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INTERNATIONAL ELECTROTECHNICAL COMMISSION
INTERNATIONAL SPECIAL COMMITTEE ON RADIO INTERFERENCE

RADIO INTERFERENCE CHARACTERISTICS
OF OVERHEAD POWER LINES
AND HIGH-VOLTAGE EQUIPMENT -

Part 1: Dpccription of phpnompna

FOREWORD

The International Electrotechnical Commission (IEC) is a worldwide organization standardizationncomprisihg

all national electrotechnical committees (IEC National Committees). e E is to\promagte
international co-operation on all questions concerning standardization in the_electrical afd‘electroni¢’fields. [To
this end and in addition to other activities, IEC publishes Internationak’Standards, hai pecifications,
Technical Reports, Publicly Available Specifications (PAS) and Guid a erred to as “IEC

Publication(s)”). Their preparation is entrusted to technical committe€s; a atlona Committee interested
in the subject dealt with may participate in this preparatory work. e 1ona ernmental and ngn-
governmental organizations liaising with the IEC also participate i a EC collaborates closgly
with the International Organization for Standardization (IS i 5 ce W|th condltlons determined |by
agreement between the two organizations

The formal decisions or agreements of IEC on technical ers early as possible, an internationpal
consensus of opinion on the relevant subjects sinegé“each i ommittee has representation from fall

IEC Publications have the form of recommendations ional_use and are accepted by IEC Nationpal
Committees in that sense. While all reasonable efforts de to ensure that the technical content of IEC
Publications is accurate, IEC cannot be e way in which they are used or for any
misinterpretation by any end

In order to promote intern i
transparently to the m i i ir mational and regional publications. Any divergenjce
between any IEC Publicati € ) ponding-national or regional publication shall be clearly indicated|in
the latter.

IEC itself does r P 3 i ity e ) . I
assessment servic . aceess to IEC marks of conformity. IEC is not responsible for any

services carried out o

No liability shall a ch to IE i ctors, employees, servants or agents including individual experts ahd
members of(its te i s and IEC National Committees for any personal injury property damage|or

Publications.

Attention is drawn’ to ormative references cited in this publication. Use of the referenced publications|is
indispensable forthe correct application of this publication.

Attention\is) drawn to the possibility that some of the elements of this IEC Publication may be the subject|of
patent¥ights. IEC shall not be held responsible for identifying any or all such patent rights.

e marn task of IEC technlcal commrttees is to prepare Internatronal Standards However a

data of a drfferent kind from that which is normaIIy publlshed as an Internatronal Standard for
example "state of the art".

CISPR 18-1, which is a technical report, has been prepared by CISPR subcommittee B:
Interference relating to industrial, scientific and medical radio-frequency apparatus, to other
(heavy) industrial equipment, to overhead power lines, to high voltage equipment and to
electric traction.

This second edition cancels and replaces the first edition published in 1982. It is a technical
revision.
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This edition includes the following significant technical changes with respect to the previous
edition: while the first edition of CISPR 18-1 only covered the direct distance D, for the
establishment of standard profiles for the lateral radio noise field emanating from HV
overhead power lines, this second edition now also allows for use of the lateral distance y, for
these purposes. This way it allows for the establishment of standard profiles for the lateral
radio noise field also from modern HV overhead power line constructions with tall suspension

towers.

The text of this technical report is based on the following documents:

DTR Report on voting
CISPR/B/493/DTR CISPR/B/501/RVC

Full information on the voting for the approval of this technical rep6
rejport on voting indicated in the above table.

Allist of all parts of the CISPR 18 series can be
interference characteristics of overhead power lines
website.

T}Le committee has decided that the contents
th ( S
refated to the specific publication. At this date

* | reconfirmed,
* | withdrawn,

* | replaced by a revise
* | amended.

Albilingual versith'

e’issued at a later date.

ne

til
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INTRODUCTION

This technical report forms the first of a three-part publication dealing with radio noise
generated by electrical power transmission and distribution facilities (overhead lines and
substations). It contains information in relation of the physical phenomena involved in the
generation of electromagnetic noise fields. It also includes the main properties of such fields
and their numerical values. Its content was adjusted such as to allow for use of the lateral
distance y for the establishment of standard profiles for the lateral radio noise field emanating
from HV overhead power lines.

Trl\e technical data given in this part 1 of the CISPR 18 series are intended to be a useful _gid
to| overhead line designers and also to anyone concerned with checking the radio\noise
pgrformance of a line to ensure satisfactory protection of wanted radio signals, -The dafta
should facilitate the use of the recommendations given in its parts 2 and’3 i

— methods of measurement and procedures for determining lin

— code of practice for minimizing the generation of radio ng

The CISPR 18 series do not deal with biological effects o i ) any issues relate¢d
tolexposure in electromagnetic fields.

This technical report has been prepared in orde informatioen on the many factors
inpolved in protecting the reception of re e Visi Jne
tol high voltage overhead power lines @ Id
be of assistance when means of avoiding or'a

Information is mainly given on the ge C.

pgwer lines and equipment® Qve to

30 MHz (a.m. sound bro | d
television broadcasting : rk discharges due to bad contacts is tak%n
info account. Some information is e i interference due to d.c. overhead lines for
which corona an@ c i different from those of a.c. power lines.

The general procedg e limits of the radio noise from the power lines and

equipment is given, tog typical values as examples, and methods of measurement

The clause don limi es on the low frequency and medium frequency bands as it|is
only in these w mple evidence, based on established practice, is available. No examplés
of limits ote eception in the frequency band 30 MHz to 300 MHz have been given, as
mEeasuring a
fully resolved.<Site megasurements and service experience have shown that levels of noige
from powerlines atfréquencies higher than 300 MHz are so low that interference is unlikely [to
bg caused:to television reception.

The<values of limits given as examples are calculated to provide a reasonable degree |of
protection to the reception of broadcasting at the edges of the recognized service areas of the
appropriate transmitters in the a.m. radio frequency bands, in the least favourable conditions
likely to be generally encountered. These limits are intended to provide guidance at the
planning stage of the line and national standards or other specifications against which the
performance of the line may be checked after construction and during its useful life.

Recommendations are made on the design, routing, construction and maintenance of the lines
and equipment forming part of the power distribution system to minimize interference and it is
hoped that this publication will aid other radio services in the consideration of the problems of
interference.
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RADIO INTERFERENCE CHARACTERISTICS
OF OVERHEAD POWER LINES
AND HIGH-VOLTAGE EQUIPMENT -

Part 1: Description of phenomena

1 Scope

lifes and high-voltage equipment which may cause interference to radio >
of| this publication includes the causes, measurement and effects of radio in
agpects in relation to this interference, methods and examples

priediction of tolerable levels of interference from high voltag
agsociated equipment, to the reception of radio broadcast servic

The frequency range covered is 0,15 MHz to 300 MHz.

Radio frequency interference caused by the pant ailway traction systems

is|not considered in this technical repor

aph of averhead

2| Normative references

Tle following referenced documents are i or the application of this document.
For dated references, only the_editi ies. For undated references, the latest editipn
oflthe referenced document.(i i A ents) applies.

IHC 60050-161, Vocabulary (IEV) - Chapter 11:
Electromagnetic'x

CISPR 16-1-1, S, ] disturbance and immunity measuring apparatus apd
methods — Part A\Ra F nce and immunity measuring apparatus — Measuring
apparatus

CISPR/TR 1 dio interference characteristics of overhead power lines and

Part 2: Methods of measurement and procedure for determining

IJO/IECSGuide 99, International vocabulary of metrology — Basic and general concepts apd
agsociated terms (VIM)

NOTE Informative references are listed in the Bibliography.
3 Terms and definitions

For the purposes of this document, the terms and definitions given in the IEC 60050-161 and
the ISO/IEC Guide 99 apply.
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4 Radio noise from power lines

4.1 General

Radio noise from high voltage, which is to say above 1 kV, overhead power lines may be
generated over a wide band of frequencies by

a) corona discharges in the air at the surfaces of conductors, insulator assemblies and
hardware;

b)discharges and sparking at highly stressed areas of insulatars;

c)| sparking at loose or imperfect contacts of hardware.

The sources of a) and b) are usually distributed along the length of the line, but souree c)lis
ugually local. For lines operating above about 100 kV, the electric s e air at the
syrface of conductors and hardware can cause corona discharges. X ts
on broken or cracked insulators can give rise to local sources o je

apparatus in substations may also generate radio noise whichCa ) : he
oyerhead lines.

If the field strength of the radio noise at the antennas ¢ 3 nd
television services is too high, it can cause degradation of be

The generation of radio noise is affec ans, for example, conductor
cqrona is more likely to occur in wet we c g e
cqnductors whereas, under these conditions,\bad contacts—can become bridged with water
droplets and the generation of radio noise, by thi or
imperfect contacts are more likely to e rs

mpy cause interference i
mpre likely to occur when
For interference-free re glevision signals it is important that a sufficienfly
high ratio is av iver between the level of the wanted signal and
th z erference may therefore be experienced when the

€ conditions are conducive to the generation of radio

e level of the u
signal strength is
noise.

4, Physical aspects of radio noise

4.2.1 Mechanism of formation of a noise field

4.2.11 General

Corona discharges on conductors, insulators or line hardware or sparking at bad contacts can
be the source of radio noise as they inject current pulses into the line conductors. These
propagate along the conductors in both directions from the injection point. The various
components of the frequency spectrum of these pulses have different effects.

