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Modeling of Grounding Electrodes
Under Lightning Currents

Leonid Grcev, Senior Member, IEEE

(Invited Paper)

Abstract—More precise modeling of the dynamic performance of
grounding electrodes under lightning currents must include both
the time-dependent nonlinear soil ionization and the frequency-
dependent phenomena. These phenomena might have mutually op-
posing effects since the soil ionization effectively improves, while
frequency-dependent inductive behavior impairs, the grounding
performance. Modern approaches that take into account both phe-
nomena are based on circuit theory that does not allow for accurate
analysis of high-frequency behavior. This paper aims to further
improve the understanding of the dynamic behavior of grounding
electrodes under lightning currents by focusing on the following
aspects: analyzing the validity domains of popular modeling ap-
proaches, based on circuit, transmission line, and electromagnetic
theory; providing parametric analysis that takes into account both
the propagation and soil ionization effects; analyzing simple for-
mulas for surge characteristics; and comparing the modeling with
experimental data. A model and a simple formula that combine
the electromagnetic approach, suitable for high-frequency analy-
sis, with the method that accounts for the soil ionization effects,
recommended by the International Council on Large Electric Sys-
tems (CIGRE) and the IEEE Working Groups, are used for the
parametric analysis. Both the model and the simple formula are
verified by comparison with experimental results available in the
literature.

Index Terms—Frequency response, grounding, lightning, mod-
eling, transient response.

1. INTRODUCTION

ERTICAL and horizontal grounding electrodes are tradi-
V tionally used in lightning protection systems “to direct the
lightning current from the down conductors to the earth with a
minimum rise in the potential of the above-ground part of the
protection system” [1]. The safety criteria based on “a minimum
rise in the potential” are taken from power systems analysis [2].
However, in such a case, the usual dc approximation leads to
rather straightforward computations. Fig. 1 shows a theoretical
circuit for evaluation of the voltage that the above-ground part
of the protective system attains in reference to remote earth. An
ideal dc current source [ is connected with one terminal to the
grounding electrodes and with the other terminal to the remote
earth, theoretically at infinite distance. The influence of the con-
necting leads is ignored. The voltage between the current source
terminals is uniquely defined, and is equivalent to the electric
potential of the ground electrodes V' with a reference point at
the remote earth. This enables definition of the low-frequency

Manuscript received November 1, 2008. First published August 7, 2009;
current version published August 21, 2009.

The author is with the Faculty of Electrical Engineering and Information
Technologies, Ss. Cyril and Methodius University, Skopje 1000, Macedonia
(e-mail: Leonid.Grcev @ieee.org).
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Fig. 1. Theoretical circuit for evaluation of a dc grounding resistance R.
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Fig. 2. Typical first and subsequent return stroke current waveforms [3].

grounding resistance R, which is given as

v

R= T (1)
Therefore, the goal of minimizing V' is achieved by a design
that minimizes R.

However, the situation is different in the case of lightning.
Current that is injected in the grounding electrodes is a fast-
varying current pulse with high peak values. For example, Fig. 2
shows two typical lightning current waveforms related to the
first and subsequent strokes that will be used in this study [3].
The details of these lightning current waveforms are given in
Section V-A.

The dynamic response of the grounding electrodes subjected
to such current pulses is predominantly influenced by two phys-
ical processes, which are related to the following properties of
the current pulse waveform:

1) the soil ionization in the immediate proximity of the

grounding electrode, which is related to the current pulse
intensity;

0018-9375/$26.00 © 2009 IEEE
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Soil p=100Qm
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Current pulse
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Fig. 3. Propagation of a potential pulse along 60 m horizontal grounding
electrode when a current pulse is injected in wire’s left end [5].

2) the lightning pulse propagation along the grounding elec-

trode, which is related to the current pulse front time.

In the case of a current pulse with a high peak value (e.g., such
as the first stroke current pulse in Fig. 2), the electric field at the
ground electrodes may become larger than the electric strength
of the soil, resulting in breakdown and spark discharges. This
results in “lowering the grounding resistance by effectively en-
larging the size of the electrode” [1], and therefore, in improving
the grounding performance in comparison to the low-current
cases.

On the other hand, when fast front current pulses (e.g., such
as the subsequent stroke current pulse in Fig. 2) are injected in
the electrode, due to the limited speed of current pulse propa-
gation along the electrode, only a small part of the electrode is
effective in discharging the current to the earth in the first mo-
ments of the pulse. This might result in large values of leakage
currents and potentials near the current injection point, and the
grounding performance might be impaired in comparison to the
low-frequency cases [4].

This effect is illustrated in Fig. 3 (with soil ionization effects
ignored) [5]. The figure shows the propagation of conductor
potentials along the electrode as a response to a current pulse
injected in one end of the horizontal 60-m-long electrode. Snap-
shots of computer animation are shown at six moments of time
after the beginning of the current injection (at¢ = 0.1, 0.5, 1, 5,
10, and 50 us).

Two periods might be distinguished: 1) surge period—before
the pulse reaches the other end of the electrode, when only part
of the electrode is effective in discharging the current to earth,
characterized by large values and uneven distributions of the
potential and 2) stationary period—after the pulse reaches the
other end of the electrode, characterized by even distributions,
when the whole electrode is effective in discharging the current
to earth. The latter period in most cases is very similar to the
low-frequency case.

