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AB ST RACT

Most outages of Extra High Voltage Power transmission

systems are caused by 1 i ghtni ng surges. To mi nimi ze such

disturbances and th,us enhance the system's reliability' it is

necessary to analyze the causes of shielding faiìure of the

transmission system.

I t i s impracti cal to provi de a suffici ently hi gh

insulation levet to wi thstand these surges. Furthermore, the

methods of shietding used in the past are ineffective in

improving the performance of modern systems.

I n vi ew of these i nherent di ffi cul ti es , a promi s i ng

solution has been et iminating the exposure arcs of the phase

conductors by shielding v'rires, which are generally required. on

E.H.V. lines. This thesis presents an effective shielding

scheme for the centre and outer phase conductors. The optimum

height of the shielding wires, the concept of negative shielding

angles and the effects of grounding, all of which are necessary

for effectively shietded transmission lines, are investigated,

and the results are presented in useful curves.,t.ì
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CHAPTER I

I NTRO DU CT I ON

I. I BRIEF HISTORICAL REVIEt^I

since Benjamin Franklin's experiments for the first
practicaì protection device against I ightning, the I ightning
rod, time and effort have been devoted tc modeìling the actual
I ightning performance, establ ishing its basic parameters, and

applying them to the protection of tall structures and power

transmi ss i on systems. I n I g4l l^lagner and Mccann I .onducted

model investigations of the effects of shielding, and recommended

shielding angles of thirty to forty degrees, based on this work.

1 .2 SH IELDING BY GROUND hlIRE - AIEE METHOD

In 1950, the Lightning and Insulator Subcommittee of the

AIEE Transmission and Distribution Committee presented a report
entitted "A Method of Estimating Lightning performance of
Transmission Lines".2 This paper summarized the work of many

authors and presented a comprehensive review of the factors
affecting the I i ne performance. The effects of shielding an9le,
height' and spacing presented in this paper are based on the model

studies by l^lagner and Cìayton3 with the results shown in Figure l. 
iIn the 1950's and .l960's¡ power consumption increased very rapidly,

ìeading to the development of ever-higher transmission voltages

and thus tal ler structure and greater average heights of i

transmission I ines. As large numbers of 345 KV. ì ines were
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bui I t, i t became i ncreasi ngly apparent that the AI EE method was

i nadequate. For exampl e, the 345 KV. Li nes of 0hai o Val I ey El ectri c

Corporati on experi enced over seven outages per one hundred mí I es per

year. The use of the AIEE method resulted in only 0.5 outages per

:I one hundred miles per year.

After rigorous investigations in the field of ìightning
mechanisms, Young and Clayton4 concluded that the last step of the

j leã¿er,-du-ring which the return stroke begins, is of great Lil'.''

limportance.ItwaSasSumedthatconditionSaresuchthatthere

if.tle oì nô fc a c#qnt,^ È^ L.:¡ -r--- 
:

i is little or no tendency for the stroke to hit any given point
until the last step, when the nearest ground will be struck.
The ìength of this last step, denoted by Fs, and called th. I

, "strike distance", thus forms the basis for geometrical ana'lysis 
i

of the ìightning performance. In this study it is a'lso assumed l

:

that all strokes are verticaì, and with a given number of strokes
per unit area and unit time, the number of strokes per unit
length and unit time hitting the line is l

n=

where:

n = number of strokes per unit length and unit time
No = number of strokes per unit area and unit time,
x = swath, as a function of a, and h,

ts min. = minimum strike distance,

dr5
r

s

rS MAX.

No t f",(t,)

min.

(1)



,, ,,,..., -.,.:ì

--.._:.1-:,'t:I

: .:r
r::: l

f ":,.æ:li:-ir¿n:!:i:':!:,ifij::i-?:a:"1L:::34?ù;ê-.4ÌitLiltiïil*X.¿l:*ffi?:{ç:t!i{J-i:tlìit:.--i¿21:;¿

-4-

ts max. = maximum stri ke distance, and

fr, ( r, ) = frequency functi on of rs .

Figure 2 shows the parameters of Equation 1. Equation 1

can be applied for the case of a shielded line, except that the

swath is as shown in Figure 3, and thus the application of

shielding wire reduces the phase conductor swath. The solution

of Equation L requires the determination of f"- (.r), the strike

di stance di stri buti on functi on . However, l^lagnà"7't arrived at the

fol 1 owing rel ation

f (r ) dr, = fr(I) dI, Q)fss
whi ch rel ates the stri ke di stance di stri buti on functi on to the

. known frequency function of the occurrence of the stroke current I.

Thus, Equation 1 can be written as

I at ", max.

I (3)

shielding

e conductor of a

conductors, wi th

g strokes,

ough the el i mi nati on

g the negati ve

r
n = \ No x f, (It d

)
I at Fs max.

This study will focus on the fo'l low'ing

criteria:
1) s hielding requi rements for the centre phas

fl at confi gurati on transmi ssion I i ne,

2) shiel ding requi rements for the outer phase

emphas i s on the approach angl e of the I i ghtni n

3) the achi evement of ef f ecti ve shi eì d'ing thr

of the phase conductor exposure arcs, utilizin

:t,.1

:rtl-.t:l

.,:,--1
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Fi gure 2 - Confi gurati on of the
Exposure of A Conductor
Abbve Ground4

Conductor
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Shielding l'lire

Phase Conductor

Figure 3 - Illustration
Effect of a

of the Shielding
Shi el di ng hli re+
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shiel ding angl e concept and

4) a brief i nvesti gation of 1 i ghtni ng mechani sms.

1.3 THE LIGHTNING STROKE MECHAN ISM5,6,9,1 O

The ì ightning stroke consists of two stages: The leader

process , duri ng wh i ch charge i s di stri buted around a narrow

(mi 1 ì i meters ) channel , and the return stroke process , where the

charge ìaid out by the leader is collected by a larger (centi-

meters ) , h i ghl y-i on i zed channel that conducts the charge to ground.

Prior to the development of the leader, charge must colìect in
some localized region in a cloud, and fields must build up to

I evel s suffi ci ent to ini tiate breakdown. The phenomenon of

charge separati on and bui 1 dup of charges in I ocal i zed regi ons

in the cl oud has been studied by many 'investigators. Among the

processes thought to play a part in the charge separation are

charge formation, coll ision and br.eakup of raindrops, freezing,
meì ting and refreezing of water within the cloud, and contact

between water (rain) and ice (snow) in regions where the tempera-

ture is near freezing ( o co).3 tt is generaìry agreed that
updraf ts and wi nd patterns wi thi n the c'loud accoun t f or the

ìarge-scale coì lection of charge in local regions within the

cl oud. A general pi cture of charge di stributi on i n the cl oud

is shown in Figure 4.

In the study of transmi ssi on system protecti on, the most

important consi derati ons I i e wi thi n the I eader and return
streur.r.T B. F.J. Schonl and,8,9,l0cl early showed the two-stage

process of the stroke . The I eader i s characteri zed as in
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Figure 5, by a progressiVe'l engthening of a narrow conductor

towards ground. lllj thi n each step, the channel I engthens at a

velocity of the order of 0.2C, where C js the velocity of light9.

However, at the end of each step there is a pause of the order of

a hundred mi croseconds , so that the average vel oci ty of pro-

gression may be as littte as 0.0001 C.6 The leader is preceded

by a pi I ot streamer. After the pi I ot streamer has travel I ed

about fifty meters, a conducting channel , the leader, develops

rapidty within the extended pilot, and the process continues.

It should be noted that 90 to 95 percent of the strokes
.: 3are negative". The occasional positive strokes that exist are

believed to be very high-current strokes, with strike distances

so targe that they do not constitute a serious transmission ljne

shielding problem. At a certain point above ground, the field
intensity becomes sufficientìy great that the return streamer

starts from earth.

The distance from the tip of the leader to earth at this

point is the strike distance to ground, and is assumed to be the

distance which would be struck by a point to plane voltage equal

to that of the leader channel.4 R model for the'leader at this

point, just prior to initiation of the return streamer, wil I now

be presented.

1.4 THE LEADER MODEL

The leader, as it progresses,

radius channel, dropping in steps of

and fifty meters per step.l2 If it i

is a very smaìl- (millimeters)

about fifty to one hundred

s assumed that the bulk of
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the charge Q, in a cloud charge centre is passed along the

leader, the process can be described as shown in Figure 6.

It is clear that as the leader lengthens, the charge per unit

I ength , g, decreases, and si nce the capaci tance to ground

increases, the ì eader vol tage drops as i t progresses.

The system can be assumed to be a cylindrical capacitor

with a uniform charge distribution. Thi s approximation can be

justi fi ed as fol I ows:

"The potential just outside the surface of a 1 ong, narrow

vertical rod above the ground will be the same as for a filament

of the same length except very near the ends."l3Thus, referring

to Fi gure 7 , the vo'l tage at the conductor surf ace ( radi us b )

may be cal cul ated as f ol l ows: The potenti aì at po'int P due to

the el ement charge qdx i s

41T€o

Thus Vr.- r g( r- , :
4lr áo

qdx
dy =-

4II €o

qdx

q

4'tt Eo

This resul

(y-*)2 + bz

1

(tr.

