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1. DEFINITIONS AND ACRONYMS
1.1 DEFINITIONS
The following definitions have been taken from relevant standards and reproduced here.

Back-flashover
A flashover of insulation resulting from a lightning stroke to part of a network or electrical
installation which is normally at ground potential.
Back-flashover rate
The annual outage rate on a circuit or tower-line length basis caused by back flashover on a
transmission line.
Basic lightning impulse insulation level
The crest value of a standard lightning impulse for which the insulation exhibits a 90% probability of
withstand (or a 10% probability of failure) under specified conditions.
Cloud-to-ground lightning flash
A lightning discharge to ground consisting of a first return stroke that may be followed by
subsequent strokes and other impulsive or continuing currents.
Critical current
The first-stroke lightning current to a phase conductor which produces a critical impulse flashover
voltage wave.
Critical impulse flashover voltage
The crest value of the impulse wave which, under specified conditions, causes flashover through the
surrounding medium on 50% of the applications.
Current peak value
Maximum value of the lightning current.
Direct lightning flash
A lightning discharge composed of one or more strokes, that strikes the structure or its LPS directly.
Down conductor
A conductor that connects an air terminal network with an earth termination.
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Earth impedance
The electrical impedance of an earthing electrode or structure to earth, derived from the earth
potential rise divided by the impulse current to earth causing that rise. It is a relatively complex
function and depends on:
(a) The resistance component (R) as measured by an earth tester;
(b) The reactance component (X), depending on the circuit path to the general body of earth; and
(c) A modifying (reducing) time-related component depending on soil ionization caused by high
current and fast rise times.
Earth potential rise
The increase in electrical potential of an earthing electrode, body of soil or earthed structure, with
respect to distant earth, caused by the discharge of current to the general body of earth through the
impedance of that earthing electrode or structure.
Earthing conductor
The conductor by which the final connection to an earthing electrode is made.
Earthing electrodes (earth rods or ground rods)
Those portions of the earth termination that make direct low resistance electrical contact with the
earth.
Earthing resistance
The resistance of the LPS to the general mass of earth, as measured from a test point.
Earth termination
That part of an LPS intended to discharge lightning currents into the general mass of the earth. All
parts below the lowest test link in a down conductor are included.
Flashover
A disruptive discharge through air around or over the surface of solid or liquid insulation, between
parts of different potential or polarity, produced by the application of voltage wherein the
breakdown path becomes sufficiently ionized to maintain an electric arc.
Frequency of lightning flashes direct to a structure (Nd)
Expected annual number of lightning flashes directly striking the structure.
Ground electrode
A conductor or group of conductors in intimate contact with the ground for the purpose of providing
a connection with the ground.
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Ground flash density
The average number of lightning strokes to ground per unit area, per unit time at a particular
location.
Hazardous area
An area where an explosive atmosphere is, or may be expected to be present continuously,
intermittently or due to an abnormal or transient condition.
Indirect lightning flash
A lightning discharge composed of one or more strokes, that strikes the incoming services or the
ground near the structure or near the incoming services.
Induced voltage (lightning strokes)
The voltage induced on a network or electric installation by a nearby stroke.
Lightning first return stroke
A lightning discharge to ground initiated when the tip of a downward leader meets an upward leader
from the earth.
Lightning subsequent stroke
A lightning discharge that may follow a path already established by a first stroke.
Lightning flash
The complete lightning discharge, most often composed of leaders from a cloud followed by one or
more return strokes.
Lightning flash density (Ng)
The number of lightning flashes of the specified type occurring on or over unit area in unit time. This
is commonly expressed as per square kilometre per year. The ground flash density is the number of
ground flashes per unit area and per unit time, preferably expressed as a long term average value.
Lightning outage
A power outage following a lightning flashover that results in system fault current, thereby
necessitating the operation of a switching device to clear the fault.
Line lightning performance
The performance of a line expressed as the annual number of lightning flashovers on a circuit
kilometre or tower-line kilometre basis.

9
Lightning protection
Complete system for protection of structures against lightning, including their internal systems and
contents, as well as persons, in general consisting of an LPS.
Lightning protection system
Complete system used to reduce physical damage due to lightning flashes to a structure.
Lightning strike attachment point
The point on the ground or on a structure where the lower end of the lightning discharge channel
connects with the ground or structure.
Line surge arrester
A protective device for limiting surge voltages on transmission-line insulation by discharging or
bypassing surge current; it prevents continued flow of follow-current to ground and is capable of
repeating these functions.
Overhead shield wire
Grounded wire or wires placed above the phase conductors for the purpose of intercepting direct
strokes in order to prevent the phase conductors from direct strokes. They may be grounded directly
or indirectly through short gaps.
Power lines
Distribution lines feeding electrical energy into a structure to power electrical and electronic
equipment located there, such as low voltage (LV) or high voltage (HV) electric mains.
Risk assessment
The process of designing an LPS to achieve a probable frequency of damage and injury. It is based on
determining the likely number of lightning discharges and also estimates the probability and
consequences. A range of protection measures can be selected to reduce the risk to less than a
target value. This process is also known as risk management.
Shielding angle
The angle between the vertical line through the overhead shield wire and a line connecting the
overhead shield wire with the shielded conductor.
Shielding failure flash-over rate
The annual number of flashovers on a circuit or tower-line length basis caused by shielding failures.
Shielding failure rate
The annual number of lightning events on a circuit or tower-line length basis, which bypass the
overhead ground/shield wire and terminate directly on the phase conductor. This event may or may
not cause flashover.
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Standard lightning impulse
A unidirectional surge having a 30-90% equivalent rise time of 1.2
50 .

and a time to half value of

Striking distance
The distance between the tip of the downward leader and the eventual lightning strike attachment
point at the moment of initiation of an upward intercepting streamer.
Tolerable risk
Maximum value of the risk that can be tolerated in the structure to be protected. Also referred to as
acceptable risk, being the maximum value of risk acceptable based on community expectations.

1.2 ACRONYMS
(BF) Back Flash
(BFR) Back Flash Rate
(BIL) Basic Lightning Impulse Insulation Level
(BSL) Basic Switching Impulse Insulation Level
(CFO) Critical Flash Over
(EGM) Electro-Geometric Model
(EPR) Earth Potential Rise
(GFD) Ground Flash Density
(LFC) Lightning Flash Counter
(LFD) Lightning Fault Detection
(LPS) Lightning Protection System
(LRA) Lightning Risk Assessment
(MOV) Metal Oxide Varistor
(NFPA) National Fire Protection Association
(OHSW) Over Head Shield Wire
(SFFOR) Shielding Failure Flash over Rate
(WMO) World Meteorological Organisation
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2. PREFACE
Stuart Nell is a fourth-year engineering student at Murdoch University in Perth Western Australia.
He is working towards a double degree and triple major in Electrical Power Engineering, Renewable
Energy Engineering and Management. Stuart’s future plans are to complete his degree successfully
in June of 2014 where he hopes to secure a graduate position at Rio Tinto, or another global mining
company. During Stuart’s studies he has gained over 208 days or 1664 hours of industry experience
at Rio Tinto. Based in the Perth city, Stuart has been employed by Asset Management for a period of
one year and more recently, Utilities, where Stuart currently resides.
As part of the requirement of the degree Bachelor of Engineering, Stuart received an internship
placement at Rio Tinto where he was tasked with completing a lightning resilience study of a 33kV
Distribution line in an area known as Bungaroo Creek. The 33kV Bungaroo Creek distribution line
supplies power to water extraction bores in the lower Bungaroo valley as part of the Pilbara Coastal
Water Project.
Stuart’s project consists of extensive research that has been conducted into the effect lightning has
on distribution lines and draws on numerous Australian and International standards. Stuart took an
analytical approach working through every aspect of the distribution line thoroughly ensuring
adequate attention had been paid to every facet.
Stuart began his project by first gaining an appreciation into what the coastal water project set out
to achieve (reference section 5). Stuart conducted extensive research into the phenomenon of
lightning (reference section 6) and through the studies of industry experts, examined its impact on
distribution lines (reference section 8). Gathering all available information on the 33kV Bungaroo
Creek Distribution Line Stuart conducted an analysis of the line design and components, evaluating
their competency in providing adequate lightning protection (reference sections 10-14).
Through a set of recommendations (reference section 16) Stuart provided means for improving the
lightning protection of the distribution line, indicating how the number of expected lightning
outages in a given year could be reduced.
Examining this report, the reader should gain understanding into what is required when completing
a lightning resilience study of a distribution line. As per Rio Tinto’s requirements, calculations have
been purposely included in the body of the work for reader convenience. Through the examination
of the recommendations (reference section 16) the reader should be able to gain an appreciation
into how certain aspects of line design can significantly impact lightning protection.
Through the completion of this project Stuart has gained a great appreciation into the impact
lightning has on electrical power systems. Through Stuart’s research he is now capable of advising
Utilities on the correct design and earthing of distribution lines to ensure maximum lightning
protection. Stuart has now been asked to conduct a lightning resilience study of a 132kV
Transmission line where it is hoped Stuart can draw on his knowledge and research gained through
the completion of this project.
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4. EXECUTIVE SUMMARY
At the commencement of this project Rio Tinto Iron Ore was in the process of commissioning a new
33kV overhead power line to power water extraction bores and associated pump stations in an area
known as Bungaroo Creek. This water source is a crucial part of the West Pilbara water supply
scheme operated by the Water Corporation of Western Australia. The scheme will supply large
volumes of drinking water to Karratha via the existing Millstream supply pipelines. Due to the
importance of this system, it is crucial that the supply of power to the entire water system is
maintained. Some concerns have been raised regarding the potential performance of this overhead
line under heavy lightning conditions. The aim of this project was to analyse the performance of this
line under lightning conditions, providing means of improving the performance from 1 outage per
year to 1 outage every 3 years.
Extensive research has been conducted into the fundamentals of lightning, with both the impact of
direct and indirect lightning strikes evaluated. A ground flash density assessment for the
Pannawonica region, in which Bungaroo creek is found has been conducted with the area expected
to receive around 2.5 cloud-to-ground flashes per year. A number of Electro Geometric models have
been assessed in order to determine the incidence of lightning strikes to the distribution line, with
the research of numerous experts that work in the field of lightning explored. A lightning risk
assessment has been conducted for the distribution line indicating its criticality, with means of
increasing lightning protection through the use of line surge arresters suggested. The parameters of
the distribution line have been explored in regard to the line insulation level, with means of
improving insulation level while maintaining insulation coordination evaluated. A feasibility study
has been conducted into the current insulators used on the line which were found to be sufficient
for providing the desired level of lightning protection.
The current shielding angle of 35 degrees provided by the overhead shield wire was found to provide
sufficient shielding from direct lightning strikes, with one shielding failure expected every 193 years.
The back flash over process is expected to be the main cause of power outages. Reducing the
number of back flash overs requires a reduction in the combined footing resistance at every pole. An
in-depth resistivity and resistance analysis has been conducted which indicated a high resistivity
upper layer of soil extending to a depth of around 2.5 meters. Means of penetrating this high
resistivity upper soil layer have been explored through the use of 6m driven earth rods. Alternative
earthing arrangements for areas of high bed rock have also been explored and suggested for
implementation along with an earthing economic analysis.
Stemming from the earthing analysis, a number of critical areas have been identified for both their
high resistance and prevalence above ground. Immediate action should be taken to reduce the
combined earth resistance at each of these locations to 10Ω or less which is in accordance with both
international and Rio Tinto Iron Ore standards for lightning protection systems. Through the
implementation of the suggested recommendations it is expected that the lightning performance of
the Bungaroo Creek 33kV line could be improved by up to 333%.
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5. INTRODUCTION
5.1 BUNGAROO COASTAL WATER PROJECT
Bungaroo Coastal Water Project is a joint venture between Rio Tinto Iron Ore and the State of
Western Australia. The project will aim to supply 10 gigalitres a year of clean drinking water to the
West Pilbara Water Scheme operated by the Water Corporation [55]. The scheme supplies drinking
water to the towns of Karratha, Dampier, Roebourne, Cape Lambert and Point Samson.
The Coastal Water Project will involve the construction of a bore field within the lower Bungaroo
valley which has a catchment area of 1268km2[50.] The catchment extends from the Bungaroo and
Jimmawurrada creeks to the convergence of Robe River, which is located approximately 6km
downstream. The bore field which consists of nine production bores is located approximately 35km
southeast of Pannawonica and 230km southwest of Karratha within the Pilbara region of Western
Australia [50]. The bore field is owned and operated by Rio Tinto Iron Ore through Hamersley Iron
who under the Water Service Licencing Act 1995 is a licenced water service provider [55]. The
Coastal Water Project will require a transfer pumping station, collector tanks, chlorination, 90km’s of
buried pipeline, power supply and instrumentation and control [50].

5.2 ELECTRICAL WORK
This report will only consider the power supply to the bore fields and the effect lightning may have
on the disruption of this power supply. Power will be delivered to the project via a 33kV overhead
line which runs from the Pannawonica substation. In order to achieve this, electrical work will be
completed at the Pannawonica Town Substation, the Bungaroo Transfer Pump Station facility and
the section between the two. The Bungaroo Transfer Pump Station is located 40km South East of
Pannawonica, and approximately 1600km north of Perth by road [50].

5.3 33KV TRANSMISSION LINE ROUTE
The 33kV transmission line that supplies the bores at Bungaroo Creek extends from Pannawonica
town substation to the transfer pump station connecting to each bore field pump station via a spur
line [50]. The topography of the land which is displayed in the land profile survey of Figure 3 is that
of level to gently undulating stony plains made up of alluvium and colluvium soils as well as flood
deposits [50]. In some areas bedrock underlies the power line route which has been deposited from
Robe Pisolite and Maddina Volcanics in the North. An aerial image which displays the line route is
shown in Figure 1.
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Figure 1: 33kV Bungaroo Line route [50].

