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INTERNATIONAL ELECTROTECHNICAL COMMISSION

ELECTROMAGNETIC PERFORMANCE OF HIGH VOLTAGE DIRECT

CURRENT (HVDC) OVERHEAD TRANSMISSION LINES

FOREWORD

1) The |
all n
inter

this gnd and in addition to other activities, IEC publishes International Standards, Technical\Specifi

Techpical Reports, Publicly Available Specifications (PAS) and Guides (hereafter referred to

Publication(s)”). Their preparation is entrusted to technical committees; any IEC National Gommittee i
in the subject dealt with may participate in this preparatory work. International, governmental 3
govefnmental organizations liaising with the IEC also participate in this preparation.(IEC collaborate
with |the International Organization for Standardization (ISO) in accordance with\Conditions detern
agre¢ment between the two organizations.

2) The formal decisions or agreements of IEC on technical matters express, as nearly as possible, an inte
consensus of opinion on the relevant subjects since each technical commiftee has representation
inter¢sted IEC National Committees.

3) IEC Publications have the form of recommendations for international~llse and are accepted by IEC
Comfnittees in that sense. While all reasonable efforts are made/to ensure that the technical conter
Publications is accurate, IEC cannot be held responsible forsthe way in which they are used or
misirjterpretation by any end user.

4) In onder to promote international uniformity, IEC Nationa[\€ommittees undertake to apply IEC Pub
trangparently to the maximum extent possible in theirhational and regional publications. Any di
betwpen any IEC Publication and the corresponding national or regional publication shall be clearly ind
the latter.

5) IEC |tself does not provide any attestation of conformity. Independent certification bodies provide cd
assepsment services and, in some areas, access to IEC marks of conformity. IEC is not responsiblg
servipes carried out by independent certification bodies.

6) All ugers should ensure that they have the‘latest edition of this publication.

7) No lipbility shall attach to IEC or its directors, employees, servants or agents including individual exp
mempers of its technical committees’and IEC National Committees for any personal injury, property d3
othel damage of any nature whatsoever, whether direct or indirect, or for costs (including legal fé
expepses arising out of the, publication, use of, or reliance upon, this IEC Publication or any o
Publications.

8) Attention is drawn to the*Normative references cited in this publication. Use of the referenced public
indispensable for the,correct application of this publication.

9) Attention is drawn) to the possibility that some of the elements of this IEC Publication may be the s
patenmt rights. IE€ shall not be held responsible for identifying any or all such patent rights.
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technidal comm|ttee may propose the publ|cat|on of a techmcal report when it has cg
data of . ,
example "state of the art".

rd, for

IEC TR 62681, which is a technical report, has been prepared by IEC technical committee 115:

High Voltage Direct Current (HVDC) transmission for d.c. voltages above 100 kV.

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

Enquiry draft Report on voting
115/71/DTR 115/84/RVC

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

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

The committee has decided that the contents of this publication will remain unchanged until
the stability date indicated on the IEC web site under "http://webstore.iec.ch" in the data

related

to the specific publication. At this date, the publication will be

* reconfirmed,

¢« with

drawn,

* replaced by a revised edition, or
* amended.
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ual varcion
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-
-
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o

IMPORTANT - The “colour inside” logo on the cover page of this publication indicates
that it contains colours which are considered to be useful for the correct understanding

of its d

ontents. Users should therefore print this publication using, a-colour printer.
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INTRODUCTION

Electric fields and magnetic fields are produced in the vicinity of an HVDC 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 not only bring out corona loss but
also produce electromagnetic environment problems.

The parameters used to describe the electromagnetic environment of an HVDC transmission
line mainly include the:

1) elegtric field,

2) ion|current,

3) mapnetic field,

4) radjo interference,
5) audible noise.

To contltrol these parameters in a reasonable and acceptable range, for years, a great deal of
theorefical and experimental research was conducted in many countries, and relevant national
standafds or enterprise standards were developed. This¢Technical Report collecfs and

recordg the status of study and progress of electric fields, ion current, magnetic fieldg, radio
interfelence, and audible noise of HVDC transmission lines.
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ELECTROMAGNETIC PERFORMANCE OF HIGH VOLTAGE DIRECT
CURRENT (HVDC) OVERHEAD TRANSMISSION LINES

1 Scope

This Technical Report provides general guidance on the electromagnetic environment issues
of HVDC transmission lines. It concerns the major parameters adopted to describe the
electromagnetic environment of a High-Voltage Direct Current (HVDC) transmission line,
incIudhlIg electric fields, i1on current, magnetic fields radio interference, and audiblg noise
generated as a consequence of such effects. Engineers in different countries can refen to this
Technigal Report to:

- en1ure the safe operation of HVYDC transmission lines,

limi

the influence on the environment within acceptable ranges, and

— opt|mize engineering costs.
2 Terms and definitions
For thg purposes of this document, the following terms and, definitions apply.

2.1
corong
set of partial discharges in a gas, immediately adjacent to an uninsulated or lightly insulated
condudtor which creates a highly divergent field\remote from other conductors

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

2.2
electrig field
constitbent of an electromagnetic field which is characterized by the electric field strgngth E
togethgr with the electric flux density D

Note 1 tp 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;
consequkntly, electric field distribution may vary non-linearly with the line potential.

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

2.3
Space'e‘h'ai'vdc free-electricfield
electric field due to a system of energized electrodes, excluding the effect of space charge
present in the inter-electrode space

2.4
ion current
flow of electric charge resulting from the motion of ions

2.5

magnetic field

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

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

degrad

2.7

ation of the reception of a wanted signal caused by RF disturbance

audible noise
unwanted sound with frequency range from 20 Hz to 20 kHz

[SOUR

CE: IEC 61973:2012, 3.1.14]

3 Electric field and ion current

3.1

Electrig
electrid
surface
forming
the co
polarity
ions a
directig
current

The el
mainly
produc
transm
time a
immerg

The el
transm
whethe
discha
space

Description of the physical phenomena
fields are produced in the vicinity of a HVDC transmission line, .with the

exceeds a critical value, the air in the vicinity of the conductor,becomes i
a corona discharge. lons of both polarities are formed, but ions of opposite pol
nductor potential are attracted back towards the conductori while ions of thq
as the conductor are repelled away from the conducton. Space charges incl
nd charged aerosols. Under the action of an electric. field, space charge wil

are described in this clause.

pctric field and ion current in the vicinity of a6 HVDC transmission line are
by the operating voltage and line configuration. The voltage applied to line con
es an electric field distribution. Unlike, “High-voltage Alternating Current
ssion lines, the electric field produced\by"HVDC transmission lines does not v4
nd, consequently, does not produce any significant currents in humans or
ed in these fields.

bctric field is another aspect‘ef‘the electrical environment around an overhead
ssion line. An electric field%is present around any charged conductor, irrespeq
r corona discharge is taking place. However, the space charge created by
ge under d.c. conditions modifies the distribution of an electric field. The ef
charge on electric fields is significant.

For thg same HVDC ‘transmission lines, the corona onset gradients of positive or n

polariti
or neg
transm
maxim

s are different and the intensity and characteristics of corona discharges on
ative cenductors are also different. Consequently, during the design of
ssion_lines, special consideration should be paid to the allowable values
Iim_ dground-level electric field and ion current density [1]1.

nighest

fields existing at the surface of the conductor. When the electric figld'at the comductor

bnized,
arity to
same
ide air
move

nally and ion current will be formed. The physical phénomena of electric field and ion

efined
juctors
HVAC)
ry with
bbjects

HVDC
tive of
corona
fect of

pgative
ositive
HVDC
of the

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 unipolar d.c. 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 d.c.
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:

1 Numbers in square brackets refer to the bibliography.
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a) a positive unipolar region between the positive conductor and ground,
b) a negative unipolar 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
conductor, but a significant fraction is also directed toward the ground. The ion drift velocity is
such that it will take at least a few seconds for them to reach ground. Actually, the molecules
traveling along ion paths are not always the same ions. In fact, collisions between ions and air
molecules occur during the travel at a rate of billions per second and cause charge transfer
and reactions between ions and neutral molecules, so the ions reaching the ground are quite
different from those that were originally formed by corona near the conductor surface. The
exact ehemical idnnfif.\’/ of the ir\ne, after o fow enr\r\nrle’ will rlnrr_\and on—the—chemical

composition and trace gases at the location.

Electri¢ field is another component of the electrical environment around an qverhead|HVDC
transmjssion line. Electric field is caused by electrical charges, both these residing on
condudtive surfaces (the transmission line conductors, the ground, andcénducting dbjects)
and thg space charges. The effect of space charge on electric field is significant.

A nonlinear interaction takes place between electric field and spaee charge distributions in all
three deneral space regions identified above in a), b), c).. Thé nonlinearity arises bgcause
ions flgw from each conductor to ground or to the conductor of epposite polarity along fhe flux
lines of the electric field distribution: while at the same time) the electric field distriblyition is
influenced by the ionic space charge distribution. In_addition to the nonlinear interaction
descried above, the space charge field in the bipofar/region is affected by other factors.
Mixing|of ions of both polarities in the bipolar region“leads firstly, to a reduction in the net
space [charge density and secondly, to recombjnation and neutralization of ions ¢f both
polarities.

—— —
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Figure 1 — Unipolar and bipolar space charge regions of a HVDC transmission line [1]

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 unipolar 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 unipolar regions.


https://iecnorm.com/api/?name=f505f5803f527217f86ad14027558f83

-12 - IEC TR 62681:2014 © IEC 2014

The electrical environment at ground level under a bipolar HVDC transmission line is,
therefore defined mainly by three quantities:

a) electric field, E,

b) ion

current density, J,

c) space charge density, p.

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

Very s
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and ion current distribution as functions of line design_parameters such as the numi
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the spdce charge fields and accurate long-term measurements under experimental as
operating HVDC transmission lines.

As degcribed and illustrated in Figure 1\‘the ground-level electric field and ion
environment under a bipolar HVDC transmission line can be thought primarily as a u

space

negatiye conductors, however, has~no significant impact on the ground-level el
environment. For the purpose of calculating the ground-level electric field and ion
distribytions, therefore, analytical treatment of the unipolar space charge field betwee]
of the positive and negative conductors and the ground plane is adequate.

Unipolar d.c. space charge fields are defined by the following equations:

where

mall currents in some cases may flow through an object or person located, un
cause of exposure to the electric field and ion space charge. From the point, of
mental impact on persons and objects located under the line, the main consider
mbined exposure to the electric fields and ion currents. The scientific lit
ps that exposure to the levels of d.c. electric field and ion current densSity existing

j current and annoyance effects to humans. Consequently, during designing of

ssion lines, special consideration should be paid for the “allowable values
im ground-level electric field and ion current density [1].
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(1)

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

P
7

€0

is the space charge density,
is the ionic mobility,

is the permittivity of free space.

(2)

3)

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
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continuity equation for ions. 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].

Corona activity on conductors and the resulting space charge field are influenced, in addition
to the line voltage and geometry, by ambient weather conditions such as temperature,
pressure, humidity, precipitation and wind velocity as well as by the presence of any aerosols
and atmospheric pollution. It is difficult, if not impossible, to take all these factors into account
in any analytical treatment of space charge fields. Information on the corona onset gradients
of conductors, which is an essential input in the analytical determination of electric field and
ion current environment, is also difficult to obtain under practical operating conditions. For
these reasons, it is necessary to use analytical methods in combination with accurate long-
term rheasurements of ground-level electric field and ion current distributions| under
experirpental as well as operating HVDC transmission lines, in order to develophprgdiction
methods. Some of the information required in the analytical treatment, such asccorona onset
gradients of conductors, can be obtained only through experimental studiés. Reliable
experimmental data is also essential in validating the accuracy of analytical-on semi-anglytical
methods for predicting the ground-level electric field and ion current distributions undeq HVDC
transmjssion lines.

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

NOTE 2| As described in reference [2] the conditions most conducive to enhanced fields due to space chgrge (wet
conductqr 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 [2], to attempt to address very rare conditions in the design of an
HVDC tfansmission line may not be fully justifiable, given the\lack of clear standards, analytical meth¢ds, and
consensps on the subject.

3.2 Calculation methods

3.2.1 General

Groung-level electric field and ion~current distribution under HVDC transmission lines
depends primarily on the conductor-bundle and on the minimum height above grgund of
condudtors. Pole spacing has a(secondary influence on the electric field and ion purrent
distribytions, and is selected mainly on the basis of air gap clearances required to withstand
the makimum values of overvoltage that may appear on the conductors.

Corong performance criteria, particularly for radio interference (RIl) and audible nois¢ (AN),
are used to select the"number and diameter of conductors in the bundle required oh each
pole. Conductorsheight and pole spacing have a secondary influence on the Rl gnd AN
performance.

FoIIowmg the selectlon of the conductor bundle based on RI and AN design crlte ia, the
minimun
field and ion current den3|ty The conductor helghts selected using these cnterla are generaIIy
significantly higher than would be required from insulation and safety considerations.

Calculation of the desired ground-level electric field and ion current distribution for proposed
HVDC transmission line configurations is, therefore, an essential step in selecting the
minimum conductor height. Methods of calculation that are presently available for this
purpose are described below.

Calculation 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
appropriate boundary conditions. The first rigorous analytical solution to the unipolar space
charge modified field problem was obtained by Townsend [3] for the concentric cylindrical
configuration. The main interest in this solution was to obtain the voltage-current
characteristic for a thin wire at high voltage and in corona, placed concentrically inside a large
metallic cylinder at ground potential.
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Popkov [4] 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 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 unipolar 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 unipolar corona problem.

In the ¢ase of d.c. 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 whi¢h they
are pldced. This is essentially a two dimensional geometry, since symmetry. exists algng the
longitu@inal direction of the conductors. The boundary value problem defined by Equatipns (1)
to (3), therefore, reduces to a two dimensional form in this case.

Since |t is almost impossible to obtain analytical solutions to the.two dimensionall space
charge| modified fields, such as those associated with d.c. transmission lines, it bgcomes
necessary to use numerical techniques.

It should also be mentioned that the defining Equations&(1) to (3) of unipolar corona|do not
take info account some of the practical considerations such as the influence of wind|on the
ion flow.

3.2.2 Semi-analytic method

The first method for solving Equations (1)3to (3) for multiconductor d.c. transmissipn line
configyrations was developed by Maruvada and Janischewskyj [5] [6]. The method, orjginally
developed to calculate corona loss currents, involves the complete solution of the unipolar
space gharge modified fields and, consequently, the determination of the ground-level glectric
field apd ion current density distributions. The method of analysis does not include the
influenge of wind.

