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Abstract

In Australia and many other countries of the world, power distribution lines are carried

on wooden poles. These lines suspended on insulators, whichare fixed to wooden poles,

pass cities as well as bushlands. Under different weather conditions, insulators become

contaminated, and in particular, with damp weather, these insulators lose their ability to

provide a perfect insulation between the high voltage conductor and the ground (through

high impedance objects such as wood). A leakage current, small in magnitude, starts flowing

from the high voltage conductor to the ground across the polluted insulator and through the

wooden pole. If this phenomenon continues over some time, the currents start heating the

wood where there is an abundance of wood-to-metal contact. At a certain stage, it will start

smoking and this may lead to a pole fire. The obvious consequences of this are the loss of

power to customers, public safety hazards and potential disasters such as bushfires.

This project aims at determining which measure or combination of measures of leakage

current are best suited for creating a ‘Leakage Current Health Index’ (LCHI) that can be

later used to provide a power system operator with health status for a feeder or system,

indicating how urgent a response is needed.

To achieve this goal, the impedance characteristics of wooden poles altering the leakage

current from insulators are investigated to better understand the role of wood in leakage

current signatures. The effective impedance of wood used for poles in Victoria, Australia

is established for the first time. Examining the impedance properties of typical Copper

Chromium Arsenate (CCA) impregnated wood for 66 kV distribution poles shows danger-
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ous conductance properties of wood at this voltage, providing an explanation for these poles

catching fire at triple the rate of 22 kV distribution poles. After a systematic investigation of

wood used for poles, a typical impedance characteristic is established for a weathered CCA

impregnated wooden pole operating at 22 kV under both dry andwet weather conditions.

Next, the leakage current from a single high voltage insulator is examined for various

contamination levels and under different weather conditions. A new nonlinearity measure

is established which utilises the Pearson correlation coefficient to measure the degree of

leakage current nonlinearity and to build leakage current profiles of a single insulator under

different conditions prior to flashover. Several fractal dimensions are also considered for

the first time to measure characteristics of the leakage current profile of a single insulator.

These measures are able to quantitatively differentiate between various levels of insulator

contamination and different weather conditions, showing an enhanced level of nonlinear

activity in the stage prior to insulator flashover.

After developing an understanding of a single insulator, systematic modelling is used

to build measure profiles of leakage currents for a simple power line, a lossless power line

and a lossy power line. Finally, power utility zone substation data for a pole top fire are

examined to verify the validity of the profiles observed utilising the measuring techniques

determined suitable for establishing a LCHI.



Chapter 1

Introduction

1.1 Overview

This chapter provides an overall background to the project and the purpose of the research

work. Section 1.2 provides a preliminary discourse of the thesis. Section 1.3 introduces

power systems and how they consist of several subsystems working together. This section

explains power system security, and the systems which are needed to create this security.

Next, Section 1.4 discusses the motivation for this research utilising a combination of these

systems, and defines the scope for this research study. Further, in Section 1.5, the objectives

and contributions of this research are outlined. Finally, the chapter is concluded with the

structure of the thesis in Section 1.6.

1.2 Prologue

Power systems connect generation via transmission, sub-transmission and distribution net-

works to supply electricity to customers. New technologiesare pushing power systems past

their original design limits with connection of electric motor vehicles, solar distributed gen-

eration and the like. Engineers must continue to create smarter technologies to address this
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ever-changing climate while promoting saving fossil fuel consumption, reducing operational

costs and increasing reliability for a sustainable future.Government enforced roll-outs of

smart meters are assisting distribution companies around the world by collecting data for

engineers and scientists to optimise the power system creating a ‘smart grid’. However,

data being collected does not always capture the needs of engineers, and require post-event

fine-tuning for better data capture into the future.

The increasing reliance of our daily lives on electricity warrants 24 hours a day, 7 days a

week access unassumingly. However, the assets providing electricity are ageing and require

higher levels of maintenance or replacement. One such assetin Australia are the wooden

poles that carry power lines. These power lines are suspended on insulators, which are

fixed to wooden poles, passing through cities as well as bushlands. Under different weather

conditions, insulators become contaminated, and in particular, with damp weather, these

insulators lose their ability to provide a perfect insulation between the high voltage wire

(or conductor) and the ground. A leakage current, very smallin magnitude, starts flowing

from the high voltage conductor to the ground through the wooden pole. If this phenomenon

continues over some time, given the right circumstances, the current starts heating the wood.

At a certain stage, it will start smoking and this may lead to a‘pole top fire’. If that power

line is passing bushland, under hot weather and windy conditions, the dry bush may touch

the wooden pole close to the leaking insulator, and as a consequence initiate a serious bush-

fire. A major disaster may ensue presenting danger to property and the safety of the public.

With the advances in available metering technology and the ageing of power networks,

this re-invigorates an area of study which has lay dormant for many years, studied when

there was no computer power that may assist in better understanding phenomena present.

Oversimplification for ease of computation may have overlooked detail that alters the now

accepted norm. Superior metering accuracy available todaymay also affect results of years

ago. Current research in this area has attempted to add knowledge to existing techniques
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that model or detect leakage current of a contaminated insulator, without accounting for their

fixing to wooden poles nor that they are rarely used in isolation. This thesis is dedicated to

studying leakage currents from high voltage insulators on wooden power poles.

1.3 Power Systems

A power system is usually defined as all the electrical components which create an electrical

network for transmitting and distributing electrical power from the point of generation (that

is, power plants or power stations) to the point of supply (that is, the end-user or customer).

1.3.1 Primary Systems

The primary systems which create a power system are the powerstations which generate

electrical power, the transmission substation where electricity is stepped up to a transmis-

sion voltage level thereby reducing energy losses, high voltage transmission lines used to

transmit electrical power to distribution terminal stations and zone substations where it is

stepped down to distribution voltage levels. Electrical power is then distributed to industries

and major substations, where voltages are again stepped down to consumer mains voltage

for use in residential homes and commercial premises. A basic representation of a simple

power system is shown in Figure 1.1 [4].

Power System Design and Power System Security

Power systems are typically designed to beN − 1, that is a power system withN buses

will sufficiently operate with the loss of one (1) network connection supply or feeder to

any given bus, where a bus is the busbar which commonly connects voltage supply feeders

and load feeders. This type of design provides what is known as power system security.

The purpose of designing a power system to anN − 1 level is to give maintenance crews
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Fig. 1.1 Layout of a simple power system

sufficient time to respond to a single failure before customers experience loss of power. Of

course, for anN − 1 power system design if more than one feeder supply to a substation

fails, then some customers fed by that substation will experience power loss.

1.3.2 Secondary Systems

Secondary systems are required to support the functionality of what is traditionally thought

of as a power system, or the primary system. Without these secondary systems services,

electrical engineering problems are sure to occur. Some of these problems include: (a)

when the load demand changes there would be no control of system voltages, causing large

currents to flow when the demand is high, and depending on how low the voltages drive

down, possible instability issues; and, (b) when different types of faults occur there would

be no tripping of circuit breakers which would cause large amounts of energy to flow, with

an extreme subsequent fire where the power source is part of a large energy grid network.

Following are the typical systems used to make a power system‘work’.
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Protection Systems

Unfortunately, power system faults cannot be eliminated owing to the physics behind elec-

trical systems. Therefore the objective of protection systems is to minimise the impact of a

fault.

Faults (including short circuits and high impedance faults) can be owing to many differ-

ent types of events including:

• overvoltages caused by lightning or switching

• mechanical failure, e.g. fallen conductors

• natural causes, e.g., trees growing into conductors, climbing animals, vermin

• insulation contamination, e.g. coastal salt pollution, industrial pollution

Faults typically cause currents that are several orders of magnitude larger than normal

load currents. In the case of contamination on high voltage insulators, these fault currents

are not significantly larger than load currents and as such are not cleared by the usual pro-

tection until the fault has dramatically accelerated to thepoint of a pole top fire.

Consequences of faults include:

• arcing or flashover, leading to high temperatures, and a possible fire or explosion

• sustained overheating due to high currents may reduce the useful life of equipment,

for example, insulation damage and conductor annealing

• destructive mechanical forces on transformer windings andbusbars owing to high

currents

• overvoltages stressing insulation beyond its breakdown value.

Protection systems must:
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• remove each fault from the system as quickly as possible

• remove no more parts of the system than is absolutely necessary.

Faults are removed from a power system by opening or ‘tripping’ circuit breakers, or

by blowing fuses. The protection system should be designed to operate only those circuit

breakers or fuses closest to the fault so to ‘clear’ the faultwhile keeping the remainder of

the power system intact.

Fault conditions are detected by continuously monitoring voltages and currents through-

out the power system. Fuses blow when subject to high currents for specified periods of

time, protecting conductors, cables and transformers. Circuit breakers are coupled with re-

lays which will operate tripping circuits when subject to abnormal voltage or current mag-

nitudes.

Finally, faults can occur in the protection equipment itself. Thus there is always a need

for forms of backup protection, whether by duplicated protection schemes, circuit breaker

failure schemes, or if all else fails separation by different magnitudes of fault level.

Control Systems

Power system loads continue to change instant by instant. Therefore the objective of con-

trol systems is to balance the supply and demand, while maintaining power system voltage

stability. In addition to these automatic control systems,utilising substation Supervisory

Control And Data Acquisition (SCADA) systems, further control, indication and monitor-

ing may be available to substation feeder components which can be used for status and

diagnostic purposes. The SCADA systems available at each substation are dependent on

criticality and regulatory requirements [5].
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Metering Systems

Power systems come at considerable capital and operationalexpense. Further, with carbon

emission costs also being accounted for in recent times, accurate metering of emissions is

necessary. Therefore the objective of metering systems is to measure the consumption of

energy for billing and the revenue used for the capital, operational and carbon expenses.

With the advent of new smart metering technologies, the roll-out of this technology

in Australia and across the globe has enabled engineers and power distributors to store

and monitor time of use electrical parameters for later analysis. These parameters include

load voltages, voltage sags and swells, demand profiles, maximum demands, power factor,

harmonic content and waveforms for triggered events.

Battery and DC Systems

Power systems may not always have access to mains power to operate. Therefore the objec-

tive of battery and DC systems is to provide an alternative power source in case of unavail-

able mains power to operate all parts of the secondary systems.

Cabling, Wiring and Pilot Cables

Power systems are constructed out of many components. Thesecomponents are located

over a large geographic area. Therefore the objective of cabling, wiring and pilot cables is

to connect secondary system components together so that each component, however big or

small, is wired to measure the appropriate electrical parameters for correct operation.
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1.4 Motivation and Scope

1.4.1 Motivation

Despite the numerous systems in place to create power systemsecurity, these systems fail

to provide protection from incipient pole top fires, remaining one of the most challenging

problems faced by power distributors. In 1998 the Australian electricity supply industry

commenced a reform agenda moving to market-based operationrather than the previous

demand-based operation. During the early years following this reform, deregulation and

privatisation of the Victorian power distributors and generators was also implemented. Fol-

lowing privatisation, the Victorian power distributors have been performance driven, rated

on their System Average Interruption Duration Index (SAIDI) [6], that is, the average out-

age duration for each customer served, calculated as the sumof all customer interruption

durations divided by the total number of customers served. The SAIDI of a Victorian power

distributor for a typical warm weather month is shown in Figure 1.2. The figure shows the

breakdown of the types of fault causing power outages, and specifically, that pole top fires

account for over 7% of interruptions [1]. Pole fires are the second largest cause of outages

just behind plant failure. When a distributor does not meet aSAIDI performance target,

they incur penalties which have totalled millions of dollars over years gone by [7, 8]. An

example of the physical consequence of a pole top fire outage is shown in Figure 1.3, along

with another pole related incident where scorching is visible at the bolt fixing bracing to a

steel crossarm.

Power distributors invest significant amounts of money on preventive maintenance strate-

gies to mitigate the risk of pole top fires including insulator washing, silicon coating of

insulators, installation of self-cleaning insulators andreplacement of higher risk wooden

crossarms with steel crossarms [3]. Examples of steel crossarm replacements are shown in

Figure 1.4. Historically, maintenance operations are scheduled according subjective judge-
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Fig. 1.2 System Average Interruption Duration Index (SAIDI) by Fault Type for a typical
warm weather month in Victoria [1].
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Fig. 1.3 (a) a pole with a crossarm burnt into two sections after a pole top fire; (b) a sub-
transmission pole with localised scorching at bracing bolt.
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ment of power line inspectors. Since privatisation, lines have been inspected on a 5 year

cycle. In 2009, Victoria experienced catastrophic bushfires resulting in 173 fatalities. Five

of the major fires that occurred on 7 February 2009 were causedby failure of ageing electric-

ity assets [9]. Following recommendations from the 2009 Victorian Bushfire Royal Com-

mission, an inspection is now required at least every three years in areas of high bushfire

risk [9]. However, without on-going monitoring, rapid power pole or insulator deteriora-

tion will continue to go unchecked, with only anecdotal evidence choosing a period of three

years as a sufficient time between inspections to visually find ageing or deterioration defects.

The 2009 Victorian Bushfire Royal Commission also noted one of the Victorian power dis-

tributors managed 11,374 kilometres of distribution line structures aged between 55 and 64

years, and 10,318 kilometres aged between 65 and 74 years, with upgrades of these ageing

assets needing a capital investment of over $7.5 billion while resulting in consumers pay-

ing over 20% more on their electricity bills every year. Clearly, in addition to large capital

investment, other technologies should also be pursued to mitigate the risk of pole top fires.

Section 1.2 described how the leakage current phenomenon over a period of time, given

the right situational circumstances can lead to a pole top fire. Leakage current during this pe-

riod of time appears intermittently as a High Impedance Fault (HIF). Past research [10–17]

has investigated the leakage current performance of a high voltage insulator under different

external environmental conditions, however there is no study to date which has investigated

measuring or monitoring the progression of leakage currentsignatures from power lines

suspended on insulators fixed on wooden poles. These leakagecurrent signatures may char-

acterise the specific electromagnetic phenomena suitable for identifying incipient pole top

fires [18]. By integrating metering systems (to measure parameters), control systems (to

alert power system operators) and protection systems (to trip and isolate power line feed-

ers prior to a catastrophic pole top failure), an integratedsmart monitoring system may be

able to detect, alert, and prevent leakage currents from polluted insulators on wooden poles
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(a) (b)

Fig. 1.4 Solutions employed by distribution companies utilising steel crossarms and self
cleaning insulators: (a) fitted in place of traditional location of a wooden crossarm; (b) fitted
at the pole top extremity, taking advantage of the electrical properties of the full length of
the pole.
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causing pole top fires and subsequent consequential losses.This thesis initiates the process

of developing a smart monitoring system for leakage currents from insulators on wooden

poles by building an understanding of the mechanisms causing leakage current and finding

methodologies to detect them.

1.4.2 Research Scope

The first part of this thesis is devoted to investigating the role wood used for power poles

plays on leakage current. Typical wooden poles used in Victoria, Australia are sourced

from local distribution companies, and sectioned to manageable sizes that can be examined

in close detail within a high voltage laboratory. Thorough testing is performed to verify

research hypotheses. Further tests on effective impedance are carried out to gain a better

understanding of the capacitive effects on wood resistance as well as how the electrical

performance of wood is affected by the power line voltage.

The second part of the thesis is dedicated to demonstrating several measures as suitable

for quantitatively measuring leakage current while differentiating between insulator condi-

tion.This is achieved by measuring leakage current nonlinearity for a high voltage insulator

in isolation. There are several existing techniques for detecting abnormal leakage currents,

although most are unsuitable for use in real-time conditionmonitoring. A new nonlinear-

ity measure is proposed and studied as a quantitative measure of leakage current on a high

voltage insulator. Experimental data of leakage current from a high voltage insulator are

collected in a high voltage laboratory for application of the nonlinearity measure. Further

measures established as suited to high impedance faults arealso applied to the leakage cur-

rent on a high voltage insulator and studied in detail.

The final part of the thesis extends the application of measuring an isolated high voltage

insulator to a full overhead power line and a group of power lines. An understanding of

the measures for an overhead power line is built up, and, utilising zone substation data for
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a pole top fire, these measures are verified and validated as suitable for detecting pole top

fires.

1.5 Thesis Objectives and Contributions

1.5.1 Objectives

The overall goal of this thesis is to determine which measureor combination of measures

of leakage current are best suited for creating a ‘Leakage Current Health Index’ (LCHI),

which can later be used to provide a power system operator with health status for a feeder

or system, indicating how urgent a response is needed. To achieve this goal, the individual

goals of the thesis can be grouped into three parts:

1. Build an understanding of the leakage currents from high voltage insulators on wooden

poles by investigating the role of wood on leakage current;

2. Determine the appropriate methodologies that measure and quantify leakage current

by:

(a) measuring the nonlinearity of leakage current for a highvoltage insulator under

several contamination levels and different weather conditions; and,

(b) tracking the changes in the measure of leakage current during the period prior to

an insulator flashover;

3. Test the methodologies determined above by:

(a) investigating and evaluating the effect of applying these measures to power lines

rather than to single insulators typically studied in the literature; and,

(b) applying these measures to zone substation data for a pole top fire for verification

and validation as suitable measures of leakage current thatcause pole top fires.
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1.5.2 Contributions

The contributions of the research which forms this thesis can be summarised as below:

1. The effective impedance of a wooden pole is considered for the first time, where

previous studies have ignored both capacitive components and how effective imped-

ance varies for different voltages, while assuming a purely resistive pole. Utilising

the effective impedance an understanding of the mechanisms causing leakage current

signature is gained:

(a) studying the effective impedance demonstrates a wooden pole’s capacitive com-

ponents increase during wet weather, while also reducing the resistive compo-

nents of impedance and promoting increased leakage current;

(b) it is demonstrated that leakage current density at wood-metal contact points con-

tributes to significant heating. When heating of these contact points reach tem-

peratures greater than 50◦C, smouldering may initiate;

(c) the impedance studies reveal wet weather reduces effective resistance to approx-

imately 60% of the resistance in a dry state;

(d) the impedance studies uncover that when operating at 66 kV, pole lengths appear

inadequate for limiting the leakage current at a similar level to 22 kV and perhaps

explains these assets catching fire at triple the rate of 22 kVassets;

2. Methodologies that measure and quantify leakage currentsignature for identifying

insulator condition and detecting incipient pole fires are found:

(a) a new nonlinearity measure is proposed based on the Pearson correlation coef-

ficient. The nonlinearity measure is deemed suitable as a high voltage insulator

condition identifier;
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(b) a new representative power measure is proposed, suitable for corroborating the

presence of heat dissipation by leakage current;

(c) fractal dimensions are used for the first time to identifyshapely leakage current

activity on a single high voltage insulator as well as measure leakage current

nonlinearities;

3. The methodologies found above are tested for identifyinginsulator condition and de-

tecting incipient pole fires:

(a) application of measuring leakage current nonlinearityis extended to several

overhead power line scenarios for the first time; and,

(b) the measures of leakage current deemed suitable above are tested on pole top

fire data collected from a zone substation for the first time.

1.6 Structure of Thesis

This thesis is organised into six chapters. An outline of thechapters is summarised below:

Chapter 1 provides a background to the problem posing this research. It introduces

power systems and their breakdown into the subsystems whichmake power systems ‘work’.

Next, the motivation and scope of the research is outlined. Finally, the thesis objectives and

contributions of this research are highlighted.

Chapter 2 summarises past research performed in the areas of leakage current in wood,

leakage current on contaminated insulators, modelling of contaminated insulators, leakage

current signature hypotheses, leakage current analysis techniques, high impedance fault de-

tection techniques, real-time leakage current monitoringsystems and current industry prac-

tices for reducing the number of pole top fires. The chapter concludes by identifying where

there are gaps in the current knowledge base and where there is scope for improvement.
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Chapter 3 investigates systematically the effective impedance of wood used for power

poles. One particular pole fire event is examined in detail, with experimental work under-

taken in the controlled environment of a high voltage laboratory to determine the electrical

performance properties of wooden poles used in Victoria. Environmental factors such as

moisture and contamination on porcelain insulators and wetting of the wooden pole itself

are all determined to be contributing factors for initiating the pole fire. Effective impedance

studies consider a wooden pole as consisting of a resistive and capacitive component, ac-

counting for the phase shifts observed between the measuredsupply voltages and leakage

currents. These studies enable examination of effective wood resistances at several oper-

ating voltages under different weathering conditions. Theses studies show that simulated

wet weather conditions dramatically reduce the magnitude of the leakage path resistance

characteristic, raising the current density and hence creating localised heating in areas with

wood-metal connections. They also reveal dangerous conductance properties of wooden

poles operating at 66 kV when being of a similar length as 22 kVpoles.

Chapter 4 introduces a new nonlinearity measure to study the leakage current nonlin-

earity for a single high voltage insulator. This measure is defined in terms of the Pearson

correlation coefficient, and captures the overall leakage current signature including inter-

harmonic behaviour, omitted by other leakage current detection techniques. Experimental

data is collected in a high voltage laboratory for a single high voltage insulator under various

contamination conditions. Phase portraits are employed toprovide qualitative information

regarding the leakage current signature, revealing shapely changes in trajectories for dif-

ferent insulator conditions. Fractal dimensions are used to help measure quantitatively the

leakage current signature changes. The nonlinearity measure and fractal correlation dimen-

sion are shown to distinguish different insulator conditions by measuring nonlinearities in

leakage current signatures prior to flashover, making them well suited to contributing to a

LCHI.
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Chapter 5 extends the application of the measures deemed suitable foridentifying the

condition of a single high voltage insulator to overhead power lines and a group of power

lines. Three power line scenarios are considered utilisingthe data collected from the lab-

oratory for a single insulator. These data are used to systematically create leakage current

profiles for power lines. Next, data collected from a power distributor’s zone substation for

a pole fire event are used to verify and validate the measures that are suitable for establishing

a LCHI.

Chapter 6 concludes the thesis with discussion of the contributions of this research.

Finally, further extensions to the study are recommended aswell as possible directions for

future study.

Outside of the main text, the thesis includes a bibliographyto cite other relevant work

and sources of information, and a list of conference papers published during the course of

undertaking this research.

1.7 Summary

This chapter has introduced power systems and their composition. The power poles and

insulators that carry power lines are also described, and inparticular, the leakage current

phenomenon. Next, attention is brought to the motivation and scope of this research, and

the main contributions listed. Finally, the thesis structure and main contents of each chapter

are briefly outlined.





Chapter 2

Literature Review

2.1 Overview

This chapter presents a comprehensive review of the research in the area of leakage current

from high voltage insulators on wooden poles. By the nature of the system being comprised

of several components, the research on each component is reviewed in turn. Section 2.2

provides some background to the problem of incipient pole top fires. Next, Section 2.3

examines leakage current properties of wooden poles and howits corresponding resistance

may be altered. Section 2.4 reviews the leakage current signature on high voltage and how

it changes under various conditions. This section includesmodelling of contaminated in-

sulators, and the typical leakage current observed when arcing occurs in the period prior to

flashover. Section 2.5 presents current leakage current analysis techniques, leakage current

signature hypotheses relating to arcing and flashover, and high impedance fault detection

techniques. Section 2.6 addresses methods which have been used to detect faults similar to

leakage current problems on power lines. Section 2.7 discusses when real-time leakage cur-

rent data has been captured during research, and the proposals for tracking parameters which

may indicate an incipient pole top fire. Section 2.8 reviews the current industry practices

which address pole top fires. Finally, based on the literature survey, Section 2.9 summarises
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the key issues identified.