5.4 LAND PROFILE
Land profile and power line route have a direct influence on lightning performance. A rogue
structure that extends out from the existing terrain is more likely to be struck by lightning than
structures of common height that are shielded by their surroundings [28]. Due to this, it is important
to consider the land profile and line route to determine if any areas of the distribution line are at
more risk of being struck by lightning than others. A land profile study highlights any sudden rises in
the land, exposed ridges, or rogue towers that may exist along the line route, therefore identifying
potential lightning hotspots. Figure 3 displays the land profile of the 33kV Bungaroo line. The lowest
point of the line occurs at 182m above sea level with the highest point located at 223m above sea
level. The steepest rise of the distribution line as indicated by Figure 2 occurs between Pole C14-7
and Pole C15-6 where the line rises 26m over a distance of 1.632km, giving a gradient of 1.59%. This
indicates only a gentle rise in the land however at this point the power line will be at a greater height
than any surrounding structures, thus this section may be at an increased risk to lightning strikes.
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Figure 2: Gradient of the steepest rise in the land along the 33kV Bungaroo Creek line route.

Figure 3: Land profile of the 33kV Bungaroo Creek line route.
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6. LIGHTNING
6.1 THE PHENOMENON OF LIGHTNING
Lightning is a naturally occurring worldwide phenomenon that is mainly associated with rainclouds.
During the wet season in Northern Western Australia lightning is often a daily occurrence appearing
in the form of intra-cloud, cloud-to-cloud and cloud-to-ground lightning. Cloud-to-ground lightning is
of most concern as it poses a danger to people and livestock and can cause damage to infrastructure
and outages to power networks [29].
Thunder clouds are formed as heat and moisture rise from the earth’s surface during the process of
evaporation. As these clouds begin to move past each other cloud electrification occurs with the
charged particles separating into negatively charged larger particles and positively charged smaller
particles [52]. These negatively charged larger particles align along the clouds base growing in
number until the potential difference between the negatively charged cloud base and positively
charged ground becomes too great leading to a lightning strike [52].
Lightning approaches the ground in the form of ‘stepped leaders’ which travel through the
atmosphere along conductive ionization channels [25]. As the downward stepped leaders approach
the ground, positively charged objects on the grounds surface initiate upward leaders. Upward
leaders move towards the downward leaders until attachment occurs where a path is formed
resulting in a large transfer of charge [1]. Objects that are higher off the ground usually win the race
to join the downward leaders and are therefore at a greater risk of being struck [3].
Although lightning may appear as a single flash to earth it is not. The well-known strobe effect that
occurs in most lightning storms is the result of multiple ‘strokes’ or discharges occurring tens of
milliseconds apart [1]. Most cloud-to-ground strikes consist of between three and thirty individual
strokes with the first generating the highest current. Peak stroke currents typically range from 5kA
to over 300kA [19].

6.2 DIRECT AND INDIRECT STRIKES
Although direct lightning strikes present the greatest danger, indirect strikes can be just as
dangerous and damaging. Indirect strikes can cause transient overvoltage in nearby structures
through resistive, inductive and capacitive coupling [52].

6.2.1 RESISTIVE COUPLING is the most common cause of transient overvoltage’s and can affect both
underground and overground lines. Resistive coupling occurs when a lightning strike raises the
electrical potential of one or more interconnected structures such as a power line [52].
An indirect lightning strike to ground may occur where current is initially injected into the ground
but then travels up the earthing system of a nearby power line as it often offers a better conductive
path then the ground [52].
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A back flashover from the power line pole to a phase conductor can result, damaging electrical
equipment down the line many kilometres away from the initial strike.

6.2.2 INDUCTIVE COUPLING occurs when a lightning discharge creates a high current flow, which in
turn creates an electromagnetic field around it. If a power line or pole passes through this
electromagnetic field a voltage will be induced across the structure. This magnetic field transformer
effect between lightning and structures often occurs when lightning discharges close to overhead
power lines. This effect is mainly caused by cloud-to-ground strikes but can be caused by cloud-tocloud strikes as well [52].

6.2.3 CAPACITIVE COUPLING generally occurs on transmission and distribution power lines that are
well insulated and elevated high above ground. Voltages on the power lines can rise due to the
capacitance that exists between the line and charged thunder cloud, as well as the line and the
ground. If the voltage of the line rises above the insulator breakdown voltage damage to
infrastructure can occur [52].
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7. GROUND FLASH DENSITY ASSESSMENT
7.1 PRINCIPLES
In order to calculate the number of possible strikes a distribution line may receive in any given year a
ground flash density assessment (GFD) must be carried out. The University of Queensland in
conjunction with the Australian Bureau of Meteorology have developed an average annual lightning
ground flash density (Ng) map which is based on eight years of satellite data from 1995-2002 [5]. This
map which is shown in Figure 4 displays the geographical distribution of cloud-to-ground flashes.

Figure 4: Average annual lightning ground flash density map of Australia [5].

A high level of lightning activity is observed in the northern parts of Australia, decreasing in ground
flash density southward and through the central parts of Australia. The peak lightning occurrence is
in the north western part of the continent which registers a ground flash density of approximately 12
lightning to ground flashes per square kilometre per year [33].
In the absence of Ng data the climatological distribution of thunderstorm days (Td) which is prepared
by the world meteorological organisation (WMO) can be used to estimate ground flash density,
using an equation of the form Ng=aTbd, in which a and b are empirically derived constants that are
dependent upon conditions of a specific location [33].
Significant progress in the calculation of the average annual lightning ground flash density was first
made in South Africa through the development of the CIGRE-10kHz counter [33]. It used a 10kHz
filter that was intended to register primarily ground flashes, but also respond to some cloud-to-cloud
flashes. Through the use of this 10kHz counter less than 10% of the total registrations were caused
by cloud-to-cloud flashes, thus providing a reliable model of lightning ground flash density [33].
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7.2 LIGHTNING DETECTORS
Lightning flash counters (LFCs) are ground based automatic devices that detect cloud-to-ground and
cloud-to-cloud strikes. They were developed in the 1970’s and are widespread throughout America,
Europe and Australia [54]. Two of the most widely used counters are the CIGRE 500Hz and CIGRE 10
kHz counters. The frequency designation refers to the center frequency passed by the filter. These
detection networks register if the electric (or magnetic) field generated by lightning exceeds a fixed
threshold level [54].

7.3 GROUND FLASH DENSITY ASSESSMENT OF THE PANNAWONICA AREA
According to the average annual lightning ground flash density map the Pannawonica area shown as
‘B’ in Figure 5 which is located south west of Port Hedland shown as ‘A’ receives a ground flash
density (Ng) of approximately 2.5 flashes per km2 per year.

Figure 5: Map of Australia indicating the location of Port Hedland (A) and Pannawonica (B) [5].
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7.4 BUNGAROO 33KV LINE
In order to determine the likely number of outages which the Bungaroo 33kV line might face, the
number of lightning flashes the line would be subject to over a period of time needs to be estimated.
This is achieved by firstly determining the attractive radius of the structure and then multiplying this
by the local ground flash density of the area.
The exposure area or attractive area of a structure can be determined using a number of different
methods. Each of these methods has been evaluated with conclusions drawn into which method is
most appropriate.
IEEE standard [28] details a simple method for calculating the flash collection rate of a structure,
which is given by the following equation:
(1)
where:
h is the tower height (m);
b is the width between shield wires, or line width in the absence of shield wires (m);
Ng is the GFD of the area (flashes/km2/yr);
Ns is the flash collection rate of the line (flashes/100km/yr).
Calculating the flash collection rate for the Bungaroo 33kV line using the method above yields the
following result.
An average pole height of 14m has been used as this is the average pole height for the Bungaroo line
and would be the worst case scenario for the line. However it is noted that this will overestimate the
flash collection rate of the line. Due to line sag the majority of regions of the line will be lower than
14m.
As there is only one OHSW the value for ‘b’ corresponds to the line width of 1m.
Applying this equation using a ground flash density of 2.5flashes/km2/yr yield’s the following result.
(2)
flashes/100km/yr
Being approximately 14km in length the flash collection rate for the Bungaroo 33kV line would be
approximately 5 flashes per year.
This method provides a simple estimate into the number of flashes which the Bungaroo line might
face in a given year; however it does not take into account the attractive radius of the structure,
striking distance or stroke current amplitude.
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8. ELECTRO-GEOMETRIC MODELS
8.1 THE CLASSICAL ELECTRO-GEOMETRIC MODEL
The Classical Electro-Geometric Model (EGM) is based on the premise that lightning is considered to
follow the path of least resistance. As the lightning leader stroke approaches the ground, the electric
field’s at various points of grounded objects launch upward electrical discharges or leaders that try
to meet the downward leader’s [1]. The upward leader that completes the path to ground is
generally launched from the point closest to the down coming leader.
The classical EGM forms the basis of the rolling sphere method which is one technique for
determining zones of protection [5]. Although the classical EGM and rolling sphere method have not
been used in the assessment of the Bungaroo 33kV line, they provide the fundamentals behind the
subsequent methods that have been used, thus an understanding of these methods is important. As
[5] details a sphere of a specified radius ‘a’ is theoretically brought up to and rolled over the total
structure. All sections of the structure that the sphere touches are considered to be exposed to
direct lightning strikes [5].

Figure 6: Rolling Sphere Radius adapted from [5].

The EGM introduces the idea that the structures attractiveness to downward approaching lightning
leaders could also be dependent on the stroke current amplitude. Based on the classical EGM the
striking distance can be determined from the relationship proposed in [5] which is as follows.
ds=10imax0.65

(3)

Where:
ds= the striking distance, in meters (m);
imax= the peak current of the return stroke, in kilo Amperes (kA).
Although there are theoretical and observational grounds for the relationship between ds and imax
the classical electro geometrical model does not take into account the structures height [5].
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8.2 ERIKSSON’S IMPROVED EGM
The work of AJ Eriksson [20] has been cited extensively by a number of practitioners and
communities that work in the area of lightning. His studies are comprised of over 3000 observed
lightning flashes to a range of structures. Eriksson’s work [20] built on that of Golde [21] who was
one of the first researches to demonstrate that a structure’s attractiveness to downward
approaching lightning leaders could be dependent on both the height of a structure and the stroke
current amplitude [20]. In Golde’s studies [21] he assumed an average stroke current of 20kA,
however through the extensive research conducted by Popolansky [44] the general acceptance of
median current amplitude is now 31kA [20].
Eriksson’s improved electro-geometric model (EGM) [20] was built on the work of Anderson [2] who
like Golde [21] showed that the striking distance and attractive radius were not only functions of the
stroke current but varied also with structure height. Initially an equation of the form Ra= 0.84H0.6x
I0.74 was developed for calculating the attractive radius of a structure [20]. However as Eriksson
detailed, a number of lightning leader progression studies have been carried out causing this
equation to be modified due to the horizontal cylindrical geometries involved in transmission spans
[20]. An analysis by Dellera et al [14] demonstrated the proportionalities between leader initiation in
horizontal conductor configurations in large air gaps. This created an 80% reduction in the attractive
radius around the horizontal conductors which lead to the following relationship Ra=0.67H0.6I0.74[20].
As Eriksson [20] detailed in his studies over a sufficiently long period of time the number of lightning
strikes to a transmission line may be estimated from:
NS=Ng(2Ra+b) Lx10-3 per km per year

(4)

where:
Ng= average ground flash density km-2yr-1;
b= width between shield wires, or line width in the absence of shield wires (m);
L= line length in km;
Ra= average attractive radius in m.

Eriksson’s [20] and Golde’s [21] studies in combination with the classical electro geometric model
presented in Australian Standard AS 1768:2007 [5] confirm that the two main factors influencing the
frequency of direct lightning strikes to distribution lines and other structures are the annual average
ground flash density, Ng (flashes/km2/yr) in the region of the line and the attractive radius of the line.
As Eriksson [20] detailed in his studies, it is reasonable to expect that any ground based structure
throws an electric shadow on the earth that would intercept any lightning flashes that fall within this
shadow. Eriksson [20] defined the width this shadow throws on either side of the line by the
relationship Ra=0.67H0.6I0.74 .
Applying Eriksson’s [20] formula, the attractive radius for the Bungaroo 33kV line is determined.
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Ra=0.67(14)0.6310.74
Ra=41.43m
Calculating the number of strikes to the transmission line:
NS=2.5(2(41.43)+1) 15x10-3
NS= 3.144 flashes per year.

8.3 NATIONAL FIRE PROTECTION ASSOCIATION
The standard presented by the National Fire Protection Association (NFPA) details a 3H methodology
to determine the risk of damage to a structure due to lightning. This method is also discussed by [26]
and considers only the damage caused by a direct strike to the structure stating that: “the
probability that a structure or object will be struck by lightning is the product of the equivalent
collection area of the structure or object multiplied by the flash density for the area that the structure
is located [51]”.
The method develops the following equation:
Nd=(Ng)(Ae)(C1)

(5)

where:
Nd=the yearly lightning strike frequency to the structure;
Ng =the yearly average ground flash density in the region where the structure is located;
Ae = the equivalent collective area of the structure in km2;
C1= the environmental coefficient.

Figure 7: Calculation of the equivalent collective area for a structure [51].
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The environmental coefficient accounts for the topography of the site and any structures or objects
located within the distance 3H from the structure that can affect the collective area [51].
Environmental coefficients as detailed by NFPA [51] are displayed in Figure 8.

Figure 8: Determination of environmental coefficient C1. Adapted from [51].

