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ABSTRACT

Design of a d-c transmission line requires a knowledge 

of the proper size of conductor and its configuration in order 

that its 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 no 

effort made to correlate basic characteristics 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 single corona current pulse;

2. Charge content and current amplitude of single pulse;

3. Repetition rate of corona pulses in a train;

4-, Characteristics of radio influence voltage (HIV) 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 is 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 a line, 

or, (b) whether it is the response characteristics of the noise­

measuring circuit that is 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 weighting circuit used in conventional noise meter 

bears a definite relation to the r-f power of the corona pulses. 

At first this isdone for perlodlcally-occurlng 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-occuring corona pulses.

The final part of the dissertation deals with the pre­

determination of noise levels of transmission lines caused 

by corona pulses. Mathanatical models are evolved which describe 

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-circuited 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. 

Calculation of the near-field requires numerical methods which 

necessitates the use of digital computer.

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 available 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.
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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 is 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 which they originate and propagate* 

A quantitative evaluation of RI 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-measuring circuit;

3. Size of conductor and line configuration;

4* Excitation voltage;
5. propagation characteristics of pulses on the conductors} 

6. Variation of Radio Influence Voltage (RIV) of pulses

with excitation voltage;

7. Surface condition of conductors;

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.
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A complete evaluation of radio noise levels incor­

porating all of the above factors is an aim worth 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- 

don 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 — 8). These conditions involve

(a) variation of conductor size and number;

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

(proximity of conductors);

(c) variation of radio noise with voltage; and

(d) variation of radio noise with weather conditions.

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 is 

primarily directed towards filling this gap. In so doing, the 

plan of attack involves four steps leading from the pulse 

characteristics to the final calculation of noise levels of a 

transmission 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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le 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 prediction 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. Develop­

ment and design engineers have followed some of these steps 

in practice depending upon the final results they were seeking 

and the expenditure they were prepared to incur j as well as 

the most important factor, the time at their disposal*

There is a general lack of agreement between engineers 

responsible for design of transmission lines from the RI­

point of view, on whether it is the pulse characteristics 

apH the r-f energy content in the pulse train that defines 

the radio interference level or whether it is the character­

istics 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 

energy content of corona pulses forms the basic interference 

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 noise source. 

This has necessitated their description of noise levels in 

terms of spectral density 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 noise 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 sort of an analytical prediction of noise level could 

be made for preliminary design purposes, (11 - 1M. 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, (1?)* 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 (c) response of noise meter to these 

pulses, The interference level should^ correspond more closely 

to the noise source characteristics as a 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*
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CHAPTER - I 

CHARACTERISTICS OF CORONA PULSES 

GENERATED UNDER HIGH D-C STRESSES 

1.1 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 

between the electrodes. Partial discharges are classified 

as corona discharges regardless of their type and method 

of initiation, (1)* A complete discharge between electrodes 

is a breakdown phenomenon 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
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this chapter to some extent although this dissertation does 

not concern itself with a-e 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 at 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 receivers are located 

close enough to a transmission line. It is the aim of an 

engineer to predict the interference of his line in order 

that radio equipment used in military or civilian communi­

cations sites and residential areas can be properly located 

to have a high signal-to-noise (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 design 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;
it. magnitude or level of Radio Influence Voltage (RIV) 

generated by these pulses from a given electrode



11

geometry as a function of excitation voltage; and 

5» frequency spectra of this RIV.

All of the above characteristics were investigated 

and will be described in this chapter.

1.2 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 

geometry 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 sys­

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 Canada.

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 matching 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 

following procedure:
1. The conductor on which corona discharge occured was 

placed near ground potential and the outer cylinder was 

connected to the high-voltage supply;

2. Intermediate amplifiers were kept to a minimum when 

photographing single pulses and the oscillograph used 

had a very high sensitivity;

3. An extremely 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 capacitance as possible was used;

5. impedance matching networks at every junction between 

components as well as at the trigger and input terminals 

of the oscillograph were used; and

6. The inner conductor was connected to ground by a res 

1stance 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



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 %) ns duration and the oscilloscope* The 

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

The high-voltage supply consisted of a ^O-kv rectifies 

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 

ana 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 is one 

half of the total current induced in th- conductor by the 

change in the bound charge occuring during a discharge.

Reflections were prevented from occuring 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 h of Table 1, 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 KM20-A type of noise meter 

connected to the lower end of the wire through the 50-ohm 

matching impedance of the meter, as shown in Figure 1.

1.3 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 discharges called the Herrnstein 

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 
diameter, 
inches

Calculated 
surge impedance

Z = 60 Ln(R/rQ)

Actual value of 
terminating 
resistance 
used, ohms

Smooth No. 16 0*051 3# 375

Smooth No.l4 0*064 330
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*184 268

Stranded No* 4 0.231 250 250

TABLE II. AMPLITUDE AND CHARGE CONTENT OF PULSES

Wire Size Pol* KV Peak 
Ampl., 

mA

Charge Content, pp.C

Pulse Front Complete Pulse

Stranded No* 4 Pos. 55.0 133 5100 19,200

Stranded No* 6 Pos* 48.7 66 2625 10,500
51.4 116 3625 18,300
54.0 122 3825 17,800

Neg* 48.6 30 420 1,900

51.5 50 750 3,450
54.4 45 565 2,650
57.0 5^ 900 3,800

Stranded No*lO Neg* 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 Ho.16 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 is 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 steadily with 

increasing voltage. This region is the Herrnstein glow region 

as we know it now.

The same type of behavior is observed from larger 

conductors. The voltage range in which pulses occur increa­

ses with conductor size and with stranding. A smooth No.6 

size of wire gave pulses within a voltage range of 50 to 55 

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 activity.
Figure 3, page 12, shows results of HIV 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*

IA 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 Chemobrodov, (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.

1. Positive Pulse

The positive pulse, Figure M-, 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 

line shows a typical observed pulse and the broken line a 

calculated 5O/15O-ns double-exponential curve having the same 

peak value. It can be described by the equation

i(t) = A ( e - e 

where A, and are constants. They depend upon

t;L, the time to reach peak value, t2 the time to reach one- 

half the peak value on the tail, and Ip, the peak value o 

the pulse, as shown in Figure N-.
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A theoretical explanation for the shape of positive 

pulse has been derived in Section I*8e Numerical values for 

the constants A, o(p, and in equation (1) can be obtai­

ned from the following three conditions:

- </_t-. *
i) at t=tp l=Ip. . . Ip= A ( e p - e ).

11) at t-t2, i=ilp* * tip-A ( e p - e ).

" tn • o(«^i
ill) at t— tjj di/dt — 0• 0—A ( Ç>p e p — o(p ® )

Fran (ill), e p — <Xp e p • (2)

— oC_t« — Ç>_t« tn
From (1) and (il), e p - e p — ^ ( e p - e " )

......... (3)

Instead of using A, o(p, and g>p as variables, it is conve­

nient to use (Xp^, Ç’p/oCp, and t/t^ as new parameters. 

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

be written as follows:

o<pt| - L-n C / C -•

and 2 = ( e~ - e'^p^)/ 

............(?)

where Ln stands for the natural logarithm. Evaluation of oCpt^

and from known values

forward. Instead, the value of

of tg/t^ is not straight

for corresponding va­

lues of o^t]. 81110 ^p/^p is by following method:



From equation (M, (3>p/ o<p is calculated for assumed

values of and using these values the ratio tg/t^ is

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

^ti as a function of tg/tj.» 8014 (^/(Xp also as a function 

of tg/t^, 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 tg/t^* In order for this 

equation to be valid, the time tg to half value on the tail 

must have a minimum value of 2.678 tj and is given as the

solution to the equation

tg/t^ - Ln (tg/tp = 1 + Ln 2 . (6)

This condition is derived as follows:

When otp = the expressions on the right side of

equations (M and (5) both become equal to the indeterminate 

quantity 0/0. Therefore the limits of these expressions have 

to be evaluated by applying L'Hospital's rule, namely by 

differentiating both the numerator and denominator with respect 

to A /«p and setting the result equal to the value when

/ o(p equals unity. This gives 

(/pti - 1 ,

and ( #ptp (tg/tx - 1) - Ln 2(tg/t1) ,

tg/t^ — Ln (^2^^1^ " Ln 2 •

(7)

(8)

(6)
or
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A trial and error solution to equation (6) is tg/t^= 2.678.

Having determined ^t^ and Pp/^p a given 

value of t^ti* the amplitude factor, A, is given by

A = I [e"Vl ..’‘SV < j -1 . (9) 
p L “*

For a 50/150- ns positive pulse, theratio t^^ = 3.0. From

Figure 5, and ^/ocp-3»5. If time is measured

in nanoseconds, o(p and become 0.01 and 0.035, respec­

tively, and A =2.3 Ip. Thus the equation to the 5O/15O-ns 

positive pulse is

1 = 2.3 IP *) • (1°)

11. Negative Pulse

The negative pulse is shorter and steeper than the 

positive pulse and its amplitude is nearly 30# of that of the 

positive pulse. It rises to its peak value I* in 20 ns and 

decays to half value on the tail in go 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 great 

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 030. 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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(11)

It is plotted in Figure 6 and shows good agreement with the 

measured shape except on the final portion ofthe tail# A true 

double-exponential equation of the type of equation (1) 

cannot be fitted to a pulse having a ratio of tg/t^c $0/20 = 2. $.

But by taking t/t^= 2.7 and t^ 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

i(t) = In ( 1+ ^~Z • (12)

It is also plotted in Figure 6 and describes the tail of the 

pulse very closely#

The constants B, and in equation (11) are

functions of In, tj, and tg, and are calculated as follows :

The three known conditions are
1) at t = tlf l = In. In=Bt£3/2 e < 1* Î \(13)

11) at t = t2, i = tin. ... lln= B tÿ/2 e-( ^2* W.qm

ill) at t = t^, di/dtx 0. 0=B t£v e x

( ^/^1~ f^l " 3/2). (1$)

From (1$), ^n^l - 3/2 + ^^1 •

From (13) and (14), 2= *

(16)
^(t2-ti)+- <^(l/tg-l/ti)

...... (17)
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Using equation (16) in (17) > pnt. is obtained as a function

of tg/t^ thus:

t _ Ln 2 - (3/2) to (ytp i (18)
nl (1 - - 1) 2 (tg/tp-l

Therefore from equations (13) and (16), 

."/VW, / W 3/2 . w 

i ^/o
Figure 7 shows values of p^l' ^n^2* B ^n %1 

as functions of tg/^, calculated from equations (16), (18), 

and (19). When t^ and tg are known for any given pulse, the 

values of Bl"1, and are obtained from this figure.

