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Abstract

The main objective of this research was to study DC conductor corona loss (CL) and audible noise
(AN) in the context of local climatic conditions, through corona cage measurements, and do a
comparative analysis of the measured data with results available in literature and EPRI TLW
software simulation results. The ultimate aim was to assess the applicability of the software to our
local conditions and hence determine, if necessary. appropriate correction factors for application in

HVDC transmission fine designs.

For this study, short term measurements of corona AN and currents were carried out in an indoor
meshed cylindrical corona cage. under DC and AC voltages. The cage was later converted into a
short test line and some of the mcasurements repeated. The DC supply was obtained from a two
stage +£500 kV Walton-Cockroft generator. The AC voltages were obtained trom a 2x100 kV, 50
Hz, AC test transformer set. The tests were performed using single solid and stranded aluminium
conductors with three different diameters (1.6 ¢cm. 2.8 ¢m. and 3.5 cm). All the measurements were

carried out at low altitude.

A CoroCAM 1 camera was used to determine the corona inception gradients and to observe the
corona activity at different surface gradients and under different voltages and polarities. AN
measurements at different conductor surtace gradients were done using the Rohde&Schwarz and
the Bruél&Kjaér sound level meters. To obtain the frequency spectra, a Bruél&Kjaér octave-band
filter set attached to the sound level meter was used. The measured data was corrected for both
height and length effects, and then compared with simulations from the EPRI-TLW software

through curve fitting.

A digital micro-ammeter conneeted 10 the centre of the cage through a 560 € measuring resistor
was used to measure the corona current. Current pulses were viewed using a digital storage
oscilloscope. To verify the corona current results obtained from the cage measurements, current
measurements were also donc for a point-planc spark gap. The corona current data was, later on,
used to evaluate the total corona power loss for DC. The results obtained from test line

measurements were used to compare the CL and AN for different configurations.



The effect of the space charge under DC voltages was assessed through current measurements. The
measurements were done with the cage covered with an aluminium foil to trap the charge and then
repeated with the cage uncovered. On the test line. the space charge effect was investigated using a

high power fan blowing along the conductor. to simulate the wind factor.

The results of this study have shown the characteristics of corona discharges under different system
voltages. The results also give an understanding of how factors such as conductor surface
conditions and size, polarity and system voltage affect CL and AN. Both CL and AN were found to
increase with conductor size for the same conductor surface gradient and to be higher for stranded
conductors. Positive polarity DC and AC noise levels were higher than the negative polarity levels.

CL under positive polarity DC was lower than the negative polarity loss.

The effects of space of space charge were noted to some extend. The comparison of test line results
and cage results showed that CL depends more on the gap size and the shorter the gap the higher the
loss. Hence CL results were not compared with the soltware simulations. The comparison between
the corrected AN results and the software simulations showed a very good agreement. The
comparison was done tor the 3.5 ¢cm and the 2.8 ¢m diameter conductors under both positive and
negative polarities. The trends compared through curve fitting were quite similar and the trend line
equations were of the same order of magnitude. The magnitudes of the corrected noise levels were
higher than the CRIEPI and BPA predictions but closer to the EPRI prediction. Generally there is a
very good and encouraging agrcement between the available literature, simulation results and the

results obtained from the laboratory measurements.

It is proposed, as part of further studics. to extend this work to high altitude regions and use bundled
conductors as well. Consideration of different and larger test configurations will provide an
understanding of the effects of gecometry on corona discharges. Space charge analysis will also

assist in determining the effects of space charge on different configurations.
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Chapter 1 [ntroduction

Chapter 1: Introduction

1.1 Background

The first electric power company was introduced in the year 1882, by Thomas A. Edison [1]. The
first transmission line was of DC type with a length of 59 km operating at 2.4 kV. Subsequently
electricity demand and transmission distances increased making it impracticable for DC

transmission.

Few years later, the introduction of AC machines (transformers, induction and synchronous motors
and generators) made AC transriission more attractive for transmitting large amounts of power over
long distances with the use of high voltage transformers [2]. For many years AC transmission
remained the best available method of power transmission over long distances. However, as time
went, technological advances and unavoidable economical factors emerged and DC systems became

more comparable to AC systems and DC transmission was re-introduced in the 1950s [3].

The benefits reaped from the use of DC transmission as compared to AC include the fact that an
overhead DC line can be designed to be much cheaper per unit length and have a lower visual
profile compared to an equivalent AC transmission line. DC transmission is highly preferred for
long distance (>50 km) transmission of power under water, as AC cables make it less economically
viable due to the capacitive charging current. To interconnect two AC systems require very reliable
synchronization methods. The employment of DC systems eliminates this problem completely. The
ability of DC systems to provide rapid power flow control in both directions has also been used to
stabilise AC interconnected networks [4]. This is also useful in energy trading in a de-regulated

market.

Large generation plants were built to take advantages of economies of scale, and transmission lines
with increasingly high AC and DC voltages were constructed to allow the bulk delivery of power
over long distances [2]. At present long experimental transmission lines of up to 1200 kV AC

carrying bulk power have been installed and DC lines of up to +600 kV DC are operational

A study of HVDC transmission line audible noise and corona loss in an indoor corona cage 1
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Chapter 1 Introduction

worldwide. A few examples of extra high voltage (EHV) lines are the 765 kV lines in Canada, 765
kV American Electric Power Service system (AEP) in the U.S., 765 kV lines in South Africa, 750
kV and 1150 kV lines in Russia, the £533 kV DC line in South Africa, the £600 kV [taipu DC lines

and the £500 kV Nelson River lines [2, 5].

There are also several high voltage transmission projects that are being considered worldwide.
Examples of such projects are “he 650 km, 1000 kV UHVAC transmission line pilot project and the
+800 kV UHVDC lines being considered in China [6]. Another example is the 3500 km, £800 kV
Westcor project in which a transmission line is being considered for bulk power delivery from the
DRC to Southern Africa [7]. Although feasibility studies of these projects have been done, research
on a number of technical issues needs to be finalised prior to the implementation of these projects.
From the operational point of view, issues surrounding insulation coordination, corona and

electromagnetic fields at such Ligh voltages need to be clarified.

One of the design factors in nigh voltage transmission lines is corona activity. Conductors and
fittings energised at high voltages, both AC and DC are characterised by high corona activity. It is
manifested as hissing and crackling audible noise (AN), radiated and conducted TV and radio
interference (RI), corona loss (CL) and ozone generation [8]. lon generation and ground level
electric fields are also significant in the case of HVDC transmission lines. Earlier studies have
shown that corona activity is related directly to the high levels of conductor surface gradients

produced on the small-diameter conductors that were used at the time [9].

The main challenge is to minimise the operational conductor surface gradients during the design
stages of the transmission lines. The conductor surface gradient depends very much on the

following tactors [ 10]:

e System voltage
e Conductor diameter
® (learances between the conductor and adjacent phase conductors

e (learances between the conductor and earth

A study of HVDC transmission line audible noise and corona loss in an indoor corona cage 2
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e Number of conductors per phase/pole
e Bundle geometry (diameter of bundle and position of sub-conductors)
e Conductor surface condition

e System frequency

Apart from the conductor gradients, corona also depends on weather conditions such as
temperature, pressure, humidity, snow, rain, fog, dust and movement of the air [8]. The design of
EHV transmission lines in South Africa is distinguished from that of elsewhere by the altitude
factor [10]. It has also emerged that the 765 kV lines in South Africa are equivalent to the 1000 kV
lines from the corona point of view |2]. At high altitude, compared to sea level, there is most corona

activity especially in terms of AN levels.

Transmission line corona problems have been reported by people staying next to the lines passing in
high altitude areas such as the 765 kV AEP lines [2]. Eskom received AN complaints related to two
of the 400 kV AC lines in the period from 1979 to 2004 [10]. Transmission lines in Poland (400
kV) are also considered to be acoustically disturbing for the environment [11]. There have not been
many reported corona problems with regards to the currently operating DC lines. However, with
much higher voltages being considered extra care needs to be taken when selecting the parameters

to be used.

Several prediction methods for generating functions of corona have been developed. Thesc methods
are mainly based on measurement data obtained from test lines and corona cages located in the
respective regions. Such methods were developed by amongst others CRIEPI in Japan, BPA and
EPRI in the US, and IREQ in Canada. Software packages which can be used to predict electric
fields and corona effects were also developed. The predicted electrical quantities will, therefore,
vary with the meteorological conditions in the regions where the measurements were taken. As a
result these prediction methods could be somewhat unrealistic when used for the Southern Africa

climate and high altitudes.

A study of HVDC transmission line audible noise and corona loss in an indoor corona cage
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1.2 Problem Identification

Corona generated AN and radiated R[ have a negative impact on the environment, while the corona
power loss has a technical impact on the transmission line in terms of conductor power loss, thereby
reducing the overall transmission efficiency. The radiated radio noise affects communication
systems adjacent to the line. Since corona activity increases with the system voltage, it has to be
given more attention in the design of modern lines because of the current shift towards higher

voltages for increased transmission efficiency over long distances.

Anticipated corona problems are usually minimised in the design stage of the transmission line
guided by technical considerations and legal restrictions. Different regions and utilities have
different limits for the effects of conductor corona. In this case the design engineer relies on the
acquired experience, available software packages and equations (mostly empirical). Consequently,

it is not possible to design with certainty, a transmission line that will operate free of corona.

The presently used methods of predicting the corona effects in the design stage of transmission lines
were developed based on measurements, mostly done on test lines and corona cages located in
places with different climatic or atmospheric conditions. Therefore, application of these methods to
transmission line designs elsewhere, must take cognisance of variations in the climatic conditions.
For example, Southern Africa has a unique climate, with low altitude coastal areas and very high
altitude inland areas which ex»erience high intensity of corona activity. So in order to have reliable
designs from corona point of view, in future, new methods or correction factors need to be adapted.

The new methods will have to be in agreement with the Southern Africa climatic conditions.

The appropriate methods or correction factors for predicting corona effects can only be determined
by conducting experiments locally. This study intends to investigate the applicability of the existing

methods to the Southern Africa environment, through simulations and laboratory measurements of
AN and CL.

A study of HVDC transmission line audible noise and corona loss in an indoor corona cage 4
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1.3 Research Questions

Are the available methods for predicting conductor corona AN applicable to the Southern Africa
meteorological conditions? To what extent is conductor CL dependent on transmission line

parameters?

1.4 Hypothesis

Since conductor corona is dependent on meteorological conditions and transmission line
parameters, transmission line corona performance under Southern Africa conditions will be design

dependent and different from that elsewhere.

1.5 Objectives

The objective of this research was to:

e Measure the AN and corona current generated by conductor corona under HVDC voltages

and local meteorological conditions,
e Compare the measured noise levels with the predictions made by the EPRI-TLW software,

* Assess the suitability of the EPRI software prediction methods in the AN design of

transmission lines under the South African atmospheric conditions and

e Determine the characteristics of HVDC conductor CL..

1.6 Motivation

To produce a reliable line design, a thorough understanding of conductor corona performance at

different altitudes and air densities is necessary.

A study of HVDC transmission line audible noise and corona loss in an indoor corona cage S
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This study will assist in the following ways:

Provide an understanding of the effects of conductor surface conditions, system voltage

polarity and the conductor size on conductor corona,
Show the effects of spece charge on the measured quantities,
Provide a comparison of DC and AC corona and

Provide an evaluation of the applicability of the available conductor corona prediction

methods to the Southern Africa conditions.

This study will result in a positive impact on the environment and the transmission line and.

therefore, will save the utilities money and time spent on penalties and mitigation techniques when

the transmission line is in the operation phase.

1.7 Research Design and Methodology

The methodology that was adopted to prove the hypothesis is summarized as follows:

An extensive literature review on conductor corona and its generating functions was carried
out for both DC and AC systems. The equations for predicting corona effects were also

investigated as well as the test configurations and conditions from which they were derived.

Simulations were carried out using the EPRI-TLW software for both DC (positive and
negative) and AC voltages. The Cahora Bassa transmission line configuration data was

used as the input for a single conductor.

The available laboratery corona cage set-up was modified with suitable corona rings and

insulators to facilitate AN and CLL measurements.
Visual corona was obsarved using CoroCAM 1.

AN and CL short term indoor measurements were carried out at a low altitude region

(Durban).

The effect of space charge on the measurements was assessed.

A study of HVDC transmission line audible noise and corona loss in an indoor corona cage 6
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e The obtained laboratory results were compared with the prediction methods for EPRI, BPA

and CRIEPI obtained from the EPRI-TLW software package.

e The cage was converted into a short test line and measurements repeated thereafter a

comparison of the cage and the test line results was done.

1.8 Structure of the Dissertation

This dissertation is structured in the following manner:

e Chapter I: [ntroduction
The background, research problem, objectives and motivation are described in this chapter. This

chapter also outlines the approach adopted in undertaking the study.

e Chapter 2: Literature Review
This chapter covers the literature reviewed on conductor corona and its effects, modes, ionisation
processes and characteristics under both AC and DC voltages. The research on conductor corona

carried out elsewhere is also covered in this chapter.

e Chapter 3: Methodology
Methods, techniques and apparatus used to test the hypothesis and the ones used to analyze data and

validity of the study are described in this chapter.

e Chapter 4: Results and Analysis
The results obtained through measurements and the software package are presented in this chapter.
A comparison of the results znd observations with the literature review is also presented in this

chapter.

o Chapter S: Conclusions

Conclusions based on the findings of the study are presented in this chapter.
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e Chapter 6: Recorr mendations

Recommendations and proposed areas for further research are presented in this chapter.

o References
All the literature resources that have been consulted and cited in the dissertation are listed in this

section.

e Appendices
Specifications of the test and measuring equipment used in the study and the papers presented at

conferences are presented in this section.
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Chapter 2: Literature Review

2.1 Introduction

Corona is a discharge phenomenon that occurs when the air surrounding the high voltage
transmission line conductors operating at high surface gradients is ionised. It generates
appreciable audible noise (AN), radio noise (RN), corona Joss (CL), ozone and space charge in
the case of DC lines. Corona is also dependent on meteorological conditions, line configuration
and conductor surface gradient. As a result it has become an important transmission line design
factor. Corona tests to assess the performance of transmission lines with regard to the above
factors are conducted either on test lines or corona cages. In this chapter, the different corona
modes and processes are ciscussed as well as the findings of other researchers who have done

extensive research on coroia generation and its effects.

2.2 Corona Generation

2.2.1 Introduction

Conductor corona has become a significant factor. FFor example, in the design of Eskom’s 765
kV lines in South Africa, choice of certain parameters was influenced by corona performance.
such as choosing a six-conductor bundle instead of a four-conductor bundle to limit corona
generated AN [10]. Earlier studies have shown that corona generation is related to conductor
surface gradients [9, 12], and it is a result of small electrical discharges which occur when the
clectric field intensity on the conductor surface exceeds the electrical breakdown strength of the
surrounding air [13]. Reference [14] also confirms conductor surface gradient as the design
factor which most influences the corona performance of transmission lines. For air, at standard
pressure and temperature, the critical corona inception gradient is above 30 kV/em peak or 21
kVrms for AC fields [10]. The conductor surface gradient on its own is influenced by the

following line parameters:
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2.2.2 Conductor geometry

Conductor surface gradient reduces with increasing conductor diameter, however, the corona
inception gradient decreases as the conductor diameter increases [10]. Effcct of conductor
geometry on ground level electric field is minimal, though larger conductors result in slightly
higher fields at ground level, by virtue of the fact that they gencrate more charge than smaller

conductors for the same voltage [15].

2.2.3 Phase configuration

The different configuratiors (i.e. horizontal, delta, and vertical) applicable to a single AC circuit
yield different ground level electric fields. With some configurations, lower fields are
achievable at an expense of increased noise levels. Configurations which result in smaller
effective diameter lead to low field levels at ground due to less charge generated. Howcever due
to the small diameters. the conductor surface gradients are increased and consequently high

noise levels [15].

2.2.4 Phase/pole spacing

Increasing the phase spacing reduces the conductor surface gradient and therefore the corona
effects are also reduced. With increased phase spacing, the cancellation of the fields at ground

level is not maximally ach evable: this resulting in high field levels [15].

2.2.5 Conductor height above ground

Reference [15] reports conductor height above ground to have a larger influence on the
maximum field at ground compared to the field at the surface of the conductor. Generally
increasing the clearances between the ground and the conductors reduces the conductor surface
gradient [10]. In the corona performance study reported in [16], the electric field was found to
vary almost linearly with the minimum height with a slope of about 2.6 kV/m per meter change

in the minimum height.

Generation of corona is not only determined by the distribution of gradient around the surface

of the conductors but also by condition of the conductor surfaces [12]. Usually nicks, scratches
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and debris deposited on the surface of the conductors lead to increased conductor corona.
Weather conditions have also been found to have a significant influence on the surface of the

conductors affecting the corona effects differently depending on the nature of the electric field.

Corona performance results on monopolar and bipolar cage tests presented in [17] showed
differences between the cage and the line data. This gives the impression that the corona
generation functions are not only a function of the conductor surface gradient but also the
conductor-ground geometry. Corona generation has a significant effect on the jon distribution at

ground and hence the electric field distribution at ground.

2.3 Ionisation Processes

Corona discharges are characterised by a series of processes involving electrons, air molecules,
atoms, and ions in the v cinity of line conductors. The processes are, as discussed below,

jonisation and excitation. attachment, detachment and recombination.

2.3.1 Collisions

Collision ionization mainly increases the number of electrons in the air. It occurs when the
kinetic energy of the free electron is at least equal to the ionization energy of the atom with
which it collides [ 10]. Excitation provides an atom and an electron whilst ionisation provides a
positive ion and two free clectrons. [f the electron energy is not sufticient to cause ionization or
excitation, the collision will increase the kinetic energy of the atom slightly. Tonisation and
excitation may also be due to absorption of photon encrgy by the atoms rather than collisions of

atoms with clectrons [9]. In this casc it is known as photoionisation.

2.3.2 Attachment

Attachment tends to decrease the number of electrons in the air. It is characterized by direct and
dissociative attachment processes. It occurs when an electron occupies one of the free energy
levels in the outermost shell and converts the atom into a negative ion [10]. The process is more

prevalent in electronegative gases such as sulphur hexafluoride and oxygen.
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2.3.3 Detachment
[t occurs when a negative ion loses its extra electron to return to its neutral state. The free
electron can then continue to take part in the ionisation process through collisions and

excitation [10].

2.3.4 Recombination

Recombination occurs when an electron collides with a positive ion and assumes the place of
an electron that was removed when the ion was formed. A neutral molecule will be formed and
will be in an excited state until it reaches the ground state by emitting a photon | 10]. Positive

and negative ions may alsc recombine to form a neutral atom [9].

2.4 Corona Modes

2.4.1 Introduction

Conductor corona occurs in different modes, from onsct to breakdown, depending on the type
of applied voltage. Under DC voltages, the modes are polarity dependent. For AC voltages a
combination of the positive and negative modes is usually observed due to the alternating

nature of the system voltage.

2.42 Negative DC

During negative corona the free electrons are accelerated away from the negative electrode
(cathode) [10]. If there is enough kinetic energy, the free electrons will result in more collisions
and eventually an avalancae will occur. The electrons move faster and dominate the tip of the
avalanche |9]. Beyond the ionisation region recombination processes may take place resulting
in negative ions. Thus in the gap the positive and the negative ions will exist. Corona is
characterised by: Trichel pulses, glow discharge and pre-breakdown streamers (see Table 2.1).
Trichel pulses are characterised by comparatively fast initial rise and small amplitudes whilst a

typical positive pulse has rauch larger amplitude, slower initial rise and a longer duration | 18].
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2.4.3 Positive DC

During positive corona, the free electrons are attracted to the positive electrode (anode). More
collisions occur resulting in the formation of less mobile positive ions from the anode into the
inter-electrode space. The repulsion between the anode and the positive ion space charge causes
the charged cloud to move into the gap. The avalanche and ionization occur at the tip ol the
positive streamer. If the field is high enough to sustain secondary avalanches then breakdown
will occur. Otherwise reccmbination will occur [10]. Positive polarity corona modes are burst

corona or onset streamer, glow discharge and pre-breakdown streamer (see Table 2.1).

