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ABSTRACT

This dissertation is about investigations on the influence of the electric field and ion current flow
on the combustion of dry grass under HVDC power lines. The main objective is to show that a
bush fire can actually occur when a critical electric field induced on dry grass under the HVDC
power transmission line is reached. The coupling of the electric field to the dry grass as well as the
space charge is the main components of this critical electric field. The ion current through a sample
of dry grass was measured under an indoor HVDC test line. The maximum critical field on the
surface of the conductor at which the dry grass under the line ignites was determined to be
15.86 kV/cm for a two wire conductor bundle and 36.895 kV/cm for a four wire conductor bundle

at the applied voltage above 300 kV.

The current through the grass was measured and the corona activity on the conductor was captured
by using the CoroCam1 in order to see the corona inception points. The corona activity against
grass height was correlated in order to see what effect grass height has on the flammability of
grass. The surface temperature of the grass was measured with a thermal scanner from which it
was determined that grass ignites at a temperature of about 80 °C. A monopole indoor HVDC test
line was used for the above tests. The test line was energized by a power supply consisting of a

two-stage Cockcroft-Walton generator to a voltage of + 320 kV.

To further appreciate the influence of the electric field on dry grass under the power line, the test
arrangement was modelled in Quickfield™ with a two- and a four-conductor bundle. The

simulation results obtained in QuickfieldTM

tied in well with the practical results as both results
indicate that the magnitude of the ion current in dry grass under a HVDC transmission line
increases with an increase in grass height and the level of applied voltage. It could be seen from
the results obtained that the electric field and the ion flow of HVDC lines can lead to ignition of
grass if a certain voltage is surpassed. The data contained in this dissertation will be used as a basis
for further research on the dielectric characteristics of dry grass as there is little information in

published literature.

Keywords: HVDC: dry grass; corona-induced current; corona-inception gradient and bush fire.
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CHAPTER 1 INTRODUCTION
1.1 Background

An overhead transmission line still stands out as one of the most important components of
today’s electric power system. The fundamental purpose of the transmission system is to deliver
power from generating stations to the distribution system that ultimately supplies the loads. Most
of the sites suitable for power generation are located in remote areas. This necessitates long
distance transmission of power over grasslands. A transmission system is essential in that it
enables power utilities to exchange power for economic advantages and allow emergency
assistance to be rendered whenever some generating plants are out of service. This is what is
seen in the existence of power pools like the Southern African Power Pool in which eleven
countries in Southern Africa have interlinked their transmission infrastructure to facilitate a
reliable electricity market [1]. Both HVAC and HVDC transmission systems are found in the

Southern African Power Pool.

Since, the HVAC systems are the most used and widely understood systems around the world, it
would be helpful to briefly state what happens under HVAC transmission lines and then compare
this with what might be happening under HVDC systems. Under HVAC systems, wood poles are
used up to a voltage level of 345 kV. There have been reports of wood poles carrying
transmission line conductors burning since the inception of high voltage transmission [2]. The
phenomenon of wood pole catching fire is affected by such parameters as conductivity of wood
surface, dryness of the wood below the surface, the shape of the metal structure attached to the
wood, and the highest space potential to which the surface of the pole is exposed. Experience
with HVAC systems seems to suggest that a condition for the occurrence of wood burning near
hardware is that the potential on the surface of the pole at some point exceeds a space charge

potential of 100 kV [2].

Pole fires have also occurred on instrumentation poles near HVAC transmission lines. There
have also been reports of dead tree burning under these transmission lines [2]. Although dead

trees have a very high resistance when dry, in wet weather their branch surfaces form conductive



sheaths that collect electrical charges and discharge them to the ground. Thus, the portion of

dead trees that intrude inside the space potential can experience burning [2].

Transmission of power with High Voltage Direct Current technology has steadily become
attractive because of improvements in technology [3]. However, it must be noted that the ratio of
fair to foul weather for corona power loss is much higher for HVDC than for HVAC. The
advantages of HVDC over HVAC include low losses for long distance bulk power delivery,
ability for asynchronous connections, requires no transmission of VArs, and ability to efficiently

offer long submarine connection.
1.2 Motivation

Worldwide, there is a constant search for means of reducing cost, improving reliability, and
minimizing environmental impact of power lines. This has increased challenges in the evolution
of the design methods to try and meet the challenges the power industry faces today. It is
important to note that addressing these challenges at design stage is cheaper as most of the

aspects are built in.

Additionally, high voltage power lines induce charges on the ground and in the environment [4-
6]. For instance, Eskom operates a transmission network that stretches to approximately 28000
km on which a case study was carried out from 1993 to 2008, drawing a conclusion that 86% of
the total faults were as a result of power lines interaction with nature [7]. Fire under the power

line was found to be the second most prominent cause of unscheduled outages.

The desire to find ways to improve the integration of high voltage power lines into their
operating environment thereby improving line performance, as shown by Eskom’s case study in
which a major decrease in line faults over a six year period was reported [2] led to the
commencement of this research. The need to improve the power system availability while
embedding power lines into the natural environment brought about the motivation in this topical

area.

1.3 Objectives

1. To establish the electrical equivalent model of dry grass.

2



2. To establish the effects of DC corona on dry grass.
3. To establish the critical electrical field at which grass under the line can ignite.

4. To establish the combustion point of dry grass.

1.4 Research question

Corona discharge takes place on high voltage power line conductor surfaces on points where the
electric field at the conductor surface is above the critical value. This leads to ionization of air in
the immediate environment around the power line. The resulting ion current flows and electrifies
objects under the line [8]. The measurements obtained and studies from research in [5,6,8]

indicate that there is a flow of ion current on the ground of the DC lines.

Grass is one of the underlying vegetative undergrowth in the power lines and is a perennial plant
which in most cases dries up in the course of the year making it a potential source of fire. So, the
question is: Can corona-induced currents from the adverse effect of the High Voltage Direct
Current power linesignite dry grass under the line?

1.5 Hypothesis

Corona induced currents from HVDC overhead transmission lines can ignite grass under the

transmission line due to the space charge and high electric fields.

1.6 Rationale

Bulk power transmission has increasingly become a topic of interest due to increased energy
demand and high sensitivity on environmental issues in the world today. Overhead transmission
lines operating at higher voltages have become the most economical means of transmitting large
amounts of power over long distances. The lines are exposed to extreme ambient conditions such
as high altitude, severe pollution, natural vegetation and uncertain weather conditions. It is
imperative, therefore, that a robust and reliable transmission line design is utilized so that a safe

operation of the line is granted in spite of exposure to such tough conditions.

Overhead transmission lines generate electric and magnetic fields in their vicinity, which now is

of great environmental concern and a design limitation in many countries [2]. Looking at the



large number of high voltage transmission lines passing through forests and farm lands,
determination and understanding of the electrical environment in the vicinity of power line in
terms of ionized field parameters, space charge density, electric field intensity and current
density is very essential for the assessment of environmental impact of the transmission lines on

its surroundings.

Corona is a significant factor in the design of high voltage power lines because it is influenced
by the key line parameters which include the diameter of the conductor, number of conductors
per bundle, conductor clearance to ground and voltage level. Since corona has a large influence
on the cost of designing, building and operating high voltage power lines, it is important that
knowledge of its effect is fully investigated. This research will add to the already existing
knowledge about the environment around the high voltage power lines. This will help in
understanding and improving the evaluation of the performance of the high voltage transmission

lines leading to some of the benefits that have been seen by Eskom [2].

The grass model developed will be useful in studying very critical cases that cannot be
performed in practice. Therefore, the model will offer designers an effective tool. The research
will highlight some of the adverse effects that power lines have on the environment which could
be solved if care is taken at design stage. In fact, the data contained in this dissertation will be
used as a basis for further research on the dielectric characteristics of dry grass as there is no

such information in published literature.

1.7 Dissertation outline

Chapter 1 introduces the topic, ‘HVDC corona-induced fire under DC power lines’ by outlining
the causes of fire under the transmission lines. The motivation, objectives, research question,
hypothesis and rationale of this dissertation are also given. Chapter 2 looks at literature review
concerning corona causes while chapter 3 presents the research methodology followed in the
course of the study. Chapter 4 contains results and analysis whereas chapter 5 gives the
conclusions and recommendations. Appendices A to E provide more details about how the

experiments were done and results obtained.



CHAPTER 2 LITERATURE REVIEW
2.1 Introduction

Corona is a phenomenon caused by the partial electrical breakdown or ionization of the air
surrounding a conductor or fitting when energized at a high voltage, whether AC or DC. Corona
is a self-sustained electrical discharge that proceeds from an electron avalanche process in which
neutral molecules are ionized by electron impact under the influence of the applied electric field.

The ionization is localized over a portion of the distance between the electrodes [9].

Atmospheric air is composed mainly of 78% nitrogen, 21% oxygen and traces of different other
elements. The electronegative nature of oxygen molecules sustains the corona discharge. Oxygen
molecules easily capture free electrons and form negative ions, which aid the electron avalanche
process. The avalanche process creates what is known as space charge that tends to move away
from the source. Corona discharge is accompanied by visible light, audible noise, ionic current
flow, energy loss, Radio Interference (RI) noise, mechanical vibrations, and chemical reactions

[9-14].

Corona has some negative effects on high voltage power transmission lines that are of concern to
power engineers such as power loss, audible noise, RI and TV reception interference.
Nonetheless, corona still has some valuable practical uses in industrial engineering such as
electrostatic precipitators, electrostatic printers, electrostatic deposition, ozone production, gas

cleaning, spraying of powders, plasma chemical reactors and ionization counting [15].

2.2 Electrical discharge in air

Air serves as an insulating medium in the power system industry. It has two major advantages
which are occurring in abundance and the self-restoring capability after a breakdown [9]. Impact
ionization is the most important process in air discharge as can be seen from the next two

paragraphs.