In the frequency range 0,15 MHz to a few megahertz, the noise is largely the result of the
effect of propagation along the line. Direct electromagnetic radiation from the pulse sources
themselves does not materially contribute to the noise level. In this case the wavelength is
long in comparison with the clearances of the conductors and thus the line is not an efficient
radiator. However, associated with each spectral voltage and current component, an electric
and a magnetic field propagate along the line. In view of the relatively low attenuation of this
propagation, the noise field is determined by the aggregation of the effects of all the
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discharges spread over many kilometres along the line on either side of the reception point. It
should be noted that close to the line the guided field predominates, whereas further from the
line the radiated field predominates. The change-over is not abrupt and the phenomenon is
not well known. This effect is not important at low frequencies but is apparent at medium
frequencies.

However, for spectral components above 30 MHz where the wavelengths are close to or less
than the clearance of the line conductors, the noise effects can be largely explained by
antenna radiation theory applied to the source of noise, as there is no material propagation
along the line.

It|should be appreciated, however, that 30 MHz does not represent a clear dividing*li
bgtween the two different mechanisms producing noise fields.

42.1.2 Longitudinal propagation

In
pr

D

U

In
b
pr
o

b¢ es", each one having components on every conductqr.
(0] conductors in parallel and earth. The others propagalte
be e has its own different propagation attenuation. The complete
th complex and involves matrix equations outside the scope [of

th
to| note that the,attenuatioh of the conductor-to-earth mode propagation is fairly high, that is [to
s3y 2 dB/kmstov4~dB/km, while the attenuation of the various conductor-to-conductor modes|is
a small fraction of 1°"dB/km at a frequency of 0,5 MHz.

4.2.1.3 Electromagnetic field

The radio noise voltages and currents propagating along the line produce an associated
propagating electromagnetic field near the line.

It should be noted here that in free space the electric and magnetic components of the field
associated with radiated electromagnetic waves are at right angles both to each other and to
the direction of propagation. The ratio of their amplitudes represents a constant value:

Evim)
(A/m)

=377Q

and is called the intrinsic impedance or impedance of free space.
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On the other hand, the fields near the line are related to the radio frequency voltages and
currents propagating along the line and their ratio depends on the surge impedance of the line
for the various modes. Furthermore, the directions of the electric and magnetic field
components differ from those for radiated fields in free space as they are largely determined
by the geometrical arrangements of the line conductors. The matter is further complicated by
the fact that soil conditions affect differently the mirror image in the ground of the electric and
magnetic field components, respectively.

The electric field strength E(y) at ground level of a single conductor line, which is the vertical
component of the total electric field strength, can be predicted by the following empirical
formula that has, in a lot of cases, proven to give a good approximation:

E(y)=120 1"

h +y2

where
I | is the radio noise current, in A, propagating in the conducto
h| is the height above ground, in metres, of the conductor;
y

is the lateral distance, also in metres, from a poi
conductor to the measuring point; and

directly under the

E| is the electric field strength in V/m.

Fdirthermore, for an infinitely long sing¢ hS
th% same simple ratio of electric and ‘magnhe i io
transmitter, that is to say 377 Q and i nd
cqnductivity.

In| the case of a multi-ph i a ic_field strength is the vectorial sum of the
individual ) d with each phase conductor. A mofe
cgmprehensive together\with~practical methods of assessing the electromagnetic
figld, is discussed in 5 8<2. The formula given above is a simplified versipn
agcurate for a distance © 2 =0,5 MHz where D is the direct distance, in metrgs,
bgtween the 9 3 he
m or
hei ly
Cq be
ne

4.1.

In|the case-of uniformy distributed noise sources, the field strength generated by a unit length
ofl a phasé/conductor can be expressed at any point along the line as a function of the
lopgitudinal distance x and the lateral distance y, that is to say, E(y,x). At a given latenal
distance of y,

E(y.x)=Ep(y)e ™

The random pulses on a long line with uniformly distributed noise sources combine together
to form the total field. The manner in which they combine is not unanimously agreed upon.
Some investigators consider that they combine quadratically:

E2(y)=2[ E§(y)e " ax
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Eo

or E(y)= .
Yo

Other investigators believe that, if a quasi-peak detector is used to measure the field strength,

the individual pulses do not add and others have obtained results between the two extremes.

This disagreement is only important in analytical prediction methods, the results obtained by

the different methods vary by only 1 dB or 2 dB.

In case of multi-phase lines, the calculation follows the sample principle but is complicated by
the presence of several modes, each mode having a different attenualion coefficient. A mgdfre
dg¢tailed discussion, with examples of calculation, is given in Clause 6.

4.2.2 Definition of noise

T
a
r

o

e instantaneous value of the noise varies continuously and in &

A
S{
cqli
m
3(
naQi

Deé
of . evdefines the noise in terms of energy.
Mpany types of noise from_eléctrical equi vell as noise due to power-line coronfa,
cqnsist of a successi ith approximately stable repetition frequencies. [In
sych cases the nuisance effect he noi be realistically indicated by a quasi-peak type
of| voltmeter rathen\t The quasi-peak value is obtained from a circyit
whi h relatively short charge and long discharge time
cq he capacitor floats at a value somewhat below the peak value and
de detiti s,t0 say a weighting feature is included in the responsie.

icrovolts per metre (uV/m). Using the ratio of the electric [to

m | = 377 Q, the measured values can also be expressed by
cq iond en for instruments using a loop antenna responding to the magnefic
fig

4.2.3 Influence of external parameters

T¢ determine the corona inception gradient g, of a cylindrical conductor with smooth surfage,

Peek's formuta 15 often used:

g. (kVicm) =31 6 [1+ O’BOBJ

Jor

For a.c. voltages, g, is the peak value of the gradient, r is the radius of the conductor in
0,294p
273+T

centimetres, d= is the relative air density (6= 1 for p = 1013 mbar and T = 25 °C).

However, practical conditions on overhead lines do not agree with these idealized
assumptions. Stranding of the conductors, surface imperfections and irregularities lead to
local enhancements of the electric field strength and consequently to a lower corona inception
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voltage than is obtained from the above formula. This often means that the critical gradient for
initiating radio noise has, under foul weather conditions, about half the value given by Peek's
formula.

Atmospheric conditions likewise play an important part in occurrence of corona and spark
discharges. In conditions of rain, fog, snow or dew, drops of water form on the surface of the
conductor and at low temperatures ice can form. This further reduces the corona inception
voltage and increases the noise level as shown in Clauses 5 and 6.

With regard to bad contacts and the production of small sparks the effect of rain and humid ty

is[to bridge the relevant gaps either by water droplets or by humid layers, thus reducing the
lejel of this type of noise.

e

I

Rain and humidity thus affect the corona noise from conductors in a
tol bad contacts. Hence when interference is observed during rain or

weather and disappears or decreases during rain or fog, it is dye

4.3 Main characteristics of the noise field resulting ffom

4.3.1 General

cqmparisons between different lines, it ole Ch

priofile and the statistical variation of the nhois i a a
finst approximation that these.charac

4.3.2 Frequency sp
The frequency
viginity of a line, as/af

a) Current pulses

ne

spectrum\depend pulse shape. For this type of discharge the measured noise
level : i increase of the measurement frequency. In the range [of
broadeasting freqgu es, where the positive discharges have a predominant effect, the
spectrumnis.i ent of the conductor diameter.

The attenhuation of noise propagating along the line increases with frequency. This effgct
modifies the spectrum by reducing still further the noise level with increase in frequency.

- e a s 0—Si4 A -85—GaHSe g )y
discontinuities such as angle or terminal towers or abrupt ground level variations. In addition,

the noise generation might vary whilst the measurements are being made.

To aid prediction calculations, "standard spectra" are used. Experience has shown that all
spectra can be put into two families, one applying to horizontal conductor configurations, the
other to double-circuit and triangular or vertical conductor configurations. The difference
between these two families originates from the phenomenon mentioned in item b) above, the
propagation differing slightly according to the type of line. However, as the difference is not
material in relation to the accuracy of such calculations, only one standard spectrum is given
in relative values, the reference point being taken at 0,5 MHz.

The following formula is a good representation of this spectrum:


https://standardsiso.com/api/?name=3248d9fa2180da646bbebc4809fc3699

- 14— TR CISPR 18-1 © IEC:2010(E)
AE=5[1—2(Ig10f)2] in dB

where
AE  is the deviation of the radio noise level at a given frequency f which is different from the
reference frequency of 0,5 MHz; and

f is the numerical value of the given frequency, taken in megahertz, where the formula is
valid over the range 0,15 MHz to 4 MHz.

It|should be noted that other investigators have developed different formulae which giye
similar results.

Al higher frequencies the noise spectra are more difficult to predict.

4.3.3 Lateral profile

is
a
he

The variation of the noise fields as a function of increasing Ia
characterized by a decrease depending on the frequency
pgrpendicular to a mid-span which is as close as possit
under consideration.
ngighbouring lines and great variations in level of terfai

»

L3ateral profiles of the radio noise field ca ; - ' or
the lateral distance y.