244 AC

In HVAC systems the conductor surface gradient varies continuously with time. Different
corona modes i.e. positive and negative as discussed above can be observed within one cycle of
the applied voltage [10]. ""he AC corona mode observed ecach cycle resembles closely its DC
counterparts and their pulsative modes arc always associated with the supply frequency | 18]
(see Table 2.1). In the study carried out at the Waltz Mill 1100 kV station as discussed in [19],
the AC corona plumes were observed to be longer for larger diameter conductors as opposed to

smaller conductors.

A summary of the corona modes under DC voltages is given in Table 2.1.
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Table 2.1: Corona Modes [10]

POSITIVE CORONA NEGATIVE CORONA |
Mode ! Characteristic Mode Characteristic
| Burst Corona or | High radio noise Trichel pulses Low intensity radio
Onset Streamer (Predictable noise, wide
spectral shape, unpredictable
from a few kHz to spectrum up to
about 30 MI1z) 100°s of M1z

Crackling type

audible noise

|
Glow No radio noise Glow No radio noise

Sorae hum-type Some audible noise
(100/120 Hz)

audible noise

Pre-breakdown High radio noise Pre-breakdown High radio noise
|
streamer streamer

2.5 Factors that Affect Conductor Corona

2.5.1 Introduction

Extensive research on corona has been carried out and well documented by many researchers
around the world. Empirical equations for predicting corona effects have also been developed
from a serics of measurements conducted by research institutions and utilities. It is very clear
from corona test results reported in most papers and text books that for HVAC lines corona
effects (i.e. AN, RI, CL and ozone) increase during foul weather conditions. Similar
observations are reported n references [9, 10, 11, 13, 20, 21]. However, in the case of HVDC
lines, only the corona loss, fields and ions. and ozone increase during foul weather conditions

[9. 13, 20]. AN and RI are found to increase under fair weather conditions for HVDC lines.
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2.5.2 Altitude effects

The relative air density at sea level is usually very close to unity whereas high altitude regions
are normally characterised by low pressures and low air density. At high altitude the corona
onset voltage is lower due to the reduced pressure [22]. At low pressure less energy is required
by electrons to ionise and breakdown voltage also decreases with decreasing pressure. The
number of atoms per cubic centimetre and the probability of ionizing collisions increase as the
pressure increases [ 13]. Air density varies inversely proportional to the temperature and directly
proportional to the air pressure due to increased free mean path. The relationship between
corona inception and humidity is of"a non-linear nature; generally, corona inception decreases
with humidity [18]. It is also stated in [13] that halogens and water vapour have the ability to
capture electrons through electron attachment; as a result, increasing the humidity in the air gap
improves the gap breakdown strength and thevefore high corona inception and breakdown

voltages.

Reference [23] presents the Westinghouse and the Italian formulae which have been proven,
through tests; to be applicable for correcting Rl measurements made at sea level to higher
altitudes. The Italian formula can also be applied for AN and CL altitude corrections. However
its applicability for altitudes below 300 m is not certain [23], for South Africa, according to
[10], line designers support the Italian altitude correction formula for up to 2500 m above sea
level. The Westinghouse formula requires the knowledge of the average relative air density

(RAD) which is not always readily available.

A study of the impact of RAD on corona under HVDC conditions was carried out using the
Grizzly mountain database. The results from this study as presented in [24| showed that the
relative air density relationship with HVDC corona performance is similar to that under AC
conditions. Furthermore, under positive polarity, the clectric field and the ion current density

were found to increase with RAD up to RAD of 0.9, beyond which they decreased.

2.5.3 Conductor surflace conditions

Most operating transmission lines use stranded conductors in bundled geometries. Stranding of

the conductors, contamination and any form of precipitation on the surface of the conductor.
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constitute surface irregularities which result in increased effective conductor surface gradients
[18]. Smooth polished conductors have a roughness factor of about 1, practical stranded
conductors with nicks and scratches have roughness factors in the range of 0.6 to 0.8 [25]. Wet
weather conditions can reduce the conductor surface roughness factor even more, presumably in
the range of 0.3 to 0.6 [26]. Airborne substances such as dead insects. dust and leaf particles
stuck on the surface of the conductors, also result in an increase in the effective conductor
surface gradients [13]. 1t was also established that the number of airborne particles stuck on the
conductor surface is higher in summer which contributes more towards increased fair weather

corona activity [13].

2.6 Corona Audible Noise (AN)

2.6.1 Introduction

As mentioned above, during corona discharges the rapid movement of electrons during
ionisation result in the sudden transfer of kinetic encrgy to neutral air molecules through
collisions. Reference [9] states that the transfer of kinetic energy is equivalent to an explosion
taking place at the corona site, which gives rise to the gencration of acoustic waves. In essence
corona discharges are a source of acoustic pulses. Under AC voltages bursts of acoustic pulses
are generated near the peak of the positive cycles. The alternating voltage results in the pure
tones at frequencies corresponding to the even harmonics of the system frequency. In the case
of DC systems, there is no generation of the pure tones duc to the absence of any modulating
influence of the voltage. Basic laws of acoustics are used to analyse the transmission line AN

with some assumptions made. For the analysis it is assumed that:

e Corona is distributed uniformly along the length of the conductor and AN generation

can be characterised by a uniform distribution of acoustic power per unit length.

* The microphone used is ideal and responds equally to the pressure waves irrespective

of the angle of incidence.
e Sound waves do not experience any attenuation as they propagate.

* Reflection of the sound waves by the ground is negligible [9].
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Considering a single conductor above ground and solving equations from acoustic theory as
shown in [9], the sound pressure P sensed by the microphone can be determined as follows:
Ll

P= cod tan= — 2
27R 2

Equation 2.1 is applicable to a short transmission line, for an infinitely long line 2.1 reduces to

Equation 2.2.

p [c0
4R

Where,

)
o

P =sound pressure level (Pa)

¢ =propagation velocity of sound waves (m/s)

& =air density (kg/m’)

A =generated acoustic power density (W/m)

[ =length of the conductor (in)

R =distance between the noise source and the point of observation (m)

The exact value for the propagation velocity of sound waves is obtained from Equation 2.3 [28].

IHowever, this value is taken as 331 m/s in most calculations including those in | 13].

¢=3314, 1+i
273

Where,

[
(P9

0 =temperature in degrees

According to [9] the air density varies with ambient temperature and at sea level it is about 1.22
kg/m’ in summer and 1.28 kg/m” in winter. In the [13] experimental work. a value of 1.29 kg/m'

is used for the air density.

With the sound pressure F and the gencrated acoustic power density A expressed in dBA at a

reference of 20 pPa and | pW/m respectively, Equations 2.1 and 2.2 become,

P(dBA) = A(dB)—-10log R + IOIOg[tan 1 7—[1’5} -7.82 ...2.4 (short line)
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P(dBA) = A(dB)—-10log R —5.86 ...2.5 (long line)

The above equations are applicable to AN generated from both HVAC and HVDC transmission

lines.

AN is greatly affected by the conductor surface gradient [ 11, 29] compared to any other factors.
The parameters of the line only have an insignificant influence on AN. For example, in the
design considerations discussed in [15] it is mentioned that variations in conductor height will
only result in small variations with AN generated. The AC laboratory results mentioned in [21]
indicated that as the surface gradient increased, audible noise increased until it reached
saturation levels and the difference in noise levels between conductor arrangements decreased
with increasing conductor surface gradient. Practical conductor surface gradients on operating
lines seem to be in the range of 15 kV/em to 30 kV/em. For this reason, the BPA prediction
formulae as presented by Chartier and Stearns [28] are valid for gradients between 12 and 25
kVrms/cm for AC and between 17 and 29 kV/em for DC. Furthermore, the equations which are
incorporated in the EPRI’s software “"ACDCLINLE™ are valid for gradients between 15 and 30
kV/ecm for DC transmission lines. Conductor surface gradient is also dependent on system
voltage. Reference [13] reports that a 10% change in the operating voltage vields a 5 dB change

for HVDC corona AN and a 3.6 dB change for HVAC lines due to increased surface gradients.

A consideration of the AN. ions, and RN effects in the design stage of the line can minimize the
effect of all these corona-related effects [29] thercafter in the operation phase. In order to
determine the behaviour of corona AN, long term and short term AN measurements can be
done. Long term measurcments are more reliable because they take into consideration the
cifects of different weather conditions on the measurements. Measurements techniques and
instruments may also affect the noise levels measured. It is also worth mentioning that
measured AN depends on the distance between conductor and the microphone used to measure
the noise levels [12]. Depending on the procedures employed during the measurements. data

obtained may be influenced by one or more of the following factors [30]:

e Incorrect microphone orientation

Most available microphones are not ideal. i.c. they respond differently to the sound pressure

waves depending on their type, size and orientation relative to the noise source. During tests.
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the microphone might not be well positioned with respect to conductors such that it captures

less noise compared to what is actually generated.

e Poor or incorrect calibration procedures of the measuring ecquipments

Calibration methods for all the equipment used nced to be followed precisely in line with the
manufacturers recommendations. A general check-up of the equipment on a frequent basis also

helps to identify any malfunctioning or calibration errors.

e High background noise levels

Depending on the location of the test site or the operating line and the time during which the
measurements are performed, the background noise can affect the measurements significantly.
A better practice will be to take measurements at night time when man-made noise sources are

minimal.

s Liffects of the clectric field on the microphone systems cspecially DC ions

The operation of the microphone and the recording system can be affected by the electric field
if placed within the stronger field. The AC and the DC fields will have different eftects on the
microphone. In the case of short term measurements, the presence of the operator of the

equipment can also impact on the measured noise levels.

Since the operation of high voltage lines began and corona related AN complaints received.
extensive measurements have been carried out. The measurements were intended to determine
the characteristics of AN in relation to, amongst other factors. the conductor surface gradient,
the nature of the system voltage, conductor sizes as well as weather conditions. As part of
determining the corona gencration functions. about five (5) different equations developed for
the prediction of AN were compared in [20]. From the comparison shown. the prediction
methods are not always in good agreement. It is suspected that the differences are due to the
different conditions under which the measurements were carried out. According to [20]. the
most widely used prediction methods are the ones developed by EPRI at the HVTRC and at

BPA. The Ls, acoustic power levels of these methods appear to be in good agreement and
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apparently, this holds for most lines. The results of the study of the comparison of AN
prediction methods described in [30] also show that therc are deviations between AN levels
predicted using different empirical formulac and between predicted and mcasured levels for

both AC and DC measurements.

2.6.2 Polarity effect

Corona generated pulses on positive polarity conductors have higher magnitude and longer
decay times resulting in more generated AN [13]. On the other hand the pulses on negative
corona are smaller and more frequent, generating less noisc. As a result, negative pole AN is
often considered negligible in the prediction of AN [9, 13, 23, 28, 31]. Results ol a study
carried out at IREQ in a monopolar outdoor test cage indicated that positive polarity AN levels
were about 7 dB to 10 dB higher than the negative polarity AN under fair weather conditions
[17]. In [13], it is reported that the previous test results from cages showed a difference ol about

8 dB between the positive and the negative polarities which is in good agreement with [ 1 7].

2.6.3 Conductor sizes

The electric field in the vicinity of large diameter conductors tends to support longer streamers
than the electric field around small conductors corresponding to higher noise being produced
from larger conductors. This was mentioned in [10] and agrees very well with the results
presented in [17, 19]. In [10], it is stated that AN increases with increasing conductor diameter
for the same conductor surface gradient. In a study of conductor selection for the 1100kV AC
Waltz Mill substation presented in [ 1971, it was observed that during the tests. AN increased with
the conductor size for the same surface gradient and with the number of subconductors for the
same gradient and the same subconductor size. Based on the monopolar and bipolar cage
studics reported in [17], the general trends showed that with all other parameters remaining the

same, AN increased with the conductor size and the conductor surface gradient.

2.6.4 Corona cage and test line measurements

It is uncertain as to whether the cage and test line AN results are similar i.e. as to whether the
cages can simulate the electrical environment around conductors of an operating transmission

linc. A comparison of the cage and single phase test line results reported in [12] showed that
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similar results were obtained only when the line and the cage tests were run simultaneously than
when tested under different conditions. According to [28] the slope of the AN or other corona
phenomena versus the conductor surface gradient characteristics is smaller for conductors tested
in cages and also saturation does not occur on test lines. The discussions in [17]. which are
based on DC measurements, clearly caution that the cage data cannot be directly used to predict
the performance of a line However, it is also mentioned that if the slopes on the corona
generation functions, with respect to other parameters such as conductor surface gradient, arc
the same for the line and the cage data, then the empirical relationships derived from the cage
may be used to predict line performance. The observed corona generation quantities for AN, Rl
and CL were higher than those of the test line when plotted against the maximum bundle
gradient [17]. While on the issue of the reliability ol the cage data, it is very logical and for the
essence of this study to give details of the AN corona cage study that was carried out at
CRIEPIL.  The study as reported in |[31] argues that test cages can be used to measure and
predict corona AN under DC conditions provided the space charge field effect is taken into
account rather than just the static {ield. In the study, two corona cages, a square cage and a
cylindrical cage of different sizes as well as the Shiobara HVDC test line were used. The space
charge field was evaluated from the measured corona current, space charge density and the

mobility of the ions.

In terms of the results obtained, there was good agreement between the measurements carried
out in the two cages when the space charge surface gradient was considered compared to when
only the static surface gradient was considered. The generated sound pressure level increased
lincarly with the maximum conductor surface gradient in the presence of space charge |31].
Different polarity arrangements on the test line yielded different AN levels. There was fair
agreement between the cage and the test line AN results even when expressed in terms of’
space charge modified field. The test cage measurements were not of a long term: consequently.
weather conditions were attributed to the discrepancies. It was then concluded that AN is
directly related to the space charge field under the same weather conditions and conductor
surface conditions regardless of the electrode arrangement. In the paper discussions [31]. it
emerged that there was a case where the current measured on the negative pole was about twice
that mecasured on the positive pole and the discussers question was as to what effect this will
have on the calculated space charge field since their calculations are based on current

measurements. Unfortunately negative polarity measurements had not been considered in this
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particular study. The other comment was whether the results obtained in Japan can be used to
predict AN elsewhere; the response to this was that only if the weather conditions are the same

then the results can be applicable.

2.6.5 Effects of weather conditions

Climatic conditions affect corona differently depending on the system voltage. HVAC and
HVDC line design considerations for AN arc similar. However, there are some important
differences as discussed in [13]. HVDC corona AN is higher under fair weather conditions,
during wet weather conditions, the ionization is much higher and the amount ot space charge is

also higher such that the surface gradient is reduced. In physical terms the increased corona

activity during foul weather suppresses the positive polarity plumes which are the primary
source of the AN [29]. This also plays a role in the tolerability of HVDC noise. [t is most likely

to be intolerable since it occurs mostly under fair weather conditions when most people are

outdoors and there is no rainfall masking the line noise |13]. Under AC conditions, however,
AN tends to be higher under wet weather conditions. In Poland a short term AC noise study was
carried out on operating 400 kV lines and it was found that AN increased from 35 dB under fair
weather conditions to about 57 dB under heavy rain conditions, with measurements done at 15
m from the middle of the span[11]. Observations mentioned in | 19] include that during heavy
rain conditions, AC noise approached saturation, and corona inception was even lower than
Peek’s predictions. The dilferences between fair and foul weather conditions AN for DC and

AC voltages is apparent and is also incorporated in software tools. For instance AN prediction

formulae in the BPA corona performance software, for DC lines, rainy weather AN is estimated
by subtracting 6 dB from the Ls, fair weather AN. In contrast, the Lsy fair weather AN is

estimated by subtracting 25 dB from the Ls, rainy weather for AC systems [23].

2.6.6 Frequency spectra

Reference 9] mentions that the amplitude and the shape of the {requency spectrum depend on
the intensity and waveform of the acoustic pulses generated as well as the frequency response
characteristic of the microphone used. According to [28], at the time the research was carried
out, there was insufficient data to determine whether the shape of the frequency spectra
characteristics for AC anc DC lines is constant. independent of the line configuration or the

voltage. In [32] it is reported that AN frequency spectrum varies in level and shape depending
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on the weather conditions. Although there are differences. the hum component is very common
in AC noise. Reference [11] states that AC frequency spectrum consists of pure tones (supply
frequency and its multiples) superimposed on broadband crackling or the hissing type noise (1
to 15 kHz). Another observation that was made in [21] is that the hum component varied
considerably with lateral distance from the line, which makes it difficult to compare the hum
component from different conductors under field conditions. According to [13] the pure-tonc
component of the HVAC AN noise modifies the nature of the noise and also contributes to the
resulting annoyance. A description of a typical AC frequency spectrum is given in 281, For AC
lines, the frequency spectrum appears to be flat for frequencies above 500 Hz under rainy
conditions. However, the shape seems different for other wet-weather conditions. AC noisc
levels for frequencies below 1 kHz are difficult to predict and arc presumed to be a function of
the conductor ageing. Evident to this, the AC frequency spectrum presented in [28] also shown
in {2] showed a 10-14 dB difference in hum content for measurements done in the tirst year of
operation and nine years later. For frequencies between | kHz and 8 kllz the noisc levels
remained similar. The anncying effect of the AN under DC conditions is mainly due to the high
frequency crackling noise [28], as there are no hum components from the power frequency.
There are slight differences in the low frequencies of the {requency spectra shown in |9]. In | 13]
the noise level is higher in the low frequencies and decreases up to 125 1z, However, in [9] the
noise level is lower at 31 Hz., increases up to 63 Hz {rom which it decreases up to 250 Hz. It is
also mentioned in [ 13] that the best indicators of corona AN generated from HVDC lines are
the octave band measurements from 500 1iz and above, due to the effect of the background
noise on the low frequency noise levels. DC noise spectrum obtained during dry conditions
from the Dalles DC test line with twin 46.2 mm conductors, gave a flat frequency response for

frequencies from 1 kHz up to 8 kHz [28)].

2.6.7 Attenuation/air absorption

Applying the inverse square law to a transmission line of infinite length, the sound pressure
level is inversely proportional to the square of the distance. This implics that it decreases with
10logR where R is the radial distance between the microphone and the conductor. This is also
reported in [2. 21]. However. AC measurements conducted at BPA, Apple Grove and Hydro-
Quebec showed that the sound pressure decreases with 10logR 1o 13.3logR [28]. DC data from

The Dalles DC test centre showed that the attenuation rates arc even higher for DC.
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2.6.8 Mitigation techniques

As mentioned above. propagation of the acoustic pulses depends on the distance away from the
noise source but as for transmission lines; the corona AN attenuates relatively slowly with
increasing distance. As a -csult, increasing right-of-way (ROW) is not an eltective way of

reducing AN [15].

BPA contracted Westinghouse and General Electric to consider techniques that could be used to
reduce transmission line AN [33]. Several options were considered and it appears that almost
each one of them had a disadvantage. Earlier considerations of AN in the design stage can assist
with regards to the costs associated with applying mitigation techniques. According to |33]. the

following options were considered:

e The use of thin wires or sharp edges to produce less impulsive ultra corona - they
produced strong 120 Hz hum. generated TVI, produce excessive losses and their
durability is doubted.

e Insulating the conductors - only thick insulation was cffective. Tests showed that it is
susceptible to corcna damage, increases wind loading on towers and reduces the load

carrying capability of the lines. Also requires stronger towers to support the heavier

conductors.

e The use of large thin-walled conductive tubes surrounding the conductor — scemed to

be most practical and cftective.

e Reconductoring the line was very effective, it reduced the AN from 64 dBA to 49 dBA

on two BPA transmission lines, but it is very costly.

