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b-operation on all questions concerning standardization in the electrical and electronic fields. To ¢hisvend
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IEC TR 62681 has been prepared by IEC technical committee 115: High Voltage Direct Current

(HV

DC) transmission for DC voltages above 100 kV. It is a Technical Report.

This second edition cancels and replaces the first edition, published in 2014. This edition
constitutes a technical revision.

This edition includes the following significant technical changes with respect to the previous
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e)
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nterference excitation function;

he clause of CEPRI research results of audible noise has been deleted;

he clause of main conclusion of audible noise has been deleted.
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hbove table.
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INTRODUCTION

Electric fields and magnetic fields are produced in the vicinity of a High Voltage Direct Current
(HVDC) overhead transmission line. When the electric field at the conductor surface exceeds a
critical value, known as the corona onset gradient, positive or negative free charges leave the
conductor and interact with the surrounding air and ionization takes place in the layer of
surroundmg air, leading to the formation of corona dlscharges The corona discharge will-ret

resu

It in

corona Ioss but also change the electro-magnetic propert|es around the HVDC overhead
transmission lines.

The
ove

1) electric field,

2)

3) magnetic field,

4)

5) audible noise.

To ¢
thed
stan

status of study and progress of electric fields, ion current, magnetic fields, radio interfere

and

discussion given in this document would be applicable for HVDC sub-stations as well; Howsg
since layout of a station differs very differeqtly, expressions given for HVDC overh
trangmission line cannot be directly used~as many assumptions would not hold g
Furthermore, an HVDC sub-station is not.ac¢essible to the general public, thus the num

and

radio interference,

parameters used to describe the electromagnetic-envirenment performance of an~H
head transmission line mainly include the:

on current,

DC

ontrol these parameters in a reasonable and acceptable-range, for years, a great deal of

retical and experimental research was conducted in manyCountries, and relevant nati
dards or enterprise standards were developed. This~document collects and records

audible noise of HVDC overhead transmission lines. It is recognised that general tech

limits given in this document are not.applicable for HYDC sub-stations.

bnal
the
nce,

ical
ver,
ead
pod.
bers
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ELECTROMAGNETIC PERFORMANCE OF HIGH VOLTAGE DIRECT
CURRENT (HVDC) OVERHEAD TRANSMISSION LINES

1 Scope

This document provides general guidance on the electromagnetic environment issues of HVDC
overhead fransmission lines. It concerns the major parameters adopted to describe the
eledtromagnetic—envirenment properties of an HVDC overhead transmission line, inclufling
eledtric fields, ion current, magnetic fields, radio interference, and audible noise generated as
a consequence of such effects. If the evaluation method and/or criteria of electremagretic
properties are not yet regulated, engineers in different countries can refer to thisrdocument to:

- quu{—e support/guide the—safe—operation electromagnetic design of ‘-H¥YDC overhead
ransmission lines,

— limit the influence on the environment within acceptable ranges, and
— optimize engineering costs.

2 [Normative references

There are no normative references in this document.

3 [Terms and definitions

Fo

=

the purposes of this document, the followirg terms and definitions apply.

ISOland IEC maintain terminological @atabases for use in standardization at the folloying
addfresses:
e |EC Electropedia: available dt-http://www.electropedia.org/

e |SO Online browsing platiprm: available at http://www.iso.org/obp
3.1
corpna

set pf partial discharges in a gas, immediately adjacent to an uninsulated or lightly insulated
condluctor which-créates a highly divergent field remote from other conductors

[SOURCE:JIEC 60050-212:2010, 212-11-44, modified — Note 1 has been deleted.]

3.2
electric field

constituent of an electromagnetic field which is characterized by the electric field strength E
together with the electric flux density D

Note 1 to entry: In the context of HVDC transmission lines, the electric field is affected not only by the geometry of
the line and the potential of the conductor, but also by the space charge generated as a result of corona;
consequently, electric field distribution may vary non-linearly with the line potential.

[SOURCE: IEC 60050-121:1998, 121-11-67, modified — The original note has been deleted and
Note 1 to entry has been added.]

3.3

space-charge-free electric field

electric field due to a system of energized electrodes, excluding the effect of space charge
present in the inter-electrode space
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3.4

ion current
flow of electric charge resulting from the motion of ions

3.5
ma

gnetic field

constituent of an electromagnetic field which is characterized by the magnetic field strength 4

tog

ether with the magnetic flux density B

[SOURCE: IEC 60050-121:1998, 121-11-69, modified — Note 1 has been deleted.]

3.6

audjble noise
unwjanted sound with frequency range from 20 Hz to 20 kHz

[SOURCE: IEC 61973:2012, 3.1.14]

4

4.1

Eleqtric fields are produced in the vicinity of an HVDC transmission line, with the highest ele
fields existing at the surface of the conductor. \When the electric field at the conductor sur

Electric field and ion current

Description of the physical phenomena

Ctric
face

exce¢eds a critical value, the air in the vicinity of the conductor becomes ionized, forming a

corgna discharge. lons of both polarities<'are formed, but ions of opposite polarity to
congluctor potential are attracted back towards the conductor, while ions of the same pol

as

the conductor are repelled away frem the conductor. Space charges include air ions

the
arity
and

charged aerosols. Under the action of an electric field, space charge will move directionglly,

and|ion current will be formed. The physical phenomena of electric field and ion current
des¢ribed in this Subclause 4.t

Thelelectric field and ion current in the vicinity of an HVDC transmission line are defined m4

by

voltage applied to Jine/conductors produces an electric field distribution. Unlike High-Vol
Altefnating Current’ (HVAC) transmission lines, the electric field produced by H
trangmission lines does not vary with time and, consequently, does not produce any signifi
currents in humans or objects immersed in these fields.

Thelelectric field is another aspect of the electrical-envirenment property around an overh

HV

he operating voltage, line configuration, conductor radius and conductor surface.

are

inly
The
age

DC
cant

ead

DC.iransmission line. An electric field is present around any charged conductor, irrespeq

tive

of whether corona discharge is taking place. However, the space charge created by corona
discharge under DC conditions modifies the distribution of an electric field. The effect of space
charge on electric fields is significant.

For the same HVDC transmission lines, the corona onset gradients of positive or negative
polarities are different and the intensity and characteristics of corona discharges on positive or
negative conductors are also different. Consequently, during the design of HVDC transmission
lines, special consideration-sheuld needs to be paid to the allowable values of the maximum

ground-level electric field and ion current density [1]".

1

Numbers in square brackets refer to the bibliography.
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Corona on a conductor of either positive or negative polarity produces ions of either the positive
or negative polarities in a thin layer of air surrounding each conductor [1]. 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-unipelar
monopolar 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 1. 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:

b) @ negative-unipetar monopolar region between the negative conductor and ground;

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
condluctor, but a significant fraction is also directed toward the ground. Thenon drift velocity is
such that it will take at least a few seconds for them to reach ground. Actually, the molecples
travelling along ion paths are not always the same ions. In fact, collisiohs between ions and air
molecules occur during the travel at a rate of billions per second and.cause charge transferjand
readtions between ions and neutral molecules, so the ions reaching the ground are duite
diffdrent from those that were originally formed by corona near the conductor surface. The ekact
chemical identity of the ions, after a few seconds, will depend’en‘the chemical composition|and
tracg gases at the location.

=

Elegtric field is another component of the electrical-efvirenment property around an overhead
HVDC transmission line. Electric field is caused by electrical charges, both those residing on
condluctive surfaces (the transmission line conducters, the ground, and conducting objects)[and
the gpace charges. The effect of space charge‘on electric field is significant.

A nonlinear interaction takes place between electric field and space charge distributions ip all
threp general space regions identified above in a), b), ¢). The nonlinearity arises because jons
flow|from each conductor to ground onrto the conductor of opposite polarity along the flux Iljnes
of the electric field distribution: while)at the same time, the electric field distribution is influenced
by the ionic space charge distribution. In addition to the nonlinear interaction described abpve,
the gpace charge field in the\bipolar region is affected by other factors. Mixing of ions of both
polgrities in the bipolar region leads firstly to a reduction in the net space charge density and,
secondly, to recombinationand neutralization of ions of both polarities.
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Figure 1 —Unipelar Monopolar and bipolar space charge regions
of an HVDC transmission line [1]

The[corona-generated space charge, being of the same polarity as-the’conductor, producgs a
scrgening effect on the conductor by lowering the electric field in(the vicinity of the conduyctor
surface and consequently reducing the intensity of corona~discharges occurring on]|the
condluctor. In the-unipelar monopolar regions, the space charge enhances the electric field at
the |ground surface. The extent of electric field reductiontat the conductor surface and field
enhgncement at the ground surface depend on the conductor voltage as well as on the cofona
intensity at the conductor surface. In the case of the~bipolar region, however, the mixture of
ions of opposite polarity and ion recombination ténd’to reduce the screening effect on| the
congluctor surface. This leads to a smaller reduction’in the intensity of corona activity neai the
conductors than in the-unipelar monopolar regions.

Thelelectrical environment at ground level under a bipolar HVDC transmission line is, therefore
defiped mainly by three quantities:

1) electric field, E,

2) ion current density, J,

3) space charge density, p(
Thelelectric field produced by HVDC overhead transmission lines is a vector defined by its
components along three orthogonal axes. The space charge density is a scalar. The ion cunrent

density is also a, vector, and it is-determined affected by the electric field and space charge
density.

Very small-clrrents in some cases-may can flow through an object or person located under the
line |because of exposure to the electric field and ion space charge. From the point of view of
envijrenmental impact on persons and objects located under the line, the main consideratign is

the combined exposure to the electric fields and ion currents. The scientific literature indicates
that exposure to the levels of DC electric field and ion current density existing under operating
HVDC transmission lines poses no risk to public health, but may cause some induced current

and annoyance effects to humans Qenseqaenﬂy—dwmg—de&gnmg—ef—H#D@—tFWHmes—

Design of HVDC transmission lines requires the ability to predict ground-level electric field and
ion current distribution as functions of line design parameters such as the number and diameter
of sub-conductors in the bundle, height above ground of conductors and pole spacing.
Prediction methods are based on a combination of analytical techniques to calculate the space
charge fields and accurate long-term measurements under experimental as well as operating
HVDC transmission lines.
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As described and illustrated in Figure 1, the ground-level electric field and ion current
environment property under a bipolar HVDC transmission line can be thought primarily as a
uhipelar monopolar space charge field under each pole. The bipolar space charge field between
the positive and negative conductors, however, has no significant impact on the ground-level
electrical-envirenment property. For the purpose of calculating the ground-level electric field
and ion current distributions, therefore, analytical treatment of the-unipelar monopolar space
charge field between each of the positive and negative conductors and the ground plane is
adequate.

Unipelar Monopolar DC space charge fields are defined by the following equations:

v.E=L (1)
€0

J = upE (2)

V.J=0 3)

whefre

E and J are the electric field and ion current density vectors“at any point in space,

P is the space charge density,
u is the ionic mobility,
& is the permittivity of free space.

Thelfirst Equation (1) is Poisson's equation;\the second Equation (2) defines the relationghip
between the current density and electric field vectors, and the third Equation (3) is the continuity
equation for ions. Since electrons argggxistent in the zone very close to the conductors [and
attaghed to air molecules forming negative ions, they are not considered. The solution of these
equations, along with appropriate boundary conditions, for the conductor-ground-plane
geometry of the HVDC transmission line, determines the ground-level electric field and| ion
current distributions [1].

Corpna activity on conductors and the resulting space charge field are influenced, in add|tion
to the line voltage and geometry, by ambient weather conditions such as temperature, pressjure,
humidity, precipitation and wind velocity as well as by the presence of any aerosols [and
atmopspheric pollution. It is difficult, if not impossible, to take all these factors into account in
any|analyticaktreatment of space charge fields. Information on the corona onset gradien{s of
condluctors,\which is an essential input in the analytical determination of electric field and ion
current-envirenment density, is also difficult to obtain under practical operating conditions.|For
thege &¢easons,-it-is—nhecessaryto—use analytical methods are employed in combination with
acclrafe long-term measurements of ground-level eleciric field and ion current distribufions
under experimental as well as operating HVDC transmission lines, in order to develop prediction
methods. Some of the information required in the analytical treatment, such as corona onset
gradients of conductors, can be obtained only through experimental studies. Reliable
experimental data are also essential in validating the accuracy of analytical or semi-analytical
methods for predicting the ground-level electric field and ion current distributions under HVDC
transmission lines.

NOTE 1 Industry consensus and standards have not been reached on appropriate analytical methods to capture all
effects of weather in the calculation of enhanced fields due to space charge.

NOTE 2 As described in reference [4], the conditions most conducive to enhanced fields due to space charge (wet
conductor conditions in fog, with zero wind) occur for a very small percentage of time over a given year.

NOTE 3 As further pointed out in reference [4], to attempt to address very rare conditions in the design of an HVDC
transmission line-may is not-be fully justifiable, given the lack of clear standards, analytical methods, and consensus
on the subject.
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The atmosphere has a large quantity of aerosol particles. When such particles are present in
the ion flow around a stressed HVDC conductor, the ions will be captured by the particle
because of Brownian motion and the motion driven by electric force. A charging process
dictated by ions diffusing to particles is called diffusion charging [2]. This mechanism does not
involve any external electric fields and some experiments indicate that it has insignificant
relations with electrical properties of particles. Electrical properties are characterized by
electrical conductivity and permittivity. As the charge accumulates on the particle surface, the
electric field around the particle gets stronger, leading to a reduction of diffusion charging rate.
The other charging process controlled by electric field is named field charging [2]. Unlike
diffusion charging, several experiments show that the charging process relies heavily on the
electrical parameters. The physical mechanism behind this phenomenon is Maxwell-Wagner
relakation of the electric field around the particle in the presence of an external electric field [3].

4.2 Calculation methods
4.2.1 General

Gropnd-level electric field and ion current distribution under HVDC transmission lines degend
primarily on the conductor bundle and on the minimum height above groufd of conductors. Pole
spa¢ing has a secondary influence on the electric field and ion current distributions, and is
selected mainly on the basis of air gap clearances required to withStand the maximum vajues
of oyervoltage that-may can appear on the conductors.

Corpna performance criteria, particularly for radio interference(RI) and audible noise (AN)[are
used to select the number and diameter of conductors inythe bundle required on each gole.
Conductor height and pole spacing have a secondary influence on the Rl and AN performapce.

Follpwing the selection of the conductor bundlé based on Rl and AN design criteria,| the
minimum conductor height is selected on the basis of design criteria for ground-level eleftric
field and ion current density. The conductor heights selected using these criteria are generally
signfificantly higher than would be required<from insulation and safety considerations.

Calgulation of the desired ground-level electric field and ion current distribution for propgsed
HVDC transmission line configurations is, therefore, an essential step in selecting the minirhum
condluctor height. Methods of.calculation that are presently available for this purpose|are
des¢ribed below.

Calgulation methods for determining electric field and ion current distributions involve| the
solution of the boundary value problem described by the set of Equations (1) to (3) along with
appfropriate boundary conditions. The first rigorous analytical solution to the-unipelar monogolar
spa¢e charge modified field problem was obtained by Townsend [5] for the concentric cylindrical
configuration.fhe main interest in this solution was to obtain the voltage-current characterjstic
for g thin wire at high voltage and in corona, placed concentrically inside a large metallic cylinder
at gfound™potential.

Pop ov 6l extended Townsend's solution to the geometry of a conductor above a ground-plane
=1 J J J L

and obtained a semi-empirical equation for determining the voltage-current characteristic.
Popkov's solution is concerned mainly with the voltage-current characteristic and does not
provide a solution for the ground-level electric field and ion current distribution.

Equations (1) to (3) define the-uripelar monopolar corona problem for the general case of three
dimensional electrode configurations. However, if the electrode geometry is characterized by
symmetry in two dimensions, then the equations reduce to one dimensional form. For example,
in the case of the concentric cylindrical geometry considered by Townsend, symmetry may be
assumed to exist in the longitudinal and angular coordinates of the cylindrical coordinate system.
The defining equations reduce, therefore, to one dimensional form in the radial coordinate,
making it possible to obtain an analytical solution to the-unipelar monopolar corona problem.
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In the case of DC transmission lines, the geometry may be assumed to consist of a number of
cylindrical conductors parallel to each other and also to the ground plane above which they are
placed. This is essentially a two-dimensional geometry, since symmetry exists along the
longitudinal direction of the conductors. The boundary value problem defined by Equations (1)
to (3), therefore, reduces to a two-dimensional form in this case.

Since it is almost impossible to obtain analytical solutions to the two-dimensional space-charge-
modified fields, such as those associated with DC transmission lines, it becomes necessary to
use numerical techniques.

It S arld-aleao-be-mantiaonaedthatth
Lam
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do rjot take into account some of the practical considerations such as the influence of wingd on
the |on flow.

4.2.p Semi-analytic method

The| first method for solving Equations (1) to (3) for multiconductor DC\transmission [line
configurations was developed by Maruvada and Janischewskyj [7] [8]. The’ method, originally
developed to calculate corona loss currents, involves the complete~solution of the—unigetar
monopolar space charge modified fields and, consequently, the determination of the grolind-
leve electric field and ion current density distributions. The method of analysis does not include
the [nfluence of wind.

The[method of analysis is based on the following assumptions:

a) ihe space charge affects only the magnitude and<uot the direction of the electric field,

b) for voltages above corona onset, the magnitude of the electric field at the surface of| the
conductor in corona remains constant at the.onset value.

Thelfirst assumption, often referred to as Deutsch's [9] assumption, implies that the geometric
pattern of the electric field distribution is_.unaffected by the presence of the space chargel|and
that| the flux lines are unchanged while the equipotential lines are shifted. Since HYDC
tranpmission lines are generally designed to operate at conductor surface gradients which| are
only| slightly above corona onset values, corona on the conductors generates low-density space
chatge and the ions may be assumed to flow along the flux lines of the space-charge-free
eledtric field. This assumptionis’much more valid for DC transmission lines than for electrosjatic
pregipitators where corona intensity and space charge densities are very high.

The|second assumption, which was also implied in Townsend's analysis, has been justified from
theqretical as well 'as experimental points of view [8].

In mathematical terms, the first assumption implies that:

E=C¢E (4)

where

E is the electric field vector in the presence of space charge,

E is the space-charge-free electric field vector,

& is a scalar point function which depends on the charge density distribution. The value of
& at any point may be defined as the field modification factor.

This assumption has the distinct advantage of converting an essentially two dimensional
problem into an equivalent one dimensional problem along the flux lines of the space-charge-
free electric field. The boundary value problem defined by the partial differential Equations (1)
to (3) are converted [8] to one described by the set of ordinary differential equations:
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ao _ 5
a0 & (5)

& ___ 2 (6)

do  g(E')?

dp  p?

do 2 5(E’)2 )

whefre

E' gnd ¢  are the space-charge-free electric field intensity and potential respectively,

is the potential in the presence of space charge,
is the charge density,

AN

is the field modification factor, at any given point alongythe flux line.

Theldifferential Equations (5) to (7) describe the variation of the dependent variables ®|, &
and| p as functions of the independent variables ¢ and, E%along a flux line of the space-

charge-free electric field. For a given line configuration andhapplied voltage, the flux lines of the
spat¢e-charge-free electric field can be traced and values of E' and ¢ along any flux|line

detgrmined [8].

Thelboundary conditions required to solve Equations (5) to (7) are given in terms of the voliage
applied to the conductor and the magnitudecei’the electric field at the surface of the conduyctor
in cprona. If the voltage applied to the conductor with respect to the ground plane is U the

spage-charge-free electric field at the:conductor surface corresponding to the voltage U s Es'

and|the corona onset gradient of the'conductor is Eq , then according to the second assumgtion,

E/

E,
&= —0) at the conductor-surface. The complete set of boundary conditions may then be
N

writlen as

& =U at o=U (8)

»=0 at p=0 (9)
E

§=(E—(S?j at p—u (10)

If Eé is the space-charge-free electric field at the point where the flux line meets the ground
plane and g“g and p, are the computed values at this point of the field modification factor and
charge density respectively, the electric field £, and ion current density j, at this point are
obtained as,

Iy
Il

o ngé (11)
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Jg = HEgpgEy

Where u is the ion mobility.

(12)

The method developed by Maruvada and Janischewskyj can be applied to determine the
ground-level electric field and ion current distributions under-unipelar monopolar or bipolar DC
transmission lines with single or bundled conductors and with or without overhead ground wires

[8].
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1)

e of

geometric parameters of the line configuration, voltage applied to the line conducters
corona onset gradients of the conductors. The calculation procedure requires the~fallo

or the given line configuration and conductor voltages, flux lines of the space-charge-
blectric field, which originate on the conductors in corona and terminate“on the grg
blane, are traced;

2) for each flux line selected, the distribution of the electric field E' iscdetermined as a fung

3)

4)

5)

4.2.

ass

bf ¢ along the flux line;

nowing the distribution of E' as a function of ¢ along the flux line, the boundary v

broblem defined by Equations (5) to (7) is solved, using the boundary condition
Fquations (8) to (10) to obtain @, & and p as functions of ¢ at all points along the

line;

fhe magnitudes of the ground-level space chargé& modified electric field Eg and ion cur
lensity jg at the point where the flux line termipates on the ground plane are then calcul
Wising Equations (11) and (12);

Dy repeating steps 2 to 4 for a number of flux lines, the complete distributions of Eg

j, along the ground plane are determined.

B Finite element method

monopolar space charge modified field problem without recourse to Deuts|
mption. One of thermain objectives of this study was to evaluate the errors which m

Geli and Janischewskyj [10) developed the first finite element method (FEM) for solving

resylt by the use of Deutsch’s assumption in the Maruvada and Janischewskyj method.

The[ Gela and/Janischewskyj method was developed specifically for the case of a-unig
monopolar.DC line with a single conductor above ground [11] [12]. However, the method

the

potential of further development for cases of lines with bundled conductors, overh

ground wires, etc.
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For the FEM analysis, the defining Equations (1) to (3) of-unipelar monopolar DC corona are
expressed in terms of potential as,

_vwvo="
€0

-V-(pV@)=0

V& =-E

(13)

(14)

(15)
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The set of Equations (13) to (15) is solved iteratively for @, by updating and recalculating the
spatial distribution of p at the beginning of each iteration. The FEM [13] with linear triangular
elements is employed to solve the partial differential Equations (13) and (15) for @ at each
iteration step. The iterative procedure is initiated with the first estimate obtained using the
Maruvada and Janischewskyj method. Convergence of the iterative process is considered to
have taken place when no further improvements are observed in p and both Equations (13) and
(14) produce the same value of @.

Since Equations (13) and (14) are of second order, only two boundary conditions are needed
to obtain a solution. These are provided by the values of @ on the conductor surface and on

the WMWM&W&MM&MM%e
of the conductor in corona remains constant at the onset value, is not necessarily enfofced

duripg the solution of Equations (13) and (14). The extent to which this boundary conditign is
violated at any particular iteration provides information for updating and correcting|the
distfibution of p for the next iteration, until convergence is achieved.

Thelfinal results of the iterative solution are values of p and @ at the nodes_of.the finite element
grid| Values of E, p and j at any points of interest, such as along the surface of the condyctor
or the ground plane, are derived subsequently.

Conmputational results obtained by the application of Gela and Janischewskyj method to| the
case¢ of a-unipelar monopolar DC line configuration with a singlé conductor lead to the following
obsegrvations [12]:

a) distributions of electric field intensity at ground are not-sensitive to Deutsch’s assumption;

b) Deutsch’s assumption-may can give rise to significant errors in the current density profiles
at ground, particularly for certain line configurations operating at voltages well above cofona
bnset;

c) however, for practical DC transmission_lifte configurations and normal operating voltages,
twe use of Deutsch’s assumption provides results of acceptable accuracy.
4.2,

BPA method

A simplified method of analysis was developed at the Bonneville Power Administration (BPA)
[14]|for determining the ground-level electric field and current density under-unipelar monogolar
and|bipolar DC transmission fines. In addition to the two assumptions mentioned in 4.2.2|and
4.2.B8, other simplifying assumptions were made to develop the computer program ANYPDLE
whigh was made available in the public domain. The other simplifying assumptions made in
developing this progran are:

— 1{he conductor.bundle is replaced by an equivalent single conductor with the spme
apacitance-as the conductor bundle;

— the ion>cdrrent is assumed to be uniformly distributed around a single conductor of an
¢quivalent single conductor replacing the bundle.

Ga } H Hbe—eeneeptis—usedto—ebtairnumer } te—fi ion
current distributions along the ground plane.

4.2.5 Empirical methods of EPRI

Empirical methods are generally derived from extensive experimental data obtained preferably
on operating HVDC transmission lines, but also on full-scale test lines. In order to derive valid
and accurate methods, the experimental data-sheould-be are obtained for lines of different
voltages and configurations with a wide range of values for parameters such as conductor
bundle, conductor height and pole spacing in the case of bipolar lines. The validity is usually
restricted to the range of values of line parameters for which the experimental data, used to
derive the empirical method, was obtained. Extrapolation of the empirical method outside the
range of these parameters-may can give rise to significant errors.
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Unfortunately, empirical methods based on good experimental data are presently not readily
available for determining the ground-level electric field and ion current distributions under
whipelar monopolar or bipolar DC lines.

A semi-empirical method, called the "degree of corona saturation" method, was proposed ([15],
[16]) for calculating ground-level electric fields and ion currents under bipolar DC lines. This
technique is incorporated in the—L workstation, an EPRI proprietary program. The basic
principle of the method is given by the equation.

0=0c+S (05— 0e) (16)

whefre

0. | is the electrostatic value of any parameter (electric field, ion current denmsity or space
charge density),

Os | is the saturated value of the parameter

S is the degree of saturation.

The| electrostatic value Q. of the parameter can be calculated “Using the well-establighed

eledtrostatic field theory. It should be noted that the electrostatic,values of current density|and
charge density are zero.

Equptions were derived for the saturated values of Qg{of the electric field, ion current density

and|charge density, based on laboratory tests on~reduced-scale models with thin wires of
unigelar monopolar and bipolar DC line configurations [17]. The degree of corona saturgtion
factpr S was derived from full-scale tests carried out on a number of bipolar DC |[line
configurations.

It should be noted that the degree of corana saturation method is not a purely empirical method
as described at the top of this Subclause 4.2.5. It involves some theoretical modelling and an
aSS\Emption that results of scale medel tests on thin wires can be extrapolated to the case of

full-scale lines with practical conductor bundles. Questions were also raised on the difficulfy in
justifying some of the assumptions involved in the theoretical modelling from the point of yiew
of basic corona physics.

4.2.6 Recent progress

Follpwing the work 'of Gela and Janischewskyj, other FEM solutions were obtained for the space
charge modifiedfields of both-unipelar monopolar and bipolar DC transmission lines [18], [19].
In spme of these studies, the solution was obtained assuming that the charge distribution on
the [conductor surface, rather than the electric field, was known and used as a boungdary
condition.)'Because of this assumption, these methods—may can be used to intenpret
experimental results but not for predicting the ground-level electric fields and ion current
distributions—fordifferemt—tramsmissionrtimedesigns—with—specified—vottages—apptied—to the
conductors.

In other FEM based solutions [20] [21] [22] [23], the electric field boundary condition was used
and, consequently, they can be used to predict the electric field and ion current distributions
under practical DC transmission line configurations.

Using ion transit-time formalism, useful approximate calculations have been made [24] for
space charge densities in a broad range of systems containing air ions.

Exeeptfor In addition to those calculation methods mentioned in 4.2.2 to 4.2.5, the finite
difference method [25], charge simulation method [20], multigrid method [26] and finite element
method and finite volume method [27] are also used to predict the ground-level electric field
under HVDC transmission lines.


https://iecnorm.com/api/?name=cf1b0c8fd84e1fafeedbf90006819ca8

IEC TR 62681:2022 RLV © |IEC 2022 -21-

4.3 Experimental data
4.3.1 General

In order to check the validity and accuracy of the calculation methods for ground-level electric
field and ion current density distributions under HVDC transmission lines, it is necessary to
compare the results of calculation with experimental data obtained on corona test lines and,
preferably, on operating lines. The experimental data used in any comparison-sheuld need to
be measured using appropriate instrumentation and-sheould need to meet requirements of
reliability and accuracy. It is also preferable to obtain long-term statistical data under different
weather conditions. In addition to the electrical parameters required to characterize the electric
f|e| dlllj opPdltt bildlgc UIIViIUIIIIIb‘IIt, “IU lllcdbulclllclltb oiiuuid IIUUd i.U illbiuljc palraltil ierS
defiping the ambient weather conditions such as temperature, pressure, humidity, wind~sgeed
and|direction and precipitation.

Thefe may be uncertainties of measured values on electromagnetic fieldsCfrem diffdrent
labgratories and companies due to the use of different measuring techniques.’and instrumgnts.
Thiq can lead to a difficulty in the measurement result interpretation andycomparison. In|this
docyment, only the measurement results in different references are givefahd the data arg not
evaluated.

4.3.2 Instrumentation and measurement methods

For both-unipelar monopolar and bipolar DC lines, the electri¢al environment at ground levgl is

characterized by the electric field intensity, ion current density and space charge density. Ir| the

casF of bipolar DC lines, although ions of both polarifies are created and mix in the bipolar
t

regipn between the conductors, an essentially—ugigelar monopolar space charge of either
positive or negative polarity exists at the ground level. In the presence of wind, the positiveland
negative ion profiles will shift and positive ions\may drift toward the ground surface on| the
negative pole side of the DC line and vice-versa, depending on the direction of wind. [The
insttumentation and measurement methodsor characterizing the electrical environment in the
vicinity of DC lines are described in IEEE\Std 1227 [28].

Different techniques have been used to measure the electric fields of HVDC over-Head
trangmission lines, and basically tWo types of instruments are used to measure the electric field
strength at ground level:

a) field mills;

b) vyibrating plate electric field meters.

Both instruments measure the electric field strength by measuring modulated capacitively
indyced currents-sensed by metal electrodes.

Fielgd mills-are commonly used to measure the electric field strength at ground level. A field[ mill
insttumeént [29] consists essentially of a fixed sensing electrode above which a rotating shiitter
eledtrodé is placed. As the sensing electrode is alternately exposed to and shielded from| the
electric field, a current Is Induced between the sensing electrode and ground that Is proportional
to the electric field strength. Measurement of the induced current, or voltage across known
impedance that is located between the sensing electrode and ground, determines the electric
field strength.

A vibrating plate instrument [30] consists of a sensing electrode placed below an aperture in a
metallic plate and vibrated using a mechanical driver. The vibrations modulate charges induced
in the sensor plate and the resulting current is proportional to the electric field strength.
Measurement of the induced current, therefore, provides an indication of the electric field
strength.

lon current density at ground level is determined by measuring the current collected by a flat
plate, known as a Wilson plate [31], located flush with the ground plane. The current density J,
averaged over the area 4 of the plate, is given by:
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Jzé (7)

Where I is the current collected by the plate.

Unipelar Monopolar charge density is measured using aspirator-type ion counters [32]. The air
ions are drawn through a parallel plate collector system using a motor driven blower. Alternate
plates are connected together and a polarizing potential is applied between the two sets of
plates. Collection of the ions on plates of opposite polarity gives rise to a current, which is
measured using an electrometer. The charge density p measured by the ion counter is given
as

whefre

I is the measured ion current
Mg | is the volumetric air flow rate.

Guidlelines for the measurement of ground-level electric field‘strength, ion current density|and
spage charge density under HVDC transmission lines are-provided in the IEEE Std 1227 [28].
For jaccurate unperturbed measurement of these quantities the field meters, Wilson plates|and
ion |counters are generally installed below ground'so that the measuring interfaces of|the
insttuments are flush with the ground plane. Significant errors may be caused in the meastired
quantities if these instruments protrude above the'ground plane [28] unless values are correfted
bas¢d upon measured form or correction factors for the altered geometry. The influence [of a
DC glectric field on measurement of monopgalar space charge densities with an ion counter|can
be made negligible when the measurements are performed in the ground plane, and oriepted
vert|cally or horizontally above the grodnd plane with an attractive potential applied to thg ion
counter housing. This assumes that the collecting electrode(s) in the ion counter is adequately
shiglded from the external electric-field. The impact of rain and snow on the measurement
insttumentation-must can also be-considered during installation and use. Errors-may can rgsult
duripg rain or snow unless the-instrumentation has been installed so that it can successfully
opefate during these conditiens.

Bechuse of large varjations caused by weather conditions, long-term measurements|are
necgssary to obtain.statistical distributions as well as lateral profiles of the principal paramefers.
Thig is achieved-by making simultaneous long-term measurements at several points in a p|lane
perpgendicularido the transmission line at mid-span [33], [34]. The measurement locatjons
generally include points directly below the positive and negative conductors and at laferal
distances of 15 m, 30 m and 60 m from the conductors on both sides of the line. More measyring
pointsimay be selected, depending on the availability of instruments, to obtain better laferal
disttibutions-

If possible, the measurements-should need to be carried out at several locations along a line to
take into account climatic differences that-may can occur at different locations on long HVDC
lines. Climatic data at a number of points along the line can also be collected separately to
establish the prevalence of conditions that could lead to increased field and ion current levels.

Calibration of the instruments is an essential part of the measurement program. A special
parallel-plate apparatus [35], capable of generating known electric fields, ion current densities
and space charge densities is required to calibrate all the instruments. Periodic calibration of
the instruments, identification of possible sources of error and taking appropriate precautions
[28] are necessary to ensure the validity and accuracy of the data acquired.
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In addition to electric field strength, ion current density and-unipetar monopolar space charge
density, instruments have also been developed [28] for the measurement of electrical
conductivity of air with a device known as Gerdien tube and the net space charge density using
either a Faraday cage or a filter device. Conductivity measurements are rarely carried out under
DC lines, but net space charge measurements are sometimes made at large distances from DC
lines, mainly to detect the presence of charged aerosols.

4.3.3 Experimental results for electric field and ion current

Only a limited amount of experimental data are available in peer-reviewed publications on the
corona performance of DC transmission lines, especially on operating lines and particularly on
the jground-level electric field and ion current distributions. This may be attributed to a\large
extgnt to the technical difficulties and costs involved in making accurate and simultaneousi¢png-
term} measurements at a number of points along a line perpendicular to the transmission |ine.
Peripodic calibration of the instruments is necessary to ensure acceptable accuracy of the lpng-
term measurements.

Experimental data in peer-reviewed publications includes those obtained.@n outdoor test ljnes
as Well as operating HVDC transmission lines. However, test line data obtained at voltages jwell
aboye the transmission voltages presently used and line dimensions (pole spacing |and
conductor height) outside the range used for practical line design/{36] [37] are not includgd in
this [document. With this exclusion, the data available for possible comparison with any methods
of calculation reduce to those obtained on four operating DC transmission lines [34] [38][39]
[40]|[41] [42] and two test lines [43] [44]. Except for the BPA line [34], all other lines are located
at approximately the sea level.

Details of line design parameters, adopted instrumentation and measurement program|are
des¢ribed in the following. Statistical summaries of the experimental data obtained at eagh of
the four test sites are also included.

For g bipolar horizontal line, the largest fields occur just outside each conductor. At all locatipns,
the fange of values of electric field depénhding on the variability of space charge. To desdribe
the pariable nature of electric field, the median and practical maximum are often given. |The
median level (Lgg) is that exceeded 50 % of the time during the measurement pefiod.

Chafracterization of the practical:maximum is also done in terms of an exceedance level, guch
as the L exceedance leveliie-"the level exceeded only 5 % of the time.

The|more and detailedvexperimental results for the electric field and ion current are shown in
Annex A.

4.3.4 Discussion

The|experimental data presented in 4.3.3, obtained on four operating DC transmission ljnes
and|threetest lines, are probably the best data available in published literature. However) the
datdbase is not large enough to get significant conclusions regarding the influence of|line
parameters on ground-level eleciric field and 1on current distribuiions.

The BPA 1500 kV DC line data are probably the best long-term data obtained in different
weather conditions. The FURNAS +600 kV DC line data was obtained during four one-month
periods distributed over one year. The use of vibrating-plate field meters inverted and placed
above a ground plane casts some doubt on the accuracy of electric field measurements in the
presence of space charge in this study [28].

