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Current-Dependent Grounding Resistance Model
Based on Energy Balance of Soil Ionization

Shozo Sekioka, Maria 1. Lorentzou, Maria P. Philippakou, and John M. Prousalidis, Member, IEEE

Abstract—Soil ionization occurs around a grounding electrode
when current density in the soil exceeds a critical value and re-
duces grounding resistance. This paper proposes a current- depen-
dent grounding resistance model considering the soil ionization.
The proposed model is derived on the basis of energy balance of
the soil ionization. The resistivity of the ionization zone depends
on energy stored in the zone. Analytical expressions of the model
are proposed to estimate the zone resistivity. The model is verified
by comparing it with experimental results.

Index Terms—Current dependence, energy balance, grounding
resistance, hysteresis effect, soil ionization.

1. INTRODUCTION

HE grounding resistance decreases as injected current

increases. This phenomenon is caused by soil ionization
around a grounding electrode [1]-[11]. Two approaches to cal-
culate the nonlinear grounding resistance considering the soil
ionization have been investigated. The first one considers resis-
tivity and dimension of the soil ionization zone. The other one
is determined from an empirical relation of the voltage—current
curve [12]. Bellaschi introduced effective radius and length,
which depend on the injected current of a driven rod to es-
timate the current dependence of the grounding resistance.
The ionized zone with low resistivity grows with the increase
of the injected current as illustrated in Fig. 1. Assuming that
the zone resistivity is zero, Bellaschi’s model is convenient to
estimate the current-dependent grounding resistance. However,
the zone resistivity does not suddenly become zero. Liew and
Darveniza proposed a dynamic grounding resistance model,
which considers the zone resistivity and the hysteresis effect
[4]. The zone resistivity in their model is a function of time and
current density. Calculated results using the Liew—Darveniza
model agree satisfactorily with experimental results. However,
the physical meaning and derivation of the model are not
mentioned sufficiently.

The soil ionization is affected by many factors, such as soil
resistivity, temperature, and water content. Considering the soil
ionization is similar to the discharge [13], the soil ionization
should be represented according to an energy balance, which
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Fig. 1. TIllustration of a rod electrode associated with soil ionization.

associates the input energy with the variation of the resistivity.
Empirical formulas to represent the current dependence of
the grounding resistance as a function of the crest value of
the applied current are used to simulate the overvoltages of
transmission lines [14]. The formula takes the hysteresis effect
into no account, and the simulation results using the formula
show low accuracy in the wavetail. Thus, a more accurate
model should be developed to consider parameters which affect
the grounding resistance. This paper proposes a new current-
dependent grounding resistance model based on an energy bal-
ance of the soil ionization. The proposed model is determined
by the electrode dimension, the injected current, and the energy
stored in the ionization zone. Analytical expressions of the
model are derived and discussed. One of the authors carried
out a number of experiments of the grounding resistance for
high-impulse currents [7]-[9]. The proposed model is verified
by comparing it with the experimental results.

II. MEASURED RESULTS OF CURRENT-DEPENDENT
GROUNDING RESISTANCE OF ROD ELECTRODE

Fig. 2 shows the measured grounding resistance of a rein-
forced concrete pole (radius g = 168 mm, length [ = 2 m) and
adrivenrod (ro = 7 mm, [ = 1.5 m) for high-impulse currents
[9]. The time-to-crest voltage does not coincide with that of ap-
plied current due to time dependence and an inherent hysteresis
effect of soil ionization. This paper adopts the following defini-
tion of the grounding resistance for high-impulse currents [8]

Vm
Rs (Im) - E (1)
where V,,, is the crest electrode voltage (V), I,,, is the crest ap-
plied current (A), and R(I,,) is the grounding resistance for
current I, ().

