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éription of the grid being used, together wnzh possible methods of cal-

culation for the various parts of the grounding network, taking into

account the éxistence of multi-layer grounding paths. The methods des- -

-

cribed are general and can be applied to other types of plants as well

with suitable adaptation. oo™ »

/

‘

>

Steady state analysis is also extended to.develop a new -analytical

method to determine the ground fault cursent distribution m gmmding

grid and with the ladder type netwonﬂ( constituted by tower ground,' overhead .
ground wire and codnterprise of the associated tra.nsmissi‘on/ complex, taking

into consideration the various system parameters detailégi in the first

chapter,

n
¢
N

Y

Under t‘ransientlvahalysis, apart from dealing ‘with basic concepts

‘network of ‘the plant forming a par.:allle:i path.with the substation grounding

«
(N v

N *

s Q 2 ' 1

1 .
involved in the study of impulse impedance of grounding wgrids, their equi-

valent circuit is formulated and analysed for their response to pratical ) :

-

impuvlse inputs, developing expreassions for their impulse impedance so as 1

to gauge not only the. initial pofential rise of a power plant, substation . ‘~

or. tower under ground fault conditions, but also to study their impact Cov

\

Py

in controlling insulator flashover potential. Inductance of grounding

grids is showr. to te the govenfing fagtor ‘contributing towards their im-

pulse impedance, and the necessary fohn_ ae to evaluate the inductance
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, » . . . '
. A . L
.

INTRODUCTLON|- % : T -

1.1 General Background . -

A

Grounding has come to play a greater role in recent times on
power system operation. As a result, there has beeh a growing need

for further analysis of several aspects of ground_ing‘problems in ord®r

I 4
to keep pace with the growth and advances in power system operation.

A )
- . W

The stibject of grounding requires two pred@inant design cri- T 4
— ‘

teria to befsatisfied in design and analysis of grou'xfding grids, viz:

;
’ “ . /1

to Vensure safety of personnel and equipment .
e reliable Op(r{ation of the ' v |

relaying system,

- f -
»

To meet these requirements, it is necessary to attain a low value of
the total resistance to ground-of the .overall power plant (e.g. in
] ',

the: order of 0.5Q), as weéll as safe values of touch and step potentials.

T s
9 T SRR

. There have been several -papers‘ {1-7] written on theoretical

.methods to detérmine steady state (i.e. at power frequency) grounding . S K
19

@étanc‘é of various electrode configurations, and necessity had been

felt to develop a technique to deal with a specific é.pplicatioﬁ and
' ! LY
related calculation for the design of a low resistance Q'gr-c.\unding system

\
\

for a complete installation e.g. hydro-electric generation and transmission

complex situated on highly resistive soils. Without this, it becomes

W - ,

ES
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difficult, at the design stage, to‘.*assess the efficiency or performance
of the grounding network >of sych a vast complex. On the face of it,
one gets an apparent impression d1§t since such plants are surrounded
by sufficient vglumes of water having low resistivity, it should be
fairly simple to realise a low resistance to remote earth. The basi:
fact that the ground-fault current must graverse down to earth (e.g.
rock) after traversing throug}; water is often set aside. On”same
basis, electrodes are buried in some nearby confined soft deposits
(e.g. clay), if available, and ground resistance calculated accounting
alone for low resistivity of top- soft medium. The léawer hard medium
of higher resistivity, adds to the otherwise low resistance afforded
by the top soft medium and thus changes‘ the design completely. Only,
if the upper medium is of vast dimensions, will the effect_ of rock

¢
below be minimal.

The first design criteriéna ‘viz., verification of touch and
step potentials at various locations of these grids obviates a4 need to
c?rrectly evaluate the amount of ground-fault current traversing through
the érouniing netwoz,‘k of the powerhouse, in relation t‘o that diverted
through the substation grid, towers,( ground wire etc. The bractice
hitherto has been eit}%r to assume total grc;!md fablt current traver-
s;ing in the substation grounding grid‘ or assume an approximate value

of aboutr 60% or so of the total value, resulting in either-a wasteful

expenditure or unsafe design. \

Ls
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- Above are the‘problems‘ca{}ing for an analyéis under steady
|séate domain. But, what happens under transient portion of the ground
fault current or under discharge of impulse currents through the grids?
' This ;rea too calls for a detailed invéstigation of the problems invol-
ved. There have been some theoretical investigations resulting in !
empirical approximations of test results and demand development of tﬂe
basic relation to fundamental constants such as p, A and k, needed for
such an analysis, except dealt by Sunde [8], Bellaschi and al [9] for a
linear electrode. The important requirement under transient state
domain is to determine the iﬁfulse impedance of grounding grids of the
usual shape and type (e.g. tower base type, subgfétion grid,'eth so
as to accurately analyse problems concerning lightning protection and
transients under ground fault conditions, impulse impedance being the
ratio of peak value of ther;oltage developed at the feeding point of
the grid to the peak value of the current under impulée inpuﬁs.

-

Ground behaves essentially as piie resistance [5,10] at commer-

cial frequencies and with usual values of Yesistivities. Vety high fre-

quencies or steep wave fronts, with very high soil resistivities, tend to
make charging current flowing in ground capacitance relatively moreuim-
portant. Thus, in addition to conduction currents, there will be dis-
placement currents in case the electrode voltage changes with time and the
sum of these ;ﬁrrents flows tﬁrgugh the self inductance of the grounding
grid, résulting in equivalent circuit based on its ground resistance (R),
cépacitance (C) and the self inductance (L), requiring analysi; go as

to determine the impuls? impedancé for impulse inputs.

-

1.2 Scope of the Thesis ‘

Based on the above considerations, the presént work is divided

L e TS )

e

Lo
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" the principle guide ,@s [11] employed in the analysis carried out

into three phases as follows. |

‘'

1.2,1 Analysis for Design of a Low Resistance Groundi}xiSysteﬁx for a

N \‘
Hydro-electric Plant :

.

/
»

*-phase T gf\’ge;s a description of the initial design as we]‘(/{as

for the grounding grid design of a hydro-electric plaxit by takir)g a
real live plant, viz. La Grande - 2, the first of ;éveral plants \i)teing
built by tﬁe Société d'Energie de la Baie James\jin the Northern p;.rt
of the Province of Quebec, in Canada‘. The site is located on the
Car;aidian Shield, and consists mainly of p}ecambrian rock of very high
resistivity (up to 35,000 Q-m as measured), with scattered deposit; of

glacial and post—gliacial over-burden materials. This value of resis—

tivity}is the highest possible expected for a plant site and is considered

.
representative for a similar situation or problem. Since the powerhouse,

surge chamber and switchyard are being built in or on’ the rock, it was not
possible to obtain a low resistance to ground. ISome useful elements,
mainly the intake structure and the water basin, and a nearby deposit
of: low resistivity material of sufficient dimensions have been analysec_i
and found effective in reducing the overall ground resistance of the
plant. Some other elements, for instance the penstock lining in congaét
with the water, have also been unalysed and are not always as effective
grounding paths as' they are often beiiew_red to be. ‘ (

For the purpose of analysing different areas of the plant,

several methods have been compiled and applied in this phase of the work
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to calculate the resistance of the above and other elements of they

¢

underground power plant -. This proved valuable as a way to select thé

. most efficient grounding paths at the design stage. This phase of

the wotk also highlights the fundamental concepts behind the evaluatfen.

of grounding resistance of a ground grid installed in the forebay of N

a dam or in an isolated low resistivity medium e.g. clay or the like,

duly developing an. exact expression for evaluation of the resistance
involved, -

Ve

<1.2.2 Ground-Fault Current Distribution \\ -

" It is often difficult, at the design stage, to assess the .

‘magnitude of fault current flowing in the g:punding’grid of a substation 1
or a plant, On the other hand,\an assumption of the total ground-fault
current flowing in such a grid requires use of extra buried copper which

\
results in.a .considerable waste of expenditure.

1

There are several papers written on theoretical considprZions ‘
' ’ 4

{or the calculations of. ground resistance of a substation grid and coun-
terpoise and for the coupling effect between the phase and g;ound wire.
These call for a complete analysis to calculate the distrib;tion of ground
fault current duly taking info accqunt all the system impedances, and
other relevant parameters or effects. A recent paper by Dawalibi and
Mukhedhar [12] has offered some useful _contribution in this direction,
excluding, however, the effect of coupllng and the counterpoige and

does not develop any spec1f1c formulae for evaluation. This phase of

the work is a further step in pinpointing the various values of the

network impedances or ?heir evaluation procedure and develops an analytical

i
i
}

o
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method [13] to d-S:'elrmine the ground fault current distribution in .
¥ & 2

\

substation grid (connected to the grounding network of~thé power plant), ’ ’

towers and grounc{ wire, taking into consideration all these parameters: | ' ;
and effects. ' < : : » .

°

. ‘ ,
1.2.3 “Impulse Impedance of Grounding Grids

\ , !
. This phase of the work [14] outlines the basic concepts relating  »

to the impulse impedance, taking into consideration all the parameters ‘ t

- 3 .
< Y .

involved and establishes the following results for a gi'ounding grid:
‘i) Relation between its power frequency groun‘d” . . C

e

resistance (R) and capacitance (C) oo C o~

ii)  Formulation of its equivalent circuit

iii)

)

Expression for its

of time (following

equivalent circuit

impulse impedance as a function

analysis for response of the

©

to impulse inpets) and reduction

.;s

S ten

of the same to steady—staté«(power frequency grounding/

resistance) .

) Effect of impulse impedance of the tower grid on insulator’

v

flashover potential , r

¥ v) _Effect of grid's self inductance (L) on the impulsev

# )

--impedance and its evaluation.

L

.
» ’ - —_—

] B
Only those valugs of current which do not cause treakdown of the
soil are censidered as they result in a higher value of ‘impulse impedance

and thusin a safe design.The equivalent circuit considered refers to the
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g .- uspal size and type of grids e.g, the tower base or the substation types

‘h M . ! : 7 -

"as it flows along the grid is ignored in their basic analysis, and.this
. . : * ' -
R .effect accounted for subsequently in the final expression. This holds
< R
. goofl for these usual types of grids, but in the analysis for a long

“buried' wire i.e. counterpoise, on account of its length involved,
¥ . ,

I RS IIRGETIEATOL T NN P AT AL T

it is essential to take leakage perumit length of the conductor into

T
] . . . - - 2
g . . © account right from the beginning and a.‘cordingly analyse the equivalent T3
) . ladder type network ‘Yor impulse inputs. An analysis [15] , duly 1
\ . 4
; ¢ . covering this aspect is included as a separate séction in the Chapter IV, . 3§
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L ‘ CHAPTER II
‘ ANALYSTS FOR

DESIGN OF A LOW RESISTANCE GRCUNDING SYSTEM . ’
& !
‘ FOR A HYDRO-ELECTRIC PLANT

LOCATED ON HIGHLY RESISTIVE SOILS ’

) “ ° ) ° v 4
w 2.1 General L e , !

L -

Hydro-electric.plants are generally situated on rocky terrains

having high resistivity, and thus it is often difficult to achieve a low
. . i ke

- resistance path to remote earth. This chapter affords :; complete analy-

' sfs as how to achieve the desired low resistance in order to reduce
J i " the value of the plant potential 'rise above remote earth, Since such

an analysis would require as\sRmption of a power plant layout with various
dimensions, ti.he most appropriate way would be to take a specific real

live problem and then peform the analysis. Such an analysis, in this

chapter, is based on the LG-2 hydro-electric plant .of the Société
. D -
d'Energie de la Baie James in the Northern part’of the Province of

et

Quetec, in Can_adaff The author hHimself was responsible for its design.

This leads to establishing the main guidelines and a desin procedure

T

{11] as.outlined in this chapter.

The projéct 1G-2, referred to above, includes ‘esseprially a

16 unit, underground, 5328 MW powerhouse, a 735 kV switchyard installed

above the powerhouse, an intake structure, 16 underground penstocks and

an underground surge yamber. The. site is located on the Canadian Shield,

@

and consists mainly of outcropping precambrian rock of very.high resistivity

4
)

A

25 s
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(up to 35000 Q-m as measured), with scattered deposits of glacial and -

post-glacial over-burden materials. Among these, an extemsive clay | T

zone (resistivity 40 to 70Q-m) is situated nearby. Water resistivity

in the area is also very high (up to 500 Q-m aﬁlmeasured).

2,2 Description of the Gréhhdigggcridé

- 2.2.1 DescriEtion

v

As pointed out in section 1.2.1, since the powerhouse, surge
chamber and swithyard are built in or on the rock, it was not possible
to obta%n a resistance to ground less than an order of a multiple of ten
/ ohms for any of Fh?se areas by using buried copper conductor. Even the

fact that the powerhouse and surge’ chamber are in contact with water was
of little help due to the high resistivity and relatively small volumes
. of water involved. For the same reason,/reinforcing steel used in the

floor areas is of no help to reduce the grounding resistance although it

o ' does contribute to reduce the step and touch potentials to safe levels.

i

The intake structure, however, is. in direct contact with the
\ large volume of water of the forebay. Its resistance to ground could,
therefore, be brought to a value closer to what we were aiming for.

