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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: Description of phenomena

FOREWORD

The International Electrotechnical Commission (IEC) is a worldwide organization for standardization comprisi
all national electrotechnical committees (IEC National Committees). The objecty of ' IEC is to promg
international co-operation on all questions concerning standardization in the electrical and electronic fields.
this end and in addition to other activities, IEC publishes International Standards, Technical Specificatiof
Technical Reports, Publicly Available Specifications (PAS) and Guides _(hereafter referred to as ‘I

ng
te
To
S,
FC

Publication(s)”). Their preparation is entrusted to technical committees; any IEC National Committee interested

in the subject dealt with may participate in this preparatory work. Int€tnational, governmental and ng
governmental organizations liaising with the IEC also participate in this preparation. IEC collaborates clos
with the International Organization for Standardization (ISO) in aeeordance with conditions determined
agreement between the two organizations.

The formal decisions or agreements of IEC on technical matters\express, as nearly as possible, an internatio
consensus of opinion on the relevant subjects since eachc¢technical committee has representation from
interested IEC National Committees.

IEC Publications have the form of recommendations for\international use and are accepted by IEC Natio
Committees in that sense. While all reasonable efforts are made to ensure that the technical content of |
Publications is accurate, IEC cannot be held responsible for the way in which they are used or for a
misinterpretation by any end user.

In order to promote international uniformity, (IEC National Committees undertake to apply IEC Publicatio
transparently to the maximum extent possible in their national and regional publications. Any divergen

between any IEC Publication and the corrésponding national or regional publication shall be clearly indicated|i

the latter.

IEC itself does not provide any attestation of conformity. Independent certification bodies provide conform|
assessment services and, in seme areas, access to IEC marks of conformity. IEC is not responsible for g
services carried out by independent certification bodies.

All users should ensure that they have the latest edition of this publication.

No liability shall attach'to/IEC or its directors, employees, servants or agents including individual experts a
members of its technical committees and IEC National Committees for any personal injury, property damage
other damage of ‘afy nature whatsoever, whether direct or indirect, or for costs (including legal fees) a

expenses arising jout of the publication, use of, or reliance upon, this IEC Publication or any other I

Publications.

Attention/isydrawn to the Normative references cited in this publication. Use of the referenced publications]i

indispensable for the correct application of this publication.

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

n_
)|y
by

al
all

al
EC

of

The main task of IEC technical committees is to prepare International Standards. However, a
technical committee may propose the publication of a technical report when it has collected
data of a different kind from that which is normally published as an International 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 third edition cancels and replaces the second edition published in 2010. This edition
constitutes a technical revision.
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This edition includes the following significant technical changes with respect to the previous
edition:

a) updated description of the RF characteristics of spark discharges which might contain
spectral radio noise components up to the GHz frequency range;

b) addition of state of the art in HVDC converter technology

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

DTR Report on voting
CIS/B/653/DTR CIS/B/674/RVDTR

Fetllll information on the voting for the approval of this technical report can be found in the
rejport on voting indicated in the above table.

This publication has been drafted in accordance with the ISO/IEC Directives, Part 2.

Allist of all parts of the CISPR 18 series can be found, underthe general title Radio
interference characteristics of overhead power lines and high-voltage’equipment, on the IHC
website.

the stability date indicated on the IEC web site under/http://webstore.iec.ch" in the dafta

TeTEe committee has decided that the contents of this publication will remain unchanged until
refated to the specific publication. At this date, the publication will be

* | reconfirmed,

* | withdrawn,

» | replaced by a revised edition, or
* | amended.

Albilingual version of this publication,ntay be issued at a later date.

IMPORTANT - The 'colourtinside’ logo on the cover page of this publication indicates
that it contains colours’ which are considered to be useful for the correg
understanding of its"contents. Users should therefore print this document using
colour printer.

D
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INTRODUCTION

This Technical Report is the first of a three-part series 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 a description of 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.

Tll\e technical data given in this Part 1 of the CISPR 18 series are intended to be a useful\did
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 dealing with

—| methods of measurement and procedures for determining limits, and a

—| code of practice for minimizing the generation of radio noise.

The CISPR 18 series does not deal with biological effects on living{matter or any issugs
refated to exposure to electromagnetic fields.

This document has been prepared in order to provide information on the many factors
inpolved in protecting the reception of radio, especially (but.not limited to) analogue televisi
and digital terrestrial television broadcasting, hereafters denominated as digital televisi
broadcasting, from interference due to background.noise generated by AC and DC hi
vqltage overhead power lines, distribution lines, apd ‘associated equipment. The informati
given should be of assistance when means ofavoiding or abating radio noise are bei
cqnsidered.

Information is mainly given on the generation and characteristics of radio noise frgm
AC power lines and equipment operating at 1 kV and above, in the frequency rangeés
0,)15 MHz to 30 MHz (a.m. sound broadcasting), 30 MHz to 300 MHz (f.m. sound broadcasting,
analogue television broadcasting) and in the range 470 MHz to 950 MHz (digital televisi¢n
brioadcasting). The special aspect of spark discharges due to bad contacts or defects is takg¢n
info account. Information is «also given on interference due to DC overhead power lines fpr
which corona and interference conditions are different from those of AC power lines. The
radio broadcast services.mentioned above are examples only and the information in this
dgcument relates, in.a téchnology-neutral way, to protection of radio reception in general, fpr
the given frequency\ranges.

The general ptoeedure for establishing the limits of the radio noise from overhead power lings
and assocjated equipment is given, together with typical values as examples, and methods [of
measurement.

e_eclause on limits for conductor corona, which may occur in normal operation of power lin

where ample evidence, based on established practice, is available. Examples of limits to
protect radio reception in the frequency band 30 MHz to 300 MHz are not given, as measuring
methods and certain other aspects of the problems in this band have not yet been fully
resolved. Site measurements and service experience have shown that levels of noise from
power lines generated by conductor corona at frequencies higher than 300 MHz are so low
that interference is unlikely to be caused to analogue television reception.

Presently, there are no limits for radio noise due to spark discharges, which may occur at bad
contacts or on the surface of polluted insulators, to protect radio reception in the UHF band
(around 470 MHz to 950 MHz) for digital television broadcasting. The characteristics of spark
discharges in the UHF band are not fully understood yet. Furthermore, digital television
systems employ error-correction functions, and the true effects of spark discharges to image
quality are consequently not quite known.
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The values of limits given as examples are calculated to provide a reasonable degree of
protection to the reception of e.g. radio 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
hgped that this document will aid other radio services in the consideration of the problems Jof
interference.
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RADIO INTERFERENCE CHARACTERISTICS
OF OVERHEAD POWER LINES AND
HIGH-VOLTAGE EQUIPMENT -

Part 1: Description of phenomena

Scope

This part of CISPR 18, which is a Technical Report, applies to radio noise from overhead

Pd

to

of]

fo
o}

The frequency range covered is 0,15 MHz to 3 GHz.

R

2

The following documents, in whole or in part,;care normatively referenced in this document and
are indispensable for its application. For dated references, only the edition cited applies. F

ur
ar

1=
E

C
m
af

C
hi

lin

IS

hdio frequency interference caused by the pantograph ofloverhead railway traction systen
not considered in this document.

Normative references

SPR 16-1-1, Specification for radio disturbance and immunity measuring apparatus a
cthods — Part 1-1+'Radio disturbance and immunity measuring apparatus — Measuri
paratus

SPR TR 18<2: 1, Radio interference characteristics of overhead power lines a
gh-voltage \equipment — Part 2: Methods of measurement and procedure for determini
hits

OAEC Guide 99, International vocabulary of metrology — Basic and general concepts a

dated references, the Ilatest edition of the referenced document (including a
hendments) applies.

C 60050-161, International - Electrotechnical Vocabulary (IEV) — Chapter 11:
ectromagnetic compatibility.

wer lines, associated equipment, and high-voltage equipment which may cause,interferenge
radio reception. The scope of this document includes the causes, measurement'and effedts
radio interference, design aspects in relation to this interference, methods_and examplés
I establishing limits and prediction of tolerable levels of interference”from high voltage
erhead power lines and associated equipment, to the reception_©f-radio signals and
sgrvices.

pr
R4

-~

nd
g

d
g

nd

associated 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 IEC 60050-161 and the
ISO IEC Guide 99 apply.

1

Under preparation. Stage at the time of publication: CISPR/RPUB 18-2:2017.
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ISO and IEC maintain terminological databases for use in standardization at the following
addresses:

4

IEC Electropedia: available at hitp://www.electropedia.org/

ISO Online browsing platform: available at http://www.iso.org/obp

Radio noise from HV AC overhead power lines

4.1 General

R
0

a

b
c)

The sources of a) and b) are usually distributed along the length ef\the line, but source c)|is

us
su
of
af

The generation of radio noise is affected by weather conditions, for example, conduct
rona is more likely to occur in wet weather because of the water droplets which form on the

cd
cd
dr
i
m
m

a

the unwanted~radio noise. Interference may therefore be experienced when the signal

st

U
i
b

hdio noise from high voltage alternating current (HVAC), which is to say above ™ kV,
erhead power lines may be generated over a wide band of frequencies by

corona discharges in the air at the surfaces of conductors, insulator assemblies apd
hardware;

discharges and sparking at highly stressed areas of insulators;
sparking at loose or imperfect contacts and at defects in hardware (cracks, rust).

ually local. For lines operating above about 100 kV, the electric stress in the air at the
rface of conductors and hardware can cause corona discharges. Sparking at bad contadts
broken or cracked insulators can give rise to local soureés of radio noise. High voltage
paratus in substations may also generate radio noiseswhich can be propagated along the

For interference-free<feception of radio signals, it is important that a sufficiently high ratio

erhead lines.

the field strength of the radio noise at the antenfas used for radio reception is too high,
n cause degradation of the quality and performance of the respective radio communicati
broadcast service and application.

nductors whereas, under these‘conditions, bad contacts can become bridged with wat
oplets and the generation of radio noise, by this process, ceases. Consequently, loose
perfect contacts are more likely to spark in dry weather conditions. Dry, clean insulato

pre likely to occur when'they are polluted, particularly during wet, foggy or icy conditions.

ailable at the jinput to the receiver between the level of the wanted signal and the level

rength is lowsand the weather conditions are conducive to the generation of radio noise.

nlike @nalogue radio reception, to realize interference-free reception of digital signals, it
poftant to keep the bit error rate (BER, BER used to evaluate digital communication qualif
low a certain value, for example, below around 10-2 in the front of Viterbi decoder in ca

py cause interference in fairweather, but prolonged sparking on the surfaces of insulatorsli

t

or

is
of

is
Y)
be

of a ISDB-T system. In this regard, a BER of around 102 in the front of Viterbi decoder
assures a BER below 108 at the input of a display by error-correction function, which is
commonly employed in modern digital communication systems.

When investigating radio noise it should be borne in mind that the local field may be caused
by a distant source or sources as the noise may propagate along the line without substantial
losses, over a considerable distance.
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4.2 Physical aspects of radio noise
4.2.1 Mechanism of formation of a noise field
4211 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_§ources
themselves does not materially contribute to the noise level. In this case, the wayelength |is
lohg in comparison with the clearances of the conductors and thus the line is not an efficignt
radiator. However, associated with each spectral voltage and current component; an electfic
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
discharges spread over many kilometres along the line on either side oféthe reception point.| It
should be noted that close to the line the guided field predominates, whereas further from the
life the radiated field predominates. The changeover is not abrupt,and’the phenomenon is njot
well known. This effect is not important at low frequencies ¢but is apparent at mediym
fréquencies.

Hopwever, for spectral components above 30 MHz where<he”wavelengths are close to or le
thian the clearance of the line conductors, the noise\effects can be largely explained
antenna radiation theory applied to the source of noise, as there is no material propagati
alpng the line.

o<

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

4.2.1.2 Longitudinal propagation

In| the case of a single conductor’line mounted above the ground, there is a simultaneous
propagation of a voltage wavetU(t) and a current wave /(t).