For the 20/50- ns pulse, for which tg/t^ 2.5, Figure 7 gives 

og^c 0.2^3, 0(^2 = 0.697, and B I”1 t^^- 7.287.

When time is measured in nanoseconds, there are

= 0.01215, o(n= 3^.85, and B=. 651 1%. (20)

The equation to the messured negative pulse is therefore

ln(t) = 651 In t-3/2 + 0.01215 t) . (2i)

This is plotted in Figure 6.

An extremely important analysis has been carried out 

by Wurstlln, (15,16), of the shape of the positive and nega­

tive pulses from basic consideration of the random motion of 

ions and electrons near the highly stressed electrode. His 

analysis 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.

1.5 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 11. 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 II, 

page 16. Amplitudes and charge contents show no definite re­

lationship with voltage gradients and there is 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, is nearly 2% 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 is a more important quantity than 

the actual value of the repetition rate, as will be shown in 

Chapter II.

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 is no 

overlapping of pulses. The average repetition rate is in the 

order of 1000 to 2000 pulses per second, as shown in Figure 9 

on laboratory samples of conductor, progressive increase in 

voltage brings about the Herrnstein 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 Herrnstein glow. Since American noise meters 

have 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 11, when a random repetition 

rate is assumed and the noise meter reading is correlated 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 1,7»

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 is 

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 noise­

meter readings are corrected f<r a bandwidth of 1 KHz, that is 

if the energy per kilocycle of bandwidth is being evaluated 

from the measured noise reading, the following corrections 

have to be applied:
Reading for 1 KHz bandwidth - if W^for impulsive, 
Reading for actual bandw^T 1 for random noise.

When comparing noise readings obtained from two different 

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

The physical mechanism involved for the corona discharge 

to be self-sustained lies 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 ions is lower 

than when there is 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 critical corona-inception value.

It is therefore necessary to determine first the dis­

tance to which the positive cloud should move in order that 

the field strength at the conductor may regain the corona­

inception gradient, and second, to calculate the time taken 

for the positive charge cloud to move this distance under tie 

applied field.

Considering Figure 10 which shows co-axial cylinders 

of radii r and R with charges of +Q and - Q per unit 

length, the field strength at any radius p( rQ<^< R) at 

an applied voltage V is
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E z V/( P Ln(R/r0) ) = V 0/ 21T € p . (22)

Also, Br° r0 - Ep-p = ER R . (23)

The capacitance per unit length of the cylinders is

C = 2ite/ Ln (R/rQ) . (24)

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 rQ, r^, and R will be respectively

Ln (R/r.) z Ln (r/r^)
(25)

This is derived as follows:

Let the charge induced on the conductor be (-kq) and 

on the outer cylinder ( k - l) q, where k is less than unity^ 

Then
_____________kj___________ _ ( 1 - k) 0
capacitance of cylinders rQ and r^ caP* ri

or, k q Ln (r^/r^) - ( 1 - k ) q Ln (R/r^) • (26)

Solving for k, there is
k : Ln (R/rp / Ln (R/rQ) , < 1 <2?)

and 1 - k = Ln Ln (B/ro) .

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

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

the voltage gradient on the surface ofthe conductor becomes
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1 Q - kq _ 1 v _ g 1 LnW^) 

ro 2Ué “ r0 Ln(R/ro) 2TT€ rQ Ln(R/ro)

= ■_+!. AV -------------3_i toWrp , (29)

° ro Ln(R/r0) 2E6 rQ Ln(B/ro)

where V — applied voltage — VQ -p AV , 

and EQ= the voltage gradient at corona inception

= Vo/ro Ln (R/ro) . (30)

In order that the gradient on the conductor surface may 

reach the critical corona-inception gradient EQ> the second 

and third terms on the right side of equation (29) must add 

to zero, and therefore

AV “ ( 2K£ )4 q Ln (R/r±) • OD

But q = 2 It r± n 8 ,

where n = number of positive ions per unit area on the

surface of cylinder r^, 

and 8 — electronic charge.

Therefore, AV — n r^ Ln (R/r^) • (33)

This means that for a given excess voltage above the corona­

inception level for the conductor, the sets of values of r^ 

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

r is known. This gives the distance r± to which the positive­

ion cloud 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 = r^ - ro> following
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procedure is used:

The velocity of the charge carriers is

v zr u E = u V/ (r Ln(R/rQ) ), (3*0
where u = mobility of the ions.

dr. r

taken

ro

Ln(R/r0) ( (35)

for the positive-ion cloud

(uV)-1 r Ln (R/rQ) dr

i (uV)*1 (Ln (R/r0) ). (r^ -

to move

(36)

time taken for the electric field to

u V )

1

Then the distance dr moved in a time dt at radius r is 

dr “ v dt 

or dt — dr/v

Therefore, the time 

from rQ to r^ is 

T‘ =

This then gives the

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

f,= VT'=2uV/ (Ln(B/ro) ).(r^ - . (37)

The value of r^ is given from equation (33) as

2 K" r^ n Ln (R/rp ZZ 2ji G S"1 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 *+8 kv, as shown in Figure 9, page 28. Therefore,
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48,000; AV = 9,000; fr= 2,000; B = 0.2; rQ= 0.002;

€ = 8.8?4 x IO"12; 8 - 1.6 x lO"1^; and u = 1.5 x 10"\ 

The value for mobility is an average assumed value. Then, from 

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

4.3 x lO~2 meter = 4.3 cm., 

and n — 10^2 charge carriers/ sq. meter at the

radius r^.

The total number of charge carriers is N— 2^^ n = 27.5 x 10 

per meter length of wire. Thus the positive-charge cloud will 

have to move to a radius of U 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 4 in the denominator. The radius r± to which the posi­

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

depends upon the excess voltage AV- V - Vo above 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 is 

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 circuit. 

The shape and duration of the pulse are governed by the 

movement 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 activities 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 r^ at which 

the electrons have acquired sufficient energy under the 

influence of the applied electric field to start the ionization 

process, i.e. the radius at which the electron avalanche 

commences. Having obtained this radius it will then be necessary 

to determine the motion of positive ions towards the nega­
tive cylinder and the motion of the electron avalanche towards 

the positive conductor.

Consider the conductor of radius rQ in a cylinder 

of radius R between which a voltage V is applied. The 

voltage gradient at any radius p, (rQ< f < R) is given by 

equation (22). From Peek's formula, the voltage gradient for 

corona inception on a cylinder of radius rp at an air den­

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

30 m ( 1+ 0.308 r^ ) kv/cm, (39) 

where m % surface roughness factor, 1»
At a given applied voltage V, therefore, there exists a radius 

r > r at which the field gradient equals the ionization 
i o 

gradient Bp This is given by the equation
V^r^m^r^Orn<l^OBr^  ̂ .
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Calculations of r^ are simplified if the applied 

voltage V is written as a multiple of the corona-inception 

voltage, VQ, on the conductor which is

Vo= Bo rQ Ln WrJ = 30 m (1+0.308 r^ ) rQ Ln(R/rQ)

.... kl)

If V =■ Vo+ AV = K Vo, K^l, (^2)
and Y = (14- 0.308 r^ ) rQ , (^3)

solving for r^ from equation (40), there i s

r - K Y 4~ i O.3O82 - 0.308 (K Y+ i O.3O82)^ . (W

Figure 12, page 32, shows as a function of r0 and K. 

From these figures, for K upto l.l, the ionization radius r^ 

is very nearly equal to K times the conductor radius

The surface roughness factor ,ml is 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 electron avalanche, commencing at this radius r^ 

builds up at a more rapid rate on account of the intense 

field between r^ and rQ than in the case when the ava­

lanche mechanism takes place on a negative conductor from 

where it moves out into decreasing field-intensity regions. 

For the avalanche, Townsend*s equation gives
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dn/dr r o( n , (46)

where the Townsend first ionization coefficient d 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 strengths

15 < E < 26: cL — with 1.67% 10*^ and a = 0.47;,

26 < E < 78: oc = Ko(E-b)2, 0.166 and b=21.5; I
2 | (47)

78 < E < 200: oc= K^(E-c), 19.0 and c — 50. J

In the above expressions, E is in kv/cm and d 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 »n» in terms of the number % of 

electrons initiating the electron avalanche at r^. For the 

three types of variation of oC. , there are:

1) 15 < E < 26:
Ln (n/nQ) — r^ 4- ap^Ei(^) - EKap/r^)^

where p — V/Ln(B/ro) (49)

dX e

Equation (48) is valid for low field strengths and is not of 

use in practical situations encountered in laboratory setups 

and outdoor transmission lines for which field strengths 

are above 26 kv/cm, d-c.

11) 26 < E < 78 ; r
Ln (n/n ) = K2 [p2( , - ^ )+2 pb Ln- b2(r^-rj. (50) 

O t I *1 * J
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This expression covers the range of field strengths normally 

encountered in practice.

ill) 78 < B < 200 :
Ln (n/n0) = Kg [ c (r± - r) - p Ln (^/r)] (51) 

This expression applies to very thin wires.

Having determined the number of positive ions genera­

ted by the electron avalanche at a radius r, (rQ< r < r^), 

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 = rr As the nQ initial electrons move through 

their mean free path . in time A^, they acquire the 

necessary energy to ionize neutral atoms located at Tj~ r-L^ 

The positive ions liberated at r^ then move towards the nega­

tive outer cylinder. The number of electrons liberated at r^ 

is given by equations (48) to (51), depending upon the 

range of field strength B present at rv This action takes 

place step by step until the electron avalanche reaches the 

conductor. The mean free paths Lp lp ' ™a 

intervals A^^t, ... are calculated. The resulting pos­

itive 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 -Ajt, Agt, ••• 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 

r.» to r • and the number of collisions taking place within I o'
the distance between r^ and rQ. The energy acquired by an 

electron moving over a distance dr at a radius r is SE dr, 

where E is the field strength at radius r according to 

equation (22). If an electron moves from radius to r2 

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 

S V^, where vj is the ionization potential of the atom.