4

Consequently, the grounding grid was designed to take advantage

v

of this situation, by interconnecting, through heavy copper conductors,

T e s ik

e

the powerhouse, surge chamber, switchyard and intake Structure. It

B

would then appear as several electrodes to ground connected in parallel,

the overal]l resistance to ground being the equivalent resistance of this

7

network.

\\
{
|
{

e am
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Advantage could also be taken of the nearby deposit of low re-
sistivity clay, where ground rods could be buried and connected to the
above grounding grid to further decrease the overall ground resistance, g
should this become necessary after the resistance measurements.

' An isometric view (Fig. 2.1) illuétr?tes these various grounding

grids. All metallic enclosures are connected to the relevant grid through

conduseérs of a size depending on the location of the associated equipmentf

2.2.2 Calculated Values

Table 271 éives a summary of the ground resistance for each area.
The calculations are detailed in subsequent sections. For maximum ground-
fault current of 16000 amperes, the value of 0.5 ohm gives a maximum voltage
risg of the mesh of 8000 volts which was considered acceptable. The risk of
transfer of such a high potential beyond the safe limits of the plant is re-
duced by insulating any outgoing rails or pipes at the exit locations. The
varioﬁs grids at different 1oc;tions were designed in order to keep the step
and mesh potentials within safe limits. The usual calculations that were

performed to check these potentials are not included in this thesis.

2.3 Methods Used in Calculating the Resistances of Grids at Various Locations

’

2.3.1 General Procedure

s

The ground resistance for each area described above was calcula-

ted by one or several methods, depending upon the geometrical structure of
lthe grounding grid and on thé nature of the surrounding media., Values ob-
tained by different methods for each area were, in 'general, reasonably close

‘to one another and the most conservative value was ustally taken as the de-

sign value,

e
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_ S TABLE 2.1 |
v ‘ |
I GROUND RESISTANCE QOF VARIOUS GRIDS
' {
OF THE ;
’ : |
HYDRO-ELECTRIC PLANT ‘ %
/ j
‘ Location ’ Ground Resistance (Q) . , i
- ¢ Surge chamber k 192 ‘
Draft tube 204 ¥ A
 Powerhouse 178 7 .
‘ Intake 0.6 . "
: i Ground rods . 4
i v | Switchyard 43
s 4 Overall value including ground rods 0.5
: ' | Overall value without ground rods 0.6 .
;‘ N
- f - :
.
i .
4 o ,
{ u : / - .
-+ , \ ;
. ~ \ \ }
. ’ 4 - o
. A ’
/
1 x :
Th ’ N
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The main guidelines for t_l\1e calculations are given in the fol-
" lowing paragraphs. More detailed references can be found in Appendix I‘. |
In all the calculations, the basic delf:inition of the ground resistance E ¢
of a body was kept‘ in mind, it being the resistance in the path of the ,
* current flowing from the btody to remote earth. . . |
2.3.2 Powerhouse ) . {
The Dfollov.ring elemer:lts :rere considered to contribute to the i
grounding_of the pcwerhouse: ) ] %
? ’ i :
C - Grouriding‘ conductors buried in concerte.‘ ;
- Rock bolts installed to support the arch roof of the o :
powerhouse. ) .
- Steel linings in the lower portion of thé penstack, the o §
scroll case and the draft tube of each unit and directly ‘ B |

in contact with the water, .

¢
&

~

2.3.2.1 Conductors buried in concrete: .

' -

Copper conductors in the form of a grid (abed, Fig. 2.1) are

i

byried at the turbine floor., The ground resistance, calculated using

equations (I.1), (I.2), and (1.3) of Appendix I, ap/pears in Table 2.2. v

v <

A design value of 178 Q was adopted.

\

f N '
2.2.2.2 Rock Bolts in the Arch Roof: . .
'

Equation (I.9) of Appepdix I was applied to calculate the ground ’ i

-

. . | 3 '
resistance of this multi-electrode network. The calculated ground resistance for

)

““

[

i
.
A . A
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S the powerhouse was 89.7 Q. This value was considered too high for the

. s it S v s bt

bolts to te of any use in the grounding, especially considering ihe / .
/

[T —

fact that there is no electrical apparatus nearby.

n = number of bolts = 3519

2b = diameter of bolt = {cm

I

k; = 1.0, factor for ratio of length (440 m) to.width (34 m)

of the mesh
Ll = Jlength of bolt = 5.25 m - r
' p = soil resistivity = 350000 -m for rock ' ’

2.3.2.3 Steel Linings in Contact with Water:

Because of the high rock resistivity, the lowest resistance

path to remote earth.is through the water in the penstock to the forebay.

Equation (2.1) below gives the resistance of this column of water simply

- '

i regarding it as a cylindrical condp.ctor, not taking into account the
' non-uniform current density across the sectipn: R \
~ )
. ¥
, Ro2 - o (21)
r o . .
' . : Where, 4 = length (m) , - * ’
\\\ . r= radil,lé (m) ;
} \& | o voop = resis\tivity of water (Q-m) ' ‘ 1

‘ For, £ =177 m, r= 3 m and p = 400 O-m" (an average value), R amounts to
2504 O and for 16 penstocks in parallel, the equivalent ﬂresistance is

i .7 156.6 Q (wif.hou't»mutual effect). This is obviously too high a resistive

(™

path to be effective for passage of ground fault currents. Taking into

N

B e e T SR L R
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account the variablqg)current density would further increase this value.
s

- \\
2.3.3° Surge Chamber. r
Copper conductors in the form of a grid (efgh, FJ.g 2.1) are

buried in the surge chamber. The ground'resistance, calculated by tifl

same methods as in section 2.3.2.1 appears in Table 2.2. A design value

of 192 0 was adopted.. :

2.3.4 Draft Tube

7

Copper conductors (ij), Fig. 2.1, are embedded in the concrete
; of each draft tube. Table 2.2 shows/ground resistance obtained by 3
equations (I.8) and (I.7). A design value of 204 Q was taken.

v

2.3.‘5 Intake Structure

4

The following elements were considered to contribute to the

grounding of the intake structure:’ L .

'
1

,~ Grounding conductors embedded in the concrete.
~ Steel trash-racks in permanent contact with the ¢

forebay water.

- - A number of conductors laid on the floor of the forebay .
and connected to the intake grounding mesh.
] ! ., 7
" 2.3.5.1 Grounding Conductors Fmbedded in Concrete ' —

(Mesh kIm, Fig. 2.1). Equation (I.5) (considering the mesh

'

equivalent to a vertical plate) or equation (I.3) (considering the mesh

as a ring of wiré), of Appendix I were used to calculate the ground resistance.




Y

3

o et .%*“ﬂﬂw’**mmwtw» .

L]

2

y : I -

. =17-, ’
. mesh length = 402.7 m. A -
_ hei ght - 2075 m
. depth = 1/2 (height) )
diameter of wire = 2 cm
&

The resistance is 1.3 0 and 2,17 Q using the first and second
methods respectively and assuming p (concrete) is 400 Ql-n. This calcu—
lation is valid only for an infinite concrete medium. The effects of
uriderlying rock and forebay water were taken into account by the follo-

wing relation, ,

'\

Resigtance of mesh to ground = resistance of mesﬁ to

. ' r]
concrete (considering concrete as an infinite volume) —
resistance of an elec;:rode formed by the intake structure
into infinite cbncr/ete + resistance of concrete bound bty

, =
water and rock. - (2.2)

Q v
The basic concept behind this equation is,ana.lyéed in a separate

section 2.4

The first term is already calculated above.

, " '

Equation (I.6) was used to determine the second term, rega
the intake as an equivalent horizontal cylinder ‘shown in Fig. 2.2,
- /

| | A

.4‘ ! \
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- and-its length is the same as that of the intake. For an average w?dth &f
: . " of 6mand a depth of 36 m, the\diamete; of this cylinder would be :
66w u S ‘ S
. . Y “ - - s v ‘
L ' - For: 4 =400m ) e l ’ \ ‘ { ‘
, d=16.6m" \ o S
o h=18 n n ‘_, o ‘4 .. . .
) p = 400 Q-m (concrete), ‘ - | i
, B ~we get: R=0,940Q g " L ‘ =
S | S | K \\ SN
l The thi;dlterm of (2:2) requireq~tﬁe apparent résistlvity pa' . “ ’ /;
due to the dval medium (water and rock). This was caléulated using : . o
equaqjén (1.14);" The circle‘equivalent'tsrthe intake structure (400 m . .
: ‘ long, 6 m wide) has 'a radius of 27.6 m, with its center at mid depth.of |
' Az;ater. This yielded a value p_ = 1.3 ‘o (water). ; . ‘ ﬂ
. - . , ‘ -
- : Substituting p, for p in equation (1.6) the resistance of the |
) o ' concrete in contact with water and rock wa; calculated to be 1.42 é. 3 o
% ’ Fquat&on (2.2)£§§én becomes: - ]
| 4. | o | DL ‘
' : R =217 - o.“9n4'+ 1.42 = 2.65Q /—7 ‘ a Lo
s . . 4 , P

[}

2-3n5-2. Tmsh-’RaCks ’ i o o :

<

Each trash-rack can be regarded as a vertical electrode in water,

and since all of them are intercommected through the buried copper condyctor,

4 o i
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] ¢ s of water and rock has to be’ consldered, as well as the mutual effect of ’ "
- - ‘ .. ‘ ‘
' Q\. S parallel ’currents flowing to water via these electrodes. =y
‘,:’/‘74 i3 | ’ - Lot . . ‘
) % o . : Calculation considering water orly: . - ) i
¥ : . . = > ~ i
) . Q ’ # x . . .o Lt . © : : ,
I o ) A1l electrddes”are at the same potential; given by equatjon |
. - 2 < te * \
TS N ) i |
{14 » .. (2.3) below: .
y R a .
y ’ ’ A ) ) Lt ) " M ! h
~ i ‘ : ‘ : :
& .0 A "+ IR, + +1 : : ' P
g‘; ° ‘ T S Ry F IRy e F IRy, _ - L
f ‘ ) ’ . ) 1 ) . )
b ! v + IR, + +1IR ' I '
o \‘ . . . '2 21 eswes n 211 . . A
N ' 5 - ' 7 (2.3)
N .. , . . — P

| | ) . Q t1n1+IR +waee + LR ' S |

A
B
&
/

L =k R - . 1
4_7 ‘I . . ~
- 14 o
SN Putting in matrix form: -
- B ', R . 18 ? e

4

GBI T T e
B HE

n? = pigber of eyct;%&es . —,“ g , . - .
= -%... ¥, =V, being petenti:1 rise of each ‘electgode ]

[ e |
it
_

il

Ry electrode 'resistance to ground : *
R1j= mgtmi’ resistance between electrodes i ‘dnd j ) »
Iy5+I,, sess I are currents in the electrodes 1,2.... n, T &
respectively. . : AL .
B C ; f
. g .
- -
Ll Eiad R \ '
)()'
' - Ao
N S : [ S : “
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Since V; =V, = .... V, =V, the values of Iy, Iy eeeo. I can be obtained

in terms.of V through invers;on of [R]. Since the copper conductor ‘ |

,com‘iectin\&dle electrod:eé is cornected to the system grid at both erds
and’'at the cent;ar, the symmetrical distribution of current allows -the
order of the matrix to be reduced to n/2.

The values.of [R]can be obtained as follows: : £\

Rii (where i = 1,2 ... n) cra'n be calculated by equatior{ (I.5) or (I.4), Q"

0

considering it in either case as a vertical plate in water,

. i B

' Ri j [1,2] can be calculated with a reasonable approximation, using .

equation (2.4) below: : R '

=B . ;
Ri3 oy ' | i . (2.4)

E2

Xjj = distance between electrodes i and j, it should be greater than

the linear diménsion of each electrode.

p = resistivity of water
1 1

From these, knowing -macrix [R], [R ]-%l' can be found. The total ground .

resistance Rtot weuld then be:

- The trash-racks are equally spaced at 22,5 meters., For a trash-rack

- 13.3 m x 13’.’6 m, Rii = 8,23 Q by the first methed and 8.33 O by the

™ second method. The value of R . =1.320Q, - : ’
s 4 ’ v . r

i
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) Calculation considering the effect of rock:

oo 3 To take this into account, an additioral term R, must be added,

o & which can be calculated from equation (1.13b).
> . ) , h . ~
For, h 2 29.5m (for minimum water level)
. . L
24 = 13.5m ‘ _ ) .
Py (water) = 400 Q-m P - !
° . Py (rock) = 135000 Q—m .
C R, = 9.52Q / .

This modifies the earlier value of Rii to 17.750Q, on account of this, ‘_’
o . o
oo -the diagonal elements Bf the [R ] matrix get modified, changing the total

resistarice to 1.93 Q. ,

The matrix [R] (reduced to size n/2) is shown in Table 2.3;
C T < with andpdithout the effect of rock; the current distribution in each
p "+ """ trash-rack is also showt}/;Table 2.4.

: . 2.3.5.4 Conductors in the Forebay . . o

', : :  The problem involves a 2-layer medium (water, py» om rock, p2).
| A

.Since the electrode layout is horizontal,equation (I.14)was used to deter-

' ]
g

v < 1
) ' : mine the apparent resistivity Py To optimize the resistance with respect

] to the length, number of conductors, area covered by these conductors and

. depth of immersion, computer was used to evaluate toth the apparent resis— °

tivity and the grid rekistance to’groumli_. .
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g - To calculate the ground resistance of a single conductor
(500 kcmil), equation (I.8)was used, replacing p by p,+ The mutual

resistance between conductors and the overall resistance were deter-
1] —
‘mined utilizing the same procedure used for the trash-racks.

