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SUMMARY

This thesis reports on the evaluation of performance and behaviour of earth electrode
systems subjected to DC, AC and transient current injections with different rise
times and shapes.

The performance of the earth electrode system when injected with currents at the
power frequency is now well understood, but the response of the system under high
frequency and transient conditions is yet to be fully clarified. This thesis contributes
to the better understanding of complex earthing systems such as earth grids and wind
turbine earthing system behaviour under high frequency and transient conditions
including voltage distributions along the length of the electrode.

The frequency and time domain responses of earth electrodes (vertical and horizontal
earth electrodes and earth grids) were quantified for soil resistivity ranged from
10Qm to 10kQm. Practical wind turbine earthing system models were developed to
account for the additional effects of the above—ground tower structure of the wind
turbine and also to consider the benefits of various enhancements to the earthing
system. Simulations using 1/5us and 8/20us impulse currents were carried out, and a
number of parameters were quantified; these include the earth potential rise and the
voltage distributions at ground surface level. In particular, the contribution of
mitigating techniques, such as rings and rods were derived. The computations
allowed determination of touch and step voltages.

The results show that the performance of an earth electrode depends on a number of
factors such as soil resistivity and permittivity and electrode dimensions, and it was
found that significant inductive effects dominate at high frequency. Thus, the ability
of a horizontal earth electrode to reduce the earth potential rise is limited because,
beyond a certain length known as the effective length, no further reduction is
obtained. The effective length was determined experimentally by incrementally
increasing the length of the test electrode. The experimental and simulation results
show reasonably close agreement. Furthermore, reasonable prediction of the
effective length may be possible using simple empirically derived equations.

The thesis proposes a new method to increase the effective length of in-ground
horizontal earth electrodes and the effective area of earth grids. It is proposed that an
additional insulated parallel an above ground conductor is bonded to the horizontal
electrode at suitable points along its length. Field tests show that the addition to such
enhancement reduces inductance effects and helps dissipation of injected currents, so
that a greater length of buried earth conductor is utilised, and this contributes to an
additional reduction in the earth impedance. Hence, the earth potential rise at the
point of current injection is reduced. Enhancing the earthing system in this way
results in a significant reduction in the transient potentials developed at the base of
the turbine structure. These TEPR reductions produce associated reductions in touch
and step voltages.
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CHAPTER ONE

INTRODUCTION

1.1 Introduction

Earthing systems are used to divert high currents to the earth. Lightning strikes, for
example, can subject electrical power systems to transient currents and voltages of
high magnitudes and fast rise-times which require dissipation to earth in a controlled
manner. Thus, a properly designed earthing system capable of dissipating large
currents safely to earth is required, regardless of the fault type. On high voltage
transmission and distribution systems, such safety measures must minimise damage
to electrical power system equipment and protect human beings from harm. The
main factor that determines the effectiveness of these schemes is the soil resistivity
of the earth.

In this thesis, the performance of earth electrodes of various shapes, including wind
turbine earthing systems, subjected to power surges and impulses is investigated by

considering both their high frequency and transient behaviour.

1.2 Earthing System Functions

Earthing systems are designed primarily for power frequency earth fault conditions,
and certain items of plant within substations (such as surge arresters) will provide a
path to earth for these transient currents. In such cases the relevant standards have
recommended the installation of a 'high frequency earth electrode’, usually an earth
rod [1.1] to dissipate to earth all the high frequency components of the transient. In
practice, all the parts of the earthing system are interconnected and may play a role

in the dissipation of both power frequency faults and surges. In the case of wind



turbines there will be an earthing termination system especially designed for

lightning protection.

1.3 Components of Earthing Systems

Generally, substation earthing grids consist of a system of conductors buried in the
ground covering an area related to the dimensions of the substation. Additional
components may include the metallic sheaths of cables and the earth wires of tower
lines and the associated tower footings. These extended earth systems emanate from
the substation and are bonded solidly to the earth grid. The performance of these
components is difficult to predict because soil has a non-homogeneous resistivity

ranging from 10 to 10,000Qm [1.2].

1.4 Soil Resistivity

Conduction properties of soil are important, particularly its specific resistivity which
is one of the main factors determining the resistance of any earth electrode. Most
soils and rocks are poor conductors of electricity when dry. The exceptions to this
are certain minerals. However, when soils contain water, their resistivity drops and
they may then be considered as moderate conductors although they are very poor
when compared with metals. For example, pure copper has a resistivity of 1.6nQm
whilst a quite common value for soil would be 100Q2m. The resistivity is determined
by: a) type of soil b) chemical composition of the soil c) concentration of salts
dissolved in water d) overall moisture content e) temperature f) grain size and the

distribution of grain size [1.2].



1.5 Earth Impedance Measurement

In order to predict the performance of any earthing system, the earth impedance has
to be known. The most reliable method for determining the earth impedance of an
earthing system is by site measurement, although a preliminary assessment using
computation methods is useful to give an indication of expected results [1.3-1.8].

UK and American earthing standards state that, earth impedance measurement of
large area earthing systems such as transmission substation earth grids and wind
farms should be made by injecting AC currents [1.5-1.8]. The earth impedance
should be measured rather than the earth resistance, because the tower line earthing
system contains a significant inductive component. However, in measuring the earth
impedance of tower lines and transmission substation earthing system, the effect of
mutual coupling between test leads should be minimised by selecting suitable test
routes [1.8] or by applying correction measures to the values obtained [1.9].

Earth impedance or resistance techniques involve injecting electrical current into the
earthing system under test, and this requires an auxiliary current electrode to be
placed some distance away from the earthing system being measured. The difference
of the voltage potential between the ‘potential electrode’ and the earthing system is
measured, and by dividing the potential by the injected current the impedance or
resistance can then be estimated. The same procedure can be applied to measure the
transient impedance of the earthing system which is required to predict the protective

ability to assess the necessary proper protection measures.

1.6 Standard Lightning Impulse
The lightning impulse is characterised by three parameters, the peak current

magnitude (lIp), the time to peak current (T1) and time to half peak current which is



the time required for the current impulse to decay to half its peak magnitude (T5).
Figure 1.1 shows the standard lightning impulse shape [1.10] with peak current, time

to peak current and the time to the half peak current, e.g. 10kA, 5/20ps.

Current (A)

|p/2 -

1 1 1 1 1 1 1

Time (us)

Figure 1.1 Lightning impulse wave shape
1.7 Tolerable Voltage
During an earth fault on a transmission line, a number of towers near the fault are
likely to acquire high potential. Potential gradients are also set up in the ground
surface, and these may present a hazard to humans and livestock. These hazard
voltages are generally referred to as touch and step potentials, which are defined
[1.4] as:
a) The touch potential is the difference between the earth potential rise (EPR) and the
surface potential at the point where a person is standing, while at the same time
having his hand in contact with an earthing structure [1.4].
b) The step potential is the difference in surface potential experienced by a person
bridging a distance of 1m with his/her feet without contacting any other earthing

object [1.4].



There are limits placed on the allowable EPR of an earthing system as stated in

International Telecommunication Union ITU-T [1.12]. These limits are:

e 650V for sites fed from high reliability lines where faults are rare and cleared
quickly (200 ms maximum).

e 430V for sites fed from lines having standard protection.

The limits of touch and step potentials are related to the current that can be withstood

by a human body before there is a serious risk of fatality [1.4, 1.8, 1.12]. A

magnitude in the order of 50mA is sufficient to cause ventricular fibrillation, which

will normally result in death [1.13-1.14].

Methods of mitigating the touch and step potential hazards include (i) using a

horizontal earth electrode to connect the various parts of the earthing system to

reduce the extended earth electrode impedance, (ii) using a potential control ring in

the case of tower lines and wind turbine units [1.5] and (iii) redesigning the tower

footing to reduce the tower footing resistance in order to meet the limits specified.

1.8 Modelling of Earth Electrode

Field tests and theoretical studies of the impulse response of earth electrodes have
been reported since the 1930s [1.15-1.30]. The experimental studies include field and
laboratory tests. The majority of tests have been carried out on simple electrodes.
The theoretical studies have established useful models using circuit analysis and,
more recently, computer codes.

Simple circuit models use lumped parameters and consist of the longitudinal
resistance and self-inductance of the earth electrode (r and L, respectively where
usually r << L. L is at least L 10 times greater than r), and a parallel combination of

earth resistance, R, and earth capacitance, C.



The distributed parameter model commonly used for long transmission line analysis
can be applied to an earth electrode.

An approach using electromagnetic field theory is considered the most reliable to
predict the high frequency and transient behaviours of the earth electrodes [1.29-
1.31]. Software based on electromagnetic field theory [1.31] is used throughout this
work to simulate the various earth electrodes studied. The transient performance is
evaluated by carrying out frequency domain analysis making use of the FFT and
inverse FFT.

1.9 Safety Issues of Earthing Systems Subjected to Transient Currents

The design of the earthing system under power frequency conditions is based on
satisfying the safety requirements through control of the touch and step potentials
[1.4 and 1.8]. However, earthing standards contain no basis for determining the
transient performance of the earth electrode in terms of safety. This may be due to
the lack of data relating to the tolerable thresholds of the human body subjected to
impulsive currents [1.11]. IEC 479 [1.11] states thresholds for ventricular fibrillation
for power frequency faults but no specific guidelines regarding lightning switching
surges are given. IEEE 80 [1.8] states that touch and step voltages for transient or
switching types of surges be higher compared to power frequency conditions, and
considers that the human body could tolerate higher current magnitudes for lightning

discharges than for power frequency currents.

1.10 Earth Electrode Behaviour Under Impulse Conditions
It is well established that the behaviour of earth electrodes subjected to impulse
discharges is significantly different from the behaviour expected for power-

frequency conditions.



Tests and theoretical studies on earth electrode subjected to fast front impulses, have
revealed that the ratio of instantaneous voltage to current (transient impedance) of an
earth electrode changes during the passage of a transient current surge [1.19-1.25].
Figure 1.2 shows the initial surge impedance exceeds the power frequency resistance
due to the inductance of the earth electrode. After the surge period, the impulse
impedance drops to a value below the power frequency resistance. The degree of
reduction is larger for higher impulse currents as seen in Figure 1.2.

Many authors have modelled an earth electrode subjected to transient conditions
using simple equivalent circuit models [1.18 and 1.24], transmission line approach

[1.15, 1.18, 1.21] and electromagnetic approach [1.27-1.31] both of which are used

in this thesis.
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Figure 1.2: The instantaneous voltage divided by instantaneous current
for a 110m, horizontal earth electrode 1: surge of 450A 2: surge of 3600A
3: at Power frequency 50Hz [1.19]



1.11 Contribution of Thesis

Extensive literature review of earthing systems performance under transient
conditions with emphasis on wind turbine earthing systems.

Comprehensive comparative investigation of simple earth electrodes
performance under dc, ac and impulse injections. The effect of electrodes
parameters (geometry and soil resistivity) were shown to affect their performance
through inductive effects and effective length/area

The current earthing practice for wind turbine application and recommended
standards enhancements were assessed under various energisation conditions and
their limitations were quantified. The effects of earth electrode parameters, in
particular the wind turbine tower, on the predicted safety voltages are quantified
for the first time.

The effective length/area of earth electrode was quantified experimentally and
verified using modelling techniques.

An above ground/insulated conductor new technique is proposed and its benefits
to standard electrode was demonstrated experimentally, in addition, its potential

benefits for wind turbine earthing were shown through extensive simulations.

1.12 Thesis Layout

The contents of the chapters are summarised as follows:

Chapter two: The literature review includes: Earth electrode behaviour under

variable frequency and impulse conditions, a review of published studies of earth

electrodes subjected to different current injections including high frequency and

transient conditions. These studies were conducted using modelling and site

measurement approaches. The effect of earth electrode dimensions on the



performance of the electrode is presented. Wind turbine earthing systems and the

difficulties related to this type of earthing are described.

Chapter three: “Performance Of Earth Electrodes Under Dc, Ac And Impulse
Conditions”. Extensive parametric studies of earthing systems (vertical electrode,
horizontal earth electrode and earth grid) are made to characterise earth electrode
behaviour under variable frequency and transient conditions. A number of
parameters that affect earth electrode performance are examined, such as soil

conditions and electrode geometry.

Chapter four: “Safety Performance Evaluation of Wind Turbine Earthing Systems”.
In this chapter, the effect of the above-ground structure is investigated. Various wind
turbine models are examined. The earth potential rise mitigation techniques,
including the newly proposed method, are investigated. The safety potentials related
to the wind turbine (touch and step) are computed and compared with the different

mitigation methods including the new proposed method.

Chapter five: “Effect of Earth Electrode Length/Area on the Performance of the
Earthing System: Field Measurements and Simulations”. The effect of electrode
length is investigated for different frequencies. The analysis is extended to consider
the effect of length in different soil conditions and for different impulses. The

‘effective length' is quantified in the frequency domain and for transients.

Chapter six: “Enhancing the Earthing System with Increased Effective Length/Area

of Horizontal Earth Electrode and Substation Earth Grid”. In this chapter a new



method is proposed to enhance earthing systems by reducing earth impedance.
Simulation methods are used to investigate this technique: the installation of an
additional above ground insulated parallel conductor bonded to the bare underground
horizontal electrode at points along its length. This new method is tested using the
same experimental setup used to quantify the effective length of the horizontal
electrode installed at the university sports field. The same techniques are applied to

the earth grid and simulated for various soil resistivities and rise times.

Chapter seven: Conclusions and Suggestions for further Work.

10



CHAPTER TWO
PERFORMANCE OF EARTH ELECTRODES UNDER
VARIABLE FREQUENCY AND IMPULSE CONDITIONS:

LITREATURE REVIEW

2.1 Introduction

In this chapter a review of earth resistance and impedance calculation techniques and
earth electrode modelling. Analytical methods of calculating the earth impedance of
some earth electrode configurations are described, and the performance of earth
electrodes under transient conditions is then presented. Furthermore, review of
testing and modelling of wind turbine earthing systems under both power frequency
and transient conditions is carried out. The effective length and area of earth

electrodes are described.

2.2 Calculation of Earth Resistance

A considerable amount of work has been carried out to formulate accurate
expressions for earth impedance for a wide range of earth electrodes such as metal
cable sheaths and tower line earthing systems associated with tower footings [2.1 —
2.11].

The longitudinal impedance of copper earth electrodes under power frequency is
significant only if the electrode is very long, more than several hundred meters. For
typical concentrated earth electrodes, the inductive component is negligible, and
therefore, such electrodes can be considered to be predominantly resistive at low
frequencies.

Dwight [2.1] proposed different formulae to calculate the earth resistance of several

configurations of rods; a short horizontal wire, a buried horizontal plate, a horizontal

11



strip and a ring of wire. The proposed expressions [2.1] are based on the analogous

relationship between capacitance and resistance:

o,
R=_1_ 2.1
27C (21)

Where R is electrode resistance, [Jis the soil resistivity and C is the capacitance

between the electrode and its image above the surface of the earth, and is given by:

C=—0wu 2.2)

Where |= electrode length and a= electrode radius.

Applying this method leads to a general equation applicable to any form of electrode
[2.4]. However, most of the configurations proposed by Dwight such as the three-
point star, burial horizontal round plate, and four-point star are not found in practice.
In 1954, Schwarz [2.2] carried out an analytical investigation into the calculation of
earth resistance for various electrode configurations. He used an average potential
method and modified it to allow for the proximity effects, the influence of one part
of the electrode on another. This modification included consideration of a quantity,
which he described as the “density” of the number and length of conductors in the
area being considered. Here, to make it a dimensionless quantity, the density was
taken as the ratio of conductor quantity per linear extension of the area. He compared
the results predicted by the expression for earth resistance with the results obtained
by measurements made on a scale model, and found good agreement. The
expressions proposed by Schwarz are found in practice rather than those developed

by Dwight [2.1].

12



Laurent [2.3] developed the work of Dwight and derived expressions for the
calculation of earth electrode resistance for different electrode configurations based
on the assumption that the electrode can be divided into small segments, and the
current flowing to earth is distributed between these segments. The potential at any
point can be calculated as the sum of the potentials resulting from each segment.
Sunde [2.5] independently provided a formula for the calculation of the earth
resistance of earth electrodes based on the voltage rise at the electrode midpoint. To
find the potential on the surface of the conductor, it is assumed that the longitudinal
voltage drop along the conductor can be neglected so the change in potential along
the conductor surface can be considered to be zero.

Tagg [2.4] concentrated on the measurement of earth electrode resistance and
suggested a formula to determine the resistance to earth of an earth electrode based
on expressions originally developed by Dwight [2.1].

Electricity industry earthing standards such as ER/S34 [2.6] provide formulae to
determine the resistance of practical earth electrodes based on expressions proposed
by Schwarz [2.2], Sunde [2.5] and Tagg [2.4]. Table 1.1 shows the various
expressions for the electrical resistance of vertical earth electrodes in a uniform soil
as given by Sunde [2.5], Laurent [2.3], Tagg [2.4] and ER/S34 [2.6]. It can be seen
that three of the four expressions are identical, only that due to Laurent [2.3] is

different.

13



Table 2.1 Different expressions for calculating the earth resistance of vertical
earth electrodes

Tagolzdl | . p n{‘”j_ ;

“24 \a

Sunde [2.5
S In(4—|j—1
a

R=036621n2
| d

SN POCORRTEOR

Where: p is the soil resistivity, | is the electrode length, a is radius of the electrode,

Laurent [2.3]

and d is the diameter of the electrode.

2.3 Earth Electrode Modelling

The earth electrode impedance can be calculated using circuit models or field-theory
based techniques. The circuit models comprise lumped or distributed parameters that
describe the model as a series resistance and inductance, and shunt conductance and
susceptance of the earth electrode. Lumped parameters are used to analyse simple
earth electrodes at low frequencies. Studies by [2.12-2.14] have shown that using
lumped parameter models to analyse earth electrode at high frequencies can lead to
inaccurate estimates of earth impedance magnitudes.

At high frequency, distributed parameter models offer a more accurate estimation of
earth electrode performance [2.12- 2.14].

The field theory approach offers advantages over the circuit model approach and can
be used to analyse complex and arbitrarily buried earth conductors such as large

transmission substations and wind farm earthing systems. Also, it can be used to

14



calculate the electric and magnetic field in the space around the earth electrode. The
validity of these models depends on the type of the earthing system under study
[2.15].

