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Lightning Efficient Counterpoise Configurations
for Transmission Line Grounding

Leonid Grcev

Abstract—Different configurations of counterpoises are often
used to reduce the resistance and impulse impedance of the trans-
mission line grounding. However, there are no general rules for
an actual design. This paper analyses the performance of several
configurations of counterpoises under typical lightning current
impulses. The basis is a parametric analysis derived from time
responses of 11,386 test cases for each configuration with param-
eters in broad ranges computed using a rigorous electromagnetic
model based on the method of moments. The contributions of the
paper are: Simple formulas for the resistance, impulse impedance,
and effective length of counterpoise configurations are derived
from and verified by the simulation results; a configuration with
an 8-leg counterpoise bent parallel to the line is proposed, which
extends the effective length and is efficient in high resistivity soil;
and the method does not depend on the different lightning current
impulse waveform representations based on Heidler, CIGRE, and
double-exponential formulas, since the results can be easily con-
verted. A simple procedure is provided to compare the capabilities
and limitations of counterpoise configurations. New formulas and
procedures make up a general and straightforward method for
analyzing the optimal design, considering the cost-effective and best
protection against lightning.

Index Terms—Transmission lines, lightning protection, ground-
ing, modeling.

1. INTRODUCTION

HE reliability of power systems depends on the lightning

performance of transmission lines. Such performance is
improved by reducing the transmission line grounding resistance
R and impulse impedance Z [1], [2], [3]. The most effective
way of lowering R, especially in medium-to-high resistive soil,
is by long horizontal grounding electrodes (known as “coun-
terpoises”). However, there is a limit to reducing Z since it
becomes constant for grounding larger than a limiting size called
“effective.”
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The problem of enlarging grounding’s effective size is one
of the recently researched topics and one of the most intricate,
e.g., [4], [5], [6], [7], [8], [9], [10]. Recent standards and recom-
mendations by IEEE, CIGRE, and EPRI have covered this topic
[11], [12], [13], [14], [15], [16], but “there is no consensus yet
on how to apply present knowledge to the design of the actual
electrode system” [17].

This paper aims to develop a method for evaluating the op-
timal counterpoise configuration of overhead transmission line
grounding for best protection against lightning. The method’s
basis is simple formulas that are derived and validated using
simulation results of the time responses of 11386 test cases for
each configuration with parameters in broad ranges. Simulations
are performed using arigorous electromagnetic model [18], [19],
[20]. The model computes the grounding electrodes’ current
distribution by numerically solving the electric field integral
equation in the frequency domain by the method of moments.
The corresponding Green functions are based on a mathemat-
ically exact solution of the electromagnetic field in a layered
medium, which involves Sommerfeld integrals. Such integrals
cannot be solved analytically; however, accurate computations
are today possible using dedicated computer software, e.g.,
[48]. The solution is not limited in frequency and includes
all electromagnetic propagation effects. Required quantities,
such as GPR, can be straightforwardly computed from known
currents. Fourier transformation techniques are used to obtain
the time-domain response to lightning currents. Olsen et al. [21]
have established this model as an “exact” solution to this problem
and a “gold standard” for comparisons. Since this model is
compared with many experimental results, e.g., [22], [23], [24],
[25], the simple formulas are consistent with these experiments.
The original contributions of this paper are:

® A complete set of new formulas of resistance, impulse
impedance, and effective length for analyzing the light-
ning efficiency of different counterpoise configurations is
derived.

e A configuration with an 8-leg counterpoise is proposed,
which, compared to the usual 4-leg configuration, enlarges
the effective length and is more efficient in high resistive
soil.

e [t is shown that results got using the mathematical repre-
sentation of the lightning current impulse with a Heidler
function can be easily converted to other impulse represen-
tations, such as CIGRE and double-exponential functions.

e A general and straightforward method for evaluating op-
timal design enables the cost-effective analysis of the

0885-8977 © 2022 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See https://www.ieee.org/publications/rights/index.html for more information.

Authorized licensed use limited to: Leonid Grcev. Downloaded on March 24,2023 at 10:31:08 UTC from IEEE Xplore. Restrictions apply.


https://orcid.org/0000-0003-0432-9877
https://orcid.org/0000-0002-4965-6014
https://orcid.org/0000-0002-3576-7629
mailto:lgrcev@feit.ukim.edu.mk
mailto:bmarkovski@feit.ukim.edu.mk
mailto:mirko@feit.ukim.edu.mk
https://doi.org/10.1109/TPWRD.2022.3200579

878

counterpoise configurations as part of transmission line
grounding for best protection against lightning effects.

II. BASIC ASSUMPTIONS

Despite the complexity of the physical processes of grounding
systems dissipating the typical lightning current into the ground,
simplifying assumptions is necessary to derive engineering
formulas suitable for the early phases of grounding design.
Such simplifications are also related to the “high degree of
uncertainties involved in determining the relevant parameters
and verification tests” [3]. It is, however, imperative that such
assumptions must be conservative concerning safety.