2.7 Corona Losses (CL)

2.7.1 Introduction
Reference [9] states that corona processes such as movement of charged particles, collisions

between charged particles and neutral molecules require energy. In the case of transmission
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lines the energy required is drawn from the high voltage source connected to the conductor and
converted to many other forms of energy. The rate at which the energy is drawn from the source
is power and may be ident fied as corona power loss. The creation and movement of positive
and negative ions is mainly responsible for the generation of CL.. According to [9]. the electrons
created in corona discharges have a very short lifetime and current pulses produced by their
rapid movement do not contribute significantly to the CI.. The theorctical analysis for both AC
and DC CL is shown in [¢]. However, it is also mentioned that the theoretical calculation or
prediction of CL based entirely on a theoretical approach has not yet been successfully

accomplished.

Physical mechanisms responsible for generation of CL under DC are different from AC because
of the constant applied voltage. During corona discharges the ionic space charge having the
same polarity as the conductors fills the entire inter-clectrode space. The generated space charge
drifts towards the ground or the opposite polarity conductor for monopolar arrangements. For
bipolar arrangements the ions mix in the region between the negative and the positive poles
resulting in recombination [26]. The velocity of ions is proportional to the electric ficld and
depends on the mobility of the ions [13]. A theoretical analysis of DC corona power loss based
on a number of assumptions is given in much detail in [9] for both monopolar and bipolar

configurations.

Corona power losses are affected by all the factors that affect corona inception and greatly
affccted by atmospheric variables such as wind, humidity and aerosols under DC conditions [9].
In the study reported in [17], CL was found to increase with the conductor surface gradient and
the conductor size with a | the other parameters remaining the same. The evaluation of AC
corona losses requires the knowledge of the electric distribution in the vicinity of conductors
whereas for analysis of DC losses, the ficld distribution in the entire inter-electrode space has to
be known [34]. Reference [13] states that DC losses are also dependent on the potential
difference between the conductor and the ground. Corona current of a DC line depends on the
line geometry particularly the pole spacing [13]. In the case of unipolar lines a change in
conductor height has a much larger influence on CL than a corresponding change in conductor
size [91. CL depends on the position of the bundle relative to the ground and the extent to which
the position influences the movement of space charge [12]. It also depends on the proximity of

the grounded cage effects in cases where test cages are used [20]. According to [35]. the linc
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height and the pole spacing in case of bipolar arrangements, influence the amount of corona
current that will reach the zround and consequently the corona current that will be measured.
Care should also be taken when considering the diameter of an overhead ground wire to ensurc
that the space charge does not cause the surface gradient of the ground wire to be higher than
the corona inception. If the ground wire goes in to corona then a bipolar mode is established

and a drastic increase in CL. and other corona effects will be incurred |9].

CL measurcments for predicting the corona performance of a transmission line under AC
conditions can be carricd out using test cages and test lines. However. DC test cage results
cannot be used to directly predict the performance of an operating line due to the differences in
space charge distributions [9]. In terms of measuring equipment, CL. measurements under AC
fields involve detection ol small current component in phase with the voltage in the presence of
a very large out-of-phasc capacitive current component and. therefore, require instruments that
can measure low power factors [9]. Reference [26] also mentions that AC CL measurcments
require detection of small power loss in the presence of large reactive components. References
[22, 26] state that CL can be measured with watt meters or watt transducers, bridge circuits and
a combination of bridge circuits and watt meters. According to [12] AC losses are normally
measured with a self-balancing Schering bridge to avoid manual balancing at high voltages and
especially in the case of long term measurcments. For DC measurements, CL in test cages or on
test lines are estimated by measuring the current flowing through the conductor and multiplying

with the applied voltage [9].

2.7.2 Polarity effect

Reference [9] reports that monopolar test line results have shown that the influence of
conductor polarity on space charge field and CL is not significant whilst bipolar test and
operating lines have shown that the difference between the negative and positive CI. is quite
small, with the negative CL being higher than positive polarity in fair weather and positive C1L.
higher in rain conditions. However there was a case where measurements on bipolar operating
transmission line clearly shown that under fair as well as foul weather conditions the current
density profile at ground level was dominated by corona on the negative conductor. Bipolar DC
test line study presented in [36] has shown that higher current densities were measured under

the negative pole than under the positive pole. In the monopolar cage study carried out at IREQ,
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the fair weather positive polarity CL were about 2 to 6 dB higher than the negative polarity CL,
whercas in wet weather they were almost similar with the positive polarity increasing by about

5to 6 dB[17].

2.7.3 Effect of weather conditions

DC CL is higher under foul weather conditions especially rain [36], and also, fair weather AC
losses are generally negligible as the highest losses occur under heavy rain conditions [26].
Unlike AN, both average fair weather AC and DC CL are less than the wet weather losses. In
the BPA software described in [23] AC and DC fair weather losses were computed by
subtracting 17 dB and 5 d3 from the average rainy weather losses respectively. Loaded lines

operate at incrcased temperatures resulting from the load current. Tests carried out on fully

loaded HVDC lines showed that there is a relationship between ions, electric field and the load
current according to the reports made in [22]. In the Grizzly Mountain study, negative ion
current density showed a linear increase with the increasing conductor temperature [24]. Windy
conditions tend to have an ecffect on the generated Cl. especially under DC conditions.
According to |9], DC tests on reduced-scale models, full-scale test lines and on operating lines,
have clearly established the marked influence of the perpendicular component of wind on ion
current distribution at the ground level. Reference [13] states that wind affects the speed and the
direction of the ions as they drift in the inter-clectrode space to ground or conductors of
opposite polarity. In [33] which deals with the corona design considerations, it is mentioned
that at higher altitudes CL is lesser when smaller conductors are used; in contrast the 'R losses
reduce when fewer but larger conductors are used [33] making it clear that the choice of the

optimum conductor size needs to approached with caution.

2.8 Effect of Space Charge

AC fields changes polarity every half cycle and therefore recombination of negative and
positive jons in the vicinity of the conductor occurs cach an every cycle. For AC lines space
charge generated is confined to a small volume immediately surrounding the conductors and

therefore has negligible effect on the overall field distribution within the cage [20]
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However, corona under DC fields results in accumulation of positive and negative ions in the
vicinity of the conductor depending on the polarity, thus a positive conductor in corona acts as a
source of positive ions and vice versa [35, 37]. The corona generated space charge affects the
breakdown characteristics of the gap. Under positive polarity. the gap is dominated by slower
positive ions, effectively leading to a lower breakdown voltage. Under negative polarity, both
negative and positive ions are present in the gap setting up a space charge field which opposes
the main gap field leading to higher breakdown voltage [13]. Thesc ions give rise to corona
current and are also responsible for electric induction effects produced on objects located in the
vicinity of the lines. Reference [37] presents the details of how space charge can be quantified

with the knowledge of the following parameters in the vicinity of the conductors:

e Electric ficld intensity
e lon current density
e Space charge density

¢ Mobility of the ions

Some of the above parameters are vectors and require special instrumentation to measure.
Measurcments done by IRIQ on a test line showed that the presence of space charge generally
increases the electric field at ground level. From an operating #£450 KV bipolar line, the
presence of wind seemed to be partly responsible for the distribution of space charge [37].
Work carried out at the HVTRC reported in [38] also confirms that a HVDC line in corona can
increase the space charge density downwind. and that the small air ions are the predominant
charge carriers near the HVDC line whercas aerosols become more predominant as the distance

downwind increcases.

Negative and positive space charges move in opposite directions and influence the nature of the
local electric field as well as the conductor surlace gradients [18]. Space charge distributed far
from the conductor influences not only the electric field on its surface and around it but also
that surrounding the conductor bundle of another polarity [31]. Reference [13] states that if
space charge is produced in high quantities, the source ceases to be in corona until the space

charge is driven by the electric field away from the conductor. Space charge suppresses the ficld
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1o below the critical level and [39] also reports that space charge in monopolar coronas always
tends to reduce the ionisation region field. However, [18] reports that at much higher voltages.
the cleetric field becomes stronger 1o an extent that the space charge is unable to reduce the

field sufficiently and pre-brzakdown streamers appcar.

The effect of space charge depends on the system configuration and varies between cages of
diffterent diameters, cages and test lines and different polarity arrangements |31]. In view of
this, [13] states that cage measurements can be uscful in cases where not much space charge is
generated; however, this does not represent operational transmission line situations. In [20]
cages are not deemed to be very usclul for HVDC corona generation quantities due to the
generated space charge that fills the entire space of the test cage and affects the electric field at
the conductor surface. Though the primary aim of this study is not based on the RN and ozone
gencration, it was considered essential to briefly include them in the literature review so as to

have a full picture of corona eflects.

2.9 Radio Noise (RN)

RN refers to any unwanted disturbance within the radio frequency band. Corona discharges are
pulsating in nature and the frequency spectra of the pulses can cover a considerable portion of
the radio frequency band |13]. More and more compact lines are built near residential areas:
these lines normally operate at high field levels and gencrate high RI Ievels which interfere with
the ncighbouring communication systems depending on the proximity [10].  The frequency
spectrum of RN is confined to the band of about a few ki1z to 30 MI1z and can also degrade the

dependability of power line carrier (PLC) teleccommunication channels [10].

Similar to AN, Rl is affected by the conductor surface gradient and it is mentioned in [13] that

all predictive formulac or analysing methods utilize the conductor surface gradient as the prime
paramcter for estimating Rl level for both AC and DC transmission levels. Reference [10] states
that RI increases with conductor diameter for the same conductor surface gradient. The results
of the study reported in [17] have shown that RI generally decreases with an increasing number

of subconductors in a buadle and increases with conductor size and the conductor surface
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gradient [17]. In HVDC transmission lines, the positive pole generates more radio interference
(RI) than the negative pole ard it is beneficial to arrange the poles such that the negative pole is
the one closer to the human habitat [9]. In cage studies, negative polarity Rl was also found to
be comparatively negligible | 17]. Rl is influenced by external factors such as ambient weather
conditions and ground resistivity [9]. High levels of RI prevail during fair weather conditions
for DC lines as opposed to AC lines for which Rl is higher during wet weather conditions | 13.
36]. In [23] it is mentioned that RI for wet weather conditions. under DC, is slightly less than
fair weather R1, and heavy rain Rl is computed by subtracting about 6 dB from the fair weather
RI. The RI frequency spectrum of DC transmission lines is said to be similar to that of AC lines

since the generated pulses are similar for both AC and DC lines [9].

2.10 Ozone

Major clements of the air are oxygen and nitrogen molecules. During ionisation, the oxygen
molecule may be separated into two oxygen atoms making it possible for the formation of
ozone | 13]. Ozone production rates were found to be influenced by conductor surface gradient.
mode of corona discharge and weather variables |9]. Reference [20] states that corona gencrated
ozone concentrations are often below the natural levels and difficult to measure. According to
[9]. measurements made in the vicinity of transmission lines have shown that the maximum
incremental contribution by corona on transmission lines to ambient ozone levels is only of the
order of few parts per billion. Reference [22] also confirms that measurements of ozone levels
from HV and UHV lines were much lower than the ambient and as a result ozone generation

is not regarded as a design issue.

2.11 Design Considerations

There are no international limits or standards that govern corona effects, power utilities set their
own standards based on their experiences and/or local regulations. During the literature scan a
few limits adopted by some utilities caught sight. The BPA has a design policy of AN L, level
of 50 dBA under AC conditions during rain at the edge of the ROW. The BPA does not have

any policy for DC lines, but Lsy of 42 dBA during fair weather is considered acceptable by BPA
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[33]. 1t is also believed that if a transmission line is designed for acceptable AN level, it will
also generate acceptable levels of RI/TVI [22, 33]. Corona loss impact economically on the
system and not on the environment and therefore does not have regulatory impact. The

confribution of transmission lines to ambient ozone is also negligible [32].

Canada does not have national standard specifying limitations for audible noisc from
transmission lines, instead existing regulations dealing with general environmental noisc
sources are used. Canadian Standards Association (CSA) developed a standard for interference
from high voltage AC power systems in the frequency range of 0.15 MHz to 30 Mllz. this
standard specifies 63 dB above | pV/m fair weather interference field strength measured [5m
laterally from the outer most conductor [32]. In South Africa. Eskom adopted the following

limits in the design of 765 kV lines at 1500 m altitude [10]:

e RIlimitof 72dB (! uV/m)at 0.5 MHz at the scrvitude boundary in Ls, conditions.

e AN limit of 53 dBA at 18 m above ground at the maximum line voltage at the servitude

boundary

There are no specific design limits for corona losses for Eskom, but a maximum of 5% of the
~ 2 . .

full load I'R conductor losses is considered reasonable. Reference [ 10] also states that there are
no stated limits for ozone generated by transmission lines because it is normally comparable 1o

the background ozone levels.
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Chapter 3 Methodology

Chapter 3: Methodology

3.1 Introduction

Laboratory measurements were conducted at the HVDC Centre of the University of KwaZulu-Natal
situated on the Westville Campus. The laboratory is in the coastal region and near zero altitude. The
main equipment that was used is the £500 kV DC source, 2x100 kV AC test transformer set and the
corona cage. Audible noise (AN) measurements and corona current measurements were done under
both AC and positive and negative DC voltages. Noise level meters, a digital micro-ammeter,
digital oscilloscope and a corona camera were used as measuring and monitoring equipment. The
EPRI-TLW software and previously published information was used for the analysis of the obtained

results.

3.2 Test Equipment

3.2.1 The HVDC voltage supply

The DC source is a 2-stage Walton-Cockroft generator with a maximum output voltage of +500 kV
and —540 kV and 7.5 mA current capability. In the tests, only voltages up to 280 kV could be
applied due to clearance limitations. The generator is supplied through a 100 kV DC test
transformer. The detailed ratings and the circuit diagram of the generator are as shown in Table 3.1
and Figure 3.1 respectively. Table 3.2 shows the values of the parameters in Figure 3.1. The

specifications of the AC test transformer are shown in Appendix A.
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Figure 3.1: Circuit diagram of the high voltage DC generator
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Table 3.1: Specifications of the high voltage DC generator

No load rated output (positive polarity):
No load rated output (negative polarity):
Rated continuous current:

Ripple voltage:

+500kV

-540kV

7.5mA

L§3% at rated current and voltage

Table 3.2: Circuit parameters of the DC generator

Parameter Value

Cl 150 kV, 100 nF
C2 300 kV, 50 nF
C3 300 kV, 50 nF
C4 300 kV, 50 nF
DI 300 kV, 20 mA
D2 300 kV, 20 mA
D3 300 kV, 20 mA
D4 300 kV, 20 mA
R, 300 kV, 2 x 600 MQ
R’y 560 Q

Rd 10 kQ

Rg 20 kQ

dvm digital volt meter

3.2.2  The corona cage

A small indoor corona cage with a length of 2 m and diameter of 1.5 m was used. It is cylindrical
and consists of three sections. The two outer rings are 1 m long each and are solidly grounded.
The centre ring is normally floating to allow voltage and current measurements to be done from
the centre as shown on the detailed schematic diagram in Figure 3.2. The outer rings are

connected to the centre ring only mechanically and electrically insulated from it through

vesconite insulators.
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3.2.3 Conductors

Only single conductors were considered due to clearance limitations. Solid and stranded
aluminium conductors with diameters 1.6 ¢cm, 2.8 cm and 3.5 cm were tested. Solid conductors
were thoroughly polished before being tested to achieve fairly good surface conditions. The
conductor under test was suspended with the polymeric tension 66 kV, 460 BIL insulators
obtained from Hardware Assemblies. Two corona rings each with a diameter of 50 cm were
attached at each conductor end-fitting in order to reduce the electric stress around the end fittings

and ensure that corona occurred only on the conductor surface.
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Figure 3.2: Corona cage

3.3 DC Measurements

Temperature, pressure and humidity were recorded at the beginning of every session of
measurements and also verified at the end of the sessions. Variations of weather parameters were
not significant as all the tests were performed indoors under similar conditions. The effect of wet
weather was not explored. The measurements were mainly performed in the evening when traffic
and all other noise sources were minimal. Repeatability of the results was verified several times

and on different days.
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3.3.1 Audible noise

The A-weighted audible noise measurements were done using the noise level meter ELT 3 from
Rhode&Schwarz. It is equipped with a capacitor microphone and has non-directional properties.
To obtain the octave-band frequency spectra, audible noise measurements were done using the
Bruel&Kjaer noise level meter Type 2218 attached to an octave filter set, Type 1613. These
measurements were done for 3.5 cm© and 2.8 cm® conductors. Technical specifications of both
meters are included in Appendix A. The meters were positioned in a Faraday’s measurements
cage adjacent to the corona cage shown in Figure 3.3. The microphone was placed centrally to
the corona cage and orthogonally to the conductor under test. The radial distance between the

microphone and the conductor was about 0.88 m.

Figure 3.3: The measurements cage adjacent to the corona cage

3.3.2 Corona current

A digital micro-ammeter Fluke Model 187 was used to measure the corona current. It was
connected in series with a 560 € resistor connected from the central section of the corona cage,

specifications given in Appendix A. The ammeter was also placed in the measurements cage

during tests.
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A point-plane spark gap was used to verify some of the current measurements results. The
diameters of the plane and the rod were 15 cm and 1.5 cm respectively. The length of the rod was
5 c¢cm of which 1 cm was the 60° tip. A gap spacing of 8.6 cm was chosen to obtain high
breakdown voltages. Figures 3.4 and 3.5 show the gap configuration and the circuit diagram
respectively. The voltage supply was obtained from a portable variable DC source. Current pulses
under both negative and positive polarities were observed using a digital oscilloscope that was
connected across the measuring resistor through a coaxial cable terminated with a 75 € resistor.
The specifications of both the portable DC source and the oscilloscope are given in Appendix A.
The gap current measurements at different voltages were also measured using Fluke 187 micro-

ammeter.

U
4 —
-
4em J
t SCrm
v

H—lScm >

Figure 3.4: Spark gap configuration
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Figure 3.5: Circuit diagram for spark gap current measurements

3.3.3 Space charge effect

The cage was covered with aluminium foil in order to assess the effect of space charge on the gap
current. Visual corona was observed for different voltages using CoroCAM I corona camera
whose details are shown in Appendix A. Space charge assessment was only performed for the 3.5

cm solid and stranded conductors. Figure 3.6 shows the corona cage completely covered with the
foil.
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Figure 3.6: Corona cage covered with the foil

3.4 AC Measurements

The 2 x 100 kV AC test transformer set was used for the AC measurements. AN and corona
current measurements were carried out with the same equipment and configurations as in the DC

case except that the 3.5 cm stranded conductor was considered.

3.5 Experimental Procedure

The supply voltage was applied from the control room in steps of 10 kV. A-weighted noise levels
and corona current were recorded for every 10 kV change in voltage. The static conductor surface
gradient was calculated from the test configuration parameters for every voltage increment, using
Equation 3.1. AC peak voltages were used for calculating conductor surface gradients. The
variation of the measured quantities with the static conductor surface gradient was plotted using
Matlab® for comparative analysis. Octave-band AN measurements were done for selected

conductor surface gradients for frequencies from 35 Hz to 35 kHz.
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E= v 2230
rln
P
Where,
E = static conductor surface gradient (kV/cm)
U = supply voltage (kV)
R = radius of the cage (cm)
r = radius of the conductor under test (cm)

3.6 Analysis of AN Results

The ACDCLINE module in the EPRI-TLW software was used to analyse the AN results obtained
from the corona cage measurements. EPRI-TLW is a set of interactive software that is used for
analyzing both AC and DC transmission lines electric and magnetic phenomena. It can be applied
in the design of new transmission lines and refurbishment of existing lines. The program allows

the user to specify the line configuration and execution options [40].