1

I
Rr)

t (4)

fLl
dx:ffi

(ln

5

y-s 5)v{.o) :
v-h */(v-h )z + bz i].'.'.

l.:r,r i

(v** ) 
2

t i s veri fi ed i n Reference l3
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"Il,=s,

q=q-
L2

of the Leader Channe'l 12Figure 6 - Progression
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Ground

Image

Figure 7 - A Vertical Rod with !qiform
Charge Di stri buti on. ¡r
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Equation 5 i3

Vr.. ' 0 lnI to ) l-]i-õ

using the foìlowing v

h = 2,000 meters

s = 50 meters

b = I meter

Th is yi el ds

y-s

h-y

Thu s

,r-rl -fi*rtt-l) I

1y*n¡ *¡(ffi2õ2fJt
t
L(

al

2)

5)+b

I eade channel:

( v-s 1+

Ç-n ). (n-v)

(n-,)
tb'

tt'*l'l+

n2
1+ ---:- 1

/ .L( h-v )\-/
y*h 

)

.2
D=--z (n-v)

+s)
v{ro)=. a 'rn

4 '.ff ¿o

v, \tro/ :
4 Ii '€o

Again for b ( l, and
h-y

[r,r-r) (y*s) 
-l

I tr*n) [tv-n) + tr-r)[-:_¡|:lj
I tn-y)¿

by using binomiaì expansion for

ln

this gives (h-y)

l+ ¡'2

( n-r) z

r'-v*å I uz/n-v
LL/

(6)

(7)

Therefore (y-h) + (h-v)

lr.,:r:r:.ìì:rl

v
h)

s

j
+

fe

t¡t.*t
or the

v

u

b

n?

(h-v)2
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Substitut'ing Equation 7 in Equation 6,

þ = 2,000 s = 50 and þ = 1 meters

Thus
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v(¡) - q rn i (B)

4 -lI 6o - b2 (Y*f') J

. and for the channe I I eader val ues i ndi cated

v(n)- q rnI
4]i€o

4 (y-50¡ (y+50) (2,000-y) (e)
(y+2,000 )

where

50(y <2,000

subject to the I imi tati ons

v - 50

2,000 - y) 1

A pl ot of Equati on 9 f or 60 < y( f ggO 'is shown i n

Figure 8. Except near the ends, the voì tage i s approximate'ly

constant. Therefore, a constant linear charge distribution
for the leader channel is justified;

Assuming this to be the case, the capacitance per unit
ì ength i s

C_q_
s

4 1l E6 (10)
v(b) ,n[ ) (h-v)4 (v s

2
b

:
)

l
h(

) I
+

T

v
l l:::'':::.

i :'t.:li.

2 TEo

+ lnf-4(Y-s) (Y+s) (tr-Y¡ I-

c_s-



,: . tiii.r: , ',':.

200 400 600

Figure 8 - A Quantity Proportional

,,1ii
..:;i!r

'ir:i
':i'
'.'.:\t,
:,::j

I
l1
li
Lì

ti
ìri

y in Meters

800 1000 1200

to Voltage at Surface of
1400

Rod as

ß

I

ti
[í
l{

I
ä

if

ìå

n
Ii
¡î

H
ilj

ti

fr

Ë

1600 1800

a lbnction of Vertical Dista^nce.

IP
o)
I



C S: ZIf €o

-17 -

(tr)

(12)

(y+h)

- h+sFor y =s and considering h > s thus Equation 11 gives
2

c s- 211 lo

rn lLl(y-s) (y+s) (¡r-v)l
Lu I 

-J

t-
1n r_!_lJ_ 3 tLbJ

From Equation Lz the leader channel can be represented by a

cy'l indrical "cable" of outer radius R, and inner radius b,

where R = h /r_ (ts¡

Noul, for the case of a vertical rod of radiuS b, height
above ground rs, Length L, and uniform charge distribution,
Figure 9, for such situation, the voltage and thus capacitance
per unit length, Cs, is almost constant if L ) rs ) O. This is
actual ly tkre case for the I eader channel .

That is, C, _ 2 t eo (14) 
,

1n tf fT b ',,, ,',

For a cylindrical system in air, Figure r0, the capacitance per ,,1.

unit length is :::::'i

f, = 2 \t Eo (1s)
ln (R/b)

where R and b are the outer and inner radiir Fespectiveìy. The i¡:¡,i
i 'r'j :l

voltage wilt be constant, for a uniform charge distribution.
If a cylindrical model for the leader is considered as shown in
Fi gure 10, then

äìiçi¡l:;: i.
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Fi gure 9 -A Long, Narrow Rod Above Ground J 3
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c - 2 It t¡'s - ,rG) (ro)

where L ( 17)R=-

0nce L is determined, R and thus

Let Eo be the breakdown gradient

Fi gure 10, for a cyl i ndri cal sys

v(r) = v, tn (n/r)f I

Et-t--rv - + V,
, Y/n

b can be determined as follows:
for air. Then, referring to

tem

n(R/b)
( ta¡

( le )

ir''

-of r ln (R/b)

setting ,(.) = Eo at r = b,

Hence

.VEç
u-- , V/m

b ln (n¡u)

Therefore u, _ b ln (n¡n)

(20)

Eo

Assuming Eo to be the short gap breakdown strength of air
E^ = 30 KV/Cm

o

3 x 106 v/met.

then b tnf*l_ u, 
=

3 x 106

Knowing the varues of v, and Eo and using Equations 17

and 27, the val ues of R and b can be determine,d.

(zt)

(zz¡
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Figure 10 - Cylindrical Model Assumed for Leader.
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A maior consideration js the variation of ln t*1. Since

it is logarithmic, the variation will be relatively small.

In addition, it is expected that L, and thus R, rises with the

voltage. In fact, the leader voìtage is assumed proportional
. to R. Then

V, = KR (ZS¡

From Equations 2I and 22, this gives

b tn {}): vr 
- : KR

' - 3 x 106 3 x 106

That i s,

rnt*l = KR =: K(R/b)
bx3llõ6: t-1oT-

rn t*l___!- r$l
3 x rOb

(24)

From Equation 24 it can be seen that ln (*) is relatively

constant for al I strokes. Thus the cyl indrical model for the

I eader i s compl ete.

The height of the channel is of interest, since it is

necessary in the determination of R. Schonland has studied

strokes of mean hei ght of 2,000 meter, .1t Tht , fi gure i s

cons i stent wi th Hagengutf, 'J1 study, whi ch i ndi cates that most

cloud heights fall wìthin the range of 2,000 to 7,000 feet

(600 - 2,100 meters).

'. -:- '. 1

1.5 THE RETURN STROKE

The return stroke begi ns when an i oni zed channel ri ses

from the ground to meet the developed leade"?'7 As indicated in ii:..':.':¡ì
l. 

t' 
. .



:-ì-
I

-----v1¡ 1r::+::

-?2 -

, -t.",,''Fi gure 5, af ter the streamer i s wel I deve'l oped, and ri si ng, i t
appears as a v'rave of current of approximately constant vel oci ty,
of the order of ten to forty percent of the speed of right. l0

The current v'rave travels up the narrow, highly-ionized leader

channel , rapidly expanding and further ionizing it, unti1, in a .,,,,,,

few microseconds, the current reaches a maximum. As an approxima-

tion, the current at a parti cul ar poi nt al ong the channel i s

assumed to be as shown in Figure 11. This figure is based on ;,,.,;,,.,
: l''_:j_-:'the fact that if there is no time lag for the release of the '::;
i.¡:-:': 

i'::'':

charge, and if the velocity of the return streamer is constant, ,",,,,,i,

the current urave woul d have a rectangul ar wave. However, to

approxima'te the effect of time lag, the current wave can be 
i

assumed to rise to a crest in 2 to 4 microseconds. 
i

Although this introductory chapter is not of dìrect i

appf ication to transmission I ine shieìding, it has been presented

to clarify the ìightning stroke phenomena. The following chapter 
i

wi I I focus on the shi el di ng of transmi ssi on systems . i

l::::I:,r'.



ii

ü

I
rl

fi

iì

l1

li
iii

ii

f;
i.1
li
L1

i'i

ii
i:l

ill

fi

I
li:

lÌ

ü
il
i:ì

iiì

üi

il

ü

Ii
iìi

H

ffi
t)i
l;i

.-).$

:il.!

I
l\)(,
I

Figure 11 - Approximation to the Current at a Given point]0

Tìme, t

I
o

'lJ

(u
l-
L

(-)



.i _-.:': :-:<.1-i-":,11

-24 -

CHAPTER I I

THE GEOMETRY OF TRANSMISSION LINE SHI ELDI NG

0ne of the considerations in designing effectively shielded

transmission I ines is the location of the shielding wires with

respect to the phase conductors. The shi el ding wi res shouì d be

I ocated so that al I I i ghtn ì ng strokes termi nate on the towers

or on the shi e1 di ng wi res . Common practi ce has been to des i gn

lines with shielding angles ranging from 20 to 45 degrees.4

Again, €ffiphasis will be pìaced on the stroke approach an91e,

the shielding requirements as appl ied to the outer phase

conductors, and the shiel ding requi rements as appì ied to the

centre phase conductor.. The basis for achieving effecti:ve1y

shielded transmission systems is the elimination of the exposure

arcs of the phase con du ctors .l 4 ' I 5

2.7 THE STROKE APPROACH ANGLE

Equation

and unit time,

1 indi cates the number

that is

of strokes per unit length

r
( s max.

