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ABSTRACT

Design of a d-c transmission line requires & knowledge
of the proper size of conductor and its configuration in order
that i1ts radio noise level may be kept below tolerable limits,
This dissertation is concerned with the interrelation between
the basic characteristics of corona pulses occuring under the

high applied d-c voltage and the level of resulting radio in-

terference,

Hitherto, investigation of radio interference from con-
ductors at high d-c¢ voltages has been mostly concerned with
measurement of radio noise levels by a noise meter under all
possible experimental conditions. There has been little or mno
effort made to correlate basic chafacteristics of corona pulses
with the observed radio noise levels, which will permit pre-
diction of noise levels to be made so that the proper size and
configuration of conductors might be selected for planned trans-

mission lines of higher voltages that will be used in future.

In such a problem, the following basic pulse characte-
ristics are considered important:
1. Shape and duration of a singlé corona current pulsej;
2. Charge content and current amplitude of single pulse;
3, Repetition rate of corona pulses in a train;
4, Characteristics of radio influence voltage (RIV) caused
by the pulses from short lengths of conductor in the
laboratory in a co=axial cylindrical electrode system;

5, RIV from large conductors tested outdoors.
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All the above five properties have been measured. A theoretical
analysis has been made of the shape and repetition rate -
of positive pulses and pertinent values for the parameters
involved in the analysis have been obtained from experimental

results,

The next aspect of the overall problem 1s a discussion
of a fundamental nature of radio noise meter characteristics
and the noise levels of transmission lines indicated by them.
There is at present no general agreement between engineers
responsible for radio noise investigation on (a) whether it is
the r-f power at the measuring frequency in corona pulse acti~
vity that is indicative of the radio noise level of & 1line,
or, (b) whether it is the response characteristics of the noise~
measuring circuit that 1s considered as the radio noise level.
The authorby his analysis of the problem has shown that in so
far as corona-type pulses are concerned, the response of the
quasi-peak weilghting circult used in conventional noilse meter
bears a definite relation to the r-f power of the corona pulses.
At first this isdone for periodically-occuring pulses of con=
stant amplitude and shape. Then by the application of autoco=-
rrelation function and spectral density techniques, it is

extended to include randomly-qccuring corona pulses.

\

The final part of the dissertation deals with the pre-
transmission lines caused

1s are evolved which describe

détermination of noise levels of

by corona pulses. Mathematical mode

the behavior of radio noise of conductors of any given size
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and configuration under different weather conditions. Before
actually carrying out the design of long transmission lines
for given operating d-c voltage, the distribution of r-f
electric field intensity at ground level in the vicinity of a
line of finite length which is open-circulted at both ends has
been made, Conversion of data obtained from such short lines
to the design values of a long line has been put on a theore=
tical foundation by establishing proofs for the methods used,
@alculation of the near-field requires mmerical methods which

necessitates the use of digital computgr.

Finally, prediction of radio-noise levels of long d-c
lines has been carried out on the basis of the mathematical
model developed, Validity of these models have been proved by
comparison with experimental results avallable to the author.
A fundamental difference between the energies involved in the
different modes of propagation of a bipolar d=c line and those
from a=c transmission lines has been found, and forms the
basis of the mathematical models in addition to the descrip-

tion of RI levels from the power content of the corona

pulses.



INTRODUCTION

Radio interference from direct=current transmission line
conductors occurs when pulses are generated during a self-
sustained corona discharge on them under high voltage stresses
beyond a critical value known as the corona=-inception gradient,
The level of radio interference (RI) of a line 1s governed
chiefly by the characteristics of these pulses originating in

the corona discharge, since if there are no pulses there is
no radio interference,

This dissertation is concerned with the interrelation
between basic characteristics of pulses and the RI level of a
d=¢c transmission line on vhich they originate and propagate,
A quantitative evaluation of R1 levels when pulses do occur
depends upon several factors which are listed below:

1. Amplitude, shape, and repetition rate of pulses;

2. Response characteristics of noise-mezsuring circuit;

3. Size of conductor and line configuration;j

4, Excitation voltagej

5. Propagation characteristics of pulses on the conductors;

6. Variation of Radio Influence Voltage (RIV) of pulses
with excitation voltage; '

7, Surface condition of conductorss;

8. Weather conditions and wind; and

9, Lateral attenuation of the high-frequency electric or
magnetic field intensity in the vicinity of the trans-

mission line,



A complete evaluation of radio noise levels incor=
porating all of the above facters is an almworth achieving in
order that a transmission line might be designed with absolute
certainty as to its behavior. In practice, however, it is not
possible to achieve complete certainty on account of the ran-
dom nature of some of the above factors. It is only possible

to approach an accuracy that is tolerable as a complaint-free
design.

Investigation of radio interference from high-voltage

d-c power transmission lines has so far been mostly concerned
with observing noise-meter readings under all possible experi-
mental conditions, (1 = 8fi These conditions involve

(a) variation of conductor size and number;

(b) variation of spacing between conductors on a tower,

(proximity of conductors)j
(c) variation of radio noise with voltage; and

(d) variation of radio noise with weather conditionse.

Very little or no effort has been directed towards a systematic
correlation between the basic characteristics of the source

of interference, namely the pulses generated by corona, and

the noise levels of transmission lines. The present work 1is
primarily directed towards filling this gap. In so dolng, the
plan of attack involves four steps leading from the pulse
characteristics to the final calculation of noise levels of a
transmissicn line with given configuration of conductors on

which these pulses originate and propagate. These steps are:

% Numbers in parentheses refer to Bibliography on page 164,
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l. determination of basic characteristics of corona pulses;

2. analysis of response characteristics of noise-measuring
instrument to the basic pulse characteristics;

3. determination of performance of short experimental
lines when subjected to corona pulse excitation; and

, analysis of performance and predicticn of RI levels of

long transmission lines for chosen voltages.

These four steps have been selected by the author as
being the logical processes leading from the source of RI to
the final phase of design of transmission lines. They form
the subject of Chapters I to IV of this dissertation, Develope
ment and design engineeré have followed some of these steps
in practice depending upon the final results they were seeking
and the expenditure they were prepared to incur, as well as

the most important factor, the time at their disposal,

There is a general lack of agreement between englneers
responsible for design of transmission lines from the RI-
point of view, on whether it is.the pulse characterlistics
and the r-f energy content in the pulse train that defines
the radio interference level or whether it is the character-
jstics of the noise meter that constitutes what is termed
radio interference, Engineers are divided broadly into two
camps, The first group holds the idea that the high=frequency
rms the basic interference

energy content of corona pulses fo

level, while the second group of engineers assumes that the

peak value of the pulse (or a quantity proportional to the
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peak value of the pulse called the quasi peak) forms the basic

interference level, (9,10). The first group have based their
idea on the assumption that a radio receiver experiences a
high level of interference when the long~term average energy
content of the noise source is high;-regardless of the actual
time variation of'current or voltage of the nolse source. i
This has necessitated their description of noise levels in

terms of spectral denslty and auto=correlation function of the

noise source. The second group have based their idea on the
assumption that the level of interference to an apparatus
used for radio reception is as much a property of the source
as it is of the characteristics of the apparatus itself, namely
its response to the source. This implies that two different
noise sources wita identical root mean square values but
widely different time variation of noise voltage cause diffe-
rent levels of inconvenience to a listener. Conversely, two

" different noise-measuring circuits may yield entirely diffe-

rent responses to the same noisse input.

Out of these two points of view has grown the enormous
amount of good work that has been accomplished by engineers
in the field of Radio Interference. The chief advantage of
the r.m.s. view=point lies in the fact that the energy of the
noise source is amenable to mathematical calculation and hence
some sdrt of an analytical prediction of noise level could

be made for preliminary design purposes, (11 = 14). At least
the noise levels of two different sizes and configurations
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of conductors can be compared, and if the noise level of one
of them is determined from experiments then the noise level
of the second or alternative arrangement can be ascertained
from calculation. The second method requires that before a line
could be designed, several alternative designs should be actu-
ally tested, even on a small scale, and compared for their noise
level, (15). In order to obviate the basic difficulty involved
in this method, designers have accepted the empirical rule that
the voltage gradient on the surface of a conductor in any given

configuration constitutes a primary design factor upon which
an acceptable design could be evolved, (16). This takes away

the direct importance attached to the actual r-f energy of the

source of interference,

It is the object of this dissertation to advance the view
that the noise level ofa a given transmission line shold be
based on a combination of (a) an accurate knowledge of charac-
teristics of corona pulses, (b) variation of these character-
istics with voltage, and {¢) response of noise meter to these
pulses, The interference level should™ correspond more closely
to the noise source characteristics as & primary quantity and
the noise meter characteristics should be the secondary quan=-
tity. With this object in view, response characteristics of a
noise meter and the statistical variations of the properties
of the noise source, namely the corona pulses, are analyzed in
detail, and finally the design of a-d-c transmission line is

related to the noise power of these pulses.



CHAPTER-1I

CHARACTERISTICS OF CORONA PULSES

GENERATED UNDER HIGH D-C STRESSES
I,1 INTRODUCTION |

This chapter describes characteristics of pulses gene-

rated by conductors when subjected to the influence of vol-
tage stresses beyond the corona-inception value. The charac-~
teristic feature of a high pressure (760 mm of mercury) gas
discharge is that partial discharges occur only in non-uniform
field geometries. Uniform field geometry gives rise to a
complete discharge between the electrodes, when once some
type of discharge is initiated in the cathode region and the
applied voltage is such as to cause ionization of the medium
botween the electrodes. Partial discharges are classified
es corona discharges regardless of their type and method
of initiation, (1). A complete discharge between electrodes
is a breakdown phenomenocn and has been investigated more
extensively than partial discharges, chiefly on account of
its importance in gas=-discharge apparatus and for design of

high=-voltage insulations.

Of the many types of partial discharges, or corona,
only those conditions that yield pulse-like self-sustained
discharges obtained under high direct-voltage stresses will
be discussed, It may sometimes prove interesting, however,
to compare corona pulse phenomena occuring under d~c stresses

with those obtained under a-c stresses., This will be done in



‘ 10
this chapter to some extent although this dissertation does

not concern itself with a-c corona nor with the design of

a=c¢ transmission lines.

Pulses generated during a corona discharge contain
energy at frequencies upto about 25 MHz, (megacycles per
second). In this range, however, the energy content falls
off rapidly gt_frequencies above 2 MHz, Since broadcast band
ranges from 0.5 to 1.8 MHz, the energy content of corona pul-
ses interferes with radio reception, if receiveis are located
close enough to a transmission line. It is the aim of an
engineer topredict the interference of his line in order
that radio equipment used in military or civilian communie-
cations sites and residential areas can be properly located
to have a high signal=-to-noilse (S/N) ratio in the broadcast
band, Corona pulses yield a negligibly small interference

in the television range of frequencies and therefore do not

affect video reception.

since pulses form the source of radio interference
(RI), it is first of all necessary to understand their cha-
racteristics before proper deslgn of a transmission line
can be carried out. These characteristics are:
1. shape of a corona current pulse;

2. current amplitude and charge content of a single pulse;

3, repetition rate of the pulses;
l+, magnitude or level of Radio Influence Volltage (RIV)

generated by these pulses from & given electrode
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geometry as a function of excitation voltage; and
5« frequency spectra of this rIV.
A1l of the above characteristics were investigated
and will be described in this chapter.

I.2 EXPERIMENTAL SETUP

Experimental determination of the shape of corona
current pulse was carried out from a co-axial cylindrical
geometry. Figure 1 shows the circuit layout. One of the main
difficulties involved in an accurate measurement of the shape
of a single pulse is the distortion caused by the electrode
gecmetry to the measuring circuit. This is because of the
capacitance between the discharge electrodes themselves. The
shapes of a single corona pulse obtained by different inves-
tigators have shown differences in duration of these pulses
because_of the large time constants of the measuring circuits,
(2 = 6). This author was fortunate enough to procure extre~

mely high speed oscillographs with very low rise=times for

the amplifiers, Also by suitably designing the electrode 8ys=
tem, the shape and duration of a single pulse was measured
as accurately as has been possible with the available tech~-

nology. The work was carried out at the National Research

Council of Canads.

A second limitation in the accurate measurement of

pulse shapes is the necessity for properly connecting the

electrodes to ground in order that reflections of pulses

having very high rates of rise are eliminated from the ends
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of the wire. Corona pulses last for less than 500 nano-seco-

nds (ns) and therefore matxhing of components in the mea-

suring circuit is of paramount importance.

These two limitations to the accurate measurement of

the fast-rise short-duration corona pulses were recognized

by the author and were minimized to the extreme by the

7 following procedure:

1. The conductor on which corona discharge occured was

2.

3e

De

6e

placed near ground potential and the outer cylinder was
connected to the highevoltage supply;

Intermediate amplifiers were kept to a minimum when
photographing single pulses and the oscillograph used
had a very high sensitivity;

An_extre;ely fast-rise pre-amplifier with less than
1.5 ns rise time was used in the oscillograph;

A delay cable from the pulse source to the oscillograph
with as low a capacltance as possible was used; '
Impedance matching networks at every junction between
components as well as at the trigger and input terminals
of the oscillograph were used; and

The inner conductor was connected to ground by a res-

j stance nearly equal to the calculated value of surge
impedance of the co-axial cylindrical arrangement.

Using the conductor at ground potential makes the

matching extremely convenient, It also eliminates the high-

voltage capacitor required to provide a high impedance
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between conductor and ground in order that measuring ins-
truments may be used at ground potential. When the conductor
is at nearly ground potential, a resistance will suffice to
provide the necessary voltage to drive the vertical deflec~-
tion plates of the oscilloscope. This makes the termination
independent of frequency and a true shape of the pulse can
be obtained, The terminations were tested with great care
experimentally before final values of matching resistances
were decided upon to achieve a completely reflection-free
termination. This was carried out with a pulse generator
giving pulses of 50 ns duration and the oscilloscope. The

entire measuring circuit had a rise time of less than 5 ns.

The high=voltage supply consisted of a 60-kv rectifie -
chain of the Cockroft-Walton type and was connected to the
outer cylinder 16 inches in diameter and 4 feet in height.
The wire under test was clamped concentric to the cylinder
and connected to ground plates at its two ends through
proper terminating resistances. Characteristics of the corona
current pulse were determined from measurements made at one
end of the wire. The current pulse thus measured 1s one
half of the total current induced in the conductor by the
change in the bound charge occuring during a discharge.

Reflections were prevented from cccuring at the ends
of the wire, and thereby distort the pulse shape, by ter-
minating each end in a resistance equal to the characteristic

impedance of the cylinder=to-wire arrangement, Values of
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matching resistances used for different wire sizes are shown

in Column % of Table I, on page 16. These values were obtai-
ned experimentally and are nearly equal to the surge impe~-

dance of the cylinder-to-wire arrangement, Column 3.

Radio Influence Voltage (RIV) developed by the corona
pulse was measured on a Stoddart NM20~-A type of noise meter
connected to the lower end of the wire through the'so-ohm
matching impedance of the meter, as shown in Figure 1l.

I.3 OCCURENCE OF PULSES

Before describing the shape of the pulse, it will be
worthwhile mentioning here that pulses do not occur on
conductors at all voltages. This is true of laboratory stu=-
dies, but may not be entirely true on large conductors used
on transmission lines which have a rough surface and are
subject to contamination. A good review of this topic has
been made by Loeb, (7), who has described conditions for

formation of pulseless glow dischargés called the Hermstein
glow. Uhlig, (8), has discovered that a glow discharge occrs
on extremely thin wires at high negative gradients which he
has called the Ultra Corona., These glow discharges have been
attributed to possible secondary mechanisms as well as the
transformation of the non-uniform field distribution in the
vicinity of the wire into a more uniform distribution due

to the presence of space charges. Boulet and Jakubczyk,
(9,10), nave obtained experimental results of pulse activity

when very thin wires are wrapped around a large conductor
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TABLE I, WIRE SIZES AND TERMINATING RESISTANCES

Wire Size Outside Calculated Actual value of

diameter, surge impedance terminating
inches 7 = 60 Ln(R/T.) resistance
= o used, ohms
Smooth No, 16 0.051 345 375
Smooth No.l4 0.,06% 330 360
Stranded No., 14 0.073 323 :
Smooth No. 10 0.102 303 320
Stranded No. 10 0.116 295
Smooth No. 6 0.162 275 295
Stranded No, 6 0.18% 268
Stranded No. & 0.231 250 250

TABLE II. AMPLITUDE AND CHARGE CONTENT OF PULSES

Wire Size Pol. KV Ega{ Charge Content, ppC
mg *? Pulse Front Complete Pulse

Stranded No.  Pos. 55.0 133 5100 19,200
Stranded No, 6 Pos. uW8.7 66 2625 10,500
51.4 116 3625 18,300

54,0 122 3825 17,800

Neg. WUW8.6 30 420 1,900

51.5 50 750 3,450

Sl b5 565 2,650

5740 5k 900 3,800

Stranded No.1lO0 Nege 41.0 37 500 2,250

48,0 38.4 500 2,450
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in order to obtain a diminished pulse activity, under a-c

excitation,

Commencing with No.l6é smooth wire, when the wire is
negative with respect to the cylinder, pulses and RIV are
generated at all voltages above 26 kv, which is the corona
onset voltage. But when the wire 1s positive, pulses occured
only in a narrow region of about 1 kv near the onset voltage.
However, even though the pulses vanished altogether at
higher positive voltages the average direct current represen-
ting the power input during corona increased steadlily with
increasing voltage. This region is the Hermstein glow region

as we know it now,

The same type of behavior 1s observed from larger
conductors. The voltage range in which pulses occur lncrea-
ses with conductor size and with stranding. A smooth No.6
size of wire gave pulses within a voltage range of 50 to 5%
kv while a stranded conductor with the same gauge number
yielded pulses within the range of 48 to 60 kv, positive.
Pulse activity is indicated by a measurement of the RIV at
1 MHz, as shown in Figure 2, page 12. Within the range of
available voltages it was not possible to subject all sizes
of wire through the entire range of occurence of pulses;
but as may be observed from Figure 2, RIV began to fall for
No.4 stranded wire after reaching a maximum value, indica-

ting a diminished pulse activily.
Figure 3, page 12, shows results of RIV measurements
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from an outdoor setup using 20-foot lengths of conductor
15 feet above ground., Once again diminishing of pulse acti-

vity is indicated on some of the wires as voltage is increa-

sed,
I.4+ PULSE SHAPE

Oscillograms of corona current pulses show distinctly
different shapes for pulses generated by the two polarities
of excitation. These pulse shapes do not vary appreciably
either with change of voltage or wire size. In a recent paper,
Perel'man and Chernobrodov, (4), have obtained pulse shapes
on larger conductors and it is interesting to note that the
pulse shape is nearly the same as from smaller wire sizes
obtained by the author.

i. Positive Pulse

The positive pulse, Figure 4, shows that its shape
can be approximated to a double-exponential type of varia-
tion with time. It rises to its peak value in 50 ns. The full
1ine shows a typical observed pulse and the broken line a
calculated-50/150-ns double~exponential curve having the same
peak value. It can be deseribed by the equation

-o + -f t
1(t)=A<e‘°&’ -epp), (1)

wvhere A, o(p, and gbp are corstants. They depend upon

tl, the time to reach peak value, t,
and Ip, the peak value of

the time to reach one-

half the peak value on the talil,
the pulse, as shown in Figure Y,
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A theoretical explanation for the shape of positive
pulse has been derived in Section I.8., Numerical values for
the constants A, p? and Pp in equation (1) can be obtai-
ned from the following three conditions:

-t -
1) at t=ty, 1=L. %0 I, = A(e P1l.oe Pot1 )e

11) at t=ty, 1=, e = A Ce P2 _o P2,
’ =fpt1 oot
_ - e A— S Ypl _ pl
111) at t=%;, di/ét=0. .%. O=A ({, e %p @ ).
-Gt -t
From (iii), @p e Pl — o(p e P11 (2)

-1t -3t -8
From (i) and (ii), e P2 _, p?:%(e-wptl_e‘ptl)
acese (3)

Instead of using A4, o, and @p as variables, it is conve=~

nient to use o(ptl,, (’:p/o(p, and t,/t; as new parameters.

