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Abstract 

Performance of power transmission lines has a great impact on reliability aspects of a 

particular power supply system of a country. Unreliable power transmission lines can 

even lead to total power failures resulting with great financial losses. The lightning 

back flashover effects are recognized as one of the major causes of transmission line 

outages. 

Several types of solutions are presently available to address the issue of lightning 

back flashovers. However the modern concept of transmission line mounted surge 

arresters is of great popularity due to its excellent performance, ease of installation 

and the low cost compared to the other traditional solutions. 

This report describes a case study which was carried out on one of critical 220kV 

power transmission lines of the Sri Lankan transmission network, having several past 

records of lightning back flashover related outages resulting with total system failures. 

The study described in this report is mainly focuses on the way of analyzing the back 

flashover events by transient modeling and subsequent simulation of the selected 

transmission line in an electromagnetic transient computer program. The study uses 

the Power System CAD (PSCAD) software program as the software tool for the 

purpose of modeling and simulation of selected 220kV Biyagama-Kotmale power 

transmission line. 

Simulation of the created transmission line model is carried out with and without 

Transmission Line Arrester (TLA) model to evaluate the improvements in lightning 

back flashover performance after installation of TLAs in the selected transmission 

line. 

The result of the simulations shows that the installation of 02nos.of TLAs at top 

phases of each selected towers improves the lightning performance of the selected 

power transmission line. 
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1.1 Historical overview of lightning 

In June 1752. an American scientist called 

Benjamin Franklin (1706-1790) discovered the 

lightning as a natural phenomenon associated 

with discharging static electricity by his famous 

kite experiment accompanied by his son as an 

assistant (Shown in Figure 1.1 ). 

As he discovered. the lightning is a natural 

phenomenon involving an atmospheric discharge 

of electricity accompanied by thunder, which 

Chapter- 1 
Introduction 

Figure 1.1 -Benjamin Franklin's famous kite 
experiment in 1752 

typically occurs during thunder storms, and sometimes during volcanic eruptions or 

dust storms. These lightning strike leaders or in other words a heavy bunch of electric 

charges can reach travelling speeds about 10,000ms· 1 and can form extremely high 

temperatures like 30,000°C forming some frightening as well as fascinating events. It 

has been found in many researchers that there are around 16million lightning storms 

likely to be formed in the world every year. 

The history of lightning is likely to be present even back in billion years ago where 

the life was not even evolved on our planet. Further it had been possible that the 

lightning involved in forming some organic molecules necessary for the formation of 

every life form [!].Harland and Hacker (1966) reported on a fossil glassy tube, 

referred to as a fulgurite, created by lightning 250million years ago [I]. 

Even though the Benjamin Franklin had showed that the lightning is a discharge of 

static electricity; the development of theoretical understanding was rises as the field of 

power engineering came in to practice, where the power transmission and distribution 

lines were severely affected by lightning. As a result there were lot of experiments on 

lightning and in 1900, Nikola Tesla generated artificial lightning by using a 

large Tesla coil, enabling the generation of enormously high voltages sufficient to 

create lightning. 
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1.2 The lightning phenomena 

The present scientific explanation on how the lightning is formed is basically 

developed from the researches carried out by B.F.J. Schonland, D,J.Malan, and their 

co-workers in South Africa during the 1930s by facilitating a special camera called 

Streak Camera. It was shown conclusively by the South African researches that 

lightning strokes lowering negative charge to ground are composed of a downward 

leader and an upward return stroke and that the first stroke-leader is stepped. B.F.J. 

Schonland (1956) summarized the main results ofthe South African studies and much 

ofthe presently used lightning terminology was introduced by those studies [1]. 

1.2.1 Charge separation of thunder clouds 

The very first process of generating lightning is considered as the charge separation in 

a thunder cloud. There are two hypotheses describing the process of charge separation 

in a thunder cloud called ""Polarization mechanism" and "Electrostatic induction". 

The Polarization mechanism has two sub components as mentioned below. 

a) Falling droplets of ice and rain become electrically polarized as they fall 

through the atmosphere's natural electric field 

b) Colliding ice particles become charged by electrostatic induction. 

C1oml to ground stril-::t Cloud to space strike 

++++++ ++++++ 

Figure 1.2- Charge distribution of thunder clouds and types of lightning 

Ice and super-cooled water are the keys to the process. Turbulent winds move 

violently these super-cooled water droplets, causing them to collide. When the super

cooled water droplets hit ice crystals, some negative ions transfer from one particle to 
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another. The smaller, lighter particles lose negative ions and become positive; the 

larger, more massive particles gain negative ions and become negatively charged. 

According to the electrostatic induction hypothesis charge separation appears to 

require strong updrafts which carry water droplets upward, super-cooling them to 

between -I 0 and -20°C. These collide with ice crystals to form a soft ice-water 

mixture called Graupel. The collisions result in a slight positive charge being 

transferred to ice crystals and a slight negative charge to the Graupel. Updrafts drive 

lighter ice crystals upwards, causing the cloud top to accumulate increasing positive 

charge. The heavier negatively charged Graupel falls towards the middle and lower 

portions of the cloud, building up an increasing negative charge. Charge separation 

and accumulation continue until the electrical potential becomes sufficient to initiate 

lightning discharges, which occurs when the gathering of positive and negative 

charges forms a sufficiently strong electric field. 

Therefore due to charge separation process, in most of the thunder clouds there is a 

Negative Charge Centre at the bottom of the cloud where the temperature is about -

5°C, whereas Positive Charge Centre appears at the top of the cloud at temperature 

about -20°C. In addition to these there are localized positively charged region formed 

near the base of the cloud where the temperature is about 0°C. 

1.2.2 Electric fields and energy in thunder clouds 

In a typical thunder cloud, the static charge of about 20C are separated by distances of 

about 3km whereas a field of about 1 OOOV/m is existing near the center of the cloud 

giving a total potential difference between the charge centres to be between 100 to 

1 OOOMV. Therefore this type of charged cloud is capable of dissipating energy of the 

order of I 000 to I O,OOOMJ by a lightning stroke where much of the energy is spent in 

heating up a narrow air column surrounding the discharge to a temperature is about 

15,000°C within few microseconds [3]. 

Basically the static charge content of a bipolar charged cloud is in the rage of I 0 to 

30C whereas the charge centres are separated by a distances in the rage of 2 to 

5km.The average current dissipated by lightning is of the order of kilo-amperes. 

During an average lightning storm, a total of the order of kilo-coulombs of charge 

would be generated, between the 0°C and the -40°C levels, in a volume of about 

50km3[3]. 
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1.2.3 Leader formation and breakdown mechanism 

As a thundercloud moves over the Earth's surface, an equal but opposite charge ts 

induced in the Earth below, and the induced ground charge follows the movement of 

the cloud. An initial bipolar discharge, or path of ionized air, starts from a negatively 

charged mixed water and ice region in the thundercloud. The discharge ionized 

channels are called leaders. The negative charged leaders, called a "stepped leader", 

proceed generally downward in a number of quick jumps, each up to 50 meters long 

(See Figure 1.3). Along the way, the stepped leader may branch into a number of 

paths as it continues to descend. The progression of stepped leaders takes a 

comparatively long time (hundreds of milliseconds) to approach the ground. This 

initial phase involves a relatively small electric current (tens or hundreds of amperes), 

and the leader is almost invisible compared to the subsequent lightning channel. 

When a stepped leader approaches the ground, the presence of opposite charges on the 

ground enhances the electric field. The electric field is highest on trees and tall 

buildings. If the electric field is strong enough, a conductive discharge (called a 

positive streamer) can develop from these points. As the field increases, the positive 

streamer may evolve into a hotter, higher current leader which eventually connects to 

the descending stepped leader from the cloud. It is also possible for many streamers to 

develop from many different objects simultaneously, with only one connecting with 

the leader and forming the main discharge path. When the two leaders meet, the 

electric current greatly increases. The region of high current propagates back up the 

Cloud 

3km 

Ground 

70 vs 
"'( 20ms .. 1 .. 

~ i i ! l 'f ) 

Pilei ' • •. .' , 
streamer'<.·· 

~ /~).~ 
'> \: ,' < ,, 

Stepped '' 
leader 

y 40 ms 

..... 

Mainslroke 
(return struke) 

Time 
"" 

60 !IS 60 vs 
_.. 2 ms/"'( 30 ms ······)>1 msJ 

i 
l 

Return 
stroke 

i 

Figure 1.3- Progression oCthe Downward Leader and formation of the Return Stroke 
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positive stepped leader into the cloud with a "return stroke" that is the most luminous 

part of the lightning discharge. 

When the electric field becomes strong enough, an electrical discharge (the bolt of 

lightning) occurs within clouds or between clouds and the ground. During the strike, 

successive portions of air become a conductive discharge channel as the electrons and 

positive ions of air molecules are pulled away from each other and forced to flow in 

opposite directions. The electrical discharge rapidly superheats the discharge channel, 

causing the air to expand rapidly and produce a shock wave heard as thunder. The 

rolling and gradually dissipating rumble of thunder is caused by the time delay of 

sound coming from different portions of a long stroke. 

1.2.4 Types of lightning 

Currently there are few number of major lightning types have been recognized based 

on pat1icular characteristics exhibits by each types of lightning strokes. Cloud to 

Ground, Inter Clouds, Intra Clouds and Cloud to Space are few major types of them 

(See figure 1.2). In addition, there are few minor types were also recognized called 

Dry lightning, Rocket lightning, Positive lightning, Ball lightning and Upper

atmospheric lightning. 

1.2.5 Frequency of occurrence of lightning 

The frequency of occurrence of lightning is basically defined as the flashers occurring 

per unit area per year. Due to the practical difficulties and necessity of very 

sophisticated equipment the frequency of occurrence of lightning is calculated by an 

alternative way by using an easily determined parameter called Keraunic level. This 

Keraunic level is defined as "the number of days in the year on which thunder is 

heard'' [3]. It does not even distinguished between whether lightning was heard only 

once during the day or whether there was a long thunderstorm. Fortunately, it has 

been found by experience that the Keraunic level is linearly related to the number of 

flashers per unit area per year [3]. 

1.3 Lightning data of Sri Lanka 

In 1968, there was a study called "lightning conditions in Ceylon, and measures to 

reduce damage to electrical equipment" which was carried out by Dr. Gi-ichi Ikeda by 

an Asian Productivity Project TES/68 [3]. In that study he has compiled the weather 
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reports from 1931 to 1960 to generate the lsokeraunic Levels (IKL) as shown in the 

Figure 1.4 [5]. 
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Figure 1.4 -lsokeraunic Level (IKL) map of Sri Lanka [5] 

1.4 Introduction to transmission system of Sri Lanka 

The power transmission system of Sri Lanka is solely owned and controlled by the 

Ceylon Electricity Board of Sri Lanka and presently comprises only 132kV and 

220kV transmission lines interconnecting grid substations and power stations. 

In early 1960s, the 132k V transmission lines were introduced with the development of 

Laxapana cascaded hydro power complex associated with Kehelgamu-Oya and 

Maskeli-Oya river basins. Similarly the 220kV transmission lines were introduced to 

the system in 1980s with the development of Mahaweli Hydro Power complex 

associated with the Mahaweli river basins. Subsequent developments in the 

transmission system have expanded the network in to the present state as shown in 

Annex-! and Annex-2. Presently there are about 76nos. of transmission lines 

operating in the network connecting about 75nos. of transmission network points 

including power stations. The transmission network is presently controlled by the 

System Controlled Centre located at Dematagoda. 
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1.5 Lightning effects on power transmission lines 

When charged clouds formed above a transmission line, causes to induce positive 

charges on shield wires as well as on phase conductors due to the negative charges at 

the bottom of clouds as shown in figure 1.5. This leads to form capacitances between 

~_-;_:_;;:~:_;;:_~~-~ 
Cha1 g:t>d <loud 

Phast>wirt> 

l I".')]St:lll( €' 

' ' ' ' 
('1 i 
--r--

Cl-Cap.l nt.ut<e bt>hWIO!l 

dond and bue 

C1- C'apadtam"' bt'hveiO!t 

but> and g:r ound 

+ 

Figure 1.5- Induced charges on a power transmission line 

cloud to line, cloud to ground and line to ground; those will exist until the charge at 

cloud disappears by a lightning stroke. There are several discharging paths existing 

for these capacitors depending on the lighting stroke behavior and ultimately causing 

great damages and line interruptions. 

There are three major possibilities of lighting stroke behavior causing line 

interruptions. 