Conventions

(1)) In order to allow for c is
determined at a heigh ne\ground.mmediately beneath an outside conductor

i he
lines generally be

0,5 MHz. Q
(2) For the profile i ne

nearest conducto Y ce point (x,y,z), i.e. x = place along the line at mid-
span in betw A 5 e the measurements are made, y=0m and z=nfm
correspondi igh ground of the outmost sub-conductor) to the centre |of
the measuring~antenna\For>comparison purposes it has been agreed that the reference

f e’profiles eventually converge is the direct distance Dy of 20|m

(3)) For the pregfi ich’relate to the lateral distance y, this distance is to be taken laterally
(at ground-le from the vertical projection to ground of the outmost sub-conductor of the
transndission line (reference point (x,y,z), i.e. x = place along the line at mid-span [in
between two towers where the measurements are made, y= Om and z= 2|m
corresponding to the vertical projection to ground of the outmost sub-conductor) to the
centre of the measuring antenna. For comparison purposes it has been agreed that the
reference distance through which these profiles eventually converge is the lateral
distance y, of 15 m.

The standard profiles shown in Annex B, Figures B.1 to B.13, refer to the lateral distance y.

NOTE 1 Care should be taken as to not confuse measurement results obtained from measurements at direct
and/or lateral distances.

(4) Normalised and/or standard profiles (for the catalogue) are usually shown with a
logarithmic scale of distance.

While the profiles obtained from measurements at direct distances correlate with the
considerations on the prediction and predetermination formulae, this is not necessarily the
case for the profiles obtained from measurements at lateral distances. In the latter case, such
correlation is only given for conventional transmission lines with a conductor height above
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ground of up to 15 m. As a rule, future profiles of the noise field will be presented as a
function of the lateral distance y in relation to a reference distance y; =15 m, see also
Figure 1. Such a presentation is useful for predicting the width of the corridor along the
pathway of the transmission line subject to interference. It can be used for any type of modern
transmission line regardless of the height of the towers and the conductors above ground. It is
quite obvious that in such conditions the classical prediction formulae found elsewhere in this
publication may become invalid. If needed, the validity of these formulae should be checked.

The measured profiles are often irregular both because of the continual fluctuations of the
radio noise during a series of measurements and because of irregularities such as angle or
dgad-end towers and terrain variations.

Nyumerous measurements carried out under some fifty different lines h
efperimental knowledge of these profiles, which has been co
cglculations.

ovided|a good
theoretidal

€ep

An accurate analysis has enabled profiles to be plotted as fun S i je
and configuration up to distances of about 100 m, beyond whichk i i 50
low that reliable measurements are not practicable.

In|the vicinity of a power line there are two types of noise fie t ire i i hd
the radiation field. The latter is a result of irregulariti i nd
changes in line direction and imperfect ground dacti . B i i he
reisulting observed total field strength. i ponent of the dlrect f|e|Id
dgcreases as the square of the inc 3 Y Id
stfength component of the radiation fie i ‘ al
distance. Close to the line the direct es, whereas at greater distances the
radiation field predominates. Based on i , i VO

figld strength contributio F pect i nf

metres where f is to be taken a i i . ot,
thie lateral attenuation i e.
The attenuation factor ,65
(ske Annex C).

where

E| is the lev actri i i , , irgct

is the level of\the electric component of the noise field strength, in dB(uV/m), at the
reference distance Dy = 20 m.

NQTE2 ‘For conventional transmission lines, this direct distance D, corresponds to a lateral distance y, = 15 m

Furtrer—fronmthe—time—the—attenuatiom factor graduatty decreases umntititTeaches a vatueof
unity. Some investigators consider that the magnitudes of the two field contributions are equal
at around 300/2nf m as discussed above.

Standard profiles are shown with a logarithmic scale of distance referring to a direct distance
to the conductor of 20 m. This presentation shows the physical law of the noise field strength
decreasing as a function of the distance from the nearest conductor. The profiles can also be
presented as a function of the lateral distance. This presentation is useful for predicting the
width of the corridor subject to interference.
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4.3.4 Statistical distribution with varying seasons and weather conditions

The systematic study of fluctuations in the radio noise level of a line necessitates the
continuous recording of the field strength under this line for at least a year at a fixed distance
from the line and with a fixed measurement frequency. Numerous researchers, in many
countries, have carried out such measurements with the result that there exists fairly reliable
data on the annual or seasonal variations in radio noise level. These results are often
presented according to statistical analysis methods, which are to say in the form of
histograms or as cumulative distributions. The latter express the percentage of time during
which the radio noise level was less than a given value.

Ttl\e most important causes of fluctuations in recorded radio noise level are:

—| the random nature of the phenomenon;

vqltage result in fluctuations in the radio noise level, bu

cllmate, a rainy one, or one with abundant sno
lejels, whereas a very dry climate wil

diptribution survey, together with a (dry
diptribution. It can be seen
Ghpussian distributions.

Oh such an all weathe

leyels: <>
—| The 99 % levelt

—| The average tiea is
considered, to reaches 0,6 mm or more per hour. For this reason the
average ai e often chosen as the reference level for the calculation of radio
noise. averdge heavy-rain level is a 95 % level and is about 5 dB lower
thandhe 999

—| The averagefaikwe , corresponding to dry conductor conditions. This [is

important.for~practical purposes, but, due to the larger dispersion, a greater number [of
measutements thfoughout the year are necessary to obtain reliable results. Fortunately,
measurements are more easily made in average fair weather than in average heavy rain.

—| The'50 % level, read on the all-weather cumulative curve. This 50 % level shall not be
confused with the above defined average fair weather level, since it arises not only frgm
dry weather conditions, but also from the whole range of climatic conditions prevailing
during the long term recordings. Both the average fair weather and 50 % levels are
furthermore strongly dependent on the surface state of the conductors; these levels can
vary over a range of more than 10 dB according to whether or not the conductors are
polluted, greasy, etc. Some experts consider that the 50 % level will not vary by more than
10 dB over a relatively long period, say a month or a year, even though individual readings
may vary by more than 10 dB.

— The 80 % level, read on the all-weather distribution curve, is chosen as the characteristic
value, to be used as the basis for limits. This 80 % level, intermediate between the fair
weather level and the average heavy-rain level, is probably less subject to uncertainties
than the 50 % level and for this reason is preferred as the "characteristic level". A survey
of numerous cumulative curves shows that the difference between the 95 % and 80 %
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levels lies between 5 dB and 12 dB. As mentioned in 4.3.3, it should be remembered that
beyond about 100 m to 200 m reliable measurements are normally not practicable.
The above generalized guidelines are illustrated in Figures 3 to 6, related to 400 kV to
765 kV lines, and are valid for lines where the predominant noise source is conductor
corona.
5 Effects of corona from conductors
5.1 Physical aspects of corona from conductors
5.1.1 General
The generation of radio noise by conductor corona is by means of the felectrical ,discharge,
ugually called corona, occurring at or near the conductor surface. Coro i 'a
discharge with slight luminosity produced in the neighbourhood of a to
th in
vglue". Many aspects of corona discharge on lines are unknowyr ne
bgsic physical process is that of electron multiplication or av ic
gradient in the vicinity of the line conductor is the highe or
electric stress is sufficiently high, any free electrons in the a re
th i S avalanche. If an
aq : DN
a is
dd
In ry
pA f les by high energy ultra-violet light
(p has been found by several invesfi-
g4 > S €’ conductor is positive is significanily
ar i i ive_In the case of a positive overhead line
cqnductor, the cathode\ 3 e emission is of no consequence and the
sgcondary process exi i i
When streamer ¢ 6.

5.2 Factors'in_corona generation

51.2.1 General

Trpe possibility of a corona discharge taking place at the surface of a conductor is depende

tn}Ee
e

bd

upon several 1actors, these Include:

a) Theoretical conductor surface voltage gradient which depends on:
1) system voltage;
2) conductor diameter;
3) spacing of the conductor from earth and other phase conductors;
4) number of conductors per phase or in the bundle.

b) Conductor diameter.

¢) Conductor surface conditions.

1 The figures in square brackets refer to the Bibliography.
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d) Atmospheric and weather conditions.
Each of these factors will be considered separately.

5.1.2.2 Conductor surface voltage gradient

One of the most important quantities in determining the radio noise level of a line, especially
when conductor corona is dominant, is the strength of the electric field in the air at the surface
of the conductor or surface voltage gradient.

Because of the close dependence of conductor corona on the value of this voltage gradient, it
is|[necessary to use a method of calculation which gives the gradient with a precision of abgut
1 %.

Since conductors are usually stranded, the surface voltage gradien
vdlue around the circumference of the conductor. However, it is cu

syrface gradient for a smooth conductor with the same overall dia
mental stranding factor has to be introduced.

he
ri-

Formulae for the calculation of the voltage gradient at the/Surface o in
Annex A for the simple case of a single-phase line wit § 3 he
to] the more complex three-phase multicircuit and bipolar dxc. Ti . Us NS
nged a matrix equation and computer programs a it

three-phase lines and the more complex high-vo

5.

The radio noise level increases with/increasing 60
sU

el

di
cq

5./.2.

The type of condu f e lar or segmental stranding, and the condition of its

su moothness or roughness, the presence or absence |of
pq es, etc., have a strong influence on the generation [of
lole onductor when first strung will usually have higher corofpa
aq arities such as aluminium burrs, bird droppings, dust, soil, mud

on any other : ing corona even in fair weather. However, after a line is energiz¢d
the coronatesses)and radio noise will decrease with time.

There aredusually two time periods involved; the first period is the first few minutes after the
cqnductor-is energized and the corona activity is burning off the dust and other particles that
hgvecallected on the conductor before it was energized. The longer time period is needed fto
blaCken completely a conductor which makes it look weathered and also destroys the surfage
grease oI new COMAUTtOoTS.

