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SULTIARY

A survey is made of past work asscciated with the indirect
lightﬁing gtroke in relation to the 11 kV rural electri;ity supply
network in this country. Facts are established which are considered
relevant {¢ this specific type of system with pulse excitation. 4
conqﬂiumntary field situdy, Eased on extensive lightning fault records of
e particularly affected area, provides sufficient evidence to establish
a characteristic patiern of behaviour to be expected from the nétwork.
-Each faulted circuit is assumed to be made up of several busic topologies,
which are considered as lossless elemenis, 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
pronagation response, and may be di;gctly“cqmpared‘with the pattern of
responses in the field study to eéplaié;?ﬁé;§ fagif;processes due to
simple travelling waves alone. The,pféEéﬁéf&&%uén&%égalysis of a three-
conductor ¢ircuit is also given some atfehfiéﬁ?lwfgzéqcount for the
frequent appearance of anomalous faulfs,hsémé coﬁéidé;ation 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 suggestions for the

continuation of the work.
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PART I

Introduction, objective and survey of zast wbrk related to the present study.

1.1 Introduction: Lightning discharges and their effects upon the

overhead line systen.

In high voltage rural power distribution systems the overhead

line conductors cover very large areas of the countryside to form the
priﬁcipal supply links. Consegquently, an inherent and unavoidable hazard
to systen reliability is presented by these cireuit elemeﬁts and their
associated. equipment simply by being exposed to the atmesphere. This is
clearly shovm by the annual fault records of the Area Boards in the United
. Kingdom. Supply interruptions are seen to be caused by ﬁildlife, high winds
and cold weather conditions, occasional accidents, but principally by the
effects of electric storms.

‘ Although a low iscceraunic level is, to be found in these latitudes,
evidently a lérge nuﬁber of incidents of lightning origin do take place.
An eérlier study of five years of lightning fault records* by this
investigator revealed, emicmigst 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 follows in the wake of every electric storm is to a large
extent, only currently mﬁde acceptable by the widespread use of the automatic
circuit recloser. The distribution network in general owes mch to the
efficacy of this piece of apparatus for its present state of reliability.
However, it is clearly evident that g 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 Easterm Electricity for 1963-1967.




the strategic deployment of other suitable protective devices. To some
extent this practice is already carried out by meaﬁs 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 ;ndistribution network to lightning excitation seems to be
essential before some rules for improved protection can-Be enviééged. Hence
an understanding of the behaviour of iravelling waves generated in common
cirquits appears desirable when the system is disturbed in this manner.

Golde and Jones1 have shown the preponderance of lightning
incidents in any one year of operational service of a typical Area Board.
Golde2 separately, has concluded from a naticnal survey of high voltage
distribution éupply 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 cn overhead
wires was extensively examined by Bewley3, Norinder4 and Budenberg5 et al,
but it was Wagner aﬁd McCann6 who firsi showed thai thé veltages induced
in overhead line conductors are nbt of any great significance on their own
account, at lezst when primarily concerned with overhead transmission
'1ines. 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.

In this country an average stroke current2 has been found to be

between SkA and 20kA so that a direct stroke to mid-span of a single
distribution line conductor;whose selfQBurééimpedance can be taken to be

about 500 dhms, could thus establish a momentary line-to-earth potential of



.25 MV for the minimum stroke current of 5kA. This magnitudelgf voltage
is not only far in excess of the BIL‘;f any high véltage distribution
circuit but since the voltagg appesars q;thin-one or two microseconds of
stroke contact, it provides an almest instantaneous rate of rise literally
dealing all local insﬁlation & hammer blow. A further simple calculation
reveals that the momentary powei transfer likewise cannot be coﬁ%ained,
although the energy level is relatively small. Since nc protection is
available at the present time against the effects of direct strokes,
permanent damage to lihe equipment is unavoidable.

When the charge transfer of the thunde?cloud 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 associztéd electrostatic and electromagnetic fields in which the
former tredominates. Lower ordersof 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 peen shown
to be approximately proportional to the preduct of the lightning stroke
current and the ﬁeight of the conductor above ground, and inversely
proportional to-the distance from the stroke. In addition, it is observed
that the poéitively rising wave front is characteristically less steep
than the similar part of the voltage waveform from a direct stroke.

The fault records7 associated with this study show: that there -
are many more "transient faults" than "pers;stent faults" due to lightning
causes. The former are defined here as circuit interruptions resulting
from h.v./fuse blowing or ;utorecloser "lock-outs'", and the latter as
circuit 1nterruptlons due to permanent damage to line equigpment. This
suggests that the surge voltage levels are con31derab1y lower in the case

of transient faults than in the case of persistent faults. 8ince there

are about four times as many transient faults as there are persistent faults,

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

-

*
l Basic Impulse Level.



lightning strokes affecting the line system than there ‘are direcf strokes
to the actual overhead conductors or associated equipment. A conclusion
which does not seem unreasonable from zm analysis of the number of
discharges frem cloud to ground during the life-of a thunderstorm.

A lightning discharge to an earthed structure, such és & terminal
pole, momentary raises the potential at this point to aIQery 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 procéss 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 nropagated
primarily in the TEM mode. ‘Then studying the effects of indirect strokes
field measurements and cbservations reveal g wide raenge of charge dissipation
and point sources of excitation may vary cpnéiderably, although the same
pattern of behaviour is recognisable? Nevertheless, little seems to be
lmowm of the propagating effects generated from this scurce 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 Objective 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 rropagation
of travelling waves in the high voltage distribution ecircuits.

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




5.

distribution system to lightning excitation, utiliSing_the fault records
attributed to thunderstorms, and to examine a number of selected examples
in detail. i

(iii) To investigate the propagation response to indirect lightning
strokes in circuits having frequent &iscontinuities, by means of explicit
travelling wave solutions of common circuit topologies related to the
field.‘ study.

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

predictable responses found in practice, and to account for certain

anamalous effects.

1.3 The generation of indirect surges.

1.3.1 The distribution of electricity in thunderciouds.

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
chérge and the earth a negative charge. Potential ﬁeaSurements made on
horizontal insulated wires suspended at different heights above a flat
earth plane clear of trees and buildings confirm this, according to the
equation v e V.-V = - E.dh
The wires must be ionised by some means as, for example by heat, or by being
exposed to the atmosphere for severzl weeks before measurements are
atteapted. 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 thunderstorms. 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 Beck 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 chenging during electric storm .
activity as a result of lightning diséharges;and the neutralization processes
of locel charge centres within the thunderclouds and their subsequent
replenishment. An active thunderstorm is reckoned to p;oduce one flash

about every twenty seconds and the following regeneration of the electric
field within the cloud is known to be only a matter of a few seconds.9

The electrification of thunderciouds 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
establishéd that the distribution of electricity within a charged area of
cloud generally follows thd pattern of an upper pesitive charge several
kilometres above & lower negative chaige. A further small positive charge
often exists in the base of the cell. .

Simpson. and Scrase first made measurements of the electric field
within thunderclouds, using electrograph equipmént attached to balloons.
Canfirmation of the cellular configuration of the eléétric charges is provided
by Workman, Holzer and Pilzer12 from measurements of ground gradients. From
their experiments a number of positive and negative discharge centres were
identified extending upward to approximately 11000 metres (= 36100 ft.)

- and having a width of about 8000 metres (= 26250 ft.). The U.S. Thunder-
storm Project pursued independently by Byers and Braham13 in 1949 utiliéed-
aircraft to measure the electric fields within the thunderclouds whilst
simultaneous measurements were made from ground stations. Electric field - -
gradients within the charged c¢louds have also been investigated by Gunn14
using electric fluxmeters sttached 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

_ ) | 4 |
dipole system within thunderclouds has come from Gish and dait 5 using

similar equipment in flights above the tops of these clouds.



The mechanism of the build up and decay gf the cells, the
characteristic of whicih decide the intensity and duration of a thundersiorm,
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.
Sirce most of the discharges.to earjh"during {thunderstorms evolﬁe from the
middle regions of thunderclouds it is of interest to nofé the f;ilowing
altitude distribution of the three charges typical in these latitudes. The

data is suppli=d by Schonlaﬁdg, together with the corresponding related

temperatures.
Polerity "Altitude Temperaturs
+ (upper) 7.0km (23000 ft.) - 27%.
- (lower) 2.5¢m (8200 ft.) - 4%.
+ (lower) 1.5km ( 4900 ft.) + 2%.

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 1o
greatly increase the electric field gradiént at ground level. Although
the overhead line is normally part of a circuit carrying current,
nevertheless, it remains a detector of the ground grsdient registering any

change in the form of & travelling voliage wave or surge.

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

Earlier investigators of lightning phenomena associated with
transmiésion lines gre principally concerned with the effects of the
direct lightning stroke, and théir 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 thunderoclouds was necessarily 3000kV/metre i.e.
the seme value as that usually assigned to ground flashover experimenta,
and the subsequent flashover formula is based on this wvalus. Schonland9

has shown that the field strength within charged clouds required for



breakdovm need be only about one tenfh of the no;mal'laborator& figure
to start the vrocess of discharge. -

The sudden change in éhe efectric 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 takiné 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 pogitive bound charge on
the line. i.e. & reversal of ground gradient is normally therefore a
characteristic of the thunderstorm condition. The effective length of the
thundercloud, parallel to the ground, is utilized for the purpose of
calculation. Any flucfuation in the bound charge is neglected and it is
assumed that it is held in this steady Stéfé—prior to tﬁe colia@se of the
cloud charge. 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. Hénce, the change in the ground gradient conditions as a result
of the lightning discharge can be expressed in terms of the product of the
voltage and the law of the cloud discharge.

Uéing D'Alambert's solution to the wave equation and F(t) as
the law of the cloud discharge,

by
F oo /Jf(x x el e_‘.__lr(k‘) ol

el b

i

: -/ 1 { 4 - b .| i
tan od Fraisd F{v} = av/ L.GLL ) Py ol e 6
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P{{') = w '
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if the discharge current is given its usual form.




1.3.3 Estimations of the cloud-induced voltages.

The amplitudesof the voltages induced in overhead line conductors
following the process of cloud-to-cloud discharges are derived by Bewley3,

Rudenberg5

eE al using a.simple exponential law for the cloud discharge.
Equations are given by Bewley which can be identified for use ﬁith this
present siudy of the distribution system. These equatigns enabie the induced
voltages to be estimated assuming the collapse of at least 95% of the

cloud charge in the first instance. For specified dimensions givento the
bound charge it is shown that as the time of the discharge reduces so the
voltage induced in the conductors increases. However, values give to the
ground grahients by Bewley appear to be unrealistic, e.g. 328kV/metre (1o0KV
ft.), and are more in keeping with the actual field gradients found later

13

" within the thunderclouds by Gumn Consequently, the induced voltages
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 gradiemt of 20kV/metre and
show.the effect on the mégnitude of the ipduced 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 ir the cloud charge
is dependent upon the cloud-to-cloud stroke which needs a relatively
substantial time (possibly 10C.msec. or more) to take effect. The second
" set of characteristics show 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 cha;ged cloud assumes

the charge to be uniformly-distributed 8o that the overhead line has

a rectaﬁgular bound charge. Such a model enables the simplest orthogonal
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field pattern to be conceived assuming the ground to be a perfeé%ly 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 voljége wave than the shape or.length of the
bound charge:-

Wagner and McCann6 assert that the cloud-to—cibud diséharge is
of 1ittle importance When the finite time of discharge is taken into
account. This observation is based on the Bewley calculations and has
g direct reference to transmission lines. 1t is seen howevéf, from the
evidence in figure 1, that the magnitude of the induced wvolitages from
this source is unlikely to exceed about 20kV in distribution lines, and
higher potentials are only poss;bie with very short waves. REhese are
“improbable from the induced effect.

Fieid measurements of lightning discharges are based on the

three terms of the well known radiation equation, ’

g€ = %‘3 *éa'%*c_{‘;‘l%z
The first term, representing the electrostatic field, is fhe most
importent component for calculating thé induced effect since this‘is much
larger than the other two terms up to a distance of about 10 kilometres.9
Eorinder16 has used both open and closed antennae systems for the study of
lightning &isqhargg phenomena. The open aerial arrangement, being 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 i1s complicated and of such short duration as to

impose a limited time for observation. Consequently, there is not enough

information about the time variation of the field strength, especially when
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discharges are very near to the gerial wire. Iiuch of,Horinderré studies
with antennae systems’is concerned with the measurément of the electric
field strength at ground level, the magnetic component of the radiation
equation and the current and charge distributions in the lightning stroke
at some distéhce from the discharge. The calculated potential;for exanple,
induced in an overhead line of moderate height at a distence of-ébout

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

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

values for discharges mich closer to the line.

1.3.4 The mechanism of the lithtning discharse to ground.

A large amount of knowledge has now been amassed concerning the
mechanism of the lightning stroke. IMuch of the research has been stimulated
lby the need to assess the operation stability ?f transmission lines in
thunderstorm conditions. The basic difference here, betwegn these lines

and distribution lines, is clearly one of insulation level, and it has been
shomn earlier that the latter are quite unable to survive a direct lightning
stroée without some permanent damage. 8¢ it is necessary to account for

the large number of fuse cperations 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
earthed objects relatively near the line.

¥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, & negative
charge is conveyed from the charge centre in the cloud te 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 consegquently most induced voltage surges are positive. There are

exceptions and these are the result of positive charge transfer which,
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though infrequent, appear at the end of a thunderstorm” and often with
great intensity ,. Apart from differences in the initial leader formation,
the process qf discharge has apparently the same characteristic as for the -
negative charge.
Si;Ee the electrostatic field is the predominating cémponent of
the "electromagnetic effects" from a nearby lightning séroke to"ground,
it is as well 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 déscription of behaviour. There are
three clear stages’the first of which is established by the stepped leader.
This, in eérly development, progresses to earth at the slow velocity of
about than 0.001c. For this reason alone, the.field change is regarded
" as unlikely to seriously affect the ground gradient. The progresé to earth
takes the form of a series of faintly luminous 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 secend stage.
The length of this streamer appears fto be subject to considerable
variation depending upon several parameters. Schonland gives between
15 to 50 metres.- Wagner and Hileman18 estimate orders of beiween 25 to
100 feet (7.62 to 50.5 metres) from towers etc. but only a few feet from
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 current, 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 exampte given by Schonland.9
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Since a lightning flash may consist of a single stroge'or 2 series
of strokes, the elapsed time between successive diécharges is likely to be
between 40 to 100 milliseconds, though_it can.be up to half of one second.
The total durztion of the flash, therefore, is dependent upon the number
of component"étrokes which, in these latitudes, average from two to three
strokes, and about half of the lighining discharges consist of ﬁﬁltiple
~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 continuous}y to earth,
unlike the stevped legder, within a time of approximately 1 millisecond
and the return process then takes place in precisely the same manner,and
in the same time, 25 the previous stroke. Some useful comparative data on

19

" this aspect can be found in & paper by Bruce and Golde.

1.3.5 Estimatiols of the induced voltage.

As will now be seen, differences exist between wvarious investigators
in resolving the magnitudes of the voltages induced in the overhead conductors
and in zssessing the corresponding wave form.

Golde2o’21

utilises the neutralisation of the leader charge as the
source of the induced voltages 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 retu;n
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 follows an exponential law. The basis of these
assumptions follow from an earlier study in collaboration with C.E.R. Bruce19,
in which an attempt is made to correlate the data and experimental work of
various investigators of lightning phenomena at that time. The step-by-step
calculations by Golde’inclpde the evaluation of the ground gradients due to

the downward coming leader stroke and the return stroke, and the attenuation

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



15.

"transition stage" is taken to be some distance above the grouﬁé'plane.
¥inimum stroke distance; are calculated based on tﬁe relative attractive
distances of earth and the 1iﬁe structures to .the lightning channel. These
are found to be proportional to the stroke current.

Siﬁiler assumptions are made by Wagner and McCann6 in that the
distribution of charge and the wvelocity of the return streamer éie taken to
be constant along the iightﬁing 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. A4s 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 Haxwell's equations. They involve the
physical dimensions of the stroke channel which must depend to some extent
on speculation. Goldego 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 near strokes.

Lundholm22 developes a solution using the same methods of analysis

}
as dagner and ¥cCann, and the same simplified assumptions, but avoids the

use of the lightning charmel dimensions. An inducing voltage function is
employed for the solution of the induced wvoltage. In addition, one important
contribution is an equation relating the strcke current and its velocity of
propagation. The resulis,from the application of the derived equations,: show
good asgreement with those obtained from the field studies of Schonland,
Malan and their associates17. Barlier .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.




1.3.6 The "prestrike" effects. ‘

A study of the leader head dynamics has led to the “prestrike
theory" of Griscom23 {0 explain certain ground gradient effects and
anomalous flashovers'immediately prior to the actual return stroke. Thia
thecry takeslinto account the critical air gradients that may Ee presented _
bty the projection of objects above the ground plane. Tﬁé so-caiied
"corona burst" is a description given to the sudden discharge from the
leader head and the corona envelope of grounded objecis 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 eritical gradien£. These
include the current for a blade of grass, taken as 5cm height, and metal
"poles of different heights. It is to be notfed that the sum total of the
corona currents from foliage or other natural ground irregularities (trees
for example), to a heevily charged cloud above is likely to be considerable
and must influence the upward streamer. Griscom ie principally concermed
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 cirecuit. Ground gradients axre calculated only in
relative terms from estimations of the cloud capacitance and the leader

|

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

without any quantitative results.

1.3.7 The waveforms of induced voltages.

The shape of the induced voltage wave determined by Rudenberg5, '
Golde21, Jagner and McCann6 et al, is essentially aperiodic and can be
loosely described in mathematical texms as the difference of two éxponential
functions. Some investigators may favour an approximately linear wave front
with exponential tail, whilét others a sinusocidal front and an exponeantial

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

as the accepted shape.



17.

In the last decade or so, renewed interest has been shown in the
indirect lighining stroke and ites inducing effects. Thié-has led to a
re-examination of earlier field studies and experimental work notably that
of Perry, 'lebster and Baguley24’25, and eaXly American paperszé. From these
and subsequent experimental and theoretical studies, it is now established
that the bipolar waveform assigned to fhé'igduced voltage is represented as
an alfernative to the usual apericdic Ehape.

This waveform consists of an induced‘ﬁegative loop ettached -to
and rreceding the otherwise normally-induced positive volitage pilse. This
means that a negative charge conveyed to the ground.appéars, initially,.to
induce a negative voltage in the line conductors followed bty a sudden
reversal of polarity. Golde* hes recently suggeéted 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 response to distance
travelled by induced surges in systems with several conductors, and

analysed as long ago as 193% by Bewley27

using his multivelocity components,
that explanation does not account for the fact that the phgnomenon is not
always present. It is necessary to distinguish between the reversed loop
effect with distance travelled by induced surges- on multicenductor 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 Gr03328 are among the first to attempt a theoretical
study of the stroke mechanism to justify & bipolar shapé to the induced
voltage wgve. Only the electrostatic and the electromagnetic comp;nents
generated by the return stroke current are considered. Their method of
approach is similar to Lundholm22 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 Fower, Journal

I.E.E., Sept. 1977.
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during the return stroke stage appears suddenly with the commeﬁ;ément of
the return stroke. |

Singarajah29 disagrees with this premise. He maintains that the
upward streamer plays an importent part. He determines the electrostatic
and electroméénetic field components separately and then combines them to
obtair the induced voltage, taking into account the 1eng%h of tﬁé upward
streamer. His conclusions indicate that the bipolar characteristic given
to the induced voltage is shown to be due primarily to the upward sireamer.
He shows clearly that this characteristic is only present when ground strokes
sre within a specified distance from the overhead line, aslthough £his
distance is also releted to the intensity of the stroke. This explanation
seems to be the best account offered so far as tc the phenomenon.

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

30

Council in their investigation of the induced effect dve to lightning

gtrokes. Their earlier studies are based on the work of Chowdhuri and Gr08328
and, more recently, on the researches of Singarajah29, since it is found that
the electromagnetic effect alone as represented by the Chowdhuri and Gross |
equations is inadequate and the inducing voltage is not the complete driving
function but only part of it. OSingarajah maintains that "the loop
characteristic" of the wéveform gives indirect evidence of the existence of
upward streemers 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 waveshape of the indirect surge. This
suggests that serious consideration should be given to that stage of the
stroke mechsnism, and indeed, emphasises the relative importance of Griscom's
prestrike theory. Meanwhile, field evidence in this area is still inconclusive
and more research is evidently required.

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

was designed to initiate lightning discharges by means of rockets fired

when the ground gradient exceeded 10kV/metre. Seventy or more discharges

* reference on previous page.



13.

are claimed ito 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 rcd-plane gep.

According to evidence obtained with the Boys camera by Allibcne
and Meek31, the laboratory discharge differs from the natural discharge
in that the ground streamer is much longe; in proportion ito the totql
length of the discharge. Hence the model assembly, not having the seme
scale as the natural discharge, cannot have quite the same 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. PFPhotographs are shown of the stepped leader, the
completion of the stroke and subsequent multiplé strokes. The development
of the leader was found to depend upon the polarity of the discharge and,
to some extent, the.ccmposition 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 sireamer 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 sre positive. A creeping effect
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to these streemers in the latter case have frequertly been_observed in the
natural discharge, whilsti McEarch;qn in U.5.4A., Malan in S. Africa, and others
elsewhere have photographed and confirmed the existence of upward streame;s
to many lightning discharges from negative_gerial charges.