2.2 Incipient Pole Top Fires

The build-up of salt and dust contamination on the surface ofoverhead insulators installed

near the coast contribute towards lowered insulation levels and higher leakage current flow.

Under different weather conditions, insulators become contaminated, and in particular, with

damp weather, these insulators lose their ability to provide a perfect insulation between the

high voltage conductor and the ground. The higher leakage current flow activity leading to

wooden pole fire remains a pervasive maintenance problem forpower distribution compa-

nies in most of Australia. The subject has received very little attention in the recent past es-

pecially for insulator contamination leading to wooden pole/crossarm fires. For many years,

analyses of leakage current leading to wooden pole fires haveindicated that a great number

of them have been caused by insulator pollution. It should benoted main conclusions on

this subject in the past were drawn from statistics of outages on operating distribution lines

rather than from experimental research [19].

Examining the location of where pole fires occur in the state of Victoria in Australia, it

was found that almost all pole fires occurred in particular geographic locations [1, 20, 21].

This could be for a number of reasons including the time of construction of distribution

lines and hence the choice of insulator and wooden pole, the geography of the area creating

ideal conditions for flashover and the weather in the area also impacting on flashover con-

ditions [22]. Given the numerous influencing factors which may lead to causing a pole fire,

a few assumptions have been made to analyse past wooden pole top fires.

Recently, in Victoria, Australia a long period of drought has created very dry conditions.

These dry conditions in combination with high winds causes abuild up of dry contaminant

on insulators. The dry contaminant is not conductive, but with light drizzle-type rain, which

is also typical for the area, the contaminant becomes wet andin turn initiates leakage current.
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Victoria also has a vast coastline where seasalt spray and mist causes wetting and pollution

simultaneously. This again can initiate leakage current. As such, identifying leakage current

is critical to detecting incipient and imminent pole fires. Leakage current signature has been

the most useful way to identify problem poles to date.

2.3 Leakage Current Signature for Wooden Poles

There are approximately 8 million wooden poles throughout Australia that are in service in

the power and communication networks. Out of these wooden poles, 5 million are in use

for power distribution and transmission [23]. Various power distribution companies have

experienced pole top fires owing to fog, drizzle or heavy dew after spells without heavy

rain.

The influence of leakage current flow in wooden structures from a pole fire perspective

has had extensive research [24–39]. The majority of the research on wooden poles was

conducted from 1940 to 1980 with significantly less researchafter 1980. However, in re-

cent years environmental conditions have changed owing to many factors including global

warming [15, 40, 41], as well as the use of new insulating technologies [17, 42]. Electrical

equipment has also changed, with customers and governmentsmindful of energy efficiency,

introducing new harmonic components and changing power quality.

Ross [24] was motivated by the resulting damage and service interruption of pole fires

to study the burning of wood structures by leakage currents for gaining an understanding

of how pole fires may be prevented. He observed that fires oftenoccur when three condi-

tions occur simultaneously, that is, (a) a preceding prolonged dry period; (b) accumulated

insulator surface contamination; and, (c) the dry period being followed by a fog, misty rain,

or even snow. He extensively tested wooden crossarm and polesamples by simulating dry

and wet weather conditions. The study surmised coincident occurrence of dry wood and

selective wetting of the pole and crossarm surfaces leaves dry wood areas in series with the
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leakage current path and can result in a fire. The dry area, with high resistance in compar-

ison with wetted wood surfaces result in voltage concentration across the dry zone, and if

that surface is sufficiently short can cause electrical breakdown. As a solution[25], Ross

suggested that electrical assets be terminated snugly against wooden pole and crossarms,

and further suggested the use of wood treatment to eliminatevoltage concentration, thereby

increasing dry wood conductivity.

Wickham et al. [26] studied factors which may cause pole top fires. These factors

included contamination, power line design, the high voltage insulators and pins, and the

wooden structures. He concluded after insulator insulation breakdown, burning was more

likely to occur in wood freshly impregnated with creosote than untreated wood, and the fire

is most likely to initiate where the crossarm and pole connect together. He also showed

caulking this connection with a suitable compound could prevent fires occurring under the

conditions which initiated fires without that caulking. However, this does not necessarily

prevent fires from occurring under other conditions.

Clayton et al. [27] considered the impulse strength of wood and concluded that wood

insulation is governed by the length of the wood, the number of insulators in series, and

whether the conditions are wet or dry, with standard rain reducing the impulse strength of

the insulators. Darveniza et al. [28] studied using the insulating properties of wooden poles

for electrical impulse strength and electrical arc quenching, showing that these electrical

properties influence performance. The authors corroborated Ross’s [24] pole top fire con-

dition characterisation, while adding the phenomenon of spark discharge at loose metal to

wood interfaces where there is an adequate supply of air.

Darveniza [29] conducted a leakage current study to evaluate the factors which may

increase the risk of a pole top fire. Precipitation produced non-uniform wetting on the

wood and when combined with wind found to cause ignition. Wood decay and natural

shrinkage causing loose wood-metal connection may allow spark discharge inside the drilled
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hole housing the bolt where sufficient leakage current and adequate air causes sparking.

Prevention solutions proposed by Darveniza et al. include the painting of the wood in the

vicinity of wood-metal connection with conducting paints,and the use of a guard electrode

on the kingbolt (metal) of each wooden crossarm [28, 29]. However, these pole top fire

solutions have been unable to prevent pole top fires occurring around the world.

Robertson [30, 31] investigated the treatment of wooden poles concluding, that partic-

ularly when new, treatment may allow sufficient leakage current to flow under earth fault

conditions on the pole to present a hazard to persons in the vicinity of the pole, however no

matter the treatment, similar conditions exist. He also noted from his studies that natural

wet weather conditions seldom exceed moisture levels of 20%. This detail shall be use-

ful in simulating wet weather conditions for a wooden pole which are realistic. Clarke et

al. [32] showed that wood treatment with a salt formulated preservative (such as creosote)

increased the electrical conductivity of sapwood samples compared to that of water treated

samples (such as Copper Chromium Arsenate (CCA) preservative) at the same moisture

content. Thus, utilising CCA treated wooden pole decreasesthe leakage current that would

flow for an equivalent creosote treated wooden pole, adding another factor which may alter

the characteristics of when a pole top fire may start.

Filter [33] investigated the electrical performance of CCAtreatment compared to pen-

tachlorophenol (PCP). He concluded that pole fire starts aretwo to three times more likely

in CCA treated poles compared to PCP treated poles. PCP was widely used as a wood

preservative from the mid-1930s, however in later years wasfound to be extremely toxic

to humans from ingestion and inhalation exposure [43]. The ceasing of PCP treatment has

had the unfortunate consequence of increasing the likelihood of pole fire starts owing to

different treatment.

Lusk et al. [34] investigated causes and cures of Extra High Voltage (EHV) wood pole

fires. Several wood tower fires had occurred that could not be explained by known causes.
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The cause was found to be owing to high electric field impinging on the pole surfaces, so

that when the surface layers of the pole were moist, the wood became sufficiently conductive

to act as an electrode for the conductor-tower capacitive coupling currents. This conclusion

added the conductor capacitive coupling as another cause ofpole top fire, rather than the

leakage current. However, this finding does not add capacitive effects of the pole itself on

phase shifting of leakage currents at voltages lower than EHV, nor does it investigate the

effect of variation in applied voltages.

Filter et al. [35] proposed a wooden pole resistive network model for understanding

leakage current for the purposes of calculating body current of personnel working on a

wooden pole. His results showed that older models forecast pessimistic (that is, high) body

currents, however the authors’ modelling did not account for capacitive effects of the pole

nor variation in applied voltages altering the resistance,and hence leakage current.

Al-Dabbagh et al. [36] proposed an improved mathematical model for leakage current

with various wood parameters using dimensional analysis, concluding their model takes

into account various environmental factors including temperature, humidity, atmospheric

pressure and resistance. However, the authors’ model did not account for capacitive effects

of the pole nor variation in applied voltages altering the resistance and leakage current.

Rasara et al. [37] and Wong et al. [38] investigated extensions to the wooden pole model

considered by Filter [35], concluding that under normal dryconditions that the majority of

leakage current travels through the heartwood. However, their modelling did not account

for capacitive effects, variation in applied voltages, weathering (environmental exposure)

conditions of the pole, nor wet weather conditions.

Following this review of leakage current signature for wooden pole, it is now clear that

previous research has not considered the phase shift between the supply voltage and leakage

current, only considering purely resistive wooden poles.
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2.4 Leakage Current Signature on High Voltage Insulators

Contamination of the surface of the insulator reduces the breakdown strength and increases

the tendency to flashover, which is damaging to insulators. It is the most common cause of

flashover in industrial and coastal areas which often leads to power blackouts [44]. Leakage

current on a contaminated insulator heats up the pollutant on the leakage path leading to

pole top fires and consequential power outages. On the east coast of Australia, where most

of the power distribution poles are made of wood, the heat generated by leakage current

can burn the pole and cause catastrophic events such as bushfires [45]. Therefore, regu-

lar maintenance is of much importance. Usually, insulatorsare washed and inspected on a

routine basis to remove heavy contamination from the surface of each insulator. However,

this is very costly and time consuming. In the past decade theperiod between inspection

of insulators in Victoria had been increased from 3 to 5 yearsowing to the benefits on new

condition monitoring methods which reduced the likelihoodof fire starts. However, this

only offset the reduction in the number of fire starts by an increase inthe number of fire

starts missed by the reduced maintenance [9], that is keeping the number of fire starts con-

stant. This identifies if the insulator condition can be continuously monitored, maintenance

programs [46, 47] such as washing for certain parts of the power system may be carried out

when critically necessary, particularly during bushfire season.

2.4.1 Leakage Current Signature on Polluted Insulators

There is extensive work on studying the leakage current fromhigh voltage insulators [36,

48–76]. The widely recognized methods to study leakage current are the model-based tech-

nique and the spectrum analysis methods. Almost all these works are based on the initial

relationship between the critical stress (or voltage)Ec and the maximum leakage current

Imax derived by Obenaus in 1958 [48].

The physical processes involved leading to surface discharges and partial arcing which
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precede flashover are complex. Hampton [49] reported on the voltage distribution along a

wet polluted surface of a flat-strip insulator. He concludedthat an arc rooted on a cylinder

having constant resistivity will propagate along the surface if the voltage gradient in the arc

column is less than that along the cylinder. He also showed that when a steamy atmosphere

was present, that the arc gradient was considerably higher than a similar arc burning in an

atmosphere of air. For an arc formed on a wet polluted surface, the behaviour was more

complex, and inconclusive, but this was the first of many models for the progress of the

flashover mechanism. Wilkins [50] introduced a model for thecase of a discharge burning

on a rectangular strip following Hampton’s study.

Kawai [52] studied Ultra High Voltage (UHV) line installation arrangements, and ob-

served pronounced nonlinearity on standard insulator strings, while also noting that some

parts of an insulator did not ‘flash’ during a flashover, henceintroducing the concept of ‘ef-

fective leakage distance’. Rizk [53] examined in detail models based on the initial work of

Obenaus [48]. Many models have been proposed for both staticand dynamic arc modelling

of both alternating current (AC) and direct current (DC) voltages. His model describes a

dynamic arc equation, arc ignition and re-ignition, arc propagation speed, the insulator with

a leakage path length, surface resistivity owing to its pollution and form factor describing

its shape, and circuit equations for modelling the leakage current signature. This model

contains an arc and surface resistances shown diagrammatically in Figure 2.1 which can be

modelled as an electrical circuit as shown in Figure 2.2, where IL is the line current,Ileak is

the leakage current on the polluted insulator,Rpol is the pollution resistance per unit length

of the insulator,Iarc is the arcing current between a skirt and shed of the insulator, Ipol is the

current which continues to flow along the polluted insulatorwhile arcing,L is the leakage

path along the entire insulator,Larc is the length of the arc between the skirt and shed, and

Rarc is the arc resistance per unit length.

The AC model combines Rizk’s direct current DC model with an arc reignition model,
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owing to the AC arc being extinguished as the current passes through zero each half cycle.

This model forms a switched set of simultaneous differential equations containing the para-

maters listed above, which Rizk et al. [54, 55] later studiedin greater detail, investigating the

effects of the voltage source parameters on the flashover voltages, finding leakage current

pulse is influenced by the source parameters. These studies conclusively found that leakage

current observations are necessary to understand insulator arcing and the flashover process.

Verma [65, 77] measured the peak leakage currentImax and correlated the current with

the flashover voltage, determining a criterion for pollution flashover. He hypothesises that

insulator flashover is imminent (that is, inevitable) if theleakage current peak exceeds

100 mA, with flashover occurring within about 10 ms. However,this hypothesis has no

practical application, as protection mechanisms take in excess of 25 ms to operate, and have

no useful application to condition monitoring to pre-empt apole top fire.

Ely et al. [65, 78] proposed a ‘booster shed’, which is an additional moulding fitted to

an insulator skirt to prevent the bypassing of leakage path by cascading water while sup-

pressing the discharge running between the booster shed andthe insulator skirt. The booster

shed was shown to increase the flashover voltage during lightwetting, however performed

less effectively during salt fog. Furthermore, with a booster shed fitted, this hinders the

effectiveness of washing during heavy rain or at periods of routine maintenance. This tech-

nology has not been pursued owing to the increased costs of fitting and maintenance but

rather, changes to the insulator design, by way of material and form factor (that is profile)

have served as better solutions [79–83].

Holtzhausen et al. [56–58] investigated the application ofprior theoretical models to

predict the flashover of practical post type insulators, finding that arcing parameters vary

with pollution severity, attributable to the arc across drybands not following the insulator

surface, but rather taking shorter routes as illustrated inFigure 2.1.

Dhahbi-Megriche et al. [59–61] refined previous models [48–50, 53] that simplified the
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representation of a propagating arc in series with the resistance of the polluted layer. They

proposed a new arc propagation criterion based on an equivalent impedance of a whole

electrical circuit simulating the polluted insulator on which an arc propagates. This new cri-

terion altered the leakage current output of the model, and aligned with measured leakage

currents in the laboratory. The authors later [62] extendedtheir model from uniformly pol-

luted insulators to discontinuously polluted insulators which was validated experimentally.

Piah et al. [64] applied a dimensional analysis technique todevelop a model which de-

scribes the behaviour of leakage current and electric field under environmental stresses.

Dimensional analysis techniques were employed by Rizk [53]and Al-Dabbagh et al.[36]

which can prove useful when examining changes in atmospheric pressure or altitude, ambi-

ent temperature, relative humidity and other environmental parameters.

An equivalent RC circuit was employed to describe the behaviour of the non-uniformly

contaminated insulator at the fundamental frequency by Douar et al. [63], similar to the

behaviour proposed by Dhahbi-Megriche et al. [62]. This model-based technique looks

into the leakage current generation mechanism underlying the phenomenon where some

general principles were used for the prediction of flashover. However, in terms of giving

quantitative indications, the above model-based methods have limited effectiveness owing

to the difficulties in building accurate models for a large variety of insulators.

2.4.2 Leakage Current Signature in the Stage prior to Flashover

Past research has found that the surface discharge of the contaminated insulators has several

distinctive stages prior to the development of flashover [46, 84–87] suggesting it may be

possible to predict the flashover by observing the status of the discharges. Leakage current,

which carries important information reflecting the workingcondition, or health state of an

insulator, can be monitored and analysed for flashover prediction and contamination level

estimation purposes [44–47, 49, 63, 84–93]. Li et al. [84] classified leakage current into
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Fig. 2.3 A typical leakage current waveform in the transition stage prior to a flashover.

three stages: (a) the security stage (where there is minimalelevation in leakage current);

(b) the forecast stage (where there is considerable arcing,usually in a 25 minute window

prior to flashover); and, (c) the danger stage (where flashover is only minutes away from

occurring). Suda [85–87] also classified leakage current into stages prior to flashover: (1)

no discharge; (2) faint discharges with no visible signal; (3) some visible point discharges;

(4) linear weak local arcs; (5) intermittent strong local arcs; (6) intermittent stronger local

arcs (just before flashover); and, (7) flashover.

Following these established concepts, there is a stage prior to flashover where the leak-

age current appears as isolated peaks that occur with increasing frequency [84–87] owing

to the increasing intensity of arcing activity [46]. The waveform is aperiodic which is a

typical phenomenon during the period prior to flashover, caused by arcing between the skirt

and shed of the insulator. This stage is thetransition periodprior to flashover. An ac-

cepted typical leakage current waveform during the transition period stage is depicted in

Figure 2.3 [46], where the supply voltage has a frequency of 60 Hz.
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2.5 Signature Analysis Methodologies

2.5.1 Leakage Current Signature Analysis Techniques and Hypotheses

To form hypotheses of how the leakage current signature may be utilised for characterising

insulator conditions approaching flashover, researchers have proposed and tested many anal-

ysis techniques. Leakage current spectral analysis examining harmonic content [44, 84–87,

94–99], leakage current envelope analysis using linear stochastic methods [46, 100–102],

and leakage current multi resolution analysis using discrete wavelet transforms (DWTs) [63,

103] have all previously been tested.

Spectral analysis is very useful providing quantitative measures for the severity of sur-

face discharge of insulator. It is widely adopted in the analysis of leakage current. In

1996, Shah [94] conducted the first study of harmonic components of an insulator’s surface

leakage current, showing a correlation with arcing activity of wetted insulators. Karady et

al. [44, 95] investigated leakage current waveforms using high resolution digital spectrum

analysis methods, finding the relative magnitudes of the oddharmonics in the leakage cur-

rent increase with increasing arcing intensity. Furthermore, significant growth of the third

harmonic component was observed, reaching 20% of the fundamental component prior to

flashover.

Suwarno [97] examined the spectrum of leakage current on a 20kV post-pin ceramic in-

sulator under various contamination conditions. He found asignificant correlation between

the total harmonic distortion (THD) and the surface condition of the insulator. El-Hag [96]

tested the surfaces of non-ceramic insulators, characterising the third harmonic component

of leakage current as an indicator of dry-band arcing. Furthermore, the degree of insulator

surface degradation could be identified using the fundamental and third harmonic compo-

nents of the leakage current.

Ahmad et al. [98] tested these hypotheses of Karady et al. while studying the ageing of
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insulators. Ahmad found that the third harmonic component appears only in aged toughened

glass insulators, concluding that the third harmonic component may be used as an indicator

for ageing of toughened glass. Bashir et al. [99] also testedthese hypotheses on ageing

insulators. He found numerous results from their study including: (a) THD corresponding

with the degree of ageing; (b) a strong correlation between the ratio of the third to fifth

harmonic amplitudes and the degree of ageing; and, (c) distinct odd harmonic features cor-

responding to insulator ageing. Kordkheili et al. [47] alsoproposed using harmonic ratios

for attempting the forecast of a flashover, in particular theratio of the fifth to third har-

monic component. These studies show apart from contamination and wetting, ageing also

influences the harmonic content of leakage current on insulators.

Profiles for leakage current from a high voltage insulator inthe frequency domain were

built by Suda [85–87] and continued by Li et al. [84]. Harmonic phenomena of the leakage

current were observed prior to flashover occurring. Frequency spectrum analysis was also

adopted by Richards et al. [88] to investigate the leakage current on an insulator exposed to

various humidity levels.

Karady et al. [100] applied a new technique using extreme value theory for analysing the

leakage current signature, where the risk of flashover was hypothesised as increasing with

increases in the levels and frequency of large excursions from the leakage current envelope.

His findings were inconclusive, however dependent on measuring leakage current, which is

impractical for power distribution lines.

Amarh et al. [46, 102] presented the notion of level crossingactivity (LCA) applied to

leakage current, relating the mean distance between successive crossings of the envelope at

the prescribed level. Fast Fourier Transforms (FFTs) were adopted to calculate the leakage

current envelope. By tracking this measure, he hypothesised that the risk of flashover cor-

related with the LCA measure. Again, this measure is dependent on measuring insulator

leakage current, which is impractical for application to power lines.
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Another technique applicable to analysing leakage currentis a wavelet-based method

for multi resolution analysis (MRA) [104, 105]. This methodhas previously been used for

detecting high impedance faults (HIFs) [106–110]. Chandrasekar et al. [103] utilised this

method to investigate the leakage current and the phase angles between the applied voltage

and leakage current. The discrete wavelet transform (DWT) was employed to understand

the time-frequency characteristics of the leakage current, while FFTs were used to calculate

the magnitude of the phase angle between the applied voltageand the leakage current. The

authors concluded the phase angle analysis to be useful in predicting surface wetness, while

the MRA was inconclusive. Douar et al. [63] also investigated the flashover process and

leakage current on an insulator using the same methods as Chandrasekar et al., albeit under

non-uniform contamination conditions. Their results identified pollution severity with the

MRA representation of leakage current.

One further technique used for the detection of HIFs not yet trialled on leakage current

is fractal analysis. The next section shall review fractalsin more detail.

The above review of leakage current signature on high voltage insulators identifies that

there is no analysis for measuring the nonlinearity of the full leakage current signature, nor

is there any analysis of leakage current interharmonics. Furthermore, each method studied

is limited to a particular model or insulator, with no generic measure for detecting abnormal

leakage current signature from any type of high voltage insulator.

2.5.2 Fractal Dimension and its Application to High Impedance Fault

Detection

Section 2.5.1 described how leakage current signature may be analysed to forecast the cir-

cumstances which lead to a pole top fire. Leakage current during this period of time appears

intermittently as a High Impedance Fault (HIF). There has been some research in recent

years [111–113] on using fractal dimension as a HIF detection technique, owing to the ef-
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fective impedance constantly and randomly changing as the fault’s arcing activity increases.

This leakage current activity or signature in turn causes the fault current magnitude to be

very chaotic. This section is devoted to fractal dimension and its application to HIF detec-

tion.

The study of fractals and fractal geometry are best suited for describing or simulating

natural objects and processes than the shapes and ideas and constructions from Euclidean

geometry. Fractals’ complexity and infinite detail are suited to analysis where the usual

quantities of traditional geometry such as length, area, volume and so on do not give enough

information. The work of Mandelbrot [114] has shown the concept of fractal dimensionas

a powerful tool for this purpose. For example, snowflakes, crystals, lightning, ferns, signals,

or even systems of blood vessels can all be described by fractals easily, whereas Euclidean

geometry has difficulty in achieving this. However, the concept of fractal dimension is a

varied one and so there are many different definitions of fractal dimension, both theoretical

and practical.

The method most appropriate for analysing the leakage current signature’s fractal di-

mension, is debatable as there are several fractal dimensions proposed as measures of a

chaotic system’s behaviour. The general case of fractal dimension is thegeneralised dimen-

sion[115] with square coverings of sizer being defined as

dq = lim
r→0

1
q−1

log
∑

i Pq
i

logr
(2.1)

wherePi is the probability that a point is in a squarei . The fractal dimensions that shall

be used for measuring leakage current signature are three specific cases of the generalised

dimension. The caseq = 0 produces thebox-counting dimensionor capacity dimension

or simply box dimension(db = d0), the caseq = 1 produces theinformation dimension

(di = d1), and the caseq = 2 produces thecorrelation dimension(dc = d2).

The relationship between these three fractal dimensions isgiven by the following in-
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equality [115]:

dc ≤ di ≤ db. (2.2)

This is a theoretical equation, which may not necessarily always hold, depending on the

quality of the estimation of each fractal dimension.

Ko et al. [111] successfully applied fractal dimension to a HIF to extract arcing fault

current properties. Mamishev et al. [112] were able to detect a signature of a HIF by apply-

ing fractal analysis to time series data post-fault, although they found direct calculation of

fractal dimension somewhat ineffective when examining small data sets. Zhao et al. [113]

used the box dimension to detect a single phase HIF by analysing the zero-sequence current.