The low-impulse current generator (LIG) circuit in Fig. 2 is
different from the high-impulse current generator (HIG) circuit
due to the existence of a damping resistor, which is connected
between a grounding electrode for testing and a current lead
conductor of the HIG circuit to reduce the applied current. The
current waveform of the LIG circuit is different from that of the
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Fig. 2. Measured results of current-dependent grounding resistance as a
parameter of soil resistivity. (a) Reinforced concrete pole. (b) Driven rod.

HIG circuit by the damping resistor as shown in Appendix A.
The soil resistivity in Fig. 2 is estimated from the measured
steady- state grounding resistance without soil ionization shown
in Table I using the formula [4]

n <1+ i)
To

where py is the soil resistivity with no soil ionization (2m).

The actual soil resistivitiy is not uniformly distributed, and
the resistivities in Fig. 2(b) differ from those in Fig. 2(a).

It is clear from Fig. 2 that the grounding resistance is greatly
dependent on the crest value of the applied current, and becomes
almost the same value for high-impulse currents of above 10 kA
although the soil resistivity is different.

Fig. 3 shows the measured results for rod A, namely the ap-
plied current, rod voltage, and grounding resistance time wave-
forms. All waveforms are presented for several wavetail shapes
of applied current [9]. The grounding resistance time function
is defined as the ratio of the instantaneous rod voltage over the
applied current at the same time instant. Waveform 1 is gener-
ated by the HIG circuit, and waveforms 2 to 4 are controlled by
varying the length of a rod-rod gap and the value of a resistor,
which are connected in series between the top and the grounding
of the impulse generator.

The time constant of the grounding resistance of rod A mea-
sured using a pulse generator with step current is about 1 us as
shown in Appendix II. This time constant is sufficiently shorter

RS—&

T 2wl )

TABLE 1
MEASURED STEADY-STATE GROUNDING RESISTANCE

(a) Reinforced concrete pole.

Test field I 11 11
Symbol e} A O
Resistance 44 Q 217 Q 73 Q

(b) Driven rod.
Electrode Rod A Rod F Rod G
Symbol e} A m]
Resistance 922 Q 318 Q 610 Q
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Fig. 3. Measured results for various wavetail shape of the applied current.
(a) Applied current. (b) Voltage. (c) Resistance.

than the duration after the applied current is changed in the
wavetail, and the transient characteristic of the grounding resis-
tance is negligible for rough estimation. The difference of the
grounding resistance is, therefore, affected by the current wave-
shape, and the zone resistivity depends on the waveshape.
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III. CURRENT-DEPENDENT GROUNDING RESISTANCE MODEL
BASED ON ENERGY BALANCE IN SOIL IONIZATION ZONE

The nonlinearity of the grounding resistance is represented by
the increase of the soil ionization zone and the variation of the
zone resistivity. Reference [13] describes a development of the
ionization zone by the observation of discharge on X-ray film,
which is set under a grounding electrode for testing. The obser-
vation results show that the development of the ionization zone
shows similar characteristics to that of the discharge in the air.
Reference [6] investigates many papers on the soil ionization,
and supports the similarity between the soil ionization and the
breakdown by air ionization. Energy balance is the foundation
stone from which all models describing the discharge process
are derived. Thus, the soil ionization can be regarded as a kind
of discharge, and the zone resistivity should be determined on
the basis of energy balance of the soil ionization.

A. Increase of Soil lonization Zone

Whenever current density branches off through an electrode
and exceeds a critical value, soil ionization occurs. The soil ion-
ization zone of which the resistivity is much lower than the ini-
tial soil resistivity grows as the injected current increases. A re-
lation between the critical injected current /. [A] and the soil
ionization gradient F. (V/m) at a point on the contour of the
ionization zone is given by

3)

where S(r.) is the surface area of the ionization zone within
distance 7. [m] from the grounding electrode.

The contour of the ionization zone for instantaneous injected
current ¢ in the wavefront is determined using (3) by substituting
1 into ... The grounding resistance for high currents shows low
value in the wavetail [8]. The proposed model assumes that the
ionization zone keeps its contour even if the injected current
becomes lower than the crest value.

