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Foreword

As far as we know, the corona phenomena and its consequences are a very complicated problem.
Since decades, the engineers are concerned with this question and the actual solutions are more or
less adequate.

Partial electrical discharges in air at the atmospheric pressure around overhead line conductors and
under all the possible weather conditions are a real complex exercise. To face with this problem,
involving numerous parameters, the engineers work on short section experimental lines or on cages.
In any case, it is necessary to perform long term measurements, corona being related with the
weather conditions (rain, fog, snow, ...).

The principal parameter which governs the corona consequences is the voltage gradient on the
conductor. All actual measurements are related to an idealized smooth conductor which is used for
calculation. The influence of actual surface conditions is expressed by empirical factors. So, only this
voltage gradient on the surface of an idealized smooth conductor can be applied to the formulae
presented in this booklet.

in brief, we observe discrete sites where corona occurs. The number of sites is changing along the
sag and each site does not produce the same corona level.

The modeling of such a situation is highly complicated and makes experiments necessary.

Mcreover, the resuits obtained by measurements on experimental test stations need a great care to
be compared because the main differences appear in the experimental set up itself and the weather
conditions are neither easy to define nor to compare.

This Addendum refers to the actual knowledge of phenomena and practical experiences from test
facilities and lines in operation.

The phenomena following stochastic laws are characterized by statistical terms, which must be taken
into consideration when limits have to be verified. A profound data base is available for radio
interference, much less practical experiences for audible noise and even less for corona loss and
television interference.

As far as possible, the same symbofs are used throughcut all chapters. Thus some nominations are
different from the original references.

The model of an AC line is used to demonstrate the caiculation algerithms only. These results must
be taken as “possible tendency” values more than accurate ones.
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Chapter 1
Background to Addendum

11 Introduction

As a result of the extensive technical activity on corona effects throughout the world during the 1960s
and 1970s, the CIGRE Working Group 36.01 “Interferences” prepared and issued in 1974 a Guide on
"Interferences Produced by Corona Effect of Electric Systems” [1.1]. This Guide will be referred to
throughout this brochure as the Guide. The Guide has served designers for decades in evaluating the
influence of corona discharges as part of their assessments of the technical performance and
economic competitiveness of AC transmission lines. The contents of the Guide is reproduced in
Appendix 1.

During the last two decades, several changes have occurred that critically affect this particular aspect
of transmission line design; operating voltages of AC transmission lines have exceeded the 1000 kV
level, and the use of HVDC transmission at voltages up to + 600 kV has become much more
widespread.

The study of corona phenomena has also progressed, expanding our understanding especially in the
area of rain corona and of microgap discharges. The associated nanosecond range of rise times has
necessitated the consideration of electromagnetic disturbances, not only in the radio frequency range,
but also in the television range of frequencies. Consequently, interference studies have expanded
beyond the 30 MHz limit of the original Guide. Finaily, over the 20 years that the Guide has been in
existence, additional operating experience has been gained.

1.2 Reasons for the Addendum

Once the need to provide further information was established by WG 36.01 at the beginning of the
1990s, resolution was necessary as to how to implement the change. A separate Task Force was
established and, as its first act, it considered two avenues of approach. One was to completely re-
edit the Guide and to re-issue it. The other was to continue using the existing document in its present
form and to prepare a supplementary document in which only the topics requiring updating would be
treated. Following an exhaustive debate, it was decided that an ADDENDUM to the 1974 Guide on
Jnterferences Produced by Corona Effect of Electric Systems” should be prepared and pubilished.

A detailed review was made of the progress achieved since the issue of the original document, in the
areas of transmission line design and operation. It was observed that during the 1970s and 1980s,
considerable research effort was devoted towards studies of AC power transmission at voltages in the
range of 1000 kV and above [1.2].

As part of the Hydro Quebec James Bay Development, IREQ conducted, during the years 1972 to
1976, experiments and theoretical studies that resuited in a completed design of an 1100 kV
transmission line. Project UHV at Pittsfield, Massachusetts considered, from 1974 to 1980, AC
transmission voltages above the, then existing, 765 kV. During the years 1975 to 1982, BPA ran its
1200 kV Project near Lyons, Oregon and ENEL ran its 1000 kV Project at Suvereto, Italy. All these
studies produced valuable information on various aspects of line design, including those relevant to
this ADDENDUM. Pertinent studies in the former USSR were conducted at that time at Leningrad,
Moscow and Novesibirsk. Similar studies in Japan concentrated on the development of a double-
circuit 1000 kV line at the Akagi UHV Testing Laboratory.

All these investigations have resulted in viable designs for AC transmission at voltages in the range
from 1000 to 1500 kV. While the West has not found the economic justification for construction of an
operating line in this volitage range, the former USSR constructed, in 1985, its 1200 kV line from
Siberia to the Orals. A double circuit 1100 kV line was constructed in 1994 in Japan and is presently
being operated at 500 kV.

In approximately the same span of time, HVDC experienced rapid growth as a result of developments
in solid state conversion technology at high voltages. Station design changes were the first
consequence of this development, however the impact of solid state power conversion did not stop
there. The possibility of using higher voltages at HVDC had its impact upon overhead line design as
well. Numerous experimental stations have provided design data for HVDC systems at voltages up



to £ 600 kV. The availability of this data has also been an impetus for the preparation of this
ADDENDUM.

Another very important factor that changed from the time the original Guide was published, is the
economic situation throughout the world. The changes in ecoenomic outlock affected the relative
costs of line components, of materials used in line construction and the cost of land. These factors
impact the cost-benefit analysis and the distribution between fixed and variable costs. They therefore
change not only the price, but also the parameters of the optimal design. Indeed the change in cost
may be responsible for the shift from one Governing Design Criterion to another. The challenge to
increase the power transmission capacity of an existing line (upgrading) justify the actual studies on
conventional and unconventional compact lines.

1.3 Governing Design Criteria

When a multi-parameter design is considered, such as the design of a power ling, several design
criteria must be taken into account at the same time. The separation of phases, for instance, or the
location of the overhead conductor, will not only determine the lightning performance of the line, but
simultaneously it will change the surface voltage gradient of the phase conductors. Thus it will
influence the corona performance of the line with all the consequences that this brings. There will be
several criteria by which the corona performance itself is assessed including energy loss,
electromagnetic interference and audible noise. Each criterion is usually associated with a limit or
target level.

When target level of a particular criterion is reached, a further change in the key parameter, such as
the reduction of phase separation, is not permitted, although other criteria would stiil allow that
reduction. For such a situation, this particular criterion is said to "govern" the design [1.3].

The design of power lines is, in principle, dominated by efforts to minimize the costs of energy
transmission. Once the voltage level has been chosen, the geometric dimensions are determined
from minimum distances between phases and to ground measuring to assure safe and reliable
service conditions. The optimal cross section of conductors for lines below the 200 kV level is
normally possible with single conductors which rarely produce corona discharges. Above rated
voltages of 300 kV however bundle configurations are necessary to control disturbing corona effects.
Radio interference as the governing criterion is superseded, usually above the 500 kV level, by
audible noise. In many cases the first issue of a line design with respect to the actual governing
criterion covers the acceptable limits for other corona criteria. However, they must at least be
checked and in addition criteria such as the level of electric and magnetic fields at the ground should
be evaluated.

It is important to remind ourselves that the original Guide as well as this ADDENDUM do not cover all
possible aspects of power line design. They concentrate on the performance that is related to
electrical partial discharges that are the consequence of the operating voltage and possible
environmenta! influences, such as precipitation, pollution, temperature, etc. A properly designed
power line must satisfy all these aspects, and comply with all other design requirements, electrical,
mechanical, thermal, visual, and soc on [1.4].

1.4 Technical Advances

Experimental studies and research conducted during the 1970s and 1980s throughout the world,
ascertained the technical feasibility of power transmission at voltages beyond the 750 kV range [1.2].
In the process, relatively few "exotic” problems were experienced, although engineering challenges
encountered in the one million volt range contributed to development of new technical solutions.
Construction of transmission lines in the UHV range is now a question of economics not of technical
feasibility [1.5]. Indeed, the former USSR, where free-market forces have never played a role, has
constructed in 1985 and put into operation, a long distance line at 1200 kV [1.6). Technical advances,
attained since the issue of the 1974 Guide, have their impact and for that reason must be considered
as the important background for this ADDENDUM.

1.4.1 Large Bundles

The first impression of the UHV line design is their use of bundles with a large number of
subconductors and with bundle diameters that are not small in comparison to phase spacing and the
height of phases above ground. Table 1.1, taken from {1.2] clearly indicates this trend.



Test Location Subconductor Diameter Number of Typical Subcenductor
(cm) Subconductors Spacing {cm)
Romania 2.53 5 40
South Africa 2.86 6 28-80
ltaly 3.15 8 20-60
Japan 3.42 8 40
Russia 2.4 8 12 40-100
Japan 3.84 8, 10 40
ltaly 2.69 10 45
USA 3.52 12,16 24-63
Table 1.1

The consequence of the combination of the large number of subconductors and large diameter of the
bundle is the fact that the voltage gradient surrounding each conductor is quite different. In particutar,
the maximum value of the voltage gradient on the surface of each subconductor varies over a much
larger range for UHV lines than it does on EHV designs [1.7]. It is one of technical details that will be
considered in this ADDENDUM.

1.4.2 Insulators and Fittings

Within the review of UHV designs the possibility exists of unconventional solutions especially at
points of transmission line support. V-string configuration of insulators is very common in order to
restrict the movement of phases and to maintain clearances that are much more critical for UHV
designs. A catenary of insulators strung between two guyed supports, as shown in Figure 1.1, is a
refined solution developed for the 1100 kV design {1.2].

Large size of bundles makes it difficult, although not impossible, to control the electric field at
suspension clamps using traditional shields made up of shaped tubes. The use of the conductor
bundle itself instead constitutes an elegant way of handling the situation.

Figure 1.1
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1.4.3 Audible Noise

At UHV levels, audible noise is expected to be the governing criterion for line design as far as corona
performance is concerned. Because of the large number of subconductors in the bundie, designs in
the 1 MV range will have many more potential corona discharge points along a given length of line
than those in the EHV range, where a substantially smaller number of subconductors is needed. The
increased number of corona sources per unit length of the line will not change the electromagnetic
interference level of the line much since it is related directly to the energy radiated from individual
discharges and only indirectly to their number. In contrast audible noise constitutes direct addition of
acoustic pressures emanating from each discharge point. As a result, the audible noise of a UHV line
which has an acceptable Rl performance may exceed acceptable levels, while the audible noise of
the EHV line with the same RI rating could be perfectly acceptable. This fact is reflected in the
ADDENDUM.

1.4.4 HVDC Transmission

The 1980s have seen a very significant progress especially in the area of solid-state power
conversion [1.8]. This progress has made it possible to consider not only £ 600 kV but also + BOO kV
and maybe even higher voltages as viable for HVDC transmission.

From the standpeint of their operation, the design of HVDC facilities must include consideration not
only of energy losses, audible noise and electromagnetic intedference caused by conductor corona
but also that of electromagnetic noise caused by HVDC converter stations. Filtering at the terminals
of these facilities is an important means of preventing leakage of this noise onto HVDC transmission
lines.

In view of this state of affairs, a separate section on HVDC lines is included in this ADDENDUM.

1.5 Scope of the Addendum

As a consequence of the advanced developments described above, it was found necessary to include
in the ADDENDUM information on topics which were not covered in sufficient detail in the original
GUIDE and to give a comprehensive update of some items of the primary publication with respect to
some 20 years experience. The chapter headings used in the ADDENDUM provide an easy key to
this expansion.

The original GUIDE dealt primarily with corona caused electromagnetic noise in the frequency range
below 30 MHz. it concentrated on Radio Interference within the AM broadcast band. In the
ADDENDUM other topics related to corona discharges on power lines are addressed: electromagnetic
noise above 30 MHz, corona loss, audible noise, oxidant production, DC lines, substations, and
design considerations are the new topics in the ADDENDUM. A new aspect in the ADDENDUM is the
treatment of bundles with a large number of subconductors, as used in transmission line designs ot
the 1 MV class.
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Chapter 2

Basics of Phenomena and Calculation Comments

2.1 Basic Physics

If the energy of free electrons or ions accelerated in an electric field near an electrode is sufficient to
produce ionised avalanches, a discharge process is initiated. #t ends either in a sparkover, as the top
of the avalanche meets the opposite electrode, or diminishes as the avalanche penetrates into areas
where the field is too weak for ionisation. Both discharge forms can appear under service conditions
of high voltage installations.

2.2 Corona Discharge

Fundamental physical processes of power line corona have been thoroughly treated in the original
Guide [1.1]. Initiation of ionization, development of an avalanche, differences in pulsative forms of
positive and negative discharges are fully dealt with.

Corona on conductors or fittings of actual transmission lines usually occurs at randomly distributed
irregularities of the surface of electredes. They produce local enhancements of the electric field. The
electric field above which corona discharge arises, here and after called the critical corona onset
gradient g., depends con the voltage, the conductor radius, the conductor surface condition, the
ambient atmospheric conditions and the bundle spacing.

The basic equation for the critical corona onset gradient was derived from visual observation tests by
Peek [2.1] for bifilar and for coaxial conductors. A slightly developed version of Peek’'s empirical

equation is given here. it differs from the origina! equation for AC using the correction for ambient air
conditions and the variable m to allow for the conductor surface irregularity.

K
Jo-r

1+

g. :go.a.m.

where g, = critical corona onset gradient (kV/cm)
g, = corona onset gradient {(normal ambient conditions: 25 °C, 76 cm Hg) (kV/em)
r = radius of a tube with the same outer diameter as the actual stranded conductor (cm)

1)

25°C Jo K References

76 cm Hg (kV/cm) peak value ( fem )

AC bifilar 30 0.301 [2.1]
configuration

AC coaxial configuration 3 0.308 [2.1], {1.1]

DC- coaxial configuration 3H 0.308 2.2]

DC+ coaxial configuration 33.7 0.241 [2.2]

2) m : conductor surface irregularity factor

For orientation purpose only, the following values are often proposed :

m=1 smooth and polished surface
m=0.6tc 0.8 actual dry weather service condition
m=_0.3100.6 raindrops, snowflakes, extreme pollution

m = 0.25 heavy rain
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3) 6 : relative air density (RAD)

p
9273+t

p = pressure of the ambient air {cm Hg or Pa)

t = temperature of the ambient air (°C)

Kg
normal conditions (25 °C, 76 cm Hg)
°C and cmHg 3.921
°C_ _and Pa 0.00294
IEC normal conditions (20 °C, 76 cm Hg)
°C _and c¢cmHg 3.855
°C_and Pa 0.00289

In Peek’s formula, derived for a narrow range of RAD above 1, g. is almost proportional to RAD.
Other investigators suggest for a wider range of RAD g, is proportional to 5% or 52 .

All these expressions result from experiments with rather thin wires, not comparable to actual line
conductors.

The influence of RAD on corona onset gradient has to be taken into account when constructing a line
at high altitudes. From radio interference and audible noise measurements at different heights g (m)
above sea level, the value should be increased by /300 dB. This empirical term seems to be valid
up to more than 3000 m. When the conductor surface gradient is between 13 kV/cm and 17,5 kV/cm
it is also valid for corena foss (discussion of [2.3] by C. Gary).

However, the dominant influence on g, is the surface irregularities factor m. Stable detectable corona
activities, producing radio intetference, audible noise or loss, can be found on well-aged conductors,
Their actual corona onset gradient was investigated empirically for well defined conditions on test
lines or cages. The cages, generally coaxial, allow a grater flexibility than the short test lines. They
maintain the similar equipotential field pattern around the bundle than in normal operation.
Confirmation of these values by statistical measurements of corena effects are difficult to evaluate.

Usually the statistical distribution of values of all corona effects can be split into subdivisions:

Fair weather values, characterized by dry conductor surface, after subdivision with respect to
seasonal variants usually match a normal Gaussian distribution fairly well.

Rain values of all corona effects are dependent on rain intensity. The long term probability
distribution of rain values is composed of individual rain intensity subdivisions, which overlap
more or less.

Thus different rain values are reported:

50%-vatues of all rain values or wet conductor values, sometimes defined as light rain or
average rain”.

LHeavy rain“ or average stable foul weather values, either as 95 % value of all rain values, or
the 50 % of the maximum rain rate values.

From artificial rain experiments in cages all corona effects show some saturation under rather high
rain intensities which rarely occur in nature and are, never, uniformly distributed along the lines in
operation.

These values are easily reproducible in cages and therefore very well suited to compare the corona
behavior of different conductor configurations.
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Most investigations on cofona effects in cages or on test line sections had been made without load
currents. On an actual line the heating of conductors by load currents has a definite effect on foul
weather corona activity [2.4]. it discourages condensation of dew or fog, mitigates the effect of frost
and accelerates drying of the surface after rain. Less understood remains the influence of conductor
heating during fair weather. Probably the relative air density, being inversely proportional to
temperature, is lowered near the heated surface of the conductor, thus encouraging corona activity.

The effects of load currents might help to explain the different form of the probability distributions of
radio interference or audible noise from test lines and actual lines under service conditions and
unloaded test lines. With heated conductors, the subdivisions ,dry conductor” and foul weather® are
more clearly defined.

2.3 Microgap Discharge

Familiarity with the basic physical processes of line corona is needed as the background for adequate
treatment of microgap discharges. Studies in this area conducted over the last 20 years have
provided new information [2.5].

Microgap discharges are the consequences of a complete breakdown of air insulation between the
electrodes of a very small gap. On a power line, microgaps are formed in situations where two pans
of a metallic hardware, such as a bolt and nut or a metallic staple holding a groundwire to a wooden
pole, become electrically separated.

Such situations arise more often on lower voltage lines than on those operating at high and extra high
voltages [2.6]. Voltage between electrodes of such a gap may be induced either by the action of the
electric field caused by power conductors, or by leakage along the surfaces of insulators and portions
of the wood pole. In the first case we are dealing with capacitive coupling, in the second with
conductive coupling of the microgap. Once critical voltage between microgap electrodes is reached,
sparkover will result. The discharge starts in the portion of the air volume with excessive electric field
and leads in a very short time to the complete breakdown of the whele gap. Through the resultant arc,
charges are exchanged between the two electrodes until their potentials are equalized. At the moment
the discharge process stops and the air begins to regain its dielectric strength, charging of microgap
electrodes restarts, and the buildup to the next discharge event is initiated.

Classical laboratory studies of breakdown in microgap gecmetries were commenced about 20 years
ago [2.7]. Physical processes in the gap were observed first separately for the positive point-to plane
geometry [2.8], and then for the same geometry with negative active point [2.9]. These studies were
fundamental in describing the details of the breakdown process. The process starts with the increase
of the applied voltage until the onset level is reached and ionization is initiated, followed by the
formation of avalanches, the corona phase, the development of streamer and leader forms and the
final establishment of the arc.

For both polarities three phases of breakdown development are recognized:
(i} the initial process,
(i} the intermediate process and
(iiiy the final process.

The first phase is characterized by the evolution of streamers, the second relates to leader formation
and the last phase is associated with the development of the arc. As the capacitance of the microgap
becomes charged, a critical level of electric field strength is reached somewhere in the interelectrode
space. At that instant, in similarity with initiation of corona processes, avalanche ionization begins and
thus the first phase of the breakdown (initial process) commences. This phase is characterized by
presence of ionizing process and a sequence of primary, secondary, and sometimes tertiary
streamers. lonizing processes may propagate from both electrodes and they lead to the second phase
(intermediate process), the creation of ionized leaders. During these first two phases of the
breakdown considerable amount of space charge is generated. Existence of space charge in various
parts of the gap influences significantly the ionization process, including the velocity with which the
discharge develops. Once the whole interelectrode space becomes fully ionized and conducting
plasma is formed, the third phase of the breakdown (final process) is reached and the arc is
established.

Detailed investigations of electromagnetic noise at television frequencies were conducted by several
power utilities. Observations collected in the space surrounding EHV lines indicated that normally in
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fair weather there was little noise at frequencies above 30 MHz. Only during rainy periods those noise
levels near EHV lines became occasionally high enough to be of concern [2.10].

Measurements in the vicinity of distribution lines, indicated excessive field levels at television
frequencies during fair weather [2.11]. With developed techniques, location and elimination of noise
sources became possible [2.12]. Nevertheless, with the aim in mind of avoiding costly maintenance,

attemnpts were made to introduce appropriate changes during the design stage of distribution lines
[2.13].