Case 1: 

When a lightning leader strokes on to a tower or shield wire will discharges the 

capacitance between clouds to shield wire. This leads to flow heavy surge currents 

through towers to ground and casing tower potential rise in association with high 

grounding impedance of towers. Potential rise in towers induces extremely high 

stresse:o. across line insulators which lead to flashover from tower to phase/line 

conductors called back flashovers. 
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Case 2: 

When a lightning leader strokes on to a line/phase conductor (called as shielding 

failures), will induces very high voltages due to the direct discharge of capacitance 

between cloud to line/phase conductors. Basically the travelling waves will be 

generated on the line and causing high voltage stresses across the line insulation leads 

to breakdown at even low currents. The insulation failure is usually occurs at line 

insulators at towers whereas flashovers between phase/line conductors at mid spans 

are very rear. 

Case 3: 

When a lightning leader strokes to nearby ground directly or through any other 

grounded object, the capacitance between the cloud and ground will be discharged. 

Thereby the induced charges at towers and all other conductors will be discharged 

while forming travelling waves on conductors. In addition there is a possibility of 

potential rise on towers at close proximity of the lightning struck points due to the 

ground potential gradients formed by the lightning stroke. Thereby voltages will be 

appeared across insulators due to those combined actions of travelling waves and 

potential rise on towers leads to flashovers. Anyhow the flashover incidents of this 

kind is very rare and not a considerable fact in transmission system voltages higher 

than 66kV [3]. 

Parameter Minimum Typical Maximum 

Number of return strokes per flash 1 2 to 4 26 

Durat1on of flash (s) 0.03 0.2 2 

Time between strokes (ms) 3 40 to 60 100 

Peak current per return stroke (kA) 1 10 to 20 250 

Charge per flash (C) 1 15 to 20 400 

Time to peak current (LLs) <0.5 1.5 to 2 30 

Rate of rise (kAiftS) <1 20 210 

Time to half value (ps) 10 40 to 50 250 

Duration of continuing current (ms) 50 150 500 

Peak continuing current (A) 30 150 1600 

'-liarge in continuing current (C) 3 25 330 

Table 1.1- Range of values for lightning parameters [6] 
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1.6 Lightning Parameters 

There are several lightning parameters (See Table 1.1) of primary interest to the 

electric power utility engineer are defined and used to address the lightning issues as 

described in the previous section. Some of them are described in the following 

sections. 

1.6.1 The quantity of lightning activity in a given area 

The quantity of lightning activity is ideally measured in terms of the number of 

lightning flashes per unit area per year, called the Ground Flash Density (GFD). This 

value, denoted as Ng, is in units of flashes per km
2 

per year. Today, the GFD is 

usually measured by use of lightning location systems, either by gated wideband 

magnetic direction-finding systems or time-of-arrival systems. Before using these 

advanced systems the GFD is calculated with the aid of local IKL data. The IEEE and 

CIGRE recommend a rough relationship of GFD and local IKL as shown in the 

equation 1-1 below [ 6]. 

GFD = 0.04 T/25 = 0.054 Th 11 (1-1) 

Where: 

GFD =average flashes to earth/km2/year 

Tct =average thunder days per year (keraunic level) 

Th = average thunder hours per year (keraunic level) 

1.6.2 The distribution of the crest current of a lightning flash 

A primary database for lightning parameters was initially developed by Professor Karl 

Berger in Switzerland based on the number of strokes recorded on 70m and 80m high 

masts, located on top of the 650m high Mount San Salvatore. There were 1196 flashes 

in 11 years. Out of these, 75% were negative-upward, 11% were negative-downward, 

and the remainder was positive-upward [6]. These data was used in combination with 

some other recorded data at different countries to form the well know CIGRE crest 

current distribution curve. In addition to the CIGRE distribution cure there was a 

another equation formulated to obtain the crest current distribution curve by Anderson 

[6] and adopted by the IEEE/PES Working Group on Estimating the Lightning 

Performance ofTransmission Lines. 
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Both these curves give almost the same distribution with deviations at very low and 

very high currents where the available lighting data is minimum (See figure 1.6). 

1.6.3 The wave shape of a lightning flash 

Almost all lightning strokes are different from each other and therefore no two stroke 

current wave shapes are exactly alike, and the variations in wave shape are 

substantial. Most computer programs that calculate line lightning performance assume 

a straight rising front, a double exponential wave shape, or a CIGRE wave shape. 
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Figure 1.6- Lightning Stroke Current Probability Distribution [6] 

There is no exact rule for the use of a wave shape for EMTP simulations and the 

selection is depending on the type of EMTP analysis or the application. The front 

time, tail time, peak current magnitude and the total charge delivered by the stroke 

current are the basic parameters govern by the wave shape. 

1.6.4 Total charge delivered by a lightning stroke 

An approximated estimate of total charge delivered by a lightning stroke can be 

obtained by integrating its current waveform. By this integration results, it clearly 

shows that higher potion of the total charge delivered is associated with the tail side of 

the waveform rather at the front of it after the crest current is reached. Therefore the 

tail time of a lightning current stroke is the governing fact which determines the total 

charge delivery. Also the total charge in a lightning flash that determines the energy 

fed into surge arresters, and it is also the charge that causes pitting and burning of 
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shield wires at contact points. It has been noted that, between some stroke current 

peaks and at the current decay at the end of lightning flashes, a low, almost direct 

current. can flow for many milliseconds; more charge can be delivered by this low 

current than by the high current peaks in a flash. These low currents, because of their 

longer duration, act somewhat like an arc welder. Continuing currents of hundreds of 

amperes lasting hundreds of milliseconds have been measured on instrumented 

towers. These continuing currents can transfer many coulombs of charge in addition 

to the main portion of the lightning wave shape [6]. 

Berger [6] integrated the current records of downward flashes to Monte San Salvatore 

in Switzerland to determine the charges delivered and reported that in one case a 

positive charge reached 300 coulombs. The positive flashes tend to deliver almost 10 

times as much charge as negative flashes, but positive flashes are much less frequent 

[6]. 

1. 7 Selected transmission line for the study 

The case study described in this report is based on the 220kV power transmission line 

which connects Kotmale Generation Station to Biyagama Grid Substation as shown in 

the figure 1. 7. 

This transmission line was commissioned in 1985 as a part of the transmission line 

project which consists of constructing the 220kV duplex zebra conductor line from 
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Figure 1.7- 220kV. Biyagama-Kotmale Transmission Line 
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Victoria to Biyagama through Kotmale as shown in the figure 1.8. 

The transmission line selected in this study is about 70.5km in length and having 206 

nos. of double circuit steel lattice towers with 2nos. Galvanized Steel overhead 

Ground Wires providing protection against lightning. A complete set of line data is 

attached as Annex 3. 

The selected Biyagama-Kotmale 220kV transmission line is one of the critical 

transmission network elements in the national grid because; this line delivers the 

highest portion of the generated power from Mahaweli hydro power complex to the 

loads. 
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Figure 1.8- Single line diagram of Victoria complex with Biyagama-Kotmale line 

1.7.1 Transmission Towers and configuration 

As described in the previous section the selected transmission line consists of 206nos. 

double circuit, self-standing, steel lattice towers with standard 3m, 6m, 9m and 12m 

body extensions at some certain locations to maintain the minimum ground clearance 

value of 7.31 m. Therefore the typical tower height will vary between 30 to 35m. 

Conductor arrangement at towers is in vertical formation where each cross arm holds 

02nos. Zebra conductors for each phase. A typical tower drawing is attached as 

Annex 4. 
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1.7.2 Insulators and arc horn gaps 

Toughen glass Cap & Pin type insulator discs along with galvanized insulator 

hardware are used to form both suspension and tension insulator strings. Each line 

insulator string of this transmission line is consists of an arc horn gap where the gap is 

adjustable at line termination ends only. The gap of arcing horn for a 220kV line is set 

to be 2m whereas the gap at termination ends will be adjusted as per the insulation 

coordination requirements of the substation equipment. CEB specification for a single 

insulator disc is given in Table 1.2. 

1.7.3 Phase conductors 

Duplex Zebra conductors of 484mm2 are used for the phase conductors of the selected 

transmission line having maximum operating temperature at 75°C. As a result the 

corona performance of the line is better than other available transmission lines due to 

the increased Geometrical Mean Radius of the conductors. Anyhow the increased 

corona performance of phase conductors has a negative impact on transient 

performance due to the reduction of travelling wave-front distortion leads to develop 

comparatively higher voltages across line insulators. 

Dimensions Units 
Suspension Tension 

string string 
Nominal diameter of disc mm 254 280 

Nominal spacing of disc mm 146 146 
Nominal creepage distance mm 280 300 

Withstand voltages 
Power frequency, Dry kV 70 70 
Power frequency, Wet kV 40 40 
Impulse 1.2x50uS kV 110 II 0 
Puncture voltage kV II 0 110 
Electro mechanical failure load kN 120 160 

Table 1.2- CEB Specifications for a single insulator disc [4] 

1. 7.4 Earthing of towers 

Earthing of towers is of great importance due to its direct impact on line performance 

at lightning events. Most of the tower earthing has been done through the tower 

foundation where a strip of metal bonded to the tower leg is taken out and earth 

separately. Very low earth resistances in the order of 20 to 30 are obtained where 

insitu or precast pile foundations used in marshy soil conditions. 
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Achieving of CEB specified I OQ earthing resistance is of great difficulty in the areas 

where the towers are located in rocky lands or gravel soil conditions. In such cases 

counterpoise wires were used with specified lengths. Figure 1.9 shows the variation of 

earthing resistances of selected two line sections having tower numbers 31-52 and 83-

97 starting from Kotmale end. 
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Figure 1.9- Grounding resistance 1·ariation of towers 31-52 and 83-97 starting from Kotmale end 
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Chapter- 2 
Problem identification 

2.1 Introduction 

The performance of a power system is mainly depending on the performance of 

transmission lines. Therefore continues operation of transmission lines without 

sudden outages is utmost important for the performance in the view point of power 

delivery as well as system stability. Lightning effects on transmission lines are one of 

the major reasons which lead to sudden line outages. As described in the section 1.5 

of the previous chapter, the back flashover events are the dominant reason of line 

outages. 

The selected 220kV Biyagama-Kotmale transmission line is a double circuit line 

which delivers the largest amount of power generated by Mahaweli Hydropower 

Complex to the main load centre at Colombo. Sudden outage of these two circuits 

creates an excess power generated at Kotmale end and tends to flow through the other 

two 132kV lines feeding to Badulla and New Anuradhapura Substations connected to 

Kotmale and Rantembe Substations respectively. Out of these two lines, the new 

Anuradhapura line has higher impedance due to its higher line length compared to 

Rantembe-Badulla line. Therefore, Rantembe-Badulla line is more vulnerable to trip 

off due to overloading. As a result the Kotmale to New Anuradhapura 132kV line will 

get overload and resulting in loss of all lines connected to the Victoria generation end. 

Ultimately this creates a sudden loss of around 300MW to the system within few 

seconds of time which leads the system towards total failure. 

Therefore it is utmost important to avoid any double circuit failures by improving the 

lightning performance of the selected Biyagama- Kotmale transmission line to avoid 

total failures and associated severe financial losses. 

2.2 Preliminary studies 

According to the past performance records of this transmission line, it has been 

noticed that the failure of this transmission line has great influence towards a total 

failure of the system. Out of those, most of the line outages were due to the effect of 
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lightning, since most ofthem were recorded in the months, April to June and October 

to November where the lightning is frequent. 

2.2.1 The relationship between monthly Isokeraunic level and line failures 

According to the study [ 4] it has been found that there is a clear relationship between 

the monthly Isokeraunic level (IKL) variations with the monthly average failures of 

this line. Tables and graphs showing the "monthly failures" and "IKL variation with 

monthly failure variation" respectively are reproduced here including few more 

recently available data. Table 2.1 shows the monthly line failures from 2004 to 2009 

whereas the Figure 2.1 illustrates the relationship of IKL level with the monthly 

transmission line failures. 

.... .... 
~ .... = ~ ::= .... 
~ ;..... """: 

nu[51 2 :'\ 
2004 (} 

2005 (l 

2006 () 

2007 (l 

2008 1 
2009 (I 

Total 1 
- -

14 

~ 12 
~ 
:;2 10 
... 
0 8 
"' Q) ... 

6 ..:! 
·;; .... 4 
0 
0 
z 2 

0 

.... .... .... .... ~ ~ ~ .... ~ .... ~ ~ ~ ..... t; = .... 5 5 e - - ~ (.1 = :::: .... .... .... ~ .... ..... = ~ .... 
~ ~ 

.... 
~ ::= - Cfo :::.. ..... 6 (.1 - :::.. - ~ = = ~ 

(.1 ~ 

~ ~ --r. ~ ~ --r. :;r. '~ z ~ 

-. -. ---~ u - - . .., 29 2 6 "l - (-).., 6) -. -. 
~""" _:-". -- _.., 

__ ...,. -"' 
(I II () (l (_) 0 (I (I 1 (I (l 

1 (I -. 1 -. 1 I) (I (I ) (I _.., . .) 

