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SUMMARY

In this investigation the process of backflashover in electrical power

lines as a consequence of lightning is modelled. Due to the uncertainties

involved it is not possible to make an accurate estimate of the

backflashover chance.

Yet structures can be compared to each other with respect to the

backflashover chance. For an existing 110 kV line, equipped with steel

poles, one earth wire and a proper grounding of the supporting towers,

constructive measures into reduction of the backflashover chance have been

compared.

Addition of a second earth wire is a good solution. Lengthening the

insulators is effective too, but expensive for existing lines. Reduction of

the (already low) tower footing resistance brings relatively less

improvement but is by far the cheapest measure.

The most important research that should be done is a detailed

investigation into practical data with respect to the backflashover

problem.

Samenvatting

In dit onderzoek wordt het proces van terugslag in hoogspanningslijnen
als gevolg van bliksem gemodelleerd. Vanwege de onzekerheden die een rol
spelen is het niet mogelijk een nauwkeurige schatting te maken van de
terugslagkans.

WeI kunnen structuren met elkaar worden vergeleken wat betreft de
terugslagkans. Voor een bestaande 110 kV-lijn met buismasten, een aarddraad
en een goede aarding van de masten zijn constructieve maatregelen
vergeleken om de terugslagkans te verlagen.

Het aanbrengen van een tweede aarddraad is een goede oplossing. Het
verlengen van isolatoren is oak effectief, maar duur voor bestaande lijnen.
Het verlagen van de (reeds lage) mastaardingsweerstand levert relatief
minder op, maar is weI veruit de goedkoopste maatregel.

Het belangrijkste dat zou moeten worden gedaan 15 een grootschalig
onderzoek naar praktijkgegevens met betrekklng tot het terugsIagprobleem.
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1. INTRODUCTION

Lightning is an important threat to the service of electrical power

transmission lines. The aim of the investigation described in this report

is to compare various measures that can be taken if an electrical power

transmission line experiences too many backflashovers.

The first section of this chapter introduces the reader to the phenomenon

lightning. Its threat to electrical power transmission lines is discussed

in section 1.2. These two sections provide a basis for formulating the aim

of the investigation (section 1.3). The last section presents aI!d reasons

the framework of the report.

~ The phenomenon lightning

The first thing that is required for a lightning stroke to occur is a

thundercloud. The way such a cloud is formed will not be discussed here

because it is neither understood nor relevant. Important is the stroke.

A lightning stroke can occur towards the earth, within a cloud or between

clouds. A combination of these is rossible. The former one, usually called

an earth or ground flash, constitutes typically one third of the total

number of lightning strokes (Uman and Krider, 1982), but this share can

vary between 10 and 40 % (Van der Meijden, 1981). It is the best

investigated type of flash, because the earth flash can endanger life and

objects on earth, and it is easiest to observe (Brook and Ogawa, 1977).

The mechanism of a lightning stroke can be distincted into several

stages. In literature (e.g. Uman and Krider, 1982; Golde (ed.), 1977) the

interested reader can find good summaries of the present theories. In the

following sketch many stages will be omitted for simplicity.

Usually, an earth flash is initiated by a downward growing channel,

called a stepped leader, as it moves down at a very discontinuous speed.

This channel is charged from the cloud during its growth. It often

branches. If the tip of one branch has approached the earth close enough,

upward leaders are initiated at the earth surface, especially from exposed

objects. One of these leaders will be the first one to contact the nearest

tip of the downward leader. The channel will then be discharged and brought

1



1. Introduction.

to the ground potential by an upward going potential wave. This process is

called the return stroke, causing intense currents on the struck point for

some tens of microseconds.

The lightning flash, as described above, is called a downward or

cloud-to-ground flash. An upward or ground-to-cloud flash starts with an

upward going leader. This type of flash can occur at very high objects

(higher than 60 m) and mountain tops. Usually that part of the cloud where

the downward leader starts is negatively charged with respect to earth. In

that case the resulting stroke current and also the whole flash is called

negative. Positive flashes are relatively rare.

Within some tens of milliseconds after the first return stroke current

has ceased, one or more subsequent strokes may follow along the still

existing leader channel. The channel exists in the sense that it still has

a high temperature (some thousands of K) and a low pressure, but the

ionisation has already disappeared on a time scale of microseconds. The

leader branches that did not contact the earth then have disappeared. A

subsequent stroke usually has a shorter time duration than the first one.

Berger (1977) reserves the term "stroke" for such a component (Including

the first one), and denotes the total discharge event as a (single or

multiple) flash. The terms flash and stroke, however, are often used

without this subtle distinction.

Between the strokes within a multiple flash a continuing current can

occur, but it is not very large, namely about 100 A (Uman and Krider.

1982). The voltages these currents cause in transmission lines are not

threatening at all.

1.2 Lightning and power transmission lines

There are three ways an earth flash can cause dangerously high voltages

in electrical power lines (e.g. Whitehead, 1917):

1. Induction by a stroke in the vicinity of the line;

2. A direct stroke to a phase conductor;

3. A stroke to an earth wire (if present).

Ad 1: !n~u~t!o~ ~y_a_s!r~k~ !n_t~e_v!c!n!tl ~f_t~e_l!n~.

The overvoltages in transmission lines caused by induction typically have

2



1. Inlroductlon.

an order of magnitude of some hundreds of kY (Chowdhuri, 1989, discussion

with Eriksson), This is a dangerous voltage for power distribution lines

(usually having nominal voltages up to 50 kY). Electrical power

transmission lines, operating at voltages above 50 kY, are not very

endangered.

Ad 2: ~ ~i~e~t stroke !o_a_p~a~e_c~n~u~t~r~

A stroke to a phase conductor can cause overvoltages in the order of

magnitude of megavolts. Up to a nominal line voltage of 400 kY, most of the

lightning strokes would cause flashover of the line insulation. The

overvoltages would also propagate along the line as travelling waves, and

could damage the insulation of substations. The last effect, however, is

not very problematic, as the travelling waves are strongly distorted and

attenuated by corona and skin effect. Therefore, only direct lightning

strokes within the vicinity (a few km) of a substation are dangerous and

within this area most of the lines are very effectively shielded. The main

problem is the earth fault that can be sustained by the normal power

voltage and needs an interruption of the line service (Antal. 1984b).

An important reduction of the lightning outage rate of transmission lines

can be achieved by hanging one or mere conductors, usually called earth

wires or skywires, above the phase conductors. They are connected to each

tower, and should prevent direct strokes to the power phases. A certain

configuration of phase and earth wires only shields for lightning currents

within a certain range. This protection varies slightly along the line: in

the vicinity of a tower the phase wire has less chance to be struck than in

the middle of the span (Eriksson, 1987b).

The lower bound of the range is determined by the mechanism of the

lightning stroke, especially the last step. It appears that only lightning

flashes with a certain intensity or stronger are shielded from the phase

conductors. By means of a so-called electrogeometric model (there are

several versions of it) the line can be designed in such a way that the

intensity of lightning flashes that still can hit the phase conductors, is

restricted to undangerous values (e.g. Chowdhuri and Kotapalli. 1989).

Due to the capricious character of lightning, a direct stroke to a

conductor sometimes happens to be strong enough for causing an outage

(although it should have been attracted by an earth wire). This event is

called a shielding failure.

3



1. Introductlon.

Ad 3: A stroke to an earth wire.-------
The upper bound of the effectiveness of earth wires is ~~y?~d and

determined by the backflashover process. Very intense flashes to an earth

wire of a tower cause very high voltages on the earth wire, that also

stress the line insulation and may cause a (back)flashover to a phase wire.

As the earth wires are connected to the grounded towers, which tends to

reduce the arising voltages, only the strongest strokes that hit the line

cause backflashover. A special problem Is backflashover upon two or more

phases (Darveniza and Uman, 1984). If the phases do not belong to the same

circuit, the continuity of the electricity supply can seriously deteriorate

(Antal, 1984a).

Concluding. the lightning performance of power transmission lines is

mainly determined by backflashover.

The relevant type of flash is the downward negative flash (Van der

Meijden, 1981). Positive flashes can be neglected in lightning performance

studies as they are rare and. although the maximum current is about the

same as for negative flashes. the current rises slowlier. Upward flashes

can be neglected as the considered power lines are less high than 60

meters. Moreover. the lines are running through the Netherlands, where

mountains are not encountered.

According to Van der Meijden, subsequent strokes are not very important

either, but this conclusion depends very much on the assumptions made in

the study and will be reconsidered.

1.3 Aim of the investigation

As we have argued, backflashover is the most important cause of

lightning outages of transmission lines, which is the reason that the

investigation described in this report is confined to backflashover.

As we will see in the next chapters, many important parameters are only

roughly known. This means that the results of the investigation can not

reach by far an accuracy the designers and users of transmission lines

would like. It is, however, possible to compare various confIgurations of a

transmission lIne. Many errors will compensate, leaving a less inaccurate

4



1. Inlroduct Ion.

result. The procedure of comparing two line configurations will be applied

to an actual line (described in the appendix) that experiences too many

lightning caused outages, in order to determine the best way of improving

its so-called" lightning performance".

1.4 Estimation of the backflashover rate

For a given line, the chance of backflashover p(BFa) can be defined, but

evidently depends upon the length of the line and the considered time span.

Therefore the chance is normalised to the expectation value of the number

of backflashovers per 100 km of line per year, shortly the backflashover

rate N
BfO

The backflashover rate can be decomposed as the product of the line flash

rate N (i.e. the number of lightning flashes to the line per 100 km·yr).
If

and the conditional chance of one or more backflashovers to occur if the

line has been struck. But within a lightning flash, the first and

subsequent components have a very different character and it 1s useful to

separate their influences. Under neglection of the chance of backflashover

in both the first and a subsequent stroke in one multiple flash, this

results into the following formula:

N = N . (p (BFa IFLS ) + ( N - 1)' P (BFa ISLS ))
BfO IF S/F

(1. 1)

where N denotes the backflashover rate;
BfO

N denotes the line flash rate;
If

FLS denotes the event of a first line stroke;

SLS denotes the event of a subsequent line stroke;

(If the distinction between FLS and SLS is not necessary, the term

LS will be used. )

N denotes the average number of strokes per flash.
S/F

The average number of strokes within a flash is not constant allover the

world and differs for upward and downward flashes. Usually measurements

take place at high towers, where upward flashes are frequent.

Garbagnati and Lo Piparo (1982) distinct between upward and downward

negative flashes. It appears that downward flashes are relatively more

often single than upward flashes. 60 % of the downward flashes are single.

5



1. Introduction.

According to their data, a downward negative flash consists of 1.7 stroke.

There is an indication that this figure is lower in the Netherlands.

Janssen (1988) reports 63 000 strokes in 49 000 flashes, measured In the

thunderstorm season of 1987, claiming that only downward flashes have been

counted. A simple division yields a number of 1.3 strokes per flash.

Because of the preliminary character of the latter publication, the value

of 1.5 strokes per flash will be adopted.

From the point of view of the line geometry, N is a non-influenceable
SIF

constant. N
LF

only depends on the line height and width. Finally, the

conditional chances depend on the whole line configuration. N can hardly
Lf"

be influenced if a line already exists so that a comparison of measures

into improvement of the lightning performance of a line mainly concerns

P(BFOILS).

Chapter 2 discusses the estimation of the first factor, N .
Lf

In order to determine P(BFOIFLS), several characteristics have to be

taken into account:

1. The lightning current characteristics should be known. Only statistical

data with large scatter are available. Chapter 3 reviews the data and

selects a model for the lightning current.

2. The front of the lightning current, impressed on the line, has such a

short duration, that travel times can not be neglected. This implies the

need of a travelling wave consideration, which is discussed in chapter

4, together with a consideration of everything the travelling waves

meet.

3. The voltages insulators are stressed with, have a very capricious

character. The often used "vol t-time" curves can not be applied here.

Chapter 5 discusses the adoption of a flashover model.

In literature, especially In recent years, many publications describe

complete methods for estimating the backflashover performance of

transmission lines. All of them globally have the same concept, but make

different assumptions. As the assumptions concern many fields, the methods

all differ in many aspects. The assumptions made in this investigation will

be selected each by each from literature, after comparison of available

models.

In chapter 6 a method for determining P(BFOIFlS) is presented. Based upon

this method and the knowledge gathered In the preceding chapters, software

has been developed, which is also briefly described in this chapter.

6



1. Introduction.

Chapter 7 contains a presentation, interpretation and discussion of the

results obtained.

Chapter 8 summarises the findings of the investigation.

7



2. LIGHTNING FLASH INTERCEPTION

This chapter describes how the line flash rate N can be estimated.
LF

Usually estimation methods are based on meteorological data, as described

In section 2.1. Using these data requires the introduction of the term

"attractive width", that can be predicted on basis of an electrogeometrical

model. Section 2.2 outlines the basics of these models. In section 2.3 a

method for compensation of tower characteristics is presented.

Section 2.4 summarises the results of this chapter.

2.1 Estimation of the line flash rate

The number of lightning flashes to a power line is seldom counted

directly, so an estimation has to be made.

N principally depends upon two factors:
LF

1. The thunderstorm activity in the region;

2. The lightning interception characteristics of the line.

The thunderstorm activity of the region can be quantified as the ground

flash density N , the average number of lightning strokes per km2 and per
GF

year. In a growing number of places in the world N is measured directly.
GF

An extensive survey of older lightning flash counters is given by Van der

HeiJden (1981). In the Netherlands, a new system has been installed a short

time ago (Janssen, 1988).

If such systems have not been installed, the traditional meteorological

data have to be used. In meteorology, the thunderstorm activity is often

reported as the number of days at which one can hear the thunder. These

days are called thunderstorm days. The keraunic level N is defined as the
TD

number of thunderstorm days per year. In the Netherlands, N
TD

varies

between 20 and 35 thunderstorm days per year (KNMI, 1972).

A firm relationship between Nand N would be welcome. Unfortunately,
TD GF

this relationship is only very weak and shows much scatter (e.g. Eriksson,

1987a). Van der HeiJden (1981) suggests another quantity as a basis for

estimation of N , namely the number of thunderstorm hours per year.
GF

Neither applications of this approach nor results of it have been reported.

If one Just wants to compare the lightning performances' of different line

8



2. LIghtning flash Interceptlon.

. -2 -1confIgurations, N can be normalised to 1 km yr (Mousa and Srivastava,
GF

1989b), which approach will be adopted here.

N is assumed proportional to N according to
LF GF

N = 10-1' W ' N
LF GF

(2. 1 )

if w is expressed in meters. w can be interpreted as the width of an

attractive zone of the line. Flashes that would hit the ground within this

zone are assumed to be attracted by the line.

