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1. INTRODUCTION

Electrical substations are the interface between parts of the distribution grid and transmission systems.
When lightning strikes the substation protection system, large current flow may affect the substation equipment
and electronic components before dissipating into the soil through the grounding system. Large electromagnetic
fields may also be generated by the lightning surges, which are then translated into transient ground potential
rise (GPR), touch voltage, and step voltage. These voltages may cause damage to the electronic equipment and
as well as dangerous to the personnel working within reach of the substation. Besides, modern electronic
circuits generally have weak signal levels and are sensitive to different kinds of electromagnetic disturbances.
The unwanted electromagnetic fields induced by the lightning current may cause measurement error or may also
cause breakdown to the electronic circuits. Therefore, it is important to properly design the grounding system so
that the electromagnetic transient disturbance can be reduced to an acceptable level for safe and stable operation
of the substation. In order to design a proper grounding system, it is fundamental to study its transient
behaviour. The transient behaviour of a grounding system due to lightning impulse current is different from the
fault current behaviour which is significantly influenced by several parameters.
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Typical results from a safety assessment exercise related to the transient GPR, step and touch
voltages as well as ground resistance, state that, the grounding system performance and its safety are closely
related to soil characteristics [1]. Many studies conclude that the higher soil resistivity will result in worst
condition of the grounding system safety. In addition, the feed point of the lightning current is a key factor to
determine the voltage distribution between any two points of the grounding grid. Many studies have proved
that the transient GPR is much higher when the impulse current feed at the corner than feed at the centre
of grounding grid for the same size of grounding grid [2-5]. Furthermore, when the amplitude
of lightning current injected to grounding system increase, the electric fields around the grounding area are
significantly increasing. As a result, the maximum transient GPR generated by an impulse current with high
amplitude is much larger for the same grounding grid in the same soil resistivity [6]. In case of the interval
between grounding conductors or sub-grid, the transient GPR will decrease significantly with the increment
of sub- grid number. The increment of sub-grid number means more number of conductors used in grounding
system to dissipate the impulse current. At the same time, the duration time of the maximum transient GPR
response also shorter with the larger number of sub-grid [4].

As already proven by many of research studies [2-11], the behaviour of grounding systems
energized by lightning with frequency spectrum in the kHz and MHz range is extremely different from
the low frequency (50/60-Hz) behaviour. This is because of the soil ionization phenomena and inductance
of the system which may lead to the impulse response showing typically nonlinear behaviour. Hence, many
papers have investigated the effect of parameters to analyse the behaviour of grounding systems when they
are fed by impulse currents. However, little attention has been paid to the transient touch and step voltages
when the grounding grid is buried in non-uniform soil. Therefore, in this study, several parameters, such as
current amplitude, feed point and the number of sub-grid were varied to study their relationship with
the transient GPR, touch and step voltages in uniform and non-uniform soil.

2. RESEARCH METHOD

In this study, CDEGS software package was used to accomplish the objectives of this project work.
CDEGS is an engineering software tool designed to analyse problems related to the grounding system,
electromagnetic fields, and electromagnetic interference. It consists of eight engineering modules but for this
work, only RESAP, HIFREQ and FFTSES modules were applied. RESAP, HIFREQ, and FFTSES were used
for soil resistivity, Electromagnetic Field, and Automated Fast Fourier Transforms (FFT) analysis
respectively. CDEGS provides effective solutions to analyse behaviour of complex grounding grid when
conductors are energized by lightning or other transients. The grounding grid was modelled using SESCAD.

2.1. Computation of GPR, touch and step voltages in CDEGS

Ground Potential Rise (GPR) is computed at the point where potential may attain by grounding conductor
relative to a distant grounding point assumed to be at remote earth. When only buried grounding grid are modelled
for example in CDEGS software, the potentials from the buried grounding conductors are computed and available,
but the potentials of aboveground structures are unknown. For this reason, the touch potential cannot be computed.
Therefore, based on CDEGS computation, the touch voltage is defined as the potential difference between the GPR
and the potential of the nearest energized conductor segment at 1 m distance.

In CDEGS, for the computation of step voltage at a given point, the program needs to compute
the potential difference between that point and a nearby point located at 1 m distance. However, the potential
at that nearby point may be unavailable when the spacing of profile points specified by the user is larger than
1 m distance. Therefore, in CDEGS, the program will first determine the location of suitable test points close
to the desired point and compute the worst step voltage between the desired point and all of those points.