There is also evidence that as the conductor ages the radio noise level, even during rain, will
decrease. The surface of a new conductor is hydrophobic, due to the oil that is present on the
surface from the manufacturing processes, and water beads form on this oily surface. As the
conductor ages, its surface becomes hydrophilic whereby the surface of the conductor draws
up the water drops into the strands.

5.1.2.5 Atmospheric and weather conditions

A reduction in the barometric pressure or an increase in the ambient temperature, or both,
can reduce the air density which reduces the breakdown strength of air and thereby increases
the likelihood of a corona discharge taking place on a conductor. The barometric pressure is
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usually important only at altitudes above approximately 1 000 m. In areas that have sufficient
rain, fog, frost or falling temperatures which can lead to the formation of ice or water droplets
on the conductor, corona discharges are more likely to take place due to these conditions.
Rain and snow are the cause of the highest corona activity at the surface of a conductor and
can cause the radio noise level to increase by more than 20 dB compared with the noise from
the same line under dry conditions. The water droplets or snow which collects on the
conductor surface during a storm modify the electric field significantly, creating a large
number of corona sources. Discharges may also occur when a snowflake or raindrop passes
the conductor and initiates a discharge from the conductor to the particle.

5.2 Methods of investigation of corona by cages and test lines

5.2.1 General

Two basic methods have been used to investigate the corona phenorn ansmission

lires. These are test cages and test lines [9, 21, 31].

5.2.2 Test cages

function of a conductor or a bundle of conductors [4 to tion is related [to

TEst cages have been used by many experimenters tQ i i idly the excitatipn
th

current in the bundle by the following:

(1)

where
/ dr or bundle of conductors in A/m1/,
C

A

&l i

Tme main advant the excitation functions is that it is a quantity
in :

st cage is measured using measuring instruments complying
. t"at one end of the conductor or bundle is passed through|a
high-freqle i ircuit similar to those described in 4.5 of CISPR/TR 18-2. The

i i ce~af the resistors and of the measuring instrument used in these circults
is|usually made equa to the characteristic impedance of the conductor or bundle to avoid the
ogcurrence _ofrsuceessive reflections.

Test cages have been found to give reproducible radio noise data under heavy rain but, under
foul-weather conditions, they have proved inadequate because of the relatively small numbjer
o] i i e
is generally too short to give a representation of an actual long line. Additionally, the surface
condition of the conductor and meteorological conditions surrounding a short line near to the
ground are not necessarily the same as the conditions on an operational line.

Application of the excitation function to multi-phase lines requires the use of equation (1) in
matrix form [7 to 9].

l=5—xlcIxr] @)

(o]
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5.2.3 Test lines

Whilst test cages are built for reasons of economy and ease of testing, full-scale test lines are
still being built, primarily to study corona phenomena on future ultra high voltage (UHV) lines.
There is no standard length for test lines. Test lines, single and three-phase a.c. lines and
bipolar d.c. lines, as long as 8 km an as short as 300 m have been built, [10 to 30].

There have been some attempts to measure the excitation function on short test lines and
with some success, especially on short d.c. test lines, [28, 29].

For long transmission lines, the radio noise frequency spectrum exhibits a characteristiccoff a
steadily decreasing level with increasing frequency. However, for short test lines this situation
dges not exist. Due to reflections of the radio noise voltages and currents at(the line

te is
ch e
le nt.
The approach that has been used by most investigators to correc Cy
¢ : , 18, 26, 29].
This correction is made by taking the geometric mean _in~term ' e
m i ic
m

This approach, strictly speaking, is on id1 i i 3 al
Si P S.

o

5.
5.3.1 General
B

cause of the fo hs
been conducted “overnit he
cqrona process. One to
predetermine radi¢
Radio noise {meas e-
phase a.c e
refsulted 5e
formulae can.be hS
lohg as the tage\and the design parameters are known. All the methods rely o¢n
eXperimentaltdata either from test lines, operational lines or test cages. Two basic methogls

hgave evelxed over the years, the first one being analytical or semi-empirical and the second
beingcempirical or comparative.

5.3.2 Analytical methods

No purely analytical method of predicting transmission line radio noise exists. Two semi-
empirical methods have been developed by Electricité de France (EDF) [8] and Project Ultra
High Voltage (UHV) [7] in the United States of America. Both of these analytical methods rely
on radio noise data from test cages and on highly complex analysis, and they are adequately
described in the literature.

The calculation of radio noise from transmission lines using these analytical methods is a two-
stage process. The excitation function is obtained from cage tests, the system of line
capacitances is established and the injected noise currents per unit conductor length are
calculated using equation (2). The theory of modal propagation is applied to obtain the modal
currents flowing in a given cross-section of the line. The attenuations of propagation of these
modal currents are calculated and these currents are recombined into real high-frequency
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currents taking into account the quadratic summation over the whole line length to obtain the
total noise currents.

The next step is to calculate the noise field near the line, which is based on the total noise
currents through the cross-section of the line, or the noise voltages on the phases. The lateral
noise profile can then be obtained (see examples in 5.4).

Computer programs are usually used to perform these complex calculations and such
programs have been written at EDF and Project UHV.

5.3.3 CIGRE method

The comparative formulae are generally quite simple and easy to use e of.the bgst
known formulae for a.c. lines are described in a CIGRE Publicatiop he “technidal
literature [34, 35]. There are also several comparative formulae for/qQ: hese afre
dg¢scribed in Clause 8.

The highest precision of predetermination, using any of th Dy
choosing long-term data from an operational reference ling bS
clpse to those being studied [36, 37, 38].

C|GRE has made a more complete analysis of the d|ff 2 i ing
the data collected by the CIGRE/IEEE urvey [6( 3¢ is i a
ngw method that can be considered > i imple
formula, which is given in 5.3 of CISP 1 '

5.|: Catalogue of standard profiles

5.4.1 General

Allarge number of me Dy
measurements on cage and t a
variety of line bS
cqnstructed and mai s r-
wise these conditig ¢ igher radio noise levels than those due to conductor
cqrona.

Annex B give i ue of the radio noise field which is possible to obtain under
cqgrtain w i It also includes references which can be used for pre-
determining S f| d that a new line may be expected to produce. It also includes, as
efamples, cu i e field strength as a function of the lateral distance y from the line
for certain typgs-of line (see Figures B.1 to B.13).

NQTE The appearance of a given line in the catalogue in Annex B does not mean that this line generates jan
acceptable radio noise level; it gives only an indication of the order of magnitude to be expected for the given lipe
delsign.

5.4.2 Principle of catalogue presentation

Radio noise measurements taken both on operational lines and on test lines have indicated
that the stability and reproducibility of the field due to conductor corona is most accurate
under conditions of heavy and continuous rain. It should be noted that this heavy rain value
may not be the maximum foul-weather value, which can be a few dB higher.

Extensive statistical surveys have also indicated that there is a reasonable correlation
between the heavy rain radio noise level and the 50 % fair-weather level, though the
dispersion under fair-weather conditions is larger. For practical purposes, the 50 % fair-
weather level is usually of greater importance, this value being derived from the heavy
continuous-rain level by a reduction of between 17 dB and 25 dB, depending upon conductor
surface conditions.
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It is therefore possible to establish a catalogue of radio noise fields for certain transmission
lines. For the practical use of this catalogue, three noise levels are considered, namely the
50 % fair-weather level and, depending on the origin of the profiles, either the heavy-rain level
(20 dB higher) or the maximum foul-weather level (24 dB higher). From these reference levels,
it is possible to estimate the radio noise levels for other types of weather, if the yearly
statistical distribution of levels is known for the geographical area under consideration (see,
for example, Figure B.15).

These principles are valid only for radio noise generated by conductor corona. The radio
noise currents generated by other components of the line, insulator strings, hardware and so
on, are not taken into consideration. These conditions are satisfied when the conductors_|of
the line are subjected to a relatively high surface stress, in excess of, say, 14 kV r.m.s. per
cgntimetre when referred to smooth conductors. However, for lines whe onductors afe

sybjected to a surface stress less than, say 12 kV r.m.s. per centimetre : ise
from the insulators and other hardware which may, under certain [ dominate.
Under these conditions it is not possible to use this catalogue to prédi S y Ce
a good quality of insulators and hardware has been assumed.

The radio noise profiles for the 225 kV, 380 kV and 750 e
were calculated by the Analig method [8].

The p[ofiles for the 362 kV, 525 kV and 765 kV lines were ] p he
C|GRE/IEEE survey [35, 39].

The radio noise profiles for the 345kV a is
cqtalogue were calculated by the comparati

T:l:e surface gradients have been calculated usi ) i icients.
This method gives, with grea ectric’s i a
life. A survey of meth - i ission line surface voltage gradients is givén
in[[40].

b

The shape of t
cqnductor configurati

have a major influe A of
the profile owing\to ‘the be
off conductor to~ano al
to|l each othe ofilg ‘wi ignifi . Thi ion i ici e
to|be appflied in practice.

In| Annex B, i i ine. The

influence of the number and arrangements of conductors per phase, their diameter and their
vqgltage gradient, were taken into account merely by applying the appropriate correction to| a
reference.profile. Thus each figure in the catalogue gives such a reference profile and a tafjle
ofl values and corrections applicable to other lines using other conductors and bundles.

The profiles are given for a measurement frequency of 0,5 MHz and the radio noise levels for
other frequencies, 0,15 MHz to 4 MHz, can be obtained from Figure B.14.

The variations of the radio noise level, due either to climatic conditions or surface state of the
conductors, can also be taken into consideration by estimated corrections to the levels of the
basic profiles (see Figure B.15).

