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SUlo'j),iARY 

A survey is made of .!last 170rk associated with the indirect 

lightning stroke in relation to the 11 kV rural electricity supply 

network in this COlUltry. Facts are established which are considered 

relevant to this specific type of system with pulse excitation. A 
(! 

complimentary field study, based on extensive lightning fault records of 

a particularly affected area, provides sufficient evidence to establish 

a characteristic pattern of behaviour to be expected from the network. 

Each faulted circuit is assumed to be made up of several basic topologies, 

which are considered as lossless elements, on which single conductor 

surge analysis is performed by means of a graphical method devised by 

Bergeron. This is regarded as an efficient first stage assessment of the 

propagation res~lollse, and may be dir~ctly compared with the pattern of 
,.~ ... ~ 

responses in the field study to eXplai~; ti~,?~e ,fa~tl t" processes due to 
.. ....... ,. 

sim.!lle travelling waves alone. The ,preparatio,n and"'analysis of a three-
, , 

conductor circuit is also given some attention. To account for tbe 

frequent appearance of anomalous faults, some consideration is given to 

the influence of local topography associated with the fault, and to a 

further source of excitation in the form of the prestrike charge which 

has hitherto been neglected. The study ends with sugges tions for the 

continuation of the work. 
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PART I 

Introduction, objective and_f!urvey of uas1!._'12.:;:l£...rel".'!1;.ed to the present study. 

1 • 1 Introduction: Lightning discharges and their effects upon the 

overhead line system. 

In high voltage rural power distribution systems the overhead 

line conductors cover very large areas of the countryside to form the 

principal supply links. Consequently, an inherent and unavoidable hazard 

to systeu reliability is presented by these circuit elements and their 

associated. equipnent simply by being eAposed to the atnlos.phere. This is 

clearly shol'1I1 by the annual fault records of the Area Boards in the United 

Kin@dom. Supply interruptions are seen to be caused by wildlife, high winds 

and cold ',veather conditions, occasional accidents, but principally by the 

effects of electric storms. 

Although a 1017 isoceraunic level is, to be found in these latitudes, 

evidently a large nwnber of incidents of lightning origin do tw{e place. 

* An earlier study of five years of lightning fault records by this 

investigator revealed, ell1Clllgst other things, that the overall effect of the 

thunderstorm was one which subscribed to very nearly one half of the total 

outages during that period. 

The loss of continuity and hence the earning potential which 

inevitably follo\vs in the wake of every electric storm is to a large 

eztent, only currently made acceptable by the widespread use of the automatic 

circuit recloser. The distribution net,vork in general oVles much to the 

efficacy of this piece of apparatus for its present state of reliability. 

Howeve.c, it is clearly evident that a high level of faults of lightning 

origin continues to be maintained each year. Any further improvement in 

system reliability from this cause alone may well depend, therefore, upon 

* Fault data supplied by Eastern ElectriCity for 1963-1967. 
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the strategic deployment of other suitable protective devices. To some 

extent this practice is already carried out by means of rod-gaps on 

transformer bushings, and elsewhere, and the modest use of non-linear 

resistors. Nevertheless, the need for "a priori" knowledge of specific 

sections of a distribution network to lightning excitation seems to be 

essential before some rules for improved protection can be envisaged. Hence 

an understanding of the behaviour of travelling waves generated in common 

circuits appears desirable when the system is disturbed in this manner. 

1 
Golde and Jones have shown the preponderance of lightning 

incidents in anyone year of operational service of a typical Area Board. 

Golde
2 

separately, has concluded from a national survey of high voltage 

distribution supply systems, that the rate of lightning incidents increases 

"more rapidly than in proportion to the number of thunderstorm days. One 

single lightning discharge may indeed be responsible for several lightning 

incidents. 

The effect of cloud-to-cloud lightning discharges on overhead 

wires was extensively 

but it was ",Vagner and 

examined by 

6 McCann who 

Bewley3, Norinder4 and Rudenber~ et al, 

first showed that the voltages induced 

in overhead line conductors are not of any great significance on their 0= 

account, at least when primarily concerned with "overhead transmission 

lines. The hazard of the electric storm is, however, chiefly presented 

by the cloud to ground polarization of the lightning discharge according 

to the earth terminal effect, i.e. the transfer of a substantial amount of 

cloud charge to a point or points on the overhead line system, or to ground 

or earthed objects outside the system. The former then defines the direct 

lightning stroke and the latter the indirect lightning stroke. 

2 In this country an average stroke current has been found to be 

between 5kA and 20kA so that a direct stroke to mid-span of a single 

" "" 

distribution line conductor;whose self-surgeiropedance can be taken to be 

about 500 o~s, could thus establish a momentary line-to-earth potential of 
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1.25 MV for the minimum stroke current of 5kA. This magnitude of voltage 
a 

is not only far in excess of the BIL of any high voltage distribution 

circuit but since the voltage appears within one or two microseconds of 

stroke contact, it provides an almost instantaneous rate of rise literally 

dealing all local insulation a hammer blow. A further simple calculation 

reveals that the momentary power transfer likewise canno"t be contained, 

although the energy level is relatively small. Since no protection is 

available at the present time against the effects of direct strokes, 

permanent damage to line equipment is unavoidable. 

When the charge transfer of the thundercloud is outside the 

conducting system, as in the case of a ground stroke in proximity to the 

overhead line, the effect on the system is the result of changes experienced 

"by the associated electrostatic and electromagnetic fields in which the 

former predominates. Lower ord"ers of voltage than those due to the direct 

stroke, are to be found in the nearby line conductors resulting from the 

induced effects. The actual magnitudes of these voltages have been shown 

to be approximately proportional to the product of the lightning stroke 

current and the height of the conductor above ground, and inversely 

proportional to the distance from the stroke. In addition, it is observed 

that the positively rising wave front is characteristically less steep 

than the similar part of the voltage waveform from a direct stroke. 

The fault records 7 associated with this study shom that there 

are many more "transient faults" than "perSistent faults" due to lightning 

causes. The former are defined here as circuit interluptions resulting 
I 

from h. v. fuse bl01ling or autorecloser "lock-outs", and the latter as 

circuit interruptions due to permanent damage to line equipment. This 

suggests that the surge voltage levels are considerably 10'01er in the case 

of transient faults than in the case of persistent faults. Since there 

are about four times as "Jllany transient faults as there are persistent faults, 

by these definitions, it 1Iould follow that there are far more indirect 

1 * Basic Impulse Level. 



lightning strokes affecting the line system than there 'are direct strokes 

to the actual overhead conductors or associated equipment. A conclusion 

which does not seem unreasonable from an analysis of the number of 

discharges frcm cloud to ground during the life-of a thunderstorm. 

4· 

A lightning discharge to an earthed structure, such as a terminal 

pole, momentary raises the potential at this point to a very high value 

above'earth to exceed the impulse flashover level of the line insulation 

and so cause back flashover. Some assistance maybe provided by the 

conductor service voltages so that the ultimate discharge,involves one or 

more conductors. This process can be considered as the result of an 

indirect lightning stroke. 

In all instances where the cloud charge is conveyed to the 

conducting system, to the ground or to earthed objects in the vicinity, 

travelling waves are initiated in local overhead line circuits and propagated 

primarily in the TENl mode. ':!hen studying the effects of indirect strokes 

field measurements and observations reveal a wide range of charge dissipation 

and point sources of excitation may vary conSiderably, although the same 

pattern of behaviour is recognisable~ Nevertheless, little seems to be 

knOVIn of the propagating effects generated from this source of pulse 

excitation into the multibranched, and multiloaded Single and polyphase 

high-voltage circuits to explain the behaviour with any degree of certainty. 

1.2 Ob.jective of study. 

(i) To summarise and relate the present state of knowledge of the 

generation of induced voltages in overhead conductors, due to thunderstorms, 

to the 11kV rural distribution network in the United Kingdom. Hence, to 

establish the principal parametric effects which produce the characteristic 

forcing functions, and to examine the factors influencing the propagation 

of travelling waves in the high voltage distribution circuits. 

(ii) To present the results of a field study of a sample 11kV rural 



distribution system to lightning excitation, utilising the fault records 

attributed to thunderstorms, and to examine a number of selected examples 

in detail. 

(i~i) To investigate the propagation response to indirect lightning 

strokes in circuits having frequent discontinuities, by.means of explicit 

travelling wave solutions of common circuit topologies related to the 

field study. 

(iv) To compare the results of the surge analysis with the 

predictable responses found in practice, and to account for certain 

anomalous effects. 

1.3 The generation of indirect surges. 

1.3.1 The distribution of electricity in thunderc~. 

In fine weather the average electric-field gradient at ground 

level is found to be about 100 VOlts/metre and the direction of the electric 

field indicates that the upper layers of the atmosphere carry a positive 

charge and the earth a negative charge. Potential measurements made on 

horizontal insulated wires suspended at different heights above a flat 

earth plane clear of trees and buildings confinn this, according to the 

equation dV • V h - dh • €.dh 

The wires must be ionised by some means as, for example by heat, or by being 

exposed to the atmosphere for several weekS before measurements are 

attempted. It is clear, therefore, that an overhead distribution line is 

a natural detector of the electric field gradient. 

The ground gradient undergoes a great increase in the presence 

of thunderstoms. Schonland9 gives a maximum figure of 50kV/metre but 

comments that 10kV to 20kV/metre appear to be usual. Recent work on ground 

gradients in the vicinity of a lightning stroke to earth have been carried 

10 out by ~eck et al, in U.S.A., and records have been obtained within 

45-60 metres of known stroke locations. The highest gradient claimed was 

., 
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230kV/metre at a distance of about 55 metres from. the stroke. As could be 

expected, the ground gradient is continually changing during electric storm 

activity as a result of lightning discnarges and the neutralization processes 

of local charge centres within the thunderclouds and their subsequent 

replenishment. An active thunderstorm is reckoned to produce one flash 

about every twenty seconds and the following regeneration of the electric 

field Ivi thin the cloud is known to be only a matter of a few seconds. 9 

The electrification of thunderclouds has been studied continuously 

over the past half century by meteorologists, physicists·and engineers 

and the subject still remains one of considerable complexity •. It has been 

established that the distribution of electricity within a charged area of 

cloud gep.erally follows the pattern of an upper positive charge several 

kilometres above a 1071er negative charge. A further small positive charge 

often exists in the base of the cell. 
11 

Simpson.and Scrase first made measurements of the electric field 

within thunderclouds, using electrograph equipment attached to balloons. 

Confirmation of the cellular configuration of the electric charges is provided 

by 'iforkman, Holzer and Pilzer12 from measurements of ground gradients. From 

their experiments a number of positive and negative discharge centres were 

iden tified extending up'ilard to approximately 11000 metres (-== 36100 ft.) 

and haVing a 'llidth of about 8000 metres (~ 26250 ft.). The lI.S. Thunder

storm Project pursued independently by Byers and Braham13 in 1949 utilised, 

aircraft to measure the electric fields within the thunderclouds whilst 

simultaneous measurements were made from ground stations. Electric field 

gradients within the charged clouds have also been investigated by Gurm 14 

uSing electric fluxmeters attached to both sides of a wing of an aircraft 

in order to eliminate the "autogenous" field produced by the charge on the 

aircraft. Confirmation of the existence of the general positive-negative 

dipole system ',vi thin thunderclouds has come from Gish and ;7ai t 15 using 

Similar equipment in flights above the tops of these clouds. 
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The mechanism of the build up and decay of the cells, the 

characteristic of which decide the intensity.and duration of a thunders~orm, 

is shown to be a continuous process. They exist as an essential component 

of the atmospheric system between the earth's surface and the ionosphere. 

Sime most of the discharges .to earth during thunderstorms evolve from the , 

middle regions of thunderclouds it is of interest to note the following 

altitUde distribution of the three charges typical in these latitudes. The 

data is supplied by SChonland9, together with the corresponding related 

temperatures. 

Polarit:,: Altitude Temperature 

+ (upper) 7·0km ( 23000 ft.) 0 - 27 c. 

(lower) 2·5km ( 8200 ft.) 4°C. 

+ (lower) 1. 5klll ( 4900 ft.) + 20 C. 

A frequent altitude for cell discharges in the-middle region usually lies 

between 3-5km. 

The presence of a thundercloud above the line has been shown to 

greatly increase the electric field gradient at ground level. Although 

the overhead line is normally part of a circuit carrying current, 

nevertheless, it remains a detector of the ground gradient registering any 

change in the form of a travelling voltage wave or surge. 

1.3.2 Induced effects due to cloud-to-cloud discharges. 

Earlier investigators of lightning phenomena associated with 

transmission lines are principally concerned with the effects of the 

direct lightning stroke, and their studies of the induced effects in the 

. line conductors are solely related to the cloud-to-cloud lightning 

discharge. For this to take place, it was assumed that the breakdown of 

air in the vicinity of thunderolouds was necessarily 3000kV/metre i.e. 

the same value as that usually aSSigned to ground flashover experiments, 

and the subsequent flashover formula is based on this value. Schonland9 

has shown that the field strength within charged clouds required for 
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breakdO\m need be only about one tenth of the normal "laboratory figure 

to start the process of discharge. 

The sudden change in the electric "field gradient initially 

established by the thundercloud above the line is then brought about by the 

cloud-to-cloud discharge. It is evident prior to this taking place that the 

electrostatic effect of the charge establishes the so-called bound charge 

of opposite sign on the overhead line which very slowly decays by leakage 

across the insulators contained within the charge distance. In general, 

a negatively charged thundercloud establishes a positive bound charge on 

the line. i.e. a reversal of ground gradient is normally therefore a 

characteristic of the thunderstorm condition. The effective length of the 

thUlldercloud, parallel to the ground, is utilized for the purpose of 

calculation. Any fluctuation in the bound charge is neglected and it is 

assumed that it is held in this steady state prior to the collapse of the 

cloud ~harge. A sudden reduction therefore redistributes the bound charge. 

In this way, travelling waveS are generated in the line conductors. The 

waveshapes of the voltages induced being some function of the bound charge 

release. Hence, the change in the ground gradient conditions as a result 

of the lightning discharge can be expressed in tenns of the product of the 

vol tage and the law of the cloud discharge. 

Using D'Alambert's solution to the wave equation and F(t) as 

the law of the cloud discharge, 
t: Irex ± d:') F oC 

r (I:) = 

() " 
f' 

~1n ~ .. Lt 

.,....~'" 
1. / 

i 
0.) 

~ 

.U." 

oi!:" (l~) , lit t 
cl I: 

if the discharge current is given its usual form. 



1.3.3 Estimations of the cloud-induced voltages. 

The amplitudes of -th,=--vOi fagee induced in overhead line conductors 

following the process of cloud-to-cloud discharges are derived by Eewley3, 

Rudenberg5 et al using a simple exponential law for the cloud discharge. 

Equations are given by Eewley which can be identified for use with this 

9. 

present study of the distribution system. These equations enable the induced 

voltages to be estimated assuming the collapse of at least 95% of the 

cloud charge in the first instance. For specified dimensions' givEhto the 

bound charge it is shOlm that as the tiille of the discharge reduces so the 

vol tage induced in the conductors increases. However, values give to the 

ground gradients by Bewley appear to be unrealistic, e.g. 32BkV/metre (100kV 

ft.), and are more in keeping with the actual field gradients found later 

l'Ii thin the thunderclouds by Gwm13 • Consequently, the induced vol tages 

presented by Bewley appear excessively. high even though they are calculated 

for transmission conductors. Using a distribution line height of 25 ft 

(7.62 metres) and a ground gradient specified by Schonland9 previous, a 

more modest result can be obtained. In figure 1, the first set of 

characteristics are calculated from a ground gradient of 20kV/metre and 

sho',v the effect on the magnitude of the induced voltage for various 

discharge times and several lengths of bound charge. The lower orders of 

time of discharge can be ruled. out since the reduction in the cloud charge 

is dependent upon the cloud-to-cloud stroke which needs a relatively 

substantial time (possibly 10C-•. ~ec. or more) to take effect. The second 

set of characteristics shm7 the effect of increasing ground gradients 

together with several lengths of bound charge which determine the slope. 

Again, the higher induced voltages can be disregarded since they depend 

upon excessively high sustained ground gradients. 

This evaluation of an induced voltage from a charged cloud assumes 

the charge to be uniformly distributed so that the overhead line has 

a rectangular bound charge. Such a model enables the simplest orthogonal 
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field pattern to be conceived assuming the ground to be a perfectly flat 

conducting plane and that conductor sag is absent. It soons becomes 

apparent that the law of the. cloud discharge has a much greater influence 

on the shape of the induced vol,tage wave than the shape or.length of the 

bound charge. 

6 
Wagner and McCann assert that the cloud-to-cloud discharge is 

of little importance when the finite time of discharge is taken into 

account. This observation is based on the Bewley calculations and has 

a direct reference to transmission lines. It is seen however, from' the 

evidence in figure 1, that the magnitude of the induced voltages from 

this source is unlikely to exceed about 2JkV in distribution lines, and 

higher potenti·als are only possibie with very short I'/~ves. liIhese are 

·improbable from the induced effect. 

Field measurements of lightning discliarges are based on the 

three terms of the well known radiation equation, 

£ ::. M 
-n 'r". 

+ 1.. 
c.~'i"" 

The first term, representing the electrostatic field, is the most 

important component for calculating the induced effect since this is much 

larger than the other two terms up to a distance of about 1 0 kilometres. 9 

Norinder 16 has used both open and closed antennae systems for the study of 

lightnir.g discharge phenomena. The open aerial arrangement, beir.g the . 

most suitable for detecting the vertical component of the electric field; 

in one form consists simply of a horizontally suspended insulated wire 

of· suitable length. Clearly, an· overhead distribution conductor is 

identical and must record the field change in exactly the same way. 

Difficulties occur in precisely measuring the vertical component due to 

the fact that the lightning discharge is made up of separate stages. 

Each of these stages is cOIJplicated and of such short duration as to 

impose a limited time for observ",tion. Consequently, there is not enough 

information about the time variation of the field strength, especially when 

11 , 



discharges are very near to the aerial wire. '.!uch of Horinder' s- studies 

with antercnae systems,is concerr.ed with the measurement of the electric 

field strength at ground le~el, the magnetic component of-the radiation 

equation and the current and charge distributions in the lightning stroke 

at some distance from the discharge. The calculated potential)for example, 

induced in an overhead line of moderate height at a distance of about 

6 kilometres from the discharge, was found to be 1.75kV but only 300V at 

12. 

a distance of 11 kilometres. There appear to be no corresponding calculated 

values for discharges much closer to the line. 

1.3.4 The mechanism of the IL'htning discharae to ground. 

A large amount of knowledge has now been amassed concerning the 

mechanism of the lightning stroke. Much of the research has been stimulated 

by the need to assess the operation stability of transmission lines in 

thunderstorm conditions. The basic difference here, between these lines 

and distribution lines, is clearly one of insulation level, and it has been 

shown earlier that the latter are quite unable to survive a direct lightning 

stroke without Some permanent damage. So it is necessary to account for 

the large number of fuse operations in which surge voltages of lightning 

origin are initially responsible. The cause per se appears to be due 

primarily to the induced effects from lightning discharges to ground or 

ear·thed objects relatively near the line. 

li;uch of the present knowledge of the lightning discharge comes 

from the classic researches of Schonland, Malan and their associates17 , 

in which the Boys camera has undoubtedly made an important contribution. 

At least 90% of the lightning discharges are negative. That is, a negative 

charge is conveyed from the charge centre in the cloud to the ground via 

the leader stroke. Unlike the direct stroke to a line conductor, the 

indirect stroke induces a voltage of opposite polarity into the conductor 

and consequently most induced voltage surges are positive. There are 

exceptions and these are the result of_ positive charge transfer which, 



though infrequent, appear at the end of a thunderstorm- and often with 

great intensity. _ Apart from differences in the initial leader formation, 

the process of discharge has apparently the same characteristic as for the 

negative charge.9 

Since the electrostatic field is the predominating component of 

the "electromagnetic effects" from a nearby lightning stroke to ground, 

it is' as \'/ell to examine the process by which this component undergoes' 

changes over the whole time of discharge. The following account however 

is a somewhat necessarily simplified description of behaviour. There are 

three clear stages ,the first of which is established by the stepped leader. 

ThiS, in early development, progresses to earth at the slaV! velocity of 

about than O.OOlc. For this reason alone, the field change is regarded 

as unlikely to seriously affect the ground gradient. The progress to earth 

takes the form of a series of faintly lUl!linous'discontinuous steps. As 

the stroke approaches the earth, the ground gradient immediately below 

increases very rapidly to liberate an upward streamer which meets the 

descending negative leader charge. This is the end of the second stage. 

The length of this streamer appears to be subject to considerable 

variation depending upon several parameters. Schonland gives between 

15 to 50 metres. - 'IIagner and Hi 1 eman 18 estimate orders of between 25 to 

100 feet (7.62 to 30.5 metres) from towers etc. but only a few feet from 

13. 

open level ground. The final stage is the return stroke commencing at the 

point of contact between leader and streamer, and ending at the charge 

centre in the cloud. Maximum velocity of propagation, about 0.3c, of the 

return stroke curreni; occurs at the commencement of this stage but falls off 

rapidly as the current travels upward into the-charge centre. Clearly, 

the final stage is the one in which maximum voltages will be induced in the 

line conductors. The first two stages may take as long as 10 millisenohds 

but the completion of the final stage only about 40 microseconds. These 

figures have been quoted from a Boys camera exampilie given by Schonland. 9 



Since a lightning flash may consist of a single stroke' or a series 

of strokes, the elapsed time between successive discharges is likely to be 

between 40 to 100 milliseconds, though_it can, be up to half of one second. 

The total duration of the flash, therefore, is dependent upon the number 

of component strokes which, in these latitudes, average from two to three 

strokes, and about half of the lightning discharges consist of multiple 

"strokes. This means that the induced excitation in the conductors could be 

extended from about 200 milliseconds to possibly one second or more. The 

second leader stroke (the dart leader) travels continuously to earth, 

unlike the stepped leader, within a time of apprOXimately 1 millisecond 

and the return process then takes place in precisely the Bame manner, and 

in the same tim~,as the previous stroke. Some useful comparative data on 

this aspect can be found in a paper by Bruce and Golde. 19 

1.3.5 EstimatiolB of the induced voltage. 

As will nO\1 be seen, differences exist between various investigators 

in resolving the magni tudes of the vol tages induced in the overhead conductors 

and in assessing the corresponding wave form. 

Golde20 ,21 utilises the neutralisation of the leader charge as the 

source of the inducedvoltages by the release of'the bound charge on the 

conductors. To evaluate these voltages, it is assumed that both the charge 

density distribution in the leader channel and the velocity of the return 

stroke have an exponential variation and each then decreases with height 

above the ground. ,It is also assumed that the rate of neutralisation takes 

a finite time and likewise follo'NS an exponential law. The basis of these 

assumptions follow from an earlier study in collaboration with C.E.R. Bruce 19, 

in ,'I hi ch an attempt is made to correlate the data and experimental work of 

various investigators of lightning phenomena at that time. The step-by-step 

calcula~ions by Golde include the evaluation of the ground gradients due to 
I ' 

the dO\mward coming leader stroke and the return stroke, and the attenuation 

of the surge with distance travelled. It is to be noted that the 



"transi tion stage" is taken to be some distance above the ground -plane. 

l.iinimum stroke distances are calculated based on the relative attractive 

distances of earth and the line structu~es to -the lightning channel. These 

are found to be proportional to the stroke current. 

Si~~ler assumptions are made by Wagner and McCann6 in that the 

distribution of charge and the velocity of the return streamer are taken to 

be constant along the lightning channel. The induced voltage is then 

derived from the electromagnetic effects by representing the return streamer 

as a vertical propagating conductor moving with uniform velocity. As this 

progresses so it neutralises the uniformly distributed charge on the leader. 

Any change -in the velocity has a significant effect on the magnitude of the 

induced voltage. The calculations are based on model studies and the 

-application of field theory and lilaxrlell' s equations. They involve the 

physical dimensions of the stroke channel which must depend to some extent 

20 on speculation. Golde observed that the results "seem reasonable" for 

distances of several hundred to a few thousand feet between the stroke to 

ground and the overhead line but do not appear realistic for ne~ strokes. 

22 Lundholm developes a solution,using the Same methods of analysis 

as 'ilagner and b~cCann, and the Same simplified assumptions, but avoids the 

use of the lightning chap~el dimensions. An inducing voltage function is 

employed for the solution of the induced voltage. In addition, one imrortant 

contribution is an equation relating the stroke current and its velocity of 

proragation. The results, from the application of the derived equations" show 

good agreement with those obtained from tl:e field studies of Schonland, 

Malan and their associates 17. Earlier ,calculations by Schonland utilised a 

uniform charge distribution in the leader channel allowing for variation to 

take place in the velocity of propagation of the return stroke current. The 

former, of course, is an assumption giving some simplification to the problem. 
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1.3.6 The "prestrike" effects. 

A study of the leader head dynamics has led to the "prestrike 

theory" of Griscoi3 to explain certain ground gradient effects and 

anomalous flashovers immediately prior to the actual return stroke. This 

theory takes into account the critical air gradients that may be presented 

by the projection of objects above the ground plane. The so-called 

"corona burst" is a description given to the sudden discharge from the 

leader head and the corona envelope of grounded objects in an intense electric 

field which is related to the dynamics of the downward-travelling leader head. 

Griscom has calculated the corona currents emitted by grounded objects when 

influenced "by an electric field of 0.01 of the critical gradient. These 

include the current for a blade of grass, taken as 5cm height, and metal 

. poles of different heights. It is to be noted that the sum total of the 

corona currents from foliage or other natural ground irregularities (trees 

for example), to a heavily charged cloud above is likely to be conSiderable 

and must influence the upward streamer. Griscom is principally concerned 

with the effect of steel transmission towers, but obviously the natural 

landscape must exert some influence in the case of wood-pole lines associated 

with the distribution circuit. Ground gradients are calculated only in 

relative terms from estimations of the cloud capacitance and the leader 

charge, so that the characteristic shapes of ground gradients are .shovlIl but 

without any quantitative results. 

1.3.7 The waveforms of induced voltages. 

The shape of the induced voltage wave determined by Rudenberg5, 

Golde21 , Nagner and McCann6 et al, is essentially aperiodic and can be 

loosely described in mathematical terms as the difference of two exponential 

functions. Some investigators may favour an approximately linear wave front 

with exp~>nential tail, whilst others a sinusoidal front and an expon·ential 

tail. In general, however, the double exponential statement seems to serve 

as the accepted shape. 



In the last decade or so, renewed interest has been shown in the 

indirect lightning stroke and its inducing effects. This has led to a 

re-examination of earlier field studies and experimental work notably that 

24 25 _ 26 of Perry, \1ebster and Baguley , ,and eafly Amencan papers • From these 

and subsequent experimental and theoretical studies, it is now established 

that the bipolar waveform assigned to the induced voltage is represented as 

an alternative to the usual aperiodic shape. 

This waveform consists of an induced. negative loop attached·to 

and preceding the otherwise normally-induced positive voltage pUlse. This 

means that a negative charge conveyed to the ground appears, initially, to 

induce a negative voltage in the line conductors followed by a sudden 

* reversal of polarity. Golde has recently suggested that the origin of 

the bipolar effect could be the consequence of coupling between conductors 

on a polyphase line. Although this is a well-known resp?nse to distance 

travelled by induced surges in systems with several conductors, and 

analysed as long ago as 1935 by Bewley27 using his multivelocity components, 

that explanation does not account for the fact that the phenomenon is not 

always present. It is necessary to distinguish between the reversed loop 

effect with distance travelled by induced surges-on multiconductor lines 

and the initiating surges from nearby lightning strokes which sometimes 

result in the appearance of the bipolar characteristic. Clearly, the two 

features can be confused. 

Chowdhuri and Gross28 are among the first to attempt a theoretical 

study of the stroke mechanism to justify a bipolar shape to the induced 

voltage w'lve. Only the electrostatic and the electromagnetic components 

generated by the return stroke current are considered. Their method of 

approach is similar to Lundholm
22 

in that an inducing voltage function is 

foUnd. The solution is based on the assumption that the inducing field 

prior to the return stroke is zero, and that the total field which exists 

* -Discussion on "Lightning" reported in Electronics and P01ler, Journal 

I.E.E., Sept. 1977. 
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during the return stroke stage appears suddenly with the cOJ:unencement of 

the return stroke. 

Singarajah29 disagrees with this premise. He maintains that the 

upward streamer plays an important part. He determines the electrostatic 

and electromagnetic field components separately and then combtnes them to 

obtain the induced voltage, taking into account the length of the upward 

streamer. His conclusions indicate that the bipolar characteristic given 

to the induced voltage is shown to be due primarily to the upward streamer. 

He shows clearly that this characteristic is only present when ground strokes 

are within a specified distance from the overhead line, although this 

distance is also related to the intensity of the stroke. This explanation 

seems to be the best account offered so far as to the phenomenon. 

A number of bipolar waveforms have been recorded by the· Electricity 

Counci130 in their investigation of the induced effect due to lightning 

strokes. Their earlier studies are based on the work of Chowdhuri and Gross28 

and, more recently, on the researches of Singarajah29 , since it is found that 

the electromagnetic effect alone as represented by the Chowdhuri and Gross 

e'l.uations is inli.de'l.uate and the inducing voltage is not the cOJ:lplete driving 

function but only part of it. Singarajah maintains that "the loop 
, 

characteristic" of the waveform gives indirect evidence of the existence of 

upward streamers of substantial heights. His analysis has shown also, that 

the discharge characteristics just before the return stroke have an important 

bearing both on the magnitude and the w~veshape of the indirect surge. This 

suggests that serious consideration should be given to that stage of the 

stroke mechanism, and indeed, emphasises the relative importance of Griscoru's 

prestrike theory. Meanwhile, field evidence in this area is still inconclusive 

and more research is evidently re'l.uired. 

* Very recent work by Gary and Fieux for Electricite de France 

was designed to initiate lightning discharges by means of rockets fired 

when tl:e ground gradient exceeded 10kV/metre. Seventy or more discharges 

* reference on previous page. 



are claimed to have been initiated by this method, and the data obtained, 

from a nearby line, suggests that it includes current magnitudes and waveshapes. 

1.3.8 The rod-nlane gap. 

According to evidence obtained with the Boys camera by Allibone 

and 1:!eek31 , the laboratory discharge differs from the natural discharge 

in that the ground streamer is much longer in proportion to the total 

length of the discharge. Hence the model assembly, not having the same 

scale as the natural discharge, cannot have quite the SaJlle behaviour. 

Nevertheless, the study of long electrical discharges in the laboratory 

can be related to the lightning stroke but it is considered necessary 

to exercise some degree of caution before making any direct interpretation. 

The results of model tests simulating the ground conditions is an example. 

Norinder16 relates one such experiment in an investigation into 

the behaviour of multiple strokes, uSing an impulse generator and a flat 

surface of dry sand. Photographs are shown of the stepped leader, the 

completion of the stroke and subsequent multiple strokes. The development 

of the leader was found to depend upon the polarity of the discharge and, 

to some extent, the composition of the earth plane. It was discovered that 

when the 'discharges were positive, the appearance of upward streamers depended 

entirely upon the composition of the earth terminal. If this was a good 

conducting surface then no streamer appeared, but if the surface was a 

poor conductor, (dry sand for example), a short, rather complicated path was 

traced by the streamer. In the case of negative discharges, the result was 

quite different. The conductivity of the ground was of no importance 

and an upward streamer appeared for every initial negative discharge. 

Norinder then concludes that there should always be an upward streamer from 

the ground with lightning discharges from negatively-charged clouds (the 

majority), whereas upward streamers may be expected only from poorly conducting 

ground surfaces if the cloud discharges are positive. A creeping effect 
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to these streemers in the latter case have frequently been_observed in the 

natural discharge, whilst McEarchron in U.S.A., l.lalan in S. Africa, and others 

elsewhere have photographed and confirmed the existence of upward streamers 

to many lightning discharges from negative aerial charges. 

Naturally, speculation arises as to the extent that the geology 

of the ground may affect lightning strokes to ground, and, to this end, 

Norinder h~s extended the experiment by burying a thin conducting path in the 

sand. Again, marked differences in the behavioUr of positive and negative 

discharges were observed. The former showing a preference for seeking out 

the better conducting path in the sand, whereas the negative discharges 

appeared indifferent to any such selection. From this investigation, 

Norinder concludes that negative discharges are the more dangerous since they 

do not attempt to select the best ground conductor but are just as likely 

to terminate on ground of poor conductivity. 

Obviously much can be learned from the simulated model tests but, 

of course, these cannot replace the actual field-study of lightning discharges. 

Since more than 90% of the cloud discharges are of negative polarity it 

should, however, then follow that most lightning di3charges will initiate 

ground streamers. Similarly the division frequently observed in lightning 

streamers close to the ground ~ be a characteristic of Some positive 

discharges. 

1.4 The propagation of indirect surges. 

1.4.1 Differences between transmission and distribution lines. 

It is to be concluded from the previous discussion that the shape 

of the waveforms of induced voltages representing the forcing functions can 

be either aperiodic or bipolar. It is noted that this evidence, in the main, 

has been assessed from measurements of the vertical field component in 

association with transmission lines. It is tacitly assumed here that the 

Same evidence would be found from Similar measurements made on overhead 



distribution lines of-11kV and below. With the exception of surges tests 

conducted by Ouyang32 in 1961, on an existing section of 11kV, three-

conductor line with spurs, all other inyestigators of the induced effects 

in overhead lines are involved directly with systems of 33kV and above. 

The Electricity Council's lightning measurements, for instance,- are taken 
--

from a 33kV single-circuit line system chosen, for the stated reason that 

longer lengths of unearthed section are available at this service voltage. 

Singarajah's field studies relate to a 13'2kV transmission line, and the 

500kV Wallingpau33 transmission line serves as a model for the Chowdhuri 

and Gross calculations. 

There remain fundamental differences between transmission and 

distribution lines apart from the simple variations in height of conductors 

'above -ground, length of span and insulation level. These differences are 
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most important when considering the propagation-effects of pulse excitation. 

The widespread use of wood poles for the line supports is s salient feature 

of the high voltage distribution network. Comparatively short runs, seldom 

more than a few miles, 'are also characteristic with frequent tee-offs or spurs 

of line or cable sections. The conductor configuration, commonly to BS1320, 

employs the horizontal, three-wire construction with no earth wire, and the 

practice is not to use transposition. In consequence, electrical symmetry 

does not exist leading to complications in the analysis of surges for the 

polyphase case. This is eliminated, of course, where older line construction 

use an equilateral triangular cross-arm system. 