Details of intensive laboratory studies above 30 MHz can be found in the literature [2.5]. Primarily,
questions of television interference were dealt with [2.14]; special investigations were related to

HVDGC problems [2.15, 2.16]. Microgaps of different electrode shapes and spacings were studied
[2.17].

2.3.1 Waveshapes and Frequency Spectra

As is well known from the Fourier Transform

oo

I f) = J’i(t) e dt 2.1)
o]

the level of energy radiated within a band of the frequency spectrum depends on the waveshape of
each individual current pulse and on the time between their successive occurrences.

Consequently, for the study of detrimental effects caused by these discharges, characteristics of
individual pulses as well as their repetition rates are relevant.

Figure 2.1 represents a typical discharge current pulse. Similarly to characterization of pulsative
corona, the waveform of this current pulse can be described by the following parameters :

ter (amplitude) - the maximum value of current wave, (A or mA)
T, {rise time) - the time between the 10 % and 90 % value of the
amplitude measured on the front of the wave, {ns)
Ty (fall time} - the time between 90 % and 10 % value of the
amplitude measured on the tail of the wave, (ns)
T4 (pulse duration) - the time from initiation to completion of the current wave, (ns).
Current

|

cr i e

0.91  o—-~==~

Time

A -

0.1% o~

3

por o e o - ——

Ir | Tr

Figure 2.1

Typical discharge current pulse
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The influence of a train of pulses is taken into account by the parameter called ,pulse repetition rate™
(PRR} measured in pulses per second. Table 2.1 presents typical values of the above parameters for
microgap discharges and compares them with identical parameters of positive and negative corona.

Type of pulse ler, MA T, ns Ti ns Ty, NS PRR, puises/s
Microgap discharge 1,000 1 2 5 up to 2,000
Positive corona 50 10 100 200 up to 10,000
Negative corona 2 3 80 100 up to 100,000

Table 2.1

Typical characteristics of corona and microgap discharges

The comparison shows that microgap discharges have a much larger amplitude than either the
positive or negative pulsative corona, and a much steeper front and tail of the wave. However, the
repetition rate of microgap discharges is much smaller than that of corona discharges.

It was the systematic study of undisturbed discharge waveforms that became the focal point of
investigations [2.5]. Sample waveshapes of positive and negative discharges, at onset voltage, for
several gap spacings, are shown in Figure 2.2. Corresponding measured frequency spectra are
displayed in Figure 2.3. Inspection of waveshape diagrams (Figure 2.2) reveals an increase of pulse
amplitude and of pulse duration with the increase of gap spacing. These changes in the waveform are

reflected in the frequency spectrum (Figure 2.3) by a corresponding increase in its energy level and a
decrease in its bandwidth.

Figure 2.2

Examples of the effect of gap size upon current waveforms of microgap discharges
gap size: (a) 0.1mm (b)0.2mm  (¢) 0.5mm
Scale : 1 ns and 500 mV
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4 VARIATION OF GAP SIZE
[CISPR Daetector]

NOISE LEVEL [dB]

1 1 L i

i
0.8 12
FREQUENCY [GHz]

0.0 04

Figure 2.3
Frequency Spectra for various gap sizes

2.3.2 Pulse Repetition Rate

For any given setting of the microgap geometry, observed waveshapes of discharges were identical,
within expected statistica! limits [2.18]. The size of the coupling capacitor or of the coupling resistor
did not influence the discharge process or the waveshape, but determined the repetition rate of
current pulses. This fact is clearly seen from the shape of frequency spectra shown in Figure 2.4, The
shape of frequency spectra remains practically unchanged, indicating essentially no change in the
form of the discharge current waveshape, whereas the peak values of the impuises are related to the
charging resistances or capacitances.

These observations are consistent with the physics of electrical discharges. The discharge process is
governed by the geometrical details of the gap, but the repetition rate of puises is influenced by other
factors. The time between individual breakdowns of a microgap depends upon the time needed to
charge the capacitance of the gap to the level at which onset voltage will be reached. Under normal
circumstances pulse duration is negligible in comparison to the charging time, thus charging time is
the most important factor in influencing the repetition rate of discharge pulses.

} VARIATION OF COUPLING RESISTANCE
[CISPR Detector]

NOISE LEVEL [dB]

Background Noise Level
1 1 1 1 [] 1 1 P

0.0 0.4 08 12
FREQUENCY [GHz)

Figure 2.4
Effect of coupling resistance upon noise level of microgap discharges



2.3.3 Effects of Gap Spacing

Distance between electrodes of a gap determines the value of voltage at which the discharge is
initiated. Figure 2.5 indicates that the relation between onset voltage and gap size is non-linear [2.19].
Furthermore, it is different for positive and negative discharges. For gaps of small size, where the
field between electrodes is reasonably uniform, there is no difference in the onset values of the two
polarities. However, for larger spacings, when field intensity between the two electrodes becomes
nonuniform, negative onset voltage is lower than that for the case of positive polarity.

The somewhat increased positive onset voltage is responsible for a slightly increased amplitude of
the positive current pulse in comparison with that of negative discharges in case of larger size gaps.
Figure 2.6 shows not only the mean values of current amplitudes for discharges of both polarities, but
also the observed range. Considerable variation in current amplitude is seen as the result of statistical
processes responsible for initiation of discharges [2.18]. The larger the gap, the larger is the observed
variation in current amplitude, since in a more nonuniform interelectrode field, conditions appropriate
for initial ionization exist only in a smaller percentage of the gap volume,

T

:; 40 F (+)
:: (=)
Z 20t
2
c
Q - > 4 . e ———
0.2 0.6 1.0

Gap spacing(mm)

Figure 2.5

Effect of gap size upon positive and negative onset voltage
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Figure 2.6

Effect of gap size upon amplitude of discharge current at onset voltage

2.3.4 Rain Corona

The detrimenta! influence of inclement weather upon electromagnetic noise in general, and upon
television interference in particular, has been long recognized [2.6]. However, the mechanism of
noise generation was not fully appreciated originally. At first it was believed that the presence of water
droplets or ice formation on conductors was responsible for an earlier onset of critical voltage and,
therefore, for the general elevation of the noise level. It was later recognized that in addition to the
general rise a change in the shape of the frequency spectrum takes place [2.20]. Studies of water
droplets on energized conductors and of their effects conducted in the laboratory revealed increased
elevation of the radiated energy in the range of higher frequencies, including those inherent in
operation of television stations [2.21]. Figure 2.7 gives a comparison of the frequency spectrum for a
dry conductor with that for a wetted conductor, both subjected to the same operating voltage. The
figure shows an overall increase in the energy level of the wetted conductor and the change in the
shape of its frequency spectrum.
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Figure 2.7

Comparison of frequency spectra from a dry and a welted conductor

The mechanism responsible for the increase in the energy level and the change in the shape of the
frequency spectrum was observed by very fast photography. When a wetted corona point on a
conductor under voltage was photographed at 400 or 800 frames per second, it became possible to
see first the change in the shape of the adhering water droplet and then its subdivision into many
subdroplets [2.22]. As the subdroplets descended by the force of gravity and of electric field they
became charged, and small discharges were occasionally observed in the space close to the
conductor. These discharges, occurring between the subdroplets and the conductor as well as
between subdroplets themselves, resemble somewhat microgap discharges described in preceding
subsections. Consequently, their radiated electromagnetic energy contains components responsible
for an increased energy level and for a change in the shape of the frequency spectrum. In view of
these findings, rain corona should be considered as a combination of genuine corona discharges
mixed with microgap discharges.

2.4 Insulator Noise

Contaminated insulators are also seen to produce electromagnetic noise when discharges stan
occurring between adjacent patches of contamination on their surfaces. The surface of the insulator
enhances the growth of the discharge and thereby reduces the time required for its development
[2.22]. Since the capacitance of contaminated patches is small, the radiated noise spectrum is very
wide and includes television frequencies. Consequently this source of electromagnetic noise must be
included as well when radiation from power lines in the frequency range above 30 MHz is considered.
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2.5 Comments on Conductor Surface Gradient Computation

The considered example (three-phase line in flat configuration) presents the following characteristics :

Voltage between phases U = 1050 kV
Number of subconductors n=28
Subconducter diameter d=3cm
Spacing between subconductors s =45cm
Radius of the circumference carrying the 8 subconductors R=58.8cm
Height above ground  h,..0c = Domum + % sag hi=h;=h;=20m
2

average hanchermg ) § sag
interphase spacing S5=15m
Earth resistivity p=100Qm

2.5.1 Approached Method as in the Previous Guide

The conductor surtace gradient can be computed by the method of the CIGRE Guide [1.1] with the
following hypotheses : » perfectly cylindrical subconductors

» conductors parallel to a perfectly piane ground

= uniform earth ground resistivity

1) to calculate the surface gradient of conductors in a bundle, the total charge Q of the bundle

is first determined by introducing its equivalent radius, re, into the expressions for the potential
coefficients.

r = R % = 1, 58.8985;'85 = 48.2 ¢m

Figure 2.8

Potential coefficients calculation



2} using the notations of Figure 2.8, let:

Dj = & + (b + hY Dy = y& + (h - h¥

3) matrix of potential coefficient [A]

Ay = 1 _ InZhi
2weg r

1 D;
lij = ;le - * 'n‘_
2me, D;

4.419 1047 0811
2] = 1047 4419 1047
0511 1047 4419

4) the capacitance matrix

0.241 -00534 -00152
[c] = ] = 2ne,|~00534 0252 -00534
-00152 -00534 0241

5} the charges matrix

(@] = [€]V]
1+j0
v,
with [V] = [V, | = V % +j§
e ]
2 2
0.241 -00534 -00152 11 * j?/g
[Q] = 2me, | -00534 0252 -00534| |- + j —-|606.2 10°
-00152 -00834 0241 | 4 j3
2 172

166705 - j20089.5
[Q] = 2mey|-923243 + j 160036.8
-65954.6 - j 154581

Q, - f[Q]] = 27e, 167911 inC

Q, = |[a},| = 2ne, 184758 inC

Q; = |[O]3|

2 e, 168063 inC
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6) the mean gradient of a conductor is then given by :

1 Q

9a n 2ngyr

since it is assumed that the total charge of the bundle is equally distributed on the n
subconductors.

Ua1 = Jas = 14.0 kV/cm
Qe = 15.4 kV/cm

7) the maximum gradient of the subconductors is defined by :

in - 1r
= 1 in - ur
g 9a|: + R ]

gy = g3 = 16.5 kV/cm
g: = 18.2 kV/cm

2.5.2 Numerical Method

Using a computing code based on FE {Finite Elements} or BE {Boundary Elements}, for example by

BE [2.23] and [2.24], the following results for the conductor surface gradient are cbtained (figure 2.9
and table 2.2).

/2

” 0 rad

an/2

(a) geometry of the three-phase line in flat configuration
used for the computed example by BE code
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(b) variations of the conductor surface gradient around each subconductors of the lateral phases
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{c) variations of the conductor surface gradient around the subconductors of the central phase

Figure 2.9 (a), (b), (c)
Computation of the conductor surface gradient by BE code, [2.23] and {2.24])
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Conductor Trmax Qmin Conductor Omax Gin
kV/icm (rms) | k¥/cm (rms) kV/em {rms} | kV/cm (rms)

A0 -C4 16.99 11.78 B0 18.09 12.59
A1-C3 16.70 11.66 B1 17.96 12.56
A2 -C2 16.20 11.33 B2 17.87 12.51
A3 -C1 15.77 11.08 B3 17.96 12.56
A4 -C0 15.68 11.01 B4 18.09 12.59
A5 C7 15.90 11.15 B5 17.98 12.57
AB - C6 16.38 11.43 B6 17.91 12.51
A7-C5 16.82 11.66 B7 17.98 12.57

Average of 16.30 Average of 17.98

gmax gmax
Method [1.1] 16.5 Method [1.1] 18.2
Table 2.2

Compuiation of the conductor surface gradient by BE [2.23], [2.24],
and by approached method [1.1]

Despite the fact that the computed configuration is relatively far from the previous one (i. e. 4
subconductors), the difference between the precise (BE code, [2.23], [2.24]) and approached [1.1]
computed values for the effective value of the average of the maximum conductor surface gradient
are less than 1.5 %.

2.5.3 Computation of the Radius of the Equivalent Zero Potential Cylinder

R; is determined to obtain the same capacitance in a concentric cylindrical arrangement as on the
real line.

. Rz =, - eZ megfCe
with C, = total capacitance per length of the conductor
within the line configuration (F/m)
. Cc= 27580 9. = l a Q=C.-V
o R, n 2mnegr
re
2 R v :
= C, = R RALSN Inf —% | = = R, = r,e®'®
v (A g,rn
606.2
In the case of the example, for the central phase: R, = 48.2 154158 — 1281 cm

25.4 Computation of the Critical Corona Onset Gradient

d. =49 -8~m'[1+ K
c 0 f_é-r

where g, = 31 kV/cm, K= 0.308 Jem,8=1andr=15 cm

= g.=m-38.8 kV/cm or g.=m-27.4 kV/cm {rms)



Glossary chapter 2

Ce

log

Ty

Ty

total capacitance per length of the conductor
subconductor diameter

effective value of the average of the maximum
gradients of the individual subconductors

corona onset gradient

average gradient of subconductors
critical corona onset gradient (visual)
maximum value of current wave

constant factor

constant factor

In=log,, e =27182

log = log1o

conductor surface irregularity factor
number of subconductors

pressure of the ambient air

altitude above sea level

charge

radius of the subconductors

bundle radius

equivalent radius of the bundle
radius of the equivalent zero potential cylinder
spacing between subconductors
interphase spacing

temperature of the ambient air

pulse duration (time from initiation to completion of
the current wave)

fall time (time between the 90 % and 10 % value of
the amplitude measured on the tail of the wave)

rise time (time between the 10 % and 90 % value of
the amplitude measured on the front of the wave)

voltage between phases
voltage between phase and ground

relative air density (RAD)

F/m
cm

kViem {rms)

kV/em
kV/em
kV/ecm
A or mA

Jcm
°C/em(Hg) or °C/Pa

cm Hg or Pa
m

C

cm

cm

cm

cm

cm

m

°C

ns
ns
ns

VorkV
V or kV

27



(C]
(Ql
(7]
Ai

Ai

capacitance matrix

matrix of charges

matrix of potential coefficient
potential coefficient

potential coefficient

earth resistivity

28
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Chapter 3

Electromagnetic Interference

3.1 Generation of Electromagnetic Interference (EMI) from Power Systems

Electromagnetic Interference (EMI) is any effect on the reception of a wanted radio or TV signal due
to any unwanted disturbance within the radio frequency spectrum. For the purposes of this treatment
the frequency is divided into two parts so that Radio Interference (RI) relates to frequencies up to 30
MHz. Television Interference (TVi) relates to frequencies higher than 30 MHz and affects the
frequencies used for television broadcasting. EMI is, in general, concerned only with amplitude
modulation (AM) radio reception and AM radio and television video signals. Other modulation
systems (frequency modulation used for radio broadcasting and for television audio signals) are
generally much less affected by disturbances.

Some natural phenomena including lightning discharges and sun-spot activities and several man-
made devices (electrical appliances, engine ignition systems, electronic equipment, etc.) may also
produce electromagnetic interference.

Transmission lines may also be responsible for EMI resuiting from certain phenomena occurring on
the various components of the line. The main interference sources are corona on conductors and
fittings, discharges on insulators, and sparks at bad contacts (microgap discharges).

3.2 Characteristics of EMI Interference

Electric discharge phenomena produce various effects {(power loss, high frequency electromagnetic
fields, acoustic and luminous emission, ions and ozone generation). In particular, the electric pulses
produced by the local ionizations, whose characteristics (shape, ampiitude and repetition rate) vary
for the different phenomena, give rise to the high frequency disturbing fields. Depending on these
characteristics, the disturbing electromagnetic fields generated are characterized by different
frequency spectra, different type of propagation ' (guided or radiated) and different statistical
variations as a function of ambient conditions.

3.2.1 Corona Disturbances

Corona disturbances are characterized by frequency spectra that generally extend up to only a few
MHz, thus not interfering with TV frequencies. An example of the frequency spectrum for a 420 kV
line at 15 m from the lateral conductor is given in Figure 3.1. Only in the particular case of a
transmission line operating with high conductor-surface electric fields combined with unfavourable
atmospheric conditions (heavy snow or rain), interferences with low amplitude TV signals, in the 40-
60 MHz band, have been experienced. While between 1 MHz and 30 MHz, the amplitude of the
spectrum is inversely proportional to the square of the frequency, in the TV broadcasting frequency it
is only inversely proportional to the frequency.

It is usual to express the electromagnetic field in terms of electric field E measured in dB
above 1 pV/m (E in dB = 20 log (E/E,); E,=1 pV/m). The RI spectrum is generaily given in
relative values, the reference point being taken at a frequency of 0.5 MHz. This frequency is
adopted by CISPR as reference frequency for the measurements.
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Figure 3.1

Example of frequency specirum of the radio noise field generated by corona on a 420 kV fine.
NP is the deviation with respect to the reference level at 0.5 MHz, [1.1]

Because of the relatively low frequencies involved, the propagation of the disturbance is mainly
guided along the line. For the most common line lengths, when they are exposed to uniform weather,
the generation of disturbance is constant along their whole length and the electromagnetic field is
laterally attenuated according to a profile that depends on the line configuration and on the ground
characteristics (resistivity and shape). A few lateral profiles of the electromagnetic field at 0.5 MHz
are given in Figure 3.2. They are expressed in dB relative to the value at a lateral distance of 15 m
from the point directly under the outer phase conductor,
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Figure 3.2

Typical lateral attenuation profiles for high voftage lines of the radio noise level at 0.5 MHz expressed
refative o the value at 15 m lateral distance from the outer phase conductor, [1.1]

It has to be mentioned that the pattern of the lateral attenuation changes at about one sixth of the
wavelength from the power line (100 m at 0.5 MHz). This problem is of interest especially in areas of
low population density when weak reception signals of AM radio broadcasting is concemed. Only
few measurements are available for the lateral profile at large distances from the line. It becomes
even more critical when particularly sensitive equipment, such as radio telescopes or military
communications systems, need to be located in the vicinity of a line and also when TV interference is
concerned. For these reasons, new analytical methods have been developed [3.1] to allow a
prediction of the lateral attenuation in far field. They reject the quasi-stationary field simplifications on
which the semi-empirical methods used to predict corona radio interference fields at frequencies
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below 30 MHz, are based. These methods assume the noise currents injected by corona or
microgap discharges into the line conductors radiate electromagnetic fields, much like travelling
wave antennae [3.2]. However, actual measurements at large distances to verify these new
analytical methods are for the most part non-existent.

No actual measurements are published concerning the vertical attenuation above transmission lines.
Theoretical investigations indicate a decay inversely proportional to the distance.

As already mentioned, the radio interference field strongly depends on surface conditions of
conductors and in particular on the presence of water drops. For this reason, it is appropriate to
represent the radio interference level in statistical terms, for example, in the form of cumulative
distribution curves as the ones indicated in Figure 3.3, which refer to & one-year observation period.
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Figure 3.3

Typical radio noise distribution curves, referred to a one-year observation period,
for different weather conditions {1.1]

These curves are generally identified by some characteristic values of the "all weather" curve, such
as the value exceeded for the 50% of the time (L50 level) and the value exceeded for the 5% of the
time (L5 level). Different factors, such as the electric field on the conductor, the climate of the site,
the surface conditions of the conductors (new, aged, greased, etc.), influence the ranges of variation
of the disturbance level. However, for lines of more usual design and for average climates, the
differences between L5 and L50 are in the range 15-22 dB.
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3.2.2 Discharges on Insulators
As regards discharges on insulators two main conditions can be identified:

* Clean insufators under dry or wet conditions and polfuted insulators in dry conditions. In
these cases, the frequency ranges involved and the propagation characteristics are very
similar to those for corona of conductors. Nevertheless, the overall distribution of the
disturbance due to insulator strings does not usually contribute to the total disturbance from
the line. This is because it is generally not expensive to design the insulator strings to have a
disturbance in dry conditions lower than that produced by the conductors and because the
increase of corona on insulators under wet conditions is lower than that on conductors.

