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ABSTRACT .

Th= analyses presented in this thesis are based on a
consideration of induction effécts below transmission lines
and the hazards-as preéented to the public. The rapid increase
-0of transmission voltages has.caused a great deal of concern
among utilities about these hazards. The iﬁduction effects
are a function of lihe height and at present there is conflict
concerning ‘these dimensions. | |

Primarily, this thesis is concerned with the establishment
of the minimum line-to-ground clearances of EHV ac and dc
transmission lines. These clearances are established in terms
of the electric field under the line based on the "eiectric
field recognition levél";

‘Equations are derived for the électric,field, and poten-
tial atvany point below the line in Chapter 2. These equétions
are then used in Chapter 3 tq show the effect of conductor
spacing, height and size on the field. Aiso, the effect of
sky wires and bundle conductors is noted. Chapter 4 derives
an allowable value of electric fiéld which is used in Chapter
5 to derive the reqﬁired'heights. Chapter 6 considers a reduc-.
tion of these clearances or induction effects using ground |
wires below the line conductors for shielding purposes.

' Experimental readings are obtained in Chapter 7.to verify
the equations derived in Chapter 2 and the effects of sky wires
and bundle conductors on the electric field below the line.
Chabter 8 establishes right-of-way widths based on induction

effects.

(i1)
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1. INTRODUCTION

1.1 Development of EHV and Effeofs on Line Design

In order to meet the increacing demand for electrical
energy, power utilities are turning more and more to EHV
transmission. The-need to transmit larger Quantities of
power and the increasing remoteness of soufoes underlie
this decision.’ Recent surveys(l)have’indicated that within
the next decade nearly 30 OOO olroult mlles of EHV llnes
will be operatlng in comparlson w1th approx1mately 8 000
now in existence. A study (Z)by the U.S. National Power |
Surveys on power requirements up to 1980 indicates that the
7-ability to supply more power at a cheaper rate is tied
directly to EHV development.

The basic transmission voltage, even as late as 1960,
was 230KV\(1)’(3) Since then,development of lines operating
at 345KV ac or dc and above has become prominent. At pres-
ent a 735KV line(4)is operational in Canada while research
is being conducted'af'this voltage level in several other

(5),(6)

countnies. The need for higher voltages has already
been realized and the next step is felt to be 1,000V, (/)7 (8)
The advent of extra-high-voltage transmission has not
been without its complications. ZEvery facet of transmission
line design has been affected. Radio interference and corona

losses increased to the point whereby phase clearance and conduc-

tor size are now determined by taking these effects into account,



as well as load requirements. The need for higher insulation
levels has resulted in increased.insulator strings and line-
to-structure clearances. As a consequence of the increased
clearances, intricate conductor configurations and loading
'requiremeﬁts of transmiésion lines, the towers themselves
have become more complex in design and taller. Because of
._thefhigh cost of toWers and installation, span lengths have
been increased to help defer total line cost.

1.2 Presentation of the Problem

Due to the complications of ahalysis of the many factors

that affect EHV line design most research at a new voltage level

(9),(10)

As more lines become operational

every effort is made to present daté(ll)’(l2>

is done experimentally.
on every .factor
of line design as a reference for future désign&. This practical
approach plus reinforcement bylmathematical analysis where possible
are responsible fof establishing guide-lines that help determine |
the physical makeup and geometry of theAline.' The final design
is of course subject to-éoonomic considerations. | |

To date, however, insufficient attention has been paid to
accurately specifyﬂg the minimum clearances of conductors from
ground. This factor becomes rather crit%cal at higher voltages
for two reasons. The first and more important reason arises
from consideration of public safety with respect to thé effects
of electrostatic inductionlin objects below the‘lihe,‘ The sebond
is for reasons of economy.

(13),(

Several studies 14) have been carried out in the past



concerning electrostatic induction but these were usually
confined to induced voltages in communication networks. The
problems of public safety in the vicinity of EHV transmission

(15)

lines was first put forward by Erith who pointed out that
the voltage induced in insulated objects below the lines may
reacﬁ a iethal value. Further studies of electrostatic
induction in objects; based on their coupling:capacitance

to the line and the hazards presented to huméns, was under-

(16) Buchan(l7)

taken by Ross. used the above approach in
studying the effects of electrostatic induction as rélated to
the hazards of handling gaéoline. His results, however,u
were obtained primarily thfbugh the use of models in an
electrolytic tank. It has been standard practice to date %o
analyze complicated situations using models in electrolytic
tanks or teledeltos péper, A simpler - method has recently

(20)

béen devised by Comsa. In this case a dry air model is

used operating at a high_frequency.5 Its phief advantages.
are its simplicity and i£é ability to allow use of.larger
models.

An appreciation of the magnitudes of potential induced

in the vicinity of EHV lines up to and 1nclud1ng 735KV was
(

presented by Berg and Noakes. 19) Equatlons were derived

for the potential at any point below the line using an

electrostatic approach. A computer was then used to plot

the potential profiles. More recent studies by Mlller(zl)

(22) -

and Kouvenhover have been concerned with currents 1nduced



in men doing live line maintenance. Evaluation of the
étrengtn of the currents passing through the man and the
effect on his health has been their main concern. | |

The urderlying motive of each of the above studies is
public safety and safety to personnel operating'inrand:around
BHV lines. Since the voltage induced in objects is a function
of the_distance the object is from the squrce,it becomes
'obviqus.that the minimum height of a transmission line is
a critical dimensioﬁ.

At present these lihe—to—ground Clearances are dictated

(23)

by the Canadién Standards Assdciation in Canada and the
National Electrical Safety Codé2§% the United States@ Howevef,
it should be noted that there is considerable disagreement
between these codés as Figure 1.1 indicates. The discrepancies
increase significantly as the voltage increases. Eabh Canadian
province and American state loosely intefprets thé appropriate
- code and then, based on their own research or regional needs,
specify their own requirements. This further_complicates
the problem..

The codes are based_brimarily on the mechanical ciearances
required below the line. Some allowance is made for voltage,
however, this allowance varies from region to region. A

'study by McMurtrie(l8)

tried to combine the mechanical arguments
with a safe limit of approach. The study, however, is limited
to voltages below 460KV. With the rapid rise in transmission

line volﬁages if has become obvious that the clearances must
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be increased.but_no one is certain as to how much;

| The recent use of EHV dc for transmission has further
complicated the problem. No one is certain what heights
-~éhould be used for dc lines and for the moment the practice
is to apply the existing ac standardsvfor‘the_corre3ponding
voltage level. This fact illustratés the need for research
with respect to line—to—ground_clearances for dc systems as

well as ac systems.

1.3 Objectives of the Thesis

It is the main objective of this thesis to determine
the minimum height fequiremenfs of EHV transmission.lines,
either ac or dc, based on a consideration of the electric
field strength below the line. The purpose of such a study
is fourfold: | '

1) To present a new approach to the problem.

2) To determine these heights ﬁith a view of establishing

an international code.v

3) To allow more accurate economic studies.

4) To reduce the hazards to pgblic safety.

