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Abstract 

An electrical grounding system is an important element to ascertain a safe 

environment for both humans and equipment during fault or transient conditions. The 

performance of grounding systems under lightning current is quite different from the 

conventional frequency based power. In order to understand the grounding grid 

behaviour under lightning current, researchers typically carry out experiments on 

actual grounding systems or on laboratory scaled models. Although experiments can 

provide insights of the actual grounding operation, the shortcoming is that a large area 

of lab space is required which reflects into high costs. As an alternative, computer 

simulation has been introduced, and can be categorised into three different approaches, 

namely circuit approach, transmission line approach or electromagnetic approach.   

In this work, the simulations are performed based on the electromagnetic approach 

under three dimensions (3D) mode due to its accurate results. For further 

understanding, a comparison between circuit and electromagnetic approaches is also 

carried out, where the resulting outcome shows that the circuit approach 

underestimates the impulse impedance at injection point compared with simulations 

by the electromagnetic approach. When the electromagnetic approach is applied, a 

finite element method is used to solve the partial differential electromagnetic equations 

in the time domain. Thereafter, the simulations results are validated with the existing 

published results covering the electromagnetic simulations by using the method of 

moment (MOM), and as well as actual field experiments. In addition, simulations are 

performed to understand the effect of different parameters, including lightning current, 

soil parameters, grounding design, and location of injection point of lightning current.   

Moreover, a comparison study is carried out for potential rise between power 

frequency and impulse current at different grid sizes. The study shows the potential 
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generated at injection point for both current and saturation point when the grid size 

reaches a certain point. It’s important to consider both types of current to get better 

grounding grid design. Besides that, empirical equations are used out to calculate the 

effective area under lightning conditions, where the effect of the down-conductor is 

taken into consideration as part of the grounding model. The effective area is an 

important parameter for the optimization of the grounding grid design when increasing 

grounding size does not improve the impulse impedance. 

Transient ground potential rise (TGPR) above the ground is another interesting 

parameter to analyse. In this work, a good correlation is shown between the effective 

area and the impulse impedance at the injection point with rising transient ground 

potential. It is found that the TGPR is larger when it is closer to the injection point, but 

only lasts for a few microseconds. Step voltage evaluations are performed for different 

standing positions of the human above the grid, including the distance of the step 

voltage location from the injection point, and the effect of grid size to step voltage 

value.  
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Chapter 1                                                 

Introduction 

 

1.1  Background  

 

Grounding systems play an important role in protecting life or facilities from any 

fault or transient in power systems. The main purpose of a grounding system is to 

provide the lowest impedance path for unwanted current during faults or transient 

conditions, such as lightning and switching. Relatively, the level of safety of a 

protection system is influenced by the efficiency of the grounding system, where the 

grounding conductors can range from a horizontal rod, vertical rod, ring rod, and 

grounding grid depending upon the application. In a substation grounding design, the 

grounding grid is buried below entire installed equipment to maintain the potential rise 

above the ground within the safety limit during the discharging process of a fault or 

lightning current. Parameters that influence the potential above the ground are soil 

resistivity, conductor configuration and level of fault current, where soil resistivity 

depends on geography, water content, chemical compound and type of soil. In practice, 

lower soil resistivity is advantageous for grounding system. Apart from that, the 

grounding grid configuration also depends on the size of the grounding grid and the 

mesh size within the grounding grid. 

For the practical scenario, it is necessary that a grounding system is designed with 

a low magnitude of earth resistance, so the protection device can divert the high fault 

current to the earth effectively.  In the British Standard [1], the value of earth resistance 

was proposed to be below than 20Ω for the independent earth electrodes that are 
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associated with the local grounding of the star point of generating plant, and below 1Ω 

for a substation grid. In the grounding grid design, touch and step voltage are the main 

components that required to be guaranteed to operate below the safety limit. Step 

voltage is generally defined as the voltage difference between the earth surface 

potential experienced by an operator bridging at 1m distance and without any contact 

with the earthed structure. For the case of the touch voltage, it is the voltage difference 

between the earth potential rise at the metal and the surface potential where a person 

is standing at (1m) from the earthed structure. Step and touch voltage limits depend on 

the tolerable current flow through human body and accidental circuit. Tolerable current 

depends on the critical limit that human can withstand before the ventricular 

fibrillation happens. These values depend on the duration of shock and magnitude of 

the current, while the British standard defined tolerable current as dependent of current 

path, duration and magnitude and the American standard defined the tolerable current 

as the limit that depends on weight, duration and magnitude of current.  

Grounding design and procedure under power frequency is well described in many 

standards. However, grounding will perform differently when a lightning current 

discharge through the system, due to the inductive and capacitive effects. A large 

lightning current with a fast rise time will flow to the grounding grid, which will 

behave like an antenna, and induces large transient potentials in the system. The 

resulting potential can create a huge potential rise and electromagnetic coupling, which 

will lead to system malfunctions and errors, or even damage the valuable and sensitive 

electronic equipment.  

Therefore, a study of grounding systems under lightning condition is vital to 

improve the performance and design. The study can be performed in three categories, 

namely laboratory tests, site tests and analytical modelling. The analytical modelling 
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method can be further divided into circuit, transmission line and electromagnetic 

approaches. In the proposed research herein, an analytical modelling based on the 

electromagnetic approach is adopted to investigate the impact of lightning current 

towards the grounding grid design. Simulations are carried out in three-dimensional 

(3D) geometry modelling, while a Finite Element Method (FEM) is used to solve the 

partial differential equations. The electromagnetic approach is chosen due to its 

accuracy of results that it computes based on Maxwell’s equations. 

On the other hand, the performance of the grounding grid under lightning current 

can be improved by reducing the soil resistivity, increasing the grounding grid size and 

mesh density. However, the grid is limited to a finite size, which is known as the 

effective area, and this can be achieved when there is no significant improvement in 

the grounding impedance with increasing grounding grid size. Besides, it is useful to 

enhance more conductors near the injection point and within the effective area to 

improve the impulse impedances .The impulse impedance is a value used to evaluate 

the grounding performance under lightning current, in other word, it is a ratio between 

peak potential rise at injection point and peak injected current. It is very important to 

understand the relationship between transient ground potential rise (TGPR) and 

impulse impedance, which will provide insights into how lightning current is 

dissipated through the grid. Furthermore, the grounding grid evaluation depends on 

the value of ground potential rise above the ground. Since the simulations are 

performed in 3D, post processing can be carried out to evaluate the transient ground 

potential rise (TGPR).  

 



 

                                                                                                                                       

4   

 

1.2  Objective of Research 

Grounding is a main element in the lightning protection system that provides low 

impedance path for unwanted current through the soil. In substation grounding design, 

it is very important to maintain low step and touch voltages, which increases the level 

of safety. Although the grounding response and safety limits are quite different under 

lightning conditions, most of the standards are still based on power frequency safety 

hazards without any specific guidelines that consider fast transient response within the 

grounding design framework. It is challenging to achieve the best protection 

concurrently for both humans and equipment under lightning conditions.  

In order to solve these shortcomings, this research aims to achieve the following 

objectives:  

i. Study and review the effect of lightning current in a grounding grid, and 

understand human safety limits under power frequency and impulse 

currents. 

ii. Perform a 3D grounding grid system modelling by using the 

electromagnetic approach with FEM  

iii. Analyse the effect of down-conductor through the simulation of impulse 

impedance and effective area  

iv. Consider and assess the improvements of grounding methodologies and 

topologies for lightning currents by introducing effective area empirical 

equations as an engineering guide. 

v. Investigate transient grounding potential rise throughout the conductor and 

above the ground  
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1.3  Summary of Contribution 

The main contributions and achievements of this research can be summarised as 

follows:  

 

I. Modelling using Maxwell’s equations in Electromagnetic domain, which 

considers the displacement current effect. The FEM is applied to solve the 

equations. Open boundary problems are solved by evaluating the current 

density between regions of interest relative to the perfect conductor boundary. 

Computer simulations are performed in time domain based 3D mode. 

Thereafter, the validations are performed by comparing with the simulation 

results from MoM and actual experiments. 

II. The effects of various parameters of soil, lightning and grounding grid are used 

for a parameter analysis. In addition, the effect of the down-conductor is 

investigated to obtain better results for the effective area evaluation.   

III. A new empirical equation for effective area is proposed, which is developed 

based on electromagnetic modelling. The equation takes into consideration the 

effect of the down-conductor during simulation. 

IV. A transient ground potential rise is analysed to understand the relationship 

between the grounding impedance and the effective area.  

Recently, computational modelling and evaluation can be carried out in accurate 

methods, due to the advancement in the ability of computer simulation. The modelling 

of the grounding grid by using the electromagnetic approach and FEM is an effective 

methodology to improve the understanding of electrical systems for different 

conditions and designs. 
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1.4  Thesis Organisation  

This thesis is organized into 7 chapters, as described below:  

Chapter2 provides a review of grounding grid design that are adopted from different 

standards. The chapter also discusses the effect of lightning current on the grounding 

systems based on both experimental and simulation results. 

Chapter3 presents a review of the analytical modelling approach that is used to model 

the grounding grid under lightning conditions, where circuit, transmission line and 

electromagnetic approaches are discussed. In addition, a comparison between circuit 

approach and electromagnetic approach is given in this chapter.  

Chapter4 proposes a grounding grid model based on Ampere’s law from Maxwell’s 

equation. The governing equation is solved by using the FEM, where the geometry 

modelling is performed in 3D with a solution produced in the time domain. More 

specifically, the simulations are performed for different values of soil resistivity, 

lightning current front time, location of injection, and grounding grid design using 

COMSOL Multiphysics commercial simulation package. The challenges and 

problems related to mesh geometry and open boundary will be discussed in this 

chapter.  

Chapter5 presents a comparison of potential at injection point between power 

frequency and lightning injection current for the investigation on the effective area. 

The effects of the down-conductor are analysed for different depths. A new empirical 

equation is formulated for effective area calculation under the assumption of lightning 

current being injected at the corner and at the centre of the grid. The proposed equation 

also considers the effects of the down-conductor in the simulation framework. 

Subsequently, the equations are compared with the published empirical equations.   
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Chapter6 evaluates the transient ground potential rise throughout the grid. This 

evaluation demonstrates the relationship between grounding impedance and effective 

area. Step voltages are evaluated for different locations and distances from the 

injection point.  

Chapter7 presents a conclusion based on the results and analysis drawn from this 

study, and recommendations are formed for future work within this chapter. 
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Chapter 2                                                                            

A Review of Electrical Grounding 

under the Condition of Lightning 

Current     

 

2.1  Introduction  

 

The demand on electrical supplies is continuously increasing, hence making it 

more challenging to provide a high-efficiency system that ensures a constant power 

delivery to customers. Consequently, there is a steep rise in the development of new 

substation technologies and designs, which requires an improved safe grounding 

design. The following objectives need to be achieved to successfully design a safe 

grounding for a substation: 

I. A low-impedance path to earth under normal conditions should be provided 

for circuit or signal reference, under fault conditions, and even at high 

frequencies (lightning currents). 

II. A safe condition for human and equipment from ground potential rise 

(GPR) should be facilitated under any condition, and the radiation and 

conduction of electromagnetic emission either between or within the 

systems should be reduced. 

Therefore, this chapter will present a review on the grounding grid design 

according to the standards and human electrocution limit that are proposed for impulse 

current. Thereafter, a review of the experimental and simulation results will be 
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presented to aid the understanding of grounding behaviour under lightning current. 

Apart from that, the TGPR are also discussed to gain a better understanding of step 

voltage and electromagnetic coupling under lightning current.  

 

2.2  Tolerable Voltage for grounding grid design  

The main objective of designing the grounding system is to provide a safe potential 

rise above the ground for both human and equipment. In order to design a safe 

substation, the values for limit of transfer, step and touch voltages are adopted from 

different standards. The limit is influenced by the definition of the step and touch 

voltages, allowable permissible current flow through human body and accidental 

circuit.  

2.2.1 Tolerable voltage definition  

The limits of step, touch and transfer voltages are a reference for grounding grid 

design. However, the definitions of each type of the voltages are different among the 

international standards. Touch, step and transfer potentials' definition can vary in 

various standards, as discussed in the followings:  

According to IEEE80[2]: 

 Touch voltage is the potential difference between the GPR and the surface 

potential in a situation where a person is standing and concurrently in contact 

with a grounded structure.  

 Step voltage is the difference in surface potential experienced by a person that 

is bridging a distance of 1m with the feet, but without contacting any other 

grounded object.  
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 Transferred Voltage is a special case of the touch voltage, where the voltage is 

transferred into or out of the substation from or to a remote point that is external 

to the substation site.  

According to BS EN 50522[3]: 

 Touch voltage is the voltage between conductive parts that are simultaneously 

in contact 

NOTE: The value of the effective touch voltage may be appreciably influenced by the 

impedance of the person that is in electric contact with the conductive parts. 

 Prospective touch voltage is the voltage between simultaneously accessible 

conductive parts with no contacts between the parts. 

 step voltage is the voltage between two points and both will be attached to the 

earth’s surface with a 1 m separation from each other, where the distance is 

considered as the stride length of a person 

According to BS 7354[4]: 

 Touch voltage is the sum of the voltage across a 1m surface along a diagonal 

line outside the corner of the grid, with the voltage difference of the grid with 

ground surface above  

 Step voltage is the voltage over a 1m surface that is diagonally outward from 

the corner of the grid  

2.2.2 Tolerable body current 

Electrical current flow through the human body is a critical element that need to be 

considered to enable the evaluation of the safety system of an electrical system. The 

body current limit is the maximum current that can flow through the human body 

before it becomes fatal. Current flow through human body may induce the followings 

[5, 6]: 
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I. Asphyxia: Muscles in the respiratory system are required for inhaling and 

exhaling air through the lungs. Electric shock affects these muscles by 

inducing contraction, which consequently leads to death as a result of 

suffocation.  

II. Cardiac arrest cause by ventricular fibrillation: The human heart is a pump 

that coordinates a rhythmical contraction and expansion of its muscular 

fibres to ensure circulation of blood throughout the body. When an electric 

current flows through these fibres, the heart rate becomes irregular, this 

factor causes uneven pumping of the heart, and eventually that leads to total 

cardiac arrest which the heart stop operating. Fibrillations are usually fatal 

because all of the heart muscle cells move independently.  

III. Muscular contraction: This phenomenon can occur as a result of sufficient 

current flowing through a person when they are in contact with a live part 

of a transmission line. Muscular contraction occurs when the part of the 

body is in contact to the live part and the affected person does not have 

enough strength to escape from the grasp. 

IV. Burns: Part of the electrocution process that heats up the tissues. 

 

Each standard adopts different assumptions and values, which leads to different 

allowable step and touch voltages in the grid. One of the main parameters is the safe 

limit of current to conduct through the human body. The limits are defined based on 

the fibrillation threshold, which influences the current magnitude, current path, current 

time duration and frequency.  The body current limit proposed in IEEE80 [2]  is shown 

in Equation (2-1) for both 50kg and 70kg body weights  at 50-60Hz . 
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In the case of British standards, curve C1 and C2 were used for left hand to feet as 

proposed in IEC 60479-1[7], which is depicted in Figure 2.1. The boundary between 

curve C1 and C2 represents a probability of ventricular fibrillation of up to 5%, while 

for the boundary between C2 and C3, the probability of ventricular fibrillation is also 

up to 50%. In order to find an alternative path for current flow, the current from the 

curve is divided with the hearth current factor, as shown in Table 2.1. These limit are 

applied for frequencies between 15-100Hz. However, no standard actually provides a 

detailed guideline for lightning current and high frequency current [8] .  

 

IB = {

0.116

√ts
for 50kg body weight               

0.157

√ts
for 70kg body weight                

                                                      (2-1) 

where ts is duration of shock  

 

Figure 2.1:  Effect of AC (15Hz to 100Hz) towards human body, from left hand 

to feet as defined in IEC 60479-1[7] 
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Table 2.1 Heart-current factor F for different current paths [7]  

Current path  Heart-current factor F 

Left hand to left feet, and right feet or both foot 1 

Both hands to both foot 1 

Left hand to right hand 0.4 

Right hand to left feet, right feet or to both foot 0.8 

Back to right hand 0.3 

Back to left hand 0.7 

Chest to right hand 1.3 

Chest to left hand 1.5 

Seat to left hand, right hand or to both hands 0.7 

Left feett to right feett 0.04 

 

2.2.3 Safety limit  

The important parameters that need to be considered for a substation grounding 

design are the potential rise above the ground should be as low as possible to guarantee 

a safe current flow through the human body. ENA SR S36 [9] classified the substation 

as hot or cold depended on the transfer potential. A substation is classified as hot when 

the transfer potential exceed 430V and 650V depending on the reliability and speed of 

the protection circuit, as shown in Table 2.2.  
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Table 2.2 Maximum EPR for cold substation and the permitted transfer voltage [9]  

Substation Voltage  Transfer 

Voltage  

Comment  

400kV, 275kV and 

132kV 

650V  

66kV and 33kV  650V High reliability with main protection that 

normally operates between 0.15seconds and 

0.5seconds, and has a backup protection 

430V Normal reliability lines or clearance time in 

excess of 0.2 seconds  

20kV, 11kV, 6.6kV  430V  

 

The definition of the touch and step voltages from different standards were 

presented in the previous subtopic. Generally, the limits of step and touch voltages are 

taken from the open-circuit voltage across the human body, which derives from the 

Thevenin theory. Figure 2.2 illustrates the equivalent circuit that is used to determine 

step and touch voltages according to the suggestion of American standard IEEE80-

2000 [2]. 