* Polluted insulators under wet conditions. The pulses due to sparking across dry bands are
characterized by higher steepnesses than for corona and other types of discharges already
considered. As a consequence, the corresponding frequency spectra extend to higher values,
up to some tens of MHz, therefore affecting the lower bands of television broadcasting. For
these higher frequencies, the propagation of the disturbance is mainly by radiation and has a
local effect within a radius of a few hundred meters around the insulator as the source of the
disturbance. The lateral attenuation is lower than for corona disturbance. The amplitude of
the disturbances may be quite high, and it may be uneconomical to control them down to that
of the corona of conductors.

3.2.3 interferences due to Microgap Discharges

Bad contacts between metal parts at different potentials are the main source of interferences from
microgap discharges. More often those effects are found with MV fines or LV installations, but
punctured or broken insulator units on HV lines show similar phenomena. Predominantly these
discharges occur under dry weather conditions, diminishing in humid atmosphere, when the gaps are
short circuited by moisture.

The spectrum of this noise is almost flat in the frequency range from 0.1 to 100 MHz and is inversely
proportional to the square of the frequency between 100 and 1000 MHz. Laboratory characterization
of the statistical behaviour of these gaps have been performed [3.3]. Exiensive measurements on
transmission and distribution lines in Canada have shown that the problem of TV interference can be
of great concern in the vicinity of distribution lines. Measurement in the vicinity of double circuit
400 kV lines with local gap discharge, see Figure 3.4, revealed a quite high TVi level between 80 and
500 MHz, with a reduction of the spectrum around 10 dB for doubling the distance from the line and
an attenuation aleng the line of about 17-20 dB/km [3.23].
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Figure 3.4

Example of the frequency spectrum generated by local microgap discharges on a 400 kV
transmission line at various distances from such line.

Generally those disturbances are not present on HV lines, their occurrence indicate a faulty
condition, which can be avoided by good installation and maintenance practices or eliminated by
bridging the bad contacts with metal strips or conductive materials.
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3.3 AQuality of Radio and TV Receptions

The degree of annoyance is determined by the signal-to-noise ratio at the receiving installation. When
establishing limits for the emission of radic interference and TV interference from power lines, the
minimum signal strength to be protected has to be determined. This is left to the relevant national
authorities and the international standards give only a guidance on how to estabilish limits [3.4].

For corona disturbances and discharges on clean insulators in dry or wet conditions or polluted
insulators in dry conditions, and referring to AM radio broadcasting, different scales of the degradation
of the reception as a function of the signal-to-noise ratio are given in the literature. The scale set up
by CIGRE [1.1] is given in Table 3.1. It indicates that for a good reception, a ratio of 30 dB is
adequate.

Quality of reception (AM Radio Broadcast) signal-to-noise ratio {dB)
Interference not audible 30
Interference just perceptible 24
Interference audible, but speech perfectly received 18
Unacceptable for music, but speech inteliigible 12
Speech understandable with severe concentration 6
Spoken word unintelligible; noise swamps speech totally 0
Table 3.1

Modulated signal measured with average or rms detector, noise
with quasi-peak detector (QP) as dB (1 uV/m)

Based on the signal-to-noise ratio, the minimum signal strength to be protected, and the lateral
profiles of disturbance, it is possible to define a corridor width outside of which the reception is
acceptable for a certain percentage of time. The extent of this corridor depends on the minimum
protected signal strength and on the line design. The choice of width results from both technical and
economical considerations where the costs of an improved line design and of an increase in the
broadcasted signal strength have to be compared {3.4].

For disturbances generated by sparking on bad contacts or by discharges across dry bands of
polluted insulators, which interfere with the amplitude modulated TV video signals, it is more difficult
to determine a scale of the degradation of the quality of reception.

Two comprehensive studies performed in North America by EPRI [3.5] and CEA [3.6, 3.7] have
compared responses of different instruments to these disturbances and have shown, that a 40 dB
signal-to-noise ratio, established as the CISPR Quasi-Peak measurement in a 120 kHz bandwidth,
may be used as an indication for an acceptable performance.

Publication CISPR 18-2 [3.4] also states, that a signal-to-noise ratio of 40 dB could be adequate for a
satisfactory reception with an average black and white detector. The more recent technical literature
supports this ratio for colour television too.

3.4 Calculation of Electromagnetic Interference

The calculation of electromagnetic interference has to be considered separately for the two different
ranges of frequency . The lower frequencies, up to 30 MHz are referred to in this guide as Radio
Interference (RI) and are dealt with in section 3.4.1. The higher frequencies, above 30 MHz are
referred to as Television Interference (TV1) and are dealt with in section 3.4.2.

3.4.1 Radio Interference

Chapter 4 of the previous Guide [1.1] reports empirical formulae, established by various
organizations, which give the radio interference field directly at the reference frequency of 0.5 MHz or
1 MHz, at a given distance from a three-phase line, for three basic weather categories (50% fair
weather, mean foul weather and mean heavy rain), as a function of the main influencing parameters
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{voltage gradient, diameter of the subconductors, number of subconductors in the bundle, frequency,
etc.). These formulae were based on the results of direct measurements of radio interference field
performed on operating and experimental lines, with system voitages of up to 800 kV and bundles of
up to four subconductors.

In the same Guide, another method is presented which calculates the radio interference field at a
given distance from the line, using analytical procedures based on the modal propagation. It
introduces a “radio interference excitation function” (T') in terms of the above-mentioned influencing
parameters:

I =k + §ig + Hid) + Hin) (3.1)
where r = Rl excitation function
k = aconstant
g = the effective value of the average of the maximum gradients of the
individual subconductors {(kV/cm (rms))
d =  the diameter of the subconductor {cm)
n = the number of the subconductors in the bundle.

The excitation function approach utilizes the fact that the corona currents injected into a multiphase
line depend not only on the intrinsic characteristics of the phase conductor under corona, usually
constructed as a symmetrical bundle, but alsc on the self and mutual capacitances of the multiphase
system [3.8, 3.9, 3.10}. Thus the radio interference currents are related to the intrinsic corona
characteristics of the conductor through a relationship of the type:

m= ' e (3.2)

where [I} and [I'] are matrices of the phase currents and excitation functions of the conductors and [C}
is the phase capacitance matrix.

The measurement of the Rl current in a test configuration of known capacitance {a cage or an
experimental span) allows the experimental determination of the excitation function and computation
of the Rl field for line contigurations other than those tested.

Another important advantage of this approach is that the radio interference current measurements in
a cage allows the determination of the excitation function under controlled ambient conditions
(artificial rain corresponding to heavy rain) and for different conductor gradients. This is also a useful
initiative possibitity for comparisan of different conductor configurations.

Under artificial rain, stable and reproducible results are achieved for a given cage, but the
reproducibility is not consistent when results from cage to cage are compared [3.11]. Because of
localized appearances of heavy rain conditions on lines, comparison of actual measurements with
cage results is difficult.

Furthermore, attempts to determine fair weather excitation functions experimentally in cages, were
even less successfuf in predicting fair weather performance of actual lines,

In a first approximation therefore correction factors are usually applied to results of heavy rain tests in
order to evaluate the Rl levels in other weather conditions (see Appendix 3.1).

It should be emphasized, that values of conductor gradients, used for the evaluation of
measurements for the derivation of the excitation functions are usually calculated for smooth
conductors of a symmetrical bundle in a coaxial configuration. Thus those idealized conditions are to
be assumed for the actual line configurations also.

The formulae given in the Appendix 3.2 give satisfactory results for fines when ratio of the
subconductor spacing s to the subconductor diameter d is higher than 10 to 15. At smaller s/d values,
the real excitation function may prove to be much higher than that calculated, especially when there
are ten or more subconductors in a bundle,

It should also be kept in mind, that all methods of radio interference calculation are matched to
measurements close 1o the lines. Standard measurements are made at 20 m, radial distance (D)
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between the next conductor and the field sensor, usually 2 m above ground, or 15 m lateral distance
away from the outermost conductor.

Lateral profiles are confirmed by measurements up to approximately 100 m at 0.50 MHz, radio
1.85

interference being proportional to D" on an average.

The predetermination methods based on the concept of excitation function follow in general the
procedure presented in Appendix 3.3 and compute the electric Rl field. Following the concept of
generation functions, however, primarily the magnetic component of the interference field is
calculated. Though for RI frequencies not valid close to the lines, the conversion to the electric field is
assumed to be

o9

with Z, the impedance of free space

The same conversion is also used, when measurements are performed with a better directional, but
not so sensitive magnetic loop antenna. Thus some discrepancy may be observed, when the true
electric field is measured in the ,near field*, which includes the normal measurement range from O to
approximately 100 m from the line.

Nevertheless methods presented in Appendix 3.2 are not restricted to those utilizing cages or single
phase test spans for the determination of the excitation function. Several investigators have used
statistically collected Ri levels to not only propose formulae for the electric field, but also by applying
the reversed process to derive from measured fields suitable expressions for the excitation function.

To make a rapid “on desk” evaluation of the radio interference field profile shape, instead of the
analytical methods, the method given in [3.22] can be used with an acceptable approximation.

3.4.2 Television Interference (Frequencies above 30 MHz)

Investigations on conductor corona TVI available were not as extensive as in the case of RI from
corona in the frequency range up to 30 MHz. In effect, the interferences to television reception are
more often influenced by microgap discharges on power line hardware or by polluted insulators than
by conductor corona,

Because of the higher frequency range, attenuation along a power line as well as that away from it, is
considerably increased. Consequently, local effects of noise sources are much more pronounced
when TVI is established.

Also, at these frequencies, the transition from the near field takes place within normal measurement
distances, i.e. 100 meters approximately. This fact may be observed as a change in the decay of the
lateral profile of the electromagnetic field at TV frequencies.

To evaluate the interference due to conductor corona in the frequency range above 30 MHz for
television reception (TVI : television interference), some formulae were proposed for foul weather
(see Appendix 3.4).

3.5 Corona Interference in the Case of Crossing of Lines

Radio Interference on a line, of low voltage, crossing another line having a higher voltage level may
depend on two main factors:

. an increase in the electric field intensity on the wire surface of the lower voltage line (LV line
in the following) at the point of the crossing with the higher voltage line (HV line in the
following);

. the currents induced into the LV line, at the crossing point, from the corona on the HV line.

The enhancement of the electric field intensity on the conductor surface of the LV line due to the
presence of the HV line can be calculated [3.12; 3.13; 3.14). Figure 3.5 shows, as an example, the
results of the electric field calculation on the conductor surface of a 10 kV line crossing a 750 kV line.

The crossing angle is 45°, the height of the 10 kV line is about 10 m and that of the 750 kV line is
about 23.5 m at the crossing point. The length of the LV line which presents a substantial increase of
the electric field is very short (it does not exceed 20 to 30 m on both sides from the external phases
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of the HV line). For this reason, the gradient increase on the LV line conductor could hardly give a
significant contribution to the radio interference level from the LV line itself. The high frequency
electromagnetic coupling between the HV and LV line seems thus the most important factor.
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Calculated electric fields on the phase conductors, ga, 95, 9¢.
of a 10 kV line crossing a 750 kV line.
Positions of phases A, B, C, of the 750 kV line are indicated by vertical dashed lines.

The calculation of the currents and voltages induced on the LV line from the corona currents on the
HV line should take into account the fact that the mutual impedances and admittances of the two lines
are not constant. With the simplified assumption that the propagation patterns along each line is not
influenced by the presence of the other one, disregarding possible reflections due to discontinuity on
both lines and disregarding the effect of the sag of the conductors on the mutual electric parameters,
the following fundamental remarks can be made:

* The coupling between the LV and HYV line is purely capacitive at 80° crossing angle and the
resulting radio interference level on the LV line is minimum. The coupling becomes
predominantly inductive at angles smaller than 60° to 70° and the difference between the
radio interference levels at crossing angles of 80° and 45° reaches 6 dB.

. The main components of the currents and voitages induced in the LV line are of the
conductor-to-ground mode which present a substantial damping with the travelling distance.
Therefore, the radio interference level decreases rapidly with distance from the crossing
point.

. The spectrum of the radio interference of the LV line is different from that of the HV line and
changes at different distances from the crossing point. This is due to the fact that the
electromagnetic coupling is higher for higher frequencies and that the damping along the LV
line is higher for the higher frequency components. As a consequence, the
1 MHz radio interference levels may be higher than the 0.5 MHz component, equal, at the
crossing point, at about 1-2 km and lower at higher distances.

Although few measurements have been performed in the field, the main results of the theoretical
calculations were confirmed. Actual problems with radio interference produced from corona on HV
lines in the AM broadcast band and drawn out by LV lines have been reported up to some kilometres
away from the HV line corridor.

3.6 Passive Interference

The mechanisms of radio and television disturbances produced by power lines that have been
indicated above can be classified as mechanisms of active interference because the line itself acts as
a primary source of the disturbances. The power line can, however, be the subject of so called
“passive interference”. Typical cases of passive interferences are the reflection and reradiation of
radio signals. These phenomena are simply related to the dimensions of the structure and are thus
similarly present in other structures {buildings, poles, etc.) and not related solely to power
transmission installation [3.24].
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Reflections occur when the line intercepts a signal and reflects it. In the case of TV reception, this
gives rise to ghost images due to the time delays of the main and of the reflected signal. Reradiation
is a phenomenon that occurs when the tower of the line is in the vicinity of a broadcasting antenna
array. The tower, depending on its dimensions, may act as an antenna tuned on some frequency
emitted and thus change the emission patterns of the broadcasting station. Re-radiation from
structures located near the receiving antenna can equally affect the reception, and the broadcast
pattern is only locally modified [1.1].
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Appendix 3.1 Calculation of the Radio Interference Field at a Given
Distance from the Line for UHV Lines with Symmetrical
Bundles and Aged Conductors

The calculation of the radio interference field at a given distance from the line for UHV lines with
symmetrical bundies and aged conductors:

a) calculation of the excitation function of each conductor in heavy rain by means of a formula
from Appendix 3.2

b) application of the correction factors given in Figure A3.1.1 to obtain the excitation function in
other weather categories;

c) determination of the radio interference field profile for each conductor by means of analytical
methods based on modal propagation, as indicated in Appendix 3.3, or a formula from
Appendix 3.2 giving directly the Rl field.

d) addition of the fields from the individual conductors according to [1.1]:
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Figure A3.1.1

Correction factors to be applied to the heavy rain excitation function to obtain the light rain one as a
function of maximum voltage gradient and number of subconductors, {3.22].

I igrt-rain = [ neavy-rain + &g + Ag

The fair weather excitation function is obtained by subtracting 17 dB from the light rain excitation
function.

r fair-weather = r light-rain — 17
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Note 1. fields from conductors of equal phase are added guadratically:

Define E as the EMI field

E,: total of fields of phase a (dB (1 pv/my))
E: field of individual bundle conductor (i} of phase a

Note 2. ranking of the phase-fields:
EjzEp2E; (dB {1 uV/m))
if Ez-Ep=23dB: Ei=Ey4

E. + Ep
2

if E,-Ep<3dB: E, = +1.5

Et: total radio interference field, (dB {1 uV/m))
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Appendix 3.2 Overview of the Formulae Developed in Different Countries
for the Evaluation of Radio Interference due to Corona

This Appendix reports the formulae developed by various experimenters for the predetermination of
radio interference levels of individual conductors of AC lines.

The majority of the formulae give the excitation function I'; some of them, however, give directly the

electric field at a given distance from the line.

Specifications of measurements for QP-values [1.1]:

Receiver Measuring Frequency
Pass band Charge/discharge
constant
CISPR 9 kHz 1 ms /160 ms 0.5 MHz
ANSI 5 kHz 1t ms /600 ms 1.0 MHz

The result of these definitions [3.11]
: Value {CISPR} = Value (ANSI!) — 2 dB

Correction of measuring frequency:
Value (CISPR) = Value {ANSI) + 5.1 dB.

Comparison of receivers

A3.21 BPA [3.11] (CISPR specification: QP - 9 kHz - 0.5 MHz}

Average fair weather

Add 17 dB to get mean foul weather, add 20.5 dB to get mean stable rain, add 24 dB to get heavy

rain

Rl = 46 + 'I?_Olog[ g
176

d 2
SJ + 40 Iog(ﬁ] + 10[‘1 - {log (10 f}) ] +

A
300

-C+ G dBUpV/m)

where: Rl is the disturbance field strength, dB(uV/mj) for one phase

(A3.2.1)

g is the average maximum conductor surface gradient, kVms/cm

d is the conductor diameter, cm

f is the frequency, MHz

q is the aititude, m

C, is the value of lateral attenuation function C, for a reference phase conductor at
13.7 m height, at 21.0 m radial distance from the antenna, ground conductivity :

4 mS/m.

C. is the value of lateral attenuation function C, for the type of line the formula is
being applied.

The lateral attenuation function C, is derived from the following equations:

C, = 10log (DW? + ESU? + EIND?}

where: DW is the direct wave component

DW =

he when D <
KD

12 h, h,
A
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DW = h, 12h,h, when D > 12 h, h,
KD A D
ESU is the surface wave component
sy = [P0
KD

EIND is the induction field component
hC
(K DY

EIND =

where: h, is the height of the antenna, m
h, is the height of the conductor, m
D is the radial distance between conductors and antenna, m
fis the frequency, MHz

A is the wavelength, m

K = 2%
A
2+03p
fipl=—-—"T—>
P 2+p+0.6p?
_52.5D
5 22

d is the ground conductivity in mS/m

The reference parameters for calculating C, are :

D, =21.04 oW, 3931;'1
70.55 276.16
E'ND1 = fz Pt :T
2+0.3 31.1¢
f(py) = P Esy, =21 L1y
2+ p;+0.6p; f

The Rl for each phase is calculated using this formula. The highest value is the final Rl. However, the
total Rl from all phase conductors of a power line can also be determined by the method in CI1ISPR
18-3, Appendix A [3.22]. The maximum difference between the two approaches is 3 dB.

Generation function for “average stable foul weather” derived from long time measurements on real
lines

r,, = 3702 + 120 - Iog(—}%) + 40 - Iog(%} dB (IwA/Vm)  (A32.2)

Optimized generation function for “average stable foul weather” according to [3.11]

15

I, = 4042 + 120 - 109( 9) + 40 - log[%] d8 (uA/Vm}|  (A3.2.3)
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A3.2.2 CIGRE (derived from [1.1]), [3.11] (CiSPR specification: QP - 9 kHz - 0.5 MHz)

Heavy rain:
D
Ew = - 10+ 35 . g+ 6 d - 33 log (EJ dB (1 pV/m) (A3.2.4)
10m <D < 60m the term 6disvalidfor 1em< d < 25cm only
I, — - 4069 + 35 - g+ 6 - d dB (1 pA/Jm) (A3.2.5)

Optimized according [3.11]

I = - 4039 + 35 g+ 6 -d dB (1 pA/Vm) (A3.2.6)

A3.2.3 CRIEP1 [3.15 3.16] (CISPR specification: QP - 9 kHz - 0.5 MHz)

Eair weather

h
D’

Ew = 4+[(37 g-122)]+ 40logd +20|og[ ]—12(Iog(f))2 -17log(f) dB {1 uV/m}

(A3.2.7)

(standard deviation + 3 dB)

Rainy weather
E.—-E
r = ( - 02) + EO
[2.53)
a [
nd/
1+1

| = rate of rain {mm/hour)

o = —016g%g +372

g =  bottom surface gradient (kV/cm), rms value
Em = electric field under maximum rate of rain

Eq = electric field under O rate of rain, wet conductor

Em and Eg are calculated by replacing the part in square brackets of the equation given for fair
weather, by one of the following expressions respectively:

. To obtain Em:
[10.5g - (g72)* - 31] for g’ <17 kV/em
[4.38¢ — (g/4)? + 19.5] for g' > 17 kV/cm
. To obtain Eg:

[9.5 g —0.16 g* + 50.5]



A3.2.4 ENEL - 1000 kV Project [3.17] (CISPR specification: QP - 9 kHz - 0.5 MHz)
Heavy rain (95% of rain distribution)
rain intensity: 1.5 — 2 mm/min

586
9

L, = 69 - - 10 - logn + 30 - logd dB{1 uA/Jm)

rain intensity: 0.01 — 0.03 mm/min

73~&-12-Iogn+60-

g

T, logd dB (1 pA/vVm)

A3.2.5 EPRI [3.10, 3.11] (CISPR specification: QP - 9 kHz - 0.5 MHz)

46

(A3.2.8)

(A3.2.9)

Heavy rain (99% of the distribution under rain, cage values, artificial rain corresponding

to 8 - 12 mm/hr natural rain)

81.1—@+38-

g

1ﬂhr

d
— A
aog(g_sj + K, dB(1 pA/Jm)

Optimized according to [3.11]

Iy = 7662 - 222 4 38 . iog(iJ + K,  dB{1 pA/Jym)
g 38
where : K, = Oforn=8
Kn = ©5&forn>8

The formula is valid for conventional bundles with a ratic s/d in the range of 10 to 20.