Applying the 3H method as detailed by NFPA, yields the following result:

Figure 9: Calculation of structure area
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Nd=(Ng)(Ae)(C1)

(6)

Using a ground flash density of 2.5 for the Pannawonica area, and an environmental coefficient of
0.5 the yearly lightning strike frequency to the structure is calculated to be:
Nd=(2.5)(1.176)(0.5)
Nd=1.47 flashes per year.

8.4 COMPARING METHODS

IEEE Standard 1243-1997

Eriksson

NFPA 780

4.809 flashes per year

3.144 flashes per year

1.47 flashes per year

Figure 10: Comparing lightning incidence methods.

The IEEE Standard 1243-1997 [28] seems to overestimate the number of flashes which a structure
may receive. It does not take into account the stroke current amplitude or the attractive radius of
the structure. Due to this it will be disregarded. 3H provides a slightly more conservative result than
the attractive radius method defined by Eriksson, but depending on the proximity of other structures
the 3H methods calculation results can change dramatically. Due to this the method presented by
Eriksson will be used in the overall lightning assessment of the Bungaroo 33kV line.
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9. LIGHTNING RISK ASSESSMENT
9.1 AS1768:2007 LIGHTNING RISK ASSESSMENT METHODOLOGY
The calculation tool presented in [5] is a simplified tool for the more common structure types and
provides an estimate of the risk lightning presents. Despite this it can still provide an indication of
how the installation of lightning protection systems can aid in the process of risk reduction.
As detailed by [5] “the need for protection and the level of protection applied should be considered in
terms of the assessment of risk due to lightning and management of that risk to an acceptable level”.
The risk assessment tool evaluates the risk lightning presents to a structure, people and installations
or equipment. It examines the mechanical damage to the structure that might occur as well as the
potential difference that may exist during a strike which could cause the death of people and
livestock from step and touch voltages [5]. Resulting fire damage is also taken into account and
evaluated. It is noted that a risk assessment should be completed by a team and not individually
ensuring the correct use of the company’s risk matrix, delivering a result that is not biased by
personal opinion.
The calculation tool makes a comparison between the evaluated risk and the accepted or tolerable
risk. If the evaluated risk is calculated to be greater than the tolerable risk then through the
implementation of protection systems the calculation tool allows the user to see how this risk can be
reduced to a tolerable level [5].
The risk assessment calculates the individual probabilities for the risk of





Loss of human life;
Loss of essential services;
Loss of cultural heritage; and
Economic loss.

Through a number of different drop down boxes certain parameters can be selected that correspond
to a certain set of indices. The parameters and indices are as follows.
Structural Dimensions




Length (m);
Width (m);
Height (m).

The dimensions of the structure can be inputted allowing the area of the structure to be calculated.
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Structure Attributes




Risk of Fire or Physical Damage;
Risk of Dangerous Discharge;
Internal Wiring Type.

Depending on the proximity of other structures or trees, the level of fire risk be it low, medium, or
high can be inputted along with the wiring type, be it screened or unscreened.
Environment




Ground Flash Density;
Environmental Factor;
Service Line Density.

Ground flash density determined from meteorological data and an environmental factor is inputted
detailing the height of trees and shrubs in the vicinity of the structure. Location of the structure
being urban or rural is also entered here.
Power Lines




Service;
Cable Type;
Transformer at Structure.

Power line information includes cable type, being screened or unscreened and position of the line,
be it above or below ground is inputted here as well as associated transformer information.
Other Overhead Services



Number;
Cable Type.

Information on other overhead services that may be in the proximity of the structure and
information on their cable type, being screened or unscreened is inputted here.
Other Underground Services



Number;
Cable Type.

Information on other underground services that may be in the proximity of the structure and
information on their cable type, be it screened or unscreened is inputted here.
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Category 1-Loss of Human Life




Special Hazard;
Fire Damage Factor;
Overvoltage Damage Factor.

This section applies to the loss of human life where the input for special hazards range from 1 to 500
depending upon the level of risk any special hazards in the area place on human life. A fire damage
factor is added which accounts for the importance of the structure and number of possible
occupants. A parameter for overvoltage is also added which accounts for the risk over voltage may
pose to human life in the vicinity of the structure.
Category 2-Loss of Essential Services



Fire damage factor;
Overvoltage Damage Factor.

An overvoltage damage factor and fire damage factor are applied here with indices relating to a
range of essential services that may be affected available.
Category 3- Loss of Culture Heritage


Fire Damage Factor.

This parameter only relates to structures that either are cultural heritage listed or are within cultural
heritage listed areas.
Category 4- Economic Loss





Fire Damage Factor;
Overvoltage Factor;
Acceptable Risk of Economic Losses;
Step & Touch Potential Damage Factor.

The economic loss category relates to the monetary value of the possible loss compared to the
monetary value of the structure, its contents and associated facilities. Several parameters are
inputted here which are based on the importance of the structure and importance of the service it
provides.
Protection Measures





Efficiency of Building Protection;
Fire Protection;
Surge Protection at Point of Entry;
Surge Protection on all Equipment.
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Depending on the structure type some parameters may not be required such as the efficiency of
building protection. Any protection systems currently implemented on the structure such as surge
arrester or fire protection can be inputted here. This category also allows the user to see how the
additional protection measures can aid in reducing the level of risk to a tolerable level. The
calculation tool presented by [5] is displayed in Figure 11.

Figure 11: Risk Assessment for Lightning Protection input screen [5].
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9.2 APPLYING THE LIGHTNING RISK ASSESSMENT TO THE BUNGAROO 33KV LINE
Structural Dimensions




Length =14000m;
Width =1m;
Height =14m.

The distribution line is 14km long has a width of 1m and a height of 14m.
Structure Attributes




Risk of Fire or Physical Damage= Medium;
Risk of Dangerous Discharge=Medium;
Internal Wiring Type= Unscreened.

Due to the proximity of the distribution line to creek beds and water catchment areas, small to large
trees grow around the line contributing to a medium risk of damage due to fire.
Environment




Ground Flash Density=2.5;
Environmental Factor= Lower Height;
Service Line Density= Rural.

The ground flash density determined from Figure 4 indicates a ground flash density of 2.5 flashes per
km2 per year for the Pannawonica area. All shrubs and trees around the line are of lower height then
the distribution line, with some exceptions.
Power Lines




Service=Overhead;
Cable Type=Unscreened;
Transformer at Structure= Transformer.

The line runs overhead with a number of pole top transformers along the run of the line.
Other Overhead Services



Number=0;
Cable Type=Unscreened.

Other Underground Services



Number=0;
Cable Type=Unscreened.
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Category 1-Loss of Human Life




Special Hazard=1;
Fire Damage Factor=0;
Overvoltage Damage Factor=0.

A special hazard value of 1 has been selected as this corresponds to the lowest level of risk to human
life. Potential victims due to fire has been selected as a zero risk, as no parsons would be associated
with the line in normal operation. No loss of human life is expected due to an overvoltage on the
line.
Category 2-Loss of Essential Services



Fire Damage Factor=0.1;
Overvoltage Damage Factor=0.01.

A fire damage factor of 0.1 has been selected as this relates to the loss of essential water services.
This line powers the water extraction bores that feeds Karratha with drinking water. An overvoltage
damage factor of 0.01 has been chosen as this relates to the loss of essential water services. An
overvoltage caused by a lightning strike could essentially lead to a line outage.
Category 3- Loss of Culture Heritage


Fire Damage Factor=0.

No cultural heritage exists in the vicinity of the line thus a value of zero has been selected.
Category 4- Economic Loss





Fire Damage Factor=0.2;
Overvoltage Factor=1.E-04;
Acceptable Risk of Economic Losses=1.E-03;
Step & Touch Potential Damage Factors=0.01.

Damage due to fires relates to the monetary value of the possible loss compared with the total
monetary value of the structure, its contents and activities. A value of 0.2 for commercial activities
has been chosen here. Damage due to overvoltage is determined as the relative amount of possible
loss. For an acceptable risk of economic loss a value of 1.E-03 has been chosen relating to a 1-10
year loss, as the economic loss is unknown. There is potential for step and touch damage to live
stock or animals due to the route of the line. Hence the value of 0.01 has been chosen to indicate
this.
Protection measures





Efficiency of Building Protection=0.9;
Fire Protection=Manual;
Surge Protection at Point of Entry=Yes;
Surge Protection on all Equipment=No.
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As per AS1768:2007 [5] a sphere radius of 45m provides a standard protection level. Interestingly
this value is very similar to the attractive radius value calculated using Eriksson’s method. Thus the
Protection level (PL) III (0.9) has been used here. Fires would be manually put out by fire services as
there is no automated fire systems in place. Surge protection does exist along the line and at the
entry points, however is not present on all equipment.

Figure 12: Risk Assessment for Lightning Protection input screen [5].

In the summary window of the overall risk displayed in Figure 12, the red text indicates that the
calculated risk is greater than the acceptable risk for loss of essential services.
The other parameters in the overall risk calculation which include loss of human life, loss of cultural
heritage and economic loss are highlighted in green text, indicating that they are within the tolerable
level of risk.
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9.3 THE IMPORTANCE OF SURGE PROTECTION
Line surge arresters provide the overvoltage protection for the equipment that is placed along the
line. Such equipment includes line insulation and pole top transformers. During normal line service
the arrester functions as high impedances, becoming low impedance during surge conditions [29].
During an overvoltage the surge arresters conduct the surge current to ground, thus limiting the
voltage stress on associated line equipment [29]. This has the effect of reducing the occurrence of
flashover and circuit interruptions. More information about surge arresters can be found in Section
11.
In the protection measures display box shown in Figure 13, it has been inputted to the risk calculator
that there is surge protection at the point of entry but not surge protection on all equipment.

Figure 13: Risk Assessment for Lightning Protection input screen [5].

If surge arresters were implemented at every pole along the distribution line, the calculated risk for
loss of essential services would reduce to a tolerable level, as is indicated by Figure 14.

Figure 14: Risk Assessment for Lightning Protection input screen [5].

It is noted that the implementation of surge arresters on every pole would be at a substantial cost
and might not be economically feasible. An appropriate arrangement of surge protection is outlined
in Section 10.3.
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10. INSULATION
10.1 INSULATION
The insulation of a distribution line is chosen based on the lines operating voltage. The larger the
operating voltage the larger the required insulation level. Line insulation particularly affects the
effectiveness of the overhead shield wire (OHSW). Although the overhead shield wire may be
successful in capturing direct lightning strikes, if the insulation level of the line is not great enough
flashovers via the back flash method may still occur which could lead to line outages [29]. [29]
outlines that a critical flash over (CFO) voltage in excess of 250kV to 300kV is necessary for the
effectiveness of OHSW applications. The occurrence of a potential flashover of the insulation is
governed by the wave shape and polarity of the lightning surge voltage, the withstand
characteristics of the insulators and the power frequency component of the voltage across the
insulator [29].

10.2 EFFECT OF VOLTAGE WAVE SHAPES ON INSULATION
In order to simulate the effects of lightning on insulators in the test laboratory, double experimental
impulses are applied to the insulator [3]. The front time is 1.2 and the time to half value is 50 .
This simulates a lightning strike as it has the same characteristics [28]. If the voltage is low enough
the insulator will not flash over. This magnitude is gradually increased to a point where breakdown
occurs 50% of the time. This voltage level is deemed the CFO voltage of the insulator. Any applied
voltage over this CFO level will result in faster breakdown of the insulator. The dielectric strength of
the insulator under a lightning strike is dependent upon the impulse, magnitude and polarity [28].

10.3 INSULATION STRENGTH SPECIFICATIONS
Insulation coordination is important across the system and requires the strength of the insulation to
be specified. Insulation strength is specified by manufactures and can be described in terms of basic
lightning impulse insulation level (BIL), basic switching impulse insulation level (BSL) and CFO. All
specifications of strength are based on a number of standard test conditions which are displayed in
Figure 15 [3].

Figure 15: Standard test specifications for line insulators. Adapted from [3].
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10.4 BASIC LIGHTNING IMPULSE INSULATION LEVEL
The BIL or basic lightning impulse insulation level describes the electrical strength of the insulator.
BIL’s are used universally for dry conditions and describe the crest value for which the insulation will
withstand a voltage 90% of the time with a 10% probability of failure [3]. Lines with a BIL of less than
300kV are prone to induced flashovers [41].

10.5 BASIC SWITCHING IMPULSE INSULATION LEVEL
The BSL or basic switching impulse insulation level is the crest value of a standard switching impulse
for which the insulation does not exhibit disruptive discharge when subject to a number of
applications of this impulse [3]. BSL’s are universally for wet conditions [3].

10.6 APPLYING BIL AND BSL TO CRITICAL FLASH OVER VOLTAGE LEVEL
For given BIL and BSL insulation levels the insulation will withstand the voltage 90% of the time with
a 10% probability of failure [3]. The insulation strength characteristic can be represented by a
cumulative Gaussian distribution. The critical flashover (CFO) voltage is the mean of this distribution,
at which the insulator fails 50% of the time when subject to this voltage level [3]. This relationship
between BIL, BSL and CFO is displayed below in Figure 16.
Determining this CFO voltage level is accomplished in the laboratory where an impulse voltage is
applied 100 times with the number of flashovers recorded [3]. This voltage is increased gradually
with the results plotted. The CFO is determined as the point at which 50% of the applied voltages
flashover [3]. From here the BIL and BSL can be determined.

Figure 16: Relationship between BIL, BSL and CFO [3].