.

Values obtained are shown in Table 2.5 and are as well depicted
graphically in Fig. 2.3. A design value of 1.71 Q using 4 conductors
(each 1000 m long) was adopted. -

2.3.6 Switchyard  _

The grounding grid of the switchyard covers an area of

503 m x 305 m and involves 11000 m of copper conductors buried 0.5 m

3

, Lo
below grpund surface. Applying Laurent [1] equation (I.1) and taking p as
|

9
e e .L-.-,:...,.._.‘..u,x.;mw..---n-oww e

L

,3500020-1;1, the ground resistance is 43 Q.

Sl

i
% . ;
2.3.7 Ground Rods in Nearby Clay ]
#3.7.1 GCeneral . : ' ;
5 As stated above, the site offers the possibility of installing ‘ |
A ground rods in.clay of relatively low resistivity. As will be shown ix\i j
- . . —
1 , the following analysis (Table 2.6), to enfure a reasonably low path to s
, / . / §
E ground, this deposit should be of sufficient extent and depth. gt
. ’ ..;
g
. F ) ‘ . -
Fig. 2.4 shows a grid made of 36 rods arranged in.a hollow . "
- B square. Though different number of rods may be tried, this arrangment :
3 ;T affords an optimm value [6] . ‘ :
} / ?
f 5
i ‘ - | t
/ . » ?
' 3 v !
i
. i
]
- = . ' i
. N e — N - !
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2.3.7.2 Design of the Rod-bed

Since the resistivity of rock (pz) is much higher than that

J

A

of clay (pl), the rod separation s has to be less than h. For optimum

design, one could use the ratio -%—.as two‘[é ]. Also, since the rods

must be buried deep enough to minimize the influence of the high re-

sistivity frozen surface layer in winter, the ratio [6] betweenﬁ!gozen

layer thickness 4nd rod separation was taken as 0.2. Minimum resistance

is achieved by using a long rod, buried below the frozen layer., However,

the rod should be kept well above the underly;ng rock.

2.3.7.3 Ground Resiatance

b

/

As Yor the intake structure, the effect of the -underlying rock \

can be taken into account by using .the following relation:

'
'

Resistance of the grid to reﬁote earth = resistance of grid to
clay (considering uppei medium, i.e. clay as having an infinite
volume) - resistance of an electrode formed by the volume of
upper medium clay, considered as half ellipsoid, iﬁto infinite
clay + resistance of this half ellipsoid clay in rock.

(2.5)
The basic concept behind this equation is analysed in

!

section 2.4.

.The resistance R of a single rod in clay is calculated

-

by equation (I.11): ‘ -

R=4.30 (usingh = 20 m, z = 2m, s=10m 4;=10m)

The resistance of 36 rods forming alhqllow square may be

calculated by equation (1.12). Equation (2.6) below-

[ e gt
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2
N v

) gives the equivalent hemisphere radius r, to be

used in this equation:

2nr
e
Hence r, =1.47 m,
, r .
e

= Jistance between rods 0.147 .

From equation (I.12), the total ground resistance R22

for 36 rods is 0.26.Q,

2.3.7.4 Intercomnnection

. The resistance Rll of the buried copper conductor grid

o

For,z =2m
L =360m )
2a =1.32 cm, (diameter of conductor)

Ry = 0.31 Q from equation (I.l)
Ryp = 0.29 Q from equation (I.2)

1

2.3.7.5 Mutual Resistance

-~

is calculated by equation (I.10).

For,4 = 360m

4, =10m

1 - ~

connecting the rods is calculated by using equations (I.1) or (I.2).

The mutual resistance R12 betweén the copper mesh and electrodes

wh



3
~ ,l .
B , ¢ =31~

{ -
) A =90mx90mn |
zZ =2n }
/ p = 40 Q-m :
-~ - '

we get: Ry, =R, = 0.18Q

-

o~ 2.3.7.6 GCround Resistance of Clay . , :

The clay overburden is regarded as a half of an ellipsoid

”

(Fig-. 2.5)": To calculate its resistance, equatiori (2.7) is used [6].

- ° _

' p
Resistance of clay = %ﬂI‘ﬁk_L (2.7)
. G .
Cl = capacitance of the clay combined with its image -
over the surface of the earth, the combined

by electrode being considered as in air, in meters

. f = resistivity of the underflying rock in (-m

, Case 1: - '
=p>
a=b>c - l
- : . ) (2.8)

¢ = (from reference [16])

. a - ¢ ‘ . L
¢ . arc sin . v
1

«

P -All.dimensions are in meters and refer to Fig. 2.5 shown in the next page.

ke -
‘
e~

Case '2: : i

n#o |
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Electrodes
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Clay Ellipsoid

FIGURE 2.5

GROUND .RODS AND GRID IN CLAY
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/ - v - C R
Capacitance = _:'1-(3-—?13 _(reference [16]) (2.9)
. o’ ' ' ! . )

£

%

F (%;'*Q)F —;-iﬁ——
) o /1-q% sin® g .

4 ’

o ) B r - o

For ¢° very close to T/2, this integral can be approximated to:

o
S
-

‘2 2 2 26 e
1 1. s e 2 e T
I R P Y R

Table 2.6 shows values of capacitarce and resistance tased on p'(:i‘éck)
S b .
as 35000 Q-m. . ’ N

~ -

ot
The R values given in table 2.6 correspond to the third term in
relation (2.5). The second term is obtained by dividing by p (rock)
as 35000 and multiplying by p’ cﬁy as 40.

© ’ -
1

»

This clearly shows that the”dimensions of the clay medium play an important
role in determining the value of the ground resistance for the grid.
The dimensions of the clay deposit at the site permit us: to use a ground

resistance of 3.7 Q. -
2.3.%.7 Total Ground Resistance of the Grid
The total grid resistance to ground as obtained from expression

(2.5) is: ' . °
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F11Re2 ~ Fiof; 3.7 x 40 . o
, - - + 1.7 (2.10)
Rjp ¥ Ryp = Ryp =Ry 35000 ‘ .

4
[l

-~

o ‘ )

With R, = 0.310Q, R, = 0.26Q and R, = R, = 0.18 0, total grid
R1 Ra2 12 = R

_resistance = 3.9 Q. The first term is the resistance [2] of.gdd

v N

and rod bed in infinite clay. ‘ . . . ”

y ’

2.4 Ground Resistance of Grids in Confined Soft Soils

' / L W “*\ .
The expressions (2.2) and (2.55% have been used in'

-

ier sections |

— Y

to calculate the grounding resistance of such grids and th%:oncppt "w“\)

behind these equations is outlined below: -

1

5 / .
2.4.1 Concept for Fornulation of Equations (2.2) and °(2.5)

. 4y
Asdume ar electrode M buried in medium A, bound, by surface S

’ (see Fig. 2.6). The body A is in turn buried }n medium B considered

- - 1

. as bound by remote earth R. The ground resistance to a current flowing

from%fectrode M is constituted of the resistance of A apd B in series [1] ,

i.e.,’

v

R'=RA+RB
1] - - -

If the body (medium B) bound by surfaces S and R was‘ of the

0

same material as A, there would be a single medium path. If the surface
5 ~ N .

S is close enough to an é€quipotential of this new medium, the value of
» " .

RA remains the sanie, and the total ground resistance becomes: .

et e N o Pt S B a3 DA
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N ) ~37= \

Where, R, = resistance thrc;ugh body A (bound by surface
S), same as ‘above

\ RA = resistance through body A' (bound by surfaces

' . S and R)

B
\ ok,
f "

. R' is obviously the ground resistance of the electrode M in’

| an infinite): medium A a:nd can be easi‘ly calculated. RA is the resistance
of an electrode having the shape S in an infinite medium A. This can ‘be
calcuiated if the shape S of the electrode being considered is simple.

ve . " Hence, RA=R' -RA

: R\; is the resistance of an electrode having the shape S in an infinite

" medium B, ‘The formula is the same as for R!, replacing Py by Ppe
3

'

« o

ljlence, R=RA+RB '

or, R =R' - R} + Ry, wirich is the same as equations (2.2)
and (2.5). This is found to be identical to the one pointed out [4] ,
as applied to a concrete encased electrode. The relation arrived at

above, however, is general and can be applied to any similar situation.

¢
B

. 2,5 Summary )

A design procedure to achieve a low grounding resistance for' a;'n under-

ground power plant located on highly resistive soils has been de\'/eloﬁed. 7

‘ : o
, Contributions of different elements of the powerhouse structure to the

‘ \ total resistance of its grounding network have been analysed by applying

suitable methods depending upon "geometrical configurations .‘ Some of the

'




' / ‘38‘ R
f * ) ’

. grounding paths, viz. the intake structure and water are shown to be more

efficient in reducing the ovefall grounding resistance, .whereas some other
elements, for instance the penstock linings in contact with water are
not as effEEtive grounding paths ag they are sfténjbelieved to be. It |
is also shown that installation of a grid iﬁ a confined low resistivity

rea is no guarantee of a low resistance. In such cases, dég‘gxpressions

2.2) or (2.5) developgd should be used to calculate the grounding .re-

sistance.

B
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CHAPTER III

GROUND FAULT, CURRENT DISTRIBUTION
. N
POWERHOUSE, SUBSTATION, TOWERS AND GROUND WIRE
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‘the analysis below covers faults at the terminal towers in order to en-

CHAPTER 1II

GROUND FAULT CURRENT DISTRIBUTION

. IN

POWERHOUSE, SUBSTATION, ]OWERS AND GROUND WIRE ,~ SRR

3.1 General

—

It is often difficult, ]t the djesign stage to assess the magnli-

! h

tude of fault current flowing in the grounding grid of a plant or a sul;\-'

station. : The portion of the current flowing in such grids is important.
‘ 2 .

f%r verification of touch and step potentials in order to ensure safety

of persomnel and as well to determine the potential ri# of the plant e ~—

—

‘to remote earth.

- {

-

The substaln:ion grid in parallel with the powerhouse grounding
P

nework are connected to the overhead grounding wire, which runs along
the ;mr\émission line, strectching from tower to tower and connected ‘at )
each tower to tower ground through the metallic structure of the tower.
A ladder type of network gets formulated, with .terminations b);“the sub=
station and plant grounds. The next sections deal with the analysis of
the resulting network so as to determine the desired ground fault current
distribution, taking into consideration the effect of counterpoise (buried

in the grouhd and connected to each tower footing), coupling between the /

i

phase and ground wire and that of whether the line is short or lorg. !

Since maximum current threcugh the substatio{ or plant will traverse in

case the groimd fault takes place at close proximity to the substation,

—

# * .

sure a safe design.

s E

. i ( i . 7
o o - * B ) !

.



-40- v

3.2 Current Distribution Due to a Fault at the Terminal Tower of a Line

Fallowing Fig. 3.1 shows the connection of a ground wire connec- !
ted to earth through the transmiss;ion towers, each tower having its ;wn
. grounding elec‘trode or grid. Ground chrrent due to fault at any tower,
v apart from traversing through it, will also get diverted in part to
- the ground wire and other towers. The current /Inﬂ flcwi.ng to ground

;. through the nth tower, counted from the terminal tower where the fault

.is assumed to take place, .is equal to in - in+1‘

With reference to Fig.- 3:1, Rt is assumed equal for all towers
. ‘ and any mutual interference for their own ground currents is neglected. - ;
. The node and loop equations for the nth mesh give us the following re-

lations: - - : t

A e o

¥ ) ' T

i

L "L~

\ : , B (3.1)

i
-

I
r and, i Z - wIZ VI R-T R, =0 ‘ (3.2)

a

RS ’ vhere, In, In-l’ in, in+1’ If etc\. are as shown in Figure 3.1 and g,

' the coupling factor is given by the expression [17] below:

Ll foe e

_ log (b/m -

po= L e (3.3)
- log ($7) '

]

This coupling factor is the ratio the mutual impedance (Zm) between ¢
. the faulted phase conductor and the ground wire and the self impedance
. <

i

of the ground wire with common earth return.

—

Ty
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- “vhere, b = distance for the ‘conductor to image of the ground wire, the ‘
latter being the same distance below the ground surface as

the wire is above it (for infinite conductivity earth).

m = distance from conductor to ground wire

=
It

height of ground wire above earth

o
it

radius of the ground wire

The evaluation of the factor w given above is applicable only for a

perfectly conducting egrth., In practice, earth's surface is not a

perfect conductor and a perfectly conducting plane electrically equi-

valent to the earth would, in general, be situated some distance below

3

’ | the earth's actual gurface and accordingiy_ the distance between the con-
ductor and its image (the latter situated at the same distance below
this fictitious plane as the con&uctor is above it) wiil increase, 'qhus
increasing both 2h and b of (3.’3). “The eJ.:act value of this factor is

z m/ self impedance of the ground wire, these being obtainable from refe-
rence [16] .
) i -» -

Re-writing the equation (3.2) yields us:

(1 - T.)R , < ]
_ n-l n’ 't .
) | i.n = -—-———-——-zg + p-If .