The m¢thod of analysis istbased on the following assumptions:

a) the|space charge affects only the magnitude and not the direction of the electric field

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

The fir$t assumption, often referred to as Deutsch's [7] assumption, implies that the gepmetric
pattern of\the electric field distribution is unaffected by the presence of the space charge and
that the flux lines are unchanged while the equipotential lines are shifted. Since HVDC
transmission 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 charge and the ions may be assumed to flow along the flux lines of the space-charge-
free electric field. This assumption is much more valid for d.c. transmission lines than for
electrostatic precipitators 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 theoretical as well as experimental points of view [6].

In mathematical terms, the first assumption implies that:

E=C¢E (4)
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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 [6] to that defined by the set of ordinary differential equations:

do
5=t (5)
da___ pr 6
dg &0 (E")? ©)
do __ p* 7
d¢  go&(E') ")

where

E' and| ¢ are the space-charge-free electric fi€ld intensity and potential respectively,

@ is the potential in the presence gfispace charge,
P is the charge density,
& is the field modification factor, at any given point along the flux line.

The differential Equations (5)\o (6) describe the variation of the dependent variableg @, &

and p|as functions of thelindependent variables ¢ and E’ along a flux line of the |space-
chargetfree electric field./For a given line configuration and applied voltage, the flux lines of
the spgce-charge-free €lectric field can be traced and values of E’ and ¢ along any flux line
determjined [6].

The bqundary conditions required to solve Equations (5) to (6) are given in terms|of the
voltagq applied to the conductor and the magnitude of the electric field at the surfacg of the

condudtorin-corona.lf the \/nlf:\gn nrl_\rl_\linrl to-the conductor with respectto the ground p|ane
is U, the space-charge-free electric field at the conductor surface corresponding to the
voltage U is E’, and the corona onset gradient of the conductor is Eg, then according to the
Eg

second assumption, &= at the conductor surface. The complete set of boundary

s
conditions may then be written as

®=U at $=U (8)

®=0 at ¢=0 ()
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§=§2at¢:U (10)

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

E, = &E, (11)

jg :/ué:gng:g (12)
Where|u is the ion mobility.

The mgthod developed by Maruvada and Janischewskyj can be.applied to determine the
groundtlevel electric field and ion current distributions under unipolar or bipolar d.c.
transmjssion lines with single or bundled conductors and with,or without overhead ground
wires [6].

Applicdtion of the method developed by Maruvada and{Janischewskyj requires knowlgedge of
the gedmetric parameters of the line configuration, voltage applied to the line conductgrs and
the corpna onset gradients of the conductors. The caleulation procedure requires the foJlowing
steps:

1) for|the given line configuration and conductor voltages, flux lines of the space-¢harge-
fre¢ electric field, which originate on~the conductors in corona and terminate |on the
grojund plane, are traced;

2) for|each flux line selected, thexdistribution of the electric field E' is determinefd as a
fungtion of ¢ along the flux line;

3) kngqwing the distribution of _E’ as a function of ¢ along the flux line, the boundary value

proplem defined by Egliations (5) to (7) is solved, using the boundary conditions (8) to (10)
to gbtain @, & and(p,~as functions of ¢ at all points along the flux line.

4) the| magnitudest.of the ground-level space charge modified electric field E, and ion
curfent densitng at the point where the flux line terminates on the ground plane afe then
calgulated-using Equations (11) and (12).

5) by repeating steps 2 to 4 for a number of flux lines, the complete distributions of [ £,and

Jg along the ground pfane are determined.

3.2.3 Finite element method

Gela and Janischewskyj [8] developed the first Finite Element Method (FEM) for solving the
unipolar space charge modified field problem without recourse to Deutsch’s assumption. One
of the main objectives of this study was to evaluate the errors which might result 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 unipolar d.c.
line with a single conductor above ground [9] [10]. However, the method has the potential of
further development for cases of lines with bundled conductors, overhead ground wires etc.

For the FEM analysis, the defining Equations (1) to (3) of unipolar d.c. corona are expressed
in terms of potential as,
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—vve="L (13)
€0

-V (pv@)=0 (14)

Vo=-F (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 [11] with linear triangular
elemeris is employed fo solve the partial differential Equations (13) and (15) for @ 3t each
iteration step. The iterative procedure is initiated with the first estimate obtained\us|ng the
Maruvada and Janischewskyj method. Convergence of the iterative process is gonsidgred to
have taken place when no further improvements are observed in p and both,Equatiops (13)

and (14) produce the same value of @&.

Since Equations (13) and (14) are of second order, only two boundary conditions are peeded
to obtafin a solution. These are provided by the values of @ on the”“eonductor surface pnd on
the grgound plane. The boundary condition that the magnitude( of the electric field|at the
surfacg of the conductor in corona remains constant at the dnset value, is not necgssarily
enforcgd during the solution of Equations (13) and (14). The extent to which this bgundary
conditipn is violated at any particular iteration provides information for updating and coffrecting
the disfribution 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 thg finite
elemernt grid. Values of E, p and ; 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
case df a unipolar d.c. line configuration with a single conductor lead to the fofjlowing
observptions [10]:

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

b) Deutsch’s assumption.may give rise to significant errors in the current density profiles at
grolund, particularly for certain line configurations operating at voltages well above [corona
onget;

c) however, for practical dc transmission line configurations and normal operating vdltages,
the|use of Deutsch’s assumption provides results of acceptable accuracy.

3.24 BPA method

A simptifredmethodofamatysis was devetoped—atthe Bonmmevitte PowerAdmrimistration (BPA)
[12] for determining the ground-level electric field and current density under unipolar and
bipolar d.c. transmission lines. In addition to the two assumptions mentioned in 3.2.2 and
3.2.3, other simplifying assumptions were made to develop the computer program ANYPOLE
which was made available in the public domain. The other simplifying assumptions made in
developing this program are:

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

— the ion current is assumed to be uniformly distributed around a single conductor or an
equivalent single conductor replacing the bundle.

Gaussian flux tube concept is used to obtain numerical solutions to the electric field and ion
current distributions along the ground plane.
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3.2.5 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 should be 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 give rise to significant errors.

Unfortunately, empirical methods based on good experimental data are presently not readily
available Tor determining the ground-level eleciric field and fon current distribuiions under
unipolgr or bipolar d.c. lines.

A semitempirical method, called the "degree of corona saturation” method, wa's_proposgd [13]
[14] for calculating ground-level electric fields and ion currents under bipejlar d.c. lines. This
technidue is incorporated in the TL Workstation, an EPRI proprietary-‘program. The basic
principle of the method is given by the equation,

Q:Qe"'S(Qs_QJ (16)
where

Qe

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

$ the saturated value of the parameter

Os
S

$ the degree of saturation.

The elgctrostatic value Q, of the paranyéter can be calculated using the well-estaplished
electroptatic field theory. It should be noted that the electrostatic values of current dengity and
charge|density are zero.

Equatipns were derived for the saturated values of Qg of the electric field, ion current fensity
and charge density, based on laboratory tests on reduced-scale models with thin wires of
unipolgr and bipolar d.c.-line configurations [15]. The degree of corona saturation factof S was
derived from full-scale-tests carried out on a number of bipolar d.c. line configurations.

It shoyld be notéed:that the degree of corona saturation method is not a purely empirical
method as described at the top of this subsection. It involves some theoretical modeling and
an asspmption“that results of scale model tests on thin wires can be extrapolated to the case
of full4scale/lines with practical conductor bundles. Questions were also raised [on the
difficuliyNin” justifying some of the assumptions involved in the theoretical modeling frbm the
point of view of basic corona physics.

3.2.6 Recent progress

Following the work of Gela and Janischewskyj, other FEM solutions were obtained for the
space charge modified fields of both unipolar and bipolar d.c. transmission lines [16] [17]. In
some 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 boundary condition.
Because of this assumption, these methods may be used to interpret experimental results but
not for predicting the ground-level electric fields and ion current distributions for different
transmission line designs with specified voltages applied to the conductors.

In other FEM based solutions [18] [19] [20] [21], the electric field boundary condition was
used and, consequently, they can be used to predict the electric field and ion current
distributions under practical d.c. transmission line configurations.
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Using ion transit-time formalism, useful approximate calculations have been made [22] for
space charge densities in a broad range of systems containing air ions.

Except for those calculation methods mentioned in the 3.2.2 to 3.2.5, the finite difference
method [23], charge simulation method [18], Multigrid method [24] and finite element method
and finite volume method [25] are also used to predict the ground-level electric field under
HVDC transmission.

3.3 Experimental data

3.3.1 General

In ordegr to check the validity and accuracy of the calculation methods for ground-level glectric
field amd ion current density distributions under HVDC transmission lines, it is necgsgary to
compafe the results of calculation with experimental data obtained on corona test’'lings and,
prefergbly, on operating lines. The experimental data used in any comparnisoh shquld be
measufed using appropriate instrumentation and should meet requirementsof reliabiljty and
accuragy. It is also preferable to obtain long-term statistical data under -different weather
conditipns. In addition to the electrical parameters required to characterize the electiic field
and space charge environment, the measurements should include; parameters defin|ng the
ambier|t weather conditions such as temperature, pressure, /umidity, wind spegd and
directign and precipitation.

3.3.2 Instrumentation and measurement methods

For bqgth unipolar and bipolar d.c. lines, the elecirical environment at ground lgvel is
characferized by the electric field intensity, ion current density and space charge density. In
the cage of bipolar d.c. lines, although ions of *beth polarities are created and mix|in the
bipolar|region between the conductors, an essefitially unipolar space charge of either positive
or negptive polarity exists at the ground level. In the presence of wind, the positiye and
negatiye ion profiles will shift and positivelions may drift toward the ground surface |on the
negatie pole side of the d.c. line and \vice-versa, depending on the direction of wind. The
instrumentation and measurement methods for characterizing the electrical environment in the
vicinity|of d.c. lines are described in [EEE Standard 1227 [26].

Different techniques have beeh used to measure the electric fields of HVDC over-head
transmjssion lines, and basically two types of instruments are used to measure the glectric
field stfength at ground level:

a) fielf mills;

b) vibpating platé’electric field meters.

Both instrunients measure the electric field strength by measuring modulated capaitively
induceg currents sensed by metal electrodes.

Field mills are commonly used to measure the electric field strength at ground level. A field
mill instrument [27] consists essentially of a fixed sensing electrode above which a rotating
shutter electrode 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 [28] 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.
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lon current density at ground level is determined by measuring the current collected by a flat
plate, known as a Wilson Plate [29], located flush with the ground plane. The current density J,
averaged over the area 4 of the plate, is given by:

I
J== (17)

Where I is the current collected by the plate.

Unipolar charge density is measured using aspirator-type ion counters [30]. The air ions are
draWn Aot gr—a—Patrae Pprate—CommettoO ’v"“-“G;“GG av“a;n“ plateS
are conpnected 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 (s,mefasured
using gn electrometer. The charge density p measured by the ion counter is givenas

p-L (18)

where

I
M,

i$ the measured ion current

$ the volumetric air flow rate.

Guidelines for the measurement of ground-level elegtric field strength, ion current dendlity and
space gharge density under HVDC transmission lines are provided in the IEEE Standand 1227
[26]. Flor accurate unperturbed measurement-'6f these quantities the field meters, [Wilson
plates gnd ion counters are generally installed-below ground so that the measuring intgrfaces
of the jnstruments are flush with the ground plane. Significant errors may be caused in the
measufed quantities if these instruments protrude above the ground plane [26] unless|values
are cofrected based upon measured form or correction factors for the altered geometfy. The
influenge of a d.c. electric field onumeasurement of monopolar space charge densities with an
ion coyinter can be made negligible when the measurements are performed in the ground
plane, |and oriented vertically jor horizontally above the ground plane with an atfractive
potentipl applied to the ion _Counter housing. This assumes that the collecting electrode(s) in
the ion[ counter is adequately shielded from the external electric field. The impact of rain and
snow gn the measurement instrumentation must also be considered during installatipn and
use. Efrors may result“during rain or snow unless the instrumentation has been installed so
that it gan successfully operate during these conditions.

Becauge of-Slarge variations caused by weather conditions, long-term measuremenpts are
necessary,\fo obtain statistical distributions as well as lateral profiles of the pfincipal
paramgters. This is achieved by making simultaneous long-term measurements at geveral
points in a plane perpendicular to the transmission line at mid-span [31] [32]. The
measurement locations generally include points directly below the positive and negative
conductors and at lateral distances of 15 m, 30 m and 60 m from the conductors on both sides
of the line. More measuring points may be selected, depending on the availability of
instruments, to obtain better lateral distributions.

If possible, the measurements should be carried out at several locations along a line to take
into account climatic differences that may 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 [33], 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
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appropriate precautions [26] are necessary to ensure the validity and accuracy of the data
acquired.

In addition to electric field strength, ion current density and unipolar space charge density,
instruments have also been developed [26] 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 d.c.
lines, but net space charge measurements are sometimes made at large distances from d.c.
lines, mainly to detect the presence of charged aerosols.

3.3.3 Experimental results for electric field and ion current

Only allimited amount of experimental data is available in peer-reviewed publications|on the
coronal performance of d.c. transmission lines, especially on operating lines and-part|cularly
on the|ground- level electric field and ion current distributions. This may be attribut¢d to a
large pxtent to the technical difficulties and costs involved in making\ accurafe and
simultgneous long-term measurements at a number of points along a line perpendiculaf to the
transmjssion line. Periodic calibration of the instruments is necessary to)ensure acc¢ptable
accuragy of the long-term measurements.

Experimnental data in peer-reviewed publications includes those obtained on outdoor test lines
as well| as operating HVDC transmission lines. However, test.line data obtained at vpltages
well ahove the transmission voltages presently used and ling dimensions (pole spacipg and
condudtor height) outside the range used for practical line design [34] [35] are not inclyided in
this report. With this exclusion, the data available for possible comparison with any methods
of calcplation reduce to those obtained on four operating d.c. transmission lines [32] [36] [37]
[38] [3P] [40] and two test lines [41] [42]. Except.for the BPA line [32], all other lirles are
located at approximately the sea level.

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

For a |pipolar horizontal line, the,largest fields occur just outside each conductor.| At all
locatiops, the range of values ©f electric field depending on the variability of space chafge. To
descrije the variable nature of electric field, the median and practical maximum arg¢ often
given. [The median level«(Lsg) is that exceeded 50 % of the time during the measurement
period.| Characterization of the practical maximum is also done in terms of an excegdance
level, guch as the Lg ex¢eedance level, i.e. the level exceeded only 5 % of the time.

The more and detailed experimental results for the electric field and ion current are sfown in
Annex [A.