Lines to BS1320 are primarily of unearthed construction so that 

the line has a high insulation resistance. Only certain points are earthed 

as, in the case of transformer terminations. The electrical ,atr'ength', of wet 

wood can be taken to be at least 50kV/ft. (164kV/metre). With the steel 

cross-arm bolted directly to the pole, leakage from the conductor through the 

pin insuiator and 17 feet or 25 feet of wood to ground must be minimal. 

Little'comparison can be made, correspondingly, with a steel transmission 
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tower, and this haS not an inconsiderable bearing on the propagation effects. 

Ouyang's study32 of the Avebury-Marlborough section of the 11kV distribution 

circuit showed clearly that surges propagated'on these lines attenuate very 

slowly. In fact, the peak voltages of test waves after 6.5 miles were 

found to be as high as 81% of the original value, and estimated about 4% 

higher after the first mile if spur lines were discounted, but thereafter, 

little different at distant point. 

1.4.2 Summary of field observations. 

The first oscillographic records of the waveforms of lightning 

currents appeared in U.S.A. about 50 years ago. The early part of the fronts 

of these waveforms often seem poorly defined which can probably be 

attributed to the stage of development of the recording apparatus. Records 

of induced lightning voltages are absent although experimental studies on 

multiconductor transmission lines were carried out by McEachron, Helmstreet, 
. ~,~ 

Rudge, Seeley, Brune and Eaton" et al, as part of a sponsored programme 

of lightning research about 1930. The investigation remains unfinished. 

Induced effects are eXamined, only on the basis of conductor coupling, with 

the aid of an impulse generator. This appears to be the first instance 

of the recording of the reversed loop effect of induced voltages with 

distance travelled. Subsequently, the phenomenon was analysed mathematically 

by Bewley, as previously mentioned. 

A relevant study of transmission lines in disturbed weather 

fields was made by Perry24 on a 40kV circuit in S. Africa and later, on 

a 33kV system in Nigeria. Measurements of both voltage and current during' 

electric storm conditions were obtained. Currents were measured by 

magnetic link equipment. Oscillograms of induced voltages show aperiodic 

and bipolar waveforms. The oscillograms also show mUltiple peaks and 

depressions. Some of these effects are conSidered by Perry to be due to 

pulses in the l~ghtning channel which, as suggested by Malan and Collins17 , 

is the result of irregularities in the stroke current. 
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A later paper by Perry, Webster and Baguley25 concerns the results 

of a further investigation on the same section of 33kV transmission line in 

Nigeria, with increased measuring equi~ment •. The effects of both direct and 

indirect lightning strokes were studied again and it is noted, for example, 

that oscillograms of the induced voltage differ for each phase in sample 

recordings, which is of some significance. Singarajah' 629 measUrements on 

an unenergised 132kV transmission line of 75km in length was also carried 

out in Nigeria. Records of the w~veforms of induced voltages over a period 

of two months Showed that some had the bipolar characteristic with an 

initial loop of negative polarity in the majority of those cases. It was 

found, in addition, that most of the surges recorded appeared to be due 

to indirect lightning strokes. 

The Electricity Council's investigation30 of the induced effect 

utilised three sections of 33kV line of the N.W. Electricity Board, and 

in one season\;! operation, obtained 26 recordings from three measuring 

stations. The conclusion reached is that induced vol tages of lightning 

origin are generally bipolar with the negative peak preceeding the positive 

peak and having a higher magnitude. There is little doubt that Singarajah 

would dispute the concluded dominance of the bir.olar w~veform. 

Operation experiences of 3.3kV and 6.6kV distribution systems 

under thunderstorm conditions in Japan, are related by Uchara and Ohwa34 • 

A special emphasiS is made of the effects of indirect surges on system 

reliability due to nearby lightning strokes to ground. They claim that 

between 85 :bo 95 per cent of the total faults of lightning origin are the 

result of induced surges. This is interr.reted to signify that the majority 

of surges are due to this cause alone. This may well be the case if it is 

accepted that at the lower operating h.v. distribution networks are indeed 

more sensitive to overvoltage conditions. A re-examination is called for 

of the problem of dangerous voltages appearing when a lightning stroke is 

very near an overhead line. 
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The evidence available from surge tests on service lines show that 

a high level of voltage is maintained for significant times in parts of the 

system. It has been suggested that t~s period of time is sufficiently long 

enough to cause simultaneous flashover on rod gaps of widely spaced 

transformers, and this leads to the subsequent, characteristic· widespread 

simultaneous h.v. fuse operations. lliller34 has established tll8."t the latter 

effect is due to the follow-through power frequency fault current. Uchara 

and Ohwa endorse this conclusion from the flaahover of rod gaps since these, 

in effeot, provide momentary short-circuit points. They maintain, however, 

that the problem is not one solely due to the effects of travelling waves 

(e.g. voltage doubling at transformer terminations), but requires,· in addition, 

consideration of the nearness of the intense electric field due to the 

. descending leader head, and the resulting point-discharge effect of ground 

objects. This can be interpreted clearly as a-reference to the prestrike 

principles of Griscom. 

Obviously, some of the effects revealed in the oscillograms of 

the induced voltages in transmission lines are of no consequence when 

conSidered in relation to the distribution lines and the present study, 

on account of the short distancef! represented by these circuits and the 

frequency of discontinuities. 

1.4.3 Surge tests of service lines. 

Circuit homogenr~y is disturbed if cables or single-phase overhead 

lines are taken from the feeder resulting in the wide differences of the 

surge impedances of these circuit elements. The surge tests by Ouyang32 

on a section of 11kV distribution line were initiated for the explicit 

purpose of assessing the attenuation and distortion of indirect lightning 

surges below the corona level. The feeder consists of a three-phase, 

three-conductor, horizontal configuration, wood-pole line to BS1320 

specification. The length of the tests section was 6.5 miles on which 

there were eleven spur lines. These spurs were disconnected during the 
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tests at the first poles (isolator poles), so the average length of the 

remaining spur lines was about 250 feet. Six of these were single-phase lines 

normally dispersed between the feeder yonductors to provide an approximate 

balance of load. 

The impulse generator supplied an aperiodic wave whose maximum 

value was reached in 4.9 microseconds and the time to half value was 20.7 

microseconds. This excitation was first applied to all of the section 

feeder conductors connected in parallel, and then to either the middle 

conductor or to one outer conductor, the remaining conductors being isolated 

in each case. 

The results of the first test show that the duration of the front 

of the wave incresses approximately at the rate of 0.9 microseconds per mile. 

Subsequent theoretical analysis indicates that this rate would be less if 

the spur lines were not present. When the test waves were applied to either 

the middle or an outer conductor, the lengthening of the wave front was found 

to have decreased to approximately 0.8 microseconds per mile. Again, this 

rate should be less in the absence of spur lines. 

Oscillograms obtained from the second group of tests show that the 

coupled waves (isolated conductors) develop a reversed loop while travelling 

along the line, and this effect was beginning to become apparent after the 

waves had travelled only 1.04 miles to the first recording station. The rate 

of increase of amplitude and duration of the reversed loop with distance 

travelled was shown to be faster for the induced wave on a remote conductor 

than on. an adjacent conductor. The rate of attenuation of the coupled waves 

was found to be faster than the rate of attenuation of the inducing voltage 

surge. All this, of course, is easily identified with the response to similar 

tests on transmission lines with shorter waves (Be1Yley et al). However, 

the fact that the reversed loop characteristic appears so early in the 

pro~t1on 0 of induced waves along the distribution feeder is of some 

importance. 



Insulator flashover occurred at the open end'of the test section 

and the reflected wave was therefore chopped. An estimated 112kV, with a 

time del~ of about 9 microseconds, showed thEt the flashover took place 
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on the front of the wave. The estimated reflected voltage would have been 

about 56kV. The reflected voltage at a point 2.92 miles back from the end 

of the seption was found to be 37.4kV. This showed an attenuation oi'..:about 

one third in that short distance. Clearly, the rate of attenuation was 

therefore much faster than for the initiating full wave (reference, Section 

1.4.1 previous). The voltage doubling effect at the end of the line is 

seen to impose a voltage equal to or greater than the incoming incident 

voltage and the voltage ~ be propagated back over a conSiderable distance. 

With a flashover at the termination, the reflective wave, with a steep 

voltage swing, then momentary dominates the line system. 

From this resf~nse, it is concluded that the surge voltage may 

be more severe on spur transformers than the initial surge voltage on a 

terminal transformer connected to the feeder. It is suggested that this 

offers an explanation of the simultaneous fuse operation over widely 

separated points referred to in Section 1.4.1. 

The tests show that the' presence of spur lines on s feeder delays 

the wavefront of the incidence surge, but this delay is not necessarily 

distributed equally in all three lines. Further, the presence of a 

sinsle-phase spur line may actually contribute to increasing the magnitude 

of the voltage transmitted in one of the lines beyond the point of 

discontinuity. 

The surge tests are continued later36 , on a section of 11.9 miles 

of 33kV wood-pole line with the horizontal conductor arrangements, but 

without spurs. The main purpose here was to extend the scope of the tests 

by studying the effeots of surge propagation above the corona threshold. 

The relevant part of these 'tests concern the application of test waves 

to all three conductors, to simulate the indirect lightning surge. 



Apprmximate figures are derived for the attenuation of the peak value of 

a travelling wave, and given in a form which can easily be used for 

practical work. The amplitudes of waves can thus be estimated when 

propagated over some distance. Various aperiodic pulses are utilised, 

and those representative of an induced wave are given as 6/19 microseconds 

and 8/31 microseconds. 
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The corona observations are of some interest also since it is possible 

to exceed the corona limit on the overhead line of the l1kV system under 

certain conditions. As the surge voltage rises above the corona threshold, 

the wave front shows the well-known characteristic of shearL~g due to the 

corona losses. It is observed that this effect is likely to disappear before 

the peak of the wave is reached. In which case, the corona has no direct 

effect on the attenuation of the maximum voltage of the surge. This 

phenomenon was obly found in the tests.with wayes having long fronts, 

whereas in the past, other investigators have used only short-fronted waves 

when the shearing affect has extended close to the crest of the "ave. The 

effect of corona cannot therefore be considered as independent of the 

waveform as assumed by the present theory. Again, it is usually accepted 

that corona is a function of the voltage alone, but these tests clearly 

indicate that this is only true at the commencement of propagation. Due to 

the presence of the reversed-loop effect, and other distortions of the 

travelling waves in mul ticonductor lines, the response to corona is seen to 

be a dynamic process rather than a static phenomenon, as regarded hitherto. 

It is noted that the excitation voltages used by Ouyang for all 

these tests, are of the usual form derived from the ouj;put of a normal 

Marx-type impulse generator. The response of a section of distribution 

circuit to the other type of pulse is, of course not knO'l1l1. 

1.4.4 Transfer of surges. 

The coupling between lines of a mul ticonductor system is shown to 

be responsible for the complex response to inducing surges. Similarly, 
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the transfer of surges through coupled windings gives rise to a 'response 

of some complexity. Since the transformer is utilised extensively within 

the distribution network, its behaviour to lightning surges requires some 

consideration, for surges that are realised in the circuits which are 

exposed', to the lightning hazard, are transferred to the circuits which, 
,,' 

not unexpectedly, have a much lower EIL designation. This particularly 

applies to obsolescent equipment which inevitably present increasing 

opposition to system reliability. 

The surge transferred to the secondary winding is made up of four 

components, one of which is derived from the capacitive coupling between 

windings and to earth. Another results from the turns ratio, the leakage 

reactance and 'the surge impedances of the connected secondary circuits. 

Superimposed on these, in differing amounts, are the free oscillations 

in the windings. 

37 An early paper by Falueff and Hagenguth examines the relative 

im?ortance of these components, and shows that very powerful secondary surges 

can be transmitted by the direct electromagnetic transformation alone from 

lightning surges The electrostatic component, although of short duration 

and independent of the turns ratio, clearly becomes more dangerous as the 

service voltage and the corresponding insulation level is reduced. Falueff 

and Hagenguth are largely concerned with the response due to the electro-

magnetic component on the grounds that the parameters used i.e. the leakage 

reactance and the turns ratio, are generally lmOVlIl and therefore very 

definite and specific conclusions can be arrived at. One of these conclusions 

is that an incoming surge of at least 20 microseconds duration can produce a 

secondary voltage of between 3.4 to 6 times the normal secondary service voltage. 

However, a contribution from the other components must also be added and, 

in particular that due to the capacitive coupling. This component has a 

great rate of rise and a magnitude which can, in some circumstances, at 

least equal the electromagnetic component. It was found from experiment 



that the wave front of the surge is always lengthened in passing through 

the transformer, but large units show this effect least when connected to 

circuits of high surge impedances. The test case of equal surges entering 

the primary of a delta~Btar transfo~er is shown to p~duce no transmitted 

surges in secondary circuits. 

The response to connected secondary terminations made up of various 

arrangements of circuit elements likely to be found in practice, is studiecd 

by Belaschi. 38 A single-phase network is employed throughout and the 

standard impulse voltage (U.S.A.) provides the forcing function. Conversion 

factors are then introduced to establish the corresponding response of 

three-phase transformers. Significantly, simplified equations for the 

calCUlations of the components are presented which deal sufficiently with 

the various connected circuits, thus avoiding the long and rigorous analysis 

usually demanded of each particular case. Hile~39 extends the Single-phase 

impulse tests to three-phase transformers with two and three windings and 

different connections. The purpose of the investigation is to show the 

validity of equivalent transformer cirCuits in assessing the surge voltage 

transferred by electromagnetic coupling. It is noted here that the electro

static component can be suppressed by the introduction of additional 

oapacitance in the secondary circuit, or by.an inherent low surge impedance 

secondary load. The latter condition is unlikely to exist in the 

distribution network since, with the exception of the cable conduits, all 

connected apparatus have high surge impedances. 

1.4.5 Cable insertions. 

The effects of lengths of cable connected to the overhead line 

before termination, and other arrangements, are studied by McEachron40 et al. 

Tests show that little protection is available at a terminal point (sub

station, for example) against overvoltage surges when the waveform has 

a long ~uration near the crest value. Waves with long fronts and extended 

tails, whose duration corresponds to several times the electrical length 



of the cable run are only reduced in lllagni tude by a few per cent at the 

first discontinuity. This response is easily verified by subsequent surge 

analysis where it is clear that the attentuation· of the voltage wave 

passing into the cable is constrained by successive reflections from the 

discontinuities at the ends of the cable. 

If the effective duration of the pulse is about the same as the 

propagation time of the cable, the peak value of the incoming voltage 

surge is then substantially reduced, according to the relative self-surge 

impedance of the line and cable, since E. = 2E"l"(Z jz - z ). and Z,-""-Z • , c L.·c // c 

This is the effect usually taken for granted when a cable is inserted in 

a system. 

The test waves ut~lised fronts varying from B microseconds to 

27 microseconds and tails to 50'fo of the maximum value from 15 microseconds 

to 50 microseconds. The wave fronts of all tnese waves were extended in 

the presence of cables indicating that the cable is a predomin~tly 
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capacitive element. This fact is shown as one of the methods for calculating 

the surge impedance of the cable. It was found that a wave front of 

B microseconds was expanded to 12 microseconds over a 500 ft. of cable, 

and to 24 microseconds, if the cable VIas increased to twice that length. 

Assuming the propagation velocity of the voltage wave passing along the 

cable iS~, these two lengths of cable have propagation times of about one 

and two microseaonds respectively. There is, therefore, little reduction in 

the magnitude of the test surges since their effective duration times 

comfortably exceed these times. However, considerably longer lengths of 

cable would have the desired result, and long lengths of ca".u.e run are 

not uncommon to find connected to overhead distribution lines. 

1.5 Assessment of survey. 

A horizontal wire, insulated from earth, is a natural detector 

of the change in the electric field gradient close to the ground. Thus, 

an overhead distribution line fulfils the Same function. 



In the majority of cases, the presence of the thundercloud 

produces a reversal of polarity in the ground gradient, i.e. it is nON 

positive ~ith respect to the cloud above. 

Changes in the ground gradient are subject to changes in the 

corresponding electric charges within the clouds above a line.. Hence, 

a thundercloud, although imposing a bound charge on the"distriliution line, 

is also subject to fluctuations in its influence because of the Changing 

structure of the generatil'g cells within it. The sudden 'release of this 

bound charge can only come about by a cloud-to-cloud lightning discharge 

and, subsequently, the law of the cloud discharge is the mo~t important 

parameter. 
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Since the process leading to flashover between two charge cent~es 

within a thundercloud takes a relatively long time, the magnitude of the 

voltage induced in the line conductors is see~as unlikely to exceed about 

40kV in distribution lines 25 feet in height, and even less in lines 

of 17 feet in height, above the ground at the pole. At transformer 

terminations, therefore, the surge voltage is unlikely to approach the 

basic impulse level of the system insulation. It is considered then, 

that this source of induced voltage can be discounted for the present study. 

A direct lightning stroke to the overhead line is shOlm to result 

in permanent damage to line equipment at one or more pOints in the locality. 

In the majority of cases, lightning faults consist of h.v. fuse operation 

and/or auto re closer lockout. These faults are conSidered, by this 

investigator, to be the most probabls response to indirect lightning strokss 

near to the overhead line system. They are referred to as transient faults 

to distinguish them from persistent faults which represent supply interruptions 

resulting from permanent damage. 

The description of the principle sequence of events making up the 

lightniRg discharge indicates that maximum velOCity of propagation of the 

current occurs at the commencement of the third stage. This is then also, 

the period of maximum electrostatic (and electromagnetic) field change. 
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The upward streamer together with the proximity of the -lightning discharge 

to the overhead lines are seen to play a very important Fart in establishing 

the waveshape of the voltage induced in the line conductors. This waveshape 

may have an aperiodic or a bipolar characteristic. 

The ground streamer follows from the sequence of events described 

as the prestrike effects, in which the intensity of the charge in the head 

of the descending leader, and the configuration of grounded objects 

immediately below, greatly distort the ground gradient. Corona evelopes 

are developed around grounded objects which may then be the cause of anomalous 

flashovers, and are certainly responsible for the liberation of the ground 

streamer. 

Since at least 5~ of ground strokes are found to be made up of 

- multiple discharges, usually two or three in number, the induced excitation 

may extend beyond that of a simple pulse. 

Surge tests on service lines show the slow attentuation of surge 

voltages on wood-pole lines of the type associated with this study. In 

addition, the effect of spur lines, and in particular single-phase spurs, 

indicate that a high level of excitation, however _~ymetrical, is maintained 

in a multi-conductor feeder over a considerable distance from the feeder 

termination. This could affect spur transformers in particular and at the 

same time operate h.v. fuses at widely spread points on the feeder. 

The propagation of an aperiodic pulse in a single conductor on a 

multiconductor line is shown to induce bipolar characteristics in the free 

conductors. This effect is observed after about one mile of travel of 

the initial impulse. The effect of corona is modified by the reversed. 

loop waveform of the induced voltage ShOIVing that corona is not simply a 

function of the voltage alone, but is also influenced by the shape of the 

voltage waves in adjacent conductors due to coupling. 

Lightning surges transferred to secondary circuits tl>.xough transformer 

windings have their wave fronts extended in time and may reach voltage 



magnitudes which are in excess of the basic impulse level of those 

secondary circuits. 

Laboratory impulse voltage t~sts on· the rod-plane gap assBmply 

give results which are certainly applicable to the behaviour of natural 

discharges but ~ith some reservations. Distinct differences in behaviour 

are seen to occur between positive and negative discharges to the ground 

plane. This leads to speculation as to the effect that the geology of 
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the study area could influence the discharge from positively charged clouds 

to earth. 

Interconnecting cable links such as road crossings and terminal 

connections need to be carefully assessed in respect of their propagation 

times. Their presence may reduce the amplitude of the surge voltage 

considerably, or have virtually no effect, according to the relation between the 

length of the cable and the duration of the voltage surge. In all cases, 

however, the presence of a cable lengthens the wavefront as with a capacitive 

termination. 
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PART II 

The field stUdy: Fault definitions; nresentation of data; selection 

of case studies; analysis and observations. 

2.1 Definition of the lightning fault. 

38. 

The Area Board I s definition of a transient fault includes that of 

a fault cleared by 'an automatic circuit re closer (autorecloser). Similarly, 

a persistent fault is defined as one in which a circuit is interrupted 

and ceases to supply energy. Hence a blol'lll fuse and the loc~{-out of a 

recloser therefore come within this category. 

These identities are not able to be used for this study since 

records of the lightning faults as kept by the Electricity Authority are 

logged simply as 

(i) the date and time of the report of circuit interruption 

together with the clearance time, 

(ii) the location of the fault, 

(iii) the apparent cause of the outage, 

and no record of autorecloser clearances is accountable during the life 

of the thunderstorm. The log entry for the cause of outage is taken from 

one of the following references. 

(a) single, two or three fuse operation. 

(b) autorecloser lockout. 

(c) equipment damage e.g •. transformer failure, shattered insulator etc. 

rt is necessary to find an alternative interpretation of the 

claasification of the lightning faults as taken from these records before 

attempting to analyse the responses associated with indirect surges. Using 

the entry information a, b, and c above, faults are selected which are 

assumed to be related to surges generated.' by indirect lightning strokes. 

For this study the following definitions have been adopted. 

(i) a transient fault is that recorded as a blown fuse(s) or autorecloser 
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lock-out, since either of these effects could be considered as the response 

to overvoltage/current of moderate surge level. This then suggests that 

these surges are initiated by indirect excitation which is the natural 

response to indirect lightning strokes. 

(ii) a persistent fault is that recorded as equipment damage. The result 

of direct lightning strokes to the overhead line circuits results in the 

total· failure of apparatus at some point. This was discussed in section 1.1. 

Nevertheless, failure of equipment takes place from time to time 

when there is evidence that the origin of the surge is generatea from a 

lightning stroke close to the line. Similarly, where severe damage follows 

from a direct stroke, a limited number of fuse operations can be expected. 

These effects were found by this investigator in a previous study and are 

taken to be representative of faults from lightning excitation in general. 

It is assumed that for a first apprOXimation, the indirect stroke is 

responsible for a and b previous, and the direct stroke largely resl'onsible 

for c. Additional information is now required to associate the failure of 

equipment in the first case with the transient fault, and vice versa. 

This information is presented if the topographical features of the terrain 

and the electric network information are readily available. It is then found 

that this data is sUfficient to satisfy the cases under review. 

2.2 The field study. 

2.2.1 The study area. 

All references to lightning faults in this study relate to the rural 

areas of Buckinghamshire and Hertfordshire designated by the Electricity 

Authority as the Aylesbury and Hemel Hempstead Districts. These two 

distribution networks are adjoining and have the present advantage, since 

reorganisation, of coming under the surveyance of one principal engineer. , -

A fact which enables a wider area of varying topographical features to be 

included in tM study. At the same time it is located within The ':Tash -

Peterborough - Bedford - Oxford extension having one of the highest 
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isoceraunic figures for the United Kingdom. 

The records of the lightning faults are extracted from the total 

faults on the relevent 11kV circuits of these two "Districts," and extend over 

a period of ten years from 1968 until 1977. The first five years, however, 

relate only to the ~lesbury District since a division is necessary to cope 

with the rationalisation that has taken place within the Authority since 1969. 

The area of study is mostly covered by the 1:63360 scale Ordnance 

* Survey map number 159 on which the enclosure is approximated by most of the 

ground north of the grid references 760930 to 030930. The lower· portion of 

map number 146 references 630180 to 970180 is also required together with a 

small portion of map number 160 covering the Hemel Hempstead area. 

The associated 11kV network distribution diagrams consists of 24 

sheets issued by the Electricity Authority and dated October 1977. These 

are numbered as shown in the following grid. 

Aston Aston 
Abbots Clinton 

H1 i H2 H3 

Ashridge 

H 4 H 5 
Tring Hemel 

North I 
Hemel i 

H 6 i 
i 
I. 7raddesdo~ Aylesbury 

i Hempstead 

Long 
Crendon 

H 7 

~lesbury.Halton 

Wiggington 
H 8 H 9 H 10 

Bourne 
End 

H 11 

Leverstdck 
Green I 

H 12 ' 

Cuddingt6n Chart ridge Bovingdon 

Stone 
I 

H 13 ! 
j 

Stoke Buckland 
Mandeville Common 

H 14 H 15 H 16 H 17 

Haddeilham Wendover Chesham 

Thame 

H 19 

Ilmer Hampdens 

H20 H 21 H 22 
Sa:underton 

Chinnor 

H 23 
Amersham 

H 18 

:Bedmond 

H 24 I 
I 

Kings i 
Langley , 

These references are used in the subsequent studies where they are 

employed solely as locations in the electrical circuit. The electrical diagrams 

have no direct relation to the ordnance maps representing the study area. 

* Now superseded by the latest series of Ordnance maps to 1:50000 scale. 
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2.2.2 Analysis of lightning fault data. 

Selected periods of greatest thunderstorm activity are taken from 

each year of the fault records. These are shown in table 1 together with 

the corresponding division of transient and persistent faults as defined 

in section 2.1 

: ; 

i Year! Period 
I j 
I 1968! Apr/ Aug 
I I 
t I I 1969'1Iay/Aug I 
,I I 
1
I 1970 iMay/Sep , , , 
i i i i 1971 iJul/Sep I 
! ; 1 

! 1972 I Apr/Aug I 
, !' I 

19731Apr/Sep i 
I I 

1974 1JUIl/'Nov i 
I 

I 1975iMar/Aug I 
I 1976jJun/sep I 

1977 I March I 
only I 

Notes: 

No.of ! Fault 
Da si D s 

131 7 

98 9 

129 11 

87 7 

92 10 

146 15 

162 15 

177 14 

134 16 

31 1 

* 

TABLE 1 

i Transient 
i Faults 

12 

26 

69 

37 

24 

69 

148 

30 

68 

8 

Persistent I Percentage ! 
Faults i Trans.Faults 

4 

13 

18 

5 

9 

21 

17 

11 

21 

2 

75 

66.67 

79·3 

88.1 

72·7 

76.7 

89· 7 , 

73.2 

76.4 

80 

* This column does not represent the isoceraunic reference but actual 

days on which lightning faults were recorded. 

~ This column represents the percentage transient faults of total 

lightning faults. 

General Notel Aylesbury district only 1968-1972 inclusive. 

It is found that fuse operations and autorecloser lock-outs amount 

to 80.2% of the total lightning faults corresponding to 105 fault days. This 

proportion is in agreement with earlier work completed by the writer in 

1973 following a survey of the lightning faults over the previous five 

full years of the Aylesbury District alone. The relation between the 

transient and persistent faults for the selected period of each year is 
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shown in figure 2, and clearly indicates the difficulties in making a 

prediction of system reliability based on past fault data, as for example, 

an increase in the number of transient faults does not necess~ly presuppose 

an increase in the number of persistent faults. In fact, there appears to be 

no direct relation between the two types of fault as revealed by an 

inspection of the t\70 characteristics in figure 2. In 1970, a sudden increase 

in the number of transient faults did not produce a very great increase in 

equipment failure. 1974 shows a sudder. rise in the number of transient 

faults but, quite unpredictably, a fall in persistent faults over the previous 

year. This independent behaviour is clearly shown in the shapes' of the two 

graphs and it is apparent that the number of persistent faults can be 

accounted for much more easily in terms of the subsequent classification of 

the equipment failure which is displayed in table 2, and corresponds to the 

respective fault days of those selected periods. 

Year 

1968 

1969 

1970 

1971 

1972 

1973 

1974 

1975 

1976 

1977 

Totals 

I 

! 
I 
I , 
i 
I 
I . 
I 
I 
I 

I 
i 
! 

. 
i 

Fault I R 
Da s I Trans • 

2 

3 

7 

7 I 1 

I 10 3 
I 

15 I 4 

I 15 10 I 
I 

14 I 6 , 
I 

16 I 5 
I 
t 1 , 2 

105 I 43 

Table 2 

SWitchR ! 

1 

3 

1 

1 2 I - i ! 
I 
r 

1 3 I 2 I 

I , 
I I I 

7 7 I 2 I I 
I 

I 2 2 
, 

I -
I 

I 
2 - I 2 

I I 8 4 2 
I , ! 

I i 
1 - - I -, 

I ! I I 28 23 15 ! 

Insul. I Di vertor I 

1 

3 

1 -
- -
1 -
3 -
- 1 

2 -
- I -

I 11 1 I 

Regular and frequent casual ties are the transformerfj, the 

= 121 

majority of which are pole-mounted. In fact, these losses amount to nearly 

36% of the total persistent faults, whilst cable and conductor failures 

approximate to 23?,~ and 19% respectively. Again, these figures verify the 
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earlier work by this investigator. In that study, transformer failures 

accounted for 3~" of the persistent faults, and the combined cable and 

. conductor failures were found to be 38.~, for the full five years of records. 

It is noted that six of the faults listed under cable failure are 

attributed to pole-boxes. These are examined later when discussing 

weak~link structures. 

Transient faults are classified in the following manner: 

(i) Automatic circuit recloser operation in the 

lock-out position. 

(ii) h.v. fuse operation 

(a) one fuse only 

(b) two fuses 

(c) three fuses. 

The year by year seleoted distribution of the above is shown in 

the following tablel-

Table 3 

Year ! 

! Fault 

Days 1 fuse 2 fusesl3 fuses I All % All ! % ART I 
i 

1968 i 

1969 ; 

1970 

1971 , 

1972 
, . 

1973 . 

I 1974 I 

I 1975 

1

1976

\ 
i 1977 I 

7 

9 

11 

7 

10 

15 

15 

14 

16 

1 

i I ! Totals: 105 

9 

12 

28 

13 

15 

35 

89 

I 14 

32 

6 

253 

: I 
25 I 
1: 1,1 

17 

, 

I 
18 

10 

20 

2 

124 

1 

1 

1 

7 

5 

2 

5 

, 
- ; - I 

I 9 :34.6(23.1 I 

.1

115:21.7117.21 

5 !13.5 111.91 

, 2 I 8.3 I 6.1 

I I ! I 
110114.5111.1 I 

36 /24.3 i 21.8 ,I 

I , i I 4' 13.3 ; 9·8 I 
1 11 116•2 12.4 

- i 
I 

22 I 92 * = 491 



Notes: *This column represents the percentage autorecloser lock-out of 

the total transient faults. 

tThis column represents the percentage autorecloser lock-out of 

the total lightning faults. 

In some instances, the fault records include the phase identity 
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of single and double fuse operations. In addition, the rating of the faulted 

fuse(s) is also given. Regrettably, these two features are somewhat 

infre~uent as such details have been found to provide useful dat~. 

Since the number of transient faults has been shown to be just 

over four times the number of persistent faults, there is a clear indication 

that a major contributor to this state is the preponderance of Single fuse 

operations. This alone contributes to more than one half of the transient 

faults and to about 41% of the total faults. A fact which is noted and 

referred to at a later stage. The comparative rarity of the operation of 

a three-fuse assembly where installed, again confirms similar results from 

the previous study. This type of fault, incidentally, is generally attributed 

to the secondary effects of direct stroke excitation. 

2.3 Case studies. 

2.3.1 Presentation of studies. 

A set of 41 examples are presented which are made up of selected 

cases taken from those periods of most thunderstorm activity in each year. 

The basis for .selection is made in the following manner: 

(i) The same da;y faults are subdivided into the apparent 

simultaneous groups according to the logged times. 

(ii) 

(Hi) 

The persistent faults are eliminated when recognised. 

The electrical network diagrams H1-H24 are used in 

association with the Ordnance Survey maps to determine 

the relation between simultaneous operations by grouping 

, 
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as (a) one single electrical circuit 

(b) several related electrical circuits 

(c) unrelated electrical circuits linked by topographical features. 

The examples selected provide a good representation of the year 

by year variation in lightning performance of the transient fault response. 

A chart showing the time distribution of these case studies 

indicates that more circuit interruptions occurred during the second twelve 

hours of the day. Electric storms arising in the early hours of the morning 

are seen to be less frequent but appear to give rise to an extended series 

of faults. (examples 9, 11, 25, 39, 40). The chart is shown in ·figure.3 

An inspection of the construction of the distribution network in 

general, shows that the various circuits are built up from several elementary 

topologies. Using this conceptual analysis, it is easy therefore to associate 

a fault with anyone particular elemental circuit arrangement and catalogue 

accordingly, and this has been done in the following case studies. In this 

way a comparison and probable explanation of the field response from the 

surge analysis of these basic configurations is then made possible. 

It is necessary to distinguish between a spur and a tee-off in 

the circuits, as they should not be considered as identical in this study. 

A spur is recognised as:naving zero propagation time on the high voltage 

side, except for that given for the primary winding of the spur transformer 

if required, and is that connection between the 11kV feeder and the 

transformer. Thereafter, the overhead line or cable spur is a low voltage 

system. A tee-off, however, has a specific transit time (of say 1psec to 10~sec) 

according to the length and nature of the conduit, and is, in effect, a 

secondary h.v. feeder to which spurs are connected, as defined above. 

Terminations and cable insertions in overhead lines are simple 

series circuits in which the circuit elements are cascaded without need 

for eXI;lanation. 

The case studies are made up from a selection of same-day log 

entries pertaining to lightning faults and rearranged to read in chronological 
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order. All fuse faults are presented in association with their local 

circuits which are extracted from the reI event electrical circuit diagrams 

(H1-24) and the elementary topologies are then shown by designation letters 

as identified from the list overleaf. 

The case studies that now follow are introduced with the data 

arranged to read from left to right, viz: reference number; location of 

outage; fault time in hours; fault identity; electrical diagram number; 

fault clearance time in hours; basic circuit identity. 

Example: 1 Aston Abbotts 

2 Needles Farm, Qpainton 

The fault identities are listed as follows: 

AR autorecloser CON 

1F one fuse CAB 

2F two fuse CB 

3F th'ee fuse SW 

TR transformer INS 

PE pole box DIY 

1230 1F H2 1650 b 

1300 4f . H1 0230 c 

conductor 

cable 

circuit breaker 

ewi tchgear 

insulator 

divert or 

The electrical ·diagrams (H1-H24) show all cable lengths in metres but 

cross-sectional areas in both mm2 and inch2• Overhead lines are specified 

(with very few exceptions) in inch2• Line lengths are not given although 

pole spacings are accountable. (Pole spaces.are seldom less than 300 ft.) 

Metric cross-sections of the cable runs are converted to inch2 

but metre lengths are retained for convenience in propagation calculations. 

Height above sea. level, when included, is shown in feet. 

Single and three-phase overhead lines are represented by a full 

( 2) o-oS line with the cross-sectional area in inch attached. e.g. 

In a similar manner cables are shown with a broken line thus 
0·1 -------
1001""'\ 

and with the length as shown. A spur load has no dimensions attached. e.g. 

~ 
A tee-off shows a specific dimension 

1 pI-. 

0·0"';:: D.O~ 

!o.O:iG· 
'rh 
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Elementar{ circuit to~ologies (11kV only) 

Circuit Comment 

a p Point P is the point of 

I location of the spur 

A transformer. PA is the 

b 1. v circuit. 