Attempts at more precise modeling of the dynamic perfor-
mance of grounding electrodes under lightning currents must
include both soil ionization and propagation phenomena. Nev-

ertheless, existing methods often separately analyze either the
effects of soil ionization, e.g., [6]-[9], or the effects of pulse
propagation, e.g., [10]-[14]. On the other hand, the existing
modeling approaches that include both phenomena are based ei-
ther on circuit [15]-[17] or transmission-line theory [18]-[20],
whose underlying assumptions limit their accuracy for fast front
pulses that are crucial for the propagation effects. Although
much work has been done by many researchers in the past 80
years on this subject “there is no consensus yet on how to apply
this knowledge to the design of the actual electrode system” [21].
There is also no consensus even on the definition of the surge
characteristics and the validity of the methods of analysis.

This paper aims to further improve the understanding of the
dynamic behavior of grounding electrodes under lightning cur-
rents by focusing on the following aspects.

1) Clarifying the basic concepts underlying surge
characteristics.
2) Analyzing the validity domains of popular modeling

approaches.

3) Providing parametric analysis that simultaneously takes

into account propagation and soil ionization effects.

4) Analyzing simple formulas for surge characteristics.

5) Validating the modeling with comparison to experiments.

We compare three popular models, based on circuit, trans-
mission line, and electromagnetic theory, first in the frequency
domain, and then, in the time domain for typical lightning cur-
rent pulses. A parametric analysis is presented in the follow-
ing ranges: earth’s resistivity 10-10000 Q2-m, electrode length
1-30 m, lightning current pulse zero-to-peak time 0.8 and 8 ps,
and peak value 12 and 30 kA. To take into account both soil
ionization and frequency-dependent effects, we use recently in-
troduced procedure [42], [43] to combine compared models
with an approximate soil ionization effects formula, as recom-
mended by the International Council on Large Electric Systems
(CIGRE) and IEEE Working Groups.

Finally, we analyze and discuss use of a new simple formula
for surge characteristics that take into account both the phe-
nomena. We also present comparison of the procedure and the
formula with experimental data, and conclude that there exists
a fairly good agreement.

For completeness, definitions of surge characteristics are
summarized, and their significance is discussed in practical
examples. Also, details of all analyzed methods are briefly
described.

II. QUANTITIES USED TO CHARACTERIZE THE DYNAMIC
PERFORMANCE OF GROUNDING ELECTRODES

It can be seen from Fig. 3 that complex spatial and tem-
poral distributions are necessary for complete analysis of the
dynamic behavior of grounding electrodes under lightning cur-
rents. In addition to potential distributions, longitudinal and
leakage current, electromagnetic fields, and voltages are neces-
sary in detailed electromagnetic compatibility (EMC) and safety
studies, e.g., [22]-[25]. However, single quantities based on the
time functions of the injected current i(¢) and the resulting elec-
tric potential at the injection point in relation to remote ground

Authorized licensed use limited to: Leonid Grcev. Downloaded on August 25, 2009 at 15:33 from IEEE Xplore. Restrictions apply.
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v(t) are mostly used. The main purpose of these quantities is
to compare the dynamic performance with the low-frequency
low-current performance [19].

The peak values of i(¢) and v(t), I,,, and V;,, respectively,
are the basis for the definition of the quantity coined as impulse
impedance Z, defined by

Vm
Iy,
where Z in (2) is related to the low-frequency grounding resis-

tance R in (1) by the dimensionless impulse coefficient A given
as

7= )

A
A=2. 3)

If the performance of the grounding electrode is equal in
surge and low-frequency low-current conditions, then Z = R,
and consequently, A = 1. Clearly, values of A larger than one
indicate impaired surge performance, while values of A less
than one indicate improved surge performance compared to the
low-frequency grounding performance.

Since for longer grounding electrodes Z might become larger
than R, i.e., A might become larger than one, the surge effective
length /. is defined as the maximal grounding electrode length
for which A is equal to one [5], [26], [27].

Also, the quantity coined transient grounding impedance z(t)
is a time function defined as a quotient between v(t) and (%) as

v(t)
) =g O
The practical meaning of these quantities will be discussed in
Section V-C.

Another useful quantity is coined as the harmonic grounding
impedance [52], [53]

. V(jw)
Z(jw) = 7 o)

This quantity is in the frequency domain, and I(jw) and
V(jw) are phasors of the injected current and the potential at
the injection point, respectively.

In contrast to the time-domain quantities in (2)—(4) that de-
pend on the excitation waveform, Z(jw) depends only on the
geometric and electromagnetic properties of the electrodes and
the medium. It is useful for the analysis of frequency-dependent
effects with ionization ignored. As it is well known, Z(jw) en-
ables evaluation of the time functions of the potential v(¢) as a
response to an arbitrary current pulse #(¢) by [22]

v(t) = F {Fli(t)] Z(jw)} (6)

where F and F~! denote Fourier and inverse Fourier transforms,
respectively.

It is worth noting that quantities coined as “impedances,”
Z in (2), z(t) in (4), and Z(jw) in (5), are not well-defined
impedances in the electromagnetic textbooks since wv(t) and
V (jw) are not the voltages between the current source terminals
in Fig. 1, but only potentials at the grounding electrode feed
point. An important property of these quantities is that they re-
duce to the low-frequency grounding resistance R, e.g., z(¢) in

(&)

i Air
—>
by Earth :
L
v R § 2
R C
\
e — N
(a) (b) (©)
Fig. 4. Low-current models of a grounding electrode. (a) Low-frequency

grounding resistance. (b) High-frequency lumped RLC circuit. (c) Segmented
grounding electrode. (d) High-frequency segmented RLC circuit.

stationary period, and Z(jw) for low-frequencies, and their de-
viation from R indicates differences between the dynamic and
low-frequency grounding performance.

