
Chapter 3 

Lightning Performance of Distribution Feeder Lines. 

Lightning is a major source of disturbances for all electrical installations and can affect 

them in several manners. Even if the current is transmitted by the high-voltage lines, it can 

affect any electrical circuit at all voltage levels. 

The effect can be 

o Thermal (welding of parts, fire, explosion) 

o Mechanical, due to the electrodynamic forces exerted on nearby parallel 

conductors. 

o Dielectric shock, following increases in potential during wave propagation 

through the impedance of the conductors 

o Insulation breakdown following flashover of a phase insulator, resulting in a 

follow-on-current flowing to earth at power frequency. 

o Increase in earth potential [ 4] 

Lightning is an electric discharge in the form of a spark or flash originating in a charged 

cloud. The formation of storm clouds, in effect of aerosols, is accompanied by electrostatic 

phenomena in which differently charged particles separate. The light, positively charged 

particles are drawn upward by ascending air currents and heavy, negatively charged 

particles fall under their own weight. When the limiting gradient of the breakdown voltage 

is reached, a discharge takes place in the cloud, between clouds or between the cloud and 

the earth. The latter case is called lightning. What appears as a single flash of lightning 

usually consists of number of successive strokes, following the same track in space, at 

intervals of a few hundredth of a second. The average number of strokes in a multiple stroke 

is four, but as many as 40 have been reported [5]. 

Activity of cloud- to- ground lightning flashes are higher during the monsoon thunderstorms 

over Sri Lanka. The Northeast monsoon produces over 884 cloud-to- ground flashes with a 

peak lightning rate of 96 flashes per hour whereas Southwest monsoon produces 3294 

t1ashes with a peak rate of 104 flashes per hour. The percentage of positive flashes and 

average peak lightning current values for negative flashes are found to be 6.4% and 36 kA 

[ 15]. Geometry of lightning leader and its effect to the distribution lines is explained in the 

Fig.3.1. 
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Fig. 3.1- Geometry of lightning leader and transmission line 
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There are three possible discharge paths that can cause surges on the line. 

a- Induced voltage due to a lightning stroke to nearby ground. 

In the first discharge path 1 (Fig 3.1 ), which is from the leader core of the lightning strikes 

to the earth, the capacitance between the leader earth is discharged promptly, and the 

capacitances from the leader head to the earth wire and the phase conductor are discharged 

ultimately by traveling wave action, so that a voltage is developed across the insulator 

strings. 

b- Back-flashover mode or Indirect strike 

The second discharge path (2) is between lightning lead and the earth conductor. It 

Jischarges the capacitance between these two. The resulting traveling wave comes down the 

tower and, acting through is effective impedance, raise the potential of the tower top to a 

point where the difference in voltage across the insulation is sufficient to cause flashover 

from the tower back to the conductor. 

c- Shielding failure or direct strike 

The third mode of discharge (3) is between the leader core and the phase conductor. This 

discharges the capacitance between these two and injects the main discharge current into the 

phase conductor, so developing a surge impedance voltage across the insulator string. 

At relatively low current, the insulation strength is exceeded and the discharge path is 

completed to earth via the tower. [ 5] 
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Knowledge of the frequency of occurrence of lightning strokes is utmost importance to 

decide the lightning performance in distribution lines. The keraunic level is defined as the 

number of days in the year on which thunder is heard. It has been found by experience that 

the keraunic level is linearly related to the number of flashes per unit area per year. In most 

areas of the world, an indication of lightning activity may be obtained from keraunic data 

(Thunder days per year). The keraunic level is an indication of regional lightning activity 

based on average quantities derived from historically available ground level observation. 

The reliability of a distribution line is dependent on its exposure to lightning. Therefore, a 

key lightning incidence parameter is the average number of flashes to earth per square 

kilometer, per year along the line corridor. This parameter, called the ground flash density 

(GFD), is determined by averaging years of ground flash counts recorded by locating 

systems. 