A general description of the system, the assumptions
usea and the derivation of.equations for the electric field
and potential at an arbitrary point due to an 'n' conductor
system are presented in Chepter 2. The effects of conductor
.spacing, height and sizé on the electric field is considered
in Chaptér 3. The use of bundle conductors and the effect
of sky wires are also noted.' The derivation of an allowable

value of the electric field due to the line with respect to



a human being model is presented in Chapter 4. This'value
is used in Chapter 5 to plot a set of curves that Qbﬁlﬁféﬁéblé
an engineer to select the proper minimum height.based on |
conductor sﬁacing‘and size. The plots obtained will cOver
- most practical rénges of conductor spacing and size énd they
Swill be obtained for both the ac and dc cases. The use
and merlts of pla01ng ground wires bélow the llne for
shleldlng purposes are anesﬁlgaﬁedlln Chapter 6. The effect
of using from 1 to 5 ground wires for shielding is noted
and ihdicates.the reduced hazards to the general public
when this technique is employéd.‘ Also a comparison is méde
of the required heights as indicated in Chapter 5 with thoée
obtained using the ground wire technique. A general description
"~ of the instruments used and the measurements made of the induced
potential obtained for two typical systems‘are presented in
Chapter 7. The readings obtained and potential profiles
- plotted are compared with the calculated values expecfed as
a measure of the accuracy of the analysis used. In addition,
measurements are made to experlmentally verify tne effect of
bundle conductors and sky wires on the electric fleld below
the line. A method is proposed in Chapter 8 that is used to
determine the width of transmission line right-of-ways based
-.on inductidn effects. The rationalized FPS system of units is

used throughout the thesis.



2.,-DERIVATION OF EQUATIONS FOR THE ELECTRIC FIELD AND
AND POTENTIAL DUE TO AN n-CONDUCTOR SYSTEM

2.1 General Description of the System

The system under study consists of 'n' separate conductors
arbitrarily arranged over a pefféctly; conducting ground plane.
The situation is illustrated in Figure 2.1 where the conductors
are considered to be parallel to the ground. The electric
field or the voltage induced at any point in spaée may be
found in terms of the known volfages of the conductors and
their distances from this point. | | -

2.?'Assumptions

.The analysis to be cafried out will be applicable to.
either balanced 3 phase ac cases or dc cases. For ac cases
the electric field at any point in space is the phasor com-
bination - of the fields induced by each line. The resultant
phasor at any point in space is fixed in magnitude and - 1Mﬁ
frotates at'éixty Hertz. As such t.‘k_l_(.aAa'c,,c:all,.se"‘:cau'.ri":"t')"é“'MW~
anaiyzed as alset of phaéors 120 electrical degrees apart
and fixed in time. The valués deri&ed in this thesis indicate
the maximum value that the resultant phasor can achieve.
Thejéctorfcos(umléis“Omitted.

“In order to simplify the deriﬁation several assumptiams
will be made.

l).The earth is taken'to be homogeneous and perfecfly

conducting. ~ | )

2) The conductors are assumed to be uniform and infinite

in length.



o

/—i”’ Conductor

. R . +qi X
I : ¢ -
. '\r'b ‘ \K . . (-1

Air

Ground Plane
TEarth = o
Q) (:)-

Figure 2;1 ‘ Derivation of the Electric Field and
Potential for an n-Conductor System
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3).The chargé on the conductors is assumed to be
uniformly distributed aiong and around.the conductor.
4) Because of the relative dimensidnsuinvolved the charge- on
the conductérﬂ can be conSiderEd'as aa;ine source
located on the axis at the éenter Qf the conducfor;.
5) The ground potential plane is taken at the surface
of the earth to represent a worst case situatidﬁ.
The solutionvcan be further simplified by'usiﬁg the
méthqdvof images to cénsider the effect of theAearth and.by
- using the principle of éupérposition to obtain the totai field.
2.3 Derivation |
Consider Figure 2.1. The tofal electric field Et
due to conductor 'i' and its image at.the point Pvcan‘be

written as:

Eti = Er; + Er; ‘ _ 2.1
: +q
where(ZS) Br.|= ————3—
i 2nr. €
~io
and T I
il™ 2urle
i o

The total x component of the electric field at the point P is:

a3 Sinai Sinai - .
Bx; = ~77e r.  r! 2.2
: o i i

s . _ Sovy ! ' ’ _ITY
But sina, = (Hi X) /ri and sina! = (Hi + X) /ri and Hi._Hi

In general then for an n-conductor system the total electfic



C11

field.at-an'arbifrary point P can be written as:

n
.EX N\ - Hi-X _ . Hl+X :
' 2TE€o 'r.2 r‘2 2.3
. l 1
i=1 )
Since E'= - grad V it is also possible to write an expression

for the potential at point P relative to the ground»plahe where

. V=0 as:

- X
Vp = V(X) :S grad V dX
, 0 ‘
n
] .
r.
. Vp = -Zie qiln i _ 2.4
o} r.
i
i=1

If the charges on the conductors‘afe known, the electric
~field and potential at any point about the line can be found.
‘Normally, however, the charges on the conductors are unknown.
They can be found bj applying the boundary conditions of the
system; namely the line to ground voltage that appears on each:
conductori The expression for the voltage appearing on the

kth element due to the-chargés on the other conductors is:
n _

r.* '
o) ik '

i-:l

A similar expression can be written for each line. Solution
of the problem involves n simultaneous equations and is best

A
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handled in matrix form. Writing the equations this way gives:

1n i 1 “1n | ~ql-T
1~ Tin |
_ 1 | \\ I | 2.6
2n€o I '\\ |
r ™~ } ! ’ l
ln‘-—gl-' — — — 1n rnn l
rnl o qn

or in abbreviated form:

[Y;] = [?Cii][ijt] i=l,n j=1l,n 2.7

" The matrix PC is known as the potential coefficient matrix

and the entries are known as Maxwell's Potential Coefficients.

(26)

The inverse of the PC matrix allows derivation of the charge

- on each conductor.

B30 e

“‘Equation 2.3 or 2.4 can then be used to solve‘for the field

or the
system
can be

solely

potential. Thus if the line-to-ground voltages of a
are known the potential“or electric field at any point
specified by determining the PC Matrix which 1s based

on the geometfy of the system.



3. THE EFFECT OF PHYSICAL PARAMETERS, BUNDLE CONDUCTORS
AND SKY WIRES ON THE ELECTRIC FIELD BELOW THE LINE

- 3.1 The Effeot of Conductor Spao“ng, Helght and Size on
- the Flectric Field

Usually, a transm1531on llne assumes a deflnlue symmetry
~about an axis. Only horlzontal confléurdtlons are dealt
with in this thesis as most EHV lines in existence today are of
this type. Dué to the physical symmetfy,only the coefficients
on and above the diagonal of the PC matrix need be célculated.
Many lines lie in high isockeranic areas and as such sky |
wires are added for protection.. In the analysis presented in
Chapter 2 these lines are handled as line conductors whose
voltage is zero.

The shape of the profile for the electric field at X=0
for a single pole and double pole dc case and a three phase
ac case is shown in Figure 3.1. vThe pfofiles were computed
for a line height of 20'0" and conductor size of 1024MCM
in each caée. The electric field is normalized with respect
~to line—to~ground.voltage._ Inspection'Of éQuation>2.3
indicates that these profiles can be altered by either varying
the line voltage or conductor position. The positibn can be
varied by altering either the cbnductofs spacing or its height.
The field can also bé altered by using a different sized conductor.
The effect of each of fhese factbrs on the electric field at X=0
for an ac casevis illustrated in Figure %.2. The range of para-
meters éelected is indicative 6f thosé in use today. The height and

spacing both have a significant effect on the shape of the profile,
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while the radius does not. In all cases the maximum
electric field lies in é fegion near the outér conductor.
' The_point at which it actually océuré is dependént upon the
ratio. of the conductor spacing to height, but normally it
lies at’é-diStance_between 1.0 and 1.5 times the conductor
spacing. Only if the fatiog of D/H(l/? wili Emax occur
" beyond 1.5. | |

The curves odntained-in Figure 3.3 were derived for the
range of parameters used above. The value of the E-field
plotted represents the maximum obtained at ground level for
the particular configuration. (The expression Emax will be
usedvthroughout this thesis to represent the maximum field

'intensity calculated for any field profile below the line

unless otherwise stated.) A direct comparison of the relative

per cent change in Emax for‘a 100% change in any one parameter
can be made while the others are held constant. The results
_of such a change in each parameter on Emax are in the order

of magnitudes tabulated below.