3.3.4 Discussion

The experimental data presented in 3.3.3, obtained on four operating d.c. transmission lines
and three test lines, are probably the best data available in published literature. However, the
database is not large enough to get significant conclusions regarding the influence of line
parameters on ground-level electric field and ion current distributions.

The BPA £500 kV d.c. line data is probably the best long-term data obtained in different
weather conditions. The FURNAS +600 kV d.c. 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 [26].

The test duration in the case of Manitoba Hydro +450 kV d.c. 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,
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the IREQ +450 kV d.c. line data, although it is good from the aspect of test duration (one year)
and instrumentation, were obtained on test line rather than operating line.

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

field intensity and ion current density levels under BPA 1500 kV d.c.” ling¢ were

od for negative pole, but very poor for positive pole. Similagly, a limited comparison
was made between the measured lateral profile under the positive pole of the Manitobg Hydro
and calculations made using the Maruvada and Janischewskyj method [10].| It was
found hat calculations agreed well with measurements if a‘conductor surface irregularity
factor ¢f 0,4 was assumed.

Some phew phenomena have been discovered in the fest study in China and are shpwn as
follows].

a) Effect of conductor pollution on the total electric field

The previous pollution study is mainly about the effect on insulation level, and|in the
elegtromagnetic environment study, more attention is focused on rain, snow and ihsects.
Tedt in the winter of 2007 shows that;the total electric field is larger when conductof is dry
and polluted in a long period. After. cleaning, the total electric field decreases greafly. The
totdl electric field of clean conductor is almost a half of that of polluted conductor. $o, it is
nedessary to study quantitative;description for pollution level and quantitative analysis for
the|effect of pollution on the total electric field.

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

Duling the test in winter, it is discovered that the total electric field is obviously ingreased
when the humidity.is very low, but the current is almost the same. There is no report about
thig phenomenon.in domestic or international articles, and the mechanism needg to be
studlied in the future.

Baged on-areview of published literature, it is concluded that the available experimental
datp on_the electric field and ion current environment under d.c. transmission lines is
inaglequate at present for purposes of rigorous comparison with existing methods of

calcutatiomorderivimgany empiricat methodsof catcutatom.—————————————————————

3.4 Implication for human and natural environment

3.4.1 General

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

Although static electric fields are present at varying levels in all environments, 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 [43] [44].

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 [45]. Testing conducted outdoors indicated that most people would not
detect
electrig

Other
strengt]
6 mont

A varig
static €
static glectric fields, these studies report no effects. It should b€ noted that, if the field could
be defected by animals, this sensory stimulus could be-expected to affect a rapge of
spontaheous and trained behaviors.

Some ¢f the most important studies in this group are those that looked for evidence of foxicity
at longer durations of exposure. Fam found no adverse effects of long-term exposuresjof rats
and th'fir offspring to 340 kV/m static electrig, fields [51]. Kellogg and Yost reported no
differefpce in the longevity of mice exposed,t0~2 kV/m static electric fields or ambiept field
conditipns [52]. A laboratory at The Rockefeller University reported that exposure of |rats to
static glectric fields of 3 kV/m and 12 kV/m for 2 h, 18 h, and 66 h had no effect on bghavior
or braim neurotransmitter activity [53] [54] [55].

Under most circumstances, the stafic electric fields from a 500-kV d.c. transmission ling would
not be| strong enough to be(perceived, particularly outside the ROW. The absence of a
mechapism by which static electric fields could produce an exposure to cells inside the body
combirled with the absence of human and animal evidence for adverse effects are important
considgrations in the assessment of potential effects. If a person (or large object) werg to be
very well insulated from’the ground in a static electric field substantially greater than 25§ kV/m,
however, transientsspark discharges to grounded objects may lead to annoying shocks|, like a
carpet phock in.grne's home.

343 Research on space charge

3.4.31 Generat

Since their discovery [56], 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
been verified by other independent investigators. Most studies fail to control crucial aspects of
the experimental situation that can significantly influence the outcome of the experiment.

For the purposes of this report, the focus will be limited to studies of humans and animals.
Since exposures to air ions in experimental and natural environments 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
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airborne ions and aerosols by respiration and the prevalence of media and scientific attention
to potential behavioral and psychological effects of air ions, research on these two topics is
the focus of the following discussion.

3.4.3.2 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 inacguracy.
Measufements and calculations of ozone levels near d.c. transmission lines show that the
amounis generated are small and disperse to levels that are barely measurable and, thus, are
of no fnvironmental consequence. lon concentrations are generally lower’than 1,p x 10°
ions/cm?3 in d.c. transmission line environments in fair weather and lower than 2,p x 104
ions/cm3 at the edge of the Right-Of-Way (ROW). Some examples Lof typical Rir ion
concerftrations (ions/cm3) found at other locations are:

e Faif weather open space 7,0 x 10 to 2,0 x 103

e In large townsup to 8,0 x 104

e 0,3p m (12 in) above burning match 2,0 x 105 to 3,0 x 10°
e 60,p6 m (200 ft) from small waterfall 1,5 x 103 to 2,0 x 103

e 1,5 m (5 ft) downwind of vehicle exhaust about.5,0 x 104

While [some studies have suggested that posSitive ions may adversely affect pulfnonary
functioph [57] [58] [59] [60], other more systematic and quantitative experiments, as wg¢ll as a
doubletblind clinical study, have not substantiated this suggestion [61] [62] [63] [64] [6

In somg early studies, the investigatars reported respiratory irritation. Respiratory drygpess or
irritation symptoms were reported in“one of these early studies by about 20 % of spbjects
exposdd to 5,0 x 103 ions/cm? t04,0 x 104 ions/cm3 [66]. The study, however, was blipd (not
doubletblind) and was conducted during the winter, when upper respiratory symptoms are
commdn, as pointed out by.the study's author.

In a sefries of double-blind clinical studies [59], positive ions were more effective in prgducing
irritation symptoms\\than negative ions at the lower exposure levels, but not at|higher
exposyre levelsC(10% ions/cm3). Symptoms were minor and included headache,| nasal
obstrugtion, husky voice and sore throat, itching nose, or dizziness in 16 subjects expgsed to
3,2 x 1p# pesitive ions/cm3. Similar symptoms were experienced in 4 of 13 subjects ekposed
similarly £o'negative ions. Studies also have shown, however, that exposure to air ions [did not
result lin\fespiratory irritation symptoms at exposure levels of 1.0 x 104 ions/cmP [63],

1,25 x 105 ions/cm3 [62], and 5,0 x 105 ions/cm3 [64].

Subjects with asthma, hay fever, or chronic obstructive pulmonary diseases seemed not to be
at excess risk of irritation symptoms [59] [61].

Although some studies have suggested beneficial effects of short-term exposure to negative
air ions for the treatment of allergies or asthma [57] [58] [62], 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, or an effect on histamine sensitivity in the asthmatic [61] [63] [65] [67] [68].

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 [60] [64]. More recent studies of rats
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exposed to 3,5 x 10° ions/cm3 suggest that exposure activated goblet cells without producing
damage to the trachea [69].

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 [70] [71]. 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 [52]. 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" [72].

Studies in which mice were exposed to influenza virus, pneumonia, or C. immitis~funglus and
air iong 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 [73] [74] [75] [76] [77]. In these latter dtudies,
differe}ces between exposed and unexposed animals were not greater-atyhigher exjposure
levels nor was there consistency as to effects of ions of either polarity. Igthe longest s¢ries of
experiments from Krueger's laboratory, there was no explanation forthe failures to rgplicate
effects|despite the similarity of exposures and other conditions [74] {#5] [76] [77].

Studieg of air ions have been conducted more frequently oen\psychological and beHhavioral
parameFers than on physiological parameters. One reason was the nationwide publicity given

to anepdotal claims in several American national magazines in the 1960s that arfficially
generated negative air ions would improve mood and feelings of well being while positiye ions
would lincrease subjective complaints. To this date} such notions have generated much
populaf interest but little scientific support. The relevant research is summarized below

A varidty of studies have examined the effects of positive and negative ions on indicgtors of
human|behavioral states, which could be considered to be indicative in some way off mood.
The beftter studies were carried out in aecontrolled fashion. Of these controlled studies], some
report ho effect of positive or negative-jons on mood (McGurk et al. at 8,0 x 104 ions/cm3 [78],
Chiles |et al. At 2,6 x 104 ions/cm3, [79], Finnegan et al. at 1 841 ions/cm3 [80], Hedge and
Collins|at 2,0 x 104 ions/cm3) [84],while others reported an effect as discussed below.

Hawkirls et al. reports that'a 3-week exposure to negative ions at 2,7 x 104 ions/cm3 improves
ratings|of environmentat-eomfort, but the responses were not consistent across shifts ¢r work
areas [[82]. The differénces in subject ratings between exposed and unexposed time periods
were smaller than these produced by temperature and humidity alone.

Charry|and HawKinshire report exposure for 1,5 h to 2,0 x 104 ions/cm3 to 3,0 x 104 iohs/cm3
loweredl indices of sociability and increased tension [83].

Siegel reported that exposure to both positive and negative 1ons at 1,0 x 109 jons/cm> had no
effects on five of seven mood indicators, but indicators of vigor and friendliness were
enhanced with exposure to air ions of either polarity [84].

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 jons/cm3 [85], a finding also reported in later studies [86] [87]. No adverse
symptoms were attributed to exposure to air ions in any of these three studies. The
mechanism for how air ions may have contributed to these results, however, is not clear.
Simple sensory stimulation may 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 [88].
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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 [86].

Several groups of investigators have hypothesized that behavioral, 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 105 ions/cm3 increased levels of serotonin and its
metabolite in the blood and urine of patients. Negative ions were reported to reduce the levels
of serotonin and its metabolite [89] [90] [91]. These studies are of limited value because of the
poor experimental control over their conduct, including exposures and analysis [92].

Kruegqr's laboratory conducted similar studies in mice and reported changes in [the Idvels of
serotonin in the blood of mice (see [94] for summary and review), but others havg¢ been
unable|to replicate this effect [72] [94]. The Krueger laboratory also reported’changeq in the
concerftration of serotonin in the brains of mice and rats exposed. to levels bgtween
4,5 x 1p4 ions/cm?3 and 5,0 x 105 ions/cm3 for as little as 12 h or for as"long as 20 days,|but no
effect gn serotonin or its metabolite in the brains of rats exposed to’5,0 x 10° ions/cm3 for 2 h,
18 h, or 66 h [55].

The qgyality of research studies on air ions is low becauseof the difficulty associat¢d with
characferization of exposures, the control of relevant environmental factors, and other|design
and anjalysis issues. The data does not indicate an established response among humans or
animal$ at air ion levels less than 1,0 x 104 ions/cm3: At levels between 1,0 x 104 ions/cm3
and 1,p x 10° ions/cm3, a wide variety of biological and behavioral responses have been
investigated, but the studies in aggregate proyide no reliable basis to conclude thgt such
exposuyres influence biological responses. For responses that are reported, there arg¢ other
studieq that report contradictory findings. The expectation that larger or more reliable [effects
might he observed at still higher exposurélevels, i.e. greater than 1,0 x 10% ions/cm3, Was not
supported, but too few studies at leyels above 1,0 x 106 ions/cm3 have been performed to
characterize responses to extremely high levels.

3.4.3.3 Charged aerosols

In the |1930s and the 1940s, investigators in Germany experimented with electrified water
droplets and other aerosols used in the treatment of a variety of respiratory conditions.| These
exposUyres produced a-very large number of charges per particle. While there were ang¢cdotal
reports| of relief ofssymptoms, apparently no double-blind studies were performed to ¢onfirm
any bepeficial effects [95]. Such exposures to highly charged aerosols would be expefted to
increage their’deposition in the respiratory tract as predicted by Wilson [96].

Fraser|reported that a large number of charges (>1 000) per particle were necessary to
produce a 2-fold increase in the deposition of particles in the respiratory tract of rabbits [97].
Melandri et al. reported that 30 to 110 charges/particle were required to increase the
deposition of small particles (0,3 um to 1,1 um) in human subject by 13 % to 30 % [98].

Researchers at a physics research laboratory at Bristol University have hypothesized that
corona on a.c. transmission lines causes electrical charges to attach to particles so as to
enhance their retention in the respiratory tract and may affect health by increasing exposure
to ambient pollutants [99] [100].

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 modeling [101] [102]. Jeffers reported that
modeling and analyses of power lines and air ionizers indicate that particles are unlikely to
become sufficiently charged to increase deposition within the respiratory tract [102]. This topic
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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 [46].

This hypothesis could also be applied to d.c. transmission lines. Johnson has made direct
measurements of the charge on aerosols by size downwind from a monopolar d.c.
transmission line [14] [104] [105]. In ambient conditions of roughly equal numbers of negative
and positive small air ions (600 ions/cm3 to 800 ions/cm3), the net average number of charged
aerosols was zero. The number of charges on individual aerosols, however, varied from
several negative to several positive charges for these conditions. When the d.c. transmission
line was in heavy corona the charged aerosol levels were generally 10 000 charges/ cm3 or
less at ground level near 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 d.c.
transmjssion line, some of the aerosols still retained charge opposite to the polarity of fhe d.c.
transmjssion line.

3.4.3.4 Studies of d.c. transmission lines

Studieg also have been performed of the health and behavior of human's|and animal$ living
near of under d.c. transmission lines. An effect of ion current is the charging of objecfs. The
voltagq that the object acquires depends on the magnitude of the€ “ion current and |on the
impedgnce between object and ground. If a person touches the object, the persdgn may
dischafge it through a spark. However, such sparks occur infrequently because most pbjects
do not pccumulate enough charge.

Haupt jand Nolfi reported on a home survey of 438 respondents in 128 householdg in an
exposdd and a control suburb along the Pacific Intertie; a +400kV d.c. transmission ling [106].
No differences in short-term symptoms or overall health were found between the two iroups.
Exposyres were estimated by distance alone; the\investigators assumed for the purpgses of
the analysis that residents living within about©;22 km (0,14 miles) of the line were ekposed
and thpse living 1,04 km to 1,36 km (0,63 miles to 0,85 miles) distant were not exposed.
Although the data were well-collected and>the analyses conducted carefully and perceptively,
the repgort is not technically robust and) therefore, has limited value. Other limitations have
been djscussed in a letter to the editor[107].