A. Uniform Soil Model

This study considers the uniform soil model, characterized
by constitutive parameters: resistivity, permittivity, and free
space permeability. The apparent soil resistivity is determined
from measurements [26], [27], while the relative permittivity is
usually assumed, e.g., 10 to 15 (here we assumed value of 10).
Although the two-layer soil model more accurately represents
layered soil, the equivalent uniform model offers conservative
results [28].

The non-linear behavior of ground resistivity with heavy
currents due to soil ionization might improve the lightning
performance of concentrated grounding systems [14]. However,
this effect might be negligible on long counterpoises where
the current dissipated per unit length is small [29]. Therefore,
this effect is neglected in this study (see further discussion in
Section XII). The second phenomenon that predicts improved
lightning performance is the frequency dependence of the soil
resistivity [12]. However, the knowledge of this complex phe-
nomenon is incomplete [30], [31], [32], and analysis shows sig-
nificant differences and inconsistencies “between the available
models/expressions which are based on different sets of experi-
mental data” [31]. Also, the impact of “the nonlinear variations
of the soil moisture content” has to be further investigated [32].
Therefore, it is a conservative assumption to disregard this effect
and assume constant soil resistivity.

B. Lightning Current Pulse Waveform

There is no consensus on the mathematical representation
of current impulse waveforms of first and subsequent return
strokes used in international standards and recommendations
(see Fig. 1). IEEE standard [11] uses a double-exponential
function. The second one is the current waveform recommended
by the CIGRE study group [33], and the third is the analytical
form of the current used in the International Electrotechnical
Commission (IEC) standard [34] based on the Heidler function
[35]. EPRI report [15] also used the latter. Fig. 1 illustrates the
definitions of the front time 77 for the different impulses used
in [11], [33] and [34].

We use the Heidler function [35] from IEC standard [34] to
represent the return-stroke current waveform (designated by IEC
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Fig. 1.  The lightning current waveforms used in IEEE and IEC standards and
CIGRE recommendations, and definitions of their front times 77 .
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The parameters 7, 71, and 7o are determined for given values
of the current peak, the front time 77, and time-to-half-peak-
value T [35].

In Section XI, we show that, despite the considerable differ-
ences between the current impulses waveforms, the results got
for the Heidler function (1) can be converted for the other two
current waveforms in Fig. 1.

C. Quantities Used to Characterize Grounding’s Lightning
Performance

The low-frequency, low-current value of grounding resistance
R is the primary quantity that characterizes grounding systems.
The advantage of using R is that its value is easy to calculate or
measure [27], [36]. R is linearly proportional to soil resistivity
p, and R/p depends on the geometry of the grounding system.

R is also commonly used in lightning performance analysis,
especially if the grounding system is smaller than the effective
size. In such a case, the voltage v() developed between the point
where the lightning current i(7) is injected into the grounding
system and a distant neutral ground is

v(t) = Ri(t). (2)

If the grounding system is larger than its effective size, then
during the i(7) initial rise and a period after the current peak /,,,
v(f) may be

v(t) > Ri(t). (3)

In such a case, v(f) may exhibit a significant peak V,,,. The
voltage and current peaks define the impulse impedance Z:

Vin
Z = —. 4
I “)
Z represents grounding systems in lightning performance
analysis [37]. Z remains constant for all grounding system sizes
larger than the effective one and Z > R. One goal of the grounding

system design is to reduce the value of R by enlarging the
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Fig. 2. A simple model of “double-loop” grounding connected to tower
concrete foundations.
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Fig. 3. Grounding resistivity R for any soil resistivity p of three TL concen-
trated grounding configurations.

grounding electrodes while keeping them smaller than their
effective size for which Z ~ R.

III. TOWER FOOTING CONCENTRATED GROUNDS

Depending on the construction, the usual tower footing foun-
dations include tower steel, grillage, and concrete/foundation
reinforcing cages, which provide substantial grounding resis-
tance [15]. Some constructions have two rings around the foun-
dation (see Fig. 2). If the tower is accessible to the public,
a potential control ring is often placed around the four foot-
ings (see configuration C2 in Fig. 3). If the required value
of R is not achieved, radially connected ground rods are of-
ten installed. Such elements of the grounding system that are
within about 15 meters of the tower base are known as
“concentrated grounds” [2].

For example, Fig. 3 shows the range of R values for any p for
the three grounding configurations (denoted as C1, C2, and C3)
as a function of the footing distance. Additional electrodes in
configurations C2 and C3 improve the grounding resistance in
relation to C1, but further improvement is possible by connecting
more extended electrodes. However, a suitable configuration of
concentrated grounds usually can achieve a required value of R,
e.g., R < 10¢2, in soils with p smaller than about 300 Qm.

