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Abstract: The present paper gives an overview of modelling methods of standard grounding systems
under surge conditions, using the non-uniform transmission line approach. The model presented
considers the soil ionization and the frequency dependence of the soil parameters during the current
transients. Furthermore, the representation of the non-linear response of the soil is made using a
shunt time-variable resistance to simulate the behavior of the grounding resistance when a surge
current flows through the system. The model development and analysis are made using ATP-
EMTP/ATPDraw transient software.

Keywords: simulations; grounding systems; soil ionization; nonlinear grounding impedance

1. Introduction

Grounding systems are fundamental parts of a power system’s protection [1-5].
Grounding impedance may decrease, avoiding the effects of overvoltages produced in the
system [6]. In addition, the system must prevent the breakdown of the dielectric of the
electrical devices. Finally, it must also protect people against electric shocks produced from
static charges stored in the electrical equipment [7]. All these requirements must be met at
the lowest possible cost.

The grounding system is composed of three components according [3], namely:

the metallic conductor that drives the current to the electrode;

the electrode that is buried in the soil;

the ground around the electrode. (It may be mentioned that the analysis of the behavior
of the soil is the most important.)

For the analysis of the behavior of different types of grounding system under surge
currents, different parameters of the soil and current computer simulations can be consid-
ered [8-15].

The circuit model based on a distributed network of a non-uniform transmission lines
is preferred for modelling grounding systems under surge currents due to its ability to
simulate the shape of the ionized region of the ground as a set of cylindrical zones that will
change in time. In addition, the representation of the non-linear response of the soil can be
reproduced by a shunt time-variable resistance to simulate the behavior of the grounding
resistance when a surge current flows through the system.

The circuit model can be implemented in a computer software dedicated to transient
analysis. Such an approach is helpful for engineers to predict the impulse characteristics of
a grounding system under surge conditions. The simulation results can be obtained, e.g.,
by ATPDraw. This software can be used for the design of a grounding system. The models
implemented will be compared with the real results.

In the present paper the behavior of two grounded systems under surge currents are
reported with the aim to illustrate methods of grounding systems simulations. The analysis
will be made considering the influence of some parameters of the soil and the surge current

Energies 2022, 15, 7694. https:/ /doi.org/10.3390/en15207694

https:/ /www.mdpi.com/journal/energies


https://doi.org/10.3390/en15207694
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/energies
https://www.mdpi.com
https://orcid.org/0000-0002-8409-2007
https://doi.org/10.3390/en15207694
https://www.mdpi.com/journal/energies
https://www.mdpi.com/article/10.3390/en15207694?type=check_update&version=1

Energies 2022, 15, 7694

20f17

and how they affect the impulse grounding response and the transient ground potential
rise of the system.

The aim of this paper is to discuss a model of a standard grounding system using the
ATPDraw tool to simulate the non-linear response of the grounding resistance around the
electrode produced by a surge current. To obtain a correct design of a standard grounding
system, a circuit model based on a distributed network of a non-uniform transmission line
is used.

2. Materials and Method

There are two factors that change the behavior of the grounding resistance when an
impulsive current is flowing in a grounding system. The first one is the dependence of
the permittivity and resistivity of the soil on the frequency of the current. The ground
parameters mentioned before decrease when the frequency of the current signal increases.
The second factor is the ionization of the soil due to the high value of the amplitude of the
impulsive current.

When an impulsive current flows through the electrode to ground, an electric field
is produced by this current around the electrode in ground [16]. The magnitude of this
electric field is calculated using the Equation (1) given by [17]:

E=]p;i @)

where | is the current density and p; is the resistivity of one-layer homogeneous soil when
the surge current is flowing through the earth.

When the high frequency current flowing to earth increases too much, it means that
the current density will increase too. An electric arc in the earth is generated due to this
high value of current density, which produces a big decrement of the soil resistivity [18].
When a surge current with high amplitude is applied to the electrode, a breakdown zone is
produced in the ground around the electrode [19]. This zone is shown in Figure 1.
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P Normal Region

Figure 1. Soil breakdown region in a grounding electrode.