In terms of these three parameters, equations (2) and (3) can

be written as follows:
Lpt, = Lm Cep/ckp) [ Ceploty 1) 5 (&)

and

essee (5)
where Ln stands for the natural logaritham, Evaluation of °(pt'1

and ﬁp/ Ly from known vziues of t2/t1 is not straight
forward, Instead, the value of t,/t; for corresponding va-

lues of A t; and (bp/ Ap is found by the following method:

5 = (&= «pty _ e—@ptl)/ (e-(o(ptl)(tzltl) _ e-(o(ptl)(@','ocp)(t‘_lw),
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From equation (4), (?:p/ 'o(p is calculated for assumed

values of ‘xptl

found from equation (5). A set of curves are drawn giving

"(ptl. as a function of tzltl, and (5p/o(p also as a function

, and using these values the ratio t/t; is

of tzltl, as shown in Figure 5, page 19. For lightning-type
discharges, Bewley has calculated these values in his Fig.6
of Chapter 2, reference (11).

The double-exponential type of equation, equation (1),
does not apply for all values of t,/t;+ In order for this
equation to be valid, the time %, to half value on the tail
must have a minimum value of 2,678 % and is given as the
solution to the equation

t,/t; = In (t,/t3) = 1+ 1In 2 . (6)
This condition is derived as followss:

When o<p = gbp, the expressions on the right side of

equations (%) and (5) both become equal to the indeterminate
gquantity 0/0. Thérefore the 1limits of these expressions have
to be evaluated by applying Lt'Hospitalts rule, namely by
differentiating both the numerator and denominator with respect
to (’zp/ Lp and setting the result equal to the value when

%p/ o« equals unity. This gives
o(ptl =1, (7)
and (uptl) b/t = 1) = In 2(t, /%) (8)

or ty/t; = In (tzltl) - 1+In2. (6)
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A trial and error solution to equation {6) is t2/t1::2.678.

Having determined o(ptl and @’p/ o(p for a given
value of t,/t;, the amplitude factor, A, is given by

-ty = )R S ) 9 -1
A:Ip [e_ Pl Lo pl p p] e (9)

For a 50/150-~ ns positive pulse, theratio t2/t1 = 3.0. From
Figure 5, olpty= 0.5 and @p/ocp.-. 3.5. If time is measured

in namoseconds, o, and @p become 0,01 and 0,035, respec-

P
tively, and A =2.3 Ip. Thus the equation to the 50/150-ns

positive puiss 1is

1= 231 (6~0°01 t _ g=0.035 %y | (10)

ii, Negative Pulse
The negative pulse is shorter and steeper than the
positive pulse and its amplitude is nearly 304 of that of the
positive pulse. It rises to its peak value In in 20 ns and
decays to half value on the tail in 50 ns. Its shape does not
correspond to equation (3), that is, the negative pulse is

not a double-exponential. Since the negative pulse is of grest
importance in the study of breakdown of gaps, its shape has
been theoretically derived by several investigators, chiefly
by Fletcher (12), Heintz (13), and Raether (14%). An equation
derived by Heintz for the negative pulse, based on the ana~
lysis of Fletcher in the calculation of formative time-lag of

gaps, is
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-(X_/t+ (B 1)
n/t+ Bn an

1.(6) = Bt™/2
It is plotted in Figure 6 and shows good agreement with the
measured shape except on the final portion ofthe tall. A true
double-exponential equation of the type of equation (1)

cannot be fitted to a pulse having a ratio of tzltl:.- 50/20 =245

But by taking t2/t = 2.7 and 4= 20 ns, a double-exponential
curve has been fitted to show that the negative pulse deviates
appreciably from equation (1). A simple formula derived by
the author for the declining portion of the negative pulse

is given in Section I.8 to be

- -2
1(e) = I (1+ v, 8. (12
It is also plotted in Figure 6 and describes the tail of the

pulse very closely.

The constants B, o, and @, in equation (11) are

functions of I, t;, and t,, and are calculated as follows:

The three known conditions are
_ _ (B ty + o tTT)
1) at t=ty, 4=I. % I, = B 1732 o Paf1* a1 g3

~( B to+ X /b))
-3/2 g bala o*2) (g

-(® t.+ o/
111) at t=t,, d1/dt=0, +°. 0=B ti‘5/2 e Fafr+ o/t x

11) at t:ta, i:é’In. ... ‘;’In:'— Bt

(oly/ty= Py = ¥2). @5

From (15), O(n/tl - 3/2+ ?ntl - (16)

) a(to=te )+ o« (1/t,=1/%,)
From (13) and (14), 2= (t2/t1)3/2 e alt=% n 2 1
. oennse (17)



24

110
Bt
O(n' B/ Lt ‘ t f’; 100 . _200 ns
E ¥ o
° X __
o X _=
-
o ,
+/
P
0.8T 8 2
o/
/
o / —— Observed neg. pulse
/oo 3.35 1, (67003035
Il 3-0.0 3t)
"R S =3/2 _=(34.86/t +
0,61 6 ML, Fx <6511, % 32 o 3.012151-.)
5 :
S (1+ 0.0138t)2
Figure 6. Negative Corona Pulse
Oolil- &
Q.24+-2
0 } } }
2 8
=0.% Figure 7. Calculation of
ony fip » and B of equation (11)




| 25
Using equation (16) in (17), (Ppty 1s obtained as a function

of t2/t1 thus:

In 2 - (3/2) In (t/t)) 3 3
2 (18)

Ppty =

Therefore from equations (13) and (16),

prl ¥z o WM R BRNTVE

-1 . =3/2
Figure 7 shows values of (5 t;, «,/tyy and B I~ ¥
as functions of t,/%,, caleulated from equations (16), (18),
and (19). When t; and %, are known for any given pulse, the

values of BI'I';I, ) and Pn are obtained from this figure.

For the 20/50- ns pulse, for which t,/t,= 2.5, Figure 7 gives
o by = 0,243, of,/t,= 0.697, amd B It 73/2= 7,267,

When time is measured in nanoseconds, there are

b, = 0.0125, o= 34,85, and B= 651 I,. (20)

The equation te the messured negative pulse is therefore

1 (8) = 651 I t73/2 m(38H/E+ 0.0125 %) (@)

This is plotted in Figure 6.

An extremely important analysis has been carried out
by Wurstlin, (15,16), of the shape of the positive and nega-
tive pulses from basic consideration of the random motion of
jons and electrons near the highly stressed electrode. His

analysls has utilized the autocorrelation function and
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spectral density of the statistical fluctuations of velocity
and energy acquired by the charge carriers. The frequency
spectrum of these positive and negative pulses obtained from

their shape are discussed in Section 1.9.
I.5 AMPLITUDE AND CHARGE CONTENT OF SINGLE PULSE

The response of a conventional;noise meter to sharp
corona-type pulses depends upon the amplitude and charge con=-
tent of the pulse as will be shown in Chapter 1II. On any
given conductor, the amplitude of a pulse is low at the comm-
encement of the corona discharge. A slight increase in voltage
nearly doubles the amplitude, but thereafter there is no
appreciable increase in amplitude despite higher voltages.
The peak value and charge content of single pulses obtained
from three different sizes of wire are given in Table 11,
page 16, Amplitudes and charge contents show no definite re-
lationship with voltage gradients and there 1is considerable

overlapping of their values.

The final amplitude of the positive pulse is nearly
120 mA (milli-amperes) which is about 2.5 times that of the
negative pulse.

The charge content of the positive pulse is nearly
18,000 micro-micro coulombs and is about 5 times that of the

negative pulse, The charge in the rising portion of the

pulse, that is the pulse front, 1s nearly 25% of that of the

entire pulse at both polarities.
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1.6 REPETITION RATE

Repetition rate of pulses in a train governs the level
of radio influence voltage in conjunction with the amplitude
and charge content of a single pulse. In a band=width-limited
filter used in a noise meter, the relation between repetition
rate in pulses per second and the numerical value of the band=-
width in cycles per second 1s a more important quantity than
the actual value of the répetition rate, as will be shown in

Chapter 1l.

Unlike a single point in corona from which pulses ori=~-
ginate with strict regularity, the separation between pulses
from a long conductor in corona is random because there are

a large number of points from which corona pulses originate

and these points are all uncorrelated. The repetition rate
reported here is an average value obtained by measuring the
time duration of about 50 pulses. This was obtained on an

oscilloscope with a slow sweep rate, as shown in Figure 8.

Oscillograms of positive pulses show that there 1s no
overlapping of pulses. The average repetition rate is in the
order of 1000 to 2000 pulses per second, as shown in Figure Qe
on laboratorv samples of conductor, progressive increase in
voltage brings‘about the Hermstein glow and therefore

the pulse repetition rate at first shows an increase with

voltage and then decreases, finally reaching zero at the

incidence of the Hermstein glow. Since American noise meters

pave a bandwidth of nearly 5000 Hz, the repetition rate of
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positive pulses is numerically below the bandwidth of the

meter and the noise reading is nearly independent of the re-
petition rate of the pulses when they are assumed to occur
periodically. As shown in Chapter II, when a random repetition
rate is assumed and the noise meter‘reading is correla%ed with
the spectral density of’ the corona pulses, the average repe-
tition must be known. Also, since the individual pulses do

not overlap, the noise is defined as impulsive,

A theoretical analysis of the repetition rate of
positive pulses is carried out in Section I.7.

Negative pulses have a very high repetition rate as
compared to positive pulses, as shown in Figure 9. The number
of pulses per second now have a numerical value which 1s
higher than the bandwidth of the meter in cycles per second.
Except at the higher voltages negative pulses also do not
overlap one another, Thus the noise is still impulsive. When
pulses overlap, the resulting noise is defined as Random
Noise. These distinctions ate important because when nolse~
meter readings are corrected fa a bandwidth of 1 KHz, that is
if the energy per kilocycle of bandwidth is being evaluated
from the measured nolse reading, the following corrections
have to be applied:

Reading for 1 KHz bandwidth — | (BW)"l}afor impulsive,
Reading for actual bandwidth W)~Y/2, for random noise.

when comparing nolse readings obtained from two different

meters, this correction 1is important.
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1.7 ANALYTICAL CALCULATION OF POSITIVE PULSE REPETITION RATE

The physical mechanism involved for the corona dlscharge
to be self-sustained lles in the scavenging of positive charge
cloud formed near the positive conductor by the applied elec~
tric field, When the conductro is positive, free electrons
near the conductor acquire enough energy to start an electron
avalanche which is then drawn towards the positive conductor.
In its wake the electron avalanche leaves behind a cloud of
positive ions which start drifting towards the cathode. During
this process the electric field in the space between the
positive conductor and the positively charged lons is lower
than when there 1s no positive charge cloud near the positive
conductor. A fresh avalanche does not start until the positive
charge cloud has moved sufficiently far away from the conduc-

tor such that the field gradient near the conductor regains

the eritical corona-inception value.

It is therefore necessary to determine first the dis=-
tance to which the positive cloud stiould move in order that
the field strength at the conductor may regain the corona-
inception gradient, and second, to calculate the time taken
fqr the positive charge cloud to move this distance under tle
applied field,

Considering Figure 10 which shows co=-axial cylinders
of radii T, and R with charges of +Q and = Q per unit
length, the field strength at any radius P( ro<?< R) at
an applied voltage V is
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E = WV(QLIn(R/r)) ) = VC/2TEP . (22)

Also, Bro T, = EP.? - ER R . (23)

The capacitance per unit length of the cylinders is
Cz=2we/ Ln (R/r)) . (2k)

If now a third cylinder with a positive charge q per unit
length is introduced at r;, as shown in Figure 11, it induces
negative charges on the conductor and the outer cylinder,

The resulting charge distribution on the three cylinders of
radii r,, Ty, and R will be respectively

. In (R/ry) (a+ q Ln (ri/ro)
1 Ln (R/r,) ’ 1 ’ Ln (R/r,)

) (25)

This is derived as follows:
Let the charge induced on the conductor be (~kq) and
on the outer cylinder ( k = 1) q, where k is less than unity

Then
kq ' . (1-k)a
capacitance of cylinders r, and ry — cap. of Rand ry
or, kqln (ry/r) = (1 =k ) 4 In (R/74) (26)
Solving for k, there is '
k = In (B/ri) / In (R/ro) y < 1 (27)
and l=-k=1In (ri/r_o)/ in (R/ro) . (28)

Hence equation (25). In the presence of these charges, at a

voltage AV in excess of the corona-inception voltage Vo,

the voltage gradient on the surface ofthe conductor becomes
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1 @-k _ 1 _ v _ a 1 Lo(®r)
r, 2We r, Ln(R/r)) ate r, Ln(R/r,)
_ 1 AV ILn(R/x,)
TR mw  mer, mamy O
o T, 2 T, La(R/r,)
where V = applied voltage = V°+AV ’
and Eoz the voltage gradient at corona inception
=V /r, In (R/1,) (30)

In order that the gradient on the conductor surface may
reach the critical corona-inception gradient E_, the second
and third terms on the right side of equation (29) must add

to zero, and therefore

av = (2Te)™T aln (/1) (1)
But @ = 2®r; nd, (32)
where n = number of positive lons per unit area on the

surface of cylinder Ty,

and 8 = electronic charge.
Therefore, AV = n 86'1 ry Ln (R/ri) o (33)

This means that for a given excess voltage above the corona=-
inception level for the conductor, the sets of values of ry

and n can be obtained when the radius of the outer cylinder

R 1is known. This gives the distance Iy to which the positive-
jon eloud should move before a second electron avalanche can

be initiated.

In order to find the time taken for the positive charge

cloud to move the distance d= ry = Ty the following
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procedure is used:
The velocity of the charge carriers is
VZIuE=uV (rLn(R/r)) ), (34)
where u = mobility ofthe ions.
Then the distance dr moved in a time dt at radius r 1is
dr = v dt
or dt = dr/v = dr. r In(R/r)) (u Vv i (35)

Therefore, the time taken for the positive-lon cloud to move
from r  to ry is

ry X
T = S ™ r In (B/ro) dr
To

= % (uV)"l (Ln (R/ro) ). (r? - r% ) « (36)

This then gives the time gaken for the electric field to
regain corona~inception value for creating a fresh electron
avalanche and the next positive pulse. The frequency, or

repetition rate in pulses per second, is

£o1/T'=2uV/ o) )2 -r2) . @37

The value of r; is given from equation (33) as
2Tr, nln (W/r;) = 2T€ 871 v (38)

Numerical example:

As an example of the application of these equations,
considering a thin wire of 2-mm radius in a cylinder of
20-cm radius, experimental result gives a repetition rate of
2000 pulses per second at 57 kv, when the corona-inception
voltage is 48 kv, as shown in Figure 9, page 28. Therefore,
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Vo= 48,0003 AV = 9,000; .= 2,0003 R=0.2; r,~= 0.002;
€ =8.85% x 1002, 8 =1.6 x 1019 and u= 1.5 x 107,
The value for mobility is an average assumed value, Then, from

equation (33), solving for r; and n, there are

ry= ‘-l-.3::10"'2 meter = 4.3 ecom.,
and n = 1012 charge carriers/ sd. meter at the

radius ri;
The total number of charge carriers is N—= 21 ry b= 27.5 x 1010

per meter length of wire. Thus the positive-charge cloud will
have to move to a radius of 4,3 cm before a second pulse can

be formed. The time taken is 1/2000 second, or 0.5 ms.

From equation (37) it may be observed that the repeti-
tion rate, fr’ of positive pulses depends on the applied
voltage, V, in a complicated manner on account of the presence
of r?_ in the denominator. The radius T to which the posi-

tive-ion cloud will have to move, before a second pulse starts,

depends upon the excess voltage AVZ=V - Vo abowe the
corona-inception voltage. Experimental results have shown
that the repetition rate varies nearly linearly with voltage
within the range of voltage used, Figure 9.

1.8 THEORETICAL ANALYSIS OF SHAPE OF POSITIVE PULSE

The mechanism by which a positive pulse is initiated
is different from the mechanism by which a negative pulse 1s
initiated. For a negative pulse to form, the work function
of the material of the highly stressed cathode is the basic
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governing factor. When the applied voltage on the conductor

gives a gradient exceeding the work function, free electrons
are ejected out of the metal which acquire sufficiently high
kinetic energy to start an electron avalanche., The electron
avalanche then travels to the positive cylinder while the
positive ions left behind by the avalanche travel to the
negative cylinder. The negative charge carriers on the whole
have high mobility and the positive ion cloud moves into pro=-
gressively more intense field near the negative conductor,
The negative pulse is therefore of shorter duration than a

positive pulse, for which a positive-ion cloud is the main

 contributing factor for its formation.

When the conductor is positive, on the other hand,
electrons are not ejected out of the metal of the conductor.
Free electrons in the space between conductor and cylinder
acquire high energy by acceleration in the applied electric
field and move towards the positive conductor where the field
strength is intense, These electrons traveling in the intense
field near the conductor possess sufficient energy to create
an electron avalanche which is then attracted towards the
positive conductor. The positive~ion cloud left behind by
the electron avalanche then moves towards the negative cylinder

and gives rise to a current flow in the external circult.

The shape and duration of the pulse are governed by the
movemont of this positive-ion cloud towards the cathode

cylinder and of the electron avalanche towards the positive
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conductor, The rising portion of the positive pulse is due

to the combined contribution of both these actindties whereas
the decaying portion of the pulse is due entirely to the

motion of positive ions towards the negative cylinder.

In order to analyze the positive pulSe shape, it is
first of all necessary to determine the radius Ty at which
the electrons have acquired suffip:cient energy under the
influence of the applied electric field to start the lonizavion
process, i.es the radius at which the electron avalanche
commences. Having obtained this radius it will then be 1ecessary
to determine the motion of positive ions towards the negz—

tive cylinder and the motion of the electron avalanche towards

the positive conductor.

Consider the conductor of radius T, in a cylinder

of radius R between which a voltage V is applied. The
voltage gradient at any radius f, (ro<?< R) is given by
equation (22). From Peek's formula, the voltage gradient for
corona inception on a cylinder of radius Ty, at an air den=

sity factor of 1, is, (17,18),

B; = 30m ( 1+ 0.308 r;‘} ) kv/cm, (39)

vhere m — surface roughness factor, <l.

At a given applied voltage V, therefore, there exists a radius

ri‘>.r° at which the field gradient equals the ionization
gradient Ei‘ This is given by the equation
r; In(R/Ty) « (40)

y=E r, tn(R/r,) = 30m (+0.308 r7t)
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Calculations of r; are simplified if the applied
voltage V is written as a multiple of-. the corona-inception

voltage, V , on the conductor which is

— — -
v, = E, T, Ln (R/ro) = 30m (1+ 0,308 Tq ) ro Ln(R/ro)

XK ("’1)
if V=V, +tAav =KV, K=1, ' (42)
and Y = (14 0,308 r:&) Ty 9 (43)

solving for ry from equation (40), there is
r,= KT+ 0.308% - 0.308 (KY+ % 0.3089F .

