec. and
while the Townsend estimates a much diffused form of discharge, in the actual
practice, discharge were found to be filamentary and irregular. The Townsend
mechanism failed to explain all these observed phenomena. Around 1940, Raether

and, Meek and Loeb proposed the Streamer theory [20].

The theories predict the development of a spark discharge directly from a
single avalanche in which the space charge developed by the avalanche itself is said

to transform the avalanche into a plasma streamer.

+ Anode

- Cathode

Figure 2.2 Effect of space charge produced by an avalanche on the applied

electric field

According to figure 2.2, a single electron start at the cathode by ionization
builds up an avalanche that crosses the gap. The electron in the avalanche travel very
fast compared with the positive ions. At this time the electron reach to the anode, the
positive ions are virtually in their original position and form a positive space charge at

the anode. This increasing the field and the secondary avalanches are formed by the
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few electrons which produced due to photo-ionization in the space charge area. This
occurs first near the anode where the space charge is maximum. Their result in a
further increase in the space charge. The process is so fast and the positive space
charge extends to the cathode rapidly resulting in the formation of a streamer. The
narrow luminous tracking occur while the breakdown at high pressures are called
streamer. There are three continual stages in the development of the streamer as
shown in figure 2.3, in which (a) illustrates the stage when avalanche has crossed the
gap, (b) illustrates the streamer has crossed half of the gap length and (c) illustrates
the gap has been bridged by a conducting channel.

+ Anode

+++++++ 4+ Rk PR Ik T o
Ik R Bk s
Ik TR S o Pk ok
R Bk
R e e R Rt
B e
Bk i
B ek kS
PR Ik T o
Bk s
Pt B
Bk
R Rt

- Cathode
(a) (b) (©)

Figure 2.3 Cathode direct streamer

2.6. Surge breakdown time lags

Under a surge voltage and pulse of short duration time, the gap may not
breakdown when the peak voltage reaches the lowest breakdown value V. Vg is a
minimum voltage which can lead to breakdown of the gap after a period of time of
voltage applied. The figure 2.4, illustrates the breakdown under a step voltage; V, is
the peak value of a step voltage which applied at time ¢ = 0 to the gap that can occur

the breakdown when V,, has been greater than V, after a period of time.
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vV A
Ve

W]
Vs

ts tf

t
>
t=0 t
Figure 2.4 Step voltage time lag
Where:

Vs - Minimum static breakdown voltage
V, -Peak voltage
t. - Statistical time lag

S

t; - Formative time lag

The period of time between the applied voltage to a gap enough to occur
breakdown and this period of time was called as the time lag (t,). This time consists
of two component of time [18]: first time is a time which lapses during the application
of voltage sufficient until can found a primary electron which strength enough to
initiate the discharge, this time is called the statistical time lag (t,). And the other is a
time which required for the ionization processes to sufficiently develop to cause the

breakdown of the gap and is known as the formative line lag (t, ).

The statistical time lag (t,) depends on the number of pre-ionization in the
gap, including the length of the gap and the radiation which produce the primary
electrons. The electrons appears to initiate the discharge is usually statistically
distributed. The statistical time lag can be reduced by the difference in the voltage

AV =V, -V and AV is called that the overvoltage.

The formative time lag (t; ) depend mainly on the mechanism of breakdown.

In case of the secondary electron arise entirely from electron emission at the cathode
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by positive ions, the moving time from anode to cathode will be the dominant factor
determining the formative time. The formative time lag increase with the increasing of
the gap length and the field non-uniformity, but it decreases with the increasing of the

overvoltage.
2.6.1. Breakdown under impulse voltages

An impulse voltage is a voltage which unidirectional, this kind of voltage is rapid
rising to a maximum value and then decay slowly to zero when compared with its

rising. The impulse voltage consist of two kinds [21]:

The first kind is the lightning impulse, it origin form lightning strokes. The
amplitude are very high, usually in the order of 1000 kV or more, each stroke bring the
travelling waves to transmission line. If its amplitude is too high voltage level, the
breakdown has occurred by chopped at the insulation i.e. insulators. Therefore, the
traveling waves with steep wave fronts, even steeper wave tails may stress into the

insulation e.g., power transformer or other high voltage apparatus severely.

The second kind is caused by rejecting or injecting load in the power systems.
The amplitudes of this kind of impulse are always related due to the operating and
shape is influenced by the impedance of the systems and by the switching condition
too. Normally, their amplitudes are lower than the first kind and their rate of voltage
rise is also slower than, but their duration of steady time is longer than the first kind.
The wave shape can also very dangerous with the insulation systems because of their

duration of steady time.

Both kind of overvoltages became necessary to simulate these transient
overvoltages by the various computer software as well as for testing purpose the high
voltage apparatus. The various national and international standards give the definition
of the impulse voltages as a unidirectional voltage. In the relevant IEC standard 60
[16], are widely accepted. In general, considered as lightning impulses as shown in
figure 2.5. The most applications, the front time T, =1.2 ps, and the time to half-value
T, =50 ps. The tolerances of T, can be up to £30% and £20% for T,. Then the
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lightning impulse voltages are referred to as T,/T,=1.2/50 ps. This shape is the

accepted standard lightning impulse voltage today as shown in the figure 2.5.

V A
1.0 v(t)
0.9 B ——Tail
/ Front
05 C
0.3 A
T T,=1.67T
Tﬁ T=0.3T,=05T
O 01e Tl =t

1, T,

Figure 2.5 General wave shape of lightning impulse (LI) voltage

When apply an impulse voltage with a peak value V, and let it’s higher than
V, in a gap, at the moment V, =V is marked by time t, as shown in the figure 2.6.
There is a certain of probability to occur the breakdown, but it won’t occur
immediately because of the time lag as mentioned before. The overvoltage (AV)
duration have to exceed the time lag (t; ). When gain the amplitude of impulse voltage
exceed the static value (V) until occur breakdown at this moment is marked by
chopping time (t,). In the practice, the chopping time is not constant value, it depend
on the various values as whole mentioned. Therefore, obtain a breakdown probability

(P) for each number of maximum impulse voltage (V) as a function of time (v(t)).
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Figure 2.6 Breakdown under impulse voltage

The total of time lag can be expressed by equation below
t =t +t, (2.9)

The maximum of impulse voltage (V,) must be higher than the statistic
breakdown voltage (V). The ratio between V, and Vg (V. /Vg ) is called as impulse
ratio and the differential between V, and Vg (AV =V, -V ) is called as the

overvoltage. They are helpful in the system design and co-ordination insulation.
2.6.2. Volt-time characteristics

When an impulse voltage is high enough to cause the breakdown, the
breakdown voltage will receive on each voltage application. If the voltage as function
of time (v(t)) chopped at the tail wave of impulse, in this case the peak of impulse
voltage provide the breakdown voltage. If it chopped at the front wave of impulse,
the breakdown voltage is provided by the maximum voltage at the point which
chopped. The time lag depend on the breakdown voltages and the field geometry.
Therefore, a volt-time characteristic is constructed by the number of breakdown
voltage against their time lag. The schematic plot of breakdown voltages (V, ) against

chopping times (t,) was shown in the CHAPTER 3.
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Figure 2.7 Breakdown volt-time characteristic

In quasi-uniform and uniform field gap, the characteristic is usually shapely
defined and its curve rises with increasing the rate of rise of the applied voltage.
However, in non-uniform field gap, due to larger scatter in the results, the data fall
into a dispersion band as shown in the figure 2.8. The chopping time is less sensitive

to the rate of voltage rise. Hence, quasi-uniform field gap i.e. sphere-sphere gap have

often used as protective device against overvoltages.