Taking an electrodes at high voltage in a gaseous medium induce an electric field that causes free

electrons to accelerate to the anode. In the migration process, they collide with neutral air



molecules causing excitation of gas atoms and ionization of floating particles. There are a
number of collisions that occur between the free electrons and air molecules along the mean free
path in the direction of the electric field [9, 13]. The energy imparted during the collision is large
enough to dislodge an orbiting electron, a positive ion is produced and left behind, while the new
electrons together with the original electrons proceed along the field and the collision process
progressively continues to happen. The effectiveness of ionization depends upon the energy that
charged particles gain as they accelerate under the effect of the electric field. In a uniform
electric field, the head of an avalanche is built up of electrons while the tail is clouded with
positive ions as shown in Figure 2.1. This happens because electrons have higher velocities than
the positive ions that might appear virtually at standstill in the time period an electron takes to

reach the positive pole [5].

A lot of research has been done with regard to the investigation of mobility of positive and
negative ions in dry air [4-6], [16-22]. It has been found that the mobility of ions in the drift
zone is independent of the field strength when the velocity due to the field is considerably less

than the average thermal velocity of air.
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Figure 2.1: Development of an electron avalanche in a uniform electric field [9]

2.3 Mechanism of corona discharge

A gap of atmospheric air in a non-uniform electric field develops a corona discharge across a
range of voltages in a small area of highly stressed electrode before the gap eventually
completely breaks down. Various criteria have been developed for the onset of corona discharge,

with Streamer criteria and Townsend breakdown criteria being the most common [9,14,15]. The
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avalanche process in a gaseous gap is empirically expressed as shown in Equations (2.1) and
(2.2) below where o is an impact ionization coefficient, m an attachment coefficient of air

molecules, and vy is a coefficient representing secondary ionization.

, 1
ox)=—
exp( o X) o

a'=s (a —n) (2.2)

In non-uniform electric fields, the net coefficient & varies as the distance, X, increases from the
highly stressed electrode. The integral which gives the efficiency of secondary ionization is valid
only with a positive net coefficient of ionization by electron impact. In gases, this is the process

that keeps ionization in the gap.

When the electric field is very strong in the region of a, electron collision is then greater than
electron attachment. The ions formed from several consecutive avalanches accumulate to form a
space charge in an area of low electric field because of the slow mobility of ions. This process
continuously modifies the local electric field intensity while the developed corona discharge
cycle is removed from the region around highly stressed electrode. In order to properly illustrate
the developments of corona the account will be looked into according to negative and positive

corona modes [9].

2.4 Negative corona

On a negatively charged highly stressed electrode, cathode, electron avalanches are developed
and pushed towards the anode by a continuously decreasing field [9,14,15]. Due to non-
uniformity of the field distribution, an electron avalanche advancement stops in a regional
surface S, where the net ionization coefficient cancels out. However, since free electrons can
move faster than ions under the applied electric field, they concentrate at the head of the
avalanche, while positive ions remain in the region S, This leads to an alteration of the electric
field and gives negative corona its modes namely; Trichel pulses, negative pulseless glow and

negative streamer respectively [14].



2.5 Positive corona mode

At the positively charged highly stressed electrode, an electron avalanche is initiated on the
surface S,, a point of zero net ionization, and then grows towards the anode in an increasing
nature. Electrons rapidly move toward the highly stressed positive conductor, ionizing neutral air
molecules in the process [9]. The increase in charges as the electrons progress in a non-uniform
electric field leads to a high electric field at the anode. Since the electron mobility is very high,
this enables them to leave behind the slow drifting positive ions. When an electron avalanche
occurs, excited molecules release photons that give rise to secondary avalanche processes [9,14].
Highest ionization takes place in close vicinity of the anode conductor. Due to a high electric
field at the anode, low electron attachment occurs because most of the electrons are neutralized
at the anode. The ionization region has a negligible thickness when compared to the gap between

the electrodes.

2.6 Corona on-set voltage

When voltage is applied on a conductor to ground or between concentric cylinders, a potential is
reached at which corona starts as shown in Figure 2.2. This voltage is called the critical visual
corona point [2,8,9,14,15,23]. The breakdown of air under normal temperature, standard pressure

and humidity, is taken as 30 kV/cm [2].

Corona on-set electric field E. on a cylindrical smooth wire surface is given by Peek’s formula

[2,8,13,15] as in equation (2.3) where, r is conductor radius and H conductor height.

030L) 1n 2 (2.3)

Jr r

E, =30(1+

However since density of air is influenced by pressure and temperature, it is important to look at
the relative density of air. The breakdown of air is affected by humidity, temperature and
pressure, the Peek’s formula is modified as shown in equation (2.5) while the air density é can be

obtained using equation (2.4) [24-26].



3.92b

= 24
O3t (2.4)
Where b= pressure in cm

T = temperature in degrees
E. = 305(1+w)rlnﬂ (2.5)
Jré© o

The practical explanation of the occurrence of corona around a charged conductor would be that
on a perfectly smooth conductor, at a gradient of 30 kV/cm, velocities of ions become
sufficiently high so as to ionize other ions in air by collision. When ionic saturation is reached in
air, then air starts to conduct and glows, thereby creating visual corona around the charged

conductor as shown in Figure 2.2.

Figure 2.2 Visual Corona on Bundle wire [UKZN Lab result]

A number of laboratory tests have been done using a cage to study transmission line conductor
characteristics [2,9,13,15,22,27]. According to references [9,14,28], the corona on-set voltage V,
for a smooth conductor-to-plane configuration is given as in equation (2.6).

V, =E_rInH /r) (2.6)

In which H >>r normally, and the crical electric field E. is calculated as already given in
equation (2.3).



2.7 Factors influencing corona

Corona on high voltage transmission lines occurs due to the ionization of air surrounding
conductors. This is because the conductor surface electric field becomes greater than the critical
break down electric field E.. Occurrence of corona is influenced by a number of variable factors

as outlined below.

2.7.1 Conductor

Conductor size affects the corona on-set voltage by influencing voltage gradient on the surface of
the conductor. Increasing conductor size raises the corona on-set voltage as shown in Equations
(2.3) through (2.6). Conductor surface voltage gradient has an inverse relationship with

conductor size [15,29-33].

Conductor surface condition creates regions of uneven electric field distribution. Roughness of
conductor lowers the onset voltage. Surface irregularity [34,35] is influenced by stranding, water
droplets, ice, insects and snow. Reference [36] shows the effect of pollution deposit on a bundled
conductor surface. Stranding of a conductor increases surface irregularity [32] as the field at the
tip of each strand is enhanced by 40% as compared to a smooth conductor having the same
diameter. The corona on-set voltage changes around the periphery of each strand by 10% when

compared to a smooth conductor.

Increasing the spacing between the conductors reduces the surface voltage gradient which raises
the corona on-set voltage. In [33] and [37] it was found that there exists an optimum sub-
conductor spacing. Bundled conductors reduce corona effects as the effective diameter is higher.
The inverse relationship of conductor surface voltage gradient with conductor diameter was
established by Whitehead in 1910 and this theory still helps us to understand the kind of
conductor sizes required for a particular voltage level in modern day overhead transmission lines

[14].
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2.7.3 Atmosphere

The on-set voltage is also affected by weather as stated in [37,38]. Breakdown voltage of air is
directly proportional to the density of the atmospheric air present in between the power
conductors. Increasing temperature increases the ions kinetic energy as shown in [39] in which
the load current influences on corona by causing temperature rise was investigated. In the
discussion of [39], it is reported that with temperature as the dominant factor influencing
mobility of the positive ions, it was found that mobility increases with electric field and
decreases with temperature. For the negative ions, it was reported that the mobility increases

with temperature but decreases with increasing electric field.

Humidity and dust increases the presence of particles in natural air, which in turn, increases the
number of ions present around the conductor. These particles increase the space charge resulting
in a lower on-set voltage. However, the increased ions are slower and this reduces the corona-

induced current in the end [4,6,24,40,41].

Wind extends the region of ion flow, and affects space charge velocity, ion current and electric
field [4,37,40,41]. Wind flowing perpendicular to the line gives higher effect on the corona
current distribution at ground level mainly on bipolar lines. Since wind removes ions from the
ion cloud that forms around the highly stressed conductors to the opposite polarity field, this
disturbs the ion balance causing the conductor to produce more ions in an attempt to restore the
equilibrium. This mean that increase in wind velocity increases the ion movement causing an

increase in corona losses [2]

2.7.4 Line configuration

Corona performance is affected by the field intensity at the conductor surface which is inversely
proportion to the radius, the conductor height above the ground and the line voltage. A set of
equations used to determine corona is given in published literature [9] for different symmetrical
configurations from which a general standard form can be developed that applies to all

symmetrical configurations [12,21,35].
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In [37], vertical and horizontal configurations of bipolar DC transmission lines are investigated
and results compared in terms of electric field and current density measured at ground level. This

outlines how different configurations can affect corona.

2.8 Environment under the power line

HVDC transmission systems have numerous advantages but impose a lot of design challenges to
engineers with regards to increased corona and the subsequent space charge. Space charge is
composed of ions and charged particles [3]. Thus, corona and the electric fields are of particular

importance.

Under the HVDC power lines, the direction of the electric field does not change with time,
resulting in the space between the electrodes being filled up with ions with a polarity similar to
the polarity of the conductor. The electric field and wind act on the space charges to produce
ionic current in space as the charged particles and electrons are moved by electric field and wind
[4-6,33,37]. Wind extends the region of ionic current flow beyond the right of way required for
HVDC transmission lines [5]. The extension could be up to several hundred meters from the

conductors, depending on the wind speeds.

On the contrary, the space charge generated by HVAC transmission lines is confined to a small
volume immediately surrounding the conductors [12,20,21,37,42]. The space charge is
constrained near the conductors and oscillates with the electric field. Therefore its effect is

negligible on the overall field distribution.

The accumulation of ions under the HVDC power line can result in the electrification of objects

under the line. These occurrences are both technically and environmentally unacceptable
[2,4,6,9].