(A3.2.10)

(A3.2.11)

For other

bundle geometries where the ratio k between the maximum gradient and the average gradient

becomes greater than 1.2 (k=1+(n—1) (dfs) sin(n/n)
be added to the values calculated with the formula.

approximately) a few

Wet conductor (comparable to “average heavy rain”)

ry = 1087 + T, + Flg,d.n)
where:
© 244
F(g,d,n)= — 14.2 QE and: ¢’= o forn<4
o_ 244 n-4 forn>4
d0,24 2

Fair weather (50% of the distribution in fair weather)
Ty - 17

Tew

dB should



47

A3.2.6 [IREQ [3.18, 3.19, 3.11] (CISPR specification: QP - 9 kHz - 0.5 MHz)
Heavy rain values (18 mm¢hr)

" In 2
r- (%J{Zijgllf(g,dbp} dB (1 pA/Ym) (A3.2.12)
where:
Cgs = single conductor capacitance per length (F/m)
Cp = bundle conductor capacitance per length (F/m)
I'c = single conductor excitation function:
I, = -90.35 + 9242 - logg + 43.03 - logd (A3.2.13)

optimized according to [3.11]
I, = -8885 + 9242 - logg + 43.03 - logd (A3.2.14)

For a bundle configuration, according to [3.11], the excitation function can be approximated by :

I' = I, - Bin,s} dB(1 pA/Jm) (A3.2.15)

where: B(n,s)=0 forn=1
B(n,s) =3.7dB forn=2
B(n,s)=6dB forn=3
Remark: This formula is a least squares approximation to the experimental results [3.18]. A

more accurate version of the generation function may be obtained by using those
curves directly.

A3.2.8 Russia 1200 kV Project {3.20]

r=G- 20 - 109{ S ] dB (1 pA/Jym) (A3.2.16)
2rme,
where: G = interference generation function
Ckk = diagonal element of the capacitance matrix of the line considered (F/m)
Heavy rain
G, = -51.6 + 3.25 - g + 40log d

Fair weather
G, = -64.6 + 325 - g + 40logd

It has to be noted that in the USSR, a direct use of the interference generating function G is
performed to calculate analytically the radio interference field.
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A3.29 EDF [3.9, 3.11]

Heavy rain, single conductor,

[, = 155 - log [1—19—1] + 115 o dB (1 pA/vm)

r = conductor radius, cm
g < 17 kV/cm

Heavy rain, bundle conductors,

10kV/em<g <25kV/ecm average rain values > 1 mmv/hr

r = I'g + A -r - Bin dB (1 pA/Jm)] (A3.2.17)

g = 155 - log [TQJ A = 115 + log {n?) and B in the following table.

n 1 2 3 4 G 8

B (n) dB 0 5 7 8 9 9.5

Optimized acceording to [3.11]

I = -3.03 + g + A -r - B dB (1 pA/Jm) (A3.2.18)

A3.2.10 ROMANIA - UPB [3.21]

Heavy rain:

r=50-22 174 togd-10-logn  dB{1 uA/vm) (A3.2.19)
g

n=3 gz=17kVicm

A3.2.11 CISPR [3.22]

Heavy rain: large bundle conductors, s/d = 10to 15

585

r = 70 - 5 " 35 - logd - 10 - log n dB (1 pA/Jm) (A3.2.20)

Remark: This formula should only be used for pre-design purposes or comparison between
different line configurations. It gives approximately the upper envelope of results from
the other formulae, and therefore a conservative evaluation of the generation function.

Heavy rain: tubular conductors:

[ = - 121 + 120 - logg + 40 - log d dB (1 pA/vm)
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Compilation of the Different Formulae for the Evaluation of the EXxcitation
Function and RI at a lateral distance of 15 m from the outer conductor.

Using the example of paragraph 2.5, the excitation function T (dB {1 pA/+/m)) with the different
formulae for the central phase and the RI (dB (1uV/m)) at a lateral distance of 30 m of the central
phase can be calculated.

The effective value of the maximum conductor surface gradient g is necessary.

The CIGRE Guide method gives (see paragraph 2.5.1) :
g = 18.2 kV¥/cm (rms)

Some formulae give directly Rl and for the others Rl =T + 23.12 (see Appendix 3.3).

Method (formula) I (dB (1 pA/Ym)) Rl (dB (1 pV/m))
BPA (A3.2.1) - 64.35
BPA (A3.2.2) 41.96 65.08
BPA (A3.2.3) 45.36 68.48
CIGRE (A3.2.4) - 63.08
CIGRE (A3.2.5) 40.84 63.96
CIGRE (A3.2.6) 41.14 64.26
CRIEPI {A3.2.7) — 65.00
ENEL (A3.2.8) 41.99 65.11
EPRI (A3.2.10) 45.24 68.36
EPRI (A3.2.11) 40.76 63.88
IREQ (A3.2.12) 4 64.12
IREQ (A3.2.15, 13} 40.62 63.74
IREQ (A3.2.15, 14) 42.02 65.14
RUSSIA (A3.2.16) 38.61 61.73
EDF (A3.2.17) 43.55 66.67
EDF {A3.2.18) 40.52 63.64
ROMANIA (A3.2.19) 46.62 69.64
CISPR (A3.2.20) 45.44 68.56
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Appendix 3.3 Predetermination of the Radio Interference at a Given
Distance of a Three-Phase Line Starting from the Excitation
Function of Each Phase

A3.3.1 Analytical procedure, [3.9]
1)} compute the capacitance matrix of the line [C] (see paragraph 2.5.1)

2) compute the effective value of the maximum conductor surface gradient g {kV/cm {rms)) for each
phases:

« effective value of the average of the maximum conductor surface gradient on each
individual subconductors (see paragraph 2.5.2)

OR

« simplified method as in CIGRE Guide [1.1] with the equivalent bundle radius (see
paragraph 2.5.1)

3) with one of the formulae of the Appendix 3.2, caiculate the excitation function
I (dB (1 uA/Nm)) for each phase

According to the modal propagation [3.9], the unit phase field (T; = 1) is computed as follow :

4) compute the matrix of total modal coefficient [my]

1 1 1 1
m| = =—|—-+—| IN| - - |C
[mi] 2[&:} N e [C
« in practice, we use the symmetrical matrix of the Clarke-Concordia modes [N]
Y5 Ve )a .
M- T O Ve = NT=IN
Yo Ve )&
Remark: In fact, the matrix [N] is obtained as the eigenvectors of the matrix
IB] = [Y]-QZ] or, in a more simplified analysis, as the eigenvectors of the

matrix [C] ™.
diagonal matrix of gains !
Vo

r q 216 0 0O

! =7 0 216 O for a line with conductors in delta configuration
LV 0 O 54
r 7 300 0 O

! = 0O 136 O for a line with conductors in flat configuration
Vo] o o s




a1

5} matrix of total modal (k) current for each phase i [I]
[Ii] = [N] - [m]
where [m] is the diagonal matrix which the elements are the elements of the i" columns

of the matrix {m,] :

m O O
[m] =0 m, O andm=[mdi, Me=[Mde Ms=[Mia
0 0 my

6) modal field Ei; (HV/m)) (mode k, phase i)

E=Z,-H Z, = |He
€0 2xnr
1 1
= E=120n — - = 60 -
2m s r
Using the notations of figure A3.3.1, and p as the depth of penetration (p = 2p ), [3.8]:
Ho @
- h + 2
Ex 00 = 60 J{LL, h; h, - 1+ Ry R ~
{hy - h)* + {x - dy) (hy + h, + 2p) + O - dy)
h, - h, h, + h, + 2p
+ [Ii]2k 2 2 2 2
(hz = ha) + (X - dz) (h2 + ha + 2p) + (X - dz)

hy + h, + 2p }}

h3 N ha +
2 thy + h, + 2pP + {x - dy)

+ [l
3k [(h3 - h? 4 x - dy

i 5
3 o
Q g2
a3 [ i

Figure A3.3.1

Each distance di, d», d; must be taken with their signs
h, = height of antenna
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7) phase field E; (dB (1 pV/m)) (phase i)

8) Radio Interference RI; (dB (1 pV¥/m}) of each phase
Rli=E +T;

9) Radio Interference Rl (dB (1 pv/m)) of the line
ranking of the phase-fields:

Ry 2RI, 2Rlg  (dB (1 uv/m))

if Rlg-Rlp>3dB: Rl=RI,

if Rl;-Rlp<3dB: Rl = R'a;—R'b 415

A3.3.2 Sample Calculation

Using the example of paragraph 2.5, the method of A3.3.2 can be followed to compute the radio
interference RI.

1) capacitance matrix of the line [C], see paragraph 2.5.1.

2} effective value of the maximum conductor surface gradient g (kV/cm (rms)) for each phases by
the simplified method as in CIGRE Guide [1.1], see paragraph 2.5.1.

3} with one of the formulae of the Appendix 3.2, calculate the excitation function T; (8B (1 pA~Nm))
for each phase

the CISPR formula (A3.2.20) gives :
for the central phase : I = 45.44 (dB (1 uANm))
for the lateral phase : Ty = Ty = 42.21 (dB (1 yANm))

4} matrix of total modal coefficient [my]

: 300 0 O
{ } =1 0 136 O for a line with conductors in flat configuration
0 0 b4

20.3b4 -37.361 20.354
= [m ] = {12.304 0 -12.304
2.683 2.257 2683
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5) matrix of total modal (k) current for each phase i [l;]

i - ™1 fm)

20.354 0 0 8.309 8700 1549
e[m]=| 0 12304 0 = 4] = -16619 0 1549
0 0  2.683 8309 -8700 1549
-37.361 0 O -15.251 0 1303
em]=| 0o o0 o© =  [,] = | 30505 0 1303
0 0 2.257 ~16251 0 1303
20.354 0 0 8.309 -8700 1549
e[m]=| 0 12304 0 = 5] = |-16619 0 1549
0 0  2.683 8309 8700 1549

6) modal field E (pV/m)) (mode k, phase i), at 2 m above ground and 15 m of the outer phase
with: Ho=4m 107 H/m
f = 500 kHz = w = 3.14 10° rad/s

p = 2p = 7m
Vho ©

x=30m di=15m d=0m d; =-15m (see figure A3.2.1)

= Ew (X = 30 m) = 80 { [I]1 - 0.056456 + [I]o - 0.031099 + [I]]3 - 0.018503 }

Ek=1,i=1 (X) =6.36 ;JV/m Ek=2';=1 (X) =19.81 pV/m Ek=3,i=1 (X) = 9.86 |.|V/m
Ek=1‘5=2 (X) =-11.67 uV/m Ek=23=2 (X) =0 uV/m Ek=3‘5=2 (X) =8.29 |.|V/m
E|.;=1,i=3 (X) =6.36 pV/m Ek=2,i=3 (X) =-19.81 pvV/m Ek=3.i=3 (x) = 9.86 |.|V/m

7) phase field E; (dB (1 pV/m)) (phase i)

- E, = 27.24 (dB (1 pv/m}) E,=23.12 (dB (1 pv/im)) Es=27.24 (dB (1 pV/m))

8) Radio interference RI; (dB (1 yv/m)) of each phase
Plli = Ej + ]._“,
Rly = 69.45 (dB (1 uv/m)) Rl, = 68.56 (dB (1 pV/m)) Rlz = 69.45 (dB (1 pV/m))

9) Radio Interference Ri (dB (1 pV/my)) of the line
ranking of the phase-fields:
Rl 2RIg=Rls  (dB (1 pV/m))

Rl + R,

Rl{ - Rly < 3 dB = RI = + 1.5 = 70.51 dB (1 pV/m)
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Appendix 3.4 Formulae Developed for the Evaluation of Television
Interference due to Corona

The EPRI [3.10}] formula gives, for each phase, the corrections to be applied to the radio interference
level of the line considered, evaluated in reference conditions (reference distance and measuring
method).

[Tvih, x = Rl + R + Rix) + C| (A3.4.1)

where:
TVI(f, x) (dB (1 pv/m))

f = frequency, (MHz)

X = lateral distance from the conductor, {m)

F,(fy = correction function for the frequency, (dB)

F.(x) = correction function for the lateral distance, (dB)

C = correction constant to take into account the different peculiarities of

the measuring systems for TVI and Rl (bandwidth, etc.). If the radio
interference level Rlg of the reference line is given according TVI
specifications, the term C is left out, (dB)

The correction function Fq{f) obtained from measurements at a three phase line under foul weather
condition is given in Figure A3.4.1, [3.10].

10
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Figure A3.4.1
Correction function F; (f)

For the frequency range f > 20 MHz, the correction function has a variation of 20 dB per decade and
can thus be written :

Rifi = - 20log (f) {A3.4.2)
With the assumption that, in the frequency range of interest, radio noise attenuates by 6 dB per

doubling of lateral distance, the formula proposed becomes :

TVl = Rly - 20 loglf) - 20 Iog[—xm} +C (A3.4.3)
Xp
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Where C = 3.2 dB for a TVI reference frequency of 75 MHz, 120 kHz bandwidih and the reference
Rlp given according to ANSI at the lateral distance x,.

BPA has proposed a similar formula. The same correction function for frequencies above 20 MHz is
used, but with a more sophisticated function for the distance based on the assumption that the lateral
attenuation changes, at a frequency dependent “transition distance” x, from-20 log(x) to —40 log(x).

9 d 75
TVIIphase = 10 + 120 |Og(136) + 40 |Og [m) + 20 |Og [—f—J + thx) + KA (A344)

where:

Fa(x)

Fa(x)

Fa(x)

Fa(x)

i}

_"P"OJ'D'

20 log {X—OJ forx and x5 < x,
X
X0 Xe
20legi —=| + 40 log |2 for x z xg and xq, < X
X
c
Xc Xg
20log | —=| + 40 log | — for x < xg and x4 2 xe
X X
Xo
40 log [ — for x and x5 2 X,
X
61 m, reference lateral distance
12 h, h,
A

-3 (dB), altitude correction for g < 3000 m
300

height of antenna, (m)
height of conductor, (m)
wavelength, (m)
frequency, (Mhz)

Note that the addition of the TVI values of the different phases in this case is not considered as the
characteristic TVI of the line, but only the highest individual value.

It has to be mentioned that the investigations on conductor corona TVl were not as extensive as in

the case of corona radio interferences in the frequency range up to 30 MHz.

In effect, the

interferences to television reception are more often influenced by microgap discharges on power line
hardware than by conducter corona.



Glossary chapter 3

B(n)
B(n,s)

EIND
Exi
Eo

EMI

ESU
E,

Ua

correction factor depending of n
correction factor depending of n
correction factor depending of n
correction constant

lateral attenuation function

bundle conductor capacitance per length

diagonal element of the capacitance matrix of the
line considered

single conductor capacitance per length
diameter of the subconductor

radial distance between conductor and antenna
direct wave component

electric field

total field of phase a

total field of phase b

total field of phase ¢

field of individual bundle i of phase a, b or c in
Appendix 3.1 OR phase field (phase i}, only in
Appendix 3.3

induction field component

modal field (mode k, phase i)

electric field under 0 rate of rain, wet conductor
electric field under maximum rate of rain
Electromagnetic Interference

surface wave component

total radio interference field

frequency (dimension with relevant formula)

effective value of the average of the maximum
gradients of the individual subconductors

interference generation function
bottom surface gradient, rms value

average gradient of subconductors

dB/cm
dB

dB

dB

dB
F/m
F/m

F/m

cm

dB (1 pv/m)
dB (1 pv/m)
dB (1 pv/m)
dB (1 pv/m)
dB (1 pV/m)

pvV/m

dB (1 pv/m)
dB (1 pV/m)
dB (1 pV/m)

dB (1 pv/my)

kV/cm ({rms}

dB
kV/m (rms)
kV/m {rms)
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Xo
X

Zs

height above ground

1
haverage = hmlmmum + 5 sag
average anchoring 5 sag

minimum height of conductor above the ground or
only in formula (3.3) magnetic field in A/m

height of antenna
height of conductor
rate of rain
constant

function of A

correction factor to take into account high altitudes
(« 3000 m) (must be additionned to excitation
function)

empirical constant factor
In=log,,e=2.718

log = logsp

number of the subconductors in the bundle
depth of penetration

altitude above sea level

quasi-peak

subconductor radius

bundle radius

Radic interference

bundle spacing

inferphase spacing

Television Interference

voltage between phase and ground
{ateral distance

reference lateral distance (x, = 61 m)
transition distance

impedance of free space

factor dependingof gand g’

ground conductivity

permittivity of free space
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mm/hour

dB

dB

dB

cm
cm
dB (1 pV/my)
cm

m

VorkV

= 3 3

mS/m

F/m



Ho

(C]

wavelength
permeability of free space
earth resistivity

excitation function
single conductor excitation function

capacitance matrix

matrix of phase currents

matrix of total modal {k) current in phase i

matrix of total modal coefficients

symmetrical matrix of the Clarke-Concordia modes
matrix of charges

matrix of the excitation functions of the conductors

diagonal matrix of gains
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m

H/m

am

dB (1 uA//m)

dB (1 pA/¥m)
F/m

dB (1 pA/m)

pd
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Chapter 4
Audible Noise

4.1 Introduction, Generation and Propagation of Audible Noise

A person standing near an overhead line whose conductors or insulator assemblies or both are in
corona - usually lines above 275 kV - can sometimes hear a special noise: frying, crackling or hissing
sounds and possibly a low frequency hum. If there is rain, drizzle, fog or ice, this audible noise is
more intense.

The sound is the mechanical vibration of air particles, and the easiest quantity to measure is the
sound pressure, the unit of which is Newton per square metre (N/m?) = Pascal (Pa). A single sound
pressure p can be expressed as the real part of the equation

P = Proay €27 (4.1)

where p.., is the amplitude of the pressure, t is the time in second (s) and f is the frequency in hertz
(Hz).

A normal human ear can detect sound pressure varying from 20 pPa to 100 Pa. Using the sound
pressure expressed in Pascal is not convenient. Instead the sound pressure level in decibels (dB)
has been defined as

p’ p
L =10log(—} = 20tog{(—} (4.2)
Po Po

where p is the rms value of the sound pressure being measured and p,, is the reference value of
20 yPa.

Corona audible noise is not purely sinusoidal vibrations. It consists of a great number of frequencies
combined at random phases. All these components determine the frequency spectrum of audible
noise. This frequency spectrum is often given in octave or one-third octave bands. If f; is the centre

frequency of a band, then an octave band extends from the lower frequency % to the upper
frequency foﬁ and a one-third octave band extends from o to fogﬁ . The octave or third-octave

Y2
band sound pressure level comprises sound pressure levels of all frequencies ranging from the lower

to the upper frequency of the band. An example of a third-octave frequency spectrum is given in
Figure 4.1. it can be seen that the spectrum consists of two typical parts:

t.  Pure tones which are at multiples of 100 Hz when the line is energized at 50 Hz or at multiples
of 120 Hz for 60 Hz.

2.  The broad-band pant which is often described as frying, crackling or hissing. It covers a wide
frequency range from hundreds of Hz to the ultrasound range. (In Figure 4.1 the broad-band
part is fimited to about 16 kHz because of the limited frequency response of the measuring
instruments.)
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Acoustic Pressure (dB)
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10000
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Figure 4.1

One-third octave analysis of acoustic pressure of corona audible noise

The pure tone component, called hum, is generated largely by the movement of charged ions
surrounding the conductor. The hum is audible especially under heavy rain. Pulses are the sources of
ionization and conseguently of the hum. Hence it follows that the 100 Hz (120 Hz) hum is generated
along the conductor with the same phase.

The broad-band audible noise is mainly generated by positive polarity streamers. Each such audibie
pulse is of limited time duration and has a broad frequency spectrum which resulis from the theory of
the Fourier Transform. There are a lot of streamers generating audible pulses along the conductor
and their frequency spectra may be distributed up to ultrasound range.

