Chapter 10
High-frequency grounding

Leonid Grecev

10.1 Introduction

High-frequency and dynamic behaviour of grounding has been the subject of
extensive theoretical and experimental research. Here, some representative work is
listed containing useful material pertinent to the subject of this chapter. Pioneering
but comprehensive work was conducted in the first half of the twentieth century,
which is summarized by Sunde and others in well known reference books [1-3].
More recent work is summarized in the books in References 4 to 6. There is a lack
of carefully documented experimental works in the literature, but noteworthy
examples are found in References 7 to 10. The approaches on which some recent
analytical work is based may be classified into the following groups:

circuit theory [11-15]

transmission line theory [16—21]
electromagnetic field theory [22—-28]
hybrid approaches [29—-31]

In spite of the large amount of work that has been devoted to this subject, there is still
no consensus on how to apply present knowledge to the design of actual grounding for
better high-frequency and dynamic performance. As a result, power-frequency ground
impedance, which can easily be measured or calculated, is being used in most cases to
predict grounding lightning performance [32].

10.2 Basic circuit concepts

High-frequency behaviour of grounding is of interest in lightning protection studies
and is dependent on the high-frequency content of the lightning current pulses.
Because the highest frequencies in a pulse spectrum are related to the fastest time vari-
ation, the lightning pulse usually has the highest frequency content during its rise, that
is, during the first moments of the stroke. Grounding is usually designed for safety at
industrial frequencies, principally because humans are more sensitive to 50/60 Hz
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current than to current at high frequencies [33]. However, the performance of grounding
systems might be much worse at high frequencies, which reduces the efficiency of the
protection during the rise of the lightning current pulse, that is, during the first moments
of the stroke. One reason for concern is the occurrence of high-intensity transient vol-
tages that might endanger human safety and cause damage or malfunction in equipment
during the first moments of the stroke. The highest voltage appears between the current
feed point at the grounding system and a point at remote ‘neutral’ ground. This voltage,
divided by the current, is referred to as ground impedance; lower values indicate better
grounding system performance. Usually, the electric potential at the current feed point is
used for the definition of the ground impedance instead of voltage. The low-frequency
(50/60 Hz) ground resistance, which is practically equivalent to the direct current (d.c.)
ground resistance, is a d.c. limit of the ground impedance.

Grounding may be considered by referring to a circuit with an ideal current source /
with one terminal connected to the ground electrodes and the other terminal to the
remote earth, theoretically at infinite distance (Figure 10.1). The influence of the con-
necting leads is ignored. The voltage between the current source terminals at d.c. is
equivalent to the electric potential of the ground electrodes 7 with a reference point
at remote earth. This enables definition of the ground resistance R as

R== (10.1)

Neglecting the influence of the current source connecting leads allows for exten-
sion of this concept to a general case of arbitrary time-varying excitation, because
the path-dependent part of the voltage between current source terminals is ignored.
Therefore, the voltage over the current source i(¢) is equivalent to the electric scalar
potential at the current feed point v(¢), which allows for uniquely defined ground tran-
sient impedance z(¢):
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Figure 10.1 Illustration of a theoretical circuit for evaluation of a d.c. ground
resistance
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However, transient impedance is a characteristic that depends on the particular wave
shape of the excitation i(¢).

Two practically equivalent approaches to excitation-independent ground impedance
have been widely used. The firstisthe time-domain ground surge impedance zo(¢), which
is a ratio of the voltage response to a unit step current excitation. The second is the
frequency-domain alternative to the surge impedance: ground harmonic impedance.
As is well known, the harmonic impedance is a Fourier transform of the unit impulse
response [34]. Because the unit impulse function has a constant spectrum, the harmonic
impedance Z(w) may be evaluated simply by determining the voltage phasor V(w) as a
response to a steady-state time harmonic current excitation /(w) = 1 — 4 ina frequency
range up to the highest frequency of interest for the transient study:

Z(w) = % (10.3)

Here, w = 27f, where /" is frequency and the underscore denotes a complex variable.
It is worth noting that the surge impedance can be determined from the harmonic
impedance and vice versa [34]. For example, the surge impedance is given by [34]

) =R+ 2 JX(“’) cos wt dw (10.4)
o w
0

where R isthe d.c. ground resistance [see equation (10.1)] and X(w) is the imaginary part
of the harmonic impedance Z(w) [see equation (10.3)] (Figure 10.2).