Naturally, speculation arises as’to the extent that the geology
of the ground may affect lightning stroges‘to ground, and, to this end,
Norinder hus 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 & preference for seeking out
the better conducting path in the sand, whereas the negative discharges
appeared indifferent to any such selection. From tﬁis investigation,
Norinder concludes thal negative discharges are the more dangerous since they
do not attempt to seleét the best ground conauctor but are just as likely
to terminate on ground of poor conductivity.

Obviously much can te 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 diascharges will initiate
ground streamers. Similarly the division frequently observed in lightning
streamers close to the ground may be a characteristic of scme positivé

discharges.

1.4 The propagation of indirect surgeé.

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 wain,
has been assessed from measurements of the wvertical field component in
association with transmission lines. It is tacitly assumed here that the

same evidence would he found from similar measurements made on overhegd
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distribution lines of 11kV and below. With the exception of su;ges tests
conducted by Ouyang32 in 1961, on an existing section of 11kV, three-
conductor line with spurs, all other inyestig;tors 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 re;son that
longer lengths of unearthed section are available at this service voltage.
Singarajah's field studies relate to a 132kV transmission line, and the

500kV Wallingpau33

transmission line serves as a model for the Chowdlmuri
and Gross calculations.

There remain fundemental 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
most important when considering the propagation  effects of pulse excitation.
The widespread use of wood poles for the line supports is a 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, ccmmonly to BS1320,
employs the horizontal, three-wire construction with no earth wire, and the
rractice is not to use transposition. In consequence, electirical 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 2 high insulation resistance. Only certain points are earthed
as, in the case of transformer terminations. The electrical .atrength of wet
ﬁood can be taken to be at least SOkV/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 proPagétion 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 ;é high as B81% of the original value, and estimeted about 4%
higher after the first mile if spur lines were discountéd, but ;hereafter,

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.S5.A. about 50 years ago. The early part of the fronts
of these wmaveforms often seem poorly defined which can probably be
_ attributed to the étage of development of the recording apparatus. Records
of induced lightning voltages are absent although experimental studies on
nulticonductor transmission 1in25 were carried out by McEachron, Helmstreet,
Rudge, Séeley, Brune and Eétongo,gg al, as part of a sponsored programme
df lizghtning 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. fhié 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 previcusly mentioned. |

A relevant study of transmission lines in disturbed weather

24

fields was made by Perry ' 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 cbtained. Currents were measured by

magnetic link equipment. Oscillograms of induced voltages show aperiodic

and bipolar waveforms. The oscillograms also show miltiple peaks and

depressjons. OSome of these effects are considered by Perry_to be due to
17

pulses in the lightning channel which, as suggested by Malan and Collins ',

is the result of irregularities in the stroke current.
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A later paper by Perry,-ﬂébster and Baguley2 concernsﬂfhe results
of a further investigation on the same section of 33kV transmission line in
Nigeria, with increased measgring equigment.-_The effects of both direct and
indirect lightning strokes were studied again and it is noted, for example,
that oscilloéiams of the induced voltage differ for each phase in sample

29

recordings, which is of some significance. Singarajah's®’ measurements on
an unenergised 132kV transmission line of 75km in length was also carried
out in Nigeria. Records of the wgveforms of induced voltages over a pericd
of two months showed that some had the bipolar characteristic with an
initial loop of negative polarity in the majority of thosé cases. 1t was
found, in addition, that most of the surges recorded appeared to be due

to indirect lightning strokes.

30 of the induced effect

The Electricity Council's investigation
utilised three sections of 33kV line of the N.W. Electricity Board, and
in one season$ operation, obtained 26 recordings from three meaéuring
stations. The conclusion reached is that induced voltages 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 ;f the bipolar waveform.

Operaticn experiences of 3.3kV and 6.6kV distribution systems
under thunderstorm conditions in Japan, are related by Uchara and 0hwa34.
A specizl emphasis is made of the effects of indirect surges on system
reliability due to nearby lighining strokes to ground. They claim that
between 85 Po 95 per cent of the total faults of lightning origin are the
result of induced surges. This is interpreted to signify that the majorit&
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. distribtution networks are indeed
more sensitive to overvoltage conditions. A re-examination is called for

of the problem of dangerous veoltages appearing when a lighitning stroke is

very near an overhead line.
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The evidence available from surge tests on service 1iﬁeS show that
a high level of voltage is maintained for signific;nt times in parts of the
system. It has been suggested that this period of time is sufficiently long
enough to cause simultanecus flashover on rod gape of widely spaced
transformers:-and this leads to the subsequent, characteristic widespread
simul taneous h.v. fuse operations. Miller34 has established théi the latter
effect is due to the follow-through power frequency fault cufrent. Uchara
and Ohwa endorse this conclusion from the flashover of rod gaps eince these,
in effect, provide momentary short-circuit points. They maintain, however,
that the problem is not one solely due to the effects of travelling wa%es
(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-referénce to the preétrike -
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 distances represented by these cirenits and the

ffequency of discontinuities.

1.4.3 Surge tests of service lines.

Circuit homogeneity is disturﬁed if cables or single-rhase 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 BS51320

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 1eng;h of the
remaining spur lines was about 250 feet. Six of these were single-phase lines
ﬁbrmally dispersed between the feeder gonduc%ors to provide an approximate
balance of loead.

The Impulse generator supplied an aperiocdic wave whose maxirmm
value was reached in 4.9 microseconds and the time to hélf valué 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 te one outer conductor, the remsining conductors being isolated
in each case.

The results of the first test show that the duration of the front
of the wave increases 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
thg middle or an outer conductor, the lengthening of the wavefront was found
to have decreased to approximately 0.8 microseconds per mile. Again, this
rate should ﬁe less in the absence of spur lines.

Oscillograms obtained from the second group of tests show that the
coupled waves (isolated conductors) develop a reverselloop while travelling
along the line, and this effect was beginning to become apparent after the
waves had travelled orly 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 résponse to similar
tests on transmission lines with shorter waves (Bewley et al). However,
the fact that the reversed loop characteristic appears so early in the
ﬁropagﬁtibn: of induced waves along the distribution feedef is of some

importance.
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Insulator flashover oécurred at the open end of the fést section
end the reflected wave was therefore chopped. An estimated 112kV, with a
time delay of about 9 microseccnds, showed that the flashover took place
on the front of the wave. The estimated rellected voltage would have been
about 56kV. GThe reflected voltage at a point 2.92 miles back from the end
of the segction was found to be 37.4kV. This showed an éttenuat;on of.-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 iine is
seen to impose a voltage equal to or greater than the incoming incident
voltage and the woltage may 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 response, it is concluded that the surge volteage may
be more severe on spur transformers than the initial surge voltzge on a
terminal transformer connected to the feeder, It is suggested that this
offers an explanation of the simultaneous fuse operation over widely
geparated points referred to in Section 1.4.1.

The tests show that the presence of spur lines on a feeder delays
the wavefrort of the incidence surge, but this delay is mot necessaril&
distributed equally in a1l three lines. Furthe¥, the presence of a
gingle-phase spur line may actually contribute to inoreasing the magnitude
of the voltage transmitted in one of the lines beyond the point of
discontinuity.

The surge tests are continued later36, on & section of 11.9 miles
éf 33kV wood~-pole line with the horizontal conductor arrangements, but
ﬁithout spurs. The main purpose here was to extend the scope of the tests
by studying the effects of surze propagation above the corcna threshold.
The relevant part of these tests concern the appiication of test waves

to all three conductors,-to simulate the indirect lighining surge.
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Apprédximate figures are derived for the attenuation of the peaﬁ value of
a travelling wave, and given in a form which can easily be used for
précﬁical.work. The amplitudes of waves can thus be estimated when
propagated over some distanée. Variou; aperiodic pulses are utilised,

and those representative of an induced wave are given as 6/19 microseconds
and 8/31 microseconds.

The corona observations are of some interest also since it is possible
to exceed the corona limit on the overhead line of the 11kV system under
cerfain conditions. As the surge voliage rises above the corona threshold,
the wave front shows the wgll-known characteristic of sheéring due to the
corona losses. It is observed that this effect is likely to disappear before
the peak 9f 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 ohly found in the tests with waves having long fronts,
whereas in the past, other investigators have used only short-fronted waves
when the shearing effect has extended close to the crest of the wave. The
effect of corcna cennot therefore be considered as independent of the
waveform as assumed by the present theory. Again, it is usually accepted
that coronz 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 multiconductor 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 output 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 knowm.

1.4.4 Transfer of surges.

The coupling between lines of a rulticonductor syatem 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 é‘response
of some complexity. Since the transformer is utiiised extensively within
the distribution network, its behaviour to lightning surges requires scme
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 BIL designation. This particularly
applies to obsoclescent 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. Ancther results from the turms 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
impo;tance of these components, and shows that very powerful secondary surges
can be transmitted by the direct eélectromagnetic transformation alone from
lightning surges The electrostatic component, although of short duration

and independent of the turns ratiio, clearly becomes more dangerous as the
service voltage and the corresponding insulation level is reduced. Palmeff
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 known and therefore very.
defirite and specific conclusions can be arrived at. One of these conclus;ons
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 mst also be added and,

in particular that due to the capacitive coupling. This component has a
great rate of rise and a magnitude which c¢an, in some circumstances, at

least equal the electromagnetic component. It was found from experiment
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that the wave front of the surge is always lengthened in passi;g through
the transformer, but large uﬁits show this effect ieast #hen connected to
circuits of high surge impedances. The test-case of equal surges entering
the primary of a delta-~star transfommer is shown to prpduce no transmitted
surges in segbndary circuits.

The response to connected secondary terminations made up of various
arrangements of circuit elements likely to be found in practice, is studied

38 A single-phase network is employed throughout and the

by Belaschi.
standard impulse voltage (U.S.A.) provides the forcing function. Conversion
factors are then introduced to establish the corresponding response of
three-phase transformers. OSignificantly, 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 particulsr case. Hilemhn39 extends the single-phase
impulse tésts 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 electiro-
static componenﬁ can be suppressed by the iniroduction of additional
capacitance 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) ageinst overvoltage surges when the waveform has
a long duration near the c?est value. Waves with long fronts and extended

tails, whose duration corresponds to several times the electrical length
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of the cable run are only reduced in magnitude by_a few per cent at the
first discontinuity. This response is easily verified bj subsequent surge
analysis where it is clear that the atientuation of the voltage wave
passing into the cable ié consStrained by successive reflections from the
discontinuifzes at the ends of the cable.

If the effective duration of the pulse is aboutrthe saﬁ; as the
propagation time of the cable, the peak wvalue of the incoming voltage
surge is then substantially reduced, according to the relative self-surge
impedance of the line and cable, since E, = ZEL‘(ZC/ZL— Zc). and ZL;i>Zc.
This is the effect usually taken for granted when a cable is inserted in
a s&stem.'

The test waves utilised fronts verying from B microseconds to
" 27 microseconds and tails to 50% of the maximum value from 15 microseconds
to 50 microseconds. The wave fronts of all tliese waves were extended in
the presence of cables indicating that the cable is a predominantly
capacitive element. This fact is shown as one ¢f the methods for calculating
the surge impedance of the cable. It was found that a wave front of
8 microseconds was expanded to 12 microseconds over a 500 ft. of cable,
end to 24 microseconds, if the cable was increased to twice that length.
Assuming the propagation velocity of the voliage wave passing along the
cable is %, these two lengths of cable have propagation times of about cne
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 cable run are

not uncommon to find connected to overhead distribution lines.

1.5 Assessment of survey.
_ A horizontal wire, insulated from eaxrth, 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.
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In the majority of cases, the presence of the thundéfcloud
produces a reversal of polarity in the ground gradient, i.e. it is now
poaitive with respect to the cloud above.

Changes in the gréund gradient are subject to changes in the
corresponding electric charges within the clouds sbove a line. Hence,

a thundercloud, although imposing a bound charge on the distribution line,
is also subject to fluctuations in its influence because of the changing
structure of the generatirg cells within it. The sudden release of this
bouﬁd charge can only come about by a cloud-to-cloud lightning discharge
and, subsequently, the law of the cloud discharge is the ﬁwqt important
parameter..

Since the process leading to flashover between two charge centyes
. within a thundercloud takes a relatively long time, the magnitude of the
vol#age induced in the line conductors is seen as unlikely to exceed about
20kV 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 showm to ¥e3u;§
in bermanent 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 antorecloser lockout. These faults are considered, by this
investigator, to be the most probable response to indirect lightning strokes
near to the overhead line syatem. They avre referred to as transient faulté
to distinguish them from persistent faults which represent supply interrupti&ﬁs
resulting from permanent damage.

The description of the principle seguence of events making up the
lightning discharge indicates that maximum veloecity 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 part in establishing
the waveshape of the voltage induced in the line conductors. This waveshape
" may have an aperiodic or a bipolar characteristic.

The ;ﬁound streamer follows from the sequerce of events described
as the prestrike effects, in which the intensity of the—charge iﬁ the head
of the descending leader, and the configuration of grounded objects
immediately below, greatly disiort the ground gradient. Corona evelopes
are developed around grounded cbjects which may then be the cause of anomalous
flashovers, and are certainly responsible for the liberation of the ground
streamer.

Since at least 50% 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. -

Burge tests on service ;ines show the slow attentuation of sﬁrge
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,
incdicate that a high level of excifation, however .ksymetrical, is maintained
in & 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 apericdic 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 efféct of corona is modified by the reversed -
loop waveform of the induced voltage showing that corona is not simply a
function of the voltage alone, but is g;ao influenced by the shape of the
voltage waves in adjacent conductors due to coupling.

-Lightning surges transferred to secondary circuits through transformer

windings have their wavefronts extended in time and may reach voltage
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magnitudes which are in exceass of the basic impulse level of tLdSe
secondary circuits; |

Laboratory impulse voltage tests on. the rod-plene gap assexbly
give results which are certainly applicable to the behaviour of natural
discharges b;t with some reservations. Distinct differences in behaviour
are seen to occur between positive and negative discharées to tﬁe ground
plane. This leads to speculation as to the effect that the geology of
the_atudy area could influence the discharge from positively charged clouds
to earth.

Interconnecting cable links such as road crossings and terminal
connections need to be caréfully asgessed 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 voitagé surge. In all cases,

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

termination.
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PART I1

The field study: Feult definitions; vresentation of data; selection

of case studies; analysis and observations.

2.1 Definition of the lightning fanlt.

The Area Board's definition of a transient fault includes that of
a fault cleared by -an automatic circuit recloser (autorecloser)., Similarly,
a persistent fault is defined as one in which a ecircuit is interrupted
and ceases to supply energy. Hence a blown fuse and the lock-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

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

together with the clearance time,

(ii)  the location of the fault,

(11i) +the apparent cause of the ocutage,
and nc record of autoreqldser 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, twa or three fuse operation.

(b) autorecloser lockout.

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

It is necessary to find an altemmative interpretation of the
clagsification 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 ¢ above, faults are selected which are
assumed to be re;ated_to surges generated ' by indirect lightning strokes.
For this study the following definitions have been adopted.

(1) 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 tﬁe natural
resronse to indirect lightning strokes.
(ii) a persistent fault is that recorded as egquipment 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 generated from a
lightning stroke close to the line. OSimilarly, 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 thaf for a first approximation, the indirect stroke is
responsible for a and b previouﬁ, and the direct stroke largely responsible
for c. Additional information is now required to associate the failure of
equipmeﬁt in the first case with the transient fault, and vice versa.
This information is presented if the topogrgphical 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 sre adjoining and have the present advantage, since
reorganisation, of coming under the surveyance of one principalengineer.

4 fact which enables a wider area of varying topographical features to be
included in thé study. At the same time it is located within The Wash -

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 Aylesbury District since a division is necessary to éope
with the rationalisation that has taken place within the Authority since 1969.

The area of study is mostly covered by the 13163360 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 Blectricity Authority and dated Cctober 1977. These

are numbered as shown in the following grid.
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H7 | HBS8 E9 H 10 E11 . Hi2 |
i Cuddington - Chartridge Bovingdon !

i Stone  Stoke Buckland !
i Mandeville Common :

H13|{ H14  H15 H 16 H17 - E18 |

§ : :
Haddenham Wendover Chesham Bedmond
Thame ' Ilmer - Hampdens f
H 19 H 20 ' 21 H 22 H 23 E24
o Saunderton . . Amersham Kings |}

Chinnor | E * Langl%y

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.



2,2,2 Analysis of lightning fault data.

each year of the fault records.

the corresponding division of transient and persistent faults azs defined

41.

Selected periods of greatest thunderstorm activitiy are taken from

in section 2.1

These are shown in table 1 together with

IABLE 1
| No.of | Fanlt | Transient | Persistent | Percentage
Year: Period | Daysi Days | Faults Fanlts | Trans.Faults
1968§Apr/kug 131 ; 7 12 4 75
1969§May/Aug 9% : g 26 13 66.67
1970 May/Sep | 129 L1 69 18 79.3
1971:Jul/Sep | 87 7 37 5 88.1
1972 Apr/bug | 92 | 10 24 9 72.7
1973 1Apr/Sep ; 146 | 15 69 21 76 .7
i 1974 {Jun/Nov | 162 2 15 148 17 89.7
§1975 Max/Aug | 177 ' 1 o 73.2
b 1976 lJun/9ep | 134 ;16 66 | 21 76.4
|1977 et Y ; 1] e ' 2 80
* ¢
Notes:

* This column does noi represent the isoceraunic reference but actual

days on which lightning faults were recorded.

¢ This column represents the percentage transient faulis of total
lightning faults.

General Notes

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

transient and persistent faults for the selected period of each yeer is

Aylesbury district only 1968-1972 inclusive.

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

The relation between the

This
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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 necessarily presupposSe
an increase in the number of persistent faulis. In fact, there aprears to be
no direct relztion between the two types of fault as revealed by an
inspection of the two characteristics in figure 2. In 1970, a sudden incresase
in the number of transient faults did not produce a very great increase in
equirment failure. 1974 shows a suddern rise in the number of transient
fanlts but, quite unpredictably, a fall in persistent faults over the previous
year. This independent behaviour is c¢clesrly shown in the shapes'of the two
graphs and it is apparent that the mumber of persisfent faults can be
accounted for much more easily in terms of the subseguent claessification of
the equipment failure which is displayed in table 2, and corresponds to the

respective fault days of those selected periods.

Table 2
Fault R. R. R
Year Days | Trans Cable i Cond Switeh ! Insul. | Divertor
1968 E 7 2 - 1 1 - -
1969 § 9 3 4 2 3 1 -
1970 | 1 7 3 04 1 3 -
1971 i 7 1 1 - 2 11 -
1972 é 10 3 1 3 2 - .
1973 ’: 15 4 7 7 | 2 1 -
1974 i 15 10 2 2 - 3 -
1975 E. 14 6 2 - 2 - 1
1976 % 16 5 8 4 2 2 i
1977 1t 2 - - . b .
Totals 105 | 43 28 | 23 5 1 o1 L1 =z

Regular and frequent casualties are the transformerg, the
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 32 of the persistent faults, and the combined cable and
. conductor failures were found to be 38.5%, 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 manmer:
(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 selected distribution of the above is showm in

the following table:-

Table 3

'Fault |; : ?
Year | p 3_1 fuse | 2 fuses|3 fuses{ AR '% AR {% AR,
1968, 7 | 9 3 I .i -
1969 § 9 I 12 5 1, = 9 534.6 %23.1
1970 ; M 28 25 | . 1 {15:21.7 17.2
1971 : 7 13 18 1 5113.5 {11.9
1972 10 15 6 1 21 8.3! 6.1
1973 1 15 35 17 7 110 }14.5 {11.1
1974 ° 15 89 18 5 ! 36 [24.3 121.8
1975 = 14 14 10 2 | 4!13.3! 9.8
1976 % 16 32 20 5 |11 {16.2 12;4
1977 i 1 6 2 - - = -
Totals! 105 253 124 22 92| * | £ = 491



Notea: *This column represents the percentage autorecloser lock-out of
the total transient faults.
#This column represents the percentage autorecloser lock-out of

+

the total lightning faults.

In some instances, the fault records include the phase identity
of single and double fuse operations. In addition, the rating of the faulted
fuse(s) is also given. Regrettably, these two features are somewhat
infrequent as such details have been found to provide useful data.

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 centributes to more than one half of the transient
faults and to sbout 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 iﬁstalled, 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 talten from those periods of most thunderstorm activity in each year.
The basis for selection is made in the following manner:

(i) . The same day faults are subdivided into the apparent

simultaeneous groups according to the logged_times.

(ii) The persistent faults are eliminated when recognised.

(iii) The electrical network disgrams H1-H24 are used in

association with the Ordnance Survey maps to determine

the relation between simultaneocus bperations 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 exemples selected provide a good representation of the year
by year variation in lightning performance of the transient fault resconse.

A chart showing the time distribution of these case studies
indicates that more circuit interruptions occurred during the second twelve
hours of the dzy. 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 ié shown in figure .3

An inspection of the_construction of the distribution network in
general, shows that the various circuits are bhuilt up from several elementary
t0pologies. Using this conceptual analysis, it is easy therefore to associate
a fault with any one 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 having zero propagation time on the high veltage

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 usec to 1q~sec)
according to the length and nature of the conduit, and is, in effect, a |
secondary h.v. feeder to which spurs are connecfed, as defined above.