Figure 12, page 32, shows r; as a function of T and K.
From these figures, for K upto 1.1, the ionization radius =r;

is very nearly equal to K times the conductor radius T e

The surface roughness factor 'm' 1s taken to corres-
pond to the condition of the conductor surface even though
the ionization phenomenon commences very close to the surface
of conductor and not on the conductor itself. This assumption
is valid because irregularities of field in the immediate
vicinity of the conductor are governed by the roughness of

the conductor surface to a great extent,

The electrom avalanche, commencing at this radius ry
builds up at a more rapid rate on account of the intense
field between T, and r, than in the case when the ava-
lanche mechanism takes place on a negative conductor from
where it moves out into decreasing field-intensity reglons.

For the avalanche, Townsend's equation gives
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dn/dr = « n , C (46)

where the Townsend first ionization coefficient L is a
function of the field strength. Its value is given by Loeb,
(1), as well as by ver Planck, (19), to have the following
variation with field strength:

15¢ E< 26: ol = Ky %5,  with K= 1.67x 107 and a=0.¥7sy

26 < B < 78: « = K,(B=b)?, K,=0.166 and b= 2l.5;

>
(

78 < B <€ 200: = K3(E-c), K3= 19.0 and c¢=50. J

In the above expressions, E is in kv/em and oL is in ion

pairs created in a path of 1 cm in the field direction.

Integration of equation (46) by using equations (22) and (47)
yields expressions for tnt in terms of the number n, of
electrons initiating thé électron avalanche at rj. For the

three types of variation of o, there are:

i) 15 < E < 26:

In (n/n ) = 7y o2P/TL _ , $2P/T 4 ap[Ei(g'%) - Ei(ap/ri)]
*® (ha

where p = Win(R'r)) (19)
x
and Ei = the exponentisl integral, J% dx .

Equation (48) is valid for low field strengths and is not of
use in practical situations encountéped in laboratory setups
and outdoor transmission lines for which field strengths

are above 26 kv/cm, d-c.

11) 26< E <78 :
r
n (a/ng) = Ky [pP( 3 - 3420 1o gt - v2myr). (50)

%T)
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This expression covers the range of field strengths normally

encountered in practice,

1ii) 78 < B <200 :
In (/o) = Ky [ Gy =7 —pIa (x/m)] (5D
This expression applies to very thin wires,

Having determined the number of positive ions genera-
ted by the electron avalanche at a radius r, (ro< T < ryd,
it is necessary to analyze the characteristics of the motion
of these positive ions as well as the electron avalanche as

a function of time and evaluate the current induced in the

external circuit by the motion of these charges in opposite
directions, The total current induced in the external circuit
consists of the addition of very sharp pulses generated when
the electron avalanche builds up in stages as the electrons
move through their mean paths. At t =0 the electron avalanche

starts at r=T,. As the n, initial electrons move through

their mean free path: Iy in time Alt, they acquire the
necessary energy to ionize neutral at'oms located at r= Ty “Ly.
The positive ions liberated at ry then move towards the nega-
tive outer cylinder. The rumber of electrons liberated at rl
is given by equations (48) to (51), depending upon the

range of field strength E’ present at Tj. This action takes
place step by step until the electron avalanche reaches the
conductor. The mean free paths I, Loy eee and the time
intervals Alt,Azt, ... are calculated. The resulting pos-

jtive pulse of current measured in the external circuit will
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consist of a large number of small pulses displaced in time
by Alt, Azt,- «se and of increasing magnitude as shown
in Figure 13, page 32, qualitatively.

The total number of such small pulses can be calculated
by determining the time taken for! the avalanche to move from
ry to 1y, and the number of collisions taking place within
the distance between Ty and Toe The energy acquired by an
electron moving over a distance dr at a radius T is 8E dar,
where E is the field strength at radius r according to

equation “(22), If an electron moves from radius Ty to T,

equal to its mean free path for ionization, then the colli-
sion taking place with an atom will ionize the atom. The
energy required for this to happen is its ionization energy
) V;_, where V;_ is the ionization potential of the atom.

r r
Hence S 2 BEdr — —V S 2 1 ar= Vj'_ (52)
" Ln(R/r ) T
1 rl
or, Ln (ry/ry)/ In (R/r)) = Vi V. (53)

This gives the ratio of r2/r1 as

A

Vi
- r/Ty = (R/r)) . (54%)
The mean free path at radius 1 is
Vv
LZrenn [@r) 1] (55)

and in general, the mean free path at radius r 1is

vy/v
-1 ] . (56)

*

Lepy = T [(R/ro)
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The velocity of electrons is

V-uE=-uV/(r Ln(R/ro) ) . (57)

Therefore, the time between collisions is

n(r/r) [ o 47

If the electron starts from zero velocity after experiencing
a collision, the time taken is twice that given by equation
(58), The radius reached after the k~th collision is

V_{/V k
.= | 2 -~ (R/T) Ty oy (59)
and the time interval between the (k-)-th and k-~th collision

2 Ln(B/r )
[ r ) had l] r12:_1 * (60)

This sequence is continued until r is reached. The total

Akt

number of collisions, Y| , taking place from T, to r, is

obtained when

vi/v M
r,= Ty [2-(B/ro)i ]

0

or N = In(r /ri)]/ Ln [2 - (/r,) /V] . (61)

Next, the current induced in the external circuit by
the movement of one type of electric charges in the space
between the conductor and cylinder is determined by the fol-

lowing analysis:
We consider a region of space in which charges are

moving under the influence of an applied electric field bet-

ween the two concentric cylinder electrodes., In cylindrical

coordinates having cylindrical symmetry, the following



L3
equations can be written down for the potential @, velocity
v, and charge density f at any point r and time ¢ :

Poisson's equation: %— 'SBT (r bi )T - ei- (62)
Cont . 2% L 12 -

ontimuity equation: g + ~ 51 xPv=o. (63)
Velocity: v= -u %——g (6W)

The time~dependence of the current induced in the
electrodes can be obtained by solving for v and § from
these three equations. From (62) and (64), upon elimination

of 0#/dr, there is
alf(rv): %r?. (65)

This gives

rv= J r ? dr <+ an integration constant with

™|

respect to r and therefore a possible func-

tion of ¢,

Z-g—xr?dr+uﬁ(t). (66)

From equations (63) and (66) the equation for charge density

f,is

Sb_?t..{. .e‘%. %%.?[P‘Sr?dr-g-e‘) A(t)]: 0. (67)

A solution assumed for P 1is of the type

| P (ryt) = BR() . TI(E) , (68)
where R(r) is a function of r only and T(t) 1is a
function of t only. Froxﬁ (68) and (67) there is

ar u 1 4d u A(t) 4R _—
‘:'é '&?"'"e—'r—R_ '(H.(R‘S.I'Rdr)'l‘i.ﬁ r—o‘ (69)



L
Equation (69) can be separated into radial and temporal terms
if A(t) is assumed to be of the type

A(t) = AT, (70)
where A 1is a constant, of all the possible solutions, we
shall restrict to such a type of solution. Then |

i 4T _ _ w _1 d uA dR

2 dat— " € TR o ®frrary - & . 1)
Since the left side of equation (71) is a function of ¢
only and the right side a function of r only, they can be
made equal to a congtant, - k, independent of both T and t,

The two separate equations for T and R now become
72  4i/dt = -k, (72)
and -g—f(RJerr)+EAg§= ;l:—e-rR. (73)
Solution of (72) yields
TZ (k+ kt)D, (7%)

in which k, 1is a constant, independent of r and t. The
solution for R in terms of r from equation (73) cannot

be obtained explicitly, but an implicit eguation will be

R _xefa _ _xe? 2
R - k€ /u R~k€/u u€2Ak_Bu2 2y
oo (F5)

in which B and K, are constants, independent of r and
t., Having obtained the solutions for R and T, the charge
density is found out from equation (68), The velocity, v,
can then be obtained from equations (68) and (70) to be

1 1
vz % (B-ke? M) ETEE) FHrE OO
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Induced current .

The current induced in the electrodes due to the
movement of the charges in the applied electric field can be
obtained from the expression, (20,21),

21CTh Te
e -
o
where hc’ T, = height and radius of cylinder,
and r, = radius of conductor.

Using the expressions for P and v from equations (68),

(74) and (76), there is

-— ZTChc (B-k€ A’I)—__—_Qjc R dr
Ln(r /7,) e + kt) r(R=k € /u)
YR X (78)

Since the integral with respect to T is a definite integral,
the time variation of 1 will turn out to be

1) = P 1+ )72 (79)
where r and ¥ 4include all the constants.

This equation is plotted in Figure 6 to show that it
describes the decaying portion of a negative pulse very
closely. The positive pulse consisis of very sharp pulses
followihg equation (79) which are separated from each other
by the times given in equation (58). The number of such sharp
pulses which together make up the positive pulse: is given
by equation (61).

1.9 RADIO INFLUENCE VOLTAGE

RIV measurements are normally carried out on the QP
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(quasi peak) weighting circuit of the noise meter. In the
laboratory test setup, however, readings on the FI (field
intensity) and Peask circuits were also taken to determine
the nature of the interference caused by the corona pulses,
Oscillograms of pulses taken at a slow speed of sweep showed
that except at very high voltages, pulses did not overlap
so that the noise is considered impulsive, This allows all
PEAK readings to be corrected for a bandwidth of 1 KHz,
using the bandwidth data supplied by the meter mamafacturer.

i. Negative Polarity

Figure 14 shows RIV readings for several wire sizes
as a function of applied voltage and frequency of measurement.
Under negatiye polarity of excitation, the ratio of QP rea-
ding to FI reading is nearly 3, while the ratio of PEAK to
Qp readings is 2. The corrected PEAK values are plotted as
full lines in Figure 15(b) for one wire size at different
voltages., Denholm, (22), working with a=-c¢ corona occuring
during the negative half-cycle, proposed that the variation
of corrected PEAK values with frequency can be expressed by
the equation

v (= R, [2 /0 ere ] (80)

where RIV, is the corrected PEAK value at a reference
frequeney f_, which is taken to be 0.15 MHz. The broken lines
in Figure 15(b), according to equation (80), show good agree-
ment with the average trend of variation of corrected PEAK

values obtained under negative d-c excitation also.
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The measured frequency spectrum of corrected PEAK value
shows that it has the same shape as the Fourier frequency
transform of a single pulse, as shown in Figure 16. In this
figure, RIV is now interpreted as the amplitude of the fre-
quency component in the actual pulse train,

From statistical considerations, Wirstlip,(15,16),
has found that the amplitude-frequency spectrum of the nega-
tive corona discharge current in a co~axial cylinder field

follows the equation
1_@)/i_(0) = [14— (T, @ )2] -+, (81)

where Tp — a time constant for the positive ions and depends
on the ionization coefficieny o , the mean
free path L, and average drift velocity i;
of the positive ions.
This equation shows that at high frequencies for which
3&)&9 > 3, the amplitude varies inversely as the first power
of frequency and differs with the observation made by this
author that the amplitude varies lnversely as the square
root of the frequency as shown in equation (80). Furthermore,
the author has not found any increase in RIV beyond 2 MHz
as reported by Heindl, (6), in his experiments with d-c corona
in a co~axial cylindrical field. As pointed out in Section
1.2, capacitance between the electrode arrangement and the
layout of the experimental setup as a whole can give rise

to differences in observation of pulse shapes and hence the

measured frequency spectra of RIV.
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Figure 17 shows measured QP values of RIV at 1 MHz

plotted as a function of surface voltage gradient calculated
according to equation (22). The noise level is seen to vary
nearly linearly with surface voltage gradient, For smooth
conductors, this variation is

RIV= W72k r (E - E)) , (82)
where Eo is the corona~inception gradient as given by
Peek's formula, equation (39) with m=1l. The élope of these
lines is proportional to the radius of the conductor to which
it refers, and is similar to the a-c case obtained by Denholm,
(22). For stranded conductors, Figure 17(b) shows that the
variation of RIV at 1 MHz is also nearly linear. The slope
of these lines is expressible in the form

kK = 790 2% + 30 . (83)

The gradient at which any of these lines gives no RIV 1s
slightly less than the values calculated according to equat=-
ion (39). It was also observed that for any conductor, some
RIV was present at all negative voltages above the corona=-

inception voltage,.

14, Positive Polarity

As shown in Figures 2 and 3, page 12, RIV is only
present to a measurable extent on wire sizes No.6 and larger
during a definite range of voltage. When RIV occurs the
ratio of QP to FI readings is nearly 12 for stranded wires

and as high as 500 for smooth wires, &S compared to a value
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of 3 at negative polarity. This is indicative of the burst
of noise occuring on smooth conductors., However, the ratio
of PBAK reading to QP reading stays between 2 and 3 for both,
smooth and stranded wires just as in the case of negative

polarity. The general 1evé1 of RIV is nearly 10 times that
at negative polaritye.

Figures 1% (d) and (e) show RIV obtained from smooth
and stranded No.6 wire at positive voltages. Corresponding
PEAK readings are shown in Flgures 15 (a) and (b), with both

the measured as well as ecorrected values for a bandwidth of

1 KHz,

The variation of corrected PEAK values with frequency
is found to follow a relation of the‘type

RIV = F, [(p2+ £2) @+ fa)] -+, (84)

where Fép, p, and @ are constants and f is the frequency
in MHz, This equation is also the Fourler frequency transform
of the positive pulse which is a double exponential as shown
in Figure 4 and equation (1), page 18, The QP values from long
d-c lines in practice also show a similar type of variation
of RIV with frequency, as can be seen from Figure 9 of
reference (23), which was obtained for a Drake A.C.S.R. con=

ductor, 1,108 inches in dismeter at voltages between 300 kv

and 500 kv,

wWiirstlin has obtailned the amplitude~-frequency spectrum

of positive corona discharge as
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1,(0)/1,0) = [1 + ;an)a] -+, (85)

which is similar to the negative case, equation (81), but
with the positive~ion time constant replaced by the correspon=-
ding time constant of negative ions, (15,16). At low frequen=-
cies both equations (81) and (85) yield constant value of

RIV. But at higher frequencies according to the authorts ob-
servations the RIV varies inversely as the square of . the
frequency, while according to equation (85) of warstlin the
amplitude varies inversely as the first power of frequency.
Experiments have also confirmed that the Fourler frequency
transform of the positive and negative pulses are different

while equations (81) and (85) show that they are similar.

Variation of RIV with surface voltage gradient under
positive polarity of excitation is shown in Figure 18. For
the major portion of the curves they are linear and vary as

RIV= K ( E -E) , (86)

where the slope K can be expressed as a function of conduc-

tor radius by a relation of the type

K= 7.325 x 10" r2*26 (87)

Comparing equations (83) and (87), one can observe that for
stranded conductors, RIV varies linearly with surface voltage
gradient and the slope of this linear variation is related
to the radius of the conductor, varying as the square of the
radius.

Measured RIV from sizes No.6 and larger conductors

in an outdoor setup are shown in Figure 3, page 12. The RIV
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curves for the three stranded conductors tested show crossover
points which indicates that it is not necessarily true that

a smaller conductor should have a larger RIV at all positive
voltages, that 1s, 1t is not necessarily true that higher RIV
should be obtained at higher voltage gradients. One could
expect RIV to increase as voltage gradients are increased but
the conductor radius plays an important role in relating RIV

to surface voltage gradient on conductors, under positive

d=c excitation.
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CHAPTER II

POWER SPECTRAL DENSITY OF CORONA PULSES
AND OUTPUT OF QUASI- PEAK CIRCUIT OF NOISE METER

II.1 INTRODUCTION

A radio noise meter is primarily an apparatus used for
assessing the level of interference likely to be caused by
a high-voltage line on which corona pulses originate and
propagate, In the 1930's a joint committee consisting of
members from N.B.M.A.,’B.B.I., and R.M.A. was formed in the
U.S.A., and by the C.I.S.P.R. in Burope, to evolve a design
for a radio noise meter and specify methods of measurement of
radio noise, (1,2). They recommended that an instrument for
assessing jnterference levels should respond in a manner
similar to a radio receiver. The interference level as such
was determined from the response of a weighted circuit con-
nected to the output of the last stage of the electronic
circuitry of a sensitive superheterodyne type of receiver.
The final design of the weighted circult was accomplished
after a large number of tests performed with listeners, whose
response to interfering noise of different types was compa=
red with the noise level indicated by the meter. The Quasi-
Peak weighted circuit, as incorporated in the original meter

is shown in Figure 1, This was later modified, the only change
being a decréase in chérging time constant of the capacitor
from 10 ms to 1 mSe

With the development of mathematical theory of
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random variables and its application to communication theory,
new tools for prediction of noise levels came into the hands
of the engineer, (3,4%). These methods were first applied by
Dr, G.E. Adams, (5-8); for prediction of corona noise levels
of a-c power transmission lines. Attempts were also made to
design a new meter to measure the noise power at a definite
given frequency, (9,10). But the meter has not yet acquired
recognition as a standard for measuring radio noise levels
to date, because its performance has not been compared with
1isteners! response to noise energles. Also, there has been
no systemétic effort made to correlate the response of the
new meter with the response characteristics of the conventio-
nal noise meter that was evolved by the recommendations of

the NEMA-EEI-RMA joint committee.

In this chapter relationships are derived correlating
the response at a given frequency of the quasi=-peak welghting
circuit of a conventional noise meter to the power content
of the corona sources themselves at that frequency. Since
corona pulses from a long conductor are not periodic but exhi-
bit a random distribution of intervals, the technique for
evaluating their autocorrelation function and power spectral
density has to be used, The response of the weighting circuit
is then evaluated for the randomly occuring pulses and
compared with the spectral density of the input pulses. In
doing so it is assumed that all pulses have the same ampli-
tude and shape but® that the interval between pulses 1s
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randomly distributed,

During the course of analysis with randomly-occuring
positive corona pulses, a discussion of the response of the
noise meter to periodically occuring pulse inputs will be
made, which will then directly lead to the analysis of random
pulse inputs to the noise meter. Experiments were carried out
with a Stoddart NM 25T type of noise meter to determine the
nature of the detecting circuit, i.e. whether it was linear

or followed a square law,

It is the objective of the author to establish the

fact that when the shape of corona pulses 1s a double=-expo-

nential as given by equation (1) of Chapter I, radio noise

levels of a transmission line can equally well be determined
in terms of the power spectral density, repetition rate and
the amplitude of the corona pulses themselves just as RI

1evels have been determined as the output of a quasi-peak
weighted circuit,

II.2 RESPONSE OF QUASI- PEAK CIRCUIT TO PERIODICALLY=-
OCCURING SQUARE~ WAVE INPUT -

For purposes of analysis, the following assumptions
are made:
1., The quasie-peak circuit shown in Figure 1 will be used;
2. The bahdwidth-limited filter 1is jdeal with uniform gain
and sharp cut-off at frequencies £, - Af/2 and
£+ Af/2, where f  1s the frequency to which the metler
is tuned, and Af is the bandwidth. Normally, frequen—
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cies of interest are between 0,2 and 10 MHz for fo,

and the bandwidth is nearly 5 KHz in American noise meters.

3. The rectifier used in the circuit is ideal and has a
linear input-output characteristic, as shown in Figure 2,

4, Interference level is taken to be the measure of the
voltage across discharge resistor R;, which is related
to the meter indication by the simple relation i=V4/R4,
(Figure 1).

