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dmin Minimum d less than which return strokes are attached to the 
overhead line [m] 

dv Differential element of volume [m3] 

E Electric field intensity vector [V/m] 

Er Electric field(s) along the r-axis [V/m] 

Ex Electric field(s) along the x-axis [V/m] 

Ex1 Electric field along the x-axis tangential to boundary surface be-
tween upper and lower layers of a horizontally stratified ground 
(in the upper layer) [V/m] 

Ex2 Electric field along the x-axis tangential to boundary surface be-
tween upper and lower layers of a horizontally stratified ground 
(in the lower layer) [V/m] 

Ey Electric field(s) along the y-axis [V/m] 

Ez Electric field(s) along the z-axis [V/m] 

Ez1 Electric field along the z-axis normal to boundary surface be-
tween upper and lower layers of a horizontally stratified ground 
(in the upper layer) [V/m] 

Ez2 Electric field along the z-axis normal to boundary surface be-
tween upper and lower layers of a horizontally stratified ground 
(in the lower layer) [V/m] 
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f Frequency [Hz] 

FP Annual number of insulation flashovers per 100 km of an over-
head line 

H Magnetic field intensity vector [A/m] 

h Height of overhead line [m] 

HRS Height of return stroke channel [m] 

HT Height of wind turbine [m] 

Hx Magnetic field(s) along the x-axis [A/m] 

Hy Magnetic field(s) along the y-axis [A/m] 

Hz Magnetic field(s) along the z-axis [A/m] 

Hφ Magnetic field(s) along the φ-coordinate [A/m] 

IBase Lightning current(s) flowing through the tower base of the struck 
wind turbine [A] 

IP Peak value(s) of lightning current(s) [A] 

IRS (t) Lightning current waveform(s) [A] 

isct Scattered current(s) induced through overhead line due to a 
nearby lightning stroke [A] 

ITop Lightning current(s) flowing through the top of the struck wind 
turbine [A] 

Iy Lightning current(s) flowing through the cable sheath [A] 

J Current density vector [A/m2] 

Jc Conduction current density vector [A/m2] 

Jd Displacement current density vector [A/m2] 

Jx Current density along the x-axis [A/m2] 

Jxc Conduction current density along the x-axis [A/m2] 

Jxc1 Conduction current density along the x-axis tangential to bound-
ary surface between upper and lower layers of a horizontally 
stratified ground (in the upper layer) [A/m2] 

Jxc2 Conduction current density along the x-axis tangential to bound-
ary surface between upper and lower layers of a horizontally 
stratified ground (in the lower layer) [A/m2] 

Jxd Displacement current density along the x-axis [A/m2] 

Jzc1 Conduction current density along the z-axis normal to boundary 
surface between upper and lower layers of a horizontally strati-
fied ground (in the upper layer) [A/m2] 



 

17 
 

Jzc2 Conduction current density along the z-axis normal to boundary 
surface between upper and lower layers of a horizontally strati-
fied ground (in the lower layer) [A/m2] 

L Length of overhead line [m] 

L' Per-unit length inductance matrix of overhead line [H/m] 

m Modification factor of permeability, permittivity, and conductivi-
ty for thin conductor representation in 3-D FDTD method 

r0 Intrinsic radius of thin conductor in 3-D FDTD method  [m] 

Sm Maximum value(s) of di/dt [A/s] 

t Time [s] 

TP Time to peak value of LIV(s) [s] 

Tr Tail time, i.e., time to half peak of IRS (t) [s] 

Tref Twice the travelling time of the struck wind turbine = (2×HT)/c0 
[s] 

Ts Front time, i.e., rise time of IRS (t) [s] 

UP Peak value(s) of LIV(s) [V] 

v Velocity of return stroke [m/s] 

vinc Incident voltage(s) on overhead line due to a nearby return stroke 
[V] 

vr Relative velocity of return stroke = v/c0 

vsct Scattered voltage(s) of an overhead line due to a nearby return 
stroke [V] 

z' Height of a current source in TL models for return stroke chan-
nels [m] 

Zc Characteristic impedance of wind turbine tower [Ω] 

Zg Grounding impedance of grounding system [Ω] 

Zlc Equivalent impedance of the lightning channel that ranges be-
tween 600 and 2500 [Ω] 

 

 

∂/∂t Time-derivative [s]-1 

∆r Spatial step along the r-axis [m] 

∆s Spatial step for the FDTD algorithm [m] 

∆t Time step for the FDTD algorithm [s] 



 

18 
 

∆x Spatial step along the x-axis [m] 

∆y Spatial step along the y-axis [m] 

∆z Spatial step along the z-axis [m] 

ε Electric permittivity [F/m] 

ε0 Absolute electric permittivity = (1/(36·π))·10-9 [F/m] 

εr Relative electric permittivity 

εrg Relative electric permittivity of the ground 

λe Exponentially current decay constant = 2000 [m] for MTLE 
model of lightning stroke 

λmin Minimum wavelength of propagating electromagnetic fields [m] 

μ Magnetic permeability [H/m] 

μ0 Absolute magnetic permeability = (4·π)·10-7 [H/m] 

μr Relative magnetic permeability 

ρ Electric resistivity [Ωm] 

ρBase Current reflection coefficient at the tower base of the struck wind 
turbine 

ρg Ground resistivity [Ωm] 

ρTop Current reflection coefficient at the top of the struck wind turbine 

ρv Volume charge density [C/m3] 

σ Electric conductivity [S/m] 
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1. Introduction 

1.1 Background about Lightning Phenomenon 

Basically, the thundercloud is the source of lightning flashes whereas such 

thundercloud contains a positive charge center at its top portion and a nega-

tive charge center under the positive charge center. The lightning flash is an 

electrostatic discharge resulted from those charge centers. Lightning flashes 

could be classified into cloud flashes and ground flashes. Cloud flashes occur 

due to the electrostatic discharge between the negative and positive charge 

centers of the cloud whereas the negative charges move up towards the posi-

tive charges. Ground flashes occur due to the electrostatic discharge between 

the thundercloud and the ground whereas ground flashes are classified into 

positive and negative ground flashes according to the polarity of charges that 

move downward from the thundercloud to the ground in a form of stepped 

leader. 

In this research work, the ground flashes are considered because such flashes 

influence the electric power system due to their resulted lightning overvoltage 

transients. The majority of ground flashes are negative where the negative 

charges approach the ground surface or a tall object on the ground through a 

stepped leader. Positive charges are electrostatically induced on the ground 

surface or on the tall object due to the electric field of the negative charge cen-

ter in the thundercloud. Due to the down-coming negative charges through the 

stepped leader, the electric field increases considerably between the induced 

positive charges on the ground surface or the tall object and the stepped leader 

tip. If this increasing electric field becomes sufficient to bridge the air gap be-

tween the stepped leader tip and the ground surface or the tall object, then 

these induced positive charges release towards the thundercloud through the 

stepped leader producing a luminous lightning flash whereas this process is 

known by the negative return stroke [1]. Most of these lightning flashes consist 

of more than one stroke per each flash where the first return stroke is followed 

by a number of subsequent return strokes. The rise time, Ts of the lightning 
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current waveform, IRS (t) is longer and also the peak value, IP is higher for the 

first stroke as compared to the subsequent stroke. On the contrary, the time-

derivative of IRS (t), di/dt is higher for the subsequent stroke as compared to 

the first stroke [2]. 

This research work investigates the electromagnetic fields impinging the 

electric power system due to the return strokes. In fact, the effect of the return 

strokes on the electric power system could be classified into direct lightning 

and indirect lightning. For direct lightning, the return stroke initiates from a 

part of the investigated power system. Normally, high parts like transmission 

system and wind turbines (WTs) attract such lightning strokes. For indirect 

lightning, the return stroke initiates from the ground surface or a tall object 

that is not a part of the power system such as trees or communication towers. 

Thus, the propagating electromagnetic fields from the stroke channel or that 

struck tall object affect nearby power system parts, particularly medium and 

low voltage parts such as distribution lines. Direct and indirect lightning 

events may exist in the same lightning stroke, e.g., when a return stroke strikes 

directly a transmission tower and there is a distribution line extending nearby 

this struck tower. 

1.2 Research Problem Formulation 

In fact, the electrical properties of the ground that are the ground resistivity, ρg 

the relative permittivity, εrg have a substantial influence regarding both direct 

and indirect lightning events. Regarding direct lightning, the injected current 

through the grounding system of the struck component of the power system 

results in a ground potential rise (GPR) depending mainly on ρg. If the GPR is 

quite high, the struck component of the electric power system will experience 

severe electrical stresses. WTs are vulnerable to direct lightning events because 

of their heights and rotating blades and hence their grounding systems deter-

mine their immunity against lightning strokes. Regarding indirect lightning, 

the propagating electromagnetic fields from the stroke channel are substan-

tially influenced by ρg. Overhead distribution lines are vulnerable to indirect 

lightning events because of their relatively low critical flashover voltages and 

hence ρg is considered as a crucial factor for the evaluation of the indirect 

lightning performance of such distribution lines. Moreover, Ts (in other words, 

di/dt) of IRS (t) affects the lightning electromagnetic fields impinging the elec-

tric power system considering both direct and indirect lightning events. Fur-

thermore, the influence of both ρg and εrg on the lightning electromagnetic 

fields is considerably dependent on di/dt. 
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In Finland, there are different types of soil, e.g., sand, gravel, forest soil and 

moraine whereas the values of both ρg and εrg for these types of soil vary over a 

wide range. For example, ρg of moraine ranges from around 1 to 10 kΩm; and 

up to around 3 kΩm for sand and forest soil [3]. Additionally, the values of εrg 

for these soil types vary over a range of a median value around 10, whereas the 

median value of εrg for the soil types having quite high ρg reduces to around 3 

or 4. The impact of εrg on the lightning electromagnetic fields becomes signifi-

cant for the soil types that have quite high ρg and also for high values of di/dt. 

Consequently, this research work investigates how ρg, εrg, and di/dt influence 

the lightning electromagnetic transients due to return strokes for struck 

grounded WTs as a direct lightning problem and also for overhead distribution 

lines as an indirect lightning problem. All the investigations included in this 

research work have been implemented using the finite-difference time-domain 

(FDTD) method in order to solve Maxwell’s electromagnetic equations numer-

ically and straightforwardly in the time domain. 

1.3 Research Work and Contribution 

As aforementioned, the effects of ρg, εrg, and di/dt on the lightning electro-

magnetic transients have been investigated for direct and indirect lightning 

events whereas the following studies have been handled in this research work: 

I. The impact of ρg on the lightning-induced voltages (LIVs) impinging over-

head distribution lines due to nearby return stroke has been studied con-

sidering a wide range up to 20 kΩm for different cases of εrg and di/dt. It is 

deduced that the influence of εrg and di/dt on the peak values, UP of LIVs is 

dependent on ρg. Horizontal electric fields, and their associated conduction 

and displacement current densities, are computed on the ground surface 

under the overhead line to investigate the behavior of the ground surface 

impedance. It is inferred that the impedance behavior converts from induc-

tive into capacitive for high values of ρg depending on both εrg and di/dt, 

thus resulting an increase in the time to peak value, TP of LIVs. From the 

computed UP, it is found that the Darveniza’s approach for the computation 

of the complex depth, dcp of the line to amend the so-called Rusck’s formula 

is not technically sound due to omitting the effect of ρg on TP. This study is 

an indirect lightning problem whereas it is implemented using the three-

dimensional (3-D) FDTD method. 

II. Based on the previous study, a new approach has been proposed to com-

pute the dcp of the overhead line in order to adequately modify Rusck’s for-

mula for accurate calculation of UP due to both typical first and subsequent 
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strokes given by the IEEE Standard 1410-2010. The proposed formula is 

conceived considering 0.25 ≤ ρg ≤ 20 kΩm and εrg = 10. The proposed for-

mula is applied to evaluate the indirect lightning performance for an over-

head distribution line in terms of the annual number of flashovers, FP per 

100 km of the line. In addition, the influence of εrg on UP is also investigated 

for the typical first and subsequent strokes. Since the proposed formula 

calculates UP accurately over a wide range of ρg, the insulation system of 

overhead distribution lines could be properly designed to minimize the 

flashovers caused by LIVs. The two-dimensional (2-D) FDTD method asso-

ciated with Agrawal’s coupling model has been utilized for the study. 

III. The influence of both ρg and εrg has been investigated on the GPR on a di-

rectly struck grounding system and subsequently on its grounding imped-

ance, Zg considering both first and subsequent strokes. Furthermore, the 

impact of adding vertical grounding electrodes at the bottom of the ground-

ing system is studied on both GPR and Zg. It is deduced that Zg exhibits ini-

tially a transient behavior depending on ρg, εrg, and di/dt. After this initial 

transient state, Zg becomes steady depending on ρg only. It is also inferred 

that the additional vertical grounding electrodes result in lower GPR and 

subsequently lower Zg. In addition, the impact of the horizontal stratifica-

tion of the ground has been analyzed in this study whereas the upper layer 

has a different ρg from the lower layer. It is inferred that the reflected elec-

tric fields from the boundary between the upper and the lower layers of the 

ground influence the GPR and Zg as a result. It is also found that the effec-

tiveness of those additional vertical grounding electrodes is influenced by 

the horizontal stratification of the ground. This study is a direct lightning 

problem and implemented using the 3-D FDTD method. 

IV. Owing to the current spreading of wind farms all over the world, it is worth 

to study lightning electromagnetic disturbances in wind farms due to the 

vulnerability of the WTs toward lightning strokes. Underground cables are 

one of the main parts of wind farms whereas their sheaths are solidly con-

nected to the grounding systems of the WTs. Consequently, the previous 

study on the grounding system has been extended to investigate the effect 

of ρg, εrg, and Ts on the lightning current flowing through the underground 

cable sheath and its associated radial electric fields as well. It is inferred 

that these currents and electric fields are significantly influenced by ρg and 

Ts whereas they are influenced by εrg with high values of ρg. Furthermore, 

the effect of the struck WT position on these lightning electromagnetic dis-

turbances is considered in the study where the struck WT is located be-
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tween two other WTs or on the end of the row in a wind farm. In addition, 

the impact of the horizontal stratification of the ground has been also in-

cluded in the study. It is deduced that the struck WT position and the hori-

zontal stratification of the ground influence considerably the currents flow-

ing through the cable sheath and their associated electric fields as well. The 

impact of connecting the grounding systems of the WTs by underground 

wires, i.e., counterpoise has been investigated on the mitigation of these 

currents through the sheath and their associated electric fields. The coun-

terpoise results in an effective mitigation, particularly for high values of ρg 

where those lightning currents and electric fields are considerably high 

without using the counterpoise. 

V. The studies I and II are classified as indirect lightning problems while the 

studies III and VI are direct lightning problems. Indeed, this study includes 

both direct and indirect lightning problems where a grounded WT is direct-

ly struck by a return stroke and the LIVs and the electric fields are studied 

on a nearby overhead line. The first and subsequent strokes are incorpo-

rated for this study as well as the homogenous and horizontally stratified 

grounds for different cases of ρg and εrg. Furthermore, the implemented 3-D 

FDTD simulations for this study have been repeated after removing the 

grounded WT whereas the return stroke strikes the ground directly in order 

to manifest how the struck WT affects the LIVs and electric fields on the 

line. It is inferred from this study that the characteristic impedance, Zc of 

the struck WT tower varies from the first stroke to the subsequent stroke. 

Moreover, the current reflections at the top and base of the struck WT affect 

significantly the lightning current through the tower base of the struck WT, 

particularly for the subsequent stroke. It is also deduced that LIVs on the 

line are substantially influenced by the current through the tower base of 

the struck WT. Regarding the stratified ground, it is found that the influ-

ence of the lower layer on LIVs is more significant regarding the first stroke 

while the influence of the upper layer is more significant regarding the sub-

sequent stroke assuming a 10 m depth for the upper layer. 

1.4 Dissertation Outline 

The contents of this dissertation include the summary of the studies that are 

implemented in the aforementioned five research articles as illustrated in sec-

tion 1.3. The case of the horizontally stratified ground has been added to the 

summary of the articles III and IV as a complementary part of both studies. A 

description of the contents of this thesis is concisely explored as follows: 
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 Chapter 1 demonstrates a brief background about the lightning stroke 

phenomenon in addition to the formulation of the research problem and 

also the contribution of the research work. 

 Chapter 2 presents the adopted numerical technique for this research 

work that is the FDTD method in both 3-D and 2-D space. This chapter 

shows also how this numerical technique is utilized for solving Maxwell’s 

equation regarding the problem of lightning electromagnetic pulses. 

 Chapter 3 demonstrates the summary of the articles I and II where the 

LIVs and electric fields impinging an overhead distribution line have been 

computed due to a nearby return stroke striking the ground surface. In 

article I, the influences of ρg, εrg, and di/dt on these LIVs and electric 

fields have been investigated. In article II, a new proposed formula has 

been presented to compute UP due to both typical first and subsequent 

strokes considering quite high values of ρg. 

 Chapter 4 demonstrates the summary of the articles III and VI besides 

the consideration of the case of horizontally stratified ground for both ar-

ticles. In article III, the influence of ρg and εrg has been investigated on 

GPR and Zg of a directly struck grounding system considering both first 

and subsequent stroke. In article VI, the implemented study in article III 

has been extended to investigate the influence of ρg, εrg, and Ts on light-

ning electromagnetic transients impinging the underground cable sheath 

that is solidly connected to the grounding systems of the WTs due to a di-

rectly struck WT. Furthermore, the impact of connecting the grounding 

systems of the WTs by counterpoise has been investigated on the mitiga-

tion of these electromagnetic transients. 

 Chapter 5 demonstrates the summary of the article V where the LIVs and 

electric fields impinging an overhead line have been computed due to a re-

turn stroke striking a nearby grounded WT. Moreover, the voltages and 

currents at the top and base of the struck WT have been investigated. 

Therefore, this study is considered as a direct lightning problem with re-

spect to the WT while it is classified as an indirect lightning problem for 

the nearby overhead line. Both first and subsequent strokes, as well as the 

horizontally stratified ground, have been included in the study considering 

different values of ρg and εrg. After removing the struck WT, the FDTD 

simulations have been repeated to clarify how this WT influences the LIVs 

and electric fields on the nearby overhead line. 

 Chapter 6 illustrates the conclusions of the studies included in this dis-

sertation as well as some suggestions for future research work.  
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2. Finite-Difference Time-Domain Meth-

od for Lightning-Electromagnetic 
Pulses and Surges Simulation 

2.1 Maxwell’s Electromagnetic Equations 

The propagation of the electromagnetic fields through a linear, isotropic and 

nondispersive medium is determined by Maxwell’s electromagnetic equations. 

Linear, isotropic and nondispersive medium signifies that the electric and 

magnetic properties of such medium are independent of the magnitude, 

direction, and frequency, respectively of the propagating electromagnetic 

fields so these properties are constant. Maxwell’s electromagnetic equations 

can be expressed in differential form as given by (2.1)–(2.4) or integral form as 

given by (2.5)–(2.8). Both (2.1) and (2.5) are also known as Faraday’s law, 

whereas (2.2) and (2.6) are denoted as Ampere’s law. Moreover, both (2.3) and 

(2.7) represent the Gauss’ law for the electric field, whereas (2.4) and (2.8) 

represent also Gauss’ law for the magnetic field [4]–[8]. 

 (2.1)

 (2.2)

 (2.3)

 (2.4)

  (2.5)

  (2.6)

  (2.7)

  (2.8)

where E is the electric field intensity [V/m], D is the electric flux density 

[C/m2], H is the magnetic field intensity [A/m], B is the magnetic flux density 

[Wb/m2], J is the current density [A/m2], Jc is the conduction current density 

[A/m2], Jd is the displacement current density [A/m2], ρv is the volume charge 
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density [C/m3], dA is the surface area differential element [m2], dL is the 

length differential element [m], dv is the volume differential element [m3] and 

∂/∂t is the time-derivative [sec-1]. It is worth to mention here that all the bold-

written symbols represent vector quantities. The properties equations of the 

medium where the electromagnetic fields propagate are given by (2.9). 

 ;      ;      (2.9) 

where ε is the medium permittivity [F/m], ε0 is the absolute permittivity = 

(1/(36·π))·10-9 [F/m], εr is the relative permittivity of the medium, σ is the me-

dium conductivity [S/m], ρ is the medium resistivity [Ωm], μ is the medium 

permeability [H/m], μ0 is the absolute permeability = (4·π)·10-7 [H/m] and μr 

is the relative permeability of the medium. Accordingly, the propagation veloc-

ity of the electromagnetic fields in air or free space (εr = 1 and μr = 1) is the 

light speed, c0 = 300 [m/μsec], and this velocity equals to c0/√(εr·μr) in any 

medium. Both inside and tangential electric fields for perfect conductors al-

ways equal to zero because of the fact that ρ = 0. For lossy dielectrics, the cur-

rent density, J = ×H consists of two components that are the conduction cur-

rent density, Jc and the displacement current density, Jd = ∂D/∂t according to 

(2.2). For lossless dielectric, there is no conduction current density (Jc = 0) 

where ×H = Jd = ∂D/∂t because of the fact that σ = 0. The electric properties 

of any medium or material are ε, σ, and ρ whereas μ is its magnetic property. 

2.2 Finite-Difference Time-Domain Method in Three Dimensions 

Different numerical computation methods have been employed to solve Max-

well’s equations in order to obtain the full wave solution of the electric and 

magnetic fields caused by the lightning strokes in the 3-D space [9]. These 

numerical computation methods include the method of moments (MoM) [10], 

the finite element method (FEM) [11], the hybrid electromagnetic model 

(HEM) [12], the partial-element equivalent-circuit method (PEEC) [13], and 

the FDTD method [4], [14]. Regarding lightning electromagnetic pulses 

(LEMPs), the FDTD method has been extensively utilized for the investigation 

of LEMPs although it requires long computational time and large memory size. 