Non-uniform field

>

Figure 2.8 Volt-time characteristic of uniform and non-uniform field gap

t

16
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The volt-time characteristic is an important for co-ordination insulation systems.
It provides the basis for the impulse strength of the insulation and for the design of

the protective devices against overvoltages.
2.7. Experimental studies of the time lags

There are numerous previous researches have studied about the time lags in
the past. The general techniques used either a constant voltage which applied into an
irradiated gap and a spark is initiated by sudden illumination of the gap from a nearby
spark. In the former case the time lag is measured from the flash until breakdown
occurs, while in the latter the time lag is measured between the voltage application
and the gap breakdown. The measurement of time lags for given experimental
conditions are usually are presented graphically by plotting the average time lags

against the breakdown voltages.
2.8. Insulators

The insulators are an electrical device which be used on electricity supply
networks to support, separate or contain conductors at high voltage. A special case,
the insulators are used in the maintenance service of live apparatus [26]. All of the
insulators include dual function like mechanical and electrical. The main function of
the insulators separate line conductors and the supports i.e. the tower to provide
perfect insulation between the conductors and the supports and to resist the leakage

current form the line conductors to earth through the support.
2.8.1. Properties of insulations

To provide necessary insulation, the insulators must have the following

properties:

1. The insulators provide the insulation and also provide to support the

conductors. Hence, the insulators must mechanically very strong.

2. The insulator must have very high insulation resistance to prevent any

leakage current.
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. The insulators must be free from internal impurities such as cracks, holes,
laminations etc. These impurities can reduce the permittivity of the

insulators.
. The dielectric strength of the insulators must be very high.

. The relative permittivity of the insulating material should be very high to

provide high dielectric strength.
. The material of the insulators should be non-porous.
. The insulators should not affect when the temperature change.

Due to very high voltages or overvoltages, there is high chance to occur
a flashover or puncture along the insulators to earth. The flashover is a
disruptive electrical discharge around or over the surface of the insulators.
And the puncher is a breakdown and this breakdown caused an electric
arc through the interior the insulator. This is the main cause of insulator
failures and collapses. Thus, the ratio of puncture strength must be higher
than the flashover voltages. This value can see the manufacturer
specifications such as impulse strength, leakage distance, dry arcing

distance etc.

Leakage distance is the sum of the shortest distance measured along the
insulator surfaces between the terminal electrode parts, as arranged for

dry flashover test. As figure 2.9, the red line is the leakage distance.

Figure 2.9 The leakage distance
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10.  Dry arcing distance is the shortest distance through the surrounding
medium between terminal electrodes, or the sum of distances between
intermediate electrodes, whichever is shortest, with the insulator
mounted for dry flashover test. As figure 2.10, the red lines are the dry

arcing distances.

Dry arcing
distances

=

= T

Figure 2.10 Dry arcing distances of 1 disc and 4 discs insulators strings

2.8.2. Flashover and puncture of insulator

When applied an impulse voltage to an insulator until occurs the flashover
around an insulator surface, its breakdown volt-time characteristic is the curve A in the
fisure 2.11, and the breakdown voltage can puncture to interior material of an
insulator, a puncture characteristic is the curve B in the same figure. The point S, is the
intersection between curve A and curve B which illustrate the relation between the
puncture and flashover of an insulator. It mean that, if a breakdown voltage is higher
than the point S like the breakdown voltage V,,, the breakdown voltage will puncture
to interior material of insulator. Whereas, a breakdown voltage is lower than the point
Sc like the breakdown voltage V,,, the breakdown voltage will flashover around

insulator surface. The effect of puncture of an insulator mean that the insulator will
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be permanently collapse. Hence, designing of the insulator always provide to occur

flashover before puncture.

VA A
B \
Vel RE
D ~~.
N TS
Vi e
\\\\\t\
=)

— —--=Volt-time characteristic of air around an insulator
Volt-time characteristic of internal an insulator

Figure 2.11 Volt-time characteristics of an insulator

2.8.3. Characteristic of the insulators for test and simulation

The insulators which be used to test and simulate in this thesis focus on the
porcelain suspension type insulator. Firstly, will talking about the material i.e. porcelain

and type of the insulator i.e. suspension type insulator.

The porcelain is the most commonly used as material for the insulators, it is
manufactured from the plastic clay which be mixed with silicon and feldspar, if good
manufacture (free form cracks, holes, lamination etc.), its dielectric strength is about

60 kV/cm [27].

The suspension insulators are the most popular insulators used for high voltage
transmission lines systems. This type consist of number of porcelain discs unit and
install as a string. The string comprise of many discs which be connected to another
discs in series with the help of metal link, and this form is called as string of porcelain
discs. The top of the string is connected to the cross arm of the tower while the

bottom of the string carried the conductors along the conduct shoe. Each disc was
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designed for the lowest voltage at least 11 kV, but if they are formed as string as proper
insulation, they can carry out the very high voltage levels [27]. As shown in the Figure

212

The dielectric strength of a string cannot be judged sufficient accurately form
the flashover voltages of separate insulators and the number of each insulators in the
string. This is the fact explain that the flashover distance i.e. the dry arcing distance (
;) along air between the terminal electrodes for a single disc insulator. The discharge
paths of a single disc insulator and the insulator as a string are different. Flashover
voltage of the string depend upon the path along which the discharge develop as
shown in the Figure 2.12. Flashover along the string of insulators can divide the

discharge paths which develop along the string into 3 paths [22]:

The first discharge path, along a whole the surface of the insulator in the string
i.e. as the same discharge path of the single disc, but multiply with number of discs.

The first discharge path can calculate with equation below:

L. =nl (2.5)

pl pl

Where, n is the number of disc in the string

The second discharge path, along the path |, which multiply with number of

discs. The second discharge path can calculate with equation below:

L, =nl, (2.6)
Where, n also is the number of disc in the string
The third path, along the dry arcing distance of the string:
L.=I (2.7)

p3 — 'p3

Average flashover gradient during the development of discharge partially or
fully along the whole surfaces of the string are lower than during discharge in air, as
well as the chance to occurs the flashover voltage along the path L, also to be lower

than the path L ; because of the L, is less than the nl, (L ;<nl ). Hence, the
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value of dry arcing distances of insulators and strings (L ;) are used to simulate in this

thesis.