 

Figure 2.2  Equivalent circuit for touch and step voltages that adheres the  

IEEE 80 standard [2] 
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In Figure 2.2,  Vth is the Thevenin voltage (step or touch voltage ), Rth  is the ground 

resistance of one foot which assumed as circular metallic disc with  a radius of 0.08m, 

where the touch voltage is 1.5ρ and the step voltage is 6.0ρ. In this circuit, the footwear 

resistance is ignored and body resistance is assumed as 1000Ω. Ib is the body current 

calculated based on Equation (2-1). High resistivity layer normally spread at surface 

of soil above the grounding grid to increase the contact resistance between the soil and 

the foot of a person in a substation. In order to consider the high resistivity layer effect, 

a corrective factor Cs is introduced to compute the foot resistance as shown in Equation 

(2-2), where ρr is the resistivity of the surface material and hr is the thickness of the 

layer. 

𝐶𝑠 = 1 −
0.09(1−

𝜌

𝜌𝑟
)

2ℎ𝑟+0.09
                                              (2-2) 

Step and touch voltage limits can be calculated by applying Equation (2-3). The value 

of Cs is equal to one when there is no protective layer in the design. 

 

𝑉𝑡𝑜𝑢𝑐ℎ = 𝐼𝑏(𝑅𝑏 + 1.5𝐶𝑠𝜌) 

(2-3) 

𝑉𝑠𝑡𝑒𝑝 = 𝐼𝑏(𝑅𝑏 + 6𝐶𝑠𝜌) 

                            

According to BS7354 standard [4], the touch voltage has a parallel formation, while 

the step voltage has a series formation, as depicted in Figure 2.3. 
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Figure 2.3 Accident circuit topologies for (a) touch voltage and (b) step voltage 

designed according to BS 7354 [4] 

In Figure 2.3, Vt is the touch voltage, Vs is the step voltage, footwear resistance (Rsh) 

is fixed at 4kΩ, contact resistance (Rc) is 3ρ and body resistance is similar to IEEE80-

2000 standard, assumed as 1000Ω. Current flow through the body is taken from curve 

c2, which corresponds to a 5% probability of ventricular fibrillation. Therefore the 

permissible voltage can be calculated by applying Equation (2-4). High resistivity 

layer can be considered as an effective resistivity to replace soil resistivity, ρeff as 

shown in Equation (2-5). 

 

V touch = Ib (3000 +
(3ρ)

2
) 

(2-4) 

Vstep = Ib(9000 + 6ρ) 

 

ρeff = ρrock (1 +
hr(ρsoil −ρrock )

20(ρsoil +ρrock )
)                              (2-5) 

 

According to BS 50522 standard [3], if a grounding is satisfied as permissible 

touch voltage, step voltage will not contribute any hazardous factor. The maximum 
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permissible voltage is calculated based on the circuit shown in Figure 2.4 and Equation 

2-6    

 

Figure 2.4 Accident circuit according to BS 50522 standard  [3]  

Where:  

Uvtp   Voltage difference acting as a source voltage in the touch voltage circuit with a 

limited value that guarantees the safety of a person when additional known 

resistances are applied (for example footwear, standing surface insulating 

material). 

Rb    Total body impedance depends on the touch voltage and current path. Body 

impedance for hand to hand or hand to foot are adapted from IEC 479 standard. 

A correction factor needs to be applied for different paths of current. For 

example, 0.75 for hand to both foot and 0.5 for both hand to foot.   

Ib    Current flowing through the human body. Curve C2 from curve in figure with 

probability of ventricular fibrillation is being less than 5% for left hand to feet.  

Utp     Permissible touch voltage, the voltage across the human body is based on graph 

show in Figure 2.5. 

Rf additional resistance (RF = RF1 + RF2) 

Rf1       Resistance of the footwear is 1000Ω 

Rf2       Resistance to earth of the standing point is assumed as 1.5ρ 
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𝑈𝑣𝑇𝑃 = 𝑈𝑡𝑝(𝑡𝑓) + (𝑅𝑓1 + 𝑅𝑓2)𝐼𝑏                                         (2-6) 

 

 

Figure 2.5 Permissible touch voltage based on fault duration [3] 

Different standard required different accident circuit and body current limit, hence 

providing different safety limit in the grounding grid design. Table 2.3 presents the 

parameters that are considered as the limits for touch and step voltages by IEEE80, BS 

7354 and BS EN 50522 standards.  
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Table 2.3: Parameters from different standards to calculate step and touch voltages 

limit [10, 11] 

 

 

 

IEEE80-2000 BS7354 BS EN50522:2010 

Body resistance 

( Rb) 

1000Ω 1000Ω Related to the current path 

and touch voltage, 50% 

probability of body 

impedance  

Thevenin 

resistance  (Rth)/ 

contact 

resistance Rc 

1.5ρ for Vt 

6ρ for Vs 

1.5ρ for Vt 

6ρ for Vs 

1.5ρ for Vt 

Where Vt= Touch Voltage , Vs= Step Voltage and ρ= soil resistivity (Ω.m) 

Surface layer 

resistivity ( ρr) 

Considered in 

Csρr 

(Cs: correction 

factor) 

Considered in 

ρeff 

Mentioned, but no value 

provided 

Footwear 

resistance (Rsh) 

Ignored  4kΩ 1kΩ 

Tolerable body 

Current  (Ib) 

Equation 2-1 Curve C2 

IEC60479-1 

Curve C2 

IEC60479-1 
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2.3  Electrical safety under lightning current  

Lightning is a natural phenomenon, which occurs during the electrostatic discharge 

in cloud that attempts to strike the ground. Lightning contains a huge amount of energy 

that contribute damage to any path that it chooses to reach the ground. Table 2.4 

presents the fatality rate per million people categorised by country due to lightning 

[12]. It can be observed that for a nation, the state of economic development and 

geographical location actually determines the number of lightning accidents [13], 

which is directly related to ground flash density at global level. It is well known that 

the ground flash density around the equator is the highest compared to other locations 

[14, 15].  

Table 2.4 Annual lightning fatality rate per million people categorised according 

to different countries[12]  

Region                  

Country  Period  

Annual fatality 

rate per million  

 Africa   

S. Africa     1997-2000   6.3 

Malawi  2007-2010 84 

Swaziland   200-2007 15.5 

Uganda   2007-2011 0.9 

Zimbabwe    2004-2013 14-21 

 Asia  

China   1997-2009  0.3 

India   1967-2012 2 

Japan   1990-1997 >0 

Malaysia   2008-2011 0.8 

Singapore   1970-1979 1.5 

 Australia   
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Australia   1980-1989 0.1 

 Europe   

Austria   2001-2010 >0 

France   1990-1995  0.2 

Greece   2000-2010   0.1 

Lithuania   1994-2003  0.1 

Poland   2001-2006  0.3 

Turkey   2012 0.3 

United Kingdom  1993-1999   0.1 

 North America   

United state  2003-2012 0.3 

Canada   1190-2004 0.2 

 South America   

Brazil   2009-2009 0.8 

Colombia  2000-2009 1.8 

 

Electric shock experiments were carried out before the era of 1950s on different 

types of animal, where the experiments included sheep, calf, pig and dog hearts to 

analyse the effect of the current on ventricular fibrillation [16]. In the 1930s, electrical 

shocks were tested on rats, with injection terminal placed on different locations [17, 

18]. Later, tests for different frequencies of the injection current were carried out [19]. 

In the mid-1950s, Kouwenhoven et. al [20] tested capacitor discharge through a dog’s 

heart.  Based on the experimental data published from 1930 up until late 1950s, Dalziel 

[21-24] extrapolated the animal data to humans, simply because such test cannot be 

performed on humans. Using a statistical analysis with a minimum possibility of 0.5%, 

Dalziel [25]proposed the formulation that engineers will apply during the safety 

evaluation of an electrical system and design, as shown in Equation 2-1. However, the 
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behaviour and effect of current flow in human body is different in high frequency or 

impulse current [26-28]. 

Currently, there is a very limited knowledge about the safety limit of impulse 

currents that can pass through the human body. Based on the animal electrocution 

experiments by using power frequency current, a comparison was made with impulse 

electric shock accidents, as depicted in Figure 2.6. As a result, Dalziel [29] found that 

the impulse current rating is 50 watt-seconds.  

 

Figure 2.6: Relationship between theoretical initial current to time constant and 

computed points from human surge discharge accidents [29] 

In the 1970s to 1980s, experiments were performed by T.Ishikawa on warm-

blooded animals, including rabbits, rats and mice [30, 31].  The effect of an artificial 

respiratory system, multiple lightning strokes, and the location of injection current 

were also studied in various experiments by T.Ishikawa. Such experiments were 

carried out to establish the lethal energy that is proportional to the weight of the animal. 

A value per unit weight of 62.6±11.9J/kg was suggested as lethal for life, while, Portela 
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[32] introduced a perception limit and pain limit, based on charge as shown in 

Equations (2-7) and (2-8).  

 

Sperception= ∫|ic| dt ≤ 0.36µC to 0.9µC                          (2-7)  

 

Spain = ∫|ic| dt ≤ 7.6µC                                                (2-8) 

 

The International Electrotechnical Commission (IEC) provided the parameters for 

the limit of tolerable body current as a function of impulse current [7, 33]. Figure 2.7 

shows the probability of fibrillation when the rms current flows between the human 

left hand to the foot for a duration between 0.1ms and 10ms. This result basically 

exhibits the amount of current that can pass through a human body. Irms for impulse 

can be calculated by converting either a sinusoidal or a capacitor impulse to a 

rectangular impulse, as shown in Figure 2.8.  

T.Bernstein [34] suggested that 10 to 50 Joules will be absorbed by the human 

body, which will lead to ventricular fibrillation. The suggestions were formed on the 

value proposed by Dalziel on impulse current, and the relative energy absorbed in the 

power frequency minimum energy limit [34]. In a radiated field study, radiation field 

is not established as a factor that can cause ventricular fibrillation or cardiac problems. 

However, the exposure to radiated electromagnetic fields was primarily related to heat 

that can damage human tissue [35]. The guide in Appendix A [35] provides the safety 

limits for human exposure to electric and magnetic fields. Table 2.5 presents a 

summary of the published electrical safety limits for humans. It is important to note 

that the values of safe energy for impulse current are still lacking of factual 

information, due to lack of research and limitations of experiments. 
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Figure 2.7:  Lightning hazard impulse current flowing through human [7] 

 

Figure 2.8  Rectangular, sinusoidal and capacitor discharge impulse demonstrates 

similar energy level for a fixed shock duration [7] 
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Table 2.5: Summary of published electrical safety limits for humans  

Reference Document  Publish Level   

IEEE [2] 

(Power frequency) IB =

{
 
 

 
 
0.116

√ts
for 50kg body weight               

0.157

√ts
for 50kg body weigh                 

 

Assumes 1000Ω body resistance energy limit is 13.46J for 

50kg and 24.65J for 70kg weight.  

IEC 60479-1 (10Hz to 

100Hz ) [7] 

Figure 2.1 

Dalziel [29] 50J with 1000Ω body resistance  

T.Ishikawa et al. [30,31] 62.6±11.9J/kg 

Portela [32] 𝑆𝑝𝑒𝑟𝑐𝑒𝑝𝑡𝑖𝑜𝑛= ∫|𝑖𝑐| 𝑑𝑡 ≤ 0.36µ𝐶 𝑡𝑜 0.9µ𝐶   

𝑆𝑝𝑎𝑖𝑛 = ∫|𝑖𝑐| 𝑑𝑡 ≤ 7.6µ 

IEC 60479-2 [33] Refer to Figure 2.7,  limitation from 0.1ms to 10ms duration 

of square impulse  

T.Bernstein [34] 10J-50J 

ICNIRP [35] 

(Radiated field) 

Electric and magnetic field limit  

(Appendix A) 
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2.4  Effect of impulse current on grounding system 

In a lightning protection system, there are two methods that divert the lightning 

current into the grounding system. Firstly, when the lightning directly strikes the 

ground structure, as illustrated in Figure 2.9(a). Secondly, when lightning strikes a 

nearby transmission line, where a surge arrester diverts the lightning surge to ground 

before it reaches the system, as depicted in Figure 2.9(b)  

 

Figure 2.9: Lightning current path diverted to the ground by lightning protection 

system  

Since the early 19th century, the performance of grounding systems for lightning 

current had been studied to gain better understanding and to introduce new 

improvement to the protection system [36-39]. Basically, any ground termination point 

presents resistive, capacitive and inductive effects. Furthermore, at lower frequencies, 

the resistive effect is significant, but at higher frequencies, the inductance and 

capacitance influence the behaviour of the grounding system. 

Surge 

arrester 

Lightning 

Lightning 

Ground Ground 

(a) (b)Direct strike  Indirect strike  
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During the transient investigation, impulse impedance is commonly used to 

represent the performance of the grounding under impulse current.  Generally, the 

impedance value can be determined by the ratio of peak voltage to current at the 

feeding point of electrode at specific time instants. However, usually the impedance 

value is calculated as a ratio of maximum voltage to maximum current [40].  Since the 

current and voltage peak does not occur at the same time , some of the researcher 

calculate the impulse impedance as a ratio of voltage to current at the instance of 

maximum measured current [37, 41]. Although transient impedance is a dynamic 

change to the grounding electrode under impulse condition, it can still be calculated as 

the ratio of instantaneous voltage, V(t) rising to the excitation of current, I(t)[42, 43]. 

In this research framework, impulse impedance is defined as the ratio of peak voltage 

to peak current at the injection point, as formulated in Equation (2-9) . 

peak

peak

V
Z

I
                                                              (2-9)    

In order to relate the grounding performance under impulse current to grounding 

resistance at power frequency, the impulse coefficient can be calculated as:  

Z
A

R
                                                                    (2-10)                                                                       

where Z is the impulse impedance and R is resistance at power frequency. Values of A 

can be larger or smaller than 1, which depends on the soil parameters and grounding 

design. A number of field tests, lab experiments and computer simulations have been 

performed to improve the understanding of grounding system behaviour under impulse 

current.   

There are two main characteristics that influence the dynamic behaviour of 

grounding impedance under lightning current: 
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I. Soil behaviour as a semi-conducting medium will absorb high energy 

current, which is influenced by the soil parameters. 

II. Electromagnetic coupling between all grounding components, including 

wave propagation effects that are influenced by grounding conductor 

arrangement and design.  

The first characteristic improves the grounding performance by effectively increasing 

the size of the grounding conductor during soil ionisation, while the latter may result 

in increased grounding impedance at higher frequencies, compared to the low-

frequency grounding resistance.  

2.4.1 Single electrode configuration  

Early field tests and experiments demonstrated that the impulse coefficient to be 

less than unity for vertical and horizontal grounding rod configurations [44-46]. In 

addition, the reduction of impulse impedance was proportional to the magnitude of the 

current for the grounding electrode test [37, 47]. In some lab experiments and tests on 

soil samples, it was found that soil ionisation behaviour led to dynamic behaviour of 

the grounding impedance [41, 47-49]. Soil ionisation takes place when the current 

density is concentrated to the surrounding of the conductor surface, and subsequently 

current flows through the soil. As a result, the electric field in this region exceeds the 

critical field value, which causes ionisation and electrical discharge in the soil. In the 

era of 1970s, Liew et al. [41] assumed that the soil breakdown increases the effective 

diameter of the conductor uniformly along its length, as depicted in Figure 2.8. This 

behaviour will increase the electrode dissipation area due to the enlargement of the 

size of the grounding conductor, see Figure 2.10. The dynamic model proposed by 

Liew can be further divided into three stages, see Figure 2.11, where stage (a) 
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represented a constant resistivity for the increasing current density; stage (c) 

demonstrated when the current density reached the critical current density, which led 

to soil breakdown and decreasing soil resistivity value; and for stage (b) as the current 

decreased, the resistivity recovered to the original value.  