600
500
400
< 300
200
100

t (us) t (us)
(@) (b)

Fig. 4. (a) Measured current and voltage pulses in 15-m long buried wire. (b)
Computed voltage for the same current pulse in wire divided into three 5-m long
segments.

IV. PROBLEM WITH LIGHTNING PERFORMANCE OF
COUNTERPOISES AND THE SOLUTION

Counterpoises are horizontal conductors buried in the earth
at about 1 meter connected to the footings [2]. Counterpoises
with extended lengths are often used to decrease tower ground-
ing resistance in medium-to-high resistivity soils. However,
Fig. 4(a) illustrates a problem with the lightning performance
of counterpoises.

Fig. 4(a) shows recordings of one of the grounding system
experiments for sub-microsecond rise time input current pulses
that EdF conducted in Les Renardieres, France, from 1976 to
1978 [38], [25]. Fig. 4(a) shows measured voltage v(¢) at current
injection point to neutral ground as a response to injected current
pulse i(#) with front time 7 ~ 0.47 s in 15-m long horizontal
wire buried at 0.6 m in soil with p = 79 Qm and ¢, = 15 '. The
performance during the current rise and short period after the
current peak is much worse than during the rest of the impulse
where v(t) ~ Ri(t). In the initial period, due to the inductive
behavior, v(f) exhibits a peak of about 500 V, while the peak of
Ri(t) is near 200 V.

Bewley [39] has shown that such a performance can be im-
proved if a single counterpoise is replaced with multiple shorter
ones. This is illustrated in Fig. 4(b), where the 15-m wire is
divided into three 5-m wires. Impulse performance is improved
because of a much smaller inductive component of the three
shorter wires than the single wire. The multiple wire resistivity
is about 10% higher than the single wire because of mutual
resistance between wire segments, butv(t) ~ Ri(t) and Z ~ R,
which is the desired design outcome.

The process of the counterpoise reconfiguration for better im-
pulse performance in Fig. 4(a) and (b) can be viewed in terms of
effective length. An effective area [40] can be imagined around
the tower footings as circular areas with centers at the footings
and radiuses equal to the effective length f.ys (see Fig. 5).
Multiple counterpoises connected radially to the footings, all
within the effective area, reduce R while remaining Z ~ R. If the
effective area goes beyond the right of way, the conductors can

Unterested reader can find details on the measuring setup and the influence
of the measuring system on the results in [25].
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Fig. 5. Effective area around TL tower footings.

GS4

Fig. 6.
counterpoises parallel to the line. (c) Multiple counterpoises parallel to the line.

(a) Counterpoises radially connected to TL tower footings. (b) Single

be bent parallel to the line to stay within the right of ways; it is
crucial that they remain within the effective area.

V. CONFIGURATIONS OF COUNTERPOISES

Fig. 6 illustrates the configurations of counterpoises analyzed
in this paper. 2-leg counterpoise, GS1 in Fig. 6(a), can be placed
parallel to the line and the effective length limits its usability in
more resistive soils. The others in Fig. 6(a), GS2, GS3, and GS4,
are radial configurations recommended by France’s EdF [41]
and used in many countries [42]. However, they cover the entire
effective area (see Fig. 5), which is limited by the right of way
for practical reasons. Therefore, such practical considerations
limit electrodes length that can be used to about 35 m [41],
constraining their usability.

Configuration GS5 in Fig. 6(b) is one of the most often used.
It is a variant of GS2 with bent counterpoises parallel to the line
within the right-of-way. The effective length mainly limits its
efficacy.

IEEE TRANSACTIONS ON POWER DELIVERY, VOL. 38, NO. 2, APRIL 2023

TABLE I
VALUES OF THE GEOMETRIC PARAMETERS OF CONFIGURATIONS IN FIG. 6
GS Range (m)

Length ¢ all 1-100

Radius a all 0.007

Depth d all 0.5-1

Distance between footings b all 3-10
Distance between parallel h GS5 20 —40
counterpoises GS6 10 =20
GS7 1015

This paper proposes 8- and 12-leg configurations, GS6 and
GS7 [see Fig. 6(c)], variants of GS3 and GS4, whose coun-
terpoises are not radial but bent parallel to the line to remain
within the right of way. Such a modification of the configurations
allows for longer counterpoises and enlarges the total effective
length. The distances between parallel counterpoises are 20 m or
higher (for GS5) but can be 10 to 15 m (especially for GS7). All
counterpoises in Fig. 6 have equal length ¢ and are connected
to the current injection points, i.e., the tower’s footings. The
length ¢ is measured from the footing to the counterpoise open
end. Ranges of the considered geometric parameters are given
in Table I.

Comparison of the performances of these configurations is
given in Section X.

VI. APPROXIMATION OF QUANTITIES THAT CHARACTERIZE
LIGHTNING PERFORMANCE

Grounding resistance R is expressed as a function of ¢ and
impulse impedance Z is approximated by [40]:

7 = R(g), l < Eeff 5
Z =R(lefg), £ > Lesy (6)

Here, (. ¢ is the effective length. Like /, it is measured from
the footing to the counterpoise open end. The definition of /. s
is discussed in Section XIIL.A.