Whitehead (1977) proposes a formula for w that takes into account the

dependency of w on the height and width of the line:

w = w + 4 h1.09
1 1

[m] (2.2)

where w is the width of the line [m). This is the distance between the
I

two upper wires; if the line has one skywire, w = 0;
1

h is the average height of the upper wires (the height of the wire
1

at the tower minus two-thirds of the sag).

There are several factors that liwit the usefulness of Whitehead's

predicting formula:

1. The height of the line influences the probability distributions of the

parameters of the collected str~kes. This is caused by the fact that

intense strokes are attracted by the line over a large distance, so that

these are more likely to occur.

2. It has been observed that, if lines run in parallel at a short distance

from each other, their lightning performance improves significantly. In

the case of three parallel lines, the line in the middle experienced 6

times less outages than the one on the outside (Whitehead, 1983). This

effect is clearly caused by the interference of the attractive zones,

which can not be accounted for in the simple formula 2.2.

3. Tall trees and buildings within the attractive zone may also shield a

transmission line. Lines running through forests are known to have

significantly lower lightning outage rates. Mousa and Srivastava (1988)

predict a reduction by a factor 400 for a 138 kV line under certain

circumstances. Quantitative experience data are scarce as it is

difficult to define and determine environmental parameters with

sufficient accuracy.

9



2. Lightning flash interception.

The shielding effects mentioned in points 2 and 3 are called

"environmental shielding".

All three of the points mentioned can qualitatively (sometimes

quantitatively too) be explained by an electrogeometrical model as

described below.

2.2 Electrogeometrical models

An elegant way of explaining the effects mentioned in section 2.1 (but

also the effect of skywires) is a so-called electrogeometrical model.

Since a primitive version of the model has been presented by Golde in

1945, many changes and refinements were made. Nowadays many versions

are in use, but the basic assumptions are common to all of them. These

assumptions are presented in the form of a description of the process of a

lightning stroke.

As mentioned in section 1.1, the leader moves down in steps. Each step

represents a flashover over some tens of meters. Its direction is mainly

determined by local space charge centers and only slightly by the direction

of the earth. This explains the capricious shape of a lightning channel.

Usually, it is assumed that a leader has a certain direction: the curved

path is approximated by a straight line. The angle of this line with

respect to the ground has a statistical nature (Whitehead, 1977), but

usually the leader is assumed to arrive in vertical direction.

If the earth surface has been approached within some tens of meters, the

remaining distance is assumed to be bridged in one step, called the "final

jump". This jump is made by an upward leader while the downward leader

doesn't move. The point where the two leaders meet is called the

"attachment point" and the length of the final Jump is called the "striking

distance" r .
B

Figure 2.1 illustrates the introduced terminology.

A great part of the work on the electrogeometrlcal model has been spent

on estimation of the striking distance, that depends on several factors.

Firstly, the striking distance depends on the shape of the object to be

struck, like the breakdown characteristics of each gap depend on the shape

of the electrodes. Housa and Srivastava (1989b) make this distinction. They

assume a difference of 10 ~, caused by the difference of shape. Since this

10



2. Lightning flash Interception.

difference is small and not justified very well, it is neglected.

Striking
distance

Object
on
earth

Attachment
point

Fig. 2.1 Model of the striking mechanism.

Secondly, the voltage across the gap needs to be known. The voltage can

be estimated on basis of an assumed charge distribution along the leader

(usually assumed exponential or homogeneous). The charge distribution in

the leader is related to the stroke current parameters. Among these

parameters, especially the peak current I has been investigated

intensively. Therefore many attempts have been made to find a relation

between the peak current i and the striking distance r . One such relation
s

is suggested by Love (1973) and Whitehead (1977):

r = 2 I + 30 (1 - exp(-I/6.8))
s

[ m] (2.3)

where r in m;
s

i in kA.

The other proposed formulae will not be reviewed here. Some of them are

listed by Mousa and Srivastava (1989b). Figure 2.2 compares the various

11



2. Lightning flash Interception.

formulae quoted in that publication.

r [m]
s

250

200

150

100

50

120

i [kA)

10080604020
O+------t----+------I_----+----......----~

o

Fig. 2.2 Striking distance relations.

From the striking distance, the attractive width of a line can be

calculated according to the following formulae:
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2. LIghtning flash Interception.

{
+ 2 I 2 (r - h )2 if hw r - r :s

I 5 5 I 5 I (2. 4 )w =
w + 2 r if r ~ h

I 5 5 I

k ~
w

I-_......
, I.'

i.:
\

'[r
•

~
I

~- - - - -- - -
i

a) r < h
5 I

w ------J

b) r > h
s I

/

I /
I

___ .J

..-- -- - ......

T Tower

h I of the
Ii line

r
•

, I

\ I
\.

Lr
I

Fig. 2.3 Height dependency of the effective width of a line
(adapted from Mousa and Srivastava. 1989b).
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2. Lightning flash interception.

These formulae are illustrated in figures 2.3a and b for a supporting

tower of a line running perpendicular to the paper. Especially for large

structure heights with respect to r , the assumption of a vertical leader
s

channel may introduce large errors, as figure 2.4 shows for the same line.

In such cases, the probablltty distribution of the leader approach angle

should be taken into consideration (Whitehead, 1977).

Possible
strokes

a) b)

Fig. 2.4 Effect of leader approach angle.

Another, more empirical, way of incorporating the height and current

dependency of w can be deduced from Eriksson (1987b), who bases himself

upon a regression fit:

1 68 1"0.74 h O . 6
W = W +.' .

I I
[m] (2.5)

r has also been estimated on the basis of other theoretical
s

considerations. As an example, Chowdhuri and Kotapalli (1989) consider the

downward coming leader as a vertical, charged rod, that has an exponential

charge distribution. This charge distribution has not been proved, only

assumed. As this charge distribution is decisive for the estimation of r ,
s

it seems reasonable to delay the adoption of a model on this basis until

the charge distribution is better known.

Chowdhuri and Kotapalli (1989) note another influence on r , namely the
s

14



2. Lightning flash Intercepllon.

presence of more wires. If two or more wires run in parallel (which is

always the case for power lines), one wire will experience less electrical

field strength at its surface, so that a smaller r is required for
s

flashover (the final Jump). They estimate that, for a certain line

configuration with two earth wires, r will decrease about 20 % with
s

respect to one with only one earth wire at a prospective lightning current

magnitude of 100 kA, which conclusion is shared by Eriksson (1987b).

Due to the sag of the conductors, the supporting towers have a relatively

exposed position. This implies that the towers will be struck relatively

often, both according to the electrogeometric models and in practice. Gary

et a1. (1986) state that "the" electrogeometric model (they don't mention

which version) underestimates the share of tower strokes as being 25 %,

while in practice the values were as in table 2.1.

Number of earth wires 0 1 2 3

Tower strokes (X) SS 3S 20 10
Span strokes (% ) 4S 65 80 90

Table 2.1. Share of tower strokes according to
Gary et a1. (1986).

According to Mousa and Srivastava (1989b) the share of tower strokes

will decrease with the height of the line. The share of tower strokes will

vary very much with tower configuration. As the line investigated here has

one earth wire at the tower top, this top is far from exposed.

2.3 Gaining a constant attractive width

The attractive width concept of section 2.1 loses much of its attraction

by its dependency on the lightning stroke current. For determining N the
LF

current distribution has to be known and adapted. How this can be done,

will be shown in this section. The actual current distribution is discussed

in chapter 3.

Suppose certain expressions for the attractive width wei) and the

probability density of the peak current f (i) to bare earth (i denotes the
I

lS



2. Llqhtnlnq flash Interception.

peak value of the current). These quantities can be transformed to values

wand f (i) with w independent on i. The calculations in this report
2 1,_2 2

then require that

w f (1) = wO) f (1)
2 1,2 1

(2.6)

for all possible values of i (greater than zero). Each positive value

for w
2

could be inserted into this equation, if there were no boundary

cond i tions:

1. w should yield realistic results in equation 2.1;

2. f (i) should be a probability density function, i.e.
1,2

IX)

I
f (i) dl = 1

1,2

a

(2.7)

These conditions imply each other, and only one of them needs to be used.

In fact, two transformations are necessary, as probability distributions

are obtained at measuring towers, that attract relatively many strong

strokes. These distributions should be converted to bare earth

distributions, which in turn should be transformed to the distribution of

the strokes to the line.

Both a measuring tower and a line attract relatively many strokes, so

that the distribution will be more or less the same as without any

correction. Moreover. the large uncertainties of the current dependency of

w. shown in section 2.2, do not Justify the calculations implied by this

transformation. Therefore the current distributions, presented in the next

chapter. that were obtained at towers, will be used without correction.

2.4 Concluding remarks

There 1s no agreement about the the best way of estimating N
LF

and its

current dependency still is very uncertain. Therefore a very simple

approach will be used: on the basis of N = 1 and the line dimensions of
CF

the appendix, equations 2.1 and 2.2 will be used. This results into

N
LF

~ 15 strokes per 100 km per year.

16



2. Lightning flash interception.

N
LF

varies along the line due to the sag of the conductors. In chapter 6,

the span is divided into sections. Each section is assumed to attract a

number of strokes according to its height.

17



3. THE LIGHTNING CURRENT

The shape of the lightning current front has a decisive influence on the

backflashover rate of a line. In section 3.1 this shape is sketched. Each

Individual stroke is different, but it can be described by a lImited number

of parameters. A standardised form, based upon a selected set of three

parameters, is presented. The parameters vary stochastIcally over a large

range. ThIs point is dIscussed in section 3.2. Section 3.3 describes how

some parameters of the lightning current can be influenced.

In section 3.4 representative standard shapes and dIstributions are

chosen.

3.1 The shape of the lightning current

Only considering negative downward strokes, as decided in section 1.2,

one finds a large variety of current shapes. Averaging a large number of

measurements Anderson and Eriksson (1979, 1980) obtained the median shapes

from figure 3.1. The dashed lines represent the 5 X and 95 X confidence

intercepts.
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Fig. 3.1 Median current shapes
(adapted from Anderson and Eriksson, 1979),
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3. The lightning current.

Both the first and the subsequent stroke currents have a concave front:

the starting steepness is relatively small. The steepness gradually

increases and reaches its maximum just before the current crest. For first

downward strokes, the current front is very concave, while subsequent

strokes are more or less convex (the maximum steepness is already reached

at or soon after the beginning of the impulse front).

A systematic method to describe any individual stroke current shape by

means of a small number of parameters is useful, as it enables systematic

analysis of large numbers of observations. Anderson and Eriksson have

defined such a set of parametp.rs, as sketched in figure 3.2. Some

parameters have been renamed in the illustration in order to enable a

systematic notation in this report.

~,_o_~
'f ,... [

i'

PEA< I----------------PlA!' _i

I '" I---------'''-:-,----'''\.,
~ \

S Iv'; , \

\ \
\ \

s~oX\ ~
'\ ..,, \

\\,\
,\

J.o 1------------....

I
(kA)

Fig. 3.2 Definition of current front shape parameters
(adapted from Anderson and Eriksson, 1979).

The following parameters are most important:

1. The current amplitude I. Most of the authors make no distinction between

the first and the second peak (PEAK-1 and PEAK). The first peak is the

most important one as it belongs to the front.

2. The front time t. t is not shown in the figure. There are many
f f

. 100 100different defInitions, e. g. - T or - T , both based upon linear
60 30 80 10

extrapolation through two points of the curves. The author uses another
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3. The lightning current.

(3.1b)

(3.1a)

front is important, Justifies the approximation of

The following assumptions are made:

l. The maximum steepness I' is reached at t = t .
f'

2. I(t ) = 0.9 1.
f

The proposed formula is:

tI-r

{
k I (e 1 -1) [Al if t ::5 t

1 f

let) = -t/-r
i (l - k e 2) [A 1 if t ~ t

2 f

definition, namely the time to maximum steepness (see below).

3. The maximum steepness I I. This datum. is the first refinement with.

respect to the ramp current shape used in nearly half of the

publications in the last years on the backflashover problem.

The other parameters are hardly used. In this study all three of the

mentioned parameters will be used to describe the current shape. Of course,

the average current shapes from figure 3. 1 could be described by a series

of points, but in order to facilitate a change of the parameters I. I' or

t
f

an approximating formula for I(t) will be proposed. This formula will be

based upon these three parameters.

A glance at figure 3.1 yields two remarkable features: the apparently

exponential growth of I before t = 10 ~s and the very large spread

afterwards. The last fact, in addition to the fact that only the current

a flat tail.

The second term in equation (3.1a) prevents I' from misbehaviour at t = 0

as else the current would change suddenly from zero to a value; the

steepness "seen" by a simulation program would depend upon the simulation

time step, which is not acceptable. k and -r can be determined as follows:
1 1

-r = 0.9 I / I'
1

-t /-r
k 0.9 f 1= e

1

[s] (3.2)

(3.3)

Note that the maximum steepness (at t

when I = 0.9 I, but when

= t ) will not exactly be reached
f

-t /-r
I(t) = 0.9 i (1 - e f 1)

f
[A] (3.4)
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3. The lightning current.

so a little bit lower. However, if t »T the error is not worth a
f 1

correction that would require solution of equations like x + In(x) = 1.

The transition from (3.1a) to (3.1b) at t = t is (exactly) continuous
f

for both I and I' if

i -t /T
(0.1 + 0.9 e f 1 ) [s]T =

2 i I

i I t /T
k f 2

= T e
2 i 2

(3. 5)

(3.6)

Using this approximation, the median curve of figure 3.1 can be

approximated with an accuracy of about 0.02 p.u. for t < 12 ~s by a proper

choice of model parameters, according to equations 3.2, 3.3, 3.5 and 3.6.

This is shown in figure 3.1a with a dotted line.

3.2 Probability distributions of parameters

Usually the probability distribut;on of a lightning current parameter is

approximated by a so-called log-normal distribution: this means that the

logarithm of such a parameter is normally distributed. The mean value of

the logarithm is converted to the original scale (e.g. amperes), where it

represents the median or 50 % value ~. The standard deviation ~ is
log

expressed in the logarithmic scale and depends upon the base of the

logarithm (usually 10). The median value of measurements can differ from

that of the best fitting log-normal distribution.

For a log-normally distributed stochastic variable X, the probability

density function is:

f (x) =
x

log e

~
log

1

x
(3.7)

if x > 0, and zero otherwise.

where ~ is the median value of X;

~ is the standard deviation of log(X).
log
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3. The lightning current.