 

Figure 2.10: Soil breakdown model proposed by Liew[41] 

 

Figure 2.11: Dynamic model for soil ionisation process [41] 

As current discharges to the ground electrode, electric field will be generated 

according to the following expression, E=ρ*J. Therefore, the current density is 

proportional to the electric field surrounding the electrode. The electrical critical value, 

Ec had been determined by many researchers through a series of experiments on 

different types of soil. Various values of Ec were suggested by previous researchers, 

where A.M. Mousa [49] suggested a value of 300 kV/m, while  Cigre [50] suggested 
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a value of 400 kV/m as the critical field strength before the ionisation occurred in the 

soil. The effect of the soil resistivity, impulse polarity and electrode dimensions were 

investigated though various lab experiments [51]. In the case of electric field critical 

value, the range of 550kV/m to 900kV/m were suggested. The threshold of electric 

field depended on the grounding configurations, soil profile, and impulse impedance 

of the grounding [48, 52, 53].  

The recent field test revealed that the behaviour of grounding the rod was different 

when the length increased [45].  Figure 2.12 illustrates the impulse and DC resistance 

for different electrode lengths, where it is clear that the impulse resistance will reach 

a saturation point quicker compared to the DC resistance. In the test, impulse resistance 

is measured as the ratio of peak value voltage Vp rise to peak excitation current Ip. The 

saturation point is defined as the effective length, which shows no improvement in 

electrode resistance with further increase in length. It can be observed from the graph 

that the grounding impulse resistance will be higher than the DC resistance when it 

reaches certain length.  

 

Figure 2.12: Electrode resistance for different lengths of grounding electrode [45] 
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Visacro et al.[44] tested different lengths of grounding rod with various impulse 

front times, including for both low and high-resistivity soils. The results revealed that 

the impulse coefficient is greater than unity when the grounding rod achieved its 

effective length (LEF), as depicted in Figure 2.13 [54].  Most importantly, the 

relationship exhibited that the effective length is achieved when the grounding 

impedance equals to the grounding resistance. 

 

Figure 2.13: Impulse coefficient for different lengths of electrode [54] 

The effective length value can be calculated based on the equations suggested from 

mathematical modelling and simulation for different soil resistivity and front times 

[55, 56] . Lightning current test on practical grounding configuration with multiple 

rods were done to improve the knowledge on grounding rod behaviour under lightning 

current [57-60] .  

2.4.2 Grounding grid configuration  

The grounding grid configuration is a more complex design, which involves more 

grounding conductors that covers a bigger area. Grounding grid configuration is 

normally used for substation grounding design to avoid hazardous step and touch 

voltages from humans or equipment located above the ground. There are very costly 
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to conduct experiments or tests to study grounding grid behaviour under lightning or 

impulse conditions.  

Gupta and Thapar [40] prepared a 6m diameter hemispherical electrolytic tank to 

perform laboratory tests on grounding grids. Two resistivity values based electrolytes 

were used, namely 19Ω.m and 7.2Ω.m. Grid sizes were 1m x 1m and 2m x 2m, with a 

16 mesh grid, and impulse current was injected at either the corner or the centre of the 

grounding grid. From this experiment, it was shown that the impulse impedance was 

greater than the power frequency impedance for all cases, and the effect of location of 

injection demonstrated that the corner injection impulse impedance was slightly higher 

compared to the centre injection. The experiment related to injection location was also 

performed by Rammamorty.et.al [61], who showed that the corner injection generated 

a greater potential rise compared to centre injection. 

Stojkovic et al. [62] completed an experiment on two layers of soil, where the first 

layer is with 20Ω.m and 50Ω.m on the second layer. The thickness of first layer is 

0.6m. An impulse generator was used to produce a 3.5µs to 16µs front time with 4.7 

to 12.1A impulse current. Three configurations of grounding grid and location of 

injection are shown in Figure 2.14 are buried 0.5m below the surface. The voltage at 

the injection point was measured to calculate the impulse impedance. The results for 

all the cases demonstrated that the impulse impedance was greater than the power 

frequency resistance. In addition, it was also found that a short front time generated 

more potential at the injected point. 

Visacro et al. [63-65] developed an experiment for 16m x 20m grid size with a 4m 

x 4m mesh size, buried 0.5m deep in a 250Ω.m resistivity soil. Low frequency 

resistance was measured at 6.5Ω.  Different front times at 150ns, 0.7μs, 2μs, and 4μs 

were injected at the corner, side and centre of the grid, as shown in Figure 2.15. Table 
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2.3 presents the impulse impedance for different front times and locations of injection. 

It can be observed that the short front time and injection at the corner of the grid 

generated more potential in all scenarios. In addition, impulse impedances were larger 

compared to low-frequency resistance for most of the scenarios, except for the cases 

of centre and side injection for a 4µs front time, and centre injection for a 2µs front 

time impulse. The author believed that this differences were due to the effect of the 

slow front time, which increased the effective length of the grid. 

 

 

Figure 2.14:  Stojkovic grid configuration [62] 

 

 

 

Figure 2.15: Grid configuration and injection point location  
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Table 2.6: Grounding impedance for different locations of injection point and front    

time [63-65] 

 Grounding impedance (Z=Vp/Ip) Ω 

Front time 150ns 0.7μs 2μs 4μs 

A(Corner) 49 21 9.5 6.9 

B (centre ) 32 10 5.8 5.3 

C (Side ) 36 12 6.7 5.6 

 

In a different scenario, D.Guo et al. [66-68] developed an experiment on a reservoir 

to provide more data to understand the grounding grid behaviour under impulses. A 

5m x 5m grid was used, with 25 equal meshes positioned at 0.2m below the water 

surface. In this experiment, a low voltage impulse current with 12/40μs waveform was 

injected at the corner of the grid, to calculate the ground resistance of the grid. As a 

result, the ground resistance value demonstrated a good agreement with measured 

values by applying both DC and 50Hz sinusoidal current. In addition, experiments 

were performed to analyse the potential distribution at the surface of the water with 

52Hz of AC current and 12/40μs impulses injected directly to the grid. 

It can be concluded from the experiments that a short front time can lead to a high 

potential, and centre injection provides better performance compared to a corner 

injection point. From these experiments and field tests, it is clear that the resulting 

outcome are very useful to verify any analytical or numerical simulation modelling. 
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2.5   Simulation of grounding grid under impulse current   

Experimental and field testing of grounding grids is very limited, due to the 

requirement of large space and the associated high cost. In order to improve the 

knowledge in this area, many researchers carry out investigation of transient grounding 

either in analytical or numerical models. Simulation can be used to study other 

parameters that influence the behaviour of grounding grids under transients, and the 

resulting information can be used by engineers to design better grounding grids. Apart 

from that, simulation and modelling can also be applied to evaluate the grounding grid 

configurations, soil properties and impulse waveforms.  

2.5.1 Influence of soil parameter and grid configuration  

Soil resistivity is the main parameter that influences the grounding impedance, 

where the resistivity depends on several factors, namely chemical composition, 

geology, water and salt contents of the soil. Most of the factors have a dependency on 

the geographical characteristic and seasonal factor [1]. Therefore, engineers need to 

know the soil profile and characteristics before selecting a grounding location. Ground 

potential rise was reported as proportional to the soil resistivity value by previous 

researches [69]. Al Maghribi and Zedan [70, 71] simulated 100m x 100m grounding 

grid by using CDEG software to analyse the effect of different parameters. The results 

shown a similar trend on the potential rise at injection point, which reflects on the 

proportionality with soil resistivity. However, soil permittivity contributes a 

significant effect when the soil resistivity is above 1kΩ.  

As shown in Section 2.4.2, the front time of the lightning current and location of 

the current injection influences the potential at the injection point. A short front time 

generates higher potential compared to the long front times, as proven both 
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experimentally and via simulation in [72-74].  The work in [73] showed  maximums 

of the transient GPRs are occurred on the highest steepness of the current impulses for 

different front time. It can be concluded that the steepness is the high frequency 

element that increases the inductive effect of the grounding grid.  

Grounding configuration and design is essential to provide optimum protection 

from any potential rise above the grid. Figure 2.16 exhibits the size and the span that 

can be used to achieve better grounding performance. Grid size is total size of the 

conductors while being covered, and mesh is the distance between conductors inside 

the grid. As reported in [40, 56, 74], increasing the size of grid reduced the grounding 

impedance, but the reduction was limited to certain sizes known as effective area, and 

will be discussed further in the next section. Applying the dense mesh size near the 

injection point can reduce the grounding impedance at injection point [56]. This 

hypothesis agrees with the results revealed by Al Maghribi and Zedan [70, 71], which  

increased the mesh density from 4 meshes to 16 meshes and finally to 100meshes, with 

100mx100m grid size that improved the potential rise at injection point.   

In addition, the location of the current injection can influence the potential rise 

value. L.Grcev and Gupta [40, 56] showed that the corner injection will have double 

potential compared to centre injection. While Zeng et al. [74] reported that corner 

injection produced a ground potential rise of 60% higher compared to centre injection. 

This is because the centre injection point generates less potential compared to corner 

injection point 
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Figure 2.16: Grounding grid size and mesh size 

2.5.2 Effective area of grounding grid  

The effective area is an important criterion to improve the grounding grid design 

under the circumstance that require the handling of lightning current. There are several 

definitions leading to different numerical equations to calculate the effective area for 

a transient current flow. Gupta-Thapar [40] defined the effective grounding area that 

is shown in Figure 2.17, where this result is achieved when the grounding impedance 

at the injected point was maintained within 3% of the final value of the grounding 

impedance [40]. The final value is achieved when the grounding impedance remained 

constant with the increments of grounding grid size. 
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Figure 2.17: Illustration of effective area as proposed by Guptar and Thapar [40] 

The effective area is represented by an equivalent circle, with a radius calculated by 

using Equation (2-11) 

0.5( )
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(0.6 0.025 ) for corner fed grid 
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                                        (2-11) 

where ρ is the soil resistivity in Ω.m, S is the spacing between conductors of the grid 

in m, and T is the wave front time in µs. On the other hand, Equation (2-12) is an 

alternative formula that was introduced by Zeng et al.[74]. This is similar to Gupta’s 

definition, but the analysis is based on a circuit model that considers the soil ionisation. 

In the equation, limit of grid size is not mentioned but it is based on simulation that 

used 5mx5m mesh size[74].   
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                                      (2-12) 

Grcev [69] defined the effective area as the platform of the grid that can reduce the 

impulse impedance by applying increasingly dense meshes within the area, where the 

illustration is shown in Figure 2.18. 

Corner Injection point Centre Injection point 
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Figure 2.18: Illustration of the effective area as proposed by L.Grcev [57] 

By determining the impulse coefficient, the effective area is achieved when the 

grounding impedance value is equal to the low frequency resistance. The side position 

of a square effective area can be calculated by using Equation (2-13). The equation has 

a limitation of 5m to 10m mesh size. 

                                                (2-13)        

 

All of the above formulations are based on 

impulse impedance (at the injected point), which reduces with the increasing size of 

the grounding grid. Table 2.7 presents a comparison of simulation parameters that are 

used for the proposal of empirical equations for the effective area. It can be observed 

that all of the previous simulations do not consider the depth impact of the buried grid, 

and as well as ignore the effect of the down-conductor to the grid.  In addition, the 

Grcev formulation is based on a fast rise time and different soil resistivity, which did 

not take into consideration the long rise time. 
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Table 2.7: Comparison of simulation data from literatures to determine the effective 

area  

Effective area 

equation  

Injection point  Data used to determine the equation  

 Front time (μs) Soil resistivity  (Ω.m) 

 

Gupta et al.[40] 

 

Direct to the grid  

(Middle injection ), 

buried depth was 

not reported  

 

5 

 

50,100,500,1000 

1,3,4,5,9 100 

 

Grcev [56] 

 

Direct to the grid  

(Middle injection), 

with 0.5m buried 

depth  

 

0.8 

 

10,30,50,100,300,500,

1000 

 

Zeng et al. [74] 

 

Direct to the grid 

( corner injection ), 

with 0.8m buried 

depth  

1 

100,500,1000 

2.6 

5 

9 

 

2.5.3 Ground Potential Rise                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                              

The ground potential rise above the ground is a major contributing factor to 

lightning accidents. The gradient of the voltage over distance can create a harmful 

potential difference for humans, animals and equipment. Table 2.8 presents the 
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distribution of lightning accidents categorised according to various mechanisms. The 

table exhibits that the step voltage is the main mechanism of lightning incident that 

affected humans. Therefore, it is very important to keep the ground potential rise below 

a safety value. 

Table 2.8: Distribution of lightning accidents categorised according to mechanisms 

[75, 76] 

Mechanism  Distribution 

Direct strike   3-5% 

Side flash   30-35% 

Contact potential  15-20% 

Step voltage    50-55% 

Upward streamer   10-15% 

 

Dawalibi et al. [77, 78] simulated the potential rise throughout the grid with 

injection current frequencies of 60Hz and 500 kHz. Current was injected directly into 

the grid or at a structure above the ground. Figure 2.19 illustrates the scalar potential 

rise for both frequencies over the grid. It is clear that the scalar potential rise for high 

frequency current possesses a very high peak value near the injection point, and 

decreases along the distance. It can create high potential differences between two 

points that are near to the high frequency injection point. As reported in [79], high 

peak potential rises near the injection point within the first few microseconds. During 

the transient period, the potential between the points are required to be considered in 

the grounding evaluation. The transient potential rise is proportionally larger for high 

currents and poor resistivity soil [80]. Transient potential rise induces the step and 

touch voltages to rise near the injection point, and then to gradually fall [81]. Step 
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voltage evaluations on different grounding terminations in the case of lightning current 

were reported in [82-84]. Step voltage limits are derived from the limits suggested by 

IE60479-2 standard, as shown in Figure 2.7, which considered the heart current path 

factor [7, 33]. 

 
(a) 

 
(b) 

Figure 2.19:  Scalar potential at grounding grid with current injection ratings of (a) 

60Hz and (b) 500 kHz [77, 78] 

Lightning is one of the main sources of electromagnetic interference, and 

grounding systems can be a coupling path to the sensitive electronics equipment in the 

substation room or enclosure. Lightning surge can propagate to sensitive electronic 

equipment through ground potential rise or radiation [85].  
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2.5.4 Improvement of grounding design under impulse current  

Improvement of the grounding performance under lightning current is influenced 

by the resistivity of soil, impulse or fault current, and grounding grid design as 

discussed in section 2.4.2. Some influential parameters that reduce the ground potential 

rise is beyond control, including lightning current waveform and magnitude. Although 

low soil resistivity can improve the grounding performance, but it is influenced by the 

types of soil. This shortcoming can be improved by introducing low resistivity 

compound, such as bentonite, however rigorous maintenance as a function of time is 

required. Location of the injection can also improve the performance, one example is 

by injecting near to the centre of the grid.  

IEEE 80-2000 standard considers human body to be able to tolerate high current 

arising from lightning surge. Therefore IEEE guideline on designing the grounding 

system due to lightning current is similar for power frequency.  However, British 

standard and researchers recommended to concentrate on local grounding system 

enhancement to produce better protection against lightning current. There are several 

recommendations on improving the grounding performance under lightning current, 

namely:  

i. BS EN62305 [86] standard recommended that the grounding design for 

lightning protection should have grounding resistance of less than 10Ω 

ii. BS EN 50522 [3] standard suggested for a sufficient mesh density at the 

injection point to attenuate the impulse current. In addition, high voltage 

grounding should be part of the lightning protection system. Apart from 

that, interconnection between buildings grounding system is also required 

to for consideration when more than one building surrounds the area. 
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iii. Zedan [71] introduced an identical insulated grounding grid of 6cm (which 

can buried under the chipping) above the ground and connected it to the 

grid through a down conductor. In the simulation study, 100mx100m 

grounding grid was used with injection current of 1A and 8/20µs at the 

centre of the grid. Simulation was performed by using the CDEGS 

software. It was found that the enhancement can improve the potential rise 

by 20%, as depicted in Figure 2.20. 

 

Figure 2.20: Improvement to the grounding grid by introducing parallel insulated 

conductor of 6cm above the grounding grid [71] 

iv. Increasing the grid size and mesh density can improve the grounding grid 

performance. Therefore, Cigre[85] and Grcev[87] proposed two 

approaches to improve the transient potential rise, firstly by placing the 

injection point away from the edge, and secondly by increasing the mesh 

density closer to the injection point and within the effective area of the 

grid.  
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The corner of grid is considered as  worst case scenario. Generally the location 

of injection by system faults 50Hz will be known as grounding connection for 

substation equipment . However, during lightning the lighning current can inject 

through any point but the risk to people being electrocuted  will be low as operation 

unlikely during lightning incidence. However, it may be issues with coupling and emc 

effects to equipments. 

2.6  Conclusion  

The grounding behaviour of 50Hz/60Hz applications was widely discussed and 

elaborated in this chapter. Grounding systems were designed based on the power 

frequency electrocution limit, which followed the guideline of many standards. 