The test duration in the case of Manitoba Hydro +450 kV DC line study is too short (four days).
The short test duration and the use of single set of instruments for lateral profile measurements
make it difficult to obtain an accurate statistical description of the data. Finally, the IREQ
+450 kV DC line data, although it is good from the aspect of test duration (one year) and
instrumentation, were obtained on a test line rather than an operating line.
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The BPA study has shown a significant asymmetry between the measured values of electric
field and ion current density under the positive and negative poles of the line, with the levels
under the negative pole being 2 to 3 times higher than those under the positive pole. This trend
is also observed in the case of FURNAS line data, with the electric field and ion current levels
under the negative pole being more than two times higher than those under the positive pole.
No significant asymmetry has been observed, however, in the results obtained in the case of
IREQ test line. Data at HVTRC have indicated asymmetry of field and ions for the polarities but
vary by season. During the mid to late summer, the results under the positive pole were higher
than those under the negative pole but opposite during the winter/very dry periods.

Electric field intensity and ion current density levels under BPA +500 kV DC line were compared
with| calculations made using the BPA analytical method. It was found that the calculatjons
agrged with the L, levels of the measured probability distribution in fair weather conditions. It

was|also found that agreement between the calculated and measured levels was qujté good for
negative pole, but very poor for positive pole [186]. Similarly, a limited comparison‘was nlade
between the measured lateral profile under the positive pole of the Manitoba Hydro DC line|and
calculations made using the Maruvada and Janischewskyj method [12].Nt.Was found [that
calculations agreed well with measurements if a conductor surface irregularity factor of 0,4 jwas
assyimed.

Some new phenomena have been discovered in the test study<in- China and are shown as
follgws.

a) Effect of conductor pollution on the total electric field

The previous pollution study is mainly about theleffect on insulation level, and in|the
electromagnetic-envirenment weather study, maore attention is focused on rain, snow, [and
jeneral pollution as by dust, smoke and insects. A test in the winter of 2007 [181] shiows
hat the total electric field is larger when thevconductor is dry and-pelluted-in has Qeen
ubject to pollution for a long period. After cleaning, the total electric field decreases greptly.
he total electric field of clean conducteris almost half of that of a polluted conductor.|So,
it is necessary to study a quantitative description for pollution level and quantitative analysis
or the effect of pollution on the totalbelectric field.

b) Increase of the total electric field at ground with low humidity

During the test in winter, itis_discovered that the total electric field is obviously incredsed
vhen the humidity is very.lew, but the current is almost the same [181]. There is no report
about this phenomenon.in ‘domestic or international articles, and the mechanism needs to
be studied in the future:

Based on a review)of published literature, it is concluded that the available experimgntal
lata on the electric field and ion current-environment property under DC transmission ljnes
is inadequateat present for purposes of rigorous comparison with existing methods of
talculationof deriving any empirical methods of calculation.

4.4 [ Implication for human and-natural-environment nature

441 General

Static electric fields and space charge (i.e., air ions and charges on aerosols) are produced by
DC transmission lines, but they are also generated by-sources—in—the-natural-environment
natural sources. This Subclause 4.4 summarizes scientific research on these electrical
parameters in relation to humans and animals in—the—natural-envirerment nature. It also
summarizes the conclusions of reviews prepared by scientific organizations and discusses
applicable standards and guidelines.

4.4.2 Static electric field

Although static electric fields are present at varying levels in-allenvironments nature, relatively
little biological research has been performed because the physical interaction of a static electric
field with a human or animal body is confined to charges on the surface of the organism. No
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currents or electric fields are induced inside the body. At sufficiently high levels, a static electric
field can be sensed by the movement of body hair [45] [46] [182].

A psychophysical study of the ability of human subjects under carefully controlled conditions to
detect a static electric field reported a range of perception thresholds, but the average critical
detection value was 40,1 kV/m; when air ions were present in high concentrations, the threshold
was lower [47]. Testing conducted outdoors indicated that most people would not detect static
electric fields at a level under 25 kV/m [48] [163]. It should be noted that the enhanced electric
field-ir under an HVDC line-envirenment is not expected to be over 50 kV/m.

Otherstudiesef-humansubjectsexpesediostaticelectric fleldseoverarangeotfield-strergths
between 1 kV/m and 90 kV/m of varying duration, including daily exposures for up to 6 morjths,
repart no consistent behavioural or physiological responses (e.g. [49] [50] [51] [52])

A variety of studies have also examined behavioural and biological responses.of animals to
stat|c electric fields. Except for a few isolated reports of behavioural responses to high-strepgth
stat|c electric fields, these studies report no effects [183]. It should be ngted’ that, if the field
could be detected by animals, this sensory stimulus could be expected~to affect a range of
spontaneous and trained behaviours.

Some of the most important studies in this group are those that loeked for evidence of toxficity
at Ignger durations of exposure. Fam found no adverse effects of long-term exposures of|rats
and|their offspring to 340 kV/m static electric fields [53]. Kellogg’and Yost reported no differgnce
in the longevity of mice exposed to 2 kV/m static electric fields or ambient field conditions [54].
A laporatory at The Rockefeller University reported that.exposure of rats to static electric fipelds
of 3kV/m and 12kV/m for 2h, 18 h, and 66 hihad no effect on behaviour or Brain
neufotransmitter activity [55] [56] [57].

Under most circumstances, the static electricfields from a 500-kV DC transmission line wpuld
not be strong enough to be perceived, particularly outside the right-of-way (ROW). The absgnce
of al mechanism by which static electricsfields could produce an exposure to cells inside| the
body combined with the absence of\buman and animal evidence for adverse effects|are
important considerations in the assessment of potential effects. If a person (or large object)
were to be very well insulated from.the ground in a static electric field substantially greater than
25 KV/m, however, transient spark discharges to grounded objects-may could lead to annoying
shoc¢ks, like a carpet shocksdnone's home.

4.4.8 Research on‘space charge
4.4.83.1 General

Singe their discovery [58], air ions and charged aerosols have been studied for effects on
humans and_animals, as well as microorganisms, plants and insects. Within each of these
species/there are few studies of substantial depth and quality and with findings that have Qeen
veritied’ by other independent investigators. Most studies fail to control crucial aspects of| the

exp rimental situation that can sianificantivinfluence the ocutcome of the exneriment
I Y g

For the purposes of this document, the focus will be limited to studies of humans and animals.
Since exposures to air ions in-experimental-and-natural-environments nature and laboratories
necessarily involve exposure to some charged aerosols, all studies reflect exposures to both
forms of space charge to a greater or lesser extent.

As with static electric fields, the interaction of space charge with an organism is limited to the
surface of the body with the exception that air ions and aerosols may attach to the interior of
the respiratory tract during respiration. Given the potential for internal exposures from airborne
ions and aerosols by respiration and the prevalence of media and scientific attention to potential
behavioural and psychological effects of air ions, research on these two topics is the focus of
the following discussion.
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4.4.3.2 Air ions

The effects of artificially generated air ions on humans have been studied for both experimental
and clinical therapeutic purposes. A wide range of concentrations has been tested on humans,
but there is no good evidence that effects attributed to air ion exposure are more likely at higher
ion concentrations.

Some experimental sources of air ions also produce excessive levels of ozone, an irritant gas,
but few investigators have checked for or measured this potential source of inaccuracy.
Measurements and calculations of ozone levels near DC transmission lines show that the
amounts generated are small and disperse to levels that are barely measurable and, thus,-are
ofnp-environmental have no health safety environment (HSE) consequence. lon concentratjons
are |generally lower than 1,0 x 10% ions/cm3 at DC transmission lines—environments in| fair
weather and lower than 2,0 x 104 ions/cm3 at the edge of the right-of-way (ROW). Spme
examples of typical air ion concentrations (ions/cm3) found at other locations aref(HSE cah be
defiped)

e [Fair weather open space 7,0 x 10 to 2,0 x 103 ions/cm3

e |Inlarge towns up to 8,0 x 104 ions/cm3

e (,30 m (12 in) above burning match 2,0 x 10% to 3,0 x 10% ions/¢m3
e (0,96 m (200 ft) from small waterfall 1,5 x 103 to 2,0 x 103Gons/cm3

e 1,52 m (5 ft) downwind of vehicle exhaust about 5,0 x¢0%ions/cm3

While some studies have suggested that positive ions.may adversely affect pulmonary fungtion
[59][[60] [61] [62], other more systematic and quantitative experiments, as well as a double-
blind clinical study, have not substantiated this suggestion [63] [64] [65] [66] [67] [184].

In spme early studies, the investigators reported respiratory irritation. Respiratory drynesjs or
irritgtion symptoms were reported in one*of these early studies by about 20 % of subjgects
exppsed to 5,0 x 103 ions/cm3 to 1,0 x;304 ions/cm3 [68]. The study, however, was blind |(not
double-blind) and was conducted during the winter, when upper respiratory symptoms|are
common, as pointed out by the study's author.

In a|series of double-blind clinical studies [61], positive ions were more effective in produging
irritgtion symptoms than negative ions at the lower exposure levels, but not at higher exposure
levells (105 ions/cm3). Symptoms were minor and included headache, nasal obstruction, hiisky
voice and sore throat)itching nose, or dizziness in 16 subjects exposed to 3,2 x 104 posjtive
ions/cm3. Similar symptoms were experienced in 4 of 13 subjects exposed similarly to negative
ions. Studies alsg~have shown, however, that exposure to air ions did not result in respirgtory
irritgtion symptoms at exposure levels of 1,0 x 104 ions/cm3 [65], 1,25 x 10% ions/cm3 [64],|and
5,0 k 10° ions/cm3 [66].

Subjects’ with asthma, hay fever, or chronic obstructive pulmonary diseases seemed not tp be
at excess risk of irritation symptoms [61] [63]-

Although some studies have suggested beneficial effects of short-term exposure to negative air
ions for the treatment of allergies or asthma [59] [60] [64], other more rigorous studies have
demonstrated that neither negative nor positive ions have a substantial effect on symptoms of
asthma or hay fever, an effect on response to allergens or irritants-in-the—environment at the
transmission lines, or an effect on histamine sensitivity in the asthmatic [63] [65] [67] [69] [70].

Evidence of an effect of air ions on either short- or long-term lower respiratory diseases is
lacking. Air ions or their reaction products, however, are reported to affect sputum production
or viscosity in short-term lower respiratory diseases [62] [66]. More recent studies of rats
exposed to 3,5 x 10° ions/cm? suggest that exposure activated goblet cells without producing
damage to the trachea [71].
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As with the human studies, exposures of rats or mice to air ions are not reported to cause clear
or consistent effects. These include studies of respiration rates at ion levels greater than
3,0 x 10° ions/cm3 [72] [73]. Life-long exposures of mice (about 2 years) reportedly reduced
the longevity of mice exposed to negative ions (2,0 x 103 ions/cm3 or 2,0 x 10° ions/cm3)
compared to mice in the grounded control or groups exposed to positive ions [54]. The data
were internally inconsistent and there was no apparent dose-response relationship. The authors
acknowledge in an earlier report of data from the study that a vitamin deficiency in the mice and
"the prevalence of proteus infections markedly complicates the interpretation of the cause of
death for affected experimental animals" [74].

Stugies-in-which-mice-were nvpnend toinfluenza \lir||c, pnnnmnnia, or C immitis F||ng||e and air
ions| showed no consistent relationship between exposure level or ion polarity and outcome at
levells of 1,0 x 104 to 5,0 x 10° ions/cm3 [75] [76] [77] [78] [79]. In these latter;'studies,
diffrences between exposed and unexposed animals were not greater at higher ‘exposure
levells nor was there consistency as to effects of ions of either polarity. In the longest serigs of
experiments from Krueger's laboratory, there was no explanation for the failures to replicate
effects despite the similarity of exposures and other conditions [76] [77] [78N79].

Studies of air ions have been conducted more frequently on psychelogical and behavidural
parameters than on physiological parameters. One reason was thejnationwide publicity gjven
to gnecdotal claims in several American national magazines 4n ‘the 1960s that artificjally
generated negative air ions would improve mood and feelings(of wellbeing while positive jons
would increase subjective complaints. To this date, such notiens have generated much pogular
interest but little scientific support. The relevant research is_ summarized below.

A variety of studies have examined the effects of pésjtive and negative ions on indicatorns of
human behavioural states, which could be considered to be indicative in some way of mpod.
Thel|better studies were carried out in a contrglled* fashion. Of these controlled studies, spme
repgrt no effect of positive or negative ions op,mood (McGurk et al. at 8,0 x 104 ions/cm3 [80],
Chiles et al. At 2,6 x 104 ions/cm3 [81], Finnegan et al. at 1 841 ions/cm3 [82], Hedge |and
Colljns at 2,0 x 104 ions/cm?3) [83], whilewdthers reported an effect as discussed below.

Hawkins et al. reports that a 3-week, exposure to negative ions at 2,7 x 104 ions/cm?3 imprgves
the [ratings of-envirenmental health relating comfort, but the responses were not considtent
acrdgss shifts or work areas.[84]. The differences in subject ratings between exposed |and
unexposed time periods were smaller than those produced by temperature and humidity alpne.

Chafry and Hawkinshiré report exposure for 1,5 h—to between 2,0 x 104 ions/cm3—te |and
3,0 k 104 ions/cm3(lowered indices of sociability and increased tension [85].

Siegel reported that exposure to both positive and negative ions at 1,0 x 105 ions/cm3 hadl no
effects on five’of seven mood indicators, but indicators of vigour and friendliness were enhanced
with| exposure to air ions of either polarity [86].

Several studies have looked for therapeutic effects of air ion exposure on the mood of patients
with depression related to seasonal affective disorder. A reduction in depressive symptoms was
recorded for patients exposed to 2,7 x 106 ions/cm3 but not those exposed to
1,0 x 104 ions/cm3 [87], a finding also reported in later studies [88] [89]. Perez et al. reports
that negative air ionization is associated with lower depression scores particularly at the highest
exposure level [185]. No adverse symptoms were attributed to exposure to air ions in any of
these three studies. The mechanism for how air ions-may could have contributed to these results,
however, is not clear. Simple sensory stimulation-may could be involved since the presentation
of auditory stimuli, bright light, or high levels of air ions all were reported to reduce ratings of
depression, mood disturbance, and anger within 13 min to 30 min [90].
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An additional consideration is suggested by the Terman and Terman study in which the
responses of subjects in all treatment groups (including air ions) were correlated significantly
with pre-treatment expectations of potential benefit. These results raise the issue of placebo
responses [88].

Several groups of investigators have hypothesized that behavioural, psychological, and
respiratory responses of humans and animals to air ions are related to effects on the metabolism
of the neurotransmitter, serotonin. A clinical physician in Israel suggested that increases in
positive ion concentrations associated with hot dry weather conditions or higher levels
generated artificially at 1,0 x 10° ions/cm3 increased levels of serotonin and its metabolite in
the bhlood and urine of pa’ripntq Npga’rivp ions were rppnr’rpd to reduce the levels of serotonin
and|its metabolite [91] [92] [93]. These studies are of limited value because of the\ poor
experimental control over their conduct, including exposures and analysis [94] [95].

Krug¢ger's laboratory conducted similar studies in mice and reported changes ,in [the levels of
serdtonin in the blood of mice (see [96] for summary and review), but others have been unpble
to replicate this effect [74] [96]. The Krueger laboratory also reported. changes in|the
congentration of serotonin in the brains of mice and rats exposed.fo levels between
4,5 k 104 ions/cm3 and 5,0 x 105 ions/cm?3 for as little as 12 h or for aglong as 20 days, byt no
effeft on serotonin or its metabolite in the brains of rats exposed to-5,0'x 10° ions/cm3 for|2 h,
18 R, or 66 h [57].

The| quality of research studies on air ions is low because‘of the difficulty associated with
chartacterization of exposures, the control of relevant-envirgrmental physical factors, and other
design and analysis issues. The data does not indicate an established response among humans
or aphimals at air ion levels less than 1,0 x 104 ions/ém?3. At levels between 1,0 x 104 ions/cm3
and| 1,0 x 105 jons/cm3, a wide variety of biological and behavioural responses have Heen
investigated, but the studies in aggregate provide no reliable basis to conclude that guch
expopsures influence biological responses. For responses that are reported, there are other
studies that report contradictory findings. \The expectation that larger or more reliable effects
might be observed at still higher exposure. levels, i.e. greater than 1,0 x 105 ions/cm3, wag not
supported, but too few studies at lev&ls above 1,0 x 106 ions/cm3 have been performe{d to
characterize responses to extremely high levels.

4.48.3 Charged aerosols

In the 1930s and the 1940s, investigators in Germany experimented with electrified water
droplets and other aeresols used in the treatment of a variety of respiratory conditions. These
exppsures produced‘a’very large number of charges per particle. While there were anecdotal
repqrts of relief of symptoms, apparently no double-blind studies were performed to confirm|any
bengficial effectss[97]. Such exposures to highly charged aerosols would be expected to
increase theirdeposition in the respiratory tract as predicted by Wilson [98].

Fragerreported that a large number of charges (> 1 000) per particle were necessary to proquce
a 2-fold/increase in the deposition of particles in the respiratory tract of rabbits [99]. Melgndri
et al. reported that 30 to 710 charges/particle were required o increase the deposition of small
particles (0,3 ym to 1,1 ym) in human subjects by 13 % to 30 % [100].

Researchers at a physics research laboratory at Bristol University have hypothesized that
corona on AC transmission lines causes electrical charges to attach to particles so as to
enhance their retention in the respiratory tract and-may can affect health by increasing exposure
to ambient pollutants [101] [102].
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There has been no empirical demonstration that the levels of charge on aerosols under this
hypothesis, however, would be sufficient to enhance deposition of aerosols. This hypothesis
has been criticized on the grounds of physical modelling [103] [104]. Jeffers reported that
modelling and analyses of power lines and air ionizers indicate that particles are unlikely to
become sufficiently charged to increase deposition within the respiratory tract [104]. This topic
was investigated by an independent group of scientists for the NRPB, who concluded that
charged ions (corona ions) were not likely to contribute to significant health effects [48].

This hypothesis could also be applied to DC transmission lines. Johnson has made direct
measurements of the charge on aerosols by size downwmd from a monopolar DC transmission
line J tive
smd|ll air ions (600 |ons/cm3 to 800 |ons/cm3) the net average number of charged aerosols was
zerd. The number of charges on individual aerosols, however, varied from several negative to
several positive charges for these conditions. When the DC transmission line was<in hgavy
cordna, the charged aerosol levels were generally 10 000 charges/cm? or less af)ground level
neaf the line (within 30 m or 100 ft) and had only single digit charge states/Even when| the
charge distribution was shifted by the ions produced by the DC transmission’line, some of the
aerqsols still retained charge opposite to the polarity of the DC transmissiagn line.

4.4.8.4 Studies of DC transmission lines

Studies also have been performed on the health and behaviour of humans and animals living
neaf or under DC transmission lines. An effect of ion current is the charging of objects. [The
voltage that the object acquires depends on the magnitude of the ion current and on|the
impédance between object and ground. If a person, téuches the object, the person may
discharge it through a spark. However, such sparks_ occur infrequently because most objects
do not accumulate enough charge.

Haupt and Nolfi reported on a home survey of 438tespondents in 128 households in an expgsed
and|a control suburb along the Pacific Intertie] a—=+=400k\-d-e- transmission line then opergated
at £#00 kV [108]. No differences in short-term symptoms or overall health were found between
the fwo groups. Exposures were estimated by distance alone; the investigators assumed fof the
purposes of the analysis that residenis*living within about 0,22 km (0,14 miles) of the line were
exppsed and those living 1,04 km{o 1,36 km (0,63 miles to 0,85 miles) distant were not expgsed.
Althpugh the data were well-collected and the analyses conducted carefully and perceptively,
the report is not technically robust and, therefore, has limited value. Other limitations have HQeen
discussed in a letter to the ‘editor [109].

An ¢pidemiology study,'of the performance and reproduction of over 500 herds of dairy gows
neaf a *400kV DG transmission line in Minnesota was performed for the Minnegota
Envlronmental Quality Board (MEQB) [110]. Data on approximately 24 000 milking cows,
incliiding average daily milk production, percent of animals that experienced high and very high
drops in milk production, and annual average herd milk production in first and third lactatipns,
were compared across six categories of distance ranging from 0 miles to 1/4 mile or 0,4 km
(stratum*4) out to 6 miles to 10 miles or 9,6 km to 16 km (stratum 6) and time periods before
and|after energization of the line in 1979. Similarly. data on reproduction. including inter-calving
intervals, abortions, infertility-related culling, and mortality, were analyzed. No differences were
reported in any of these variables before or after energization or as a function of distance from
the transmission line. The strengths of this study include the very large number of cows studied
and the very sensitive, if non-specific, indicators of adverse effects.

Investigators at Oregon State University compared the health and productivity of 200 cow-calf
pairs randomly assigned to pens directly under or 615 m away from the Pacific Intertie £500 kV
DC transmission line. No differences between the animals in the exposed and control pens were
noted with regard to breeding activity, conception rate, calving, calving interval, body mass of
calves at birth, body mass at weaning, or mortality over a 3-year period. The average exposure
of the animals in pens under the line was about 5 kV/m and 13,000 ions/cm3 [111].
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As part of this study, the investigators also monitored the activities of the exposed and control
cattle at 13 min intervals during a 24 h period each month [112]. The distribution of cattle along
feed troughs in the exposed and control pens was similar and unrelated to measures of the
static electric field and there were no major differences in the time spent in various behaviours.
Although small differences in the distribution of cattle within the pens were noted, the
investigators reported that the differences were not correlated with fluctuations in the static
electric field or noise levels.

In China, in combined AC and DC electric fields under AC and DC test line sections in the same
corrldor a Iarge number of tests have been carrled out to |nvest|gate the sensmwty of human
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4.4.4.2 Minnesota environmental quality board

In 1981, the MEQB convened a expert panel of seven scientists to evaluate the health|and
safdty aspects of a recently constructed.£400 kV transmission line in Minnesota to determipe if
permits for the line protected public health and safety and what, if any, additional standards
were necessary to protect public health [113]. Their review continued over several years|and
the majority report concluded thatair ions are not well established as a cause for biological
effects, and even if these effects were to be substantiated, they posed no hazard to humalh or
animal health. The science~advisors later evaluated additional research and monitoring ¢ata
and|again concluded that there was little likelihood that either chronic or acute exposure to
smalll air ions and static_electric fields at levels measured either on or downwind of the RO of
the DC transmission(line would cause adverse health effects [114].

4.4.4.3 International Agency for Research on Cancer (IARC)

The|primarymission of the IARC is to coordinate and conduct research on the causes of human
canger, (the mechanisms of carcinogenesis, and to develop scientific strategies for capcer
prejeftion and control. The best-known activity of the IARC is the preparation of reviews of
envirermentattechnicsal pllyolual faetors— - ARG Mulluglapllol to—assessthe pUOSIbIIILy that
they can increase the risk of human cancer. IARC's Monographs have included assessments
of chemicals, complex mixtures, occupational exposures, physical and biological agents, and
lifestyle factors. National health agencies use this information as scientific support for their
actions to prevent exposure to potential carcinogens.

Interdisciplinary working groups of expert scientists are convened by the IARC to review the
published studies and evaluate the weight of evidence that an agent can increase the risk of
cancer. Their reviews are performed according to scientific principles, procedures, and criteria.
Since 1971, more than 900 agents have been evaluated.
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An IARC Task Group reviewed scientific research on static electric fields as part of a larger
study of AC fields [115]. For static electric fields, the task group concluded that there is
inadequate evidence of carcinogenicity in humans, and no relevant data were available from
studies of experimental animals. Therefore, static electric fields were judged not classifiable as
to their potential carcinogenicity in humans.

4.4.4.4 Health protection agency of the United Kingdom

The former National Radiological Protection Board (NRPB) had a long history of providing
support and advice to the National Health Service, the Department of Health, and other
government bodies in the United Kingdom on public health issues relating to ionizing radiation
and|electromagnetic fields. The NRPB has issued reviews and assessments on static eleftric
fields and charged aerosols.

In 2004, the NRPB published a review of epidemiologic and biological studies"and physical
medghanisms of interactions of static electric fields [48]. The NRPB concluded.that the most
robyst response to static electric fields was cutaneous perception. The threshold for perception
was| reported around 20 kV/m and annoying sensations were induced.-above 25 kV/m. |The
NRRFB agreed with the IARC [115] that overall, the effects of static electrie’fields in humang do
not suggest that exposure is associated with significant health effects®

The|NRPB also has reviewed research on air ions and charged,aerosol particles. A group of
scigntists was assembled to provide input to the Advisory, Group on Non-lonising Radigtion
(AGNIR) of the NRPB on the possible effects of corona ions:or static electric fields on exposure
to airborne pollutants and address the question whether’ corona ions increase the dosge of
releyant pollutants to target tissues in the body [48]<The conclusion of AGNIR was that ['the
addftional charges on particles downwind of power“ines could also lead to deposition on
exppsed skin. However, any increase in deposition. is likely to be much smaller than increases
caused by wind." Their conclusion identified *uncertainties about the inhalation of charged
partjcles, but stated, "However, it seems unlikely that corona ions would have more than a small
effect on the long-term health risks associated with particulate pollutants, even in the individuals
who| are most affected” [48]. This assessment has been reaffirmed by the WHO in 2007 [1]6].

4.4.4.5 World Health Organization

The[WHO is the division of théUnited Nations that is responsible for providing leadership on
glohal health matters, shaping the health research agenda, setting norms and standards,
artiqulating evidence-based policy options, providing technical support to countries, |and
morjitoring and assessing health trends.

Of these four sciéntific agencies indicated, the WHO conducted the most recent assessment of
static electricdields in 2007 [116]. An important consideration in the WHQO's assessment was
that|a static(electric field does not penetrate electrically conductive objects such as the human
body; the-field only induces a surface electric charge. Thus, the potential for effects on the hody
are |imited to those related to the perception of the density of charge on the surface of the Qody
by i{s‘interaction with body hair and by other effects such as spark discharges (micro shogks).
At sufficiently high levels, this perception can produce annoyance and discomfort.

Overall, the WHO review also supported the conclusions of the IARC [115] that static electric
fields could not be classified as to their potential relevance to cancer processes. The WHO
made no recommendations for further research concerning biological effects from exposure to
static electric fields or the need for any human epidemiology studies.

None of the scientific weight-of-evidence reviews conducted to date concluded that any adverse
health effects of exposure are likely, but micro shocks under some conditions under a DC
transmission line could be annoying or-preveke-startle cause a shock.
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4.5 Design practice of different countries

The electric field and ion current limits at ground level are the important foundations for the
determinations of conductor patterns and line configurations, and reasonable limits are
important for-environment health and safety protection and project cost control.

At the initial stage of UHVDC project studies in China, the electromagnetic—envirenment
properties of UHV project is controlled to be not more than the level of the electromagnetic
environment properties of EHV project. Based on the analysis and studies of national and
international electromagnetic—environment limits of DC and AC lines, combining the actual
situation _in China, after the test, calculation, and analysis for the technical feasibility and
economy, the electric field and ion current limits for £800 kV DC lines in China have been put
forwlard and shown in Table 1.

Table 1 — Electric field and ion current limits of 800 kV DC lines.in China

Electromagnetic-environment HSE parameters Limits

30 (under Jines, on the ground)

Electric field (kV/m) 15 (residential areas (nearby residential
housing),.wet/conductors, on the ground)

Current density (nA/m?2) 100 (under lines, on the ground)

Thelelectric field and ion current limits for DC lines_in the United States of America, Carlada
and|Brazil are respectively shown in Table 2 to, Table 4.

Table 2 — Electric field limits of DC'lines in United States of America [121]

Department Limits

30 (under lines, on the ground)

Department of Energy, (kV/m) 15 (space charge free electric field (static
electric field), on the ground)

North Dakota State (kV/m) 33 (under lines, on the ground)

12 (space charge free electric field (static

Minnesota State (kV/m) electric field), on the ground)

JFable 3 — Electric field and ion current limits of DC lines in Canada

Electromagnetic-envirenment HSE parameters Limits
25 (under lines, on the ground)
Electric field (kV/m) 2 (Residential-areas space-charge freeelectric
field,-on-the-ground)

lon current density (nA/m?) 100 (under lines, on the ground)
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Table 4 — Electric field limits of DC lines in Brazil

Electromagnetic-environment HSE parameters Limits

40 (under lines, on the ground)

10 (at the edge of the RoW,on the ground)

Electric field (kV/m)

100 (under lines, on the ground)
lon current density (nA/m?)

5 (at the edge of the RoW,on the ground)

5 Magnetic field

5.1 Description of physical phenomena

The|DC magnetic field is produced by the current in the conductors of an HVDGC~transmisgion
line] and the magnetic field is also a parameter of the electromagnetic-environmfent property of
an HVDC transmission line. The description of the physical phenomena of-magnetic field is
given in this Clause 5.

The[DC magnetic field produced by an HVDC transmission line does not vary with time, apd it
is djfferent from the AC magnetic field produced by a HVAC tranSmission lines. Unlike| the
elegtric field under an HVDC transmission line, if there are no existing magnetic substances in
the yicinity of an HVDC transmission line, the DC magnetic field-will not be deformed generplly.
The|DC magnetic field is defined mainly by the operating current and the line configuration,|and
its magnitude is in proportion to the magnitude of the current in the conductors and fallg off
rapiflly away from the conductors.

The| magnetic induction intensity is usually used to describe the magnetic field of a| DC
trangmission line. For AC transmission line, thetimage conductor needs to be considered when
its magnetic field is calculated. The equivalent depth of image conductor is defined by| the

Equption (19):
d =660, [=(m 19)
1ff( )

whefre

p iIs the resistivity of the earth;
f s the frequency-
For |the DC ,current, f is equal to zero and the equivalent depth of image conductor can be

thodght of ‘as-infinite, so only the magnetic field produced by the current of conductors ahove
the ground-need be calculated.

If DCIransmission line is considered to be iniinite and straight, AMpere's circulation theorem
can be used to calculate its magnetic field. The actual DC transmission line is not infinite and
straight, so Biot-Savart's law can be adopted to calculate its magnetic field by integrating.

5.2 Magnetic field of HVDC transmission lines

In some countries, such as China, the impact on the instruments of geomagnetic observatory
needs to be considered during the design of DC transmission lines, and a minimum distance
between geomagnetic observatory and the DC lines-may needs to be specified.

International Commission on Non-lonizing Radiation Protection (ICNIRP) gives the suggested
limit of general public exposure to static magnetic fields as 400 mT. German regulations give a
limit of 500 uT for DC magnetic field for general public. China, Poland, the Netherlands and
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Switzerland also have limits below ICNIRP suggestion of 400 mT. Even in the corridor of HVYDC
lines, magnetic field from HVDC lines is-tess-than about the same as the geomagnetic field and

markedly decreases with dlstance from HVDC Imes ﬁ@me%—shevmh&e*ampi&eﬁmagnene

be%weeﬂﬂsemeupelam%aﬂd—negatw&pemmﬁs%w Flgure 2 |nd|cates the Iateral proflle of
magnetic field of a Chinese +800 kV HVDC line whose operating current is 4 000 A, under the
bipolar operation condition. The clearance between positive polarity and negative polarity is
22 m. Curves from top to bottom represent line height from 17 m to 25 m. Even at the lowest
height of HVDC line (18 m), the maximum magnetic field at ground level is less than 45 uT,
whereas the geomagnetic field in most areas of the world is 20 uT to 70 pT. It is obvious that
the maximum magnetic field of a £800 kV HVDC line on the ground surface, under rated current
operating conditions, is on the same level as the geomagnetic field experienced in most garts
of the world. Thus, magnetic limit is not a design consideration for HVDC lines.
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Figure 2 — Lateral profile of magnetic'field on the ground of 800 kV HVDC lines

6 [Radio interference-{radionoise)

6.1 Description of radio_interference phenomena of HVDC transmission system
6.1.11 General

Radfio interference (Rl) generated from the HVDC transmission systems is caused in two wpys:
firstly, by normal,operation of the main converter valves; secondly, by corona discharge |and
asso@ciated phenomena on high voltage equipment, bus bars and overhead lines. The corona in
the ponverter<stations can affect a long distance along the transmission lines, such as 10|km.
The| following” discussion is about those sections of the HVDC lines far from the converter
statjons{ where the impact of HVDC converter valves is insignificant.

Radio interference from the HVDC overhead power lines-may can be generated over a wide
band of frequencies by [120]:

a) corona discharges in air at the surfaces of conductors and fittings;
b) discharges and sparking at highly stressed areas of insulators;
c) sparking at loose or imperfect contacts.

The sources of a) and b) are usually distributed along the length of the line, but source c) is
usually local. For lines operating at voltages above 100 kV, the electric stress in air at the
surface of conductors and fittings can cause corona discharges. Sparking at bad contacts or
broken or cracked insulators can give rise to local sources of radio interference. High voltage
apparatus in converter stations—may can also generate radio interference which can be
propagated along the overhead lines. However, this is strictly regulated by radio interference
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voltage tests at factory. This document focuses on radio interference phenomena due to corona
discharge.

In the description of the empirical/predication formulas of this document, the information of the
detector type is quasi-peak.

6.1.2 Physical aspects of DC corona

The physical aspects of the DC corona mechanism are different from those of AC corona,
because:

a) t stationary ionization sheath is created around each conductor;

b) a space charge is built up in the remaining space between the conductors and ground|and

petween conductors themselves.

Corpna discharges are initiated by collisions of free electrons with stable“atoms. These
elegtrons exist in the atmosphere under all normal conditions and move away.from the neggtive
condgluctor towards the positive conductor. This leads to a significant difference between the[two
resylting forms of corona. Negative corona discharges occur at a high repetition frequency|and
moderate amplitude, whilst those near the positive conductor are less‘frequent and have njuch
larger amplitude [16].

6.1.8 Mechanism of formation of a noise field of DC line

Corpna discharges on conductors, insulators or line hardware or sparking at bad contacts|can
be the source of radio interference as they inject current pulses into the line conductors. [The
corgna current propagates along the conductors in{®oth directions from the injection point.|The
varipus components of the frequency spectrum of\these pulses have different effects. The radio
interference voltages and currents propagating along the line produce an associated
propagating electromagnetic field near the line (Figure 3). The fields near the line are related
to tHe radio frequency voltages and currents.propagating along the line, depending on the slirge
impédance of the line. Furthermore, the_ directions of the electric and magnetic field compongnts
are Jargely determined by the geometrical arrangements of the line conductors. In addition] the
soil conditions affect differently thesmirror image in the ground of the electric and magnetic field
components, respectively.
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Figure 3 — The corona current 7 and radio interference magnetic field H

In the case of an HVDC line, the total electric field strength is the vectorial sum of the individual
field strength components associated with each polar conductor. A more comprehensive
treatment, together with practical methods of assessing the electromagnetic field, is needed.
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6.1.4 Characteristics of radio interference from DC line

6.1.4.1 General

The radio interference characteristics of a high voltage DC line include frequency spectrum,
lateral profile, statistical distribution.

6.1.4.2 Frequency spectrum

The spectrum is the variation of the radio interference measured at a given point in the vicinity

of a

DC line, as a function of the measurement frequency. Two phenomena are involved:

a)

The
dep

Current pulses

current pulses generated in the conductors by the discharges show a particular spect
bndent on the pulse shape. For this type of discharge the measured noise_level falls

as fhe frequency increases. In the range of broadcasting frequencies, where the pos

disc
b)
The

In th
high
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\ttenuation

attenuation of noise propagating along the line increases withfrequency.

e case of AC lines, the radio interference spectrum is ore of the main characteristics
voltage line. The frequency spectrum for DC lines seems to show a similar shape to
ines over the long and medium wave broadcast bands_but further investigations shoul
e.

6.1.4.3 Lateral profile
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RI field lateral profile of a bipolar HYDGC line is nearly symmetrical about the pos
juctor if the earth wires are corona-free: This behaviour can be explained by the fact
hegative conductor produces a lower-level of radio interference than the positive condu

the same gradient for both conductors the difference in their radio interference |
ributions is at least 6 dB. Hence radio interference from the negative conductors ma

er than for the same line with' positive polarity.

