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Practical Model for Tower Earthing Systems
in Lightning Simulations
F. Koehler*, J. Swingler*
*School of Engineering & Physical Sciences, Heriot‐Watt University, Edinburgh, EH14
4AS, UK, (fmk1@hw.ac.uk)
Abstract: In assessing the lightning performance of a transmission line with an
Electromagnetic Transient (EMT) approach, the representation of the earthing system
or tower footing can have a major impact on the simulation results. In this paper, a
practical circuit for a direct implementation into an EMT software is presented, which
uses a minimum of input parameters to represent a common four rod tower footing
arrangement. Based on an available description of the frequency‐dependency of a
single rod in soil and a description of the ionization in soil for a single rod, a combined
circuit model is developed for a tower earthing arrangement with four rods in a square
arrangement. This approach takes into account the merging of the ionization zones
from each rod.
Keywords: Lightning stroke; Lightning simulation; Transmission lines; Tower Earthing

1 Introduction
In the majority of performed studies to determine the lightning performance of a
transmission line, a simple resistance model or variable resistance model is used [1]–
[4]. This originates from the fact that in practice transmission codes state tower
footing requirements (combined soil and electrode) as a resistance at power
frequencies. Using formulas, such as from [5], the combined resistance of a tower
earthing system and soil resistivity taken from measurements can be calculated. In the
assessment of the lightning performance of a transmission line with an EMT approach

this type of modelling leads to conservative results due to the underestimation of the
real performance of the earthing system [6].
However, several studies show that the frequency‐dependency of soil has a major
influence on the back‐flashover rate of insulators and therefore should be included in
lightning simulations [7], [8]. Furthermore, several studies show that the lightning
performance of a tower is also very sensitive to the soil ionization process [9], [10].
Therefore these effects should also be included in simulations of lightning strikes to
transmission lines. To simulate the behaviour of an earthing system subject to lightning
impulses, models available in the literature are either based on electromagnetic field
theory (EMF) [11]–[15], such as finite element methods (FEM) and Method of
Moments (MoM), transmission line (TL) [16] or circuit theory [17]. Although EMF‐
based methods are the most accurate, computation time and complexity hinders the
fast and simple simulation of a whole transmission line [18], but they are often used to
verify circuit approaches or derive parameters for circuit elements, such as the pi‐
circuit based on EMF simulation results fitting in [19]. All these modelling approaches,
lack the ease of a direct utilization in EMT simulations with a few input parameters.
In this paper, a practical model for tower foundations using so‐called mini‐piles is
investigated, which are commonly employed in dense or rocky soil. This arrangement
can be modelled with a four‐rod in a square arrangement which features a high
resistivity of the surrounding soil. Due to the general complexity of models, the soil
ionization and frequency‐dependent soil phenomena are separated in most simulation
models and represented as a variable resistance or voltage/current source [20], [21]. In
this paper both a frequency‐dependent soil model and a single rod model available in
the literature are combined, adapted and extended to model the four rod in a square
arrangement. Since more than one rod is considered, a mathematical description of

both the dynamic mutual coupling as well as the dynamic merging of the ionization
zones of the rods is proposed which uses only geometry parameters and low‐
frequency soil resistivity. Furthermore the model is verified with measurement results
available in the literature.

2 Ionization Models
Although sole ionization models based on R‐L‐C circuits, such as in [22] feature a closer
fit to some measurements, the overall performance differs only slightly from variable
resistance models [23]. Therefore only variable resistance models for rods compatible
to be included into circuits for frequency‐dependency are considered. For a later
comparison of the developed model in this paper, the similarity approach and CIGRE
ionization model are taken as references.

2.1 Similarity Approach Ionization Model
A basic variable resistance model for a single rod, mentioned in [24], is based on
Korsuncev similarity method with the dimensionless factors Π in (1) and (2). There, s is
the distance between the center and the outermost point of the metallic structure in
m, R0 is the footing resistance in Ω, ρ is the soil resistivity in Ωm, I is the instantaneous
current in kA and Ec is the breakdown electric field strength in kV/m. It is shown that a
rod shaped electrode can be modelled as a hemispherical electrode shape with
reasonable accuracy in (3), where A is the electrode surface area in m2.
Π

(1)

Π

(2)

Π

0.4517

(3)

Furthermore, above a critical distance, the ionized zone can be simplified with a sphere
electrode shape, where the correlation between Π and Π in the range of 0.3 to 10
for Π in (4) can be applied.
Π

0.2631 ∙ Π

.

