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Abstract: Improving a tower earthing system by reducing the impedance is an effective solution
to prevent back flashover from occurring and thus maintaining the sustainable operation of power
supply. Knowledge of the soil and earthing structure is an important element when designing an
earthing system and to determine the parameters of a transmission line (TL). This paper presents
the computation of soil structure interpretation based on several earthing designs using current
distribution, electromagnetic interference, grounding, and soil structure analysis (CDEGS) software.
The results showed that each tower has a multi-layer soil structure and it was also found that the
soil resistivity at the surface layer strongly affected the earthing impedance. Subsequently, it was
demonstrated that soil structure and the earthing design arrangement are the two parameters that
significantly affected the ground potential rise (GPR). This aspect affects the resistance and impulse
impedance of a tower and thus influences the performance of the TL system when subjected to
lightning strike, which is undoubtedly one of the major culprits of power outages in Malaysia.

Keywords: transmission line; earthing design; lightning; tower footing resistance (TFR); CDEGS

1. Introduction

Lightning has continued to be a major cause of disruption giving, rise to line outages
in transmission systems. The TL is one of the main assets for power transfer in all countries
and it is highly susceptible to lightning, especially those located in high lightning flash den-
sity. Each year, transmission line outages reported due to lightning are always the highest.
In Brazil, for instance, a major cause of non-scheduled outages was reportedly lightning,
which was responsible for 50% to 70% of the 230 kV lines outages [1,2]. Davis stated
that lightning has probably been the most common cause of overhead lines flashovers [3].
Similarly, in Indonesia, 66% of 150 kV line outages were recorded due to lightning [4]. In
Russia, 84.4% from total line outages on their 1150 kV line were due to lightning [5,6].
When lightning strikes directly to the tower, a high lightning current (typically in the order
of greater than 20 kA for the case of backflashover [7,8]) will flow to earth through a shield
wire installed along the tower and the impulse potential would be largely determined by
the performance of the tower and earthing system. Whenever the potential exceeds the
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insulation strength, a backflashover (BFO) will take place along the insulator string [9–12].
Transmission system outage due to BFO is measured by the backflashover rate (BFR) and
this will also reflect its performance [13]. To avoid this phenomenon, suitable lightning
protection levels for TLs should be employed [14–17]. Typically, when involving such
mechanisms and especially on an extra high voltage (EHV) line, improving the earthing
system is the best mitigation to enhance TL lightning performance and it is one of the
critical issues of concern for lightning protection for a power system. The purpose of the
earthing system is to establish a safe and secure location for the electrical power system.
The earthing system may be counted on to stay extremely near to zero voltage if the
earthing resistance or impedance is low. Whatever is linked to the earthing system can
possibly be raised to hazardous voltages if the earthing impedance is too high in the case of
a lightning event [5,18,19]. Improving the earthing system to reduce the impedance of the
tower footing is a common solution for overcoming BFO issues. Therefore, a good design
of the earthing system is required to improve the operating reliability of the TL. Commonly,
a high BFR is associated with high tower footing impedance coupled with high soil resis-
tivity [20–28]. When designing the TL, the tower footing resistance (TFR) or impedance
is the foremost parameter that should be considered [29–32]. Tower footing impedance
change depends on many factors among which are the structure of the soil condition and
the earthing design arrangement. These parameters typically must be less than the limit
of the tower footing resistance or impedance required based on the requirements of the
state-owned power utility. In Peninsular Malaysia, Tenaga Nasional Berhad (TNB) has
fixed the tower footing resistance to be less than 5 ohm (Ω) and 8 ohm (Ω) for 500 kV and
132/275 kV lines, respectively [33]. Tower footing resistance or impedance values set by
other countries are shown in Table 1.

Table 1. Tower footing resistance setting by other countries.

Country Soil Resistivity, Ωm TFR, Ω Reference Remark

Peru - 25 [34] For all line ratings

Columbia - 20 [34] For all line ratings

Spain - 10 [34] For all line ratings

China

≤100
>100 to 500

>500 to 1000
>1000 to 2000

>2000

10
15
20
25
30

[35]
Measured in summer
without connection to

the tower.