Transmission line models have been used [2.12-2.14] to describe simple earth
electrode models but, for larger and more complex earthing systems, the
electromagnetic field theory model [2.16-2.18] gives more accurate predictions and
is easier to use. Grcev and Popov [2.14] conducted a comparison between lumped
parameter, distributed parameter and EM (electromagnetic) approaches to the
modelling of an earthing rod for a wide range of frequencies with rod lengths of 3m
and 30m in soils of resistivity 30Q2m and 300Q2m. The results show significant
differences at high frequencies. Their findings are summarised in Figure 2.1. As can
be seen, at high frequency the lumped parameter model overestimates the impedance
value, compared with EMF model which gave much better results [2.14] while the
distributed parameter model predicted values closes to those obtained by the EMF
model.

2.4 Earth Electrode Under Impulse Condition

Many authors [2.18-2.39] have investigated the behaviour of earth electrodes
subjected to high magnitude impulse currents to explore the differences in behaviour
compared with 50Hz conditions.

As early as 1928, Towne [2.19] carried out tests on galvanised iron pipes of different
lengths up to 6m, and radius 10.65mm, buried in loose gravel soil. Impulse currents
of up to 880A were used with rise times between 20us and 30us. The impulse
resistance of the 6m pipe was 24Q at 60Hz; however, when an impulse current was
injected, the resistance fell to 17Q2, equivalent to a decrease of 19%. The same tests

were carried out on different lengths of pipe and in all cases the resistance to an
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impulse current was less than for the 60Hz current. Towne [2.19] concluded that the
impedance of the earth electrode to an impulse current could be lower than that seen
at the power frequency and attributed this to arc sparks that expanded the contact
area between the electrode and the soil. Bewley [2.20] carried out impulse tests on
counterpoises of different lengths. Impulse currents of 6us to 12us rise times with
peak currents between 2kA to 8kA were injected. It was found that the transient
impedance of the counterpoises was less than for the 60 Hz power frequency. The
transient impedance is defined as the ratio of instantaneous voltage to current
=V([)/I1(1).

Bellaschi [2.21] also conducted a set of tests with peak currents between 2kA and
8kA and rise times between 6Js and 12[0s on vertical earth electrodes. Here, the
impulse resistance was taken as the ratio between the peak voltage and the peak
current. The findings confirmed Towne’s results [2.19] the resistance to the impulse
current, was lower than under power frequency condition. Bellaschi attributed this
behaviour to a soil ionisation effect suggested by the sharp decrease in voltage
immediately after the peak value.

In a subsequent paper Bellaschi [2.22] reported a series of impulse tests on
electrodes with a current range between 400A and 15.5kA and using different
impulse shapes 20/50, 8/125 and 25/65. It was found that the reduction in the
impulse resistance compared to the 60Hz resistance depended on type of soil and
earth electrode arrangement, but was independent of impulse rise time. It was also
observed that the impulse resistance of an electrode buried in soil of high resistivity
had the maximum degree of reduction.

The findings of Towne [2.19], Bewley [2.20] and Bellaschi [2.21-2.22] highlighted

the non-linear resistance of an earth electrode under high impulse current, in
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particular that resistance under impulse could be less than the power frequency
resistance of the same earth electrode.

Berger [2.23] carried out experiments on a spherical electrode, 1.25 cm radius, half
buried in a 2.5 m diameter hemispherical pit filled with different soils. The applied
peak impulse current ranged from 3.8kA to 11.4kA with rise times between 3ps and
30us. When the pit was filled with water, the results from the impulse tests showed a
constant resistance equal to the power frequency value. However, different values of
resistance were obtained for different soils with resistivities between 300Qm and
57Qm. The results showed that, when the magnitude of the current was less than a
certain threshold value, the V-I characteristic curves showed a linear correspondence
to the power frequency resistance. However, when the current exceeded threshold,
the characteristic curves showed that the resistance fell below that obtained at 60Hz
as shown in Figure 2.2. Berger also carried out tests on a 110m long earth wire of
6mm diameter buried at depths of 20 and 30cm. From these tests with impulse
currents, it was found that the resistance decreased to a value below the power

frequency resistance.
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Petropoulos [2.24] conducted tests using a vertical electrode and electrodes with
spikes. He found that the spiked electrodes had lower impedances when subjected to
impulse current. This reduction in impedance was attributed to soil break down
effects. The results also showed that, as the length of the spikes increased, the
impulse resistance decreased.

Liew and Darveniza [2.25] carried out series of tests on vertical electrodes and a
hemispherical electrode buried in different types of soils with resistivities ranging
from 5000m to 31000m. Impulse current magnitude was varied between 1 and 20kA
and rise times ranging from 6us to 54us were used. The results showed that the

minimum resistance occurred after the time peak of current and that the peak voltage
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occurred before the peak current. They proposed a dynamic model to explain the
behaviour of earth electrode subjected to high impulse current. Figure 2.3 shows this
model which is divided into three stages; stage (a) represents a condition of constant
resistivity with increasing current density, stage (c) where the current exceeds the
critical current density, decreases the ionisation time when soil breakdown occurs
soil resistivity decreases exponentially with a value known as “ionisation time
constant”. In the third stage, (b) as the current decreases the soil resistivity increases
towards the steady state value in an exponential manner according to the “de—
ionisation time constant”. When the current was increased to 100kA a significant
reduction in the resistance value occurred. Also, was found that the level of
reduction depended on the soil resistivity and was greater in cases of high resistivity

and lower breakdown gradients.
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Figure 2.3: Dynamic model for soil ionisation process Reproduced from
reference [2.25]
Gupta et. al., [2.26, 2.27] experimentally investigated the effect of impulse currents
on square and rectangular earth grids. The impulse resistance was found to be higher

than the power frequency impedance. The impulse resistance was defined [2.19] as
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the ratio of peak voltage to peak current at the injection point, and it was found that
this quantity increased as the soil resistivity increased. It was also found that the
impulse resistance was higher for injection at the grid corner rather than at the
centre. Laboratory experiments using scale models of square and rectangular grids in
soils of different resistivity also confirmed that the impulse resistance was always
higher than the DC resistance for all the resistivities tested. Gupta et. al. [2.26, 2.27]
concluded that the soil ionisation effect for earth grids was very small and can be
ignored, but the impulse impedance decreased as the area of the grid increased until
a certain area was reached (referred to as the “effective area” beyond which no
further decrease was found. Similar findings have been reported by Ramamoorty, et.
al. [2.28] Velazquez and Mukhedkar [2.29] developed a dynamic model of rod
electrodes taking into account the soil ionisation process. In this model, the radius of
the ionised zone was varied and divided the electrode into a number of segments
each having a different current density (a result of the different radii of the ionised
zones). It was reported that the capacitance becomes dominant when soil resistivity
is more than 1kQQm. The study was extended to include electrodes of lengths ranging
from 30m to 150m in soils of resistivity ranging from 1kQm to 5kQm. It was found
that the transient behaviour of the earth electrode depended on the length of
electrode, soil resistivity, permittivity, and the shape of the impulse wave. According
to their results, the impulse resistance of the earth electrodes increases to a maximum
value equal to the surge impedance then decreases, eventually reaching the DC
resistance of the earth electrode.

Kosztaluk et. al. [2.30] carried out tests on four electrodes encased in concrete
representing tower footings. Peak currents of up to 26kA were applied with rise time

and half peak times of 3us and 35us respectively. The results indicated that for low
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values of the current, the measured impulse resistance was the same as for 60Hz or
DC. As the peak current was increased to 2kA, a decrease in the resistance value was
observed. This reduction was attributed to soil ionisation.

Geri et. al. [2.31] conducted high-voltage tests on a 1m long, vertical steel earth rod
and a 5m long horizontal steel wire. Impulse currents up to 30kA magnitude and
2.5us rise-time were applied. The “impulse resistance” was defined as the ratio of
the peak current to peak voltage. It was found that over the full range of the current,
the impulse resistance for the rod decreased from 18Q to 6Q2 and for the wire from
10Q2 to 4Q. It was observed that the voltage peak preceded the current peak for the
vertical rod. The greater inductance of the horizontal wire compared with the vertical
rod was considered to be the reason. Almeida et. al. [2.32] carried out tests on an
earth electrode buried in sand/ gravel soil, with length 0.61 and radius 0.0075 m.
Current of up to 3.5kA with 5us to 16us rise time was applied. Figure 2.4, shows
that the resistance, defined as V(t)/i(t) is constant until a critical current has been
exceeded (1000A) which makes the point at which soil breakdown occurs. Above
this value of current, the electrode exhibited a decrease in soil resistivity. The
electrode resistance decreased according to an ‘“‘ionisation time constant”, as
suggested by Liew and Darveniza [2.25]. As the current decreases from its peak, the
soil recovers to reach its initial resistivity value, and the electrode resistance again
takes the value of the DC resistance at a rate determined by the “de-ionisation time

constant”.
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ionisation process [2.32]

Sekioka et al. [2.33] carried out field tests on three types of earth electrode: i) an

8.1m long buried concrete pole, ii) a 17m long buried earth conductor and iii) a

grounding net with dimension of 34mx24.8m. Peaks current of up to 40kA and

impulse rise times of a few microseconds rise time were used. In the case of the

concrete pole and the buried conductor, the impulse resistance decreases as the

current increased as can be seen in Figure 2.5. However, the resistance of the

grounding net was found to be current independent, and this was attributed to be due

to its large surface area.
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Figure 2.5: Earthing resistance of three different earth electrode vs. peak (crest)
current [2.33]

Similar findings have been reported by Ramamoorty et al. [2.28] and Stojkovic et al.
[2.34]; i.e. no ionisation process occurs in the soil when large area earthing systems
were subjected to high impulse currents.

Cotton [2.35] used a hemispherical model to describe the process of soil ionisation.
Two hemispherical electrodes 2.4cm and 5cm in diameter were placed in a 75cm
diameter inverted concrete hemisphere. An impulse generator was used to inject
peak currents up to 3.25kA with rise times 4us and 10us. With the smaller electrode,
the results generally showed a decrease in the impulse resistance of the earthing
system as the applied voltage increases, except in the case of the lowest applied
voltages which did not appear to cause any ionisation of the soil. The results showed

that the impulse resistance was independent of rise time. With the larger electrode
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and the same applied voltages, there was no evidence of significant soil ionisation
since the electric field levels at the surface of the hemisphere were lower than the
critical soil ionisation gradient which was in the order of 4.5kV/cm.

Wang et al. [2.36] proposed a model that is an extension of a dynamic model
developed by Liew [2.25], introducing a fourth sparking region.

Characterisation of earth electrodes [2.18-2.41] under transient conditions (including

experimental work, laboratory tests and computer simulation) has highlighted that:

The impulse resistance is lower than the power frequency resistance.

In soils of high resistivity the reduction in impedance is only slight.

Inductive effects can be seen in cases of high impulse currents.

No ionisation phenomena occur for large earthing systems.

2.5 Standards and Guidelines for High Frequency Earthing Requirements

In this section, a brief review is provided of recommendations for earthing systems
subjected to transients and lightning surges.

EA TS 41-24 [2.11] (Guidelines for design, testing and maintenance of main
earthing system in substations) recommends a low impedance value for the earth grid
to disperse high frequency currents safely to the earth. It also recommends that for
the impulse condition, the earthing connections from the equipment to the earth
should be “as short and as free from changes in directions as is practical”. The
standard suggests improving the effectiveness and the operation of arresters by
connecting high frequency electrodes to, for example, an earth electrode in the
immediate vicinity.

IEEE 80 [2.9] (Guide for safety in substation grounding) gives no guidelines for

designing earthing systems subjected to lightning surges but considers that the
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earthing systems designed for power frequency faults will provide protection against
high magnitude transient currents (with respect to human safety).

BS 62305 [2.42] (Protection against lightning) recommends that the earthing system
designed for lightning protection should have an earth resistance of less than 10Q.
The same requirement appears in BS 61400-24:2002 [2.43] (Wind turbine generator
system - Lightning protection) which also provides some details of earthing system

arrangements for individual wind turbines.

2.6 Wind Turbine Earthing Systems

The earthing system of a single wind turbine is normally achieved by placing a ring
electrode around the foundation and bonding it to the tower through the foundation
structure. In accordance with relevant standards [2.43], the minimum diameter for
earth electrodes embedded in concrete is 10mm (solid round steel). Vertical rods or
strip electrodes are often used in conjunction with the ring electrode to obtain the
10Q2 value of resistance for an individual turbine earthing system [2.42 and 2.43].
The interconnection of earthing systems is often achieved between wind turbines
through bonding the sheath of the supply cables. Such interconnection forms an
extended earth electrode system occupying a large area, and provides a much lower
resistance/impedance.

Different investigators [2.44-2.54] have studied the earthing systems of wind
turbines, including interconnected extended electrode under both power frequency
and transient conditions.

Jenkins and Vaudin [2.44] conducted site measurements of soil resistivity and
resistance of the extended earth electrode system of a wind farm using the slope

method [2.45]. The measured values of earth resistance were higher than the
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calculated values obtained using a lumped parameter equivalent circuit. This
difference was attributed to the backfill of the trenches not being fully compacted. It
was also reported that the soil resistivity conditions varied considerably within one
site.

Hatziagyrious et al. [2.46] investigated the earthing systems of individual and
interconnected wind turbines using EMTP and CDEGS software. An AC
energisation of 1kA at 50Hz and a current impulse (30kA 5/75) was simulated for a
soil condition of 100Qm resistivity. The AC earth resistance and the impulse
resistance have the same value. A simple model was used in which the inductive
component was neglected. The simulations also demonstrated that by connecting a
50m horizontal electrode to the ring electrode, the a.c. resistance and earth potential
(EPR) rise was reduced under transient conditions. The influence of inductive
component of long horizontal earth electrode was also shown. Figure 2.6 shows the
potential developed at the turbine base and the reduction obtained by adding four
extra 12.5 electrode lengths and 50m horizontal electrode. From the graph, splitting
the 50m horizontal electrode into four 12.5m strips has the benefit to reduce the

EPR.
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Figure 2.6: Time domain response for wind turbine connected to four 12.5m
electrodes and with 50m long earth electrode, subject to lightning voltage rise
30kA 5/75 [2.46]

Cotton [2.47] carried out CDEGS simulations of different arrangements of wind
farm earthing systems. The results of AC (50Hz) simulations indicated that there is a
little additional benefit in running an extra earth conductor between the wind
turbines earthing systems when the earthing system is already interconnected by a
cable sheath. Lightning current simulations of (30kA 2.5/20 show a considerable
reduction in EPR compared with the case of individual turbine when the wind farm

was interconnected via the power cable sheath.

Hatziargyrious et al. [2.48] also conducted computer simulations on wind turbine
earthing systems for both power frequency current and fast transient injection. They
adopted a simple model for the earthing electrode of a wind turbine which consisted
of horizontal electrodes arranged in an octagonal structure of 6.5m radius with 4mm

radius copper conductors buried 1.5m deep as shown in Figure. 2.7. The calculated
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DC earth resistance of this electrode was 24.8Q2 assuming a 500Qm resistivity

homogenous soil.

a) Simplified model of wind turbine base earthing system

]

substatipon 1 2 3 4
earth grid
Wind farm of 5 turhines

b) Onshore windfarm with 5 wind turbines

Figure 2.7: lllustration of the turbine model and the wind farm arrangement

An impulse current of 9kA, 1.4/1.7 and an AC current of 9kA, 50Hz were each
injected into the octagonal model connected to a 300m long horizontal electrode.
The results showed that, in the case of 50Hz current the EPR decreased as the length
of the horizontal electrode connected to the outer ring of the wind turbine earthing
system increased. On the other hand, in the case of the impulse condition, the
decrease of the TEPR (Transient Earth Potential Rise) has a limit; there is an
effective electrode length above which the impedance remains constant. The
effective length at high frequencies was found to be shorter than at 50Hz. The study

was extended to include five interconnected wind turbines and substation earth grid.
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The distance between two adjacent wind turbines was 400m, the same distance
between the substation and the nearest wind turbine.

A lightning current of 30kA, 5.5/ 75us was injected into the middle wind turbine.
The maximum EPR always appears at the injected turbine. The potential rise was
reduced when the wind turbine was connected, and no reduction was noticed when
an extra electrode was connected in parallel with the power cable.

Lorentzou et al. [2.49] simulated different wind turbine earthing arrangements as
shown in Figure 2.8 under 50Hz and impulse currents injection. The results showed
that arrangement B gave the lowest resistance. This is due to the area of arrangement
B which is larger than other arrangements.

Increasing the burial depth of the earthing system gave no significant reduction in
resistance. The results show that the interconnection of the wind turbines has benefit
in reducing the EPR significantly in the case of 50Hz injection. For transient
injection, however, the reduction of the TEPR was limited by a certain “effective
length” which is shorter under transient conditions compared to the power frequency

case as can be seen in Figure 2.9.

i

A B C

Figure 2.8: Alternative wind turbine earthing arrangements [2.51]
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Figure 2.9: Maximum earth potential as a function of conductor length [2.49]

Yasuda et al. [2.50-2.51] conducted transient simulations using power system
simulator of wind turbine earthing systems under transient conditions. The simulated
system consisted of two (1MW) turbines and a local transformer spaced at 1km
intervals, as shown in Figure 2.10. However, the spacing between the turbines
seemed to be impractical. A parametric analysis was conducted varying the wind
turbine earth resistance from 1Q to 10Q, and its inductance from OuH to 10uH,
under an impulse current energisation of 30kA, 2/70. The results showed that the
surge magnitude was affected by resistance and inductance of the earthing system. A
high inductance produced high potentials around the struck turbine. It was found that
the case B in Figure 2.10 gave lower TEPR magnitude compared with the other

arrangements.
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Kontargyri et al. [2.52] studied an interconnected wind turbine earthing system using
CDEGS up to 1MHz. The investigation accounted for a two layer soil model with a
range of soil resistivity values taken for the top and lower layers. The five-
interconnected wind turbine arrangement is shown in Figure 2.11. The burial depth
of the outer earthing ring of the wind turbine earthing system was 2.5m with radius
6m, the inside ring was 0.9m deep with radius of 1.5m and the outer rectangle was
35x25m buried at a depth of 0.9m. It was shown that when the current was injected

into the central wind turbine, the earth impedance was less than when the injection

reference [2.50]

was into a wind turbine at the end of the row.
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In a subsequence paper Yasuda et al. [2.53] investigated the recommendation of
technical report 61400-24 [2.44] that additional electrodes are required if the radius
of the foundation of the wind turbine is less than the minimum radius stated by IEC
62305-3 [2.42].

Computer simulations on the following earth-electrode combinations using the
FDTD method were carried out.

1) Four vertical electrodes installed at the corners of the wind turbine foundations.

i) Four vertical electrodes installed around the ring electrode.

iii) Combinations of i) and ii).