The human ear sensitivity varies according to the frequency and the loudness of pure tones. In order
to express this complicated dependence and to enable the whole frequency spectrum to be expressed
by one value, the standardized frequency weighting characteristics A, B, C and D have been agreed
upon internationally. To a certain extent they compensate for the variation of the ears sensitivity with
frequency. Generally speaking the weighting characteristics attenuate the frequency components of
audible noise below 1000 Hz and above 6000 Hz. Present national and international standards for
noise measurements usually recommend the use of A-weighted levels, as shown in Figure 4.2. The
weighting characteristics can be applied to a noise measurement either automatically, by a weighting
filter built in to the sound level meter {the readings are then in dB(A)), or, in case a frequency
spectrum which has been recorded previously, it is possible to calculate the A-weighted level
according to formula

n L+Ky
Ly =10log Y 10 1© (4.3)
i=1

where L, (dB) is the sound pressure level of the i-th frequency band,
K, (dB) is the correction of A-weighting characteristic of the i-th frequency band given by
Figure 4.2.
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Figure 4.2
Internationally standardized weighting A curve for sound level meters

The frequency characteristic of corona audible noise consists of a hum component and a broadband
component. The audible noise propagation depends on the part of the spectrum considered.

411 Hum

Since the hum is generated along the conductor with the same frequency by lots of partial acoustic
sources (we can imagine them as the elements of a breathing cylinder), its sound pressure at an
arbitrarily chosen point (measuring point) is given as a sum of every partial i-th (i=1 to infinite)
contributions respecting their phase angle:

i - ikD o IO

= i +a ; 4.4
p="p qu{ 5ty (4.4)
where a_ is the reflection coefficient (for hum a, = 1)

j=v=1

k= 2c_nf (c. is the sound velocity, in air ¢; = 331 m/s)

g; is the volume velocity of the i-th particle (it is a complex value), m3/s

Di is the distance of point, at which the sum is calculated from the i-th particle acoustic
source, m

D; is the distance of the i-th image source, m
w = 27f

f is frequency of sound (for hum it is 100 Hz or 120 Hz), Hz
o is the air density, kg/m?

The first part in the parentheses belongs to the direct wave, the second one to the wave reflected
from the ground. Each partial acoustic source along the conductor emits the sound pressure with the
same phase angle. The sound pressure at a point of its summation (e.g. at the measuring point) from
these sources comes with a different phase angle. After summation in Equation (4.4) this
phenomenon manifests itself as a standing wave of hum component. The level of hum can
considerably vary when displacing the measuring microphone a few meters from the conductor, as
shown in Figure 4.3. Fortunately, the hum decreases as the conductor ageing [4.14] and the A-
weighting filter significantly suppresses hum (see Figure 4.2), so the A-weighted sound fevel is not
usually influenced.
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An example of octave sound pressure level and A-weighted level of
corona audible noise as a function of direct distance from the outside phase

41.2 Bread-Band Component

The propagation of the broad-band component is simpler. Each elementary acoustic source on the
conductor radiates power with the continuous frequency spectrum If W is the acoustic power per unit
of length, then the acoustic intensity | (W/m#) at a distance D is given

+H2 W
|= j - dx (4.5)
An(D* + x°)
=112
for a conductor of a iength |. For | very large the solution of the above integral is

w

= — 4.6
4D (4.6)

Reflections from the ground may influence the intensity. Taking them into account, Equation (4.6) is
modified into

[ w[ 1.3 ] (4.6a)
4D 4D
where a, and D have similar meaning as those in Equation (4.4). The value of a_is very low in this

case (a, <<1) for frequencies above 1000 Hz for current outdoor ground surfaces and can be
neglected
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Similar to the sound pressure tevel, the sound power level in decibels (dB) can be defined as

W
Ly =10log—
w e (4.7)

where W, is the reference value of 1 pW/m, and the sound intensity level in decibels (dB)

t
L, =10log-~ (4.8)
o]

where |, is the reference value of 1 pW/m?

The sound pressure is given

p=.oc,l (4.9)

where ¢ = 1.29 kg/m? is the air density and ¢, = 331 m/s is the sound velocity. Then from Equation

(4.6)
p= 10.3@ (4.10)

or in terms of sound pressure level (py = 20 pPa, W acoustic power (W/m), D distance (m))

|_=20-logb&:114.3+10-|ogw—10-iogD (4.11)
o]

Equation (4.11) shows that the decrease of the sound pressure level {and A-weighted sound level) of
broad-band noise is “smooth® according to -10 logD (3 dB decline every doubling of the distance).
This law is apparent from Figure 4.3 for A-weighted sound level or for the 1000 Hz and 4000 Hz
octave bands.

if the sound pressure level or the A-weighted sound level L is given at the distance D, from the
conductor, the level L, at ancther distance D, from the conductor is given by

D,

L, =L, —10-io
2 1 QD1

(4.12)

However, the sound pressure level decreases more rapidly than it would result from Equations (4.10)
or {4.11) because for longer distances the sound absorption in air must be taken into consideration,
too.

This absorption may be expressed as an attenuation per distance. It depends on the frequency of
sound, the temperature of air and its relative humidity. The attenuation is shown in References [3.10],
[4.8]. For a typical corona noise spectrum as shown in Figure 4.1, the temperature of 15 °C and
relative humidity of 70%, the attenuation is enumerated and drawn in Figure 4.4, It fits the formula [in
decibels (dB)]

8, =-00094-0024 D+338-107°-D? -264-10%.D° (4.13)

where D (m) is a distance between the conductor and the peint of calculation (D = 500 metres).
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Figure 4.4

Additional attenuation of A-weighted corona audible noise which is caused
by molecular absorption in air (valid for 15 °C and 70 percent of relative humidity)

This attenuation is to be added to the A-value of corona audible noise calculated at a distance D. The
low frequency hum is practically not attenuated by sound absorption in air which may change the
frequency spectrum of corona audible ncise at larger distance from the line.

Fog, rain and snow may cause an additional attenuation of sound. There are not sufficiently reliable
data of this attenuation. It is recommended that it should not be taken into account. The gradients of
wind speed, temperature and the air turbulence can cause additional attenuation, too [4.8]. A more

detailed discussion is out of the scope of this publication.

By analogy with the R} excitation function, the A-weighted sound power level (L, in dB{A) (1 pW/m))
i5 called the acoustic generation function and symbolized by T'A.

Derived from the equation {4.11), the determination of the A-weighted sound pressure {L,) of each
conductor/bundle at a distance D has to take into account the propagation of sound :

Ly =543+ TA-kp| (4.14)

where kp =10 log D + &,
La dB(A} (20 yPa)
TA dB(A) (1 pW/m)
D m
oL dB

6. might be determined according to formula (4.13) or Figure 4.4, or approximated by a constant
factor related to distance.
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4.2 Calculation

Various research centres have developed their formulae for predicting audible noise. Some of them
are listed in Appendix 4. Formulae are separately stated for heavy rain (usually as an exceedance
level L, - the level which is exceeded 5 percent of the time period) and for average rain {(Lgy). From
the reasons mentioned in chapter 4.1, the formulae are valid only for broad-band AN component.

The following structure is generally assumed for the formula giving the acoustic generation function of
symmetrical bundles, aged conductors and heavy rain:

TA = fi(g}+ f{d) + f3(n)+C {4.15)

Taking into account the different weather definitions, local situations and individual interpretation of
experiments, it is difficult to derive a unique calculation method. However, for a quick survey a
simple formula was derived from a comparative analysis of some methods, which are compiled in
Appendix 4. It calculates the acoustic generation function for each individual phase of HV lines with
symmetrical bundles and aged conductors in heavy rain.

TA; =TA, =25-%+ 40 logd+15-logn  dB{A} (TuW / m) (4.18)

Approximate range of validity: 10 kV/cm < g < 25 kV/cm
2<n<i2

2cmed<4cm

An indication of the relevant acoustic generation function under other weather conditions might be
taken from Figure 4.5.

For actua! line cases however, the use of a formula from Appendix 4, which was derived from a
similar conductorftine configuration under comparable climatic situations would be advisable.

The sum of the individual pressure values from all phases results in the total sound pressure at that
point:

3 Ly
Larer = 10l0g ) 1010 (4.17)

i=1

The hum component of conductor corona is low usually, but might be taken into account separately in
special foul weather conditions with large corona loss [4.6].
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Corrections for CIGRE AN predetermination formula
Average rain (L50) : TA,, =TAsy =TAp - Ay + A
Fair weather :TAg, =TAa - 17

4.3 Measuring Audible Noise
4.3.1 Measuring Apparatuses

A classical basic measuring system is the sound ievel meter. The acoustic pressure is converted into
a proportional electric signal by a measuring microphone. The electric signal is amplified, passes
through a switchable network (at present usually only A-one) or through an octave (one-third-octave)
band filter, and once more amplified. The RMS value of the signal is obtained by a RMS rectifier and
displayed using time constants "Slow", "Fast" or "Impulse". (it is recommended to use the "Slow" or
"Fast" constant for corona audible noise measurement).

There are sound level meters of various producers available. Generally, each instrument used for
corona audible noise measuring should conform to current IEC standards for precision sound fevel
meters {e.g. IEC 651 class 1).

The measuring microphone is one of the fundamental parts of the sound level meter. For corona
audible noise measurement it must fulfil some basic requirements: the frequency response should be
from 20 Mz to 20 kHz within £3 dB, the dynamic range should cover low levels from 25 dB. The
transmission line is a very large acoustic source. In order to be able to measure in the close vicinity of
the line {e.g. at the distance of 15 m from the outer phase) without loss of sound coming from large
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angles (Figure 4.3), the measuring microphone must have a good omnidirectivity. it must be able to
work at high humidity and low temperature. Such requirements fulfil best up to date 1/2-inch
condenser microphones. They are available as free-field, pressure and random-incidence cnes. The
free field ones are the best solution for audible noise measurements. Some condenser microphones
for outdoor use have the diaphragm covered by a thin layer of quartz. These types of microphones
are espegcially recommended for corona audible noise measurements.

Using a tape-recorder is very advantageous in most measurements because both the information of
measured level and the information of the frequency spectrum are recorded. The tape recorder with
flat frequency response within +3 dB over the range from 100 Hz to at least 16 kHz should be used.
There are a lot of other requirements on characteristics of tape-recorders: beside frequency response,
the dynamic response as well, flutter, etc. To avoid problems with the choice of a recorder type and to
check up its parameters the best way is to use a portable multichannel instrumentation tape-recorder.
Such recorders are manufactured by companies producing sound measuring devices. They can store
easily sounds of a frequency range from 25 Hz up to 20 kHz with the accuracy of +2 dB and with
dynamic range of 50 dB or even of 70 dB when using a compander. While measuring, the electronic
noise level of the recorder should be at least 10 dB below the lowest audible noise level at each
frequency. However, the best results are obtained by using special digital tape recorders.

A spectrai analysis gives a more detailed description of corona audible noise than the A-level. The
octave or one-third octave analysis using built-in filters in scme types of sound level meters is the
easiest way how to get sufficient information about the spectrum at field measurements. The best
possibility, however, gives a real-time FFT analyzer, which determines the discrete frequency
spectrum of the noise.

Generally, there are two types of frequency analyzers: the constant bandwidth analyzers, the
bandwidth of which is constant over the entire frequency range (the FFT analyzer is a special case of
this group) and the constant percentage bandwidth analyzers, the bandwidth of which increases
proportional to the centre frequency tuned (the octave and one-third octave analyzers belong to this
group). It is apparent that if the noise is examined with both types of analyzers, different curves of
spectra will be obtained.

A statistical noise level analyzer is a very good tool to obtain long-term acoustic data. Such an
analyzer may measure and evaluate

. equivalent sound level (Leq),
. exceedance level (L - the level which is exceeded x-percent of the time period),
. mean value of sound level,

and other statistical values depending on the type of the analyzer.

However, at corona audible noise measuring, there arises the problem of how to distinguish corona
noise from background noise {see next paragraphs).

4.3.2 Short-Term Measurement

Shor-term measurement which, is relatively easy to carry out, shows corona audible noise in a short
time interval at certain weather conditions.

In order to obtain acoustic data comparable with other measurements, it is recommended that the
measuring microphone should be located 15 metres from the vertical projection of an outside phase
of an AC line at the midspan and 1.5 metres above ground. The microphone should be mounted on
an extension rod or better separately from the sound level meter on a tripod. In any case, the
operator should not stay less than 1 metre from the microphone. The location chosen for the
measurement should be flat without obstacies reflecting sound.

To obtain a lateral profile of corona audible noise, the microphone locations are at the centre of the
line, between the centre and the outside phase and 0, 15, 30, 45, 60, etc. metres perpendicular from
the vertical projection of the outside phase. To obtain the lateral profile of the hum component, the
steps of distance of the microphone locations must be shorter, due to possible resonance patterns,
probably less than 1 m.

The free-field microphone shall be directed at the nearest point of the centre phase of the AC line
(positive pole of the DC line). The random microphone or the free-field one with a random incidence
corrector shall be oriented vertically. The pressure microphone shall be oriented perpendicular to the
line.
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Before and after measurement, the sound level meter should be calibrated with an acoustic calibrator.
The data from measurement should comprise the A-weighted sound level and octave or one-third
octave sound pressure level analysis from 31.5 Hz to 16 kHz. If possible, a portable instrumentation
tape recorder should be used and both the calibrating signal and unweighted sound pressure signal
from the AC output of the sound level meter should be recorded for a later analysis in the laboratory.
The background noise must be also put down or recorded (see paragraph 4.3.4 Influence of
Environment). it should be measured at a distance of at least 200 metres from the line and, if
possible, at the same time as the corona noise is recorded or the sound level meter readings are put
down. Beside sound levels, complete meteorological and conductor surface conditions shall be put
down (temperature, relative humidity, wind velocity and direction, rain, fog, snow, new/aged
conductors, dry, wet, icing), microphone location and all the data concerning the measuring
instrumentation (especially the type of the measuring microphone).

4.3.3 Long-Term Measurement

Since the noise varies with time, with meteorological conditions and with the voltage of the line, long-
term measurement provides more detailed information.

The instrumentation in this case must be very sophisticated and must be able to record at least the A-
weighted sound level (if possible, the octave sound pressure bands from 31.5 Hz to 16 kHz, too),
precipitation rate, wind speed, temperature, relative humidity and the background noise levels from
the microphone located 200 metres from the outside phase. It is also possible to record the 8 kHz or
16 kHz cctave band sound pressure because it can help to decide if the measured noise level is
caused by the line or if is to be attributed to the background noise. There is a high probability that the
noise at frequencies above 8 kHz should belong only to the line and not to the background.

Special care must be paid to the choice of the microphone. It is recommended that a special
microphone outdoor unit for permanent noise monitoring systems should be used, Such outdoor units
are produced by specialized producers of sound measuring instruments. Before using it for corona
audibte noise measurement, anti-bird spikes must be removed in order to avoid undesirable electrical
discharges which might influence the sound level.

The whole measuring device shall be calibrated periodically.
Data should be coliected over a sufficiently long time period, at least several months.

4.3.4 Influence of Environment
Wind

To minimize the noise caused by wind blowing across the microphone, a windscreen must be used
over the microphone during measurements. For the short-term measurement, it also shields the
microphone from dust and especially from rain. Even if the windscreen is used the measurement
should not be taken at a wind velocity exceeding 5 m/s. In order o get a minimum insertion
attenuation loss of the windscreen, it is recommended that only a product of a specialized sound
measuring instrument producer should be used and the data sheet should be consulted.

Humidity and Temperature

Relative humidity up to 90% does not influence the microphone. However, rapid temperature changes
may cause water condensation in the microphone. At steady temperatures, current sound level
meters and special outdoor microphones are able to work from about -10 to +50°C. The microphones
with the diaphragm covered by a thin layer of quartz are recommended for this type of outdoor
measurement.

Interference

For sound measurements near the HV lines, great care must be paid to check the sound level meter
from the point of view of electromagnetic compatibility. Due to a high electric field intensity, several
kinds of interference can arise in the measuring device.

Firstly, in cables and electronics of the instruments. This type of interference can be reduced
relatively easily by appropriate use of shielded cables, instruments and by their proper connection.

Secondly, if a part of the microphone protection grid is not conductively connected to the body of the
microphone, the electric field penetrates as far as the diaphragm. The diaphragm is then loaded by
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an electrostatic force excited by electric field that consequently results in vibration of the diaphragm.
Since the inside microphone system cannot distinguish whether the movement of the diaphragm is
forced by an incident sound pressure or by the electric field, the sound level meter shows a
considerable error. In case of the 50 Hz electric tield, the acoustic spectrum displays the erroneous
component of 100 Hz. (This principle of electrostatic force is currently used as a method for the
determination of a pressure response of microphones carried out by a so-called Electrostatic
Actuator.} The danger of such an error consists in resemblance of the incorrect frequency spectrum to
the real spectrum of corona audible noise of the AC line which has a real 100 Hz hum component. In
order to avoid this problem it is necessary that the diaphragm be shielded against electric field.

Background Noise

Audible corona noise levels are relatively low; the Lm-Ls Ly
accuracy of measurements may be influenced by [dB] [dB]
background noise levels. The background noise level

should be measured at a distance of 200 m from the line 4 2.2
and, if possible, at the same time as the measurement of 5 17
corona noise . The A-weighted sound level and octave -
or one-third octave sound pressure level analysis from 6 1.3
315 Hz to 16 kHz should be put down or bhetter,

recorded on the tape recorder. After measuring, the /-8 1
background noise correction must be applied to the a-10 0.5
corona A-weighted sound level and octave or one-third

octave band levels according to the formula L =L, - Ly, 11-12 0.3
where L is the corrected level of corona noise, L, is the >19 0
measured level of corona noise near the line which =

consists of both corona noise and the background noise, Table 4.1

and L is given by Table 4.1 (L, is the background noise Background noise corrections

level).

If the difference between the noise level beneath the line

and the background noise level is less than 4 dB, the measurement should not be taken in account.
Generally, it is recommended that the difference L, - L, should be larger than 6 dB.

However, the best way to avoid problems with background noise is to choose a location for
measurement where there is no traffic and no other disturbing sounds. It is also recommended, that
the operator should use earphones while measuring. This measure helps him to identify the
background noise.

4.4 Psychoacoustic Studies

Civilization brings more and more noise. Table 4.2 gives an overview about some common noises in
the environment.

Limits of noise levels set by national authorities differ in various countries (if they are set). Their
values are often given in A-weighted levels. The following data can be taken as an example of
maximum permissible values of outdoor noise:

« national parks, health areas at night - 30 dB(A) up to 35 dB(A)
« living estates in suburban area at night - 40 dB(A) up to 45 dB(A)
e urban areas at night - 50 dB(A).

in the case of corona audible noise, the frequency spectra differ from traffic noise or from other
common noises. The corona audible noise spectrum extends up to ultrasonic range while e.g. the
traffic noise does not contain so many high frequency components (figure 4.6). Knowing these facts,
a principal question arises: If there are the corona noise and the traffic noise (or other common noise)
of the same A-weighted level, is the annoyance or aversiveness of both kinds of sound the same ?

in order to get more information about psychoacoustic effects of the corona audible noise, various
studies have been undertaken [4.8], [4.9], [4.10], [4.11], [4.12]. However, to answer the above
mentioned question is very difficult. We at least quote some of the conclusions of these studies:



For the same A-weighted sound level, the
loudness of the corona noise increases with
the increase of the 100 Hz component {4.8]

The high frequency hissing and crackling
components of corona noise are more
aversive than the low frequency humming
and buzzing components {4.8].

A comparison between the corona noise and
three other types of noise (1000 Hz noise,
traffic noise and noise due to superimposed
voices) has indicated that for the same
A-weighted sound level the loudness of the
corona noise is lower than that of the traffic
noise and higher than that of 1000 Hz noise
and voice noise [4.12].

From a limited sample of comparison sounds,
corona noise was found to be roughly equal in
aversiveness to the noise from a room air
conditioner. Corona noise is also more
aversive than the sound of rainfall that often
accompanies it [4.8].

All of the commeoen frequency weighting scales
underestimate the aversiveness of corona
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Sound Level Noise Source

[dB(A)]

110 -130 Pneumatic chipper

105 - 130 Loud automobile horn at a
distance of 1 m

70 - 80 Inside bus

70 - 85 Average traffic on street

60 - 70 Conversational speech

50 - 60 Business office

40 - 50 Living rcom in suburban area

30 - 60 Transmission line at a
distance of 30 m

30 - 40 Library

20-30 Bedroom at night

Table 4.2

Some common noise level [4.6], [4.8]

noise relative to other environmental sounds. The discrepancies were lower for the A-weighted
sound level, and lowest for the D-weighted sound level [4.8].