III. APPROACHES TO MODELING

In this section, three popular modeling approaches are briefly
described based on circuit, transmission line, and electromag-
netic theory. As most electrodes have a vertical or a horizontal
position, we constrain the analysis to such cases. For simplicity,
we consider only single electrodes. In the first part of this sec-
tion, i.e., Section III-A, we consider the so-called low-current
models that disregard effects of soil ionization, and in the next
part, i.e., Section III-B, we consider the models that take into
account soil ionization.

A. Frequency-Dependent Effects

1) Circuit Approach: In the low-frequency case, static anal-
ysis is usually applied, which leads to the well-known formulas
for the grounding resistance R [see Fig. 4(a)]. Therefore, for the
vertical electrode, according to Dwight [29]

R (in ohms) = QL;E {ln (t€> - 1} (7a)
and for the horizontal electrode, according to Sunde [30]:
o) = 7 [ (555) <
R (in ohms) = — |[In -1 7b
(inohms) = £ [ (2 (7b)

where p is resistivity of the earth (in ohms-meter), ¢ is grounding
electrode length (in meters), a is radius (in meters), and d is
depth of burial of horizontal electrodes (in meters), assuming
£>a and £ > d. R in (7) is derived by applying the static
image method.

A simple lumped-circuit high-frequency model suggested by
Rudenberg [4] is illustrated in Fig. 4(b). R is computed by (7)
and the grounding capacitance C' is computed based on the
relationship [30]

C (in farads) = % (3)

where ¢ is permittivity of the soil (in farads per meter).
As mentioned in [30, p. 257], the inductance L of a horizon-
tal wire reduces slightly as the depth of the wire is increased.
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Therefore, for horizontal “wires at ordinary depths, the induc-
tances are substantially the same as for wires at the surface”
[30, p. 114] given as

L (in henries) = 5—6 {ln (%) - 1} ©)

™ 4

where 1 is permeability of the soil (in henries per meter), which
is usually assumed to be equal to the permeability of a vacuum.
The same formula is used also for vertical electrodes [31]. Use
of alternative approximation formulas for L is discussed in [28].

The additional underlying assumptions in the aforementioned
formulas are a uniform charge distribution along the electrodes
in (7) and (8), and a uniform longitudinal current distribution in
) [30].

The electrode is often divided into [V fictitious segments to
take into account the nonuniform distributions of the charge and
current, and each segment of the electrode is represented by an
RLC section [32], as illustrated in Fig. 4(c) and (d).

2) Transmission-Line  Approach: The most popular
transmission-line approach model is an extension of the
circuit model [see (7)—(9)]. Per-unit-length parameters are
approximately determined, according to [30], as

R'(in ohms meter) = — = R/

i

C’ (in farads per meter) =

L’ (in henries per meter) = (10)

where R, C, and L are determined by (7), (8), and (9),
respectively.

Both circuit and transmission-line models can be used for
computations in the time and frequency domains. In the fre-
quency domain, the transmission line may be considered as
open, and the harmonic grounding impedance is [33]

Z(jw) = Zy coth ¢ (11a)

Zo = | =22 = /jwL'(G' + jwC") (11b)
0= G+ juC" Y=VJ J

where j = /—1, w = 27 f, and f is the frequency (in hertz).
In (11) and Section III-A3, the time variation exp(jwt) is
suppressed.

Since both circuit and transmission-line models are based
on quasi-static approximation, their validity is limited at high
frequencies.

3) Electromagnetic Approach: The most popular electro-
magnetic approach is based on antenna theory and the method
of moments (MOMs) [22]. This method is based on an exact
solution of the electromagnetic fields of a Hertzian dipole in or
near a lossy half-space [34], and therefore, is based on fewer
neglected quantities in comparison to the previous models. This
is a full-wave frequency-domain approach; however, its basic
requirement is that the system is linear. Therefore, this method
is not suited for the modeling of nonlinear phenomena. On the
other side, it is well suited for modeling frequency-dependent
characteristics [22].

The details of the MOM are available elsewhere [35]. Here,
the method will only be briefly described. It is assumed that
electrodes are thin, and that current and charge densities along
electrodes are approximated by filaments of current and charge
on the electrode axis. Each electrode is thought of as divided in
segments, as illustrated in Fig. 4(c). An impedance matrix [Z]
is then obtained using the MOM to describe the electromag-
netic interactions between segments. [Z] is an N x N matrix,
where N is the number of segments. In this process, the elec-
tromagnetic field equations are reduced to a matrix form [25]
as

[Z][1) = I, [Z'] (12)

where [I] is a column matrix whose elements are unknown pha-
sors that approximate the current distribution along electrodes,
I is the phasor of the injected current, and [Z'] is a column
matrix whose elements are impedances between the segment,
where the current is injected, and all the other segments [25].
The grounding harmonic impedance Z(jw) is
, v, "2+ 1,7,
20Gw) =1 = T
where V is the phasor of the potential at the injection segment
in reference to remote ground and Z is the self-impedance of
the injection segment.
The key step is the evaluation of the elements of the [Z] matrix
in (12), which can be written in the following general form [36]:

(13)

Z'UL'VL = / / E?L FVI G"L n dg"l dé” (14)
m n

where F},, and F), are the functions related to the approximation
of the current and the boundary conditions along the mth and
nth segments, respectively. G, ,, is the Green’s function, which
is equivalent to the electromagnetic field at the nth segment due
to a current element in the mth segment. For evaluation of G,,,,,,
the exact Sommerfeld’s solution [34] is used. G,,,,, can be cast
in the following form [37]:

Gmn = 9mn + Kg;nn + Smn (15)

where g, is the Green’s function for the current element below
the ground in an unbounded homogeneous lossy medium with
earth’s characteristics and ¢/,,,, for its image above the earth’s
surface. Applying only g, and g/,,, in (15) would be equal to
the method of static images. K in (15) is coefficient that modifies
the images [25] and S,,,, involves Sommerfeld-type integrals
[34]. The latter term converges to zero for low frequencies, but
becomes significant at high frequencies. The first term of (15),
Jmn can be expressed as [35]

exp(—jkr) J
mn — ) = - 1
g " k=w (6 wp) po (16)

where 7 is the distance between the source (at the mth segment)
and the observation point (at the nth segment). One approxima-
tion of g,,,, in (16) can be obtained by expanding the exponential
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in a Maclaurin series [35] as

1 k?

2

The first term is identical to the static case. Therefore, if we
would like to reduce the electromagnetic to the circuit approach,
we could only use the first term in (17), static image theory in
(15), and unit pulse functions for F,,, and F,, in (14).

Solution of (12) gives the current and charge distribution
along electrodes at a given frequency, which can be used for
further computations of quantities of interest, such as potentials,
voltages, fields, impedances, etc. In the frequency domain, these
quantities may be considered as the system functions, and time
responses can be obtained by (6) [22].

B. Nonlinear Soil Ionization Effects

1) Nonlinear Grounding Resistance: Bellaschi et al. [6]
have determined the nonlinear relationship between the ground-
ing electrode injected current and resistance, and proposed that
it is a result of soil ionization at high-current values. They
have concluded that soil ionization effectively increases the
dimensions of the electrode; thus, decreasing the resistance.
Based on the further work of Korsuntcev [38], and Eriksson and
Weck [54], the following formula for a nonlinear resistance R(t)
(in ohms) as a function of the injected current 7 (in kiloamperes)
is recommended in [40], [41], and [56]:

R E()P

"= T e

where FEj is the earth’s critical electric field intensity (in kilo-
volts per meter), p is the resistivity of the earth (in ohms-meter),
and R is the low-frequency low-current grounding resistivity (in
ohms) [see (1)]. Different values are recommended for F, e.g.,
300 kV/m in [40] and 400 kV/m in [41], although “values from
300 to 1500 kV/m have been used by various investigators” [56].
It should be emphasized that (18) has been recommended for
electrodes with lengths of up to about 30 m [40].

The nonlinear resistance [see (18)] has also been used in the
sequenced RLC model [see Fig. 4(d)], where linear R has been
replaced by nonlinear [2(¢) to include both high-frequency and
soil ionization effects [32].

2) Approximate Procedure for Simultaneous Time- and
Frequency-Dependent Analysis: Recently, a simplified proce-
dure that takes into account both the time-dependent nonlinear
effects of soil ionization and the frequency-dependent effects
has been proposed [42], [43]. This procedure comprises two
steps. The first step is to compute the potential at the injection
point v(t) as a response to an injected current #(t), with ioniza-
tion effects ignored, by any frequency-domain method, such as
described in Section III-A. In this paper, i(f) has a waveform
illustrated in Fig. 2 and characteristics described in Section V-B.
Then, two components of v(t) are considered

u(t) = Ri(t) + z(t)

where R is the low-frequency grounding resistance [see (1)].
If the grounding electrode performs in surge conditions exactly
as it performs at low frequencies, then (19) becomes: v(t) =

(18)

19)

Ri(t). Therefore, x(t) in (19) reflects the difference between
the surge and low-frequency performance. Consequently, the
first component on the right side of (19) might be considered
as an approximation of the resistive voltage drop in the ground,
while the second component z(t) is related to the frequency-
dependent phenomena, and is mostly an approximation of the
combination of the inductive and capacitive voltage drop in the
earth.

The second step is to determine the total potential v;(¢) that
accounts for the soil ionization as

vit) = R()i(t) + x(t) (20)

i.e., by replacing R in (19) with nonlinear R(t) in (20). Here,
R(t) is computed by (18) and x(¢) is derived from (19). As-
suming that the ionization has the largest effect on the resistive
voltage drop in the ground, these effects are ignored in x(t). This
simplified approach is validated by comparison to experiments
in Section VII and [43]. However, its application is limited to
the ranges of parameters given in Table II.

IV. COMPARISON BETWEEN MODELS
IN THE FREQUENCY DOMAIN

In this section previously described models are compared
in the frequency domain. Concerning the circuit model, it was
demonstrated recently in [44] that the lumped circuit model,
illustrated in Fig. 4(b), largely overestimates the harmonic
impedance at high frequencies, and this model is not consid-
ered here anymore. In this paper, the following three models are
compared.

1) A segmented RLC model, illustrated in Fig. 4(c) and (d),
where the total number of segments /N depends on the
total electrode length where all segments are with equal
length of 1 m [see (7)—(9)], denoted “RLC” in Figs. 5—
11 (the length of the segment of 1 m is chosen just as
an example—smaller or larger lengths would lead to bet-
ter or worse agreement with the transmission-line model,

respectively).

2) A transmission line model [see (10)—(11)] denoted “TL”
in Figs. 5-11.

3) Anelectromagnetic model [see (12)—(16)] denoted “EMF”
in Figs. 5-11.

