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RINGKASAN : Model koordinasi penebatan ada/ah sa/ah satu bahagian yang 

penting dalam kajian sistem kuasa dan telah digunakan untuk mengena/ pasti 

kadar lampau kilat Kertas kerja ini memberikan penerangan asas mengenai 

koordinasi penebatan dan menerangkan kepentingannya. Keperluan untuk 

me/akukan kajian mengenai "pancaran ki/at" untuk koordinasi penebatan bagi 

talian voltan berkuasa tinggi telah dibincangkan didalam aspek tahap gangguan/ 

kerosakan yang berlaku. Kertas kerja ini turut menjelaskan /ebihan kuasa kilat 

dan juga kepentingan perlindungan daripada kilat bagi talian penghantaran. 

Proses lampau kilat dan kaedah-kaedah di dalam pengiraan lampau kilat dan 

kadar kegagalan perlindungan juga dibincangkan, terutamanya perbandingan 

di antara kaedah CIGRE dan IEEE 

ABSTRACT : Insulation coordination models are an essential part of power 

system studies and are used to determine the expected overhead line 

backflashover rate. This paper gives a general background of the insulation 

coordination and explains its importance. The need to perform lightning-strike 

studies for insulation coordination of high voltage lines is discussed in terms of 

the levels of interruptions I damage that result from such events. The paper 

explains the lightning overvoltage and gives the importance of lightning protection 

for transmission lines. The process of backflashover and methods in computing 

backflashover and shielding failures rates will also be discussed, particularly the 

comparison between the CIGRE and IEEE methods. 
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INTRODUCTION 

Lightning interference occurs mainly on overhead lines and has been a problem since the 
earliest days of the electricity supply industry. Overvoltages which occur on the lines, travel 
toward the terminal or substation, and can cause damage, particularly to expensive equipment 
such as transformers. In view of their importance, cost and the difficulty of making internal 
repairs, the protection of large transformers against lightning overvoltages is usually given 
special consideration. In all cases the most protection coverage is obtained by connecting the 
protective device as closely as possible to the transformer terminals and joining the earth to 
the transformer tank with the minimum impedance (Golde, 1977). 

By definition, according to IEC 71-1, insulation coordination is ''the selection of the dielectric 
strength of equipment in relation to the voltages which can appear on the system for which the 
equipment is intended and taking into account the service environment and the characteristics 
of the available protective devices" (IEC, 1993). The basic principle of insulation coordination 
is to select a surge protector for an insulation system such that the protective level of the 
protector is always below the withstand level of the insulation with a safe margin. 

There are at least two major factors that need to be considered in order to implement an 
insulation coordination strategy. They are: 

• The study and understanding of the different type of overvoltages that are found on the 
power system that the equipment encounters in service. 

• The general assessment of the insulation performance in terms of the number of failures 
when subjected to the stresses due to these overvoltages. 

Protective devices can be used to reduce voltage stresses on a system, examples of these 
are pre- insertion resistors , controlled breaker closing, shield wires, improved grounding 
(Hileman, 1999). However, these protective devices cost money and improving insulation 
ratings of plant may be more economic. Insulation coordination studies do not give a unique 
solution (Chowdhuri, 1996). They depend heavily on engineering judgment, experience and 
financial constraints. Any insulation coordination study must accurately (or as accurately as 
possible) express the type and magnitude of all overvoltages on the power system (IEEE 
Power Engineering Society, 1997). If these overvoltages are higher than the rating of the 
equipment, they will result in damage to that equipment. 