10.7 WOOD OR FIBREGLASS IN SERIES WITH INSULATORS
There are a number of benefits to using wood or fibreglass in series with insulators. The main
advantage is that the combined CFO voltage of the wooden or fiberglass cross arm in series with the
insulator will be greater than the alternative steel cross arm design [12]. Wood has an inherent
ability to successfully interrupt power arcs along the flashover path, thus limiting breaker tripping.
Despite this advantage the use of wooden cross arms for the purpose of increasing insulation levels
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may increase the risk of pole cross arm fires [13]. Wood also decays and bends over time at a faster
rate than steel causing maintenance hassles [28].
There is a significant increase in the Critical Flash Over (CFO) voltage when wood or fiberglass cross
arms are used. Darveniza [13] suggests a minimum impulse flashover voltage strength of about
200kV/m for full length poles up to 8m. Research by Grzbowski [22-23] and Jenkins [23] found that
for 1-2m fibreglass cross arms for 115kV lines the added CFO value was 450kV/m under dry
conditions and 420kV/m under wet conditions.
The dielectric strength of wood is dependent upon its moisture content, thus the strength varies
with the wet and dry seasons throughout the year [13]. Darveniza’s [12] research suggested that
lightning outage rates for distribution lines with wooded cross arms and porcelain insulators are
one-half to one-third the rates for lines with steel cross arms and porcelain insulators.
The use of wood in adding to the overall CFO is dependent upon the length of the wooden cross arm
compared to the length of the insulators [3]. Thus at voltages of 33kV wooded cross arms will be
more beneficial in adding to the combined CFO level compared to higher voltages where larger
insulators are required [3].
As Hillman [3] explains the CFO voltage of fibreglass cross arms in series with insulators is simply the
length of the fiberglass cross arm plus the length of the insulators multiplied by 605kV/m. Like
wooden cross arms the use of fibreglass cross arms on EHV lines has less of an impact on the CFO
level compared to lower voltage lines [3].
Flashovers along wet wooden cross arms may weaken the cross arm and may require future
replacement [28]. Where once wooden cross arms were used utilities often replace these with steel
cross arms, which reduces the insulation strength at that pole, as a result more flashovers may
occur.

10.8 INSULATION COORDINATION
Insulation coordination refers to the selection of the electrical strength of equipment in relation to
the voltages which can appear on the system for which the equipment is expected to function [6].
The insulation of a system is usually graded so that if a flashover did occur it would occur in an area
where the least amount of damage could be done and where the cost of repair would be low. When
designing a system the overall aim is to reduce the insulation level to a point which is economically
and operationally acceptable [3].
When considering the insulation coordination of a distribution line the easiest and most cost
effective point of repair is the line insulation [6]. The pole top transformers along the line are
generally protected by surge arresters limiting the possible damage to the transformers themselves.
For the purpose of insulation coordination where line surge arresters are not used, the insulation
strength of the line must be equal to or lower than the insulation strength of the station. This
confines flashovers to line insulators. This can be a limiting factor on the insulation strength of the
line and could lead to numerous flashovers as a result of lightning [3]. For this reason it is important
to maintain a high enough station insulation level, thus ensuring a sufficient line insulation level.
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This can be avoided if surge arresters are placed on the line side of the breaker which essentially
isolates the station from the line [10]. If this is the case then the station insulation strength can be
selected based on the arrester characteristics without regard for the line insulation strength [3].
Similarly the insulation strength of the line can be selected based on the arrester characteristics
without regard for the station insulation. In areas of high lightning occurrences where outages may
be very frequent, distribution lines can be designed with increased insulation strength to combat
this while not requiring the insulation strength of the station to be upgraded [3].

10.9 THE BACKFLASH
A backflash can occur when a direct lightning strike terminates on the overhead shield wire, or via
induced voltages caused by nearby lightning strikes [3]. When a direct lightning strike to the shield
wire occurs, current travels along the shield wire and down the nearest pole to ground. As this
current flows down the tower and into the grounding system, voltage builds up across the line
insulation. If this voltage level equals or exceeds the line CFO limit, flash over is likely to occur. A
backflash occurs in the opposite direction to a general flashover which occurs from a phase
conductor across the insulation to the pole [4].
As Hileman [3] explains the backflash rate (BFR) is this probability of this critical current (PIc)
occurring times the number of strokes NL, that terminate on the ground wire, or BFR=0.6NL(PIc).
Where:
PIc=

(7)

NL=Ng

(8)

Where h is the tower height (m) Sg width between shield wires, or line width in the absence of shield
wires (m), Ng is the ground flash density of the area (flashes/km2-year) and therefore NL is in units of
flashes per 100km-year. Thus the BFR is in terms of flashovers per 100km-years.
Computer simulation programs that iterate towards a solution can be used to calculate the BFR. For
the purpose of this report Hileman’s simplified hand calculation iteration procedure [3] has been
used to calculate the BFR. This process is outlined in section 14.
Hileman [3] explains that the average BFR for 34.5kV lines lies in the range of 3 to 8 flashovers per
100km per year, for 20 to 40 ohms of tower footing resistance.
Due to the low insulation strength of distribution lines, Hileman [3] explains that virtually all strokes
that terminate on the phase conductors of distribution lines will flashover. This is significantly
reduced when an overhead shield wire is implemented. Research [4] has shown that only around
20% of lightning strikes that terminate on a shield wire will flashover onto the phase conductor.
However if the CFO of the insulation is reduced the BFR will increase. The relatively low BFR’s of
distribution lines is as a result of their relatively short spans and lower heights above ground
compared to lines of greater voltage [3].
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10.10 THE WITHSTAND VOLTAGE OF INSULATORS
IEEE 1243-1997 [28] defines a method for determining the lightning impulse withstand voltage of
insulators based on their specifications. For distribution lines of short span lengths the impulse
withstand voltage calculated using the equation below tends to be overestimated when compared
to statistical BIL levels.
VImpulse flashover

(9)

Where:
V is the flashover strength (kV);
t is the time to flashover (

);

W is the dry arc distance (m).
It is noted that a t of 1.2 has been used as this is the front time for a standard lightning impulse
with the time to halve being 50 , as defined in [28].
Typically induced voltages due to indirect strikes is less than 300kV [29], thus direct strikes to the
phase conductor or the shield wire will generally be of more concern when assessing the BFR.

10.11 COMPARING POST AND PIN TYPE INSULATORS
During a meeting with the Electrical Engineer and technical manager of Bri-Tech Pty Ltd Bruce
Neaves, a number of points were discussed in regards to Pin and Post type insulators. Mr Neaves
explained that pin type insulators generally have a lower basic lightning impulse insulation level (BIL)
and critical flashover (CFO) level compared to post insulators. Mr Neaves said that “In areas at risk to
high lightning frequencies, or lines of great importance, post insulators with a BIL of 200kV or
greater and with a height of 320mm or greater should be used.” Mr Neaves explained that due to
the internal insert of Pin insulators the strike though voltage required to cause the insulator to fail
was dramatically less than the strike through voltage required for post type insulators with the M24
base insert.
A second opinion was sort with EMC engineers headed by the Director of CJW Enterprises Craig
Westbrook. Mr Westbrook provided the test reports that displayed that there is no great advantage
of using post type insulators over pin type insulators. EMC offer two similar products that when
compared show very little difference. The specifications of these can be seen in Figure 17.
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EMC 1100 Series 11/36kV Post Type Insulator

EMC 1100 Series 11/36kV Pin Type Insulator

Figure 17: Comparison of EMC Pin and Post type line insulators. Adapted from [17].

EMC engineers explained that both their pin type and post type insulators had a tested lightning
impulse withstand voltage of 268kV. As well as this the material used by EMC has an electrical
breakdown strength of 18-20 kV/mm. The distance between the top of the post insulator M24 base
insert to the tie top where the conductor sits is 388mm and that the distance between the top of the
Pin insert to the tie top is 358mm.
EMC further explained that at these distances the breakdown voltage required was likely to be in the
order of 6984kV and 6444kV respectively. The insulator is more likely to flashover at 268kV then leak
through the core during lightning surges.
Based on this evidence it can be concluded that there is in fact no difference between the two
insulator types and that the choice is merely a preference of the utility [43]. As RTIO Specialist
Electrical Engineer Daniel Abetz explained the main criteria for choosing an insulator was based
more around its CFO level and the actual height of the insulator. Mr Abetz explained that height was
important as birds often pecked at the insulator and conductors, leading to a flashover and power
outage. Thus having insulators of greater height minimizes the birds ability to peck at the live
conductors when sitting on power pole cross arms.
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10.12 INSULATION OF THE BUNGAROO CREEK 33KV LINE
Britech porcelain post insulators have been used as the insulators of choice on the Bungaroo Creek
33kv line. This insulation type has a high creepage distance of 1125mm and critical flash over (CFO)
voltage level of 260kV which makes it a good choice for a line of high importance and is in
accordance with IEEE’s reccomendations for distribution insulation levels.
The basic lightning impulse insulation level (BIL) for the Bungaroo 33kV line is calculated using the
following equation taken from [3]
)

(10)

where:
CFO is the Critical Flash Over voltage level provided by the manufacturer;
is the coefficient of variation and is defined as 3% of the CFO level for lightning.
)
250kV

Figure 18: 33kV Line Post Insulator used on the Bungaroo Creek 33kV line [50].

Using the formula presented in [28] the withstand voltage of an insulator can be calculated.
VImpulse flashover
VImpulse flashover 511kV
This is based on the front time of the lightning impulse (t=1.2 ). This value is significantly higher
than the standard induced voltage level of 300kV as described by [29], thus the line should be able
to withstand all indirect lightning strikes, with the main concern being direct lightning strikes to the
overhead shield wire.
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11. SURGE ARRESTERS
11.1 SURGE ARRESTER DESCRIPTION
A surge arrester is a device that protects an electrical power system from overvoltage caused by
switching surges and lightning. The surge arrester is designed with a ground terminal and a high
voltage terminal that when subject to an electric surge, diverts the current directly to ground [15].
Modern Surge arresters achieve this electrical surge diversion through the use of a metal oxide
varistor (MOV). An MOV is a semiconductor that is highly sensitive to voltage [15]. At the normal
voltage levels the MOV acts as an insulator or open switch and current does not pass through it,
however at high voltages the MOV acts as a closed switch diverting surge current to ground [15].

11.2 THE USE OF SURGE ARRESTERS
Due to the expense involved in adding the surge arresters to a distribution line, surge arresters are
primarily used to protect expensive electrical equipment such as pole top transformers or on entry
to substations [3]. However surge arresters may be added to lines servicing critical loads where loss
of service cannot be afforded regardless of cost. Surge arresters are also used in areas of high soil
resistivity, or on lower voltage lines where shield wires are not effective in decreasing the number of
flashovers. In many utilities the use of surge arresters is considered the final alternative if there are
no other methods to reduce the back flash rate to a suitable level [32]. Flashovers on installations
that are properly shielded will only occur via the backflash process caused by a strike to the earth
wire or induced voltages by a nearby strike [3]. This usually occurs on distribution lines that have
relatively low insulation strength with a critical flash over (CFO) voltage in the order of 100 to 300kV
[3]. Surge arresters aim to mitigate the occurrence of back flashes thus ensuring continuity of
electrical supply.
Arresters are classified into three classes for distribution lines which are heavy duty, normal duty
and light duty. These distribution arresters can be of three types, riser pole arresters for cables, dead
front arresters for pad mount transformers and liquid immersed arresters used internally by some
transformers [3]. The selection of appropriate surge arresters must be based on the maximum lineto-ground system voltage, switching surge energy, temporary overvoltage capability of the arrester
and the pressure relief current [3].

11.3 THE PLACEMENT OF SURGE ARRESTERS
The surge arresters can be placed on every tower as an alternative option or as an addition to the
overhead shield wire (OHSW), however this option is usually not considered due to the cost involved
[29]. If surge arresters are only placed on one tower the result may be that flashovers are
transferred to adjacent towers. In order to ensure the correct operation of surge arresters on a
distribution line as a means of lightning protection it is important to consider footing impedance,
series gap characteristics, OHSW benefits and arrester energy sharing capabilities [28].
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Figure 19 displays how the arrester spacing affects the number of flashovers per 100km’s per year.
As can be seen by Figure 19, by reducing the number of spans between the arresters the number of
flashovers per 100kms per year will also be reduced.

Figure 19: Surge arrester spacing vs. flashovers/100km/yr [29].

A paper prepared for the IEEE by C.A Nucci [41] on Lightning-Induced Overvoltage suggests an
arrester spacing of 300-400m to avoid flashovers caused by direct lightning strikes.
Figure 20 taken from the IEEE paper ‘Analysis of the Lightning Performance of Overhead Distribution
Lines’ [11] displays how the span between arresters affects interruptions caused by lightning for
different values of soil resistivity. The soil resistivity in the Pannawonica region based on the soil
resistivity tests conducted by SGS is below 500Ω.m, thus indicating back flashovers could be reduced
to 0-2.5 interruption’s per 100km’s/year if surge arresters are placed every 3-5 spans. This data
correlates well to that presented by C.A Nucci above.

Figure 20: Impact of soil resistivity and spans between arresters on line interruptions [11].

From a meeting with Bri-Tech Australia/New Zealand Manager and Electrical Engineer Bruce Neaves,
the advantages of adding the surge arresters to the distribution lines in order to minimise the
outages caused by the lightning strikes was discussed. Mr Neaves explained that Western Power
implemented surge arresters every 1km on a troublesome line that encountered frequent outages
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due to the lightning strikes. After the implementation of the surge arresters every 1km, no outages
were recorded over a 5 year period.
From a discussion with Electrical Engineer Darren Nelson of BHP, it is known that the surge arresters
are used on every 3rd to 5th pole on bore field’s distribution lines to successfully mitigate outages
caused by lightning strikes.
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12. EARTHING
12.1 EARTHING
In the event of a lightning strike, very high currents pass through the earthing system which can lead
to the breakdown of soil when moisture is evaporated. Within this zone the resistivity of the soil
decreases from its original value and approaches zero becoming a perfect conductor [3].
The resistivity of the soil and thus footing resistance depends largely on the water content of the
soil. Resistivity will change throughout the year as the moisture content of the soil changes [35].
Hileman [3] explains that where driven rods are used they should be around 3 to 6 meters in length.
Due to the changing resistivity of the soil profile, rods are frequently driven to greater depths.
Adding multiple rods does decrease the resistance, however due to the mutual effects that exist
between the rods, the benefit can be reduced as more rods are added [3]. As a guide Hileman [3]
suggests three to five rods, spaced about 3 meters or more apart. Hileman [3] also recommended
that the diameter of the rods is not important, and that “any rod diameter that is mechanically
suitable is acceptable from an electrical view point.” Rod spacing of 5m is suggested for maximum
efficiency [3].