The computation results by the three models for vertical
grounding electrodes are presented in Figs. 5-7 for different
lengths of the electrode and different resistivities of the earth.
Fig. 5 shows the computation results for an electrode length
of 1 m, Fig. 6 shows the computation results for an electrode
length of 10 m, and Fig. 7 shows the computation results for
an electrode length of 30 m. In all the cases, the electrode is
constructed of copper with a diameter of 2.5 cm. In Figs. 5-7,
results for four values of the earth’s resistivity are presented:
10, 100, 1000, and 10000 2-m. In all the cases, the relative
permittivity of the earth is 10.

The presented results in Figs. 5—7 are normalized modulus of
the harmonic impedance to the value of the low-frequency resis-
tance in a frequency range from 100 Hz to 10 MHz. Presented
frequency characteristics exhibit well-known behavior.
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resistance for a vertical electrode with length 1 m.
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Fig. 11. Computed components of the potential at the injection point for first

stroke current injected in a 10-m-long electrode in earth with p = 100 Q-m.

1) At low frequencies, the grounding performance is
frequency-independent (Z(jw) &~ R) up to some switch
frequency.

2) Above the switch frequency, the grounding perfor-
mance is frequency-dependent, either dominantly induc-
tive (|Z(jw)| > R) or dominantly capacitive (|Z(jw)| <
R).

As it is well known, high-frequency inductive behavior indi-
cates a possibility that grounding performance might worsen in
the first few moments of the lightning pulse; however, only if
the lightning current waveform has enough frequency content
above the switch frequency. On the contrary, the high-frequency
capacitive behavior indicates a possibility of better grounding
performance in the first few moments of the lightning pulse.

Figs. 8-10 are similarly organized, but for horizontal ground-
ing electrodes. Here, the diameter is 1.4 cm and depth of burial
is 0.8 m. Comparing results of Figs. 5—7 with Figs. 8—10 for the
electrodes with the same length, it is obvious that, in spite of the
differences in R, their high-frequency behavior is very similar.

All electrodes exhibit inductive behavior in more conducting
earth and switch to capacitive behavior in more resistive earth.
Of primary interest is inductive behavior, since it can impair
the grounding performance. The switch frequency between the
resistive and the inductive behavior was denoted as a character-
istic frequency F. by Gary [45]. However, Gary determined F,
by using circuit model and an alternative formula to (9) for L
for horizontal electrodes, thus obtaining somewhat larger val-
ues. An empirical formula for F is derived in [46] using the
electromagnetic model

E. =p(0.6/0)** (21)

where F. is in megahertz, p is in ohms-meter, and / is in meters.

Comparing the results from the three models, they are simi-
lar for vertical electrodes that exhibit capacitive behavior. The
differences are more significant for the inductive behavior when
circuit and transmission-line models overestimate the induc-
tive behavior in comparison to the electromagnetic model. The
segmented circuit and transmission-line models mutually agree

180
160
140
120
100

v (kV)
s

v, (with ionization)

0 1 2 3 4 5
£ (us)

Fig. 12.  Computed components of the potential at the injection point for
subsequent stroke current injected in a 10-m-long electrode in earth with p =
100 ©-m.

well nearly in all cases, except in extremely conductive soil with
resistivity 10 2-m.

A practical question is: what is the significance of the differ-
ences between the three models in the time domain, i.e., when
electrodes are subjected to lightning current pulses, taking into
account both the effects of propagation and ionization. The an-
swer to this question is one of the subjects of the next section.

V. COMPUTATIONS IN THE TIME DOMAIN

A. Characteristics of the Typical Lightning Current Waveforms
Used in Computations

In this study, we have used two lightning current waveforms
chosen by Rachidi ez al. [3] to fit experimental data correspond-
ing to the typical first and subsequent return strokes, based
on observations of Berger er al. [47] (see Fig. 2). The first
stroke current pulse is characterized by a peak value of 30 kA,
zero-to-peak time of about 8 us, and a maximum steepness of
12 kA/us, whereas the subsequent stroke current has a peak
value of 12 kA, zero-to-peak time of about 0.8 ps, and a maxi-
mum steepness of 40 kA/us.

While the first stroke current has larger intensity, the subse-
quent stroke, which has larger rate of rise of the front, has higher
frequency content. As a first approximation, Gary [45] has pro-
posed that the first stroke current waveform’s frequency content
is below 100 kHz, and subsequent stroke’s is above 1 MHz.

B. Simultaneous Computation of Frequency-Dependent and
Soil Ionization Effects

Figs. 11 and 12 illustrate the computation procedure that
takes into account both frequency-dependent and soil ionization
effects described in Section III-B.2. The case is the same as in
Fig. 9, a horizontal electrode with / = 10 m, ¢ = 7 mm, d =
0.8 min earth with p = 100 Q-m, e, = 10, and F, = 300 kV/m.
Note that the electromagnetic model is used in all examples
illustrated in Figs. 11-14.
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Fig. 13. Surge characteristics of a 10-m-long electrode in earth with p =
100 ©2-m for the first stroke current.
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Fig. 14. Surge characteristics of a 10-m-long electrode in earth with p =

100 ©2-m for the subsequent stroke current.

The first step in the procedure is to compute the potential
v(t) [see (19)] with ionization ignored. It has two components:
the pure resistive Ri(t) and the reactive x(t) part. Next, the total
potential v; (¢) [see (20)], with accounted soil ionization effects,
is a sum of R(t)i(t) and x(t). The difference between Ri(t) and
R(t)i(t) components represents the effects of soil ionization,
and x(t) represents the frequency-dependent effects.