2.2. Grounding Grid Configuration

A square grounding grid subject to a lightning strike was modelled as presented in Figure 1.
Two grounding grid configurations were modelled with default conductors, 90m x 90m mesh, and 11.25m x
11.25m mesh, both buried at a depth of 0.5m. The lightning rod was simulated using a 5 m pole above
the grid. The lightning rod was located at point A, B and C, hence these are the locations for the lightning
current injection. The profiles referred to the lines used for results observation.

2.3. The lightning surge current
For the lightning current injection, the double-exponential formula was employed to fit with 10/350
ps lightning current waveforms. The equation is given as

I1(t) = 1,(e”%t — gDt 1)
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where 0=2050 and B=564000. Im is the amplitude of lightning current. The generated lightning current
impulse was characterized with 10us front time and 350ps tail time which are typical of lightning current.
Figure 2 shows the lightning current waveform used in this study.
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Figure 1. Grounding grid configuration
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Figure 2. /350 ps lightning current waveform used [12]

2.4. Soil profile computation

The RESAP (Soil Resistivity Analysis) computation module is used to determine equivalent soil
profile models based on measured soil resistivity data. A uniform and non-uniform soil profile with the
relative permittivity and relative permeability are set automatically by RESAP to be constant with 1.0 per
unit respectively. The soil profile has been specified into three equivalent soil profiles which are the uniform
or single layer, 2-layer, and 7-layer soils as shown in Table 1.

Table 1. Equivalent soil profiles from RESAP computation module

Soil profile Layer Number  Resistivity (2-m)  Thickness (m)
Uniform 1 104.31 Infinite
Non-uniform 1 344.18 3.42
2 28.03 Infinte
1 264.74 0.61
2 465.31 0.20
Non-Uniform 3 667.95 0.98
4 119.57 0.20
5 79.35 0.20
6 54.36 16.61
7 5.81 Infinite

2.5. Case study

Three cases of studies were carried out. These cases are the influence of lightning current amplitude,
the feed point, and the number of sub-grid to the transient performance of the substation grounding system
(in terms of transient GPR, touch and step voltages produced). The lightning current with waveform 10/350 ps and
injection of lightning current at feed point ‘A’ of grounding grid were kept fixed but the amplitude of lightning
current was varied as 10kA, 30kA, and 50 kA to study the effect of current amplitude. In case of feed point, three
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different feed points of lightning current were used as shown in Figure 1. In order to observe the influence of
sub-grid number, several numbers of sub-grid, with 90 m x 90 m size grounding grid had been chosen in this study.
The number of sub-grid in the grounding system selected were 16, 36, and 64. A lightning current with 10 kA
peak, 10/350 ps was used for the feed point and sub-grid number cases. Equivalent soil profiles had been chosen
for all cases as shown in Table 1. A certain observation line was chosen to observe and analyse the results.

3. RESULTS AND ANALYSIS

The results were divided into three measured variables, namely, the transient GPR, the touch voltage, and
the step voltage. The effects of lightning current amplitude, feed point, and the number of sub- grid on each of these
variables are reported.

3.1. Effect of lightning current amplitude with different soil profiles
Figure 3 shows the maximum transient GPR for feed point A. The maximum touch and step
voltages are shown in Figures 4 and 5 respectively.
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Figure 3. Effect of current amplitude to maximum Figure 4. The effect of lightning current amplitude to
transient GPR with 10/350 ps current at feed point A the maximum transient touch voltage when injected
by 10 kA peak, 10/350 ps current at feed point A

80
60
40
20

Step Voltage (kV)

0 10 20 30 40 50 60
Current Amplitude (kA)

Uniform soil 2-Layer soil 7-Layer soil

Figure 5. The effect of lightning current amplitude to the maximum transient step voltage when injected by
10 kA peak, 10/350 ps current at feed point A

As shown in Figures 3, 4 and 5, the maximum transient GPR, step voltage and touch voltage linearly
increases with the lightning current amplitude for all soil profiles. This is because the higher the amplitude
of the lightning current, the more impulse current distributes around the grounding conductors. A lightning
current waveform usually defined by amplitude, front time and tail time. Basically, the amplitude value in
lightning current waveform has most significant effect on the transient performance rather than front time
and tail time [4, 5]. Besides, the higher amplitude of the lightning current gives the higher field gradient
produced in soil around the grounding grid, which will make soil ionization more severe [13-16].
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3.2. Effect of feed point with different soil profiles
Figure 6 shows the maximum transient GPR for feed point A. The maximum touch and step
voltages are shown in Figures 7 and 8 respectively.
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Figure 6. Effect of feed point to maximum transient Figure 7. Effect of feed point to maximum transient
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Figure 8. Effect of feed point to maximum transient step voltage when injected by 10 kA, 10/350 us current