Considering the circuit beyond terminals a=b, Fig. 3,
the Laplace Transform V4(s) of voltage across Ryy for an
input V, (s) at terminals a-b, is

1 Vo(s)

_ V(s) = —=— —m 1)
‘ d.s Te s+ 8.4 ’

where T, = ‘time constant of charge — R, C , (2)
Tqg = |‘time constant of discharge — Ry C , (3)
and g = VT, + Ty (%)

For the quasi-peak (QP) circuit, T, = 1l ms and T4 = 600 ms.
For the field intensity (FI) circuit, T, = T4 = 600 ms,

This gives values of nearly 1000 and 3.33 for ”cd for the
two circuits, respectively. We now proceed to find V,(s)
when the input vi(t) to the filter is an unrectified square
wave with amplitude A and period T' or radian frequency
@p= 2w, = 2T /T, Figure 4. The Fourier series for the

periodic square wave is

<0
v:ﬁ (mr)‘: -T% A §1 ’31" sin n @, t e (5)
" n odd
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Considering the n-th harmonic term of frequency f =n fr’
which is very close to the tuned frequency f = ®,/2T ,
its Laplace Transform when rectified by the rectifier will
be, (12),

N— kA 1 B @ [ -s1/2 | _=sT
V(s)m —= = ——5—=5 |1+ e + e "4 oo (6)
o "’ ‘s n 82+n2 ")3
where T = 1/(n £,) = T'/n, the period of the
| n-th harmonic. (7)

Therefore the operational voltage across Ry is

Y o
vals) s — 2. 2% o 1 [1 + e-S/2 ] (8)
ar= nT T, 24 n?‘@% s+ B4 ¥

Its time variation (inverse Laplace Transform) is

ne ' -y .t B4
r (e cd_‘_ cd

v,(t) = A ——— sinnw t -
d nt Tc n?.@g._._ ”‘sz n@r ) o

cos nw,t) [u(t) + u(t-T/2)+--] (9)

where a(t) = step function at t = 0.

This output across Rd’ due to a single harmonic frequency,
is indicated on a meter having a long time constant. Conse-
guuently the long-time average of vd(t) is to be evaluated.

This 1is

- .t
L 1 nOp Aver. of e ¢4 [u(t)*‘

vy(av)=
d ot Te 2.2 2

where the terms [”cd/ (n (n)r)] sin n@,t and cos nw,t have

been neglected because they glve a nearly zero average.

-1
Now, B,q 1S of the order of 1000 sec. for the QP



Yy
=
2

L >

—-—).t

Figure 4. Input Square Wave

G

/Nz(l - 4T /T1)
|
/ | \/ - F

Figure 8, Autocorrelation Function of Square Wave

\\

%

\
S

N\
b

N|
5 zcd )

'T‘

Figure 5



62
circuit and if the tuned frequency fo is very high, the
terms u(t) + u(t-1/2) ... suggest very fast recurrence
of pulses having the waveform exp(~f,5t ), as shown in
Figure 5. For example, if the tuned frequency is f,=1 MHz,
then T =1 ps, and in one time constant, T ed = ﬂ;% ’
there are 1000 pulses of the waveform exXp €1000t) coming into
the meter. The time average value of exp{(-f.4t) [u(t)+ u(t-1/2)
ees | can be calculated as the average within a time equal to

5 time constants, during which theterm exp (-ﬂcdt) decays to

within 1% of zero.

Since pulses given by equation (10) are displaced by
T/2, the total number of pulses occui'ing within the time

of 5p‘;}1: 5 T,y 1s k= 5Tee/(1/2) . Then

5 T a -t/ 5-[_ 4 =(t-5T
5 tcd x Average = ‘g ¢ e Ted dt+S c o (t=5 cdd/:l;)
0 2Tea
k
+ [ XX N N J (11)
oT, Average = 51_c { k tcd - ‘tcd 3-5/k [1 -+ e-5/k+ ot e-5k/k]}
cd

1 o o-(k+1)5/k ] |
12)

- 1 -5/k
?[k - ° 1_3"5/1(

When k 1s of the order of 1000, the term (1 - e~/ Ky is
negligible compared to unity and the average value simplifies

to
Average = 4 k/25 = 1.6 'Ccd/‘ll = 1.6 n fr/”cd . (13)

Finally, equations (10) and (13) yield, with Toq Oeg~ 1»
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‘ ne l.6nf
W= T < T 7o e
i - n @)r"'ﬂcd cd
6.k nwr fr
=K 2 T2 g7 aw
N @p + Fed

Furthermore, when the tuned frequency f, ( = n@,/2T) 1is
in the range of 0,2 to 10 MHz, and #,4 =~ 1000,

2, .2 2 |

n“wy > B . (15)
Then the meter indication for one single frequency in the
input square wave will be simply

vaam) = 25 & . (16)
is less than

3 AL/ fr odd

If the repetition rate, f., of the square wave
Af, the bandwidth of the filter, there will be

harmonic terms which will pass through the filter, with half
the number on either side of the tuned frequency fo. Therefore,
for n>>1 and f.< 4af, the output reading of the noise

meter at the. tuned frequency :f.'o is

: — 1.6 ar fr -
qu(fo) = ——Tta A -?; -T; = A Af/wo (17)
where @, = 2T fo = 2T n, fr_ = D@y e (18)

The quasi-peak reading is therefore directly proportio-
nal to the pulse amplitude A, and the bandwidth of the meter
A £, but inversely proportional to +the tuned frequency fo'

For given pulse amplitude and constant bandwidth at all tuned

frequencies, there 1s
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Vap® o = A Af = constant. (19)

Thus vﬁp 1s independent of the frequency of the input

square wave but depends on the tuned frequency fo.

Experimental results obtained with a square wave
generator and a Stoddart NM 25T noise meter are shown in
Figure 6., It indicates that upto input square wave frequen=-
cies of 2500 Hz, the output of the quasi-peak circuit at:. a
tuned frequency fo: 1 MHz is constant and independent of the
input frequency fr. But beyond this frequency the output
of the meter increases with increase in frequency of the
input square wave, Variation of vﬁp with tuned frequency fo
ijs shown in Figure 7 for input frequencies of 60 Hz and 1000

Hz. These input frequencies correspond to a-c and d-c corona,

respectively.

Actual measured value of vﬁp with tuned frequency can

be expressed by a relationship of the type

Vap = K/ fg
where the exponent 'm! has a value between 1.1% and 1.2,
In case the filter éoés not have a uniform gain over its
pass band but a triangular frequency-gain characteristic,

the quasi-peak output reduces to one=-half the value given in
equation (17).

A physical explanation for the experimentally observed

variation of 'vqp with frequency of the input square wave

can be given as follows:
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The amplitude of the n~th harmonic of the input square
wave is inversely proportional to the order of the harmonic
as can be seen from the Fourier series for the square wave,
equation (5). When the input frequency £, 1s less than the
bandwidth Af, the number harmonics passed by the filter
increases as the input frequency goes down. Thus the product
of amplitude and number of frequencies in the bandwidth
remains constant, and hence also the output. When the frequency
of the input square wave approaches the bandwidth of the

filter, this relation is no longer true and the QP reading

does not stay constant. The output of the QP circult increases
with increase in frequenéy of the input because there is now
only one or two harmonic terms corresponding to the tuned
frequency or very near it going through the filter, and its
amplitude increases as the input frequency increases. This
occurs for an input frequency equal to one-half the bandwidth
of the filter. For American meters the bandwidth is nearly
5000 Hz and therefore the QP output commences to deviate.

from a constant level beyond an input frequency of 2500 Hz.

A conclusion obtained from this analysis is that for
input frequencies less than one-half the bandwidth of the
meter, the QP output remains constant for all tuned frequencies
mach higher than the input frequency. But for input frequen-
cies higher than one-half the bandwidth of the meter, the QP
output increases with input frequencye. In usual cases met

with in practice under d-c and a=c corona, the pulse



67
repetition rate is below 1000 per second and therefore there
is no difference in performance of a QP circuit within this

range under d-¢ or a=-c corons,

In equation (14) it was shown that the average value

of indicated voltage of the meter was

_ - 6.4 nw, f 1
vylav) = T A -—2 2+"cd 'Cc“c_d « (W)
For the QP circuit, T, ﬂcd:: 1.0. But for the Field Intensity
(FI) circuit, T, = 0.6 and B.q= 1/0.6 + 1/0.6, from
eqﬁation (4), so that T, ﬂéd_::a.O. The FI weighting circuit
will therefore indicate one-half the QP reading at any given
tuned frequency. This is experimentally borne out.

II.3 POWER SPECTRAL DENSITY OF PERIODIC SQUARE WAVE
AND COMPARISON WITH QUASI-PEAK READING OF NOISE METER

The autocorrelation function of a square wave with

period T!' is, (12,13),

T/2
R(z) = Lin & £(t) f(t-T) at (21)
T /2
= a2 @Q-4%T/TY) . (22)

It is a triangular wave with the same period T* as the
Square wave but of amplitude A2 as shown in Figure 8,

page 6l. The power spectral density 1s the Fourier Transform

of the autocorrelation function and is

P (w) = 2 5 R(T) cos @ T 4T (23)

= Azl(w ) = 8 a2 £t /w2 (24)

-
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We can now compare the QP output of the noise meter with
the power spectral density given above, for the input gquare
wave, When the detector has a linear input-output charac-
teristic, the QP output voltage was found in equation 17)
to be nearly

vqp(‘”o)' - A Af/mo (17)

Therefore,

() (@
’fL:" /‘b - 8 . (2

This shows that the square of the gquasi-peak reading per
cycle of bandwidth bears a constant ratio to the power spec-
tral density per cycle of the input square wave, Therefore,
the noise level of the square wave input ean be equally well

described by the power spectral density if the input charac-

teristics are known.

II.’+ RESPONSE OF QUASI-PBAK CIRCUIT TO PERIODIC
CORONA PULSE INPUT

The positive corona pulse has been shown in Chapter I,

equation (1) to have the time variation

1(t) = A (e™3% -0
The Fourier Series for a pulse traih having a period T!
(repetition rate fr) is

e
A b-a 2& b
(@);__.___..1__;_ 4———2- - cos nw.t
'3 Tt ab 1 ( a2+ n‘?'(._)r b2+n2w2) F

0
+ E = - =33 n @, sin nw t
— (a +nwr b-r-ncvr) T
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o
T (@) = A ._:i _2_‘; b =4a y -
P Z (a — )(b2+ - wa)]% cos (met-9)
(b+a) nw 'YX (29)
where Qn - arc tan —5 *5—3- . (30)
ab = n aor

The amplitude and phase angles of harmonics are plotted in
Figure 9, for n f_ = 0.1 to 10 MHz and £, = 1/Tt = 1000
pulses per second, The values of the exponents 'a‘' and ‘'b!

'are taken from equation (10) of Chapter I.

We now examine the output of the quasi-peak weighting
circuit when the input consists of periodic corona=-type

pulses. The Laplace Transform of output voltage of the QP

circuit has been found to be
v.(s)
Te(s) = = ° . )
¢ s 1+ Beg

The input to the filter, V;(s), consists of the Laplace
Transform of the Fourier series given in equation (29), while
the output of the filter contains only those frequencies that
have been passed within the handwidth. These harmonics are
rectified and form the input V (s) ‘of the QP weighting
circuit. From equation (29), each of the harmonics passed by

the filter contains a cosine term and a sine term as follows:

2 A (b-a) (ab-n2<n>2) .
E— COS W
T'  (a24 02w 2) i 2) T
2A (12 - a°) nw, ) .
- sin N W °
Tt (azr 2)(b + R «oz) r
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The rectifier is half-wave rectifier and the output can be
expressed for the sine wave by
sin nmi,t [u(t) + u(t=1/2) + u(t=I)+ o.c.. ] (31)

and its Laplace Transform is

n @
T -sT/2 «-8T
1l +e + e + soe (32)
Fraio? L1 ]

A half-wave cosine consists of one-guarter cycle of co-

sine followed by sine waves as shown in Figure 10, Its

Laplace Transform is

s n @y -sT/Y4 ~ST/2
+ — 9 1 + LN ]
2+ 2wl % nfw ° [ e + ] (33)

BN

’e Vd(s) consists of terms such as

1 n
= >3 -sT/2
Te S+ 0°wj S + Bg [1+e """] (3
and -}—- _n_@r * O-ST/M [14- e-ST/Z ] (35)
Te 32+ n2 w2 S + ‘cd t+ e
r

and one term

1 1
— —z-—s-—-g——i' —_— . (36)

Te St+thwy 8 + B4

For the sine component in Vd(s) , the output of the QP circuit
is obtained by taking the inverse transform of enuation (1)
using equation (34), thus:

2 Anw, (b-a’) N@y {
2 2 2. 2 7 > 3 =
T (@rm@?) (b« n*wr) & Ny + %y

vs(t) = | x

[éédt-!- nLZ:)r sinne),t— cos n@fi’] [u.(f)+ wlt-7/2)+-- ] (37)
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Figure 9. Amplitude and Phase of Harmonics in
Positive Corona Pulse. f, 1000 pps.

Figure 10 Figure 11



72
Similarly, the half-wave rectified cosine component of the
rectifier output will yield a QP responss equal to

) = 2A Ga@b-nor) e
Ve 7 .
T (+rn'w; ) (b ynor) G ¢c_:L+n"aJ,3'
- -t
[eédd’ Igitsin nawyt + cos noa.,‘t']
24
+ e ?5:4 . ] -
""‘*‘-f+¢c1[ 9’54 Ccos wt][u(t T)+u(t 27) (38)]

The terms

”.
n(.v.c): sin n('“)r t [u(t)"‘u(t-T/Z) + oooo]

represent a half-wave rectified sine with amplitude B.q/n@pe
Its average value is #,4 /(Tnw,).

The terms
cos n w,t [u(t) + u(t=T/2) + ]

represent a wave as shown in Figure 11 vwhose average value

is zero. Also, at the lowest tuned frequency of 0.2 MHz,

the ratio
ticdlnaur = 1/woow .

The average value of rectified sine components given by
equation (37) is therefore negligible and the only term of
concern 1s ezp(-ﬂcdt). Its average value has been found to
be 1.6 n f/#,; in equation (13). There is an equal amount
contributed to the average value by the rectified cosine
terms. The QP reading for one frequency passed through the

filter will then be

v.(av) = 2A _(b-X) M@y nwy ' lenf
d T (Qemw})prnw;) T MWl + &L Pt

2A  (b-a)(ab-nw;) Mowr  _fenf ' 59)
T’ (a?-’f' 7‘,—0*1.}) ( bl‘f'n’-(d:) Cc ?é;__ -f-‘n’a).: éd ”,&); + 2;— } ' ('
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The last Atem is negligible compared to the first two terms

and the quasi-peak output is

o~

2A (b=a)Measyx"
TS

s S
’
T

Vd.(.o“f) =
(a% wa)(b + 2w ?) (¢c4+'n"c&v)

16 Ny [ (b 4-a)n @y + (ab="n%*cur) J

(40)

The final output of the QP circuit will consist of the sum
of average voltages of all frequencies passed through the
filter within the pa.ssba.nd. If the tuned frequency is high
and there are only 5 or 6 harmonics passed through the filten
ne, is nearly constant for all these frequencies. For exam-

ple, if: the tuned frequency is foz 1 MHz and the repetition

rate of pulses £, 1is 1000 per second, i.e. n, = 1000, then

n will range from 997 to 1003. Therefore the term nw,

will be nearly equal to @ = 1000 @, and the QP reading
will be

1,6 A (b-a)wz !:a.b1— (a+b-@°)w°] 1 AP

2) = ”cd r1'

But T! = 1/f and T, ”cd ~ 1 for the QP circuit,.

Yop© T T (a+ o)(b-;—w)(l’d—f—w

(41

(7, B,q=2 for the FI circuit), Also, w2+ By w?
Therefore
) 1.6 (b=a) & f [ . (42)
v - =2 a ab+ (a+b = » ) &
qp T (8.2+w§)(b2-f- 002) 0 0]

once again, for the corona~type pulse input, the output of
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the QP eircult is seen to be independent of the pulse repeti-
tion rate when the repetition rate is less than one half the
bandwidth.

II.5 POWER SPECTRAL DENSITY OF PERIODIC CORONA-TYPE PULSES
AND COMPARISON WITH QUASI-PEAK OUTPUT OF NOISE METER

Consider a train of positive pulses having the time
variation
1(t) = A& (78 - ¢~PY)
with a repetition rate f_ = 1/Tt pulses per second. Its

autocorrelation funetion is, (10),
| T/2
R(T) = Lim }.J 1(t) 1(t-T) at . (43)
=T/2

T—co
Taking a finite time interval T in which there are N
pulses such that T = N T', there is

T/2 Tt/2
f / idt) i(t-T) dt = N j i(t) 1(t=T) dat (44)
=T/2

=T8/2
| T1/2
. R(z)= Lim N j 1(8) i(b=T) dt
N->oo NT? =T1/2
T1/2
- 1 i(t) i(t=-T) dt
' Lr/2
- f 1 e-az+ 1 e~PC . 1 (e™3% e'bz)] (45)
T! a2a 2b a+b

-aT __l_ e-bz - 1 (e-az - e-bZ ) (46)

2b at+b

=
N
L
1

Bl
[

is plotted in Figure 12 for a 50/150 ns positive corona pulse
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for which
The power spectral density is the Fourier Transform of the

autocorrelation function thus:

[a%]
c@ () = 2 [0 R(7Z ) coswc 4T
\ 2 2
_ A (b=a) N
T (a2+ @2,) (b2+ wz) 7)

The power spectral density can be expressed in tverms of the
area of the pulse, that is the charge content, and the repe=-
tition rate. Now, the area of the pulse is

T'
Q = S A (e-at. - e-bt) it = A ba; a . (49)
0

Therefore, 2 .2
d @) = ¢ a_ b (50)

r
(a%r @) (2 @)

A comparison between the power spectral density P ()

and the response of the QP circuit of the meter can now be

made. Figure 13 shows a plot of the following two quantities:

P (@) (b - a)2 (51)
oy (2% @203« d

(52)

- (TC v“ )2_ (b=a) [ab-l- (a+b = “”o) wo]
1.6 AAT - { (a2+ wg) (b2+ Q'Dﬁ)

On the same figure is also plotted the ratio

TV \° [ F (@) |
(1.L6 ?Af) /< aZ f:, ) ¢
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= %o ns
Figure 12, Autocorrelation Function of Positive Pulse
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One can observe a very close similarity between the two

quantities within a ratio of 2 to 1 in the range of frequen;
cies from 0.2 MHz to 3.2 MHz (twgy = 1.0 %o 20). In the usual
range of measurement used in practice, namely between 0;5 MHZ
to 1.5 MHz, (aaé:: 3 to 9), the ratio lies between 1.7 and
2,0. From this figure it is concluded that the noise level

of a transmission line can be equally well expressed by' the
power spectral density divided by the repetition rate of
pulses, P (£,)/£,, as it can pe done by the square of the QP
reading per cycle of bandwidth of the instrument, (vdp/zxf)z.

This places a great emphasis on the need for measuring the
characteristics of corona pulses and brings about the impore
tance of the pulse power content on the level of radio

interference of a transmission line.

II.6 AUTOCORRELATION FUNCTIION AND POWER SPECTRAL DENSITY
OF RANDOMLY OCCURING CORONA PULSES

Pulses occuring from a long conductor in -corona are
not periodic. The time interval between pulses is randomly .
distributed with a probability density which is either a
Gaussian function or an Exponential function, (11). The time
intervsl between pulses from conductors with a polished surface
such as newly strung conductors, occur with a Gaussian
probability density distribution. From well-weathered conduct~-
ors, corona discharge takes place at fixed spots and the

probability density of time interval between pulses shows an

exponential distribution. The autocorrelation function



78
and power spectral density of corona pulse trains occuring

with random distribution of time interval will be examined.