The results showed that arrangements (ii) and (iii) were able to meet the standards
recommendations as shown in Figure 2.12. However, they recommended that further
work was required in order to obtain an effective design for wind turbine earthing

systems.
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Figure 2.12 Resistance vs. vertical electrode length for various wind turbine
electrode configurations [2.53]
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Ukar et al. [2.54] noted that, while some standards deal with wind turbine lightning
protection, there is no standard for wind turbine and wind farm earthing system
design. Moreover, the available standards have not considered the transient
behaviour of wind turbine earthing systems. Using the electromagnetic approach,
both individual wind turbine and interconnected configurations were modelled as
shown in Figure 2.13. The earthing systems were subjected to a peak impulse current
of 100A, 1.2/50 with a soil of 1kQm resistivity. The larger square earth grid was
given lower step voltage compared with the ring earth electrode arrangement. It was
found that step potential was also reduced by a 30% by increasing the burial depth of
the earthing system from 0.5m to 0.8m with limited benefit for greater depth. It was
also found that extending the earthing system improved the transient behaviour while

interconnection of the wind turbines earthing systems also reduced step potential.
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a) Individual wind turbine earthing systems
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c)

b) Interconnected wind turbine earthing system

Figure 2.13: Different earthing arrangements used by Ukar, et. al. [2.54]

2.7 Effective Length of Horizontal Earth Electrode

Many investigations have been carried out into the effect of an earth electrode [2.55-
2.62]. This has led to the identification of a particular length beyond what provides
little or no sign of earthing system performance as seen from the point of injection
[2.57]. Furthermore, it has been shown that the effective length is affected by
energisations characteristics.

Bewley [2.20] observed from tests that a counterpoise, beyond 91.4m in length gave
little further reduction of the earth impedance leading to the conclusion that
additional parallel conductors would offer improved performance.

Recently Mazzetti et al, [2.55] carried out studies of the horizontal earth electrode
using the transmission line model. Their results showed that the voltage drop along
the horizontal electrode was significant due to inductance, but only a certain length,
the “effective length”, contributed to current dissipation. The effective length was

shown to increase with increasing soil resistivity.
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Gosh and Munshi [2.56] used an analytical model of a horizontal earth electrode
based on an equivalent transmission line, and demonstrated that no significant
benefit could be achieved by extending the electrode length beyond the effective
length.

Farag et al. [2.57] proposed a definition of the effective length as the length at which
the voltage reaches 3% of its value at the current injection point. An analytical
expression was proposed to calculate the effective length of a horizontal earth
electrode based on a formula from earlier work by Gupta and Thaper [2.26]. The
expression they proposed is based on work to determine the effective area of the
earthing grid with current injected at the centre or the corner. Their expression for
calculating the effective length of the horizontal electrode is :

Effective length L=k(p7)*° (2.3)

Where L is the conductor effective length in (m), p is the soil resistivity (2m),

T is the rise time of the injected current (us), k = 1.4 when the current is injected into
one of the conductor ends and k = 1.55 when the current is injected into the middle
of the conductor.

Lorentzou et al. [2.58] simulated the transient response of a horizontal earth
conductor using EMTP in order to identify its effective length. An 8/20 current
impulse peak magnitude of 31kA was assumed as the source. Figure 2.14 shows that
the peak transient voltage per unit of peak injected current decreases as the length of
the electrode increases until it reaches a constant value which is referred to as the
effective length. It was shown that the effective lengths are shorter for lower values

of soil resistivity.
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Figure 2.14: Vmax/Imax as a function of a horizontal electrode length [2.62]

Griffiths et al. [2.59] investigated the effective length of rod electrodes over a range
of frequencies using a distributed parameter circuit model. It was shown that the
electrode earth impedance decreases with electrode length until it reaches the
characteristic impedance at the effective length.

Lu et al. [2.60] investigated the effect of length of an extended earth electrode
subjected to lightning strikes. Their results showed that the extended electrode has a
limited effective length under transient conditions. On the other hand, the
performance of the earthing system at power frequency was found to improve
beyond the transient effective length of the earthing electrode. Lu et al. [2.60] found
the effective length of a conductor increased with soil resistivity and front rise time,

due to high frequency content of short rise time as shown in Figure 2.15.
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Liu et al. [2.61] compared the different definitions of the effective length/area of
earth electrode using the simulation technique reported in [2.62]. They suggested
that when the transient injection has a rise time less than 1us, the effective length

may be overestimated.

2.8 Effective Area of Earth Grid

One of the measures taken to reduce the rise in earth grid potential is to increase the
earth grid area. This will reduce the grid earth impedance, but this has a limit after
which further increase in the area results in no further reduction in potential. This
area is known as the effective area. This section presents a brief review of work
concerning this issue.

Gupta and Thapar [2.26] showed that, as the area of the earth grid increased, the

impulse impedance decreased until a limiting area was reached, defined as the
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“effective area”. This is an extension of the principle of effective length for a long
horizontal electrode described by Mazzetti and Veca [2.58]. An empirical formula

for the effective radius of an earth grid was proposed [2.26],
r,=K(pTl)* (2.4)

Where: K = (1.45-0.05s) for centre fed grids, K = (0.6-0.025s) for corner fed grids, p
is the soil resistivity, T is the impulse rise-time and s is the spacing between grid
conductors.

The higher effective area for centre fed grids was explained by the higher inductance
for the corner injection compared with centre injection.

The effect of injection point on the effective area was investigated. The results
showed that the inductance of a corner injected earth grid is higher than a centre
injected earth grid. The effective area for the corner fed earth grid is less than for a
centre injected grid with the same current injection. This is because of the higher
inductance of the corner injection case.

Grecev [2.63] studied the effect of earth grid size on its performance using
electromagnetic field theory approach. Different earth grid sizes were considered
ranging from 10mx10m to 120mx120m. The results showed that the effective area
covered by the earth grid is less than 20mx20m for fast impulse injection. It was
concluded that, for high frequency and fast impulse conditions, increasing the grid
size does not result in significant impedance reduction.

In a recent paper, Grecev [2.65] reported that the calculation of effective area using an
electromagnetic field theory model would give more accurate estimation because the
circuit theory model has an upper frequency limit. According to Grcev, the formulae
suggested by [2.26 and 2.64] would not be valid for fast front impulses because of

the high frequency content. The formula proposed by Grcev is
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a, =K. exp[O.84(,oT)°"22 ] (2.5)

Where: K=1 for grid centre injection, K=0.5 for grid corner injection, p = soil
resistivity and T is the impulse rise-time.

A comparison with the different proposed formulae [2.26 and 2.68] for effective area
and this shows that there is a quite large difference in predicted effective area

particularly at higher resistivity.
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60 | ——=—— Gupta-Thapar f!'
-------- Zeng et al. f!

50} Proposed formula [269] f

p Ty (Q2m.pus)

Figure 2.16 Comparison between different methods of estimating square earth
grid effective area [2.65]
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2.9 Conclusions

A review of literature relating to the high frequency and transient performance of
earth electrodes and wind farm earthing systems has been carried out.

Investigators have attempted to characterise the behaviour of earth electrodes using a
number of different approaches. Such work has included high-voltage testing both in
the laboratory and on earth electrodes installed in the field. Simulation approaches
have used circuit models and the electromagnetic models.

The standards dealing with recommendation for earthing systems contain guidelines
for design which are primarily for power frequency earth fault conditions. However,
it is well established that earthing systems subjected to high impulse currents will
behave differently from power frequency faults. In the specific case of wind farms ,
the earthing systems occupy extensive areas, usually located in areas with high soil
resistivity. Such extended earth electrode systems of the wind farms exhibit a
significant reactive component and any estimation of EPR based on DC
measurements is likely to contain a significant error. The relatively large inductive
component of the wind farm earthing impedance system shows that DC resistance
measurement techniques should not be used on sites such as wind farms. If the
resistance value is used in determining the maximum potential rise during a fault, a
hazard to human safety may occur as the earth potential rise would be
underestimated.

It has been identified that the length of the earth electrode is an important parameter
affecting its performance, and the concept of effective length has been defined. The
literature clearly indicates that the ability of a horizontal earth electrode in reducing
earth potential rise is limited because no further reduction is obtained by increasing

its length beyond a certain amount known as the effective length. A number of
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parameter-specific definitions of effective length have been proposed in the
literature. It is also well known that the behaviour of earthing systems under transient
conditions is different from that under power frequency resulting in shorter effective
lengths. The effective length under transient conditions depends on soil resistivity,
impulse risetime and electrode geometry. Many researchers have studied the
transient performance of the horizontal earth electrode and an empirical formula for
calculating the effective length has been proposed. Most of these studies were
conducted using simulations and circuit theory methods, and limited experimental
work have been reported. Chapter 5 of this thesis investigates the effective length in

more detail using an experimental test and simulation techniques.
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CHAPTER THREE
PERFORMANCE OF EARTH ELECTRODES UNDER DC, AC

AND IMPULSE CONDITIONS

3.1 Introduction

The design and the requirements of the earthing systems for power frequency faults
are well established [3.1-3.3]. However, earthing system performance and response
to fast-fronted surges caused by e.g. lightning and switching surges are more
complicated. Considerable work has been carried out to characterise the performance
of the earthing systems under impulse conditions [3.4-3.12], but most of this work
was concentrated on simple electrodes such as vertical and horizontal earth
electrodes. A few investigators [3.11-3.12] have studied the performance of earth
grids under high frequency and impulse conditions, investigating such factors as
earth grid size and spacing that were expected to improve the behaviour of the
earthing system.

National and international standards give detailed guidelines for earthing system
design under power frequency conditions, but only limited recommendations for
high frequency and transient conditions are available [3.3-3.4].

In this chapter, a detailed parametric study is performed on the responses of different
earthing systems under variable frequency and transient conditions. Different factors
such as soil resistivity and soil relative permittivity which affect the performance of
the earthing systems are investigated. Also, the effects of electrode length or area for
vertical earth electrodes, horizontal earth electrodes and grid earthing systems on
performance of earthing systems are considered. Circuit models are compared with

computer simulation based on a numerical electromagnetic approach [3.14].
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3.2 Modelling Methodology and Model Arrangements
In order to study the generic behaviour of earthing systems, three simple earth
electrode model arrangements (vertical earth electrode, horizontal earth electrode
and earth grid) were adopted for these studies, see Figure 3.1.
(i)  Vertical Earth Rod

A reference copper earth rod is used and assumed to have a radius of lcm.

Different lengths of this type of earth electrode were considered.

(i) Horizontal Earth Electrode
A 100m horizontal earth electrode of radius 1cm is modelled when buried
0.6m below the ground.

(iii) Earth Grid
The generic earth grid is assumed to have 100mx100m area with mesh size
10m square, and buried at a depth of 1m below the surface of the soil. The grid

conductors are also assumed to have a radius of 1cm.

Each earth electrode is simulated with variable frequency and impulse currents
energisation for a range of soil conditions likely to be found in practice; soil
resistivity between 10Qm to 10kQm, and with relative permittivity of 1 to 80
reported by [3.8].

For each electrode under a.c. energisation, the earth impedance is calculated for an
injection of 1A current, and unity soil permittivity and permeability were assumed.
The simulations are carried out using CDEGS earthing software [3.13]. In addition,
both lumped and distributed parameter circuit models are used in the case of the

vertical earth electrode for comparison purposes.
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Figure 3.1 Simulated earth electrode models
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The resistance or impedance of earth electrodes can be calculated by different
methods such as field theory based software or equivalent circuit models using
analytical expressions for the lumped or uniformly distributed parameters that
describe the overall earth impedance as equivalent to a series of resistances and
inductances. However, studies by Davies [3.14] have shown that the earth electrode
response predicted by the lumped parameter approach can lead to inaccurate
estimations of the earth electrode under high frequency or transient conditions. Thus,
lumped parameters are commonly used to estimate the behaviour of simple and small
dimension earth electrodes at low frequencies. For high frequency studies distributed
parameter are more accurately used in the prediction of the behaviour of vertical and
horizontal earth electrodes. The field theory approach [3.13] has advantages over the
circuit approach, as it can be applied to analyse complex and arbitrarily oriented
buried earth electrodes such as transmission substations and wind farm earthing
systems. A major disadvantage is the long calculation time required when simulating
a complex earthing system such as a large transmission line substation and wind
farm containing many wind turbines.

In the following sections, calculations of the earth impedance of simple earth
electrodes using circuit models and field theory based software are presented and

compared.

3.3 Circuit Model Parameters

The equivalent circuit model for the earth rod was first suggested by Rudenberg
[3.15]. It is a simple circuit consisting of the series resistance, r, and series self-
inductance, L, of the electrode and a parallel combination of a shunt earth resistance,

R, and shunt earth capacitance, C, as shown in Figure 3.2.
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Figure 3.2: Equivalent circuit model for a vertical earth rod

The relevant equations for the circuit model parameters for the vertical electrode as

suggested by Rudenberg [3.15] are:

_ P (a2
R= 27z£(ln( aj 1) 3D
2
] h
ol Inf —
a
2re X
In|] —
a
L=ﬂ(|n%j (3.4)
27 a

Where: / and a are the length and radius of the rod electrode respectively, p is the

permeability of the soil and ; is the relative permittivity of the soil.
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Figure 3.3 shows a horizontal earth electrode represented as a series of lumped
elements. The relevant equations for the circuit model parameters of horizontal earth

electrode as suggested by Sunde [3.2] are shown below.

Figure 3.3: Equivalent circuit model for a horizontal earth electrode where each
loop corresponds to a one metre length of earthing rod

_ P 2
R_27z€ (In(maj 1J (3.5)
c-_ ! (3.7)
In 2! ]—1
J2ha
_ M 2t
L_27z In[maj 1} (3.8)

Where: 7, a, pu and € have the same meaning as in Equation (3.7) and h is the burial

depth in m.

The distributed parameter model is commonly used for analysis of long transmission
lines. Using this approach, the open-circuit impedance of a vertical earth electrode,

and horizontal earth electrode Z,, can be expressed by Equation (3.90 [3.16]
Z, =Z,coth(y) (3.9)

Where Z, is the characteristic impedance
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Z, =y/(R+ jaL)G+ jaC) (3.10)

and the y is Propagation constant
R+ jolL
= | ——— 3.11
"\G+ joc (31D

Where: 7, a, p and & have the same meaning as in Equation (3.7) and (3.8), p is the
resistivity of the soil, & is the relative permittivity of the soil and G is the

conductance of the soil.

3.4 Frequency Response
In this section, simulations are carried out to investigate the frequency performance

of the earth electrode.

3.4.1 Vertical Earth Electrode
The effect of soil resistivity and permittivity and the electrode length were

investigated by computer simulation [3.13].

3.4.1.1 Effect of Soil Resistivity and Permittivity

The frequency response of a 5m vertical earth electrode is shown in Figure 3.4. Soil
resistivities of 10Qm, 100Qm, 1kQm and 10kQm and soil relative permittivities of
=1, 5, 30 and 80. Each curve has a low frequency range at which the impedance
magnitude is almost constant. The impedance value depends on the resistivity value.
As the resistivity increases, the impedance magnitude also increases. For low soil
resistivities (10 to 100Q2m), the impedance increases at high frequencies, which can

be explained by the high influence of the inductive component of the earth rod in
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which increases the impedance magnitude at high frequency. For high resistivity
values (>1kQm), the impedance decreases at high frequencies, and this is may be

due to capacitance effects.
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Figure 3.4: Earth impedance vs. frequency for a vertical earth electrode with

various values of relative soil permittivity and resistivity
The effect of soil relative permittivity on the vertical earth electrode impedance and
impedance phase angle were investigated for a range of soil resistivity (10Qm,
100Qm, 1kQm and 10kQm) over a frequency range from DC to 10MHz. The
assumed value of soil relative permittivity is related to the moisture content in the
soil and values as high as ¢ = 80 have been measured [3.8]. In these studies, the soil
relative permittivity is assumed to be in the range 1 < g <80. The results of the
simulations are also shown in Figure 3.4. As can be seen, no significant effect is

observed on the impedance of the vertical earth electrode under low soil resistivity
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conditions. However, for high soil resistivity, the effect of soil relative permittivity is
more pronounced, if there is a significant reduction in the earth impedance
magnitude. This reduction may be attributed to the enhanced capacitance effects
present at higher permittivities.

Figure 3.5 shows the calculated impedance phase angle with frequency. As can be
seen in the figure, the phase angle remains at zero up to about 10kHz for all soil
resistivities values due to the resistive nature of the impedance at low frequency. The
phase angle increases at a particular frequency due to the inductive effect at high soil
resistivity for low soil resistivity. For high soil resistivity, greater than about 1kQm,
the impedance phase angle shows a downturn at high frequencies [3.17]. The
impedance phase angle decreases by as much as -60° at a frequency of 100kHz with
soil resistivity of 10kQm. This can be explained by the capacitive effect is dominant

at high frequencies of high resistivity.
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Figure 3.5: Impedance phase angle vs. frequency for a vertical earth electrode
with various values of soil resistivity
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3.4.1.2 Effect of Electrode Length

To examine the effect of electrode length on the frequency performance of the
vertical earth electrode the electrode length was varied from 5m to 20m. The study
was performed for a wide range of soil resistivity (10Qm, 100Qm, 1kQm and
10kQm) over a range of frequencies from DC to 10MHz. The earth impedance was
calculated at two selected frequencies, 50Hz and 1 MHz.

Figure 3.6 shows the impedance of a vertical electrode, with length varied between
5m and 20m. From Figure 3.6 a, it can be seen that the impedance magnitude at
50Hz decreases as length increases for all soil resistivities considered. At 100kHz,
the impedance is seen to decrease with increase in electrode length for all soil
resistivities values (Figure 3.6 b). At this frequency, for the lower resistivities of
10Qm and 100Qm, the impedance decreases until it reaches a constant value at a
particular length. These results demonstrate that the effective length has been

reached. At 10Qm, the effective length is about 10m.
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Figure 3.6: Effect of length on impedance of vertical electrode at 50Hz and

100kHz for different soil resistivities

3.4.2 Horizontal Earth Electrode

3.4.2.1 Effect of Resistivity and Relative Permittivity

The impedance of a 100m horizontal earth electrode was calculated using the
transmission line circuit model and by computer simulation using the HIFREQ
software. The calculated earth impedance and the impedance phase angle are shown
in Figure 3.7. The results are shown for soil resistivities ranged between 10Qm and
10kQm over a range of frequencies from DC to 10MHz. Figure 3.7 shows similar
trends to those obtained for the vertical earth electrode, where the impedance is
predominantly resistive up to a particular frequency referred to here as upturn
frequency which is related to the value of the soil resistivity. Due to the greater

length and hence higher longitudinal impedance of the horizontal earth electrode, the
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inductive effect becomes apparent at much lower frequencies compared to the
vertical earth electrode case.