Following this review, and to the author’s knowledge, therehas been no attempt of re-

searchers to apply fractal dimension to leakage current signature as a technique for forecast-

ing incipient pole top fires. Fractal dimension has successfully been applied to other high

impedance faults, making leakage current signature an ideal candidate.

2.6 Leakage Current Signature on Power Lines

Very little research has been performed in leakage current signature on power lines [116,

117]. There has however been some research into High Impedance Fault (HIF) detection

in power distribution systems using artificial neural networks (ANN) based algorithms and

wavelet transform based algorithms [106, 108–110, 118]. One study also examined the

impulse response of a power line for HIF detection [117]. An incipient pole top fire is a

type of HIF.

Kanashiro et al. [116] studied distribution and transmission lines exposed to coastal

and industrial pollution. Insulators were installed at corresponding sites for testing, then,

by measuring leakage current and calculating contamination based on that leakage current,

suitable insulators for distribution lines were selected.This study corroborated laboratory



38 Literature Review

tests with field tests to choose suitable insulators for coastal and industrial regions. So, by

design, the insulators selected were chosen to prevent flashover. The authors did not address

whether these insulators may be mounted on wooden poles, which could serve as a source

of fuel for starting a fire if there is any associated leakage current power dissipation.

Silva et al. [117] studied the impulse response of one power line for the purposes of

HIF detection. Once the impulse response was first measured,this could be used to monitor

operating response of the power line. This concept was tested on a radial feeder with ap-

proximately 120 km of conductor. The technique was capable of identifying HIFs with no

current, or with current in the order of milliamps; and arcing was also detected. This tech-

nique requires keeping a record of the impulse response for each feeder, which can change

whenever a power system operator changes the configuration of the network. Owing to

the technique not being adaptable to configuration changes,this makes it an unattractive

technique to power distribution companies.

Sharaf et al. [119] proposed using relay protection that would detect and discriminate

harmonic ripple on a radial power line. As tuning of this relay is necessary, any new loads

or changes to the power network configuration may require re-tuning of this relay to prevent

unnecessary trips. Owing to the high serviceability necessary to ensure this relay functions

as expected, this is not a solution power distributors wouldemploy.

Several authors [106, 108–110, 118] have investigated using artificial neural networks

and wavelet transforms for HIF detection. Each study requires a feature for fault discrimi-

nation, for example the third and fifth harmonic components of voltages and currents [118].

In this case the algorithms learn how to discriminate that fault. In the case of leakage cur-

rent signature, there is not necessarily a specific harmonicto detect, rather, the nonlinearity

and the changes in nonlinearity are of interest. The studiesperformed do not address these

features of leakage current signature.

Following the review of leakage current signature on power lines, at the time of writing
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and to the author’s knowledge there was no study into the nonlinearity of leakage current

signature for High Voltage insulators mounted on wooden poles forming power lines.

2.7 Real-time Leakage Current Monitoring Systems

Since 1988, there have been many proposals for a monitoring system that tracks leakage

current on polluted insulators [120–126]. Khalifa et al. [120] proposed an apparatus that

mounts at the base of an insulator chain or a busbar support which monitors insulator pollu-

tion by sensing and analysing leakage current bursts. If these bursts are judged to correspond

to dangerous pollution levels, then the apparatus transmits an alarm signal to service crew.

The bursts were simply judged on the number of times the leakage current magnitudes ex-

ceeding 45, 60, 75 and 90 mA. The previous sections have indicated that the magnitude of

the leakage current signature which may cause power pole fires may never reach 45 mA, and

is dependent on the leakage current signature rather than its magnitude alone. This method

also requires the mounting of apparatus on each and every insulator, which is an expensive

exercise for condition monitoring after equipment installation. However, this was the first

attempt at tracking insulator pollution levels by monitoring leakage current.

Isaka et al. [121] developed a real-time system that simultaneously recorded visual par-

tial discharge and leakage currents on direct current insulator surfaces. The authors deter-

mined a sampling frequency of 1.0 kHz was sufficient for recording leakage current that

monitors partial discharge. However, this system is only suited to a laboratory for testing,

rather than a full implementation across a distribution network.

Vlastos et al. [122] monitored leakage current on silicone composite insulators during

severe salt-storms on the Swedish coast. This study again fitted apparatus to the high voltage

assets which was then connected to data collection equipment via coaxial cable to a sheltered

location. The collected data was transferred to a computer at a later stage for analysis.

This system monitored and recorded current in real-time, however had no logic control
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mechanisms. Unfortunately, the system requires adding apparatus to the existing equipment

for monitoring but was a useful tool for observing in-service leakage current behaviour.

Kamwa et al. [123] proposed real-time tracking of harmonicsin a stressed power sys-

tem using Fast Fourier Transforms with time-domain windowing and frequency-domain

interpolation. The authors also proposed another method utilising a combination of the fun-

damental frequency with a Kalman filer based harmonic analyser. They demonstrated that

these advanced spectral analysis tools are necessary for correct assessment of total harmonic

distortion when harmonics are changing, even slowly. Saiz et al. [124] developed hardware

which enables continuous real-time tracking of harmonics of a power system. The hardware

uses a Kalman filter to monitor specific harmonics as well as harmonic distortion. Further

hardware development could turn this hardware into an Intelligent Electronic Device (IED)

to interface with a SCADA for supervising harmonic distortion at each location the hard-

ware is installed. However, this hardware does not directlymonitor leakage current.

Lee et al. [125] proposed a device that monitors and discriminates the resistive and ca-

pacitive leakage currents of surge arresters in real time. The authors showed that their pro-

posed algorithm for discrimination provided a better response than existing devices that use

the detection method of the third harmonic magnitude component of leakage current. This

study again required the installation of additional equipment for tracking leakage current

but did prove successful.

Hengzhen et al. [126] hypothesised a leakage current onlinemonitoring system for track-

ing insulator surface contamination, however their proposal is vague and would require

monitoring of each and every insulator to calculate contamination levels which is impracti-

cal. After reviewing real-time monitoring systems relatedto leakage current and harmonic

content, it is clear there is currently no real-time monitoring system for tracking leakage

current signature on power lines and forecast incipient pole top fires.
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2.8 Industry Practice and Asset Management Techniques

At the time of this literature review, there is no technologythat specifically targets the detec-

tion of incipient pole fires within a distribution network. The nearest equivalent is research

being carried out by the Electric Power Research Institute (EPRI) in North America. EPRI

propose a Distribution Fault Anticipation (DFA) technology [127, 128], where IEDs on 60

power line feeders are collecting large volumes of data for developing fault and incipient

fault detection methods. The DFA technology is only at a research stage, without any peer-

reviewed research articles.

The corona camera is an off-line condition monitoring technology which can measure

the partial discharge (PD) phenomenon of an electrical asset [129]. This technology has

been used in the United States for pole fire detection during routine inspections, and proven

useful. However, manual scanning of power lines is a time-consuming and costly process,

so for practical reasons, can only be used under a targeted condition monitoring approach.

Following the catastrophic 2009 Victoria bushfires and the Victorian Bushfires Royal Com-

mission [9], one recommendation was for the biannual thermal scanning by corona camera

on two distribution feeders which run through the Otway Range, highly prone to bushfire.

Clearly, if a real-time leakage current monitoring system was available, then that technology

would be highly suited to these two distribution feeders.

Other products which measure leakage current like those investigated in Section 2.7 have

been trialled in Victoria, however require the installation of measuring devices attached to,

or in the vicinity of each insulator being monitored. In addition to the device itself, this re-

quires outages for installation, as well as installation and commissioning labour, becoming a

very costly exercise for just a handful of insulators. The only other alternatives for reducing

the likelihood of pole top fires are state-of-the-art asset replacements during maintenance

cycles and other technologies which utilise existing secondary systems already in place.

One of the distribution utilities in Victoria has implemented a risk-based model for pole
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Table 2.1 Asset attributes used by industry to risk rank a possible pole top fire event [3]

impact on supply reliability/quality crossarm material
impact on public safety - wildfire ignition crossarm age
impact on public safety - electrical contactnumber of crossarms
pole age pole species
insulator type insulator number
structure voltage structure type/complexity
location - geography/environment period since last inspection
outstanding defects restoration time & cost

top fire mitigation [3]. This model places a score on each poledetermined by the 16 asset

attributes in Table 2.1, and ranks the poles to prioritise mitigation solutions. These so-

lutions include replacing existing timber crossarms with steel crossarms (for example the

arrangements in Figure 1.4); replacing fog pin insulators with post insulators; applying sil-

icone coating to in-service insulators [130]; electrically bonding all insulator pins together;

tightening loose hardware; and washing. However, none of these solutions account for any

drying of boron grease placed in drilled holes housing boltswhich mount assets to CCA

impregnated poles [131].

Ward [3] reported an analysis based on 298 poles over a 12 month period finding poles

with pole top fires for 66 kV poles being approximately three times the rate of 22 kV poles.

The risk-based model was weighted to reflect this finding. There was no apparent reason

for this increased rate of pole top fires for 66 kV assets.

Australian Standards and guidelines only require overheadline design to minimise the

risk of flashover, not for prevention [132, 133]. Hence, by design, insulator arcing is ex-

pected to occur at some stage. Furthermore, polluted conditions only incorporate insulator

creepage (or leakage) distance and clearance in the design [134], with no requirement placed

on the leakage distance of the pole.

Reviewing the current industry practice, and the standardsand guidelines which they

are governed by, there is clearly a need for technology whichcan monitor leakage current

activity for power lines. Furthermore, identifying assetsthat require attention prior to any
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failure provides some time to plan and coordinate asset maintenance and/or replacement, in

turn reducing the cost when compared to an otherwise unplanned outage caused by a pole

top fire.

2.9 Key Issues Identified

Following the comprehensive literature review performed in this chapter, the subsequent

key issues were identified:

1. Previous research on wooden poles has only considered resistive models, and hence

never observed a phase shift between the leakage current andthe applied voltage;

2. There is no measure which quantifies the nonlinearity of a high voltage insulator;

3. Research studies have all focused on harmonic componentsfor identifying features of

high voltage insulators ignoring any leakage current interharmonics;

4. Mathematical modelling in past research has been insulator specific and so leakage

current signature cannot be measured generically;

5. There are no studies of leakage current signature of powerline feeders; and,

6. There is no understanding of why 66 kV pole top fires occur ata rate three times

greater than the rate of 22 kV pole top fires.

2.10 Summary

This chapter has presented a comprehensive review of leakage current from insulators mount-

ed on wooden poles. After explaining incipient pole top fires, leakage current signature for

wooden poles is discussed in detail. The factors which affect leakage current signature on

high voltage insulators are then addressed, including analysis techniques which have been
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useful in gaining understanding of the leakage current signature. Combining insulators and

wooden poles to form power lines with a leakage current signature was then discussed, in

particular, how to implement a real-time system for monitoring power lines for incipient

pole top fires. Current industry practices for addressing pole top fires were reviewed. Fi-

nally, key issues pertaining to leakage current and incipient pole top fires arising from the

literature review were highlighted.



Chapter 3

Systematic Investigation into the

Effective Impedance of Wood Used for

Poles

3.1 Overview

This chapter starts by investigating an unconventional type of pole fire occurring at the bolt

mounting a transformer to a wooden pole. This important investigation will lead to estab-

lishing a typical impedance characteristic of wooden polesused for mounting crossarms and

high voltage insulators, which may be used in later smart monitoring analyses. Section 3.2

provides a background to wood used for power poles. Section 3.3 presents the configuration

of the wooden pole, transformer, crossarm and high voltage insulators, the pole fire event,

the climate and the environmental conditions. Section 3.4 describes the configuration of

the laboratory experiment to study the factors which contribute to initiating the pole fire.

Section 3.5 presents the methodology used and describes theresults for (a) validating the

simulated wet weather conditions, (b) thermographic imaging tests of the electrodes wood-

metal connection points, (c) testing the pole surface conductivity, and (d) measuring and
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calculating the leakage currents of the wooden samples. Section 3.6 follows on with studies

that thoroughly investigate the effective impedance of the wooden pole samples, including

the circuit configuration required to provide the observations, and circuit analysis deriving

the system of equations necessary to make these observations. The operating voltage lev-

els, the type of metallic electrode, the spacing of those electrodes, and the effect of Copper

Chromium Arsenate (CCA) impregnated wood and its weathering are then considered. Sec-

tion 3.7 discusses why the observations of these studies occurred. Section 3.8 summarises

the findings and deduces environmental factors and the pole configuration creating the right

circumstances for the resulting pole fire. Furthermore, a typical impedance characteristic is

deduced for CCA impregnated wooden poles used in the Victorian distribution network.

3.2 Preliminaries

The literature review established leakage current signature as the most useful way to identify

and detect incipient and imminent wooden pole fires in Section 2.2. A number of alternative

solutions for preventing pole fires were examined in Section2.3. However, none of these

pole top fire solutions have been able to prevent pole top firesoccurring around the world.

Figure 3.1 shows the pole in-situ after the fire, and part of that pole in the laboratory which

is investigated throughout this chapter. The fire occurred at the transformer mount kingbolt

junction and as a result the transformer fell to the ground.

Work by Darveniza [28] considered the combination of the impulse strength of wood

and porcelain insulation for line design purposes. In otherwork by Darveniza [29], a com-

parison between the effect of Copper Chromium Arsenate (CCA) treatment and Creosote

impregnation of wooden poles on leakage current flow was studied in detail. Prentice [135]

carried out an investigation of pole and crossarm fires occurring in the State Electricity

Commission of Victoria in 1950 and found ageing, cracking and shrinkage of wood as the

main causes. This investigation focuses on understanding the major factors influencing the
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(a)

(b)

Fig. 3.1 (a) Pole damaged by fire at the transformer mounting bolt; (b) part of damaged pole
relocated to the laboratory.

electrical performance of wood in an unconventional type ofwooden pole fire, that is at

the position of a pole-mounted transformer, as well as gaining a better understanding of the

electrical performance of a wooden pole in general.

3.3 Pole Fire Event Investigation

The pole fire occurred on a 12.5 metre long wooden pole made of spotted gum species as

shown in Figure 3.1. A fuse unit consisting of 24 kV (nominal)insulators was mounted on

steel crossarm. A 100 kVA transformer was mounted on a bracket bolted to the wooden pole

at a distance of 3 metres from the top end of the pole. A 19/2.0 High Density (HD) copper

earth wire was connected to earth via a hole on the side of the bottom bracket. The pole

was CCA treated with H5 level in June 2005 as per Australian Standard AS1604.1-2005

Specification for preservative treatment - Sawn and round timber[136] and clause 5.2.2 of

Australian Standard AS2209-1994Timber - Poles for overhead lines[137]. The pole was
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(a) (b)

Fig. 3.2 Pole samples used during testing in the HV laboratory; (a) Sample A, (b) Sample
B.

located at a distance of approximately 500 metres from the coast. This pole was in service

for approximately 2 years before catching fire and thus beingtaken out of service.

As depicted in Figure 3.2, both the pole damaged by fire (Sample A) and an undamaged

wooden pole (Sample B) were brought into the High Voltage (HV) laboratory. The damaged

pole was cut to a length of approximately 2 metres consistingof the top section of the

original pole. The top cap of the pole was removed and its cross-section was vertically cut

to avoid the effect of paint on the leakage current performance of the wood. The undamaged

wooden pole sample was cut to a length of 2.73 metres, the maximum size which was safe

to handle within the HV laboratory. This sample was kept in anindoor facility for two

years prior to being brought into the HV laboratory and had also been treated with CCA

preservative of H5 class. Holes were drilled in the samples to a diameter of 16 mm to ensure

a tight fitting of the galvanised bolts and the maximum wood-metallic contact, similar to a

typical configuration of a wooden power pole in service. The galvanised bolts were used

as high voltage electrode connection points. Nails were also used as high voltage electrode

connection points, but with a smaller wood-metallic contact surface area compared to the

galvanised bolts.

The high impedance of any wooden pole can be affected by weather conditions, being
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Fig. 3.3 Schematic of testing equipment configuration in theHV laboratory.

reduced to the extent that, in the right circumstances couldpromote a wooden pole fire

occurring. As a wooden pole exhibits a non-linear impedancecharacteristic, and there is

no available literature on this type of impedance, an extensive study was carried out on the

damaged pole sample, and a similarly aged undamaged wooden pole sample to understand

why certain measured leakage currents flow for varying applied voltage levels.

3.4 Experimental Configuration

The HV laboratory experimental configuration shown in Figure 3.3 consisted of a 50 kVA,

415 V/100 kV, single phase power transformer connected to a singlephase Variac, two

1000:1 resistive voltage dividers, a wooden sample, galvanised bolts and nails, a 100Ω

resistor, a Tektronix®, 350 MHz, TDS5034B series digital phosphorous oscilloscope, two

temperature sensors and a current clamp transformer ammeter. The Variac was used to con-
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trol the voltage applied for a range of experiments conducted as part of the investigation. A

1000:1 resistive voltage divider was connected across the secondary of the transformer to

monitor the energised line voltage supplied to the wooden sample via the 1.5 MΩ resistor

representing a leaking ceramic insulator. A 1.5 MΩ High Voltage (HV) resistor was con-

nected in series with the transformer secondary and the wooden sample under test. This

HV resistor was used to represent a heavily polluted insulator during the tests [138]. The

temperature sensors were used for measuring the temperature of the bolts inserted into the

wooden samples and the temperature of the HV resistor.

A current clamp transformer ammeter was employed to measurethe leakage current

flow in the wood. The leakage current through the wooden sample was also calculated

by measuring the voltage across a 100Ω resistor connected to ground in series with each

test sample. Another 1000:1 resistive voltage divider was connected across the wooden

sample to ground to enable measuring the voltage difference across the wooden sample.

The Tektronix®, 350 MHz, TDS5034B series digital phosphorous oscilloscope was used to

store experimental data and capture leakage current waveforms.

A ThermoVision® A320 Infrared (IR) camera was used for hot spot tracking of the

wooden surface while the samples were being tested. Immediately after testing and isolation

of the HV equipment, the spot temperatures of the metallic electrode connection points were

removed from the wooden samples under test for measuring. The IR camera used specifies

it can measure temperatures between−20◦C and 1200◦C and detects temperature variations

within 0.08◦C [139].

3.5 Investigation Methodology and Experimental Results

Fundamental to understanding how to reduce the risk of pole fires are controlling the four

fire elements offuel, a heat source, oxygen[3] and time. A typical pole fire is thought to

start at the junction of the kingbolt, wooden pole and woodencrossarm, where the crossarm
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acts as the fuel source. In this case, there is no wooden crossarm, nor is there any other

wooden apparatus connected to the wooden pole, thus the wooden pole itself is the source

of fuel.

The heating mechanism in a typical pole fire is at the kingboltwhere localised heating is

thought to be sufficient with access to oxygen in air-gaps between the kingboltand wooden

crossarm connection, especially after many years of ageingwhere this connection becomes

loose. In this case, with the absence of a wooden crossarm, this heating mechanism must

be at the kingbolt and wooden pole connection. Past researchhas supported the idea of util-

ising conductive grease [29] to firstly remove the air gap between the kingbolt and wooden

pole, and thus removing the access to oxygen at this gap. Secondly the grease provides a

conductive path to ground by-passing any air gaps, thus eliminating the likelihood of a pole

fire event caused by sparking. Owing to the occurrence of thispole fire event, the theory

of eliminating pole fire likelihood utilising mechanisms toremove spark gaps come under

question.

The time required for leakage current to cause sustained smouldering may be longer

than that of a typical pole top fire, where the fuel source is a wooden crossarm. In this case,

the fuel source is the wooden pole itself, thus any interruption of the leakage current prior to

the extended time necessary for that smouldering to lead to ignition of the wood could have

prevented this fire.

Several key research questions are now posed to understand the sequence of events and

the contributing factors leading up to the catastrophic failure and subsequent fire of this

particular wooden pole:

• what were the actual causes of this pole fire: was it caused by leakage current, or a

short-circuit current, or the failure of the transformer;

• why has this wooden pole fire occurred at the transformer mounted junction bolt rather

than the crossarm kingbolt location?
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The hypotheses formed based on these key research questionsare:

1. a certain amount ofleakage currenttriggers smouldering;

2. when a high enoughtemperatureof the wood-metallic contact is reached, the wood

starts to smoulder;

3. thesurface conductivityof the wooden pole leads to an increase in leakage current;

4. the leakage current sharply increases underwet weatherconditions owing to a dra-

matic reduction in the wooden pole’sresistanceat the operating voltage; and,

5. sustained smouldering forsufficient timewill lead to ignition and fire.

To verify these hypotheses, the following tests were conducted on both the damaged and

undamaged wooden pole samples:

1. Moisture content verification;

2. Thermographic imaging tests;

3. Pole surface conductivity tests;

4. Leakage current tests under dry and wet weather conditions; and,

5. Wooden pole impedance studies

3.5.1 Moisture Content Verification

Saline water of 1.5 mS/cm conductivity was sprayed onto the surface of the wooden pole to

simulate a typical 30 minute Victorian coastal rainfall. The middle section was kept dry [33]

to simulate that portion of the pole shielded by a pole-mounted transformer, while the top

and bottom portions of the samples were sprayed as shown in Figure 3.4. The average

moisture of each portion was measured using a Timbermaster® Protimeter moisture meter
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Fig. 3.4 An example of a wooden pole sample being tested underwet weather conditions

and is shown in Table 3.1. The wet surfaces of the wooden pole sample were 32% and 30%

for the top and bottom surfaces respectively. The average moisture for the dry surface at the

middle of the sample was 8%. The Electricity Authority of NSWdemonstrated in 1967 [31,

140] that seldom does a wooden power line pole exposed to natural weather conditions reach

a moisture level exceeding much more than 20%, so this type ofdrenching is verified to be a

good simulation of rain falling on these partial surfaces ofthe pole, leaving the middle of the

pole dry. This procedure was confirmed as sufficient for simulating rainfall and subsequently

used for the leakage current test under wet weather conditions in Section 3.5.4.

Table 3.1 Average moisture content of wood samples.

Sample Position Weather Condition Moisture Content

Top Wet 32%
Middle Dry 8%
Bottom Wet 30%

Typical [140] Wet 18−20%

3.5.2 Thermographic Imaging Tests

Infrared thermographic imaging was performed on Samples A and B in the HV laboratory

using the ThermoVision® A320 Infrared (IR) camera described in Section 3.4 to study the

temperatures reached at the wood-metal connection points.The IR camera captured the heat

distribution caused by the leakage current flow through eachwooden sample not visible
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to the naked eye. The voltage applied to the bolt while inserted into a hole in the pole

was increased to cause an increasing leakage current flow through the wooden sample. A

sustained flow of leakage current through the wood caused themetallic contacts to heat up

and eventually start the smouldering of the wood. At this time point the supply was turned

off and the bolt was removed from the wood.

Infrared images of the bolt and the hole where the bolt was inserted into the sample were

captured. Figure 3.5 shows the maximum temperature of the metal bolt was 66.7◦C while

the maximum temperature of wood in contact with the bolt was 93.3◦C. The magnitude

of the RMS leakage current that caused smouldering was measured as 3.2 mA in Sample

A and 4.1 mA in Sample B. Further infrared images were taken of the grounding electrode

which also exhibited heating. The maximum temperature in this case was 53.1◦C.