The response of the same grounding electrode to the two
different lightning current waveforms, related to the first (see
Fig. 11) and subsequent (see Fig. 12) strokes, reveal impor-
tant differences. The response to the first stroke (see Fig. 11)
is dominantly resistive and soil ionization effects are domi-
nant. This could also be concluded from an analysis of the har-
monic impedance in Fig. 9. For resistivity of soil 100 £2-m and
a frequency content of the first stroke current waveform below
100 kHz, the pulse is influenced only by the pure resistive be-
havior. Practically, the total potential v; (t) can be approximated
with only the nonlinear resistive part R(t)i(t).

However, the subsequent stroke, with frequency content
above 1 MHz, is influenced by the inductive behavior, resulting
in amplification of the high-frequency components and a large
peak in the first moments of the potential pulse (see Fig. 12).

TABLE I
SURGE CHARACTERISTICS OF 10-m VERTICAL GROUNDING
ELECTRODE IN EARTH WITH RESISTIVITY 100 ©2-m

R (QY) Z(Q) A
First Stroke 11 8.3 0.75
Subsequent Str. 11 13.4 1.3

These effects are analyzed for a wider range of parameters and
in more details in [43].

The effects of soil ionization start with the rise of the current,
and the reduction of the total potential depends on the current
peak intensity. This effect lasts during the large part of the pulse
(see Fig. 11). However, in the case of the subsequent stroke
(see Fig. 12), the inductive potential peak lasts only during
the rise of the current pulse. In Fig. 12, this effect comes to
its maximum before the soil ionization is fully developed, and
consequently, soil ionization does not have a large effect in
reducing the inductive potential peak.

C. Computation of Surge Characteristics

Figs. 13 and 14 illustrate the computation of the surge char-
acteristics, for the same cases analyzed in Figs. 11 and 12,
respectively.

The transient grounding impedance z(t) [see (4)] in both cases
in Figs. 13 and 14 rises fast to some large value in the initial
surge period, after which it converges to the stationary condition
characterized by values that may be approximated with R() [see
(18)]. This can be used to distinguish two periods of the transient
response:

1) the initial surge period [when z(t) # R(t)];

2) the stationary period [when z(t) = R(t)].

Such division of the transient period is important, since the
surge period is very short, from one to a few or few tens of
microseconds, and the rest is the stationary period when the
behavior may be approximated as dominantly resistive.

In the case of the first stroke (see Fig. 13), the potential pulse
is not significantly modified in relation to the current pulse, and
the dominantly resistive behavior results with the occurrence of
the maximums of the current and the potential pulses in the same
moment. In the case of the subsequent stroke inductive behavior
results in the potential pulse leading the current pulse. The large
peak of the potential pulse occurs only during the surge period.
These differences are expressed by the different values of the
surge characteristics (see Table I).

The meaning of the surge characteristics in relation to the
dominant soil ionization or inductive effects is somewhat dif-
ferent (see Table I). In the case of the first stroke, the impulse
coefficient A < 1 due to soil ionization, which reflects generally
better grounding performance in relation to the low-frequency
case. But in the case of the subsequent stroke, where A > 1 due
to inductive effects, it reflects worsened performance in relation
to the low-frequency case, but only during the surge period.
In the rest of the pulse, the performance is slightly better than
during the low-frequency case, but this is not reflected in the
surge parameters.
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Fig. 15.  First stroke current in a 10-m-long electrode.
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Fig. 16.  First stroke current in a 30-m-long electrode.

D. Comparison Between Models in the Time Domain

Since the vertical and horizontal electrodes have very similar
high-frequency behavior, only vertical electrode cases are used
for comparison in the time domain. Note that computations
in the time domain for the compared models were performed
following the same procedure; first, Z(jw) is computed by (11a)
or (13), and then, v(¢) is determined by (6), and finally, (19) and
(20) are applied.

Also, it is obvious that in the case of capacitive behavior, all
models lead to similar results, and cases for electrode length
£ =1 m and for other lengths in soil with p = 10000 2-m are
not used for further comparisons. The cases that are used for
comparison of the three models are from Fig. 6 for electrode
length ¢ = 10 m and Fig. 7 for £ = 30 m.

These electrodes are first subjected to the first stroke current
pulse, and the results are shown in Fig. 15 (for electrode length
£ =10 m) and Fig. 16 (for £ = 30 m).

In all cases, circuit and transmission-line model overestimate
the resulting potential in comparison to the electromagnetic
model. Such overestimation is larger for inductive effects in the
surge period; however, during the stationary period, the results
from the different models mutually converge.
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Fig. 17.  Subsequent stroke current in a 10-m-long electrode.
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Fig. 18.  Subsequent stroke current in a 30-m-long electrode.

Next, the results when these electrodes are subjected to the
subsequent stroke current pulse are shown in Fig. 17 (for elec-
trode length ¢ = 10 m) and Fig. 18 (for £ = 30 m).

The conclusions here are similar to the cases of the first
stroke current pulse, only the inductive effects occur in most of
the analyzed cases. The differences are larger as the inductive
effects are larger, but similarly, like in the first stroke case, after
the surge period, the results by the different models mutually
converge.