Leyy is approximated by an empirical formula [44]

Loy = DA/ pTy (7N

where p is soil resistivity in 2m, 77 is lightning current pulse
front time in us. The constant D (7) is determined by the best fit
of (6) to values of Z got by computer simulation with the rigorous
electromagnetic model [18], [19], [20] (see Section VIII).

The interested readers can find more details on this method
of approximating Z and /. ¢ in [40].

VII. LOW-FREQUENCY GROUNDING RESISTIVITY

Fig. 7 shows an example of the grounding resistance R of two
configurations: C1, comprising four radial counterpoises alone,
and C2, the counterpoises together with foundation grounding,
as a function of the counterpoises length /. It is shown that the
influence of the local grounding system of the tower footings
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Fig. 7.
terpoises alone (C1) and with footing groundings (C2).
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Influence of b on R/p of configurations GS1, GS2, GS3, and GS4 in
Fig. 6 [simulation results and formula (8)].

becomes negligible concerning the resistance of longer counter-
poises. Therefore, analysis of long counterpoises alone will lead
to results relevant to the complete tower grounding system.

It is well known that the burial depth and the radius of the
counterpoises have a minor influence on R [26].

Fig. 8 shows that the distance between the tower’s footings,
b, influences the R values, especially for configurations with
multiple counterpoises (GS3 and GS4). The differences of R are
within 10%. Results in Fig. 8 are for the radial configurations,
but the conclusions are similar for the others.

The simulation results of R in Fig. 9 show minor differences
between radial and bent counterpoises parallel to the line when
the distance between parallel counterpoises, 4, is greater or equal
to 10 m. The examples in Fig. 9 are for the distance between

tower footings b = 5 m, but the conclusions are the same for
other distances.

Grounding resistance R for any soil resistivity p of four radial coun-
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Influence of /# on R/p of configurations in Fig. 6 (simulation results).

TABLE II
PARAMETER VALUES IN FORMULAS FOR RESISTIVITY (8) AND EFFECTIVE
LENGTH (7) OF COUNTERPOISE CONFIGURATIONS IN FIG. 6

A B

C D
GS1 —0.0032 0.432 —0.736 1.059
GS2 —0.0032 0.221 —0.676 1.127
GS3 —0.0021 0.144 —0.649 1.285
GS4 —0.0024 0.124 —0.648 1.310
GS5 —0.0023 0.221 —0.681 1.136
GS6 -0.0017 0.153 -0.678 1.226
GS7 —0.0013 0.130 —0.678 1.254

Therefore, it is possible to derive a single formula that approx-
imates R of a particular configuration for all considered distances
between footings and parallel counterpoises (see Table I):

R=p(A+ B°) 8)
where values of A, B, and C are given in Table II for all
configurations in Fig. 6. Fig. 8 shows the simulation results and
(8). The error of (8) considering simulation results is smaller
than 10%.

Figs. 8 and 9 also show that 8-leg counterpoises, GS3, and
GS6, significantly reduce R compared to 4-leg counterpoises,
GS2 and GS5. The decrease is about 30% for any length 4.
However, the reduction of R by 12-leg counterpoises, GS4 and
GS7, in comparison to GS3 and GS6, is smaller, about 10%.

The following are more accurate formulas of R that, besides
pand ¢, consider values of conductor radius a, depth of burial d,

and distance between tower footings b. The method for deriving
the formulas is described in [40].

P 20 2 b b
GSl.R—47T€ In , +lnd 1.5428+0.1319£ 0.27791n€
©
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Fig. 10.  Simulation results of Z and formula (16) that fits the simulation results

for GS1, GS2, GS3, and GS4 configurations (see Fig. 6).

20 l b b
GS2:R= # {ln —+1n —-+0.2647—0.5965- —0.6719 In }

a d y4 /
(10
P 20 { b b
GS3:R= T6m7 {lna +lnd+3.1649+0.3036£ 2.39451n€
(1)
P 20 J4 b b
4:R=——|In —+In - +6.64 . -—34In-
GS4:R 24W€{na+nd+6669+03767€ 3 ng
(12)
p 20 l b b
GS5:R=—|In —+In ——0.8054+0.4758- —1. In -
R 87%{11@+nd 0.8054+0 7586 3536n€
(13)
P 20 / b b
:R= In—+In —-+0.161 .243-—1.4939In-
GS6: R 12577 [na—&-nd—&-o 619+0.2 3€ 939n£
(14)
P 20 Y4 b b
‘R= In—+In —+2. 2.622-—3.7192In-
GS7:R 19.977 {na—&—nd—&- 0907+2.6 7 3.719 ng

s)

VIII. IMPULSE IMPEDANCE AND EFFECTIVE LENGTH

Applying (5), (6), and (8), Z is expressed as:

Z—p[A+B<D\/;TT1>C] > oy

where values of A, B, C, and D are given in Table II. The constant
D is determined by the best fit of (16) to simulation results
of Z (see Figs. 10 and 11). The simulation results are derived
from time responses of 11386 test cases for each configuration
with parameters in wide ranges (p from 30 to 2000 Qm, Ty
from 0.2 to 10 ps, and ¢ from 1 to 100 m). Figs. 10 and 11
illustrate a remarkable outcome that simulation results of Z/p
as a function of p7; converge to a generalized curve, enabling
a single approximating function (16).