: (. -1I R ) ‘ ,
< _n n+l’"t . -

1
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Substituting these in (3.1), we get:

I = (In-l - In)Rt + ol - (In B 1:n-f-l)Rt -l
n. .z Ble Z — - Blg
g g ,

1 ‘
or, _if‘_E =T =T - (I, - T )

t .

=2 I, a difference equation which has the following

~ solution [18] ; -

In = Aean + Be-an, where a =/Z Rt b ' (3'4)

1

‘

Also, by substituting for the values of In and I.] from (3.1)in (3.2), we get:

inzg = pItzg + (in - in+1) R, - (in—l - in) R, = 0-

7
t

or, i Zg/R A ig +elp zg/Rt’ a d:.fference equation with a constant

| term and has the following solution:

~ L4

. _ _.an -an .
1n~ae +l?e +p-If ' ' (3.5)

The first two terms refer to similar solution (3.4) if quzg/R were
not there and the third term refers to particular solution of the non-

homogeneous equatrion obtained through variation of parareters [19] method.

On substituting the values of i, and i from (3.5) into (3.1), we get:

© A=al-e¥) and B=b(1 - %) .

iy = A/(3 - &) + 8T/ ) g . (3.6)

-
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If the line is sufficiently long so that, after some distance, the —— —

varying portion of the current exponentially decays to zero, A =0

'.’.In =\3e-an | . ' »(3-7)

-

. " H
and, i = Be /(1 - %) + b, (3.8)

In order to determine the current in the terminal tower, n = O,

' ..Io = B . : (309)
. < -t ‘ .
, and, i; =Be" /(1-e7) +pl, . o (3.10). S
a The boundary condition at the terminal tower of Fig. 3.1 is: ,
* ' - |
Ip=Iy+ i ) (3.11) 7

~ Substituting the values from (3.9) and (3.10) in (3.11) and simplifying,
Fo

we get:
» b If=tB/(1—e'a)+qu ' . . ‘ , /i
. s t
i ‘ e

. . ) i
I0 is the current that traverses to the ground through the terminal tower !
of Fig. 3.1 and it is evident that its magnitude gets decreased on account §
\ of the coupling factor p. :

' 4 ) P
Substituting for B in (3.10) affords us with the following result: v

{ ' P : iy = va[e'aﬁ (1l - e',a)] ' (3.13)

—r - 11




Expression (3.13) shows the increase in the ground wire current due to u.

The voltage rise 'V of the terminal tower is:

V= IORt .

o o

r ’ =If(1-e-a)(].-p.)Rt

.o \

=12 o

where Z_ is the network earth impedance locking back from the fault and

iR

is:
' Zy= (1 -¢7) Q-p) R, : | (3.14)
o _ |2 taph /2 .
j - = |TRaoh « 2] (1 -w) R, .
) /R,
! +Z /4R, ’ .
=N (1 -p) R, (3.15)
. ~ zZ /R '
1 +_& t
| + 2 + o,
5 = -p) i <<R. .
X ZgRt 1 -p)if Zg e . | | (3.16)
E ﬁ .
i Thus if the line is sufficiently long, it behaves towards the
source like an equivalent impedance Z_  independent of its length.
> | ~
The above expreqsions (3.14) to (3.16) prove the reduction of the equi-

valent earth impedance due to p. These results are identical to

-

o
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results [5, 20] obtained without the effect of p (to verify, put u = 0). S

Vo P

L f
‘

.- «
.
? 0

3.3 Current Distribution Due to a Fault at Terminal Tower Comnnected to - ;

138

a Substation Groundingr(}rid e ‘ :

L

In section 3.2 above, we have analysed the distribution of

1 ground fault current based on fault at the terminal tower, without its

‘connection to a substation grounding grid. In actual practice, the . .

i
[

v » .
latter is connected to the earth wire at the terminal tower. In this

case, only a portion I} of the total ground fault curtent I, will flow '
£ f !

througl}rzm as the rest will get diverted through the substation gm‘(md

,  resistance Rk "If one bases all the calculations on the basis of If'.
/ : . .
) { flowing through earth network with equivalent impedance Z , still onme

will get the same diffgr;ence equations and thus the previous results

i11 be valid except for replacement of I. by I} and thus the value of ~

'
.

} ‘ < ~ | ’ o I
Lh=fta-ema-w : | ' (3.17)

IO \n:.ll be:

Let I, be the current through R i.e. the substation” grounding grid

resistance, C C )

}P i

Z

[« ]

.'..Ik=If'Rk+zu,

(refer to Figure 3.2) (3,i8) ,

/ 4
Kl

In case the values of R, and % are known, I can be found out from

(3.18) above. - N

t o« J »

o
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: o i SIL=Tp - =Ty bi B €3.19)
From (3.17), €3.18) and“(3.19), one car find‘é)ut the current distribu-
. tion I, Iy, i1 etc. However, this analysis is valid so - long as A in ' .
equation (3.4) can be neglected. If not, Z_of equation (3.18) will
have to be replacéd by Zeq givén by. the following [20] expression (3.20)

considering the ground wire and tower network as a distributed ladder:
. . Ce) ‘

~ 2,0 ()R,
= L t AN .
' zeq Zoo IR, (3.20)

L} ’ eq ! ‘ ' *

' "~ |%Zg cosh ¥ - R+ Z,sighv .
‘ 1= — - N
where, Z,.'= 2o T ZZsinh W ¥ Zg cosh W (3.21)

Here, 2, ?\lzg(pm-) * Re(pou.)? Zg(pou.) @ Re(puu.)
“ , .
being thl". per unit length imp‘édances,, and Zo being the ‘receiving end
“impedarce and is equal :co Re. of FJ’ig. 3.2 if ore ngglects the im;;eciance
of‘a small feeder between the aitei'nator" ground to earth wire. “

L4l

’ R ‘ ‘., . , ( .o
AP If the line in the dotted rectangle is infinite (refer to Appendix II),
s ' ’ . - .
p-) = > -~ = F
w /' 2 where y =4 ng(p.u.f/Rt(p.p.) and in that calse.zm'1 Z,. If
.Rt\>> ZQ’ Zeq = Z'O(I-p.), a result identical ;W.lé). .
g If several lines terminating &}4 station have ea\rth wires
. . . . " 8t ! .
" connected go structural frameworks, the c¢nductance of the earth wires
. )
R will add up more or less arithmetically. ‘ .
\ | -u/ ) “ a . ’ - \ i ’

e e

i La

R >
v
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' 'To give an ideg’as to how long a line should be to be

regarded as infinite,,”f};e ‘following Table 3.1 indicates the necessary
length based oryﬁé 2., In this Table, n is the nth tower as counted
from the terminal tower where the current gets reduced to 1 percent
than tha/ “traversing through the terminal tower as a;p.pli‘ed to Fig. 3.1.

* & .
The ground wire is assumed to have an impedance of (2.27 + j0.31) ohm

per km and has 4 ground connections per kilometer via the towers.

3.4 Effect of Counterpoise

-

If, in addition to gmmd ire and tower grounding, there
exists counterpoise, it will reduce not y the surge imp;danse of
the ground connection, but also increase the coupling éetv.:een the \
" overhead ground wire and the earth. In case of a counterpoise serving

just like an additional grlound to the tf)wer instead of stretching fr\om
one grounded to;;er ‘t:o another, it is enough only- to modify the value

of Rt as follows:

R.Z

[~

R v

Total tower ground resistance = -R—t-h-i—-z- / (3.22)
ot . Lo e
where, ZC is given [21] by the following expressiqnf(3.23'):
» P z, . ,
' Zc =/ 7 coth (4 /zc._yc) r . . (‘3-23)

_Where z, and y, are the p,u.‘parametérs of the counterp‘ofse wire of
Atngth 4, the counterpcise teing regarded as a ladder network [18,20]

with distributed parameters.
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In case of a counterpoise running parallel to the ground wire
throughout its length, its effect c¢ar be taken into account Py modifying

the value of zeq' in (3.21) as follows:

o

-

The resistance to gZround of counterpcise is as given by the

expression (3.23) and i also given by [20,27) :

R, = (3.24) )
/
where, 4 = a
. .
p = resistivity of the earth soi%
' ., 3
and as-explained [20] , Y, can be determined by equating
ar, dz_ |
T =T . ' (3.25)

%

which, on simplification (see Appendix IXI), yields the following results

for y_: t !

: Y : |
= "'—'2:7""" - N A
yC = (p in a) zC 1;[’2 (1 - 1In a )

to get R

)and

1
) t (p.u.
d i t .
z, comtined in paral/lel with zg(p.li..) to get zg (p.u.) Then for 2 of

Now, 3_/yc can be combined in parallel with Rt(p.u.)

the equivalent impedance zeq' ‘of equation (3.21), simply replace R

1 ! 1, )
t' (pou.) ™ Ngpau.) % (pou)”

3 -
¢\ -
\ b LS .
N . ,'
, ) ~
* — 3 |
‘ . v
”
: 6
I ;o
L.
e T B ST PTIRT: Rne r uni g - R g T e e oyt

t(p.u.) ‘
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w

3.5 Yoltage Rise of the Substation
With reference to Fig., 3.2, we have:

f rd
where, R, can be calculated by any of the methods outlined in the author's
paper [11].

N I =1 .—Zt!i»_ v ‘
ow, = : B |
ko of z,eq * Ry ' B w0 f

. t
[

Vph . ,
= . i (3.28)
l s[I 'i'i‘l—-c‘zeq1 +/Rkl oo

». Voltage rise of the substation is:

Vi = ReIye : , S D

i = u +vthk —) +“ : . ‘ (3-29)
LSETELY S

Special Cases: b ' ' S L]
(1) 1f z_ = O v‘k = Yph
W)z L emwh [RGB
‘iii) Z,=R, ) V, = Wh/2 ’
: o -vph - -
: Aso, T [, ¥4 + &8 a] ¥ 3(X, + AB) R (3.30),
- S : -8 : <
} R ‘ . Ry +3X.
) vhere = Ap, and @ + jB = .
| = + . . '
/ . zeq Razq Jxeq - ,
/L . p = resistivity of the substation soil. . , .°
& o
1 , o ‘

A\
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Expression (3.36) shows that in order to change the value of Ik’ the
parameter A is required to be changed considedn-g the other parameters

to bte already fixed.

" 3.6 Example

In order to illustrate the thec;retic,a.l pproach outlined in
* - earlier sections, consider a generating sta‘t:,ion felivering power to a

distdbut}on substation via a g:ounded transmission line. Let there be
4 earth connections per kilometer via towers ard assume the line to be,l

X .
sufficiently long. X

Let 2 = (2.27 + j0.31) O/l
I, = 10,000 Amperes
R,=0.50
R, =50Q

andm = 33048 m 7

b =45.72m }n refer to equation (3.3)

'
{

h =24.384 m

a =0.473 cm |- ' . -
(corresponds to 70 - cross-section)

p. = 0.292 [f eqﬁation (3.3) ] ,
%, = 3.8 Q [f equation (3.16)]

K = 8837 eres [i‘rom equation (3.18)]

&

.u ‘.““‘—w.»m. ek Sy

o Ao b
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1= 1163 amperes Erom equation (3.19)]
@ per span = .107
Iy = 82.5 amperes

Vk = 4418.4 volts ) . -

“If_p'=0," S -
Z, = 5.35Q L

I, = 9145 aperes /

I} = 855 amperes

- ~ Io=85,5:=mperes | .

> Vi = 4572.5 Volts-l ’
. /7 . '

Effect of CounterLcise

i ' Us1ng #2 Cu wire, having diameter of 6. 54mm, resistance of
vy

0.5247 @ /xm, and soil’ resistivity p of 1000Q -m and applymg equation
(3.26), we get:

3 B y, = 0.3246 mho/kn- L L
.'.l/yc % 30.80 Q/km

12.5 x 30.80 ) S
> SR .0, = TR0 = 8489 0/l o o

N .
- 2.2 x * =
2 o) TR A% Bk
/ —\ ‘ -.o = ] - . > -
2oy =VEB X A2 (1 - .29) | ‘

r =1.8Q

- : 0

- NP— Ve et
IR P N Ak D A A B . - o
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7340 amperes

J.Ik

If'

@ per span =\lo° 262 x S-E%—;-Z = ,054
I, = 139.8 amperes

2660 amperes

\/

Kk = 3670 volfs

i

?

The example above clearly shows the reduction of fault current
traversing through the substation grid to 8837 Amps. due to coupling
" alone and further to 7340 Amps. due to coupling ana counterpoise both, a
substantial difference from the total fault current of 10,000 Amperes had

it been assumed to pass fully through the substation grounding grid.