Examples of measurements and calculations can be found in [8, 35, 39].

The catalogue is summarized in Annex C according to the conventions agreed so far in
CISPR; that is to say the strengths of the radio noise fields are plotted as a function of the
direct distance, measured from the centre of the loop antenna to the nearest conductor of the
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line, using a logarithmic scale. From Figure C.1, it is seen that substantially straight lines are
obtained, and the field strengths at the reference distance of both, Dy = 20 m (direct distance)
and simultaneously y, = 15 m (lateral distance) are obtained by interpolation.

The main radio noise levels, given in the catalogue, are listed in the table of Annex C; from
this table it is possible to compare the levels of the various lines given in the catalogue and to
predict, with sufficient accuracy for practical purposes, the field strength to be expected from
a proposed line of similar design, provided the distance between a receiving antenna and the
nearest conductor of the line is greater than 20 m.

6| Radio noise levels due to insulators, hardware and substation equipment
(excluding bad contacts)

6.1 Physical aspects of radio noise sources

6.1.1 General

Insulators, hardware and substation equipment may be the.source of# :\
lepd to radio and, in some cases, to television interference . IK]
phenomena such as corona discharges in the air i a ce
discharges on insulators and sparks due to bad contacts. 1 C.

cqnverting equipment, which can also be a source of rad

pgint of view; sparks due to bad contac

6.1.2

Corona discharges are cause ) re
sych as suspension c ¢ S, O
the voltage applied to jthe ¢ e i ) ively increased, numerous different discharge
processes occur. . nly'\some 0 ~ g to generate radio noise, but all are luminous [to

sgme extent and

in| 5.1 in respec
depending on the pola of Veltage~applied and in the following sequence; onset streamer,
glpw and pre-

pre-breakdow S egative corona. A glow discharge does not produce radio noise
byt onset stre does, I pulses produce low levels of radio noise but pre-breakdown
streamers produce Ve i vels at very high voltages.

The highest naise levels occur with modes corresponding to the pre-breakdown streameér,
bgth positivesand~negative; however, these phenomena take place at much higher gradients
that those carresponding to normal voltages and are therefore of little practical interest.

As in_the case of conductors, radio noise from hardware tends to increase in high humidity pr
ol ) . . e
surface of the hardware.

6.1.3 Radio noise due to insulators

Insulator noise may be due to various reasons, most of which are associated with phenomena
occurring at their surfaces, for example, small discharges due to enhanced local gradients,
corona discharges due to unevenness created by dry deposits or drops of water, or sparks
across dry bands caused by leakage currents on polluted insulators. Only in special cases, for
example defective insulators, is the noise due to phenomena occurring inside the insulator,
that is to say sparking in internal voids or punctures. However, radio noise can result from
discharges between the cement and porcelain or glass and may occur if small air gaps are
present at this margin.
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When the surface of an insulator is clean and dry, the current pulses at the origin of the radio
noise are caused by discharges in areas of high potential gradient, depending on the
geometry and material of the insulator and on the type of bonding to the cap and to the pin.
Figure 7 shows, by way of an example, the equipotential lines, expressed as a fraction of the
applied voltage, in a cross-section of a clean and dry insulator unit.

It should be noted that these lines are much more concentrated and, therefore, the gradients
are higher, near the cap and pin, where the discharges that cause the noise actually occur.
The values of local potential gradients in an insulator unit, and therefore the noise levels,
depend on the value of the voltage applied to the unit and, in the case of insulators consisting
ofl several units, they also depend on the voltage distribution along the insulator string. AHis
digtribution tends to be less uniform as the number of units increases and, consequently,for
the longer insulator strings or post insulators, it is necessary to have devices, such @s-‘mefal
rings, to improve the voltage distribution.

The current pulses producing the radio noise on a clean and dry \insulater do nat diﬂrr

sybstantially between positive and negative polarity and, genera betweegn
the zero and peak values of the applied power frequency voltage. of these pulsgs
and, consequently, the cut-off frequency of their spectrum, de he self-capacitance |of
the insulator and the surge impedance of the line to whi e\ 3 is connected. Fpr

ngrmal values of these parameters, the cut-off frequency is-akt {z.“THe noise producéd
by a clean and dry insulator is therefore limited Ci about 30 MHz anId,
gé¢nerally, for insulators with average characteri els are produced. Bad

dgsign and suitable bonding can, however, ) extending to higher fre-
quencies. As is also the case with cofon ( ire; television reception is njot
ugually affected by this type of radio noise.

If| the insulator is lightly polluted and reason for example in fair weather, the
phenomenon described ab i y orona discharges at surface irregularities
cdused by pollutants on<the\ins \Generally this second phenomenon produces legs
sgrious effects than the fir oise levels, except in the case of certain types |of

pgllution, for example pea emi C not significantly different from, or only slightly

gneater than, tho@c an insulator.

If |[the surface of the
produces pronoun

but damp or wet, the existence of drops of water
rges which, generally, produce higher levels of radio
ngise than are ischarges from points of surface pollution. This latter
phenomenony i g fons, may become less important due to a better voltage
digtribution. S8 s.génerally greater than with dry insulators but, again, it is limit¢d
to|frequenci o

different, sin€e radionoise is produced by current pulses which flow when sparking occurs
agross the.dry bands that are created by heating due to the passage of leakage currents ¢n
the surface of the insulator. The amplitude and number of these pulses depend on the voltage

tens of megahertz and therefore the radio noise may also affect television frequencies. With
wet and polluted glass or porcelain insulators, the radio noise at the normal voltage stresses,
that are imposed by dielectric withstand requirements, may reach much higher levels than in
other conditions previously described.

These levels may be reduced, not only by reducing the voltage stress, but also by using
insulators of special characteristics. For instance, insulators made of organic material, or
glass or porcelain insulators coated with grease, prevent the formation of a continuous damp
layer, and therefore of leakage currents and dry bands, due to the water repelling properties
of the surface. Consequently, these are adequate solutions for reducing the noise level in wet
and polluted conditions. However, such insulators may no longer be noise-free when aged
and their surfaces become contaminated and hence more wettable. The semi-conducting
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glaze type of insulator is also a possible solution, as it is characterized by relatively low noise
levels in polluted conditions, since the conducting glaze improves the control of voltage
distribution and the heat caused by the current flow in the glaze maintains dry bands which
are sufficiently wide to sustain the applied voltage without sparking.

6.2

Alsingle source of radio noise, for example an insula Stri he represented as an ideal

Correlation between radio noise voltage and the corresponding field strength for
distributed and individual sources

A1 General

cyrrent generator producing a noise current / and conne ted be - e energized conductor

and ground. As shown in 4.5 of CISP ,
laporatory by using an appropriate t i i actual circuit in service and by
cqnnecting the object under test, which\i e_source, to that circuit. Though the
ngise current is the parameter which i 2 een service and laboratory conditions,

th
aq
lin
ar

Bli
al
af

The generalapproae
cyrrent kand the corresponding radio noise field strength E includes the following steps:

a

measured directly in the

expressed in terms of the voltage|V
t half the surge impedance of a typidal
level of the noise voltage V, in dB(u)V),

nd’formulae for calculating the correlation between the
the generated electric field strength E. These methodls

for establishing a quantitative correlation between the radio noise

Single noise source

= Determination of the current / of the source, which can be obtained directty im the
laboratory from measurement of the voltage V.

— Calculation of the noise current in each phase for the section of the line for which the
profile of the radio noise field is to be calculated. This step takes into account
longitudinal attenuation as well as mutual coupling between phases.

— On the basis of the radio noise currents in the above line section, calculation of the
radio noise fields due to these currents at different lateral distances from the line.

— For each lateral distance the aggregate field is obtained by the summation of the
above fields.

Multiple noise sources
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Repetition of the calculations described for the single source for each source present
in the phase under consideration.

Aggregation of the noise fields for each distance from the line, calculated separately
for each source on the phase under consideration.

The above approach determines the electric field strength E, due to the sources of noise that
are present on phase k of a line or a substation. Calculations are repeated for each phase on
which noise sources are present. The aggregate field strength level E at each lateral distance
is obtained, according to the rule described in [1], in adding 0 dB to 1,5 dB to the highest
value of the field strength level calculated for each phase at the particular lateral distance. In

ngrmal cases involving three-phase lines, with the same distributed sources on each phasle,

correction derived from the above rule is generally lower than 1 dB and hence it can-le
glected. The aggregate field strength level E can therefore be evaluated by
urces of noise on the nearest phase only.

th
ne
s

6.
O

2.2.2

onsidering the

Formulae

onopolar d.c. line, the
z ance x, in kilometres,
naise current level /, in dB(uA),
line,>can be expressed by the

from the |nJect|on point of the n0|se source n

following formula:

where A takes into jected current on either side of the
injection point. It the formula

where Z, ' [ dances of the two sections on either side of the
injection poi s 3 or
example ad

Term ¢ ine. ici , lin
practiCe, lie e 2 dB/km and 4 dB/km; an average value of 3 dB can be
assumed for fre ies around 0,5 MHz.

C S rrelation between the strength of the noise field and the noigse
currentj e _section of the line where the field is to be calculated. It can be

deterfined.experimentally, but it can also be obtained by making use of the following
formula (for the meaning of the symbols see Figure 8):

h+2P,
C:2O|g[60( oh 27 \')g r;T‘

L \I’) Ty U’H-Al"g}_+y )J

For a direct distance D from the conductor of 20 m, that is to say the CISPR position,
the value of C lies between 7 dB and 12 dB.