For the high soil resistivity case (10kQm), the impedance value starts at a higher
magnitude due to the high soil resistivity and remains constant until up to a
frequency of 100kHz. Above this frequency, and increasing the permittivity to 80,
the impedance starts to decrease which indicates that the capacitive effect is evident

with high resistivity.
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Figure 3.7: Impedance horizontal earth electrode as a function of frequency at
different soil resistivities and permittivities

3.4.2.2 Effect of Increasing the Length of Horizontal Earth Electrodes
The impedance magnitude was computed for horizontal earth electrode lengths from 2m

to 100m. A 1A magnitude current was injected into one end of the horizontal earth
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electrodes for four different soil resistivity values (10QQm, 100Qm, 1kQm and 10kQm)
and for frequencies of 50Hz and 100kHz. The results are shown in Figure 3.8. Figure
3.8(a) shows that at 50Hz, extending the electrode length results in an initial sharp
drop of earth impedance followed by a more gradual decrease for all the soil
resistivities considered. At 100kHz, Figure 3.8(b) shows that increasing the electrode
length causes a significant reduction in earth impedance for high soil resistivities, but
for low soil resistivities, there is less reduction. From the figure, it is also clear that
the earth impedance of the horizontal electrode reaches a limiting value and further
increase in length beyond this will not reduce the impedance of the earth conductor.
This limit is known as the effective length; the length at which no further reduction
in impedance is observed when increasing electrode length [3.18].

Hence, the higher the frequency is the shorter the effective length will be. For
example, in the case of 50Hz injection, the effective length is not reached at 100m.

In contrast, at 100 kHz, and with a soil resistivity of 10Qm, the effective length is
about 15m. Soil resistivity, also plays an important role in characterising the
effective length; the lower the resistivity is, the shorter the effective length will be.
For example, at 100kHz the effective length is 6m for a soil resistivity of 10Qm, but
it is greater than 100m for a soil resistivity of 10kQ2m. Similar results were reported
in [3.19]. Experimental tests to determine the effective length of a horizontal
electrode under variable frequency injection is investigated in Chapter 5.

The effective length of a horizontal earth electrode for various frequencies over a
wide range of soil resistivities is calculated using CDEGS program. The results are
shown in Figure 3.9, which indicates that the calculated length required to obtain
constant impedance. The results clearly show that for low soil resistivity shorter

length required to characterise the impedance of the horizontal earth electrode. For
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high soil resistivity case at low frequency great length required for the impedance to
reach a asymptotic value. For example, a current of frequency 1kHz has an effective
length of more than 1000m in soil of resistivity 10kQm, but an effective length of
only 40m in soil of resistivity 10Q2m. Increasing the frequency reduces the length

required to characterise the earth impedance of the horizontal electrode.

10000 -
---100m
——100 Qm
1000 - = = lkQm

\ — 10k Qm

\
R \
S 100+ S«
[«B] ~ -
(&) = -
o i - e
8 - - - - o
E 107 \
- \

\

\

\

\\
1 Saeo
0.1 T T T T :
0 20 40 60 80 100

Earth electrode length (m)

a) 1A injected at 50Hz

56



10000 -

Electrode Effective length (m)

10000

1000

-
o
o

[EY
o

Impedance (Q)

=== 10Qm
e 100Q2m
- = 1kQm
— 10kQm

10 20 30 40 50 60 70 80 90 100
Earth electrode length (m)

b) 1A injected at 100kHz

Figure 3.8: Effect of horizontal electrode length on earth impedance for
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3.5 Comparison of Simulation and Circuit Model Results

A lumped parameter circuit, a distributed parameter representation and a CDEGS
model were used to calculate the impedance of a 5m vertical earth electrode in
100Qm and 1kQm soil. The frequency responses obtained by all three models are
shown in Figure 3.10. For each model, the impedance magnitude is constant at about
20Q at a soil of resistivity 100Q2m and 223Q for a soil resistivity of 1kQm up to a
frequency of around 100kHz. There is a good agreement between the results
predicted by CDEGS and the distributed parameter circuit model. However, higher
impedance magnitudes were obtained by using lumped parameter at frequencies
above the upturn frequency. This suggests that prediction of earth electrode
behaviour at high frequency is better carried out using the distributed parameter
model or CDEGS software. The small discrepancy over the low frequency range
10Hz to 100kHz between the values predicted by the circuit models and CDEGS can
be explained by the simplified circuit equations which for example do not taken to

account conductor burial depth.
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Figure 3.10: Frequency response of 5m vertical electrode using CDEGS,
lumped circuit and distributed circuit models
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3.6 Earth Grid Frequency Response
3.6.1 Effect of Soil Resistivity and Relative Permittivity

In this section, the simulations are extended to a 100x100m earth grid. CDEGS
earthing software [3.13] was used to calculate the earth grid impedance for a range
of frequencies from DC to 10MH and soil resistivity ranging from 10Qm to 10kQm.
A 1A current was injected into the centre of the earth grid and the earth impedance at
the point of injection was calculated. Figure 3.11 shows the frequency response. It
can be seen that the earth grid shows similar trends to those of the horizontal earth
electrode. Each curve has a lower frequency range over which the impedance is
almost constant and equal to the earth resistance. There is then an upturn frequency,
and this occurs at lower frequency for lower values of soil resistivity. This increase
can be attributed to the inductive component of the earth grid at these frequencies.
For higher soil resistivities, 1kQm, and frequencies above 1MHz the impedance
shows an oscillatory behaviour [3.17]. These oscillations may be explained by the

interaction between the inductive and capacitive components.

Figure 3.12 shows the change in impedance phase angle with frequency, and the
curves exhibit similar trends to those obtained by Grcev and Heimbach [3.20]. For a
10Qm soil resistivity, the impedance phase angle starts to increase at a frequency of
about 100Hz and a smaller increase is seen at lower frequencies for the 100Qm and
1kQm conditions. For a soil resistivity of 10kQm, there is a small decrease in
impedance phase angle at about 100kHz after which it increases.

The effect of permittivity on the performance of the earth impedance of the earth

grid is similar to that seen for the horizontal earth electrode, as shown in Figure 3.11.
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3.6.2 Effect of Grid Size

The frequency response of earth grids of different sizes ranging from 10mx10m to
120mx120m while maintaining the same mesh size 10mx10m is investigated.

The results, expressed in the form of impedance as a function of side length and
shown in Figure 3.13., which demonstrate that, at the low frequency of 50Hz, the
earth grid impedance decreases significantly with size of grid for both values of soil
resistivity. At 100kHz, and with a soil resistivity of 100Qm, the impedance
decreases slightly as the grid size increased before reaching a constant value. At
1MHz and 100Qm soil resistivity, the impedance in unaffected for grid sizes
beyond10mx10m. Similar trends are seen at higher soil resistivity. General
observation was noticed at 100kHz small oscillations in the curve just before it

reaches the effective which is area similar to observation reported by [3.17].
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3.6.3 Effect of Injection Point

The effect of injection point on the performance of the earth grid is examined for
frequencies ranging from DC to 10MHz in low and high resistivity soil. A
100mx100m earth grid having 4 meshes was considered with 1A current injected at a
corner and at the centre point.

Figure 3.14 shows the calculated earth impedance values obtained from corner and
central injections. At high frequency, the corner injected grid shows higher
impedance magnitude compared with the centrally injected earth grid. For example,
at 3MHz, for 1kQm soil resistivity, the earth impedance magnitude is about 66.1Q
for central injection and 83.6Q for corner injection, equivalent to an increase of

about 26%. Similar results are reported by [3.11-3.12].
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Figure 3.14: Earth grid frequency response for corner and central injection
points for soil resistivities 100QQm, 1kQm and 10kQm
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3.7 Impulse Energisations
Lightning and switching surges are the main sources of earth transients. These
impulse currents have rapid rise times, are of short duration and may be described by

a double exponential wave [3.21],

I(t) = A(e_Bt - e_Ct) (312)

Where I(t) is the impulse current as a function of time, and A, B and C are
coefficients which determine the shape of the impulse.

Impulse currents are usually described by their peak current (or voltage) and by T;
(time for current to reach peak value) and T, (time for current to fall to half its peak
value); written as T1/T, in microseconds, e.g. a 10kA, 1/5.

At present, only little gaudiness is made in earthing standards [3.4-3.31-3.32] for
local enhancement of the earth grid to disperse “high-frequency” and transient
currents.

In this section, comprehensive simulations are conducted to contribute to better
understanding of the behaviour of earth electrodes under transient conditions. The
simulations were carried out using CDEGS [3.13] (field theory based software) for
8/20 and 1/5 standard impulses. In order to analyse the impulse behaviour of earth
electodes, the following approach was used with the simulation software:

(a) The routine FFTSES, is used for the calculation of Fourier Transforms (using Fast

Fourier Transforms (FFTs)) and Inverse Fourier Transforms (IFTs), and

(b) HIFREQ, routine is used for the calculation of the earth electrode system

response of at specific frequencies.
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3.7.1 Simulation Techniques and Methodology

Time-domain calculations using simulation software such as CDEGS [3.13] requires
a minimum of three operations: (i) taking the FFT of the current impulse waveform
(using FFTSES), (i) calculating the response of the earth electrode system at each

frequency (using HIFREQ) and, finally, (iii) calculating the IFT (using FFTSES).

The earth electrode system was implemented in CDEGS as an interconnected
network of long thin cylindrical conductors. The geometry of each conductor and its
burial depth and orientation with respect to the air-soil interface was specified and

the properties of the air and multilayer soil were selected for each study.

For each earth electrode configuration, the transient earth potential rise (TEPR) was
calculated at the midpoint of the energised segment. To further quantify the
behaviour, the TEPR peak magnitude and rise time for different conditions were
compared. The TEPR peak magnitude indicates the highest potential that the earth
electrode system will reach. The TEPR rise time, is a simple measure of the impulse

shape.
3.7.2 Earth Electrode Configurations

The same earth electrodes used in the previous section, (rod, horizontal electrode and
grid) were adopted for this study. The response to the two standard impulses are
compared over a wide range of soil resistivity with different relative soil

permittivities.
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3.7.3 Vertical and Horizontal Earth Electrodes

3.7.3.1 Effect of Resistivity

The transient response of a 10m vertical rod and a 100m horizontal earth electrode to
an injected standard 1A, 8/20 impulse current is shown in Figure 3.15. Figure 3.15 a)
shows this impulse current and the resultant TEPR for soil with 100Q2m resistivity

and unity relative soil permittivity at the injection point for a horizontal electrode.
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Figure 3.15: Transient earth potential rise for an 8/20 impulse current with soil
resistivity of 100Qm and unity permittivity

It can be seen from Figures 3.15.a and 3.15.b, the TEPR reaches its peak before the
injected impulse current for both electrodes but much more quickly in the case of the
horizontal electrode. This highlights the effect of inductive component which is
greater for the longer electrode. Figures 3.16.a and 3.16.b illustrate the peak TEPR at
the injection point as a function of soil resistivity for both rod and horizontal
electrodes. As expected, the TEPR increases as the resistivity increases, confirming
that the inductive effect is present for both the horizontal and vertical earth
electrodes. In each case, the peak TEPR occurs before the peak current due to the
inductive effect and the high frequency content of the impulse current. It can also be
seen that the peak TEPR rise time increases as the soil resistivity increases. The little
oscillation in the voltage for low soil resistivity is explained by the higher inductance
at low resistivity which affect the voltage at the decay region. Similar results were
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reported by Nixon [3.27] when an earth rod buried in 100Qm and 1kQm soils was

injected with two types of current impulses.
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Figure 3.16: Effect of soil resistivity on value of transient earth potential rise of
earth electrode
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Figure 3.17 presents the results of a comparison of the transient behaviour of a
vertical and horizontal earth electrode, both of 5m length and buried in soil with
resistivity of 100Qm. As can be seen, the TEPR for the horizontal earth electrode is
higher than that for the vertical earth electrode. For 100Qm, soil resistivity the
horizontal earth electrode peak TEPR was about 10% higher than that for the vertical

electrode.

8 Horizontal

7 Vertical
electrode

TEPR(V)

0 T T T T 1
0 40 80 120 160 200
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Figure 3.17: Comparison of transient earth potential rise for a 5m vertical
electrode and a 5m horizontal electrode

3.7.3.2 Effect of Permittivity

A 5m long vertical earth electrode and a 100m counterpoise with 50mm? cross
section area (8mm diameter) buried at a depth of 1m was used for this study. A 1A,

8/20 impulse was injected into the electrodes, and the transient potential at the
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injection point was calculated. The study was carried out for soil resistivity ranging

from 10Q2m to 10kQ2m and soil relative permittivity values of 1, 5, 30 and 80.

The calculated TEPR as a function of time is shown in Figure 3.18. It is clear from
the figure that the relative permittivity has no major effect on the TEPR for low soil
resistivity (below 1kQm). However, for a resistivity of 10kQm, it can be seen that
increasing the permittivity reduces the peak value of the TEPR but increases the rise

time, making the shape of the curve less “spiky”.
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Figure 3.18: Effect of soil permittivity on transient earth potential rise of earth
electrode

3.7.3.3 Effect of Current Impulse Type

In this section, the effect of current impulse shape on the time domain response of
the earth electrode is presented. A 100m horizontal electrode was subjected to two
current impulses: i) 1A, 8/20 and ii) 1A, 1/5. The simulations were conducted using
CDEGS software for soil resistivity values between 10Qm and 10kQm. Injection
was made into one end of the horizontal earth electrode, and peak TEPR was
calculated at the injection point. Figure 3.19 shows that peak TEPR increases as the
soil resistivity increases. The 1/5 impulse produces higher peak TEPR values
computed with 8/20 impulse because of its higher frequency content. This is due to

1/5 impulse contains higher frequency component. The increase in TEPR peak

71



values with soil resistivity is reasonably linear for the 8/20 impulse, but this is not

the case under fast impulse conditions.
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Figure 3.19: Effect of impulse wave shape on peak transient earth potential rise
for different soil resistivity values for a 100m horizontal electrode.

3.7.3.4 Effect of Electrode Length

The frequency responses of the earth electrodes described in the previous sections
have shown that the electrode length has a significant effect on the electrode
performance. In this section, the transient responses of vertical earth electrodes of
lengths 5m, 10m, 15m and 20m, and of horizontal earth electrodes of lengths 10m,
20m, 40m and 50m are presented. The copper electrodes are assumed to be buried at
a depth of 1m and injected at one end with 1A, magnitude 8/20 impulse current. The

results are shown in Figure 3.20 with TEPR as a function of time.
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Figure 3.20.a shows that the TEPR decreases as the electrode length increases. For
example, the TEPR at the injection point is 21.5V, 11.6V, 8.2V and 6.4V for vertical
electrode lengths 5m, 10m, 15m and 20m respectively. It is clear that the length has a
significant effect on the TEPR with a reduction of about 70% when the vertical earth
electrode length was increased from 5m to 20m. Similar trends are obtained for the
horizontal electrode with lengths varied between 10m and 50m. As can be seen from
Figures 3.20.b increasing the length of the horizontal electrode decreases the TEPR.
However, in the case of the horizontal electrode, it is clear that the effective length of
the electrode has been reached at 40m as no further decrease in TEPR is obtained

beyond this length [3.18].

3.8 Earth Grid under Impulse Condition

The frequency response of the earth grid was studied earlier in this chapter for
different soil resistivities, soil relative permittivities and earth grid areas. In this
section, the transient response of the earth grid subjected to different impulses is

investigated.

3.8.1 Effect of Resistivity

The performance of a square earth grid of (100mx100m) buried at a depth of 1m,
was centrally injected with a 1A magnitude 8/20 impulse current. The time domain
response of the grid is presented in Figure 3.21. As expected, and similar to the
horizontal and vertical earth electrodes, the TEPR peak magnitude for the earth grid
increases as the soil resistivity increases. Moreover, the TEPR rise time increases

with increasing soil resistivity.
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Figure 3.21: Effect of soil resistivity on TEPR of 100mx100m earth grid

(injected impulse current 1A 8/20ps)

3.8.2 Effect of Permittivity

The TEPR was simulated for a soil resistivity ranging from 100Qm to 10kQm and
soil relative permittivities of 1, 5, 30 and 80. Figure 3.22 shows that for a given
current impulse, the resultant TEPR at the injection point is independent of soil
relative permittivity for low soil resistivity (100Qm). For the 8/20 impulse, a
permittivity effect is observed only at high resistivity. However, for the 1/5 impulse,
a significant permittivity effect on the TEPR is observed, the larger &, is the lower

the TEPR will be. For example, with the faster impulse 1/5, it is clear that the change

in permittivity has a considerable effect, and the peak TEPR drops from 62V at €=1,

to 23V at &=80, suggesting that a capacitive effect is influential under these

conditions.
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The rise time of the TEPR is plotted as a function of soil resistivity, in Figure 3.23.
Similar results were reported by [3.30-3.35]. The figure clearly shows that, in soil of
low resistivity (100Qm), the soil permittivity has little effect on the resultant TEPR

rise time for either current impulse. However, for a soil of high resistivity (10kQm),

a change in permittivity from g=1 to €=80 has a considerable effect on TEPR rise
time for both impulses: from 7.60us at €=1 to 15.30us at =80 for the 8/20 impulse,

from 0.2us at =1 to 5.8us at £=80 for the 1/5 impulse.

These results indicate that for both impulses inductive effects dominate and the
TEPR voltage rise time is shorter than that of the impulse current for soil with a
resistivity below 100Qm. Figure 3.23 also shows that when the soil resistivity was
10kQm and the relative permittivity was greater than 30, the TEPR rise time for both
impulses was longer than that of the injected current impulse due to capacitive
effects.

100 +

TEPR (V)

1 . . .
10 100 1000 10000
Soil resistivity (Qm)

Figure 3.22: TEPR Peak values for 100mx100m earth grid injected with current
impulses 1A 8/20pus and 1A 1/5ps for soil of different resistivities with relative
permittivity 1, 5, 30 and 80
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Figure 3.23: TEPR rise time vs. soil resistivity injected with current impulses
1A 8/20 and 1A 1/5 for relative permittivities 1, 5, 30 and 80,
3.8.3 Effect of Earth Grid Size
The frequency response of different sizes of earth grid was presented in section 3.6.
In this section, the transient response calculated for square earth grids of sizes from
10mx10m to 100mx100m. The simulations were carried out by injecting a standard

1A, 8/20 impulse into the centre of the earth grid.