The power spectral density at the tuned frequency will then

be compared with the output of the quasi-peak weighting cir-
cuit of the noise meter in the next section. ‘

The autocorrelation function is

/2
R(z)= Lim _’fT. J i(t) 1(t=T) dt (54)

T=e = “up/2
As mentioned in Chapter I, corona pulses give rise to lmpulse
type of noise and not a random type of noise, that is, the
pulses do not overlap one another. Also, the average lime in-
terval bgtween pulses is normally much longer than the pulse

duration. For example, positive corona pulses are not more

than 500 ns (0.5 Fs) in duration while the average repetition
rate is 1000 pulses per second, that is the average time
interval.bétween pulses is 1 ms. Therefore the time interval
between pulses is on the average more than 1000 times the
pulse duration. Autocorrelation function and spectral density

will be derived based on this assumption.

Consider a train of pulses all having identical shape

and amplitude. Let the time interval between consecutive

pulses be By, Ty eee s ty (n— o0 ) as shown in Figure 1%(a).

The time interval T to be considered in equation (5%)

contains %, Toy eee as shown. On the same figure is plotted

a second train of jdentical pulses displaced by a time inter=
vai T from the original pulse train. The product
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i(t)
D tl > 1;2 D tk > tn
6 T/2 ————->'< T/2
(a) .
i(t=-2)
— T — — T — = — —_ }—
(b)
i(t) 1(t=2)
(e)
Figure 1¥, Positive Pulses with Random Intervals
Hp(j«) qu(dw )
Al A

Figure 15. Noise Meter
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1(t) i(t=z) is then obtained and is shown in Figure 1lh(e).
Now, the integral

T/2
J' 1(t) 1(t=T) at
-T/2
consists of the sum of a large number of integrals of the type
tl 1"n
Jo i(t) i(t=T) dt + «.. cee + Jo i(t) i(t-¢) at . (56)

Since the pulses are identical in shape and amplitude, all
the integrals in equation (56) have the same value and equal

F(T) = A® [_]:_ e™3%, _1 e~PC . 'T&'—];B' (e™8% e"PT) . (57)
2a 2b

If p(k) = the probability of occurence of time interval t,,

then
T = p(l) tl'}" (p(2) t2+ eEceoce +p(k) tk-f— ooo-f—p(n) tn

LA 4 (58)
Also, the number of pulses during time interval T will be

N = N + N(2) + ecevscccscecss + N(n) (59)
where N(k) = number of pulses having a time interval
By between them.
But N(k) = p(k) N . (60)
Therefore, N= N [p(1)+ P(2)+ eee+D(X) + .0 p(n)] (61)
or, P+ p(2) + eeeere+p(K)+ <o +p(R) =1 . (62)
Thus, T/2

Lim L j 1(t) 1(t-) at= 1im XTI pa)s
T t1/2 toeo T
ooo+p(n)]

- L rz), (63)
Tl

T—o00
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where T! — T/N — average time interval between pulses,
obtained from an infinitely large number

of sampling of pulses.,

The Fourier Transform of autocorrelation function is the

power spectral density and is the same as equation (47), thus

- 2 2
Py =2 &= a) , (47)
T (224 ©02)(b2+ w?)

where @=27¢Ff.

II.7 RESPONSE OF QUASI-PBAK WEIGHTING CIRCUIT OF NOISE METER
AND COMPARISON WITH SPECTRAL DENSITY OF RANDOM PULSES

The response of a quasi-peak weighting circuit to
periodic pulses of constant amplitude has been analyzed by

Geselowitz, (15), and for periodic pulses with random amplitu-

des by Haber, (16). An analysis of the response of the QP
circuit to constant amplitude corona-type pulses with randem
repetition rate will be carried out here.

When the spectral density of input to the QP circuit
of the noise meter is given by equation (47), the output can
be determined by using Figure 15, The transfer function for
the bandwidth-limited filter 1s

He3w) |2 = 1, for f,= Af/2< < f,+a1/2,
— 0, elsewvhere,
in which fo = tuned frequency,
and A f = bandwidth of filter.

The transfer function of the combination of the rectifier and

weighting circuit proper will be

(64)
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' 2 1 1
H = o 66
qp(j@)l ¢ 'Cg @2-1— ﬂzcd (66)

Therefore the power spectral denslity of the output of the QP

circuit is
Ppl@) = |EyGe) | 2 EGw)® P (@) (67)
2
— 1 1 ._l_ A (b-a) . (68)
B 2 2. 42, 2 1 (% ©2) (b2 @)

Ce
Since the. frequencies passed through the filter in its bandwidth
is from £, - Af/2 to f°+Af/2, the power content in the

output when the meter is tuned to the frequency fo is

, 1 (69)
Fap € <% 2N Jwy - vz W
where A = 2 TTAf.
Therefore, Wt Sz
| 20, 092
. () = A" (b-a) = ‘2 2 =5
ap “o TS 7;3 T a% @ b ® ﬂg&*‘”a
@y A ees (70)

Now — o = ' ' '

) @@ b @ ff @ (B=a*) (fg -8  @+ar

+ ! . z' - . - - \ 'a_ -
(g~ b") (X-bY)) @+b (- )(p=-FF) @ (;13’5“

Thus ’ o Cn)o-f-Acn.‘/z.
ap o L ti Tt Cb )(¢‘L 1._) @L_r_az.

( ﬁ"'bz) (aL’ b’) @2-—1_ b:.

| , ’—l L] Ck(ﬂ.)
~ b )b ¢3) @+ Ra
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o1 Aeaf [ : Lt el g s Awfe
av 1 Lear)(¢gl-a) &\ a o )
{ f —t Do+ Akyfz ~1  Co-— DOfy
+ e t————— — ————————
(Rs-by)(a-) b (1—0‘” b fam b )
‘ ! f - @ut Aﬂz —1 wo—bw/z
At — ir - e
(A~ di)(b=83) P4 ( T fa fam P ) ](72)
These expressions can be simplified as follows, (17):
L @, +ow/2 @ =-DW/2
Let @ = arc tan 0 Y and 6, = arc tan —> a (
oo e 73)

Then 0 =@ = 9, = arc tan -51’3L-z—°4/3'- - arc tan 9—-"3—"5930—/-2— (7W)

‘c.a.ncl-ta.no2
tan (8 = 9,) = tan @, tan 6, + 1

I

o' tan @

Aw fa
| 4 @o— (pe)Y/4
az

1

w

that is, when the bandwidth of the filter is much less thsn

the tuned frequency. Therefore,

2- - - [aY &%)
arc tan =% Avh  _ ore tane A2 o - are tan —o
a a @+ g
Similarl arc tan __5___@_._1»:/; \\arc tanw"Aw/ _ arc tan b &<
m - =
v b (og + b2

@o+ DYz Wo ~ D&Yz
and arc tan ——B-—L- arc tan _T_— — arc tan—g——T
ed @g + ”cd

cd
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When equation (76) is substituted in equation (72) there is

@dp(wo)": M[ 1 a1 f__' a Aw
grerT L) (gp-a) a2 " wrar

+ { A -1 b DWW
(&i-b)(a~b) b fan 0"+ b*

! _‘__ 13 —1 %:d FAY/Y

A B ana
&4) f&] ed o 77

In practice, a = 10.5 X 106, b = 34.65 x 106, 0,4 = 1000,

Aw = 2T x 5000, and @g = 27T X 1()6 at a tuned freguency

of fo = 1 MHz, Therefore, the following approximations are

valid: g
b Ao
_2_8-__°§<<l;___2__1_)_é9_23<<1; —-—gg——i-<<l.(78)
gt & @g + b wg + By

Using the power series expansion for arc tan, (18), and taking

only the first term, there is

arc tan —2-22_ - 250 (79)
2 2 2
Wo + a @4 + a

Similarly for terms containing 'b' and "ﬂed'.

With the above approximations, the power output at
the tuned frequency of gquasi-peak weighting circuit is finally,

%dp(wo) = ‘;’*’ A‘;Cb—?o’ ! !
T (b™ a2 (f£i-a7) @ t+a”

+ ' J
(6-b*) (ab>) @Do+ b*

t z 'a. 2 :- g ]
(2'-43) (b-db;) “o+#d (80)
= 8w A (b-2) \
4T 75 T (2% 00) (500 ) ($7+05%)
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where use has been made of equation (71).

But the input spectral density at the tuned frequency

f, 1s obtained from equation (47) with @-= @,y thus

2 . 2
@ ((‘Do) = A (b - a) . (81)

]
T (03§-+ aa)(u)g + b2)

The ratio between the power spectral density of the output
of the QP circuit and the input pulses is

() : 1 AT
BapPol e = (82
& (w,) T S @§+.é 27?2 w2

This shows that the output spectral density is related to the
input spectral density by the jnverse square of the tuned

frequency and the known meter constants, Hence it is evident
that the quasi-peak voltage of the noise meter is related to

the input power spectral density and therefore the noise

level of a transmission line may also be described by the

power spectral density of the corona pulsese.



DISTRIBUTION OF ELECTRIC FIELD IN THE VICINITY OF A
SHORT EXPERIMENTAL LINE WHEN EXCITRD BY CORONA PULSES

IIi.1 INTRODUCTION

Design of a long transmission line requires evaluation
of the high-frequency electric field intensity at ground
level generated by corona pulses on the conductors at high
voltage stresses. A convenient way of assessing this long=-
line RI field intensity is to first of all determine the RI
characteristies of conductors used in short lengths and then

extend these results to apply tc 2 long line., Several major

utility and research organizations have used this procedure
to some extent. Short experimental lines in existence have
varied in length from 120 meters to 8500 meters (1/1% mile
to 5 miles).

Short experimental lines are normally open-circuited
at both ends for the high-frequency voltage or current of the
corona pulses by using chokes or resistances to provide the
high impedance. A better and more desirable scheme is to
connect the line ends to ground through an lmpedance equal

to its characteristic impedance in order to simulate an infi-

nitely long line as far as RIV is concerned, But the cost of

this arrangement usually has prevented this scheme from belng

carried out, Attention in this chapter will therefore be

restricted to short open-circuited lines.

when a finite length of conductor, with high impedance
to ground at its ends, is excited by a voltage anywhere along
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its length, the voltage distribution along the line exhibits
standing waves. This is caused by the necessity for the energy
of the source of excitation to be trapped in a finite length
of conductor. On an infinitely-long conductor, or a short
length of conduétor terminated at its ends by its character-
istic impedance, standing waves are not present, It will be
shown in Section III.5, equation (11), that the voltage %o

ground of such a conductor when excited by an inflinitely

large number of jdentical voltage sources, which are uncorre=

lated in time, is given by the expression
v VR

where V = voltage to ground of conductor at frequency f,

V. — voltage to ground of source at the same frequency,

and o — attenuation of high-frequency voltage on the line
in nepers per unit length.

Thus the VOltage of an infinitely=-long conductor is the same

everywhere along its length if the excitation sources are

uniformly distributed along the line and they are all identi-

cal. This assumption of uniformity of distribution of corona

sources is very nearly satisfied in ppactice; in fair weather

the corona sources occur a foot or two from each other
whereas in rain they are even more uniformly distributed, On
a long line there will always be the possibility of a stand-
ing wave belng established between towers because the surge
impedance of the line undergoes a change at the tower due to

the insulator string and the proximity of the grounded struc-

ture. In practice, the discontinuity caused by the tower and
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insulator to the propagation of high frequency energy is not
of sufficient magnitude to be of concern. Therefore this
effect is neglected and an infinite line is treated as 1if its

impedance were uniform throughout.

on account of the absence of standing waves on an
infinitely long line, the high=frequency energy on the line
is not radiated and the field in its vicinity is entirely due

to induction.

A finite length of line, on the other hand, being

capable of supporting standing waves, gives rise to both an

induced field as well as a radiated field. The radiated field
from a short experimental line will be neglected within oii-
distances equal to 3 or ! times the line height, especially
when the line is supporting several wavelengths of voltage,

current or charge. A complete analysis that includes both the

radiated and the induced field will not be carried out here.
Attention will be restricted to the induced field alone in the

vicinity of the short line.

III.2 NATURE OF FIELD NEAR A SHORT LINE: EXPERIMENTAL RESULTS

Experimental results obtained from measurement of
electric field at several frequencies in a longitudinal

direction under the line are shown in Figure 1. These were

obtained when the overhead line was excited by act@al corona

pulses, Figure 2 shows results of measurements carried out

when the conductor was energized at one end by a low=-voltage
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Figure 1, Longitudinal Profile of Electrie Field Intensity
Single DRAKE ACSR Conductor, 450 KV Positive
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Figure 2, Longitudinal Profile of Electric Field Intensity
Signal Generator Excitation
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signal generatop yielding_sinusoidal voltages at desired fre-

quencies from 0,5 MHz to 19 MHz. The signal generator voltage
was held at 1 volt to ground at every freQuency and the resul~
ting field intensity was measured by a rod antenna on a
Stoddart NM 20A type of noise meter, (1). These curves imme-
diately give an indication of the field factors or the ratio

of RIV at conductor to RI measured at ground level under the
line,

On this continent the electric field strength measured
with a rod antenna has been used exclusively for determining
radio interference field intensities and therefore attention
will be restricted to this field. In other countries the h-f

magnetic field intensities have heen measured by means of &

loop antenna in addition to or instead of the electric field

intensity from a rod antenna, The two measurements are equi=-
valent when proper precautions are taken., When the noise
meter is placed on grpund surface on a sufficiently large
grounded plate and connected to = good ground electrically,
the electric field intensity is relatively insensitive to the
electrical characteristics of the soil, But the magnetic
field intensity measured with a loop antenna is dependent on
haracteristics of the soil and requires the

on factors. In all measurements of

cautions or restrictions have

the magnetic ¢
use of suitable correcti
field intensities these two pre

to be carefully recognized.

in addition to the longitudinal profile of RI along
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ground near the line, the tlateral profilet of r-f elactric

field intensity is of extréme dmportance, for design purposes,
Lateral decrement of electric field along ground in a direc-
tion at right angles to the line gives an indication of the
width of rtght of way required for the infinite line. In the
case of a short line, the lateral decrement allows conversion
of field intensity measured at a point laterally to the field
intensity measured under the line center, from which the exp-
ected long line RI level can be predicted. This is necessary
because in an actual experimental situation, it is not always

practicable to measure RI under the line especially in foul
weather, A second practiéal reason for measuring both the
lateral and longitudinal profiles of RI of a short line is
that when the ratio of long line RI level to the measured
value under the center of the short line is established at
the frequency of interest, the noise meter can be moved lon=-
gitudinally vwhere this ratio is satisfied. The noise meter
will then measure the expected long=line RI level which can

then be logged continuously.

I1I.3 TOLERABLE LIMITS OF RI

The lateral decrement of high-frequency field intensity
from a long line showswhether or not the line'design is pro=-
perly carried out. A line is well designed if the RI along
ground at a specified distance from the line is within limits
agreed upon by the power company and the F.C.C. in U.S.A.
or the D.0.T. in Canada. It may be of interest to recall
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here that Federal authorities in most countries have not
specified a definite limit for the RI value, (2)., Setting
a rigid 1limit to the tolerable RI level is not a very practi-

cal problem and there are several reasons fr.r this.

A power line traverses a variety of countryside, from
regions where there 1is practically no habitation to regions
having extremely denseiy populated cities. A rigid limit
would therefore be of no use throughout the length of line,

Secondly, federal agencies have taken the attitude of acting
as a policing agency rather than a law-making agency in so
far as the RI problem is concerned. One of their primary
concerns is to obtain tcomplaints! from citizens and then
recommend to the power'companies suitable measures, While

RI limits have not been strictly specified, power companies
have worked harmoniously with federal agencies as well as
citizens to provide as noise=~free lines as possible. This
has involved a great deal of expenditures on their part

in research and development.

A third reason for not specifying the tolerable RI
1imit is the technical fact that the presence of several
conductors on a tower gives rise to an equal number of modes
of propagation for the high-frequency energye. The energy in
each mode propagates with its own attenuation factor and has
its own individual longitudinal and jateral profile for the
profile is very difficult to estimate

cause of the analytical complexity

RI field, The lateral
at the design stages be
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and also because of the large number of possible sets of

line height and pole separation distances. The interaction
between these several modes of propagation also is improperly
understood as yet. It will so happen that the field inten-
sity in some cases actually increases beyond a certain lateral
distance from the line, Thus, under abnormal conditions of
line design, even though the RI level may conform to the

set limit at a specified distance from the line, it may act-
ually be higher at a farther distance. Until all these fac~
tors are clearly analyzed and the lateral profile is estimate d
very accurately, it would be of no use to specify rigid RI
1imits. For the present, power companies have been working

with the following approximate 1imits for RI in falr

weather, (3 = 5):

In densely populated areas: below 40 pV/m at 100 feet from
the outermost conductor along
ground;

In other areas: below 100 PVlm at 100 feet from
the outermost conductor along

ground, (40 DB above 1 FVlm).

III.4 STANDING WAVES ON A SHORT OPEN=CIRCUITED LINE
| CAUSED BY CORONA PULSES

Consider a line of length L at a height H above
ground and excited by a corona current source at a point x
and having a frequency characteristic I{(jw), as shown in

Figure 3. The line is characterized by
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a) a characteristic impedance Zys

b) a propagation factor, p=ok+Jj f ,

and

where o = attenuation factor in nepers per unit length,

@ = phase shift factor per unit length

= 2N/ A = 27T f/foL at frequency £,

f, = the first resonance frequency of line = v/L,
and ), v = wave length and velocity of propagation.

Since the lengths of the line on the two sides of the
current source are unequal, the standing waves are unsymme-
trical and therefore the current from the corona source di-

vides itself unequally along both sides. Let the current
division be m I, and (1-m) I,, as shown in Figure 3.

The resulting voltage at a point P to the left of the source
and a point @ to the right of the source can be obtained

by solving the fundamental differential equation of the line
with the boundary conditions that the two ends are open and
the current at x is equal to m I, and (l=-m) I, for the

two sides., This gives:

o< y<x: x<v<l
- cosh pY 7 p 1 _ coshp(L=y) 2 (l-m)I
Fp simhpx ° ° & oim p@=x) ° °
_ sinh py _ sinh p(I~Y)  (1am) I
a = —_— mI =
and Ip sinh px o Tq sinh p(L=X) °
A EE N N ] (1)

In order to find the value of m*, i.e. the current division,

the voltage at the current source, y= x, must be equal when
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looking from both sides., Thus:

. ‘cosh Y cosh p(L-y)
sinh px | y=x — A -m <im pl=x) | y=x
or, m — goth p(L-x) (2)

coth px coth p(L=x)

The square of the magnitude of voltage at any point is then
obtained from equations (1) and (2) as follows: |

(3)

| B ()| ® = 1% Zo‘a \COSh p(L-x) sinh px | 2 \cosh py %
sinh pL sinh px
- 3 |72 \2 [cosh 20 (Lex) + cos P (L=x)] [ cosh2 y cangy]
cosh 2® L - cos 2¢ L _
: cee (W)
Similarly,

\EQ(f)| 2 _ gsame as equation (&) with x and y interchanged.