3.7 Summary

An analytiéal method to determine ground fault purrent traversing
through the substation grid has been developed. Effects of tower, over-

‘head wires and counterpoises have been presented in terms of sysggm

M

It is shown tliat a substantial portion of the ground fault current gets
diverted via overhead wires and counterpoises. This leads to a signifi-

cant reduction of {ﬁe voltage rise of this grid, resulting in economy

of copper of the grid required to cater for safe touch and step potern-

A

tials.

v

parameters. This simplifies the calculations of a specified system.
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; CHAPTER IV
IMPULSE IMPEDANCE OF cnéunpmc GRIDS
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IMPULSE”IMPED;RCE OF GROUNDING GRIDS
"4.1 General o
The previous chapt??& deal with the analysis of grounding-

grids under steady state domain. Whep grounding grids are subjected
to‘discharge of'impulse currents to ground as i§ the case with sub-
station grids, it is essential to know their impulse impedance (defined
oﬁ page 3), as.it is this value which will determine the initial poten-
tial rise of such grids. The duration involved isgin microseconds and
the human body seems able to tolerate very high currents under lightning
surges [5]; however, too high a pbtential rise can damage the insulgtion
of equipment or cables and can also lead éo a high voltage build up on
tower top connected to the substation grid resulting i an insulator

flashover and thus in a transmission outage.
. .
This chapter deals with performance of such frids while dis-
charging impulse currents to ground, developing expreséions for their

impulse impedance to enable problems concerning lightning protection

and transients under ground faults to be accurately analysed.

Ground behaves as pure resistance at pﬁwer frequencies. At

very high frequencies or steep wave fronts, the self induct%nce of the

. grounding grid as well as the displacemenf curré::; becomg predominant.
-These effect; a;e’required to be taken into account in order to determine

. the impulse impedance of grounding grids. Based on this background, fhe

* following segtions deal with the basic concepts for such an analysis,

“

P
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\1
Co
" followed by development of the equivalent circuit [5,23] for usual types .

of grounding grids and their subsequent response for impulse inputs. The

4

work is extended to éover the analysis for long buried wires (i.e. coun-
terpoises). Only those values of current inputs which do not cause break-
down of the soil are considered, as these result in higher value of impulse

impedance and thuéﬁz safer design.

4.1.1 Soil Ionisation and Arcing Discharge.,

i

In case of localised grounds (tubes, plates, short bars, etc),
;‘.he soil surrounding the electrode breaks down in case the voltage gradient
at the surface of the-conduetor exceeds the critical voltage gradient [24,25].
This higher gradient cannot exist in the soil in the neigggourhood of the
electrode [1] without giving rise to internal discharges. This,effectiveiy
extends the.electrode radius through this discharge [1,24,25,26] until the
graéien£ at the boundary of this discharge space is decreased to the cri}ical
value. This increase in effective dimension;’of the electrode results in
decrease of gﬂpund resistance. Inductance of such eleqt%odé?, on account
of small length involved, is negligible and has littlé affect on the '
impulse impedance.

For grounds not localised, as is the case with usual size and )
shape of practical grids (e.g. substation type, counterpoises, etc.) dealt
with in chapters IT and III, the current dissipatpd{perlunit length is not
very large so that soil ionisation plays very little bart in affecting the
im%ulse impedance [24,27]. On the othe; hand, as pointed abov;, the seif
inductance of such grids becomes importantkon account of their‘ponsiderable \
leng{; involved and is the main factor in(zontrolling the impulse f&pedance.

4.2 Capacitance of Grounding Grids

»
. -~ Like any other substance, earth is not a perfect conductér and

L}
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has both resistivity and dielectric constant, thus possessing both re-

sistance and capacitance. To evaluate the capacitance, a little reflec-

tion on the backgro¥d of exprqgsiqn for greunding resistance of grids

reveals that it is basically obtained [3,6] by finding out the capacitance
1

the combined electrode being considered as in ajr. For finding out

N X 44 ; :
electrode’s capac1tancg$in the earth, the dielectric constant of the
w*

earth shall bave"to‘be considered.

< : .

-

\j

)

" of the electrode combined with its image abéve the surface of the earth,

To evaluate, consider a chargea sphere of radius r with charge

§§°’ embedded in earth of resistivity p and permittivity k.

Re-

arding the earth as a homogeneous medium, equipotential surfaces will

be concentric spheres. Therefore D and E at a distance x are:

Since D = kE, ' '

y; .
E = Q/ (4mix?) P
’ -
J. Vi,e., Voltage between the sphere and remote earth
-] v ‘ -
&
Q -
= ! 0' R dx -
< 4
o ‘
. e r

L wely e -
"'r‘*,. o At . !

. g "v‘"‘,"’u}t‘ e A
= Q /(4kr)s~ wE
Lo v?".&ﬁ f\
R ;

“n

and C i.e. Capacitance between the sphere an@/:gﬁoce earth

.

= QO/Y

f

= 4nkr’ \ |
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ko = Permittivity of evacuated (free) space ’ e |
1 1 . ) : ‘ /
= ﬁ. x —3 F/m 3 '\ '
10 ' ’ o

o (kr = Variatle between 4 'and 70, being 9 for ordinary mcist

" s0il, 4 for dry soil and 70 for distilled water [28]).

If I is the current radia.tjng from this sphere, J_ and

. Ex at a distance x from its center are:

-7
‘,Ix = Io/ (mz) / . )
g - .
= gk .
S -
e _ 2 ¢
g .« 4nmox
vhere, ¢ = -%— -
S., Vi.e. Voltage between the sphere and remote earth
m . )
I o (_L _
= dx =T )
mxz o ‘“4ur
r , .
‘ \
o»> R i.e_. Ground resistance between sphere and’remote earth
=, = -L' , ‘
V1 o = Tmr , . (4.2)
»’ , . . N
i S

In above, we have imagined theé current entering through « spkere, which
is not the real case. This is just for simplicity as we can determine

the equivalert diameter of the sphere for any shape of the electrode.
. : ' : ’ 4
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PR ;¢ and dischaming cumm: IB into the grmmd At any point of the medium, *

8 ) '
. From (4.1) and (4:.2), we ‘get} ‘ '
- R RC=PK" v ' N © (443) ‘
_— ‘ o ‘ U ' - /\\. -‘ > |

This is ekactly what one would get on cons:Lder;Lng\ a small medium of earth.

v
v

,lmlted by tvo concentrio surfaces of sphencal equ:.potent:.al shells, .
asstme para.llel and‘ ramoved by L, between which flows a current or an

‘¢ e'léct‘ static f1eld‘9’develops, as shown [1] in Appendix IV. Y The res:Ls-

. currents bemg in parallel )nth the gonduction currents in case the ' .

electrode voltage changes with time, thls bemg othemise obvious from

& r -

1

ae 1 the }}(axwell equation (4.4) in the next section. y ’ ‘ .

[} ! . »
. N
. - . . - . . ~
. M - K v '
‘ ‘ / ‘ N /
+ .\* i . t o - .
4 ‘ * >
» R . 4 o R . R . .

- 4.3 Equi uivalent Cmrcult of Grounding Grids . . \,\
a"\' . - '/.

I - [

- " Here, we w111 anfilyse the equivalen'c circuit [5,23] of the C .

i . .

"+ usual size and type of ground:.ng gn.ds (e £. substa‘t{:.\on or tower bage : .

2t type) based on l\mped circuit parameters,

.

o . g
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A ‘ 4031 guaic,_Considenntions P . . .
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gy ) . Let us,‘ to begin with, ignore the inductance of the grounding
grids and analyse the Mmell equation below for sinusoido.l and »exponen- . i
\
oY tially decaying guputs. For this, consider amhemsphere electrode ot‘ ,

mdins r embedded in earth of conductivity a and pemitt]_{nty k PV
N by -

~ hd .

e © J. and ‘: for a- “time varying ﬂ.eld are re/lated by (4. 4) below. LA .

Nt - r ' J

RIS J“°E+k?:whereE='=dE/dt SN ‘ ,(,4.42“

o :
S tance and calcita.nce foﬁn a pamllel c1rcu1t due to the displacement 3 ‘ (\ !

’ . ' : - -

»
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4.3.1.1 Performance Under Sinusoidal Inputs \ ' l x X
‘ ’ : ° . . ’ g ) [
) If the input current.is of the form elu)t, the electri¢ . . )
field strength would also be of the form > . _ Y
° \Lg"' “,‘- . ' v N
P . . . ) . 1
o Y - .
c..’ -J = GE + k.ji”E o v, . * M
=E (0 + kiw)
o ! | . ’ ‘o
e, or, E= ﬂ_"m u ; . - e
. P L . : . )
Ly J=I°/(2nx ) av distance x y ,
- L , . ‘
Therefore, E x at a distance x and the potential V of the electrode
to remote earthare as follows: j ) 3
14 . - * t ;
- ;o Iy .
] \ Ex = 7 e,
; . 20X ‘(U + ld.m) ' N ’ .
S . < e . . / o
: ' L4 * . Y. - .
< @ K .
N B | |
’ LA . 3 : .
.l.'v\ Ex.dx \
¢ ‘ : i
g : | ER
. < Y Io r '} . . Y
¢ = 21r (@ +—]a.u)7 . (405} )
/ R . ‘{ ’\. T ‘ ’ ’ / v ’ » .t
Ji» Admitgance = I /V = 2mo + iwznke et L (4.6)
. A S e . - ~ .y
v U + = Cofiductance '+lsl.gscep;ance' B LT
Lo | o . o
S ' -, . 3 .
“3.3.1.2 Performance Under Exponential I@'cs SR J' Y )
o * " ' ‘ 4 . (. ' « . ~ ’ N
‘ r ' ' ' .
. If the waveshape of the input current is of e form 'e"f/‘:r,
#%  the elqctricnfield strength would also be of 7 ’
2z 3. / . :
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) o " as a purf dc resistance, as the product lw is infinitesimal (k = . S ;

.

the same ,form. : ’ ) ¢ . C

t sy JBGE-T ! ) . N |
"' N ' ' »

: 3 Therefore E . ata distance x and the potential V of the electrode to
s s N [

- - b

-
- L

remote earth are:

- ’ '

- 1.0 ° 4 ) .

4.7) ’ .

S

t is evident that for commercial power

[} N ) Tk . .

and with usual values of resistiviti , earth will behave ¢ -

3 . J‘

. : ———-jx dielectric ¢onstdnt of earth relative to free,space), It
C 36m x 10 ,

- is also clear from equation (4.7) that the impulse impedance will be Lo ’

] . -

> higher for exponential inputs due to transient portion of short circuit ~
] . . -

- currents. e s ¢ - ' " o

& -~ -

v - .
. In above, we have excluded tlfif.';"e:t:fect of' inductance so far.

>

o "
' - \’As a matter of fict, the currents in electrode, and gpéund form a : .

ﬂ . .« Uy .«
. ‘ - . ¢
LR . . .
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_ -~ centrated [23] namely around ?’e'electrode.‘ Therefore; the inductance

e B . :
. \ .
p; JThus, for an extremely rapid discharge to the ground, as is
Vs R .
‘ equent from equation (4.4) and (4.6), a considerable displacement - P

both of these :ux’-rents through,the grid will effect afd_equivalen.t\
circuit [5,23] as shown in Fig. 4.1: ' ~‘ ) ) o :

. . . ’ ‘ : ’ ) ' h
4.4 Response of Fquivalent Circuit to Impulse Inputs T ’
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magnetic field and it is the strongest where the curx&n‘t is most con-

.of the electrode or grid is mainly governed by the dis{;ribution of the

currenty in the electrodesor grid, ~

’

current in the _capacitance of the ground will parallel with the conduc- ;

tign current in the resistance and together with the self inductance of

4.4.1 Idealised Lightning Wdve Input
' *

Let us apply an idealised lightning eurrent ‘i(t)' = I.% (i.e.

. B ]
ramp type) as input to the equivalent circuit, .shown in Fig. 4.2 below: K P
. . ! ) ) \ . . ‘ N ’
Case I: Neglect Capacitance . ‘ -
. : The -voltage V(‘) across the circuit to remote earth and the f

1 -

impulse idpedante Z( t) are optained as follcz , | . ,

s B . +

. R TR . / .
_ MO Ri+L gz (i =1, as C is ignored). ' _
, .. ) l .
s S | -
=R (1.¢) + 11 e -
.' v ,L l’ . \ " ‘ . h
SRy TR, 00 e 0 Cws
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EQUIVALENT CIRCUIT OF GROUNDING GRID .

FOR IMPULSE CURRENT INPUTS }
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It may be noted that the dimension of L/t is ohm~sec./sec.

i.e. ohms, and the result (4.8) is identical to the one obtained by

Vanier and al [29] neglecting leakage for earthings which are tl%’

e ' " long.
£ N
\

Case II: Including Capacitance

>

, The voltage V(t) to remote éarth .and Z(t) arxe obtained as

follows. From Figure 4.2,

1=-IR+IC’ and

o %ficdt‘ia‘-‘ |

1
or, i’C =RC .

*

A

*
-,

A F

or, i-i, = RC.. \

Taking i;'i'place transfofm, we get:
.y 1 ‘
Ay ¢ ﬁt‘c‘ég% " F(pH/RC
PR . o, ]

Also, Y(t) = RiR + L % , t2>0

4
, -

or, V.(p‘)z Ri(p) + Lpiy, -

g 1 M
Tl |t R
.

. ’_I 3 1 - :{-).‘.-_
pe(pHl/RC) p

s ==

ke il Bl v

cat

T ity

e e
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Taking inverse Laplace transform [30], we get:, ~

\

1 ~t/RC , t . .
v = I (e + - q(l) + L
(t) c.1/(rR%2) RC ) ﬁ ,
v v ’ ’
» - t . - -
0 le) TTX .
2 - )
=R+ B (RO gy 7 (4.10)
If o, Z,..- R '
. (e
\ ' . L §

"o

If =0, Z(t) =R +—i‘-—, a result .identical to (4.8), t>0
¢ \ .