UK - 10 [36] For all line ratings

Japan - 10 [37] For all line ratings

The operation of a transmission system is strongly affected by the earthing. In fact,
the earthing plays a significant role in the lightning response of these systems [38]. The
response of soil and buried electrodes when subject to lightning is very different from
the low frequency caused by the wideband frequency content of a lightning impulse [39].
Previous work by He et al. [40] shows that the electrode impedance starts to deviate from
the low-frequency resistance at frequencies above 1 to 10 kHz. A further contribution
to the change in impedance is the frequency dependence of the soil parameters, which
results in a reduction in the dissipation resistance [39]. The attenuation, propagation, and
distortion of current pulse injected onto one end of the earthing electrode is greatest in low
resistivity soil and it also becomes greater at higher frequencies because of the frequency
dependence of the soil resistivity [41–43]. Most of the previous works have focused on
conventional modelling in which the magnitude of the tower impedance is only varied
by the lightning current impulse through the earth electrode and there has been much
research on earthing behaviour in uniform soil, the top layer depth of soil, and algorithm
and reflection parameters [44–48]. Various studies were based on a variety of assumptions
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and physical techniques, resulting in the development of numerous equations over the
last few years. To the authors’ knowledge, however, although mitigations were provided
by many researchers in addressing these issues, there were not many analyses available
based on the actual design and implementation at 500 kV towers, which are significantly
different in terms of topography, types of soil, and earthing arrangement which includes
the number of electrodes and how the impact of earthing design varies in different soil
conditions on earthing system behaviour during high frequency. Having said that, there
are many contributions available on the effect of soil around the earth electrode during a
lightning phenomenon, namely on the frequency dependence of the soil parameter i.e.,
resistivity (ρ), permittivity (ε), and permeability (µ) [23,39,49]. The proposed method by
Pappas et al. [19] based on the autoregressive moving average (ARMA) model, via off-line
fitting on the actual data using the corrected Akaike information criterion (CAIC), for
instance, provided the solution to deal with variation of the earthing resistances. In general,
many guidelines and technical documents on lightning performance studies are available
both for the transmission [9,11,50–52] and distribution lines [53,54]. Therefore, this paper
intends to complement and focus on the following:

• Interpreting the soil structure characteristics according to the selected 500 kV towers;
• Evaluating tower footing impedance subjected to lightning stroke; and
• Determining the frequency dependence behaviour of an earthing system under high

frequency.

2. Methodology

The framework of this study comprised the various stages of the entire process to
achieve the purpose of the study. It consisted of three stages, namely site measurement
and data collection, modelling and simulation work, and results analysis. In Stage 1, the
apparent resistance of the soil data were collected at B area for tower T40, tower T41, tower
T44, tower T45, tower T46, and tower T49. Stage 2 involved the modelling and simulation
process which used CDEGS software to conduct the modelling work in this study. Finally,
after successful modelling, the simulation result showed the improved TFR value of a
suitable earthing system design to be recommended for improving the performance of a
500 kV transmission line based on per real soil data in Malaysia. A reduced TFR following
the TNB requirement and a suitable earthing system design will be recommended. Figure 1
summarises the overall research flowchart.