The results are summarised in Figure 3.24, showing the peak TEPR as a function of
the grid side length for resistivities 10Qm, 100Qm, 1kQm to 10kQm. As can be
seen, at low soil resistivity, there is little change in observed peak TEPR with an
increase in size of grid; only an 8% decrease in moving from a 10mx10m to a
100mx100m earth grid. However, at the higher resistivity investigated (10kQ2m), the
results demonstrate that the area of the earth grid area has a pronounced effect on the
peak value of the TEPR. Increasing the earth grid size from 10mx10m to
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100mx100m results in a reduction in peak TEPR of about 85%, from over 400V to

less than 60V.

The overall observation is that the earth grid does have an effective area beyond
which further increases in grid size have little or no effect in reducing the impedance
or the TEPR [3.10]. The higher the soil resistivity is the greater is the effective area,
but the higher the TEPR will be. The transient effective area is different from that
obtained for single frequencies as illustrated above. Similar results have been

reported by [3.10-3.12]. Chapter 5 addresses effective electrode area and length in

more detail.
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Figure 3.24: Effect of earth grid area on TEPR peak magnitude injected with
1A 8/20 ps impulse current
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3.9 Conclusions

Different models of simple earth electrodes for various frequencies and different soil
resistivities have been used to calculate the response of such electrodes under
variable frequency and transient conditions. Parametric studies were carried out for
vertical and horizontal electrodes and an earthing grid. The results confirm the
limitations of the lumped parameter circuit model in predicting the performance of
the earth electrode at high frequencies. For large earthing systems, computer
simulations allow prediction of earth electrode performance for more complex
electrode systems.

In general, the results indicate that inductive effects become significant for most
earth electrodes above a particular frequency for a given soil resistivity, increasing
significantly the magnitude of the earth impedance. For soils of high resistivity, the
earth impedance of an earth electrode e.g. for the short rod, the impedance is lower at
higher frequencies due to capacitive effects.

The electrode length or area was investigated in detail by varying the length of the
horizontal earth electrode and the earth grid size. It is clear that the earth impedance
magnitude decreases as the length or the grid size increases up to a limit beyond
which further increase in length or area has no beneficial effect. This length or area
at which no further reduction is achieved is known as the effective length or area.
The impulse response of different electrode configurations was studied. Two
different standard wave shapes and a wide range of soil resistivities were considered.
The results show that the transient earth impedance and peak TEPR of all electrode
configurations increases with resistivity. The TEPR and the impedance decrease
significantly with the increase of the relative permittivity in soils of high resistivity.

The effective length /area was also demonstrated under impulse condition.
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CHAPTER FOUR

SAFETY PERFORMANCE EVALUATION OF WIND TURBINE
EARTHING SYSTEMS

4.1 Introduction

The increase in the number of wind farms and the physical size of individual wind
turbine units has greatly increased the probability of lightning strikes of turbine
structures. As a result, the provision of protection to human beings, livestock and
equipment in the vicinity of such structures is becoming increasingly important.
Wind farm earthing systems have different features and requirements than
conventional earthing systems for electrical installations such as substations. Due to
the nature of their particular physical layout, wind farm earthing systems comprise
concentrated electrode systems at the individual turbine locations, and these are
normally interconnected to form an earthing system that may extend over several
kilometres. Moreover, due to the location of onshore wind turbine on high rocky
terrain, soil resistivity can be relatively high, and this contributes to the development
of very high transient potentials on the earthing system under lightning strike
conditions. It is important that the earthing system is designed to dissipate high
magnitude transient currents safely to ground. Previous studies [4.1-4.4] used models
based on various geometric arrangements of the wind turbine earthing system.
However, a shortfall of these models is that they neglect the tower structure and
model the in-ground electrodes as a number of simple horizontal electrodes arranged
in square or ring shapes. These models may accurately predict the performance of
the wind turbine earthing system at low frequency injection, but for high frequency
or transient conditions, the tower structure should be included to take into account

inductive effects and travelling wave phenomena.
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In the previous chapters, the frequency response and the transient performance of
generic earthing systems including the substation earth grid were described. In this
chapter the frequency response and the transient performance, including earth
potential rise and related safety voltages (touch and step potentials) of wind turbine
earthing systems under transient conditions, are investigated. The special case of

offshore wind turbine earthing system performance is also presented.

4.2 Onshore Wind Turbine Earthing System

A typical earthing system of an individual wind turbine consists of a ring electrode
installed around the foundation and bonded to the metal tower through the concrete
foundations, as can be seen in Figure 4.1. Each individual turbine earthing system is
required to have an earth resistance of 10Q or less, as specified in IEC 61024 — 1998
and TR61400-24, 2002 [4.5, 4.6]. Vertical rods and additional horizontal electrodes
are often used in conjunction with the ring electrode to achieve this value of earth

resistance. Some alternative earthing arrangements are shown in Figure 4.2 [4.1-4.4].

Wind turbine
Tower —

N

Vertical electrodes Top view

Figure 4.1: Typical wind turbine earthing layout [4.6]
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a) b) c) d)

Figure 4.2: Alternative earthing arrangements [4.1-4.4] of wind turbine
earthing systems

4.3 Modelling Methodology

Based on an actual 1.5MW wind turbine unit, the in-ground part of an onshore wind
turbine earthing system was modelled, and the frequency responses computed using
software based on the electromagnetic field theory [4.7]. Examples of models used in
the simulations are shown in Figure 4.3. Figure 4.3.a shows an arrangement
consisting of an octagonal-shaped turbine earthing system bonded to the reinforcing
grid metalwork of the turbine foundation at a depth of 2.65m. Figure 4.3.b shows
this basic earthing system with a ring electrode placed around the earth electrode.
For both models shown in Figure 4.3, the current injection is achieved through a

short single vertical lead connected to the centre of the grid.

1m injection lead

a) Basic wind turbine earthing system
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1m injection lead

b) Basic wind turbine earthing system with ring electrode

Figure 4.3: Basic on shore wind turbine earthing models used for the simulation

4.4 Frequency Response

Normally, a ring electrode is placed around the wind turbine foundation and bonded
to the reinforced steel and then to the wind turbine tower. In the published literature,
the available models of wind turbines represent only in-ground part and do not
include the above ground part, i.e. the tower structure [4.1-4.4]. In this section, the
simulation carried out using CDEGS software is of the earth electrode and the ring
electrode ignoring the steel tower. The effect of the steel tower on the TEPR and
safety voltages is discussed later in chapter 6. For each simulation model, a current
of 1A was injected over the frequency range DC to 3MHz and the EPR computed at
the injection point, assuming a soil resistivity of 400Qm. From the computed values
of voltage and current, the impedance magnitudes seen from the injection point were
determined, and the results are shown in Figure 4.4. As can be seen in the figure, and
similar the frequency response of the generic electrodes, each curve shows a low
frequency range over which the earth impedance is almost constant and the earth

electrode is predominantly resistive. The upturn frequency occurs above 100kHz at
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which the impedance magnitude (and EPR) increases suddenly indicating that the
inductive characteristics of the electrodes have become important. The same general
behaviour is observed for the basic earthing system and also when the ring electrode
Is added, despite that in the latter case, there is about a 14% reduction in earth

impedance at low frequencies compared to the basic wind turbine earthing system.

Similar results are reported by [4.8-4.9].
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Figure 4.4: Frequency response of on shore turbine earthing system (soil
resistivity 400Q2m)
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4.4.1 Effect of Soil Resistivity

The frequency response of the basic wind turbine earthing system was studied for
different soil resistivities. The impedance magnitude and the impedance phase angle
were calculated for different soils with resistivity 100Qm, 1kQm and 10kQm for a
relative permittivity of 1. Figure 4.5 shows the computed wind turbine earth
impedance over a frequency range from DC to 3MHz for the three values of soil
resistivity. The trends found are similar to those for the earth rod models simulated
in chapter 3. It is clear that the curves for resistivities up to 1kQm have a low
frequency range in which the impedance is almost constant. At higher frequencies,
the impedance magnitude increases sharply above a particular frequency related to
the magnitude of the soil resistivity. For high soil resistivity (10kQm), the
impedance of the wind turbine earth electrode decreases starting from a frequency of
about 500kHz. Due to the locations of onshore wind turbines, high soil resistivity is

frequently encountered.
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Figure 4.5: Impedance magnitude vs. frequency for soils of three resistivity
values

4.4.2 Effect of Soil Relative Permittivity
The basic wind turbine earthing system shown in Figure 4.3.a was simulated for

different soil permittivity. The computed trends were very similar to those obtained

for the rod electrode examined in section 3.7.

4.5 Extended Earth Electrode

Wind turbines are connected to form a wind farm, and they are electrically

interconnected. Also, in practice, the various earthing systems are connected to each
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other to form an extended earth electrode covering a large area. Connecting wind
turbines with horizontal electrodes or by insulating cable sheaths has the benefit of
reducing the overall earth impedance. In this section, the effect of the
interconnection of the wind turbine earthing systems on the overall earth impedance
Is investigated. To calculate the resistance/impedance of the interconnected wind
farm, a model of a wind farm earthing system was constructed, based on an
approximation of the physical wind turbine earthing electrode geometry, as
described chapter 2. A single horizontal electrode of 250m length buried at a depth
of 1m was assumed as the conductor interconnecting the wind turbines. Up to 15
interconnected wind turbines were examined and carried out with soil resistivity
values of 10Qm, 100Qm and 400Q2m. A 1A current was injected into one of the
turbine bases as shown in Figure 4.6, and the EPR at the injection point was

computed. AC simulations were carried out ranging from DC to 3MHz.

Injection point

Figure 4.6: Extended earth electrode model

4.5.1 DC Resistance

The calculated values of the DC resistance of the wind farm earth electrode as a
function of the number of interconnected wind turbines are shown in Figure 4.7. As

expected, the earth resistance magnitude falls as the number of the interconnected
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wind turbines increases. An initial rapid decrease is followed by a more gradual
decrease which depends on the resistivity of the soil. For each soil resistivity, the
earth resistance approaches a constant value as the interconnected number of
turbines increases. This is explained using the concept of effective length. As can be
seen in the figure, for very low soil resistivity (10Qm), the effective length is
reached very quickly, with only three or four turbines connected. For higher soil
resistivity, a larger number of wind turbine units are required to reach the resistance
asymptotic value; for soil resistivity of 400Qm, this value is not reached with more

than 15 turbines.
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Figure 4.7: Connected wind turbines vs. resistance
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4.5.2 50Hz Impedance

Similar computations were carried out for a frequency of 50Hz. The wind farm earth
impedance as a function of the number of interconnected wind turbines is shown in
Figure 4.8. As can be observed, a similar trend to the DC case was obtained.
However, the 50Hz, AC earth impedance reaches a constant value for fewer
interconnected wind turbines than for the DC, i.e. the effective length of the line is
shorter AC because of the effect of the inductive component of the series impedance
of the horizontal electrode. For the higher resistivity soils (100Qm and 400Qm), the

effective length is less than 15 turbines.
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Figure 4.8: 50 Hz Impedance vs. number of connected wind turbines
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4.5.3 Effect of Frequency

Computations were carried out for frequencies up to 3MHz and soil resistivity up to
400Qm for ten inter-connected turbines. Assuming a 1A current injected at one of
the turbine bases, the computed EPR at the point of injection was divided by the
current injected to calculate the wind turbine earth impedance. The results are shown
in Figures 4.9. From Figure 4.9, it can be seen that the wind farm earth impedance
increases with frequency until it reaches a maximum at 1MHz due to a significant
inductive component. The shape of the curve is, however, different from that of
electrodes studied in Chapter 3 in that there is no flat region at low frequency. For
frequencies higher than 1MHz, the impedance value decreases, and this is due to

capacitive effects becoming more important.
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Figure 4.9: Effect of frequency on wind farm earth impedance
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4.6 Transient Response of Onshore Wind Turbine Earthing System

In this section, the transient response of the wind turbine earthing system and the
potential distribution around the wind turbine are considered. The effect of the wind
turbine steel tower on the transient voltage and frequency performance is
investigated. Simulations were carried out with two impulses; i) 10kA, 8/20 and, ii)
10KkA, 1/5 injected at the top of the turbine model for soil resistivities of 10Qm,

400Qm and 10kQm.

4.6.1 Modelling Methodology

Wind turbine earthing systems based on an actual 1.5MW unit were modelled, and
the frequency response was computed using field theory based software [4.7]. The
transient response of onshore wind turbine earthing systems to current impulses, as
well as the distribution of the transient ground surface potential in the vicinity of the
turbine, was determined. The models used in the simulations are shown in Figure
4.10. Figure 4.10.a shows an arrangement consisting of an octagonal-shaped turbine
earthing system bonded to the reinforcing grid metalwork of the turbine foundation
which extends to a depth of 2.65m into the ground. Current injection is through a

short single vertical lead connected to the centre of the grid.

Figure 4.10.b shows the same basic earthing system, with the addition of a 3.65m
tower section of which 1m of the tower section is above ground. For this model, the
current is injected at one point on the perimeter at the top of the tower. Figure 4.10.c
illustrates an enhanced model which includes a full tower structure represented by a

series of interconnected vertical electrodes arranged in a cylindrical form.
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1m injection lead

(a) Basic wind turbine earthing system

Iniection point

v

(b) Wind turbine earthing system with 3.65m long tower section, 1m above

ground
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ground

\ Earth surface

c) Wind turbine earthing system with full tower

Figure 4.10: Wind turbine earthing system models used in computer simulation

4.6.2 Transient Earth Potential

4.6.2.1 Effect of Tower Structure

To quantify the effect of the above-ground turbine structure, the transient responses
of the wind turbine earthing models shown in Figures 4.10.a, b and c were
determined using two current impulses, 10kA, 8/20us and 10kA, 1/5us. For these

simulations, the transient earth potential rise TEPR was calculated at the point of
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injection and at a point located at a distance 1m away from the tower on the ground

surface, as seen in Figure 4.11.

Figures 4.12 and 4.13 show the calculated TEPR at the injection and ground
observation points for a soil resistivity of 400QQm. From Figure 4.12.a it is clear that
including the tower as part of the earthing system affects significantly the TEPR,
giving a very high magnitude at the injection point for the 8/20 impulse. The fast rise
time and the high peak TEPR magnitude of the model ¢ can be explained by the
significant additional inductance of the above-ground structure. The voltage signal
shows oscillations due to the reflection of TEPR from the bottom of the wind
turbine. Considering the observation point on the surface of the ground, it was found
that, including the tower affects the ground surface potential and that the TEPR has a

high peak value.

The peak transient potentials at the injection point for the models subjected to a
10kA, 1/5 impulse are shown in Figure 4.13,a. In this case and accounting for the
tower in the model, a significantly higher TEPR. Figure 4.13 (b) shows that, with
fast rise time impulses, the earth surface potential at 1m from the base is almost three
times higher for 4.11.b which includes the tower compared with the model of the
earthing base shown in Figure 4.11.a. These results emphasise the significant effect
when, accounting for the above-ground structure for the prediction of voltages

developed at the turbine base.
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Figure 4.11: lllustration of potential injection and observation points on earth
surface
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Figure 4.12: Turbine transient earth potential: effect of including tower
structure in model, current impulse 10kA 8/20, soil resistivity400Q2m
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Figure 4.13: Turbine transient earth potential: effect of including tower
structure in model, current impulse 10kA 1/5, soil resistivity400Q2m
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4.6.3 Voltage Distribution Along Profile From Turbine Base

The potentials at the ground surface along a 200m radial profile from the turbine
base were computed for 10kA, 8/20 and 1/5 impulses. Figure 4.14 shows results for
the 8/20 impulse; these illustrate that the potential falls with distance along the
profile away from the turbine base. The rate of change of potential is highest nearest
to the tower base and for high resistivity conditions.

A similar behaviour is seen for the 1/5 impulse where potentials are higher and decay

more rapidly.
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Figure 4.14: Transient earth along surface profile (8/20ps impulse)
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4.6.4 Wind Turbine Earthing System-Local Enhancement Extended Earth
electrode

The wind turbines are normally interconnected to form an earthing system often
extending over several kilometres. This contributes to reduce the overall earth
impedance at power frequency [4.3]. However, the response of the wind farm to
rapid transient injections is quite different from power frequency injection as
illustrated in the earlier sections of this chapter. In the case of impulse injection,
TEPR value is very high due to the inductance of the system and the fast current rise
time. Moreover, the contribution of the interconnection of the earthing systems of
turbines in the wind farm imposes a limit on reduction of TEPR attainable due to the
effective length phenomenon [4.3]. Therefore, a wind farm model was constructed
using 3 turbines only and arranged in a line and separated 200m apart and
interconnected with a 200m bare horizontal electrode. Due to the very long time

required for simulation analysis, only one soil type was examined (p=400Qm, & =1).

An impulse current (1A, 8/20) was injected into the first and middle wind turbines.
The injected current and TEPR at the injection point are plotted in Figure 4.15,
which shows that the TEPR rise time is shorter than that of the injected current. This
is attributed to inductive effects. The TEPR impulse decays more rapidly than the
injected impulse current. Similar observations were reported in [4.20, 4.21]. The
results show that injecting the current impulse into the middle turbine generates less
potential than for injection into an end turbine, about 20% reduction of the TEPR is
obtained. Injection into an end interconnected turbine gives a peak TEPR about 35%

less than for an unconnected single turbine.

99



12

10 -
8 |
=
& 61
L
4 .
------ injection to first turbine
2 1 injection to middle turbine
= single turbine
0 T T T T

01 2 3 456 7 8 9 1011121314 1516 17 1819 20
Time (us)

Figure 4.15: Wind farm transient performance for different injection locations

4.7 Offshore Wind Turbines

The first offshore wind turbine was installed in Sweden in 1991, only 250m from
land at a water depth of 6m. The turbine was rated at 210kW [4.11]. Wind turbines
are now becoming more widely used offshore because, unobstructed, the wind can
blow strongly and larger turbines can be installed. Large offshore areas with shallow
water are particularly suitable. In this section, the frequency response and transient

performance of offshore wind turbine earthing systems are investigated.

4.7.1 Offshore Wind Turbine Foundation
Gravity foundations have been used predominantly in shallow water applications,
typically, less than 10 meters depth [4.13]. At greater water depths, monopile

structures generally become more economically attractive [4.13].
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In this section, simulations using CDEGS [4.7] are carried out to investigate the
response of the earthing system of offshore wind turbines subjected to power

frequency and transient faults.