The factor l/x log e is the derivative of log x.

In this study, the distribution has to be used for obtaining the

probability that X exceeds a certain value. The standard expression offered

by mathematics is

x

P(X ~ x) = Fx(x) =Jfx(x) dx

-m

where F (x) is the cumulative probability function of X.x
In lightning related studies P(X ~ x) is used instead. As there is

no reason to assume that f (x) is not limited for any x,
x

P(X ~ x) = P(X > x) = 1 - P(X ~ x) = 1 - F (x)
x

This relation will be used in chapter 6.

(3.8)

(3.9)

Firstly, the probability distributions of the parameters are discussed,

and then the correlations between them are reviewed.

As an example, figure 3.3 shows the probability distribution of i,
according to Anderson and Eriksson (1979) for first strokes. The scaling of

the axes is such, that a true log-normal distribution yields a straight

line. The crosses represent measured values, the dashed lines the S % and

9S % confidence intercepts.

The probability distributions of the other parameters look similar. It

has been proved that these can be approximated by a log-normal distribution

with a high confidence (Anderson and Eriksson, 1979), and only the mean ~

and logarithmic standard deviation ~ are given in table 3.1 for two
log

publications. The first publication is by Anderson and Eriksson (1980), the

second one by Garbagnati and Lo Piparo (1982). For the data from Anderson

and Eriksson, T-10 is substituted for t and I for i.
f PEA~-l

The differences between the two publications will be discussed in the

next section.
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3. The lIghtning current.
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Fig. 3.3 Cumulative frequency distribution
of the first current peak of the first stroke

(Anderson and Eriksson, 1979).

First Subsequent
strokes strokes
1.1 (J' 1.1 (J'

log log

I [kA) 28/33 0.20/0.25 12 /18 0.23/0.22

t [Il s ] 51 9 0.25/0.40 0.611. 1 0.4010.33
f

I I [kAIIlS] 25114 0.26/0.36 40 133 0.37/0.39

Table 3.1 Probability distribution of parameters
of downward strokes.
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3. The llqhtnlng current.

The correlation between the three parameters is very weak. As an example

one important correlation. namely the one between I and I', will be

considered. Anderson and Eriksson published the following formulae in 1980

(in 1979 they published other ones):

First strokes: I' = 3.9 1°·55

C1' =0.54
I'll

Subsequent strokes: I' = 3.8 1°·93

C1' = 0.70
I'll

(3.10)

(3. 11)

(3. 12)

(3.13)

These formulae are to be handled with care, as there is a large scatter.

Figure 3.4 gives an impression; the dashed lines represent the relations

from 1979 - the relations (3.10) and (3.12) equally "well" fit in these

pictures.
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Fig. 3.4 Correlation between I and I'
(Anderson and Eriksson, 1980).

3.3 Influences on the lightning current

The parameter distributions presented in section 3.2 and the shape from

section 3. 1 have been obtained through measurements at high towers, located
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3. The llqhlnlng current.

on mountain tops. What we are interested in now is the current shape that

is "seen" by a transmission line.

An appropriate way of achieving this would consist of two steps. Firstly,

the parameters obtained at research towers would have to be converted to

their "bare earth" values, 1. e. the values of lightning strokes to flat

ground. Secondly, these values would have to be combined with the

geometrical and electrical properties of the power line in order to obtain

the parameters of the really arising currents. Such a procedure has been

shown in chapter 2 for the probability distribution of I.
For this procedure, both the influences by the tower and by the power

line on the lightning current parameters have to be known. The following

important influences on the lightning current characteristics will be

discussed:

1. The region of the world;

2. The apparatus and methods of measurements;

3. The impedance of the lightning channel;

4. The height of the object and its env i ronmen t.

Ad 1: The region of the world.- - - - - - - -

It is a well-known fact that the ~requency and characteristics of

thunderstorms vary over the world. An example is the frequent occurrence of

positive flashes in Japanese winter thunderstorms (Uman and Krider, 1982).

There is no reason to suppose that the parameters of the lightning current

are constant allover the world. This would be an explanation for the

differences between the various publications, as was mentioned in section

3.2.

As there are only few places in the world where measurements on the

lightning current have been carried out, this influence is unknown and can

not be corrected for. The only possible thing that can be done is use of

the original data pUblished.

Ad 2: !h~ ~PEa~a!u~ ~n~ ~e!h~d~ ~f_m~a~u~e~e~t~.

Melander (1984) puts critical remarks on the location of current

measuring devices on the tower. If the lightning current is measured at the

bottom, errors can become very large due to echo effects. Melander applies

a normalisation procedure for both the current crest I and the maximum

current rise rate I'. This procedure, applied to previously published data,

yields relatively low values of I and I'. The upper 1 % values, however,
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3. The llqhtnlnq current.

are higher than the ones presented in the previous section.

This might be caused by bandwidth limitations of the systems applied, as

suggested by Melander. There are two arguments against this. Firstly, as

figure 3.1b (the average shape of a subsequent stroke) shows, the bandwidth

of the apparatus used can be considered such that at least the (slower)

first strokes should have been measured correctly. Secondly, he might

extrapolate the log-normal distribution beyond its limits. This will be

discussed at the end of this section.

Another point is a modern way of measuring the lightning current, namely

from the electromagnetic fields radiated in a stroke. The advantage is the

large number of strokes that can be investigated.

An important problem of this method is that not only the radiation of the

return stroke current is measured, but also the radiation caused by the

dielectric displacement currents. Maxwell's laws yield that, if the latter

currents are included in the consideration, Kirchhoff's current law always

is valid. Therefore a return stroke current of 50 kA is inevitably related

to a dielectric displacement current of 50 kA in the opposite direction. In

order to determine the actual return stroke current from the radiated

fields, the distribution over space of the displacement current needs to be

known, which is not the case.

Generally, the radiated field has sharper transients than the current

itself (e.g. Yokoyama et al., 1983). According to Qi and Zaengl (1983),

errors of tens of percents may arise in measurements of t from the fields.
f

Finally, Podgorski and Landt (1987) note that lightning currents can not be

uniquely estimated from far fields, as already remarked above.

Ad 3. !h~ !mEe~a~c~ ~f_t~e_l!g~t~i~g_c~a~n~l~

The name of this chapter and all statistics on lightning stroke

parameters already indicate the notion that, in a first approximation, the

lightning channel can be regarded as an ideal current source. A first

refinement of this crude representation implies an internal resistance

added to the current source of the model. The time dependent character of

the lightning arc can be accounted for by introducing a time varying

internal resistance.

One effect of such a resistance is a reduction of the peak voltage

arising in the system. Another effect is a change of the shape of the

arising travelling waves. Both of these effects are considered in section
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3. The lightning current.

4.1.

In lightning backflashover calculations it is not unusual to assume a

fixed value for the resistance. The values taken range from a few hundreds

to a few thousands of ohms (e. g. Ozawa et al. (1985) wi th 400 n; Gary et

a1. (1986) with 260-450 n; Savic (1989) with 300 n). It is not unusual

either, not to motivate the choice for such a value (Gary et al. also

remarked this and used a range of values).

Figure 3.5 presents the results of two models based upon a physical

approach. For a channel length of 2 km, the channel resistance drops from

infinite to about 400 n in 10 microseconds, according to Strawe's model

(Melander, 1984). In this publication, however, the current shape resulting

from this model is not given.
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Fig. 3.5 Lightning channel resistance based
upon simplified physical models

(Melander, 1984).

According to Podgorski and Landt (1987), however, better results are

obtained using a model consisting of many segments having a total series

resistance of 2 kn. This approach has not yet been widely accepted and it

might be better to wait until more experience has been gained in the use of

such models.

Therefore the lightning current source will be considered ideal, but the

effect of a finite constant channel resistance will be investigated. This

is also justified by the fact that the impedances of the towers where the
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3. The lightning current.

currents characteristics have been measured and the transmission lines

unq~( CQn~lg~r~t~on have the same order of magnitude.

Ad 4. !h! ~e!g~t_o~ !h! £ble~t_a~d_i!s_e~v!r£~e~t.

For this effect is referred to chapter 2.

~ ~o~c!u~i~_r!m!r! needs to be made on the log-normal distribution.

It is possible to draw very awkward conclusions on log-normal

distributions, as will be outlined below.

For measured distributions, it appears to be a reasonable approximation,

although there is no physical reason for this distribution. For some

calculations, e.g. a combination of several authors' measurements, the

statistical data have to be processed further. This processing can, of

course, be done on the log-normal approximation given by the values of ~

and u of the input data. The result, however, is not distributed
log

log-normally in general. Although ~ and v can always be defined, they
log

are not automatically sufficient anymore to describe the resulting

distribution. If the result is approximated again by a log-normal

distribution, ~ and v are correct, but the upper 5 r. and 1 r. values may
log

differ by an order of magnitude.

3.4 Choice of a lightning current model

As we have argued, many, partly unknown, factors influence the

experienced lightning current shape in a usually unknown way. The many

factors mentioned in section 3.3 make an extensive study, comprising all

distributions and correlations (or Joint distribution functions),

inJustifiable. Therefore a choice has been made of representative values of

the parameters, as shown in table 3.2.

The study will be made with the current shape following from the first

three parameters, and as described in section 3.1. In chapter 6 the method

of effective impedances will be introduced. In this method the shape is

kept constant and only the current is varied. Possibly superfluously, it be

remarked that the model wave should be used only for representation of the

current front. Afterwards, the results become meaningless.

The base values have been selected in the upper few percent range of

these variables, as only a few percents of all flashes to a line cause a
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3. The 11 ghtn I ng current.

backflashover (Van der Meijden, 1981). Regarding figure 3.4, especially if

of the first strokes seems to be far too high; in the publication by

Garbagnati and Lo Piparo (1982), however, using the log-normal

approximation, there is a chance of about 3 % of exceeding this value and

according to Melander (1984), the chance is more than 10 %. Moreover, there

are indications that steep strokes do occur more often than expected (see

section 3.3).

The probability distributions have been chosen between the two

publications mentioned in section 3.2.

First Subsequent
strokes strokes

] [kA} 50 20
] I [kAllls) 50 75

t IllS] 5 1
f ,

III [kA] 30 15

(j

0.25 _1___ 0.25
log I

Table 3.2 Choice of model parameters for
the lightnlng current.
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4. RESPONSE OF THE LINE

If an earth wire has been struck by lightning, a complicated pattern of

travelling waves arises. In this study, it is necessary to estimate the

shape of the voltages across the insulators. The next step is to determine

whether the insulation breaks down or not. Although the latter aspect also

can be regarded as a part of the line response it is moved to the next

chapter.

In the first section the reader's knowledge on travelling waves is

refreshed or initiated, depending on the initial situation. After this

qualitative sketch, a quantitative treatment of travelling waves follows in

section 4.2.

The effect of ohmic losses is discussed in section 4.3, while section 4.4

discusses corona, another source of losses.

Supporting towers are indispensible for overhead power lines in order to

maintain a specified configuration of the wires. With respect to

backflashover, towers are also useful, as described in section 4.1. Their

response in the travelling wave happening is discussed in section 4.5.

Section 4.6 summarises this chapter.

4.1 A preview on the travelling wave phenomenon

Suppose a lightning stroke hits the middle of the span between two

towers. Figure 1 shows this situation. Only the (single) earth wire has

been drawn, as no current waves arise in the phase wires. Some typical

values for the length and wave impedance of the earth wire and the towers

are given. The footing resistance is thought to be lumped and ohmic.
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Earth wire (500 Q) 1
Lightning
channel

4. Response of the 11 ne.

Tower
(300 Q)

+- ... 125 m

Tower 30 m

//////// Footing (10 n) ////////

Fig. 4. 1 A stroke to the middle of the span
(only the earth wire has been drawn).

Figure 4.2 shows a further simplification. The symmetry of figure 4.1 has

been used to half the scheme. Besides, both the presence of the earth wire

beyond the towers and the impedance transition at the tower tops are

neglected. In this simplified scheme, the thick line denotes a part with

travel time T and wave impedance Z.

Stroke
location

A Z,T

1 I(t) 2 Z
2 ch

Fig. 4.2 Model of half a span.

Tower
footing

B

R
f

If I(t) = I S(t). where S(t) is the unit step function, the voltage at

the striking point A can be calculated easily:
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if 2kT ~ t < 2(k+1)T (4.2)

and k i!: 1

4. Response of the line.

222
U (t) 1/2 j ch U= =A 2 + 2 2 1

ch

k-1

U (t) = U { 1 + (p.+IlP. L (PAPB)J }A 1

j = 0

if 0 ~ t < 2T (4.1)

where Z is the wave impedance of the line;

Z is the internal impedance of the lightning channel;
ch

R is the tower footing resistance;
f

T is the travel time from stroke location (A) to footing (B);

2 2 - 2
ch the reflection factor in A for waves that come fromPI. =

2 Z + 2
ch

the right-hand side; (4.3)
R - 2

f idem for the waves in B from the left-hand side. (4.4)PB =
R + 2

f

Usually R «2. so P is certainly negative and approximately -1. Figure
f B

4.3 shows U (t) for three values of 2 /2.
A ch

If Z »Z. a strong oscillation occurs. Because of the simplifications
ch

it is not damped. For small Z the initial voltage is lower and the
ch

1oscillation is strongly damped. If 2 = -2, the situation could be
ch 2

described as critically damped. If 2 < ~22, the voltage decreases
ch

discretely exponentially.

The region of values where 2 is usually chosen, is around the value of
ch

~ Z, and it can be seen that a choice of 2 has more consequences than the
2 ch

carelessness with which it is usually taken would make suppose.

If lightning strikes a tower, the situation is different: in a crude

approximation the low tower footing resistance can be considered parallel

to Z . The consequences are low peak values of the voltages and absence of
ch

oscillations. Besides, the lightning channel impedance has less influence.
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Curve 2 12 PI..
0.50 ch
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co 1
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Fig. 4.3 Shape of the voltage at point A
for different values of P .

A

From this introductory consideration two important conclusions can be

drawn:

1. The arising voltage shape does not necessarily resemble the lightning

current shape;

2. If the lightning channel resistance is high, oscillations may occur on

the microsecond scale. This has important consequences for the

requirements on the insulation breakdown model.

4.2 Wave propagation along lossless lines

An II ideal" line, if defined as an electrical connection wi thout delay,

attenuation or distortion, does not exist and it would violate a lot of

physical laws. Therefore this term is used for a lossless, distortionless

transmission line, that at least can approximate a real line.