Ground flash density (GFD) may be estimated from the isokeraunic level using equation 

Ng= 0.04 T / 25 [flashes/km2/yr] 

Where 

Tct is the number of thunder days per year (Isokeraunic level) [6] 

Data of Average Thunder Days per year and Ground Flash Density in areas such as Badulla, 

Bandarawela and Hambanthota is given in the Table 3 .1. Lightning incidence parameters in 

areas such as Wellawaya, Buttala and Thanamalwila are considered as same as in 

Hamabnthota area. 

Meteorological Station Average Thunder Days Ground Flash Density 

Tct Ng 

Badulla 91 11.24 

Bandarawela 114 14.9 

Hambanthota 52 5.59 

Table 3.1- Thunder Days and GFD in Uva province 

20 

I; 



The magnitude of a current impulse due to a lightning discharge is a probability function. 

For the sake of handling the probabilistic distribution of current peak values in a simple 

way, the following expression is adopted [6]. 

P(lp>=lp*) = 1 
-----:--:-
1 +(lp*/31i·6 

This equation is used to calculate the probability for lightning peak current Ip to be equal or 

greater than a given value Ip* [kA] and resultant probability values are given in the Table 

3.2. Low discharge levels up to 1 OkA may result in a higher tendency for the lightning 

strike to pass by any shield wire. 

Ip[KA] Probability 
(lp>lp*) 

2 0.999 

5 0.991 

10 0.75 

31 0.5 
50 0.224 
70 0.107 

100 0.045 
200 0.014 

1 able 3.2- Probabilistic distribution of current peak values 

Lightning causes a significant part of the disturbances, damages and unscheduled supply 

interruptions in the modem power systems. This is the reason why over the last years, many 

lightning performance estimation procedures have been presented in different technical 

literatures. Methods for determining the lightning performance of high voltage distribution 

lines considers both, shielding failures (Direct strokes), where the lightning stroke 

terminates directly on the phase conductors and backflashover rates, where the lightning 

stroke terminate on structure or shield wire. Also induced voltage from nearby strokes may 

affect the lightning performances of distribution lines. 
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3.1 Direct Lightning Strikes on Phase Conductors 

The flash collection rate N, in open ground (No significant trees or building nearby), is 
estimated by Eriksson's equation. [6] 

N = ~v 128h o6_ b ·, 
g 

I 10 

Where h = pole height, m 

b =structure width, m 

N = flashes/1 OOkm/year 

Ng =ground flash density, flashes/km2/year 

The exposure of the distribution line to lightning depends on how much the structures 

protrude above the surrounding terrain. Structures located along the top of mountains, 

ridges, or hills which are more predominant in this province will be more likely targets for 

lightning strikes than those shielded by natural features. Trees and building may intercept 

many lightning flashes which otherwise would have hit a line. 

The shielding factor, Sf is defined as the per unit portion of the distribution line shielded by 

nearby objects. 

The Number of strikes per 100 km line length is then [6] 

!\" = N (1-Sr) 

liy taking reasonable value for Sf as 0.5 calculated values of number of strikes to a line (100 

km length) is shown in the Table 3.3. Where pole height h was considered as 9.2 m and line 

width b was considered as 2.2m. Height of tower line h was considered as 14 m and line 

width b was considered as 3m. 

Shield wire is placed above the phase wires in tower lines. Therefore all flashes to the 

distribution line are assumed to strike the shield wire. The number of flashovers reduced by 

the shield wire may be determined from the graph given by IEEE guide (Fig. 3.2) [6]. The 

average ground resistance can be taken as 40 ohms (Appendix B.4), BIL can be considered 

as 350 kV for tower lines. Then 35 % of reduction in direct hits can be achieved by the 

shield wire in tower lines. 
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Fig. 3.2- Effect of grounding resistance on shield wire performance 

Pole Line Tower Line 
Ns 

Td Ng N Ns N Ns 35% 

52 5.6 60.4 30.2 77.8 38.9 13.6 

91 11.2 121.6 60.8 156.5 78.2 27.4 

114 14.9 161.2 80.6 207.4 103.7 36.7 

Table 3.3- Number of direct flashes per 100 km length 

I he overhead shield wire in tower lines reduces its direct hits by 35%. Therefore, these data 

reYeals that although pole lines are lower than tower lines (But not considerably) number of 