Hence Ç'2 B dr = —------ f'2 — dr = W (52)
) Ln(R/ro) J r

X -^1

or, Ln (r/r^)/ Ln (B/rQ) = Vÿ V . (53)

This gives the ratio of r^/r^ as

7J/V ,
r^/r^ z: (R/ro) 1 • (54)

The mean free path at radius r^ is 

r vj /v i
Lx = r2 - r^= [(R/r^) 1 - 1J (55)

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

tV’/V i (H/r0) 1 -1] . (%)
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The velocity of electrons is

V = u E = u V /(r Ln(R/r0) ) . (57)

Therefore, the time between collisions is

△  t = L/v =
Ln(B/ro) 
Tv (58)

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

r VVV "| k _ v
rk~ [2 - (R/ro) 1 J r± , (59)

and the time interval between the (k-0 -th and k-th collision

This sequence is continued until rQ is reached. The totàl 

number of collisions, , taking place from r± to rQ is 

obtained when
r0= ri [2 - W'o) 1 ]

r vj /v
or = ^(r^/r^)/ Ln |_2 - (R/ro) (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
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equations can be written down for the potential velocity 

v, and charge density p at any point r and time t :

Poisson’s equation: ( r ) ZZ - (62)

. x
Continuity equation: 4- r (r v) = 0 , (63)

Velocity: v = - u (64)

The time-dependence of the current induced in the 

electrodes can be obtained by solving for v and Ç from 

these three equations* From (62) and (64), upon elimination 

of 4/b r, there is

This gives
rv — ^Jr?àr 4" 311 integration constant with 

respect to r and therefore a possible func­

tion of t,

- j r dr + u A(t) . (66)

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

21 
G

0. (67)

A solution assumed for p is of the type

p (r,t) “ R(r) * T(t) , 

where R(r) is a function of r only and T(t) is a 

(68)

function of t only* From (68) and (67) there is



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 is a constant. Of all the possible solutions, we 

shall restrict to such a type of solution. Then

^2 dt = - T T& ar (Bjr Rdr ) " - <7D

Since the left side of equation (71) is a function of t 

only and the right side a function of r only, they can be 

made equal to a constant, - k, independent of both r and t. 

The two separate equations for T and H now become

T”2 dT/dt “ - k, (72)

and (r Jt  R dr ) + €A g = ^-r R . (73)

Solution of (72) yields

T = ( k^f k t )"^ , (7^)

in which kj is 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 equation will be 
o o 2

Ln —«_______ -------------------------------------------- 2 t +k2 ,
R-ke/u R - k€/u A k - B u 2 ’

••• vZv/ 

in which B and 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

7Z f ( B - k€2 A/u ) k^kt



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, 

_ 2 TC hQ rrc
Ln(rc/r0) J rQ

where hQ> rc — height and

and r == radius of

Using the expressions for f ;

(20,21),

Ÿ v dr , (77)

radius of cylinder, 

lonductor.

nd v from equations (68),

(?4) and (76), there is 

r° R dr 

r(R-k€ /u) 
o
.... (78)

Since the integral with respect to r is a definite integral, 

the time variation of i will turn out to be

Kt) ” r ( i +Y t )"2, 

where f and T include 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 consists of very sharp pulses 

following 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 pulses 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 Peak 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 manufacturer.

i. Negative Polarity

Figure 14 shows HIV readings for several wire sizes 

as a function of applied voltage and frequency of measurement. 

Under negative 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
RIV (f) = RIV0 [2 f/( ftg] * , (80)

where RIVQ is the corrected PEAK value at a reference 

frequency fQ, 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, Wurstlig,(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
i_(*)/i_(O) = [14- (Tp<d )2 ] , (81)

where Tp = a time constant for the positive ions and depends 

on the ionization coefficient , the mean 

free path L, and average drift velocity 

of the positive ions.

This equation shows that at high frequencies for which 

T to > 3, the amplitude varies inversely as the first power 

of frequency and differs with the observation made by this 

author that the amplitude varies inversely as the square 

root of the frequency as shown in equation (80). Furthermore, 

the author has not found any increase in HIV 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.



50

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

HIV = U72.M- r (E - Eq ) , (82)

where E is the corona-inception gradient as given by o
Peek*s formula, equation (39) with m= 1. The slope 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

K = 790 r2*^ + 30 . (83)

The gradient at which any of these lines gives no RIV is 

slightly less than the values calculated according to equat­

ion (39). It was also observed that for any conductor, some 

HIV was present at all negative voltages above the corona­

inception voltage.

lie positive Polarity

As shown in Figures 2 and 3, page 12, HIV 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 4P to FI readings is nearly 12 for stranded wires 

and as high as 500 for smooth wires, as compared to a value
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of 3 at negative polarity* This is indicative of the burst 

of noise oc curing on smooth conductors. However> the ratio 

of PEAK 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 level of HIV is nearly 10 times that 

at negative polarity.

Figures 14 (d) and (e) show RIV obtained from smooth 

and stranded No.6 wire at positive voltages. Corresponding 

PEAK readings are shown in Figures 15 (a) and (b), with both 

the measured as well as corrected 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 = Fcp (p2 + f2) (q2 +■ f2)_ (84)

where F^, p, and q are constants and f is the frequency 

in MHz. This equation is also the Fourier 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 diameter at voltages between 300 kv

and 500 kv.
warstlin has obtained the amplitude-frequency spectrum 

of positive corona discharge as



53

U* )/U0) = I 1 + J , (8?)

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 author*s ob­

servations the RIV varies inversely as the square of the 

frequency, while according to equation (85) of Wiirstlin the 

amplitude varies inversely as the first power of frequency. 

Experiments have also confirmed that the Fourier 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 - Eq ) , (86)

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

tor radius by a relation of the type

7.325 % 10^ r2'2* . (87)

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



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 is, it 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

POKER SPECTRAL DENSITE OF CORONA PULSES

AND OUTPUT OF QUASI- PEAK CIRCUIT OF NOISE METER

11.I 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.E.M.A., B.E.I., and R.M.A. was formed in the 

U.S.A., and by the C.I.S.P.R. In Europe, 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 interference levels should respond in a manner 

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 circuit 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 decrease in charging time constant of the capacitor 

from 10 ms to l ms*

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 

listeners' response to noise energies. Also, there has been 

no systematic 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-BMA joint committee.

In this chapter relationships are derived correlating 

the response at a given frequency of the quasi-peak weighting 

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 is
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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 is a double-expo­

nential as given by equation (1) of Chapter 1, 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 

levels 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 qua si-peak circuit shown in Figure 1 will be used;

2. The bandwidth-limited filter is ideal with uniform gain 

and sharp cut-off at frequencies fo - △  f/2 and 

f + △  f/2, where fn is the frequency to which the meter 
o ' o

is tuned, and Af is the bandwidth. Normally, frequen-
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des of interest are between 0*2 and 10 MHz for fQ, 

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 which is related 

to the meter indication by the simple relation 

(Figure 1).

Considering the circuit beyond terminals a-b, Fig. 3, 

the Laplace Transform Vd(s) of voltage across Rd, for an 

input VQ(s) at terminals a-b, is

where Tc = time constant of charge — Rc C >

— time constant of discharge _ Rd C (3) 

(^)and 0cd = 1/7 c + l/^ • 1

For the quasi-peak (QP) circuit, — 1 ms and %d — 600 ms* 

For the field intensity (FI) circuit, xc = %d =600 ms.

This gives values of nearly 1000 and 3.33 for 0cd for the 

two circuits, respectively. We now proceed to find VQ(s) 

when the input v±(t) to the filter is an unrectified square 

wave with amplitude A and period T' or radian frequency

2^f^= 2K/T’, Figure 4. The Fourier series for the 

periodic square wave is

(ûür) = A
it

(5)
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Considering the n-th harmonic term of frequency f = n f^, 

which is very close to the tuned frequency fo — (e)o/2TT , 

its Laplace Transform when rectified by the rectifier will

be, (12),

Vs) =
2 fl + - 1 (6)

where T = l/(n fp) = T‘/n, the period of the

n-th harmonic. (7)

Therefore the operational voltage

— 1 V") - nr tr n ^r______
.2 _ _ 2

across R& is

-I___  h + e-=T/2^ 
s+ *cd L

(8)

Its time variation (inverse Laplace Transform) is

vd(t) =
2 n wp

nU XC
Cd + si" “ wrt

cos n &)

where u(t) step function at t - 0

This output across Rd, due to 

is indicated on a meter having

a single harmonic frequency, 

a long time constant. Conse-

fluently the long-time average of vd(t) is to be evaluated.

This is j .
_ (av)= M -L “^r______ Aver. of e ed [u(t)+

d aK r= —J <10)

where the terms “d C°S

been neglected because they give a nearly zero average.

How, <U is of the order of 1000 sec^ for the QP
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circuit and if the tuned frequency fQ is very high, the 

terms u(t) + u(t-T/2) ... suggest very fast recurrence

of pulses having the waveform exp (-^^t ), as shown in 

Figure 5. For example, if the tuned frequency is fQ- l MHz, 

then T z l ps, and in one time constant, — ^cd *

there are 1000 pulses of the waveform exptiOOOt) coming into 

the meter. The time average value of exp(-0cdt) [u(t)+ u(t-T/2) 

...J can be calculated as the average within a time equal to 

5 time constants, during which theterm expt-d^t) decays to 

within 1* of zero.

Since pulses given by equation (10) are displaced by

T/2, the total number of pulses occuring within the time

of 5 «Ça- 5 tea is k = 5 Tei/W2) . Then 

r^cd -t/T^a f^ed -(t-5tea/k)
5 x Average z | e dt + j e dt

0 lied
k

*.... t
or, Average = 

5

1  e-(k+l)5/k -I

1 - a-?/* -
(12)

When k is of the order of 1000, the term (1 - e ) is 

negligible compared to unity and the average value simplifies 

to
Average % 4 k/2? = 1.6 Zgd/T — 1*6 a fp/^cd • 

Finally, equations (10) and (13) yiald, with ^cd ^cd
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, , MA 1 1'6 n f,
»cd

= A . %- . (14)

,L n &)r +

Furthermore, when the tuned frequency fo ( - n(û)r/2TT) is 

in the range of 0*2 to 10 MHz, and 1000,

. an

Then the meter indication for one single frequency in the 

input square wave will be simply 

’d«") = #-

If the repetition rate, f,, of the square wave is less than 

Af, the bandwidth of the filter, there will be i Af/fp odd 

harmonic terms which will pass through the filter, with half 

the number on either side of the tuned frequency fQ. Therefore, 

for n» l and fr< f af, the output reading of the noise 

meter at the ; tuned frequency fo is

va <fo) = -M- A = A △f/ûü o (17)
qp o xo

where % = 2 TV fo = 2 TT no fr = no<a>r •

The quasi-peak reading is therefore directly proportio­

nal to the pulse amplitude A, and the bandwidth of the meter 

△  f, but inversely proportional to the tuned frequency tQ* 

For given pulse amplitude and constant bandwidth at all tuned 

frequencies, there is



Vgp w q = A Af - constant. (19)

Thus Vgp is independent of the frequency of the input 

square wave but depends on the tuned frequency fQ.