VI. SIMPLE FORMULA FOR THE IMPULSE COEFFICIENT

Recently, a new empirical formula for the impulse coefficient
A [see (3)] has been proposed [42], [43]. First step is to compute
the coefficients o and 3 [5], [26], [27]

o = 0.025 + exp (—0.82(pT})"**")
B =0.17 + exp (—0.22(pT; )"->*%)

(22a)
(22b)

where, soil resistivity p is in ohms-meter and current pulse zero-
to-peak time 7} is in microseconds. Coefficients o and 3 do
not have physical meaning; they are deduced from computer
simulation results by the electromagnetic model.
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TABLE II
INPUT PARAMETERS (25)

Parameter Symbol Unit Validity
range
Electrode length ( m 3-30
Soil resistivity p Qm 10 — 1000
Current pulse zero-to- T, us >0.2
peak time
Current pulse peak I, kA 0-100
value
Soil critical E field E, kV/m 300 — 1000
TABLE III

ELECTRODE AND SOIL PARAMETERS OF THE EXPERIMENTAL CASES

Case Electrode Soil

Fig. 19 Horizontal p=65Qm
{=8m e =15
a =6 mm
d=0.6m

Fig. 20 Horizontal p=42Q'm
/=5m g =10
a=4mm Ey=350kV/m
d=0.6m

Fig. 21 Vertical p=20-2000 Q'm
£=2.5-10m

Next, the effective length Z.¢ (in meters) is determined by

- (122),

The impulse coefficient A with ionization ignored is
A=1, (6 < logr)
A=al+p, (6> Llegr).

(23)

(24a)
(24b)

Finally, the impulse coefficient A; that takes into account both
frequency-dependent inductive and time-dependent nonlinear
behavior is determined by

1 E
Ajm et A1, I, = L

Vi+1,/1, 27 R?
where I, is current pulse peak value in kiloamperes and A is
computed by (24). Parameters on the right side of the relation
for I, are same as in (18). The validity domain of (25) is given
in Table II.

The formula disregards effects that the soil ionization might
have on the capacitive behavior; however, this may be consid-
ered as neglect on the “safe side” since capacitive behavior prac-
tically improves grounding performance by reducing v; (¢) [20].
The simple formula in this section is applicable for vertical and
horizontal electrodes. It can also be used for two- and four-arm
horizontal arrangements and for single, two, and four driven rods
arrangements using reduction factors given in [5, Table III].

The formula (25) can be compared with previously developed
formulas for the impulse coefficient. One is the well-known

(25)

800 40

.......
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- ~
200 10

— — — = Measurement
Computation
0 0
0 0.2 0.4 0.6 0.8 1
t(ps)
Fig. 19. Comparison with measurements by Electricité de France [50] (pa-

rameters are given in Table III).

formula by Gupta and Thapar [48]

2.3
A= exp (0.333 (f ) > .l = 14/pTh.  (26)
eff

Another formula for the impulse coefficient of a linear hori-
zontal conductor is developed in [49] as

A =1.62p7"4(0.5 + V£)[0.79 — exp(—2.3I;,%)].

m

27

However, (26) takes into account only frequency-dependent
inductive effects and ignores soil ionization effects, and (27)
ignores inductive effects, since it does not take into account 7}
that is crucial for the inductive effects. Formulas (26) and (27)
also ignore the possibility of different values of Ej.

Consequently, (25) is the most versatile amongst other pre-
viously derived formulas since it includes all the important pa-
rameters that characterize the dynamic behavior of grounding
electrodes given in Table II.

VII. VALIDATION OF THE COMPUTATIONS

To validate the computations, they are compared with pub-
lished experimental data as a reference. The values of the basic
parameters of the experimental cases are given in Table III,
and the comparisons between the simulation and experimental
results are given in Figs. 19-21. Additional validation is also
available elsewhere [43].

First, in Fig. 19, the electromagnetic model is compared with
experimental results. Fig. 19 presents one of the rare carefully
performed and well-documented experiments with fast front
current with front time of about 0.2 us that was carried out
during the extensive field measurements performed in the mid-
1980s by the Electricité de France [50], [52]. A low-intensity
current pulse is injected in a grounding electrode ¢ (dotted line),
and the measured voltage to ground at the injection point v
(broken line) clearly shows inductive effects. Computed v by the
electromagnetic model (full line) agrees very well with the mea-
surements. Additional validation of the electromagnetic model
is also available elsewhere [25]. The measured and computed
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Fig. 20. Comparison with measured results for a horizontal electrode by Geri

[15] (parameters are given in Table III).
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Fig. 21. Comparison with measurements by Ryabkova and Mishkin [51],

Liew and Darveniza [8], He et al. [49], and Mousa [55], for 71 = 3 — 6 us
(parameters are given in Table III).

TABLE IV
COMPARISON OF MEASURED AND COMPUTED SURGE
CHARACTERISTICS IN FIG. 19

R(Q) Z(Q) A
Measured 10 22 2.2
Computed — EM model 10 20.7 2.1
Computed — formula (25) 2.4

surge characteristics are given in Table IV. Formula (25) agrees
reasonably well with measurements.

Next, Fig. 20 shows a comparison of the simulation and exper-
imental results to validate the approximate procedure for simul-
taneous computation of soil ionization and frequency-dependent
effects described in Section III-B.2. The reference case is from
Geri’s article [15, Fig. 14]. For the measured current pulse %
injected into the electrode, the potential at the injection point v
is computed when ionization is ignored by (19), and v; when

the ionization is accounted for by (20). The simulated results
for v; are in good agreement with the experimental results.