,iJrect flashes are higher. This variation is illustrated in the Fig. 3.3 for different thunder 

Jays. Higher flashover rates can be experienced in areas with high flashover density. Since 

· hese lines are spread over different geographical areas having different ground flash 

Jensities, flashover rate has to be calculated considering values of tower and pole line 

lengths and their GFD values. Pole line length is 72 % of its total length of the Namunukula 

r ceder; hence the contribution for flashovers is high. 
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Direct Flashovers (per lOOkm) Vs Thunder Days 
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Fig. 3.3- Comparision of direct flashover rate for tower and pole line 

Most of the feeder lines are combined with tower and pole lines and covers different 

geographical areas having different isokeraunic levels. Thunder days relavant to Feeder 1 is 

considered as same as in Badulla area. Feeder 2 and Feeder 3 can be considered as in the 

isokeraunic levels at Banadarawela area. But in feeder 5, it can be considered as 40 % of 

if s length is in isokeraunic levels of Badulla, 40% in Bandarawla isokeraunic levels of 

Bandarawela and 20% in Hambanthota isokeraunic levels. Feeder 5 also can be considered 

as 70 % of it's length is in Badulla isokeraunic levels and 30% in in Hambanthota 

1sokeraunic levels. Therefore, according to above line proportions, number of direct strikes 

per year can be calculated for feeder lines as in the Table 3.4. 

Feeder Feeder Total Tower Pole Direct 
N arne Length Line Line Flashes/Year 

km km km 
F1 Taldena 288 72 216 151.06 

Bandarawela 
F2 Old 71 17 54 49.7 

Bandarawela 
F3 BIB 129 97 32 61 

Badulla 
F4 Town 11 0 11 6.69 1 

F5 Namunukula 274 76 198 145.34 
F6 Pas~ara__ _ 499 _ 124 _ _)7?_ ~2-±_ __ 1 

Table 3.4- Number of direct stokes per year 
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3.2 Induced Voltage Flashovers 

Lightning strike may also strike in the vicinity of an overhead line without directly striking 

the line, shield wire or the structure itself. If this creates high enough voltages in the phase 

conductors, this could cause a flashover of the insulation. Induced voltage flashover 

frequency may dramatically increase for low level insulation. 

Fig. 3.4 illustrates the frequency of flashover as a function of the critical flashover (CFO) 

voltage ofthe line [6]. 
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Fig. 3.4- Number of induced flashovers versus distribution line insulation level 

The values are normalized for a GFD of 1 flash/km2/yr and a distribution line of height of 

!Om. 

Considering BIL level in pole line as 200kV and 300 kV in tower line, number of induced 

t1ashovers in open ground may be estimated from Figure 3.4. Therefore, estimated value of 

induced flashovers per 100 km length is shown in the Table 3.5. 
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Flashovers/lOOkm/Y ear 
BIL(kV) 

Td52 Td 91 Td 114 

200 2.795 5.62 7.45 I 

300 0.168 0.337 0.447 ' 
- - -- - - - -

Table 3.5- Induced flashovers per 100 km 

With these values, number of induced flashovers in feeder lines per year can be calculated 

as in the Table 3.6. 

Total I Tower Pole Induced 
Feeder Feeder Name Length . Length Length Flashes/ 

km km km Year 
F1 Tal dena 288 72 216 16.41 

Bandarawela 
F2 Old 71 17 54 3.09 

Bandarawela 
F3 Back Bone 129 97 32 2.13 
F4 Badulla Town 11 0 11 0.62 
F5 Namunukula 274 76 198 11.72 I 

F6 Pas sara 499 124 375 22.52 
Table 3.6- Number of Induced flashes per year 

Number of induced flashovers per year is very less compared to the number of direct flashes 

of a feeder line. Lengthy lines are experienced more induced flashovers. Since pole lines are 

having less insulation level, more flashovers can be observed in feeder line which has 

lengthier spur lines. 

These values are given for a distribution line in open ground with no nearby trees or 

buildings. The number of flashovers depends on the presence of nearby objects which may 

shield the line from direct stroke. This may increase the induced voltage flashovers because 

there are more nearby strokes. 