A single conductor configuration in a typical DC transmission line was assumed for the purpose
of comparison. The assumed parameters of the line are shown in Table 3.3. This configuration
was used throughout the simulations. The opposite polarity pole was placed 150 m away from the
energized pole to minimize the field interaction between the two poles. Simulations were run for
different voltage levels and the conductor surface gradients plotted against the noise levels. Only

the EPRI, BPA and CRIEPI methods were considered.

AN results obtained under AC were also compared with those obtained from the software. The
assumed configuration was similar to that of DC and is summarised in Table 3.4. Two phases
with angles 0° and 240° separated by 150 m were considered. This was done in order to simulate
a single phase scenario similar to the laboratory set-up. Only the EPRI and the BPA prediction

methods supported this configuration, as a result, the CRIEPI method was not considered.
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The radial distance between the microphone and the conductor for both assumed configurations
and for the cage configuration are quite different. To bring the configurations to a comparable
level, the correction factors were applied to the cage results. Since the intensity of noise changes
with the proximity to the source producing it. With transmission lines, the noise level changes by
approximately 3 dB for every doubling of the distance from the line. This implies that the sound
pressure level, P is inversely proportional to Vr where r is the radial distance between the
transmission line and the microphone. The correction factor for the height effect was, therefore,

obtained from Equation 3.2.

AP, =10log—
R .32
Where,
AP, = the change of the measured sound pressure level due to the height correction (dB)
r = radial distance between the microphone and the conductor in the cage
R =radial distance between the microphone and the pole conductor in the assumed

configuration

The value of R was evaluated from Figure 3.7. The height correction factors for the measured

DC and AC AN levels are therefore, -14.76 dB and -14.56 dB respectively.

To correct the cage results to an infinitely long line, the correction factor that was adopted is

shown here as Equation 3.3.

AP, =10 log[% tan ' [é]]
.33
Where,
AP, = the change of the measured sound pressure level due to the length correction (dB)
/ = length of the conductor i1 the cage
r = radial distance between the microphone and the conductor in the cage
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The length correction factor is based on the laboratory set-up only and for the dimensions given
of the cage, the correction factor is -0.71 dB for both DC and AC tests. The trends ot the cage and

the simulations results were then compared through curve fitting.

Table 3.3: Values of the line parameters used for the EPRI-TLW Software simulations for DC

(Equivalent monopolar line)

Parameter Value

# of conductors |
Diameter 2.8cmor3.5cm

Height of the conductor | 26.3 m

Sag 16 m
Altitude 0m
Microphone height 1.6 m

Distance between the | 10 m

line and microphone

Table 3.4: Values of the line parameters used for the EPRI-TLW Software simulations for AC

(Equivalent single phase line)

Parameter Value
# of conductors |
Diameter 3.5¢cm

Height of the conductor | 25 m

Sag Om
Altitude Om
Microphone height 1.6 m

Distance between the | 10 m

line and microphone
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Figure 3.7: Line configuration used for evaluation of correction factors

3.7 Calculation of DC Corona Loss

DC corona power loss was calculated from the measured current and expressed in terms of the

conductor length using Equation 3.4,

P. = 2l 3.4
/
Where,
Pc = corona power loss (W/m)
U = DC supply voltage (V)
| = measured corona current (A)
/ = length of the conductor in the cage (m)
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3.8 Conductor Surface Conditions

Surface roughness factors of the conductors were estimated by using Peek’s formula for
cylindrical geometry shown as Equation 3.5 [9]. The static inception gradients for different

conductors were estimated after observing the corona activity using the CoroCAM 1.

. k
E.=mE | 1+—= 3.5
or,
Where,
E¢ = conductor corona inception gradient (kV/cm)
m = conductor roughness factor

E,and k are empirical constants
E, =31.0 kV/cm for AC
=31.0 kV/cm for negative polarity DC
=33.7 kV/cem for positive polarity DC
k =0.308 for AC
= 0.308 for negative polarity DC

= 0.24 for positive polarity DC

Ie = radius of the conductor under test
273 +1, )P
d = relative air density = M
(273 +1)P,

where, t=ambient temperature
th= 250C
P = ambient pressure

Po= 760 torr
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3.9 Test Line Measurements

The corona cage was later converted into a conductor-plane arrangement to represent a
monopolar test line referred to hereinafter as test line. This was done by removing the cylindrical
mesh around the conductor. Corona current and AN measurements were done for a 3.5 cm
stranded conductor under positive polarity only. A copper plate was used to facilitate
measurements of the corona current at ground level. The supporting structure was placed on the
wooden blocks to isolate it from the metallic floor. The thickness of the copper plate was 2.1 cm,
its length and width were 205 cm and 50 cm respectively. It was connected to ground through a
560 € measuring resistor in series with the Fluke 187 digital micro-ammeter. Current
measurements were done with the conductor at a height of 70 cm and 37.5 cm with respect to the
copper plate (ground). AN meter was positioned at the same position as with the corona cage. The
conductor surface gradient was calculated using Equation 3.6. It can be noted that for the height
of 37.5 ¢m, the term 2H equals the radius of the corona cage R = 75 c¢m, as a result Equations 3.1
and 3.6 were equivalent for this particular configuration and for the height of 70 cm the air gaps
in the cage and the line were almost the same. Current measurements at the height of 37.5 ¢m
were repeated with a high power fan directed at the conductor in order to assess the effect of the

space charge. Details of the fan are included in Appendix A.

U
E=———
H ..3.6
rln—
-
Where,
E = static conductor surface gradient (kV/cm)
U = supply voltage (kV)
r = radius of the conductor under test (¢cm)
H = height of the conductor above ground (cm)

Corona losses were evaluated from Equation 3.4 similar to the corona cage. The variation of the
corona power loss with the conductor surface gradient was plotted and compared with corona
cage results. Comparison of the cage and the test line generated acoustic power was done. Figure

3.8 shows the test set-up for the line configuration.
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Chapter 4: Results and Analysis

4.1 Visual Corona

Figures 4.1 to 4.3 show visual corona observed using the CoroCAM [ at 220 kV and 28.9 kV/cm,
for a 3.5 cm stranded aluminium conductor. Under positive polarity the plumes are much longer,
wider and very distinct (Figure 4.1). Negative polarity plumes are smaller and appear as clusters of
glowing spots around the conductor (Figure 4.2). AC corona discharges in Figure 4.3 appear to
resemble both positive and negative corona characteristics, with a combination of clustered glowing

spots and large plumes appearing occasionally.

Figure 4.1: 3.5 cm stranded conductor at 33.5 kV/cm positive polarity
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Figure 4.3: 3.5 cm® stranded conductor at 33.5 kV/cm AC

4.2 Conductor Surface Roughness and Corona Inception

As pointed out earlier, conductor surface conditions have an influence on corona characteristics. In
Table 4.1 a comparison is made of the conductor roughness factors calculated from Equation 3.5.

The air density factor varied within a range of 0.95 to 0.97 with the maximum difference of 0.02.
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The calculated inception gradien:s depend on the prevailing air density at the time the tests were
done. The roughness factor of 0.8 for the solid conductor suggests that it was not perfectly smooth.
Under positive polarity, the roughness factor for the 3.5 cm solid conductor is higher than that of
the stranded conductor, by a factor of about 0.2. According to the observed positive and negative
DC as well as AC inception gradients, the 3.5 cm stranded conductor appears to have had a
roughness factor of about 0.54. The 2.8 cm stranded conductor appears to have had a surface
roughness factor of about 0.58 when averaging the roughness factors calculated for positive and the
negative polarities. The roughness factors obtained for stranded conductors are slightly lower than

typical roughness factors of 0.6 to 0.8 suggested earlier in [26].

Table 4.1: Calculated conductor roughness factors

Positive DC
U (kV) 7 Ec(kV/em) | r(cm) } 5 ’ m
Stranded 140 21.3 1.75 0.96 0.556
Stranded 125 22.1 1.4 0.97 0.561
solid f 198 | 30.1 L 1.75 097 0.778
Negative DC
B | UKV) | Ec®kV/iem) | r@em) | & | m
Stranded | 125J 19.0 1.75 0.95 [ 0.544
Stranded 120 213 l 14 i 0.95 0.599
v (kV)‘L Ec(kViem) | rem) | 5 | m
Stranded 86 185 | 175 | 097] 0519

4.3 Audible Noise

4.3.1 A-weighted noise levels

4.3.1.1 Effects of conductor surface conditions

Figures 4.4 and 4.5 show the effect of conductor surface conditions on corona discharges in terms
of inception gradients and the noise levels generated. These differences are more apparent under
positive polarity in Figure 4.4. The background noise is about 35 dBA and the corona noise

inception gradients seem to be at 20 kV/cm [closer to 18 kV/em] for the stranded conductor and 33
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kV/cm for the solid conductor. The inception gradients observed on the AN graphs indicate levels at
which the corona noise first exceeds the background noise. They do not indicate the actual corona
inception levels where the first burst or onset streamer is observed (i.e. the levels shown in Table
4.1). A comparison of the noise and the normal corona inception levels shows that the normal
corona inception level is higher for the stranded conductor, but lower for the solid conductor (Table
4.1)-one would have expected both to be lower. It can also be observed that the stranded conductor
generated much more noise than the solid conductor; about 10 dB higher at 20 kV/cm, 25 dB at 25
kV/cm and 32 dB at 30 kV/cm. Under negative polarity, the corona noise inception for the solid
conductor was also delayed, however, not as much as with the positive polarity (Figure 4.5). The
stranded conductor generated about 5 to 8 dB higher than the solid conductor for a wide range of
conductor surface gradients. Generally the results agree with those of positive polarity, and
therefore, the differences in surface conditions as discussed in Section 4.2 have a significant effect
on the generation of corona AN, especially the positive polarity AN. This could be as a result of
increased corona activity from the rough spots on the stranded conductor surface. The spots have

relatively high gradients. A simi ar characteristic was observed for conductors of other diameters.
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Figure 4.4: Conductor roughness effect on AN for positive polarity
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Figure 4.5: Conductor roughness effect on AN for negative polarity

4.3.1.2 Effect of system polarity

The DC voltage polarity effect is shown in Figures 4.6 and 4.7 for both 3.5 cm and 2.8 cm diameter
stranded conductors. The positive polarity noise is definitely higher than that of the negative
polarity; about 15 dB higher for 20 kV/cm to 30 kV/cm for the 3.5 cm diameter conductor, and
about 15 dB higher for 25 kV/cm to 35 kV/em for the 2.8 cm diameter conductor. This is slightly
higher than the 10 dB and 8 dB difference mentioned in [17] and [13]. Nevertheless, the results are
in good agreement with the literature when it comes to the negative polarity noise being lower to an
extent that it can be disregarded in the design. In terms of the observed annoyance effect, the
positive polarity AN was more annoying, comprised of crackling noise. On the other hand negative
polarity noise was more of a hissing sound. Generally, noise levels for both positive and negative

polarities above 50 dBA were quite unbearable.
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Figure 4.6: Polarity effect on AN for 3.5 cm@ stranded conductor
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Figure 4.7: Polarity effect on AN for 2.8 cm@ stranded conductor
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43.1.3  Effect of conductor size

The effect of the conductor size on the AN generation under positive polarity and negative polarity
is shown in Figures 4.8 and 4.9 respectively, for stranded conductors only. Similar characteristics
were observed for solid conductors as well. Larger diameter conductors produced higher noise
levels than the smaller diameter conductors for the same conductor surface gradients consistently,
under both negative and positive polarities. The obtained results agree very well with the results
reported in [17, 19] in which the AN increased with the conductor size when all the other
parameters were unchanged. In terms of conductor surface gradients, the smaller conductor result
in higher operating conductor surface gradients than the larger diameter conductors for the same
voltage level. The slopes of the graphs for the three conductors become steep just after the inception
and then tend to flatten as the surface gradients increase above 40 kV/cm, especially for the
negative polarity noise levels. This characteristic suggests that there is corona noise saturation at

increased surface gradients.

Noise Level (dBA ref 20uPa)

— —_ e

10 15 20 25 30 35 40 45 50

‘Zonductor Surface Gradient (kV/em)

Figure 4.8: Effect of conductor size on AN (Positive polarity, stranded conductors)
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Figure 4.9: Effect of conductor size on AN (Negative polarity, stranded conductors)

4.3.1.4 Corona cage and test line measurements

Comparison of the AN noise ineasurements obtained from the test cage and the test line under
positive polarity is shown in Figure 4.10. As seen from the graphs, though the tests were not run
simultaneously, there is no significant difference in the measured noise levels as one would expect.
The magnitudes of the noise levels are similar for the same conductor surface gradients and the
graphs also follow the same trend. It is mentioned in [17, 28] that the slopes of the cage and test line
AN results are usually not similar. The observed similarities could be due to the similar test

arrangements which were adopted. The results also suggest that the effect of space charge on the

cage AN measurements was insignificant.
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Figure 4.10: Comparison of cage and test line AN measurents (3.5 cm © stranded conductor, line height of 70

cm, positive polarity)

The comparison of the cage and line AN was also expressed in terms of sound power, A, at a
reference of 1 pW/m. The sound power was calculated from the measured sound pressure level by
first deriving the generated sound pressure level at a distance of 1 m for an infinite length

transmission line as it was done in [31]. Details of the derivation are as follows:

P:A(dB)—lOlogR+lOlog(tan“ §]~7.82 .. (4.1)

N

Let P, = generated sound pressure level (dBA) standardised to the sound pressure level at a point

one meter away from the conductor bundle of an infinite length:

Ry=1mand/, = then (4.1) becomes:

P, = A(dB)—10log R, + IOIO;g[tan' %] -7.82 - (4.2)

1
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s

b

A(dB) = P, +10log R, —10log

tan~ }+7.82

!

. 0

A(dB) =P, +1010g1—1010g£tan‘ ]+7.82

X
T

A(dB) = P, +1010g5 +7.82

Substituting (4.3) in (4.1):

P=P +1010g§+7.82—101og1e+101og

|

P, :P—lOlog%—7.82+1010gR—1010g[tanl o7

= P+10log R +10log —L[—

2tan ™t —

2R
IfP=P,R=1mand/=w(4.1) becomes,
P, = A(dB)—-10logl +1010g[tanl %]—7.82
Then,

A(dB) =P ~1 Olog% +7.82

A(dB) = B, +5.86 (ref = | pW/m)

To express A (dB) in terms of 1| pW/m reference:

]

A(dB) = F, —54.14 (ref = 1 uW/m)

1042

10°

A(dB) = P +5.86 + lO]og[

Figure 4.11 shows the results obtained from Equation 4.6. As expected the graphs have similar

trends as those of Figure 4.10.

/
tan ' ——
2R

i)

Results and Analysis

.. (4.3)
]—7.82
+7.82
(4D
.. (4.5)
...(4.6)
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Figure 4.11: Variation of acoustic power with conductor surface gradient for a test line and corona cage for

3.5 cm@ stranded conductor, positive polarity (line height of 70 cm )

The similarity between the cage and the test line results could be due to the fact that the position of
the sound level meter relative to the conductor was the same during both the test cage and the test
line measurements. It is suggested in [31] that cage results will only be comparable with line results
if the space charge conductor surface field is computed and used in comparison rather than the static
conductor surface field. Alternztively the obtained results could mean that the effect of the space
charge on the conductor surface gradient in a small cage and on a small test line with similar
dimension is unnoticeable. Converting the cage into a test line only yielded a 0.67 cm increase in
the active length of the conductor which, theoretically, will increase the noise level by 0.5 dB. This

is a very small change to be noticed on an analogue meter.

4.3.1.5 Effect of system voltage

In Figure 4.12 a comparison of the DC and AC corona noise levels is shown for a 3.5 cm diameter
stranded conductor. The graphs for AC and positive DC noise are quite similar in both magnitudes

and the trends. The annoyance effect of the positive DC and AC noise levels was also very similar;
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however, the AC noise sounded to be more of a combination of both hissing and crackling noise.

This agreed very well with the corona modes as discussed in the literature review chapter.
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Figure 4.12: Effect of system voltage on AN for a 3.5 cm@ stranded conductor

4.3.2 TLW Software A-weighted noise levels

Figure 4.13 shows a comparison of the UKZN sound pressure level results (corrected for height
and length as shown in Chapter 3) and the EPRI-TLW software results obtained under positive
polarity with a 3.5 cm diameter stranded conductor. The BPA and the CRIEPI empirical methods
predict lower noise levels compared to the EPRI method for the same configuration. The
differences could be due to variations in test and atmospheric conditions. The empirical formulae
used for the evaluation of AN shown in [13] are also different. There is a very good agreement
between the corrected UKZN results and the EPRI prediction methods, in terms of both the trends
and the magnitudes. Figure 4.14 shows the fitted trend lines for both the UKZN and the EPRI
results. The graphs are both logarithmic and the equations are of the same order of magnitude. R” is
a measure of how close the trend line is to the actual graph and has a value ranging 0 to 1 where 1 is
the perfect fit and 0 is the worst. Clearly the EPRI curve is perfectly logarithmic with R? of 1 and
the UKZN graph is closer with R equal to 0.987.
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Figure 4.13: Comparison of TLW software prediction methods with UKZN results (3.5 cm@ stranded
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In comparing the UKZN corrected results and the TLW software results under negative polarity,
similar characteristics as in the case of positive polarity were observed. As shown in Figure 4.15,

The CRIEPT and the BPA predictions were lower than the EPRI. The corrected UKZN results were

also in good agreement with the EPRI prediction though slightly lower in magnitudes.
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Figure 4.15: Comparison of TLW software prediction methods with UKZN results (3.5 cm@ stranded

conductor, negative polarity)

The negative polarity trends for a 3.5 ¢m stranded conductor are compared in Figure 4.16. Both the
EPRI and the UKZN graphs are logarithmic and have the same order of magnitude. The R’ value
for the UKZN graph is 0.985 which is a very good agreement.
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The comparison of the measured results with the EPRI-TLW software results was also done for the

2.8 cm diameter conductor and the results are shown in Figures 4.17 and 4.18 for positive and

negative polarity respectively. The EPRI-TLW software results are quite consistent with the BPA

and the CRIEPI predictions beirg lower than the EPRI predictions. It can be noted that for the 2.8

cm diameter conductor the UKZN graphs are slightly lower than the EPRI prediction curve for both

positive and negative polarities. Nevertheless the UKZN corrected results are in good agreement

with the EPRI prediction graph for both polarities. Through a simple visual observation on the two

figures, it can be noted that the trends are also in agreement similarly to the 3.5 cm diameter

conductor.
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For AC simulations, only the EPRI and the BPA prediction methods agreed with the chosen
configuration. In Figure 4.19, a comparison is made of the corrected UKZN results and the TLW
software results, for AC voltages. The EPRI curve is not purely logarithmic as in the case of the
DC results. Compared to the DC results, the UKZN results are higher than the EPRI and the BPA
predictions, but the BPA are much lower. However, the R? values for the three fitted graphs are

very close to | and the order of magnitude of the trend lines is quite similar.
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Figure 4.19: Comparison of trends for UKZN with EPRI and BPA results by curve fitting (3.5 cm @ stranded
conductor, AC)