An epigemiology study of the performance and reproduction of over 500 herds of dairy cows
near g +400kV d.c. transmission line in Minnesota was performed for the Minnesota
Enviropmental Quality Board (MEQB) [108]. Data on approximately 24,000 milking| cows,
including average daily_ milk production, percent of animals that experienced high and very
high dfops in milk ptoduction, and annual average herd milk production in first and third
lactatigns, were campared across six categories of distance ranging from 0 miles to 1/4 mile
or 0,4 [km (stratm-1) out to 6 miles to 10 miles or 9,6 km to 16 km (stratum 6) and time
periodg before.and after energization of the line in 1979. Similarly, data on reproduction,
including intercalving intervals, abortions, infertility-related culling, and mortality] were
analyzeéd{No differences were reported in any of these variables before or after enerdization
or as i i issi i ' i de 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 d.c. 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 [109].

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 [110]. 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
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behaviors. 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 a.c. and d.c. electric field under a.c. and d.c. test line sections in the
same corridor, a large number of tests have been carried out to investigate the sensitivity of
human subjects. The tests have investigated the effects of both insulated human bodies
touching earthed metal objects, and earthed human bodies touching insulated metal objects.

3.44 Scientific review

3.4.41 General

Over the last 30 years, health agencies have convened groups of scientists M0 [review
biologital research on exposures to static electric fields and air ions. These |groups
assembled by the MEQB, the International Agency for Research on Cancer (IARC), the|Health
Proteclion Agency of Great Britain (HPA), and the World Health Organization (WHQ{) have
includgd dozens of scientists with diverse skills that reflect the different research apprpaches
required to answer questions about health. These scientists evaluatéd the strengths and
weakng¢sses of individual studies in the literature and then evaluated all of the regsearch
togethgr to determine what effects of exposures, if any, might be-expected at different levels
of exppsure, i.e. a comprehensive weight-of-evidence review.-These weight-of-eJidence
reviews and their conclusions are summarized below.

3.4.4.2 Minnesota environmental quality board

In 1981, the MEQB convened a expert panel of seven scientists to evaluate the hea|th and
safety pspects of a recently constructed +400 kV*transmission line in Minnesota to defermine
if perr]iets for the line protected public health and’safety and what, if any, additional standards

were necessary to protect public health [111]\.Their review continued over several years and
the mgjority report concluded that air ions~are not well established as a cause for biglogical
effects| and even if these effects were to be substantiated, they posed no hazard to human or
animal|health. The science advisors (ater evaluated additional research and monitoring data
and agdain concluded that there waslittle likelihood that either chronic or acute expogure to
small gir ions and static electric.fields at levels measured either on or downwind of th¢ ROW
of the ¢.c. transmission line would cause adverse health effects [112].

3.4.4.3 International~rAgency for Research on Cancer (IARC)

The prijmary mission of the IARC is to coordinate and conduct research on the cayses of
human| cancer, the-mechanisms of carcinogenesis, and to develop scientific stratedies for
cancer| prevention and control. The best known activity of the IARC is the prepardtion of
reviews of environmental factors (i.e. IARC Monographs) to assess the possibility thpt they
can ingrease) the risk of human cancer. IARC's Monographs have included assessmpnts of
chemidals,/complex mixtures, occupational exposures, physical and biological agents, and
lifestyle Tactors. National health agencies use this information as scientiiic 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.

An IARC Task Group reviewed scientific research on static electric fields as part of a larger
study of a.c. fields [113]. 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.
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3.44.4 Health protection agency of the United Kingdom

The NRPB, now a division within the HPA, has 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 electric fields and charged
aerosols.

In 2004, the NRPB published a review of epidemiologic and biological studies and physical
mechanisms of interactions of static electric fields [46]. The NRPB concluded that the most
robust 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/ b fields

The NRPB also has reviewed research on air ions and charged aerosol particles. A gfoup of
scienti$ts was assembled to provide input to the Advisory Group on Nonglonising Rgdiation
Ids on
exposuyre to airborne pollutants and address the question whether corona ions incregdse the
dose of relevant pollutants to target tissues in the body [46]. The.€onclusion of AGN|JR was
that "tHe additional charges on particles downwind of power lines could also lead to degosition
on exgosed skin. However, any increase in deposition is likely"to be much smallgr than
increages caused by wind." Their conclusion identified uncertainties about the inhaldtion of
chargef particles, 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, ¢ven in
the indjviduals who are most affected" [46]. This assessment has been reaffirmed by the WHO
in 2007 [114].

3.4.4.5 World Health Organization

The WHO is the division of the United Nations that is responsible for providing leaderghip on
global [health matters, shaping the health research agenda, setting norms and stampdards,
articulgting evidence-based policy eptions, providing technical support to countrigls, and
monitofing and assessing health trends.

Of thege four scientific agencies indicated, the WHO conducted the most recent assegsment
of static electric fields in 2007 [114]. An important consideration in the WHQO's assegsment
was that a static electric\field does not penetrate electrically conductive objects such|as the
human|body; the field(onty induces a surface electric charge. Thus, the potential for effects on
the body are limitedi\to those related to the perception of the density of charge on the gurface
of the pody by itS_ interaction with body hair and by other effects such as spark discharges
(microghocks).( At sufficiently high levels this perception can produce annoyandge and
discomffort.

Overallthe WHOQ review also suppaorted the conclusions of the |ARC [113] 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 microshocks under some conditions under a
d.c. transmission line could be annoying or provoke startle.

3.5 Design practice of different countries

The electric field and ion current limits at ground level the important foundations for the
determinations of conductor patterns and line configurations, and reasonable limits are
important for environment protection and project cost control.
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At the initial stage of UHVDC project studies in China, the electromagnetic environment of
UHV project is controlled to be not more than the level of the electromagnetic environment of
EHV project. Based on the analysis and studies of national and international electromagnetic
environment limits of d.c.&a.c. 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 d.c. lines in China have been put forward and shown in Table 1.

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

Electromagnetic environment parameters Limits

30 (Under Lines, on the ground)

=1 PR - B V1 R TSR
CTIeCTTCTITeTa (RV71T)

15 (Residential areas(nearby residential
housing), wet conductors, on the ground)

Current density (nA/m?2) 100 (Under Lines, on the ground)

The el¢ctric field and ion current limits for d.c. lines in the United States,of " America, Canada
and Brazil are respectively shown in Table 2 to Table 4.

Table 2 — Electric field limits of d.c. lines in United States of America [119]

Department Limits

30 (Under Lines, on the ground)

Department of Energy (kV/m) 15 (Space charge free electric field, on thd

ground)

North Dakota State (kV/m) 33 (Under Lines, on the ground)

12 (Space charge free electric field, on thg

Minnesota State (kV/m) ground)

Table 3 — Electric field and.ion current limits of d.c. lines in Canada

Electromagnetic environment\parameters Limits

25 (Under Lines, on the ground)
Electric field.(k¥/m)

2 (Residential areas, space charge free elecfric

field, on the ground)

lon current.density (nA/m?) 100 (Under Lines, on the ground)

Table 4 — Electric field limits of d.c. lines in Brazil

Electromagnetic environment parameters Limits

Electric field (kV/m) 40 (Under Lines, on the ground)

4 Magnetic field

4.1 Description of physical phenomena

The d.c. magnetic field is produced by the current in the conductors of a HVDC transmission
line, and it is also a parameter of electromagnetic environment of HVDC transmission line.
The description of the physical phenomena of magnetic field is given in this clause.

The d.c. magnetic field produced by a HVDC transmission line does not vary with time, and it
is different from the a.c. magnetic field produced by a HVAC transmission lines. Unlike the
electric field under a HVDC transmission line, if there are no existing magnetic substances in
the vicinity of a HVDC transmission line, d.c. magnetic field will not be deformed generally.
The d.c. magnetic field is defined mainly by the operating current and the line configuration,
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and its magnitude is in proportion to the magnitude of the current in the conductors and falls
off rapidly away from the conductors.

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

the following equation:
d =660 /%(m) (19)

where

p is the resistivity of the earth;
f is the frequency.

For thg d.c. current, f is equal to zero and the equivalent depth of image conductor can be
thought of as infinite, so the magnetic field produced by the current ef conductors abgve the
ground| need be calculated only.

If d.c. fransmission line is considered to be infinite and straight,” Ampere's circulation tTeorem
can be|used to calculate its magnetic field. The actual d.c: transmission line is not infinfite and

straigh}, so Biot-Savart's law can be adopted to calculatetits magnetic field by integrating.

In somg countries, such as China, the impact on thevinstruments of geomagnetic obsefvatory
needs o be considered during the design of d.c. transmission lines, and a minimum d|stance
betwegn geomagnetic observatory and the d.cclines may be specified.

4.2 Magnetic field of HVDC transmission lines

At pregent, there is no country establishing special criteria to limit HYDC magnetic fields. The
International Commission on Non:lonizing Radiation Protection (ICNIRP) gives the suggested
limit off general public exposuréto static magnetic fields as 400 mT. Even in the corfidor of
HVDC lines, magnetic field from HVDC lines is less than the geomagnetic field and markedly
decreapes with distance ffoam HVDC lines. Figure 2 shows the example of magnetic field of
Chinese +800 kV HVDC"\project whose rated current is 4000 A to 5000 A. The clefarance
betwegn positive polarity and negative polarity is 22 m. Figure 2 indicates the lateral profile of
magnefic field of«+800 kV HVDC line whose operating current is 4000 A, under |bipolar
operatipn condition: Curves from top to bottom represent line height from 17 m to 25 n). Even
at the lowest height of HVDC line (18 m), the maximum magnetic field at ground level|is less
than 4% uT;whereas the geomagnetic field in most areas of the world is 20 uT to 70 YT. It is
rface

experlenced in most parts of the world Thus magnet|c I|m|t is not a deS|gn conS|derat|on for
HVDC lines.
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Figure 2 — Lateral profile of magnetic field on the ground of £t800ck\VVHVDC lines

5 Radio interference (radio noise)

5.1 Description of radio interference phenomena of HVDC.transmission system

5.1.1 General

firstly, py normal operation of the main converter, valves; secondly, by corona discharge and
associated phenomena on high voltage equipment; bus bars and overhead lines. The [corona
in the |converter 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
converfer stations.

Radio Pterference (RI) generated from the HVDC transmission systems is caused in twp ways:

Radio Interference from the HVDC overhead power lines may be generated over a wide band
of freqliencies by [118]:

a) corpna discharges in air at'the surfaces of conductors and fittings;
b) dis¢harges and sparking at highly stressed areas of insulators;

c) spdrking at loose orjmperfect contacts.

The sources of a)rand b) are usually distributed along the length of the line, but sourge c) is
usually local. For'lines operating at voltages above 100kV, the electric stress in air| at the
surfacg of conductors and fittings can cause corona discharges. Sparking at bad contpcts or
broken| oy cracked insulators can give rise to local sources of radio interference. High yoltage
apparafusv'in converter stations may also generate radio interference which dan be
propagated along the overhead lines. This technical report focuses on radio interference
phenomena due to corona discharge.

5.1.2 Physical aspects of d.c. corona
The physical aspects of d.c. corona mechanism is different from that of a.c. 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.

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
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repetition frequency and moderate amplitude, whilst those near the positive conductor are
less frequent and have much larger amplitude.

5.1.3 Mechanism of formation of a noise field of d.c. 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
corona current propagates along the conductors in both directions from the injection point.
The various 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
surge [mpedance of the line. Furthermore, the directions of the electric and magnefc field
compopents are largely determined by the geometrical arrangements of the line conductors.
And the soil conditions affect differently the mirror image in the ground of the,‘electfic and
magnetic field components, respectively.

I
H/E H/E
1/2 1/2

A A
U J

IEC

Figure 3 — The corona current and radio interference field

In the ¢ase of a HVDC line the total electric field>strength is the vectorial sum of the individual
field sfrength components associated with \€ach polar conductor. A more comprehensive
treatmgnt, together with practical methods ofiassessing the electromagnetic field, is ne¢ded.

51.4 Characteristics of radio interference from d.c. line
5.1.4.1 General

The ragdlio interference charactefistics of a high voltage d.c. line include: frequency spgctrum,
lateral profile, statistical distribution.

5.1.4.2 Frequency-spectrum

The spgectrum is-the variation of the radio interference measured at a given point in the icinity
of a d.¢. line, as-a function of the measurement frequency. Two phenomena are involvef:

a) Cdrréntpulses

The current pulses generated in the conductors by the discharges show a particular spectrum
dependent on the pulse shape. For this type of discharge the measured noise level falls with
frequency. In the 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.

In the case of a.c. lines, the radio interference spectrum is one of the main characteristics of a
high voltage line. The frequency spectrum for d.c. Lines seems to show a similar shape over
the long and medium wave broadcast bands but further investigations should be made.


https://iecnorm.com/api/?name=f505f5803f527217f86ad14027558f83

- 34 - IEC TR 62681:2014 © IEC 2014

5.1.4.3 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 behavior 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 contributions is at least 6 dB. Hence radio interference from the negative
conductors may be considered to be negligible. For a negative monopolar line, the noise level
may be even 20 dB lower than for the same line with positive polarity.

5.1.4.4 Statistical distribution

The s

are often presented according to statistical analysis methods, that is teysay in the form of
histogrems or as cumulative distributions. The latter express the percentage of time|during
which the radio interference level was less than a given value.

The mg@st important causes of fluctuations in recorded radio intefference level are:

— thelrandom nature of the phenomenon;

— varlations of the meteorological conditions, both at thesmeasuring point and along {he few
teng of kilometers 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.

5.1.5 Factors influencing the Rl from d:c."line
5.1.5.1 General

The raflio interference characteristics: level, frequency spectrum and lateral profile of|a high
voltagq d.c. Line are determined-by:

— conductor surface conditions;

— conductor surface voltage gradient;

— polarity;

— weather conditions.

5.1.5.2 Conductor surface conditions

Reseailch<as shown considerably more fair weather Rl sources on d.c. lines compared|to a.c.
lines. i ' . toes in
the summer and then fruit flies in the fall. There were many more on the positive pole than on
the negative pole. The positive pole, which consisted of a 6 conductor bundle, was observed
to have up to 60 dead insects per meter during the late summer, while the negative pole
conductors were essentially free of corona sources. During the late fall and winter months,
these sources were burned off or washed off until even the positive pole was clean by late
winter. At this time, 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.

5.1.5.3 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 RI performance utilize the maximum
conductor surface gradient as a prime parameter for estimating RI levels on d.c. and a.c.
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 a.c. lines.
This is less so for d.c. lines. For example, on a conductor energized with a.c.., a change in
operating voltage level of +10 % results in a change in Rl of 5 or more dB for fair weather; in
contrast, a change in d.c. operating voltage level of +10 % for practical line designs results in
a change in RI of 3,5 dB.