= \No x f (r )

Jr, ,in 
ts s'

ati on i s modi fi e

ons, that is,

I u' ts max.
(

=) No * fr (l
I at "s min.

dr
s

to account for the stroke

from ( 1)

currentThis equ

I imitati

n

d

) dI from (2)
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Neither Equation 1 nor Equation 2 has taken into considera-

tion the stroke approach angle as shown in Figures rz and 13, and

since not all stroke leaders approach the earth (or line) from a

vertical direction, an anguìar distribution of stroke directions
is assumed to be of the form

:':.-J.':' 
I

fç = fo (+)
= frequency function of

lightning st.ok.l4'15 (Figures L2 and

that ô is limited to the range

(25)

the approach angle of the

13). It is also assumed

-+
Now, if Þ 2 and Ö I represent the lower and upper limits

of 0 respectively, then for a given arrangement and given strike
distance Fs, the number of strokes nz per unit length and unit
time that strike an exposed region., de between r, and (rr+drr)
as shown in Figure tt,H,r,
nz = No t, t." (.r) \' 9 (e ,o ) fo (+ )dö de dr, (27)

" órtel
As indicated by Equatiõn ,r,\ and er+nay be a function of g ,

wi th I i mi ti ng range

e2

Thus the total number of strokes having rs within the limits
ts min.

^, ", max. o,q(o)rr - ''o 5 ", r, ("r) 5ç 
' s (o ,e ) re(+ ) de d0 dr,

(zs¡.s min. o2Þ10)

.,:1,::The functions of Equation 29 wilt be explained in the following pages.
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leFi gure 12 I I I ustrati on of
of a Lightning

the App-roach Ang
Strot<e'.Ï4'

Phase
Con du c tor
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Fi gure 13 - Il I ustrati on of El emental Exposed Regi on J 4
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2.2 THE ANcULAR DISTRIBUTI0N FUNcTI0N fO (0 )14'.l5

There are i nsuffi ci ent data to determi ne an empì ri cai

frequency di stri buti on of the angl e of approach, O , of a

tightning stroke.

Several assumptions are necessary. It i s assumed that O ,

as measured in a plane perpendicular to the ground wire and

conductor, is limited by -+ <a <+
where 0 i s measured zero for a verti cal stroke. Thus the

probabi I ity of finding a stroke angl e between Þf and + z

can be assumed to be lr

Þ- \z f^\ (+)d+ : r
)-n- \r

2

where fô (+ ) is the frequency distribution function of the

occurrence of the stroke angle between +1 and +2.
Since the shielding geometry will be expressed in terms of

trigonometric form, and for convenience fö (Þ ) can be appro

as fÞ (ô) = K, Cosm(+)

Thus, âpp1yi ng Equati on 30, gi ves

(26)

(30)

ximated

(31)

]f
2

5 r;cosm(0) d+=, ì

-lL

A study by l,,lhitehead and Armstrongl4 indicated that the value of m can 
i::.::::,:..,.:

be taken asl <m < z, wìth values near 2 more probable. Thus, i.i;'lr'ir.

for m equal to o, 1 and 2, yields
V=l''o T

K.= 'l''l z (33) ,,.,._;,
i:: :¡ ::r.:ì.1 ijl

Kz = + :'-:'::
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Hence , the frequency di strí buti on functi on of the

occurrence of the stroke ang'l e 0 , between ö1 and QZ, wi th

the exponent m equal 2, is

?T 'tÍ

î fz r. (o) do =+ [z cos26 do
-fi ) ' -Tl t
TT

( 34 ) ..r,',

(:o ¡

with - rç_T

2.3 THE DETERMINATION OF THE FUNCTION q (e ,Q )I4'I5
Let

N4r = the effective number of strokes per unit area

and time, ûêasured from a pì ane perpendi cul ar

to Þ , for strokes approaching at angìe ç
Referring to Figure 14 and assuming

No = the number of strokes per unit area as measured

from the hori zon taì p1 an e ,

then NoXl = Nö Xz ( 35 )

and b
X. N

-Àrl-Oo.." Xz Cose

Now, consider the number of strokes per unit length of
line and unit time, dn, to be approaching at angìe Þ with 

ij:::,::i,,,variation dQ r ôrd striking the elemental arc, rrd0, ât angteO iltii
as in Figure 15. Then,

dn = No b (O) dÞ dA (sz)

where dA is the elemental exposed area per unit length of line :

perpendicular to strokes with approach angle e . So from 
i
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Figure 14 - Stroke Density Viewed at Angte (0 ) 15

i:1. 
:: ::;::i: rìiri:ì::::i,:

ll,,:,tjt:-t:,ti::i]:
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Fi gure 15 - El emental Exposed Arc ", dOl 5

f.: r: -::: r"
I
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Figure

Thus,

16

dA = ", d0 sin (o -òl (38)

(3e)

(+o¡

(+r)

(42)

(o -ö ) do

(ô ) do dofö

Hence

Thus Eq

n=N
o

in

g

29

Cos Þ

sin (e -+)
Cos e

_- sin 0 Çp¡0 - Coso sin Q

Co sQ

Cos g tanÞg (0 , O) = sing

uation 29 becomes
r/ S max.

lifl
\ S FS

ts mi n.

r", r 
595art 

o

o2 6[e )

' ¡rrn, - cos 6 tang]

) d+ d0 dr,f.( Qç

2.4 THE CHANGE OF VARIABLE TO REPLACE THE FUNCTION
'., 

('r)ì4'15

form ofThe

stroke curr

f fs

where fI ( I

ction f ts

, that is

s) = fI (

freq uen c

with a g

29 become

., (I) t,

fun

ent

( dr

)=

r) dr

y function of

i ven current

s

,,,5\*Jåì,'
aza2(e )

(.r) can be expressed in the

the occu rrence

I.

0 - Coso tan Q) t+(+) d0dodr
(43)

|:-a::of the strokes

Thus Equ

n=N
o

ation

,!"

dn = N+ b

=[tlrOS

Equation

(o ,Þ) =

(A ) dô r, sin

sin (0 - O)
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Figure 16 - Elemental Arc Arga rP¡esented- to Incomi ng Stroke 
" 

-
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whe re

It = the maximum value of I,
IZ = the minimum value of I,

Compa ri n g

swathXforagi
swath X is then

X=

.s and

of the

brea kdo

where V

last st

stroke

V, show

where

v, is
I, is

vt 
=

unit of the

.426 IsT
I

vr = o-11 (tr)o'375 per unit

to r ands ma x.,

tor s ml n.

ocity expressed in per

the above equations

correspondì ng

correspondi ng

Equation 3 with Equation 43 gives the equivalent

ven ", and gi ven stroke current I . The equi val ent

", Jtt t*ttu,'r.ino 
- coso ranô)fo(o) dö do (44)

g +áo)

te the rel ati onshi p between the stri ke di stance

e current, i t has been found, based on studi es

of I ong gaps, that the rel ati on between the

. Vg and the gap I ength Lg 'is

{vn)l meters (45)

V). Assuming the same relation to hold for the

stroke I eader, the stri ke di stance rs i s then

( v, ) I '2 meters (46 )

udi es I 4 of the rel ati on between the return
Vl , the stroke current Ir, and the stroke vo'ltage

ica

rok

own

tag

.4

(M

the

.4

st
ty
t

megavol ts and

To ind

the st

breakd

wn vol

tn = l
is in

ep of

r=1
s

Again,

vel oci

ed tha

[ =0
s

(47 )

(+a¡

the I eader stroke vol tage,

the stroke current, and

'is the return stroke vel

ight velocity. Combining

V

õ
I
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resu I ts

t, = L'4

i, = 7.1(

Thi s functi on i s

T fl.zsl

"î-tr.375j
me te rs

in Figure 17.

meters and

tn
f-I 0 .426
L

r )0.75s'
shown

(4e)

2-5 THE LIMITS OF INTEGRATION OF THE STROKE CURRENT I

. l,rlhen I ightning strikes a transmission I ine - two current

!{aves travel down the line, ôS in Figure 18. If the line Surge

impedance is 7 ohms, then the voltage wave is

rz = Ir) 2 BIL
7

will have sufficient capacity

This establ ishes the lower or

that is TZ = I, ='#

( 50 )

(51)

to cause damage to the i nsul ators.

the cri tì cal I j mi ts of the current,
(sz ¡

V,-I7L-T

This wave travels with the current. tlhen it reaches a

tower, the voì tage, VL, is impressed across the I i ne insul ator.

Thus, if the insulator has the capacity to withstand a voìtage

denoted BIL (Basic Insulation Level ) without failure, then on'ly

the current

2.6 DETERMINING THE UPPER L IMIT OF CURRENT II.5

The tower geometry can determine the upper limit of the

current. That is, the incoming stroke could strike either the

earth or other nearby ground obiects such as trees.