The observations verify the heating mechanism of a pole fire occurring at the junction

between metallic accessories and wood, with the largest amount of heating occurring at the

wood-metal connection point with the greatest surface areacontact. This is intriguing as

anecdotal evidence suggested that the ignition of pole top fires usually occur at the wooden

crossarm junction where the kingbolt connects the crossarmto the wooden pole, with the

wooden crossarm serving as fuel to the fire. In the case of crossarm fires, the larger amount

of heating may initiate at the pole-kingbolt junction, however as the crossarm wood is of a

smaller cross-sectional area compared to the pole then it ismore likely to be the first source

of fuel from the heating at the pole-kingbolt junction.

3.5.3 Pole Surface Conductivity Tests

A 2 cm× 2 cm area was softly scrubbed using a chisel to obtain an approximately 1 gram

amount of wood dust from 8 uniformly spaced locations at either end of the pole. The

samples were dissolved in approximately 20 mL of distilled water and the ExStik® EC400

Conductivity/TDS/Salinity Meter was used to measure the conductivity of the solution and



3.5 Investigation Methodology and Experimental Results 55

(a) (b)

Fig. 3.5 (a) Infrared image of a bolt removed from bolt-hole immediately after a high voltage
causing smouldering was applied; (b) Infrared image of the bolt-hole where the bolt was
removed, immediately after a high voltage causing smouldering was applied.

is shown in Table 3.2. The mean conductivity was 13.9µS with a standard deviation of

1.8µS.

Table 3.2 Conductivity of eight locations on pole Sample A

Sample Position Conductivity (µS)

Top-East 14.9
Top-South 13.2
Top-West 16.2
Top-North 14.0

Bottom-East 14.7
Bottom-South 10.4
Bottom-West 14.6
Bottom-North 12.6

While conducting the leakage current tests in the next section, the metallic contact with

the wood samples was observed to start heating when a leakagecurrent of a magnitude 4 to

5 mA was flowing. At this sustained leakage current, smouldering of the wood was initiated.

With the surface conductivity of the wooden pole Sample A being a mean of 13.9µS and

having a small standard deviation, the conclusion drawn is the deposition of salt on the

surface of the wood in this case had no effect on the leakage current activity in the wood.
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3.5.4 Leakage Current Tests under Dry and Wet Weather Conditions

The experimental configuration is shown in Figure 3.3. A galvanised bolt/pin was inserted

at various locations of the wooden pole sample and was subjected to high voltage through

a 1.5 MΩ resistor bank. The base end of the wooden pole sample was earthed through a

metal nail. The wooden pole samples were subjected to a leakage current by varying the

high voltage applied to the series HV resistor from 0 kV to 50 kV. The measured leakage

currents for when the pin was inserted in the top cross-section of a pole sample are shown

in Figure 3.6 (a).

The leakage current tests above were repeated under simulated wet conditions as de-

scribed in Section 3.5.1 with similar voltage levels. The calculated leakage currents for

when the pin was inserted in the top cross-section of SamplesA and B are shown in Fig-

ure 3.6 (b).

Figure 3.6 (a) shows that a higher RMS leakage current was observed for Sample A than

Sample B. This could be attributed to Sample A being exposed to a coastal environment

and harsh climatic conditions for 2 years while Sample B had been stored in a controlled

environment. Laboratory study results by Wickham et al. [26] showed that the treatment,

or impregnation, of the wooden pole and crossarm is an important factor in the occurrence

of fires. The exposure to weather caused the outer surface impregnation to be leached, thus

resulting in a higher contribution to leakage current by thesurface leakage current. Thus the

results above are validated by the earlier results of Wickham et al. in 1948.

Figure 3.6 (b) shows that while under wet weather conditionsthe RMS leakage current

observed for Sample A is higher than Sample B albeit marginally higher. This can again

be attributed to the pre-weathering of Sample A. Now when comparing these results to that

of dry weather conditions in Figure 3.6 (a), the RMS leakage current observed is double

the magnitude of that in dry weather conditions. This must beattributed to the surface

moisture reducing the electrical resistance of both samples, thereby increasing the RMS
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Fig. 3.6 Leakage current for Samples A and B via a simulated HVinsulator under (a) dry
weather conditions; and, (b) wet weather conditions.

leakage currents.

3.6 Wooden Pole Impedance Studies

To gain a better understanding of the effect of the wooden pole’s impedance has on the

pole top insulator leakage current circuit, a series of studies were conducted to evaluate the

electrical performance of: (a) the metallic electrodes connecting the wooden samples to the

electrical circuit; (b) the resistance of the wooden samples when connected directly to the

source voltage; (c) the impedance of the wooden samples whenconnected to a simulated

ceramic insulator; (d) the effect of the electrode spacing across the wooden samples; (e)

the effect of the wooden sample being ‘un-weathered’ and partiallydried during storage in

a controlled laboratory environment; and, (f) the effect of CCA treatment on the conduc-

tivity of wood when compared to an untreated wooden sample. These results can then be

compared with the limited published research in this area [29].
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Fig. 3.7 Comparison of the leakage current for Samples A and Bunder dry and wet weather
conditions, with a direct HV connection to the sample

3.6.1 Resistance Performance Test of a Wooden Pole under Direct HV

Connection

The configuration for the resistance performance test is thesame as depicted in Figure 3.3

except with the 1.5 MΩ resistor replaced by a short circuit, that is, the resistor was dis-

connected from the circuit and the high voltage supply was connected directly to the bolt

inserted into the wooden pole sample. Thus, simply using Ohm’s law, the voltage applied

across the wooden pole and the short circuit current throughthe pole will give the pole’s re-

sistance. The short circuit RMS leakage currents for Samples A and B with various applied

voltages are shown in Figures 3.7 (a) and (b) respectively. The slope of the line gives the

conductivity of each wooden sample under both dry and wet weather conditions, that is the

inverse of the resistance.

Now, knowing that these voltages would only ever be applied in an operational pole of

a feeder when the conductor becomes detached from an insulator and comes into contact

with the pole, the voltage to examine isVln =Vs/
√

3 whereVs = 22 kV is the applied source
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voltage, andVln is the line to neutral voltage, being 12.7 kV in this operational situation.

Therefore the resistances of Sample A under dry weather and wet weather conditions were

3850 kΩ and 3290 kΩ respectively. Similarly, the effective resistances of Sample B under

dry weather and wet weather conditions were 1680 kΩ and 1970 kΩ respectively. Thus the

average resistances and ranges of the samples for dry weather and wet weather conditions

were 2760 kΩ ±1090 kΩ and 2630 kΩ ±660 kΩ respectively.

Noting a significant difference between the resistances of Sample A and Sample B, this

cannot be attributed to the pre-weathering of Sample A owingto Sample A’s resistance

being 67% greater than Sample B’s resistance in the wet weather condition. The difference

in effective resistance is difficult to explain under this extreme voltage condition without

increasing the number of samples tested. Examining the average resistances of the samples

does show that the resistance under a wet weather condition is slightly less than the dry

weather condition. However, under any of these conditions,whether it being a wet or dry

pole, the capacitive effect of the wooden pole samples has been ignored, thus producing

only a general result. Furthermore, variation in the applied voltage appearing across the

pole has also been ignored. To gain a better understanding ofthe effective impedance of a

wooden pole under normal operating conditions, further study is required.

Also worthy of mention is the gradient of the lines in these graphs. When each wooden

sample is in a dry weather condition, the gradient is much flatter for lower voltages, and

much steeper for higher voltages. This means in a dry weathercondition the wooden sam-

ples are more resistive for lower voltages, and become more conductive at higher voltages.

However, in a wet weather condition, for both samples, the gradient is steep at lower volt-

ages and continues to be steep at higher voltages. This meansin a wet weather condition the

wooden samples are more conductive than the dry condition, no matter the applied voltage

level.
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Fig. 3.8 Diagram of the circuit model representing a wooden pole

3.6.2 Effective Impedance Study of a Wooden Pole under Normal Op-

eration

The observations from the testing performed in Section 3.6.1 revealed marked variation in

resistances of samples when stressed with high voltages (25% in the wet weather condition,

and 40% in the dry weather condition), which may be attributed to ignoring the capacitive

components of each sample’s impedance. Otherwise, it may becaused by the variation in

the applied voltage across each sample. This section will undertake a comprehensive study

into the effective impedance of the wooden pole samples under normal operating conditions.

In this context, normal operating conditions means the highvoltage conductor is tied to an

insulator mounted on a crossarm, rather than a conductor directly in contact with the wooden

pole. The wooden pole is modelled as two circuit elements,Rbeing the resistive component

of the wood, andC being the capacitive component of the wood. This model is shown in

Figure 3.8. The literature review found there is no established research on the capacitive

component of wooden poles at distribution or sub-transmission voltages [34]. The literature

review also found there is no established research on the effect of the variation on the applied

voltage across wooden poles.
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Table 3.3 Circuit parameters and values

Element Value Description

Rins 1.5 MΩ simulated polluted insulator resistance
Rxarm 0 MΩ metal crossarm resistance

R2 100Ω resistor used to measure leakage current
R unknown wooden pole sample resistance being calculated
C unknown wooden pole sample capacitance being calculated
i2 unknown leakage current through wooden pole sample
Vs varied applied supply voltage

V2∠θ2 measured voltage measured acrossR2

V1∠θ1 measured voltage measured across the pole sample in series withR2

Circuit Configuration, Circuit Analysis and Study Observat ions

The circuit diagram for the laboratory configuration of the wooden pole impedance study

now using the model established in Figure 3.8 is shown in Figure 3.9 and the circuit param-

eters are as described in Table 3.3. In this test, the 1.5 MΩ resistor (Rins) is once again used

to simulate a polluted ceramic insulator, and owing to the crossarm in operation being of

a metal type, no further resistor needs to be added to the circuit (andRxarm is set to zero).

The high impedance fault current (i2) flows through this 1.5 MΩ resistor and through the

wooden pole sample via the 100Ω resistor to ground.

Analysing this circuit to solve forR andC, according to Ohm’s Law the voltage across

resistorR2 is:

V2 = i2R2 (3.1)

and according to Kirchhoff’s Voltage Law and Ohm’s Law the voltage across the wooden

sample in series withR2 is:

V1 = i2× *.
,
R2+

R× 1
jωC

R+ 1
jωC

+/
-

(3.2)

whereω = 2π f is the power supply frequency withf = 50 Hz. Substitutingi2 from (3.1)
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Fig. 3.9 Circuit diagram for pole impedance studies

into (3.2) yields the following equation:

V2∠θ2

V1∠θ1
=

R2
2+RR2+ (ωR2RC)2+ jωR2R2C

(R+R2
2)2+ (ωR2RC)2

(3.3)

whereθ2 andθ1 are the phase angles ofV2 andV1 respectively. Let∆θ = θ2− θ1, then the

left hand side of equation (3.3) can be rewritten into its real and complex components as

follows:

V2∠θ2

V1∠θ1
=

V2

V1
∠∆θ

=
V2

V1

(

cos∆θ + j sin∆θ
)

(3.4)

Now substituting the expression at (3.4) into equation (3.3) and solving for the real and

complex components, and notingR2 = 100, the following system of equations hold:

100ωR2C

10000ω2R2C2+R2+200R+10000
=

V2

V1
sin∆θ (3.5)
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Fig. 3.10 Impedance Components of Sample A for various applied voltages

10000ω2R2C2+100R+10000

10000ω2R2C2+R2+200R+10000
=

V2

V1
cos∆θ (3.6)

Thus, the impedance of the pole in Figure 3.9 can now be found by solving the system

of equations (3.5) and (3.6) forR andC, using the measurements and circuit parameters

described in Table 3.3.

By applying various source voltages, and measuringV1∠θ1 andV2∠θ2, the impedance of

the wooden pole Sample A under dry and wet weather conditions, as well as the impedance

of the similarly aged wooden pole Sample B under dry and wet weather conditions were

calculated as described above and are shown as their resistive and capacitive components in

Figure 3.10 (a) and (b), Figure 3.11 (a) and (b) respectively.

In general, these results show a dramaticreduction in the resistance of both samples

under wet weather conditions. Also, as the capacitance of each sample increases under wet

weather conditions, this reduces the resistive component of the impedance, which may ac-

count for the marked variation in resistance between the samples observed in Section 3.6.1.
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Fig. 3.11 Impedance Components of Sample B for various applied voltages

This decrease in resistance leads to a higher flow of leakage current, in turn creating higher

I 2R power dissipation, ultimately contributing significantlyto the heating of wood-metal

connection points.

Operating at 22 kV

More specifically, at the nominal operating line voltage of 22 kV (that is a phase-to-ground

voltage of 12.7 kV), the effective resistance and capacitance of Sample A under dry weather

and wet weather conditions were 2725 kΩ and 0.13 nF, and, 450 kΩ and 0.23 nF respec-

tively. When this sample was directly connected to a high voltage source in Section 3.6.1

the corresponding resistances at this operating voltage indry and wet weather conditions

were 3850 kΩ and 3290 kΩ respectively. These values were calculated by using the inverse

gradient as an estimate for the effective resistance. However, this method is sensitive to

changes in the leakage current measurements for the selected applied voltage levels and ne-

glects the nonlinear nature of the resistance observed in Figures 3.10 and 3.10 where the

linear estimation has a nonzero intercept. By using circuitanalysis with appropriate mea-
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surement of voltages and phase shifts, the leakage current measurement sensitivity has been

eliminated while revealing the nonlinear impedance components of the samples as the ap-

plied voltage varies. Now the observed effective resistance under wet weather conditions

is approximately one fifth of the effective resistance under dry weather conditions, that is,

the effective resistance is significantly reduced. Furthermore, when taking into account the

capacitive component contribution to the impedance, the impedance is approximately equal

to the effective resistance, that is, the capacitive component has little effect on the value of

the impedance.

Similarly, the effective resistance and capacitance of Sample B under dry weather and

wet weather conditions were 724 kΩ and 0.57 nF, and, 309 kΩ and 0.65 nF respectively.

When this sample was directly connected to a high voltage source in Section 3.6.1 the

corresponding resistances at this operating voltage in dryand wet weather conditions were

1680 kΩ and 1970 kΩ respectively. In this case, the wet weather resistance is unusual, that

is, it has increased from the dry weather condition. This reflects the sensitive nature of using

the inverse gradient for resistance estimation of pole samples. Now, the effective resistance

of Sample B was observed to reduce from 724 kΩ in dry weather conditions to 309 kΩ in wet

weather conditions. This corresponds to anecdotal evidence that leakage current increases

during wet weather, where it may be audible. Furthermore, the capacitance of Sample B

was 3-5 times larger than Sample A. This may provide insight into explaining the much

lower effective resistance of Sample B compared to Sample A in both dryand wet weather

conditions, that is, owing to a lower effective leakage path length, accordingly altering the

capacitive component of the impedance.

This impedance study highlights the importance of removingsensitive measurements

when observing nonlinear impedances of different wooden poles dependent upon applied

voltages, and hence reveals the large errors which may occurin measuring pole resistance

when sensitive measurements are used in any analysis.
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Table 3.4 Effective resistance reduction when operating at 66 kV phase-to-phase

Sample Weather Condition R @ 22 kV R @ 66 kV Resistance Reduction

A dry 2725 kΩ 530 kΩ 80%
A wet 450 kΩ 310 kΩ 30%
B dry 724 kΩ 215 kΩ 70%
B wet 309 kΩ 145 kΩ 50%

Operating at 66 kV

Analysis by Ward et al. [3] of pole top fires on a distribution network within Victoria [141]

concluded that 66 kV pole top fires occurred at three times therate of 22 kV pole top fires.

The nominal line to ground voltage for 66 kV is 38.1 kV. Examining the resistance observed

at 38.1 kV in Figures 3.10 (a) and Figure 3.11 (a), the effective resistances for Sample A

under dry and wet weather conditions are 530 kΩ and 310 kΩ respectively. Similarly, the

effective resistances for Sample B are 215 kΩ and 145 kΩ respectively. A comparison of

these resistances with those observed at a nominal phase-to-ground voltage of 12.7 kV is

shown in Table 3.4. These observations show the massive reduction in effective resistance

of the wooden samples with this length at 66 kV phase-to-phase operating voltage in dry

weather conditions. This justifies utilising wooden poles with a length in the order of 3-5

times the length of 22 kV poles if the pole is to provide similar resistive properties under dry

weather conditions. Under wet weather conditions, the 66 kVwooden pole length required

to provide similar resistive properties to 22 kV poles wouldabout 1.5-2 times in length.

These additional length requirements for 66 kV poles may explain why pole top fires occur

at triple the rate of 66 kV poles that are similar in length to 22 kV poles [3].

The 2010 Australian Standard detailing the procedures for overhead line design [133]

places no requirements on the effective resistances required of wooden poles. This stan-

dard only seeks to utilise the arc quenching properties of wood [29] to provide lightning

performance of the overhead lines when mounted via insulators on wooden poles. Thus,

this standard currently places no design requirements on poles which may experience high
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impedance faults owing to leakage current that cause pole top fires. In the absence of such a

design standard, there is currently no regulatory requirement for transmission or distribution

network service providers to design overhead lines which consider the effective resistances

of wooden structures so as to maximise the resistance and hence minimise the leakage cur-

rent path to ground, reducing the likelihood of the electrical design contributing to initiating

a pole top fire.

3.6.3 Metallic Electrode Performance Test

After performing the tests examining pole impedance under normal operating conditions in

Section 3.6.2 the effect of the type of electrode used that provided the leakage current path

through the wooden pole sample came into question. That study utilised a tight-fitting bolt

as the electrode connection to the wooden pole sample. Limited research has been carried

out on the effect of electrodes used to study impedance, with Darveniza [29] reporting in

1980 when wooden samples similar to those used in this study were stressed to a voltage of

240 V with a bolt electrode, that leakage currents of approximately 20-30 mA flowed in both

dry and wet weather conditions. Other types of electrodes such as surface pads have also

been studied in the past [29], however studying these other types would be inappropriate as

they are not used on wooden poles in practice. Thus, this metallic electrode performance test

aims to compare the observed leakage currents with dated studies and research [24, 25, 28–

31, 140] and to compare the effect of using a nail electrode in place of a bolt electrode.

The RMS leakage currents measured for both tight-fitting bolt and nail electrodes are

shown in Table 3.5. The variation between these electrodes have no significant difference.

Comparing to the Australian results reported by Darveniza [29], the leakage current is of

similar magnitude when assuming the voltage drop across theHV insulator reduces the

voltage at the electrode to 240 V. The similarity of the bolt and nail electrode leakage

currents with each other also suggests that the leakage current ‘flows’ on the surface of the
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Table 3.5 RMS leakage current for different electrodes

Applied Voltage (kV) Bolt Electrode (mA) Nail Electrode (mA)

10 6.788 6.788
20 11.88 12.45
30 18.10 18.10
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Fig. 3.12 Impedance Components of Sample A for different types of electrode

pole as the longer dimension of the bolt has not changed the observed leakage current.

Further examination of the two different electrode scenarios was performed on the wood-

en pole Sample A. Specifically, the effective impedance was observed for each electrode at

various applied voltages and are shown in Figure 3.12 to better understand the leakage

current results observed, and to validate the use of a bolt asan electrode when performing

impedance tests.

When examining the sample’s effective resistance for different electrode types in Fig-

ure 3.12 (a) rather than the observed leakage current above,there is a significant difference

in the resistance owing to nonlinear variation for the applied voltage across each sample.

Furthermore, the resistances observed show that the bolt electrode always provides a more

resistive path. This provides credence to the hypothesis ofthe leakage current taking the
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pole surface as the leakage path of least resistance. This result firstly validates using a king-

bolt as the electrode in impedance studies, reproducing theeffective resistance which would

be typically observed in the field. Secondly, this highlights the danger of using short nails to

attach apparatus to wooden poles which carry high voltage assets, as personnel or the public

may be exposed to a more conductive path should they touch such apparatus, especially for

line voltages above 34 kV (that is line-to-ground voltages above 20 kV).

3.6.4 Electrode Spacing Effect on Measuring the Impedance of a Wood-

en Pole

The results from Section 3.6.2 in dry and wet conditions operating at 22 kV and 66 kV sys-

tem voltages brought into question safe effective pole resistance, and hence the distance at

which these high voltage assets are mounted from the ground.Studies by Robertson [30]

and Darveniza [29] have measured resistances of pole sections for a number of electrode

spacings, however, these studies did not take into account variation in applied voltage af-

fecting the effective resistance and effective capacitance. Thus, studying the effect of the

electrode spacing of wooden samples should be investigated.

In this section the RMS leakage current of Sample B under dry weather conditions was

measured for a range of applied source voltages at various electrode spacings and are shown

in Figure 3.13. The length of Sample B is 2.73 metres show these results should be treated

with caution as typical electrode spacings on high voltage power poles are much larger,

usually over 6 metres. Darveniza has reported on similar wooden poles with electrode spac-

ings of 1.22 metres and 6.1 metres. The RMS leakage current observations in Figure 3.13

show little variation in magnitude for the same applied voltage source at various electrode

spacings. Hence, study of the effective impedance may reveal more information.

The effective impedance of Sample B was now measured for the same range of applied

voltages under similar dry weather conditions at various electrode spacings and are shown
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in Figure 3.14. Note, the observed resistances of wooden poles with electrode spacings of

1.22 metres and 6.1 metres reported by Darveniza mentioned above were 7-13 kΩ and 12-

30 kΩ respectively. Examining Figure 3.14 shows effective resistances of 200-800 kΩ for

a range of electrode spacings under dry weather conditions.These results are an order of

magnitude higher than that observed by Darveniza which may be explained by a different

applied voltage appearing across the pole in his study resulting in a different effective re-

sistance, given the nonlinear voltage-resistance relationship of wooden poles established in

Section 3.6.2. Furthermore, the high resistive component observed for the quarter length

electrode spacing may be explained by the very small capacitive component of the wooden

sample when the electrodes are spaced at the short distance of 0.68 metres.

The most significant observation of the various electrode spacings is the large capacitive

component of the full length wooden sample when the line voltage is above 34 kV (that is

above an applied voltage of 20 kV in the figure). This corresponds to a much lower resistive

component for any leakage current path to take, and hence higher I 2R power dissipation

that contributes to the heating of the wooden pole electrodewith the increased likelihood of

initiating a fire of the wooden structure. Unfortunately, the results were not able to provide

further information about effective resistances between electrodes separated by a distance

greater than 2.73 metres. The logistics of handling a woodensample greater than this length,

and the size of the HV laboratory made examining larger electrode separation distances of

samples impractical, and so the question of what distance high voltage assets should be

mounted above the ground for a safe effective pole resistance must go unanswered.

3.6.5 Drying Effect on a Copper Chromium Arsenate Impregnated

Wooden Pole

The results from Section 3.6.2 highlighted the dramatic effect of wet weather changing the

resistivity of CCA impregnated wooden poles. This begs the question what occurs in the
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Fig. 3.14 Impedance Components of Sample B at various electrode spacings
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converse situation, that is, what changes will occur to the resistivity of a wooden pole when

it is subject to extended periods of dry weather. To answer this question, the wooden pole

Sample A which had been exposed to coastal weather for approximately 2 years was kept

in an indoor laboratory for 6 months of controlled drying. The sample was then moved into

the HV laboratory for further impedance tests under both dryand wet weather conditions,

and these results were plotted together with results from 6 months prior in Figure 3.15.

Examining the resistance components of this figure, for the dry weather conditions there

is a more pronounced hyperbolic resistance relationship after 6 months of controlled drying

for the various voltages applied, with particularly strongresistive properties for distribution

voltage levels. There are less dramatic changes in the resistance relationship for the case of

varied voltages prior to drying (that is when weathered), although still seemingly hyperbolic.