Both surge and harmonic impedances depend solely on the geometry and the elec-
tromagnetic properties of the grounding system and the medium. As is well known,
both can be used to determine the time response to an arbitrary excitation [34]. For
example, voltage v(), as a response to an arbitrary current pulse i(¢), may be measured
or taken from a simulated lightning current pulse, and is given by [25]

o(t) = F~H{FLi(0)] - Z(w)} (10.5)

where F and F~ ' denote Fourier and inverse Fourier transforms, respectively.
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Figure 10.2  Harmonic ground impedance as a circuit element. The d.c. ground
resistance is a limit for o — 0.



506  Lightning Protection

A basic requirement for a frequency-domain analysis is that the system is
linear, which makes this method unsuitable for modelling of non-linear phenomena.
However, it is well suited for modelling important frequency-dependent phenomena.

When considering ground electrodes subjected to a lightning-related surge,
analyses in the time and frequency domains are mutually related and the following
statements apply.

e The initial surge state characterized by time-varying impedance is related to
the high-frequency part of the harmonic impedance.

e The latter stationary condition characterized by fixed impedance is related to the
low-frequency or d.c. resistance.

10.3 Basic field considerations

Circuit concepts in the previous section are the basis for engineering analysis, but
field considerations are necessary for analysis of the limitations of the circuit
concepts and for a better physical understanding of the grounding transient and high-
frequency behaviour. A field approach is often also necessary to determine more pre-
cisely the ground impedances, particularly for cases of more complex grounding
electrode arrangements, at high frequencies, and in more conductive earth. The
usual simple model of earth is a homogeneous and isotropic half space with a
plane interface with air, characterized by frequency-independent constitutive
parameters: a fixed electrical conductivity o on the order of ~0.0001 to
0.1 Sm™ ', permittivity & (with relative permittivity of ~10) and permeability iden-
tical to the permeability of air, u = w,. Of these three constants, the conductivity
exhibits by far the largest variations in its magnitude. In this analysis we will
disregard the non-linear behaviour of the earth, which may arise as a result of high-
intensity currents. However, as discussed in Section 10.8, many practically interest-
ing consequences of frequency-dependent behaviour are not affected by non-linear
behaviour.

It is important to distinguish between electromagnetic propagation in air and in the
earth for the same frequency. The key quantity that gives a quantitative estimate related
to the propagation effects is the TEM wave propagation constant I', which in earth is
given by [36]

L=a+jB=/jop o+ jwe)

2
1+(i) 1
we

o 12
+(&) +1 }

(10.6)
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where « and f3 are attenuation and phase constants, respectively, and j =+/—1.
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Figure 10.3  Wavelength in air and in earth with different conductivities

The parameters that are important to consider are A (wavelength), v (velocity of
propagation) and 6 (skin depth):

21 ® 1
A=—, v=—, o=— (10.7)
B B @
Figures 10.3 to 10.5 illustrate the strong dependence of A, v and & on the conduc-
tivity of the earth.
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Figure 10.4 TEM wave propagation velocity in earth with different conductivities
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Figure 10.5 TEM wave skin depth in earth with different conductivities

Wavelength A is smaller in earth than in the air, even for several orders of magnitude
in more conductive soil and at lower frequencies (Figure 10.3). An important par-
ameter related to wavelength is the electrical dimension of the system, which is a coef-
ficient equal to the ratio of the physical dimension L and the wavelength A. If the
system’s electrical dimensions are much smaller than unity, then the electromagnetic
waves do not experience significant change along such distances, and propagation
effects can be neglected. In such a case, a quasi-static approximation can be
applied for analysis. However, it is important to note that a system might have con-
siderably larger electrical dimensions for the same frequency in earth than in air due
to the smaller wavelengths there. As a result, the quasi-static approximation might be
applicable in air but not in earth for the same buried system and frequency.

The velocity of propagation v [see equation (10.7)] is much smaller in earth than in
air, particularly at low frequencies and for more conductive soil. It approaches the
velocity of light at higher frequencies and in less conductive soil (Figure 10.4).