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 f1 MHz is constant and independent of the 

input frequency f^. But beyond this frequency the output 

of the meter increases with increase in frequency of the 

input square wave. Variation of v^ with tuned frequency f0 

is 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 v^ with tuned frequency can

be expressed by a relationship of the type

qp - o

where the exponent ‘m1 has a value between 1.14 

in case the filter does not have a uniform gain

and 1.2. 

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 v„ 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 fr is 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 circuit increases 

with increase in frequency 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 

much 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 frequency. In usual cases met 

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



the meter was
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repetition rate is below 1000 per second and therefore there 

is no difference in performance of a QP circuit within this 

range under d-c or a-c corona. -

In equation (1^) it was shown that the average value 

of indicated voltage of

For the QP circuit, _ l«0. But for the Field Intensity

(FI) circuit, t c  =0,6 and 1/0,6-t- 1/0,6, from

equation (4), so that 0cd = 2.0. The FI weighting circuit 

will therefore indicate one-half the QP reading at any given 

tuned frequency. This is experimentally borne out.

11.3 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 T1 is, (12,13),

R(= ) = Lim
T/2

-T/2
f(t) f(t-T) dt

A2 (1 - 4x /T«) .

(21)

(22)

It is a triangular wave with the same period T1 as the 

square wave but of amplitude A2 as shown In Figure 8, 

page 61. The power spectral density is the Fourier Transform 

of the autocorrelation function and is

(te>o) : 2 j &CE) «os

- 8 A2/(W2 I') = 8 A2 f/Oq ^2^
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We can now compare the QP output of the noise meter wit 

the power spectral density given above, for the input square 

wave. When the detector has a linear input-output charac­

teristic, the QP output voltage was found in equation (17)

to be nearly

?qp( "V = * Af/üo (17)

Therefore,

1 -
VqpCWp)

Af
1/8 . (25)

This shows that the square of the quasi-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 can be equally well 

described by the power spectral density if the input charac­

teristics are known.

ZIA RESPONSE OF QUASI-PEAK CIRCUIT TO PERIODIC

CORONA PULSE INPUT

The positive corona pulse has been shown in Chapter 1,

equation (1) to have the time variation

i(t) z A ( e~at - e"^) •

The Fourier series for a pulse train having a period T*

(repetition rate r is

b—a 

ab T1

L sin n w t r '

- n2u)^
^-^)cos n^t

n=i

?
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where

1 (to) = -ï^
T* ab

b • a 
2. _2 2\,,2

>n = arc tan
(b-ra) n(o).

2 2" ab - n ce)y

cos (nti)Tt-^) 

. (29)

(30)

The amplitude and phase angles of harmonics are plotted in 

Figure 9, for n f = 0,1 to 10 MHz and fr = l/T* = 1000 

pulses per second, The values of the exponents ’a1 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

The input to the filter, ^(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 bandwidth. These harmonics are 

rectified and form the input VQ(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 2
2_h (b - a) (ab ~ n r > cos nM_ t
I' (a^n^^fb^n2^

2A sinn^t.
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The rectifier is half-wave rectifier and the output can be

expressed for the sine wave by
sin n £u(t) + u(t-T/2) -+ u(t-T) -+ 

and its Laplace Transform is

] (31)

n <ar [1 + + ,-sT^ (32)D 2 s^ nw2 
r

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

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

Laplace Transform is

s2+n2(&2 s^f- n2(e)^
e-sTA \ 1 + + ] (33)

. . Vd(s) consists of terms such as

1n 
“2----- 5—2s^ + n^w^

[1 ] (34)

and
1 n
^c s2 +- n2 o) r

—\ e-slA [1+ . J (35)
^od L J

and one term 

1 3 1
rc 3 +• n GÙ r 3 4-

(36)

For the sine component in ^(s), the output of the QP circuit 

is obtained by taking the inverse transform of equation (1) 

using equation (3^), thus:
T _ z A n ( b"- cxx ) 71^ *x

s T' (o.-tn’-to^) (b*H- -n-tor1-) Cc

Sm nié) t— cos 
nCdy T

(37)
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Similarly, the half-wave rectified cosine component of the

rectifier output will yield a QP response equal to

v (t) - — ___ !_ \x
c  t ' (sC+ -n"^)(bVt

(38)

The terms

a sin n go  r t [u(t) + u(t-T/2) + ....] 

represent a half-wave rectified sine with amplitude 

Its average value is 0^ /(K n^).

The terms
cos n topt [u(t) -n u(t-T/2)••••^ 

represent a wave as shown in Figure 11 whose average value 

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

the ratio
dc&/n w? - 1/400 (i •

The average value of rectified sine components given by

equation (37) is therefore negligible and the only term of 

concern is ezp(-0^t). Its average value has been found to 

be 1.6 n 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

, X _ ZA nwv ncJr ' hGnfr
vd<av; - T,

ZA Cb-a) (ab-n^y ) ( Ç n h(M;fr ।  1
. <?9)



The last term is negligible compared to the first two terms 

and the quasi-peak output is

2 A (b-a) -n 6üv

n^ (b^+ n^w

1 F Cb -r az) n (Uy y (J
<e Ad L

(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 passband. If the tuned frequency is high 

and there are only 5 or 6 harmonics passed through the filter 

nûùr is nearly constant for all these frequencies. For exam­

ple, if ■ the tuned frequency is fQ- 1 MHz and the repetition 

rate of pulses fr is 1000 per second, i.e. nQ = 1000, then 

n will range from 997 to 1003. Therefore the term 

will be nearly equal to «% = 1000 <ur, and the QP reading 

will be
1 6 A (b-a)op[ab d- (a+ b i Af

vqp" 7T T* ^cd fr

But T* = l/fr and rc Ucd 1 for the QP circuit. 

( j6cd - 2 for the FI circuit)» Also, + ^cd - ^o e

Therefore
v _
W“ ÏC

- w0) %] •ab + (a 4- b

Once again, for the corona-type pulse input, the output of
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the QP circuit is seen to be independent of the pulse repeti­

tion rate when the repetition rate is less than one half the 

bandwidth.

11.5 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
i(t) - A (e“at - e“bt)

with a repetition rate fr— 1/T* pulses per second. Its 

autocorrelation function is, (10), 
1/2

R(r) = Lim 1 f i(t) Kt-E ) dt . (k3)
T-^oo T ^-T/2

Taking a finite time interval I in which there are N 

pulses such that T — N T', there is 

T/2 rT‘/2 ,
f i(t) i(t-r ) dt = N ( i(t) l(t-c) dt (kk) 
J- T/2 -T*/2

TV2 
. . R(z: ) - Lim — I i(t) i(t-c) dt 

N-^oo NT' J -T'/2 

T'/2
- L. I i(t) l(t-3) dt 

T*

- + _L - _L_ (e-^ (45)
T« L 2a 2b a + b J

The quantity 

R(r)= _L e-9^ JL e-bI -  L (e-az+ ) (46) 
A2 2a 2b a 4- b

is plotted in Figure 12 for a 50/150 ns positive corona pulse



75

for which
a = 10.5 x 106 and b = 3^.65 x 106 .

The power spectral density is the Fourier Transform of the 

autocorrelation function thus:
fOO

& ((d) ) = 2 \ R(£ ) cos (sût d€
J0

= sL ——5-----5- (47)
T* (a2+ (=)^)(b^+ gd ^)

The power spectral density can be expressed in terms of the 

area of the pulse, that is the charge content, and the repe­

tition rate. Now, the area of the pulse is

T‘ A (e"at - at = A . (49)

0

Therefore, 
ÿ (QD ) = Q2 fr

(a2, w2)(b2>- a)2)
(50)

A comparison between the power spectral density $ (“) 

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

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

and

$ <%> _ _______ (b ~ (5D
A2 fr (a2i k)2) (b2 to2)

2 
li Vqp j (b-a) [ ab+- (at b - <^J|

’1.6 Uf/ [ (a2+ ^2>

On the same figure is also plotted the ratio

<53



76

12

A

50 100 ns

. 18 % 10"y

.. 16

Figure 12. Autocorrelation Function of Positive Pulse

z.

Ratio

Ratio

10

$ ( %)/A“ fr VQP^
AMA f

Figure



77

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 = 1.0 to 20). In the usual 

range of measurement used in practice, namely between 0.5 MHz 

to 1.5 MHz, (<q)o = 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, as it can be done by the square of the QP

reading per cycle of bandwidth of the instrument, (v^/Af) . 

This places a great emphasis on the need for measuring the 

characteristics of corona pulses and brings about the impor­

tance of the pulse power content on the level of radio 

interference of a transmission line.

II.6 AUTOCORRELATION FUNCTION 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 

interval 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
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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

T/2
R(r)- Lim A f l(t) Kt-r) dt (W

T IAj/ 2

As mentioned in Chapter 1, corona pulses give rise to impulse 

type of noise and not a random type of noise, that is, the 

pulses do not overlap one another. Also, the average time in­

terval between pulses is normally much longer than the pulse 

duration. For example, positive corona pulses are not more 

than 500 ns (0.5 ps) in duration while the average repetition 

rate is 1000 pulses per second, that is the average time 

interval between 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 tv t2, ...,tn (n^eo) as shown in Figure 14(a) 

The time interval T to be considered in equation (54) 

contains tv t„ ... as shown. On the same figure is plotted 

a second train of identical pulses displaced by a time inter­

r from the original pulse train. The product
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T/2

(a)

T/2
n

l(t-z )

(b)

i(t) l(t-z ) 
(e)

Figure 1^. Positive Pulses with Random Intervals
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$ (w)

Figure 15. Noise Meter
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l(t) l(t-z ) is then obtained and is shown in Figure iMc).