PA and PE can be inter-

changed in b. 

a p Point P is the line tap 

c l for the tee-off. Thus, 

A EPC is the 11kV feeder. 
p C 

d , PA and PC can be inter-
I .. changed in d. A 

e p c: P.A. and PE can be inter-I ------
I changed in e. V 
A 

f ---------- ----- Cable insert as for road 

cnossings, ete. 

g --------+ 
Termination with cable 

insertion 

h ----- ---,,~ 
Ditto, but with line and 

cable transposed. 



Case 1. 

Date. 17.8.68. 

Report data. 

1 Marsh Farm, Winchendon 1534 1F Ff7 1650 c 

2 Spa Farm, Dorton 1625 1F H1 1945 a 

3 Whaddon Hill Farm, Hartwell 1634 2F Ff7 1800 a 

4 Cowley Farm, Dinton 1945 1F H13 2045 a 

5 Boswells Farm, Wendover 2000 1F H15 2020 c 

* 6 Leylands Farm, St. Leonards 2000 2F H9 0025 c 

* signifies time on following day. 

All are fuse faults to farms which are located in every case, on high 

ground in exposed positions.. There are clearly two distinct periods of 

storm attention. 

(i) 1534-1634 hrs. 1, 2 and 3 lie in a straight line over a distance of 

about 7 miles with Marsh Farm about midway. None of the electrical 

circuits are related hence only a probable topographical link exists. 

(ii) 1945-2000 hrs. 5 and 6 are connected to the same feeder and about 

2 miles apart although they are separated by five spurs. 4 is unrelated 

and is about 8 miles to the N.W. 

It is possible that 5 and 6 are the responses to a single incident 

surge since they are relatively close together (about 10;"sec transit time) 

and the circuit may exhibit special propagation properties as demonstrated 

1[ 
by Ouyang. The remaining faults have no common circuit connections 

but can be considered the result of separate isolated induced overvoltages 

of ground stroke origin. 

1[ 
Ref. 32. Part I. 
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Case 2. 

Date. 27.8.68. 

Report data. 

* 1 Shardloes spur 1730 2F H23 0930 g 

2 Child Farm, 'iloodrow 1830 1F H23 0930 c 

3 Winchmore Hill, Amersham 1830 1F H23 2030 e 

* signifies time on following day. 

These faulted points are located on contours 450-550 ft. in partly wooded 

but generally open country typical of Chi! tern farmland. 1 and 2 are 

connected to a common spur but 3 is more remote as the fourth spur on the 

ring feeder from the junction. The fault time seems to preclude a 

travelling wave link between 1 and 2 unless these times are not exact, 

since it is noted that the clearance times are identical on the following 

day. 

It is assumed that 1 and 2 are related by propagation effects and 3 by 

topography, since 1 is about 1.5 miles and 2 less than 1 mile.N of 3. 

Therefore, these three outages appear to be the .result of-one single_ 

discharge. 

(IF) 
3 
X ..,.,.,; O"J~ 
I----~~--~----~~ 
I 
i .. 

3 ph-
";ccl<vA 



Case 3. 

Date. 16.5.69. 

Reoort data. 

1 Upper Pollicott 1450 1F !f7 1945 a 

2 Chinnor Hill spur x1515 1F H2O 1620 c 

3 Doddeshall 1750 CAB H1 

4 Collett Farm, 1700dham 1752 AR H1 1915 

5 Quainton Food Store 1752 TR H1 

6 Oving Road, Whitcburch 1752 CON H2 2210 

7 Hardwick tee-off *1800 1F H2 2324 c 

8 Aylesbury Road, Bierton 1815 1F H2 2300 c 

9 Grendon Hill Farm tee-off 1825 1F H2 2230 a 

10 Luton sls 1845 CB • 

11 Tring Primary 1846 CB H4 

* fault at take-off point. x Repeat fault location or circuit. 

3 and 5 are adjacent spurs on a ring feeder to which 4 is also connected, 

though somewhat remotely, being separated by six spur lines and a cable 

run of 210 metres. Since the faults 3 and 5 are permanent faults, the 

autorecloser lockout at 4 is presumed to be due to perturbations resulting 

from a probable direct stroke. 

53. 

1 is isolated at 450 ft. on the Plain of Aylesbury, and reference 

2 is 10 miles· south at a point 600 ft. in the Chiltern Hills. They are 

unlikely to be associated in anyway to a single indirect stroke to ground. 

6, 7, 8 and 9 are connected to a ring circuit but only 8 and 9 are 

close spurs. The total distance covered is about 4 miles, and excluding 6, 

about 2.7 miles but the feeder has several tee-offs so that only 8 and 9 

can be considered as related by the effects of propagation. It is noted 

that there are several long cable runs in this area. e.g. 1200 metres 



directly in series ;vith 700 Uletres and 1950 Uletres to substation. 

The outages are spread over a wide area, some of which are 12 

Uliles apart, and it is clear that these are tfle responses to an electric 

storm. Uloving round the northern boundary of the study area. Betl~een 

1400/1500 hrs. the storm. centre is to the west of the region and only 

its tip is evident. But from 1750 hrs. it is moving clockwise as shOlm 

below. Five faults are considered representative of an induced response. 
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Case 4. 

Date. 18.5.69. 

Report data. 

1 Saunderton Primary - Bledlow 1855 CB H2O 2020 

2 Mo II ins , Saunderton 1915 AR H21 2015 

3 Kingswood Lane, Lacey Green 1922 1F H22 2250 c 

4 Routs Green, Bledlow Ridge 1930 2F H21 2255 a 

5 Saunderton Primary - Lacey Green 2108 CB H22 . 2149 

3 and 4 are about two miles apart and at altitudes of 500 ft. and 

700 ft. respectively. Both locations are well into the Chiltern Hills 

and well exposed but are connected to separate electrical circuits. Both 

are single phase faults. Item 3 is the last load at the end of a single 

phase spur. 

The disturbance, represented by the total log, comes in the 

"transient" category. '>'o'ith the exception of 5, which is not accountable, ' 

the responses are assumed the outcome of one single lightning discharge 

in the vicinity. The circuit of item 4 is of special interest. One load 

is taken directly from the feeder (junction of line and cable) but the 

faul t has taken place at the end of a line at the transformer whilst the 

second tee line remains unaffected. This response could be expla.llied by 

(i) A travelling wave phenomenon; in terms of the relative 

electrical lengths of the tee-offs, 

(ii) An example of a prestrike component voltage addition, 

nearer to one line than the other, 

(iii) Combination of both (i) and (ii). 
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Case 5. 

Date 15.6.69. 

Reuort data. 

1 Flint Cottage spur, Chinnor Hill 1630 2F H2O 1830 b 

2 Waddesdon - Cuddington feeder 1636 AR lf7 1741 

3 Waddesdon - Chil ton Feeder 1636 ~ lf7 1738 

4 Westoott Wireless Station, Brill x 1746 1F H1 1910 a 

5 Northlea Feeder, Mandeville Road 1605 AR H14 2000 

6 Grendon Prison Housing 1900 TR H1 

7 St. John's Hospital, Stone 1900 CAB lf7 

6 Kingssy Spur 1900 1F H13 2335 c 

9 Lon"wick Mill 1910 1F H2O 2025 b 

* 10 Kingswood Spur 2030 2F H1 0830 b 

* Signifies next day clearance time. x Repeat fault location or circuit. 

2 and 3 probably refer to the same fault since there is a common feeder to 

the bifurcation point leading to Cuddington and to Chil ton, and the only 

recloser evident is located at Waddesdon. (Electrical diagram H1). 

The faults are presented over a wide area and there is little 

evidence of common electrical connection according to the logged ti~mes. 

With the exception of 8, all other fuse faults are single phase only. 

It is clear that there are two storm periods. The first is in 

the west of the region from the edge of the Chiltern Himls up to the 

northern boundary. The second period, a little later, shows the affected 

area to be further east but remaining on the lower ground around Aylesbury. 

A good indication of the local nature of.tlus type of thunderstorm. It is 

assumed that the disturbed weather moved away north of the area as no 

other records appear for this day. All transient faults take place in 

independent electrical circuits and whose initiation appears the result 

of separate ground strokes. 
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Case 6. 

Date 10.5C.70. 

Rellort data. 

1 Wigginton, Hastoe, Aldbur,f 0550 AR H10 0855 

* 2 Aldbury 0550 1F H4 1010 a 

3 Haddenham Low 0814 2F H13 0910 a 

4 Field Farm Cottages, Westcott 0900 1F Flf .1151 c 

5 Budnall Farm, Had:ienham 1530 1F H13 1050 c 

* Repeat fault. 
These transient faults axe well separated except for references 

3 ,~d 5. The locations cover a distance of 16 miles which are again 

(as with the previous case) in the northern part of the study area. 

Two of tlii locations are on high ground (600 ft. and 400 ft.) and the rest are il 

open country to the west of Aylesbury. The electrical circuits are isolated. 

Since the locations are so widely spaced and the logged fault 

times mostly dissimilar, the response is,the same as case 5, except that 

the storm 'direction appears to be from East to Hest, i.e. the response to 

independent ground strokes near enough to the overhead lines to be significant. 

o·~7.-;'~ ~. 011. 
-~ - - -'--"-' 

r. loo t~' ! 

, , 
T~~cl ... · ~ .. 

C\ F) 
+ 

~,-,~O~'~' __ .-_O~'I~-,~O~'~' ___ ~r-~O~'_' __ -r~C~'I~ __ T_~~~·~'~ ___ 

f?",,~.,.. . i,~·O'$'! vi 10'0"1.-; I IS : 0 '0">..-=" f.., ... d" ... 
i' -if V ~ "" y 

I pk 3(>L. 11')1,., I ph I ,~I~ 3 rh 
I!; k'lA. 



Case 7. 

Date 11.6.70. 

Renort data. 

* 

1 

2 

3 

4 

5 

6 

7 

8 

9 

North Camp, Aston Clinton 

Hall Farm, 'i/estcott 

Puttemham 

Aston Abbotts feeder, Tring 

Ellesborough Road, Wendover 

Wellwick Lodge, Ellesborough 

Qp.ainton-i'laddesdon feeder 

'Ilaldridge feeder from Ilmer 

Bucombe Lane, 'Hendover 

10 Terrick, Stoke Mandeville 

11 Bishopstone spur - the Chapel 

12 Bishopstone Crossroads s/s 

13 Woodham Brickworks 

14 Binwell Lane Farm 

15 Chilborough Hill Farm 

16 Risborough Road, Stoke Mandeville 

17 Marsh Lane, Stoke Mandeville 

18 Needles Farm, Qp.ainton 

19 Apsley Farm 

Signifies time record next day. 

1930 2F H9 

1930 1F R1 

1944 nlS H3 

2247 c 
... 

0012 a 

1944 AR H4 2132 

1950 2F H15 2200 c 

1950 1 F H15 2355 a 

e 1954 AR H1 2020 

X 1954 AR H14 2103 

** 
1955 1F H21 2255 c 

2000 AR H14 2110 

2000 1F H13 2210 a 

2000 1F H13 2210 c 
... 

2000 2F H1 1025 c 

* 2005 2F H1 1005 c 

* 2010 1F H13 0930 -c 

2010 2F H15 2225 f 

2010 1F H15 2325 d 

* 2030 2F H1 0915 c 

* 2030 1F H15 1730 a 

59· 

A substantial number of faults on one day all of which are 

transient faults, with the exception of the insulator failure (reference 3), 

and m!l,inly located in the northern part of the region. Since these 

particular recorda (1968-72) are associated with the Aylesbury District 

only, the faults are largely in the Plain of Aylesbury. Consequently high 

ground is not-a significant characteristic. The range is about 12 miles 



60. 

and the tiDe variation in tte records is exactly 1 hour. A close examination 

of the responses iherefore of both location and tme is required to I:Qrrectly 

identify these faults. Additional information is added to this case study 

as to the sizes of load lost to outages of this nature. The samples taken 

are marked accordingly, viz: 

~ 450 consumers, 600 !C,1 load, Maximum Demand 1270 !CH. 

9 600 Consumers, 800 !C',7 load. 1iaximum Demand 1700 IGV. 

x 900 Consumers, nr-v load. Maximum Demand 3 liiN. 

** 130 Oonsumers, 195 lrlr load. Maximum Demand 500 Kil. 

Although the fault times are identical for references 1 and 2 there is no 

link between them since they are 10 - 12 miles apart, and a topographical 

link is not feasible from a single lightning discharge. 

The separation of the outages according to their locations can 

be offset by seeking a topographical link. In this particular case study, 

clearly the faults are able to be grouped apart fron, those with COD'1ll0n 

circui t connections. An exanple is shOlm by 3 and 4 which are closely 

associated wit:'lout any direct circuit attachment. Thus, 9, 10, 11, 12, 15, 

16 and 17 could well be the response to one single ground stroke since 

the extreme distances are not more than 4 miles. 13 and 14 are about 8 miles 

to the N. ~l. of this group and although logged within the same period of· 

time, are most unlikely to have been influenced by the same ground stroke. 
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Case 8. 

Date 27.6.70. 

Renort data. 

1 Will_ tehouse Farm El 1200 2F - 1710 

2 Newground Pumping Station 1225 AR Hl0 1709 

3 Tring Track feeder station 1230 IF H4 1720 f 

4 Redwing Farm 1230 lF Hl0 1800 b 

5 Kiln Farm 1230 lF Hl0·0130 c 

6 Lodge Farm, Wiggington 1240 TR H3 2245 

7 Longwood Cottages 1240 CON H21 2040 

8 Aldbury Village x 1400 2F H4 1916 a 

9 \"/hi t church School and Mill House 1440 CAB H2 1715 

El Not found 

x Signifies time record next day. 

Equipment damage recorded here would appear-to be due to separate 

sL~gle direct strokes. It is noted that Aldbury Village circuit is the same 

as that in Case 6. The fuults are restricted to a relatively small area 

in the n.E. of the region and most of these are on the high ground on the 

edge of the Chiltern Hills. The recloser lockout and the single fuse 

operation of references 2 and 3 are not related by direct connection although 

they are not far apart. 

It is recorded that following this storm, a pole-mounted 

transformer failed next day at Cuddington. This is about 10 miles to the 

west of the affected area recorded above. no other storm records exist 

for that area. 

There seems to be no particular evidence of simultaneous faults 

from a single stroke. References 4 and 5 could be however the response to 



one ground stroke. The overall pattern would appear to be due to a local 

storm with the characteristic behaviour to several lightning discharges. 
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Case 9. 

Date 8.7.70. 

Depart data. 

1 Ilmer Grid s/s. 0410 CON H2O 2019 

I 2 Wendover tee-off, 'I/eston Turville 0415 lllS H3 0725 

3 Chinnor-Saunderton No. 2 s/s 0418 C3 H19 0800 

4 Tring No. 2 s/s 0420 COlI H4 1530 

5 Sawlderton s/s. 0430 TR H2O' 0720 

6 Waddesdon No. 2 s/s. 11 CON H1 1907 

7 Aston Abbotts 11 .AR H2 0823 

8 Cuddington feeder 11 .AR H7 0823 

9 Winohendon Hill 11 2F H7 1700 e 

10 Holbourne Hill Farm, Oving 11 1F H2 1225 0 

11 Whitohuroh - Creslow tee-off 11 2F H2 1055 0 

12 Odly Lane, Saunderton 11 1F H2O 1540 0 

13 Sheepoot Hill, Waddesdon 11 1F H7 1030 0 

14. Littleton Manor Farm· 11 1F H1 1300 a 

15 Hard'Niok 11 1D H1 1300 ··.0 

16 Folly Farm, Haddenham 11 2F H13 1730 0 

Hewden Farm, Haddenham 
*. 11 1F H13 1745 17 0 

18 Little Marsh Farm 11 1F 1800 -
19 Dr~on Beauohamp 11 2F H3 1615 a 

20 Dray ton Holloway 11 2F H3 1650 0 

21 Chespam Road, Wiggington 11 2F H16 1500 0 

22 Griffin Lane, Aylesbury 11 2F H2 1715 

23 hleadle 11 1F H14 1610 b 

24 Little Lane Looseley Row 11 2F .H21 1610 0 

25 Buroott Lane, Bierton 11 2F H3 1400 a 

26 Churoh Farm, Aldbury 11 1F 1615 

27 Dunsham Farm 11 1F H2 1630 a 



28 Wilstone Canal 

29 Bledlow School 

30 Bishopstone 

31 Kingseu 

32 Norduck Farm, Aston Abbotts 

33 Horsenden 

34 Manor Farm, Ilmer 

35 Bumper Farm, Horsendon tee-off 

36 The Hale, St. Leonards 

37 Aylesbury No. 3 s/s. 

38 Ilmer s/s. 

39 Long Marston, i'1ingrave 

40 

41 

i'1estcott iV.T. Station 

Richmond Road, Aston Clinton 

42 ~eedon Hill (Kiosk) s/s. 

43 Dancers End s/s. 

44 Longllick Mill 

45 Tring s/s. Primary 

46 Auriole Records, Aston Clinton 

* Fault repetition. 

* 

* 

* 

0430 1F H4 1645 c 

11 

11 

11 

11 

11 

11 

11 

2F H2O 0750 c 

2F H13 1140 a 

tF Ht3 1130 c 

2F H2 1155 c 

1F H2O 1545 a 

2F H2O 1030 b 

COl! H2O 1030 

11 CAB H15" 1215 

0431 CB H8 0538 

0442 CB H2O 0940 

0445 TR H3 1000 

0500 TR H1 1145 

0510 AR H9 0920 

0615 1F H2 1000 -

0630 AR H9 0940 

11 COli H2O 1600 

0632 AR H4 0649 

0900 CAB H3 1428 

Clearly a very intensive storm covering a wide area of the Aylesbury 

District, from Chinnor in the west on the edge of the Chiltern Hills, 

north to Waddesdon and l'ihitchurch, but mainly in the centre and east of 

the region. 2~ of the faults can be classified as persistent so that the 

overall division of outages is typical of lightning response, i.e. a ratio 

of 4 transient fanl ts to every supply interruption due to permanent dan)a.ge 

of equipment. It is noted that with the exception of reference 42, all the 

fuse faults are logged at the same time, namely 0430 hrs. These number 26, 

in which single and double fuse operations are, by coincidence, equally 

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



divided. '.1i th two exceptions, the persistent faults occur outside this 

tL~e. The circuit for reference 42 is made up of cables only. There is 

67. 

one overhead line tee-off \ihich could have accepted the induced overvoltage. 

This reference also pertains to case 1. 

Only two pair.s of fuse faults indicate common circuit connection. 

However, 34 and 35 are plainly related although the latter comes in the 

other category of fault definition. In this· case, there appears good 

reason to include 35 in with the transient fault as it is a terminal point 

and both faults are the likely response to the same incident wave. 

(The distribution of the electrical lengths may be a contributing factor). 

A similar case may exist for 33 and 44 even though the logging of the 

fault times is not the same. In general, however, 21 separate circuits 

represent 23 fuse faults for the common entry time of 0430 hrs. A curious 

situation but which should be made clearer from a topographical investigation. 

The distribution of these fuse faults is displayed in figure 4 

ShOlVing that the Ivest of the region is completely unaffected. This is· also 

true if the persistent faults are included. Without attempting to correlate 

all 23 fuse faults because of their common logged time, but grouping 

according to area, the distribution now becomes, 

(i) 12, 16, 17, 18, 23, 24, 29, 30, 33, 34 

(ii) 11, 13, 14, 15, 22, 25, 27, 32 

(iii) 19, 20, 21, 26, 38 

Simul taneity can be given those faults within each group in the same 

manner as that given to case 10 that follows. Therefore a single indirect 

lightning stroke links the fuse faults in each group, but probably not between 

the groups. 

The duration of the storm is likely to be less than one hour 

in spite of the log ent~J of faults. This is based on the high number 

of faults (46) which generally indicates an electric storm of high 

intensity and these are characterised by a relatively short duration. 
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Case 10. 

Date 4.7.71. 

Report data. 

* 

1 

2 

3 

4 

5 

6 

7 

8 

Marsh Farm - Sidney Farm 

Aston Mullins 

Brookside Farm, Kimble 

Harpers Farm spur, Bledlow Ridge 

Park Grange Farm, Tha;ne 

Moreton 

Hewden Farm, Haddenham spur 

Buckingham Road, '.'faddesdon 

Repeat fault. 

* 

1940 2F 

" 2F 

11 1F 

" 2F 

11 1F 

" 2F 

" 1F 

H14 

11 

11 

H21 

H19 

H13 

11 

2340 

2245 

2300 

2300 

2150 

2110 

1943 INS H1/2 2212 

f 

c 

a 

a 

a 

c 

References 1 to 7 are located in the S. W. of the study area and 

connected to isolated electrical circuits. The outages are able to be 

linked by their geographical position such that, for simultaneous fuse 

operation in, all cases appears to be due to a single lightning discharge 
I 

72. 

initiating travelling waves leading to the subsequent flashover of rod-~aps. 

Reference 8 is discounted since it is too far away to be included 

in the response. The disposition and altitude of faults 1 to 7 is shown 

below. 

A good example of simultaneous transient faults associated with an 

indirect lightning stroke. Also of interest is that only two of the basic 

circuit topologies are involved. 



U_,"'4_, 
~ 

P~._ "7 
~ 

C·O·;J.- C"i-O:; 

, 
I' t; I r\, .. 'd'. r\ 

-- (GP') 

o.~·.!·~~ ... 
f<:.-<..J<:..r 

f~:-::_,~_' -- ! 
. ~ 'i 
. f ri, 11,,1, 

I "!' I<'V"A 

I , ~.c:'J~" 
r,l, .... -.:==-1 

-<n,( of' (II'-c.. \0'0'; 

'" , 1'\" 

2 
;.~_ " .. ..: 1'--.... _-'0"'.;..>(_-......0" . ( 

}~.o~ t t 
3(.1, -, 1 1 ph ..... 1:10 "\ 

S' c 1<."'.0. 

'" . , 

0" 

a·e...~~ 0'(':)';.;.-----------_.-, 
I • _ ,-
le ............. 

f 
If>h 

Ipt., 

I" ."'-~.:: 1 
0·' • 

q .... # el~_1 

?,;>\..-t 

.,·a , 
,..'" ,0.\ 

~ 
. -~ ",h (,If-) 

7 

c·\ 

__ ,..II·L-

l' f..., <. ,I ,,-,' 

1°·\ 
0.07.;" ; Ct.o7",5 ?< 0·07-> 0'''7:;;-

.0.\ 
I 

tpk~ 
V ...., I . 

+-4. ~ t"l, /' 

1,,·0+ 
II,h 

IS'I .. V,,-

I 
>f..e. .. d ...... ,.. 

" '0"-

} 
I ~c,,--.,,+r 

73, 



Case 11. 

Date 31.7.71. 

Renort data. 

1 

2 

3 

4 

5 

6 

7 

8 

9 

Cromwell Hill 

Chilborough Hil~ Cottages 

Sedrup, Stone 

Hinton 

Bottle and Glass, Dinton 

Whirlbush Farm, Kingsey 

Bumper Farm, Ilmer 

Bledlow Crossroads feeder 

Penn Farm, Towersey 

x 0115 1F 0340 

* 

* 

" 

" 

" 
" 

" 

" 

" 
" 

2F H13 0530 a 

2F H14 0507 a 

2F H2O 1500 a 

1F H13 0846 c 

1F H13 0853 a 

2F H2O 0918 cl g 

2F H2O 0940 c 

1F H19 1030 c 

10 Upper Westcott - Brill Village feeder O~ 30 AR H1 0555 

* 

11 Twitchett Farm, Ham Green, Waddesdon 

12 Grubbins Lane spur 

13 Risborough Road, Stoke lf~deville 

14 Weston Liead, Aylesbury 

15 Buckland Common, Cholesbury 

16 Dancers Enl Pumping Station 

17 Longcroft spur 

18 New Road, Aylesbury 

19 Long llarston 

20 Richmond Road, Aston Clinton 

Repeat fault location or circuit 

x Not found 

" 

" 
* " 

" 

" 
" 

" 
* " 

" 
* " 

e Classed as switch fault but actually a C.T. failure. 

2F H1 c 

2F H22 1550 a 

1F H15 0830 f 

1F H3 1710 d 

CAB H15 0430 

SW H9 

1F H9 2000 a 

2F H3 1730 b 

2F H3 

AR H9 

1230 f 

0430 

Two sets of records separated in time by 15 minutes. In this 

74. 

case, the two periods are also separated by location. The first set at 

0115 hrs. are all fuse faults and are distributed in the west of the region 
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and have SODe COD~on circuit connections. This covers an area of about 

5 miles by 3 miles on a N.E. axis, in what is principally fla.t country. 

For the secor.d set at 0130 hrs. this storm has shifted to the east by 

only a few miles, the axis now turning in a N.W. direction. 

It is noted that the same feeder was influenced on 15.6.69 when 

the next sTJUr load Cr7estcott W.T. station) to the present fault was 

affected. This was also a fuse fault. Again, the second group of faults 

are in tr.e Plain of Aylesbury (with the exception of the Cholesbury outage) 

and consistent with single excitation as with the first group, the faulted 

area being about the same. However, the second group contains two persistent 

faults but both are consistent with overvoltages of a moderate level which 

could be. magnified by propagation effects and by a prestrike component. 

Both of these faults are on separate circuits and quite independent of the 

transient faults in this group. 

It is assumed that because both sets of faults are able to be 

grouped for topographical as well as ti~e reasons, they are the results of 

single indirect stroke excitations. 

"2-' -" . .or: ,;., hr-I::;; ~'J 
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Case 12. 

Date 19.8.71. 

ReI!ort data. 

s/s. * 1 Qp.ainton Waddesdon 0037 AR H1 0345 

2 Looseley Row 0100 SVl H21 0334 

* 3 Richmond Road, Aston Clinton 0110 AR H9 0158 

4 Broughton Village spur 0110 1F H9 1058 c 

5 "Lord Nelson", lVinchmore Hill 0230 1F H23 1030 b 

6 Chinnor Rill spur * 0310 2F H2O 0615 

7 Qp.ainton Road spur 0350 2F H2O 0,;15 c 

8 North i'leston spur 0410 2F H13 0830 c 

* 9 Buckingham Road, Waddesdon 0452 AR H1 0624 

* Repeat fault location or circuit. 

There is little evidence of a topographical link between faults 

wi th the wide variation in the fault entry times and the scattered locations. 

However, it is likely that the repeat areas have some such connection. 

References 3 and 4 are connected to the same feeder and presuoably, since 

they are recorc.ed at the same tinJe, have succumbed to a nearby ground stroke. 

All other outages therefore appear as the direct action to separate ground 

strokes over the storm period. It is noted that a. 3-fuse fault is shown 

(in isolation) but there is no entry for related permanent damage around 

the same time on this day. The storm intensity is seen to be moderate 

since only one persistent fault is recorded, and as this refers to 

switchgear, the actual damage here could be quite slight. 
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Case 13. 

Date 11.4.72. 

Report data. 

* 1 Tring Flour Mill 1655 1F H4 1725 d 

2 Tring Sewage Works " 1F H4 1738 c 

3 Bulbcurne, Tring " 2F H4 1806 g 

4 Kings' Ash 1700 1F H10 2025 b 

5 Highwood Bottom - Kingswood Farm 1800 1F H22 1950 c 

6 Lodge Hill, Molins " CON H21 2136 

7 Studmore Farm, Bledlow Ridge " TR H21 

8 Lodge Farm " CON H21 

9 Rcse and Cro','m spur, Sunderton " 1F H21 2250 c 

10 Saunderton Lee spur " 1F H21 2308 c 

11 Dormers " 2F H18 c 

* Repeat fault location or circuit. 

A survey of the list of faults shows that this storm is different 

in several respects to the previous case. 25% of the faults are classified 

as persistent. Due to the limited number of outages occuring in the time, 

it is easy to correlate most of them with specific areas according tc their 

logged times. Thus, topographically, 1, 2 and 3 are related, and similarly 

5 to 10 occurring Simultaneously (as recorded) are all in the same area 

witlun 2 or 3 miles of each other on the higher ground of the Chiltern F~lls. 

The storm is observed to move from N.E. to S.W. over a distance of 

about 12 miles in:.the recorded time of 65 minutes. The path taken is an 

approximate straight line following the edge of the Chiltern Hills. r-xobably 

1, 2 and 3 are accounted for by a single ground stroke. The perSistent 

faults 6, 7 and 8 could also be the result of the same indirect stroke as 

9 and 10 because of their position. Examining the local circuit it is 



likely that 6 and 8 refer to the same fault as dia.gxam E21 does not sho" 

L-odge Farm, only Lodge Hill. The circuit including Studmore Farm is 

shown to be 

Case 4 shows a section of this circuit for reference 4. In this example, 

* a double fuse fault occurred at the point marked Propagation'effects 

may therefore have some bearing on the appearance of faults in this 

particular circuit. 11 is totally unrelated to the pressnt area. It is 

considered that Fossibly a single ground stroke (indirect) could be 

responsible for the faults 6 to 10. 
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Case 14. 

Date 1.8.72. 

Report data. 

1 Ilm4r- Waldridge feeder 1557 1F H14 1800 d 

2 Lower 'ITaldridge Farm e " 3F H14 c 

3 Chinnor-Emmington spur 1603 1F H19 1850 c 

4 lVendover Primary - Ilmer 1708 AR H15 1800 

* 5 North Hill, Bledlow 1725 1F H2O. 1905 c 

* 6 Kingswood Farm, Spur Bottom 1837 1F H22 2330 c 

* Repeat fault location or circuit. 

e Direct stroke to farmhouse reported. 

An infrequent 3 fuse fault has appeared once more (previously, 

case 12) but again there is no follow through reference to permanent damage. 

This group entry with 2 hrs. 40 minutes maximum difference of records are 

all transient class faults signifiying that they are the likely response 

to moderate ground strokes. From the locations it is evident that this 

is a very local storm for none of the entries are separated by more than 

4 miles and, in fact, 1, 2, 4 and 5 are within a circle of about one 

mile radius. The general fault area is the S.~·{. corner of the region 

but actually in flat country except for 6 which is just on the high ground 

south. 

Differing times appear to suggest separate ground stroktexcitation 

and this should be the conclusion for this case, but for· the exception 

of 1 and 2 which are shown to be connected by entry time, location and also 

circuit. It is noted that the fault is an exact repetition of 5 in the 

previous case. 
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Case 15. 

Date 26.6.73. 

Rellort data. 

1 Eastbrook Hay 0946 CAB H6 1157 

2 Pendley !:Ianor spur 1634 con H4 1855 

3 Cross Farm, Gadeview 1730 AR H18 1914 

4 Ashendon Feeder - Waddesdon 1736 illS H1 0043 

* hid 5 Dray ton Lodge spur 1800 2F H9 2335 

* Repeat fault location or circuit. 

The first of a series of faults involving both "DistrictS", i.e. 

Aylesbury and Hemel Hempstead, although this present case is largely 

concerned with tee forrr,er area. The faults have a spacing of about 12 miles 

along a straight line, passing from high ground just into the Chiltern 

cour.try through Aylesbury and beyond, \Vhere the ground is of relatively 

flat contour. There is seen to be no electrical connections between any 

of the faults, and the double fuse fault is the only one of interest. 

A local electrical storm and the \Vide fault times extend this to 

about 8 hrs. but in effect is probably only about 1! hrs. No emphasis is 

put on a topographical link because of the 60"fo permanent damage basis. 
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Case 16. 

Date 27.6.73. 

Reoort Data. 

1 Luckings Farm, Herts.House 1907 CON H23 0253 

2 l:ieadhams Farm 1914 1F H17 0920 a 

3 Kiln Cottages " 1F H11 0425 c 

* 4 Weedon Hill Spur " 1F H16 0650 c 

5 Wood Lane " 1F H16" 0301 c 

6 Two Dells Cottage " 1F H11 0500 d 

7 Commonwood " TR H24 1546 

8 Keepers Lane " 1F H16 0920 a 

9 Finch Lane " CA] H24 0715 

* 10 Darlington 1915 1F H17 0940 c 

11 Bourne End 1917 AR H11 2145 

12 Nettleden Lodge " 1F H5 2300 a 

13 Palmers s/s " 1F H6 2335 

14 Pedley Hill Farm " 1F H5 0220 a 

15 Road Farm, Gt.J.!issenden 1926 AR H16 2131 

16 Hyde Lane, Gt .Missenden " CAB H16 0205 

17 Shardloes 1930 1F H23 0950 h 

18 Gaddesden " 1F H5 0955 a 

19 Barnwood " 1F H10 1030 c 

20 Strawbe=y Hill " 1F H10 1130 a 

21 Tylers " 1F 1I4 1205 g 

22 1iarshalls 9 " 1F 1230 

23 Champneys " TR H10 1715 

24 Bottom Farm, Lt. Hamp'den " 1F H22 1540 a 

25 -Ubi te End Park Farm " 1F H17 1735 b 

26 Tring No. 1 s/s 1942 AR 1I4 1955 
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27 Tring - Aldbury Feeder 1942 F.B H4 2019 .. 
28 lIorthchurch Tunnel 2000 1F H4 0116 b 

29 Grossmiths Poultry " 1F H5 0220 a 

30 Haresfoot Lane 2030 CON H11 1325 

31 Theobalds Spur " 1F H4 0600 c 

32 Sedges Farm " 1F H16 1000 c 

33 Frithsder. Spur 11 1F H5 1152 a 

34 Game Farm - Lye Green feeder 2223 CAB H18 0513 

9 Not found .. 
Repeat fault location or circuit. 

A substantial number of fuse actions (nearly 68% of total faults) 

all of which, surprisingly, are single fuse faults. This suggests the 

widespread operation of rod-gaps. There are only three references to 

recloser lockout but this could well be due to the absence of autoreclosers 

in the specific faulted circuits. The eight persistent faults show evidence 

of a little above average performance in giving 23.57~ of the total outages. 

Some fuse faults are evidently grouped. with common circuits, 

noteably those references 12, 18, 21, 31 and 33, but are not necessarily 

simultaneous in action as inspection of the fault entry times reveals. 

The storm period, \7hich is logged over 3~ hrs. is largely concentrated 

into 1% hrs. during Which most of the interruptions to the supply take place. 

The groups of simultaneous faults occur at various times during this 

period and an analysis of existing topographical connections appear necessary. 

It is noted that the fault locations extend on a N.E. axis of 

approximately 8 miles and a ·.vidth of about 5 miles. The distribution of the 

fuse faults is shown (over) indicating the scattered nature of these 

actions relative to their logged times. 



i 
l:~'''~' 
\ 1"' I. 