(16)
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Fig. 11.  Simulation results of Z and formula (16) that fits the simulation results

for GS5, GS6, and GS7 configurations (see Fig. 6).

100
Gs1 — f

10 100
pTy (Qmys)

Fig. 12.  Effective lengths of counterpoise configurations in Fig. 6.

Similar to the results for R in the previous section, Figs. 10 and
11 show that 8-leg counterpoises, GS3 and GS6, considerably
reduce Z compared to 4-leg configurations, GS2 and GSS5, but
12-leg counterpoises, GS4 and GS7, have a much smaller effect.

Figs. 10 and 11 show results of (16) that uses (8) to approxi-
mate Z. The error of the formula (16) considering the simulation
results for GS5 in Fig. 11 is smaller than 5% in 97% of the test
cases. Errors of other configurations are similar. However, more
accurate (9)—(15) can be used instead of (8) to approximate Z
considering conductor radius, a, distance between footings, b,
and depth, d.

Fig. 12 shows the effective length of all counterpoise config-
urations in Fig. 6 for any values of p and T, computed by (7)
with values of D in the last column of Table II. Configurations
with multiple counterpoises have smaller inductive components
and correspondingly larger f.¢¢ (and larger effective areas,
see Fig. 5). Configurations with the same number of legs bent
parallel to the line have smaller effective lengths than radial
ones.
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Fig. 13.  Simulation results of Z/R for 11386 test cases with parameters in

ranges (¢ from 1 to 100 m; p from 30 to 2000 2m; 77 from 0.2 to 10 pus) for
configuration GS5.

IX. RANGES OF PARAMETERS FOR CONDUCTIVE AND
INDUCTIVE BEHAVIOR

Fig. 13 shows all simulation results of Z/R that are derived
from time responses of 11386 test cases for the configuration
GSS5 (see Fig. 6). Results for other configurations are similar.
The results enable approximating ranges of parameters when
grounding systems exhibit dominantly resistive (Z/R =~ 1) or
inductive behavior (Z/R > 1):

pTi/¢ <1, inductive effects

pT1/¢ > 100, resistive effects

1 < pTi/l <100 and £ < l.fy¢, resistive effects
1 < pTi/l <100 and £ > l.5f, inductive effects

Visacro et al. [45] state that Z/R “is typically lower than 1
for electrode lengths shorter than /.y, due to the effects of
capacitive currents in the soil.” Our computations do not show
any significant impact of the capacitive effect on the values
of Z/R, as shown in Fig. 13. The dominantly capacitive effect
is typical for less extended electrodes in high resistivity soil.
For example, in our computations, the voltage impulse lags
the current, and its front time becomes longer in the case of
dominantly capacitive behavior. Still, the voltage peak value V,,,
is not significantly reduced, which results in Z/R = 1.

X. COMPARISON BETWEEN CONFIGURATIONS

The length of counterpoises ¢ for obtaining the required value
of resistance R for a given resistivity of soil p can be determined

from (8):
_(R/p—A\®
t= (B)

This formula is used for comparison between configurations.
Fig. 14 shows counterpoises length ¢ necessary to get R values
of 10 ©, 15 €, and 2012, as a function of the soil resistivity.
Fig. 14 also shows the effective lengths £, s for values of T of

A7)

T T
— (required

forR

50~ =7 b
“ rf100

40 | GS1 i
P

IFirst
~ Subsequent
Strok Stroke

0 200 400 600 800
p (Qm)
(a)

T T T
/ GS5

19/__\/_
200

1000

100

80

60

£, Loge (M)

20 |

Subsequefit
—Stroke

Subsequent’
Stroke

20

I I I 1 I
500 1000 1500 2000 2500 3000

©

1 LS8 1T rR=100 ]
(=7 [First ]
Subseqlient Strok -
Stroke q9F Sulsequent 5
Stroke

0
0 500 1000 1500 2000 2500 3000 0
p (Qm)

0 1 | 1 1 L 1 | 1 1 1 L
0 1000 2000 3000 4000 5000 600070000 1000 2000 3000 4000 5000 6000 7000
p (Qm)