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

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

5.1.5.4 Polarity

The popitive pole of a bipolar HVDC line produces the greatest amount of RI to the ext¢gnt that
Rl gengration from the negative pole can be ignored. Therefore, Rl generation is limited to
specifi¢ conductors, unlike a.c. where all conductors_arée’involved. Studies using cokductor

cages have shown Rl generation from negative polarity conductors to be far below gengration
from ppsitive polarity conductors. For example, at-a‘gradient of 25 kV/cm, test results have
shown |a difference of about 27 dB at 1 MHz. Positive polarity produces more Rl than negative
polarity because of fundamental differences\in~the corona processes. On positive polarity
condudtors, current pulses caused by corona have higher magnitude and longer decay times
than o negative polarity. This results, at>léast in the broadcast band, in corona on positive
polarity conductors affecting the broadcast band more than corona on negative polarity
condudtors. Additionally, in certainwClimates airborne surface contaminants were fqund in
much dreater proportion on the paositive pole, causing higher Rl generation.

5.1.5.5 Weather conditions
a) Fair/foul weather

Resultg from laboratories, tests, and operating d.c. lines have shown that the highest Igvels of
RI occlir during fajradry weather rather than wet weather as for a.c. lines. During wet weather
many water drops appear on the conductors. Water drops are very effective corona s¢urces,
becaude in anelectric field they deform and become pointed, producing corona at glectric

fields much lower than the conductor surface electric field existing in corona-free congitions.
The cdrona onset electric field of a conductor with water drops is estimated to be|in the
6 kV/cmte—6 vremranee He—the—corona=free—conc stor—strface—etectric—fietd—ofptactical

’

HVDC lines is in the 15 kV/cm to 25 kV/cm range. Consequently, ionization of air near the
surface of d.c. line conductors in wet weather is very intense and a significant amount of
space charge is produced. This space charge increases corona loss and air ions, but also has
the effect of producing a fairly uniform ion cloud around the conductors and of maintaining the
actual conductor surface electric field at the relative low value of the water drop corona onset
field. In these conditions, corona from water drops is not highly impulsive and noisy as the
corona from sources in most fair weather conditions, but is more of a glow. Glow corona
corresponds to a steady, noiseless charge emission from conductors into space. These
phenomena do not occur for a.c. lines, because the polarity of the electric field near the
conductor surface changes with a frequency of 60 Hz, preventing the formation of a uniform
ion cloud of the same polarity. Consequently, Rl generation on d.c. lines is less during wet
weather than in dry weather. It should be noted that there are exceptions to the rule that the
highest RI levels occur during fair weather. Light snow, for instance, can produce slightly
higher Rl levels than dry weather.
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Thus the highest radio interference level of a d.c. line normally occurs under conditions of fair
weather. At the beginning of rainfall and for dry snow precipitation, this level may rise for a
short time but when the conductors are fully wet it will decrease by up to 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 are still valid.

b) Rain washing

For a.c. and d.c., the major effect of rain is to wash contaminants off the conductor surface.
Because of space charge effects on d.c. lines, washing by rain can affect a.c. and d.c. fair
weather RI differently. If the pre-rain Rl level on d.c. conductors was a result of the activity of
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Another area where the performance of d.c. lines differs from a.c. Jinés is the influg
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positive to the negative conductor this effect is significantly lower.

formation of an effectively larger diame uctor, then RI after washing
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tors could be higher than before. In contrast, rain washing always reduces t
r Rl level on a.c. lines.
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The influence of wind on the HVDC line may be notable. For{a‘wind direction fr
e to the positive conductor the radio interference level increases with wind
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d) Segsonal effects
Furthegmore, the long-term radio interference levehof a d.c. line is influenced by sdasonal
effects| in summer the level is normally higher than in winter by approximately 5 dB. This may
be caused by insects and airborne particles on, the conductor surface, or by the absolute
humidify of the air.
5.2 Calculation methods
5.21 EPRI empirical formula
The rddio interference characteristics: level, frequency, spectrum and lateral profile of a
HVDC |line are determined by:"a) design parameters, b) line voltage, or conductor s$urface
voltagq gradient and polarity, c) weather conditions.
Monopplar RI prediction formulas were derived by EPRI and IREQ respectively [119] [120].
The ERRI empiricalformula to calculate the monopolar RI for voltages up to 400 kV is diven in
Formula (20):
2
&L = 21410 Em2 | 578f 109 Emex ||, 4010g(,)- 2710g-" - 401092 : 1010q ) (20)
) U 2o 7o Do N

where
RI is the RI value to be calculated, dB above 1 ,uA/\/; ;
Zmax IS the maximum surface voltage gradient, kV/cm;
g0 is the onset surface voltage gradient, 14kV/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);

reference distance to the polar conductors (30,5 m);
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A reference bandwidth (5 kHz)

d
gmax = gav{1 + (n - 1)?}

where

gay IS the average gradient of the bundle conductor, kV/cm;

R is the pitch-circle diameter of the subconductors;

n is the number of subconductors in the bundle;
is the diameter of subconductor cm-

B U
Sav =50 2n
— . ln—
2 Teq

where

U i$ the voltages on the conductors (kV);

h i$ the height of the conductor above ground, cm. Usually\this is taken to be the njean of
the heights at the two towers of the span minus 2/3 of/the sag at the lowest poin} of the
gonductor;

Feq i$ the radius of conductor or radius of bundle eqdivalent conductor (cm);

NOTE

a) Teq|= % in the case of a single conductor;

b) o= b n ﬂ in the case of a conductor bundle, b is the pitch-circle diameter of the subconductors.

“l 2 V b

5.2.2 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)

n d
I"=Tp +ky-(g—go)+kz -log(—) + kzlog(—) (21)
ng do

where

r is the RI excitation function in decibels over 1 ud/m ;

g is the maximum surface voltage gradient in kilovolts per centimeter;

n is the number of subconductors in the bundle;

d s the subconductor diameter in centimeters;

k1 , kp and k3 are empirical constants;

Iy, go and dgy are reference values.

The parameters defining the excitation function developed by IREQ in [120] are given in Table
5. The empirical constant could not be defined in this study since only a single conductor was
used as a reference.


https://iecnorm.com/api/?name=f505f5803f527217f86ad14027558f83

- 38 - IEC TR 62681:2014 © IE

Table 5 — Parameters of the IREQ excitation function [120]

C 2014

Polarity Weather Iy kq ko
Fair 33,29 2,28 -11,47
+d.c.
Foul 31,7 1,69 -7,33
Fair 6,28 0,23 3,05
-d.c.
Foul 6,3 0,46 —-6,05

5.2.3 CISPR bipolar line Rl prediction formula
CISPR|recommended a bipolar line RI prediction Formula given in (22), which was based on
extens|ve measurements on lines [12], with various configurations.
20
RI =38 +16(gmax — 24)+46log(r)+ 5log(N)+ 4E ; + 33log ) A (22)
where
RI is the level of the radio interference field strength, dB(aV/m);
Zmax |is the maximum surface gradient of the line, kV/cm;
r is the radius of conductor or subconductors, cm;
N is the number of subconductors;
D is the direct distance between antenna affd nearest conductor, m;
AE,, |is the correction for different weather\condition, dB;
AE;  |is the correction for different measurement frequency, dB, AE, = 5[‘I—2(Iog(10f))‘ J;
f is the numerical value of the-measurement frequency, MHz.
If the formula gives the level far)0,5 MHz and the position at a direct distance of 20 m from the
nearesf conductor in fair weather, then the last three elements of the formula are all zero.
5.2.4 Comparison(of different prediction formula
The difference between the EPRI formula and the CISPR formula are given in Table 6.
Table 6 — Comparison of the EPRI and CISPR formula

Polar conductor A s mm) 16112 % 4612346 125461 2 %46 4305 14305453051 4x30,5
Voltage (kV) +400 | +400 | +500 | +525 | +600 +500 +600 +525 +600
(cm) 1050 | 1050 | 1830 | 1830 | 1830 | 1120 1120 | 1320 1320
Zmax (KV/Cm) 22,5 | 21,2 | 24,0 | 252 | 28,8 25,0 29,9 25,0 28,4
RI(dB) EPRI 51,7 | 44,0 | 49,3 | 51,0 | 54,3 43,6 47,6 43,6 46,9

CISPR 48,3 | 42,1 | 46,6 | 48,5 | 54,3 41,5 49,3 41,5 46,9
5.3 Experimental data
5.3.1 Measurement apparatus and methods

This report applies to radio interference from d.c. overhead power lines and high-voltage
equipment which may cause interference to radio reception, excluding the fields from power
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line carrier signals. The frequency range covered is 0,15 MHz to 300 MHz. We recommend
the measuring apparatus and methods used for checking compliance with limits should
conform to CISPR specifications, for example CISPR 16: CISPR Specification for Radio
Interference Measuring Apparatus and Measurement Methods. 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: 0,15MHz;
0,25 MHz; 0,5 MHz; 1,0 MHz; 1,5 MHz; 3,0 MHz; 6,0 MHZz; 10 MHZz; 15 MHz;and 30 MHz are
also recommended.

The tecs
the aetial will be completely enclosed by a square having a side of 60 cm in length. Fhie base
of the [oop should be about 2 m above ground. The aerial shall be rotated aroupd“a yertical
axis and the maximum indication noted. If the plane of the loop is not effectivelyparalle] to the
directign of the power line, the orientation should be stated. It is necessary.to.determjne the
lateral |profile of the radio interference field. For purposes of comparisen, the reflerence
distande defining the noise level of the line shall be 20 m. Measurements|should be made at
mid-sppn and preferably at several such positions. Measurements should not be made near
points |where lines change direction or intersect. The atmospheric conditions should be
approxjmately uniform along the line. Measurements under rain conditions will be valid] only if
the raip extends over at least 10 km of the line on either side of{the measuring site.

When the results of measurements are reported, the following additional information |should
be indluded at least: conductor surface voltage Qradient; atmospheric conditipns at
measufement sites: temperature, pressure (altitude),<humidity, wind speed, etc.; copductor
configyration.

5.3.2 Experimental results for radio interference

The mgre and detailed experimental results for radio interference are shown in Annex H.

5.4 Criteria of different countries

No corjsistent criteria have beenfound around the world. No exact value for the RI limit of a
d.c. ling has been agreed by different countries. However one important line design pfinciple
for different organizationsis to limit Rl from d.c. lines in order not to influence brqadcast
receptipn. As a method to*evaluate the RI of a d.c. power transmission line, the ratiq of the
receivgd signal voltage)to the received interference voltage (Signal to Noise Ratio: §NR) is
used, in the same way as for an a.c. transmission line.

SNR:20.|og(VS‘9”‘% _ j [4B]
noise

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)
— unintelligible
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The test result of reception quality versus SNR is shown in Figure 4. The subjective

evaluations indicated d.c. Rl tolerance level SNR of 10:1. Restated in terms of d

B, the

interfering noise at the receiving antenna must be 20 dB below the broadcast signal strength

for acceptable reception.

Background
not detectable

Background |
detectable

Background |
evident

Background
objectionable

Difficult to
understand

Receptjon quality

Unintelligible L L L . L
0 5 10 15 20 25
Signal-to-noise ratio (dB)

1 1,8 3,2 5,6 10 18
Signal-to-noise voltage ratio

IEC

Figure 4 — Rl tolerance tests: reception quality as a_function of signal-to-noise

In China, the consideration used for Rl when doing HVDC line design is: when measur

atio

bments

are pefformed under fine weather conditions, they ‘should not exceed 55 dB at the reflerence

point, Wwhich is 20 m horizontally away from the, céntre-line of the positive polarity con
and 2 mh above ground.

6 Auddible noise

6.1 Basic principles of audibletnoise

The infensity of a sound may-be characterized by the root-mean-square amplitude
small Jariations in atmospheric pressure that accompany the passage of a sound way
usuallyl expressed in terms of micro-pascals, abbreviated, pPa (1 pPa=1 uN/m2 =10-5 4

The range of pressure variations that the human ear can detect is extremely large (1 m
one).

For reporting® convenience, a compressed scale has been devised on the basis

ductor,

of the
e. ltis
bar).

llion to

of the
ecibels

logarithmof the sound pressure; this is the sound pressure level and is expressed in d

above aTeference pressure.

P,
Lys =201g (?f] [dB]
where
Lps 1s the sound pressure level;
Py is the sound pressure;
P,  is the reference pressure.

Unless otherwise specifically stated, the reference pressure is 20 pPa (2 x 10~ ubar).

(23)
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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 [119].
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, expressed in
dB(A). Although laboratory experiments by Wells [168], and by Molino [169] have indicated
that subjective reaction to corona noise of HVAC lines might better correlate with the B- or D-
weighting network, HVAC transmission line noise continues to be measured and repdrted in
dB(A).

A study of the subjective response to HVDC transmission line audible,'noise [3|1] has
conclugled that, for the same dB(A) level, HVDC audible noise can_(create a djfferent
annoygnce than HVAC audible noise; at 50 dB(A) HVDC and HVAC audible noises generate
the same amount of annoyance, but at higher levels HVDC audible noise'is perceived 13 more
annoyifg. Most practical HVDC lines produce audible noise of less/than 50 dB(A) outsjde the
right off way.
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ks 10: .
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Frequency (Hz)
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Figure 5 — Attenuation of different weighting networks used
inatdible-noise-measurements|i4]

6.2 Description of physical phenomena

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 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 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.
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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
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 transmission line audible noise [170].

Audible noise generated by corona on HVDC overhead transmission lines is broadband with
significant high frequency content, which distinguishes it from more common environmental
noises. Corona is a random occurrence along the line and the noise from each corona pulse
may extend to frequencies well beyond the sonic range This randomness combined with the
signifidant high frequency content results in sounds variously described as crackling, ffrying, or
hissingl. Figure 6 shows two typical frequency spectra of HVDC line corona noise measpred at
HVTRG( [129] one for a line configuration and voltage generating a relatively lowfaudible noise
and th¢ other for relatively high corona noise conditions. A typical spectrum™of fair weather
ambier|t audible noise taken during the day is also shown for comparisan-t is clejr from
Figure |6 that HVDC line audible noise measurements can be significantly affected by gmbient
noise. [The low frequency components of the noise (up to the 125 Hz qctave band) can rarely
be distlnguished from ambient noise. The best indicators of corona-fgise are the octave band
measufements from 500 Hz to 16 kHz. Unlike HVAC, HVDC corona noise does not gontain
pure tones at twice the power frequency (120 Hz) and its harmonics.

[e2]
o

A) Corona\noise
fair weather
high-noise line

)]
o

N
o

w
o

Sound pressure level (dB above 20uPa)

| ‘B) Corona noise / ~<.
L fair weather /'\~\
N low-noise line DRI
C) Ambient T

20 =
1 1 1 1 1 1 1 1 1
31 63 125 250 500 1K 2K 4K 8K 16K
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As sound waves travel through the air, 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 [171]. 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 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.