Specifically, there are three modelling designs in this study, soil modelling, earthing
modelling, and lightning modelling. The process of all the modelling involves many
sequential steps. All modelling simulations were carried out using the Safe Engineering
Services & Technologies Ltd. (SES)—computer-aided design (SESCAD) tool known as
current distribution, electromagnetic interference, grounding, and soil structure analysis
software (CDEGS). CDEGS is used to model and interpret the measured data from the field,
namely soil structure and earthing system impedance [55]. Since 1978, Safe Engineering
Services and Technologies (SES) has been regarded as an undisputed world authority
for the effects of soil on the connexion between electrical installations and other utilities
such as gas and oil pipelines, as well as the communications and railway electrification
industries. The CDEGS software is superior and constitutes a powerful collection of
integrated engineering software tools designed to model the field measurement (i.e., soil
profile and earthing system resistance) and interpret the measured data amongst others.
Specifically, two computation modules in CDEGS are used in this study, namely the
RESAP module and the HIFREQ module. This is the primary interface used for data entry,
calculation execution, and result analysis. The first step of this study was to evaluate a
soil model equivalent to the real soil structure using the soil resistivity analysis (RESAP)
module from SES. Based on the equivalent soil model developed in the first step, the
earthing system configuration was built and analysed using the SES electromagnetic fields
analysis HIFREQ earthing analysis computation module. Next, the SES transient tools
were used as an implementation strategy during lightning conditions. This section also
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presents a case study illustrating how to create and analyse a proper soil and lightning
model simulation. Subsequently, the earthing system performance was determined by
looking at the earthing impedance under lightning behaviour conditions. A case study was
conducted and the results are presented in the next section.

Figure 1. Flowchart of the work.

2.1. Real Case in Malaysia

In this study, a 500 kV double circuit connecting line from A to B with 146.688 km and
consisting of 351 towers was selected considering that this particular line recorded a high
number of outages compared to other 500 kV lines in Malaysia during 2018. About 30% of
the line located in this area is at a high altitude with a higher tower footing impedance due
to the high altitude soil structure [52,56]. A study by the Malaysia Energy Supply Industry
reported a load loss value of RM 10.47 per kWh per interruption of the network. Thus,
with an average load of 994 MW on the B line from TNB NORM for the 500 kV A line, the
expected energy loss could be as high as RM 10,407,180.00 per hour [57]. Basically, 500 kV
towers consist of a two-earth wire design on the top with a height of around 46 m to 67 m.
In this study, the methodology interpreted the characteristics of the soil model on a real
case involving five towers in a 500 kV double-circuit line. Figure 2a shows the dimensions
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of a 500 kV transmission tower and Figure 2b shows the location of the 500 kV double
circuit line from A to B.

Figure 2. Structure tower of 500 kV line: (a) dimensions of a 500 kV transmission tower; (b) location
of the 500 kV double circuit line from line A to B.

2.2. Soil Modelling

The study began with the creation of a comprehensive soil model by using the RESAP
computation module. RESAP is dedicated to developing an equivalent soil structure model
based on soil resistance measurements [58]. In detail, RESAP is dedicated to designing and
interpreting analogous earth profile models based on soil resistivity or apparent resistance
data as measured. It can produce models with several horizontal layers and soil models that
are both vertically and exponentially layered. The soil resistivity analysis module RESAP
was used in this study to classify comparable horizontally layered soils based on the site
measurements. The soil model is a methodology designed to mathematically describe the
local soil profile for designing an earthing system. The soil has generally been considered
uniform or homogenous, but in fact, it is usually multilayer soil. This is due to a geological
feature allowing the soil type to differ from location to location and the existence of bedrock
or groundwater as a function of depth that results in a significant change in resistivity. To
develop detailed soil modelling in this study, apparent resistance data from the field site
were made available by TNB. Table 2 shows the average of the apparent resistance (Ω)
value that was determined as a final answer from a site measurement traverse whereby
TNB took three measurements to acquire a good indication [59]. Figure 3 illustrates the
Wenner method as a good technique to measure the apparent resistance as this method
is the most used. A set of readings with increasing probe spacing during testing was
employed to obtain an estimate of the resistance of the deeper layers [60]. Subsequently,
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the field data values were entered as input to the RESAP module of the CDEGS software
and analysed by selecting the Wenner method during simulation to determine the soil
structure [55]. Figure 4 shows a cross-section of the Wenner method computation in RESAP.

Table 2. Average of apparent resistance (Ω) value.