{) u (I (I (I 0 (j 1 (I (J (J 

(I (I (I (I (I n n (I (I (\ n 
(I u 1 "l ! (J 0 (I (I u 0 ,1 -
(J (I !) 

.., 
(J (I (l (I 1 • -1 _.., - -

1 0 4 7 5 1 0 1 3 7 4 

Table 2.1 -Monthly line failures and IKL 

Comparison of monthly line failures with IKL 

-Monthly 
ave rage "lKL" 

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 

Month 

-e-Monthly line 
failures 

figure 2.1 -Comparison of monthly line failures with IKL 

-~ ..... 
0 

(-; 

01 
14 
01 
00 
07 
11 
34 

Page I 16 



2.2.2 Line sections having higher probability of insulator failures 

It has been found in the previous study [4], that there are two line sections of the 

selected transmission line have higher probability of insulator damages or flashovers 

marks according to the breakdown and maintenance records. Those are: 

1. The line section having towers, no.33 to 50 and 

2. The line section having towers, no.85 to 95 from Kotmale side 

Further it has been found that the selected transmission line is crossing over the 

132kV Athurugiriya - Polpitiya transmission line at the above two line sections [4]. 

Therefore the above two line sections have been selected for the study described in 

this report. 

2.3 Back flashover effects on transmission lines 

As described in section 1.5, back flashover events occur when the lightning strikes on 

either tower or shield wires. These strikes produce waves of currents and voltages 

travelling on the shield wires called travelling waves and reflections occurs at every 

points where impedance discontinuities. Accordingly surge voltages can be developed 

across line insulators exceeding the Critical Flashover Voltage (CFO) where 

flashovers occur from tower to line called back flashovers. The following list shows 

the parameters those affect the line Back Flashover Rate (BFR). 

a) Ground flash density (See equation 1-1) 

b) Surge impedances of the shield wires and towers 

c) Coupling factors between conductors 

d) Power frequency voltage 

e) Tower and line height 

f) Span length 

g) Insulation strength 

h) Footing resistance and soil composition 

According to a previous study [ 4] the BFR for the selected Biyagama-Kotmale 

transmission line is calculated as 4.37per year, whereas there is no direct flashover 

failures can be expected. Therefore it is concluded that the total expected failures are 
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only due to the back flashover failures of this line which is 4.37per year. Further the 

calculated expected failure rate 4.37per year is justified by the observed value which 

is only 4.6per year [4]. 

2.3.1 Earth faults at power frequency voltage due to back flashover events 

An ionization path forms between the Arc horn gaps, when the air insulation between 

the gaps is breakdown due to a back flashover event. This ionization path acts as a 

conductive path to form an earth fault condition even at the power frequency voltages. 

When a transmission line protection system is provided with auto-reclosing facility, 

the circuit breaker will be reclosed automatically with a set time delay (500ms) after a 

back flashover trip event to avoid permanent line outage. An earth fault can be 

developed at power frequency voltage if the ionization path is persists at the moment 

of first reclosing operation. Therefore the reclosing operation will be blocked and the 

circuit breaker will be at opened position (breaker lockout) leaving the transmission 

line at dead condition. This type of line outages can develop severe system 

instabilities and even total failures. Such events have been reported in the selected 

Biyagama-Kotmale transmission line in the past history of operation. 

Therefore this issue has been addressed in this report by proving a software based 

analysis approach to provide solutions through a new concept of providing protection 

called transmission line mounted arresters (TLA). 

2.4 Prevention of Back flashover events 

Improving tower earthing resistance is the key way of avoiding back flashovers. 

However it is not practicable as well as not economical when the towers are located at 

hilly areas where the soil conditions are very bad. Unbalanced or improved line 

insulation is another way of preventing back flashovers. However this is also not an 

economical way due to the requirement of additional insulator discs as well as this 

may need modifications in the towers. Therefore it is found that the most economical 

and effective way of preventing back flashovers is to install Transmission Line 

Arresters at selected tower locations. 
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2.5 Project objectives 

The objectives of this study are: 

I. Modeling and simulation of 220kV Biyagama-Kotmale power transmission 

line in EMTP software (PSCAD) for lightning back flashover analysis 

2. Conducting sensitivity analysis of line model for back flashover effects 

3. Selection and modeling of Transmission Line Arresters (TLA) for EMTP 

~\m\.\\~\\Q~~ 

4. Simulation and performance analysis of line model combined with selected 

TLAs 
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Chapter- 3 
Methodology 

3.1 EMTP/PSCAD modeling and simulation 

The methodology of analyzing the effects of lightning back flashovers on the selected 

220kV Biyagama-Kotmale power transmission line is basically consists of fast front 

transient modeling and simulation in EMTP type software. The power transmission 

line and the back flashover event was modeled by frequency dependent fast front 

transient models due to the nature of higher frequency dependency of lightning 

strokes typically ranging from I kHz to 30MHz [1]. Simulation ofthe model was done 

for several cases varying some parameters which are highly affecting the back 

flashover occurrence, to analyze the behavior of power transmission line for such 

conditions. 

EMTP software's are widely used by the most of power utilities to model, analyze 

and to find solutions for power system transient related problems like lightning 

effects, GIS switching effects, transient condition analysis of electric machines, 

harmonic analysis, power quality issues, power electronics and etc. PSCAD is well

known worldwide EMTP software developed by Manitoba HVDC research Centre in 

Canada, which was conceptualized in 1988 and began its long evolution as a tool to 

generate data files for the EMTDC simulation program. PSCAD was first introduced 

as a commercial product as Version 2 targeted for UNIX platforms in 1994 and now 

available for windows platforms with user friendly interface and highly sophisticated 

tools and a well-developed simulation engine being fully mature for many years. 

The PSCAD was used as the EMTP software in this study for modeling and analyses 

of lightning back flashover effects on 220kV Biyagama-Kotmale power transmission 

line. Each of the transmission line elements were modeled by internationally accepted 

fast front transient models proposed by various studies carried out previously. Some 

of the elements like transmission line and metal oxide surge arresters were modeled 

by using the standard library models available in the PSCAD itself. All the other 

models were selected from various international publications in this field. 
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3.2 Proposed electromagnetic transient model for 220kV Biyagama

Kotmale transmission line 

The basic fast front transient transmission line model which was implemented in the 

PSCAD is shown in the figure 3.1. The complete line model consists of several sub 

models representing the following transmission line elements. 

a) ''Transmission line section models" including towers up to the line end 

terminations (ex: line section with towers from tower no.O I to L I as shown in 
the figure 3.1) 

b) "Transmission line span models" between consecutive towers under study (ex: 

span between tower no. L I to M as shown in the figure 3.1) 

c) Transmission tower model 

d) Tower grounding resistance model 

e) Line insulator string with back flashover model 

f) Line end termination model 

g) Surge Arrester model 

h) Lightning surge generator model 

i) Power frequency phase voltage generator model 
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Figure 3.1 -Complete transmission line model proposed lor the analysis 

As shown in figure 3.1, the complete line model consists of three towers named by 

tower number M, Ll and Rl represent a typical tower and two adjacent towers at the 
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left and right sides of it respectively. The two line spans between these three towers 

were represented by the "line span models" whereas the rest of the line sections at 

each side up to the end terminations were represented by "line section models". Six 

number of inter connecting lines were used to connect each modules while 

representing the ground and phase conductors from top to bottom sequence as shown 

in the figure 3.1. The corresponding phase conductor configuration at towers is shown 

in the Annex 4. All three tower models are connected to the Ground Wire- I (GW -I) 

and Ground Wire-2 (GW -2) whereas the connections to the phase conductors are 

made through the insulator models. The surge generator (Current source) is always 

connected to the top of the middle tower under study. 

3.3 Electromagnetic fast front transient sub models for transmission 

line elements 

The sub models used for the implementation of complete EMTP line model IS 

describes in the following sections. 

3.3.1 Frequency dependent (Phase) model representing Transmission line 

sections and spans 

The transmission line sections as well as line spans were modeled by using a standard 

fast front transient module available in the PSCAD library called "Frequency 

Dependent (Phase) Model" component with different parameter settings to suit both 

these line elements. This standard model was incorporated in to PSCAD in 1999 

G'~'-l 

GW-2 

CCT.l-R 

CCT.l-Y 

CCT.l-B _JIT 
CCT.2-B 

CCT.2-Y 

CCT.2-R 

Tline 

r 
Line interfar e Transmission line 

model 

GW-1 

GW-2 

CCT.l-R 

CCT.l-Y 

CCT.l-B 

CCT.2-B 

CCT.2-Y 

CCT.2-R 

. .l 
Lme mterfare 

figure 3.2- frequency Dependent (Phase) Model in PSCAD and its connection 
arrangement 

Page I 22 



based on the theory proposed in [2]. Basically the Frequency Dependent (Phase) 

Model is developed based on the distributed RLC travelling wave model while 

mcorporating the frequency dependency of all line parameters by its internal 

transformation matrices. 

The basic parameters those were fed in to the model are attached as Annex 3. 

The figure 3.2 shows a typical Frequency Dependent (Phase) Model component 

available in PSCAD with its connection arrangement. Two standard line interface 

modeules available in the PSCAD were also used to built up the interconnection 

between the Phase module to the rest of the system at both sides. 

3.3.2 Loss-Less Constant Parameter Distributed Line (CPDL) model 

representing the transmission towers 

The transmission towers were represented by a transient model used in [7], called 

"Loss-Less, Constant Parameter Distributed Line Model (CPDL)" for Lightning 

Surge Analysis of transmission Towers. The model was originally proposed in [8]. 

A transmission tower is represented by a set of series surge impedances each 

individually represents the tower section between the cross arms as shown in the 

figure 3.3. The transmission tower is assumed as a loss less vertical transmission line 

in this study. The surge impedance of a tower is calculated by the formula given in [7, 

Figure 3.3- Constant Parameter Distributed Line (CPDL) Model for Towers 
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9] for "waisted tower shape'' as shown in figure 3.3 and recommended by IEEE and 

CIGRE [10]. The formula is given in the equation 3-1 below. The surge impedances 

representing each tower sections between cross arms as well as bottom cross arm to 

ground are assumed to be equivalent to form the CPDL tower model in this study. The 

cross arms are not represented in the tower model. 

zl~waist= 6Q.}n[ COt{ 0.5.tan-1(R/h)} J (3-1) 

Where, 

R= (r1h2+r2h+r3h1)/h and h=h1+h2 

The frequency dependent effects have to be considered when the surge waves 

travelling along the towers. Therefore parallel R-L circuits were introduced for each 

body sections to represent travelling wave attenuation and distortion as shown in the 

figure 3.3. The propagation wave speed in the tower is assumed to be equal to the 

Speed of light. The tower travelling time (T1) is given by the Equation 3-2. 

h 
Tt = C 

Where, h=Tower height and C=Speed of light (300m/Jls) 

(3-2) 

The Rand L values are determined as a function of Surge Impedance, travel time (-r1), 

distances between cross arms (xi. x2. X3.and x4) and attenuation factor (a=0.89 [7]) as 

shown in the Equations (3-3) and (3-4) respectively. 

x· 1 
Ri = ....!.. 2. Zi.ln[-] 

h a 
(3-3) 

Li = 2. Tt. Ri (3-4) 

Where i=1, 2, 3, 4 

The calculated parameters for a typical tower model are shown in the table 3.1. 

# Parameter Symbol Value Unit 
Tower surge impedance ZT 125.7 n 
Travelling time 'tt 0.15 JlS 
Damping resistances R1 1.96 n 

R2 4.05 n 
R3 4.10 n 
R4 19.20 n 

Damping inductances L1 0.586 JlH 
L2 1.207 JlH 
L3 1.223 JlH 
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I L4 I 5.723 I )lH I ' Tower data used for calculation: 

i 
I 

I 
I 

Tower height h 45 m 
Equivalent radius (See figure 3.3) r1, r2, r3 1.55, 2.85,1 1.91 m 

I Cross arm distances(See figure 
1 3.3) 

X], X2, X3, X4 3.00, 6.18,6.26,29.3 m 

Table 3.1 ~Calculated parameters for a typical tower model 

3.3.3 Tower grounding resistance model 

The tower grounding resistance is not a constant for a fast front surges and it varies as 

per the surge current magnitude. This is due to the soil ionization and breakdown 

characteristics of the soil surrounding the tower grounding electrodes. At certain surge 

current magnitudes create voltage gradients sufficient to breakdown the soil and 

forms conductive paths to flow the current, ultimately reduces the grounding 

resistance. Therefore the impulse grounding resistance is less than the grounding 

resistance values measured at low current and low frequency states. The relationship 

between impulse and non-impulse grounding resistances can be expressed as in 

Equation 3-5. 