Voltage o +10C:%

Height - 65%
Spacing + 30%
Radius - + 10%

The most important parametéf aside from system voltage,
is conductor height and its importance is ciearly established
above., This fact helps demonstrate the need for accurate

-determination of conductor height in view of public safety.

3.2 The Effect of Bundle Conductors on the Electric Field

Tt was stated previously that the trend of conductor

16
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design for EHV lines haslbeen towards the use of bundle
conductors for reasons for econcmy, radio interfereﬁce ana
corona. The use of bundle conductors in place of large
single conductors greatly alters the value of the electric
field. This fact is iliustrated in Figure 3.4 where the value
of E has been normalized with respect to V. Although each |
sytem is capable_of'transmitting the same power, the. use of
bundle conductors results in a higher maximﬁm electric field
near the surface of fhe earth.” The increase in the field
could be'as high as 40% for the bundle conductor case'ﬁsv
 the single conductor case. Theminimum heights,which at present
do not differentiate between conductor configﬁrations,buf are
_Abased solély on system voltage and mechanical cleafance,wpuld
specify the same clearance for each of these lines. In view
of electfostatic induction this would seemn incorréct. |

In this thesis,bgndle conductor configurationg are .
‘handled by using a Geometric Mean Radius(27)f(GMR) téc@nique.
This technique can bélﬁsed to reduce a vertical, horizéntal
or triangular coﬁfiguration of 'n' conductors to a simple
3 conductor horizontal configuration equivalent. This method .
allows a.substantial savings ih time and calculations with
no loss in aécuracy. An exéct solﬁtibnlwquldfhaﬁg'reﬁuired“‘”.
calculating the center of charge displacements that result
from the proximitj effects of bundle conductors and then
employing -the standard solution using a PC matrix far in

excess of a 3x3%. HEven if the'proximity effects are ignored,
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consideration of the charge on each conductor results in a
large PC matrix and increases solution time. The GMR
technique is sufficiently accurate in comparison with'the
other methods for the range of conductor sizes and con-

figurations under study in this thesis.

%.% The Effect of Sky Wires on the Electric Field

Sky wires are used on transmission lines as a -
prdfection against direct strikes by lightning. They are
positioned above the line conductors and attached directly to
ground. Usually only twé wires are used and their exéct
location is dependent upon the isokéfanic level of the
. region. In the past these wires were normally positioned
using direo£ stroke theory (28)at a protective angle of
30° midway between the two line conductors.. Present
practice has been to move the sky wires closer to the
outer condugtors. An investigation of the effect of these
wires on the field 5elow the line conducfors shdws it to
be negligible. This fact is illUstrated in Figure 5.5.

These results were obtained independent of conductor spacing,
height or size. |

The spécing of.the sky wires was varied from 1/4 to
5/4 that of the line conductors spacing. They were locafed
in theArange 20 to 40 degrees above the conductors. The
shape of the profiles is dltered negligibly and the greatest

variation in Emax was less than 5% for the range of positions

tried. It should be noted that the change in the electric

20



field as-cOmpared to the case without ground wires was at
worst-an increase of less than.O.S% and a decrease of 4%.
These facts indicate that the sky‘wires have a negligible
effect on the field below‘the line. Since the effect is
usually a slight decrease in the fieldbthus-favouring

greater safety, aﬁalysis caﬁ be further simplified by not

taking sky wires into account.

21
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4, ANVANALYSIS OF A MODEL OF A HUMAN BEING

The corona losses and radio intérferénce presented
by a transmission line are due to the electric field set
up about the line conductors. It is felt therefore, that
derivation of mihimum'height'should ve determined in relation
to this field.

4.1 Method of Approach

It has been found experimentally(29)

- that a human being
is able to sense an‘induced electric field when the field
strength is 6KV/in. This correspondé to a surface current
density of 0.5pA/sq. in. The sensation prodﬁcedfat this level
is like a "cooling breeze blowing across the skin". As the
intensity increases the sensation increases. It is %o be
noted that this effect_does not present ah immediate shock
hazard or health hazardAdn a shoft term basis. The effect
of long range exposure to such a field is at present unknown.
It is felt that individuais passing near or working in
the uhifOrm.field'of a transmission line should ndt have to
experieﬂce this éensétion. By assuming a prolate spheroidal
model for a human; an expression for the electric field at
its SQrface can be derived. If the value of this field is
to be limited to 6KV/in:.then this facf can be used to deter-

mine the line height.

4.2 Assumptions

In order to simplify analysis the following assumptions

are made regarding the prolate spheroid model:
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1) The currents induced in it are assumed to have no .
effect on the source.

' 2) It is assumed to be homogenious, isotropic, and

has the following cpnstants.(37)
p = 1Q-m (Interior) -  p = 10%-n (exterior)

3) The relaxation time for charge induced on the spheroid is:

T b— ep N ¢
TS ="7.1Xx 10—6.sec (on sﬁrface)
T = 7.1 x 1070 sec' . (inside the man)

Since the line frequency‘is 60 Hertz the redistribut}oﬁt’
of charge over the spheroid can be essumed to take place
inetantly. Thus,a'quasistatic situation is assumed'to exist.
4) In view of the above constants the spheroid can be treated
as a good conductor at line frequency and hence the |
conduction current can be assumed much larger than the
i.dispiacement curreﬁﬁ.
5). The field'iﬁAthe vicinity of the spheroid is assumed |
to be uniform, directed in fhe negative X-direction,
and due to sources located at irfinity. its magnitude
~is taken eQual to the largesﬁ field‘value.oeeurring.
over the mans. height when.he is not present. The
analy51s is carried out for that 1nstant of time at-
whlch E is a maximum.
Analys1s can be further 81mp11f1ed 1f a prolate Spher01dal -

co- ordlnate system 1s used.
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4.3 Co-Crdinate System
A vrolate spheroid as shown in Figure 4.1 is obtained

by rotating an ellipse about its major axis. Let g,A,0
be the new co-ordinates. When the ellipse is rotated the
co-crdinate € defines prolate spheroidal surfaces, whose
orthogonal surfaces are confocal hyperboloids of two sheets

_ (30) , o
defined by A. The measure of rotation from the Y axis in

the Y-Z plane is defined as ©. The perpendicular distance

from the X axis to the point in questibn is defined as r.

y=rcos 8 X ~ 3:9#
z=r sin 6 ' \=+1 ac ¢
a B ,\:UI—UZ
P(X/y/z/) 2C
+cl a\ z
A .
=
\}\:'O 4

N1

Figure 4.1 - Prolate Spheroid



The relations between cartesian . co-ocrdinates and prolate

. spheroidal co-crdinates are:

X = CAEt
v :'clkaZ—l) (1-x2) cos ©
Z = cJTaz—l) (1—>\2) sin ©

The metric coefficients are:

h - CJ(82-1> (1-12)

4.4 Mathematical Analysis

The aralysis of a conducting spheroid in a uniform

.electric field is a simple inhomogeneous boundary value -

problem. If & unlform para]lel field Eox is applled along

the X axis as shown in Flgure 4.2 the potentla] of the

applwd j:Leld et s
s g o~ BoxX

= _ Ebxche

This primary potential @, is a solution of Laplaces

equation in the form of a pfoduct of two fﬁnctions.

4.1

4.3

That is:

4.4

25



where C; = - Eoxc, F2(x) = A, and Fl(s) = e, It is not

regular at infinity.

VL-120 VIO  VL+120
0

_- ﬂ -

Figure 4.2 Conducting Prolate Spheroid in
g Uniform Electric
Field

If the boundary conditions are to be met then the
potential ¢l due to the induced distribution of charge on
the spheroid must vary functiornally ovef every surface of
the family € = constant in exactly the same manner as ¢o'
It differs from ¢5 in that it must‘be regular at infinity.