Spacing, A
(m)

Average Apparent Resistance (Ω)

T40 T41 T44 T45 T46 T49

1.0 184.50 185.70 315.80 236.40 185.66 162.63
1.5 101.80 92.53 179.83 95.92 92.53 94.52
2.0 67.58 60.60 148.06 53.63 60.60 57.24
3.0 26.96 36.06 75.17 35.97 36.06 36.20
4.5 10.78 20.79 49.06 20.14 20.79 23.75
6.0 5.26 18.03 36.32 16.92 18.03 16.87
9.0 2.11 16.02 25.86 10.72 16.02 11.81

13.5 1.91 12.52 19.65 9.00 12.52 10.58
18.0 2.68 10.07 16.57 9.87 10.07 7.46

Figure 3. Wenner method measurement.

Figure 4. Wenner configuration method and multilayer in RESAP.

2.3. Earthing System Modelling

The earthing system design of a TL has a major impact on the number of outages due
to lightning strikes. The configuration of an earthing system may have different geometries
such as the grid concept, vertical and horizontal electrodes, or a combination of these
configurations which is necessary to ensure the safety of people nearby and of electrical
equipment. Specifically, two effects occur in the soil during a lightning impulse discharge
through the earthing electrodes, namely soil ionisation and soil parameter frequency
dependence [61–63]. However, this study focused on the frequency dependence of soil
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resistivity and the soil ionisation caused by the high impulse current injected into the
earthing system was neglected. In this section of the study, three designs (Design A, Design
B, and Design C) of an earthing system were evaluated to seek a good design for future
earthing system design. Subsequently, all three of these designs were compared and the
effect of the earthing system design was analysed to improve the lightning performance.
The earthing system modelling was designed using SESCAD and executed in the HIFREQ
module of the CDEGS software to obtain the earthing impedance. Figure 5 illustrates
Design A of an earthing system whereby it would be recommended for medium soil
resistivity on a site. This design formed the tower base as a square of a 15 m × 15 m
ring extending 5 m of stranded copper cable and 9 electrodes embedded 10 feet deep into
the earth. The burial depth of the electrodes was 0.5 m from the surface and made from
stranded copper with a radius of 6.35 mm (or 0.00635 m).

Figure 5. Representation of Design A for moderate soil resistivity condition.

Subsequently, Design B would be recommended for high soil resistivity conditions
as shown in the model in Figure 6 with 5 m of stranded copper cable extending from
Design A and 13 electrodes embedded 3.048 m length into the earth. The burial depth of
the electrodes was 0.5 m from the surface and made from stranded copper with a radius of
6.35 mm (or 0.00635 m).

Figure 6. Representation of design B for high soil resistivity condition.

Figure 7 shows Design C, which would be recommended for very high soil resistivity
conditions on site. This design formed an upgrade from the second design which had an
additional stranded copper cable around the base tower with 13 electrodes which were
buried in the soil at 0.5 m depth and made from stranded copper with a radius of 6.35 mm
(or 0.00635 m).
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Figure 7. Representation of Design C for very high soil resistivity condition.

2.4. Lightning Modelling

The earthing system design of a TL has a major impact on the number of outages due
to lightning strikes. A special signal transient type of Heidler function is recommended by
IEC 62305-1 Ed. 2 [64] and selected in this study. The Heidler function has the advantage of
representing a lightning current because it more realistically approximates the properties of
a real lightning return stroke. At the start, the Heidler function does not have a discontinuity
and it allows a good separation of the characteristic lightning current quantities [65]. The
Heidler function equation is shown in Equation (1):

f (t) =
I
η

· (t/τ1)
n

1 +
(

t
τ1

)n · e−t/τ2 (1)

where,

η = e−t/τ2 ·
(

nτ2

τ1

)(1/n)

(2)

The 10/350 µs waveform is used to represent the conducted lightning current and can
be approximated by the Heidler function. Its waveform is used to characterise the current
waves from a direct lightning strike. The signal transient was executed in the SEStransient
tool of CDEGS to compute the forward and inverse fast Fourier transform (FFT). Table 3
represents the Heidler function parameters of the 10/350 µs waveform used with a time
duration of 2000 µs and input of lightning impulse wave 10/350 µs by CDEGS is shown in
Figure 8.

Table 3. Heidler function parameters of 10/350 µs waveform [23,24].