B. Variation of Resistivity of Soil lonization Zone

The resistivity of the soil ionization zone decreases due to the
discharge. The current-dependent grounding resistance can be
easily estimated using a simple model, in which the resistivity
of the zone is assumed to be zero, by choosing F. appropri-
ately. However, the resistivity does not suddenly become zero,
and depends on such factors as current density, time constant
[3], water content [15], and temperature [8]. The grounding re-
sistance gradually recovers its initial value in the wavetail. This
fact indicates that the resistivity of the ionization zone increases
in the soil deionization process.

C. Energy Balance of Soil lonization

Energy balance per length of a discharge is given by [16]

%:uz—P 4)
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where

u  discharge voltage (V/m);

1 discharge current (A);

(Q accumulated energy (J/m);

P power loss (W/m);

t time (S).

The soil ionization process can be considered to be similar
to the arc phenomenon occurring inside a circuit breaker during
current interruption. Therefore, the accumulated international
experience on switch arc modeling can be exploited in the ef-
forts to simulate accurately the soil ionization of grounding sys-
tems. Thus, Mayr’s equation [17] is the aftermath of processing
the energy balance (4)

)
g—Kep<Q0> )]

where g is the arc conductance (Sm), and K (Sm) and Qg [J/m]
are constants, describing the evolution mechanism of the arc
based on the energy balance equation which can be applied, and
the following differential equation is derived:

1 dg 1 .

5 At O (ui — P). (©)

The power loss is generated mainly from heat dissipa-

tion/conduction, and should be denoted as a function of
temperature and enthalpy. Considering the temperature in the
ionization zone might become lower as the distance from the
electrode is longer, the heat loss moves outside the ionization
zone. This conduction generates the power loss. Thus, the
power loss in the proposed model is assumed to be proportional
to the surface area of the segment according to Cassie’s arc
model [18]. The power loss is given by

P=2\S (N

where ) is constant (W/m?).

D. Calculation of Grounding Resistance

Equation (6) should be solved with an external electrical cir-
cuit simultaneously. An injected current at ¢t — A¢, where At is a
time step in calculation, is an approximate solution of exact cur-
rent by choosing a small At in digital simulation. The current ¢
in the proposed model can be regarded as an external force by
adopting 7 at ¢ — At. Thus, the grounding conductance can be
estimated as a solution of (6) using the voltage and the current
at t — At. The current-dependent grounding resistance R (%) is
given by summing the resistance of each segment

Ry = [Ctow s [Cotor @

Jrg Jre

where r is the distance from the grounding electrode (m), 7,
is the effective radius of the ionization zone, and g(r) is the
conductance of segment at r.

The proposed model stops calculating the resistivity of a seg-
ment when the resistivity reaches the initial value.

A simple model is given by neglecting the first term in (8).
Considering the resistivity in the vicinity of the grounding elec-
trode affects the grounding resistance, the simple model needs a
high soil ionization gradient so that calculated results using the
simple model agree with experimental results [6], [9].



SEKIOKA et al.: CURRENT-DEPENDENT GROUNDING RESISTANCE MODEL BASED ON ENERGY BALANCE OF SOIL IONIZATION 197

IV. APPROXIMATE AND GENERAL EXPRESSIONS OF
RESISTIVITY OF SOIL IONIZATION ZONE

The differential equation can be solved analytically under an
assumption. Analytical expressions of the proposed model are
described in this chapter.