If the current sources are all uncorrelated and uniformly
distributed along the line with a linear density of current
of Io(;]@) per unit length, we may add the square of the
magnitude of voltage due to the uniform current sources and
obtain the square of the nmagnitude of RIV at the conductor

at any point y along the line., Therefore,
2 L 2 y 2
E_(£) 2 = S (0|2 ax + (0|2 ax
| By () . %@ §, 1=l
= % IIO Zo) (cosh 2« L = cos 2P L)
[-é-lo-( sinh 2L +§37; sin 2BL + g cos 2@ (L-y) sinh 2«y

+—2%; sinh 2« (L=y) cos 2(5y1——]2>-(3 cosh 24 (L=y) sin 2¢y
“+ (1/2(3 ) cosh 2& y sin 2¢ (L-y)] ee (9)
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This equation may also be obtained from traveling wave
analysis, (6 = 8), The electric field intensity along ground
level in the vicinity of the short open=circuited line can
be calculated from equation (5) when the charge distribution
| corresponding to the r-f ~wer is evaluated from it, The
amplitude of voltage at a. point y along the line is seen
to be a function of the attemuation factor ol , frequency

f, resonant frequency f_ = v/L, and line length L.

Bquation (5) is plotted in Figure 4 for f£/f = 0.5
and 1.0 for a short line of 120 meters in length, It shows
the ratio of square of amplitude of voltage at any point
along the line to |I, Zo\z = \Ebtz . In equation (5),

the attemmation factor « deserves special attention because

oo e

of its dependence on frequency. For a short line 120 meters

long, the first resonance frequency fo is 2,5 MHz based
on a value of 3x108 meters per second for the velocity of
propagation of electromagnetic waves. When f/f = 0.5, the
frequency under consideration is 1.25 MHz. The attenuation

factor in Figure 4 must correspond to these frequencles.

Now, from experiments conducted of the attenuation
of r-f energy on long alternating current transmission lines
the attenuation for the 1ine~-to-ground mode of propagation
was found to be nearly 1 neper/mile at a frequency of

1 MHz, (9). Also, the attenuation factor is known to vary

as the square root of frequency, (10). In this work it

will therefore be assumed that the attenuation factor at
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any frequency can be described by the followlng expression:
L = 1073 JE nepers/mile
~ 0.62x 1070 [t
= 0.62 x f , nepers/meter. (6)
This expression yields 1 neper/mile at 1 MHz,

From Figure 4 it is observed that the amplitude of
standing wave of voltage along the conductor is very nearly

of the same shape as the square of a cosine, that is,

B, ()] %/ [B,(0)% = A cos? 2WE y/E,L » (7

where & =— 3the value of this ratio at .e line end,
Points marked X show the square of a cosinusoidal wave
according to equation (7) and shows how closely the latter
approximates the actual voltage distribution given by the
complicated expression of equation (5). This result is
considered to be of great value, especially when an attempt
is made to calculate the electric field intensity in the
vicinity of the short line.

In equation (5) when y =0, the ratio of voltage at
the end of the line to the voltage of excitation source per

unit length is obtained. This is

2 £ L
lEysol = [ 3¢ stoh 2x L+ %5 sin £%E77 x
E (o]
o]

(cosh 2XL = cos 4T f/f:b )—' (8)

For frequencies which are multiples of one-half the reso-

nant frequency, that is for f£/f = 3+ ky k= 1925000y
it simplifies to
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\Ey 0\2 1

JEf  © ax oth oL . (9)

A very'impo:tant quantity i€ the voltage at the eenter
of the 1line obtained from equation (5) when y= 3% L. This is

2
B2l 4 L sinho(L sin 27 £/f
E, - coshKL = cos 2T £/£ T £/1, 2
eees (10)

This is plotted in Figure 5 for L ranging from 0.1 to 1.0
mile and f/f, ranging from 0.5 to 10.0. In order that a
comparison may be made when ol is'held constant at all
frequencies and when o( 1is assumed to vary as the square root
of frequency according to equation (6), curves have been

drawn for &L =1.,0 and for o = 10" -3 f%

Some important observations are made at this stage:

i) when ot is constant at 1.0 neper/mile, peaks and nulls
are independent of frequency ratio £/f . Higher values
for peaks and lower values for nulls are indicated as
line length L 4is decreased from 1 mile to 0.1 mile;

ii) when ® =107 ff, peaks and nulls depend upon £/,
ratio., Higher values for peaks are now indicated as L
is increased from 0,1 mile to 1 mile. This situation
i1s converse of that occuring when o is held constant

because of increasing attenuation encountered at higher

frequencies jnvolved in a shorter line;
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iii) Nulls appear to be independent of frequency, but not
quite. BEven though their values are low, they have con-
siderable influence dn the evaluation of geometric
mean value of the peaks and nulls and thereby estimate
the RI values of a long line,

III.5 CONVERSION OF SHORT-LINE RIV TO EXPECTED
RIV LEVEL OF LONG LINE

Equation (10) for the ratio of RIV at the line center
to the voltage of the source of excitation is one of the
most important equations in Radio Interference work, for it
allows the conversion of RIV values measured from a short

1ine to the expected value of RIV of a long line with
similar configuration.

When the 1limit of equation (10) is evaluated for
L=co0 4 the RIV value of a long line is obtaihed, thus:

2
1B | $ong 1ine 7 | Bt 2 - 1/« , (11)

or, \B(D)| = LHE (D) .
Having established the expected long-line level it is now
necessary to enquire the method of obtaining the long-line

RIV level irom measurements made of ' the standing-wave

frequency spectrum, at the center of the short experimental
line,
From practical measurement of spectra of frequency of

RI under the center of a short experimental line, (11), it

has been observed that the peaks of the standing wave occur
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at even multiples and nulls or minima occur at odd multiples
of one half the resonant frequency. Using these observed proe
perties of RI measured at ground level, it is assumed that a

similar property exists for the RIV existing on the conductor.

Evaluation of velues of frequency ratio f/f  at
which maxima and minima of equation (10) occur is quite

difficult because of the resulting transcendental equation
from which f/f_  value has to be solved for., The situation
is further complicated when the attenuation factor « 1is
assumed to vary as the square root of frequency f. When <
is taken to be a constant and independent of frequency, &

pumerical calculation shows that successive maxima of the

expression in equation (10) occur when 1‘.'/:[:‘o is an integer.

Except for the first minimum value, all other minima of
equation (10) occur when the frequency ratio f/f, equals
3(2k+1), kK = 1525000, that is at frequencies which are odd

multiples of one-half the resonant frequency fo. The first

minimum is displaced from f£/f = 0.5, and occurs at £/£ = 0.6,

In a practical situation, if the measured frequency
spectrum of RIV shows a very large number of peaks and nulls,
that is maxima and minima, the first null or minimum value
may usually be ignored in evaluating the expected RIV level
of a long line from the RIV measurement of the short line,

Using the above properties, the maxima of RIV occuping

at the line center are obtained by substituting f/fO:: k,

an integer, in equation (10), thus:
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2 .
B pax L [ sinh K L sin 2Wf/f,
¢ceyl@ = coshx L =~ cos 27 £ L + 27 t/t 4]
|B, ()] o ' o
o b =k
: o L
o
— L sinh« L 1 X L
= —— = = coth—— . 1
cosh L = 1 XL X ; a3
This gives the equation to the curve passing through the
peaks of the frequency spectrum of RIV,
The mbnima of the frequency spectrum are given for
£/f, = #(2k - 1) in equation (10), thus:
B 2, L o [ Homal, s 27L/1,
; - - =
EX) 2 coshX L. - cos 2T r X L 2w/t F
| £, 2
= L [ sinh*L.7_ 1 gann 2L ., W
coshxL + 1 X L K

This is the equation to the curve passing through the minima,
The two curves corresponding to equations (13) and (1) are
indicated in Figure 6 for a positive corona pﬁlse possessing
the frequency spectrum

\Bo(f)| 2 =~ § '[(a2+- @2) (b3+ wz)] - . a5)
When the géometric mean ﬁlue or‘ the curves passing through

the peaks and mulls is evaluated, one has

‘3@\2= [\Emax\a o i%inlz] o4 g 2 ae
of» | Bgm | = Salt AR 7)

But equation (17) is identical to equation (1i) which is the
expected RIV level of a long line, Thus the proof of the
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geometric mean method for evaluating the RIV level of a

long line from measurements made of RIV at the center of a

short line has been established,

One of the important procedures for obtaining the RIV
level of an infinitely long line from measurements made of
RIV at the center of a short line c¢an now be summarized |
as follows: *

1) Measure the RIV at the center of a short line over a
wide range of frequencies.

11)‘Draw a curvé passing through the maxima of the frequency
spectrum thus obtained, and a second curve passing thro-

ugh the minima.

11i) At every freguency, evaluate the geometric mean of the
two values obtained from these two curves, This gives
a third curve which is the expected RIV level of a
long line having the same configuration.

From equations (10) and (11), the ratio of measured value
of RIV at the center of a short line to the expected level

of a‘long line is obtained as

2
\EL/Z(f), _ AL simh otk + sin Z-“'?S'/:f'b

™ = eoshaL - cos ang/f L >t 2w {5 K18)

In actual practice, the most important frequency at
which RIV is of interest lies near 1.0 MHz, From Figure 5
it may be observed that if this frequency is very close to
one half the resonant frequency or its odd multiples, noise

readings will be very low at the line center,. However, as
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mentioned in Section I1II.2, when the longitudinal profile is
available, the roise meter can be moved longitudinally to a
location where the meter reading does give the long-line level.

III.6 ELECTRIC FIELD INTENSITY AT GROUND LEVEL
' IN THE VICINITY OF A SHORT LINE

The distribution of voltage to ground along the conduc~
tor of a short line has been derived in Section IIL.}, equation
(8), The corresponding charge distribution is

%)= \Bg| © >
where q&-— charge per unit length,
and C = capacitance of line to ground per unit length.

It is now necessary to evaluate the vertical component of
electric field intensity at a pointP along ground in a plane
passing through the center of line and at right angles to
it. The origin of the coordinate system is taken at one end
of the line so that the coordinétea of the point P are

(L/2, v, H), as shown in Figure 7. The electric potentiai

np at P can be determined first, from which the vertical
component of electric field intensity can be found out as the
negative partial derivative of AP with respect to z evaluated

at z=H,

The electric potential at P is the retarded potential
caused by the distribution of charge along the entire length
of the short line, and is given by the expression, (12),
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Figure 7

Figure 8
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L -Jv »r

— 1 q, ©
= ) £
2, T S . af (19)
0
where ¢ = permittivity of free space = 8.854% ppF/m,
vV = @ [y = 2T/ ’

vV = veloéity of eleétromagnetic wave,
and A = wave length,
Equation (19) applies at a single frequency and the factor
exp (=jwt) has been omitted from writing.

The integral in equation (19) is extremely difficult
to evaluate in closed form on account of the complexity
involved in q, , which is obtained from equation (5) or

approximated to a cosinusoidal form as in equation (7). A
numerical method is therefore resotted to. The line length is
divided into a finite number 'm' equal lengths and the total
charge on each part is calculétéd. The radius vector T,

Y k = 1,2, eeey m) from the middle of each part to the point

P is then determined and this is used for calculating the
retarded potential. The integral then becomes the sum of
m terms,

Figure 8 shows the line length divided into m equal
parts each of length L/m. The distance from the middle of
the k-th part to the pbint P on ground will be

%
Ty = {221- v+ [ k=3 L/m - % Lja} . (20)

Therefore, ?or /o2 = z/ry . (21)

The potential at P due to the element of charge Q of the
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k-th part is

g, = Tnlfe' 1 —},; cos @ (& = 1/v) . (22)

The vertical component of electric field intensity at P due
to the charge q and its image below ground is then
A Ev = -2 O ﬂk/ 0 z

2 z -3
Te Q. [rk cos (@t = 2Tt rk/x )

--1'1':2 sin (0t = 271 rk/)\ )] . (23)

The total contribution to the vertical component of field
intensity from the charge along the entire length of line
consisting of all the *m*' equal parts will then be

m

.z -3 -
E, = Z qk[rk cos (Wt = 27T rk/A )

v 2Te =1 |
| - 1.'1':2 sin (0t - Z'n'rk/A )] . (24)

The vertical component of field intensity at P on the ground
is finally obtained by replacing z by E in equation (2W),

thus:
: m d. —
E, = B ——% 1 + rz)i cos (0t - Z;rk + Yo
2M€ %=1 Tk | cee (25)
where tan \Pk = Ty e

In practical situations, when the line height is more
than 10 meters, the angle Y, 1s 90°, This gives

h5d
E._ =
v 21e

- q 752 8o (@t - 2T/ ) o (26)

"M

1
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This amounts to taking only the second term of equation (23).
With this approximation, the vertical component of field
intensity at P is

, m
H -2
E, = = e >7 QT ( sinwt cos errk/)s
k=1

= cos @t sin Zn‘rk/)\ )

H

H n -2
2n‘e[( - Z qk Ty Co8 2Tr/) ) sin@t

m
+( 2 q rl';z sin 21Frk/A) coswt]
. k=1

)4
2TCe [( Z Qe rk2 sin 2rrk/A)

(Z QY rk cos aurk//\) J cos (wt+#)

[N N J (27)
where .
=2 21 ry
tan @ :(2 qkrk cos 21rrk/)\) /(Z G T sin 3 )
.o (28)

The amplitude of Ev is

2 - \Z 77_
m PR ¢ m 2T
E | = ( 2 q rk cos ) —p—(Z 2 s E)
V‘ 2Te [ k=1 k 2 k=1 Tk
' NN (29)

Lateral attenuation of this field intensity is determined
as the ratio ! of E‘v at a given value of y to that

at y=0, that is under the line. This is

-2 2 '/2_
'Ev'y Yy _ [( Z %Yn Cos zrrk/)) + (z W% sin 2“—"&//\) ]

6
'Evly= [(i clk ko cos 2w Y;co/)\) +(Z 1..( Ko 5‘” r'r‘rkt’/)’).]

rL:
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When the charge distribution on the conductor is assumed

to have a cosinusoidal variation, it may be expressed as

= Qecos 2T £4/f, L. (31)
Then kL/m
(k-l)L/m
Q f L cos 21 __.f 'é') sin —— "t . (32)
TE fom - m I,

Figures 9 and 10 show calculated values of lateral
attenuation n'y for line lengths of 120 meters and 800 meters,
and line heiéhf H=12.5 meters, and for several values of
f/f + On the same figure are plotted two curves according to

the expressions p =1/r and 1/7% , where r=the aerial

distance of P from the center of the overhead conductor.

As the line length is increased (800 meters) and frequency
is lowered ‘(£/f£ = 0.25), the variation of electric field
intensity from the short line approaches the inverse square

law type of attenuation with distance from line.
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CHAPTER IV

PREDICTION OF RADIO INTERFERENCE LEVELS
OF LONG D=-C TRANSMISSION LINES

IV.l INTRODUCTION

In seleeting the size and configuration of conductors
for a given operating voltage from its radio-interference cha- -
racteristies, several alternative designs have to be worked
out before a final choice of design is made. In doing so, it
1s necessary to have information on the following items:

a) limits for tolerable RI from transmission lines;

b) variation of RIV of conductor with applied voltages

¢) working voltagé for conductors of given size and
configuration at which the 1imit of tolerable RI is
reached; and

d) comparison of RI leWels of the same or different sizes
of conductor in different configurations.

Information on the last three topics can be obtained
from experiments conducted with short experimeatal lines,
(1 - 8), combin.d with experience gained from long lines in
operation at lewer voltages. In the case of d-c transmission
only one long line has just been placed in operation in the
Western part of U.S.A, after a series of excellent investiga=-
tions with short lines. Short experimental lines have therefore
to be still relied upon to yield information for projected

higher voltage d-c transmission lines.
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It has become apparent from experience gained all over
the world where experimental projects with short lines exist,
that 1t is not feasible to test an extremely large number of
conductor sizes in different configurations and thereby obtain
design data for use in long lines. In most cases, a conductor
size which would be nearly suitable for a chosen voltage level
iscelected and a size smaller and larger are tested in order
to be able to decide on the final size. The choice of conduc-
size for use in short lines themselves 1s based on experience

gained with lower voltage lines as well as the designer's

background experience., Under these restrictions, it is evident
that some method of predicting the RI levels of conductors
used for d-¢ transmission lines should be available so that

a large number of alternative designs can be examined,

Obtaining test data on a large number of conductor slze
is very expensive and time consuming because of the predomi-
nant role played by weather conditions on radio interference
levels. This means that one has 1o test conductors under all
possible weather conditions before being sure that the line
when finally designed will operate satisfactorily under all

weather conditions without exceeding the set RI limits. It
is therefore beneficial to know the variables in the problem
and the extent of their effect on RI levels. Many of the
important weather variables and their quantitative effect
on RI levels of d-c lines are gradually being ascertained
with extreme care in the laboratory wherever possible and on

actual outdoor conductors. These variables are:
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a) cloud conditions;
b) rate and intensity of rainfallj
¢) type, rate and intensity of smowfall;
d) wind velocity and direction;
e) humidity;
f) floating particles of organic and inorganic matter
in the atmosphere;
g) ice coating; and

h) atmospheric contamination.

Effect of these atmospheric conditlons can be included

in design procedures by suitable empiriecal correction factors,

except for transient and unforeseen deposits on conductors
caused by birds and: insects. As data accumulates on the
effect of the above factors, either individually or in combi-
nations, design predictions become more certain, In this
chapter an analytical method for predicting radio noise
levels of conductors will be derived which will include the

effect of weather conditions. The results of analysis will

then be compared with test results to a limited extent in

order vo show the validity of the analytical procedure and
its results. The procedure set forth is based on relatively
few assumptions that are fundamental to the problem and have

an experimental basis.
I¥.2 RELATIVE INTERFERENCE LEVEL

As mentioned earlier it is a difficult matter, finan-
cially and temporally, to obtain RI levels of an extremely
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large number of conductors in all possible configurations.

Therefore if noise levels of a large number of sizes in many
configurations #an be compared theoretically, and if experi-
mental results on one or two sizes ofconductors are available,
then it follows naturally that the RI levels of any conductor
size can be determined. A method of calculating these "relative
interference levels" is therefore of basic importance. In this
chapter, a method of calculating relative interference level

of a conductor in a given configuration will be derived.

From experimental data available to the author on a few con=-

ductor sizes the validity of the method will be proved., From

the analytical procedure the size and configuration suitable
for a large number of voltage levels will then be derived.
Results of this chapter can be used for the design of trans-
mission lines for d-c from the point of view of their RI

limitation.

The following four configurations have been selected
for purposes of calculation:

1. Single conductor in monopolar line;

2, Two-bundle conductor in monopolar line;

3. Single conductor in bipolar line; and

4, Two-bundle conductor in bipolar line.

These are the most usual conductor configurations used in
practice.

The analmtical procedure for calculating relative inter=-

ference levels is based on® the following assumptions vhich
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are derived from experimental results:

1. Radio Influence Voltage (RIV) of a conductor (QP value)
follows the following types of variation with excitation
voltage:

i) RIV proportional to voltages
| ii) Log (RIV), i.e., the DB value, proportional to voltage.

24 Variation of RIV with weather conditions at a given
voltage is expressible by a single factor, called the

N Weather Factor or the w=factor; ‘

3, Corona=-inception gradient on a smooth conductor is given

by Peek's formula for air density of 1 as follows:

G, = 30 (1+ 0.308 1) kv/em 1)

For stranded conductor with a rough surface, it is

G = m@ = 30m (L+ 0.308 r™) kv/em. (2)

The factor 'm! is called the surface environment facter
and is less than unity. Correction for air density is
included in m.