Experimental results show that there is a clear difference in the coupling mechanisms under
positive and negative polarity. It tends to indicate that the coupling/induction is more significant
under negative polarity [11]. Electric field and current density profiles under the transmission
line are strongly influenced by line configuration, magnitude of line voltage, wind and humidity.

It is extremely difficult to carry out stable short time measurement for a practical line because of
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unpredictable wind and weather conditions. Electric field strength on ground level is mostly
influenced by space charge that is produced by corona. Away from the Right Of Way, it is wind
speed that accounts for the ionic current flow because the electric field has little effect. Since it

reduces with distance from the conductor center line [2,4,5,23,37,40,43].

Unipolar DC transmission lines have ions of only one polarity drifting in space because of the
unidirectional electric field between the conductors and ground. Mathematical models for the
representation of the interaction between the electric field and ionic currents in the unipolar DC
transmission line, ignoring wind influence, are done by taking simplified assumptions which then
reduce the system to the following non-linear differential equations [2,12,20,21,30,44,45] in
(2.7) for Poisson equation and (2.8) for Laplace equation where V is voltage, E electric field, p

Poisson’s factor and € electric constant.
VE= —pV /€ (27)

ViV =0 (2.8)
Mobility p of ions is as given in equation (2.9) where V is voltage and E electric field.

_Vv 2.9
pn=c (2.9)

Current Density J is calculated using equation (2.10) where p is charge density, i mobility, and

E electric field.

J = puk (2.10)

The concentration of ions, N, in ions /cm’, where e is electron charge is given as in equation.

eEu 2.11)

Current Continuity is as given in equation (2.12) where the parameters have already been defined

above.

vVJ=0 (2.12)
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The total current required is then evaluated using equation (2.13) below.

[JdA=1
- (2.13)

However, with wind speed, w, taken into account, as is the case in most practical transmission

lines, the ion current density equation changes to equation (2.14).

J = p(LUE+w) (2.14)

On bipolar lines, corona occurs simultaneously on both positive and negative poles
[29,31,38,46]. The space between the conductors is filled with a cloud of both positive and

negative ions which drift towards their opposing pole leading to ion recombination.

This phenomenon accounts for a higher corona loss in bipolar dc transmission lines when
compared with monopole lines. Calculation of mutual interaction of the electric field and ionic
currents in the bipolar DC transmission line with no wind conditions are done using nonlinear
partial differential equations (2.15) through (2.19) outlined below. These equations are well

defined and used in [31,38,46] for positive and negative ions.

VI =—(mp*p)ie (2.15)
V. =—(gpp*)re (2.16)
VE=(p"+p )€ (2.17)
i =(u'pE) (2.18)
i"=(upE) (2.19)

However, most of the practical situations require an account for wind speed, W, to be made.
Therefore, the equations (2.18) and (2.19) are respectively modified to equations (2.20) and
(2.21) as used for a bipolar dc line.

i* =(p" —uE+W)) (2.20)
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i"=(p u E+wW) (2.21)

The ion flow characteristics in the presence of wind are important for assessing the dispersion
range of ions from HVDC transmission lines. It has experimentally been proven that the
presence of wind affects the corona current and ion current density measured on the ground
[2,4,11,37]. The density of the space charge in both bipolar and monopolar configurations
depends on the intensity of corona generation on the pole [28] and [29] while corona is

significantly affected by the prevailing atmospheric conditions.

Under no wind conditions as shown in equations (2.18) and (2.19), space charge moves along
flux lines of the electric field. The inter-electrode electric field is highest under the no wind
conditions. With wind, ions experience mechanical force in addition to already existing electrical
forces which increase their mobility. Both wind speed and its direction determine the distribution
of space charges. Consequently, the forced movement imposed on ions by wind makes it

possible to have negative ions existing under the positive pole in certain instances.

2.8.2 Corona power loss

Corona power loss on monopolar and bipolar DC transmission lines has been calculated mainly
using various methods based on Finite Element or Charge Simulation Techniques. The
movement of space charge around the conductor is the source of corona power loss [2]. Corona
loss varies with applied voltage measured for different heights under HVDC lines for both
bipolar and monopole. Corona loss is higher for a bipolar line than a monopole line. Corona loss
decreases as the distance away from the transmission lines increases [13,14,47]. The point of
highest ion flow is directly under the conductor and this is the point of measurement in this

dissertation.

2.9 Properties of dielectric materials

Dielectrics are materials that are polarized upon subjection to an electric field. When a dielectric
material is placed in an electric field, electrons do not flow through the material like in a

conductor because they are inhibited by an interior restraining force between the positive and
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negative charged centers [48-51]. With the external field applied charged particles, a force is
exerted on the positively charged nucleus and the negatively charged electrons to produce a
displacement. This will slightly shift them from their equilibrium positions causing dielectric

polarization.

However, displacement equilibrium is obtained when the applied forces are balanced by the
internal attractive Coulomb force of the couplets [49,50]. The formed electron dipole has
positive charges aligned towards the electric field and negative charges moved in the opposite
direction as shown in figure 2.2 below. This creates an internal electric field which reduces the
overall field within the dielectric medium. Materials formed from weakly bonded molecules will
have polarization and also reorientation of molecules so that their symmetry axis aligns to the
field. Dielectric materials are used in electrical industries as insulators and for making

capacitors.

Figure2.3: Alignment of charges in a dielectric material [49]

The response of an insulating medium to a time dependent electric field is determined by the
complex permittivity €, which at a given frequency and temperature, is the intrinsic property of

the material. This is expressed by equation (2.22).
E=€ +j€ (2.22)
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Permittivity signifies the measure of the ability of the medium to dispose its charges so as to
oppose the applied field [49-53]. This is also a material property that governs the charge storage

and the displacement of current density from electric field

Figure 2.4 is used to explain the losses in an insulator. It can be noted that in an ideal capacitor I
will lead Iz by 90° as shown in figure 2.5 which shows the phase diagram of the currents of a
practical capacitor in which the capacitive current (I.) is the imaginary part and the resistive
current (Ig) is the loss component. In practice, I. will lead Iz by an angle less than 90° from
which a vector analysis reveals that the tangent of an angle between (L) and (Ig) is tan 8, which
defines the dissipation factor. This is the ratio of an insulating material’s resistance to its

capacitive reactance at a specified frequency.

|c ?[R
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Figure2.4 Capacitor equivalent circuit [34]

lec & 41

I R U Test

Figure 2.5 Practical capacitance vector diagram [34]
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Furthermore, if we take a dielectric material in the electric field and let E to be the electric field
applied on the electrode and J as the terminal current per unit electrode area, then the terminal

current i is as given in equation (2.23).

i = §Jda

s (2.23)
The component of J due to conduction is as given in equation (2.24).
J.=Eo (2.24)
The displacement current from surface charge is as given in equations (2.25) and (2.26).

d(Ee)
Jg =
dt (2.25)

J=J.+J, (2.26)

However, if the permittivity of the material is constant, then equations (2.27) to (2.29) become

the results with the parameters that have already been defined above.

Jg =Ew (2.27)
J=iEam(e +=

=IBa(e+7 ) (2.28)
g =E+je) (2.29)

2.9.1 Properties of wood

As observed in chapter 1, there are reports of wood under HVAC overhead transmission lines
burning. However, since a number of studies have been done on wood already and it is helpful to
look at its properties and see how these might relate to those of grass and help in forming the
structure work of this study. Wood has a complex, yet ordered microstructure with porosities
ranging from 50 to 80 percent by volume [54]. Wood consists of cellulose, lignin and

hemicelluloses. Cellulose chains are highly ordered and partially crystalline. These chains are
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bound together by the hemicelluloses to form micro fibrils. The micro fibrils and amorphous
lignin combine to form the primary cell wall structure [55]. The main cells in wood are parallel

to the longitudinal direction (growth direction) in the tree.

Wood is grouped into two categories, hard and soft wood. Hardwood microstructure consists of
smaller cells with large-diameter vessels which transport water. Softwood microstructure
consists of a more ordered arrangement with larger and longer cells than those of hardwoods.

Both microstructures have smaller pores running in the radial direction [55].

In the study of dielectric characteristics of woods, the perturbation and free space techniques
have been used widely [53,55,56]. The factors which can affect the dielectric properties of a
porous material such as wood are material-related properties of volume porosity, pore size, pore
distribution and absorbed water content. Porosity causes a decrease in the dielectric permittivity,
since air has a dielectric permittivity close to 1. The pore distribution and shape controls the

mixing rules used to combine the permittivity of air and the material [55-58].

There are also measurement-related factors such as temperature and frequency, which affect the
dielectric permittivity of wood through the relaxation mechanisms of the material [59]. However,
it is shown [57] that the dielectric permittivity is higher at low frequency. Humidity affects water
content in a hygroscopic material, which in turn increases the dielectric permittivity according to

[55-58] because water has a higher dielectric permittivity of 80.

Cellulose materials are highly hygroscopic. This is one of the main difficulties in the testing of
the dielectric permittivity of material with this composition. The presence of moisture has a large
effect on the specific inductive capacity and this also subsequently affects the conductance
[55,58]. The nature of these effects on wood is well illustrated as shown in [57] which shows
how the capacitance increases and the resistance decreases with absorption of moisture. The
results indicate that the dielectric increases with rising moisture content as explained by Kol. in

the study of Thermal and Dielectric Properties of Pine Wood.

The orientation of the electric field with respect to the structure is affected by the type of wood.