Terminations and cable insertions in overhead lines are simple
series circuits in which the circuit elements are cascaded without need
for exulanation.

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

entries pertaining to lightning faults and rearranged to read in chronological



order., All fuse faulis are presented in association with their local
circuits which are extracted from the relevent electrical circuit diagrams
(H1-24) and the elementary topologies are then shown by desigpation letters
as identified from the list overleaf,

The case studies that now follow are introduced with the data
arranged to ;ead from left to right, viz: reference number; location of
outage; fanlt time in hours; fault identity; electrical diasgram number;
fault clearance time in hours; besic circuit identity.

Exampie: 1 Aston Abbotis 1230 1F HZ 1650 b
2 Needles Farm, Quainton 1300 2F "H1 0230 ¢

The fault identities are listed es follows:

AR autorecloser CON conductor

1F one fuse CAB cable

2F two fuse CB  circuit breaker
3F three fuse 1 éﬁitchgear

TR +transformer - INS insulator

FB pole box DIV divertor

The electricel ‘diagrams (H1-H24) show all cable lengths in metres but
cross-sectional areas in both mm? and inohz. Overhead lines are specified
(with very few exceptions) in inchz.A Line lengths are not given although
pole spacings ere accountable. (Pole spaces are seldom less than 300 ft.)
Hetric cross-sections of the cable runs are converted to inch2

but metre lengths are retained for convenience in propagation calculations.
Heigh? above seé, level, when included, is shown in feet.

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

line with the cross-sectional area {in inchz) attached. e.g. 0-95
. o
In a similar mannexr cables are shown with a broken line thus iabeiullule
Som

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

.05 0.0% o . . 6-0% 0-0%
& 2, A tee-off shows a specific dimension .

0-0285

ek . 1 ph



Elementary circuit torologies (11kV only)

Code Circuit Corment
a P Point P is the point of
1 location of the spur
A transformer. FA is the
l1.v circuit.
b P =3
l PA and PB cén be inter-
A changed in b.
P C Point P is the line tap
¢ 1 for the tee-off. Thus,
A BPC is the 11kV feeder.
[ (4
d : PA and PC czn be inter-
v changed in d.
A
B P C :
e ... P4 and FB can bte inter-
ﬁ
'l: changed in e.
A
f e ——— T — S——————— Cable insert as for road
crossings, etc.
Termination with cable
g N N} J *
insertion
h Ditto, but with line and

— S Eme e _’

cable transposed.
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Case 1.

Date. 17.8.68.

Report data.
1 Marsh Farm, Winchendon 1534 1F H7 1650 ¢
2 Spa Farm, Dorton 1625 1F H1 1945 a
3 Whaddon Hill Farm, Hartwell 1634 2F HY 1800 a
4 Cowley Farm, Dinton 1945 1F H13 2045 a
5 Bogwells Farm, Wendover 2000 1F HI5 2020 ¢
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 periocds of
storn attention.
(i) 1534-1634 hrs. 1, 2 and 3 lie in a straight line over a distance of
gbout 7 miles with Harsh Farm about midway. None of the électrical
circuits are relsted hence only a probable topographicazl 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 H.W.

It is possible that 5 and 6 axre the responses to a single incident
surge since they are Telatively close together (about 10usec transit time)
and the circuit may exhibit special propagation properties as demonstrated
by Ouyangx. The remaining faults have no common circuit connections
but can be considered the result of separate isolated induced overvoltages

of ground stroke origin.

% Ref. 32. Part I.
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Cagse 2.
Date. 27.8.68.
Repoxrt data.
*
1 Shardloes spur , 1730 2F H23 0930 g
2 Child Parm, Woodrow 1830 1F H23 0930 ¢

3 finchmore Hill, Amersham 183C 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 Chiltern 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 idéntical on the following
day. |

It is assgmed 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 cutages appear to be the result of one single.

discharge.
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Case 3.
Date. 16.5.69.
Report data.
1 Upper Pollicott 1450 17 H7 1845 a
2  Chinnor Hill spur 1515 1F  H20 1620 ¢
3 Doddeshall 1750 CAB HI1 -
4 Collett Farm, Woodham ’ 1752 AR H1 1915
5 Quainton Food Store 1752 TR Ht ~ -
6  Oving Road, Whitchurch 1752 CON H2 2210
7 Hardwick tee-off *1800 1F 7H2 2324 ¢
8 Aylesbury Road, Bierton 1815 1F H2 2300 ¢
9 Grendon Hill Farm tee-off 1825 1F H2 2230 a
10 Luton s/s 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 feedef to which 4 is also comnected,
though somewhzt remotely, being separated by six spur lines and a cable
run of 210 metres. Since the faults 3 and 5 are permanent faults, the
antorecloser Jockout at 4 is presumed to be due to perturbations resulting
from a probable direct siroke,
1 is isolated at 450 ft. on the Flain of Ayleébury, 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, B8 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 exeluding 6,
about 2,7 miles but the feeder has several fee-offs so thﬁt 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
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directly in series with 700 metres and 1950 metres to substation.

The outages are spread over a wide area, some of which are 12

miles apart, and it is clear that these are iae responses to an electric

storm moving round the northern boundary of the study area.

Bet

ween

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 shown

below. PFive faults are considered representative of an induced resconse.
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Case 4.
Date. 18.5.69.
Report data.
1 Saunderton Primary - Bledlow 1855 C€B H20 2020
2  Mollins, Saunderton 1915 AR H21 2015
3 Kingswood Lane, Lacey Green 1922 1F H22 2250 ¢
4 Routs Green, Bledlow Ridge 1930 2F H21 22585 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 f£t. respectively. Both locations are well into the Chilterm 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 totsl log, comes in the
"transient" category. With 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 t;ken directly from the feeaer (junction of line and cable) but the
fault has taken place at the end of a line at the transformer whilst the
second tee line remains unaffected. This response could be explained by

(i) A travelling wave phenomenon, in terms of the relative
electrical lengths of the tee-éffs,

(ii) An example of a prestrike component voltage additicn,
nearer to one line than the other,

(1ii) Combination of both (i) and (ii).
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Case 5.
Date 15.6.69.
Revort data.
1 Flint Cottage sPur; Chinnor Hill 1630 2F H20 1830 b
2 Waddesdon - Cuddington feeder 1638 AR H7 1741
3 Waddesdon - Chilton Feeder - 1638 AR H7 1738
4 Westcott Wireless Station, Brill x 1746 1F HI 1910 a
5 Northlea Feeder, Mandeville Road 1805 AR H14 2000
6 Grendon Prison Housing 1900 TR H1 -
7 St. John's Hospital, Stone 1900 CAB H7
8  Kingssy Spur ' 1900 1P I3 2335 o
9 Lon.wick Kill 1910 1F H20 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 tc the same fault since there is a common feeder to
the bifurcation point leading to Cuddington and {o Chilton, 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 times.
fith the exception of 8, all other fuse faults are single phase only.

It is clear tﬁat there are two storm periods. The first is in
the west of the region from the edge of the Chilterm Hidls up to the
northern boundary. The second period, a littlelater, shows the affected
area to be further east but remaining on the lower ground around Aylesbury.
A good indication of the local nature of.%his type of thunderstorm. It is
essumed that the disturbed weather moved away north of the area as no
other records appear for this day. All transient faults teke place in
independent electrical circuits and whose initiation appears the result

of separate ground strckes.
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Case 6.

Date 10.5C.70.

Revort data.
1 Wigginton, Hastoe, Aldbury 0550 AR H10 0855
2 Aldbury * 0550 1F H4 1010 &
3 Haddenhar Low 0814 2F Hi3 0910 a
4 Field Farm Cottages, Westcott 0900 1F HY 1157 ¢
5 Buénall Farm, Hadderham 1530 1F H13 1050 ¢

Repeat fault.
These {ransient faults are well serarated except for references

3 :nd 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 tlﬁ locations are on high ground (600 ft. and 400 ft.) and the rest are i

open country to the west of Aylesbury. The electrical circuits are isoclated.
Since the locations zre so widely svaced and the logged fault

times mostly dissimilar, the response is.the same as case 5, excepnt that

the storm direction appears to be from East to West, i.e. the response to

inderpendent ground strokes near enough tb the overhead lines to be significant.
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Casge 7.
Date 11.6.70.
Report data.

1 North Camp, Aston Clinten ' 1930 2F H9 2247 ¢
2 Hall Farm, Westcott 1930 1F H1 0012* a
3 Puttemham 1944 IHS H3 -

4 Aston Abbotts feeder, Tring 1944 AR H4 2132

5 Ellesborough Road, Wendover 1950 2F H15 2200 ¢
6  Wellwick Lodge, Ellesborough 1950 1F H15 2355 a
T Quainton~Taddesdon feeder e 1954 AR H1 2020

8 H#aldridge feeder from Ilmer x 1954 AR H14 2103

g Bucombe Lane, Wendover 1955 1F H21 2255 ¢
10 Terrick, Stoke Mandeville " 2000 AR H14 2110

11 Bishopstone spur - the Chapel 2000 1F Hi3 2210 a
12  Bishopstone Crossroads s/s 2000 1F H13 2210 ¢
13  Woodham Brickworks 2000 2F H1 1025* ¢
14 Binwell Lane Farm _ 2005 2F Hi 1005* c
15 Chilborough Hill Farm 2010 1F H13 0930*-c
16 Risborough Road, Stoke Mandeville 2010 2P HI5 2225 f
17  Marsh Lane, Stoke Mandeville 2010 1F HI5 2325 d
18 FHeedles Farm, Quainton 2030 2F H 0915* c
19 Apsle& Parm 2030 1F H15 1730* a

#*
Sipnifies time record next day.

A substantial number of faults on one dey all of which are
transient faults, with the exception of the insulator failure (reference 3),
and mainly located in the northern part of the region. Since these
particular records (1968-72) are associated with the Aylesbury District
only, the faults are largely in the ﬁlain of Aylesbury. Consequently high

ground is not-a significant characteristic. The range is about 12 miles

e




60.

and the time variation in the records is exactly 1 hour. 4 close examination
of the resvonses therefore of both location and time is reaquired tocorrectly
identify these faults. Additional information is added to this case sfudy

as to the sizes of load lost to outages of this nature. The samples taken
are marked accordingly, viz:

p 450 consumers, 6C0 K7 load, Haximum Demand 1270 K.

e 600 Consumers, 800 K7 load. Haximum Demand 1700 K.

X 900 Consumers, 1iW loed. Maximum Demand 3 LW.

>
130 Consumers, 195 K¥ loed. HMaximum Demand 500 K.

Although the feult 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 seperation of the outages according to their locations can
be offset by seeking a topogrgphical link. TIn this particular case study,
clearly the faults are able to be grouped arart from those with conmon
circuit connections. An examvle is shown by 3 and 4 which are closely
agsociaﬁed witsiout any direct circuit attachment. Thus, 9, 10, 11, 12, 15,
16 end 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.7. of this group and although logged within the same period of

time, are most unlikely to have been influenced by the éame ground stroke.
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Case 8.

Date 27.6.70.

Report data.
1 Whitehouse Farm e 1200 2F - 1710
2 Newground Pumping Station 1225 AR H10 1709
3 Tring Track feeder station 1230 tF H4 71720 ¢
4 Redwing Farm 1230 1F H10 1800 b
5 Kiln Farm 1230 1F  H10-0130 ¢
6 Lodge Farm, Wiggington 1240 TR H3 2245
T Longwood Cottages 1240 CON H21 2040
8 Aldbury Village x 1400 2F H4 1916 a
9

Whitchurceh School and :ill House 1440 CAB H2 1715

e Not found

x Simmifies time record next day.

Equipment damage recorded rhere would appear to he due to separate
single direct strokes. It is noted that Aldbury Village circuit is the same
as that in Case 6. The faults are restricted to a relatively small area
in the N.E. of the region and most of these are on the high graund 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 comnection although
they are not far apart. |

It is recorded that following this storm, & 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

store with the characteristic behaviour to several lightning discharges.
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Date 8.7.70.

Depart data.

1

oy W1 B W

=3

10
11
12

13

14

15

17
18
19
20
21
22
23
24
25
26
27

Ilmer Grid s/s.

Wendover tee-off, Weston Turville

Chinnor-Saunderton No. 2 s/s
Pring Ho. 2 s/s -
Saunderton s/s.

Yaddesdon Yo. 2 s/s.

Aston Abbotts

Cuddington feeder
Winchendon Hill

Holbourne Hill Farm, Oving
Whitehurch - Creslow tee-off
Qdly Lane, Saunderton
Sheepcot Hill, Waddesdon
Littleton Manor Farm-
Hardwick

Folly Farm, Haddenham
Hewden Farm, Haddenhanm
Little Marsh Farm

Drayton Beauchamp.
Drayton Holloway

Chespam Road, Wiggington
Griffin Lane, Aylesbury
Keadle

Little Lane Looseley Row
Burcott Lane; Bierton
Church Farm, Aldbury

Dunsham Farm

tt

Cox
INS
C3

CoN

coN

2F
1F
2F
1F
1
1F
1D
2F
1F
1F
Zf
2F
2F
2F

1F

2F
1F

1F

5 85 B

5

B

H20

Hi
H13

H13

H16

Hi4

H21

13




28

29
30

3

32
33
34
35
36
37
38
39
40
41
42
43
44
45
46

Vilstone Canal

Bledlow School

Bishopstone

Kingseu

Horduck Farm, Aston Abbotts
Horsenden

lanor Farm, Ilmer

Bumper Farm, Horsendon tee-off
The Hale, St. Leonards
Aylesbury No. 3 s/s.

Ilmer s/s.

Long Marston, Wingrave
Westcott W.T. Station
Richmond Road, Aston Clinton
Weedon Hill (Xiosk) s/s.
Dancers End s /5.

Longaick Mill

Tring s/s. Primary

Auriole Hecords, Aston Clinton

* Pault repetition.

Clearly a very intensive storm covering a wide area of the Aylesbury

0430

1

0431
0442
0445

*
0500

0510
-
0615
0630
0632

0900

17 HA
2P H20
oF  HI13
F  HE3
oF H2
1P H20
oF  H20
coN  H20
C4B HIS'
CB. HB
CB 120
TR H3
TR H1
AR HY
1R
AR H)
coN H20
AR H4
CAB H3

1545
0750
1140
1130
1155
1545
1030
1030
1215
0538
0940
1000
1145
0520

1000

District, from Chinnor in the west on the edge of the Chiltern Hills,

north to Waddesdon and Whitchurch, but mainly in the centre and east of
the region.
overall division of outages is typical of lightning response, i.e. & ratio
of 4 transient faults to every sgpply interruption due to permanent damage

of equipment.

2% of the faults can be classified as persistent so that the

N

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, egually

o




divided. 7ith two exceptions, the persistent faulis ocecur outside this
time. The circﬁit for reference 42 is made up of cables ¢nly. There is
one overhead line tee-off which could have accepted the induced overvoltage.
This reference also pertains to case 1.

Only two pairs 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 contributiné 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 fgults for the common entry time of 0430 hrs. 4 curious
situation but which should be made clearer from a topogragphical investigation.

The distribution of these fuse faults is displayed in figure 4
showing that the west 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 distribuiion now becomes,

(1) 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

Sirmultaneity can bhe given those fzults within each group in the same
manner as that given to case 10 that follows. Therefore a single indi;ect
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 entry 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 Marsh Farm - Sidney Farm 1940 2F H14 2340 ¢
2 Aston Mullins " 2F f 2245 ¢
3 Brookside Farm, Kimble 1 1F " 2300 a
4 Harpers Farm spur, Bledlow Ridge " 2F H21 2300 a
5  Park Grange Farm, Thaze " 9F  HI9 2150 a
6 Moreton " 2F H13 2110 ¢
T Hewden Farm, Haddenham spur * w iF " 1407 ¢
8  Buckingham Road, Waddesdon ' 1943 INS H1/2 2212

* Repeat fault.

References 1 to 7 are located in the S.W. of the study area and
comnected to isolated electrical circuits. The ocutages are able to be
linked by their geographical position such that, for simultaneous fuse
operation iqﬁ all cages appears to be due to a single lightning discharge.

initiating travelling waves leading to the subsequent flashover of rod-gaps.

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 pgood 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.
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Case 11.

Date 31.7.71.

Report data.

1

o -~ W e W N

\O

11

12

13
14
15
16
17
18
19
20

*

Cromwell Hill

Chilborough Hill Cottages

Sedrup, Stone

Hinton

Bottle and Glass, Dinton

Whirlbush Farm, Kingsey

Bumper Farm, Ilmer

Bledlow Crossroads feeder

Penn Farm, Towersey

Upper Westcott - Brill Village feeder
Twitchett Farm, Ham Green, ﬁaddesdcn
Grubbins Lane spur

Risborough Road, Stoke Mandeville
Weston liead, Aylesbury

Buckland Common, Cholesbury

Dancers End Pumping Station
Longeroft spur

Kew Road, Aylesbury

Long liarston

Richmond Road, Aston Clinton

Repeat fault location or c¢circuit

x Kot found

o Classed as switch fault but actually a C.T. failure.

1F

2F

2F

2F

1F

1F

2F

2r

i

AR

2F

2F

1F

1F

CAB

7

F

2F

2F

H13
H14

H20

H13

H13
H20
H20
H19
H1

Hi

H22

H15

H15

Two sets of records separated in time by 15 minutes.

case, the two periods are also separated by location.

0340
0530
0507
1500
0846
0853
0918
0940
1030

0555

1550
0830
1710

0430

2000
1730
1230

0430

In this

The first set at

0115 hrs. are all fuse fzults and are distributed in the west of the region
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and have some common circuit comnections. This covers an area of about
S5 miles by 3 miles on a N.E. axis, in what is principally flzt country.
For the secord set at 0130 hrs. this storm has shifted to the east by
only 2 few miles, the axis now turning in a K.VW. direction.

It is noted that the same feeder was influenced on 15.6.69 when
the next smur load (Westcott W.T. station) to the present fault was
affeéted. This was also a fuse fault. Again, the second group of faultis
are in the Plain of Aylesbury (with the exception of the“Choleshury outege)
and consistent with single excitation as with the first group, the faulted
arez being about the same. However, the second group contains two persisient
faulté but both are consistent with overvolteges 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 time reasons, they are the results of

single indirect stroke excitations.
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Case 12.
Date 19.8.71.
Report data.
1 Quainton s/s. Waddesdon * 0037 AR HY 0345
2 Looseley Row 0100 3W H21 0334
3 Richmond Road, Aston Clinton * 0110 AR | H9 0158
4  Broughton Village spur , 0110 1F H9 1058 e
5 "Lord Nelson'", Winchmore Hill 0230 1F H23. 1030 b»
6  Chinnor Hill spur : ¥ 0310 2F H20 0615
7 Quainton Road spur 0350 2F H20 (0515 ¢
North Weston spur 0410 2F H13 0830 ¢
9 Buckingham Road, Weddesdon * 0452 AR HI1 0624

* Repeat fault location or circuit.

There is little evidence of a topographical link tetween faults
with the wide veriation in the fault entry times and the scattered locations.
However, it is likely that the repeat areas have some such connection.
Referencés 3 and 4 are connected to the same feeder and presumably, since
they are recorded at the same time, have succumbed to & 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 cne 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 " i H4 1738 ¢
3 Bulbourne, Tring " 2P H4 1806 g
4  Kings Ash _ 1700 1F HIO 2025 b
5  Highwood Bottom - Kingswood Farm 1800 1F H22 1950 ¢
6  Lodge Hill, Molins I CON H21 2136
7 Studmore Farm, Bledlow Ridge " TR H21 -
8 Lodge Farm " CON H21 -
Q Rose and Crowm spur, Sunderton " 1 H21 2250 ¢
10  Saunderton Lee spur " 1P H21 2308 ¢
11 Dormers ' no2F M8 - o

*
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 to 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
within 2 or 3 miles of each other on the higher ground of the Chiltern Hills.

The storm is observed to move from N.E. io 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 edg§ of the Chiltern Hills. Probably
1, 2 and 3 aré accounted for by a single ground stroke. The persistent
fanlts 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
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likely that 6 and 8 refer to the same fault as diagram H21 does not show

Lodge Farm, only Ledge Hill. The circuit including Studmore Farm is

shown to be
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Case 4 shows a section of this circuit for reference 4. -Iﬁ this example,
a double fuse fault cccurred 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 possibly a single ground stroke (indirect) could be

responsible for the faults 6 to 10.