For a given frequency, the two quantities are related by the expression U(w) = Z(w) x ()
where Z, also a function/of o, is the surge impedance of the line.

Dyring propagation the waves are attenuated by a common coefficient &« where:

U, = Upe=X

Iy = lje=X
where
Ug and [ are the amplitudes at the source, and
X is the distance of propagation along the line.

In case of multi-phase lines, experience shows that any system of voltages or currents
becomes distorted in propagation, that is to say, the attenuation varies with the distance
propagated and it differs for each conductor. Theory of propagation and actual measurements
on power lines have shown that noise voltages on the phase conductors can be considered as
being made up of a number of "modes", each one having components on every conductor.
One mode propagates between all conductors in parallel and earth. The others propagate
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between conductors. Each mode has its own different propagation attenuation. The complete
theory of modal propagation is complex and involves matrix equations outside the scope of
this document. Reference is made here to CIGRE and other published works. It is important to
note that the attenuation of the conductor-to-earth mode propagation is fairly high, that is to
say 2 dB/km to 4 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 figld
agsociated with radiated electromagnetic waves are at right angles both to each other and fto
the direction of propagation. The ratio of their amplitudes represents a constant value:

E,
—(vVim) _ 3770

Haim)
and is called the intrinsic impedance or impedance of free space:

Op the other hand, the fields near the line are related to-the radio frequency voltages and
cyrrents propagating along the line and their ratio depend® on the surge impedance of the line
for the various modes. Furthermore, the directions:of the electric and magnetic fidld
cgmponents differ from those for radiated fields in free’space as they are largely determingd
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
mpgnetic field components, respectively.

The electric field strength E(y) at ground(level of a single conductor line, which is the vertidal
cqmponent of the total electric field\strength, can be predicted by the following empiriqal
equation that has, in a lot of cases;.proven to give a good approximation:

E(y)=120 | — "

h? + y2

where

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

is the lateral distance, in m, from a point at ground level directly under the conductor fto
the measuring point; and

E| isf‘the electric field strength, in V/m.

Furthermore, for an infinitety tong singte conductor tine, the induction zone, or near fiefd, tas
the same simple ratio of electric and magnetic field strength as the far field from a radio
transmitter, that is to say 377 Q, and this is approximately true for all values of ground
conductivity.

In the case of a multi-phase line, the total electric field strength is the vector sum of the
individual field strength components associated with each phase conductor. A more
comprehensive treatment, together with practical methods of assessing the electromagnetic
field, is discussed in 5.3 of CISPR TR 18-2: 2. The equation given above is a simplified
version accurate for a distance of D = 20 m and f = 0,5 MHz where D is the direct distance, in

2 Under preparation. Stage at the time of publication: CISPR/RPUB 18-2:2017.
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m, between the measuring antenna and the nearest conductor of the line, and f is the
measurement frequency. For conventional power transmission lines (i.e. with a conductor
height above ground which is less than 15 m), this direct distance D approximately
corresponds to a lateral distance y of 15 m. For a wider range of D and f, it would be
necessary to take into account all the parameters affecting the equation.

4.2.1.4 Aggregation effect

In the case of uniformly distributed noise sources, the field strength generated by a unit length
of a phase conductor can be expressed at any point along the line as a function of the
lohgitudinal distance x and the lateral distance y, that is to say, E(y,x). At a given lateral
diptance of y,

E(y,x)=Ep(y)e ™

The random pulses on a long line with uniformly distributed noise sources ‘eombine 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

of E(y)=%.

Other investigators believe that, if a quasi-peak.detector is used to measure the field strength,
th[ 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
different methods vary by only 1 dB.or2 dB.

In|case of multi-phase lines, the cal¢ulation follows the sample principle but is complicated by
the presence of several modes,, each mode having a different attenuation coefficient. A more
dgtailed discussion, with examples of calculation, is given in Clause 6.

4.2.2 Definition of noise

The instantaneous walue of the noise varies continuously and in a random manner, but its

measurements of the magnetic component of the noise field in the frequency range up to
30 MHz, normally a loop antenna is used. For measurements of the electric component of the
noise field in the frequency range above 30 MHz, use of a biconical antenna is recommended.

Depending on the design of the measuring receiver, the noise level can be measured in terms
of RMS, peak or quasi-peak values. The RMS value defines the noise in terms of energy.
Many types of noise from electrical equipment, as well as noise due to power-line corona,
consist of a succession of short pulses with approximately stable repetition frequencies. In
such cases, the nuisance effect of the noise can be realistically indicated by a quasi-peak
type of voltmeter rather than by the RMS type. The quasi-peak value is obtained from a circuit
which includes a diode and a capacitor with relatively short charge and long discharge time
constants. The voltage on the capacitor floats at a value somewhat below the peak value and
depends on the repetition rate, that is to say a weighting feature is included in the response.
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This principle is adopted in the CISPR measuring receiver, details of which are given in
CISPR 16-1-1. The noise level is thus defined by the value measured by such an instrument
expressed in microvolts (uV) or microvolts per metre (uV/m). Using the ratio of the electric to
magnetic field components, E/H = 377 Q, the measured values can also be expressed by
convention in uV/m even for instruments using a loop antenna responding to the magnetic
field component.

4.2.3 Influence of external parameters

To determine the corona inception gradient g, of a cylindrical conductor with smooth surface,
P¢ek's formula is often used:

0,308

Jor

For AC voltages, g. is the peak value of the gradient, r is the radiug)of the conductor [in

S‘Z:Si? is the relative air density (6 =1 for p = 1 013mbar and T = 25 °C).
+

9. (kVicm) = 315 [ 1+

centimetres, 0 =

agsumptions. Stranding of the conductors, surface imperfections and irregularities lead [to
lokal enhancements of the electric field strength and consequently to a lower corona incepti¢n
vqgltage than is obtained from the above equation. Thisroften means that the critical gradient
for initiating radio noise has, under foul weather céhditions, about half the value given by
Pe¢ek's formula.

Hpwever, practical conditions on overhead lines do not lagree with these ideaIiZId

discharges. In conditions of rain, fog, snow\or dew, drops of water form on the surface of the

Almospheric conditions likewise play an important part in occurrence of corona and spifk
n

cqnductor, and at low temperatures ice €an form. This further reduces the corona incepti
vqltage 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'l‘ty
is[to bridge the relevant gapsteither by water droplets or by humid layers, thus reducing the
lepel of this type of noise.

tol bad contacts. Henté when interference is observed during rain or fog, it can be concluded
thiat it is caused-by corona. On the other hand, when interference is observed during fair
weather and disappears or decreases during rain or fog, it is due to bad contacts.

Rain and humidity thus affect the corona noise from conductors in a way opposite to that d*e

4.3 Main.characteristics of the noise field resulting from conductor corona

4.3.1 General

To rationalize the measurement of radio noise from a transmission line and facilitate
comparisons between different lines, it is desirable to standardize the conditions under which
the measurement is to be carried out.

The main characteristics of the noise field are the frequency spectrum, its lateral field strength
profile and the statistical variation of the noise with weather conditions. It is assumed as a
first approximation that these characteristics are independent of each other.

4.3.2 Frequency spectrum

The frequency spectrum is the variation of the radio noise measured at a given point in the
vicinity of a line, as a function of the measurement frequency. Two phenomena are involved:
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a)

Current pulses

The current pulses generated in the conductors by the discharges show a particular
spectrum dependent on the pulse shape. For this type of discharge, the measured noise
level decreases with an increase of the measurement frequency. In the frequency range
150 kHz to 1,606 5 MHz, where the positive discharges have a predominant effect, the

spectrum is independent of the conductor diameter.
b) Attenuation along the line

The attenuation of noise propagating along the line increases with frequency. This effect

modifies the spectrum by reducing still further the noise level with increase in frequency.

The measured spectra are often fairly irregular because of the standing waves caused

discontinuities such as angle or terminal towers or abrupt ground level variations. Inadditio

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

T¢ aid prediction calculations, "standard spectra" are used. Experience has shown that
spectra can be put into two families, one applying to horizontal conductor.configurations, t

Py
n’

A

e

other to double-circuit and triangular or vertical conductor configurations. The differenge
bgtween these two families originates from the phenomenon mentioned in item b) above, the
propagation differing slightly according to the type of line. However;7as the difference is njot

mpterial in relation to the accuracy of such calculations, only one(standard spectrum is giv
in[relative values, the reference point being taken at 0,5 MHz.

The following equation is a good representation of this spectrum:

AE=5[1-2(ig10f)*}in dB

n

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 MHz, where the equation is valid

over the range 0,15 MHz to(4 jMHz.

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

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

43.3 Lateral. profile

The variation{ of the noise fields as a function of increasing lateral distance from the line|is
characterized by a decrease depending on the frequency. Measurements are taken along|a
perpendicular to a mid-span which is as close as possible to an average span of the lipe
ur S,
né

Lateral profiles of the radio noise field can be determined either using the direct distance D or
the lateral distance y.

Conventions

(1) In order to allow for comparison of obtained profiles of the noise field, the profile is

determined at a height of 2 m above the ground immediately beneath an outside conductor
over a distance D or y not exceeding 200 m. Beyond this distance, the noise level of the
lines generally becomes negligible. The reference frequency for CISPR measurements is
0,5 MHz.
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(2) For the profiles which relate to the direct distance D, this distance is to be taken from the
nearest conductor of the 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=0m and z=nm
corresponding to the height above 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 the profiles eventually converge is the direct distance Dy of 20 m
also referred to later on as the CISPR position. Figure 2 shows an example.

(3) For the profiles which relate to the lateral distance y, this distance is to be taken laterally
(at ground level) from the vert|cal prOJectlon to ground of the outmost sub conductor of the
li

reference distance through which these profiles eventually converge is the lateral
distance yg of 15 m.

The standard profiles shown in Annex B, Figures B.1 to B.13, refer to thedateral distancq y.
Care should be taken as to not confuse measurement results* obtained frgm
measurements at direct and/or lateral distances.

(4)) Normalised and/or standard profiles (for the catalogue) areC-ysually shown with |a
logarithmic scale of distance.

While the profiles obtained from measurements at direct ‘distances correlate with tme
cqnsiderations on the prediction and predetermination equations, this is not necessarily the
cgse for the profiles obtained from measurements at latefal distances. In the latter case, su¢h
cqrrelation is only given for conventional transmissionylines with a conductor height aboye
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_adreference distance y;=15m, see also
Figure 1. Such a presentation is useful for prédicting the width of the corridor along tlre
padthway of the transmission line subject to intetference. It can be used for any type of modefn
transmission line regardless of the height of(the towers and the conductors above ground. It|is
gyite obvious that in such conditions the, classical prediction equations found elsewhere |in
thjs publication may become invalid, If*needed, the validity of these equations should be
checked.

TLe measured profiles are often irregular both because of the continual fluctuations of the
radio noise during a series~0f*measurements and because of irregularities such as angle pr
dgad-end towers and terrain-variations.

Numerous measurements carried out under some fifty different lines have provided a go¢d
exfperimental knowledge of these profiles, which has been confirmed by theoretidal
cdlculations [135].

An accurate/analysis has enabled profiles to be plotted as functions of classes of line voltage
and condfiguration up to distances of about 100 m, beyond which the noise level is normally $o
low that reliable measurements are not practicable.

In the vicinity of a power line there are two types of noise fields, the direct or guided field and
the radiation field. The latter is a result of irregularities in the line such as conductor sag and
changes in line direction and imperfect ground conductivity. Both fields contribute to the
resulting observed total field strength. The field strength component of the direct field
decreases as the square of the increasing lateral distance from the line, while the field
strength component of the radiation field decreases directly with the increase of this lateral
distance. Close to the line the direct field predominates, whereas at greater distances the
radiation field predominates. Based on certain antenna concepts, the magnitudes of the two
field strength contributions may be expected to be equal at a distance of around 300/2nf m
where f is to be taken as the numerical value of the frequency in MHz. In actual fact, the
lateral attenuation close to the line falls off less rapidly than the square of the distance. The
attenuation factor k for frequencies between 0,5 MHz and 1,6 MHz, for example, is 1,65 (see
Annex C). Close to the line the lateral attenuation may be described by:


https://standardsiso.com/api/?name=106be03859ad9e6eb4040237476ab4fa

CISPR TR 18-1:2017 © IEC 2017 -17 -

E = (D)= Eq +20klgDy /D in dB(uV/m)

where

E is the level of the electric component of the noise field strength, in dB(uV/m), at a direct
distance D;

k is the attenuation factor;

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

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

Fdrrther from the line, the attenuation factor gradually decreases until it reaches asvalue [of
unity. Some investigators consider that the magnitudes of the two field contributions aré equal

atlaround 300/2xf m as discussed above.