The leader to ground strike distance may be different
from the I eader to conductor stri ke di stance. l^lhi tehead and

i!
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Fi gure 18 - Il I ustrati on of Travel I j ng Current l^lavel4
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Armstronlg3 suggest using the relat'i on

r, = K, ., (53)
gg

where

r^ = the point to plane strike distance (stroke to ground),
s

g

rs = the point to I ine stri ke di stance, and

Ks- = a factor relatinq r to rg _ " sg .s 
,,;,.'1,'

0 .85 ( 54 ) ;::',:.,,:

Knowing the relation between r_ and F^, as in Equation 53, ,.,:,:.,,,gS-"- S' r-----'- .: ':r:'

recal ì i ng the rel ati on sh i p between the stroke current and the

strike distance to phase conductors as indicated by Equation 49.

", = 1.1(Is)o'75 meters (49)

and using the distribution function of the stroke current as

shown in Figure 20, it is clear that the higher the current,
the ì arger i s the stri ke di stance to phase conductors. Thi s

impl ies that under certain conditions the phase conductors stri ke

distanceislargeenough,sothatbeyondwhichnostrokescan
i;,ti.,' ,,reach the phase conductors as shown in F'igure 19. l^lith a hìgher ,..:,
i.:_:t:l

stroke current, which is limited to a low probabil ity of ::::-:':::'ì:

2occurrence,' then the practi cal choi ce of the current Il, wi I I be

limited.

2.7 THE LIMITS 0F INTEGRATI0N 0F THE ANGLE (o )15

The angìet 0 1 and ,, are limited by the geometric

configuration of the transmission I ine. It is convenient to

iir::::1::!:1::ìi
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define the parameters that consti tute the physical configuration
of the tower:

0, = the shielding ang1e,

a = the conductor to shi eì di ng wi re spaci ng,
g = Sin-l a

( 55 )
2 ,,

h = average shieìding wire height, and
' '. .l

: . :.:-. ,.'y = average phase conductor height 1,,,r';,,1,,;

As shown in Figure zr, cìear.ly the upper limit 0., is 't,;,:,::;,.;

O, = Q + B ¡/cc\ 
i"..i:-j':a'

-r , (so)
As indicated in the figure, the lower limit, a z, is defined,
implicity, by

v-rsin (-Or) = - sing, = - S-S

tYs

ô -l r^-vZ =sin (sg-y ) (SZ)
r

S

:For low values of current and strike distance, the line of
a distance r from the earth may not intersect the.arc a distance ¡:1.1,:.,..:,'tg rrruçrJEr,u LilE.qf L Ct UlbLdflCg 

::._r.:r:,r.:ì

r. from the conductor, or may intersect it at i ::;Jsv u 
' 

I q u 
t 

.t.,
ê - -]f 

r":r" ':
" z (sa¡

2

which is the lower limit of O2

.'.'-i 2.8 THE LIMITS 0F INTEcRATI0N 0F ¡rHE srR0KE AppR0AcH ANGLE(o).l4,15,18 
i:'*i'r;

Recalling that Þl and ÞZ are the stroke approach ang'l e limits
for a stroke hitting an eiemental arc located at angle g , thus
from Figure 22a, the lower limit is

| :ai )l'

( ss ¡ i'i':'

i.

Q" - -rrL- T
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where -rt7-< o ( 0,

This limit appìies for Figure 22b. The upper rimit can be

determined f rom F'igure 22a, f or 0, )0 , ôs

0,. = Q (Ot¡

For O )Or, ut shown in Figure ZZb, and referring to
Figure 23, it is necessary to express the limit impìicitly.
Thus,

ã =tan4= sinÖ -2r. sinBsinO^+r_cosê -r^cosô
-^ê.+. 5 S ---w 'S
cos Þ

2r, sin B Cos 0 , * r, sin ö - rs sing162¡

Thus

2 sin B Cos Os sin + + sin2 ö - sing sin ô =

2 sin B sin e, Cos Q + CosO Cos0 - Cor2+

whenceCos(O -'O) -Z sinBsin(0 -0r) =l
where

(oo¡

(os¡

(o+¡

Thus, to summarize, eliminating the phase conductors

exposure arcs is the basic criterion for achieving effectively
shielded transmission systems r ând the last stage of the ì ightning
stroke process has been con si dered of great importance i n thei r
design.

18,l9
Whitehead has concì uded that the basi c I ightning stroke

mechanisms ìeading to the transmission line insulation f'lashover are:
a) stroke to tower or shi eì ding wi re, wi th resul tant vo'l tage

across the insulator strings. This is called the"Backflashover
Mechanism"l9

b) Stroke di rectly to the phase conductors, with resul tant
,:.]: ]:
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Figure 23 - Geometry for Determi ni ng the Angì e ( O )18
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t,t t;

vol tage across the i nsul ator stri ngs. Thi s i s cal I ed

"shielding Fail ure Mechani sm,,.18.

c) Stroke to earth near the I i ne wi th resul tant el ectromagne-

ticaìly induced voìtage across the insurator strings. This 
,:,,:::.;.::is calIed "Induced Voltage Mechanism':18It has been generaì'ly ::::":

accepted that the induced vo'l tage mechanism is an insigni-
f i cant factor in the r i ghtni ng perf ormance of E.H. v. r ines. 

.:.: .,

AccordinglY, the basic factor to be considered is the direct j.ì,ì.:1
:: .: ::: .'

stroke to the phase conductors. Figure 24 shows the 
i,.li:,.,
i::':!:';,1;;,different stroke flashover mechanisms.

l2'e 
l

The analyti caì modellS'l?, based on a combination of i

igeometrical and electrical quantities and has been caìled th. ]

"Electro-Geometrical Model'1 , the basic relations and assumption, :

that have been considered in devel oping the aforementioned :

:..model are:

a) It has been concluded that as the stroke leader approaches r:i:.,,.::,,
Q :::.1:.r:::..::

the earth or an earthed targel, it is rer ati very unaff ected 
,,.,,,,,,,,,,

by these targets, which may serve as stroke termini until :-tt'::"'','

a specific,target acquires a vol tage gradient of l0 KV per
15centimeter and is within a certain distance r- defineds '''--

as the stri ke di stance !i:';t.
b) The rel ation between the stroke current and the stri ke

distance is given by Equation 49 as ,s= 7.I(Irf.tU (On)

Recently, Gilman and l^lhiteheadlShuu. arrived at a more conservative

relation between the stroke current and the strike distance: ¡,;,,,,,:

,r = 6.2 (IOC)O'S meters (e S¡ 
'; ""ir
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,'.1',,

Where IOC ì s the cri ti cal prospecti ve stroke current to

zero resistance ground in KA , and r, 'i s the strike di stance in

meters. Equation 65'i s also shown in Figure 17.

c) It has been assumed that the lightning strokes lower 90 to 95

percent negative charges. ,1:,_,;

d) The cri ti cal stroke current to the phase conductors i s gi ven

by Equation 52. That'iS,

I, = +þ- 
(52) 

,,;",.i
.;:t,:.-

where

7 = the surge impedance of the phase conductor

wi th ground return . I ts va I ue can be

cal cul ated as fol I ows:

l= 60ln ZV 0hms (00¡

r
where

r = the outsi de radi us of the phase conductor, i f
si ngl e, or the geometri c mean radi us of the

phase conductor i n the case of bundl ed conductor; and 
,,:,:,, ,j¡ = the average height of the phase conductor t,tt:.

= the phase conductor hei ght at the tower minus :t¡i;.
' ,:: '-'.':._

two-thirds of the maximum sag of the phase conductor.

e) The crit'i cal prospective lightning current to zero ground

resistance is related to the critical lightning current to ;i'",..¡.

the phase conductors by the f ol'l owing rel ationshi p

r 3 r.1 I^ (67)toc s \"/



-50-

?.9.1 THE EFFECTS OF SAG ON CONDUCTOR HEIGHT

For effectiveìy shiel ded transmi ssion I ines, several
factors should be considered.

1. Sag anO Average Height

All overhead lines sag to some extent. In fact, ',rule of
14

thumb" formulae are of the order of
Srr* = 0.03 L,

where S--.. = maximum sâ9, andmax

| = span ìength

The sagging I ine i s expressed by the catenary equation.
Referring to Fìgure 25

(68)
t:;,:a";a-

y =Ç cosh -l-c (oo¡

Th ere fo re

g = Sru* - C (cosnf - l) (70)

and at the tower s = o and x = r. This results in

S--.. = Ç (cosf, !:- l)max n
From the "rul e of thumb 1' f ormul a

Sru" = 0.03 L, yi el ds

(zr)

(72)

'I

fu= 0.1; that is, !_ is small.

However, from Equation l0
L

s: : ( [srur- c(cosh x - ])] dx
L/2 )

0

(7 3)
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S=.5

and
s

.C

=l
S

max

by taking the limit of
sru,

) = 2/3.

-52 -

(t q)

(zo¡

(77)

therefore,LÍm
!- --*- o

2C

max

L
re

LT

[cos h Lt-L2C
-S,for

- rl

rl

(75)

Accordingly, for a real transmission r ine it is assumed

that the average height of the conductor is reduced by two thirds
of the maximum sag.

Now the f ol ì owi ng symbol s wi I I be dèf .ined:

Sg = maximum Sag of the shielding wire,
Sc = maximum Sag of the phase conductor,

Ht = Shiel ding wi re hei ght at tower,

yt = Conductor height at tower,

a = Shieìding wire to phase conductor spacing, and

0s = Shielding angle.