The reason is that the FDTD method allows a straightforward solution on the 

time domain for the full wave of the electric and magnetic fields in the 3-D 

space. Moreover, the FDTD method can easily handle different configuration 

of structures such as the grounding systems, tall objects, and lossy ground that 

are important for the LEMPs investigations as illustrated in [14]. Additionally, 

techniques for the representation of thin wires, lumped electric elements (i.e., 
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resistors, inductors, and capacitors), nonlinear elements (e.g., surge arresters), 

and coaxial cables have been presented for the 3-D FDTD method, thus en-

hancing the suitability of this method for LEMPs investigations [15]–[21]. 

2.2.1 Formulation of the 3-D FDTD Algorithm 

Basically, the 3-D FDTD method has been driven from the two curl Maxwell’s 

equations (2.1) and (2.2). In 1966, Yee presented a simple time-dependent set 

of finite-difference formulas to solve both (2.1) and (2.2) simultaneously as-

suming lossless dielectric medium, i.e., σ = 0 [4]. Considering the Cartesian 

coordinates, Yee divided the 3-D solution space into small cubic cells, known 

as Yee cells. Furthermore, Yee arranged the positions of the electric and mag-

netic field components according to the principle of the curl equations (2.1) 

and (2.2) as shown in Fig. 2.1 (a) where ∆x, ∆y, and ∆z are the spatial steps 

along the x, y and z-axes respectively. Therefore, each electric field component 

is surrounded by four circulating magnetic field components based on (2.2) 

whereas these four components are perpendicular to that electric field compo-

nent. Similarly, each magnetic field component is surrounded by four circulat-

ing electric field components based on (2.1). Both electric and magnetic field 

components are alternately updated each ½·∆t using the leapfrog arrange-

ment as seen in Fig. 2.1 (b) where ∆t is the time step, so that the electric fields 

and magnetic fields are explicitly updated each ∆t with a ½·∆t time shift. 

Here, the derivation of the 3-D FDTD algorithm is presented for the general 

case, i.e., the electrical loss is considered (σ ≠ 0) as illustrated in [5]–[7], [14], 

[15]. The derivation can be divided into two consecutive steps. In the first step, 

both Maxwell’s curl equations (2.1) and (2.2) are formulated by a central time-

difference equations according to Fig. 2.1 (b) where the time counter, n = 1, 2, 

3, 4 … as given by (2.10) and (2.11). 

 (2.10)

 (2.11)

Both (2.10) and (2.11) could be rearranged as given by (2.12) and (2.13) respec-

tively. Since the electric field component is not calculated at the time instants 

(n+0.5)·∆t according to the aforementioned algorithm, E(n+0.5) is linearly inter-

polated so that it is substituted by the mean value of both E(n) and E(n+1) as in-

corporated in (2.13). 

 (2.12)

  (2.13)

The electric and magnetic fields in (2.12) and (2.13) are vectors so that each 
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one of these fields has three components along the x, y and z-axes. In the sec-

ond step, each of both (2.12) and (2.13) is analyzed into its three components 

along the x, y and z-axes according to Fig. 2.1 (a) where the spatial counters 

along the x, y and z-axes are i, j and k, respectively and these spatial counters 

= 1, 2, 3, 4 … . The three components of (2.12) along the x, y and z-axes are 

given by (2.14)–(2.16), respectively whereas (2.17)–(2.19) represent the three 

components along the x, y and z-axes, respectively for (2.13). 

 

 

 

(a) (b) 

Fig. 2.1. (a) Positioning scheme for the 3-D electric and magnetic field components according to 
the curl Maxwell’s equations in one Yee cell considering the Cartesian coordinates; (b) Leapfrog 
arrangement for time updating for the electric and magnetic field components. 

  

(2.14) 

  

(2.15) 

  

(2.16) 

  
(2.17) 

  
(2.18) 
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(2.19)

2.2.2 Stability and Accuracy of the FDTD Computations 

The computation stability of the 3-D FDTD method is correlated to ∆x, ∆y, and 

∆z in addition to ∆t. The stability condition of the 3-D FDTD computations is 

known as Courant-Friedrichs-Lewy (CFL) condition. The principle for deter-

mining this condition is based on that the product of the propagation velocity 

of the electromagnetic fields and ∆t must be less than the spatial step to avoid 

unstable calculations. Accordingly, CFL is determined considering 1-D elec-

tromagnetic wave propagation as given by (2.20) assuming that the electro-

magnetic fields propagate along the x-axis. Similarly, CFL can be also extended 

for the 2-D electromagnetic wave propagation (considering the x-y plane for 

instance) as well as the 3-D propagation as given by (2.21) and (2.22), respec-

tively [5]–[7]. 

 (2.20) 

  (2.21) 

  (2.22) 

The computation accuracy of the 3-D FDTD method depends on ∆x, ∆y, and 

∆z in addition to the minimum wavelength of the propagating electromagnetic 

fields, λmin that is corresponding to the maximum frequency of these propagat-

ing fields. For accurate computation using the 3-D FDTD method, each of ∆x, 

∆y and ∆z should not exceed one tenth of λmin [14]. 

2.2.3 Treatment of the Solution Space Boundaries 

According to the 3-D FDTD algorithm (subsection 2.2.1), it is inferred that the 

solution space should be infinite due to that any electric field component is 

computed from the magnetic field components of the next and previous cells. 

In order to limit the solution space by six boundary planes, the electric field 

components on these six boundary planes should be computed using a differ-

ent technique from the 3-D FDTD algorithm. Many methods have been pro-

posed to treat these boundaries as elaborated in [5]–[7]. Among these meth-

ods, Liao 2nd order absorbing boundary conditions (Liao 2nd ABC) is employed 

for this work owing to its popularity for LEMPs investigations, good accuracy, 

and easy programming. Fig. 2.2 shows the y-z boundary plane on the right 
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side of the 3-D FDTD solution space where the electromagnetic fields propa-

gate along the x-axis. In order to compute the electric field components (i.e., 

Ey and Ez) at the point x0 on the boundary plane shown in Fig. 2.2, Liao as-

sumed points at constant distances, α·c0·∆t, on a line stenciled from x0 per-

pendicularly on this boundary plane. Moreover, Liao applied quadratic inter-

polation to calculate the electric fields at these points from the explicitly com-

puted electric fields using the 3-D FDTD algorithm at the points x1, x2 … as 

shown in Fig. 2.2 [22]. For Liao 2nd ABC, the first two points adjacent to x0 of 

those assumed points are only considered for the calculation of Ey and Ez at x0. 

Liao 2nd ABC algorithm is demonstrated as follows: 

 , where (2.23) 

u refers to either Ey or Ez, M = 2 for Liao 2nd ABC. 

    →           ;      (2.24) 

  (2.25) 

 ,      (2.26) 

  (2.27) 

 (2.28) 

 (2.29) 

 

Fig. 2.2. y-z boundary plane on right side of 3-D FDTD solution space considering a wave prop-
agating along the x-axis. 
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If α = 2 and ∆t = ½·∆x/c0, then S = 1, T1,1 = T1,3 = 0 and T1,2 = 1. Consequent-

ly, the first two points adjacent to x0 that are assumed for the calculation of Ey 

and Ez at x0 will be self-same as x1, x2, and hence, the aforementioned quadrat-

ic interpolation is not needed [5]. The same approach should be applied for the 

whole six boundary planes (the two y-z planes, two z-x planes, and two x-y 

planes) to terminate the solution space of the 3-D FDTD algorithm. 

2.2.4 Gridding of the Solution Space 

As aforementioned (subsection 2.2.1), the 3-D FDTD solution space is divided 

according to Yee algorithm to small cubic cells. Indeed, different patterns for 

the orthogonal gridding of the solution space in the Cartesian coordinates 

could be employed, which are the uniform gridding, non-uniform gridding, 

and subgridding patterns as shown in Fig. 2.3. The uniform gridding pattern 

has been primarily presented in [4] where the sizes of the whole cells of the 

solution space are identical. Since the cell size should not exceed one-tenth of 

λmin as illustrated in subsection 2.2.2, the required computation time of the 3-

D FDTD algorithm may be very long due to such fine gridding, particularly for 

large solution spaces. Consequently and in order to reduce the computation 

time, other patterns for the gridding of the solution space are proposed such as 

the non-uniform gridding and subgridding where the sizes of the whole cells of 

the solution space are not identical [5]. The subgridding pattern requires less 

computation time than the non-uniform gridding pattern because of its less 

number of lattice points as compared to the non-uniform gridding pattern, as 

shown in Figs. 2.3 (b, c). On the other hand, the subgridding pattern requires 

interpolating the electric field components at the points, which cannot be cal-

culated by the 3-D FDTD algorithm, on the borders between the finely gridded 

space and the coarsely gridded space as shown in Fig. 2.3 (c). On the contrary, 

all the lattice points of the solution space are directly calculated using the 3-D 

FDTD algorithm considering the non-uniform gridding pattern. Therefore, the 

non-uniform gridding pattern is more accurate than the subgridding pattern, 

so that the non-uniform gridding pattern has been employed for this work. 

Hence, its implementation approach is shown in Fig. 2.4 considering that the 

electromagnetic field components are along the z-axis, for instance. It is also 

worth to mention that the non-uniform gridding appears only in the computa-

tion of the electric fields and not the magnetic fields as shown in Fig. 2.4 and 

illustrated in (2.30) and (2.31), respectively. This approach is similarly applied 

to the electromagnetic fields along the x- and y-axes. Moreover, CFL stability 

condition is calculated based on the minimum values of ∆x, ∆y, and ∆z [5]. 
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(a) (b) (c) 

Fig. 2.3. Different patterns of gridding the 3-D FDTD solution space, (a) uniform gridding; (b) 
non-uniform gridding; (c) subgridding. 

 
(a) (b) 

Fig. 2.4. Computation of (a) the electric field, and (b) magnetic field along the z-axis using the 
non-uniform gridding pattern of the 3-D FDTD solution space. 

  
(2.30) 

  

(2.31) 

2.2.5 Representation of Thin Conductors and Metallic Structures 

In order to straightforwardly represent the thin conductor according to the 3-

D FDTD algorithm, the radial spatial steps of the conductor should be less 

than or equal to its radius. Undoubtedly, such representation results in an 

enormous number of cells of the solution space and also too small value of ∆t 

with respect to the LEMPs problems, thus causing irrational computation time 

and memory requirements. Consequently, the thin wire representation tech-

nique has been developed for LEMPs investigations using the 3-D FDTD 

method [15]–[18]. Fig. 2.5 shows a thin conductor along the z-axis for in-

stance, and hence, the radial spatial steps of this conductor are ∆x, ∆y. It is 
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worth to mention here that the thin wire representation technique is presented 

considering uniform gridding pattern for the four cells surrounding the con-

ductor, i.e., ∆x = ∆y = ∆s. In this technique, any conductor of a radius, a is 

represented by a conductor of an intrinsic radius, r0 that is only dependent on 

∆s. In addition, ε, μ, and σ of the adjacent cells are amended by a modification 

factor, m to take into account the actual radius, a as given by (2.32). 

 ;      ;     

 ;      
(2.32)

where ε', σ', and μ' are respectively the modified ε, σ, and μ of the adjacent cells 

to the thin wire. This modification eliminates the variation in the adjacent 

electric and magnetic fields due to changing the radius of the thin conductor 

from a to r0. It is worth to mention here that the axial electric fields along the 

thin wire are forced to be zero. 

The metallic structures of large sizes, which include Yee cells of smaller sizes, 

are simply modelled by forcing the tangential electric field components to such 

metallic structures to be zero [15], [19]. These structures are typically the me-

tallic tall towers, such as transmission, communication, and WT towers in ad-

dition to the grounding systems. 

 

 

Fig. 2.5. Thin wire representation in the 3-D FDTD algorithm. 

2.2.6 Representation of Return Stroke Channel 

For the FDTD method, the transmission line model has been used to represent 

the return stroke channel. In [23], three approaches have been presented for 

the transmission line representation of the return stroke channel. These ap-

proaches are the transmission line model without current decay (TL) [24], 

modified TL model with linear current decay (MTLL) [25], and modified TL 

model with exponential current decay (MTLE) [26] as given by (2.33). In the 

FDTD method, TL, MTLL, and MTLE models of the stroke channel are repre-

sented by a vertical array of current sources in which each current source is 
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triggered according to its height and the return stroke velocity [27], [28]. In 

this work, the simple TL model has been used to represent the return stroke 

channel. 

 ,     t ≥ (z'/v)     →    (TL model) (2.33-a) 

 ,     t ≥ (z'/v)     →     (MTLL 

model) 
(2.33-b) 

 ,     t ≥ (z'/v)     →     (MTLE 

model) 
(2.33-c) 

where t is the time increasing gradually by ∆t, z' is the height of the current 

source, so that z' = 0 represents the base of the stroke channel, v is the velocity 

of the return stroke, IRS (t) is the lightning current waveform, HRS is the height 

of the stroke channel, and λe is the exponentially current decay constant that is 

assumed to be 2000 m. Typically, v ranges between 0.33 to 0.5 of c0 [29]. Each 

current source of that vertical array is represented by the surrounding circulat-

ing magnetic field components of the adjacent cells based on Ampere’s law as 

given by (2.34) assuming that the return stroke channel is along the z-axis 

[27]. 

  
(2.34) 

2.3 Finite-Difference Time-Domain Method in Two Dimensions 

Due to the long computation time and large memory requirements of the 3-D 

FDTD method, it is worth referring to that the FDTD method can be applied 

for LEMPs studies using a 2-D algorithm in order to significantly reduce the 

computational time and storage memory requirements. However, the 2-D 

FDTD method is applied for the LEMPs problems provided that they are verti-

cally symmetrical where the stroke channel represents the axis of such vertical 

symmetry. Furthermore, the implementation of the 2-D FDTD method for 

LEMPs studies on the overhead lines requires the application of the so-called 

field-to-transmission line coupling models, such as the well-known Agrawal’s 

coupling model in order to compute the LIVs. On the contrary, the 3-D FDTD 

method doesn’t require the application of those coupling models for such 

computations. 

2.3.1 Formulation of the 2-D FDTD Algorithm 

For LEMPs studies, the 2-D FDTD method is implemented considering the 
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cylindrical coordinates rather than the Cartesian coordinates that have been 

considered for the 3-D FDTD method. Fig. 2.6 shows the distribution of the 

electric fields, Er and Ez along r- and z-axes as well as the magnetic field, Hφ 

along φ-axis on the solution plane as illustrated in [30]. Moreover, (2.35)–

(2.37) are used to update theses electromagnetic fields at each ∆t according to 

the aforementioned leapfrog arrangement. In addition, ∆t must fulfil the CFL 

condition presented in (2.21) for stable computations of the 2-D FDTD algo-

rithm. 

  
(2.35) 

  
(2.36) 

  

(2.37) 

  

 

Fig. 2.6. Electric and magnetic fields in the 2-D FDTD lattice in the cylindrical coordinates. 

2.3.2 Representation of Return Stroke Channel 

As aforementioned in subsection 2.2.6, the stroke channel is also represented 

in the 2-D FDTD method by a vertical array of current sources using the 

transmission line models given by (2.33) [23], [28]. In addition, each current 

source of this array is represented by its circulating magnetic field based on 
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Ampere’s law as given by (2.38) assuming that the return stroke channel is 

along the z-axis. 

 (2.38) 

2.3.3 Treatment of the Solution Plane Boundaries 

According to the 2-D FDTD algorithm presented in [30], the solution plane 

should be unlimited similar to the case of the 3-D FDTD method. In order to 

terminate the solution plane, the boundaries of the solution plane at both z- 

and r-axes are treated using (2.39) and (2.40) respectively as illustrated in 

[30] based on 1st Mur absorbing conditions presented in [31]. 

  
(2.39-a) 

  
(2.39-b) 

  
(2.40)

The coefficients of (2.39) and (2.40) are calculated as follows: 

, 

, 

, 

, 

where εr is the relative permittivity of the medium where the electromagnetic 

fields propagate, which could be air or soil. Equations (2.39) and (2.40) show 

how the boundary-lines, which are jmax, jmin and imax, of the solution plane are 

treated. Since the lightning channel is located along the fourth boundary-line 

that is imin owing to the vertical symmetry of the space solution, the magnetic 

fields are directly computed there according to Ampere’s law as given by 

(2.37).  
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3. Influence of the Electrical Properties 

for Ground on Lighting-Induced Volt-
ages on Overhead Lines with Special 
Emphasis to Highly Resistive Ground 

Overhead distribution lines are vulnerable to LIVs resulted by nearby return 

strokes. LIVs may cause insulation breakdowns of the distribution transform-

ers as well as flashovers on the insulators of overhead distribution lines due to 

their relatively low critical flashover voltage (CFO). As a result, interruptions 

in the power supply may be encountered due to these LIVs. Therefore, accu-

rate calculation of LIVs is indispensable for the proper evaluation of the indi-

rect lightning performance, and the appropriate design of both insulation and 

lightning protection systems of the distribution system. Thus, reinforcing the 

immunity and improving the reliability of the distribution system [32]–[43]. 

3.1 Computation of LIVs on Overhead Lines 

The matter of the LIVs computation on overhead lines has been extensively 

studied during the last few decades. This matter is basically how to calculate 

the electromagnetic fields generated from the return stroke channel and cou-

ple them to the nearby overhead line. Initially, a perfectly conducting ground 

has been assumed to simplify the problem of LIVs computation [44]–[48]. In 

fact, it has been solidly established that the finite value of σ for lossy ground 

significantly influences the lightning-horizontal electric fields impinging the 

overhead line. Therefore, the LIVs are considerably influenced by ρg [32]. So 

far, the methodologies that are employed to compute the LIVs could be classi-

fied into two main categories. For the first category [49]–[65], analytical for-

mulas are proposed to compute the time-varying magnetic and electric fields 

generated by the return stroke channel. Afterward, LIVs are computed using 

the field-to-transmission line coupling models (i.e., the telegrapher equations 

of overhead lines) based on these computed electric and magnetic fields. Re-
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cently, exact analytical solutions are proposed in [66]–[68] for both step and 

linearly rising IRS (t) whereas these solutions represent the most accurate solu-

tions of LIVs considering ρg ≤ 1 kΩm. For the second category, numerical 

techniques are employed to solve Maxwell’s electromagnetic equations in or-

der to compute the electromagnetic fields produced by the return stroke chan-

nel. Different numerical techniques are utilized for such computations such as 

MoM, HEM, FEM, and FDTD method as demonstrated in [9]. The LIVs could 

be then calculated based on these computed electric fields [69]–[75]. The nu-

merical methods solve Maxwell’s equations directly for the full wave electro-

magnetic fields considering any ρg and IRS (t) as well. The computation accura-

cy of the lightning-electromagnetic fields depends on the considered spatial 

step and so forth for such numerical methods. Therefore, the computational 

accuracy of these numerical methods can be tested by the experimental re-

sults. In addition to the analytical formulas and numerical techniques, exper-

imental investigations of lighting-induced surges have been implemented us-

ing the so-called rocket-triggered lightning flashes as shown in [76]–[78]. 

3.2 Influence of Ground Resistivity and Permittivity on LIVs Con-
sidering Different rise-rate of Lightning Current 

As aforementioned, a considerable research has been implemented for the 

investigation of LIVs and how they are influenced by ρg. In addition, it has 

been pointed out in [79] that the impedance of the ground surface has a signif-

icant influence on LIVs, particularly for high values of ρg (namely, ρg > 1 kΩm) 

and also for close distances, d between the stroke channel and the overhead 

line. However, further insights are still required for the impacts of ρg, εrg, and 

di/dt, on the ground surface impedance and subsequently LIVs, particularly 

for high ρg. Thus, two IRS (t) of the same IP and different di/dt are adopted for 

the investigation of the ground surface impedance and LIVs. In addition, two 

values of εrg, 4 and 10, are also adopted for the investigation considering a 

wide range of ρg up to 20 kΩm. Furthermore, the horizontal electric fields and 

their associated current densities are computed for these adopted values of 

di/dt, εrg, and ρg in order to analyze the impacts of di/dt, εrg, and ρg on LIVs 

more thoroughly. Additionally, the peak values of the computed LIVs, UP are 

utilized to figure out the influence of di/dt, εrg, and ρg on the dcp of the over-

head line using Darveniza’s formula. In this section, the 3-D FDTD method, 

which has been elaborated in section 2.2, is employed for the investigation. 

The 3-D FDTD algorithm is coded using MATLAB platform and its validation 

is included within publication I in the appendix. 
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3.2.1 Geometric Configuration of Solution Space 

Fig. 3.1 shows an overhead line extending over a lossy ground besides a nearby 

return stroke striking the ground surface at d from the line center. The height, 

h of this line and its radius, a are 10 m and 0.005 m respectively. Fig. 3.2 

shows the solution space in the Cartesian coordinates of the case-study pre-

sented in Fig. 3.1, whereas the overhead line and nearby return stroke are 

along the y- and z-axes, respectively. The geometric dimensions of this solu-

tion space are 918, 3382, and 1329 m in the x, y, and z-axes, respectively. The 

solution space is non-uniformly discretized into orthogonal-parallelepiped 

cells of a lateral length, ∆s equals to 1 m in the vicinity of the line and increases 

gradually to 2, 4, 8 and 16 m. ∆t is assumed to be 0.8 ns in order to satisfy the 

CFL3-D for a stable 3-D FDTD algorithm as illustrated in subsection 2.2.2. HRS 

is adopted as 989 m, whereas d = 51 m as shown in Fig. 3.2. In order to mini-

mize the reflections at the six boundary-planes of the solution space, the tan-

gential electric fields at these boundaries are treated using Liao 2nd ABC, which 

has been elaborated in subsection 2.2.3. 

 

 

Fig. 3.1. An Overhead line and a nearby return stroke over a lossy ground. 

 

Fig. 3.2. Geometric configurations of the 3-D FDTD solution space for the case study. 
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3.2.2 Representation of Overhead line and Return Stroke Channel 

The overhead line is represented following the thin wire representation tech-

nique, which has been presented in subsection 2.2.5, where a = 0.005 m and 

∆s = 1 m as aforementioned. Using the TL model illustrated in subsection 

2.2.3, the return stroke channel is represented by a vertical array of current 

sources where each source is triggered according to its z' and v that is assumed 

to be 120 m/μs as recommended in [32]. As aforementioned, two IRS (t) of the 

same IP but with different di/dt are adopted in order to manifest the impact of 

di/dt on the impedance of the ground surface and consequently, the LIVs. The 

double-exponential function given by (3.1) is used for the representation of 

both waveforms, whereas their common IP equals to 25 kA and their front/tail 

times, Ts/Tr are 1/50 and 2/100 μs resulting in a maximum di/dt, Sm of 153.6 

and 76.9 kA/μs respectively. 