The zones in the ground around the electrode that are known as the spark region,
nonlinear region and normal region can be represented as the ionization zone, deionization
zone and the non-ionization zone.

When the soil ionization phenomenon occurs, the soil resistivity value decreases
because of the electric discharge produced around the electrode in the earth. However,
when the process of deionization happens, the soil resistivity starts increasing again [20-22].
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Soil ionization is the condition that makes the grounding resistance decrease in value
when a high current is flowing from the electrode to earth [23]. The minimum value of the
grounding resistance is at the peak of the surge current [24,25].

Soil ionization is generated when the electric field produced by the current exceeds
the critical electric field of the soil [15]. However, it is important to mention the effects
determining soil ionization because this depends on the current characteristics, ground
electrode configuration, and soil characteristics and conditions [26,27].

Analysis of the soil critical electric field can determine the impulse behavior of the
grounding system [28]. The critical electric field can be calculated using Equation (2), given
by [29]:

E. = 24100215 @)

where p is the resistivity of the soil and E; is the critical electric field of the soil in
[kV/m]. However, according to the IEEE group, the recommended critical electric field is
10 kV/cm [30].

The soil ionization produced around the conductor can be calculated using the circuit
approach, where the grounding impedance decreases in value when a surge current is
flowing through the grounding system [31-35]. This circuit method allows simulating the
transient phenomena in the time domain.

Another method that is used for the analysis of the grounding system under lightning
currents is the finite element method [36-38].

When the ground conditions are breaking down, the soil stops being dielectric and
starts conducting; therefore, it can be assumed that the diameter of the electrode in-
creases [39]. In this case, the leakage current will be not equal along the conductor because
of the inductive effect produced by the high frequency of the surge current flowing in the
electrode. The value of the higher leakage current is at the point where the surge current is
applied [40]. Therefore, it is good to mention that the ionization zone around the electrode
produced in the earth is not column-uniform [41], and it will generate a pyramidal region
(Figure 2).

Leakage Current

T \ Ground Electrode
lindrical she 1
Longitudinal Current i sapsinaele

Figure 2. Ionized zone of the soil around the electrode.

This pyramidal shape used to represent the ionized zone in the soil is a bit difficult
to implement in the simulations. Therefore, a model of cylindrical shape to represent the
ionized zone makes the simulations easier [42]. This model is shown in Figure 2.

For this cylindrical model, the electrode has a radius “a” and “a;” is the equivalent
radius of the cylindrical zones [43]. The cylindrical zone with high equivalent radius will
be situated at the beginning, where the surge current is injected, and the subsequent zones
will decrease their equivalent radius [44].

The value of the equivalent radius of the cylindrical zones will be as big as the electric
field produced by the leakage current after the soil ionization is produced. The equivalent
radius will change according to the leakage current, which is time variable; therefore, this
parameter will change over time [45].

The grounding electrode under surge currents can be characterized as a distributed
network, because it can represent the ionized zone and the frequency dependent effects of
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the ground and electrodes [46]. Each cylindrical zone can be represented as a segment with
a lumped parameters model as shown in the Figure 3 [47].

Figure 3. Representation of a grounding electrode.

The length of the segment should be selected considering the mutual coupling effect
between the segments. In other words, the length of the segments cannot be chosen largely
due to the dependence of the transmission line approach on the per-unit length parameters.
Therefore, the length of the segment must be small enough to be << 1/10 of the wavelength
in the soil corresponding to the highest frequency component of the current source.

Each segment is composed of a series resistance (r;), a series inductance (L;), a shunt
conductance (G;) and a shunt capacitance (C;). The series components represent the electri-
cal parameters of the electrode, and the shunt components represent the electrical charac-
teristics of the soil when a surge current is applied to the grounding system.

For this model, the shunt conductance and the shunt capacitance will change over time
because they depend on the equivalent radius of the cylindrical zones produced by the soil
ionization phenomena [48]. The series resistance and series inductance of the grounding
electrode stay constant over time because they depend on the longitudinal current that
flows inside the grounding conductor.

The parameters of the grounding system under surge currents can be calculated
according to [3].