Therefore, the average heì ghts of the shi el ding wi re and the

phase conductor ( Fi gure 26) are:

(s

ñ-

v

=Ht-2/3Sg

= ht - 2/ 3 Sc

THE EFFECTS OF TERRAIN

TerrailS'1årt..t, the average height of

2.9 .2

the phase conductor,
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y, as shown in Figure 27. The f igure indicates that for hil.ly

or mountainous country, where towers are pìaced at high points'

7 may be cons i derabl y greater than the phase conductor hei ght

at the tower ht. It has been suggested that for rolling terrain

"earth sag" be assumed equal to the conductor Sô9, and that for

mountainous terrain the average conductor height be equal to

about twice the height of the conductor at the tower yt. It

should be noted that in this study "rolling" terrain is defined

as quite hilly (thirty feet up and down at each tower).

Thus , f1 at terrai n wi I 1 be assumed, s ì nce the effects of

roììing terrain are beyond the scope of this study, which covers

the shiel di ng requi rements of a three phase fl at confi gurati on

on fl at terrai n.

2.tO THE SHIELDING 0F THE CENTRE PHASE C0NDUCT0R

Figures 28 and 29 show ineffective'ly and effectively
shielded transmission l ines. "In cases where the stroke current

is low, the geometry shown in Fig. 28 may allow the stroke to

sneak by the shielding wires and hit the centre phase conducto¡"18

Accordingly, a proposed procedure as shown in Eig. 29 will be

introduced.

2.10.1 THE SHIELDING REQUIREMENTS OF THE CENTRE PHASE CONDUCTORI9

Referring to Figure 29, the equation of the exposure arc

centered at CZ (o ' o), with radius Fs, is

""=*2+Y2
The equation of the exposure arc centered at

( 78)
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Figure 27 - Effect of Roìling Terrain and Sag on the
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two exposure

the stri ke

Wz [- - dl) , (y ul] , with radius Fs, is

,r' =(x -d,)2+ (v -b)2

To achi evi ng shi el di ng of the centre phase, the

arcs should intersect at point S (o , rr). Thus

22d-l + b'= 2xd., + Zyb

at poi nt s. Hence
22d-l + b' = 2rrb

2 , t 2 .2
"r--2rrb+b'=ar'-dl'

in the normalized form. That is, in per unit of
di stance Fs, Equation 81 becomes

l-
t,

b

a
b

a,

(l )2

b2

;T
s

1-[51a"r,

ril '
2b

I .:'. .,Ì

;. . 1::i; ..

+l-

b

a, I

height b, of the shielding wire above the phase

Therefore,

for minimum

conductor.

-H',

-t=tr 
2

b :1
"s

(83)



Equation B3 shows that the shielding requirements of the centre

phase are independent of the phase conductors and the height of

the shi e'l ding wi re above the ground.

Equation B3 is plotted in Figure 30, from which it can

be seen that the height b of the shielding wires becomes
d-/

excessively high when the rati o '/ F, reaches unity, thus

-59-

resul ti ng in an uneconomi cal desi gn . 0n the other hand, when . ...

d" ,:'.,
the ratio I reaches zero, for strike distance "s approaching l,'t;¡,¡'r

ts 
i,..,..,.

infinity, results in a transmission line without shielding wires. i;,,':".,i

It is therefore proposed that the shielding wire spaci¡9, dl,
d-

be selected such that the ratjo I 'i sts

^d:0 .¿-l qlt--/(r (84) 
I

S

wherethestrikedistance.scanbeca]culatedfrom
r^ = $.7 (Io. )o't in meters ( 65) 

,s \ oc,

and Ioa ìn K.A.

2.1,1. THE SHIELDINc REQUIREMENTS 0F THE 0UTER PHASE C0NDUCT0BStg i

Figure 28 clearìy shows that the outer phase conductor

is susceptible to lightning strokes through the exposure arc

(3-5). To achieve effective shielding for the outer phase

conductors, the triangle C¡WZ3 is rotated clockwise so that

the angl e 0., equal s angl " 02. Thus the phase conductor

exposure arc i s reduced to zero ( Figure 31) .

It has been found that insulator flashovers occur both

as a result of strokes directly to the phase conductor (ttre
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0. = - B - arc sin (l/ - l) (87) ,,:1,.:.,';,;';,,.,' 'h' ' \-'' '::':::'::
',.-:.:'..,: .l-1..s=arcsìn( a ) (gg) ¡:.;;.;:;¡:,:i;,;.,_zl\

Equations 87 and 88 are pìotted in Figure 32, from which it can

be seen that the shielding angle o decreases as the ratio i ::::s t s t't;ttt t
increases. That is, for effectiveìy shielded transmission lines,
smaller shielding angles should be associated with higher towers.

2.12 PROPOSED DESIGN PROCEDURE

r"_-:._,;:- :;::::

shielding failure mechanism) and as a result of strokes to the

tower an d/ or shi el di ng wi re ( the backfl ash mechani sm) .

The shi el d'ing f ai I ure mechani sm predomi nates when 'l arge

sh i el di ng ( protecti ve ) angi es are associ ated wi th h i gh towers

and low tower footing resistance to ground. The backflashover

mechanism predominates when high tower footing resistance is
assoc i ated wi th I ow tower hei ghts and I ow i nsul ati on I evel s .

Accordi ngl y, the sh i el di ng angl e 0, i s reduced to a negati ve

va1ue, resulting in elimination of the phase conductor exposure

arc Fi gure 3l .

Again, referring to Figure 28, which shows an ineffectively
shieìded transmission line, the folìowing relations may be found:

0.,)0, , which results in exposure arc (3-4)

0l = 0, + B and (AS¡

-l
Øz = sin [r -v7rJ (86)

Thus, bv analyzing Figure 31, for effectively shielded trans-
mission I ines the fo1 lowing relations are found:

1. Determine the surge impedance of the phase conductor with
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ground return, using Equation 66

I = 60 ln 21 Ohm
r

(oo 1

2. Determine the critical I ightning stroke current to the phase

conductors, which may cause insul ation fl ashover, where

I = BIL ln KA.
z/2

3. Determine the critical prospective stroke current to zero

ground res i stance , foc

I__ = l.l I in KA.oc s

4. Determine the minimum strike
i s fl ashed over, ôccordi ng to the

Thjs can be determined from ",
where I^- in KA.oc

or from Fi gure 17 .

5. 0nce the stri ke di stance r i
S

distance at which the insulation

critical 1 ightnjng stroke current
- 6-7 ïo't .in metersw.t .oc rrr ilrsLC]lJ

s determi ned,
dr

the rati o canf,

be assumed within the range proposed,that is,0{r ç t.-a,

d-6. From Figure 30 and by entering the val ue of +, the ratio
s

{- anC theref ore the height b of the shiel ding wi re with respectt,

to the centre phase conductor can be obtained

If the proposed average height of the phase conductor, y,
known, then the ratio y__ can be determined.

r
S

can be assumed to locate the proper curve in

t:':,r:
;,.r:r1

7.

is

a

ry
8. The rati o
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Fi gure 32 Then, by entering the value i into the same
t,

f i gure, the shi el di ng ang'l e O s can be obtai ned.

9. Step number $ wiìl determine the location of the outer phase

conductor with respect to the shie'l ding wires, so as to achieve

effectively shielded transmission lines. Also, it witl determine

the phase-to-phase spacings. However, if the obtained spacings

and heights do not satisfy the safety requirements, then the

ratio, dllrs and a/rrwou'l d be repeated using different val ues.

10. 0ther mechanical requirements such as phase conductor swing,

ice loading, etc., should be taken into consideration in
determining the cl earance requi rements .

.ilt-':,::\. :
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CHAPTER I I I

TRANSMISSION LINE PROTECTION BY MTANS OF GROUNDING SYSTEMS

As previously indicated, the I ightning mechani sm has been

classified as

a) Direct stroke to phase conductors, resulting in shieìding

failure;
b) stroke to tower or shieldìng wire, resulting in backflash-

over; and

c) stroke to nearby the transmi ssion 'l i ne, resuì ting in ind'i rect

stroke to the transmission system.

In thi s chapter the second mechanism, name'ly the back-

flashover mechanìsm, will be investigated in connectìon with the

grounding system of the transmission line. Also, ìt will be shown

how the groundi ng system pl ays a key rol e 'in improvi ng protection

against l ightn'ing.

3.1 GROUNDING

The I ightning performance of a transmission system is

highìy infìuenced by the grounding system. Furnishing an econo-

mi caI ly feasibl e and techni cal ly acceptabì e groundi ng s.ystem

wil I substantiaì ìy improve the ì ightning performance of the

transmi ss ion system

3.2 METHODS FOR REDUCING TOt,lER FOOTING RESISTANCE23.3O

The current trend in reducing tower footing resistance is 
ii,,,::.:,.,:;:::,,.,::.:¡:
l'::::.i a- ì ..t r,/¡: ìto increase the soil area in contact with the tower base. Thus, iffIli
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;.:::._..:..-.,'

for high soil resistivity, where it is almost impossible to :r:: : ii

achieve an economical grounding resistance, it is customary to

dri ve groundi ng rods i nto the earth, verti cal'ly or hori zontal ly

in the radial directions, as a counterpoise to the line conductofl.