6.1.4.4 Statistical distribution
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systematic study-of fluctuations in the radio interference level of a line necessitates|
inuous recording of the field strength under this line for at least a year at a fixed distg

the line,and with a fixed measurement frequency. Numerous researchers, in n
ntries, have carried out such measurements with the result that there is in existence f
ble data on the annual or seasonal variations in radio interference level. These results
N presented according to statistical analysis methods, that is to say in the form of histogr

rum
with
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harges have a predominant effect, the spectrum is independent of the cenductor diamegter.
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Sidered to be negligible. For @ negative monopolar line, the noise level may be even 2( dB
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5 'cumulative distributions. The latter express the percentage of time during which the r

adio

interference Tevel was less than a given value.

The

most important causes of fluctuations in recorded radio interference level are:

— the random nature of the phenomenon;

— variations of the meteorological conditions, both at the measuring point and along the few
tens of kilometres of the line which contribute 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.
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6.1.5 Factors influencing the Rl from DC line

6.1.5.1 General

The radio interference characteristics: level, frequency spectrum and lateral profile of a high
voltage DC line are determined by:

conductor surface conditions;

conductor surface voltage gradient;

polarity;

veather conditions.

.p.2

Conductor surface conditions

6.1.5.3 Conductor surface gradient

One
espq

of the most important quantities in determining” the radio interference level of a |ine,
pcially when conductor corona is dominant, isithe strength of the electric field in the ajir at

the

All

con
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surface of the conductor or surface voltage“gradient.

predictive formulae or analysis procedures for RI performance utilize the maxin
Juctor surface gradient (average maximum gradient of individual conductors in a bundlg
ime parameter for estimating Rl-levels on DC and AC transmission lines. This variab
brally calculated from the physical geometry of the system and the system voltage

num
) as
e is
S in

ge-free conditions. The conductor surface gradient calculated for charge-free conditions is
nsitive parameter for prediction of Rl on AC lines. This is less so for DC lines. For exan
conductor energized with AC lines, a change in operating voltage level of +10 % resul
ange in Rl of 5 dB er more for fair weather; in contrast, a change in DC operating vol

ple,
[s in
age

leve)

| of +10 % for praectical line designs results in a change in RI of 3,5 dB.

6.1.5.4

Polarity

The positive pole of a bipolar HVDC line produces the greatest amount of RI to the extent that
Rl generation from the negative pole can be ignored. Therefore, Rl generation is limited to
specific conductors, unlike AC lines where all conductors are involved. Studies using conductor
cages have shown RI generation from negative polarity conductors to be far below generation
from positive polarity conductors.-Fer-example,—at-a—gradient-of 25-k\/lem,—testresulishave
shown-a-difference-of about 27 dB-at-1+-MHz- Positive polarity produces more Rl than negative
polarity because of fundamental differences in the corona processes. On positive polarity
conductors, current pulses caused by corona have higher magnitude and longer decay times
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than on negative polarity. This results, at least in the broadcast band, in corona on positive
polarity conductors affecting the broadcast band more than corona on negative polarity
conductors. Additionally, in certain climates airborne surface contaminants were found in much
greater proportion on the positive pole, causing higher RI generation.

6.1.5.5 Weather conditions
a) Fair/foul weather

Results from laboratories, tests, and operating DC lines have shown that the highest levels of
RI occur durlng fa|r dry weather rather than wet weather as for AC I|nes Durmg wet weather

because in an electric f|eId they deform and become pointed, producmg corona at electricfiglds
mugh lower than the conductor surface electrlc f|eId existing in corona -free conditions.{Fhe

s is estimated to be inthe 6 k\//em to
SHS—EeStHha t0—Pe Ao
A

o Ty O IV Gt

f nracticgl M\/DC |

of practic8H\VDGC

ear the-surface off DC

is-in
line|conductors in wet weather is very intense and a significant amount of space charde is
produced. This space charge increases corona loss and air ions, but also has the effe¢t of
producing a fairly uniform ion cloud around the conductors and of‘maintaining the aqgtual
condluctor surface electric field at the relative low value of the water.drop corona onset field. In
thege conditions, corona from water drops is not highly impulsive and noisy as the corona from
soufces in most fair weather conditions, but is more of a glow~GIow corona corresponds |to a
steddy, noiseless charge emission from conductors into spac€. Fhese phenomena do not ofcur
for AC lines, because the polarity of the electric field near¢he’conductor surface changes with
a pgwer frequency-ef80-Hz, preventing the formation of a 4niform ion cloud of the same polgrity.
Consequently, RI generation on DC lines is less during wet weather than in dry weathgr. It
shoulld be noted that there are exceptions to the rulg)that the highest Rl levels occur during fair
weather. Light snow, for instance, can produce slightly higher RI levels than dry weather.

Thus, the highest radio interference level of-aDC line normally occurs under conditions of| fair
weather. At the beginning of rainfall and, for dry snow precipitation, this level may rise fpr a
short time but when the conductors arg:fully wet it will decrease by up to 10 dB and in spme
cas¢s even more. The level may also“be influenced by the line configuration and the voliage
gradient and these remarks apply~to bipolar and to positive monopolar lines. However,| the
80 %/80 % criteria (the radio nois€& level does not exceed the limit for more than 80 % ofl the
timg with at least 80 % confidelnce) are still valid.

b) Rain washing

For AC and DC lines{.the major effect of rain is to wash contaminants off the conductor surface.
Bechuse of space charge effects on DC lines, washing by rain can affect AC and DC fair weather
RI differently. Ifsthe pre-rain Rl level on DC conductors was a result of the activity of many RI
soufces close¢together with attendant space charge production which can lower RI by|the
formation_of\an effectively larger diameter conductor, then RI after washing on DC condudtors
could be higher than before. In contrast, rain washing always reduces the fair-weather Rl Ievel
on AClines.

c) Wind

Another area where the performance of DC lines 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 negative
to the positive conductor the radio interference level increases with wind speeds over 3 m/s by
0,3 dB to 0,5 dB for each 1 m/s increment. For a wind direction from the positive to the negative
conductor this effect is significantly lower.

d) Seasonal effects

Furthermore, the long-term radio interference level of a DC line is influenced by seasonal effects;
in summer the level is normally higher than in winter by approximately-5 4 dB. This may be
caused by insects and airborne particles on the conductor surface, or by the absolute humidity
of the air.
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6.1.5.6 Effect of altitude above sea level

With an increase in altitude, the air density is decreased, resulting in a decrease of corona-
onset fields. This manifests also itself in Rl levels: An increase in altitude results in an increase

of R

| levels of transmission lines as a consequence.

In [135] it was found that the RI at 0,5 MHz from HVAC lines is increased by about 1 dB every
300 m of increment in altitude above sea level. However, according to the latest research results
in China [178] [179], the RI predicted by altitude correction formula proposed by China is much
smaller than that predicted by the HVAC formula. Taking the RI at 0,5 MHz correction of
+500 kV transmission lines at 4 300 m elevation for example, the predicted value calculated by

RI :izltitude correction method of HVAC is about 14,3 dB(uV/m), and the predicted \v
[

Alue

evaluated by RI altitude correction method of HVDC is about 10 dB(uV/m). The latter is’ pnly
70 % of the former.
6.2 [ Calculation methods
6.2.1 EPRI empirical formula
Thelradio interference characteristics: level, frequency, spectrum and lateral profile of an HYDC
line|are determined by: a) design parameters, b) line voltage, or_éonductor surface voliage
gradient and polarity, ¢) weather conditions.
Monopolar RI prediction formulas were derived by EPRI and IREQ respectively [121] [122].|The
EPRI empirical formula to calculate the monopolar RI, fan'voltages up to 400 kV is givepn in
Formula (20):
2
RI = 214Iog( Emax W—Z?S(logg”‘iw + 40109(r)— 2710g~/— — 401092 + 10|og(¥\
T g ) T 2 ) Jo Do 97
2 D A
RI = 214Ig[gmij—278[lggmi] +40Ig(r)—27lgi—40Ig—+10|g(—fj 20)
8o 80 Jo Dy 9
whelre
RI is the Rl value to'be calculated, quasi-peak value, dB above4 ud/y/m 1 pA/m'/2;
Zmax IS the maximum surface voltage gradient, kV/cm;
g0 is the ghset surface voltage gradient, 14 kV/cm;
r is the-radius of the conductor, cm;
f is-frequency to be calculated, MHz;
fo is—reference fi'c\'.iuc"luy (0,834 N:HZ),
D distance to the polar conductors (m);
Dy reference distance to the polar conductors (30,5 m);
Af  reference bandwidth (5 kHz)
d
8max = &av {1 + (” _1)§}
where

8av

is the average gradient of the bundle conductor, kV/cm;
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R is the pitch-circle diameter of the subconductors;
n is the number of subconductors in the bundle;
d is the diameter of subconductor, cm;
v
| 20
2 g
where
U is the voltages on the conductors (kV);
h is the height of the conductor above ground, cm. Usually this is taken to be‘the megn of

the heights at the two towers of the span minus 2/3 of the sag at the lowest/point of
conductor;

r is the radius of conductor or radius of bundle equivalent conductor (em);

€q
NOT

a) req = % in the case of a single conductor;

b) V—v@ ”/— in the case of a conductor bundles—b R is the pitch-circle diameter o

Eubconductors.

6.2.p IREQ empirical method

the

f the

The[IREQ empirical Rl excitation function was developed for different seasons of the year as

welllas fair and foul weather conditions. This is given in Formula (21)

21)

d
I =TIy k) (g - 20) + kp -10g(——) + k3 log(~—)
ng dp

re

+s—the—R4—e*e+tauen—iuﬂenen—m—dee+be+s—e¥er—1mlx/;;—

sl NN |

- kyGand- ky —are-empirical-constants;

- gg-and-dy —arereference-values:

o

d n
I'=ki+ky-(g—go)+ks '|9(d—)+k4 19(—)
0 )

I is the RI excitation function in decibels over 1uA/m'/2, quasi-peak value;
g is the maximum surface voltage gradient in kilovolts per centimetre;

n is the number of subconductors in the bundle;

d is the subconductor diameter in centimetres;
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k1, kz, k3 and k, are empirical constants;

g0, Mo and dy are reference values;

go = 25 kV/cm, ny =6, dy = 4,06 cm.

The parameters defining the excitation function developed by IREQ in [122] are given in Table 5
and Table 6. The empirical constant could not be defined in this study since only a single
conductor was used as a reference.

Polarity Weather 1o kq kg
+d-c-
-d-c-

Table 5 — Parameters of the IREQ excitation fungtion (Monopolar) [122]

Polarity Weather k1 kZ k3 ky
Fair 33,29 2,28 -11,4

+DC
Foul 31,7 1,69 - -7,3
Fair 6,28 0,23 - 3,04

-DC
Foul 6,3 0,46 - -6,0

Table 6 — Parameters*of the IREQ excitation function (Bipolar) [122]

Polarity Weather k1 k2 k3 ky
Fair 30,68 1,93 33,04 -11.4

+DC
Foul 28,96 1,61 27,96 -7,3
Fair 22,42 1,86 24,13 -11,1

-DC
Foul 22,05 1,53 20,40 -6,9
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6.2.3 CISPR bipolar line Rl prediction formula

CISPR recommended a bipolar line RI prediction Formula given in (22), which was based on
extensive measurements on lines [14], with various configurations.

_ _ 20
D
(20)
RI=38+1 6(3...a,\ —94)+46Ig(r)+’5|g(N)+ /\FJ» +’%’%Ig\3}+ AE (22)
whefre
RI is the level of the radio interference field strength, quasi-peak value, dB(uV/m);

is the maximum surface gradient of the line, kV/cm;

is the radius of conductor or subconductors, cm;
is the number of subconductors;
is the direct distance between antenna and nearest conductor, m;

,
N
D
AE is the correction for different weather condition, dB;

2
AE} s the correction for different measurement freqtiency, dB, AE, = 5[1—2(Iog(10f)) :
S

is the numerical value of the measurementifrequency, MHz.

If the formula gives the level for 0,5 MHz andithe position at a direct distance of 20 m from the
neafest conductor in fair weather, then the“last three elements of the formula are all zero.

Volthge (kV) +400 | +400 | =500 | +525 | =600 | 500 | 600 | =525 | =640
(em 1050 | 1050 | 1830 | 1830 | 4830 | 4420 | 4420 | 4320 | 1330
2 max] (Ve 225 | 242 | 24,0 | 252 | 2838 250 299 250 284
Lo Cepri 517 | 440 | 403 | 510 | 543 | 436 | 476 | 438 | 4s |
o CISPR 483 | 421 | 466 | 485 | 543 | 415 493 | 415 460 |

6.3 Experimental data
6.3.1 Measurement apparatus and methods

This document applies to radio interference from DC overhead power lines and high-voltage
equipment which may cause interference to radio reception, excluding the fields from power
line carrier signals. The measurements need to be performed at such a distance from the HVDC
converter stations that any corona from the station or converter generated interference will not
impact the result. The frequency range covered is 0,15 MHz to 300 MHz.\Ae-recommend The
measuring apparatus and methods used for checking compliance with limits-sheuld conform to
CISPR specifications, for example CISPR 16: CISPR Specification for Radio Interference
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Measuring Apparatus and Measurement Methods [123]. For the frequency range above 30 MHz,
the measuring methods are still under consideration by CISPR although some basic aspects
are given in CISPR 16.

The reference measurement frequency is 0,5 MHz. The following frequencies: 0,15 MHz;
0,25 MHz; 0,5 MHz; 1,0 MHz; 1,5 MHz; 3,0 MHz; 6,0 MHz; 10 MHz; 15 MHz; and 30 MHz-are
alsorecommended can be used.

The test aerial-shall-be is an electrically screened vertical loop, whose dimensions are such
that the aerial will be completely enclosed by a square having a side of 60 cm in length. The
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nd a vertical axis and the maximum indication noted. If the plane of the loop-is
Ctively parallel to the direction of the power line, the orientation-sheuld needs to_be.std
hecessary-to-determine The lateral profile of the radio interference field is to bedetermi
purposes of comparison, the reference distance defining the noise level of the lihe-sha
bually 20 m. Measurements-should-be is made at mid-span and preferablyyat several 3
tions. Measurements-should is not-be made near points where lines change directio
sect. The atmospheric conditions-sheuld need to be approximately uniform along the
surements under rain conditions will be valid only if the rain extends over at least 10 k
ine on either side of the measuring site.

n the results of measurements are reported, the following ;additional information-sh;
Is to be included at least: conductor surface voltage gradient; atmospheric condition
surement sites: temperature, pressure (altitude), humidity, wind speed, etc.; condd
iguration.

P Experimental results for radio interference

more and detailed experimental results for radio interference are shown in Annex B.

Criteria of different countries

onsistent criteria have been found around the world. No exact value for the RI limit of a;
ine has been agreed by different countries. However one important line design principl¢
rent organizations is to limit!Rl from DC lines in order not to influence broadcast recep
method to evaluate the-Rlof a DC power transmission line, the ratio of the received si

as for an AC transmission line.

Vsignal
noise

not
ted.
hed.
H-be
uch
n or
ine.
m of

buld
s at
ctor

el
e for
ion.
jnal
ame

SNR=20-|g(VS‘9“a'V _ j [dB]
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The radio frequency SNR tests were conducted in line section 2 (4 x 30,5 mm with 11,2 m pole
spacing). The broadcast station selected for the reception evaluation tests was CKWX,
Vancouver, B.C., operating at 1 120 kHz, and quality of reception was evaluated at each of
several test voltage levels in the range of £300 kV to +600 kV. At each test level, the evaluating
panel (11 persons) assigned one of the following reception evaluations:

— background not detectable

— background detectable

— background evident

— background objectionable

— difficult to understand (hear)



https://iecnorm.com/api/?name=cf1b0c8fd84e1fafeedbf90006819ca8

- 44 — IEC TR 62681:2022 RLV © IEC 2

unintelligible.

022

The test result of reception quality versus SNR is shown in Figure 4. The subjective evaluations
indicated DC RI tolerance level SNR of 10:1. Restated in terms of dB, the interfering noise at
the receiving antenna-must-be is 20 dB below the broadcast signal strength for acceptable

reception.
Background : : : : :
not detectable
Background | 0/8/_
= detectabte 0
= o
2  Background | / -
c evident
S
2 Background | |
® objectionable
he
Difficultto | i
understand
Unintelligible L L . L L -
0 5 10 15 20 25
Signal-to-noise ratio/(dB)
1 18 32 56 10 18
Signal-to-noiservoltage ratio
IEC
Figure 4 — Rl tolerance tests: reception quality as‘a function of signal-to-noise ratio
In China, the consideration used for Rl when doing HVDC line design is: when measuremgnts
are performed under fine weather conditions, they-should not exceed 55 dB(pV/m) at 0,5 MHz
at the reference point, which is 20 m horizontally away from the centreline of the positive polarity
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Audible noise

Basic principles of audible noise

intensity of a sound.may be characterized by the root-mean-square amplitude of the s
htions in atmospheric pressure that accompany the passage of a sound wave. It is usy
essed in terms of-micro-pascals, abbreviated, yPa (1 yPa = 1 yN/m2 = 1072 pbar).

range of pressure variations that the human ear can detect is extremely large (1 millig

Feporting convenience, a compressed scale has been devised on the basis of the logar

of tf
refe

whe

Lps

P

S

P

r

mall
ally

thm

TP - o tht H +h e e lavial = V- P~ | bal I
C oUUTIU PYTCTOooUTT, 1o 1o 1T oUUTIU PYTTOoOoUTT TTVUT dlTfu 10 TAPTTOoOTU TIT UTUIVUITOS AvuU

rence pressure.

re
is the sound pressure level,;
is the sound pressure;

is the reference pressure.

/€ a

(23)
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Unless otherwise specifically stated, the reference pressure is 20 yPa (2 x 104 ubar).

The human ear is not equally sensitive to all frequencies. Rather, it is more sensitive to the
midrange frequencies where most speech information is carried. This characteristic is
accounted for in sound measurements by adjusting the spectrum of the measured sound
pressure level for the sensitivity of human hearing. In standardized sound measuring
instruments, this is implemented with selectable A-, B-, C- and D- weighting networks [121],
which give some frequencies more or less weight than some others. The characteristics of the
different weighting networks are shown in Figure 5, along with the characteristics of the average
human ear.

By far the most commonly used noise rating scale is the A-weighted sound level, expressgd in
dB(f). Although laboratory experiments by Wells [171], and by Molino [172] have indicated [that
subjective reaction to corona noise of HVAC lines might better correlate with the“B- of D-
weighting network, HVAC transmission line noise continues to be measured and,feported in
dB(M).

A study of the subjective response to HVDC transmission line audible noise{33] has conclyded
that| for the same dB(A) level, HVDC audible noise can create a different annoyance than HYAC
aud|ble noise; at 50 dB(A) HVDC and HVAC audible noises generate the same amount of
annpyance, but at higher levels, HVDC audible noise is perceived as more annoying. Most
pragtical HVDC lines produce audible noise of less than 50 dB(A) outside the right of way.
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Figure 5 — Attenuation of different weighting networks used
in audible-noise measurements [16]

7.2 Description of physical phenomena
7.21 General

Audible noise (AN) is one of the possible consequences of corona discharges occurring at the
surface of conductors of overhead HVDC transmission lines. On rare occasions, audible noise
is also produced by intermittent flashovers of insulator units in transmission line insulator strings.

Normally, HVDC transmission lines contribute very little to-environmental surrounding noise.
Vehicles, aircraft, and industrial noise are more common sources. At operating voltages lower
than +400 kV, the noise level of practical HVDC transmission lines is of no concern. Even at
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operating voltages of +400 kV or higher, audible noise from HVDC lines often can barely be
distinguished from the general noise background, and it is difficult to measure separately from
the background noise without special techniques.

Audible noise of HVDC lines occurs primarily in fair weather or during the transition from fair to
foul weather. Therefore, HVDC line audible noise is of particular concern in-environments areas
where the ambient fair-weather noise is particularly low.

In most respects, HVDC transmission line audible noise is similar to that of HVAC transmission
lines. Therefore, terminology and measuring techniques are the same as those used for HVAC

t amiaalion Lo ot diblanoica 4721
rangsstor—rhe—adeiore-hRoetse |4 E

Audjble noise generated by corona on HVDC overhead transmission lines is broadband with
signfificant high frequency content, which distinguishes it from more norpial, common
emdronmental surrounding noises. Corona is a random occurrence along the line.and the npise
from each corona pulse may extend to frequencies well beyond the sénic range. [This
rangomness combined with the significant high frequency content results-innsounds variously
des¢ribed as crackling, frying, or hissing. Figure 6 shows two typical frequency spectra of HYDC
line|corona noise measured at High Voltage Transmission Research Center (HVTRC) [132]|one
for a line configuration and voltage generating a relatively low audible 'noise and the othef for
relatively high corona noise conditions. A typical spectrum of fair weather ambient audible npise
takgn during the day is also shown for comparison. It is cleaf from Figure 6 that HVDC|line
aud|ble noise measurements can be significantly affected by.ambient noise. The low-frequgncy
components of the noise (up to the 125 Hz octave band) can rarely be distinguished from
ambient noise. The best indicators of corona noise are the octave band measurements from
500|Hz to 16 kHz. Unlike HVAC, HVDC corona noise does not contain pure tones at twicg the
powier frequency-(120-Hz) and its harmonics.
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Figure 6 — Comparison of typical audible noise frequency spectra [132]

As sound waves travel through the air, there are mainly two kinds of noise attenuation terms,
one is caused by geometric divergence, the other is caused by air absorption. The geometrical
divergence accounts for cylindrical spreading in the free field from a line sound source, making
the geometric divergence attenuation. A certain amount of energy is lost by molecular
absorption resulting in attenuation. The absorption is a complex function of frequency,
temperature, and relative humidity [174]. Air absorption is primarily important at the higher
frequencies. At frequencies of 1 kHz to 2 kHz, it has a negligible effect. Typically, the absorption
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may result in a reduction of 1 dB to 2 dB of the A-weighted level for each 100 m of distance
from the line noise source.

7.2.2 Lateral profiles

Typical lateral profiles of AN measured on an HVDC line energized to £750 kV and £900 kV
equipped with 4 x 4,1 cm-conductorbundles stranded round wires with a subconductor spacing
of 45,72 cm are presented in Figure 7 [134]. The pole spacing is 13,72 m and the test line has
average height of 16,58 m (minimum height of 13,72 m and a height of 22,31 m at the support
points). The dashed curves in this figure correspond to the measured profiles obtained at the
test line using a sound level meter equipped with a 1,27 cm microphone for outdoor operation,
while the solid curves represent the profiles calculated using the generated acoustic pqwer
densgities measured at these voltages and assuming that the noise comes mainly_from| the
positive conductor.
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Bipolar HVDC-line equipped with 4 x 4,1 cm conductor bundles energized with +750 kV and +900 kV [134]

Figure 7 — Lateral profiles of the AN

Similar results are shown in Figure 8, where the experimental points as well as the calculated
profile for the line are equipped with 8 x 4,6 cm conductor bundles energized to +1 050 kV. The
different points in Figure 8 correspond to different individual measurements.



https://iecnorm.com/api/?name=cf1b0c8fd84e1fafeedbf90006819ca8

— 48 —

IEC TR 62681:2022 RLV © |IEC 2022

Figure 8 — Lateral profiles of the AN from a bipolar HVDC-line equipped with 8 x 4,6
(8 (1,8 in) conductor bundles energized with *1 050 kV [134]
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conductor IS the primary source of HVDCT transmission ine audible noise, as it 1s essentially
symmetrical around the positive pole.

Figure 9 [132] shows the A-weighted lateral profiles measured under a test line energized at
+1 200 kV, £1 050 kV and £900 kV. There, only at the voltages of 1 200 kV, the measured
profile exhibits the expected behaviour with increased levels under the positive pole. Most
probably, the ambient noise interferes with the lower audible noises from the line emitted at the
lower voltages.

This would also explain the apparently weaker attenuation of noise levels measured far from
the line energized with £1 200 kV.
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Figure 9 — Lateral profiles of fair-weather A-weighted sound level [132]

h the profile 0f AN (Figure 7 and Figure 8), it can be seen that the profiles are symmet
nd the pasitive pole. It implies that positive polarity conductor is the primary source o
HVDC transmission line. This can be found in other literatures [8] [16] [34] [39] [122
As the positive pole of a bipolar HVDC line produces relevantly more audible noise

hegative pole, the contribution from the negative pole can be ignored. For example,

IEC

132]

rical
AN
] as
han
at a

ient of 25 kV/cm, test results using conductor cages have shown a difference bet

een

positive and negative polarity of about 8 dB [33]. Therefore, audible noise generation is limited
to the positive pole, unlike in the AC case where all conductors are involved.

Positive polarity produces more audible noise than negative polarity because of fundamental
differences in the corona processes. Similarly to the difference in the corona current pulse
amplitudes between positive and negative polarity, the acoustic pulse amplitudes at positive
polarity are also an order of magnitude higher than those at negative polarity. This asymmetry
is enhanced by the fact that in certain climates airborne surface contamination and insects may
both act as spots where corona sets in. They are found in much greater-pertiens numbers on
the positive pole.
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7.2.3 Statistical distribution

The AN from HVDC transmission lines varies with the meteorological variables and the corona
sources on the conductor surface. This variability can be-ceped-with quantified using the so-
called exceedance levels such as Lgy and Lg, which are widely used to assess AN from

transmission lines. The summer fair-weather Lg is very useful in HVDC line design, because

in summer the fair-weather AN is higher than in other seasons and weather conditions.
Statistical descriptors are often applied to A-weighted sound levels. They are called exceedance
levels or L-levels. For example, the Lg is the A-weighted sound level exceeded for 5 % of the

time over a specified time period. The other 95 % of the time, the sound level is less than the
Ls. Simi : 0% g j isthe sound lbvel

In the following, two examples of assessing the audible noise from HVDC-lines with‘exceedgnce
levels are presented to illustrate this statistical behaviour of the corona—noise.

Figdre 10 [34] shows the all-weather probability distributions of AN at 15/m from the posjtive
polg of the upgraded Pacific NW/SW HVDC Intertie by depicting the exXceedance levels.|For
example, the fair weather Ly, exceedance level in Figure 8 amounts ta41,0 dB (A).
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Figure 40— All weather distribution of AN and RI at +15 m lateral distance
of the/positive pole from the upgraded Pacific NW/SW HVDC Intertie [34]

Figdre A(1 [132] shows the variability of the AN probability distributions for three different voltage
IeveIIs. Only the measured values for the voltage +1 200 kV are relatively undisturbed by
ambientnoise.
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7.2.E Influencing factors
1

Conductor surface gradient

predictive formulae or analysis prdcedures for AN performance utilize the maxin
juctor surface gradient as a prime parameter for estimating audible noise levels for DC

transmission lines. This variable is generally calculated from the physical geometry of
em and system voltages in,charge-free conditions and is dependent on the line he
ber and position of subcondyictors in the bundle, and separation of the subconductors.
juctor surface gradient calculated for corona-free conditions is a sensitive paramete
prediction of audible noise. A change in dc operating voltage level of 10 % for practical
gns results in a change in fair weather audible noise of about 5 dB [121].

h of the research on transmission line audible noise in the past has been devoted to H
smission lines. The design considerations for HVAC [173] are similar to those for HV
here are important differences for HVDC, such as the effect of constant polarity.

7.2,

.2 Conductor surface conditions

PO m
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Research has shown considerably more fair-weather corona sources on HVDC lines compared
with HVAC lines. Before rain, a density of less than three sources per meter has been reported
for HVAC lines [173], On HVDC lines in dry weather up to 60 dead insects per meter were found
at HVTRC. Visual observations show that positive conductors of HVDC lines are, in general,
dirtier and collect more insects and debris than negative conductors. Nicks and scratches on a
conductor can also act as a source of corona and audible noise.
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7.2.4.3 Line polarity

The positive polarity conductor of a bipolar HVDC line produces more audible noise than the
negative polarity conductor; in fact, audible noise generation from the negative pole is negligible
and can be ignored. HVDC audible noise generation is limited to specific polarity conductors
(positive polarity), unlike in the AC case where all conductors are involved due to the fact that
AC conductors switch polarity 100 times per second and thus for half of their cycle have positive
voltage.

Positive polarity produces more audible noise than negative polarity because of fundamental
differences in the corona processes. On positive polarity conductors, current pulses caused by
corgna have higher magnitude and longer decay times than on negative polarity conducfors.
Thig results in more audible noise on positive polarity conductors than on negative, polarity
conductors. In addition, airborne surface contaminants and insects which can act‘as-cofona
soufces are found in much greater proportions on the positive polarity conductor,

7.24.4 Adjacent lines

The|energization of nearby adjacent lines may affect the audible noise‘level produced by a
condluctor by modifying its surface gradient. All-ines-within-a transmission-cerridershould ljnes
in the same right-of-way need to be included in the calculation of €onductor surface gradient.
Adjacent AC lines can be considered as zero potential (grounded ‘eonductors) for purposgs of
DC hoise calculation [163].

7.2.4.5 Weather parameters

Resplts from laboratories, test lines, and operating BC.ines have shown that the highest lejels
of apdible noise occur during fair, dry weather rather than wet weather as for ac lines. During
wet weather, the degree of ionization on DC lines.is sufficiently high so that surface irregularjties
of apy sort are surrounded by space charge (corona-produced ions). The space charge acfs to
reduce the electric field at the surface of the‘conductor and the length of corona plumes, thus
reddcing the intensity of the corona current pulses; consequently, audible noise generatioh on
DC |ines is less during wet weather thaw in dry weather.

Essentially continuous HVDC corona emission occurs when the corona inception of the solirce
is s|gnificantly lower than the(corona-free conductor surface gradient. This is the casq for
rainflrops, where the corona jinception gradient for raindrops is approximately 9 kV/cm, while
typical HVDC transmission lines operate at corona-free conductor surface gradient$ of
appfroximately 20 kV/cmw'in the case of near continuous corona emission, the corona currept is
either continuous or'eccurs in rapid small pulses that do not produce audible noise.

As 3 result of these phenomena, HVDC audible noise is a very complex function of the nature
and[number(of corona sources. Both a source-free conductor and a conductor with many sharp
soufces (tow corona inception field) produce little or no audible noise. The worst conditjons
occlir when there is a critical number of noise-producing sources per unit of length. In|fair
wea‘I:her, the number of sources per unit of length is usually below this critical number. In| fair
weather, a "dirtier" conductor is also a noisier conductor because it has more sources. In rain,
however, the number of sources is well above the critical number producing sufficient corona
and space charge such that the conductor surface self-shields itself reducing the length and
duration of the individual corona plumes because of the surrounding space charge. This self-
shielding by space charge results in a reduced audible noise level. During the transition from
fair weather to rain, the noise of the conductor may first increase, then decrease, and practically
disappear as the number of corona sources (raindrops) increases.
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Fair weather audible noise will tend to increase as the amount of debris on the conductor
increases. A gradual increase in the amount of debris and insects on the positive conductor is
seen during the spring and summer of the year in temperate areas (such as HVTRC) where
there are distinct summer and winter seasons. During autumn and winter, once the temperature
falls consistently below about 10 °C, the number of insects and debris in the air and deposited
on the positive conductor decreases. During autumn and winter, the debris on the conductor
degrades and the conductor is cIeaned by the act|on of snow, ram and wind.-The-effect-of

associated with the wind itself-may can produce a level that is equal to or more than noise from
the PC line, masking the line noise.

7.2.5 Effect of altitude above sea level

With an increase in altitude, the air density is decreased, resulting in a.'decrease of corpna-
onsét fields. This manifests also itself in AN levels: an increase in altitude‘results in an incrgase
of AN levels of transmission lines as a consequence.

In [135] it was found that the audible noise from HVAC lines is7increased by about 1 dB eyery
300|m of increment in altitude above sea level. However, accotding to the latest research regults
in Jhina [180], the AN predicted by altitude correction férmula proposed by China is much
smaller than that predicted by the HVAC formula. From 6-m to 4 000 m, the AN increment of
+500 kV and £600 kV HVDC transmission lines basedy'on HVDC formula are 4,67 dB (A)|and
7,01 dB (A) separately, which are much less thaf)the predicted values by the AC method
(13,3 dB(A)).

7.2.p Concluding remarks

Thig Subclause 7.2 was primarily concesned with describing the characteristics of audible npise
from HVDC transmission lines. The main results are summarized as follows.

a) The audible corona-noise from*HVDC transmission lines originates mainly from the opset
streamers from the positive_pole. The acoustic pulses from the pulsative corona from both
he positive and negative*poles have similar shapes, but the amplitudes of the posjtive
orona pulses are an order of magnitude larger than those of the negative polarity.

b) The frequency distribution of audible noise generated by corona on HVDC transmission ljnes
is broadband with significant high-frequency content, whereas the common-environmgntal
urrounding_neises on the other hand have rather low sound levels.

c) The lateralprofiles of AN from HVDC transmission lines is essentially symmetrical arqund
he paositive pole, which agrees with the remark a).

d) The ‘accurrence of AN levels from HVDC transmission lines is to some extent distributed
tatistically, but is also connected with meteorological variables and the state of|the
conductor surface, i.e. the presence of protrusions. The variability can be characterized by
means of exceedance levels. The Lg, alone or in combination with Ly exceedance levels

are typically used to describe AN from transmission lines.

7.3 Calculation methods
7.3.1 General

The basic knowledge of generation, propagation and attenuation characteristics of audible
noise is introduced in this Subclause 7.3. The commonly used semi-empirical formulas for
predicting AN from HVDC transmission lines are summarized. They can be used in designing
HVDC transmission lines.
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7.3.2 Theoretical analysis of audible noise propagation

7.3.21 General

The audible noise from HVDC transmission lines occurs mainly during fair weather and is an
important aspect in designing HVDC lines. There are two distinct calculation techniques for AN
from transmission lines: the comparative and the analytical methods.

7.3.2.2 Comparative methods

These methods usually are derived from measured data on lines having the same general

con

The
cha

app
form

7.3.

The
prod

iguration but having diiterent conductor geometries or difterent voltage levels.

line geometry of a new line is compared with that of a reference line “of sin

acteristics for which measured data are already available, and correction factors
ied to the measured data to translate from the reference line to the new ling,"The gen
of the calculations for the comparative method is [16] [121] [159]:

Lp = LANO +AANg + AANd +AANn +AANR + AANA +AANW

re

) is the audible noise level of the reference line

is the correction factor related to corona free conductor surface gradient
4 is the correction factor related to diameter of/.conductors

is the correction factor related to numbéf.of conductors per bundle

R Is the correction factor related to distance from line to measuring point

is correction factor related to altittde above sea level

>

w is correction factor related to, weather conditions

P.3 Analytical methods

propagation of AN can be analyzed using the basic law of acoustics. The noise |
uced by each conductor bundle can be calculated at the point of measurement. Once

noise for each conductor bundle is obtained, the total line noise (in dB) is found from [16].

S 1
P =10log 10"1¢2)/10 [db]
i=1

hilar
are
eral

24)

evel
the

whe

P=10ig> 10" [ap]
i=1

re

P(dB) is the predicted noise level in dB,

n

is the number of conductor bundles,

P(dB), is the noise level in dB of bundle i.

7.3.3 Empirical formulas of audible noise

(25)

The empirical formulas are related to the comparative methods. The formulas are usually
developed by regression equations expressed as a function of the conductor maximum surface
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gradient, the number of sub-conductors, the diameter of the sub-conductors and the radial
distance between the conductor and the measuring point. They can be used reliably only for
lines having same general configuration as those from which the measured data were obtained.
For example, if all data were obtained from a single circuit bipolar HVDC transmission lines,
they would be invalid for double circuit bipolar HYDC transmission lines.