As shown in Figures 6, 7 and 8 the maximum transient GPR and step voltage is the lowest at feed point A
(centre) compared to feed point B (mid edge) and C (corner) for all soil profiles. This is because the feed point A
has a larger effective area than the feed point B and C. This means, all direction can be used for the lightning
current to dissipate into the soil along with the grounding conductors. However, the maximum touch voltage is the
highest at the feed point A compared to the feed point B and C. This is in contrast with the behaviour of transient
GPR and step voltage to the feed point of grounding grid. This is because the potential of energized conductor at
the point where a person touch, is almost similar for every location in the grounding grid. In spite of that,
the transient GPR at the point where a person standing has different value for every location in the grounding grid.
From the definition of touch voltage, the higher potential difference between the energized conductor and the
transient GPR, the higher touch voltage is produced [17-18]. So, in this case, the potential difference is higher at
the feed point A than the feed point B and C.

3.3. Effect of sub-grid number with different soil profiles

Figure 9 shows the maximum transient GPR for feed point A. The maximum touch and step
voltages are shown in Figures 10 and 11 respectively. As shown in Figures 9, 10 and 11, the maximum
transient GPR, and step voltage are decreased when the number of sub-grid increases for all soil profiles.
This is expected since the more number of sub- grid means the more conductors are used in grounding grid to
dissipate impulse current into the soil. However, the maximum touch voltage has slightly increased when the
number of sub-grid increases [19]. This is in contrast with the behaviour of transient GPR and step voltage to
the number of sub-grid. This happens because of the potential difference between the energized conductor
and the transient GPR is increases when the number of sub-grid increases.
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Figure 9. The effect of sub-grid number, n to the maximum transient GPR when injected by 10 kA peak,
10/350 ps current at feed point A
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Figure 10. The effect of sub-grid number, n to the maximum transient touch voltage when injected
by 10 KA peak, 10/350 ps current at feed point A
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Figure 11. The effect of sub-grid number, n to the maximum transient step voltage when injected
by 10 kA peak, 10/350 ps current at feed point A

3.4, Effect of soil profile to the maximum transient GPR, touch voltage and step voltage

In terms of soil profile effect, Figures 3 to 11 show that the maximum transient GPR and step
voltage are higher in non-uniform soil compared to uniform soil. Furthermore, the maximum transient GPR
and step voltage in non-uniform soil are higher in 2-layer compared to 7-layer. This happens because
the overall resistance and impedance of grounding grid are influenced by the resistivity of the layer where
the grounding grid is buried [20-23]. In case of uniform soil, when the depth of a grounding grid increases,
the ground resistance decreases but for non-uniform soil or multilayer soil, this is not always true, even if
the change of grounding grid depth is confined within one layer.
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Generally, the grounding resistance values are greatly dependent on the layer in which
the grounding grid is located [24-27]. When it is located in a layer has low resistivity, the grounding
resistance is low, while when it is located in a layer has high resistivity, the grounding resistance is high.
In this study, the grounding grid was buried at depth 0.5 m, which is located within the first layer for all soil
profiles. Since the 2-layer has the highest soil resistivity in the first layer, hence the 2-layer is the highest
transient GPR and step voltage compared to 7-layer and uniform soil. However, the maximum touch voltage
has no significant effect on the variation of soil profiles. The touch voltage is greatly dependent on the
potential difference between the energized conductor and the transient GPR. Therefore, the analysis of touch
voltage, in this case, can be neglected.

4.  CONCLUSION

The influence of different parameters on the transient performance of the grounding system with
different soil profiles had been carried out by using CGEDS software. From this study, the performance
of transient GPR, touch voltage and step voltage of grounding grid are significantly dependent on the
variation of lightning current amplitude, feed point and number of sub-grid as well as properties of soil.
The lower transient GPR, touch and step voltages, the more safety of substation grounding system.

As shown in the plotted graphs, the maximum transient GPR, touch voltage, and step voltage
increase as the lightning current amplitude increases. In the case of injection current location, the maximum
transient GPR and step voltage are the highest at the feed point C. Besides, the maximum touch voltage is
the highest at feed point A. The maximum transient GPR and step voltage decrease when the number of sub-
grid increases. However, the maximum touch voltage slightly increases as the number of sub-grid increases.
The maximum transient GPR, and step voltage are the highest at the 2-layer and the lowest at the uniform
soil or single-layer soil. However, the maximum touch voltage has no significant effect on the variation
of soil profiles. The results presented in this work can be helpful for an engineer to design or upgrade
a substation grounding system, especially for the use of the protection against lightning. The results can also
be used as a benchmark for future studies in this area.
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