Normally, tower footing resistance is expressed as the measured
30 

: :l

60-cycie valuel- However, I ine performance during such distur-

bances depends on the impulse value of the tower footing
3, 30reslstance - ;"1'''i':':

The value of the impulse resistance depends on a number i"'1"''i'-"-

of factors, such as soil resistivity, critical breakdown gradient i.-.i',,'.,,,:;:,

of the soil, magn jtude of the surge current, and 'length and type

of dri ven groundi ng rods or counterpoi ses. If ì ong or continuous

counterpoises are used because the soil res'istivity is h'igh, the

initial impu'l se resistance i s the surge impedance of the counter-

poi se, which is usual ly greater than the 60-cycle resistance
'

In soils of low or medium resistivity adequate grounding can

usual 1y be obtained by dri ven grounding rods. In this case, the

impulse resistance is usua'l ìy less than the 60-cyc'l e vaìue.

For grounding resistance in the order of ten ohms or less, the i,r',i'1.1',',."¡

impulse resistance. is onìy slight'ly less than the 60-cycìe value. ,.1.i,¡',,¡,,'i',,.
::aa,:a-a::::: ::

Thus, in estimating the I ine performance, a tower footing resistance

of ten ohms or I ess can be taken as the impu'l se val ue.

In the following section, the'impuìse characteristics of 
i::,::¡,r:,.,.,,:¡,:,,

the grounding rods and the counterpoise will be studied. i'rìr':.i'r.::is'':l

3.3 iMPULSE CHARACTTRISTICS OF GROUNDING RODS

Bel I ar.n19'30nus concl uded that grounding rod impul se

res i stance decreases as the impuì se current i ncreases . Thi s
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reduction occurs because at a crit'i ca'l current, a voìtage gradient

is attained at the rod surface, causìng the soil surrounding the

rod to break down; this increases both the effective radius and

the ìength of the rod. Thus, for each type of ground, there

should be a.critical current Iu at which the soil breakdown

starts. The value of this current can be determined by plott'i ng

the ratio of the impu'lse resistance to the 60-cycle resistance

against the natural I og of impul se current. The intersection of

the rati o Rl equa'l s one and the p'l otted curve gi ves the val ue
m-

of 'ln ib, This procedure is iìlustrated in Figure 33 for a

grounding rod in cìay soil. 0n these bases the crit'ical current

of different soils can be caìculated.

To study the impul se characteristics of rods imbedded in

di f f erent soi I s, the rel ati on between the rati o of the 'impul se

resistance to the 60-cycil e resi stance and the irnpul se current
has been p1 otted as shown i n Fi gures 34 and 35. These fi gures

are based on the determi ned val ues of the cri ti cal current Iu

and the equations of "Appendices A and 8"27 '30

3.4 FACTORS AFFECTING THE IMPULSE CHABÀÇIERISTICS OF THE

GROUNDING RODS.3O

3.4.1 IMPULSE CURRENT POLARITY

Bel I aschi 's êxperìments

of the impuìse polarity on the

rods, either singìy or grouped

that the impulse polarity does

were conducted to study the effects

impuì se resistance of grounding

i n paral I el . I t has been concl uded

not appreci abìy affect the irnpul se
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Ratio of Impulse Resistance to 60-Cyc1e Resistance
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resistance. Figure 36 shows the variation of the impuì se

resistance with'impu'l se magnitudes and polarity, as recorded

by Bellashi.

3.4.2 TMPULSE CURRENT

Figure 37 shows that at the start of the impulse the

impulse resistance of the rod appears to be the same as the

60-cyc1e vaiue, dropping with the rising current on the front
and reaching a minimum at the time when the current is maximum. :

. '.:,i ':':i''"'::crest, and as the current recedes, the impulse resistance rises, '1'.',::,|;!';

apparently returning to the initial value. ,

3.4.3 SIZE OF GROUNDING ROD

lAccording to B.H. Dwignt?7*e resistance to ground of . 
,

vertì cal groundi ng rod wi th 'length, 
.0 ,an d radi us, a, i s :

ft = p ( ln 4l." - l) (ao¡
2'r e"

Figure 38 is the pìot of Equation 89, which shows the relation i,:.::,:,
between the Iength of the grounding rod and the corresponding i'r'rr":

l' '-''tt-'' 
;t'resistance for soil resistivity of 100 ohm meters. From the ,ì-,,,,u,t,,

figure it can be seen that the radius of the grounding rod does

not influence the resistance materially, whereas, the ìength
is the most influential . For this reason, it is better either i,,:iiìri:

: ::'.'' ' ,t

to use small but ìong rods or many small rods.

3.4.4 NUMBER AND SPACINGS OF GROUNDING RODS

Ground res i stance can al so be I owered by connecti ng dri ven
ilii"'''' ''""grounding rods in parallel. If the spacing between rods is large I'ir:rr':1
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Figure 37 - Variation of Impulse Resistance
During Impul se Current Di scharge30
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compared to the length of the individual rods, the resistance

will be reduced in proportion to the number of rods. If,
however, the rods are close together, each rod will be in the

intense of the electrical field of its neighbour, and the

overal I resi stance becomes

ft= P ìn( 41. )

211 e,

,:: .1: ..: .: .'

where a represents the radius of an equivalent rod. Figure 39 i,;,,:i.::,r,

shows the ratio of conductivity of parallel grounding rods to
that of i sol ated rods, as recorded by H.B. Dwight.27

3.4.5 SOIL RESISTIVITY

There are two propert'ies of soil which in 'l arge measure

determine the impul se characteri sti cs of grounding rods dri ven

into it: the resistivity, which determines the gradient for a

given current density, and the critical gradient at which the

soil breaks down. The influence of soil resistivity on the

impu'l se characteristics of grounds is illustrated in Figure 40. ,:.:,,.

3.5 THE COUNTERPOISE

The counterpoise is a practical means of reducing the

resistance by increasing the area of earth in contact with the

grounding system. It can be connected and run parallel to, oF ;i..',,,t,'t

at angl es to, the I ine conductors. Fi gure 41 shows several

arrangements of counterpoise connectionS:.tu

3.5.1 FACTORS AFFECTING THE COUNTERPOISE FUNCTION

Several factors must be considered in designing the

counterpoi se.

(oo¡
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A) The initial surge'impedance,

B) the final I eakage res'i stance,

C) the transition from the initial to the finaì impedance, and

D) the coup'l ing with the shiel ding wì res and I ine conductors.

Considering the counterpoise as a simp'le single conductor

transmission line of ìength l, with constants G, L and C,

negì igibìe resistance R per unit 'length, and open-circuited
6

at the far end, Bewely has concìuded that the impedance of such

a wire is not constant, but is a varying factor which starts
wi th i n i ti al surge i mpedance

Zc(o) = Fn
and graduaì 1y subsi des

I eakage resi stance
I

7s(æ ): ú

l: ::
li:::i;

(e1)

in an exponential fashion to the final

(e2)

Furthermore, i t has been establ i shed from the test that
the surge on the counterpoise i s predominantly a vlave travel'l ing

at onìy about one-third the velocity of light. Thus, the

transition from the initial value of surge impedance of the

counterpoise to its final leakage resistance takes place at
29"time t = = S (ìength in thousands of feet)

V

Consequently, the performance of the counterpoise is governed by

the counterpoi se 'l ength an d to some extent by the soi I res i sti vi ty
Practically, it is desirable to utilize short pieces of

counterpoise (00-90 meters 'l ength), instead of one long counter-
poise. This results in a lower initial surge impedance of the

counterpoi se ¡ cohsequently I owering the tower footing res istance
Fi gure 42

(e3)
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The one important point in appìying this rule is to assure

the leakage resistance of the counterpoise is lower than

tial surge impedance, otherwise positive reflections
and the poten ti a'l at the top of the towe r i ncreased

than decreased.
26

sunde has concluded that the resistance to ground of a

wi re buried in the earth i s^t- I
R = f [tn, z!, , - ll ohms (g+)

r^ I t- |n!,.1 lq ad I

that
its ini
resu'l t,
ra the r

single

where

9" = I ength of wi re i n meters

d = buri aì depth of wi re i n meters

a = radius of wire in meters
o.r = soil resistivity in ohm-meter.

The above equation is plotted in Figure 43.for two different
depths, 0.25 meters and 0.5 meters. As it can be seen from the
figure, the depth factor does not materially affect the counter-
poi se res i stance to ground.

The above discussion has shown that grounding rods and

counterpoise play key roles in reducing tower footing resistance.
This reduction is important in minimizing the transmission 'l ine
backfl ashover events and consequenily improving the ì ightning
performance of the transmi ssi on system.

Thus far, illustration of the tower footing resistance
reduction has been presented. The fol ì owing section deal s with
the backfl ashover mechani sm of the transmi ss i on system and how

it can be minimized by a proper grounding system.

':..
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3.6 BACKFLASHOVER

If tower grounding i s inadequate, strokes which the

shielding wire intercepts may produce sufficient voltage to
f I ashover insul ators , ,resul ti ng in transmission ì ine outage.

6
According to Bewìey, if any tower or shielding wire(s) of a

transmission system is hit by a 1 ightning stroke, the incident

wave will be reflected and refracted as shown in Figure 44.