Given the random nature of lightning, any calculation has to be kept within probabilistic 

bases. Therefore, for the evaluation of the lightning-induced voltages, simplified formula 

derived by Rusck formula can be adopted. It gives the maximum value Vmax (in kV) of the 

induced overvoltages at the point of the line nearest the stroke location. 
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The maximum voltage that is induced in a power line in the point closet to the strike is 

given by [ 6]: 

Where 

Vmax=Zo./p-!11 + .; . v.1{j(1- 0. 51-'2)] (1) 

d 

Zo=l .,/'.J.o/€o =300 

41C 

In which lp is expressed in kA, h- height of the line is expressed in m, d- distance of the 

stroke location from the line center is expressed in m, and v is the ratio between the return

stroke velocity and velocity of the light. 

The value v can be taken as 0.4 

If the distance of the stroke location from the line is beyond the so called lateral distance d~, 

the event is considered as an indirect flash and maximum amplitude of the induced voltage 

is computed, otherwise it is considered a direct flash. 

The Lateral Distance d1 can be explained as 

dt(lp) = ~r/-(0.9. rs_h/ 

with rs= 10.1/65 

Where lp is the amplitude of the lightning current, rs is the striking distance to the conductor 

and h is the conductor. 

The amplitude of the stroke current is varied from 1 to 200 kA in intervals of 1 kA. The 

number of annual insulation flashovers per km of distribution line Fp is obtained as the 

summation of the contributions from all intervals considered 

Fp=2 .L:f;~(d.max- d.min).NgoP; (2) 
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Where P; is the probability of current peak lp to be within interval 1 to 200 kA, d.min (i.e. 

lateral distance) is the minimum distance for which lightning will not divert to the line, d.max 

is the maximum distance at which the stroke may produce an insulation flashover. 

The maximum distance d.max for every peak current interval is then calculated. 

Vmax= l.S*CFO 

N g = flashes/km2 /yr 

Example 

Considering a 33kv, 9.2 high pole line having 200 kV BIL, with a flash density of 11.4 

flashes/km2. 

Striking distance for 100 kA surge current 

r,= 10.lp065 

=199.5m 

Then lateral distance d1(Ip) = ~r52-(0.9. r5_h)
2 

Then Vmax = 1.5x CFO 

= 300 kV 

= ~199.52 -(0.9x199.5-9.2i 

= 103.8 m 

Substituting these values in equation (1), maximum distanced max can be calculated as 

d max= 30 X 100 X 9.2 X ( 1 + 0.707 X 0.4 X l/(~(1-0.5x0.42)) /300 

= 120.28 m 

In open ground, the three following scenarios may occur: 

a) If the stroke comes down between d =0 and lateral distance d1 = 103.8 m, the stroke 

will hit the line.( i.e., direct stroke) 

b) If the stroke comes down between d1 and d max= 120.28 m, the stroke will hit the 

ground and cause an induced voltage flashover. 

c) Beyond d max= 120.28 m, the stroke will hit the ground and not cause a flashover. 

hom Table 3.2, probability exceeding 100 kA surge current is 0.045. 

lherefore substituting these values in equation (2), and for GFD value of 11.4 flashes/km
2

, 

we can calculate number of induced flashes per km as 

~X 0.045 X 11.4 X ( 120.28-103.8)/1000 

0.0148 flashes/km 
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Finally, the number of insulation flashovers per km of distribution line and per year, Fp, is 

obtained as the summation of the contribution from all surge current intervals as expressed 

by equation (2). 

3.3 Total Number of Flashovers (Lightning Performance) 

The performance of a line expressed as the annual number of lightning flashovers on a 

circuit [6]. 

The total number of annual insulation flashovers 
= Direct strokes + Induce voltages flashes 

Lightning performance of each feeder line is shown in the Fig.3.5. 