7.3.4 Semi-empirical formulas of audible noise

7.3.41 General

The semi-empirical formulas are related to the analytical methods. To calculate the corona-

generated sound pressure, two factors must be considered: the generated acoustic pqwer
density of the line and the propagation characteristic of the audible noise.
Only, the positive polarity is assumed to produce noise. The noise of the negativespolarity is
ass@imed to be negligible. If there is more than one positive conductor bundle, the)audible npise
at any particular point is calculated by combining the noise produced by each bundle and then
combining them according to Equation (25).
If there is only one positive polarity conductor, such as for an ordinary ‘bipolar HVDC line, there
is n® need to use Equation (25), since the negative polarity conductof. contribution to the audible
noise is negligible.
Thelfollowing formulae are all applicable to the case of straight and infinite transmission lipes.
7.3.4.2 EPRI formula
The|EPRI formula for Lsy AN from DC lines accortding to the data obtained at HVTRC of PRI
[16]lin summer fair weather is given as:
_ g 4 n
’ 25 4,45 2) "
g d n
=-67,4+1241g| = |+ 251 +18I1g| = |+ k 26
450 9(25j 9(4,45j 9(2] " )
Asg s the generatedjacoustic power in dB above 1 W/m.
Considering'the effect of air absorption and geometrical spreading, the following expression for
summer fainhweather can be drawn:
d n faWaloli)) 1
Lsg=56,9-+124 Iogwszgsjhzs !ogwfk4 45J+18 IogmLZ —10ogrgR—0;02 R+
Lo =56,9+1241g( 2|+ 251g[ | +181g( 2 |- 101gR — 0,02R + (27)
25 4,45 2 "
where
g is the average maximum bundle gradient [kV/cm]
d is the diameter of conductors [cm]

n

is the number of conductors per bundle
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R is the radial distance from the positive conductor to the measuring point with an assumption
that the power line is infinite and straight [m], the height of the conductor is usually taken
as the average height as the actual line is usually in the shape of catenary.

k, is the adder function of the number » of conductors in a bundle:

k,=0,forn=23;k,=2,6,forn=2;k,=7,6,forn=1.

The range of validity is considered to be 15 < g <30 kV/cm,2<d<5cmand1<n<86.

The AN in wet weather is calculated by subtracting 6 dB from the ..o summer fair weather noise,

while the summer fair weather exceedance level Ly can be calculated by adding 6 dB-to| the
corresponding Lg (the noise exceeded for 50 % of the time [dB(A)]) fair weather noisedevel [16].

The[Lgy AN for winter fair weather can be calculated by subtracting 4 dB from-the"Ls, summer
fair weather, while the corresponding Lg level for spring and fall fair weather.can be calculated
by sjubtracting 2 dB from the Lgy summer fair weather level.

7.3.4.3 BPA formula
BPA uses the existing HVDC line audible noise data from IREQ.(three different line geomefries
at 750 kV, 900 kV, and 1 050 kV), from BPA (two different line‘géometries at 533 kV and 600 kV)

and|from the Square Butte line (250 kV), which formed the basis to develop a more general
formula for AN from HVDC lines [146].

(.8 ((deq )

N
oo
-

A5y ==57,6+861ogqg

) o
272)7 7 710 46,2 )

4o fs-the-generated-acousticpowerin-dB-above +HWim
NOTE 4 -is-generated(@bpustic power-above-the reference-of 10~ *Wim;

%} _10logR — 5,88

L, | [dB] = a(y}~101logR - 5,88 = 10 Iog(
10-

=101log4+120-10logR - 5,88 =10 log4 +114,1-10 logR

9

. _d-0,66n""" for n>2
o ld for n<2
where

Considering the effect of air absorption and geometrical spreading, the following expression
can be developed for fair weather in the fall months:
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where

0Q

3 eq ’

Lsp =—133,4 +841g(g) + 4019 (deq ) - 114 IgR (28)

is the average maximum bundle gradient [kV/cm].

deq is the equivalent bundle [cm]
g _ld .0,661%%* for n>2
. for n<2
d is the diameter of conductors [cm]

The|range of validity is considered to be 3 <d<5cmand 1 <n <8

is the radial distance from the positive conductor to the measuning” point withh an
assumption that the power line is infinite and straight [m], the heightCof the conductor is
usually taken as the average height as the actual line is usually iffthe shape of catenary.

To ¢orrect the calculation for summer, 2 dB (A)-sheuld-be jS/added to the Lgq fall value. [The
maximum fair weather AN is calculated by adding 3,5 dB to‘the Lg, fair weather value obta|ned

abo
AN.

7.3.4.4 FGH (Germany) formula

e, while the Lgy AN during rain is calculated by subtracting 6 dB from the Lg fair weather

Thig formula calculates the maximum audible ' noise in fair weather:
L =-1+14e +401004nd +10 1004z =101004n R 30)
max I75 J1U J1U J1U 7
Loax =—1+14g+401gd +101gn-101IgR (29)
whefre
Lok is the maximum audible noise in fair weather, in dB above 20 yPa.
R is the-distance between the positive pole and the measuring point.
The|range, of validity is consideredtobe 2<d<4cm,2<n<5.

7.3.

5 IREQ (Canada) formula

The IREQ (Canada) Formula is given by the Hydro Quebec Institute of Research [8] [141] [146]:

whe

Lgg
R

L50 =k (g —25)+ 10 Igl’l +40 |gd —11,4 |0g10R + ANO

re

is the average audible noise in fair weather, in dB above 20 pPa.

is the distance between the positive pole and the measuring point.

(30)
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The k and AN, depend on the season are illustrated in Table 7.

Table 7 — Parameters defining regression equation
for generated acoustic power density [8]

Season of the year | Weather conditions AN, k
Summer Fair 26,5 1,54
Autumn/Spring Fair 26,6 0,84
Winter Fair 24,0 0,51

The|range of validity is consideredtobe 2<d<4cm,2<n<5.

7.3.

4.6 The CRIEPI (Japan) formula

From Central Research Institute of Electric Power Industry, Japan, the following formula e

[14

1]

ists

L50 = ANO -10 |gR

whefre

is the average audible noise in fair weather; in dB above 20 pPa

is the distance between the positive pele and the measuring point
is the average maximum bundle gradient [kV/cm]

ANy =10 G0 {1—G50}+50
Geo — G g

in which G5y and Ggg represent bundle gradients which correspond to AN, = 50 dB(A) and
= 6Q dB(A) respectively;tand are given by

1 Ign lgd 1 1
=t — 4 —
Gsg 91 19 2,2 151

lon lgd 1 1

AN,

1
G 72 24 5 2 19086
Geg—F2—24+—9 190

where

w

is the distance between positive and negative poles in meters.

The range of validity is considered to be 2,24 <d<4,94cm, 1<n<4, w2 8,44.

Besides, the calculation method of AN in consideration of Fmax (the true maximum conductor
surface gradient in the presence of space charge) has been developed [143].
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7.3.p Concluding remarks

In713.4.2t0 7.3.4.3 introduced formulae, the BPA formula and EPRI formula are the most widely
used in the design of HVDC transmission lines, and it is reasonable to determinéwhich formula
is ir] better agreement with a planned transmission line by tests with a laboratory setup |that
reflgcts the lines technical parameters. The EPRI formula is-recommendeghcommonly used for
the gesign because it is developed based on the long-term research of audible noise from HYDC
and|UHVDC transmission lines.-Fhe-BRPA-formula-should-be-used-with-gaution-because-itiwas

developed from very little information.
7.4 | Experimental data

7.4.1 Measurement techniques and instrumentation

T

Thelinstrumentation required to make audible-noise measurements is composed of three bjasic
components: a transducer (microphone) to'convert acoustical pressure into electrical signals,
a prjocessing device to weight and/or filter the electrical information, and an output device to
detgrmine the levels of the acoustical signals. The equipment available to perform these
megdsurements varies significantly_in* sophistication from simple, hand-held instrumentg to
complex, computer-controlled systems. Transmission line noise measurements are unique in
that| generally, they require the-measurement of low noise levels, they are concerned with npise
with| high frequency content;'and they must be performed outdoors. These requirements affect
the measurement system with regard to sensitivity and frequency response.

Whegn more detail is.desired than can be provided by a simple measure of the noise (e.g.
A-wgighted), a complete determination of the frequency spectrum-sheuld-be is made uping
frequency analyzers. For field measurements, an octave-band filter set is often used. For be¢tter
definition, narrow-band frequency analyzers with one-third or one-tenth octave filters are plso
usedl. Ongroctave is defined as a bandwidth for which the ratio between upper and Iqwer
frequency,of the band is 2.

For the one-third and one-tenth octave bands, the ratios are :\3/5 and 19/5, respectively. As the
bandwidth is increased, the pressure level measured for random noise (having a flat spectrum
within the band) is proportional to the square root of the bandwidth.

The microphone is an important part of the noise-measuring system. There are several types
and sizes of microphones available. Each has its own characteristics, and thus its own
advantages and disadvantages. If the characteristics of a given microphone and the basic
characteristics of the noise being measured are understood, the limitations of a particular
microphone-may can then be determined. As long as these limitations are recognized and
adjustments for them are made, the particular type of microphone used is not of major
importance. For measurement of audible noise during rain, some means of microphone
protection will be required for all but the very shortest-duration measurements.
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The measurements of audible noise are made with a microphone located 15 m laterally from
the positive pole of the HVDC transmission line and 1,5 m above ground at the midspan of the
line. The microphone is oriented so that the axis of the microphone diaphragm is pointed at the
conductors of the transmission line.

7.4.2 Experimental results for audible noise

The more and detailed experimental results for audible noise are shown in Annex C.

7.5 Design practice of different countries

7.5.11 General

Theltolerability of audible noise depends on the characteristics of the noise and on the-level of
amiient noise. The most important difference between HVAC and HVDC audible\noise is |[that
potgntially objectionable HVAC audible noise occurs in foul weather while pgientially HYDC
audible noise occurs in fair weather. Because people are more frequently outdoors in|fair
weather and as there is no rainfall masking the corona noise, as in the case of HVAC,-limits

i A i a 1 1 1z aVal a . = t |S
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favqurable to minimize the number of complaints.

Trapsmission line audible noise has been an issue in many public hearings on-line certificgtion
applications [12]. The New York State Public Service Commission Cases 26529 and 24559
“Common Record Hearing on Health and Safety of Extra-High Voltage Transmission Lipes
reqyires the L50 rain limit level of 52 dB at the boundary of'the right of way [12]. In the Chinese
1 040 kV UHVAC transmission line pilot project, an averdage foul weather AN limit value is 5% dB
(A) at 20 m distance to the outer conductor. For HVBC/ there is a limited amount of experignce
because, in general, audible noise has been sufficiently low and no reported complaints have
beep made known to bodies such as CIGRE. Howeéver, because HVDC audible noise occufs in
fair [weather, limits consistent with minimizing the number of complaints—sheuld need t¢ be
adopted for it.

7.5.p The effect of audible noise\on people

Theleffects of audible noise on_humans are mainly manifest on speech, hearing, sleeping|and
emgdgtional response.

a) The sound level of speech is about 60 dB(A). Speech will be typically interfered with when
noise exceeds a level of 65 dB(A), and noise levels exceeding 90 dB(A) can make spgech
tinintelligible.

b) The primary effect of prolonged exposure to high levels of noise such as more than 80 dB(A)
in the workplace results in the development of industrial or occupational deafness; thjs is
bften called noise-induced hearing loss.

c) Interference with periods of rest or sleep results in lack of concentration, irritability or
educed efficiency as a consequence. Normal sleep of about 15 % of people is affefted
wvhen the audible noise levels are higher than 50 dB(A). A study by EPRI [14] found that the
sound of the power transmission line was more effective in awakening people than other
sounds used in the study. Exposure to the power line at levels of about 10 dB(A) to 15 dB(A)
lower than surrounding sounds led to an equal probability of awakening.

d) Finally, the exposure to unaccustomed high levels of noise tends to change emotional
responses. People tend to become more agitated or less reasonable. There is also some
evidence that noise is associated with mental iliness. In particular, it-may can lead to general
psychological distress.

7.5.3 The audible noise level and induced complaints

The first reported assessment of the impact of HVAC transmission line audible noise was by
Perry in 1972 [14]. This guideline is illustrated in Figure 12 which shows that no complaints are
likely under 52,5 dB (A), some complaints-may can be expected between 52,5 and 59 dB (A)
and numerous complaints have to be anticipated if the levels exceed 59 dB (A).
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Figure 12 — Audible noise complaint guidelines [14] in USA

An |nvestigation by EPRI [136] used an acoustic-menu technique toCdetermine subjgcts’
preference for different types of noise, including transmission line naise€ and more commpnly
encountered noises. One of the conclusions was that variability of individual relative annoygnce
judgments of low level (45 dB(A) to 55 dB(A)) signals is greater_than variability in judgments of
the pnnoyance of higher-level signals. One of the other conclusions of this study was thaf the
annpyance produced by exposure to transmission line noisejis’ greater than that of other Jow-
level signals of similar A-level. AN of transmission lines. and other low-level sounds with
appfeciably high frequency content result in the same annoyance as other—environmgntal
surrpunding sounds at 10 dB lower levels. The sanje Jincrease of annoyance for equal npise
levels occurs for noises with tonal components as.that at twice the mains frequency from HYAC
lines.

CERRI has conducted some research on the human subjective response to transmission|line
aud|ble noise in high altitude area [152]«\Figure 13 is the measured lateral profile of audible
noise on a 330 kV AC transmlssmn I|ne At the pomt of AN greater than 45 dB (A) 85 %o of
evaluators feeI di A
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Figure 13 — Measured lateral profile of audible noise
on a 330 kV AC transmission line [152]

HVDC transmission line audible noise was conducted directlysunder the positive pol

con

juctor, and voltage covered the range of £300 kV to 600 k). At each test voltage level

evaluators were requested to rank the annoyance in one of thie\following categories:

1)
2)

ery quiet still, calm

juiet just a normal quiet evening

3) fairly noisy some moderate disturbance

4) mnoisy just plain noise

3)
6) i

The

ery noisy very prominent on this quiet evening
ntolerably noisy.

test results of this investigation are shown in Figure 14 and Figure 15. The evaluato

USA felt annoyed when the average’noise level exceeds 45 dB (A).

ther investigation conducted by EPRI [14] to determine the humarnisubjective responsle to

arity
the

s in

Intolerably J | . . i
noisy | © Average of observations with |
corresponding SPL in dB(A) (B and K)
Very noisy | Range of observations .
Y
Noisy |- 38 44
Fairly noisy |- 33 g
Quiet | 30 g
28 28
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Figure 14 — Subjective evaluation of DC transmission line audible noise;
EPRI test centre study 1974 [14]
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Figure 15 — Subjective evaluation of DC transmission line;audible noise;
OSU study 1975 [14]

udy of the effect of the different characteristics of HVAC and HVDC noise [14] has sh

pwn

the correlation between annoyance and dB (A) is very strong for AC line but less so fof DC

line$. Around 50 dB (A), DC and AC audible noise generates about the same amount of
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levels of noise lower than 50 dB (A), corresponding to those generally produced by H

5, DC audible noise generates less annoyance than the corresponding AC-noises of

e level. Therefore, extending the use of the A-weighted HVAC limit levels to HVDC |
s to be conservative under the aspect.of annoyance.

research of subjective evaluation\AN was also carried out by M. Fukushima et al. [145
SHIOBARAN HVDC test line. One of the main results is that if the AN level exceeds 43
the rate of test persons percegiving it as "noisy" rises to more than 50 %. If the value exce
B (A), this rate is increas€dto more than 70 % (see Figure 16). That ambient noise p
mportant role in how thé HVDC noises are perceived becomes manifest in Figure 17.
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The judgments were made 74 times at operating voltage for conductor bundles of 1 x 4(94 cm and 1 x to 4 x 2,53 cm
by two of the authors aged in their 20's and 30's [145].

Figure 16 — Results of the operators’ subjective evaluation of AN from HVDC lines
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Rate|of judgment versus relative difference between AN level and ambient noise level [145]

Figure t7—Results of subjective evaluatiomof AN from DCtimes

All this research indicated that 45 dB (A) with a quiet background from HVDC transmission line
will be perceived as “noisy” and may result in some complaints.

7.5.4 Limit values of audible noise of HVDC transmission lines in different countries

The United States Department of Energy (USDOE) study [16] suggests a guideline of 40 dB(A)
to 45 dB(A) for the 50 % fair weather noise of HVDC lines, against a 50 dB(A) to 55 dB(A) for
the 50 % foul weather noise of HVAC lines. This suggestion is based on earlier investigations
by the Bonneville Power Administration (BPA) [33] in dictating that 40 dB(A) is a level above
which noise from HVDC lines may be considered as objectionable.
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In Brazil the limit for AN of HVDC transmission lines on the boundary of the right of way is

Lgg

= 40 dB(A).

In the Chinese electric power industry standard [154], the limiting exceedance level Lgy at 20 m
lateral distance from the positive pole at mid-span is 50 dB (A). However, the recommended
AN limit by CEPRI is lower, namely Lgy = 45 dB (A) at 20 m lateral distance from the positive
pole at mid-span in fair weather for 800 kV UHVDC transmission lines-above 1 000 m and in
non-residential 50 dB (A) are acceptable [152].

The

Japanese limit for AN of HVDC transmission lines is Lgq = 40 dB (A).

7.5.
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such as hospitals the outdoor limits are 45 dB(A) inthe daytime (06:00 to 22:00) and 35 d
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t and feasibility-sheuld need to be taken into account in considering the limit yalue of aug

l to be satisfied and the audible noise-sheould needs to be limitedtoithe public accepta
[. In designing the HVDC transmission lines, on the other hand) the construction cost
matter of consideration as well.

e noise regulations in Germany and Switzerland transmission lines are not specially tre
specifically limiting noise levels, but they are impliCitly covered by the more gen
lations on noise. In German regulations on noise [4565] (TA-Larm), for very sensitive a

D dB(A) at night (22:00 to 06:00) depending on the sensitivity of the area. It is specific
e night limits are to be fulfilled for every Leq(A) averaged over any full hour during the n
e events are not unique or very seldom)in contrast to the more common requiremen
aging over a longer period.

limits for very sensitive areas are\the same in Switzerland (planning values) [156] an
a [157], namely 50 dB (A) and40 dB (A) in the daytime and at night respectively.

bnal regulations mentioned above, the levels cannot be compared directly.
es of sound attenuation by a residential house with opened windows-may can vary wig

ever, reference [158] quantifies this attenuation in warm weather with 12 dB(A),
e 8.

Table 8 — Typical sound attenuation (in decibels) provided by buildings [158]
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Warm climate 12 24
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https://iecnorm.com/api/?name=cf1b0c8fd84e1fafeedbf90006819ca8



https://iecnorm.com/api/?name=cf1b0c8fd84e1fafeedbf90006819ca8

IEC

A1

TR 62681:2022 RLV © IEC 2022 - 67 -

Annex A
(informative)

Experimental results for electric field and ion current

Bonneville Power Administration £500 kV HVDC transmission line

The Bonneville Power Administration (BPA) study [34] to characterize the electrical-enrvironment
surroundings of the Pacific NW/SW HVDC Intertie was carried out at the Grizzly Mountain HVDC

Res
con
11,6

Gro
med
(IRH
Me4
from
of o

earch Facility. The test site was located at an altitude of 1,1 km and the line configurd
bisted of a two-conductor bundle, with 46,2 mm diameter subconductors, pole spacin
m and conductor height of 12,2 m.

ind-level electric field intensity, ion current density and space chargé \density
sured at several lateral distances from the line, using Institut de Recherche d'Hydro Qus
Q) field mills and Wilson plates, and Dev Industries ion colUnters—respeect
surements were made at lateral distances of 7,9 m, 22,9 m, 152 m and’305 m on both s
the centre of the line. Data were obtained with the line operating at*500 kV during a pe
ne full year in 1986.

tion
g of

vere
bec

des
riod

Statjstical analysis of the data indicated that all-weather results were very similar to fair-weather

resy

distances of 7,9 m and 22,9 m under both positive andonegative poles are summarize

Tab

Botl
J(L

Ani
curr
bein
obsg

Its, since foul weather occurred less than 10 % of the.time. All-weather results for laf

e A1.

the mean values, E (mean), J(mean), and the.Lg values (exceeded 5 % of the time), E
L), of the ground-level electric field intensity*and ion current density are shown in the tg

mportant conclusion drawn from this-study was that the distribution of electric fields ang
ent densities were very much asymmetric, with the levels on the negative side of the
g two to three times higher than those on the positive side. Such asymmetry was
brved in the case of some testVine data obtained in other studies.

Table A.1 — BPA +500 kV line: statistical summary of all-weather
ground-level.electric field intensity and ion current density [34]

Parameter Lateral distance, m
measured -22,9 -7,9 7,9 | 22,9
E (mean), kV/im | -10,7 | -17,7 | 10,5 | 6,5
E (Lg), kVim -23,0 | -34,0 | 20,0 | 15,0

-10,2 | -29,3 | 12,8 | 3,6

J (mean), nA/m?

eral
d in
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ble.

ion
line
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J (Lg), nA/m?

FURNAS *600 kV HVDC transmission line

The FURNAS 600 kV HVDC transmission line configuration consists of a four-conductor
bundle, with a subconductor diameter of 34,17 mm and bundle spacing of 45,7 cm, pole spacing
of 16,6 m and minimum conductor height of 13,5 m.
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Ground-level electric field intensity, ion current density and charge density were measured at
several points laterally on both sides of the line [38]. Monroe vibrating plate sensors were used
for electric field measurement. The sensors were used in an inverted position and placed above
ground planes, mainly to prevent them from being short-circuited during periods of precipitation.
lon current density was measured using Wilson plates and space charge density was measured
using a Dev ion counter. Although ion current density was measured at ground level, electric

field

and space charge density were measured above ground.

The measurement program was carried out during four separate one-month periods in 1996
and 1997. A stat|st|cal summary of the electrlc field intensity E and ion current density J at
ent |3 degree of

diffe

metry, W|th the values under the negatlve poIe bemg hlgher than those under the pos
, although not to the same extent as in the case of the BPA line.

Table A.2 - FURNAS %600 kV line: statistical summary of ground-leyvel
electric field intensity and ion current density [38]

tive

Parameter Lateral distance, m

measured -36 -28,3 | -18,3 | -13,3 -8,3 0| 83 | 133,18,3 | 28,3 36

E (Lg), kVIm | -10,2 | -18,4 | -27,6 - -34,5 |2 | 252/~ | 182 | 11,3 | 45
E(Lg), kvim | ~23.8 | -456 | 60,3 - -72,6 |4 | 447 | - |328 231|135
-9,1 - -19,5 | -27 | -37,9 | -{d9.4 | 11,9 | 265 | - | 35

J (Lgg), NA/m?
-31,3 - -111,4 -88 -108,1 %% 53,8 | 87,4 | 68,6 - 14

J (Lg), nA/m?2
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Manitoba Hydro 450 kV HVDC transmission line

ordinated corona performance studytwas carried out [39] on Bipoles 1 and 2 of the Ne
r HVDC transmission—tne systeém’of Manitoba Hydro.—TFheNelsonRiver—transmis
em-consists-of These two bipoles funaing parallel to each other and are separated by a
h. Each bipole consists of two-eonductor bundles, with a subconductor diameter of 40,6
bundle spacing of 45,7 cmypdle spacing of 13,4 m and minimum conductor height of 12

ilson plate and field mill developed at IREQ were used to measure the ground-leve
ent density and eléctric field intensity respectively. The measurement program was ca
over a period pfionly four days on one of the bipoles operating at £450 kV. Due to
ailability of anumber of instruments, the same Wilson plate and field mill were moved

t to point fo obtain lateral profiles.

cal lateral profiles of the electric field intensity and ion current density for bipolar operg
e ine’/(with wind flowing from negative to positive pole with velocity of 1,0 m/s) are sh

son

bout
mm
2 m.

ion
ried
the
rom

tion
own

igure A.1. The measurements were taken by placing the instruments at each point

and

making about 25 to 50 data scans lasting from two to four minutes. The observed asymmetry in
the distributions may be attributed partly to wind as shown in Figure A.1.
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Figure A.1 — Electric field and ion current distributions
for Manitoba Hydro +450 kV Line [39]

tinuous measurements of electric field intensity and ion current density were made with

the instruments placed about one metre away from under the negative pole, but duri
bd of only one day. Cumulative probability distributions of the electric field intensity and
ent density obtained from a statistical analysis of the data are shown in Figure A.2
re A.3.
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Figure A.2 — Cumulative distribution of electric field
for Manitoba Hydro £450 kV Line [39]
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Figure A.3 — Cumulative distribution of ion current density
for Manitoba Hydro *450 kV line [39]

The Tsefuiness of the experimental data obtained i this study {5 somewhat fimited because of
the short duration of the tests and the fact that measurements at different points to determine
lateral profiles were not made simultaneously.

A.4 Hydro-Québec — New England *450 kV HVDC transmission line

Data were collected as part of a long-term comprehensive program to monitor electric and
magnetic fields and ions before and after energization of this 450 kV HVDC transmission line.
Each pole conductor consists of a 3-conductor triangular bundle, with pole spacing of 13,7 m,
and a minimum conductor height of 14,6 m above ground at the monitoring locations. Monitoring
of the electrical-envirenmentat surroundings and commenced at Bath, NH in December 1988
and Hudson, NH in April 1989 on an existing right-of-way and continued after energization of
the DC line on this right-of-way in July 1990 for another two years ending in November 1992
[40]. A summary of the pre-construction measurements have been published [41].
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Measurements of electric field, ion concentrations of both polarities and aerosol concentrations
were measured at two FAR stations located +46,6 m and -51,8 m from centreline at the site in
Bath, NH with a self-contained meteorological station location adjacent to one of the stations.
There are also other instruments measuring electric field and ion current density at the
approximate locations of peak values just outside the conductors (NEAR stations at +10,7 m
and -10,7 m). The same parameters were measured at FAR sites (+29,0 m, -50,3 m) and
NEAR sites (+8,5 m, —8,5 m) around the line at the southern site in Hudson, NH but the pole
spacing at that site was 9,5 m.

The results (Table A.3 and Table A.4) from the northern site in Bath, NH are summarized below
based on the report January 1992 to October 1992 in [41]

Table A.3 — Hydro-Québec—New England 450 kV HVDC transmission line.
Bath, NH; 1990-1992 (fair weather), 1992 (rain), All-season measurements
of static electric E-field in kV/m [41]

Distance, m
Weather Parameter measured
-51,8 -10,7 +1057 +46,6
Fair E (Lsp) -0,3 -5,5 8)4 1,2
E (kgsLls) -2,5 -13,1 17,2 3,5
Rain E (Lsp) -0,4 -6,2 7,4 1,1
E (kgsls) -3,4 14,6 15,6 3,4
Bath, NH; 1990-1992 (fair weather), 1992 (rain), All-season méasurements of static electric E-field in kV/m

Table A.4 — Hydro-Québec — New England 450 kV HVDC Transmission Line.
Bath, NH; 1990-1992, All-season fair-weather measurements
of ion concentrations in kions/cm3 [41]

Distance m Distance, m
Weather Parameter measured
-51,8 -10,7 +10,7 +46,6
Fair + lops (£5,) 14 0,6
Hlons (kg575) 81 5,1
= lons (Lg) 0,3 5,0
- lons (kggL;) 1,8 46
Bath, NH;y1990-1992, All-season fair-weather measurements of ion concentrations in kions/cm?3

A.5 TREQ test Tine study of ¥450 kV HVDCT Tine configuration

Corona studies were carried out on the test line at IREQ [43] in order to determine the pole
spacing and minimum conductor height for the %450 kV bipolar DC transmission line
interconnecting Hydro Quebec with the New England Power pool in 1986. A four-conductor
bundle, with a 35,6 mm diameter subconductor and 45,7 cm bundle spacing, was used for this
line. Following an initial study on the test line to investigate the influence of varying pole spacing
and conductor height on the ground-level electric field and ion current distributions, IREQ
recommended the selection of the following design parameters for the proposed line: pole
spacing of 11 m and minimum conductor height of 13 m.

In a second phase of the study, the IREQ test line was configured with these recommended
values of pole spacing and minimum conductor height and long-term corona performance tests
were carried out for the duration of about one year. IREQ field mills and Wilson plates and Dev
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ion counters were used to measure the ground-level electric field intensity, ion current density
and space charge density at several points laterally at the centre of the line. Statistical analysis
was carried out on the long-term test data and the mean values ug, 1) and standard deviations
o, 0, respectively of the electric field intensity and ion current density at different measurement

points and under all-season fair weather and foul weather conditions are summarized in
Table A.5.

The results obtained in this study are not presented in the form of cumulative distributions and,
strictly speaking, do not provide the Lgy and Lg levels of the ground-level electric field intensity

and ion current density. However, if the data are assumed to follow Gaussian distribution, the
Lgg values will correspond to the mean values shown in Table A.3 and the Lg values-may|can

be determined as equal to (¢ + 1,6450), where u is the mean value and o is the_standard
deviation of the parameter considered.

Table A.5 — IREQ %450 kV test line: statistical summary of ground-level
electric field intensity and ion current density [43]

Season P Lateral distance, m
and arameter
lveather measured | _3, -20,5 -5,5 -2,75 |0 2,75 | 5,5 20,5 | 3
g (KV/m)
-4,76 | -8,63 -10,45 - 2192 | - 11,39 | 6,13 | 2J45
All-beason og (kV/m) 3,25 | 4,04 4,17 - Y76 |- 5,43 2,74 | 2)22
Faif weather 4y (NA/m?2) -1,6 -5,0 -10,2 -3,5 1,1 6,6 10,5 0,7 o3
o (NAIM?) 1,9 5,4 10,1 5)1 3,2 8,6 11,8 1,5 12
J
g (KV/m)
-4,81 | -10,08 | -18)82 | - 4,5 - 13,85 | 8,8 403
All-beason og (kV/m) 3,55 5,34 6,84 - 2,45 | - 8,26 |48 |3)e4
Foyl weather 4y (NA/m?2) -0,8 -3,4 -10,2 -5,9 0,5 10,6 | 13,4 1,7 1)1
o (nA/m2) 1,5 59 12,9 9,9 3,2 15,9 | 17,0 2,1 16
J

A.6| HVTRC test line study of ¥400 kV HVDC line configuration

The[ground-level electric fields and ion currents of a bipolar DC line configuration, used on the
CPA-UPAN HVDC(transmission line in Minnesota and North Dakota, were studied on the|test
line|at the High\Voltage Transmission Research Center (HVTRC) in Lenox, MA [44]. [The
congluctor configuration was a twin conductor bundle using 3,82 cm conductors with a 45,1 cm
spaging. Three different values of pole spacing (9,15 m, 12,2 m and 15,2 m) were tested at|two
midispap-heights (10,7 m, 15,2 m). Long-term measurements were made over a period of about
Six onths (20 May to 4 December 1981) with the voltage mamtamed at +4OO kV except for

above

the normal operatlng voItage) of I|m|ted duratlon

The test line was monitored with instrumentation for measuring electrical and climatic
parameters. The electric field and ion current instrumentation consisted of arrays of electric
field and ion current sensors located laterally under the line at mid-span. The ion current
sensors were Wilson plate type collectors with 1 m2 collecting surface and 7,5 cm guard ring.
The plates were elevated 24 cm above ground, which results in an equivalent collecting surface
area of about 1,4 m. The electric field sensors were vibrating-element type field probes. They
were operated in an inverted mode about 30 cm above ground to prevent weather related failure
due to rain or snow. Each electric field sensor assembly is calibrated through comparison in fair
weather of its reading against the reading of a sensor operated in a conventional manner at
ground level. Thirteen electric field and ion current monitoring stations were located at mid-
span perpendicularly to the line. The stations were located at positions =48 m, =33 m, -23 m,
-13m,-8m,-3m,2m,7m,12m, 17 m, 37 m and 52 m.
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Table A.6 gives the 5 %, 50 % and 95 % values of the electric field and ion current at the
positive and negative peaks of the lateral profiles for all of the six-line configurations studied
during various weather conditions. The effect of line height on the electric fields and ion currents
is readily seen while the pole spacing has less effect. The weather dependence of the electric
fields and ion currents is also evident.

Table A.6 — HVTRC *400 kV test line: statistical summary
of peak electric field and ion currents [44]

Fair Weather

Pole Tne | =— E [y O e
spacirlg | height
(m) (m) 5% [50% [ 95% | 5% 50% [ 95% | 5% [50% |95% |5% 50,% 95 %
9,15 15,2 9,1 14,0 | 18,3 | -3,1 -6,7 | -12,0 | 3,6 13,7 30,5 +0,2 13,1 20,0
9,15 10,7 1,3 | 21,3 | 26,3 | -7,.3 | -11,9 | -19,0 | 2,7 47,8 83,5 -14 -14,8 49,7
12,2 15,2 7,3 13,5 | 18,3 | -3,8 -8,8 | -16,0 | 2,2 13,6 32,7 =0;1 -6,9 26,4
12,2 10,7 14,5 | 23,5 | 29,6 | -9,4 | -158 | -27,4 13 64,1 120 -2,8 -26,2 1108,6
15,2 15,2 7,0 13,3 | 19,5 | -4,7 -9,0 | -16,2 | 2,0 16,2 36,7 +0,2 -4,5 25,2
15,2 10,7 16,5 | 22,7 | 28,2 | -7,8 | -13,5 | -21,7 | 15,4 | 54,7, | 113,6 | -1,5 -17,1 63,2
Fog
9,15 15,2 7,8 14,3 | 183 | -6,8 | -12,3 | -18,3 | 5,4 13,9 31 -6,3 -14,8 36,1
9,15 10,7 17,4 | 23,9 | 28,8 | -13,0 | -22 | -294)N37,9 66 116,6 | -21,9 -64,1 1135,1
12,2 15,2 8,4 13,8 | 21,4 | -9,9 | -15,0 || -49;8 | 3,8 15,8 34,4 -9,2 -25,0 40,3
12,2 10,7 19,5 | 24,9 | 33,3 | -20,8 | -27,6/) -32,6 | 46,7 | 83,6 | 1494 | -65,6 | -115,5 | 1163,2
15,2 15,2 9,0 15,3 | 21,2 | -7,9 | 14,7 | -29,7 | 6,0 17,3 45,6 -5,7 -25,4 49,5
15,2 10,7 | 20,1 | 25,1 | 30,8 | -15,8\-23,2 | -31,3 | 35,1 72,3 | 154,9 | -17,9 -73,1 1147,6
Rain
9,15 15,2 12,0 | 18,0 | 20,9| -6,7 | -13,5 | -18,8 | 8,3 27,5 60,4 -4,0 -28,6 51,1
9,15 10,7 | 20,5 | 24,8 .| 28,4 | -16,9 | -26,2 | -30,8 | 35,8 | 101,7 | 138,0 | -33,1 | -101,0 | 1150,9
12,2 15,2 13,0 |466 | 18,9 | -9,1 | -17,0 | -19,7 | 13,8 | 36,4 53,9 -6,3 -30,0 51,4
12,2 10,7 | 22,0N\.29,6 | 33,7 | -14,6 | -27,7 | -31,7 | 30,3 | 103,2 | 175,7 | -23,0 -93,5 1168,5
15,2 15,2 15,8 | 19,1 | 20,7 | -13,3 | -20,4 | -29,5 | 17,9 | 37,8 59,6 | -18,8 -41,1 61,2
15,2 10,7 17,4 | 28,7 | 32,5 | -9,9 | -31,2 | -34,2 | 19,2 106 114 -2,9 -101,5 -167
Snow
15,2 15,2 6,9 11,8 15,0 -10,9 1 =-13,3 | -17,2 T,1 3,6 15,9 -4,7 =10,7 -18,0
12,2 10,7 13,0 | 20,8 | 24,0 | -17,9 | -22,4 | -28,3 | 19,3 | 52,4 77,0 | -40,5 -70,9 -123,6
12,2 15,2 6,0 10,2 | 13,5 | -5,9 | -11,6 | -15,5| 0,9 7,6 13,9 -0,1 -8,2 -17,7
Frost
15,2 15,2 10,5 | 19,5 | 33,5 | -6,5 | -14,0 | -21,8 | 11,8 | 46,0 | 121,9 | -8,6 -34,7 -110,8
15,2 10,7 | 20,5 | 28,1 | 34,4 | -9,8 | -13,6 | -22,4 46 72,2 | 1259 | -14 -35 -168
NOTE lon currents are actual plate readings; to obtain the ion current densities, the readings-must-be are divided by

1,4 m2.
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Test study in China

Before the implementation of a UHVDC project, a test study on the electromagnetic-envirenment
surroundings of +800 kV UHVDC lines with a conductor bundle of 6 x 720 mm? has been carried
out for one and a half years, by making use of the UHV DC test lines at Beijing.