Usually, insulation coordination is separated into two major parts, which are line and station 
insulation coordination. When using a probabilistic method of insulation coordination, it is 
useful to note that the selection of insulation strength for line insulation coordination is usually 
done based on a lightning flashover rate of 1 flashover/1 OOkm-years (Hileman, 1999). This 
review is particularly concerned with the lightning overvoltage as the transmission line trip in 

Malaysia is majorly caused by lightning, which is about 70%. 
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LIGHTNING OVERVOLTAGE 

Lightning overvoltages are simulated in the laboratory by a waveform with a front duration of 

1.2 s and a tail duration of several tens of s (IEC, 1993). In the context of this paper, they 

are produced by a strike to a transmission tower or shield wire, which either induces a voltage 

in the phase conductors or by backflashover of the line coordinating gap injecting current into 

the phase conductor. The voltage wavefront arriving at a substation can be significantly affected 

by line terminations, cable terminations and breakdown of insulators. In some cases, the 

wave front may be increased to the extent that it resembles a fast switching surge. 

There are three ways in which lightning can produce a surge on an overhead line. These are 

as follows (Eriksson, 1976): 

• A lightning flash strikes the earth in the vicinity of the line (induced overvoltage) 

• A lightning flash being intercepted by the tower or the shield wires (possibly leading to 

backflashover) 

• A direct lightning flash to a phase conductor (shielding failure) 

In either event, the following three factors determine whether a flashover of the line insulation 

will occur (IEEE Power Engineering Society, 1997): 

• The waveshape and polarity of the lightning surge voltage stressing the insulators. 

• The withstand characteristics of the insulators, specified for example by the number of 

standard disks in the insulator string or by the arcing distance from the conductor to tower. 

• The power frequency component of the voltage across the insulator. 

Only shielding failure and backflashover are considered at transmission voltage levels since 

induced overvoltages due to nearby lightning strokes are too low in magnitude to be of concern 

(Eriksson, 1976). 

THE IMPORTANCE OF LIGHTNING PROTECTION FOR OVERHEAD LINES 

Lightning striking transmission lines is very important as it causes significant overhead line 

flashovers. The use of shield wires for lightning protection on overhead lines prevents most 

phase strikes but still results in the possibility of backflashovers. 
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The probability of these lightning-caused flashovers depends on a multitude of factors including 

the tower surge response, the line type, the tower footing response, the coordination gap type 

and the impact of other non-linear influences such as corona. 

Typically, more than 2,000 thunderstorms are active throughout the world at a given moment, 

producing on the order of 100 flashes per second (Hileman, 1999). For most overhead power 

transmission lines, lightning is therefore the primary cause of unscheduled interruptions. Several 

methods for estimating lightning outage rates have been developed in the past and many 

journal papers have been published written on how to design transmission lines that experience 

minimum interruption. 

Based on the theoretical model of the backflash mechanism, it is concluded that with properly 

shielded lines, high voltage (HV) and extra high voltage (EHV) lines can be economically 

designed for a trip-out rate averaging approximately 0.25 per 100 kilometres-years tor an 

area with a thunderstorm day level of 40 per year (Gilman and Whitehead, 1973) . 

Experimental observations by Gilman and Whitehead (1973) using approximately 4600 

Pathfinder instruments on 400 miles of line yielded 167 instruments operations on 111 separate 

strokes, of which 51 caused shielding failures and 52 caused backflashover events. 

Table 1 shows a set of statistics of lightning caused transmission line outages per 100 km in 

Mexico from 1995 to 2003 (Vazquez et al., 2004) . These values can be compared with the 

value that has been suggested tor an economic design which is 0.25 per 100 kilometres

years for an area with a lightning activity of 40 thunderstorm days. Note that this statistic is the 

total number of outages, which includes shielding failure and backflashover rates. The value 

of 0.25 above is given only for the backflashover rate. 

Two possible reasons that contribute to this large number of outage rates are either the lines 

are not properly shielded, or the large number of thunderstorm days obtained for that particular 

area. In addition, Mexico is one of the countries to be recorded with the highest lightning 

activity. For over 21 years, it has been recorded that the annual average number of thunderstorm 

days, Td in Mexico City itself is 64 (Vazquez et al. , 2004). Hence the average values corrected 

to 40 thunderstorm days are 3.37, 3.69 and 12.11 for 400, 230 and 115 kV systems respectively. 