Sfandard profiles are shown with a logarithmic scale of distance referring 10'a direct distange
to| the conductor of 20 m. This presentation shows the physical law of the noise field streng:Eh

dgcreasing 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.

4.3.4 Statistical distribution with varying seasons and‘weather conditions

The systematic study of fluctuations in the radio ngise level of a line necessitates the
cgntinuous recording of the field strength under this line*for at least a year at a fixed distange
from the line and with a fixed measurement freguency. Numerous researchers, in many
cquntries, have carried out such measurements With the result that there exists fairly reliable
dgta on the annual or seasonal variations in, radio noise level. These results are oftgn
presented according to statistical analysis’ymethods, which are to say in the form Jof
histograms or as cumulative distributions.~The latter express the percentage of time during
which the radio noise level was less than'a given value.

The most important causes of fluctuations in recorded radio noise level are:

—| the random nature of the phenomenon;

—| variations of the meteorological conditions, both at the measuring point and along the fgw
tens of kilometres of.the line which contributes to the local interference;

—| changes in the.surface state of the conductors, which is affected not only by weather
conditions such-as rain and frost, but also by deposits of dust, insects and other particles.

These causesare very difficult to measure systematically. Even variations of the applied lipe
vqltage resuit in fluctuations in the radio noise level, but this cause is possible to measure.

The distribution of the noise levels likewise depends on the type of climate; a very humlid
climate, a rainy one, or one with abundant snow or frost will increase the percentage of high
levels, whereas a very dry climate will reduce it.

The curves in Figures 3 to 6 in a temperate climate show examples of an all-weather
distribution survey, together with a dry weather distribution and an average heavy-rain
distribution. It can be seen that the overall curve is more or less a combination of two or three
Gaussian distributions.

On such an all weather distribution, it is customary to define several characteristic radio noise
levels:
— The 99 % level is practically the highest possible level of the line, at a given point.

— The average heavy-rain level is the most stable and reproducible and the rainfall is
considered to be heavy when it reaches 0,6 mm or more per hour. For this reason, the
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average heavy-rain level is often chosen as the reference level for the calculation of radio
noise. Practically, the average heavy-rain level is a 95 % level and is about 5 dB lower
than the 99 % level.

— The average fair weather level, corresponding to dry conductor conditions. This is
important for practical purposes, but, due to the larger dispersion, a greater number of
measurements throughout 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 from

during the long term recordings. Both the average fair weather and 50 % levels ‘afe
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 th
10 dB over a relatively long period, say a month or a year, even though individdual readings
may vary by more than 10 dB.

—| The 80 % level, read on the all-weather distribution curve, is chosen-as‘the characterisiic
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 uncertaintigs
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 |%
levels lies between 5 dB and 12 dB. As mentioned in 4.3/3,"it should be remembered thjat
beyond about 100 m to 200 m, reliable measurements afe normally not practicable.

The above generalized guidelines are illustrated in_Figures 3 to 6, related to 400 kV |Jto
765 kV lines, and are valid for lines where thecpredominant noise source is conductpr
corona.

5| Effects of corona from conductors

5N Physical aspects of corona from(¢conductors
5.1.1 General

The generation of radio noise by conductor corona is by means of the electrical discharge,
ugually called corona, occurring at or near the conductor surface. Corona is defined as [a
discharge with slight luminesity produced in the neighbourhood of a conductor and limited to
the region surrounding.the conductor in which the electric field strength exceeds a certdin
vdlue". Many aspects of corona discharge on lines are unknown and undefined; however, the
bgsic physical process is that of electron multiplication or avalanche formation. The electiic
gradient in the wicinity of the line conductor is the highest gradient and, if this gradient pr
electric stressds-sufficiently high, any free electrons in the air around the conductor will ionize
the gas molecules and electrons produced by this ionization will cause an avalanche. If an
additionalelectron is formed in this gradient by some process from the original electrgn
ayalanche, a new avalanche is formed by this secondary process and the corona discharge|is
developed.

[

In the case of the transmission line conductor, it is believed that the important secondary
process is the ejection of electrons from gas molecules by high energy ultra-violet light
(photoionization) generated by the original avalanche. It has been found by several investi-
gators that the radio noise level generated when the conductor is positive is significantly
greater than it is when the conductor is negative. In the case of a positive overhead line
conductor, the cathode is so far away that cathode emission is of no consequence and the
secondary process existing in this case is photoionization of the gas.

When streamer corona forms at a point on the conductor, two types of pulse fields will exist.
Near the streamer a localized field is formed and along the line the direct field is developed
due to the pulses travelling down the line. For the design of extra high voltage lines, only the
direct field is considered significant, and the most useful measurements are made at some
distance from the streamer locations on the line conductor.
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For a more detailed discussion of the theoretical aspects of conductor corona, see [1, 2] 3.

5.

5.

1.2 Factors in corona generation

1.2.1 General

The possibility of a corona discharge taking place at the surface of a conductor is dependent
upon several factors, 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;

conductor diameter;

conductor surface conditions;

atmospheric and weather conditions.

Each of these factors will be considered separately.

5.11.2.2 Conductor surface voltage gradient

he of the most important quantities in determining theé.radio noise level of a line, especia
nen conductor corona is dominant, is the strength of'the electric field in the air at the surfa

oflthe conductor or surface voltage gradient.

is
1

Si

B¢cause of the close dependence of conductericorona on the value of this voltage gradient,

necessary to use a method of calculation\which gives the gradient with a precision of abo
(%

vdlue around the circumference of the conductor. However, it is customary to calculate t

syrface gradient for a smooth.conductor with the same overall diameter, even if an expef

m

E
A
th
ne
th

5.

ental stranding factor hasto-be introduced.

quations for the calculation of the voltage gradient at the surface of a conductor are given
nex A for the simple case of a single-phase line with earth return or a monopolar DC line
e more complex_three-phase multi-circuit and bipolar DC lines. Usually the calculatio

ree-phase lines and the more complex high-voltage DC lines.

1.2.3 Conductor diameter

nce conductors are usually stranded, the surface voltage gradient varies about a meIn

ly
e

it
ut

e

in
to
NS

ed a matrixhequation and computer programs are used for both single and multi-circiit

TheZradio noise level increases with increasing conductor diameter even if the conduct]
surface gradient remains the same. This phenomenon is due to the fact that the decay of the
electric field strength from the surface of a conductor decreases with increasing conductor
diameter. Therefore, the electric field surrounding a large conductor can support longer
corona streamers than the electric field around small conductors.

5.

or

1.2.4 Conductor surface conditions

The type of conductor, for example circular or segmental stranding, and the condition of its
surface, that is to say the degree of smoothness or roughness, the presence or absence of
pollution, water droplets, snowflakes, etc., have a strong influence on the generation of

3

The figures in square brackets refer to the Bibliography.
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corona. A transmission line conductor when first strung will usually have higher corona
activity due to surface irregularities such as aluminium burrs, bird droppings, dust, soil, mud
or any other deposits causing corona even in fair weather. However, after a line is energized

th

e corona losses and radio noise will decrease with time.

There are usually two time periods involved; the first period is the first few minutes after the
conductor is energized and the corona activity is burning off the dust and other particles that
have collected on the conductor before it was energized. The longer time period is needed to

bl

acken completely a conductor which makes it look weathered and also destroys the surface

grease on new conductors.

There is also evidence that as the conductor ages the radio noise level, even during rain; will
dgcrease. The surface of a new conductor is hydrophobic, due to the oil that is present,on t:l:e
syrface from the manufacturing processes, and water beads form on this oily surface. As t

cqnductor ages, its surface becomes hydrophilic whereby the surface of the conductor draws
up the water drops into the strands.

5.
A

cgn reduce the air density which reduces the breakdown strength of’air and thereby increasgs

th

e

1.2.5 Atmospheric and weather conditions

reduction in the barometric pressure or an increase in the ambient temperature, or both,

e likelihood of a corona discharge taking place on a conductor: The barometric pressure [is

ugually important only at altitudes above approximately 1 000’m. In areas that have sufficight

rain, fog, frost or falling temperatures which can lead to the formation of ice or water droplgts

on the conductor, corona discharges are more likely to take place due to these conditions.

R

hin and snow are the cause of the highest corona activity at the surface of a conductor and

cgn cause the radio noise level to increase by more>than 20 dB compared with the noise frgm

th

e same line under dry conditions. The watef *droplets or snow which collects on the

cqnductor surface during a storm modify the\ electric field significantly, creating a large

nymber of corona sources. Discharges may.@lso occur when a snowflake or raindrop passés

th

5.
5.
T

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

5.
T

function of aleonductor or a bundle of conductors [4 to 6]. The excitation function is related to
the currentiin'the bundle by the following:

w
/

C
r

e conductor and initiates a discharge from*the conductor to the particle.

2 Methods of investigation of corona by cages and test lines
2.1 General

vo basic methods have hieen used to investigate the corona phenomena from transmissipn

2.2 Test cages

st cages have’ been used by many experimenters to determine rapidly the excitati¢on

f=r © i)
2neg
here
is the high frequency current injected into the conductor or bundle of conductors in A/m1/2,
is the capacitance in F/m;
is the excitation function in A/m1/2, and

& is the absolute permittivity of the air.

The main advantage of the concept of the excitation functions is that it is a quantity

in

dependent of the conductor capacitance per unit length.


https://standardsiso.com/api/?name=106be03859ad9e6eb4040237476ab4fa

CISPR TR 18-1:2017 © IEC 2017 -21-

The radio noise current in a test cage is measured using measuring instruments complying
with CISPR 16-1-1. The current at one end of the conductor or bundle is passed through a
high-frequency coupling circuit similar to those described in 4.5 of CISPR TR 18-2:__4. The
equivalent impedance of the resistors and of the measuring instrument used in these circuits
is usually made equal to the characteristic impedance of the conductor or bundle to avoid the
occurrence of successive 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 number
of sources per unit length of conductor under normal stress. The length of conductor in a cage
is|[generally too short to give a representation of an actual long line. Additionally, the surfat

cqndition of the conductor and meteorological conditions surrounding a short line near te the
gnound 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].

/= x[Clx[r] @)

27130

5.2.3 Test lines

st]ll being built, primarily to study corona phenomena aonfuture ultra high voltage (UHV) lings.
There is no standard length for test lines. Test lines;’/single and three-phase AC lines and
bipolar DC lines, as long as 8 km and as short as_ 300 m have been built [10 to 30].

Whilst test cages are built for reasons of economy and edsevof testing, full-scale test lines ?[e

TTere have been some attempts to measure the excitation function on short test lines apd
with some success, especially on short DC-test lines [28, 29].

For long transmission lines, the radip noise frequency spectrum exhibits a characteristic of|a
stpadily 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
terminations, a standing-wave\pattern in the frequency spectrum is created. This spectrum|is
characterized by sharp peaks and broad valleys, the exact form being dependent on the
lepgth of the line, the type of terminations, and the longitudinal location of the measuring point.

The approach that'has been used by most investigators to correct the short-line frequengy
spectrum to the leng-line spectrum is the "Geometric mean method" [12, 14 to 16, 18, 26, 29].
This correction.is’ made by taking the geometric mean in terms of pV/m of the successiye
pxima and ‘mihima of the short line frequency spectrum. In terms of dB(uV/m), the arithmefi
ean is used.

o

However, experlmental studles show that for all practlcal purposes this approach is valid for
AC and DC lines [28, 32, 33].