Figure 10.5 illustrates the skin depth & [see equation (10.7)], that is, the distance the
wave must travel in earth to reduce its value to 36.8 per cent of the value at the earth’s
surface. Figure 10.5 illustrates the field tendency to localize near the source at
higher frequencies.

The performance of grounding systems is determined by the rate of energy dissipa-
tion and storage in the soil. Based on Poynting’s theorem, terms of the mean values of
power dissipated and stored in a volume V of soil can be evaluated [35] as follows:

=12 o L .
| o’|§ ‘ dV — dissipated power (related to circuit resistive behaviour)
v



High-frequency grounding 509

=12 . . . ..
%fs|E | dV — power stored in the electric field (related to circuit capacitive
v behaviour)
=12 . . . .
%f Mo’ﬂ | dV — power stored in the magnetic field (related to circuit inductive
4 behaviour)

Here, E and H are electric and magnetic field vector phasors, respectively.

The results in Figures 10.4 and 10.5 show that the volumes Vavailable for dissipa-
tion and power storage are different at high and low frequencies, and also in the initial
surge state and the latter stationary condition. A smaller Vat high frequencies and in
the surge state results in higher intensities of fields, current and potential near the
feed point.

10.4 Frequency-dependent characteristics of the soil

In spite of the wide use of the frequency-independent model, it is well known,
however, that in real earth the constitutive parameters o and € can be functions of fre-
quency, with rather large variations in their values [36,37]. Tesche [38] recently
studied the sensitivity of a calculated transient response to variations in these par-
ameters. As discussed in Reference 36, the complex permittivity £ and the complex
conductivity o may be assumed as

o=0 —jo’, e=¢ —j&" (10.8)

Using real and imaginary parts of the complex permittivity and the complex con-
ductivity (10.8) a real-valued, frequency-dependent effective permittivity and
conductivity may be defined [38]:

"
Ourt(@) = we"+ 0, ep(w) = & — % (10.9)

As an example, Figure 10.6 illustrates the measured frequency dependence of the
effective relative permittivity and the effective conductivity of sandy soil with different
water contents.

Tesche [38] has shown that Messier’s empirical model [40] for fitting the para-
meters for e.¢r and o given by the expressions

20Ew
Eeti(®) = £ + 1/ Uj (10.10)

Teff(w) = 0+ \/20€00w (10.11)

and

can be rather accurate. Moreover, these expressions can be shown to provide
causal results for computed responses, and hence they obey the Kramer—Kronig
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Figure 10.6 Plots of the measured relative effective permittivity (a) and the
effective conductivity (b) of sandy soil with different water contents

relationships [35]. This model for lossy earth depends only on two parameters: high-
frequency permittivity €. and d.c. conductivity o (together, of course, with the
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frequency).

For practical application of the above model, the measured data necessary for its
implementation are rarely available. However, this phenomenon improves grounding

system performance, so ignoring it always gives conservative results.
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10.5 Grounding modelling for high frequencies

Vertical ground rods are one of the most simple and most commonly used means
for earth termination of electrical and lightning protection systems [6]
(Figure 10.7a). Their behaviour at 50 or 60 Hz is well understood using a simplified
analysis based on static approximation [41]. By the traditional engineering approach
at low frequencies, ground impedance of a single vertical rod is represented by a single
resistor (Figure 10.7b), and at high frequencies by a lumped RLC circuit [3]
(Figure 10.7c¢).

The classical expressions of lumped ground resistance R, inductance L, and capaci-
tance C for a vertical rod are given by [1]

l 2mel
Rzz—pgAl; L:g—OAl; C= Zs
™ a0 m ! (10.12)
A =In——1, > a)
a

where ¢ and a are the length and radius of the rod, respectively (Figure 10.7a).