In either case, the wooden pole at 66 kV line voltages are 2-3 times more conductive than

22 kV line voltages, which may again explain the analysis by Ward et al. [3] where pole

top fires with 66 kV line voltages occur at 3 times the rate of pole top fires with 22 kV line

voltages.

Now examining the capacitive components of this figure, there is a ten-fold increase in

the capacitance magnitude for the case of being a 2 year weathered pole when compared to

6 months of drying under wet weather conditions. Similarly,there is a five-fold increase in

the capacitance magnitude for the case of being a 2 year weathered pole when compared to

6 months of drying under dry weather conditions. In either case, the wooden pole is much

more capacitive when weathered, hence slightly more conductive and more prone to fire

starts.

Furthermore, when comparing the wet weather and dry weathereffects observed above,

the wet weather effects are 2-3 times more resistive after 6 months of drying. Past research

by Darveniza [29] had only drawn conclusion of the great influence of rain on pole resis-

tance. This research shows the most significant difference occurs in both the resistance and
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Fig. 3.15 Impedance Components of Sample A under dry and wet conditions at initial lab-
oratory investigation time and 6 months after the initial investigation time

capacitance components after 6 months of drying following exposure to 2 years of weather-

ing and under wet weather conditions. Moreover, when the wooden pole was exposed to 2

or more years of weathering and under wet weather conditionsit was at its most vulnerable

for leakage currents causing pole fires at any distribution line voltage. This highlights the

increased vulnerability of CCA poles to fire after coastal weather exposure.

3.6.6 Copper Chromium Arsenate Impregnation Effect on Conductiv-

ity of a Wooden Pole

The findings of Section 3.6.5 showed the variation of resistance and hence conductivity

after 6 months of controlled drying. This section follows onto study the effect of CCA

impregnated wood on the leakage current performance in wood. Leakage current testing

was performed on both a CCA treated wooden sample and an untreated wooden sample.

Both samples were tested under similar conditions. The impregnated wooden sample was a

2 year old spotted gum species with CCA treated H5 level. It was 2 metres in length and a
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Fig. 3.16 Comparison of the electrical performance of CCA impregnated wood and un-
treated wood

pole sample. The untreated wooden sample was a 30 year old ironbark species, 1 metre in

length, and a crossarm sample. As a similar untreated wood species of the same dimensions

was unavailable, a crossarm sample of different species was used to study the effect of CCA

impregnation on the wooden pole sample leakage current performance.

Comparing the primary current flow in the two samples, shown in Figure 3.16, the CCA

treated sample drew more current than the untreated sample at various applied voltage levels.

The leakage current was too difficult to quantify due to the high noise content. Based on

the age and dimensions of the wood samples, one would expect higher current activity in

the 30 year old sample than the 2 year old sample but the results were contradictory. The

higher leakage current activity appearing in the 2 year old CCA impregnated sample can be

attributed to a combination of the age and CCA treatment of the wood.
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3.7 Discussion

The leakage current flow through the samples examined in Section 3.5.4 has shown that

the sample exposed to a coastal environment and harsh climatic conditions for over 2 years

(Sample A) has slightly higher flow than the control sample (Sample B, stored in an indoor

facility and not subject to outdoor field conditions) under both dry and wet conditions. Ow-

ing to Sample A being exposed to harsh coastal environmentalconditions causing changes

in the properties of the pole, a higher leakage current activity was expected in comparison

with Sample B. Under wet conditions, higher leakage currentactivity was also observed

compared with the results obtained under dry conditions. The high moisture content in the

wood decreases the resistance of wood and hence increases the conductivity [138].

While conducting the experiments, the metallic contact with the wood samples was

observed to start heating when a leakage current of a magnitude 4 to 5 mA was flowing.

At this sustained leakage current, smouldering of the wood was initiated which eventually

leads to ignition. With the surface conductivity of Sample Abeing a mean of 13.9µS and

having a small standard deviation, the conclusion drawn is the deposition of salt on the

surface of the wood in this case had negligible effect on the leakage current activity in the

wood. On the contrary, the salt deposition on the insulator surface promoted leakage current

to flow on its surface.

When examining the impedance characteristics of the pole samples in detail, a dramatic

reduction in resistance of both Samples A and B under wet conditions was noticed when

compared to the dry conditions, no matter the operating voltage level. This reduction in

resistance would lead to higher leakage current flows, and create higherI 2R power dis-

sipation that could contribute significantly to heating thewood-metal connections on the

pole. A doubling in the leakage current flow like that in Section 3.5.4 would quadruple the

power dissipation via heat, rapidly increasing the chancesof igniting the pole at wood-metal

connections where the leakage current flows.
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A need to examine both the capacitive and resistive components was needed, as well as

understanding how effective impedance varied for different voltages, owing to the unattrib-

utable significant difference of sample resistances in Section 3.6.1. Studying theeffective

impedance of wooden poles was considered a very important step prior to analysing the

leakage current signatures of the insulators on wooden poles as there is no established re-

search on the capacitive component of wooden pole impedances nor impedance variation

for an applied voltage, at either distribution or sub-transmission voltages.

As the capacitance of the pole increases, this corresponds to a reduction in the resis-

tive component of the impedance. An overall increase in the capacitive components is seen

for both Samples A and B, shown in Figures 3.10 (b) and 3.11 (b)respectively. The ca-

pacitance would also have some effect on the voltage at the insulator, creating a localised

phase shift. This would be unlikely to affect the power factor at the end of the line, but

could have some limited effect on voltages fed from the transformer mounted on the pole.

Furthermore, taking into account for the samples’ capacitive components showed little ef-

fect on the impedance value, and hence resistance value. However, using circuit analysis

to remove sensitive leakage current measurements from the linear estimation for effective

resistance showed the true nonlinear nature of impedance for various applied voltages. This

also revealed the linear estimation has a nonzero intercept, thus explaining the unattributable

difference of sample resistances.

At the operating voltage of 22 kV, when the pole is affected by wet weather conditions,

the resistance more than halves hence increasing the leakage current flow. This is the case

for both samples examined. If the distribution supply voltage strays higher, this would

further decrease the effective resistance between the insulator and ground, in turnincreasing

the leakage current and the heating of wood-metal connections. It would also increase

the effective capacitance affecting the voltage phase angle, but as loads are usually always

inductive, this would have a limited effect on customers connected to any locally mounted



3.7 Discussion 77

transformer. Too much heating at the wood-metal connections will lead to ignition.

At the operating voltage of 66 kV, for a similar length line operating height on the pole,

the effective resistance has a massive reduction of 3-5 times the resistance of a 22 kV line

when operating in dry weather conditions. Thus, to provide similar resistive properties to

that of a 22 kV line would require lengthening 66 kV poles by 3-5 times of the length of

a 22 kV pole. Luckily such resistive properties are not required in dry weather conditions

as leakage current magnitudes are usually much smaller thanthat of wet weather. For wet

weather conditions, the experiments showed a length of 1.5-2 times the length of a 22 kV

pole is needed for a 66 kV pole to provide similar resistive properties to that of a 22 kV pole.

However, 66 kV poles used in practice are not of such lengths,and this result may explain

why fires initiated on 66 kV pole tops occur at triple the rate of 22 kV pole tops.

For all high voltage operating voltages, Australian standards and regulations currently

provide no requirement to design overhead lines in a way which consider the effective resis-

tances of wooden structures so as to maximise the resistance, thus minimising the leakage

current, ultimately reducing the likelihood of the electrical design contributing to pole fire

starts. The author recommends that criteria for minimisingwooden pole leakage current

should be added to Australian standard electrical design requirements of overhead lines.

Leakage currents for different types of electrodes used in the experiments showed no

significant difference in magnitude. Owing to the types of electrodes used suggests the ma-

jority of the leakage current ‘flows’ at the surface of a pole.Further impedance test results

showed the bolt electrode (with a much longer length) alwaysprovides a more resistive path

compared to a nail electrode (with a much shorter length) likely being caused by greater

surface area of the wood-metal contact. This highlights thedanger of using short nails in at-

taching apparatus to wooden poles that carry high voltage assets as personnel or the public

may be exposed to a much more conductive path if they touch such apparatus. Further-

more, the electrode impedance test results validated the use of a bolt as an electrode for the
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experiments.

The effective impedance of electrode spacing under dry weather conditions revealed

effective resistances an order of magnitude higher than that inthe literature. This large dis-

crepancy was attributed to variation in the applied voltageacross the wooden poles, affecting

the observed effective resistance and effective capacitance. Most significantly, a large ca-

pacitive component was observed for the full length wooden sample when the line voltage

was above 34 kV, corresponding to a much lower resistive component at these line volt-

ages for any leakage current, creating much higherI 2R power dissipation and the increased

likelihood of initiating a fire.

Examining the weathering and coastal climatic effects by drying Sample A in the lab-

oratory revealed the wooden pole sample had become much lessresistive and much more

capacitive after weathering, hence more prone to initiating a fire. Furthermore, comparing

wet and dry weather effects on the sample showed a significant difference in the change of

resistance under wet weather conditions after 6 months of drying. This highlights that this

particular specimen (that is a CCA impregnated pole sample exposed to a coastal environ-

ment and harsh climatic conditions for over 2 years) was at its most vulnerable to leakage

current ignition when under wet weather conditions at any distribution line voltage. Fur-

thermore, these findings emphasise the importance of immediately testing samples from the

field for accurate condition reporting, particularly CCA impregnated wood.

Although the presence of CCA salts in a spotted gum wooden pole in comparison with

an untreated ironbark crossarm showed significantly lower resistance, the presence of CCA

salts in a spotted gum wooden pole has been shown to be insignificant compared with that

owing to naturally occurring moisture in the heartwood of a spotted gum wooden pole by

Robertson [30] and therefore would have little bearing in the matter of public/personnel

safety concerns in contacting poles so treated. It is interesting to note that the 30 year old

ironbark crossarm wooden sample offers a much higher resistance of approximately 2.5 MΩ
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which would have enhanced the effective impedance between the insulators and the earth

connected to the transformer mounting if a wooden crossarm had been used in place of the

metal crossarm.

This unconventional type of pole fire occurring at the bolt mounting a transformer to

a wooden pole at a distance of 3 metres from the top end of the pole was investigated.

The results have shown that the leakage current travelled from the insulator surface into

the steel crossarm and pole. The fuse unit consisting of the insulators was from a batch of

units identified by the manufacturer as faulty, which would also encourage a rise in leakage

current. Given that the crossarm was made from steel, ratherthan a wooden crossarm, and

the crossarm was connected to the pole with a kingbolt and twobraces, the leakage current

bypassed the kingbolt through the metallic braces. Since the leakage current had three paths

to flow, there was limited activity of heat concentration in the vicinity around the kingbolt.

This may have avoided the occurrence of a pole fire at the crossarm-pole junction.

The majority of past pole fires in Victoria have occurred at the metallic kingbolt location

connecting the crossarm to the pole. The unconventional type of pole fire investigated in this

chapter has posed a unique type of pole fire for industry to accommodate. For smouldering

to start in the wooden pole, a combination of both wet and dry wood surfaces is required

to produce the right conditions for the four fire elements of fuel, a heat source, oxygen and

sufficient time to initiate the smouldering. In this particular case, the area of pole above

and below the earthed transformer mounting was wet by rain but the area in and around the

transformer bolt was shielded from rain by the transformer body. The wet surface above the

transformer mounting ensured higher leakage current flow inthe wood to the earthed mount

and the dry surface encouraged the heating up of the wood and hence the metallic bolt. Also

the heat dissipated by the transformer also kept the nearby surface of wood dry with a higher

surface temperature. It can also be concluded that the salt deposition on the wood surface did

not adversely affect the leakage current flow in wood. Thus, a combination of environmental
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factors such as moisture contamination on porcelain insulators and wet wooden power poles,

and the pole configuration with pole-mounted assets creating dry sections of a wet wooden

pole and earthed assets by-passing part of the pole as a leakage path can bring about the

right circumstances for a pole fire starting at a position on apole not usually considered.

The observations in Figure 3.15 discussed above of a wooden pole’s effective impedance

has produced a range of typical resistance and capacitance that may be used when analysing

the leakage current signatures of insulators on wooden poles in Victoria, Australia. Pre-

vious research has not only omitted pole resistance from study but also pole capacitance.

Thus, 2700 kΩ and 143 kΩ shall be used as the resistances of a typical weathered wooden

pole operating at 22 kV in a dry and wet weather condition respectively for leakage current

signature analysis in subsequent chapters. Similarly, 0.49 nF and 2.82 nF shall be used as

the capacitances of a typical weathered wooden pole operating at 22 kV in a dry and wet

weather condition respectively.

3.8 Summary

This chapter has presented a systematic investigation intothe effective impedance of wood

used for poles in Victoria, Australia. After establishing the contribution that pollution may

play in providing suitable surface leakage currents on insulators, one particular pole fire

event has been investigated in detail. For this fire event, a combination of environmental

factors such as moisture contamination on porcelain insulators and wet wooden power poles,

and the pole assets creating dry sections of a wet wooden poleand earthed assets by-passing

part of the pole as a leakage path provided the right circumstances for a pole fire to start.

The thermographic studies showed that heating of wood-metal connection points can initiate

smoulder at temperatures just above 50◦C. A leakage current with a magnitude as small as

3 mA RMS can lead to smouldering, thus making leakage currentmagnitude difficult to use

for establishing when a fire is incipient.
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Further study into the impedance of a typical CCA impregnated wooden species revealed

additional characteristics which were missed by studying leakage current alone. Comparing

these impedance studies with past research showed the capacitive component of a pole’s

impedance had previously been ignored, however has little effect on using an impedance

value for effective resistance. Moreover, the importance of observing the applied voltage

level has been established, owing to the nonlinear nature ofa pole’s resistance. The imped-

ance study established the dangerous conductance properties when using 66 kV poles with

similar length to that of 22 kV, thus providing an explanation for 66 kV poles catching fire

at triple the rate of 22 kV poles. Furthermore, a pole with 2 ormore years of weathering and

in wet weather was the most vulnerable situation for leakagecurrents to cause pole fires,

no matter the line voltage. Finally, a typical impedance characteristic was established for a

weathered wooden pole operating at 22 kV in both dry and wet weather conditions.





Chapter 4

Measuring Leakage Current

Nonlinearity for a High Voltage Insulator

4.1 Overview

The previous chapter established that wet weather conditions dramatically alter the effective

leakage path resistance characteristic, raising the current density and hence heating in ar-

eas with wood-metal contact. Following on from that idea, this chapter proposes a method

for measuring the nonlinearity of high voltage insulator leakage current, utilising the cor-

relation coefficient [92] to provide a quantitative measure of the leakage current signature,

complementing existing leakage current analysis techniques, with particular attention to wet

weather conditions. Further measures utilising fractal dimensions are also proposed. The

purpose of these measures is to provide an overall ‘health index’ which may be used to

smartly monitor leakage currents. Section 4.2 provides a brief background to high voltage

insulators used on power poles. Section 4.3 establishes thenonlinearity measure and the

correlation coefficient. Justification of the use of the correlation coefficient is presented.

The high voltage insulator is introduced as a system and the nonlinearity measure is shown

to be a condition identifier. Section 4.4 details the experimental configuration and results
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obtained for both variation in the voltage supply and variation in contamination levels at a

fixed voltage. Analysis is performed using the nonlinearitymeasure, representative power,

and three fractal dimensions as a measure of the leakage current signature, building a gen-

eral profile for a high voltage insulator. Section 4.6 discusses how each measure performs

and their suitability for contributing to a ‘Leakage Current Health Index’ (LCHI). Section

4.7 summarises the measures and their usefulness in leakagecurrent analysis and deduces

a lightly contaminated insulator under wet weather conditions reduces in nonlinearity from

that under dry weather conditions. Furthermore, when an insulator is in the stage prior to

flashover, the measures identify that the nonlinearity of the leakage current can increase sig-

nificantly, thus establishing the nonlinearity measure andthe correlation fractal dimension

as very useful tools for identifying incipient pole top fires.

4.2 Preliminaries

Insulators are designed to provide electrical insulation.Insulators can be made from many

different types of material. Furthermore, insulators can be many different shapes and con-

figurations. In practice, imperfect materials and the environment cause surface discharge

and flashover. Leakage current exists especially on contaminated insulators. Contamina-

tion type and contamination levels are the main factors thatwill affect the leakage current.

Therefore, the modelling of leakage current dynamics for each insulator or a string of insu-

lators is a challenging task. When the leakage current increases to a critical point, electrical

breakdown occurs and the magnitude of the leakage current surges which may initiate a

sequence of events leading to a blackout or other failures. In most parts of Australia power

poles are made of wood, which will be heated up by leakage current. This significantly

jeopardises the operational security and safe operation ofthe power grid infrastructure as

well as the safety of any nearby public and personnel.

The development of flashover on wet insulators is explained in [50] and Section 2.4.2 of
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the literature review. The physical condition of the insulator varies during the development

of flashover. This can be reflected by utilising a nonlinear model. Inspired by this idea,

if the nonlinearity of the insulator (reflecting its physical condition) can be continuously

monitored, then the health state of the insulator may be identified. Furthermore, knowing

the health state of the insulator can identify incipient flashover.

4.3 Measuring Nonlinearity

This section presents a new way to measure a nonlinear system. Once this measure is

established, the high voltage insulator is considered as a nonlinear system with the supply

voltage as an input, and the leakage current as an output. Thenonlinearity measure is

proposed as a condition identifier, where the measure may be used as a health state or

indicator of the insulator.

4.3.1 The Nonlinearity Measure

There are various measures which quantitatively describe the nonlinearity of a system. Here,

we introduce the nonlinearity measure which is defined in [142]. Given a system withm

inputs andn outputs, if the system is denoted by an operatorG, then its nonlinearitynd can

be described by

nd =min
L
‖G −L‖ (4.1)

whereL is a linear system withm inputs andn outputs, and‖ · ‖ is an induced norm of a

system, defined by the norm of the input and output such that

‖G‖ = max
‖x‖=1

‖Gx‖
‖x‖ . (4.2)
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Therefore, in light of equation (4.1), and using the Euclidean norm as the norm defined in

equation (4.2), the nonlinearity of the systemG is defined as

nd =min
L

max
‖x‖2=1

‖(G−L) x‖2
‖x‖2

. (4.3)

The idea behind this definition is to find a linear system whichcan best approximate the

nonlinear system so that the ‘distance’ between these two systems is minimised.

Correlation refers to the relationship or dependence between two given waveforms. In

the continuous time domain, for the two waveformsx(t) and y(t), the cross-correlation

r x,y (τ) is a measure of their similarity as a function of a time lag applied between them, and

is defined as:

r x,y (τ) =
∫ ∞

−∞
x∗(t)y(t + τ)dt (4.4)

whereτ is the time lag applied toy. By plottingr x,y(τ) againstτ, the cross-correlation may

be examined graphically for similarity. In discrete form, the cross-correlation between two

waveform datasetsxi andyi of lengthN, is defined as:

r x,y ( j ) =
1
N

N−1
∑

i=0

xi yi+ j (4.5)

where j represents the number of sampling points in lag ofτ by which y has been shifted.

The discrete cross-correlation provides a simple quantitative measure of the linear correla-

tion between data points. Normalising (4.5) by the factor

1
N
*
,

N−1
∑

i=0

x2
i

N−1
∑

i=0

y
2
i
+
-

1/2

produces the cross-correlation coefficientρx,y( j ). The correlation coefficient is a normalised

measurement of the degree of correlation between two waveforms. This is identical to the

Pearson correlation coefficient with zero mean. When there is a perfect linear relationship
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between given waveforms, the correlation coefficient is−1 or 1. Otherwise, the value will be

between−1 and 1. Therefore, the Pearson correlation coefficient can reflect a certain degree

of nonlinearity between two nonlinearly interdependent waveforms. Specifically, given a

nonlinear system, if the input signal (as a waveform) isx and the output signal isy, then the

correlation coefficient ρx,y betweenx andy is defined as:

ρx,y =
E
[

(x− x̄)
(

y− ȳ
) ]

σxσy

(4.6)

where E is the expected value operator,σx andσy are standard deviations ofx and y

respectively, ¯x and ȳ are mean values ofx and y. The value ofρx,y reflects the nonlinear

interdependency between the input signal and the output signal, and therefore it measures

the nonlinearity of the system. As signals are sampled, thenρx,y in discrete form is given

by:

ρx,y =
1
σxσy

N−1
∑

i=0

(xi − x̄)(yi − ȳ) (4.7)

wherexi and yi are the samples of the input and output signals respectivelyat sample in-

stancei , x̄ and ȳ are the corresponding mean values, andσx = (
∑N−1

i=0 (xi − x̄)2)1/2 and

σy = (
∑N−1

i=0 (yi − ȳ)2)1/2.

To examine the usefulness of this as a nonlinearity measure for the case of leakage

current signature, two questions are posed:

1. How big does the sample window need to be to guarantee sufficient data is used for

the calculation of the cross-correlation?

2. Understanding the supply voltage and leakage current areperiodic-like waveforms

with a superposition of noise, how does cross-correlation of these waveforms per-

form?

To answer the question on window size and implicitly the number of points captured in
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that window, let’s examine the cross-correlation given in (4.5), denoting it by

SN =
1
N

N
∑

i=1

xi yi+ j

whereN is the length of the dataset. By adding one additional data point, then,

SN+1 =
1

N+1

N+1
∑

i=1

xi yi+ j

=
N

N+1
*
,

xN+1yN+1+ j

N+1
+

1
N

N
∑

i=1

xi yi+ j +
-

=
N

N+1

( xN+1yN+1+ j

N +1
+SN

)

= SN +
1

N+1

(

xN+1yN+1+ j −SN

)

(4.8)

Thus asN increases,SN+1 approachesSN, that is, the larger the window or dataset, the less

effect it has in changingSN+1, and hence the cross-correlation and correlation coefficient.

Therefore the window size and dataset do not have to be too large to capture changes in the

waveforms.

The second question requires construction of two noisy waveforms. Let the two wave-

forms bexi = vi + ǫ i and yi = i i + εi , representing a voltage and current waveform respec-

tively, wherevi and ǫ i are assumed to be uncorrelated. Similarly,i i andεi are assumed

uncorrelated. The discrete cross-correlationr x,y ( j ) of the waveforms is then,

r x,y ( j ) =
1
N

N−1
∑

i=0

[vi + ǫ i ][ i i+ j + εi+ j ]

=
1
N

N−1
∑

i=0

[vi i i+ j + viεi+ j + ǫ i i i+ j + ǫ iεi+ j ]

= r v,i ( j )+ r v,ε( j )+ r ǫ,i ( j )+ r ǫ,ε( j ) (4.9)

The final three terms in equation (4.9) tend towards zero withincreasing window size (time
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lag j ) owing to the assumption that the chosen noises are uncorrelated with the voltage and

current waveforms. For largeN, (4.9) becomes

r x,y ( j ) = r v,i ( j )+ v̄ε̄+ ǭ ī + ǭ ε̄ (4.10)

where v̄, ε̄ and ¯ǫ are the means ofv, ε and ǫ respectively. AsN increases, ¯ǫ → 0 and

ε̄ → 0 thusr x,y ( j ) → r v,i ( j ), the cross-correlation of the two waveforms. This analysis

demonstrates that cross-correlation emphasises the signal properties by reducing the noise

content. Thus the correlation coefficient is quite suitable as a measure for comparing these

waveforms.