6.2.1 Lateral profiles

Typical lateral profiles of AN measured on a HVDC line energized to £750 kV and +900 kV
equipped with 4 cm x 4,1 cm conductor bundles are presented in Figure 7 [32]. The dashed
curves in this figure correspond to the measured profiles, while the solid curves represent the
profiles calculated using the generated acoustic power densities measured at these voltages.
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HVDC-line equipped with 4 cm x 4,1 cm conductor bundles energized with £750-kV and £900 kV [32

results are shown in Figure 8, where the experimental points as well as the cal
for the line are equipped with 8 cm x 4,6 cm conductor bundles energized to +1
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culated
050 kV.

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 [32]

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
symmetrical around the positive pole.

Figure 9 [129] 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 behavior with increased levels under the positive pole. Most
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probably, the ambient noise interferes with the lower audible noises from the line emitted at
the lower voltages.

This would also explain the 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
From the profile of AN (Figure 7 and Figure 8),.it can be seen that the profiles are symmetrical

around|the positive pole. It implies that positive polarity conductor is the primary sourcg of AN

from H\VDC transmission line. This can_be“found in other literatures [6] [14] [32] [37] [
well. Ap the positive pole of a bipolar/HVDC line produces relevantly more audible nois
the negative pole, the contribution frem the negative pole can be ignored. For examp
gradient of 25 kV/cm, test resulisusing conductor cages have shown a difference b

and negative polarity of about 8 dB [31]. Therefore, audible noise genera
to the positive pole, unlike in the a.c. case where all conductors are involved.
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is enhanced<by the fact that in certain climates airborne surface contamination and
th,actl as spots where corona sets in. They are found in much greater portions

may bq

b polarity produces more audible noise than negative polarity because of fund
differempces in the coroha processes. Similarly to the difference in the corona curren
des between positive and negative polarity, the acoustic pulse amplitudes at
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are also an order of magnitude higher than those at negative polarity. This asymmetry

positive ‘pofe.

nsects
on the

6.2.2

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 coped with using the so-called
exceedence levels such as Lgg.and L, 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.

In the following, two examples of assessing the audible noise from HVDC-lines with
exceedence levels are presented to illustrate this statistical behavior of the corona—noise:

Figure 10 [32] shows the all-weather probability distributions of AN at 15 m from the positive
pole of the upgraded Pacific NW/SW HVDC Intertie by depicting the exceedence levels. For
example, the fair weather Ly, exceedence level in Figure 8 amounts to 41,0 dB (A).
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Figure|11 [129] shows the variability of the AN probability: distributions for three djfferent
voltagq levels. Only the measured values for the voltage #1200 kV are relatively undigturbed
by ambient noise.
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The pole spacing is 24,5 m, the minimum height of the horizontal pole arrangement above ground amounts to 20 m
[129]

Figure 11 — Statistical distributions of fair weather Aweighted sound level measured
at 27 m lateral distance from the line center during spring 1980

6.2.3 Influencing factors

6.2.3.1 Conductor surface gradient

All predictive formulae or analysis procedures for AN performance utilize the maximum
conductor surface gradient as a prime parameter for estimating audible noise levels for d.c.
(and a.c.) transmission lines. This variable is generally calculated from the physical geometry
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of the system and system voltages in charge-free conditions and is dependent on the line
height, number and position of subconductors in the bundle, and separation of the
subconductors. The conductor surface gradient calculated for corona-free conditions is a
sensitive parameter for the prediction of audible noise. A change in dc operating voltage level
of 10 % for practical line designs results in a change in fair weather audible noise of about
5 dB.

Much of the research on transmission line audible noise in the past has been devoted to
HVAC transmission lines. The design considerations for HVAC [170] are similar to those for
HVDC, but there are important differences for HVDC, such as the effect of constant polarity.

6.2.3.2___ Conductor surface conditions

Resealch has shown considerably more fair weather corona sources on HVDQ lines
compafed with HVAC lines. Before rain, a density of less than three sources per’mefer has
been reported for HVAC lines [170], 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 afe, in general, dirtier and collect more insects and debris than negative conductors.
Nicks gnd scratches on a conductor can also act as a source of corona,and audible noise.

6.2.3.3 Line polarity

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

Positive polarity produces more audible noise“than negative polarity because of fundgmental
differe:luces in the corona processes. Onositive polarity conductors, current pulses gaused
by conona have higher magnitude and longer decay times than on negative polarity
condudtors. This results in more @udible noise on positive polarity conductors than on
negatiye polarity conductors. In addition, airborne surface contaminants and insects| which
can adgt as corona sources arexfound in much greater proportions on the positive polarity
condudtor.

6.2.3.4 Adjacent lines

The erlergization of\nearby adjacent lines may affect the audible noise level producgd by a
condudtor by modifying its surface gradient. All lines within a transmission corridor shguld be
includgd in thelcalculation of conductor surface gradient. Adjacent ac lines can be considered
as zerq potential (grounded conductors) for purposes of d.c. noise calculation [160].

6.2.3.5—Weatherparameters

Results from laboratories, test lines, and operating dc lines have shown that the highest
levels of audible 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
irregularities of any sort are surrounded by space charge (corona-produced ions). The space
charge acts to reduce the electric field at the surface of the conductor and the length of
corona plumes, thus reducing the intensity of the corona current pulses; consequently,
audible noise generation on dc lines is less during wet weather than in dry weather.

Essentially continuous HVDC corona emission occurs when the corona inception of the
source is significantly lower than the corona-free conductor surface gradient. This is the case
for raindrops, where the corona inception gradient for raindrops is approximately 9 kV/cm,
while typical HVDC transmission lines operate at corona-free conductor surface gradients of
approximately 20 kV/cm. In the case of near continuous corona emission, the corona current
is either continuous or occurs in rapid small pulses that do not produce audible noise.
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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 sources (low corona inception field) produce little or no audible noise. The worst
conditions occur when there is a critical number of noise producing sources per unit of length.
In fair weather, 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.

Fair weather audible noise will tend to increase as the amount of debris on the co:l:ductor
increades. A gradual increase in the amount of debris and insects on the positiveyeondiictor is
seen during the spring and summer of the year in temperate areas (such aspHVTRC) where
there pre distinct summer and winter seasons. During the fall and_-winter, onfge the
temperpture falls consistently below about 10 °C, the amount of insects_and debris in|the air
and defposited on the positive conductor decreases. During the fall and‘winter, the depris on
the compductor degrades and the conductor is cleaned by the action '@f snow, rain, ang wind.
The effect of season on the audible noise of HVDC lines is not large, usually 4 dB or legs.

Wind dan also have a slight effect on the audible noise of a‘conductor by carrying thg space
charge} released by corona, away. This decreases the “amount of self-shielding |of the
condudtor by its own space charge thus allowing longer~corona plumes and more noige. The
noise gssociated with the wind itself may produce a level that is equal to or more thap noise
from thie dc line, masking the line noise.

6.2.4 Effect of altitude above sea level

With ap increase in altitude, the air densify: is decreased, resulting in a decrease of ¢orona-
onset fields. This manifests also itself\in' AN levels: An increase in altitude result§ in an
increade of AN levels of transmissiondines as a consequence.

In [132] it was found that the audible noise from HVAC lines is increased by about 1 dB every
300 m pf increment in altitude ‘above sea level.

6.2.5 Concluding remarks

This sdction was primarily concerned with describing the characteristics of audible noige from
HVDC fransmission’lines. The main results are summarized as follows:

a) The¢ audible corona-noise from HVDC transmission lines originates mainly from thg Onset
M both
ositive

corona 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
lines is broadband with significant high-frequency content, whereas the common
environmental noises on the other hand have rather low sound levels.

¢) The lateral profiles of AN from HVDC transmission lines is essentially symmetrical around
the positive pole, which agrees with the remark a).

d) The occurrence of AN levels from HVDC transmission lines is to some extent distributed
statistically, 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 exceedence levels. The Lgg along or in combination with Lg exceedence levels is
typically used to describe AN from transmission lines.
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6.3 Calculation methods
6.3.1 General

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

6.3.2 Theoretical analysis of audible noise propagation

6.3.2.1 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 techniqpes for
AN frofn transmission lines: the comparative and the analytical methods.

6.3.2.2 Comparative methods

These [methods usually are derived from measured data on lines having the same general
configyration but having different conductor geometries or different voltage levels.

The lipfe geometry of a new line is compared with that, ofva reference line of [similar
characferistics for which measured data are already available, and correction factgrs are
applied to the measured data to translate from the referenc¢e line to the new line. The general
form ofl the calculations for the comparative method isf14}[156] [119]:

Ly = Lang + 4ANg + AANg + 44Ny + AANR + AANp + AANy (24)

Lano |is the audible noise level of thevreference line

is the correction factor related to corona free conductor surface gradient

9
AANy |is the correction factor(related to diameter of conductors
AAN,, |is the correction factor related to number of conductors per bundle

AANR |is the correction'factor related to distance from line to measuring point
AAN, |is correction factor related to altitude above sea level
AANy, |is corregtion factor related to weather conditions

6.3.2.3 Analytical methods

The repagation—of-AN-can—-be—analvzedusing-thebasictaw—of-acoustics—TFhe—nois |eve|
prepagatoh—o+—-AN—caR—be—aharyZ8a—usHg—the—basic—aW—o+—a6odsHES—hR RHOH+S

produced by each conductor bundle can be calculated at the point of measurement. Once the
noise for each conductor bundle is obtained, the total line noise (in dB) is found from [14]

p= 10Iogi10p(d3)"/10 [db] (25)
i=1

where

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.
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6.3.3

Empirical formulas of audible noise

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 HVYDC transmission lines.

6.3.4
6.3.4.1

The s
genera

density| of the line and the propagation characteristic of the audible noise.

Only, t
assum

noise at any particular point is calculated by combining the noise produced by each
and thgn combining them according to Equation (24).

If therg is only one positive polarity conductor, such as,for’an ordinary bipolar HVD
there i3 no need to use Equation (24), since the negative~polarity conductor contributior
audiblg noise is negligible.

6.3.4.2

The ERRI formula for Lgy AN from d.c. lines according to the data obtained at HVTRC ¢

[14] in

Asq is the generated acoustic power in dB above 1 W/m.

Considering the effect of air absorption, the following expression for summer fair weat}

be dra

where

Q0

S

Semi-empirical formulas of audible noise

mi-empirical formulas are related to the analytical methods. To calculate(the ¢
ed sound pressure, two factors must be considered: the generated acoustic

ne positive polarity is assumed to produce noise. The noise of the negative po
pd to be negligible. If there is more than one positive conduetor bundle, the

EPRI formula

summer fair weather is given as:

Asg = 57,4 +124 Iogm(%j +25 Iog10( 4‘35 j +18 Iogm[%] +k,

vn:

orona-
power

arity is
hudible
bundle

C line,
to the

f EPRI

er can

(27)

Ly ='56,9 + 124 Iog1o(%] +25 Iog10( 4”;5

j+18 Iogm(%j ~10log1gR —0,02R + k,

is the average maximum bundle gradient [kV/cm]
is the diameter of conductors [cm]
is the number of conductors per bundle

is the radial distance from the positive conductor to the measuring point [m]

is the adder function of the number n of conductors in a bundle:

k,=0, for n>3; k,=2,6, for n=2; k,=7,6, for n=1.

The range of validity is considered to be 15<g<30 kV/cm, 2<d<5 cm and 1<n<®6.
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The AN in wet weather is calculated by subtracting 6 dB from the Lgy summer fair weather
noise, while the summer fair weather exceedence level Ly can be calculated by adding 6 dB
to the corresponding Lg fair weather noise level.

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

6.3.4.3 BPA formula

BPA uses the existing HVDC line audible noise data from IREQ (three different line
geometries at 750kV, 900kV, 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 thebpsis to
develop a more general formula for AN from HVDC lines [143]:

g deq
A50 =-57,6 + 86 |Og10 ﬂ +40 |Og10 46—2 (28)

where
Asq is the generated acoustic power in dB above 1 W/m

g is thg average maximum bundle gradient [kV/cm].

NOTE [4;, is generated acoustic power above the referencé; ef 10~"2W/m,

~
=

B] =a(f)-101logR 5,88 = 10 |og{%} —~10 logR - 5,88

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

d-0,66n%%% for n>2

d —
ea d for n<2
where
deq i3 the equiyalent bundle
d i$ the diameter of conductors in cm
n i$ the number of conductors per bundle
R i$ the radial distance from the positive conductor to the measuring point in m.

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

Lsy =—133,4 +86 logyg(g)+ 40 logyg (deq )~ 11,4 log1o R (29)

To correct the calculation for summer, 2 dB (A) should be added to the Lg, fall value. The
maximum fair weather AN is calculated by adding 3,5 dB to the Ly, fair weather value
obtained above, while the Lgy AN during rain is calculated by subtracting 6 dB from the Lg
fair weather AN.

6.3.4.4 FGH (Germany) formula

This formula calculates the maximum audible noise in fair weather:
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Lax =—-1+1,4g + 40 log4gd +10 logqgn — 10 logg R (30)

where

Lyax is the maximum audible noise in fair weather, in dB above 20 pPa.
R is the distance between the positive pole and the measuring point.

The range of validity is consider to be 2<d<4cm, 2<n<5.
6.3.4.5 IREQ (Canada) formula

The IREQ(Canaday Formuta s given by the Hydro Quebec Mstitute ot Research T138T1]143]:

Lsy = k(g —25)+10 logqgn + 40 logqgd — 11,4 logsg R + AN, (31)
where
Lgg i$ the average audible noise in fair weather, in dB above 20 uRas
R i$ the distance between the positive pole and the measuring point.

The k gnd AN, depend on the season are illustrated in Table 7,

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

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

The range of validity is considered to be 2<d<4cm , 2<n<5.

6.3.4.6 The CRIEPI (Japan) formula

From Central Research-Institute of Electric Power Industry, Japan, the following flormula
exists [142]:

L50 ZANO —10|Og1oR (32)

where

Lggy is the average audible noise in fair weather, in dB above 20 uPa
R is the distance between the positive pole and the measuring point
g is the average maximum bundle gradient [kV/cm]

G G
ANg =10——29 {1— 50}50
Geo — Gsp g

in which Ggg and Ggg represent bundle gradients which correspond to 4N;=50 dB(A) and
ANy=60 dB(A) respectively, and are given by

1 logn logd 1 1
= + + +
Gsgo 91 19 w2 151
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1 logn logd 1 1
Geo 72 21 22 1906

where
w is the distance between positive and negative poles in meters.