A solution for ¢l can assume the form:
By = €0 (&) F,(0)

where Fz(k) = A as before. Butb ¢1 must satisfy Laplace's

4.5

equation. Substifuting for ¢l from=equation 4.5 into Laplace's

equation and noting that A¢J/AG:O one obtains:

2o e ow _ _ze g
d€2 ( 82—1) de ( 82—1)

4.6

26
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Equation 4.6 is & second order differentialAequation and
possesses two solutions. One is already known from 4.4.

Using this known solution and noting the form of 4.6 it is

possible to write (31)
‘S: 2€ de
-).2
o /8L de
G = ¢ —————2"‘——' de = ¢ ST 4.7
£° CJef(e-1)
By substituting 4.7 and F, (A) from 4.4 into 4.5 the
following result is obtained: ‘
OO
6. - @ 92 —__de . '
1 o] Cl f€2 (82—1) 4-8
€
The constant 02 may be determined from the condition that
the potential at any surface € is a constant. That is:
¢s = ¢l,+ ¢o
o
: C '
2 ~_de
=B+ Py me \ S
° ,,Cl €2 (e2-1)
€
oc.
C
2 de
= o |1+ 5= \ 55—
o €1 £2 (82—1) e
~7o
€
therefore:
(?s,"gjo) ‘1
c, = =L 4.9
¢O de
£ (e2-1)



g

¢, + 9,
oo
_ +_,¢s—¢o de
Y oo 62(82—1)
de £
82(82—1)»
4 s

A knowledge of the potential of the spheroid and evaluation |

of the integrals in the above expression completely defines
the potential at any point in space. In this case ¢S=O

because the spheroid is on the ground. The integrals can

(32)

be evaluated anhd written_in the form:

de

1,1 ln(a—l)
2(82-—1) € 2

€

Substitution of the limits of the integrals into equation

4.11 allows equation 4.10 to be rewritten as:

1,1 ln(s—l\)
6 -0 - ¢ e 2 e+l
~ 7o ol 1 1 1lnse -1
+ = o
_ go’ 2 (e i
. , o 1|
~ But ¢O = - Boxche thus:

@ = - Eoxche + deckeo[:;+§ ;n(ﬁiiﬂ

E+1

1+ %01n (80—1
2 - v€o+l

28
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4,12
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The solution for the electric field at the surface €

is found from the felation:

—e = _‘7¢s:€- , ' , :'v 4.1%

fo) (0]

Substituting 4.12 into 4.13 and noting that d@/d6 = 0

the value of the electric field is found to be:

5 1A € 1"
= + = 1n
21 ° e+t
] 4,14
E o l—eo £, £ -1 8¢
l+"'2—ln 'Eo"'l

e . e

The above expression defines the electric field at the surface
of the spheroid in terms of-the original field.

4.5 Depen&énce of the Surface Value of Blectric Field on the
‘Ratio of a/b

It was noted in section 4.1 that the electric field
recognition level occurs at 6KV/1n If equation 4.14 is
'rearranged it is possible to_determine an allowable value

of Eox based on Eé = 6KV/in. That is:

4.15

= € € =17
O L 1n =2
2 2 £ +1
€7 -1
where £ =1 - ¢ Q ‘ : .
= - o) Eo ., e -1 i
1 + > in S



In the above equation Eép is known and if A is taken to. be
. _ o

wmity then determination of Eox s dependent on the value
~of f. Since €, = 1/e, where e is the eccentricity, its

value 1is giveﬁ by :

\ 1
£ =

| O\m . - #.16
The value of € and hence of f is dependent upoh fhe ratio
of a/b: In the lower limit when a/b = 1 the spheroid reduces
to a sphere and the value of f is unity. The limit on Eox
- would be 6KV/in. in this case. However, in the upper limit
ae the Vaiue of a/b appfoeches infinity, the value of £ |
_approaches infinity; In this case the allowable electric field
Eox approaches ZEero.

4.6 A Practical Approach to the Determination of the Value of
~a/b for Human Beings

The value of 'a' corresponds to a persons height and is
easily obtainable. On the other hand 'b' must'be determined.
It can be evaluated through a consideration of the ﬁolume and
_Sﬁrface area of the person,.
If the specific gravity for humans is taken as 1.0 then
the volume occﬁpied by a person can be found as:
Vm = 27.7 W - cu. in » 4.17
-where W represents the weight of the individual. The volume
of & sbheroid is given by:
| > 4.18
4 wab

V’S:3
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._:Equating.Vs/2‘to.equation 4.17'5 solution'fOr b follows

- if a persons height and weight are‘known.: In this case:

= 3.64 [?/a] l/? b in. B o 4.19

Tf;’where b is the value of b based on the volume cons1deratlon.

+ It is also poss1b1e to determine the surface area of a person

(33)

_from blologlcal cons1derat10ns

sm =(71.800042% 20727 0.155) sq. in. ¢ 7 - 420

Jﬁine surface area of a spheroid is given by:

2 R

S=omp? 4 &RasinTe 0421

e
'ijFS/z is equated to equation 4.20 another solution for b’

‘results which can be denofed-as:bs..vIn general the value

© .of b is largeruthan the value‘of bul “If 'b' is taken as

"~ the average of b and b both condltlons are reasonably
'satlsfled. Therefore: |

b =

The above equations demonstrate quite clearly that

- the value of 'b' is primariiy dependent upon the weight of

L.-an individual At any flxed helght therefore, a thin person

ris far more affected by the fleld than a heavy person. A
determlnatlon of the worst case condltlon for Eox reduces

?to flndlng the mlnlmum welght a person achleves at some
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arbitrary height and thén compafing the ratios of a/b for

the various heights.

4.7 Evaluation of a Limiting Value of Eox

| The derivation of a meaningful Jimit on Eox is dependent
upon the relation between people's heights énd weights.
Statistical data on this relationare available in many

(34),(35)

biological handbooks. In this thesis fwo cases are
~ considered on the basis of these data. First the worst possible
case 1is assumed by combining maximum heights with minimum
weights at any age level. The second case is based_on com-
bining average heights with average Qeights. The fesults are
- illustrated in Figure 4.3.

The curves of the worst case indicate that a/b is a -
maximum for a 13 year old male or a 12 year Qld female. The
- values of Eox for these cases are éonsiderably lower than
for the case c¢f a man over 25 years of age. The results based
on averages indicate lower values of a/b in all cases but
still points out that people in their teens are most
susceptible.‘ The vaiue of Eox corresponding to each of the
above cases is tébULated in Table 4.1. The case of a man
25 yeérs and over is included for a comparison.

According to Table 4.1 the limiting value of Eox should
be taken as 0.8KV/ft. However, use of this value may prove
more stringent than requifed, gsince the probability of achieving

maximum height and minimum weight simultaneously is deemed

‘small. A more meaningful value may be found by considering.
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the clearances specified by the values of Table 4.1 for

a given voltage level.

Table 4.1 "Limiting Values of Eox

Case MATE L FEMALE
- Age Eox Height Age on Height
(Yrs) (KV/ft). (Ins) (Yrs) (KV/ft) (Ins)
Aversge 15  1.383 65.6 12 1.365 59.0
25  1.528 68.3 -
Worst 13 = 0.809 66.8 12 0.800 64.7
25  1.081 73.1

The sensation produced by excessive electric fields
is unrecorded for 230KV lines now in existence. In an
area accessible‘to‘pedestrians only, most codes in Canéda
specify a line clearance of 22'0" to 24'0". The line heights
required for the values of Eox in Table 4.1 can be computed
for a range of 230KV cases and compared against the acceﬁted
values. The results listed below are obtained ﬁsing conductor

spacings and sizes of 22'0" to 32'Q0" and 606MCM to 1277MCM'

respectively.