(d) (e

160 |— (réquired
forR

140 = = Lo

GS4

R=1

£ 100 s s
3
< 80 : .
60 ) ,Subseq‘ue‘ntw T C4 T
40 Stroke | — / Sabsequent —
~  Stroke
20 1 b
0 Il | 1 1 Il Il | 1 1
0 2000 4000 6000 80000 2000 4000 6000 8000
p (Qm)
® (8
Fig. 14. Required counterpoises lengths to get resistivity of 10 €, 15 €,

and 20 €2, and the effective lengths for typical first and subsequent strokes for
configurations: (a) GS1, (b) GS2, (c) GSS, (d) GS3, (e) GS6, (f) GS4, (g) GS7
(see Fig. 6).

typical first and subsequent stroke, i.e., 2.4 us and 0.35 ps [43].
To maintain Z ~ R, it is necessary that £ < l.¢y.
Fig. 14 illustrates the capabilities and limitations of the con-
sidered configurations. The following conclusions can be drawn.
e The length ¢ of the radial counterpoises, GS2 in Fig. 14(b),
GS3 in Fig. 14(d), and GS4 in Fig. 14(f), is limited to
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TABLE III
RANGES OF SOIL RESISTIVITY AND THE REQUIRED LENGTHS OF
COUNTERPOISE CONFIGURATIONS FOR R < 102

p (Qm) £ (m) Lo/(m)
GS1  upto 300 30 60
GS2  300-500 16-28 64-112
GS3  500-750  20-30 160-240
GS4  750-1000  26-35 312-420
GS5  upto 750 50 200
GS6  up to 1600 75 600
GS7  upto02100 95 1140

about 35 m [41], which constrains their use. The other
configurations within the right of way may use longer
counterpoises, which may be limited by their effective
lengths.

® More legs in 2-, 4-, 8-, and 12-leg counterpoises, GS1 in
Fig. 14(a), GS2 (b) and GS5 (c), GS3 (d) and GS6 (e), and
GS4 (f), extend their use in higher resistive soils. However,
12-leg counterpoise, GS7 in (g), is less effective.

e The efficiency of counterpoises bent parallel to the line
(GS5 and GS6) whose distance between the parallel coun-
terpoises is equal to or larger than 20 m is like the efficiency
of radial ones (GS2 and GS3). Distances between counter-
poises of GS7 are smaller, i.e., 10 and 15 m, and GS7 is
considerably less efficient.

e The area covered by the considered configurations does
not significantly impact the grounding system efficiency.
That can be seen by comparison of the radial and bent
configurations with the same number of legs, which cover
different areas, i.e., 4-legs in Fig. 14(b) and (c), 8-legs in
(d) and (e), and 12-legs in (f) and (g). The conductor length
has the dominant impact on the efficiency.

Table III shows another example of the simple formulas use
for comparison of the capabilities and limitations of the config-
urations. Table III gives lengths of counterpoise configuration
in soil with different resistivity that are necessary to achieve R
values of about 10 €2. Values for GS2, GS3, and GS4 in Table 111
are adapted from EdF recommendations [41]. Connecting more
counterpoises to the tower footing enables a larger conductor
total length, resulting in lower R values in more resistive soils.
The example in Table III shows that GS6 and GS7 enable
R <10 in soils with 1600 2m and 2100 Qm.

XI. INFLUENCE OF CURRENT WAVEFORM

Fig. 15 shows simulation results of Z derived from time re-
sponses to two different mathematical representations of current
waveforms of return strokes, i.e., used in IEC standards [34] and
recommended by CIGRE [33] (see Section II.B). It is shown that
results can be easily converted by modifying the impulse front
time 77 :

7(CIGRE)

- (IEC)
1(30-90%) — 1.82-T

1(10-90%)

(18)

Note that definitions of the impulse front times are according
to Fig. 1.
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CIGRE ® = x +
p = 1000 Qm IEC 4 0 0O X
25T, % .
(IEC)
+><+ . T1 = Tho-90%
20 " 500 om %, T =Taooo/1.82 1
o X )<
Sisp T + - y» .
N : Kty
r X %
101 100 0m Moy, X%
%0 Bt
SAQ © o O 0op : iitiniy
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Fig. 15. Conversion of the simulation results of Z computed with IEC [34]

and CIGRE [33] mathematical representations of current waveforms of the first
return stroke (see Fig. 1). Simulations results are for GS5 configuration with b
=6mand 2 =20 m.

itt) —
100% /
90%

30%

10%

1827,

Fig. 16.  The maximal steepness of the waveforms is similar when the CIGRE
and IEC current waveforms are adjusted to lead to nearly identical Z.

Fig. 16 shows that when the CIGRE and IEC current wave-
forms are adjusted to lead to nearly identical results of Z, the
maximal steepness of the waveforms is similar. This implies that
the maximal steepness of these two current waveforms is one of
the dominant factors that determines Z.

Fig. 17 shows that the double exponential mathematical
representation of the current waveform leads to very sim-
ilar results as the IEC waveform, and no adjustments are
necessary.