-~

4.4.é Poutle Exponential iu@mﬂxiaveshape) Input w
) [] v

LI
[ -]

Let us apply a double expenentiai‘ wave i( 1‘:) =1 (/e'c’lt - e'a't)
i.e, the practical form of the lightning impulse waveshape as input to

the equivalent circuit, shown in Fig. 4.3 I;elgw:

% : ’ .
Case I: Neglecting Capaci tance !

N
-

-, 8 B .
The voktage V(t) and Z(t) are as follows:
\4 ‘-Ri+Ldi(iR=i as C is ignored)
(¢) °° de YR T _

-~ =R (e™° - Pt + LI (Be~Pt - ae-a$)

M ~
<
© e -

N L (B:_at - d -Gt)

—at t T B R
eet‘—let—a s v‘}

A Y

T t)o R\

TR U
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o
L 1-8t) - a(l-at
Tt (for smai.l t>0) :
i

I -Y /,J \
C =R P E-(W)g], £>0 o (4.11) ‘ |

-

Case IT: Including- Capacitance ‘ L ‘ Loz

’

R g e

s From equation (4.9), we havezl
v =i l e+ Ip S | o i /(/
(p) (p) |ClpHI/RC) B i ‘ o :

- _‘,', 1 1 1 )
o =T GE - ) [ap—»rm“-v], .

-
f

T 1 1 . .
| C(pra) (pHI/RC) ~ C(p*B) (p+I/RC) o .
- s LR o K
' ' pta  pid
L , o : _
o I , \ - .
\ Taking inverse La.place' transform [30], we get: - \) - o

t/RC -432 _YRC S | L
--Vm oz nl ot |

~~ 3

[. | v L(B-Q) {E__ri__l (7 - | . 4 . /‘ ‘

. . ' - - LR . ’ ‘ . ) . : N
o | R -ei/Rc).v_ R(ePEe~/RG) 77D Ce
: T2RG TR . - :
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t .
o1 [R (PO r%e(ae P pe urce *C (pa)
- (1~aRC) (1-BRC) /

-N L(ﬂe'at —ae Y ]

T X ‘“ é/& B I‘ ‘
cy, = - R + R%C{a(1-Bt 1at)te RC(pa)} ’ '
©*2(¢) “_I(t) (I-aRC) (I-BRC) -aRC RC)(1-at-I4ft)

+

l

L!le_—_lit!-agl-at!,[], for small t >0
-at-]48t

4
+Ef- (B) q .({.12)

If t=‘“1, Z(t)-’

4

. ‘o If C= 0; Z('t) =R +% [(1-(§+a)t] , & result idént;ical to (4.11)“ t50

) t

v
g N
;7 ;ﬂ o o £34.3 mulse Impedancé Accounting for Off-Flow of Impulse Current =
%'
}

.« N AP , ! . ) o N -
-t \ . -, ] -~
+" o 1In the expressions for Z(t) as shown in sections 4. 4.1 and ' {{/

v - - 4. 4 2 above, leakage-on account of off-flow of impuise currents a.long , 3 ! ﬁ
l o the length of the conductor has been 1gnored. To account for thJ.s , as

i) ‘"'q " ‘shown in references [29 31] the effective inductance of long earthings,

o . 3 [ ) is one third of the total inductance of the earthing, thus modi,f/'ylng L . ) 1

as appeé/ring in expressions (4.8), (4. 10), (4.11) a.nd (4.12) td /3, . g |

- o L Culey expressions (4 10)° and (4.12) become' S o & L ' g
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L . RC (~t/RC -
[1 ot o (e -1) ]

‘ ' ~t/RC_ , !
_ /(1 L R C(e -1
)~ R[{I—akCilI—ﬂRci + g (-(Bro)elt cTi;aRCHIﬁRcS] (4.14)

(4.13)

The value of R can be calculated by the usual methods, as
indexed in paper [11]7/ fThe inductance L can be evaluated as described

in the next section. Also a 11tt1e‘thought to the nu.dd.le term in ex-

pressions(4.13) and (4 14) indicates that Z( ) weuld be significantly

hJ.gher if t is< l ﬁ (i.e. the effecuve inductive’ time constant)

/»I
' which would be the case if- length (and hence J,Educta.nce) lrkolved is
v not tooc small and.for higher values of t, z(t) starts decaying to R.
§ It may also be noted that time to the wavefront of the lightning im-
; pvlses is generally far greater than R.C i.e. the capacitive time
constant ( = pk) for resistivity of soils usually encountered in practice.
k-
) 4.5 Inductance of Eleérodes and CGrids '
la‘ " \ " “',, ‘r. l
Inductance L, appearing in‘expressions for Z(t) can be cal-
£ { culated as follows: - N
. . 4.5.1 Inductance of a Red LI -
\u . . " . (1 { - '4 1 .
~
. Inductance of a .ground. rod for practical 1ength { (meters) and e
radius a (meter) can be 'calculated [5 23] through equat:.on (4.15) as shown
) - f
e below*'J . /[ o . )
) ! i . L « . R . X |
o L=24 1n (2 -)uc 107 H .0 . T 7415 Doy
= . B . -y ‘, . .. ‘ \‘\\ ) g
» ) Pa,e e | - . . - ) . E
) ‘ a’ ) o . : ' . . ! . )
. . . {s,' . \. ) : . ) / ' . 5
et L ! . R} * - g - :_: — :

i
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The :é;\tage developed at the feeding point based on his operational )
analysis on’ trarsmission line fbrmula is given by expression (VII.9). . -

But it is a slowly convergent series especially for very short time,

I o

. L
for which we are presently interested, and computation is rather time- -

. consuming. This ‘has also been dealt by Rudenberg [23], excluding effect

. \
f wire resistance, ' \ L -

. , ) F g [ *

?

The present section Summarises and indexes the important

" - results and is a step forward in §'tudying this problem further, duly v %

taking all the/parameters into account and eg‘tablish expressions
14 “ '
* the following: : S ‘ C

'

s

.o . o .
-
- - . v

i) Current distribution along the wire. :

- .- ii) General expression for surge impedarce.

iii) Impulse impedance at time corresponding to the

. -. Y
‘. teginning of the steep ascent@{mpulse input, . "

I iv) Reduction of su‘rge impedance to steady-state

1

i

- . ‘ 14

~ » terminal impedance. . ;

j

This sending-end surge impedance, with passage of time, gets reduceq ' %

- to the usual steady-state value for the grounding resistance, ;
. }\ . " . :}.

. . , i
4.7.2 Performance of .Buried Ground Wire ‘ l

z

One is quite familiar with the usual telephone and telegraph equa-

‘tions involving current and voltage dist~r"ibuti6n'along an overhead trans-

mission line. These will be equally valid for a ground wire so lqng

AY M '
a
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‘ telegraph equation below [40];

N 2 » 2’
: L%=mc9%+(ww+L')—+r%I
dx ot |

y /// B ‘\\\\/‘\ - -80- i v
i
{ ' |
as we replace the leakage conductance per unit length by that equal’
to reciprccal of distributed ground resistance. Consider a puried . . : \
wire of length 4 metelrslwﬂ the parameters shown on the Fig. .6,/ e
. 7 :
where: . ' "
_ o1 1 .
. Rt =R .4 For R, see expression (VII.2) N
Fig. 4.6 shows the rem#ining data, i.e., the wire current:I in amperes -
’ and the ground'current i in amperes per meter.
- ‘o . .
‘ Applying Kirchhoff's laws to section Ax, \
fe=- (r"ax) T -1 (ax) 3 : | ?
) . . T J ;
or, %:% == r'I’I -L %{-, Ax > 0 ' ‘ 1’93 (4.25) .
, | [ o
N , o . ( N & .
! and, AT =~(g Ax) e - (C' Ax) %—% - 7 :
‘ oI _ de o ' ° :
A/or 53 =8¢ - C' 3% Ax—> 0 (4.26) !
These equations (;1.25 and 4.26) give ri'se to the usual telephone and

(4.27)

\
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\Neglecting capacitance, this reduces to: : :
R' T _ I _r! . _ RS _
ey kY Sl A1 I=20 ‘ (4'.28.)
ox : . _
' -
ot l ’ \
Let, u="Ie and on substituting this in (4.28), we get:
I ‘ ' i
) ~ \ j
.Q.z....“..l*_' Qu_g ‘u. . ' v (4.29)
2 R' bt i . T, . .
0x ’ .

(
PN

This is a well-known equation of heat diffusion. If we solve it through
separation of variables, it gives rise to solution involving Fourier se-

ries and the solutxon convgrges slowly with respect to orthogonal func-

g

tlons,partlcularly at the terminal ‘feed point of the stroke and for the
short time involved. The boundary conditions of present interest are

simply, that the ‘total current is zero until zero time and, thereafter,

a sudden short impulse defined by expression below is applied:

| . 5
+ + @ . ’
J , f 6 (v=0) 6 (x-0) dt dx =1 : \ (4.30)

.
e

Aﬁplying this unit impulse to the circuit governed by equation (4.29), we

~

1

2

(o4

= §t.6x, wherg‘m = R!'/L! (4.31)
dx ‘ . '
. /

%l

u’l.
-m

| & £+

Let G be the Green Function of equatn.on (4 29) which is also the funda-

mental solution of equation 4. 31) Laplace transforn on (4.31) gives:

)

2
é_g_.L G = bx | \
dx m

get: -

ot et
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f,), current traversing through the wire as pgi‘ eq‘uationv(4.26), i.e.:

' . -83- .

|
“

Solution of this equation, subtject to the conditic;n that ¢ (x, t)‘is
oy ~

bounded for infinite x is given by: A : )
lﬁ ’ ) ! ! " /-
' 3 - - . ' )
G (x, p)._.%,,_..l._ e"/%'x,0<x<w,t>0 Lo (4.32)
| _x ‘
or G (x, t) =% . Im e mt (see reference [Zil] ) (4.33)
nt ‘

- : '

'
On substitution of this in equation (4.29), it can be easily verified to \\
’ A i

v, N N &
be its solution.

|
- N E -
< . "1 m 4mt L'
oo I (x, t)ai . Fe *

t ; ' (4-34)
.
\ I(x,t)=0fort=0,x#0 ,
/ - i
=o fort=0, x=20

4.7.3 Impulse Impedance

™ fThe ground current i (being equal to g . e) is related tq the

K
v

<) S '
-a-i+1—0 N

(4.35)

»
=

The voltage E at every pcint of the wire is detgmined by the
ohmic drop of the ground current i in the ground resistance R', and is:

v

i
L3
.
2
)
o N
H
T
i
~ .
y
H
M
$
i
3
E
F
‘a
L
e
.
b3
o ¥
‘i
4
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1
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. - R1{ = oI, =
-~ E=R'L =R! (-bx) |
oo 5
_L'x '/ [
=32 1 o
»o Surge Impedance Z = LoX . . (4.36)
(x, t) .2t , - .

[ ° .

~ From this, it musf be noted th'é%: the hyperbolically diminishing
trar;sient impedance for short impulse curre-nt is infini}:e only for ze.r:o -
length of time — a mathematically ‘inde/ter‘minate cendition. Actually, an
exactly perfect impulse ct..frrent appljcation at zero time can never be
realized experimentally; and in practice too, lightning impulse will tra-
verse ‘some distance down the Swwer 50 strike the terminal poiné’ of the
buried wire, but the mat'ﬁemati:cal convenience of considering the iinpulse
is justified as a"very close approximation to such practical cases andj.s

very instructive from a physical viewpoint in understanding.

Figure 4.7 below shows the variation of current I in the wire in-

relat:.on to time t from the terminal for seveml fixed dlstances , based on

[

@quatlon (4.34).