The series resistance of each segment is calculated by Equation (3) from [49].

I
=5 ()

where p, is the resistivity of the electrode, /; is the length of the segment, a is the radius of
the electrode and 7; is the resistance of the electrode.

The series inductance of each segment, when the radius of the electrode is very lower
than the length of the electrode (r; < [;), is calculated by Equation (4) from [50].

L, = Boli (lnzalf - 1) (4)

where L; is the series inductance of the electrode.
The grounding resistance for a horizontal segment, when the soil ionization is not
produced, is calculated by the Equation (5) from [20].

) 2 2 ) 2 2
R, = 2frli 2;11?_5, Jrlnlﬂr\/;l +a2 /1 i (%) Jrlnll+\/élh+4h2 —/1+ (%) :| (5)

where p is the soil resistivity, / is the depth of the horizontal segment and R; is the grounding
resistance.
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The grounding resistance for a vertical segment, when the soil ionization is not pro-
duced, is calculated by the Equation (6) from [20].

1n2+§m(my+§h+yﬂmu+§m2+wﬁ

R; = (6)
2

) 1 2

2h,4—zll+»x/(2h,+-zh> ta

where p is the soil resistivity, h; is the upper terminal of the vertical segment and R; is the
grounding resistance.

When the soil ionization and the frequency dependence of the soil are considered in
the model, the shunt capacitance will depend on the equivalent radius. The Equation (7)
from [20] calculates the capacitance considering soil ionization.

27te

Cita) = In(1;++/12+a;:2 2
Ly n(l;+ 4 +a?) hy (%>

where g; is the equivalent radius of the cylindrical zones that represent the soil ionization.
If the electrode is buried to a depth h, the capacitance is calculated from [20] using
Equation (8):

@)

Ci = Ci(ai) + Ci(2h — ;) ®)
Finally, the shunt conductance can be calculated by Equation (9) from [50].

Ci

- ©)

i
In addition, Equation (10) from [51] calculates the electric field produced by the leakage
current.

E(t) p'Ie(t) (10)

T 2ma

where L.(t) is the leakage current as a function of time, which can be measured on each
leakage branch; and E(t) is the electric field produced by the leakage current as a function
of time.

The equivalent radius of the cylindrical zones is calculated by Equation (11) from [51]:

(11)

where 4;(t) is the equivalent radius in function of time.

The Equations (7)—(11) are used to calculate the parameters considering the soil ioniza-
tion and the frequency dependence of the soil using the transmission line with a lumped
parameters model.

The mutual coupling is simulated using a controlled voltage source. The value of this
voltage source is calculated using the principle of Green’s function. The potential at point P
generated by current I flowing through the conductor can be obtained from [51]:

Vp=Y G(P,0)) (12)
j=1

where G(P, O;) is called Green’s function, which is the potential at point P generated by the
unit point current source with equivalent center O;.

When point P is far from segment j, in other words, the linear size of segment j is far
less than the distance between this segment and point P, the field source J; can be treated as



Energies 2022, 15, 7694

60of 17

a point source concentrating at the center of this segment O;. If the soil is homogeneous,

then from [51]:
1 1

G(P,0)) = 1= <r = r/) (13)

where 7 is the distance between point P and the center of segment j O;, and ' is the distance
between point P and the image O’; of Oj; r and " are much larger than L;.

When segment i is close to segment j, three points are picked (two terminal points and
a central point) and then the average of the three values is taken as the approximate value
of R;; from [51]:

R; = % 6(P1,0;) +G(P,0;) +G(P'5,0;)] (14)

3. Model in ATPDraw

An example of a circuit model for vertical rod simulations is shown in Figure 4. This
grounding system has non-uniformly lumped parameters such as resistances, inductances
of the rod, and a capacitance with a resistance for the ground behavior.

Voltmeter
Am m‘e_ser Re  Le
||-’—o—.—o—!-\ a AV — — e AT -
Surge Grounding
Source Resistance
MODEL

Impedance
MODEL

=]
IMODEL|
imp

Figure 4. Example of ATP model for vertical rods.