(4)

The resistive behaviour is now established with (1) and (3) until Π in (4) is greater
than Π in (3), which is the criterion for the start of the ionization process. For a four
rod arrangement, the total resistance is calculated with equations provided in the
appendix of [25] and apply (1) and (3). The resulting variable footing resistance

as

well as the derived critical current I where ionization starts, depend on a previously
calculated total footing resistance R0, in (5) and (6).
.

0.2631

I

.

.

(5)

(6)

2.2 CIGRE Ionization Model
Another variable resistance model, such as proposed by Weck and adopted by CIGRE
[26], takes into account the soil ionization effect in (7) and (8).

(7)

(8)

The model is developed for earthing rods and not meant to be for extensive earthing
networks of more than 30m [27], such as counterpoise. The footing resistance can be
calculated with formulas, such as in [28].

The determination of a generalized approach for the breakdown electric field strength
remains difficult. In [29], various measurements are summarized and re‐evaluated,
which leads to a resistivity‐dependent breakdown electric field strength ranging from
400 kV/m for 10 Ωm to 1750 kV/m for 10000 Ωm. For (2) an average of 1000 kV/m or
the resistivity‐dependent breakdown electric field strength from [29] is proposed. In
[30] an investigation into previous experiments reported breakdown electric field
strength is performed, which concludes to apply a value in the range of 300 kV/m to
400 kV/m. Other researchers [31], [32] confirm a value in the range of 300 kV/m to
400 kV/m, which is also the recommendation by CIGRE [27].

2.3 Shell Single Rod Ionization Model
A more elaborate soil ionization model for rods is based on the simplified physical
description of the formation of the ionization zone in the form of conductive shells
around the rod, as illustrated in Fig. 1, originally published by Liew and Darveniza [25]
and later adapted and simplified by Nixon et al. [33] or changed to purely be based on
physical constants by Cooray et al. [34].
As illustrated in Fig. 1, the ionization process starts at the rods surface, where the
current density is the highest and streamers propagate in the direction away from the
electrode until the electric field strength drops below the breakdown value [30]. The
ionized zones in soil around the electrode increase the electrodes radius [27] and
decrease the grounding system’s resistance [28], [35]. For high soil resistivity the
ionization process is more pronounced than for low soil resistivity [36]. In contrast to
the sole current‐dependent ionization models in section 2.1 and 2.2, this model
features an additional time‐ or waveshape‐dependency.

Fig. 1 Illustration of ionization and de‐ionization zones of a rod electrode [37]
The mathematical description of a shell around the rod with radius

in m in (9)

together with the various soil resistivities of each region, ionized, de‐ionized and
normal soil, enables the calculation of the total variable resistance.

(9)

As summarized in [25], [33] the following assumptions are made for the model:


The soil surrounding the driven rod is homogeneous and isotropic with
resistivity



.

An injected impulse current in kA, results in equipotential surfaces that can be
approximated by a cylindrical and hemispherical portion, as shown in Fig. 1.



The current density in kA/m2, in the soil at a radial distance,

in m, from the

center of the driven rod can be approximated by

, where

is

the rod length in m.


Breakdown by ionization occurs in the soil where the current density exceeds a
critical value of current density, , given by

.



The regions of ionization and de‐ionization are assumed to be uniform as
shown in Fig. 1 and the resistivity in these regions is time‐varying.

The three different regions in Fig. 1 are calculated with soil resistivities in (10), where
is the onset time of ionization and
ionization onset time,

the ionization constant and

the de‐ionization constant, all in unit seconds, and

is the de‐
the soil

resistivity at the onset of de‐ionization in Ωm.