Ed
—

This characteristic, based upon report of test results, can-be
' /
approximated to the time characteristic of a lightning discharge. If t
is the timé corresponding to the beg:mm.ng (horizontal slope) of the steep

ascent of the current, put % 0 for equation (4.34) and this gives:

. /
x _ 4R 1 r'té )
3 ‘%— R A (4.37)

[+]
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This #quation also relsresents the location of wavje-ﬁront points of. -,
. .

curves [23] between I and x, which can be plotted” for fixed instants of

3 v

) . . time; The curves are all of the same shape and in fact are similar, to

the half of the l;ump of the nommal error or protability curves. These-

’
. | . Vo
— . points travel with velocity v given below: :
2r't - ) * :
! dx ! 1 o X : v
V=& TED | ZTTT = ' (4.3
o - © e
- : ’ “
) where, Xy is the corresponding distap'ce to time t°f kg
. ' . I, -
’ / Distance x  travelled in time t  will be:
L4 o v ¥ o
- X =v.t o ' . :
o o . !
¢ ' 2 . R \\
\ 1 |R't,  ARTTUEC | .
~ == Tt ] = (4.39)
q L' v .
- _}/ . - R . L]
If r is neglected, these wave-front points travel with velocity propor-

“

tional to 14/t and' penetrate distarce x proportional to/t, asis obvious—

from (4.38) and (4.39). . t «

- / B M . i i

. , . . N

The surge impedance Z, at time t_, as obtained from €quation (4.36) is:
- z _ ’L'R' e s ,
. - sa‘ (xo, to) = T_to + Rir? \ \ | (4?40)

Tt may be noted that this result is for a short unit im};ulse, but since

1)
"

it is'a ratio, it is equally applicable for magnitudes of a similar wave-

.
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Steady-State Value for Grounding Resistance of a Long' Buried Electrode

-
~ From equation (4.34), one can write the following operational
expression [42]: -
7 2
X rl - /
- ! -J5 (p) v »
=8 [ >
(x, p) - , - g st 0 (4.41)
r
P+ oS xs= '
. 4 .
. ) I
. “(x
’E = R! TLI_EZ v
. - 7(x, p) - X
5 .
X r! ° .
" _ R e Jw LT , )
[N = -—2‘ e s
o s -~ \Y
a
Y. R T '
< —/-n-‘ I(x: p) “" prt L! . 0(4'42)
E x “ ’ ) v LS , ’
S lg, o) T —(-J—P-ll = /RLp ¥ Rir!, (4.43)
. » P (X, p) B - ' )
f S S .
For steady-state condition, opemﬁon p and L' both will be non-existant.
) } L m _
This is also obvious from equation (4.28), the ‘solution of which for an
. infinite wire gives value for the terminal impedance [5,18] as /RrT,
_ while it;‘vailue for a finite electrode is.[5,18,21] 2 =/R'r' coth
( -E-;- .4). For /iong eleuctrode, this reduces fo JRIrt, If4d is small,
it. reduces to R/, i.e. 1/gl, as is evident from expression (VII.9) in
the Appendix VII. - ‘ ‘
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" This value of Z(t) is 92Q as obtained from (4.40) andis of the same order

* -88- i C

4.8 Example - ,.

In order to illustrate the above, the following"exampie is

worked out. =3

. 4

%

¥ .

4.8.1 Impulse Impedance of a Buried Wire

For a wire of lergth £ = 75 m, radius a-= 0.5 cm, buried in

gr'ou'nd of p = 1000 Q=m and k-r = 0, the various values are:
o7 P ot .

i
-«

L=1545x 107 0 . .
R = %L' In (%) ohms = 43.75-ohms -
R a ) . . ) ¢

RC = .08 x 10’6 sec,’ .

‘L/R = 3.53 x 1070 sec.

‘ For wave peak time t of 1.2 psec.
Z(ey = 83,75 obms. from (413) 7 - ‘

-

\

as that obtained above by a different approach,

°

—_—

4:8.2 Impulse Impedance of a Hollow Square Mesh

1 +

\
For a mesh of 30m x 30m with radius of wire-ds 0,5 cm, buried

in \ground of p = 1000 Q~m and kr = 9, the various values are:

N N AN
. ) , / \

L =605 x 107 H, from (4.19)

e e
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3 The:Lr eqtnvalent circuit is formulated and analysed to develop expressmns

- . . s ¢ FE A T -
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a

R= %— (r = radius of equivalent circle for the é.rea‘ occupied

-

by the grj:d)
/ N - .
’ v
= 14.77 ohms o
¥ ‘
,QR,C=O.08x10“65ec.' - .
For a wave peak time of 1.2 psec.,
Z(t) = 30.57 Ohms, from (4013)
. y ) .

~

' e

Repeating the calculation for the same size of grid and wave peak time

p——

as above but divided into several square meshes, the values of L are
535 x 10-7, 450 x 10"7,' 401.3 x 1077 and 392 x 1077 u respectively for
4, 16, 36 and 64 meshes, affording values of Z(t) as 28.6, 26.3, 24.9 and ’

24.67 ohms respectively. !

. o .
' B . B
‘ '
.

7 4.8.3 Impulse Impedance of Hollow Rectangular Mesh

~

1

For a 30m X 20m mesh, L is 500 x 107/ H and Z(qy wauld be

26.7 Q.
4.9 Summag_ N

> In pfevious chapters, the analysis of grounding grids dealt-with
ground-fault currents at p\ower frequency, ‘for which ground behaves as
pure resistance. In this chapter, the analysis deals with performance

of grids, of the types provided at high voltage s‘ubstations, when sub-

-jected to discharge of impulse inputs similar to lightning waveshape.

for the1r 1mpulse\a.mpedance which is shown to be greater than their power

e

; ) -
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. frequency grounding resistance and decreasing with passage of time to
i 1 .
” e 3 1/ »
_ the latter value. It is the impulse impedance which must be used to

-
!

determine the poténtiaf at the top of the tower, connected to such

_+ grids, in order to determine accurrence of any insulator' flashover

under discharge of a lightning stroke. A suitable design so as to

’ attain a low value for the impulse impedance of a substation grid will

‘ re&éce thransmission line outages resulting from such a flashover.
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7 ' CHAPTER, V
) , " CCNCLUSIONS )
5.1 Summary
~ Some useful eleménté, mainly the intake structure and water,

ard a nearby depcsit of loq rgsistivity material of sufficient dimenp(,'

sions have teen shown to ﬁe effectiv; in reducing the overall gfound

résiﬁtanée of a hydroféieétric plant located or soils with extremely

high resistivity. pifferent methods have been compiled and suitably

applied to calculate the resistance of the atove and other elements

of such élants,and have proved valuable in choice of the most efficient

grounéing pgths. A new method for calculation of grovnd resistance of

. -, -grids in confined sokt soils is also developed., These methods are ge-

‘ Qeral and can be applied ko identical situations. Realistic results

are obtained if c&reful measurements to determiné the. resistivities

are made. The resistivity of concrete }or ;nstance, will vary with

the amount of water it\contains; rgﬂist?yity of the concrete of a dam in

contact with water is not the same as that for a powerhouse tuilt on rock.
The design of a grid is essentially based on the amount of *

ground fauvlt current traversing throﬁgh the same and an analytical .

procedure, as to how to determine the ground fault current distribution

in case of a fault at the terminal tower at which the grounding grid of

u

Y a substdtion is connected to the earth wire, is developed. The work

a

X . P
outlines the effects of coupling and counterpoise on the current dis-

tribution and shows a quantitative reduction of the fault current |

k;;éversing through the substation grid ard of the grid poten%?al rise

T
*  to remote earth.
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The present work, besides dealing with the steady-state analysis

outlined above, deals with fundamental concepts involved in studying

-

the impulse impedance of the practical types of grids and establishes

expressions for its evaluation as well. The impulse impedance is shown

to have higﬂer value to tegin with and diminishes finally to the steady-

state (i.e. power frequency) grounding resistance. Its initially higher

6;‘\
value, apart from raising the substation ground potential, has impact
on the tower insulator flashover and the test way to avoid this is to
keep the impulse impedance down through suitable design of the grid or

electrode. It is also shown that the governing factor in controlling

the impulse impedance is the inductance of the grid. An expression

each for evaluation of the inductance of a hollow square and rectangular

grid is developed and it is shown that the inductance for the usual

size of a'substation square grid upto 64 meshes reduces to a value

i

. 2 67% of /that for the equivalent hollow square grid. This is expected

to hold even for a rectangular grid. Thé grids of the usual types viz
substation or tower base types i.e. the corcentrated types have been
analysed through their equivalent circuit and the grid iﬁ the form of
a counterpoise’ has been d;alt with through analysis of the resulting

ladder type network, duly taking into account the leakage along the

~wire, The impulse impedance for counterpoise is shown to have the

highest value at the beginning of the ascent of the wave-front and is

directly dependant upon its parameters.

B e o ‘ . _ D
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_varying resistivity.
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5.2 Scope for Future Work . . » .

t -

Further investigation can be carried but ih the area of ground-
fault current distribution in transmission line towers when a ground

fault takes place somewhere on the‘}ine, considering the sections on

. ¢éach side of the fault as combinations of infinite or finite sections.

The effect of varying transmission tower grounds can also be included-
Y

in case the 1line is located along continuous blocks of soil with

i
s

Under impulse inputs to grids, inductance is shown to be an impor-
tant factor in controlling their impulsé impedince. A systematic study
to evaluate the same for different geometrical configurations possible
for all types of grids can be conducted for inputs at different loca-

tions on the grid.
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. ' APPENDIX I - . - o
- ' . 4 N . “‘ " i
ANALYTICAL EXPRESSIONS FOR RESISTANCE OF GROUNDING SYSTEMS '
* - ’ . e T - ¢ : . ,L ‘
- ~ . . v ('Y P - 1
p = resistivity of homogeneous meglium, Q-m s
©+= , pa = apparent resistivity due to two layers of different resistivity, ,
) - . , ’ . .
- Q—m N N A |
S i . ¥ L.
N R = resistance to remote earth o‘ a grid, Q . - .
_ Resistance of Grounding Grids ' , \
rid occupying the same area as an equivalent
om Laurent [1]: ' ;
- ).
. 7‘-&; . {
- (1.1) :
- . - 7 )
. 4 = total ler%gth of the buriéd conductor, m .
R o radius in\meters of a circular, plate occupying the same area : ;
i
T as the grid, m . - , i
Resistance’ of an intermeshed grounding network from Schwarz. [2]:
) . * . % ) ) }
o , . ‘ .- o
PP - -
= n X 1. ~ :
Refp | i bk 5 @)
PR3 . N . . i‘n ” - , 2
4 = total length of allgconductors in'meters . -
* 1
a'=,/2az for conductors buried at a depth of z in mevters, or
- R N \
a'= a for condictors op earth surface k /\) S P
- . ‘ . i
2a= diameter of conductor, m K /\\ - L
o, ‘ ' t
* ! A \ s ,\
“A = area covered by conductors, m? ' (] .
. o ) i
v ,l . - ¢ g
. - - , . . o
‘! ( o , * ~ = 1 L,
- v ; Y - E
. ] Mﬂy’? ! - § .
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kl and k2 are co-efficients depending upon the dimensions of

\
N !

\

the area (refer to paper [2] ).

b

v
v

. & B, Ground Resistance of a Loop of Wire, a Circular Plate or a
* Rectilinear Electrode ( ‘ C
4
1. Ground resistance of a ring of wire from Dwight [3]: -
. .,\ ! i}
. R =—£ 1n % + In- % ) (r.3) -
. , 212D _ |
] *D = diameter of the ring, m oh ) .
"d = diameter of the wire, m o —-
- : 2 | E % ’
- S/2 = depth of the ring, m ’?\ K
2. Ground resistance of a vertical circular plate from Dwight [3]: Ny !
! R =§_+..9..’ ],+-'Z--“-r—2+99 —Iﬁ + '(14)L
. a ms 24 Sz 320 S4 tess e .
T : © ‘ / ‘ —
s r = radius of the plate, m o
_ " ~ S "
S/2 = depth, m ' '
. d A ‘
3. Ground resistance of a i'erticil or horizontal ci?cular plgte from
AIEE [5] Guide 80: T o
_ P |1 r - ) -
| “ R -§-;[1+T2. = :[ ,, (1.5)
¢ ys
r = radius of the plate, m . p .
. h = depth of the center of the plate, m — '
m'\ ~ . ) b‘ . i -
o . N A M .
o /" ’ T~ .
/. . " ' ‘¢
- k] . - " \ 4
- ' : - [ ke
; - - ® e ——— e 2 e e e
<z LA | / _ T N . A e

s

¢
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1 o

;

‘4. Cround resistance of a rectilinear electrode from AIEE [5]

Guide 80: . o .
- ‘m / ! '
_ 0.366 X '?‘ . .
' R _L—EL log =3 + log % — (1.6)
B ‘ f
4 = length of electrode, m
h = depth below surface, m
4‘ ' ' . L . ¢ \
d .= diameter of the electrode, m ‘ ! 1 \
. .
) \] ‘ -
E " c. Ground Resistance of a Buried Horizontal Wire .
J . 1. Cround resistance of a buried horizontal wire from Dwight [-3]:O -
; P P A TR LA A P
_ R =-£ In ﬁﬂ“’ 1n -2+—--—-——-2-+—-—4.... (1.7)
. 4L a s . 2 1 51%
- © A =1length, m
hg > - L] ]
’ ' 8/% = depth, m ' ’ : -
i . .
a = ragius, m ' .
. . . 2. Ground resistance of a straight horizontal wire from Schwarz [2]
¥ [ -
: ] | . - , N | . | . .
- R =%I[1f’ -57-1] S -, / . (1.8)
P . ‘ ’ ®. - ’
For, a<< £ and 2Z << { © Lo
-~ 2
4 . = conductor length, m .~ °
, - . zZ = dept.h/(m)»to which conductor is buried ) .
. 2a .= conductor @iémeter, n N ‘ o
; ¢
! ° \
{ A . .
2 ] - . .
o - . , ) . N
' i - “ ? ’
R 1]
1 o 4 , \Q .,
- w\ 3

= e e,

&,




o
D,

1.

\Zb

2.