Flashovers 
Number of Flashovers per Year 

300.00 -r------------------------. 
244.92 

250.00 

200.00 167.47 157.06 

150.00 

100.00 63.13 

50.00 

I' I I I I I r===! I I I II 0.00 I I I I I 

F1 (288km) F2 (71 km) F3(129km) F4(11 km) F5(274km) F6(499km) 

Feeders 

Fig. 3.5- Total flashovers (Lightning Performance) of feeders 

Data reveals that feeder lines having more line length, running over high ground flash 

Jensity areas and having more spur lines are subjected to more flashovers. 

Feeder 6 (Passara Feeder) shows the most poor performance and having more flashes. 

\1ore than eight flashovers may be required to damage the surface of insulators [3]. 

l nsulator sets with surface damages were changed during the maintenance program of year 

2008 and details of those replaced insulators are shown in the Fig. 3.6. This figure shows 

that numbers of damaged insulator sets are high in less performing feeders. 
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Fig. 3.6- Number of damaged insulator sets changed in year 2008 

3.4 Study of Shielding Effect from Nearby Trees 

Trees and buildings may play a major role in the lightning performance of distribution lines. 

Since pole lines are less high (9.2m), it is assumed that nearby trees and buildings may 

intercept many lightning flashes which would have hit on the line. Considering practical 

difficulties and economical reasons (Pole must be high enough to support the shield wire 

and more failures are experienced due to broken earth wire), shield wire is designed to fix 

under phase wires in pole lines to reduce damages due to induced flashovers. 

An electrogeometric model may be used to estimate the shielding factor for a specific 

portion of a distribution line. An electrogeometric model is based on the idea that a 

distribution line or other object has a certain attractive radius which increases with height 

and magnitude of the lightning flash. Fig. 3.7 illustrates natural shielding effect from nearby 

tress. 

Where, Rs is the striking distance relevant to that surge current (Rs = 10.10 °·65
). 

Rg is the striking distance to the ground and can be expressed as Rg = 0.9 Rs [6]. 

If the tree is higher than the pole line and nearby enough then the striking distance curve of 

the tree covers the phase wires. This figure shows that right side phase of the pole line is 

shielded by the nearby tree for that particular lightning current 
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t 1g. 3.8 illustrates the means for approximating the shielding factors for objects of various 

t1eights. These values are based on a 10 m tall distribution line. This diagram shows that 

\\ er 1Om high tree must be there at a distance of 1Om from the distribution line to have 

,[nelding factors over 0.5 [6]. 
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A shielding factor 0.0 means the distribution line is in the open ground with no shielding by 

nearby objects provided, and a factor of 1.0 means the distribution line is completely 

shielded from direct strikes. 

Different pole lines were examined to check the shielding effect from nearby trees by noting 

down distances from line to trees which are over 1Om high. 

Details are given in the Table 3.7. 

Left Right Left Right 
Spur Line Span side Side Spur Line Span side Side 

m m m m 
Kudaoya- New Burg 
Debarawawa 1 (70rn) 14 16 Sub 1 (70rn) >10m >lOrn 

2 (70rn) 12 18 2(70rn) >lOrn >lOrn 
3(70rn) 10 20 3(70rn) >lOrn >lOrn 
4(70rn) 20 12 4(70m) <lOrn <lOrn 
5(70rn) 15 13 

Ballaketuwa 
6(70rn) 18 15 Sub 1 (150m) >lOrn >lOrn I 

2(70rn) >lOrn >lOrn 1 

Kumbalwela 
Sub 1 (70rn) <10m <lOrn 3(70rn) >lOrn >10m 

2(70rn) >lOrn >lOrn 4 (70m) >10m >10m 
3(70rn) >lOrn >lOrn 

Narnunukula 
4(70rn) >lOrn >lOrn Town 1 (200m) >lOrn >lOrn 
5(70rn) >10m >lOrn 2 (50rn) >lOrn >lOrn 
6(70rn) >10m >lOrn 3 (70rn) >10m >lOrn 
7(70rn) <lOrn <lOrn 
8(70rn) <lOrn <lOrn Pas sara 1 (300m) >lOrn >10m 
9(70rn) >lOrn >lOrn 2 (200m) >lOrn >10m 

--

Table 3. 7- Distances for nearby trees 

Data reveals that over 1 0 m tall trees are not close enough to protect lines from direct 

strikes. Therefore, the shielding factor can be considered as less than 0.5 in these particular 

lines. These types of feeder lines which are installed on high ridges or on top of hills are 

\ ery common in this province. In most cases this type of spur lines are used to connect 

tower lines making them vulnerable to lightning. Unless distribution line is protected with a 

shield wire or arrester, all direct lightning flashes will cause flashovers regardless of 

insulation level, conductor spacing or grounding [ 6]. 
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3.5 Determination of Critical Flashover Voltage (CFO) for Possible 

Flashover Paths. 