For a lossless n-phase transmission line. consisting of n parallel

conductors above a perfectly conducting earth, the distributed inductances
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and capacitances fully specify its properties. If the influence of the

towers, the earth's finite conductivity and the fields within the (thin)

conductors are neglected, the self and mutual inductances of the wires can

be derived relatively easily (e.g. Van der Laan and Wetzer, 1987;

Birkholzer, 1977). The self inductance L' for phase number i (with earth
I 1

return) per unit length is:

f.L 2 h
L' 0 In I [Him] (4.5)= .

1 I 211 r
I

where -7 Him, the permittivity oflJ.o = 411 ·10 vacuum;

h = the height of the conductor [m) ;
1

r = the radius of the conductor [m) .
1

The sag of the wire can be accounted for by sUbstituting

h = h - 2/3'sag
I I,at crossarm I

[m) (4.6)

The mutual inductance between phase number i and phase number J is:

2 (h +h )2f.L (x -x) +
L' 0 . In 1 J 1 J= =

I J 211 2 (h -h )2(x -x) +
I J 1 J

IJ.
In { I •

4 h h }0 I j [Him) (4.7)=
2 (h -h )2411 (x -x) +

1 j 1 j

where x is the horizontal position of the conductor [m].
I

The elements L can be put into a matrix [ll, the matrix of self and
Ij

mutual inductances per unit length. Note that [ll is symmetrical. The

matrix [el, representing the self and mutual capacitances per unit length,

can be found from:

[C] = [F/m] (4.8)

where v
o

8= 3.0 . 10 mis, the velocity of light.

The phase wires of overhead high voltage transmission lines often
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consist of two or more conductors in parallel at a distance of some

centimeters to some decimeters from each other. Such "wires" are called

bundle conductors. The equivalent radius of a bundle conductor consisting

of n conductors in a regular configuration can be approximated by:

r
I

n-l
r

b
[m] (4.9)

where r is the radius of the partial conductor of phase nr. i [m] ;
p

r is the radius of the circumscribed circle of the bundle of phase
b

number i 1m].

Each wire of a single or bundle conductor may consist of a couple of

partial conductors in close contact to each other. As the resulting wire is

not massive, a correction factor for the radius can be introduced

(Birkholzer, 1977). This factor is approximately 0.93. For a wire with

r = 1 cm and h = 20 m, the introduction of the correction factor causes the

self inductance to rise from 1.66 to 1.67 ~H/m, which difference is

negligible. Under the given assumptions, mutual inductances are not

affected.

The dynamic behaviour of the multiphase line can be described by the

following pair of differential equations, derived from the electrical

circuit description of an infinitesimally short section:

dy(x,t) dl (x, t)
= - [LJ·

dx dt

dl(x,t) dy(x,t)
= - [Cl'

dx dt

(4. lOa)

(4. lOb)

where y(x,t) is the vector of the momentary voltages of the n phases at

point x and time t with respect to earth;

l(x,t) is the vector of the momentary currents at point x and time t

with respect to the direction of increasing x;

Underscores denote vector quantities, square brackets denote matrices. The

time dependance of y and 1 will not always be stated explicitly.

Orientations are illustrated in figure 4.4 for a short section dx of a two

phase line. The distributed capacitances and inductances have been omitted.
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. +X
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Fig. 4.4 Orientations of the quantities.

The equations (4. lOa) and (4. lOb) form the basis of the well-known

telegrapher's equations in vectorial form:

From equation (4.8):

-2
[l]-[Cl = [Cl'[l] = v -[1]

o

(4.11a)

(4.11b)

(4.12 )

where [1l denotes the unit matrix (the main diagonal elements are unity,

the other elements are zero).

The equations (4.11) a~e satisfied by d'Alembert's solutions in

multi-dimensional form:

y(x,t) = F(x-v t) + f(x+v t)
- 0 - 0

-1 -1
l(x,t) = [Zl r(x-vot) - [Zl f(x+vot)

where [Zl = v [Ll, the line's wave impedance matrix.
o

lZl is completely filled and symmetric.
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E(x-v t) can be interpreted as a voltage wave that propagates with the
o

velocity of light v in the direction of positive x without distortion or
o

attenuation. f(x+v t) propagates in the opposite direction. The current
- 0

waves are related to the voltage waves by the wave impedance matrix [Zl.

Together with the boundary conditions at both sides of the line, equation

4.13 fully describes the behaviour of the line. There are several ways to

obtain results from the basic theory presented above. One way is very well

applicable to simple situations, and consists of defining reflection and

refraction coefficients for each node in a network. The sketch from section

4.1 used this way of network description, as it can provide understanding

of the travelling wave process. Even lumped elements can be substituted by

transmission lines (Ametani, 1973). For more complicated (e.g. multiphase)

networks, Bergeron's method is more convenient (e.g. Dommel, 1969; Manders,

1975).

Bergeron's method has the advantage, that the reflection factors are not

explicitly required, as direct relations between the voltages and currents

on both sides of the line is given. These relations can be obtained by

eliminating E(x-v t) and f(x+v t) from equations (4.13):
o 0

y(x,t) + [Zl l(x,t) = 2 F(x-v tj
- 0

y(x,t) - [Zl l(x,t) = - 2 f(x+ v t)
- 0

(4.15a)

(4.15b)

Equation (4.15a) implies, that, if at x=O y+[Zll is known, then at

x = t and < = t/v later Y+[Zll is the same (analogously for equation
o

(4. 15b):

y(i,t) + [Zl'l(t,t) = y(O,t-<) + [Z]'l(O,t-<)

yeO, t) - [Zl'l(O, t) = yet, t-<) - [Z]'l(t, t-<)

(4.16a)

(4.16b)

where < is the travel time of the line.

These equations are called the state equations of the line. The

right-hand side of the equations is known at time t. Solving the equations

in a computer program is straightforward.

If there are phases where the currents are zero, these phases can be

eliminated (Birkholzer. 1977). The advantage of such a procedure is a

reduction of the time needed for a simulation run. The voltage of the

eliminated phase is easily found by introduction of coupling factors (Van
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der Meijden, 1981).

In the simulation program developed for this study, a possible flashover

is also regarded. The phases which are candidates for flashover can not be

eliminated as they will possibly have to carry a current. The phases where

no flashover can take place do not influence the phases under consideration

and can be disregarded.

4.3 Lossy lines

The phase wires have been designed for very small ohmic resistance at

50 Hz, in order to restrict the power losses at normal conditions to an

acceptable level. The frequencies arising at a lightning stroke, however,

are very high, namely up to some MHz. At these frequencies the skin effect

causes the travelling waves to attenuate and distort.

The skin effect causes the current in a wire to concentrate in a thin

layer at the surface of the conductor. This exerts its influence on the

inductances and resistances involved. Both effect are frequency dependent.

The effect of the (strongly increased) series resistance will be considered

in this section.

Firstly, the effect of series resistance will be investigated for a

single phase line, where the basic equations (4.10) can be adapted easily

if the resistance is constant:

du di
= - L' - R' i

dx dt

di du
= - C'

dx dt

(4.17a)

(4. 17b)

where R' denotes the series resistance of the conductor and the earth

return per unit length [nlm].

Parallel losses are negligible.
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The telegrapher's equations change into

d 2 u d 2 u du
= L'C' + R' C'

dx 2 dt 2 dt

d2i d2i di
= L'C' + R' C'

dx 2 dt 2 dt

(4. 18a)

(4.18b)

In order to facilitate solution of these equations, a transition to the

frequency domain is necessary. This yields:

d2U
2 U= r

dx 2

d 2
}

2 I= r
dx 2

j (R'where r = + jwL' ) jwC' [m-1)

(4.19a)

(4. 19b)

(4.20)

r is called the propagation constrtnt.

The solution of equations (4.19) is:

U(X,jw) = U e -ox + U +rxe
1 2

U U
I(x,jw) 1 -rx 2 +rx

= e - e
Z Z

(4.21a)

(4.21b)

where Z
=I_R_'_+_J_W_L_'

jwC'
(0) (4.22)

Both rand Z are complex in general. However, if H' « wL'. the situation

can be simplified. Decomposing 7 according to

7 = a + j(3, a,(3 e IR (4.23)

where a is called the damping constant [Np/m];

(3 is called the phase constant [rad/m];

and using the Taylor's series of (1+x)1/2, the following derivation
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applies:

'1 = / (R' + JwL') jwC' = jW~ / 1 + R'/JwL' =

jwL'

R'
=j~(l+!.--

2 jwL'

so that

1
+ 

16

R'
( r-... ) (4.24)

R'
« = ~ R' / (C' IL' )' ( 1 - ~ ( wL' r+ ... ) :::

::: !. R'
2

/ (C' IL' )' =
R'

2 Z
o

(4.25)

R'
a =w~ ( 1 + ~ (

wL'
w~=w

v
o

(4.26)

where Z and v represent the quantities of the lossless line.
o 0

From a, the velocity of propagation v can be determined:

w
v =-

f3
::: V

o
(4.27)

The series resistance causes a slight decrease of the wave velocity, but

in first order v = v . After substitution of (4.25), (4.26), and (4.27),
o

equation (4.21a) becomes

U(x,jw) =U
-(Xx -j(w/v)x

U
+cxx +j(w/v)x

e e + e e
1 2

Z can be approximated as well:

=1 R' + jwL' =I (L' IC' )' / 1 +Z R' I jwL' =
JwC'

R'
/ (L'/C' )' ( 1 +

1 ) / (L'/C' )' Z= --- - ... ::: =
2 jwL' 0
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If R' « wL', both V and Z are constant and independent on the frequency

and equations (4.21) can be converted to the time domain:

u(x,t) = e-ax F(x-vt) + eax f(x+vt)

i(x,t) = Z-l e-ax F(x-vt) _ Z-l eax f(x+vt)

(4.30a)

(4.30b)

This form is very convenient, as the only difference between equations

(4.30) for the lossy case and (4.13) for the loss less case is the

exponential damping factor.

A generalisation towards a multiphase line is far from trivial. In the

frequency domain the constitutive equations here have the form:

d~

= - [RJ I - jw [LJ I = - [Z J. I
dx s -

dl
= - jw [CJ ~ = - [y].!J

dx p

and

d
2
!J

= [Z ] -[Y J-l1
dx 2 s p

d
21

= [Y J. [Z ]'1
dx 2 p s

where [Z ] represents the series impedances per unit length;
s

IYpJ represents the parallel admittances per unit length.

An approximate solution is:

(4.31a)

(4.31b)

(4.32a)

(4.32b)

!l(x,Jw)

l(x,Jw)
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where [r] = [a] + J [~] is the propagation constant matrix, where [a]

consists of damping constants and [~] of phase constants;
-[r]xe the exponential operation on the matrix, defined as the Taylor

series of eX applied to the matrix [r]x (e.g. Houkes, 1987).

[a] consists of damping constants, [~] of velocity constants. Tedious

derivations show that this approximation more or less satisfies the

constitutive equations, is ~ is large enough. The representation of

equations (4.33) is difficult to handle, as the travelling waves on all of

the wires influence each other in a very complicated manner. It is possible

to bring the equations in a diagonalised form, i.e. the phase quantities

are transformed in such a way that the matrices involved are diagonal. This

technique is known as the theory of the natural modes (e.g. Bickford et

al., 1976; Dommel, 1986). This theory will be sketched briefly.

In order to find solutions for the differential equations (4.31) and

(4.32), they are diagonalised by a linear transform of the voltage and

current vectors II and 1. The original quantities are called the phase

quantities (subscript ph), the transformed quantities the mode quantities

(subscript mode). The number of modes is equal to the number of phases.

Equation (4.32a) can be diagonalised (at least, nearly always (Bollen,

1989» by determining a set of eigenvectors of the matrix [Z ]o[Y]. These
s p

eigenvectors fill a matrix [T], the voltage transform matrix. Doing the
u

same for [Y ]·[Z], resulting in a matrix [T], the following equations
psi

represent the transformation:

U = [T ]'U-ph u -mode

I - [T ]. I
-ph I -mode

(4.34a)

(4.34b)

Although the e igenvalues i\ of [Z ]. [Y ] and [Y ]. [Z ] are the same,
kk s P P s

their eigenvectors generally are different. [T] en [T ] are related
u I

according to:
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Substitution of the transformation matrices into the basic equations

results into:

dU
-mode

dx

dl
-mode

dx

-1= - [T] . [Z ]. n ]. I
u s I mode

(4.36a)

(4.36b)

d2~
mode = [1\] U

dx2 -mode

d
21

mode = [1\] I
dx2 -mode

(4.37a)

(4.37b)

The matrix [1\] is filled with the eigenvalues A on the main diagonal
kk

and with zero elements otherwise. As [1\] is diagonal, the differential

equations are independent upon each other, so that the single phase

solution method can be applied on a per mode basis.

VA represents the propagation constant of mode k, so it determines its
kk

speed of propagation and its attenJation. The wave impedance matrix is

expressed as

(4.38)

[Z ] is diagonal (too).
mode

Now each mode of propagation is described by a damped wave with its own

wave impedance and velocity of propagation. Because the matrices in

equations (4.36), (4.37) and (4.38) are diagonal, the modes do not

influence each other. Only the boundary conditions, operating on phase

quantities, cause the different modes to interfere.

The series resistance is frequency dependent, due to the skin effect. One

way of avoiding the related problems is to consider the modal resistances

for one representative frequency. From these resistances, the wave

velocities can be determined. Often the damping is neglected and only the

difference of wave velocities and surge impedances for this frequency is
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taken into account.

There is only one thing that restricts the convenience of the modal

transformation: in order to be able to simulate in-the time domain (this is

necessary for studies on transients with nonlinearities), [T] and [T ]
u I

have to be real, which generally is not the case. There are several

strategies to obtain real matrices, e.g. rotation of each eigenvector to

minimise its imaginary part in a least squares sense and to use only the

real part afterwards. This and other ways are described by Marti et al.

(1987) and by Dommel (1986).

In simulations, the series resistance can also be modelled by lumping the

resistance in suitable places: the line is partitioned in loss less pieces

that are connected via series resistances (Dommel, 1986), as illustrated in

figure 4.5. R represents the ohmic resistance of the whole line:

R = R' ·t [0)

R/4
2,'£/2

R/2
2,'£/2

R/4

(4.39)

Fig. 4.5 Lumping the resistance in three places.

The model functions well if R/4 « 2. For long lines, the line can be

split up, so that for each section the mentioned condition is met. The

model has been tested in simulation programs, and it works remarkably well.

Dommel (1986) advises to take care in cases where R/4 > 0.05 Z.

Now we will direct our thoughts toward the magnitude of the quantities.