,a"

K, K, = co-efficients (refer to ?aﬁer [2])
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a'! =/2az

a if conductor is on surface

- .

i

Resistance of a Rod-Bed

¢ )
n

Combined resistance of several closely spaced rods from Schwarz [2]:

&)

| & Kby 5|
. R =Z‘%C; -1+ 32 vn-1)? @9,

= length of each rod, m

it

diameter of each rod, m
) ' "
n = pumber:of rods in area A )

1 =a co—efficient, function of the ratio between length and

width of);:he area (refer to paper [2])

R \
Mutual ground resistance R12’ between rod-bed and grid to which it

is attached from Schwarz ‘[2]:

wog [wEenkona] o aw

—

Ll .= length of rod‘, m

L = length of buried conductor of the grid, m

A = area covered by conductors, square metres .
R % 4 . o

v

R ettt %

e e
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Ground resistance of a vertical rod from Schwarz [2]:

S -104-

-

Y

&, 1+214
R = Eﬁr— [:ln -Bl'_ 1+ In 1 +
1 1+ 2z/L1
Tz ey 4 2ny)’

— In

Ly 14 dzag + 4 (2A0)°
P << Ll
Ll = iength of rod, m o
2b = diameter of rod, m
Z = depth of earth fill over top of rod, m

‘Ground resistance of a number of equally spaced rods forming

a hollow square from Tagg [6]:

R =

5
4

-
il

K =

1 ; K (Resistance of one rod)"

equivalent hemisphere radius representing -
_ resistaiice of a single rod

distance between rods

number of rods

’

a factor depending upon the' number of rods and their sﬁaciné

7

(refer to bek [ 6)).

s

-

(1.12)

”

5.  Ground resistance R' of 4 rod driven in an upper layer (py), taking

into account the effect of a second layer (pz) below from Tagg (6]

B' =R + Ra

o *
- i T T S oy o = [OOSR . PN
PP g‘ gm: P PRAR ) i i, - ‘4 :

[

(r.13a)

s

e
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t = pesistance of rod considering 1§yer 1 above as tinfinite -

A ]

= addifional resistance due to effect of layer (pz) below

-

N nh 1
P1 K (nh/, +1) (1.135)

Py =P : :
K=2+1 ..
P T P

{4 = length of rod, m

h = height of layer Py m

P

E. Apparent Resistivity of Station Ground in Non=Uniform Soils From

-

TN s b < e

-
I3

Ratio N between apparent resistivity (pa) and top layer resisti-.

Endreyni l zl ' ' . . o

.

vity ( pl) for electrode haying'danina.nt dimention as horizoncai!.:

. 5 m |kt 2n  Kn-
pa z:m==1 s [Cm+ + Cm + Cm-:l
N ====14+ - ' (1.14)
P 16a | Kot
1 In _R+C0+ \
/ ‘ .
/ .
" ] 'p_"'_pz pl \/
. 2t P
7 / 2 ' ? -
/ ‘ Km = e ; Cm = 1+(§)
‘ a”“+m
h‘ I ‘ & +é2
AN .xm+.=71————2,0m+=1+("‘ )
. . [24 +(m+;$) i s [o4 ’
) : o m~é2
Km- = , cm- = (1 + ( )
: fErm-pr «
i - : . ) '
i .
. ° \

'
]

i
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Z _ depth of wire

' = e= T
g h ~ depth of layer Py o
; 4 Equivalent radius of the
‘ o =2-= electrode in metres
¢ , h h (in mecters)
¢ -
- Py = resistivity of the bottom layer

: do = diameter of the conductor, m
! . . ’ i .
v - i
. . ' -y

. o . . .
\ .

P

i Al
s ‘ i
" v ‘ )

EA . ]

t .

i ' .
ey . .

} . '

i 9%“ 3 " . ".

H “ N

- B ’ p

C N . - "

o~

1 - B | . R

[
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APPENDIX IT : °

IMPEDANCE OF AN INFINITE LINE

r -

In case of a line with distributed ladder network, if r and s Co-

N refer to the receiving and sending end respectively, 20 is

the characteristic impedance, ¥ the propagation constant; then: *

N -

.Vr cosh ¥ + Irzo sinh Yf’

-
I

o
i

I_cosh W + =X sinh W ‘ ' , ' . \
r ZO ;

4

.

-t

If the line length is infinite, . o \ '
! '3 . \ . - ¥

Y ’ A ) i N - .
~'i--=zo=)ccn:h\¢"l.=1%Y€,22‘ " S .
3 . ‘ - / " -

2
¢
%
i 1o

y
-
.
AN B S

A ]
; - -
oL "
) ” <> - -
123 L.
- E
4 »
i
1
Tk 3 1
- .
' , ﬂ
. — 4 .
: i
- ! "
. »
B B
-
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/ .- {
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. — v e e e & e - JPOS—
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' since ot = %

»
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APPENDIX IIT

ADMITTANCE OF COUNTERPOISE

Tz
= |=& I
Z, -—\ 7. coth (4 . z, yc) \
] ?_: cosh(¢ . lzc yc)
JY¢ sish ]zc Ye - o
z_ sinhz(L z. ¥y )= doshZ(L z_y.)
’.'31_022 . c ¢ R -
¢ siﬂhz(L N EN yc)

= Zc [1 - cothz(;a J:C—_Y—;)]

R2=%: in % [from equation (§.24)]

dR
Lot = ﬁ (1 - 1nt/a)

drR, dz

2 ' _ I, L
Azc[l-coth . zcyc)]_mz[l”ln ;]

:-C’Oth(‘t- zcyc)-_-Jl——'E—'

kY

IR

since Z_ = R,, coth ( . 2, ¥,) =2

. B ,

\

. |l z : .
%c ‘n L/a=|=< |1- -%—- (1'= 1In'2/a)
: P ) .z . t

3

2

cmz\

£ 1~ In L/a)]

z
L

~>

, - R T e e SRR Y . y
Y T 4_4:-: Py ; b - . —

o ity A
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. . ’ » APPENDIX IV
R RELATION BETWEEN GROUNDING RESISTANCE AND

CAPACITANCE OF A GRID

7
, | L P
> ., Il R - — C - - '
: __,_ ' //‘.
! ~ ‘ - * -
[4 ’
v SN ’
o - ¥
T Fig. IV.1: A Small Unit of Ground between two
} Equipotential Surfaces
. Let‘p = resistivity of the conductive medium (earth) Q-m 4 .

kr= relative permittivity of the insulating medium (earth)\to -
free space . LA 14

i

A = area between equipotential surfaces separated by a distance 4

With reference to Fig. IV.l, the resistance and capacitance of area A are:’

a
»

Resistance R = % Q

k A o o

Voo
\\ _ . Capacitance C = -4—;5 meters ) \ - -
\ ; ..
| ‘ - kA ) R
. ' = pF, (9000 m = 17uF)
v 4ot x 9000 L , ‘
¢ -~ , ;o
krA o \ \
= 5 Farads -
> 36mL x 10
Pk, 4 : .
ves RC = -5 = pkrko, (ko = permittivity of free space) (IV.1)
- 36 x 10 :
- L
.

1§ e AP e 4 st




1.

Inductarce L of a square grid upto 64 &;hes [33] with current

L = (Self inductance of one element) x K!'

a

-110-

APPENDIX V

INDUCTANCE OF SQUARE GRIDS

" being fed at cormer is:

K'= 2.04 for 4 meshes

= 3.75 for 16‘ meshes
= 5,28 for 36 meshes

= 7.15 for 64 meshes

Inductance of a square plate [33] is approximated to ge the —

same as that for a 64 meshes square grid

A

(V.1
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APPENDIX VI -
SURGE IMPEDANCE OF A TOWER
{ .
1. Surge Impedance Z of a Tower from Bewley [35] B
’ ) ’ - 2 ‘
Z = 60 {log —&—H lr_:-_za + % log ——(—%a o .
- , : (h+a) (2ah 4a“+r™
+ 1312 Eztaz +r? - 2(h+a-r)] ohms p (vr.l)

h

= height of the tower C e (

‘ r= equivalent radius of the tower (mean periphery divided by 2 w):

a = depth of the ground plane below earth's surface
2. Surge impedance' Z of a Cylindrical Tower for a Uni£ step current
from Wagner and Hilemén 136]: VI.2)
Z=601n [JZ (ct/0)] | , ‘ i
/ c = veloci;cy'of lighi /

t = time A - - - x
h = height of ‘c/ylinder — . ; | :
1: = radius of cylinder

v .
v . /

1

3. Surgc Impedance Z of a Cylindrical.Tower for a Ranmp Current from

'Sargent and al. [37]: - '
3 ' 2h ] s
Z=60 [ln (.{Z. r)-l , h>>r @ ;
: h = height of the tower
r = radius of fhe tower *
[
} A ,
- ! _:,‘ 1 —— .
1 ’ ' s
\V . ‘

]

- s
¢ e e e et e etk e onons R " A ST

T e e B e
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|

! 4, ‘Surge Impedance Z of a Conical Tower for a Unit Tmpulse

: ‘ A}
(rectangular) from Sargent and al. [37]:
Z = 604n (*/-;—2_)‘ . (VI.4)
. , B Lo
S = Sine of the half-angle of the cone :
‘5. Surge. Impedance of a Transmission line Tower S}.Kawai [38]:

I Db

This is a "Direct Method" for measurement of the surge impedance
‘ ‘ _ ‘ ~ ”
by field- testing. ' X - —

, . . COMPARISON 6F THE ABOVE METHODS
. |
Wagner and Hileman [36] evaluate the surge impedance of-a tower
by applying unit\;;ep current to a cylindrical tower. éargent and
Darveniza [37] improved upon,the work and developed expressionms of
impulse impedance for practical shapes of towers when subjected to

R L4
practical waveshapes of current.

Surge impedance of a tower is not constant as it is dependant
upon velocity of the wave traversing down the tower, which depends
upon the tower's inductance and capacitance, which are not constant
dug to noh-uniform cross section and presence gf cross-arms. Bewley
{35] ignores the effect'of this change in wave velocity. Kawai [38]

- ;olves the problem by physically.measuring it. The applicaégon of field
theory methods to both conical and cylindrical approximations to a steel
tower and their comparison of results with variou§‘m?asured values by
Sargent and Darveniza [37] establishes that the conical approximation is

A

more suitable for the usual conventional double-circuit towers.

[y
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T

b



SV

T A o T

e o
.

A

B.

__ 4. Capacitive Time Constant T,:
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| APPENDIX VII
ANALYTICAL EXPRESSIONS INVOLVING SURGE PHENOMENA
) o

“

Parameters of a buried ground wire from Rudenberg [18,23]:

1. Inductance L'=-20 ln (%-.) x 10"7'Henry

. ‘ ~ (
2. Ground, Resistanceﬁll\.—-: 'E%C in (-529-) ohm .

(for deeply buried wire)
_ 2y o
-&‘ In (%) ohm

(for wire near the surface)

) B - _
3. Indpctiv“e Time Constant TL: - ;
/ ., 2 R "L «.
=L - a 7
TL = EI 4 x 10

P

ot

Tﬁ-kvx

9 x 109 X o
where, L = length of wire, m

h= dielectric constant

p = soil resistivity, Q-m!

a = radius of the'wire,\ m

<

1

\

(VII.1)

(VII.2a)
/‘,«4”\’

(VII.2b)

[
(VII.3)

(v;1.4)

Impulse Impedance of a Buried Ground Wire to a Cosme—fror}t impulse

from Gupta a.nd al [39] ' f :

Case I: L <A N

(-
AXxR

2.3
W A = e‘333 (L/Le)

Impulse Impedance Z

(VII.5)

[
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L .
e ) N S B . - ,

: (vn.e)‘

' ’ - . . 4 - o : - '
K SRV Co Y e =144m)8

> R : »

/ _ wy * 3 4§ .
s ) .

LI . . ) R = Power frequency grounding resistance
C Lot . .+for length ¢, Q L

.
:
»
(¥4
Y
L
I

.
A

y = Length of .the wire, m . y <

~3
]

_ydve-front time (sec) el
. : ) ! . - p
oL Cage IT: 1>14_ ) JEPE o

o .

. . .Impulse Impedance Z = Impulse impedance for

N

o Bt e re tywere g - 9. L,
.
9
'
[
.

re ?‘" l . . . N 0 ' \ *
R .7 - | lemgth it . LIy
4 £l ‘ -
4‘ o Oa v ..§ . N ' - . , . . L /0
A : ' . i o v , ‘,
L T (;:é Sending—end impedance for .upit-function applied voltage to a
. ' ' - i ) a : ' . . ¢
,ﬁ , : counte\rpoj:s/é from Bewley {35] : ‘ : . ‘
& : . . . . v t N .
o , - ‘ . ~ ‘e
| 0L .
- G T
' . . - N »
& 1 . R ' o
. ’| - / ' . ¢ . \ (VII.S)
"_rl . L ‘ »
. . .
: ) o ) ’ .
R SN .
Nt . ' / f= Ifuctan!e per unit length . N A
A SRR . = Capagitance per unit length . \ .
S i .o . »
] . . A . i J , .
= L ) L . Wire ,resistance (neglected) .
A N » ., } . s ‘ B
- \ - L ) . . ,
“.\\ "‘\ ) ' ", ’ ‘ s ¢ e "/ ‘ " ’ . ‘
. >, N . v N . . -
. ’i;' C ¢ . De aVoItage developped at the sending-end for unit step currerit
oL ' : ap]élied, from Bellaschi [9]: » ‘
’ - w o ,
- ‘ v 4 .
N . . Y , 4 ]
. T h i .
I3 Y 4l
Lo AX '
] j N ¢
Moo
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