 (3.1) 

Fig. 3.3 shows both IRS (t) at different z' through the stroke channel. Table 3.1 

demonstrates the coefficients of the double-exponential function, i.e., I0, T1 

and T2, that are calculated using Newton-Raphson method based on the values 

of Ts, Tr, and IP [80]. 

Table 3.1. Coefficients of the double-exponential function for both adopted IRS (t). 

Waveform I0 [kA] T1 [μs] T2 [μs] 
Fig. 3.3 (a) 25.417 70.454 0.16466 
Fig. 3.3 (b) 25.417 140.91 0.32933 

 

  
(a) (b) 

Fig. 3.3. Both adopted IRS (t) through the return stroke channel at different z'. (a) Ts/Tr = 1/50 μs 
for Sm = 153.6 kA/μs, and (b) Ts/Tr = 2/100 μs for Sm = 76.9 kA/μs. 

3.2.3 Results and Analysis of 3-D FDTD Simulations 

From the 3-D FDTD simulations, the influences of ρg, εrg, and di/dt are inves-

tigated on the LIVs on the line as well as the horizontal electric field and cur-

rent density on the ground surface under the line. The LIVs at the midpoint of 

the line are shown in Figs. 3.4 and 3.5 at different values of ρg for the adopted 

two values of each of εrg and di/dt. LIVs are calculated from the line-integral of 



 

41 
 

the vertical electric field along the z-axis, Ez from the midpoint of the line to 

the ground surface. LIVs are presented at the midpoint because it is the near-

est point on the line to the stroke channel so that it has the highest LIVs. 

 

  
(a) (b) 

  
(c) (d) 

Fig. 3.4. LIVs waveforms for ρg = 0, 0.5, 1, 1.5 and 2 kΩm at the midpoint of the overhead line. 
(a) Sm = 153.6 kA/μs and εrg = 4. (b) Sm = 153.6 kA/μs and εrg = 10. (c) Sm = 76.9 kA/μs and εrg = 
4. (d) Sm = 76.9 kA/μs and εrg = 10. 

  
(a) (b) 

  
(c) (d) 

Fig. 3.5. LIVs waveforms for ρg = 4, 8, 12, 16 and 20 kΩm at the midpoint of the overhead line. 
(a) Sm = 153.6 kA/μs and εrg = 4. (b) Sm = 153.6 kA/μs and εrg = 10. (c) Sm = 76.9 kA/μs and εrg = 
4. (d) Sm = 76.9 kA/μs and εrg = 10. 

Fig. 3.4 shows the waveforms of LIVs for ρg = 0, 0.5, 1, 1.5 and 2 kΩm where-

as Fig. 3.5 shows such waveforms for ρg = 4, 8, 12, 16 and 20 kΩm. The median 
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value of εrg increases for low values of ρg and vice versa. However, the two 

adopted values of εrg, i.e., 4 and 10 are considered for this wide range of ρg 

because there is no a specific value of εrg for a certain value of ρg but the value 

of εrg rather varies over a range as mentioned in section 1.2. Moreover, the 

purpose of this study is to investigate how the change in εrg affects LIVs for 

different values of ρg and di/dt. From Figs. 3.4 and 3.5, the influences of ρg, 

εrg, and di/dt on both UP and TP could be explored as follows: 

a) Increasing ρg causes a significant increase in UP regardless of di/dt and εrg. 

b) Increasing ρg results in longer TP. 

c) The influence of di/dt on UP is divided into two portions depending on ρg 

and εrg. Up to ρg = ρgo, the higher di/dt results in higher UP. For ρg > ρgo, the 

higher di/dt results in lower UP. The value of ρgo is dependent of εrg, where-

as ρgo ≈ 6 and 4.8 kΩm for εrg = 4 and 10, respectively as shown in Fig. 3.6. 

d) The longer Ts (i.e., the lower di/dt) is, the longer TP becomes irrespective of 

ρg and εrg. 

e) Generally, UP is negligibly influenced by εrg, particularly for ρg < 2 kΩm. It 

is deduced that UP becomes higher by decreasing εrg, whereas the influence 

of εrg on UP becomes more considerable for higher values of ρg. For in-

stance, UP increases by 3.1% and 5% due to changing εrg from 10 to 4 at Ts = 

1 μs for ρg = 2 and 10 kΩm, respectively. 

f) TP is negligibly affected by εrg for ρg < 5 kΩm. However, changing εrg from 4 

to 10 causes a significant increase in TP for ρg > 5 kΩm. For example, TP in-

creases by 40.7% and 21% for this change in εrg at ρg = 6 and 9 kΩm, re-

spectively considering Ts = 1 μs. 

 

  
(a) (b) 

Fig. 3.6. Influence of di/dt on UP for (a) εrg = 4 (b) εrg = 10. 

LIVs are substantially influenced by the induced horizontal electric fields on 

the ground surface under the overhead line [52]. Since the line and stroke 

channel are along the y- and z-axes, respectively according to Fig. 3.2, the in-

duced horizontal electric field, Ex on the ground surface under the line is com-

puted along the x-axis. Moreover, the associated current density, Jx with such 
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Ex is also computed. In fact, Jx flowing on the ground surface consists of Jxc 

and Jxd that are the conduction and displacement current densities, respective-

ly. Jxc and Jxd are directly proportional to (1/ρg)·Ex and εrg·(∂Ex/∂t), respective-

ly as illustrated in Fig. 3.7. Ex, Jxc, Jxd and Jx are computed on the ground sur-

face under the midpoint of the line using (3.2)–(3.5), respectively according to 

the 3-D FDTD algorithm where n = 0, 1, 2, 3… for the time-update of the elec-

tromagnetic fields, εg = εo·εrg is the ground permittivity, and ( ×H)x is the curl 

of the magnetic field in the x-axis. 

  (3.2) 

 (3.3) 

  (3.4) 

 (3.5) 

 

 

Fig. 3.7. Equivalent impedance of the ground surface for a cell of the 3-D FDTD solution space. 

Fig. 3.8 shows Ex waveforms on the ground surface under the midpoint of the 

line at ρg = 0.25, 5 and 10 kΩm for the adopted cases of di/dt and εrg. It is ob-

vious that the influence of ρg on Ex is quite significant irrespective of di/dt and 

εrg, whereas the influence of εrg on Ex is negligible for low values of ρg, e.g., 

0.25 kΩm. It is also noticed that the influence of di/dt on Ex is significant for 

low values of ρg, e.g., 0.25 kΩm. However, this influence of di/dt becomes less 

significant with higher ρg as noticed by comparing Figs. 3.8 (a and b) with 

Figs. 3.8 (c and d), respectively. From Fig. 3.8, it is found that the peak values 

of Ex increase by 31.6% and 30.6% with increasing di/dt at ρg = 0.25 kΩm for 

εrg = 4 and 10, respectively. In addition, the peak values of Ex increase by 2.2% 

and decrease by 1.1% with increasing di/dt at ρg = 5 kΩm for εrg = 4 and 10, 

respectively. Also, the peak values of Ex decrease by 1% and 2.4% with increas-

ing di/dt at ρg = 10 kΩm for εrg = 4 and 10, respectively. 

Fig. 3.9 shows Jx, Jxc, and Jxd waveforms computed on the ground surface 

under the midpoint of the line at ρg = 0.25 kΩm for the adopted cases of di/dt 
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and εrg. It is found from Fig. 3.9 that Jxd is negligible as compared to Jxc, par-

ticularly with εrg = 4 so that it is quite obvious that Jx ≈ Jxc. Thus, this conforms 

to the approximation of neglecting the influence of εrg as compared with ρg as 

illustrated in [52]. Additionally, it is noticed from comparing Figs. 3.9 (a and 

b) with Figs. 3.9 (c and d), respectively that Jxc increases for the higher di/dt 

owing to the aforementioned increase in Ex.  

 

  
(a) (b) 

  
(c) (d) 

Fig. 3.8. Ex waveforms on the ground surface under the midpoint of overhead line for ρg = 0.25, 
5 and 10 kΩm. (a) Sm = 153.6 kA/μs and εrg = 4. (b) Sm = 153.6 kA/μs and εrg = 10. (c) Sm = 76.9 
kA/μs and εrg = 4. (d) Sm = 76.9 kA/μs and εrg = 10. 

  
(a) (b) 

  
(c) (d) 

Fig. 3.9. Jx, Jxc and Jxd waveforms on the ground surface under the midpoint of overhead line for 
ρg = 0.25 kΩm. (a) Sm = 153.6 kA/μs and εrg = 4. (b) Sm = 153.6 kA/μs and εrg = 10. (c) Sm = 
76.9 kA/μs and εrg = 4. (d) Sm = 76.9 kA/μs and εrg = 10. 



 

45 
 

Figs. 3.10 and 3.11 are similar to Fig. 3.9 but for ρg = 5 and 10 kΩm, respec-

tively. It is inferred from Figs. 3.10 and 3.11 that Jxd becomes rather considera-

ble with the increase in ρg. Consequently, the approximation of neglecting εrg 

is not technically precise, particularly for high values of ρg. Furthermore, it is 

deduced that Jxd and subsequently Jx are sensitive to the changes in either εrg 

or di/dt. 

 

  
(a) (b) 

  
(c) (d) 

Fig. 3.10. Jx, Jxc and Jxd waveforms on the ground surface under the midpoint of overhead line 
for ρg = 5 kΩm. (a) Sm = 153.6 kA/μs and εrg = 4. (b) Sm = 153.6 kA/μs and εrg = 10. (c) Sm = 
76.9 kA/μs and εrg = 4. (d) Sm = 76.9 kA/μs and εrg = 10. 

  
(a) (b) 

  
(c) (d) 

Fig. 3.11. Jx, Jxc and Jxd waveforms on the ground surface under the midpoint of overhead line 
for ρg = 10 kΩm. (a) Sm = 153.6 kA/μs and εrg = 4. (b) Sm = 153.6 kA/μs and εrg = 10. (c) Sm = 
76.9 kA/μs and εrg = 4. (d) Sm = 76.9 kA/μs and εrg = 10. 
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Fig. 3.12 demonstrates the waveforms of the vertical electric field, Ez comput-

ed in the ten cells between the midpoint of the line and the ground surface for 

ρg = 0.25 and 10 kΩm, Sm = 153.6 kA/μs, and εrg = 10. It is worth to mention 

here that the corresponding LIVs are the sum of these Ez components 

multiplied by ∆z, that equals to 1 m. 

 

 

Fig. 3.12. Ez waveforms from the midpoint of the overhead line to the ground surface at ρg = 
0.25 and 10 kΩm, for Sm = 153.6 kA/μs and εrg = 10. (0.25 kΩm → bold line) and (10 kΩm → 
thin line) 

Fig. 3.12 shows that the change in ρg influences the Ez components that are 

close to the line while this influence becomes lesser by moving away from the 

line to the ground surface. Also, the polarity of the closest Ez component to the 

line reverses as shown by the black waveform in Fig. 3.12. According to 

Agrawal’s coupling model, LIVs on the overhead line consist of the scattered 

voltages, vsct and incident voltages, vinc [61]. The vsct are produced due to the 

scattered currents, isct. These isct are induced through the overhead line due to 

the horizontal electric fields generated by the stroke channel depending on the 

line parameters, i.e., capacitance and inductance. On the other hand, the vinc 

are only dependent on the vertical electric fields, which are generated by the 

lightning channel and computed in the absence of the line. Since Ez waveforms 

presented in Fig. 3.12 are computed in the presence of the line, they include 

both vsct and vinc. In order to distinguish between the vsct and vinc, the 3-D 

FDTD simulations are repeated after removing the line. Thus, the line integral 

of the Ez components from the position of the line to the ground surface results 

in the vinc. Hence, the vsct are calculated by subtracting these vinc from the LIVs. 

Fig. 3.13 shows the LIVs as well as the vsct and vinc for ρg = 0.25, 5 and 10 kΩm, 

Sm = 153.6 kA/μs and εrg = 10. It is inferred from Fig. 3.13 (a) that the influ-

ence of ρg on the vinc is negligible for such short d considered in the study (i.e., 

d = 51 m). On the contrary, the effect of ρg on the horizontal electric fields and 



 

47 
 

subsequently, the vsct is quite considerable as shown in Figs. 3.8 and 3.13 (b), 

e.g., changing ρg from 0.25 to 10 kΩm causes a reverse in the polarity of the 

vsct. Since the vsct are produced by the line, the influence of ρg becomes quite 

obvious on the close Ez components to the line. Also, the influence of ρg on the 

vsct that is manifested in Fig. 3.13 (b) interprets the relatively long tail of the 

computed LIVs at the high values of ρg in this study and also in [79]. 

 

   
(a) (b) (c) 

Fig. 3.13. Waveforms of (a) vinc, (b) vsct and (c) LIVs for ρg = 0.25, 5 and 10 kΩm, Sm = 153.6 
kA/μs and εrg = 10 at the midpoint of the overhead line. 

Based on the aforementioned analysis, Ex on the line is influenced by ρg, εrg, 

and di/dt and subsequently Ez between the line and ground surface is also in-

fluenced as shown in Fig. 3.12 because both Ex and Ez are the radial electric 

field components of the line. Accordingly, the observations made from Figs. 

3.4 and 3.5 regarding the effects of ρg, εrg and di/dt on the LIVs could be inter-

preted as follows: 

a) The increase in ρg causes an increase in Ex computed on the ground surface 

as shown in Fig. 3.8, and subsequently both Ex on the line and Ez between 

the line and ground surface increase as shown in Fig. 3.12. Thus resulting in 

a higher UP. 

b) The computed Jx on the ground surface is dependent on the magnetic fields, 

Hy, and Hz as depicted in Fig. 3.7, so that Jx is purely inductive when ρg = 0. 

Thereby, TP becomes short because of the fast rate of rise of LIVs for such 

purely inductive currents. For ρg > 0, Jx becomes no longer purely inductive 

so that the rate of rise of LIVs decreases, thus leading to a longer TP. 

c) The variation in the effect of di/dt on UP, which has been highlighted in Fig 

3.6, is interpreted by the change in the behavior of the ground surface im-

pedance from being inductive into capacitive. For ρg < ρgo, this behavior is 

inductive because the impact of the ρg branch shown in Fig. 3.7 is more 

prominent as compared to the εg branch. For ρg > ρgo, the behavior converts 

into capacitive where the influence of εg branch becomes more dominant as 

compared to the ρg branch. It is worth to observe that the value of ρgo is 

higher for εrg = 4 than that for εrg = 10 because the capacitive reactance is 

inversely proportional to εrg. 
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d) Since the rise-time of the incident voltages is significantly affected by Ts, 

particularly for short d as considered in this study, the longer Ts results in a 

longer TP. 

e) The decrease in εrg results in a higher transient impedance of the ground 

surface, particularly for high values of ρg, thus leading to a higher UP. 

f) As far as the behavior of ground surface impedance is inductive, the influ-

ence of εrg on TP is negligible. When this behavior converts to be capacitive 

for relatively high values of ρg, TP becomes significantly longer. 

3.2.4 Reflections of ground resistivity, permittivity and rise-rate of light-
ning current on complex depth of overhead lines 

Basically, the overhead line parameters (i.e., per-unit-length inductance and 

capacitance) are computed based on the image theory considering the ground 

surface as a perfectly conducting plane, so that the depth of the line image un-

der the ground surface equals to its height as elaborated in [81]. Due to the 

finite value of σ for the real lossy ground, an approach has been proposed in 

[82] whereas the lossy ground is represented by a perfectly conducting plane 

under a dcp from the actual ground surface. In fact, the dcp represents the pene-

tration depth of the electromagnetic fields through such lossy ground, so that 

it equals to zero (dcp = 0) for a perfectly conducting ground (σ = ∞). In [83], 

Darveniza has utilized the principle of dcp to take ρg into account in his practi-

cal extension of the well-known Rusck’s formula, which was proposed in [44] 

to calculate UP at the nearest point on the overhead line to the stroke channel 

assuming a perfectly conducting ground and a step IRS (t). This extension of 

Rusck’s formula has been implemented by adding dcp to the actual height, h of 

the overhead line as given by (3.6) where Z0 = 30 Ω, Kv = 1 + vr / √[2 - (vr)2], vr 

= v/c0, and dcp = k·√ρg whereas Darveniza has proposed that dcp is linearly 

proportional to √ρg with k-factor = 0.15. 

 (3.6) 

Based on the previously discussed influences of ρg, εrg, and di/dt on LIVs and 

lightning electromagnetic fields, the reflection of such influences on dcp of the 

overhead line is contemplated here. Consequently, this k-factor is computed 

based on the UP obtained by the 3-D FDTD method where IP = 25 kA, h = 10 

m, d = 51 m, v = 120 m/μs considering the aforementioned wide range of ρg as 

well as the adopted cases of εrg and di/dt. It is inferred from Fig. 3.14 that as-

suming the k-factor as a constant value is not sound as it exhibits an increasing 

tendency with the increase in ρg. This could be attributed to that the increase 

in ρg results in longer TP (in other words, lower frequency); and since dcp is 
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proportional to √(ρg/f) where f is the frequency [82], [83], then k-factor in-

creases with the increase in ρg. It is also figured out that the adopted cases of 

εrg and di/dt influence the k-factor whereas the transition in the behavior of 

the ground surface impedance from being inductive into capacitive is also re-

flected in Fig. 3.14. 

 

 
 

 
 

(a) (b) 

Fig. 3.14. k-factor as a function of ρg for (a) εrg = 4 (b) εrg = 10. 

3.3 Calculation of Peak Lightning-Induced Voltages due to Typi-
cal First and Subsequent Strokes with Special Emphasis to 
Highly Resistive Ground 

In section 3.2, two particular IRS (t) are adopted in order to investigate how ρg 

and εrg affect the LIVs and lightning-electromagnetic fields for different di/dt 

and equal IP. Thence, the investigation of UP due to the typical first and subse-

quent return strokes is considered in this section for more insights regarding 

the indirect lightning performance and protection studies for the overhead 

distribution lines. In addition to Darveniza’s formula given by (3.6), Paulino et 

al. have proposed another extension of Rusck’s formula for more accurate cal-

culation of UP as illustrated in [84] for a step current waveform as well. Fur-

thermore, Paulino et al. have extended Rusck’s formula to consider Ts of the 

typical first return stroke as presented in [85]. Indeed, all the proposed exten-

sions of Rusck’s formula in [83]–[85] have been conceived for ρg ≤ 1 kΩm. In 

fact, the computation of UP due to the typical first and subsequent strokes still 

needs further study, particularly for high values of ρg > 1 kΩm. In this section, 

the LIVs are computed over the range 0.25 ≤ ρg ≤ 20 kΩm using the 2-D FDTD 

method associated with Agrawal’s coupling model considering the typical first 

and subsequent strokes whose characteristics are given in [32]. Moreover, the 

influence of εrg on the LIVs is also investigated for high values of ρg and differ-

ent values of d. Based on the LIVs computations, a formula is proposed for the 

calculation of UP due to both typical first and subsequent strokes over the 

specified range of ρg. It is worth to mention here that proposing such formula 
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requires a considerably large number of FDTD simulations, so that the 2-D 

FDTD method associated with Agrawal’s coupling model has been employed 

for LIVs computations instead of the 3-D FDTD method in order to considera-

bly reduce the required simulation time. Finally, the proposed formula is ap-

plied to evaluate the indirect lightning performance for distribution lines in 

terms of the annual flashovers, FP per 100 km of the line. 

3.3.1 Geometric Configuration of Solution Plane 

Fig. 3.15 shows the geometric dimensions of the 2-D FDTD solution plane con-

sidering the cylindrical coordinates, whereas HRS is adopted as 2.5 km and d is 

variable. It is worth to mention here that the overhead line is not included in 

the 2-D FDTD solution plane, whereas the line is perpendicular to this plane as 

shown in Fig. 3.15 and the electromagnetic fields, Er, Ez and Hφ are computed 

as illustrated in section 2.3. Based on the known ∆r, d and subsequently r as 

shown in Fig. 3.16, the non-computed Er and Ez components on the overhead 

line (green-coloured points) could be projected onto the straight-line stencil 

perpendicular to the overhead line from its midpoint. Since the Er and Ez com-

ponents on that straight-line stencil (blue-coloured points) have been comput-

ed by the 2-D FDTD algorithm as they are located on the solution plane, then 

these projected Er and Ez components could be obtained by an adequate inter-

polation technique. Afterward, the horizontal electric field, Ex components on 

the overhead line could be then calculated by (3.7) from these obtained Er 

components using the interpolation technique as shown in Fig. 3.16. 

 (3.7) 

 

 

Fig. 3.15. 2-D FDTD solution plane in the cylindrical coordinates. 
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Fig. 3.16. Projection technique for the non-computed Er and Ez of the overhead line. 

3.3.2 Agrawal’s Field-to-Line Coupling Model 

So far, both Ex and Ez, which are respectively the horizontal and vertical elec-

tric fields of the line, are computed in the absence of the line. Subsequently, 

Agrawal’s field-to-line coupling model is applied to compute LIVs on the over-

head line where L, h, and a of this line are 12 km, 10 m, and 5 mm, respective-

ly. According to the Agrawal’s coupling model, the line is represented by its 

per-unit-length inductance and capacitance matrices, which are denoted by L' 

and C', using the telegrapher’s equations whereas Ex represent the excitation 

term as given by (3.8) and (3.9) assuming that the line is lossless [61]. 

 (3.8) 

 (3.9) 

In order to solve both (3.8) and (3.9) simultaneously, the 1-D FDTD technique 

is applied as illustrated in Fig. 3.17 and consequently (3.8) and (3.9) could be 

reformulated by (3.10) and (3.11), respectively. 