A
\4

Figure 2.12 Main dimension of a string of suspension insulators

Where:

|, - Dry arcing distance of the single disc in the string.

pl

l,, - Length which measure form head insulator to another middle
of head insulator in the string as figure 2.12.

| s - Dry arcing distance of the string.

H - Height of the single disc in the string.

h - Height of the string.

D - Diameter of the string or insulator
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CHAPTER 3

TEST PROCEDURE AND EXPERIMENTAL RESULTS

3.1. Experimental method

The experimental results are necessary to determine model parameters and
prove the simulation results. A part of experimental results, used in this thesis, received
from the previous research which studied on volt-time characteristics of suspension
insulators in 24 kV distribution system [14]. This research did testing for determining
the critical flashover voltages (CFO), the breakdown voltages of for establishing the
volt-time curves of suspension insulator strings with 1) 1 disc to 4 discs of ANSI class
52-1, 2) 1 disc to 3 discs of ANSI class 52-2, 3) 1 disc of ANSI class 52-3 and 4) 1 disc of
ANSI class 52-4. Whole theses experimental results were tested under standard
lightning impulse voltage (1.2/50 us). To investigate the capability of the proposed
simulation models, more tests were conducted on 3 and 4 discs of ANSI class 52-2

insulator strings under non-standard lightning impulse voltages.

The waveforms of lightning impulse voltage for establishing the volt-time
characteristics follow the definition specified by IEC 60-1 [16] which the front time does
not exceed 20 ps. Hence, not only the standard lightning impulse of 1.2/50 s, a non-
standard wave shape of 4.8/54.8 us were selected for testing and simulation to verify

the capability of the simulation models.
3.2. Experimental circuit

The impulse voltages are generated by discharging of high voltage capacitors
through spark gaps, which act as a switch, into network resistors. Generally the voltage
multiplier circuit is used. The peak value and wave shape of impulse voltages can be

measured by a voltage divider with a digital oscilloscope [17].

The lightning impulse voltage tests in laboratory were performed in dry

condition. As shown in the figure 3.1, the equivalent diagram of experimental circuit
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consists of 5 parts: (i) Impulse generator, (ii) External load, (i) Capacitor voltage divider,
(iv) Measurement system and (v) Test object i.e. insulator or insulator string. The
impulse generator capacitor C, is charged by a high direct voltage source, then
discharged over the gap G. The appearance of the impulse voltage across to the

external resister (R, ., ) and the load capacitor C, . The front and tail of waveform are

d,ext

mainly controlled R; and R, respectively. An external resistor R, ,,, may be needed

d,ext

to adjust the front time of impulse voltage.

W —A\W\

i Ry i Rd.ext

| i Zn

3 Ré - L= i

=—Cs ” O

§ | | -

_:_ Impulse 777777 External Voltage Divider Measurement
Generator Load System

Figure 3.1 Equivalent diagram of experimental circuit

Where:
C, - Capacitor of impulse generator,
G - Sphere gap which acts as a switch,
R, - Resistor for front-time control,
R, - Resistor for tail-time control,
R; ex - External resistor which also adjust front wave,
C, - Load capacitor,
Z. - Matching impedance,

DSO - Digital storage oscilloscope.
3.3. Test objects

For the insulators which be used in this thesis to test in high voltage laboratory

and to simulate with ATPDraw are the porcelain suspension insulators ANSI class 52-1
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amounts 1 disc to 3 discs, ANSI class 52-2 also amounts 1 disc to 4 discs and ANSI class

52-4 amounts 1 disc. Their characteristic, dimensions and important data shown as the

figure 3.2 -figure 3.7.

140 mm

® 165 mm

L

<

Figure 3.2 Dimension of ANSI class 52-1 insulator

146 mm

d 190.7 mm .

Figure 3.3 Dimension of ANSI class 52-2 insulator

»
>

146 mm

® 254 mm .

Figure 3.4 Dimension of ANSI class 52-4 insulator
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409 mm

Figure 3.5 Dry arcing distances of ANSI class 52-1 insulator string (a) 1 disc, (b) 2

discs and (c) 3 discs



27

164 mm

@ (b)

600 mm

455 mm

LV o)
© (d)

Figure 3.6 Dry arcing distances of ANSI class 52-2 insulator string (a) 1 disc, (b) 2

discs, (¢) 3 discs and (d) 4 discs

Figure 3.7 Dry arcing distances of ANSI class 52-4 insulator 1 disc
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As early mentioned, ANSI class 52-1, 52-2 and 52-4 suspension insulators are
investigated in this research. The dry arcing distance of insulator string, used for
simulation, is determined by the shortage path in air between the top and the bottom
of insulator string as shown in the figure 3.5 - figure 3.7. It depends mainly on number
and height of disc. The height of disc for each insulator class are specified by ANSI
standards as shown in the figure 3.2 - figure 3.4. Hence, simple formulas to estimate
the dry arcing distance of insulator string (d) from the number (n) and height (H) of

insulator are proposed for each insulator class.

3.3.1. For ANSI class 52-1 insulator

700

600

d=09971nxH - 10 e

500 e
400 e
c .-
£300 et
= ..

200 -

100 o

0
0 100 200 300 400 500 600 700
nxH (mm)

Figure 3.8 Dry arcing distance as a function of number and height of disc for ANSI

class 52-1 insulator

The formula determined from the actual measurement is
d =0.997InxH -10 (3.1)
It can be adjusted to be a simple formula as

d=nxH-10 (3.2)
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Where:
d - Dry arcing distance, (mm)
H - Height of the insulator, (mm)

n - Number of disc

From equation above the new estimated dry arcing distances are:

® Dry arcing distance of 1 discis:  1x140-10=130 mm
® Dry arcing distance of 2 discs is:  2x140—10=270 mm

® Dry arcing distance of 3 discs is:  3x140—10=410 mm

3.3.2. For ANSI class 52-1 insulator

700
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d = 0.9986nxH + 16.5
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£
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0

0 100 200 300 400 500 600 700
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Figure 3.9 Dry arcing distance as a function of number and height of disc for ANSI

class 52-2 insulator

The formula determined from the actual measurement is
d =0.9986nxH +16.5 (3.3)
It can be adjusted to be a simple formula as

d=nxH+16 (3.4)
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Where:

d - Dry arcing distance (mm),
H - Height of the insulator (mm),

n - Number of disc

From the equation above the new estimated dry arcing distances are:
® Dry arcing distance of 1 discis:  1x146+16 =162 mm
® Dry arcing distance of 2 discs is:  2x146+16 =308 mm
® Dry arcing distance of 3 discs is:  3x146+16 =454 mm
® Dry arcing distance of 4 discs is:  4x146+16 =600 mm

3.3.3. For ANSI class 52-1 insulator

800
700
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0

d = 0.9959nxH + 69.5
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0 100 200 300 400 500 600 700
nxH (mm)