There are distinctly different kinds of corona noise which differ both in frequency spectrum and

relative aversiveness [4.8].

However, the results of psychoacoustic studies imply a iot of problems connected with evaluation of
the corona audible noise and research in this field can be hardly considered as finished, there is no
other way at present than using A-weighted levels for evaluation of corona audible noise.
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Figure 4.6

Example of the frequency spectrum of AN produced during rain by corona
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4.5 Consequences for the Planning of Transmission Lines
If no limits of audible noise for HV lines are defined, at least two items should be kept in mind:

-- under fair weather conditions, when conductors are without a moister film at the surface,
lines in sensible areas must be free of any visibly or audibly detectable discharges.

- under worst ambient conditions, a maximal dB(A) value in the range of 52 dB(A) seems to
be tolerated but not permanently. This corresponds to a 35 dB{A) value in a bedroom when
windows are closed considering that an attenuation of 17 dB per window is achievable.

Comparing the audible noise calculation for an existing line , which has - or never has -produced
complaints, to that one of a new line, might refer best to the local situation.
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Appendix 4 Formulae for Determining Audible Noise

This Appendix reports formulae developed by various experimenters for the predetermination of
audible noise A-weighted levels of UHV A.C. fines. For the sake of completeness, beside formulae
specially developed for UHV lines other formulae previously developed for EHV lines, but considered
useful also for UHV lines, are here reported. The formulae were expressed in terms of acoustic
generation function. In order to calculate the A-weighted sound pressure level, the procedure
according to Equation (4.14) is to be used if not otherwise specified :

L, =543+TA-10 logD -3, (4.14)

A4 EPRI [3.10]

Heavy rain
FAS:C5—§E+20-Iogn+44—logd+kn (Ad1)
g
n Ky Cs
1 7.5 20.9
2 2.6 20.9
>3 229 (n-1d/(2R) 13.6
Wet conductor
[TAg, = TAg — Colg. d, 1| (A4.2)
n Cso n g for:2cm < d < 8cm
<3 |-82+14.2g./9 <8 |24.4/d"*
>3 |-10.4 + 14.2 go/g - [8 (n-1) d/2R] g8 [24.4/d**-0.25(n-8)

Range of validity: 230 - 1500 kV, 1< n<16, 2<d=<6
Conversion: L, =543+TA-10-jogD-002-D

A4.2 ENEL, Ente Nazionale per Energia Elettrica, 1000 kV Project (ltaly) [3.17]
Heavy rain

FA5=23—E+1O'Iogn+37-Iogd (A4.3)
g
Wet conductor
TAg, =30—@§+7'Iogn+57~iogd (Ad.4)
g

Range of validity: 400 - 1200kV, n <10,2 <d <5
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A4.3 Bonneville Power Administration (BPA) [4.19]

Wet conductor

TAg, =K1+120-Iogg+l<2-Iogn+55-togd+% {A4.5)
K4 K.
n<3 -169.7 0
nz3 -182.7 26.4

Range of validity : 230 - 1500 kV, n£16,2<d <65

Note : Average stable rain is the median level of the upper normal distribution of the all-weather
probability distribution. Measurements have shown that it is less than the T'Ag level [4.22].

Ly, =TA+543-114-logD

Conversion :
FAS = FA50 + 35

Ad4 Hydro Quebec Institute of Research (IREQ) [4.21]
Heavy rain

Single conductors
I'A,, =-12394 + 8284 -logg + 4828 - logd (A4.6)

Bundle conductors

2

n 2n
1
MAg = | Y, o JFA5S(9(¢),d)d¢ (A4.7)
i=1 e}

or a similar formula from ancther reference [4.19]

H‘A% =-1119+ 458 -logd+72 -logg+ 227 -logn (A4.8)

Range of validity: 345kV - 1500 kV, nz22

Conversion: L, =543+ TA-114-logD



A4.5 FGH, Germany [4.19]
Heavy rain

FAg =2-g+18-logn+45-logd - 546

Range of validity: n<6,2<d <86, 14 < g < 21 kV/cm

A4.6 Electricite de France (EDF) [4.13, 4.19]
Heavy rain

[As =15 logn + 45 d + Ay, - 543

A IS given by Figure A4.1

Range of validity 400 - 1200 kV. n<86, 2<d<6

AN,
[asiay}

g

) 0 is 20 ay ] 5
slkvicm]
Figure A4.1

Curve for predetermination of AN with EDF formuia

A4.7 Power Research Institute, Czech Republic
Heavy rain
[TA5 = 1061-logg + 48.3 -logd +23 - logn - 1 5638|

Average rain
[TA, = 98 -logg + 45.3 - logd + 202 -logn — 149.1|

Range of validity: 1259<22, 2=<n<12, 24<d<56

(A4.9)

(A4.10)

(A4.11)

(A4.12)
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A4.8 University of Liege (UL.g), Belgium [1.1]
Heavy rain

T'Ag = 000116-B> - 0.185-B” +7.65-B - 687 (A4.13)
03 0.6
where B=g- [2} [_9%)
6 254

Range of validity: 10 < g <28

A4.9 UPB Romania
Heavy rain

TAg =(138-107 .12%° —1) 4197 (A4.14)

with 1"=50—~5-g~9+74-|ogd—10-logn dB (1 uyA//m ) see equation {A3.1.19)

Conversion: L, = 543+ TA -10logD

A4.10  Central Research Institute of Efectric Power Industry, Japan [4.20]
Heavy rain

TA; = Ap — 665 (A4.15)
9

A%, n
d 1 4 6 8 10
2.24 44
2.53 47 50 50
2.85 49 52
3.42 48 53 56
3.84 48 54 57 58 59
4.62 63 63
5.28 66 67




Wet conductor

The levels are given in the following table

78

TAss dB_ (A) )
n_ |1 4 6 8 10
d |3.42|2.24i253|2.85|3.42|3.84,3.84|2.53|3.84|4.6215.28)|2.53|3.42|3.84|4.62|5.28
g
9 -6
10 -3
11 -3 -6 |-1 |2
12 -10 (-6 0 |8 -3 {3 |8
13 -6_|-4 0 |5 {10 0o |7 |13
14 -6 |-3 11 |-1 |-3 |3 11 [16 |-5 {-1 |3 |13 |17
15 -2 |1 2 6 0 7 16 120 {-1 |3 10 {17 |21
16 |2 [-8 |-1 [0 6 |11 |13 13 |20 123 |3 |10 [15 |2t
17 |8 |-2 |2 14 |12 |16 |17 18 |23 [26 |6 |15 |17 |24
18 {11 §1_ |7 |8 116 [18 |20 |10 |22 |26 10_[19 |20
19 (18 [3 |11 |12 |19 22 |13 |26 14 {20 |24
20 |14 |6 [15 |15 |21 24 |16 |27 17|23
21 9 |15 [17 |22 18 |26
22 12 19 |23 21
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Compilation of the Different Formulae for the Evaluation of the Acoustic
Generation Function and the A-weighted Sound Pressure Level under Heavy
Rain

Using the example of paragraph 2.5, the acoustic generation function T'A (dB(A) (1 yW/m)) with the
different formulae for the center phase and the A-weighted sound pressure level under heavy rain at
a lateral distance D of 15 m of the center phase can be calculated.

The formula (4.14) is used for the conversion of T'As into L, except for EPRI, BPA and UPB using
their own conversion formulae.

Method A (dB(A) (1 yW/m)) La_{(dB(A) (20 pPa))
EPRI (A4.1) 20.11 62.35
ENEL (A4.3) 17.95 £60.85
BPA (A4.5) 21.95 62.84
IREQ (A4.8) 21.09 61.98
FGH (A4.9) 19.43 62.33
EDF (A4.10) 20.75 63.65
PRI (A4.11) 20.58 63.48
ULg (A4.13) 22.25 65.15
UPB (A4.14) 19.42 61.96
CRIEPI (A4.15) 16.27 59.17

Remark : These results for a single phase arrangement under worst weather conditions are given
only to verify the calculation procedures.
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Ky
Kz
Kai

factor depending of nand d

factor depending of g

reflection coefficient

empirical factor depending of g, nand d
constant factor

factor depending of n

factor depending of g, n and d

sound velocity, in air c; = 331 m/s

distance between the conductor and the point of
calculation

subconductor diameter

distance of point at which the sum is calculated from
the i-th particle acoustic source

distance of the i-th image source
frequency of sound

centre frequency of band
empirical function of g

empirical function of d

empirical function of n

effective value of the maximun surface conductor
gradient

height of conductor above ground
acoustic intensity

reference value of acoustic intensity
(lo =1 pW/m?)

factor depending of f and ¢

factor depending of n

factor depending of n

correction of A-weighting characteristic of the
i-th frequency band

function of D and &_
factor depending of n, d and R
sound pressure level

length of the conductor

dB
dB

dB
dB
dB

m/s

cm

m
Hz
Hz
dB
dB
daB
kV/cm (rms)

W/m?
W/m?

1/m
dB
dB
dB

dB
dB
dB (20 pPa)

m

8O



La

LATol

A
TAs
TAsy

T"Asp

I-‘ASS

A av

CAg,

A-weighted sound pressure laevel

total sound pressure level

background noise leve!

correction factor

equivalent sound level

sound pressure level of the i-th frequency band
sound intensity level

measured level of corona noise
In=log,,e=2.718

log = 10gy0

sound power level

level which is exceeded x-percent of the time period
number of subconductors

sound pressure

reference value of sound pressure

{Po = 20 YPa)

amplitude of the pressure

altitude above sea level

volume velocity of the i-th particle (complex value)
time

acoustic power per unit of fength

reference value of acoustic power per unit of length
{Wy =1 pW/m)

pulsation (w = 2nf)
air density

R1 excitation function

acoustic generation function
audible power level of one phase at heavy rain
audible power level of one phase at average rain

audible power level of one phase at heavy rain for
bundie

audible power level of one phase at heavy rain for
single

acoustic power level under average rain

acoustic power level under fair weather

dB(A) (20 pPa)
dB(A) (20 pPa)
dB

dB

dB

dB (20 uPa)
dB (1 pW/m?)
dB

dB (1 pW/m)
dB

N/m? or Pa

N/m? or Pa

N/m? or Pa
m

m%/s

s

W/m

W/im

rad/s

kg/m®

dB (1 pA/m)
dB(A) (1 pW/m)
dB{A) (1 uW/m)
dB(A) {1 pW/m)
dB(A) (1 yW/m)

dB(A) (1 pW/m)

dB(A) (1 pW/m)
dB(A) (1 yW/m)
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A hr
O
Ag

Ao

acoustic power level under heavy rain
attenuation depending of distance D
correction factor

correction factor
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dB(A) (1 pW/m)
dB
dB
ds
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Chapter 5

Corona Loss

5.1 Generation of Corona Loss

From a physical point of view, it is the movement of ions generated from corona discharges in a
power-frequency electric field which results in corona loss, the energy being dissipated by the transfer
of thermal energy to neutral air molecules. The movement of the ions gives rise to a current in the
conductor which has a fundamental component in phase with the voltage, resulting in a power loss. It
is thus seen that corona loss is drawn from the electrical source and transformed and dissipated in the
form of thermal energy.

As the voltage applied to a transmission line conducter is increased, corona first occurs at a few
dispersed sources along the conductor. This condition of localized corona is characterized by a few
randomly distributed independent sources of discharge and results in negligible corona loss. As the
voltage is further increased, or under foul weather conditions such as rain, snow or fog, the number of
corona discharge sites increases drastically and results in what is known as generalized corona. This
condition is characterized by a stable mechanism of almost uniformly distributed corona discharge
sources and the occurrence of significant corona power loss.

A number of empirical or semi-empirical methods to calculate corona loss have been proposed in the
literature, based on both experimental data and theoretical considerations. A compilation of methods
is given in Appendix 5.

All formulae use conditional constants for conductor surface conditions. Loss values for aged
conductors in heavy rain are well-defined and experimentally reproducible. All formulae are derived
from cage tests and experimental spans of short line sections. Statistical data from actual
transmission lines, if it could be obtained, cannot be used as they would be governed by the local
specific climatic condition, which are unlikely to be constant along the total length of the line. Long-
term corona loss data from operating lines is difficult to measure, since corona loss is much smaller
than load loss.

Fair-weather loss of line configurations which have iclerable levels of radio interference and audible
noise is usually low compared with the ohmic loss. Therefore interest is usually concentrated on loss
under bad weather conditions.

The formulae for the corona loss P are given in Appendix 5. They are derived from experiments at
low altitudes, that is with a relative air density & of about 1. When conductors are selected for lines at
high aititudes (< 3000 m) the influence of air density on corona activity has to be taken into account.
From reference [2.3] a correction factor F, is suggested (such that P, becomes F, P) given by

Fa =10 q/3000
where ¢ is the altitude above sea level (m).

When the corona loss is given in dB (1 W/m) (i.e. Pgg) then it must be increased by K, which is given
by

Ka = q/300.

5.2 Economic Consequences

Corona loss affect transmission line design in two principle ways:
. The economic impact resulting from the cost of loss due to corona
. The impact on the maximum demand requirements of generation.

The energy loss due to corona may be determined for a given line by evaluating the annual average
corona loss. For this, two sets of information are required. Firstly, the corona loss should be
determined for the given fine configuration and operating voltage, either by calculation using one of
the empirical methods described above, or by direct measurement on a test line under different
weather conditions. Secondly, a weather mode! should be established for the actual line, comprising
the percentages of time in a year during which the line is subject to different weather conditions such
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as fair weather, rain, snow, etc. The annual average corona loss for the line may then be caiculated
using these two sets of information.

Corona loss becomes an important factor in the maximum generation demand requirements only if
the maximum corona loss occurs at the same time as the maximum transmission load. Such a
situation can arise, for example, if the transmission line is called upon to deliver the maximum power
during heavy rain or a wet-snow storm that covers the entire length of the line. The simplest method
for determining the maximum corona loss for a given line is to obtain, by calculation or measurement,
the corona loss per unit length (i.e. kW/km}) under heavy-rain conditions and multiplying this value by
the total length of the line. For long lines under practical conditions however the weather model will
not be the same for the entire length of the line. Depending cn the possible spatial distribution of
weather conditions along the length of the line, a reduction factor should therefore be applied to the
maximum corona loss determined as described before.

5.3 Methods of Measurement

The measurement of corona loss involves the detection of a small power loss component in the
presence of a very large reactive component. This is essentially the same as the problem of
measuring the loss in an air-dielectric capacitor. Very stable power measuring devices of high
resolution [5.1] are necessary to measure loss angles as low as 0.05°. Since it is desirable in
experimental installations to measure corona loss over a range of voltages, it may be necessary to be
able to measure even lower loss angles than this in the total system when measuring in the vicinity of
corona onset. Most wattmeters when used directly cannot meet these requirements.

Three systems used for corona loss measurement are as follows:

. wattmeters (or watt transducers)
) bridge circuits
. bridge circuits in combination with wattmeters

A type of electronic watt transducer based on a time division muitiplying system has been used in
outdoor corona test installations [5.2, 5.3]. Such devices are now available as commercial
instruments.

In the bridge circuits, the two high voltage arms of the bridge are composed of a loss free capacitor
and the “loss capacitor” transmission line. In this method, the total line-to-ground current is compared
with the current in the standard capacitor which is usually of the pressurized gas type. In principle,
the large reactive component referred to above is annulled within the bridge and only the loss
component needs to be balanced. In some devices, this balance is made automatically, permitting
the bridge to be positioned at the high voltage terminal of the power supply.

Another bridge circuit based on the use of a special transformer-ratio arm device known as a current
comparator [5.4] has also been employed. In this bridge, the currents in a standard, loss-free,
capacitor and an unknown capacitor (the line) are compared in a comparator. Measurements on high-
voltage standard capacitors [5.5] and on low-loss reactor [5.6] have demonstrated that this bridge has
exceptional stability, high resolution and accuracy in loss measurement at low power factor. it was
adapted for corona power loss measurements on transmission lines [5.7] by adding a self-balancing
circuit and a thermal-converter type multiplier which forms a wattmeter. In this circuit, the bridge
effectively nulis the reactive component of current, preventing it from entering the wattmeter. The in-
phase component of the current is multiplied by a signal proportional to the line voltage to provide the
power loss.

Since corona loss, especially those under fair-weather conditions, is normally inconsequential
compared with the resistive loss, highly accurate measurements using bridge techniques are not
required. Therefore simpler techniques have been used by many investigators, primarily to measure
foul-weather loss.
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Appendix 5 Overview of the Formulae Developed in Different Countries
for the Evaluation of Corona Loss.

A5.1  Ontario Hydro Method: Nigol and Cassan [5.7] developed a semi-empirical formula for the
calculation of corona loss based on extensive corona loss measurements on Ontario Hydro's
Coldwater Project. The basic form of the eguation is:

AG G 1
P=kf. 2. .n 22 g in|le|.
2n "[GCJ 1.61 (A5.1)

For single-conductor lines, equation (A5.1) simplifies to:

1
Pkt - @G |l 1 A5.2
con(@) #s2
For bundle conductor lines',
G, = v for the central phase (A5.3)
2-h-8S
n-r-In
Lo VAW + S
v
G, = for the outer phase (A5.3)
2 h- S
n-r-in
1 {/(4 h o+ 82} (W + )
G, = G, [1 + 2-tn-1 (fﬂ - sin (EJ - sin ¢} (A5.4)
n
G, -G

¢, = arcsin
G, -2 1{n - 1)~[3-sin[£}

n

o =R-¢ ; Ad=0 -¢r=n-2¢

G, = G, [1 +2 - {n- 1 [i) - sin [E) - |cos ¢, - cos ¢2|} (A5.5)
n
_n_—l
rc=r-(7-i)" with y =
;
1forn<4andy=1.12forn=4 (A5.6)

The conductor surface factor m as well as the conditional constant k depend on the actual weather
conditions. Figure A5.1 shows the variation of k as a function of m, the conductor surface irregularity
factor, for different rates of rain and snow fall, based on the experimental results of Coldwater Project.

! The voltage gradient computation way proposed by the authors is strictly reproduced.
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Figure A5.1

Conditional constant k as a function of conductor surface irregularity factor m
and rate of precipitation

A5.2 EDF Method: Combining the results of an elaborate theoretical study of AC corona loss with
experimental results obtained in outdoor test cages and a test line, Cladé and Gary of EDF
[4.4] developed a semi-empirical method for calculating corona loss of AC transmission lines.
The elements necessary for calcuiating corona loss are a chart of reduced loss, a reduction
coefficient formula, and the correlation curves between the conductor surface factor m and
the rain intensity. The corona loss is expressed as:

P =K. P {A5.7)
where P = corona loss { W/m )
Pn = reducedloss, (W/m) (see Figure A5.2)
K = reduction coefficient

The reduction coefficient is given by the formula:

¢ log R log- P
I T,
K = — n-r B)Z e e
where n = number of subconductors
r = radius of subconductors, { ¢cm )
re = equivalent radius of bundle, (cm ) (see paragraph 2.5)
R; = radius of equivalent zero potential cylinder, { cm ) (see paragraph 2.5)
f = frequency of applied voltage, ( Hz )
0.308

(Peek coefficient)

B:1+,ﬁ
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18

for single conductors

for bundle conductors

18 - vn -1+ 4

For each phase of the line, R; is determined to obtain the same capacitance in a concentric

cylindrical arrangement as on the real line.

_ 2re fc. )
R,=r-e

(see paragraph 2.5.3)

where PN = R -o" = r (see paragraph 2.5.1)
R = radius of bundle (cm) R = MLM;E_
2 - sin {—]
n
Cc = total capacitance per length of the conductor within the line

configuration (F/m)

Figure A5.2 shows Pp as a function g5/g, with m as a parameter, where g, is the average conductor
surface voltage gradient and g, is the critical corona onset gradient with m and & equal to 1 (Peek

formula in chapter 2}.