In the case of three-phase lines, a similar semi-empirical formula can be used for the
determination of the electric field strength level E(x) produced by the nearest phase:

E(x)=1+A+FXx)+C (4)

The most important difference between the two cases represented by formulae (3) and
(4) is that in the case of a three-phase line the longitudinal attenuation cannot be
expressed by means of only one attenuation constant; in this case the definition of an
attenuation function F(x) is necessary. Figure 9 shows an average trend of this
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attenuation function, based on the results of experiments performed on high voltage
and extra high voltage lines. The other symbols in formula (4) are the same as in
formula (3) [41, 45, 46, 47, 48, 49, 50].

b) Multiple noise sources

1) In the case of lines with only one conductor, the electric field strength level E, due to
multiple noise sources equally distributed along the conductor, can be expressed by
the formula:

E=/+A-10Ig(as)+ C (5)

A and C are the same as in formula (3);

s is the distance between sources at the line in metres;

a is the attenuation constant per metre, and is related to coeffic Dy
means of the relationship:

= (B/8,7)x 1073
The range of values assumed by coefficient a per of

B given in the preceding paragraph is between 250 0 x 106, Formula (p)

ige attenuation law given in Flgure 9.
dB. Formula (6) also applies to lines |of

t.and noise field can also be evaluated by means [of
dlready described in the case of the corona effect ¢n
ne radio noise current /, generated by an individual source on|a
e, conductor, is known, the determination of the electric figld
én position with respect to the conductor, is carried out by
e, the splitting of the current | between the two sections of line, as
C oint. For example, in the case of a source of noise on a line of infinite

Qpagating along the conductor is then calculated and, finally, the figld

In the case of lines with more than one conductor, three-phase a.c. lines, bipolar or
homopolar d.c. lines, the calculation of propagation of the noise is less simple and is
generally dealt with by modal analysis. The complete modal theory is relatively complex and
various more or less simplified procedures have been developed [2, 3, 8, 42, 43, 44]. The
principle, however, remains substantially the same and the actual system of radio noise
currents, or voltages, is reduced to a few simple systems, characterized by simpler laws of
propagation similar to those that exist for a system with only one conductor. It is then a
question of applying similar calculations to each system and then aggregating the individual
fields in order to determine the resultant field.
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Where several sources are distributed on one of the three phases, the calculation process is
much the same as previously described for the single source. In this case, account has only
to be taken of the aggregation of the various sources of noise which are usually assumed to
be of the random type.

In the case of noise sources on all three phases, the calculation of the E field is carried out
separately for the noise injected into each phase, and the total E field is obtained by the same
processes as those described in 6.2.2.1.

6.

C|ISPR position of 20 m from the nearest conductor and a LN ) of

E=0-6+11-10ig229 , 20456
00

TES is in good agreement with the value of 13, \ i bd
e Figure 10).

Suibclause 6.1 gives q aI| ativeN i an the effect of the ambient conditions; humidity,
rain, fog, polluh@ Qi 5’of insulators and hardware. This information |is
be sed essentially : 5, of the physical phenomena involved in the varioyis
sifuations. The kng ge ofgthesé\physical phenomena is generally sufficient to establigh

ncertainties still exist on the quantitative effects of these
. some results of radio noise tests performed by different expefi-
mfnters on d insulators, especially in dry conditions, are not quite consistent.

agreed procedure for simulating in the laboratory the most common
sgrvice conditions of lightly polluted insulators nor the implementation of any relevant tegst
reisults_as-referred to in CISPR/TR 18-2.

TheZmatter is under consideration and will be reviewed when the results of studies within
CIGRE vyield agreed and conclusive data.

7 Sparking due to bad contacts

7.1  Physical aspects of the radio noise phenomenon

Not bonded conducting parts of a power line or substation, or even such items as nearby
metal fences or rain-water guttering, when in the strong electric field of high voltage power
lines and associated equipment, can become electrically charged and the potential difference
between adjacent conducting parts will increase even if both parts are floating, that is to say
they are not connected to a line conductor or to earth.
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If the distance separating the conducting parts is small, the increasing field strength in the
intervening space may reach the critical level and lead to a complete breakdown of the gap.
Avalanche ionization initiates the development of an arc, gap discharge occurs, the potential
difference across the gap then falls to a low level and the arc extinguishes. The whole
sequence of events can be repeated when the parts become re-charged, as the space is once
again electrically stressed and the next gap discharge takes place.

The repetition rate of this sequence depends on the charging and discharging time constants
of the circuit and the value of the surrounding electric field, as well as on the length of the gap.
Individual sparks can occur at many hundreds to a few thousands of times per second. The
rejpetition rate is, however, at least one order of magnitude lower than the range of repetitipn
rates of corona discharges.

pgwer frequency voltage. When the line voltage and consequently the fi
eXceeds a critical value, a train or burst of sparks is generated duri

cqnsequently, a broad range of high frequencies is prod
bgtween the frequency spectra of the radio noise field fro
at| a particular distance from the line, i frequencies m
exftend to a few hundred megahertz. s C cites a hardware pr
cqmponent which is capable of oscillating at a particul ¢ due to its geometriqgal
dimensions, energetic narrow-band radiation at\thi may> occur as the hardware pr
cgmponent acts as a tuned antenna. e ischarges may cause interferenge
to|the reception of both a.m. radio signa d the visi i g of television. By contrast, fim.
radio, in the v.h.f. band, the audio sig elevision_are less likely to be affected by this
type of interference.

Propagation along the line, wi 5006] ic and magnetic fields, and radiation a(Le
the routes by which thendistirbing radi L ies reach the receiving antenna. It has beg¢n
oljserved, in practice, that.naj ¢ ies corresponding to the long and medium waye
bgnds propagat 0 > i ¥ along the line. At television and f.m. radio
frequencies the jati ; ine”is less important than radiation from the source.
Line geometry, resi ing ground and the frequency are of major importange
to| propagation. For\tf ) cies, the attenuation along the line is greater and the

distance of propagation is

Significa a noise field are normally confined to the immediate vicinity of the
line, possi .n. out to a few hundred metres on either side. If, however, a resonant
cqndition oceurs:} are or component, a narrow band of radiation may be measured jat
distances of_up<to a\few kilometres. A curve showing a typical relationship between figld
strength anddistanee”is shown in Figure 12. The fluctuations are the result of the interactipn
off the direet'wave with the ground-reflected wave.

7.2C~ Example of gap sources

Gap sources on overhead lines may be due to lightly weighted cap and pin insulators, where
the weight of the insulator is insufficient to prevent the metal contact surfaces from oxidizing,
or with corroded metal parts, or faulty joints. In the case of porcelain string insulator units, it
has been found that sparks can be produced by discharges in small voids in the porcelain.
Broken insulators, paint layers and even objects not forming part of a transmission line, such
as nearby not bonded metal fences or gutters, may give rise to gap discharges.

Where wood poles are used for power lines, sparking may occur between items of metal
hardware which can lead to severe interference to television reception. This usually occurs
due to the shrinking or swelling of the wood with variations in the humidity. As the wood
shrinks, nuts and bolts used to hold the cross-arms in place, or to fasten insulator pins to the
pole or cross-arm, can become slightly loose. If any corrosion is present between the nut and
bolt, or the washer if one is used, an imperfect contact results and sparking takes place.
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Another source of television interference from wood-pole lines can arise from the staples used
to fasten the earth wire to the pole. As there are potential differences between sections of the
pole, the staples may spark over to the earth wire, particularly if there is any corrosion
between them.

Finally, the contact between a pin-type insulator and phase conductor can be a source of
sparking at the tie-wire, where the conductor rests in the top groove, or at the stirrups in the
side groove. The problem is the small, highly stressed, pockets of air between the conductor
and the insulator that may spark over.

Care shall be taken both during the erection of the line to ensure good workmansl’]ip
throughout and, in the subsequent maintenance, to ensure that any defects caused; for
eXample by vandalism, are found and the necessary remedial action taken. Special ‘attention
should be given to the design and maintenance of equipment to ensune the durability and
adequacy of contacts at, for example, air-break isolating switches,the flexible{connections
provided in the design of such switches, fuse-mounts and line taps.

Ghp discharges are strongly influenced by the weather. It is on y A at a small
gdp between, for example, two conductive parts provides jr an break down. |In
wet weather the gap may be bridged with water ther A conducting path
Therefore, interference caused by gap discharges 3 enon” that is normally

agsociated with fair weather and it is usually abse - onsequently, this type
oflinterference is often referred to as dry noise.

8| Special d.c. effects

8./ General

High voltage d.c. transmission sy te’radio noise in two quite different ways:
finstly, by the normal operation of the ma' onvertr valves, which may be of the mercury a&c

type or thyristors and, hdrge and associated phenomena on the high
vgltage equipme . It is therefore necessary to take into
cqnsideration:

Cpmpared_with higt geha.g. transmission systems, the problem of radio noise from high

vqltage d.c.>systems_is not so important, as only relatively few are in operation throughout the

world. Conseq Y, € ience of radio interference problems associated with high voltag
t h

vqltage d.c._interfe
eyisting systems.

ence has been obtained from test lines and cages, and the remainder frgm

Hilgh.voltage d.c. transmission systems are at present operating at voltages up to =+ 800 kV

d=in the near futiira aovan hiahagr valtaage will hg ucad [E71
ane—H—thRe-heaidtH-e—8ve8h—HghRe~orages-wWh—oe o=

8.2 Effects of corona from conductors

Although the causes of radio noise from high voltage d.c. systems, due to corona discharges
on line conductors, insulators and hardware, is the same as for a.c., there are some
noticeable differences in the effects.