-;.. -; l<v',l, 
(l<';: :~;\~~"':J 

" ..... ~~oc .. l .. : " 

, 
", \ 

i ~.c;.. 
i-'-:" 
'1 

aa. 



[!~,.. I"~'.I-\"':'" ::tj 

:rcl,e.,I'to.,,(..c. "t.(·' 
\.} \,'-1. .\ 

~'I\'~ tl.·..!~.,' .. ( 
.J\\~4" 1'\ 

~o , 

o loo, 
y 

09· 

Cc_o _' _-,-__ ("i • I 

I r 
1:,.,·<1-r.~· 

.; 



Case 17. 

Date 6.7.73. 

Benort Data. 

1 Field Farm, Worminghall 1410 CON lf7 1522 

2 Grass Products, ~orminghall 1410 CON lf7 1852 

* c/g 3 Bumpers Farm, Ilm&r 1557 2F H2O 

4 Verney Close, Tring 1948 2F H4 1731 

5 Tring lIo. 1 Aylesbury East 1648 CON H2 1652 

6 Park Road, Tring Q 1650 AR 1820 

7 Estate Farm, Gt. ;1estwood 1700 1F H24 1849 

8 Cholesbury Common 1714 1F H15 1957 

9 Drummond End, Bovingdon 1727 2F H12 2110 

10 Promised Lane Farm, Looseley RoVl 1729 2F H21 1914 

* 11 Northchurch Tunnel 1733 2F H4 1922 

12 Great Greenstreet Farm 1800 1F H24 1945 

13 Grovehill Farm, Towersey 2248 1F H19 2306 

* Repeat fault or circuit. 

Q Not found. 

From 1 to 13 a spread of faults over approximately 8 hrs. The 

three conductor faults are not explained further so they may be siltlply 

90. 

a 

g 

a 

c 

c 

b 

c 

c 

burnt jumpers, but can be discounted as they are strictly not transient 

faults. Their cause, however, may be the result of moderate propagation 

effects. 3 and 4 are widely separated. lIone of the affected fused circuits 

are related and it appears that there is no topographical link either. 

The fuse faults are clearly the response to separate excitations 

provided by ground strokes and-there are no electrical or topographical 

connections apparent. It is noted that 10 is the same circuit as fault 

9, Case 13, where the latter is the adjacent spur. 
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Case 18. 

Date 27. fhU.. 

rteco:!:t Data. 

1 Weir Se\vage 7iorks 0824 PE nr 1115 

2 Tythrop Farm, Kingsey 1921 3F H13 2220 a 

3 Kingsey Road, Throne 1921 2F E13 2318 a 

* 4 !leedon Hill, Copperkins Lane 2042 SW H17 0155 

5 Shendish House 2045 CAB H18' 1740 

6 Smokey Row 2330 TR H14 1605 

7 COPl'erkins Lane 2351 SW H17 0250 

8 Ilmer - Waldridge feeder 2353 AA H14 0056 

* Repeat fault location or circuit. 

The lit3"htning faults largely consist of widely scattered equipment damage. 

Certainly, 8 can be grouped ~ith 7 due to resulting perturbations, and 2 

and 3 are closely conncect"d by the electrical circuit as well as being 

located within 1 :nile of each other. They also show identical log entry 

times. 

Since 2 and 3 show all the necessary evidence for excitation by a 

sL~gle indirect ground stroke it is again unusual to find a 3-fuse failure 

which can be listed as a transient fault on its own. As there is no 

connection \vith any of the permanent faults, it is taken as a speCial case 

in which travelling waves and the prestrike effect possibly combine. 
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Case 19. 

Date 15.9.73. 

Renort Data. 

1 Fix Farm 1942 1F H12 2345 b 

2 Bottom Farm 1949 2F H11 2200 c 

3 Fields End. Boxted 1949 1F H5 2315 c 

4 Bulbourne 2049 2F H4 1745 g 

* 5 Bourne End Church 2100 2F H11 0815 c 

6 Old Saxe Farm 2100 2F H10 0255 g 

7 Chesham Vale 2200 2F H11 0100 c 

8 West Dean Lane 2200 1F H10 0920 a 

* Repeat fault location or circuit. 

All are fuse faults 'Nith a predominence of double fuse operations 

distributed over a small area. 6 and 8 are adjacent spurs, 2 and 5 are 

spurs on adjacent feeders and close together geographically. Other examples 

are isolated faults but, all have a general location in the S.E. corner of 

the wider study area where the terrain is made up of hills and valleys. 

Because of the differences in logged times for those i terns sh0'01ing 

common circuit connection some lattitude would appear to be necessary for 

their interpretation as, for example, with 6 and 8 as adjacent faults. 

Effect of the landscape is seen to be characteristic for hill country 

according to storm direction. 

A distance of about 5 miles accounts for most of these transient 

fault locations during a period of two hours so it may be concluded that the 

major part of the storm was outside the study area. 



(ier'S. 

r~,,~'I:- 4. 

~. 

1~~<,1~( 

., , 
~I~I" 

(:-:. f) 

i i')~' 

"''''~- ~ 0 ·6~· S 1",,1, ~ - -.,- - - - - -:,.\~-.. ---. '--'-1-
~"~(>K.\I/:' • ... r.I\.\ It).o!;" 

\\0\,<--; 
i~ .o.r 

t t'\... .. L t\ "'I H: .. 5 LV" ..... 

( 2F') 

95. 

I 
I -;J~.I'- ;.:J-"d 

A-
I 
I 
I 

i ~ rr : ,.t'<.._O~" 
I I'" . .-! '";e.~ ... \"-"" 
i 

7 _ 

f'·'-~,:~:"~· , 
500<"''''' 

IO~02~ 

f~ , , 
'f 

51" \" 300 1<'_11'" 
--------



96. 

Case 20. 

Date 6.6.74. 

Renort Data. 

1 Bucklands s/s 1600 1F H3 1740 d 

2 Brooke Street " 1F " 1730 c 

3 Bucks Joinery s/s " 1F " 1706 g 

New Road s/s * 4 " 1F " 1934 a 

5 Green End Street, Aston Olinton " 2F " 1934 a 

6 Sedges Farm 1928 2F H16 2034 c 

* Repeat Fault location or circuit. 

A similar example to Case 19 although single fuse action predominates 

here in that the outages are all fuse faults. With a single exception, 

all occur at the same time and so would appear to be related to a single 

initial excitation. Certainly, the electrical circuits associated with 

1-5 bear this out very well. 6 is quite a separate fault away from the 

Aylesbury area. The location of faults 1-5 are along a ridge of high ground. 

Again an example where the nature of the terrain appears to be 

an influencing factor. Clearly, propagation effects are outstanding to 

account for the five simultaneous fuse faults and any special effect of 

prestrike is likely to be of less significance. 

7. ~-o I<VA ...... --. 

to K'l/A 
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Case 21. 

Date 16.6.74. 

Renort Data. 

1 Greenlands feeder, Saunderton 1755 AR H21 1850 

2 Garners Farm feeder 1755 A.~ H21 1850 

3 Wendover Dean 1800 2F H16 1955 b 

* 4 Hewden Farm, Haddenham 1800 1F H13 1020 c 

5 Bacombe Lane, Vlendover 1800 3F H21' 1320 c 

6 Castle Park, Wendover 1810 AR H9 1008 

* Repeat fault location or circuit. 

Since all faults are in the transient classification it would 

appear, from the recorded times, that they are the result of a single stroke. 

Firstly, all of the circuits .associated with the faults are isolated so 

the only possible link is that through their locations. With the exception 

of 4 the faults are on high ground (450-550 ft.) grouped together on the 

Chiltern Hills. The exceptional case is in the Aylesbury Plain at (270 ft.). 

This is a location which has been faulted previously (Case 9) and near by 

(Haddenham low) Case 6. It would suggest that the disposition of this line 

is such that it is more exposed ,although in this case it is Some 5-6 miles 

N.:i. of the group. It is noted that a 3 fuse operation again occurs so that 

a prestrike component could be considered. 

High altitude is common to most of the fault locations and all 

the electrical circuits are unrelated, thus a single ground stroke could 

be responsible or possibly two separate strokes could be envisaged. In the 

latter case 1, 2 and 4 with 3, 5 and 6 could be the grouping according to 

the topography. Either conclusion will suffice to establish indirect stroke 

excitation as the cause of the outages. 
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Case 22. 

Date 16.6.74. 

Reoort Data. 

1 JOMS Lane Farm, Pancake Nood Spur 1900 2F H11 1000 d 

* 2 Garners Farm feeder 1954 AR H21 2045 

* 3 Greenlands feeder, Saunderton 1954 AR H21 2045 

* 4 Longwick and Waldridge 1959 AR H14 2222 

5 Twelve Acres 2000 1F H2. 0922 c 

6 West Field, Princes Risborough 11 TR H2O 1600 

* 1 Dancers End 11 1F H9 1005 a 

* 8 Odley Lane, Saunderton 11 1F H2O 1205 c 

9 Heath End Far:n, Lye Green 11 1F H16 1205 c 

10 'Hooton House 11 1F H1 1150 a 

* 11 Field Farm Cottages, Westcott 11 1F H7 1818 c 

* 12 Chesham Vale Spur 2005 2F H11 2020 c 

13 Thome Barton Farm 2005 1F H11 2020 a 

14 Grange Farm, Towersey 2010 TR H19 1800 

15 Aston Sandford 2010 1F H13 0615 c 

* 16 ~Jeedon Hill Farm 2015 2F H11 1555 c 

* 11 Buckingham Road, \1addesson 2020 AR H2 2036 

18 Red Barn, Stone 2028 AR H14 2323 

Waddesdon (No. 1) * H1/2 2036 19 BuCkingham Road, 2028 AR 

20 North Lee, hlandeville Road, Aylesbury 2028 AR 1032 

* 21 Marsh Farm, 'lTinchendon 2030 1F H7 1115 c 

22 Elm Farm feeder, Stoke If:andeville 2033 COli H14 2159 

23 North Drive 2033 AR H14 2130 

24 Lower South Farm, Doddeshall 2100 1F H1 1215 c 

25 Potash - Puttenham 2100 1F H3 1250 a 

26 Brill 2130 AR H1 0855 

* Repeat fault location or circuit 
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Clearly, a second tlnmderstorm period follolVing on from the 

previous case 21, with the affected area now considerably extended showing 

a 35% autorecloser function and only 12% persistent faults. Two of these 

are transformers. It is 'l7e11 , perhaps, to study the circuit connections 

first as the area covered is now so much wider. It is assumed that 2 and 3 

are actually new entries since there is 2 hrs. between them and those 

corresponding in the previous case. The example is partjcularly outstanding 

for the number of repeat fault locations and case 15 shows that this feeder 

appears to suffer from much attention at a nearby spur (H.Farm).· Apart 

from these location identities, none of the fuse fault circuits in the 

list of faults are directly connected electrically but can be brought together 

in groups according to their topographical identities and recorded times. 

Leaving aside the last three entries of later time, one group is confined to 

the Chiltern Hills area (Saunderton, Princes Risborough) whilst another 

around Aylesbury and '07addesdon. Although there is no evidence of circuit 

connection, it is possible because of the grouping, that the listed locations 

are the response to only a few ground strokes. 
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Case 23. 

Date 16.6.74. 

Report Data. 

1 Restomel 2200 2F H10 1305 c 

2 Drakes Farm, Long Crendon 11 1F H13 1206 c 

* 3 Needles Farm, Quainton 11 1F H1 1450 c 

4 Hampden Sawmills, Saunderton 11 1F H21 1910 a 

5 Doddeshall - 'Naddesdon s/s 2204 AR H1 . 0020 

Kings Langley - Apsley s/s * 6 2228 AR H24 2312 

7 Greenlands, Saunderton 2326 SR H21 2357 

8 Meadhams Farm, Ley Hill 2335 1F H17 1010 a 

9 Henton Sewage 'Norks 2340 1F H2O 1322 a 

10 Dunsham Farm, Buckingham Road 2341 AR H2 0152 

* 11 Aston Abbotts 2341 AR H2 0410 

* Repeat fault location or circuit. 

There are no persistent faults although 1 hr. and 41 minutes 

separates the first and last log entries. However, allowing for time 

variations and location, it is not easy to group the faults so that 

simultaneous operation is apparent. For example Quainton (3) is a long way 

from Saunderton (4). In fact about 12 miles N-S, although Long Crendon is 

about 7 miles from Saunderton and from Quainton - still a considerable 

distance for the response to a single indirect stroke. With the large 

number of AR operations (45% of total faults)i~lsfairly evident that a 

single stroke is unlikely to be the cause of many of these faults. A storm 

drift or passage is difficult to follow from the fault entry times and 

corresponding locations. 

It is assumed that the fuse faults are due to separate indirect 

ground strokes acting on widely s~parated circuits. This is a continuation 

of case 22 but as with this case, the area affectd i$ more expansive. 
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Case 24. 

Date 17.6.74. 

Report Data. 

* Q)larrendon Farm 0400 1F H23 0708 c 

2 Chartrid.ge End 0400 * H10 0745 c 

3 Whitesfield Farm, Q)lainton 0415 .. H2 0755 c 

4 Moreton Tee-off 0420 ' .. H13 0654 c 

5 Chilborough Hill Cottages * 0430 .. H13 0520 a 

* 6 Bishopstone Road 0430 .. H13 0530 a 

* Repeat fault location or circuit. 

All single fuse faults presented over a half hour period. 1 and 2 

can be related to a single stroke. They are about 5 miles apart at altitudes 

425 ft. and 575 ft. well into the Chiltern Hills. 3 is at least 12 miles 

to the N.W. of 2 and cannot be linked with any other fault. Similarly 4, 

west of Thame is also an isolated fault. 5 and 6 can be associated by a 

cOElIlon circuit and are less than 2 miles apart. 

Separate ground strokes responsible for single fuse faults. 

Possible single stroke for 1 and 2. Certainly a single stroke for 5 and 6 

since the simple circuit connection is evident. It is noted that this 

particular circuit appears to receive repeated attention, viz., case 11, 

Ref. 2 and 3; case 9, Ref. 30; case 7 Ref. 11 and 12. Also, the fault 

distribution extends over both hill and flat country. 
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Case 25. 

Date 17.6.74. 

Renort Data. 

* 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

~ainton Road s/s. 

Bakers Farm, Lower \1inchendon 

Ashley Farm 

?lhirlbush Farm, Kingsey 

Lodge Hill, Chequers 

Buncefield 

Church, Grendon Underwood 

Field Farm, Westcott 

Gypsey Bottom, Westcott 

Vlellwich Spur 

Hardwick Sewage Works 

Longwood Cottages, Saunderton 

Ashendon - 17addesdon 

Repeat fault location or circuit. x 

* 0600 1F H1 1007 

" 
x 

" 
" 

x " 

" 

" 
* " 

" 

" 

" 

" 
0615 

Not found. 

" 
" 

" 

" 

" 

" 

" 
" 

" 
" 

" 

117 1029 c 

H11 1015 

H13 1045 a 

H16 1110 a 

H6 1PPP a 

H1 1115 a 

H7 1123 a 

H7 1139 a 

H15 1210 c 

H2 1440 c 

H21 2128 a 

" H7/1 1205 

Although three of the outages can be linked to a single circuit, 

the remaining £aults appear to be on isolated electrical circuits. 
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Topographically, these faults mostly occur in the flat Aylesbury Plain 

which is relieved by some high point~, although 5 and 7 are just on the edge 

of the Chiltern Hills. The disposition of the responses therefore are 

dependent upon the direction of the storm and its extent. Since all faults 

are transient faults as with the earlier storm (case 24), it is again 

likely that single stroke excitatl-on is the cause of the ',1idespread operation 

of rod gaps. 
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Case 26. 

Date 17.6.7A. 

Revort Data. 

1 Brill - POlicott 0730 AR h7 0931 

2 Hastoe Cross 0730 2F H9 1023 a 

3 Wick Farm, Wiggington 0730 2F H10 0932 c 

4· Greenlands, Saunderton 0735 AR H21 0900 

* 5 Mayhall Farm spur 0830 1F H17 1108 c 

* Report fault location or circuit. 

This group of transient faults appears to correspond to a 

single discharge vlith the exception of item 5. All the affected circuits 

are unconnected, which appears to be a characteristic of this day of 

continuous thunderstorm activity and are only linked by the terrain. 

The si~ultaniety however requires investigation because the separation. 

distances between the faul.ts a...-e seen to be considerable. Between 3 and 4, 

for example, there is about 10 miles "!Dd about the same distance bet'Neen 

1 and 4, whereas 2 and 3 are less than two niles apart. The single 

discharge conclusion is therefore erroneous, and probably only 2 and 3 

are linked by a single stroke to earth. 
I 

109 



v.,- t 
'~ 

.t.~.(' .. 1·~· C.~.7' .. '" c·r-·t~· '::',o'''·.t --'.....:::. --·------·f-·~ ~-- ---.'--.'-.. ------.-----,-.... -_. 
~.L< ,1.(C " /11 ' 

~ 

(~.:-) 

Z 
;<. r. .~? ~~~ 

! 
V 

I/,l.. 
2~K\"A 

110 

(: .• C -/ • .i~ -1---- --~-
I ~<_d( t# 

Y 
I r L-

C'!."' •. /I')' e.c7 ...... X . .,.~·7·';)- 6·C.-15 C.C7~ 

£')~. <.(Lt_ ,-'-""~---r-----·---:-------'-r-----. -~-'---r----t:-'-I<-_-"-
I • ,0·&"1 ' V \ , ~ 

'1,1, 1,,1, 'If,l, Zr"-
'r~ 1< ,,'Po., i i ~ .04-

~ 
I 

He i l'~, -off 
." l.r f , 

{ 1,!.f.·t\.L1 

I 



111 

Case 27. 

Date 17.6.74. 

Report Data. 

1 Brick Kiln Farm Cottages 1040 2F H4 1330 d 

* 2 Doddeshall - Frederick Street Spur 1100 CAB H1 1845 

3 Shrublands Farm 1100 TR 1500 

4 Nash Lee Road, Terrick 1100 1F H15 1658 a 

* 5 Coppice House, Speen 1100 1F H21 0920 c 

6 Chenies Rectory, Fla~~den 1108 TR. H24 1840 

7 Kingswood Farm, Speen BottOJ:l 1115 TR H22 2215 

* Repeat fault location or circuit. 

This final storm of the day again shows evidence of group response 

but unlike the outages on the previous three occasions, it present 6 a 

high proportion of permanent damage in the form of three transformer 

failures and a cable fault. Also, again the simultaneous effect is 

present and all the affected circuits are in isolation. It seems unlikely 

that direct stroke action is the principal cause because of the 

simultaneous entry times representing widely scattered locations some of 

which occuF,on 'high ground and the rest in flat country. 



Case 28. 

Date 4.8.74. 

RepOrt Data. 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

Cathodic Frotection, Haddenham 

Place Farm feeder 

Wendover Pri~ary 

Long'IVi ck School 

Pasture Farm, Ilmer 

HaJnpden Saw Hills, Saunderton 

Nether, Winchendon 

Garners Farm, Coppice F~use spur 

'Buntings, Owlswick 

Three Crowns, Askett 

AShendon Tee-off 

Green Hailey 

Alscott, Ilmer 

Hewdon Farm, Haddenham 

Buckingham Road, 'iladdesdon 

Aylesbury East 

* 

* 

* 

1130 2F 

1141 AR 

1158 AR 

1200 1F 

" 
" 

" 

" 

" 
" 

1F 

1F 

1F 

1F 

1F 

1F 

" 1 F 

" 1 F 

" 1F 

" 1 F 

1206 AR 

" AR 

* Repeat fault location or circuit. x Not found. 

H13 1145 a 

H2O 1156 

H15 1245 

H2O 1345 g 

H14' 1435 

H21 1555 

1600 

H21 1645 

H14 1730 

H2O 1435 

a 

a 

c 

a 

c 

H1 2040 c 

H21 1528 c 

H2O 2110 a 

H13 1635 c 

H1 1237 

H2 1251 

The following three cases provide a storm pattern similar to 

112 

the previous four cases in that the thunderstorms extend over a considerable 

period of the day. In this case from 1130 hours to 2026 hours, and the 

fault pattern is very similar. ~70 of the cases contain virtually 

transient faults only, with mostly sinultaneous operation, whilst the 

last storm records one third persistent faults made up of transformer 

failures and a conductor fault. 

This particular case sho\7s a probable totally simultaneous 
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action in spite of a log entry diversity of 36 minutes. Half of the fuse 

faults can be linked to three circuits and the other half to single circuits. 

The circuit involving ref. 1 and 14 is shown to be clearly disposed to lightning 

attention from the previous references to lightning incidents. This also 

applies to that part of the network in which faults 6 and 8 are located. 

!.lost of the fuse faults are to be found in the Plain of Aylesbury 

but items 6 and 8 are located a little way into the Chiltern Hills. The 

maximum separation distance is about 10 miles which raises doubts that a 

single ground stroke is solely responsible for all the entries in case 28. 

However, the effect of a multiple stroke discharge could provide an 

explanation. 
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Case 29. 

Date 4.6.14. 

Re:lort Data. 

1 Fotter Row 1556 AR H10 2002 

2 Temple Croft, Upton 1610 1F H13 1855 c 

3 Rosemead, Halton 11 1F H9 2000 c 

4 Small Holdings, Kings Langley x 1615 1F H24 1745 

5 Birch Lane, Flaunden 1615 1F H16. 1920 c 

6 Thame Fark 1620 1F H19 2230 d 

7 Black Farm, Latimer 1630 1F H18 2125 a 

6 Chivery t 11 TR H9 1440 

9 Hill Farm, Chenies 11 1F H24 2000 c 

10 Rusheymead " 1F rt23 1940 d 

11 Spencers Farm 11 1F H11 1940 a 

12 Game Farm, Hye Green " 1F H18 1630 a 

13 Foleshill 11 1F H18 1830 c 

14 St. John's Lane, Ashley Green 11 1F H11 1930 a 

15 Hogg Lane " 1F H11 1830 c 

16 Eastbrook Hay, Lovetts Farm 11 1F H6 2300 c 

17 Jenkins Lane, St. Leonards " 1F H9 c 

18 Tylers, Little Gaddesden " 1F H4 2350 g 

19 Lombardy Drive, Bourne End 1655 AR H5 1804 

* 20 Chart ridge Spur 1659 2F H10 2235 c 

* 21 Old Saxe Lane 1719 1F H10 2300 c 

* ;, x Repeated fault location or circuit. Next day. Not found. 

The storm has nOI1 shifted to the S.E. and broadened a little to 

the extent that it fully covers a portion of the Chiltern Hills. Again, 

all the faults are in the transient classification with the single 
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exception of ref. 8. It is likely that this fault, a transformer failure, 

is linked 17i th 17 as it shO\vs the same log entry time, and is on the same 

circuit. 

Simultaneous fuse operation is to be seen in the majority of 

the entries but the wide disposition of the outages rather precludes a 

single stroke source and again the effect of a multiple stroke discharge 

suggests one explanation. However it is clear that the total entry is 

unlikely to be the response to a multiple stroke because the distances 

covered are too great, for example, 4 is probably 20 miles in a 'direct line 

from 6, and this is indeed a large distance to attribute to an indirect 

discharge resulting in a fuse operation in both places. On this basis, 

it is better to group the faults according to their location. This leaves 

only a few points in isolation, namely 1, 6 and 21. The majority therefore 

are associated with a log entry time varying by only 50 minutes. It is 

concluded that a single stroke is pro'bably responsible for at least 7C!f; 

of these single fuse actions through the I functioning of rod':'gaps • 
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Case 30. 

Date 4.8.74. 

Report Data. 

1 lhmdridge !.'ianor, Bellinger 1759 1F H10 2315 c 

2 Shabbington Sewage, Thame 1800 1F H13 1118 c 

3 North Mill spur, Long;vick " CON H2O 2115 

4 Orchard Leigh " 2F H11 0021 d 

5 Vlest Leith " AR H9 1850 

6 Great Gaddaston 1815 AR H5 1844 

* 7 North Camp, ,1illstead 1820 TR H9 0115 

8 Doddeshall - Frederick Street, 
Aylesbury 1851 AR H1 1937 

* 9 Bellingdon spur 2026 TR H11 1220 

* Next day. 

In this example, transformer failure is evident as with case 27 

and the previous case. If, as suggested, the flashover of rod gaps is the 

primary cause of most of the fuse outages, the occasional failure of 

transformers can also be anticipated (subject to age and fre~uency of 

h.v. surging) from the same cause. 

The log entries to this case cover a wide area and although 

identical times appear for four of the items, it is unlikely that there is 

any close connection between them. Only 2 and 3 are within reasonable 
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proximity to each other in flat c01mtry. About twenty five miles separates 

2 and 6 and about sevente~n miles lie between 2 and 9 and whereas 2 is in 

the west of the region in flat country, the other items 1, 4, 5, 6 and 9 

are all on high ground well to the East. Thus, apart frgm 2 and 3 which 

may be the re suI t of a single ground stroke the remaining faults appear as 

isolated incidents and certainly, the fuse faults, 1, 2 and 4 are separated. 
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Case 31. 

Date 1.9.74. 

Report Data. 

1 North '!feston spur - Thame Park 1400 2F H13 1740 a 

* 2 Tythrop House spur, Ilmer 1401 2F H13 1605 a 

3 Emmington cross roads spur " 3F H19 1940 g 

4 Jiianor Farm, Long Crendon " 3F H13 1900 c 

5 Waldridge Farm, "Bottle & Glass" 1404 2F H1) 1940 

Cowley Farm, Low Farm, Dinton " 2F H14 " c 

* 6 Budnall Farm, Pasture Farm, Ilmer 1415 1F H13 0936 a 

7 Waddesdon - Cuddington Bridge 1426 AR H7 1523 

8 Cuddington Baptist Chapel spur " 1F H7 1830 a 

9 "Hen & Chicken", Lye Green spur 1500 3F H11 1740 c 

* Repeat fault location or circuit. 

This is an unusual log entry since there are three references 

to 3-fuse action. Although all the entries are classified as transient, 

it can be assumed that the storm period of 1 hour is fairly active to 

produce such a high proportion of multi-fuse faults, many of which occur 

virtually Simultaneously. All faults are located in the same area to the 

'Rest of the region and to the N. of the Chiltern Hills. Two circuits 
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provide for pairs of faults, but in general the related circuits are isolated. 

It is suggested that with the increased storm activity shown here, 

the presence of a prestrike component should be included to account for 

increase in the multi-fuse action especially for those references marked 

for 3-fuse faults. The circuit diagrams for those particular references 

(3, 4 and 9) show no special, 'features of basic topology which could 

suggest direct travelling lYsve reasons for the response, and it is concluded 

that special consideration is justified for each of these entries. 
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Case 32. 

Date 7.3.75. 

Renort Data. 

1 Hyde Lane Farm, Bedmond Hill 1542 2F H18 2100 c 

2 Harthall Farm, Bedmond Hill " 2F " c 

3 Highwood Hall Farm " 1F " 1753 a 

* 4 Kings Langley " AR H24 1735 

5 Dropshort, Jockey End spur " 2F H5 1830 a 

* Repeat fault location or circuit. 

These faults are physically very close together and, l1i th simultaneous 

action, a clear example of the response to a nearby lightning discharge. 

The ground stroke appears to 'indicate a directional property since only 

two circuits are affected. One of these producea three outages so that 

travelling waves are probably-resp~Bible.The induced surge level is seen 

to be quite moderate. 

(I r) '-. , 
~ 
.:; 

o·o~ ~ C'O~-

J 
\ pl... ! I~~' 
tOkV/~ 

10 \<"". ---



Case 33. 

Date 30.4.75. 

Renort Data. 

* 1 Chartridge spur 1750 2F H10 2240 

2 Kings Ash, Vlendover " TR H10 2158 

* 
3 Dutchlands Farm 1800 1F H16 2300 

* Repeat fault location or circuit. 

Item 2,although fedby~esame feeder,is rather remote to be 

connected by surge Fropagation to 1 but these two faults are separated 

ohly by a distance of about 2 miles. It is therefore assumed that a 

c 

a 

single ground stroke accounts for them and'they are linked topographically. 

Both are on high points in the Chiltern Hills. 
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Case 34. 

Date 17.6.75. 

Report Data. 

1 Westcott Works x 0830 1F 0930 

2 Bacombe Road, Wendover 1236 2F H21 1455 c 

3 Ellesborough Road, Tee-Off " 2F H14 1536 c 

4 The Gables, Terrick Cross roads + " CAB H15 1840 

x Not found. 
;. 

Complete cable replacement between terrr~nal pole and 

cross roads. 

The Gables is actually.at the end of the o.h. line AB in the 

diagr2lll shown. However the fault record states "cable fault" and this must 

obviously refer to the load at the end of AC which is Terrick Cross Roads. 

This has the unusual load of 300KVA 1 ph as marked on the electrical '. 

diagram H1 5. 

Clearly 2, 3 and 4 are related having identical log entry times; 

are associated with a con~on electrical circuit and are situated within 

1 to 1~ miles of each other. A single stroke is therefore likely to be 

responsible. The ground stroke could be fairly close to the point where 

the cable fault occurred, leading to the two double fuse actions. A direct 

stroke is unlikely as the damage should then be rlOI'e extensive. 
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Case 35. 

Date 18.7.75. 

Report Data. 

1 Deadmans Ash Lane, Gt. Westwood 1430 1F 1124 1540 a 

2 Chipperfield - Gt. -l1estwood sls feeder 11 1F 1124 1528 

3 Deadmans Ash 11 1F 1124 1535 a 

4 Jasons F.ill 1605 2F H11 1753 g 

Again, a very local group of transient faults the first three of 

which can be easily linked by location and accounted for by a single ground 

stroke. The last entry is Some 4 miles to the N.W. more than 1,} hours 

later. It is difficult to know with any certainty whether this is the 

result of an extension of the storm or simply a late recording of that 

particular fault. Since there are no further log entries it would appear 

unlikely that the storm had moved only about 4 miles in that time. It is 

most likely that tl:e storm left the study area by the S. or S.E. and 

therefore i tern 4 is the response to a separate discharge at some time 

nearer to 1430 hours. All of these outages occur on the high ground of 

the Chiltern Hills. 
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Case 36. 

Date 5.8.75. 

Reoort Data. 

1 Rocketer, -,7endover Dean 1000 1F H16 1215 h 

2 Beamond End 1008 2F H22 1228 c 

3 Ballinger Grove 1011 1F H10 1137 c 

4 Frith Hill, Gt. Missenden " AR H16 1034 

5 Rignall 1020 1F H16 . 1230 g 

6 Lowever Benston spur 1022 2F F2 1612 c 

7 Vlhite End Park Farm 1100 1F H17 1635 b 

8 New Zealand spur 1150 TR H3 1714 

9 Park Hill Farm spur, Tring Station, 1517 TR H4 2038 

Wiggington 

10 F..ighwood Hall Farm x 1520 1F 1635 

* Repeat fault location or circuit. x Not found. 

Most of these faults are confined to the Chiltern country on the 

S.E. side of the study area, but 6, in particular, is to the N. above 

Aylesbury and well away from the Chiltern Hills. The diagrams show the 

isolation of these fuse faults and the entry times suggest that perhaps 

only two of these can be linked to a single excitation and generally the 

response is to separate ground strokes. 
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Case 37. 

Date 9.8.75. 

Reuort Data. 

1 Cumberland Close spur 

2 Croffiwell Hill spl;r, Chinnor Hill 

3 Cromwell Hill s/s 

4 Ilmer No. 1 to Aylesbury East 

5 Buckingham Road, VTaddesdon 

* Repeat fault location or circuit. x 
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* 0054 3F H23 0210 

x 0412 TR H2O 1030 

x 
" TR " 1030 

0635 DIY 11 1320 

* 11 AR H2 0700 

Although reported separately this 

is probably the same fault. 

Only two faults can be classified as transient. The fuse fault is a 

completely isolated incident and is shown to be,a three-fuse operation 

at the substation. Item 2/3 could possibly be represented as direct stroke 

damage since there is no reference to local fuse faults. Reference 4 may 

refer to the 33 kV side at the primary s/s. as a divertor is involved. The 

cause of the 3-fuse fault is not se·en to include a prestrike component 

since there are no other instances of fuse action around this time, and 

indeed, the fault, although attributed to lightning in tte records, may 

not necessarily have this origin. 

fault at substation - no diagram necessary here. 
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Case 38. 

Date 29.5.76. 

Renort Data. 

1 Field End Cottage 0958 1F H10 1445 c 

2 Ha!nmonds Hill Farm 11 11 H16 1523 

3 Hammonds Hill Farm Tee-off 11 11 11 1523 c 

* 4 Dutchlands Farm Tee-off 11 11 " 1200 a 

5 11endover Dean Pumping Station " 2F " 1125 d 

* 6 Coppice House " 1F H21 1210 c 

7 Parsloe Hillock " 2F " 2300 c 

* Repeat fault location or circuit. 

The location of ~ost of these faults is on high ground within -the 

Chiltern Hills. The greatest separation distance is about 3 miles and since 

the log entry times are identical, clearly a single ground stroke would account 

for the group fuse response. It is likely that 2 and 3 refer to the same 

fault. Four circuits accommodate all the faults and it is noted that two of 

these have been previously faulted. 
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Case 39. 

Date 16.7.76. 

Report Data. 

1 \Yaddesdon 0016 AR H1 0230 

2 Woodham Brickworks 0030 2F * 0947 c 

3 Frith Hill feeder 0049 FB H16 1200 

4 Hog Lane Farm 0110 3F H11 0312 c 

* 5 Manor Farm Spur 0130 1F H1,3' 0949 

6 Keepers Lane, Hyde Heath 11 11 H16 1009 a 

* 7 17eedon Hill 11 11 H16 1053 a 

* 8 Darlington 11 11 H17 1100 c 

* * 9 Chinnor Hill 0140 2F H2O 1240 c 

10 Ballinger Grove 0200 1F H10 1058 c 

* 11 Kings Langley 0223 AR H24 1119 

12 Great j',lissenden 0230 AB H16 0354 

13 Ballinger Bottom 11 CCN H10 1559 

14 Chil tern Road, Ballinger 11 PB 11 1200 

15 Ballingsr 11 . 1F 11 1118 g 

16 Ballinger Grove * 11 CON 11 1009 

17 ~tint Pleasant s/s. 11 2F 11 1135 a 

18 Gaybird Farm 11 CAB H16 1730 

19 Lodge Farm spur 0240 2F 11 1007 a 

* 20 Northchurch Farm 0300 1F H4 1600 c 

21 Greyholme Egg Farm 0713 11 H22 0908 a 

22 Stephens Close 11 CAB 11 1700 

23 Peterlea 11 CAB 11 0755 

* 24 Chartridge End 1134 TR H10 

25 Ashendon 2F H1 c 

* Repeat fault location or circuit. 
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Autorecloser operation has only moderate success here with 12% 

of the total outages, but this could be due to their absence from the 

affected circuits. Heaxly one third of the faults are classified as 

persistent which is well above the usual proportion, and if the pole-box 

faul t is grouped with the cable fault, this means that 20% of tee persistent 

faults are associated with cables. In which case, faults of this nature 

can be accounted for solely by the effects of travelling waves. With the 

high percentage of persistent faults it is assumed that the 'storm intensity 

is greater than usual which then also accour.ts for a number of mnlti-fuse 

actions. 