4.3.2 The Nonlinearity Measure as an Insulator Condition Identifier

The high voltage insulator can be viewed as a nonlinear system with the supply voltage as

the input and the leakage current as the output. In the ideal case, the output is zero no matter

how high the supply voltage. However, due to the imperfection of the material of the insu-

lator and the influence of the surrounding environment, an insulator with a polluted surface

is partially conductive, therefore a leakage current exists. The behaviour of the leakage cur-

rent is a function of various factors, such as the configuration of the insulators, the types of

insulators, and the pollution distribution, etc. Various models describing the leakage current

and the occurrence of flashover have been proposed either based on experiments or theoret-

ical analysis. These models differ from each other in health states and the configuration of

insulators. If the modelling error is taken into account, itis almost impossible to build such

a model that describes the leakage dynamics for all cases. However, among these models,

common features exist which are:

1. The relationship between the supply voltage and the leakage current is nonlinear. In

the frequency domain, this is represented by disproportionate changes in each spec-
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trum component of the leakage current waveform [47, 86, 87].

2. As the leakage current increases in magnitude, the nonlinearity of the insulator model

is reflected more in the output with distortion and impulses [44, 47].

3. The nonlinearity of the output signal changes according to the health state of the

insulator [64, 84, 86–88].

Noting these features, if the nonlinearity of the insulatoris measurable by monitoring

the relationship between the supply voltage and the leakagecurrent, then the health state of

the insulator, such as the level of pollution can be detected. Furthermore, some catastrophic

events in the power grid can be predicted by analysing the nonlinearity measure.

To explain and justify the use of the nonlinearity measure, let’s look at the insulator as a

system. Cross-correlation [143] can be used to compute the response of a linear system to

an input signal. In this case, the input signal is the supply voltage waveform and the leakage

current waveform is the output signal in response to the insulator system during each period

at which the insulator is behaving in a linear fashion. The phase shift between the input

and output signals must first be removed before examining thesimilarity of the input signal

with the output signal. Now correlating two signals with each other will identify how alike

they are, as well as whether they exhibit periodic or stochastic behaviour. Furthermore, the

power spectrum reveals periodic components of a signal and is also very helpful in time

series analysis. Let’s again consider a waveform datasetxi of lengthN sampled at intervals

of δt such that,

xi = x(iδt), wherei = 0,1, ...,N−1 (4.11)
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The discrete Fourier transform [144] is defined by,

Zk =
1
N

N−1
∑

i=0

xie
− j2πik/N (4.12)

and the power spectrum is defined as

Pk = ‖Zk‖2 = Re{Zk }2+ Im{Zk}2 (4.13)

Each value ofk for which there is a peak in the power spectrum corresponds toa frequency

component, that is a harmonic,

fk =
k

Nδt
(4.14)

in the original time series waveform.

Now consider the following examples:

Example 1:In order to show the changing likeness of two waveforms, comparison of

the Fourier transforms of the time series waveform data willreveal their evolving behaviour.

As an example, Fast Fourier Transforms (FFTs) [145] of the data collected in Section 4.4

are shown for the supply voltage and leakage current in Figures 4.1 and 4.2 respectively.

The axes labels have been removed from these figures for simplicity. The horizontal axes

show the harmonic number, with a fundamental frequencyf1 = 50 Hz. The vertical axes are

a scaled voltage of the supply voltage (V) and the leakage current (LC) in milliamps.

Examining Figure 4.2 clearly shows the power spectrum peaksof the leakage current

increasing for an increasing level of insulator contamination under wet weather conditions.

The power spectrum of the supply voltage in Figure 4.1 shows asympathetic response to

the leakage current which increases in magnitude for an increase in contamination levels.

Also worthy of mentioning is the increase in the 9th, 11th and13th harmonics in these
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Fig. 4.1 FFTs of supply voltages (V) for various levels of contamination under dry and wet
weather conditions (peaking to 51.73 at the fundamental frequency (not shown)).
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Fig. 4.2 FFTs of leakage currents (LC) for various levels of contamination under dry and
wet weather conditions.
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Fig. 4.3 Cross-correlations of phase compensated supply voltage with leakage current for
various levels of pollution.

figures, however there is also a notable increase in the interharmonics as the contamina-

tion increases, further justifying the use of the cross-correlation technique which ‘picks up’

correlations across all frequencies.

Example 2:In order to demonstrate the likeness of two waveforms, or in fact the change

in likeness of two waveforms, comparison of the cross-correlation of the waveforms with

each other graphically displays the evolution. Consider the cross-correlation of the phase

compensated waveforms for a supply voltage with the leakagecurrent of (a) a non-polluted

insulator; (b) a heavily polluted insulator; (c) a wet non-polluted insulator; and, (d) a wet

heavily polluted insulator. The cross-correlations are displayed in Figure 4.3.

It is clear from Figure 4.3 that different leakage current signatures produce a range of

cross-correlations, and hence correlation coefficients although being the resultant leakage

current for the same insulator system. This identifies the nonlinear nature of a polluted high
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voltage insulator. To quantify and identify the changing response of the insulator system, the

nonlinearity measure is established as a quantitative measure reflecting the extent to which

a waveform deviates from the ideal linear counterpart.

4.3.3 Defining the Nonlinearity Measure

Inspired by the ideology above, a nonlinearity measure of the insulator system can be de-

fined by maximising the correlation coefficient between the supply voltage waveform and

the leakage current waveform within a set time window with regard to the phase difference.

To do this, the basic profile of these two waveforms needs to beclarified. From experiment,

we know that the leakage current waveform is almost periodicprior to the development of

flashover, denoted in [46] as the initial stage, and in [84] asthe security stage. Varying phase

shifts between the supply voltage waveform and the leakage current waveform exist. Then,

more and more intermittent impulses appear in the waveform until flashover occurs. By

adjusting the phase shift to align the zero crossings, the maximum value of the correlation

coefficient, which will be a positive number, can be derived. If theperiod of the supply volt-

age isT, the time window is chosen to be [t0, t0+mT], and the two waveforms are denoted

by v(t) andi (t) respectively, then the nonlinearity measure of the insulator can be defined

as:

nd = 1−max
o
ρ⌊v(t+o)⌋,i (t) (4.15)

whereo ∈ [0,mT] is the phase offset,t ∈ [t0, t0+mT] and

⌊v(t +o)⌋ =



v(t +o−mT) if t +o> t0+mT

v(t +o) otherwise

(4.16)

The value ofnd is monotonic with respect to the degree of nonlinearity. When the two wave-

forms are linearly correlated, in which case max
o
ρ⌊v(t+o)⌋,i (t) = 1, the nonlinearity measure
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nd = 0.

The Pearson correlation coefficient is chosen as the measure of nonlinearity for four

reasons even though it is not a norm:

1. The norm is a function to measure the ‘size’ of a signal or ‘distance’ between two

signals. In this case, the correlation coefficient reflects the distance between two

waveforms in the sense of the ‘shape’ of the signals. It is notsensitive to the scaling

operation. Therefore, it captures the key feature of the insulator, namely the nonlin-

earity.

2. The correlation coefficient can be positive or negative. By carrying out the maximi-

sation operation in the definition ofnd, the value of the correlation coefficient will

be always positive since the supply voltage is practically in sinusoidal form. Let us

supposeρ⌊v(t+o0)⌋,i (t) < 0, then it is true thatρ⌊v(t+o0+0.5T)⌋,i (t) > 0.

3. The correlation coefficient is not sensitive to white noise. Calculating the correlation

coefficient using the data acquired in the experiment suggests that the correlation co-

efficient is not sensitive to typical insulator noises consisting of random number of

minor peaks in low amplitudes [93]. Therefore, it avoids preprocessing of the data by

filtering the noise which induces information loss.

4. In practice, since the waveforms can only be sampled usingdigital equipment, the

computation of the correlation coefficient will use discrete samples.

4.4 Experimental Configuration and Results for a Single

Insulator System

The experimental system consists of a high voltage power supply, the insulator and data

collection equipment. The configuration is shown in Figure 4.4. The supply voltage and the
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Fig. 4.4 The configuration of the leakage current measurement system

leakage current which is converted to a voltage waveform by aspecifically designed circuit

with an appropriate amplification factor are collected by a digital oscilloscope. The RMS

value of the supply voltageVs, was set at various voltages as described below. A time win-

dow with 5 periods is set to record the waveforms. The cap-and-pin type insulator was used

as this is the typical insulator found where pole top fires occur in Victoria, Australia. The ar-

tificial contamination material was introduced according to the IEC insulator contamination

standard [146]. One litre of water, 40 g of Kaolin and a certain amount of salt were mixed

to form the contamination material to achieve various pollution layer conductivity levels. In

this experiment, the mixture of water, Kaolin and a different amount of salt were sprayed

onto the surface of an insulator to form the contamination layer. Dry and wet conditions for

the insulator were carefully produced.

4.4.1 Varied Applied Supply Voltages

For the case of a dry heavily polluted insulator, the voltages were set to 12.7 kV, 8 kV, and

6 kV respectively. The voltage and current waveforms were recorded by the oscilloscope



98 Measuring Leakage Current Nonlinearity for a High Voltage Insulator

Current Waveform

Voltage Waveform

Fig. 4.5 Image captured from the oscilloscope (dry contaminated insulator with supply volt-
age 12.7 kV).

and one of the images captured is shown in Figure 4.5. In this image the insulator was in a

dry weather condition and the supply voltage is 12.7 kV represented by the green waveform.

The blue waveform is the voltage signal representing the leakage current. The leakage

current shown in the image is distorted to such a degree with noise and harmonics that it

is no longer sinusoidal. The two waveforms are both periodicin nature, with the same

period. The image captured also depicts a phase shift or phase difference between the two

waveforms. The results for when the supply voltages were setat 8 kV and 6 kV under dry

weather conditions are shown in Figure 4.6.

Following examination of the dry insulator, water was sprayed onto the insulator to

simulate the wet weather condition caused by a foggy atmosphere, that is heavy moisture

in the air. The supply voltage was again set to 12.7 kV and the data acquired is shown in

Figure 4.7. By examining all data captured, two pattern variations were found:

1. As the supply voltage is increased, the amplitude of the leakage current becomes

larger, with stronger correlation to the supply voltage.



4.4 Experimental Configuration and Results for a Single Insulator System 99

0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1
−30

−20

−10

0

10

20

30

Time(S)

V
o
lt
a
g
e
(V
)

Leakage current and supply voltage (8kV)

leakage current

supply voltage

(a)

0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1
−30

−20

−10

0

10

20

30

Time(S)

V
o
lt
a
g
e
(V
)

Leakage current and supply voltage (6kV)

leakage current

supply voltage

(b)

Fig. 4.6 Measured supply voltages and leakage currents for:(a) a dry insulator at 8 kV; (b)
a dry insulator at 6 kV.
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Fig. 4.7 Supply voltage and leakage current (wet contaminated insulator with supply voltage
12.7 kV).
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2. After the insulator becomes wet, the amplitude of the leakage current increases sig-

nificantly. There is a strong correlation between the supplyvoltage and the leakage

current waveforms.

By virtue of equation (4.15), the derived results for the nonlinearity measure of the

insulator are shown in Table 4.1. The table also shows the amount of energy dissipated by

the leakage current (in scaled units). From these results, the following conclusions may be

drawn:

1. Creating wet weather fog conditions by wetting the polluted layer on the high voltage

insulator significantly decreases the nonlinearity measure while significantly increas-

ing the energy of the leakage current.

2. As the supply voltage increases, the nonlinearity measure decreases while the leakage

current energy increases.

When the supply voltage is so high that the pollution layer cannot tolerate, flashover and

arcing occur. The leakage current then changes its shape andmagnitude. The corresponding

nonlinearity measure then increases. However, given a fixedsupply voltage, based on the

variation of the nonlinearity measure, it is not sufficient to identify an abnormal event of

an insulator. For instance, when fog ‘encumbers’ insulators in an area, the nonlinearity

measure monitored will decrease considerably. The leakagecurrent is high if the insulator

is heavily polluted. When the fog suddenly dissipates, the leakage current will heat up the

polluted layer on the insulator and dry it very quickly whilethe nonlinearity measure rises

sharply. When relying on this phenomenon only, it is difficult to distinguish this type of

event from arcing where the nonlinearity measure may also rise. However, if the energy

dissipated of the leakage current is also observed, these two events can be discriminated

from each other, since one event occurs with the increase of energy while the other occurs

with a decrease of energy.
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Table 4.1 Nonlinearity measure for different supply voltages under dry and wet weather
conditions for a heavily polluted insulator.

Supply Voltage nd (dry) nd (wet) Energy (dry) Energy (wet)

12.7 kV 0.2773 0.0327 13.9707 46.1519
8 kV 0.6728 0.0566 9.7615 32.1288
6 kV 0.8165 0.0933 9.0574 21.1751

The pattern of the data variation drawn from Table 4.1 is of practical significance and

can provide a practical method for detecting abnormal events and identify some of these

event types.

4.4.2 Various Contamination Levels at a Fixed Supply Voltage

Following on from examining a polluted insulator for various supply voltages, the experi-

ment was repeated with various levels of contamination at a fixed supply voltage, to examine

the effect of the contamination level on the leakage current. The voltage was fixed at 12.7 kV

being the line-neutral voltage for a 22 kV distribution system, which is the voltage level used

for the majority of Victoria, Australia. The artificial contamination material was introduced

and various conductivity levels of the pollution layer wereachieved by adjusting the amount

of salt content from 5 g up to 20 g. The current waveforms shownin Figure 4.8 are again

distorted with harmonics and noise suggesting a nonlinear system. The two waveforms are

again both periodic with the same period. Note the phase shift between the voltage and

current waveforms in the figure.

Correlation Coefficient and the Nonlinearity Measure

In signal processing theory, data is usually pre-processedwhich induces loss of information.

In this section, data pre-processing is not required to calculate the nonlinearity measurend.

Therefore, the information is preserved as much as possible. To calculatend, the phase

shift between these two waveforms needs to be adjusted so that the maximum value of the
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Fig. 4.8 The scaled supply voltage and leakage current before phase compensation for: (a)
a dry non-contaminated insulator; (b) a wet non-contaminated insulator.

correlation coefficient can be obtained. Since the data is discrete, it is easy to determine

the phase adjustment value. The waveforms after phase adjustment are shown in Figure

4.9 (the amplitudes of the voltage and current waveforms have no effect on the correlation

coefficient, so the magnitude of the voltage and leakage current waveforms in each figure

are scaled to fit).

The maximum correlation coefficient derived is 0.7238 and therefore the calculated non-

linearity measure isnd = 0.2762. Before contamination material is applied to the insulator,

the insulator is cleaned and dried. The leakage current waveform is recorded and shown in

Figure 4.8 (a). The calculated nonlinearity measure isnd = 0.1241. Then, water is sprayed

onto the clean insulator to obtain the leakage current waveform for a wet insulator (Figure

4.8 (b)). The obtained nonlinearity measure isnd = 0.0697. Figures 4.8 (a) and (b) suggest

that the nonlinearity measures decrease considerably whenthe surface is wet. The contam-

ination material is then sprayed uniformly onto the surfaceof the insulator and the leakage

current data is collected.
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Fig. 4.9 The scaled supply voltage and leakage current afterphase compensation for a dry
clean insulator.

After the contamination layer is dried naturally, the leakage current is collected again to

compare with the other data. The calculated nonlinearity measures are depicted in Figure

4.10 with the horizontal axis indicating the amount of salt mixed in the material. In the

figure, the dashed horizontal line indicates the nonlinearity measure (nd = 0.1241) for a

clean insulator in a dry condition. Using this dry state as a benchmark, the nonlinearity

measures for contaminated insulators in a dry condition drop to values less than 0.1241. The

solid horizontal line indicates the nonlinearity measure (nd = 0.0697) for a clean insulator in

a wet condition. Compared with the insulator in a dry condition, the degree of nonlinearity

falls. When the insulators are contaminated, the nonlinearity measure drops more than half

of the value for a dry clean insulator, that is, in a wet condition, the supply voltage and

the leakage current are more linearly dependent. In summary, the insulator nonlinearity

can be concluded to decrease the nonlinearity measure when the insulator is either wet,

contaminated or both wet and contaminated.
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Fig. 4.10 Variation of the nonlinearity measurend with respect to the content of salt in the
contamination mixture.

Representative Power as a Measure

When assuming the leakage path resistance remains constant, then the power dissipated by

the leakage current may be represented by the square of the Euclidean norm of the vec-

tor, representing the leakage current waveform, divided bythe vector length. Examining

this representative power, a considerable increase in its magnitude is observed (Figure 4.11)

when the insulator is wet, or contaminated, or both wet and contaminated. It must be noted

this is only representative as Section 3.6.2 showed the resistance of a wooden pole (forming

part of the leakage path) does not remain constant but in factdecreases under wet weather

conditions. In this experiment there was no simultaneous wetting of such a wooden pole.

Similarly, insulator contamination also decreases the resistance of the leakage path. Under-

standing the change in resistance of the leakage path on the insulator may help in identifying

the different health states of the insulator.
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Fig. 4.11 Variation of the representative power of leakage current with respect to the content
of salt in the contamination mixture.

For the insulator with a clean surface, the representative power of the leakage current

before and after wetting are 0.916× 10−4 and 1.58× 10−4 respectively. This is shown in

Figure 4.11 by two horizontal baselines. When the insulatoris both contaminated and wet,

the representative power increase to a magnitude larger than 5.8×10−4 which is six times

the value for the dry clean insulator, or half an order of magnitude. Thus, representative

power of leakage current serves as another quantitative measure of leakage current on a

single insulator with various contamination levels and weather conditions.

Fractal Dimension as a Measure

Fractal dimension is useful for describing non-Euclidean geometry as explained in Sec-

tion 2.5.2. Hence, the fractal dimension can also be used to measure nonlinear systems, in

particular the single insulator system. Examining the phase portraits of the insulator system

for a qualitative description will provide a useful visual characterisation of the time-evolving
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behaviour [147]. Once there is a qualitative understandingof this behaviour, several fractal

dimensions can be examined for use as a quantitative measureto follow the evolution of the

insulator system.

Figure 4.12 shows the progressive changes in the phase portraits for the insulator system

as the level of contamination increases from no pollution tomedium pollution levels. Note,

there is little noticeable change for phase portrait characteristic under dry weather condi-

tions. This is to be expected, as the leakage current path is still highly resistive. Also, when

the insulator is very clean and wet the phase portrait characteristic is again similar to that for

dry weather conditions. However, when there is any level of pollution under wet weather

conditions the phase portrait is different. Furthermore, as the level of pollution increases,

the shape of the phase portrait becomes distorted. Thus, measuring the fractal dimension

of these phase portraits should provide a good measure for the increased leakage current

activity conducive to heating of smaller metal parts in the leakage path.

Using established routines in MATLAB® [148], the three cases of fractal dimension

defined in Section 2.5.2 were calculated and are shown in Table 4.2. These three cases are

the box dimension (db), the information dimension (di ) and the correlation dimension (dc).

Studying these cases of fractal dimension, it is clear that the box dimension is superior for

this application as its magnitudedrops sharplyfor the most distorted of the phase portraits,

that is for the most contaminated insulator system under wetweather conditions. Thus, for

the levels of contamination examined here the box dimensionof the insulator system serves

as a fair quantitative measure of leakage current, althoughsusceptible to noise.

4.5 Measuring Leakage Current prior to Flashover

There is a stage prior to flashover where the leakage current appears as isolated peaks that

occur with increasing frequency [46, 84, 86, 87]. This is owing to the increasing intensity

of arcing activity [46]. The waveform is aperiodic which is atypical phenomenon during
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Fig. 4.12 Phase portraits of a high voltage insulator for various levels of contamination under
dry and wet weather conditions; x-axis: scaled supply voltage, y-axis: leakage current in
milliamps.
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Table 4.2 Fractal dimensions with an embedding dimension= 2 of high voltage insulator
for various levels of contamination under dry and wet weather conditions.

Pollution Weather Box Information Correlation
Level Condition Dimension (db) Dimension (di ) Dimension (dc)

clean dry 1.1745 0.7631 0.2011
5g dry 1.1488 0.7662 0.2041
10g dry 1.1442 0.7902 0.2138
15g dry 1.1703 0.7640 0.1934
20g dry 1.1308 0.7709 0.2051

clean wet 1.1661 0.7750 0.2006
5g wet 1.1618 0.8336 0.3586
10g wet 1.1531 0.7804 0.2053
15g wet 1.1661 0.8082 0.3425
20g wet 1.0927 0.7675 0.2083

the development of flashover. This stage is the transition period to flashover. If this stage

can be identified, then the flashover can be predicted and avoided. Therefore, analysing the

leakage current waveform in this period is of much significance. A typical leakage current

waveform at this stage is depicted in Figure 4.13 (a) [46] (this type of waveform is also

reported in [84, 86, 87]). The supply voltage for this case has a frequency of 60 Hz. In

the transition stage, the contamination layer on the insulator changes its physical condition

which results in the variation of the nonlinearity of the insulator which is reflected in the

leakage current.

To calculate the nonlinearity measurend, a time window with 5 periods was utilised

to obtain a segment of the leakage current waveform and the supply voltage waveform

to calculate the nonlinearity measurend. Here, the supply voltage was a sinusoid. By

sliding the time window along the time axis of the leakage current, the variation ofnd was

derived and shown in Figure 4.13 (b). This figure illustratesthe nonlinearity measure was

considerably large for most points of time, reaching the highest level of 0.7 at t ≈ 0.05s,

indicating strong nonlinearity. The measure reached a low of 0.1390 att ≈ 0.175s, larger

than most of thend data obtained in Section 4.4. Examining the representativepower in
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Figure 4.13, a bell-shaped curve peaking att ≈ 0.175s was observed. This measure does

not pick up when nonlinearities begin occurring, but is useful in corroborating the increase

in dissipation of power caused by the leakage current after the nonlinearity effects have

occurred.

The leakage current waveform is again reproduced in Figure 4.14, this time for compari-

son with the box dimensiondb, the information dimensiondi and the correlation dimension

dc. Surprisingly the box dimension produces a bell-shaped curve similar to the representa-

tive power, which is explained by the shapely leakage current disturbance, although contrary

to the observations for much lower levels of contamination in Section 4.4. Both the infor-

mation dimensiondi and the correlation dimensiondc detect the nonlinearity changes at

t ≈ 0.075s, 25 ms later than the nonlinearity measurend. Betweent = 0.15s andt = 0.225s

di picks up the shapely leakage current activity which was alsopicked up bydb, however

dc discounts this activity similar to the nonlinearity measure. At t = 0.25s, bothdi anddc

detect more changes in the leakage current activity, that isthe nonlinearity which was also

picked up bynd. Thus, the correlation dimension also picks up the nonlinearities detected

by the nonlinearity measure, however with a slight time lag of approximately 25 ms.

4.6 Discussion

This chapter has established a new nonlinearity measure useful for providing quantitative

information regarding nonlinear systems. This measure adds to the suite of techniques used

for leakage current analysis. This technique has the advantage of including interharmonics

which have been omitted by other established techniques. The nonlinearity measure was

defined in terms of the correlation coefficient. It was determined when examining wave-

forms, the sample window size and the dataset being contemplated do not have to be too

large to capture waveform changes. Furthermore, when assuming noise was uncorrelated,

the correlation coefficient was deemed suitable as a measure for comparing waveforms. The
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Fig. 4.13 A typical leakage current waveform in the stage prior to a flashover, and the cor-
responding progression of the nonlinearity measurend and representative power measure.
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Fig. 4.14 A typical leakage current waveform in the stage prior to a flashover, and the cor-
responding progression of three fractal dimensions as measures.
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high voltage insulator was then examined and the results observed highlighted the leakage

current signature of contaminated insulators representedby a nonlinearity measure.