Heidler Function Parameters Waveform

10/350 µs

Peak Current, I0 32.4 kA

τ1 (µs) 19
τ2 (µs) 485

n 7
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Figure 8. Lightning impulse wave 10/350 µs.

3. Results

This section presents the soil structure interpretation of the earthing design according
to selected towers in Peninsular Malaysia. Other than that, the computation of the tower
footing impedance and ground potential rise (GPR) simulated by using soil structure is
also represented in this section, followed by a frequency domain computation.

3.1. Soil Structure Interpretation

In the quest for interpretation of the soil structure, the result showed the difference
in soil structure for every tower. The results of this study indicate that each tower area
comprises two or three layers with different soil resistivity values. Figures 9–11 represent
the soil structure for tower T40, T41, and T44 which consist of two layers with different
soil resistivity values. The surface layer for tower T40 as shown in Figure 9 is referred to
as air and has infinite resistivity and thickness. The first layer of soil has a resistivity of
144.95 Ω m with a thickness of approximately 0.70 m and the second layer has a resistivity
of 292.28 Ω m with infinite thickness. In other words, both layers were considered to have
a low soil resistivity for this tower.

Figure 9. Tower T40 soil structure interpretation.

Figure 10. Tower T41 soil structure interpretation.
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Figure 11. Tower T44 soil structure interpretation.

Figure 10 shows the first layer of soil of tower T41 with a resistivity of 548.89 Ω m
with 2.34 m of thickness and 1168.23 Ω m with infinite thickness for the second layer. In
this case, the result depicts that the bottom layer has a high soil resistivity, more than half
of the first layer, and it shows that the second layer is considered as high resistivity.

In comparison, the soil structure for tower T44 shown in Figure 11 represents the first
soil layer as having a higher soil resistivity than the second layer, in which the value of
the soil resistivity of layer 1 is 2240.44 Ω m with a thickness of approximately 5.33 m and
842.74 Ω m with infinite thickness for layer two.

Figures 12–14 demonstrate the soil structure for towers T45, T46, and T49, respectively,
in which there are three layers present with different soil resistivity values. For tower T45,
as shown in Figure 12, the soil result shows the highest soil resistivity in the first soil layer,
which is 1141.94 Ω m and thickness 2.05 m. This was followed by the second and third
layer at 51.15 Ω m and 751.73 Ω m, respectively. The thickness of layer two was 4.38 m and
there was an infinite thickness for layer three. In this result, it indicates that the middle
layer had low resistivity compared to the upper and lower layer.

Figure 12. Tower T45 soil structure interpretation.

Figure 13. Tower T46 soil structure interpretation.
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Figure 14. Tower T49 soil structure interpretation.

Figure 13 shows the third layer having the highest soil resistivity, 1634.41 Ω m, and
the thickness is infinity. This was followed by the first and second layer at 1325.41 Ω m
and 386.80 Ω m, respectively. The thickness of layer 1 was 1.09 m and 2.94 m thickness for
layer two.

For tower T49, Figure 14 presents the first soil layer at 1147.17 Ω m with 0.70 m of soil
thickness. This is followed by the second and third layers at 497.80 Ω m and 983.60 Ω m,
respectively. The thickness of layer two was 9.45 m and thickness is infinite for layer three.
In this case, the middle layers remained as the lowest resistivity but the thickness of layer
two was very high. For the overall comparison in this study regarding thickness of soil, the
result showed this tower having the highest thickness.

3.2. Computation of Tower Footing Impedance

In this section, the tower footing impedance computation is presented for two cases
as follows: (i) the earthing impedance of radial and ring electrodes buried in two-layer
soil and (ii) the earthing impedance of radial and ring electrodes buried in three-layer soil.
Both cases considered the three designs of Design A, Design B, and Design C. Figure 14
represents the case of the tower footing impedance when the electrodes were buried in
two-layer stratified soil. The result indicated that tower T41 had the highest value of
footing impedance compared to tower T40 and T44. In this case, the footing impedance
can be seen as being influenced by the presence of the second layer.