Eox X | Height
0.800 o 64.7 31100 - 35.07
0.809 | . 66.8 30.8' - 34.8'
1.091 | 731 26.1' - 29.1"
1.%65 | - 59.0 22.4' - 24.8"
1.383 : , 65.6 22.4' - 24.8"
1.528 . 68.3

21.3'" - 23.3!



In consideration'of accepted practice and the number of

cases covered, the allowable value of Eox is taken to be:
Emax = 1.%65KV/ft. at  4'11" | 4.23%

Using this value it is now possible to computé the requifed

line clearances for systems at any voltage level.
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5. DETERMINATION OF MINIMUM CONDUCTOR HEIGHTS FOR AC AND DC
SYSTEMS : C - '

5.1 Method of Approach '
| It was pointed out in Chapter 3 that the electric fieid
ig affected by system Voltage; conductor size,-height and
separétion. A‘géneral expression can be written for the

electric field as:

E = E q;F(Hi,Xi,di) ' ' ' 5.1
' i=1
The charge, as determined from 2.8 can be written as:
n

q; = E G(Hi,Di,di) Vi o 5.2

i=1

Substituting 5.2 into 5.1:

n .

B :E{::Vi F(Hi,Xi,di) G(Hi,Di,di) 5.3

i=1 - '
where Xi=Di+x. At any voltage level Vi is kntwn. If B
is.fixed at 1.365KV/ft. it is then possible to use equation
5.3 to solve»for any one parameter hoiding the othér two
fixed by an iterative technique. Since height is desired
it must be solvéd for any combination of conductor spacing
or size that ﬁay occur for any voltage level. It should
'bé pointed out that the iterative'procéss lends‘itself quite
readily to use of a digital'computer. The reéults listed

below were obtained usingtan IBM 7044 computer with an
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IBFTC Compiler in Fértran'IV language.
5.2 AC Cases | A

In order to make the results obtained as useful and
as genéral as possible a sufvey of existing EHV systems
was undertaken. A number of phase spacings and conductor
sizes are possiblé fér aﬁy one voltage level. The.results
obtained below cover most possibie combinations that are in
Aexistence today. The range.-: of values used is shown in

Table 5.1.

Table 5.1 Data Summary for ac Systems

Voltage Spacing Conductor Conductors Bundle GMR
KV

Ft. MCM Per Phase Spacing Ft.
2230 22 - 32 605 - 1034 1 - -
2345 22 - 34 1351- 2355 1 | - -
345 20 - 36 795 Min. 2 12" 0.215
1277 Max. 2 18" 0.290
500 %2 - 42 2800-3120 1 - -
500 26 - 42 1780-2493 2 18" 0.3-0.4
500 58 - 54 520 - 795 4 18" 0.5:0.7
735 44 - 60 795 Min. 4 18" 0.7
. 1277 Max. 4 20" 0.9

The curves of Figures 5.1 to 5.7 all meét the required
constraint on Emax specified by equétion 4.23 for the spacings
and radii indicated. The radii appéafing on the curves -
cover the most common conductor sizes in use today for the

system indicated and are expressed in feet. Any value of
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a radius not indicated‘directly is obtainable through inter-
polation with negligible_error.' As an example of this,consider
the use of a 1024MCM-24/13 strand AdSR cable with an 0.D. of
1.165 inches, on the 230KV system at 30'0" spacing. By
interpolétion the expected height of this line would be
24 feet. Actual calculation speéifies-g height of 24;1
feet. The error is less than 0.5%. |

The curves éontained in Figure 5.7 are based on estimated
values that may be used at fhis lévél.A To date only one |
systen in the world-is operating at #his %oltage level,
however,.%he principle of bundlé conductors will continue
~to be employed at this valtage ievel-and'at any immediate
higher levels. Bundle spécing and oonductof sizé is expected

to increase if altered at all.

<

83 r S
// o =2 R3:0'9
W
LU = .
W 79F R 07
<
.
X
)
W 75F
Ny
77 - 1 | . - ‘ ‘. ! i J

44 48 52 56 60
: SPACING IN FEET: '

Figure 5.7 735KV gc Cases - 4 .Conductor Bundle



The conductor clearances Aerived above are based on
a voltage consideration and are cbmpletely independent of
‘mechanical requirements. The valies in Figures
5.1 to 5.7 are in excess of any mechanical clearance as -
specified to'date; Since existing codeé are based primérily
on mechanical clearances. this would seem incorrecf in view |
of induction effects. Table 5.2 lists the heights required at
present by the C.S.A. and N.E.S.C. electrical codes for each
voltage level, ih addition to the range of values derived
above. Land accessible to pedestrians indicates the minimum
required dearangé while land accessible to vehicies indicates
-the maximum dearance required. Only present standards ére
compared. The voltages listed below are line-to=line and

all clearances are in feet.

Table 5.2 Comparison of Line-to-Ground Clearances

Voltage Conductors Minimum Clearance to Ground

KV Per Phase Derived C.S.A. -N.E.S.C.
230 1 22.4-24.8 21.7-27.7 29.0-%4.0
345 1 1 29.4-%4.4 22.3-28.3  33.8-38.8
2 33%.8-40.0 :
500 1 41.5-46.0 23,0-29.0 40.4-45.4
2 45.4-52.9
4 54.0-61.1
735 4 ' 73.8-81.9

24.0-30.00  50.0-55.0

The values of acceptable clearance as stated by C.S.A.
are extremely low in comparison with the derived values.

Lines being built at preéent using these values can be

42
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termed hazardous in view éf public safety. As shown in
Figure 1.1 thése values are being upgraded to correspond
more to irdustries view of higher clearances. However, the
present pronosed revisions do not appear to be sufficient
when compared with the derived values. On the other
hand,the preseunt N.E.S.C.-Sfandards appear to be adequate
for most lines up to EOOKV and 2 conductor bundles. Above
this voltage level and for 4 conductor bundles the values
appear low. The propdsal to reduce these values seéms
undesirable and will only increase the induction hazards to
the public.

Invboth casés the need to specify cléarances based on
accessibility seems irrelevant in view of the derived heights.
Since most land in and around transmission lines will eventuall&
become accessible to vehiclé§"%héfpres§nt'syS%ém\of”
definition is only relative and hence meaninglesst.AIt is
therefore recommended that line clearances be derived from
electrical consideratidns, as was done in this thesis. In
view of the clearances spegified above it is suggested that
these heights be accepted as-a guide for future designs.
5.3_DC Cases -

ﬁéé of high voltage dCAtransmission has_ha&_oﬂly‘iihitea.
‘épplicatibn in_North America.. Because of this fact,only a
few lines have been built or proposed to date. A bfoéd
survey as was carried out for the éc caseslis'difficulf. As

such,some of the parameter ranges used are based on existing
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dc test configurations and the author's owﬁ judgement

as to possible values thaf may be used. Only'doﬁble pole
lines were considered in this thesis as most single pole
linés are used for crossing large bodies of water. As
suchﬁthevshort distance. they are above ground is negligible.

The parameter ranges for double pole systems are listed

below in Table 5.3.

Table 5.3 Data Summary for dc Systems
Voltage Spacing . Conductor Conductors  Bundle GMR
KV Ft. MCM Per Phase Spacing Ft.
345 30 - 46 1780-2300 1 - -

345 30 - 46 2156 Min. 2 16" 0.2
' 2574 Max. 2 l8ﬁ 0.3

500 40 - 56 2300 Min. 2 16" 0.1.
3120 Max.. 2 i8" 0.3

500 . 40 - 56 954-1780 4 8" 0.3-0.