However, if the tower surge impedance is negl ected, and the

grounding system 'is consi dered an ef fecti ve impedance, the

rel ationship between the reflected and refracted waves is

i1 =
- Zlt

(e5)ô"l = âal

and

where

.tÀ="t

tr

btr ( e6 )

ir:'.,:.'t

'':t:l

:: : .:
_ . ,...1

2R + 7lt

tr +

+ ar =

2R . el 
=

2R+ Zll
ei=

//
tl

tr =

ô="l
?ô="l

7='l'l

the initi al wave on the shiel ding wire

the reflected wave on the shie I ding wi re,
the refracted wave on the shielcling wire,
Sel f Surge impedance of the shiet ding wi re

or the equivalent shielding wires, and

tower footi ng resi stance .

_ 2ZR - Zll (R+Z)

(e7)

( eB)

(ee)

l!:;i

l^laves arri vi ng back at the f i rst stri cken tower f rom the ref I ecti on

poi nts are further refl ected as

tl
27R + \l (n+z)

"l =oc al

el
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Equation 98 fol lows from equation 95 upon superimposing

the two waves reachi ng tower 1 s imur taneous'ly f rom both ri ght
and lef t, F€garding R and Z 'in paraì lel where 7 represents the
stroke surge impedance. Al so, êQuation 9g can be consi dered

a resul t of assuming the I ightning stroke surge impedance is
2Z and the first tower footing resistance is 2R with the trans-
mission I ine extending in one direction only from tower l.

Furthermore, the potential wave passing from the I ightning
stroke to the shi el di ng wi re i s el . l^lhen thi s wave reaches
towey 2, wave u.l is reflected back and wave b.l is passed on.
This phenomenon of wave reflection and refraction takes place
at al I towers except toweF 1, where the refl ection coeffi ci ent
0 i s de termi ne d by Equat i on 9g .

[|lhen the reflection and re'fraction coefficients are kno!,1n,

a lattice diagram showing the potential at any tower at any time
can be constructed ( rigure 45) . The same procedure can be

appl ied to the phase conductors and a similar lattice diagram
can be con structed ( Fi gure 46 ) where the refl ected and refracted
waves rel ati ons are:

"Z 
+ JZ = 

"';
7tz el = ttr

:.1,t.:l::lf :; ì!

A="2

( 100)

(tot¡

(toz¡

2R + Zll

- 7rz
J1

/¿

"z= "z tr
2R + 7ll

Equations 101. and 102 give the reftected and refracted
waves at all towers except tower I, where the reflected wave is
only
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i.:1

(toa¡tla=ô-"2 "2
27tz ( n+z)

( z+n)27R + z.lt

eZ="2-B.l
- zztz ( n+z)

27R + 7", (Z+n)

(104)

(105)

Equations 95 to 105 have been taken from reference 6.

From the lattice diagrams for the shielding wire and phase :1,.:

conductoro the voltages as a function of time at any tower at any :r"''

moment can be calculated. '''r'ì 
'',:

The voltages of the shielding wire are as follows:
El = e., (t) + (a + o6a).e., (t -zT)+ (r+ o<¡[tou2*ua1l .e., (r-orÍtou)

where B

Ez

E3

( toz¡

( toa¡

= be., (t-r)+ þu*u2u*ouu] .t (r-3T)

= bze'(t-zr)+ þu2*zu?b2*oauz] e., (t-4T)

and

E+ = b3et (t-3T) (109)
simi I ar ly, the voì tages on the phase conductor are
Et=.2(t)+ [zc*4.] e., (t-Zr)+ 

[Zu.+2ab c+Zo.a.**Bu2
+ Bab2] .., (t_+r¡ (rro)

Ez="2(t-r)+cet (t-r,¡* þ*aa+bc+a5.*ou.] e., (t-sr) (111)
E3=.2(t-zr)+ (c+bc) .r (t-ztl* 

[o2c+ab2c+qabc+a2b.*
abc+c+Ba+o(ac] er(t-+r) (trz¡

and

E4="2(t-¡r)+ (c+bc+b2c) .l(t-3T) (1r3)
From the above equations and by considering the signs of

the reflected and refracted waves, it can be seen that the voltage 
i

wavestravellingontheshietdingwiresandphaseconductorsare
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considerab'ly reduced by the effects of the grounding resistance
of the transmission system. This conclusion can be drawn from

Figures 47, 4B and 49, which show the relation between the

potential s on the shiel di ng wi res and phase conductors and

. across the insulator as a function of tower footing resistance ,,,
for several towers, as recorded from reference 6. It is thus

evi dent that I ow tower footi ng resi stance has the fol I owi ng

beneficial results:
1. Reduced potentials on the shielding wire,
2. reduced potenti al s on the phase conductors,

3. reduced potentials across insurator strings, which

minimizes backfl ashover events,

4 . I imi tati on of the di sturbance to a few spans , and

5. short durati on of dangerous vo'l tages.
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Figure 47 Shielding Ì^lire
th Tower Footi ng
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CHAPTER IV

SOIL RESISTIVITY INVESTIGATION

In the preceding chapter tower footing resistance has been l'.-',

reduced by utilizing grounding rods and/or counterpoise systems.

In order to accompl ish proper ground.ing, an investigation of the
soil resistivity and the factors contributing to its variation ì,,.,,,i,

'::':: 
:"' ':

should be undertaken. ij"

4.7 FACTORS AFFECTING SOIL RESISTIVITY 28

4.1..1 SOIL COMPOS ITION

Because soil resistìvity depends on the soil type, it varies
wi th depth and wi th di stance from a speci fi c spot. Thus , i nvesti -
gation of soil resistivity along the route line shouìd include
at least a determination of the genera'l soil composition, often
to a reasonable depth by means of borings. Table I illustrates
the average soil resistivity val ues according to soil type.

l:¡ r1:t:l-:,

r:..:.., a I

i, '.,:r,.'.These values of soil resistivity may be used if actual measurements ,,,',',i,

of soil resistivity for a definite spot are not taken.
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24
TABLE I

TYPE OF GRO'UND RES ISTIVITY IN OHM.METER

General Average

Sea l^later

Swampy Ground

Dry Earth

Pure Sl ate

Sands tone

100

0.01 - 1.0

10 - 100

1000

n7
108
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For purposes of simplicity, soil resist.i vity is assumed to
be homogeneous and the faul t current uniformly distributed.

4.7.2 THE EFFECTS OF MOISTURE CONTENT AND TEMPERATURE ON

SOIL RESISTIVITY

It has been found that soil resistivity is greatly
influenced by the soil moisture content and by temperature.
As can be seen from Figure b0, the higher the moisture content,
the smaller the resistivity that can be obtained. It is also
known that soi I res i sti vi ty i s much I ower bel ow the water I evel
than above it. In frozen soil, as in the surface layer in winter,
the resistivity is practicatìy high. This is due to the fact
that below 0oc water in the soil bggin'rt ro freeze, introducing
a tremendous increase in the temperature coefficient (negative
va'l ue), such that as the temperature lowers, the resistivity
rises enormously. At z0oc, the change in resistivity is about
five percent per degree. Figure sL shows the effects of tempe-

rature variation on the resistance of clay soil with 18.6 percent ',=.,.1¡,;,:r:

moi sture content.

4.2 THE EFFECTS OF FAULT CURRENf 8

Before proceeding with the topic of soil resistivity 
¡;,,;.',1,,:.,1,measurement, the penetration of the stroke current to earth and li,'',ilr::":::r:

i ts effects wi t I be i nvesti gated.

I t v',as earl i er assumed that soi I i s homogeneous and the
penetrated current is uniformìy distrìbuted. Thus, for overhead
I i nes , a ground-f aut t current i ni ti ated by the breakdown of an lli:.',,,,,tr:i
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Vari at'ion of Soil Resistivity t^lith
Moi sture Content for a Groundi ng
Rod in Clay Soil.25
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Figure 51 - Variation of Soil Resistivity l^lith
Temperature for a Clay Soil ,,,.
Containing 18.6 Percent Moisture25
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insulator, due to the ìightning stroke, enters the earth through
the footing of the tower, Figure sza. In the proximity of the
faulty tower. the stroke current spreads in atl directions
radial'ty28. Due to the resistivity p of the soil, and according
to ohm's I aw, thi s current produces a substanti al el ectr.i c f iel d

strength €., the change of which with distance x is shown in
Fi gure 52b.

Assuming homogeneous soi I and uni form current
radially from the tower footing, every hemispherical
( e.g. the tower base) in the ground near the centre
the same current of density J. This earth current,
distance x from the centre is

J = 2T ^2 J

f'l owing

surface

ca rri es

for any

Therefore, the cu rren t

and according to ohm,s

field strength t=1J

I
=-..---v21lx'

current produces an el ectri c

clensity J

I aw thi s

= f r

2 Tx 2

(114)

The vo'l tage,

hemi spheri cal

as a line integraì

surface of radi us

.?I dx=
2

X

(115)

of the field strength from the

B to a di stance x, i s therefore

l- I l-rLB xl

tn

ce

X

)

wn

rfa

E=t€dx= .PT

total vol tage

point with x

(rto)

be twe en

=@ iS

(ttz¡

21f

relation is

hemi spheri cal

f = ?I
2TfB

Fi gure 52b. The

and a far di stant
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and therefore the resistance experienced by the streamlines of
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Fi gure 52

i :1. : 
i:::¡.: I

,: :.j ;.: :t ..;

(b)
....''....:

- Fault Current Penetration
and the Associ ated Vol tage

Through Earth
and Úoltage Gradient?B
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current di verging from the hemi sphere i s

R-E:P (118)I 2 ]rB

Now that the penetration of the fault current to earth has

been examined, the measurement of soil resistivity wi'l ì be

illustrated.