4, Every unit surface area of aluminum of a conductor,
regardless of its outer diameter, yields the same amount
of r-f energy under the same weather and for the same )
excess voltage gradient above the corona=inception value.

5, The QP reading of a noise meter is proportional to the
sauare root of the r-f energy at a given frequency in

the corona discharge.
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IV.3 VARIATION OF R-F ENERGY WITH APPLIED VOLTAGE

Variation of RIV at a definite frequency in the corona
discharge varies non=linearly with voltage as shown in Figure
1. This variation can be completely expressed by a power

series, Thus:
ol

RIV = =. ay v (3)

i=1
This expression is quite difficult to handle and is not of
much practical use, because the voltage of a conductor in
nearly all practical cases does not vary over a wide range,
but only within a small range near the corona~inception vol-
tage. Simpler relations between the applied voltage and RIV
are sought for which apply within definite ranges of excita-
tion voltage. Two such expressions that are found to apply are
1) linear variation of RIV with applied voltage, V, and
ii) linear varlation of decibel value of RIV with applied
voltage.
When RIV of a conductor varies linearly with applied
voltage, it can be expressed as

RIV= A+ L+ _ v , 5)
wi k

Since RIV is zero at the corona-inception voltage Vos we have
- y-1 (v.
RIV = (wi k) (V&Vb) (6)
where A and wi depend on the weather conditions and 'k!
is a geometrical constant for a given conductor and line

configuration. It converts voltages into surface voltage gra-

dients on the conductor. Its values are discussed in Section IV.8.
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The corona-inception voltage 1s

Vo = G-o k = 30m Q-+ 0.308 1‘-%), k. (7)

The r~f energy per unit area is also assumed to have the same
type of variation with voltage as the square of RIV and can
be described by the equation

o= g ¥ (v-v)? . (8)

This is called the spectral density of r-f energy at a given
frequency. The total energy in the corona pulse activity per
unit length of conductor will be

_ -]l =2 2
Sl.-Ble'rwl k (v-vo) (9)

Under the assumption that every unit surface area of conduc-
tor gives the same amount of r-f energy for equal values of
vy and g = (VAV6)/k, the excess gradient above the corona-
inception gradient, the value of constant B in equation (9)
becomes the same for all conductors. Hence it can be set
edual to unity if only comparison of RIV levels are being
carried out. Thus

5, = 2Tr wile2(v-v G (10)

o
When the DB value of RIV varies linearly with voltage,
it may be expressed by |

20 Logyo(RIV) = ( Ve V,)/2k wi (11)
or, rrv = ¢ 10(V-V0)/2 k w2 12)
where v, = w§/20.

Since only the relative values of noise levels are of interest,
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the constant C can be set equal to unity and the r-f energy

per unit surface area of conductor will be

(V-V )/k W
~ = 10 © 2 108/¥2 (13)
This gives the energy generated by unit length of conductor as
= 2T r 10 = 27T>r 10 (1)

52
~ Of these two types of variation, the former applies to

laboratory studies as described in Chapter I and the latter

applies to larger conductors tested outdoors.

The relative interference levels of conductors can now
be derived when the variation of linear emnexrgy density is
given by equations (10) or (14). They will be carried out

for four particular cases of conductor configuration mentiondl
in Section IVi&, page 116,
IV.4k SINGLE CONDUCTOR IN MONOPOLAR CONFIGURATION

The density of r-f energy per unit area of conductor

surface is

1,2 _ -l =2 2
1) o= g = w Kinm (V-Vo) (15)

o(v"vo)/klm wz

1) o= 108/¥2 _ 3 (16)

wvhere Wy and w, are constants and depend on weather,
g = voltage gradient in excess of corona-inception
gradient = G = G,
G_ = corona-inception gradient = vo/klm ’

G — surface voltage gradient on conductor = V/%q s
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V = applied voltage,
V, = corona inception voltage,
and klm:.ratia of voltage to surface voltage gradient
= r Ln (2H/r) . . a?7)

The total energy developed over a unit length of conductor,
the linear generation density, is

| S= 2n0 ro (18)
Then the r-f energy over a differential length dt of the
conductor is S dl . This energy divides itself into two equal

portions and travels on the conductor on both sides of the
source, as shown in Figure 2. In doing so it attenunates by
2 o¢ nepers per unit length. The energy received at a point

P at distance { from the source will be

35 ar e-2xl a9)

and the total energy received at P from the entire line is

o0
W= 2 50 %Se-ao(l Al = 8/2« = v o [t (20)

where thetwo types of variation of o~ are given in equations
(15) and (16). The duantity W is called the relative inter-
ference level of radio influence voltage. It denotes a quan=
tity proportional to the r-f energy present on the conductor
at a fixed frequency. Its decibel value is

PB — 10 Logyg W (21)

1t is afunction of a) conductor radius, Tj b) applied voltage,
v : d) line height H which

vy ¢) corona=inception voltage, V.3

enters in the factor Xk, e) the attenuation factor, L 3
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and the weather constants, w; or w,. The expression for W
of the r-f energy at the conductor, or its DB value, as it
stands can be used for making the following types of compari-
son:

a) RIV levels of a given size of conductor in different
weather conditions;

b) RIV levels of two different sizes of conductor under
the same weather condition or under different weather
conditions;

c) RIV levels of conductors when line height i1s varied;

and d) RIV levels of single conductor with two=bundle con-

duetor in monopolar configuration.

In order that comparison of RI levels of a monopolar
line with a bipolar line may be effected, it is necessary to
evaluate the vertical component of electric field intensity
at ground level. This can be done when it is realized that
the total energy at a point P on the line is proportional to
the square of the charge or voltage existing on the conductor.
Figure 3 shows a conductor having a charge ¢ per unit length.
When the ground surface is assumed to be a good conductor,
the electric field intensity at a point on ground can be
evaluated from the charge q and its image (=-q) at a dis-
tance H below the ground surface. One then obtalns

vertical comp. of elec. field intensity at point y
on ground

w
I

charge per unit length of conductor
- (a2mwe)t 28 @+ A7 (22)
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Therefore the energy involved in the vertical component of

field intensity 1s

T 2
W,= W3 (23)

and the 'relative'! value of ground field intensity, or RI
level is

.
E= Wg (24)

Its decibel value is

10 Log, (Wsa) (25)
The final expressions for relative interference level for the
two types of variation of W with applied voltage V will
be as follows:

i) Linear variation of RIV of conductor with voltage:

@2 = Tr e K2 (V- T)° (26)
-1 -2 2
= o V=1, ) (27)
(RI)? T r (W )Yk, ( H.-r Y

ii) Linear variation of Log (RIV) of conductor with

applied voltage:

(RINZ = T 10 (28)
ol
(V=¥ ) /v, k oH -
(D)2 = Tr 10 b 1"'( 2) (29)
= B+ y

IV.5 TWO-BUNDLE CONDUCTOR IN MONOPOLAR CONFIGURATION

on a two-bundle conductor, the surface voltage gradient
varies on the periphery of each conductor, as shown in

Figure 4, The maximum voltage gradient on a conductor is
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G, = 4 (1+ 2r ) (30)
max ~ 2rer 8 4T ’
where q = charge per unit length on each conductor,
and s — distance of separation between conductors.

The factor 2 is included in the second term in parenthesis

to account for the fact that when a metallic cylinder is placed
in a uniform electric field, the field intensity on the surface
of cylinder is twice the intensity of the uniform field. The
average surface voltage gradient on any one of the conductors
of thebundle is obtained when the effect of charge on second

conductor of bundle is neglectad and is given by

-1 |
av = 4 @Qrer)™ = Wky (31)

G
Variation of surface voltage gradient on conductor with the
angle @ 1is expressed approximately by the expression

G = Gy, (1+ 21 cos® /(s+1) ) . (32)

Because the voltage gradient on conductor varies with 8,

it will so happen that the entire surface of conductor might
not be generating r-f energy at any given voltage, unless the
minimum surface voltage gradient Gmin’ exceeds the corona=-

inception gradient, G

o
We can now determine the total r-f energy per unit

length of the bundle when the spectral energy density

has the two types of variation described by equations (8) or

13).

Case (1): Linear variation of RIV with voltage:
When o~ 1s given by equation (8), the energy generated
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over a differential angle 4O 1is
a . =1 2
oCr de = wy (G-Go) r de

2
— =] 2r
= W [Gav (1+ pya cos O)-Go] rd?:ﬂ

as =

Therefore, the total energy generated by one eo nductor, when
only a portion © on either side of the point of maximum

gradient (@ = 0) is in corona, is
2
2r cos 9] r de

s —-\SdS - 2j° 1 [G -G + G
e 3w av o av .. o
=22 [ _-c)%+ 2 w2 e, o
= T av o ) av
(s+71)
b r (G, =G.) sinlo-f-_fi-——- 62 sin 20} G+)
av o (s+r)2 av

s+ 7T

In the case when the entire periphery is in corona, the r-f
energy geblersated by one conductor is obtained by using 0=TC

in equation (34%). This is

4T 2 4T 2
S = (G, -G, ) G
L1 av ° + (s+1) Wy av
L AL S R AL 4 T x) 5 -";— (35)

The total energy generated by the bundle is twice that of

equation (35), thus
2
s, = 5TT [(v-v )% T — va] (36)
Wy ko (s + r)z
The value of k2m is
(37)

kop = an(hB?/rs)
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The voltage at which the entire surface of bundle gene~

rates _r-f energy 1s determined when

2r
Vv, (1 = )y = (38)
s S + T °
-7T

= 30 m (1-+ __—s-—o 308 y » In (L"EZ 2*;’1, s (49)
o

upon using eciuations (2) and (37).

Case (ii): Linear variation of DB of RIV on conductor with

voltage
When o varies with voitage gradient according to

equation (13), the energy generated over an angle dO will be

(G=G ) /v,
dSs=o0" rde = 10 r de . (4+0)

The total energy generated by one conductor of the bundle
when only a portion © of the conductor, on either side of

9:0, 1s in corona will be

) (G=G_ )/w
jds 2r 10 ©° 2

) lo[Gav(l-r 2r cos O/(s+r) ) -Go]/‘ﬁ a

= 27 jo
P G,y = G,) /vy 2r Gy, cos /(s +T)vy
= 2r j 10 . 10 ae
0
X X X N/ (k])

This integral can be evaluated by a numerical method using
Simpsont's 7- or 13- ordinate method. When the entire conduc=-

tor surface is in corona, the total energy generated by the

bundle is



129

(G=G )/w
S, = W fo‘ rio o 2
(G, . =G )W
- T av o/’ "2 4,6 r
LT r 10 I v, G) (42)

vhere Io(x):: Bessel function of second kind and order zero.
The integral in (42} is of the standard form and given by
Formula 813.1 in Dwightts Tables of Integrals, (9). Once
again, the voltage at which the entire bundle generates r-f
energy is determined by equation (39).

The final expressions for relative interference level
for the . two types of variation of o with applied voltage,

V, will be as follows:

i) Linear variation of RIV with voltage:

22
2= 2T [ vy P ¥ )
o K2 (s+ 1)
V1 *om

X Wy k2m (s+r)

VZ] ) (W)

ii) Linear variation of DB of RIV with voltage:

(V-V )/w, k |
2= 2T 30 ©°7 2 IO(%-‘%E! %Zm) (45)
a2 = (rn? ( ) (46)

All these four expressions are valid for V> Vs, the voltage
at which the minimum gradient on the inside of the bundle
equals the corona-inception gradient, equation (39).
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IV.6 SINGLE CONDUCTOR IN BIPOLAR CONFIGURATION

The bipolar configuration differs from the monopolar
case basically because of the existence of two modes of pro=-
pagation for the r-f energy on the line. Figure 5 shows the
voltages, currents and surge impedances of a bipolar line,

which satisfy the following matrix equation:

’vl _ Z zf i, w7)
Vol 2ty = 1,

The impedance matrix can be diagonilized by finding its eigen

Values which are

M = zt+3z and A, = 2z =2z 48)

This gives the eigen vectors

[1] for A, and [1] for A, . (49)
1 ' -1

By this procedure, we obtain the following new equations

e fal T o ]

or, ["(1)} i Y(l) ’ °] [1(1)} o
v(2) 0 » 2y 12

where vu)A = +*« vy + V) '
V(2) = (v -v),
iqy= P4+ 3,
1y = ¥ (4 =13,
Z¢1) = % +zf

. _ - ot
and Zeg) = 2 z‘
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Equation (50) gives the performance of the r-f voltages,
currents and the: charges accompanying them in modal form,
and together with the eigen vectors of equation (49) can be
physically interpreted as follows:

The actusl voltages on and currents flowing in the two

conductors can be resolved into two components ( V(1)? 1(1))
and ( V(2)? 1(2)) . The two voltages now have no mutual inter-

action and propégate independently on conductors with impedan-
ces z(3y= z+ z' and 2z = 2 - z! , respectively, In the

first mode, a current 1¢y= + ( 1;+1,) flows in each
conductor in the same direction with return through ground.
They are associated with equal charges and of the same pola-

rity cn the two conductors, This is:. the 1ine-to=ground mode.

In the second mode, a current i ,y= 3 (1 - 1y)
flows in one conductor and the second conductor carries an
equal current flowing in the opposite direction. The two
conductors form a closed c¢ircuit with no current flowing in
the ground. This is the 1ine-to-line mode of propagation.
The two conductors have equal charges but of opposite pola-

rity. Figure 6 shows the modal voltages, currents and charge
distributions

A similar distribution of energies occurs in the two
modes. If S, and S_ are the r-f energles developed by

the positive- and negative~ conductor, respectively, the energy

assocliated with the two modas &re
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S(J_)‘"' 3 ( S, + S_)
‘ (51)

In normal bipolar lines used in practice, the negative conduc-
tor develops very low energy as compared to the positive con=-
ductor and can be neglected in comparison. The two modes then

possess equal energles

This property and equation (52) will be used for all subse-

quent calculations and discﬁssions of relative interference
levels.,

We now observe the basic difference between an a=c line

and a d-¢ 1line, In an a=-c line, the three phase-conductors
gemerate nearly equal energies. They also give rise to
three modes of propagation in a single-circuit line and six
modes in a twin-circuit line., The energies associated with
different modes are all different. But in a d-c line, the
two modes have very nearly equal r-f energies because the

negative conductor does not generate r-f energy of any appreci-~
able magnitude.

These two modes of propagation of energy on the d=-c

transmission line possess different attenuation factors. The

line~to~-ground mode attenuates faster than the line~to=-line

mode because ground 1s involved, the two attenuation factors

being nearly in the ratio of 10 to 1. From experiments con-

ducted on long a=c lines, (10), it has been observed that at
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1 MHz the line-to-ground mode has an attenmation of 6 DB per
mile or 0,7 neper/mile, and the line-to-line mode attenuates
0.7 DB/mile or 0,08 neper/mile. These values for <i{1) and
oL(a) will be used for all calculations.

 Now, the energy received at any point P on the conduc=
tor can be evaluated from & relation similar to equation (21.) .«

The enrgies received at P from the two modes are
and Wy = S@/2%@= S/ @

The total energy at P is the sum of these two energies,
thus:

W= 38, (X _+-L )= qro(E-tr 5 ). (W

<@ %@ 2 %) %()
The spectral energy densitycr' has two types of variation as

given by equations (8) and (13).

While equation (54%) gives an indication of RIV on the
conductor, the vertical component of electric field intensity
on ground due to the charges associated with the r-f energy
on the conductor yields the RI 1evels. These can be found
out for the two modes. |

(a) Line-to=-ground mode:
The charge distribution on the two conductors in
this mode are equal and of the same polarity, as shown in

Figure 7. The vertical component of electric field intensity

at a point distant 3 from the 1ine, due to the charges

on the conductors and their images below ground, 1s
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&E 2 [Hz-::: y2+ H:2+—.(;+d)2] i (55)

The ratio of this vertical component of field intensity to

the charge on the conductor in this mode will be called the
nfi{eld factor". Thus the field factor in the line-to-ground

mode 1is

(56)

Z,. = 1 .
@) 2Te [Hz-i-y "2 + (Y'f-d.)z]

(b) Line=to=line mode:

The charge distribution om the conductors in thils
mode consists of equal charges but of opposite polarity, and

the field factor is

@) = ZlTHe [ &2: v B (de)a] 7
Since only the relative interference values are of interest,
the factor 2T(€ in the denominator of equations (56) and
(57) may be omitted from all expressions for field factor.
These two field factors are plotted in Figure 8 as functions
of y/H and for interpolar separation d=1.0 H and 0,6 H,

The r-f energy at a point P on the conductor in the
two modes were found in equation (53) and this is proportional
to the squares of charges involved in the two modes. Hence
the energy associated with the vertical component of field

intensity at ground level in the two modes can be determined as

_ 2 _ <2
3%1)" W) EXeS 2a) S+ /M) o (58
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- 2 2
Then the total energy content in-this field is-

_ _ w2 2 2
B? - I’%1)' Bl2) = *[ Fay<a) * §(2):/‘"(?.)] S5+

= 2 2 L@ .
22+ 3% '&—:;;' 84/ gy o (60)

The relative RI level of the d-c line with bipolar configura-
tion is finally obtained as E.

From equation (60) the ratio of relative electric field
intensity at the point y on ground to that under the line

is obtained by evaluating E at y=7% and at y=0. This
gives the lateral attemation of electric field strength or

the RI level, This ratio is

oleny

>‘lb = (E:‘r 2(:) —o—l::) )\353 /( §c-1)"' gCi) ;z"',_)))‘gzo

? 1+ U P M l+(3/ﬂ+d/ﬂ7l}+§l+(“5lﬂ)" H—(‘»W*‘L/“) } oLez) 61)
- u 2 ' * oy
{ \ + 1.—'-(&/”)2} + é \ - m -o_(—;:)

It is also plotted in Figure 8 for “(1)/‘x(2)’: 10, and 1s
ealled the 'total bipolar field factor's. :

One can observe at this stage a fundamental difference
between the energies assoclated with the two modes of propa=
gation of r-f waves on & d-c transmission line and those
associated with the modes of propagation of an a=c line. This

difference is one of the most noteworthy properties of a d=c

line.



138

Considering a single=circuit a-c line for illustration,
all three phase-conductors generate nearly equal amounts of
r-f energy, This results in the line=-to=ground mode having
an extremely large amount of energy compared to the other two
line-to=line modes., However, the attenuation of energy in
these modes show that the line=to=ground mode attenuates very
rapidly as compared to the line=to-line modes, Even with
the relatively high attenuation, the line-to-ground mode

still possesses a very high value of r-f energy compared to
the line~to=line modes. This results in the well-known pro-
perty of the a-c line that the ground=level electric field
intensity is almost entirely caused by the line-to=-ground mode
of propagation and the line=to=line modeé do not affect the

RI levels Use of these properties has been made in design of

Power Line Carrier, (11)e.

The situation is quite different in the bipolar d-c
line, Since only the positive conductor is generating almost
all of the r-f energy (and the negative conductor relatively
nothing), the energy involved in the two modes are equal,
as shown in equation (52)., But now the energy in the line~to=
ground mode of propagation attenuates more rapidly than that
in the line-to-line mode, nearly in the ratio of 10 to 1.