The parameters of the RLC circuit [see equation (10.12)] may be simply used to
approximate the per unit length parameters of a distributed-parameter circuit [1]
(Figure 10.7d):

R=1/G=RIQm);, L'=L//Hm"); C'=C/t(Fm" (10.13)

The transmission line may be considered to be open at the lower end, and the input
impedance (equivalent to the harmonic ground impedance) is given by [1]

Z(w) = Z, coth y/ (10.14)
Air
Earth
P € Mo L
" g
‘ R C
v ____ b R’ L
) 2a 1] i

(a) (b) () (d)

Figure 10.7  Low-current models of a vertical ground rod: (a) physical situation,
(b) low-frequency equivalent circuit, (c) high-frequency lumped RLC
circuit, (d) high-frequency distributed parameters circuit
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Here y and Z, are the propagation constant and characteristic impedance, respecti-
vely [1]:

Y=V Jjol'(G +joC); Zy=+/jol' /(G +joC") (10.15)

Equations (10.12), (10.13) and (10.15) may be combined for the vertical rod:

- - A, Jouyp
Y= Voo tjee);  Zy =5y /W';)Sp) (10.16)

The logarithmic term A [see equation (10.12)] involving ¢ cancels in the expression
for 7y [see equation (10.16)], but not for the case of Z,. However, because the variation
with ¢ is logarithmic, the results are not critically dependent on ¢. The above per unit
parameters are based on the TEM mode of propagation approximation. In a theoretical
analysis, Roubertou and colleagues [22] have discussed the improper use of trans-
mission line theory for the vertical rod and developed an approach based on electro-
magnetic theory. Figure 10.8 shows a comparison between computed impedances of
two ground rods (the first one 3 m and the second one 30 m long) in earth with resis-
tivity 100 ) m and relative permittivity 10 by the three modelling approaches, based
on lumped RLC circuit, transmission line and electromagnetic theory.

The impedance computed by the RLC model is in agreement with the other
methods for rod lengths less than approximately one-tenth of the wavelength, which
is in agreement with the conclusions of Reference 27. The model with the distributed-
parameter circuit (‘2° in Figure 10.8) follows the electromagnetic model (‘3” in
Figure 10.8), but it still significantly overestimates the values at higher frequencies.
Better agreement between results is achieved for small rods in very resistive soil.

Similarly, the approximate modelling procedure for horizontal wires is based on
classical lumped ground resistance R, inductance L and capacitance C formulae [1]:

i 0

R=La; 1=8Cu; c=2%
& y & 2 (10.17)

Ay=ln———1, (>a d</

2 5o ( )

where d is the depth of burial.
Equations (10.12), (10.15) and (10.17) may be combined for the horizontal wire

- - A Jo
= 1 2, Zy= "]z 10.18
Y= Viepy(l/ptjwe)/2 Zy=""y\Femmns o (1008)

The more accurate transmission line approach is based on Sunde’s formulae for per
unit length longitudinal impedance Z' and transversal admittance ¥’ [1]:

—1
jouq 1.85 , , 1.12
Z'(y) ~ In 3 Y(y) = 7(o+ jwe) <ln— (10.19)
T 2w 2 20 T V2ah
a\/y*+L Y
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Comparison of results for harmonic ground impedance of vertical
rods for (1) a lumped RLC equivalent circuit [equation (10.12)],
(2) transmission line theory [equation (10.16)], (3) an electro-
magnetic field approach [22] in (a) a 3-m vertical rod and (b) a
30-m vertical rod
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Solution of the transcendent equation

y=VZ'(y) Y (y) (10.20)

yields a value for the propagation constant vy, which with substitution in equation
(10.19) evaluates the characteristic impedance as

Zo=VZ'(V)/Y'(v) (10.21)

and subsequently the ground impedance [see equation (10.14)].

The method in [25,26] is developed similarly to the previously developed method
in [22]. Figure 10.9 presents a comparison of the results from the three modelling
approaches, the transmission line approach based on equation (10.18) and equations
(10.19) to (10.21) and the electromagnetic field approach [26]. Results for short
wires (10 m) at high frequencies are in good agreement for the case in Figure 10.9a,
but the approach based on equations (10.19) to (10.21) is not applicable for frequen-
cies lower than 100 kHz. For longer wires (100 m) the model based on equation
(10.18) (I’ in Figure 10.9) overestimates the values at higher frequencies, while
the model based on equations (10.19) to (10.21) (‘2’ in Figure 10.9) follows the elec-
tromagnetic model (‘3” in Figure 10.9).

Different modelling approaches have been developed for more complex grounding
electrodes arrangements (mentioned in Section 10.1). There is no available systema-
tically developed and reliable set of experimental data that would serve as a standard,
so the electromagnetic model is used for the results in the rest of this chapter.