For a typical 380 kV line presently used in the Netherlands, Birkholzer

(1977) has calculated modal inductances and resistances up to 100 kHz.

There are two relevant modes, numbered here a and 1. Extrapolation of his

curves to 1 MHz yield:

44



4. Response of the 11 ne.

R < 200 Q/km
0

L ll:: 1.5 mH/km
0

... a < 5'10-4 Np/m
0

R < 20 Q/km
1

L ll:: 0.9 mH/km
1

-5.. a < 8· 10 Np/m
o

For both of the modes, R' « wL' so that an exponential attenuation takes

place and v = v. After travelling 2 km, the homopolar component (mode
o

-1number 0) has lost less than e = 37 X of its amplitude. Converted to

time, this means a travel time of 6.7 ~s. Within this distance and time,

the wave will be influenced less by this attenuation than by other effects

like reflections. Moreover, only the current front is considered and after

6.7 ~s the new, incoming waves are far greater than the older ones. Losses

can therefore be neglected in this study, but care should be taken.

4.4 Corona

At the very high voltages that arise on the wires at a stroke to the

earthing system, corona occurs. As a consequence of partial discharges.

the air around a conductor becomes more or less conductive and stores

charge. The effect can be modelled by a sudden increase of the line

capacitance after the corona inception voltage has been reached. In the

travelling wave equations from the previous sections this effect can be

simply modelled by a decrease of the self surge impedance of the struck

phase. The mutual surge impedances are not influenced (Van der Heijden,

1981 ).

It is difficult to model corona appropriately for very capricious

waveforms. Geene (1988) recently has developed a single phase model that

agrees with some experience, but reliable and useable field data on this

subject are scarce. In order to give an impression of the corona effect,

his model was used to produce figure 4.6. In this figure the wave is given

after different travelling times (in ~s).
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Fig. 4.6 Effect of corona on a travelling wave.

Van der MeiJden (1981) uses a simple corona model for the backflashover

problem. It is based upon modelling of the charge storage around the wires

by a capacitance and on adaptation of surge impedances. Figure 4.7 gives

typical curves for a 380 kV line. This model causes a voltage reduction of

30 ". The waveforms he finds do not have the characteristic "bump" from

figure 4.6. This is partly explained by the relatively short length of the

span between two towers: the charge consumed by corona strongly depends on

the length of the affected section. Another point is the smooth adaptation

of surge impedances from zero voltage, which does not agree with the fact

that corona only occurs above a certain voltage.

The effect of corona on the coupling between two conductors is another

problem, presently investigated by Manders (to be published in 1990).

There are indications that the effect of corona on mutual coupling

only affects the waves for a few percents.
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Fig. 4.7 Hodel of corona effects
(Van der HeiJden, 1981).

Because of the great uncertainties, the small effect to be expected on

the short piece of line needed in this study and the comparing character of

the investigation, corona will be neglected.

4.5 Behaviour of the supporting towers

If a travelling wave on the skywires reaches a tower top, a very

complicated phenomenon takes place. A simple representation of the tower

would be a transmission line with constant surge impedance. If the shape of

the tower is approximated by a cone, its surge impedance is constant and

time independent (Sargent and Darveniza, 1969):

Z = 60 In
t

';2

sin ex
= 30 In ( 2 + 2 ~ 60 In(h /r )

t r
(4.40)

where Z is the tower surge impedance;
t

ex is half of the cone top angle;

h is the tower height;
l

r 1s the radius of the foot of the cone.
r

The last, approximating part of equation (4.40), which is valid if

h > 2'r , can be used for nearly all towers. If the cross section of the
t r

tower body is not a circle, r can be given such a value that either the
r

circumference or the surface of the real tower footing agrees with the
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conical model.

Z is only very weakly dependent on h Ir because of the in operation.
t . . - - .. . t f . . .

The speed of propagation is assumed to equal v . For other approximating
o

shapes, the wave impedance is time-varying, but can be approximated by a

constant value.

If a relatively slowly rising current is applied to the tower top, the

travelling wave process tends to return the time derivative of the current

as the tower top voltage. If p ~ -1 (see section 4.1), then
B

h
u(t) = Z (i(t) - i(t - 2 t_» ~ 2 Z

t V t
o

h
t

V
o

i' (t) (4.41)

If i'(t) is not too large, the tower behaves inductive and the equivalent

self inductance can be expressed as

L = 2 Z
t t

h
t

V
o

[H] (4.42)

The approximating equations (4.41) and (4.42) can be applied if the front

time of the current is at least five t~mes the travelling time of the tower

(Darveniza et al., 1979). In this study, h Iv ~ 0.2 ~s and the front time
t 0

of the steepest part of the current, III', is about 0.3 ~s. Therefore the

approximation by a self inductance will not be applied.

The travel time along the tower turns out to be 10 to 30 % longer than

could be expected for waves travelling at v . There are three effects that
o

could explain this phenomenon:

1. The presence of crossarms attached to the body;

2. The presence of a skywire support;

3. The grid of a steel structure tower.

Ad 1: !h~ Er~s~n~e_o~ ~r£s~a~m~ !t!a~h~d_t£ !h~ ~o~y (Chisholm et al.,

1983, 1984, 1985).

As the wave travels down along the tower body, each crossarm attachment

point encountered is a node with four branches, and is seen by the wave as

a negative impedance transition. In some tens of nanoseconds part of the

wave travels to the end of the crossarm and meets an open end. For very

steep surges, voltage doubling at the end was indeed observed.

48



4. Response of the llne.

An approximate way of modelling this phenomenon is given by Chisholm et

al .. They propose to account for the crossarms by adding their surface to

the tower surface, thus enlarging the tower capacitance and decreasing the

wave velocity. For steel structure towers, the surface is enlarged by

25- 40 ~, which results into a travel time increase of 12 - 20 ~. For the

base case tower in this study, the surface would increase by about 10 ~,

which would result in an increase of travel time of approximately 5 ~.

Ad 2. !h~ ~r~s~n~e_o~ ~ ~k~!r~ ~u~P£r~ (Chisholm et al., 1983, 1984,

1985 ).

The travel time along the crossarm that supports a skywire, the length of

which can be ten percent of the tower length or more, can easily be

accounted for. In "our" tower this extra length is not present.

Ad 3. The ~r!d_o~ ~ ~t~e! ~t~u~t~r~ ~o~e~ (Okumura and Kijima, 1985).

Lattice towers traditionally consist of four main beams and a grid of

auxiliary beams between the main beams. At each point of connection, the

waves branch. The average length for a wave to be travelled thus increases.

The resulting surge impedance is time-varying.

For this study on a steel pole tower the effect is not relevant.

The other important aspect of a tower is the behaviour of its footing,

that was represented as an ohmic resistance R in section 4.1. This
f

assumption will be reconsidered below.

The reflection factor of a tower footing depends on its resistance and it

is important to keep this resistance as low as feasible. The soil

resistivity ranges from 100 em or less for moist earth to 1000 em for dry
7earth, and can reach 10 em in rocky ground (Diesendorf, 1974).

If the soil resistivity is high, driven rods or long buried conductors

(counterpoises) are used. The surge response of such an extended grounding..
system is no more purely resistive. Travel times and reflections begin to

play their role.

If a large grounding system has to be modelled as a lumped surge

impedance, this surge impedance is time-varying and dependent on the

waveshape applied (e.g. Verma and Mukhedkar, 1981; Mazzetti and Veca, 1983;

Velazquez and Mukhedkar, 1984; Oettle, 1988). In first instance, the

footing impedance is determined by wave impedances; after reflections have

come back, the impedance decreases, depending on the type of solI.
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The decreasing surge impedance can also be modelled by regarding the

footing as an inductance. This inductance may have a value of some tens of

~H for a ramp current with a rise time of 2 ~s (e.g. Chisholm and

JanischewskyJ, 1989).

Another complication is soil ionisation. If a very high and steep voltage

wave 1s applied to the footing, the soil surrounding the electrodes is

ionised, which results into a reduction of the surge impedance. This effect

is very important for high footing resistances, as then the reduction can

be considerable. According to Oettle (1988), the low voltage power

frequency resistance does not even need to be known. If the footing

resistance is below 15 0, the reduction is small (Diesendorf, 1974).

Both of these effects do not need consideration in this study, as the

soil resistivity is very low (this results into short, concentrated

electrodes) as well as the footing resistance, that is below 15 0 for the

whole line.

4.6 Summary

In this chapter the travelling waves in the system and the components and

effects encountered by these waves were regarded. For this study, the most

suitable method for calculating the travelling waves is Bergeron's method.

Neither losses nor corona are taken into account.

A tower is considered as a short line with a constant surge impedance.

The velocity along the body is assumed to equal the speed of light. The

footing is treated as an ohmic resistance.
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5. BEHAVIOUR OF THE INSULATION

This chapter deals with the behaviour of the insulators. Section 5.1 is

an introduction to the physical phenomenon. In section 5.2 a review of

existing models is given. It appears that appropriate modelling is

difficult. A trial is made in section 5.3, where values are derived for the

type of line of this study.

Two other phenomena, namely predischarge currents and arc quenching, are

discussed in the last two sections, together with their impact on this

study.

5. 1 The phenomenon breakdown

Not regarding the lightning breakdown from a cloud to the earth, there

are two pairs of electrodes between which breakdown may occur. Firstly, in

the case of a midspan stroke, a flashover may occur between two wires.

Secondly, a suspension insulator may break down. Usually, midspan flashover

is excluded by giving the earth wires less sag than the phase wires so that

their distance in the middle of the span is very large (Antal, 1984b).

The breakdown process of an air gap under steeply rising voltages can be

distincted into three phases (Shindo and Suzuki, 1985; Baldo et al., 1981):

1. The corona inception phase;

2. The streamer phase;

3. The leader phase.

Figure 5.1 illustrates the phases, that are described below.

Ad 1. !h~ ~o£o~a_i~c~p!i~n_p~a~e.

The electrostatic field in an air gap generally is inhomogeneous. If the

voltage across the gap increases, corona arises at the point where the

field gradient first exceeds the breakdown value. For slowly rising

voltages and normal pressure, corona is more or less diffused and tends to

enlarge the electrode virtually. The field strength at its surface is

reduced, which tends to increase the insulation strength of the gap (Van

der Laan and Wetzer, 1987).

For steeply rising voltages, corona is shaped irregularly, which causes a
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5. Behaviour of the Insulation.

field enhancement at its surface and may be the onset of the next phase:

the streamer phase. The separation between the two phases is not always

very clear and often the corona phas~ is included in the streamer phase.

Leader
phase

Time

+

Fig. 5.1 Phases of the discharge
(Baldo et al., 1981).

Ad 2. !h~ ~t~e~m~r_p~a~e~

The breakdown develops further as a bright channel, called a "streamer".

This channel quickly crosses the gap. For some gap geometries and

polarities, streamers start from both of the electrodes.

Ad 3. !h~ !e~d~r_p~a~e~

After the streamers have crossed the gap, "leaders" propagate along the

channel and bridge the gap. The interconnection of the leaders is

associated with the complete breakdown of the gap.

If an insulator is placed in the air gap, another flashover mechanism may

prevail over the streamer-leader breakdown as described above. If the

voltage is not too high (around the 50 % breakdown value for standard

lightning impUlses), a "conductive phenomenon" propagates along the

insulator at a nearly constant velocity, which 1s about 0.5 - 1 mI~s

(Cortina et al., 1982). If the voltage on the insulator is high enough, the

streamer-leader breakdown mechanism prevails, as the conductive phenomena

do not have the time to propagate.
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5. Insulation flashover model.

This mechanism has not been clarified completely, but there are

indications that shielding rings or arcing horns inhibit this phenomenon

(Paris and Cortina, 1968; Cortina et al., 1982). The presence of the tower

structure of a power line also seems to prevent the phenomenon, which will

therefore not be considered here.

5.2 Insulation flashover models

Figure 5.2 gives a preview of the voltage shapes that can be expected

across an insulator (the insulator voltage is defined as the voltage at the

wire minus the voltage at the crossarm so its first peak is positive).

These voltage shapes are strongly different from the testing voltages

currently in use. A model that accurately can predict the breakdown

characteristics of insulators for such voltages is not yet available.

In the models that are currently used for air gaps, three categories can

be distincted:

1. "Voltage-time" curves;

2. Models based on physical approaches.

3. Integration methods.

All three classes will be reviewed shortly.

Ad 1: ~o!t~g~-!i~e_c~r~e~.

This is a well-known technique of estimating the insulation strength of

all sorts of components, and it is especially useful and convenient for

insulation coordination, where the relative insulation strengths of all

components in an electrical power system have to be harmonised. In one

version of the model, the voltage shape curve has to be drawn in the

voltage-time graphics. Then there are three possible cases. If the two

curves cross on the voltage front, breakdown occurs at the point of

interception. If the voltage shape completely remains below the horizontal

asymptote of the V-t curve, breakdown does not occur. In the remaining

case, the moment of breakdown is determined by the point where the V-t

curve has the top value of the voltage applied.

Such a V-t curve is calibrated for one type of insulator and for a

standard voltage shape, as it depends on both of them. This model can not

be used in backflashover studies, as the waveshapes involved do not
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5. Behaviour of the insulation.

resemble the standard waves.

Moreover, the time to breakdown of typically below 1 ~s in this study

require extrapolation of V-t curves into a region with large uncertainties.

First stroke to tover.

,---------------

I lirA I UlkUJ

so 1000

40 100

10 600

10 400

10 100

0 0

-10 -200

-10 -400

-'0 -'00

-40 -800

-50 -1000

1 I

--- ........
""-

\
\
\

'1/1DVI' 1':51:1'

----1.....1.1.

----- Current

a) First strokes.

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

1 [kAJ UlkUJ

50 1000

40 100

10 '00

20 400

10 200

0 0

-10 -200

-10 -400

-10 -'00

-40 -100

-so -1000

SUbsequent strok~ to tover. 11/1DVI' 10:03:03
----I_ulat.

----- Current

b) Subsequent strokes.

Fig. 5.2 Voltages arising on the upper insulator.

Ad 2: ~o~e!.s_b~s~d_o~ Ehl:s.!.c~l_aEP~o~c~e~.

As their names indicate, these models take account of the physical

processes during a breakdown, as sketched in section 5.1 in a simplified

form. The corona inception phase is included in the streamer phase.
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5. Insulation flashover lIlodel.