However, grounding systems behaved differently under lightning current. The 

performance of grounding with lightning current injection had been studied both in the 

perspective of experiment and numerical modelling. The outcome of experiments 

revealed that the grounding rod impedance was actually lower than the grounding 

resistance up until certain length was achieved. On the other hand, researchers 

suggested that soil electric field surrounding the conductor can cause ionization 

between soil particles. The Soil ionization may improve the grounding impedance at 

the injection point, but it was ignored in long conductors owing to the relatively low 

current density in the surrounding conductors. Experiment and laboratory, especially 

in the case of complex grounding grid configurations, require bigger space and higher 

cost to conduct. Therefore, analytical evaluations are developed to understand the 

working principle of different parameters and grid configurations.  It is shown that a 

faster rise time and higher soil resistivity proportionally increases the potential rise and 

grounding impedance. Better performance can be observed when the current is injected 
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at the middle of the grid, compared to edge or corner injection. Grid size and mesh size 

can reduce the impulse impedance, but the functionalities are limited to the effective 

area. Gupta et al. [40] observed that the effective area had not significantly improved 

the impulse impedance by further increasing the grid size. On the other hand, Grcev 

[57] evaluated the effective area when the impulse impedance value was equal-to or 

less-than the grounding resistance. Based on the numerical simulation, three different 

empirical equations were suggested by a previous researcher [40, 69, 74] . Analytical 

and numerical modelling method will be discussed in next chapter.   
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Chapter 3                                                                          

Review of Numerical Modelling and 

Simulation Method  

 

3.1  Introduction  

 

Computer modelling and simulation became important methods to enhance the 

understanding of transients in the grounding system. The popularity of simulation is 

due to the requirement of high cost and large space to perform field or laboratory tests. 

Generally, grounding simulation and modelling can be classified based on the 

theoretical background, namely circuit approach, transmission line approach, and 

electromagnetic approach.  

In the early stages of simulation related to grounding systems, a number of 

assumptions were made to simplify the equations, which resulted in lower accuracy 

models compared to the recent methods.  A grounding analysis model based on both 

circuit and transmission line theory approaches can be defined as the followings: 

I. The grounding is considered as lumped or distributed finite segments.  

II. Thereafter, the equivalent lumped circuit components or distributed circuit 

components are calculated for each segment. Circuit components such as 

inductance, capacitance, conductance and resistance are included in the 

calculation.  

III. The representative circuit is solved by using basic circuit theory or 

telegrapher’s equations  
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Recently, numerical solution based development is gaining momentum due to the 

dramatic increase in the computer processing speed and memory.  Consequently, 

complex equations can be solved quicker and with better accuracy in the modelling. 

The electromagnetic modelling approach is performed by solving Maxwell’s equations 

directly or indirectly. In the indirect electromagnetic approach, circuit theory is 

engaged by considering mutual electromagnetic coupling as a circuit element. On the 

other hand, the direct approach solves Maxwell’s equations either in differential or 

integral form. The partial differential equations are solved by using numerical 

methods, such as the finite element method (FEM), the method of moment (MOM), 

the finite different time domain (FDTD), the transmission line matrix (TLM) and the 

partial element equivalent circuit (PEEC). 

 

3.2  Circuit Theory Approach 

Grounding system model functions based on the effect of two components, namely 

the leakage current that spreads into the soil and the current that is transferred to the 

remaining electrode length.  Internal loss and magnetic field inside the electrode and 

its surrounding act as the components of resistance and inductance. In the case of the 

leakage current created by electric field in the soil, the components of conductance and 

capacitance can be observed. In order to consider the whole grounding system, the 

electromagnetic coupling between all the elements need to be looked into. The circuit 

approach applied in this study to a modelling machine is based on either circuit theory 

or nodal analysis to solve the approximation circuits. The circuit method is less 

complex and computationally quicker. In addition, circuit-based software has much 

easier approach to integrate transient studies of full electrical systems. 
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The circuit approach for solving the transient electromagnetic fields in the 

grounding electrode conductors was introduced by Meliopoulos et al.[88] in 1983, 

with passive circuit element parameters (ΔL, ΔC, Δr, ΔG) to model grounding system. 

The computations parameter are derived based on the Maxwell equation, and the 

equivalent circuit is converted to a resistive network followed by applying Nodal 

analysis method to solve the circuit. In later publications, Meliopoulos et al. [89] 

extended the proposed model with frequency dependence of each segment of the 

components based on a quasi-static Maxwell equation. The models are compatible 

with the Electromagnetic transient analysis program (EMTP) to effectively simulate 

the transient performance of an electrical system.  An improvement of the model was 

performed by Geri in 1999, who considered the soil ionisation effect for grounding rod 

modelling [90]. Geri replaced the resistance-inductance and capacitance-conductance 

branch with equivalent conductance that is linked in parallel to an ideal current 

generator to create a new resistive based equivalent circuit. In the final equivalent 

resistive circuit, the nodal equation can be applied to solve the circuit. Otero et al. [91] 

proposed a method that solves the electric circuit both in the frequency and time 

domains, which was possible by applying a Fourier transform technique. In this model, 

the mutual coupling between elements is described by a basic electromagnetic 

equation. Thereafter, Otero et al. [92] further improved the model by considering the 

soil ionization effect, which increased the radius of the conductor when an electric 

field exceeded a critical value at the conductor surface . 

In the grounding grid analysis, a simplified circuit approach had been introduced 

by Rammamorty [61], by representing the grounding grid in small segments of lumped 

circuits with self and mutual inductance, and self-leakage conductance to earth. Circuit 

theory was used in [61] to calculate voltages and currents at every nodal between the 
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segments. In another work, Zeng et al. [36] considered mutual coupling among the 

conductors by improving the Sundae equivalent circuit by added mutual inductance 

between the divided elements. The soil ionization effect was considered as 3kV/cm in 

this model and Kirchhoff’s law was used to solve the equivalent circuit. 

As the performance of the simulation tools and computers increased, many 

modelling methods are developed to consider mutual coupling between divided 

segments. One of these methods is known as the hybrid method, which uses the 

electromagnetic equation to produce a more accurate result.  

The hybrid approach was first introduced by Dawalibi [93, 94] in 1987, and later, 

 Y. Liu [34] used the FEM to calculate the per-unit length parameter of each 

component based on a differential Maxwell equation, except for resistance. 

Boundaries for the FEM are chosen based on the distance used to measure the ground 

resistance, as proposed by the IEEE standard [95] . The boundaries are about 10 times 

the buried depth, or two to three times the spacing between the conductors in the grid. 

Transient analyses of the grounding systems are simulated by using ATP-EMTP 

software that operates based on a nodal equation. The model developed by Visacro 

[96, 97] operated in the frequency domain. It was developed based on the fundamental 

idea that current carrying conductors operated as a source of transversal and 

longitudinal currents.  The model divided the current path into small elements, and the 

electromagnetic coupling was calculated for each pair.  Nodal analysis was then used 

to calculate the potential and current at every node.   

Marcos [98] used lumped components by taking a node as the reference and 

the connections between the nodes as transmission lines, where each node was 

presented by an equivalent circuit consisting of resistance, inductance, capacitance, 

conductance and mutual coupling between the segments. Every component and mutual 
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coupling was calculated based on the transmission line modelling method (TLM) [99]. 

Circuits were solved by replacing each line with Thevenin equivalent circuit, and each 

grid node solved for every step time. 

 B. Zhang et al. [100] proposed an improvement to the circuit method that can 

consider  non-linear soil ionization, the shielding effect among conductors, and the 

frequency-dependence of soil parameters. Circuits in the frequency domain for a 

grounding grid were modelled by using MoM. The frequency-dependence and self-

impedance of the electrode, and the shielding effect among electrodes were also 

considered. Then, each frequency-dependent element in the circuit was substituted 

with frequency-independent parameters by using a Vector fitting method. Finally, a 

circuit consisted of frequency-independent parameters was solved by using EMTP. 

Considering the time-varying soil ionization, corresponding parameters were varied at 

each time step.  

P.Yutthagowith et al. [101] used a partial element equivalent circuit (PEEC) to 

model the grounding system under transient current. PEEC solved an integral Maxwell 

equation by transforming it into an equivalent circuit, where circuit theory was used to 

solve the model [102].  

3.3  Transmission line Approach 

In the early stage of modelling, transmission line theory was used to represent the 

flow of transient current through the grounding grid. Simplifications and assumptions 

were applied to the analytical analysis due to the absence of powerful numerical 

methods and computers [36, 41]. The transmission line approach is quite similar to the 

circuit approach, but applied a lossy transmission line equivalent circuit, as shown in 

Figure 3.1 to represent the current flow through the grounding system.  
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Figure 3.1: Transmission Line equivalent circuit  

An alternative solution to the transmission line approach is by solving the 

telegrapher’s equations, as presented in Equation (3-1) to calculate the voltage and 

current along the grounding wire, where R is the per-unit-length series resistance, L is 

the per-unit-length inductance, and C and G are capacitance and conductance of the 

conductors.  
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                                                                                     (3-1) 

The solution to the above equations for voltage and current along a grounding 

conductor was performed in the s-domain and converted back to the time domain [42, 

103, 104]. Thereafter, solutions were formed in the time domain by considering the 

soil breakdown effect [105, 106].  Transmission line analysis is useful for fast transient 

analysis. 

Y.Liu et al. [30] introduced a non-uniform segmentation model to predict the 

effective length of a grounding conductor. All mutual coupling between different 

segments and parts of the grounding conductor was considered by using effective per 
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unit length parameters, which is both space and time dependent. The FDTD method 

was used to solve the telegrapher’s equations.  

3.4  Electromagnetic Approach  

The electromagnetic approach carries out the modelling of the transient problem 

by solving the complete Maxwell's equation, where the equation can be presented in 

both differential and integral forms [107].  Solving the Maxwell's equation is not a 

straightforward task compared to the circuit approach. Therefore, numerical 

electromagnetic analysis was developed to solve the Maxwell's equation, where 

normally the methods applied in the grounding problems were FDTD, MOM and 

FEM. 

The FDTD method for electromagnetic waves was introduced by Kane Yee in 1966 

[99]. It is based on discretisation of the Maxwell's equation directly in both time and 

space to rectangular cells. Each electric field component was located at a half-cell 

width from the origin in the direction of its orientation, while each magnetic field 

component was offset from the centre of three faces of the cell. Hence, solution was 

achieved in the time domain and solving linear equations were unnecessary, because 

FDTD seemed to need less computational time than other numerical methods. The 

disadvantages of this method was cubical meshing, where there were problems when 

the requirements of curve geometry and small time steps arise. K. Tanabe [108, 109] 

implemented the FDTD method to simulate transient response of grounding electrodes 

and grounding grids. Later, FDTD was used to study the responses of a horizontal 

grounding electrode in three different arrangements that involved a current lead wire 

and a voltage reference wire [110]. Then, the simulation result is  used to verify EMTP 

simulation based on s modified Sundae equivalent circuit proposed by [111]. 
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The MOM technique operates in frequency domain, which computes based on the 

residual weight that solves an integral equation. The transient analysis of the grounding 

system based on the MOM technique was developed by Gcev and Dawalibi [112, 113]. 

The simulation of the technique need to be carried out in the frequency domain via 

Fourier transform with discretised time domain data according to sampling time. The 

solution of the MOM models the problem by using the Sommerfeld integral form. 

Most importantly, current distributions for every segment of grounding conductors 

were solved using the MOM technique, followed by the calculation of leakage current 

and electric fields surrounding the conductor. Potentials at different reference points 

can be calculated by integrating the electric field from the surface of the conductor to 

the remote earth. For a reversal step, inverse Fourier transform can be applied to 

convert back to the time domain. Appendix B presents a flow diagram of the MOM 

method on simulating the transient grounding behaviour. In [114], the author 

integrated the solution of MOM with EMTP, where the self and mutual impedance 

from potential were calculated using MOM. Although this method can generate 

accurate data, it takes significant amount of computer memory for computation and, 

concurrently, the nonlinear behaviour of the soil in frequency domain will be 

complicated to compute. 

M.Trlep et al. [115] solved Poisson’s equation by applying Galerkin‘s formulation 

of FEM and grounding conductors' model in 1D and, subsequently, coupled it with 3D 

soil models to improve the simulation time [116]. The new model and its boundary at 

both infinity and surface of the soil is shown in Appendix C (Equation (C-1) and (C-

2)). Thereafter, L.Qei [117] applied the same equation for complex conductivity 

(σ+jωɛ) to study the frequency effect on soil parameters. Following the modification, 

M. Trlep et al. [118] improved the basic equation by considering the displacement 
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current. The governing equations of conducting medium and non-conducting material 

are presented in Equation (C-3), (C-4), and (C-5) within Appendix C. It is found that 

the displacement current effect is significant for low conductivity soil and high slope 

of lightning current.   

Nekhoul et al. [119] found a new formula by using magnetic vector potential (A) 

and scalar potential (V). The A-V formulation was based on the application of 

magnetic vector potential during the interaction with eddy current [120, 121]. Three 

domains, namely low conducting media (soil), conducting media (conductors) and 

non-conducting media (air), were modelled with different governing equations, and 

subsequently the weak forms were derived based on the Galerkin’s weight function. 

Governing equations for conducting material (conductor and soil) and for non-

conducting domain (air) are presented in equation (C-6), (C-7) and (C-8) in Appendix 

C. Thin wire structure approximation was used in the simulation to reduce the 

computational time. The equations used and solution method used in this thesis will 

be discussed in section 4.2. 

In some of the methods that were developed, quasi static assumption was applied 

to simplify the equation to accelerate the finding of the solution . However, it had been 

reported in [102, 103], the quasi static assumption resulted in error compared to the 

actual solution at high frequency. 

3.5  Comparison Circuit and field Approach  

Circuit approach is simpler with fast computation time compared to the 

electromagnetic approach. The vertical grounding rod modelling by using RLC 

lumped circuit, distributed parameter and electromagnetic approach were compared in 

[122]. It was found that the application of a lumped circuit was restricted to a rod with 
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a length of less than one tenth of the wavelength in soil. Although distributed 

parameters demonstrate better result compared to lumped circuit, but circuit approach 

overestimates the potential rise at high frequency. 

In this work, circuit and electromagnetic approaches for the model grounding grid 

under impulse current are compared. The grounding grid is modelled by using the 

circuit approach that was proposed by Ramamorthy et al.[61], while the 

electromagnetic approach is solved by using FEM. Rammamorthy's  [61] equivalent 

circuit is shown in Figure 3.2, which consists of lumped parameters for conductor and 

mesh equivalent circuit. In this circuit model, the capacitance and internal resistance 

are neglected. Conductance of soil and inductance of grounding grid are calculated 

based on Equations (3-2) and (3-3). Mutual inductance for parallel conductor is 

calculated based on Equation (3-4), as depicted in Figure 3.3.  

 

a) Lumped element of the conductor 

 

b) Square mesh equivalent circuit  

Figure 3.2: Equivalent circuit by Ramamoorty et al. [61]  
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𝐺 =
𝜋𝑙

𝜌
(ln (

2𝑙

2𝑎𝑑
)
0.5

− 1)
−1

𝑚ℎ𝑜                                                                       (3-2) 

𝐿 = 0.002𝑙 (𝑙𝑛 (
2𝑙

𝑎
) − 1) 𝜇𝐻                                                                            (3-3) 

Where a is radius of conductor, d is depth of buried grid, 𝑙 is length of conductor and 

ρ is soil resistivity value.  

 

Figure 3.3: Mutual Inductance between parallel conductors  

 

The mutual inductance between two parallel segments can be calculated by using the 

following equation:  

 

𝑀 =
𝜇0

4𝜋
(𝛼𝑠𝑖𝑛ℎ−1

𝛼

𝑑
− 𝛽𝑠𝑖𝑛ℎ−1

𝛽

𝑑
− 𝛾𝑠𝑖𝑛ℎ−1

𝛾

𝑑
+ 𝛿𝑠𝑖𝑛ℎ−1

𝛿

𝑑
− √𝛼2 + 𝑑2 +

√𝛽2 + 𝑑2 + √𝛾2 + 𝑑2 − √𝛿2 + 𝑑2)𝐻                                                                 (3-4) 

where  

α=l+m+δ 

β=1+δ 

γ=m+δ 

if the conductors overlap, the term δ is to be used with a negative sign 

l

d

mδ
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In order to show the circuit modelling element calculation example, grounding grid 

which is constructed from four 5m conductors are considered as shown in Figure 3.4. 