The electrode configuration affects how the dielectric permittivity is calculated [55,57] Dielectric
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measurements as a function of frequency also provide a measure of the energy dissipation in the

material [50,58]

2.9.2 Corona-induced fires

When an electric field is applied to a dielectric material, (grass in this case), conduction current,
however small it may be, flows through the material. This current, heats up the specimen and the
temperature rises. The heat generated is transferred to the surrounding medium by conduction
through the solid dielectric and by radiation from its outer surfaces. Equilibrium is reached when
the heat used to raise the temperature of the dielectric, plus the heat radiated out, equals the heat
generated. When a certain critical voltage is reached, the heat generated may be more and this
can lead to burning of grass. If wooden poles and dead trees can burn under HVAC lines, then
going by the geometry of grass, it makes sense that dry grass will catch fire due to high electric

fields and space charge under a HVDC transmission line [34].
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CHAPTER 3 RESEARCH METHODOLOGY

3.1 Introduction

This chapter presents the investigation of the influence of corona-induced ion currents by the
HVDC transmission lines on the ignition of dry grass under the lines in the right of way. An
experimental set-up to measure the ion currents flowing in dry grass under the HVDC lines due
to electric field and space charge was established. To further appreciate the influence of the
electric field on dry grass under the power line, the test arrangement was modelled in

Quickfield™ with a two and a four conductor bundles.

3.2 Research methodology and assumptions taken

Having analysed results from the research in [4-6,21-31] which conclusively puts up an accepted
descriptive phenomenon of the electric field under the DC Power lines, and taking a theoretical
model that assumes grass as a practical capacitor C, as shown in Figure 3.1 below, the dielectric

characteristics of grass can thus be analysed [47-52].

Figure3.1 Electrical Equivalent Circuit of Grass under the power Line [47]
The ion current I, due to the space potential E, under the line flows through the grass resistance
R,. The power P is then generated by the current through the resistance of grass as shown in

equation (3.1) below, and this gives rise to the production of heat that can cause burning of grass.

P=I,R, 3.1
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Dry grass with a potential to grow to a considerable height above the ground was identified as a
sample. The result in this experiment was subjected to the local conditions of KwaZulu-Natal
province in terms of climate and vegetation. There has been some unexplained bush fires under
the Cahora-Bassa HVDC line that have happened from time to time. Therefore, the grassland of

Kwazulu-Natal province was studied using the articulations from [60].

Five grass samples were identified that meet the relative heights suitable for testing. These
samples were identified as Hyperrhenia filipendula, stenotaphrum secundatum, Hyparrhenia
Hirta, Cymbopongon Validus and Hyperrhenia Aucta & H Rufa. All the grass gathered had
inflorescence for easier identification. Only the grass type that had not been exposed to nature for
a long time had to be picked. This reduced the variations in the results by bringing consistency

into the vegetative state of the dry grass collected.

Grass is composed of a cellulose material as outlined in [54-58] which makes it highly
hygroscopic when exposed to uncontrolled environments. This means that its moisture content
would vary considerably. The collected grass was kept in a controlled environment to achieve
consistency in the moisture content. This meant a measurable fixed amount of moisture content

had to be maintained which reduced discrepancy in the results.

Dry grass being made out of cellulose like wood [57,58] is an insulating material. Therefore, all
the samples with known moisture content were subjected to an electrical test to establish their
electrical equivalent model as per test procedures in [ 54,55]. Since there are no known dielectric
properties for grass in literature, several tests were performed and then the data subjected to
statistical analysis to come up with normalised values from several sampled data. There was no
reference data for the ignition temperature of grass. Therefore, the digital combustion material

analysing equipment [57,58] was used in this dissertation.

An experimental test to investigate the effect of corona on dry grass under the HVDC power line
using an indoor test line was performed. The indoor test line was used so as to eliminate the
variation in weather whose effect requires a much longer time of testing to analyse. Grass was
bunched into a fixed radius so that only variation in grass heights was tested while maintaining

the same cross-section area. Repeated tests were done and checked for consistency in the results.
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The major assumption taken in the experiments was that grass was a one cylindrical solid
component so as to have meaningful analysis by holding grass into a regular shaped bundle. The
theory of the environment under a transmission line states the boundary conditions of the electric
field as varying from the minimum at ground level to the maximum field on the conductor. This

made taking grass height to be a variable parameter in this experiment an important aspect.

Finally, the variation of air conductivity with the electric field was studied by performing a
measurement experiment of the same so as to appreciate how conductance of air is affected by

the field which was required for the simulation.

3.3 Grass sample selection

The grass habitat that was found to be of particular interest in this research was the Elephant
grass as it is commonly referred to. The Hyperrhenia Aucta & H Rufa grass type was identified
because of the species height dominance and a location preference that matched the environment
under the power lines. Hyperrhenia Aucta & H Rufa is a tall grass that often occupies well
watered lands and, when dry, has been subjected to frequent burning. It is particularly abundant
in areas where soils have been previously disturbed due to some developments like roads
construction and power line routing. This grass type is often known to have a characteristic of
invading and eventually dominating other species especially in areas where grazing is less likely
[60].

The grass type is distinct as it appears as a robust perennial plant with stems that can grow to
heights of 280 cm high, usually un-branched or scantly branched. Thus, this is the grass type that

was subjected to numerous tests in the corona-induced fire investigations.

3.3.1 Grass collection and storage

Dry Hyperrhenia Aucta & H Rufa grass was gathered from the bushes around Durban and then
stored in a specially designed wooden house. The wooden house is shown in Figure 3.2 on the
following page. The house composed of wooden sleepers arranged horizontally so as to enable
well ventilated environment. A heater was installed for temperature control inside the house.

This allowed the room ambient temperature conditions to be modulated. The inside of the
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wooden house is as shown in Figure 3.3. Since, the collection of grass was done during a period
of high humidity in Durban which was from November to December being a raining season of
the year. This meant that the collected grass had absorbed a lot of moisture being a highly

hygroscopic material.

Studies [55,57,58] have shown that wet material with cellulose has a higher conductivity of
electricity due to the absorbed moisture mixed with the mineral elements left in the body
structure of dry grass. Electric field studies [61,62] have proved that a conducting surface always
develops an equal electric field distribution. It was therefore found not ideal to study the wet
grass. In view of this, all the collected grass had to have its moisture content reduced by storing it

in the wooden house where moisture conditioning was carried out.

The temperature in the house was initially kept at 48 OC with a low humidity so as to keep the air
dry and increase the absorption of moisture from the grass. This allowed the grass to release
excess moisture thereby reducing the water content in dry grass to an acceptable level of 11%
and below. It was found necessary to reduce the moisture content to this level because most of
the bush fires under the HVDC line have been observed to occur during the dry season of the

year.

Figure3.2 Wooden house used for environmental conditioning of grass
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Figure 3.3 Insidethe Conditioning House

The grass was stored in the conditioning room for five days during which moisture tests were
done daily until when no noticeable changes were obtained in the weight percentage of water
content. The room temperature was maintained constant by the heat generated by the 20
incandescent lamps of 100 Watts each installed in the house. The room temperature inside the
house was then kept at 38 °C. A gas fired open Bunsen burner was additionally used during

periods of rain to keep the room dry.

3.3.2 Testing moisture content in grass samples

The moisture content in grass was determined by removing the grass moisture using an industrial
oven with temperature control functions that enabled to set the temperature at 105 °C. Bunches
of grass samples were weighed prior to being put in the oven and then dried until a constant
weight was attained. The difference in the weights, between the initial weight W and the final
constant weight W, was the moisture content in the grass which was expressed as the percentage
of the initial weight as shown in equation (3.2) where PMC is percentage of moisture content.

The results are shown in Tables A1.2 to A1.5 in section Al.1 of Appendix A.

W -W,
PMC:T 3.2)
|
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3.4 Experimental Set-up

The electrical characteristics of the dry grass were determined using the tan delta equipment
explained in [64] and the test cell shown in figure 3.4 below. The electrical conductivity of air
was determined using a two-stage Walton-Cockroft generator and the test cell. The arrangement
of the HVDC test line used is as shown in figure 3.5. The parameters for the test line are shown
in tables 3.1 through 3.3. Measurements of ion currents were done as indicated in figures 3.6 and

3.7 then then the test line was modelled in QuickfieldTM software.

3.4.1 Dielectric characteristics of grass

Direct measurements are used mainly on power frequencies and low temperatures. This was used
in this dissertation. The grass samples were molded into regular shapes that depended on the test
cells. The Capacitor Resistance (CR) Meter [51,63] was used to measure the dielectric properties
of grass. For loose materials like grass, a dielectric test cell consisting of a fixture of two
adjustable plates into which the sample was installed for evaluation of its electrical properties

was used. By connected to an automatic CR meter, the capacitance (C) was measured [64]

Guidelines on the testing of wood [55,57,58] were followed for the tests on grass. Previous wood
tests provided valuable information. The testing was done according to the guidelines of the
International Electro-technical Commission (IEC) and the American Society for Testing and
Materials (ASTM) [63-65]. These references outline the details of testing methods and
measurement techniques of dielectric constants with a focus on the fundamentals and principles

for solid insulators.

The guide for cutting grass samples into small regular pieces which could easily fit in the test
cell and then compressed for tight packing is as shown in Figure 3.5.The test chamber was
weighed without grass and then with compressed grass. After each test, the test chamber was

carefully cleaned and dried.

Hydraulic compression was used with a loading of 20 kg to ensure tight and compact packing so

that the chances of air introducing errors were minimized. In each test sequence, the voltage was
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raised slowly from 2 kV to 7 kV in six definite steps. During each test cycle pressure,

temperature and humidity were measured.

Figure 3.4 Grass compacted in a test cell

The capacitance for grass was measured as, Cyy and conductance as Gyp, using the CR meter.
Tests were then repeated with air in the cell and then capacitance and conductance for air were

measured and noted as C, and G, respectively.

The dielectric constant for grass was obtained by dividing capacitance of grass Cx, with

capacitance of air C, as shown in equation (3.3).

. Cu (33)
Er=—1" .

Ca
It is important to know that the permittivity obtained for grass is lower than the actual because
there is always some air between the electrodes and the sample. Section Al.2 of Appendix A

contains the detailed procedure of how the permittivity and conductance of air was determined.
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To validate the method used for determining the permittivity of grass, the permittivity of
transformer oil was determined using the same apparatus. This approach was used because so as
to be sure of the permittivity value obtained and check the methodology used. Since the
permittivity for Transformer oil is well known. The approach for the validation is given in

section A1.3 of Appendix A.