The model block is a component of ATP-DRAW that allows writing an algorithm [52],
and oversees the control of the time variable shunt resistance. For the control of the
grounding resistance, a model block is designed, which changes the value of the effective
radius where the ionization is produced. In addition, an impedance model is used to show
the behavior of the impulse grounding impedance. This is calculated using the relation
between the ground potential rise and the injected current, both as a function of time.

The shunt capacitance is considered constant during the simulations due to their small
variation compared with the resistive components. Therefore, the assumption about only
the grounding resistance varying in function of time is considered [51]. This assumption
decreases the complexity and the overall time of the simulations.

There are some factors that affect the impulse grounding impedance of a vertical rod
such as the dimensions of the grounding system, the soil resistivity, the peak reached by
the surge current and the electric field of the soil [53].

The behavior of impulse grounding impedance as a function of the electrode length,
when setting the values of the soil resistivity at 500 Qm, critical electric field at 10 kV/cm,
current peak at 50 kA and waveform at 0.25/100 ps, is shown in Figure 5. This impulse
waveform represents lightning current, namely, a subsequent negative stroke.
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Figure 5. Influence of length on the impulse grounding impedance of a vertical rod with soil resistivity
of 500 Om, critical electric field of 10 kV/cm, current peak of 50 kA and waveform 0.25/100 ps.

It may be noted that the impulse grounding impedance decreases when the length of
the electrode increases. In addition, the impulse grounding impedance becomes saturated
after reaching a certain length. This is because the inductive effect of the vertical rod makes
the leakage currents along the conductor non-uniform, and this inequality increases when
the length of the conductor increases.

The results of the behavior of the impulse grounding impedance as a function of the
soil resistivity is shown in Figure 6. The impulse grounding impedance increases when the
soil resistivity increases in an almost linear relationship.

S (=)
o o

Impulse Grounding Impedance, Q
(L]
o

(=)

0 500 1000 1500 2000
Resistivity, Q'm

Figure 6. Influence of the resistivity on the impulse grounding impedance of a vertical rod of 10 m,
critical electric field of 10 kV/cm, current peak of 50 kA and waveform of 0.25/100 ps.

The surge as lightning can take different peak values, according to the IEC 62305 [54].
Therefore, the impulse grounding impedance as a function of the peak of the injected
surge current is as shown in Figure 7. The set values were a length of 10 m, soil resistivity
of 500 QOm, critical electric field of 10 kV/cm and current waveform of 1/200 pus. This
impulse waveform represents lightning current, namely, the first negative short stroke.
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Therefore, the impulse grounding impedance decreases when the peak of the injected
current increases.

W
o

o
th

o
o

Impulse Grounding Impedance, Q

—_
h

25 50 75 100
Current peak, kA

(=)

Figure 7. Influence of the current peak on the impulse grounding impedance of a vertical rod of 10 m,
soil resistivity of 500 Qm, critical electric field of 10 kV/em and current waveform of 1,/200 ps.

The behavior of the impulse grounding impedance as a function of the critical electric
field of the soil is shown in Figure 8. It may be seen that the impulse grounding impedance
increases when the critical electric field of the soil increases.

o
wn

(]
o

— o
o W
i

Impulse Grounding Impedance,
wn

(=)

T T T T

2 4 6 8 10
Critical Electnic Field, kV/em

o

Figure 8. Influence of the critical electric field on the impulse grounding impedance of a vertical rod
of 10 m, soil resistivity of 500 (dm, current peak of 50 kA and waveform of 0.25/100 ps.

An example of circuit model for a 1 x 1 mesh is shown in Figure 9. In case of
the 1 x 1 mesh, each rod that composes the square mesh is represented as a horizontal
rod. Therefore, each rod can be implemented as non-uniformly lumped parameters in a
transmission line model. In this case, the mutual coupling between conductors is considered
and it is represented as a controlled voltage source in the leakage branch.
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Impedance T Coupling
MODEL

Figure 9. Example of ATP model for mesh simulations.