Kee lane 7

/ ;;: celar
S -
(oL~ oeY CVED (™
3 !
e S o.0c X e ¢
S e e LB oy e -y
. Vs ot 2o | ais { .
C‘c'.( b :._-Oéb 8 el ! tlene sley
pa— i ¥ ‘
[ - b gl
Lo Bewn Seokvky. o
LV A o P “ofs ’;‘«;.c.-i . ¥
A
o , i bt
o h‘hi‘(- ‘:lg'(.. C‘j I('-rr L Sr‘{.‘ ;——-—-——5 [ERE]
lleF z (28 A \!r{.g—-—"‘“" ’\:K )
ZF) . . ! . c}'_ Metdvre Caad
- 1 [vRY N
3ah 0= C_") 004 Soen ! anend 3
T . , 3.
2oy T o i i '(-r — S
.;,“j ;.JE ]‘._,»,‘, ':. : . huni! h‘rtr..fd
=T .0y
. ':’I]'J‘\ ;D oj)‘l-»p‘.'\
Rer 4 : ! RN A
W ) !
L_LE_ ' ‘f
i M o
.ﬂ 3 2L 3 2L | — < r‘\-c.f'
Tecelay ' ! [
[FEAN i
‘D'O") | i
£ o
j 4. -
OraRys | - DAL D LS
; - ""L&;f"’ o2 > Z2ph Sokvi
s X
. v
-‘;1.-: da.r ! P ' 3(-“;\,
v 10 O VA

T vr st vt ——r




w

i

Rl o

Y N

82.

A
>
i
t

PERPT .
DETIVA ‘o ar
o

I

[ —

{iFY
=t -
=Ll “% HEL I o
a e e 3 “‘
_—""4—_—_‘"::.___ ) _____\E_:_(P_'h [l 25 A Lal¥ o -2 el 1 .
: - —“—"]—“"‘” Bl R
0 i | 10 tra
v
:-(J !\ : ] ? H
I&d ta -t :'—7!\ o E‘.‘l-l
Y
t
1 i : |\
|Hrtereanne g e
r
(1)
AR o - ?<
e @ LN 2 ol ey
i : T
i - o 2 Ty ' ! L.
!gau-\r_l-c .-I.-n i i f Tecelar
i‘ iC'C:"_':' ¥
r;‘-\ ] llﬂiﬂ

i

"

! G‘Q.ﬁ‘-b—- [
L, P |
. (e li=h
G'L ?':) \
' e 9 -
et c. .o >¢.-: -1 oo G \4 f"- LAY :\'—
l ‘r B v . -— — —?I—.u—_
[J’-- l q\ ke l’rrh‘\‘-t l:.‘(‘l -\
| I" S S
v "J ! y PR -i'
1l Syai ]
3k ek v = i
5"_::_%.\»’&. \
H\\.m teniie e
;lle"l-[-t (3 '\“- :{’ ho dl"\'l-tl-‘:lr‘ll"
2 edo bivee (': .a‘LB Graee o,
{2F)
oo i .
-d---—_-'—-;-’-)_—:--— ey X e e St et
e | @so H - l } ! o
Aev fogvs : i : e e he
| ; \v’ v ¥
y Ik Syl e =i
| T Ol
in!:“/‘(!"ru:-’«‘(‘ '::l"




83.

Case 14.

Date 1.8.72. ,

Report data.
1 Ilmér- Waldridge feeder 1557 1F Ht4 1800 4
2 Lower Waldridge Ferm e " 3F H14 - ¢
3 Chinnor-Emmington spur 1603 1F H19 1850 e
4 Wendover Primary - Ilmer 1708 AR H15 18C0
5  North Hill, Bledlow * 1725 1F H20. 1905 ¢
6 Kingswood Farm, Spur Bottom * 1837 1F H22 2330 ¢

Repeat fault location or circuit.

e Direct stroke to farmhouse rewvorted.

An infrequent 3 fuse fault has appeared once more (previously,
case 12) but again there is no féllow‘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 respounse
to moderate ground strokes. From the locations it is evident that this
is a very local storm for nome of the entries are separated by more than
A miles and, in fact, 1, 2, 4 and 5 are within a c¢circle of about one
mile radius. The general fault area is the 5.7. cormer 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 strokeexcitation
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 éxact repetition of 5 in the

nrevious case.
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Case 15.
Date 26.6.73.
Rerort data.
1 Eastbrook Hay 0946 CAB H6 1157
2 Pendley lMancr spur 1634 CON H4 1855
3 Cross Farm, Gadeview 1730 AR H18 1914
4 Asheﬁdon Feeder - Waddesdon 1736 iHS H1 ’ 0043
5 Drayton Lodge spur : * 1800 2F H9 2335 h/d

Repeat fault location or circuit.

The first of a series of faults involving both “Districtﬁ“,i.e.
Aylesbury and Hemel Hempstead, although this present case is largely
concerned with the former area. The fauvlts have a spacing of about 12 miles
along a straight line, passing from high grcund just into the Chilterm
country through Aylesbury and beyond, where the ground is of relatively
flat contour. There is seen to be no electrical comnections between any
of the faults, and the double fuse fault is the only one of interest.

A local electrical storm and the wide fault fimes extend this to
about 8 hrs. but in effect is probably only about 13 hrs. No emphasis is

put on a topographical link becsuse of the 60% permanent damage basis.
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Case 16.

Date 27.6.73.

Revort Data.

1

Lo S R Y

-3

10
11
12
: N
14
15
16
17

18 -

19
20
21
22
23
24
25
26

Iuckings Farm, Herts.House
leadhams Farm

Kiln Cottages

Weedon Hill Spur

WTood Lane

Two Dells Cottage
Commonwood

Keepers Lane

Finch Lane

Darlington

Bourne Find

Nettleden Lodge

Palmers s/s

Pedley Hill Farm

Road Farm, Gt.lissenden
Hyde Lane, Gt.Missenden
Shardloes

Gaddesden

Barnwood

Strawberry Hill

Tylers

Marshalls

Champneys

Bottom Farm, Lt. Hampden
ifhite End Park Farm

Tring No. 1 8/s

1907 CON
1914 1F
"AF
"AF
S
"ooqF

H TR

11 1F
" 1F
" 1F
1926 AR
" CAB
1930 1F
" AF
"F
" 9F
" F
no 1P
H T’R
" qF
" qF

1942 AR

H23
H7
H11

H16

H16"

H11
H24
H16
H24
H17
H11
H5

H6

H5

H16
H16
23
H5

H10

H10

H17

H4

0253
0920
0425
0650
0301
0500
1546
0920
0715
0940
2145
2300
2335
0220
2131
0205
0950
0955
1030
1130
1205
1230
1715
1540
1735
1955



27 Tring - Aldbury Feeder 1942 FB H4 2019
28  Horthchurch Tunnel * 2000 1F H4 O116 b
29 Grossmiths Poultry " i H5 0220 a
30  Haresfoot Lane 2030 Ccow H11 1325
31  Theobalds Spur " 1F H4 060C ¢
32 Sedges Farm " 1F  HI6 1000 c
33 Frithsder Spur ' n 1F HS 1152 =a
34 Game Farm - Lye Green feeder 2223 CAB H18 0513
e Not found

Repeat fault location or circuit.

A substantial number of fuse actions (nearly 68% of total faul#s)
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 versistent faults show evidence
of a little above average performance in giving 23.5% of the total outages.

Scdie 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, which 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
pericd and an analysis of existing topograrhical connections appear necessary.

It is noted that the fault locations extend on a N.E. axis of
approximately 8 miles and a width 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.
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Case 17.
Date 6.7.73.
Hevort Data.
1 Field Farm, Worminghsall 1410 CON H7 1522
2 Grass Proéucts, Yorminghall 1410 CON H7 1852
3 Bumpers FParm, Ilmer * 1557 2F H20 eo/g
4 Verney Close, Tring 1948 2F H4 1731 a
5 Tring Ho. 1 Aylesbury East 1648 CON H2 © 1652
6 Park Road, Tring 0 1650 AR - 1820
7 Estate Farm, Gt. Westwood 1700 1F H24 1849 g
Cholesbury Common 1714 1P H15 1957 =a
9 Drummond End, Bovingdon 1727 2F H12 2110 ¢
10 Promised Lane Farm, Looseley Row 1729 2F H21 1914 ¢
11  Northehurch Tunnel ‘ * 1733 2F H4 1922 b
12 Great Greenstreet Farm 1800 1F H24 1945 ¢
13 Grovehill Fzrm, Towersey 2248 1F H19 2306 ¢

*
Repeat fault or circuit.

& DNot 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 siliply
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. Hone cf 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 27.8.73.
Revort Data.
1 Weir Sewage Forks GBz24 ¥B HY 1115
2 Tythrop Faran, Kingsey 1921 3F EH13 2220 a
3 Kingsey Road, Thame 1921 2F H13 2318 a
4 Weedon Hill, Copperkins Lane * 2042 S¥ HIT 0155
5 Shendish House 2045 CAB H18 1740
6 Smokey Row : 2330 TR Ht4 1605
7 Copperkins Lane 2351 S HI7T 0250
Ilmér - Waldridge feeder 2353 AR H14 0056

Repeat fault location or circuit.

The lightning faulis largely consist of widely scattered equipment damage.
Certainly, 8 can be grouped with 7 due to resulting perturbations, and 2
and 3 are closely conncectzd by the electrical circuit as well as being
located within 1 mile of each other. They also show identical log entry
times.

Since 2 and 3 show all the necessary evidence for excitation by =z
single indirect ground stroke it is again unusual to find a 3-fuse failure
which can he listed as a transient fault on its own. As there is no
connection with 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.

Report Data.
1 Pix Farm 1942 1F HI2 2345 b
2 Bottom Farm 1949 2F Hi11 2200 ¢
3 Fields End. Boxted 1949 1F H5 2315 ¢
4 Bulbourne 2049 2F H4 1745 g
5 Bourne End Church * 2100 2F H11 0815 ¢
6 01d Saxe Farm 2100 2F H®HIO 0255 g
7 Chesham Vale 2200 2F H11 0100 ¢
8 ‘West Dean Lane 2200 1F HI10 0920 a

Repeat fault location or circuit.

All are fuse faults with a predominence of double fuse operations
distributed over a small area. 6 and 8 are adjacent spurs, 2 znd 5 are
spurs on adjacent feeders and close together geographically. Other examples
are isolated faulits but, all have a general locatidn in the 3.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 items showing
commen ¢ircuit connection some lattitude would appear to be necessary for
their interpretation as, for axample, 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 accounfs for mest of these transient
fault locations during a period of two hours so it may be conclﬁded that the

major part of the storm was outside the study area.
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Case 20.

Date 5.6.74.

Report Data.
1 Bucklands s/s 1600 1F H3 1740 4
2 Brocke Street " 17 " 1730 ¢ .
3 Bucks Joinery s/s " 1iF " 1706 g
4 New Road s/s * o 1F 1934 =a
5 Green End Street, Aston Clinton “ 2F " . 1934 a
6 Sedges Farm 1928 2F H16 2034 ¢

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 cccur 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 guite a separate fault away from the
Aylesbury asrea. The location of faults 1-5 are along & ridze of high ground.
Agszin an example where the nature of the terrain appears to be
an influencing factor. Clearly, propagation effects are ouistanding to
account for the five simultaneous fuse faults and any special effect of

prestrike is likely to be of less significance.
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Case 21.

Date 15.6.74.

Revort Data.
1 Greenlznds feeder, Saunderton 1755 AR H2% 1850
2 Garners Farm feeder 1755 AR H21 1850
3 Hendover Dean 1800 2F H16 1955 b
4 Hewden Farm, Haddenham * 1800 1F H13 1020 ¢
5 Bacombe Lane, Wendover 1800 3F H21" 1320 ¢
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 recordgd 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 aie 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.¥. of the group. It is noted that a 3 fuse operation agzain 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 gingle 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 outagesf
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Case 22,

Date 16.6.74.
Hevort Data.

1 Jomns Lane Farm, Pancake Wood Svur 1900 2F H11 1000

2 Garners Farm feeder ¥ 1954 AR H21 2045
3 Greenlands feeder, Saunderton * 1954 AR H21 2045
4  Longwick and Waldridge * 1959 AR HI4 2202
5 Twelve Acres 2000 1F H2 . 0922
6 West Field, Princes Risborough u TR H20 1600
7 Dancers End ¥ 17 H9 10057
8 Odley Lane, Saunderton ¥ a 1F  H20 1205
9 Heath End Farm, Lye Green " 1F  H16 1205
10  #Wooton House " iF H1 1750
1 Field Farm Cottages, Westcott ¥ o 1 H7 1818
12 Chesham Vale Spur * 2005 2F H11 2020
13 Thorne Barton Farm ' 2005 1F H11 2020
14 Grange Farm, Towersey 2010 TR H19 1800
15 Aston Sandford 2010 1F H®H13 0615
16  Weedon Hill Farm ) * 2015 2F H17T 1555
17  Buckingham Road, Waddesson * 2020 AR H2 2036
18 Red Barn, Stone 2028 AR Ht4 2323
19  Buckingham Road, Waddesdon (No. 1) * 2028 AR H1/2 2036
20 lorth Lee, Eandeville Road, Aylesbury 2028 AR - 1032
21 Marsh Farm, ¥inchendon * 2030 1F HY 1715
22  Elm Farm feeder, Stoke Mandeville 2033 CON Hi4 2159
23 North Drive 2033 AR H14 2130
24 Lower South Farm, Doddeshall 2100 1F H1 1215
25 Potash - Puttenham 2100 1F H3 1250
26  PBrill 2130 AR H1 0855

*
Repeat fault location or circuit
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Clearly, a second thunderstorm period following on from the
previous case 21, with the affected area now considerably extended showing
& 35% autorecloser function and only 12%# persistent faults. Two of these
are transformers . It is well, 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 particularly outstanding
for t{he 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 Waddesdon. 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 HI10 1305 ¢
2 Drakes Farm, Long Crendon 1t 1F H13 1206 ¢
3 Needles Farﬁ, uainton * o 1F  H1 1450 -c
4 Hampden Sawmills, Saunderton " 1F  H21 1910 a
5  Doddeshall ~ Waddesdon s/s 2204 AR H1 ° 0020
6 Kings Langley - Apsley s/s * 2228 AR H24 2312
7 Greenlands, Saunderton : 2326 SR H21 2357
8 Meadhams Farm, Ley Hill 2335 1F H17 1010 a
9 Henton Sewage Works ' 2340 1F H20 1322 a
10  Dunsham Farm, Buckingham Road 2341 AR Hz 0152
11  Aston Abbotts * 2341 AR H2 0410

Repeat fault location or circuit.

There are no persistent féults although 1 hr. and 41 minutes
separates the first and last log entries. However, allowing for time
variations and locetion, 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 qonsiderable
distance for the response to a single indirect stroke. With the large
number of AR operations (45% of total faults)itis fairly evident that a
single stioke is unlikely to be the cause of many of these faults. A siorm
drift or passage is difficult to follow from the fault entry times and
corresponding locations.

It is assumed that thelfuse faults are.due te separate indirect
ground strokes acting on widely spparated circuits. This is a continuation

of case 22 but as with this case, the area affectfed ismore expansive.
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Case 24.

Date 17.6.74. '

Report Data. -
* Quarrendon Farm 0400 1F H23 0708 ¢
2  Chartridge Fnd 0400 * HI0O 0745 ¢
3 Whitesfield Farm, Quainton - 0415 " H2 0755 ¢
4 Moreton Tee-off 0420 " H13 0654 ¢
5  Chilborough Hill Cottages o430 v HI3 0520 &
6 Bishopstone Road * 0430 " H13 0530 a

Repeat fault location or circuit.

All single fuse faults presented over a half hour pericd. 1 and 2
can be releted to a single stroke. They are abouit 5 miles apart at altitudes
425 £t. and 575 ft. well into the Chiitern 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 feult. 5 and 6 can be associated by a
common ¢ircuit and are less than 2 miles apart.

Separate ground sirokes responsible for single fuse faults.
Possitle 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.

Report Data.
1 Quainton Road s/s. * 0g00 1F m 1007
2 Bakers Farm, Lower Winchendon " " HT 1029 ¢
3 Ashley Farm L " HM1 1015
4 Whirlbush Farm, Kingsey " '" H13 1045 =a
5  Lodge Hill, Chequers X on " H16, 1110 a )
6 Buncefield " " H6 1PFP a
7 Church, Grendon Underwood " "om 115 a
8 Field Farm, Westcott * o "o HY 1123 a
9 Gypsey Bottom, Westcott " " H7Y 1139 a
10  Wellwich Spur " " OH15 1210 e
11 Hardwick Sewage Works . " "o OH2 1440 ¢
12 Longwood Cottages, Saunderton " o H21 2528 a
13  Ashendon - Waddesdon 0615 " H7/1 1205

Repeat fault location or circuit. X Not found.

Although three of the outages can be linked to a single circuit,

the remaining faults appear to be on isclated electrical circuits.

Topograrhically, these faults mostly occur in the flét Aylesbury Flain
whick is relieved by some high points, 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 singie stroke excitation is the cause of the widespread operation

of rod gaps.
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26.

Case

Date 17.6.74.

Renort Data.
1 Brill - Policott
2 Hastoe Cross
Wick Farm, Wiggington

Greenlands, Saunderton

LS I N W]

Mayhall Farm spur

Repart fault location or circuit.

0730

0730

0730

0735
*

0830

2r

eF

1F

K7
H9
H10
H21

H17.

0931
1023
0932
0900

1108

This group of transient faulis appears to correspond to a

single discharge with the exception of item 5;‘ A1l the affected circuits

are unconnected, which appears to be a characteristic of this day of

continuous thunderstiorm activity and are only linked by the terrain.

The simultaniety however requires investigation because -

distances between the faulis are seen to be considerable.
for example, there is about 10 miles and about the same distance between
1 and 4, whereas 2 and 3 are less than two miies apart.

discharge conclusion is therefore erroneous, and probably only 2 and 3

are linked by a single stroke to earyp.

Between 3 and 4,

the separztion.

The single

109
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Case 27.
Date 17.6.74.
Revport_Data.
1 Brick Kiln Farm Cottages 1040 2F H4 1330 4
2 Doddeshall ~ Frederick Street Spur * 1100 CAB HI1 1845
3 Shrublends Farm 1100 TR - 1500
4  Nash lLee Road, Terrick 1100 1F H15 1658 a
5 Coppice House, Speep * 1100 17 H2{ 0220 ¢
6 Chenies Rectory, Flaunden 1108 TR, H24 1840
7 Xingswood Farm, Speen Botton 1115 TR H22 2215

Repeat fault location or circuit.

This final storm of the day again shows evidence of group response
but unlike the outszges on the rrevious three occasions, it presents a
high proportion of permanent damage in the form of three transformer
failures ana a cable fault. Also, again the simultaneous effect is
pregsent and all the affected circuits are in isolation. It seems unlikely
that direct stroke action is the principal cause because of the
simultaneocus entry times representing widely scattered locations some of

which occur on ‘high ground and the rest in flat country.
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Case 28.

Date 4.8.74.

Report Data.
1 Cathodic Frotection, Haddenham 1130 2F HI13 1145 a
2 Place Farm feeder _ 1141 AR H20 1156
3  Wendover Primary 1158 AR H15 1245
4 Longwick School ¥ 1200 1F H20 1345 g
5 Pasture Farm, Ilmer n 1F Hi14 1435 =
6 Hampden Saw lfills, Saunderton " 1F  H21 1555 a
7  Nether, Winchendon X v qp _ 1600
8 Garners Farm, Coppice House spur o 1F H21 1645 ¢
9  'Buntings, Owlswick 1P H14 1730 a
10  Three Crowns, iskett " 1P H20 1435 ¢
11 Ashendon Tee-off " 1 H1 2040 ¢
12  Green Hailey " 1F H21 1528 ¢
13 Alscott, Ilmer " 1F  H20 2110 a
14 Eewdon Farm, Haddenham * o 1F H13 1635 ¢
15  Buckingham Road, Waddesdon * 1206 AR HI 1237
16  Aylesbury East " AR H2 1251

» .
Repeat fault location or circuit. X Not found.

The following three cases provide g storm pattern similar to
the previous four cases in that the thutiderstorms extend over a c&nsiderable
period of the day. In this case from 1130 hours to 2026 hours, and the
fault pattern is very similar. Two of the cases contain virtually
transient faults only, with mostly simulianeous operation, whilst the
last storm records one third persistent faults made up of transformer
failures and a conductor fault.

This particular case shows 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 showm to be clearly disposed to ligntning
attention from the previous references to lightning incidents. This also
applies to that part of the network in which faults 6Aand 8 are locazted.
Most of the fuse faults are to be found in the Plain of Aylesbury
but items 6 and 8 zre located a little way into the Chiltiern Hills. The
maximum separation distance is about 10 miles which raises doubts that a
single ground stroke is sclely responsible for all the entries in case 2B8.

However, the effect of a multiple stroke discharge could provide an

exrlanation.
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Date 4.8.74.

Renort Data.

1

2

o - oo

O

11
12
13
14
15
16
17
18
19
20

21

*

the extent that it fully covers a portion of the Chiltern Hills. Again,

all the faults are in the transient classification with the single

Potter Row

Pemple Croft, Upton

Rosemead, Halton |

Small Holdings, Kings Langley
Birch Lane, Flaunden

Thame Park

Black Farm, Latimer

Chivery

1iill Farm, Chenies
Rusheymead

Spencers Farr

Game Farm, Hye Green
Poleshill

St. John's Lane, Ashley Green
Hogg Lane

Eastbrook Hay, Lovetts Farm
Jenkins Lane, 5t. Leonards
Tylers, Little Gaddesden
Lombardy Drive, Bourne End
Chartridge Spur

014 Saxe Lane

Repeated fault location or circuit. ¢ Next day.