XII. DISTRIBUTION OF LIGHTNING CURRENT BETWEEN
LocAL GROUNDING AND COUNTERPOISES

Fig. 18 shows an example of lightning current distribution
between the local grounding and counterpoises for typical first
and subsequent return stroke current impulses. The considered
grounding system is configuration GS5 (see Fig. 6) with param-
eters shown in Fig. 18. The current dissipated through the local
grounding and counterpoises is insufficient to have a significant
soil ionization effect.
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Fig. 17. The double exponential mathematical representation of the current

waveform leads to very similar results as the IEC waveform.
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Fig. 18. The lightning current distribution between the local grounding and
counterpoises for typical first and subsequent stroke current impulse.
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Fig. 19. Simulation results of R and Z (broken lines); approximation of Z

[20] (full line); and different quantitative definitions of the effective length in
literature: feff (1) [43], éefj‘ [40], feff (2) [29], [44], Zeff (3) [9]

XIII. COMPARISON WITH PREVIOUS WORK
A. Effective Length

Effective length is defined concerning the change of Z when
the length of electrodes enlarges. However, there are different
definitions of effective length in the literature. Fig. 19 illustrates

250 prror T T 100 T T
He et al. (2005) . Formula (7) ]
200 Gupta et al.(1978) 4 sl Visacro et al. (2016)/'1,]—"5,( a
Greev et al. (2022) L . L
= Grcev (2009) 0 GS5 Lo
£ 150 NS =21 s
5 | =
=~ 100 40 Subseqeny
| “Stroke N
50 207 =" T,=067pus |
l/ N
0 e P MR 0 | 1 |
10 100 1000 0 500 1000 1500 2000
pT; (Qmups) p (Qm)
(a) (b)
Fig. 20.  (a) Comparison of effective length computed by formulas based on

different definitions (labels are defined in Fig. 19). (b) Comparison between (7)
and formulas in [45].

such definitions on an example of the grounding system GS5
[see Fig. 6(b)].

Simulation results in Fig. 19 show that Z ~ R for coun-
terpoise lengths smaller than a length denoted by £.fr(1).
Z becomes larger than R for counterpoise lengths larger
than (.;¢1), and, at more extensive lengths, converges to
a constant value while R continuously decreases. Follow-
ing quantitative definitions of effective length exist in the
literature.

1) Gupta and Thapar [44], [29]: The length of an electrode
when Z decreases to a value within 3% of the final value
(denoted as £ ¢y () in Fig. 19).

2) Heetal. [9]: The length of a grounding electrode at which
the derivative of Z with respect to ¢ is smaller than 5°
(denoted as £,y s(3) in Fig. 19).

3) Greev [43]: Maximal length of the ground electrode for
which Z ~ R, and above which Z > R (denoted as £, ¢ (1)
in Fig. 19).

4) Grceev et al. [40]: The length for which R is equal to the Z
final value (denoted as /.y in Fig. 19).

This paper uses the latter definition, denoted as £, s s in Fig. 19.

It enables the approximation of Z in (5) and (6) (represented by a
full line in Fig. 19). (5) and (6) show that such an approximation
leads to an outcome that only two quantities, i.e., resistivity R ex-
pressed as a function of ¢, and effective length, /. s ¢, are required
to define the lightning performance of considered grounding
systems.

Fig. 20(a) shows that the different definitions of the effective
length lead to different results (the example is for the four-arm
star configuration, shown in Fig. 20(a), for which corresponding
formulas exist in the literature).

Fig. 20(b) shows a comparison of (7) with a formula pub-
lished in [45]. The formulas in [45] differ significantly from
this paper. They are specialized for one counterpoise config-
uration, i.e., GS5, and for two waveforms of the lightning
current impulse, one for the first return stroke and the other
for the subsequent stroke. The first one is a waveform with
two peaks with T30.90% = 3.83 microseconds, represented
by seven Heidler functions. The second is represented by
two Heidler functions with T30.99% = 0.67 microseconds. In
Fig. 20(b), T, for the first stroke is adapted to 3.83/1.82 =
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Fig. 21.  Errors of formulas (9)—(15) and Chisholm formula [46] for each

considered counterpoise configuration (see Fig. 6).

2.1 microseconds (since the two-peak waveform has a similar
front to the CIGRE model). Results are similar for the subse-
quent stroke but diverge for the first stroke in high resistivity
soil.

B. Low-Frequency Resistance

Chisholm’s formula of R [46] is applicable for any grounding
system form, from single rods to grids. Fig. 21 shows errors in
this general formula and formulas (9)—(15). The reference values
for evaluation errors are simulations by an accurate computer
model [47]. The error of formulas (9)—(15) is less than 6%,
while Chisholm [46] goes up to 40%.

XIV. NUMERICAL EXAMPLE

In this example, we look at the choice of the counterpoise
configuration with R = 10  in the soil with p = 1000 Qm,
which requires the smallest total conductor length and develops
aminimal voltage peak. The typical lightning first return stroke’s
current peak and front time are /,,, = 30 kA and 7, = 2.4
us, and of the subsequent return stroke I,, = 12 kA and T} =
0.35 s [43].