The group of simultaneous sint'le fuse faults (5/8) all take place 

wi thin a small area of c01L.'1tryside in the Chiltern Hills. A single ground 

stroke can be assumed to be responsible •. 

The second· and thiri groups of simultaneous faults (12-18 and 

21-23) respectively also take place in the same characteristic countryside 

but tlVO or three miles further to the north. The nature of these faults 

suggest that some Jaay be the results of direct stroke attention. Certain 

remaining items could well be included within these groupings for reasons 

of topographical connection although their time of entry in the log is a 

little different. The presence of a prestrike component may be considered 

in relation to Some fuse faults, particularly that of·reference 4. 
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Case 40. 

Date 25.9.76. 

Re"Dort Data. 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

Hall Farm, Ylestcott 

Glebe Farm, Waddesdon 

Upper Cranwell Farm spur 

Manor Farm, Dadbrook 

Lower South Farm 

Cuddington Mill 

Lower Farm, '.'lestcott 

Spurlands End Farm, Gt. l,:issenden 

CrO';1s Nest, Tring 

Aylesbury Road, Aston CIL~ton 

12 Spriggs Alley spur, Saunderton 

13 Loxborough House, Saunderton spur 

14 Stoney Lane s/s. Amersham 

15 

16 

17 

Latimer Village, Bois Lane 

Bourne End Sewage ':lorks 

Bourne End Church 

18 Boxted spur, Berkhamsted 

19 Crows Hest, Tring 

20 Dray ton Beauchamp 

* 0852 THAN H1 

0052 1F 

0052 3F 

0052 2F 

0052 AR 

0052 

0200 

1F 

1F 

" 

" 

" 

H1 

1030 

0633 a 

0708 a 

0752 a 

0456 

0200 

P 0200 

1F 

2F 

H1 

0925 a 

1515 c 

1245 a 

1.245 

1515 c 

1408 a 

* 0200 1F H3 

0200 2F " 
0226 1F H2O 0955 a 

0226 1F 1'21 1050 a 

0241 2F H24 0810 a 

0241 3F 

0250 2F 

0250 2F 

" 
H5 

H11 

1004 c 

0854 c 

0823 c 

0500 2F H5 0724 c 

0610 2F 

0610 1F 

H3 

" 

1135 a 

0950 a 

* Repeat fault location or circuit. ,;, Not found. 
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',h th the exception of the first item, the log is made up entirely 

of fuse faults and, significantly, there. is no record of recloser operation. 

This could, of course, be due to their absence in the particular circuits. 



135 

It is likely that the transformer failure is part of the indirect 

excitation pattern rather than the result of a direct stroke since no other 

equipment damage is recorded, and this item is one of the six responses 

resulting from a probable single ground stroke. Frestrike influence may 

be considered here in connection with this group which are fOlL~d to be 

relatively close together in the N.W. corner of the study area. The 

greatest separation distance bet\7een these faults is about 4 miles, hence 

all are within the influence of a sL~gle discharge. 

References 7, 8, 10 and 11, are more widespread where 7 and 8 

are close to the previous location of references 1-6, whereas 10 and 11 

are eight miles to the east. Consequently, although sh07ling the same 

report time, these two pairs are likely to be responses from separate 

sources of excitation. There are four subsequent pairs of 'simultaneous 

fuse faults all at different times and each pair ..i ~ clearly the re suI t 

of single ground strokes, as witnessed by their locations, and to some 

extent, by conunon circuits. 

The movement of this storm is seen to be slow and its coverage 

fairly extensive. The drift appears to be to the S.E. from the N.W. over 

a distance of about 24 miles. It is quite a different storm to the 

previous case as indeed the lo'g entry shows noting that in the previous 

case most of the faults are related to the higher ground in the Chilterns 

whereas in this case many of the faults occur in the Aylesbury Plain. 
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Case 41. 

Date 20.3.77. 

Renort Data. 

* 1 ?endley 1.Ianor spur 1454 2F H4 1705 a 

2 Pendley Beeches 11 1F 11 1723 c 

3 Newground Food Store 11 2F 11 1735 a 

4 Concorde, Kings Ash 1500 1F H10 1713 b 

* H21 0100x 
5 LongdOlm Farm, Chequers Lodge 11 TR 

6 71estfield spur 1508 1F H2O 1815 c 

7 Peters Lane 11 11 11 1845 g 

8 Hale Farm, '1lendover 1512 11 H15 1755 a 

* 9 Chinnor Bill spur 1533 11 H2O 2005 c 

10 County Primary School, Chilton 1726 TR 0305x 

* x Repeac fault location or circuit. Next day. 

Five isolated electrical circuits represent the fuse faults, 

the location of which is on high ground over a distance of approxi.'1lately 

13·5 miles. This common feature is displayed in the diagram below 

9 6/7 5 4 8 1/2/3 fault rei. 

I I I I I I 
§.OO 500 600 750 500 4~0 ) 

feet 

I I I I I 
183 152 183 229 152 137 metres 

I I I I I 766996 835044 894075 
I 
I 

818041 886061 9451 15 
I 

952108 

* x Height above sea level. Map reference. 

Since the time between the first and last report is 39 minutes 

the storm would appear to have a velOCity of about 21 mile/hr. moving 

from east to west. 

* 

x 
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The gToups 1, 2 ana 3, as -,vell as 6 and 7, are clearly the results of two 

single gTound strokes, but all the fuse references are linked since they 

lie in the path of the storm on high gTound. In this instance, valleys 

are transverse to this path which establishes the well know characteristic 

that ohly hill tops are affected by lightning strokes. 

* ~ t'>·~t 
i 

3 p i~ 

:::'. ~I, •• 1,....... t-
-, <.-- ..... " r ( rv'" " 

~.;'I:' /j. 

,(!, , 

Sr~{'" 
\ I.:j-K.\.',l.. ---

<' 

3 r r, 

I , 
It: 'Cl. ~ ... " 
r 

?f't.. 

S" L. 
ft.~-C Kv ... \, 

(IF) 
~ 

a..1 :>< ~.I ~ .1 '"--
e- .e'J4'f. . 1- J.-~.L, 
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2.3.3 The classification of the case studies. 

The 41 examples of same-day faults are represented by 34 fault 

days. To cover those selected days in 1974, it was found expedient to 

subdivide the entries on the three days 16th June, 4th August (3 cases each), 

and 17th June (4 cases). * 

These studies can be arranged into three princip81 groups, 

viz: those having 

(i) transient faults only, made up of switch and.fuse operations 

(ii) transient faults consisting of fuse faults only 

(iii) transient faults with some persistent faults 

It is seen that there are 9 cases in the first category, 8 in the second, 

and 24 in the last group. Hence, there are 17 studies in which no permanent 

damage to the line equipment is recorded. Further, it is noted that there 

are 7 studies in group (iii) having only a single persistent fault, and 

three of these (7, 29 and 40) each contain an average of 20 items and 

therefore nearly qualify for either groups (i) or (ii). On this basis, it 

can be concluded that about one half of the examples have no equipment 

·damage and they represent mostly fuse fanlts. 

The remaining cases, in the third classification, possess two or 

more persistent fa~lts but these need t~ be examined not only in relation to 

the total number of recorded outages in each case, but also on the fault 

pattern presented b,Y the outages. The appearance, for instance, of 

simultaneous groups of faults is found to be a common occurrence, and in 

fact this is a characteristic which appears in all three groups. 

In addition, tl:e tiwe sran of the case referen ces is no indication 

of the contents. For exam,)le study 9 possesses the largest number of 

entries (46) with a logged time of nearly 5 hours, but 32 of these faults 

* The selection is based upon the relative isolation of the groups of 

. faults durir:g ea!!h of the fault days. 



141 

are recorded for the same time (0430 hours), and several others are clcse 

to tl:is time. The duration of the log entry may give sorle indication of a 

description of the disturbed weather, but not necessarily the duration of 

the storm, and is not related to similarities in performance when 

comparing cases. Figure ~ 5 which is an extension of figure 3 on page 46 

supplies information on the entry duration in relation to the classification 

of the faults. The figures on the right of each example are respectively, 

the total lightning faults, the nUDber of transient faults and those 

defined as fuse operations only. Some of the case studies are seen to 

have contents spanning substantial periods of time but when closely examined 

clearly contain only a few incidents. Case 18, for example, has the longest 

durc.tion and yet has only 8 faults. At least ten of these cases have 

records exceeding 4 hours, and it is evident that several have little 

content. e.g. cases 6 and 15 sho" only five entries for corresponding 

times in excess of eight hours. In contrast, six studies are completed by 

virtually instantaneous fault times. One example is case 11 presenting 

20 outages entered over a period of 15 minutes. Since no' ;other faul t is 

recorded in each of the six cases, it is concluded that only parte of the 

storm was within the study area on these occasions. In this investigation, 

it is assumed that instantaneous fault times are the responses to single 

lightning discharges to ground. Thus, as most of the studies show some 

evidence of this response, it can be concluded that such actions can be 

expected from the majority of lightning storms irrespective of their 

duration. 

Though some reservations are necessary when making an assessment 

of auto-recloser performance, the efficacy of their presence (inclusive of 

circuit breaker tripping) is perhaps .demonstrated in certain cases where 

there is a high outage rate. A good example is case 22 showing 34.65'; of the 

total outages (26) over a period of 2! hours. Cases 7 and 9 are lesser examples 

giving 2151 for a total of 19 faults, and 17.3% for a total of 45 faults. 



[jtf,-r;~1 i I ' Cl1~\ r-Il i:J7'ff-1fm' , " , ~ I:: L I' I i 1)1 , " I I1 'TTlTTnm"r~t ," . ':ril' I 1TIIml'-W' I I I :r:~1 I' , flTIlR I ' ' 11 r I rr-rrm-I ::r ·-'r'.··TT1-1··!T;:'~1·'-+T:-· -T·,-··,-r;'·'TT11'1r·-··--·L,--eITI~·T-r-'-·-Tt T"- --T--t'l-" -"-'I""r "\"" "'-1 1 .1'1 
'.jr_I_:L~T: 1.',11: i I_T '11: T\!:lj"- Tt t. 1.- :/:' ·:rt-('=.=II.! '-l.f";FT-i~.!!-rj -1~!4.·.iHt!. I.' -1'1 r~f1b~l': :H:I::~··.·I_ "lr.·It:~ i.:.,·rl·:I

I-,: -LF ~-f": -':'1_ " :[:tltl:j.'lrf::I:I.~ I·.:: ~.·I··I:t.l· "1
1

-.1' ~L 'T'. : I .. ' ! I' , .. ; I i ' I I I·I::! i" J I " !.- '1,,-1, T '1,+~-,.I.I'11I-I·'·IL··'-I' -.. t-,-1-1-·-, .I l i,.(I-··q···1 ·· .. ,'·,-··-'III'-T··I·I·I··I:.I,--·-- .. -- ...... 111"1'+'" . 1,,1 i-l.\ 1 \-.-. J'+~i-rh I"" h r+-Htt ':-r-r-r- +.Lt- T: 'd-r- H !-t-"-ri- '-\--;-"'\"1-- -H-'\- t- --ITr+ It'f--t --HiT, -,-;" ---t,-I ·t-rr--, '~_I- -~'r - - - -', .•. -t- .t·H-l' r-:-++r '-, "j- I: --; !.I , 11 ! 
r.I-11.h: t 1 i! . i l i ; 11 rt-I :; FI-p 1'. ;f:.:rTIT!:rTI·lf." iL:~It:ifi! + ;:ll:I-1 I oi) i!!:I'tl-l. ~IT 11 I::~"': r~rl:1=i.t~ I:!·, if L'·I'::lli.t· J ,'! iTil'II:111~ i 11 ,-j:\'1'- I:"1 i [ i f 11, I' 11 I ! ill I· , : j I 1',"11 1 111 1,,'1, Ill' '·1' ,I'III'T :',II'ljl .:.,-:,.1- 1'1'1 '1-11",'1 '-:I-[,,-,I-lrl-111':"l"h '"\"'ll-I-'I" '11'1' 't· -I'I'LII! ',"1'" 
~-l.~+l.,~-~~-f~ ++ ~LH-+!.-L -t-.L:t·~-~-++·~-IT~.Lt ~~~~~ i.~ -~·+-t ,~- -~~+~l~"rt'D: -+--, .. \.~ FL~ ! lr-L-LL,_~~ I --'r-d--::';T~-: -L.dJ..++-~---1-~~ ~r·uJt-li_·1 1=-1 -n; +q-Lr. ~!.- -I-!--I. ~+LL I" ~J_! -! H ~.L~ 1 -11-1-- !J:. ,1, .... L,I .. , ," ,.! "'-+rt 'I-Itl . .I'-I -"'j.f ... ! ·ILt··--j-,jj'liT·1jL I I· li"j .ll_1 I ··rl·,· T TI'II "il . r ·'irt,. till ,,1 1 "11 "I. 

1
·'TI::.IJI1 1 I,IL:I·II'·! i\·:-,-I·!1-,I.·'-I,,; Jltr:I,'-ij'i'r+; I "I.I,-trl 1':i'l-i·r·I·I-II;!,1111i-i1-,I:.I'-illll·lil~I·1 ,:,'-1-1..1: 1 -'ltlll'! I"il,; :1'li':li:: t I"" , 'I"~'" 11.1"1-'1 '1'[-'11'1-"'-"" '-'-11 .1"1- 1 '-"-1-"1'1-1-" "J-"II +""1 ,. ," '1"'1"" '11-1 -j' .,-. i'" 1"'1"11 'I·'" 1,··I-ll! 11,1-lli-l l,_!.~_L_·\I':_·_·" r~:-:-'-I-:--·-r·j.'-+-)·l·+---·' 1-1'.J.i-;t-+I·-'----",.'··r',.··j-'·-·i.t---t'I· .. · .. ·.l.J·.l \.1'1 1 111" 1 ~ [.I t " 

\
-1...·'_1'_· i":':" .: ," Li·: ,·-LI L" ,.' ,·-'-·.'-'''·I-,-,·L.LI'·l t-I '·'.Lr,~~-L··I· -I··L,-,L~., -'-1'1. 1"-1' LLCLL'-'.·r··-[l-" lLL:-l-JI.L\l-Ll-I-'·I' ... rl-ll·rTJI··\-I,j+I-I.:.1 L I .. , r-' ... 1'1 '1'1' l' L.I., .1.1..., _I , , , 
'1, 'I"'i' "'1' I' '" '1'1' I ," I'" ""I"" 111'1 ,," '[f" "If , I' "'1'11 I ,·t I 1""1' " rU"_,'ji!lq,tj] JtT-I-t.l.i __ !_\_i :1-'::-i-ll.:1-1-I' J.!.Lt-!:··~-,- .. ';'-;=J:Li.::-r- ~1('--ll·f!!li-1 f·I:-l-IJT~-'!irll··i·· '1 1'[- ··-"~.i--~·,!·jl·"i Ill. i-' '''r l' jlllllt::! 1 
"!' L4i 'I I III,! I1 :\ ,-:1-" il!t Id·l. "I ,lic-li-11jli! 1 LI_I++"_I.\ 1 il·ll i I, I'll!! i i-I!' I +11 'I"""" I". 1,lo_.J.11 i' IJ'! I ,I Li it! I fill, I, I, I" "277 -A il·';'t· .,.::''' .... , 11'·';-:--!.r· ,I .•..• -j 1'-lil"r---rd'!I-jl" "~l'l li r-1':'-lll"1 1·.,li-;I.I':'iJ"I'I:, "'ill li'lr I, . "It:: . It'·"·lt : I 

. ..0 C" 1 I ZO-'~-\ffr ·t~ _L-,-,-,." __ , . r'~- .--.,--- ----t-~' .. -._--.'-'-'--'-.c,-~-~- '+T '-"l","H-M- ···-nt'"- ,. -_ ..... -... ,. -..... -I "1 '-'-'. I \. !.. f ' 1 . " :".': - ,. :. ",. i !, I 1 I : ! I I l I I . i !. '\ I : ! ' , . i-I! -i I i'l : !. f-' I i.: i ~.j, I I.! ·1\ i I· )"1 I i 1-: I I ' ,I I' I f !·I . I ; I ' f l , 
, 7,lil-: ". ' .. ; I . '·:'1" ,' .. I' "." . '.'1'," J;eS:I-'T-'-+"~,,ll.~ .If:..l'\:T·I.!.jll~ 1"1'1. ,1,11': li··· 1\ :'111 : I' : . ' 1 il~ to; . , I: . I ' !, 'I' i I , 'i, I' , ,i·'" 1 "r' ,.,.: '·1··,,1-,; .: ,I I':' 1 I·t' 31i'+7.).7~TI :, I' "1 : I : '1-,-1 , I' , i'" , L,. ,., I" "i! I H·'· I' -'I I',' 11-' I ' , I" [11 \ \ f 11, : II1 : ' , : : ,I, , ' , . ')7 .. : ]1' . i . I - :: !., .' \ t I I' I l : J ~ I ' : .! J ' - ;:' '! I" I 1 i I I J l·i . I .: ~ L -, I _1.. i. -I I -\ I ~ i ~ I I_U - - I . I I ! j I i'l i -i I I" 1 I I' , , I' :, I . I 
I1 ; , ' ; i , ,. ::':: __ " I ; '. ,,:;'. I : i i (1 I' : ::: [ f : ,- i I"",' i ; i • : ~'~I' r:;.' i ' , I '., : I ,·i·: :+, 1 , "-~'-I! ,-1~1-! ;to~r':jl-!:h.i"ITHI·.-,i:i:;TIU I·j';. t!+i [-I 'il ;'JI i I' f :'Ii~ : I >!; I (.: ; 1 
II:i:i-;"1 il'II·Lr\-i-IIJ.·ii'~l"!·'I':'I' il._ i.;.,ij :j'j.t'il·!I'· .'j.1 ., li,::' .1 "::' , ,.'!I ~ ri '11 1 1 'I Ill' tl I : I· 11 \"'1'1 1'':'7' -~-t' l:.l t" ~ -.• !.~ I i i-I \ !-i I11 \JJ. ~-i·l-... ' ,-. rill' j! I ~-l f 1\:') I'.:,:),,:", : '~S.J ',. ,1 ..... ~+f-4J 1'11'1" I: ,.1 .. ,! i i!. I \. l, I':' I; ~ .. I! : I 
... ~I!-!I! ,\jil 1 ,,,; ~J!.I .. !I.::I. (j·;t 11', :"'I.!.' 1-!- 'It:.'_', ,. ,.1, .. ,1 ,A",S_'2.!i-·IL'I,,,l\li-, ;1~l'.III'_I"I.J_'I' ':I~ ·.;1111":: 11, I" i " -:" 

I·",-·-,·,,'-L_' .. ~ ··t·' •. U-t-,.!· .. ·, ,.c·'-;..:.·I __ J ___ .1_·_,l C-t"-LH·l..~1 ,_L. ... ,."_O __ ._.,.,.,. ,. t·, .... ··i .c, ,-:W . _co. '!+,.I-"'ll·T '~--I-t+.L..' .. ~co";·,,--· .. -jz' L"-'·l~~-'.!.L:·...J.· . ',_L+ ... _[.l ..•. , t. _. '.~ .... , 
I'!~-+(!!II ';;'ri')! i'),'-'I::; :'.li-fl-I:1'1:1.\-' :--1\: ;il!·t,l-:,'I:~ 'il;'~ .1-!-;,I,.;,III·li. l ·t .;.~i-,~ .. lj~~I'·.--r;""'i·-. j'~1 'rf~·'-I·li J~'I\'I"I'!I 'tll";"1 t-lj;:~·, ti!ll;II:I,!\ .. I·!'i·~: lll'!'ll-f 1:1-I'il-'-'li,\il-llf'lii\llli,:1 !-~III\--!:I'lil"32r:+:'-''''~''-;· l t!·~,-I;"." ilf['-ii tj I" Ilf'- Ill::' ,'j 

: !':31! '~-'\!jll1ii:!-LI'I'~'1!'-!-'lll';;I'i"i'i+l-rl-l; \i~hf;-j-f !"i'l: .il-!- 'ii-!-;I~'ll ~_l_~_li':!i-!' l1Ii-I·li~I·' !1 1 ::r,ti 1I ::. 11 ,i I 
"1 "jl'_~"I'"~_'I'I_l'l __ t •• !1_~ .. ___ .. L, -1-' .... 11 ".1, "'1'1,·1.-,1,.1."".1, ,.)._1.,. fl~.,,. ..... ~~." . "I j I,' '1 "I 'I' ,I '" .. ' • I" ; I' " I ,! ,':, ,,!, " :,' I, 11" I I: I ; I, I : r, ,", I ' ' , " • . "'" " . I ., 

(
.1-+ ,,.., ... - ,.- .... -,-~.-,"- I ,.~t-jr' -'--1.1- ... ,.,-1 ·_····'-1 ,-r ... -I-rl I-i_.~.,.-! ~.-.. _.- .. +1 'e - --c' .+ ;.-, ' l ''', . + •• ,--.I • "1.1 ,- so- 'ZI-Go-3 'I""}' .. -I -. ",. '30 ' 
.LI'_:,: j:.: i·'T:i~.!:-: ,-,~l,-~-L'-r' !!--! -l--~-t·l-!!~--rr·'·-i--If·ljl -h I f·I--1 1. !.j! .. -:I'!-rl- "i~tll';- '!I. r-,I' IJlj, !I, I.,: ....• ' :\'1, 1"'1:: I, __ .. , .. .."" .1 
):.:\.\ t~:'I': tt.i+l·i:l J-\-l·t· .-LL'I-t H-' ['I':-r!-II-l': i-I'-!-j-!'~-) '~Hi 1\ 11' r'''f-'.; !-;.j., l-j,:·1 L: f,j·! I :.1'1 j 2:~li'i: I i 1:" ~~~ZO-I 'f·f! ! ~I) .1 1 t,:! f \ I. SA"fi·.I>~Y : '1-' \.---. ,-" ---I ... 1..'-'1 -I-.- 'r-,,--h·1-1 .. --·-r-I-,·i-I·--t-l-'-· -"r l,t·%SI'~I_-I_-'Z·.lf·'-'·'l·-'" """"'-'1.1·1,-1-"1'1'\ 1 -11'" '1 . f: 1 

\
-li.-) , I i' '_ .. '-I L,., ., . .I1.LI.,.II-I-'-'-I ... Ti-II.'.1 '-.11-: 1+:.1 Ll;' H '-';1 u.LH j"1'" . ...'':'' ''''' .. , . + ,. 'I '.! I 'J 1'1 t ; ",,-t-I-u .' 1 .. 1., :-1-1 ..I '1.11,-1, , i I' , , .. J 'I i ',." I " I 
4i++-j-L7--'-'~- ·M--2.:~2:'~" l' -+h-7-~~;-h-1--;"++1"r+t l.i-.~+.+, +h:-Lfi="r'~ , !.··r.ml'~-;' ".1..-w:'·~·-h-f·j T!--f-1.f1-t+ .. _l···-r-P-J+-·· .. I +++~ i-~+l" _L -~-,"~--h' .. ~-:--... +:++-f--;- .,1.:.7i+-:..,.... .. j . 
. I-i-r-·-t-Ll i , , •• ,\ -~-. -_ .. _L"--1--n- t !-1- 1--I J -!"·24',1 ft"-5-Z!· ~-,·I --i-1l .. ··· ... ·, .... -L-.-I-,+ •.. Ll·I,·_+ __ I. ··It--I " .-. \.1'11'1 __ 1., •. ,,-, 'r -I. r"'f'" 

1,'-7.4.: I , ".' s .......... :.. ... n "{-'-l'-f-Lf :-I-! i" +-"21> + 1;''''''- -,-2. I .. , 11 I ' : I ,1.1 HI; tl.jJ-i "H'I' Hfl-'. ;, -r r'·I· ~HII r 11)-1 1-[. 1-d l· I.'-[ t I fell I "1 ". -' '1'11 1'1 '-I I,! 11 r·t·! I, I : : , ! 
., .. ,.' ", , .. 1...,_,_ •. ,."[" , .,~, "-fi··I·~I' 11·'·'-'-'-·1"1-·-I->I···1-'-·L"["' --'-'-j'l- -.,.[.,~t T+I 11 .. ,.1""1'1"-" "1" ['1'" "'1'1 1'1 .;I'll'liit·I··I-i·'·' : .. 424-'-' ...... "..:"-~IIII·'I·'--I'·lt-H--l'·-·,··1 ,.1-11-1,-,. 1 H·L LI-1·rl-I.I.lt'· .. 'j'.L,·-l1-\:·-j-I'·lli-l'·I·ll···· ,·'-1-1' :, .1. , il1l . I-!--j-!"'_- -1-.... ~ .• - r-: -~--+-1-r-L ...;. 'L 'i-'-" ;,-, Li ,.:.." .. -~ ; " __ "';_·_r_i.,l.,_ ---.;-1 -. ,....:-,+ -I. - I -i.\ .. ---l-1 +j- .. -Ll+ "1-!--~'+~ t-L... -r-~ l-l- .1-,.-1.+1- \. __ I _ ... ' _L ... 1. _ • ..2 'j. ,! I J .. _Le J "U L , • ca;l.!..j. 

1
'+i+Ti i"!; ! i-, "I-'ltl+11!1Iil'I'. i'ih:ti~.II-+HI ilJ=jU·,·i·:-r-1 h-f\ I:!-HI ,·I·I-'·I-I.:oi., ..... , "'-'{'Itl'b' I 1':-:-'['1-"1"\-:' ... 11 . T!. ·-d::! I :2~, t"'I;" "I" -, "-1' i. I,· ,', "1'-"'" t·t·,·, 1-,--,-.· Tl~';'I' ,1-,- ""I'-'-r'I"I"[' -I' 'I'" -;, .•. 11' t· 1'-'-" "·'-j-,·I·"ll ! ,'" .~ •. ~,'ll •. ' '1 ["l,. H--l '1-, ,TI' 2Z, , ,."" .. ,12'-:-2~-,I~i Ill' I ,I I: I '~"- 1.\ .• , .".,.- r'-'- -+-. T'-,--I ,·-... ·1--·.· l' ,)".I'j_ ~.l.l. __ t'- ·1--_,1 +-f·-"--'--j-- -'$'A"qc;)A 1 .:-1- i.l.. ".j;' ,- 1 ,.'" ""1 \I'\t' . '1""1'1 '! .. 

I
·f·'-[ l-j·1 I'" ,t I.d 1+1-1 '1':- ; b-I-ril-i.i..J L!_I_I_"I:j_'" i-r 1."

"
, f -i - - ~'l'I' , I.-U ,.! 'i'-1. .... "',.. . r'-'I'! '-1-"-1 r .. ' , '. , I z'11 ,+. '-, -3, .,-.-, li 1 i Ll 'I I 11 L I ' 11

1
' 1 ; L' "f I , ' I -....l--t-tj··I'--U l-ftr\E' 1 ,~, ........ -:- ," I '·r:....:....:...· .. +--: __ ...._LLJ __ ... L+ __ 'j-+ '--. -~m.+-,.--... _I-~·,_":'...I...!-L.LJ~~-':'-l- -t-l-:20· .. ;"1··' ,. , , , -1:6':'G.-c:..:-- -~-'_-'-I-I~_~ .... • .. .'-t- ~- .. -;...·····1 

!~ .... ' ! ·-'!:r- .... - L.--, i-Ll.r\,!-q-'I··'_:·.\;_I_!~"': -'-4·l.i+-fJ-i-!,lf-:\i 11.:." 1-1+I.-i .. l-.! ..... I .. q'--4-i-Lf 1_~_···I-I.ljl It·'·II--~:~I,'t' ';,,1, ' 11.11: ' !'!"·'I T' , LI 

1
'T"'i-l" i". ··I'-I-'-·I+I·I-H'H'I-:I-'-'-lltJI·I-l-·PII'/'!"-fI'-"1..'._',';.\., .. j 11:11-, I,II\!-ll-i-H !·IHI" ,i'!' I i·i·: ,I,:! If i I-:II'!' I~'I ,,',. , ... 8,~.r"l 'i t, L, I· ['I I, ,··'-·t·· '1'1 • "., - -I' -. -''''r n-·-I'j-I 1 . - ·t··e -.,L I· .1-·11t \'11 . . 1,1r-''S-2: I 
-'-;-:-j 11-~"1 1., .•.. 1.--1.- -\ ,- 1-1--.+-1":"- ---L _ •. _,-, ._;_1. --Lr-· h' ~ .. ,--.,. .. ' '''-'-''~-i I )_'I'~ '-I 1-1-' ... 1 I: f i_.'.1 . i-I' ~!)!!:!'. I:: l' i! _""', \.1 i~; '.l:! i: l.I:J , ,!, l, ~I 1.

0
,' I,., •. , 

1''''7'3,-'4 1-1 --+r' \-I-'-t Llj~.'~.l-H··'J++I·J.ID . .w+'~r'-i·t'.+fc.,.! .. '-; . .f.:l-l..LI-I·I·i-l-i+iLIIH"+-iI--I7' .. HI .. - T ,,··-·· 'I'r'- -1--··-·-1" .. ··' .. [...- •. ,.,- ... -.,.,," I, ,t":', ,.. .. '1)._i i I' \.+ .• l~ ~l-rl--t t--!·----Lt'!·tl--I+-I-\-1-li-i-·i +'I·J-;--l-l-II·H-.!--I"'I'-Tr-i'r--:'r+H--t-r·H-l-, -1-t-li+\·.-h-i-i!,,· ... -j·i.iH-I'--;-!-nr'-1·H- l- i·I'-I'-I-1-1·\·":"\'I' ",',' :, 'S4~:27i"';'2.~111 I1I 
r l-'"" 1"'11; [TII''--I-: 1- H,--It+-,·,-·c'-··-, 11 :X,"-I-+!" IT'-Tl"'","- I ,.L." r., .. I .. 11.1.,11 .. '" "' ". '15'-%""I-tt'h-'IJ'II'TI'~"1 i'" I "1, I"'" 'I" 
,etl,- '1+ 'JI-;- 't -'·'IT-'-'''I··r'l:;-,·II·H:I--'··'-I±i·-'·J-r-n+;'''~I'j"iI"III'''''''-''I'T'II'II'i 'i"""'" , .. ":-,,,!. ,1' j'·,·I1II"I'·'IJ I " , ,,·I+-c'T'-·-··,·-··c·,-I·--·,'··,·H.,--,·,····,-,,··,··, .. -nl" Ill'-·· :., '--""l-'-"'-I'I4'11 ,"--.. - ,. '1'" lll".jl'I I ,. "" \ ;",,,-. -~-~-"Tl--!-..!..-Lr.L~·.-!- _.i·t·,·t-T ~-I-t-q--H-tI+..!J 11. I..!.!h' .. -I,--rJt-+-L-+--~""'-r"""-~' _L+ n-,r -: 'iL',·.J.·!.-'·'-'I"·· :.~ ~ ..... ..L ... -_ ..l.... __ -..:._! ... -r,· ..... W,J..t--.!...,;., :1~'7Z: I'" H.)' i i'-LI.l:.!!.~i,$t-I\!-\-L. k-l-ll'i'T·l.l-II'·m"!.il'·I:j-HT·~ 11:"+'1' ·h i:".,.I-fl +18:

1 
:I'H '~,'!,,!. p·-,rr,"·, [I' III 1 li.! '1 '11"'1.111' 11, i." .:;:!, 'It .,., I?-. $""--_.' ,1.,_. -""-1'11-1 .. 11-- ·-f·'-,I-I-\·· -.-- 1':--, ... , .,-, ·,-,-,,1 1'1"""1'1"'1" -111 '1. 1"1'" 1 111 ,,,,, 

~J-H1J.1:;JI ·1·"I·+~:'2ci . .- .... !.~.;i·;-I-;.,. .. t·!-1-1.;"fTf:·h-l h'I"i- !·H--I-j-t!·j· - .'1"1'1" '-;-, ~:'I'f+---- !.,~--t.-'i· '-j- /-·l->f/·i -'··r!-IH"-l;!i--j -'1-' '1-,11' 1-'ll' 111'111

; l!rtl . -, L ,. ", I·" .-.-.-- ~-.-l.--!-I---I·'r-.·L-I'---t---·'-Il-I ,-·t--_·I . -----1-· ·-t· !--'--""I--'--r' _.I. ·k .. f-I-I- .. !·_,··· .. 'l-i·r-I ... \.1 r-'" \ Ir ,- 111" 11.!l71-1 '-l I~ I-'-~'" _L:-I_'-I "~'·t·· ~i_'_!.Lr~'.LI_._Ll·t.I·L' __ Lj,t_.! ~:-'~~'-' , ,-JILI-1'-I-·'-EI' +c+t:j-r+,.·I. -1-t-ftl-lll}j,]U-'I··I·q-,...:-,+;J·:··iO'+ C-7~~I-r:I"'I-IJI' L.-t-i-t ,. '~'i_"._I· .. ! .. "1 
:.1 J, LI,: ,,~.:-;,: LL!_Ll 1.! L~ __ L' Lt-I'" c,!. ! '-I \ L!.! .. I, j LH~'ll_1 '~ll $" 7i--rt-l-l-l-L---i-ll--.\'-- -j' -[- tt-f~l. - -1'-- ·1·-p-1- -,-,·t-j"·l';· I ~I t i , .. t:I-I- '.' Ll j '1'1' i i, ~~~ I, 
nl'itj_- ·f·'I· 1.'_11 H·I-\··-;·++-t-f·i- 9

j .. 
l
- .i'i'·r:' i ... ·-I .. rl·l1p·;11 11,~j~ '~"ii·'I·'-h.'---H"h-!+-':-h---l·'~·l.fJ·t"·-----I-i--·l.l-J.L!--~:I-+I"--;·I··l-. 1--'--1'['1- r I'I";'I'~ rh, r l· tj·1 r"' ·1--l---n--1Tr--r-r11... 11 . ,.- -+t·I--·,L·-·--I·'·I.~ -.. f \---- 1,,-+.-1 S"I II~'-:'_~"-I-" -,---··t-++'-- t--'f"+ r-+- I 1..1 'III .. ,I-r.l, 1~70 '-U' .. ,-ll. 'Ii+ ·-1-'-1" HiL,+-ldhIJi 11~":1-1-1t+ I~ 1-,'·-1; Ill. ' I.r-I ,.,.,' ';., i-' ;-H·I-H-'-'.-"'· i H I"'~'i)'~" -'T ·L-tl71r., I .. I,t, .... !., J, ,I..:..: '-1 1'1 "i l' : j" ,., : I 