Rr = Rg/~(1 +{ lllg}) (3-5) 

Where, 

R1is the impulse tower grounding resistance (.Q) 

Rg is the tower grounding resistance at low current and low frequency (.Q) 

I is the surge current in to ground (kA) 

lg is the limiting current initiating soil ionization (kA) as given in the Equation 3-6 

1 

fg = 2rr 

Where, 

Eo Po 

R2 g 

Po is the soil resistivity (.Om) 

Eo is the soil ionization gradient (about 300kV/m) 

(3-6) 

The variation of impulse grounding resistance (Rj) of towers 31 to 52 and 83 to 97 for 

surge currents from 30kA to 200kA with I OkA step was calculated and graphed as 

shown in the Annex 6. It was observed that the variation is raging from maximum 

17.2.0 to minimum 1.6.0 for the surge currents from 30kA to 200kA. 
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Therefore the grounding resistance values can exist higher than the CEB specified 

value (which is the I OQ) even with the soil ionization effect. 

Therefore the grounding resistance of a tower is represented as a variable resistance in 

the EMTP (PSCAD) model which changes its value from IOQ to 1000 with 100 

steps. 

3.3.4 Line insulators and back flashover model 

The line insulator strings between tower and phase conductors are represented as a 

capacitor in the EMTP (PSCAD) model. Each high voltage glass insulator disc has a 

capacitance in the range of 30pF to 40pF.An equivalent capacitance of 2.8pF is used 

for an insulator string having 17 nos. of insulator discs. 

The transient-voltage withstand capability of an insulator string with an arc horn gap 

is vary with the time of which it is under voltage stress. An insulator string can 

withstand very high transient-voltages for shorter time duration whereas it may 

breakdown by a comparatively low transient-voltage if applied for a longer duration. 

This characteristic of an insulator string is known as the volt-time characteristic or in 

another term called flashover characteristics. This characteristic variation of flashover 

voltage of an insulator string can be modeled by a simplified expression given in the 

Equation 3-7. 

Vro = K + _§__ 1 t0.75 

Where, 

Vro is the flashover voltage (kV) 

Kl = 400 X Ag 

K2 = 710 X Ag 

Ag is the Arc-horn gap length (m) 

tis the elapsed time after lightning stroke ()ls) 

(3-7) 

Flashover voltage-time characteristic of 220kV line insulator string having 2m Arc

horn gap is shown in the Figure 3.4. 

The back flashover event occurs when the transient voltage developed across the 

insulator string is greater than its withstanding voltage (Flashover voltage - Vr
0
). Once 
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the back flashover mechanism is triggered the voltage across the insulator string will 

be collapsed to zero by creating conductive path through the air insulation. Therefore 

back flash over event is modeled by a Circuit Breaker used as a switch, placed parallel 

EClJO 

soon 

~ 40JO . 
"" !l 
] 30:)1) 

~ 
-5i 
~ 20::'0 

1000 

Insulator string flashover voltage(Vfo) variation 
(when l=2m) 

Vfo = 400xl + 710xl/t"0. 75 
VJhere, 

Vto- Flashover voltage [kV) 
L - Stnng/ Archorn gap length :mJ 
t w Elapsed t!me after l1ghtn1ng stroke [~S] 

0 ~ ~ ~ ~ ~ ~ ~ 0 ~ ~ ~ ~ ~ ~ ~ 0 ~ ~ ~ ~ ~ ~ ~ 0 ~ ~ ~ ~ ~ ~ ~ 0 ~ ~ ~ ~ ~ ~ ~ 0 
~ ~ ~ ~ ' ~ ~ ~ ~ ~ - N ~ ~ N ~ N ~ N ~ ~ ~ ~ ~ N ~ ~ N ~ ~ ~ ~ ~ ~ q ~ ~ ~ ~ 
~ ~ X ~ - ~ ~ ~ 00 ~ N M ~ N ~ ~ M ~ ~ M 00 - ~ ~ ~ ~ 00 

~ - ~ - N N ~ N ~ ~ ~ M ~ ~ ~ ~ 

Elapsed time [uSj 

--Vfo 

Figure 3.4- Flashover voltage-time characteristic of220kV line insulation with 2m Arc-horn gap 

to the equivalent capacitance of insulator string. The close-operation of the Circuit 

Breaker (in this case closing the switch) is controlled by an external control module as 

shown in the Figure 3.5. 

The external control module compares the voltages developed across the insulator 

string with its volt-time characteristics. If the developed voltage profile crosses the 

I 
11,1 
II 

VI 

+ 

Ag(arc horn gap 
length) 

¢ 
D;cn 

<-------
Back flashover 

control module 

Figure 3.5 -Insulator string and back t1ashover model 

flashover volt-time characteristics of insulators, the control module closes the circuit 

breaker to create a back flashover event. The back flashover control module is 

developed by using the standard control components available in the PSCAD. 
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The line insulator string voltage and line voltage are used as the basic input 

parameters to generate the elapsed time as shown in the Figure 3.6. Generated elapsed 

Elapsed time 

generator 

Elapsed 

T11ne 

A, (Arc-horn ,------~~---.., 

Circuit Breaker 

control signal 

gap length) ) 

generator 

Voltage comparator 

Figure 3.6- Basic logic diagram for back flashover control module 

time and Arc-horn gap length are taken as inputs to Flashover V -t curve generator 

module to produce the flashover voltage. Finally the voltage comparator module 

compares the insulator string voltage with generated flashover voltage and issues the 

Circuit Breaker close signal if a back flashover voltage is present. 

3.3.5 Line termination model 

The two ends of transmission line model were grounded through equivalent surge 

impedances of the line and ground conductors to avoid end reflections. An equivalent 

Line matching 

impedances 

,--------------GW-1 
,---------------- GW-2 

I 
CCT-1, R PHASE 

,------------ CCT-1, Y PHASE 

.-------- CCT-1, B PHASE 

l ~ 
CCT-2, R PHASE 
CCT-2, Y PHASE _ ' ~ [ r CCT-2, B PHASE 

<<>/-/__.-..?? 
_ _> /> ~> "-> "-:> '> > 
~ << --~ < " <::.._,. ·~ ~~ 

rr~r~r~rrr~J! 
Figure 3.7- Grounding arrangement of a typical end termination model 

impedance of 3540 for phase conductors and 4260 for ground conductors were used 

at both ends [4]. The grounding arrangement of a typical end termination model is 

shown in the Figure 3.7. 
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3.3.6 Surge arrester model 

ABB made, gapless type, Metal Oxide Transmission Line Arrester (TLA) is used in 

this study as a solution for the back flashovers and its related issues. The selected 

TLA is represented by a fast front surge arrester model described in [11] which is a 

modified version ofthe model proposed in [12]. 

The arrester model consists of two nonlinear resistors designated as Ao and A 1, 

representing the V-I nonlinear characteristic of the arrester as shown in the Figure 3.8. 

,_,['y)•.-.,f"·.___r--__ .,..,._,__, 

Lu 
c 

Figure 3.8- Frequency dependent surge arrester model 

Two nonlinear resistors are separated by an R-L filter. For slow front surges (e.g. 

switching surges), the R-L filter has very low impedance and the two nonlinear 

resistances acts as parallel. For fast front surges, (e.g. lightning surges) the impedance 

of the R-L filter becomes significant and as a result more current flows in the 

nonlinear resistor Ao than in A 1• As shown in the Figure 3.9 the Ao has a higher 

voltage characteristic than A 1 for a given surge current. Therefore higher discharge 

voltages are developed across arrester model for fast front surges. Since metal oxide 

arresters have a higher discharge voltage for fast front surges, the model matches the 

overall behavior of a metal oxide arrester [ 12]. 

The inductance La represents the inductance from the magnetic fields in the 

immediate vicinity of the arrester. The capacitance C represents the terminal-to

terminal capacitance of the arrester [ 12]. 

The RLC elements of the arrester model are initially determined by the following 

formulas given in [12]. 

L 1=15d/n (!lH) 

R1=6Sd/n (.Q) 

(3-8) 

(3-9) 

Page I 29 



Lo = 0.2d/n (!lH) (3-1 0) 

C= I OOn/d (pF) (3-11) 

Where, 

d = the estimated height of the arrester in meters (uses the overall dimension from the 

catalog data of selected arrester) 

n =number of parallel columns of metal oxide in the arrester 

:0 ;: ()iJ 

_9:; 

j 1 su 
II 

> 
c:L 1 (i(l 
(! 

.2 
~ 

"}i 1-Hl 

1 2(J 
lU lOU 

;\I 

/\I 

11\ 

Current (1:1, [i\j 

lUI< lUUI\ 

figure 3.9- V-I Relationship for nonlinear resistors A0 and A1 [12] 

The nonlinear resistors Ao and A 1 can be modeled in the EMTP as a piecewise linear 

V-I curve with characteristics defined point by point [ 12]. The initial, individual 

nonlinear characteristics of A0 and A 1 are determined based on the graph produced in 

the Figure 3.9. Each of the V-I points for the nonlinear resistors is found by selecting 

a current point and then reading the relative IR in pu from the graph. This value is 

then multiplied by (V 10/1.6) to determine the model discharge voltage in kV for the 

associated current. (V 10 is the discharge voltage for a 1 OkA, 8x20jls current in kV) 

This scaling from pu to actual voltage is done by the application of the following 

formula to the "Relative IR" pu voltage found for that current as given in Figure 3.9 

[12]. For Ao the 

Discharge k V = [Relative IR in pu for A0 (i)] x [V 10/ 1.6] (3-12) 

Likewise for A 1, the 

Discharge kV =[Relative IR in pu for A 1 (i)] x [V10/l.6] (3-13) 
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3.3.7 Lightning stroke current generator model 

A lightning strike generally consists of several return strokes, where the average 

number of strokes in a lightning strike is roughly about three. According to the 

statistics of return strokes peak current distribution, one can assume that the first 

return stroke in a lighting strike is at least severe as subsequent strokes. Therefore the 

latter can be ignored [6]. Therefor in lightning transient studies, it is considered only 

the first return stroke. 

The characteristics of real lightning current wave shapes are determine by its polarity, 

maximum instantaneous value, steepness and equivalent front/tail times. The 

maximum instantaneous value (peak current) is statistically related to the steepness or 

time to crest of the current waveform. The steepness increases as the peak current 

mcreases. 

The lightning stroke is modeled by a current source which produces the standard 

double exponential (see Equation 3-14) current waveform 8x20).ls of positive polarity 

with variable peak current as shown in the figure 3.1 0. 

In addition to the 8x20).ls current waveform; standard 1.2x50).ls voltage waveform 

was also used separately for the simulations. (See figure 3.1 0) 

The same double exponential waveform was used with relevant a and p values to 

generate the 1.2x50).ls lightning surge waveform. 
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1.k. ·---...____ 
....... .....____ _______ 

-- ---------------------~:~ 

tr. 
Standard 1.2x50f-1S voltage waveform 

Curren~ 

100% I ,.. 
90"lQ 

SO%. ., 
\ 

16%17( I I\"-6% I " Time 

20· 

t, 

Standard 8x20f.!S current waveform 

U = f>eak maamtuae 
!II b 

11 =Wave front time (Time to reach current magnitude from 

/O%Um to 90%Um) 

th =Wave tail time (time to drop magnitude from peak to 

50%U,) 

Figure 3.10- Standard waveforms for lightning surge voltage and current 

l(t) = la (e-at_e-fit) 

Where, 

l(t) =lightning current 

10 = Peak current magnitude 

a= 8.66x104s. 1for 8x20flS waveform [II] 

~ = 1.732xi05s- 1for 8x20).!S waveform [II] 

a= 1.426x I 04s- 1for 1.2x50f.!S waveform [3] 

~ = 4.877xi06s- 1for 1.2x50).!S waveform [3] 

t = time(s) 

(3-14) 
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3.3.8 Power frequency phase voltage generator model 

Instantaneous power frequency voltages of each phase were generated by using the 

following equations. 