  (3.10)

  (3.11)

where n and i are the counters for ∆t and ∆r respectively. LIVs are then calcu-

lated by adding the computed vsct from (3.11) to the vinc computed by the line 

integral of the Ez components from the line to the ground surface as given by 

(3.12) and (3.13). The 2-D FDTD and Agrawal’s coupling model algorithms are 
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coded using MATLAB platform and the validation is presented in publication 

II in the appendix. 

  (3.12) 

 (3.13) 

 

 

Fig. 3.17. An application of the 1-D FDTD for Agrawal’s field-to-line coupling model. 

3.3.3 Representation of Typical First and Subsequent Return Strokes 
and Stroke Channel 

The return stroke channel is modelled as illustrated in subsection 2.3.2 where 

v is assumed to be 120 m/μs and hence, vr = 0.4 as recommended in [32]. The 

current waveforms of both typical first and subsequent strokes, which are de-

noted by FST and SUB respectively, are represented by Heidler’s function that 

is given by (3.14) [86]. Table 3.2 demonstrates Heidler’s coefficients for both 

FST and SUB as proposed in [87]. Fig. 3.18 presents the channel-base current 

and their time-derivatives waveforms for both FST and SUB whereas IP of both 

FST and SUB are 31.1 and 12 kA respectively, and their Sm are 24.3 and 39.9 

kA/μs, respectively conformingly to the characteristics specified in [32]. Alt-

hough the typical first stroke depicted in [32] has a double-peak, only a single-

peak waveform is considered for FST as shown in Fig. 3.18 because the availa-

ble formulas for UP calculations are conceived for IRS (t) of a single-peak. 

  (3.14-a) 

 (3.14-b) 

 

(a) (b) 

Fig. 3.18. (a) Typical first and subsequent IRS (t) through the base of return stroke channel, and 
(b) their di/dt. 
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Table 3.2. Heidler’s coefficients for both IRS (t) shown in Fig. 3.18 (a). 

Stroke FST SUB 
m 1 2 3 4 5 6 1 2 

Iom [kA] 2.8 4.8 2.9 4.1 16.7 11 10.7 6.5 
τm1 [μs] 1.2 3 4.8 6 6.6 100 0.25 2.1 
τm2 [μs] 100 100 25 60 44 600 2.5 230 
ηm 2 3 5 7 36 2 2 2 

3.3.4 Results and Analysis of 2-D FDTD Associated with Agrawal’s Cou-
pling Model Simulations 

In the simulations, ρg is varied from 0.25 to 20 kΩm whereas three cases of εrg, 

5, 10 and 20 are adopted. Recalling the electro-geometric model illustrated in 

[32], dmin is found to be 56.9 m for IP of FST whereas dmin signifies that the 

stroke channel is directly attached to the line if d < dmin. Accordingly, the simu-

lations have considered d varying from 60 to 600 m for the aforementioned 

cases of εrg and ρg. LIVs, vinc and vsct on the midpoint of the line are computed 

to investigate the influence of εrg on LIVs, particularly with high ρg for both 

FST and SUB considering different values of d. Figs. 3.19–3.21 show the com-

puted LIVs, vinc and vsct due to FST for ρg = 5, 10 and 15 kΩm respectively con-

sidering d = 60 and 360 m, for instance whereas εrg = 5, 10 and 20. Additional-

ly, Figs. 3.22–3.24 are the same as Figs. 3.19–3.21 but for SUB. From Figs. 

3.19–3.24, the following observation could be made: 

a) ρg and εrg have a quite negligible influence on vinc because vinc are computed 

from Ez as given by (3.12) whereas Ez are slightly affected by ρg and εrg, par-

ticularly for the relatively short d as in [88]. On the other hand, the increase 

in d causes a considerable decrease in the magnitude and increase in the 

rise-time of vinc irrespective of ρg and εrg. 

b) vsct are significantly affected by changing ρg regardless of d (e.g., changing 

ρg from 5 to 15 kΩm for d = 60 m causes a reverse in the polarity of vsct). 

Furthermore, the magnitude of vsct increases with decreasing εrg. This is be-

cause vsct are dependent on Ex that is considerably influenced by ρg and εrg 

as analyzed in subsection 3.2.3. The influence of εrg on vsct becomes more 

obvious for higher ρg and shorter d. In addition, the impact of εrg on vsct is 

more significant for SUB as compared to FST. On the other hand, Ex and 

subsequently, vsct are considerably influenced by varying d. 

c) UP increases for higher ρg and shorter d whereas TP increases for higher ρg 

and longer d. Furthermore, UP decreases while TP increases for the increase 

in εrg. The impact of εrg on UP and TP becomes more significant for higher 

ρg, shorter d, and also for SUB as compared to FST. 



 

54 
 

  
(a) (b) 

Fig. 3.19. LIVs, vinc and vsct waveforms on midpoint of the line due to FST at ρg = 5 kΩm, vr = 
0.4 and (a) d = 60 m; (b) d = 360 m. 

  

(a) (b) 

Fig. 3.20. LIVs, vinc and vsct waveforms on midpoint of the line due to FST at ρg = 10 kΩm, vr = 
0.4 and (a) d = 60 m; (b) d = 360 m. 

  
(a) (b) 

Fig. 3.21. LIVs, vinc and vsct waveforms on midpoint of the line due to FST at ρg = 15 kΩm, vr = 
0.4 and (a) d = 60 m; (b) d = 360 m. 

(a) (b) 

Fig. 3.22. LIVs, vinc and vsct waveforms on midpoint of the line due to SUB at ρg = 5 kΩm, vr = 
0.4 and (a) d = 60 m; (b) d = 360 m. 
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(a) (b) 

Fig. 3.23. LIVs, vinc and vsct waveforms on midpoint of the line due to SUB at ρg = 10 kΩm, vr = 
0.4 and (a) d = 60 m; (b) d = 360 m. 

  
(a) (b) 

Fig. 3.24. LIVs, vinc and vsct waveforms on midpoint of the line due to SUB at ρg = 15 kΩm, vr = 
0.4 and (a) d = 60 m; (b) d = 360 m. 

Figs. 3.25 and 3.26 show UP computed at εrg = 5 and also 20 as a percentage 

of those computed at εrg = 10 for FST and SUB respectively considering differ-

ent values of d and over the aforementioned range of ρg. From both Figs., it is 

inferred that UP decrease with higher values of εrg and vice versa. This is at-

tributed to that increasing εrg causes a decrease in the transient impedance of 

the ground surface, thus decreasing the magnitude of LIVs. As aforementioned 

in subsection 3.2.3, Jx consists of Jxc and Jxd that are dependent on ρg and εrg, 

respectively. Since Jxc decreases with higher ρg, the influence of Jxd and hence 

εrg on UP becomes more obvious. It is found from Figs. 3.25 and 3.26 also that 

the influence of εrg on UP becomes more significant with shorter d as compared 

to longer d. This is attributed to the lower time derivatives of the electromag-

netic fields with moving away from the stroke channel (i.e., with longer d) as 

could be observed from Figs. 3.19–3.24. Therefore, Jxd decreases because it is 

proportional to the time derivatives of the electric fields according to (3.4) 

based on Maxwell’s equations, thus reducing the influence of εrg on LIVs with 

longer d. The influence of εrg is more manifest for SUB with respect to FST as 

shown from Figs. 3.25 and 3.26. The reason is that di/dt of SUB is higher than 

that of FST as shown in Fig. 3.18 (b). As a result, the time derivatives of the 

electromagnetic fields produced by SUB are higher than those produced by 

FST and according to (3.4), the influence of Jxd and subsequently εrg on UP 

becomes more significant for SUB as compared to FST. 
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(a) (b) 

Fig. 3.25. Influence of εrg on UP due to FST. (a) εrg = 5; (b) εrg = 20. 

  
(a) (b) 

Fig. 3.26. Influence of εrg on UP due to SUB. (a) εrg = 5; (b) εrg = 20. 

3.3.5 A Proposed Formula for UP calculation due to both FST and SUB 

Based on the computed LIVs in subsection 3.3.4, a proposed formula is pre-

sented here to calculate UP due to the FST and SUB over the specified range of 

ρg. The proposed formula is derived based on the complex image theory that 

has been used by Darveniza to extend Rusck’s formula to count for ρg as ex-

plained in subsection 3.2.4. In [83], Darveniza has expressed dcp as a function 

of ρg only, while dcp is expressed as a function of both f and ρg for the proposed 

formula as explained in subsection 3.2.4. The computed LIVs in subsection 

3.3.4 show that TP increases with increasing ρg and d so that f decreases and 

hence dcp increases. Accordingly, dcp is expressed as a function of f and ρg by 

(3.15) where kM represents the influence of f on dcp. Since f is affected by both 

ρg and d, kM could be formulated as a function of ρg and d by (3.16). 

  (3.15) 

  (3.16) 

In order to express kM as a function of ρg and d, both ρg and d have been de-

coupled using the following procedure. 

1) Based on the computed UP considering εrg = 10 and vr = 0.4, kM is calculat-

ed for the FST and SUB as shown in Fig. 3.27; 

2) Over the aforementioned range of ρg, kM is fitted as a power function of d 

given by (3.16) where A, B, and C are the coefficients of this function; 
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3) For each value of ρg, the values of A, B and C are calculated; 

4) Finally, the calculated coefficients A, B, and C are fitted as functions of √ρg 

given by (3.17)–(3.19), respectively. 

  (3.17)

  (3.18)

  (3.19)

Thereby, the coefficients A, B, and C are calculated at a particular ρg using 

(3.17)–(3.19) and then kM could be calculated for any d using (3.16), whereas 

both ρg and d are substituted by [Ωm] and [m] respectively in (3.16)–(3.19). 

Fig. 3.27 shows that kM increases with the increase in ρg and d due to the cor-

responding decrease in f. In addition, kM increases by increasing d at any value 

of ρg, whereas kM increases by increasing ρg, particularly for relatively shorter 

d because the effect of ρg on f decreases with longer d. Finally, the proposed 

formula for UP calculation is given by (3.20) considering εrg = 10 and vr = 0.4. 

 (3.20)

 

  
(a) (b) 

Fig. 3.27. Calculated kM based on the FDTD-computed LIVs considering εrg = 10 and vr = 0.4 for 
(a) FST and (b) SUB. 

Tables 3.3 and 3.4 present the coefficients A, B and C for FST and SUB re-

spectively over the aforementioned range of ρg. Therefore, UP for both FST and 

SUB could be calculated by the same proposed formula. Regarding SUB, kM 

could be calculated within the range 3.5 < ρg < 5 kΩm using the linear interpo-

lation between both computed values of kM at 3.5 and at 5 kΩm for a certain d. 

This is because the resulted error from using (3.17)–(3.19) to calculate kM with-

in 3.5 < ρg < 5 kΩm is relatively high, whereas the linear interpolation results 

in more accurate calculation of kM as could be seen from the kM-curves in Fig. 

3.27 (b). This error appears for SUB because (3.16)–(3.19) are basically de-

rived considering FST using the curve fitting. Instead of proposing additional 

formulas for SUB, (3.16)–(3.19) could be also applied for SUB using Table 3.4, 

with applying the linear interpolation within 3.5 < ρg < 5 kΩm. 
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Table 3.3. Coefficients of (3.17)–(3.19) for FST. 

ρg [kΩm] n 1 2 3 4 

≥ 0.25 
↓ 

< 0.75 

αn 15830.63 -0.5573 7.6866 -0.0982 
βn -2.1812 -0.5282 0.558  
γn -10312.41 -0.5241 -7.3858 -0.0724 

≥ 0.75 
↓ 

< 2 

αn 64.5466 -0.2346 1.5913 -0.0474 
βn 0.1799 0.3362 -0.3687  
γn -201.2086 -0.2774 -2.9338 -0.0417 

≥ 2 
↓ 

< 5 

αn -1179.1 -0.0877 1172.18 -0.0874 
βn 0.00003 2.1632 0.1729  
γn 0.0234 0.0313 -2.4187 -0.0333 

≥ 5 
↓ 

< 10 

αn 15.5347 -0.0954 0.8364 -0.0525 
βn 0.4756 0.3283 -1.4692  
γn 0.1608 0.008 -3.8008 -0.0358 

≥ 10 
↓ 

≤ 20 

αn -17.414 -0.1094 1.6516 -0.0563 
βn 0.0012 1.2804 0.2409  
γn 0.2498 0.0054 -1.9873 -0.0242 

Table 3.4. Coefficients of (3.17)–(3.19) for SUB. 

ρg [kΩm] n 1 2 3 4 

≥ 0.25 
↓ 

< 0.75 

αn -4692.663 -0.4475 -2.9236 -0.0224 
βn -303.1974 -2.1836 -0.0912  
γn -309.665 0.0116 309.756 0.0116 

≥ 0.75 
↓ 

< 2 

αn -24.3276 -0.1646 -0.9285 0.0138 
βn -24.6376 -1.3135 0.0087  
γn 0.2812 0.03 -391.97 -0.3552 

≥ 2 
↓ 

≤ 3.5 

αn -0.7252 0.0193 0 -- 
βn 0.00001 2.4857 -0.2593  
γn 0.1724 0.0409 0 -- 

≥ 5 
↓ 

< 10 

αn 1209991300 -0.3182 5749.424 -0.1344 
βn 0.0002 1.8429 -0.4044  
γn 0.0009 0.0532 -22262.34 -0.1443 

≥ 10 
↓ 

≤ 20 

αn 5615.044 -0.1347 1.4519 -0.0875 
βn -38.3107 -0.4649 5.0551  
γn 0.1862 0.0044 -23.403 -0.0526 

 

The calculated UP using (3.20) are compared with the FDTD-computed UP 

for both FST and SUB to attest the validity of (3.20). Furthermore, the calcu-

lated UP using (3.20) are compared with those calculated using (3.21) that is 

proposed by Paulino et al. in [85] over the range ρg ≤ 1 kΩm; whereas both 

(3.20) and (3.21) are conceived considering εrg = 10 and vr = 0.4. 

 (3.21) 

Figs. 3.28 and 3.29 present the comparison between the calculated UP by 

(3.20) and those computed by the FDTD method for FST and SUB, respective-
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ly for ρg = 1, 2, 5, 10, 15, and 20 kΩm. Both Figs. show that (3.20) exhibits a 

good agreement with the FDTD computations over the specified range of ρg. 

 

  
(a) (b) 

Fig. 3.28. Calculated UP using both (3.20) and FDTD method considering FST for (a) 1, 2 and 5 
kΩm; and (b) 10, 15 and 20 kΩm. 

  
(a) (b) 

Fig. 3.29. Calculated UP using both (3.20) and FDTD method considering SUB for (a) 1, 2 and 5 

kΩm; and (b) 10, 15 and 20 kΩm. 

Fig. 3.30 demonstrates the comparison between the calculated UP due to FST 

using both (3.20) and (3.21) for ρg = 1, 2, 5 and 10 kΩm. The calculated UP 

using (3.20) exhibit a good agreement with those calculated using (3.21) at ρg 

= 1 kΩm. Fig. 3.30 shows also that both (3.20) and (3.21) agree well consider-

ing ρg ≤ 2 kΩm. For ρg > 2 kΩm, it is observed that the calculated UP by (3.21) 

become less than those calculated by (3.20), particularly for short d so that 

(3.21) is not appropriate for such case. This inaccuracy in UP calculation using 

(3.21) is attributed to that (3.21) has been derived from analytical formulas as 

illustrated in [84], [85]. The analytical formulas use the so-called Cooray–

Rubinstein approximate formula [49], [50], [52] to compute the lightning-

electromagnetic fields for the lossy ground. However, it has been found in [79] 

that the Cooray–Rubinstein formula is not appropriate to calculate the hori-

zontal electric fields at the ground surface for ρg > 1 kΩm, particularly with 

short d as this formula results in underestimation of the computed LIVs. Fig. 

3.30 shows that the calculated UP by (3.20) and (3.21) approach each other for 

ρg > 2 kΩm with increasing d. For instance, the calculated UP using (3.20) and 

(3.21) well agree for d > 180 and 300 m at ρg = 5 and 10 kΩm, respectively. 
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Fig. 3.30. Calculated UP using both (3.20) and (3.21) for FST. 

As aforementioned, (3.20) is proposed for vr = 0.4 only and since UP are af-

fected by vr [83], the effect of vr on UP is also investigated for both FST and 

SUB over 0.33 ≤ vr ≤ 0.5. Considering vr = 0.33, 0.4, and 0.5, it is found from 

the FDTD computations that the UP due to both FST and SUB increase by in-

creasing vr. Moreover, this increase in UP becomes more significant with long-

er d, while the change in UP due to varying vr is slightly affected by ρg. Fig. 3.31 

shows the UP computed at vr = 0.33 and 0.5 as a percentage to those computed 

at vr = 0.4. Since the relation between vr and UP is not significantly affected by 

ρg, the average value of the percentages calculated for all the adopted values of 

ρg is considered at a certain d as shown in Fig. 3.31. By fitting the presented 

results in Fig. 3.31, Kvr-factor is expressed in (3.22) as a function of d, whereas 

Kvr is the ratio between the UP calculated at any vr within the range 0.33 ≤ vr ≤ 

0.5 to that calculated from (3.20) at vr = 0.4. Table 3.5 gives the coefficients of 

(3.22) for both FST and SUB. 

  
(3.22) 

In [89], [90], Paulino et al. have proposed a comprehensive formula that is 

given by (3.23) for the ranges: 1 < Ts < 12 μs, 0.1 < vr < 0.5, and 0.1 < ρg < 1 

kΩm whereas {φv = 1+vr /√(2·(1-vr2)+(vr-1)2)}, {η = 150·vr· Ts /d}, and Ts is 

expressed in μs. 

 (3.23-a) 

  (3.23-b) 

  (3.23-c) 

Figs. 3.32–3.34 show the calculated UP using (3.22) and (3.23) for vr = 0.33, 

0.4, and 0.5, respectively whereas Ts is substituted by 3.8 μs inside (3.23) to be 

consistent with (3.21). It is inferred from these Figs. that the calculated UP by 
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(3.22) agree well with those computed by (3.23) for ρg ≤ 2 kΩm. It is also ob-

served that the agreement degree increases for higher vr. Furthermore, it is 

deduced from Figs. 3.30 and 3.33 that the calculated UP by (3.22) are slightly 

closer to those calculated by (3.21) as compared to (3.23). For ρg > 2 kΩm, 

Figs. 3.32–3.34 manifest that the calculated UP by (3.22) become higher than 

those calculated by (3.23) for relatively short d, while the UP calculated by both 

(3.22) and (3.23) approach each other for relatively long d. This is because 

(3.23) has been also derived from analytical formulas as the case of (3.21). 

 

  
(a) (b) 

Fig. 3.31. Influence of vr on UP. (a) FST and (b) SUB. 

Table 3.5. Coefficients of (3.22) for both FST and SUB. 

Stroke Avr1 Avr2 Avr3 Bvr1 Bvr2 Bvr3 
FST 0.1356 -1.0545 0.6436 -0.0952 -0.6369 0.1706 
SUB 1.3237 -0.2023 -0.5933 -0.653 -0.1476 0.7476 

 

 

Fig. 3.32. Calculated UP using both (3.22) and (3.23) for FST considering vr = 0.33. 

 

Fig. 3.33. Calculated UP using both (3.22) and (3.23) for FST considering vr = 0.4. 
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Fig. 3.34. Calculated UP using both (3.22) and (3.23) for FST considering vr = 0.5. 

3.3.6 Indirect Lightning Performance of Overhead Lines: An Application 
of the Proposed Formula 

The FP per 100 km of the line has been utilized to evaluate the indirect light-

ning performance of overhead lines, whereas FP is computed by (3.24) [32]. 

  (3.24) 

where Ng is the ground flash density and it is assumed to be 1 flash per km2 per 

year, i is the incremental IP of the first strokes starting from 1 up to 200 kA by 

a step of ∆i = 1 kA, Pi is the probability of a certain peak value (i.e., i), di_max is 

the d beyond which no flashovers occur due to the return strokes, and di_min is 

determined by the electro-geometric model [32]. di_max, which is the corre-

sponding d to UP = 1.5·CFO, is computed using (3.20) and (3.21) so that di_max 

and consequently, FP are dependent on both CFO and ρg [32]. The probability 

function, P that is given by (3.25) expresses the probability that IP exceeds a 

certain value (i.e., i) where I50 represents the median value of IP, that is, 31 kA 

and n is estimated to be 2.6 for the first stroke [32]. Therefore, Pi could be giv-

en by (3.26) where ∆i = 1 kA. 

 (3.25) 

 (3.26) 

The First strokes have been considered for the FP computations because the 

insulator flashovers on the distribution lines due to the subsequent strokes are 

negligible as compared to those due to the first strokes. FP is computed for ρg = 

1 and 10 kΩm over the range 50 ≤ CFO ≤ 350 kV. In addition, FP is computed 

for CFO = 150 and 350 kV over the range 1 ≤ ρg ≤ 20 kΩm. The purpose of 

such computations for FP is to illustrate the influence of both CFO and ρg on 

the resulted FP of the insulator using both (3.20) and (3.21). The limitation of 

di_max has been set to 1 km in [85] based on the assumption of [91] that the 

lightning flashes hardly result in flashovers for d > 1 km. However, two limita-

tions that are 1 and 2 km for the computed di_max by (3.20) and (3.21) are con-

sidered in this study. Using (3.20), di_max is calculated as follows: 
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1) dcp is obtained as a function of d at a specific ρg by applying (3.15)–(3.19); 

2) This obtained dcp is substituted in (3.20) and hence, (3.20) becomes only a 

function of d; 

3) di_max is then computed using (3.20) whereas UP = 1.5·CFO by applying the 

Newton-Raphson method [80]; 

4) FP could be then computed using (3.24). 

It is worth to state here that di_max is also calculated by (3.21) where UP = 

1.5·CFO using the Newton-Raphson method because both (3.20) and (3.21) are 

nonlinear functions of d. 