Subsequently, the second case in this study considered the electrodes buried in three
layers of soil. It can be seen that in Figure 15, the result demonstrated tower T46 having a
high footing impedance value of 19.7 Ω. This was followed by tower T49 and T45 at 15.6 Ω
and 4.7 Ω respectively. In this case, tower T45 showed the lowest value due to the low
resistivity of the middle and lower layers.

Comparing the tower footing impedance of the radial and ring electrodes under
different conditions, the result of this study shows that the footing impedance decreased
due to the earthing design arrangement. Table 4 shows a clear trend of decreasing footing
impedance by as much as 18.87% for tower T40, 17.58% for tower T41, and around 21.74%
for tower T44. Each is a percentage for the two layers of soil. This is followed by the
three-layer case, in which the decreasing of footing impedance was 14.89%, 16.24%, and
18.59% for tower T45, tower T46 and tower T49, respectively. It can be inferred that in this
analysis, the percentage of impedance was decreased by 14% to 22%.
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Figure 15. Earthing impedance when buried in the two-layer case.

Table 4. Earthing impedance analysis for different design arrangement.

Num.
Earthing

Arrangement
Tower Footing Impedance Value, Ω

T40 T41 T44 T45 T46 T49

1. Design A 5.3 18.2 13.8 4.7 19.7 15.6
2. Design B 4.5 15.7 11.7 4 17 13.4
3. Design C 4.3 15 10.8 4 16.5 12.7

3.3. Simulated Ground Potential Rise (GPR)

The main response of the earthing electrodes subjected to lightning currents consisted
of the ground potential rise (GPR). GPR analysis was required to determine if the step and
touch voltage complied with specific earthing system standards as described in [66,67].
In this section, the simulated GPR when subject to a lightning impulse current on an
earthing electrode buried in two and three-layer soil was analysed with three different
designs, namely Design A, Design B, and Design C as depicted by Figures 16–18 which
represent the different curves of the GPR for the different design arrangements. GPR
obtained for Design A gives the highest value compared to Design B and Design C due
to the comprehensiveness in vertical and horizontal electrode arrangements, as shown in
Figures 5–7. This allows proper current to be dispersed to the ground and thus lowered
the GPR value measured.

3.4. Frequency Domain Computation

To determine the frequency dependence behaviour of an earthing system, the footing
impedance was computed by SEStransient tools as a function of frequency for different
earthing design arrangements and soil resistivity. Figures 19–21 show the impedance
magnitude and phase for Design A, Design B, and Design C with different soil resistivity
for every tower (T40, T42, T44, T45, T46, and T49).
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Figure 16. Earthing impedance when buried in the three-layer case.

Figure 17. Simulated GPR of radial and ring electrodes for Design A, buried in two and three layers
(T40, T41, T44, T45, T46, and T49).

Figure 18. Simulated GPR of radial and ring electrodes for Design B, buried in two and threelayers
(tower T40, tower T41, tower T44, tower T45, tower T46, and tower T49).
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Figure 19. Simulated GPR of radial and ring electrodes for Design C, buried in two and three layers
(T40, T41, T44, T45, T46, and T49).

Figure 20. Earthing impedance: (a) magnitude and (b) phase of different soil resistivity for Design A.
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Figure 21. Earthing impedance: (a) magnitude and (b) phase of different soil resistivity for Design B.

4. Discussion

Based on Figures 9–14, results indicated that all transmission line tower (T40, T41,
T44, T45, T46, and T49) installations for this line possessed non-uniform and different
soil structures. The results obtained showed that there are two-layer and three-layer
configurations with different soil resistivity and thickness. This study demonstrates that
soil features are unique from tower to tower and that each soil cannot be assumed the same
although they are located within the same perimeters.

Meanwhile, the results in Section 3.2 showed that by increasing the size of the radial,
the ring, and the number of earthing electrodes, it was possible to lower the tower footing
impedance. This is the result of having a sufficient number of vertical rods in the earthing
design, where the fault current can be dissipated away from the Earth’s surface and thus
would help to reduce the step and touch potential. As far as the TFR limit of 5 Ω is
concerned, only two towers, i.e., T40 and T45, fulfil the requirement, although the criterion
is mainly suggested for the TFR value (low frequency) which is normally higher than the
impedance.