10.6 Frequency-dependent grounding behaviour

Figure 10.10 shows typical frequency dependence of the grounding harmonic
impedance. The figure shows the ratio of the impedance modulus |Z(w)| and the
low-frequency ground resistance R. Two frequency ranges may be distinguished:
the low-frequency range, where the impedance is nearly constant, that is, frequency
independent, and the high-frequency range, where impedance is frequency dependent.
Speaking in circuit terms, the high-frequency grounding behaviour may be categor-
ized as inductive when |Z(w)|/R > 1, resistive when |Z(w)|/R =~ 1, or capacitive
when |Z(w)|/R < 1. The important parameter in the case of inductive behaviour is
the limiting frequency between the low-frequency and high-frequency ranges, the
characteristic frequency F. [44]. Figure 10.10 also illustrates the dominant influence
of the earth’s resistivity on the grounding frequency-dependent behaviour, because
the same electrode behaves differently in earths with different resistivity.

Resistive and capacitive behaviour is advantageous because the high-frequency
impedance is equal to or smaller than the low-frequency resistance to earth and con-
sequently the grounding high-frequency performance is the same or better than at low
frequencies. However, this is typical usually only for electrodes with smaller dimen-
sions and in more resistive soils. More frequently the lengths of the electrodes and the
earths’ characteristics are such that the grounding exhibits inductive behaviour and
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Figure 10.9  Comparison of results for harmonic ground impedance of horizontal
wires for (1) transmission line equation (10.18), (2) transmission
line equations (10.19) to (10.21), (3) the electromagnetic field
approach [26] in (a) a 10-m horizontal wire and (b) a 100-m
horizontal wire
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Figure 10.10 Typical frequency-dependent behaviour of the harmonic ground
impedance: (1) Inductive behaviour, (2) resistive behaviour, (3)
capacitive behaviour
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Figure 10.11  Regions of inductive and capacitive behaviour of grounding electrodes
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consequently worse high-frequency performance. Figure 10.11 gives the regions of
inductive and capacitive behaviour of vertical and horizontal rods depending on the
earth’s resistivity and the characteristic dimension /., which is defined as a distance
between the feed point and the most distant point of the grounding electrodes [43,44].

The first possibility for providing good high-frequency performance is to use
smaller electrodes with capacitive or resistive behaviour. However, practically, this
is seldom possible because longer electrodes are usually required to fulfil safety
requirements at 50/60 Hz. Figure 10.12 illustrates typical high-frequency inductive
ground impedance dependence on the grounding electrode length. Typically the
characteristic frequency F, is smaller for longer grounding electrodes with larger
values of Z(w) in the high-frequency range and consequently with worse high-
frequency performance. In addition F, is also smaller in more conductive earth.
For each characteristic frequency F. there is a limiting length / for low-frequency
resistive behaviour, which is also referred to as the harmonic effective length
(Figure 10.12).

One relation that determines such harmonic effective length ¢y as a function of the
earth’s resistivity p and the characteristic frequency F is [43,44]

lr = 0.6(p/F.)"*# (10.22)

Equation (10.22) is also illustrated in Figure 10.13.

It can be seen from Figure 10.12 that for frequencies higher than F., which corre-
sponds to the harmonic effective length / , all electrodes longer than /R exhibit nearly
the same behaviour. This means that above F,. only the length /R of the electrode,
measured from the feed point, effectively dissipates current into earth, regardless of
how much longer the electrode is.
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Figure 10.12  Harmonic impedance frequency dependence of horizontal wires in
100 Q m earth
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Figure 10.13  The limiting grounding electrode length for resistive behaviour

It has to be noted, however, that the practical importance of high-frequency
behaviour in the case of pulse excitation depends on the frequency content of the
excitation pulses. For example, if the frequency content of the lightning current
pulses is lower than the characteristic frequency F, then the grounding behaviour
will be resistive and not affected by the high-frequency inductive part of the impe-
dance. As a first approximation, Gary [42] has suggested 100 kHz and 1 MHz
frequency content for the first and subsequent strokes, respectively. This means that
some electrodes that exhibit resistive behaviour for the first stroke might exhibit
inductive behaviour for the subsequent stroke. This topic will be further discussed
in Section 10.7.