The physical aspects of a.c. corona were discussed in 5.1, but the corona mechanism with d.c.
is different because:

a) a stationary ionization sheath is created around each conductor;
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b) a space charge is built up in the remaining space between the conductors and ground and
between the conductors themselves.

The ionization acts partly as a shield, which modifies the electric field close to the conductor
and, due to the space charge, the actual electric field differs markedly from the theoretical
static field.

For an a.c. line, no stationary space charge exists and the ionization effects around the
conductor act in a different manner.

Corona discharges are always initiated by collisions of free electrons with stable ato

These electrons exist in the atmosphere under all normal conditions and move away from the
negative conductor and towards the positive conductor. This leads to a s i Ce
bgtween the two resulting forms of corona. Negative corona discharg igh
rejpetition frequency and moderate amplitude, whilst those near the{positiv ¢ Ire
leps frequent and have much larger amplitude.

The radio noise characteristics: level, frequency, spectrum and
d.c. line are determined by:

—| design parameters;

stfength, from an a.c. line because of the differe

Design parameters

Unlike a.c. lines, a d.c.
bipolar, with single or|b

relatively small becaus
rapid fault cIear‘b@
p@llution than by ove

sulator Iength and the pole spacing can be
ages are significantly lower than with a.c., due |to
sSually the insulator length is determined more by

Line voltage, or face voltage gradient and polarity
In| the case N S oice of the line voltage is influenced not only by econonic
refasons b . e\layout of the convertor stations and valves. Although there is o

Z vojtage, d.c. lines at present in service usually operate betwegn
+ R00 kV and ~"However, in the near future, the voltage level will be raiséd
cqnsiderably-,Fhe_voltage of any high voltage line has a most important influence on the
géneration of radio roise. This influence depends on the surface stress, or gradient, of the
cqnductors: If, for an a.c. line, a gradient of E kV/cm r.m.s. is used, the comparable gradient

for a’d.c. line would then be \/EEkV/cm. The d.c. line will, however, produce a lower noige
lepyelthan the a.c. line.

Disregarding the effects of ionization and space charge, the theoretical gradient can be
calculated as for a.c. lines (Clause 5) and this value is also used for radio noise calculations.
The influence of this gradient on the radio noise level was investigated on several test lines
and the results show that over the range 20 kV/cm to 27 kV/cm the radio noise level increases
at approximately 1,6 dB for each 1 kV/cm increment and above about 27 kV/cm the noise
level increases at lower rate.

The lateral profile of a bipolar d.c. line, with corona-free earth wires, is nearly symmetrical
about the positive conductor. This behaviour can be explained by the fact that the negative
conductor produces a lower level of radio noise than the positive conductor, because of the
different ionization mechanisms indicated in this subclause. With the same gradient for both
conductors the difference in their radio noise level contributions is at least 6 dB.
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Hence the contribution from the negative conductor to the aggregate radio noise level of a
bipolar line may be considered to be negligible. For a negative monopolar line, the noise level
may be even 20 dB lower than for the same line with positive polarity.

Weather conditions

It is well known that the radio noise level from a.c. lines is significantly influenced by the
weather conditions. Between fair weather and heavy rainfall this level may increase by up to
25 dB but in the case of d.c. lines the noise level actually reduces in rain.

Thus the highest radio noise level of a d.c. line normally occurs under conditions of fair
weather. At the beginning of rainfall and for dry snow precipitation, this level may rise for| a
short time but when the conductors are fully wet it will decrease by up to™10dB and’in-some
cgses even more. The level may also be influenced by the line configyration and the voltage
gnadient and the above remarks apply to bipolar and to positive mofopolar Npnes\However,
thie 80 %/80 % criteria, discussed in 4.3 of CISPR/TR 18-2, are still«vali

As$ an explanation of this difference in behaviour, when co i . IE]
hypotheses could be given, but they still have to be pr g re
ngcessary.

Another area where the performance of d.c. lines [differs .enlinges i i of
wind. Some investigations have |nd|cated that i ction from the negative to the
pgsitive conductor the radio noise leve 2S Wi i c B
to] 0,5 dB for each 1 m/s increment. > [ i iti ive

cqnductor this effect is significantly lowe

Fdlirthermore, the long-term radlo noise Iev . ;fin
symmer the level is normg i : ed
by insects and airborne pa S he
air.

Frequency spec@

In|the case of a.c. Ain ise“spectrum is one of the main characteristics of a high
vqltage line. Th for d.c. lines seems to show a similar shape over the
lohg and medju ¢ ast bands but further investigations should be made.

Subjectiyeeffects

Investigatio wh that for d.c. lines, a lower signal-to-noise ratio (SNR) may be
agceptable than~for a,c. lines given in 4.3 of CISPR/TR 18-2. For a particular reading on|a
C|SPR megasuring receiver, the subjective annoyance of a d.c. line could be less than for an
a.c. lineby-as much as 10 dB.

Calculation of the radio noise level due to conductor corona

The radio noise level of a.c. lines, due to conductor corona, can be calculated by using
analytical methods or experimental formulae. Both are based on the results of many
measured values derived from test lines, test cages and operational lines. In the case of d.c.
lines, experience is relatively scanty, the data coming almost entirely from test facilities.

The analytical methods that can be applied to d.c. lines are similar, in principle, to those
described in Clause 5 for a.c. lines. Obviously, in this case, use shall be made of the
excitation function results (see 5.2) for measurements on d.c. test lines or cages, and account
should be taken of the propagation characteristics of d.c. lines.
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As for a.c. lines different empirical formulae for the calculation of the radio noise level for d.c.
lines have been evolved. Based on extensive measurements on lines [55], with various
configurations, the following formula is suggested for a bipolar line:

E=38+16(9pax—24)+461gr+5ign+

+ AE; + 33 Ig % + AE, in dB(uV/m)

where

E—sthetevetof theTadiooise fietdstrengthrimd B v );

9hax is the maximum surface gradient of the line, in kV/cm;
is the radius of conductor or subconductor, in cm;
n is the number of subconductors;
D is the direct distance between antenna and nearest conduct
Ak, is the correction for different weather condition, in dB;

Ake  is the correction for different measurement frequency;si

The value g,,,4 is calculated as for a.c. lines. The fir
the CISPR reference frequency of 0,5 MHz and for

diptance of 20 m from the nearest conductor in

Zgro.

pgsitive monopolar lines if the correct conducto
applied pole voltage, the/nhoise will be I than
Regarding bipolar transmission_[lines, “built &

character will dominateNf the.pole di e Is_greater than about 20 m.

Measurements r@ ate ‘of lateral attenuation for d.c. lines is similar to thlat
for a.c. lines. O e 0,4 MHz to 1,6 MHz and for a distance of around

300

A m, where f i akemas theynumerical value of the frequency, in MHz, the following
o
approximate i atisfactory results:
E, (D 1,65
E, D,
where

Ey 'and E, are the noise field strength values at the direct distances D, and 0O,
respectively; and

E, and D, are the reference values.
For the direct distance Dy of 20 m from the nearest conductor and using logarithmic terms,
this formula may also be written as:

E, = E; +331g2%
D,

The distance expression 33I9123—0 is an approximation which tends to give a low correction up
2

to about 100 m and high correction beyond this distance.
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A considerable variation in the measured results of the frequency spectrum at different
locations has so far been obtained, particularly at low frequencies. However, the frequency
spectrum shown in Figure B.12 and discussed in 4.3.2, which is valid for a.c. lines, seems
also to constitute a good average relationship for d.c. lines and it is, therefore, suggested that
this spectrum be used until more reliable material is available. The correction according to
this spectrum can be written:

AE; =5 (1 -2(Ig10f)2) in dB

wherefis-the-numericalvalueof the-measurementfreguency—in-MHz
< A T

This expression can be used from 0,15 MHz up to about 3 MHz.

For a negative monopolar line, the radio noise level from the pole conductori i ly
low but, if an earth wire is used, the earth wire will act as a positivé ¢on s ise
lepel can be calculated as above.

8.3 Radio noise due to insulators, hardware and sub
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hqrdware and substation equipment. Available expefi indi ill
be no significant difference from the equivalent level of a.g. li

Unpder dry weather conditions, the fadio\ n@i e :)Y
dgminate for the higher voltage gradie e
cqnductor decreases when the cond is is in contrast to the level
produced by the line insulators, as the n these insulators is determined by
the ohmic resistance of the pollution\ Fr ic perience it is known that, even |in
diptricts with a relativel llution, the surface of d.c. insulators
bgcomes polluted in aprelativel is polluted surface becomes wet, partial
discharges occur whic igh increase in the radio noise level. Hencel it

is|possible that the difference duction of the noise level from d.c. lines, undger
sgme condition @ | ,

oflthe polluted ins

8.
A S-
m wclude\convertor stations with their valve equipment. These valves can
gs i st
SV

Alconvertor.group normally comprises six valves fired cyclically at the power frequency and| a
cqmpleteconvertor installation may be made up of several such convertors. Each time a valye
is| fired 'the voltage across it collapses and a wide spectrum of radio noise is generat¢d

inductances in the associated connections and equipment, local loops may resonate and this
will produce peaks at certain frequencies.