The more common insulating components used in overhead distribution line construction 

arc porcelain, air, wood, and fiberglass. Each element has its own insulation strength. The 

0-0 is defined as the voltage level at which statistically there is 50% chance of flashover 

anJ a 50% chance of withstand. When the insulating materials are used in series, the 

resulting insulation level is not the summation of those levels associated with the individual 

components, but is something less than that value. The extended CFO added method may 

bL' used to estimate the total CFO of a distribution structure by [ 6): 

CFOT = CFO ins+ CFO add.sec 

\\ here CFO ins is the CFO of the primary component 

CFO add.sec is the CFO added by the second component 

l -.;umated values of CFO voltages for different flashover paths are shown in the Table3.8. 
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l he cross arm assembly is grounded in pole lines. Therefore the lowest CFO level for 

t1ashover path is found for flashovers from phase wires to earth wire through pin insulators 

m pole lines (180k V). Since the stay wire insulators are having least BIL value (30 k V), the 

next flashover path having lowest CFO value is flashover through pin insulator to stay wire. 

].6 Testing of Insulators to Check Deterioration of Insulation with Aging. 

I he reliability of supply provided by an electric power system, as judged by the frequency 

and duration of supply interruptions to customers, depends to a great extent on the surge 

performance of the system. Although there are many other causes for interruptions, 

hreakdown of insulation is one of the most frequent. Flashovers of contaminated insulators, 

n general, occur during weather conditions that permit the pollution layer to be moistened 

hy rain, fog or light misty rain. A lighting flashover resulting in a sustained power follow 

will lead to an outage. The pollution may reduce the power frequency flashover voltage of 

porcelain insulation to half or even to a quarter. The withstand voltage of switching 

1 mpulses is approximately twice the level of the power frequency withstand voltage for the 

,;arne pollution level. The main factors affecting the pollution flashover of insulators are, 

namely, the applied voltage, severity of deposited pollutant, thickness of pollution and 

humidity [8]. Severity of the flashover and consequent of flashovers may damage the 

,;urface glazing of the insulator and some time may crack the insulator. It is the practice that 

significantly damaged insulators are replaced in maintenance programmes. Washing of 

contaminated insulators is very time consuming and costly, hence it is a rare practice used 

1 n maintenance. 

rherefore to identify the severity of deterioration of insulation levels in insulators, impulse 

test and power frequency flashover tests (Dry and Wet condition) were carried for sample of 

1 nsulators having different amount of surface flashovers. Insulator set covered with moss 

and dust was also tested. Area of surface flashover in damaged insulators was measured 

and presented as a percentage of total surfaces of the insulator. Most samples were not 

shown flashovers even for maximum voltage applied. Therefore the flashover voltage can 

be considered above the maximum applied voltage in those cases. 

Details of measured data are given in the Appendix B.S. 
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T' pically on porcelain insulators that have flashed over there is a lot of glaze damage. Data 

rc\ eals that most of the surface damaged insulators are within the designed BIL, but 

insulators covered with moss shows less insulation level. Thickness and severity of 

deposited pollutant may increase with the aging of the feeder line. Fig. 3. 9 shows that most 

o t the feeder lines in Badulla CSC are over 10 years old. As the age of the line increases, 

deposited amount of moss and dirt increases. Hence reduces the insulation level. Therefore 

'' ashing of insulators in maintenance programmes may improve the line performances 

~tgnificantly. Fig 3.10 shows a sample of insulator covered with moss. 
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Fig. 3. 9- Age analysis of feeder lines 

Fig. 3.10- Insulator covered with moss 
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