For the streamer and the leader phase many predicting formulae exist. In

many of these formulae, the velocity of an equivalent streamer or leader

(accounting for the progress at both sides of the gap) is expressed as a

function of the gap voltage, the length of the gap and the length of the

streamer or leader. The integral of this velocity over time represents the

distance bridged by the streamer or leader, and when it equals the gap

length, the phase is assumed to be completed. Completion of the streamer

phase starts the leader phase, completion of the leader phase is associated

with breakdown.

Pigini et al. (1989) give a selection of such formulae. They propose the

following expressions themselves, that directly give the time duration of

each phase:

T-1 = 1.25 (E/E ) - 0.95
s 1.2/50

-1[IJS ] (5. 1 )

where T represents the time the streamers need to cross the gap [lJs];
s

E is the average voltage gradient in the gap before breakdown

[kV/lJs] ;

E is the 50 % breakdown value of E for standard 1.2/50 IJs
1.2/50

lightning impulses.

The standard lightning impulse, also called a 1.2/50 IJs pulse, is often

used in tests and has a doubly exponential shape with a rise time (defined
100as -- T , see section 3.1) of 1.2 IJS and a time-to-half-value of 50 IJs

60 30

(Antal, 1984b):

u(t) = 0 f3:x.

f3

(
_~ )f3-a -at -f3t.... • (e - e ) (5.2)

where 0 is the peak voltage;
-1

a = 14.6 ms ;
-1

f3 = 2.47 IJs .

For the leader phase, Pigini et al. offer the following expression:

1 E E
T~ = 0.07 (500 - 1) exp(500 - 1) (5.3)

where T represents the time duration of the leader phase [lJs];
1

There appears to be a large spread in the several times involved for

different gap types.
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5. Behaviour of the insulation.

Physically based models have drawn much attention in recent years and

much work is being done on refinement and calibration of these models. It

is not yet possible, though, to choose one of them as the most suitable

one.

Ad 3: !n!e~r~t!o~ ~e!h~d~.

These methods are not based on a detailed physical approach and only

incorporate the notion that a higher voltage causes a faster breakdown. The

voltage over a gap, or a function of it, as simple as possible, is

therefore integrated over time. The resulting integral is associated with a

certain so-called "disruptive effect", DE.

If the voltage has accomplished a critical amount of disruptive effect,

the gap breaks down. Generally, DE is expressed as

t

DE
J

(u(t) - U )k dt k= [V 's]
0

t
0

where t is the time when u(t) first
0

U is the voltage at which the
0

k is an empirical constant.

(5.4)

exceeds U ;
o

breakdown process starts;

The gap breakdown behaviour can therefore be described by three

parameters: DE ,U and k. Good results are obtained by setting k to
crlt 0

unity or U to zero; the former simplification generally yields better
o

results. An obvious choice for U is the static flashover voltage, but in
o

non-uniform field gaps another value for U may be better.
o

Caldwell and Darveniza report a reasonable agreement between theory and

experiment except for oscillatory voltage shapes. A suggested cause is the

fact that after breakdown has started, the voltage may fall below U while
o

still the breakdown process will continue. In order to account for this

effect, they propose to adapt U to the disruptive effect already
o

accomplished:

U (t) = U (1 - DE(t)/DE(T»
o 0

(5.5)

where DE(T) represents the full value of DE associated with breakdown at

time T.
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5. Insulation flashover model.

A slight further modification would bring us to the DE formulated as a

function of the leader tip position or the leader velocity, which approach

is physical again.

Nowadays, integration methods are hardly used for standard voltage

shapes.

5.3 Choice of a flashover model

As we have argued. no adequate insulation flashover model is available.

Therefore it has been decided to make a "guesstimate" of the critical

flashover voltage with the aid of an integration method. In such an

approach it does not make sense to use a sophisticated model, so an

integration method has been used with k from formula (5.4) set to unity.

This form of integration method is called the equal area criterion.

Caldwell and Darveniza (1973) report on an investigation into insulator

breakdown under oscillatory voltages. They found that for the first

half-cycle of a dampedly oscillating voltage shape, the critical voltage is

1.6 times the critical voltage (U ) for the standard 1.2/50 ~s
1.2/50

double-exponential pulse (equation (5.2». As the frequency of this

oscillation is about 200 kHz, this implies flashover within 2.5 ~s. This

time is much shorter than the time needed for breakdown under a 1.2/50 ~s

pulse with a voltage peak of about U Therefore the breakdown process
1.2/50

is assumed to start when u(t) = U ,so U = U
1. 2/50 0 1. 2/50

Assuming a sinusoidal shape, it can be calculated that t
B

= 1.4 ~s (see

figure 5.3a). The disruptive effect associated with this case is shown as

the hatched region.

Analytically, one derives:

+ 0.71 ~s

DE = U I (1.6'COS(2n'200'10
3
.t) - 1 ) dt =

crlt 0

- 0.71 ~s

-7= 5.6'10 U
o

[Vs]
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S. Behaviour of the Insulation.

2.5

u f 0

1.6 U
0

UU \0
0 \ -.

0.54 1. 42

t [jJs]

a) Oscillating voltage. b) Triangular voltage.

Fig. 5.3 Application of the equal area criterion.

According to Alstad et al. (1979) the shape of the voltage below 80 or

90 % of its amplitude has no influence on the flashover phenomena.

Approximating the voltage shapes from figures 5.1 and 5.2 by triangles in

such a way that the upper parts are represented best, the disruptive effect

.can be calculated using the formulae for the surface of a triangle (see

figure 5. 3b):

DE =
2 0

(t + t )
1 2

[Vs] (5.7)

Now the critical value of 0 can be calculated from t and t by requiring
1 2

that DE = DE
crlt

DE II DE r-U U
crlt

U
crlt

U
2 (5.8)= + + +

crlt 0 (t +t ) 0 (t +t ) 0

1 2 1 2

The tops of the voltages in figure 5.2 have a certain rounding, that is

accounted for by subtracting 10 % from U . The 110 kV line under study
crlt

is equipped with insulators having a nominal lightning impulse insulation

voltage of 610 kV. A delivery test yielded 734 kV, which value will be

used: 610 kV Is a minimum, and it Is not probable that lightning exactly
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5. Insulallon flashover model.

"chooses" the weakest insulator. Table 5.1 shows the application of formula

5.8 on this insulation.

Type of t [~s] t [~sJ o [~J o [MYJ 0 [MYJ
stroke 1 2 crll crll corrected

First 1.05 0.35 2.38 1.75 1.6

Subsequent 0.35 0.18 3.86 2.83 2.6

Table 5.1 Flashover voltages for first and subsequent strokes.

Of course, the uncertainties involved cause an inaccuracy of hundreds of

kY. Therefore the influence of the power frequency voltage on the

backflashover chance can be disregarded.

As the values 1.6 respectively 2.6 MY are very high, the effect of

smaller values will be briefly shown (in section 7.2).

5.4 Predischarge currents

An air gap where a breakdown is In progress, already consumes current

before the breakdown is a fact. Su~h currents, that charge the streamers,

are called predischarge currents (Shindo et al., 1985). The charge involved

is not very large, but it is built up very quickly. Figure 5.4 sketches the

current shape. Note the concave front of the current that is similar to the

lightning current front.

A consequence of predischarge currents is that, if two air gaps,

connected in parallel, are sUbjected to a voltage pulse, the predischarge

current of the air gap in which the breakdown process has made most

progress, makes the breakdown of the other gap less likely.

Predischarge currents are below 1 kA before phase II from figure 5.4. In

phase II, flashover practically is a fact, and as the only question is

whether flashover occurs or not, predischarge currents do not need

consideration.
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5. Behaviour of the insulation.

v ,,

-r--1=:::::::==========~~=-to Phase I Phase 111
(leader development phase) Phase II (Arc pIla~)

(Final Jump & Gas heatong pnase;

Fig. 5.4 Sketch of predischarge currents
Just before flashover
(Shindo et al., 1985)

5.5 Arc quenching

Mousa and Srivastava (1989a) report that only 85 % of all backflashovers

cause an interruption of line service. This can be caused by three effects:

1. The insulation may recover spontaneously, even under power frequency

conditions. For wooden crossarms, this mechanism yields a large

improvement of line performance (Mousa and Srivastava, 1989a, discussion

with Liew). This effect is not important for the problem under study.

2. For inductively earthed grids, an arc will quench due to a resonance

phenomenon (Antal, 1984b). The problem of multiphase backflashovers is

not solved, however.

3. Auto reclosing (Antal, 1984b) may cause nearly all backflashovers to

quench.

In this report, only the backflashover rate is considered and one has to

bear in mind that the number of outages may be significantly lower,

depending on the circumstances.
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6. APPLICATION OF THEORY

The theory described in chapters 2 -- 5 has been combined and put into a

simulation program. An important part of it is the determination of

voltages across the insulation. This is sketched in section 6.1.

Section 6.2 regards some important simulation aspects and their

influence on the calculated voltages.

Conversion of the voltages into the desired backflashover rates is

decribed in section 6.3.

6.1 Calculation of voltages

An analytical solution of the travelling wave problem (as done by, for

instance, Gary et al., 1986) is only feasible for the simplest circuits and

current wave shapes. These wave shapes may produce highly unrealistic

results (Van der Meljden, 1981). Therefore a computer simulation program is

necessary.

In this study such a program has been written instead of using programs

like EMT? This has yielded the advantage of a dedicated program. The

software has been written from the viewpoint of maximum flexibility of

structure: most of the line types with a single tower body can be handled.

This requires a flexible data structure that will be described below.

The basis of the software is the representation of travelling waves in a

discretised form, which will be illustrated for the basic situation of two

nodes connected by a line (see figure 6.1).

Z,T

Line

Node 1 Node 2

Fig. 6.1 A basic situation.
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6. Applicatlon of theory.

For each node, the currents towards the node are positive. For Bergeron's

method the consequence is, that u-Zi comes out as u+Zi, as the reference

direction turns along the line. Including the time discretisation necessary

for digital simulations, equations (4.16) are rewritten to

u (t) + Z· i (t) = u (t-k~ t) - Z· i (t -kfl t )
2 2 1 1

u (t) + Z'i (t) = u (t-k~t) - Z'i (t-kflt)
1 1 2 2

(6. 1a)

(6.1b)

where ~t is the time step of the simulation;

k is the travel time of the line expressed as the number of flt;

Z is the wave impedance of the line.

The line length t has to be an integer multiplicity k of v flt:
o

t
k = -v-----:fl,....,.t-

o

T=
~

(6.2)

flx = v flt is the shortest length that can be represented.
o

In the simulation program, tlv flt is rounded, if necessary, to obtain k.
o

If the line is that short that k would come out to zero, k is set to 1, as

k=O implies two coinciding nodes.

The time step f1t has to satisfy two conditions:

1. ~t should be small with respect to the time scale of any voltage and

current change;

2. flt should be that small that the length is approximated reasonably well

by k· v flt.
o

In this study, the latter condition is most restricting.

For applying Bergeron's equations, the past history of nodes has to be

known. The voltage and currents of a node can be stored on the node itself,

but it costs a lot of memory to store all data from the beginning of the

simulation. This problem can be solved by remembering only the last k
max

values of u and i, where k represents k for the longest line connected_x
to the node.

A more elegant way of solving the problem is to "send" the values u-Zi

via a delaying data structure to the neighbouring nodes, as is illustrated

in figure 6.2. The delaying data structure consists of a ring of data

elements, represented by boxes.
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6. App 11 ca1I on of theory.

Other
connections

Other
connections

.l. .l. .l. .l.

Node 1: eq. (6.1b) Node 2: eq. (6.1a)

--5]

5J -- 5J
t-2~t t-~t, .

, .1-

-.J t-k~t ~
/

t-(k-1)~t
/

..~

. )'~~:~1
.1- /

5J t-k~t C...__----=~~.
't-~t t-2~t,
~

Fig. 6.2 Transfer of "uzi" for the line of figure 6.1.

If the ring consists of 2k elements. and is rotated over one element each

time step in the direction of the solid arrow. a value u-Zi. put into a

data element at one side. comes out k steps later at the other side (and is

used here as u+Zi; the transmitted quantity is abbreviated to "uzi"). After

solution of all equations for node 1. uzi (t-k~t) is replaced by uzi (t)
2 1

before the ring is rotated. Note that all data elements are filled with

elements that are needed after some time.

An advantage is that, at each node, only the closest data elements are

needed, which allows systematic programming and therefore complicated

structures. The link between the node and the ring element is formed by a

pointer and instead of shifting the ring, only the pointers need to be

shifted after the nodal calculations have been handled.

The nodal equations represent the behaviour of everything that is

connected to the node. Before considering the nodal equations, a difference

has to be made between single phase and a multiphase node. The previous

single phase considerations are converted to the multiple phase case

without problems.

Single phase nodes are connected to elements that do not influence each

other by electromagnetic coupling. Such nodes are the crossarm nodes and

63



6. Application of theory.

the tower footing.

Multiphase nodes are the point of connection between the mutually coupled

earth and phase wires on one hand and the tower body on the other hand.

Only a restricted number of towers is represented. At both sides an

infinitely long line is connected: no reflections coming back, only the

wave impedance is "seen".

In order to be able to account for the coupling between the phase wires,

a multiphase line also has been defined. The program can calculate the

matrix [Zl itself.

Lightning stroke (Current i (t))
L

A

C Phase 2

Phase 1

G

H

Phase 3

////////////////////////////////////////////////////////////

Fig. 6.3 A tower stroke.
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~
1 (t)
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body T
4

i
1

Footing node ) H
i

2
Footing

) QRresistance f

1

2

3

Fig. 6.4 Scheme of 6.3.

In figure 6.3 and 6.4 a typical example is given of how a tower is

modelled. The tower is split up in sections, and therefore it is the tower

body that suffers most from the length rounding described before. Each

tower top is associated with a mUltiphase node. Such a node always has two

multiphase lines. The nodal equations can be put together into a matrix
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equation:

---1--'-;--'--~T--~--

1 ~·..---·..·---l-....·..·--..-··.. -f···-....- ....··..·..·..··.. i,,~·_ ..~ M

1 ! 0 I Z I 0

~-l-:~--O' 0'2<Z <1

o 1 1 1 y( t)

-i (t)
L

o
o

uzi (t-y )
-1 1

= -_..__.--_._.._..__...__.....
uzl (t-y )
-2 2........................__.................. j
uzi (t-y)
uzi 3 ,1(t_y C)
o 3,2 c

(6.3)

to be abbreviated to

(6.4)

All elements of Q(t) are known at time t. The upper set of rows represents

Kirchhoff's current law, the second and third set the equations for both of

the multiphase lines, and the rows of the bottom set represent the

individual equations for whatever is connected to the multiphase node. A

restriction is that at each phase only one single phase device can be

connected (plus a lightning current source, added in the current law

equations ).