Tests on the total electric field at ground level have been carried out under different weather
conditions, when three kinds of conductors with different quantities are adopted. The conductor
pattern is 6 x 720 mmZ2. The pole spacing is 22 m, and the minimum conductor height is 18 m.
Table A.7 shows the results obtained after the statistical analysis for hundreds of thousands of

test

It ca

uld be concluded from Table A.7 that the statistical average level of the total electric

is almost |—30| kV/m or below under at the negative conductor side, except in December

the
is a
field
posi

The
hum
dec
hum
tota
mod
Jinp|

little larger. At the positive conductor side, the statistic average valuegs 'of the total ele
in winter and in spring are lower than 30 kV/m. The total electric;field is bigger af
tive conductor side, which is related to the larger humidity in summer.

Table A.7 — Statistical results for the test data of\total electric
field at ground (50 % value) [119]

Negative Positive
Season
(kV/m) (kV/m)
Summer 2007.7 €32 35
2007.12 ~38 30
Winter
2008.1 =27 18
2008.3 =27 20
Spring
2008.5 -25 23

test shows that the humidity obviously influences the total electric field. The increas
idity leads to the increaseof the total electric field at the positive conductor side, and

idity reflects this phenomenon, which is shown in Figure A.4. The calculation result of

electric field for )conductors in dry air is consistent with that for conductors in a
erate humidity\(60% ==to 70 %), as shown in Figure A.5. The Xiangjiaba-Shanghai
ing-Sunan-#800 kV DC lines are located in the south of China, and the humidity is hig

summer. Aceotding to the test, it is necessary to apply correction factors to the minin

con

juctor_height given by the calculation. The extent of the increase is about 7 %.

data. Data shown In Table A-7 will be improved and adjusied with the continuation of gest.

field
and

beriod during which wind is small. The result in spring is the smallest, and)that in summer

Ctric
the

e of
the

ease at negative conductor side. The statistical result of the total electric field at diffefent

the
r of
and
hin
num
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Figure A.4 — Test result for total electric field at different humidity/[119]

The| effect of some other factors on the total electric field at ground‘are also statistigally
analyzed, including wind speed, temperature, the conductor pollution” level and conductor
maghining quality, etc. The calculation method of the total electric field of UHVDC lines wi|l be
coniinuously improved in future.

A
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Figure A.5 — Comparison between the calculation result and test result
for the total electric field (minimum conductor height is 18 m) [119]
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Annex B
(informative)

Experimental results for radio interference

B.1 Bonneville power administration’s 1 100 kV direct current test project

B.1.1 General

w r

Vi Iql] i
Dirgct Current Test Project, which was from about 1963 to 1964 [124]. This testal
gement was like Figure B.1. All Rl measurements were obtained with Stoddari2NM
radip interference meters using the quasi-peak (QP) detector with the Stoddart bandwidth was
6 kHz.

Section 3
Section 1 Choke Section 2
Power ﬁD:D Y
|
SUPPY | 2000 Pf _ _
voe :l: 2x1,82 in ACSR 1x2,40 in ACSR 1x2,40 in ACSR
~ - 34,5 ft P-P 34,5 ft P-P 65 ft P-P

©O© _—gjzﬂ RN

IEC
Figure B.1 — Connection for 3-section DC test line [124]

B.12 Lateral profile

A typical Rl lateral profile at 0,834 MHz forbipolar 600 kV operation of Line Section 2 (5-bunfdles,
30,9 mm at 11,2 m pole spacing) is shown in Figure B.2.

The[RI produced by the negative-pole is typically about one-half (-6 dB) the Rl produced by the
positive pole and the negative’pole’s contribution to the total bipolar RI level is neglig|ble.
Thefefore, note that the “profile is essentially symmetrical about the centreline of|the
positive-polarity conductor.

Figdre B.3 illustrated the highest Rl levels occurred under the positive conductor. The laferal
attepuation in the\three line sections was essentially the same, i.e. Rl is inversely proportipnal
to 1/(radial distance to conductor) out to approximately 45,72 m (150 ft).
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11,2 m pole spacing, 15,2 m average height,[14]

Figure B.2 — Typical Rl lateral profile at +600 kV, 4 x 30,5 mm-conductor,
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Figure B.3 — Simultaneous Rl lateral, midspangin—clear weather and
light wind for three configurations, bipolar +400 kV [124]

B.13 Influence of conductor gradient

Thelrelationship between Rl and conductor gradient for Line Section 2, with 11,2 m pole spaging
is illustrated in Figure B.4. These data were taken at the midpoint of the tested span, 30{(5 m
from the positive conductor.

o A
o
60

Rl (

50

] L
%

20 >
100 200 300 400 500 600 700
Line voltage (kV)

1 1 .

1 1 1
5 10 15 20 25 30 35
Maximum conductor surface gradient (kV/cm)
IEC

Figure B.4 — Rl at-834kHz 0,834 MHz as a function of bipolar line voltage 4 x 30,5 mm
conductor, 11,2 m pole spacing, 15,2 m average height

Rl in dB tends to be a linear function of conductor gradient and there is a slight roll-off tendency
at the higher gradient which may be an indication of saturation. The inception of ionization
usually occurs at around 14 kV/cm calculated maximum conductor surface gradient. But the
beginning of line Rl was observed from approximately 18 kV/cm, because ambient noise
masked the actual corona inception level.
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B.1.4 Percent cumulative distribution

As was pointed out in discussion of Figure B.5 to Figure B.8, the Rl of DC transmission lines
almost always decreases during rain. Rl during rainy weather decreases by about 3 dB from
the fair-weather level. However, a slight increase in Rl was observed at the beginning of rain

and with dry snow.

o A
z
x .5 .’
L ’ e
60 — v —
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Figure B.5 — Percent cumulative distribution for fair weather,
2 x 46 mm, 18,3 m pole spacing, ¥600 kV
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Figure B.6 — Percent cumulative distribution for rainy weather, 2 x 46 mm,
18,3 m pole spacing, +600 kV
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Figure B.7 — Percent cumulative distribution for fair weather,4 x 30,5 mm,
13,2 m pole spacing, ¥600 kV
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Figure B.8 —Percent cumulative distribution for rainy weather, 4 x 30,5 mm,
13,2 m pole spacing, ¥600 kV

B.1/5 Influence of wind

Table\B.1 compares the wind influence relationships obtained during this project with those
obtained by other investigators.

Those data infer that all bipolar DC transmission lines operating above the critical level are
influenced to about the same degree by wind, and that the maximum influence occurs when the

wind flow is from negative to positive.
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B.1

RI spectrum analyses were performed at the mid-span of Line Section 2 (4 x 30,5 mm, 11
pole

16 Spectrum

Table B.1 — Influence of wind on RI

Wind influence

Reference in dB/m/s Description
BPA DC test project | 0,8 [maximum] +500 kV, Normal component — to +
0,3 [minimum] +600 kV, Normal component — to +
(Fair weather)
Other data 1,05 +400 kV, Wind —to +

0,5 +400 kV, Wind —to +

(Probably all weather)

1,1[maximum] +400 kV, Wind direction not considered
0,1[minimum)] (Probably all weather)

0,9 +400 kV, Wind — to +

0,2 +400 kV, Winds other than — to +

(Probably all weather)+

2m

spacing) for both monopolar and bipolar operation at 400 kV to 600 kV. Specfrum
megdsurements were made at 30,5 m (radial) from thespositive polarity conductor. Figure

B.9

illusfrates the frequency spectrum for +600 kV operatign of the Test Line. As illustrated in the
figure, the Rl level of DC transmission line decreasés’about 8 dB for each doubling of frequency
through the broadcast (AM) band.
g A
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® Metering Metering Metering
3 A | bandwidth bandwidth bandwidth
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Figure B.9 — Radio interference frequency spectrum

RI vs. frequency at £400 kV is shown in Figure B.10. These data were taken in line section 2
because it had the highest noise level. Figure B.10 presents the combined RI from all line

sect

ions including the wood-pole section.
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Figure B.10 — Rl vs. frequency at +400kV [124]

gure B.10, Rl measurements at 834 kHz were about 20 % lower than the mean frequsg
e. This figure agreed closely with the correction factor for line section 2 longitud
ding waves. The plot of Rl vs. frequency, like that for AC lines, showed little Rl ah

juctors at voltages above +500 kV.

Hydro-Québec institute of research

1 General

earchers from Hydro-Québeg Institute of Research had provided detailed data about co
prmance of a conductor bufidle for bipolar HVDC transmission at £750 kV [125]. The co
prmance of a 4 mm x 40,6 mm conductor bundle has been studied on an outdoor test
nominal voltage of £750 kV. The conductor bundle has been tested over a period of a

2 Cumulative distribution

results (of, long-term measurements made at £750 kV were used to predict the statis
na performance of a long line over a period of one year. All measured data had b
ertéd)to the case of a long line, using the same conductor bundle and having the s

ENCy
inal
ove
the

ona
ona
line
bout

tical
een
ame

spacing and conductor height as the test line. Figure B.11 shows the cumulg

tive

distribution curves for RI.
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Figure B.11 — Cumulative distribution of Rl measured
at 15 m from the positive pole [125]

Table B.2 shows the statistical representation of the long-term RI performance of the tegted
condluctor bundle. u, 0 and %T representirespectively the mean value, the standard devigtion
and|the percentage time of each compénent distribution.

Table B.2 — Statistical representation of the long term Rl performance
of the tested conductor bundle [125]

Fair weather Foul weather
Parameter

i g %T i o %T]|
Summer 55,9 2,0 94,4 45,6 2,3 5,6
Autumn 53,6 1,8 93,0 45,5 2,6 7,0

RI

Winter 54,0 2,2 91,0 45,3 1,9 9,0
Annual 54,4 1,95 92,85 45,47 2,36 7,15

B.2.3 Spectrum

Figure B.12 showed the frequency spectra of Rl which had been tested mostly under fair
weather conditions.
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Figure B.12 — Conducted RI frequency spectrum measured
with the line terminated at one,end’[125]

B.2)4 Lateral profiles

Figdre B.13 showed the lateral profiles of Rl which had been tested mostly under fair weather
condlitions.
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B.3 DC lines of China

Table B.3 presents measured data from two £500 kV DC lines in China. Calculations based on
the CISPR recommended RI prediction formula for a bipolar line have also been listed in the
table. The Guizhou-Guangzhou +500 kV DC line uses 4 cm x 3,624 cm conductors, whereas
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the Tianshengqiao-Guangzhou 1500 kV DC line uses 4 cm x 2,628 cm conductors. The
distance between location of measurement and the converter station is more than 100 km.

Table B.3 — Rl at 0,5 MHz at lateral 20 m from positive pole (fair weather)

Measured line Height from line Altitude Measured value Calculated
to ground (m) (m) (dB/pV/im) value (dB/pV/m)
Guizhou-Guangzhou +500 kV DC 15,7 1 450 48,7 46,0
line
16,7 500 43,8 45,6
Tla ID:IGIISL{;GU'\JUGIISL:IUU 15,2 11 47,4 43,3
+500 kV DC line
14,7 24 47,6 49,1

China has also built up HVDC test lines. The lateral profile of RI field strength (50 % valug) is
giveln in Figure B.14, together with the calculation result by empirical formula”of CISPR |and
American EPRI. Figure B.14 shows that the 50 % value for Rl is 47,3 dB (upVfm) at the refergnce
poirlt, when conductor with 6 x 720 mm?2 pattern of, 18 m height, and(22’m pole spacing| are
adopted for the £800 kV DC test lines. It could be seen that the cal€ulation result of CISPR
emgirical formula is closer to the test result.

E
>
=2
% —eo— CISPR Formula
i —a— EPRIFormula
—aA— Measured value
50
45
40 |
35|
<t - - 30 ‘ =
-60 —40 -20 0 20 40

Distance from projection of positive pole conductor (m)
IEC

Figure B.14 — Comparison between calculation result
and test result for Rl lateral profile [119]

In order(toresearch the Rl characteristic of HVDC lines at high altitude regions and obtain the
relatighship between RI and altitude, State Grid Corporation of China (SGCC) built two HYDC

f ” hoAl toct I M= norao tora ora tha aothao LENN | \I I_I\Inf‘ fraonmcoraiooian IH
ull-Segre—testHhesS—wnoesSe yulalllctclo afe—the—Sameastne—=+o9u1K vootHanRstisSSteri—hes

and they are at the altitude of 4,300 m and 50 m separately. In addition, SGCC built four HYDC
reduced-scale test lines with 100 m length at altitudes 50 m, 1,700 m, 3,400 m and 4,300 m,
which are under the same test line configuration and conductor radius.

The conductor and line structure parameters of the full-scale test lines are in accordance with
real DC transmission lines, hence, the test data of full-scale test lines may directly be used in
real HVDC transmission lines design. However, huge investment makes it hard to build many
full-scale test lines at different altitude regions simultaneously. The reduced-scale test lines,
which reduce the geometry size of real transmission lines and towers with certain proportion,
have some advantages, such as simple structures, flexible parameters and no demand of site
selection, which makes it convenient to research the relationship between RI and altitude. But
the shortcoming of reduced-scale test lines is that it is unable to exert a voltage as large as the
operating voltages of the real lines and to mount conductors with large section. Therefore,
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SGCC combines the full-scale test lines with the reduced-scale test lines to conduct the altitude
correction research on RI. Table B.4 shows the parameters of full-scale test lines and reduced-

scale test lines.

Table B.4 — The parameters of test lines

Conductor type

Reduced-scale test lines

Full-scale test lines

conductor 4 x JL/IG1A -95/15(®13.6 mm), 4 x JL/G1A-500/45(®30 mm),
parameters bundle spacing 40 cm bundle spacing 45 cm
L =08 M L =22 M
li ters’
ings parameters H=7m H=15m A
altitude 50 m 1,700 m 3,400 m 4,300 m 50 m 4@%
a)
position Beijing Tibet Tibet Tibet Beijing Q Tibet

length of test
lines™

TL=MSL =100 m

TL =605m, r\‘

MSL = 300’

YV TL=500m

MSL =300 m

L- Polarity lines distance; H- Minimum height in the middle of span.

oV

TL-Total length of test lines; MSL-Measurement section length of test Iines,(Q‘

From Jan. 2010 to Jul. 2014, a lot of detailed test m
reduced-scale test lines at different altitudes an
MHz under the positive polarity test lines varyi

and
0,5

RIdB (uV/m)

70

65

60

55

A

S

R

N4
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ferent voltages were carried out. Rl at
th altitude is shown in Figure B.15.
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Figure B.15 — The curve with altitude of the Rl on positive reduced-scale test lines

Through analysis, the expression of Rl altitude correction fitting function is

y= k/(1+e“(x+v))

(B.1)

where, y is the correction of Rl with the unit of dB (uV/m); x is altitude with the unit of m; &, u
and v are undetermined coefficients. For the #500 kV transmission line, The u and v values are
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recommended as —0,001 and -5 000, separately. The k value is related to the surface electric
field strength of the conductor.

The statistical average values of 0,5 MHz RI corresponding to an infinitely long line are listed
in Table B.5. From the data in Table B.5, it can be seen that with the increase of applied voltage,
the Rl level of HVDC test lines at both altitudes gradually goes up, but the difference in Rl level
between the two altitudes gradually reduces. This indicates that the corona is gradually tending
to saturation. As the voltage increases, the Rl at low-altitude increases relatively fast, while the
RI at high-altitude increases relatively slow, and corona saturation phenomenon is more evident
at high altitude.

Table B.5 — Measured results of 0,5 MHz RI for
the full-scale test lines at different altitudes

RI[dB(uV/m)]
U(kV)
50 m elevation 4 300 m elevation altitude correction
+500 kV 54,27 64,33 10,06
+600 kV 62,27 71,05 8,78
+700 kV 68,15 75,62 7,48
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Annex C
(informative)

Experimental results for audible noise

The most important aspect of HVDC line annoyance is the fact that the noise is highest in fair
weather, while the highest HVAC noise values occur in rain; this is an aspect which is difficult
to study in laboratory conditions.

The —sound pressure level gnnnrni‘nr\l hy HV/DC transmission line corona r*lnpnnrle on

metgorological variables (temperature, humidity, wind, rain, snow, frost) and on the number|and
typd of corona sources on the conductor surface. Because HVDC audible noise is predemingntly
a falr-weather issue, fair weather corona sources play a determining role. In temperate‘climdtes,
corgna sources in fair weather vary from few during winter months to many ddring summer
months.

The| variability of audible noise can be characterized by statistical djstribution giving| the
pergentage of time during which the noise exceeds a given level. |[An example of guch
distfibution is given in Figure C.1.

Figre C.1 shows the audible noise distribution for three voltage levels. At £1200 kV, the|line
noise is little affected by ambient noise. The data for the Mwo lower voltages, howevef, is
affected by ambient background noise, particularly at theZlower noise levels. A techniqug for
es:]nating the noise level due to corona only, excluding’the’ ambient level, can be applied when

aud|ble noise measurements are taken at different)frequencies. In fact, the broad-hQand
comlponent of the noise in the 500 Hz to 4 kHz range is a product more of corona and legs of
background noise. Therefore, the A-weighted level due only to corona can be estimated from
noisie levels in this frequency region (for instance, the average of the 2 kHz and 4 kHz octjave
bands), after having established the relation[16]

dB(A) =vdB(2 kHz - 4 kHz) +C4g (E.1)
whefre
dB(p) is the A-weighted level in dB;
dB(2kHz - 4 kHz) is<the average of the 2 kHz and 4 kHz octave bands in dB;
Cyr is“the difference in dB between the dB(A) level and the average of| the

2 kHz and 4 kHz octave bands, measured when the line noise is|not
affected by ambient noise (high line noise levels, low background).

Thiq appreach is similar to one adopted for HVAC [12], the previous approach using the 8 |kHz
octgverband level, rather than the 2 kHz to 4 kHz levels, as the indicator of corona noise.

The statistical distributions of noise levels provide "exceedance levels" or "L- levels". For
example, if the A- weighted sound level is exceeded for 5 % of the time. For the other 95 % of
the time, the sound level is less than Lg. Similarly, Lgg is the sound level exceeded 50 % of the

time, i.e. the median sound level.

It has become a useful practice to indicate transmission line audible noise with Lgg, alone or in
combination with Lg, for specified weather conditions. For instance, Lgy-fair is the sound level
exceeded 50 % of the time in fair weather.

It is also important to specify the period of time over which the exceedance levels have been
measured. Noise exceedance levels evaluated by means of one day of measurements do not
take into account noise fluctuations occurring from day to day and, particularly, variations from
season to season.
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gure C.1 — Examples of statistical distributions of fair weather-audible noise. dB(A)
measured at 27 m from line centre of a bipolar HVDC-test line [16]

huse fair weather HVDC line noise is higher during the summer, the summer fair weather
s particularly useful for line design considerations.

sured audible noise levels from HVDC lines are listed in Table C.1, where the results from
rence [121]-{(Table-13-42) and the related tables’in reference [153] are merged. As ca
, these levels vary roughly from below ambient levels to approximately 45 dB (A
valent distances from the positive polarity conductor of approximately 12 m
oximately the boundary of the right of way~” The measured AN values of reference [153]
essentially background noise, i.e. the AN“of the HVDC transmission line is masked by
ient noise according to the analysis;of the acoustic source.

h be
for

are
the
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Table C.1 — Audible Noise Levels of HVDC Lines according to [121] and [153]

Conductor Line height Pole- Audible Lateral distance
HVDC Line bundle [m] 9 spacing noise Ly, from positive pole
[m] dB(A) [m]
Pacific Intertie
£500 KV [56] 2.cm x 4,58 cm 12,2 12,2 36 12
Nelson River
+450 KV [56] 2.cm x 4,07 cm 15,3 13,4 40 34
Quebec-New
ngland #450 kV [ 3 cm x 504 cm 12,2 16.0 34 13
56]
Tianshengqiao-
Suangzhou 4 x ACSR-400 17,8 14,4 324 202
3500 kV [36]
Tianshenggiao-
Suangzhou 4 x ACSR-400 16,8 14,4 42b 20
3500 kV [36]
Llongquan- ) .
Zhengping 4% ACSR 18,6 16,4 399 Mo ooy
3500 kV [36]
iangling- 4 x ACSR Und -
L - d nder the positive
é%qeng 500 kv 720/50 20,8 15,6 39 conductor
3 Only negative pole is operating at 450 kV when measured in §pring.
% Operating at +495 kV when measured in winter.
Operating at £493 kV when measured in winter.
Operating at £501 kV when measured in winter.

Accoprding to Table C.1, the AN values @re normally less than 40 dB(A).

In ofder to determine the altitude ‘effect and correction of AN for HVDC transmission lines,
reddyced-scale test lines with same parameters were built up at elevations of 50 m, 1,70
3,400 m and 4,300 m in ChjnayTespectively. Using the test facilities, AN of HVDC transmis
line$ had been measured for-a four-year period. Through a statistical analysis of a large am
of dpta, AN characteristics’ of HVDC transmission lines at different altitudes are obtained
comlparing the statistigal results from different altitude areas, it is found that AN of H
trangmission lines(aré nonlinearly dependent on altitude. AN under the positive polarit
redyced-scale test.lines varying with altitude is shown in Figure C.2.

four
D m,
sion
bunt

DC
y of
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Figure C.2 — AN under the positive polar test Iinescljrying with altitude

With the altitude increasing, the increment of AN of DC }uced-scale test lines at diffgrent
altithdes is distinct. More concretely, in the range from to 1,700 m, the increase of altijude
correction amount of AN is quite low; in the range f @ 1,700 m to 3,400 m, the AN incredses
rapiflly and reaches the maximum altitude corre&on amount; while the altitude is aljove
3,400 m, the noise of DC lines gradually reaig\gs\aturation, and the increase rate of altijude
correction amount of AN gradually slows dow&

According to the characteristic of AN v&&\s/\ihg with altitude, a fitting function shown below is
chosen to fit the measured data. A\Q)

xO
& A:k/[1+e“(x+b)} .2)
N
In the above formula, is the altitude correction amount of AN, dB (A); x the altitude, m;|and
k, al b undetermin efficients. For the £500 kV transmission line. The a and b5 value|are
recdmmended as 01 8 and -2 900, separately. The k value is related to the surface eleftric

field strength o * conductor.

Simpltan y, two full-scale test lines were set up in Beijing and Tibet, whose altitudes Were
50 m ,300 m, respectively. And a long term of AN test with different voltages has Heen
carr ut. The statistical mean values of AN testing data and the noise correction valugs at

two aftitudes (50 and 4,300 ) are Showmn i 1 abie C-2-

Table C.2 — Test results of 50 % AN statistics for full-scale test lines

AN (dB(A))

U(kV) /E(kV/icm) | polarity
50 m | 4,300 m | altitude correction

500/21,41 Positive | 34,49 39,41 4,92
600/25,69 Positive | 39,94 47,39 7,45
650/27,83 Positive | 41,41 49,43 8,02

700/29,97 Positive | 43,74 51,02 7,28
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INTERNATIONAL ELECTROTECHNICAL COMMISSION

ELECTROMAGNETIC PERFORMANCE OF HIGH VOLTAGE DIRECT
CURRENT (HVDC) OVERHEAD TRANSMISSION LINES

FOREWORD

| national electrotechnical committees (IEC National Committees). The object of IEC is to promote internat
b-operation on all questions concerning standardization in the electrical and electronic fields. To ¢hisveng
addition to other activities, IEC publishes International Standards, Technical Specifications, Technical Req
ublicly Available Specifications (PAS) and Guides (hereafter referred to as “IEC Publication(s)”).

Feparation is entrusted to technical committees; any IEC National Committee interested in the subject deal
ay participate in this preparatory work. International, governmental and non-governmental organizations lig
ith the IEC also participate in this preparation. IEC collaborates closely with the International Organizatid
tandardization (ISO) in accordance with conditions determined by agreement betweentthe two organizatio|

he formal decisions or agreements of IEC on technical matters express, as nearly_ as possible, an internaf
bnsensus of opinion on the relevant subjects since each technical committee-has representation fro
terested IEC National Committees.
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FC Publications have the form of recommendations for international use and are accepted by IEC Naf

Jommittees in that sense. While all reasonable efforts are made to gnsure that the technical content o
Publications is accurate, IEC cannot be held responsible for the ‘way in which they are used or for
njisinterpretation by any end user.

tlansparently to the maximum extent possible in their nationalkand regional publications. Any divergence bet
ahy IEC Publication and the corresponding national or regiépal publication shall be clearly indicated in the |

C itself does not provide any attestation of conformity.® Independent certification bodies provide confo
sessment services and, in some areas, access to"{\EC marks of conformity. IEC is not responsible fo
brvices carried out by independent certification bodies.

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

o liability shall attach to IEC or its directafs,  employees, servants or agents including individual expertg
embers of its technical committees and. I[EC National Committees for any personal injury, property dama
her damage of any nature whatsoever, whether direct or indirect, or for costs (including legal fees
kpenses arising out of the publication, use of, or reliance upon, this IEC Publication or any other
ublications.

ttention is drawn to the Nonmative references cited in this publication. Use of the referenced publicatio
dispensable for the correct application of this publication.
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ttention is drawn to thespassibility that some of the elements of this IEC Publication may be the subject of p
ights. IEC shall not be held responsible for identifying any or all such patent rights.
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IEC|TR 62681 has.been prepared by IEC technical committee 115: High Voltage Direct Cun
(HVPC) transmission for DC voltages above 100 kV. It is a Technical Report.

Thig second edition cancels and replaces the first edition, published in 2014. This ed
constitutes a technical revision.

he International Electrotechnical Commission (IEC) is a worldwide organization for standardization comptlising
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In order to promote international uniformity, IEC National Cémmittees undertake to apply IEC Publications
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This edition includes the following significant technical changes with respect to the previous
edition:

a)
b)
c)

d)

e)

the limits of total electric field in some countries have been supplemented and improved,;

the definition of 80 %/80 % criteria of radio interference has been clarified;

a table has been added for bipolar excitation which shows the parameters of the IREQ radio

interference excitation function;
the clause of CEPRI research results of audible noise has been deleted;

the clause of main conclusion of audible noise has been deleted.
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The text of this Technical Report is based on the following documents:

Draft Report on voting

115/289/DTR 115/292/RVDTR

Full information on the voting for its approval can be found in the report on voting indicated in
the above table.

The language used for the development of this Technical Report is English.

Thig document was drafted in accordance with ISO/IEC Directives, Part 2, and developed in
accordance with ISO/IEC Directives, Part 1 and ISO/IEC Directives, IEC Supplementyavailpble
at Wyww.iec.ch/members_experts/refdocs. The main document types developed by IEC|are
des¢ribed in greater detail at www.iec.ch/publications.

The|committee has decided that the contents of this document will remajn-tinchanged unti| the
stalfility date indicated on the IEC website under webstore.iec.ch in ¢he’ data related to| the
spegific document. At this date, the document will be
e feconfirmed,

o \ithdrawn,

o freplaced by a revised edition, or

e amended.

IMPORTANT - The “colour inside” logo onthe cover page of this publication indicates that it
contains colours which are considered to be useful for the correct understanding of |its
contents. Users should therefore print-this publication using a colour printer.
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INTRODUCTION

022

Electric fields and magnetic fields are produced in the vicinity of a High Voltage Direct Current
(HVDC) overhead transmission line. When the electric field at the conductor surface exceeds a
critical value, known as the corona onset gradient, positive or negative free charges leave the
conductor and interact with the surrounding air and ionization takes place in the layer of
surrounding air, leading to the formation of corona discharges. The corona discharge will result
in corona loss but also change the electro-magnetic properties around the HVDC overhead
transmission lines.

The
tran

1)
2)
3)
4)
5)
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parameters used to describe the efectromagnetic performance of am HvYDCovert
smission line mainly include the:

blectric field,

on current,
magnetic field,
radio interference,

hudible noise.

retical and experimental research was conducted in many ‘countries, and relevant nati
dards or enterprise standards were developed. This  decument collects and records
s of study and progress of electric fields, ion current;ymagnetic fields, radio interfere
audible noise of HYDC overhead transmission lines. It is recognised that general techy
ussion given in this document would be applicable.for HVDC sub-stations as well; Howsg
e layout of a station differs very differently)X expressions given for HVDC overh
smission line cannot be directly used as‘ymany assumptions would not hold g
hermore, an HVDC sub-station is not accessible to the general public, thus the num
limits given in this document are not applicable for HYDC sub-stations.

ead

ontrol these parameters in a reasonable and acceptable range, for years, a great deal of
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ELECTROMAGNETIC PERFORMANCE OF HIGH VOLTAGE DIRECT
CURRENT (HVDC) OVERHEAD TRANSMISSION LINES

1 Scope

This document provides general guidance on the electromagnetic environment issues of HVDC
over issi i ' i the
eledtromagnetic properties of an HVDC overhead transmission line, including electric fields| ion
current, magnetic fields, radio interference, and audible noise generated as a consequende of
such effects. If the evaluation method and/or criteria of electromagnetic properties_afe not yet
regulated, engineers in different countries can refer to this document to:

— support/guide the electromagnetic design of HYDC overhead transmission lines,
— limit the influence on the environment within acceptable ranges, and

— @ptimize engineering costs.
2 |Normative references

Thefe are no normative references in this document.

3 [Terms and definitions

Fo

=

the purposes of this document, the following'terms and definitions apply.

ISOland IEC maintain terminological databases for use in standardization at the following
addresses:

e |EC Electropedia: available at\fittp://www.electropedia.org/
e [ISO Online browsing platform: available at http://www.iso.org/obp

3.1
corona
set pf partial discharges in a gas, immediately adjacent to an uninsulated or lightly insulated
condluctor which creates a highly divergent field remote from other conductors

[SOURCE: IEC.60050-212:2010, 212-11-44, modified — Note 1 has been deleted.]

3.2
eledtric’field
constituent of an electromagnetic field which is characterized by the electric field strength E
together with the electric flux density D

Note 1 to entry: In the context of HVDC transmission lines, the electric field is affected not only by the geometry of
the line and the potential of the conductor, but also by the space charge generated as a result of corona;
consequently, electric field distribution may vary non-linearly with the line potential.

[SOURCE: IEC 60050-121:1998, 121-11-67, modified — The original note has been deleted and
Note 1 to entry has been added.]

3.3

space-charge-free electric field

electric field due to a system of energized electrodes, excluding the effect of space charge
present in the inter-electrode space


http://www.electropedia.org/
http://www.iso.org/obp
https://iecnorm.com/api/?name=cf1b0c8fd84e1fafeedbf90006819ca8

3.4
ion
flow

3.5
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current
of electric charge resulting from the motion of ions

magnetic field
constituent of an electromagnetic field which is characterized by the magnetic field strength 4
together with the magnetic flux density B

[SO

3.6
aud
unw

[SO

4

4.1

Eled
field

URCE: IEC 60050-121:1998, 121-11-69, modified — Note 1 has been deleted.]

ble noise
anted sound with frequency range from 20 Hz to 20 kHz

URCE: IEC 61973:2012, 3.1.14]

Electric field and ion current

Description of the physical phenomena

tric fields are produced in the vicinity of an HVDC transmission line, with the highest ele
s existing at the surface of the conductor. When the electric field at the conductor sur

Ctric
face

excegeds a critical value, the air in the vicinity of the{conductor becomes ionized, forming a

cord
con
as t
cha
and
des

The
by

volt
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tran
curr]

The
tran
whe
disc
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na discharge. lons of both polarities are fornied, but ions of opposite polarity to
juctor potential are attracted back towards the‘conductor, while ions of the same pol
he conductor are repelled away from the conductor. Space charges include air ions

ion current will be formed. The physicalphenomena of electric field and ion current
Cribed in this Subclause 4.1.

electric field and ion current in the' vicinity of an HVDC transmission line are defined ma
he operating voltage, line configuration, conductor radius and conductor surface.

ge applied to line conductors produces an electric field distribution. Unlike High-Vol
rnating Current (HVAC)\‘transmission lines, the electric field produced by H

smission lines does not Vary with time and, consequently, does not produce any signifi
ents in humans or objects immersed in these fields.

electric field is” another aspect of the electrical property around an overhead H
smission line: 'An electric field is present around any charged conductor, irrespectiv
ther corofia discharge is taking place. However, the space charge created by co
harge.under DC conditions modifies the distribution of an electric field. The effect of sg
ge onyelectric fields is significant.

the
arity
and

ged aerosols. Under the action of an electric field, space charge will move directionplly,

are

inly
The
age
DC
cant

DC
e of
ona
ace

For the same HVDC transmission lines, the corona onset gradients of positive or negative
polarities are different and the intensity and characteristics of corona discharges on positive or
negative conductors are also different. Consequently, during the design of HVDC transmission
lines, special consideration needs to be paid to the allowable values of the maximum ground-
level electric field and ion current density [1]1.

1

Numbers in square brackets refer to the bibliography.
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Corona on a conductor of either positive or negative polarity produces ions of either the positive
or negative polarities in a thin layer of air surrounding each conductor [1]. 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 monopolar
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 1. The influence of wind or the formation of charged aerosols are not considered at

this
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such that it will take at least a few seconds for them to reach ground. Actually, the molec

trav

molgcules occur during the travel at a rate of billions per second and.cause charge transfer
reagtions between ions and neutral molecules, so the ions reaching the ground are ¢

diffq

chemical identity of the ions, after a few seconds, will depend’en‘the chemical composition

trac

Eled
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A nq
thre
flow
of th
by t
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pold

secondly, to recombinationand neutralization of ions of both polarities.

stage. Three general space charge regions are created in this case:

negative monopolar region between the negative conductor and ground,

bipolar region between the positive and negative conductors.

practical bipolar HVDC lines, most of the ions are directed toward the opposite pol
juctor, but a significant fraction is also directed toward the ground. Thenion drift veloci

elling along ion paths are not always the same ions. In fact, collisions,between ions an

rent from those that were originally formed by corona near the conductor surface. The e

b gases at the location.

tric field is another component of the electrical‘property around an overhead H
smission line. Electric field is caused by efectrical charges, both those residing
juctive surfaces (the transmission line conducters, the ground, and conducting objects)
space charges. The effect of space chargeon electric field is significant.

nlinear interaction takes place between electric field and space charge distributions i
e general space regions identified above in a), b), ¢). The nonlinearity arises because
from each conductor to ground onto the conductor of opposite polarity along the flux |
e electric field distribution: while’at the same time, the electric field distribution is influen
ne ionic space charge distribution. In addition to the nonlinear interaction described ab
space charge field in the\bipolar region is affected by other factors. Mixing of ions of
rities in the bipolar region leads firstly to a reduction in the net space charge density
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Figure 1 — Monopolar and bipolar space charge regions
of an HVDC transmission line [1]
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The corona-generated space charge, being of the same polarity as the conductor, produces a
screening effect on the conductor by lowering the electric field in the vicinity of the conductor
surface and consequently reducing the intensity of corona discharges occurring on the
conductor. In the monopolar regions, the space charge enhances the electric field at the ground
surface. The extent of electric field reduction at the conductor surface and field enhancement
at the ground surface depend on the conductor voltage as well as on the corona intensity at the
conductor surface. In the case of the bipolar region, however, the mixture of ions of opposite
polarity and ion recombination tend to reduce the screening effect on the conductor surface.
This leads to a smaller reduction in the intensity of corona activity near the conductors than in
the monopolar regions.

Thelelectrical environment at ground level under a bipolar HVDC transmission line is, thereffore
defipned mainly by three quantities:

1) electric field, E,
2) ilon current density, J,

3) s$pace charge density, p.