Now, the integral
, T/2
| i(t) i(t-r) dt

^-T/2

consists of the sum of a large number of integrals of the type

,t, »n
I i(t) i(t-x) dt + ... ... + J i(t) i(t-z) dt . (56)

o

Since the pulses are identical in shape and amplitude, all

the integrals in equation (56) have the same value and equal

»(T) = a 2 [A .-% _L e-bt - -dr W
L 2a 2b

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

then
T — p(l) tj. +- (p(2) tg + « * * rP(W t- " * ^P(n) 

... (58) 

Also, the number of pulses during time interval T will be

N = N(l) + N(2) * ........................... 4- N(n) (59)

where N(k) = number of pulses having a time interval

tk between them.

But N(k)= p(k) N . (60)
Therefore, N = N ^p(l)+ p(2)+ ... +p(k) -^ ... p(n)^ (61)

or, p(1)4- p(2) +■ ».... +p(k)t ... + p(n) — 1 • (62)

Thus,

Lim
T

T/2
1 I i(t) i(t-c) dt= Lim £p(D+
T -T/2 t -,» T

.. .4- p(n)J

- _L F(r ) , (63)
T»
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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 (^7)> thus

Æ (w) = 2Î -------(b * W
1* (a2+ «2)(b2» »2)

where fc) = 2 7f f .

II.7 RESPONSE OF QUASI-PEâK 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 random 

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 is

| 2 = 1, for fo- Af/2< f < f0+Af/2,

— 0, elsewhere, 
in which fQ = 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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A •' c cd

Therefore the power spectral density of the output of the QP 

circuit is

= IV^)!2 | Hf(3ou)|2 $ (<y) <67)

_ _1________ 1 1 .A2 (b-a)2----
" 6J2 +- X*2^ 2 T* (a -h to ) (b f-dD )

(68)

Since the frequencies passed through the filter in its bandwidth 

is from fQ - Af/2 to fQ+Af/2, the power content in the 

output when the meter is tuned to the frequency fQ is

f- <^^.^6^/2

o

where zz 2 7T ZX f e

Therefore,

- à­

... (70)

Now, t i

aC" b2^ to2"

I

(71)

Thus,

=

b^) “‘fb1 +
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4ir z^r' L Cb-a-'X^- A ' a

I I / —t

b h

. I I /V -I ÜLbf

-b ——:------ ------------- —7" I Ta-n —7----- u

These expressions can be simplified, as follows^ (17) • 
c^o-b^^/Z + too -^/2

Let 0n = arc tan —------------- and ©2 = g
a ........  (73)

Then Q = ®i “ ®2 - tan - arc tan

tan - tan ©2 
. . tan © - tan (^ - ©2) - tan tan ©2 + 1

zsoj/a____________

" । + c^)7ï
'

— — a , when (75)
oog+ a^

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

the tuned frequency. Therefore,

are tan %— - are tan^^ = 9 = arc tan

Similarly, arc tan -' - arc tan “° b = arc tan b2

and arc tan
“° = “° *“ 4 a­

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

- A^b-ar f • 1 j--f a aco
Qu v ' 1 —  1 — T/i1n ■1 1 '

L a') <& ^oL+al

• ( I j _ — I Id AoO

( 4^- bVCa- bV ^b1-

In practice, a = 10.5 x 10^, b = 34.65 x 10^, = 1000,

211 x 5000, and - 2 x 106 at a tuned frequency 

of f - 1 MHz. Therefore, the following approximations are

valid:
b

’ -o2^2
(78)

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

only the first term, there is

arc tan —5----- 5

^>0^ a :-2
(79)

Similarly for terms containing *b' and

With the above approximations, the power output at 

the tuned frequency of quasi-peak weighting circuit is finally,

( w ) - f _____ I_______ __ !___
qp ° 2- V Tz L

4-  !---------------- —L—
^o + b’-

+--------- !--------------- -J------  1

J <80)
- AcO A^C 1
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where use has been made of equation (71)•

But the input spectral density at the tuned frequency

fQ is obtained from equation (4?) with ou - > thus

. (81)
° T« (<^ .2,^2

The ratio between the power spectral density of the output 

of the QP circuit and the input pulses is

= „ 1 A- c -------5-^2 <82)

$ ( cOg) Z-e Wg + 0oa 2 T c

This shows that the output spectral density is related to the 

input spectral density by the inverse 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 pulses.



CHAPTER- III 86

DISTRIBUTION OF ELECTRIC FIELD IN THE VICINITY OF A 

SHORT EXPERIMENTAL LINE WHEN EXCITED BY CORONA PULSES

111.1 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 

characteristics of conductors used in short lengths and then 

extend these results to apply to a 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 8^00 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 impedance equal 

to its characteristic impedance in order to simulate an infi­

nitely long line as far as HIV is concerned. But the cost of 

this arrangement usually has prevented this scheme from being 

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 conductor terminated at its ends by its character­

istic impedance, standing waves are not present* It will be 

shown in Section III*5, equation (H), that the voltage to 

ground of such a conductor when excited by an infinitely 

large number of identical voltage sources, which are uncorre­

lated in time, is given by the expression

V - v0 /& ,

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

y __ voltage to ground of source at the same frequency, 

and oc - 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 unifounity of distribution of corona 

sources is very nearly satisfied in practices 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 being 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 if 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 

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 actual 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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signal generator yielding sinusoidal voltages at desired fre­

quencies from 0.5 MHz to 15 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 been measured by means of a 

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 ground surface on a sufficiently large 

grounded plate and connected to a 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 

the magnetic characteristics of the soil and requires the 

use of suitable correction factors. In all measurements of 

field intensities these two precautions or restrictions have 

to be carefully recognized.

In addition to the longitudinal profile of BI along
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ground near the line, the •lateral profile1 of r-f electric 

field intensity is of extreme importance, 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 right 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 practical 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 where this ratio is satisfied* The noise meter 

will then measure the expected long-line RI level which can 

then be logged continuously e

III .3 TOLERABLE LIMITS OF RI

The lateral decrement of high-frequency field intensity 

from a long line shows whether 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.O.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 value9 (2). Setting 

a rigid limit to the tolerable RI level is not a very practi­

cal problem and there are several reasons f' r this.

A power line traverses a variety of countryside, from 

regions where there is practically no habitation to regions 

having extremely densely 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 1complaints1 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 

limit 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 energy. The energy in 

each mode propagates with its own attenuation factor and has 

its own individual longitudinal and lateral profile for the 

RI field. The lateral profile is very difficult to estimate 

at the design stages because of the analytical complexity
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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 

limits. For the present, power companies have been working 

with the following approximate limits for RI in fair 

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 pV/m at 100 feet from

the outermost conductor along 

ground, (40 DB above 1 pV/m).

IIIA 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 » as shown in

Figure 3. The line is characterized by
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a) a characteristic impedance ZQ, and

b) a propagation factor, p = j $ ,

where ot= attenuation factor in nepers per unit length, 

- phase shift factor per unit length 

= 2T/A - 21L f/fQL at frequency f, 

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 Io and (I-®) Io, as shorn in Figure 3.

The resulting voltage at a point P to the left of the source 

and a point Q 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 % is equal to m IQ and (1-m) Io for the 

two sides* This gives: 

0 < y < x :

cosh py Zq
F sinh px

and Ip = -
r sinh px

........... (1)

in order to find the value of i-a. the current division, 

the voltage at the current source, y= x, must be equal when

coshp(L-y) 
sinh p (L-x)

sinh p(L-y)

Zo (I"") Io“ Io

(1-m) Io
Io
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looking from both sides. Thus:

cosh py 

sinh px
cosh p(L-y)

y-x — G - m) sinh p(L-x) y=x

or, coth p(L-x)________
coth px coth p(L-x)

(2)

The square of the magnitude of voltage at any point is then 

obtained from equations (1) and (2) as follows :

2 - i- z .2 i cosh p<L-x) sinh px ! 2 l cosh py l 
i ° °l \ sinh pL I | sinh px I

- * |Vo|2 [cosh 2oc (L-x) -r cos ? (L-xg [cosh2a y±c^J 

cosh 2o( L - cos 26 L
. ... 00

Similarly,
| y^(f) | — same as equation 00 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 I (j&>) 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 magnitude of HIV at the conductor 

at any point y along the line. Therefore,

[Ey(f)|2- |Ep(f)|2 dx -t- to

- I |xo ZQ| 2 (cosh 2otL - cos 2^ L) 1

sinh 2^L sin 2?L +=°s 2 f (W) sinh 2«y

+ ginh 2c*(L-y) cos 2py-r-^cosh 2* (L-y) sin 2?y 

+ (1/21' ) cosh 2d y sin 2^ (L-y) ] •• &
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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 attenuation factor oC , frequency 

f, resonant frequency fo — v/L, and line length L.

Equation (5) is plotted in Figure 4. for f/fo= 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 (Io . |SO(2 . to equation (5), 

the attenuation factor * deserves special attention because 

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

long, the first resonance frequency fQ is 2.5 MHz based 

on a value of 3x10® meters per second for the velocity of 

propagation of electromagnetic waves. When f/fQ- 0.5, the 

frequency under consideration is 1.25 MHz. The attenuation 

factor in Figure h must correspond to these frequencies.