The range of validity is considered to be 2,24<d<4,94 cm, 1<n<4, w>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 [140].

6.3.5 CEPRI (China) research results

China has successfully built several +800 kV HVDC projects, and plans to build'+1 100(kV DC
projects. Extensive research has been carried out to derive a DC line audible/noise prgdiction
formuld. In terms of the audible noise prediction equation, the project carried out a detailed
study pf audible noise with regard to 11 different conductor bundl€Darrangements. The
relationships between the audible noise generation power and the maximum surface ¢lectric
field hgve been established, and China’s first DC audible noise prediction equation hajs been
derived. The formula’s verification has been carried out by comparing formula results With the
experirhental data for a 6-conductor bundle on the test line,and the formula will be yerified
with audible noise experiments on an 8-conductor bundle.

6.3.6 Concluding remarks

In the 6.3.2 to 6.3.5 introduced formulas, the BRAformula and EPRI formula are the most
widely jused in the design of HVDC transmission’lines. The EPRI formula is recommenfled for
the design because it is developed based on:the long-term research of audible noige from
HVDC pnd UHVDC transmission lines. The.BPA formula should be used with caution bgcause
it was gleveloped from very little information.

6.4 Experimental data
6.4.1 Measurement techniques and instrumentation

Technifjues for measuring: audible noise are described in the [EEE Standard for the
Measufrements of Audijble)Noise from Overhead Transmission Lines [167].

The inptrumentation® required to make audible noise measurements is composed of three
basic gomponents: a transducer (microphone) to convert acoustical pressure into elgectrical
signals], a precessing device to weight and/or filter the electrical information, and an|output
device|to,defermine the levels of the acoustical signals. The equipment available to gerform
these measurements varies significantly in sophistication from simple, hand-held instruments
to complex, computer-controlled sysiems. Transmission line NOISE measurements are unique
in that, generally, they require the measurement of low noise levels, they are concerned with
noise with high frequency content, and they must be performed outdoors. These requirements
affect the measurement system with regard to sensitivity and frequency response.

When more detail is desired than can be provided by a simple measure of the noise (e.g. A-
weighted), a complete determination of the frequency spectrum should be made using
frequency analyzers. For field measurements, an octave-band filter set is often used. For
better definition, narrow-band frequency analyzers with one- third or one-tenth octave filters
are also used. One octave is defined as a bandwith for which the ratio between upper and
lower frequency of the band is 2.

For the one-third and one-tenth octave bands, the ratios are Y2 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.
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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 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.

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.

6.4.2 Experimental results for audible noise

The m¢re and detailed experimental results for audible noise are shown in Annex C.

6.5 Design practice of different countries
6.5.1 General

The tolerability of audible noise depends on the characteristics*of the noise and on the level
of amblient noise. The most important difference between HVAC and HVDC audible noise is
that pqtentially objectionable HVAC audible noise ocgurs in foul weather while potgntially
HVDC jaudible noise occurs in fair weather. Because{people are more frequently outdpors in
fair wejpther and as there is no rainfall masking the.corona noise, as in the case of [HVAC,
limits consistent with minimizing the number of comiplaints should be adopted for HVD(|.

Transmission line audible noise has begn“~an issue in many public hearings ¢n line
certificgtion applications [10]. The New York State Public Service Commission Cases| 26529
and 2p559 “Common Record Hearing on Health and Safety of Extra-High VYoltage
Transnpission Lines” requires the L50 rain limit level of 52 dB at the boundary of the fight of
way [1P]. In the Chinese 1 000 k¥_UHVAC transmission line pilot project, an average foul
weathgr AN limit value is 55 dB.(A) at 20 m distance to the outer conductor. For HVD(, there
is a linlited amount of experience because, in general, audible noise has been sufficiently low
and nd reported complaints have been made known to bodies such as CIGRE. Hdwever,
becauge HVDC audible~noise occurs in fair weather, limits consistent with minimizing the
numbef of complaintsisheuld be adopted for it.

6.5.2 The effectof audible noise on people

The effects.of-audible noise on humans are mainly manifest on speech, hearing, sleeping and
emotiopal 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 speech
unintelligible.

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; this is often called noise-induced hearing loss.

c) Interference with periods of rest or sleep results in lack of concentration, irritability or
reduced efficiency as a consequence. Normal sleep of about 15 % of people is affected
when 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
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evidence that noise is associated with mental iliness. In particular, it may lead to general
psychological distress.

6.5.3 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 [12]. This guideline is illustrated in Figure 12 which shows that no complaints
are likely under 52,5 dB (A), some complaints may be expected between 52,5 and 59 dB (A)
and numerous complaints have to be anticipated if the levels exceed 59 dB (A).

Probability of
f receiving complaints

High
erous complaints

Moderate
55| some complaints
S0 Low

no complaints

Audible noise level, 30 m from C-dB (f\)

IEC
Figure 12 — Audible noise complaint guidelines [12]

An investigation by EPRI [133] used an acoustic-menu technique to determine suybjects’
prefergnce for different types of noise, including transmission line noise and more comqmonly
encourltered noises. One of the conclusions was that variability of individual felative
annoygdnce judgments of low level (45dB(A) to 55 dB(A)) signals is greater than variapility in
judgmgnts of the annoyance of higher-level signals. One of the other conclusions of this study
was that the annoyance produced by exposure to transmission line noise is greater thpn that
of othgr low-level signals of(similar A-level. AN of transmission lines and other low-level
soundq with appreciably high frequency content result in the same annoyance ag other
environmental sounds at.40'dB lower levels. The same increase of annoyance for equgl noise
levels pccurs for noiseswith tonal components as that at twice the mains frequendy from
HVAC lines.

CEPRIfhas conducted some research on the human subjective response to transmission line
audiblg noise-in high altitude area [149]: Figure 13 is the measured lateral profile of audible
noise ¢n_a'330 kV AC transmission line. At the point of AN greater than 45 dB (A), 85 % of
evaluajors-feel disturbed. But at an outside level of 46 dB (A) and having all people stay in a
car, even with all the car window opened, all people feel undisturbed due to the attenuation
caused by the car body. It implies that 45 dB (A) in residential areas may not affect the rest of
residents.
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Figure 13 — Measured lateral profile of audible noise
on a 330 kV AC transmission line [149]

Anothelr investigation conducted by EPRI [31] to determine the human. subjective respgonse to
HVDC [transmission line audible noise was conducted directlysunder the positive polarity
condudtor, and voltage covered the range of £300 kV to +600.k\.”At each test voltage level,
the evgluators were requested to rank the annoyance in one 6f the following categories
1) very quiet still, calm

2) quiet just a normal quiet evening

3) fair|ly noisy some moderate disturbance

4) noisy just plain noise

5) very noisy very prominent on this quiet evening

6) intdlerably noisy.

The tept results of this investigationvare shown in Figure 14 and Figure 15. The evaluators
feel anhoyed when the average noise level exceeds 45 dB (A).

Intolerably [ . . i
noisy | 0 Average of observations with |
corresponding SPL in dB(A) (B and K)
Very noisy - | Range of observations a
Y
Noisy |- 38 44
Fairly noisy [ | |/ 33 i
Quiet | l MSO ]
28 28
Very quiet o 29 7
300 400 500 600
Line voltage (kV)
15 20 25 30

Conductor surface gradient (kV/cm)
IEC

Figure 14 — Subjective evaluation of d.c. transmission line audible noise;
EPRI test center study 1974 [31]
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Figure 15 — Subjective evaluation of d.c. transmission line audible noise;
OSU study 1975 [31]

of the effect of the different characteristics of HVAC and”"HVDC noise [31] has

bs. Around 50 dB (A), d.c. and a.c. audible noiselgenerate about the same am
nce.

els of noise lower than 50 dB (A), corresponding to those generally produced

DC lines, d.c. audible noise generates’less annoyance than the correspondin
of the same level. Therefore, extending the use of the A-weighted HVAC limit le
ines seems to be conservative under the aspect of annoyance.

search of subjective evaluation AN was also carried out by M. Fukushima et al. |
IBARA HVDC test line,~One of the main results is that if the AN level exceeds
b rate of test persons perceiving it as “noisy” rises to more than 50 %. If thg
s 45 dB (A), this rate ‘is increased to more than 70 % (see Figure 16). That

17.

shown
so for
punt of

g a.c.-
vels to

42] on
43 dB
value
mbient
fest in



https://iecnorm.com/api/?name=f505f5803f527217f86ad14027558f83

IEC TR 62681:2014 © IEC 2014 - 57 -

100 Pr———

Rate of judgment (%)
[ee]
o

60 -
<~
40} _ .
Cumulative
| frequency u
of ambient
20 |noise (%) J i
’
s ]
0 Lol I T [ [ | [ | >
25 30 35 40 45 50 55
AN level (dBA re. 20uPa)
IEC

The judgments were made 74 times at operating voltage for conductor bundles of{lcm x 4,94 cm and [lcm x to
4cm x 263 cm by two of the authors aged in their 20's and 30's [142]

Figure 16 — Results of the operators’ subjective evaluation,of AN from HVDC lihes
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Figure 17 — Results of subjective evaluation of AN from d.c. lines

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.

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

The United States Department of Energy (USDOE) study [14] 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) [31] in dictating that 40 dB(A) is a level above
which noise from HVDC lines may be considered as objectionable.

In Brazil the limit for AN of HVDC transmission lines on the boundary of the right of way is
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In the Chinese electric power industry standard [151], the limiting exceedence level Lgg 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 nonresidential 50 dB (A) are acceptable [149].

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

6.5.5 Recommended noise level limit

Cost and feasibility should be taken into account in considering the limit value of audible
noise.

General noise requirements of the national environment noise regulations should(be' satisfied
and th¢ audible noise should be limited to the public acceptance level. In designing thel HVYDC
transmjssion lines, on the other hand, the construction cost will be a matter,of consideration
as wellf

In the |noise regulations in Germany and Switzerland transmissiondines are not specially
treated with specifically limiting noise levels, but they are implicitty covered by th¢ more
general regulations on noise. In German regulations on nojse-{152] (TA-Larm), for very
sensitiye areas such as hospitals the outdoor limits are 45, dB(A) in the daytime (06:00 to
22:00) [and 35 dB(A) at night (22:00 to 06:00). It is specific'that these night limits ar¢ to be
fulfilled for every Leq(A) averaged over any full hour duting the night (if the events are not
unique| or very seldom), in contrast to the more common requirements of averaging |over a
longer period.

The linjits for very sensitive areas are the sameZin Switzerland (planning values) [153][and in
China [[154], namely 50 dB (A) and 40 dB (A)‘in-the daytime and at night respectively.

It mus{ be pointed out that due to the different methods in determining the levels|in the
differegt national regulations mentioned above, the levels cannot be compared directly.

Values|of sound attenuation by-a‘residential house with opened windows may vary widgly.

Howevpr, reference [155].\quantifies this attenuation in warm weather with 12 dB(A), see
Table §.

Table 8 — Typical sound attenuation (in decibels) provided by buildings [155]

Window opened Window closed
Warm climate 12 24
Cetld-elimeate 4+ 24

6.5.6 Main conclusion

A design criterion for HVDC transmission line which is to be set at a maximum of 40 dB under
quiet condition, for the following reasons:

a) Normal measured value for HVDC Transmission line all over the world is less than 40 dB
as mentioned in the document.

b) For example, the Malaysia Utility designing the proposed Bakun HVDC transmission has
set the limit of 40 dB.
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Annex A
(informative)

Experimental results for electric field and ion current

A.1 Bonneville Power Administration 500 kV HVDC transmission line

The Bonneville Power Administration (BPA) study [32] to characterize the electrical
environment of the Pacific NW/SW HVDC Intertie was carried out at the Grizzly Mountain
HVDC [Research Facility. The test site was located at an altitude of T,T km and_the line
configyration consisted of a two-conductor bundle, with 46,2 mm diameter subcenductors,
pole sgacing of 11,6 m and conductor height of 12,2 m.

Ground-level electric field intensity, ion current density and space charge density were
measufed at several lateral distances from the line, using Institut de‘ Récherche d'Hydro
Quebe¢ (IREQ) field mills and Wilson plates and Dev Industries ion, counters respegtively.
Measufements were made at lateral distances of 7,9 m, 22,9 m, 162. m and 305 m gn both
sides ffom the center of the line. Data were obtained with the“line operating at + 500 kV
during @ period of one full year in 1986.

Statistical analysis of the data indicated that all-weath€r results were very similar fo fair-
weathdr results, since foul weather occurred less than{ 10 % of the time. All-weather |results
for lat¢ral distances of 7,9 m and 22,9 m under “both positive and negative poles are
summdrized in Table A.1.

Both tHe mean values, E (mean), J (mean), and the Ly values (exceeded 5 % of the time), E
(Ls), J [(Lg), of the ground-level electric field.intensity and ion current density are shown in the
table.

An important conclusion drawn from“this study was that the distribution of electric fields and
ion current densities were very much asymmetric, with the levels on the negative sidq of the
line be|ng two to three times liigher than those on the positive side. Such asymmetry was not
observgd in the case of some test line data obtained in other studies.

Table A.# =—BPA 500 kV line: statistical summary of all-weather
ground-level electric field intensity and ion current density [32]

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 (L), kVim | 23,0 | -34,0 | 20,0 | 15,0

J (mean), nA/m? | -10,2 | -29,3 | 12,8 | 3,6
J (Ly), nAIm? | -50,0 | -112,0 | 46,0 | 18,0

A.2 FURNAS 1+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.

Ground-level electric field intensity, ion current density and charge density were measured at
several points laterally on both sides of the line [36]. 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
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of precipitation. lon current density was measured using Wilson plate and space charge
density was measured using 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 statistical summary of the electric field intensity E and ion current density J at
different lateral distances is presented in Table A.2. The results show some degree of
asymmetry, with the values under the negative pole being higher than those under the
positive pole, although not to the same extent as in the case of the BPA line.