5.3 Methods of predetermination
5.3.1 General

Because of the need for higher transmission voltages, a considerable amount of research has
been conducted over the past 50 years, in various parts of the world, to understand the

4 Under preparation. Stage at the time of publication: CISPR/RPUB 18-2:2017.
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corona process. One of the primary purposes of this research was to develop methods to
predetermine radio noise.

Radio noise measurements that have been conducted on short full-scale single and three-
phase AC test lines, on DC test lines, on operational lines, and in the laboratory, have
resulted in several empirical and semi-empirical equations for predicting radio noise. These
equations can be used to predict the radio noise performance of different high-voltage lines,
as long as the voltage and the design parameters are known. All the methods rely on
experimental data either from test lines, operational lines or test cages. Two basic methods
have evolved over the years, the first one being analytical or semi-empirical and the second
bging empirical or comparative.

5.3.2 Analytical methods

No purely analytical method of predicting transmission line radio noise exists:yTwo senji-
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 rgly
on radio noise data from test cages and on highly complex analysis, andythey are adequatgly
dgscribed in the literature.

The calculation of radio noise from transmission lines using these analytical methods is a twp-
sthge process. The excitation function is obtained from cage tests, the system of lipe
cgpacitances is established and the injected noise currents’ per unit conductor length ?}e
cglculated using Equation (2). The theory of modal propagation is applied to obtain the modal
cyrrents flowing in a given cross-section of the line. The attenuations of propagation of thesge
mpdal currents are calculated and these currents are'recombined into real high-frequengy
cyrrents 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
cyrrents through the cross-section of the/ine, or the noise voltages on the phases. The latenal
ngise profile can then be obtained (see examples in 5.4).

Copmputer programs are usually._used to perform these complex calculations and su¢h
programs have been written at. EDF and Project UHV.

5B.3 CIGRE method

The comparative equations are generally quite simple and easy to use. Some of the bgst
known equations dfer AC lines are described in a CIGRE Publication [1] and the technidal
literature [34, 35].) There are also several comparative equations for DC lines and these afe
d¢scribed in Clause 8.

The highest precision of predetermination, using any of these equations, is obtained by
choosing long-term data from an operational reference line which uses conductors or bundlé¢s
clpse)to those being studied [36, 37, 38].

CIGRE has made a more complete analysis of the different predetermination methods using
the data collected by the CIGRE/IEEE Survey [6, 34, 35]. From this analysis they developed a
new method that can be considered optimal. This method is expressed by a fairly simple
equation, which is given in 5.3 of CISPR TR 18-3:__ 5[59].

5 Under preparation. Stage at the time of publication: CISPR/RPUB 18-3:2017.
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5.4 Catalogue of standard profiles
5.4.1 General

A large number of measurements on operational lines, together with calculations supported by
measurements on cage and test lines, have been carried out and examples of the results for a
variety of line designs are given in Annex B. The given values are valid only for lines
constructed and maintained according to normal practice and not heavily polluted, as other-
wise these conditions can give rise to higher radio noise levels than those due to conductor
corona.

Annex B gives the estimated value of the radio noise field which is possible to obtain under
cqgrtain well-defined conditions. It also includes references which can be used fab pre-
dg¢termining the field that a new line may be expected to produce. It also includes, as
efamples, curves giving the field strength as a function of the lateral distance yfrom the line
for certain types 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 pn
acfceptable radio noise level; it gives only an indication of the order of magnitude to be expected for the given lipe

defsign
5I.2 Principle of catalogue presentation

thiat the stability and reproducibility of the field due to conductor corona is most accurafte
under conditions of heavy and continuous rain. It should<be noted that this heavy rain valjie
mpy not be the maximum foul-weather value, which can'be a few dB higher.

Radio noise measurements taken both on operational lines<@nd on test lines have indicatEd

Extensive statistical surveys have also indicated that there is a reasonable correlatipn
between the heavy rain radio noise level ahd the 50 % fair-weather level, though the
digpersion under fair-weather conditions is(Jarger. For practical purposes, the 50 % fajr-
weather level is usually of greater importance, this value being derived from the heayy
cqntinuous-rain level by a reduction of between 17 dB and 25 dB, depending upon conductor
syrface conditions.

It|is therefore possible to establish a catalogue of radio noise fields for certain transmissi;ﬁn
lifes. 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 le\el
(20 dB higher) or the maximum foul-weather level (24 dB higher). From these reference levqls,
it [is possible to estimate the radio noise levels for other types of weather, if the yeafly
sthptistical distribution-of levels is known for the geographical area under consideration (sege,
fof example, Figure/B.15).

These principles are valid only for radio noise generated by conductor corona. The radio
ngise currents generated by other components of the line, insulator strings, hardware and $o
on, areynot taken into consideration. These conditions are satisfied when the conductors |of
the I|ne are subJected to a reIatlver hlgh surface stress in excess of say, 14 kV RMS/m

surface stress Iess than say 12 kV RMS/cm it is the radlo noise from the msulators and other
hardware which may, under certain conditions, predominate. Under these conditions, it is not
possible to use this catalogue to predict the noise level since a good quality of insulators and
hardware has been assumed.

The radio noise profiles for the 225 kV, 380 kV and 750 kV lines included in this catalogue
were calculated by the Analig method [8].

The profiles for the 362 kV, 525 kV and 765 kV lines were determined from the results of the
CIGRE/IEEE survey [35, 39].
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The radio noise profiles for the 345 kV and 765 kV HV transmission lines included in this
catalogue were calculated by the comparative method [56].

The surface gradients have been calculated using the general method of potential coefficients.
This method gives, with great accuracy, the electric surface gradient of each conductor of a
line. A survey of methods for calculating transmission line surface voltage gradients is given
in [40].

The shape of the Iateral proflles of the radio noise field is essent|ally dependent on the

oflconductor to another with the same geometry, so long as the two matrices are prgportional
to| each other, the profile will not be significantly changed. This assumption is suffiCiently trfie
to|be applied in practice.

Inl Annex B, profiles have been assembled for certain types of overhead. power line. TIe
influence of the number and arrangements of conductors per phase, their-diameter and thegir
vqltage gradient, were taken into account merely by applying the appropriate correction to|a
reference profile. Thus each figure in the catalogue gives such a referénce profile and a table
off 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 fpr
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 t:l:e
cqnductors, can also be taken into considerationsby-estimated corrections to the levels of t
basic profiles (see Figure B.15).

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

The catalogue is summarized in Aanex 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
life, using a logarithmic scale.\From Figure C.1, it is seen that substantially straight lines are
obtained, and the field strehgths at the reference distance of both, Dy = 20 m (direct distance)
and simultaneously y, = 19'm (lateral distance) are obtained by interpolation.

TTe main radio ngise levels, given in the catalogue, are listed in the table of Annex C; frgm
this table it is passible to compare the levels of the various lines given in the catalogue and to
priedict, with _sufficient accuracy for practical purposes, the field strength to be expected frgm
a [proposed-liné of similar design, provided the distance between a receiving antenna and the
ngarest conductor of the line is greater than 20 m.

(excludmg bad contacts)

6.1 Physical aspects of radio noise sources
6.1.1 General

Insulators, hardware and substation equipment may be the source of radio noise which may
lead to radio and, in some cases, to television interference also. This may be due to various
phenomena such as corona discharges in the air at insulators and hardware, surface
discharges on insulators and sparks due to bad contacts. Commutation effects in AC/DC
converting equipment, which can also be a source of radio noise, are discussed in Clause 8.


https://standardsiso.com/api/?name=106be03859ad9e6eb4040237476ab4fa

CISPR TR 18-1:2017 © IEC 2017 - 25—

This clause examines the phenomena of corona and surface discharges from the physical
point of view; sparks due to bad contacts are dealt with in Clause 7.

6.1.2 Radio noise due to corona discharges at hardware

Corona discharges are caused by high potential gradients at certain surfaces of hardware
such as suspension clamps, guard-rings or guard-horns, spacers and joints. Assuming that
the voltage applied to the hardware is progressively increased, numerous different discharge
processes occur. Only some of these are able to generate radio noise, but all are luminous to
some extent and contribute to corona losses. The phenomena are similar to those described
in| 5.1 In respect of conductors. Similarly, In this case, various corona modes occur,
d¢pending on the polarity of voltage applied and in the following sequence; onset streamsr,
glpw and pre-breakdown streamer for positive corona; Trichel or negative pulses, gltow, and
pre-breakdown streamer for negative corona. A glow discharge does not produce radio noige
byt onset streamer does. Trichel pulses produce low levels of radio noise but pre-breakdown
streamers produce very high levels at very high voltages.

The highest noise levels occur with modes corresponding to the pre-breakdown streamgr,
bgth positive and negative; however, these phenomena take place atmuch higher gradients
thiat those corresponding to normal voltages and are therefore of little-practical interest.

A$ in the case of conductors, radio noise from hardware tends to‘increase in high humidity pr
rain, as a result of the increase in local gradients due to the presence of drops of water on the
syrface 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 phenome
ogcurring at their surfaces, for example, smallidischarges due to enhanced local gradien
cqrona discharges due to unevenness creatéd by dry deposits or drops of water, or sparks
agross dry bands caused by leakage currents on polluted insulators. Only in special cases, fpr
efample defective insulators, is the noise due to phenomena occurring inside the insulatg
thpt is to say sparking in internal veids or punctures. However, radio noise can result frdm
discharges between the cement @nd porcelain or glass and may occur if small air gaps are
present at this margin.

When the surface of an ipsulator is clean and dry, the current pulses at the origin of the radio
ngise are caused by.-discharges in areas of high potential gradient, depending on the
ggometry and materjal-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 «ina cross-section of a clean and dry insulator unit.

should beynoted that these lines are much more concentrated and, therefore, the gradients
e highery'near the cap and pin, where the discharges that cause the noise actually occur.
e yalues of local potential gradients in an insulator unit, and therefore the noise levels,

distribution 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 as metal
rings, to improve the voltage distribution.

The current pulses producing the radio noise on a clean and dry insulator do not differ
substantially between positive and negative polarity and, generally, the pulses occur between
the zero and peak values of the applied power frequency voltage. The shape of these pulses
and, consequently, the cut-off frequency of their spectrum, depend on the self-capacitance of
the insulator and the surge impedance of the line to which the insulator is connected. For
normal values of these parameters, the cut-off frequency is about 1 MHz. The noise produced
by a clean and dry insulator is therefore limited to frequencies up to about 30 MHz and,
generally, for insulators with average characteristics, fairly low levels are produced. Bad
design and suitable bonding can, however, cause higher levels extending to higher fre-
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quencies. As is also the case with corona discharges at hardware, television reception is not
usually affected by this type of radio noise.

If the insulator is lightly polluted and reasonably dry, for example in fair weather, the
phenomenon described above is accompanied by corona discharges at surface irregularities
caused by pollutants on the insulator. Generally this second phenomenon produces less
serious effects than the first so that the noise levels, except in the case of certain types of
pollution, for example near chemical works, are not significantly different from, or only slightly
greater than, those occurring with a dry and clean insulator.

If[the surface of the insulator is clean, but damp or wet, the existence of drops of water
produces pronounced corona discharges which, generally, produce higher levels of\ radio
ngise than are produced by discharges from points of surface pollution. This ~latter
phenomenon, in damp conditions, may become less important due to a better’ voltage
diptribution. The noise level is generally greater than with dry insulators but, again) it is limitg¢d
to|frequencies up to a few megahertz.

When the surface of the insulator is heavily polluted and wet, the phenomenon is completdly
different, since radio noise 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
stress across the insulating dry bands, on the insulator shape and dimensions, on the surfage
cgnductivity of the pollutant layer and on the characteristic.of the material at the surface |of
thﬁ insulator. The cut-off frequency of the spectra relating)to’these impulses may reach a fgw
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 stresséds,
thpt are imposed by dielectric withstand requirements, may reach much higher levels than [in
other conditions previously described.