Further examination via a representative power measure andfractal dimensions also

prove useful. Representative power can be used to corroborate the presence of heat dissipa-

tion caused by leakage current. Inspecting the phase portraits at different levels of contam-

ination under different weather conditions for qualitative information revealed a changing

shapely trajectory, suitable for measurement by fractal dimension. The box fractal dimen-

sion identified shapely leakage current activity while the correlation fractal dimension de-

tected nonlinearities. The information fractal dimensiononly provided just that, information

indicating some sort of activity was occurring, however, this fractal dimension was unable

to distinguish what that information represented.

Utilising a leakage current waveform accepted in the literature as typical in the stage

prior to flashover, the nonlinearity measure, representative power, and three fractal dimen-

sions were examined. The results confirmed that both the nonlinearity measure and the

correlation fractal dimension do indeed identify nonlinearities in a waveform, even of small

magnitude. Thus, based on the knowledge provided by the nonlinearity measure and the

information fractal dimension, the health state of the insulators can be identified and are

quite suitable for contributing to a LCHI. This is of great importance for flashover predic-

tion to help reduce the number of fire starts. Moreover, carefully combining the measures

established in this chapter with a combination of traditional leakage current analysis tech-

niques and learning algorithms or neural networks are expected to provide a LCHI with

speed and accuracy. A further benefit of the nonlinearity measure technique is that it can

be implemented on a quasi real-time basis because only a few cycles of the leakage current

waveform are required to calculate the nonlinearity measure. This means the condition of

the insulators can be monitored almost in real-time.

There are a number of points to be clarified here about the completeness of this work
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and the practical implementation. The insulator used in theexperiment had various levels of

pollution applied. The data was drawn under dry and wet conditions. More experiments are

needed to consider much higher levels of pollution as well asdifferent types of insulators

and a large range of humidity levels [88, 91]. Insulators under different temperatures should

also be studied [149]. Furthermore, different contamination mixtures should be tested with

the proposed techniques [150]. Arcing and flashover waveforms should also be collected to

further verify the profile in Section 4.5.

This chapter has only considered a single high voltage insulator. To build a more com-

plete profile of contaminated insulators forming a distribution feeder, further systematic

analysis will be considered in Chapter 5.

4.7 Summary

A nonlinearity measure has been used to present a new leakagecurrent analysis technique,

which can be applied to a vast variety of insulation systems in power grids. Further mea-

sures which include the representative power, the box dimension, the information dimension

and the correlation dimension are also considered. A profilefor a contaminated insulator

has been built under different weather scenarios. It can be concluded that light contam-

ination and wetting reduce the degree of nonlinearity of theinsulators. For the leakage

current waveform in the stage prior to flashover, the profile captured is unique and contains

a high degree of fluctuating nonlinearity with a significant increase of the representative

power of leakage current. The results suggest that the insulator exhibits various degrees of

nonlinearity under different weather conditions and at different stages of the development

of flashover. The new nonlinearity measure and the correlation fractal dimension provide

valuable quantitative tools for the study of insulator flashover prediction.





Chapter 5

Systematic Power Line Modelling and

Leakage Current Analysis

5.1 Overview

Following on from the concepts, techniques and measures established for a single polluted

high voltage ceramic insulator, this chapter aims to extendthese to application to an over-

head power line and a group of power lines. Utilising measures, the health state and health

profile of a power line shall be developed, paving the way for afuture ‘health index’ to

smartly monitor leakage currents. Section 5.2 applies the results from Chapter 4 to a set

of insulators forming a high voltage power line under three different scenarios. For each

scenario, a model of the power line configuration is systematically created, followed by

performing measure analysis on the leakage current results. Section 5.3 tests the measures

established in Chapter 4 utilising data collected in the field for a pole fire event. Section 5.4

discusses how each measure performs and contemplates on howthese measures may be

used to establish a LCHI.
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5.2 Systematic Power Line Modelling and Analysis

In practice, it is impractical to monitor every insulator. Instead, it is more reasonable to

monitor the leakage current on a set of insulators on a power line (feeder) or at the very

least a segment of the power line. In this section, a systematic approach to analysing power

lines is considered. The feeder will be constructed as a set of polluted insulators. The feeder

will be considered under partly dry and partly wet weather conditions. Some assumptions

and basic analysis will be made. Then, based on the experimental results in Chapter 4,

correlation coefficients, the nonlinearity measure, the representative power and the fractal

dimensions will be computed for various feeder configurations. By increasing the number

of insulators, the weather conditions that affect the leakage current will be examined. Com-

paring various levels of contamination on a set of insulators under wet weather conditions

with that of a clean set of insulators shall shed light on identifying the contamination level

of the insulators.

5.2.1 Case Study I: A Simple Set of Insulators System

For this first case study of leakage current for a set of insulators, a simple single-phase

system is established where the resistance, inductance andcapacitance of the power line

is assumed negligible such that all of the insulators receive the same voltage supply. The

source impedance is also assumed negligible, and the line isassumed unloaded. The insu-

lators on the feeder are assumed to have the same level of contamination (with the same

amount of salt) but under different weather conditions. Various contamination levels will

be considered. The supply voltage is assumed to be an ideal sinusoidal waveform. The

data acquired in Chapter 4 for a single insulator system can be utilised through summation

of individual insulator leakage currents to generate the overall leakage current for a feeder

subject to controlled conditions for the entirety of the feeder. This takes into account the

phase difference between the leakage current and the supply voltage.
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Fig. 5.1 The scaled waveforms of the supply voltage and the leakage current for the case
study of a simple system set of insulators.

Feeder Circuit Configuration

The feeder considered in this scenario consists of 25 insulators. The conditions are con-

trolled as explained in the following example: if the supplyvoltage is 12.7 kV and there are

20 insulators in a dry weather condition together with another 5 insulators in a wet weather

condition, then the leakage current generated in the overall 25 insulators will be the sum of

the leakage current of the 20 dry insulators and the leakage current of the 5 wet insulators.

The waveform generated in this scenario is shown in Figure 5.1. The procedure for calculat-

ing the leakage current for this simple system set of insulators is straightforward. It imitates

a set of insulators in the same area which have similar contamination levels. Nevertheless,

it has some short comings. For instance, it neglects the interaction among the insulators and

the impedance of the feeder. However, these shortcomings donot affect the introduction of

the idea before further analysing lossless and lossy lines in Sections 5.2.2 and 5.2.3.
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Measure Results and Analysis

The nonlinearity measure, the representative power, and the three fractal dimensions box

dimension, information dimension and correlation dimension all as measures of the leakage

current were calculated accordingly. The fractal dimensions were all calculated with an

embedding dimension equal to 2. By increasing the number of wet insulators from 0 to 25,

curves were derived reflecting the variation of the nonlinearity measure, the representative

power and the fractal dimension as shown in Figures 5.2, 5.3 and 5.4 respectively. For the

convenience of comparison, the corresponding values for a clean insulator are marked in

Figures 5.2 and 5.3 by solid horizontal lines.

Figure 5.2 indicates that the relationship betweennd and the number of wet insulators

in the set is nonlinear. When more than 6 insulators are wet,nd drops to less than half of

the value for a single clean dry insulator. Figure 5.3 shows there is a monotonic increase in

representative power when there were more wet insulators, no matter the insulators’ contam-

ination level. Furthermore, the representative power increases significantly in comparison

with a clean set of insulators. Examining the three graphs offractal dimension in Fig-

ure 5.4, there was no discerning difference between the three dimensions, nor was there any

noticeable difference between contamination levels as the number of wet insulators increase.

Thus, the fractal dimension provides no further information for this simple set of insulators

system.

5.2.2 Case Study II: A Lossless Set of Insulators System

In this case study of leakage current for a set of insulators,a lossless line will be consid-

ered. A typical single-phase equivalent circuit diagram for an overhead distribution feeder

mounted on insulators via a crossarm fixed to a wooden pole is shown in Figure 5.5. This

system is in a quasi-steady state condition without any transients, that is, the feeder is a

leaky line, where the leakage current data acquired in Chapter 4 is again used to generate
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Fig. 5.2 Variation in the nonlinearity measurend for the number of wet insulators on a
simple insulator set system at different levels of salt contamination.
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at different levels of contamination as the number of wet insulators is varied.
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each leakage current on the line. These line leakage currents are small in magnitude without

any line load in the proposed scenarios, so the following modelling needs to be treated with

caution as the models may deviate from practical expectations for full line currents.

Feeder Circuit Configuration

The circuit parameters for the overhead power line feeder configuration assumes the line

resistancesRL−1, RL−2, . . .,RL−n are all zero. The distance between each pole is assumed to

be equal, and the conductor is assumed to be of the same type for the entire length of the

line, hence the inductive impedance of each line segment being equal. Thus, the inductive

impedances areXL−1 = XL−2 = · · · = XL−n = XL. The crossarm resistancesRarm−1,Rarm−2,

. . .,Rarm−n, the wooden pole resistancesRpole−1,Rpole−2, . . .,Rpole−n and the capacitive im-

pedance of each wooden poleXC−1,XC−2, . . .,XC−n are assumed to be each of zero magni-

tude, hence being a zero impedance. The high voltage insulator resistancesRins−1,Rins−2,

. . .,Rins−n are known to be nonlinear resulting in leakage currentsILC−1, ILC−2, . . ., ILC−n

derived as indicated above. The voltage source resistanceRs is assumed negligible. The

supply voltage source is assumed similar to the data acquired in Chapter 4.

The leakage currentsILC−i wherei = 1,2, . . .n are assumed to be in phase with the volt-

age source, that is synchronised. Now, using Kirchhoff’s current law for each segment

n,n−1, . . .,2,1 the currents out of each node sum to be the current into the node. At each

node i except for nodei = n, the line current goes through a 90° phase shift by way of

the inductanceXL−i . The line currentIL−i in each segmenti = 1,2, . . .,n−1 is resolved by

summing the leakage currentILC−i with the next segment’s line currentIL−i+1. Thus, the

source currentIs = IL−1 can be calculated using a procedure where each leakage current

ILC−n−1, . . ., ILC−2, ILC−1 is shifted in turn by the phase angle 90° and summed to produce

IL−1. For the purposes of this scenario, the line is unloaded, andthe feeder is 7.5 km long

with power poles spaced 50 m apart. Hence, the line consists of 150 insulators. The condi-
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Fig. 5.5 Circuit diagram of overhead distribution feeder with line suspended on insulators
mounted on a crossarm attached to wooden poles.

tions are again controlled as explained in Section 5.2.1, however 150 insulators are used in

place of the 25 insulators considered in the simple system case.

Measure Results and Analysis

Once the system voltageVs and system currentIs of the lossless line were established, the

nonlinearity measure, the representative power, and the three fractal dimensions being ex-

amined were calculated. Again, the fractal dimensions werecalculated with an embedding

dimension of 2. By increasing the number of wet contaminatedinsulators from 0 to 150,

curves were derived which reflect the nonlinearity measure,the representative power and

the fractal dimension as illustrated in Figures 5.6, 5.7 and5.8 respectively. The measure

values for a single clean insulator and single wet insulatorare also shown in Figures 5.6

and 5.7 for comparison.

The relationship betweennd and the number of wet insulators in the set was clearly

cyclic and nonlinear. The cyclic nature was most likely caused by the construction of the

lossless line, that is with equal pole spacings and zero resistance lines. In this case, the non-

linearity measure provides little useful information for the change in contamination of an

increased number of wet insulators. The representative power also displays an unusual char-
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Fig. 5.6 Variation in the nonlinearity measurend for the number of wet insulators on a
lossless feeder at different levels of salt contamination.

acteristic, that is cyclically increasing for low contamination levels, and cyclically decreas-

ing as the contamination levels increase. Again, this is likely attributed to the interference

pattern being created by the lossless line. Examining the fractal dimension graphs, the box

dimension shows little difference between contamination levels, but both the information

dimension and the correlation dimension show a fall in the dimension magnitude (although

with a cyclic behaviour). The correlation dimension magnitude drops away from the lower

levels of contamination for only 80 insulators, as does the information dimension. However

the drop by the correlation dimension is much more dramatic.Thus, the information and

correlation dimensions were able to distinguish the higherlevel of contamination for the

lossless line case study.
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Fig. 5.7 Variation in the representative power of leakage current for the number of wet
insulators on a lossless feeder at different levels of salt contamination.

5.2.3 Case Study III: A Lossy Set of Insulators System

The third case study will investigate the leakage current for a set of insulators forming a

lossy line. The single-phase equivalent circuit diagram for an overhead distribution feeder

shown in Figure 5.5 will once again be used. In this scenario,the system is again a quasi-

steady state condition without any transients and the feeder is a leaky line. The distance

between each pole is assumed to be equal. The power line will be based on the feeder

‘MC3’ featured in the single line diagram of a zone substation pictured in Figure 5.9 [151].

This feeder is approximately 7.5 km long and the conductors making up the overhead part

of the feeder consist of sections of aluminium conductor with steel reinforcement (ACSR)

and all aluminium conductor (AAC) [152], while the underground cable sections are made

of copper and aluminium cables [153]. For the purposes of this analysis, the feeder will be

assumed to be ACSR conductor for the entire length of the feeder.
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Fig. 5.8 Fractal dimensions for a lossless system of a set of high voltage insulators on a
feeder at different levels of contamination as the number of wet insulators is varied.
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Feeder Circuit Configuration

The parameters for the overhead power line circuit assumes positive equal line resistance

segments such thatRL−1 = RL−2 = · · · = RL−n = RL and positive equal line reactance seg-

ments such thatXL−1= XL−2= · · ·= XL−n= XL, that is a lossy line. The crossarm resistances

Rarm−1,Rarm−2, . . .,Rarm−n, the wooden pole resistancesRpole−1,Rpole−2, . . .,Rpole−n and the

capacitive impedance of each wooden poleXC−1,XC−2, . . .,XC−n are assumed to be each of

zero magnitude, hence being a zero impedance. The high voltage insulator resistancesRins−i

wherei = 1,2, . . .n are known to be nonlinear, resulting in corresponding leakage currents

ILC−i which shall be derived in a similar fashion to Case Study II. The voltage source re-

sistanceRs is assumed negligible. The supply voltage source is assumedsimilar to the data

acquired in Chapter 4.

Examining the fault level database [153] for the zone substation, which details the re-

sistance and reactance of the feeder conductors, section bysection, the ACSR conductor

components corresponding to the feeder ‘MC03’ were derivedto ber l = 0.001Ωm−1 and

xl = j0.0023Ωm−1. HenceRL = 0.051163Ω andXL = j0.115116Ω for each 50 m span.

Utilising the following electrical impedance relationships [154]:

‖Z‖ =
√

ZZ∗ =
√

R2+X2 (5.1)

and

X = ‖Z‖sinθ (5.2)

whereZ is apparent impedance,R is resistance,X is reactance, andθ is the phase shift

between the voltage across it and the current through it, thephase shift between each leakage

currentILC−i can be shown to equal 66°. The leakage currentsILC−i wherei = 1,2, . . .n are

assumed to be in phase with the voltage source, similar to thecase study in Section 5.2.2.
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Fig. 5.9 Single Line Diagram (SLD) of a typical Zone Substation with ten 22 kV radial
feeders for distribution in Melbourne, Victoria.

Using the same procedure illustrated in Section 5.2.2, the source currentIs can be calculated

but in this case using a phase shift angle of 66°. For the purposes of this scenario, the line is

unloaded, and the feeder’s power poles spaced 50 m apart. Hence, the line consists of 150

insulators. The contamination and weathering conditions are controlled in a similar fashion

to that in Section 5.2.2.

Measure Results and Analysis

After establishing the system voltageVs and system currentIs of the lossy line, the non-

linearity measure, the representative power, and the threefractal dimensions under consid-

eration were again calculated. The fractal dimensions had an embedding dimension of 2.

The number of wet contaminated insulators were increased from 0 to 150, similar to Sec-

tion 5.2.2 and the nonlinearity measure, the representative power and the fractal dimension
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were plotted in Figures 5.10, 5.11 and 5.12 respectively. For reference, the measure values

for both a single clean insulator and single wet insulator are shown in Figures 5.10 and 5.11.

The relationship betweennd and the number of wet insulators in the set clearly differs

from that of the lossless line in Figure 5.6. There is again a cyclic nonlinear nature to the

graph, however the cycles now do not hit the ceiling of 1 as thenumber of wet insulators

increase. Again, there seems to be resonances occurring owing to interference patterns

created by the structure of the line which are causing these oscillations. The representative

power has a different structure completely to that of the simple system and lossless lines in

Figures 5.3 and 5.7 respectively. The representative powerhas very different progression

for each contamination level as the number of wet insulatorsincrease. This could possibly

be used as a measure with a training algorithm.

Studying the fractal dimension graphs in Figure 5.12, the box dimension provides no dis-

cernible difference between each contamination level. The information dimension and the

correlation dimension do show a drop in magnitude past 120 wetted insulators. Moreover,

the correlation dimension drops dramatically, achievingdi ≈ 0.2 for 150 wetted insulators.

Thus, the correlation dimension is able to distinguish the higher level of contamination for

this lossy line case study.

5.2.4 Adding Finite Pole Impedance to the Case Studies

The diagram in Figure 5.5 details the components making up a power line feeder. The case

studies proposed scenarios where the pole impedance and crossarm impedances were both

neglected. Data collected in the laboratory measured leakage current through a high voltage

insulator where its pin was directly connected to ground. Thus, that data was valid for use in

the proposed scenarios. For the situations of adding crossarm impedance, or wooden pole

impedance or both, the leakage currents through each polei = 1,2, . . .n would be altered

from that in the case studies. This will reduce the current magnitude and alter the current
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Fig. 5.10 Variation in the nonlinearity measurend for the number of wet insulators on a
lossy feeder at different levels of salt contamination.
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Fig. 5.11 Variation in the representative power of leakage current for the number of wet
insulators on a lossy feeder at different levels of salt contamination.
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Fig. 5.12 Fractal dimensions for a lossy system of a set of high voltage insulators on a feeder
at different levels of contamination as the number of wet insulators is varied.
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phase.

Chapter 3 established 2700 kΩ and 143 kΩ as the resistancesRarm−i of a typical weath-

ered wooden pole operating at 22 kV in a dry and wet weather condition respectively and

0.49 nF and 2.82 nF as the capacitancesCi = 1/ jωXC−i of a typical weathered wooden pole

operating at 22 kV in a dry and wet weather condition respectively. However, Kirchhoff’s

current law does not alter the fact the current through any current pathi must be equal along

the path length. So unfortunately no further modelling which includes pole impedance can

be justified as a valid recreation of typical observations from an overhead distribution feeder.

Further laboratory experiments including either a wooden pole or a simulated wooden pole

with the above attributes are needed for analysis and was beyond the laboratory capabilities

at the time of study.

5.2.5 Further Extensions of Power Line Modelling

Radial feeders make up the majority of a distribution systemin Victoria, Australia. A natu-

ral extension to the lossy line modelling would be to a radialfeeder. The expected outcome

of such a model would be an emphasised effect on each measure caused by the ‘parallel-

ing effect’ of each feeder branch. Hence, the measures would be likely to further decrease

the nonlinearity measure during normal operation (including light to medium levels of con-

taminated insulators). The more interesting effect would be a polluted insulator somewhere

along the feeder in the pre-flashover stage examined in Section 4.5. The pre-flashover stage

data from that section was based on accepted leakage currentwaveforms with a supply fre-

quency at 60 Hz. To incorporate pre-flashover stage data at 50Hz further laboratory data

collection and model building would be required to replicate the pre-flashover stage on a

Victorian power line. The high voltage protection facilities of the laboratory at the time of

study were inadequate for protecting expensive high resolution data collection equipment

needed to allow data collection, so the next section turns toexamining field data as an alter-
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native, while also being useful to validate the measuring techniques established.

5.3 The Needle in the Haystack: Power Utility Zone Sub-

station Data Analysis for a Pole Top Fire

Up until now, this thesis has considered a bottom-up approach, that is “looking at the needle

itself” (the leakage current indicative of an incipient pole top fire) rather than “the haystack”

(the distribution network). This section comes full circleto a top-down approach, that is

“looking at the haystack” to determine if there is a needle inthe haystack. “Where is the

needle in the haystack” is not considered as this concept is another research problem in itself

and studied in several research papers [155–162]. To date, leakage current in distribution

systems have not been very well understood. Changes in harmonic content before and after

pole fire events have been observed in the past, but with no qualitative or quantitative un-

derstanding. The analysis in this section will utilise and validate the techniques established

in the previous chapter while bringing both a qualitative and quantitative understanding to

pole top fire events within distribution systems.

An area prone to pole top fires in the suburb Mordialloc of Melbourne, Victoria was in-

vestigated by interrogating data collected by the local distributor (United Energy). The dis-

tributor’s Distribution Management System (DMS), Geographic Information System (GIS),

Supervisory Control And Data Acquisition (SCADA) system and offline field devices (Pow-

er Quality Meters) were all examined. The most ideal pole topfire scenario for study was

chosen by the availability of concurrent data across these systems. Some data recorded by

field hardware devices [163, 164] were manually retrieved asthese devices were yet to be

integrated into the SCADA system.

The most suitable month for examination was January 2008. Anextract of the events

that occurred on 20 January are recorded in Table 5.1. The field device hardware was a
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Table 5.1 Extract from Distribution Management System (DMS) database for events that
occurred on 20 January 2008 relating to the Mordialloc ‘MC’ Zone Substation.

Time Asset Outage Note Protection Note Outage Type

01:36:59 FDR
MC2
CB

HV cross arm burnt in Mount
View St

EF Prot Distribution
- Inter-
mediate
Structure

01:57:13 FDR
MC2
CB

HV cross arm burnt in Mount
View St

O/C & EF.
IL1=0.08kA,
IL2=0.09kA,
IL3=1.35kA

Distribution
- Inter-
mediate
Structure

01:58:06 FDR
MC6
CB

HV bridge burnt off at Warren St O/C & EF.
IL1=5.46kA,
IL2=5.89kA,
IL3=4.52kA

Distribution
- Line Hard-
ware/Tie

09:10:57 FS
0618

X-arm in Mount View nth Mill St.
Eio confirmed HVI MBN0803 @
DVA-Mount View and a cct from
Pine-Mill s/s

Nil Distribution
- Inter-
mediate
Structure

PowerLogic® ION® 7700 Power Quality Meter [163] which captured waveform datawhen

triggered by an abnormal event such as voltage sags and swells, overcurrents and earth

faults. Field device waveform data corresponding to the tabled events were available for

t = 01 : 35 : 37.607 andt = 01 : 57 : 32.779. The waveform data was captured at a sampling

rate of 3200 Hz for a period of 28 cycles. Australia’s supply voltage frequency is 50 Hz.

The single line diagram for the zone substation in Mordialloc is illustrated in Figure 5.9 and

the geographic layout of the 22 kV distribution network emanating from the zone substation

is shown in Figure 5.13. The location of the pole top fire in Mount View Street is circled on

the geographic layout, that is, several kilometres down thegreen radial feeder ‘MC2’ just

past Fuse Switch FS618.

The events detailed in Table 5.1 show the first Pole Top Event when an Earth Fault

protection operation occurs at 01:36:59. The corresponding c-phase current waveform is

shown in Figure 5.14 (a). The second Pole Top Event occurs when a single phase fault and
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Fig. 5.13 Geographic layout and normal operating feeder configuration for part of the Mor-
dialloc ‘MC’ 22 kV distribution network [2].
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Fig. 5.14 Mordialloc ‘MC’ Zone Substation c-phase load current recordings on 20 January
2008 for (a) Pole Top Event I att = 01 : 35 : 37.607; and, (b) Pole Top Event II att = 01 :
57 : 32.779.

a three phase fault occur within 1 second of each other at 01:57:13 and 01:58:06 respectively.