4.7.2 Offshore Wind Turbine Earthing System

The offshore wind turbine earthing system has significantly different features from
onshore installations. The foundations of the offshore turbine are considered to be its
earthing system, either monopile or metal reinforced concrete. According to IEC
61400-24 “Lightning Protection of Wind Turbines” [4.6], no further measures such
as a ring electrode etc. are required in the case of offshore wind turbines as the
resistivity of seawater is considerably lower than most soils. Only the
interconnection of the offshore foundations by the interconnection of the power
system cable sheaths is generally required. A metal monopile foundation is, by its
nature, a large earth electrode and is modelled here as the primary earth electrode.
The same situation applies for the concrete foundation; its reinforced steel may be
considered as an earth electrode and the concrete assumed to have the same
resistivity of the surrounding soil [4.3]. In this section, simulations are carried out to
contribute to better understanding of offshore earthing system behaviour under

power frequency and transient conditions.

4.7.3 Modelling Methodology

Offshore wind turbine earthing systems based on an actual 2.5MW unit were
modelled, and the frequency responses computed using electromagnetic field theory
based software [4.7]. The basic arrangement consists of a cylindrical-shaped turbine

tower with a bottom of radius up to 4m depending on the offshore wind turbine size.
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Figure 4.16 shows the two types of structure used to support offshore wind turbine:
concrete foundation and the monopile. The concrete structure shown in Figure
4.16(a) is an earthing system located in two media, the metal turbine tower and the
upper layer of the concrete tower will be in air, and the lower part the concrete tower
and the base will be submerged in sea water. The earthing arrangement consists of a
cylindrical-shaped turbine tower bonded to the reinforcing grid metalwork of the
reinforced concrete. For the monopile structure, the steel tower does not end on the

sea bed but continues into the sea bed for up to 25m.

The earthing systems were simulated under transient current injection with different
rise times (100kA 8/20 and 100kA 1.2/50). The current injection is achieved through
a short single vertical lead connected to the top of the tower. A two-layer soil model
for the two types of foundations was used. To represent sea water, the resistivity was

taken as 0.2Qm with a relative permittivity of 80. The lower layer representing the

sea bed, assumed to have a resistivity of 100Q2m and a relative permittivity of 80.
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Figure 4.16: Earthing system model for offshore wind turbine

4.7.4 DC and 50Hz Current Injection

1A, DC and 50Hz currents were injected into the top of the steel tower of the turbine
with different arrangements to determine the resistance of a single turbine and also
an interconnected wind farm. The impedance/resistance was obtained by dividing the

EPR at the injection point by the injected current.
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The calculated values of the resistance and impedance for the concrete foundation
model, as a function of the number of turbines connected, are shown in Figure 4.17.
The 50Hz impedance as seen from the point of injection is constant and independent
of the number of interconnected turbines. DC resistance is lower for increasing
number of interconnected turbines but, beyond two turbines, there is no additional

benefit.

The AC effective length of the offshore earthing system is, therefore, limited to a

length less than the inter-turbine spacing.
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Figure 4.17: Resistance and impedance vs. number of turbines connected
(earthing system concrete foundation model)
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Figure 4.18 shows the results obtained for the monopile earthing system. As can be
seen for DC, the resistance is significantly lower than that for the concrete earthing
system. This can be explained by the fact that in deeper water the monopile is used
which means greater area of contact with the low resistivity value medium compared

with the case of the concrete foundation.
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Figure 4.18: Resistance and impedance vs. number of turbines connected
(earthing system monopile foundation model)

4.8 Transient Response of Offshore Wind Turbine

A 100kA current with 8/20 impulse was injected to the top of the offshore wind
turbine steel tower and the TEPR were calculated along the steel tower. The results
are shown in Figure 4.19. As can be seen in the figure that the TEPR falls as going

along the injection point. Sharp decrease of the TEPR was observed particularly in
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the parts near from the sea water. This decrease can be explained by the very low
resistivity of the sea water which makes the earth resistance very low enables large

amount of fault current to be dissipated.
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Figure 4.19: Calculated TEPR along offshore steel tower (100kA, 8/20 impulse

current)

4.9 Conclusions

This chapter has investigated the effect of soil resistivity and soil relative
permittivity on wind turbine earthing system performance under variable frequency
and transient conditions. The results have shown that the inductive component of the
wind turbine earthing system becomes significant above a particular frequency for a
given soil resistivity, resulting in an increase in wind turbine earth impedance for
both onshore and offshore wind turbines. Under a high resistivity, e.g. 10kQm, the

earth impedance magnitude falls under high frequencies range which suggests a
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capacitive effect at these frequencies, similar to that seen with individual earth rods.
It was found that interconnection of adjacent on-shore wind turbines has benefit in
reduction of EPR and TEPR.

The lowest potential magnitudes were found in the middle turbine, and the effective
length is limited to about three sections of wind turbines. In the case of offshore
wind turbine earthing systems, the benefits of interconnection are less significant due
to the very low water resistivity condition limiting the effective length to less than

the interconnection length.

It was established that, for high frequency and transient currents, the magnitude of a
wind turbine earth impedance seen from the point of injection is significantly higher
when the above-ground turbine structure is taken into account. Also the calculated
transient earth potential rise at the tower base ground surface is higher when the

model includes the above-ground structure.

In this chapter, it was demonstrated that as the permittivity increases, the potential
decreases. This also, depends on soil resistivity values. This reduction is attributed to

the increase of the capacitive effect as the permittivity increases.
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CHAPTER FIVE
EFFECT OF EARTH ELECTRODE LENGTH/AREA ON THE
PERFORMANCE OF THE EARTHING SYSTEM: FIELD

MEASUREMENTS AND SIMULATIONS

5.1 Introduction

Assessment of an earthing system requires the earth impedance to be known. So the
best way to assess the performance of the earthing system is by direct measurement.
Computer simulations and analytical equations can provide estimates of earthing
systems performances under both power frequency and transient conditions, and
require knowledge of soil resistivity values and detailed description of conductor
geometry.

Validation of such computations and assessment of model limitations can be
highlighted. In this chapter, a programme of field tests on generic type earthing
systems installed at the University test site are reported, and the results obtained are
compared with those obtained by computations.

Field tests were conducted on a purposely installed 88m long horizontal earth
electrode under different energisations (DC, variable AC frequencies and transients
of different shapes). Prior to the installation of the 88m horizontal electrode, soil
resistivity measurements were made along the route of the cable at two different

times of year in order to characterise the local soil conditions.
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5.2 Test Site

A plan view of the University earthing test facility at Llanrumney fields is shown in
Figure 5.1. On the figure, the route of the sectionalised 88m length horizontal earth

electrode is shown.

Figure 5.1 University earthing test facility - LIanrumney fields

5.3 Soil Resistivity Measurements

Soil resistivity measurements were carried on 23/01/2009 and 01/04/2009
respectively along the proposed line of installation of the horizontal electrode.
ABEM Terrameter SAS 1000 [5.1] and associated LUND imaging system earth
tester were used. A two-dimensional resistivity inversion software [5.2] was used to
interpret the measured data. Application of the test equipment and post test analysis

enables a 2-D picture of the subsurface soil resistivity to be obtained.
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The ABEM tester is capable of injecting a DC current of up to 1A between any two

current electrodes, and it has an open circuit output voltage of 400V.

The ABEM tester was used in conjunction with the Lund electric imaging system for
automatic multi-electrode resistivity profiling [5.3]. The Lund system consists of an
electronic switching unit (the electrode selector), and multiple electrodes. The
system has a built-in microprocessor which enables automatic measurement,
processing and data storage. For the sets of measurements carried out at Llanrumney,
minimum and maximum electrode spacings were chosen as 3m and 72m
respectively. A total of 61 electrodes were used along a line of 240m. For each
survey set, 276 voltage and current readings at various positions and spacing were
taken using Wenner configuration. Wenner soil resistivity measurement method
involve a current | is circulated through the earth between two outer electrodes (C;,
C,) and the voltage difference (V) is measured between two inner electrodes (P; and

P2 then the apparent resistivity can be calculated by

p.=27aR (5.1)

Where a is the electrode separation and assuming that a>>r, where r is the electrode
radius. This is known as the Wenner configuration as shown in Figure 5.2. The depth
investigated is related to the spacing. Therefore, deeper soil information can be
obtained with larger inter electrodes spacing [5.4] for each individual reading. The
ratio of voltage and current yields an apparent resistance and then the apparent
resistivity can be calculated for each spacing. The layout of the cables and the

measuring system is shown in Figure 5.3.
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Figure 5.2: Wenner configuration

Figure 5.3: Test set-up for the ABEM/LUND imaging system

5.3.1 Resistivity Measurement Results

Figure 5.4 shows the apparent resistivity readings obtained along the route before the
installation for all spacing combinations. The results from the figure indicate that
there is a considerable lateral variation in the soil resistivity.

Lateral variations were recorded for 3m spacings ranging between 24Qm and

288Qm for the line measured on 23/01/09 and between 14.6Q2m and 303Qm for the
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line measured on 01/04/09. As the spacing increased, the variations decreased. For
72m spacing, a range of variation between 73Q2m and 146Q2m was recorded. The
minimum readings of soil resistivity recorded were 14.6 Qm and 24 Qm for the two
lines respectively. The average value of all soil resistivity readings measured on

23/01/09 was 131.3OQm and 130.8Q2m measured on 01/04/09.
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a) Apparent resistivity measured on 23/01/2009
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Figure 5.4: Apparent resistivity distribution measured prior to the installation
of 88m horizontal electrode

Figure 5.5 shows the average apparent resistivity for both sets of measurements
plotted as a function of the Wenner electrode spacing. The apparent resistivity curves
shown in Figure 5.4 indicate higher resistivity for shorter spacing (up to 10m) and a
gradual fall up to 72m spacing. Such curves indicate the potential to apply a
simplified 2-layer soil model. The same results obtained were analysed using
RES2DINV software [5.2] to obtain a 2-D distribution of the subsurface soil

resistivity.
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Figure 5.5: Average soil resistivity curves obtained for both lines

The inversion software adopted first plots the data using the pseudo-section method,
which consists of plotting the measured calculated apparent resistivity at points
located mid-way between the electrodes and at a depth equal to half the spacing
[5.7]. Then, the subsurface is divided into a large number of rectangles. Based on the
measured apparent resistivity, the program calculates the resistivity of each
rectangular section using a finite element method. The final picture is produced by

best fit between the measured and calculated values.

Figure 5.6 shows the 2-D inversion models obtained for the data measured on
23/01/2009. The figure has three parts, i) the top part of measured apparent
resistivity, ii) the middle part giving the calculated resistivity and iii) the bottom part
showing the model obtained by means of the best fit between the measured and

calculated resistivity. The figure shows a complete picture with significant lateral
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variations in the top layer clearly identifiable from the figure. The distribution of the
soil resistivity of the subsurface shows regions having different resistivity with
values ranging from 23Qm to 300Qm. In general, however, the soil resistivity values
tend to be between 130Qm to 200Qm except at those areas identified above. A
similar observation can be made for the model based on data collected on
01/04/2009. Based on these measurements, a soil model was proposed; with a
resistivity of 180Qm for the top layer having a depth of 9m and 70Qm for the

bottom layer having infinite depth.
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Figure 5.6: Inversion model for soil resistivity measured on 0/04/2009

115



5.4 Experimental Setup

Figure 5.7 shows a schematic diagram of the experimental setup installed at the
Cardiff University earthing test facility. With reference to Figure 5.1, the copper test
electrode is 88m long, had a cross-sectional area of 50mm?, and is buried at a depth
of 30cm. The electrode is divided into 13 sections of graded lengths such that the
inter-sectional spacing is smallest nearest to the injection point and increases with
distance along the electrode. Test junction boxes are installed above each
intersection, to enable voltage and current measurements to be made for the different
electrode lengths. Each section has a test pit and can be connected to or disconnected
from the other sections to vary the electrode length and enable measurement of
current distribution. Current was injected at one end of the electrode, as shown in
Figure 5.7, and a nearby transmission line tower base was used as the auxiliary
electrode current return. A reference potential electrode was placed 100m away from
the injection point and its lead is laid perpendicular to the test electrode to minimise
mutual coupling effects. A low-voltage recurrent surge generator was used as source
for the impulse tests. DC resistance tests were carried out using a composite earth
tester (Megger DET2/2) [5.8] and the frequency response of the electrode was
measured using a variable frequency test instrument IMS [5.9]. Tests were carried
out by injecting an impulse current with different rise times to identify effective
length and to compare with DC results. Using an IMS test instrument [5.18], the

impedance was measured at different frequencies.
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Figure 5.7: Test setup of 88m long conductor divided into 13 sections of
increasing length

5.5 Horizontal Earth Electrode

As a described previously horizontal, earth electrodes are commonly used to
enhance earthing systems located in areas with high soil resistivity, to reduce overall
earth impedance; for example, to interconnect adjacent earthing grids or the
individual earthing systems of turbines on wind farms [5.10]. As described in
Chapters 3 and 4, the ability of a horizontal earth electrode to reduce earth potential
rise is limited, because no further reduction is obtained by increasing its length

beyond the effective length [5.11-5.13].

In this chapter, results from experimental tests to investigate the effective length of

the horizontal earth electrode under different energisations are presented.
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5.5.1 DC measurements

Figure 5.8 shows the measured DC earth resistance for different lengths of the
horizontal electrode using two commercial DC earth resistance test meters [5.3, 5.8].
The results show that the DC earth resistance decreases as the length of conductor is
increased. Also, as the conductor length increases, the rate of fall in resistance
decreases. From the results, it can be seen that, under DC energisation, the resistance
curve does not reach an asymptotic value. The effective length can, therefore, be
greater than 88m.

Simulations were carried out using CDEGS-HIFREQ software [5.19] based on the
actual geometry of the test electrode and the equivalent two-layer soil model is
described in section 5.3.1(top layer 180Q2m and bottom layer 70 Qm). The results are
also shown in Figure 5.8. From the figure, it can be seen that there is a good
agreement between measured and simulated DC resistance values. Some
discrepancies between the simulation and measured values are expected due to the

use of a simplified soil model.
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Figure 5.8: Comparison of computed resistance and measured resistance using
two different test instruments

5.5.2 Resistance measurements on different days

In order to investigate seasonal effects, i.e. the differences between resistance and
impedance readings on different days, further sets of measurements were taken on
14/09/09, 13/10/09, 21/10/09 and 09/11/09. Figure 5.9 shows the measured
resistance of the horizontal electrode and, as can be seen, the measured DC
resistance follows the same trend but differences are observed between the
measurements made on different days. These differences are attributed to variation in

soil moisture content.
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Figure 5.9: Comparison of DC resistance measured on four days in the autumn
of 2009

5.5.3 Frequency response of earth impedance

The same test set up shown in Figure 5.7 is used for the impedance measurement
using the variable frequency test instrument IMS Impedance Measuring System
developed at Cardiff University [5.18]. The impedance of the soil was measured as a
function of frequency of the current input. A differential probe with a ratio of 20:1
attenuation provides the voltage signal, and the current is measured by means of a

current probe having a sensitivity of 200mV/A.

The current was injected into one end of the conductor with frequencies ranging
from 20Hz to 120kHz. The results obtained are shown in Figure 5.10. For short

lengths of the earth electrode, the frequency of the current had no significant effect
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on the measured impedance because there are no significant inductive effects at these
lengths and frequencies. Above 33m, the inductive component of impedance is
present at higher frequencies and then at lower frequencies as conductor length is
further increased. The upturn frequency, at which the magnitude of the impedance

significantly increases, is clearly seen for lengths greater than 33m.

The earth impedance values for two particular frequencies (52Hz and 120kHz) are
plotted in Figure 5.11 as a function of conductor length, and the results show that the
effective length of the horizontal conductor is reached at the higher frequencies by
the clearly defined asymptote. 52Hz was selected to avoid 50Hz interference.
Simulations at the same frequencies show very good agreement with the test results.

The differences may possibly be due the simplified soil model.
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Figure 5.10: Impedance vs. frequency for different lengths obtained by IMS
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Figure 5.11: AC impedance vs. length
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5.5.4 Transient Measurement

Impulse currents of different shapes and magnitude were applied to the 88m
counterpoise shown in Figure 5.7. An example of experimental voltage and current
at the point of injection are shown in Figure 5.12. From the figure, it can be seen that
the transient EPR leads the current which indicates the presence of a significant
inductive effect.

In the following sections, results from a series of transient experimental studies are
presented which explore (i) current distribution along the electrode (ii) the effect of

electrode length and (iii) the effect of impulse rise time.
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Figure 5.12: Voltage and current at injection point (conductor length 88m)
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5.5.5 Current Distribution along the Electrode

Figure 5.13 shows the measured current along the electrode for an injected impulse
current of 3A, 4.85us rise time and 24us half magnitude time. As the distance from
the injection point increases, the magnitude of the impulse current decreases. Also, a
time delay due to the propagation of the current along the horizontal electrode is
evident.

Figure 5.14 shows the distribution of peak values of the current measured by current
transformer (CT) along different lengths of the electrode as a percentage of the peak

impulse current (3A) at the injection point. The reduction in current is fairly linear.
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Figure 5.13: Current magnitudes along counterpoise at different points
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5.5.6 Effect of Electrode Length and Rise Time

In this section a different impulse current shapes 2us, 2.5us and 4.85us are injected
to the 88m horizontal electrode of various lengths. A sample of resulting waveforms
shown in Figure 5.14 which reports the impulse applied to different conductor
lengths and resulting TEPR. The resulted waveforms of 4.85 us rise time impulse
current of 3A injected to electrode lengths of (14m, 25m and 88m) are clearly show
the effect of the length on peak TEPR. From the figure increasing the electrode
length decreases the peak TEPR. For example peak TEPR magnitudes of measured
at the injection point were (62.4, 36.5 and 26.5) for lengths (14m, 25m and 88m)
respectively. Moreover, the results clearly show that the peak TEPR occurs before

the peak injected current which is confirms the present of the inductive effect.
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Figure 5.15: Voltage and current at injection point

The impulse resistance was calculated for each length and for the three impulse
shapes, and the results are shown in Figure 5.16. From the figure, it can be seen that
the impulse resistance decreases as the electrode length increases, reaching its
asymptotic value at a particular length which is dependent on the impulse rise time.

The faster the rise time is the shorter the effective length of the electrode will be.