These levels may be reduced, not only bysreducing the voltage stress, but also by usifg
inpulators of special characteristics. Foryinstance, insulators made of organic material, pr
glgss or porcelain insulators coated with~grease, prevent the formation of a continuous damp
layer, and therefore of leakage currénts and dry bands, due to the water repelling properti¢s
off the surface. Consequently, these are adequate solutions for reducing the noise level in wet
and polluted conditions. Howgver, such insulators may no longer be noise-free when aged
and their surfaces becomeScontaminated and hence more wettable. The semi-conducting
glaze type of insulator is also a possible solution, as it is characterized by relatively low noise
lepels in polluted conditiens, since the conducting glaze improves the control of voltage
diptribution and the heat caused by the current flow in the glaze maintains dry bands whi¢h
are sufficiently wide\te’sustain the applied voltage without sparking.

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

6.2.1 General

ThiS 3ubel leals with tl bl f lation | I lio noi ia
single source of noise as can be measured in the laboratory, and the radio noise field strength
actually generated in service by that source alone, or by a number of similar sources
distributed along a line or present in a substation.

Usually, a number of single sources, with similar characteristics, are distributed along a line,
for example insulators and spacers, or are present in a substation, for example post insulators,
clamps and joints. Occasionally, however, the radio noise may be caused by just one source,
for example the noise produced by a defective insulator or a loose or faulty hardware on a line,
the injected noise from a substation, or the commutation noise from an AC/DC converter.
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A single source of radio noise, for example an insulator string, can be represented as an ideal
current generator producing a noise current / and connected between the energized conductor
and ground. As shown in 4.5 of CISPR TR 18-2:__ 6, this current can be measured directly in
the laboratory by using an appropriate test circuit simulating the actual circuit in service and
by connecting the object under test, which includes the noise source, to that circuit. Though
the noise current is the parameter which is constant between service and laboratory
conditions, the results of a laboratory measurement are usually expressed in terms of the
voltage V across a resistance R of 300 Q, corresponding to about half the surge impedance of
a typical line taken as a reference. The relationship between the level of the noise voltage V,
in dB(uV), and the level of the noise current /, in dB(pA), is given by the expression:

I=V-201g300=V-49,5

Briefly reviewed below are methods and equations for calculating the correlation _between the
alhove current level | and the level of the generated electric field strength E. These methogs
and equations apply only to frequencies up to a few MHz.

6.2.2 Semi-empirical approach and equation
6.2.2.1 Overview

The general approach for establishing a quantitative correlation between the radio noise
cyrrent / and the corresponding radio noise field strength E includes the following steps:
a) Single noise source

— Determination of the current / of the sourcei which can be obtained directly in the
laboratory from measurement of the voltage W.

— Calculation of the noise current in each_phase for the section of the line for which tlre
profile of the radio noise field is .tor,;be calculated. This step takes into accoujnt
longitudinal attenuation as well as mutual coupling between phases.

— On the basis of the radio noise “eurrents 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.

b) Multiple noise sources

— 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 separate
for each’source on the phase under consideration.

y

The aboverapproach determines the electric field strength E, due to the sources of noise thiat
ane present on phase k of a line or a substation. Calculations are repeated for each phase ¢n
which\noise sources are present. The aggregate field strength level E at each lateral distange
is| obtained, according to the rule described in [1], in adding 0 dB to 1,5 dB to the highgst
value of the field strength level calculated for each phase at the particular lateral distance. In
normal cases involving three-phase lines, with the same distributed sources on each phase,
the correction derived from the above rule is generally lower than 1 dB and hence it can be
neglected. The aggregate field strength level E can therefore be evaluated by considering the
sources of noise on the nearest phase only.

6.2.2.2 Equations

On the basis of the above approach, the following semi-empirical equations can be obtained:

6 Under preparation. Stage at the time of publication: CISPR/RPUB 18-2:2017.
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a) Single noise source

1)

In the case of lines with only one conductor, for example a monopolar DC line, the
electric field strength level E(x), in dB(uV/m), at a longitudinal distance x, in km, from
the injection point of the noise source generating a noise current level /, in dB(pA), and
at a given lateral distance y, in metres, from the line, can be expressed by the
following equation:

ExX)=1+A-Bx+C (3)

injection point. It can be calculated by means of the equation

A = 20|gL
Z1+22

where Z, and Z, are the surge impedances of the two sections on €ither side of the
injection point. In the most common case of a single source of noise on a long line, fpr
example a defective insulator, Z, = Z, and then A = -6 dB.

Term Bx expresses the attenuation of the current along~the line. Coefficient B, |in
practice, lies between 2 dB/km and 4 dB/km; an avetage value of 3 dB can lpe
assumed for frequencies around 0,5 MHz.

C expresses the correlation between the strengthl of the noise field and the noise
current in the section of the line where the field is to be calculated. It can Ie

determined experimentally, but it can also be, obtained by making use of the following
equation (for the meaning of the symbols, see Figure 8):
h+2P,
C =20Ig| 60 2h S+ 9 5
h*+y (h+2Pg)2+y
For a direct distance D from the conductor of 20 m, that is to say the CISPR positioln,

the value of C lies betweern7~dB and 12 dB.

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

E(x)=I1+A+F(x)+C (4)

The most jmportant difference between the two cases represented by Equations (B)
and (4) is“that in the case of a three-phase line the longitudinal attenuation cannot Ie
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
attenuation function, based on the results of experiments performed on high voltage
and extra high voltage lines. The other symbols in Equation (4) are the same as [in
Equation (3) [41, 45, 46, 47, 48, 49, 50].

b)—tuttipte moisesTUTCTES

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 equation:

E=1+A-10Ig(a-s)+ C (5)

where
A and C are the same as in Equation (3);
S is the distance between sources at the line in m;

a is the attenuation constant/m, and is related to coefficient B of Equation (3)
by means of the relationship:
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a=(BI8,7)x 1073

The range of values assumed by coefficient a per metre, corresponding to the range of
B given in the preceding paragraph is between 250 x 106 and 450 x 10-6. Equation (5)
applies to lines of infinite length and for shorter lines appropriate corrections can be
applied.

2) In the case of three-phase lines, the electric field strength level E, due to distributed
sources of noise on the three phases, can be calculated as follows:

4.0
LAY

—=1+A—+ (D < ( )
where the term (D - 10 Ig (s/500)) takes into account the aggregation of thewnoise
sources along the line on the basis of an average attenuation law given in Figure |9.
Average values of D lie between 10 dB and 12 dB. Equation (6) also applies to lines jof

infinite length and for shorter lines appropriate corrections can be applied.
6.2.3 Analytical methods

The correlation between noise current and noise field can also be €valuated by means [of
analytical methods similar to those already described in the caseCof the corona effect ¢n
cqgnductors (see 5.3). When the radio noise current /, generated By jan individual source on|a
cqnductor and injected into the conductor, is known, the determination of the electric figld
strength E, produced at a given position with respect to the conductor, is carried out by
cqnsidering, in the first place, the splitting of the current | between the two sections of Iine,js

sgen from the injection point. For example, in the case of\a source of noise on a line of infinite
lehgth, the current propagating along the conductor issthen calculated and, finally, the figld

produced by the current at a given position is evaluated.

In|the case of lines with only one conductor, for\example a monopolar DC line, the calculatipn
process is relatively simple, as all it calls fordds a knowledge of the attenuation constant as|a
fupction of the frequency and the resistivity-of the soil.

In|the case of lines with more than one conductor, three-phase AC lines, bipolar or monopolfr
DC 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 legs
simplified procedures have«been developed [2, 3, 8, 42, 43, 44]. The principle, howevaer,
relmains 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 fo
thpse that exist for a.system with only one conductor. It is then a question of applying similgr
cglculations to eachsystem and then aggregating the individual fields in order to determipe
the resultant field.

Wihere 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 jtaken of the aggregation of the various sources of noise which are usually assumed o
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.

6.2.4 Example of application

An example using the analytical method described above has been worked out with reference
to a 420 kV line of infinite length having an average span length of 400 m and insulator
strings producing a radio noise voltage, when referred to 300 Q, of 49,5 dB(uV), that is, a
radio noise current of 1 uA per string. These calculations have been performed by using
suitable computing programs and the results are summarized in Figure 10, which also gives
the data assumed in the calculations.
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If the calculations are repeated using the semi-empirical Equation (6), with reference to the
CISPR position of 20 m from the nearest conductor and assuming an average value for D of
11 dB, the following value is obtained for the electric field strength level:

2x9

400
E:0—6+11—1OIg—+20Ig60( ]: 14,5 dB(nV/m)
500 202

This is in good agreement with the value of 13,5 dB(uV/m) calculated by the analytical method
(S e Fignrn 10)

6.3 Influence of ambient conditions

Slibclause 6.1 gives qualitative information on the effect of the ambient conditions;~humidity,
rain, fog, pollution, on the radio noise levels of insulators and hardware. Thisninformation |is
bgsed essentially on a simplified analysis of the physical phenomena involved in the varioys
sifjuations. The knowledge of these physical phenomena is generally sufficient to establigh
gyalitative variation laws of the radio noise levels as a function of {dhe main parameters
characterizing the surface conditions of the insulators and hardware.

Onh the other hand, some uncertainties still exist on the quantitative effects of thege
pgrameters. In particular some results of radio noise tests performed by different experi-
menters on lightly polluted insulators, especially in dry conditions, are not quite consistent.
There is at present no agreed procedure for simulating{intthe laboratory the most common
sgrvice conditions of lightly polluted insulators nor the.implementation of any relevant tegst
ressults as referred to in CISPR TR 18-2.

The matter is under consideration and will be, reviewed when the results of studies within
C|GRE yield agreed and conclusive data.

7| Sparking due to bad contacts

7.1 Physical aspects of the radio noise phenomenon

Npt bonded conducting parts:-of a power line or substation, or even such items as nearby
metal fences or rain-waterguttering, when in the strong electric field of high voltage powr
lifes and associated equipment, can become electrically charged and the potential differeng¢e
begtween 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.

If the distanegiseparating the conducting parts is small, the increasing field strength in the
infervening 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
differenceé across the gap then falls to a low level and the arc extinguishes. The whale
sgquence of events can be repeated when the parts become re-charged, as the space is onge
agairetectricatty stressedandthe mextgap discharge takes ptace:

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
repetition rate is, however, at least one order of magnitude lower than the range of repetition
rates of corona discharges.

The probability of a particular gap sparking over is, of course, greater around the peaks of the
power frequency voltage. When the line voltage and consequently the field strength in the gap
exceeds a critical value, a train or burst of sparks is generated during each half-cycle.
Figure 11 shows an example of an impulsive radio noise train due to gap-type
discharges [60].
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The significant factor in the shape of the discharge pulse is its steep rise time and,
consequently, a broad range of high frequencies is produced and emitted. A comparison
between the frequency spectra of the radio noise field from corona and gap-type discharges,
at a particular distance from the line, is shown in Figure 12 using a QP detector. The emitted
frequencies may extend to a few hundred megahertz. If the discharge process excites a
hardware or component which is capable of resonance at a particular frequency, due to its
geometrical dimensions, energetic narrow-band radiation at this frequency may occur as the
hardware or component acts as a tuned antenna.

Figure 13 illustrates the frequency spectra of the radio noise field from gap-type discharges at
a Earticular distance from a distribution line as well as the frequency spectra of BGN includifpg

digital television broadcasting waves measured with a peak detector [61]. Figure 13_shows
that the frequency components are widely distributed up to 1,5 GHz although the magnitudes
ofl frequency components of digital terrestrial television broadcasting are not requivalent
bgcause of the limited number of measuring frequencies.

Therefore, gap-type discharges may cause interference to the reception .6f*both AM soung-
signals and analogue/digital video signals. By contrast, FM signals are less likely to be
affected by this type of interference.

Propagation along the line, with the associated electric and magnetic fields, and radiation afe
the routes by which the disturbing radio frequencies reach the féceiving antenna. It has be¢n
observed, in practice, that noise at frequencies corresponding to the long and medium waye
bands propagates some tens of kilometres along thenline. At television and f.m. radio
frequencies the propagation along the line is less impertant than radiation from the source.
Lihe geometry, resistance of the underlying ground and)the frequency are of major importang¢e
to| propagation. For the higher frequencies, the attenuation along the line is greater and the
distance of propagation is shorter.