Table A.2 - FURNAS 1600 kV line: statistical summary of ground-level
—  electric field intensity and ion current density [36]

Pdrameter Lateral distance, m

measured -36 28,3 | -183 | 133 | -83 |0 | 83 | 13,3 | 18,3 |, 28,3 | 36

E {Ls), kV/m -10,2 | -18,4 | -27,6 - 34,5 | 2| 252 - 18,20 11,3 | 4|5

E (L), kV/m -23,8 | -45,6 | -60,3 - 72,6 | 4 | 44,7 - 328 | 23,1 | 19,5

J (Lsy), NA/M? -9,1 - -19,5 -27 -37,9 | - | 19,4 | 119/4+ 26,5 - 3|5

J(L5), nA/m? -31,3 - -111,4 | -88 | -108,1 | - | 53,8 (87,4 | 68,6 - 1
A.3 [Manitoba Hydro +450 kV HVDC transmission line
A coordinated corona performance study was carried ‘out [37] on the Nelson River|HVDC
transmjssion line of Manitoba Hydro. The Nelson River transmission system consists|of two
bipoleq running parallel to each other and separated by about 65 m. Each bipole consists of
two-copductor bundles, with a subconductor diameter of 40,6 mm and bundle spaging of
45,7 cm, pole spacing of 13,4 m and minimum.eonductor height of 12,2 m.
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Figure A.1 — Electric field and ion current distributions
for Manitoba Hydro +450 kV Line [37]
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Figure A.3 — Cumulative distribution of ion current density
for Manitoba Hydro +450 kV line [37]

The usefulness of the experimental data obtained in this study is somewhat limited 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 environment at 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
d.c. line on this right-of-way in July 1990 for another two years ending in November 1992 [38].
A summary of the pre-construction measurements have been published [39].
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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
centerline 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 from the northern site in Bath, NH are summarized below based on the report
January 1992 to October 1992 in [39].

Table A.3 — Hydro-Québec—New England +450 kV HVDC transmission line:
Bath, NH; 1990-1992 (fair weather), 1992 (rain), All-season measuremeénts
of static electric E-field in kV/m [39]

Distance, m
Wepther Parameter Measured
-51,8 -10,7 +10,7 +46,6
Faif E (Lgg) -0,3 -5,5 8,4 1,2
E (Lgs) -2,5 -13,1 17,2 3,5
Rain E (Lgg) -0,4 -6,2 7,4 1,1
E (Lgs) -3,4 14,6 15,6 3,4
Bath, NH; 1990-1992 (fair weather), 1992 (rain), All-season“\measurements of static electric E-fleld
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 [39]

Distance m Distance, m
Wepther Parameter Measured
-51,8 -10,7 +10,7 +46,6
Faif +lons (Lgg) 14 0,6
+ lons(Lye) 81 5.1
- lohs (L) 0,3 5,0
~Jons (Lyg) 1,8 46
Bath, NH; 1990:1992, All-season fair-weather measurements of ion concentrations in kions/cm?3

A.5 |IREQ test line study of +450 kV HVDC line configuration

Corona studies were carried out on the test line at IREQ [41] in order to determine the pole
spacing and minimum conductor height for the +450 kV bipolar d.c. 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 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 center of the line.


https://iecnorm.com/api/?name=f505f5803f527217f86ad14027558f83

- 64 - IEC TR 62681:2014 © IEC 2014

Statistical analysis was carried out on the long-term test data and the mean values ug, 1, and
standard deviations o, o, 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 Lg, and Ly levels of the ground-level electric field
intensity and ion current density. However, if the data is assumed to follow Gaussian
distribution, the L, values will correspond to the mean values shown in Table A.3 and the Lg
values may be determined as equal to (¢ + 1,645¢), 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 [41]

Season Lateral distance, m

Parameter
and

measured | -30 -20,5 -5,5 2,75 |0 2,75 | 5,5 20,5 | 30
weather

ue (kV/m) | -4,76 | -8,63 -10,45 | - 2,92 | - 11,39 | 6,13 | 2,45
All-season
Fa og (kV/m) 3,25 | 4,04 4,17 - 1,76 | /A 5,43 2,74 | 2,22
air

,uJ(nA/m2) -1,6 -5,0 -10,2 -3,5 1,1 6,6 10,5 0,7 0,3
Weather

o, (nA/m2) | 1,9 5,4 10,1 5,1 3,2 8,6 11,8 1,5 1,2

4e (kV/m) | -4,81 | -10,08 | -13,82 | - 4,5 - 13,85 | 8,8 4,93
All-season
Foul og (kV/m) 3,55 5,34 6,84 z 2,45 | - 8,26 4,8 3,64
ou

,uJ(nA/mZ) -0,8 -3,4 -10,2 -5,9 0,5 10,6 | 13,4 1,7 1,1
Weather

oJ(nA/mz) 1,5 5,9 12,9 9,9 3,2 15,9 | 17,0 2,1 1,6

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

The grpund-level electric fields.and ion currents of a bipolar d.c. line configuration, used on
the CHA-UPA HVDC transmission line in Minnesota and North Dakota, were studied|on the
test ling at the High Voltage-Transmission Research Center (HVTRC) in Lenox, MA [4P]. The
condudtor configuration was+a twin conductor bundle using 3,82 cm conductors with a 45,7 cm
spacing. Three different values of pole spacing (9,15 m, 12,2 m and 15,2 m) were tepted at
two migl-span heights\(#0,7 m, 15,2 m). Long-term measurements were made over a pgriod of
about six months 20 May to 4 December, 1981), with the voltage maintained at +400 kV
except|for occasignal voltage-runs (varying the line voltage from zero to the maximum value,
slightly] above\the normal operating voltage) of limited duration.

The tgst<line was monitored with instrumentation for measuring electrical and ¢limatic
parameters. The eleciric fleld 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,-13 m,-8m,-3m,2m, 7 m, 12 m, 17 m, 37 m and 52 m.

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
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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 [42]

Fair Weather

Pole Line | E, .. Emax Jmaxe Imax-

spacing | 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 | -31 -6,7 | -12,0 | 3,6 13,7 30,5 | +0,2 -3,1 -20,0
9,15 10,7 1,3 | 21,3 | 26,3 | -7,3 | -11,9 | -19,0 | 2,7 47,8 83,5 -1,4 -1448 -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 | -15,8 | -27,4 13 64,1 120 -2,8 -26,2 -108,6
15,2 15,2 7,0 13,3 | 19,5 | -4,7 -9,0 | -16,2 | 2,0 16,2 36,7 |(40,2 -4,5 -25,2
15,2 10,7 16,5 | 22,7 | 28,2 | -7,8 | -13,5 | -21,7 | 154 | 54,7 | 113;6 |7-1,5 -17,1 -63,2

Fog

9,15 15,2 7,8 14,3 | 183 | -6,8 | -12,3 | -183 | 5,4 13,9 31 -6,3 -14,8 -36,1

9,15 10,7 17,4 | 23,9 | 28,8 | -13,0 -22 -29,4 | 37,9 66 116,6 | -21,9 -64,1 -135,1

12,2 15,2 8,4 13,8 | 21,4 -9,9 | -15,0 | -19,8 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 | 149,4 | -65,6 -115,5 -163,2

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 -147,6

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 -150,9

12,2 15,2 13,0 16,6 18,9 9,1 | -17,0 | -19,7 | 13,8 36,4 53,9 -6,3 -30,0 -51,4

12,2 10,7 22,0 | 29,6%4\83,7 | -14,6 | -27,7 | -31,7 | 30,3 | 103,2 | 175,7 | -23,0 -93,5 -168,5

15,2 15,2 15,8 1941 20,7 | -13,3 | -20,4 | -29,5 | 17,9 37,8 59,6 | -18,8 -41,1 -61,2

15,2 10,7 17450 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 | -13,3 | -17,2 1,1 8,6 15,5 -4,7 -10,7 -18,0
12,2 107 130 1 208 | 240 | -179 | .-224 | .283 | 103 | 524 770 | -405 -709 -123,6
12,2 15,2 6,0 10,2 | 135 | -59 | -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 divided by
1,4m2.
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A.7 Test study in China

Before the implementation of a UHVDC project, a test study on the electromagnetic
environment of +800kV DC lines with a conductor bundle of 6 x 720mm?2 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 mm2. 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 data. Data shown in Table A.7 will be improved and adjusted with the

continyatier—eftest

It could be concluded from Table A.7 that the statistical average level of the total 'electfic field
is almgst |-30| kV/m or below under at the negative conductor side, except in,Decemier and

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

is a little larger. At the positive conductor side, the statistic average value's| of the total

Blectric

field in] winter and in spring are lower than 30 kV/m. The total electric*field is biggern at the
positive conductor side, which is related to the larger humidity in summer.

field at ground (50 % value) [117]

Table A.7 — Statistic results for the test data-of total electric

Season Negative Positive
Summer -32 35
-38 30
Winter
=27 18
-27 20
Spring
-25 23

The te$t shows that the humidity-obviously influences the total electric field. The incr
humidity leads to the increase-of.the total electric field at the positive conductor side,

iase of
nd the

decreape at negative conductor’side. The statistical result of the total electric field at djfferent
humidity reflects this phenameénon, which is shown in Figure A.4. The calculation resulf of the
total electric field for ¢onductors in dry air is consistent with that for conductors in air of
moderate humidity (60~ 70 %), as shown in Figure A.5. The Xiangjiaba-Shanghjai and

Jinpind-Sunan +800KV DC lines are located in the south of China, and the humidity is

high in

summgr. According to the test, it is necessary to apply correction factors to the m|nimum

condudtor height'given by the calculation. The extent of the increase is about 7 %.
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Figure A.4 — Test result for total electric field at different humidity [117]

fect of some other factors on the total electric field at ground are also stati
analyzeéd, including wind speed, temperature, the conductor <pollution level and comductor
ing quality, etc. The calculation method of the total eléectric field of UHVDC lines

ously improved in future.
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Figure A.5 — Comparison between the calculation result and test result

stically

will be

for the total electric field (minimum conductor height is 18 m) [117]
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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

The earti i T, i TTTi i 100 kV
Direct |Current Test Project , tohidB64 asl 2(td.m T hisodedt 9l6rdes
arrangément was like Figure B.1. All Rl measurements were obtained with Stoddart NM 20B
radio interference meters using the quasi-peak (QP) detector with the Stoddart bandwidth was
6 kHz.

Section 3
Section 1 Choke Section 2 —
Power D/
supply D D
] || 2000 Pf T 2x1,82in ACSR 1%2,40 inNACSR 1x2,40 in ACSR
tHVDC = 34,5 ft P-P 34,54t P-P 65 ft P-P

©Q | _—o—= =N

1EC

Figure B.1 — Connection for'3-section d.c. test line [121]

B.1.2 Lateral profile

A typicpl RI Lateral Profile for bipolar 600 kV operation of Line Section 2 (5-bundles, 30,5 mm
at 11,2l m pole spacing) is shownyin Figure B.2.

The Rl produced by the negative pole is typically about one-half (-6 dB) the RI produced by
the pogitive pole and the negative pole’s contribution to the total bipolar Rl level is nedligible.
Therefpre, note that the' profile is essentially symmetrical about the centerline of the ppsitive-
polarity conductor;

Figure |B.3 illustrated the highest Rl levels occurred under the positive conductor. The|lateral
attenugtion.inthe three line sections was essentially the same, i.e. Rl is inversely propégrtional
to 1/(rddialdistance to conductor) out to approximately 45,72 m (150 ft).
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Figure B.2 — Typical RI lateral profile at £600kV, 4 x 30,5 mm conductor,
11,2 m pole spacing, 15,2 m average height [12]
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light wind for three configurations, bipolar +400 kV [121]

B.1.3 Influence of conductor gradient

The relationship between RI and conductor gradient for Line Section 2, with 11,2 m pole
spacing is illustrated in Figure B.4. These data were taken at the midpoint of the tested span,
30,5 m from the positive conductor.
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Figure B.4 — RI at 834kHz as a function of bipolar line voltage 4 x 30,5 mm
conductor, 11,2 m pole spacing, 15,2 m average height

B tends to be a linear function of conductor gradient and there is a slight

roll-off
tion of
adient.

But the beginning of line Rl was observed from approximately 18 kV/cm, because gmbient

noise masked the actual corona inception level.

B.1.4

As was
always
weathe
and the

Percent cumulative distribution

pointed out in discussion of Figure B.5-B.8, the Rl of d.c. transmission line
decreases during rain. Rl during rainy weather decreases by about 3dB from
r level. However, the slight,increase in Rl was observed at the beginning of t
dry snow.
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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 rain 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 rain 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 aobtained during this project with those
obtaingd by other investigators.
Those [data infer that all bipolar d.c. transmissioni\lines operating above the critical lejel are
influenged to about the same degree by wind,~and that the maximum influence occur$ when
the wind flow is from negative to positive.
Table B.1 <\Influence of wind on RI
Reference Wingygfluence Description
in dB/m/s
BPA d.c. test Q,8[maximum] +500 kV, Normal component — to +
project 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)
B.1.6 Spectrum

Rl spectrum analyses were performed at the mid-span of Line Section 2 (4 x 30,5 mm, 11,2 m
pole spacing) for both monopolar and bipolar operation at 400 kV to 600 kV. Spectrum
measurements were made at 30,5 m (radial) from the positive polarity conductor. Figure B.9
illustrates the frequency spectrum for £+600 kV operation of the Test Line. As illustrated in the
figure, the RI level of d.c. transmission line decreases about 8dB for each doubling of
frequency through the broadcast (AM) band.
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Figure B.9 — Radio interference frequency spectrum

requency at £400 kV is shown in Figure B.10. These data were taken in line se
e it had the highest noise level. Figure B.10 presents the combined RI from

s including the wood-pole section.

HV/m (QP) at 100 ft
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J\! i !
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ction 2
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Figure B.10 — Rl vs. frequency at +400 kV [121]
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In Figure B.10, Rl measurements at 834 kHz were about 20 percent lower than the mean
frequency curve. This figure agreed closely with the correction factor for line section 2
longitudinal standing waves. The plot of Rl vs. frequency, like that for a.c. lines, showed little
Rl above 10 MHz. Television interference meters could not detect interference except under
the conductors at voltages above 500 kV.
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B.2 Hydro-Québec institute of research

B.2.1 General

Researchers from Hydro-Québec Institute of Research had provided detailed data about
corona performance of a conductor bundle for bipolar HVDC transmission at £750 kV [128].
The corona performance of a 4 mm x 40,6 mm conductor bundle has been studied on an
outdoor test line at a nominal voltage of £750 kV. The conductor bundle has been tested over
a period of about six months covering summer, fall and winter conditions.

B.2.2 Cumulative distribution

The repults of long-term measurements made at +750 kV were used to predict the $tdtistical
coronal performance of a long line over a period of one year. All measured data hafl been
converfed to the case of a long line, using the same conductor bundle and having th¢ same
pole spacing and conductor height as the test line. Figure B.11 showed the cunjulative
distribytion curves for RI.
>
2
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Figure B.11 — Cumulative distribution of Rl measured
at 15 m from the positive pole [122]

Table B.2 shows the statistical representation of the long term RI performance of the tested
conductor bundle. 4. 0 and %T represents respectively the mean value, the standard
deviation, the percentage time of each component distribution.
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