The storm has now shifted to the S.E. and broadened a little to

1556 AR E10 2002
1610 1F H13 1855
" 4F H9 2000
* 1615 1P H24 1745
1615 1F H18, 1920
1620 1F Hi9 2230
1630 1F H18 2125
v m m 1440
" qF  H24 2000
" 1F  H23 1940
"9F H11 1940
" qF  H8 1830
" 1F  H18 1830
v 9P H11 1830
n4F  H11 1830
"o 1R HE 2300
9P H9 -
" 9P H4 2350
1655 AR H5 1804
* 1659 2F H10 2235
1719 1P HIO 2300
Not found.
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exception of ref. 8. It is likely that this fault, a transformer failure,
is linked with 17 as it shows the same log entry time, and is on the same
circuit.

Simitaneous fuse operation is to be seen in the majority of
the entries but the #ide disposition of the outages rather precludes a
single stroke source and again the effect of a mulitiple stroke discharée
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 operetion in both places. On this basis,
it is better to group the faults according to their lécation. 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 mimutes. It is
concluded that a single stroke is probably responsible for at least 70%

of these single fuse actions through the |functioning of rod-geps .
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Case 30.
Date 4.8.74.
Revort Data.
1 Hundridge Iianor, Bellinger 1759 1F HI0O 2315 ¢
2 Shabbington Sewage, Thame 1800 1F H13 1118 ¢
3 North iill spur, Longwick ". CON H20 2115
4 Orchard Leigh " 2F H11 0021 4
5 West Leith " AR H9 °* 1850
6 Great Gaddeston | 1815 AR H5 1844
7  North Camp, Willstead * 1820- TR H9 0115
8 Doddeshall - Frederick Street,
Aylesbury 1851 AH H1 1937
9 Bellingdon Spur * 2026 TR HI1 1220
Next day.

In this example, transformer failure is evident as with case 27
and the previcus case. If, as suggested, the flashover of rod gaps is the
primary cause of most of the fuse outages, the occasional failure of
transformers c¢an also be anticipatea (subject to age and frequency 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
proximity to each other in flat comtry. About twenty five miles separates
2 and 6 and about seventeen 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 from 2 and 3 which
may ke the result 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 ¥Weston spur -~ Thame Park 1400 2F H13 1740 a
2 Tythrop House spur, Ilmer ¥ 1401 2F HI3 1605 a
3 Frmington cross roads sopur | " 3F H19 1940 g
4 Ysnor Farm, Long Crendon n 3 H13 1900 ¢
5 Waldridge Farm, "Bottle & Glass" 1404 2F H13 1940
Comley Farm, Low Farm, Dinton " 2F H14 " <
6 Budnall Farm, Pastﬁre Farm, Ilmer * 1415 1F H13 0936 a
7 Waddesdon - Cuddington Bridge 1426 AR H7 1523
B Cﬁddington Baptist Chapel spur . n 1P HY 1830 =a
9 "Heny & Chicken", Lye Green spur 1500 3F H11 1740 ¢

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 cccur
virtually simultaneously. All faults are located in the same area to the.
west of the region and to the N. of the Chiltern Hills. Two circuits
provide for pairs of faults, but in general the related circuits are isolated.

| It is suggested that with the increased storm activity showm here,
the presenceof 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 wave reasons for the response, and it is concluded

that syecial'consideration is justified for each of these entries.
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Cage 32.

Date 7.3.75.

Report Data.
1 Hyde Lane Farm, Bedmond Hill 1542 2F H18 2100 ¢
2 Harthall Farm, Bedmond Hill " 2F " - c
3 Highwood Hall Farm n 1F " 1753 a
4  Kings Langley o MR H24 1735
5 Dropshort, chkey End spur " 2F H5 ’ 1830 a

Repeat fault location or circuit.

These faults are physically very close together and, with simultaneous
action, a clear example of the response to & nearby lig:htning discharge.
The ground stroke appears to 'indicate a directional property since only
two circuits are affected. One of these produced three outages so that '
travelling waves are probably respcnsible.The induced surge level is seen

to be guite moderate.
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Case 33.
Date 30.4.75.
Revort Data.
‘ 1 Chartridge spur ¥ 1750 2F H10 2240 ¢
2 Kings Ash, Wendover " TR HIO 2158
3 Dutchlands Farm * 1800 1F Hi6 2300 a

Repeat fault location or circuit.

Item 2,although fedbythesame feeder,is rather remote to be
connected by surge rropagation to 1 but these two faults are separated
ohly by a distance of about 2 miles., It is therefore assumed that a
single ground stroke accounts for them and they are linked topographically.

Both are cn high points in the Chiltern Hills.
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Date 17.6.75.

Report Data.

Case 34.

1 Westcott Works * o830
2 Bacombe Road, Wendover 1236
3 Ellesborough Hoad, Tee-off "
4 The Gables, Terrick Cross roads o

* Kot found.

cross roads.

125

0930.

17 -
oF H21 1455 ¢
2F H14 1536 c

CAB H15 1840

Comnlete cable replacement between terminal pole and

The Gables is actually at the end of the o.h. line AB in the

diagram shown.

However the fault rscord states "gable feult'" and this must

obviously refer to the load at the end of AC which is Terrick Cross Roads.

This has the unusual load of 3COKVA 1 ph as marked on the electrical -

diagram H15.

Clearly 2, 3 and 4 are related having identical log entry times;

are agssociated with a common electrical circuit and are situated within

1 to 1% miles of each other.

responsible.

the cable fault occurred, leading to the two double fuse actions.

A single stroke is therefore likely to be

The ground stroke could be fairly close to the point where

A direct

stroke is unlikely as the damage should then be nore extensive.
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Case 35.
Date 18.7.75.
Report Data.
1 Deadmans Ash Lane, Gt. Westwood 1430 1F H24 1540 a
2 Chipperfield - Gt. Westwood s/s feeder " 1P  H24 1528
3  Deadmans Ash | " 1F H24 1535 a
4 Jasons Hill 1605 2F HY1 1753 g

Again, a very locel 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 13 hours
later. It is difficult to know with any certainty whether this is the
result of an extension of the storm or simply a lste recording of that
particuler fault,%ince there are no further log entries it would appear
unlikely that the storm had moved oniy about 4 miles in that time. It is
most likely that the storm left the study area by the S. or S.E. and
therefore item 4 is the response tc a separate discharge at some time
negrer to 1430 hours. All of these cuteges occur on the high ground of

the Chiltern Hills.
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Date 5.8.75.

Report Data.

1

U e W

-3

10

Repeat

5.E. side

Aylesbury

isclation

only two of these can be linked to a single excitation and gemerally the

Rocketer, Wendover Dean
Beamond End

Ballinger Grove

Frith Hill, Gt. Missenden
Rignall

Lowever Benston spur
#hite End Park Farm

New Zealand spur

Park Hill Farm spur, Tring Station,

Wiggington

Eighwood Eall Farm

fault location or circuit.

Mogt of thess faults are confined to the Chiltern country on the

X

1000
1008

1011

1020
1022
1100
1150

1517

1520

* Yot found.

2F

1F

1F

2F

1F

TR

1F

H16
H22
H10

H16

H16~

H2

H1T

H3

1215
1228
1137
1034
1230
1612
1635
1714

- 2038

1635

of the study area, but 6, in particular, is to the N. above

and well away from the Chiltern Hills.

of these fuse faults and the entry times suggest that perhaps

response is to separate ground strokes.

The diagrams show the

2y
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-
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Case 37.

Date 9.8.75.

Report Data.
1 Cumberland Close spur * 0054 3F H23 0210
2 Cromwell Hill spur, Chinnor Hill ¥ oa12 TR H20 1030
3  Cromwell Hill s/s X v v 4030
4 Ilmer Fo. 1 to Aylesbury East 0635 DIV " 1320
5  Buckingham Road, Waddesdon v AR m o700

¥*
Repeat fault location or circuit. x Although reported separately this

is probably the same fault.

Cnly two faults cén be classified as transient. The fuse fauit is a
éompletely isolated incident and is shown to be.a three-fuse operation
at the substation. Item 2/3 could rossibly be represented as direct stroke
damage since there is no reference to loczl fuse faults. Réference 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 seen 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 the records, may

not necessarily have this origin.

Ref. 1. fault at substation - no diagram necessary here.
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Case 38.

Date 2¢.5.76.

Revort Data.
1 Field End Cottage 0958 1F HIO 1445 ¢
2 Fammonds Hill Farm ' " " Hié 1523
3 Hammonds Hill Farm Tee-off i " " 1523 ¢
4 Dutchlands Farm Tee-off *on T " 1200 a
5 Wén@over Dean Pumping Station i 2F n,o1125 4
6 Coppice House * o 1 H21 1210 ¢
7 Parsloe Hillock ) H 2F M 2300 ¢

Rereat fault location or circuit.

The locztion of most of these faults is on high ground within -the
Chiltern Hills. The greates# separation distance is about 3 miles and since
the log entry times are identical, clearly a single ground stroke would account
for the grcup fuse resronse. It is likely that 2 and 3 refer to the same
fault. Four circuits accommodate ;il the faults and it is noted that two of

these have been previously faulted.
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Case 39.

Date 16.7.76.

Heport Data.

1

@ - O T P W

O

11
12
13
14

15 .

16
17
18
19
20
21
22
23
24
25

Waddesdon

Woodham Brickworks

Frith Hill feeder

Hog Lane Farm

Kanor Farm Spur

Keepers Lane, Hyde Heath

Heedon Hill

Darlington

Chinnor Hill
Ballinger Grove
Kings Langley
Great Missenden
Ballinger Bottom
Chiltern Road, Ballinger
Ballinger
Ballinger Grove
Mount Pleasant s/s.
Gaybird Farm

Lodge Farm spur
Northchurch Farm
Gréyholme Egg Farm
Stephens Close
Peterlea

Chartridge End

-Ashendon

Repeat fault location or circuit.

0016
0030

0049
0110

2F
PB
3F.

1F

2F

1F

CCH

B

1F

coy
2F

CaB

CAB
CAB
TR

2F

H1

H16
H11

Bz
H16
H16
H17
H20

Hio

1]

H16

0230
0947
1200
0312
0949
1009
1053
1100
1240
1058
1119
0354
1559
1200

1118
1009
1135
1730
1007
1600
0908
1700

0755

1
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Autorecloser operation has only moderate success heré with 12¢
of the total outages, but this could be due to their absence from the
affected circuits. Nearly one third of the faults are classified as
rersistent which ig well above the usual proportion, and if the pole-box
fault is grouped with the cable fault, this means that 20% of tke persistent
faulis are associated with cables. In which case, faults of this nature
can be accounted for solely by the effects of itravelling waves. With the
high percentage of persistent faults it is assumed that the 'storm intensity
is greater than usuél which then also accounts for a number of multi-fuse
actions.

The group of simultaneous single fuse faulis (5/8) all tske place
within a small area of countrysidé in the Chiltern Hills. A single ground
stroke can be assumed to be responrsible.

The second and third groups of simultaneous faults (12518 and
21-23) respectively alsc take place in the same characteristic countryside
but two or three miles furtherto the north. The nature of these faults
suggest that some may be the results of direct stroke atfention. 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 differént. The presence of a presirike component may be considered

in relation to some fuse faulis, particularly that of reference 4.
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Case 40.

Date 25.9.756.

Renort Data.

1

[o- BN D AN - O %}

O

11
12
13
14
15
16
17
18
19
20

painton Sewage

Hall Farm, ‘lestcott

Glebe Farm, Waddesdon

Upper Cranwell Farm spur

Manor Farm, Dadbrook

Lower South Farm

Cuddington ill

Lower Farm, Westcott

Spurlands End Farm, Gt. iissenden
Crows lest, Tring

Aylesbury Road, Aston Clinton
Spriggs Alley spur, Saunderton
Loxboréugh House, Saunderton spur
Stoney Lane s/s. Amersham
Latimer Village, Bois Lane

Bourne Fnd Sewage Works

Bourne End Church

Boxted spur, Berkhamsted

Crows Nest, Tring

Drayton Beauchamp

0052
0052
0052
0052
0052
0200
0200
0200
0200
0200
0226
0226
0241
0241
0250
0250
0500
C610

0610

Repeat fault locaticn or circuit. ¢ Not found.

17
3F
2F
AR
1F
1F
1F
2F
1F
2F
1F
1
2F
3F
2r
2F
2F
2r

iF

- 0952 TRAN Hi

H1

H3

H20
H21

H24

H5
H11
H5

H3

1030
0633
o708

o752

‘0456

0925
1515
1245
1245
1515
1408
0955
1050
0810
1004
0854
0823
0724
1135
0950

{3

Jith the exception of the first item, the log is made up entirely

of fuse faults and, significantly, there is no record of recleser operation.

This could, of course, be due to their azbsence in the particular circuits.

-



It is likely that the transformer failure is part of the indirect

excitation pattern rather than the result of a direct siroke since no other

equipment damage is recorded, znd this item is one ¢f the six responses

resulting from a probable single ground stroke.

frestrike influence may

be considered here in connection with this group which are found to be

relatively close together in the N.W. corner of the study area.

The

greatest separation distance bhetween these faults is about 4 miles, hence

all are within the influence of a single 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 showing 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 .is clearly the result

of single ground strokes, as witnessed by their locations, and to some

extent, by common circuits.

The movement of this sform is seen to be slow and iis coverage

fairly extensive.

Tne 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 loz 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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1.

Date 20.3.77.

Rerort Data.

1 Pendley hanor spur
2 Pendley Beeches
3 Newground Food Store
'4 Concorde, Kings Ash
5 Longdown Farm, Chequers Lodge
6 Hestfield spur
7 Peters Lane
Hale Farm, Yendover
9 Chinnor Hill spur
10 County Primary School, Chilton

*
Repeat fault location or circuit.

*
1454 2F B4
1t 1F 1]
1! 2F ]
1500 1F EI10
»* +
" TR H2i
1508 1F E20
11 1] "
1512 " Hi5
o
1533 " H20
1726 TR -
Next day.
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1705
1723
1735
1713
0100%
1815
1845
1755
2005

0305~

Five isclated electrical circuits represent the fuse faults,

the location of which is on high ground over a distance of approximately

13.5 miles.

9 6/7 5 4 8 1/2/3
| | ] i | |

600 500 600 750 500 450

l | I [

¢83 152 183 229 152 137
766996 835044 894075 'I ]
818041 886661 : 945]15
952108

Height above sea level.

Map reference.

This common feature is displayed in the diagram below

fault ref.
feet

*
netres

x

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 ﬁest.




Tre groups 1, 2 and 3, as well as 6 and 7, are clearly the resilts of iwo

single ground strokes, but all the fuse references are linked since they

lie in the peth of the storm on high ground. In this instance, valleys

139

are transverse to this path which establishes the well know characteristic

that ohly hill tops are affected by lightning strokes.
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2.3.3 The classification of the case studies.

The 41 examples of same~day faults are represented by 34 fanlt
days. To cover those selected days in 1974, it was found ex?edient o
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 principal 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 ir the last group. Hence, there are 17 studies in which no permanent
damage to the line eguipment 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 faults.

The remaining cases, in the third classification, possess two or
more persistent faults but these need to be.examinedlnot only in relation to
the total number of recorded outages in each case, but also on the fault
pattern presenied by the cutages. The appearance, for instance, of
simultaneous groups of faults i1s found to be a common occurrence, and in
fact this is a‘characteristic which appears in all three groups.

In addition, the time span of the case references is no indication
of the contents. For examunle study 9 vossesses the 1argeét 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

‘fzults during es8h of the fault days.
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are recorded for the same time (0430 hours), and several others are clcse
to this time. The duration of the log entry may give some indication of a
description of the disturbed weather, but not necessarily the durstion of
the storm, and is not relatei to similarities in performance when
comparing cases. Figure -5 which is an extengion of figure 3 on page 46 -
supplies information on the entry duration in relation to the c¢lassification
of the faults. The figures on the right of each example are respectively,
the total lightning faults, the number of transient faults and those -
defined as fuse operations only. BSome of the case studies are séen to
have contents spanning substantial periods of time but when closely examined
clearly corntain only & few incidents. Case 18, for exazmple, has the longest
duretion and yet has only & faults. At least ten of these cases have
records exceeding 4 hours, andAit is evident that several have little
content. e.g. cases 6 and 15 show only five entries for corresponding
times in excess of eight hours. In contrast, six studies are completed by
virtually instantanecus fault times. One example i9 case 11 presenting
20 outages entered over a period of 15 minutes. Since no otherfault is
recorded in each of the six cases, it is concluded that only part: 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 & high outage rate. A good example is case 22 showing 34.6% of the
total outages (26) over a period of 2% hours. Cases 7 and 9 are lesser examples

giving 21% for a total of 19 faults, and 17.3% for a total of 45 faults.
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The corresponding 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", assessmeqt remains uncertain as illustrated by cases

23 and 29. In the former, the total number of ocutzges is eleven and five

of these are due to autorecloser operations; The rest are fuse faults.

In the latter, there are thirteen cutzges all of which are fuse faults.
Electrdeal circuits having association with more than one fuse

fault are shown to be ﬁresent in guite a number of the cases., In fact,

whey 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 outasges are linked conductively

in some way. These faults however may not occur at the same time althcough

actually this is found to be 80 in the large number of the examples.

Summarising the common. circuit identity, the following table displayed

below also relates these faults with the number of circuits involved,

together with the total number of faults. Table A.

Case Fo. 1.2 36 7 8 9 11 13 14 16 18 19
* No. of linked faults 2 3 2 2 7 4 6 5 2 2 12 2 4
* YNo. of total fauits 6 3 5 414 423 15 8 5 21 2 8

Ho. of linked ecircoits 1 1 1 1 3‘ 1 2 2 1 1 4 1 2

Case No. 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
* ¥o. of totzl faults 6 6 9 11 17 8 4 2 3 6 13. 17 3]

No. of linked circuits 1 1 1 3 2 2 [ 1 1 1 2 2 2

*  fuse faults only.

Hence, just over one half of the 41 examples shcw one or two common faulted
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circuits, and in a few cases (8, 18, 34 end 35), all the fuse faults are

associated with one respective circuit.

Simultaneous fuse operations are nct confined to linked circuits

but also are seen to take vlace in circuits in isolation. 4 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 indireect stroke is

(i) some fuse faults with common
the action is simultaneous.
(ii) some fuse faults in isolated
is simultaneous.
There remain those responses to separate
day resulting in
| {iii) some fuse faults with common
occur at different times.
(iv) some fuse faults in isolated

different times,

seen te result in’

circuit connectiong in which

circuits in which the action

indirect strokes on thé Same

circuit connections which then

circuits taking place at

and finally, on separate fault days, there are

(v) gome fuse faulis which may be identified with previous faulted

-ecircuits or load points.

The cases identified with the above classification are presented

in the following table.

Percentage of

Classification Zelle 2. total cases.
(i) 1, 3, 7, 8, 9, 11, 13, 14, 16, 18, 20, 24, 25,
28, 29, 31, 32, 34, 35, 38, 39, 40, 41 | 56.1
(ii) 2, 7, 9, 10, 11, 13, 16, 17, 19, 21, 22, 23,
24, 25, 27, 28, 29, 30, 31, 32, 35, 38, 39, 46 58.5
(1ii) 2, 3, 6, 8, 9, 16, 19, 28, 31 39 24.4
(iv) All cases except 10, 11, 18, 20, 25, 28, 32, 38 80.5
{v) A1l czses except 2, 4, 5, 18, 19, 20, 26, 28,

30, 34, 35

73.2
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From this table it can be shown 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 and 26) can only be idertified with one
group. None of these exceed six fuse faults and a low 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 that a substantial number
of fault days can be expected to have the characteristics of simultaneous
fuse faults, faults in isolated circuits, and faults in circuits which

have had previous lightning attention.

2.3.4 The influerce c¢f topogravhy.

The fact that a substantial number of the case studies contain
outage points w:.ich have appeared zs earlier faults is not seen to be
fortﬁitoua. Moreover, this occurrence is also extended to some electrical
circuits. They give every indication of atiracting 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
observations made when compiling the case studies, that the nature of the
terrain in association with the vrevailing 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 uron the pattern of lightning
discnarges 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 ground to the north of the Chiltern Hills, the
charzcteristic lighining response associated with indirect strokes is

likely to be either (i) where high points only are selected. The first four

items in case 1are a good example here and the fact that they all refer

* R.H. Golde.
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to farms need not be considered unusual. Or (ii) where an exposed level
surface of land is presented to the thunderclouds and then sttention
is more likely to be paid to objects which seriously disturb the uniformity
of the equipotential distribution. The cases which include areas of
country around Aston Clintorn to the South of Aylesbury, and Waddesdon to
the north west demonstrate these effects.

The storm pattern in the "hill country" is again of two types.
The last example, case 41, is a demonstration where the prevailing wind
arives the thunderstorm across the valleys. In the Chiltems, a series of
valleys run approximately N.W. to S.E.. The lightning faulis are most
likely to take place on the high ground between each valley and this is
seen to be so in case 41. ¥hereas, in case 8 the records show a different
pattern in a landscape of & similar character where, from the records,
the storm appears to be passing along the valleys. Thus, in this example,
the lightning 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
fault nattern. However, a topographical component has been evaluated for
every 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 freguently include both types of terrain. This., for insvance,is
shown in cases 9, 22, 29, 39 and 40, but not in cases 7 and 16 where the
former is associated with the Piain of Aylesbury whilst the 1attér 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 simultanecus faults
(case 9 is probably the best example} which could well be the sub ject of
t&pographical interest. It does not follow from this, however, tnat

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 cther hand cases 21, 24, 28

and 40, however, show that-this need not be so.