1 ,-, -, ;-1'" ,-:- -~-r-+ !.L..7-!--t-L ~: ,1 : ~ ,~~.+-.!~ ,---l-+-+-·i':-·:-H-++~~"TT ,--+-l-+-H--r--!--l--~-H,~~..l.,+--!,.l-I .. ++--;--Lr-~,.+L -~-~ ....... ~~-' ~- .J- . ,l I I'n ,- .... ...::- j- -r + ,T~'~~ 11'T1 
.• - :'~'I+-:-;-T .. , .. ,.,.,-,. '["lil __ I.,_1 +-.+·.-c l~--"L6"- $",.5"-"- - -1-1--1-·- ··L.I·II·I·lr ., 11.1-. ,_l._,_ ,.,, _-' ' , ,.! S".. '-,!! 1.1 i-·., ~,- '-1- -L! ,T -'-i--!:-+j. 'H I : ;'-H'- .,.: 'j-H ,., '1'+ -1,+[: . ;-'.: ·I·i ' + :·i· l -- ,+ Ilt·1-; i-li·I'·' ';".-; l , , Lit, , • L III I,. 'I' L .. -11.",.1 ,.1 lr I. I L I' I ! I' I ' : I 

I"j·"lt-, .. '''I·\-r-t,,·I'1 + 1- .. 1.- 1 -----l---l->-!·' --!-lr·~--'-I-·--r~·-·-·--I\--j -t·~t- ". --('" "'1 -J., ..... : __ l_. __ !;;:a,I' - ." 11··· .. · t· 1"1,.,\.°1 " Ij~I"1 -.,- ·'·'It 'l~to;~L;-'; iJ" uttl" 11-'I-\·!-i:l· -£l-t-tlh~lr.! . .,. "1-;+-;1 -1-11+1"I'£1i -1- $11" i ~I !j~ fJI-ir~I~ll-1 -'-I f'+I!-II-: ·i·lh ij-I!-I4-1.1r •. . .,. :,,~-.-S"-2" I : ! t , ! t·' I , : I, 11 I,', '1,11" :.,-'+'" .. , ,'-1-1 T'-'T !,', ''-'''-'''I'''--b-j' -'"1-' '1-' +- . '-[B,~I -,,-·-··'t-+t-;~ T.L'-~ ..... ,. .. c ..... _ - ........ , rln,-.. Iti .. ~ '1-"'-' '11"1 '-'1 [" 11··-+I-·I J -1!'I-~il~'"'' j·,'rj-l;-t-·r·j-·· 'i-',+tT--r:"I-T~---t--l-LI-rr-:"I"'I-'-'-f-":'- .,-1-.+-.--( j--1-'-t .. I--I-"-1--I"'j·- '1'!-lrrr'Lr<;'jl,tirl 1-.'1 'Ill' 1:1 1 :"1'1- .- . tll r- 'I "2 "-'I--'rtT-'-' ~._.+,~_L, ---I--l ~t·I., T-l-.-- [.1"_ +.J .... L. '--1- ···-f t-1----I-I- -L. __ .t-; .. _. ~+ -tz·-" 'Sw3,-''S'" 1 .,-. ,-- .1 1'1. 1 1- 1'" 
il!,co,fiIi i.i ' ,·'t'·'-:n I' Lj'fH+[i' 1 ..• ~JL1.r'-I-H-!"'I+ti-ii"j'iillf'l-n fl'·i-I· -, wft.1 [-ki I"! " "1",-1 I-l J\-I' I· \-I 1.1. I, i.J ,: L, LI , , , , l. , ,I :/ l ,.1i-", W I ~IJII-llr' I ' , 1 " 11 , " ,- '1- I "". -1- -1-"" + .. , ,+j 1- . - ... ' 1.1 1- .,- .. -I-i t, '-'T' " .. I.l-'-'.'-.'jJl--I'· '"H-j- -1-, ·-I·t· - .",; IJ ' . [ ,., , , '·1 • I ' 'J' , .. , -I··.., . I .. '1' - I 1 , , " I 

' -r"':'" '-:....~ ...;_1--. ___ ~ ___ ~, . ...:.J ,L ..... ~-;....m---4-4.+->-++.U-L- " '~I'. TI--r.-j-" -1-. T' __ i-;.,n -; .. :_ -, .. I-i-'W-· - I_' . .....! .. ;--! • l-
r
+··1. -.1- . "t +- - ~ --t-.. .,....;~ '-l~, I j" ,. i .1.+ -I-'-!-,-,-I.I·' j 1- . --H·H- . +,..Ii. H-'- -I iL ,]" '1":.-1';;'+1-1: +1+1+ -I-j'H-:.,!TI i' T- -I' hll' 1·1·+i '1"-1' f·r -I·· .. rti.'. .. '}I'"(T r " , i· .. 1- l' ! 1 i I i I /., I ++ -·,0 ---~-r'i--"--I,-!-!-",--t --'---1- -!--I-I-+I--····-,--(f-l. --- ·-·T·-~--:·-I----j---;·+-1---·-·,·H-·r+·I·!rt _"'_"_'1 .. · - .-----,- i·-1·1 .,'! t '1.!1 

"Ft.""':ll riz:, I-tL~tl. ! .,-114:b: Tt.I~H:d~-tr!lt.t-11-1~:!+ I1 !1 .. ~-::LH-\II!I:i.!: t.TI:B.-II\'.f!:L. !:hl-!,:b:L:L!-lI!' r t;:II~ '\_'I.f:L~:I:j:'ll !1-111J:1111,ir.:-LJ I t ~W I i L; i I ,-ri-l-IL" 0 l-rlJTIOZoo-l.ll-r(>rf; . o"r'I-l:Lt)~loo; -.,TI.O .... °Irn-rr-'ooO i ·1'·I-lt ,<tjOO.,-LI-!:l.I<4iO

t 
0. 1 

... +1 1. 1 ~ oor.1: -rl" tfool·tlli'~TJ - ~ fZO<»t.,.q '124 ," -1--11""-
j'.'(I::, .. -L-Aillf]-I+r-I--!j·ll-:'·I'-j'-··-H-H i· .. ;-~'. Hl-IDlf1-' ·1·~-Ij'·1 ')--'11 11 H '.'-1 ,Ii··t 'i'+H'!-I--I+I"I-i-' 'j' t· -I'!' I' t- titl. -~t-":' -- l'iJ'-'I'I" "l' - i I" ' ",', "11 ,., , ". 1'--ln L

, lill:J·--t+:- 1"1' -11-" '-'-1-1'1"1-1 .. -.-[1"1""1-- -'I""'", I ~~-El-··l±8---~·-··-"··· -, .'--' ... '-·-·I-······ t -"'1' " H'~ -ti-Ift. '--~-rh~ ','" r·-'-t--"'--r'---·" ·-t},------- .. ·J··:-····h- ,,""'\if, : ou .---T--t+ -·,!-----"t--I-- .. - ... '-!""---'·--"r' .. , -I ;.h 
L:.)':-11l-u;,· J·U:.·· El r ":1:-1 _I. r-!-, I I-HE'I 1+. -'r .. Li±h :ill,:W_.LW.:U:IL!:U.l.t:tli r -I :.. j ... -I±. T..:t!: I,··· ·U::J!:l.L! i-"#51 

D· .. <e. ... "'-P,f!.-I'R1Su-r.o ... e .. ~"' ..... bAy L,., .. .,. ... ,,,,"r r=-AU .. .,.5>(g)-Il';A .... T II>_T.T..... ":'SU~Q ~ '_ 

'_. 



143 

The corresr~nding times are 1 hour and 2~ hours (if item 46 is discounted). 

Higher percentages of autoswitch operation are achieved (as in cases 21 and 

26), where the total number of faults is few, but these examples really 

have less significance and it is difficult to make comparisons. Again, in 

the 'middle range", assessment remains uncertain as illustrated by cases 

23 and 25. In the former, the total number of outages is eleven and five 

of these are due to autorecloser operations. The rest are fuse faults. 

In the latter, there are thirteen outages all of which are fuse faults. 

ElectriCal circuits having association with more than one fuse 

fault are shown to be present in quite a number of the cases. In fact, 

they exist in about 63% of the examples, but in terms of the number of fuse 

faults so connected, it reduces to about 33% of the total fuse faults. 

This means that about one third of these outages are linked conductively 

in some way. These faults hO'llever may not occur at the same time although 

actually this is found to be so in the large number of the examples. 

Summarising the common .. circuit identity, the following table displa;yed 

below also relates these faults with the number of circuits involved, 

together \Vi th the total number of faults. 
Table 4. 

Case No. 

* No. of linked faults 

* No. of total faults 

1 2 3 6 7 8 9 11 13 14 16 18 19' 

2 3 2 2 7 4 6 5 2 2 12 2 4 

6 3 5 4 14 4 23 15 

110. of linked circuits 1 1 1 1 3 1 2 2 

8 

1 

5 21 

1 4 

2 

1 

8 

2 

Case Ho. 20 24 25 28 29 31 32 34 35 38 39 40 41 

* No. of linked faults 5 2 3 6 4 4 3 2 3 3 9 4 5 

* No. of total faults 6 6 9 11 17 8 4 2 3 6 13 17 8 

No. of linked circuits 1 1 1 3 2 2 1 1 1 1 2 2 2 

* fuse faults only. 

Hence, just over one half of the 41 examples show one or two common faulted 



circuits, and in a few cases (8, 18, 34 and 35), all the fuse faults are 

associated with one respective circuit. 

Simultaneous fuse operations are not confined to linked circuits 

but also are seen to take place in circuits in isolation. A further 

classification can therefore be considered concerning (a) the repetition 

of faulted circuits, and (b) the simultaneity of fuse faults. Thus, the 

response to one single indirect stroke is seen to result in· 

(i) SODe fose faults with common circuit connections in which 

the action is simultaneous. 

(ii) some fuse faults in isolated circuits in which the action 

is simultaneous. 

There remain those ~esponses to separate indirect strokes on the Same 

day resul ting in 

(iii) some fuse faults with common circuit connections which then 

occur at different times. 

(iv)' some fuse faults in isolated circuits taking place at 

different times, 

and finally, on separate fault days, there are 

(v) Some fuse faults ·,vhich may be identified with previous faulted 

. circuits or load points. 

The cases identified with the above classification are presented 
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in the following table. 

Classification 
Table 5. 

Percentage of 

total cases. 

(H) 

(Hi) 

(iv) 

(v) 

1,3,7,8,9,11,13, 14, 16, 18, 20, 24, 25, 

28, 29, 31, 32, 34, 35, 38, 39, 40, 41 

2, 7, 9, 10, 11, 13, 16, 17, 19, 21, 22, 23, 

24, 25, 27, 28, 29, 30, 31, 32, 35, 38, 39, 46 

2, 3, 6, 8, 9, 16, 19, 28, 31. 39 

All cases except 10,11,18,20,25,28,32,38 

All cases except 2, 4, 5, 18, 19, 20, 26, 28, 

30, 34, 35 

56.1 

73.2 



145 

From this table it can be sho~ that four of the studies 

(9, 16, 31 and 39) are connected with all groups (i) to (v) and whereas 

three of these have a large number of fuse faults, case 31 has only 

eight. Four studies (4, 5, 20 ar,d 26) can only be ider.tified with one 

group. None of these exceed six fuse faults and a 10\7 number of faults 

might well be anticipated in this instance. In general, about two thirds 

of the case studies can be identified with three or more of the groups. 

It can be concluded from these observations th~t a substantial number 

of fault days can be expected to have the characteristics of s~ltaneous 

fuse faults, faults in isolated circuits, and faults in circuits which 

have had previous lightning attention. 

2.3.4 The influer.ce of topography. 

The fact that a substantial number of the case studies contain 

outage points w:.ich have appeared as earlier faults is not seen to be 

fortui tous. Moreover, this occurrence is also extended to some electrical 

circuits. They give every indication of attracting lightning attention. 

A similar experience has been met with before in the earlier study by the 

writer, although not emphasised then in any great detail. In considering 

the reason for this phenomenon, there can be little doubt, based upon those 

observatior:s made when compiling the case studies, that the nature of the 

terrain in association VIi th the prevailing wind at the time of the electric 

storm have some bearing on the lightning performance of these overhead line 

distribution systems. The influence of landscape upon the pattern of lishtning 

* discharges has been discussed elsewhere, and a few examples taken from the 

previous studies will serve to demonstrate the validity of the influencing 

factors. 

Over level groimd to the north of the Chiltern Hills, the 

characteristic lightning response associated with indirect strokes is 

likely to be either (i) where high points only are selected. The first four 

items in case 1a.l"t. a good example here ·and the fact that they all refer 

R. H. Golde. 



to farms need not be considered unusual. Or (ii) where an exposed level 

surface of land is presented to the thunderclouds and then attention 

is more likely to be paid to objects '7hich seriously disturb the uniformity 

of the equipotential distribution. The cases which include areas of 

country around Aston Clinton to the South of Aylesbury, and -,'laddesdon to 

the north west demonstrate these effects. 

The storm pattern in the "hill cour,try" is again of two types. 

The last example, case 41, is a demonstration where the prevailing wind 

drives the thunderstorm across the valleys. In the Chilterns, a series of 

valleys run approximately N.W. to S.E.. The lightning faults are most 

likely to take place on the high ground between each valley and this is 

seen to be so in case 41. 'llhereas, in case 8 the records show a different 

pattern in a landscape of a similar character where, froD the records, 

the storm appears to be passing along t!1e valleys. Thus, in this example, 

the lightnine faults take place on the lower ground. 

Reference has already been made in the appropriate studies 

where the topographical influence is apparent and clearly affects the 

faul t l)attern. However, a topographical component has been evaluated for 

ever-.:! ,reference as a contribution to the fault classification mentioned 

on page 145. 

It is to be noted that those studies with a large number of 

log entries frequentl;r include both types of terrain. This'Jfor instance, is 

shown in cases 9, 22, 29, 39 and 40, but not in cases 7 and 16 where the 

former is associated l7ith the Plain of Aylesbury whilst the latter is 

confined to the Chiltern countrY. There is some diversity of total log 

entry time between all these cases as indicated in figure 5, but it can 

be largely discounted since all contain groups of simultaneous faults 

(case 9 is probably the best example) which could well be the sub jeot of 

topographical interest. It does not follo'l/ from this, h0'.7ever, that 

either hill and valley country or level ground is a prerequisite for 
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simultaniety in fuse action although cases 7, 13, 25, 29 and 38 for 

example would yield this information. On the other hand cases 21, 24, 28 

and 40, however, show that,this need not be so. 

2.3.5 Elementary circuit tocologies. 

Groups a to e of the basic dircuits, shown on page 49, represent 

spurs ~~d tee-offs. These are the principle circuit delineations in the 

mapping of the h.v. distribution circuits. Consequently the majority 

of the fuse faults will be found to be identified within the fir~t five 

of the basic topologies. However, a further tJ,ree tOl'oloeies plbvide a 

refinen,ent where a fuse fault can be identified clear of bifllrcations. 

A total of 319 fuse faults are sho;m from the 41 case studies, 

but some of these faults are associated ',vi th sub-stations ani not shOlm 

0>1 the case diagrams, and some ,.,ere not located on the electrical maps 

H1-P24. This leaves 297 fuse faults distributed among the electrical 

diagrams accompanying the studies.' The analysis of these diagrams according 

to the letter references representing the elementary topologies is 

displayed in figure 6 overleaf. Bifurcations a and c represent the 

majority of these faults (337~ and 49;0 of the total respectively) and it is 

! 
noted that •• hereas .. "a" represent a transformer insertion between lines of 

about the same surge impedance and therefore there is a discontinuity, 

"c" is a homogentous s;,'stem and'is shown to be associated with about half 

of the fuse faulted circuits. 

2.3.6 The ~restrike effects. 

Prestrike influence as a factor in fuse blowing in thunderstorms 

has not hitherto been considered by previous investigations of the lightning 

response of h.v. distribution systems. Only Uchara and Ohwa (Ref. 34, 

Part r) have suggested that the' increase in the electric field intensity 

and. subsequent point discharge effects would be contributing factors. 

Clearly, there is no evidence that the initial flashover of rod-gaps is 
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solely achieved, in every case of a transient fault, by a simply incident 

surge and the doubling effect at terminations. There are reasonable grounds 

for taking into account a 5uppl&mentary surge component 7lhich could well 

explain some of the a.',omalous fuse faults. This component is identified 

here as a response to the prestrike effects (Griscom, Ref. 23, Part I) 

and is assessed on the basis of utilising much lower critical ground 

voltage gradients than are currently considered. 

Some evidence for the presence of the component is Bought in a 

few examples taken from the case studies in wmch the responses are easily 

explained in terms of single travelling waves. It suggests that attention 

is paid to the tp~ee-fuse fault. There are only. ten of these distributed 

bet71een eight cases. Evidently, the three-fuse transient fault is an 

infrequent one, and if disassociated from the second~J effects of persistent 

faults to which it is sometimes attributed, an alternative explanation 

needs to be found. 

Case 12 provides insufficient data from the' electrical diagrams 

as the feeder is a cable and the spur is an Lv. connection which may also 

be D. cable run (not shown on an 11kV diagram system). Case 14 however 

provides an interesting example. It is assumed that an indirect surge 

was generated in the 11kV line system nearby. References 1 and 2 are 

adjacent spurs with 2 associated \vith' the farmhouse and hence the rate of 

change of the ground gradient would be greater for the latter and it can be , 

assumed that the response could be quite different to reference 1 (one fuse 

only). Since case 18 has only three transient faults, t·,vo of which occur at 

the same time on a common.circuit, it seems reasonable to assume that 

both propagation and prestrike can be considered as in case 14. Both fuse 

faults are only about half a mile apart and prestrike influence could have 

a greater effect on both faults'than in the previous example. 

In case 21, the three-fuse fault is isolated but linked by a 

single discharge with two other fuse faults. Possibly the leader head was 



in closer proximity to this circuit and so had a stronger influence. 

Case 31 is outstanding in that three of the eight fuse actions are 3-fuse, 

and significantly, two of these together with a 2-fuse outage occur at the 

same time. !'.m7ever, all are in isolated circuits as also is the third 

reference to a 3-fuse fault at a different time. The same conclusion is 

reached as to the reason for these res:;:onses as previously indicated. 

This also applies to cases 37 and 40 which each have a single 3-fuse operation, 

the latter as part of a simultaneous group response, but 'again both in 

isolated circuits. 

It is to be noted that in the majority of these examples the 
.-

elementary circuit topology is the homogeneous bifurcation (type (C». 
/' 

2.4 Assessment of field study. 

The variation in the lightning performance year by year is very 

evident with some years recording a high proportion of transient faults in 

relation to the permanent damage to equipment. One of these years shows 

an exceptional number of fuse actions. 

The prediction of lightning performance from past records, in 

terms of the relative proportions of transient and persistent faults, 

is seen to be difficult owing to the nebulous relationship between these 

group identities. 

Overall fuse action and autorecloser operation is ShO'ID to be 

about 80% of the total lightning faults conforming to the findings of a 

previous investigation by the writer. 

Single fuse action total more than half of the transient faults, 

and recloser protection is successful in nearly one fifth of the outages 

in this class. 

In the persistent fault classification, transformers are clearly 

shown to be the greatest casualties. 

About one half of, the case studies are shown to have little or no 

equipment damage. The outages are, with those exceptions, all transient 



faults as defined in this investigation. Thus, the contents of 

approximately 50: of the studies are the responses to lightning excitation 

of moderate intensity assumed here to be generated by indirect strokes. 

The remaining studies each contain t710 or more persistent fanl ts 

which, towever, have to be considered in relation to the other faults and 

the general fault pattern, in each case. But for most of these examples 

evidence is again presented of responses predominantly due to indirect 

lightning strokes. 

The duration of the lightning fault day as recorded by 'the first 

and last items in each study is shown to bear no relation to the number 

of items, or to the identity of those items. This period of time gives 
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the inforw~tion as to the duration of the electric storm excitation affecting 

the overhead line system. 

Since there is no relation between the duration of fault conditions 

and the number of entries in each case study, similarity in performance 

in compar~tive cases is unlikely to accompany similar time durations, and 

this fact is clearly confirmed. 

A topographical influence over the lightning fault pattern ·is 

demonstrated in a number of the studies, although it is not clear what 

contribution is also made by the disposition of the overhead line system 

in those cases. Fault repetition could be accounted for by.this combination. 

Repeated faults are seen to take place throughout the series of studies 

showing that there is some evidence for lightning catchment areas. 

The efficacy of autorecloaer presence is assumed to be demonstrated 

in a few cases. 

A prestrike component is used to illustrate that some of the 

fuse faults are plainly not the response to simple incident surge voltages. 

A number of the case studies present anomalous effects of this type. Examples 

of the infrequent 3-fuse fault are included in this category. 

About one third of the fuse faults are linked conductively in 

some way but not necessarily linked by simultaneous action. In a few cases, 



all tne transient faults are fuse faults in one circuit only. 

Simultaneous fuse action, either in common circuits or in circuits 

in isolation, can be expected from the majority of lightning storms 

irrespective of their duration, but the number of outages so involved 

is shown to vary considerably. 

About one half of the fuse faults are identified wit~ basic 

homogeneous circuits, and the other half with discontinuous topologies 

of var'Jing forms. 
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PART III 

System assessment. Pulse excitation; surge impedances; ground return; 

propagation analysis. 

3.1 Pulse excitation. 

3.1.1 The indirect surge. 

Representative forcing functions for the surge analysis of some 

basic circuits contained within the faulted systems, are found from a 

sampling of table 7. Whilst it is evident that indirect lightning strokes 

induce voltage pulses with a variety of delineation of form, only those 

with the greatest rate of rise need be considered in the present context. 

A simple approach is to regard the induced voltage pulse as primarily 

aperiodic (the type A pulse) and then to include the complimentary bipolar 

shape (the type B pulse) ~s its extension and alternative, i.e. a negative 
. 

loop preceding a positive loop without discontinuity. In this way the 

mathematical statement for the type A pulse, with a little modification, 

appears again in the expression for the type B pulse. Table 7 gives a 

summary of the induced voltage effects resulting from field measurements, 

together with comparative data as utilised by a few investigators in 

related studies. 

A sampling indicates that 5/20f8ec wave would be representative 

of a short pulse in response to a nearby ground stroke. Alternatively, 

one of 6/40),sec would suffice. Converting to equations of the standard 

form, 

( -at -bt) ( ) AEe _e •••••••••••••••••••••••.•• 1 

is relatively straight forward since a and.b >are both real and positive 

and a graphical method is then available. 2 Consequently, the 5/20."sec 

pulse is found to be 

e E (e -0.055t i • e-O~445t).~ ......••..••••. (2) 
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and the 8/4P',' .J'sec pulse as 

ei = E(e-O.024t _ e~0.36t) ••••••••••••••••••••• (3) 
2 

A pulse typical of the direct stroke by comparison is 

This corresponds to a time representation of 2/tfJrsec. 

By the addition of a further exponential term to equation (1), 

and an alteration to the coefficients of each term, an expression for a 

bipolar pulse can now be presented, i.e. 

e, = 
~:s 

+ Ce-ct) ................ (5) 

and where a negative loop precedes the positive loop without interruption, 

then A + C _ B • 0. Rorden3 has applied this fo= of equation 

to various types of electrical circuits and obtained an expreasion which 

identifies the coefficients. The equation is shown as 

[ 
a -'" -at ei = ME a _ p '.e - b -"'- -bt ~O( ... p)~a - b) , .e t () b-p a-(3b-Jl 

.•• ' .•••.•.•••••• ( 6) 

in which 11, ~and ~ are functions of the surge impedances of the connected 

circuit. Arranged for the present discussion as, for example, an overhead 

line terminated by a transformer, then 11 = -1, co(. = f3 • 0.667, so that 

the corresponding bipolar pulses, utilising equations (2) and (3) earlier, 

now become res'pectively 

and E. 
~4 

••••••••••••••• (7) 

••••••••••••••. ~( 8) 

which suffice to show that, in principle, a bipolar wave form can be 
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Samule ilaveforms 

(i) Induced f'ulses in Couoled Conductors. 
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(ii) Induced Pulses from Lightning Strokes. 
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(Ui) Synthesised Pulses (from equations 7 and 8 , Paee 155) 

Figure 6. 
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resolved quite easily. Equations 2 and 3 then represent the type A pulse, 

and equations 7 and B, the type B pulse. referred to earlier. 

It is unlikely, however, that examples of the induced bipolar 

wave found from field measurements can be defined so simply. The positive 

wave front is often seen to deviate from ·the accepted exponential norm. 
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The negative loop or spike m~ vary in such a way ·that the loop is seriously 

distorted. Sample waveforms taken from experimental work illustrate these 

points in figure 6, by comparison'with those bipolar pulses constructed 

from equations 7 and B. 

In table 7, the early references to bipolar pulses, circa 1930, 

are those effects accorded to travelling waves on multiconductor lines in 

which the reversed loop response with distance travelled is exhibited. 

The source of energy here is an impulse generator. Nevertheless, the 

err.ect'will most probably appear in some of the oscillograms obtained by 

Perry and his associates from the direct measure~ents of lightning impulses, 

and certainly from some of the oscillograms to be found in refer~nces 13 

and 14, whilst reference 11 is in the same category as references 1 and 2. 

A sample negative loop time for a bipolar inct,lent surge is 

5 microseconds based on tIle field measurements of Singarajah. The crest 

value of the loop is seen to vary greatly, for in some oscillograms it is 

but a fe\7 per cent of the positive maximum value and in others it tnB3 

actually exceed that value. For maximum effect as part of a forcing 

function it is assumed here to be equal to a positive maximum induced voltage. 

3.1.2 The comparison of urimary pulses. 

An examination of the wave fronts of a large number of induced 

voltage surges indicate that they frequently depart from the traditional 

exponential fonn so readily assigned to the direct stroke surge. A study 

of li"htning stroke currents by Berger4 over a number of years shows that 

the form of the current front generally does not have an initial high 

rate of rise. It may rise slowly at first and increase steadily over the 
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main l'art, and so generate a near concave contour. Berger attributes this 

to the effect of the uI"/ard streamer and ,'{agner and Hileman later come to 

the S,,]',18 conclusion. It is therefore to be expected that some variation 

in the shape of the front of the induced voltage wave is likely to be a 

c(mmon feature. Fi:oure 7 explores this variation in positive pulse fronts, 

but evidently linear, sinusoidal and exponential forms can be employed in 

the surge e~alysis without departing too far from the natural shapes of 

indirect incident surges. 

The pulse tail is usually taken to be exponential mtt here it 

is seen to be very close to the linear form, a~d it is more convenient 

to use "the latter in the {s'Taphical surge analysis that follows. The tail 

is, therefore, of the general fonn 

y ~ -ax + b ................................................... 

1'his eCiuation is resolved when a = 0.0333 and b is 1.166 in the case of 

tl1e 5/20 J"sec pulse,. or alternatively, if a .~ 0.01562 and b is 1.125 

y1l1ere ti,e S/40 r sec IJulse is used . 
. 

The corresponding linear anll Sinusoidal fronts are then 

(i) y = OJ{ •••••••••••••••••••••••••••••• (10) 

and' (H) y = ~(1 - Cos x) •.••••.••..•..•.•••• (11) 

ValuE:s for a Emu Cos x (where x = 6) are to be found from fio,'UX'e 7. 

3.1.3 The transfer of sur~es. 

A general solution of the transmission of a lightning .pulse 

from the 11 kV circuit of a transformer to its IO~1 voltage equivalent is 

seen to be' cOl:Jplicated, but an "engineering" solution is readily available 

if it is assumed that the electro-magnetic COID?Onent is the dominating 

factor. In any case, the secondary terminals are unlikely to be in an 

open circuit state or to ilave a Ion impedance load connected across them, 

so that the electrostatic component can be disregarded. Further, t;his 
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investi&ation is ~pri1!1a.r:ily conceb-ie(l ",7i th the 11 kV net':1ork and the 

magnitude (but not the wavefoTh') of tCle transL1itted pulse at the secondary 

terminals is of interest only on a bilateral basis. A recent field study, 

discussed in P[l"L't IV, for example, al thout;h intended as a Lv. protection 

study, llrovides info=ation on Lv. transmitted overvoltai5es due to 

/ 
lightning storms. Hence the IhB.gT!itucle of the incoming surges on the 

h.v. side of the transforI:ler can 'be estinated by Deans of the transfer 

ratio referred to in section 1.4.4. 

3.2 The "restr; l:e calculations. 

3.2.1 Uniform charge distribution. 

The, first consideration is the descending leader head as it 

apI:roaches t!~e earth, and its influence upon the electric field gradient 

at ground level. Since the leader head c"ntsins considerable charge and 

travels at a relati ve1y 10','1 velocity to':'lards the erOll."1Ct, a simple 

assess!aent of the ,::rounc.. {:.,Tadient eX1 be rnalle by an electrostatic solution 

uSing the metl10o. of iIJue;es. 

On tIle assumption thD-t the do','mwa~~:l le,ld"er is a vertical 

conductor lJ9.ving a uniforl!: chw:,ge ilensi ty extendinc" over its leneth, the 

de:r:ived equatio~ l.'er)l:esenting t"r1e field stren2.-th at a. !]oint p, having a 

horizor..tal c1isl;lacement y from a l:;oint on tile ff.cound directly belo71 the 

head, is 

Cc ](q. r 1 1 NJ = 2 2/, (h 2 _ (h1 -. y '" I 2 l 
............... (12) 

in which 111 and h2 are the vertical heights, above level ground, of the 

leader llead and the to:-J of the leD-der channel respectively; Cl is the ch8Xge 

per unit length. in the leader colmm and K is a constar:t. According to 

'.Ya£!)1er and IIileman, the Cllr.Tent in the lishtning cho.nnel can be re?resented 

al ternati vely as the produc"t of the charge and its velocity of propagation 
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along the charmel. nE:nce, by su.bstitution in equation 13. and discour..ting 
2 . 

the ,,:eccnd te:::-rll in tlle brackets since h2 > > KC]., the height of the leader 

bead above a perfectly :flat earth to liberate an UP7/a::d s~reamer is simply 

where ~'c is the critical dis1.lJlJtive value of the ground eradientJ noting 

that the maxiraum ground gradient must appea:r.' directly "below the aerial charge 

and ,,.. is tlle velocity of propagation of the lightning. current. Due to 

pain!; ,l:lscharge effects from £!,Tonnd irregularities snch as grass, stones 

and more substantial projections, the value of E~ is unlikely to be. as high 

c:S the. }:.,V/lr.etre fii;ure that is f,<enerally assumed. One authority5 ·has, 

in r';ct, BUE:gested' e. figure of 11;TV/!Je.tre as being IT'.o:r:e realistic 1 and even 

* lower values for 8r~ecial cases. 

-The a~)plicatio:r:. of eQ.uation 13 to the present studies appea+s 

to 18 uYl8atisfaGto~J. All the evidence from rotating. lens cameras 

(SeL1onl;.:md, t:alall ar:ct asso(:i~tes) sbows that "~he ~)l'opa~:ation velocity of 

the lO',Tlered charge i~ ver;/ slow 8.J1d vel"'Y necu'ly "J.nifOI1il OV8r the extent 

of the lishtning chhl'_'1el from cloud to grotU1d. It has been demonstrated 

that it seldom exceeds a ElaY.::in~lUn rate of progression of O. 0013c (0.39 metres/ 

l",se~) end the subsequent leaders of a mul'tistroke al)pear to be only about 

0.0067 c (about 2 r.Jetresi;" sec:) • Al though evidence at the 10Vler end of the 

1ea(le:c cbannel as it approaches the earth is not plentiful, it can be 

assumed that the velocity of propa.gation is of the same order. Consequently, 

if i = 2CkA, \r ~ 0.39 metres)",sec and Cc is 11.W/metre, the heieht of the 

leaccer head above gro'md to liberate the ul"'lard streamer is found to be 

about 920 ;nl"'Gres or just over 3,000 ft. which seems unrealistic. At 2 metres, 

}1sec, h1 .1)0COneS 180 :lctl'es or ab0ut 590 ft., and it. iG (;lear that the. 

stroke current is 8'luivalent to the product of the charge and the propagation 

veloci"ty o..Jt; this stage of the stroke ;!lechaniaID ia not valid when the latter 

* 0 .. J'i;!\f /l!letre has been l~serl in the case of the lightning conduc tor. 
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]J2I'ameter is very smal:!.. 

3.2~2 EJ.:Tlon~ntial charf";e distributioY!. 

If £1.,.1'1 exponential distribution of the charge along the leader 

cha."'1nel is envisaged such t~lat the ch2.X'ee q at B..."'1Y height h above erotL'rld is 

-~~ . 
'1o.e •.•...•..••••••••...••••.•..•• (14) 

':there '10 is thE: Gh~.rge at the eronnd entl of the channel" a..'1d p is a c,onstant, 

then the total .distributed charge 9..t befo:ce (;(Iotact is J:lade with the erol.md 

is dearly rhz 
I -

/
' -~h 

. I e 
I 

j" 

• cLl-t • • • . • . . . . . . . • . . . • •• (1 5 ) 

Consequently, the grOlll1d [;-radient at point p located as before, is found 

to be 

r 
C .rlh ( 16) 

r .' 
201vin()' equat.i.on (16) for h'1' when y = 0 anll Cc = 1 l.W/Jr.Btre , inclioa,t(::s that 

h1 i~. nearly '17 metres DJ.' ab8ut 56 ft., which 8.})pears more reasonable than 

,the previons exa:f1lple ','/ith the line:..U' charE8 distribu.tion, and is now 

Ciif.'oetl.y COr:l,ral',";l bIe with artifiniBl dischar(£8s. 

Tile Gu:cve,3, A, B and C in figure 8 are an derived frof.l e;luation 

16, and ShO':1 the g.r:ound gradient di:-ceetly belo','T the leader head as a function 

of the he:i.,~·ht of the h8ad above a perfectly flat earth for stroke currents 

of 20[(.A, 4CkA 8_nd 60k.A~ The limi t:i.ng val~J.e of [c is taken as 1I;lV/metre. 

3.2.3 ThUJl.~l!.'?.~d v(Jlte..'~e cOJlrnOne1',lt. 

The voltage inducerl in a line conc1ucto:c 25 f't.. (7.62 metres) 

above earth and diEd;ance y from t};e vex·tical projection of th~'! t1.escending 

l~?:l(ler heo.d is descrihed !le::~e 8.8 the :r~estri~e vol t!:.lge. A necessary 

"eomponen"c "for the compt,ltation of tllis '-,rol t:...I.ge is the rn'esence of an up':l;~rd 

str(~amer of Sorae magni tude ~ In ~:enerul J this reCluires isolHted grotmd 

* Appendix, note 5~ 
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objects of some elevation to be in the path of the leader head. 