Region 1:

∙

2

Region 2:

1

(10)

1

Region 3:
Liew and Darveniza express the total resistance as an integral, where an approximation
for the total resistance during the ionization process in (11) is provided by Nixon et al.
[33].
ln

ln

ln

(11)

In case of no ionization, the steady‐state resistance for a single rod is given in (12) by
Liew and Darveniza [25], which represents the case of ri=0 and rd=rrod.
ln

(12)

3 Frequency‐Dependent Soil Model
In [38] modelling of the frequency‐dependency of soil for rod geometries with an R‐C‐
circuit is performed. The circuit in Fig. 2 comprises an R‐C‐element for low‐ and high‐
frequency‐response of soil as well as a resistance for the initial impulse response. The
traveling wave phenomenon is neglected due to the short length of rods, but the initial
surge response is included.

The calculation of the circuits parameters is readily performed with the geometry
factor for rods in [5], using solely the soil low‐frequency resistivity and rod geometry
values. First, the steady‐state parameters including the surge impedance are calculated
in (13) to (16), where l and r are the length and outer radius of the rod electrode in m,
ρ , ε and μ are the low‐frequency soil resistivity in Ωm, permittivity in F/m and
permeability in H/m.

Fig. 2 Equivalent RC‐circuit for frequency‐dependent low‐current earthing rod
modelling
ln

(13)

ρ K

(14)

ε K

(15)

(16)

The impulse resistance

is calculated according to [38], [39] for the case of the

sending end voltage neglecting damping for short rod arrangements in (17).

3

∙ exp

The high‐frequency circuit is calculated with (18) to (20) at

(17)

100 kHz due to the

range of rise‐times of first negative lightning strike current in the microsecond range

[40] using the frequency‐dependent soil formulas from (21) and (22) to determine soil
and permittivity

resistivity

.

(18)
∙

(19)
(20)

The frequency‐dependent formulas for soil resistivity and permittivity from [41] are
utilized in (21) and (22), which satisfy the Kramers–Kronig relationship and represent a
causal model in comparison to the formulas used in [38].

∙

(21)
/ ∙

∙

(22)

is the soil conductivity in mS/m,
mS/m,
permittivity,
10

1.26 ∙

.

the low‐frequency soil conductivity (100Hz) in

, f the frequency in Hz,

0.54,

the relative

12 the relative permittivity at high frequencies and

≅ 8.854 ∙

F/m, the vacuum permittivity.

The low‐frequency circuit is calculated with (23) to (25) at
possible value for equation in (19) and (20) for determination of

100 Hz, the lowest
and

.
(23)
(24)
(25)

4 Combined Frequency‐Dependent Soil and Ionization Models
4.1 Single Rod Model
In [38], it is mentioned that soil ionization can be included in the initial surge resistance
of the described frequency‐dependent model. However, the presented ionization
models are all based on the calculation of the steady‐state resistance
the initial surge resistance. Therefore, a decrease of

, rather than

will not result in the same

degree of voltage reduction as a decrease of the steady‐state resistance
Furthermore, the idea to decrease

based on the ratio of

/

.

is only valid for

0. Therefore, the approach is taken to vary all resistance values in the circuit. Since the
frequency‐dependent effect is negligible when the ionization effect is present above a
certain threshold, the change of resistance with respect to the frequency‐dependent
part of the circuit does not affect the overall behaviour. To incorporate soil ionization
into the R‐C‐circuit model, a dynamic calculation of all circuit element values and
variable resistance elements have to be included in the circuit. For the recalculation of
R‐values the steady‐state resistance

is varied, according to the ionization model.

4.2 Four Rods in a Square Model
As mentioned in the introduction, a typical mini‐pile tower foundation for transmission
towers is investigated. Since a mini‐pile tower foundation comprises four steel‐
reinforced cores, each encased in concrete and electrically connected through the
tower feet, it is decided to simplify this arrangement to a rod‐like geometry. Although
the concrete, which encases the steel reinforcement, has a different soil resistivity
than the surrounding soil, this effect is neglected. In [42] formulas are provided to
include this effect, but as shown [43] the impedance of concrete is lower than most
soil and thus the simplification is a worst‐case approximation. The geometry and
associated distances of the investigated arrangement are illustrated in Fig. 3. Typical

values for d for towers with mini‐pile foundations are between 4 and 12 m with depth l
between 1 m and 5 m and thickness of 0.3 m to 0.8 m.

d
5
0.

2

2
d/

Fig. 3 Illustration of four rods in a square
Since the frequency‐dependent parameters are based on the geometry parameter
and the four rods are electrically connected in parallel at the tower base, the
mathematical calculation of the frequency‐dependent circuit remains the same but
considers the mutual coupling between the four rods in (26), replacing (13) in the
frequency‐dependent circuit calculation.