The results of computations by the developed formulas are in
Table IV. The following steps lead to these results.

Columns 1 and 2: For each configuration, length ¢ and total
conductor length ¢;,; are computed by (17) using values of A, B,
and C in Table II and ¢;,; = n¢, where n is the number of legs
in the configuration.

Columns 3 and 4: Effective lengths for the first and subsequent
return strokes, {c¢rps and £q5 g, are computed by (7) using
values of D from Table II.

Columns 5 and 6: Impulse impedances for the first and subse-
quent return strokes, Zrs and Zgg, are computed by (16) using
values of A, B, C, and D from Table II. More accurate values
can be computed by (9)-(15) with ¢ = flcrrps and lefrss
computed by (7) and values of D from Table II.
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TABLE IV
COMPUTATION RESULTS (p = 1000Q2m AND R = 10%2)

1 2 3 4 5 6 7 8
GS 4 lot | Legrs | Lepss Z;; Z;; Z’@S I{("@S
@ | ) | @ | m | @ | @ | &) | &)
GS1 | 114 | 228 52 20 21 44 630 528
GS2 65 260 55 21 12 25 360 300
GS3 45 360 63 24 10 16 300 192
GS4 35 420 64 25 10 13 300 156
GS5 70 280 56 21 12 25 360 300
GS6 | 44 352 60 23 10 17 300 204
GS7 37 444 61 23 10 14 300 168
PO T T T T 70
- b=10m h=10m
300 oo - —_— : 60
250 - Sm-h=20m- AT 50
' b=10m h=20m
= 200 40 z
= ‘ =
= 150 S
100
50
0 0
0O 2 4 6 8 10 12 14 16 18 20
t(us)
Fig. 22.  Voltages developed at the counterpoise configuration GS6 in case of

typical first stroke lightning current impulse.

Columns 7 and 8: Voltage peaks for the first and subsequent
return strokes, V,,rs and V,,ss, are computed by (4).

8-leg counterpoise GS6 might be chosen for the optimal
configuration with £ = 44 m since the total length of 352 m
is the smallest and V,,,ps = 300 kV is minimal while V,,s5 <
Vnrs. Note that EJF recommends using GS4 in this case [41],
but it requires a total conductor length of 420 m.

Since the formulas are approximate, we check the correctness
of this solution by computing the developed voltage in the case
of the first return stroke with the rigorous electromagnetic model
[20]. Fig. 22 shows the simulation results. The distance between
the tower footings, b, is 5 or 10 m, and between the parallel
counterpoises, 4, is 10 or 20 m. Although there are differences of
about 10%, it can be seen that voltages in all cases are consistent
with the requirement of V,,,pg = 300 kV.

Note that the numerical example results in this Section depend
on input data and do not imply that GS6 is optimal in all cases.
The trends can be studied in Fig. 14. A comparison can be made
by generating results such as in Table IV for given values of R,
p, and I, and T of the first and subsequent return stroke current
(represented by CIGRE, IEC or double-exponential waveforms).
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10)

[1]
[2]
[3]
[4]

[5]

XV. CONCLUSION

1) Radial 4-, 8- and 12-leg counterpoises are limited to
about 35 m because of practical considerations. 2- and
4-leg counterpoises bent parallel to the line have no such
limitation, but their effective length constrains the use in
high resistivity soil.

This paper proposes an 8-leg counterpoise bent parallel
to the line. This counterpoise enlarges the effective length
and is efficient in high resistive soil. A 12-leg counter-
poise bent parallel to the line is less effective.

The influence of the mutual resistances between the
parallel counterpoises is negligible for 20 m or higher
distances. Counterpoises as close as 10 m can also be
used, leading to about 10% higher peak voltages.

A complete set of new simple formulas of resistance,
impulse impedance, and effective length of all considered
counterpoise configurations is derived.

Remarkably, simulation results of Z/p as a function of
pT, converge to a generalized curve, enabling a single
approximating function.

Ranges of parameters for which behavior is dominantly
resistive or inductive are determined.

It is shown that impulse impedance results got for the
different mathematical representations of the lightning
current impulses such as Heidler, CIGRE, and double-
exponential functions, can be easily mutually converted.
Different definitions of the effective length in the litera-
ture lead to different results. The definition used in this
paper is consistent with a large number of simulation
results.

New formulas and procedures make up a general and
straightforward method for analyzing the optimal design
of counterpoises as part of transmission line grounding,
considering the cost-effective and best protection against
lightning.

The underlying simplifications of the formulas are con-
servative and can be used in the initial grounding design
phase. If more detailed data on soil characteristics from
measurements on the actual site is available, more elab-
orate models and dedicated software, e.g., [48], might
allow for more accurate computations.

2)

3)

4)

5)

6)

7)

8)
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