12.1.1 STANDARD SPECIFICATION ON EARTHING
As IEEE 1410-2010 [29] outlines, the overhead shield wire (OHSW) effectiveness is highly dependent
on earthing, with a requirement being that the OHSW be grounded at every pole. Ground
resistances for the combined earthing of the earth rod, pole and OHSW are required to be below 10
ohms if the critical flash over (CFO) level is less than 200kV for a lightning protection system [29].
The standard [29] specifies that if attention is given to insulation level and the CFO level is between
300kV-350kV, a ground resistance of 30 ohms will provide a similar performance.
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12.1.2 EARTHING ARRANGEMENTS
The arrangement of earth rods can vary depending on the soil profile and the ease to which the rods
can be driven. A number of possible lightning protection earthing arrangements are displayed in
Figure 21.
Earthing arrangements
A single earth rod.

A combination of rods and subterranean earth
tape. Placing two rods in parallel will reduce the
overall resistance.

A single earth rod with radial tape. The use of
radial tape improves the surge impedance of the
earth system, by increasing the capacitive
coupling of the soil.

A single earth rod incorporated into a crow’s feet
earth mat. This improves on the radial tape
method by filling the areas in between the
radials.

Earth enhancing compounds placed around the
earth rod to improve the rod-ground bond.

Figure 21: Possible earthing arrangements. Adapted from [35].
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12.1.3 THE EARTHING OF I NSTALLATIONS
Once the soil resistivity has been assessed, the design of the earthing system to achieve the required
resistance can begin.
Copper bonded rods are the preferred type of earth electrodes used in the industry [35]. Solid
copper rods are generally not used due to their low tensile strength and high cost. Steel rods provide
the required strength and can be driven into the ground with ease but are prone to erosion. Thus a
combination of steel bonded in copper provides the best alternative for earth rods [35].
Earth rods can be driven into the ground singularly, placed in parallel, placed horizontally in trenches
or arranged in a ground-grid mesh [3]. Placing earth rods in parallel reduces the overall resistance of
the system until a desired result is reached. Using the horizontal earth rod configuration and
terminating the earth wire down conductor into the middle of the earth rod has the effect of halving
the surge inductance due to the creation of two parallel paths [35]. This method can be found to be
particularly effective in reducing the overall resistance of the system. Ground mesh electrodes can
be used as an alternative to earth rods in terrain that does not promote driven earth rods. Grid
meshes are also used for step and touch potentials as they provide an equipotential platform [35].
Counterpoises which are horizontal conductors buried at a depth of around 1m can be used as an
addition to the grounding of power line poles. Counterpoises can significantly reduce the grounding
impedance and can reduce the BFR [3]. Additional driven earth rods can be used to improve the
grounding and provide a similar result to counterpoises. In rocky soils or soils of high resistivity
counterpoises are often the preferred method as digging horizontally can often be easier than
digging or drilling vertically [3].
Hileman [3] details a number of specifications on counterpoises and how they should be correctly
implemented. At a maximum counterpoises should be 50m in length. Additional counterpoises can
be added as long as they are spaced appropriately, 10m spacing is suggested. Typical configurations
of counterpoises are displayed in Figure 22.

Figure 22: Possible counterpoise configurations. Adapted from [3].
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12.1.1.1 IMPEDANCE
When designing an earthing system it is important to ensure that a low impedance is achieved and
not just a low resistance [35]. The lightning impulse waveform is associated with a high frequency
fast rising front and a low frequency high energy long tail. During a lightning strike to a power line
the earthing system disperses the current to the ground where the soil can act as a dielectric which
under high stress a breakdown can occur between the electrode soil junction, decreasing the
resistivity of the soil during the surge [35].
12.1.1.2 IMPULSE IMPEDANCE
A number of methods have been provided by Lightning & Surge Technologies [35] for reducing the
impulse impedance of the earthing system. These include
 The use of short radial conductors bonded to the down conducting earth wire, rather than a
single earth rod;
 The use of flat tape which has a lower inductance per meter rather than circular ground
rods, this has the effect of increasing surface area and increases capacitive coupling while
reducing the overall resistance;
 The use of earth enhancing compounds to improve soil resistivity, which not only reduces the
soil resistivity but also reduces the resistive component of the impedance which effectively
improves total impedance.

12.2 SOIL RESISTIVITY
Resistivity is defined as the atomic structure of a material and is a measure of its ability to conduct
electricity [35]. Resistance of a conductor depends on this resistivity with good conductors being of
low resistance and bad conductors being of high resistance [35].
Soil resistivity is a highly important parameter to consider when designing the earthing system for
electrical installations. In Australia resistivity varies widely depending on the terrain of the area and
can vary substantially depending on moisture content, temperature and depth of the soil [35].
Depending on the soil profile being that of clay, loam, sand stone or granite, soil resistivity can
change dramatically [35].
12.2.1 TESTING SOIL RESISTIVITY
In order to gain an understanding of the soil profile along an installation, soil resistivity testing is
required. A number of test methods exist for testing soil resistivity with the Schlumberger array
considered the most accurate and economic method when compared to the Wenner or Driven Rod
methods [35].
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12.2.1.1 WENNER METHOD

Figure 23: Wenner 4 Pin method [35].

The Wenner method is considered the least efficient method due to the man power and equipment
required to complete the testing. In order to complete the resistivity test using the Wenner method
one man is required for each of the 4 test electrodes, with each electrode being moved after each
reading [35].
12.2.1.2 SCHLUMBERGER METHOD

Figure 24: Schlumberger Array [35].

The Schlumberger method requires less man power, as only the outer electrodes are moved four or
five times for each move of the inner electrodes [35].

12.2.1.3 DRIVEN ROD METHOD

Figure 25: Driven Rod (3 Pin) method [35].
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The driven rod method requires less electrode penetration and thus is the preferred method in rocky
or difficult terrain. However due to this shallow penetration inaccuracies can occur as two layer soil
conditions may not be interpreted correctly [35].
12.2.2 INTERPRETING TEST RESULTS
Results can be interpreted through a number of different methods which include:
 Graphical curve matching; using a range of predetermined curves to match the soil profile of
the test location;
 Computer based techniques; inputting the test data into computer programs that interpret
the data.
Typical resistivity curves are shown below

Figure 26: Typical resistivity curves [35].
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12.2.3 SUNDES GRAPHICAL METHOD
Sunde’s graphical method [27] provides a means for establishing the depth of different soil layers so
that correct electrode length can be chosen to take advantage of lower soil resistivity at greater
depths. This method is especially useful in areas such as the Pilbara that have a characteristically
rocky high resistivity surface layer with a lower resistivity bottom layer.
The process as defined by IEEE 80 [27] is as follows.
 Soil resistivity values established by the Wenner method are first plotted on a graph
displaying the relationship between resistivity and probe spacing in meters.
 An average soil resistivity is determined for the two layers.
 The ratio of these two layers is calculated.
 This value is then matched on Sunde’s graph of curves, where an indication is given into the
depth of the top layer.
 Appropriate earth electrode lengths can then be chosen in order to reduce the resistance of
the installation.
Figure 27 displays Sunde’s graph.

Figure 27: Sunde’s soil resistivity graph [27].
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12.3 EARTH IN THE PILBARA REGION
Based on the SKM geology report [50] the Bungaroo Creek power line route in areas is underlain by
units of bedrock from the Robe Pisolite and Maddina Volcanics in the north to the Marra Mamba
Iron formation in the South.
Robe Pisolite is a prominent feature of the area and is composed of pea gravel, with high levels
being found on hill outcrops close to the power line route [50]. Weathered shales and dolomite,
which are a clay like soil, is also prevalent around the Bungaroo Creek bore fields.
Although in some areas bedrock is present at shallow depths, surface soils are dominated by
alluvium, colluvium and flood deposits. Alluvium soils are made up of loose gravels, sand and silt,
with colluvium soils of similar composition made up of silty gravels [50].
Ironstone features in the South in the form of Ferricrete in cobble or boulder form, Iron oxide in
cemented gravel form, Hematite in boulder form and Gibber pavement are prevalent along the
surface in gravel and cobble form [50].
Typical soil resistivity values for a range of soil and rock types are displayed in Figure 28.

Figure 28: Typical soil resistivity values. Adapted from [35].

12.4 EARTH RESISTIVITY ANALYSIS OF THE BUNGAROO CREEK 33KV LINE
SGS Australia Pty Ltd [48] was awarded the task to conduct field electrical resistivity measurements
of the Bungaroo Creek area in order to establish the resistance of the soil and to determine the
effectiveness of the grounding medium.
48 tests were conducted in accordance with IEEE Standard 81-1983, with the resistance values
recorded in ohms [49]. The Wenner method was used with the relationship between probe spacing
and resistivity presented on a graph for each test location. An example of one such recording is
displayed in Figure 29.
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Figure 29: SGS earth resistivity test report [49].

Based on these test results and the typical soil characteristics of the Pilbara region, a high over low
resistivity two layer soil model was identified. In order to identify the depth of this high resistivity
top layer Sunde’s graphical method as set out in IEEE 80 [27] was applied. For the readers
convenience the steps to calculate this depth have been included below.





(11)



(12)

=138.23Ω.m


Figure 30: Sunde’s graphical method [27].

(13)

 Applying these values to Sunde’s Graph gives an a/h value of 1.5.
 From the graph displayed by Figure 31, an apparent resistivity of
electrode spacing of 3.75m.

yields a test
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Figure 31: Earth resistivity graph

 The depth of the upper layer is given by

(14)

=
=2.5m
The apparent resistivity seen by one 3m earth rod is given by:
(15)
Where
Length of earth rod (m);
Thickness of upper soil resistive layer (m).

=142.86Ω.m
For interest sake the apparent resistivity seen by one 6m earth rod would be 82.25Ω.m
Earth Resistance (Rg) of a single earth rod, of diameter (d) and driven Length (L) driven vertically into
the soil of resistivity ( ), can be calculated as follows:
(16)
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where:
Ωm);
L = Buried Length of the earth rod (m);
d = Diameter of the earth rod (m).

For interest sake the Earth Resistance for a 6m earth rod would be as follows:

If more than one earth rod is used the resistance is calculated from IEEE 80 [27] as follows:
(17)
Where
n= The number of rods used;
= Length of the earth rods used;
= The resistivity seen by one earth rod;
The area covered by the earth rods.

23.80
For interest sake if two six meter earth rods are used:

13.13
Examining the economics of installing earth rods based on consultation with Erico Lightning
Technologies the following was found. Earth electrodes are sold on a 3m basis with couplers used to
connect additional earth rods if greater lengths are required. The cost of couplers ranges from $10$15. Significant cost is incurred when installing earth rods with installation costing up to $1000 per
meter installed. As displayed in Section 15, four 3m earth rods are required in order to give the same
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performance as one 6m earth rod based on the soil resistivity of the Bungaroo Creek area. Thus the
installation of one 6m earth rod at a cost of $6,000 is half the installed price of four 3m earth rods.

12.5 EARTH RESISTANCE ANALYSIS OF THE BUNGAROO CREEK 33KV LINE
Southern Cross Electrical Engineering Limited [42] were contracted to conduct earth resistance tests
at every pole along the installation. These results have been analysed with a number problem poles
highlighted. IEEE Standard [29] calls for a ground resistance of below 10 ohms if the critical flash
over (CFO) level of the insulation is less than 200kV, with a ground resistance of 30 ohms providing
similar performance if the CFO insulation level is greater than 300kV. As a preference and for an
added safety margin Rio Tinto Standard SS-E115 [47] requires that for a combined electrical lightning
protection earthing system resistance at each pole must be below 10 ohms. An analysis of these
resistance test results was conducted with non-conforming poles identified into 3 levels of criticality
being high, moderate and low. Is is noted that the CFO voltage level of the Bungaroo Creek 33kV line
is 260kV.
Where: As shown in Figure 32






Pole Number is the numbered pole along the transmission line route;
E1 is the earth rod at the pole;
E2 is the pole itself;
E1+E2 is the combined earth rod and pole;
E1+E2+E3 is the combined earth rod, pole and OHSW.

Pole Number

E1 (Ω)

E2 (Ω)

E1+E2 (Ω)

E1+E2+E3 (Ω)

C15-6
C4-2
C8-2
C8-6
C24-6-14
C3-6
C24-6-4-15
C24-6-1
C15-1
C8-3
C24-6-31-1N
C3-4
C5-3
C24-6-16
C9-8
C19-5
C24-6-17
C14-7
C4-1
C9-3
C2-7
C1-1
C24-6-68
C24-6-79-1S
C15-3
C24-6

58
240
120
120
37
350
45
20
26
43
87
30
3.8
35
25
30
15
43
52
66
100
125
230
41

54
50
45
26
22
35
83
9.1
8
36
72
35
16
22
17
15
15
13
13
15
12
11
300
88
12
12

52
50
50
25
20
37
19
18
18
35
29
25
16
15
15
15
15
15
15
14
14
14
13
13
12
12

52
30
28
25
20
18
18
17
16
15
15
15
15
15
14
14
14
13
12
12

57
C24-68-1W
33
C2-4
30
C19-1
25
C8-4
39
C8-7
48
C24-6-13
15.5
C24-5
25
C24-6-97
58
C23-4
20
C24-6-6
45
C23-8
45
C11-5
10
Figure 32: Pole resistance criticality assessment.