A full evaluation is necessarily complicated and involves the 

solution of a problem in electrodynamics. Consideration needs to be given 

to the fact that the charge content of the head·must rise very rapidly 

wi th voltage and the approach to the ground. This leads to an expansion 

in the size of the head and to some distortion of the corona envelope, 

accordingly to Griscom. The presence of point discharge and corona from 

grounded objects, part of which contribute to the liberation of the upward 

streamer, influence the electric field distribution and require attention 

also. However, these areas of comprehension are outside the scope of the 

present work and only a single contribution consisting of a charge 

descending slowly but at a uniform rate in association with an upward 

streamer is analysed. 

Differentiation of the electric field gradient/leader head 

characteristics is confined to curve.A only in figure 8, and for a 

propagation velocity of 0.001c, yielding the anticipated s~~pe according 

to the parent curve. Thus, the rate of change of ground gradient for 

one coulomb charge corresponding to a stroke cu=ent of 20kA is shown 

as curve G. It now remains to assess the duration of the prestrike pulse, 

its waveshape and magnitude. 

The bound charge on the line conductors increases rapidly with 

the approaching leader head and then collapses suddenly as soon as the 

ground streamer and leader head meet. The duration of the'prestrike 

induced voltage pulse therefore is equal to the time taken for a prescribed 

length of space to be traversed by approaching vertical conductors of 

opposite polarity. Let it be assumed, for a first approximation, that the 

ground streamer moves with the same velocity as the descending head. 

Then the gap is closed at the uniform rate of 2v. For a single discharge 

let v ~ 0.39 metre/ )Iosec, a stroke ctlrrent of 20kA I then tl:e separation 

correspond.L'1g to a critical ground gradient of 1l.W/metre ,is about 17 metres, 
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so that the pulse duration corresponding to this distance is 

17 
2 x 0.39 

.. 21.8"..sec. 

Where the velocity is increased approxLmately by a factor of five, as 

with the second and subsequent leaders in the multistroke case, the 

pulse duration is reduced to about 4rsec. 

It is tacitly assumed so far that the streamer-starts from the 

ground surface but, if the prestrike concept is to be used, it i~ essential 

that the streamer should be liberated from a grounded object of some 

height above this surface. This means that the critical gradient must 

be attained at the top of this object. If an isolated object of height h 

is in the path of the leader head then the streamer is liberated when 

the critical gradient is. reached at its tip. Some simplification is 

introduced here but this tends to compensate for the increased charge 

transfer given to projecting objects provided by the prestrike theory. 

Clearly, the prestrike influence decreases rapidly with multi-

stroke activity. It is evident also that an increase in the leader head 

charge, or a decrease in the critical electric field gradient required 

to liberate an uplvard streamer, has the effect of increasing the prestrike 

time. Since the rate of progress of the streamer also influences the 

prestrike duration, reference to field data relevent to the velocity of 

propagation of long streamers initiated by lightning discharges should 

provide guidance. However, the only Boys camera evidence available is 

that of the return stroke velocity from the ground surface where there is 

little or no streamer. This velOCity is found to vary from about 25 metres/ 

J" sec to 80 metres/ .f'sec 0. in which case, a prestrike period occupies 

less than one microsecond and its influence is of no consequence. A slow 

velocity of propagation of the streamer is therefore essential. The 

process of passing from point discharge to plasma streamer is most likely 
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to follo~ an exponential law, but in the absence of field data, it is 

assumed that the streamer 'proceeds at the same rate as that of the 

descending leader head. The shape of the prestrike voltage pulse induced 

in the line conductors is likely to be similar to the rate of change of 

ground gradient characteristic, and since the leader head charge in the 

majority of cases is negative, the induced charge is positive corresponding 

to the bound charge on the conductors. 

To calculate the induced voltage in a conductor 25 ft. (7.62 

metres) high in proximity to the ground object; an image point charge 

~ is considered equivalent in distance to the highest point of the object. 

A simple equation then defines the voltage as 

, [2 2 ~ 2 V = ~ ,(y + (h - h1»- - (y + 
4~ E. 0 , 

where y defines the horizontal distance as before, of the point p located 

* in tqis Case to the line pole and h. 7.62 metres. A set of constants' 

LS calculated from the terms within the square bractets corresponding to 

the height of the ground object h above level ground for 10, 15, 20 and 

30 metres, and for different distances y metres. These are shown below. 

Table 8 
• __ • _____ .... _____ -' __ • _____ •• ______ , ·_---____ 0 ______ ------- ____ • ____ _ 

, h metres y .. 10 metres y .. 20 metres· y ,. 30 metres, y c 40 metres 
-------------\ 

10 0.04792593 0.01213278 0.00448649 0.00207722· , 
- - -- -'- • -

15 0.04041138 0.01386460 0.00577766 0.00283449 
" 

I 20 0.02879402 0.01318945 0.00628995 0.00331013 , 
30 0.01510605 0.00984647 0.00593531 0.00360616 

The computation of .the voltage follows in table 9 from 100 metres 

above the ground object using corresponding ground gradients obtained from 

equation 15 and figure 8. It is noted that for the first 83 metres the 

velocity of propagation is 0.39 metre/~sec. Thereafter, it appears to be 

twice this value corresponding to the prestrike period. The distance y 

* for use with alternative charge densities. 



may have a lower limit subject to the attractive effect of the height h, 

but for the sin61e prestrike component as~essment this influence is not 

considered. 

I 

Table 9 

metres! h ~ 10 metres --.-- -, -- ---h " 15 metres 

100 11 4·79 1.21 0·44 0.21 I 4·04 1.39 0.58 0.28; 
i 

90 I 5.66 1.43 0.53 0.251 4.77 1.64 0.68 0.33 i 
i , i 

80 i 6.95 1.76 0.65 0.30 I 5.86 2.01 0.84 0.41: 

7C : 8.63 2 .• 18 0.81 0.371 7.27 2.50 1.04 0·51 f , 
0.65 I 
. I 

I 
: 11.02 2.79 1.03 0.47 60 9.29 3.19 1.33 

50 : 14. 14 3.57 1.32 0.61 11.92 4.09 1.70 0.84 

40 : 18.69 4.72 1.75 0.81 15.76 5.41 2.25 1.11 

30 

20 

17 

16 

15 

14 

13 

12 

11 

10 

: 23.96 . 6.06 2.24 1.04 
I 
! 38.34 9.69 3.59 

i 1.66 ! , 
i 
147·9312.11 4.49 
! 

i 2.08 

: 52·72 13.32 4.94 2.28 

157.5114.545.38 
I 

I 
I 

2·49 I 

162.30 15.75 5.83 2.70 
1 

67.10 16.96 6.28 2.91 

I 
I 

" 

71.88 18.17 6.73 3.12 

76.68 19·38 7.18 3.32 i 
, 

82.43 20.83 7.72 3.57 1 

20.21 6.93 2.89 

32.32 11.09 4.62 

40.41 13.87 5.78 

44.45 15.25 6.36 

48.49 16.64 6.93 

1.42 

2. 27
1 

2.83 ! 

I 
3.12 I 
3.40 

1 9 91.06 23.00 8.53 3.94 
I 

52·53 18.02 1.51 3.68 

56·58 19.41 8;09 3.97 

60.62 20.80 8.67 4.25 

64.66 22.18 9.24 4.53 

69.51 23.85 9.94 4.81 

16.78 26.34 10.98 5.38 

84.86 29.12 12.13 5.95 
! 
1 ____ 8_.5-1_o_0_.6_4_2_5.44 9·42 4.36 

Figure 9 indicates the shape of the induced voltage characteristic at 

y = 10 metres for varying heights of ground object. The prestrike 

period is shown and occupies a time of 21.8 rsec when the charge· is 
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one coulomb. The maximum prestrike voltage when y ia varied from 10 metres 

to 40 ~etres is shown also, in figure 10, as a function of the height of 

the ground object. Figure 11 gives the preatrike characteristics for·y _ 10 

metres only. 



Table 9 (continued) 

l~ metres h " 20 metres h " 30 metres 

100 2.88 1.32 0.63 0.33 

90 3.40 1.57 0.74 0.39 1.78 1.16 0.70 0.43 

80 4.18 1.91 0.91 0.48 2.19 1.43 0.86 0.52 

70 5.18 2.37 1.13 0.59 2.72 1.77 1.07 0.65 

60 6.62 3.03 1.45 0.76 3.47 2.26 1.37 0.83 

50 8.49 3.89 1.86 0.98 4.46 2.90 1.75 1.06 

40 11.23 5.14 2.45 1.29 5.89 3.84 2.31 1.41 

30 14.40 6.59 3.15 1.66 7.55 4.92 2.97 1.80 

20 23.04 10.55 5.03 2.65 12.08 7.88 4.75 2.88 

17 28.79 13.19 6.29 3.31 15.11 9.85 5.94 3.61 

16 31.67 14.51 6.92 3.64 16.62 10.83 6.53 3.97 

15 34.55 15.83 7.55 3.97 18.13 11.82 '7.12 4.33 

14 37.43 17.15 8.18 4.30 19.64 12.80 7.71 4.69 

13 40.31 18.46 8.81 4.63 .21.15 13.78 8.31 5.05 

12 43.19 19.78 9.44 4.97 22.66 14.77 8.90 5.41 

11 ~6.07 21.10 10.06 5.30 24.17 15.75 9.50 5.77 

10 49.53 22.69 10.82 5.69 : 25.98 16.94 10.21 5.20 

9 54.71 25.06 11.95 6.29 '28.70 18.71 11.28 6.85 

8.560.46 27.70 13.21 6.95 ,31.72 20.68 12.46 7.57 , 
----,------ -- ----,----"'----

3.2 Surge impedances. 

3.3.1 Overhead lines. 

The surge impedance values for single conductor and three 

conductor overhead lines at 17 ft. and 25 ft. above ground, and for both 

horizontal and triangular configurations, have been previously calculated 

by the writer. These can be found, for the range of conductor cross-

sections relevent to the 11kV system, in Table 1 on page 9 ref. 8,Part I. 

The calculations are based on the absence of the internal flux linkage 
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co~ponent, due to skin effect, as the response to the short duration 

of the excitation. For reasons presented therein, the influence of line 

resistance and leakance is discounted, an,,- hence all line conduits are 

considered lossless in the case of the h.v. distribution circuit. 

The effect of line sag on the computation of surge impedance 

is examined on the follo,.in3 basis 

(i) the calculated line sag is found to be about 1 ft. if a 

copper conductor of 0.1 inch2 cross-section area is used. The line 

supports are taken as of equal height above level ground with an' average 

spacing of 400 ft. The worst conditions of loading are assumed. A 

parabolic equation is found satisfacto~J since calculations reveal that 

divergence from the caten~J solution does not begin until a span of 

about 700 ft. is reached. 

(ii) the mean height .~ith line supports of 25 ft. above ground; 

assuming a parabolic CUL-ve, is then calculated as 20.66 ft. Since the 

self-surge impedance of the single conductor is obtained from the equation 

" Z G 60 log .4h ohms 
0 e d 

substitution shows that Z is 
0 

476 ohms. This is a decrease of 2.26~ 

from that obtained from the line parallel to the level ground. This 

sample calculation is sho',m to be within the impedance tolerance discussed 

in section 3.4 and since conductors of smaller cross section ~ill have 

less sag, it is therefore considered that the effects of line sag need 

-not be included. 
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The calculated critical disruptive voltage for a single conductor 

is about 110kV allo\ring for air pressure and temperature adjustments. 

This aSSUllles a critical ground gradient of 3MV/metre. The visual corona 

level is then some 20'/~ higher. Since the threshold voltage is 

directly proportional to the critical gradient ~, a reduction in the 

latter, as suggested in an earlier section, must lead to a critical voltage 

of well below 100kV. The corresponding value of the disruptive voltage 

* Reference 8, Part I. 



for the three conductor horizontal system is about 170kV. 

The effect of increasing the voltage above the disruptive value 

is to increase the corona envelope which results in 
r 

(i) an increase in the line capacitance~ OIhich leads to 

(ii) a decrease in the self-surge impedance, and 

(iii) a decrease in the velocity of propagation of the travelling 

wave, 

The change in the surge impedance can be estimated quite simply 

by taking a likely value6 of the propagation velocity below that'of light, 

and substituting in the velocity equatioh, for the lossless case, to find 

the increase in capacitance, Let v = 0.95c, then for a conductor cross

section of 0.1 inch
2

, this gives Z a value of 462 ohms which is a o 

reduction of 5.13% on the corresponding surge impedance given in the 

table of reference 8 in Part I. This is in excess of the divergence 

angle for an overhead line discussed in section 3.4. Lower values of 

propagation velocity which Cilll ge anticipated, from the effects of corona, 

must indicate even larger percentage reductions in the surge impedance. 

Hence, travelling waves in the region of the corona level must be given 

special attention in the surge analysis. 

3.3.2 Cables ill1d Transformers. 

The assessment of cable surge impedill1ce values is subject to 

calculating the geometric factors according to the configuration of the 

cable section. These calculations are made much more difficult in the 

case of shaped conductors, but using the manufacturezsinformation that 

an increase of 8% is allowed above the calculated value of capacitance 

for conductors with circular cross-sections, it is possible to estimate 

the effect on the surge impedances. The change in inductance is much 

less due to the proximity of the conductors and hence the surge impedance 
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is decreased. The amount of reduction is \7e11 71i thin the parameter tolerill1ce 

allowed for in the surge analysis. Similarly, it is noted that both belted 
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and screened cable constructions are utilised in the 11kV system, but 

these calculated suree impedances for different conductor sizes also fall 

witr-in this tolerance. 

Ur.like the lines and cables, the transformer does not present a 

linear, passive and bilateral element to travelling waves, and consequently 

the surge impedance at the h.v. terFinals is not a constant quantity. 

However, an assumption is ~~de here that as the excitation is brief, the 

surge impedance reoains w1changed in magnitude and form over the period of 

interest. Utilising the propagation time of the winding and knoWn values 

of series and shW1t capacitances, the surge iUlpedance can be estimated. 

As with the previous data, values of surge i:r.pedance have been taken from 

ref. 8 Part I. Since both transit time and effective capacitance vary 

according to the design and rating of the transformer, tr.ere is a large 

variation in the estimated values. In genez'al, the higher surge illlpedances 

are assigned to lower rated equipment such as pole-mounted types and these 

are the majority of installations. 

3.3.3. Ground return. 

The calculation of the earth return path represents a complex 

problem which can never be exactly resolved due to the non-homogeniety of 

the ground, although CaJ;son established a working formula more than 50 years 

ago. However, in the present study it is unnecessary to determine the 

impedance of tbe ground path in an exact manner. The elements of the 

overhead line ,system to be analysed are considered to be lossless to pulses 

of short duration and hence a simple assessment is all that is required. 

The point of resolution begins with the electrical connection to 

the cross-arm. This connection has an inductance of about 16 rH according 

to Bell as chi T so that its ohmic value is then about 5"" to the5/20' /\,sec 

pulse. The resistance of a single ground rod electrode is taken as 25~~ 

but the inductance and capacitance due to the pulsed current and potential 

distribution are not considered. 
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3.4 Travelling wave analysis. 

3.4.1 Choice of method and accuracy. 

The Scbnyder-Bergeron system, knovm generally as the I!.ethod of 

Characteristics, is employed for the surge analysis of some basic sircuits 

related to the field study. This tecr.nique, pioneered in this country by 

Arlett and Murray-Shelley~ as devised by BergerOn;is one which is carried 

out essentially in the graphical mode. 

The choice of the method of analysis is based on the f9110wing 

observations:-

(i) For exploratory studies it is of great help to assume 

that the h.v. distribution network is intrinsically loss less to pulse 

excitation of this nature, and to introduce the effects of the earth path, 

corona and similar features separately. 

(ii) In a study of these circuits small changes in parameters 

take place frequently and it is therefore paramount that the problem is 

easily reworked. 

(iii) Physical insight as to the progress of solution is of Some 

benefit in this type of study. 

An analysis which is carried out on the drawing board satisfies 

the s:pecifications above quite well and the Bergeron system provides an 

additional advantage in that a readout of both voltage and current is 

obtained simultaneously adding to the interpretation of the problem. 

Sufficient accuracy is obtained from the use of just two "observers" in 

the circuits, thereby providing the Simplest interpretation of the Method 

of Characteristics. This fact can easily be verified by working an 

. 2 
example and comparing with the solution by the well-known Bewley Lattice 

method. The lattice system is pseudo-graphical in that the diagram merely 

serves as a timing devics but the actual values of voltage are computed 

continuously from the reflection and refraction coefficients. The 

problem is to find the voltage response of a baSic circuit type c to a 

5/20 t'sec aperiodic pulse. The circuit parameters are shown as follows, 
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and the circuit simplification that can be utilised. 

p 

I~ 
AI. 

Zo of each section is 515Ao, '1',. 4,.-,sec. 1' .. = ~= 21'sec 

equivalent circuit 
s..,·...... , r.S'1.:s"~ % 

.1:"0.
4
,: I "C'~z:_ j 
~b I-~~: 

reflection coefficients: a • 0.33 a
1 

" 0.975 

refraction coefficients: b = 0.0667 
1 

b = 1.975 

incremental time ~t " 1r sec. 

The voltage distribution is sunm~ised in the following four general equations: 

~-p =- ~(t) + BEp(t -'{) ( 18) 

~-B '" a[~(t) + aEp( t - 't")] ( I?) 

b[~~t) BEp(t -"(~ 
, 

Ep_A = .. - aEA(t."( -'T) (20) 

EA .. bHEB(t) + BEp( t - "0] - aEA(t +t- .r)] (21 ) 

The lattice solution is shown in Table 10 together with the Bergeron 

comparison. Using the former as the reference, the Bergeron results show 

a maximum variation of ± 1.5% at terminal P, and + 6% and - 4.8% at 

terminals A and C. As the solution was performed on A4 size graph paper 

this appears to be an acceptable tolerance for the graphical methmd with 

only two observers. 

Due to changes in cross-sections of overhead line and cable 

conductors, there is soree variation in the corresponding surge impedance 

values. These changes are transmitted to the Bergeron diagrams. To limit 

the amount of reworking, a divergence angle is assessed for each circuit 

element. Thus, for a single conductor 17 ft. above ground, the range 
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of surge i;upedances is from 506 ..... to 443A. and froJ:l the V/I characteristics, 

Hence the divergence angle is 

2054 '. S~~larly, for a conductor 25 ft. in height, this angle is 2030 '. 

The divergence angle is less for the three-conductor configuration due to 

less difference bet\7een the maximum and minimum surge impedances. The 

divergence angle in the case of the single-phase cable, has a maximum of 

o ' 3 24 and again, is less for the tJ~ee-phs.se case. TrruQsformer surge 

o impedances on the h.v. side establish a divergence angle of 2.25. Since 

these angles are seen to be small the Bergeron analysis can be reduced, 

under certain conditions, by introducing standard solutions to reiterative 

problellLS • 

It is unnecessary to consider tl~ee-conductor surge res~onse when 

investigating related section transit times, since the single conductor system 

provides all adequate model and the ~EM mode of propagation is without 

complication. Hence, the analysis in section 3.4.2 that follows covers 

five of the basic circuit topologies as single conductor systems. 

3.4.2 Bifurcated s'fstein (first series) 

.The propagation velocity is the same for all sections and is· 

therefore the basic type c tee-off system. Eacp. section has a surge impedance 

of 515J'o and the bifurcation is terminated by transformers Z Q 20 IuL . The 

surge analysis examines the responses to varying transit times in the 

different sections. A chart, shown in table 11, indicates the permutations 

made available by the adjustment in the electrical lengths, and hence 

32 Bergeron diagrams are required to compihete the series. The response 

curves, figures 12-23, are made up of: 

(i) the voltage at the terminations A and C 

(ii) the relation,; betlJeen the voltage and current at the junction P. 
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For item (i), the characteristic responses are dis)layed in group pairs 

from table 11 corresponding to units of transit time allotted to the section 

B-P. For item (ii), separate displays of voltage and current are necessary 

to avoid confusion. 

It is noted that this analysis may also serve for the elementary 

circuit type a spur system if the transformer h.v. winding represents the 

section P_A, and providing that winding is given a transit time. 

3.4.3 Cascaded systems. 

This configuration represents the element~j cirauits f, g and h. 

(i) Second series. 

The effects of a propagation ti~e in the h.v. windings of the 

transformer Z4 are eXamined by means of 4 Bergeron diagrruns, and Z;4 is 

either 4 k.l1. or 10 k.t>.. The surge impedances of the conduit section are 

respectively Z1 " 443.fL, Z2 ~ 22 ,Z3; 506-'1.. No change is made in the 

transi t time of the t7l0 lines and t!le cable, which is the same for each 

element. The transit time of the winding is either zero or twice that of 

any section. Figures 24-27 show. 

(a) the relation bet',1een voltage and cu=ent at the terminal B 

(b) the voltage and current at the terminal C in addition to 

the voltage at the transformer. 

It is noted that there are three propagation velocities in this example. 

(ii) Third series. 

A comprehensive examination of the fully connected system is made. 

This requires 9 Bergeron disgrams for varying transit times to be applied 

to line and cable sections. The transit time in the transformer winding 

is not included. The surge impedances from A to D are respectively Z1 c 480,~, 

Z2 - 22..n. and Z3 "464-<1... The terminal impedance is 18 k.J1... There are nine 

groups of response curves which express the following' 



(a) The voltage and current relationship at the terminal B. 

Figures 28-30. 

(b) The voltage and current relationship at the tenninal C. 

Figures 31-33. 

(c) A comparison betneen voltage at C and at D. 

Figures 34-36. 

(iii) Fourth series. 

This is a similar circuit but with slightly modified line 

parameters, the inclusion of a propagation time associated with the h.v. 

winding of the terminal transformer, and a different aperiodic impulse. 

The line surge impedance valyea are Zl = 464.1'_ and Z3 = 50L'-.. The 

analysis is limited to one adjustment of transit time in each element 

except that for the \vinding which is given a double transit time. This is 

sufficient to compare the pattern of behaviour with the previous series. 

Hence only 3 Bergeron diagrams are required. These responses are confined 

to 37-39. Three propagation times are involved in this analysis also. 

3.4.4 Further observations. 

Additional analysis yields the folloning information,details cf 

which can be found in the appendix. 

(i) The .responses to a sinusoidal front given to the incident 

pulse are found to be very close to those obtained with the linear 

wave front and are therefore not included. 
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(ii) The alternative 8/40 J'sec wave produces exactly the same 

pattern of responses at the discontinuities as the shorter pulse. The rate 

of rise of the voltage and current is decreased in all the circuits studies. 

and the total effect is extended over a longer time scale. Since the rate 

of rise is important, clearly the 5/20 rsec excitation is the better 

measure of performance in the present study, 

(iii) The behaviour of a system to an incident voltage made up of a 

negative volt~ge spike preceding the positive pulse is shown to modifY 
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the transmitted voltages in a similar manner. 

(iv) The effect of corona may be included in the Bergeron diagram 

at a coordinate location considered to be the threshhold VOlt,'ge. At this 

point, the line characteristic therefore changes its slope and, since the 

surge impedance is reduced, the angle decreases. The analysis then continues 

in the same manner. as before. 

3.4.5 The three conductor system. 

The effects of two and three-conductor tee-offs from the feeder in 

the eleIllentary type c circuit, is covered in the appendix. It is clear 

that as all the prcpagation equations must comply with Kirchhofi', 6 laws, 

the net effect of varying transit tilrles is essentially the same as in 

Single conducto::: systems. The three-!lhase response, associated 'vi th any 

conductor configuration, involves tJ;e application of a nlodal transformation 

60 that the three interacting conductors can be made three independent systems. 

The surge analySis is' carried out in the clodal domain and therefore nornlally 

requires three Bergeron diagrams for each solution.* 

It b b "7' . hI 10 I tJ tJ t has eerl shown y. enepo , usinG eigen va ue leory, 1a, 

for loss less symmetrical systems, the symmetrical component trcmsfo1"!Tlstion 

c.m be utilised as al!lodal matrix. The use of this well-known transformation 

11 is avoided b.y Adams on the grouIlds that it is primarily a power frequency 

technique for use with three-phase excitation. Further, although accellting 

that the Clark~~Kimbarke transformation is more sui table, Adams maintains 

that this also has deficiencies, the chief of 7lhich is associated with 

conductor as;Yllunetry. However, this criticism appears to rest entirely upon 

the natu:ce of the problem to be solved. 
x 

The triangular conductor coni'i"uration represents a symnetrical 

system but the horiz'ontal arrangement is only partially s;'Tlllnetrical as 

described by .7edepohl, and here the systeo of impedance and admittance 

matrices are of the general fOIm :-

* Appendix. x e'luilateral 
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Z11 Z12 Z13 "I r Y11 
-Y12 -Y

13 1 
Z = z21 z22 Z23 i and Y ; -Y21 Y22 -Y23 

Z31 Z32 Z33 J -Y
31 -Y

32 Y33 J L 

A minus sign precedes the off-diagonal terms of the admittance 

matrix due to the final form of the charge equations, The assembly of 

these matrices is based on the assumption that 

Z11 '" Z22 '" Z33 

Z12 '" Z21 '" Z23 
;: 

Z32 

and Z13 '" Z31 

If equations 1, 2 and 3 are re~laced by ZA' ~ and.ZC res gectively then it 

may be written that 

I E11 
r , r I1 1 ZA ~ Zc i I 
I 

ZB Z' i 
121 I E2 = I ZB I 

l E3 j 
I A I , 
I , , 

131 Zc ~ ,ZA J l '. • 

which resolves in an eigen value problem to find a modal transform to obtain 

three independent equations. Rov/ever, on the basis of an approximation which 

will suffice to give a pilot assessment of a three-conductor response in 

these circ1;its, the alpha, beta, zero transformation has been chosen for the 

. Bergeron analysis of the type c circuit. This transform provides the followil'lg 

two advantages over the use of symmetrical components: 

(i) It does not lead to complex numbers Which, although 

accOJrnnodated on the Bergeron diagrams, give rise to complications. 

(ii) Where the positive and negative sequence impedances are the 

same, as in the case of overhead lines, the application of these components 

eenerally leads to less work in the solution. 

It has already been stated that the need for line transposition is 

relieved by the relatively close l)roximi ty of the conductors, and further, the 

presence of l:iJllited lengths of overhead line distribution between discontinuities 

also provide distinct advantages in this respect. Some degree of .symmetry 
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is thus introduced into the "roblem of obtaining the responses, aided by 

the assumption th&t all three conductors are equally pulse excited. 

It remains to resolve the values of the primarj constants L and C 

of the horizontal arranb~ment of conductors so that the velocities of 

propagation and the surge impedances can be determined in the modal domain. 

It is tacitly assumed that the conductors have no sag and are parallel to 

a perfect earth plane of infinite conductivit,y. 

all d."", ...... s, •• "s. ,n ""e.h-..e So 

d12 
.. 0.762 d

11
, = 

d23 = 0.762 d
22

, ;: 

d31 = 1.524 d
33

, = 

o _ ,. lot; d .. ~' 
r .. s - - . .le-

Z;;' Eo ....... 

5 ...... ,1 .... ':1 ' 

L..... .. ~. I""e~ s.c.'t ,,, .... c.I-. 
Z ... 

Ll's" r-. I_je. cl .... ' ..... I-.. al .... .lu.el: 
ZT" 01 .. .. 

15·24 d
12

, = 15.25 

15.24 d
23

, c 15·25 

15. 24 d
13

, .= 15.32 

The computation of the line constants can be reduced to some extent by USing 

the relation L = /~ Eo P. ThenL "'f Eo Prr, and L I< e p 
. rr 0 0 rs 0 0 rs. 

Now if E1 ~ P11 ~ 'f" P12 ~ .. P13 Q.
3 

E2 4 P21 ~ .. P22 ~ + P 23 Q.3 

E3 ~ P31 ~ + P
32 ~ 'f" P 33 Q.3 
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on substituting for the calculated values of P (usine the diagram) and 

arrangine in matrix form, these equations become 

::8 f14. 6 2·995 2.3026 i-
~ i 1 , , 

, I 

I 
I 

! E i " 2·995 14.6 2·995 j !It.z l E: J l 
I 

2.3026 14.6 
I I 2·995 J I Q3 L 

solving for .:t." Q.,z and Q3 in terms of the potentials E: 1 ' £2 and E· 3 

i~ " 7.,25E1 1.3E2 O.876E
3 

1012 x Q.,z a -1.3 E1 + 7.39E2 - 1.3 E3 
~ 

l '<3 • -0.876E1 1.3 E2 + 7.26 E3 

and rearranging 

~ " 5.074E1 + 1.3(E1 E2) +- 0.876(E1 E,) 
.:> 

1012 x Q.,z = 4·79 E2 + 1.3(E2 E ) 1 + 1.3 (E2 E
3

) 

Q
3 " 5. 064E

3 + 0.875(E3 - E1) + 1.3 (E3 E2) 

from which the capaci tances (i) to earth, (ii) bebleen conductors, are: 

C11 " 5·074 
1 

C12 
c 1.3 ! 

; 
(i) C22 " 4·79 I ff F/metre (ii) C13 " 0.876 ! "f F/metre Il-

I 

C
33 5·084 C23 1.3 I .. ) = I 

/ 

Using the equations on the previous page relating the self and mutual 

inductilllCes to the potential coefficients, the constants are found to be 

(iii) self inductances, and (iv) llIutual inductances, as 

L11 .. 1.63 'I L12 = 0.334 1 I 

I ,"If/metre 
I 

(iii) L22 " 1.63 (iv) L13 = 0 • .256 1 j'H/metre 
I 

L33 " 1.63 ! 
123 = 0.334 

" ~ 

1\0"1, the M matrix is represented by 

1 1 
~ ° I 

rill 1 .. 1 - t 11! 
'- - I~ J 1 1a -

and its inverse l:esol ves as shol1n overleaf:-



.1 1 1 I 

-1 1 (Ll ] 2 1 1 
3 I 

! 

13 -,/3 ~ L 0 

lr 1 - [LJ [c) ~ -
since lIlv' 0 _Y.. ~'. " 

<be dt 

where CV] is a col= matrix, a set of independent equations may be 

derived froJJ the diagonal matrix resulting frolJ t;,e computation of 

-I 

[),rj LL} [cJ [!Il] .......... (A) 

and since V' = )L~ , the velocHy of prop8.(l"ation is then available for each 

cOL1ponent. 

Similarly, if Z02 is found from 

_I _I 

[EJ[L] LcJ rH] ..•••..•.• (B) 

185 

the three modal surge impedances can"be found "in ihesame manner. Hence it 
/ 

r 1.63 0.334 0.256 i 

[L] -l 0.334 1.63 0.334 

0.256 0.334 1.63 

... 
i 5.074 -1.3 -0.876 i 
i 

, 
I [c] i 

4.79 -1.3 
, 

and ::;-1.3 
I I 

I 

!-0.876 -1.3 5.084 ! 
L J 

and the inverse of this matrix is shown to be 

., 
0.226 0.078 0.059 I 

-I , 
[c] ~ I 0.078 0.250 0.078 ! 

0.059 0.078 0.226 1 
" .. -

then equations (A) and (B) can be resolved. 



Swmnarisins the results as modal values of \,.- and Z 
o 

CO!llponent Velocity of propagation 

Zero 0.408c 

Alpha 0.352c 

Beta 0.352c 
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Surge impedance 

0·92 Z 
0 

0.469Z 
0 

0.469Z 
0 

It is now possible to carry out the Bergeron analysis on the 

net,.ork. A step function pulse could be applied at this stage, the response 

from \1hich, by meanS of Duhamel' s theorem, would serve as the foandation 

for an investigation of the effects of differing shapes of induced pulse. 

This is beyond the scope of the present 1V0rk hor/ever, and a 5/20th f'sec 

linear pulse represents the forcing function. The results obtained in the 

modal state are transfonned back into the real system by means of the 

operation 

[VJ, = [I,lJ [V J 
and sample res;.:>onses are shown in figure 40 corresl'?nding to group 2 in 

Table 11 on page 187. The overall results are seen to differ only slightly 

from the corresponding single conductor responses in figures 13 and 17. 
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PART IV. 

Discussion and conclusion:- Frestri~e influence and surge analysis; 

relationshiu to field studYj uredictable and anomalous res1)onsesj 

further work. 

4.1 General observations. 

To satisfy the final objective on page 5 of this study, it is 

not only necessary to account for the prevalent behaviour of the' 

distribution network during a period of lightning excitation in relation 

to indirect surges, but also for the anomalous behaviour that is evident 

'in some of the case studies in Part II. 

There is clearly no difficulty in establishing the overwheL'Iling 

predominence of transient faults, a large proportion' of which are fuse 

operations. On this basis, the effect of annual variations in thunder-
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storm frequency and thwlderstorm intensity need not be considered. Although 

both contribute to the total number of lightning faults, the number of 

transient faults is always well in excess of the number of persistent faults.' 

Good examples of the reaction to these t\VO excitation variables are to be 

seen in the records for 1971, 1973 and 1974. 

Some fuse 'lctions take place at the same time and it is shorm that 

about one third of all the fuse faults during a storm are linked conductively. 

Hence, l:iiller's conclusion, that several rod-gaps flash over simultaneously 

due to voltage doubling which then leads to foUolv-through power frequency 

overcurrents, is the probable reason for the Simultaneity of fuse action. 

It is also highly likely that this characteristic response is due solely 

to simple propagation effects. It is noted also that transformers provide 

the largest number of casualties in the persistent fault classification. 

ll\ost rod-gaps are connected either at the transformer ter.ninals or very 

close to the!;) so that the high failure rate is probably linked,71ith the 



* simultaneity of fuse operations in these instances. The failure of 

cables, as distinct from cable boxes, likewise is to be associated 17ith 

the travelling waves alone. 

Again, simple fuse action in isolated circuits is to be 

attributed to the natural propagation processes following single ground 

strokes. Simultaneous fuse action, however, appears less likely to 

result from the widespread flashover of rod-gaps in isolation from the 

same cause, since the propagation conditions are now quite different. 

Even if this stroke is of greater severity than usual, it remai~s to be 

demonstrated that it can influence several scattered and unrelated 

electrical circuits as effectively as a single-conduit multi-tee-off/spur 

system. Simultaneous indirect strokes from widely separated cells within 

the thundercloud are not unknown, but they are seen to be too infrequent 

to account for the response. Nevertheless, they serve to explain ho .. 
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outages ca.'1 occur at the same time in remote circuits several miles apart. 

Clearly, additional factors are needed to account for the raising of the 

surge levels in independent local circuits to produce instant reaction. 