Now, from experiments conducted of the attenuation 

of r-f energy on long alternating current transmission lines 

the attenuation for the line-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). to this work it 

will therefore be assumed that the attenuation factor at



98 

any frequency can be described by the following expression:

oC = 10"3 J7 nepers/mile 

= 0.62 x 10*6 ft , 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, 

|By(f)| 2/ |Bo(f)|2 = A cos2 2Ilf y/f0L , (7)

where A — the value of this ratio at ,ie 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

1^=0 2 - sinh 2<x.LT sin ] x 

\Eq

(cosh 2XL — cos ^Tf/f@) (8)

For frequencies which are multiples of one-half the reso­

nant frequency, that is for f/fo = i k, k = 1,2,..., 

it simplifies to
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1 
coth o(L . (9)

quantity id the voltage at the eenter

~nT '

A very Important

of the line obtained from equation (5) when y= 1 L. This is 

2
®L/2 1 L f sinh oiL sin 2 IT f/fQ
Eq cosh<XL — cos 2TT f/fo L o^L 2# f/f@ ■

.... (10)

This is plotted in Figure 5 for L ranging from 0.1 to 1.0 

mile and f/fQ 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 oc is assumed to vary as the square root 

of frequency according to equation (6), curves have been 

drawn for ck =1.0 and for cl  - 10 f •

Some important observations are made at this stage:

i) when oL is constant at 1.0 neper/mile, peaks and nulls 

are independent of frequency ratio f/fQ. Higher values 

for peaks and lower values for nulls are indicated as 

line length L is decreased from 1 mile to 0.1 mile;

ii) when ex = 10"^ f^, peaks and nulls depend upon f/fQ 

ratio. Higher values for peaks are now indicated as L 

is increased from 0.1 mile to 1 mile. This situation 

is converse of that occuring when is held constant 

because of increasing attenuation encountered at higher 

frequencies involved in a shorter linej
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ill) Nulls appear to be independent of frequency, but not 

quite, Even though their values are low, they have con­

siderable influence An the evaluation of geometric 

mean value of the peaks and nulls and thereby estimate 

the BI values of a long line,

III , 5 CONVERSION OF SHOBT-LINB 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 

line to the expected value of RIV of a long line with 

similar configuration.

When the limit of equation (10) is evaluated for

L = oo , the RIV value of a long line is obtained, thus: 

l=(f)|îong line '

or, (B(f)| = ^|Eg(f)| .

Having established the expected long—line level it is now 

necessary to enquire the method of obtaining the long-line 

RIV level from measurements made of ' ; the standing-wave 

frequency spectrum, at the center of the short experimental 

line.

From practical measurement of spectra of frequency of 

Bi 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 pro* 

perties of RI measured at ground level, it is assumed that a 

similar property exists for the RIV existing on the conductor.

Evaluation of values of frequency ratio f/fo at 

which maxima and minima of equation (10) occur is quite 

difficult because of the resulting transcendental equation 

from which f/fQ value has to be solved for. The situation 

is further complicated when the attenuation factor # is 

assumed to vary as the square root of frequency f* When X 

is taken to be a constant and independent of frequency, a 

numerical calculation shows that successive maxima of the 

expression in equation (10) occur when f/fo is an integer. 

Except for the first minimum value, all other minima of 

equation (10) occur when the frequency ratio f/fQ equals 

i(2k-Tl), k = 1,2,***, that is at frequencies which are odd 

multiples of one-half the resonant frequency fQ* The first 

minimum is displaced from f/f0= 0.5, and occurs at f/fo= 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/fQ= %, 

an integer, in equation (10), thus:
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|E<f) |nax _ L [ sinh oil,
|E (f)|2 " coshoiL - cos 2KX L oCL

sin 2iTf/fo-i
2 TT f/ fQ J

L 

co shoe L ■ l
sinh<x L 

(X L
_ co th (13)

This gives the equation to the curve passing through the 

peaks of the frequency spectrum of RIV.

The minima of the frequency spectrum are given for 

f/f - i(2k - 1) in equation (10), thus:

l - t -j
IV? 4 o f' —

- L f sinh^L,-] _ 1_ tanh . (1M
cosh o< L -f- 1 L <X L J

This is the equation to the curve passing through the minima.

The two curves corresponding to equations (13) and (1*0

indicated in Figure 6 for a positive corona pulse possessing 

the frequency spectrum

|BQ(f)| 2 = F2 |(a2-p GD2)(b2-r co2)] . (15)

When the geometric mean value of the curves passing through 

the peaks and nulls is evaluated, one has

IVI 2= [W2 • IS-ml2 J *= 2 <16>
or, [Ega l = oC* |Bbl '

But equation (17) is identical to equation (11) 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 can now be summarized 

as follows:
i) Measure the RIV at the center of a short line over a 

wide range of frequencies.
ii) Draw a curve passing through the maxima of the frequency 

spectrum thus obtained, and a second curve passing thro­

ugh the minima.

ill) At every frequency, 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 (W, the ratio of measured value 

of HIV at the center of a short line to the expected level 

of a long line is obtained as

txt ^±22^21
-lia)

IB I

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

eX. L________  

cosh ex L — cos 2Vf/f_
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mentioned in Section III.2, when the longitudinal profile is 

available, the noise meter can be moved longitudinally to a 

location where the meter reading does give the long-line level.

IIK 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 111.4, equation 

(8). The corresponding charge distribution is

w w ° •
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 point? 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 coordinated of the point P are 

(L/2, y, H), as shown in Figure 7. The electric potential 

dp 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 dp 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

4k

Z

Figure 8
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, ,L _-j-0 r
Dp = —L- ( 9 dl (19)

Jo r

where e = permittivity of free space = 8.8^ p.pF/m, 

■V = /v = 2 T/% ,

v c velocity of electromagnetic wave, 

and }\ - wave length.

Equation (19) applies at a single frequency and the factor 

exp (-joot) 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 coslnusoldai 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 calculated. The radius vector r^, 

X k = 1,2, ..., 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 point P on ground will be

r. - I y^ [ (k-&) L/m - & 1]^ J • (20)
K I J

Therefore, "d r^^ z = * (21)

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

_— COS Ce) (t

K rk
(22)

The vertical component of electric field intensity at P due 

to the charge and its image below ground is then

△  Ey - -2 b c) z

- 2—— q. f r^ cos (cDt - 2 71 r^> )
L & &
- r^ sin (cot - 2 tt  r^/A • (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

E = z q. [ r^ cos (cot - 2it rjJX )
v " 2K€ K L K

* - r"2 sin (wt - 27Tr/A )J . (A)

The vertical component of field intensity at P on the ground 

is finally obtained by replacing s by E in equation (2^), 

thus:
E -% (1 + r^ cos («Dt-----f- ffch

V 20 k=i rk ... (25)

where tan •

in practical situations, when the line height is more 

than 10 meters, the angle is 90°. This gives

E. - -__ - qv r^ sin (w t - 2TTrk/^ ) • (26)
V 2TT€ K K
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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

E, __a
2Tte

m
Z? qk 
k = 1

^2 ( sin wt cos 2 irr^^ 

- cos cot sin 2 ^r^

where

m

2 ire k= 1

m

DkTi
m

k= 1
^k

tan 0
m

The amplitude of E is

m

as

at

2ir^ k= 1

.-2 
k

.-2 
k

'k2

.-2 
k

cos 2TCrk/;x )

cos 2 it ruf

*k2 COS 2 TTF]

Lateral attenuation

the ratio ’p1 of E,

sln&)t

cos

2

i
cos (&> t ^-*)

(27)

sin
2ïïrk

(28)

^2 cos
, \ 2 
k\ m

k= 1

L 2W
|-sln-^ 

k
.... (29)

of this

at a

y- 0, that is under the line

y K

-2 
Coszu-Tk.

field intensity

given value of

This is

-z
c S i-n

is determined

y to that

2H-rk

\o Stnn 
kc|
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When the charge distribution on the conductor is assumed 

to have a co sinusoidal variation, it may be expressed as 

q = Q cos f0f0 L. (31)

Then.... kL/m

J(k-l)L/m

= S f0 L eos £££ (k - A sin 11 . (32)
TT fo" " fo

Figures 9 and 10 show calculated values of lateral 

attenuation ’p’, for line lengths of 120 meters and 800 meters, 

and line height H-12.5 meters, and for several values of 

f/fo* On the same figure are plotted two curves according to 

the expressions p = Vr and Vr2, 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/fQ = 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

IVel INTRODUCTION

In selecting the size and configuration of conductors 

for a given operating voltage from its radio-interference cha- - 

racteristics, several alternative designs have to be worked 

out before a final choice of design is made* In doing so, it 

is necessary to have information on the following items:

a) limits for tolerable RI from transmission lines; 

b) variation of RIV of conductor with applied voltage;

c) working voltage for conductors of given size and 

configuration at which the limit of tolerable RI is 

reached; and
d) comparison of RI labels 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 experimental lines, 

(1 - 8), combined 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- 

tiens 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 it 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 

isselected 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 is 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 BI levels of conductors 

used for d—c 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 sizes 

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 to 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 BI limits. It 

is therefore beneficial to know the variables in the problem 

and the extent of their effect on BI levels. Many of the 

important weather variables and their quantitative effect 

on BI 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 rainfall;

c) type, rate and intensity of snowfall;

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 conditions can be included 

in design procedures by suitable empirical correction factors, 

except for transient and unforeseen deposits on conductors 

caused by birds audi 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 to 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 van 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 

M-* Two—bundle conductor in bipolar line*

These are the most usual conductor configurations used in 

practice.

The analytical procedure for calculating relative inter­

ference levels is based on'. the following assumptions which
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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:

1) RIV proportional to voltage;

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

2. Variation of RIV with weather conditions at a given 

voltage is expressible by a single factor, called the 

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 r~b kv/cm (1)
os

For stranded conductor with a rough surface, it is 

G = m G_ = 30 m (1 ± 0.308 r^) kv/cm. (2) 
o os

The factor 'm' is called the surface environment factor 

and is less than unity. Correction for air density is 

included in m.

h. 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 

square 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: _
4

RIV ~ a, V1 (3)
1=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

11) linear variation 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+ —— V , (?)
*1 k

Since RIV is zero at the corona-inception voltage VQ, we have 

RIV - <w£ k)'1 (V-Vo) <6)

where A end wJ depend on the weather conditions and 'k1 

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 is

Vo = % k =r 30 a, (1 + 0.308 r*b 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

a- = («2 k2)-1 ( V - Vo )2 . (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

S1 - B 2 TT r w^ k"2 ( V - VQ )2 (9)

Under the assumption that every unit surface area of conduc­

tor gives the same amount of r-f energy for equal values of 

wx and g = (V-V^/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 

equal to unity if only comparison of RIV levels are being 

carried out. Thus

S1 = 2 it r v"1 k"2 ( V - Vo )2 . (10)

When the DB value of RIV varies linearly with voltage, 

it may be expressed by

20 Log10(RIV) = ( V - Vo)/2 k wj (11)

or, RIV C 10(V-?o>/2 k (12)

where v2 *2^20.