Owing to clock synchronisation discrepancies, for the purposes of this study the field device

hardware clock times shall be used owing to the devices beingfitted with Geosynchronous

Position System (GPS) clocks. The corresponding c-phase current waveform is shown in

Figure 5.14 (b). These two pole top events shall be examined in detailed in the Sections 5.3.1

and 5.3.2.

5.3.1 Pole Top Event I

Several measures established in Chapter 4 shall be utilisedto analyse the load currents

collected at the ‘MC’ Zone Substation. In this context, the load current is considered to

be the sum of the load current and the leakage currents. The representative power measure

shall not be used, as this is only appropriate for examining leakage currents rather than load

currents. Hence, the nonlinearity measure and the three fractal dimensions being the box

dimension, the information dimension and the correlation dimension shall be examined.
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When considering the measurement of the waveforms, a sliding window size must be

chosen. Section 4.3.1 determined the larger the window sizethe less effect that the size of the

dataset has on changing the nonlinearity measure, that is, asmaller sliding window side may

produce steeper gradients, while longer windows may be lesslikely to ‘miss data’, although

recording smoother gradients, and so producing less dramatic changes in magnitude. Hence,

3 window sizes were chosen, the smallest fitting 7 windows into the 28 cycles, the largest

fitting 2 windows into the 28 cycles, and an intermediate sizefitting 4 windows into the 28

cycles. Utilising these 3 window sizes, the sensitivity of the measurements can be examined.

The event captured three (3) waveform segments commencing at t = 01 : 35 : 37.607.

Each segment consists of 28 cycles. The chosen measures werecalculated for the current in

each phase, with the above window sizes (as a fraction of the waveform segment) and the

range of results detailed in Table 5.2. The measures which deviated in range by more than

0.20 are highlighted orange to indicate significant change.Measures of lesser significance

in change were highlighted in yellow. Those with no significance were not highlighted. Any

measures of particular interest were highlighted green.

In this case, the pole top event was a c-phase fault. Examining the nonlinearity mea-

sures in the table there is clearly interaction between b-phase and c-phase during this fault.

To help visualise the progressing measures ofnd and dc for the load currents, the a-, b-

and c-phase load currents and corresponding measures have been reproduced in Figure 5.15

for waveform segments 1 and 2. The window sizes chosen fornd and dc were 1
2 and 1

4

respectively, owing to their range diversity. When lookingat segment 1 of the waveform,

nd for c-phase was already at the level of 0.25 compared with 0.01 in a-phase. This was a

level of significant nonlinear activity. Unfortunately, with the field device only configured to

capture waveforms when abnormal events occur, there was no historical data preceding seg-

ment 1, thus restricting any knowledge of identifying the initial development of nonlinear

activity. Observing the magnitude range fornd in b-phase, there is also considerable nonlin-



5.3 The Needle in the Haystack 137

ear activity, although to a lesser extent than c-phase. The box dimensions and information

dimensions do not show any significant changes between the ranges for a- and b-phase or a-

and c-phase, hence not providing any additional quantitative information. The correlation

dimensiondc ranges for c-phase are significantly different to those of a- and b-phase. Hence,

combining thedc andnd ‘picks out’ c-phase as exhibiting significant nonlinear activity.

Moving to the next waveform segment, that is segment 2,nd and dc act in a similar

manner to segment 1, ‘picking out’ c-phase with the most significant nonlinear activity. A

further interesting feature ofdc with a window size of12 is the sustained elevation of this

measure at 0.49 (coloured green) for c-phase. This highlights the findings of Section 4.3.1

showing that the larger window size does indeed slow down andsmooth changes of each

measure. Again, the box dimensions and information dimensions do not show any signif-

icant changes between each phase. Finally, examining segment 3, all measures were of

similar range owing to the absence of any nonlinearity afterprotection operating the circuit

breaker supplying the feeder which experienced the pole topevent. Unfortunately there

was no recorded waveform data for after the reclose of the circuit breaker, again restricting

any knowledge of identifying nonlinearities present caused by failing assets on the pole top

under question.

5.3.2 Pole Top Event II

The measures established in Chapter 4 were again consideredfor the second Pole Top Event.

The sliding window sizes used were the same as in Section 5.3.1. This event captured three

(3) waveform segments commencing att = 01 : 57 : 32.779. Each segment again consists of

28 cycles. The chosen measures were calculated and tabulated following the same process

as Section 5.3.1 and detailed in Table 5.3. In addition to theprevious highlighting scheme,

the measures were highlighted in red when the range deviatedextremely (that is by more

than 0.85).
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Table 5.2 Measures of waveforms for a fault occurring on 20 January 2008 att = 01 : 35 :
37.607, with measures of interest highlighted.

Waveform segment
1 2 3

size a-ph b-ph c-ph a-ph b-ph c-ph a-ph b-ph c-ph

nd

1
2

0.01 0.03-
0.16

0.01-
0.25

0.01-
0.02

0.00-
0.08

0.01-
0.18

0.01 0.01 0.01

1
4

0.01-
0.02

0.00-
0.22

0.00-
0.26

0.01-
0.02

0.00-
0.11

0.00-
0.22

0.01 0.01 0.01

1
7

0.00-
0.02

0.00-
0.25

0.00-
0.23

0.01 0.00-
0.13

0.00-
0.21

0.01 0.01 0.01

db

1
2

1.09-
1.15

1.12-
1.19

1.13-
1.19

0.99-
1.14

1.08-
1.15

1.12-
1.17

1.13-
1.15

1.10-
1.15

1.09-
1.14

1
4

0.91-
1.14

0.89-
1.16

0.92-
1.19

0.91-
1.01

0.90-
1.03

0.92-
1.15

0.95-
1.00

0.91-
1.00

0.92-
1.00

1
7

0.79-
1.06

0.77-
1.12

0.79-
1.19

0.78-
1.06

0.75-
1.09

0.77-
1.09

0.82-
1.04

0.77-
1.02

0.79-
1.06

di

1
2

0.73-
0.85

0.75-
0.88

0.79-
1.02

0.72-
0.89

0.73-
0.85

0.90-
1.01

0.73 0.72-
0.73

0.73

1
4

0.64-
0.93

0.63-
0.83

0.64-
1.00

0.63-
0.85

0.63-
0.81

0.63-
0.96

0.65-
0.67

0.64-
0.66

0.65-
0.68

1
7

0.59-
0.92

0.58-
0.85

0.58-
0.98

0.58-
0.81

0.58-
0.76

0.59-
0.95

0.60-
0.74

0.59-
0.73

0.59-
0.76

dc

1
2

0.27-
0.42

0.24-
0.42

0.27-
0.73

0.25-
0.49

0.23-
0.41

0.49-
0.77

0.25 0.21 0.25

1
4

0.24-
0.55

0.21-
0.43

0.25-
0.72

0.24-
0.48

0.18-
0.42

0.24-
0.72

0.25 0.20-
0.21

0.24-
0.25

1
7

0.24-
0.55

0.22-
0.36

0.24-
0.70

0.24-
0.32

0.17-
0.40

0.23-
0.66

0.24-
0.33

0.20-
0.28

0.24-
0.33
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Fig. 5.15 Mordialloc ‘MC’ Zone Substation a-, b- and c- phaseload current comparisons
with nd (light colour circles) anddc (dark colour squares) measures att = 01 : 35 : 37.607
for: (a) segment 1 of 3; and, (b) segment 2 of 3.
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In this case, the pole top event was a 3-phase fault. Examining the nonlinearity measures

in the table there is clearly interaction between all three phases during this fault. To aid

visualising the progression ofnd anddc for the load currents, the a-, b- and c-phase load

currents and corresponding measures have been reproduced in Figure 5.16 for waveform

segments 1 and 2. The window sizes chosen fornd anddc were both1
2, owing to their range

diversity.

When looking at segment 1 of the waveform,nd for c-phase (highlighted green) starts

at the level of 0.08 compared with 0.01 and 0.02 for a- and b-phase. This shows there was

some level of nonlinear activity prior to the 3-phase fault and the ensuing pole top fire.

Unfortunately, the field device again misses the preceding historical data. The magnitude

range fornd for all phases were more than 50%, indicating a high level of nonlinear activity.

The box dimension with a sliding window size of1
7 highlighted in yellow identified the

significant shape of each phase’s waveform. The correlationdimensiondc ranges for all 3

phases were very large in magnitude, indicating the high nonlinear nature of the event. The

information dimension blurred the results observed for thebox dimension and correlation

together. Thus,nd hints that c-phase initiated the following 3-phase fault and fire, and both

dc andnd indicate a highly nonlinear event, whiledb profiles very shapely waveforms.

Examining waveform segment 2 was indeed fascinating. The nonlinearity measurend

for a- and b-phase was now above 60%, however c-phase has dropped to 42%, and 32%

when using the smaller window size of1
7. The measure brings attention to the c-phase

insulator and/or conductor breaking away from the 3-phase fault, most likely being caused

by the crossarm or insulator breaking away from the pole. Thecorrelation dimensiondc

for each phase were much lower than the previous segment but in this case c-phase had a

higher magnitude than the other two phases. These results were contrary to the results fornd

warranting further study of the measure changes. Examiningthe load current and measure

progression in Figure 5.16 showdc monotonically decreasing for all three phases, whilend
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first continues to peak for a- and b-phases while c-phase’snd sustained for 0.15 s longer than

a- and b-phases. Hence, c-phase actually continued conducting to ground while the other

two phases stopped contributing to the fault. Thus, the original hypothesis of the conductor

breaking away from the fault based on the range of the measurend was incorrect, and the

opposite in fact occurred. This highlights the importance of following the progression of the

measures as well as the magnitude ranges of the measures. Examining the box dimension

db also revealed less involvement by a-phase during the secondsegment, a phenomenon not

detected bynd nor dc. The information dimension did not reveal any discerning differences

between the phase waveforms in this segment. In summary, a profile for this segment may

be built using thend, dc anddb measures, and the progression of those measures, where

each measure provides different information about the pole top fire event.

For the third waveform segment, a finding similar to Pole Top Event I was observed,

that is, all measures were of a similar range owing to the absence of any nonlinearity after

protection operating the circuit breaker supplying the feeder which experienced the pole top

event. Again, unfortunately there was no recorded waveformdata for after the reclose of the

circuit breaker.

5.4 Discussion

A systematic method to model an increasing number of leakinghigh voltage insulators is

attempted for the first time in Section 5.2. There is little orno research to date where leakage

current is investigated for an entire feeder length. For a single insulator, the nonlinearity

measure decreased when a clean insulator became wet. For a simple insulator set system

with more than 6 wet insulators, this was also the case for contaminated insulators. The

fractal dimensions for a simple insulator set system generally had an increase in magnitude

as the number of wet insulators increased. As this was the most trivial case, this was useful

for information when extending the analysis to lossless andlossy lines.
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Table 5.3 Measures of waveforms for a fault occurring on 20 January 2008 att = 01 : 57 :
32.779, with measures of interest highlighted.

Waveform segment
1 2 3

size a-ph b-ph c-ph a-ph b-ph c-ph a-ph b-ph c-ph

nd

1
2

0.02-
0.56

0.01-
0.51

0.08-
0.54

0.02-
0.65

0.01-
0.64

0.01-
0.42

0.01-
0.02

0.01 0.01

1
4

0.00-
0.50

0.00-
0.42

0.00-
0.44

0.02-
0.57

0.01-
0.57

0.01-
0.36

0.01-
0.02

0.01 0.01

1
7

0.00-
0.45

0.00-
0.37

0.00-
0.33

0.01-
0.53

0.01-
0.52

0.00-
0.34

0.01-
0.02

0.01 0.01

db

1
2

0.85-
1.27

0.91-
1.28

0.93-
1.23

1.07-
1.16

1.10-
1.30

1.09-
1.20

1.12-
1.14

1.09-
1.15

1.09-
1.14

1
4

0.70-
1.29

0.71-
1.28

0.72-
1.23

1.03-
1.17

1.00-
1.30

1.08-
1.21

0.93-
1.18

0.90-
1.18

0.88-
1.17

1
7

0.60-
1.22

0.63-
1.29

0.63-
1.20

0.98-
1.19

0.97-
1.36

0.95-
1.27

0.81-
1.10

0.76-
1.10

0.80-
1.09

di

1
2

0.73-
1.28

0.72-
1.38

0.73-
1.36

0.73-
1.08

0.73-
1.08

0.72-
1.17

0.72-
0.73

0.67-
0.69

0.71-
0.73

1
4

0.63-
1.34

0.65-
1.37

0.63-
1.36

0.69-
1.21

0.69-
1.21

0.77-
1.30

0.64-
0.80

0.60-
0.74

0.63-
0.79

1
7

0.54-
1.35

0.61-
1.40

0.56-
1.38

0.72-
1.25

0.72-
1.24

0.73-
1.27

0.60-
0.78

0.55-
0.71

0.59-
0.77

dc

1
2

0.29-
1.18

0.35-
1.29

0.38-
1.32

0.25-
0.56

0.22-
0.54

0.25-
0.76

0.25 0.14-
0.15

0.23-
0.24

1
4

0.25-
1.30

0.29-
1.30

0.27-
1.35

0.24-
0.84

0.18-
0.84

0.30-
1.11

0.25-
0.33

0.15-
0.19

0.23-
0.30

1
7

0.24-
1.31

0.26-
1.32

0.24-
1.36

0.20-
1.12

0.19-
1.15

0.27-
1.18

0.25-
0.33

0.15-
0.19

0.23-
0.31
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Fig. 5.16 Mordialloc ‘MC’ Zone Substation a-, b- and c- phaseload current comparisons
with nd (light colour circles) anddc (dark colour squares) measures att = 01 : 57 : 32.779
for: (a) segment 1 of 3; and, (b) segment 2 of 3.
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Some interesting results were observed for both a lossless and a lossy line. The cor-

relation dimension dropped significantly for a high number of wet insulators contaminated

with 20 g of pollutant, while pollution levels between 5 g and15 g returned very similar

dimension. This warrants further investigation of insulators with higher levels of pollutant,

to enhance the pollution profiles found. The nonlinearity measurend was difficult to inter-

pret for the lossless line, as the results were highly cyclically, most likely to the symmetric

construction causing a resonant line. The only interestingphenomenon for the nonlinearity

measure in this case was the decreasing minimum ofnd as the pollution levels increased.

For the lossy line,nd minimums also decreased as the pollution levels increased.In this

case, the magnitude ofnd was expected to more closely resemble that of a practical line,

however further resonances were observed. Examining the corresponding representative

power measure, these resonances are very pronounced for the5 g case. By discounting the

resonances observed by the representative power measure, abetter feel fornd may be de-

duced in the range 0.00−0.40, depending on how contaminated and how wet the insulators

may be.

The analysis of the pole top fire in Section 5.3 has shown the techniques established in

Chapter 4 can follow and verify the progressing pole top events. Furthermore, comparing

these results with that of the power line modelling in Section 5.2 shows that when load is

applied to a feeder, and when several feeders are all paralleled together at a zone substation,

thend measure drops significantly from that observed in the modelling of a lossy line. The

analysis also verified the smoothing effect of larger sliding window sizes and confirmed that

data events are not missed with larger sliding windows, however the change in measure is

not as dramatic as for smaller sliding window sizes. Hence, when monitoring changes in

measures a smaller sliding window size is more appropriate.

Utilising examination of a combination of thend, dc anddb measures applied to field

data revealed the c-phase fault for Pole Event I and the 3-phase fault for Pole Event II.
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The 3-phase fault measures also revealed pre-existing nonlinearity in c-phase, as well as

the slower fault clearance time of c-phase not identified through any other means. Hence,

combining these measures to form a pole top fault profile would be a very powerful tool not

available today. Moreover, a suite of profiles for high impedance faults (such as fallen tree

branches, possums/vermin, etc.) could be built using the same techniques. Other simpler

fault profiles such as 3-phase and single phase faults could also be built to enable the use of

learning algorithms to distinguish each fault profile.

Employing the measuring techniques established in Chapter4 identified “there is a nee-

dle in the haystack”, that is, validated the nonlinearity measure and fractal dimensions for

measuring incipient pole top fire leakage current events. The limited quantity of data prior

to a pole top fire (owing to data only being recorded when pre-determined parameters trig-

ger capture) has made it difficult to determine the precise profile for an incipient pole top

fire. Pole Event II did show an elevation of 4-8% ofnd for c-phase prior to the 3-phase

fault, however better pre-fault data capture would certainly assist in building a robust incip-

ient pole top fire profile. This profile, utilising these measures can thus provide an overall

‘health index’ to smartly monitor leakage currents. Furthermore, the health index may pro-

vide leakage current status to the distribution network operators via SCADA, and if robust,

also provide high impedance protection.

5.5 Summary

This chapter has for the first time introduced extension of leakage current measuring tech-

niques to systematically modelled power distribution lines. It has discussed reasoning of the

observed measures under the three scenarios examined. Finally, data collected from a power

utility zone substation for a pole top fire was analysed usingthe established leakage current

measure techniques, verifying the validity of these techniques while providing a quantita-

tive measure that may contribute to a ‘health index’, enabling smart monitoring of leakage
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currents from insulators on wooden poles.



Chapter 6

Conclusions and Future Research

6.1 Overview

This chapter draws an overarching commentary of the dissertation including the research

undertaken and the subsequent findings. Section 6.2 provides an overall conclusion and

outlines the main findings of this thesis. Section 6.3 closesthe thesis with recommendations

for future research directions.

6.2 Conclusions

The aim of this thesis was to determine which measure or combination of measures are

best suited for creating a LCHI. The thesis has demonstratedthat observing a combination

of the nonlinearity measure, the fractal correlation dimension measure and the box dimen-

sion measure for power line feeder voltages and currents canreveal pre-existing nonlinearity

caused by leakage currents leading to a pole top fire. This hasbeen achieved by firstly inves-

tigating the role of wood on leakage current, then measuringthe nonlinearity of the leakage

current signature for a high voltage insulator under several contamination levels and differ-

ent weather conditions. The leakage current signature for the stage prior to flashover was
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examined using measuring techniques to provide quantitative information. These measures

were also applied to power lines rather than a single isolated insulator, and further validated

by application to data collected from a zone substation for apole top fire.

The main results and research contributions of this thesis can be summarised as follows:

1. Gaining an understanding of the mechanisms causing leakage current signature:

(a) The effective impedance of CCA impregnated wooden pole samples were ex-

amined under different weather conditions and various voltage levels, showing

the capacitive components increase during wet weather, while also reducing the

resistive components of impedance, consequently promoting an increase to the

leakage current and heat dissipation owing toI 2R losses;

(b) The leakage current concentration at wood-metal contact points contribute sig-

nificantly to heating causing smouldering of the wood with temperatures no lit-

tler than 50◦C;

(c) The impedance studies showed that wet weather reduces effective resistance to

approximately 60% of the resistance in a dry weather state atline voltages of

22 kV, thereby more than doubling the leakage current, whichcan cause smoul-

dering and ignition of those parts of wood in a rainshadow; and,

(d) The impedance studies also uncovered dangerous conductance magnitudes for

66 kV poles with insulators mounted at heights similar to 22 kV poles. This

observation provides an explanation for 66 kV poles catching fire at triple the

rate of 22 kV poles, which was not previously understood.

2. Finding appropriate methodologies that measure and quantify leakage current signa-

ture, in particular, from HV insulators, for identifying insulator condition and detect-

ing incipient pole fires:
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(a) The proposed nonlinearity measure based on the Pearson correlation coefficient

was able to distinguish high voltage insulator conditions,thus serving well as a

condition identifier. The nonlinearity measure accounted for both the nonlinear-

ity exhibited by the insulator leakage current signature, as well as the interhar-

monics which previous research ignored;

(b) The nonlinearity measure and the fractal measures were able to track and dis-

tinguish the changing conditions of an insulator in the stage prior to a flashover,

identifying both heating and arcing signatures, which are necessary in forecast-

ing incipient wooden pole top fires; and,

(c) The nonlinearity and fractal measures may be applied to any type of insulator,

whether it be of different form factor (shape) or made of different materials. This

makes it ideal for measuring incipient pole top fires on a distribution network

where any combination of insulators may be used, rather thanmeasures which

are only suited to one particular insulator owing to their derivation from specific

modelling.

3. Testing the methodologies found for identifying insulator condition and detecting in-

cipient pole fires on data, both constructed from laboratorydata, and real world data:

(a) The application of measuring leakage current signaturenonlinearity to overhead

power line models based on experimental laboratory data showed that nonlinear-

ity decreases as the number of wet insulators increase, as well as also decreasing

when the number of power line feeders in parallel are increased. This finding

assists in picking out incipient pole top fires as the nonlinearity of a rogue in-

sulator would be noticeable over the low measure of nonlinearity for the power

line; and,

(b) When the measures of leakage current were tested on pole top fire load current
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and supply voltage data collected from a zone substation, their magnitudes quan-

tified the increased activity in the moment prior to flashoverand the pole top fire.

Therefore, these measures were deemed suitable for identifying incipient pole

top fires.

6.3 Future Research Scope

Following the studying into leakage current on high voltageinsulators mounted on wooden

poles, there are many aspects to the problem of incipient wooden pole top fires that could

be investigated further. Therefore, a few possible future research directions are listed below

before concluding this thesis:

Data Capture

When studying the data from zone substations, the most interesting data occurred

during the 20 minute period between Event I and Event II wherearcing would have

continued up until the pole top fire. This data has not been captured owing to the

settings of trigger parameters. These parameters are usually set to capture data when

there are excursions beyond voltage tolerance levels. An approach to capturing this

‘missing data’ utilising the measures established in this thesis as additional parameters

which trigger data capture for further analysis would add much value to this area of

research. Furthermore, once that data is captured, refinement of these measures would

be possible with further analysis.

Data Quality

The influence of power quality effects of the network on measurements and network

performance has always been of interest to engineers. The experiments conducted on

high voltage insulators and wooden poles in this thesis has been without any harmonic

filtering of the applied voltages. A comparison study between filtered and unfiltered
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voltages would be interesting to observe for refinement of modelling.

Fault Detection and Prevention

Leakage current causing incipient pole top fires is one of many types of high imped-

ance faults. A suite of high impedance fault profiles could bebuilt to forecast im-

pending or incipient faults, prior to any catastrophic event or power outages. Profiles

for short circuit faults could also be built. Moreover, the building of learning algo-

rithms based on a suite of profiles for high impedance faults could provide a LCHI for

a smart monitoring system in SCADA and possibly protection in high risk bushfire

regions.

Fault Location

By using the measures derived in this thesis to identify thatthere is an incipient pole

top fire on a feeder from a zone substation, further research may be able to determine

the distance this fault is from the zone substation to quickly located where the fault

will occur. Knowing this information would make it possibleto efficiently allocate

resources to geographically locate the fault for rectification prior to any power outage.

6.4 Concluding Remarks

In brief, incipient wooden pole top fires have been impossible to predict. By studying the

nonlinearity of leakage current signatures from high voltage insulators mounted on wooden

poles, a combination of measures have proven useful for identifying signature changes

which may be used to forecast incipient pole top fires. Using these measures as part of

a smart monitoring system would make it possible to reduce any consequential losses from

pole top fires by preventing the fault developing before any fire starts.
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