2.3.5 Elementary circuit torologies.

Groups a to e of the basic circuits, showm on page 49, represent
spurs and 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 first five
of the basic topologies. However, a further three topologies pwvide a
refirement where & fu;e fault czn be identified clear of bifurcations,

A total of 319 fuse faults are shown from the 41 case studies,
but some of these faults are associated with sub-stations and not showﬁ
on the case diagrams, and some were not located on the electrical maps
H1-H24. This leaves 297 fuse féults distributed among the electrical
diagrams accompanying the studies.’ The analysis of these diagrams according
to the letter references revresenting the elementary topologiss is
displayed in figure 6 overleaf. 3Bifurcations a and ¢ regresent the
majority of these faults (33% and 49% of the total respectively) and it is
noted that whereas.'"a' represent a transformer insertion between lines of
about the same surge impedance an@ therefore there is a discontinuity,

"'e" is a homogenéous system and is shown to be associated with about half

of the fuse faulted circuits.

2.3,6 The nrestrike effects.

Prestrike influence as a factor in fuse blowing in thundersiorms
has not hitherto been considered by previous investigations of the lightning
response of h.v. distribution systems. Only Uchara and Ohwa (Ref. 34,

Part I) have suggested that the increase in the electric field intensity
and subsequent point discharge effects would be contiributing 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 ftransient fault, by a simply ircident
surge and the doubling effect at terminations. There are reasonable grounds
for taking into account a sypplementary surge component whicﬁ could well
explain some of the anomalous fuse faults. This component is identified
here as a response to the presirike 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 sought in a
few examples tzken from the case studies in which the responses are easily
explained in terms of single travelling waves. It suggests that attention
is paid to the three-fuse fault. There are only.ten of these distributed
betwveen eighi cases. Evidently, the three-fuse transient fault is an
infrequent one, and if disassociated from the secondary effects of persistent
faults to which it is sometimes atiributed, an alternative explanation
needs to be found.

Case 12 provides insufficient data from the electrical diagrams
as the feedexr is a cable and-the spur is an l.v. connection which may also
be & 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 1ine gystem nearby. References 1 and 2 are
adjacent spurs with 2 associated with the farmhouse and hence the rate of
change of the ground gradient would Ee 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 ohly three transient faults, two 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. Fossibly the leader head was
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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 itogether with a 2-fuse outage occur at the
seme time. However, all are in isolated circuits as also is the third
reference to a 3-fuse fault at a different time. The same conclusion is
reacned as to the reason for these restonses as previously indicated.
This also applies to cases37 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 homogengous bifurcation (type (C)}).

-

2.4 Assessment of fieid study.

The wvariation in the lightning rerformance 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 relzstive proportions of ftransient and persistent faults,
is seen to be difficult owing to the nebulous relationship between these
gibup identities.

Gverall_fuse action énd autorecloser operation is ghown to be
about 8C5% 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 e¢lass.

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 liftle or no

equipment damage. The outages are, with those exceptions, all transient
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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 two or more persistent faults
which, kowever, 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 tec the number
of items, or to the identity of those items. Tris period of time gives
the information 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 comparative 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 disposiiion of the overhead line system
in those cases. PFault repetition could be accounted for by .this combination.
Repeated faulfs are seen tc take place throughout the series of studies
showing that there is some evidence for lightning catchment areas.

The efficacy of autorecloser presence is assumed to be demonstrated
in a few cases.

A prestrike component is used té illustrate that some of the
fuse faults are plainly not the response to simple incident surge voltages.

4 number of éhe 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 simultaneocus action. In a few cases,



all the fransient faults are fusé faults in one circuit only.

Similtaneous fuse action, either in common circuits or in circuits
in isclation, can be expected from the majority of lighéning-storms
irrespective of their duration, but the number of!outages so involved
is shown to vary considerably.

About one half of the fuse faults ere identified with' basic
homogeneous circuits, and the other half with discentinuous topologies

of varying forms.
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PART IIT

System assessment. Pulse excitation; surge impedances; ground return;

propacation analysis.

3.1 Pulse excitation.

3.1.1 The indirect surge.

Rerresentative forcing functions for the surge'anglysis of some
basic circuits contained within the faulted systems, are found f;om 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 grestest rate of rise need be c¢cnsidered 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) as its extenéion and alternative, i.e. a negative.
loop pfeceding a positive loop witkhout dimscontinuity. In this way the
nathematical statement for the type A pulse, with a little modification,
appears again‘in the expression for the type B pulée. Table T givés a
supmary of the induced voltage effects resulting from field measurements,
together with comparative data as utilised by a few investigators in
related studies. | |

A sempling indicates thet 5/QQy5ec wave would be represéntative
of a short pulse in response to a nearby ground stroke. Altermsatively,
one of 8/4stec would,suffice. Converting to equations of the standard
form, |

e = AB (™. &) L (D)
is relatively straight forward gince a and ‘b.are both real and positive
and a graphical method is then available.2 Consequently, the 5/20:5psec
pulse is found to be

¢, = E (e -0.035¢ 8_0;445t).;...............(2)



TABLE 7
Ref, Origin ?Sourc_eg Date i Pulse
| e e S
1 |Lewis & Foust . E 1930 { A& B
2 . George & Eaton | E : 1930 | A& B
3 |Bewley | T | 1932 | A only
4 gPen—} | B | 1937 | 4 & B
|5 |Perry, Webster & Baguley | E {1939 | A & B
__é ﬁorinder E i 1939 | A only
7 IBruce & Goraze ;m ' ' 1941 "o
e 'f..’agner & McCann T ’ 1942 L
o Teonase S R VS I
"o |settastt v rss| o
;;-”11 gé}uyang BaT 1961 "
; ’_1-2‘H.‘§'(_3hq_wdhur3j._ & Gross {E& T L1967 | B only
|13 {Electricity Comneil E 11968 | A& 3B
g | Singarajah "BaT 1972 | 46 B _
* a8 defined by BS923 Legend

4 - aperiodic

B - bipolar

- T e Mins.
Pulse or Wave Shape NengOOp Max.kV.
M 8ec, M Sec.
Y é Surge
/32 /27 2 Tests
G 'S Surge
’i; /;z 8 Tests
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& 11} t
/lz /32 /Z!-f /36 7.5 38
s 7 e
74 3 __Wzd _-l_ao___
6 m8ec. only - -
L SR (SO R
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and the 8/40%  psec rulse as

o, = E(e70-024t _ -0.36%)

........I.ll.l-l.oI-Ol(3)
A pulse typical of the direct stroke by cémparison is

e =
i

-0.048t -2.4%
E(e 4 -e 4) oo-.---n--o--.------o(4)
This corresponds to a time representation of 2/407usec.
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-bt

e, = B(ae™®l 3 £ ey e (5)

B

and where a negative loop precedes the positive loop without interruption,

3 has applied this form of equation

then 4 + ¢ - B . 0. Hordem
to various types of electrical circuits and obtained an expression which

identifies the coefficients. The equation is shown as

g ~o¢ gt p-xX bt & a -b) -Bt
ei=ME[a-|3"e --b_p.e +§Ei:‘%§'(b—_'3).epl

PN ()

in which M, «&and B are functions of the surge impedances of the comnected
circuit. Arranged for the present discussion as, for example, an overhead
line termiﬁated by a transformer, thén Mz-t,cz B = 0.667, so that

the corresponding bipolar pulses, utilising equations (2) and (3) earlier,

now become respectively

ei3 = B(1.179¢70+055% 5.009470+445%, 3.53¢ ~0-6T%)
.........;..,..(7)

and Ei4 - B(1.074e 0 024 _3,345¢70+36% [ 5 5747C+6675)
cerererresesess(8)

which suffice to show that, in principle, a bipolar wave form can be
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resolved quite easily. Equations 2 and 3 then represent the type A pulse,
and eguations 7 and 8, the type B pulse referred to earlier.

It is unlikely, however, that examples of the induced bipolaxr
wave found from field measurements can be defined sé g8imply. The positive
wave front is often seen to deviate from the accepted exponential norm.
The negative loop or spike may 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'éith those bipolar pulses constructed
from equations 7 and 8.

In table 7, the early references to bipolar pulses, circa 1930,
are those effects accordeﬁ to travelling waves on multiconductor lines in
which the reversed loop resrponse with distance travelled is exhibited.

The source of energy here is an impulse generator. Nevertheless, the
effect will most probably appear in some of the oscillograms obtained by
‘Perry and his associates from the‘direct measurerents of lightning impulses,
and certainly from some of the oscillograms to be found in references 13
and 14, whilst reference 11 is in the same category as references 1 and 2.

A sample negative loop time for a bipclar incident surge is
5 microseconds based on the field measurements of Singarajah. The crest
value of the loop is seen to vary greatly, for in some oscillograms it is
- but a few per cent of the positive paximum value and in others it may
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 primary pulses.

An examination of the wave fronts of a large number of induced

voltage surges indicate that they frequently depart from the traditional

A

exponential form so readily assigned to the direct stroke surge. A study
of lightning 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 part, and so generate a near concave contour. Berger attributes this
to the effect of the upward streamer and iagner and Hileman later come to
the same conclusion. It is therefore to be expected that some variation
in the shave of the front of the induced voltage wave is likely to be a
coumon feature. Fizure 7 explores this variation in positive pulse fronts,
but evidently linear, sinuscidal and exponential forms can be employed in
the surge analysis without departing too far from the natural shapes of
indirect incident éurges. | )

The pulse tail is usually taken to be exponential out here it

is szen Lo be very close to the linear form, and it is more convenient

*

to use +the latter in the graphical surge analysis that follows. The tail

is, therefore, of the general form
y = —8X+b t--.‘-h.l..‘uuc-.!vtl"-poovoo (9) R -

This equation is resolved when a = 0.0333 and b is 1.166 in the case of
the 5/20 psec pulse, or alternatively, if a .= 0,01562 and b is 1.125 .
where tie 8/4O)Jsec Tulse is used.

-
The corresponding linear and sinusoidal fronts are then

(i) y = ax A (1¢)

and - (13) 7 = 31 = €08 X) srrrnrrrnnnrernnnnns (11)
Values for a and Cos x (where x = 6) are to te found from figure 7.

3.1.3 The transfer of surges.

" A general solution of the transmission of a lighining pulse
rom the 11 kV circuit of a transformer to itls low.voltage equivalent is
seen to be complicated, but an "engineering" solution is readily available
if it is assumed that the electgp-magnétic component is the dominéting
factor. In any case, the secondary terminals are unlikely to be in an
open ciréuit state or to have a low iupedance load connected across them,

so that the electrostatic component can be disregarded. TFurther, this



investigation is primarily concerned with the 11KV network and the
magnituds {but not the waveform) of tue transmitted pulse at the secondary
terminals is of interest only on a bilateral basis. A recent field study,
discussed in Part IV, for example, althouzn intended as a l.v. proteciion
study, w»rovides information on l.v. transmitted overvoltazes due to

¥ . 5 7 . .
lizhtning storms. Hence the magrnitude of the incoming surges on the
h.v. side ot the transformer can ‘be estimated by means of the transfer

ratio referred to in section 1.4.4.

3.2 The prestrike calculations.

3.2.1 Ugiform éharge distribution.

., The fifst considerabtion is the descending leader head as it
approaches the eerth, and its influence upon the electric field gradient
at ground level. BSince the leader head contains considerable charge and
travels at a reletively low velocity towards the ground, a simple
assessnent of the zround gradient can be made by an eleclrostatic solution
using the method of inages. "

On the assumption thet the dowmward leader is a vertical
conductor having a uniform charée density extending over its length, the
dervived equation representing the field strength at a voint p, having a

horizortal distiacement y from a roint on ithe ground directly below the

head, ia

Wy

E = xq L - L
- 49 a - 2 2 N
¢ L (h«] ".V)

S & -
in which h1 and hz'are the vertical ﬂeights, abqve level ground, df the
leader head and the ton of the leader channel respectively; q is the charge
per unitrléngth.in the leader colummn énd ¥ is a constant. According to
Vazmer and Hilewan, the cwrrent in the lizhtning channel can be revresented

alternatively as the product of the charge and its velocity of pronagation




along the chamnsl. EHence, by substituiion in equation 13, and discounting
- 3 . . - 3 2 1, . b} ) 3
the secend iterm in the brackets since h, :€> Xa, the height of the leader

nead above a perfectly flat earth to liberate an upward streamer is simply

h1 = %;7}
: s

where EE is the brit;cal disruptive value of the ground gradient, noting
that the-maximﬁm zround gradient must appear directly below the aerial charge
‘andvr is the velocity of propagation of the 1ightﬁiﬁg:current. Due to
pﬁint'discharge effects from zround irregularities such as gr%ss, qtones'
and more substantial projections, the value of Ec:is unlikely to be_as high
as.thg.3;Vﬁnetre fizure that is generally assumed. Cne authority5jha$,

a N = ¥ 0 l ) *
in fact, suggesied o figure of 1iV/metre as being rore realistic, and even

.

*

lowar values for special cases.
The applicatior of eguation 13 to the rresent studies appears

to be unsatisfactory. All the evidence from rotatiné.lens cameras
(Schonland, Halan and associétes) shows that the wmropagation velocity of

the lowered charge is very slow and very nearly vniform over the extent

of the lishtning chammel from cloud to ground. It has been demonstrated

that it seldom exceeds a maximum rate of progression of (.0013¢ (0.39‘metres/
;;sec} and the subéequent leaders of a multistroke appear to be only about
0.0067¢ {about 2 metres4usec). Althouxh evidence at the lower end of the
leader chammel &s it epproaches the earth is not vlentiful, it can be
assumed that the velocily of propagafion is of the same order. Consequently,
if 1 = 2CkA, ¥ = G.3C metresjusec and Ec is 1HV/metre, the height of the
leader head above ground to 1ibera@e the upward streamer is found to he

about 920 metres or just over 3,000 ft. which seems unrealistic., At 2 metres
HEeC, h1_becomes 180 netres or about 530 ft., and it ia.élear that the

strolte current is eguivalent to the product of the charge and the propggation

velocity at this staze of the stroke mechanism is not wvalid when the latter

24

LD

0.3V /metre has been used in the case of the lightning conductor.




varameter is very small.

2.2 Ixronential charge distribution

)

.

the charge along the leader

h

If on exponential distribution o
channel is envisaged such that the chargs g at any heizght h above ground is

rerresented by

qQ, = U-e PP & P

where g 18 the charge at the gromnd end of thz channel, and {3 is a constant,
then the total distributed charge 9, before contact is nmade with the grownd

is clearly

rhe

; ?
] eF an e (15)
" . g
. Ja

Consequently, the ground gradient at peint p located as before, is Found

&

to be - J*a

™
1
)

/ VAN seseveeneaans (16)
'r! 12 )3/2 .
J,

s
Ny

Zolving equation (16) for hy, vhen y = C anid chz NV /metre, indicates that
ke is nearly 17 metres or aboub 55 ft., which eppears more reasonable than
_ul“ previous es amrle with the linear charze distribution, and is now
direcily cony alabLe with artificial discharges.

The curves, A, B and C in fisare 2 are all derived from ejquation
14, and show the ground gradient directily below the leader head as a function

of the heighi of the head above a perfectly flat earith for stroke currents

-
of 20ich, 4CKkA and 60kA. The limiting value of &w:is taken as 1MV/metre.

3.2.3 Ihe induced volbzze component.

The voltage induced in a line conductor 25 ft. (7.62 metres)
above earth and distance y from the verticgl rrojection of the descending
leafler head is described here as the nrestrikxe voltuge. A necessary
'mombonent'for she computation of this volzage is the nresence of an nywa?d

streamer of scme maznitude. In generzl, this reguires isolated ground

Apvendix, 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
with 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 peint discharge and corona from
grounded objects, part of which contribute to the liberation of the upward
streamer, influence the electric field distribution and regquire attention
also. However, these areas of comprehension are-outside the scope of the
present work and only a single contribution consisting of a chaige
déscending 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 0.001¢, yielding the anticipated shepe according
to the parent curve. Thus, the rate of chenge of ground gradient for
one coulomb charge corresponding to a stroke current of‘20kA is ghown
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 streasmer moves wWith 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//usec, a stroke current of éOkA’then the separation

corresponding to a critical ground gradient of ﬂfm/metre is about 17 metres,
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80 that the pulse duration corresponding to this distance is

t = __L1 - 21-8 Sec.
P ° Zxo0.39 ~

Where the velocity is increased approximately by a factor of five, as
%ith the second and subsequent leaders in the multisiroke case, the
pulse duration is reduced to about 4/usec.

It is tacitly assumed éo far that the streamer starts from the
ground surface but, if the prestrike concept is to be used, it is esgential
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 ijects 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 upward streamer, has the effect of increasing the prestrike
time. OSince the rate of progress of the streamer also influencés 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/
‘/usec to 80 metres{f;sect in which case, a prestrike period occupies
less than one nmicrosecond and ite influence is of no coneequence. A slow
velocity of propagation of the streamer is therefore essential. The

process of passing from point discharge to plasma streamer is most likely



to follow® an exponential law, but in the absence of field data, it iBs

assumed that the streamer proceeds at the same rate as that of the

descending leaderx héad. The shape of the prestrike voltage pulse induced

in the line conductors is likely to be similar to the rate of change of

ground gradiént characteristic, and since the leader head charge in the

. majority of cases is negative, the induced charge is positive corresponding

to the bound chqrée on the conductors.
To calculate the induced voltege in a conductor 25 ft. (7.62

metres) high in proximity to the ground object, an image point ¢harge

q' is considered equivalent in distance to the highest point of the object;

A simple equation then defines the wvoltage as

v = 4‘:‘96 .[(y2 e m-n)?E S G2 e (e n)E| L7
o) .

where y defines the horizontal distance as before, of the point p located
. . *

in this case to the line pole and h w 7.62 metres. A set of constants

is calculated from the terms within the square brackets 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

"h metres y = 10 metres y =» 20 metres - y 2 30 metres - y = 40 metres'

e o i s e e ——— .- s et s pn e e e e e e e

0.01510605

10 0.04792593 _ 0.01213278 0.00448649 0.00207722 - .
15 0.04041138 0.01386460 0.00577766  0.00283449 -
20 0.02879402 0.01318945 0.00628995 0.00331013

' 30 - ' 0.00584647 0.00593531  0.00360616

The computation of the voltage follows in teble 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//usec. Thereafter, it appears to be

twice this value corresponding to the prestrike period. The distance y

*
for use with alternative charge densities.
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may have a lower limit subject to the attractive effect of the height h,

but for the single prestrike component ascessment this influence is not

considered.
Iable 9
-h; netres h « 10 metres 't " h e 15 metres {
100 4.79 1.21 0.44 0.21| 4.04 1.39 0.58 0.28;
90 5.66 1.43 0.53 0.25] 4.77 1.64 0.68 0.33§
E 80 | 6.95 1.76 0.65 0.30 | 5.86 2.01 0.84 o.4i,
E 7c 8.63 2.18 0.81 0.37 7.27 2.50 1.04 0.511
% 60 §11.02 2,79 1.03 0.47 | 9.29 3.19 1.33 0.65
| 50 :114.14 3.57 1.32 0,611 11.92 4.09 1.70 0.84
40 ?18.69 4.72 1.75 0.811 15.76 5.41 2.25 1,41
30 [23.96 6.06 2.24 1.04 : 20.21 6.93 2.89 1.42
20  138.34 9.69 3.59 1.66 i 32.32 11.09 4.62 2.27
; 17 147.93 12,11 4.49 2.08 ;| 40.41 13;87 5.78 2.83 %
i 16 152.72 13.32 4.94 2.28 ! 44.45 15.25 6.36 3f1é g
g 15 57.51 14.54 5.38 2.49 | 48.49 16.64 6.93 3.40
i 14 }62.30 15.75 5.83 2.70 ; 52.53 18.02 7.51 3.68
g 13 67.10 16.96 6.28 2.91 ! 56.58 19.41 8.09 3.97
E 12 |71.88 18.17 6.73 3.12 | 60.62 20.80 8.67 4.25
g 11 76.68 19.38 7.18 3.32 | 64.66 22.18 9.24 4.53
2 10 82.43 20.83 7.72 3.57..l 69.51 23.85 9.94 4.87
f 9 91.06 23.00 8.53 3.94 i 76.78 26.34 10.98 5.38
i_a 8.5 100.64 25.44 9.42 4.36 ; 84.86 29.12 12.13 5.95

Figure 9 indicates the shape of the induced voltage

y = 10 metres for verying heights of ground object.

characteristic et

The prestrike

period is shown and occupies a time of 21;B)usec when the charge is

one couloub.

The maxipum prestrike voltage when y is varied from 10 metres

to 40 metres is shown slso, in figure 10, as a function of the height of

the ground object. Figure 11 gives the prestrike characteristics for 'y = 10

metres only.