Va = Vp sin (f}) 

Vb = VP sin (fJ-120) 

Vc = Vp sin (fJ+ 120) 

Where, 

Va, Vb and Vc are the instantaneous phase voltages in kV 

e =the phase angle in radians 

Vp = 220 X ,;(2/3) = 179. 63kV 

Where, 

Vp= peak value of phase voltage in kV 

(3-15) 

(3-16) 

(3-17) 

(3-18) 

Generated power frequency phase voltages are taken as input data to calculate the 

actual insulator string voltage given to the voltage comparator as shown in the Figure 

3.6. 
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3.4 Selection of a Transmission Line Arrester (TLA) 

Selection of an ABB transmission line arrester is carried out in two major steps as 

follows [13]. 

Step I : Matching the electrical characteristics of the arresters to the system's electrical 

demands 

Step 2: Matching the mechanical characteristics of the arresters to the system's 

mechanical and environmental requirements 

VOLTAGE 

r.n 00 Insulation 
rotective 0:: II Levels 

P Levels ~ ~ Uwt'Uws 
UpAJ.,. i j 

~ TOV o.-: 

Capability ~ n: 
~ TOV 

Ur ffj w 
a: tJ Uc 

~ G2 

Vocabular\/ 

Urn I Ma.ximum c;ystem volt:'trJe k I EzutJ·r fault factor 

Uc I Cmtinucu~ cperating \10itGr;)2 U~q I Switclling impul::;e protedi··:e lecel 

U, I Rate-:1 ··:cltDQi? Up: I Lightning impulse protective le·ta 

10</ I T<?rTrtxnry rwer·:•Jita,Je u'li, I .Switching trnpulse 'tAthstand level 

T I TOV ctr8flrJtll factor u,,1 I Lightning impub9 'Nithst:'UICJ level 

figure 3.11- System and Arrester parameter matching configuration [13] 
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Other TOV (UI1, .... m = 
(Amplitude & Utov1/T1...Utovn/Tn) 
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Line/Apparatus l__:J and arrester type 

Energy II (See Table 2! 

~--~ 
I . 

Arrester protect1on 

levels Upl ~nd. Ups at I I Choose next higher 
~ co-ordination < discharge class 

currents 
(See Table3) 

NO 

Equipment external Calculate protection margins Acceptable 
withstand values ((Uwi/Upl)- 1) x 100 margins? 

(Uwl. Uws) ((Uws!Ups) - 1) x 100 

YES 
J, 

Electrical selection 
complete 

Figure 3.12 -Selection procedure of electrical parameters for ABB surge arresters [13] 

In this study, initially only the electrical parameters of the arrester are necessary for 

the purpose of modeling it in the PSCAD. Therefore only the electrical parameters 

were selected and match with the system parameters at this stage. Figure 3.11 shows 

the arrester and system electrical parameter matching configuration as specified in 

[ 13]. Step by step selection of an ABB surge arrester as per the selection procedure 

shown in the Figure 3.12 is given in the Annex 7 .Selection and matching of the 

mechanical parameters has to be done to complete the overall selection procedure and 

to fulfill the typical installation requirements. 

Page I 35 



Chapter- 4 
Application of the methodology 

4.1 Introduction 

This chapter describes the way of implementation of transient modeling concepts 

which were described in the previous chapter. The implementation of the transient 

model concepts were carried out in the PSCAD software as a digital model. Further 

this chapter describes the way of simulation of implemented transient model with the 

aid of inbuilt "'Multiple Run" component which provides effective means of 

simulation. 

4.2 Power Systems CAD (PSCAD) modeling tool 

PSCAD (Power Systems CAD) is a well-developed software program which act as a 

Graphical User Interphase (GUI) to the world renowned electromagnetic transient 

solution engine called EMTDC (EMTDC stands for Electromagnetic Transients 

including DC). PSCAD facilitates the users to create models or circuits, simulate them 

and to analyze the results in a completely integrated graphical environment. Drag and 

drop type sophisticated Input-Output modules such as meters, controllers, plotters and 

graphs are available which can even control while the circuits are at simulation run 

mode. Therefore online control of circuit or model parameters and monitoring of 

results can be done easily. 

PSCAD comes complete with a library of pre-programmed and tested models, ranging 

from simple passive elements and control functions, to more complex models, such as 

electric machines, FACTS devices, transmission lines and cables. If a particular 

model does not exist, PSCAD provides the flexibility of building custom models, 

either by assembling those graphically using existing models, or by utilizing an 

intuitively designed Design Editor. 

4.2.1 PSCAD Graphical User Interface (GUI) window 

PSCAD software comes with a user friendly GUT (Graphical User Interface) which 

provides an active environment for users to develop solutions by graphical means. 

The Figure 4.1 shows a typical GUI window of PSCAD software. The GUT can be 
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divided in to four basic working areas called Workspace Window, Output Window, 

Design Editor and the rest of the area consists of tool bars, menus and palettes. 

The Workspace Window is the central project database for PSCAD which gives an 

overview of currently loaded projects (i.e. project tree), master library, data files, 

signals, controls, transmission lines, cable objects, display devices and etc. Further it 

·u menu · Ele t · 
Main Run Main 

,_;"r:sc•_DPr•''"''"'''-[""·" . ~ tJ·m·· ·e····b···a···r······· tool b c neal Control 
"-' '"' Edt ' . . . "Mom] ar c "": :u~"" ( L ··j··············· .................... ~alette p~l~tt_~. 

•• ,.0 ...... ,. .... j ·~:u 
U ··-······ . ····~ ,. ' ' .... ' . " 
. :~::::;-:::~:: ~ ~ . -·~~· ~~-Modclmg 0 """~' •.• ~ J ~..,. · ··•• ,. ' • ·-~~ 

space " .. ~ -<·····+········! ·~-~·I C'- ~ ' I I 0.{ I· .... r'~ : ~ I :I . . - -~1 t--XMw B- I ..,.__ i _._ -- I f.~> : '" ~ 
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Figure 4.1 ~Typical working window of PSCAD software 
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provides the facility to organize them within the workspace window by drag and drop 

feature. 

The Output Window section provides an easily accessible interface for viewing 

feedback and troubleshooting of simulations. All the error and warning messages 

either given by a component, PSCAD or EMTDC can be viewed from the output 

window section and also provides the facility to locate the errors by double clicking 

on the error messages. 

The Design Editor window is probably the most important part of the PSCAD 

environment, and is where most (if not all) project design work is performed. The 

Design Editor is used mostly for the graphical construction of circuits (Circuit view), 

and also includes an embedded component definition editor. 
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4.3 Creation of sub models in PSCAD 

Following sections describe the sub models which were developed in PSCAD based 

on the transient model concepts provided in the previous chapter. 

4.3.1 Transmission line model 

As described in the previous chapter the transmission line sections and line spans 

were modeled by using the standard frequency dependent phase model available in 

the Master Library of the PSCAD. There are two basic ways of constructing a 

1 

3R 
Segrnent1 

Oveme:ad Ur.e lnNrface C<)mpon<.:nts 
(electrical connecti•)n:S: to rest of network) 

<:J~~·" T 

Seqment1 

- ~--C> 

Trarosmission Uro" 
Corofigvration Comporoertt 

(corotains transmission 
segment deiiroitioro) 

1 

llE 
Segrnentl 

figure 4.2 -Transmission line model (Remote end method) 

transmission line in PSACD by using the above standard model and in this study the 

remote end method was used (See the Figure 4.2). Creating the transmission line with 

two line interfacing end components having the same line name is called remote end 

Tt ansmission line Configuration 

Segment Name 

Steady-State Frequency 

Segment Length [54~ss3·--· .... 

Nt .. nnber of Cconductors 

T ennination Style 

Segment Cross-Section 

Help 

Figure 4.3 -Transmission line parameter input window 
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method. Conductor configuration of interfacing components is shown in the Figure 

3.2. 

Transmission line component's parameters were entered in the pop-up window as 

shown in the Figure 4.3. Selection of "Edit" button in front of the "Segment Cross

Section" as shown in the Figure 4.3 enables the user to enter the parameter values 

Gond.fl 

1 

2 
3 
4 
5 
e 

Gener-al Line Geometry Data Input 
T ·~•Ner: 1 D L+l5 T c.w~ r Cer•tr;, 0 [rr•J 
Conductors AC SR Z:eb ra - -'> vrQund Wiroe:s: oS 7l3.i::5 -

Con r~ecti(•n ;;((from y OW.# 
r:::onn e r:-tion X (from 

Ph;;J£10\1 11 owi:/r e" ntri:~) (.l1 tmtuer) F'hasing # cWoJf! r cBntrf! 
., -5.43 [m} 35.705 [rnl I 1 -5.43 [rn] .., 
4 ·5.70 [mJ 29.?26 [rn] 2 2 6.43 (rn] 

~. -15.23 [11"•1 23.2815 [m) k L- / 
(j 5.43: [rn] 35.7013 fm] t..tid·Sr•an Sag · • _,....-

7 5 70 {rnl 2~.:526 !rn] 
I 

£Ui8 [mJ fM Corodud.:.r; 
!3 E:.2?- [rr,J 2:~.:/66 fml 13.41 {ml fvr •::?r'l•Jnd '•Nir z; 

Ground Resisthrit~•: 1000.0 [ohm'm] 

Ro:lative (>round Po:rmeabilit1• 1.0 
Eartr, R..turr. r.:.rrroula: Analyti~,.ll Ar>~·r~·:<im.a'lic.r'> 

Figure 4.4- General Line Geometry Data input 
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(geometrical and electrical properties as attached in Annex 3) of the towers, 

conductors and ground. A typical geometrical input data set which was fed in to the 

PSCAD is shown in the Figure 4.4. 
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Figure 4.5 -Typical tower model created in PSCAD 
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4.3.2 Transmission tower model 

As per the proposed model in the previous chapter, the transmission towers were 

model by the Constant Parameter Distributed Line (CPDL) model which consists of 

four (04) numbers of impedances series with four numbers of parallel Resistance

Inductance branches as shown in the Figure 4.5. 

The tower model is created completely by using two basic passive components named 

resistor and inductor available in the Master Library of the PSCAD. Parameter values 

of each resistors and inductors were set as shown in the Table 3.1. 

4.3.3 Tower grounding resistance model 

A variable resistance component available in the PSCAD Master Library is used to 

Figure 4.6- Tower grounding resistance model 

represent the Impulse grounding resistance of a transmission tower. The value of the 

variable resistance was varied externally from I On to I OOn in I On steps by the 

'"Multiple Run'' simulation component as described in the section 4.5. Figure 4.6 

Y-Phase 

(".1 

~ 
0:: 

Circuit Breaker ~~>~ 

i:L 
a. 
(X) 

N 
C) 
C) 

0 
0 
q 

/'\ 

,------... 

Phase conductor 

Tower cross arm 

•, 

\/ 

/'·· ... 

"----, 
Capacitor 

Figure 4.7 -Insulator string capacitor and Back flashover Breaker models 
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shows a typical impulse grounding resistance model of a tower which was created by 

the aid of a variable resistor component in PSCAD. 

4.3.4 Line insulator string with back flashover model 

The insulator string and the back flashover event were modeled by an equivalent 

capacitor parallel with an externally controlled circuit breaker as shown in the Figure 

4.7. As described in the section 3.3.4 in the previous chapter, the operation of circuit 

breaker is controlled by a back flashover control module shown in the Figure 3.6. The 

basic logic diagram shown in the Figure 3.6 was implemented in PSCAD (See Figure 

4.8) by using basic Control Blocks available in the Master Library. 

Insulator String Voltage (Vsll), Line to Ground Voltage (Vll), Arc Horn Gap length 

(=2m) and Instantaneous Phase Voltage (Va) are taken as the input data for the above 

module. Inbuilt Voltmeter components and their output signals are used to read the 

Insulator String Voltage (Vsll) and Line to Ground Voltage (VII), whereas the 

Instantaneous Phase Voltages are given by the Power Frequency Phase Voltage 

Figure 4.8- Back flashover control module implemented in PSCAD 

Generator model described in the section 3.3.8. 

Control components forming the left most branch of the module as shown in the 

figure 4.8, is calculating the t
0
\

5 
value (t=elapsed time) based on the input data Vsll 

and VII. The control components forming the loop, generates the flashover voltage 

value (Vfo) taking the arc horn gap length (Ag=2m) and the t 0\ 5 value as the input 

parameters. The actual insulator string voltage is generated by the upper most 

Differencing Junction component taking the relevant power frequency phase voltage 

value and the measured string voltage as input data. Finally the comparator 

component compares the generated Vfo and actual string voltage values and gives the 

Page I 41 

t;_ 

} 



output signal as a positive pulse whenever the voltage profiles are crosses each other 

which formulate a back flashover event. Mono-stable component at the right most 

side of the model generates a digital output value "1" based on positive pulse 

generated by the comparator component. Invertor component at the end of the model 

generate the opposite digital value "0" required as an input data to the relevant Circuit 

Breaker to close the circuit. Close operation of the circuit breaker creates an external 

conductive path across the insulator string which simulates the back flashover arc 

generated across the arc horn gaps. 