Significant levels of the radio noise field arge'normally confined to the immediate vicinity of the
life, possibly reaching out to a few hundred metres on either side. If, however, a resonant
cqndition occurs in a hardware 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 and distance is shown in Figure 14. The fluctuations are the result of the interaction
of|the direct wave with the ground-reflected wave.

7.2 Example of gap sources

Ghp sources on overhead lines may be due to lightly weighted cap and pin insulators, whefe
the weight of the insulator is insufficient to prevent the metal contact surfaces from oxidizing,
on with corroded metal parts, or faulty joints. In the case of porcelain string insulator units,| it
hgs been foufd-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, su¢h
ag nearby:not bonded metal fences or gutters, may give rise to gap discharges.

due to the shrlnklng or swellmg of the wood with variations in the humldlty 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.

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
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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 workmanship
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 ensure 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 only in dry weather that a small
gdp between, for example, two conductive parts provides insulation which can break down. [In
wet weather the gap may be bridged with water, thereby establishing a conducting” path.
Therefore, interference caused by gap discharges is a phenomenon that is\ hormally
agsociated with fair weather and it is usually absent in wet weather. Consequently, this type
oflinterference is often referred to as dry noise.

8| Radio noise from HVDC overhead power lines

8 General [56, 57]

8.f.1 Description of electric field physical phenomenadof HVDC transmission
systems

Electric fields are produced in the vicinity of a HYDE" transmission line, with the highgst
electric fields existing at the surface of the conductor\When the electric field at the conductpr
syrface exceeds a critical value, the air in thewwicinity of the conductor becomes ionized,
forming a corona discharge. lons of both polarities are formed, but ions of opposite polarity [to
the conductor potential are attracted back towards the conductor, while ions of the same
pglarity as the conductor are repelled away' from the conductor. Space charges include air
iohs and charged aerosols. Under the.@ction of an electric field, space charge will moye
directionally and ion current will be formed.

Tle electric field is another aspect of the electrical environment around an overhead HVQC
transmission line. An electric ‘field is present around any charged conductor, irrespective |of
whether corona discharge(is*taking place. However, the space charge created by corona
discharge under DC condjtions modifies the distribution of an electric field. The effect jof
space charge on electfic) fields is significant.

For the same HVDC transmission lines, the corona onset gradients of positive or negatiye
polarities are different and the intensity and characteristics of corona discharges on positiye
ol negative \J'eonductors are also different. Consequently, during the design of HVOC
transmission’ lines, special consideration should be paid to the allowable values of the
mpximum-.ground-level electric field and ion current density.

positive or negative polarities in a thin layer of air surrounding each conductor [57]. However,
ions with a polarity opposite to that of the conductor are drawn to it and are neutralized on
contact. Thus, a positive conductor in corona acts as a source of positive ions and vice-versa.
For a unipolar DC transmission line, ions having the same polarity as the conductor voltage
fill the entire inter-electrode space between the conductors and ground. For a bipolar DC
transmission line, the ions generated on the conductors of each polarity are subject to an
electric field driven drift motion either towards the conductor of opposite polarity or towards
the ground plane, as shown in Figure 15. The influence of wind or the formation of charged
aerosols are not considered at this stage. Three general space charge regions are created in
this case:

a) a positive unipolar region between the positive conductor and ground,
b) a negative unipolar region between the negative conductor and ground,
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c)

a bipolar region between the positive and negative conductors.

For practical bipolar HVDC lines, most of the ions are directed toward the opposite polarity
conductor, but a significant fraction is also directed toward the ground. The ion drift velocity is
such that it will take at least a few seconds for them to reach ground. Actually, the molecules
traveling along ion paths are not always the same ions. In fact, collisions between ions and air
molecules occur during the travel at a rate of billions per second and cause charge transfer
and reactions between ions and neutral molecules, so the ions reaching the ground are quite
different from those that were originally formed by corona near the conductor surface. The
exact chemical identity of the ions, after a few seconds, will depend on the chemical
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reening effect on the conductor by lowering the electric field in the vicinity of the.conductpr
rface and consequently reducing the intensity of corona discharges occurring on the
nductor. In the unipolar regions, the space charge enhances the electric field at the ground
rface. The extent of electric field reduction at the conductor surface and field enhancement
the ground surface depend on the conductor voltage as well as on the corona intensity [at
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posite polarity and ion recombination tend to reduce the screening-éffect on the conductpr
rface. This leads to a smaller reduction in the intensity of corona activity near tie
nductors than in the unipolar regions.

1.2 Description of radio interference phenomena of HVDC transmission system

gh voltage DC transmission systems can generate radio noise in two quite different ways:
stly, by the normal operation of the main converter'valves, which may be of the mercury afc
be or thyristors and, secondly, by corona dischargé and associated phenomena on the hi{h
ltage equipment, busbars and overhead lines. It is therefore necessary to take info
nsideration:

the effect of DC corona;

the effect of valve firing.

bmpared with high voltage AC transmission systems, the problem of radio noise from high
Itage DC systems is not so important, as only relatively few are in operation throughout the
prid. Consequently, experience of radio interference problems associated with high voltage
C systems is less than(that with high voltage AC systems. Most of the information on high
Itage DC interferenceshas been obtained from test lines and cages, and the remainder from
isting systems.

gh voltage DCutransmission systems are at present operating at voltages up to + 800 KV
d, in the near future, even higher voltages will be used [57].

hdio, interference from the HVYDC overhead power lines may be generated over a wide band
frequencies by:

a)
b)
c)

corona discharges in air at the surfaces of conductors and hardware;
discharges and sparking at highly stressed areas of insulators;
sparking at loose or imperfect contacts.

8.2 Physical aspects of DC corona

Al

though the causes of radio noise from high voltage DC systems, due to corona discharges

on line conductors, insulators and hardware, is the same as for AC, there are some noticeable
differences in the effects. The physical aspects of AC corona were discussed in 5.1, but the
corona mechanism with DC 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 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 AC 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 atoms.
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 significant differeng¢e
bgtween the two resulting forms of corona. Negative corona discharges occurat a hi*h
rejpetition frequency and generate corona pulses of moderate amplitude, whilst those near the
pgsitive conductor are less frequent and generate corona pulses of much larger amplitude.

8.3 Formation mechanism of a noise field from a DC line

Corona discharges on conductors, insulators or line hardware or sparking at bad contacts c
be the source of radio interference as they inject current pulses,inio the line conductors. T
cqrona current propagates along the conductors in both directions from the injection poi
Tarllje various components of the frequency spectrum of these Qulses have different effects. T
radio interference voltages and currents propagating alofig)the line produce an associat
propagating electromagnetic field near the line (Figure 16). The fields near the line are relat
to| the radio frequency voltages and currents propagating along the line, depending on t
syrge impedance of the line. Furthermore, the directions of the electric and magnetic figld
cgmponents are largely determined by the geomé€trical arrangements of the line conductors.
And the soil conditions affect differently the miirror image in the ground of the electric apd
mpgnetic field components, respectively.

Do ®™0O >

In| the case of a HVDC line the total electric field strength is the vector sum of the individyal
figld strength components associated with each polar conductor. A more comprehensiye
treatment, together with practical methods of assessing the electromagnetic field, is needed,

E Characteristics of thé:radio noise from DC lines
1

8.
8.4 General
The radio noise characteristics: level, frequency, spectrum and lateral profile of a high voltage
DC line are determined by:

—| design parameters;

—| line voltage, or conductor surface voltage gradient and polarity;

—| weather conditions.
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strength, from an AC line because of the different character of the noise.

8.4.2 Frequency spectrum

In case of AC lines, the radio noise spectrum is one of the main characteristics of a high
voltage line. The frequency spectrum for DC lines seems to show a similar shape over the
long and medium wave radio frequency range, but further investigations should be made.

The spectrum is the variation of the radio frequency interference (RFI) measured at a given
point in the vicinity of a DC line, as a function of the measurement frequency. Two
phenomena are involved:

a) Current pulses
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The current pulses generated in the conductors by the discharges show a particular spectrum
dependent on the pulse shape. For this type of discharge, the measured noise level falls with
frequency. In the frequency range 150 kHz to 1,606 5 MHz, where the positive discharges
have a predominant effect, the spectrum is independent of the conductor diameter.

b) Attenuation

The attenuation of noise propagating along the line increases with frequency. In the case of
AC lines, the RFI spectrum is one of the main characteristics of a high voltage line. The

8.

th
th
pgsitive conductor. With the same gradient for both conductors, the difference in their RFI
level contributions is at least 6 dB. Hence radio noise from the negative~conductors may lpe
cqnsidered to be negligible. For a negative monopolar DC line, the noise level may be evg
2( dB lower than for the same line with positive polarity.

TEe lateral profile of the radio noise field of a bipolar HVDC line is nearly symmetrical abojut

8.4.4 Statistical distribution

The systematic study of fluctuations in the radio noise leyelvof a line necessitates continuolis
recording of the field strength under this line for at least.one year at a fixed distance from the
lire and with a fixed measurement frequency. Numerous researchers, in many countries, haye
cgrried out such measurements with the result that there exist fairly reliable data on tIe
annual or seasonal variations in the radio noise level. These results are often presented
agcording to statistical analysis methods, that.is‘to say in form of histograms, or as cumulatiye
diptributions. The latter express the percentage of time during which the radio noise level was
leps than a given predefined value.

The most important causes of fluctuations in the recorded radio noise level are:

—| the random nature of the phenomenon;

—| variations of the meteorological conditions, both at the measuring point and along the fgw
tens of kilometers of the Tine which contribute to the local interference;

—| changes in the surface state of the conductors, which is affected not only by weathgr
conditions such'as‘rain and frost, but also by deposits of dust, insects and other particles.

8.6 Factors’influencing the radio noise from DC lines
8.5.1 General

Desigh'\parameters

Unlike AC lines, a DC line is normally either monopolar, with earth or sealearth return, or
bipolar, with single or bundle conductors. The insulator length and the pole spacing can be
relatively small because the internal overvoltages are significantly lower than with AC, due to
rapid fault clearance by valve blocking, and usually the insulator length is determined more by
pollution than by overvoltages.

Line voltage, or conductor surface voltage gradient and polarity

In case of DC lines, the choice of the line voltage is influenced not only by economic reasons
but also by the layout of the converter stations and valves. Although there is no
standardization of this voltage, DC lines at present in service usually operate between
+ 200 kV and + 800 kV. However, in the near future, the voltage level will be raised
considerably. The voltage of any high voltage line has a most important influence on the
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generation of radio noise. This influence depends on the surface stress, or gradient, of the
conductors. If, for an AC line, a gradient of E kV/cm RMS is used, the comparable gradient for

a DC line would then be \/E E kV/cm. The DC line will, however, produce a lower noise level
than the AC line.

Disregarding the effects of ionization and space charge, the theoretical gradient can be
calculated as for AC 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

8.5.2 Conductor surface conditions

Research has shown considerably more fair weather radio noise sources ‘@n DC lings
cqmpared to AC lines. The predominant sources of corona were dead insects. They wefe
mpstly mosquitoes in the summer and then fruit flies in the fall. There were many more on the
pgsitive pole than on the negative pole. The positive pole, which consisted of a 6 conductpr
byndle, was observed to have up to 60 dead insects per meter during‘the late summer, while
the negative pole conductors were essentially free of corona sourcés-“During the late fall and
winter months, these sources were burned off or washed off untileven the positive pole was
clean by late winter. At this time, the fair weather corona was law: In late spring and summer,
the pattern of conductor corona sources repeated with coronadincreasing up to high levels.

8.5.3 Conductor surface gradient

Ope of the most important quantities in determining the radio interference level of a line,
egpecially when conductor corona is dominant, is.the strength of the electric field in the air jat
the surface of the conductor or surface voltageigradient.