The frequency-dependent analysis of more complex grounding electrode arrange-
ments can also be based on the characteristic dimension, that is, the distance between
the feed point and the most distant point of the arrangement. Figure 10.14 illustrates
the influence of feed point location [28] on the high-frequency inductive behaviour
of grid-like grounding electrode arrangements. It should be noted that for the corner
feed point the characteristic dimension of the grounding grid is the length of the diag-
onal and is twice as large as for the centre feed point. As expected, the central feed
point, that is, the smaller characteristic dimension, leads to higher characteristic fre-
quency F,, i.e. to better high-frequency performance. Having a central feed point
rather than a corner one (in other words, twofold smaller characteristic dimension)
broadens the low-frequency range with resistive behaviour by a factor of ten, i.e.
from 1 kHz to nearly 10 kHz for soil with p = 100 ) m and from 10 to 100 kHz
for soil with p = 1 000 2 m. In addition, in the high-frequency range the impedance
for the central feed point arrangement is two times smaller than that of the corner
feed point.

The influence of grounding grid size on harmonic impedance is illustrated in
Figure 10.15. Five square ground grids with 10 m to 10 m square mesh are chosen
for computations, with dimensions ranging from 10 m x 10 m to 120 m x 120 m.
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Figure 10.15  Influence of ground grid size on harmonic impedance
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All grids are in soil with p=1000 Q m, & =9 and with the feed point at the
corner, so the characteristic dimension is always the length of the diagonal.
Grounding grid characteristic dimension in Figure 10.15 has a similar influence as
the single electrode in Figure 10.12. As for the single grounding wire, grounding
grid size has a large influence on the low-frequency value of impedance to ground,
but in the high-frequency range the behaviour of the different ground grids above a
certain frequency becomes very similar. Clearly, the effective area of the grounding
grids becomes smaller for higher frequencies.

The influence of grounding grid conductor separation on harmonic impedance is
illustrated in Figure 10.16. Five square grounding grids with the same dimensions,
60 m x 60 m, with the number of meshes ranging from 4 to 124, are chosen for com-
parison. All grids are in soil with p = 1 000 () m and &, = 10. The feed point is at the
corner. As is well known, ground grid conductor separation has only a small influence
on the low-frequency ground resistance, for which the dominant influence is the area
of the grid. A similar conclusion is valid for the high-frequency behaviour of ground
grids when conductor separation is reduced from 30 m to 6 m by introducing denser
square meshes. A greater influence on the reduction of impedance in the high-
frequency range (in other words, on an improvement in high-frequency performance)
is achieved through a further reduction of conductor separation to 3 m near the feed
point, that is, in the effective area.
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Figure 10.16  Influence of conductor separation on harmonic impedance
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10.7 Frequency-dependent dynamic grounding behaviour

Here, we consider only the frequency-dependent aspects of dynamic behaviour. The
non-linear behaviour of soil due to high currents is disregarded. However, in
Section 10.8 the relation between frequency-dependent and non-linear dynamic
behaviour will be discussed.

When harmonic impedance Z(w) [see equation (10.3)] is determined, then the time
function of the electric potential at the feed point v(¢) as a response to an injected light-
ning current pulse i(¢) can be evaluated [see equation (10.5)]. Several parameters are
used to characterize dynamic behaviour of earth electrodes. One is transient impe-
dance z(¢) [see equation (10.2)]. Usually, the impulse impedance Z is used, which is
defined as the ratio between the peak values of v(¢) and i(¢):

~ max[o(t)]  Vinax
© max[i(t)]  Iax

(10.23)

Another usual parameter is the impulse coefficient (efficiency), defined as the ratio
between the impulse impedance and the resistance at low frequency, Z/R. It is worth
noting that values of impulse coefficient larger than one are related to poorer
transient performance.

The meaning of these parameters will be illustrated in an example. Consider a
12-m-long vertical rod constructed of copper with radius 0.7 cm in earth with a resis-
tivity of 100 ) m and relative permittivity of 10. Figure 10.17 shows the modulus of
the harmonic impedance.