4.3.5 Power frequency phase voltage generator model 

As described in the section 3.3.8, instantaneous power frequency phase voltages were 

Pn 

.---1-tl-PU_t_d_a-ta- /1 
Phase angle 

Input data 
120deg Pt1ase shift 

(~ 

output data 
Phase voltage 0fa) 

output data 
Phase voltage 0/b) 

Output data 
Phase voltage rye) 

Input data 
Peak voltage 0/P) 

figure 4.9- Power frequency phase voltage generator model 

generated by using the circuit created in PSCAD (See the Figure 4.9). The circuit is 

created by modeling the equations 3-15, 3-16 and 3-17 given for each phase voltage 

variation. Basic control components such as Summing/Differencing junctions, 

Real/Integer constants, Trigonometric Sin function and multipliers were used to create 

the circuit as shown in the Figure 4.9. The ''phase angle" input data values are given 

by the ''Multiple Run" simulation component as described in the section 4.5. 

Output phase voltages, Va, Vb and Vc were directly used in the back flashover 

control modules to generate the actual insulator string voltages. 

\~ 
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4.3.6 Line end termination model 

Two ends of the transmission line were grounded through equivalent surge 

},11\ !{;1 
\ ..... 

I ,, 

~ h ~ w w ~ ~ ~ 

~~~ H H H H H 1~ H . 
~ 

.,;,_ 1 1 
Figure 4.10- Line termination model created in PSCAD 

impedances of each ground and phase conductors as shown in the Figure 4.1 0. Each 

end of the grounded impedances was connected to the nearest interfacing component 

of the transmission line section as per the relevant connection arrangement. Top two 

terminals of the interfacing component stand for the two Ground Wires and the rest 

six terminals stand for the phase conductors of each circuit. Phase conductors of both 

circuits were grounded through 3540 equivalent impedances and similarly the ground 

conductors were grounded through 4260 equivalent impedances. 

4.3.7 Surge Arrester model 

Construction of surge arrester model in PSCAD is done through the following steps 

described in [II]. 

Step 1: 

Determination of initial parameter values for Lo, C, Ll and Rl when estimated height 

of the arrester (d) = 2.1 05m (for PEXLIM Q type ABB arrester [ 13]) and number of 

parallel columns of metal oxide in the arrester (n) = I. 

Calculated initial parameters: (See Figure 4.11) 

L1 = 15*d/n = 15*2.1 05/1 = 31.575J..!H 

R1 = 65*d/n = 65*2.1 0511 = 136.8250 

L0 = 0.2*d/n = 0.2*2.1 05/1 = 0.421 J..!H 
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Co= 1 OO*n/d = 1 00* 1/2.105 = 4 7 .506pF 

31.575e-6 [H] 
-~..-.....-.... 

Lo L1 

• -..J,jLJ .. .._f -AI\ 
0.42·1 e-6[H] ~ 36.825 [ohm] 

--..J 
•:..T't 

R1 
0 
c;, 
(I) 

~, I c TAO TA1 
c 
.2J 

Figure 4.11 -Surge arrester model created in PSCAD 

Step 2: 

Evaluation of sealing factor U 1011.6, to apply to the surge arrester components of both 

Ao and A 1 sections under Arrester Voltage Rating in PSCAD 

From table-2 in Annex 7, for selected PEXLIM Q type ABB arrester, 

U10 (Discharge voltage at lOkA) = 423kV 

Therefore the Arrester Voltage Rating= 423/1.6kV = 264kV 

Step 3: 

Defining of ''!-V Characteristic'' for both Ao and A 1 sections and entered into the 

surge arrester components 

Initial I, V values for A0 and A 1 were set as shown in the Table 4.1. 

X-axis current[kA] Ao Y -axis voltage [pu] At Y-axis voltage [pu] 

l.OE-7 1.10 0.72 

l.OE-6 1.28 1.00 

1.0E-5 1.33 1.08 

l.OE-4 1.37 1.11 
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0.001 1.39 1.15 

0.01 1.42 1.18 

0.1 1.52 1.22 

1.0 1.65 1.32 

3.816 1.75 1.40 

10.0 1.90 1.55 

100.0 3.80 1.95 

----------- ---------------

Table 4.1 -Initial I, V values for A0 and A1 [II] 

Step 4: 

Adjustment of the (U 10/1.6) scaling factor for the A 1 non-linear resistance section, to 

match the switching surge discharge voltage. This is done by trial and error until there 

is a good match between the manufacturers' switching surge discharge voltage Uss 

and current and the model test results. 

I' 

Double 
exponential test 
wave generater Lo 

r
"'-A_,V 

421 e-6[H]; 

:'!!. 
c 
.2! 

Figure 4.12- Created test circuit in !'SCAD for surge arrester testing 

As per the manufactures' data shown in table 2 of Annex 7, 

Uss = 357kV (peak) for I kA surge of 30/60fls wave shape. 
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Therefore a double exponential waveform of 30/60!ls with I kA peak current (See 

Figure 4.13) was generated and applied to the arrester model. Created test circuit in 

PSCAD for the testing of arrester is shown in the Figure 4.12. 

Test current surge wave 

• Sur·qe 
1.00 ('\ 

0.90 ,· \ 

o.so I \ 
0.70 l \ 

[ 0.60 \ 

0.50 \ c 
~ 0.40 \~ 
::0 

0 0.30 

. ; 

0.20 lj '~ 
0.10 

0.00 

Timers 1 o .oo O.OSm 0:1 Otn 0.15tn 0.20m 0.25tn 0.30tn 

Figure 4.13 -Test surge waveform 30/60us with I kA peak 

The arrester voltage rating (U 1 011.6) of only A 1 componant was changed. A peak 

value of 357kV discharge voltage was obtained at 270.5kV arrester voltage rating 

(See Figure 4.14 ). 

<::;:" 
~ 

Q) 

D! 
ro 
~ 

J 

Timefsl 

• Uss 
400 

350 

300 

250 

200 

150 

100 

50 

0 
r-

0.00 

Arrester discharge vo~age 

.. -j ....................... f ........... ~-·-····1 

0.05tn 0.10tn 0.15tn 0.20tn 0.25tn 0.30tn 

Figure 4.14- Test result, arrester discharge voltage at I kA 
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Step 5: 

The arrester model now has correct non-linear resistances for the A0 and A 1 sections 

for switching surges. It is now required to test to obtain a good match for the 

discharge voltage with the 8/20~ts injected current. The filter inductance L1 in the 

model is adjusted until the test circuit produces a good match with the manufacturer's 

U 10 discharge voltage. 

As per the manufactures' data shown in table 2 of Annex 7, 

U 10= 423kV (peak) for 1 OkA surge of 8/20~s wave shape. 

Two slider components are used in the test circuit to change the peak current of test 

surge and the L 1 inductor value as shown in the Figure 4.12. 

The same double exponential test surge wave generator circuit is used with different 

coefficient of exponent values to generate the 8/20~s wave as shown in the Figure 

4.15. 

A value of 423kV peak discharge voltage was obtained by setting the inductance L1 to 

1.795x10-5H. 

Test current surge wave 

• Surqe 
10.0 r 
90 \ s.o I 
7.0 

~ :: I \ c 
~ 

4.0 \ ::; 
0 

3.0 \ 
2.0 

'1.0 

0.0 

Time[sl 0.00 0.05m 0.10m 0.15m 0.20m 0.25m 0.30m 

Figure 4.15- Test surge waveform 8/20!!s with I OkA peak 

The obtained discharge waveform is shown in the Figure 4.16. 
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Figure 4.16- Test result, arrester discharge voltage at 1 OkA 

4.3.8 Lightning surge generator model 

As per the equation 3.14 given in the section 3.3.7, the standard 8/20!-ls double 

exponential waveform was generated by an inbuilt current source having its 

magnitude controlled by an external control circuit (see the Figure 4.17). The external 

control circuit consists of two similar parallel branches with a common input 

parameter component giving the simulation time of the system. Each branch consists 

of an exponential function component and a multiplier component in series. The 

multiplier component determines the magnitude of the current waveform which 

controlled externally by the "Multiple Run" simulation component as described in the 

section 4.5. As shown in the Figure 4.17, the Differencing junction component gives 

Input data 

time r-------1 .,Bx I 
L_ __ \/ I ~ 

( TIME ) 

EHponen!lal function 
cornponent 

Multplier 
component 
(Gam block) 

Grounded 
Current source 
------..\.;r-

-=.. 

Figure 4.17- Lightning surge generator model created in !'SCAD 
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the instantaneous values of double exponential waveform to the current source. 

Current source generates the complete waveform based on the instantaneous values 

given by the control circuit. 

Similarly, a voltage source is used instead of the current source to generate the 

standard 1.2/50f1S voltage surge waveform. 

4.4 Assembly of sub models and data signal coordination 

The sub models described in the previous chapters were created in a single working 

space named as a page or a module as defined in PSCAD. All the sub models were 

interconnected by using the wire tool where ever needed to form the complete 

transient line model as shown in the Figure 3.1. 

Inter dependent sub models such as back flashover model and phase voltage generator 

model were virtually inter connected by giving an identical reference names for each 

common variables. For an example, the ''Phase Voltage'' variable is referred as Ya in 

both phase voltage generator model as well as in the back flashover model. The phase 

voltage Ya is an output variable produces by the phase voltage generator model 

whereas it is an input as well for the back flash model in the same time frame. 

Similarly the data signals of common variables were managed by assigning them with 

identical data signal labels. 

4.5 Method of simulation 

4.5.1 Multiple Run component and variable settings 

Simulation of the completed final transmission line model was carried out by using 

c· 
T 

tV1 

G 
8Rk12 

8 

8RK13 

Meas-Enab 

Multiple 
Run f 

Figure 4.18- Multiple Run simulation component in PSCAD 
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the "Multiple Run" simulation component (See Figure 4.18) available in the Master 

Library of PSCAD. This component can be used to control a multiple run, while 

manipulating variables from one run to the next. These variables are output from the 

component (up to six outputs) and can be connected to any other PSCAD 

components. The Multiple Run component can also record up to six channels each 

run. 

Three (03) numbers of variables those directly affecting the back flashovers were 

varied in each run of the simulation by using the Multiple Run component. The 

variables are, 

I. Magnitude of the lightning surge current labeled as "x'' in the model is set as 

V1 of Multiple Run component 

2. Phase angle of the power frequency phase voltage labeled as "Ph" in the 

model is set as V2 of Multiple Run component 

3. Grounding resistance of Tower-M labeled as "Rf'' in the model is set as V3 of 

Multiple Run component 

The range of values set for each variable in the Multiple Run component is shown in 

the Table 4.2. 

Variable in Multiple Data label used in 

Run component the model 
Range of values 

V1 X 30kA to 200kA with 1 OkA steps 

V2 Ph 0° to 360° with I 0° steps 

V3 Rf 170., 620., 90. 

Table 4.2- Range of values used for variables in Multiple Run component 

According to [6], the shielding failure flashovers are more frequent at surge current 

values less than 20kA; whereas the back flashovers take place at higher surge current 

ratings around 80kA. Therefore a range of values from 30kA to 200kA with I OkA 

step is selected for the variable "x" as shown in the table 4.2. 

\ 
Page I 50 



Simulations were carried out from 0° to 360° full range of phase angles with a 10° 

phase angle step to examine the effect of phase angle on back flashovers. 

Grounding resistance of the Tower-M (Middle tower which is subjected to the 

lightning surge as shown in the figure 3.1) is set for one of the three values as shown 

in the table 4.2 in each simulation. 

As shown in Annex-6. the recorded maximum tower grounding resistance even with 

the soil ionization effect is around 170. when the surge current is about 30kA. 

Therefore the value 17n is the recorded worst case of tower grounding resistance with 

the soil ionization effect and is selected as one of the three values used in the 

simulations. 