Figure 3.10 Dry arcing distance as a function of number and height of disc for ANSI

class 52-4 insulator

The formula determined from the actual measurement is

d =0.9959nxH + 69.5 (3.5)

It can be adjusted to be a simple formula as

d=nxH+69 (3.6)
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Where:
d - Dry arcing distance (mm),
H - Height of the insulator (mm),

n - Number of disc

From the equation above the new estimated dry arcing distances are:
® Dry arcing distance of 1 discis:  1x146+69 =215 mm

3.4. Collection data
3.4.1. Critical flashover voltages (CFO)

Table 3-1 Critical flashover voltages

Vso% or CFO
Insulator Polarity No. of disc
(kV)
1 103.62
+ 2 202.48
3 292.13
52-1
1 98.41
- 2 182.42
3 265.45
1 121.32
+ 2 215.21
3 318.11
52-2
1 119.74
- 2 207.47
3 308.92
+ 1 121.65
52-4
- 1 130.92




3.4.2. Volt-time characteristics

34.2.1 ANSI class 52-1 insulator string
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Figure 3.11 Volt-time curves of 1-disc ANSI class 52-1 insulator
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Ficure 3.12 Volt-time curves of 2-disc ANSI class 52-1 insulator string
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Figure 3.13 V'olt-time curves of 3-disc ANSI class 52-1 insulator string

3.4.22 ANSI class 52-2 insulator string

180 —+

— — - Negative
170 +

160 1 Positive
150 4
140 4

130 +

Voltage (kV)

120 4+

110 4+

100 1 : 1 : 1 : 1 : 1

Time (us)

Figure 3.14 Volt-time curves of 1-disc ANSI class 52-2 insulator
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Figure 3.15 Volt-time curves of 2-disc ANSI class 52-2 insulator string

3.4.2.3 ANSI class 52-4 insulator string
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Figure 3.16 Volt-time curve of 1-disc ANSI class 52-4 insulator
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3.5. Establishing the volt-time characteristics form testing

To supplement the data of volt-time characteristics of various insulator strings,
more testing was conducted in this research. The volt-time characteristic was obtained
by applying impulse voltages at 4-5 levels of magnitude to an insulator string. Each
voltage level was applied 15 times and the corresponding time to breakdown was
collected. Because the time to breakdown is random as mentioned in CHAPTER 2, the
average time to breakdown was used as the representative one. It should be noted
that for the case of flashover at the front of impulse, the breakdown voltage is the
voltage when flashover occurs but for the case of flashover at the tail of impulse, the
breakdown voltage is the peak of impulse voltage. The temperature, atmospheric
pressure and absolute humidity of environment in the test area are noted to determine
correction factors for transferring the breakdown voltage to standard conditions [16].
As shown in the figure 3.17, a volt-time curve is obtained by fitting the data of
breakdown voltage and its corresponding time to breakdown. It can be observed that

the lower breakdown voltage level, the more variation in time to breakdown.

440

420 L — V-t curve

Voltage (kV)
W W B
(@)Y (0] (@)
(@) (@) (@)
| | |

[GN]
N
(@]
|
T

300 1 | 1 | 1 | 1 | 1 | 1
Time (us)

Figure 3.17 An example of distribution of chopping time for each applied voltage

level
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The volt-time characteristics under standard and non-standard lightning
impulse voltages, obtained from the experiment in laboratory, are shown in figure 3.18

to the figure 3.21
3.5.1. Under standard lightning impulse voltages

3.5.1.1 3-disc ANSI class 52-2 insulator string
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Figure 3.18 Volt-time curve of 3-disc ANSI class 52-2 insulator string

3.5.1.2 4-disc ANSI class 52-2 insulator string
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Figure 3.19 Volt-time curve of 4-disc ANSI class 52-2 insulator string



3.5.2. Under non-standard lightning impulse voltages

35.2.1 3-disc ANSI class 52-2 insulator string
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Figure 3.20 Volt-time curve of 3-disc ANSI class 52-2 insulator string

3522 4-disc ANSI class 52-2 insulator string
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Figure 3.21 Volt-time curve of 4-disc ANSI class 52-2 insulator string
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CHAPTER 4

COMPUTER SIMULATION METHOD

4.1. ATP/EMTP

The Electromagnetic Transients Program (EMTP) is considered to be one of the
most widely used program for digital simulation of transient phenomena in power
systems. It has been started developing in the public domain since 1984 by the EMTP
development Coordination group and the Electric Power Research Institute (EPRI) of
the Palo Alto, California. The Alternative Transients Program (ATP) was developed after
the EMTP in the same year [13].

This digital computer cannot simulate transient phenomena continuously, they
can only simulate as discrete intervals of time with a step size (At). By this reason, it
leads to truncation errors which may be accumulated from step to step and then
cause divergence form the exactly solution. Most methods used in the ATP/EMTP are

numerically stable and avoid this type of error build-up [12].

The ATP calculates variables of interest within electric power systems as a
function of time. Fundamentally, the trapezoidal rule of integration is used to solve
the differential equation of system components in the time domain. Non-zero initial
conditions can be determined either automatically by a steady-state, phasor solution
or they can be entered by the user for some components. The ATP has many created
models such as transformers, generators, motors, surge arresters, transmission lines
and cables which consist of resistance (R), inductance (L), capacitance (C). By this digital
program, complex network of arbitrary structure can be simulated. The interfacing
capability to this program module TACS (Transient Analysis of Control System) and
MODELS (a simulation language) is enabled to model and analysis of control systems,
power electronic equipment and component with nonlinear characteristics such as
electric arcs and corona discharges. Symmetric or unsymmetrical are allowed, for

example, lishtning surges and any kind of switching operation. As well as, dynamic
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systems without any electrical network can also be simulated by using TACS and

MODELS.
4.1.1. ATPDraw

ATPDraw™ for Windows OS is a graphical, mouse-driver preprocessor to the
ATP version of EMTP. With ATPDraw, the user can create the circuit which need to
simulate by using the mouse to point and select the components from an extensive
tools. Then ATPDraw generates the input file data for the ATP simulation in the
appropriate format. The circuit node names are managed by the ATPDraw but the user

can give node names to the nodes of special interest.

The ATPDraw has interfaced for TACS and MODELS by connecting between self-
TACS or TACS and MODELS. It can simulate network only (no TACS), TACS stand-alone
(no network) and the most common use is TACS hybrid which connect both i.e.

network and TACS.
4.1.2. TACS

Transient Analysis of Control System (TACS) is module for time-domain analysis
of the control systems, it has been introduced in EMTP in 1976 for the simulation of
HVDC converter controls. There are many functions included in TACS such as generator
excitation and governor control, control loops, relaying algorithms. They can 1)
simulate mechanical or electromechanical systems, 2) create models for devices
without built-in MODELS e.g. arc resistances, and 3) create harmonic sources, variable
frequency sources, and voltage/current source etc. TACS has been designed form point
of view of reproducing Laplace domain block diagram which can be converted to

difference equations, resulting in one step time delay (At).
4.1.3. MODELS

MODELS in ATP is a general-purpose description language supported by an
extensive set of the simulation tools for the representation and study of time-variant
systems. It allows the description of arbitrary user-defined control and circuit

components. It also provides a simple interface for connecting other programs/models
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to the ATP. As a general-purpose programmable tool, MODELS can be used for
processing simulation results either in the frequency domain or the time domain. The
ATPDraw supports only a simplified usage of MODELS. The user just writes a model-
file and entrust the INPUT/OUTPUT section to ATPDraw.