These values are significantly higher than the value suggested for an economic design. 

Some lines are more sensitive to lightning due to their lower insulation level (Galvan et al., 

1994). Statistic in Table 1 clearly shows that as the system voltage increases, the average 

number of line outages decreases. As far as the basic insulation lightning level (BIL) is 

concerned, the higher the system voltage, the larger the BIL used on that line. Hence, a larger 

voltage is needed to cause the outage to the line. In contrast, the higher the system voltage, 

the higher the tower height. Therefore, the more likely the tower to be struck by the lightning. 
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Table 1. Number of transmission line outages per 100 km per year in Mexico 
from 1995 to 2003 due to lightning (Vazquez et al, 2004) 

Area Total for 1995-2003 

Voltage (400 kV) 

Central 7.69 

Southeastern 8.427 

Western 6.897 

Northern 3.540 

Eastern 4.704 

Northwestern 3.962 

Northeastern 2.527 

Average 5.392 

Voltage (230 kV) 

Peninsular 8.518 

Southeastern 10.775 

Central 8.337 

Eastern 6.145 

Western 5.574 

Northwestern 3.47 

Northeastern 2.555 

Northern 1.855 

Average 5.904 

Voltage (115 kV) 

Western 68.19 

Southeastern 36.194 

Central 22.04 

Peninsular 33.424 

Northeastern 6.291 

Northwestern 2.348 

Eastern 0.982 

Northern 1.647 

Baja California 3.199 

Average 19.368 

Meanwhile Table 2 shows the tripping records for 132 kV Kuala Krai-Gua Musang transmission 
line (ranked as the worst transmission line performance) for a period from January 2004 to 
July 2007 (TNB Research, 2007). For the period of three and a half years, the line has 
experienced 13 trippings or equivalent to a flashover rate of 4.19 per 100 km per year. 
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Table 2. Tripping records for 132 kV Kuala Krai-Gua Musang line due to lightning 
(Jan 2004- July 2004) (TNB Research, 2007) 

No Date Line 

1 12/6/2004 1&2 

2 1/5/2005 2 

3 4/6/2005 1 

4 28/9/2005 1&2 

5 3/10/2005 1&2 

6 7/10/2005 1&2 

7 7/10/2005 1&2 

8 9/10/2005 1&2 

9 29/10/2005 1&2 

10 14/11/2005 1&2 

11 15/11/2005 1&2 

12 2/9/2006 1&2 

13 2/6/2007 1&2 

The methods available for estimating the lightning performance of transmission lines can use 

several approaches to model a complex real life engineering problem. Precise constants are 

rarely known and are often not really constant, input data is difficult to describe mathematically 

except in idealized ways and outputs may be depictable only by probabilities or average 

values. By its nature, lightning is difficult to study and model (Hileman, 1980). 

Any method of judging the lightning performance of transmission lines must cope with these 

uncertainties. It will be misleading, to promote a method that is more precise than the accuracy 

of the input data. The uncertainties of the problem do permit some simplification of the method; 

rough estimates are also likely to be as correct as much more detailed solutions (Hileman, 

1999). 

Processes leading to overhead line f/ashovers 

Lightning striking an overhead line can result in a number of events that will now be described 

through a discussion of shielding failures and backflashovers. 
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Figure 1 shows lightning hitting the shield wire of a double circuit transmission line. All three 

phases of each circuit flashed over due to a backflashover. Whilst in Figure 2, lightning hits a 

shield wire with no flashovers on either circuit. This is the ideal situation for lightning attachment 

to a line. 