4.3.3  Octave band frequency spectra

43.3.1 Positive polarity DC

The frequency spectra results were arranged to show the effect of the static conductor surface
gradient on the measured AN frequency spectra, in relation to the spectrum of the prevailing
background noise for different polarities and conductor sizes. The scale of the meter that was used
with the octave band filter set kad 25 dB as the minimum measurable noise level. [t was observed

that the noise levels started to decrease beyond 8 kHz. This could be due to the effect of the 1-inch
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microphone that was used. It has a flat response characteristic up to 10 kHz, beyond which it starts
to decrease depending on the angle of incidence. Figure 4.20 shows the frequency spectrum of the
background noise and that of the 2.8 cm diameter stranded conductor obtained at 28.9 kV/cm under
positive polarity. At this surface gradient, corona AN was much higher than the background noise.
It can also be noticed that the background noise was only measurable in the frequency range of up
to 500 Hz which implies that it affected the measured corona AN levels in the same range. It is
reported in [28] that frequencies below 1 kHz are a function of conductor ageing and in [13], it is
also reported that the best indicators of HVDC corona AN are octave band measurements from 500
Hz and above. The noise was quite broadband and consisted of both mid and high frequencies

because of its crackling nature, as also mentioned in [29],
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Figure 4.20: Positive polarity frequency spectrum for a 2.8 cm@ stranded conductor

The positive polarity spectrum in Figure 4.21 remains consistent in terms of the frequency content.
There is also a consistent difference between the frequency spectra of different conductor sizes. It
appears that for the same conductor surface gradient, the frequency spectra of the larger conductor
is higher than that of a smaller one. This is also in agreement with the A-weighted noise levels
discussed above. Figure 4.22 shows the effect of the conductor surface gradient on the frequency
spectra under positive polarity. The lower frequencies show an inconclusive relationship; this can

be attributed to the effect of background noise as discussed earlier. Considering frequencies higher
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than 125 Hz, it appears that the higher the conductor surface gradient the higher the noise levels for

the same conductor size.
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Figure 4.21: Effect of conductor size on positive polarity frequency spectrum at 33.5 kV/cm

70 - — T e T et - — e —
I i I i ) ) .
I | ' ..
65 i = i =i T ¥ [=EE ’,:‘é":”f‘\’ =
| ; /,}:i’\’f” ! Iy {
. P W | LY
60| =l T =5 1 =5 S e e M ] ot
S | | | - B
! i I A == i
o ST i
55 == - e e e e " =i
EX ‘ L ) ) ‘ 3 \ PN
o ‘ 4 | [ | |
(7"_) 50 = g m = i e
2 - : |
0 [ prg \ ‘ ;
T s T S ==
da1 | | | I
5] | I I I I ! [
% | | ! |
- 40 ==t S = '\ i = r = = ==
v ‘ ) ! | | |
B I | I |
| I
z 35“ : ;
‘ | | I }
- o

| N N
25l S . S T i 7| —A&—289kV/iem
f ‘ ‘ - | =& 33450vem| |

29 B P — S _~_— P W T e = U — N S
IS 63 125 250 500 1k 2k 4k 8k
Frequency (117)

16k 31.5k

Figure 4.22: Eftect of conductor surface gradient on positive polarity frequency spectrum for 2.8 cm@

stranded conductor

A study of HVDC transmission line audible noise and corona loss in an indoor corona cage 68



Chapter 4 Results and Analysis

4.3.3.2 Negative polarity DC

Negative polarity frequency spectra results are shown in Figures 4.23, 4.24 and 4.25. The same
effect of background noise frequencies can also be observed again here for the negative polarity
measurements shown in Figure 4. 23. The negative polarity spectrum is much dominated by the
higher frequencies, unlike the positive polarity noise. At lower frequencies up to 500 Hz the noise

level is much more comparable to the background noise, contrary to the positive polarity case.
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Figure 4.23: Negative polarity frequency spectrum for 2.8 cm@ stranded conductor

Figure 4.24 shows the effect of conductor size under negative polarity for 24.3 kV/cm. The high
frequency content is quite clear from 2 kHz and above, the mid frequencies are very low and the
low frequencies higher. Over the whole frequency spectrum the noise level of the larger conductor
is higher than that of the smaller conductor, similar to positive polarity. For different conductor
surface gradients in Figure 4.25, the higher conductor surface gradient resulted in higher noise
levels over the whole frequency spectrum, for the same conductor size. The low frequency noise

levels are again not interpretable.

A study of HVDC transmission line audible noise and corona loss in an indoor corona cage 69



Chapter 4 Results and Analysis

(0 e ———— e —— - ,er‘r.rv,, = = ———— 7“;?;?‘7";‘7:
) , | ‘ | —#—3.5cmo 1

{ : —E 2. 8cmd | /‘
e s ! g
| |
b R -~ e S
= t - I ‘
ii | + : \\“ 1
S as- R i =%
3 ) \ | - (.
s i \i (I m |
z 40i A " = /’ T ! \ i
© | N »‘ | | /// e ‘
& A ¥ A AR
ST SR N, W S VAR S
277 : ;N y ; 2
Z | U\ v/ |
30 - R e L -t -
‘ \\\\ I /2/ ‘\
| N ‘ ‘ |
25 - Slisa sles B =t -l- -
| ‘ ‘ ‘ |
20 } —wll B =, R N S S - PPN S S di = s i R S | ‘
31.5 63 123 250 500 Ik 2k 4k 8k 16k 315

I'requency (117)
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4333 AC

AC frequency spectrum results are shown in Figures 4.26-4.28. Both low and high frequencies
constitute the AC frequency spectrum. The contribution of the hum content can be noted at
frequencies 63, 125 and 250 Hz. hence the background noise appears to be much lower at these
frequencies. The presence of the hum component is one of the factors that distinguish AC AN from

the DC noise.
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Figure 4.26: AC frequency spectrum for 2.8 cm © stranded conductor

In terms of conductor diameters, the AC frequency spectrum shows the same characteristics as the
DC spectrum in that the larger conductor generates high noise levels (Figure 4.27). In Figure 4.28
the frequency spectra appear to be consistent in terms of trends for the different conductor surface
gradients and seem to be quite similar for the higher surface gradients of 28.9 kV/cm and 33.4
kV/em. The hum content remains notable in both figures. As also noted in [28], the noise levels for
frequencies between | kHz and 15 kHz are quite consistent as opposed to those at the lower

frequencies which are affected by both the background noise and the hum component.
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Figure 4.27: Effect of conductor size on AC frequency spectrum at 28.9 kV/cm
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Figure 4.28: Effect of conductor surface gradient on AC frequency spectrum for 3.5 cm@ stranded conductor
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4.4 Corona Losses

4.4.1 Effect of conductor surface conditions

The effect of the conductor surface conditions on the CL is demonstrated in Figures 4.29 and 4.30.
It can be noted that the CL for solid smooth conductors only start increasing for conductor surface
gradients above 30 kV/cm in both cases i.e. for different conductor sizes and polarities. The
significant difference between these graphs demonstrates the effect conductor roughness factors

reported earlier in this chapter.
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Figure 4.29: Effect of conductor surface condition on corona losses for positive polarity
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Figure 4.30: Effect of conductor surface condition on corona losses for negative polarity

4.42 Effect of polarity

Figures 4.31 and 4.32 show the effect of polarity on DC corona power losses for 3.5 cm diameter
and 2.8 cm diameter stranded conductors, respectively. For both conductors, the positive polarity
loss seems to be significantly .ower than the negative polarity loss, especially at higher surface
gradients. For example, the difference between positive and negative CL at 35 kV/cm is about 30
W/m for both conductors. These observations are similar to what was mentioned earlier in the
discussions of paper [31]. The higher CL observed under negative polarity could be due to repelled

high mobility electrons and negative ions being conducted to ground rapidly.
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Figure 4.31: Effect of voltage polarity on corona losses for a 3.5 cm@ stranded conductor
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Figure 4.32: Effect of voltage polarity on corona losses for a 2.8 ¢cm@ stranded conductor
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4.4.3 Effect of conductor size

In Figures 4.33 and 4.34, a comparison 1s made of the corona power losses incurred for different
conductor sizes under both positive and negative polarities. [t can be seen that the CL increases
with conductor diameter for the same conductor surface gradient under both polarities. The trends
of the three graphs are quite simiiar and their slopes show a steep increase in CL with the conductor
surface gradient beyond 30 kV/cm. This could be due to the fact that large conductors tend to
support longer streamers as similarly observed with the AN. Similar observations were also
reported in {17]. It can be seen from both sets of curves that the polarity effect on CL is less

apparent for the smallest conductor, especially in the low range of conductor surface gradients.
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Figure 4.33: Effect of conductor size on corona losses under positive polarity for stranded conductors
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Figure 4.34: Effect of conductor size on corona losses under negative polarity for stranded conductors

4.4.4 Corona cage and test line measurements

Comparison of CL for different configurations is shown in Figure 4.35. Similar corona losses were
observed for the cage and the test line with a conductor height of 70 cm. However, the test line with
conductor height of 37.5 cm had higher CL. The similarities between the Linel and the cage results
could be due to almost similar gap sizes in both cases. The 70 cm conductor height above ground
for Linel is almost the same as the 75 cm radius of the corona cage. The Line2 configuration gives
same conductor surface gradient as that of the cage for the same applied voltage. However, Line2
losses are higher than the corona cage ones, for the same conductor surface gradient. These
observations tend to suggest that the CL depends more on the resistance of the path to ground which
is determined by the height of the conductor above ground or cage air gap, and not the static
conductor surface gradient. This is in agreement with assertions made in [9, 13] that CL depends on

the geometry of the system particularly the pole spacing and the conductor height above ground.
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Figure 4.35: Comparison of corona losses in a corona cage and test line for a 3.5 em@ stranded conductor

(Linel: H =70 cm, Line2: H=37.5 cm)

CL results could not be compared with the software simulations as there are no correction factors to

bring the cage and line configurations to the same level of comparison.

4.5 Point-Plane Gap Corona Current Characteristics

The variation of the current with the supply voltage in a point-plane spark gap, is shown in Figure
4.37. The current increased consistently with the supply voltage. The negative polarity current is
higher than the positive polarity current, the distinction becoming clearer as the voltage increases.
These results agree with those obtained in the corona cage. The polarity is with respect to the point
electrode. This can be attributed to the space charge effect in the gap. Under negative polarity, the
negative ions and fast electrons are repelied away from the gap and quickly conducted to ground at
a higher rate thereby increasing the corona current. Under positive polarity, the slower positive
charges are also repelled frorn the gap, but are conducted to ground at a slower pace and the

electrons are more involved in the discharge activity in the high field region around the anode. This
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is further substantiated by the corona pulses observed at a voltage of 40 kV using a digital
oscilloscope as shown in Figures 4.37 to 4.40. The positive polarity pulses had very high amplitudes
compared to the negative polarity ones. The volts/division setting had to be set at 0.5 for the
positive polarity to fit the screen as opposed to 0.2 for negative polarity. However, in terms ot the
frequency, the negative polarity pulses (Figures 4.39 and 4.40) were notably more frequent than the
positive polarity pulses (Figures 4.37 and 4.38). This implies that depending on the averaging time
for the ammeter, more negative pulses might be averaged within one cycle as compared to positive
pulses. This could be the reason why the measured negative polarity corona current is higher than

the measured positive polarity current for both the spark gap and the cage configurations.
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Figure 4.36: Polarity effect on corona current in a point-plane gap (gap spacing = 8.6 cm)
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Figure 4.38: Corona current pulses under positive polarity (U = 40 kV)
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A study of HVDC transmission line audible noise and corona loss in an indoor corona cage



Chapter 4 Results and Analysis

4.6 Space Charge Effect

4.6.1 Stranded conductors under DC voltages

A comparison of the corona currant measured for stranded conductors when the cage was covered
with the foil and when it was uncovered is shown in Figures 4.41 and 4.42 for positive and negative
polarities respectively. In both cases the current was slightly less when the cage was covered with
foil. At higher conductor surface gradients above 35 kV/cm, the differences between the measured
currents are very insignificant. This is in line with the theory that the effect of space charge
becomes marginal at higher surface gradients. The results seem to suggest that the effect of space
charge in the small corona cage ‘s not significant for stranded conductors. The slight differences in
the current values could be due to the current lost through the foil or slight suppression of the field

by the space charge. Further work needs to be done in this area, for more clarity about what has

been observed.
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Figure 4.41: Effect of space charge on corona current under positive polarity for a 3.5 cm® stranded

conductor
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Figure 4.42: Effect of space charge on corona current under negative polarity for a 3.5 cm@ stranded

conductor

4.6.2  Solid conductors under DC voltages

The results obtained with solid conductors also agree with those of the stranded conductors as seen
in Figures 4.43 and 4.44. In the case of solid conductors, there is a clear distinction between the
results obtained when the cage vas covered with a foil and when the cage was not covered even at
higher surface gradients. The reduced current could either be as a result of reduced charge carriers

in the gap due to conduction through the foil or suppressed field by the space charge.
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Figure 4.44: Effect of space charge on corona current under negative polarity for a 3.5 cm® solid conductor
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4.6.3 Stranded conductor under AC voltages

The effect of the space charge on the measured AC corona current is very insignificant especially
up to 33 kV/cm beyond which there was only a slight difference in the currents measured (Figure
4.45). As mentioned in the literature review, for AC lines, space charge generated is confined to a
small volume immediately surrounding the conductors and therefore, has negligible effect on the
overall field distribution within the cage [20]. The differences in the higher conductor surface
gradients could be that the charge carriers increased to a state where the system frequency could not

allow sufficient time for the space charge to be swept away.
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Figure 4.45: Effect of space charge on corona current under AC for a 3.5 cmd stranded conductor

4.6.4 Positive DC test line measurements

In the case of the test line measurements, the current was less when the fan was blowing the air
away from the conductor (Figure 4.46). The reduced current could be due the fact that there are
fewer charge carriers in the conductor to ground gap due to the blowing away of the air in the
vicinity of the conductor. The fan seems to have been less effective as the conductor surface
gradient increased beyond 28 kV/cm. The reason could be that the charge carriers increased to such
an extent that the fan was unab-e to adequately disperse the generated space charge similar to the

case of AC above.
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Figure 4.46: Effect of space charge on corona current of a test line (H=37.5 cm): positive polarity and 3.5

cm@ stranded conductor

4.6.5 Visual corona

Visual corona for both DC polarities and AC show that the discharge was comparatively more
intense when the cage was not covered with the foil. Figures 4.47 to 4.49 below show a comparison
of corona visuals obtained at 220 kV when the cage was not covered and when it was covered with

the foil. These correspond with the current measurements as discussed above.
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(a) (b)

Figure 4.47: Positive polarity 220 kV (a) cage not covered with foil (b) cage covered with foil

(a) (b)

Figure 4.49: AC 220 kV (a) cage not covered with foil (b) cage covered with foil
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Chapter 5: Conclusions

The observed corona plumes showed that the positive polarity corona discharge is more intense than
the negative polarity corona, whilst the AC discharge appcared to have the characteristics of both

the positive and negative polarity coronas.

Corona audible noise (AN) and corona loss (CL.) measurements have been carried out. The AN
results demonstrated the relationship between AN and conductor surface gradient, the effect of
conductor surface conditions, system polarity, system voltage and conductor size on measured A-
weighted noise levels. The measurements also provided a basis for comparison of corresponding

conductor-plane test configuration and corona cage AN and CL. values.

AN increased as the conductor surface gradient was increased and also increased with the conductor
size for the same conductor surface gradient. AN levels under positive polarity DC were much
higher than the corresponding negative polarity values, but very similar to the AC noise for the
same conductor surface gradient. The positive polarity and the AC noise levels were by far more
annoying than the negative polarity levels. The results revealed a distinet difference between AN
generated by a smooth solid conductor and that gencrated by a stranded conductor. Stranded
conductors were comparatively noisicr. A comparison of cage and test line AN results showed no
significant differences between tae two, most possibly due to the similarities in their geometrics.
The results also suggest that the space charge effects on AN are more difficult to evaluate using

small corona cages and conductor-plane test arrangements.

There was very good agreement between the EPRI software and the corrected UKZN noise level
results, in terms of both the trends and the levels. These results tends to suggest that the software
could be used to predict noise levels in Southern Africa at least for low altitude regions since the

tests were carried out at sca level only.

The frequency spectrum results showed that transmission line AN is made of different frequencies

depending on the applied voltage. Under DC conditions the noise is broadband in nature whilst AC
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has the hum component superimposed on the broadband component. It was also shown that the

background noise influences the lower frequencies of the transmission line noise.

CL. results showed that it increases with conductor surface gradient, as well as with the conductor
size for a given conductor surfacz gradient. The CL for solid conductors is much less compared to
stranded conductors. Therefore, solid conductors cannot be used to predict CL. produced by
stranded conductors. Monopolar negative polarity CL is higher than the positive polarity loss.
Current measurements and pulses obtained from the spark gap also confirmed higher currents under
negative polarity voltages. The comparison between the test line results with the corona cage results

suggests that the CL depends more on the gap between the conductor and ground and the

availability of the charge carriers.

ffect of space charge on the corona loss was more apparent on test line measurements. Blowing
the fan in the dircction of the conductor directed the charge carriers away from the conductor-
ground gap and reduced the corona current. The cage measurements showed that the conduction of
some of the charge through the foil reduced the current flowing to ground. With AC cage results.
there were no signs of the effect of space charge on the measured current. The test line results
suggest that the effect of space charge depends on the geometry of the test system and the wind

conditions, and therefore, should not be generalised. Hence test cage CL. results cannot be compared

with software results.

The results obtained agree very well with the studics done clsewhere and provide an understanding

o
of transmission line corona discharge in the Southern Africa context. The objectives of comparing
AN results with the software simulations assessing the applicability of the software to local designs
have been met. CLas well as AN characteristics have been studied in detail.  Effects of space

charge on DC and AC corona current have also been demonstrated.

The obtained results could be apolied in the preliminary corona design of transmission lines in the
Southern Africa region, for the selection of operating conductor surface gradients and transmission

line parameters.
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Chapter 6: Recommendations

The measurements presented in this study were carried out at low altitudes only. Corona discharges
arc known to be greatly atfected by climate patterns as well as the altitude. A comparison of results
obtained at higher altitude and those at lower altitude will give a complete picture in terms of the
effects of altitude on corona generation and the measured quantities. Therefore it will be worthwhile

to extend the study to higher alfitude areas.

The effect of different geometries on corona discharges can only be verified by performing tests on
longer test lines or larger diamecter cages and comparing the results with those of the small cage.
Considering construction of a test line or a bigger corona cage will assist in validating this study

even f{urther.

Due to the dimensions of the cage, only single conductors were considered in this study. Practical
transmisston lines usually have bundled conductors arranged in different gecometries in order to
limit, amongst other factors, line losses. It is highly recommended that the applicability of the

obtained results to the design of bundled conductors be explored.

Space charge is a complex factor which depends on geometries and the prevailing wind conditions.
It would be interesting to make an effort to estimate the space charge conductor surface ficld during
measurements and compare the results with those expressed in terms of static conductor surface

gradient.

To obtain a comparison betwezn AC and DC corona loss (CL), an AC self balancing bridge circuit

can be designed and used to measure the low power factors associated with AC corona power loss.
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Appendices

Appendix A: Specifications of Main and Auxiliary Equipment

Portable DC source

AC input: 4/8 kW, 3-phase: 187-228 Vrms. 48-63 [z
DC output; =0-125 kV

Output current: 30 mA

Ripple: <0.1% of rated Urms up to 125 kV

AC test transformer

AC input

Voltage: 230 V, Single phase AC
Current: 32A

Frequency: 50 Hz

AC output

Rated output voltage: 2x100 kVrms

Rated output continuous: S kVA

Rated output short time: 7.5 kVA

['requency: 50 Hz

Short circuit impedance voltage: 5% approximately with respect to rated continuous kVA

and rated vollage
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Walton-Cockroft generator

No load rated output (positive polarity): 500 kV

No load rated output (negative polarity): -540 kV

Rated continuous current: 7.5 mA
Ripple voltage: <3% at rated current and voltage

Noise level meters

Rhode&Schwarz Sound level meter (ELT3)

Measuring range: 2510 120 dBA

Frequency range: 16 Hz to 16 kllz

Precision microphone: capacitor microphone. omnidirectional characteristic
Main direction of sound incidence: from front along longitudinal axis of set

Opcrating temperature range: -10 to +50°C

Bruel&Kjaer sound level meter (Type 2218)

Measuring range: 1910 134 dBA

Octave: 1410 134 dB

Frequency range: 10 Hz to 18 kHz

Microphone: 1" condenser microphone, omnidirectional at low frequencies, at high frequencies

the sensitivity varies with the angle of incidence.