4.2. Model with ATPDraw

TACS function and MODELS object within ATPDraw are applied to create a
model for simulation of breakdown behaviors and establish the volt-time
characteristics. Lightning impulse voltages with different wave shapes are created by
TACS-controlled sources, and the breakdown processes are calculated with MODELS
object by programmable language. MODELS will pass a signal to close the TACS-

controlled switch when the breakdown occurs. The simulation circuit is shown in the

figure 4.1.

3 5
3 g
3 3
|5 |5
O @]

\ \

Source ««— MODELS

V(t) /\ nv

Figure 4.1 Simulation circuit

The lightning impulse voltages were generated with TACS-controlled sources

by using double exponential equation below
v(t) =V, x A(e’“t —e’ﬁ‘) (4.1)
Where:

V., - Required peak value of impulse voltage (kV)
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A - A constant proportional to peak of impulse voltage
a - A constant specifying falling slope (s™)

B - A constant specifying rising slope (s™)

t  -Time (s)

For the lightning impulse voltage of standard wave shape (1.2/50 us), the value
of each parameter is as follows: a =1.4663x10", £ =2.4691x10° and A=1.0373
[12]. As shown in figure 4.2, the simulated waveform is similar to the actual impulse
voltage generated for experiments. For the non-standard lightning impulse voltage of
4.8/54.8 s, the value of each parameter is adjusted as follows: a =1.5485x10°,
£ =4.8865x10° and A=1.1562. The lightning impulse waveforms of 1.2/50 us and
4.8/54.8 ps, created by TACS-controlled source for simulation, are shown in figure 4.3

and figure 4.4.
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Figure 4.2 The comparison of lightning impulse between experiment and

simulation
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4.3. Simulating of the insulator strings
4.3.1. Integration method (IM)

The integration method is based on the development of impulse voltage until
the specific accumulating area under waveform reaches a constant called the
disruptive effect (DE). The breakdown depends on both voltage magnitude and its

appearance duration as shown in equation (5.1) and Figure 4.5.
t, ‘
DE = [[V (1)-V, | dt (4.2)
fo

Where:

V (t) - Applied voltage as function of time
V, - Onset voltage, i.e. the minimum voltage which must be
exceeded before any breakdown process can start

t, - Time to start integrate when V(t) 2V,

t, - Time-to-breakdown
K - Empirical constant
'Y
V(t
Ve (t)

Vo PE \\‘\

t, t\/ V t

Figure 4.5 Integration method
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It is assumed that DE* is a characteristic of the insulation configuration and is
independent of the wave shape of the applied voltage. Then, it is obvious from
equation (5.1) that V, and k are not independent constants. In [29], this inter-
dependence is examined. If V, is small (e.g. 0<V <V, ), kis large (in the range 3 to
5). If V, is large (~ 90% of V,, ),k <1. In the empirical formulation of the integration
method, there is a need for guidance in the selection of V, and k based on any
knowledge of the physical process involving in the breakdown. Rather the set of value
for DE', V, and k is chosen simply on their capacity to provide the best fit between
the estimated and measured standard wave shape volt-time characteristics. Of course,

if k=1, then we have the simpler version as equation, which is the equal-area criterion.

DE = tjb[v (t)-V,]dt (4.3)

ty
Therefore, this method was developed in many models. For example, the

models of Sekioka [10] and Wanit [28] as shown in the following equations.
L)

% Model of Sekioka

Sekioka defined k = 1 and V, = ~90% of V5. DE equations of Sekioka

model were determined by the arcing horns rod-rod gaps length d in m.

Positive polarity: DE =0.65d —0.04 (4.4)

Negative polarity: ~ DE =0.61d —0.15 (4.5)
** Model of Wanit

Wanit modified the DE equation of Sekioka to simulate breakdown
characteristics of arcing horns rod-rod short air gaps for distribution power

transformer’s bushing 22kV and 33 kV.

Positive polarity: DE =0.3705d —0.0014 (4.6)

Negative polarity: DE =0.5173d —0.0144 (4.7)
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Both models of Sekioka and Wanit were developed for breakdown simulation
for arcing horn rod-rod gaps. Thus, for suspension insulator strings, the new equations
for determining DE shall be proposed. This can be done by solving the integration
equation (5.2). Where \t) follows equation (3.1) as standard lightning impulse of 1.2/50
us, Vg is set to 90% of Vi, to is the time to start integration when Wt) > V; and ¢, is
the time lead to breakdown. Then bring each result of DE calculated from equation
(5.2) to plot versus their corresponding dry arcing distance d as shown in figure 5.2.
Finally the equation for determining DE as a function of dry arcing distance for
suspension insulator strings with ANISI class 52-2 1-4 discs as shown in equations (5.7)

and (5.8).
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0.12 DE = 0.1943d - 0.0024 _ _e
0.10 e
0.08 -2
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(a) Positive polarity
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0.14
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W, 0.10 o

Q0.08 ° =
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0.00
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0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
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(b) Negative polarity

Figure 4.6 DE equation for (a) Positive polarity and (b) Negative polarity
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The DE equations of breakdown simulation for suspension insulator string are:
Positive polarity: DE =0.1943d —0.0024 (4.8)
Negative polarity: DE =0.3021d —0.0189 (4.9)

Where: d — Dry arcing distance [m]

The flowchart of breakdown simulation with ATP based on integration method

is shown in the figure 4.7
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Start integration to
calculate DE

Y

No
t> trax - DE > DE
Yes Yes
No breakdown Breakdown

Figure 4.7 Integration method’s breakdown flowchart
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4.3.2. Leader progression model (LPM)

The development of the leader method was proposed by CIGRE [3]. It is based
on the physical breakdown process. The time which leads to breakdown consist of
three parts of time: corona inception time, streamer propagation time and leader
propagation time. Hence, form ref. [4], the time to breakdown or chopping time (t,)

can be defined by the equation below
t. =t +t +t (4.10)

Where:
t. - Corona inception time, usually it is neglected because it is very
short duration compared with the two other times,
t, - Streamer propagation time (us),

t, - Leader propagation time (us),

For t, can be calculated by the equation below

%:1.25(5]—0.95 (4.11)

S 50

Where:
E - Maximum gradient at gap before breakdown, (kV/m)
E., - Average gradient at CFO, (kV/m)

And for t, can obtain from the equation below

dL v(t)
Ve=—=Kv{t)| —=-—-E 4.12
e i v()[d_L 0} (4.12)