As shown in the Figure 1.9. the maximum recorded tower grounding resistance is 

about 62n when the soil ionization effect is not considered. Therefore the value 62n 

is the worst case of tower grounding resistance when the soil ionization effect is 

neglected. Therefore the value 62n is also selected as the second value to be used in 

the simulations as tower grounding resistance variable V3 as shown in the Table 4.2. 

The standard value specified by the local utility for the tower grounding resistance of 

any transmission line is about I On. Therefore a value less than I On (i.e.9 n) is also 

used in the simulations to investigate the performance of towers against lightning 

back flashovers. 

While changing the value of above variables in each run of the simulations, the 

control signal output of each back flashover control modules were recorded by the aid 

of six channel recorders available in the same Multiple Run component. The recorded 

control signal outputs are stored in an output file assigned to the Multiple Run 

component. These control signal output data are in binary form where the output "0" 

means a back flashover event. 

4.5.2 Simulation criteria 

Simulation of complete line model is carried out in two major steps. At first step, the 

model is simulated without arresters for selected three (03) critical tower grounding 

resistance values 9n, 17 n and 62 n for both 8x20)1s and 1.2x50)1S surge waveforms. 

In the second step the model is simulated with surge arresters with two different 

arrester configurations for both 8x20)1S and 1.2x50)1S surge waveforms. However the 
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simulations were carried out for above two arrester configurations with only 620 

tower grounding resistance which is the worst case out of the selected three values. 

For all simulations the lightning surge current was injected on top of the Tower M 

(Middle tower as shown in the Figure 3.1 ).Detailed criteria of each simulation 

including the tower grounding resistance setting and expected control signal output 

data to be recorded are described in the Table 4.3 and Table 4.4. 

Step 1: Simulation of the model without arrester protection 

Tower 

Simulation Surge grounding Expected phases where the control signal 

number waveform resistance output data to be recorded 

(0) 

OJ 8x20!-ls 9 
Tower-M, Circuit-] and Circuit-2 
All six (06) phases 

02 8x20!-ls 17 
Tower-M, Circuit-! and Circuit-2 
All six (06) phases 

03 8x20!-ls 62 
Tower-M, Circuit-] and Circuit-2 
All six (06) phases 

04 1.2x50!-ls 9 
Tower-M, Circuit-] and Circuit-2 
All six (06) phases 

05 1.2x50!-ls 17 
Tower-M, Circuit-! and Circuit-2 
All six (06) phases 

06 1.2x50!-ls 62 
Tower-M, Circuit-] and Circuit-2 
All six (06) phases 

Table 4.3 -Detailed simulation criteria for Step- I 

Step 2: Simulation of the model with arrester protection 

Simulation 
Tower 

Surge Expected phases where the control signal 
grounding 

number waveform output data to be recorded 
resistance (0) 

With single (OJ) arrester installed at TOP phase ofcircuit-2 ofTower-M 

07 8x20!-ls 62 
Tower-M, Circuit-] and Circuit-2 
All six (06) phases 

08 1.2x50!-ls 62 
Tower-M, Circuit-! and Circuit-2 
All six (06) phases 
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With two(02) arresters each one installed at TOP phase of circuit-] &2 ofTower-M 

09 8x20!ls 62 
Tower-M, Circuit-! and Circuit-2 
All six (06) phases 

10 1.2x50!ls 62 
Tower-M, Circuit-! and Circuit-2 
All six (06) phases 

I I 8x20!ls 62 
Tower-L I, Circuit-! and Circuit-2 
All six (06) phases 

12 1.2x50!ls 62 
Tower-L 1, Circuit-! and Circuit-2 
All six (06) phases 

Table 4.4- Detailed simulation criteria for Step-2 

4.5.3 Project simulation settings 

For each simulation runs, following project simulation settings were assigned. 

I. Duration of each run = 70!ls 

2. Solution time step = 0.1 !lS 

3. Channel plot step = 0.1 !lS 
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Chapter- 5 
Results and analysis 

5.1 Introduction 

This chapter provides the results of each simulation carried out as per the detailed 

simulation criteria mentioned in the previous chapter. The results are provided in this 

chapter as the same sequence of simulations carried out as per the Table 4.3 and Table 

4.4. 

The results of each simulation are given by an output data file which contains a set of 

binary values giving the occurrence of back flashover events for each simulation run. 

The binary value "0" means an occurrence of a back flashover event whereas "I" 

gives the negation of that event. A typical view of an output data file is shown in the 

Figure 5.1. As shown in the figure 5.1, the columns MBRKII, MBRK\2 and 

MBRK\3 gives the back flashover events occurred on TOP, MIDDLE and BOTTOM 

phases of circuit-! of Tower-M respectively. Similarly the columns MBRK21, 

MBRK22and MBRK23 gives the back flashover events occurred on TOP, MIDDLE 

B Optimization Output Vlecw<:t - [towecrL 1Me<:sters2ohm62] 

30 0 
2 40 0 
3 50 0 
4 60 0 
5 7!) 0 
6 BO 0 
7 90 0 
3 100 0 
9 110 0 
lO 120 0 
ll !30 0 
12 !40 0 
13 150 0 
14 lijO 0 
15 170 0 
16 180 0 
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18 200 IJ 
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Figure 5. I -Typical view of an output data tile 

Page I 54 



and BOTTOM phases of circuit-2 ofTower-M respectively. 

Based on the information provided by the output files of each simulation; the 

variation of minimum current required for back flashover event were plotted and are 

produced here as the final results. 

5.2 Back flashover minimum current variation results and analysis 

5.2.1 Results of simulations without arrester protection (Step-1) 

The step-1 consists of six numbers of simulations from simulation no-0 1 to 06. All 

these six numbers of simulations were carried out without arrester module for both 

8x20f1S and 1.2x50f1S surge waveforms respectively. Further above simulations were 
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Figure 5.2- Results of simulation no. I 
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also done by applying selected 90., 170. and 620. tower grounding resistances values. 

As per the results shown in Figure 5.2(Simulation no.O 1) and Figure 5.4(Simulation 

no.02) it can be seen clearly that the results are almost same for 8x20flS current surge 

for both tower grounding resistances of 90. and 170.. However the results for the 620. 

tower grounding resistance with 8x20flS current surge as shown in the Figure 5.6 

(Simulation no.03) is different than the first two results. 

Similarly as per the Figures 5.3(Simulation no.04), 5.5(Simulation no.05) and Figure 

5.7(Simulation no.06) it can be seen a clear similarity of the results given for the 

1.2x50flS surge waveform for 90., 170. and 620. tower grounding resistances. 
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All the results from simulation no.O I to 06 except the results of simulation no.03 

shows that the lowest back flashover minimum current (=40kA) is recorded in the 

TOP phases of the both circuits. However the TOP phase of circuit-2 was flashover at 

40kA only for the phase angles ranging from 60° to 200° whereas the TOP phase of 

the other circuit was flashover at same 40kA current only in the phase angles ranging 
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Backflashover minimum current variation of tower M 
when Rf=90 (For 1.2/50uS surge) 
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Figure 5.3- Results of simulation no. 4 

-t-CrU,TOP 

-H-Cl\Uv11D 

~((tl. .. IOP 

--Cc!?,MIG 

from 200° to 340°. (See Figures 5.2, 5.3, 5.4, 5.5 and 5.7) Further from the above 

result shows that when the phase angle changes from 200° to 210° the back flash over 

event also changes from TOP phase of circuit-02 to TOP phase of the other circuit at 

40kA surge current. 
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As per the results shown in the Figure 5.6 (Simulation no. 3) it shows that the 

MIDDLE phases and the TOP phases of both circuits are having the same lowest back 

flashover minimum current at 620 for 8x20fls surge. However the TOP phases of 
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Figure 5.5- Results of simulation no. 5 
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both circuits are not having the same lowest current at once at the same phase angle 

except at 30° and 210°. 
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Figure 5.6- Results of simulation no. 3 
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There is no back flashover events were recorded in the BOTTOM phases in any of the 

simulations done without arrester module. Therefore it is clear that the TOP and 

MIDDLE phase are more likely to have back flashovers than any of the BOTTOM 

phases. 
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Figure 5.7- Results of simulation no. 6 

5.2.2 Results of simulations with arrester protection (Step-2) 

Arrester configuration-!: Single arrester installed on TOP phase of circuit-2 of 

Tower-M 

As per the Figures 5.8 and 5.9, the results of the simulations done with single arrester 

configuration are almost same for the TOP phase of circuit-01 for both 8x20!ls and 

\.2x50!ls surge waveforms. Few back flashover events were recorded in the MIDDLE 
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Backflashover minimum current variation of tower M with single 
arrester at TOP phase of circuit-2, when Rf=62Cl {For 8/20uS surge) 
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Figure 5.8- Results of simulation no. 7 
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phase of the circuit 2 for only 8x20flS surge waveform at phase angle 0° and from 

320° to 360° at 180/190kA.The lowest back flashover minimum current of the TOP 

phase of the circuit -0 I is about 50kA when the phase angle ranging from 200° to 

340°. 

!)2 

Backflashover minimum current variation of tower M with single 
arrester at TOP phase of circuit-2, when Rf=62fl (For l,2/50uS surge) 
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Figure 5.9- Results of Simulation no. 8 

-.-(Ot.TOP 

However the back flashovers are recorded in the TOP phase of circuit-0 I and the 

MIDDLE phase of circuit-02 only. Therefore it is clearly shows that the arrester 

installed in the TOP phase of the circuit-02 provides the protection against back 

flashovers as follows. 

I. Protects the same phase (i.e. TOP phase of circuit-02) up to 200kA 

2. Protects the TOP phase of circuit-0 I up to 50kA 

3. BOTTOM and MIDDLE phases ofcircuit-01 up to 200kA 

4. BOTTOM phase of circuit -02 up to 200kA and MIDDLE phase up to 180kA 
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Arrester configuration-2: Two (02) arresters each installed on TOP phase of 

circuit- I and circuit-2 of Tower-M 

As per the results of simulation no. 09 and 10 (with two arrester configuration), it is 

clearly noticed that there is no back flashovers occurs on any phase of the Tower-M 
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)U 

Backflashover minimum current variation of tower L1 when two (2) 
arresters at TOP phases of Cct-1 & 2 of Tower·M with Rf=620 

(For 8/20uS surge) 
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Figure 5.10- Results of Simulation no. II 
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for any of the selected three tower grounding resistance values for both surge 

waveforms. Therefore two arrester configuration of Tower M provides the full 

protection against back flashovers for all phases of the same tower. 
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Backflashover minimum current variation of tower ll when two (2) 