In the case of the frequency dependence behaviour of an earthing system, Figures 20–22
illustrated that the earthing impedance was almost constant up to 100 kHz and increased
with the frequency due to soil inductive behaviour, which depends on the design arrange-
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ment and soil resistivity [68]. These results are in good agreement with other published
reports [32].

Figure 22. Earthing impedance: (a) magnitude and (b) phase of different soil resistivity for Design C.

Generally, most of the studies were determined by a variety of assumptions and
physical methodologies, which led to the development of numerous equations based on
uniform soil throughout the last few decades. With the availability of computer-aided
software specifically for grounding system studies such as CDEGS, which allows engineers
to understand several aspects of designs that influence performance of the systems; the
design and research on earthing systems have gone through years of knowledge develop-
ments. Indeed, earthing system performance is highly tied to soil characteristics and the
moisture content of the soil. It is worth noting that the impedance is a function of the low
frequency TFR and is dependent on many other factors such as the series inductance of
distributed electrodes and ionization of the soil when local electric field gradients exceed
150–300 kV/m in soil. Thus, by elevating high values of low-frequency TFR, this implies
that the impedance would be higher too [69].

5. Conclusions

This paper presented a study of a comparison of footing impedance of different
earthing system designs with the influence of soil characteristics on the transmission line
towers under lightning behaviour. Six different types of soil in a real case for 500 kV and
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three designs of an earthing system were interpreted and modelled using the CDEGS
software.

This paper provided an analysis of the soil structure for each tower under considera-
tion with different soil resistivity values and layers. Each transmission tower possessed
a unique soil structure, which can be reflected in the simulated cases. This study found
that Design C represented the best of the design arrangements compared to Design A and
Design B with the increasing size of radial, ring, and number of earthing electrodes used,
and thus would help the transmission line tower to be safe by reducing the tower footing
impedance. However, the depth of the earthing in the soil and the length of vertical rods
also helps in decreasing tower footing impedance to some extent. It can be concluded that
when a transmission line tower is in a high soil resistivity location, the earthing design and
the number of electrodes are critical factors in determining the tower footing impedance
design. This is due to the fact that more paths are required to disperse the current safely
while reducing the negative reflection going up to the tower and crossarms. Therefore, the
Design C arrangement was recommended for installing in situations with high soil resistiv-
ity in the top layer due to the need for the surge current to dissipate much more quickly as
opposed to the soil with low resistivity located on the top layer. This is particularly true in
the case of soil with multilayer structures. This paper also briefly explained the effect of
GPR considering two types of soil with different earthing design arrangements. Results
demonstrated that soil resistivity, soil layer, and earthing design arrangement are the three
parameters with great influences on the GPR. Subsequently, the result was also presented
that earthing impedance was almost constant at low frequencies (<100 kHz) and increased
with increasing frequency.

Overall, it is clear that the study confirmed that the soil structure characteristic and
earthing system arrangement play an important role in an earthing system. It was observed
that the soil resistivity on the surface layer strongly affected the earthing impedance
because the top layer required adequate soil moisture in which the wet soil had lower
resistivity than the dry soil. This factor would affect the tower footing resistance and
impulse impedance. High tower impedance may lead to an outage on the transmission
tower. It can be concluded that increased resistivity will increase footing impedance [70].
Having said that, there is certainly a need to re-visit the TFR limit, which is currently fixed
at less than or equal to 5 Ω. While Design C was found to be better for TFR reduction
compared to other designs, the real scenario of having limited spaces on site and the
configuration constraint of the tower legs may add to the difficulties in implementing
such a design. Taking into account the fact that high magnitudes of lightning current
flowing through the ground resistance and decreasing the resistance significantly below
the measured TFR values [67] is another point to be considered, in addition to the cost of
reducing even 1 Ω towards the desired value, which is certainly cost-heavy in operational
expenses (opex) of the utility in order to maintain sustainable power supply to the customer.
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