It can be seen that harmonic impedance is frequency independent and is equal to the
low-frequency resistance to ground, R = 10.3 ), up to the characteristic frequency,
F. ~ 100 kHz. For higher frequencies, it exhibits inductive behaviour and its value
becomes larger than R. The influence of such larger high-frequency values of Z(w)
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Figure 10.17  Modulus of the harmonic impedance to ground of a 12-m vertical rod
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on the transient response depends on the frequency content of the excitation lightning
current impulse.

Figure 10.18a shows the injected lightning current pulse typical for the first stroke
i(?), and the response to this excitation, the potential at the feeding point v(¢), and the
transient impedance z(¢) [see equation (10.2)]. The procedure of determining the
response v(f) in equation (10.5) may be interpreted as passing the excitation i(¢)
through a ‘filter” with a frequency characteristic given by the harmonic impedance
Z(w) in Figure 10.17. The first stroke current pulse i(f) (Figure 10.18a) has
zero-to-peak time of about 8.4 ps and maximum steepness of ~12kAs '
Consequently, it does not have significant frequency content above the characteristic
frequency of about F, ~ 100 kHz (Figure 10.17), and is not affected by the high-
frequency part of the ‘filter’. The response is mostly determined by the
frequency-independent part, that is, the pure resistive part of the harmonic impedance,
below F, (Figure 10.17). Consequently, the response, that is, the voltage pulse
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Figure 10.18  Lightning current pulse i(t), transient voltage v(t) and ground impe-
dance of a 12-m ground rod: (a) response to a typical first stroke
current pulse; (b) response to a typical subsequent stroke
current pulse
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waveshape, is not significantly modified in comparison to the current pulse waveshape
and their maxima occur at the same time. Although the transient impedance z(¢) goes
very quickly to some high value (larger than 50 )), it quickly settles to the low-
frequency resistance value (R = 10.3 ) during the current rise. The transient impe-
dance determines the duration of the transient period; here after about 3 s the transi-
ent period is practically finished and a quasi-static analysis might subsequently be
applied. The impulse coefficient is excellent, equal to one, that is, the impulse impe-
dance is equal to the low-frequency resistance Z = R.

For the subsequent stroke current pulse injected in the same round rod the situation
is different (Figure 10.18b). The subsequent stroke current pulse is more rapidly time-
varying than the first stroke. It has a zero-to-peak time of ~0.8 ws and maximum
steepness of ~40 kA s~ '. Consequently, it has significant frequency content above
the characteristic frequency F. =~ 100 kHz of the ‘filter’ (in Figure 10.17), and so
the response is influenced by the inductive part of Z(w). The “filter” amplifies the high-
frequency components of the pulse, which results in a large peak V. of the transient
voltage v(¢) during the rise of the current i(¢). Typically for inductive behaviour, the
voltage pulse precedes the current pulse. This causes a larger value of the impulse
impedance, Z = 15.7 ), than the low-frequency resistance, R = 10.3 (), and the
impulse coefficient is equal to 1.5. The transient impedance z(¢), similar to the case
of the first stroke (Figure 10.18a) rises very rapidly to a high value (of ~47 (}), but
also quickly (in ~1 ps) settles to values near the low-frequency value, R = 10.3 ()
shortly after the occurrence of the peak of the current pulse.

The example in Figures 10.17 and 10.18 illustrates the fact that high-frequency
inductive behaviour of grounding might result in large peaks of transient potential
at the feed point in cases when the current pulses have enough high-frequency
content to be influenced by high-frequency inductive behaviour. However, after a
few microseconds, transient processes are practically finished and the transient impe-
dance z(¢) settles to the value of the power-frequency resistance R.

Figure 10.19 shows the dependence of the impulse coefficient of vertical ground
rods on their length and the earth’s resistance for the first and subsequent stroke
current pulses [45].

It can be concluded that impulse performance is worse for longer rods in better con-
ductive earth and for faster varying pulses, such as subsequent strokes. This effect is
less important in less conductive soil and for not so quickly varying pulses, such as
first strokes.

The dynamic effective length of a grounding rod is defined as the limiting length
above which the impulse coefficient is larger than one. Values from Figure 10.19
are given in Table 10.1.

Figure 10.19 might be used for a first estimate of impulse efficiency and effective
lengths of some other ground rod arrangements. Table 10.2 gives the percentage of the
reduction of the impulse efficiency of the single vertical rod, given in Figure 10.19, for
other multiple or horizontal grounding rod arrangements.