Thelelectric field produced by HVDC overhead transmission lines is;arvector defined by its
comlponents along three orthogonal axes. The space charge densityiis a scalar. The ion cunrent
density is also a vector, and it is affected by the electric field and“space charge density.

Very small currents in some cases can flow through an objeet.or person located under thel|line
becTuse of exposure to the electric field and ion space~gharge. From the point of viey of
environmental impact on persons and objects located dnder the line, the main consideratign is
the combined exposure to the electric fields and ion-Gurrents. The scientific literature indicates
that|exposure to the levels of DC electric field and ién current density existing under operdting
HVDC transmission lines poses no risk to publicthealth, but may cause some induced current
and[annoyance effects to humans.

Desjgn of HVDC transmission lines requires the ability to predict ground-level electric field|and
ion ¢urrent distribution as functions of line design parameters such as the number and diamleter
of qub-conductors in the bundle, height above ground of conductors and pole spadging.
Prediction methods are based on ‘a:combination of analytical techniques to calculate the space
chafge fields and accurate long-term measurements under experimental as well as opergting
HVDC transmission lines.

As described and illustrated in Figure 1, the ground-level electric field and ion current property
under a bipolar HVDE_fransmission line can be thought primarily as a monopolar space charge
field under each, pele. The bipolar space charge field between the positive and nega3tive
condluctors, however, has no significant impact on the ground-level electrical property. Foi the
purpose of ealculating the ground-level electric field and ion current distributions, therefore,
analytical. treatment of the monopolar space charge field between each of the positive |and
negative conductors and the ground plane is adequate.

Monopolar DC space charge fields are defined by the following equations:

v.E=L (1)
€0
J = upE (2)

V-J=0 (3)
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E and J are the electric field and ion current density vectors at any point in space,

P
u

€0

is the space charge density,
is the ionic mobility,

is the permittivity of free space.

The first Equation (1) is Poisson's equation, the second Equation (2) defines the relationship
between the current density and electric field vectors, and the third Equation (3) is the continuity

equ
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groynd-level electric field and ion current distributions under experimental as well as operdg
HVDC transmission lines, in order to develop predietion methods. Some of the informs
required in the analytical treatment, such as corefavonset gradients of conductors, car
obtgined only through experimental studies. Reliable experimental data are also essenti
valigating the accuracy of analytical or semi-analytical methods for predicting the ground-I
eledtric field and ion current distributions under HVDC transmission lines.
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Ched to air molecules forming negative ions, they are not considered. The solution of th
ptions, along with appropriate boundary conditions, for the conductor-ground-p
metry of the HVDC transmission line, determines the ground-level electric field and
ent distributions [1].

bna activity on conductors and the resulting space charge field are influenced, in add

pspheric pollution. It is difficult, if not impossible, to take all these/factors into accou
analytical treatment of space charge fields. Information on theécorona onset gradient
juctors, which is an essential input in the analytical determination of electric field and
ent density, is also difficult to obtain under practical operating conditions. For these reas
ytical methods are employed in combination with accurate long-term measurement

E 1 Industry consensus and standards haye-not been reached on appropriate analytical methods to captu
ks of weather in the calculation of enhanced-fields due to space charge.

E 2 As described in reference [4], the-conditions most conducive to enhanced fields due to space charge
Lctor conditions in fog, with zero wind) occur for a very small percentage of time over a given year.

E 3 As further pointed out in reference [4], to attempt to address very rare conditions in the design of an H
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tricadl conductivity and permittivity. As the charge accumulates on the particle surface
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electric field around the particle gets stronger, leading to a reduction of diffusion charging rate.
The other charging process controlled by electric field is named field charging [2]. Unlike
diffusion charging, several experiments show that the charging process relies heavily on the
electrical parameters. The physical mechanism behind this phenomenon is Maxwell-Wagner
relaxation of the electric field around the particle in the presence of an external electric field [3].
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4.2 Calculation methods
4.21 General

Ground-level electric field and ion current distribution under HVDC transmission lines depend
primarily on the conductor bundle and on the minimum height above ground of conductors. Pole
spacing has a secondary influence on the electric field and ion current distributions, and is
selected mainly on the basis of air gap clearances required to withstand the maximum values
of overvoltage that can appear on the conductors.

Corona performance criteria, particularly for radio interference (RI) and audible noise (AN), are
used to select the number and diameter of conductors in the bundle required on each, gole.
Conductor height and pole spacing have a secondary influence on the Rl and AN perfarmapce.

Follpwing the selection of the conductor bundle based on Rl and AN design criteria,| the
minimum conductor height is selected on the basis of design criteria for ground-level eleftric
field and ion current density. The conductor heights selected using these criteria are generally
signfificantly higher than would be required from insulation and safety consjderations.

Calgulation of the desired ground-level electric field and ion current distribution for propgsed
HVDC transmission line configurations is, therefore, an essential st€p in selecting the minirhum
conductor height. Methods of calculation that are presently savailable for this purpose|are
des¢ribed below.

Calgulation methods for determining electric field and toen current distributions involve| the
solution of the boundary value problem described by(the set of Equations (1) to (3) along with
appropriate boundary conditions. The first rigoroustanalytical solution to the monopolar space
chafge modified field problem was obtained by Fownsend [5] for the concentric cylindfical
conliguration. The main interest in this solution"was to obtain the voltage-current characterjstic
for g thin wire at high voltage and in corona,.pla¢ed concentrically inside a large metallic cylinder
at gfound potential.

Popkov [6] extended Townsend's solution to the geometry of a conductor above a ground plane
and| obtained a semi-empirical equation for determining the voltage-current characteristic.
Popkov's solution is concernedi-mainly with the voltage-current characteristic and does| not
proyide a solution for the ground-level electric field and ion current distribution.

Equptions (1) to (3) define the monopolar corona problem for the general case of three
dimensional electrode )configurations. However, if the electrode geometry is characterized by
symmetry in two diménsions, then the equations reduce to one dimensional form. For exaniple,
in t)ie case of the concentric cylindrical geometry considered by Townsend, symmetry may be
assWimed to existin the longitudinal and angular coordinates of the cylindrical coordinate sygtem.
The| defining-equations reduce, therefore, to one dimensional form in the radial coordinate,
makliing it possible to obtain an analytical solution to the monopolar corona problem.

In theTase of DCtransmission tines,; the geometry mray be assumed to consistof amumber of
cylindrical conductors parallel to each other and also to the ground plane above which they are
placed. This is essentially a two-dimensional geometry, since symmetry exists along the
longitudinal direction of the conductors. The boundary value problem defined by Equations (1)
to (3), therefore, reduces to a two-dimensional form in this case.

Since it is almost impossible to obtain analytical solutions to the two-dimensional space-charge-
modified fields, such as those associated with DC transmission lines, it becomes necessary to
use numerical techniques.

It should also be mentioned that the defining Equations (1) to (3) of monopolar corona do not
take into account some of the practical considerations such as the influence of wind on the ion
flow.
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4.2.2 Semi-analytic method

The first method for solving Equations (1) to (3) for multiconductor DC transmission line
configurations was developed by Maruvada and Janischewskyj [7] [8]. The method, originally
developed to calculate corona loss currents, involves the complete solution of the monopolar
space charge modified fields and, consequently, the determination of the ground-level electric
field and ion current density distributions. The method of analysis does not include the influence
of wind.

The method of analysis is based on the following assumptions:

a) ]he space charge affects only the magnitude and not the direction of the electric field,

b) for voltages above corona onset, the magnitude of the electric field at the surface, of| the

tonductor in corona remains constant at the onset value.

Thelfirst assumption, often referred to as Deutsch's [9] assumption, implies that the geometric
pattern of the electric field distribution is unaffected by the presence of the,spdce chargeland
that| the flux lines are unchanged while the equipotential lines are shifted. Since HYDC
trangmission lines are generally designed to operate at conductor surface’gradients which| are
only| slightly above corona onset values, corona on the conductors generates low-density space
chafge and the ions may be assumed to flow along the flux lines~of the space-charge-free
elegtric field. This assumption is much more valid for DC transmission lines than for electrostatic
pregipitators where corona intensity and space charge densities.are very high.

The|second assumption, which was also implied in Townseénd's analysis, has been justified from
theqretical as well as experimental points of view [8],

In mathematical terms, the first assumption implies. that:

E=CE (4)

whefre
is the electric field vector-in"the presence of space charge,

is the space-charge-free electric field vector,

¢ is a scalar pointfunction which depends on the charge density distribution. The value of
¢ at any point may be defined as the field modification factor.

Thig assumption"has the distinct advantage of converting an essentially two dimensipnal
proklem intg an equivalent one dimensional problem along the flux lines of the space-chafge-
free|electriesfield. The boundary value problem defined by the partial differential Equationg (1)
to (3) are_converted [8] to one described by the set of ordinary differential equations:

do

n 4 (5)
@ ___» 6
do go(E') ©)
b __ s ()

do (B


https://iecnorm.com/api/?name=cf1b0c8fd84e1fafeedbf90006819ca8

whe

- 16 - IEC TR 62681:2022 © IEC 2022

re

E' and ¢ are the space-charge-free electric field intensity and potential respectively,

0]
p

¢

is the potential in the presence of space charge,
is the charge density,

is the field modification factor, at any given point along the flux line.

The differential Equations (5) to (7) describe the variation of the dependent variables @, ¢ and
p as functions of the independent variables ¢ and E' along a flux line of the space-charge-
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electric field. For a given line configuration and applied voltage, the flux lines of the.sp
ge-free electric field can be traced and values of E' and ¢ along any flux line detepm

boundary conditions required to solve Equations (5) to (7) are given in terms of the vol
ied to the conductor and the magnitude of the electric field at the surface of the condu
brona. If the voltage applied to the conductor with respect to the ground plane is U,
ce-charge-free electric field at the conductor surface corresponding+o'the voltage U is

the corona onset gradient of the conductor is Ej, then according to the second assump

E
E—?] at the conductor surface. The complete set of boundary conditions may thern

s
en as

@=U atg=U

d=0at p=0

E,
gz[—(?J at p=U
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, is the space-charge-free electric field at the point where the flux line meets the grg
e and fg and g, iare the computed values at this point of the field modification factor

ge density respectively, the electric field Eg and ion current density jg at this point
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11)

Jg = HSgpky

Where u is the ion mobility.

(12)

The method developed by Maruvada and Janischewskyj can be applied to determine the
ground-level electric field and ion current distributions under monopolar or bipolar DC
transmission lines with single or bundled conductors and with or without overhead ground wires

[8].
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Application of the method developed by Maruvada and Janischewskyj requires knowledge of
the geometric parameters of the line configuration, voltage applied to the line conductors and
the corona onset gradients of the conductors. The calculation procedure requires the following
steps:

1) for the given line configuration and conductor voltages, flux lines of the space-charge- free
electric field, which originate on the conductors in corona and terminate on the ground
plane, are traced;

2) for each flux line selected, the distribution of the electric field E’ is determined as a function
of ¢ along the flux line;

3) knowing the distribution of E’ as a function of ¢ along the flux line, the boundary\value

broblem defined by Equations (5) to (7) is solved, using the boundary conditionp in
Fquations (8) to (10) to obtain @, & and p as functions of ¢ at all points along the|flux
line;

4) {he magnitudes of the ground-level space charge modified electric field Eg and ion current
lensity jg at the point where the flux line terminates on the ground plane are then
talculated using Equations (11) and (12);
5) by repeating steps 2 to 4 for a number of flux lines, the compléte distributions of Eg and

jg along the ground plane are determined.

4.2.8 Finite element method

Gela and Janischewskyj [10] developed the first fihite’ element method (FEM) for solving| the
monopolar space charge modified field problem without recourse to Deutsch’s assumption. Dne
of the main objectives of this study was to evaluate the errors which might result by the uge of
Deutsch’s assumption in the Maruvada and Janischewskyj method.

The[Gela and Janischewskyj method, was developed specifically for the case of a monogolar
DC |ine with a single conductor above\ground [11] [12]. However, the method has the poteptial
of fyrther development for cases of lines with bundled conductors, overhead ground wires,|etc.

For the FEM analysis, the defining Equations (1) to (3) of monopolar DC corona are expregsed
in tgrms of potential as,

vveo=" 13)
€0

-V-(pV®)=0 14)

Vo =-E (15)

The set of Equations (13) to (15) is solved iteratively for @, by updating and recalculating the
spatial distribution of p at the beginning of each iteration. The FEM [13] with linear triangular
elements is employed to solve the partial differential Equations (13) and (15) for @ at each
iteration step. The iterative procedure is initiated with the first estimate obtained using the
Maruvada and Janischewskyj method. Convergence of the iterative process is considered to
have taken place when no further improvements are observed in p and both Equations (13) and
(14) produce the same value of @.
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Since Equations (13) and (14) are of second order, only two boundary conditions are needed
to obtain a solution. These are provided by the values of @ on the conductor surface and on
the ground plane. The boundary condition that the magnitude of the electric field at the surface
of the conductor in corona remains constant at the onset value, is not necessarily enforced
during the solution of Equations (13) and (14). The extent to which this boundary condition is
violated at any particular iteration provides information for updating and correcting the
distribution of p for the next iteration, until convergence is achieved.

The final results of the iterative solution are values of p and @ at the nodes of the finite element
grid. Values of E, p and j at any points of interest, such as along the surface of the conductor
or the ground plane, are derived subsequently

Computational results obtained by the application of Gela and Janischewskyj method to| the
cas¢ of a monopolar DC line configuration with a single conductor lead to the “following
obseérvations [12]:

a) distributions of electric field intensity at ground are not sensitive to Deuts¢h’s assumptipn;

b) Deutsch’s assumption can give rise to significant errors in the currént’'density profilgs at
jround, particularly for certain line configurations operating at voltages well above cofona
bnset;

c) however, for practical DC transmission line configurations and-normal operating voltages,
he use of Deutsch’s assumption provides results of acceptable accuracy.

4.2. BPA method

A simplified method of analysis was developed at the Bonneville Power Administration (BPA)
[14][for determining the ground-level electric field~and current density under monopolar|and
bipdlar DC transmission lines. In addition to the two assumptions mentioned in 4.2.2 and 4)2.3,
othgr simplifying assumptions were made to develop the computer program ANYPOLE which
was|made available in the public domain. Thewother simplifying assumptions made in developing
this|program are:

— the conductor bundle is replaced by an equivalent single conductor with the same
tapacitance as the conductor bundle;

— the ion current is assumedito be uniformly distributed around a single conductor of an
quivalent single condueterreplacing the bundle.

Gaussian flux tube conéept is used to obtain numerical solutions to the electric field and ion
current distributions atong the ground plane.

4.2.5 Empirical methods of EPRI

Empirical methods are generally derived from extensive experimental data obtained preferpbly
on dperating HVDC transmission lines, but also on full-scale test lines. In order to derive yalid
and|aceurate methods, the experimental data are obtained for lines of different voltages|and
conligurations with a wide range of values for parameters such as conductor bundle conductor
height and pole spacing in the case of bipolar lines. The validity is usually restricted to the
range of values of line parameters for which the experimental data, used to derive the empirical
method, was obtained. Extrapolation of the empirical method outside the range of these
parameters can give rise to significant errors.

Unfortunately, empirical methods based on good experimental data are presently not readily
available for determining the ground-level electric field and ion current distributions under
monopolar or bipolar DC lines.

A semi-empirical method, called the "degree of corona saturation” method, was proposed ([15],
[16]) for calculating ground-level electric fields and ion currents under bipolar DC lines. This
technique is incorporated in the workstation, an EPRI proprietary program. The basic principle
of the method is given by the equation.
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Q=Qe+S(QS_Qe) (16)

where

O, s the electrostatic value of any parameter (electric field, ion current density or space
charge density),

Qs s the saturated value of the parameter
S is the degree of saturation.
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eledtrostatic field theory. It should be noted that the electrostatic values of current density|and
charge density are zero.

Equptions were derived for the saturated values of Qg of the electric field, ion(current density

and|charge density, based on laboratory tests on reduced-scale models,with thin wires of
monopolar and bipolar DC line configurations [17]. The degree of coron@-saturation factor S
was|derived from full-scale tests carried out on a number of bipolar DCrlihe configurations

It should be noted that the degree of corona saturation method is mot a purely empirical method
as described at the top of this Subclause 4.2.5. It involves some theoretical modelling and an
assnEmption that results of scale model tests on thin wires can be extrapolated to the case of

full-scale lines with practical conductor bundles. Questions.were also raised on the difficulfy in
justifying some of the assumptions involved in the theoretical modelling from the point of yiew
of basic corona physics.

4.2.6 Recent progress

Follpwing the work of Gela and Janischewskyjsother FEM solutions were obtained for the space
charge modified fields of both monopolar and bipolar DC transmission lines [18], [19]. In spme
of these studies, the solution was obtained assuming that the charge distribution on|the
condluctor surface, rather than the electric field, was known and used as a boundary condifion.
Becpuse of this assumption, these-methods can be used to interpret experimental resultg but
not |for predicting the ground-level electric fields and ion current distributions for different
trangmission line designs with Specified voltages applied to the conductors.

In other FEM based solutions [20] [21] [22] [23], the electric field boundary condition was Used
and| consequently, they'can be used to predict the electric field and ion current distributjons
under practical DC¢transmission line configurations.

Using ion trafisit-time formalism, useful approximate calculations have been made [24] for
spag¢e charge densities in a broad range of systems containing air ions.

In agddition to those calculation methods mentioned in 4.2.2 to 4.2.5, the finite difference method
[25], uhalyc D;IIIU:Gt;UII |||cthud [20], IIIU:t;yI;d IIIUthUd [26] GIIGI flllltc c=cu|cnt IIIUthUd all\‘:lI fnlte
volume method [27] are also used to predict the ground-level electric field under HVDC
transmission lines.
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4.3 Experimental data
4.3.1 General

In order to check the validity and accuracy of the calculation methods for ground-level electric
field and ion current density distributions under HVDC transmission lines, it is necessary to
compare the results of calculation with experimental data obtained on corona test lines and,
preferably, on operating lines. The experimental data used in any comparison need to be
measured using appropriate instrumentation and need to meet requirements of reliability and
accuracy. It is also preferable to obtain long-term statistical data under different weather
conditions. In addition to the electrical parameters required to characterize the electric field and
i ; i T ient
her conditions such as temperature, pressure, humidity, wind speed and direction |and
pregipitation.

Thefe may be uncertainties of measured values on electromagnetic fieldsCfrom different
labgratories and companies due to the use of different measuring techniques.’and instrumegnts.
Thig can lead to a difficulty in the measurement result interpretation and,comparison. In|this
docliment, only the measurement results in different references are given;and the data arg not
evaluated.

4.3.2 Instrumentation and measurement methods

For |both monopolar and bipolar DC lines, the electricaNenvironment at ground level is
characterized by the electric field intensity, ion current densijty and space charge density. Irf the
case of bipolar DC lines, although ions of both polarifies are created and mix in the bigolar
regipn between the conductors, an essentially mongpolar space charge of either positive or
negative polarity exists at the ground level. In the ptesence of wind, the positive and negative
ion profiles will shift and positive ions may drift,toward the ground surface on the negative pole
side] of the DC line and vice-versa, depending.on the direction of wind. The instrumentation|and
megsurement methods for characterizing the-electrical environment in the vicinity of DC ljnes
are fdescribed in IEEE Std 1227 [28].

Different techniques have been used to measure the electric fields of HVDC over-Head
trangmission lines, and basically two types of instruments are used to measure the electric field
strepgth at ground level:

a) field mills;

b) yibrating plate electric field meters.

Both instruments measure the electric field strength by measuring modulated capacitively
indyced currents-sensed by metal electrodes.

Field mills-are commonly used to measure the electric field strength at ground level. A field| mill
instfument [29] consists essentially of a fixed sensing electrode above which a rotating shiitter
eledtrode is placed. As the sensing electrode is alternately exposed to and shielded from| the
electric Tield, a current I1s Induced between the sensing electrode and ground that Is proportional
to the electric field strength. Measurement of the induced current, or voltage across known
impedance that is located between the sensing electrode and ground, determines the electric
field strength.

A vibrating plate instrument [30] consists of a sensing electrode placed below an aperture in a
metallic plate and vibrated using a mechanical driver. The vibrations modulate charges induced
in the sensor plate and the resulting current is proportional to the electric field strength.
Measurement of the induced current, therefore, provides an indication of the electric field
strength.

lon current density at ground level is determined by measuring the current collected by a flat
plate, known as a Wilson plate [31], located flush with the ground plane. The current density J,
averaged over the area 4 of the plate, is given by:


https://iecnorm.com/api/?name=cf1b0c8fd84e1fafeedbf90006819ca8

IEC TR 62681:2022 © IEC 2022 -21-

J== (17)

Where I is the current collected by the plate.

Monopolar charge density is measured using aspirator-type ion counters [32]. The air ions are
drawn through a parallel plate collector system using a motor driven blower. Alternate plates
are connected together and a polarizing potential is applied between the two sets of plates.
Collection of the ions on plates of opposite polarity gives rise to a current, which is measured
using an electrometer. The charge density p measured by the ion counter is given as

whefre

I is the measured ion current
Mg | is the volumetric air flow rate.

Guidlelines for the measurement of ground-level electric field strength, ion current density|and
spage charge density under HVDC transmission lines are provided in the IEEE Std 1227 [28].
For jaccurate unperturbed measurement of these quantitiesithe field meters, Wilson plates|and
ion |counters are generally installed below ground s@that the measuring interfaces of|the
insttuments are flush with the ground plane. Significant errors may be caused in the meastired
quantities if these instruments protrude above the ground plane [28] unless values are correfted
bas¢d upon measured form or correction factorsifor the altered geometry. The influence [of a
DC glectric field on measurement of monopolar space charge densities with an ion counter|can
be made negligible when the measurements.are performed in the ground plane, and oriepted
vert|cally or horizontally above the ground plane with an attractive potential applied to thg ion
counter housing. This assumes that thescollecting electrode(s) in the ion counter is adequately
shiglded from the external electric field. The impact of rain and snow on the measurement
insttumentation can also be considéned during installation and use. Errors can result during|rain
or show unless the instrumentation has been installed so that it can successfully operate dyring
thede conditions.

Becpuse of large variations caused by weather conditions, long-term measurements|are
necessary to obtain statistical distributions as well as lateral profiles of the principal parameiers.
Thig is achieved by _making simultaneous long-term measurements at several points in a plane
perpendicular to\the transmission line at mid-span [33], [34]. The measurement locatjons
generally include points directly below the positive and negative conductors and at laferal
distances of.15 m, 30 m and 60 m from the conductors on both sides of the line. More measyring
points may. be selected, depending on the availability of instruments, to obtain better laferal
distfibdtiens.

If possible, the measurements need to be carried out at several locations along a line to take
into account climatic differences that can occur at different locations on long HVDC lines.
Climatic data at a number of points along the line can also be collected separately to establish
the prevalence of conditions that could lead to increased field and ion current levels.

Calibration of the instruments is an essential part of the measurement program. A special
parallel-plate apparatus [35], capable of generating known electric fields, ion current densities
and space charge densities is required to calibrate all the instruments. Periodic calibration of
the instruments, identification of possible sources of error and taking appropriate precautions
[28] are necessary to ensure the validity and accuracy of the data acquired.
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In addition to electric field strength, ion current density and monopolar space charge density,
instruments have also been developed [28] for the measurement of electrical conductivity of air
with a device known as Gerdien tube and the net space charge density using either a Faraday
cage or a filter device. Conductivity measurements are rarely carried out under DC lines, but
net space charge measurements are sometimes made at large distances from DC lines, mainly
to detect the presence of charged aerosols.

4.3.3 Experimental results for electric field and ion current

Only a limited amount of experimental data are available in peer-reviewed publications on the
corona performance of DC transmission lines, especially on operating lines and particularly on
the ground-level electric field and ion current distributions. This may be attributed to a\large
extgnt to the technical difficulties and costs involved in making accurate and simultaneousi¢png-
term measurements at a number of points along a line perpendicular to the transmission |ine.
Peripdic calibration of the instruments is necessary to ensure acceptable accuracy of the lpng-
termp measurements.

Experimental data in peer-reviewed publications includes those obtained.@n outdoor test ljnes
as Well as operating HVDC transmission lines. However, test line data obtained at voltages jwell
aboye the transmission voltages presently used and line dimensions (pole spacing |and
condluctor height) outside the range used for practical line design/[36] [37] are not includgd in
this [document. With this exclusion, the data available for possible comparison with any methods
of calculation reduce to those obtained on four operating DC transmission lines [34] [38][39]
[40]|[41] [42] and two test lines [43] [44]. Except for the BPA line [34], all other lines are located
at approximately the sea level.

Details of line design parameters, adopted instrumentation and measurement program|are
des¢ribed in the following. Statistical summaries of the experimental data obtained at eagh of
the four test sites are also included.

For p bipolar horizontal line, the largest fields occur just outside each conductor. At all locatipns,
the fange of values of electric field depeénding on the variability of space charge. To desdribe
the pariable nature of electric field, the median and practical maximum are often given. |The
median level (Lgg) is that exceeded 50 % of the time during the measurement pefiod.

Chafracterization of the practical:maximum is also done in terms of an exceedance level, guch
as the L exceedance leveli:e-"the level exceeded only 5 % of the time.

The|more and detailedvexperimental results for the electric field and ion current are shown in
Annex A.

4.3.4 Discussion

The|experimental data presented in 4.3.3, obtained on four operating DC transmission ljnes
and|three test lines, are probably the best data available in published literature. However/| the
datdbase is not large enough to get significant conclusions regarding the influence of|line
parameters on ground-level eleciric field and 1on current distribuiions.

The BPA 1500 kV DC line data are probably the best long-term data obtained in different
weather conditions. The FURNAS +600 kV DC line data was obtained during four one-month
periods distributed over one year. The use of vibrating-plate field meters inverted and placed
above a ground plane casts some doubt on the accuracy of electric field measurements in the
presence of space charge in this study [28].

The test duration in the case of Manitoba Hydro +450 kV DC line study is too short (four days).
The short test duration and the use of single set of instruments for lateral profile measurements
make it difficult to obtain an accurate statistical description of the data. Finally, the IREQ
+450 kV DC line data, although it is good from the aspect of test duration (one year) and
instrumentation, were obtained on a test line rather than an operating line.
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The BPA study has shown a significant asymmetry between the measured values of electric
field and ion current density under the positive and negative poles of the line, with the levels
under the negative pole being 2 to 3 times higher than those under the positive pole. This trend
is also observed in the case of FURNAS line data, with the electric field and ion current levels
under the negative pole being more than two times higher than those under the positive pole.
No significant asymmetry has been observed, however, in the results obtained in the case of
IREQ test line. Data at HVTRC have indicated asymmetry of field and ions for the polarities but
vary by season. During the mid to late summer, the results under the positive pole were higher
than those under the negative pole but opposite during the winter/very dry periods.

Electric field intensity and ion current density levels under BPA +500 kV DC line were compared
with| calculations made using the BPA analytical method. It was found that the calculatjons
agrged with the L, levels of the measured probability distribution in fair weather conditions. It

was|also found that agreement between the calculated and measured levels was qujté good for
negative pole, but very poor for positive pole [186]. Similarly, a limited comparison‘was nlade
between the measured lateral profile under the positive pole of the Manitoba Hydro DC line|and
calculations made using the Maruvada and Janischewskyj method [12].Nt.Was found [that
calculations agreed well with measurements if a conductor surface irregularity factor of 0,4 \was
assyimed.

Some new phenomena have been discovered in the test study<in- China and are shown as
follgws.

a) Effect of conductor pollution on the total electric field

The previous pollution study is mainly about theleffect on insulation level, and in|the
electromagnetic weather study, more attention<is ‘focused on rain, snow, and gerleral
pollution as by dust, smoke and insects. A test\in the winter of 2007 [181] shows thaf the
fotal electric field is larger when the conductorys dry and has been subject to pollution for a
long period. After cleaning, the total electric\field decreases greatly. The total electric field
bf clean conductor is almost half of that.of'a polluted conductor. So, it is necessary to sfudy
a quantitative description for pollutian~level and quantitative analysis for the effedt of
bollution on the total electric field.

b) Increase of the total electric field at ground with low humidity

During the test in winter, itis_discovered that the total electric field is obviously incregsed
vhen the humidity is very.lew, but the current is almost the same [181]. There is no report
about this phenomenoni.in ‘domestic or international articles, and the mechanism needs to
be studied in the future:

Based on a review)of published literature, it is concluded that the available experimgntal
lata on the electric field and ion current property under DC transmission lines is inadequate
at present for\purposes of rigorous comparison with existing methods of calculatiop or
leriving afiy-empirical methods of calculation.

4.4 | Implication for human and nature

4.4.1 General

Static electric fields and space charge (i.e., air ions and charges on aerosols) are produced by
DC transmission lines, but they are also generated by natural sources. This Subclause 4.4
summarizes scientific research on these electrical parameters in relation to humans and
animals in nature. It also summarizes the conclusions of reviews prepared by scientific
organizations and discusses applicable standards and guidelines.

4.4.2 Static electric field

Although static electric fields are present at varying levels in nature, relatively little biological
research has been performed because the physical interaction of a static electric field with a
human or animal body is confined to charges on the surface of the organism. No currents or
electric fields are induced inside the body. At sufficiently high levels, a static electric field can
be sensed by the movement of body hair [45] [46] [182].
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A psychophysical study of the ability of human subjects under carefully controlled conditions to
detect a static electric field reported a range of perception thresholds, but the average critical
detection value was 40,1 kV/m; when air ions were present in high concentrations, the threshold
was lower [47]. Testing conducted outdoors indicated that most people would not detect static
electric fields at a level under 25 kV/m [48] [163]. It should be noted that the enhanced electric
field under an HVDC line is not expected to be over 50 kV/m.

Other studies of human subjects exposed to static electric fields over a range of field strengths
between 1 kV/m and 90 kV/m of varying duration, including daily exposures for up to 6 months,
report no consistent behavioural or physiological responses (e.g. [49] [50] [51] [52]).

A inriety of studies have also examined behavioural and biological responses of animals to
static electric fields. Except for a few isolated reports of behavioural responses to highsstrepgth
static electric fields, these studies report no effects [183]. It should be noted that; it the field
coulld be detected by animals, this sensory stimulus could be expected to afféét’a range of
spontaneous and trained behaviours.

Some of the most important studies in this group are those that looked forevidence of toxfcity
at Ignger durations of exposure. Fam found no adverse effects of long-term exposures of |rats
and|their offspring to 340 kV/m static electric fields [53]. Kellogg and-Yost reported no differgnce
in the longevity of mice exposed to 2 kV/m static electric fields or‘ambient field conditions |54].
A laporatory at The Rockefeller University reported that exposure of rats to static electric fields
of 3kV/m and 12kV/m for 2h, 18 h, and 66 h had n@ effect on behaviour or Brain
neufotransmitter activity [55] [56] [57].

Under most circumstances, the static electric fields from a 500-kV DC transmission line wpuld
not be strong enough to be perceived, particularly outside the right-of-way (ROW). The absgnce
of al mechanism by which static electric fields.ceuld produce an exposure to cells inside| the
body combined with the absence of human, and animal evidence for adverse effects|are
important considerations in the assessment of potential effects. If a person (or large object)
were to be very well insulated from the ground in a static electric field substantially greater than
25 KV/m, however, transient spark discharges to grounded objects could lead to annoying
shog¢ks, like a carpet shock in one's home.

4.4.8 Research on space. charge
4.4.831 General

Sinde their discovery~[58], air ions and charged aerosols have been studied for effectg on
humans and animals;”"as well as microorganisms, plants and insects. Within each of these
spetgies, there are.few studies of substantial depth and quality and with findings that have Qeen
verified by otherrindependent investigators. Most studies fail to control crucial aspects of| the
experimental situation that can significantly influence the outcome of the experiment.

For théspurposes of this document, the focus will be limited to studies of humans and animals.

Sinde—exposures-to air ions—in-nature and laboratories necessarily involve expnosure to some
L J g

charged aerosols, all studies reflect exposures to both forms of space charge to a greater or

lesser extent.

As with static electric fields, the interaction of space charge with an organism is limited to the
surface of the body with the exception that air ions and aerosols may attach to the interior of
the respiratory tract during respiration. Given the potential for internal exposures from airborne
ions and aerosols by respiration and the prevalence of media and scientific attention to potential
behavioural and psychological effects of air ions, research on these two topics is the focus of
the following discussion.
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4.4.3.2 Air ions

The effects of artificially generated air ions on humans have been studied for both experimental
and clinical therapeutic purposes. A wide range of concentrations has been tested on humans,
but there is no good evidence that effects attributed to air ion exposure are more likely at higher
ion concentrations.

Some experimental sources of air ions also produce excessive levels of ozone, an irritant gas,
but few investigators have checked for or measured this potential source of inaccuracy.
Measurements and calculations of ozone levels near DC transmission lines show that the
amounts generated are small and disperse to levels that are barely measurable and, thus, have
no Health safety environment (HSE) consequence. lon concentrations are generally lower than
1,0 k 105 ions/cm3 at DC transmission lines in fair weather and lower than 2,0 x 104 jons/fcm3
at the edge of the right-of-way (ROW). Some examples of typical air ion concentratjons
(ionp/cm3) found at other locations are: (HSE can be defined)

e [Fair weather open space 7,0 x 10 to 2,0 x 103 ions/cm3

e |Inlarge towns up to 8,0 x 104 ions/cm3

e (,30 m (12 in) above burning match 2,0 x 10% to 3,0 x 10% ions/cm?
e (0,96 m (200 ft) from small waterfall 1,5 x 103 to 2,0 x 103 ioris/em3

e 1,52 m (5 ft) downwind of vehicle exhaust about 5,0 x 104 johs/cm3

While some studies have suggested that positive ions may-adversely affect pulmonary fungtion
[59]/[60] [61] [62], other more systematic and quantitative experiments, as well as a doyble-
blind clinical study, have not substantiated this suggéstion [63] [64] [65] [66] [67] [184].

In spme early studies, the investigators reportedrrespiratory irritation. Respiratory drynesjs or
irritgtion symptoms were reported in one ofZthese early studies by about 20 % of subjgects
exppsed to 5,0 x 103 ions/cm3 to 1,0 x 104%ions/cm3 [68]. The study, however, was blind |(not
double-blind) and was conducted during*the winter, when upper respiratory symptoms|are
common, as pointed out by the study's\author.

In a|series of double-blind clinical studies [61], positive ions were more effective in produging
irritgtion symptoms than negative ions at the lower exposure levels, but not at higher expogure
levells (105 ions/cm3). Symptdms were minor and included headache, nasal obstruction, hilisky
voice and sore throat, itching nose, or dizziness in 16 subjects exposed to 3,2 x 104 posjtive
ions/cm3. Similar symiptoms were experienced in 4 of 13 subjects exposed similarly to negative
ions. Studies also have shown, however, that exposure to air ions did not result in respirgtory
irritgtion symptams-at exposure levels of 1,0 x 104 ions/cm3 [65], 1,25 x 10% ions/cm3 [64],|and
5,0 k 10° ions/cm3 [66].

Subjects with asthma, hay fever, or chronic obstructive pulmonary diseases seemed not tp be
at ekeess risk of irritation symptoms [61] [63].

Although some studies have suggested beneficial effects of short-term exposure to negative air
ions for the treatment of allergies or asthma [59] [60] [64], other more rigorous studies have
demonstrated that neither negative nor positive ions have a substantial effect on symptoms of
asthma or hay fever, an effect on response to allergens or irritants at the transmission lines, or
an effect on histamine sensitivity in the asthmatic [63] [65] [67] [69] [70].

Evidence of an effect of air ions on either short- or long-term lower respiratory diseases is
lacking. Air ions or their reaction products, however, are reported to affect sputum production
or viscosity in short-term lower respiratory diseases [62] [66]. More recent studies of rats
exposed to 3,5 x 10° ions/cm3 suggest that exposure activated goblet cells without producing
damage to the trachea [71].
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As with the human studies, exposures of rats or mice to air ions are not reported to cause clear
or consistent effects. These include studies of respiration rates at ion levels greater than
3,0 x 10° ions/cm3 [72] [73]. Life-long exposures of mice (about 2 years) reportedly reduced
the longevity of mice exposed to negative ions (2,0 x 103 ions/cm3 or 2,0 x 10° ions/cm3)
compared to mice in the grounded control or groups exposed to positive ions [54]. The data
were internally inconsistent and there was no apparent dose-response relationship. The authors
acknowledge in an earlier report of data from the study that a vitamin deficiency in the mice and
"the prevalence of proteus infections markedly complicates the interpretation of the cause of
death for affected experimental animals" [74].