Table 9 (continued)

|

Ih1 metres h = 20 meires h = 30 metres
100 2.88 1.32 0.63 0.33 1.51 0.98 0.59 0.36
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 16.52 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 46.07 21.10 10.06 5.30  24.17 15.75 9.50 5.77
10 49.53 22.69 10.62 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
8.5 60.46 27.70 13.21 6.95 . 3i.72 20.68 12.46 7.57

-

3.2 Surge impedances.

3.3.1 Overhead lines.

kilovolt. s

Pl

The surge impedance values for single conductor and three

conductor overhead lines at 17 £t. 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 releveni to the 11kV system, in Table 1 on page 9 ref. 8,FPart I.

The calculations are based on the absence of the intermal flux linkage
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component, 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, ané hence all line condﬁits are
considered lossless in the case of the h.v. distribution circuit.

The effect of line sag on the computation of surze impedance
is examined on the following basis

(1) the calculated line sag is found to be about 7 ft. if a
copper conductor of 0.1 inch2 cross-section area is used. The line
supports are taken as of egual height above level ground with an'average
spacing of 400 ft. The worst conditions.of loading are assumed. A
parabolic equation is found satisfactory since calculations reveal that
divergence from the catenary solution does not begin until a span of
about 700 ft. is reached.

(ii) the mean height with line supports of 25 ft. sbove ground;
assuming a parabolic curve, is then calculated as 20.66 ft. Since the

self-surge impedance of the single conductor is obtained from the equation
Z e 60 1oz 4B onms
o e 4

substitution shows that Zo is 476 ohms. This is a decrease of 2.2&%

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 will have

less sag, it is therefore considered that the effects of line sag need
-not be‘includéd.

The calculated critical disrustive voltage for a single conductor

is about 110kV allowing for air pressure and temperature adjustments.

This assumes 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 E;, a reduction in the
latter, as suzgested 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.
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for the three conductor horizontal system is about 170kV.
The effeet of increasing the voltage above the disruptive wvalue
is to increase the corona envelope which results in
(i) an increase in the line capacitance? which 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 va1u96 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 = 0.95¢, then for a conductor cross-
section of 0.1 inchz, this gives Zo a value of 462 ohms which is a
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 can be 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 and Transformers.

The assessment of cable surge impedance 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 manufacturersinformation 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 mmch
less due to the proximity of the conductors and hence the surge impedance
is decreased. The amount of reduction is well within the parameter tolerance

allowed for in the surge analysis. Sipizlarly, it is noted that both belted
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and screened czble constructions are utilised in the 11kV systen, but
these calculated surge impedances for different conductor sizes also fall
witkin this telerance.

Urlike the lines and cables, the transformer does no® present a
linear, passive and bilateral element to travelling waves, and consequently
the surge impedance at the h.v. terminals is not a constant quantity.
However, an assumption is made here that as the excitat;Pn is brief, the
surge impedance remains unchanged in magnitude and form over the periocd of
interest. Utilising the propagation time of the winding and kmowm values
of series and shunt capacitances, the surge impedance can be estimated.

As with the previous data, values of surge izpedance have been taken from
ref. 8 Part I. Since both transit time and effective capacitance vary
according to the design end rating of the transformer, there is a large
variation in the estimated values. In general, the higher surge impedances
are assigned to lower rated equipment such as pole-mounted types and these

are the mejority of installations.

3.3.3. Ground return.

The calculztion of the earth retﬁrn path represents a complex
problem which can never be exactly resolved due to the non-homogeniety of
the ground, although CaXson established a working formula more than 50 years
ago. However, in the present study it is unnecessary to determine the
impedance of the 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 p#H according
to Bellaschiz g0 that its ohmic wvalue is then about 5. to the5/20'/»sec
pulse. The resistance of a single ground rod electrode is tsken as 25 .v
but the inductance and cepacitance 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 asccursacy.

The Schnyder-Bergeron system, known generally as the liethod of
Characteristics, is employed for the surge analysis of some basic sircuits
related to the field study. This techknique, pioneered in this country by
9

8
Arlett and Furray-Shelley, as devised by Bergeron;is one which is carried

out essentially in the graphical mode. B

The choice of the method of analysis is based on the f9llowing
observations:-

(i) For exploratory studies it is of great help to assume
that the h.v. distribution network is intrinsically lossless to pulse
excitation of this nature, and to introduce the effects of the earth rath,
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 sztisfies
the specifications above quite well and the Bergeron system provides an
additional advantage in that a readout of both voltage and current is
dbtained siﬁultaneously 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 Ggaracteristics. This fact can easily be verified by working an
example and comparing with the solution by the well-known Bewley Lattice2
method. The lattice system is pseudo-graphical in that the diagram merely
serves as a timipg device 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 FBec aperiodic pulse. The circuit parameters are shown as follows!

.
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and the circuit simplification that can be utilised.

e} s P 2 &

3

A
Z, of each section is 5154, Y, = 4 msec. T.= T‘= 2 msec

equivalent circuit A
8 SI5a P 257-5a ‘&

s 4ps | T"z’“l -
a - a,'q_—
—»r b !-——r b
reflection coefficients: as 0.33 31 = C.975

refraction coefficients: b = 0.0667 b1 = 1.975
incremental time At = 1/“sec.

The voltage distribution is summarised in the following four general equations:

Exp = By(t) +  aBp(t -7X) (18)

By = alBp(t) + aE(% -‘t’)] ' - (19)

v
b
"

B 4 a1 - EGer-D e
\

- &, (% +‘[-t.) (21)

E - bb-EB(t) + aE,:.,('c--T)J

The lattice solution is shown in Table 10 togethexr with the Bergeron
comparison. Using the former as the reference, the Bergeron results show
a maximum veriation of + 1.5% at terminel P, and + 6% and - 4.6% 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 methaed with
only two observers.

Due to changes in cross-sections of overhead line and cable
conductors, there is some 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 iapedances is from 506... to 4434 and from the V/I characteristics,
the corresponding angles are 21036|and 24030'. Hence the divergence angle is
2%54'. Similarly, for a conductor 25 ft. in height, this angle is 2°30 .
Tﬁe divergence angle is less for the three-conductor configuration due to
less difference between the maximum and minimum surge impedances. The
diverzence angle in the case of the single-phase cable, has a maximum of
3024' and again, is less for the three-phase case. Transformer surzge
impedances on the h.v. 8ide establish a divergence angle of 2.250. Since
these angles are seen to be small the Bergeron analysis can be réduced,
under certain conditions, by introducing standard solutions to reiterative
problens.

It is unnecessary to consider three-conductor surge response when
investigating related section transit times, since the single conductor system
provides an adeguate model and the TIM mode of propagation is without

conplication. Hence, the analysis in section 3.4.2 that follows covers

five of the basic circuit topoclogies as single conducitor systems.

3.4.2 Bifurcated system (first series)

8 ] ¢ 2 'ad

3
A

The propagation velocity is the same for 2ll sections and is
therefore the basic type c tee-off system. Each section has a surge impedance
of 515.a and the bifurcation is terminated by transformers Z = 2Qksw . The
surge analysis examines the responses to varying transit times in the
different sections. A chart, showm in table 11, indicates the permutations
made available by the adjustment in the electirical lengths, and hence
32 Bergeron diagrams are required to compkete the series. The response
curves, figures 12-23, are made up of:

(i) the voltuge at the terminations A and C

(ii) the relation: between the voltage and current at the junction P.
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For item (i), the characteristic responses are displayed in group pairs
from table 11 corresponding to units of transit time allotted to the section
B-P. PFor item (ii), serarate displays of voltage and current are necessary
te aveid 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-4, and providing that winding is given a transit time.

3.4.3 Cascaded systems.

. ( . 2 {E)
A B < D

This configuration represents the elementary circuits f, g and h.

(i) Second series.

The effects of a propagation time in the h.v. windings of the
transformer 24 are examined by means of 4 Bergeron diagrams, and Z4 is
either 4 ka or 10 kn.. The surge impedances of the coﬁduit section are
respectively 21 a 443 1., 22 =22 , 23 = 506.. No change is made in the
transit time of the two lines and the cable, which is the samé for each
element. The transit time of the winding is either zero or twice thet of
any section. Figures 24-27 show!

(a) the relation between voltage and current at the terminal B

(b_) the voltage and current at the terminal € 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 diagrams for varying transit times to be applied
to0 line and cable sections. The transit time in the transformer winding
is not included. The surge impedances from A to D are respectively 21 = 480.~,

w 22.n and Z, s 464-~.. The terminal impedance is 18 k.., There are nine

% 3
groups of response curves whi¢ch express the following:
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(a) The voltage and current relationship at the terminal B.
Figures 28-30.
(b) The voltage and current‘relationship at the terminal C.
Figures 31-33.
(c) A comparison between voltage at C and at D.
Figures 34-36.

(iii) Fourth series.

This is a similar circuit but with slightly modified line
parzmeters, the inclusicon of a propagation time associatéd with the h.v.
winding ¢f the terminal transformer, and a different apericdic impulse.
The line surge impedance valyges are Z1 = 464 .. and 23 = 506.cu . ' The
enalysis is limited to one adjustment of transit time in each element
except that for the winding which is given a double transit time. This is
sufficient to compare the pattern of behaviour with the previcus 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 ghservations.

Additional analysis yields the following information,details of
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 w#ith the linear
wavefront end are therefore not included.

(ii) The alternative 8/40 psec wave produces exactly the same
pattern of responses at the discontinuities as the shorter pulse. The rate
of rise of the voltage an& 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 ) sec excitation is the better
measure of performance in the present study.

(iii) The behaviour of & system to an incident voltage made up of a

negative veltuge 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 coordinzte locztion considered to be the threshhold voltage. At this
noint, the line characteristic therefore changes its slope and, since the
surge impedance is reduced, the angle decreases. The anglysis then continues

in the same mannexr. as before.

3.4.5 Tne three conductor system.

The effects of two and three-conductor tee-offs'from the feeder in
the elementsry type ¢ circuit, is covered ir the appendix. It is clear
that as all the prcpagation eguations must comply with Kirchhof{'s laws,
the net effect of varying transit times is essentially the same as in
single conductor systewms. The three-rhase response, associated with any
conductor configuration, involves the aprmlication of a modal transformation
so that the three interacting conducters can be made three independent systems.
The surge analysis is carried out in the modal domain and therefore normally
requires three Bergeron diagrams for each solution.*

It has been showm by W;depbhl,10 using eigzen value theory, that,
for lossless symmetrical systems, the symmetrical component transformation
can e utilised as amodal matrix. The use of this well-lmown transformation
is avoided by Adams11 on the grounds that it is primarilj a power fregueéncy
technique for use with three-phase excitation. PFurther, although accepting
that the ClarkégKimbarke transformation is more suitable, Adams maintains
that this also has deficiencies, the chief of which is associated with
cornductor asymmetry. However, this criticism appears to rest entirely upon
the nature ¢f the problem to be solved.

The triangularxconductor configuration represents a symmetrical
system but the horizontal arrangement is only partially symmetrical as
déscribed by Jedepohl, and here the system of impedance and admitiance

matrices are of the general forim :-

* Appendix. X equilateral
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. . ]
HE - - |
21 21p %y ‘ | 11 Y12 T3
2% 1By Pyp Zp3f  mmd ¥ o= Ty Ty Ty
Z - -
RELRE 33| 731 Ta2 iz

A minus sign precedes the off-diagonal terms of the admittance
matrix due to the final form of the charge eguations. The assembly of

these mairices is based on the assumption that

8y = Ty = Iy -
210 = By = Byy = Dy,
and Z13 = 231

If equations 1, 2 and 3 are rexnlaced by ZA’ ZB and.Zc respectively then it

may be written that

I T T
{E1 A B Bl i Iy
) _ i ‘ _
iEz = ;ZB Z, ZBi ; 12|
1 | i
*IE v 7 ’ i
Bl | “c %g ZAl 13‘!

which resolves in an eigen value rroblem to find a modal transform to obtain
three indevendent eguations. However, on the basis of an approximation which
will suffice to give a pilot assessment of a three;conductor response in
these cireuits, the alpha, beta, zero transformatién has been chosen for the
"B;ggeronanalysis of the type ¢ circuit. This transform provides the following
two advantages over the use Qf symmetrical components:

(i)} It does not lead to complex numbers which, although
accomnodated on the Bergeron diagrams, give rise to complications.

(ii) Whefe the positive and negative sequence impedances are the
same, as in the case of overhead lines, the application of these components
generally leads to less work in the solution,

It has already been stated that the need for line transposition is
relieved by the relatively c¢lose proximity of the conductors, and further, the
rresence of limited 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 inte the problem of obtaining the resronses, aided by
the assumption thst all three conductors are eaqually pulse excited.

It remains to resolve the values of the primary constants L and C
of the horizontal arrangement oﬁ 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 conductivity.

e— dgg —
= J'z—'r-- d23’, o lr\t—kzcondur_rOo-s

e Y AT

c_onduc.h:-r.s'\".‘ ! line G BSI320
r}-\Z'G.';";-Z‘Gu-P nol Lo geale
)
\ \\. \
SRR : hs2sfc
. \l \ \ i j
dige d231 where P = Petenlial cocg’lcu\:n!'; Hien
o \ j 2
: \ . i P A .'o _.l‘ L P 1 N
eaclt plane, . .\ S ; Y de 3z oo
| P *‘ . P"S = -‘- - ,oje d":"' belhiGeen conde®"
| '&‘ xdl'}'\l ZR €4 dee
A O R Simelacly,
5 \ ' ‘\ \ L l Zhw
i l \ l
Imosge ' li "\‘\‘ Lps = /:-_0 ch 4_!_-)-' mubial veluck
conduclors - ' \i ZiR oley
NPT SN & U & S
oll dimensrens 1n mebireg

d, = 0.762 dp = 15.24 dypr = 15.25

6-23 = 00762 d22| - 15.24 d23| = 15.25

d31 = 1.524 d33| = 15.24 d13r = 15,32

The computation of the line constants can be reduced to some extent by using
the relation L = A¢ EO P. Then er w/uo 50 Prr’ and Lrs 7—10 Eo Prs.
Yow if By = Py ¢ PyQ, 4 Pyy Qg
By = Pog @+ Fpp @ o+ Fp3



on substituting for the calculated values of F (usinz the diagram) and

arranging in matrix form, these equations become
g q

-

5

2 H

|

&)

c B

|

By

-

14.6 2.995
2.995 14.6
2.3026 2.595

2.3026 .

2.995

14.6

solving for QH’ Q2 and Q3 in terms of the

| {Q1
%

%

12

10 X

S

and rearranging

Y
1012 X Q2
Q

3

it

L)

7,25E,
-1.3 B,

-0.876E,

5.074E,
4.79 E,

5.084E3

1.38,
7.39E,

1.3 E2

1.3(E1
1.3(32

0.875(E

!

|
n
!
P
|
H
l

J

potentials E1 ; E2 and ES

3

0.876E3

3
3

E

1.3
7.26 E

E2) - 0.876(E1 - E3)

E1) +« 1.3 (E2 - E3)

= E1) + 1.3 (E3 - E2)

from which the capacitances (i) to earth, (ii) between conductors, are:

C11

Cog

Cy3

(i)

n

[ }]

#

5.074
4.79
5.084 |

Cio

F}:Rﬁnetre (ii) 013

023

=

1.3 }

i

4 [}

0.876 IJ_;.F/metre
|
|

1.3

7/

Using the equations on the previous page relating the self and mutual

inductances to the potential

cogfficients, the constants are found to be

(iii) self inductances, and (iv) mutual inductances,

Ly

Loy

L33

(iii)

=

b

1.63 {
1.63

’

1.63

Fow, the M matrix is represented by

j+H/metre

(iv) L

and its inverse resolves as shown overleaf :-

Lo

13
L23

as

It

0.334

e S—

0.256 ./uH/hetre

0.334

| P

184



1 1 11
-1 _
5] s % | 2~ 1 = 1 E
Lo 373
oL 2o
Since Q[__V] - [L][C] 3__’_‘]_' = 0
dx dt

Wwhere [V] is a column matrix, a set of independent equations may be

derived from the diagonal matrix resulting from the computation of

(1]

s the velocity of propagation is then available for each

t[L][C][M] | “..J..“(A)

and since v = 1
since = LC
conponent.

Similarly, if 202 is found from

-l I
(1] du]ic] Tu] veereenens(B)

—1y

the three modal surge impedarices can be found in the same manner. Hence i

follows that when

1,63 0.334  0.256 |

3

0.334  1.63 0.334 !
| 0.256 0,334 1.63 :

o

5.074 -1.3 -0.876
=i.1.3 4,79 -1.3°
-0.876 1.3 5,084

—_
|

and [C

SN 1

 F——

and the inverse of this matrix is shown to be

0.226 0.078  0.059
—i
[c] :f 0.078 0.250 0,078

S |

| 0.059 0,078 0.226

then equations (4) and (B) can be resolved.
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Swmnarising the results as modal values of - and ZO '

Cozmonent Velocity of propagation Surge impedance
Zero 0.408¢ 0.92 ZD
Alpha 0.352¢ 0.46920
Beta 0.352¢ 0.459%

It is now possible to carry out the Bergeron analysis on the
network. A ster function pulse could be appligd at this—stage, the response
from which, by means of Duhamel's theorem, ﬁould serve as the foundation
for an investigation of the effects of differing shapes of induced tulse.
This is beyond the scope of the present work however, and a 5/2Oth fsec
linear pulse represents the forcing function. The results obtained in the

medal state are transformed back inte the real system by means of the

operation

v, = b [v]
and sample resvonses are shown in figure 40 correswsnding to group 2 in
Table 11 on nage 187. The overall results are seen to differ only slightly

fromn the corresvonding single conductor responses in figures 13 and 17.




Group No,

Figure No.

Table 11

Ratio of section lengths - Type C tee-off circuit

23

4

_20

22

19

21

‘In urit sectic
lengths, due
to reflection
at A.

4

5
S :
e - —

10

11

12

14

lgL
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PART TV.

Discussion and conclusion:- Frestrike influence and surge analysis;

relationshiv to field study; predictable and anomalous resnonses;

further worlk.

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 ovérwhelming
.predominence of transient feults, a large proportion of which are fuse
operations. On this basis, the effect of annual variations in thunder-
storm frequency and thunderstorm intensity need not be considered. Although
both contribute to the total number of lightning faults, the number of
transieﬁt faulté is always well in excess of the number of persistent faults.
Good examples of thé reaction to these two excitation variables are to be
seen in the records for 1971, 1973 and 1974.

Some fuse agctions take place at the same time and it is shown that
about one third of all the fuse faults during a storm ére linked conductively.
Hénce, Miller's conclusion, that several rod-gaps flash over simultaneously
due to veltage doubling which then leads to follow~#hrough power freguéncy
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 persgistent fault classification.
kost rod-gaps are connected either at the transformer terminals or very

close to them so that the high failure rate is probably linked with the
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simultaneity of fuse operations in these instances.* The failure of
cables, as distinct from cable boxes, likewise is to be associated with
the travelling waves aloné.

Again, simple fuse action in isolated circuits is to be
attributed to the natural propagation processes followingz single ground
strokes, Simultaneous fuse action, however, asppears 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 sevérity than usual, it remains 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 infréquent
to account for the response. Nevertheless, they serve to explain how
outages can ocecur at the same fime in remote circuits several miles apart.
Clearly, additional factors ére needed to account for the raising of the
surge levels in independent local circuits to produce instant reaction.
Therefore it is very necessary to take into account the topographical
features of the faulted areas, the disposition of the overhead lines and
the prevailinz 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 fajlures can be associated with the fuse-faulted networks in
case studies 5, 9, 13, 16, 22, 29 and 40, but it is well knoewn 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.
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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
leader head as it begins to noticeably affect the ground gradient, is
transferred to elevated and isclated 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 té&en as a point
charge. With its liberation, an overhead line in close vicinity. is then
subjected to a short pulse of excitation which is termed the prestrike
voltage. A single tree or building of greater height than the line is gll
that is required to present the conditions for pre-execitation. Further,
it is assumed that the prest?ike component is a frequent contributor to the
total pulse excitation, but it is only fecognisable on some of those
occasions when the associated faults appear to be more severe than would
normally be exvected. This maj be under circumstences where, apart from
the presence of those special ground features, travelling wave responses are
predictable. On this basis, guite modest indirect surges in the lines-due
t¢ a single stroke may well be anficirpated by presirikes of greater magnitudes.
The maximum prestrike volitage depends, of course, uron the nearness and
elevation of the ground object in.relation to the line. With some margin
between mexima of the two pulses and with only a few microseconds separating
them the initial damage done by the prestrike 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 faults asscciated with the case studies, and in some of those
instances this has been done in resrect of the threejfuse fault as discussed
in section 2.3.6. Other examples that could be considered are some of the
cases with 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 surce analysis.

4.3.1 Terminal responses.

(a) Tee-off svstem. (Basic tyre c, single-velocity circuit).

References: Table 11 and figures 12 to 15.
General notes: The extension of section BP is the deszree of remoteness
of the point of excitation with respect to the tee-off at T, and to the
terminations C and A. The behavicur 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 maximmm value is Seen to be 1.75. 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 withstand value of a distribution transformer is
55 kV, an incident surge of about 60 kV is sﬁfficient to endanger the unit.
(iii) The maximum resvonse in either of the above two configurations
is reached in zbout the same time.
(iv) The pulse duration lengthens with distance travelled by
the surge.
(v) The responses in groups 1 and 3, corresponding to figures
12 and 14, possess characteristics which reach a maximum of 1.705 per unit
voltage. Thus, en incident surge only slightly greater than that in (i)
presents a similar hazard to the transformer insulation. The critical
configurations are when BP is the same length as FC but one fifth of the
length of PA or BF is three times the length of PC and three quarters of
the length of PA. -
(v¥i) 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
gradients of most of the responses in groups 1, 2, 3, 5, 6 and T,

corresponding to figures 12 to 14, are similar.
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(vii) The responses due to the configurations in sroups 4 end 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 the section EP.