The behavior of the impulse grounding impedance of a 1 x 1 mesh is similar to a
vertical rod, but it differs, especially in the values of the magnitude, because the 1 x 1 mesh
takes up more area in the ground. The impulse waveform used in this case is 1/200 ps. The
behavior of the impulse grounding impedance is similar that the single rod, but they differ
due to the change of the impulse waveform.

The behavior of the impulse grounding impedance as a function of the mesh side
length is shown in Figure 10. It may be noted that the impulse grounding impedance
decreases when the side length of the 1 x 1 mesh increases. In addition, the resistivity
becomes constant for bigger areas of the mesh.

W
(=}

o W =
o= o o

Impulse Grounding Impedance, Q
[y
(=)

(=)

10 15 20
Length, m

W

Figure 10. Influence of the length on the impulse grounding impedance of a 1 x 1 mesh with
soil resistivity of 500 (dm, critical electric field of 10 kV/cm, current peak of 100 kA and 1/200 pus
waveform.

The behavior of the impulse grounding impedance in function of soil resistivity, with
set values of 10 m, critical electric field of 10 kV/cm, current peak of 50 kA and waveform
1/200 ps, is shown in Figure 11. It may be noted that the impulse grounding impedance
increases when the soil resistivity increases. In addition, the curve shows an almost linear
relationship between the two variables.
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Figure 11. Influence of the soil resistivity on the impulse grounding impedance of a 1 x 1 mesh of

10 m, critical electric field of 10 kV/cm, current peak of 50 kA and 1/200 us waveform.

The behavior of the impulse grounding impedance as a function of the peak of the
injected current is shown in Figure 12. It may be noted that the impulse grounding
impedance decreases when the peak of the injected current of the 1 x 1 mesh increases.

O‘, T T
$10 - 1
=

[

k=

V]

g

op 97 il
=

=

g

o

S 8- ]
2

2.

g

=

7 T T T
0 25 50 75 100
Current peak, kA

Figure 12. Influence of the current peak on the impulse grounding impedance of a 1 x 1 mesh of
10 m, soil resistivity of 500 Qm, critical electric field of 10 kV/cm and 1/200 pus waveform.

The behavior of the impulse grounding impedance as a function of the critical electric
field of the soil is shown in Figure 13. It may be noted that the impulse grounding
impedance increases slightly when the critical electric field of the soil for the 1 x 1 mesh
increases.
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Figure 13. Influence of the critical electric field on the impulse grounding impedance of a 1 x 1 mesh
of 10 m, soil resistivity of 500 (dm, current peak of 100 kA and 1/200 us waveform.

4. Example of Model Validations

For the validation of the circuit model, the results of the simulation made in ATPDraw
can be compared with the experimental measurements using several wave tail shapes of
applied current made, e.g., in [55]. The measured results were obtained by injecting a surge
current to a driven rod vertically buried.

Table 1 shows the electrical parameters of the vertical rod and the soil, and they are
used for simulating the conditions of the measured experiment.

Table 1. Parameters of the electrode and soil for the vertical rod.

Parameter Value
h— .
Vertical rod Length—L [m] L5
Diameter—D [m] 0.014
Soil Resistivity—p, [(dm] 160

The experimental measurements made with the vertical rod are shown in [56]. The
analysis assumptions consist of the injected current having a peak of 2.35 kA, approximately,
with a waveform of 3/9 us and ground potential rise 130 kV, approximately [56]. The
impulse grounding impedance starts at a zero value and increases in value very fast in a
time of 1.0 ps, approximately; this behavior is produced by the inductive effect zone. After
that, the grounding impedance decreases to the minimum value, which is produced by
the ionization of the soil. Finally, the grounding impedance increases, which is due to the
deionization of the soil [50].

Table 2 shows the values used in the ATPDraw tool for the circuit model, which are
set to simulate the conductor and soil parameters.

Table 2. Parameters of vertical rod and soil in the ATPdraw tool.