In| general, predictive equations or analysis procedures for radio noise performance utilize the
mpximum conductor surface gradient.@s’a prime parameter for estimating radio noise levqls
ol DC and AC transmission lines.\This variable is generally calculated from the physiqgal
ggometry of the system and the system voltages in charge-free conditions. Incidentally thefe
is| an equation which employs a maximum conductor surface gradient considering spage
cllarge near a line as described in Table A.5 of CISPR TR 18-3:__ 7 [59].

The conductor surface gradient calculated for charge-free conditions is a sensitive parameter
for prediction of the(radio noise on AC lines. This is less so for DC lines. For example, on|a
cqnductor energized with AC, a change in operating voltage level of +10 % results in|a
change in radio. noise of 5 dB or more for fair weather; in contrast, a change in the OC
operating voltage level of +10 % for practical line designs results in a change in radio noise [of
3,p dB.

In| geheral, the critical gradient for an ideal conductor, at which corona discharges occur, |is
29,4kV/cm at standard atmosphere conditions. However, surface imperfections including
stranding, nicks and scratches, bird droppings, insects, air-dust debris and water droplets
mean the critical gradient is in practice lower than this. Typically, for DC lines under field
conditions, the critical gradient is about 14 kV/cm.

The influence of conductor surface gradient on the radio interference level was investigated
on several test lines and the results show that over the range 20 kV/cm to 27 kV/cm the radio
interference level increases at approximately 1,6 dB for each 1 kV/cm increment.

7 Under preparation. Stage at the time of publication: CISPR/RPUB 18-3:2017.
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8.5.4 Polarity

The positive pole of a bipolar HVDC line produces the greatest amount of radio noise to the
extent that radio noise generation from the negative pole can be ignored. Therefore,
generation of radio frequency interference is limited to specific conductors, unlike AC lines
where all conductors are involved. Studies using conductor cages have shown radio noise
generation from negative polarity conductors to be far below generation from positive polarity
conductors. For example, at a gradient of 25 kV/cm, test results have shown a difference of
about 27 dB at 1 MHz. Positive polarity produces more radio noise than negative polarity
because of fundamental differences in the corona processes. On positive polarity conductors,

8.5.5 Weather conditions

It|lis well known that the radio noise level from AC lines is significantly influenced by the
weather conditions. Between fair weather and heavy rainfall, this level‘may increase by up fto
2% dB but in the case of DC lines the noise level actually reduces in rain.

Thus the highest radio noise level of a DC 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 10 dB and in some
cgses even more. The level may also be influenced by the line configuration and the voltar$e
gradient and the above remarks apply to bipolar and*to positive monopolar lines. Howevaer,
the 80 %/80 % criteria, discussed in 4.3 of CISPRAR 18-2:__ 8, are still valid.

As$ an explanation of this difference in behaviour, when compared with AC lines, variots
hypotheses could be given, but they still~have to be proven and further investigations afe
ngcessary.

Another area where the performance of DC lines differs from AC lines is the influence of wind.
Some investigations have indicated that for a wind direction from the negative to the positiye
cqnductor, the radio noise devel increases with wind speeds above 3 m/s from 0,3 dB [to
0,6 dB for each 1 m/s increment. For a wind direction from the positive to the negatiye
cqnductor this effect is significantly lower.

Fdrthermore, the loengterm radio noise level of a DC line is influenced by seasonal effects; [in
suymmer the levelhis’normally higher than in winter by approximately 5 dB. This may be causxd
by insects and aifborne particles on the conductor surface, or by the absolute humidity of the
air.

a) Fair/foul weather

Resdlts from laboratories, tests, and operating DC lines have shown that the highest levels [of
radio noise occur during fair, dry weather rather than wet weather as for AC lines. During wet
weather many water drops appear on the conductors. Water drops are very effective corona
sources, because in an electric field they deform and become pointed, producing corona at
electric fields much lower than the conductor surface electric field existing in corona-free
conditions. The corona onset electric field of a conductor with water drops is estimated to be
in the 6 kV/cm to 10 kV/cm range, while the corona-free conductor surface electric field of
practical HVDC lines is in the 15 kV/cm to 25 kV/cm range. Consequently, ionization of air
near the surface of DC line conductors in wet weather is very intense and a significant amount
of space charge is produced. This space charge increases corona loss and air ions, but also
has the effect of producing a fairly uniform ion cloud around the conductors and of
maintaining the actual conductor surface electric field at the relative low value of the water

8 Under preparation. Stage at the time of publication: CISPR/RPUB 18-2:2017.
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drop corona onset field. In these conditions, corona from water drops is not highly impulsive
and noisy as the corona from sources in most fair weather conditions, but is more of a glow.
Glow corona corresponds to a steady, noiseless charge emission from conductors into space.
These phenomena do not occur for AC lines, because the polarity of the electric field near the
conductor surface changes with the nominal power frequency of 50 Hz resp. 60 Hz,
preventing the formation of a uniform ion cloud of the same polarity. Consequently, radio
noise generation on DC lines is less during wet weather than in dry weather. It should be
noted that there are exceptions to the rule that the highest radio noise levels occur during fair
weather. Light snow, for instance, can produce slightly higher radio noise levels than dry
weather.

T?I\us the highest radio interference level of a DC line normally occurs under conditions_of flir
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 10 dB and-in so
cgses even more. The level may also be influenced by the line configuration and-the voItaE
gradient and these remarks apply to bipolar and to positive monopolar lines. ‘However, t

80 %/80 % criteria are still valid.

e
e
e

b) Rain washing

For AC and DC, the major effect of rain is to wash contaminants~0ff'the conductor surface.
Bé¢cause of space charge effects on DC lines, washing by rain can“affect the AC and DC fair
weather radio noise differently. If the pre-rain radio noise level én DC conductors was a result
ofl the activity of many radio noise sources close togethér with attendant space charge
prioduction which can lower the radio noise level by formation of an effectively larger diameter
cgnductor, then the radio noise level after washing on:DC conductors could be higher than
bgfore. In contrast, rain washing always reduces the fair weather radio noise level on AC lings.

c)| Wind

Another area where the performance of DClines differs from AC lines is the influence of wind.
The influence of wind on the HVDC line“may be notable. For a wind direction from the
nggative to the positive conductor, the<radio interference level increases with wind speeds
oyer 3 m/s by 0,3dB to 0,5dB for-each 1 m/s increment. For a wind direction from the
pgsitive to the negative conductor;-this effect is significantly lower.

d) Seasonal effects

rthermore, the long-tefm-radio interference level of a DC line is influenced by seasonal
ects; in summer thestevel is normally higher than in winter by approximately 5 dB. This may
caused by insectsy;and airborne particles on the conductor surface, or by the absolute
midity of the ain.

.6 Subjective effects

Investigations have shown that for DC lines, a lower signal-to-noise ratio (SNR) may Ibe
agceptable than for AC lines given in 4.3 of CISPR TR 18-2:__ 9. For a particular reading on| a
C|SPR  measuring receiver, the subjective annoyance of a DC line could be less than for ern
Ab;

8.6 Calculation of the radio noise level due to conductor corona

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

9  Under preparation. Stage at the time of publication: CISPR/RPUB 18-2:2017.
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The analytical methods that can be applied to DC lines are similar, in principle, to those
described in Clause 5 for AC lines. Obviously, in this case, use shall be made of the
excitation function results (see 5.2) for measurements on DC test lines or cages, and account
should be taken of the propagation characteristics of DC lines.

Empirical equations for the calculation of the radio noise level for DC lines, which is different
from the noise level for AC lines, have evolved. Based on extensive measurements on lines
[55], with various configurations, the following equation is suggested for a bipolar line:

E=38 +16(g 24 L A8 la r. 5 lan o
o Imax 7 ) I

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

where
E is the level of the radio noise field strength in dB(uV/m);
Jhax IS the maximum surface gradient of the line, in kV/cm;

r is the radius of conductor or subconductor, in cm;

n is the number of subconductors;

is the direct distance between antenna and nearest conductor, in m;

Al is the correction for different weather condition, indB;

w
Al is the correction for different measurement frequency, in dB (see below).

The value g,,,4 is calculated as for AC lines. The fitst line of the equation gives the level fpr
the CISPR reference frequency of 0,5 MHz and for the CISPR position, i.e. at a dirdct

diptance of 20 m from the nearest conductor(in fair weather, when 4E; Ig % and AE,, are a

Zgro.

The above equation is basically intended to be used for bipolar lines. It can also be used fpr
pgsitive monopolar lines if the .correct conductor voltage gradient is applied. For the same
applied pole voltage, the noise” will be lower than on the bipolar line by 3 dB to BSE
Regarding bipolar transmission lines, built as two separate monopolar lines, the monopol

character will dominate ifithe pole distance is greater than about 20 m.

Measurements have . shown that the rate of lateral attenuation for DC lines is similar to that fpr

300
AC lines. Over-the frequency range 0,4 MHz to 1,6 MHz and for a distance of around o7 Iw
T

where f igs™{o be taken as the numerical value of the frequency, in MHz, the followi
approximaté equation will give satisfactory results:

g

where

E, and E, are the noise field strength values at the direct distances D, and D4, 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 equation may also be written as:
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E, = E; +331g22
D,

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

to about 100 m and high correction beyond this distance.

A considerable variation in the measured results of the frequency spectrum at different
locations has so far been abtained par’rimllnrly at low frequencies However the frpqllpn"y
spectrum shown in Figure B.14 and discussed in 4.3.2, which is valid for AC lines, seems“also
to| constitute a good average relationship for DC lines and it is, therefore, suggested thattHis
sgectrum be used until more reliable material is available. The correction according to thHis
sgectrum can be written:

AE; =5 (1-2(Ig10f)2) indB
where fis the numerical value of the measurement frequency, in MHz.
This expression can be used from 0,15 MHz up to about 3 MHz.

For a negative monopolar line, the radio noise level from thé¢ole conductor itself is normally
low but, if an earth wire is used, the earth wire will act asya/positive conductor and the noige
lejel can be calculated as above.

8.7 Radio noise due to insulators, hardware_and substation equipment

There is a lack of information concerning the radio noise level produced by insulators,
hdrdware and substation equipment. Available experience indicates, however, that there will
be no significant difference from the equiyvalent level of AC lines given in Clause 7.

2

Under dry weather conditions, the'‘radio noise level produced by conductor corona may
dg¢minate for the higher voltage_gradients. However, the radio noise level of a DC lipe
cqnductor decreases when the.conductor is wetted, and this is in contrast to the leVel
produced by the line insulators, as the leakage current on these insulators is determined by
the ohmic resistance of/the pollution. From service experience it is known that, even [in
diptricts with a relatively low level of industrial pollution, the surface of DC insulators becomegs
pglluted in a relativelyshort time. When this polluted surface becomes wet, partial discharggs
ogcur which may cause a relatively high increase in the radio noise level. Hence it is possible
thiat the difference”found in the reduction of the noise level from DC lines, under sonpe
cqnditions (see~dnder weather conditions, above), may be influenced by the behaviour of the
pglluted insulators. For confirmation of this assumption, more information is necessary.

8.8 «Valve firing effects

A vwall ac Aavarhaad linac indararaiind ~ahlac and cuhotatinne hinh ynltana NC I-rnnomiooi\)n
S eSOV e e eSS e rgro e ot e s A a—Su oSttt oS TGV Ot g o trars S ST

systems include converter stations with their valve equipment. These valves can generate
radio noise by their special operational performance, as they are acting as very fast switches.

There are two types of converters, line commutated converter and self commutated converter.
The line commutated converter consists of thyristor valves and associated circuits [62], and
has been used from 1970 to today. The self commutated converter appeared around 2000
and is now rapidly expanding its application fields. This converter consists of a voltage
sourced converter (VSC) and associated circuits. The semiconductor type presently used for
VSC is IGBT, but other new types of power semiconductor devices may appear in the future.

Although the power circuit structure (topology) of VSC can be arranged in a number of
different ways, two different types can be identified today. In one type, each valve acts as a
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single controllable switch. In another type, the valves act as controllable a voltage source.
These two types of VSC have different technical characteristics.