(viii) DNatural oscillations of about 250 kHz are displayed ir some
responses in &ll groups, end 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 sé&e as at A for
the equivalent ratios.
Summary: The principal groups showing maximum per unit voltage response
are shown below in relation to the magnitude of an incident surge, (in kV),

required to equal (A) - the withstand voltage of the transformer (95 kV), and

(B) - the 50% flashover voltage of the rod-gap across its terminals (81 4V).

Groups Kax.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 50.560

(b) Cascaded systems. (Basic types f, g and h mixed-velocity circuits).

References: Figures 25 and 27 related to the effects cf transformer
winding transit time.

(i) The terminal voltage response when a transit time is given to
the transformer winding shows that an attenustion 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 Zo = 4 kou and the same transit time as the
other circuit elements, the reduction amcunts to about 3%, but when Z0 = 10 koo
this becomes 2.3%.

(iii) #ith higher surge impedances given to pole-mounted units the

difference is likely to be only marginal, so that the effect of winding time
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is not very important and is dispensed with in the other studies.

(iv) The current response is of only small magnitude but nevertheless
shows the converse effects to the voltzge and is seen to increase when &
propagation time is given to the winding, but less s¢c when the surge
impedance is raised.

References: Figures 34, 35 and 36 related to the examinatior of varying
transit time in several circuit elements.

(i) The shorter lengths of line 1 and cable, and therefore the
lower transit times in thése sections, produce the maximum effect, but all
the configurations associated with line 2 give rise to high meximum values.

(ii) The slope of the pulse over its principal part is seen to
decrease with increasing length given to line 1, or alternatively, with
increasing length given to the cable, i.e. the pulse lengthens with
distence travelled.

(iii) The slope of the pulse remains approximately constant and
independent of the length*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 iwice the length*
of either line, or line 1 is the same length*as the cable and twice the
length of line 2. The meximum valuss of the responses are then 1.765 or
1.62 per unit voltage.

{(v) The critical length of the cable is the simple case when its:
transit time is the same as 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 secitions showing maximum per unit voltage response

N .
electrical length.



in relation to the magnitude of an incident surge to equal (4} - the
withstands voltage of the transformer, and (E) - the 5C% flashover voltage

of the rod-gap, is given below:

Sections Kax. A B

Line 1

cable |— 1.765 53.8 45.9

Line 2

Line 1 1.62 58.6 © 50.0

Line 2 1.78 53.4 45.5 .
" 1.805 52.6 44.9

4.3.2 Intermediate responses.

(a) Tee-off system. (Basic type c, single-velocity circuit).

_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
voltage pulses with maximum values of similar order are present with groups
1, 2, 3 and 4 also as distinct from the other groups.

(ii) The voltage characteristicsof the first five groups have
greater rates of rise over the principal part of the pulse front than the
voltages representing the remeining groups.

(iii) .The groups with the lower transmitted voitages have longer
dwell times in the crest region of the pulse than the voltages in the
remaining groups.

(iv) The highest current resgonse occurs in group 3 where _the
maxigpum values are substantially greater than 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.
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(v) All the current responses in each: gréup initially ouild up
from the same point and their ultimate crest values cleariy devend upon
the system itransit times.

{vi; In all groups, some current responses show 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 zccompany the minimum current resgonses
in several cases prior to oscillation.

(viii) The maximum value of the current pulse is displaced in
relation to the voltage when alterations take place in the transit times.

(v) Cascaded systems. (basic types f, g and h mixed high velocity circuits).

Referencest Fisures 24 to 27 related to the effects of transformer
winding transit time.
Observations:

Junction C.

(i) The highest voltage response is achieved when no transit time
is given to the transformer winding. This is a maximum when the transformer
surge impedance is 10 ka , but still lower than the cofresponding maxirmum
at the termination.

(ii) With increasing transit time in the winding, voltage
attenuation increases but this is also governgd by the magnitude of the
surge impedance as with the terminal responses.

(iii) Larger currents are produced when the winding.has the lower
surge impedance but the maximum value is reached only when all the cirduit
elements have the same transit time. Thereafter, an increase in winding
propazation time reduces the maximum current unlike that response at the
terniination.

(iv) The current tulses attain their maximum vzlues before the
voltage pulses reach their maxima in all cases independent of the value

given to the winding surge impedance.
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(v) Double transit time given to the windirg increases the time
to reach the maximum Valué of both valtage and current resnonses but the
voltage pulses take the longer time.

(vi) Current perturbations are established when the winding surge
impedance is 4 k.., which appear as oscillations of frequency 0.5 LiHz.

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 8till relatively high in comparison with the terminal voltage:

(ii) Similarly, voltage attenuation takes place with increasing
propagation time in the winding as at C and D.

(iii) The voltuge levels generally are not cach lower than those
at junction C.

(iv) The highest current response is obtained with double transit
time and the lowest surge impedance, as in the terminal response.

(v) Current pulses lead the voltage pulses in the same manner,
azain 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 26 to 33 related to the examination of varying transit
times in several circuit elgments.

Observations:
Junction C.

(i) ‘The shorter lengths of line 1 and cable establish the highest
voltage responses. ‘This is also true of the current resnonses.

(ii) Similarly, the slope of the voltage characteristic over its
rrincipal part is seen to decrease with increasing length gziven to line 1,
and to the cable independentl&. 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
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little changed for varying lengths of line 2.

(iv) The voltage levels, compared with the terminal resronses,

still remain high for all variations of transit time in those circuit élements.
(v) Current responses decresse when line 1 or the cable

propagation times are increased, but increase considerably when line 2

is lengthenéd.

(vi) Haximum currents are 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 eifher 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) Current 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 to 35.7 kXHz in the cases of the
inflqence of line 1 and the cable, there is mch less variation in the
frequency of the responses due to changes in line 2. There are also less
d;aturbances 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 fails off more rapidly when the
cable length is increased.

(ii) The voltage responses behave in a similar menner as at.the
previous junction, with the pulse lengthening with distance travelled
either in line 1 or the cable, but remeining nearly constant for any changes
in the length of line 2.

(£ii) Maximum 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 liitle effect upon the
current characteristics.

(vi) Again, with a lengthadjustment of line 1 or the cable,
the currer}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 resmonses decrease with an increase in the length
of line 1, but build up for an increase in the lengzth of the cable. Thus,
the effect of the cable is opunosite to the corresponding responses at
Junection C.

(viii) The oscilletory nature of the current responses ig sgain
presenﬁ and small perturbations appear in these pulses only due to the
variaticn of propagation time in line 1.

4.3.3 Sneciel features.

Group 3, associated with the basic type ¢ circuit, produces 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 configuration
also establishes a very high voltage response at the transformer terminals
(section 4.3.1). No other permutation results in a voltage-current reaction
as efficacious, and hence this particular arrangement is to be noted. 4An
incident rulse circa 48 kV is sufficient to flashover rod-gaps across the trans-
former terminals, whilst the surge current st junctiop F is cilearly very
much leeger than is normally the case.

The current relationship, with the corresponding voltage, at

Junction points associated with all the basic circuits examined, is shown



230

to vary considerably according to the timing arrangements of the connected
circuit elements. The maximum value of the current seldom coincides with

the voltage maxinmum but méy vary up to a period of Sﬁksec 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 anlinodes at locations given by the

yVorhoTd
. . R AR . . .
corresponding distances S 2 ete. along the line. For an apericdic

pulse of gath}(sec delineation, these roints are respec;ively 1500 metres
4500 petres etc. or 5,15 etc. microseconds of time. ‘fhere the velocity of
rropagation is less, as in cables and windings, these fiéures are of coﬁrse
modified esccordingly. The voltage standing wave ratio can be found from
the section reflection ccefficient and is caloculated for the simple series
system as 23.4, 21.2 and 36.0. In a lossless line, both the reflection
coefficient and the VSWR remain constant, and alsc a VSR of 18 or more
means that at least 80% of the energy of the pulse is reflected. A
fortuitous combination of section lengths therefore allows the possibility
of substantial antincdal surge voltages to arpear between discontinuities
which may serve to explain the failures of FN16 line insulators, line
Jumpersg, pole boxes and similar line equipment. Apparatus associated with
antincdal points in this manner can bte 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 voltage winding be in
the fegion of 100 fyiF —910)va (Bewley), and the equiyment is pole-mounted,
the inductance of the downlead is about 16 /:H (Bellaschi)}. The ground-rod
assembly is assumed to be not greater than 25.~resistance (Blectricity
Authority),neglecting the effects of its capacitance and inductance. The
resulting termination is then a simple R-L-C series system to which the
incident pulse is first applied. The roots of the auxiliary equation,

obtained from the differential equation defining the voltage distribution when
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this is equated to zero, is to be found from:-

T
—R 4+ R - c
n

m =
2L

from which it is clear that 4%;>R2 for both values of winding carpacitance.
Hlence 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 thaﬁ G.1 uF, or the inductance very
much smaller than 16 #H to produce any!significant alteration. 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){590.* If a significant reduction in the gro;nd resistance is
achieved, it is easily shown that the perturbations are then sustained over .
a substantial period of interest.

If capacitance and iﬁductance are associated with 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 B, L and C
are calculated to be less than 0.1/¢sec and hence they are of no importance

here.

4.4 Conclusgion.

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 adeguate

evidence of this type of behaviour. Single conductor travelling wave

These calculations are based on ground resistivity of 102 ohm-metre
corresponding to moist soil,and a ground-rod of §" diameter (1.59 cm)

driven to a depth of about 15 ft. (4.57 metres).
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analysis, based on the assumption 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 conesidered as being constructed from a
number of basic circuit topologies whose propagation characteristics to
lizhtning-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¢
elementary 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 exeited from
an impulse genérator. i.e. the tee-off points are showm to generate a
steep voltage rise with maximum values near to the meaximum of the incident
surge. In this study these responses are clearly dependent upon the
length ratios. Hence, Ouyang's observation that with flashover at the
terminal station (end of feeder), the reflective wave, with 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 voltage
‘pulse appears'whose maxirmim value is very nearly as great as that of the
terminal response. At the first junction from the termination too, the
voltage gradient is seen to be little affected by changes in length required
to cocrnect to the transformer. This particular observation may well
explain the failure of connected arpparatus in similar tee-off situations.
Results from the analysis for various elemental configurations indicate

that the front of the pulse lengthens with distance travelled. These
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confirm similar effects found in Cuyang's vronagation study with a
synthetic pulse excitation, and also in Singarajah's oscillograms of
induced lightning voltages obtained from his field work. These effects
are also to be found in references 24, 25 and 26 in Part 1.

The grours of transient faults which are regarded as anomalous
are those which give rise to substantial responses which are not directly
attributable to direct sirokes. These faults ére unaﬁle to be assessed
collectively since each is likely to have different envi;onmental
conditions. Thexein lies the importance of the local topography. In
association; are those special features which allow 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 discontinuities, to provide large antinodal voltages at points
along the conduit also come within the anomalous category. The antinodes
may coincide with the position of line equipment thereby regarded as
weak-1linlk stiuctures. All the above shenomena associated with the single
stroke, are noi necessarily extended in the presence of multi-stroke
discharges since the point of excitation may have shifted. Thus a prestfike
charge is no longer present and large antinodal effects wvanish. Alternatively,
these manifestations may come into being during multi-discharges to ground.

Finally, the fact that rod-gap flashover is not uncommon during
thunderstorms leads to a belief that induced voltages 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 show that 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
show that substantially more bipolar surges are recorded than aperiodic
surges, but it is certainly not clear ho7 many of these. are due to

conductor coupling and how many are due to the influence of the upward

streamer. Another source of information concerning the voltage level of the

1
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incident surge is from measurements made on the low voltage side of the
syatem. Tne automatic recording of l.v. surge voltages has been made
within the last decade by Hartzioff and Hahnﬁover a period of two years,
from which these surges of lightning origin were identified. From this
data it is possible, in a few cases, to estimate the level of the surge

on the h.v. side of the transformer. The most frequent surges are found to
lie between C.5 and 1.2 kV, and more severely between 1.4 and 2.7 kV.*

All tihe 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 l.v. circuit, in which varistion is due
simply to the position of the 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-gans either
singly or collectively can be expected from time to time as part of the
propagation response to most thunderstorms.

It is considered that the object of the research study has now
been achieved, namely,

(1) that a summary of the present state of knowledge of the
generation, excitation characteristics and propagation of ;nduced voltages
" due to indirect lightning strokes has been given which 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 period
of sufficient duration; is located in an area of good topographical
interest possessing a high isoceraunic level (for the U.K.); and contains
a substantial number of case studies pertaining to the records of lightning
faults, for the characteristic hbehaviour 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 fundamental surge analysis has been performed
on revresentative elementary circuits which can be apnlied to the lishining-
faulted circuits in the field study to exnlain the predictable resnonses
therein. |

(iv) that additional factors have been considered and developed
to provide reasons for certain anomalous effects which are showm to take

place.

4.5 BSuggestions for further work.

13

The Bergeron analysis of the equivalent lossless three-conductor
systems is found to lead to complicafions on the drawing board which inhibit
extending this convenient mode of solution to anything but simple problems.
then considering the single conductor case with R and G absent however,
the "telegraph equations' are directly integrable and an exact solution is
available using D'Alembert's method. This 1ead§ to a particularly efficient
aigorithm for computing net énly the terminal voltages, but also the
incident and reflected voltages and currents along a.conducting systemn,
Branin2 and Dom—mel3 each develop digital programmes based on equivalent
impedance or adumittance networks representing the input and output conditions,
which may be modified for a three-conductor sclution through tne usual

4

matrix procedures. Altharmer and Frey' show that a chain of quadripoles

may be used to solve more complex supply networks, and AlthmmnerB, Dwek6 et al7
develop this for the multi-conductor numerical 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 digitel computer. The

networks selected from 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, theﬁ enables

attention to be given to formulating more precise rules for the location

of related protective apparatus.

The importsnce attached to the prestrike component here, also



presents a case for further development beyond the concepts used in this
study and hence refine its contribution to the fault patitern. The size
and shape of the corona envelope surrounding the leader hezd is knowm to
change as the head comes within the effective influence of the ground
below, and charge is drawn off by an elevated object. The evaluation of
the effects of this charge which, although virtually stztionary in space
but not in magnitude, is not cone 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.

MCHMLXXX

"AncSra imparo"

Michelangelo. Buonarroti (1475-1564).
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APPENDIX

TYotes nertaining to tne Bergeron analysis.

Hote 1. Ebcci‘l';ation.

(a) The linear vulse.

Front: y = ax.

a= 0.2 for 5/20 ~').vsec. ref.

a= 0.125 for 8/40 ‘}.Jsec. ref.

Tail: y- ~aX - b.

a= 0,033 b= 1.166 for 5/2Othpsec. ref.
a = 0.0155 b= 1.125 for 8/40"’}‘/.:390. ref.

() The exponential pulse.

g e Ale™ - &%)
a = 0.055 b = 0.495 for 5/20' Msec. ref.
a = 0.024 b= 0.35 , for 8/40. Hsec, ref,
Jppoth 4= e, N
|
; Hsec. ¥
6.282 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
0.938 6 0.975
0.958 7 0.9%
0.926 - 8 1.000
0.887 9 0.998
0.845 10 0.986
0.802 k! 0.973

0.762 12 0.958



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

(¢) The sinusoidal pulse front.

y =% (1 - Cosx)

5/usec. Sﬂsec.

Hsec. Cosx Vg Cosx Y
0.5 0.95 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 -1.00C0 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 bivolar nulse.

The positive part of this pulse is represented as either
the 5/20th,usec. or 8/40th}J380- pulse shape. Preceding this, is the
negative portion which should be taken as having about the same maximmum

value as the positive part on the basis that the most damaging response is
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then obtained. The wave shape approximates in form to the equation 5
shovm on nage 155 in Part III,

(e) The presirike pulse.

This also presents a negative induced voltage but spike-shaped
with the sudden collapse at the instant when the leader head charge and
streamer meet. There will be then a brief pause before the main excitation
appears. The rate of rise of the induced voltage pulse Que to the vrestrike
charge is shown to be less than the corresponding rate o} rise of the
incident surge from the return stroke process. ‘

Hote 2.

WTith two "Sbservers“ only, each graphical solution aprpears as a
gseries of large steps. A numerical solution follows the same pattern except
that there are many more steps depending upon the size of At used in the
programme. The Bergeron solution is shown here with coordinates joined by
straight lines to aid the interpretation.

Fote 3.

A suitable book-keeping techﬁique is available in the form of a
timing lattice which can be drawn in such a manner that the negative slope
represents a forward travelling wave and the positive slope is then a
reflected pulse. The vertical axis is also drawm to scale in multiples of
unit transit time.

Example: Cascaded system in second series (page 179 in Part III)

where "f,= 1;_='T;= % transit time in winding. 5/20th,%560- excitation.
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A3} receives first reflection from B.

A5 11 " n it C'
AT " ] i1 " D'
A11 " 1] L} i E.

Thereafter, these points continue to receive reflections and to

provide transmissions for most of the duration of the pulse.
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— Voltage-ampere characteristic
Forward travelling wave

Backward travelling wave

-Note 4. The three-conductor feeder.

If the single-conductor basic type ¢ circuit is replaced by a

three-conductor equivalent, the propagation conditions can be expressed in

the following way, using the matrix notation:-



] — 1 2
E” E1 E{! By
E = Zlg d E | - _lig ?
"“j ) 2i an 2i T 73| P
E T E3_ 1 l_m3_ R LE345 I

where the suffixes I, R and T refer to the incident, reflected and transmitied
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 modified into two
component- groups, namely, the surges in the feeder, and the surgés in the
tee-off section PA, to satisfy Kirchhoff's laws. It can be shown that these
two grouvs reduce to the following equations:-

For the feeder, the transmitted voltage is then

-E1 : [ I {0 0 0 ‘E;E_l
EE = 2|E ol + _1. 0 0 0 li E2
| 3[ ;‘ 33 J}

E3E T l_E_r T | Y13 Y23 Y33 LE3L I
and the reflected voltage

_[E1] !‘EM [0 o o IREN

EEZE =-%§E2i +-§%3-3§o 0 o0 Ez’

RN L B3l L3 To3 Y33b LBy g
For the tee-off section, the tran§mitted voltage is

!:E1'I . 2 |‘1 o 0] E11,

E2J 0 3io o 1] |=E
and

s o o

Byl = -g-.io1 é"E1 -_32(._50 0 E |

Eyl g Lo o) (B iy Yoy B g
and the reflected voltage -

LT

LB ) R |



and the itransmitted surge,

r - i

E1! ; 1 0 l io
§ 2: | g~ !
El = _".G 1 ]El - 2 O
2 3 1 ———ﬁ
5, | o 0' - SAEE N
3d o - 412l [ 13 T23) 1 "2
and the reflected surge,
[, [ E,1
§1| 1
N EEREI R
LB R T ¢

vi

If an indirect stroke is close to the feeder, the system is then

excited symmetrically. But if this stroke is close to the tee-off section

PA, the feeder receives ifs excitation through two of its conductors only

and hence excitatioh matrix now has only two terms.

The modal transform of equal voltases in all three conductors is

-1
then [MI [El

[+ 1 1]iE fE
1' E%- i
s l2a-1-1, B e {0
3 b i

L0 J3-J3, 18, L0

and for the two conductor excitation

"1 1 1 T E] [ &

: O ‘

Lo
Li2-1-1" &8 =3
5 Cl 2

e 1 O: B

IIRERTES 3
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Equal excitation in all lines therefore represents the simplest

forcing function associated with the Bergeron diagrams.

!



The total charge given by equation (15), on pags 162,

resolves as

@ = 7 (0 - B2 e, (i)

in which.ﬁ is a constent. The product of B and h2 when realised, results

in the exponential term—0, hence equation (i) is reduced 3o

9o

Q, = —p—- (ii)

The potenticl gradient at n, diajunce y from the vertical projection of a

p0int charge q at a heizht h above a flat plane is

. & = hq volts/metre

2RE, (02 L g3

so that the zsromd. gradient due to the leader channel becores

-

O . £ 3

-

6 _ __jﬁl_ . h.e_ Bh .dn volté/ﬁetre
g 2Re (h2_3r2)3/2 '
Parersaasraen e (iv)
hy,
and substituting for g from equation (ii)
ha

€D_ = K(_lt . 121'9“ ih.,/ e dh .

< (n - y*)7/2
9 N €2

where X =

nresent context, equation {v) is simplified by making y = C.

to the intezral c:n be nresented as a series i.e.

2
2 3

P

SRE Since the waximum ground gradient is required in the

The solution

Eu = th o= oot K1(1 - ioge 2h) + XK,h° - K h3 + K. h ..

4

where K1, K2, K3, K4 etc. are numerical constants extracted {rom the

series comnonents.
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