3.4.2 Electrical conductivity of air

A varying voltage from a two-stage Walton-Cockcroft generator supplied the test voltage for the
current conduction test of the natural air at room temperature, pressure and humidity in a uniform
field measured between two fixed parallel plates. These tests were performed in an indoor
HVDC laboratory at Westville Campus of UKZN. During the test, increasing voltages were
measured with the corresponding conductance as indicated on the tan delta instrument. The tests
were repeated five times to check the consistency in the values taken. These tests were done so
as to appreciate what goes on in the air (Figure A1.3 in section A1.2 of Appendix A) when the

electric field is present.

3.4.3 HVDC test line

The HVDC test line in the HVDC laboratory is a mono pole line with a single span. The test line
is suspended between two steel anchor towers mounted on wooden slabs with a distance of 7.55
m apart as shown in the side view of Figure 3.5. The line has a middle span height of 2.4 m and
shielded by a single earth wire mounted at 3.1 m above the ground. The initial test configuration
had four conductors in a bundle with a sub-conductor radius of 1.4 cm and spacing distance of

1.8 cm.

The test line was energized by a power supply consisting of a two-stage Walton-Cockcroft
generator supplied from two cascaded transformers each with a ratio of 0.23/100 kV with a
cascaded output of 550 kV ac. The transformer ac output is rectified by the Walton-Cockcroft

generator to energize the test line to a voltage of £500 kV maximum and current of 7.5 mA.
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Figure 3.5 Test line arrangement diagram

However, the available test voltage range is = 320 kV due to safety clearances in the laboratory.

The specifications of the power supply and test line are summarized in Tables 3.1 through 3.3.

Table 3.1 HVDC test linecomponents

A Wooden Block

B Steel Structure

C Metal Plate

D Perspex Sample holder
E Shunt Resistor

F Conductor

G Insulator

H Earth wire

I Grass

The following were the other equipment used: 500 kV DC Test Kit, Pico-meter, Thermal

Temperature Sensor Camera, Corona Camera (CoroCaml), Field meter, and Hygrometer.
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Table 3.2 Power sourcecircuit parameters

Parameter Value

Cl 150 kV, 100 nF
C2 300 kV, 50 nF
C3 300 kV, 50 nF
C4 300 kV, 50 nF
D1 300kV, 20 mA
D2 300 kV, 20 mA
D3 300 kV, 20 mA
D4 300 kV, 20 mA
Ru 300 kV, 2x 600 MQ
| 560 Q

Rg 10 kQ
Voltage Divider 20 kQ

T1 0.23/100 kV
T2 0.23/100 kV

Table3.3 HVDC test line parameters.

No. of sub- | Diameter | Spacing Conductor Earth wire Grassradius | Grass heights
conductors [cm] [cm] height height [cm] [mm] [cm]
[cm]
4 2.3 18 230 310 10 40-220

The procedure adhered to during the tests was as follows:

1. Using a negatively charged test line with four conductors in a bundle configuration and a
sub-conductor radius of 1.4 cm, a bunch of dry grass from sample A, cut to 40 cm height

was placed under the test line.
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2. The sample was then subjected to an increasing voltage in steps of 20 kV over the range
of 0 to 320 kV DC.

3. At each voltage ramp, corona-induced current was measured and the grass sample surface
was scanned using a thermal scanner for any localized sudden temperature changes and
results recorded. CoroCam1 was used to capture any corona activity.

4. The test cycle was then repeated for each grass height. The grass heights tested were 40
cm, 80 cm, 120 cm, 160 cm, 180 cm, 200 cm and 220 cm. The test was performed

without changing the line configuration and sub-conductor radius.

3.4.4 Corona-induced ion current measurement

The ion current measurement was done by directly connecting an HV probe from a shunt resistor
attached to the copper base plate in the sample holder to a digital multi-meter fluke, model 187,
and then to ground as shown in Figure 3.6. Since the base plate was not directly earthed,

measurements of corona-induced ion currents were possible.

Although the test was done indoors, temperature, humidity, and pressure were constantly
measured before and after each test as a precaution to ensure that there were no major changes
because corona loses are significantly influenced by weather [5,30,42]. Sudden variation could

negatively impact on the results.

3.5 Simulation methodology

The simulation was done by first developing the electrical equivalent model of dry grass, then
the second part was to develop a Quickfield™ test line model and the last part was the setting up
of test conditions. The results were then compared with the experimental results. In the
simulation the relative permittivity of grass that was used was 3.6 and the conductance was
0.0078x10° S. This data was obtained from the normalized values in appendix Al.2 after
carrying out statistical analysis on the data using the model in figure 3.1 to represent grass. The

simulation done was a two-dimensional finite element analysis.

3.5.1 Specific issues addressed

1. Varying the number of conductors in a bundle
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2. Varying grass heights

The HVDC overhead transmission line was modelled as shown in figure 3.8 below.

E
A .| 18 cm |. B
18cm
C‘ D 310cm
%20c 160cm
F -V

Figure3.6 Cross section view of the HVDC test line at UKZN Westville HVDC laboratory
In Figure 3.6, A, B, C, and D, are the four wires part of the conductor bundle, E is the earth wire,

G grass, and F copper plate. Quickfield™, being an electromagnetic field analysis software
based on the finite element method, was then used to solve the partial differential equations for a

monopole line as represented by equations (2.7), (2.8) and (2.12).
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Dirichlet boundary conditions were used in the model by providing the electrostatic potential

V(r) on the conductor surface and taking a grounded plate to be at 0 V [20,66]. With the

mathematical model presented, it was possible to simulate and evaluate the electric field for

different heights of grass. The density of the finite elements was made higher in the critical

regions of the dielectric where higher accuracy was required.

3.5.2 Simulations performed

The following were the actual steps followed in the simulations:

1.

A negatively charged test line with a configuration of four conductors in a bundle and a
sub-conductor radius of 1.4 cm was used.

Grass for sample A, with a permittivity of 3.61 and a height of 40 cm along the y-axis,
was placed between the line and the ground plate.

The sample was then subjected to an increasing voltage in steps of 20 kV over the range 0
to 320 kV DC.

The evaluated corona-induced ion current and electric field were then plotted against the
applied line voltage.

The simulation cycle was then repeated for each grass height in sample A. The used
heights were 40 cm, 80 cm, 120 cm, 160 cm, 180 cm, 200 cm and 220 cm.

The number of conductors in a bundle for the test line configuration was then changed
from 4 to 2 while maintaining the same sub-conductor radius of 1.4 cm. Steps 2 to 5
above were then repeated.

The number of conductors in a bundle for the test line configuration was then changed
from 2 to 1 while maintaining the same radius of 1.4 cm. Steps 2 to 5 above were then
repeated.

The simulation cycle was then repeated as outlined in steps 2 to 7 above for the positive

pole and same sub-conductor radius and results recorded.
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CHAPTER 4 RESULTSAND ANALYSIS
4.1 Introduction

The results in this section show that corona induced currents from HVDC lines can indeed ignite
grass under the transmission line due to space charge and high electric fields. The permittivity
and conductance of grass were also determined as indicated in Appendix A1.2, and the test used
to determine these two parameters was validated by determining the permittivity for Transformer

oil as explained in Appendix Al.3.

4.2 Thermal gravitation analysis (TGA) results for dry grass

The thermal gravitation analysis shown in Figure 4.1 indicates that grass ignites at 80 °C which
can be noted in the sudden change in the rate of change in weight and heat flow. The progressive
curve shows that grass then burns to carbon which then re-ignites to burn to ashes at 350 °C as

indicated by the sudden change in rate of weight change.

Figure4.1 Combustion of dry grassin nitrogen —TGA results
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In order to prevent combustion the sample was analyzed in nitrogen to remove moisture and
volatiles up to 600 °C, and then allowed to cool to 400 °C. Following which the nitrogen was
replaced by air and the sample heated from 10 °C to 800 °C until it turned into ash. The three
curves in Figure 4.1 are;

» The green curve is the TGA curve - percentage weight vs temperature

» The brown curve is the derivative curve - derivative percentage weight vs temperature

» The blue curve is the heat flow
However, in the laboratory, during the pratical test of grass under the test line, the highest
temperature caputured was 71.8 °C before grass ignited. It was difficult to determine the actual
ignition temperature using the thermal scan as the combustion was spontaneous and fire had to

be extinguished before it could spread and cause damage under the test line.

4.3 Corona-induced ignition of dry grass under the test line

Figure4.2 Thermal scan on 150 cm grass under the HVDC test line

Figure 4.2 above shows the ignition point (71.8 °C) of grass as reported in section 4.2 above.
This was captured in the laboratory. The grass of height 150 cm under the HVDC transmission
line with four wire conductor bundle that got burnt (figure 4.3) at the applied voltage of 320 kV
and 5.4 pA corona-induced ion current. The grass was effectively 90 cm below the conductor
bundle. This measurement is obtained by subtracting grass height from the conductor height

which was measured at 240 cm, if we remove the grass height , this gives us the effective
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measure of the grass from the conductor bundle. Grass, like all insulated objects under a HVDC
transmission line, are charged by corona-generated ions through a process called ion flow
electrification. Since dry grass is a dielectric material, it means theoretically it does not have any
practical ability to conduct electric current as outlined in the assumption that insulators do not

have any losses.

The practical position is that a leakage current exists which is defined as dielectric loss. These
losses act as a thermal source under high-voltage conditions. Dry grass being a practical
dielectric material is modelled to comprise a capacitor in parallel with a resistor as shown in
figure 3.1. A reasonable potential is held across the resistor on which heat is generated by the

current that flows through it.

Applying this theory to dry grass, it can reasonably be agreed that with suitable ambient
conditions and moisture content attained, there exist possibilities that grass can ignite as shown

in figure 4.3 below.