The use of multiple ground rod arrangements improves impulse efficiency.
Horizontal rods are slightly less effective at power frequencies in comparison to
vertical rods, but have better impulse efficiency.
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Figure 10.19  Impulse coefficient of a single vertical rod

Table 10.1

Dynamic effective lengths for the grounding rod in Figure 10.19

Earth’s resistivity ({2 m)

Lightning stroke [45]

Vertical grounding rod
dynamic effective length (m)

10 First 7.5
Subsequent 3

100 First 22
Subsequent 7.5

1 000 First >30
Subsequent 22

Table 10.2  Impulse coefficient and effective lengths of several ground

rod arrangements

Ground rod

arrangement

fi

Impulse 100
coefficient
(%0)*

Effective
length (%)*

100 105

85 80 70

118 118 125 143

*Percentage of values in Figure 10.19.
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It should be emphasized that the impulse coefficient and the effective length that
characterize possible worsening of the grounding performance during the lightning
pulse in comparison with low-frequency performance are related only to the transient
period, which may be very short (e.g. 3 ws for the first stoke and 1 ws for the
subsequent stroke for the case in Figure 10.19).
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Figure 10.20  Temporal and spatial distribution of the leakage current along a
60-m-long horizontal wire as a response to an injected double-
exponential (T;/T, =1 us/50 ws) current pulse with a peak value
1 kA, at 0 m end in earths with resistivities of 10, 100 and 1 000 2 m
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10.8 Relation between frequency-dependent and non-linear
grounding behaviour

When the electric field at the surface of the grounding electrode exceeds a value typi-
cally in the range 100 to 500 kV m ™', electrical breakdown occurs in the surrounding
earth [11,46]. This practically enlarges the dimensions of the grounding electrode and
improves its performance.

The electric field at the surface of the grounding electrode is related to the leakage
current:

— =

J=0o-E (10.24)

Leakage current distribution characterizes the performance of the grounding elec-
trodes because their main function is to dissipate the current to the earth.
Figure 10.20 shows temporal and spatial distribution of the leakage current along
a 60-m-long horizontal wire with radius @ = 0.7 cm as a response to an injected
double-exponential current pulse with a peak value 1 kA and zero-to-peak time
T1 =1 ps and time-to-half 7, = 50 ws, at the 0 m end in earths with resistivities
of 10 Q m (first column, Figure 10.20), 100 {2 m (second column, Figure 10.20)
and 1 000 Q) m (third column, Figure 10.20). The velocity of electromagnetic field
propagation is substantially smaller in less resistive earths, where a practically
smaller part of the electrode is effective in dissipating current in the first moments
of the stroke, resulting in larger values of the leakage current and electric field
near the feed point. However, in more resistive earths, where non-linear phenomena
are more likely to occur, due to the higher velocity of the electromagnetic field propa-
gation, the transient period is smaller and a distribution equivalent to a d.c. (or 50/
60 Hz) distribution of the leakage current (and electric field at the electrode surface)
is spread over the whole length of the electrode very quickly after the beginning of
the lightning pulse.

Table 10.3 gives the transient maximal and 50 Hz values of the current density and
electric field for injected current with a peak value of 1 kA.

The critical electric field intensity for a soil breakdown (~300 kV m ™~ " is reached
in the case in Figure 10.20 even for 50 Hz in very resistive soil (p = 1000 ) m).

Table 10.3  Maximal transient and 50 Hz values of the leakage current and
electric field at the surface of the 60-m electrode at the feed point

Earth’s resistivity (2 m) 10 100 1000

Maximal transient values I' (kAm™") 0.43 0.18 0.08
E&Vm ") 98 409 1819

50 Hz values I kAm ™Y 0.016 0.016 0.016

E&vVm Y 3.6 36 364
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Although the transient maximal values are larger, they last for a very short period of
time (less than 1 ws). On the other hand, soil ionization effects may last the large
part of the pulse. However, since soil ionization usually improves the performance
its neglect may be considered as an assumption on the ‘safe’ side. More accurate
modelling that takes into account both soil ionization and frequency dependent effects
is discussed in [48,49].
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