Bruel&Kjaer octave filter set (I'ype 1613)

Centre frequencies (f,): 31.5 Hz, 63 Hz, 125 Hz, 250 Hz. 500 Hz, 1 kHz, 2 kHz, 4 kHz, 8 kHz, 16
ktz 31.5 kHz.
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Cut-off frequencies:  Minimury = f/\2

CoroCAM 1

Field of view:
Focus range:
Focal length:

Filters:

. I
Maximum = v2xf,

7° Horizontal 5° Vertical
0.5 m to infinity
110 mm

UV wide bandpass filters

Fluke Model 187

DC voltage:
AC voltage:

DC Current:

0-1000V
2.5mV — 1000 V (100 kHz bandwidth)
(-10 A continuous

20 A for 30 scconds

AC current, true rms: 25 uA —~ 10 A continuous

Resistance:
Conductance:
Capacitance:

Frequency:

20 A for 30 seconds

0 - 500 MQ

0 —500nS

0.001 nF — 50 mF

0.5 Hz — 1000 Ktz

Digital oscilloscope (DL1740)

Source voltage:

Appendix A

100-120 V AC /220 to 240 V AC (switches automatically)

Power supply frequency: 50/60 Hz
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Maximum power consumption: 200 VA
Input coupling: AC-1 MQ, DC-1 MQ, DC-50 €2, GND

Input impedance: CMQ +1.0%, 50 Q£1.0%

Voltage-axis sensitivity range:

e 50Qinput: 2mV — | V/div(in 1,2 or S mV increments)

e | MQinput: 2 mV ~ 10 V/div (in 1.2 or > mV increments)
Maximuim input voltage:

e 1 MQ input (at 1 kHz or less trequencies): 400 V (DC +AC peak) — 282 Vrms CA'l
1

e 50 Qinput: 5 Vrms max. and 10 Vpeak max
FFrequency characteristics:
(-3 dB roll-off point for sine-wave input with £4 div amplitude)

e 50Qinput: I V- 10 mV/divover 0 (DC) to 500 MHz, or 5 mV — 2 mV/div over 0
(DC) to 400 MHz

e | MQ (input defined as resistance up to the probe tip when 700988 probe is used):
10 V= 10 mV/div over 0 (DC) to 400 MHz or 5§ mV — 2 mV/div over 0 (DC) to
300 MHz

A/D conversion resolution: 8bits (241.SBsdiv)

Maximum sampling rate:

e real time sampling mode

o When interleave mode is on: | GS/s
o When interleave mode is off 500 MS/s
e Lquivalent-time sampling mode: 100 GGS/s
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Pedestal fan (FS25)

Speed:
Volume:
Noise

Power:

Power factor:

1400 rpm
2.95 m's
56 dBA
200 W

0.83
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Conductor Coromt Generated Audible Noise under HVYDC Voltages

M Lekoanvane'. N M Humba' and A C Briven?
HVDC Cenne. Unpiversity of KwaZulu-Natal

“Resources and Strategy,

Sotth Africa
Emuils qumban@ubzn.ac 2o

Abstract: Corona s the Tonisation of wir i the vicinity
ol conductors, energized at high AC und DC voltages.
This sives rise to acoustic waves and, hence the audible
notse. Iy considering the transmission line designs tor
pecific locations, the atmospherie impuct an corona
pneeption needs to be taken into account. The study was
conducted o understand the relationship between
corona audible noise and conduzior surface gradient

mider local climanie conditions. Measurements of the
atcible poise zenerated by conductor corona under
HV DO frelds were made. and the measured noise levels
compared with the predictions mude by the EPRTTLW-
oftware as well as pesulis obtaiyed from CRIEPE and
BPAL The predictions found i the EPRTTLW sottware
were sed tor most of the analvsis. Results obtamed

show that andible nase inereased with conductor
surface orudient. The noise levels were higher under
positive polanity and for larger stranded conductors,
St lar wends were observed in the viriation of audible
norse with conductor ~urface madient for both cage
mewsurements and the predictnons. The coge results
wewe closer to the EPRE predictions tor hoth polarities.,
The outcome of the stdy will contribute wwards the
improved design of noew THVDC Hines for the Southiera
African region.

I INTRODUCTION

Corona s a discharee phenonenon that occurs when
the wr strounding the ngh voltage tansmrsaion hne
comcfuctors operating at high sovface gradients s
wonsed, TUgencrates wappreciable audible noise. radio
notse. ozone wnd space chage o the case of DC s
and s also dependent on neteorelogicad conditions, tine
confizuraton and  conductor surface grdient As
resultt has become an important factor in transmission
hiw desagn. In the design of Eskom’s 763KV Ines in
South Africa. chaice of  cortain parameters was
intlue
conductor bundle wis chosen over o four-conductor
bundle to hnt the corona generated audible nojse (AN
[1].

Eurher ctudios have shown that corona ceneration s
related to the conductor surface cradients [ 2], 137, «ind it
s result of small elecurical discharges which accur
when the eleciric tield intensite on the conductor

ed by corona porforniance, tor example. o six

snrface exeeeds the electrcal breakdown strenvih of the

sugrounding air [4]. Conductor surface gradient i the
design  factor which  most anfluences  the corona
performance of  tansmission Imes |81 Forwr
standard pressure and temperature, the cnhcal coro
inception grachent i aie s SORM/em peak or 21KV
tor AC fiekls 1], The conductor surtace  gradent
depends on factors such us conductor geomeny,
transnissiog line phase and pole configurations as well
conductor height above ground

Generation of corona 1s not oply deternned by th
distribution of  gradient around  the surtface ot the
conductors, but also by the positons of the sowrces of
corona |3 These are nomially nicks, seratches wnd
debris deposited on the surface of the conductors
Weather condiions have also been found (o have a
sienificant influence on the surface of the conductors,
thus affecting the corona effects differently, dependimg
on the nature of the vieceme field In South Africa
atmospheric conditions vary from  the  fow  altit
cowntal areas to o the anhund high alotde ones
Comseguenty o considerty the tensnnssion e
destgns for specific locations, the aimosphens npact
On corona meeprion necds 1o be tiken mto aocount.

2 CORONA AUDIBLE NOISE,

2.1 Theoretical Background

During corana dischurges the rapid movement of
clectrons during jonnation results i the sudden transfer
of Kmetiv coergy o nentral i molecules through
collivions. This cnergy transfer i vgnivalent 1o
explosion taking place at the coropi site which gives
nee o the generation of acnustic waves [2]0 In essence

corona discharges are w sowree of acoustic pules. The
burst of acoustic pukes are generated near the peak of
the positve cveles for AC voltages. The alternating
voltage  resnfis in the pure tones at freguencies
correspodig o the even harmonics of e syatem
froquency. Toodhe case of DO saatams there v oo
generation of the pure tones due to the absenee ot any
moedulating influence of the voltaee

Basic Liws of acotstios ane used o anahose the
transmission  line AN on the bass of  certun
astumptions [2]0 Copsidering o single conductor ubove
srounst and solving cquaions from aeonstic theopy o
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Giown i the sound  pressure Poosensed by the
microphone van be deternnmed as follows:
AR R {
==l == (1)
' “)
Vo —d\

Equation 17 i applicable to g short tansnission

Jine, for an infinitely long Jine ¢ 1) reduces o (20,

T

[ = \:‘ L (2
VAR

Whire

Pooo=ound pressue level (P

N =propagition velocity of sound waves (m/s)

=air density (kg/m™)
A =generated acoushic power density (W/mn
R =distance between the noise sourve 1o the point

of observation tm:

The exact vadue for the propagation veloaty of
sotnd waves 1xoobtumed trom (0 [6) however. this
value 1 taken as 23 ImAm most caleulutions meluding
those in |-,

! &

I
53
|

Where.

A= temperature in degrees

Accordig to [2] the wir density at sea level vanes

with ambient temperature and hie values of abowt

22keAmT in summer and  L28kefmT i winter
However, a value of 1.29kg/ is proposed elsewhere as
the o densine (4.

With the soumd proessure P ind the gencrated
aeoustic pover lensity A expressed an dBA At a
reference of 200Pa and IpWm respectivelva Dand (2
hecome,

. ; i | s
PodbA T = Aidls 10 oe R - T0Toge tan =5 N2

tShort line) ¢h
PrdBAT = Wdbi=10loe R -5 850

(Long Hner (5
The wbove equations are apphoable o AN generated
from HVAC and HVDC ansmission lines.

2.2 Vield Eftects

AN preathy atfected by the conductor surtace
sradient [7]0 [S] compared to oy other factors. The
poameters of the Jine often have insigniticant mfluence
on ANC For oexample, in the design consuderations
discussed i (9] i s also mentioocd it variations in

conductor height wil

HE onlv oresadt in o smd] variations
with - AN generated,  The  AC Tabogrory results
entione

[1O] indicated that @ the surtace gradient

U TU e audible noise increase:l until it reached

saturation devels waed the Jffowence o nolse levels
Between conductor arangements decreased wath

Appendix B

increasing  conductor  swtace  gradient. Priavncal
operating conductor surfuce gradicnts seeny o be in the
range of 1SAViem 1o 30kVient For this reasen, the BIA
prediction formulae as presented by Chartier wil
Stearns 7] are valdid for gradients hetween 12 and
2AkVimsem for AC and between 17 and 29kViem DA
Furthermore, the equations which are incorporated in
the EPRE< “ACDCLIN software  are valid - tor
cradients between 13 and 30kVem DC {41,

Earlv consideration of the audible notse, jons, and
racdin noise in the design of the ine can minimize the
elfect of all corona-refated etfects [11] thereafter. To
determine the behaviour of corong AN long term and
short ternr AN peastirenivnts can be done on either test
lines or test cazes. Long ternt measurements ae more

e linble as they are caried out for longer periods and
retlect the influence of differcnt weather conditons on
the  muewwements,  Measurenents  techmques and
instruments muy affect the noise fevels measured. Tris
abso worth mentioming that measured AN depends on
the distance hetween conductor and  the microphone
tsed 1o me s are the noise levels 3],

2.3 Other Effects

Due to the nature of the positnve corona discharges.
corona generated pulses on positive polarity conductor
have higher magnitude and longer decay times resulting
in more audible noise for the positive polarity [4]. The
clectric field in the vicmy of koge diameter conductors
tends to support fonger streamers than the electric field
aronnd small conductoars comesponding o higher poise
berng produced from Lrzer conductors, This wins s
mentioned 1 and agrees very well with the wesulis
presented i [121 T3],

Chmutic conditions affect corona eftects differently
depending on the system voltuge, HVDC vorona AN e
highey under fan weather condiions. during - wet
woeather canditions [4] The fonization = much higher

weding i osutticiently high space charse 10 suppress
the surtace pradient. I physical terms the increased
corony activity during foud weather suppresses the
positive polanty plumes which we the primarny souree o

the AN L

3 ENXPERIMENTAL PROCEDURI,

DC andible nome meastie e nts were curried out m
aosmadlindoor corona cage using a single conductor,
cither solid or stranded. Three  ditferent conductor
drameters were considered, The cage was 2mon length
woith o divmeter of 1odmy The voltage source was o
SOORVL twosstage Walton Cockroft DO generator, for
both polanties. Audible noise measurements were taken
at adistance of GRsm from the comfuctor using a
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Rahie & Schwarz sound level nweter. The fnequency
specti far the different conductor surface gradients
wee also measived using o Brodt& Kiaer filter set Type
221 which was attached to the noise level mewr. The
sound fevel meters were placed in a measurements cage,
adjucent 1o the corona cage, and positioned at the same
heieht as the condoctors being tested  (Figue 1),
Lncepnion fevels and corons acnivity were observed with
the vse of 0 CoroCAM T eamera,

The  stic conductor suitace wradients were
cilenlated from the supply veltuge, conductor and the
ragdit. The results obtained from the cage were

mrected for height and lenzth to by able to compue
then watly the predicuions trom the EPRITLW software,
The EPRL CRIEPL and BPA predichons found in the
EPRITLW software were used for most of the anadysis

Fig. 1 Coroia cage and measuements cage

Fieo 20 schemitic diagram show g the position of the

porse level meter

conductor contiguraton an o typical DC
rsmission fine was assumed  for the purpose of
comparison. The opposite polarity pole was placed
I30m asasy pom the energized pole to minmmize the
field interaction between the two poles. The assumed
puritieters o the fae and the contiguration fo
evaluition of the correction faciors are shown in Table |
re i This configuriton was tsed throughout

the simubunons, which were tun for differem voltage

Appendix B

Jevels. The conductor surface gradients plotted aganit
the noise fevets

The radial distince between the microphone and the
conductor for the wssumed contiguration and for the
cage confipundion are quite ditferent. To brng the two
contigurations (o comparable level, comection factar
for height and conductor fenghth were applicd o 1
cuge results. The intensity of noise changes wath the
proxamity 1o the source producing i With transmission
fines, the nowe fevel chisnges by approximitely 3dB for
every doubling of the distance from the fine [140]15]
This implies that the sound pressure Jevel, Pas inversels
proportional o wdl where d o the mdial distance
between the tansmission fine and the sucrophone. The
correction factor for the height was obtamed from 6o,

A = [0 fog Le
R 1)

where 1o the distunce o the noise meter from the
conductor in the cage and Ros the radial distance to the
meter from the  line conductor i the  assunied
configiration. Based on Figure 3. the heght correction
tactor for the measured levels s, therefore, -14. 76G0R
Ta correction factor for the fength was coleulated on the
basis of (70, as proposed in |2].
- ! Y
AP = 10log : tan ' ik :

=
2 =
L

Where [ os the length of the cage and rois the radial
distance hetween the conductor and microphone. Bused

o the cage vonhiguration, the fengthy corction fucto
is. therefore, 0.7 LB, The caze and simulations results
wens compared through curve finimg.

Fable 10 Line parameters nsed for the EPRI TLW Gty

simktions.

Daraneta Valtie

ITPRIRTEN i

comdudton 26 m
| b
[ fr L
Mucropt heghr [RLT
Instance between the line Lo

and e rephaone
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Tratenizaen fine

A?\

Mocrophons

Cround

Fie 30 Line confignrmiion used for o cvaluation of

swrev i factors

4 RESULT

AND DISCUSSION

Vista) coroma obsorvations asing the CoraC AMIY
caneri. confirmed the rundamental difterences between
posive and negative corona eeption ocetrred at a
lower voltage under negative polaniy. Under positive
podanny the coronn was characterised by borst pulses

Lstreamiers, whereas under negative polarity, it
was triche] pulses and glow corana (Frgs Jtas and b,

Lt Positive

o Noeane

Fig <0 Visual corona at 220KV for a 3.5emé) condug o
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The results of the nome feve] measurements ae shown
m Figares o3y o (75 The Jarger conductors: produced
more poise for the same conductor surface gradwnt
(Digare 5)0 Thas is sinnlar tocarlior reported Tindings
FE20, 1130 and [1). The noise fevels onder positive
polarity ane ahout 150B higher compured 1o negative
potarity for the s conductor surtace wradient ckigur
tn, This i line woth the observed natore of posiive
coromil, and agrees with the results of studies carped o
by EPRI [4]. This i the reason why negative polaiy
AN s ignored i the analysts of transmission hne nonse,
The effect of vonductor surface condition on AN 1.
shown in Figure 71 For the 2.5 oy diameter condactor,
the noise generated by the stranded conductor wis aban
10-30dB hgher than that of the salid conductor, This is
doe o ncreased corom from additional sites of

mtensificd clectne held site~ on the conductor surtuce
The meeption gradients are 18kV/em and 32kViem for
the stranded and sobd conductors respectively, Simlar
chracteristios were observed under negative polariny
woth regard to the eftects of conductor <ize and surfaee
condiiton.

W s

Uaadirar Surface

Fig. 30 Effeat of comducin size on AN Tor positive
polarity .

sducrs Sanfa e Coadene 1AV il

Fig o Effect of palanty o AN
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Candustor Surtsce Graduwnt 8V iem

Fig. 7 Etlect of conductor sirface condition on AN

Comparison of  the corona vage resulls and - the

prodhetions fromy the EPRITLW software show that for

the posiive pokoity. the cage resulls were in good
dreenment with the EPRD predictions. The  negative
polarty noise levels were also i good agreement with
the EPRI predictions though slightly lower (Figures ¥
and U1 Furthermore. the trends of both the cage and
predictions are guite =amilar, as indicated by the curve

Nting parameters (Figure 100,

pornr & e lerd RN

cage and prediciion results
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Fig. v: Comparison ol corona cage and prediciion pesulis
tor 3.5 om diameter stranded conducior (Negative polariiy )

Fig. 10 Comparison of the trends for the cage pesuls
EPRT predictions for positive polaniy.
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Fig. 11 Positive polarmty AN frequeney spectrum b 2 A
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St =y st f bz Joe g on HVDC nansnussion hines. "HVYDC Tronsm n Lme
| ', R renve Bok, EPR] TR-102764, Seprember 1995
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C 1 ' 1k A I & A 150 il I Lhwe o
Fisatetics 1HY ELSEVIER Apply 1
! |21 Neg ¢ polarity AN frey vospeetrim fur 28 e L
5
R THTH rsl ol 1ot [
I i
The posiove pobgity frogqueney speatium s Ly Is

constant m the range of O.5KkHe o sKHz, This ds agrees
with the pesulis abwined from the Dalles DC test line

UL GI3 Johnson. B V. Larsen, D3 Lod

Under negutve: polanty the pose: level iy mon Lasseter amd DI Hasimann. “Externa wical and wtible
freguency dependent. The specttn is also mage eftects "HVIC Handbook, 1t Ed . EPRITR- L4 1605 |2
diected by the huckground noise livel for trequencies VL Charer and )W Bankoske, "Waltz Mil] 11008 !
below 005 KHz (Figures 1) and 120 ‘,” i , D s

13 LUHYDC monopoku and bl
=3 . ~ 2 wee ol conductor bl
> CON ]~‘ STON <oon Power Apparaius and Sustens Vol PAS-

US4 pp 84-01
14] A € Bogen. V L Chamier. L F il “Audible Nosse
: EPRI At 0 sumn | s Beok = 200RN sl
Ie ths paper the otiects of vanons factors o \hon o, Third Bd ep S
conductor AN huve been demonstrated, Tt has been SV L Chaet t tor ¢ aleutan Huh
shown that coropa AN 3x deperdent on conductor Viehige: Trdr Cbpna Phenn A papar presente)
at - the Semwar - of  Boonpevafle Power

surface gradient. For both polanties the noise levels are
Bigher from Jarger stimded conductors. However: the
noise Jevels are hizher for positive polarity. The gond
agreement hetween the EPRI predictions and the corona

Adminst

o Provessponad

cage restils tend to sugeest that the predictions can be
applicd in hne design under Jow alitude conditions
This, however, necds o be vertfred by forther waork

wmcludimg est e meeastenents.
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Appendix B-2

A comparative study of space charge etfects on corona
current using an indoor corona cage and a monopolar tesl
line