Ryabkova and Mishkin [51] introduced a normalizing ratio
I, p/? to present variation of the impulse coefficient A based
on a comprehensive set of measurements for the case of a single
vertical electrode, with current pulses with peak values in the
range 10-100 kA and zero-to-peak time in the range of 3-6 us
(other parameters are given in Table III). Fig. 21 shows their
generalized curve (it is a median line of scattered results). Liew
and Darveniza in [8, Fig. 13], and Mousa in [55, Fig. 7] also pre-
dicted impulse characteristics of a single rod. For comparison
reasons, their results have been normalized in a similar fashion in
Fig 21. Also, in Fig. 21, the median line of the results by (27) of
He et al. [49] for the same range of parameters is presented. For-
mula (27) is an empirical formula by regression analysis from
a large amount of experimental results [49]. Therefore, these
results present experimental results from four different research
groups. There is a general agreement in the trend between pre-
sented experimental results; however, the four research groups
have differently estimated the level of the grounding perfor-
mance improvement due to the soil ionization. One explanation
of such differences might be in the different approaches, e.g.,
Ryabkova and Mishkin results are from laboratory experiments
on small-scale models.

To compare (25) with these experimental results, it is also
presented with a median line of the results for two values of the
critical electric field of the earth, 300 and 1000 kV/m.

VIII. DISCUSSION

The results in Fig. 21 show effects of only the soil ionization,
since the values of the impulse coefficient are less than zero. It
is a consequence of the rather slow front time in the range of
3—6 ps, which is too large for the induction effects to occur. The
differences in experimental results by Ryabkova and Mishkin
[51], Liew and Darveniza [8], Mousa [55], and He et al. [49]
show that different approaches by different researchers predict
more conservative or a more optimistic estimate of the effect
of the soil ionization on the improvement of the grounding
performance under high lightning current pulses. The results
by (25) in Fig. 21 depend on the value of the parameter Ej in
(18). The parameter Ejy, the critical electric field of the earth,
can be considered as a calibrating parameter in (25), which
might be used to fit to more or less conservative experimental
estimates of the soil ionization effect on the improvement of the
grounding performance. It is worth noting that this possibility
was mentioned by Oettle [39]. Recognizing that E, is difficult to
estimate for different types of soils, it has been suggested that F
can be treated as an empirical calibrating factor [39, p. 2022].
Oettle selected Ey = 1000 kV/m for her computations [39];
later, CIGRE Working Group [41] selected Ey = 400 kV/m,
while IEEE Working Group selected [40] Ey = 300 kV/m. It
might be an open question if a single value of Ej should be used
in all practical situations.

Unfortunately, there are no reliable experimental results in
the literature that show simultaneously the soil ionization and
inductive effects. For example, Fig. 19 shows only the inductive
effects, while Figs. 20 and 21 show only the soil ionization
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Fig. 22. Comparison between simulation results for impulse coefficient A;

for current pulses with front times 77 = 0.2 ps and T = 3 ps.

effects. The presented simple computational procedure and (25)
enable such an analysis (in their range of validity indicated in
Table II). Fig. 22 shows the results of (25) for the same range
of parameters as in Fig. 21, where results for two values of the
lightning current pulse zero-to-peak time 7} = 3 us is compared
with 71 = 0.2 us. The shaded areas in Fig. 22 are the areas of
the corresponding scattered results.

It is possible to distinguish combinations of parameters for
which the inductive effects are dominant, i.e., when A; > 1,
and for which, the soil ionization effects are dominant, when
A; < 1. For the “slow” front current pulse with 7} = 3 us, there
are practically no inductive effects, but for the fast front current
pulse with 77 = 0.2 us, the induction effects start to nullify
the soil ionization effects for the combination of parameters
I, p x 1073/¢ < 8 kA-Q, and for small values of I,,, p x 1073/¢,
the inductive effects become dominant. In fact, three ranges
of parameters I, p x 1073/¢ can be distinguished: the range
where soil ionization is dominant and independent of 7 (I, p X
1073/¢ > 8 kA-Q), the range where the soil ionization and
inductive effects nullify each other, and the range where the
inductive effects are dominant.

IX. CONCLUSION

1) Two ranges can be distinguished in the frequency domain:
the “low-frequency” range with dominantly resistive be-
havior and the “high-frequency” range with dominantly
inductive or capacitive behavior. For any of the analyzed
lengths of electrodes, there is a switch between inductive
to capacitive behavior for more resistive earth. Inductive
behavior is of special interest since it might impair perfor-
mance in the early time of the lightning pulse. For such
case, the key parameter is the switch frequency F. between
ranges of resistive and inductive behavior.

For the estimation of the performance in the first moments
of the pulse, the frequency content of lightning current
pulses is important (as a first approximation for the first
stroke below 100 kHz, and for the subsequent stroke above
1 MHz). Inductive behavior impairs performance if such
frequency content is above F..

2)

3)

4)

5)

6)

7

(1]
(2]
(3]

(4]
(5]
(6]

(71
(8]

(91

[10]

[11]

[12]

[13]

[14]
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The transient behavior during the lightning pulse can be
divided into two periods: surge and stationary. The surge
period lasts for a few or few tens of microseconds, and
the stationary period up to the end of the pulse. The high-
frequency behavior (inductive or capacitive) might have
influence only in the surge period, while the stationary pe-
riod is influenced by the low-frequency dominant resistive
behavior.

Soil ionization has a small influence in the surge period in
the case of inductive behavior, but has a dominant influ-
ence in the stationary period for currents with large peak
values.

The circuit and the transmission-line models overestimate
the computed potentials in comparison to the electromag-
netic model in all considered cases. The differences are
larger in case of inductive behavior, i.e., for longer elec-
trodes and/or in more conductive earth. However, the dif-
ferences last mostly during the surge period, and after that,
results of the models mutually converge.

There exists a range of parameters where both soil ioniza-
tion and inductive effects are important, and nullify each
other.

The new simple formula might be used in combination
with circuit and transmission-line models. The formula
can be used to approximately determine the overestima-
tion of the results in the surge period.
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