Therefore it is very necessaI"J to take into account the topographical 

features of the faulted areas, the disposition of the overhead lines and 

the prevailin; wind direction during the electric storm. At the same 

time, an additional source of excitation may present itself in the form 

of the prestrike charge. 

Lightning catchment areas are seen to be justified from the 

records of repeated faults. Some of these examples actually display the 

same characteristics indicating that a. unifOrmity of response is made 

possible when certain topographical constraints are present. 

* Transformer failures can be associated with the fuse-faulted networks in 

case studies 5, 9, 13, 16, 22, 29 and 40, but it is well known that faults 

in transformers, due to overvoltages of this nature, may not be revealed at 

once and a delay of a few hours or even several days is more characteristic. 



4.2 The nrestrike influence. 

The principal source of the energy transfer by indirect action 

is seen to reside in the return stroke processes, but it is believed here, 

that prior to this taking place, Some of the charge in the descending 
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leader head as it begins to noticeably affect the ground gradient, is 

transferred to elevated and isolated ground objects in its path. This 

charge, of opposite polarity to the leader head, is assumed to reside mainly 

at the very tip of the objects. In this study, it is taken as a point 

charge. With its liberation, an overhead line in close vicinity. is then 

subjected to a short pulse of excitation \vhich is termed the prestrike 

voltage. A sine-le tree or building of creater height than the line is all 

that is required to present the conditions for pre-excitation. Further, 

it is assumed that the prestrike component is a frequent contributor to the 

total pulse excitation, but it is only recognisable on some of those 

occasions when the associated faults appear to be more severe than would 

normally be expected. This may be under circumstences where, apart from 

the presence of those special ground features, travelling wave responses are 

predictable. On this basis, quiteI:lodest indirect surges in the lines due 

to a single stroke may well be anticipated by prestrikes of greater magnitudes. 

The maximuDl prestrike voltage depends, of course, upon the nearness and 

elevation of the ground object in relation to the line. With some margin 

between maxima of the two pulses and with only a few microseconds separating 

them the initial damage done by the prestrik"e voltage is reinforced by 

the main pulse with its greater rate of rise. It appears permissible 

therefore tc attribute the prestrike influence to a few of those substantial 

transient faul ts associated with the case studies, and in SODe of those 

instances this has been done in res,ect of the tlJree-fuse fault as discussed 

in section 2.3.6. Other examples that could be considered are Some of the 

cases ·.vith repeated faults, but each incident requires much more site 

information before this could be qualified but which is not available from 

the fault records. 
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4.3 The sur.~ analysis. 

4.3.1 Terr"inal resnonses. 

(a) Tee-off system. (Basic ty~e c, single-velocity circuit). 

References: Table 11 and figures 12 to 15. 

General notes: Tne extension of section BP is the degree of remoteness 

of the !Joint of excitation '.vith respect to the tee-off at P, and to the 

terminations C and A. The behaviour of the voltage pulse at A is of principal 

interest. 

Observations: 

(i) The responses in groups 2 and 5, displayed in figures 

12 and 13, show the highest peak values per unit voltage. In both cases 

the maximum value is seen to be 1.15. This then occurs when BP is one half 

of the length of PC and one quarter of the length of PA, or BP is twice 

the length of FC and one half of the length of PA. 

(ii) Since the nithstand value of a distribution transformer is 

95 kV, an incident surge of about 60 kV is sufficient to endanger the unit. 

(iii) The maximum response in either of the above ho configurations 

is reached in about the same time. 

(iv) The pulse duration lengthens wit~ distance travelled by 

the surge. 

(v) The responses in groups 1 and 3, corresponding to figures 

12 and 14, possess characteristics I1hich reach a maximwn of 1.105 per unit 

voltage. Thus, an incident surge only slightly greater than that in (i) 

presents a similar hazard to the transformer insulation. The critical 

confi5~rations are when BP is the Same length as FC but one fifth of the 

length of PA, or BP is three times the length of PC and three quarters of 

the length of FA. 

(Vi) The rate of rise of these voltage characteristics over the 

principal part of the pulse are found to be about the same and in fact the 

gradient, of most of the responses in groups 1, 2, 3, 5, 6 and 1, 

corresponding to figures 12 to 14, are similar. 
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(vii) The responses due to the configurations in eroups 4 and 8 

are not only generally of much lower magnitude than all other groups but 

their rates of rise are considerably less, in accordance with the remotest 

point of excitation in tl:e section BP. 

(viU) Natural oscillations of about 250 kHz are displayed in Some 

responses in all groups, and it is likely that they are present in all 

pulses if the time scales are extended. 

(ix) The behaviour at the terminal C is the same as at A for 

the e~uivalent ratios. 

Summary: The llrincipal groups showing maximum per unit voltage response 

are shown below in relation to the magnitude of an incident surge, (in kV), 

re~uired to e~ual (A) - the withstand voltage of the transformer (95 kV), and 

(B) - the 5C% flashover voltage of the rod-gap across its terminals (81 kV). 

Groups h~ax.p.u.v. A B 

2 and 5 1.75 54.29 46.29 

1 and 3 1·705 55·72 47.50 

6 1.60 59.40 50.60 

(b) Cascaded s:istems. (Basic types f, g and h mixed-velocity circuits). 

References: Figures 25 and 27 related to the effects of transformer 

winding transit time. 

(i) The ternunal voltage response when a transit time is given to 

the transformer winding shows that an attenuation takes place although the 

rate of rise of the principal part of the pulse is little affected. 

(ii) . The effect of increasing the transit time increases the 

attenuation but this is seen to be a function also of the surge impedance 

assigned to the winding. If Z = 4 kJ\. and the same transit time as the 
o 

other circuit elements, the reduction amounts to abol,lt 3~~, but when Z = 10 kJ\.. o 

this becomes 2.3%. 

(Ui) ·IIith higher SUTe;e impedances given to pole-mounted units the 

difference is likely to be only marginal, so that the effect of winding time 



224 

is not very important and is dispensed "i th in the other studies. 

(iv) The current response is of only small magnitude but nevertheless 

shoOls the converse effects to the voltage and is seen to increase I7hen a 

propagation time is given to the 7linding, but less so I?hen the surge 

iopedance is raised. 

References: Figures 34, 35 and 36 related to the examination of varying 

transit time in several circuit elements. 

(i) The shorter lengths of line 1 and cable, and therefore the 

lower transit times in these sections, produce the maximum effect, but all 

the configurations associated with line 2 give rise to high maximum values. 

(ii) The slope of the pulse over its principal part is seen to 

decrease with increasing length given to line 1, or alternatively, \vith 

increasing length given to the cable, i.e. the pulse lengthens with 

distance travelled. 

(iii) The slope of the pulse remains approximately constant and 

* independent of the lenr,;th given to line 2, and since the maximum values are 

generally much higher than those responses due to the other two sections, 

the presence of line 2 evidently provides a hazard to the transformer if 

incident surges are of substantial magnitude. 

(iv) The critical configurations for line 1 occur when both the 

* lines are the same length and the section of cable is twice the length 

* of either line, or line 1 is the same length as the cable and twice the 

length of line 2. The maximum values of the responses are then 1.765 or· 

1.62 per unit voltage. 

(VI The critical length of the cable is the simple case when its 

transi t time is the 6ame a6 each of the lines. The maximum value attained 

is then 1.765 per unit voltage. 

(vi) All lengths of line 2 establiSh high level responses from 

1.765 to 1.805 per unit voltage. 

Summary: The principal sections showing maximum per unit vcl tage response 

* electrical length. 



in relation to the nagnitude of an incident surge to equal (A) - the 

withstands voltage of the transformer, and (B) - the 5~; flashover voltage 

of the rod-gap, is given below: 

Sections !tax. 

Line 1 J 
cable

2 

-

Line 

1.765 

Line 1 1.62 

Line 2 

" 

4.3.2 Intermediate responses. 

A 

53.8 

58.6 

53·4 

52.6 

B 

45·9 

50.0 

45·5 

44·9 

(a) Tee-off system. (Basic type c, single-velocity circ~t). 

. References; Table 11 and figures 16 to 23 • 

At the tee-off point P, the transient current, in addition to 

the voltage, is of some significance, The voltage at P is the transmitted 

voltage and should be the same for each permutation in the group. 

Observations: 

(i) The highest transmitted voltage is found with group 5, but 
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vol tage pulses l7i th maximum values of similar order are present with groups 

1, 2, 3 and 4 also SS distinct from the other groups. 

(ii) The voltage characteristic~of the first five groups have 

greater rates of rise over the principal part of the pulse front than the 

voltages representing the remaining groups. 

(iii) The groups with the lower transmitted voltages have longer 

dwell times in the crest region of the pulse than the vol tages in the 

remaining groups. 

(iv) The highest current response occurs in group 3 where_the 

maximum values are substantially greater thsn in any other group. This is 

observed to take place when BP is three times the length of PC and either 

the same length or three quarters of the length of PA. 



(v) All the car""ent responses in euch group initially build up 

from the SE.file point and their ul tiJ:1ate crest values clearly de!,end upon 

the system traIlsi t ti.r.Ies. 
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(vi) In all groups, so;;:e current responses sho"o oscillations about 

zero with a frequency of 100 kHz or 125 kHz. It is likely that all display 

this behaviour if the time scale is sufficiently extended. 

(vii) Small perturbations accompany the minimum current responses 

in several cases prior to oscillation. 

(viii) The maximum value of the current pulse is displac~d in 

relation to the voltage ~hen alterations take place in the transit ti.r.Ies. 

(b) Cascaded systeJ:1s. (basic types f, g and h mixed high velocity circvits). 

References: Fi,3tu'es 24 to 27 related to the effects of transformer 

winding transit ti.r.Ie. 

Observations: 

Junction C. 

(i) The highest voltage response is achieved when no transit time 

is given to the transformer winding. This is a maxillluIIl when the transformer 

surge i.r.Ipedance is 10 lw.., but still lower than the corresl;ondin;; maxir.rum 

at the termination. 

(ii) "7ith increasing transit time in the windinB', voltage 

attenuation increases but this is also governed by the magnitude of the 

surge impedance as with the terminal responses. 

(iii) Larger currents are produced when the IVinding has the lower 

surge impedance but the maximum value is reached only when all the cirdui t 

elements have the same transit time. Thereafter, an increase in winding 

propagation ti,oe reduces the maxirmun current,unlike that response at the 

termination. 

(iv) The current pulses attain their maximum vdlues before the 

vol tage pulses reach their maxima in all cases independent of the value 

given to the winding surge impedance. 



(v) Double transit tL'lle given to the \vinding increases the tic;e 

to reach the maximum value of both vcl tage and current responses but the 

voltage pu~ses take the longer time. 
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(vi) Current perturbations are established when the winding surge 

impedance is 4 k..1.., which appear as oscillations of frequency 0.5 Wiz. 

Junction B. 

(i) The highest voltage response is achieved when no transit time 

is given to the winding of 10 k.·.surge impedance, as at junction C, but 

is still relatively high in comparison with the terminal voltage: 

(ii) Similarly, volt~ge attenuation takes place with increasing 

propagation time in the winding as at C and D. 

(iii) The voltage levelS generally are not n,uch lower than those 

at jW1ction C. 

(iv) The highest current response is obtained with double transit 

tL'Ue and the lowest surge impedance, as in the terminal response. 

(v) Current pulses lead the voltage pulses in the same manner, 

again as at junction C, but the displacement is greater at B than at C. 

(vi) Current pulses build up initially from the same point in both 

examples of terminal surge impedance and indicate their oscillatory tendencies. 

References: Figures 28 to 33 related to the examination of varying transit 

times in several circuit elements. 

Observations: 

Junction C. 

(i) The shorter lengths of line 1 and cable establish the highest 

vol tage responses. This is also true of the current res~lonses. 

(ii) Similarly, the slope of the voltage characteristic over its 

principal part is seen to decrease ;vi th increasing length given to line 1, 

and to the cable independently. i.e. the pulse lengthens with distance 

travelled. This is again true of the corresponding current responses. 

(iii) The slope of the voltage pulse over its main portion remains 



228 

li ttle changed for varying lengths of line 2. 

(iv) The voltage levels, compared with the terminal responses, 

still remaL~ high for all variations of transit time in those circuit elements. 

(v) Current responses decrease when line 1 or the cable 

propagation times are increased, but increase considerably when line 2 

is lengthened. 

(vi) Maximum currents a;t"e associated with changes in the length 

of line 2, and these currents are considerably higher than those due to 

any changes in the transit times of either line 1 or the cable •. 

(vii) Current pulses lead the voltage pulses by varying amounts 

of time when the length of line 1 or the cable is changed. 

(Viii) OJrrent pulses lead the voltage pulses by approximately 

the same length of time when the length of line 2 is increased. 

(ix) All current responses show oscillatory tendencies, and 

whereas the oscillation vary between 26.3 kHz tp 35.7 ll:Hz in the cases of the 

influence of line 1 and the cable, there is much less variation in the 

frequency of the responses due to changes in line 2. There are also less 

disturbances in the current pulse shapes. 

Junction B. 

(i) Maximum voltage response appears to be the same for minimum 

lengths given to each circuit section, but falls off more rapidly when the 

cable length is increased. 

(ii) The vcltage responses behave in a similar manner as at the 

previous junction, with the pulse lengthening with distance travelled 

either in line 1 or the cable, but remaining nearly constant for any changes 

in the len"o-th of line 2. 

(mii) Iiaximum currents are associated with increases in the 

length of the cable section and not in line 2 as at junction C. These 

currents are considerably higher than when other section changes take place. 

(iv) The distribution of the current responses due to changes in 

the length of line 1 are similar to those responses at junction C also due 
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to changes in line 1, and in the cable independently. 

(v) The distribution of the current responses due to changes 

in length of either the cable or line 2 are now similar in that the current 

pulses build up initially from the same point. However, the cable length 

only has a marked influence on the subsequent maximum values, whereas 

alterations in the transit time of line 2 has very little effect upon the 

current characteristics. 

(Vi) Again, with a length adjUstment of line 1 or the cable, 

the curre~t relationship with the corresponding voltage pulse changes 

considerably. This is not the case when line 2 is increased in length 

where a fixed relationship exists. All current pulses lead the voltage 

pulses. 

(Vii) Current responses decrease with an increase in the length 

of line 1, but build up for an increase in the length of the cable. Thus, 

the effect of the cable is opposite'to the corresponding responses at 

junction C. 

(viii) The oscillatory nature of the current responses is again 

present and small perturbations appear in these pulses only, due to the 

variation of propagation time in line 1. 

4.3.3 Snecial features. 

Group 3, associated ".vith the basic type c circuit, pr9duces a 

transit time ratio that gives the highest current response at the tee-off 

point (section 4.3.2). At the same time, this particular confie;tU'Htion 

also establishes a very high vol tB-ee response at the transfonuner terminals 

(section 4.3.1). No other permutation results in a voltaee-current reaction 

as efficacious, and hence this particular arrangement is to be noted. An 

incident pulse circa 48 kV is sufficient to flashover rod-gaps across the trans

former terminals, whilst the surge current at junction P is clearly very 

much l~r than is normally the case. 

The current relationship, \vi th the correaponding vol tage, at 

junction points associated with all the basic circuits examined, is shown 
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to vary considerably accordinG to tl:e timing arraneements of the connected 

circui t elements. The maximum value of the current seldom coincides with 

the vol taee maximum but r"ay vary up to a period of 6,,, sec prior to the 

voltage reaching its highest value. This behaviour supplies direct 

evidence of the presence of standing wave pulses in these systems. According 

to theory, a lossless line shows antinodes at locations given by the , 
, , \ - \ 

corresponding distances ~ ~' ~' etc. along the line. For an apericdic 

pulse of ~oth !{sec delineation, these Fo~nts are respectively 1500 metres 

4500 metres etc. or 5,15 etc. microseconds of time. ':/here the velocity of 

prcpagation is less, as in cables and windings, these figures are of course 

modified accordingly. The vol t'!gs standing wave ratio can be found from 

the section reflection ccefficient and is calculated for the simple series 

system as 23.4, 21.2 and 36.0. In a lossless line, both the reflection 

coefficient and the VSi'/R remain constant, and also a VS'JR of 18 or more 

means that at least 80';" of the energy of the pulse is reflected. A 

fortui tous combination of section lengths therefore allo"16 the possibility 

of substantial antinodal surge vcl taees to appear between discontinui ties 

which may serve to explain the failures of PN16 line insulators, line 

jumpers, pole boxes and similar line e'l.uipment. Apparatus associated with 

antinodal points in this manner can be regarded as weak-link structures. 

By definition, these are locations where system reliability is most easily 

affected by the secondary propagation effects. 

4 .• ,3.4 Inclusion of earth path. 

Let the capacitance of the transformer high vel tags winding be in 

the region of 100)"J'F -?10)'j'F (Bewley), and the e'l.uipment is pole-mounted, 

the inductance of the doomlead is about 16)IH (Bellaschi). The (lTound-rod 

assembly is assumed to be not greater than 25~resistance (Electricity 

Authority),neelecting tl:e effects of its capacitance and inductance. The 

resul ting termination is then a simple R-L-C series system to which the 

incident pulse is first applied. The roots of the auxilisry e'l.uation, 

obtained from the differential e'l.uation definine the voltage distribution when 
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this is equated to zero, is to be found from:-

• 1£ R ; R2 C - ±, 
I' 

m = 
2L 

from 17hich it is clear that ~ /R2 for both values of winding capacitance. 

Hence the roots are imaginary for a bipolar pulse as well as for an 

aperiodic pulse, and the response is therefore a damped oscillation. Clearly, 

the capacitance would have to be of more than 0.1 .~,F, or the inductance very 

much smaller than 16 .lH to produce anyl significant al tera"tion. This is • 

quite outside the practical range of values available for C and L. The 

damped oscillation is the normal response to pulse excitation in these 

circuits, and its duration, from the parameters above,is found to be less 
... 

than 2/, sec. If a significant reduction in the ground resistance is 

achieved, it is easily shown that the perturbations are then sustained over 

a substantial period of interest. 

If capacitance and inductance are associated \Vi th the single 

ground-rod assembly, the resulting circuit is an R-L-C parallel system. 

With pulse excitation, again the natural response is a damped oscillation 

and the duration of these perturbations for realistic values of R, L and C 

are calculated to be less than 0.1l'sec and hence they are of no importance 

here. 

4.4 Conclusion. 

Those fuse faults directly attributed to the effects of the 

propagation of induced incident voltages maybe regarded as predictable 

faults in the sense that their cause is able to be clearly determined. 

The case studies, and their associated circuit diagrams, give adequate 

evidence of this type of behaviour. Single conductor travellin~ wave 

... These calculations are based on ground resistivity of 102 ohm-metre 

corresponding to moist soil, and a {,>'Totald-rod of i" diameter (1.59 cm) 

driven to a depth of about 15 ft. (4.57 metres). 



analysis, based on the asswnption that the circuits are lossless, provides 

a useful first stage assessment of the propagation characteristics. The 

employment of the SChnyder-Bergeron graphical method for the analysis 

supplies an economic and englightened approach to the understanding of 

pulse excitation in the system, although limitations are imposed in the 

case of the three-conductor solution if continued in the graphical mode. 

The faulted circuits are considered as being constructed from a 

number of basic circuit topologies whose propagation characteristics to 

lightning-induced pulses have been predetermined so that some indication 

of the overall performance can be deduced. In a few cases, this leads 

simply to a reiterative process as, for example, when a number of type c 

elementarJ units are linked together in series to make up a feeder with 

homogenious tee-off sections. The voltage response, at the points of 

discontinuity, is seen to behave somewhat in the Same manner as the 

response obtained by Ouyang when a three-conductor line is excited from 

an impulse c;enerator. i.e. the tee-off points are sho7m to generate a 

steep voltage rise with maximum values near to the maximum of the incident 

surge. In this study these responses are clearly dependent upon the 
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length ratios. Hence, Ouyang's observation that with flsshover at the 

terminal station (end of' feeder), the reflective 11ave, wi th a steep voltage 

swing, is imposed on the line over a considerable distance appears to be 

verified. Again, it is clearly demonstrated, in the basic cascaded unit 

at both junctions before the terminal pOint, that a high level voltac;e 

pulse appears vthose maximum value is very nearly as great as that of the 

terminal response. At the first junction from the termination too, the 

vol tage gradient is seen to be little affected by changes in length required 

to connect to the transformer. This particular observation may well 

explain the failure of connected apparatus in similar tee-off situations. 

Resul ts from the analysis for various elemental configurations indicate 

that the front of the pulse lengthens with distance travelled. These 



confirm similar effects found in Ouyang's propagation study with a 

synthetic pulse excitation, and also in Singarajah's oscillograms of 

induced lightning vol tages obtained from his field "ork. These effects 

are also to be found in references 24, 25 and 26 in Part "I. 

The grour-s of tra.'1sient faults which are regarded as anomalous 

are those which give rise to substantial responses which are not directly 

attributable to direct strokes. These faults are unable to be assessed 

collectively since each is likely to have different environmentaX 

conditions. Therein lies the importance of the local topography-. In 

association, are those special features which all0l1 the prestrike charge 

to contribute to the pulse excitation, and due recognition has been given 

earlier to this latent source of induced voltage. The generation of 

standing wave pulses, amplified by the fortuitous arrangements of section 

lengths and discontinui ties, to provide large antinodal vol tages at points 

along the conduit also come within the anomalous category. The antinodes 

may" coincide \1i th the r-osi tion of line equipment thereby reGarded as 

weak-link structures. All the above phenomena associated with the sinsle 

stroke, are not necessarily extended in the presence of multi-stroke 
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discharges since the point of excitation may have shifted. Thus a prestrike 

charge is no longer present and large antinodal effects vanish. Alternatively, 

these manifestations may come into beints during multi-discharges to ground. 

Finally, the fact that rod-gap flashover is not uncOlllr.lon during 

thunderstorms leads to a belief that induced vol tatsee of about 40 kV at 

least are not too infrequent. Inspection of the field recordings in 

references 24, 25, 29 and 30 in Part I sho'.1 thut although the majority of 

indirect surges lie in the range of 10-30 kV, there are a few from 30-50 kV, 

and occasionally a surge well above this level. There is also evidence to 

shoVl that substantially more bipolar surges are recorded than aperiodic 

surges, but it is certainly not clear ho·.7 many of these" are due to 

conductor couplints and hoVl many are due to the influence of the upward 

streamer. Another source of information concerning the voltage level of the 
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incident surge is from measurements made on the 10',7 voltage side of the 

system. The automatic recording of 1. v. surge vol taees has been made 

1 
;1ithin the last decade by l,~rtzloff and Halm over a period of t\10 years, 

from ;7hich those surges of lightning origin were identified. From this 

data it is possible, in a few cases, to csti:nate the level of the surge 

on the h.v. side of the transformer. The most frequent surges are found to 

* lie' between 0.6 and 1.2 kV, ~~d more severely between 1.4 and 2.7 kV. 

All the recordings showed the transferred excitation as a damped oscillation 

of frequency 130-300 kHz, evidently indicating that this is the eigen or 

natural frequency range of the Lv. circuit, in which variation is due 

siElply to the position of tele outage in the system. The calculation of the 

primary surges is then found to give a range from 17 to about 60 kV. On 

this basis and the earlier field data, the operation of rod-gaps either 

singly or collectively Can be expected from tDne to time as part of the 

propagation response to most thWlderstorms. 

It is considered that the object of the research study has no"" 

been achieved, namely, 

(i) that a summary of the present state of knolVledge of the 

generation, excitation characteristics and propagation of ,induced voltages 

due to indirect lightning strokes has been given ',1hich has a particular 

reference to the 11 kV rural distribution network in the United Kingdom. 

(ii) that a field study has been presented which covers a 11eriod 

of sufficient duration; is located in an area of good topographical 

interest possessing a hieh isoceraunic level (for the U.K.); anu contains 

a substantial number of case studies pertaining to the records of lishtning 

faults, for the characteristic behaviour of this type of supply network 

to be assessed. 

* There are two records of 4 kV and 5.6 kV attributed to lightning, but it 

would seem that here the low voltage lines were directly influenced by 

nearby ground strokes. 
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(iii) that sufficient f:mdamental surge analysis has been performed 

on representative elementary circuits which can be applied to the li.","htninC-

faul ted ci:ccui ts in the field study to explain the predictable res;.>onses 

therein. 

(iv) that additional factors have been considered and developed 

to provide reasons for certain anomalous effects which are shO\m to talce 

place. 

4.5 SUi7,gestions for further Ivork. 

The Bergeron analysis of the equivalent lOBsless three-conductor 

systems is fOlmd to lead to complications on the drawing board which hhi bi t 

extending this convenient mode of solution to anything but simple problems. 

\'lhen considering the single conductor case \Vi th R and G absent hOl1ever, 

the "telegraph equations" are directly integrable and an exact solution is 

available USing D' Alembert' s method. This leads to a particularly efficient 

algori thm for computing not only the terminal vol tages, but also the 

incident and reflected vol tages oncl currents along a conducting systeJil. 

2 3 . 
Branin and DOil;mel each develop digital prot,rrammes based on equivalent 

impedance or admittance networks representing the input and output conditions, 

which may be modified for a three-conductor solution through the usual 

matrix procedures. Althammer and Frey4 show that a chain of quadripoles 

567 may be used to solve more complex supply net'.70rks, and Althanuner , D.vek et al 

develop this for the multi-conductor nwnerical solution in the modal state. 

So clearly, the present employment of the Bergeron system can be extended 

to three-conductor circuits with the aid of the digital computer. The 

net\1orks selected froJ~ the case studies need to contain two and three-

conductor spurs. The overall results, available from the propagation 

behaviour of indirect surges in these rural networks, then enables 

attention to be given to formulating more precise rules for the location 

of related protective apparatus. 

The imports.nce attached to the prestrike component here, also 



presents a case for further developl:lent beyond. the concepts used in this 

study and hence refine its contribution to the fault pattern. The size 

and shape of the corona envelope surrounding the leader head is kno",m to 

change as the head comes ";Iithin the effective influence of the ground 

below, and charge is dra~ off by an elevated object. The evaluation of 

the effects of this charge which, although virtually st(ltionary in space 

but not in magnitude, is not one to be arrived at by the method of images 

alone but conditioned also by a changing field. A theoretical evaluation 

in the dynamic state together with field experiments, the replication of 

which may be realised by the use of the electrolytic tank, can lead to 

a better understanding of the prestrike contribution and its importance. 
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APPENDIX 

Hates ne;:taining to the Bergeron analysis. 

Hate 1_. Excitation. 

Ca) The linear nulse. 

Front: y = !IX. 

a = 0.2 for 5/20 

a '" 0.125 for 8/40 

Tail: y - -ale. -

a a 0.033 b = 1.166 

a = 0.0156 b = 1.125 

Cb) The exnonential pulse. 

)Jsec. 

fsec. 

b. 

ref. 

ref. 

for 5/20 th f' sec. rei. 

8/ th for 40 f sec. ref. 

C -ex 'If <: A e - e-bx ) 

a a 0.055 b '" 0.495 for 5/ -20 jJsec. ref. 

a " 0.024 b = 0.36 for 8/40 - fsec. ref-. 

5h th 
" 0 I 

A = 1.482/ 
.-

8/ th 
" 40 I 

A = 1.~ 

y fsec. y 

0.282 0·5 0.199 

0·498 1 0.363 

0·778 2 0.606 

0·919 3 0.768 

0·985 4 0.874 

1.000 5 0.940 

0·988 6 0.975 

0·958 7 0.994 

0.926 8 1.000 

0.887 9 0.998 

0.845 10 0.986 

0.802 11 0.973 

0.762 12 0.958 

i 



0.721 13 0.940 

0.685 14 0.919 

0.648 15 0·902 

0.615 16 0.881 

0·582 17 0.861 

0·552 18 0.842 

0·522 19 0.822 

0.495 20 0.803 

(c) The sinusoidal pulse front. 

y .. ~ (1 - COSx.) 

5 !sec. 8 ),sec. 

p sec. Cosx. y CosX -y 

0·5 0·951 0.025 

1.0 0.809 0.0955 0·924 0.038 

1.5 0.588 0.206 

2.0 0.309 0.346 0·707 0.147 

2·5 0 0.500 

3.0 -0.309 0.6545 0.383 0.309 

3·5 -0·588 0·794 

4.0 -0.809 0.905 0 0·500 

4·5 -0·951 0.975 

5·0 -1.000 1.000 -0.383 0.692 

6.0 -0·707 0.854 

7.0 -0·924 0.962 

8.0 -1.000 1.000 

(d) The binoler nulse. 

The positive part of this pulse is represented as either 

the 5/20th psec. or 8/40
th /-,sec. pulse shape. Preceding this, is the 

negative portion which should be taken as having about the Same maximum 

value as the positive part on the basis. that the oost daoaging response is 

ii 



iii 

then obtained. The wave slmpe approximates in form to the equation 5 

show11 on pa.ge 155 in Part Ill. 

(e) The nrestrike nulse. 

This also presents a negative induced voltage but spike-shaped 

\vith the sudden collapse at the instant rrhen the leader head charge and 

streamer meet. There will be then a brief pause before the main excitation 

ap;:>ears. The rate of rise of the induced vcl tage pulse due to the prestrike 

charge is shown to be less than the corresponding rate of rise of the 

incident surge from the return stroke process. 

Hote 2. 

7Tith two "observers" only, each graphical solution appears as a 

series of large steps. A numerical solution follows the same pattern except 

that there are many more steps depending upon the size of lit used in the 

prograrr~e. The Bergeron solution is shown here with'coordinates joined by 

straight lines to aid the interpretation. 

Note 3. 

A suitable book-keeping technique is available in the form of a 

timing lattice which can be drawn in such a manner that the negative slo;:>e 

represents a for\Vard travelling wave and the positive slope is then a 

reflected pulse. The vertical axis is also draml to scale in multiples of 

unit transit time. 

ExamplJe: Cascaded system in second series (page 179 in' Part III) 

where l, = l,- =-1':;" t transit time in winding. 5/20
th /<l.sec. excihtion. 

1;·"",,,,,lt.,,l A --.-ri:--,ri"i--..,...-,i--,..---.--r.;"c-,-,,....,,.....,,,-,,-.,,,-,,....,,-,,---i "1 ( 1 ,. .... 1 "" 'j e. r'~ ~-#_ ('ll.l ('S.-e. . 

f.0<.-~l:) '\"', [(,,-+,-1:) / 
I \ B a / .... 

\ i'l 
r ",AN '* Ire --!-++++-'{, 
1,1'\, ... ·~ 

(!.c.c.17r>1'\,:!' ) 

I, Z .... --- T"",.e A"t~ 

(('vC~_ ') 



AJ receives first reflection 

A5 " " " 

A7 " " " 

A11 " " " 

Thereafter, these points continue to 

provide transmissions for most of the duration 

Voltage 
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Current 

Voltage-acpere characteristic 

Forward travelling wave 

Backward travelling wave 

Note 4. The three-conductor feeder. 

If the single-conductor basic type c circuit is replaced by a 

three-conductor equivalent, the propagation conditions can be expressed in 

the following way, using the matrix notation:-
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, 

~ -E11 
-

E11 
I rE I E1 i , 1 I 1! 

:~ 
, 

= '3 E2, and E2i : 

"''3I E2i 
E3J I LE) T R LE3J I 

where the suffixes I, R and T refer to the incident, reflected and transmitted 

pulse respectively. 

Suppose, however, that the tee-off section PA is a single-phase 

line, then only two of the feeder conductors will be utilised. (say phases 1 

and 2 of the feeder). The above equations need to be moaified into two 

component· groups, namely, the surges in the feeder, and the surges in the 

tee-off section PA, to satisfy Kirchhoff's laws. It can be shown that these 

two groups reduce to the following equations:-

For the feeder, the transmitted voltage is then 

o 

.. o 

and the reflected voltage 

For the tee-off section, the transmitted voltage is 

[::J T = 
o 

o 

and 

o 1 
J 

I 
= o 

E~J I 
and the reflected voltage 

rE1
1 

L E2 Ja 



and the transmitted surge, 
-

: 1 
,-

El ! 0 I 10 0 
1 

i I 
£:0 i . 

E1 1 E2 i ". 3: 1 

J 
I El ! 2 10 0 

i 
,0 0 _ E2J I 

3Y33 I 
E3 j T lY13 Y23• E I I • 2j 

and the reflected surge, 

rE i I E1 I 1 
1 I ' I '" I , -3' 

L E2l R I, E2 I 

If an indirect stroke is close to the feeder, the SyStQffi is then 

excited symmetrically. But if this stroke is close to the tee-off section 

PA, the feeder receives its excitation through t7l0 of its conductors only 

and hellce exci tatioh matrix nO~7 has only two terms, 

The modal transform of eQual vol tages in all three conductors is 
-, 

then [l.I] [EJ 

and for the t·:ro 

r 1 

I 1 2 
3 i 

L 0 

conductor 

1 

.!. 2 
~ , , 

l 0 

1 1 1 
I , 

1 1 

'3 ) - 13 : 
t.I 4 

excitation 

! E 

E 

E 
~ ~ 

~ 

lE -I , , 
I , 

I 0 

i , 0 c ~ 

i 2E'; 
1-' 
I 3 
I E 

= I 3 
I E 
1)3 J 

Equal excitation in all lines therefore represents the simplest 

forcing function associated with the Bergeron diagrams, 

vi 



Hate 5. 

The total charge given by equation (15), on page 162, 

resolves as 

" 
(1 .................... 

i~1 which I~ is a constant. The product of p anll h2 when :::ealised, results 

in the eXljOnential teX'!n~O, hence equation (i) is reduced to 
qo 

q , " (1'1') ..... . ........ -" ........................................ >. 
v ~ 

The l1otent.i2.1 E;:radient at 1), dis1;:;rnce y fr.')Jll the ve~tical pr9jection of a 

IJ0int charge q a~ a. hei3ht h above e. flat plane is 

" vOlts/metre 

so t:""t tile ;';1'0 mid rrraa.i8/11t ~~e to the leader chann€!l becorces 

'10 -~h " € h. e .clh vol ts/setre 
g ~ 2;'\E,o' (h2 _ ,/)3h 

. . . . . . . .. . . . . . . . (i v) 
~\ I 

and substituting for q "frm:l equatio~o (ii) 
o 

db 

(v) 

where K = Since the 1T:.8.ximum ground ~~:radient is required in -the 

IJTGsent conte;~t 1 equation (v) is siml1lified by making y = 0.. The solution 

to the in-tet,-ral GeUl be I)l'esented aG a series i.e. 

K(-Lt ' [ 
1 

K
1

(1 10,0' 211) " h
2 

K 113 v 114 + - + "2 + h ~e 3 "4 

where K
1

, K
2

, K
3

, K4 etc. are nrunerical cons ta'1 ts extractea. frail the 

se:c.ies COlUllonents .. 
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