This radio noise may be emitted directly from the valves and associated equipment
comprising, in this instance, mainly the feeders and the busbars of the convertor station.
These busbars will often be of considerable length and well able to act as efficient radiators.
The convertor will be, of course, connected to incoming and outgoing a.c. and d.c. circuits
and these may both be of overhead line construction. The radio noise will be guided and
emitted from such overhead lines.
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With any suppression measures, the radio noise level could be intolerable and it is, therefore,
necessary to reduce this level to an acceptable value. This can be achieved by different

methods which depend on the valve type and the technical installation of the substation.

In most of the earlier operational high voltage d.c. schemes, mercury valves were used. The
technical layout of this valve type requires a hall which protects the valves against
environmental influences and makes it possible to keep temperature limits within a specified
range. By electromagnetic screening of these halls the radio noise level outside can be

reduced considerably. Using solid metal sheets or wire mesh, an attenuation value of 40 dB

to

50 dB for frequencies between 0,15 MHz and 5 MHz is possible. To reduce the noise passing

through the valve hall bushings, filters should be installed in all outgoing lines and the filteri
off the d.c. lines shall be especially effective. The convertor transformers, between the'val
group and the a.c. lines, and the filter circuits on the a.c. side, may reduce the(possib
cqnduction of radio noise from the convertor station to these a.c. lines.

In| the case of thyristor valves the radio noise problem may bé ever
Thyristor valves, when fired, may have a voltage collapse time \ qred wi
1 us for mercury-arc valves. One reason for this is the use s within t
thyyristor valve. With such a long voltage collapse time, it ot be_Necessaryto screen t

vglve, hall, and radio noise filters may be simpler or even un

A|possible solution for reducing direct radiation fro

g
e
le

th
he
he

allation of the thyristor

vdlve within a steel tank which acts as an effectiy be taken that the tapk
ddg

The further development of high voltage dic. gtions will tend towards mofe
cd ( e groups, convertor transformers and
sU 3 € the reduction of radio noise frgm

Cd

G
au

ty

of such a reduction largely depend on the val

ise produced by convertor valves and their

e
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9 Figures

This clause contains the figures referred to elsewhere in this technical report.
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Figure 1 — Typical lateral attenuation curves for high voltage lines, normalized
to a lateral distance of y; = 15 m, distance in linear scale
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‘ Related to 20 m direct distance from nearest phase conductor
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al lateral attenuation curves for high voltage lines, normalized
istance of Dy = 20 m, distance in logarithmic scale
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Sq
pr
[5

urce : The diagram is drawn from the report: L. Paris, M. Sforzipi:
bgetto dedotti da una serie di prove comparative. Rendiconti della

1.

di
64
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Figure 9 — Longitudinal noise attenuation versus distance from noise source
(from test results of various experiments frequencies around 0,5 MHz)
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Annex A
(informative)

Calculation of the voltage gradient at the surface
of a conductor of an overhead line

Various methods are available for the calculation of the voltage gradient at the surface of a
cqnductor of an overhead line. All these methods give very similar results for both non-bundle

cqnductors and symmetrical bundles consisting of a small number of subconductors; up,fto
three or four. For bundles with a greater number of subconductors and for asymmetridal
byndles the most suitable methods are those based on the principle of/suceessivé)images
[A.1]. With the advent of the digital computer, extensive use is now calculatipn
programs based on these methods. For the majority of line configurati at‘is>where the
height of the conductors above ground and the spacing between! phas pales™is large
cgmpared with the conductor diameter or bundle dimensions and.th acinglis
lafge compared with the subconductor diameter, a single-image an £

Alfurther approximation to this approach is to calculate ArgE ch conductor for
sybconductor, adopting the Maxwell potential coefficient 9 then to compute the
vqgltage gradient at the surface of the conductor or g ring only the charge

on the conductor under consideration. In the—ca ‘ ) or bundle, it may be
rejpresented by an equivalent single con uctor wi ame capacitance as the bungle.
For single conductors and symmetrica S miber of subconductors, very
simple formulae can be used for the determi ¢ G ¢ gradient from the charge.

The average gradient, g,,, is obtained s$s' theorem, from which the electfic
figld strength at the surfa S tHe surface charge density o divided by

the permittivity &,:

Q 3 o s

here

In
th

unitléngth C is given by:

(A.1)

is the surfa

the case of a single phase line with earth return or a monopolar d.c. line, the calculation [of
charge q as a function of the applied voltage U is very simple since the capacitance per

In=—
leq
where
h is the height of the conductor above ground in centimetres. Usually an average height is

used and it is found by taking the conductor height at the tower, or the mean of the heights
at the two towers of the span if the heights differ, and subtracting 2/3 of the sag at the
lowest point of the conductor;

leq is the radius of conductor or radius of bundle equivalent conductor in centimetres;
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log = d in the case of a single conductor;

eq 2

leq = b n,/m in the case of a conductor bundle;
2 b

where b is the pitch-circle diameter of the subconductors.

Then
q CU U
= = = A.2
Jav neond  megnd  nd | 2h (A:2)
2 leq
To obtain g,, in kilovolts per centimetres, U shall be expressed in kjloyo e case |of
a.

charges ¢n
es

(A.3)

where [q] and [U] are the one-column ages on the conductors jor

by ulticonductor configuration:
where

Dy is the distance or bundles j and j;

D ductor or bundle i and ground image of conductor or bundle j.
A$ reg voltages, the following elements are to be considered for the
fol

a

1
. 1 1.
=U| a |witha=—-—+—j43

where U is the modulus of the phase-to-earth voltage of the line. The above matrix refers to
lines without an earth wire or wires. To take into account the presence of earth wires, the
voltages, which are equal to zero on these wires, have to be inserted into the voltage matrix.
The order of the matrix is increased but this does not present a great problem in the solution
of the equations (A.3). However, it is possible, by dividing the matrix of potential coefficients
into submatrices relating to phase conductors and earth wires and coupling matrices, to
reduce the matrix order to hat for a line without earth wires. The presence of the earth wires
increases the voltage gradient at the conductors but, with usual configurations, this increase
is relatively small: 1 % to 3 %.
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Multi-circuit three-phase lines

this case the voltage matrix [U] includes a series of elements which takes into account all

the phase conductors or bundles and, when present, the earth wires of the line. As an
example, the voltage matrix of a double-circuit three-phase line with two earth wires is an
eight-order column matrix. The corresponding potential coefficient matrix is an eight-order
square matrix, the inversion of which requires the use of a suitable computer. However, a
sufficient range of computer capabilities now exists for the calculation of the voltage gradient
of any type of multicircuit three-phase line.

It
ci
w
ci
1,

c)| Bipolar d.c. lines
u 1
o[
U2 -1
where U is the value of the pole-to-earth voltage.
The presence of earth wires can be/aken ip ount ir@e same way as for a.c. threpe-
phase lines.

ci
th

nen calculating the gradients of a multicircuit line. For example, the fl

The voltage gradient derived from (for (A an average value g,, around the
G nd , inNas™mUch as it is calculated on the basis [of
{y ol tor

should be noted that the relative positions of the corresponding phases In the differ

nt
cuits affect the charges on the conductors and it is important to take them into accojnt
mations\of two
configuration

cuits defined by 1, a, a2 and 1, a, a2 will result in higher gradients t
a, a?and a2, a, 1.

For he
Ci rs
in he
sU he
e

Alsimplified _approach, to obtain the variation of this gradient around the circumference [is

gi

ven by the follow

ng formula:

g0 = 1+2°10

cos 6)
b

where @ is the angle between:

In

the radius from the centre of a subconductor to a chosen point on the surface of the
subconductor;

the line passing through the centre of the bundle and the point where the maximum
gradient occurs on the same subconductor.

particular, the maximum gradient g,,,,, is given by:

(n—1)d)

= 1+
Imax gav( b
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[A.1] IEEE Corona and Field Effects sub-committee Report — Radio Noise Working Group: A
survey of Methods for Calculating Transmission Line Conductor Surface Voltage
Gradients, IEEE Trans. on Power Apparatus and System, vol. PAS-98, No. 6, Nov./Dec.
1979, pp. 1996-2014.
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Catalogue of profiles of radio noise field due
to conductor corona for certain types of power line

The appearance of a given line in the catalogue does not purport that this line generates an
acceptable radio noise level

Table B.1 — List of profiles

(These profiles refer to the middle of the spans and the levels
are related to the voltage given at the top of each figLye\

(X

Figures O\rﬁqip)
225 KV lines B.1 \)
Triangular formation of conductors B.2 .
Float formation B.3 x 18]
Arched formation B.4
Flat (wide formation) P’S\ }7
I 345 KV lines N

Vertical formation of Double circuit

362 kV lines

N
>

Flat formation Ref. [35, 39]
380 kV lines
Flat formation ‘B}\> Ref. [8]
Arched form/itlon B.9 Ref. [8]
Vv 525 kv /l
Flat formation (\K/\&J\ > B.10 Ref. [35, 39]
V]. 750 kV lin
Arche \ B.11 Ref. [8]
vl | 765 kikgines AL N
Iat fc?\zk \ B.12 Ref. [35, 39]
VIII. 765 Kk
Verticalsformatiop’ of Double circuit B.13 Ref. [56]
Cprrectians:
l. Frequency B.14 Ref. [8]
. Weather categories B.15 Ref. [8]
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Figure B.1 — Triangular formation (1)
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Figure B.2 — Triangular formation (2)
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225 kV line
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Figure B.5 — Flat wide formation
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345 kV line, Double circuit
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