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Ground grid system is important for preventing the hazardous effects of
overvoltage in high voltage substations due to fault current perhaps from
lightning strike or device malfunction. Therefore, this study aimed to
investigate the effects of overvoltage on square, rectangular and L-shaped
ground grids with ground rods being distributed in mesh-pattern by using
alternate  transients  program/electromagnetic  transients  program
(ATP/EMTP) program. The models were simulated in the cases that 25 kA-
fault current being injected into the center or one of the corners of ground
grids. The results showed that the highest level of overvoltage (6.3349 kV)
was detected at the corner of rectangular ground grid when the fault current
was injected into its corner. However, the lowest level of overvoltage was
found when the fault current was injected into the center of square ground
grid. The results from this study indicated that ATP/EMTP program was
useful for preliminary investigation of overvoltage on ground grids of
different shapes. The obtained knowledge could be beneficial for further
designing of ground grid systems of high voltage substations to receive the
minimal damages due to fault current.
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1. INTRODUCTION

At present, the transmission and distribution systems of electrical power between substations are
extremely necessary for national development. These systems require the well-designed substations and
ground grids to maximize their efficiency and reliability as well as to protect the working staff and important
electrical devices that locating inside the substations or nearby proximity. Particularly, the reliable ground
grid can play very important role in the case of overvoltage due to the natural disaster, lightning strike and
switching device malfunction [1]. Since ground grid is a large system and too difficult to be created as
demonstrative model under laboratory conditions, the computer programs hence become very useful and
convenient for simulating such model. The computer programs, for example, current distribution in earth and
grounding system (CDEGS), power system computer aided design (PSCAD), fast Fourier transformation
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(FFT), COMSOL, and alternate transient program/electromagnetic transients program (ATP/EMTP), have
been applied with different advantages and disadvantages.

Initially, electromagnetic transients program (EMTP) was used for simulating the transmission line
and ground grid models and then analyzing their lightning protection systems and dynamic behaviors during
the occurrence of overvoltage on ground systems. The obtained results of this study were compared with the
calculated ground potential rise (GPR). EMTP was also used for designing the lightning protection system of
high voltage substation [2], [3]. In addition, the transient that occurred on ground grids and the frequency
dependent characteristics of large ground grids were simulated based on the electromagnetic field theory
approach by the computer model. This study also explored the effects of GPR, relative permeability of soil,
and depth of ground grids buried in soil on the electromagnetic compatibility (EMC) in the case of lightning
strike on ground grid [4]. Similar case of ground grid system that being injected with transient current has
been simulated by the computer model and then endorsed by the experiments under laboratory conditions [5].
Furthermore, EMTP program was used for developing a model of double exponential time function from the
inverse fast fourier transformation (IFFT) to analyze the response time of ground rod impulse and explore the
dynamics between lightning protection and ground and the effects of charge that dispersing into the ground
[6]. In addition, the effects of soil properties on impedance and transient responses of grounding electrode
were investigated by the frequency-dependent soil model, which integrating the frequency-dependent soil
electrical properties into the circuit model of grounding electrode and measuring the voltage response of
grounding electrode. Comparison was performed between the voltage responses of the grounding electrode
occurred in the circuit model and that in the electromagnetic model, which showing that the voltage peaks and
the wave shapes obtained from these two models were very similar with less than 1% difference [7].
Furthermore, power system computer aided design (PSCAD) and current distribution, electromagnetic
interference, grounding and soil structure analysis (CDEGS) programs were applied for investigating the
possible severity of lightning strike on transmission line tower and nearby gas pipeline. However, CDEGS
program was found to illustrate the effects of soil structure on induced voltage more accurately. Since
CDEGS could show the results in three-dimensional (3D) illustrations and perform integration of frequency
dependent soil electrical properties in grounding electrode circuit model, it was therefore used for examining
the impacts of different soil resistivity levels, conductor materials, lightning impulse voltage front time
waveforms, and soil profiles (uniform, 2-layer, and 3-layer) [8]-[12]. Interestingly, the use of CDEGS
program could help to create the 3D plots of power plant’s grounding system that was struck by lightning
current and illustrate that the scalar potentials and electric fields were seriously affected [13]. In addition, the
electrical transient analyzer program (ETAP) was used to optimize the similar parameters, especially the
conductors’ types, lengths, depths, and sizes [14]-[16].

In this study, the objective was to use ATP/EMTP for exploring the effects of overvoltage on three
different ground grids (square, rectangular, and L-shaped ground grids with the same size of 324 m?) of high
voltage substation. This is because ATP/EMTP is a convenient and simple program with ease of access that
can help to preliminarily investigate the effects of overvoltage on various spots of ground grids with different
shapes. The ground grids were designed according to the IEEE 80-2000 standard and therefore the obtained
knowledge may be useful for designing the shape of ground grid that could protect the electrical equipment
and ensure the safety of personnel inside the substation against electric shocks. This study may also provide
the basic knowledge for further analysis by other advanced programs, and this could also help to understand
which spots of substation that were minimally affected by overvoltage and should be used for placing the
important electrical equipment [17]-[20].