The resistance of a bunch of dry grass is not uniform in all practical sense. There are some
regions with higher resistance that can cause high voltage concentration. The high resistance
regions generate heat from corona-induced ion current. These areas develop a localized arcing
which gradually develops to a thermal runaway and fire eventually. This fact can be observed
from the results on the grass under the HVDC test line which showed that only certain localized

portions of the grass got burnt as shown in figure 4.3.
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Figure4.3 Burnt grass bunch with height of 150 cm under posistive corona.

The grass was not burnt at the tip where there was visible corona streamer effect as shown in
Figure 4.4. The portions that got burnt are at the base where grass made contact with the
grounded copper plate and in the middle of the grass stalk. This meant that the combustion of
grass was due to the corona-induced ion current flowing in and around the dry grass. Thermal
imaging also showed the gradual temperature rise on the grass samples as the corona-induced

current increased as is shown in Figure 4.2.

Figure 4.4 Positive corona on 150 cm dry grass under the HVDC test line

It should be noted that the observed thermal scan in figure 4.2, which shows that the grass did
not heat up uniformly hence it could not all ignite at the same time but had some region getting

hotter than others.
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4.4 V-1 Corona-induced current on dry grass under HVDC test line
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Figure4.51-V characteristic of 150 cm grass under the postive pole 4 Wire Bundle (HVDC test ling)

Figure 4.5 shows how applied voltage varies with corona-induced ion current flowing in dry
grass of height 150 cm under a high voltage overhead transmission line. It is evident that corona-
induced current in dry grass increases with increasing voltage magnitude of the transmission line

as observed in figure 4.5, until the grass ignited at 320 kV.

Empirical calculations using the standard form equations outlined in [9] have been used below to
simplify the conductor radius and evaluate the experimental results. The maximum conductor
gradient for a monopole configuration of a test line at which the grass ignited was calculated as
follows:

s=17cm;r = 1.4 cm; H =90 cm; Applied Voltage V=320 kV

For four wire conductor bundle the maximum conductor field is given by:
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The equation (5.18¢) in [9] was corrected by replacing the 3r with 4r in the denominator. This

correction was done after working out the equations and comparing the results with the
computation done by the authors in [9]. The maximum conductor electric field E,, at which the

grass ignited at the conductor voltage of 320 kV is given by equation (4.2).

E.,=36.895kV/cm 4.2)
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Figure4.61-V characteristic of 96 cm grass under the postive pole 2 Wire Bundle (HVDC test line)

It was further noted that with reduction in conductor bundle, there was a reduction in the grass
height to 96 cm under the two wire conductor bundle at which the grass got burnt with the
applied voltage of 304 kV and 47.6 pA corona-induced ion current as shown in Figure 4.6.This
showed a significant reduction in the conductor voltage and an increase in the induced current.
The grass was effectively 144 cm below the conductor bundle.This measurement is obtained by
subtracting grass height from the conductor height which was measured as 240 cm. If we remove

the grass height, this gives us the effective measure of the grass from the conductor bundle.
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Taking the two-wire conductor configuration into account, the maximum conductor field is given

by equation (4.3):

)
Em i 2an[\/|_Sr|_Sj

4.3)

Thus, the maximum conductor electric field E;, at which the grass ignited at the conductor

voltage of 304 kV is given by the following calculation in equation (4.4):

E.,=15.86kV/cm 4.4)

4.5 Corona-induced Ionic Currents In Relation To Conductor Voltage

The characteristic of corona induced ionic current on dry grass under the HVDC power line was
established for different conductor configuration and using different polarity for varying grass
height. For each configuration the results are shown in appendix D. However Figure 4.7 and
Figure 4.8 have been taken for analysis from the negative pole (test line) with four wire
conductor bundle for the 110 cm grass height and simular measurements were done for a 47cm

grass height under the four wire conductor bundle as shown.

The results obtained did match very well to the ones obtained by Sunaga Y et al in their paper
that showed that the electric fields and the ion current on the grounded insulated objects under a
HVDC line [6] varies to the square of the applied voltage. The plots were additionally found to
be similar to those obtained in [20,30,66]. This theoreticaly means an insulated object like grass
in this case will consolidate charge from the ionic flow that exist under the power line which will
then result into a corona ion current that leaks to ground as all practical insulators have a
resistance. This current leakage will increase with the increase in the applied conductor voltage
following a second order quadratic function which is in agreement with what Peek found in [29]

in which the corona loses were found to be obeying a second order quadratic law .
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Figure4.71-V characteristic of 110 cm grass under the postive pole 4 Wire Bundle (HVDC test ling)
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Figure4.81-V characteristic of 47 cm grass under the postive pole 4 Wire Bundle (HVDC test line)

41



4.6 Corona-induced currentswith different grass heights
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Figure4.91-V characteristic for varying grass heights

In order to analyse the effect of varying grass height, different current plots from different grass
heights with same conductor configuration and polarity in the case above, a four wire conductor
bundle and negative polarity were plotted on the same graph, the results shown in Figure 4.9
above indicate that the magnitude of the corona-induced ion currents increases with an increase
in grass height. This ties in well with theory from which, it is known that the electric field under
a DC power line increases with height above the ground. This is also confirmed in measurements
carried out in [6,37]. This also indicates that the closer you get to the charged conductors the
higher the induced charge. What can be noted is that for an insulated object under the HVDC

line, the induced ion current is influenced by the electric field that develops between the object
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and the charged conductors with respect to ground as elaborated by varying heights plotted in

Figure 4.9.

4.7 Positive and Negative corona-induced currents grass heights
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Figure4.101-V characteristic for positive and negative corona for grass height of 120 cm
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Figure4.111-V characteristic for positive and negative corona for grass height of 145 cm
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In order to analyse the effect of polarity in the electric field coupling on dry grass under the
HVDC power line, measurements from grass of the same height with matching configuration but
different polarity were taken and plotted on the same graphs as shown in the results in Figures
4.11 and 4.12 above. The results showed that the absolute values of corona-induced ion currents
in grass increase with the increasing height of grass for both the positive and the negative corona
effects. This could evidently be observed from the two graphs that ion currents for the grass
height of 145 cm are higher than those at a grass height of 120 cm. However the most standing
out observation is that negative corona-induced currents on grass at same height are greater than

those of positive corona-induced current for the same applied voltage.

The results obtained are a close match with the trend obtained in [5,26,28]. The difference is
attributed to the electron mobility. Corona forms at a much lower voltage under the negative
polarity than the positive because of this phenomenon which attribute to the building up of
more space charge and increased ion flow on the negative pole this can further be observed from
the two graphs in figure 4.11 and 4.12 where there is more induced current on the grass under the

negative pole.

4.8 Corona-induced currents for different sub-conductor configurations

In order to analyse the effect of conductor configuration on corona induced ionic current same
measurements from two equivalent grass height using different conductor configuration were
taken and plotted on the same graph as shown in figure 4.12. The results in figure 4.12, shows
the corona-induced currents in dry grass for a height of 145 cm under a two-conductor bundle
and a four-conductor bundle overhead test line. The results here show that the corona-induced
ion current measured under a four-wire conductor configuration is lower than that measured
under a two-wire conductor configuration. This confirms the importance of increasing

conductor-bundle configuration for high voltage overhead lines.
To further appreciate how corona is affected by conductor gradient and level of voltage, a
simulation of corona on a two-conductor bundle and a four-conductor bundle was done using

Quickfield™ from which the bright spots depicting electric field stress on the conductor
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indicating corona development for the two different conductor arrangements. Comparing figures
4.12, 4.13 and 4.14 it can be seen that the two wire conductor bundle has significantly greater
electric field stress than in the four wire conductor bundle. Figure 4.12 indicated that there is a
significant difference in currents between the two configurations. Similar observations were

made in experiments carried out in [6,20].
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Figure4.12 |-V characteristic for two wire and four wire
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Figure 4.13 Simulation of Coronafor a 2-wire bundle and a 4-wire Bundle at different scales

Figure4.14 Simulation of a2 wire conductor bundle (Ieft) and a 4 wire conductor bundle (right)

This observation can be attributed to the fact that increasing the number of sub-conductors
increases the effective conductor radius thereby reducing the electric field on the surface of the
conductor. This means increasing conductor size reduces the surface gradient because of
reduction in the rate of the electric field with lateral distance. This means electric field on larger

conductors can support longer streamers. These observations tie in well with theory. In fact, the
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experimental results (Figure 4.11and 4.12) and the simulated results (Figures 4.13 and 4.14) are
both in agreement with a number of research findings on a practical transmission line as shown
in [9]. These results in the three graphs indicate that the magnitude of the ion current in dry
grass under a HVDC transmission line increases with an increase in grass height and the level

of applied voltage.

This characteristic was further reviewed by the results from the empirical calculation as shown in
Appendix C which indicated that the conductor maximum peripheral field drops with an increase
in the number of sub-conductors from 21.35 kV/cm to 18.1 kV/cm for a change from a two-wire
conductor to a four-wire. This was done by taking same grass height and applying same
conductor voltage on the two different conductor configuration then carrying out a mathematic
calculation as explained in [9]. The results indicate that the effects of the number of sub-
conductors indeed compare well with the simulation results shown in figures 4.13 and 4.14. The
modeling results compare well with the measured currents in figure 4.11 and 4.12 thereby

amplifying the finding that corona activities increase with reduction in conductor size.

4.9 Simulated corona-induced current on grass

Grass was simulated with the normalized parameters as indicated in appendix B using a two
dimensional finite element software, Quickfield™, the I-V characteristic results obtained were
found to be consistent with the practical measurements as shown in Figures 4.7 and 4.8. This
was in agreement with the results obtained in the works done in [6,8,11-13]. The results show a
quadratic increment of induced corona ion current with increase in the applied conductor
voltage. This can be seen in figures 4.15 and 4.16 in which the current for 20 cm and 40 cm

grass bundles respectively were modelled in Quickfield™ and plotted.