Parameter Value

Resi R Q 1637

Conductor esistance, Rc [mQ)] 0.163
Inductance, Lc [uH] 0.15181

Soil Grounding Capacitance, Cg [nF] 0.888
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For purposes of simulation, a surge current source of a double exponential waveform
is used as the injected current to the vertical rod of the experimental case. The equation that
represents the double exponential waveform is k(e~* — e~ B!) [57]; the value of a is 25,000

and S is 320,000 with a peak value of 2.35 kA. The simulated waveform of the injected
current is shown in Figure 14.

2000 - : § ]

1000 - » : .

Injected Current, A

0 ; ;
0 5 10 15
Time, us

Figure 14. Injected current to the vertical rod of 1.5 m.

Figure 15 shows the transient ground potential rise produced in the vertical rod when
the surge current is applied. The waveform shapes are almost like the injected current,
reaching a peak value of 119.8 kV when the critical electric field is 8 kV/cm and 127.9 kV
when the critical electric field is 10 kV/cm. It may be noted that the percentage error of the
maximum transient ground potential rise compared with the experimental measurements
is 7.8% for 8 kV/cm and 1.6% for 10 kV/cm. Furthermore, Figure 15 shows the transient
ground potential rise produced in the vertical rod when the soil ionization is not considered.

The maximum value reached is 219 KV, approximately. Therefore, this result is 80% higher
that the experimental value.

250 —— 8 kVicm —I 10 kViem — I\ITot Tonization

(=]

T

0 5 10 15
Time, pus

Figure 15. Transient ground potential rise produced in a vertical rod of 1.5 m, soil resistivity of
160 Om and a peak current of 2.35 kA.

Figure 16 shows the grounding impedance response when the surge current is applied
to the vertical rod. The grounding impedance increases during 1 ps reaching a value
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of 61.8 () for a critical electric field of 8 kV/cm and 65.7 Q) for a critical electric field of
10 kV/cm, and then decreases when the current flowing through the rod increases. After
the surge current reaches its maximum value, the grounding impedance starts increasing.
In addition, the impulse grounding impedance is calculated giving a value of 51.0 Q) for
a critical electric field of 8 kV/cm and 54.4 () for a critical electric field of 10 kV/cm. The
percentage error of the grounding impedance between the simulation and the experimental
measurement is 7.3% for a critical electric field of 8 kV/cm and 1.0% for 10 kV/cm.

20 — 8 lliV/cm —1? kV/em
G
o 60 _
5
&
£ -
on
<]
E
© 20 .
5

0 : ;

0 5 10 15

Time, ps

Figure 16. Grounding impedance produced in a vertical rod of 1.5 m, soil resistivity of 160 Om and a
peak current of 2.35 kA.

Figure 17 shows the behavior of the radius of the ionized zone of the soil. When
ionization is not produced in the soil, the equivalent radius is equal to the conductor radius.
Then, the ionization radius increases reaching a maximum value of 46.9 and 37.6 mm
for a critical electric field of 8 and 10 kV/cm, respectively, during the peak of the surge
current. Finally, when the surge current decreases, the equivalent radius of the ionized
zone decreases.

— 8 kV/iem ——10kV/em

Ionized Radius, mm

0 5 10 15
Time, ps

Figure 17. Equivalent cylindrical radius produced for soil ionization in a vertical rod of 1.5 m, soil
resistivity of 160 (Om and peak current of 2.35 kA.
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5. Conclusions

The present paper gives a comprehensive overview of modelling of standard ground-
ing system configurations under surge conditions. The considerations are made on the
basis of models implemented in ATP-EMTP/ATPDraw.

It is important to mention that in general, industrial grounding systems are more
complex that a simple rod or a1 x 1 m mesh. However, the methodology discussed can be
applied to the development of all kinds of earthing system models.

For simulation purposes and model development, it is important to stress that the
non-linear response of the grounding response can be affected by some parameters of the
soil, the rod and the impulse current that flows inside the grounding systems, notably:

—  peak of the impulse current;

— length of the rod that composes the grounding system;
— resistivity of the soil;

—  critical electric field of the soil.

The impact of such parameters will be visible in the results of computer simulations.

The results of this paper demonstrate a good agreement between simulations and
experimental measurements. The computer simulation results show an acceptable error of
7% at most in the impulse grounding response.
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