Stugies-in-which-mice-were nvpnend toinfluenza \lir||c, pnnnmnnia, or C immitis f||ng||e and air
ions| showed no consistent relationship between exposure level or ion polarity and outcome at
levells of 1,0 x 104 to 5,0 x 10° ions/cm3 [75] [76] [77] [78] [79]. In these latter; 'studies,
diffrences between exposed and unexposed animals were not greater at higher ‘exposure
levells nor was there consistency as to effects of ions of either polarity. In the longest serigs of
experiments from Krueger's laboratory, there was no explanation for the failures to replicate
effects despite the similarity of exposures and other conditions [76] [77] [78N79].

Studies of air ions have been conducted more frequently on psychelogical and behavidural
parameters than on physiological parameters. One reason was thejnationwide publicity gjven
to gnecdotal claims in several American national magazines 4n ‘the 1960s that artificjally
generated negative air ions would improve mood and feelings(of wellbeing while positive jons
would increase subjective complaints. To this date, such notiens have generated much pogular
interest but little scientific support. The relevant research is_ summarized below.

A variety of studies have examined the effects of pésjtive and negative ions on indicatons of
human behavioural states, which could be considered to be indicative in some way of mpod.
Thel|better studies were carried out in a contrglled* fashion. Of these controlled studies, spme
repgrt no effect of positive or negative ions op, mood (McGurk et al. at 8,0 x 104 ions/cm3 [80],
Chiles et al. At 2,6 x 104 ions/cm3 [81], Finnegan et al. at 1 841 ions/cm3 [82], Hedge |and
Colljns at 2,0 x 104 ions/cm?3) [83], whilewdthers reported an effect as discussed below.

Hawkins et al. reports that a 3-week, exposure to negative ions at 2,7 x 104 ions/cm?3 imprgves
the ratings of health relating comfort, but the responses were not consistent across shiffs or
work areas [84]. The differences in subject ratings between exposed and unexposed fime
peripds were smaller than those produced by temperature and humidity alone.

Chalry and Hawkinshire report exposure for 1,5 h between 2,0 x 104 ions/cm3 and 3,0 x|104
ionsf/cm3 lowered ifdices of sociability and increased tension [85].

Siegel reported that exposure to both positive and negative ions at 1,0 x 105 ions/cm3 hadl no
effects on five’of seven mood indicators, but indicators of vigour and friendliness were enhanced
with| exposure to air ions of either polarity [86].

Several studies have looked for therapeutic effects of air ion exposure on the mood of patients
with depression related to seasonal affective disorder. A reduction in depressive symptoms was
recorded for patients exposed to 2,7 x 106 ions/cm3 but not those exposed to
1,0 x 104 ions/cm3 [87], a finding also reported in later studies [88] [89]. Perez et al. reports
that negative air ionization is associated with lower depression scores particularly at the highest
exposure level [185]. No adverse symptoms were attributed to exposure to air ions in any of
these three studies. The mechanism for how air ions could have contributed to these results,
however, is not clear. Simple sensory stimulation could be involved since the presentation of
auditory stimuli, bright light, or high levels of air ions all were reported to reduce ratings of
depression, mood disturbance, and anger within 13 min to 30 min [90].
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An additional consideration is suggested by the Terman and Terman study in which the
responses of subjects in all treatment groups (including air ions) were correlated significantly
with pre-treatment expectations of potential benefit. These results raise the issue of placebo
responses [88].

Several groups of investigators have hypothesized that behavioural, psychological, and
respiratory responses of humans and animals to air ions are related to effects on the metabolism
of the neurotransmitter, serotonin. A clinical physician in Israel suggested that increases in
positive ion concentrations associated with hot dry weather conditions or higher levels
generated artificially at 1,0 x 10° ions/cm3 increased levels of serotonin and its metabolite in
the hlood and urine of patients Negative ions were reported to reduce the levels of serotonin
and| its metabolite [91] [92] [93]. These studies are of limited value because of the\ poor
experimental control over their conduct, including exposures and analysis [94] [95].

Krug¢ger's laboratory conducted similar studies in mice and reported changes ,in [the levels of
serdtonin in the blood of mice (see [96] for summary and review), but others have been unpble
to replicate this effect [74] [96]. The Krueger laboratory also reported. changes in|the
congentration of serotonin in the brains of mice and rats exposed.-tto levels between
4,5 k 104 ions/cm3 and 5,0 x 105 ions/cm?3 for as little as 12 h or for aglong as 20 days, byt no
effeft on serotonin or its metabolite in the brains of rats exposed to-5,0'x 10° ions/cm3 for|2 h,
18 R, or 66 h [57].

The| quality of research studies on air ions is low because‘of the difficulty associated with
chartacterization of exposures, the control of relevant physical factors, and other design|and
analysis issues. The data does not indicate an established response among humans or animals
at gir ion levels less than 1,0 x 104 ions/cm3. Atflevels between 1,0 x 104 ions/cm3 |and
1,0 k 10° jons/cm3, a wide variety of biological“and behavioural responses have Heen
investigated, but the studies in aggregate provide no reliable basis to conclude that guch
exppsures influence biological responses. For responses that are reported, there are other
studies that report contradictory findings. \The expectation that larger or more reliable effects
might be observed at still higher exposure. levels, i.e. greater than 1,0 x 105 ions/cm3, wag not
supported, but too few studies at lev&ls above 1,0 x 106 ions/cm3 have been performe{d to
characterize responses to extremely high levels.

4.48.3 Charged aerosols

In the 1930s and the 1940s, investigators in Germany experimented with electrified water
droplets and other aeresols used in the treatment of a variety of respiratory conditions. These
exppsures produced‘a’very large number of charges per particle. While there were anecdotal
repqrts of relief of symptoms, apparently no double-blind studies were performed to confirm|any
bengficial effectss[97]. Such exposures to highly charged aerosols would be expected to
increase theirdeposition in the respiratory tract as predicted by Wilson [98].

Fragerreported that a large number of charges (> 1 000) per particle were necessary to proquce
a 2-fold/increase in the deposition of particles in the respiratory tract of rabbits [99]. Melgndri
et al. reported that 30 to 710 charges/particle were required to increase the deposition of small
particles (0,3 ym to 1,1 ym) in human subjects by 13 % to 30 % [100].

Researchers at a physics research laboratory at Bristol University have hypothesized that
corona on AC transmission lines causes electrical charges to attach to particles so as to
enhance their retention in the respiratory tract and can affect health by increasing exposure to
ambient pollutants [101] [102].
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There has been no empirical demonstration that the levels of charge on aerosols under this
hypothesis, however, would be sufficient to enhance deposition of aerosols. This hypothesis
has been criticized on the grounds of physical modelling [103] [104]. Jeffers reported that
modelling and analyses of power lines and air ionizers indicate that particles are unlikely to
become sufficiently charged to increase deposition within the respiratory tract [104]. This topic
was investigated by an independent group of scientists for the NRPB, who concluded that
charged ions (corona ions) were not likely to contribute to significant health effects [48].

This hypothesis could also be applied to DC transmission lines. Johnson has made direct
measurements of the charge on aerosols by size downwmd from a monopolar DC transmission
line J tive
smd|ll air ions (600 |ons/cm3 to 800 |ons/cm3) the net average number of charged aerosols was
zerd. The number of charges on individual aerosols, however, varied from several negativie to
several positive charges for these conditions. When the DC transmission line was<in hgavy
cordna, the charged aerosol levels were generally 10 000 charges/cm? or less af)ground level
neaf the line (within 30 m or 100 ft) and had only single digit charge states/Even when| the
charge distribution was shifted by the ions produced by the DC transmission’line, some of the
aerqsols still retained charge opposite to the polarity of the DC transmissiagn line.

4.4.8.4 Studies of DC transmission lines

Studies also have been performed on the health and behaviour of humans and animals living
neaf or under DC transmission lines. An effect of ion current is the charging of objects. [The
voltage that the object acquires depends on the magnitude of the ion current and on|the
impédance between object and ground. If a person, téuches the object, the person may
discharge it through a spark. However, such sparks_ occur infrequently because most objects
do not accumulate enough charge.

Haupt and Nolfi reported on a home survey of 438tespondents in 128 households in an expgsed
and|a control suburb along the Pacific Intertie, a transmission line then operated at 400 kV
[108]. No differences in short-term symptoms or overall health were found between the|two
groups. Exposures were estimated by~distance alone; the investigators assumed for|the
purposes of the analysis that residents living within about 0,22 km (0,14 miles) of the line Were
expopsed and those living 1,04 km 01,36 km (0,63 miles to 0,85 miles) distant were not expgsed.
Althpugh the data were well-collected and the analyses conducted carefully and perceptively,
the report is not technically rebust and, therefore, has limited value. Other limitations have heen
discussed in a letter to the ‘editor [109].

An ¢pidemiology study,"of the performance and reproduction of over 500 herds of dairy dows
neaf a *400kV DG transmission line in Minnesota was performed for the Minnegsota
Envlronmental Quality Board (MEQB) [110]. Data on approximately 24 000 milking cows,
inclyiding average daily milk production, percent of animals that experienced high and very high
drops in milk production, and annual average herd milk production in first and third lactatipns,
were copipared across six categories of distance ranging from 0 miles to 1/4 mile or 0,4 km
(stratum¥) out to 6 miles to 10 miles or 9,6 km to 16 km (stratum 6) and time periods beffore
and|after energization of the line in 1979. Similarly, data on reproduction, including inter-ca?l/ing
intervals, abortions, infertility-related culling, and mortality, were analyzed. No differences were
reported in any of these variables before or after energization or as a function of distance from
the transmission line. The strengths of this study include the very large number of cows studied
and the very sensitive, if non-specific, indicators of adverse effects.

Investigators at Oregon State University compared the health and productivity of 200 cow-calf
pairs randomly assigned to pens directly under or 615 m away from the Pacific Intertie £500 kV
DC transmission line. No differences between the animals in the exposed and control pens were
noted with regard to breeding activity, conception rate, calving, calving interval, body mass of
calves at birth, body mass at weaning, or mortality over a 3-year period. The average exposure
of the animals in pens under the line was about 5 kV/m and 13,000 ions/cm3 [111].


https://iecnorm.com/api/?name=cf1b0c8fd84e1fafeedbf90006819ca8

IEC TR 62681:2022 © IEC 2022 - 29 —

As part of this study, the investigators also monitored the activities of the exposed and control
cattle at 13 min intervals during a 24 h period each month [112]. The distribution of cattle along
feed troughs in the exposed and control pens was similar and unrelated to measures of the
static electric field and there were no major differences in the time spent in various behaviours.
Although small differences in the distribution of cattle within the pens were noted, the
investigators reported that the differences were not correlated with fluctuations in the static
electric field or noise levels.

In China, in combined AC and DC electric fields under AC and DC test line sections in the same
corrldor a Iarge number of tests have been carrled out to |nvest|gate the sensmwty of human

gical
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are

summarized below.

4.4.4.2 Minnesota environmental quality board

In 1981, the MEQB convened a expert panel of seven scientists to evaluate the health|and
safdty aspects of a recently constructed.£400 kV transmission line in Minnesota to determipe if
permits for the line protected public health and safety and what, if any, additional standards
were necessary to protect public health [113]. Their review continued over several years|and
the majority report concluded thatair ions are not well established as a cause for biological
effects, and even if these effects were to be substantiated, they posed no hazard to humalh or
animal health. The science~advisors later evaluated additional research and monitoring ¢ata
and|again concluded that there was little likelihood that either chronic or acute exposure to
smalll air ions and static_electric fields at levels measured either on or downwind of the RO of
the DC transmission(line would cause adverse health effects [114].

4.4.4.3 International Agency for Research on Cancer (IARC)

The|primarymission of the IARC is to coordinate and conduct research on the causes of human
canger, (the mechanisms of carcinogenesis, and to develop scientific strategies for capcer
prevention and control. The best-known activity of the IARC is the preparation of reviewls of
teC IIIUO: Pllysical fﬂUtUIO \I A IARC Muncgraﬁno, tU GOOUOO thU [J\JOOIbIIIly that thUy Can
increase the risk of human cancer. IARC's Monographs have included assessments of
chemicals, complex mixtures, occupational exposures, physical and biological agents, and
lifestyle factors. National health agencies use this information as scientific support for their
actions to prevent exposure to potential carcinogens.

Interdisciplinary working groups of expert scientists are convened by the IARC to review the
published studies and evaluate the weight of evidence that an agent can increase the risk of
cancer. Their reviews are performed according to scientific principles, procedures, and criteria.
Since 1971, more than 900 agents have been evaluated.
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An IARC Task Group reviewed scientific research on static electric fields as part of a larger
study of AC fields [115]. For static electric fields, the task group concluded that there is
inadequate evidence of carcinogenicity in humans, and no relevant data were available from
studies of experimental animals. Therefore, static electric fields were judged not classifiable as
to their potential carcinogenicity in humans.

4.4.4.4 Health protection agency of the United Kingdom

The former National Radiological Protection Board (NRPB) had a long history of providing
support and advice to the National Health Service, the Department of Health, and other
government bodies in the United Kingdom on public health issues relating to ionizing radiation
and|electromagnetic fields. The NRPB has issued reviews and assessments on static eleftric
fields and charged aerosols.

In 2004, the NRPB published a review of epidemiologic and biological studies"and physical
meghanisms of interactions of static electric fields [48]. The NRPB concluded.that the most
robyst response to static electric fields was cutaneous perception. The threshold for perception
was| reported around 20 kV/m and annoying sensations were induced.-above 25 kV/m. |The
NRRKB agreed with the IARC [115] that overall, the effects of static electrie’fields in humang do
not suggest that exposure is associated with significant health effects®

The|NRPB also has reviewed research on air ions and charged, aerosol particles. A group of
scigntists was assembled to provide input to the Advisory, Group on Non-lonising Radigtion
(AGNIR) of the NRPB on the possible effects of corona ions:or static electric fields on exposure
to airborne pollutants and address the question whether’ corona ions increase the dose of
releyant pollutants to target tissues in the body [48]<The conclusion of AGNIR was that ['the
addftional charges on particles downwind of power“ines could also lead to deposition on
exppsed skin. However, any increase in deposition. is likely to be much smaller than increases
caused by wind." Their conclusion identified *uncertainties about the inhalation of chafged
partjcles, but stated, "However, it seems unlikely that corona ions would have more than a small
effect on the long-term health risks associated with particulate pollutants, even in the individuals
who| are most affected” [48]. This assessment has been reaffirmed by the WHO in 2007 [1]6].

4.4.4.5 World Health Organization

The[WHO is the division of théUnited Nations that is responsible for providing leadership on
glohal health matters, shaping the health research agenda, setting norms and standards,
artiqulating evidence-based policy options, providing technical support to countries, |and
morjitoring and assessing health trends.

Of these four sciéntific agencies indicated, the WHO conducted the most recent assessment of
static electricdields in 2007 [116]. An important consideration in the WHQO's assessment was
that|a static(electric field does not penetrate electrically conductive objects such as the human
body; thefield only induces a surface electric charge. Thus, the potential for effects on the hody
are |imited to those related to the perception of the density of charge on the surface of the Qody
by i{s‘interaction with body hair and by other effects such as spark discharges (micro shogks).
At sufficiently high levels, this perception can produce annoyance and discomfort.

Overall, the WHO review also supported the conclusions of the IARC [115] that static electric
fields could not be classified as to their potential relevance to cancer processes. The WHO
made no recommendations for further research concerning biological effects from exposure to
static electric fields or the need for any human epidemiology studies.

None of the scientific weight-of-evidence reviews conducted to date concluded that any adverse
health effects of exposure are likely, but micro shocks under some conditions under a DC
transmission line could be annoying or cause a shock.
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4.5 Design practice of different countries

The electric field and ion current limits at ground level are the important foundations for the
determinations of conductor patterns and line configurations, and reasonable limits are
important for health and safety protection and project cost control.

At the initial stage of UHVDC project studies in China, the electromagnetic properties of UHV
project is controlled to be not more than the level of the electromagnetic properties of EHV
project. Based on the analysis and studies of national and international electromagnetic limits
of DC and AC lines, combining the actual situation in China, after the test, calculation, and
analysis for the technical feasibility and economy, the electric field and ion current limits for

+800 kV DC lines in China have been put forward and shown in Table 1.

Table 1 — Electric field and ion current limits of £800 kV DC lines in China

Electromagnetic HSE parameters

Limits

Electric field (kV/m)

30 (under lines, on the'ground)

15 (residential areas(nearby residential
housing), wet condutctors, on the ground)

Current density (nA/m?2)

100 (underlines, on the ground)

Thelelectric field and ion current limits for DC lines in theé<United States of America, Can

and|Brazil are respectively shown in Table 2 to Table 4

Table 2 — Electric field limits of DC lines“in United States of America [121]

ada

Department

Limits

Department of Energy (kV/m)

30 (under lines, on the ground)

15 (space charge free electric field (static
electric field), on the ground)

North Dakota State (kVI(m)

33 (under lines, on the ground)

Minnesota State (kV/m)

12 (space charge free electric field (static
electric field), on the ground)

Table 3 = Electric field and ion current limits of DC lines in Canada

Electromagnetic HSE parameters

Limits

Electric field (kV/m)

25 (under lines, on the ground)

lon current density (nA/m?)

100 (under lines, on the ground)

Table 4 — Electric field limits of DC lines in Brazil

Electromagnetic HSE parameters

Limits

Electric field (kV/m)

40 (under lines, on the ground)

10 (at the edge of the RoW,on the ground)

lon current density (nA/m?)

100 (under lines, on the ground)

5 (at the edge of the RoW,on the ground)
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5 Magnetic field

5.1 Description of physical phenomena

The DC magnetic field is produced by the current in the conductors of an HVDC transmission
line, and the magnetic field is also a parameter of the electromagnetic property of an HVDC
transmission line. The description of the physical phenomena of magnetic field is given in this
Clause 5.

The DC magnetic field produced by an HVDC transmission line does not vary with time, and it
is diferentfrom—theAGC—magheticfieldproducedbyaHVACtranrsmissieontires—Unlike the
elegtric field under an HVDC transmission line, if there are no existing magnetic substances in
the yicinity of an HVDC transmission line, the DC magnetic field will not be deformed_generplly.
The|DC magnetic field is defined mainly by the operating current and the line configuration,|and
its magnitude is in proportion to the magnitude of the current in the conductors)and fallg off

rapiflly away from the conductors.

The[ magnetic induction intensity is usually used to describe the madgnetic field of a|DC
trangmission line. For AC transmission line, the image conductor needs_ te be considered when
its magnetic field is calculated. The equivalent depth of image conductor is defined by| the

Equption (19):
d= 660\/§(m) 19)

whefre

p s the resistivity of the earth;
f s the frequency.

For [the DC current, fis equal to zero"and the equivalent depth of image conductor can be
thoyght of as infinite, so only the_magnetic field produced by the current of conductors aljove
the ground need be calculated.

If DC transmission line is considered to be infinite and straight, Ampere's circulation thegrem
can|be used to calculate. its magnetic field. The actual DC transmission line is not infinite [and
stralght, so Biot-Savart's'law can be adopted to calculate its magnetic field by integrating.

5.2 | Magnetic.field of HVDC transmission lines

In sbme couniries, such as China, the impact on the instruments of geomagnetic observgtory
neefls to-be considered during the design of DC transmission lines, and a minimum distgnce
betwee€n-geomagnetic observatory and the DC lines needs to be specified. The Internatipnal
Conmmission on Non-lonizing Radiation Protection (ICNIRP) gives the suggested limit of general
public exposure to static magnetic fields as 400 mT. German regulations give a limit of 500 uT
for DC magnetic field for general public. China, Poland, the Netherlands and Switzerland also
have limits below ICNIRP suggestion of 400 mT. Even in the corridor of HVDC lines, magnetic
field from HVDC lines is about the same as the geomagnetic field and markedly decreases with
distance from HVDC lines. Figure 2 indicates the lateral profile of magnetic field of a Chinese
1800 kV HVDC line whose operating current is 4 000 A, under the bipolar operation condition.
The clearance between positive polarity and negative polarity is 22 m. Curves from top to
bottom represent line height from 17 m to 25 m. Even at the lowest height of HVDC line (18 m),
the maximum magnetic field at ground level is less than 45 uT, whereas the geomagnetic field
in most areas of the world is 20 yT to 70 uT. It is obvious that the maximum magnetic field of a
+800 kV HVDC line on the ground surface, under rated current operating conditions, is on the
same level as the geomagnetic field experienced in most parts of the world. Thus, magnetic
limit is not a design consideration for HVDC lines.
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Figure 2 — Lateral profile of magnetic field on the ground of +800 kM HVDC lines

Radio interference

Description of radio interference phenomena of HVDC transmission system

6.1.11 General

Radjio interference (RI) generated from the HVDC transmission systems is caused in two wpys:
firstly, by normal operation of the main converter yalves; secondly, by corona discharge
associated phenomena on high voltage equipment, bus bars and overhead lines. The corona in

the

The

converter stations can affect a long distance along the transmission lines, such as 10

statfons, where the impact of HVDC converter valves is insignificant.

Rad

frequencies by [120]:

a)
b)
c)

corona discharges in air atthe surfaces of conductors and fittings;
lischarges and sparking._at highly stressed areas of insulators;
sparking at loose or.imperfect contacts.

The[sources of a) @nd b) are usually distributed along the length of the line, but source

usu

surf

ally local. Fornlines operating at voltages above 100 kV, the electric stress in air at

broHen or cracked insulators can give rise to local sources of radio interference. High vol

app

bratusiin converter stations can also generate radio interference which can be propag

alorlg dhe-overhead lines. However, this is strictly regulated by radio interference voltage t
at factory. This document focuses on radio interference phenomena due to corona dischar

and

km.

following discussion is about those sections of the HVDC lines far from the converter

io interference from the HVDC overhead power lines can be generated over a wide barld of

L) is
the

ace of conductors and fittings can cause corona discharges. Sparking at bad contacts or

age
ated
ests
e.

In the description of the empirical/predication formulas of this document, the information of the
detector type is quasi-peak.

6.1.

2 Physical aspects of DC corona

The physical aspects of the DC corona mechanism are different from those of AC corona,
because:

a) a stationary ionization sheath is created around each conductor;

b) a space charge is built up in the remaining space between the conductors and ground and

between conductors themselves.
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Corona discharges are 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 towards the positive conductor. This leads to a significant difference between the two
resulting forms of corona. Negative corona discharges occur at a high repetition frequency and
moderate amplitude, whilst those near the positive conductor are less frequent and have much
larger amplitude [16].

6.1.3 Mechanism of formation of a noise field of DC line

Corona discharges on conductors, insulators or line hardware or sparking at bad contacts can
be the source of radio interference as they inject current pulses into the line conductors. The
corgna current propagates along the conductors in both directions from the injection point. [The
varipus components of the frequency spectrum of these pulses have different effects. The radio
intefference voltages and currents propagating along the line produce an associated
propagating electromagnetic field near the line (Figure 3). The fields near the ling are related
to tHe radio frequency voltages and currents propagating along the line, depending'on the slirge
impedance of the line. Furthermore, the directions of the electric and magnetic-field compongnts
are Jargely determined by the geometrical arrangements of the line conductors. In addition] the
soil conditions affect differently the mirror image in the ground of the electfic and magnetic field
comlponents, respectively.

Figure 3 — The corona current I and radio interference magnetic field H

In the case of an HVDC line, the total electric field strength is the vectorial sum of the indivigual
field strength components associated®with each polar conductor. A more comprehensive
treafment, together with practical methods of assessing the electromagnetic field, is needdd.

6.1.E Characteristics of radio interference from DC line
6.1.4.1 General

Thel[radio interference) characteristics of a high voltage DC line include frequency spectfum,
lateral profile, statistical distribution.

6.1.4.2 Frequency spectrum

The[spectrum is the variation of the radio interference measured at a given point in the vicjnity
of a|[DE line, as a function of the measurement frequency. Two phenomena are involved:

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

6.1.4.3 Lateral profile

The RI field lateral profile of a bipolar HVDC line is nearly symmetrical about the positive
conductor if the earth wires are corona-free. This behaviour can be explained by the fact that
the negative conductor produces a lower level of radio interference than the positive conductor.
With _the same gradient for both conductors the difference in their radio interference level
confributions is at least 6 dB. Hence radio interference from the negative conductors may be
congidered to be negligible. For a negative monopolar line, the noise level may be even 20 dB
lower than for the same line with positive polarity.

6.1.4.4 Statistical distribution

The|systematic study of fluctuations in the radio interference level of a_line necessitates| the
conlinuous recording of the field strength under this line for at least a year at a fixed distgnce
from the line and with a fixed measurement frequency. Numerous)fesearchers, in many
countries, have carried out such measurements with the result that/there is in existence fpirly
religble data on the annual or seasonal variations in radio interference level. These results are
oftep presented according to statistical analysis methods, thatis.to say in the form of histograms
or ap cumulative distributions. The latter express the percentage of time during which the radio
interference level was less than a given value.

The|most important causes of fluctuations in recordédvradio interference level are:

— the random nature of the phenomenon;

— variations of the meteorological conditions! both at the measuring point and along the|few
fens of kilometres of the line which contribute to the local interference;

— ¢hanges in the surface state of the conductors, which is affected not only by weather
tonditions such as rain and frost,"but also by deposits of dust, insects and other particles.
6.1.p Factors influencing the Rl from DC line

6.1.5.1 General

The|radio interference’characteristics: level, frequency spectrum and lateral profile of a high
voltage DC line are~determined by:

— ¢onductor surface conditions;

— ¢onductar surface voltage gradient;
— polarity;

— \eather conditions.

6.1.5.2 Conductor surface conditions

Research has shown considerably more fair-weather Rl sources on DC lines compared to AC
lines. During the late autumn and winter months, the fair-weather corona was low. In late spring
and summer, the pattern of conductor corona sources repeated with corona increasing up to
high levels.

6.1.5.3 Conductor surface gradient

One of the most important quantities in determining the radio interference level of a line,
especially when conductor corona is dominant, is the strength of the electric field in the air at
the surface of the conductor or surface voltage gradient.
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All predictive formulae or analysis procedures for Rl performance utilize the maximum
conductor surface gradient (average maximum gradient of individual conductors in a bundle) as
a prime parameter for estimating Rl levels on DC and AC transmission lines. This variable is
generally calculated from the physical geometry of the system and the system voltages in
charge-free conditions. The conductor surface gradient calculated for charge-free conditions is
a sensitive parameter for prediction of Rl on AC lines. This is less so for DC lines. For example,
on a conductor energized with AC lines, a change in operating voltage level of +10 % results in
a change in Rl of 5 dB or more for fair weather; in contrast, a change in DC operating voltage
level of +10 % for practical line designs results in a change in RI of 3,5 dB.

6.1.5.4 Polarity

Thel|positive pole of a bipolar HVDC line produces the greatest amount of RI to the extent|that
Rl generation from the negative pole can be ignored. Therefore, Rl generation is\limited to
spegific conductors, unlike AC lines where all conductors are involved. Studies using.condyctor
cageés have shown RI generation from negative polarity conductors to be far bélew generdtion
from positive polarity conductors. Positive polarity produces more Rl than-negative polarity
because of fundamental differences in the corona processes. On positivecpolarity conduciors,
current pulses caused by corona have higher magnitude and longer,\decay times than on
neggtive polarity. This results, at least in the broadcast band, in corona on positive polarity
condluctors affecting the broadcast band more than corona on n€gative polarity conduciors.
Addjtionally, in certain climates airborne surface contaminants”were found in much grefater
progortion on the positive pole, causing higher RI generation,

6.1.p.5 Weather conditions
a) [Fair/foul weather

Resplts from laboratories, tests, and operating DC.lines have shown that the highest leve|s of
RI dccur during fair, dry weather rather than wet“weather as for AC lines. During wet wealther
many water drops appear on the conductors”Water drops are very effective corona sourfes,
because in an electric field they deform and\become pointed, producing corona at electric fipelds
mugh lower than the conductor surface electric field existing in corona-free conditipns.
Consequently, ionization of air near _the  surface of DC line conductors in wet weather is yery
intense and a significant amount of space charge is produced. This space charge incregses
corgna loss and air ions, but also has the effect of producing a fairly uniform ion cloud arqund
the conductors and of maintaining the actual conductor surface electric field at the relative|low
valule of the water drop corona onset field. In these conditions, corona from water drops ig not
highly impulsive and nojsy,as the corona from sources in most fair weather conditions, byt is
morg of a glow. Glow-\corona corresponds to a steady, noiseless charge emission from
condluctors into space./These phenomena do not occur for AC lines, because the polarity of the
elegtric field near“the conductor surface changes with power frequency, preventing|the
formation of a afniform ion cloud of the same polarity. Consequently, Rl generation on DC ljnes
is lgss duringswet weather than in dry weather. It should be noted that there are exceptiors to
the [rule that-the highest Rl levels occur during fair weather. Light snow, for instance, |can
produce(slightly higher Rl levels than dry weather.

Thus, the highest radio interference Ievel 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
cases even more. The level may also be influenced by the line configuration and the voltage
gradient and these remarks apply to bipolar and to positive monopolar lines. However, the
80 %/80 % criteria (the radio noise level does not exceed the limit for more than 80 % of the
time with at least 80 % confidence) are still valid.
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b) Rain washing

For AC and DC lines, the major effect of rain is to wash contaminants off the conductor surface.
Because of space charge effects on DC lines, washing by rain can affect AC and DC fair weather
RI differently. If the pre-rain Rl level on DC conductors was a result of the activity of many RI
sources close together with attendant space charge production which can lower RI by the
formation of an effectively larger diameter conductor, then RI after washing on DC conductors
could be higher than before. In contrast, rain washing always reduces the fair-weather Rl level
on AC lines.

¢) Wind

Another area where the performance of DC lines differs from AC lines is the influence of Wind.
Thelinfluence of wind on the HVDC line may be notable. For a wind direction from theynegative
to the positive conductor the radio interference level increases with wind speeds over-3 m/g by
0,3 gB to 0,5 dB for each 1 m/s increment. For a wind direction from the positive to|the negative
condluctor this effect is significantly lower.

d) $easonal effects

Furthermore, the long-term radio interference level of a DC line is influenced by seasonal effects;
in symmer the level is normally higher than in winter by approximately-4 dB. This may be caysed
by insects and airborne particles on the conductor surface, or by the absolute humidity of the
air.

6.1.5.6 Effect of altitude above sea level

With an increase in altitude, the air density is decreased, resulting in a decrease of corpna-
onse¢t fields. This manifests also itself in Rl levels:An increase in altitude results in an incrgase
of Rl levels of transmission lines as a consequence.

In [135] it was found that the Rl at 0,5 MHzfrom HVAC lines is increased by about 1 dB eyery
300[m of increment in altitude above sea:level. However, according to the latest research regults
in China [178] [179], the RI predicted by~ altitude correction formula proposed by China is much
smaller than that predicted by theyHVAC formula. Taking the RI at 0,5 MHz correctiop of
+500 kV transmission lines at 4,300 m elevation for example, the predicted value calculatefl by
RI Tltitude correction method_of HVAC is about 14,3 dB(uV/m), and the predicted value
evaluated by RI altitude carrection method of HVDC is about 10 dB(uV/m). The latter is pnly
70 % of the former.

6.2 Calculationimethods
6.2.1 EPRl-empirical formula

The|radio.dntefference characteristics: level, frequency, spectrum and lateral profile of an HYDC
line|are(determined by: a) design parameters, b) line voltage, or conductor surface volfage
gradienirand polarity, c) weather conditions.

Monopolar RI prediction formulas were derived by EPRI and IREQ respectively [121] [122]. The
EPRI empirical formula to calculate the monopolar RI for voltages up to 400 kV is given in
Formula (20):

2
RI = 214|g(g”ﬂj —278(|ggmij +401g(r) —27Igi—40Ig£+10Ig(£j (20)
&0 80 Jo Dy 9
where
RI is the Rl value to be calculated, quasi-peak value, dB above 1 pA/m1/2;

Zmax 1S the maximum surface voltage gradient, kV/cm;


https://iecnorm.com/api/?name=cf1b0c8fd84e1fafeedbf90006819ca8

- 38 - IEC TR 62681:2022 © IEC 2022

go is the onset surface voltage gradient, 14 kV/cm;

r is the radius of the conductor, cm;

f is frequency to be calculated, MHz;

Jo is reference frequency (0,834 MHz);

D distance to the polar conductors (m);

Dy reference distance to the polar conductors (30,5 m);

Af reference bandwidth (5 kHz)

d
8max = 8av {1 + (” - 1);}

whefre

gav| is the average gradient of the bundle conductor, kV/cm;

R is the pitch-circle diameter of the subconductors;
n is the number of conductors in the bundle;
is the diameter of subconductor, cm;

_ U
Sav =Tuad  2n
—.In
2 feq

whefre

U is the voltages on the conductors {(kV);

h is the height of the conductor above ground, cm. Usually this is taken to be the megn of
the heights at the two towers.of the span minus 2/3 of the sag at the lowest point of the
conductor;

Feq is the radius of conductor or radius of bundle equivalent conductor (cm);

NOTE

a) Teqg = % in the casg of a single conductor;

R /nd
b) Teqg = E” ? in the case of a conductor bundle, R is the pitch-circle diameter of the subconductors.

6.2.p IREQ empirical method

The IREQ empirical Rl excitation function was developed for different seasons of the year as
well as fair and foul weather conditions. This is given in Formula (21)

d
I'=ki+ky (- g0)+ k3 190+ kg 1g(--) (21)
0 "o

where

I is the RI excitation function in decibels over 1uA/m1'/2 quasi-peak value;
g is the maximum surface voltage gradient in kilovolts per centimetre;

n is the number of subconductors in the bundle;
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d is the subconductor diameter in centimetres;
ki, ky, k3 and k, are empirical constants;
go, Ny and dy are reference values;

go =25 kV/icm, ny =6, dy =4,06 cm.

The parameters defining the excitation function developed by IREQ in [122] are given in Table 5
and Table 6. The empirical constant could not be defined in this study since only a single

conductor was used as a reference.

Table 5 — Parameters of the IREQ excitation function (Monopolar) [122]

D

Polarity Weather ky ko ks k4
Fair 33,29 2,28 - -11,47
+DC
Foul 31,7 1,69 S -7,3B
Fair 6,28 0,23 - 3,05
-DC
Foul 6,3 0,46 - -6,0p
Table 6 — Parameters of the IREQ excitation function (Bipolar) [122]
Polarity Weather ky ko ks ky
Fair 30,68 1,93 33,04 —11,44
+DC
Foul 28,96 1,61 27,96 -7,3f
Fair 22,42 1,86 24,13 -11,92
-DC
Foul 22,05 1,53 20,40 -6,9p
6.2.8 CISPR bipolar line Rl prediction formula
CISPR recommended a bipolar line RI prediction Formula given in (22), which was based on
extgnsive measurements.on lines [14], with various configurations.
20
RI'=38 +1,6(gmax —24)+46lg(r)+5Ig(N)+AE, +33Ig +AE, 22)

IS The level OT The radio Interference tield strength, quasi-peak value, db(pgVv/m);

is the maximum surface gradient of the line, kV/cm;

is the radius of conductor or subconductors, cm;

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

RI

&max

,

N is the number of subconductors;
D

AE

is the correction for different weather condition, dB;

AE, s the correction for different measurement frequency, dB, AE, = 5[1—2(Iog(10f))2};

is the numerical value of the measurement frequency, MHz.
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If the formula gives the level for 0,5 MHz and the position at a direct distance of 20 m from the
nearest conductor in fair weather, then the last three elements of the formula are all zero.