4.3 MEASURING SOTL RESISTIVITY28

The fundamental method of measuri ng ground res i stance i s

shown in Figure 53. current is circul ated between the ground

being tested and an auxiliary ground. Preferably, the auxiliary
ground should be located at a distance which is ìarge compared

to the dimensions of the ground under test, since it is not
desi rrabl e to have interaction of the ground current distributions
at the two el ectrodes. That i s, a vol tage E wi I I be independent
of the distance x between the main and auxiliary electrodes
only if x is much greater than both B and b. Thus, by applying
Equation 116 to both systems of current distribution of
Figure 53 around the hemispheres of radii B and b, superposition 

i

gives the voltage between the two electrodes. Therefore, the ,

total vo'l tage E between the two electrodes is

r= f t [l*l -?1 (trs1
zlr- LE- 

* E- - xJ \¿¡J' 
1,,,,,,,.

and the total resistance of the ground is
F = I f l _l _?.1 (120)R = i = ,lr Lr * E-- xJ rL¿v)

the resistivity f can be determined by Equation IZO if the
dimensions are known and if f is assumed constant over the iiri'::liit '
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Figure 53 - Soil Resist'ivity Measurement?8

"r:: r; i
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measured ground.

If f is not constant, the resistivity around the sma'l ler
electrodes can nevertheless be measured, if its radius is much

smaller than B and x, so that not only the term z/x, but also the
term 1 can be neglected. Thi s gives the resistivity as

B-

f =lrbE/t (121)

asdeterminedonlybythevoltage,thecurrent,andthelinear
dimensions of b. However, if no specific measurements of soil f'.t=¡r.;

.:: :

resistivity for a definite spot of the ground are made, the ,:._....,,,

val ues of Tabl e I can be used as average res isti vities over the 
rr"::::'r;;:::

underg.round. 
ur¡e

t.: .a"... .: ;..
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CONCLUS I ON

In this study, the electric and geometric concepts

necessary to analyze the shielding performance of transmission

I i nes have been studi ed.

1. The investigation of I ightning phenomena leads to 
i.:,..

better understanding of the shie'l ding failure probìem. This l',..iit t '','

results in better utilization of the shielding wires above 
¡,,,.,,¡,;1iI ¡ 

":"':'::the phase conductors. i:;'r:r'¡'

2 - App ìyi ng the angu'la r di s tri buti on f uncti on of the l

stroke approach angìe, which is based on reference (14), this i

results in correct and accurate estimations of the shieldinn l

failure rates of the transmission systems, rather than assuming ,

vertical di recti on for aI I strokes. l

3. The optimum height of the shierding wires above the ,

phase conductors, and the concept of negati ve shiel di ng angì es

necessary for effective shielding have been studied, and the

resul ts are presented i n useful curves.

4. The development of the electrogeometric model of the iil+
transmi ss i on I i ne i s based on the el ectri c and geometri c

quantities of a I arge number of towers having I ightning-proof
performance.
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5. A simpl e desi gn procedure for effectively shiel ded

transmission I ine has been presented, with the resul ts shown

i n practi cal curves .

6- The proper location of the shielding wires above the 
,.,

phase conductors is studied. This leads to the fol'lowing results:
(a) the tal ler the tower, the smal ler the shiel ding

angìe needed for effective shieìding;
(b) a negative shietding ang'l e is necessary for

el iminati ng the phase conductor exposure arcs .

Thus shi el di ng fai I ure can be avoi ded.

7- It has become clear that the backflashover event is
a contributing factor in insulation flashover. A study of this
event leads to the following result: the backfl ashover
predominates when high tower footing resistance is associated
with low tower heights and low insu'l ation levels.

8. Analyses of the groundi ng systems al ong the route
I ine are of great importance in establ ishing integrated
protecti on schemes.

9- Investigation of soil resistivity, and soil resisti-
vity measurements are essential for esta'btishing the proper
groundi ng scheme.



-106-

10. A study of several methods for reducing tower footing ': ":"

resistance results in the fo'l 'l owing:

(a) For high soil resistivity, short pieces (60-90 meters)

of counterpoi se wi re arranged in radi al or crowfoot

patterns resul t i n a marked reduction of tower f ooting ,,;.,r,

resi stance. Consequently, backfl ashover events are

materiaì1y reduced.

(b) Grounding rods of small size and with greater length 
1,.i,-:,,,
l,---.:,.

are found ef f ecti ve i n reducing tower f ooti ng :1:::'::;'1:

l,' 
'. 

:.;..

resistance in soils of medium or low resistivity. 1;¡:,,:.:

tl. The shielding technique, which employed for the 
:

shielding of an ac EHV transmission systems could i

be appt ied equal ìy to an ac hi gh vol tage (HV)

systems, ôs wel I

I ':::': ì :f -

t:: . .,: :. : ,: j:

l: 
:Ì:i: .':i. 

'. 
i::;

l';,:..ir.i-: '.:t
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27
APPENDIX A

Method of Calculating 60-Cycle Resistance.of
Multiple Grounding Rods

o One G.R., Length L, radius a R=1
21T L

- 1)+ r

Sing'l e and

[''r:']]
(1- ,2

gs2

s2

zro l po¡
^55'

(lA)

(3A)

(4A)

Oo

oo

Two G. R.

S> L

Two G. R.

S<L

^ -''- .P (ln
K

4 TTL

R_ r
4.T11

4L +

+

a

I n4L

s

4 ïs

-?+

ln

S-

2L

[ ]n L +L-
a L6L2

A.tr
I

stzt4 
J

Buri eo Hori zontal

hlire ?L, depth ZS

Right-Angì e Turn

of l,li re Length of

Arm L, depth Slz
aS

+ 0.1035 Sz

L2

ft= f

4rrL

S. s2

2L 161

tfl
ft = 

-l+trl L

+0 .2146

ln2L 0.2373

+s4 I
;,1

4L-2+
S

Itno, *

L.

I
L

2

ln 2L +

0.0424
(5A)
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t-

R: r ltnzl-+ln2L+ 1.071-

6rrlL a s

Three-Poi nt

Star, Length

L, depth S/2

Four-Point

Sta r, Length

of Arm L,

depth S/Z

s2 -

L2

0.209 s + 0.238

L
I

0.0s4 s4 I

-lroJ

- r [.,,' zL+t-8-nL L a

077 S + 0.645 52

LL2

14 5 s4l
-l
'-oJ

Þ
n-)It-

Ring of t^lire,

Di ameter of

ri ng D, di ameter

of wire d,

depth S/2

( 6A)

: : ..

|,:;..',

ln 2L + 2.9L2 - ¡:.,i¡...
i' :r 'ili'.:

S

l

l

)

i

( 7A)

+
'i

R

1

0

( 8A)[t',' BD + 4DlL;;l2 t¡2o
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APPENDIX B3O

Method of Calcu'l ating Impulse Resistance of S'i ngle and

l.lul ti pl e Grounding Rods .

The basic f ormula used to calculate impu'l se resistance
has the same form as that for 60-cycl e resi stance. Equati on 1

of Appendix I is adapted to the symboìs shown in the insert of :.
:::l:.-':rl

ê^ ., .ttt,Fi gure 33, page 69 as fol I ows: :

:., .. , ,, ,,

R^ = fo I ln ( 4L ) - 1 I (]B) ,:,:,:::,,,¡.OL-J
2Il Lo uo

Now,consideringtheincreaseintheeffectiveradius(a,)of
1the rod, resul ti ng from breakdown of the soi I at hi gh current,

Rt fo [tn(alo)-1] QB)
211 Lo ai

The effective radius of the rod is determined as follows:
since the voltage gradient along the surface of the rod is the
product of the current density and soil resistivity ( flo), the ,.,.1,,..,: :.,,

critical value of this gradient (gc) at which the radius (uo) 'a;,,,,;-,

tt.t 
.t ::.t : ., 'of the rod starts to increase is derived from the critical

current Iu 
Ib ro

o="c ( 3B )

2 TI aoLo

For current I above Ib, the gradient at

assumes critical value and is expressed

rh

by

e effecti ve radi us



r-v---\.r!'¡ ¡'_--a.J-Ár-'_r_+ i "'4!:.\'

-113-
.. : .: .

q _ r fo 
.:i:

"c = - 'rt (48)
2Tl-atLo

From Equations 11 and 12

ui:uo i (58)
Ib l

.,. u 
,..,,i..,,,,--

when this value of ui is substituted in Equation 10, the ratio
of Ri to Ro becomes

t-llr
'' +:ltn(+toro¡-tl*lt'tÍ;t'I-t | (68) ,',,,,i,',Ro L uol J L J :: :'

s 9 ,,,.r.....

and 10, the ratio Ri to Ro is then

*t _ (78)

Ro Li [rn 
( +to ) - t1

uo

The relation of ui to the current can either be approximated by
Equation 13, or it can be determined from

r il .r _ 't L'l
(88 )

Iu uo 
Lo