39
22
10
22
20
12
11
10
10
10
9.5
10

11
11
11
21
17
10
10
10
10
10
10
10

11
11
11
10
10
10
10
10
10
10
10
10

The identified areas of criticality where combined earth resistance is above standard specifications
have been assessed on a line profile map with some interesting aspects noted. 3 areas have been
identified as possible ‘hot spots’ for lightning strikes. These areas stand out not only due to their
high ground resistance but also due to their prominent presence above ground. Examining these
areas on the profile maps displayed by Figures 33-35 indicates that these areas of the line possibly
sit upon bedrock, which is indicative of high earth resistance.
Area 1

Figure 33: Possible lightning hot spot 1.

Area 2

Figure 34: Possible lightning hot spot 2.
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Area 3

Figure 35: Possible lightning hot spot 3.

12.6 STEP AND TOUCH POTENTIAL
Although step and touch potential will not be considered in depth by this report the general process
for calculating these values has been included below. Australian standard AS: 2067 defines fault
clearing times and step potential voltages to which each installation must adhere. If the installation
does not comply to these levels additional earthing will have to be added until compliance is
reached.
The general approach to calculate step and tough potential voltage is as follows.
 Step 1: Calculation of the combined resistance at the installation;
 Step 2: Calculation of the earth fault at the specified location. Software such as Power
Factory can be used to obtain this value;
 Step 3: Calculation of the earth potential rise; obtained by multiplying the fault current by
the combined resistance of the installation.
Equations [9] to calculate the step and touch potential of an installation are as follows.
Touch Potential VT  Vgrid  Vx

r
VT  Vgrid1  e
x  re



 x
  Vgrid

xr
e



(18)





(19)

Step Potential VS  Vx  Vx1 ; where

(20)

 x 1
VS  Vgrid
 x  1  re

(21)

x = taken as 1m





x = taken as 1m, and for step potential, the other foot is 1m away from x.
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12.7 EARTHING THE BUNGAROO CREEK 33KV LINE
The Bungaroo earthing specifications as set out in Drawing BGO-5215-VE-00052 are as follows.
 Earth rod separation distance should be a minimum of 3m or such a distance determined by
the results of the earth resistivity tests;
 With the individual overhead earth connection disconnected from the earth bar for testing
or maintenance purposes, the resistance of the remaining earth connections shall not
exceed 30 ohms in accordance with Rio Tinto specifications MMP2-SS-E207 section 3.11
‘Earthing System’. Additional earth rods should be installed if required;
 Earth rods located in hard ground or rock should be installed complete with a
bentonite/gypsum mixture ‘earthrite’ or similar in accordance with the manufacturers
recommendations;
 The earthing diagram displayed in Figure 36 shows the connection of all important
equipment;
 Poles without earth bars are connected to the earth pit from the earth connection at the
base of poles. The OHSW is connected to the earth connection at top of all poles;
 Transformer and recloser poles are to have 2x 3m electrodes. All other items are to use a 3m
earth rod;
 Bimetal PG clamps on the OHSW are to be installed with the aluminium conductor on top
and the copper cable at the bottom.

Figure 36: Earthing connection of important equipment [50].
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The pole top transformer earthing arrangement is shown below.
The earth grid consists of 4 x 6m earth rods installed in a square pattern around the transformer
pole [24].

Figure 37: Pole Top Transformer Earthing Configuration [50].

12.8 RIO TINTO IRON ORE EARTHING SPECIFICATIONS
As detailed in the Construction Plan [50] prepared by SKM the step and touch voltages for the grid is
as follows.
The calculated touch voltage is less than 278V which is well within the standard specifications of
370V [47]. The calculated step voltage is less than 195V which is well within the standard
specifications of 781V [47].
As specified in RTIO standard SS-E115 [47]“Earth rods shall be stainless steel or stainless clad,
extendable, with an overall diameter not less than 14mm. Connections at earth electrodes shall be
made using high-copper-content alloy clamps with stainless steel bolts, nuts and spring washers. A
pre-cast polymer concrete earth pit shall be provided for each earth rod”.
As specified in RTIO standard SS-E115 [47] “The contractor shall determine the earth grid resistance
of any new earth grid or modified existing earth grid. If necessary, additional earth rods and earthing
conductors shall be installed until the required earthing value has been attained”
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The standard [47] goes on to specify that “Resistance values shall not exceed those specified for an
electrical earthing system and 10Ω for a lightning protection earthing system”.

12.9 IMPROVING EARTHING
The resistance of earthing systems has always been a problem in the areas of poor soil quality. Most
national and international regulations require an earth resistance of 10 ohms or less for lightning
protection systems, however achieving this level can prove to be extremely costly and difficult [35].
Increasing the amount of copper in the ground to achieve the required resistance level may not
always provide the desired result. Seasonal fluctuations in the moisture content of the soil can cause
the resistance level to vary significantly [35]. This change in earth resistance can affect the integrity
of the entire protection system. If an appropriate resistance level cannot be achieved, earth
enhancing compounds can be used to aide in the process. These compounds consist of chemical
solutions which have good electrical conductivity, that when mixed with water and poured onto the
earth grid form a gelatinous mass [35]. Field tests have shown a dramatic improvement in earth
resistance when such compounds are added to high resistivity soils.

12.9.1 EARTH ENHANCING COMPOUNDS
Earthrite
Earthrite is a backfill compound that is made up of a homogeneous chemical mixture that increases
the efficiency of an earthing system by providing better conductivity in the areas of low moisture
content, rocky ground or sandy soil [16]. Earthrite is non corrosive and acts as a barrier between
corrosive soil and the earth rod, thus increasing the life of the earthing installation [16].
Bentonite
Bentonite is a well-known and widely used moisture retaining clay that when mixed with water
expands [16]. Two types of Bentonite exist being sodium and calcium Bentonite. Bentonite forms
from weathering of volcanic ash and is found in beds around areas once prone to volcanic activity
[16]. Bentonite is used in earthing installations to provide moisture and to act as a barrier between
corrosive soils and conductors. One disadvantage of using Bentonite clay is that it is prone to
contraction during extended dry periods.
Erico GEM
Erico GEM is a low-resistance, non-corrosive, carbon concentrate that improves grounding
effectiveness [18]. GEM is made up of Portland cement, which hardens when set making it
permanent and maintenance free. GEM can be used in the areas of poor conductivity, such as rocky
ground, mountain tops and sandy soils [18].
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Loresco Power Fill
Power fill is a product from Loresco which can be used in the areas with grounding issues. Power fill
is highly conductive wet or dry and does not require moisture to lower the resistance, thus is ideal
for dry conditions [36]. Power fill contains a corrosive inhibitor which forms a film on the copper
creating a barrier against corrosion. Advantages of this product include its simple to install, does not
contain hazardous chemicals, is environmentally friendly, never needs recharging and is compatible
with all copper grounding systems [36].
Loresco Power Set
Power set is also a product by Loresco and is used on installations that require a hard setting
grounding material [37]. Power set is manufactured from environmentally safe materials and is
extremely stable [37]. When mixed with water Power Set hardens around the earthing installation
and acts as cement. Although Power set requires moisture to harden it still remains highly
conductive during drought. Advantages of this product include it is simple to install, will not expand
or shrink, contains a corrosion inhibitor to protect copper, is electrically conductive and is
compatible with all grounding systems [37].
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13. SHIELDING
13.1 SHIELDING
Shielding of distribution lines is an important part of the design and plays a key role in the continuity
of power supply. When lightning strikes a phase conductor, no other object shares in carrying the
lightning current therefore protection of the phase conductors from direct strikes is of the utmost
importance [8]. Shielding is generally provided by an overhead shield wire (OHSW) which is placed
above the phase conductors. The aim of the OHSW is to intercept lightning strikes, diverting the
current safely to ground without disruption to the phase conductors or power supply [3].
If lightning does strike a phase conductor a flashover generally occurs, in which the current is
discharged across the line insulation to the tower through a conductive ionisation path. These
disruptive discharges often cause damage to the line infrastructure and generally lead to power
outages [39].
The effectiveness of the OHSW in diverting the lightning current to ground is dependent upon its
placement as well as the grounding and resistances of every pole [29]. The correct placement of the
OHSW is defined by the shielding angle. Up until 1951 a shielding angle of 30 degrees was
considered appropriate, however it has since been accepted that the shielding angle should be a
function of line height, reducing as line height increases [29].
The correct operation of the OHSW requires it to be grounded at every pole. Lightning surge current
will flow through the shield wire and down the closest pole to ground provided the footing
resistance of the pole is low enough. As the surge current flows through the pole, the ground
impedance causes a potential rise, resulting in a large voltage difference between the grounding
system and the phase conductor [29]. As a result a back-flash over can occur where this surge
current flashes over the insulation through a conductive ionisation path and onto one of the phase
conductors. This can cause transient overvoltage on the line leading to a disruption of the power
supply [29]. The back flashover phenomenon can be a significant constraint on the effectiveness of
the OHSW system and requires correct insulator design and implementation so that the critical flash
over (CFO) level between the grounding system and the phase conductors is sufficient.

13.2 SHIELDING ANGLE
Although perfect shielding of a transmission line is nearly impossible, an appropriate shielding angle
can be selected based on the shielding failure flash over rate (SFFOR) to provide near perfect
shielding [3]. The SFFOR is a function of line geometry and ground flash density of the area. IEEE
1243-1997 [28] recommends that the placement of the OHSW should be made based on the SFFOR
so that the most effective and economical configuration can be implemented. [28] further
recommends that for a critical load a design SFFOR value of 0.05 outages/100km/year is suitable,
while for general lines of low criticality an SFFOR value of 0.1-0.2 outages/100km/year is
recommended.
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13.3 SHIELDING OF THE BUNGAROO CREEK LINE
The conductors used on the Bungaroo Creek 33kV line are Grape, specifications of which have been
obtained from the Olex aerial conductor data sheet [40] displayed by Figure 38.

Thus the radius of a phase conductor is

Figure 38: Olex aerial conductor specification data sheet [40].

The criticality of the distribution line plays a key role in determining the shielding system for the line.
Critical lines such as the Bungaroo Creek 33kV line which supplies power to an essential service has
an overhead shield wire (OHSW) as well as earthing at every pole. A less critical line may have no
shield wire and only be earthed at every second or third pole. Cost is the overriding factor and can
be substantial when considering OHSW’s, pole earthing, increased insulation levels and surge
arresters [28].
IEEE 1410-2010 [29] recommends a shielding angle of less than 45 degrees for lines less than 15
meters high. This will ensure that the majority of strikes terminate on the shield wire. The standard
continues on to discuss that a shielding angle of 30 degrees should be used for new installations.
Rio Tinto standard SS-E109 [46] specifies that the lightning shielding angle shall be no greater than
30 degrees to the vertical. At the time of construction of the Bungaroo Creek 33kV line this
specification was 35 degrees.
Three possible pole options displayed in Figure 39 are used in the Bungaroo 33kV line, each with a
shielding angle of less than 35 degrees; this limits the likelihood of lightning striking one of the phase
conductors with the majority of terminations expected to occur on the shield wire.
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Figure 39: Bungaroo Creek 33kV shielding angles [50].

13.4 CALCULATION OF THE SHIELDING FAILURE FLASH OVER RATE
RTIO Standard SS-E109 [46] specifies a shielding angle of 30 degrees as a basis for all new
distribution lines. This shielding angle as well as a shielding angle of 35 degrees will be evaluated
when calculating the shielding failure flash over rate (SFFOR), keeping in mind that an SFFOR of 0.05
outages/100km/year is recommended by IEEE1243-1997 for lines servicing critical loads.
Using the simplified method for calculating the SFFOR as set out by Hileman [3] and the
approximations of Brown and Whitehead [8], the calculation process is as follows.
(22)
Letting Dcc equal the value of Dc at Ic the equation simplifies to
(23)
Firstly the surge impedance of the phase conductor is calculated as follows using an equation set out
in IEEE1410-210, in which:
(24)
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where:
h= the height of the conductor over ground (m);
r=radius of the conductor (mm).

Next the critical current ( ) is determined. is the critical current at and above which flashover
occurs, and is determined by the following equation:
(25)
where:
CFO= the critical flashover voltage of the line insulation as specified by the data sheet;
= the surge impedance of the phase conductor.

Figure 40: The geometric model, definitions of angles and distances [3].

Next the geometric radiuses displayed in Figure 40 are calculated using the Brown and Whitehead
approximations [8].
(26)
where:
A=6.4 (Brown-Whitehead approximation);
= Critical current calculated from equation (25);
b=0.75 (Brown-Whitehead approximation).
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(27)
where:
A=7.1 (Brown-Whitehead approximation);
= Critical current calculated from equation (25);
b=0.75 (Brown-Whitehead approximation).
Next is determined. is simply the ratio of

and ;
(28)

where:
can be obtained from equation (26);
can be obtained from equation (27).
Next the maximum shielding failure current is determined.
is the maximum current at and
above which no strokes will terminate on the phase conductor and is determined from the equation
for
which from the geometric radiuses displayed in figure 40 is the value of at .
is determined as follows;
(29)
where:
= The OHSW height above ground (m);
= The phase conductor height above ground (m);
= The ratio of

and

determined from equation (28);

= The shielding angle of the line.
Now

can be calculated again using the Brown and Whitehead approximations for A and b.
(30)

where:
is the value calculated from equation (29);
A=6.4 (Brown-Whitehead approximation);
b=0.75 (Brown-Whitehead approximation).
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The angle

and

as displayed by Figure 41 are then calculated.