Fig. 3.35 shows FP for ρg = 1 and 10 kΩm over the range 50 ≤ CFO ≤ 350 kV 

whereas Fig. 3.36 shows FP for CFO = 150 and 350 kV over the range 1 ≤ ρg ≤ 

20 kΩm. FP is computed using both (3.20) and (3.21) considering di_max limita-

tions of 1 and 2 km as shown in both Figs. 3.35 and 3.36. It is observed from 

both Figs. that the increase in ρg and also the decrease in CFO cause an in-

crease in FP. Moreover, it is inferred from Fig. 3.35 that the FP computed by 

(3.20) agrees well with that computed by (3.21) at ρg = 1 kΩm. The FP comput-

ed by (3.21) approaches that computed using (3.20) to a great extent for ρg = 

10 kΩm and relatively low values of CFO as shown in Fig. 3.35. This is at-

tributed to two reasons: 1) higher values of ρg increase the probability of flash-

overs due to the lightning flashes on quite long d, and 2) Fig. 3.30 shows that 

the UP calculated by (3.21) approach those calculated by (3.20) at ρg = 10 kΩm 

for relatively long d. Fig. 3.35 shows also that adjusting the limitation of di_max 

to 1 km results in lower calculated value of FP as compared to 2 km considering 

ρg = 10 kΩm, and particularly for relatively low values of CFO. Moreover, Fig. 

3.36 shows that the FP computed with assuming di_max limitation of 1 km is 

lower than that computed with the di_max limitation of 2 km at CFO = 150 kV, 

and particularly for quite high values of ρg. In general, it is deduced from Figs. 

3.35 and 3.36 that both (3.20) and (3.21) result in a quite close evaluation of 

FP. However, the FP computed by (3.20) becomes higher than that computed 

by (3.21) for higher CFO and higher ρg because (3.21) underestimates LIVs for 

the cases of high ρg and short d. 

It could be finally inferred that the proposed formulas, (3.20) and (3.22) cal-

culate the UP due to both FST and SUB accurately over the wide range, 0.25 ≤ 

ρg ≤ 20 kΩm, for different values of d and over 0.33 ≤ vr ≤ 0.5 as well. Moreo-

ver, the proposed formulas have been successfully applied to evaluate the indi-

rect lightning performance of the overhead distribution lines. Therefore, they 

are beneficial for the insulation coordination studies and also for the lightning 

protection design of distribution lines. 
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(a) 

 
(b) 

Fig. 3.35. FP per 100 km of an overhead line due to FST at ρg = 1 and 10 kΩm considering 
di_max limitation of (a) 1 km; (b) 2 km. 

 
(a) 

 
(b) 

Fig. 3.36. FP per 100 km of an overhead line due to FST at CFO = 150 and 350 kV considering 
di_max limitation of (a) 1 km; (b) 2 km.  
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4. Influence of Ground Electrical Prop-

erties on Grounding Systems for 
Lightning Strokes: Application to Un-
derground Cable Systems in Wind 
Farms 

In the previous chapter, the influence of ρg and εrg has been investigated on the 

lightning-electromagnetic fields and LIVs on overhead distribution lines due 

to nearby return stroke using the FDTD method. This chapter studies the in-

fluences of ρg and εrg as well as the horizontal stratification of the ground on 

the GPR and Zg of a grounding system using the 3-D FDTD method. In addi-

tion, this study is further extended to investigate the lightning-electromagnetic 

disturbances on the cable system of an onshore wind farm where a grounded 

WT is directly struck by a lightning stroke. 

4.1 Grounding Systems as a Mean of Lightning Protection 

In fact, the grounding system is an important part that determines the effec-

tiveness of the lightning protection of the power system, particularly regarding 

direct strokes events. The grounding system consists of a buried conductor or 

connected set of conductors. Such grounding systems could be connected to 

the base of the tall objects such as communication, transmission, and WT tow-

ers; or used to ground the electrical equipment such as transformers, shield 

wires, and surge arresters [81]. The lower value of Zg is, the more efficient 

grounding systems become. Thereby, the ideal Zg should be zero. However, 

achieving Zg = 0 is practically impossible due to the finite value of σ for the real 

lossy ground. Consequently, investigating the impact of ρg and εrg on the GPR 

and subsequently, Zg of the grounding system is important to ensure its effec-

tiveness as a lightning protection [92]. Poor grounding systems having high 

GPR and Zg may cause back flashovers across the insulators of the overhead 

lines and also backflow surges through the surge arresters [93], [94]. 
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4.2 Electric Field Distribution, GPR, and Zg of a Directly Struck 
Grounding System by a Lightning Stroke 

The distribution of the vertical electric fields, Ez and the horizontal electric 

fields, Ex is investigated for a grounding system that is directly struck by a 

lightning stroke. Two configurations of the grounding system and two IRS (t) 

are considered as well for the investigation of the GPR and Zg. 

4.2.1 Grounding System Configuration 

Fig. 4.1 shows the 3-D diagram for the two configurations of the grounding 

system. The first configuration consists of a 3-D grid-connected conductors as 

shown in Fig. 4.1 (a) while the second configuration is the same as the first one 

with adding four vertical grounding electrodes to the four bottom corners of 

this grid-connected conductors as shown in 4.1 (b). Fig. 4.2 shows the geomet-

ric dimensions of both configurations shown in Fig. 4.1, where the volume of 

the 3-D grid-connected conductors is 12×12×4 m3, while each one of the four 

grounding electrodes consists of a set of vertical conductors having 4 m length 

and connected together over 0.46 m radius. The surface of the grid-connected 

conductors is exactly at the same height of as ground surface where the light-

ning stroke is applied to the center of that surface as shown in Figs. 4.1 and 

4.2. Furthermore, Figs. 4.1 and 4.2 show that the impact of horizontal stratifi-

cation of the ground is also incorporated for the investigation of Ez, Ex, GPR 

and Zg where the depth of the upper ground layer is assumed to be 20 m, and 

the lower layer is extended to the bottom of the solution space. Three values of 

ρg, i.e., 160, 800 and 4000 Ωm and also three values of εrg, i.e., 5, 10 and 20 

are adopted for this study. 

 

  
(a) (b) 

Fig. 4.1. 3-D configuration of the directly struck grounding system (a) without the vertical 
grounding electrodes, (b) with the vertical grounding electrodes. 



 

67 
 

 
(a) (b) 

Fig. 4.2. Geometric dimensions for the elevation and plan views of the grounding system con-
figurations shown in Fig. 4.1 (a) without grounding electrodes, (b) with grounding electrodes. 

4.2.2 Current Waveforms of the Applied Lightning strokes 

Fig. 4.3 shows the two IRS (t) that are used for this study as well as their time-

derivatives. These waveforms represent the first and subsequent strokes pre-

sented in [95] whereas they are modelled by Heidler’s function given by (3.14) 

and Table 4.1 demonstrates their Heidler’s coefficients. 

 

  
(a) (b) 

Fig. 4.3. (a) IRS (t) of the first and subsequent strokes striking the grounding system, and (b) 
their di/dt. 

Table 4.1. Heidler’s coefficients for both first and subsequent strokes shown in Fig. 4.3 (a). 

Return stroke m Iom [kA] τm1 [μs] τm2 [μs] nm 
First 1 28 1.8 95 2 

Subsequent 
1 10.7 0.25 2.5 2 
2 6.5 2.1 230 2 
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4.2.3 Dimensions of the Solution Space 

The dimensions of the solution space are (2×740) · (2×740) · (420+1700) m3 

in the x-, y- and z- axes respectively. The total depth of ground is 420 m along 

the z-axis as shown in Fig. 4.2, whereas HRS is adopted as 1700 m along the z-

axis and this channel is symmetrical toward both the x- and y- axes as could be 

inferred from Figs. 4.1 and 4.2. The solution space is non-uniformly discre-

tized starting from ∆s = 2 m then increased gradually to 4, 8, 16, 32 and 64 m 

where the fine discretization of 2 m starts from x = 700 m, y = 700 m and z = 

380 m to 780 m, 780 m, and 460 m, respectively. Thus, the grounding system 

exists in the finely discretized volume. The electromagnetic fields are comput-

ed as elaborated in subsection 2.2.4 whereas the boundaries of the solution 

space are treated using Liao 2nd ABC as illustrated in subsection 2.2.3. 

4.2.4 Representation of Grounding System and Lightning Channel 

As illustrated in subsection 2.2.5, the grounding system is represented by forc-

ing the tangential electric field components to zero according to its dimensions 

as shown in Fig. 4.2 as. The stroke channel is represented by a vertical array of 

current sources as elaborated in subsection 2.2.6 where the adopted current 

waveforms are shown in Fig. 4.3. 

4.2.5 Vertical and Horizontal Electric Fields Distribution on the Struck 
Grounding System 

Both Ez and Ex on the directly struck grounding system are computed consid-

ering both homogenous and horizontally stratified ground whereas the con-

tour plot is presented here in order to display the distribution of Ez and Ex as 

shown in Figs. 4.4–4.9. These contour plots of Ez and Ex are displayed on the 

x-z plane that includes the stroke channel (i.e., the plane of y = 740 m) where-

as these plots are bounded from x = 700 to 780 m and from z = 380 to 420 m. 

It is worth to mention here that z = 420 m represents the ground surface as 

well as the grounding system surface. Furthermore, these contour plots are 

presented considering the first stroke and at t = 10 μs. 

Fig. 4.4 shows the contour plot of Ez and Ex for the grounding system config-

uration shown in Fig. 4.1 (a) considering a homogenous ground where ρg1 = ρg2 

= 800 Ωm and εrg = 10. Fig. 4.5 is the same as Fig. 4.4 but for the grounding 

system configuration shown in Fig. 4.1 (b). From Figs. 4.4 and 4.5, it is in-

ferred that the additional grounding electrodes cause a decrease in the magni-

tude of both Ez and Ex. In addition, it could be also deduced from Figs. 4.4 and 

4.5 that vertical grounding electrodes play a role in scattering the injected cur-
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rent deeply in the ground, thus reducing the GPR and subsequently Zg. Thus, 

improving the effectiveness of the grounding system. 

 

  
(a) (b) 

Fig. 4.4. Contour plot of (a) Ex and (b) Ez under the ground surface at y = 740 m plane, t = 10 μs 
for a grounding system without grounding electrodes and ρg1 = ρg2 = 800 Ωm. 

  
(a) (b) 

Fig. 4.5. Contour plot of (a) Ex and (b) Ez under the ground surface at y = 740 m plane, t = 10 μs 
for a grounding system with grounding electrodes and ρg1 = ρg2 = 800 Ωm. 

  
(a) (b) 

Fig. 4.6. Contour plot of (a) Ex and (b) Ez under the ground surface at y = 740 m plane, t = 10 μs 
for a grounding system without grounding electrodes and ρg1 = 160 Ωm, ρg2 = 4000 Ωm. 

  
(a) (b) 

Fig. 4.7. Contour plot of (a) Ex and (b) Ez under the ground surface at y = 740 m plane, t = 10 μs 
for a grounding system with grounding electrodes and ρg1 = 160 Ωm, ρg2 = 4000 Ωm. 
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(a) (b) 

Fig. 4.8. Contour plot of (a) Ex and (b) Ez under the ground surface at y = 740 m plane, t = 10 μs 
for a grounding system without grounding electrodes and ρg1 = 4000 Ωm, ρg2 = 160 Ωm. 

  
(a) (b) 

Fig. 4.9. Contour plot of (a) Ex and (b) Ez under the ground surface at y = 740 m plane, t = 10 μs 
for a grounding system with grounding electrodes and ρg1 = 4000 Ωm, ρg2 = 160 Ωm. 

Fig. 4.6 shows the contour plot of Ez and Ex for the grounding system config-

uration shown in Fig. 4.1 (a) considering a horizontally stratified ground where 

ρg1 = 160 Ωm and ρg2 = 4000 Ωm, assuming εrg = 10 for both layers. Fig. 4.7 is 

the same as Fig. 4.6 but for the grounding system configuration shown in Fig. 

4.1 (b). Figs. 4.8 and 4.9 are the same as Figs. 4.6 and 4.7, respectively but 

considering ρg1 = 4000 Ωm and ρg2 = 160 Ωm, assuming εrg = 10 for both lay-

ers. In Figs. 4.6–4.9, the depth of both upper and lower ground layers equals 

to 20 m. The same observations made from both Figs. 4.4 and 4.5 regarding 

the vertical grounding electrodes could be also inferred from Figs. 4.6 and 4.7 

in addition to 4.8 and 4.9. Furthermore, it could be inferred from Figs. 4.6–4.9 

that both boundary conditions are fulfilled at the boundary between the upper 

and lower layer of the ground, where this boundary is on the x-y plane as illus-

trated in Figs. 4.1 and 4.2. The first boundary condition states that the tangen-

tial electric field components at that boundary are continuous, i.e., Ex1 = Ex2 

where Ex1 = (Jxc1·ρg1) and Ex2 = (Jxc2·ρg2) are the electric fields along the x-axis 

at the boundary between the upper and lower layers of the ground, respective-

ly. In fact, Kirchhoff’s voltage law is the representative of this boundary condi-

tion. The second boundary condition states that the normal current density 

components at that boundary are continuous, i.e., Jzc1 = Jzc2 where Jzc1 = 

(Ez1/ρg1) and Jzc2 = (Ez2/ρg2) are the current density along the z-axis at the 

boundary between the upper and lower layers of the ground respectively. In 
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fact, Kirchhoff’s current law is the representative of this boundary condition. 

4.2.6 Ground Potential Rise and Transient Grounding Impedance of the 
Struck Grounding System 

As aforementioned, the effectiveness of a grounding system is substantially 

dependent on GPR due to the injected surge current and subsequently its Zg. 

According to the 3-D FDTD method, the GPR is computed by the line integral 

of the horizontal electric fields at the ground surface starting from the ground-

ing system to one of the two x-z plane or the two y-z plane boundaries of the 

solution space as clarified in Fig. 4.1 and given by (4.1) whereas x0 represents x 

at the grounding system and xb represents x at that x-z plane boundary of the 

solution space. In addition, Zg is the ratio of GPR to the injected surge current 

into the grounding system as given by (4.2). 

  (4.1)

 (4.2)

 

 

 

 

 
(a) (b) 

Fig. 4.10. GPR and Zg with ρg1 = ρg2 = 160 Ωm for the (a) first and (b) subsequent strokes. 

Figs. 4.10–4.12 show the computed GPR and Zg considering a homogenous 

ground of ρg = 160, 800, and 4000 Ωm, respectively for both first and subse-

quent strokes. It is observed from Figs. 4.10–4.12 that the vertical grounding 

electrodes result in lower GPR and subsequently lower Zg. In addition, it is 

observed that the impact of εrg on GPR and Zg becomes more considerable 

with increasing ρg so that it is quite negligible for ρg = 160 Ωm while it is rela-

tively significant for ρg = 4000 Ωm as shown in Figs. 4.10 and 4.12, respective-

ly. It is also found that εrg affects the initial transient state of the computed 
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GPR and Zg waveforms where the lower value of εrg results in a higher rise-rate 

of GPR and subsequently, a higher value of Zg during its transient state. How-

ever, these GPR and Zg waveforms become only dependent on ρg after this 

transient state as shown in Fig. 4.12. In fact, the computed waveforms of GPR 

depend on the waveform of the injected surge current through the grounding 

system. However, the computed waveforms of Zg are initially influenced by the 

surge current waveform during their transient state, while the Zg waveforms 

computed due to different surge current waveforms converge to the same 

magnitude after the initial transient state as observed from Figs. 4.10–4.12 

depending only on ρg. 

 

 

 

 

 
(a) (b) 

Fig. 4.11. GPR and Zg with ρg1 = ρg2 = 800 Ωm for the (a) first and (b) subsequent strokes. 

 

 

 

 
(a) (b) 

Fig. 4.12. GPR and Zg with ρg1 = ρg2 = 4000 Ωm for the (a) first and (b) subsequent strokes. 
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(a) (b) 

Fig. 4.13. GPR and Zg with ρg1 = 160 Ωm and ρg2 = 4000 Ωm for the (a) first and (b) subsequent 
strokes. 

 

 

 

 
(a) (b) 

Fig. 4.14. GPR and Zg with ρg1 = 4000 Ωm and ρg2 = 160 Ωm for the (a) first and (b) subsequent 
strokes. 

Fig. 4.13 shows the computed GPR and Zg considering a horizontally strati-

fied ground of ρg1 = 160 Ωm, and ρg2 = 4000 Ωm for both first and subsequent 

strokes. Fig. 4.14 is the same as Fig. 4.13 but with ρg1 = 4000 Ωm, and ρg2 = 

160 Ωm. The influence of the horizontal stratification of the ground on GPR 

and Zg could be interpreted by how the reflected electric fields at the boundary 

between the upper and lower layers of the ground affect the electric fields in 

the upper layer as shown in Figs. 4.6–4.9. Unlike the homogenous ground 

case, it is found from Fig. 4.13 that the influence of the vertical grounding elec-

trodes becomes negligible and that could be interpreted as follows: Since ρg1 is 

much lower than ρg2 and as Ex1 = Ex2 at the boundary between the two layers of 
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the ground to fulfil the boundary conditions, Jxc1 = (Ex1/ρg1) is much higher 

than Jxc2 = (Ex2/ρg2). On the other hand, Jzc1 = (Ez1/ρg1) is equal to Jzc2 = 

(Ez2/ρg2) at the boundary between the two layers of the ground to fulfil the 

boundary conditions. Therefore, most of the injected surge current through 

the grounding system tends to flow horizontally through the upper layer of the 

ground resulting in: 1) reducing the effectiveness of the vertical grounding 

electrodes, and also 2) higher GPR and subsequently higher Zg as compared to 

the case shown in Fig. 4.10. The influence of the vertical grounding electrodes 

on GPR and Zg is enhanced for the horizontally stratified ground case shown in 

Fig. 4.14 as compared to the homogeneous ground case. In contrast to the case 

shown in Fig. 4.13, as ρg1 is much higher than ρg2 beside that Ex1 = Ex2 at the 

boundary between the two layers of the ground, Jxc1 = (Ex1/ρg1) is much lower 

than Jxc2 = (Ex2/ρg2). On the other hand, Jzc1 = (Ez1/ρg1) is equal to Jzc2 = 

(Ez2/ρg2) at the boundary between the two layers of the ground. Therefore, 

most of the injected surge current through the grounding system tends to flow 

vertically toward the lower layer of the ground resulting in: 1) enhancing the 

effectiveness of the vertical grounding electrodes, and also 2) lower GPR and 

subsequently lower Zg as compared to the case shown in Fig. 4.12. 

4.3 Lightning Electromagnetic Disturbances on Underground 
Cable System in Wind Farm because of a Direct Stroke to a 
Grounded Wind Turbine 

Since the WTs are vulnerable to lightning strokes because of their heights and 

long blades, the influence of lightning strokes in wind farms has been consid-

erably studied as well as the potential protection techniques against such 

strokes [96]. For instance, the backflow surge through surge arresters has been 

investigated due to the high GPR on the grounding system of the struck WT in 

[94], [97], [98]. Due to the fundamental role of the grounding system of WTs 

for the lightning protection in wind farms, the GPR and Zg have been investi-

gated considering different configurations for these grounding systems using 

the 3-D FDTD method [99]. 

In wind farms, the underground cables are essential because they link the 

generated energy to the power system. A considerable amount of research has 

investigated the transient electromagnetic fields on the underground cables 

due to lightning strokes. Lightning-induced currents and voltages have been 

studied for underground shielded transmission lines [100]. Bare-buried wires 

above underground cables have been investigated as a lightning protection 

scheme for the cables [101]. The breakdown path has been predicted between 
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an underground cable and the point of a lightning stroke on the ground using a 

2-D electric field simulation [102], [103]. The propagation characteristics of 

electromagnetic waves have been investigated for an underground bare con-

ductor using field measurements [104]. The distribution of surge currents has 

been studied for a struck grounding system and its connected coated/uncoated 

cable sheaths [105]. A mathematical approximation has been presented for the 

computation of lightning-induced currents and voltages on the sheath of an 

underground cable, and also validated by experimental tests [106], [107]. Us-

ing the FEM, lightning-induced currents through an underground cable sheath 

have been computed considering the soil dispersive parameters [108], whereas 

both vertically and horizontally stratified grounds have been considered for 

such study [109], [110], respectively. Moreover, the lightning-induced current 

through the sheath of an underground cable has been computed considering a 

horizontally stratified ground using an analytical time-domain formula [111]. 

The lightning-induced current through the sheath of a buried cable has been 

computed using a two-step FDTD method [112]. 

Since the WTs are vulnerable to lightning strokes and as their grounding sys-

tems substantially influence the impinging lightning-electromagnetic disturb-

ances, the lightning currents and their associated electric fields are computed 

for the sheath of an underground cable in the wind farm due to first return 

strokes striking a WT. A piped underground cable is modelled according to 

thin conductor representation presented in subsection 2.2.5, whereas two cas-

es are considered for the position of the struck WT in this study. Moreover, 

two values of each of ρg, εrg and Ts are adopted for the study to investigate their 

influences on the computed lightning currents and electric fields for the cable 

sheath. The effect of connecting the grounding systems of the WTs via bare 

underground wires, called as a counterpoise, is also studied on the mitigation 

of these computed currents and electric fields. 

4.3.1 Geometric Configuration of the Solution Space 

Fig. 4.15 shows the geometric dimensions of the case study in the Cartesian 

coordinates. It consists of three WTs that are WT-1, WT-2, and WT-3 associat-

ed with their grounding systems whereas WT-2 is directly struck by a lightning 

stroke. The shown underground cable in Fig. 4.15 is used to transmit the gen-

erated energy to the power system, whereas its sheath is solidly connected to 

the grounding systems of the WTs and its depth is considered as 1.2 m. The 

dimensions of the solution space for the 3-D FDTD method are respectively 

642, 2109.6, 1164.3 m in x-, y-, z-axes, whereas the WT towers and lightning 
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stroke are along the z-axis and the underground cable is along the y-axis. Fur-

thermore, the stroke channel is symmetrically located toward both the x- and 

y-axes where HRS is adopted as 742.5 m. In addition, the depth of the soil is 

348.6 m. The solution space is non-uniformly discretized as ∆s = 0.6 m then 

increased to 1.2, 2.4, 4.8, 9.6, and 13.5 m according to the non-uniform 

gridding pattern shown in [113]. ∆t is assumed to be 1 ns to fulfil the CFL3-D 

given by (2.22) for stable FDTD algorithm, whereas the boundaries of the solu-

tion space are treated by Liao 2nd ABC as illustrated in subsection 2.2.3. 