\batrint

P cllect of space charee sas investioaied throned corom carent meastrenents, The tests vere caried oul e an mdoor
corona caee with and wthout almminnmm ol covers and o momepolan fest me with o fivehapeed Tan o simiiine s e
the ellect o wmd on e svee chiaree, The sesadls obGinad densopstrated g the corona carrent in the caze and the st dine i
niore dependent on conductor voltage and resistanee of the e gap., T b sdso heen shiown that the Blowing ab the wind onies
e conductor amd e seeseed drmning away o) cirge carmiers Jrom the corana cage sap had the chiect of reducmg corona

[GUBINIE

L INTRODI CTION

Comhrctes corona as becene a venv amporiant desten faetor for both FIVAC and HY DO poweer transmissten dines. [ has been
extablsheds throush sfidees s et conductor surtace: eradient s one ol the desien factors which mostantiences the cor
perlormanee o snsmesion fnes H The conductor surface wridient isodependent onine paratielers suchoas conductog
ceomeiny. phitse o pole dispositian, as well as the conducror herpht above ground |21,

fcreased corong ety iy senerates high levels of audible notse radie nobae wnd corona oss wiich can be both rechncatly aud
environmentdiy upappreciable D fuctor that distnginshe s doe Tields Trom hose of e s e space charees Tor e Tines, space
chiaree generated i comzed o asall volime pamedidely surrotndmye the conductors amd, theretore, Bis neghigible etlect on
the onvepal b edd distrbetion |30 Howaever coronw under doe helds resilis i accimufotion of posine and nesabive ons i the
vivinity of the condictor dependine or e pedarte v apositiv e conductor in corom aol s i seuree ol positive foes and v
covsi L3 These fons give rise toocorena cuwrent and e also respansible for eleciric induction ellects prodiced on obyedts
Tocated o the vieonaty al ihe fimes 1 distibation ol space Charge is very mneh altected byosand, Work cirned out at the
ENVTROC peported i [6] ~Boseed thar o HVDC T i coroma van ieroase Hie space charoe density dosons i and thal the sl
i tons e the predomiant charge carriers ywear te HYDO e whereas sorosols become more predoninan s the distance
I O A T T N T TS RN

Hspace chirge s produced i arge quantines i can suppress the corona discharee, The achiv iy restmes swter e space e
poremoved romn the vicnnty ol the conductor or corona source, throtugh deetie amd recombination 71 A st obsers e
s made by Siemond and Galdig tae e space chiarge s monopalar coronis alw avsAends o oreduee e fonesanon feoen

sl IS Hossever abmueh Ingher o toges, the eloctin hiedd becomes stronger tosudhy an extent it (e space charee is bl
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to reduce the Teld suffoentdy and pro-breakdown steamers appear |4
Fri oder teabiaion tooged conducton surlaee oradenits [or coma misirenenis in i boritery staalion where spice consiieits

PE U EOT Tole, o corona caee or shorC st e can b tsed toreplicde actinad transmission e conditiops, The impact o)

concrated spave charge depends on (1o sastem condigraton aind varies for dnferert corona caees test Tines and potiri

sraneenient s, Getnees s iy s ceried eul tdeternmne the elredts of spitee charee on different configtrations. The B

atmof this sody s teondestand e eect of copona spaes chiwpee and s potentiad impact o VDO tansmission i

n

perlorminee. trongh measirements m s corona cage and test hie.

T CESTREOUEPAIENT AND PROECTDURI

e teste were carried ontm animdoer corena e inthe High Voltge Direct Carrent (HVDC Laborators at the University o]

bonaZirr-Naial CORZN L s hich v sissted ot sea fevel The ovtindrical coge wath s diameter of 10nand o length of 2moas

dresir e T e e oter sectons of e cage are 008m feneth each, nd soe conpected divectis o sponnd, The centrd
partis e longe asd was grounded Qe ugh o e ofyps sesistor i senes wilhadizitd mrcrosnmetey: The micro-ammetes was

posttioned o aospecrdty made measarements cage which s placed adqacent v the corong cages Phe cone woas Lter adipted

intoa sbort idoor test fine. A SOORS o stge Walton Cockroft HVDC generator sohose autput is connected ta g 120002

et divider s used o supply the reguired s e tag
stthough diterent stranded and solid alummiiny copdactors of diterent dammeters soere testeds onhv the restits ol the S om
dimmeter conducter will e presented die foots comparabiveny practical surtace oncdientss The apphicd solinge was vanied n
P enmmerements aller cotomi tve pivm and corong curent mesistre e nbs taken ot each inerement, Phe staoe electvic held

wors calenhated frome o brat cach applicd voire.

T corona cirent medsaremenls were done e positse and nesative podanty T and for NC voltaoes, A vorom e

CoreC AN

cared e ehserve the corena actnoy under ditferent v oitiee conditions at whigily Chiosen conductor susace
aradients Foeewess the effect of the space chure o the meosised corona carrent and observed coronaactiv iy, the corona @ ae
s vovered oo the onrsade s o couninm fodl Por analysiss the meastired corona curent v expreased inevine ol 1he
G length and ploetted apaist the conducior sarface sradient

The corona vage Was Jater comverted it actest Tine by remeving the evtindrical mesh arotnd the conductor, The eftect o

)

conducter Tenath increased fronr 2o o aboul 2.67m0 Corona current meisienienls were done for a3 5o siimided copdiieton

under positive pelarity enlys A copoer plie o wsed o laeilitate corent measurements b grend devel The supporiing
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coiselate it o the metadiie plate oo e floor, The tackness of the copper plite wa

S it e woaden blocks

straclre s
i

|
Cenn s et and sodth were 2050 and Socmn respectin e T s connedted o eround throush e S608 neastng rest
weotest line iy shewno e 2 Carend

The schemane dineram ol 1

-

wiath the Fluhe 187 Hero-mnieter,

hoseTies diettal
meastieents were done with e condietor at o heioht of ZOom and 373 with tespedt to tie copper plate erotd e The
condnetor strlace pradicn O as caleudated wsing O Heean be poted that for the herpht ol 37 5en te term JH equals the rdin
ol the coromen cace )= Taenn s resud chand 20 were equivadent for this particular contiguration und for the beight ol
Tovm the g gape o e cage and the e were almost e sames The resudts oblsined Srom e tesCline were conipared with
e ol the coee Meastrenents af e eiehit of 37 5o were repeated widh o hich power L direcied at the conductor in arder

o stmakiate and assess the elfect o wind o the generated spave charee.

P

L RESELIS AND DINCLSSTON

Yt observations using the CoroCAN T showed that the coron discharges were fess miense when the cage wis covered with
ford, Tor Both DO polarities snd Toy AC photos will be prosented in the proposed papers Under both positive and necatis e
pedaritios, e meastred coroti crent was Toser i the case w e the aee was covered with soil Chigs 3 dan and thie T e b
noted that the ehsepved diflerence swas neelizihle a fiekds hicher than 33NV emy Fhis seens o beon agreement with the

aibe al the hioher Held dovelds Toothe vase of AC, e micasured

cheepyabion moede i (90 thar e edledt o) spave charee s peg

crrrent soas practivally the sanie with aed wothout the toil (hies S eca This contirms obsercations in carher stadies aboni the
absenee ol spage vharge effect wnder AC voltaees due o the caneedlanon eHfect of the polariy reversals

B the cases ol dhe rest e meisatrenients, the curreal sas fess whern the an was blow g the ai osay trem the conducior, g

cmpartson of the crae and test Tine ctrrent easureaients e e showes that when the conductor feight s almuost ihe

SN
st s the corena cage vap. e correntasas shighiy higher for the e Tnthe vase swhiens the conductor hejshi was oy e
produce the same georeetie e bl as i the caee, the measured current s hicher Tor the e

i)

Fhe observatiens made an e medsurements <ecnt 1o sitgest ontanber o possibilines st recand to the ehicet of space cha

i e vopem cage and e tese fines By the case of the test e, the Joseer current cotdd Deodue the Tact that there ane foaes

of the air from the vicumty o e conductor, T the case o the caee. the reduced curen:

RALEERY

charee cirriens due o the Dlowing

ot enther be die G sedieed charge carriers i the cap o sappressed feld by the spaee chiroes The second possibidity mphes

tha the gap correry s Dehd dependent Howeser the abverved cage and test Line meastremon(s fend sosieoest ofdesngse. o

cranple. o e e i e ceommetiie Beld s e sgne tor the cage and the teat hine, the cirrent was fiehier lor the hin
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bl e o sandler cap, This ends to sugoest that the corong orent s Jependent more on saltiage and resistance of the gap
Theretore. s pessible that the forl catse Taster conduction o the clarge away from the gap, s deading to Jower carrent ad
reduced corom sehiviny as observed. Tasther work needs o be done i s area o fest oat e dilteremt possibilees Lo

cramiple covering the cage woith an isidating foll as well as observing the time chiscternstios of the gap civremt bighd up

IV, CONCLISION

T thiss stndy anattempt has been made o demanstrate the eltect o) space charge on corona curment o a voroga cage and e
Hnes L b been shown i the Blowing of the wod onoatest boe conductor and e secasted draining avay of charce cantierns
frean the corona cage cap have fhe ellevt of reducing corena cusrent. It s adso been demanstrated tha the corona activiny
the cage and thetest Tine s dependent more on the condactor voltage i the resistance of the air gap. Further work needs o be

o o derstid the efects of space charge i acoraria cage,

fe=——x) ) EII Fe—

il

e

Pres 1 Indoor Coroni vase

o

TR

1 Ly oy

e RS charee eHRCEon Caue SR Ieasirements. i Positive pokuity. (b Newitive polardy, e AC
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Appendix B-3

EVYALTATION OF PREDICTION METHODS FOR HY DC CORONA
CENERATED AUDIBLE NOISE USING AN INDOOR CORONA
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Appendix B

Corona Audible Noise Measurements 1 a Small
Indoor Corona Cage under HVDC Voltages

Abstvacr—~Corona audible noize measurements were carvied
cut in a small indoor corona cage under DC field: and dry
condition; The aim of the expernments was to dete'mine possible
audible noise level: under lecal climaric conditions. The variation
bhenveen the corona audible neizeé and the ctatic conductor
curface gradient was investigated for stranded aluminium
conductors. The results obtained were compared vith the EPRIL
CRIEPI and BPA predictions generated from the EPRI ACDC
Line <ofrwave The results demoenstrated good agreement with
the predictions in terms of trends,

Liden Terms— Audible noite: conductor suriace gradient:
corona cage: HVDC ! space charge
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II. TEST EQUIRMENT

TLe tesis were carzied cut in the corcns cage of the High
Veoltage Dizecr Cwrrent (VD) laberatory at the Universiry
of KwaZulu-Natal (URZN). whicly 12 »iruated ar sea level A
SOOEV. twe stage Walton Cockro®t HVDC zenerarer was used
o supply e requured voliages.

The corana cage used for the fests is shown i Frg 1 Ir fo
cylindezeal with a diameter of 1 50m and a lenzth of Jm

Tlae
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nwo outer sections of the cage are 0.5m in leagth each. and are
connected directly to ground. The central part 1s 1m long,
grounded through a 560 ohms resistor in series with a micro-
ammeter To assess the effect of the space charge on the
measured noise and coroma cwrrent. the corona cage was
covered on the cutside. with an aluminium foil and is shown
in Fig. 2. A Seny Corocam™ was used to verify the corona
incepiien levels.

Fig 1. ladoor corona cage.

Fiz.

s

Czze coverad with the foul for space charge effert assesyment.

Ounly single aluminmm stranded conductors were used for
the tests. Two corena rings. each with a diameter of 30cm.
were fitted at both ends of the test conductor to elimunate
corona actary at the end-firtings. Fig. 3 shows a close-up
view of the corona rings.

The sound mrensity (A-weighted) and the corona loss
cumrents were measured by a Rohde & Schwarz sound level
nieter (ELT3) and a digital micro-ammieter respectively. Both
the mshuments were placed 1Im a measurements cage
positioned adjacent to the corcna cage (Fig 4).

Appendix B
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Fig. 3 Corora rings furad at the end of the test conducror.

Fig. 4 Measwing imstruments m the measurements cage.

II0. TesTs PROCEDURE

Stranded conductors of 1.6cm. 285ecm and 3.5cm
diameters were tested under both negative and positive
polarity dc voltages. The results for 2.85cm and 3.5em
stranded conductors are presented 1n this paper. For each
conductor, the siatic electric field was calculated from (1) at
each applied voltage.

7
E=I

KViem (1)

rln—

»y

The cumrent and the sound pressure level measurements
were taken from the measurements cage at 0.88m from the
centre of the conductor and at the same level. The corona
current and the sound pressure level values were ploned
against the calculated fields te obtain the trends.

The EPRI TL Workstation software was used to predict
sound pressure levels for EPRI. BPA and CRIEPI empinical
methods. The data shown in Table I was used as the input for
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sofrware. The voltage was vaned to obtam a range of
conductor surface gradients whale all the other line parameters
were fixed. Both the negative and the positive peles were
considered i the umulaticns. In each case the opposite
polanty pole was placed further from the pole under
consideration,  to effecnivelv  simulate a  monopolar
configwration. The 3. 5cm stranded conductor results obtained
at the UKZN were then compared with the EPRI TLW results.
For comparison. the noise level results were corrected for the
leagth and height of the ccnductor. The respective correction
factors were calculated using the following expressions:

AP, =1010g% (2)

WWhere r 13 the distance to the noise meter from the
conductor 1n the cage and R 15 the radial distance to the meter
from the line conductor.

{ o ! '; 3 )

AP =10104 itzu:x"!| — | I (3
L 2 2 )

Where 115 the length of the cage [6].

Cugve fitting was performied for the purpose of comparing
the wends in the measured and predicted values

TABLEI
VALUES CF THE LIVE PARAMETERS USED FOR THE EPRI TLW SCFTWARE

Laramerer Value
= of coaducrens 1
Diamertsr 3 5cm
Heizhbr of (e conducror 26.5m
sag 16m
Alnmde Om
Mizropbexe keizke 1.6m
Distance berwean the lme and | 10m
micrepkooe

Temperature, pressure. hunudity and the background sound
pressure level were recorded for each set of measurements and
the relat:ve air density I calculated. In order to demonstrate
the effect of the space charge. the corona cage was covered
with alununnun foil and the corona current measured for the
3.5cm diameter conductor for both positive and negative
polanty. The corccam was used to observe corona inception.
The calculated corona inception field was then used to

estimate the conductor swface roughness using Peek’s
fermulae (4) and (5).
o) 0244,
E._ =33 .fmdi I+— }xl- lem
ro | .
Y (3
y .~
3014,,.
E,_ =30md| 1+ = ’H‘ fem
; VTS (3
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IV. RESULTS AND DISCUSSION

The results of the measured sound pressure levels are
shown in Fig. 5. The background noise was in the region of
35-38dBA. It can be seen that the larger diameter conductor
generates high audible noise than the smaller conductor for
the same field. In terms of polanty. the positive polanty
resulted 1n more noise for both conductors. Thus may be as a
result of the intense discharge activity around the positive
conductor due to the presence of electrons in the high field
region [1]. The observed effect is in agreement with earlier
reports that the main source of the audible noise 15 the positive
pole [5] and [9]. As the noise level increases with the
conductor surface gradient. for fields beyond 45kV/cm there
seems to be some saturation in the noise levels.

Fig. 6 shows the corona currents measured under bath positive
and negative polarities. In both cases the larger diameter
conductor generated more corcna current for a given surface
gradient as with the audible noise. Analyzing the negative and
the positive pelasnity currents, inception is delaved for positive
as opposed to negative.

.
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t
|
£
1%
2

oy

14
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e s |
Fig 5. Varianon of the sound pressiye levels witk the conductor surface

gradients for botk posinve and negatve polaricy

+ trae Vol rpdwi it
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Fig. 6 Measured corors curyents for both posinve and ceganva polany

The obszerved differences in the currents and mtensitv of

A study of HVDC transmission line audible noise and corona loss in an indoor corona cage



corona discharge under negative and positive pelanty can be
atributed to space charge effects. The reduced currents levels
under positive polarity are due to the suppression effect of the

space charge.

In Fig. 7 and Fig. 8. a comparison 15 made of the
experimental results and simulations obtained with the EPRI
TLW seftware for positive and negative polarity respectively.
There appears to be good agreement betveen the experimental
results and the predictions. The curve fitung equations show
that the predicted curves and the experimental results are of a
logantbmic trend. R’ shows how close the fitted graph 15 to
the actual graph. Its value lies between 0 and 1. wath 0 being
the worst fit and 1 bewng the perfect fit. The experimental
results are igher but closer to the EPRI prediction curve
compared to the BPA and the CRIEPI curves.
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differences with the measured corona cumrent. Under positive
polarity. (Fig 9) the currents were slightly lower at low fields
when the cage was uncovered. As the surface gradient
increased the two graphs tend to merge. This could be that the
space charge under positive polanty is so high that covering
the cage with foil does not have a noticeable impact. The
corona discharge pictures shown Fig. 10-11. captured at
200kV comresponding to a field of 30.4kV/em. show that the
coropa activity was mcre intense when the cage was not

covered.

» B
Comune Sarfoa Gealien kY om

Fig. O Space ckarge assessment under positve polanty.

Fig. 10. Corona acnvaty ebserved under posinve pelarity when the cage was
covered with foil
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Fig. 8 Companscz of the UKIN audible noise results witk the sofrware

sumulazons for ceganve polanny.

Whea the cage was covered with foul. there was no change
with the measure ncise levels. However, there were slight

[ ' -
Fig. 11 Corona acnwity observed under potiave polariny when the cage was

oot covered with the foal.
The use of the foil seemed to be successfully trapping the
space charge under negative polarity for swiface gradients of
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up to 35kV em beyond wiuch the two graphs merge. This is
shown in Fig. 12. With the cage covered. the cuments were
shightly lower compared to the case where it was not covered.
Companng Fig. 9 and Fig. 12. the corona curreat 15 generally

Iugh for negative polarity.

]

(EL ¥ 4
o /
1

-! ™

]

T

]
o~

im

3

i 1 " i n o n ) i
{ambases Sl omient kit an

Fig. 11 Space charge assassmexnt under zegatve pelariry.

The iaception voltages observed with a Corocam™ and the
comresponding surface gradients for both the conductors,
under positive and neganve polarity are shovwn 1a Table II. As
it was seen from the current graphs above. the inception field
15 lower for positive polarity. The calculated surface
roughness factors (m) show that the two conductors were of a
roughness of abeut 0.6, which 1s low.

TABLEII
CALCULATED VALUES OF THE CONTUCTOR SURFACE ROUGHNESS

Foiarny d iom Uiy K, (kViomy o n

Fos 35 150 b 086 0.56

Pos 285 125 2.1 0.97 0.57
33 15 1900 0.85 0.54
185 213 0.8% 0.5¢

V. CONCLUSION

Throughout the study. the corona audible noise and corona
current increased with conductor surface gradient under both
positive and negauve polanty. Under positive polarity. the
corona discharge acuvity was more intense but measured
currents low. The effect of the space charge appeared to be
more effective in suppressing the field under negative
polanty. The results obtamed also show that for the audible
noise, there was good agreement between the corona cage
measurements and the predictions based on the test hine data
especially the EPRI ones. The higher noise levels obtamned
can be amnbuted to the conductor roughness aand
comparatively high field levels 1a the cage.
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The Effect of Conductor Surface Gradient on Corona Generated
Audible Noise Under HVDC
M J Lekganyane. N M Ijumba and A C Britten*

HVDC Centre

University of KwaZulu-Natal
*Eskom (Resources and Strategy)

Email: lekganyvanem@n

.ac.za

Abstract. The relationship between corona audible noise generated by
HVDC conductor surface gradients, was investigated under local chimatic
conditions at sea level. The measurements were done under dry conditions
in a small cylindrnical corona cage. The sound pressure levels were measured
as a function of the calculated conductor surface gradient. Both solid and
stranded conductors were considered. The results obtained are compared
with the BPA, CRIEPI and EPRI predictions, which were denived from test
line data. The experimental results have demonstrated good agreement with

the predictions.