Figure 1. Lightning hits the shield wire at a midpoint between two towers and causes the 

flashovers (Siemens Power Transmission & Distribution, 2005) 

Figure 2. Lightning hits a shield wire but no flashovers occur 
(Siemens Power Transmission & Distribution, 2005) 

Shielding failure 

Most transmission line towers are equipped with shield wires. The purpose of these wires is to 

divert the lightning stroke away from the phase conductor and thus provide shielding. Any 

lightning strike which can penetrate the shield and strike a phase conductor causes a shielding 

failure (Irwin and Ryan, 1998). In general, a lightning stroke current which is less than 20 kA 

can cause a shielding failure (IEEE Working Group on Modelling and Analysis of System 

Transients 1996). 
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One of the methods in use to control shielding failures is a selection of the shielding angle 

based on a described shielding failure flashover rate (SFFOR) which has been discussed in 

detail in references (CIGRE, 1991; Gilman and Whitehead, 1973; Hileman, 1999; IEEE Power 

Engineering Society, 1997). The primary aim of this method is to select a number of, and 

location for, the shield wires to provide a means of intercepting the lightning flash and to 

reduce the shielding failure rate to an acceptable level, fully realizing that a SFFOR of zero is 

virtually impossible (IEEE Power Engineering Society, 1997). According to Hileman (1999), 

for a line servicing critical loads, a design value of 0.05/100 km-years may be suitable. However 

in Europe, design values as high as 2.0 have been reported. The most widely used of these 

methods is the "electrogeometric model" or EGM which was proposed by Anderson (1981). 

The stroke current injected into the line will tend to flow in both directions along the phase 

conductor and travelling waves will be initiated in each direction (Eriksson, 1976). Flashover 

across an insulator string at a tower or to an adjacent phase may or may not occur depending 

upon whether the overvoltage exceeds the line insulation level. The shielding failure mechanism 

predominates over those outages caused by the backflashover when large shielding (protective) 

angles are associated with high towers and low tower footing resistance to the ground (Gilman 

and Whitehead, 1973). 

In terms of line outages and plant, an inaccurate design of shielding a transmission line results 

in one or two consequences. They are a line outage and an overvoltage on the phase conductor 

that can cause equipment damage if it exceeds the BIL. 

Backflashover 

A backflashover occurs as a result of the tower or shield wire (SW) being struck by lightning, 

the current passing to the earth via the tower steelwork and causing a voltage difference 

between the tower cross-arms and phase conductors (PC) (Irwin and Ryan, 1998). If the rise 

in potential at a transmission tower is large enough, a flashover will occur from the tower to 

the phase conductor. Figure 3 illustrates the general concept of a backflashover process. 

The combination of the shield wire, surge impedance and lightning impulse current will produce 

a voltage at the tower top (TT) which is oscillatory due to reflections from the tower base. The 

current flow through the surge impedance of the tower and shield wire raises the cross-arm 

voltage from which the insulator is suspended and produces a voltage across the insulator. 

Meanwhile the transient current flowing through the shield wire induces a voltage on the 

phase conductor by electromagnetic coupling (Chowdhuri et al., 2002). This induced voltage 

on the phase conductor reduces the voltage across the insulator. 
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Figure 3. General concept of backflashover. 

According to Gilman and Whitehead (1973), the backflashover mechanism predominates over 

those outages caused by shielding failure when high tower footing resistances are associated 

with low tower heights and low insulation levels. As the shield wires have been located to 

minimize the number of lightning strokes that terminate on the phase conductor, the vast 

majority of strokes and flashes now terminate on the shield wire (Hileman, 1999). 

A backflashover is usually of greater concern than a shielding failure since a shielding failure 

is relatively less likely (IEEE Working Group on Modelling and Analysis of System Transients 

1996). When a backflashover occurs, a part of the surge current will be transferred to the 

phase conductors through an arc across the insulation strings. The backflashover causes a 

temporary line-to-ground fault that will be cleared by a circuit breaker. Therefore, a line outage 

results until the circuit breaker is reclosed. As for shielding failures, the backflashover can 

also damage the power system plant as overvoltages propagate through the system. 