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 )A Wn
10 ° 10^2 (13)

This gives the energy generated by unit length of conductor as

S2
g/v2

2 71 r 10
I.'"'"' aw

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 energy density is 

given by equations (10) or (l^). They will be carried out 

for four particular cases of conductor configuration mention# 

in Section 1X4 , page 116.

IV.4 SINGLE CONDUCTOR IN MONOPOLAR CONFIGURATION

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

surface is
1) = w-1 ( V - T„ )2 (15)

U) 10^2 = (16)

where w^ and Wg are constants and depend on weather, 

g voltage gradient in excess of corona-inception

gradient = G - GQ,

Gq „ corona-inception gradient — V^/k;

G = surface voltage gradient on conductor —
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V — applied voltage,

VQ — corona inception voltage

and ratio of voltage to surface voltage gradient 

- r Ln (2H/r) . 0-7)

The total energy developed over a unit length of conductor, 

the linear generation density, is

S- 2 TTro-' (18)

Then the r-f energy over a differential length dt of the 

conductor is S d£ ♦ This energy divides itself into two equal 

portions and travels on the conductor on both sides of thé 

source, as shown in Figure 2» In doing so it attenuates by 

2 oc nepers per unit length. The energy received at a point 

P at distance from the source will be

i s at e-2*1 (19)

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

W - 2 e~^ dlx S/2 di = 7T r /ot. (20)
J0

where thetwo types of variation of are given in equations 

(15) and (16). The quantity 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
(21) 

DB — 10 Log^o W

It is afunctlon of a) conductor radius, r; b) applied voltage, 

V, =) corona-inception voltage, V,; « Une height a which 

enters in the factor .) the attenuation factor, ot $
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and the weather constants, w1 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 is varied; 

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

ductor 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 q 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 obtains 

vertical comp. of elec, field intensity at point y 

_ on ground_______ _ ______ ___________ ______ _
5 ” charge per unit length of conductor

r. ( 2 it  e )-1 2 H y2)"1
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Therefore the energy involved in the vertical component of 

field intensity is
- W 5 2 (23)

8
and the 'relative' value of ground field intensity, or RI 

level is
E = w| . <2*0

Its decibel value is
DBg - 10 Log10 Wg = 10 Log10 (W32) <25)

The final expressions for relative interference level for the 

two types of variation of W with applied voltage V will 

be as follows:
1) Linear variation of HIV of conductor with voltage: 

(RIV)2 = irr )-1 ( V - Vo)2 (26)

(RI)2 = -IT r T1 ( V - Vo)2 (

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

applied voltage:
(RIV)2 = ^r 10<V <28)

10"-w •>. ( " )- <=»
— HT-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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9G - _J___  
2TTer

(30))
s + r

where

and

q - charge per unit length on each conductor, 

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 neglected and is given by

Gav= q (21T é r)"1 = V/k^ ^1)

Variation of surface voltage gradient on conductor with the 

angle Q is expressed approximately by the expression 

G — Gav ( It 2 r cos 9 /(s-t-r) ) . (32)

Because the voltage gradient on conductor varies with 9, 

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, GQ.

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 (i): Linear variation of RIV with voltage ;
When o- is given by equation (8), the energy generated
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over a differential angle de is

dS = cr r de = wj1 ( G - GQ )2 r de

2 
r de

.. (33s T r

Therefore, the total energy generated by one co nductor, when 

only a portion e on either side of the point of maximum 

gradient (e - 0) is in corona, is
2

S,^JdS=2j rd<*

= & •
(s + r)

+ JiJL (Gav-G0) sin 9 + Sin 2@] »)
s+ r (s-f- r)

In the case when the entire periphery is in corona, the r-f 

energy generated by one conductor is obtained by using O-IT

in equation (3M • This is

* % + is-t r/ w1

( V - Vo )2+

Gav

(35)

The total energy generated by the bundle is twice that of

equation (35), thus

= 8K * [ ( V - v0 )2+-

W1 k2m

r2

(s-f- r)2

(36)

The value of is
ko« = r Ln (4g2 /r s ) 

dm
(37)
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The voltage at which the entire surface of bundle gene­

rates r-f energy is determined when

V. ( 1------) = V (38)
' S f T °

= 30» a+®îM) 

1»^

upon using equations (2) and (37)<

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

voltage

When tr' varies with voltage gradient according to 

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

(G—G )/w«
dS = o' r de = 10 ° * r de . (W

The total energy generated by one conductor of the bundle 

when only a portion e of the conductor, on either side of 

0=0, is in corona will be

_e + 2r cos dû
= 2 r J 10*" av

° - G2)/v 2 2r GaT cos 9/(s + r)w2

0

This integral can be evaluated by a numerical method using 

Simpson’s 7- or 13- ordinate method. When the entire conduc­

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

bundle is
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H = * L - io^2

* ”0

% 4 7T r

de

I,( -14-^ G) (42)
V 9 «2

where IQ(x) = Bessel function of second kind and order zero 

The integral in (^2f is of the standard form and given by 

Formula 813.1 in Dwight’s 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:

1) Linear variation of RIV with voltage:

(HIV)2 = - [ (v-v )2+ -2-—^ V2]
„ ,2 u ° (s + r)

(RI)2 = 4. r _

W1 k2m
[(V - (W

ii) Linear variation of DB of RIV with voltage:

<RIV)2=
2

(RI)2 = (RIV)2 (^2^2)

All these four expressions are valid for V > Vg, the voltage 

at which the minimum gradient on the inside of the bundle 

equals the corona-inception gradient, equation (39)•
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IVe6 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:

matrix can

v.

z1

z*
(47)

The impedance be diagonilized by finding its eigen

values which are

z* and (48)

This gives the eigen vectors

for and for (49)

By this procedure, we obtain the following new equations

or, (1)

(2)J

where v(l) -

z(l)

z 

z*
z*
Z,

(1)

2J

(50)
Z(2)J (2)J

^2 = z ~ z*

i
2 J

*

4

» 0

o

2

(2) 21

(1) = i 2

1(2) " 2

and
z(l) -

z(2) -

z

z z1
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Equation (50) gives the performance of the r-f voltages, 

currents and the ; charges accompanying than in modal form, 

and together with the eigen vectors of equation (^9) can be 

physically interpreted as follows:

The actual voltages on and currents flowing in the two 

conductors can be resolved into two components ( v^) » ^(1)^ 

and ( v/,x, if~x) . The two voltages now have no mutual inter­

action end propagate Independently on conductors with impedan­

ces z(1)= z -P z' and z(2)= z - z' , respectively. In the 

first mode, a current læ- * ( 1^^ in
conductor in the same direction with return through ground. 

They are associated with equal charges and of the same pola­

rity on the two conductors. This isi the line-to-ground mode.

m the second mode, a current i^)- & (1% “ ^2) 

flows in one conductor and the second conductor carries an 

equal current flowing in the opposite direction. The two 

conductors form a closed circuit with no current flowing in 

the ground. This is the line-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 Sf and S. are the r-f energies developed by 

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

associated with the two modes are
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(51) 
and ^(2) " — S_ )

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 energies

%) = S(2) - * S+ • l52)

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

quent calculations and discussions of relative interference 

levels.

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

and a d-c line. In an a-c line, the three phase-conductors 

generate 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 is 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 attenuation 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 and

will be

Now. the

used for all calculations.

energy received at any point P on the conduc­

tor can be evaluated from a relation similar to equation (21) 

The enrgies received at P from the two modes are

«(D = ;W2 ^(D = S*A 1 <53)
and W(2) = S(2)/2^(2) =

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

thus:
W = 1 + 

^(1)
iS+ (

The spectral energy density cr 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 levels. 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 y from the line, due to the charges 

on the conductors and their images below ground, is
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(55)

The ratio of this vertical component of field intensity to 

the charge on the conductor in this mode will be called the 

"field factor". Thus the field factor in the line-to-ground 

mode is
r _ 2 H
ar

i______
+ (y +- d) 2

. (56)

(b) Line-to-llne mode:

The charge distribution on the conductors in this 

mode consists of equal charges but of opposite polarity, and 

the field factor is
T - 2 H F 1_- _ —-I--------- g 1 * (57)
42) - 2ire li2ty2 (v^ J

Since only the relative interference values are of interest, 

the factor 2 IT6 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



Total Field Factor

Figure 8

Lateral Attenuation
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^2) = W(2) (2) “ J (2) S+ (2) * <59)

Then the total energy content in this field is

b 2 = 41) = e (2) = ♦[ ^ai^a) + J(a/'*(a)] s+-

(1) + ^(2) -1%] » + A«a) . <6O)

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- y and at y= 0. This 

gives the lateral attenuation of electric field strength or 

the RI level. This ratio is

x \ /r < i ^2 ) I
\b = \ / L u / v = c

J*J /

2 
I I_______7 x r__ I__________ !______ — 7 deg

I + J (61)

- ~ ।  it c ।  7^
? I -r J + l ' t-r(a/H)x J

It is also plotted in Figure 8 for <^(2) = 10’ ls 

called the ‘total bipolar field factor*.

One can observe at this stage a fundamental difference 

between the energies associated with the two modes of propa­

gation of r-f waves on a 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 modes do not affect the 

RI level. Use of these properties has been made in design of 

Power Line Carrier, (11)»

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 

Bi value measured at ground level. The ratio of field inten­

sities contributed by the two modes is obtained as
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y line-to-ground mode intensity 

line-to-line mode intensity

-------- 1- ------------1----------2
_ 1 » (y/H)z 11 (y/H + a/H)^_________ (62)
" [ 1 _ 1 T ( °kl) 1

*■ H- (y/H)2 14- (y/H + d/H)2J ^(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 (d/H), and for ^(2) “ ma^

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, ana the distance at which BI 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 d equal to or greater 

than the line height, (d/H 1.0).

0 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 considerable 

influence on the RI levels, unlike in an a-c transmission 

line in which the line-to-line modes of propagation have 

relatively smaller effect.
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10 ■ Calculated ratio

Figure 9

Line-to-line mode field intensity

Region in which L-L mode field 
exceeds L-G mode field
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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 )2x —-----r ( v - vj2 (1+^0- <63) 

2 °((1) *1 klb <2>

2^(1)

In these equations, _____
k_. = r Ln (2 H d/r J Mï2 + d2^ ) • (67)
ID

IV,7 TWO-BUNDLE CONDUCTOR IN BIPOLAR CONFIGURATION

The two—bundle conductor in bipolar configuration is 

the most important type of line and combines the analyses of 

Sections IV.5 and IV. 6. In a manner exactly similar to equa­

tions (30) to (35), the total energy generated by the bundle 

can be calculated for this configuration.