Each conductor has radius of 8mm and buried 0.5m below the soil. The  soil resistivity 

is 1000Ω.m. Figure 3.5 show the circuit that simulate using Pspice which  each 

conductor represent by lumped element . The elements value are shown in Table 3.1 

Circuit components value. Figure 3.6 shows the voltage at injection point when the 

1.2/50µs impulse current inject at corner of the grid for 5mx5m and 40mx40m grid 

size. It can be observed the voltage rise time faster for 40mx40m grid compared to 

5mx5m grid. It due the inductive effect of the grounding conductor. The results pattern 

agree with simulation using FEM as shown in Figure 5.3 but the circuit modelling 

underestimate the peak voltage value. Meanwhile the Fem modelling is verified with 

simulation done using MOM and experiment as shown in section 4.4. For comparison 

between FEM and circuit modelling, impulse impedance are used which calculated by 

divide peak voltage value with peak injected current. 

 

 

Figure 3.4 Grounding grid (5mx5m) 
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Figure 3.5 Circuit model base on Ramamoorty et al. [61] simulated using Pspice 

 

Table 3.1 Circuit components value  

Component  Value Formulation  Parameter value   

Conductance  

(G1,G2,G3,G4)  

0.0042 mho  Equation (3-2) a = 8mm 

l =5m 

ρ =1000Ω.m 

depth, d=0.5m 

Self-Inductance 

(L1,L2,L3,L4)   

0.0613µH Equation (3-3) 

Mutual inductance  

(M13,M24,M31,M42) 

0.4672 µH Equation (3-4) l = 5m 

m = 5m  

d = 5m  

δ = -5m 
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(a) Grid size =5mx5m 

 

(b) Grid size = 40mx40m 

Figure 3.6 Voltage at injection point when 1.2/50µs impulse current injected at 

corner of grid, grid size= (a) 5mx5m and (b) 40mx40m 

 

The circuits are simulated by using Orcad Pspice software, where comparisons are 

made for different soil resistivity and sizes of grounding grid at impulse currents of 

1.2/50µs and 10/350µs.Figure 3.7 demonstrates an impulse impedance at injection 

point for different sizes of grid, ranging from 5mx5m to 40mx40m. Impulse current at 

1.2/50µs and 10/350µs are injected at corner of the grid, while the grids are buried in 
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the soil with 1000Ω.m resistivity. In Figure 3.7, it can be observed that the simulation 

by circuit approach underestimates the potential rise compared to electromagnetic 

approach for both current waveforms. Both approaches exhibited that the potential rise 

improvement is insignificant after crossing certain size, which is due to the effective 

area of the grid. In Figure 3.8, the simulation of different soil resistivity at 1.2/50µs 

impulse current is demonstrated while being injected at the corner of 20mx20m grid. 

The difference in the simulated impulse impedance between electromagnetic and 

circuit approaches increased proportionally with soil resistivity. For instance, the 

difference is around 5% when the soil resistivity is 50Ω.m, while it proportionally 

increased to nearly 60% when the soil resistivity increased to 1000Ω.m. Therefore, it 

can be proven that the circuit approach is inaccurate in modelling the grounding grid 

under lightning current. The error might be due to the circuit approach assumption that 

does not consider the wave propagation effect, because the wave propagation effect 

becomes dominant when high frequency and complex conductor configuration are 

involved. The wave in the impulse contained high frequency component, which 

reflects and transmit when the impedance changes, especially at the cross over between 

conductors.  
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(c) Injection current front time at 1.2/50µs and soil resistivity at 1000Ω.m 

 

 

(b) Injection current front time at 10/350µs and soil resistivity at 1000Ω.m 

Figure 3.7: Impulse impedance simulation for different sizes of grid by using both 

circuit and electromagnetic approaches  
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Figure 3.8: Impulse impedance simulation for different soil resistivity by using 

circuit and electromagnetic approaches, where the front time is 1.2µs 

and grid size is 20mx20m 

3.6  Conclusion  

Analytical formulation and computer simulation can provide a variety of analysis 

and knowledge of different parameters in a grounding system. Various approaches 

were proposed by previous researchers to produce accurate result, quick simulation 

time and straightforward modelling method. Table 3.2 presents a comparison between 

all the approaches. Through the comparative analysis given in this chapter on various 

approaches, the electromagnetic approach is handpicked for the simulation, due to its 

accuracy and fewer assumptions. The Maxwell's equation is solved by using the FEM 

technique, where the FEM in 3D mode will be further discussed in the next chapter. 

FEM is chosen due to its flexibility in considering the complex geometry of the 

grounding grid.  
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Table 3.2: Comparison between circuit, transmission line and electromagnetic                                              

approaches 

Approaches  Circuit Approach  Transmission Line Electromagnetic  

Formulations Circuit theory  Circuit theory 

+telegrapher’s 

equations 

Maxwell's equation 

(integral or 

differential form ) 

Solution 

domains 

Time domain  Time domain Time domain or 

frequency domain  

Advantages  - Easy to use 

- Quick simulation 

time  

- Easy to use 

- Quick simulation 

time 

- Robust 

- Full wave solution  

- Most accurate  

result  

- Robust  

Disadvantages  - No full wave 

solution ability  

- Wave 

propagation delay 

cannot be 

analysed  

No full wave 

solution ability  

- Complicated 

modelling 

technique  

- Requires high 

computer memory 

and long simulation 

time   
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Chapter 4                                                                            

Proposal for grounding grid 

modelling by using Finite Element 

Method (FEM)  

4.1 Introduction 

The Electromagnetic modelling method will provide accurate results with the 

shortcomings of additional computational time and memory, as discussed in the 

previous chapter. Figure 4.1 presents the outline of the study that will be discussed in 

this chapter. The simulations framework carried out in this chapter are in 3D geometry 

mode, whereby FEM technique is adopted that solves the Maxwell's equation and a 

radio frequency (RF) module in the COMSOL simulation package is used as well. The 

advantage of the method is that an electromagnetic field can be calculated at any point 

within the boundary of the model. Therefore, the simulation has additional ability of 

calculating the grounding impedance at the injection point. Apart from that, geometry 

drawing, post-processing, meshing, and governing equations will be jointly discussed 

in this chapter. The major challenge in defining the 3D geometry of a grounding grid 

is the meshing procedure, simply because the geometry contains very small and long 

grid conductors coupled with large boundaries. In addition, the reflections from the 

boundary is required to be avoided in order to be able to simulate the open boundary 

problem. Analysis and simulation are carried out to determine the boundary limit of 

the simulation that is being performed. The models that are used in the simulations are 
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validated with previously-published results by using the MOM technique and as well 

as from experiments. Thereafter, parameter analyses are performed for different front 

times of lightning currents, soil resistivity, mesh size, grid size and location of 

injection. The purpose of the parameter analyses is to understand how the simulation 

parameters affect the grounding impedance. 

 

Figure 4.1: The structure of the chapter 4  
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4.2  Finite Element Method (FEM) Modelling   

The FEM technique is a numerical method that is primarily applied to solve partial 

differential equations (PDE) or integral equations by converting the equations to 

matrix format. It was introduced back in the 1940s to solve problems in the structural 

analysis field of aircraft design [123]. In the late 1960s, the FEM technique was applied 

to solve electromagnetic problems on waveguide[124]. Since then, the method had 

advanced rapidly in the areas of waveguide problems, micro strips, semiconductor 

devices, and electromagnetic radiation[124]. The analysis conducted by using FEM 

technique generally involves the following four steps [125, 126]: 

i. Discretisation of the geometry to a sub-region or an element (meshing) that is 

typically in the shape of triangular or tetrahedron. The technique produces 

flexible features to describe the geometry of the model due to its ability in 

applying unstructured sub-domain elements in the meshing stage. Figure 4.2 

illustrates the finite elements that are used in the FEM technique for 1D, 2D 

(triangular or rectangular) and 3D (tetrahedral and hexahedral) shapes. The 

associated problems will be formulated in terms of unknown function at the 

node relative to the element. 

ii. Selection of interpolation function that provides an approximation of an 

unknown solution within the element. Interpolations are selected from linear, 

quadratic or higher order, where higher order interpolation can provide more 

accurate results with increased complex solutions. 

iii. Formulation of the system is a major step in the FEM technique. The governing 

equations are formulated by either using the Ritz method or Galerkin method, 

followed by the assembly of all the equations into a solution region to form a 

group of system equations.  
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iv. Solve the system equations that are obtained. 

The FEM technique requires the meshing of all elements within a considered 

boundary. The limitations of FEM technique in modelling is the open boundary 

problems, such as scattering and radiation. A larger boundary is required to avoid 

reflection that does not occur in real-time environments. Therefore, the method of 

absorbing boundary was proposed to overcome the aforementioned problem [123, 

127].  

 

Figure 4.2: The basics of finite element  

In this thesis, COMSOL Multiphysics software is applied to solve the PDE problem 

by primarily using the FEM technique. Figure 4.3 depicts a flow diagram of FEM 

simulation. The software inputs are based on the geometry of the user’s model, where 

it can be in 1D, 2D or 3D geometry [128]. In the case of 3D models, fewer assumptions 

will be made compared to the actual geometry, however it requires additional 

computational time and provides a complex solution. Materials for every domain are 

assigned according to the physical parameters for analysis that is based on the 

governing equation. In COMSOL package, the governing equation is different for 

different modules, since this research is based on the radio frequency (RF) module, 

hence the transient electromagnetic waves are applied to simulate the problem in time 

(a) One dimension (1D) (b) Two dimension (2D)

(a)Three dimension (3D)
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domain [129]. Thereafter, the post-processing can be performed to calculate the 

relative physical parameters. The tool has a feature to allow the input of the user’s own 

equation, irrespective of integral, differential and basic mathematical operations, and 

a graph plotting tool is provided to plot in any dimension.  

   

Figure 4.3: Modelling steps in COMSOL package 
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4.2.1 Geometry and Material 

The COMSOL package uses the geometrical modelling as an input. Therefore, the 

user is required to design the geometry to closely depict the real-life physical object. 

Therefore, in this research, a grid of conductors is drawn from a 2D shape, followed 

by extruding it into a 3D object, as shown in Figure 4.4. The conductor size that is 

used is in the size of 2cm x 1cm, with copper acting as the conductor. In the case of 

the grid, the size is between 5m x 5m and 60m x 60m, with a 5m span between the 

conductors.  

 

(a) 

 

 

(b) 

Figure 4.4: Geometry of conductor in (a) 2D drawing and (b) depiction of the 

extrudition to 3D 
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Figure 4.5 shows the complete geometrical model, where air and soil are modelled 

as a box. The size of the box depends on the boundary size, which will be discussed in 

detail later. The soil resistivity values that are used ranges from 10Ω.m to 1000Ω.m, 

while the lightning current is injected from a line to the grid conductor. 

 

 

 

 

Figure 4.5: Complete depiction of the geometry of FEM model  

4.2.2 Meshing  

It is the requirement of FEM technique to mesh the entire domain. Therefore, the 

COMSOL package has pre-defined mesh sizes with a range of very fine to coarser 

selections. However, it is very challenging to use the pre-defined features if the model 

has a large ratio between the smallest and the largest domain. As a result, manual mesh 

settings can be used to avoid this problem.  meshed. 

Table 4.1 presents five different parameters that can be used to mesh the geometry 

manually. A finer mesh will provide a more accurate data, however it requires higher 
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computational memory and longer time period. It is very important to control the mesh 

density by using different mesh settings according to different areas, which depends 

on the focus area.  

  The focus area actually depends on the gradient of the electric field in the model, 

where the gradient increases as when it moves closer the conductor and injection point. 

Therefore, finer mesh size is used when the gradient is closer to the injection point and 

the grounding grid conductor. Apart from there, the gradient of the electric field is very 

small inside the copper conductor due its high conductivity material. Therefore, small 

numbers of mesh are used inside the conductor. Mesh size is adjusted to coarser mode 

within the boundaries of the surface of conductor. Boundaries are important condition 

because the gradient of the electric field is smaller towards the boundaries, which will 

result in quicker simulation time and reduced memory usage. 

In order to achieve the finest mesh on the surface that is close to the conductor, the 

meshing process starts with the smallest and the most-complex domain, namely the 

grounding grid conductor. The surface on the top of the conductor is meshed with 

triangles, the swept to the entire conductor domain without any layer to reduce number 

of mesh inside conductor. As a result, a rectangular mesh will be created at the side of 

the grid conductor. The ‘convert’ function is used for converting the rectangular 

element to triangular element, thus paving the way to combine with a tetrahedral mesh 

for rest of the domain 

Small boxes are drawn surrounding the grid, as shown in Figure 4.6 to control the 

mesh density that is formed towards the boundary. Furthermore, the small boxes will 

reduce the ratio between the smallest and largest geometry in one meshing step, and 

concurrently enable an easier tuning of the parameters for meshing. In this research 

framework, the single box that is surrounding the grid solves the mesh problem up to 
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a grid size of 20mx20m with 5mx5m mesh. However, in the case of a bigger grid size, 

multiple sized boxes will be introduced to mesh the grounding model. It is easier to 

control the mesh when the model is divided into various sized boxes. Figure 4.7 

illustrates the mesh that is completed for all domains, where the following process is 

to implement the finite element solution with the entire domain being meshed. 

Table 4.1: Defining meshing parameters  

Parameter  Setting  

Minimum element size Less than the minimum size/length in 

geometry 

Maximum element size Depending on the model  

Element growth rate Minimum 1  

Resolution of curvature Range from 0-1 

Resolution of narrow region   

 

Range from 0-1, higher resolution will 

create more mesh and degree of freedom 

in solution  

 

 

Figure 4.6: Meshing process for small grid configuration 
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Figure 4.7: Meshing process for all domains  

 

4.2.3 Governing equation  

The electromagnetic modelling approach is used to simulate the performance of 

the grounding grid under transient conditions. The PDEs are solved by using a Finite 

Element Method. The governing equation for the model is derived from the Maxwell’s 

equation that is presented in equation (4-1)      

               

                               D
H J

t


  


                                                                    (4-1)            

where the vector magnetic potential A is introduced as:  

B A                                                                             (4-2)                                                   
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followed by introducing the scalar potential V as:  

                                                          

       

A
E V

t


  


                                                                          (4-3) 

The governing equation for the model can be re-written to the following A-V 

formulation: 

                                             (4-4) 

The magnetic vector potentials are solved for every node within the mesh element 

through the Comsol Multiphysics software package. The electric fields are then 

calculated from the expression of magnetic vector potential. 

4.2.4 Post-processing  

COMSOL package will compute the values of the electric field at any instant 

within the boundary of given geometry. The potential can then be calculated between 

two points in the boundary by applying the following equations:  

𝑉 = ∫ 𝐸. 𝑑𝑙
𝑏

𝑎
                                                         (4-5)                                   

where  

𝐸 = 𝑥̂𝐸𝑥 + 𝑦̂𝐸𝑦 + 𝑧̂𝐸𝑧 

𝑑𝑙 = 𝑥̂𝑑𝑥 + 𝑦̂𝑑𝑦 + 𝑧̂𝑑𝑧 

 

The post-processing in the COMSOL package requires to determine the line or surface 

parameters before carrying out any mathematical operations. Thereafter, the electric 

fields are generated in x, y, and z planes for every points. Therefore, users need to use 

1

0 0 0( ) ( ) 0r r

A A
A

t t t
       

    
  
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a formulation to get the correct answer for a line integral, as shown in the example 

below. All the graphs in this thesis are plotted by using MatlabTM. 

 

 

 

 

 

Figure 4.8: Example of line integral path in COMSOL  

Case I 

𝑉 = ∫ 𝐸𝑦𝑑𝑦
𝑏

𝑎
                                                              (4-6) 

Case II 

𝑉 = ∫ (𝐸𝑥 cos 𝜃 +𝐸𝑦 sin 𝜃)𝑑𝑙
𝑏

𝑎
                                              (4-7) 

4.3  Boundary Condition analysis 

Open boundary problem is shown in Figure 4.9, which requires infinite boundary 

for simulation. However, simulating an infinite boundary condition is highly complex 

and requires significant computational time. Since the grounding system modelling is 

an open-space problem, which has no reflection of electric field towards the source, it 

is a challenge in FEM simulation to determine the boundary of the simulation space 

for an un-bounded problem.  

Case I Case II 
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Figure 4.9:  Open boundary problem 

Most software packages suggested the use of absorption layer known as the perfect 

match layer (PML) to avoid the reflection from the boundary [124]. The demonstration 

of PML that is used to absorb all the electromagnetic waves is shown in Figure 4.10. 

In the transient study within COMSOL package, PML cannot be implemented due to 

the complexity related to the procedure of the required solution. Alternatively, to avoid 

the boundary problem, is to increase the boundary size to achieve a current density 

close to zero at the boundary. Although that can be implemented in simulation, the 

computational time will be increased as the size increases. 

 

Figure 4.10:  Absorption layer implementation  

Region of interest 

Infinite boundary 

Electromagnetic wave 

Model boundary 

Region of interest 

Absorbing  Boundary 

Electromagnetic wave 
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In this study, a perfectly-reflecting boundary must be used. Therefore, it is 

important to choose the right boundary size for FEM simulation to achieve 

insignificant reflection. Boundary size was determined by evaluating the current 

density at various points between the grounding structure and boundary. A grounding 

grid of 20m x 20m and 60m x 60m is used to compare different grid sizes. The mesh 

size of the grid is 10m x 10m. Figure 4.11 illustrates the evaluation distance between 

grounding grid conductor and boundaries, which is denoted as b. 