4 ln

2 ln

√

ln

√

√

√

(26)

For the ionization phenomenon Liew and Darveniza [25] already proposed an area
criterion in (27) to (29) for the four rod arrangement in Fig. 3.

(27)

There, the cylindrical and sphere shape surfaces of the ionization zones can be
described with (28) and (29), where
2
2

4

/2

2

√

/2
√2 /2
∞

cos

.

(28)

2

/2

sin

cos

/2

√

√

∞

(29)

To determine the expansion of the ionization areas of the four rod arrangement a
dynamic calculation of the ionization radius is necessary. The ionization radius needs
to be solved for the three cases of the ionized area of each rod with (30). Since the
rods are connected in parallel at the tower base, the current flowing from the tower
to ground is quartered.

∙

(30)

∙

Up to /2 in Fig. 3, the ionization radius is calculated for each rod separately. At /2
the ionization areas merge and thus the ionization area needs to be adjusted. From
√2 /2 onwards the total ionization area only expands at the outer borders until
infinity, which is the similarity case of a sphere electrode.
/2, the radius can easily be determined with the

Solving (30) for the case of

2nd order equation in (31). The formula is the same as for a single rod, adjusted with a
division of the current by four.

(31)

Although Liew and Darveniza [25] provides the mathematical description for /2
√2 /2, the arising problem with the solution of the resulting equation due to the
arccosine description of the angle  in (32) is not addressed.
2

4

0

(32)

/2

A plot of

√2 /2 as an input to (32) and inverse of axis shows the

mathematical problem in more detail in Fig. 4 with an example. The function
would feature two y‐axis values for one x‐axis value, which prevents a direct solution
and an approximation has to be determined. As noticed in Fig. 4, the increase in radius
is approximately linear with high soil resistivities. Furthermore, the expansion of the
radius up to /2 demands higher currents with increasing soil resistivity.

Fig. 4 Ionization current vs radius for four rods in parallel,
3 m and

400 kV/m in the range /2

8 m,

0.1 m,

√2 /2

Since the highest lightning stroke currents are in the range of 350 kA [44] and are
distributed among shield wires and tower footing, only soil resistivities above 2500 Ωm
in this configuration feature a merging of ionization zones. Therefore a linearization of
the radius with a first order function is justified in this case. Solving (32) for
√2/2

and

gives the two points for linearization in (33).

2
√

2
(33)

2√2

The ionization radius
of the term

/2

is then calculated by determination of the slope and offset
∙

and solved for in (34).

√

√

√

(34)

√

√2 /2 a linearization of the equation to solve for radius

Furthermore, for

in

(35) is necessary.
2

2

A plot of √2

/2

cos

sin

cos

0

(35)

∞ as an input to (35) and inverse of axis in Fig. 5 shows the

curve progression for three soil resistivities for an example configuration. For the
selected soil resistivities, the curves tend to be linear up to the footing distance ,
which is more pronounced for higher soil resistivities. Furthermore, from a numerical
viewpoint, the development of a linearization including ∞ is not possible.

Fig. 5 Ionization current vs radius for four rods in parallel,
3 m and

400 kV/m in the range √2

/2

8 m,

0.1 m,

∞

Derived from the trend of a linear progression of ionization radius in dependency of
the current for higher soil resistivities and necessary higher currents to achieve the
same ionization radius for lower soil resistivities, the starting value of √2
the distance
and
case.

√2/2

are chosen for linearization. With the linearization points

/2 and
in (36)

in (35), the slope and offset can be determined as in the previous

√

(36)

The resulting formula for the radius

is given in (37) to (39).

(37)

√

4

2√2

/ 1

√

/ 1

√

(38)

√

4

√

4

2√2

(39)

A graphical illustration of the equivalent ionization radii comprised of the cylinder and
sphere parts for a practical example is shown in Fig. 6 in dependency of the injected
current.