This paper is organized is being as: Section 2 presents the designs of ground grid models and
simulation process. The levels of overvoltage from simulations were presented and compared with the
calculated GPR in section 3. Finally, section 4 presents the conclusions and reference list.

2. RESEARCH METHOD
2.1. Designs of ground grid systems of high voltage substation

Firstly, three models of ground grid systems of high voltage substation were designed, including
square with the dimension of 18x18 m, rectangular of 27x12 m, and L-shaped of 18x12+12x9 m, with the
equal size of 324 m2. Even though these three models had different shapes, each of them was equipped with
24 ground rods distributed in mesh-pattern and had the same important parameters according to the standard
of IEEE Std. 80-2000 [21] as shown in Figure 1.

2.2. Devices and parameters for simulation by ATP/EMTP program
Next, the devices of ground grids were determined by ATP/EMTP program. Initially, the grid
conductor was chosen by the command ‘Line/Cable’ followed by ‘RLC Pi-equiv’. Then, ground rod was
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selected by the command ‘branch linear’ followed by ‘resistor’. Subsequently, the current sources for
injecting fault current into the ground grid system was selected by the command ‘Heidler type 15°. Finally,
all these devices were connected together to create the models of square, rectangular and L-shaped ground
grids as shown in the step 2.3. The parameters to be used in these models were shown in Table 1.
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Figure 1. Three models of ground grid system, (a) square, (b) rectangular, and (c) L-shaped

Table 1. Parameters for ground grid models

Parameter Value Unit
Resistivity 1.7 x 108 Q-m
Cross sectional area of conductor 95 mm?
Resistance 5.3685 x 10* Q-m
Depth of ground rods 0.5 m
Span length of grid conductor 3 m
Inductance 1620.2087 mH/m
Earth permittivity 8 x 10 F/m
Capacitance 4.44387 x 10* WF/m
Soil resistivity 10 Q-m
Length of ground rod 3 m
Diameter of ground rod 16 mm
Resistance of ground rod 3.508 Q-m
Fault current 25 kA

2.3. Square, rectangular and L-shaped ground grids with ground rods distributed in mesh-pattern
From previous step, the devices and parameters were determined for creating the square, rectangular
and L-shaped ground grid models with ground rods distributed in mesh-pattern as shown in Figures 2-4.
Next, these models were used for simulating the case of 25 kA-fault current being injected directly into the
center or one of the corners of ground grid systems, example was shown in Figure 2. Subsequently, levels of

overvoltage measured on a diagonal line and at a corner of ground grids were recorded and plotted as shown
in the section 3.
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Figure 2. Model of square ground grid with ground rods distributed in mesh pattern for simulation by
ATP/EMTP program
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Figure 3. Model of rectangular ground grid with ground rods distributed in mesh-pattern for simulation by
ATP/EMTP program

Figure 4. Model of L-shaped ground grid with ground rods distributed in mesh-pattern for simulation by
ATP/EMTP program

2.4. Equations for ground grid simulation

The levels of maximum GPR of square, rectangular and L-shaped ground grids were calculated
from the as described by [22]. Since the calculations of these cases gave only slightly different levels of GPR,
the maximum GPR (5.130 kV) was therefore used for comparing with the results obtained from simulations
of three cases by using ATP/EMTP program according to IEEE Std. 80-2000 [21], [22].

3. RESULTS AND DISCUSSION

By ATP/EMTP program, the cases of fault current being injected into the center or one of the
corners of each ground grid were simulated, and the levels of overvoltage on a diagonal line and at a corner
of that ground grid were measured as shown in Figures 5 and 6 for square, Figures 7 and 8 for rectangular,
Figures 9 and 10 for L-shaped ground grids. The levels of overvoltage from simulations of square,
rectangular and L-shaped ground grids were then compared with calculated GPR as shown in Figure 11. In
the case of square ground grid with ground rods distributed in mesh-pattern, the maximum overvoltage could
be detected when the fault current was injected into the corner of ground grid. The maximum overvoltage
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measured on diagonal line and at corner were 5.8528 kV Figure 6(a) and 5.9674 kV Figure 6(b), which were
higher than the calculated GPR 5.130 kV, Figure 11 for 14.09% and 16.32%, respectively. For the case of
rectangular and L-shaped ground grids, similar results of maximum overvoltage were detected when the fault
current was injected into the corner of ground grid. For rectangular ground grid, when the fault current was
injected into the corner, the maximum overvoltage measured on diagonal line and at corner were 6.2089 kV
Figure 8(a) and 6.3349 kV Figure 8(b), which were higher than the calculated GPR for 21.03% and 23.48%,
respectively. Also, In the case of L-shaped ground grid, when the fault current was injected into the corner,
the maximum overvoltage measured on diagonal line and at corner were 6.1407 Figure 10(a) and 6.1808 kV
Figure 10(b), which were higher than the calculated GPR for 19.70% and 20.48%, respectively.
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Figure 5. Voltage distribution; (a) on a diagonal line, (b) at a corner of square ground grid when the fault
current being injected into the center of ground grid
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Figure 6. VVoltage distribution; (a) on a diagonal line, (b) at a corner of square ground grid when the fault
current being injected into the corner of ground grid
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Figure 7. Voltage distribution; (a) on a diagonal line, (b) at a corner of rectangular ground grid when the fault
current being injected into the center of ground grid
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Figure 8. Voltage distribution; (a) on a diagonal line, (b) at a corner of rectangular ground grid when the fault
current being injected into the corner of ground grid
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Figure 9. Voltage distribution; (a) on a diagonal line, (b) at a corner of L-shaped ground grid when the fault
current being injected into the center of ground grid
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Figure 10. Voltage distribution; (a) on a diagonal line, (b) at a corner of L-shaped ground grid when the fault
current being injected into the corner of ground grid