P 2 ohloP of 1 gl o
- I;;’ - -~ ~” A
= ' A e
- o ) - » P
iy P 1T P ”
-‘-: .,/ |~ // - rd
x = A ,/’ L / ul e
> - D v
<5F At ,f’////
.E - A - 4/ // rd /,/
;1 - > 177 > r
- b - ” ry
£ - 1":/ f’/”// /, /
- = L~ A" L7 A
s =" - < - -
:02 Ll e 1/ l ,/
L "4 - L P4
'JOJ A" /T’ /.’ /,/ >
"// e /:// 7
C 1/ T R /[ - [ ! Relative grodient E/Ed]
CA [+ b7 o7 Ge as 1
Figure A5.2

Reduced loss (Pp) for conductor surface irregularity factor (m)
above the relative gradient ga/9.

Similarly, Figure A5.3 gives the conductor surface factor

m as a function of rain intensity.
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Correlation curves between conductor surface irregularity factor (m) and rain intensity

A5.3 EPRI Method: The empirical method for evaluating the corona loss developed at Project UHV
[3.10] is based on the extensive corona loss measurements in test cages and on a single phase test
line, and on the theoretical principles developed by EDF. A set of "Effective” corona loss curves for
six-conductor bundles under heavy rain are obtained as shown in Figure A5.4.

The corona loss under heavy rain (W/m) for any other conductor bundies are then obtained as:

(A5.8)

|P=|< - Ke - P,

g

In [iJ
Ky = —=2l

where g = R
In [-%]

P
Rz, re have the same significance as in EDF Method.

o’ =270 - n 1+ R?

KeL an empirical correction factor, given as a function of the number of

subconductors as in Figure A5.5.
the effective loss (W/m) obtained from Figure A5.4,

Pe
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Effective corona loss (P.) in heavy rain
for six-conductor bundles with
subconductors of different diameters

A5.4 IREQ Method: A semi-empirical method of calculation was developed by IREQ [3.18] for the
calculation of corona loss of a given bundle configuration. It is based on extensive corona loss
measurements under heavy rain in outdoor test cages. The method proposed takes into account the
variation of generated loss as a function of electric field variation around the surface of the
subconductors. A family of generated loss curves hased on experimental data are obtained for single
conductors under heavy rain conditions and are shown in Figure A5.6. The generated loss is shown
in this figure as a function of conductor diameter, with the conductor surface electric field as a
parameter.

The family of curves can be approximated by the empirical formula:

Py = a 1741 (g(¢)]5'8 R
where Ps = generated loss of a single conductor under heavy rain, (W/m)
gle) = effective value of the conductor surface electric field, (kV/cm (rms}))
d = subconductor diameter, (cm)

This formula shows only the genera! trend of variation when different constructional variants are
compared. Calculation of absolute values should be based on the curves of Figure A5.6.
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Figure A5.6
Generated loss of single conductors (Pg) based on experimental data

The generated loss of a conductor bundle is then obtained as:

n n
Cy 1
P, =— — |P ). d .
b= {22“;[ (0t )d¢J (A5.9)
where Php = generated loss of the bundle, composed of subconductors having a

diameter d, (W/m)
Cph, Co= capacitances per length of the bundie and single conductors (F/m)
s

Pg(g.d)= a function representing the variation of generated loss for the sub-
conductor considered as a function of the surface electric field, which in
turn is a function of the angle ¢ around the conductor, (W/m)

In equation (A5.9), the generated loss of the bundle is obtained by integrating on the surfaces of all
the subconductors.
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A5.5 BPA Method: This simple fermula was derived in a manner similar to that used for the radio
interference and audible noise formulae, taking into account the influence of altitude.

(personal contribution of V. L. Chartier)

d n
Pig = 14.2 + 65 - log (19] + 40 - log [ﬁ) + K; - log (Z] + Ky + a (A510)

8.8 300
where Pgg =corona loss per conductor bundle (dB above 1 W/m)
g =eftective value of the maximum conductor surface gradient
calculated for average height of the span (kV/cm (rms))
d =subconductor diameter (cm)
K =13 forn<4
19 forn>4
n =number of subconductors

Ko  is a term to adjust corona loss for rain intensity (1.

) for 1< 3.6 mm/hr

[
Ko =10 log (1 676

33 + 351log (3—'6) for | > 3.6 mm/hr

To calculate the loss P in W/m, the antilog of Pgg must be performed :
P = 10P=/10
The total loss for a line (in W/m) is the summation of the loss from all the conductor bundles.

The mean loss is calculated assuming a mean rain intensity of 1.676 mm/hr, but this can vary from
region to region. The mean fair-weather loss is calculated by subtracting 17 dB from the mean loss
during rain. This difference of 17 dB was obtained from carefully controlled measurements during fair
weather at the Apple Grove 750-kV Project.

A5.6 ENEL Method: The following formula was derived from measurements on line models and
verified on the basis of measurements made in the Suvereto 1000 kV testing plant on a 1 km
experimental line [3.17].

P =Ky - Py (A5.11)
where P = corona loss per conductor bundle at actual height above ground (W/m)
Pa = corona loss for a conductor at infinite height above ground (W/m)
log P, = 1.52 .30 + 1.37 - legn + 2.3 - logd (heavy rain)
9
41 . .
log By = 1.04 -— + 1.13 - logn + 3.8 - logd (light rain}
9
Ky = correction coefficient {(around 1.3 to 1.5 for transmission lines up to

500 kV and approximated 1 for higher voltage levels)
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Ab5.7 Other References

Using somewhat similar theoretical considerations to the Ontaric Hydro Method and their own
extensive experimental results, Emilianav and Burgsdorf [5.8, 5.9] developed an empirical method for
determining the corona loss under different weather conditions: fair weather, rain, snow and frost.

Popkov and Levitov [5.10, 5.11, 5.12] have also developed a method of calculation, based on
theoretical and experimental studies, somewhat similar to the EDF method.
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Compilation of the Different Formulae for the Evaluation of Corona Loss.

Using the example of paragraph 2.5, the corona loss P {W/m) under heavy rain can be calculated,
with the different formulae for the central phase.

The effective values of the maximum conductor surface gradient g, average surface gradient g,, and
critical corona onset gradient (visual} g. are necessary.

The CIGRE Guide method gives (see paragraph 2.5) :
g=18.2 kV/cm (rms)
ga = 15.4 kV/cm (rms)
g. = 27.4 kVfem (rms)

If applicable a rain intensity of 18 mm/hour or a surface factor of 0.55 :

Method P (W/m) for the central phase
Ontario Hydro (A5.1} 28

EDF {A5.7) 49

EPRI (A5.8) 182

IREQ (A5.9) 53.5

BPA {(A5.10) 156.5

ENEL {A5.11) 161

Remark : These results for a single phase arrangement are presented mainly to illustrate the
calculation procedures. Due to different approaches and definitions, the formulae cannot
be compared directly.
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Ua

Ge

Qe

Ko
Ki
K2

Ka

capacitance per length of the bundle

total capacitance per length of the conductor within
the line configuration

capacitance per length of single conductor
subconductor diameter
frequency of applied voltage

correction factor to take into account high altitudes
{< 3000 m) for loss in W/m {must be multiplied by
loss)

effective value of the maximum conductor surface
gradient

effective value of the average conductor surface
gradient

effective value of the average conductor surface
gradient (¢ = 0)

effective value of the critical corona onset gradient

(visual) for & = 1 and for given weather and
conductor surface conditions

effective value of the critical corona onset gradient
{visual)

effective value of the conductor surface gradient

effective value of the conductor surface gradient at
angle ¢

effective value of the conductor surface electric field
height above ground
rain intensity

conditional constant for given weather and
conductor surface conditions

reduction coefficient

correction coefficient

constant factor depending of n

term to adjust corona loss for rain intensity

correction factor o take into account high altitudes
(< 3000 m) for loss in dB {must be additionned to
loss)

empirical corona-loss correction factor
geometry factor

In=log,,e=2.718

F/m
F/m

F/m
cm

Hz

kVicm {rms)

kV/icm {rms)

kV/cm {rms)

kViem (rms)

kVicm

kV/em (rms)

kV/icm (rms)

kV/iem (rms)
m

mm/h

dB (1 W/m)
dB
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log

Mo

T W o T < th w

~

Ad

log =logio

conductor surface irregularity factor
number of subconductors in the bundle
corona loss per conductor bundle

corona loss for a conductor at infinite height above
ground

generated loss of the bundle, composed of sub-
conductors having a diameter d

corona loss per conductor bundle

effective loss

reduced corona loss

generated loss of single conductor under heavy rain

function representing the variation of generated loss
for the subconductor considered as a function of the
surface electric field, which in turn is a function of
the angle ¢ around the conductor

altitude above sea level

radius of subconductor

radius of bundle

equivalent radius of bundle

radius of the equivalent zero potential cylinder
subconductor spacing
interphase spacing

voltage between phase and ground
voltage between phases

relative air density (RAD)

Peek coefficient

factor dependingof nand r

factor depending of nand r

anguiar portion of conductor surface in corona

wim

W/m

W/m

dB (1 W/m)
W/m
W/m
W/m
W/m

cm
cm
cm
cm

cm

VorkV
VorkV

cm
cm

rad
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Chapter 6

Oxidant Production of AC Transmission Lines

6.1 Introduction

By far, the majority of the excitation processes of AC corona at the surface of the overhead
transmission conductor will result in the neutral recombination of the surrounding air molecules
{principally oxygen (O2) and nitrogen (N2)). There is, however, a small probability that a free radical
of oxygen, formed in the corona process, will recombine to form Ogz. There is an even smaller
probability that one of the disassociated nitrogen molecules will recombine with the surrounding
oxygen to form an oxide of nitrogen (NOy).

The energy necessary for the production of these oxidants by an overhead transmissicn line is
incorporated within the overall representation of corona loss for that line. This fact enables one to
develop an empirical relationship between the level of corona loss and the rate of ozone or nitric-
oxides generation.

In addition to quantifying the production of the ozone (or the nitric-oxides}, a more complete
description of the air quality in the vicinity of the transmission line would include a model for the
dispersion of these quantities into the environment. This dispersion is a function of such
meteorological features of the surrounding air as atmospheric pressure, air temperature, wind speed,
wind direction, and humidity.

Confirming the analytical methods developed to describe the production and dispersion of ozone (or
nitric oxide) into the environment from overhead transmission is complicated by two factors:

(1) the production rates for these quantities are very low and the natural level of ozone (or the
aggregation of other man-made sources of ozone and nitric oxides) is often much greater;

(2) instrumentation available to measure ozone and nitric oxides is often not sensitive enough to
provide quality information on the levels of transmission line produced gquantities.

Naturally occurring ozone can range, depending on locale, from 10 to over 100 parts per billion (ppb).
Yet, transmission line ozone rates of 1-5 ppb are typical. This is illustrative of the measurement
ditficulties which need to be faced in confirming the analytical relationships of generation and
dispersion of transmission {ine oxidants.

Because of the respiratory problems which can develop from breathing air with high quantities of
either ozone or nitric oxides, national (or regional) regulatory bodies have set guidelines concerning
maximum permissible O3 or NOx emissions. Although these regulations differ in their approach or
target levels, it is reasonable to generalize in stating that transmission line production levels do not
significantly contribute to impacting these regulatory objectives. In fact, as alluded to above,
transmission line production of oxidants (O3 and NOY) are, for all practical purposes, not measurable
in both rural and urban environments.

6.2 Calculation Models

Transmission line ozone and nitric-oxide production rates have been related by experimental study to
the molecular weight of the species, local air temperature, pressure and humidity, as well as the
conductor surface gradient and the total corona loss for the conductor arrangement [6.1]. These rates
are expressed in terms of grams of O3 (or NOx) per kWh of corona loss within ranges of appropriate
test conditions (i.e. humidity and surface gradient). Typical rates for O3 production for test lines are
0.5 to 9.0 grammes per kWh of corona loss. Rates for NOx production have been found to be one-
fourth to one-sixth that of the corresponding O3 rates.

The concentration of ozone (or nitrogen oxides) in the near vicinity of the overhead line is principally
a function of the local wind conditions. Dispersion models have been developed [6.2] similar to
dispersion of smoke, but their practical appliance is limited due to the complex assumptions
necessary for calculation. Resulting in ,orders of magnitude” at best, the difficulties to detect oxidants
from corona discharges near HV transmission lines could be explained however.
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6.3 Concluding Remarks

As to the minor importance of oxidant production over the past 10 years, an extensive summary of
the literature is not justified. As with the other corona phenomena, there are methods that can be
used to predict oxidant production. The following extensive list of references may help in case of
more detailed investigations.
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Chapter 7
DC Lines

7.1 Introduction

Corona generated in the vicinity of conductors plays an important role in the design of high voltage
DC transmission lines, a role that is probably even more important than that in the case of AC lines.
Although the main reason for the occurrence of corona, namely the existence of high electric fields
near conductor surfaces, is common to both AC and DC lines, sufficient differences exist in the
corona mechanisms as well as in the corona effects between the two to make it necessary to study
DC line corona effects independently and not extrapolate from experience on AC lines.

The mechanism of corona is significantly different at positive or negative direct voltages from that at
the half cycles of alternating voltages having the same polarity. Although the same basic modes of
corona discharge may be identified under the positive and negative polarities of both alternating and
direct voltages, the mixing of space charges of opposite polarity gives the AC corona modes different
physical characteristics to DC corona modes of the same polarity.

The space charges created by corona on conductors at alternating voltages oscillate and are confined
to the immediate vicinity of the conductors, resulting in the mixture of positive and negative ions and
in recombination of the ions. Under direct voltages, however, a conductor in corona acts as a source
of ions having the same polarity as the voltage applied to the conductor itself. The space charge
created by corona will therefore be not confined to the immediate vicinity of the conductors but rather
fill the entire interelectrode space. The presence of such a unipolar space charge in the
interelectrode region has a stabilizing effect on the corona discharge processes occurring at the
conductor itself.

In the case of AC lines, the electric field and the resulting field effects produced under the line are
practically unaffected by the presence or absence of corona on the conductors. For DC lines, on the
other hand, corona on the conductors and the resuiting space charge have a deciding effect on the
electric field and particularly on the field effects produced under the line. For this reason, corona on
the conductors has a much wider impact on the design of DC transmission lines since it is not limited
to the usual corona effects such as power loss, RI and AN but extends also to the field and ion
effects. There is in fact already a tendency to design DC lines in order to limit the electric field and
ion current levels under the line to values well below those necessary for human perception. Such &
design criterion requires the choice of conductor surface electric fields which may be significantly
lower than those used on AC lines and which in turn result in lower levels of corona loss, radio
interference and audible noise.

7.2 Corona Loss

Corona loss occurs on a DC transmission line due to the migration of the corona-generated ions from
the conductor either to the ground or to the conductor of opposite polarity. In the case of a monopolar
DC line, of either positive or negative polarity, the ions created near the conductor migrate toward the
ground plane and thus fili the entire space between them. If the line is provided with a ground wire for
lightning protection, a small fraction of the ions will also migrate from the conductor toward the ground
wire.

in the case of a bipolar DC line, the ions will be of the same polarity as the conductor where they are
generated. The ions from each conductor will then migrate partly towards the conductor of opposite
polarity and partly to the ground plane. Two types of space charge regions may be identified in this
case. The first is a monopolar space charge region existing between each conductor and the ground
plane and the second is a bipolar charge region existing between the two conductors of opposite
polarity. Thus a bipolar DC line will have two monopolar and one bipolar space charge regions. A
small fraction of both positive and negative ions may also flow towards any ground wires present on
the line.

Monopolar space charge has the effect of reducing the electric field near the conductor surface and
increasing it at the ground plane. It has therefore a regulating effect on the corona processes
oceurring at the conductor surface. This is reflected in the relatively slower increase in corona loss
with voltage compared to an AC line. The bipolar region is characterized by the mixing of both
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positive and negative ions which results in a reduced net space charge as well as in the neutralization
of some ions due to recombination. Both these processes lead to a reduced net space charge in the
region and consequently to a reduced regulating effect on the corona processes occurring at the
conductors. Bipolar corona loss therefore increases more rapidly than monopolar loss.

As in the case of AC lines, ambient weather conditions have an important influence on the generation
of corona on the conductors and on the corona loss. In general, foul weather conditions such as rain,
snow, fog etc., cause increased corona loss from DC lines. However, the difference between fair and
foul weather loss is not as large as in the case of AC lines. Foul weather loss may be as much as two
orders of magnitude higher than fair weather loss for AC lines while they may be higher by a
maximum of one order of magnitude for DC lines. As a consequence of this, fair weather corona loss
assumes a greater importance in the economic evaluation corona loss for DC lines.

Theoretical methods have been proposed in the literature [4.19, 6.18 and 7.1 to 7.4] for the
calculation of corona loss from both monopolar and bipolar DC transmission lines. These methods
involve the solution of nonlinear differential equations which define the monopolar or bipolar ionized
fields associated with the monopolar or bipolar space charge regions described above. The
nonlinearity arises from the mutual interaction between the electric field and space charge. The
solution of these nonlinear equations becomes very difficult even for simple line configurations and
requires a number of assumptions to be made.

For example, it is assumed in most of the methods that the space charge is composed of only smalll
air ions having a constant mobility and in some methods the influence of wind is neglected. From a
practical point of view, it is well known that both small air ions and charged aerosols - having order of
magnitude lower mobilities - may be present, that small air ions are more appropriately characterized
by a spectrum of mobilities and finaily that wind has an important influence on the ionized field.
These limitations reduce the applicability of the theoretical methods for calculating corona loss from
DC transmission lines.

Empirical equations may be derived for corona loss if a large amount of experimental data is
available from measurements on full-scale transmission lines under different weather conditions.
Very few measurements are available {7.5], however, on operating DC transmission lines. Most of
the available data is obtained from measurements on short full-scale test lines (7.6 to 7.9]. Empirical
formulae have been developed for corona loss of DC transmission lines, some of which are
summarized below:

ANNEBERG Formula [7.4, 6.18]

Based on experimental data obtained on a test line at Anneberg, Sweden, Knudsen and lliceto
proposed the formula for a monopolar line:

P, =V .| -10°
b =% ~n-r- 90.25(g-go} (7.1)
where, P corona loss per circuit (KW/km)
Vv is the voltage of conductor (kV)
s is the corona current (mA/km)
ke is a conductor surface coefficient
k.=0.15 for smooth conductor surface
k. = 0.35 for imperfect conductor surface
ke=25 for all weather losses

go=22- -8 kVicm where, & is the relative air density



For a bipolar line:

—k+ 1)k, -n-

SV -1, 107°

C

r- 20.25(9-90)

where :

IREQ Formula [7.1]

2 (2 HJ
k =—-arctan | —
S

s

H is the mean height of conductors (m)

S is the spacing of the poles (m)
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(7.2)

The corona characteristics of conductor bundles have been studied at IREQ at voltage up to 1200 kV.

Based on the results of this study, an empirical formula is developed for corona foss.

d n
Pap =P +Cyy - (g - 25) +20- |09[4‘064] + Cpa : IOQ(EJ

where, Pg4s is the corona loss, (dB above 1 W/m)

g is the maximum bundle gradient, {kV/cm)

d is the subconductor diameter, (cm)

n is the number of subconductors

(7.3)

The values of P,, Cp and Cys are found to vary with the seasons as well as with the weather
conditions, and are summarized in Table 7.1.

Season of the year Weather P, (dB) Co Cos
conditions
Summer Fair 13.7 0.80 28.1
Foul 19.3 0.63 9.7
Fall/Spring Fair 12.3 0.88 36.9
Foul 17.9 0.72 12.8
Winter Fair 9.6 1.00 443
Foul 14.9 0.85 10.2
Qverall Fair 11.9 0.89 36.4
Foul 16.9 0.73 8.0
Table 7.1
P Pan
P = 10 |OQ[M] Pwim = 107°

10
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7.3  Electromagnetic Interference (EMI)

Positive pulsative corona is the dominant source of EMI on DC lines because the current pulses
induced by corona discharges on the positive conductor have much higher amplitudes than those on
the negative polarity conductor. From the point of view of EMI, it may therefore be preferable to
choose negative polarity for monopolar DC lines. In the case of bipolar DC lines, attention need be
focused mainly on the positive pole as the source of EMI. Experimental studies have shown that DC
lines produce very little EMI above 30 MHz. From the practical point of view of line design, one need
take into account only radio interference (RI} and not television interterence {TVI}.

A significant difference exists between the RI performance of AC and DC lines, namely that contrary
to the case of AC lines, the Rl level of a bipolar DC line decreases in rain or wet snow. A satisfactory
physical explanation for this observed difference does not exist, but it is believed that rain causes a
decrease in the amplitudes of the corona current pulses while at the same time causing a greater
increase in the pulse repetition rate. As a consequence of this, corona loss increases under rain while
Rl decreases.