The estimation of the backflashover rate is one of the most complex calculations for lightning 

studies because of the number of parameters involved i.e. the footing resistance, the corona 
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effects, the coupling and travelling waves, the surge impedance of the towers, etc (IEEE 

Working Group on Lightning Performance of Transmission Lines, 1985). Therefore, the 

backflashover is the main concern and topic to be investigated. 

METHODS TO COMPUTE BACKFLASHOVER AND SHIELDING FAILURE RATES 

There are several methods in use for calculating the backflashover rate (BFR) and shielding 

failure flashover rate (SFFOR) of an overhead transmission line. The two most widely used 

and well-known methods are CIGRE and IEEE methods. These methods do not provide an 

estimate of the probability of damage to equipment in a substation. 

The IEEE and CIGRE methods are numerical and can be carried out by hand using sequences 

of equations. However, in actual practice, the calculations are sufficiently Complicated that a 

computer program is needed to eliminate inaccuracies and reduce tediousness (Anderson, 

1981; IEEE Working Group on Lightning Performance of Transmission Lines, 1985; IEEE 

Working Group on Lightning Performance of Transmission Lines, 1993) 

The CIGRE method is explained in references (CIGRE, 1991; Hileman, 1999) whilst the basic 

knowledge of the IEEE method has been discussed in references (IEEE Power Engineering 

Society, 1997; IEEE Working Group on Lightning Performance of Transmission Lines, 1985; 

IEEE Working Group on Lightning Performance of Transmission Lines, 1993). Initially, the 

IEEE method is based on the formulations by Anderson (1981) and an IEEE Working Group 

later accepted this method but subsequently changed some of the assumptions to improve 

the predictions of the BFR (Hileman, 1999). 

Based on comparisons with real data for a 230 kV double circuit line having a height of 20 

metres, both the CIGRE and IEEE methods provide a good agreement of the BFR result 

(CIGRE, 1991; Hileman, 1999). However, the comparison is not as good for the higher double 

circuit lines i.e. 70 metres, whereby the IEEE method appears to estimate much larger BFR. 

The methods have a number of fundamental differences as detailed in the Table 3. 

Previous work (Ab Kadir and Cotton, 2006; Ab. Kadir and Cotton, 2005) showed good capability 

and agreement in results, when compared to the actual data, obtained when using the PSCAD/ 

EMTDC software in designing and estimating the BFR of an overhead line and the probability 

of damage to equipment in a substation. The availability of the graphical user interface (GUI) 

that allows the software to model the system networks and the capability of modelling the 

continuous system model functions (CSMF) means that PSCAD/EMTDC is a good platform 

for analysing the problems in power system networks. For example, the methods proposed by 

IEEE/CIGRE are only intended to predict backflashover rates and cannot be applied to examine 

the risk of damage to equipment at a substation using codes such as PSCAD or EMTP. 
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Complex non-uniform networks can be represented, something beyond the capability of the 
IEEE/CIGRE methods. 

Table 3. Comparison between CIGRE and IEEE methods (Hileman, 1999) 

CIGRE IEEE 

• Neglects all effects of corona. • Accounts for corona during the entire 
voltage waveshape 

• Tries to account for non-standard • Uses a standard volt-time curve to 
waveshapes and their effect on calculate insulation strength 
insulation strength. 

• Takes into account the reduction in • Assumes that the stroke current time 
tower footing resistance caused by to crest is 2 s for all stroke currents. 
high currents. 

• Uses data from Berger and a normal • Does not consider the reduction of 
distribution to represent lightning footing resistance caused by high 
current probabilities (Hileman, 1999) current. 

• Uses an equation proposed by 
Anderson (1981) for probability of the 
stroke current 

CONCLUSION 

The importance of lightning protection for overhead line is presented together with some 

statistics of outage rates. Some available methods of estimating the BFR have also been 

discussed, as well as the advantages of using the PSCAD/EMTDC as an alternative and 
better solution in terms of the capability and accuracy in estimating the BFR compared to 

CIGRE or IEEE. 
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