Using the technique listed in séction 5.1 resﬁlts for the
dc cases are obtained and shown in Figures 5.8 to 5.11. Only
two voltage levels were considered as most cases at present
are either operating at these levels or within 10% éf these
values. |

Comparisbn of ac systems with dc systems at any voltage
level shows that the latter requires as much as 15% less
clearance. This is another factor in favour of using dc
at higher voltage levels and it also points out the possible'

error in applying ac clearances to dc lines as is now the case.
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6. SHIELDING EFFECTS OF GROUND WIRES BENEATH THE LINE
CONDUCTORS

6.1 Shielding Effects of Ground eres

It is suggested that the electrlc field at ground level
‘may be reduced by pla01ng ground wires underneath the line
conductors. If the field intensity isv reduced by a 81gn1ficant
amounf it might result in a reduction in the heights as derived
in Chapter 5. This could result in large economic savings if
Vthe reduction in height is signifieant. Alterhatively, if
shielding is employed at the same height, induction hazards
might be reduced.

In order to speed analysis of the effect of ground wires
on-the field,a test case was computed with 1,2,% and 5 ground
wires piaced beneath the line. The test line was assumed to
have a 50'0”.spacing, a 40'0" height and an effeetive radius
of 0.3 feet. The results are normalizedyWith respect to
voltage. A survey of exieting systeme indicates that the
minimum line to structure clearance at any Voltage level is
7 o". Thus the ground wires cannot lie closer than this dis-
tahce_ to a line conductor. Also, because of mechanical
considerations the mihimum height of ground wires was_ﬁakeh
as 20'0". To locate the obtimum position of the ground wires
their spécing was varied from D/4 te 5D/4 while their height
was varied from 20'0" to 33’O“Iat each'spacihg.increment.

The following points were noted; |
1) The maximum variation in Emax/V was less than 4%

‘for the range of heights tried at each spacing and for each
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cése, This would tend to indicate that the'ground wires are
independent of height above ground for the region tried.
| 2) The shielding effect of the ground wires was reduced

as they were moved hdrizontally'cloger to the center of the
cohfiguratiqn;: The optimum~position with respect to spacing.
océurred in all cases when .the ground wires were directly
-below the line conductors. |

3) The electric field proflles are altered negligibly -
over the range of positions tried.

The per cent decrease in Emax/V at ground level with
the ground wires in their thimum poSition for 1 to 5 ground

wires is shown in Figure 6.1.
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Figure 6. l Per Cent Decreaoe in Emax/V Using 1 to 5 Ground
Wires in Their Optimwr Pdsition
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'The decrease in Emax obtained using ground wireslshould be.
‘investigated.with respect to the effect in reducing line
height. However, before such an attempt is made it should

"‘be noted that the effect of a single ground wire is almost
}uegligible,whiie usiug 5.1s impractieal because of expense.

jIt would appear that the use of jnground wires in their optimum
,posiéion is worth considerafion, Onl& ac cases will be
 investigated. |

6.2 Reduction in Line Heighte

The eurves shown in Figure 6.2 to 6.7 -are obtained by

- meeting the required alloWabIeu Value‘on Emax given in |

_sectlon 4.7 with 3 ground wires present .as part of the line
‘tconflguratlon. A dlrect comparlson of the helghts derlved

'for identical cases with and without ground wires, based on
: vthe‘perameter ranges of Table 5.1, is shown in Table 6.1
where all dimensions are in feet.
.Teble’6.l Line-to-Ground Clearances with and without Ground Wires
Voltage Cohductors Clear.%o Height Minus Height with Per Cent
KV Per Phase Structure Shleldlng Shielding Decrease

9 29.4-34.4 - 24.1-27.5  18-20

345 1 .
2 -+ 33,8-40.0 - 28.6-3%2.9 15—18
500 1 11 41.5-46.0  34.6-37.9  17-17 -
2 45.4-52.9 °  39.0-44.9  14-16
| 4 54.0-61.1.  45.5-51.4  16-16
735 4 18 . 73.8-81.9 63.'14—70.'2 14-14

Since the line to structure clearance is of. the order

of 9'0" for 345KV systems it would seem hlghly unllkely that
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ground wires would be used at this voltage level because
of the required mechanical clearances. However; at all
higher voltage levels it wculd appear that a useful reduction
in line.height can be achieved through the use of 3 ground
wires placed below»the line Qonduqtors. This reduction
" in height bﬁ the a§erége ié in~fhe orier ofal7%} Since
conductor vibration probléms increase with tower height it
is desirable to keep the lines as close to the ground as
possible. In view of this the savings iﬁ height using ground
wires may prove useful; |
The savings in tower costs versus the installation cost
of the ground wires would, of course, be the deciding factor
in incorporating this technique.i In any case, it is felt
that this shielding technique could still be applied in pop-
ulous areas to reduce electrostatic induction effects where
this is important. It is noted that use of 3 ground wires
below the line conductors reduces the electric field.by approx-
imatély; 30%. This means that induction effects would
also be directly reduced by a similar amount. Such a safety
~ factor cannot be Qverlodked. Incorporation of this idea
might allow greater utilization of area laying in theAright—

.of—way of the transmission lines.



7 MELSUREMENT OF THE POTENTIAL OF AN OBJECT BELOW A
- TRAVSMISSION LINE

7.1_Method of Measurement

In this chapter a method to -measure the potential below
a.transmission liné is presented. Using this method experi-
mental results are obtained for several lines and compared

against the theoretical values predicfed by the equations of

Chapter 2. In addition,readings are taken to verify the effect’

of bundle conductors and sky wires.
In Figure 7.1 the potential induced in an object located

at the point P(x,y) due to any one line can be written as:

Ve, ~ -
V(x,y) = _ : 7.1
(?og + Cio
where Cioz'the line to objecf capacitance
Cog: the object to ground capacitance

V1200 Vel VeIt 20

Vnsu@ted

|

l

l

|
.

|

|

|

l

I

g
== =C3y
object |
/ . e o
Metering Cog -
* Circuit , I _
V.Figure 7.1 OU'LLH& Capacitances bpfwepn the Line and

on, Inaendlated. Ok tent. TR
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The charging current flowing through Cio to the object can

be written as:

ivi|w ¢, d.
g 10

If a measurement of V(x,y) is taken this is analogous to
closing switch 8, through a metering circuit. In this case:
Vi_” Qio(l * JwRCog)

Il 7.%

1+ jur(ey ) + cog)
and
V. wC R « -
lV(X,y)l: | 7.4
1+ y&(cio-+cog

Equation 7.4 1ndlcates that the potentlal at P will be greatly
affected by the resistance of the metering circuit. Since

Cio and CO. aré of the order of a few picofarads,'vaould have to
approach lO12 ohms or beﬁter in order that V(x,y) is indep-
endent of the circuit. 'in this case‘equafion 7.4 reduces to

7.1, Although the Valué_bf Vi and Cio Will differ for each
line, the effect of'the.metering circuit is the séme in each
case. An 1nd1rect .method has been devised to measure V(x,y)
‘since a hlgh Jmpedance meter capable of readlng up to 20KV was
"not readlly obtalnable

If the obgect is groundeds, then the net charge appearing

on it will give rise to a secondary field. The potential at
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the surface of the object due to the line and this secondary
field must be zero. By choosing the object to be a sphere
whose radius is 'a', 1t is possille to write:

CV(x,y) 4 9 (_1_ + E_)

4neo a =~ 2X

4
O

7.5

Oor upon rearranging:

V(x,y) 4we

1 1
— Al'+ —
(a 2% )

In the case of an ac system the current flowing to the sphere

q =

to maintain it at zero potential.would be:

V(x,y) 4nwe
I = __° 7.6

B
a 2X

The value of I will be of the order of microamperes for V(x,y)

of the order of KV. Therefore,>by connecting a microamméter>
in serieé between the sphere aﬁd ground this charging current
can be measured. Since w, X, a and €, are known then V(x,y)
can be computed and compared against the expected value. It
is important that the spheres dimensibns should be small
with reépectvto the distance of the?Spher; from the source

so that the distortion it introduces w}ll not affect the

source., - -
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7.2 Instrument Design