Figure 41: Definitions of angles and distances [3].

(31)
where:
= The phase conductor height above ground (m);
Can be obtained from equation (26);
Can be obtained from equation (27).

(32)
where:
h= The height of the OHSW over ground (m);
= The phase conductor height above ground (m);
= the shielding angle of the line;
Can be obtained from equation (27).
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With these values calculated the value for
is now determined.
and is the exposure distance for the phase conductors.

Figure 42: Relationship of

to

is depicted in Figure 42 below

[3].

(33)
where:
can be obtained from equation (26);
can be determined from equation (31);
= the shielding angle of the line;
can be determined from equation (32).
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The values for
are determined using the approximations provided by the
CIGRE cumulative distribution, for the range of currents between 3-20kA. The approximations can be
seen in Figure 43 and Figure 44.

Range of current

Approximate equation

3 to 20
20 to 60
60 to 200

Figure 43: CIGRE cumulative distribution approximations. Adapted from [3].

Current Range,

Media,

3 to 20

Beta,

I

1.33
33.3

Greater than 20

0.605

Figure 44: CIGRE cumulative distribution approximations. Adapted from [3].

(34)
(35)
(36)
(37)

where:
and

I

are approximations obtained from figure 44;

= The critical current obtained from equation (25);
= The maximum shielding failure current obtained from equation (30).
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With the required values calculated the shielding failure flash over rate (SFFOR) for the line can now
be determined from the simplified equation below.
(38)
where
Ng= Ground flash density of the area;
Dc= Is the value determined from equation (33);
= Is the value determined from equation (35);
= Is the value determined from equation (37).
The calculated SFFOR will be depicted in the number of shielding failures per 100km per year. If the
determined value is unsatisfactory a reduction in the shielding angle
can be made with the
SFFOR re-calculated until a satisfactory SFFOR is reached, thus ensuring adequate protection of the
line from direct lightning strikes.

13.5 SHIELDING FAILURE FLASH OVER RATE OF THE BUNGAROO CREEK 33KV LINE
(39)
where:
h=9.502m;
r=8.75.

461Ω

(40)
where:
CFO=260kV;
=461.

1.279kA
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(41)
where:
A=6.4 (Brown-Whitehead approximation);
= 1.279;
b=0.75 (Brown-Whitehead approximation).

7.697

(42)
where:
A=7.1 (Brown-Whitehead approximation);
= 1.279;
b=0.75 (Brown-Whitehead approximation).

8.539

(43)
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(44)
where:
= 13.9m;
= 9.502m;
= 0.901;
=35.

24.21

(45)
where:
;
A=6.4 (Brown-Whitehead approximation);
b=0.75 (Brown-Whitehead approximation);

5.894kA

(46)
where:
= 9.502;
=7.697;
=8.539.
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-12.203

(47)
where:
h= 13.9;
= 9.502;
= 35;
= 8.539.

18.323

(48)
where:
=8.539;
= -12.203;
= 35;
= 18.323.

3.433
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(49)

-2.907

(50)

0.998

(51)

-1.758

(52)
0.955
where:
and

I

are approximations obtained from figure 44;

= The critical current obtained from equation (2);
= The maximum shielding failure current obtained from equation (7).
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(53)
where:
Ng= 2.5;
Dc= 3.433;
= 0.998;
= 0.955.

0.0369 flashovers/100km/year
Thus the line is expected to receive approximately 3.69 flashover failures every 100 years with a
shielding angle of 35 degrees.
At the time when contract specifications were submitted RTIO standard SS-E109 [46] specified a
shielding angle of 35 degrees. The latest revision of SS-E109 [46] specifies a shielding angle of 30
degrees. For this reason an analysis has been conducted for the Bungaroo Creek 33kV line reducing
the shielding angle to 30 degrees. The calculation for this new shielding angle is as follows.

The following values remain unchanged and so calculation is not required
=461Ω
=1.40kA
=8.237
=9.133

=0.901
=-7.961
=-2.839
=0.997

Figure 45: Required calculation values.

(54)
where:
= 13.9m; *Note height would increase in order to achieve a 30 shielding angle.
= 9.502m;
= 0.901;
=30.
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21.29

(55)
where:

A=6.4 (Brown-Whitehead approximation);
b=0.75 (Brown-Whitehead approximation).

4.965

(56)
where:
h= 13.9;
= 9.502;
= 30;
= 9.133.

21.86
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(57)
where:
=8.539;
= -12.203;
= 30;
= 18.323.

3.40

(58)
where:
4.965;
61.1;
I

1.33.

-1.887

where
-1.887.

0.9605
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(59)
where:
Ng= 2.5;
Dc= 3.40;
= 0.997;
= 0.9605.

0.0310 Flashovers/100km/year

Thus with a shielding angle of 30 degrees the Bungaroo Creek 33kV line would be expected to
receive approximately 3.1 flashover failures every 100 years.

13.6 COMPARING SHIELDING ANGLES

Shielding Angle

SFFOR

35 Degrees

0.0369 flashovers/100km/year

30 Degrees

0.0310 Flashovers/100km/year

Figure 46: Comparing SFFOR values.

With a decrease in shielding angle there has been a slight reduction of the shielding failure flash over
rate (SFFOR). This can be seen above in Figure 46.
It has been noted that Hileman’s simplified method [3] for calculating the SFFOR of a distribution
line relies on the critical current ) and maximum shielding failure current ( ) falling in the range
of 3-20kA, in order for the Brown and whitehead approximations to be used correctly. From
discussion with Senior Electrical Engineer Justin Barbour of Power Control Engineers Pty Ltd NSW; If
the critical current ) is calculated to be less 3kA and thus below the range of 3-20kA the overall
SFFOR tends to be overestimated. For this reason a better approximation of the SFFOR is best made
with a computer simulation program such as the ‘Flash Program’ as specified by IEEE 1243-1997 [28]
or the Lightning Faults in Distribution Lines (LFD) software [11] as discussed by the IEEE paper
‘Analysis of the Lightning Performance of Overhead Distribution Lines’. Other software that offers
the same capabilities is also on the market.
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14. BACK FLASH RATE
14.1 CALCULATION OF THE BACK FLASH RATE
With an appropriate shielding angle selected based on the calculation of the shielding failure flash
over rate (SFFOR), direct lightning strikes will terminate on the shield wire and not on the phase
conductors. Outages due to insulation failures will now only occur via the black flash process; where
a lightning strike may terminate on the tower or shield wire travel down the pole to earth but due to
high ground impedance and a large potential difference across the pole flash over the line insulation
onto one of the phase conductors [38]. This can lead to transient overvoltage on the line that could
cause damage to electrical equipment and power outages. Thus it is important to calculate the back
flash rate (BFR) of the distribution line and subsequently reduce this value to an acceptable level, by
either improving the line insulation level, improving the earthing or through the use of surge
arresters.
Calculating the BFR is not a straightforward process and requires many aspects to be considered.
Computer software using the CIGRE method is one way of completing the calculation. Hileman [3]
outlines a simplified process that enables a hand calculation of the BFR using an iteration method.
This method has been used and is outlined below.
The BFR is calculated using the following formulae where BFR=0.6 NL P( I> Ic)
NL is defined as the number of flashes the line is expected to receive and is given in
flashes/100km/yr.

(60)
where
h= The ground wire height (m);
Sg= The width between shield wires, or line width in the absence of shield wires (m);
Ng= The ground flash density of the area (flashes/km2/yr).

The probability of a flashover is the probability that the stroke current I equals or exceeds the critical
current Ic.
P( I≥ Ic)=

(61)

The P( I≥ Ic) can be approximated by the following equation set out in IEEE-1243-1997 [28]
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(62)
Using Hilemans simplified iteration method [3] to calculate the BFR,
following equations:

is calculated using the

is the current required to achieve breakdown of soil.
is approximated at 400kV [3].
is the soil resistivity of the area.
is the measured pole footing resistance.
is the surge impedance of the phase conductor.
is the line height of the phase conductor over ground.
is the radius of the phase conductor.
is the line to neutral voltage.
is the nominal system voltage.

is the power frequency voltage multiplied by the line
to neutral voltage.
is the power frequency factor approximated at 0.70
[3].
is the time constant of the tail

.

is the impulse footing resistance.
is the travel time of a span approximated at
0.375 per 100m [3].
is the nonstandard critical flashover voltage.
is the critical flashover voltage level of the line
insulation.
is the reflected pole resistance.

is the current through the footing of the struck tower.

is the impulse footing resistance.

is the critical current at and above which
flashover occurs.
C is a coupling factor approximated at 0.3 [3].

Figure 47: Hileman’s simplified iteration equations. Adapted from [3]
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The graph displayed in Figure 47 shows how BFR increases as footing resistance increases.

Figure 48: Relationship between BFR and footing resistance [3].

No universal agreement exists as to the recommended design value for back flash rate, but as
Hileman [3] explains for distribution lines with a footing resistance of between 20 to 40 ohms the
calculated back flash rate is generally in the order of 6-8 flashovers per 100km per year.

14.2 BACK FLASH RATE OF THE BUNGAROO CREEK 33KV LINE
It is noted that in order to accurately calculate the BFR of the Bungaroo creek 33kV line computer
simulation is necessary that is capable of taking into account each pole and its variations. Despite
this Hileman’s simplified hand calculation method [3] can still be used to give an estimation of the
back flash rate. This method is also useful to indicate how back flash rate increases as footing
resistance increases. The back flash rate for the Bungaroo Creek 33kV line has been calculated
around an average footing resistance of 16Ω and the approximated travel time of one span being
0.375 per 100m. Microsoft Excel has been used for the iteration process with the input and output
details shown in Figures 49 and 50. For the readers convenience the calculation process for the last
two iteration cycles has been included.

Figure 49: BFR Iteration calculation input values.
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Line Voltage 33kV

Ro 16Ω

CFO 260kV

P=100Ω.m

OHSW Height 13.9m

Kpf 0.7

Phase conductor Height 9.502m

Eo 400kV/m

Ng 2.5

Ts 0.375

Sg 0

Figure 50: Back flash rate Bungaroo Creek 33kV line parameters.

(63)

26.94kV

(64)

(65)

flashes/100km-years

First an initial value of Ri is selected. If the calculated value of Ri does not match the selected value
of Ri, iteration of Ri follows. This process continues until convergence is reached.
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The calculation process is as follows:
Select an initial

. value of 10.04. Hillman suggests a value of

Step 1: Calculate

as a good starting guess for

;
(66)

24.867

Step 2: Calculate

;
(67)

Step 3: Calculate ;
(68)

18.45

Step 4: Calculate

;
(69)

289.55

.
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Step 5: Calculate

;
(70)

9.65

Step 6: calculate

;
(71)

40.07

Step 7: calculate

;
(72)

38.51

Step 8: calculate

;
(73)

10.02
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Step 9: Compare selected
Selected

value and calculated

value = 10.04

Calculated

value = 10.02

Convergence has not been reached, iterate again.

= 10.02

Step 10: Re-calculate ;

18.48

Step 11: Re-calculate

;

289.49

Step 12 Re-calculate

;

9.629

Step 13: Re-calculate

40.15

;

value;
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Step 14: Re calculate

;

38.58

Step 15: Re calculate

;

10.02

Step 16: Compare selected

Selected
Calculated

value and calculated

value.

value = 10.02
value = 10.02

Convergence has been reached.
Since convergence has now been reached the back flash rate of the line can now be calculated.
(74)

0.337

BFR=0.6 NL P( I< Ic)
BFR= 0.6(34.20) (0.337)
BFR= 6.91 flashovers/100km-years
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For interest sake if the footing resistance of each pole was reduced to 10Ω ie
rate (BFR) of the 33kV Bungaroo creek line reduces to the following.

Figure 51: BFR Bungaroo Creek 33kV line parameters,

=10Ω the back flash

=10Ω.

(75)

0.101

BFR=0.6 NL P( I< Ic)
BFR= 0.6(34.20) (0.101)
BFR= 2.07 flashovers/100km-years

14.3 COMPARING BACK FLASH RATES
Footing Resistance (

)

Back Flash Rate

16 Ohms

6.91 flashovers/100km-years

10 Ohms

2.07 flashovers/100km-years

Figure 52: Comparing Back Flash Rates.

It is evident from Figure 52 above that a decrease in footing resistance can substantially reduce the
BFR of the Bungaroo Creek 33kV line, thus reducing possible outages caused by back flash by 333%.
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15. SUMMARY OF FINDINGS
15.1 EARTH RESISTIVITY
 The earth resistivity analysis conducted in Section 12.4 indicates a high over low resistivity
two layer soil model that is characteristic of the Pilbara region of Western Australia;
 The depth of the upper layer has been calculated as 2.5m;
 Earth rods need to be greater than 2.5m in order to penetrate this high soil resistivity top
layer.
Apparent resistivity seen by one 3m earth rod

142.86 Ω.m

Apparent resistivity seen by one 6m earth rod

82.25 Ω.m

Figure 53: Comparing Resistivity’s of different soil depths.

Figure 53 above displays the benefit of using a longer earth rod that is capable of well and truly
penetrating the higher soil resistivity upper layer.

15.2 EARTH RESISTANCE
 The earth resistance of a number of possible earth rod applications have been evaluated
with the results displayed in Figure 54 below;
 The use of one 6m earth rod that is capable of well and truly penetrating the higher soil
resistivity upper layer has been calculated to be most effective in terms of earth resistance
and installation cost.