According to these three models, the square ground grid was found to have the lowest overvoltage.
This may be because square shape is symmetrical, and when the fault current has flown through the
conductor in the center of this ground grid system, the connecting points of system’s intersection between
ground grid and ground rods, which are symmetrically joined together by exothermic welding both
horizontally and vertically, may help to release the fault current very rapidly in spherical radius.
Consequently, the overvoltage occurring on square ground grid may return back to the surface of the earth at
the levels lower than that of rectangular and L-shaped ground grids and quickly disperse into the earth. It
could be shown in the case of injecting the fault current into the center of square ground grid and measuring
the overvoltage on a diagonal line that resulting in the overvoltage of 5.6254 kV Figure 5(a) which being
lower than that of rectangular and L-shaped ground grids for 3.1% and 5.28%, respectively.
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Figure 11. Comparison of overvoltage on three shapes of ground grids with calculated GPR. The first
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In contrast, the rectangular model was shown to have the highest overvoltage at 6.3349 kV
Figure 8(b) in the case of injecting the fault current into the corner and measuring the overvoltage also at the
corner. This may be because the rectangular shape is not symmetrical and, when the large amount of fault
current has been injected into the corner, high intensity magnetic field may be induced. The reason may be
due to that the conductor used in this study is copper, which is diamagnetic and highly capable of inducing
magnetic field, especially at the corner of system’s intersection where the ground grid and ground rods are
joined together by exothermic welding in unsymmetrically pattern. The overvoltage may not well disperse to
the underground earth, resulting in the overvoltage at levels higher than that of square and L-shaped ground
grids for 5.8 and 2.43%, respectively. However, the L-shaped ground grid was demonstrated to have average
overvoltage when being compared with the other two ground grids. This may be due to that L-shaped ground
grid has both symmetrical and unsymmetrical areas and therefore the overvoltage may disperse either
effectively or poorly to the underground earth Figure 4.

From this study, the results may suggest that ATP/EMTP, a widely-used and simple program, can be
beneficial for investigating the effects of overvoltage on ground grids of three different shapes, especially
when the fault current was injected into the corner of rectangular ground grid that resulting in the highest
overvoltage at the corner. There are the other programs that can be used for simulating the ground grid
systems. For example, CDEGS, which is a specialized program with high performance, can define the type of
laydown materials, simulate 2 layers of such materials, and also give the illustrative results in 2-and 3-D
formats, but it has disadvantage in high cost and requirement for very effective computer resources and
operating systems. Apart from that, the fast Fourier transformation (FFT) program has been used for
calculating the frequency and time response values and illustrating the magnetic fields in the case of lightning
strike on power plant’s ground grid [13]. Moreover, PSCAD program has been applied for analyzing the
effects of induced voltage due to lightning strike on overhead transmission line that affecting below gas
pipeline [8]. However, both FFT and PSCAD have limitations in creating the models and determining the
parameters. Currently, analysis of soil grounding materials with different levels of resistivity due to physical
and chemical compositions may be performed by the advanced programs, such as COMSOL that use 3D
finite element method (FEM) for simulating and displaying the ground grids and their electric and magnetic
fields in 3D illustrations. COMSOL may also be useful for analyzing the effects of overvoltage on various
designs of ground grids as well as the workers and equipment locating inside or nearby high voltage
substation [7], [23]-[25], but it has drawbacks in its cost, requirement for highly effective computer resources
and operating systems as well as time-consuming for generating the models and determining the parameters.
From the results in this study, it would recommend ATP/EMTP to be used for preliminary investigation of
the overvoltage on ground grids of different shapes and the obtained findings could be beneficial and critical
for making decision in further investment for analysis by more advanced simulation programs.

4. CONCLUSION

The models created by ATP/EMTP program to investigate the effects of injected fault current and
resulting overvoltage on ground grids of three different shapes (square, rectangular and L-shaped) showed
that rectangular ground grid had the highest level of overvoltage, particularly at its corner, when the fault
current was injected into its corner. On the contrary, square ground grid was found the have the lowest
overvoltage, especially when the fault current was injected at its center. This study showed that ATP/EMTP
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is a simple simulation program with ease of accessibility and uses, particularly in creating the ground grid
models and adding the important parameters. Moreover, it has benefits in less time-consuming and low cost
for computer resources and operating systems. This study concluded that preliminary investigation of
possible overvoltage on ground grid models of different shapes could be achieved by ATP/EMTP program,
which may be suitable for further in-depth analysis by other advanced programs.
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