A line commutated converter group and a VSC with valves of switch type normally comprises
six valves fired cyclically at the power frequency and a complete converter installation may be
made up of several such converters. Each time a valve is fired, the voltage across it collapses
and a wide spectrum of radio noise is generated extending from very low frequencies to a few
megahertz depending on the physical dimensions of the connections. Because of lumped and
distributed capacitances and inductances in the associated connections and equipment, local
loops may resonate and this will produce peaks at certain frequencies. A VSC with valves of
the controllable voltage source type also comprises six valves which cyclically produg¢e
different voltages. The voltage step generated when the valve is fired is usually smallef\than
that of valves of switch type.

This radio noise may be emitted directly from the valves and associated) equipmelnt
cqmprising, in this instance, mainly the feeders and the busbars of the cenverter station.
These busbars will often be of considerable length and well able to act as<efficient radiators.
T:Le converter will be, of course, connected to incoming and outgoing A€and DC circuits apd
these may both be of overhead line construction. The radio noise wilkbe guided and emittéd
from such overhead lines.

With any suppression measures, the radio noise level could be intolerable and it is, therefore,
ngcessary to reduce this level to an acceptable value. Thi§ can be achieved by differgnt
methods which depend on the valve type and the technicalinstallation of the substation.

The technical layout of converters requires a hall' which protects the valves against
e:l‘vironmental influences and makes it possible to-kKeep temperature, humidity and dust lim{ts
within a specified range. By electromagnetic screening of these halls, the radio noise Iexlel
oytside can be reduced considerably. Using solid metal sheets or wire mesh, an attenuation
vdlue of 40 dB to 50 dB for frequencies between 0,15 MHz and 5 MHz is possible. To reduge
the noise passing through the valve hall~bushings, filters should be installed in all outgoing
lines and the filtering of the DC lines shall be especially effective. The converter transformets,
begtween the valve group and the AC_lines, and the filter circuits on the AC side, may reduge
the possible conduction of radio noise from the converter station to these AC lines.

Thyristors composing thyristor*valves, when fired, may have a voltage collapse time of abolut
1 s to 4 ps. IGBTs composing VSC valves may have a voltage collapse time of 0,5 pys to 2 ps.
Caused by this difference, VSCs with valves of switch type may generate more severe noise
than thyristor convertefs.

Alpossible solution for reducing direct radiation from a valve is the installation of the thyristpr
vglve within a,steel tank which acts as an effective screen. Care should be taken that the tapk
dges not radiate as a dipole or resonator.

The “further development of high voltage DC converter stations will tend towards mofe
cqmpact layouts with shorter connections between valve groups, converter transformers and
substations. This will have a favourable influence on the reduction of radio noise from
converter stations.

Generally, it is possible to reduce the radio noise produced by converter valves and their
auxiliaries to an acceptable level. The costs of such a reduction largely depend on the valve
type and the converter station design.
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9 Figures
\ Related to 15 m lateral distance from point directly under outer phase conductor
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A Related to 20 m direct distance from nearest phase conductor
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SQURCE: The diagram is drawn from the report: L. Paris, M. Sforzini: L'isolamento delle linee a 370 kV: criteri| di
prpgetto dedotti da una serie di prove comparative. Rendiconti della LXV_Ridnione Annuale dell'AEI, Palermo, 19p4
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Figure 7 — Equipotential lines for clean-and dry insulation units
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Figure 8 — Determination of the magnetic field strength from a
perpendicular to a section of a line, at a distance x from
the point of injection of noise current /
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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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Figure 11 — Impulsive radio-noise train of gap-type discharges
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Figure 12 — Example of relative strength of radio noise field
as a function of frequency below 1 GHz using QP detector
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Figure 13 — Example of relative strength of\radio noise field due to gap discharge
as a function of frequency 200 MHz to 3 GHz using peak detector
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Figure 14 — Example of relative strength of radio noise field
as a function of the distance from the line


https://standardsiso.com/api/?name=106be03859ad9e6eb4040237476ab4fa

CISPR TR 18-1:2017 © IEC 2017

Negative

"‘\\ //
- AN
SN

-~

y

\

«~"region —~

/

S

\

7N

-~..\ -~
7
/ﬁ\\

—_

N\

Positive
region

S
El
D¢

region
/

I
|

\

\
|

URCE: Jian Tang, Rong Zeng, Hongbin Ma, Jinliang He, Jie Zhao, Xiaolin Li,
bctromagnetic Interference on DC Line From Parallel AC Line in Close Proximitys+~IEEE Transactions on Pow

livery, Vol.22, No.4, October 2007

IEC

ahd ™~ Qi Wang, Analysis
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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
conductor of an overhead line. All these methods give very similar results for both non-bundle
conductors and symmetrical bundles consisting of a small number of subconductors; up to
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 successive images
[6B]. With the advent of the digital computer, extensive use is now made of calculation
programs based on these methods. For the majority of line configurations, that ishwhere the
hegight of the conductors above ground and the spacing between phases or poles is large
cqmpared with the conductor diameter or bundle dimensions and the subconductor spacing|is
lafge compared with the subconductor diameter, a single-image method canbhe used.

Alfurther approximation to this approach is to calculate the charge{,on each conductor pr
bconductor, adopting the Maxwell potential coefficient method, \ahd then to compute the
Itage gradient at the surface of the conductor or subconductor considering only the charge

the conductor under consideration. In the case of a caonductor bundle, it may be
presented by an equivalent single conductor which has the{same capacitance as the bundle.
r single conductors and symmetrical bundles with a small number of subconductors, very
sifnple equations can be used for the determination of the'woltage gradient from the charge.

M O < ®»

The average gradient, g,,, is obtained by applying,Gauss' theorem, from which the electtic
figld strength at the surface of a conductor is equal to the surface charge density o divided by
the permittivity ¢,:

_ o __ 9 (A1)
ol £o gonmd
where
q| is the surface charge péerunit length;
n| is the number of subconductors in the bundle;
d| is the diameter of-subconductor, in cm;
&l = 1 is the permittivity of free space, in F/m.

3rx109<

In|the casevof a single phase line with earth return or a monopolar DC line, the calculation [of
the charge g as a function of the applied voltage U is very simple since the capacitance pgr
unitdength C is given by:

c-= nzZ?
In=—
leq
where
h is the height of the conductor above ground in cm. 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;

eq is the radius of conductor or radius of bundle equivalent conductor in cm;
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r, =4 in the case of a single conductor;

eq 2

leq = b ,nd in the case of a conductor bundle;
2\ b

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

Then

g __CU _ u
neond  meond - nd o 2h (AR)
2 leq

Gav =

T¢ obtain g,, in kV/cm, U shall be expressed in kV and, in the case of ACdies, RMS valugs
are usually used.

In| the general case of multiphase lines or multipole DC lines, the_calculation of the chargeés
on each conductor or bundle requires the solution of the following set of equations:

[p] x [q] = [U] (AB)

where [q] and [U] are the one-column matrices of charges and voltages on the conductors pr
byndles and [p] is the square matrix of the potential-coefficient of multiconductor configurati¢n:

1 2h,
pii = In
2 &o reqi
D',
Pij =5 1L
T &g DIJ
where
D{ is the distance between conductors or bundles j and j;
D i is the distancelbetween conductor or bundle i and ground image of conductor or bundle
J.

As$ regards thé matrix of voltages, the following elements are to be considered for the
following practical cases:

a) Single-circuit three-phase lines

U
1 1
Ul=|Uy|=U| a |witha=-1+1/73 (A.4)

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 that for a line without earth wires. The presence of the earth wires
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increases the voltage gradient at the conductors but, with usual configurations, this increase
is relatively small: 1 % to 3 %.

b) Multi-circuit three-phase lines

In 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

S fficiont ronan Af ~caa i tar ~aanalhilitine Aoy Avicte far thn ~alaylatinns Af tha valtaan ~radl t
o Tt T o e~ O Com P ot Capo o TtriC oo vwW STt T ot e~ Corcoatr o Ot vV ot g e—graaTc

oflany type of multi-circuit three-phase line.

It|should be noted that the relative positions of the corresponding phases in the' different
cifcuits affect the charges on the conductors and it is important to take themcinto account
when calculating the gradients of a multi-circuit line. For example, the flat formations of tWo
cifcuits defined by 1, a, a2 and 1, a, a2 will result in higher gradients that the configuratipn
1|a, a2 and a2, a, 1.

c)| Bipolar DC lines

[U]{&}U[_” (A5)

where
U is the value of the pole-to-earth voltage.

The presence of earth wires can be taken into-account in the same way as for AC three-phasge
lirfes.

The voltage gradient derived fromEquation (A.1) is an average value g, around the
cifcumference of the conductor or subconductor, in as much as it is calculated on the basis jof
the average charge density on the_conductor:

__49q
-5 "

For single comductors, this charge density can be considered uniform around tie
cifcumferenceland, therefore, the gradient is assumed to be constant. For the subconductofs
in[f a bundle,(the charge density is not uniform, due to the mutual shielding effect of the
sybcondueters, the charge density and consequently the gradient, is larger towards the
exterioryand smaller towards the interior of the bundle.

A
given by the following equation:

90 = Gav (1 +%cos 9) (A7)

where 6 is the angle between:

— 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.
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In particular, the maximum gradient g,,,5, is given by:

(n—1)dj (A.8)

= 1+
Imax gav( b
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Annex B
(informative)

Catalogue of profiles of radio noise field due
to conductor corona for certain types of power line

Table B.1 lists profiles of power lines and gives references to further sources of information.
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 figure)
Figures Origin

225 kV lines B.1

Triangular formation of conductors B.2

Flat formation B.3 Ref. [8]

Arched formation B.4

Flat (wide formation) B.5
I 345 kV lines

Vertical formation of double circuit B.6
. 362 kV lines

Flat formation B.7 Ref. [35, 39]

380 kV lines

Flat formation B.8 Ref. [8]

Arched formation B.9 Ref. [8]
\ 525 kV lines

Flat formation B.10 Ref. [35, 39]
Vl]. 750 kV lines

Arched formation B.11 Ref. [8]
VII. 765 kV lines

Flat formation B.12 Ref. [35, 39]
VIII. 765 kV lines

Vertical.formation of double circuit B.13 Ref. [56]
Cprrections:
l. Frequency B.14 Ref. [8]
1. Weather categories B.15 Ref. [8]
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Figure B.1 — Triangular formation (1)



https://standardsiso.com/api/?name=106be03859ad9e6eb4040237476ab4fa

- 60 - CISPR TR 18-1:2017 © IEC 2017
225 kV line
Frequency 0,5 MHz Conductors Maximum gradients

h average 15 m "
hmin. 11 m 8 ) 2 c
S > ] S )
T |5 |5 |¢% ~ e |3
5 s |2 5 o o o ®
2 - R B I I 8 8 5
3,5 ‘rz 65 ° ] S o T a a -

3. L 2 - o] = (7]

o3 5 T 1% = ]
‘ 3 1y 2,65 g o g e
i o 2

4,2 ‘
|
h m mm mm kVeff./ | kVeff./ | kVeff./ dB
cm cm cm
1 - - 13,2 16,15 | 16,00 | 15,45 0
P X X o X X X X X X T W Y T X W X I 1 _ _ 15,5 14,15 14,00 13,50 -6
e 1 - - | 16,2 | 13,66)"13,50 | 13,00 | -7.6
b Variation of noise level for a 10 % variation in referencegradient = 4,8 dB
90 (for the same type of bundle)
\ | \
Voltage 225 kV
80
70
E
S
2
o 60 )
Z Maximum foul weather is a few decibels higher
©
5 N
o 50
'g N ln‘heavy rain N
o
T 40
\\
\_/ Average fair weather T
30
\
\
20 -
0 EQ. 100 4150

oY U

Lateral distance from outside phase (m)
IEC

Figure B.2 — Triangular formation (2)
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Figure B.3 — Flat formation
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Figure B.4 — Arched formation
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Figure B.5 — Flat wide formation
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