The impulse impedance as a function of electrode length was also calculated using
the CDEGS program [5.19] for a 4.85us impulse rise time with an equivalent two-
layer soil model derived from data obtained using a detailed soil resistivity Wenner
survey carried out along the line of the electrode and prior to its installation. As can
be seen from Figure 5.16, the simulated values are reasonably close to those

measured at the corresponding rise time.
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The results show that a faster rise time will have a higher TEPR at the injection point
compared to a slower rise time because the faster rise time contains higher frequency
components. As shown in Figure 5.16, higher impedance magnitudes are observed
for faster rise times. For faster rise times, the current distribution reaches a constant
rate of dissipation in the sections nearest to the injection point. For the same current

magnitude, the current is dissipated faster for faster rise time compared with slower

impulses.
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Figure 5.16: Impulse resistance vs. length for different rise times

5.6 Measurement of Effective Length
This section reports practical measurements for the tests using the 88m horizontal

earth electrode in Llanrumney fields as seen in Figure 5.7. The same test setup was
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used as for the transient measurements. Impulse current with rise times between 2us
and 7us were injected into the earth electrode. The measured results are shown in
Figure 5.17 which reports the effective lengths determined using (a) computer
simulations, (b) a published empirical formula [5.11] and (c) the measured values
from the experiments. An approximate two-layer soil model was used; an upper
layer of resistivity p=180Qm and 9m depth over a lower layer of resistivity p=70Qm
and infinite depth for the simulation for empirical formula [5.11]. An average soil
resistivity value of 130Q2m was used. Unity relative permittivity was assumed. The
results in Figure 5.17 show reasonably close agreement with those obtained from the
CDEGS simulation; the effective length obtained by measurement, simulation and

using the simplified formula all show reasonable agreement.
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Figure 5.17: Effective length of a horizontal earth electrode

128



5.7 Earth Grid Effective Area

In this section, the effective area concept of the earth grid is investigated. A number
of parameter-specific definitions of effective area have been proposed in the
literature [5.21-5.23]. Gupta et al. [5.21] defined the earth grid effective area as the
area of the earthing grid at which the transient impedance at the injection point has
decreased to a value within 3% of the final impedance. Grecv [5.22] has defined the
effective area of earthing grid as the area of the earth grid beyond which the
maximum voltage at the injection point remains constant.

In this section, the effective area is defined as the area at which the constant value of
impulse impedance is practically reached. The effective area depends on soil
resistivity, impulse rise time and electrode geometry. The transient simulations were
carried out on earth grids size ranged from (10mx10m) square meters to
(140mx140m) square meters for soil resistivities of 100Qm and 1kQm. Different

impulses were considered.

Figure 5.18 shows the earth impedance as a function of grid-side length. It is clear
from the figure that for soils of high resistivity (1kQm), the earth impedance initially
decreases as the grid side length increases and then levels off. The reduction in
impulse resistance depends on the point of injection. For example, for corner
injection of grid buried in soil of 1kQ, the TEPR of a 10mx10m grid is about 60V
and reaches a constant value of 46.5V as the grid size changed to 20mx20m. For
central injection, the TEPR of the 10mx10m grid is 44.5V and decreased until the
grid was 40mx40m when the earth grid TEPR reached its asymptotic value of 17.5V.
Thus, the effective area of the earth grid excited by a current impulse of 1A, 0.1/5us
buried in soil of 1kQm is a (40mx40m) square meters for central injection but only

20mx20m for corner injection.
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For soils of lower resistivity (100Q2m), the earth impedance has a constant value
because the size of the smallest grid (10mx10m) is sufficient to characterise the earth
impedance and effective area for a current impulse of 1A 0.1/5us for either corner or

centre injection, though the TEPR had a greater magnitude for corner injection.
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Figure 5.18: Input resistance for corner and central injection of earth grids
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5.8 Conclusions

An approximate model of the subsurface resistivity distribution can be obtained by
conducting a resistivity sounding in the vicinity of the earthing system under test.
Soil resistivity measurements using a two-dimensional method are presented. A two
layer soil resistivity model was derived from soil resistivity measurements and used
when comparing the simulations with field measurements. An 88m horizontal earth
electrode was installed with 13 junction boxes to allow changes to the measured
length as required to test for an effective length. Experimental tests to investigate
current and voltage distributions along a buried horizontal electrode under impulse
currents are reported. The results show that the DC earth resistance decreases with
the length of conductor, and as the length of conductor increases, the rate of decrease
in resistance decreases. The results from the tests show that a large proportion of the
injected impulse current is dissipated into the ground along a length close to the
injection point. The effective length of the electrode was determined from the
impulse impedance, and was found to be comparable to that predicted by a
simplified empirical expression and computer simulation. This effective length is
dependent upon the soil properties and the impulse shape. It was found that more
current was dissipated over shorter distances along the horizontal electrode into the
ground for fast impulses compared with the slow impulse. The earth grid response
under variable frequency and transient conditions was investigated.

The effective area of an earth grid subjected to transient conditions are studied. The
effective area was found to be dependent on soil resistivity and point of injection. A
larger effective area is obtained for a high soil resistivity. The effective area for the
corner injection is less than for central injection. This is explained by the difference

in the inductive component between central and corner fed-points.
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CHAPTER SIX
ENHANCING THE EARTHING SYSTEM WITH INCREASED
EFFECTIVE LENGTH/AREA OF HORIZONTAL EARTH

ELECTRODE AND SUBSTATION EARTH GRID

6.1 Introduction

Horizontal earth electrodes are commonly used to enhance earthing systems in order
to reduce overall earth impedance [6.1]. However, as demonstrated in previous
chapters, the ability of a horizontal earth electrode to reduce earth potential rise is
limited because no further reduction is obtained by increasing its length beyond the
effective length [6.2]. The same concept applies in terms of area to substation earth
grids. The effective length of a conductor and the effective area of an earth grid at
high frequency or under fast transient conditions are limited particularly in the case

of earthing systems buried in soil of low resistivity.

In this chapter, a new method is proposed to enhance earthing systems to reduce
earth impedance by installing an additional above ground or insulated parallel
conductor which is bonded to the bare underground horizontal electrode at points
along its length. This technique aims to increase the effective length of the horizontal
electrode and the earth grid area, and to reduce the impedance of the earth electrode
as seen from the point of energisation. This method aims to reduce the inductance of
the buried bare conductor in order to utilize longer length to contribute in reducing

the electrode earth impedance.
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A preliminary investigation of this technique was carried out by simulations to
establish its benefits. This was followed up with an experimental investigation of the

technique using the experimental test setup as described in Chapter 5.

6.2 Earthing System Enhancement

In previous chapters, the effective length of a simple earth electrode and the effective
area of an earth grid have been quantified, and the limits they impose on the

improvement of earthing system performance have been described.

In this proposed method, an above ground insulated conductor is connected with
down leads to a buried conductor. Frequency performance and transient behaviour of
a horizontal electrode and an earth grid with above ground enhancement are

investigated.

6.3 Simulation Arrangements

To examine the effect of above ground enhancement, two types of earth electrode
were adopted for this study (horizontal earth electrode and earth grid). Figure 6.1

shows these electrode configurations:

1) A 100m long copper conductor with radius of 4mm buried at a depth of
0.5m, enhanced with an identical parallel conductor (20cm above ground
and insulated and bonded to the bare underground horizontal electrode at
points along its length.

i) A 100mx100m square earth grid buried 1m below ground. This earth
grid is enhanced with an identical insulated earth grid 6cm above ground

and connected to the buried grid by downleads.
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Each of the above earth electrodes were simulated under three different soil
resistivities; 100Qm 1kQm and 10kQ2m. The impedance at the injection point was

calculated for an injection current of 1A. The simulations were performed using the

CDEGS software.

Current injection
point

/ : Insulated copductor near ground surface
Soil surface

/

A Ao2m

Bare copper electrode (counterpoise)

a) 100m conductor with additional insulated conductor above ground

b) 100mx100m earth grid, with four meshes and additional insulated earth
grid 6cm above ground

Figure 6.1: Earth electrode enhancement models
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6.4 Frequency Response of Electrodes with Enhancements

6.4.1 Horizontal electrode

The frequency response of the 100m long horizontal electrode with and without the
above ground enhancement is shown in Figure 6.2 for different values of soil
resistivity over a wide range of frequency. The results in Figure 6.2 demonstrate that
there is no significant benefit at low frequency obtained by adding the additional
conductor. However, beyond the upturn frequency, the earth impedance is
significantly lower for all soil resistivity conditions considered. For example at
10MHz and 10kQm, a reduction of 38% in earth impedance is obtained by adding

the parallel insulated conductor.
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Figure 6.2: Horizontal earth electrode with and without above ground
enhancement; impedance vs. frequency for soil resistivities 100Q2m, 1kQ2m and
10kQ2m

135



6.4.2 Earth grid

Similar studies were carried out based on the 100mx100m earth gird. The earth
impedance at the centre injection point was calculated, and the results are shown in
Figure 6.3. As can be seen from the figure at low frequencies, there is no change in
impedance when the above ground insulated earth grid is added. At these low
frequencies and for all three soil resistivities, the impedance of the earth grid with
and without enhancement is the same. Above the upturn frequency, a reduction in
the impedance is observed when the above ground earth grid is added. For a soil
resistivity of 100Qm, 27% and 65% reductions in the impedance are obtained at
1MHz and 10MHz respectively with the above ground earth grid. Similar reductions
can be seen for other values of soil resistivity.

The results clearly demonstrated that the above ground enhancement play a
beneficial role in reducing the earth grid impedance, thus improving the performance
of an earthing system. However, it is impractical to implement an above ground
system in a substation due to plant arrangement. To overcome this problem, it is
proposed that instead of above ground an identical insulated grid is buried below
ground. This arrangement makes it possible to bury the entire earthing system below

the surface of the ground.
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Figure 6.3: Earth grid with and without above ground enhancement
impedance vs. frequency for soil resistivities 100Q22m, 1kQ2m and 10kQm

6.5 Transients Simulation Results

In this section, the time domain performance of the enhanced system is described.

The earth electrode systems under study were injected with a transient impulse

current 1A, 8/20.

Figure 6.4 shows the calculated peak TEPR for three different soil resistivity values;

100Q2m, 1kQm and 10kQm. The peak TEPR decreases when the horizontal earth

electrode is equipped with the additional above ground insulated conductor. The

reduction in TEPR increases with increase in soil resistivity. For example, the peak

TEPR of the buried earth electrode with and without enhancement was 6Q and 7.9Q

respectively for a soil resistivity of 1kQm. For a soil resistivity of 10kQm there was
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a reduction of about 29% (58.6Q2 to 41.3Q2) when the buried horizontal earth
electrode was equipped with the above-ground enhancement. At 100Qm, there was a

reduction of about 24% (2.25Q to 1.7Q) in adding the above ground electrode.
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Figure 6.4: Effect of horizontal electrode enhancement under transient (8/20)
Figure 6.5 shows similar results for the 100mx100m buried earth grid. The results
show that the TEPR magnitudes decrease when the above ground technique is used,

particularly for the high soil resistivity conditions.

For the low soil resistivity of 100Q2m a reduction of about 21% is obtained when the
above-ground technique is used a reduction in the resistance value from 6.6Q to
5.18Q. At 10kQm the reduction is about 22% (from 218Q to 170€Q) when the earth
grid was enhanced with the addition of the identical insulated above ground earth

grid.
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Figure 6.5: Effect of earth grid enhancement under transient (8/20)

6.6 Application of Above Ground Technique to Enhance Effective Length/Area
In this section, the effective length of the horizontal earth electrode and the effective
area of the earth grid are calculated over a wide range of frequency and resistivity.
The approach adopted was to carry out simulations at a given frequency and
resistivity and to increase the dimensions (length and area) until the minimum
impedance is obtained. A similar investigation was carried out on the earth grid

shown in Figure 6.1 with a centre injection
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6.6.1 Horizontal Electrode

6.6.1.1 Effect of Variable Frequency

The identified minimum impedance describes both the effective length and the
corresponding impedance at effective length for a particular pair of frequency and
resistivity values. Repeating this procedure over a range of frequency and resistivity
values allows the effective length and impedance at effective length to be
characterized for a given electrode type. The simulations were then repeated for the
electrodes (horizontal and grid) with the parallel insulated conductors added. This

allows the contribution of the enhancement to be quantified.

Figure 6.6 shows the effective of the horizontal electrode as a function of frequency
for three resistivity conditions. As can be seen from the figure, there is a significant
reduction in effective length with frequency and resistivity. The addition of the
insulated parallel conductor has the effect of increasing slightly the effective length
of the electrode system. However, as can be seen in Figure 6.7, the addition of the
insulated parallel conductor has a very remarkable effect by reducing the impedance
at the effective length. This effect is more pronounced for higher frequency
injections and high resistivity soils. At 10kQm soil resistivity a reduction of 22% and

39% at 1MHz and 10MHz respectively when the above ground grid is installed.
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Figure 6.6: Impedance at effective length: effect of additional parallel insulated
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Figure 6.7: Effective length of horizontal earth electrode
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6.6.2 Earth Grid

6.6.2.1 Effective Area of Earth Grid

A 1A current was injected into the earth grid with and without the above ground
arrangement. Due to the long simulation time required, the injection calculation was
limited to only two soil resistivity values, 100Qm and 1kQm for the frequency range
from 1kHz to 10MHz. Figure 6.8 shows the earth grid effective area as a function of
frequency for the earth grid with and without the above ground enhancement. It is
clear from the results that that effective area is increased when the above ground grid
is employed. Figure 6.8 illustrates the impedance at effective area of the earth grid
for the two arrangements. It is clear from the results that the addition of the above
ground insulated earth grid has a significant effect in reducing the earth grid
impedance at the effective area. For 100Qm at 10MHz, the impedance values are
about 31Q without the above ground earth insulated grid and 17Q with the above
ground grid respectively. This represents a 45% reduction in impedance. Under low
soil resistivity the effect of the above ground grid is significant at frequencies greater

than 1MHz.
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Figure 6.8: Impedance vs. frequency for earth grid effective area at soil
resistivities 100Qm and 1kQm with and without addition of an insulated above
ground conductor
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Figure 6.9: Effective area of earth grid
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6.7 Effective Length under Transient Conditions
This section reports simulations and experimental investigations to quantify the
benefit of adding the above ground insulated earth electrode under transient

conditions.

6.7.1 Simulation Input Details

Simulations of the horizontal electrode and earth grid equipped with above ground
insulated electrodes were subjected to different impulse shapes over a range of soil
resistivities.

A 1A impulse current was injected into at one end of the horizontal electrode and
into the centre of the earth grid. A series of simulations were carried out for various
conductor lengths and different earth grid sizes over a range of soil resistivity values

to determine effective length and impulse resistance.

6.7.2 Horizontal Earth Electrode Enhancement

The horizontal earth electrode shown in Figure 6.1 was subjected to a lightning
impulse having 1A current peak value with different rise times.

Figure 6.10 shows the calculated peak TEPR at the injection point for the buried bare
counterpoise alone and also with the additional insulated above ground conductor.
The results show that the addition of the above ground insulated conductor has a
significant effect in reducing the peak TEPR and also in extending the effective
length. The TEPR for the 5/20 current impulse is reduced by 20% and by 24% for

the 0.1/5 current impulse.

The addition of the above ground electrode also increases the effective length. For

example, the effective length of the horizontal earth electrode for the 0.1/5 current
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impulse is about 7m. The addition of the above ground conductor increases this to

about 10m. The corresponding impedances are 29.3Q and 22.2Q.

For slower impulses, a higher percentage reduction and longer effective length were
obtained. A 29% reduction in impedance was obtained when the 5/20 current
impulse is injected into the horizontal electrode with the above ground conductor
compared to the horizontal in-ground electrode only. Moreover, the effective length

increased from about 29m to about 34m.
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Figure 6.10 Peak TEPR vs. conductor length with and without addition of an
insulated above ground conductor (100Qm soil resistivity)
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Figure 6.11 shows the results corresponding to a 1kQm soil resistivity for the same
two impulses (0.1/5 and 5/20). The benefit of adding the insulated parallel conductor

is confirmed also for the higher resistivity condition.
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Figure 6.11: Peak TEPR vs. conductor length with and without addition of an
insulated above ground conductor (1kQ2m soil resistivity)

Figure 6.12, shows the calculated impulse impedance as a function of electrode
length. From the figure, it can be seen that the insulated conductor has an effect on
reducing the earth impulse resistance. However, the reduction is more significant
when the earth electrode is buried in soil of high resistivity and excited with a fast

impulse.

Table 1 shows the effective length and the impulse resistance at effective length for

various rise times for (i) the in-ground counterpoise only, and (ii) the in-ground
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counterpoise combined with the above ground conductor. From the table, it is clear

that the above ground insulated conductor increases the effective length significantly

and reduces the impulse impedance.

1000

— Without above ground ==== With above ground
2000m
g A
T TTTsee——ee D Ry Ep
TS.el __-7‘7/.’ ................
10 - 100Qm

1 3 5 7 9 11 13 15 17 19 21 23
Electrode length (m)

Figure 6.12: Impulse resistance vs. length conductor length with and without
addition of an insulated above ground conductor (100Q2m and 200Qm soil
resistivity)

Table 1: Effective length and the impulse resistance at effective length

Impulse resistance at effective
Impulse Effective length
L length
rise time
Counterpoise Counterpoise
(MS) | counterpoise Counterpoise
with above with above
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only ground electrode only ground electrode
0.1 m 10m 29.3Q 22.2Q
1 12m 16m 21.4Q 15.5Q
5 29m 35m 8.9Q 6.4Q
10 47m 60m 6.2Q 4.9Q

6.7.3 Earth Grid Enhancement

Figure 6.13 shows the impulse resistance of the earth grid as a function of grid area.
The earth grid was assumed to be buried in 100Qm soil and a constant mesh 5m x5m
size was injected. From Figure 6.13, it is clear that the presence of the above ground
insulated grid reduces the impulse resistance significantly. When the impulse is
injected at the centre of the grid, there is a reduction in impedance of about 22%
compared with the in-ground conductor alone when the above ground conductor is
added.

The same general conclusions is reached for corner injection, where the addition of
an above ground conductor reduces the impedance by about 20% compared to the in-

ground conductor alone.

For higher soil resistivity (1kQ2m), adding the above ground conductor reduces the
corner injection impedance by 21% and the centre injection impedance by 22% (see

Figure 6.14).
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Figure 6.14: Impulse resistance as a function of grid area (0.1/5, 1kQm)
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Further simulations were carried out for slower front impulse rise times and soil
resistivities of 100Qm and 1kQm. Figure 6.15 shows the impulse resistance at
effective length as a function of front rise time. From the figure, it can be seen that
the degree of reduction of the resistance for faster rise times and higher soil
resistivity. For example, for 1kQ soil resistivity, the earth impedance value for the
in-ground grid only and with the above ground insulated earth grid is 18.9Q and
13.8Q respectively when the impulse front is 0.1us (a reduction of about 28%). For
the same condition with the rise time increased to 10ps, the impedances for the two
cases 6.5Q and 4.9Q respectively corresponding to a reduction of about 23%. For
soil of resistivity of 100Q2m with the same range of reduction percentage, the results
clearly show that the above ground technique is very useful in soils of high
resistivity with a larger percentage reduction when excited by a current impulse with

as fast rise time.
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Figure 6.15: Impedance asymptotic value vs. impulse front time

6.8 Experimental Tests to Investigate the Benefits of Additional Parallel
Insulated Conductor

The proposed technique was subjected to field tests using a horizontal in-ground
earth electrode with a PVC insulated copper conductor of 50mm? cross-sectional
area running parallel with the buried electrode above ground. The insulated
conductor, was in sections of the same lengths as the bare buried electrode. It was
bonded to the bare underground horizontal electrode at the sections points along its

length, as can be seen in Figure 6.16.
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Figure 6.16: Proposed method for increasing the electrode effective length

Impulse tests were carried out for increasing lengths of electrode both with and
without the additional above ground conductor. An impulse current having a 2.5us
rise time was injected at one end of the horizontal electrode. Figure 6.17 shows the
calculated impulse resistance obtained from the transient voltage and current
recordings for different electrode lengths. The higher impulse impedance values
compared with those shown in Chapter 5 are attributed to seasonal variations in soil
resistivity.