 

 

Fig. 4.15. Geometric configuration of the case study in the Cartesian coordinates. 

Two cases of WT-2 position are considered with respect to the underground 

cable that are the midpoint and endpoint cases. For the midpoint case, WT-2 is 

in the mid-distance between WT-1 and WT-3 as shown in Fig. 4.15. For the 

endpoint case, WT-3 is removed so that WT-2 becomes the last WT in the row. 

Both midpoint and endpoint cases are conceived for this study according to 

the construction of wind farms. The wind farm is composed of rows whereas 

each row consists of an underground medium voltage cable connecting the 

transformers of the wind turbines included in this row. The 3-D FDTD simula-

tions are conducted considering ρg = 500 and 3000 Ωm, and εrg = 12 and 3; Ts 

= 1.2 and 3 μs for the adopted first strokes that strike WT-2. 

4.3.2 Representation of Piped-Underground Cable and Bare-
Underground Wire 

Fig. 4.16 (a) shows the cross section of an underground cable sheath coated by 

a polyvinyl chloride (PVC) jacket and put inside a PVC pipe. The penetration 

depth of the electromagnetic fields through the sheath is assumed to be less 
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than its thickness so the cable core is not considered in the model as the cable 

is modelled by a cylindrical conductor of the sheath radius as in [106]. As 

elaborated in subsection 2.2.5, the four adjacent cells to the cable sheath 

should be from a single material in order to model it using the thin wire repre-

sentation. However, two materials (air and PVC) are included in those four 

cells as shown in Fig. 4.16 (a). The equivalent circuit from the cable sheath to 

the PVC pipe surface could be represented as shown in Fig. 4.16 (b). Since σ of 

both air and PVC is very low, this equivalent circuit could be then approximat-

ed to three series capacitances. Thus, (4.3) is employed to calculate the equiva-

lent relative permittivity, εreq that is used for the FDTD computations of the 

four adjacent electric field components shown in Fig. 4.16 (a). 

  (4.3)

εrPVC = 3, εrAir = 1 are the relative permittivity of PVC and air respectively, a = 

0.0575 m is the radius of the cable sheath, b = 0.0631 m is the radius over the 

PVC jacket, t' = 0.01 m is the thickness of the PVC pipe, and ∆s = 0.6 m is the 

cell size adjacent to the sheath. Accordingly, the calculated εreq will be 1.0322. 

The counterpoise radius is assumed as 5 mm, whereas its depth is 0.6 m. The 

cable sheath and counterpoise are modelled using the thin conductor repre-

sentation presented in subsection 2.2.5. The 3-D FDTD model of the cable 

sheath is validated using the experimental measurements of [107] as presented 

in publication VI in the appendix. 

 

  
(a) 

(b) 

Fig. 4.16. Representation of piped underground cable (a) cross section of the cable sheath (b) 
equivalent circuit of the shunt capacitance and leakage resistance over the cable sheath. 

The underground cable system consists of four sections as shown in Fig. 4.15. 

Two sections extend between the grounding systems of WT-1, WT-2, and WT-

3 whereas the sheath terminations of these sections are solidly connected to 

the grounding systems. The other two sections start from the grounding sys-
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tems of WT-1 and WT-3 and extend to the two xz-plane boundaries. This de-

scription is given for the midpoint case. For the endpoint case, the cable has 

only two sections as the sheath terminations of the first section are connected 

to the grounding systems of WT-1 and WT-2, and the second section starts 

from the grounding system of WT-1 and extends to the left xz-plane boundary. 

4.3.3 Grounded Wind Turbine and Lightning Stroke Representation 

Recalling the WT configuration used in [94], [97], the diameter and height, HT 

of that WT tower are 6 m and 60 m, respectively. WT towers could be mod-

elled as vertical conductors because the steel represents the essential material 

in their construction [114]. Consequently, the model adopted for the WT tow-

ers is the same as the transmission tower model presented in [115]. The WT 

towers are modelled as rectangular parallelepiped conductors of a cross-

sectional area and HT of 6×6 m2, and 60 m (≈ 59.7 m due to the values of ∆s), 

respectively by forcing the tangential electric fields to zero. Similarly, the 

grounding systems of the WTs are modelled according to their dimensions 

depicted in Fig. 4.15. 

 

  
(a) (b) 

Fig. 4.17. (a) IRS (t) for the two adopted first strokes striking the top of WT-2, and (b) their di/dt. 

Table 4.2. Coefficients of the double-exponential function for both adopted IRS (t). 

Waveform I0 [kA] T1 [μs] T2 [μs] 
Ts = 1.2 μs, or Sm = 247.5 kA/μs 51.012 70.107 0.205 

Ts = 3 μs, or Sm = 88.2 kA/μs 51.907 95.814 0.585 

 
The base of stroke channel is located on the WT-2 top, whereas this channel 

is represented using the TL model as illustrated in subsection 2.2.6. Fig. 4.17 

shows the two adopted IRS (t) for the study and their di/dt. Both IRS (t) have the 

same IP = 50 kA and two Ts/Tr = 1.2/50 and 3/70 μs, and they are represented 

by the double-exponential function given by (3.1) whereas their coefficients are 

computed by the Newton-Raphson method [80] and given in Table 4.2. Since 

the stroke channel is represented as a vertical array of current sources above 

WT-2, the characteristic impedance, Zc of the WT tower are computed from 
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the 3-D FDTD simulations to show that Zc is sufficiently lower than the equiva-

lent impedance, Zlc of the lightning channel that ranges from 600 to 2500 Ω as 

presented in publication VI in the appendix. It is also deduced from the com-

puted Zc that it is not only dependent on the dimensions of the WT tower but 

also on Ts as Zc increases for shorter Ts while Zc is not affected by ρg and εrg. 

4.3.4 Results and Analysis of 3-D FDTD Simulations 

The results of 3-D FDTD simulations are analyzed to investigate the influences 

of Ts, ρg and εrg on the lightning current through the cable sheath and the asso-

ciated radial electric field due to a lightning stroke to WT-2 considering both 

midpoint and endpoint cases. Furthermore, the influence of using the coun-

terpoise on the mitigation of this lightning current and associated electric field 

has been studied. The investigated lightning current through the cable sheath 

and its associated radial electric field are respectively denoted by Iy and Ex, and 

computed at four points, M1, M2, M3, and M4 as shown in Fig. 4.15. The 

points M1, M2, and M3 are respectively the beginning, middle, and end of the 

cable section extending between the grounding systems of WT-2 and WT-1 

whereas M4 is the beginning of the cable section extending between the 

grounding systems of WT-1 and the left xz-plane boundary. Fig. 4.18 shows the 

electromagnetic fields on the cable sheath illustrating the azimuthal magnetic 

fields for both Ex and Ey. According to Yee algorithm for the 3-D FDTD meth-

od, Ex is surrounded by 2-Hy and 2-Hz components whereas Ey is surrounded 

by 2-Hx and 2-Hz. Thereby, Iy is computed by the closed-loop line integral for 

the four circulating magnetic fields around the sheath as given by (4.4). 

  
(4.4)

 

 

Fig. 4.18. Lightning electromagnetic fields on the sheath of the underground cable. 

The current waveforms, IBase through the tower base of WT-2 considering the 

midpoint case is shown in Fig. 4.19 where it is observed that Ts and ρg affect 

those waveforms. In addition, Fig. 4.19 shows that the magnitude of IBase be-



 

80 
 

comes slightly higher when the counterpoise exists. This is because the coun-

terpoise reduces the equivalent Zg so that the IBase is exposed to lesser attenua-

tion at the base of WT-2 tower. Moreover, Fig. 4.19 shows also that the peak 

value of IBase is higher for ρg = 500 Ωm as compared to 3000 Ωm because IBase 

experiences lesser attenuation for the lower value of ρg. 

Figs. 4.20 and 4.21 show the waveforms of Iy and Ex computed at M1, M2, M3 

and M4 for ρg = 500 and 3000 Ωm, respectively considering εrg = 12, Ts = 1.2 

μs, and the midpoint case. Figs. 4.20 and 4.21 show that the amplitude of both 

Iy and Ex increases for the higher ρg. In addition, the propagating electromag-

netic fields through the sheath of the cable sections are exposed to successive 

reflections at the grounding systems of the WTs. These reflections are caused 

due to the difference between Zg and the characteristic impedance of the cable 

sheath and accordingly, the highest Ex has been found at M2. 

 

  
(a) (b) 

Fig. 4.19. Computed waveforms of IBase for midpoint case, (a) without counterpoise; (b) with 
counterpoise. 

 

 

 

 
(a) (b) 

Fig. 4.20. Computed waveforms of Ex and Iy for ρg = 500 Ωm, εrg = 12, Ts = 1.2 μs, and the 
midpoint case (a) without counterpoise; (b) with counterpoise. 

It is found that both Ex and Iy are mitigated due to the counterpoise as shown 
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in Figs. 4.20 and 4.21. In Fig. 4.21 (a), the peak value of Ex computed at M2 

exceeds 30 kV/cm which may sufficiently result in electric discharges in the air 

inside the PVC pipe [116]. Certainly, this peak value of Ex will be more severe 

for lightning strokes having IP > 50 kA. Thus, the PVC jacket and the pipe of 

the cable sheath will be exposed to severe electrical stresses and subsequently, 

the cable performance will deteriorate. Therefore, it could be deduced that the 

counterpoise is important to protect the underground cables in wind farms 

against lightning strokes, particularly for quite high values of ρg. 

 

 

 

 

 
(a) (b) 

Fig. 4.21. Computed waveforms of Ex and Iy for ρg = 3000 Ωm, εrg = 12, Ts = 1.2 μs, and the 
midpoint case (a) without counterpoise; (b) with counterpoise. 

  

(a) (b) 

Fig. 4.22. Computed waveforms of Ex and Iy for ρg = 500 Ωm, εrg = 12, Ts = 3 μs, and the mid-
point case (a) without counterpoise; (b) with counterpoise. 
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(a) (b) 

Fig. 4.23. Computed waveforms of Ex and Iy for ρg = 3000 Ωm, εrg = 12, Ts = 3 μs, and the mid-
point case (a) without counterpoise; (b) with counterpoise. 

Figs. 4.22 and 4.23 are the same as Figs. 4.20 and 4.21, respectively, but for 

Ts = 3 μs. It is observed from Figs. 4.20–4.23 that the amplitude of Ex decreas-

es for the longer Ts. On the contrary, the amplitude of Iy increases for the long-

er Ts for ρg = 500 Ωm. However, this increase in Iy for the longer Ts is negligi-

ble for ρg = 3000 Ωm. Additionally, Figs. 4.22 and 4.23 show that the counter-

poise results in a significant mitigation for both Ex and Iy. 

Table 4.3. Peak values of Ex in [kV/cm] computed at M2 for the midpoint case. 

Ts (μs) ρg (Ωm) εrg 
Counterpoise 

without with 

1.2 
500 

12 12.28 7.138 
3 12.71 7.288 

3000 
12 31.59 12.96 
3 35.61 14 

3 
500 

12 8.546 4.687 
3 8.793 4.769 

3000 
12 25.52 8.8 
3 27.81 9.514 

 
As far as εrg is concerned, it is inferred from the 3-D FDTD simulations that 

changing εrg has no significant influence on the computed waveforms of Ex and 

Iy. Therefore, the influence of εrg is investigated here on the peak values of Ex. 

Table 4.3 demonstrates the peak values of Ex computed at M2 that has the 

highest electric stresses as shown Figs. 4.20–4.23 for the midpoint case. Table 

4.3 shows that the influence of decreasing εrg from 12 to 3 on the peak values 

of Ex computed at M2 is quite slight for ρg = 500 Ωm. On the other hand, this 
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decrease in εrg results in a higher peak value of Ex considering ρg = 3000 Ωm, 

e.g., the peak value of Ex increases by 12.73% and 9% for Ts = 1.2 and 3 μs, re-

spectively. Moreover, the impact of the counterpoise on the mitigation of Ex is 

dependent on both Ts and ρg, while it is quite independent on εrg. For instance, 

the peak value of Ex decreases by 42.27% and 59.84% for ρg = 500 and 3000 

Ωm, respectively considering Ts = 1.2 μs, while it decreases by 45.48% and 

65.66% for ρg = 500 and 3000 Ωm, respectively considering Ts = 3 μs. There-

fore, it could be deduced that the mitigation of Ex due to the counterpoise is 

more significant for higher ρg and longer Ts. 

Fig. 4.24 shows IBase for the endpoint case whereas the magnitude of IBase is 

slightly lower for the endpoint case as compared to the midpoint case. This 

slight reduction in IBase is observed for the first peaks of the waveforms. How-

ever, the computed IBase waveforms for both endpoint and midpoint cases con-

verge with increasing time after these peaks. 

 

  
(a) (b) 

Fig. 4.24. Computed waveforms of IBase for endpoint case, (a) without counterpoise; (b) with 
counterpoise. 

 

 

 

 
(a) (b) 

Fig. 4.25. Computed waveforms of Ex and Iy for ρg = 500 Ωm, εrg = 12, Ts = 1.2 μs, and the 
endpoint case (a) without counterpoise; (b) with counterpoise. 
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Figs. 4.25 and 4.26 show the computed waveforms of Iy and Ex at M1, M2, 

M3, and M4 for ρg = 500 and 3000 Ωm, respectively considering εrg = 12, Ts = 

1.2 μs, and the endpoint case. Figs. 4.27 and 4.28 are respectively the same as 

Figs. 4.25 and 4.26, but for Ts = 3 μs. It is found from Figs. 4.25–4.28 that the 

influence of the increase in Ts on Ex and Iy for the endpoint case is quite similar 

to that for the midpoint case. However, the increase in Iy for longer Ts consid-

ering ρg = 3000 Ωm becomes more significant for the endpoint case as com-

pared to the midpoint case as could be inferred from Figs. 4.21, 4.23, 4.26, and 

4.28. Furthermore, Ex becomes slightly higher for the endpoint case as com-

pared to the midpoint case considering ρg = 500 Ωm, whereas Iy increases sig-

nificantly for the endpoint case with respect to the midpoint case considering 

ρg = 500 Ωm as could be inferred from Figs. 4.20, 4.22, 4.25, and 4.27. It could 

be also observed from Figs. 4.20–4.23 as well as Figs. 4.25–4.28 that the in-

crease in Ex and Iy because of the change in the position of WT-2 from the 

midpoint case to the endpoint case is rather significant for ρg = 3000 Ωm as 

compared to 500 Ωm. 

As aforementioned for the midpoint case, the peak value of Ex is higher than 

30 kV/cm for ρg = 3000 Ωm and the endpoint case as shown in Figs. 4.26 and 

4.28. In addition, the value of Iy becomes considerably high for ρg = 3000 Ωm. 

The high values of Iy could result in a high risk of failure for the main insula-

tion of the cable because of the significant temperature rise in the cable sheath. 

Consequently, the counterpoise is important to suppress these quite high cur-

rents and associated electric fields for the sheath of the underground cable. 

 

 

 

 

 
(a) (b) 

Fig. 4.26. Computed waveforms of Ex and Iy for ρg = 3000 Ωm, εrg = 12, Ts = 1.2 μs, and the 
endpoint case (a) without counterpoise; (b) with counterpoise. 
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(a) (b) 

Fig. 4.27. Computed waveforms of Ex and Iy for ρg = 500 Ωm, εrg = 12, Ts = 3 μs, and the end-
point case (a) without counterpoise; (b) with counterpoise. 

 

 

 

 
(a) (b) 

Fig. 4.28. Computed waveforms of Ex and Iy for ρg = 3000 Ωm, εrg = 12, Ts = 3 μs, and the end-
point case (a) without counterpoise; (b) with counterpoise. 

The peak values of Ex computed at M2 are presented in Table 4.4 for the 

endpoint case in order to investigate the influence of εrg similarly as shown for 

the midpoint case. Table 4.4 shows that the influence of εrg on the peak values 

of Ex is considerable for ρg = 3000 Ωm. For instance, the peak value of Ex 

increases by 15.83% and 11.07% because of decreasing εrg from 12 to 3 consid-

ering Ts = 1.2 and 3 μs, respectively. Furthermore, the counterpoise results in 

an efficient mitigation of the peak values of Ex. For instance, the peak value of 

Ex decreases by 40.56 % and 57.22 % for ρg = 500 and 3000 Ωm, respectively, 

considering Ts = 1.2 μs. In addition, Ex decreases by 43.34 % and 62.83 % for 
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ρg = 500 and 3000 Ωm, respectively, considering Ts = 3 μs. Thus, it could be 

inferred that the mitigation of Ex caused by the counterpoise is slightly higher 

for the midpoint case as compared to the endpoint case. 

Table 4.4. Peak values of Ex in [kV/cm] computed at M2 for the endpoint case. 

Ts (μs) ρg (Ωm) εrg 
Counterpoise 

without with 

1.2 
500 

12 12.52 7.472 
3 13.01 7.703 

3000 
12 36 15.54 
3 41.7 17.68 

3 
500 

12 8.78 4.984 
3 9.051 5.119 

3000 
12 30.34 11.24 
3 33.7 12.57 

 

Recently, the influence of both vertically and horizontally stratified ground 

has been investigated on the lightning-induced currents through the buried 

cables [109]–[111]. In order to investigate the influence of the horizontal strati-

fication of the ground on both Iy and Ex, the 3-D FDTD simulations have been 

implemented considering that the upper layer of ground has a depth of 7.8 m 

whereas the depth of the lower layer becomes 348.6 – 7.8 = 340.8 m. Thus, 

the grounding systems of the WTs are entirely located inside the upper layer of 

the ground based on their dimensions as shown in Fig. 4.15. Two cases are 

adopted for the representation of the horizontally stratified ground whereas ρg1 

= 500 Ωm, and ρg2 = 3000 Ωm for the first case, and vice versa for the second 

case where ρg1 and ρg2 are respectively the ρg of the upper and lower layers of 

the ground. Moreover, εrg is adopted to be 12 for the upper and lower layers of 

the ground considering both cases for the horizontally stratified ground. 

The computed Iy and Ex for case 1 are compared with those computed con-

sidering a homogenous ground of ρg = 500 Ωm, while the computed Iy and Ex 

for case 2 are compared with those computed considering a homogenous 

ground of ρg = 3000 Ωm. In fact, such comparisons have been deemed in or-

der to investigate the horizontal stratification of the ground in terms of the 

influence of the reflected electromagnetic fields at the boundary surface be-

tween the upper and the lower layers of the ground on the electromagnetic 

fields inside the upper layer. Figs. 4.29 and 4.30 show the computed Iy and Ex 

for cases 1 and 2, respectively of the horizontally stratified ground considering 

Ts = 1.2 μs and the midpoint case. Figs. 4.31 and 4.32 are respectively the same 

as Figs. 4.29 and 4.30 but considering Ts = 3 μs. Figs. 4.33–4.36 are respec-
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tively the same as Figs. 4.29–4.32 but considering the endpoint case. 

 

 

 

 

 
(a) (b) 

Fig. 4.29. Computed waveforms of Ex and Iy for ρg1 = 500 Ωm, ρg2 = 3000 Ωm, εrg = 12, Ts = 1.2 
μs, and the midpoint case (a) without counterpoise; (b) with counterpoise. 

 

 

 

 
(a) (b) 

Fig. 4.30. Computed waveforms of Ex and Iy for ρg1 = 3000 Ωm, ρg2 = 500 Ωm, εrg = 12, Ts = 1.2 
μs, and the midpoint case (a) without counterpoise; (b) with counterpoise. 

It is inferred that the computed Iy and Ex for case 1 of the horizontally strati-

fied ground become higher than those computed for a homogenous ground of 

ρg = 500 Ωm by comparing Figs. 4.29, 4.31, 4.33 and 4.35 with Figs. 4.20, 

4.22, 4.25 and 4.27, respectively. This is attributed to that the positively re-

flected electric fields from the boundary surface between the upper and lower 

layers of the ground cause an increase in the magnitude of the horizontal elec-

tric fields inside the upper layer that has ρg = 500 Ωm as illustrated in the sub-
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sections 4.2.5 and 4.2.6. Furthermore, it is deduced that the computed Iy and 

Ex for case 2 of the horizontally stratified ground become lower than those 

computed for a homogenous ground of ρg = 3000 Ωm by comparing Figs. 

4.30, 4.32, 4.34 and 4.36 with Figs. 4.21, 4.23, 4.26 and 4.28, respectively. The 

reason is also that the negatively reflected electric fields from the boundary 

surface between the upper and lower layers of the ground cause a decrease in 

the magnitude of the horizontal electric fields inside the upper layer that has 

ρg = 3000 Ωm as illustrated in the subsections 4.2.5 and 4.2.6. 
 

 

 

 

 
(a) (b) 

Fig. 4.31. Computed waveforms of Ex and Iy for ρg1 = 500 Ωm, ρg2 = 3000 Ωm, εrg = 12, Ts = 3 
μs, and the midpoint case (a) without counterpoise; (b) with counterpoise. 

 

 

 

 
(a) (b) 

Fig. 4.32. Computed waveforms of Ex and Iy for ρg1 = 3000 Ωm, ρg2 = 500 Ωm, εrg = 12, Ts = 3 
μs, and the midpoint case (a) without counterpoise; (b) with counterpoise. 
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(a) (b) 

Fig. 4.33. Computed waveforms of Ex and Iy for ρg1 = 500 Ωm, ρg2 = 3000 Ωm, εrg = 12, Ts = 1.2 
μs, and the endpoint case (a) without counterpoise; (b) with counterpoise. 

 

 

 

 
(a) (b) 

Fig. 4.34. Computed waveforms of Ex and Iy for ρg1 = 3000 Ωm, ρg2 = 500 Ωm, εrg = 12, Ts = 1.2 
μs, and the endpoint case (a) without counterpoise; (b) with counterpoise. 
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(a) (b) 

Fig. 4.35. Computed waveforms of Ex and Iy for ρg1 = 500 Ωm, ρg2 = 3000 Ωm, εrg = 12, Ts = 3 
μs, and the endpoint case (a) without counterpoise; (b) with counterpoise. 