“““””Aﬁiinstrument is Tequired to read the charging current
that fiows through the probe tQ the ground. An ac micro-
-ammeter with a capability of reading 1.0 to 20pA would be
 desirable but.such‘movements are extremely expensive and
were not readily available.
Insfead-an operational amplifier wes used to.allow
measurements in a range more sulted to already existing
Mﬁww;meters.-—Because-itwwas-necessary to measure the charging
current under actual lines, the instrument designed had to be
portable, flexible and battery operéted.
A schematic of the circuit is shown in Figure 7.2.
The input resistance varies from ZOO»ohms in the 50K range
to 1 in the lO megohms range. Bome of the design features
of the instrument are: |
1) It has a full scale deflection of 0.1 to 20uA by
using the proper scale setting.
.2) It can be biased to compensate for current offset
| in the operational amplifier.
3) It uses mercury cell batteries for longer life and-
- stéble output.
4) An inexpensive panel type ac voltmeter With a O;1V
—-full-scale is used as an indicator.
. The instrument was calibrated using the set-up shown

in Figure 7.3. The results of the tests are shown in
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Figure 7.4

“ATSéCona'méthdd’for‘reéding'fhé'éhargihg curreﬁtbwas
proposed by Miller(gl) in the design of his gradient meter.
~This involved rectifying the ac signal by means of a diode
bridge and using a 0-15pA full scale dc microammeterl- The
Miller meter was also built and was tested using the afrange—
ment shown in Figure 7.3. The results of these tests are

shown in Figure 7.4. It should be noted that the Miller

- ———meter—accurately measures-charging current but-his—technique of

reading the voltage gradient uﬁder transmission lines is
incorrect. A discussion of this technique and the: gradient
meter is presented in Appendix I.

7.3 Calculated Values vs Experimental Values

A measure of the induced potential was made by reading
the charging current through a grounded 1'0O" diameter aluminum
sphere. The position of the sphere was moved horizontally

from y:—2.5D to y=+2.5D in 10 foot increments from the centre

e —0f the configuration,-while vertically situated at a fixed

level above ground. Meaéurements_were taken under two
different liﬁes Opergﬁing"at different voltage levels. The
parameters of these lines are given below.
Voltage Spacing Height Conductor No. Per Bundle
KV T Ft R “"MCM Phase - “Spacing
235 18 39.3 795 1 -
360 35 54..0 795 2 120
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A comparison of thé éélculated aﬁd measured values for
~each ..of these lines is shown ia Figure 7.5 and 7.6. The
measured values are an average cf the Miller and UBC
Instrument readings. The resulting discrepancies were

less than 5% in most -cases. The readings were higher than
expécted.for fhe ZBOKV case and lower thah expected for the
360KV case. These effects could result if a slight voltage
—-unbalance -occurred between the conductors. The'good agreement
~between calculated values and measured values verifies the
validity of the equations in Chapter 2. The induced potential
at any level can be found by employing the technique outlined
above and using either the Miller metér or the UBC instrument.

7.4 Experimental Verification of the Effect of Sky Wires

It "was pointed out in section 3.6 that the preSence of
sky wires above the line_conductors hes virtually no effect
on the electric field and hence the potential below the line.
As a check on this, an actual 360KV line was selected having

the configuration shown in Figure 7.7.

:7 i - 2-795 MCM~12"BUNDLE
230 | 257 ] . - c/— 4
+—o0 o |
R i
61 RS |
AIR
EARTH .

Figure 7.7. 360KV Test Line For Sky Wire Effect
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Using the technique presented ébove,a measure of the induced
--potential -at the 4'0" level was made. A comparison of the
measurec values and those that would be expected if no sky

wires wer= present is shown in Table 7.1.

- Table 7.1  Measurement of Sky Wire Effect

Feet Miller UBC Computed Average
: ' Meter Instrument Values Brror
KV XV KV In Per Cent
0 - 1.043% 1.051 0.960 +9.0
10 1.295 1.320 1.204 18.6
20 1.765 1.733 1.705 +2.6
30 2.153 2.136 2.175 -1.4
40 2.447 2.405  2.451 ~1.0
50 2.475 2.462 . 2.487 0.8
60 2.220 2.187 2.329 | . -5.4
70 2.018 1.985 2.063 S
80 - 1.749 1.733 1.765 ~1.4
1.481 -4.6

90 1.413 1.413

The difference on the-average was within 4%5which is within
" experimental error. It is thus justifiable to ignore the effect

of sky wires.

7.5 Experimental Verification of the Effects of Bundle Conductors

In section 3.5 it was pointed oﬁt that using bundle
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conductoré in place of single conductors greatly increases
—%he fi=1d-intensity -and-hence the potential near.the-earth's
surface. As a check on this an existing 230KV line was selected
that used a bundle conductor cenfiguration along one portion
~of its length ahd a large single ccnductor along the remainder.
The coﬁfigufatibns of thgul;pe»are shown in Figure 7.8

!

l | ' ' Qlo olo o0

. O—7 © Z o oo} oo
R=0.105 | 4-500MCM-12" /
54 " BUNDLE 5
AR » ‘ AIR  y
EARTH . EARTH

. ~Figure 7.8 230KV Test. Line For Bundlethnductor'Effect
A.comparison is.made in Table %.2 Bétﬁééh.the potential-meésurea
ments obtained at X = 4'0" and the values expected using the
.bundle configuration as well as the single conductor. (A
direct comparison by measuring potential values for the bundle
and single conductors was not possible.) The readings in Table
7.2 are an average‘of tﬂe Miller meter and the UBC inétrument

-59~““measuremen§s:”“Thé‘meésﬁféd”ﬁéluéé ére”in good agreement with

. —the Values expected for the bundle conductor case. The
difference between the expected bundle values and the expected
single_conduétor values is much larger than possible experimental
error. Therefore, the readings can be assumed to represent the
bundle conductor values. As such the anticipated effect of

bundle conductors versus single ccnductors is true.



M~Table'7;2-”Measurement“of“Bundle“Cbnductor Effect

Feet  Measured  Computed Potential in KV Per Cent Error

1NY - Bundle Single For Bundle Case
0 1.396 - 1.453% 1.068 40

10 1.539 1.503 - ‘ 1.111 +2.4

20 1.875 1.739 1.293 +8.1

30 2.755 2.144 1.591 +9.8

40 2.759 " 2.488 "1.839 +10.9

50 2.800 2.593 1.912 | +8.0

60 2.559 2.449 1.802 +4.4

70 ;2.321 2.153 1.583 +1.8

80 1.825 1.810 1.3%30 : +0.8

90 1.551 1.486 1.091 +4.5

100 1.195 1.207 0.886 -1.4
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8. ESTABLISHMENT OF THE WIDTH OF RIGHT-OF-WAYS

8.1 Right-of-Way €learances

The right-of-way of a transmission line is thaf strip
of land the line occupies-and the clearing to either side of
“the line. At present the width of the-right—of—way_is‘deter—.“,
mined mostly by mechanical réquirements. Since, in most cases
a iine must cross forested land the width of the right-of-
‘way is ﬁsually fixed to allow ample room for construction,
'saféty from falling trees, and protection in case of fire.
In densely populated areas, land is at a premium énd excessive
right-of-way widths is undesirable; The utilities are at
present reluctant to reduce large right-of-way widihs because .
of possible induction effects that would prove hazardous to
public. It is aesirable therefbre to try and specify this
" width in relation to induction effects.