Therefore the line-to=line mode has considerable effect on

RI value measured at ground level. The ratio of field inten-

sities contributed by the two modes is obtained as
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XB:: line~to=ground mode intensity
line=~to=line mode intensity

1 1
-'—-
_ A grm? 1+ (y/8 + a/m)° L 62)
[ S 1 ] ( °<(1)
1+ (y/H)° 1+ (y/H + a/H)2 )

This is plotted in Figure 9 for different values of separation
between the positive and negative conductors, i.e. for dif=-

ferent values of (4/H), and for <x(l)/cx(2) = 10. It may

be observed from this figure that as the bipolar separation
increases, the intensity in the line=to~line mode is now
greater than in the line-to~-ground mode in the shaded area,
In practice, d=-c lines have a line height between 30 and 50
feet, and the distance at which RI is of interest is y=100
feet, so that the ratio (y/H) lies between 2 and 3. In this
range for (y/H), the intensity in the line~to=line mode is
at least equal to or greater than the intensity in the line-
to=ground mode for bipolar separation 4 equal to or greater

than the line height, (4&/H> 1.0).

o One of the most important conclusions obtained from the
above reasoning is that in a d-c transmission line, the line-
to-line mode of propagation of r=f energy has consliderable
influence on the RI levels, unlike in an a=C transmission

1ine in which the line-to-line modes of propagation have

relatively smaller effect.
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Having discussed the properties of the field factors
and obtained the RI level of equation (60), the final forms
for RI levels of a single conductor in bipolar configuration
can be written when the spectral energy density has the two
types of variation given in equations (8) and (13).

Case (1): Linear variation of conductor RIV with voltage:

(RIV)? = ¥, = (V= va)2 (1+(;-(Q )e (63)
2 ol(qy ¥ Ky (2)
2 T p 2 2 .2 2
(RD)2 = w1 )2] £3,+ 7%, 072—)].(610
2 Xy WM 2y

Case (ii):Linear variation of DB of RIV of conductor

with voltage:

(VaV_ )/, ke,
mv2 = T 10 ©° 271 (14

olon/ Xeny) . (65)
@)’ @
2 X(q)

(V-V )/ w, k 2 2 A

T 271b 1)

2= “* 10 ° | T @ d(z)]. (66)
ZCK(l)

In these eguations,

ky, = v In @EarfuE+d®) . (67)

IV.7 TWO-BUNDLE CONDUCTOR IN BIPOLAR CCNFIGURATION

The two-bundle conductor in bipolar configuration is
the most important type of line and combines the analyses of
Sections IVQS and IV.6. In a manner exactly similar to equa-
tions (30) to (35), the total energy generated by the bundle
can be caleculated for this configuration.
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C&se i, Linear variation of RIV with voltage:

When the entire bundle is in corona, the r~f energy

developed per unit length of conductor 1is

g - 8Tr [(v-v)2+.—-—-———v2] (68)

(s+—r)
Wy k2b

where the value of k2b is given in the next section, equa-~-
tions (76) and (77).

Case (ii). Linear variation of DB of RIV with voltage:
When the entire bundle is in corona,

(V=V_)/w, k
s,= ¥Wr 10 o’’ 72 "2b o(%) (69)

The voitage at which the entlre bundle generates r—f energy
is given by an expression similar to (38) and (39), thus:

Vo= 30m (1+ 0.308 r )k, L . (70)

Having determined the linear generation density of r-f energy
of the bundle, the vertical component of electric field in=-

~_ tensity at ground, that is the RI level of the bipolar line,

can be found from equation (60).

Case i, Linear variation of RIV with voltage:

2 d |
2 ) giir 2

v (71
+ 2;1:;;2 ] 71)

for V> Vs.
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Case ii. Linear variation of DB of RIV with voltage:

2 2 L T (V=V _ )/w, k
2o 3yt S 2| 4o 10 2
@~ ** @

X

IO(EZE_E_!.) , (72)
s w2 k2b
for V> vé.

Iv.8 VALUES OF k

The factor 'k! relates the voltage gradient on the
surface of conductor to the voltage applied between itself
and ground. The expressions for 'k' can be derived from

Maxwell's potential coefficients and have the following values:

i) Single conductor in monopolar configuration:

ky, = T ln (/1) . (73)
ji) Two=-bundle conductor in monopolar configuration:
k,, = T Ln 4H%/s1) : (74)

1ii) Single conductor in bipolar configuration:

ky, = T ln (2H/ T ya2e a2 ) . (75)

iv) Two=-bundle conductor in bipolar configuration:

_ s@ass) /Mm@ L o a
e r d/¥H" + (d-k;;2 s V LHS+ as

+ In s(a-s)mé+a? 20 ,__d+s
2 _ay2 r Jﬁ?+&d+s)
rd v/ 4HF+ (d=s) (76)

’ 2 (a.5) 2+ a®
" r2 dzjr;ﬁ?fr(d—rs)a df£ﬁ2+-(d-s)2

k2b:: 2r
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If the intra-polar conductor separation 's' is such that the
approximation (d=s)~>~ (d+s) = d 1is made, then equation
(76) reduces to the much simpler form

2
2, 32
s r (& H5+ 4°)

IV.9 COMPARISON OF RADIO NOISE CHARACTERISTICS OF
THE FOUR CONFIGURATIONS

In order that a comparison may be effected of the
radio noise characteristics of the four configurations, the

final equations are brought here for convenience.

1. Single Conductor in Monopolar Configuration:
1. Linear variation of RIV of conductor with voltage:

2= 2 2T (-2 . (78)
- w1 K
2
2 2 H
Gn2= L 21T )l (=) - 79
2 S H™+Y
1 "1lm
1i, Linear variation of DB of RIV of conductor with voltage:
(V=V_)/w
@M= L 27r 10 ° 2m (80)

2K

2 1 — o 2 2 H
(RI)® =z — 2T >r 10 -5 (81)

klm — r Ln (2H/r) . (82)

2. Two-Bundle Conductor in Monopolar Configuration:

i, Linear variation of RIV of conductor with voltage:
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2
2= 8%r _ [w-v)Z =
: 2 ¢ wy kg‘m [ ol T s+r)2 €3
2
(r)2= 8T [ (vv)? v2 .
2atw; ko [ o+ (s +r)2 ] ( (&%)

ii. Linear variation of DB of RIV of conductor with voltage:

RIn2= HTT 0 I b V

(8%)
2K s w, ky
c (V=V_ Y/ v, k 2
(RI)'Z - :;r 10 o’/ "2 “om (11- 6r V ( ) . (86)

sw?_kan H-!-'Y

All these four expressions are valid for V> Vg where
Vs — voltage at which minimum gradient on bundle equals

the corona~inception gradient

—30m ( 1+ 0.308 %) Ko S T ; (87)
s -
and Kop= T Ln (hﬂalsr) —~ r Ln(2H/r) + r Ln(2i/s)
= K+ T Ln{(2H/s) . (88) -

3. Single Conductor in Bipolar Configuration.

i, Linear variation of RIV of conductor with voltage:

2_ 2Ty 2
(RIN)“= Sy (V=) (U oxqy+ Ve(y) - (89)
1 51p |
» e X@)
®n?= 2T . @=vp? [ Fyt (a) wr ] oo

ii. Linear variation of DB of RIV of conductor with voltage:

( v"vo) / wa

Ny
IV = .2.{',1 10 b (1/0¢ gyt 1/ K(g)) - (91
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(RD)2 *gk__z_t_%\]mv(\l-vo}v/wa Ky (;%1)*_ 5?2) %g) ). (92
e | (2)
k;, = TlIn :EZ? : (93)
2?1): 28 H2+- v T#r (y ra)? T &
};?2) = 2 [ Hz"]: y? i EZ:(Y+d)2 ]z N

2 2
These values of 5‘1) and '§(2) are one half of those
given in equations (56) and (57) because of the existence of
only one half of the energy of the positive conductor in
each of the two modes, whereas in the monopolar configuration

the entire energy of the positive conductor determines the

electric field intensity at ground level.

4, Two-Bundle Conductor in Bipolar Configuration.

i. Linear variation of RIV of conductor with voltage:

2 27r 2. 1
in?= 2T [ @12+ 2 VZJ (1 oLqy+ 1 %(g)
1 “2b 2 .o (96)
(rD)2 = _—z" r w-v, 2+ 2 2 &)\ (97)
(2)

ii. Linear variation of DB of RIV of conductor with voltage:

(V=V VM, Kk
2 o 272b L, 61 V 1 1
RIV T r 10 (__!_____- — =) (98)

M
%)

(V=-V_)/w, ko 4,6 “@Q)
10 ° I, )

2
2 _ r V
(RI? = o's W, kzb) (g 1" §(2) =0y

L 2 (99)
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These four expressions apply when V > Vé, the voltage at
which the entire periphery of the bundle is genérating r-f

energy.

The above equations for (RIV)2 and (RI).2 have been nua-
erically calculated when the variation of RIV of conductor
is assumed to be such that its DB value varies linearly
with voltage applied to the conductor. This will afford a

comparison with a-c line designs for which a similar variation

has been assumeds fThis has been done for the following
conductor sizes:
a) Lark conductor: 0.806~inch in diameter;
b) Drake conductor: 1.108-inch in diameter, with cross-
sectional area equal to twice that of a Lark;
¢) Falcon conductor: l.6=inch in diameter, with cross-
sectional area equal to twice that of a Drake;
d) Special conductor: 1.8-inch diameter; and

e) Special conductor: 2-inch in diameter.

The average line height has been selected as 30 feet above
ground. In the case of a bundle conductor, the spacing is
18 inches; and for a bipolar lime, the pole separation 1s
25 feet,

For the above dimensions, Figure 10 shows values of
klm’ kém’ klb’ and k2b calculated according to equations
(73), (74), (75), and (77). Figures 1l through 1% show the
variation of (RIV)2 at conductor as a function of applied

voltage for the five conductors. In these figures, the
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weather factor, W,y has been chosen as 4 when voltages are

measured in kilovolts, and the surface environment factor,

m, has been set equal to 0.6, These values for w, and m
are average values found in practice in fair weather and for
well-weathered conductors. In the case of the bundle, the
(RIV)2 values shown in Figures 12 and 14 are for V>V

when the entire periphery of the bundle is in corona, The
factor 10(4.6 r V/s w, k) varies very slowly with the
applied voltage on the two=bundle conductor and therefore

the plot of (RIV):2 against voltage on semi-log paper is
nearly a straight line. A straight line has therefore been
drawn connecting the value of (RIV)2 at V=V,, the corona=-
inception voltage, and at any other chosen voltage. A conven-

ient value chosen is 100 KV above the corona=inception value.

Figure 15 shows values of (RI)Z, the relative ground-
1level field intensity, at a distance of 100 feet along
ground, (y=100), for these four 1ine configurations.

Several practical conclusions on the use of such
figures are drawn. They are:

1., Consider one size of conductor in monopolar and bipolar
configurations, The cost of conductor in bipolar case is
twice that in monopolar case. Referring to Drake conductor
in Figures 11 and 13, a level of 100 for (RIV)Z is

reached at 215 KV in bipolar arrangement and at 292 KV

in monopolar arrangement, The ratio of these two voltages

is 215/292 = 0.735. For an (RIV)2 level of 1000, the
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voltage ratio is 250/332 = 0,.75. Similarly for the Falcon
conductor, the voltage ratios are 0.72 and 0.7% at (RIV)2
levels of 100 and 1000, respectively. These numbers show
that for equal RIV level in bipolar and monopolar configura-
tions, the working voltage of a given conductor in bipolar
configuration is 70 to 75§ of the voltage of the monopolar
arrangement, Based on equal RIV levels, the power handling
capacity of a conductor in bipolar configuration is only
150% while the conductor cost is 2004 that for a monopolar
configuration. The reduction in voltage in the bipolar case

is caused by the inereased surface voltage gradient on the

conductor due to the presence of a negatively charged

conductor,

2, In a bipolar configuration, Figures 13 and 1%, consider
a single conductor and a two-bundle conductor having equal
cross-sectional areas, that is the same conductor cost.
Comparing a two-bundle Lark with a single Drake, an (RIV)2
jevel of 1000 is reached at 265 KV and 251 KV, respectively.
For (RIV)2 level of 10,000 the voltages are 290 KV and

285 KV, Thus there appears to be no benefit gained by using
a two=bundle Lark as compared to a single Drake conductore
Again, comparing a two-bundle Drake with a single Falcon
which have the same cross-sectional areas and costs, levels
of 1000 are reached at equal voltages of 350 KV, while a
level of 10,000 for (RIV)2 1s reached at %00 KV and 375 KV,

a difference of 6%. The two~bundle Drake conductor can
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therefore be operated at about 5% higher voltage than a
single Falcon conductor. Thus even for the larger size of
conductors there is not much benefit obtained by bundling,

from the radio noise point of view.

3, Consider two alternate designs for the same operating
voltage which yield equal RI levels, Figure 15. A single
Falcon conductor im: monopolar configuration and a single
conductor 2.0-inch in diameter in bipolar configuration yield
the same (RI)2 level of 1072 at nearly 400 KV. The cost of

conductors is in the ratio of 1 to 5 and the power-handling

capacity is also 5.

L, As mentioned in the introduction to this chapter in
Section IV,1, when éxperimental results of operating voltage
on one conductor size is ascertained for a set tolerable

RI 1limit, then these figures can be used to ascertain the
size and configuration of conductor that shall be suit=ble

for any other operating voltage. This aspect of the problenm

is discussed in the next section where experimental results

are given and compared with theory.

1V,10 COMPARISON OF THEORY WITH EXPERIMENTAL RESULTS

Experimental results obtained of the RI levels of six
different configurations of conductors using Lark and Drake
conductors are given in Reference 12. Some of these results
will be used to verify the analytical method presented in ‘the

previous sections and also establish suitable conductor
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configurations and sizes for several operating voltages for

a limit of 100 Pv/m for the RI level at 100 feet from the
line at ground level, occuring over an average of 80% of

the time., Two Gifferent configurations are selected for this
purpose, a) a single Lark conductor, 0.806~-inch in diameter,
in bipolar configuration with a pole separation of 30 feet
and average height H=30 feet above ground; and b) a two-
bundle Lark conductor in monopolar configuration>with average

height of 30 feet above ground. The two lines are shown in
Figure 16.

The first step is to obtain the variation of RIV on
a conductor sample with excitation voltage in order to find
the weather factor wye From equation (12), for any conductor,

variation of RIV with voltage is expressed as

(VeV_ )/2 k W
RIV= 10 ©° 2

if Rl and R2 are the RIV values at two voltages Vi and V2,

then

(V=¥ )/2k W
and Ry = 10 2 © 2

—

From these two equation,

| Wy = (V2 - Vl)/ k LoglO(RZ/Rl)' (100)
From Figure 17, which shows average variation of RIV with
voltage obtained from several runs, the following values for

w2 are obtalined:
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1) For single Lark conductor, at V,= 230 KV, R,= 8,000 pv
and at Vl:: 200 XV, Rl:; 3200 npv.
These RIV values are QP values at 1 MHz.

.o; wz: 230 - 200 _ 5 6
2x6.7x Loglég-% ’ ’

From Figure 10, the value of k;, for Lark is 647,

ii) For the two-bundle Lark, at voltages of 300 KV and 250 KV,
the RIV values are 3,600 and 800 pvV, respectively.

2 x 11.5 x Log o ( 3522)

e © W2:

From Figure 10, the value of k,, = 11.5 for Lark.

The corona=-inception voltages are 170 and 250 KV for these two
conductors. But these tests are conducted in monopolar
arrangement and therefore a correction must be applied when

the corona=-inception for bipolar arrangement is sought for.

Going down from klm curve to klb curve for the Lark conduc-
tor in Figure 10, the corona-inception voltage in bipolar
arrangement reduces from 170 KV to 152 KV.

The field factors are calculated from equations (94)
and (95) for the bipolar line and from equation (23) for the
monopolar line. These are:

i) for bipolar configuration with =30, 4 =30, and y =100:

2 _ ’+H2[ 1 + 1 ]2:.‘7.93:10'61

BE+y H2+ (y +d)2
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2 2 *
- 4H - 1 - 4,68 x 107°

2(2) #7752 B g2 B (y +d)2] * ‘

| 2 2 % (1)
e -3(1)"’ g(a) It = 126 x 10-6 .

(2)
ii) for monopolar configuration:
2
2 H
-6
= 30. 10 .
( 2 + 32 ) 3x

The RI values at 100 feet from conductor along ground calcue

lated from eauations (86) and (92) are:
i) for bipolar single Lark conductor:

_ (V=Vy) /v, Ky 2
2_ 2Tr o’/¥2 10 (% ¥ §
= 10
R @ ~@ "‘(a Y,
(1)
~ 1.k x 107} 10(V=152)/42.5
At V = 152 KV, (RI)2 = 1.4 x 10"‘"

At V = 252 KV, (RI)? = 2.62 x 1072 ,

ii1) for two-bundle Lark conductor in monopolar configuration:

2 2T'r 2 H 2 (V=Y )/vy Koy 46TV
RI)2- 2 0 he6 r V
(RI) %y (& "'}'2) 1 (s Wy k2m)
= 200 x 1076 10(V=250)/38.3 1 (0.268x107% V) .
At V= 250 k7, (RDZ = 2.45 x 107" .

32 = 1.10 x 107+,

The above values are plotted in Figure 18 and are

straight lines on semi-log paneT.
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From experimental results, it has been observed, 12),
that an RI level of 100 pV/m at 100~foot distance along grounnd
is obtained on the two configurations as follows:

1) single Lark in bipolar arrangement: 205 KV3

ii) two=-bundle Lark in monopolar srrangement: 308 KV,

Now, from Figure 18 which shows calculated values, the rela-
tive (RI)2 level at 205 KV on the single Lark conductor in
- _pgpolar arrangement is 2.0 X 10™3 , and this level is
reached on the two-bundie Lark conductor in monopolar arran=
gement at 285 KV instead of the experimentally found value

of 308 KV. Therefore the theoretical calculation gives voltag
value within 8.5% of experimental results. Considering the
random nature of the entire phenomenon, it is observed that
this is a good prediction of voltage values. Furthermore,
noise levels obtained from experiments are based on average

long~=term results and therefore provide a check on expected

long-term RI performance of lines, The range of discrepency
between calculated and experimental results are not diffe~

ring by more than the variation of radio noise itself from

day to day or from season to season. Design predictions can
therefore be carried out to within this accuracy by the

mathematical model derived in this chapter.

The usefulness of curves such as in Figure 15 can be

stated as follows:

If the voltage level of a conductor swbjected to

‘test in a given configuration for & chosen RI level 1s known,
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then the voltage level of any other conductor in a different
or the same configuration and in the same or different weather
can be found out. As an example, for w2==h, if the allowable
1imit of RI on a two-bundle Lark conductor in monopolar con-
figuration is reached at 300 KV, positive, then the voltages
at the same weather for reaching the same RI level are read

off from Figure 15 from a constant (RI)2 value of 7 x 10~ o

as follows:

Monopolar configuration: Single Falcon cececccsee 350 KV3
Single Special 1.8" ... 378 KVj
Single Special 2.0" ... 115 KV
Two=-bundle Drake «..... 380 KV,
Bipolar configuration: Single Drake ceccecccses 220 KV
Single FalCon eecoeseses 283 KV;
Single Special 1.8" ... 308 KV;
Single Special 2.0" ... 328 KVj
Two=bundle LaTk sseeee. 245 KV;
Two=bundle Drake eseeee 308 KV

In order to design a d=c transmission line far a
given operating voltage, figures such as 11 through 15 must
be calculated with many sets of values of line height, con-

ductor diameter, bipolar separation, weather factor, and

surface environment factor. These will provide relative in-

terference values which can be used for selecting the proper

1ine configuration for given operating voltage.
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