 

 

 

 
(a) (b) 

Fig. 4.36. Computed waveforms of Ex and Iy for ρg1 = 3000 Ωm, ρg2 = 500 Ωm, εrg = 12, Ts = 3 
μs, and the endpoint case (a) without counterpoise; (b) with counterpoise. 
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5. Induced Voltages on Overhead Line 

due to Return Strokes to a Grounded 
Wind Turbine considering Horizontal-
ly Stratified Ground 

In chapter 3, the influences of both ρg and εrg on the lightning-electromagnetic 

fields and LIVs impinging an overhead line have been investigated due to a 

nearby lightning stroke striking the ground surface considering different cases 

for di/dt of IRS (t). In chapter 4, the influences of both ρg and εrg on the light-

ning electromagnetic fields impinging a directly struck grounding system have 

been studied considering different IRS (t) as well as the horizontal stratification 

of the ground. In addition, this study has been further extended in order to 

investigate the lightning electromagnetic disturbances impinging the sheath of 

the underground cables in a wind farm that is solidly connected to the ground-

ing systems of the WTs due to a return stroke striking a grounded WT. This 

chapter investigates the influences of ρg and εrg on the lightning electromag-

netic fields and LIVs on an overhead distribution line due to a lightning stroke 

striking a nearby grounded WT considering different IRS (t) besides the hori-

zontal stratification of the ground. 

Recently, lightning-electromagnetic fields and LIVs on overhead lines have 

been studied considering both horizontally and vertically stratified ground 

[117]–[123]. In this regard, the majority of these studies have been implement-

ed using numerical methods, namely FEM and FDTD to solve Maxwell’s elec-

tromagnetic equations. From another perspective, lightning-electromagnetic 

fields and LIVs on overhead lines caused by lightning strokes striking tall 

grounded objects have been investigated assuming zero or constant value for 

Zg of the struck object [95], [124]–[127]. In fact, both Zg and Zc of the struck 

object exhibit a transient behavior towards lightning surges [92], [128], [129]. 

In this chapter, the horizontal electric fields and LIVs impinging a 3-phase 

overhead line due to a lightning stroke striking a nearby grounded WT are 

computed using the 3-D FDTD method in order to consider the transient be-
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havior for Zg and Zc of the struck WT. In this investigation, the homogeneous 

and horizontally stratified grounds are deemed besides both first and subse-

quent strokes, which have been proposed in [95]. In order to manifest the in-

fluence of the struck WT on the horizontal electric fields and LIVs, the 3-D 

FDTD simulations are repeated after removing the WT whereas the lightning 

stroke strikes directly the ground surface. Moreover, the influence of εrg has 

been investigated on UP computed at the closest point on the 3-phase line to 

the lightning stroke considering the two striking events, i.e., return stroke to 

the grounded WT and to the ground surface. 

5.1 3-D FDTD Solution Space and Modelling Procedure 

5.1.1 Geometric Configuration for the 3-D FDTD Solution Space 

Fig. 5.1 shows the geometric dimensions for both front and side views of the 

struck WT associated with its grounding system and blade tip, which is struck 

by the return stroke. Fig. 5.2 depicts the dimensions for both front and top 

views of the solution space considering the Cartesian coordinates. A 3-phase 

overhead line is extended along the y-axis, whereas the nearby struck WT and 

stroke channel are extended along the z-axis. This WT is located at 87 m away 

from the midpoint of the closest wire of the 3-phase line as depicted in Fig. 5.2 

(b). The solution space is non-uniformly discretized starting from ∆s = 1 m, 

and then gradually increased to 2, 4, 8, and 16 m, whereas Maxwell’s electro-

magnetic equations are represented as illustrated in subsection 2.2.4 for such 

non-uniform gridding. In addition, ∆t is adopted to be 1.6 ns that fulfils the 

CFL3-D given by (2.22) for stable FDTD algorithm. The six boundaries of the 

solution space are treated by Liao 2nd ABC as illustrated in subsection 2.2.3 to 

minimize the reflections there. In Fig. 5.2, the volume where ∆s = 1 m is locat-

ed within 334 ≤ x ≤ 434 m, 1454 ≤ y ≤ 1474 m, and 334 ≤ z ≤ 359 m. 

5.1.2 Representation of the overhead line, Grounded Wind Turbine and 
Stroke Channel 

As illustrated in subsection 4.3.3, the WT and its grounding system are repre-

sented by forcing the tangential electric fields to be zero according to their di-

mensions as depicted in Fig. 5.1.  Furthermore, since the blades of the WT in-

clude down-conductors to carry the lightning current as illustrated in [96] for 

effective lightning protection, these blades are modelled by forcing the tangen-

tial electric fields to be zero as well. The radius and h of the nearby overhead 

line are 5 mm and 10 m, respectively. The line is modelled using the thin wire 
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representation, as elaborated in subsection 2.2.5, and extended from both 

sides to the right and left boundaries of the solution space. The first and sub-

sequent strokes, which have been shown in subsection 4.2.2, are used for this 

study and represented using the TL model as illustrated in subsection 2.2.6 

assuming that v = 120 m/μs (vr = 0.4). It is assumed that the interstroke inter-

val between both strokes lasts for few milliseconds so that the WT blade could 

be assumed in the same position that is shown in Fig. 5.1 for both strokes. 

 

  
(a) (b) 

Fig. 5.1. (a) Front, and (b) side views of the struck grounded WT. 

 

 

(a) (b) 

Fig. 5.2. (a) Front, and (b) top views of the 3-D FDTD solution space. 



 

94 
 

5.2 Results and Analysis of 3-D FDTD Simulations 

The LIVs and horizontal electric fields impinging the three-phase overhead 

line are studied due to the first and subsequent strokes considering both ho-

mogeneous and horizontally stratified ground. In this study, the adopted four 

cases of ρg are given in Table 5.1 and depicted in Fig. 5.1, whereas εrg is consid-

ered as 10 for the four cases. Cases 1 and 4 represent a homogenous ground 

while cases 2 and 3 represent a horizontally stratified ground. LIVs and hori-

zontal electric fields are influenced when lightning strokes strike grounded tall 

towers as inferred from [95], [124]–[127] in addition to being influenced when 

lightning strokes strike terrains as deduced from [130]–[132]. Therefore, the 

LIVs and horizontal electric fields are computed considering two striking 

events. The lightning stroke strikes a grounded WT for the first striking event, 

whereas it directly strikes the ground surface for the second striking event. 

Thereby, the influence of the struck WT on the amplitude as well as the rise 

time of both LIVs and horizontal electric fields could be manifested. This study 

has been implemented for the four adopted cases of ρg considering the follow-

ing aspects: 1) Computation of LIVs and horizontal electric fields considering 

the first striking event; 2) Computation of LIVs and horizontal electric fields 

considering the second striking event; 3) Investigating the influence of εrg on 

UP considering both striking events. 

Table 5.1. Adopted cases for the ground resistivity in the study. 

ρg-case 1 2 3 4 

ρg1 / ρg2 [Ωm] 500 / 500 500 / 5000 5000 / 500 5000 / 5000 

5.2.1 LIVs and Horizontal Electric Fields for the First Striking Event 
(Lightning Stroke to a Grounded Wind Turbine) 

LIVs are computed on the points M0, M1, and M2 which are located at 0, 264 

and 520 m, respectively from the midpoint of the closest wire of the three-

phase line to the struck WT as shown in Fig. 5.3. LIVs are calculated in the 3-D 

FDTD method by the line integral of the computed Ez from the line to the 

ground surface as clarified in Fig. 5.3. Ex impinging the overhead line due to 

the nearby lightning stroke are substantially affected by ρg as elaborated in 

section 3.2. Thereby, Ex are also computed at M0, M1, and M2 on the overhead 

line as well as at their projections on the ground surface depicted in Fig. 5.3. 

LIVs and Ex waveforms are mainly affected by the flowing current through 

the tower base of the struck WT, IBase as inferred from [126]. IBase is dependent 

on the current reflections coefficients at the base and top (i.e., ρBase and ρTop, 
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respectively) of the struck WT whereas those current reflections coefficients 

are inherently considered within the 3-D FDTD computations. In fact, both Zc 

and Zg of the struck WT determine ρBase, whereas Zlc of the stroke channel and 

Zc determine ρTop. Zc is known as the ratio of the instantaneous induced voltage 

and injected current, ITop at the top of the struck WT at the instant when the 

reflected voltage and current waves from the base of the WT base reach its top 

[128]. This instant is denoted by Tref and equals to twice the travelling time of 

the struck WT, (2×HT)/c0 ≈ 0.73 μs where HT = 109 m. In addition, Zg is 

known as the ratio of the instantaneous GPR on the grounding system of the 

struck WT and IBase as elaborated in section 4.2. From the computed magnetic 

fields along the x- and y-axes, both ITop and IBase could be calculated using Am-

pere’s law as shown in Fig. 5.4. It is worth to mention here that ITop is the same 

as the IRS (t) adopted for the study that is shown in Fig. 4.3, whereas IBase as 

well as its time-derivative, are shown in Fig. 5.5 for both strokes and the case 

1-4 of ρg. The induced voltage at the top of the struck WT and also the GPR are 

calculated from the line integral of the computed Ex from the struck WT to the 

boundaries of the solution space as clarified in Fig. 5.4. The induced voltage at 

the top of the struck WT and GPR due to both adopted strokes considering 

cases 1-4 of ρg are shown in Fig. 5.6. 

 

 

Fig. 5.3. Schematic diagram for the investigation of LIVs and Ex waveforms on the overhead 
line considering the first striking event. 
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Fig. 5.4. Schematic diagram for the investigation of lightning-induced voltages on the struck WT 
as well as the lightning current flowing through the WT. 

  
(a) 

  
(b) 

Fig. 5.5. Computed IBase and their di/dt for (a) the first stroke; (b) the subsequent stroke. 

It is inferred from the 3-D FDTD computations that Zc is not influenced by 

the ρg cases while the increase in Ts results in a lower value of Zc which con-

forms to the findings of [129]. In any case of ρg, the computed values Zc are 

found to be 186 and 207 Ω for the first and subsequent strokes, respectively. In 

addition, it is found that the computed Zg exhibits initially a transient state 

depending on ρg, εrg, and IRS (t) whereas Zg becomes steady after this initial 

transient state depending only on ρg. This is illustrated by comparing the Zg 
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computed by 3-D FDTD method with the steady-state value of Zg calculated by 

Sunde’s formula, given in [133], considering a grounding system of a vertically 

cylindrical grounding electrode as shown in publication V in the appendix. For 

both first and subsequent strokes, the steady-state values of the computed Zg 

are 14, 26, 80 and 125 Ω for cases 1, 2, 3, and 4 of ρg, respectively. 

Fig. 5.5 shows that the influence of the current reflections is significant re-

garding the subsequent stroke in contrast to the first stroke. This is because Ts 

of the first stroke is considerably longer than Tref while Ts of the subsequent 

stroke is very close to Tref. Fig. 5.5 shows also that the oscillations of IBase for 

cases 1 and 2 of ρg are more apparent as compared to cases 3 and 4. Further-

more, Fig. 5.5 shows that di/dt of IBase is higher for cases 1 and 2 as compared 

to cases 3 and 4. This is attributed to that Zg is considerably less than Zc for 

cases 1 and 2 so that the magnitude of ρBase becomes high. On the other hand, 

Zg increases considerably for cases 3 and 4 so that the magnitude of ρBase de-

creases significantly and subsequently, these oscillations are attenuated. 

 

  
(a) 

  
(b) 

Fig. 5.6. Computed induced voltage at the WT top and GPR on the base of the WT tower for (a) 
the first stroke; (b) the subsequent stroke. 

Since ρTop is dependent on Zlc that ranges from 600 to 2500 Ω and as the 

stroke channel is modelled by a vertical array of current sources, this model 

should be justified in terms of how such model affects ρTop and subsequently, 

IBase. Therefore, IBase is calculated using Ampere’s law as shown in Fig. 5.4 for 

the subsequent stroke after replacing the double-layer ground by a perfectly 

conducting plane in order to eliminate any current attenuation at the base of 

the WT tower as Zg = 0. Moreover, IBase is calculated using (5.1) that has been 
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given in [126] considering Zc = 207 Ω with Zlc = 600 and 2500 Ω that represent 

the lower and upper limits of Zlc as shown in Fig. 5.7. From Fig. 5.7, it is shown 

that the amplitude of IBase computed by Ampere’s law does not exceed that of 

IBase calculated using (5.1) considering Zlc = 2500 Ω, and it also converges IBase 

calculated by (5.1) considering Zlc = 600 Ω with the increase in time. Conse-

quently, the adopted approach to model the stroke channel could be justified. 

 , 

(5.1) 

where 0 ≤ z' ≤ HT. 

 

 

Fig. 5.7. Effect of ρTop on IBase for perfectly conducting ground, Zg = 0 due to the subsequent 
stroke. 

Fig. 5.8 shows the computed waveforms of LIVs on the aforementioned 

points M0, M1, and M2 due to both first and subsequent strokes to the nearby 

grounded WT for cases 1-4 of ρg. For cases 1 and 4 (i.e., homogenous ground), 

it is inferred that LIVs increase considerably for higher ρg at M0. With moving 

away from M0, the decrease in LIVs becomes more significant for higher ρg. 

Additionally, negative peaks appear in the waveforms of LIVs at M1 and M2 

whereas these negative peaks become higher for higher ρg and also farther 

distance from M0 as shown in Fig. 5.8. 

Regarding the first stroke, it is inferred from Fig. 5.8 (a) that the influence of 

ρg2 on LIVs is significant at M0, M1, and M2, whereas LIVs are considerably 

higher for case 2 compared to case 1 and also, lower for case 3 as compared to 

case 4. In addition, TP of LIVs is obviously longer for case 2 as compared to 

case 1 and also, shorter for case 3 as compared to case 4. Additionally, it is de-

duced that the effect of ρg2 on the LIVs for the first stroke is more prominent 

as compared to the effect of ρg1 at M0, M1, and M2. Hence, Fig. 5.8 (a) shows 

that UP for case 2 is significantly higher than that for case 3 and also, TP for 

case 2 is much longer than that for case 3. The dominant influence of ρg2 re-
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garding the first stroke is attributed to their relatively low di/dt as shown in 

Fig. 5.5 (a). Consequently, the penetration depth of the electromagnetic fields 

caused by the first stroke through the ground becomes considerably large, thus 

enhancing the impact of ρg2. It is further noticed from Fig. 5.8 (a) that the in-

fluence of ρg2 on the LIVs becomes more significant when ρg1 = 5000 Ωm (i.e., 

cases 3 and 4) as compared to cases 1 and 2. This is attributed to the larger 

penetration depth of the electromagnetic fields for higher values of ρg. 

 

  
(a) 

  
(b) 

Fig. 5.8. Computed LIVs waveforms for both (a) first stroke; (b) subsequent stroke considering 
the first striking event. 

Regarding the subsequent stroke, it is deduced from Fig. 5.8 (b) that the in-

fluence of ρg2 on the LIVs is correlated to the value of ρg1. For ρg1 = 500 Ωm, it 

is shown that UP computed at M0 is slightly higher for case 2 as compared to 

case 1 while the computed LIVs waveforms for case 2 are higher than those for 

case 1 after the UP as shown in Fig. 5.8 (b). For ρg1 = 5000 Ωm, UP computed at 

M0 becomes significantly lower for case 3 as compared to case 4. In addition, 

the influence of ρg1 on UP computed at M0, M1 and M2 is more prominent 

than the impact of ρg2 in contrast to the situation of the first stroke. This is 

attributed to the quite high di/dt of the subsequent stroke as shown in Fig. 5.5 

(b), thus resulting in a reduction of the penetration depth of their electromag-

netic fields. With moving away from M0, the influence of ρg2 on LIVs becomes 

clearer, so that the influence of ρg2 on LIVs at M2 becomes quite significant. 

This is because of the decrease in the time-derivatives of the electromagnetic 

fields produced by the lightning channel for farther distance from it. There-

fore, the influence of ρg2 on LIVs becomes more considerable because of the 
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corresponding larger penetration depth. Fig. 5.8 (b) shows that the negative 

peak of LIVs computed at M2 is higher than the positive one for case 4. 

 

  
(a) 

  
(b) 

Fig. 5.9. Computed Ex waveforms due to the first stroke considering the first striking event at (a) 
the overhead line height; (b) the ground surface under the line as depicted in Fig. 5.3. 

  
(a) 

  
(b) 

Fig. 5.10. Computed Ex waveforms due to the subsequent stroke considering the first striking 
event at (a) the overhead line height; (b) the ground surface under the line as depicted in Fig. 
5.3. 

Fig. 5.9 shows the computed waveforms of Ex due to the first stroke at M0, 

M1, and M2 as well as their vertical projections on the ground surface as de-

picted in Fig. 5.3 for cases 1-4 of ρg. Ex are considerably influenced by the dif-

ferent cases of ρg as shown in Fig. 5.9. Similarly as commented on Fig. 5.8 (a), 
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the influence of ρg2 on Ex due to the first stroke is significant at M0, M1, and 

M2. It is also observed from Fig. 5.9 that the influence of ρg2 on Ex is more sig-

nificant for both cases 3 and 4 as compared to cases 1 and 2. Fig. 5.9 (a) clari-

fies that the Ex computed on the overhead line are influenced by the scattered 

electric fields produced by the line so that these Ex waveforms increase initially 

in the positive portion and afterward tend to reverse their polarity. On the oth-

er hand, the computed waveforms of Ex on the ground surface are obviously 

influenced by the current reflections at the top and base of the struck WT as 

seen in Fig. 5.9 (b). 

Fig. 5.10 is the same as Fig. 5.9 but for the subsequent stroke. The peak value 

of the Ex waveforms computed at M0 is considerably influenced by ρg2 for both 

cases 3 and 4 in contrast to the status for cases 1 and 2. Furthermore, Fig. 5.10 

shows that the influence of ρg2 on Ex becomes more significant with moving 

away from M0 similarly to what has been observed in Fig 5.8 (b). In addition, 

the influence of the current reflections at the top and base of the struck WT on 

the computed waveforms of Ex is more manifest for the subsequent stroke as 

compared to the first stroke. 

5.2.2 LIVs and Horizontal Electric Fields for the Second Striking Event 
(Lightning Stroke to Ground Surface) 

Both LIVs and Ex waveforms are computed after removing the grounded WT 

whereas the return stroke strikes the ground surface directly as depicted in 

Fig. 5.11. Consequently, the influence of the struck WT on both LIVs and Ex 

could be obviously investigated. The velocity of the lightning current equals to 

c0 through the struck WT, whereas it is 0.4×c0 through the return stroke chan-

nel as aforementioned. Furthermore, there are no current reflections because 

of the absence of the struck WT. In Fig. 5.11, the lightning current starts from 

the ground surface at time = 0 while it reaches the WT base (i.e., the ground 

surface) in Fig. 5.3 after a time delay equals to the travelling time of the struck 

WT = HT/c0 ≈ 0.365 μs. 

Fig. 5.12 shows the waveforms of LIVs computed at M0, M1, and M2 due to 

both first and subsequent strokes for cases 1-4 of ρg. Fig. 5.12 (a) shows that 

the influence of ρg2 on LIVs is quite similar to what has been inferred from Fig. 

5.8 (a). The negative peak values of LIVs waveforms shown in Fig. 5.12 are 

considerably lower than their corresponding in Fig. 5.8, particularly at M2. 

Furthermore, it is inferred from Fig. 5.12 (b) that the effect of ρg2 on UP com-

puted at M0 is more significant as compared to its corresponding in Fig. 5.8 

(b). This is attributed to the lower di/dt for the second striking event as com-

pared to the first striking event due to the absence of the current reflections 
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caused by the struck WT. Therefore, the penetration depth of the electromag-

netic fields becomes larger for the second striking event as compared to the 

first striking event. It could be inferred from Figs. 5.8 and 5.12 that TP of LIVs 

computed at M0 decreases considerably due to the struck WT, particularly for 

the subsequent stroke. This decrease in TP is more significant for both cases 1 

and 3 as compared to cases 2 and 4 regarding the first stroke. On the contrary, 

the decrease in TP is more significant for both cases 2 and 4 with respect to 

cases 1 and 3 regarding the subsequent stroke. 

 

 

Fig. 5.11. Schematic diagram for the investigation of LIVs and Ex waveforms on the overhead 
line considering the second striking event. 

  
(a) 

  
(b) 

Fig. 5.12. Computed LIVs waveforms for both (a) first stroke; (b) subsequent stroke considering 
the second striking event. 
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(a) 

  
(b) 

Fig. 5.13. Computed Ex waveforms due to the first stroke considering the second striking event 
at (a) the overhead line height; (b) the ground surface under the line as depicted in Fig. 5.11. 

  
(a) 

  
(b) 

Fig. 5.14. Computed Ex waveforms due to the subsequent stroke considering the second strik-
ing event at (a) the overhead line height; (b) the ground surface under the line as depicted in 
Fig. 5.11. 

Fig. 5.13 shows the Ex waveforms computed at M0, M1, and M2 on the over-

head line and on the ground surface under it as depicted in Fig. 5.11 due to the 

first stroke for cases 1-4 of ρg. Fig. 5.14 is the same as Fig. 5.13 but considering 

the subsequent stroke. From the comparison between Figs. 5.9 (a) and 5.13 (a), 

it is shown that the Ex waveforms computed on the overhead line are signifi-

cantly influenced by the struck WT. For example, the direction of Ex at M0 is 
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reversed because of the struck WT over the whole simulation time (i.e., 24 μs) 

for both cases 2 and 4, and up to the instants 3.7 and 5.5 μs for cases 1 and 3, 

respectively. This could be attributed to that the lightning channel initiates at 

the top of the struck WT considering the first striking event while it initiates on 

the ground surface for the second striking event. In addition, Figs. 5.9 (b) and 

5.13 (b) show that Ex computed on the ground surface are higher for the first 

striking event as compared to the second striking event. The observations that 

are derived by comparing Fig. 5.10 with Fig. 5.14 are quite similar to what have 

been observed from Figs. 5.9 and 5.13. However, the influence of the current 

reflections at the top and base of the struck WT on the computed Ex waveforms 

is more significant regarding the subsequent stroke as compared to the first 

stroke. 