However in the model grass was assumed to be a single block substance which is not the case in
reality. Grass in the natural inhabitant consist of loose steams that had to be bunched together to
form a single sample that was then subjected to a practical test. It is not possible to compact
loose steams of grass without trapping some pockets of air. This accounted for the difference in
the magnitude of the current flows between the measured and simulated when comparing

figures 4.15 and 4.16 to the ones above.
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Figure 4.15 Simulation of |-V characteristic for grass height of 20 cm under a HVDC two wire conductor
bundle
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Figure 4.16 Smulation of |-V characteristic for grass height of 40 cm.
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Figure 4.17 Smulation of corona-induced voltage on grass height of 20 cm

Figure 4.17 shows the equipotential lines for the simulation of 20 cm grass under the two
conductor bundles in Quickfield™. This shows that grass is a dielectric material can hold

electrical charge although there is a small resistive current leakage leading to a heat generation.
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CHAPTER 5 CONCLUSION AND RECOMMENDATION

This dissertation has looked at how corona electric field strength can give rise to burning of dry
grass under overhead power lines. From the results, it can be concluded that the electric field and
the ion flow under HVDC lines can ignite dry grass when the conductor gradient is greater than
15.86 kV/cm for a two wire conductor bundle and 36.895 kV/cm for a four wire conductor
bundle.

It has also shown that the magnitude of the corona-induced ion current in dry grass under a
HVDC transmission line increases with an increase in grass height. Negative corona-induced
current under a power line is found to be greater than the positive corona-induced current. This is
because corona forms at a lower voltage under negative polarity than positive polarity and this is
attributed to the building up of more space charge and increased ion flow under a negative pole.
It should furthermore be noted that the electric field at ground level is more enhanced under a

negative pole than under the positive pole.

During the study, it was realized that there is little published data on the characteristics of dry
grass when subjected to the effect of the electric field strength. Hence, by applying the general
principles of the electromagnetic induction of the environment under the power transmission
lines that dry grass was experimented on to see how it burns due to corona-induced current
flowing in dry grass. Thus, it is important that more research on the phenomenon of corona-
induced bush fires under HVDC power transmission lines is undertaken so that clear guidelines
on minimizing this effect are provided after looking reviewing effects of factors that influences

the combustion of grass.

The grass habitat that was found to be of particular interest in this research was the elephant
grass as it is commonly referred to. However, its scientific term is the Hyperrhenia Aucta & H
Rufa grass type because of the species height dominance and locational preferences. From the
various grass types tested, only this grass type produced consistent electrical test result on which
statistical methods were applied as shown in Appendix B to analyze. For future study, it is also

important that the density of grass is taken into account in experiments as a variable to establish
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its effect. Future studies could also look at the effect of variable moisture content in grass in

relation to ignition of grass.

It should be noted that the main objectives established at the outset of this dissertation have been
achieved. One factor which has stood out in this research is that the generation of ion
concentrations near HVDC lines can cause excessive induced voltages on adjacent insulated

objects like dry grass and dry trees underneath the line.

It can be concluded that when an electric field is applied to a dielectric (grass in this case),
conduction current, however small it may be, still flows through the material. It is this current
that heats up the specimen and that causes the temperature rises. The heat generated is
transferred to the surrounding medium by conduction through the solid dielectric and by
radiation from its outer surfaces. Equilibrium is reached when the heat used to raise the
temperature of the dielectric, plus the heat radiated out, equals the heat generated. When this

critical voltage is reached, the heat generated may be more and this can lead to burning of grass.

In fact, at a critical voltage the ion concentrations under HVDC lines above ambient levels
become significant, and no wonder even wooden poles and dead trees can burn under HVAC
lines. Going by the geometry of grass, it makes sense that dry grass will catch fire due to high
electric fields and space charge under a HVDC transmission line. Thus, wood poles, bushes, and
trees in the immediate surroundings of high voltage DC or AC lines can experience corona, a

result of high intensity electric fields.

For transmission lines, it is thus important to take into account the overhead conductor height
above ground as the close we get to the conductor the greater the electric field. An economic
optimum conductor spacing should always be sought for when designing transmission lines in

order to avoid the adverse effects of the electric field.
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APPENDIX A
DETERMINATION OF GRASSPARAMETERS

A1l.1 Determination of grass weight

Two samples, A and B as shown in Table Al.l1 below, were used for dry grass in the
investigations. Sample A gave consistent results that could easily be analyzed by using statistical
methods in Appendix B. However, sample B grass gave results of various magnitudes such that
it was not easy to analyze them using statistical methods. Whence, the results gathered on sample
B experiments are not included in this thesis. The results on sample A could be relied on because

they tied in well with theory.

TableAl.1 Grassidentification

Sample Group
A Hyparrhenia aucta & h. rufa
B Other grass types

After no change in weight test, five successive weight measurements were noted as shown in
Tables A1.2 to Al.4. This indicated that there was no further moisture content in the grass

samples in the oven.

Table A1.2 Grassweight Test 1

Weight before heating | Weight after 3 hrs| Weight after 6 hrs
(grams) heating (grams) heating (grams)
Glass Beaker 151.2008 151.2008 151.2008
Grass + Beaker 158.7053 157.8511 157.8511
Grass only 7.5045 6.6503 6.6503
Water 0.8542
Water content [%] 11.383

Table A1.3 Grassweight Test 2

Weight before heating | Weight after 3 hrs | Weight after 6 hrs
(grams) heating (grams) heating (grams)

Glass Beaker 151.2008 151.2008 151.2008

Grass + Beaker 158.0676 157.3145 157.3145

Grass only 6.8668 6.1137 6.1137

Water 0.7531

Water content [%] 10.967
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Table Al.4 Grassweight Test 3

Weight before heating | Weight after 3 hrs| Weight after 6 hrs
(grams) heating (grams) heating (grams)
Glass Beaker 151.2008 151.2008 151.2008
Grass + Beaker 157.6137 156.8904 156.8904
Grass only 6.4129 5.6896 5.6896
Water 0.7233
Water content [%] 11.279
Table A1.5 Grassweight Test 4
Weight before heating | Weight after 3 hrs| Weight after 6 hrs
(grams) heating (grams) heating (grams)
Glass Beaker 151.2008 151.2008 151.2008
Grass + Beaker 157.7147 156.9964 156.9964
Grass only 6.5139 5.7956 5.7956
Water 0.7183
Water content [%] 11.027

A1.2 Determination of relative permittivity and conductance for grass

The skewness, calculated using equation (B 1.7), for the normal distribution function obtained in
Figure Al.1 for relative permittivity in sample A is -0.294. This falls within the standard error
+0.7746 calculated using equation (B 1.6). Further analysis of individual sample tests revealed
that each mean was near the consolidated mean, apart from sample test no. 3 which produced a
permittivity mean of 2.5336, considerably lower than the real permittivity mean of 3.6078. This
is because grass, though of the same species, the soil where it grows may affect its chemical
composition. This explains why different batches displayed varying results. The individual
standard deviation of the samples was also found to be consistent and could fairly be compared
to the real standard deviation of the consolidated sample data which is 0.5623 for permittivity.
This meant that the samples were treated uniformly and the absorbed errors were also uniformly
distributed. The covariance of individual test results showed that there was no significant change
in the permittivity and conductance within the voltage test range. This signified that the test

sample did not get burnt by the applied voltage range of 2 kV to 7 kV.
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Figure A1.1 Normal distribution curvefor Relative Permittivity-Sample A

Figure A1.2 Normal distribution curvefor Conductance-Sample A

The distribution curve for conductance was positively skewed with a statistic skewness of 0.8419
which was found to be outside the standard error of £0.7746. This skewness (Figure A1.2) was
attributed to significant variations in conductance for sequence tests cycles 1 and 2 which
resulted in some wider gap in data distribution as shown in Appendix C. The distribution curve
shows that there are comparatively fewer data points above a mean of 0.00707 uS for
conductance. This conductance was for the volume of grass in the test cell. However, there is
need to investigate the effect of grass density in future research. Further investigation could not
be conducted in this area, but for the test in this experiment, the same density was maintained for

all the grass tested by weighing the grass bunch and then checking the density from the volume.
The normal distribution assumes random errors are distributed normally along the curve [67,68].
However, this assumption breaks down in cases of multiple sources of errors that are correlated.

Furthermore, when the errors are not truly randomly distributed, then the assumption’s validity is
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questioned. In this test, the error distribution is normally distributed shown by the closeness in

magnitudes between sample tests.

The standard error of the mean, which is the standard deviation of errors in the sample with
respect to the real mean, is given by equation (B1.6) and calculations are shown below:

For Permittivity, standard error= ((0.5623)/(39)"%)= 0.09

For Conductance, standard error= ((0.00407)/(39)"%)= 0.00065
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Figure A1.3 Variation of conductivity of air Vsapplied electricfield

Figure A1.3 clearly shows that conductivity of air does increase with the increasing electric field.

This observation is consistent with theory [9].
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A1.3 Validation of grass permittivity test using new Transformer oil test as control

Figure Al.4 Parallel capacitor configuration

Figure A1.5 Parallel capacitor fringing of dectric fields

Oil was tested as a control for the test of grass permittivity. The test cell used had a rectangular
shaped parallel plate capacitor configuration as shown in Figure A1.4. This test was performed
as outlined in section A1.2 of this dissertation for the test of grass permittivity and conductance
with same equipment and test conditions maintained. A permittivity mean of 2.395 and
conductance mean of 0.0137 were obtained from 6 tests. The distribution function was not
plotted because of a leak as this particular test chamber was not designed to contain liquids.

Therefore, only a few sample tests could be performed with this chamber.

The covariance of individual test results showed that there was no significant change in
permittivity or conductance within the voltage test range which was an indication that the

samples were tested within their dielectric strength capability.