arresters at TOP phases of Cct-1 & 2 of Tower-M with Rf=620 

(For t.2/50uS surge) 
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Figure 5.11- Results of Simulation no. 12 
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However the results given in the Figure 5. I 0 and 5. I I shows that back flashover 

events were recorded in almost all phases of both circuits of the adjacent tower L I 
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even if the grounding resistance of tower M is at 620 for both surges. Therefore the 

two arrester configuration at Tower M is not providing the protection against back 

flashovers for the adjacent towers. 
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Chapter- 6 
Conclusion and recommendations 

6.1 Conclusion 

Almost all simulations carried out without arrester protection (Step- I) shows that the 

TOP phase of each circuit has a lower back flashover minimum current value 

compared to the rest of the phases. Therefore it can be concluded that the TOP phases 

of each circuit are more likely to have back flashovers compared to the rest of the 

phases. 

As per the results given for the simulations, carried out with single arrester installed in 

TOP phase of circuit-02 (Step-2) gives no protection for the TOP phase of the other 

circuit beyond 50kA surges. However all phases of the circuit-02 is protected up to 

200kA except the MIDDLE phase which is only up to 180kA. 

According to the results of the simulations carried out with two (02) arrester 

configuration, it is observed that the protection against back flashovers is provided 

only for the tower installed with two (02) arresters at its TOP phases. Further it is 

noted that the adjacent side towers are not protected against back flashovers by the 

arresters installed on the tower at the middle. Therefore each tower needs to be 

protected individually. 

6.2 Recommendations 

According to the conclusions described in the previous section, initially it can be 

recommended to install 02nos. of Transmission Line Arresters (TLAs) each on TOP 

phases of each tower from tower no.33 to 50 and tower no.85-95 where the most 

insulator damages are recorded. 

The selection and matching of mechanical characteristics of Transmission Line 

Arresters to the system characteristics and maintenance requirements has to be done 

to complete the full selection procedure as described in the section 3.4. 
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Annex-1 Present Transmission system of Sri 

Lanka 
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Annex-2 Transmission system of Sri Lanka 

(Single line diagram) 
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Annex-3 220kV Biyagama - Kotmale 
transmission line parameters 

# Line parameters' description Value 

I Voltage 220 
2 Steady state Frequency 50 
3 Line/Span length As per the tower 

schedule (Annex 5) 
4 Line shunt conductance 1x1o-" 
5 No. of circuits 02 
6 Conductor Type/Name ACSR"ZEBRA" 
7 Conductor size 428.9 
8 Conductor radius 0.01431 
9 Conductor DC resistance 0.0674 
10 Sag of all phase conductors 9.56 
II No. of sub conductors per phase 02 
12 Bundle configuration Symmetrical 
13 Sub conductor spacing 0.4 
14 Earth wire Type/Name GS 7/3.25 
15 Earth wire size 58.07 
16 No. of Earth wires 02 
17 Earth wire radius 0.0049 
18 Earth wire DC resistance 3.1 
19 Sag of Earth wire 6.41 
20 Ground resistivity 1000 
21 Relative ground permeability 1.0 

Other parameters used in the Transmission line model 

Unit 

kV 
Hz 
Km 

mO/m 
Nos. 

mm1 

m 
0/km 
m 
Nos. 

m 

mm1 

Nos. 
m 
0/km 
m 
Om 

22 Conductor coordinates reference to the center of the tower base 
23 Phase/nodal connection information of line interface 
24 Ideally transposed line? 

Comment 

YES 
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Annex-4: A typical transmission tower used in 
the selected transmission line 
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Annex-5: Tower schedule 

Tower number Span/Line Section 
Tower type Tower 

length (m) height(m) 
I to 32 I2,088 

33 333 IOI 34.885 
34 458 103 34.7IO 
35 285 lOL 35.741 
36 I74 10L 35.741 
37 488 IOL 35.74I 
38 232 IOI 34.885 
39 258 IOI 34.885 
40 438 I06+6 40.7IO 
4I 287 I06+6 40.7IO 
42 506 IOL+9 44.74I 
43 297 I03+3 37.7I 0 
44 I86 10L+6 41.74I 
45 376 IOL 35.741 
46 568 101+6 40.885 
47 239 IOL+3 38.741 
48 26I 106 34.7I 0 
49 329 10L+6 41.74I 
50 261 10L+9 44.74I 

50 to 84 11,999 
85 181 106 34.7IO 
86 682 10I 34.885 
87 474 IOI 34.885 
88 422 IOI+3 37.885 
89 356 101 34.885 
90 513 10L 35.74I 
91 281 103 34.7IO 
92 692 IOI 34.885 
93 397 10I 34.885 
94 477 101 34.885 
95 477 I OI 34.885 

95 to 206 35,525 
---· ··-
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Annex-6 Grounding Resistance variation of 
towers due to soil ionization effect 
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Figure A6-1: Grounding resistance variation of towers 31 to 52 
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Annex-7 Simplified selection procedure of an 
ABB surge arrester 

Selection of electrical parameters as per the selection procedure shown in Figure 3.12: 

Product range 
Product lamily 
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Superiu 4-iller!? lew v:Ei>Jht. reduce.j 
ojEdl31lC8S. ~exit:ole nlOlinting, 
non-fragilit)• an·j additional pel':x•nnel 
safety is required 
tvlajm component for PEXLINIO:"' 
·~oncEpt fer tran:mis::ion line 
proter:tioxr 

An<>stm 
c1as~ification 1:' 

li• k;\ II ( "k!e •;) 

liJ I<:.'\ IH, ·;l,l:>' ~-~, 

.• •0 'A IH. de; ·1 

HS PEXLitvl - Hi[lll stren~1th sili·:on;, ;.oo k.'\ ILCclac:." ·1 
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kllrm;; 
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Table A7-1: Product range of ABB Surge arresters [13] 

Step 1: Selection of rated voltage (Ur) 

fdrJdt:oto r r...::o 

Hi;.l1 7 ~£)J 

Hi;jl 18 COJ 

v.·Jillil1h 1-:.J COJ 

Vc,ry l1iqh 1n C(<J 

System voltage (Urn) = 245kV, System earthing = effectively earthed, Earth fault 

duration:::; ls (Maximum 1.5s for backup protection) Therefore from Table A7-3, 

Rated voltage, Ur ~ 0.72*Um 

Ur~ 176.4kV 

The Table A 7-3 gives a minimum value of the arrester rated voltage (U .. ). In each 

case, choose the next higher standard rating as given in the catalogue (Table A 7-2). 

ABB Transmission Line Arresters (TLA) uses PEXLIM-Q Metal Oxide Surge 

Arresters as the arrester component. Table A 7-2 gives the protective data of PEXLIM 

Q type arresters. 

Therefore, Ur = 180kV from table 2 (for PEXLIM Q arrester type) 
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Step 2: Selection of line discharge class and energy capability 

From Table A 7-4, for PEXLIM Q type arresters 

Line Discharge Class= 3 and Energy capability= 7.8kJ/kV (Ur) for Urn= 170-420kV 

range 

Max. Rated Max. continuous TOV capability 2) Mu. residual voltage vtith current wave 
System Voltage operatln9 voltage I I 
Voltag101 

as per as per 
IEC ANSI/IEEE 

30/60 ~IS B/:20 >IS 

Um Ur Uc MCOV 1 s iDs 0.5kA 1kA 2kA ~ 10kA 20~A 40kA 

'"""'" kVnm kVnn> kVm, kVr!"lw kVrms k'dp;;,a>. kVf:;mJ.: kVP""' k\lr;>a4: kVp!Nlk kVp;:<lk kVpe-,fk 

170 1"'J •.:".!. 1C6 l01S E•l 145 2C-4 2G2 2?2 2!:15 311 342 3iJ2 
144 W;; 115 165 ICS 277 2H6 297 :322 339 373 417 
1S.O lUi 121 1?2 155 2}3f3 298 309 .33:~ 353 3SS 434 
1 ~)2 IC'O 131 1SG 17H 312 321 334 3(~2 3SI 419 409 
lf·8 1C!:i 1:;1 I ~(i IH4 32~~ ,.. ... ..:)..) 34f, :376 3?:) 435 4.H6 
192 IW Fi:? :2~\') 211 3U~ 3~1'1 39f) 42'? 452 4'07 556 

34G ,_,:.) 

,jt.)~ ;_'"I~ 

3!i I 393 40iJ 443 466 S12 573 

210 1 ~d) 1:'0 241 231 404 417 433 469 494 ~43 URl 
216 1GG 17:0- 24il 237 41G 42'3 445 4H3 G08 ~59 G2G 
219 13G 177 2C•I 240 421 434 451 4il'~ S1S GG7 G34 
222 13tl I'" 25C· 244 427 440 458 4S(i 2)22 674 f-1::' 
:228 15G 1~0 2(,2 2c.o 43S 452 470 SIO S36 f!'~O wo 

:oo 21'i 17.3 170 24il 237 41C: 42B 445 4{J3 SCtfJ ~,59 625 
24() 191 191 2?(; 2•:4 4()1 4/G 495 5:36 S64 521 G94 
2,:;s 191 2(Pj 2'~.(; 2'8-3 4':•G 5'12 532 576 DJ? w7 746 
2G4 181 212 303 290 [)07 ~,21 544 Sf'(l 621 Ul3 764 
276 191 220 317 303 s:3o :'-47 569 617 649 714 798 

362 2C>8 2C0 209 293 28.3 496 5'12 5:32 E1?G GJ7 f:F.7 "' 746 
2(.4 211 212 303 290 507 523 544 59) G21 [fJ3 7G4 
27Ci 221 221 .317 3CG Ei30 547 :.e.g 617 049 714 798 
2flfl 2:3{1 2.JtJ 331 316 5S3 571 593 643 iJ77 748 !l33 

Table A7-2: Guaranteed protective data for ABB PEXLIM Qsurge arresters [13] 

Step 3: Selection of Lightning and Switching protection levels (Up1 and Ups) 

System I Fault System Min. Rated 
Earthing Dura- Voltage Voltage, Ur 

tion Um (kV) (kV} 

r::::ffpr·1 i11P < 1 c: . 1nn , r, P vII, 

II [ H•+:ti'•Jt:i .... -..,; ......... ~::. 1 ~::, .. ::.~ 1 /~:3 .::. 0. 72 X I..Jm II 
No::)n o11e·:::ti'-H:' ,.· 1 u ~) · 1 i I i .. :: I ._. :: U. SJ 1 X IJm 

'0. X Um 
(EXUfvl n 

~.J o 1-1- t:ifft.::cti·./(:? ~ 2 t-1 :" 17•J .::. 1.11 X Um 
~Jon-Fffecti·-/o -- :2 r-~ ::;; 1 ? () .. : 1.:2!) X Um 

Table A7-3: Minimum arrester rated voltages [13] 
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System parameters for Uwl and Uws, 

Lightning withstand voltage of the line Uwl = 1 ,050kV 

Switching withstand voltage of the line Uws = 460kV 

For insulation co-ordination purposes, consider the lightning impulse protection level 

(Up!) at 10 kA for Um S362 kV and at 20 kA for higher voltages. Similarly, the 

switching impulse protection levels (Ups) for co-ordination purposes range from 

0.5kA (forUm S170 kV) to 2 kA (forUm 2:362kV). 

From Table A 7-5, for PEXLIM Q arresters at Nominal Discharge Current In= 1 OkA 

UplUr = 2.350 and Up/Ur = 1.981 

Therefore arrester parameters for Up1 and Ups 

Upl = 2.350* 180kV = 423kV 

Ups= 1.981 * 180kV = 357kV 

Arrester Line 
Type discharge 

class 

EXL!tvl Fi 2 
F-"EXLHv1 fl () 

<--
r:--.,.,, 1 r .. ,, r1 l) 

I F)E:X:Litv·l () 
,.,., .. , 

t:l\LJI'II 1· ,:, 

r:·EXLI [\il P 4 
Ht: F·E:xu rv1 P 4 
EXUfv·J T [::' 

~) 

H~:: F'L:XL.I f\;1 T ("' ::) 

Energy Normal 
capability application 

{2 impulses) range (Um} 
kJ/kV (Ur) 

so 170 k\/ 
5 1 :; 170 k\/ 
7 p 1 7 , .. , ... 11 •":•1~ I ··'ol 

7.8 1 T(J - 420 k\/ 
" " 

IJ.o .3f5Z - :y)IJl',\7 

12 r,,- 2 550 k' 1 
• .. )~) .... - \.1 

10.S :3(32 - 550 k\/ 
15.4 420- 800 k\i 
1 S.4 4~~o - noo k\t 

Table A7-4: Energy capability of arresters [13] 

Step 4: Calculation of protection margins 

Protection margin for lightning impulses = { (Uwl/Upl)- 1} * 100% 

={(I 050/423)- I}* 100% 

= 148% 

Protection margin for switching impulses = { (Uws/Ups)- 1} * 100% 

= {(460/357)- 1 }*1 00% 

I 
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l 

'I 
1 

l 

Arrester 
Type 

FXI ... Ifv1 r:: 
Pl-::XL.Itvl r:: 
FXLif·v·1 C• 

II r::)r:.:··:<t 1r., ,, c·, 
.-.1 •..•. 'j .. :..1 

E~XLitv1 r:::. 

r=:·F:xurvl FJ 
f1:~; Pr:xur··.;l P 

EXLit\il T 

Nom. I Upt!Ur Upi/Ur I Ups/Ur 
Dis- at at 

charge 10 kAp 20kAp 
current 

On) 
1 () :2 .. 590 ·; r-,r-:n rt 0 .r~ I<P.r~ ,._ • .._. .•. )•.,j 1.:! . ~-) '·) 

1 () 2.590 2 (!(-() rit n r:: kf\r - •'·"' ._).,., (: v' • . .) •.} 

1 () :2 ,:(::5() 1 .Df31 :::tt 1. 0 ki\r, 

1 c~ rJ ,::: 1 nP 1 ·: t 1 ri 1 \r: II 
,~ ... .... ,) ... ! , '••' v '·) 

2C1 2 ·~}7.5 25 2 ior-1 :Jt 2 r, 1· '\r .. ~ •• __ .,:.._,_. L. _, ..... v~.) 

2C} 2.2IS 25 2 i1·~)n -t 2 n I·J\r: , .... ,~ .. v (1 •'~ '\ '"•.) 

20 2.27!) ~~.E) 2.020 .:tt :~:.UI<Ar:::> 

20 2.2C(J :~! .4 1 o-,·~ ··t 2 n 1·'· • ..:./ !' 1,) cl ·-, ._,. -+Jp\p 

Table A7-5: Up1 and Ups ratios for ABB arresters [13] 

=29% 

Summary of system and arrester electrical parameters 

VOLTAGE 

Uw1=lOSOkV 

U = 460kV 
W5 up1=423kV 

U = 357kV 
U = 245kV 

ps 

Ill 

U = 180kV 
r 

U = 144kV 
c 

Table A7-6: Summary of system and arrester 

electrical parameters 

' ~! 
· .. -. 

...: ~~ .. 
~ N' ., ,,. ~· ' 

-·· 
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