Figure 54: Comparing resistance and installation costs of earth rods.
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15.3 POTENTIAL LIGHTNING HOTSPOTS
 A number of potential lightning hotspots have been identified. These areas exhibit both high
footing resistance and an elevated position above ground, thus flashovers are more likely to
occur in these areas.
Pole Number

Meters above sea level (m)

Combined footing resistance (Ω)

C15-6

213

52

C4-2

200

30

C8-2

198

28

Figure 55: Potential lightning hotspots

15.4 SHIELDING FAILURE FLASH OVER RATE
 A shielding angle of 35 degrees yields a shielding failure flash over rate (SFFOR) of 0.0369







flashovers/100km/year.
For a shielding angle of 35 degrees the 14km Bungaroo line is expected to receive 0.005166
flashovers per year.
This equates to one shielding failure every 193 years.
For a shielding angle of 30 degrees the 14km Bungaroo line is expected to receive 0.00434
flashovers per year.
This equates to one shielding failure every 230 years.
A Shielding angle reduction of 5 degrees translates to a SFFOR reduction of 0.000826
flashovers per year.
From these results it is clear that the chance of a shielding failure occurring is negligible, thus
the main mode of lightning caused failure would occur via the back flash.

Shielding Angle
(degrees)

Calculated SFFOR
(flashovers/100km/year)

Calculated SFFOR for the
14km Bungaroo Creek 33kV
line (flashovers/14km/year)

Expected number
of years between
shielding failures

35

0.0369

0.005166

193

30

0.0310

0.00434

230

Figure 56: Comparing SFFOR values
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15.5 BACK FLASH RATE
 Using the average combined earth resistance of 16Ω, the back flash rate for the 14km
Bungaroo Creek 33kV line is calculated to be 0.967 or approximately one flashover per year.
 If this average combined earth resistance was reduced to 10Ω the backflash rate for the
14km Bungaroo 33kV line would reduce to 0.289 or approximately one flashover every 3.5
years.
 This is a reduction of approximately 333%.

Earth Resistance
(Ω)

Calculated BFR
(flashovers/100km-year)

Calculated BFR for the 14km
Bungaroo Creek 33kV line
(flashovers/14km/year)

Expected number
of years between
back flashovers

16

6.91

0.967

1

10

2.07

0.289

3.5

Figure 57: Comparing BFR values
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16. CONCLUSIONS AND RECOMMENDATIONS
Based on the critical analysis and in depth research conducted, a number of recommendations have
been made for improving the lightning resilience of the Bungaroo Creek 33kV Line. The majority of
these recommendations are based around improving the earthing of the line as this is fundamentally
important in lightning protection. A brief review on the effectiveness of the line insulators and
shielding angle has also been included. As the Bungaroo Creek 33kV Line comes into operation a
strategic monitoring plan has been developed with the aim being to document future lightning
outages. The plan details a list of actions that should be followed if outages are found to be a regular
occurrence.

16.1 INSULATORS
Based on the manufactureres data the Critical Flash Over voltage level for the insulators used on the
Bungaroo Creek 33kV line is 260kV, thus giving the insulators a BIL level of 250kV.

 IEEE standards [28] and [29] recommend a critical flah over (CFO) level of between 250300kV to ensure shield wire effectiveness;
 Based on consultation with Bri-Tech Limited Electrical Engineer Bruce Neaves, a BIL of 200kV
or greater is suggested for lightning protection;
 Insulator strengh of the Bungaroo Creek 33kV distribution line is considered to be above the
recommended levels, thus no recommendations will be made into improving the insulation
level.

16.2 SHIELDING
 IEEE standard [28] recommends that the placement of the overhead shield wire (OHSW) be
made based on the shielding failure flash over rate (SFFOR) so that the most effective and
economical configuration can be implimented.
 IEEE standard [28] recommends that for a critical load a design SFFOR of 0.05
outages/100km/year is suitable.
 Calculation of the SFFOR for the Bungaroo Creek 33kV line in section 13 yielded an SFFOR of
0.0369 outages/100km/year.
 The shielding angle of the Bungaroo Creek 33kV line is considered to be well within the
recommended limit for lines servicing critical loads thus no recommendations will be made
for improving shielding.

16.3 BACK FLASH RATE
 There is no standard specification for a recommended design value of the BFR;
 Rio Tinto Standard SS-E115 [47] specifies that “Resistance values shall not exceed those
specified for an electrical earthing system and 10Ω for a lightning protetcion earthing
system”;
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 As has been shown in Section 14, footing resistance greately affects back flash rate, thus
emphasis must be put on ensuring the combined earth at each pole is less then 10Ω.

16.4 EARTHING
 With a sufficient level of line insulation and correct placement of the over head shield wire












(OHSW) to mitigate direct lightning strikes, emphasis should now be placed on reducing the
combined earth resistance at each pole to below 10Ω, thus reducing the back flash rate
(BFR) as far as is economically possible;
Earth resistance tests should be carried out at each of the 29 poles identified in Section 12.5
to have a combined earthing arrangemnt of greater then 10Ω;
Soil resistivity tests should then be conducted at each of these 29 poles to determine the
individual soil profile at each location;
Once a soil profile has been determined at each of the 29 sites, an economic analysis should
commence into the best configuration of earth rods;
As displayed in Section 15.2, depending on the soil profile at each location, the addition of
one or more earth rods may be effective in reducing the combined earth resistance to below
10Ω. Alternatives to driven earth rods are suggested in Section 12.1.2, and may be found to
be more effective;
If resistivity tests display very high soil resistivitys at the critical locations digging a trench
500mm deep and 200mm wide and laying one of the earth enhancing compounds discussed
in Section 12.9 in the trench will reduce the resistance [35];
If resistivity tests display the presence of bed rock that would inhibit deep earth rods being
driven into the ground, drilling will have to commence. Drilling a hole approximatyely 75mm
wide and as deep as required should be carried out [35]. An additional earth rod of more
then 3m in length should be inserted and the hole, backfilled with one of the soil compounds
mentioned in Section 12.9;
Where ever possible flat tape rather than circular conductors should be used. Flat tape
increases the surface area contact with the ground, thus increasing the capacitive coupling
while reducing the overall resistance [35].

16.5 SURGE ARRESTERS
 If the above earthing reccomendations are followed with the combined earth resistance at






each pole being brought down to below 10Ω, based on the calculations of Section 14 a back
flash over should only occur once every 3.5 years;
If the occurabce of back flash over’s is found to be more prevalent or concentracted around
a particular location surge arresters can be implimented;
Based on Section 11 surge arresters should be implimented every 3rd span extending 1km
either side of the lightning ‘hot spot’;
If back flash overs cause further outages an econimical study should be carried out to
impliment surge arresters every 3rd span for the entire 14km line;
Implimenting surge arresters every 3rd span would be expected to effectively mitigate all
outages caused by direct or indirect lightning strikes to the line.
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16.6 STRATEGIC MONITORING PLAN
 As a matter of urgency corrections to the earthing arrangement at each pole should be









made immediately to avoid the occurrence of back flash overs at the identified critical
locations;
Once adequate resistance levels have been reached at each of the 29 identified critical poles
no further action to improve the lightning performance of the line should be made;
A strategic monitioring plan should be developed with the line monitored for a period of 5
years;
Any outage caused by lightning should be recorded as well as the location of the flashover;
Over the 5 year period a lightning caused outage profile will display the emergence of any
‘hot spots’;
After the 5 year period actions to rectify these identified ‘hot spots’ can commence;
If the line receives more then 3.5 outages per year during the 5 year monitoring stage, a
revaluation of the earthing system should commence immediately;
If the combined earthing system at each pole is still found to be less then 10Ω, surge
arresters should be implemented as explained above.
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APPENDIX 1. LIGHTNING FAULT DETECTION SOFTWARE
Professor Vilson Luiz Coelho of Santa Catarina Brazil published a paper for the IEEE titled Analysis of
the Lightning Performance of Overhead Distribution Lines which describes the lightning fault
detection software he developed. Professor Coelho was contacted on the 5th of December 2013 and
released his software to be trialled for the purpose of this thesis.
The lightning fault detection (LFD) software is especially designed for distribution lines and is
extremely user friendly. The software opens in Microsoft Excel, allowing the user to input line
characteristics, line structure, earthing information and ground flash density (GFD) of the area under
study. The software then estimates the striking distance and the number of annual interruptions the
line is expected to receive in terms of direct strikes and induced voltages. Although the input
variables are limited to a small range the LFD software allows for the quick simulation of the
lightning performance of distribution lines with results comparable to hand calculation methods
defined by the IEEE [28] & [29] Hileman [3], Eriksson [20], and the NFPA [51].

APPENDIX 1.1 CALCULATION PROCESS
The calculation process which is described by the IEEE Paper [11] Analysis of the Lightning
Performance of Overhead Distribution Lines uses the same equations displayed in IEEE papers [28] &
[29] and uses similar equations to those of Hileman [3].
The calculation procedure flow chart is displayed in Appendix Figure 1.

Appendix Figure 1: Calculation procedure flow chart [11].
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APPENDIX 1.2 SIMULATION PROCESS
The simulation is started by simply clicking on the ‘Start Case Study’ button, displayed below in
Appendix Figure 2.

Appendix Figure 2: LFD start-up page [11]

The ‘Characteristics of Line’ window then opens up where the user can input the line rated voltage
level, the type of line be it rural or urban, the length of the line, the mean span between poles and
the ground flash density of the area. Information about surge arresters and grounding is also
entered on this page. Once all the required fields have been completed the user simply clicks
‘continue’ to navigate to the next page.

Appendix Figure 3: LFD characteristics of line input page [11]
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The final input page of the LFD software is the ‘Structure’ page. Here, crossarm characteristics and
design are inputted as well as the type of material used in the crossarm and pole design. The
insuslation level and type of insulators used be they post or pin type are aslo entered on this page.
Clicking on ‘Continue’ then runs the simulation with the results displayed on the final page.

Appendix Figure 4: LFD Structure input page [11]

The ‘Lightning performance’ results page displays all input data and generates an annual
interuptions estimate of direct lightning strikes and induced voltages. The results page also displays
the strking distance and combined critical flashover level of the insulator and crossarm design. If the
annual interuptions estimate is considered to be unacceptable the user can then add surge
arrester’s and decrease the distance between surge arrester’s to reduce the annual interuptions
estimate to an acceptable level which would be deterimed by the criticality of the line.

Appendix Figure 5: LFD lightning performance results page [11]
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APPENDIX 1.3 LIMITATIONS OF THE LIGHTNING FAULT DETECTION SOFTWARE
The main limitation’s of the LFD software exist are around a number of input variables. As Eriksson
[20] demonstarted through his research, a structures attractiveness to downward approaching
lightning leaders is dependant upon both structure height and stroke current amplitude. Thus the
greater the structures heigh above ground the greater the risk of a lightning strike terminating on
the structure. An increase in structure height would significantly increase the annual interuptions
estimate. As this software is specified for distribution lines a constant structure height has been used
in the calculations. This limits the software to line heights around that constant height value.
The pole materials section only allows for wood or concrete poles to be selected. Although concrete
is a highly conductive material it does not have the same conductive chracteristics of steel, thus the
combined insulation level of the insulator, cross arm and pole would be overestimated.

Appendix Figure 6: LFD Structure input page [11]

Standard distribution line insulator BIL levels have been used however only four options are
available to the user as is displayed in Appendix Figure 7. In the Pilbara region of Western Australia
insulator basic lightning impulse insulation level (BIL) levels of 200kV or greater are commonly used.
The LFD software allows the user to select a BIL insulation level of 170kV as a maximum.

Appendix Figure 7: LFD Structure input page [11]
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APPENDIX 1.4 COMPARISON OF THE LIGHTNING FAULT DETECTION SOFTWARE WITH HAND
CALCULATIONS
APPENDIX 1.4.1 ATTRACTIVE RADIUS STRIKING DISTANCE
When compared with the methods of Eriksson and the National Fire Protection Association the LFD
seems to slightly overestimate the attractive radius striking distance. This is due to the difference in
input values that have been used when conducting the hand calculations compared to the limited
input values allowed for the LFD software.
Eriksson Section 8.2

NFPA 780 Section 8.3

LFD Software

41.43m

42m

49.38m

Appendix Figure 8: Comparing striking distance

APPENDIX 1.4.2 INDUCED VOLTAGES
Using the graphical matching method described by IEEE paper [29] the induced voltages for a critical
flash over (CFO) voltage level of 260kV would be approximately 1.1 flashovers per 100km per year.
The LFD generated result of 1.11 flashovers per 100km per year is consistent with this result.

Appendix Figure 9: Induced voltages versus distribution line insulation level [29].
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APPENDIX 1.4.3 DIRECT LIGHTNING STRIKES
Using the simplified method for calculating the incidence of direct lightning strikes to a structure
used in section 7.4 described by IEEE paper [29] the number of direct strikes the line is expected to
receive is 34.35 flashes/100km/yr. The LFD software estimates the number of direct lightning flashes
as 24.69 flashes/100km/yr. This difference can be explained by the difference in the height constant
used by the LFD software as well as slight differences in input information.

IEEE Section 7.4

LFD Software

34.10 flashes/100km/yr

24.69 flashes/100km/yr

Appendix Figure 10: Comparing direct lightning strikes.

APPENDIX 1.4.4 ANNUAL INTERRUPTIONS E STIMATE
The four methods considered and compared in appendix figure 10. As can be seen the number of
interruptions per year varies from 1.57 to 5.12 with Eriksson’s result is considered to be most
accurate. The LFD software returned a result of 3.61 flashes to the line per year; this is a difference
of only 0.51 thus showing strong correlation.

IEEE Section 7.4

Eriksson Section 8.2

NFPA 780 Section 8.3

LFD Software

5.12 flashes per year

3.10 flashes per year

1.57 flashes per year

3.61 flashes per year

Appendix Figure 11: Comparing annual interruptions
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