The testing of new transformer oil was used to validate the methodology used in testing the
permittivity and conductance of grass since oil is an insulating liquid widely used and has a
permittivity that has been measured and established universally as ranging from 2.2 to 2.3. The
values obtained compared very well with the theoretical values for oil with a marginal error of
4%. This meant that the method used to test grass samples can be technically acceptable with

negligible errors. The percentage error in the test was attributed to the fringing at the electrode
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ends as shown in figure A1.5. This chamber did not have guard rings installed and the gap

between electrodes was noted to be larger than 35 mm.
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APPENDIX B
STATISTICAL ANALYSIS OF GRASS

B1 Statistical methods

A larger number of data was collected from several tests so that a precise estimate could be
established from the tests performed per grass sample. It was therefore found inevitable to use
statistical methods to analyze the results. Statistics are able to show patterns which human eyes
and brain can easily comprehend. Graphical statistical data analysis shows the features which are
hidden when the data is in numerical form [67-72]. With this tool it is possible to:

1. Show the possible errors in the data.

2. Show the features of the dataset, e.g. symmetry, skew, scatter.

3. Test for a normal distribution.
From the statistical analysis only one grass sample produced acceptable results, this was the

Hyperrhenia Aucta & H Rufa.

Karl Gauss is credited for the recognition of the normal curve of errors and also Pierre-Simon de
Laplace for discovering the normal distribution. The normal curve is referred to as the Gaussian

distribution [ 71,72].

A Statistic is referred to as any function of random variables in a random sample. In normal
distribution, there are some special mathematical properties which form the basis of many
statistical tests. Although no real datasets follow the normal distribution exactly, many kinds of
data follow a distribution that is approximately Gaussian. A normal distribution can be defined
by two parameters, the mean and the standard deviation. By definition, normal frequency

distributions are continuous but not all datasets follow normal distributions.
The mean is used to define the central location in a set of normally distributed data. In a normal

data set, the median, mode, and mean are nearly equal. The area under the curve equals all of the

observations or measurements. The normal distribution is given by equation (3.15).
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The Normal Distribution is used to know the data population in which the probabilities of
obtaining different random samples from within the distributed data set is the basis for statistical

testing [67-70].

B 1.1 Mean
This is a numerical average of a given data sample evaluated using equation (B1.1) below.

XY

=20 (B 1.1)

B 1.2 Standard deviation

This is a measure of variability. Large variability in a data set produces relatively large values of
(x —X)2 and thus a large sample variance. This indicates the level of dispersion of data about
the mean. The quantity (N — 1) is called the degree of freedom associated with the variance

estimate. It is evaluated using equation (B1.2).

— 1 N 92
6_\/(N—1) D (% = %) (B12)

B 1.3 Variance
The average squared deviation from the mean, a measure of the spread of data, is:
V=0’ (B 1.3)

B 1.4 Covariance
Level of inter-dependence of the two variables in a statistical sample. If there is no inter-

relation, the covariance is zero. The formula is as shown in equation (B1.4).
1 - _
CoV = 2% = %)Y, = 9) (B 1.4)

B 1.5 Normal Distribution

Characteristics of normal distribution have an unveiled bell curve with most values near the
middle datum or average of the sample. Very few values near the upper and lower extremes fit

the formula of a normal distribution frequency analysis of data given as in equation (B 1.5).
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B 1.6 Standard Error

This is measured using equation (B 1.6).

-2
Vn (B 1.6)
B 1.7 Skewness

This is a measure of describing deviation from normal distribution using the third moment of the
mean. It is either skewed to the left (negative skew), or skewed to the right (positive skew). The

measure of skewness is given as in equation (B 1.7).

b _ nIXi = %)
T (n—-1)(n-2)
gl = :—:estimate of v, B 1.7)

If y1<0, then distribution is skewed to the left
If y1=0, then distribution is normal

If y1>0, then distribution is skewed to the right.
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APPENDIX C

DETERMINATION OF CONDUCTOR SURFACE
GRADIENT

Empirical calculations using the standard form equations outlined in [9] have been adopted
below to amplify the conductor radius and compare the results to the pattern that was obtained
experimentally and from the simulation. Taking equation (2.6), V, = E_rIn(2H/r), where H is
the height above ground or distance between poles and r is the conductor radius, and for bundle
conductors, I = GMR, where GMR is Geometrical Mean Radius of a bundled conductor and s
is the sub bundle radius: The conductor gradient for a monopole configuration of a test line is
calculated as follows:

s=17 cm, r=14 cm, H = 240 cm, Applied Voltage V=200 kV

)
Em i 2an[\/|_Sr|_Sj

The maximum Conductor Electric field E,, at 200 kV will be:

(CL.1)

E. = 21.35kV/cm (C1.2)

For four wire conductor bundle the maximum conductor field is given by:
V[l + 4\/§rJ

S
E.= (CL.3)

H
4an{‘{/(\/_5)rs3J

This equation was corrected by replacing the 3r with 4r in the denominator as written in [9].

This was done after working out the equations and comparing the results with the computation

done by the authors in [9]. The maximum conductor electric field E,, at 200 kV is:
E,=18.104kV /cm (Cl1.4)
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APPENDIX D

I-V Characteristics Measured

D1 Positive Polarity with Two Wire Conductor Bundle
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Figure D1.1: I-V Characteristic for 47 cm Grass Height Under 2 Wire Positive Pole
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Figure D1.2: I-V Characteristic for 43 cm Grass Height Under 2 Wire Positive Pole
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Figure D1.3: I-V Characteristic for 63 cm Grass Height Under 2 Wire Positive Pole
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Figure D1.4: I-V Characteristic for 63 cm Grass Height Under 2 Wire Positive Pole
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Figure D1.5: I-V Characteristic for 96 cm Grass Height Under 2 Wire Positive Pole
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Figure D1.7: I-V Characteristic for 120 cm Grass Height Under 2 Wire Positive Pole
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Figure D1.8: I-V Characteristic for 135 cm Grass Height Under 2 Wire Positive Pole
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Figure D1.9: I-V Characteristic for 145 cm Grass Height Under 2 Wire Positive Pole
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Figure D1.10: I-V Characteristic for 151 cm Grass Height Under 2 Wire Positive Pole
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Figure D1.11: I-V Characteristic for 165 cm Grass Height Under 2 Wire Positive Pole
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Figure D1.12: I-V Characteristic for 170 cm Grass Height Under 2 Wire Positive Pole

D 2 Negative Polarity with Two Wire Conductor Bundle
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Figure D2.2: I-V Characteristic for 60 cm Grass Height Under 2 Wire Negative Pole
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Figure D2.3: I-V Characteristic for 80 cm Grass Height Under 2 Wire Negative Pole
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Figure D2.4: I-V Characteristic For 96 cm Grass Height Under 2 Wire Negative Pole
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Figure D2.5: I-V Characteristic For 96 cm Grass Height Under 2 Wire Negative Pole
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Figure D2.6 I-V Characteristic For 110 cm Grass Height Under 2 Wire Negative Pole
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Figure D2.7: I-V Characteristic For 120 cm Grass Height Under 2 Wire Negative Pole

78



50.0

45.0

™

40.0

™

™

35.0

T~

30.0

25.0 7

20.0 -

15.0

Corona Current [uA] (-ve)

10.0

5.0 -

0.0

0 50 100 150 200 250 300 350
Voltage [kV]

Figure D2.8: I-V Characteristic For 130 cm Grass Height Under 2 Wire Negative Pole
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Figure D2.9: I-V Characteristic For 145 cm Grass Height Under 2 Wire Negative Pole
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Figure D2.10: I-V Characteristic For 150 cm Grass Height Under 2 Wire Negative Pole
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Figure D2.11: I-V Characteristic For 165 cm Grass Height Under 2 Wire Negative Pole

D3 Negative Polarity with Four Wire Conductor Bundle
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Figure D3.1: I-V Characteristic For 47 cm Grass Height Under 4 Wire Negative Pole
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Figure D3.2: I-V Characteristic For 63 cm Grass Height Under 4 Wire Negative Pole
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Figure D3.3: I-V Characteristic For 96 cm Grass Height Under 4 Wire Negative Pole
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Figure D3.4: I-V Characteristic For 110 cm Grass Height Under 4 Wire Negative Pole
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Figure D3.5: I-V Characteristic For 110 cm Grass Height Under 4 Wire Negative Pole
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Figure D3.6: I-V Characteristic For 120 cm Grass Height Under 4 Wire Negative Pole
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Figure D3.7: I-V Characteristic For 135 cm Grass Height Under 4 Wire Negative Pole
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Figure D3.8: I-V Characteristic For 148 cm Grass Height Under 4 Wire Negative Pole
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Figure D3.9: I-V Characteristic For 151 cm Grass Height Under 4 Wire Negative Pole
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Figure D3.10: I-V Characteristic For165 cm Grass Height Under 4 Wire Negative Pole
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Figure D3.11: I-V Characteristic For150 cm Grass Height Under 4 Wire Negative Pole
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D4 Positive Polarity with Four Wire Conductor Bundle
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Figure D4.1: I-V Characteristic For 45 cm Grass Height Under 4 Wire Positive Pole
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Figure D4.2: I-V Characteristic For 47 cm Grass Height Under 4 Wire Positive Pole
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Figure D4.3: I-V Characteristic For 63 cm Grass Height Under 4 Wire Positive Pole
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Figure D4.4: I-V Characteristic For 73 cm Grass Height Under 4 Wire Positive Pole
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Figure D4.5: I-V Characteristic For 80 cm Grass Height Under 4 Wire Positive Pole
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Figure D4.6: I-V Characteristic For 96 cm Grass Height Under 4 Wire Positive Pole
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Figure D4.7: I-V Characteristic For 110 cm Grass Height Under 4 Wire Positive Pole
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Figure D4.8: I-V Characteristic For 120 cm Grass Height Under 4 Wire Positive Pole
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Figure D4.9: I-V Characteristic For 130 cm Grass Height Under 4 Wire Positive Pole
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Figure D 4.10: I-V Characteristic For 145 cm Grass Height
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Figure D4.11: I-V Characteristic For 150 cm Grass Height Under 4 Wire Positive Pole
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Figure D4.12: I-V Characteristic For 150 cm Grass Height Under 4 Wire Positive Pole
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Figure D4.13: I-V Characteristic For 151 cm Grass Height Under 4 Wire Positive Pole
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