The equation has to be solved for each time step and for each node.

Systematically:

-1
~ (t) = rAJ .Q(t) (6.5)

It is well-known that matrix inversion is a time consuming process, but

it has to be done only once for a whole simulation run. Looking at the

matrix rAJ in equation 6.3, it is striking to see that in 14 out of 16

partial matrices at most the main diagonal is filled. It therefore seems to

be very attractive to use sparse matrix techniques for reduction of the
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6. Application of theory.

size of the matrix. It has, however, not been necessary to use such

techniques as the program was quick enough already.

Note that only the upper crossarm (ABC) has been represented with a

travel time. The lower crossarms CDEF} are compressed to nodes that are

used for determining the voltages across the insulators (in figure 6.3, the

insulator is connected between points 0 and G, but in figure 6.4, between E

and G).

Finally, the equation of a footing node is given:

[
o
1

1

C6.6}

For an inductive footing, where an inductance L is placed in series with
f

the resistance R. the third row of the equation can be modified using the
f

trapezoidal rule of integration:

~t Rf~t
-L--- u(t) + (1 + ~L----) i

2
(t} = i

2
(t-6t}

f f

(6.7)

As this operation is differentiating the current i (t), one must beware
2

of numerical instability (Dommel, 1986). This can be compensated for by

placing a damping resistance R in parallel with the inductance in order to
d

damp the oscillations. The optimum value of R depends on the simulation
d

time step. A good choice for R is
d

L
f

R ~ 15 ----
d 6t

[OJ (6.8)

So far, no such instability has been observed so that this method has not

been implemented yet.

Although the tower length may differ between the program and practice,

the surge impedance matrices are calculated on basis of the original input

data.

The many simplifying assumptions make the system response to the

lightning current linear. Before enthousiastically defining all sorts of

nice transfer functions, one has to determine what data are really needed.
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As a flashover in the middle of the span is not considered to occur (see

section 6.2), the most interesting quantity is the voltage across an

insulator. This voltage is capricious and hard to describe in terms of·

front time and decay time only. Moreover, the uncertainty in the insulator

characteristics is that large, that only the height of the voltage top is a

useable parameter at present.

The top of the voltage across the insulator can therefore be described

satisfactorily as a factor times the peak value of the lightning current.

Because of its dimension (V/A), this factor is called the effective

resistance of the insulator. Of course, any voltage top in the system can

be converted to an effective resistance. This normalisation is analogous to

the "per unit" method, although its base value has another dimension than

the actual variables.

6.2 Setting UP the simulation configuration

The base case line is described in the appendix. The following simulation

aspects will be regarded in this section:

1. The time step ~t (20 ns);

2. The number of towers (4);

3. The most threatened phase (the upper one);

4. The influence of the place of the striking point;

5. The current amplitude;

6. The footing inductance L (0 ~H);
f

7. The lightning channel resistance R (00 0).
ch

The values in brackets denote the values finally chosen.

Ad 1: !h~ !i~e_s!eE ~t~

The tower body suffers most from the time discretisation and the

subsequent length rounding. Due to the travelling waves, the resulting

tower length is quite critical and therefore has to approximate the real

value close. In table 6. 1 the effect of the time step on the effective

resistance at the tower top is given. Only two wires are taken into

account: the skywire and one of the upper power wires. Therefore one

crossarm is needed, which causes the tower to be split into two sections.

If there are three crossarms taken into consideration, the tower is split
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6. Application of theory.

into four sections, which causes more errors.

6t [ns] 50 20 10 5 2
Reality

6x = v 6t [m] 15.0 6.0 3.0 1.5 0.6
0

Distances [m]

- Foot - crossarm 30.0 24.0 27.0 25.5 25.8 26.0
- Crossarm - top 15.0 6.0 6.0 4.5 4.8 4.8

- Total height 45.0 30.0 33.0 30.0 30.6 30.8

R [0] (Tower top)
eff

First strokes
- to a tower 40.1 30.9 32.9 30.9 31. 3 --
- midspan 30.3 23.5 25.0 23.4 23.8 --
Subsequent strokes
- to a tower 94.9 76.5 81. 0 76.6 77.5 --
- midspan 93.3 75.5 79.9 75.5 76.4 --

Table 6.1. Effect of the time step 6t on the
effective tower length.

It can be seen, that 6t = 20 ns and 6t = 5 ns result into the same tower

length (the difference in R is caused by the difference of
eff

sophistication in the representation of the current). Note that 6t = 10 ns

yields worse results than its coarser counterpart of 20 ns. With an eye on

the calculation time, 6t = 20 ns has been chosen.

Ad 2: The number of towers.

As only the current front is considered, that lasts maximally 5 ~s, we

only have to look that far, that reflections come back within 5 ~s, i.e.

maximally 750 meters far. This means that three spans at each side of the

struck span or tower need to be modelled (with their towers). The current

front starts very weakly and it is not unreasonable to suppose that less

spans suffice too.

In table 6.2 the effect is given for 2, 4, 6 and 8 towers, where either

one of the middle two towers is struck or the span between them.
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6. Applicatlon of theory.

R (tower top) Number of towers
eff
[OJ

... .._._ ..._._....... ......_...__....~._.~........ .... ........- ...-- .. ..... __ ..........._...

2 4 6 8

First strokes
- to a tower 31. 6 30.9 30.9 30.9
- midspan 24.0 23.5 23.5 23.5

Subsequent strokes
- to a tower 76.5 76.5 76.5 76.5
- midspan 75.5 75.5 75.5 75.5

Table 6.2 Choice of the number of towers.

For subsequent strokes, only two towers are needed, which is not

surprising, as t = 1 ~s, corrsponding to 300 m, which is about one span
f

length.

For first strokes, only four towers are needed instead of the theoretical

eight ones. As a consequence of this restriction the voltages calculated

after the crest should not be regarded.

Ad 3: The ~o~t_t~r~a~e~e~ Eh!s~.

Table 6.3 shows the effective impedances of each crossarm. Note that the

effective impedance of the insulators is not exactly the subtracted value

of the phase wire and the crossarm, as two different voltage shapes are

subtracted.

Indeed, the upper phase is mostly threatened, though the difference is

not that large, as there are two competing effects:

1. The lower phase has lees coupling so its voltage is lower: the insulator

voltage is increased;

2. The lower crossarm is closer to the footing: the reflection comes more

quickly. Moreover, the pulse at the crossarm is not only lower, but also

shorter. This is visible in figure 6.5.

Table 6.3 is a nice opportunity to check another simplifying assumption

often made: a linear voltage distribution along the tower. Figure 6.6 shows

the effective resistances as a function of the height, taking into account

the distortion of lengths due to the discretisations. The crosses are the

values from table 6.3, the dashed lines the interpolation between tower top

and footing.
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6. Application of theory.

R [Q] First strokes Subs. strokes
eff

at location
.._.._....._._...__. ............_... . ....._....._.. rower ...... ~ .. ······iriIdspantower midspan

Tower top 31. 8 24.2 78.8 77.7

Top
- crossarm 28.4 21. 6 70.9 69.9
- phase wire 7.5 5.7 18.6 18.4
- insulator -21. 0 -15.9 -52.5 -51.7

Middle
- crossarm 24.9 18.9 62. 1 61. 2
- phase wire 5.1 3.9 12.6 12.4
- insulator -19.9 -15.2 -49.8 -49.2

Bottom
- crossarm 21. 3 16.2 52.1 51. 4
- phase wire 3.3 2.5 8.2 8.1
- insulator -18. 1 -13.8 -44.4 -43.8

Footing 9.1 6.6 9.6 9.3

Table 6.3 Effective resistances along the tower .
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Fig. 6.5 Shape of the voltages across the three insulators
for a first stroke to a tower.
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Fig. 6.6 Voltage distribution along the tower.

It is visible, that, especially for subsequent strokes, the voltage at

the crossarms can be underestimated, although the difference is not very

large. The correct voltage shapes, however, can only be obtained by

representing the tower body with travelling waves.

Ad 4: !h~ !n~l~e~c~ £f_t~e_l~c~t!o~ ~f_t~e_s!r!k!n~ ~oint.

It is questionable, whether simulations on only the tower and the midspan

stroke yield a representative picture of the voltages. Figure 6.7 shows the

effective resistance across the upper insulator as a function of the stroke

location.

As only the first 50 % of the span are relevant, two points certainly are

representative. For the voltage on the striking point this is not the case

as figure 6.8 shows.
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Figure 6.8 Effective impedance at the striking point.
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6. Application of theory.

From figure 6.8, it can be seen that the voltages at midspan for a

. midspan stroke are at most five times those at the tower, so that a

flashover will always occur at a tower (midspan the distance between

the wires is more than 7 m). Midspan flashover can therefore be neglected

in this case.

For some types of tower, however, where the upper phases hang on the

upper crossarm, midspan flashover might occur, despite the extra sag of

the phase wires.

Ad 5: The current ~m£l!t~d~.

According to relations (3.10) and (3.12), the maximum current steepness

is less than proportional to the current. Therefore the effective

resistances will decrease with increase of the amplitude. Figure 6.9 shows

the dependency of R of the upper insulators for several values of
eff

relative maximum steepness (1'/1). The part of the curve above

1'/1 = 2 pul~s is attributed to subsequent strokes and there t
f

= 1 ~s has

been used. Below 1'/1 = 2 pu/~s t = 5 ~s has been used.
f

The smooth connection of the two curves suggests that t (as defined in
f

section 3.1) is not important, which in turn might suggest the use of a

ramp current shape, as often is done in literature. A short test on the

base case has shown that this is not justified.

Figure 6.9 shows that the correlation between i and I' and their

covariance might be important, but, as stated in section 3.2, the data are

not yet available in a useable form.
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Ad 6: The footing inductance L .------------f
Figure 6. 10 shows the effect of the tower footing ipdy~t~nce on the

effective impedance of the upper insulator for tower strokes. For first

strokes the increase is nearly linear (shown as the dashed line), for

subsequent strokes too, in a crude approximation.

R
eff insulation(0)

80 /-> e
70 • .- \--r0v.:

- s."" ;IjIe'f
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60 • .- uef\'t
, ~seo;

.'- SU.-
so V

40·

-30· ------ stT"ov.e. to'fler
20·-- - first

10·

0
0 10 20 30

L [J.lHl
f

Fig. 6.10 Influence of the footing inductance L
f

Ad 7: !h~ !i~h!n!n~ ~h~~e! !e~i~t~n~e~

As table 6.4 shows, the channel impedance has an influence on the

effective resistances that is more pronounced for subsequent and midspan

strokes. This is caused by the fact that, in these cases, wave impedances

are more important than footing resistances. For low channel resistances,

oscillations are damped strongly.
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6. Applicatlon of theory.

R First stroke Subs. stroke
ch

[0] Tower Midspan Tower Midspan

200 16.7 9.1 34.7 21. 3

300 17.6 10.4 38.4 26.1

400 18.0 11. 2 40.5 29.5

500 18.3 11.8 42.0 32.0

1000 18.8 13.2 45. 1 38.4

2000 19.1 13.9 46.9 42.7

co 19.5 14.8 48.8 48.1

Table 6.4 Influence of the channel impedance on the effective
impedance of the insulator.

6.3 Calculation of the backflashover rate

For a certain striking point at a distance x from the nearest tower and

a certain type of stroke (first or subsequent), the effective resistance of

the nearest insulator can be calculated. From R (x,type) the conditional
eff

backflashover chance is

u
P(BFOILS) P(O > U ) P(! > crlt= = =lns crlt R

eff

1 - F
1

(

U

)crit (6.9)= R
eff

where 0 denotes the peak voltage over the insulator mentioned;
ins

U denotes the critical flashover voltage of this insulator;
crit

F
1

the cumulative lightning current distribution.

Some of these variables depend on the type of stroke and/or the stroke

location. Table 6.5 shows the dependencies.
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6. Application of theory.

Quantity Dependent on
.................__ .._.-......_.._.._.-._... ............ .........-._. ..........._. .........................

Stroke Type of
location stroke

x (first/subs. )

0 ,R yes yes
Ins eff

U no yes
crll

F (1) no yes
I

P(BFOILS) yes yes

Table 6.5. Dependencies.

Assuming a regular line structure, only half a span needs consideration.

For a short section of the span, located between x and x+dx, equation (1.1)

can be rewritten to (this time excluding both a first and a subsequent BFO,

resulting in only one outage)

dx
dN (x) = N (x ) .

BFO LF 1
2 span

. ( P(BFOIFLS) +

+ P(BFO ISLS) . (N -1). 0-P (BFO IFLS» )
S/F

(6.10)

where dNBFO(x) is the backflashover rate of this section;
-1 1N (x) = 10 N w(x), the line flash rate of this section; (6.11)LF CF

Both dN (x) and N (x) are transformed to the contribution of theseBFO LF
quantities to the total quantities per 100 km per year.

FI ,l (

U );P(BFOIFLS) = 1 - crll,l
R (x)
eff,l

FI '2(

U );P(BFOISLS) = 1 - crll,2
R (x)

eff,2

(6.12)

(6.13)

the subscripts 1 and 2 stand for first and subsequent strokes,

respective I y .

Here formula (2.2) is not used for the whole line, but for estimating

w(x) from (see Van der Meijden, 1981):

hex) = h
o

+ ( (~ - 1)2 - 1 ) sagspan

18

(6.14 )



6. Application of theory.

where h is the height of the upper wire at x = 0;
o

sag is the sag of the upper wire.

For obtaining the backflashover rate of the whole line, integration can

be applied:

dx

dN (x)
BFON

BFO

1
2 span

: J
x = 0

dx
-1 -1

[(l00 km) yr ] (6.15 )

If the half span is divided in N sections, the integral in equation

(6.15) can be approximated as:

N ::: 1 !:IN + !:IN + ... +
BFO 2 BFO,I BFO,2

!:IN + 1 !:IN
BFO,N-l 2 BFO,N

(6.16 )

It has been shown that the difference between N = 2 and N = 10 is

relatively small: less than 10 %.

!

79



7. RESULTS AND DISCUSSION

The procedure for estimating the backflashover rate of a line has been

applied to the base case line described in the appendix. Section 7.1 gives

a discussion on the base case and its relevance to practice.

In section 7.2 one of the main objectives of the study is fulfilled: a

comparison is made between various measures that can be taken in order to

reduce the backflashover rate of a given line.

Section 7.3 trie3 to relate the theoretical results obtained to practice,

as described in literature. It appears that few publications are useable.