Where:
Ve - Velocity of the leader (m/s),
v(t) - Voltage as a function of time (kV),
L - Leader length (m),
d - Dry arcing distance or gap length (m),
E, - Gradient at which the breakdown process start (kvV/m),

K - Constant value.
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According to refs. [4-7], a lightning impulse v(t) is applied to an insulator string
with a distance d. The process of the leader will start when the voltage gradient has
been greater than the critical value E,. As this process, the front wave shape of
lightning impulse increases sharply and the velocity of leader (Ve) also travels very
quickly. They affect to the leader length (L). Subsequently, the leader starts
propagating along the insulator string distance (d) until it reaches the opposite
electrode which means that the leader length and the dry arcing distance of insulator
string are equal. At this moment, the leader progressively bridges the wholes terminal
electrodes of the insulators string, then the flashover occurs. On the other hand, if the
average electric field strength is lower than the critical value E,, the leader cannot
develop and the flashover won’t occur. The development of the leader depends upon
the arcing distance, insulator string configuration, and the polarities of the applied

lightning impulse. The breakdown process of LPM is shown in the figure 4.8.

d 4
(m)
d(t)
L(t)
v A t (us)
d (kV)
Ve v(t)
Eo e -
/ length
AN
v(t) a 0 V V)

te

Figure 4.8 The development of leader and the breakdown process
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The flowchart of breakdown simulation with ATP based on leader progression

model is shown in figure 4.9.

Start
. 4 |
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Figure 4.9 Leader progression model’s breakdown flowchart

There are two constant values in the equation (5.11) i.e. K and E,. The constant
values K and critical value £, depend on the insulator strings configuration, type of the

insulators discs and the polarities of the lightning impulse voltages. The basic guideline
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of IEEE transient working group [4] and ref. [5] offered these values as shown in table

4-1 and table 4-2.

Table 4-1 The constant values of K and E; proposed in ref. [4]

Configuration Polarity K (%:ec} E, (%/)

Air Gaps, Post Positive 0.8 600
insulators Negative 1.0 670

Cap and Pin Positive 1.2 520
Insulators Negative 1.3 600

Table 4-2 The constant values of K and Ejproposed in ref. [5]

rod arcing horn

m? kv
Configuration Polarit K| —— E | —
. X (kvzsecJ ° ( m j
Air Gaps with rod-
Positive 0.6474 578

Using LPM, this thesis needs to create a model to simulate the breakdown

behavior and establish the volt-time characteristics of insulators strings with various

suspension insulators types such as ANSI class 52-1, ANSI class 52-2 and ANSI class 52-

4, each string consists of various number of discs. Dry arcing distance (d) is defined as

a discharge path which in a relationship between the number of discs and height (H)

of suspension insulator string as show in equation (3.2), (3.4) and (3.6). As mentioned,

the constant values of K and £, depend on insulator configuration, the insulators type

and the polarity of lightning impulse. In this thesis the new constant values of K and

E, are proposed from the experimental results. They are shown in table 4-3.
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Table 4-3 The constant values of K'and E; for model

Insulator ANSI m?2 k\V
Polarity K|—— E, | —
class kV“sec m
Positive 3 750
52-1
Negative 2.6 680
Positive 2.4 700
52-2
Negative 1.6 690
Positive 3 580
52-4
Negative 2.1 600

4.4. IM & LPM model with ATPDraw
For convenience in the simulation, both IM and LPM are created as a
component with MODELS and TACS in ATPDraw as shown in figure 5.6. User just inputs

the required parameters of each model to simulate the breakdown of insulator string.

PR.OEES
‘e L d

MODELS

PROBES
vit) Vb

Figure 4.10 IM & LPM model with ATPDraw
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Aftributes
DATA LMIT WALLIE NODE PHASE MAME
P o 210 TACS 1 LI
LIS [1-2] 1 Ta 1
Figure 4.11 Input data for Sources
Where:
VP - Peak voltage of lightning impulse.
LIS - Lightning impulse selector (1-2). Standard lightning impulse and
Non-standard lightning impulse respectively.

DATA, LUMIT Wl LIE HODE PHASE MaME
n Digclz] 1 WT 1 Wh
CFO kM 100 WM 1
DES [1-2] 1 Ve 1 Ve
K m"2 A2 3 L 1 L
EO kM A a0 d 1 d
15 [1-5] 1 T_Switch 1 #0001
M5 [1-2] 1

Figure 4.12 Input data for IM & LPM MODELS

Where:
n - Number of disc.

CFO - Critical flashover voltage for IM.

DES - DE equation selector (1-2): DE equation for positive polarity

and negative polarity of lightning impulse, respectively.

K - Constant value for LPM.
EQ - Critical electric field for LPM.
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IS - Insulator selector (1-5): ANSI class 52-1, 52-2, 52-4, 52-4 with
arcing horn rod-rod and 52-4 with arcing horn sphere-sphere,
respectively.

MS - Model selector (1-2): Integration method (IM), Leader

progression model (LPM), respectively
4.4.1. Integration method with ATPDraw

TACS function and MODELS object within ATPDraw [13] are used to create the
model according to the flow chart shown in the figure 4.7. The lightning impulse
voltages are generated by a TACS-controlled source. When the time-varying impulse
voltage (V}) becomes higher than V; (90% of Vsq,), the integration device of TACS starts
integration until its output reaches the value of DE which is calculated from equation
(5.7) or (5.8). The maximum value of the voltage reached (V,) and the final time of
integration or the time to breakdown (t,) are recorded. The case of breakdown are
shown figure 4.13 and the case of no breakdown are shown figure 4.14
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0
(file 52-2+4.pl4; x-vart) v:VB

Figure 4.13 Case of breakdown in with integration method in ATPDraw
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Figure 4.14 Case of no breakdown in with integration method in ATPDraw

4.4.2. Leader progression model with ATPDraw

TACS function and MODELS object within ATPDraw [13] are used to create the
model as shown in the figure 4.10. According to the figure 4.8 and the flow chart as
shown in Figure 4.9, a lightning impulse voltage is generated by a TACS-controlled
source. A time, velocity and length of leader start at zero. Then, the time is varied by
the step-time (At). When the time start varying, the voltage gradient (v(t)/(d—L)) in
the unbridged part of the gap become greater than E,, the MODELS start calculate the
velocity of leader by differential equation (5.11), while the velocity has increased
rapidly, the length of leader was increased by the velocity multiply with the step-time
(At). If the leader length has been greater than or equal the dry arcing distance of an
insulator string, that mean breakdown. If not yet, and the time already has reached
the maximum of time (t,.,.,) which set in ATPDraw, in this case is no breakdown, try to
add more the magnitude of lightning impulse voltage. The case of breakdown are

shown in the figure 4.15 and the case of no breakdown are shown in the figure 4.16.
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Figure 4.15 Case of breakdown in with LPM in ATPDraw
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The cases of no breakdown of LPM, observe that the leader length developed
slowly and decayed to zero suddenly because of the voltage gradient become greater
than £, but cannot steady enough to bring the leader length until reach the dry arcing

distance.