^(1) 1 
(RI)2 = —[ S2^ ?22j  ] (64)

2 «(1) "1

Case (ii);Linear variation of DB of RIV of conductor 

with voltage:

(RIV)2 = ---- 10 ° 2 lb ( î + °\2)>

2^(1)
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Çgse 1. Linear variation of RIV with voltage;

When the entire bundle is in corona, the r-f energy

developed per unit length of conductor is

8 f r

W1 k2b

(68)

where the value of k2b is given in the next section, equa­

tions (?6) and (77)•

Case (it). Linear variation of DB of RIV with voltage;

When the entire bundle is in corona,

2^ = T r
iq (V-V0)/w 2 k2b

o's w2 k
(69)

The voltage at which the entire bundle generates r-f energy 

is given by an expression similar to (38) and (39), thus.

Vg = 30 m ( 1 + 0.308 r"^ ) k2b . (70)

Having determined the linear generation density of r-f energy 

of the bundle, the vertical component of electric field in­

for V > V_.88

tensity at ground, that is the RI level of the bipolar line, 

can be found from equation (60).

Case 1. Linear variation of RIV with voltage;
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Case 11. Linear variation of DB of R1V with voltage:

*(1) 

^(2)

4 7c , _
■ - XU *

^(1) , z
tC^JL ) , (72)

s w2 k2b

for V > Vse

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 tkl can be derived from 

Maxwell rs potential coefficients and have the following values:

1) Single conductor in monopolar configuration :

k^ - r Ln (2H/r) . (73)

11) Two-bundle conductor in monopolar configuration:

k^ = r Ln (^/sr) • (7M
2m

111) Single conductor in bipolar configuration:

klb - r Ln (2Hd/ r J 4A- d2 ) . (75)

iv) Two-bundle conductor in bipolar configuration:

s(d+- s) / ^H2 f d2 

------ r o "7 
r d + (d+s) 
s(d-s)AH^-*-cê Ln 

rd Æ-(d-s)2

2H d 
~ d2

(76)
k2b ' s2 (^H2 d2) -

Ln r2 (d.s)2
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If the intra-polar conductor separation 's' is such that the 

approximation ^d-s) (d + s) = d is made, then equation 

(76) reduces to the much simpler form

*» = ' “ 2
s r (4 d2)

(77)

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 :

i. Linear variation of HIV of conductor with voltage:

(RIV)2 = -L- 1%- <v - V2 ■ (78)

<RI)2=

Ü. Linear variation of DB of RIV of conductor with voltage: 
(RIV) 2= — 2 Tfr 10^ ^o^^lm (80)

2<X

k. - r Ln (2H/r) . (82)
im

2. Two-Bundle Conductor in Monopolar Configuration: 

i. Linear variation of RIV of conductor with voltage:



(RIV)2 - 8 T [ (v - v )2-r—^"2 v2 1 . 6 3)
2OCW, 4 1 0 (s^r)^ 3

1 dm

<ri)2= 7^

11, Linear variation of DB of RIV of conductor with voltage: 

(btv )2- "2" i (2ù ££_2_). (85)
2<* s *2 k2m

(RI)2 = 2. (86)

2^ s w2 k2m B

All these four expressions are valid for V > Vg where

Vg — voltage at which minimum gradient on bundle equals 

the corona-inception gradient

- 30 m ( 1-b 0.308 r"* ) s
s — r

and k2m - r Ln (M-Asr) = r Ln(2H/r) +- r Ln(2H/s) 

= +- r Ln(2H/s) . <88)

3. Single Conductor in Bipolar Configuration.

le Linear variation of RIV of conductor with voltage:

(RIV)2= 2 f r (V-V )2 f V«(a) . (89)
W1 ^.b

(RI)2= 22Ü---------- -2 <V-V0)2 [ 5(1)* ^(2) -^7(90)
U (1) klb (2)

11. Linear variation of DB of RIV of conductor with voltage: 

(RIV)2 . Ilir 10<V-VoV*2 ^Ib (1/c<(1). 1/C(2)). (91)
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* v (2)

H?+- (y rd)2

-------- 2^
+- (y+d)2

(93)

(9M

(95)

These values of ^(i) ^(2) one ^^l-^ 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.

if, Two—Bundle Conductor in Bipolar Configuration.

1. Linear variation of RIV of conductor with voltage:

(RIV)2-

(RI)2 -

2
.. (96)

lie Linear variation of DB of RIV of conductor with voltage;

A,6r ) / ,1_ 
o s *2 k2b 1 ^(1)

(«!)== ^2b

°X1) 2

2
(2)

^(1)

(2)

2

(99)
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These four expressions apply when V > Vg, the voltage at 

which the entire periphery of the bundle is generating r—f 

energy.

The above equations for (R1V)2 and (RI)2 have been num­

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 assumed. This 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;

c) Falcon conductor: 1.6-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 line, the pole separation is 

25 feet.
For the above dimensions, Figure 10 shows values of 

k-. « K-». k_ , and k^ calculated according to equations 

(73), (74), (75), and (77). Figures 11 through 14 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^, 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>Vg 

when the entire periphery of the bundle is in corona. The 

factor IO(4.6 r V/s w2 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 — VQ, 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)2, the relative ground­

level field intensity, at a distance of 100 feet along 

ground, (y= 100), for these four line 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 (MV) 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 
2 conductor, the voltage ratios are 0,72 and 0,7^ at (RIV) 

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 7* 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 20# that for a monopolar 

configuration. The reduction in voltage in the bipolar case 

is caused by the increased surface voltage gradient on the 

conductor due to the presence of a negatively charged 

conductor,

2, in a bipolar configuration, Figures 13 and 14-, consider 

a single conductor and a two-bundle conductor having equal 

cross-sectional areas, that is the same conductor cost.
2 

Comparing a two-bundle Lark with a single Drake, an (RIV) 

level 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 conductor. 

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 35° KV, while a 

level of 10,000 for (RIV)2 is reached at 400 KV and 375 KV, 

a difference of 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 in monopolar configuration and a single 

conductor 2.0-inch in diameter in bipolar configuration yield 

the same (RI)2 level of 10“2 at nearly 400 KV. The cost of 

conductors is in the ratio of 1 to 5 and the power-handling 

capacity is also 5.

As mentioned in the introduction to this chapter in 

Section IV*1, when experimental results of operating voltage 

on one conductor size is ascertained for a set tolerable 

RI limit, then these figures can be used to ascertain the 

size and configuration of conductor that shall be suitable 

for any other operating voltage. This aspect of the problem 

is discussed in the next section where experimental results 

are given and compared with theory.

IV.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 800 of 

the time. Two different 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 w2* From equation (12), for any conductor, 

variation of RIV with voltage is expressed as 

(V-VÏ/2 k w2 
RIV = 10 ° * •

If R1 and R2 are the RIV values at two voltages and V2, 

then = 10(Vr»Ve)/2 k V2

(Vp-V )/2 k w2 
and R^ = 10 •

From these two equation, 

w2c (V2 - vp/ k Log10(R/R1) (100)

From Figure 17, which shows average variation of RIV with 

voltage obtained from several runs, the following values for 

w2 are obtained;
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1) For single Lark conductor, at 230 KV, Rg— 8,000 pV 

and at = 200 KV, 3200 pV.

These HIV values are QP values at 1 MHz.

2 x 6.7 x Logijg^J

From Figure 10, the value of k^ for Lark is 6.7*

ii) For the two-bundle Lark, at voltages of 300 KV and 2^0 KV, 

the RIV values are 3 >600 and 800 pV, respectively.

= 2-------------- = 3.33 .
2 x 11.5 x Log-w(

From Figure 10, the value of kg^— 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 k^ curve to k^ 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 (9M 

and (95) for the bipolar line and from equation (23) for the 

monopolar line. These are:

i) for bipolar configuration with H =30, d =30, and y -100.
2 z

'«%?-7^731
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2
(2) ” 2 2 2 2 x 10

2
(1)

2
(2)

* (1)

(2)
126 x 10-6

11) for monopolar configuration:

2 H
2 „2

2
30.3 x IO"6

The RI values at 100 feet from conductor 

lated from equations (86) and (92) are: 

i) for bipolar single Lark conductor:

along ground calcu

(RI)2 = 2
iq (V-V0)/w 2 2

(1)
(1)

2 —CD
(2) <(J>

x 10 1O(V-152)A2.5

At VQ = 152 KV

At V - 252 KV

(RI)2

(RI)2
1.14

~ 2.62

x 10^

x IO"2

11) for two-bundle Lark conductor

(RI)2 z 2 /-P
^(1) I @2 +

2

' in monopolar configuration: 

(V-V°)/w2 k^ ^,6 r V \
10 Vs w2 k^^

220 x 10 1G(V-25O)/38.3 1^(0.268x10-2 V)

At VQ = 250 KV (RI)2 x 10

At V c 350 KV (RI)2 - 1.10 x 10

The above values are plotted in Figure 18 and are

straight lines on semi-log paper.
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Figure 18, Comparison of Experimental and Calculated 

RI levels
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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:

i) single Lark in bipolar arrangement: 205 KVj 

ii) two-bundle Lark in monopolar arrangement: 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 

1 Apolar arrangement is 2.0 x 10 $ , and this level is 

reached on the two-bundle Lark conductor in monopolar arran- 

g estent 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 discrepancy 

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 subjected to 

test in a given configuration for a chosen RI level is 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 allowable

limit 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 KL level are read 

off from Figure 15 from a constant (RI)2 value of 7 x 10 

as follows;

Monopolar configuration: Single Falcon ....... 350 KV;

Single Special 1.8" ... 378 KV;

Single Special 2.0" ... ^15 KV;

Two-bundle Drake ..... 380 KV.

Bipolar configuration: Single Drake .................. 220 KV;

Single Falcon ................ 283 KV;

Single Special 1.8" ... 308 KV;

Single Special 2.0" ... 328 KV;

Two-bundle Lark ...... 2^5 KV;

Two-bundle Drake........... 308 KV.

In order to design a d-c transmission line f<r a 

given operating voltage, figures such as 11 through 15 ««st 

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 

line configuration for given operating voltage.
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