As can be seen from Figure 6.17, preliminary field tests using the proposed
enhancement technique indicate that, by adding a parallel insulated conductor the
impulse impedance is reduced by 22%, confirming the findings of the computer
simulations. The simulations and experimental tests with the above ground insulated
conductor demonstrate that the effective length of the electrode system can be
increased, which contributes to the reduction of the earth impedance or the earth

potential rise.
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Figure 6.17: Effect of additional insulated conductor on impulse resistance as a
function of horizontal earth electrode length (2.5us)
Further tests were carried out for different rise times. Figure 6.18 shows the impulse
resistance as a function of line length for a (7us) rise time impulse. From the figure it
is clear that the above ground insulated conductor has contributed to the reduction of
the resistance. The impulse resistance as a function of electrode length was also
calculated using the CDEGS program [6.10] for a 7us impulse risetime and an
equivalent two-layer. As can be seen from Fig.6.18, the simulated values are

reasonably close to those measured at the corresponding risetime.
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Figure 6.18: Transient impedance vs. length simulation and measurement for
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6.9 Application of New Technique to Wind Turbine Earthing System

Safety requires the earthing system of wind turbines to have low impedance but, in
general, onshore wind turbines are installed in high rocky terrain with high soil
resistivities. Additional earth electrodes may be used in order to meet the
requirements of standards [6.12-6.13]. Selected standard mitigation techniques [6.12-
6.13], to reduce the wind turbine earth impedance, have been simulated in this work.
These include: (i) a 20m diameter ring electrode around the tower base foundation,
(i) the ring supplemented by 4 additional vertical electrodes distributed with equal
spacing (see Figure 4.1), and (iii) further enhancement by four additional radial

12.5m horizontal conductors buried at a depth of 1m and connected to the ring.
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Furthermore, a new earthing arrangement (iv) is proposed and investigated in this
work. This proposes to add insulated counterpoise conductors on the ground-surface
directly above and connected to the buried horizontal conductors, as shown in Figure
6.19. Such an arrangement offers the benefit of enhancement without increasing the
area covered by the earthing system. Variants of this arrangement involve adding
additional interconnections between the insulated and buried bare horizontal
conductors along their length. The insulated conductors extend the effective length

of the buried horizontal earth electrodes.

Iniection point

Kerm

T 1T T T T T T T T 7T | B T | I ——

Figure 6.19: Wind turbine earthing system enhanced with proposed insulated
horizontal conductors in parallel with counterpoises.

Simulations of the turbine earthing system with the above enhancement were carried
out with a 10kA, 8/20 impulse current injection, assuming a 400Qm soil resistivity
and using field theory software [6.10]. The calculated values of peak voltage at the
turbine base are shown in Figure 6.20. From this figure, it can be seen that adding

the ring achieves a 14% reduction in transient earth potential compared with the
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basic earthing arrangement. However, the addition of four vertical rods to the ring
produces no substantial further reductions in transient earth potential. Arrangement
(iii) with 4 horizontal conductors achieves a 25% reduction in peak transient earth
potential while introducing the insulated conductors produces a further significant
reduction, up to about 40% of peak transient earth potential when the system has 12
interconnecting leads. Similar trends are seen with different soil resistivities and for
fast rise-time impulses. In high resistivity soil and for fast impulse (1/5) conditions,
the peak transient earth potential can be reduced by up to 60% compared with the

voltages developed with the basic turbine earthing system as seen in Figure 6.21.

40%
35%
30%
25% A
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20% -
15%
10% -
5%
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0% ‘ ‘ ‘
Buried ring  Ring+4electrodes Ring+Horizontal Horizontal and
counterpoise
conductor

Figure 6.20: Reduction in earth surface potential rise reduction with enhanced
earth systems (400Qm and 8/20pus current impulse)
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Figure 6.21: Reduction in earth surface potential rise with enhanced earth
systems (400Q2m and 1/5pus current impulse)

6.10 Safety considerations in the Vicinity of Wind Turbines

In this section, current injections of 10kA 8/20 and 10kA 1/5 into the turbine
earthing system were simulated. In order to compare the results, different mitigation
techniques used to reduce the step and touch potentials which include; ring, 4 buried
horizontal electrodes and the above ground technique - horizontal and counterpoise
conductor. Three different values of soil resistivity were considered. Step and touch

potentials were then calculated and the results compared.
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6.10.1 Step Potential

The previous section indicates that it is necessary to allow for the above-ground
structure for more accurate prediction of voltages developed at the turbine base. In
this section, step voltages at a number of observation points are calculated. The

results, obtained using different models are compared.

To calculate the step potential around the wind turbine, a number of observation
points are placed on the earthing system and around it. These points are in the form
of a profile at the base of the turbine. The step potential developed by the transient
injection is calculated for each arrangement. For 400Q2m, the wind turbine was
injected with 10kA, 8/20 impulse current; the step potential was calculated for two
points at 1m and 5m away from the tower base. Figure 6.22 shows the reduction
percentage obtained by the different mitigation techniques. As can be seen in the
figure, the highest reduction percentage is achieved when the above-ground insulated
conductor is connected, which is about 60% of reduction achieved by the addition of
the above-ground counterpoise. The percentage of reduction depends on soil
resistivity and rise time. In the case of 1/5 impulse current, the same conclusion can
be drawn with the higher reduction percentage achieved by the new method as can
be seen in Figure 6.23. Similar results were obtained for high soil resistivity with
higher step potential magnitudes. In general, the lowest step potential values are

calculated when the above-ground insulated conductor is connected.
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Figure 6.22: Step potential reduction 1m and 5m away from the tower with
enhanced earthing systems: (10kA, 8/20 impulse and 400Qm soil resistivity)
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Figure 6.23: Step potential reduction 1m and 5m away from the tower with
enhanced earthing systems: (10kA, 1/5 impulse and 400Qm soil resistivity)
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6.10.2 Touch Potential

In this section, the calculated touch potentials for various wind turbine earthing
systems arrangements are presented. The touch potential may be defined as the
difference between the TEPR and the surface potential at the point where a person is
standing, while at the same time having his/her hand in contact with a ground
structure [6.14]. The touch potential generated by the transient injection of 10kA
impulse current into the top of the wind turbine earthing system is calculated 1m
from the turbine base for all arrangements considered in this study. Figure 6.24
summarises the calculated values of touch voltages for 400Q2m soil resistivity and for
the two standard current impulses. For the 8/20 impulse, it is clear from the figure
that about 13% reduction in touch potential is achieved when the ring electrode is
placed around the basic earthing system of the wind turbine. There is a further
reduction when the horizontal electrode is connected to the earthing system and this
represents approximately a 36% reduction. The maximum touch potential reduction,
about 44%, is for the case of an above-ground insulated conductor connected to the

wind turbine earthing system.

In the case of the 1/5 rise time, the introduction of connecting ring electrode,
horizontal electrode and the above-ground enhancement are 9%, 16% and 26%
respectively, as can be seen in Figure 6.24. The same conclusion is drawn in the case
of higher soil resistivity with higher touch potential values for both impulses. Using
these mitigation techniques offers substantial reductions in touch voltage as a result
of earthing system enhancements, and these are mainly due to the reduction in
overall TEPR. This further reduction in transient touch voltage obtained with the

installation of a near surface potential grading ring 1m outside the perimeter of the
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turbine base. As seen, the above-ground insulated conductor helps to distribute the

transient currents more effectively to areas further away from the turbine base.
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40% -
35% -
30% -
25% -
20% -
15% -

Reduction pecentage

10% -
5% -
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Figure 6.24: Touch potential produced by two different impulses (L0kA 8/20
and 10kA 1/5 with 400Q2m)

6.11Conclusions

A new method to enhance earth electrode performance under high frequency and
transient conditions has been investigated. An above ground insulated conductor can
play an important role in reducing the earth impedance of both horizontal and grid
earth electrodes above a particular frequency related to the soil resistivity.

In the low frequency range, no significant reduction was observed. For high
frequencies, the reduction of the earth impedance is noticeable and can be explained
by a reduction in the inductance of the earth electrode due to the additional parallel

paths.
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At high frequencies, only a small part of the earthing system contributes to reducing
the earth impedance because of the effective length/area limitation. The proposed
above ground insulated conductor method acts to increase the earth electrode
dimension, which contributes to increasing the effective dimension beyond that for

the in-ground conductor alone.

For earth electrodes fitted with the above ground insulated electrode, under impulse
conditions the results show that current and voltage distributions are changed such
that a greater length of buried conductor is utilised, and this contributes to the
reduction in earth impedance magnitude. Hence, this reduces the developed earth

potential rise at the point of current injection.

The proposed technique was applied in field tests to a horizontal earth electrode by
installing an additional PVC insulated copper conductor of 50mm? cross-sectional
area running in parallel with the buried electrode. The results confirm the predictions

of the computer simulations.

Enhancing the earthing system with the proposed above-ground insulated conductor
results in a substantial reduction in the developed transient potentials at the base of
the turbine structure, and this reduction is more significant than with only the buried
bare horizontal conductor. The transient touch and step potentials have been
examined around the turbine and along profile under fast transient conditions (8/20
and 1/5). These TEPR reductions produce associated reductions in touch and step
voltages. Although it is not possible to quantify what is acceptably safe, due to the
absence of recognised transient voltage safety thresholds for the human body, the
proposed earthing system enhancement has the advantage of improving earthing

system performance, and possibly safer earthing system.
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CHAPTER SEVEN

GENERAL CONCLUSIONS AND SUGGESTED FURTHER
WORK

7.1 Conclusion of the Literature Survey

A review of literature relating to the high frequency and transient performance of
earth electrodes and wind farm earthing systems was carried out. The calculation of
simple earth electrode impedance was described.

The open literature describes comprehensive studies on simple electrodes subjected
to transient and power frequency currents. Published works clearly indicate that the
earth electrode subjected to transients would behave differently from the expected
power frequency behaviour, and indicate that the earth electrode impulse resistance
is different from the power frequency resistance. The impulse resistance depends on
a number of factors such as soil parameters, electrode geometry and impulse current
rise time and magnitude. High current magnitudes with fast rise times can cause soil
ionisation around the electrode and reduce the earth resistance. Soil ionisation is
more likely to occur in high soil resistivity, but not with large earthing systems due
to lower current density.

Investigators have attempted to characterise the behaviour of earth electrodes using a
number of different approaches involving high-voltage testing both in the laboratory
and on earth electrodes installed in the field. In particular, the literature has clearly
identified the difficulties of measuring and testing the earthing systems of the wind
turbines and the extended earth electrodes of wind farms.

The standards dealing with the recommendations for earthing systems contain
guidelines for design of the earthing system, where the earthing system is designed
primarily for power frequency earth fault conditions. However, limited guidance is

given in the standards for transient conditions.
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Different earthing arrangements for wind turbines are presented and reviewed and
the limitations of measurement procedures have been highlighted. Due the fact that
wind farm earthing system contains a large amount of inductive component, the DC
measurements is likely to be different from AC response. Therefore, AC tests should
always be employed on such systems.

Published work has identified the length of an earth electrode as being an important
parameter affecting its performance. Many researchers have studied the transient
performance of the horizontal earth electrode and an empirical formula for
calculating the effective length has been proposed. Most of these studies have used
simulation and circuit theory methods and limited experimental work has been
reported.

The models presented in the available literature simulate a simple electrode and the
tower of the wind turbine was not taken into account, but the tower may contain
inductive elements which must be taken into account for accurate modelling of the

wind turbine.

7.2 General Conclusion of Generic Earth Electrode

The response of the earth electrode under variable frequency and for different soil
resistivities is described. Parametric studies were carried out for simple electrodes
such as vertical and horizontal earth electrodes. Further investigations were carried
out to include complicated earthing systems such as a large substation earthing grid.
The earthing system performance mainly depends on the soil resistivity, soil
permittivity, and the dimensions of the earthing system and the location of the
injection point. The frequency is an important factor that affects the performance of

the earthing system. The results have demonstrated the limitation of the circuit
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model in predicting the performance of the earth electrode at high frequency. For
large earthing systems, computer models and simulation techniques may produce
more reliable predictions of earth electrode performance than the circuit model.

The investigations have shown that the inductive effects become significant for all
earth electrode systems above a threshold frequency for a given soil resistivity. The
frequency is an important factor that affects the performance of the earthing system.
The impedance of earth electrodes increases remarkably at high frequency due to the
inductive effect of the earth electrode, particularly at low soil resistivity. The
earthing system impedance increases with the soil resistivity. The earth grid under
variable frequency is presented and similar results to those of the horizontal earth
electrode are noticed.

a) The simulations results have revealed that the impedance magnitude decreases
with increasing electrode length up to a certain length when the electrode reaches its
effective length, beyond which increasing the length no longer affects the earth
impedance magnitude, b) The capacitive effect becomes evident at high frequencies
for high soil resistivity, especially with high permittivity, c) The earth impedance of
the earth electrode increases with the increase of soil resistivity.

The same concept of the effective length of the horizontal electrode has been
confirmed to be applicable to the earth grid effective area. Increasing the grid area
has significant effect in reducing the earth grid impedance until it reaches its
effective area after which increasing the grid size results in no reduction of the earth
grid impedance.

The effect of the injection point location has been studied, it was found that the
injection point location has no effect on the earth impedance at low frequencies due

to the resistive behaviour of the earth grid. A centrally injected earth grid has lower
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impedance magnitude than corner injected earth grid for high frequencies. This may
be explained by the corner injection having higher inductance than the centrally
injected grid.

The impulse response of different electrode configurations was studied. Two
different standard wave shapes and a wide range of soil resistivities were considered.
The results clearly show that the transient earth impedance and TEPR peaks of all
electrode configurations increase with resistivity. The TEPR and the impedance
significantly decrease with the increase of the relative permittivity in soils of high

resistivity.

7.3 Wind Turbine Earthing System

The effects of soil resistivity, soil relative permittivity and above-ground structure of
the wind turbine under variable frequency and transient conditions are investigated.
The results have shown that the inductive component become significant for wind
turbine earthing system above a particular frequency for a given soil resistivity,
resulting in an increase in wind turbine earth impedance for both onshore and
offshore wind turbines. For high soil resistivity (10kQm) and at high frequency the
earth impedance magnitude tends to drop with increase in frequency which may
suggest a capacitive effect. It is found that interconnection of adjacent on-shore wind
turbines has benefit in reduction of EPR and TEPR.

It was established that, for high frequency and transient currents, the magnitude of
wind turbine earth impedance seen from the point of injection is significantly higher
when the above-ground turbine structure is taken into account. Also, the calculated
transient earth potential rise at the tower base ground surface is higher when the

model includes the above-ground structure.

166



7.4 Effect of Electrode Dimension

A two layer soil resistivity model was derived from the soil resistivity measurements
and used in the simulations when conducting a comparison between simulation and
field measurements. An 88m long horizontal electrode was installed with 13 junction
boxes in order to vary the measured length as required, to allow quantification of the
effective length. The results show that the DC earth resistance decreases with the
length of the conductor. A large proportion of the injected impulse current is
dissipated into the ground along a length close to the injection point. The effective
length of the electrode was determined from the impulse impedance, and was found
to be comparable to that predicted by a simplified empirical expression and computer
simulations.

A large proportion of the injected impulse current is dissipated into the ground along

the earth conductor but within a length close to the injection point.

7.5 New proposed method and its application to wind turbine

A new proposed method to enhance the earth electrode performance under variable
frequency and transient conditions has been investigated. The above-ground
insulated conductor method plays an important role in reducing the earth impedance
for both horizontal and grid earth electrodes. In the low frequency range no
significant reduction was observed due to the resistive behaviour of the soil at low
frequencies. For high frequencies the reduction is more noticeable. At high
frequencies, only a small part of the earthing system contributes to reducing the earth
impedance due to the effective length/area limitation. The above-ground method
may act to increase the earth electrode dimension able to contribute to further

reduction beyond the effective dimension.
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The time domain of the in-ground earth electrodes fitted with an above ground
insulated electrode was studied. The results show that the current and voltage
distribution are changed such that a greater length of buried conductor is utilised and
that this contributes to an additional reduction in the earth impedance and, hence, the
developed earth potential rises at the point of current injection.

The proposed technique was applied in field tests to the horizontal earth electrode by
installing an additional PVC insulated copper conductor of 50mm? cross-sectional
area running in parallel with the buried electrode. The results confirm the findings of
the computer simulations.

Enhancing the wind turbine earthing system with the proposed above-ground
insulated conductor results in a substantial reduction in the developed transient
potentials at the base of the turbine structure, and this reduction is more significant
than with only the buried bare horizontal conductor. The transient touch and step
potentials have been examined around the turbine and along the radial profile under
fast transient conditions (8/20us and 1/5us impulse currents). These TEPR

reductions produce associated reductions in touch and step voltages.

7.6 Further Work

Further simulations are necessary to quantify the performance of the wind turbine
earthing system in terms of safety potentials to yield guidelines for design.

The followings are suggested to provide a better understanding of wind turbine
earthing system behaviour:

(@) DC, AC and impulse measurements of resistance/ impedance of an isolated wind

turbine.
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(b) DC, AC and impulse measurement of resistance/ impedance of the wind turbine
used in (a) above when part of an interconnected wind farm.

(c) Field measurement of safety voltages (step and touch voltages) around an isolated
wind turbine.

(d) Field measurements of safety voltages (step and touch voltages) around the same
wind turbine when its earthing system is bonded connected to the wind farm earthing
network.

The new proposed method using the above ground/insulated conductor requires
further examination under various conditions particularly field measurements on the
88m long bare earth conductor installed at the university test field. The
measurements should include safety potentials and current distribution when the

above ground insulated conductor is connected.
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