Key Words: Corona audible noise. conductor surface gradient. corona cage.

HVDC

I. INTRODUCTION

Corona 1s the partial breakdown or
1onisation of the air in vicinity of the
conductors and fitungs energized at high
AC and DC voltages. It occurs in non-
umform  electnc  fields.  Practical
transmission line configurations always
constitute non-umiform fields and are,
therefore, prone to coroma. The
processes that characterise corona
activity  are  electron  collisions.
artachment, detachment and
recombination [1].

Earlier studies have shown that corona
activity 1s related directly to the high
levels of conductor surface gradients [2].
Corona audible noise (AN) results from
acoustic  pulses generated  during
electron collisions and other ionization
processes occurring on the surface of the
conductors or at the end fittings. It has a
very high annovance factor duning dry
conditions under DC voltages. and has
become a very important design factor
for system voltages of 400kV and above.
partcularly at altitudes exceeding
1000m [1]. For example. in South
Africa. the 765kV  AC lmmes are

considered equivalent to 1000kV lines
from the corona point of view [3].

Conductor corona tests for practical
transnussion line fields at low voltages,
are mainly carried out in a corona cage.
Details of the laboratorv model of a
corona cage are shown 1n Figure 1.

Corona produces space charge which. in
AC systems. 1s swept away each time
the polarity reverses. However. in DC
systems. 1t keeps on moving to ground
or opposite polarity pole [2]. The space
charge 1s known to distort the main gap
field as well as reduce conductor surface
gradient [4].

Apart from the conductor surface
gradients, corona also depends on
weather conditions. such as.
temperature. pressure. humidity. snow,
rain. fog, dust and movement of the air

[5].

There has not been many reported
corona problems with regards to the
currently operating DC lnes. However.
with much higher transmission voltages
now being considered, extra care needs
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to be taken. in the design stage, when
selecting line parameters.

Extensive corona AN tests have been
carried out in other regions. and from
these. empirical equations for predicting
audible noise have been developed.
Most of the tests were done on outdoor
test lines. Details of the different
methods of predicting AN are described
m [2]. [4] and [3]. The results based on
cage measurements done at CRIEPI are
discussed 1 [6].

The basic aim of this study 15 to:

o Measure the audible noise and
corona losses generated by
conductor corona under HVDC.

e Compare the measured noise
levels with the predictions made
by the EPRI TLW-software.

e  Agsess the suitability of the EPRI
prediction methods in the design
of transmission lines under the
Sonth  African  ammospheric
conditions.

2. TEST FACILITIES

The tests were carried out in the corona
cage of the High Voltage Direct Current
laboratory at the University of
KwaZulu-Natal (UKZN). which 1s
situated at sea level. A 500kV. two stage
Walton Cockroft HVDC generator was
used to supply the required voltage.

The test set-up 1s as shown in Figure 1.
The cage 1s cylindrical with a diameter
of 1.50m. It has two grounded outer
sections of 0.5m length on each side of
the central part which 15 1.5m long. The
central part 1s grounded through a 560
ohms resistor in series with a mucro-
amunerter. The total length of the cage is
2m.

Two corona rings were fitted at each end
of the test conductor to ensure that only
the mnoise from the conductor was
measured. Each ring has a diameter of
50cm. Figure 2 shows a close-up view of

Appendix B

the corona rings. Only single conductors
were used for the tests. and they were
either smooth solid alummium or

stranded.

Figure 1: The test set-up

Corona nong
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Figure 2: Corona rings fitted at the end
of the test conductor

To assess the effect of the space charge
on the measured noise and corona
current, the corona cage was covered
with an alununium foil as shown in
Figure 3. For this study. only the 3. 3cm
smooth solid conductor was considered.
Sinular tests for a stranded conductor
will be camied out and the results
reported in the subsequent publications.
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Figure 3: The cage covered with foil for
space charge assessment.

The sound mtensity (A-weighred) and
the corona loss currents were measured
by a Rohde & Schwarz sound level
meter (ELT3) and a digital micro-
ammeter respectively. Both the
mstruments were placed m  a
measurements cage placed adjacent to
the corona cage (Figure 4).

Figure 4: The measuring instruments in
the measurements cage.

3. EXPERIMENTAL PROCEDURE

Smooth salid conductors of 1.6cm.
2.8cm and 3. 5cm diameters as well as
stranded conductors of diameters 1.4cm
and 2 8cm were considered for the tests.

Appendix B

Both positive and negative polanty DC
voltages were used. For each conductor,
the static electric field was calculated at
each applied voltage using the equation:

4

Em R kV /em (1)
rin—
-
Using Peek’s formula (2) and (3) for
positive and negative conductor corona
respectively. the corona inception fields
for the conductors were estimated as
indicated in Table 1. The inception
gradient was calculated using the
roughness factor m of 09 for solid
conductors and 0.7 for stranded
conductors. Temperature, pressure,
humudity and the background sound
pressure level were recorded for each set
of measurements and the relative air
density & calculated.

9 . 024 S

E.. =33.7mo| 1+ — |H fem (@)
\ VYo !

E,_ =31.0m5| 1+ 0'3._08 kViem  (3)
Nro )

Table 1: Estimated corona inception

gradient for smooth conductors

Conductor | Inception | Inception

Diameter Gradient | Gradient

(cm) (kVicm) (kViem)
Paositive Negative

1.6 374 36.5

28 334 342

35 348 334
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Table 2: Estimated corona inception
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fitung it 15 shown that the trends of the
stranded conductor graphs are logarithmic.

TR ]
¥ aLmes

SPL (aBA)
[
o

aradient for stranded conductors
Conductor | Inception | Inception
Diameter | Gradient Gradient
(cm) (kViem) (kVicm)
Positive Negative
14 295 289
28 215 26.6

The current and the sound pressure level
measurements were taken from the
measurements cage at 0.88m from the
centre of the conductor and at the same
level.

The EPRI TL Workstation software was
used to predict sound pressure levels for
EPRI. BPA and CRIEPI empirical
methods. The Cahora Bassa line
configurauon data was used as the input
except for a single 2. 8cm conductor was
used. Both the negative and the positive
poles were considered. In each case the
opposite polarity pole was placed further
from the pole under consideration. The
measuring pomt was set at a distance of
10m and a height of 1.6m. The 2.8cm
stranded conductor results obtained at
the UKZN were compared with the
EPRI TLW results

4. RESULTS AND DISCUSSION

Figure 4 shows a comparison between the
sound pressure levels measured for the
stranded and smooth conductors under
positive polarity. The graphs for the smooth
conductors have very steep slopes and show
corona inception and saturation levels
clearly. The characteristics for the stranded
conductors show a gradual mcrease of sound
pressure level with electric field and there
are no signs of saturation. Through curve-
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Figure 4. Variatnon of the measured sound
pressure levels (SPL) with the surface
gradient (E) for smooth and stranded
conductors (positive polarity).

The measured sound pressure levels for
stranded conductors match the predicted
levels very closely compared to the smooth
conductors. This was observed for both
positive polarity and negative polarity. In
both cases. the curve fitting parameters are
of the same order of magnitude (Figures 5
and 6).
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Figure 5: Comparison of the measured

sound pressure levels (SPL) and the EPRI
TLW predictions (positive polarity).

The measured noise levels were higher for
positrve polanty. There was good agreement
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berween the trends of the EPRI prediction
curve and the experimental results.

In Figure 6. a comparison is made of the
experimental results and  simulations
obtained with the EPRI TLW software for
negative polarity. Again. there appears to be
good agreement between the experimental
results and the predictions. The graphs
obtained at the UKZN (both clean and
unclean conductor) are closer to the
predicted EPRI graph. As expected. the
clean conductor produced less noise
compared to the unclean one. The measured
noise levels at negauve polarity were lower
than at positive polarity.
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Figure 6: Measured sound pressure levels
(SPL) and the EPRI TL'W predictions
(negative polarity).

Under both posinve and negative polanty
condinons, stranded conductors produced
more corona cumrent than the smooth
conductors. It was also observed that, for a
given conductor surface gradient the larger
diameter conductors produce more corona
current than the smaller ones. The reason
could be thatr a larger conductor provides
more surface area for generauon of longer
streamers. Figure 7 shows the results
obtamed with positive polarity. Unlike with
the sound pressure levels. the corona current
follows the same pattern for both the smooth
and stranded conductors.
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Figure 7: Corona current for smooth and

stranded conductors obtained from the

UKZN measurements (positive polarity).

When the corona cage was covered with
aluminium foil. sound pressure levels did
not appear to be affected much by the space
charge presence. This was the case for both
positive and negative polarity. However, the
space charge appears to have an impact on
the corona current levels. From Figures 8
and 9, 1t can be seen that the space charge
trapped within the cage by the aluminium
foil was effective in reducing the corona
current through “field choking ™.
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Figure §: Space charge effect for 3.5em
diameter smooth conductor (positive
polarirty).

The suppression of the field. and hence
reduction in current, was more pronounced
under positive polanty (Figure 8). This can

A study of HVDC transmission line audible noise and corona loss in an indoor corona cage

I3



be attributed to the fact that the space charge
field under positive polarity 1s higher. and
hence more effective in suppressing the field
as compared to the case of negative polarity.
This could also be a possible explanation for
the observed large corona current measured
under negatrve polarity (Figure 9)
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Figure 9: Space charge effect for 3.3cm
diameter smooth conductor (negauve
polanty).

3. CONCLUSIONS

Throughout the studv. the corona audible
noise and corona current increased with
conductor surface gradient for all the
condinons. The biggest challenge 15 to
minimise the operational conductor surface
gradients dunng the design stage of the
transmission lines. The results obtamned so
far for the audible noise, show encouraging
agreement between the cage predictions and
the predictions based on the test line data.
Cage tests under HVDC appear to be valid,
at least for audible noise.
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M J Lekganyane*, N M Jjumba* and A C Britten~~

=Univerzig of KnaZulu-Natal HVDC Centre, Wasnville Campuz.

=ESLOM CRED, Rozherville

Abstract.  The relationzlup tetween the cozoza audible nowe and the conductor surface gradiens: 13 wvestigaed

under local elnmane condivons. The meas

< were done under EVDC condibon: using 3 zmall cvimdneal

corond cage. The conducter swfsce gradients ware computed aud the sound preziwe level: were meazwed for

difaren:

ze lavels. The rewults are dizcussed and commpared with the BPA, CRIEP] and EPRI prediction:.

Comesponding values obtamned from the corona cage were generally higher. mamly due o the comparatively high
field levels at which they were obtamed Howeve: the dependence of zound mresawe levels on the electne feld

was il to the results reported enker

Key Words. Coroma audible noize. conductor nrface gradient corona cage

1. INTRODUCTION

Corcna is the partial breakdewn or 1omsaticn of
the awr 1n the vicuuty of the conducters aad
fitungs when energized at lugh voltages. both
AC and DC. It occws in non-uniform electric
fields. Practical transmussion line configurations
always consutute non-nmform fields and are
therefore prone to corona. The processes that
character:se corona activity are collisions,
arachment, detachment and recombination. It
can be m a positive or a negauve mode(1].

Conductor corona s respomsible for audible
aoise from the hkansonssion lines. the radiated
and cenducted radio nowise, czone generation,
and additicnal system power losses. Audible
acise (AN} results from acoustic pulses
generated dunng collisions and other ionizaticn
processes cccuning on  the surface of the
conductors or end fittings. It has become a very
important design factor for voltages of 400kV
and above It :s important for the unlities to set
and achieve standards for coroma AN himuts
depending o the country’s regulations. AN has
a very high anncvance factor durng dry
conditions for DC voltages.

The conductor surface gradient depends on the
applied voltage. the geometry of the system and
the presence of space charge. The ccrona cage 1s
designed with a grounded wire mesh
swrovading the conductor's under tests. This
enables, the practical fields of transmission Lines
to be achievable with the use of lower voltage
supplies. In ac systems. the space charge 1s
swept away each ume the polanty reverses In
DC systems the space charge keeps on moving
to the ground or conductors of opposite polarity
[1]. It distosts the gap field thus affecting the
measured values.

Corcna AN tests have been carned out m other
regions and equations for predicting the corona

notse sound pressure levels have also been
developed. Details of the different methods of
predicting AN are described m {1]. [2) and [3]. The
generation of AN depends on factors such as the
applied voltage. conductor surface gradient. bundle
radius. conductor surface conditions. local climatc
conditiens and altitude. Altitudes above 1000m are
significant for AN line design [4]. It 1s also stated m
5] that the radio noise and audible noise fom
HVDC lines decrease with increasing relative air
densuity.

The ultumate aim of this study is to find the audible
noise prediction methods. which are applicable to the
local climate cond:tions. These methods will then be
used to predict possible AN levels m the design of
aew transmission lines.

2. TEST FACILITIES

The test set-up is shown in Figure 1. A small
laboratery corona cage was used for the tests. The
cage 15 cylindnical with a diameter of 1.50m. It has
mwo outer sections of 0.5m on each side and the
centre part of 1.5m. The center part 15 grounded and
is used for measurements through a senes resistor of
56 chms. The total length of the cage 13 2m. Two
corona nngs Were fitted at each end of the conductor
to ensure that only the noise from the cenductor was
measured. For the initial studies, single and smooth
aluminivm conductors were used

To assess the effect of the space charge on the
measured values, a high output fan was used to
sweep the space charge away.
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Fizure [ The test zet-up

The noise and the current meters were placed i
a measurement cage adjacent to the corona cage.
The mswrumem wuwsed tc measure the sound
pressure level is the Rohde & Schwarz sound
level meter. The meter measures A-weighted
sound pressure level. The corona current was
measured using a digial multimeter. The
posttioning of the meters 15 illustrated in Figure

)

Figme I The meauuring muoumants

A two stage Walton Cockroft HVDC supply was
used. Its output 15 connected o 1200Mega-ohms
resistive divider. The cage 15 connected to the
output of the generater through a 400Mega-ohms
series resistor.
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3. EXPERIMENTAL PROCEDURE

Conductors of 1.6cm and 2 8cm diameters were
considered for the tests. For each conducter the
static electric field was calculated at every
applied voltage using the equation:

U ,
E =—RkV cn N
rin—
r
Using Peek’s formula (2) for positive conducter
corona. the corona inception fields for the
conductors were estimated as indicated in Table
1. The inception gradient was calculated using
the roughness factor. m of 0.9 and the relauve air

density § of 1.

024}
— |](V fem )
Jré

E, =33_7m§ll+

Oanly positive polarity DC was considered since
most corona 15 produced from the positive pole
The results of the tests under negative polanty
DC and AC conditions will be presented in the
future.

Table 1: Estunatad corona incepuon feld:

Conductor Inception Gradient

Diameter (cm) (kVicm)
1.6 3847
28 36.48

The current and the scund pressure level
measurements were taken at 0.88m frem the
conductor and directly in the centre of the
conductor.

Temperature, pressure, huoudity and the
background sound pressure level were recorded
for every session of measurements.

The sound power denoted as A was computed
from the sound pressure level measurements
obtained from the cage. Equation 3 was used to
derive A.

= li’&-" Q3
V4 "

Substituting the values, Equation 3 resulted in
Equation 4 which was used throughout the study

to compute noise power values for the cage.

P
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A=P-383dBA )

The sound power i1 equation 4 15 expressed in
dBA at a reference of 11W/m.

The EPRI TLW software was used te generate
sound pressure levels for EPRI. BPA and
CRIEPI predictions. The Cahora Bassa line
configuration data was used as the input. The
negative pole was placed much further from the
posttive pole. to obtan the noise contnbution
from the positive pole only. The 1.6cm diameter
conductor was considered and an average
transmussion lne height of 14.8m was used for
the simulations. The measuring pownt was set at a
distance of 10m and a height of 1.8m.

4. RESULTS

Figure 3 shows the results obtained from the
UKZN cage and the CRIEPI test facility. At
CRIEPI corona cages of different diameters and
length were used with 4*2 85¢m conductor
bundle [3]. The graphs obtained using the EPRI
TLW software are shown together with the
UKZN cage results i Figwre 4. The
measurements obtained from the cage were
corrected 1o an equivalent transmission line.
takiag wmnto account the length of the conductor.

Figure 5 shows the relationship between the
sound power (A) and the conductor surface
gradient obramned from the UKZN cage and the
EPRI and CRIEPI predicuicns. The CRIEPI and
the EPRI curves were derived from reference [3]
and the EPRI TLW software respectively. Figuse
6 shows the relaticn between the corona cusrent
and the conductor swrface gradient for the
UKZN cage measuwrements and the CRIEPI
results descnibed 1n reference [3].
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the conductor surface gradient
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5. DISCUSSION OF RESULTS

The AN and corcna cwrent measurements
cbtained using the UKZN test facility are
generally higher compared to the BPA.
EPRI and the CRIEPI results. The CRIEPI
resulis were obtained ar lower field levels
due 1o the conductor bundles used i the
tests. The BPA and the EPRI results are
based on test line measurements at practical
field levels. However. both the CRIEPI and
the UKZN show similar relationship
between the sound pressure level and the
conductor surface gradient. The slcpes for
the CRIEPL. 1.6cm diameter conductor and
2.8cm diameter conductor sound pressure
level curves are 2 4dBA KV cm,
2 54dBA KV em and 2dBA KXV cm
respecnvely (Figure 3).

For the tests done at CRIEPL an attempt
was made to quaaufy the space charge
effect. At UKZN. a fan was used to asses
the space charge effect. The results obtained
show only a minimal effect.

The 2.8cm conductor required very high
voltages to antama conductor coroma. In
which case the end-fittings go into corona
ptior to conductor corcna and contrsbuted to
the overall noise measured. A modification
of the test set-up is being decne to eliminate
the corona at the end fittings.

In Figure 4. the BPA and the CRIEPI results
obtained from the software are in good
agreement with the 28cm  diameter
conducter UKZN cage results in rerms of
slopes. However, the slope of the 1.6cm
diameter conductor is completely different.
There 15 nc encugh information to explain
the observed variation at this stage. The
cage measurements were stll higher even
after the comections for conductor height
and leagth were made. This could be due to
the high fields under which the
measurements were taken.

In Figure 5, there are sinular trends for the
CRIEP] and the 1.6cm diameter conductor
noise power results. Similarly, the slopes of
the EPRI and the 2.8cm diameter conductor
curves are also in good agreement It was
difficult te compare all the results within the
same surface gradient ranges due 1o
differences in the expenmental set-ups
However the smulanties i the trends
confirm that the dependence of sound power
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on surface gradient was almost the same 1n the three
cases (EPRI, CRIEPI and UKZN)

In Figure 6, there 15 a good agreement between the
UKZN and CREIPI results. In both cazes the
measurements were done in a corcma cage. The
measured current i an indication of the corena
acuvity on the conductor. High current measurements
were obtamned for the conductor with the larger
diameter compared to the smaller diameter
conductor. The levels at the UKZN cage are lower
for a given field level due to the comparatively
smaller conductors used.

6. CONCLUSIONS

In this paper. it has been demonstrated that results
obtained from the UKZN ccrona cage are mn good
agreement with the available predicticn methods in
terms of the wends. This validates the tests
procedure. The variations in the measured values are
due to the differences in the use of conductor sizes
used. the test configurations and climatic conditions.
Furure measurements will be conducted in the cage
using bigger diameter conductors to achieve practical
field levels. Thus will facilitate a better comparison
with test hne measurements obtained elsewhere. The
work done at CRIEPI shows that it is possible to
relate corona cage measurements with test line
results
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