Far more numerous are the publications on backflashover rate estimation

methods. In the previous chapters, where yet another method has been

developed, the assumptions of various methods have been reviewed and

selected. Some salient conclusions to be drawn from other methods will be

looked at in section 7.4.

7.1 The base case line

Application of the simulation program as described before yields the

following results for the base case line:

N = 15.3 flashes/lOa kmlyr
LF

N = 0.56 backflashovers/l00 kmlyr
BFO

from which 0.45 due to first strokes;

0.11 due to subsequent strokes.

We remember that these values are based on N = 1.5 strokes per flash
SIF

2(chapter 1) and on N = 1 flashlkm /yr (chapter 2). Of course, the large
CF

number of uncertainties will inhibit this value from occurring in practice.

Moreover, a line can experience bad luck for some years resulting into a

relatively large number of lightning caused outages despite a good design.

The line parameters do not have the same values allover the line and it

is an attractive thought to attribute the majority of backflashovers to a

restricted section of the line. A typical example of such a "bad" section

is a mountainous section, where earth resistivity may be high. The effect

of a high footing resistance is considered in section 7.2. Another example,

for the Netherlands more typical, is a river crossing, which implies high
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7. Results and discussion.

towers.

As a representative case of a high section, the tower length is increased

from 30.8 m to 50 m, with the following sizes unchanged:

1. The distances between the tower top and the crossarms;

2. The sag of the conductors;

3. The span length.

This results into

N
LF

= 26.9 flashes/100 km/yr

Naro = 2.11 backflashovers/100 km/yr

from which 1.56 due to first strokes;

0.59 due to subsequent strokes;

from which can be concluded that both the line flash rate and the

conditional backflashover chance for first strokes double. The subsequent

strokes are more important than in the base case. The enlargement of NBro
is large, but in general only a few sections are that high so that the

effect on the total backflashover rate of a line is restricted.

In the preceding discussion, double circuit backflashover has been left

out of consideration, as (due to the symmetry of the line) each

backflashover would at least concern the upper phases of both circuits. In

reality, this is not true (e.g. Haraki et al., 1989; Darveniza and Uman,

1984), as the situation is not exactly symmetric due to the spread of

insulation behaviour.

7.2 Measures for decreasing the backflashover rate

For an existing line, three measures can be taken in order to decrease

NBro
1. Decreasing the footing resistance of the towers;

2. Increasing the insulation level;

3. Addition of a second earth wire.

Ad 1: ~e£r~a~i~g_t~e_f£o!i~g_r~s!s!a~c~ £f_t~e_t£w~r~.

Figure 7.1 shows N as a function of the footing resistance R. Note
BFO f

that even for a zero footing resistance the backflashover rate differs from

zero.
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Fig. 7. 1 Influence of R on N
f BfO

A problem that can be encountered when extending the grounding electrodes

of the towers, is the introduction of non-neglegible travel times (that can

be approximated as inductances; see section 4.5). The resulting high

initial value of the impulse impedance of the footing reduces the gain of

the measures.

It is therefore clear that a decrease of R is not the solution to all
f

problems, but it 1s the cheapest measure.

Ad 2: !n~r~a~i~g_t~e_i~s~l~t!o~ !e~e!.

Figure 7.2 shows N as a function of U In fact, the main
BfO 1.2/50
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difference with figure 3.3 (the log-normal distribution) is the different

scaling of the axes: vertically, (l-F
I
(l)) has been multiplied by N

LF
and

horizontally, i has been replaced by U = i ·R
1. 2/50 cd t err

NIIfV
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Fig. 1.2 Influence of the insulator length on N
BFO

Figure 1.2 shows that this measure is very effective. Its limits are the

insulation distance between the power wires and the tower that have to be

respected under consideration of the swinging of the conductors. A
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substantial increase of the insulator length (more than 50 %) will

the~efore have consequences for the length of the crossarms, the distance

between them, and the height of the tower.

Unfortunately, all of the insulators have to be treated to the same

extent, as the voltage dIfferences over each insulator equal each other

within 10 % (see table 6.3).

It can also be seen, that choosing another (probably lower) value than

the 1.6 or 2.6 MY value chosen In chapter 5 has a very large influence on

the estimated backflashover rates.

Ad 3: Addition of a second earth wire.

Firstly, an extra earth wire reduces the surge impedance "seen" at the

tower tops. Secondly, it yields better shielding, so that shielding

failures (direct strokes to phase wires) become less likely. The latter

effect will not be considered here. Table 7.1 shows the effect of two earth

wires, located in various configurations.

fit = 2 ns N Due to
t..x 0.6 BfO

= m n:rsy······· ._..~ .. ._._........._.....
/100 krn subs.
/yr strokes strokes

One earth wire (base case) 0.70 0.56 0.14

Extra crossarm at tower top

- 2 x 3 m 0.17 0.15 0.02
- 2 x 2 m 0.20 0.17 0.03
- 2 x 1 m 0.25 0.22 0.04

The extra earth wire attached
to the tower body at the 0.13 0.11 0.02
upper crossarm

Table 7.1 Effect of two earth wires.

It is visible that backflashover due to subsequent strokes Is nearly

excluded and the total N Is reduced by a factor 3 to 6. (In order to
BfO

obtain a reasonable representation of the upper crossarm length, fit has

been chosen very small; the table also shows its effect on the base case

tower) .

The fact that the crossarm of 2 x 3 m performs better than the 2 x 1 m

crossarm is caused by the coupling between the two skywires: if they are
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7. Results and discussion.

close together, they will act as a bundle conductor when simultaneously

excited, which effectively yields a higher wave impedance than half of each

self wave impedance. The coupling factors from skywires to phase wires

hardly change.

If, however, one earth wires comes close to the power phases (the bottom

case in table 7.1), this increase of coupling between earth and power wires

does exert its influence. (It must be stated that the consequences of an

extra wire that is that close to the upper phase wires during normal

operating conditions have not been analysed (e.g. induced currents,

asymmetry). )

The results obtained above can be summarised as follows (under

consideration of what is feasible):

1. R
f

can be lowered from 10 0 to 5 0, yielding a nearly two times lower

backflashover rate;

2. The length of all insulators can be increased from 1.1 m to 1.6 m

without many problems; this would result into a five times lower

backflashover rate;

3. A second skywire causes three to six times less backflashovers.

Finally, one advantageous effect should be mentioned, namely the average

decrease of the relative steepness of the lightning current with its crest

value (as expressed by formulae (3.10) and (3.12). This implies that a

"weaker" current front will be representative for the higher current crest

values, resulting in a lower effective resistance. This effect has not been

taken into account in the calculations performed.

7.3 Comparison with experience

Regarding the number of power transmission lines in the world and the

many years they exist, one would expect huge amounts of field data to be

available. This is not the case.

It is usual to report faults in power transmission lines. During a

thunderstorm, the most obvious cause of an earth fault is lightning. The

next question is, which kind of interference has caused the outage (see

section 1.2). Hultiphase and/or multicircuit faults are typically caused by

backflashover, as a direct stroke only hits one wire at a time. For single
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phase earth faults in power transmission lines there are two possible

causes of outages: shielding failures (which can never be excluded

completely due to the statistical nature of lightning) and backflashovers.

It is difficult to determine afterwards which mechanism caused the outage.

The outages attributed to lightning are often expressed as the lightning

outage rate: the number of lightning caused outages per 100 km and per

year.

Anderson (1985) has examined a large number of transmission lines of the

whole range of usual operating voltages. It appears that the higher voltage

classes are not freed from the lightning problem, although a slight

decrease of outage rate with voltage level is found (beneath a large

scatter). Two competing effects are involved here: the increase of voltage

implies longer insulators. On the other hand, the towers are higher so more

vulnerable.

Whitehead (1983) has given a valuable analysis of the lightning

performance records of TVA's (Tennessee Valley Authority) 500 kVand 161 kV

transmission lines. Considering only a restricted number of voltage classes

and tower types has the advantage of the possibility of a point-by-point

comparison between individual lines. He has tried to find correlations

between the design parameters and the lightning outage rates.

The footing resistance clearly is important, as figure 7.3 shows for

various types of 161 kV lines with one or two earth wires.

Evidently, it is not only R that determines the outage rate of a line,
r

although it is an important parameter.

Interestingly, the outage rate obtained by extrapolation of an

interpolating line to R = 0 is attributed to shielding failures
r

(discussion with Mousa). This is in contradiction to the observation made

in the previous section that, even in the idealised case of R
f

= 0,

backflashovers may occur.

By the way, Lee and Schneider (1989) also conveniently state that

"shielding failures are thought to have caused most of these [line faults

attributed to lightning] due to the typically low, <10 ohm, tower footing

resistance of our 765 kV lines, along with the low probability of having a

sufficiently large lightning current to cause a back flashover". Note that

for a well-shielded line the probability of shielding failure is also very

low!
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(Whitehead, 1983).

Back to Whitehead. His most interesting conclusions are, firstly, that

environmental shielding (forests, parallel lines) seems to be the

predominant factor influencing the lightning outage of lines. Secondly, no

relationship between lightning outage rate and shielding angle (see e.g.

Antal, 1984b), tower height, elevation, conductor type, span length, or

groundwire type could be determined. This does, of course, not imply that

they do not exist, but that other effects (environmental shielding) exert

too large an influence on the lightning outage rate.

-~

7.4 Comparison with other calculation methods

In literature, many methods for estimating backflashover rates have been

published, all of them differing from the one described in this study. Some

salient differences are selected below:

1. According to the IEEE Working Group (1985) it is the bottom phase

insulator that suffers the largest voltage stress as its coupling with

the shield wire(s) is smallest. Table 6.3 shows that the voltage drop
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along the tower body should at least be considered too.

2. According to Rohsler and Strnad (1988) a second earth wire reduces the

backflashover rate by only 10 -- 20 Yo. This effect, of course, depends on

the type of tower involved, but probably far more on different

assumptions.

3. Often the power frequency voltage on the phase wires is assigned a large

influence on N (e.g. Bickford and Savlc, 1984; Ozawa et al., 1985).
BFO

For our 110 kV llne this is not the case, as the insulation level for

lightning impulses with respect to the power frequency voltage is very

high .. For higher voltages, the margin between the actual operating

voltage and the insulation level is narrowed (Antal, 1984b) and the

power frequency voltage might exert an important influence.

4. Generally, subsequent strokes are disregarded. Although subsequent

strokes have not proved to be dominant, one should take care when

neglecting them.
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8. CONCLUSION

In the preceding chapters the problem of backflashover on power

transmission lines has been considered.

Determining the number of lightning strokes that hit a line is very

difficult, as objects within tens of meters from the line will have a

large influence.

The shape of the stroke current exerts a decisive influence on the

backflashover rat~s. The use of a ramp current front is therefore not

justified. Subsequent strokes have to be taken into account separately. as

they may be important under some circumstances.

Due to the short time scale of the phenomenon. the travelling waves

arising on the transmission line are mainly determined by the nearest few

towers, and losses due to skin effect and corona are unimportant. The

towers can be represented as lines with wave impedances and travel times.

The tower footings are represented as an ohmic resistance.

The breakdown characteristics of the insulation for non-standard

voltages. as encountered in this study. are an unknown factor with a large

influence. No detailed data are available. but. for the very short pulses

the insulation is subjected to. the insulation strength certainly increases

and a crude estimate has been made.

Calculations with the developed model have been carried out on a 110 kV

steel pole. double circuit line equipped with one earth wire and low-ohmic

tower footings in order to determine the best measure into reduction of its

backflashover rate.

Improvement of the earthing of the towers. especially the ones with the

highest footing resistances. yields lower backflashover rates. Even an

ideal footing. however. is not able to prevent all backflashovers, and the

gain to be expected from reducing footing resistances that are already low

is restricted. It is, however. a cheap measure that can be easily carried

out afterwards.

Lengthening of the insulators is very effective, although the insulation

distances to be respected form a limit. New lines in a region with much

lightning activity should have a conservatively chosen insulation level.

For existing lines. the measure is very expensive, as all insulators have

89



8. Conclusion.

to be lengthened.

Addition of an ~xtra skywire probably is the best measure. If the two

skywires are hung on an extra crossarm, it is best to make this crossarm

not too short, in order to obtain both a lower conditional backflashover

chance and better shielding. The number of strokes collected by the line

thus broadened will hardly increase.

Due to the statistical nature of lightning, neither shielding failures

nor backflashovers can be prevented fully.

Another philosophy of improving the reliability of transmission lines is

to accept lightning as a source of earth faults and to restrict the

duration of the earth faults by applying inductive earthing or auto

reclosing. The effectiveness of inductive earthing is restricted to single

phase (back)flashovers.

Regarding recent publications, one finds a palette of backflashover rate

estimation methods. A reference to practice, however, is very difficult as

only a small amount of well-documented (e.g. including environmental

aspects) practical data is available in literature.

In the author's opinion, collection of such data is the most important

work to be done by now, rather than developing yet more estimation methods.

Another important subject is the nature of lightning. The

electrogeometrical models and the lightning current shapes need more

investigation, with consideration of their statistical features

(probability distributions and correlations).

Two sUbjects that have not received much attention in recent years,

namely shielding failures and backflashovers upon two or more phases are

enough important to be studied.

Finally, even the relatively well-understood travelling wave phenomenon

is subject to uncertainties. Field experiments on real power lines where a

current is applied to a tower top would be welcome.
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APPENDIX THE BASE CASE TOWER

Height

30.8 m Earth wire

26.0 m
25.0 m

21. 0 m
20.0 m

16.0 m
15.0 m

0.0 m
///////////////

~---- Top phase wires

~---- Middle phase wires

~---- Bottom phase wires

x = wire

Fig. 1 The base case tower.

Sag of all wires: 5 m.
2Cross section of the skywires: 300 mm .

Cross section of the phase wires: 400 mm2 (single conductors).
2Cross section of the tower at the footing: 0.4 m .

Equivalent radius of the crossarms: 10 cm.
Length of the crossarms: 2.7 m.
Length of the insulators: 1.1 m.
All insulators attached to the ends of their crossarms.
Nominal 50 r. lightning impulse withstand voltage of the insulators: 610 kV.
Span between two towers: 250 m.
Footing resistance 10 n.
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Appendix. The base case tower.

Wave impedance matrix of the mul tiphase line:

518.1 122.4 82.8 53.7 ~ Skywire

[Zl 122.4 495.2 122.2 72.2 ~ Top phase wire=
82.8 122.2 479.5 104.1 ~ Middle phase wire

53.7 72.2 104.1 458.1 ~ Bottom phase wire

Wave impedance of the tower: 288.3 O.
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