 

Figure 4.11: Illustration of the boundary size 

In order to analyse the boundary size that is required for FEM simulation, five 

different distances between the grounding structure and boundary are considered, 

while distances, b, are 30m to 150m. The simulation used high-resistivity soil of 

1000Ω.m and a short rise time (0.3µs) to compute the worst-case scenario. Figure 4.12 

shows the peak current density from the location of the injection point to the boundary 

for each distances. It is clear that the reflection from the boundary will occur, and if 

the distance is not far apart, then potential errors may occur in the simulation result. 
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Figure 4.13 exhibits results for 60mx60m grid with 100m and 120m boundaries, where 

based on observation, the grid structure does not influence the current density flow 

through to the boundary as long as the distance is more than 100m. Furthermore, the 

simulation results revealed that a 100m distance is sufficient, because no significant 

improvement is found by increasing the distance further. Therefore, this will be the 

suggested distance for the simulation framework herein.  

 

Figure 4.12:  Current density from injected point to boundary (20mx20m) 

 

 

Figure 4.13:  Current density from injected point to boundary (60mx60m) 
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4.4  Validation of the model 

In order to validate the simulation approach, the result of the potential rise is 

compared with the published experimental data and numerical modelling. The 

comparison is carried out for various sizes of the grid that were simulated by Grcev by 

using the MoM [73], and concurrently compared with the experimental data that was 

generated by Stojkovic [62].  

4.4.1 Validation with simulation using method of moment (MOM) 

The grounding grid is constructed from 7mm radius copper conductors, and buried 

0.5m below the ground. A homogenous soil structure is used, with a resistivity of 

1000Ω.m. An illustration of the configuration is shown in Figure 4.14. 

 

 

Figure 4.14: Grounding grid buried in homogeneous soil 

 

A fast wave shape current was injected at one corner of the grid, the rise time of 

the impulse current applied for each simulation is between 0.3μs and 0.4μs, the tail 

time is fixed at 27μs and the arbitrary current peak is 1A. Figure 4.15(b) shows the 

injected current that is used in this simulation, which is an attempt to replicate the 

reference waveform, as shown in Figure 4.15(a). Rest of the parameters of the 

simulation data are similar to the data published in [73]. The author validated the 

simulation by using MOM technique with experiments that were reported in [56, 79].  

Figure 4.16 depicts the grounding grid configuration with four different grid sizes, 

namely 10m x 10m, 20m x 20m, 30m x 30m and 60m x 60m. All of the grids consisted 

of a 10m x 10m mesh.  
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            (a) 

 

(b) 

Figure 4.15: (a) Injection current from [73] and (b)Injection current from 

simulation 
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Figure 4.16: Grounding grid configuration 

The potential at the injection point of each configuration grid is simulated 

according to the depiction shown in Figure 4.17 (a). A comparison of the simulated 

result by using the maximum potential rise at injection point is shown in Table 4.2. It 

is found that the simulation using FEM is in good agreement with the published result, 

where only 10% difference is observed on the peak potential rise at the injection point. 

However, the oscillation is larger in the FEM simulation, especially for a smaller grid 

size. The differences observed could be due to the injection current not being exactly 

the same as it was in [73] due to the solutions variation between FEM and MOM. 

Table 4.2: Maximum potential rise at injection point (kV) 

 Maximum potential rise at injection point 

(kV) 

Grid size  Simulation 

by Grcev  

Simulation 

using Comsol  

Difference 

(%) 

10mx10m 51 55.86 9.53 

20mx20m 38 36.71 -3.39 

30mx30m 38 41.77 9.92 

60mx60m 38 38.38 1.00 
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(a) 

 

(b) 

Figure 4.17: Potential rise at injection point, where (a) simulation using FEM and (b) 

simulation using MOM [67] 

4.4.2 Validation with Experimental Results  

Experiments were conducted by Stojkovic [62] on the grounding grids. The 

grounding grid was constructed from a 4mm radius copper conductor, and buried at 

0.5m below the ground. A two-layer soil structure was used, with a resistivity 
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ρ1=50Ωm for the upper soil, and ρ2=20Ωm for the lower soil, while the thickness of 

the upper soil was 0.6m. An illustration of the configuration is depicted in Figure 4.18. 

 

Figure 4.18: Grounding system with two-layer of soil  

 

Figure 4.19 illustrates the experimental setup for a 20m x 20m grid. A slow 

15/91 μs transient current with a peak value of 8.5 A was injected at one corner of 

the grid, and the potential at the injected point was calculated to compare with the 

measured value. 

 

Figure 4.19: Grounding grid experiment layout  
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In Figure 4.20, the simulated and measured values of the experiment are shown, 

where 10% underestimation on the potential magnitude is observable from the result. 

Besides, the rise time of the simulation result is slightly quick by 1µs compared to the 

measurement. In order to understand the difference, sensitivity analysis were carried 

out on the impulse front time, depth of double layered soil, and soil resistivity. Figure 

4.21 shows different front times investigated in the simulation. The magnitude of the 

potential rise increased when the front time decreased. For example, decreasing the 

front time from 15µs to 11µs resulted in increased peak potential from 11.8V to 12.5V. 

Apart from that, the values of soil resistivity for upper and lower layers of soil were 

investigated. Figure 4.22 depicts the potential rise at the injection point for different 

soil resistivity, for both upper and lower layer. It can be observed that the potential 

increased proportionally with the soil resistivity. The lower layer of soil resistivity was 

highly impacted due to the conductor being buried in that same layer. In other word, 

increasing 5Ω.m soil resistivity in lower layer from 20Ω.m to 25 Ω.m will result in the 

increase of the potential from 11.8V to 13V. In the case of upper layer soil resistivity, 

varying the value from 40Ω.m to 50Ω.m resulted in the peak potential rise increasing 

from 10.9V to 11.2V.  

The difference between calculated and measured values is a consequence of the 

integration time, input data accuracy (soil parameter), and accuracy of the measured 

potential and current. In addition, it should be noted that the calculated results of the 

computations were only voltages relative to the neutral ground at the surface of the 

buried grid conductor. It is important to note that connecting conductors and the 

measurement circuit with a 30m long coaxial cable were not included in the simulation.  
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(a) 

 

(b) 

Figure 4.20: Voltage and current at the injection point for (a) simulation using 

FEM and (b) experimental setup by Stojkovic’s  
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Figure 4.21: Effect of the front time of the injected current 

 
(a) 

 
(b) 

Figure 4.22: Effects of different soil resistivity for (a) different upper layer with 

lower layer =20Ω.m and (b) lower layer with upper layer =50Ω.m 
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4.5  Performance of grounding grid under lightning current 

Simulation is performed to evaluate the effect of different parameters towards the 

grounding grid under lightning current. The analyses are done for different soil 

resistivity values, front times, grid sizes, span between conductors (mesh sizes), and 

locations of the injection.  

4.5.1  Effect of soil resistivity  

Soil resistivity is the main parameter that describes the type of soil, which depends 

on the geography and the water content of the soil. In order to investigate the effect of 

soil resistivity, six values are used ranging from 10Ω.m to 1000Ω.m. A lightning 

current of 10kA with a 1.2/50µs waveform is injected through the down conductor to 

the corner of the grid, which is buried 0.5m below the soil surface.  The grid size is 

20m x 20m and the mesh size is 5m x 5m.  

The ground potential rise at the injection point for different soil resistivities is 

shown in Figure 4.23, where it is clear that the increase of potential proportionally 

increases with the soil resistivities.  Figure 4.24 shows the peak ground potential rise 

for different soil resistivity. The peak magnitude of the potential in soil resistivities of 

10 Ω.m is more or less 35kV with gradual increase with higher soil resistivity. For 

example, the ground potential rise is about 310kV when the soil resistivity is 1000 

Ω.m. Therefore, it is important to have low soil resistivity for better grounding design.  
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Figure 4.23: Potential rise at the injection point for different soil resistivities with 

injected current of 10kA 1.2/50µs at the corner of a 20mx20m grounding grid  

 

 

 

Figure 4.24: Peak Voltage for different soil resistivities with injected current of 

10kA 1.2/50µs at the corner of 20mx20m grounding grid 
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4.5.2 Effect of current waveform  

The front time of lightning current defines the frequency content of the current. 

Therefore, it is a critical component to consider in simulation. In order to investigate 

the effect of the lightning current waveform, three different lightning currents are used 

in the simulation, namely 1.2/50µs, 2.6/50µs and 10/350µs. The magnitude of the 

current is fixed at 10kA. Thereafter, the currents are injected at the corner of a 20m x 

20m grid with 5m x 5m mesh size. The grids are buried 0.5m below the surface of the 

soil with 1000Ω.m resistivity.  

Figure 4.25 exhibits the potential rise at the injection points for varying impulse 

waveforms. From the figure, it can be observed that a 1.2/50µs front time generates 

almost double the potential compared to the 2.6/50µs front time. A quicker front time 

with a steeply-changing current can create a higher potential rise, because quicker front 

time consists of high- frequency elements, hence the impulse impedance of the 

grounding system will increase. The ripple is obvious and larger for shorter front time, 

which is might due to the reflection of the wave when the impedance change at the 

junction of the grid conductor or numerical instability of the software. The reflection 

can be estimate by calculate velocity of the electromagnetic wave. The velocity of the 

electromagnetic wave can be estimate as 100m/µs when permittivity of soil, ɛr = 9. 

From the figure is shown the first ripple happen approximately at 1µs, if the reflection 

happen it will be 50m from injection point. However, at 50m from the injection point, 

the characteristic impedance is not changing as the soil is uniform. Therefore, the 

ripple can be improved by refine the mesh size especially for shortest rise time in order 

to improve the numerical calculation. However, the finer mesh need more 

computational time and memory. Besides that, the potential rise value is expected 

lower than shows in Figure 4.25 when the soil ionisation effect is considered. 
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Figure 4.25: Potential rise at the injection point for varying front times injected at 

the corner of 20m x 20m grounding grid with ρ = 1000Ω.m 

4.5.3  Effect of grid Size  

Increasing the grounding grid size can provide additional paths to dissipate the 

unwanted current, which also means that more conductors are required resulting in 

increased cost. In order to investigate the effect of the grid size, six different grid sizes 

are used, ranging from 5m x 5m to 40m x 40m, are used in this simulation as shown 

in Figure 4.26. Mesh size is fixed at 5mx5m for all grid sizes, while the current with a 

1.2/50μs shape is injected at the corner of the grid, and the soil resistivity is 1000Ω.m. 

Specific grids are chosen to investigate the effect of impulse current when the size of 

the square grid is increased, where practically the grounding grid can achieve more 

than 100m of side length.  
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Figure 4.26: Different sizes of grounding grid   

Figure 4.27 illustrates the ground potential rise at the injection point. It can be 

observed that the potential reduces with the increasing grid size of 5m x 5m to 40m x 

40m. However the reduction rate reduces when the grid size increases. For example, 

the potential reduces by almost 50% when the grid size increases from 5m x 5m to 

10m x 10m, while increasing the grid size from 15m x 15m to 20m x 20m allows the 

potential to induce a reduction 15% to the ground potential. Figure 4.28 exhibits the 

peak potential at the injection point when the area of the grid increased. Significant 

reduction in the ground potential rise can be observed for below 600m2, while no 

improvement for areas beyond 600m2. As a result, it can be understood now that for 

the effective area of the grid, whereby increasing the grid size beyond a certain degree 

will not contribute significant improvement to potential rise at injection point. While, 

Figure 4.29 illustrated normalise value of potential rise and injected current to its 

maximum value. It can be observed that the rise time of the potential at injection point 

is faster with increase in grid size. It shows the inductive component is greater for 

larger size of grid.  

40mx40m30mx30m20mx20m15mx15m10mx10m5mx5m



 

                                                                                                                                       

93   

 

 

Figure 4.27: Ground potential rise at the injection point for different sizes of grid 

with injected corner current of 10kA 1.2/50µs and ρ=1000Ω.m 

 

 

Figure 4.28: Peak voltages according to varying grid sizes 
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Figure 4.29 Normalise potential rise at injection point and injected current to its 

maximum value  

 

4.5.4  Effect of grid mesh size  

In the grounding grid, mesh is referred as the separation between conductors. The 

mesh designed to minimise the possibly arising step and touch voltages. In this section, 

different mesh sizes are used as shown in Figure 4.30. A single grid size of 40m x 40m 

is applied for a number of mesh sizes, namely S40 (grounding grid without mesh), S20 

(20m x 20m), S10 (10m x 10m), S5 (5m x 5m), and S205 (5mx5m for 20m x 20m near 

the injection point). Soil resistivity is 1000Ω.m with a 1.2/50μs impulse current 

injected at the corner of the grid. Figure 4.31 shows the potential rise at the injection 

point for all mesh sizes. It can be observed that the potential rise is improved when 

additional mesh is placed inside the grid. In addition, when the mesh that is closer to 

the injection point increases, the peak potential improves, which can be observed from 

the peak potential of S205 configuration that achieved better peak compared to the S10 

configuration.  
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Figure 4.30: Illustration of meshes with various sizes  

 

 

Figure 4.31: Ground potential rise at the injection point for different mesh sizes 
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4.5.5   Effect of current injection point  

The location of the injection point can improve the grounding performance under 

lightning current, because it can create more paths for the current to flow from the grid 

to the soil. In this simulation, corner and centre injection points are considered for 

comparison, as depicted in Figure 4.32. The grid size is 40m x 40m with a 5m x 5m 

mesh size. Various impulse currents and front times with 1000Ω.m soil resistivity are 

considered in the simulation. 

 

  

Figure 4.32:  Location of injection point 

Figure 4.33 shows the ground potential rise at the injection point of 1.2μs, 2.6μs, 

and 10μs front times. Centre injection will generate lower potential rise compared to 

corner injection. The maximum potential difference between the centre and corner 

injection point scenarios is almost 50% at a 1.2μs front time, while the difference for 

the slower rise time decreases to 20-30%. Therefore, it can be observed that the 

location of the injection point is more important for faster rise time impulses.  
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(a) Front time: 1.2μs 

  

(b) Front time: 2.6μs  

 

(c) Front time: 10μs 

Figure 4.33: Injection of ground potential rise for soil resistivity of 1000Ω.m  
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4.6  Conclusion 

This chapter presents a simulation procedure for a grounding system, which was 

based on the solution of Maxwell’s equation. The modelling was carried out by 

applying the Finite Element Method, which required a finite boundary to simulate, and 

hence introduced significant challenges when the modelling process included some 

practical situations with un-defined boundaries. The best way to address the boundary 

issue is to increase the size of the boundary. However, higher computational time will 

be incurred. Therefore, it was very important to determine the minimum boundary size 

to achieve less computational time with a trade-off of insignificant impact on the 

simulation results. Therefore, this chapter demonstrated     the effect of different sizes 

of boundary for the evaluation of current density, at varying distances between 

grounding grid and boundary. It was proven that the proposed method was an optimum 

approach to determine the minimum boundary size required during the modelling stage 

with un-bounded scenario, and where a perfect match layer (PML) function was not 

available in the software. It was evident in the results that a 100m distance between 

the grounding grid and the boundary was sufficient to achieve accurate results. The 

results were a specific outcome of the performance of the grounding grids under 

lightning conditions, with soil resistivity of less than 1000Ω.m, and current rise time 

of not less than 0.4μs. The simulations were validated by comparing with the published 

simulation results that applied the MOM technique and as well as from experiments. 

The effects pertaining to different parameters were also simulated, which revealed 

similar behaviours to the existing description given in the literature. Hence, sufficient 

validating procedures were carried out to conform the precision of the proposed model.   
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Chapter 5                                                                            

Effective Area Evaluation and 

Proposal of New Formulation  

5.1  Introduction  

The electromagnetic approach and finite element method (FEM) can be used to 

model a grounding system under lightning conditions, as discussed in the previous 

chapter. Therefore, in this chapter, the ground potential rise will be investigated across 

different sizes of grid, with taking into consideration the power frequency and the 

impulse injection currents. Comparisons are made to demonstrate the different 

behaviours of grounding grids on the effective area under the conditions of lightning 

and power frequencies. Grid configuration is the best approach to improve the 

grounding design, compared to controlling the soil resistivity and lightning front time. 

Furthermore, increasing the mesh density near the injection point can provide 

additional paths for current to dissipate into the soil, which will reduce the potential 

rise at the injection point. However, this method is limited to the effective area of the 

grounding grid. In this chapter, the effects of the down conductor and grid depth are 

studied for different front times and soil resistivities, and compared with direct 

injection method to the grid. The inductance of conductor change when the depth of 

buried grid change as longer down conductor will be used. A significant impact can 

be observed on the effective area if the down conductor is considered in the simulation. 