6.3 Experimental data
6.3.1 Measurement apparatus and methods

This document applies to radio interference from DC overhead power lines and high-voltage
equipment which may cause interference to radio reception, excluding the fields from power
line carrier signals. The measurements need to be performed at such a distance from the HVYDC
converter stations that any corona from the station or converter generated interference will not
impact the result. The frequency range covered is 0,15 MHz to 300 MHz. The measuring
apparatus and methods used for checking compliance with limits conform to, CI$PR
spegifications, for example CISPR 16: CISPR Specification for Radio Interference Measuring
Apppratus and Measurement Methods [123]. For the frequency range above-30 MHz,| the
medgsuring methods are still under consideration by CISPR although some basic/aspects| are
given in CISPR 16.

Thel| reference measurement frequency is 0,5 MHz. The following frequencies: 0,15 MHz;
0,29 MHz; 0,5 MHz; 1,0 MHz; 1,5 MHz; 3,0 MHz; 6,0 MHz; 10 MHz; 15 MHz; and 30 MHz|can
be Used.

The|test aerial is an electrically screened vertical loop, whasé-dimensions are such that| the
aerigl will be completely enclosed by a square having a side 'of 60 cm in length. The basle of
the Joop is generally about 2 m above ground. The aerijallis rotated around a vertical axis|and
the maximum indication noted. If the plane of the loop-is not effectively parallel to the direqgtion
of the power line, the orientation needs to be statedThe lateral profile of the radio interfergnce
field is to be determined. For purposes of comparison, the reference distance defining the npise
Ieveyl: of the line is usually 20 m. Measurementscis' made at mid-span and preferably at seVeral
such positions. Measurements is not made ne@r points where lines change direction or intergect.
The|atmospheric conditions need to be approximately uniform along the line. Measurements
under rain conditions will be valid only.ifsthe rain extends over at least 10 km of the ling on
either side of the measuring site.

When the results of measurements are reported, the following additional information needs to
be |included at least: conductor surface voltage gradient; atmospheric conditiond at
megsurement sites: temperature, pressure (altitude), humidity, wind speed, etc.; conductor
configuration.

6.3.p Experimental results for radio interference

The|more and-detailed experimental results for radio interference are shown in Annex B.

6.4 | Criteria of different countries

No ¢onsistent criteria have been found around the world. No exact value for the RI limit of § AC
line has been agreed by different countries. However one important line design principle for
different organizations is to limit Rl from DC lines in order not to influence broadcast reception.
As a method to evaluate the Rl of a DC power transmission line, the ratio of the received signal
voltage to the received interference voltage (signal to noise ratio: SNR) is used, in the same
way as for an AC transmission line.



https://iecnorm.com/api/?name=cf1b0c8fd84e1fafeedbf90006819ca8

IEC TR 62681:2022 © IEC 2022 - 41 -

The radio frequency SNR tests were conducted in line section 2 (4 x 30,5 mm with 11,2 m pole
spacing). The broadcast station selected for the reception evaluation tests was CKWX,
Vancouver, B.C., operating at 1 120 kHz, and quality of reception was evaluated at each of
several test voltage levels in the range of £300 kV to +600 kV. At each test level, the evaluating
panel (11 persons) assigned one of the following reception evaluations:
— background not detectable

— background detectable

— background evident

— background objectionable

tifficult to understand (hear)

nintelligible.

The|test result of reception quality versus SNR is shown in Figure 4. The subjectiverevaluatjons
indi¢ated DC RI tolerance level SNR of 10:1. Restated in terms of dB, the intetfering noige at
the receiving antenna is 20 dB below the broadcast signal strength for acceptable reception.

Background
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Background
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Background
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Background
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Reception quality
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gure 4 — Rl tolerance tests: reception quality as a function of signal-to-noise ratio

In China, the consideration used for Rl when doing HVDC line design is: when measuremgnts
are performed under fine weather conditions, they not exceed 55 dB(pV/m) at 0,5 MHz af the
refefence point,"which is 20 m horizontally away from the centreline of the positive polgrity
condluctor, and*2 m above ground.

7 |Audible noise

71 Basic principles of audible noise

The intensity of a sound may be characterized by the root-mean-square amplitude of the small
variations in atmospheric pressure that accompany the passage of a sound wave. It is usually
expressed in terms of micro-pascals, abbreviated, yPa (1 yPa = 1 uN/m2 = 1072 pbar).

The range of pressure variations that the human ear can detect is extremely large (1 million to
one).

For reporting convenience, a compressed scale has been devised on the basis of the logarithm
of the sound pressure; this is the sound pressure level and is expressed in decibels above a
reference pressure.
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I =201g (%j [dB]

re
is the sound pressure level,
is the sound pressure;

is the reference pressure.

(23)

bss otherwise specifically stated, the reference pressure is 20 uPa (2 x 10~4 pbar).

human ear is not equally sensitive to all frequencies. Rather, it is more sensitive tg
ange frequencies where most speech information is carried. This chatacteristi

accounted for in sound measurements by adjusting the spectrum of the Mmeasured sdg
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sure level for the sensitivity of human hearing. In standardized, 'sound measuy
uments, this is implemented with selectable A-, B-, C- and D- weighting networks [1
h give some frequencies more or less weight than some others. Fhescharacteristics of
rent weighting networks are shown in Figure 5, along with the characteristics of the ave
an ear.

ar the most commonly used noise rating scale is the A-wegighted sound level, expresse
N). Although laboratory experiments by Wells [171], and by Molino [172] have indicated
ective reaction to corona noise of HVAC lines might better correlate with the B- o
hting network, HVAC transmission line noise céntinues to be measured and reporte
h).

Lidy of the subjective response to HVDC transmission line audible noise [33] has conclU
for the same dB(A) level, HVDC audible.noise can create a different annoyance than H

ble noise; at 50 dB(A) HVDC and . HVAC audible noises generate the same amour

tical HVDC lines produce audiblenoise of less than 50 dB(A) outside the right of way.
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Figure 5 — Attenuation of different weighting networks used
in audible-noise measurements [16]
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Description of physical phenomena

1 General

Audible noise (AN) is one of the possible consequences of corona discharges occurring at the
surface of conductors of overhead HVDC transmission lines. On rare occasions, audible noise
is also produced by intermittent flashovers of insulator units in transmission line insulator strings.

Normally, HVDC transmission lines contribute very little to surrounding noise. Vehicles, aircraft,
and industrial noise are more common sources. At operating voltages lower than 400 kV, the
noise level of practical HVDC transmission lines is of no concern. Even at operating voltages
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confliguration and voltage generating a relatively low audible noise and the other for relati
high corona noise conditions. A typicalsspectrum of fair weather ambient audible noise tg
duripg the day is also shown for comparison. It is clear from Figure 6 that HVDC line aug
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100 KV or higher, audible noise from HVDC lines often can barely be distinguished from
bral noise background, and it is difficult to measure separately from the background™n
pout special techniques.

weather. Therefore, HVDC line audible noise is of particular concern in° afreas whereg
ient fair-weather noise is particularly low.

ost respects, HVDC transmission line audible noise is similar to.that of HVAC transmis
5. Therefore, terminology and measuring techniques are the same as those used for H
smission line audible noise [173].

ble noise generated by corona on HVDC overhead transmission lines is broadband
ificant high frequency content, which distinguishes it from more normal com
punding noises. Corona is a random occurrence along the line and the noise from ¢
na pulse may extend to frequencies well béeyond the sonic range. This randomr
bined with the significant high frequency content results in sounds variously describe
kling, frying, or hissing. Figure 6 shows two\typical frequency spectra of HVDC line co
e measured at High Voltage Transmissiof Research Center (HVTRC) [132] one for a

e measurements can be significantly affected by ambient noise. The low-frequd

ient noise. The best indicators of corona noise are the octave band measurements
Hz to 16 kHz. Unlike HYAC, HVDC corona noise does not contain pure tones at twice
er frequency and its,harmonics.

ponents of the noise (up to_the 125 Hz octave band) can rarely be distinguished :lrom
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Figure 6 — Comparison of typical audible noise frequency spectra [132]

ound waves travel through the air, there are mainly two kinds of noise attenuation te
is caused by geometric divergence, the other is cadsed by air absorption. The geomet

divefrgence accounts for cylindrical spreading in the ffee'field from a line sound source, ma

the
abs
tem
freq
may
from

7.2.

Typ
equ
pres
of 1
das
a so
cury
at th

geometric divergence attenuation. A certajni{amount of energy is lost by moleg
brption resulting in attenuation. The absorption is a complex function of freque
perature, and relative humidity [174]. Air_absorption is primarily important at the hi
uencies. At frequencies of 1 kHz to 2 kHzyit has a negligible effect. Typically, the absorg
result in a reduction of 1 dB to 2 dB, of the A-weighted level for each 100 m of distg
the line noise source.

P Lateral profiles

cal lateral profiles of ANNmeasured on an HVDC line energized to 750 kV and 90
pped with 4 x 4,1 cm _stranded round wires with a subconductor spacing of 45,72 cm
ented in Figure 7 [134]. The pole spacing is 13,72 m and the test line has average hsg
5,58 m (minimum—height of 13,72 m and a height of 22,31 m at the support points).
ned curves in this figure correspond to the measured profiles obtained at the test line u
und level meter equipped with a 1,27 cm microphone for outdoor operation, while the s
es represéntithe profiles calculated using the generated acoustic power densities meas
ese voltages and assuming that the noise comes mainly from the positive conductor.
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lar results are shown in Figure 8, where the experimental points as well as the calcul
le for the line are equipped with 8 x 4,6 cm conductor bundles energized to +1 050 kV.
rent points in Figure 8 correspond to different individual measurements.
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Figure 8 — Lateral profiles of the AN from a bipolar HVDC-line equipped with 8 x 4,6 cm

(8 x 1,8 in) conductor bundles energized with *1 050 kV [134]

The lateral profiles of AN measured under the test line agree reasonably well with those
obtained using semi-empirical formulas.

As one can see from the profiles depicted in Figure 7 and Figure 8, the positive polarity
conductor is the primary source of HVDC transmission line audible noise, as it is essentially

sym

metrical around the positive pole.
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Figure 9 [132] shows the A-weighted lateral profiles measured under a test line energized at
+1 200 kV, 1 050 kV and £900 kV. There, only at the voltages of £1 200 kV, the measured
profile exhibits the expected behaviour with increased levels under the positive pole. Most
probably, the ambient noise interferes with the lower audible noises from the line emitted at the
lower voltages.

This would also explain the apparently weaker attenuation of noise levels measured far from

the |

ine energized with £1 200 kV.
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Figure 9 — Lateral profiles of fair-weather A-weighted sound level [132]

h the profile of AN (Figure 7 and_EKigure 8), it can be seen that the profiles are symmet
nd the positive pole. It impliescthat positive polarity conductor is the primary source of
HVDC transmission line. This’can be found in other literatures [8] [16] [34] [39] [122
As the positive pole of abipolar HVDC line produces relevantly more audible noise
hegative pole, the contribution from the negative pole can be ignored. For example,
ient of 25 kV/cm, test.results using conductor cages have shown a difference betw
tive and negative polarity of about 8 dB [33]. Therefore, audible noise generation is linj
e positive pole,-unlike in the AC case where all conductors are involved.

tive polarity produces more audible noise than negative polarity because of fundamg
rences (in)ythe corona processes. Similarly to the difference in the corona current p

amp
pol

is emhariced by the fact that in certain climates airborne surface contamination and insects

litudes-between positive and negative polarity, the acoustic pulse amplitudes at pos
rity, are also an order of magnitude higher than those at negative polarity. This asymm
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both act as spots where corona sets in. They are found in much greater numbers on the positive
pole.
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7.2.3 Statistical distribution

The AN from HVDC transmission lines varies with the meteorological variables and the corona
sources on the conductor surface. This variability can be quantified using the so-called
exceedance levels such as Lgy and L, which are widely used to assess AN from transmission

lines. The summer fair-weather Ly is very useful in HVDC line design, because in summer the
fair-weather AN is higher than in other seasons and weather conditions. Statistical descriptors
are often applied to A-weighted sound levels. They are called exceedance levels or L-levels.
For example, the Lg is the A-weighted sound level exceeded for 5 % of the time over a specified
time period. The other 95 % of the time, the sound level is less than the Lg. Similarly, the Lg,
is the—soumdtevetexceeded 50-% of thetime; the g5 s thesoundtevetexceeded95-% of the
timd; etc.

In the following, two examples of assessing the audible noise from HVDC-lines with exceedgnce
levels are presented to illustrate this statistical behaviour of the corona—noise.

Figdre 10 [34] shows the all-weather probability distributions of AN at 15:@ from the posjtive
polg of the upgraded Pacific NW/SW HVDC Intertie by depicting the.exceedance levels.|For
exaple, the fair weather L5y exceedance level in Figure 8 amounts to-41,0 dB (A).
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Figure 10— All weather distribution of AN and RI at +15 m lateral distance
of the{positive pole from the upgraded Pacific NW/SW HVDC Intertie [34]

Figure11.[132] shows the variability of the AN probability distributions for three different voliage
level$:Only the measured values for the voltage £1 200 kV are relatively undisturbedq by
ambient noise.
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gure 11 — Statistical distributions of fair-weather A-weighted sound level measur
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7.2.E Influencing factors
1

Conductor surface gradient

predictive formulae or analysis prdcedures for AN performance utilize the maxin
juctor surface gradient as a prime parameter for estimating audible noise levels for DC

transmission lines. This variable is generally calculated from the physical geometry of
em and system voltages in,charge-free conditions and is dependent on the line he
ber and position of subconductors in the bundle, and separation of the subconductors.
juctor surface gradient calculated for corona-free conditions is a sensitive paramete
prediction of audible noise. A change in dc operating voltage level of 10 % for practical
gns results in a change in fair weather audible noise of about 5 dB [121].

h of the research on transmission line audible noise in the past has been devoted to H
smission lines. The design considerations for HVAC [173] are similar to those for HV
here are important differences for HVDC, such as the effect of constant polarity.

7.2,

.2 Conductor surface conditions
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Research has shown considerably more fair-weather corona sources on HVDC lines compared
with HVAC lines. Before rain, a density of less than three sources per meter has been reported
for HVAC lines [173], On HVDC lines in dry weather up to 60 dead insects per meter were found
at HVTRC. Visual observations show that positive conductors of HVDC lines are, in general,
dirtier and collect more insects and debris than negative conductors. Nicks and scratches on a
conductor can also act as a source of corona and audible noise.
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7.2.4.3 Line polarity

The positive polarity conductor of a bipolar HVDC line produces more audible noise than the
negative polarity conductor; in fact, audible noise generation from the negative pole is negligible
and can be ignored. HVDC audible noise generation is limited to specific polarity conductors
(positive polarity), unlike in the AC case where all conductors are involved due to the fact that
AC conductors switch polarity 100 times per second and thus for half of their cycle have positive
voltage.

Positive polarity produces more audible noise than negative polarity because of fundamental
differences in the corona processes. On positive polarity conductors, current pulses caused by
cordna have higher magnitude and longer decay times than on negative polarity conducfors.
Thig results in more audible noise on positive polarity conductors than on negative, polarity
condluctors. In addition, airborne surface contaminants and insects which can act‘a@s-cofona
soufces are found in much greater proportions on the positive polarity conductor,

7.24.4 Adjacent lines

The|energization of nearby adjacent lines may affect the audible noise‘level produced by a
condluctor by modifying its surface gradient. All transmission lines in the"same right-of-way reed
to He included in the calculation of conductor surface gradient:<Adjacent AC lines can be
considered as zero potential (grounded conductors) for purposes of DC noise calculation [163].

7.24.5 Weather parameters

Resplts from laboratories, test lines, and operating DClines have shown that the highest lejels
of apdible noise occur during fair, dry weather rather\than wet weather as for ac lines. During
wet weather, the degree of ionization on DC lines is sufficiently high so that surface irregularjties
of apy sort are surrounded by space charge (cerona-produced ions). The space charge acfs to
redyce the electric field at the surface of the@onductor and the length of corona plumes, fhus
reddcing the intensity of the corona current'pulses; consequently, audible noise generatioh on
DC |ines is less during wet weather thanin dry weather.

Essentially continuous HVDC coropa emission occurs when the corona inception of the solirce
is s|gnificantly lower than the.corona-free conductor surface gradient. This is the casq for
rainfdrops, where the coronacinception gradient for raindrops is approximately 9 kV/cm, while
typical HVDC transmissioh jlines operate at corona-free conductor surface gradientg of
approximately 20 kV/cm, In the case of near continuous corona emission, the corona current is
either continuous or oceurs in rapid small pulses that do not produce audible noise.

As a result of these 'phenomena, HVDC audible noise is a very complex function of the nature
and[number of corona sources. Both a source-free conductor and a conductor with many sharp
soufces (low ‘corona inception field) produce little or no audible noise. The worst conditjons
OCC\Er when~there is a critical number of noise-producing sources per unit of length. In|fair

weatheri.the number of sources per unit of length is usually below this critical number. Inf fair
weather; a "dirtier" conductor is also a noisier conductor because it has more sources. In rain,
however, the number of sources is well above the critical number producing sufficient corona
and space charge such that the conductor surface self-shields itself reducing the length and
duration of the individual corona plumes because of the surrounding space charge. This self-
shielding by space charge results in a reduced audible noise level. During the transition from
fair weather to rain, the noise of the conductor may first increase, then decrease, and practically
disappear as the number of corona sources (raindrops) increases.

Fair weather audible noise will tend to increase as the amount of debris on the conductor
increases. A gradual increase in the amount of debris and insects on the positive conductor is
seen during the spring and summer of the year in temperate areas (such as HVTRC) where
there are distinct summer and winter seasons. During autumn and winter, once the temperature
falls consistently below about 10 °C, the number of insects and debris in the air and deposited
on the positive conductor decreases. During autumn and winter, the debris on the conductor
degrades and the conductor is cleaned by the action of snow, rain, and wind.
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Wind can also have a slight effect on the audible noise of a conductor by carrying away the
space charge released by corona. This decreases the amount of self-shielding of the conductor
by its own space charge thus allowing longer corona plumes and more noise. The noise
associated with the wind itself can produce a level that is equal to or more than noise from the
DC line, masking the line noise.

7.2.5 Effect of altitude above sea level

With an increase in altitude, the air density is decreased, resulting in a decrease of corona-
onset fields. This manifests also itself in AN levels: an increase in altitude results in an increase
of AN levels of transmission lines as a consequence.

In [135] it was found that the audible noise from HVAC lines is increased by about 1-dB-eyery
300|m of increment in altitude above sea level. However, according to the latest research regults
in Jhina [180], the AN predicted by altitude correction formula proposed by China is much
smdfller than that predicted by the HVAC formula. From 0 m to 4 000 m, the AN increment of
+500 kV and 600 kV HVDC transmission lines based on HVDC formula are 4,67 dB (A)|and
7,07 dB (A) separately, which are much less than the predicted values{by the AC method
(13,83 dB(A)).

7.2.6 Concluding remarks

Thig Subclause 7.2 was primarily concerned with describing the characteristics of audible npise
from HVDC transmission lines. The main results are summarized as follows.

a) The audible corona-noise from HVDC transmissiondines originates mainly from the opset
streamers from the positive pole. The acoustic pulses from the pulsative corona from both
fhe positive and negative poles have similarnshapes, but the amplitudes of the posjtive
orona pulses are an order of magnitude larger than those of the negative polarity.

b) The frequency distribution of audible noise{generated by corona on HVDC transmission ljnes
is broadband with significant high-frequency content, whereas the common surroungding

]Ivoises on the other hand have ratherfow sound levels.
c)

he lateral profiles of AN from HVDC transmission lines is essentially symmetrical arqund
he positive pole, which agrees:with the remark a).

d) The occurrence of AN levgls from HVDC transmission lines is to some extent distributed
statistically, but is als0 connected with meteorological variables and the state of|the
conductor surface, i.e. the presence of protrusions. The variability can be characterizef by
reans of exceedance levels. The Lgy alone or in combination with L exceedance leyvels

re typically used-to describe AN from transmission lines.
7.3 | Calculation methods
7.3/ General

Thel| basic knowledge of generation, propagation and attenuation characteristics of audible
noise—is—atreduced—in—this—Subelause+3—The—ecommonly—used—semi-empiricalformutas for

predicting AN from HVDC transmission lines are summarized. They can be used in designing
HVDC transmission lines.

7.3.2 Theoretical analysis of audible noise propagation
7.3.21 General

The audible noise from HVDC transmission lines occurs mainly during fair weather and is an
important aspect in designing HVDC lines. There are two distinct calculation techniques for AN
from transmission lines: the comparative and the analytical methods.
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7.3.2.2 Comparative methods

These methods usually are derived from measured data on lines having the same general
configuration but having different conductor geometries or different voltage levels.

The line geometry of a new line is compared with that of a reference line of similar
characteristics for which measured data are already available, and correction factors are
applied to the measured data to translate from the reference line to the new line. The general
form of the calculations for the comparative method is [16] [121] [159]:

7.3.

The
prod

T, =Lang + BANg + BANg + BAN, + BANg + AN, + BANyy,
re
is the audible noise level of the reference line
g is the correction factor related to corona free conductor surface gradjent
4 is the correction factor related to diameter of conductors

is the correction factor related to number of conductors per‘tundle

=}

is the correction factor related to distance from line to,measuring point

R
A is correction factor related to altitude above sea level
w is correction factor related to weather conditions

P.3 Analytical methods

propagation of AN can be analyzed using the basic law of acoustics. The noise |
uced by each conductor bundle can be'calculated at the point of measurement. Once

noisle for each conductor bundle is obtained, the total line noise (in dB) is found from [16].

whe|

p=10ig3 107 @)/ [db]
i=1

re

P(dB) is the predicted noise level in dB,

n

is the number of conductor bundles,

P(dB), is the noise level in dB of bundle i.

7.3.

B Empirical formulas of audible noise

24)

evel
the

25)

The empirical formulas are related to the comparative methods. The formulas are usually
developed by regression equations expressed as a function of the conductor maximum surface
gradient, the number of sub-conductors, the diameter of the sub-conductors and the radial
distance between the conductor and the measuring point. They can be used reliably only for
lines having same general configuration as those from which the measured data were obtained.
For example, if all data were obtained from a single circuit bipolar HVDC transmission lines,
they would be invalid for double circuit bipolar HYDC transmission lines.
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7.3.4 Semi-empirical formulas of audible noise
7.3.41 General

The semi-empirical formulas are related to the analytical methods. To calculate the corona-
generated sound pressure, two factors must be considered: the generated acoustic power
density of the line and the propagation characteristic of the audible noise.

Only, the positive polarity is assumed to produce noise. The noise of the negative polarity is
assumed to be negligible. If there is more than one positive conductor bundle, the audible noise
at any particular point is calculated by combining the noise produced by each bundle and then
combining them according to Equation (25).

If there is only one positive polarity conductor, such as for an ordinary bipolar HVDC line, there
is n® need to use Equation (25), since the negative polarity conductor contributiontoithe audible
noisle is negligible.

Thelfollowing formulae are all applicable to the case of straight and infinite(transmission lipes.

7.3.4.2 EPRI formula

The|EPRI formula for Lsy AN from DC lines according to the data obtained at HVTRC of BPRI
[16]lin summer fair weather is given as:

g d n
=-57,4+1241g| = |+ 25 lg4~—— | +181g| = | + k 26
Asg + 9(25j+ 9(4,45} g[2j+ " (26)

Asq [is the generated acoustic power in dB apaove 1 W/m.

Conjsidering the effect of air absorption@nd geometrical spreading, the following expression for
summer fair weather can be drawn:

g d n
Lsg =56,9+1241g| = |+ 25Ig| —— |+18Ig| = |-101IgR — 0,02R + k 27
50 + 9(25j+ 9[4745} g(zj g + ky )
whefre
g |is the average maximum bundle gradient [kV/cm]
d |is the diameter of conductors [cm]

is the,;number of conductors per bundle

S

=

iS\the radial distance from the positive conductor to the measuring point with an assumgtion
that the power line is infinite and straight [m], the height of the conductor is usually taken
as the average height as the actual line is usually in the shape of catenary.

k, is the adder function of the number » of conductors in a bundle:

k,=0,forn=23;k,=2,6,forn=2;k,=7,6,forn=1.

The range of validity is considered to be 15 < g <30 kV/cm,2<d<5cmand 1 <n<6.

The AN in wet weather is calculated by subtracting 6 dB from the Lgy summer fair weather noise,
while the summer fair weather exceedance level Ly can be calculated by adding 6 dB to the
corresponding Lg (the noise exceeded for 50 % of the time [dB(A)]) fair weather noise level [16].
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The Lgy AN for winter fair weather can be calculated by subtracting 4 dB from the Lgy summer
fair weather, while the corresponding Lg, level for spring and fall fair weather can be calculated
by subtracting 2 dB from the Lgy summer fair weather level.

7.3.4.3 BPA formula

BPA uses the existing HVDC line audible noise data from IREQ (three different line geometries
at 750 kV, 900 kV, and 1 050 kV), from BPA (two different line geometries at 533 kV and 600 kV)
and from the Square Butte line (250 kV), which formed the basis to develop a more general
formula for AN from HVDC lines [146].

Conjsidering the effect of air absorption and geometrical spreading, the following expréesgion
can|be developed for fair weather in the fall months:

Lsg =—133,4+841g(g) +401g (deq) ~1141gR 28)
whefre
g is the average maximum bundle gradient [kV/cm].
deq is the equivalent bundle [cm]
g _1d-066n%%% for n>2
A\ for n<2
d is the diameter of conductors [cm]

is the radial distance from the positive."conductor to the measuring point with an
assumption that the power line is infinit€ and straight [m], the height of the conductor is
usually taken as the average height,as'the actual line is usually in the shape of catenary.

The|range of validity is considered tobe 3 <d<5cmand1<n<8.
To dorrect the calculation for summer, 2 dB (A) is added to the Lg fall value. The maximum fair

wealther AN is calculated by-adding 3,5 dB to the Lg fair weather value obtained above, while
the 55 AN during rain is calculated by subtracting 6 dB from the Ly, fair weather AN.

7.3.4.4 FGH (Germany) formula

Thig formula calculates the maximum audible noise in fair weather:

Lyax =—1+14g +401gd +101gn—-101IgR (29)

where

Lnax is the maximum audible noise in fair weather, in dB above 20 uPa.

R is the distance between the positive pole and the measuring point.

The range of validity is consideredtobe 2<d<4cm,2<n<5.

7.3.4.5 IREQ (Canada) formula

The IREQ (Canada) Formula is given by the Hydro Quebec Institute of Research [8] [141] [146]:

Ly =k (g —25)+101gn +401gd — 11,4 logygR + AN (30)
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where

Lgoy is the average audible noise in fair weather, in dB above 20 yPa.

R is the distance between the positive pole and the measuring point.

The k and AN, depend on the season are illustrated in Table 7.

Table 7 — Parameters defining regression equation
for generated acoustic power density [8]

Season of the year | Weather conditions AN, k
Summer Fair 26,5 1,54
Autumn/Spring Fair 26,6 0,84
Winter Fair 24,0 0,54

The|range of validity is consideredtobe 2<d<4cm,2<n<5.

7.3.4.6 The CRIEPI (Japan) formula
From Central Research Institute of Electric Power Industry, Japan, the following formula exists
[148]:

L50 ZAN0—10|gR 31)

whefre

Lgg | is the average audible noise in fair weéather, in dB above 20 yPa

R is the distance between the positive pole and the measuring point
g is the average maximum bundle gradient [kV/cm]

ANy =10 Ce0 {1—G50}+50
Geo — G50 g

in which Ggq and Ggprepresent bundle gradients which correspond to AN; = 50 dB(A) and|4N,
= 60 dB(A) respectively, and are given by

1 _lgn lgd 1 1

Gsg 91 19 2,2 151

1 lgn lgd 1 1
- = + 4+
Ggp 72 21 242 1906

where
w is the distance between positive and negative poles in meters.

The range of validity is considered to be 2,24 <d <494 cm,1<n<4, w2 8,44.

Besides, the calculation method of AN in consideration of Fmax (the true maximum conductor
surface gradient in the presence of space charge) has been developed [143].
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7.3.5 Concluding remarks

In7.3.4.2t07.3.4.3 introduced formulae, the BPA formula and EPRI formula are the most widely
used in the design of HVDC transmission lines, and it is reasonable to determine which formula
is in better agreement with a planned transmission line by tests with a laboratory setup that
reflects the lines technical parameters. The EPRI formula is commonly used for the design
because it is developed based on the long-term research of audible noise from HVDC and
UHVDC transmission lines.

7.4

Experimental data

7.4.

Thelinstrumentation required to make audible noise measurements is composed of three b
components: a transducer (microphone) to convert acoustical pressure into electfical sign
a priocessing device to weight and/or filter the electrical information, and an quiput devig
detgrmine the levels of the acoustical signals. The equipment available to perform th
megdsurements varies significantly in sophistication from simple, hand-held instrument
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plex, computer-controlled systems. Transmission line noise measurements are uniqu
generally, they require the measurement of low noise levels, they@re.concerned with n
high frequency content, and they must be performed outdoors<iThese requirements a
measurement system with regard to sensitivity and frequency*response.

n more detail is desired than can be provided by a,simple measure of the noise
eighted), a complete determination of the frequency~spectrum is made using frequg
yzers. For field measurements, an octave-band filt€p set is often used. For better defini
ow-band frequency analyzers with one-third or ohe-tenth octave filters are also used.
ve is defined as a bandwidth for which the ratiobetween upper and lower frequency of
] is 2.

the one-third and one-tenth octave bards, the ratios are 32 and %2, respectively. As
Hwidth is increased, the pressure level measured for random noise (having a flat spect
n the band) is proportional to the\square root of the bandwidth.

microphone is an importantipart of the noise-measuring system. There are several ty
sizes of microphones_avdilable. Each has its own characteristics, and thus its
hntages and disadvantages. If the characteristics of a given microphone and the b
acteristics of the ngise being measured are understood, the limitations of a partig
ophone can then\\be determined. As long as these limitations are recognized
stments for theém” are made, the particular type of microphone used is not of m
brtance. Fortmeasurement of audible noise during rain, some means of microph
ection will’be required for all but the very shortest-duration measurements.
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measurements of audible noise are made with a microphone located 15 m laterally

linel

conductors of the transmission line.

7.4.2 Experimental results for audible noise

The

more and detailed experimental results for audible noise are shown in Annex C.

rom
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7.5 Design practice of different countries
7.5.1 General

The tolerability of audible noise depends on the characteristics of the noise and on the level of
ambient noise. The most important difference between HVAC and HVDC audible noise is that
potentially objectionable HVAC audible noise occurs in foul weather while potentially HVDC
audible noise occurs in fair weather. Because people are more frequently outdoors in fair
weather and as there is no rainfall masking the corona noise, as in the case of HVAC, it is
favourable to minimize the number of complaints.

Trapsmission line audible noise has been an issue in many public hearings on-line certificgtion
applications [12]. The New York State Public Service Commission Cases 26529 and 24559
“Common Record Hearing on Health and Safety of Extra-High Voltage Transmission”Lines”
reqyires the L50 rain limit level of 52 dB at the boundary of the right of way [12]. In‘the Chinese
1 090 kV UHVAC transmission line pilot project, an average foul weather AN limitwvalue is 5% dB
(A) at 20 m distance to the outer conductor. For HVDC, there is a limited amount of experignce
because, in general, audible noise has been sufficiently low and no reported complaints have
beep made known to bodies such as CIGRE. However, because HVDC dudible noise occufs in
fair weather, limits consistent with minimizing the number of complaints,need to be adopted for
it.

7.5.2 The effect of audible noise on people

Thel|effects of audible noise on humans are mainly manifest on speech, hearing, sleeping|and
emgdtional response.

a) The sound level of speech is about 60 dB(A). Speech will be typically interfered with when
oise exceeds a level of 65 dB(A), and noise.levels exceeding 90 dB(A) can make spgech
nintelligible.

b) The primary effect of prolonged exposure.to high levels of noise such as more than 80 dB(A)
in the workplace results in the development of industrial or occupational deafness; th|s is
bften called noise-induced hearing.loss.

c) Interference with periods of rest or sleep results in lack of concentration, irritability or
educed efficiency as a consequence. Normal sleep of about 15 % of people is affefted
hen the audible noise levéls are higher than 50 dB(A). A study by EPRI [14] found tha{ the
ound of the power transmission line was more effective in awakening people than gther
ounds used in the study. Exposure to the power line at levels of about 10 dB(A) to 15 dB(A)

lower than surrounding sounds led to an equal probability of awakening.

d) Finally, the exposure to unaccustomed high levels of noise tends to change emotipnal
esponses. People tend to become more agitated or less reasonable. There is also spme
vidence_that noise is associated with mental illness. In particular, it can lead to gerferal
sycholgagical distress.

7.5. The audible noise level and induced complaints

The first reported assessment of the impact of HVAC transmission line audible noise was by
Perry in 1972 [14]. This guideline is illustrated in Figure 12 which shows that no complaints are
likely under 52,5 dB (A), some complaints can be expected between 52,5 and 59 dB (A) and
numerous complaints have to be anticipated if the levels exceed 59 dB (A).


https://iecnorm.com/api/?name=cf1b0c8fd84e1fafeedbf90006819ca8

IEC TR 62681:2022 © IEC 2022 - 57 -

An

pref]

enc

Probability of
receiving complaints

High
numerous complaints

Moderate
551 some complaints
SO+ Low

Audible noise level, 30 m from C-dB (A)

no complaints

IEC

Figure 12 — Audible noise complaint guidelines [14] in USA
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with| tonal components as that at twice the mains frequency from HVAC lines.

CERRI has conducted some research on theshuman subjective response to transmission

aud

nvestigation by EPRI [136] used an acoustic-menu technique toCdetermine subjgcts’
erence for different types of noise, including transmission line naise€ and more commpnly
buntered noises. One of the conclusions was that variability of individual relative annoygnce
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ble noise in high altitude area [152]: Figure 13 is the measured lateral profile of audible

noise on a 330 kV AC transmission linew At the point of AN greater than 45 dB (A), 85 % of

eva

luators feel disturbed.
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Figure 13 — Measured lateral profile of audible noise
on a 330 kV AC transmission line [152]

Another investigation conducted by EPRI [14] to determine the human subjective response to
HVDC transmission line audible noise was conducted directly under the positive polarity
conductor, and voltage covered the range of +300 kV to £600 kV. At each test voltage level, the

eval

uators were requested to rank the annoyance in one of the following categories:

1) very quiet still, calm

2) quiet just a normal quiet evening
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3) fairly noisy some moderate disturbance

4) noisy just plain noise

5) very noisy very prominent on this quiet evening
6) intolerably noisy.

The test results of this investigation are shown in Figure 14 and Figure 15. The evaluators in
USA felt annoyed when the average noise level exceeds 45 dB (A).

Intolerably | . . i
Aois o-Average of observations with |
7 corresponding SPL in dB(A) (B and K)
Very noisy | Range of observations .
y”
Noisy | 38 44
Fairly noisy |- g
y Yy 33
Quiet | l 30 -
28 28
Very quiet | ) 29 7
300 400 500 600 -
Line voltage (kV)
1 I 1 I | >
15 20 25 30
Conductor-surface gradient (kV/cm)

IEC

Figure 14 — Subjective evaluation of<DC transmission line audible noise;
EPRI test centre study 1974 [14]

T T T T T T T

Intoleraply - . Average‘of observations with -
noisy corresponding SPL in dB(A) (GR)
Very noisy 1 | Range of observations 48
44
Noisy E
38 40
Fairlysnoisy -
Quiet |- | 54 31 -
32
Very quiet - B
300 400 500 600 g
Line voltage (kV)
1 L L 1 I E
15 20 25 30
Conductor surface gradient (kV/cm)
IEC

Figure 15 — Subjective evaluation of DC transmission line audible noise;
OSU study 1975 [14]

A study of the effect of the different characteristics of HVAC and HVDC noise [14] has shown
that the correlation between annoyance and dB (A) is very strong for AC line but less so for DC
lines. Around 50 dB (A), DC and AC audible noise generates about the same amount of
annoyance.
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