There are ne analytical approaches for calculating Rl from DC lines, mainly because of the difficulty
in defining the RI excitation function. The presence of space charge in the entire interelectrode space
makes the electric field distribution in the vicinity of a conductor surface dependent on the actual line
geometry, and thus makes it difficult to define an excitation function. If the Rl excitation function is
know, however, an R! propagation analysis can be carried out similar to that for an AC line. In fact
the propagation analysis will be simpler for a DC line since there are only two conductors and only the
positive one is the main source of Rl generation.

As in the case of AC lines, the Rl performance of a DC line is characterized by frequency spectrum,
lateral profile and cumulative probability distribution. The RI frequency spectra of DC lines are very
similar to those from AC lines. The lateral profiles are somewhat different, mainly because only the
positive pole generates Rl. The fact that the Rl level of a DC line is decreased during foul weather
conditions such as rain is reflected in the cumulative distribution curves.

Based mainly on measurements made on short test lines, several empirical formulae have been
proposed for calculating the fair weather Rl levels of DC lines, some of which are summarized below:

BPA [7.2] (this formula has been changed to reflect new and better data collected from + 500 kV

ling)

g d 2 19.9} q
=517 6 -log —— |+40 log —— {+10-|1- (log{10 f 40 -log — {+ —— .
Rl =517 +8 09(256]+ 09(4.62)+ [ (log{10 ) ]+ og[ 5 300 (7.4)

(CISPR QP - detector)

ANNEBERG [7.4]

Rl = 25+10-logn+20-logr+15-{g-gy) - 40409% (7.5)

go=22 8 kV/icm where, & is the relative air density
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The empirical formula developed at IREQ! is given in term of the excitation function as:

d n
=T, +K, (g=25)+40-I K, -log —
o +Ki-(g )+ 40 09[4064% 3 09[6] (7.6)

The excitation function is expressed in terms of dB above 1 pA/JE . The empirtical constants Iy, K,
and Kj are given for different seasons and for different weather conditions in Table 7.2.

Season of the year Weather [T K, Ks Maximum

Conditions Error (dB)®
Summer Fair 27.01 1.83 45.8 7.0

Foul 20.35 1.39 48.0 -3.2
Fall/Spring Fair 23.44 1.68 29.9 3.9

Foul 19.84 1.68 63.5 4.9
Winter Fair 18.74 1.63 19.65 4.9

Foul 19.52 1.47 10.0 -6.4
Overall Fair Weather 22.94 1.71 30.8 -12.0
Qverall Foul Weather 19.77 1.50 339 -10.4

Table 7.2

Parameters defining the IREQ empirical formula for Rl excitation function
@ maximum error oblained in comparison a series of data and
the results obtained by the empirical formula

7.4 Audible Noise (AN)

The particularities of AN generation from DC transmission lines resemble to some extent those of RI:
the positive pole is the main contributor to AN and the AN level of a DC line decreases in foul weather
conditions such as rain. Another significant difference between the AN from AC and DC lines is the
absence of power frequency harmonics from the AN frequency spectrum of DC lines.

Based again on measurements made on test tines, several empirical formulae have been derived for
computing the AN level of DC lines. The general form of these equations is similar to that of AC
lines, with the exception that the noise is considered to be generated by the positive pole of the line
only. Thus, for the case of a single bipolar line there exists only neoise from one set of conductors and
no summation of centributions is required. if there are more bipolar lines on the same structure or in
the same right-of-way, the noise from each of the positive poles should be calculated and summed
according to the equation.

Lar = 10-log " 10-/1° 7.7)
i=1

where Lsr is the total A-weighted sound pressure level, n; is the total number of conductors
generating audible noise, and L,; is the noise level of the individual conductors.
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In the following equations, D is the radial distance from the positive pole to the point at which the

noise is to be calculated.

BPA [4.19]
Application:
Fair weather: LgQ
Range of validity:

For each positive pole:

All line geometries

4<n<8 d<5 ¢cm

L, =86 -logg+k,

-logn+40-logd-114-logD +K, + ——

q
300

where g is the average maximum bundle gradient

Kn Kn
n<3 0 -93.4
n=3 25.6 -100.6
EGH [4.19]
Application: all line geometries
Fair weather, maximum:
Range of validity: 2<n=<4 2<d<4cem

For each positive pole:

L, =14-g+10 logn+40-logd - 10-logD - 1|

where g is the average maximum bundle gradient at the lowest point of the span.

IREQ [4.19]
Application:

Fair weather, average:

Range of validity:

For each positive pole:

all

line geometries

4<n<8, d<5 cm

Lo = kg -(@—25)+10-logn + 40 -logd +K,, — 114 -logD

(7.9)

(7.10)
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where g is the maximum bundle gradient and k, and Ky depend on the general fair weather climate,
given on a seasonal basis in the following table:

K, Ky

Summer 1.54 -26.5

Fall/Spring 0.84 - 26.5

Winter 0.51 24.0
CRIEPI [4.19)
Application: bipolar lines geometries
Fair weather, average;
Range of validity: 1 5n <4, 224 < d < 494cm, W > 844 m

W is the distance between positive and negative poles

For each positive pole:

L = ANy —10-logD| (7.11)

10 9o (1- 22

+ 5O
(960 - 950)

ANO =

g: average maximum bundle gradient

gse and gso represent the bundle gradients which correspond to ANy = 50 dB(A} and AN, = 60
dB(A) respectively, and are given by :

_[logn logd =1 _ 1]_1
950 1706 " 21 2w? 113

-1
o =[Iogn*’Iogd+ 1 1 }

72 21  2w? 2538
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7.5 Ozone and lons

When discharges occur in air or oxygen, they induce the overall reaction 3 O, —» 2 O;. The actual
reaction is much more complex since various uncharged particles are present due to the discharges,
i.e. O, O+, O-, 02, O2. Theoretically one kWh of corona loss should produce 1220 g of 03 .
However, efficiencies as low as 0.2% reduce the amount of ozone produced by corona discharges on
conductors under practical conditions. Laboratory studies have shown that negative polarity corona
generally produces higher rates of ozone than those produced by positive polarity corona. However,
conductor surface conditions may alter or even reverse this tendency, especially when large positive
plumes occur.

The rate of ozone production from a transmission line conductor is directly related to the corona loss.
Since the corona loss itselves depends very much on the ambient weather conditions, it follows that
highest ozone production rates occur during steady rain conditions.

Studies on short test line have shown that the maximum probable contribution of the line to ambient
ozone levels occurs during foul weather conditions. Even under the worst conditions, however, the
maximum contribution is below 10 ppb on an hourly basis. Ambient ozone levels may vary between
a few ppb 1o about 100 ppb.
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Glossary chapter?7

AN audible noise
ANy empirical constant daB
Co constant factor
Cpa constant factor
d subconductor diameter cm
D radial distance of the measuring point from the m
positive pole
EMI electromagnetic interference dB (1 yV/m)
f frequency MHz
g maximum bundie gradient kV/cm
Jdo constant factor, go =22 - 6 kV/cm
Qs0 function of n, d and W
Oso function of n, d and W
H mean height of conductors m
S corona current mA/km or pA/m
k constant factor depending on H and 8
K empirical constant
Ks; empirical constant
K. conductor surface coefficient
Kq empirical constant
Kn empirical constant
K empirical constant dB
Kw empirical constant dB
La A-weighted sound pressure level dB(A} (20 pPa)
Lai noise level of the individual conductors dB(A} (20 pPa)
Lar total A-weighted sound pressure level dB(A) (20 uPa)
In In=log.,e=2718
log log =1logyg
n number of subconductors
Ne total number of conductors generating audible noise
Pq empirical constant dB
Pus corona loss of a bundle conductor dB (1 W/m)

P. corona loss per circuit kW/km or W/m



ppb

RI

Vv

<<

[

parts per billion

altitude above sea level

subcondugctor radius

radio interference

spacing of the poles

television interference

voltage of conductor

distance between positive and negative poles
relative air density (RAD)

excitation function

empirical constant
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m
cm
dB (1 pv/m)

m

kV

dB (1 pA/vm )
dB
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Chapter 8

Electromagnetic Interference Generated by Substations

8.1 Introduction

The 1874 Guide [1.1], briefly reviewed the guestion of steady-state electromagnetic noise generated
by AC substations but did not cover the topics of noise generated by HVDC converter stations and
static var compensator installations. Similar comments concerning the limited treatment of noise
from substations apply to the 1980 IEEE subcommittee report on limits of noise from lines and
substations [8.1].

Compared with overhead lines, electromagnetic noise from conventional AC substations has received
relatively little research attention; one reason has been the limited impact of such noise on nearby
radio services, resulting in an approach where such problems are studied on a case-by-case basis. A
major impetus to the awareness of substation noise has been created in the last few years by the
need to research and control noise from HVDC converter stations and related solid state switching
equipment, such as static var compensators.

In the discussions which follow, the emphasis is on the characteristic radio frequency interference
radiated from substations, (conventional or converter stations), so as to serve as an aid in the general
assessment of the electromagnetic impact of such stations. This could refer, for example, to the
influence of such noise on a nearby radio communications site. The influence of the noise on other
equipment and services within the station is outside the scope of this treatment of the subject, but will
be referred to briefly.

Transient electromagnetic noise generated by isolator and breaker switching is not considered.

8.2 Sources of Noise

8.2.1 Conventional AC Substations

This review is for substations where the voltage is 132 kV or more.

Radio interference in substations is generated by two families of sources [1.1, 8.1 and 8.2}
i} Corona discharges
i) Gap discharges

Corona discharges occur on conductors, fittings (such as spacers and clamp}, hardware on equipment
(such as isolator links, circuit breakers) and isolators, and generally cause interference which is
confined to the medium wave and HF frequency bands, such that beyond a few megahertz the
resulting levels are much smaller. However, there is some evidence to suggest that corona
discharges can lsad to intetrference extending to the VHF bands [8.3]. This is discussed further in
later paragraphs.

Gap discharges in a substation arise from dry-band sparking on pelluted insulators, micro discharges
across the highly stressed portions of disc insulators in dry conditions, and sparking across air gaps
created by breaks in the contact between fittings. A further source of noise, which is not typically a
gap type source, is the small galvanic currents generated when movement between two dissimilar
metallic surfaces takes place — examples of this are the slight movement of a conductor within its
clamp and the movement of a spacer-damper.

In well designed, constructed and maintained substations operating at above 132 kV, strong gap
sources should not be present; discharges on insulators (either due to poiiution or high stresses) are
frequently present however, and are one of the major generators of noise extending from a few
megahertz into the VHF and sometimes UHF bands.

it has been observed that, in substations where no obvious gap sources are present, noise spectra
measured at the station boundaries may extend well into the VHF range [8.3]. It has also been
observed that such noise is fairly stable with time and appears to be only minimally reduced by rain.
This leads to the conjecture that corona discharges may be the source of the higher frequency
interference.
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Several qualitative reasons for this have been proposed: on lines, the interference, even in dry
conditions, is generated mainly by corona from conductors, with corona discharges on insulators and
fittings acting as secondary sources. Station noise, however, is dominated by intense corona on
fittings (conductors here being a secondary source} which are in proximity to far more grounded
steelwork than is the case on lines. The dimensions of the station hardware (steel lattice members
and insulator strings for example) are such that the corona currents injected can set up complex
antenna and re-radiation effects at VHF frequencies in particular. In this way, therefore, the basic
frequency spectrum of the pulse of corona current [1.1] is amplified when radiated or re-radiated, and
leads to the measurement of significant interference field strengths beyond the range usually
associated with lines.

Similar mechanisms are also present on line insulator strings, but the far smaller numbers of
insulators and lower concentrations of steel work per tower compared with stations lead to VHF noise
levels which are generally not measurable. This peint, of course, emphasizes another cbvious
difference between line and station noise generation, namely, that the station contains many more
concentrated corona sources in a smaller area than a line does.

Substation noise is generated by a combination of corona and microdischarges, and is extremely
complex in terms of the main influencing parameters, namely, the numbers of such sources, their
intensities, busbar impedance and antenna properties, and atmospheric conditions.

The resulting noise is a combination of the above sources and influences, and it is not practicable or
possible to attempt to separate the relative contributions. As a design approach it is important to
ensure that surface gradients on conductors and fittings are kept to within levels which ensure that
specified radio influenced voltage (RI1V) limits are met [8.2].

Compliance with the RIV limits may require extensive laboratory testing. Operationally, it should be
ensured that hardware remains well bonded, that corroded fittings are replaced where necessary and
polluted insulators are regularly washed or greased.

As regards the influence of atmospheric conditions, such as rain or fog, on substation noise levels, it
has been observed [by Eskom)] that levels in the HF and VHF bands either do not increase
significantly or may in some cases even drop slightly. This has suggested, as per the earlier
hypothesis, that the radiated noise is certainly a combination of gap and corona sources; the presence
of rain will generally eliminate gap sources, but at the same time intensify the corona discharges on
fittings and conductors. The presence of water on the insulator strings, however, leads to medified
voltage distributions along the string, washing action, and higher corona discharges in the high stress
areas. More research is required to quantify insulator noise characteristics under these conditions.

Research reported in [8.3] suggests that the overall effect of reduced air density on corona generation
in substations may be masked by gap-type sources and sparking from micredischarges. This
phenomenon should nevertheless be taken into account in the attainment of given limits of RV from
fittings, hardware, and insulator strings.

8.2.2 HVDC Converter Stations

Steady state electromagnetic noise in HVDC systems is generated by the periodic switching of
mercury-arc or thyristor valves in 6 or 12 pulse converters. This switching produces steep-fronted
current pulses which are conducted from the valve-hall into the busbar configuration of the station.
The conducted current causes high frequency fields to be radiated from the busbars.

Very complex radiation patterns are set up by the geometry of the busbar layout, with strong
resonances usually being evident [8.5 and 8.7]. As direct radiation from the valve hall is usually
prevented by effective shielding, it is generally only necessary to consider the effects of currents
propagated outside the valve hall in determining the noise radiated by the converter station.

During the normal operation of a converter bridge, each of the 6 converter valves is switched on and
off once per 50 Hz or 60 Hz cycle. The generation of high frequency current pulses arises from the
fact that valve turn-on and turn-off times are of the order of a few microseconds. The turn-off time is
slower than that of turn-on, and gives rise to low frequency disturbances, the resonances of which are
determined entirely by the impedances of the converter transformers. The turn-on action is faster, and
results in the injection of steep current pulses into the DC busbar system [8.5, 8.6 and 8.7]. Converter
station noise is thus generated mainly during the turn-on of the thyristor valves. The modern use of
thyristor valves as a replacement for the older mercury arc types has resulted in a significant
reduction in interference amplitudes and the range of frequencies generated, owing mainly to the
slower turn-on times of thyristor valves.
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DC corona generated on the conductors and busbars is also present as a source of radio interference
noise, but is far lower in level than that generated by thyristor switching. Most valuable informations
are given in the amendment of CISPR Publication 18-2 which is presently under vote on FDIS-

procedure [8.9].
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Chapter 9
Designh Considerations in Relation with
the Corona Effects on Overhead High Voltage Lines

9.1 Introduction

The design of electric power transmission systems must be based primarily on technical feasibility,
service needs and safety considerations. However the actual construction of individual overhead
transmission installations might also be governed by interference arising from both its existence or its
regular service.

The lack of quantitative criteria for assessing the visual impact of overhead transmission lines makes
it difficult to take into account the aesthetics in any more than a general way at the beginning of the
planning stage.

In contrast the fundamental limits imposed by corona and field effects can exclude designs that are
otherwise technically and economically feasible. Therefore the major limitations on design
parameters will be outlined in this Chapter.

9.2 Consequences of Corona Effects

Corona loss, initially suspected as a limiting factor, proved not to be critical, being conly a fraction of
the total ohmic loss of a line. The emission of high frequency electromagnetic fields and of audible
noise must be taken into account usually only in more populated areas.

Both effects show maximal values close to high voltage installations, decreasing with increase of
lateral distances. The dominating parameter is the electric field at the surface of the high voliage
conductors or subconductors, which in furn is mainly dependent on the operating voltage, the number
of subconductors and their diameter.

For AC lines, the dry weather value is used to characterize the radio interference behaviour, though
for bad weather conditions the actual value will be on an average 17 dB higher. The acceptable
value is determined by signal-to-noise ratio {reception guality) that is required.

Maximum radio interference values from DC lines are produced under dry weather conditions from
the positive conductor only, thus the worst case will be prevailing. For equal quality of reception, the
signal-to-noise ratio for DC interference may be approximately 5 dB lower than for AC.

Due to their low attenuation along overhead lines, local radio interference values may be affected by
the overhead line for up to 10 km in both directions. Axial propagation of audible noise along lines is
much more limited, so local mitigation of audible noise can be achieved by improvements to several
spans only.

No evidence has been found to support the supposition that ozone, NOy or ion production from
overhead electric installations have negative impact on the environment.

TV interference caused by extreme corona activity or sparking between rain drops and conductors is
not a problem for conventional line configurations, though the presence of the metallic conductors
and towers can reduce reception quality locally.

Limits, once fixed, can be taken into consideration for new constructions, however problems may
arise when upgrading existing installations, in increasing sensitivity of the public particularly to audible
noise.

9.3 AC Lines

The design of most lines that operate up to 230 kV near sea level, will be hardly influenced by corona
effects. The costs of ohmic loss govern the conductor cross section needed and together with the
safe clearance distances, determine the geometric and mechanical layout. These considerations
usually yield field gradients at the surface of subconductors, which are below those of corona onset.
However, corona effects may need consideration for lines of compact design and lines that operate at
higher altitudes between 100 and 300 kV.
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For operating voltages above 300 kY, the ohmic criterion often leads to conductor configurations for
which the gradients are above corona onset under service conditions, thus producing corona loss,
radio interference and audible noise emissions. The dominant design parameters for all corona
effects are the bundle subconductor diameter and number of subconductors.

For a given line configuration and operating voltage corona loss can be derived from measurements
on test lines or from calculation or both, under typical weather conditions. Maximum loss occurs
during heavy rain, wet snowfall or hoarfrost, and it is restricted to relatively short sections of a lines
and does not usually last very long. Dry conductors produce negtligibie losses compared with ohmic
loss. Yearly average corona loss is determined by the relevant weather statistics.

Corona loss impacts on transmission line design in two principle ways:

1) The cost of the total energy loss due to corona. Using a proper weather model, the annual
average corona loss can be estimated.

2) The impact of corona loss on the maximum demand requirements of generation. Excessive
corona {oss is imaginable either for rather long lines under general and persistent rain, or
maximum loss emission on a shorter section of a transmission line. If these conditions can
coincide with maximum transmission load, corona loss becomes an important factor for design
considerations.

Considering both aspects, the optimal economical design of the line will be determined by life-time
cost assessment.

Radio interference and audible noise emission is often restricted by rules and regulations or by
experience based on observed levels of annoyance. Radio interference and audible noise emission
can be calculated for characteristic situations: worst case or maximal values under heavy rain, fine
weather average or normal rain conditions. The accuracy obtainable is sufficient to distinguish
between different possible design options and to choose the most economical one with respect to
lifetime costs, Audible noise characteristics can be influenced locally so that a special bundle
configuration for a few spans may sclve an individual problem at low costs. This approach
unfortunately is not possible for the radio interference. The ease of propagation of radio interference
currents along an overhead line directions prohibits effective mitigation for short sections only.

The corona loss is usually low compared with ohmic loss, and so is usually less important with respect
to the line dimensions than effects that have an impact on the public, such as radio interference and
audible noise. Furthermore the trend towards FM broadcasting particularly in more densely populated
areas means that audible noise is becoming the crucial limitation for AC line design.

9.4 DC Lines

Though the fundamental corona discharge process are the same for DC voltages and for the AC half
wave of the same polarity, the impact of DC corona on line design is determined by special DC
characteristics.

The least differences are found for corona loss with maximal values occurring during bad weather
conditions. During dry conductors the loss is negligible. In general there is only a weak influence of
corona loss on design.

The overwhelming part of radio interference and audible noise emission is caused by the positive
conductor only. In contrast to the relevant AC corona modes, these emissions decrease during bad
weather. The general behaviour is determined by the dry-conductor situation.

In the same way as for AC lines, there is no significant impact of ozone or NOx on ambient levels.
The highest values produced can be hardly differentiated from natural dispersions.
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