Fig. 6 Ionization current vs radius for four rods in parallel,
3 m,

10000 Ωm and

8 m,

0.1 m,

400 kV/m

The plot shows the effect of the merging of the four different ionization zones, as from
the intersection of radius

and

nearly no increase of the radius is achieved. At a

point where all four ionization zones fully merge into one, the increase is

approximately equivalent to the increase of a sphere electrode as discussed in the
similarity approach.
The practical implementation of the developed formulation of the merging of
ionization zones into the frequency‐dependent circuit however faces some challenges
when (27) is applied to an EMT calculation. Due to the nature of the integral in (27)
and the dynamic ionization radi calculation, a sum of up to nine integrals, each using
the trapezoidal rule to calculate the areas of ionization, deionization and no ionization
for each tower foot has to be calculated for each time‐step in the simulation. In a
Monte‐Carlo simulation with a considerable number of towers this leads to a
significant increase in simulation time.
Therefore, in this work, an alternative model is proposed to calculate the dynamic
resistance of a four rod in a square arrangement with (26), which includes the
description for a single rod as well as the mutual coupling to the other rods. From
measurements of a four rod arrangement [31], it is known, that the mutual resistance
is only reduced slightly. It is concluded as a worst‐case approximation that the mutual
impedance remains constant. To include the merging of the ionization zones, the part
of the equation describing the single rod in (26) is replaced with (11) and the
mathematical description of the radi from (31), (34) and (37) is applied for the
expanding ionization zone.
The whole developed model featuring soil frequency‐dependency and soil ionization
then consists of an initial calculation of the R‐C circuit parameters in Fig. 2 using (14) to
(26). The ionization is built into the model through the implementation of (11) in (26)
and (10), which are used to calculate the change of
,

and

in the R‐C‐circuit during ionization.

and subsequently the change of

5 Model Verification
5.1 Single Rod Ionization Model
To validate the implementation of the developed calculation routine and investigate
the difference to the similarity approach and CIGRE soil ionization model, simulation
results from Nixon et al. [37] are utilized, which feature realistic lightning waveshapes
in lab tests (3.5‐5/10‐14 µs at 5/29 kA) and feature a good agreement with original
results from Liew and Darveniza [25] for soil resistivities in the range of 50 Ωm to
3100 Ωm. The described rod geometry and model parameters from [37] are given in
Table 1.
Table 1 :Soil and Electrode Parameters in Nixon’s Lab Experiments
in Ωm

139

in kV/m

300

in µs

2.0

in µs

4.5

in mm

7.95

in mm

2667

For the similarity approach and CIGRE model the recommended 1000 kV/m and
400 kV/m critical electric field strength are applied in the model. Nixon et al. [33] (11)
verified his model with two applied current waveforms to a single rod, as depicted in
Fig. 7, implemented in PSCAD/EMTDC. The resulting resistance of the model and, for
comparison, the similarity approach and CIGRE model is plotted in Fig. 8.

Fig. 7 Current waveforms used in lab investigation in [37], implemented in
PSCAD/EMTDC

Fig. 8 Simulation results from PSCAD/ETMDC of soil ionization models according to
Nixon et al. [37], similarity approach [24] and CIGRE [26] for a single rod
A comparison of the simulation results for the Nixon model to its reference [37] shows
that only marginal differences to the PSCAD/EMTDC implementation exist. These
differences are attributed to the waveform generation. Furthermore, a comparison of
the similarity approach, CIGRE and shell model resistance progression in the simulation
in Fig. 8 reveals that the similarity approach and CIGRE models initial resistance
decrease is more progressive than in Nixon’s model. This originates from the modeling
of the ionization and de‐ionization process in the shell model. However, the overall
reduction of resistance is more pronounced in Nixon’s model afterwards. This is due to

the different equations used for calculating the initial footing resistance, as
summarized in Table 2.
Table 2: Low‐Frequency Footing Resistances
56
54
48

Similarity approach with (1)/(3) in Ω
CIGRE model with (13)/(14) in Ω
Nixon model with (11) in Ω

5.2 Frequency‐Dependent Soil Model
For the verification of the described frequency‐dependent circuit in combination with
the ionization model in the low current impulse range, measurement results of an
earthing rod in [31] are utilized. The corresponding simulation parameters are
summarized in table 3. For the generation of lightning impulses, the current generator
circuit used in the measurements is modelled according to [45]. The simulation results
for a single rod in 160 Ωm soil subject to lightning impulses with current amplitudes of
0.51 kA/ 0.81 kA/1.13 kA are depicted in Fig. 9.
Table 3: Soil and Electrode Parameters in Sekioka’s Lab Experiments
in Ωm