Therefore, a new empirical formulation for effective area is proposed, where the down-

conductor is taken into consideration at a 0.5m depth with square grounding grid. A 
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new formulation is important to guide the engineers in designing a better grounding 

system under the condition of lightning current. 

5.2   Comparison between power frequency current and impulse 

current on the effective area   

Grounding grid resistance is a key parameter that engineers apply to evaluate the 

effectiveness of the grounding design for power frequencies. Effective grounding 

design offers the lowest grounding resistance and concurrently provides the best path 

for unwanted current. The grounding resistance value can be reduced by decreasing 

the soil resistivity value and increasing the size of the grid. As suggested by IEEE 80-

2000, the formula in Equation (5-1) is used to estimate the minimum grounding 

resistance (R) [2]. The equation assumes the resistance to be in a uniform soil. Potential 

rise at the injection point can be calculated by multiplying the grounding resistance 

with fault current magnitude.  

R =
ρ

4
√
𝜋

𝐴
                                                        (5-1)          

where ρ is the soil resistivity (Ω.m) and A is the area occupied by grounding grid.  

 Figure 5.1 depicts the peak potential rise at injection point for different front times 

of lightning current, which is compared against the power frequency at different square 

grounding grid sizes. In this simulation, the soil resistivity is 100Ω.m with 1.2μs, 2.6μs 

and 10μs front times. The magnitude of the impulse and fault currents are 10kA in this 

simulation. The result revealed that the ground potential rise at the injection point is 

higher under the condition of lightning current compared to the power frequency. 

Furthermore, faster front time will generate higher potential. However, under all 

circumstances, the potential gradient grows smaller when the size of the grid increases. 
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The gradient will reduce up to the stage where almost none or very small reduction in 

the impact towards the potential due to the increasing grid size. The condition can be 

explained by the effective area concept. Besides, the effective area of impulse current 

is smaller compared to that of the power frequency. In Figure 5.2, the peak potential 

rise can be observed at the injection point under power frequency and impulse current. 

The peak arises due to the increasing grid size from 5m x 5m to 40m x 40m at 100 

Ω.m, 300 Ω.m, and 1000Ω.m of soil resistivity. Similar case can be observed at 

100Ω.m soil resistivity at both potential rise and effective area. However, for high 

resistivity soil, the potential difference is small for the grid below 10m x 10m between 

power frequency and impulse injected current. 

From the overall observation, the effective area becomes smaller under impulse 

current. However, the effective area expands for long rise time and higher soil 

resistivity. In the case of grounding grid design, the size of the grounding grid is an 

important requirement for power frequency design to cover the entire area of 

substation equipment installed. Therefore, the effective area under lightning current is 

more useful in enhancing the grid conductor for improved protection from transient 

ground potential rise.   
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Figure 5.1: Peak voltages for different sizes and impulse current front times (ρ = 

100Ω.m) 

 
(a) 

 
(b) 

 
(c) 
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Figure 5.2:  Peak voltage at the injection point for different grid sizes, where the 

ft=1.2μs and soil resistivity are (a) 100Ω.m, (b) 300 Ω.m, and (c) 1000 Ω.m 

5.3  Effective area evaluation  

The effective area is defined as the optimum size of the grid that can improve the 

grounding impedance at the injection point. It is widely known that the current will 

flow through the conductor via the lowest impedance path. The effective area that is 

used in this study is illustrated in Figure 2.18. The evaluation of the transient potential 

rise throughout the conductor will be discussed in the next chapter.   

Figure 5.3 shows the injection current and voltage at injection point for grid with 

size 5mx5m and 40mx40m. The voltage rise time is more faster compare to current 

rise time for larger grid. It shown the inductive effect is more significant for larger grid 

as more conductor involve to disperse current to the soil. The grounding impedance 

calculated by divide the maximum voltage with maximum current at injection point. 

While, the effective area is calculated in this study based on the flow chart shown in 

figure 5.4. Different sizes of grid are used in the simulation, namely 5m x 5m to 60m 

x 60m and 5m x 5m grid mesh. Grounding impedance is calculated for every size with 

different parameters to simulate the soil resistivity and lightning front time. The 

computed grounding impedance is plotted relative to different sizes of the grid. The 

effective area is achieved when an improvement in the grounding grid becomes less 

than 1% relative to an increase of 1m in the grid size.  

 For example, Figure 5.4 exhibits the grounding impedance for different sizes of 

the grid at 1000Ω.m soil resistivity and 2.6μs front time. At 39m side length, the 

impedance value is 15.29Ω, while at 40m the impedance is 15.14Ω. Therefore, the 

effective area is achieved at 39m because the improvement at 40m is less than 1%. 
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(a) 5mx5m 

 

(b) 40mx40m 

Figure 5.3: Voltage at injection point when 1.2/50µs impulse current injected at 

corner of different size, (a) 5mx5m and (b) 40mx40m 
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Figure 5.4: Grounding impedance at different grid sizes 
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Figure 5.5: Effective Area calculation process 
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5.4  Influence of down-conductor on effective area 

In this section, the effects of the down-conductor towards the impulse impedance 

and effective area are evaluated. Figure 5.6 illustrates the direct injection and injection 

at the top of soil through the down- conductor. The injection at the top of soil is 

assumed to have no significant loss in the air. Simulations are carried out with different 

soil resistivity values and front times for both conditions. 

  

Figure 5.6: Illustration of models (a) injecting directly to the grid and (b) 

injecting through down-conductor   

 

The effects of down-conductor are investigated when the grid conductor is buried 

0.5m below the ground. A comparative analysis is conducted between direct injections 

to the grid and injection through the down-conductor from the top of the soil. Figure 

5.7 shows the grounding impedance over the grid side length for soil resistivity values 

of 100 Ω.m, 300 Ω.m, and 1000 Ω.m, with a 1.2µs front time. It can be observed that 

the impedance is higher when the injected current is at the top of soil for 100 Ω.m soil, 
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across all sizes of the grid. In the case of 300 Ω.m and 1000 Ω.m soil, the impedance 

for the top soil injection is lower for smaller grid size.  

Figure 5.8 shows the grounding impedance for different front time injection 

currents. The grounding impedance value is dependent on the soil resistivity, but the 

saturation point achieved rapidly when the down-conductor in the model is considered 

for a longer rise time. Although grounding impedance values differ by approximately 

5% to 10%, a faster saturation point is achieved by considering the down-conductor in 

the modelling. Table 5.1 presents an effective area comparison between direct 

injection to the grid, and injection through the down-conductor for a 0.5m depth. It is 

clear that no impact can be observed for the effective area with 1.2μs front time across 

all the values of soil resistivity. However, the effective areas are smaller when the 

down-conductor is considered in the simulation at the rate of 2.6μs and 10μs rise times. 

A longer rise time produced a significant impact on the effective area calculation for 

grounding grids under the impulse current. Therefore, the assumption used by the 

previous effective area equations is less accurate for longer rise times, while in 

practice, the down-conductor should be connected to the grounding grid. In addition, 

the lightning current front time ranges from 0.2μs to 20μs or 30μs, which is measured 

at the attachment point of the lightning receptor [130-132]. The lightning current can 

be longer at the grounding grid, either through a down-conductor or surge arrestor. 

Therefore, the down-conductor should be considered to achieve a more accurate 

formulation to estimate the effective area in grounding grid simulation. 
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(a) 1.2µs 

 
(b) 2.6µs 

 
(c) 10µs 

Figure 5.7: Impulse impedance for 100Ω.m soil resistivity with different front 

times at (a) 1.2 µs, (b) 2.6 µs, and (c) 10 µs 
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(a) 1.2µs 

 
(b) 2.6 µs 

 
(c) 10 µs 

Figure 5.8:  Impulse impedance for 1000Ω.m soil resistivity and different front 

times at (a) 1.2 µs, (b) 2.6 µs, and (c) 10 µs 
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Table 5.1: Effective area side length comparison for different considerations of the 

location of injection 

Current 

front time 

(μs) 

Soil resistivity  

(Ω.m) 

Effective area side length (m) 

Injection directly 

to the grid  (0.5m 

depth ) 

Inject through down- 

conductor   (0.5m depth 

) 

1.2 100 11 11 

1000 25 22 

2.6 100 17 15 

1000 43 39 

10 100 18 17 

1000 54 49 

 

5.5  New empirical equation for grounding grid design  

Consideration of the down-conductor in the simulation is an utmost important step 

for the calculation of the effective area in grounding grid design. Therefore, in this 

study, the effective area formulation for a grid with 0.5m depth is proposed for 

engineers to apply during the grounding grid design. Table 5.2 presents the effective 

area across all soil resistivity and front time values when current injected at corner of 

grounding grid. The effective area is increased proportionally with soil resistivity for 

all front times, as shown in Figure 5.9. Figure 5.10 depicts the effective area against 

front time for different soil resistivity values. It is clear that the effective area increased 

rapidly for high soil resistivity. The empirical equation of the effective area is proposed 
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based on the obtained simulation data for square grounding grid, as illustrated in Figure 

5.11. A regression technique is used to fit the data with a 93.16% R2 value and 92.54% 

adjusted R2
 value. It can be observed that the proposed equation fits well with the 

simulation data, where the proposed equation is  

aeffective = 1.696(ρT)0.3271                                                (5-2) 

 

Table 5.2: Effective side length at different conditions  

Front time (μs) Soil Resistivity (Ω.m) Effective area side length 

(m) 

1.2 

50 11 

100 11 

300 15 

1000 22 

2.6 

50 12 

100 14 

300 23 

1000 39 

10 

50 14 

100 17 

300 29 

500 38 

1000 54 
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Figure 5.9: Effective Area vs soil resistivity at different front times   

 
Figure 5.10: Effective area vs front time at different soil resistivity  

 
Figure 5.11:  Regression plot of the effective area side length  



 

                                                                                                                                       

114   

 

Equation (5-2) is formulated based on the corner injection simulation. In the 

effective area formulation, the relationship between the centre and the corner injection 

varies from the previous researches. Gcev [69] reported that the effective area at the 

centre injection point was doubled for corner injection, while Zeng et al. [74] and 

Gupta[40] reported that centre injection had 60% more effective area compared to 

corner injection. The relationship between the locations of the injection is based on the 

potential rise, as discussed in Section 4.5.5.   

In order to understand the relationship, the simulations are performed to compare 

both locations of the injection at different soil resistivity and front times. Figure 5.12 

illustrates the grounding impedance for various grid sizes, which includes both the 

centre and the corner injection points. From the graph, the effective area of both 

injection points are calculated, as presented in Table 5.3. It can be observed that the 

centre injection offers double the effective area compared to the corner injection. The 

proposed effective area formulation for square grounding grid is presented in equation 

(5-3).  

 

aeffective = K. [1.696(ρT)0.3271]                                           (5-3) 

 

Where  K = 2, for centre injection  

K = 1, for corner injection  

ρ = soil resistivity (Ω.m) 

T = impulse front time (μs) 
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(a) Front time = 1.2 µs, ρ = 100Ω.m 

 
(b) Front time =1.2 µs, ρ = 1000Ω.m 

 
(c) Front time =10 µs, ρ = 100Ω.m 

Figure 5.12: Comparison of centre and corner injections at different grid sizes  
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Table 5.3: Effective area side length for both centre and corner injections  

Front time ,T 

(µs) 

Soil 

Resistivity, ρ 

(Ω.m) 

Effective area side length 

Corner injection (m) Center injection(m) 

1.2 100 11 22 

1.2 1000 22 44 

10 100 17 35 

 

5.6  Empirical equation comparison with previous works  

Formulae for effective area were proposed by Grcev [57], Gupta et al. [40] and 

Zeng et al. [75], as discussed in section 2.5.2. In order to compare the proposed 

formulas, equations (2-11) and (2-12) are considered as the definitions of the effective 

area, which will be used in this research framework, as shown in Equations (5-4) and 

(5-5).  

a𝑒𝑓𝑓𝑒𝑐𝑡𝑖𝑣𝑒 = (1.45 − 0.05s). √πρT                               (5-4) 

𝑎𝑒𝑓𝑓𝑒𝑐𝑡𝑖𝑣𝑒 = 0.34√πρ0.42T0.34                                (5-5) 

 

Figure 5.13 illustrates a comparison of the various effective area equations 

specifically for the corner injection. The comparison includes previously-published 

work, and the proposed empirical Equation (6-3) of this framework, which considered 

the effect of the down-conductor. A comparison with the Grcev formula suggests that 

the differences could be due to the limited simulation data. Grcev equation was derived 

from a 0.8µs front time at different soil resistivity values, as shown in Table 2.7 [69]. 
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In addition, the effective area of Grcev’s formulation is based on the impulse 

impedance being equal to the ground resistance, which is not applicable for all cases, 

as shown in Section 5.2.   

In the case of Zeng et al. [75], the equation demonstrated a similar trend as the 

proposed equation herein. However, it is only applicable for smaller effective area. 

The limitation is due to Zeng et al.’s simulation that assumed soil ionization to occur 

in every case, which led to the observed difference. The proposed equation in this 

thesis considered the down-conductor effect, which effectively provided a smaller 

estimation effective size than those simulations conducted by Gupta and Thapar 

equations. In addition, the underlying simulation method may introduce the 

differences. Moreover, the validity of curve-fitting for the equation was not discussed 

in the previous publications. 

 

Figure 5.13: Comparisons of previous equations with the proposed equation   
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5.7  Conclusion  

The grounding performance is measured by using the impulse impedance at the 

injection point. The extension of the grid size provided some degree of improvement, 

but it is limited to the effective area. When the down-conductor is considered in the 

simulation, the short rise time (1.2μs) currents did not impact the effective area. 

However, during the longer rise times (2.6μs and 10µs), the effective area became 

smaller. In order to amplify the advantage of down-conductor, a new empirical 

effective area formulation is proposed, where the down-conductor effect is taken into 

account during the simulation. Apart from down-conductor, the formulation also 

considered both corner and centre injection points. The proposed formulation operates 

at different front times, ranged from 1.2μs to 10µs, while the soil resistivity values 

ranged from 10Ω.m to 1000Ω.m. The square grid sizes varied from 5m x 5m to 60m 

x 60m, which also includes a 5m x 5m mesh size, and the down- conductor is 

considered from the top of the soil to the grounding grid that is buried 0.5m 

underground. A comparative analysis is carried out by comparing the proposed 

formulation with the previously published formulae. As effective area for impulse is 

smaller than effective area for power frequency, grid size need to fulfill power 

frequency requirement. Refine the mesh around possible lightning  current injected 

point can improve protection level  but it limit to effective area.The relationship 

between the effective area and the transient ground potential rise will be discussed in 

the next chapter. 
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Chapter 6                                                                       

Transient Ground Potential Rise 

(TGPR) 

6.1  Introduction  

As discussed in the previous chapter, the effective grounding grid area is achieved 

when there is no significant change in the impulse impedance relative to the increasing 

grid size. However, the graphical illustration shown in Figure 2.17 and Figure 2.18 

demonstrated the differences among the ideas of various researchers. In this chapter, 

the potential rise is presented for a location that is further from the injection point. The 

relationship between the potential rise and the effective area is also discussed. In 

addition, the step voltages are evaluated inside and outside of the grid, so that the 

location of the maximum step voltage occurrence for a typical grounding grid design 

can be explored. The step voltages are evaluated across different locations, and the 

locations are chosen based on the distance from the injection point.  

6.2  Transient Ground potential rise  

The potential rise during the transient period is a very important parameter during 

the evaluation of the effectiveness of the grounding grid. Ground potential rising 

throughout the grid can be dangerous to equipment and humans. In this simulation, an 

impulse current of 10kA, with a 1.2/50μs front time, is injected at the corner of the 

grid. The soil resistivity is fixed at 1000Ω.m, while the transient ground potential rises 

(TGPR) at the surface of the conductor throughout the grid are also calculated. 
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Figure 6.1 depicts the TGPR at different locations, which is was obtained from 

computer simulation. It can be observed that a large potential rise during the transient 

period actually occurs at the injection point for a couple of microseconds. This 

phenomena takes place when the lightning current flows to the ground. Thereafter, the 

potential is reduced over time until it reaches a steady state value throughout the whole 

grid. For example, the potential sharply increased at the injection point for the first 

2μs, and the transient time lasted up to 10μs. Figure 6.2 depicts the peak transient 

ground potential rise throughout a 40m x 40m grid when the lightning current is 

injected at one corner.  This is followed by a reduction throughout the grid as a function 

of moving farther from the injection point. This finding agreed with the illustration 

that demonstrated the effective area a square area with aeffective side length, as reported 

by Grcev. Similarly, the illustration agreed with the proposed effective area 

formulation in the previous chapter. 