The cases of breakdown of LPM, observe that the leader length has developed
continually until reach the dry arcing distance. The maximum value of the voltage
which cause the breakdown is breakdown voltage and the final time of leader length

which reached dry arcing distance is time to breakdown or chopping time.

By varying the magnitude of input impulse voltage at TACS-controlled source,
it provided some values of the breakdown voltage (V) and their corresponding time-
to-breakdown (t,) or chopping time (t.), both are noted and plot in the Microsoft Excel.
Hence, the volt-time characteristics of an insulator strings are obtained by number of
this process which lead to breakdown. The volt-tine characteristic which got from the

IM & LPM model shown in the figure 4.17.
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Figure 4.17 Volt-time characteristic from the IM & LPM model



CHAPTER 5

SIMULATION RESULTS AND ANALYSIS

5.1. Results and comparisons of volt-time characteristics

5.1.1. Case of standard lightning impulse (1.2/50 us)
5.1.1.1 ANSI class 52-1 insulators string
160 —

150 1
190 L
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Simulation with IM

Simulation with LPM

Time (us)

(a) Positive polarity
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Figure 5.1 The comparison between volt-time characteristics which obtained from
experiment and simulation of 1-disc ANSI class 52-1 insulator under standard

lightning impulse voltages of (a) Positive polarity and (b) Negative polarity
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Figure 5.2 The comparison between volt-time characteristics which obtained from
experiment and simulation of 2-disc ANSI class 52-1 insulator string under standard
lightning impulse voltages of (a) Positive polarity and (b) Negative polarity
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Figure 5.3 The comparison between volt-time characteristics which obtained from

experiment and simulation of 3-disc ANSI class 52-1 insulator string under standard

lightning impulse voltages of (a) Positive polarity and (b) Negative polarity
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5.1.1.2  ANSI class 52-2 insulators string
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Figure 5.4 The comparison between volt-time characteristics which obtained from
experiment and simulation of 1-disc ANSI class 52-2 insulator under standard

lightning impulse voltages of (a) Positive polarity and (b) Negative polarity
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Figure 5.5 The comparison between volt-time characteristics which obtained from
experiment and simulation of 2-disc ANSI class 52-2 insulator string under standard

lightning impulse voltages of (a) Positive polarity and (b) Negative polarity
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Figure 5.6 The comparison between volt-time characteristics which obtained from
experiment and simulation of 3-disc ANSI class 52-2 insulator string under standard

lightning impulse voltages of (a) Positive polarity and (b) Negative polarity
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Figure 5.7 The comparison between volt-time characteristics which obtained from

experiment and simulation of 4-disc ANSI class 52-2 insulator string under standard

lightning impulse voltages of (a) Positive polarity and (b) Negative polarity
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5.1.1.3 ANSI class 52-4 insulators string
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Figure 5.8 The comparison between volt-time characteristics which obtained from
experiment and simulation of 1-disc ANSI class 52-4 insulator under standard

lightning impulse voltages (a) Positive polarity and (b) Negative polarity
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5.1.2. Case of non-standard lightning impulse (4.8/54.8 us)

The case of non-standard, the IM cannot simulate, because the data of CFO for
this case don’t have. Then, this case will compare between the volt-time

characteristics which obtained from experiment and simulation with LPM
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(b) Negative polarity
Figure 5.9 The comparison between volt-time characteristics which obtained from
experiment and simulation of 3-disc ANSI class 52-2 insulator string under non-

standard lightning impulse voltages of (a) Positive polarity and (b) Negative polarity
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(b) Negative polarity

Figure 5.10 The comparison between volt-time characteristics which obtained from

experiment and simulation of 4-disc ANSI class 52-2 insulator string under non-

standard lightning impulse voltages of (a) Positive polarity and (b) Negative polarity
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5.2. Calculation of the percent errors

From the figure 5.1 - the figure 5.10 which illustrate the comparison between
the volt-time characteristics from the IM & LPM model and the experimental results.
Both are almost approximate in the case of standard lightning impulse with both
polarities and the case of non-standard lightning impulse voltages with both polarities.
However, they still has a little bit of error because in the practice is different with the
theory. In fact, the testing in laboratory is statistical e.g. determining the time lags, by
applying in the same voltage level, but it often provide differently values of time lags,
so determining a time lag is statistical, it also depend on the atmospheric i.e. pressure,
temperature, humidity etc., the apparatus i.e. impulse generator, measurement
systems etc. But the model in software computer use the mathematic equation, it
calculate exactly e.g. determining a chopping time, by input the voltage in the model,

it always provide the same value, so the model depend on the input data.

To calculate the percent errors of the comparison between both volt-time
characteristics as mentioned earlier. Each point of chopping time from experimental
results are the main values. By changing the magnitude of impulse voltage in the
model until got the same value of the chopping time with the experimental results of
each point. Then, the breakdown voltages of each point of both are used to calculate
the percent errors and determine the maximum percent error of each point to analyze

in this thesis.

Therefore, the percent errors calculated by equation below

#

%Error _ #Experimental - #Simulation ‘ %«100% (5.1)

Experimental

Where:
#experimentar - EXPEriMental value
Hsmuaion - Simulation value

Hence, the results which calculated from equation above of the maximum

errors of each volt-time characteristics of each type insulator string which was applied



69

or simulated by standard lightning impulse voltages and non-standard lightning

impulse voltage of both polarities are shown in the table 5-1 and the table 5-2.

Table 5-1 The maximum percent errors for standard lightning impulse

Maximum Maximum
Insulator | Polarity | No. of discs (IM) (LPM)
%Errors (%) | %Errors (%)

1 4.35 7.52
Positive 2 4.21 3.98
3 2.70 3.60

52-1
1 18.98 11.63
Negative 2 5.15 4.12
3 10.38 3.77
1 3.07 2.54
2 0.72 2.44

Positive

3 2.08 1.41
4 6.80 1.21

52-2
1 5.86 4.65
2 5.87 1.08

Negative

3) 3.69 0.90
4 1.41 2.04
Positive 1 4.96 1.15

52-4
Negative 1 7.28 2.44

Form the table 5-1, it can be seen that the LPM model can give more accurate

results than the IM model in many cases.
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Table 5-2 The maximum percent errors for non-standard lightning impulse

Insulator

Polarity

No. of discs

Maximum
(LPM)

%Errors (%)

52-2

Positive

4.01

3.49

Negative

4.69

A W] A~ W

4.03

5.3. Determine critical flashover voltages (CFO)

Beside the simulation of breakdown for

establishing the volt-time

characteristics, the leader progression model can also be applied to determine the

critical flashover voltages (CFO). CFO is the crest value of standard lightning impulse

voltages for which the insulation result in a 50% probability of flashover or withstand.