160

in kV/m

300

in mm

7.00

in mm

1500

(a) PSCAD/EMTDC simulation
(b) Measurements from Sekioka [31]
Fig. 9 Validation of frequency‐dependent model according to Sekioka [31] and shell
ionization model [37], lightning impulse to single rod in 160 Ωm soil
A comparison of the PSCAD/EMTDC simulation results to the reference [31] shows a
good agreement. Therefore, it can be concluded, that the adjusted frequency‐
dependent model in combination with the shell ionization model can be used to model
both soil ionization and frequency‐dependent behaviour of single rods. Furthermore,
this represents a further verification of the Nixon ionization model with
measurements.

5.3 Combined Model for Four Rods in a Square
Although measurements of the ionization and frequency‐dependent behaviour of four
rods in a square are conducted in [31] and [25], the soil resistivity is too low to result in
a merging of the ionization zones. However verification on the basis of the similarity
and the CIGRE model can be accomplished and the overall influence on resulting
voltage assessed. The simulation results for a negative first and subsequent stroke
[46], applied to the developed model of merging ionization zones of a practical tower
footing configuration are shown in Fig. 10 and Fig 11.

Fig. 10 Simulation results of median strokes to advanced frequency‐dependent soil
model with ionization for four rods in parallel,

0.1 m,

3 m, d=8 m,

10000 Ωm

Fig. 11 Simulation results of severe strokes to advanced frequency‐dependent soil
model with ionization for four rods in parallel,

0.1 m,

3 m, d=8 m,

10000 Ωm
The comparison of progression of resistance for CIGRE, similarity approach and the
developed model for a negative first stroke shows a very similar behaviour with regard

to the reduction of resistance. For the negative subsequent stroke the time delay in
the shell model is more dominant, leading to a slower reduction in resistance over
time. However the minimum resistance value is very similar to the other models.
Furthermore, the resistance progression of the similarity approach and the developed
model converge with increasing current, as seen in the case of severe strokes in Fig.
11. The reason for this is that with increasing current the merging of ionization zones
forms a spherical area, which is both taken into account in the similarity approach and
the developed model.

6 Summary and Conclusion
In this paper, an extension to the Nixon ionization model for earthing rods is
developed, which takes into account the merging of ionization zones in practical tower
earthing systems with four rods at higher soil resistivities or higher currents.
Furthermore, based on Sekioka’s circuit approach to model the soil frequency‐
dependency of earthing rods, a rod model considering frequency‐dependency of soil
and ionization effect is developed. Based on measurements found in the literature, the
developed model is verified with simulations in PSCAD/EMTDC. A comparison of the
developed model to the CIGRE and similarity approach model is performed for
verification purpose of the tower footing with four rods, because no measurements at
higher soil resistivities are available in the literature. The tower configuration of an
extreme case, where merging of the ionization zones takes place, shows that CIGRE,
similarity approach and the developed model in this work show a very similar
behaviour for first strokes. For higher currents the similarity approach and developed
model resistance progression converge due to the merge of ionization zones forming a
hemispherical shape. For subsequent strokes the minimum resistance value during
ionization is also very similar for all three models, but due to the incorporated time

delay in the developed ionization model, the reduction of resistance is slower and thus
overvoltages at insulators are higher. Especially this phenomenon is pronounced for
severe strokes with a very short rise‐time. From this it can be concluded that in the
simulation of subsequent strokes to an overhead line using the developed tower
footing model, the resulting initial overvoltages at the insulator strings are higher than
those where the CIGRE or similarity approach model is taken into account. This is
aligned with conclusions in [47], where it is concluded that the tower grounding model
practically does not influence the overvoltages at the insulator strings generated by
subsequent strokes.
In conclusion, the developed model offers the benefit of a more conservative approach
to the grounding system ionization behaviour than the CIGRE and similarity approach
model with regard to subsequent strokes and maintains the expected behaviour for
first strokes. Furthermore, due to the simplified description of the four rod
arrangement in high soil resistivities without integration over the radius and suitable
behaviour for both first and subsequent stroke rise‐times, it is compatible with an EMT
Monte‐Carlo approach.
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