 

 

Figure 6.1: TGPR at different points away from the injection point  
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Figure 6.2: Peak transient ground potential rise at the grounding grid with  

1.2µs front time and ρ=1000Ω.m 

6.3  Relationship between TGPR and effective area  

As suggested in [69], the effective area is not directly-proportional to the area of 

the conductor that effectively discharges the impulse current. It is instead related to the 

control mechanism of the grounding impedance by increasing the size of the grid. 

Therefore, in this section, the author attempts to understand the relationship between 

potential rise through the conductors of the grid, and within the effective area. Five 

different grounding grid configurations, as shown in Figure 4.26, are adopted for 

simulation. The size of the grids are varied from 5m × 5m to 40m × 40m, which 

includes a 5m × 5m inner mesh size. The grids are then buried 0.5m below the earth 

surface, and a 10kA impulse current is injected at a corner of the structure through the 

down-conductor. Based on the peak TGPR shown in Figure 6.2, the peak TGPR 

alongside the conductors are evaluated at every 1m distance for both 5m x 5m and 

10m x 10m grids, while evaluation for other grid sizes is performed at every 2.5m. The 

results are then compared with the effective area from the previous chapter, as 
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presented in Figure 6.1. Simulations are performed for different soil resistivity, grid 

sizes, and front times of an impulse current. 

Figure 6.3 illustrates the relationship of peak TGPR that is alongside the grid 

conductor for both different soil resistivity and grounding grid sizes. It is found that 

the peak TGPR will start to reduce along the grid when it moves further from the 

injection point. Figure 6.3(a) exhibits results from a grid that is buried in 100Ω.m soil, 

where the effective area is 11m x 11m, as presented in Table 6.1. The result revealed 

that increasing the grid size larger than the effective area actually did not improve the 

potential rise at the injection point, and as well as along the grid. Similar trend can be 

observed for high resistivity soil, as depicted in Figure 6.3(b). The trend unveiled a 

reduction of the gradient of the peak TGPR value over the distance is actually 

influenced by soil resistivity. It can be seen that the gradient of the reduction is higher 

for low-resistivity soil. Figure 6.3(c) shows the peak TGPR against the grid size for 

100Ω.m soil resistivity, with 10μs front time of the injected impulse current and 

effective area of 17m x 17m. The graph revealed that the peak TGPR did not offer any 

improvement when the effective area is achieved. Furthermore, the peak TGPR is also 

influenced by the rise time, where a fast rise time will generate a larger ground 

potential, and therefore reaches the effective area quicker. 
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(a)  Front time = 1.2μs and soil resistivity = 100Ω.m 

 
(b) Front time = 1.2μs and soil resistivity = 1000Ω.m 

 
(c) Front time = 10μs and soil resistivity = 100Ω.m  

Figure 6.3: Peak TGPR for 40m x 40m grounding grid with injection at corner, 

investigating across varying front time and soil resistivity  



 

                                                                                                                                       

124   

 

Table 6.1: The effective Area for corner injection 

Front Time 

(μs) 

Soil Resistivity 

(Ω.m) 

Effective Side 

length (m) 

1.2 100 11 

1.2 1000 22 

10 100 17 

 

6.4  Step Voltage Evaluation  

The step voltage is the Thevenin voltage at the top of the soil, with a 1m separation 

between the elements. The voltage represents the potential difference between two feet 

that can induce current flow through human body. Under transient conditions, TGPR 

can produce a step voltage beyond the safety limit. Therefore, an attempt is made to 

evaluate the location and the size that influences the step voltage. 

As a result, maximum step voltages at different locations above the grid are 

calculated. Figure 6.4 depicts a 20m x 20m grid with 5m x 5m mesh, which is buried 

0.5m deep under 1000Ω-m soil. An impulse current with 10kA peak and 1.2/50µs 

wave shape is injected through the corner of the grid.   

 

Figure 6.4 Grounding model 
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6.4.1  Maximum step voltage  

Six different locations near the injection point are chosen to evaluate the maximum 

step voltage, as shown in Figure 6.5. The locations of a, b, and c are chosen to represent 

actual situations of a human standing with both feet inside the grid, while locations d, 

e, and f represent the situations when one of the feet is located outside of the grid. The 

locations that are chosen should cover step voltages as a possible scenario, while the 

injection point becomes a reference. 

 

Figure 6.5: Locations near the injection point  

 

Figure 6.6 demonstrated that the step voltages inside the grid are approximately 50% 

- 60% lower compared to the cases where one of the feet is located outside the grid 

perimeter. Step voltages are calculated inside or outside the grid, and are not 

influenced by the positions of the human that is standing above the grid. 

 

a 

c 
b 

d 

e 

f 
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Figure 6.6: Step voltages at different point of locations near the injection point  

In order to enhance the knowledge of step voltages during the flow of lightning 

current through the grounding-grid, the step voltages occurred further away from the 

injection point are calculated, as depicted in Figure 6.7. Four directions are chosen, 

both inside and outside the grid, where step voltages are calculated for every 2.5m 

movement from the injection point. 

 

Figure 6.7: The locations where step voltages move further away from the 

injection point 

Injection point    

 

 

Y 

X 

XY 
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In Figure 6.10, the peak values of the step voltages can be observed for both the X 

direction and the XY direction. The XY direction is diagonal to the grid from the 

injection point. The step voltage decreases with distance moving farther from the 

injection point. However, it still remains inside the grid. The step voltage inside the 

grid did not vary much when the location is away from the injection point. However, 

high step voltage values are observed when one of the human legs is on the edge of 

the grid, and the other leg is outside of the grid.  

 
(a) X direction 

 
(b) XY direction 

Figure 6.8: Peak step voltage measured while being away from the injection 

point, but remains inside the grid  
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Figure 6.9 illustrates the step voltages that are being computed while from the 

injection point and outside of the grid. It can be observed that the step voltage 

decreases non-linearly as a function of the distance from the injection point. The step 

voltage reduces to almost 20% of the maximum value when a human being is placed 

2.5m from the grid. However, the step voltage is almost constant and exhibits low 

value when a certain distance from the injection point is reached. 

 
(a) -X direction 

 
(b) -XY direction 

Figure 6.9:  Peak step voltage away from injection point and outside of the grid  
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6.4.2  Influence of size 

Five grounding grid configurations, as shown in Figure 4.26, are adopted for the 

simulation. The size of the grid is varied from 5m × 5m to 40m × 40m, while the inner 

mesh size remained as 5m × 5m. The grids are buried 0.5m below the earth surface, 

and a 10kA impulse current with a 1.2/50µs front time is injected at a corner of the 

structure. Three soil resistivity values, namely 100Ω.m, 300Ω.m, and 1000Ω.m, are 

used for the comparative analysis to observe the effect of different soil resistivity.  

Peak step voltages are evaluated for situations where one of the human legs is 

positioned outside of the grid. Figure 6.10 shows the peak step voltages for different 

soil resistivity and grids sizes, where the result revealed that higher soil resistivity 

proportionally increased the value of the step voltage. It is also evident that, by 

increasing the size of the grid, the step voltage can be reduced up until the grid reaches 

the effective size. The actual effective size is achieved when the change in the ground 

potential rise (GPR) is not significant relative to the increasing grid size.   

 

 

Figure 6.10: Peak Step Voltage at different sizes and soil resistivity 
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6.5 Conclusion  

The simulations described in this chapter indicated that the TGPR occurred at high 

peak potential values near to the injection point, which lasts for a few microseconds. 

This finding agreed with the reported findings from the literature. The relationship 

between numerical formulation and TGPR under the umbrella of the grid conductor is 

evaluated. The reduction in TGPR is quite significant when both the optimum and 

excessive size of the grid is achieved. The impulse impedance evaluation can be used 

to represent the effectiveness of the grid to dissipate lightning current to the soil. 

Maximum step voltages can be observed when a human is standing with one of their 

legs outside of the grid. Conversely, the step voltage is reduced when the location of 

the step moved away from the grid. Increasing the size of the grid reduced the peak 

step voltage value. However, the reduction is insignificant once the grid size exceeds 

the dimensions given by the effective area.  
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Chapter 7                                                                      

Conclusion and                                        

Recommendation for Future Work 

7.1  Conclusion  

The main objectives of this research were to gain a better understanding and further 

improve the grounding grid design under lightning conditions. An extensive set of 

literature reviews on the grounding grid design under lightning condition were 

conducted for both experiment and simulation based research work. The topic of 

interest also covered both step and touch voltages' safety limits that were suggested by 

various standards. The limits were dependent on the allowable current flow through 

human body, contact resistance, body resistance and accidental circuit.  The literature 

reviews highlighted the behaviour of grounding under impulse current was to be 

different compared to power frequency. However, most grounding design had to 

satisfy the power frequency requirement. The previous researchers suggested certain 

improvements to the grounding performance under impulse current condition, namely 

by reducing the soil resistivity, introducing parallel insulated conductor above 

grounding grid conductor  or  increasing the conductor near injection point with a 

limitation relative to the effective area of the grounding grid. 

Many mathematical models were developed to improve the grounding grid design, 

including both laboratory based and field based tests and developments. The 

mathematical model development techniques included circuit, transmission line and 
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electromagnetic approaches. The circuit approach used basic electrical components, 

such as resistance, capacitance and inductance to emulate the effect of impulse current 

to the grounding system. In the case of electromagnetic approach, Maxwell's equation 

was solved by using FEM, FDTD or MOM methods. The electromagnetic approach 

was known for providing the most accurate result, however additional computational 

time and memory were required. The comparison between basic circuit approach and 

electromagnetic approach by using FEM was carried out in this thesis at different sizes 

of grounding grid and soil resistivity. It was found that the basic circuit approach 

underestimated the potential rise at the injection point. The technical reason for this 

scenario was that the circuit approach ignored both the propagation effect of the wave 

and the magnetic coupling between the elements.  

The electromagnetic approach based on Ampere’s equation was used to model the 

grounding system under lightning current condition. A partial differential equation was 

solved by using the FEM, where simulation and modelling tasks were performed in 

3D mode via radio frequency (RF) module in COMSOL Multiphysics software 

package. The boundary conditions were determined by applying current density 

analysis at different sizes of the boundary. Such approach was picked because the 

absorption layer cannot be implemented in a time-domain study. A distance of 100m 

from the edge of the grid was found to effectively prevent reflection from a boundary 

of a perfect conductor. The finding was valid for soil resistivity of less than 1000Ω.m 

and front time of not less than 0.4μs. The simulation approach and solution were 

validated through comparative analysis with the existing results, which were solved 

by both using the MOM and experiment. In this study, the impulse impedance was 

used to measure the ratio peak voltage to peak current at the injection point. The 

simulation demonstrated that impulse impedance value was proportional to the soil 
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resistivity, while the impulse impedance value got lower for current injection at the 

centre of the grid compared to injection at the corner. Besides that, the impulse 

impedance decreased when the grounding grid size increased. However, the gradient 

of the reduction grown from little improvement to no improve at all for the impulse 

impedance after hitting certain size of the grid. The inefficient improvement was due 

to the effective area of the grid.  

The increased mesh density near to the injection point provided better impulse 

impedance, which revealed the performance of the grid that produced low ground 

potential rise. The mesh density improvement was limited to the effective area. 

Therefore, it was important to estimate the effective area of the grounding grid. In the 

case of power frequency, its effective area was bigger compared to impulse current 

injection. As a result, the size of the grounding grid design needed to fulfil the 

requirement of power frequency. This had to take place before the enhancement of the 

mesh density near the injection point within the effective area to achieve better 

performance under impulse current. In this study, the down-conductor generated 5% - 

10% of grounding impedance differences at a 0.5m of grid depth, which depended on 

the soil resistivity value and grid size. However, the longer rise time reduced the 

effective area when the down-conductor was considered. The consideration of 

including the down-conductor actually provided a better estimation of effective area 

which is not considered in previous equations. Therefore, for a more concrete 

contribution, an effective area empirical formula was proposed for the square 

grounding grid, where down- conductor from the top of the soil to the grounding grid 

was considered at a depth of 0.5m. Lightning current was injected at top of the down 

conductor. The proposed equation considered different injection locations, soil 

resistivity, and lightning current front times. The comparison of the proposed equation 
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relative to the previously-developed equations unveiled an improvement to the 

effective area formulation. 

Apart from formulation, the transient ground potential rise analysis was also 

performed, which was important to gain better understanding on the potential 

distribution during the lightning transient. The analysis provided better understanding 

of the impulse impedance value at the injection point that was used for performance 

evaluation. The impulse impedance evaluation revealed the effectiveness of the current 

dissipation throughout the grid and soil.  The high step voltages occurred near the 

injection point, and as well as during human leg being off the grounding grid.   

7.2  Future Work  

Based on the experience acquired from this research framework and the related 

literature in grounding grid behaviour under lightning current conditions, the following 

areas are proposed for future investigation: 

 Understanding the frequency-dependence of the soil parameters, especially for 

soil conductivity, which can lead to more accurate modelling. Therefore, the 

consideration of frequency-dependent conductivity in the time domain 

simulation can provide better improvement. The simulation may be carried out 

by finding the relationship between the frequency components of the lightning 

current and the steepness of the injection current in the time domain. 

 In this work, the grounding grids reacted differently in lightning conditions. In 

the future, standards should consider the effect of lightning current in 

grounding grid design. However, further studies are required to combine and 

integrate the power frequency and lightning protection requirements. 
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 Laboratory and field tests for different sizes of grid are imperative, so that the 

modelling of investigating the effective area estimation can be viable through 

simulation. The modelling can also improve the understanding of the ground 

potential rise during lightning condition. 
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Appendices 

 

Appendix A 

Reference levels for occupational exposure to time-varying electric and magnetic 

fields (unperturbed rms values) [35] 

 

Frequency range 

E-field 

strength 

(V/m) 

H-field 

strength 

(A/m) 

B-field  (μT) 

Equivalent 

plane wave 

power 

density 

(W/m2) 

     

up to 1Hz - 1.63x105 2x105 - 

1-8 Hz 20 000 1.63x105/f2 2x105/f2 - 

8-25Hz 20 000 2x104/f 2.5x104/f - 

0.025–0.82 kHz 500/f 20/f 25/f - 

0.82–65 kHz 610 24.4 30.7 - 

0.065–1 MHz 610 1.6/f 2/f - 

1–10 MHz 610/f 1.6/f 2/f - 

10–400 MHz 61 0.16 0.2 10 

400–2,000 MHz 3f1/2 0.008f1/2 0.01f1/2 f/40 

2–300 GHz 137 0.36 0.45 50 

 

 

 

 

 

 

 

 

 

 



 

                                                                                                                                       

137   

 

Reference levels for general public exposure to time-varying electric and magnetic 

fields (unperturbed rms values) [35] 

 

Frequency range 

E-field 

strength 

(V/m) 

H-field 

strength 

(A/m) 

B-field  (μT) 

Equivalent 

plane wave 

power 

density 

(W/m2) 

     

up to 1Hz - 3.2x104 4x104 - 

1-8 Hz 10 000 3.2x104/f2 4x104/f2 - 

8-25Hz 10 000 4000/f 5000/f - 

0.025–0.8 kHz 250/f 4/f 5/f - 

0.8–3 kHz 250/f 5 6.25 - 

3-150kHz 87 5 6.25  

0.065–1 MHz 87 0.73/f 0.92/f - 

1–10 MHz 87/f1/2 0.73/f 0.92/f - 

10–400 MHz 28 0.073 0.092 2 

400–2,000 MHz 1.375f1/2 0.0037f1/2 0.0046 f1/2 f/200 

2–300 GHz 61 0.16 0.20 10 
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Appendix B: flow chart of method of moment (MOM) 
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Appendix C: Equation used by previous researcher (FEM)  

 

Governing equation used by Trlep et al. 

 

∇([σ]∇V) = 0                                                                                                   (C-1)                             

 

V = 0   (at infinity ),
∂V

∂n
= 0 (at soil surface )                                               (C-2)                     

 

 

Jdisplacement = ε (
∂2A

∂t2
+ ∇

∂V

∂t
)                                                                         (C-3)                                            

 

∇ ×
1

μ
∇ × A − ∇

1

μ
∇A + σ (

∂A

∂t
+ ∇V) + ε (

∂2A

∂t2
+ ∇

∂V

∂t
) = 0                            (C-4)                                                       

 

 

∇. [σ (
∂A

∂t
+ ∇V) + ε (

∂2A

∂t2
+ ∇

∂V

∂t
)] = 0                                                            (C-5)                                                   

 

Governing equation used by Nekhoul et al. 

 

∇ ×
1

μ
∇ × A − ∇

1

μ
∇A + σ (

∂A

∂t
+ ∇V) = 0                                                        (C-6)                  

 

∇. [σ (
∂A

∂t
+ ∇V)] = 0                                                                                        (C-7)                                 

 

∇ ×
1

μ
∇ × A − ∇

1

μ
∇. A = 0                                                                                (C-8)                                    
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