8.2 Width Reguirement Based on Electrostatic Induction Effects

Danger from electrostatic induction results only when
the insulated object is grounded and current flows. It is

accepted that the threshold of perception(38)

occurs at 1 -
milliampere and that currents up to 9 milliamperes for men and
6 miiliamperes for women constitute no'hazafd although they
may prove exceedingly annoying. A person coming in contact
Wwith an insulated object can be viewed electrically as Shown
in Figure 7.1. In this caée R can be taken to be the person's

resistance. It was shown previously that the voltage induced

in an insulated object dvue to each line is:
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V. C. _ , ,
i “io . A 7.1
by = Cog *+ Cio) o

When SI is closed the current flcwing through the resistor
is:
ViwCy o (L+3uRC )

IIlz lijuR (Cio + Cop) | | | 7.3

e}

But for R small this reduces to:

.|I|:|Vigdioi 8.1
Fbr a grounded object thé current flowing from ground to
maintain it'atvzero potential can be writtén as:
lIl:iwCogV(x,y) | | 4 ' j é.?
Substituting for V(x,y) from 7.1 gives:
lIl_ wViCogCio A 8.3
- (Cog + Ci;7 ' .

If Oo§¢>cio then the above expreséion reduces tovéquation
8.1. In the case.of an object close to the ground with
'respeCt to its distance from the line the above assunpbtion is
true. | |

It is shown in equation 8.2 that the charging current to
ground is dependent upon the objecté’capaéitance to ground and
the potential of the point in sbace it occupies. In the case of
complicated coﬁducting objects this potential may be considered
equal to the value that would occur at the objects center of
gravity. .According to this if a sphere is considered at X;6‘O%I

its poténtial will always be V(6,y),independént of its radius.



The radius would then affect only the sphere'svcapacitance
’Méhdmincreaées or decreases the QUrreﬂt f1low to ground with an
increase »r decrease of radius.respectiveiy.
Using this approach it is possible to find a tolefablé
1evel'of induced pofential by specifying a worst case Cog
From previous studies it is felt that Cog at worst might

reach 5000 pf. 1)

If the current is tb be limited in the
‘region from 1 to 5 milliampérés this woﬁld result‘in an
“““facceptableﬂrange-of~V(x,y)ﬂof from 0.5 to -2.5KV. -In-—view
of the above and of fhe reduced probability of'flammable
objeéts to ignite as the voltage is.reduced below 1KV it is
felt that a tolerable 1limit on V(x,y) should be taken as 1KV.
| The above criterion can be used to specify the width.of
a right—of—waymfor any.line operating at any voltage. If

a vertical height of reach of 6'0" is assumed then the width

can be specified by finding the horizontal location from the
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‘center of the configuration at which the induced potential is 1KV.
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The curves of Figures.8.1 to 8.7 indicate the required
width of the right-of-ways, as measufed from the center of the
-configuration for the spacings and line heights indicated.

At each voltage level the maximum effective radius as presented
in Table 5.1 was used.

Mechanical clearances usually require a 150 foot clearance
from the center of the configuration. This clearance is in
_;excess of the value_required for most lines operating at 230
and %45KV. This indicates that in'populous areas once the
line is constructed more land near lines at voltages up to
345KV could be utilized. Abéve this voltage level the widths
reQuiréd based on induction effects exceed the mechanical
requirement. In view of public safety the widths as derived
in this thesis would appear more desirable.

It should be noted that a peak occurs in each right
of way curve. This ?oint represents the worst case fér the
configuration under study. Maximum safety for the public
results if these valueé are used for all lines operating

at that voltage and spacing.
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APPENDIX I: DISCUSSION OF THE MILLER GRADIENT METER
A field intensity, or gradient meter, as illustratec
(29)

" in Figure 1.1, was developed for studies by Miller

concerning live line maintenance.

UARD ELECTRODE

ENTRAL ELECTRODE ~ METAL CASE
]
A
A A
et =y
,l~A o . ey "'e'dg
- , , D=%edt
TEFLON o——T= /.« A ' ' | o
SPACERS DA e | EM/CROAMME TER
HANDLE”  \S——————=|MICROAMMETER =

COAXIAL CABLE _ o

- .A - A ' 5
| Figure I.1l. Miller Gradient Meter

The meter consists of a main circular electrode sufroﬁnded
by a guard ring .to eliminate fringing. The main electrode
1s connected to a microammeter through a shielded lead and
then to the shield of the circuit. The area of the main
electrode is so dimensioned as to allow a field intensity of

100 or 1000 volts/in. to drive 1pA through the circuit.
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The gradiént meter ﬁas used to read the electric flux
'impinging'On the surface of a workman by placing the probe in
front of the area being investigated. In addition, the meter
itself minus»the probe was coupled between a lineman and a
suitabie reference - -potential to measure the total induced
current flowing through the man. It was élso proposed that
the gradient meter could be used to méasure the low intensity
fields that exist a few Teet above groﬁnd under a HV power line.
In this case a large probe was built and suﬁported on a tripod
at an arbitrary height above ground and the tripod was moved
from y=-2D to y=+2D. The results of these applications are

presénted in Miller's papers.<29>’(38)

The technique to measure electric field intehsity aﬁd
tofal induced current of a workman while bounded to a bucket,
or while standing on the tower is correct as long as ihe line-
man is at the reference potential. In +this case the meter
measures the electric field emanating (connected to the line)
or impinging (conneéted to the ground) dué to the net charge
appearing on the workﬁan at any instant.. Similariiy the total
induced current can be measured. If the workman isbisolated
in space nb net charge would appear and no electric field would-

(39)

impinge on him, In this case no measure can be méde of the
induced current or electric field.

In view.of this it should be pointed out that the technique
to read low ihtensity.fields under transmission lines with
fhe Miller meter is incorrect. This can be seen directly from

(38)

the results\presented in Miller's paper concerning a set
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of measurements of the voltage gradient made under a 345KV
substation bus. These measurements which are in KV/in.,
are lisved below in Table 1.1.

Table 1.1 Miller Measurements for 345KV Substation'Bus

Feet Miller Readings Computed Values

at X=6' At X=0' At X=6' At X=0'
0 650 90 102 83
10 650 100 - 117 107
20 950 150 168 152
30 780 110 146 141
40 500 9 - 98 99

AInspection of eQuation 2.3 indicates that, in the region
near the ground, the electric field is nearly constant. In
the line under study Emax at the six foot level was only 9%
greater than at ground level. The results in Table 1.1 indicate
that Emax at the six foot level is more then eix times larger than
its corresponding value at ground level, |

vThe above readings at the six foot level do not reflect
' the field values at this point 5ut instead are a measure of
the charging'curreﬁt through the line-to-probe capacitance.
As it was bointed out previously, the probe isolated in space
has no net charge and hence no electric field impinging on
its surface. However, at any point in space, the probe is
capacitively coupled to the line and ground as Figure 7.1
illustrates. In the case near the ground, the current flowing
through the meter is determined primarily by the probe's

coupling capecitance to the line and is'given by equation 8.%.



Even if the probe is grdunded the current flow is still
.determined by thisvcapacitance. As the probe's height is
increésed or decreased a cbrresponding increase or décrease
in charging current will occur since the probe's coupling
capacitance to the line is depéndanf upon height. | |

The above argument can be substantiated from Miller's
readings. It was pointed out that a set of readings were
-taken at ground level by laying]the probe on the ground and
varying it from y=-2D to y:+2b. Ih this case fhe probe is
at a reference potential and is not capacitiﬁely coupled to
‘ the ground. Therefore, an accufaté measure of the electric
field is expected. The readings obtained at ground level aré
~in good agreement with the corresponding calculated values
as shown in Table I.1.. The ground capacitance of thé probe
would decrease significantly at the six foot level. In this
case readings are expected that are proportinately higher than
at ground. This is indeed the caée for fhe readings at the
six foot level, as shown in Table I.1. It can be concluded
that the Miller probe can be used to:measure the electric field
or induced current in objects that are located at the reference
potential and form part of the referénce boundary. However,
the probe cannot be used to measure low inténsity fields under
trahsmissibn lines as was stated. The probe can be used as
Was'done in section 7.1, té measure the induced current or

voltage gradient if its ground capacitance can be determined.
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