Another name of the CFO is called as Vsu. It is widely used in the insulation co-

ordination studies to describe the lightning impulse strength of high voltage insulators.

The probability distribution of breakdown is show in figure 5.11.

P(Vy) 1
100%

50%

VO%

V50%

VlOO% Vb

Figure 5.11 Breakdown probability distribution
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Additional, the critical Flashover voltage (CFO), in view of physics, is defined as
the minimum voltage above which all the electrons in the enclosed gap acquire
enough energy to change the dielectric become to the conductive. Gaussian
distribution is characterized by mean and standard deviation (O). Mean value of 50 %

value is termed Critical Flashover Voltage.

In general, the values of V,, and V,y,, are determined by using the value of

V0, and its standard deviation (O) as following equation

Vo = Voo, =30 (5.2)
Viooss = Veos, T30 (5.3)

CFO is equal to the asymptotic value of the volt-time characteristics. For air
insulation, CFO are proposed to occur at about a time to breakdown of 16 us [5, 30].
The LPM is, therefore, used to determine the peaks of impulse voltages that can cause
the flashover of insulator strings at a time around 16 ps. The obtained voltages are
compared with the CFOs of insulator strings obtained from experiments in ref. [14]
and ref. [15]. Ref [14] studied the CFOs of insulator strings with 1-4 discs. Ref. [15]
studied the CFOs of insulators strings with 4-7 discs installed with rod-rod and sphere-
sphere arcing horns. Gap length between arcing horns for each case is shown in table

5-3
Table 5-3 Gap lengths of ANSI 52-4 with arcing horn rod-rod gap

and sphere-sphere gap ref [15].

Gap lengths
Insulator | No. of discs (mm)
Rod-rod Sphere-sphere
4 419 394
5 565 540
52-4
6 711 686
7 857 832
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By the same calculation as dry arcing distance mentioned before, the cap
lengths can be determined as a function of insulator height multiply with disc number

as follows:

$* For the insulator strings install with arcing horn rod-rod gap:
d = nxH-164 (5.4)
** For the insulator strings install with arcing horn sphere-sphere gap:

d = nxH-190 (5.5)

By the same method with the simulation of volt-time characteristics mentioned

before, the constant values of K and Eycan be proposed as show in the table 5-4

Table 5-4 The constant values K and E, for ANSI Class 52-4 insulator string with

arcing horns

2
m kV
Insulators Polarit K E, | —
« (kvzsecJ ° ( m ]

52-4 Positive 0.9 640
(rod-rod) Negative 0.9 640
52-4 Positive 3 677
(sphere-sphere) Negative 3 677
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The results of simulated CFOs obtained from the LPM and their percent errors

in comparison with experimental ones are shown in the table 5-5 and the table 5-6

Table 5-5 The percent errors for CFOs of 1-4 disc insulator strings without arcing

horns
V500, OF CFO
No. of %Errors
Insulator | Polarity (kV)
discs (%)
Experiment | Simulation

1 103.62 98.00 5.42
Positive 2 202.48 203.10 0.31
3 292.13 308.00 5.43

52-1
1 98.41 88.90 9.66
Negative 2 182.42 184.50 1.14
3 265.45 280.00 5.48
1 121.32 114.10 5.95
2 215.21 216.80 0.74

Positive

3 318.11 319.59 0.47
4 419.367 422.30 0.70

52-2
1 119.74 113.00 5.63
2 207.47 214.70 3.48

Negative

3 308.92 316.40 2.42
4 405.53 418.20 3.12
Positive 1 121.65 125.5 3.16

52-4
Negative 1 130.92 130.35 0.44




74

Table 5-6 The percent errors for CFOs of 4-7 disc insulator strings with arcing horns

V509, Or CFO
No. of %Errors
Insulator Polarity (kV)
discs (%)
Experiment | Simulation
4 287 276.1 3.80
5 386 372.2 3.58
Positive
6 462 468 1.30
52-4 7 550 564 2.55
(rod-rod) 4 287 276.1 3.80
5 386 372.2 3.58
Negative
6 462 468 1.30
7 557 564 1.26
4 284 269 5.28
5 381 368 3.41
Positive
6 aa7 466 4.25
52-2 7 551 565.8 2.69
(sphere-sphere) q 283 269 4.95
5 387 368 4.91
Negative
6 461 466 1.08
7 559 565.8 1.22

It can be seen

that the proposed model based on LPM can estimate the

values of CFO with an error less than 6%.
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CHAPTER 6

CONCLUSIONS AND SUGGESTIONS

6.1. Conclusions

This thesis studied the application of integration model (IM) and leader
progression model (LPM) to simulate the flashover of suspension insulator strings. The
values of parameters for both models are proposed to simulate and establish the volt-
time characteristics of suspension insulator strings under 1.2/50 ps standard impulse
voltage and 4.8/54.8 ps non-standard impulse voltage of both positive and negative
polarities. To verify the proposed models, the simulation results are compared with
the experimental ones. Test objects are insulator strings with 1-4 discs of ANSI class
52-1, 1-4 discs of ANSI class 5-2 and 1 disc of ANSI class 52-4. The proposed model
based on LPM is also applied to determine the critical flashover voltage (CFO) of
insulator strings. The estimated results are compared with the experimental ones. All

obtained results can be concluded as follows:

1. For simple IM, when the impulse voltage applied across an insulator string
exceeds a threshold level Vo, the energy required to complete the breakdown process
is constant which is called disruptive effect DE. The values of Vo are proposed to be
90% of CFO while the value of DE are proposed as a function of dry arcing distance of
insulator string for impulse voltage of each polarity. It is found that the model based
on such simple integration method can predict voltage-time characteristics of insulator
strings with larger errors when compared with that based on leader progression

method.

2. The LPM is based on the physical breakdown process. When the gradient
generated by the impulse exceeds a threshold level Eo, a differential equation must
be solved to determine leader progression speed and leader length until it reaches
the dry arcing distance. The values of three parameters are proposed for the model

based on LPM, i.e. critical gradient Eo, leader coefficient K and dry arcing distance d.
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However, d can be estimated if disc height and number of discs are known. With the
values of parameters proposed in this thesis, the errors in predicting the voltage-time
characteristics of insulator strings are found to be less than 5% for insulator strings with

2-4 discs under standard and non-standard impulse voltages with both polarities.

3. The proposed model based on LPM can also be applied to predict
the CFOs of insulator strings. The predicted CFOs of 1-4 disc insulator strings without
arcing horn and 4-7 disc insulator string with arcing horns show a good agreement with
the experimental results. The deviations are within 6% except one case that reaches

10%.
6.2. Suggestions

1. Further study shall be performed to verify the capability of the proposed
model to predict the voltage-time characteristics of insulator strings under impulse

voltage with fast front time.

2. Further study shall be performed to verify the capability of the proposed

model to predict the CFOs of insulator strings under non-standard impulse voltage.

3. More understanding in the breakdown process of insulator strings is

important for the development of more accurate simulation model.
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