5.2.3 Influence of εrg on UP for the First and Second Striking Events 

From the 3-D FDTD simulations, it is observed that differences between the 

LIVs waveforms computed on the three phases are negligible because of the 

short spacing, i.e., 1 m between any two adjacent phases. Additionally, it is 

inferred that the influence of εrg on LIVs waveforms is relatively slight so that 

this influence has been solely investigated on UP computed at M0 where the 

highest LIVs occur for the three phases. These investigated UP due to both first 

and subsequent strokes are demonstrated in Table 5.2 considering εrg = 10 and 

4 for the cases 1-4 of ρg as well as the aforementioned first and second striking 

events. In Table 5.2, the phases A and C are assumed as the closest and far-

thest phases, respectively from the struck WT and the stroke channel. 

Table 5.2 shows that the current reflections at the top and base of the struck 

WT result in higher UP for both cases 2 and 4 in contrast to cases 1 and 3 re-

garding the first stroke. On the other hand, it is observed that these current 

reflections result in higher UP for cases 1-4 regarding the subsequent stroke. 

Furthermore, Table 5.2 shows that decreasing εrg from 10 to 4 results in slight-

ly higher UP for cases 1-4, considering both striking events regarding the first 

stroke. It is also found that the influence of εrg on UP becomes more significant 

for both cases 2 and 4 as compared to cases 1 and 3. In fact, decreasing εrg 

causes higher transient impedance of the ground surface, thus resulting in 

higher UP. It is also found that the impact of εrg on LIVs increases with higher 

ρg. Moreover, Table 5.2 shows that the influence of εrg on LIVs is slight regard-

ing the first stroke because of its quite low di/dt as explained in subsection 

3.3.4. Regarding the subsequent stroke, it is shown from Table 5.2 that de-

creasing εrg from 10 to 4 results in a slightly higher UP for both striking events 
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considering cases 1 and 2. On the other hand, this reduction in εrg results in a 

considerably higher UP for case 4 considering both striking events regarding 

the subsequent stroke due to its quite high di/dt as explained in subsection 

3.3.4. Unexpectedly, the same reduction in εrg results in lower UP for case 3 

considering the first striking event respecting the subsequent stroke. The rea-

son is that changing εrg results in two contrasting influences as follows: 1) the 

first influence is the increase in the transient impedance of the ground surface 

that results in higher UP; and 2) the second influence is the reduction in IBase 

because of the corresponding increase in the transient Zg of the struck WT that 

results in lower UP. It is shown from Fig. 5.15 that IBase decreases due to de-

creasing εrg from 10 to 4 for cases 3 and 4. The influence of this decrease in 

IBase on UP is more prominent as compared to the influence of the increase in 

the transient impedance of the ground surface for case 3 in contrast to the sit-

uation for case 4. Such disparity in the influence of εrg on UP between cases 3 

and 4 is actually attributed to the impact of negatively reflected horizontal 

electric fields from the boundary between ρg1-layer and ρg2-layer respecting 

case 3. These negatively reflected electric fields cause a reduction in the transi-

ent impedance of the ground surface. 

Table 5.2. UP of the LIVs waveforms in [kV] computed at M0 for the three phases due to both 
first and subsequent strokes and considering both striking events. 

Event First stroke to grounded WT First stroke to ground surface 

ρg-case 1 2 3 4 1 2 3 4 

ε r
g =

 1
0 

(A) 149.35 257.63 168.39 399.56 154.26 252.48 172.58 387.85 

(B) 148.52 256.08 167.48 396.11 153.33 251.01 171.56 384.62 

(C) 147.69 254.58 166.56 392.83 152.4 249.58 170.51 381.54 

ε r
g =

 4
 (A) 149.62 258.83 168.83 402.25 154.41 253.76 172.91 390.74 

(B) 148.79 257.28 167.92 398.8 153.49 252.29 171.89 387.5 

(C) 147.96 255.78 167 395.5 152.55 250.85 170.84 384.4 

Event Subsequent stroke to grounded WT Subsequent stroke to ground surface 

ρg-case 1 2 3 4 1 2 3 4 

ε r
g =

 1
0 

(A) 130.19 131.46 149.28 162.84 82.24 88.66 94.82 139.09 

(B) 128.96 130.25 147.71 161.2 81.57 87.95 93.91 137.95 

(C) 127.76 129.07 146.24 159.69 80.81 87.26 92.88 136.82 

ε r
g =

 4
 (A) 131.21 134.06 139.86 174.63 82.278 90.86 94.475 146.64 

(B) 129.96 132.8 138.32 172.68 81.605 90.16 93.695 145.29 

(C) 128.75 131.58 136.87 170.88 80.87 89.424 92.905 143.96 
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In [119], [121], the influence of the horizontal stratification of the ground on 

LIVs has been studied considering a subsequent stroke striking the ground 

surface. Conformingly to [119], [121], it is inferred that the horizontal electric 

fields as well as LIVs are significantly influenced by the horizontal stratifica-

tion of the ground. In addition, the influence of lower layer of ground becomes 

more significant for higher ρg1. 

This study adopts the first and subsequent strokes considering the aforemen-

tioned two striking events. It is found from this study that the influence of the 

horizontal stratification of the ground on LIVs due to the first stroke is differ-

ent from the subsequent stroke. This is due to the larger penetration depth of 

the electromagnetic fields due to the first stroke as compared to the subse-

quent stroke. For instance, UP computed at M0 for case 2 of ρg are higher than 

those for case 3 regarding the first stroke in contrast to the status respecting 

the subsequent stroke. It is also inferred from this study that the influence of 

the lower layer of the ground on UP computed at M0 due to the subsequent 

stroke reduces significantly for the first striking event as compared to the sec-

ond striking event. This is attributed to the quite higher time-derivatives and 

subsequently, the lower penetration depth of the electromagnetic fields due to 

the current reflections at the top and base of the struck WT regarding the first 

striking event. 

 

  

  

Fig. 5.15. Influence of εrg on IBase considering the subsequent stroke for cases 1-4 of ρg. 

 
Lightning currents and electromagnetic fields have been investigated for 

both first and subsequent strokes striking tall grounded towers in [95], [125]. 

Furthermore, LIVs have been investigated due to a subsequent stroke striking 

a grounded tall object as well as the ground surface [126]. Conformingly to 
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[95], [125], it is observed that the influence of the struck WT is much more 

significant regarding the subsequent stroke as compared to the first stroke. 

Hence, the magnitude of LIVs due to the subsequent stroke has been enhanced 

because of the current reflections at the top and base of the struck WT as also 

illustrated in [126]. In addition, it is deduced that the waveforms of LIVs are 

substantially influenced by IBase waveforms conformingly to [126]. 

Regarding the subsequent stroke, this study shows that the enhancement of 

LIVs due to the current reflection caused by the struck WT is significantly in-

fluenced by the horizontal stratification of the ground. For example, UP com-

puted at M0 of phase A increase due to the struck WT by 58.3% and 17.1% for 

cases 1 and 4, respectively considering εr = 10, whereas UP increase by 48.3% 

and 57.44% for cases 2 and 3, respectively. Thus, the increase ratio of UP is 

higher for case 1 as compared to case 4 because Zg for case 1 is lower than that 

for case 4 and subsequently, ρBase is higher for case 1 as compared to case 4. On 

the contrary of the homogenous ground, the increase ratio of UP is higher for 

case 3 as compared to case 2 although Zg for case 3 is higher than that for case 

2. This is because of the influence of the reflected electromagnetic fields from 

the boundary between the upper and lower layers of the on the horizontal elec-

tric fields inside the upper layer. Additionally, this study shows that the in-

crease ratios of UP due to the struck WT are influenced by εrg. For instance, the 

aforementioned increase ratios become 59.5%, 47.5%, 48% and 19.1% consid-

ering εrg = 4 for cases 1-4, respectively. Hence, the increase ratios of UP for 

both cases 2 and 3 become very close considering εrg = 4 in contrast to the sta-

tus of εrg = 10. This is because of the increase in Zg during its transient-state 

with lower εrg, thus decreasing IBase as shown in Fig. 5.15.  
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6. Conclusions and Future Work 

6.1 Conclusions 

This research work investigates the influence of the electrical properties of the 

ground that are resistivity, ρg, and relative permittivity, εrg on the lightning 

electromagnetic fields due to return strokes. Moreover, the impact of the hori-

zontal stratification of the ground on such lightning electromagnetic fields has 

been included in the investigation considering different rise-rate, di/dt of the 

lightning current waveform, IRS (t) for the return strokes. Additionally, the in-

fluence of both ρg and εrg on the lightning electromagnetic fields has been 

handled in this research work considering two striking events, i.e., return 

strokes striking the ground surface as well as a grounded wind turbine (WT). 

These lightning electromagnetic fields are investigated for the overhead distri-

bution lines in addition to the grounding and underground cable systems of 

wind farms. The FDTD method has been used in this work in order to numeri-

cally solve Maxwell’s equations for a straightforward computation of the full 

wave electromagnetic fields due to the return strokes in the time-domain. The 

outcomes of this research work could be summarized as follows: 

Using the 3-D FDTD method, the influence of ρg (namely, up to 20 kΩm) and 

εrg (namely, 4 and 10) has been investigated on both peak value, UP and rise 

time, TP of the lightning-induced voltages (LIVs) for an overhead line due to 

nearby return stroke. Two IRS (t) of the same peak current, IP but of different 

di/dt are adopted for this investigation, whereas the distance, d between the 

line and the return stroke is adopted as 51 m. Additionally, the horizontal elec-

tric fields, Ex are computed on the ground surface under the line as well as 

their associated horizontal conduction and displacement current densities, Jxc 

and Jxd, respectively in order to analyze the influences of ρg, εrg and di/dt on 

LIVs. From this study, the following points have been concluded: 

1. The increase in ρg results in higher UP in addition to longer TP irrespective 

of εrg and di/dt. This is attributed to the increase in both peak value and rise 

time of the Ex computed on the ground surface under the line. Therefore, 
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both peak value and rise time of the vertical electric fields, Ez between the 

line and ground surface increase because both Ex and Ez represent the radi-

al electric fields of an overhead line extending along the y-axis. 

2. The increase in di/dt results in higher UP for ρg < ρgo and lower UP for ρg > 

ρgo, where ρgo is a certain value of ρg that is dependent on εrg. The behavior 

of the ground surface impedance is inductive for ρg < ρgo and then changes 

to be capacitive for ρg > ρgo. TP becomes considerably longer for the capaci-

tive behavior of ground surface impedance so that the probability of the in-

sulation flashovers on the overhead lines becomes higher. 

3. The influence of εrg on LIVs becomes significant for high values of ρg and 

also di/dt whereas the decrease in εrg results in a higher transient imped-

ance of the ground surface and subsequently, higher UP. On the other hand, 

the decrease in εrg results in shorter TP. 

4. The peak value of the Ex computed on the ground surface increases signifi-

cantly by increasing ρg and decreasing εrg. Increasing di/dt results in higher 

peak values of Ex for the inductive behavior of ground surface impedance. 

On the contrary, the peak value of these Ex decreases by the increase in 

di/dt for the capacitive behavior of the ground surface impedance. 

5. Scattered voltages produced by overhead lines due to nearby return strokes 

are mainly influenced by Ex. Therefore, the Ez components in the vicinity of 

the line are mainly influenced by ρg and εrg while the influence of ρg and εrg 

on Ez decreases with moving down from the overhead line toward the 

ground surface. 

6. Jxd is negligible with respect to Jxc for low values of ρg. On the other hand, 

Jxd could not be neglected respecting high values of ρg > 5 kΩm whereas Jxd 

and subsequently, εrg affects UP and TP. 

Using the 2-D FDTD method associated with Agrawal’s field-to-line coupling 

model, LIVs on overhead lines due to nearby return strokes are computed in 

addition to their components that are the incident and scattered voltages, vinc 

and vsct, respectively. This investigation is implemented over the ranges of 60 

≤ d ≤ 600 m and 0.25 ≤ ρg ≤ 20 kΩm, and for εrg = 5, 10 and 20 considering 

the typical waveforms of first and subsequent strokes given in the IEEE Stand-

ard 1410-2010 [32]. With the increase in ρg, vsct increase considerably while 

vinc are slightly affected, and hence both UP and TP increase. vinc and vsct de-

crease with increasing d whereas the rise time of vinc increases, resulting in 

lower UP and longer TP. Increasing εrg results in lower UP and longer TP where 

εrg affects the vsct and not vinc. Also, this influence of εrg becomes more obvious 

for higher ρg, shorter d, and for the subsequent stroke as compared to the first 
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stroke. Based on the FDTD-computed results, Rusck’s formula is amended in 

order to calculate UP due to the typical first and subsequent strokes over the 

range 0.25 ≤ ρg ≤ 20 kΩm considering εrg = 10. The principle of the complex 

image theory is utilized to propose the new formula whereas both ρg and TP are 

considered to compute the complex depth that is added to h of the overhead 

line in Rusck’s formula. Moreover, the influence of v of the return stroke on UP 

is investigated over the range 100 ≤ v ≤ 150 m/μs whereas it is found that 

higher v results in higher UP and this effect of v on UP becomes more consider-

able for larger d. Regarding the typical first stroke, the proposed formula ex-

hibits a good agreement with both formulas presented in [85] and [89] for ρg ≤ 

2 kΩm. For ρg > 2 kΩm, the calculated UP using the proposed formula and 

those calculated using these two formulas approach each other for large values 

of d. However, the UP calculated by the proposed formula become higher than 

those calculated using these two formulas for relatively short d. The annual 

number of flashovers, FP per 100 km of an overhead distribution line due to 

the typical first stroke is calculated by the proposed formula as well as that 

formula presented in [85]. The FP computed using the proposed formula and 

the other formula are quite close, particularly for ρg ≤ 1 kΩm. However, for 

high values of ρg, the FP computed by the proposed formula becomes higher 

than the FP computed by the other formula, particularly for insulators having 

critical flashover voltage, CFO > 300 kV. The hypothesis of a maximum limita-

tion for d = 1 km, beyond which no flashovers occur due to return stroke flash-

es, is not actually sufficient respecting ρg > 1 kΩm and particularly for insula-

tors having relatively low CFO. It is observed that the assumption of 2 km as a 

maximum limitation of d results in a higher evaluation of FP. 

The 3-D FDTD method is employed to compute the lightning electromagnetic 

fields of a directly struck grounding system, having a rectangular parallelepi-

ped form, by both first and subsequent stroke considering different cases of ρg 

and εrg. The horizontal stratification of the ground is also considered for this 

study whereas the depth of the upper layer of ground is adopted as 20 m. The 

impact of adding four vertical grounding electrodes at the four bottom corners 

of that grounding system is investigated on the computed electromagnetic 

fields. The ground potential rise (GPR) and subsequently, the grounding im-

pedance, Zg are calculated from these computed electromagnetic fields. The 

results show that the initial transient state of Zg is influenced by ρg, εrg, and 

di/dt of IRS (t) and afterward the steady state value of Zg becomes only depend-

ent on ρg whereas higher ρg results in higher Zg. Lower values of εrg result in 

higher magnitudes of GPR and subsequently, Zg during their initial transient 
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state whereas the impact of εrg on Zg becomes significant with for ρg. Regard-

ing the homogenous ground case, the vertical grounding electrodes result in 

lower GPR and subsequently, lower Zg. Regarding the horizontally stratified 

ground case, it is inferred that the lower layer of the ground affects GPR and 

subsequently, Zg according to the reflected electric fields from the boundary 

between the upper and lower layers. The impact of these four vertical ground-

ing electrodes is enhanced if ρg of the lower layer is less than that of the upper 

one and vice versa. 

Since the sheath of the underground cables in wind farms is solidly connect-

ed to the grounding systems of the wind turbines (WTs), lightning electromag-

netic fields are studied for these underground cables due to a return stroke to a 

grounded WT using the 3-D FDTD. Two cases respecting the position of the 

struck WT, i.e., the midpoint and endpoint cases are considered for the study. 

The struck WT is located between two WTs of a row in the wind farm for the 

midpoint case, whereas it is at the end of a row for the endpoint case. The WTs 

and their grounding systems are modelled using the 3-D FDTD method in or-

der to consider the transient behavior of Zg and characteristic impedance, Zc of 

the struck WT tower. The influences of ρg and εrg and the rise time, Ts of IRS (t) 

are investigated on the currents, Iy flowing through the cable sheath and their 

associated radial electric fields, Ex. The effect of the horizontal stratification of 

the ground on both Iy and Ex is also included in the study whereas the depth of 

the upper layer of the ground is assumed to be 7.6 m. In addition, the impact 

of connecting the grounding systems of the WTs by counterpoise are studied 

respecting the mitigation of both Iy and Ex. The following observations could 

be made from the FDTD simulations: 

1. Zc is affected by Ts whereas the computed Zc increases for shorter Ts and 

vice versa. However, Zc is not influenced by either ρg or εrg. 

2. Iy and Ex increase significantly for higher ρg. 

3. For the same IP of IRS (t), Ex increase for the shorter Ts. On the contrary, Iy 

increase with longer Ts, particularly for the endpoint case. 

4. The effect of εrg becomes significant for high values of ρg where the peak 

values of Ex increase for lower εrg. 

5. Generally, the magnitudes of Iy and Ex are higher for the endpoint case as 

compared to the midpoint case. Moreover, the impact of the struck WT po-

sition is more obvious for higher ρg. 

6. The counterpoise results in an effective mitigation for the Iy and subse-

quently, Ex. Moreover, the mitigation of the peak values of Ex due to the 

counterpoise is more significant for higher ρg and longer Ts. Furthermore, 
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the mitigation of the peak values of Ex is slightly less for the endpoint case 

as compared to the midpoint case. 

7. The effect of the horizontal stratification of the ground is considerable be-

cause the lower layer influences Zg of the WTs and subsequently, both Iy 

and Ex are influenced. It is found that the magnitudes of Iy and Ex computed 

considering a horizontally stratified ground having higher ρg of the lower 

layer as compared to the upper layer are higher than the magnitudes of Iy 

and Ex computed considering a homogenous ground having ρg of the upper 

layer. On the other hand, it is found that the magnitudes of Iy and Ex com-

puted considering a horizontally stratified ground having less ρg of the low-

er layer as compared to the upper layer are less than the magnitudes of Iy 

and Ex computed considering a homogenous ground having ρg of the upper 

layer. 

Since the overhead lines may exist nearby WTs, both Ex and LIVs impinging 

overhead lines are investigated due to both first and subsequent return stroke 

striking a nearby grounded WT. The impact of the horizontal stratification of 

the ground on Ex and LIVs is also included in the study assuming a 10 m depth 

for the upper layer of the ground. The struck WT and its grounding system are 

modelled by the 3-D FDTD method in order to consider the transient behavior 

of Zg and Zc. In order to clarify the influence of the struck WT on both Ex and 

LIVs, the 3-D FDTD simulations are repeated after removing the WT whereas 

the return stroke strikes the ground surface directly. The following findings 

could be derived from the 3-D FDTD computations: 

1. The flowing current, IBase through the base of the struck WT tower is much 

more influenced by the reflections at the top and base of the struck WT re-

specting the subsequent stroke as compared to the first stroke. This is 

because Ts of the first stroke is considerably longer than twice the traveling 

time of the WT in contrast to the situation of the subsequent stroke. There-

by, the struck WT results in significantly higher LIVs for the subsequent 

stroke, unlike the first stroke. 

2. The influence of the lower layer of the ground on Ex and LIVs is much clear-

er for the first stroke as compared to the subsequent stroke. On the other 

hand, the influence of the upper layer is more effective on Ex and LIVs for 

the subsequent stroke as compared to the first stroke. Generally, it is in-

ferred that the effect of the lower layer on Ex and LIVs becomes more con-

siderable for i) higher ρg for the upper layer, ii) less di/dt of IRS (t), and iii) 

farther observation point from the stroke channel or the struck WT. This is 

owing to the corresponding larger penetration depth of the electromagnetic 
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fields of the stroke channel. 

3. Regarding return strokes to WT, the influence of εrg on UP is considera-

bly more significant for the subsequent stroke as compared to the first 

stroke. The decrease in εrg causes i) an increase in the transient imped-

ance of the ground surface that results in higher UP, and ii) a decrease in 

IBase due to the corresponding increase in the transient Zg that results in 

less UP. Therefore, the influence of decreasing εrg on UP depends on 

whether the effect of the increase in the transient impedance of the 

ground surface on UP is more dominant or the effect of the reduction in 

IBase, considering the effect of the reflected electromagnetic fields at the 

boundary between the upper and lower layers for horizontally stratified 

ground cases on the horizontal electric fields inside the upper layer. 

4. The struck WT and the horizontal stratification of the ground affect consid-

erably the waveforms of Ex computed on the line and on the ground surface 

under the line. The Ex waveforms are influenced because the stroke channel 

initiates at the top of the struck WT instead of the ground surface and due 

to the current reflections at the top and base of the struck WT, particularly 

for the subsequent stroke. Furthermore, the Ex waveforms are influenced by 

the reflected electric fields from the boundary between the upper and lower 

layers of the ground. It is found that the influence of the horizontal stratifi-

cation of the ground on the Ex waveforms is quite similar to its influence on 

the LIVs waveforms. 

6.2 Future Work 

Along with the studies done in this research work, some aspects appear and 

need to be studied in the future work using the FDTD method such as, 

1. Lightning protection measures such as surge arresters, shield wires, and 

spark gaps in order to investigate how the electrical properties of the 

ground as well as IRS (t) influence the performance of different lightning 

protection schemes. 

2. The influence of the vertical stratification of the ground on the lightning 

electromagnetic fields respecting overhead line and underground cables. 

3. The influence of overhead lines and underground cables connections on the 

propagation of lightning surges. 

4. Lightning electromagnetic fields due to oblique return stroke channels. 

5. The contribution of the subsequent strokes for the insulation flashovers. 

6. Step and touch potentials for different configurations of the grounding sys-

tem considering the ground stratification. 
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