A. Approximate Expression of the Proposed Model

After the arc initiation, its electric power input remains ap-
proximately constant with the resistivity, rapidly decreasing fol-
lowing the increase of the arc current [19]. This procedure is
similar to the one of the soil ionization. Assuming that the elec-
tric power input uz or uz — P is independent of the conductance
g, the conductance and the resistivity of the soil ionization zone
are expressed as follows:

E,—N
g =go €xp <T> 9)
— e (_M) (10)
P = pPo €Xp Qo

where E,, = [widt [J/m], N = [ pdt [J/m], and go are the
initial conductance of segment, and F£,, and /N have a unit of
energy per length. Therefore, the proposed model shows an en-
ergy dependence, and considers an influence of the voltage and
current waveform. Fig. 4 illustrates a profile of the resistivity p
of the soil ionization zone. The resistivity begings to decrease
when the injected current exceeds the critical current /... The re-
sistivity does not increase rapidly after the injected current be-
gins to decrease, because the energy F,, — N stored in the seg-
ment continues to increase for some time. The resistivity gradu-
ally increases in the soil deionization process for uz < P. As a
result, the grounding resistance shows the hysteresis character-
istic. This characteristic is observed in experimental results [8].

Equations (8) and (10) indicate that the proposed model has
the following physical meanings.

1) Current dependence: The higher the injected current is,
the soil ionization zone becomes larger. The growth of the
zone is equivalent to the increase of the effective radius
and reduces the grounding resistance.

2) Energy dependence: The zone resistivity decreases as the
energy F,, — N stored in the zone increases.

3) Soil deionization: When the power input ui is less than the
power loss P, the zone resistivity increases and, finally,
the reduced resistivity recovers the initial value pg.

4) Hysteresis effect: The zone resistivity continues to de-
crease for some time after the injected current takes a
crest value, and gradually increases in the soil deioniza-
tion process. The profile of the zone resistivity in the
ionization process is different from that in the deioniza-
tion process. Thus, the resistivity shows the hysteresis
characteristic.

B. General Expression of the Proposed Model

Considering a relation ¢ = gu, (6) can be solved, and the
conductance and the resistivity are given by

g =goexp (;) [1 + golQo /'L'2 exp (;) dt} (11)

— Inj——
po ]
:
Q
2 O
=z Time
z
7]
~
\ -— :
)
]c Im

Current, i

Fig. 4. Profile of resistivity of soil ionization zone.

t 1 [, t -t
P = po eXp (;) {1 + 7000 /’L exp (;) dt} (12)

where t is the instantaneous time after the soil ionization in a
segment occurs (s) 7 = Qo /P [s].
Substituting ¢+ = 0 into (12) when p becomes p;

t/
-t
T

where ¢’ = 0 at which the current just becomes zero, is obtained.
Equation(13) indicates that 7 means the time constant of the
resistivity in recovering the initial value.

Equations (11) and (12) include a divergence function
exp(t/7), and the calculation of the general expression often
results in numerical divergence. Appendix III describes a
method to calculate (11) and (12).

(13)

V. DISCUSSION
A. Comparison of the Proposed Model With the
Liew—Darveniza Model

Setting (ui — P)/Qo =
follows:

« (constant), (10) is written as

p = poexp(—at). (14)
Equation (14) is the same as the Liew—Darveniza model in the
soil ionization process. On the other hand, the Liew—Darveniza
model in the deionization process, is given by

—t J\?
p = pi+ (po— pi) (1—GXP —f> <1— J—) (15)

T2 c
where
T9 deionization time constant (s);
J  current density (A/m?);
J. critical current density;
p; resistivity at J = J. on current decay is different from
that in the ionization process.
When J = 0, (15) yields

p=pi+(po—pi) (1—6Xp_—t>- (16)

T2

Equation (16) is different from (13). Time constant 74 is defined
by

7)
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where T' is the time when p reaches pg is introduced to compare
the transient characteristics of the resistivity. The time constant
of the soil deionization is obtained by substituting (13) and 1" =
71n(po/p:) of the proposed model, and (16) and 7' = oo of the
Liew—Darveniza model into (17) as follows as shown in (18) at
the bottom of the page, where k = p;/po.

Considering k is sufficiently less than unity, the deionization
time constant of the Liew—Darveniza model is a few times
longer than that of the proposed model if 74 takes the same
value. Accordingly, the variation of the resistivity from the
lowest value to the initial one of the Liew—Darveniza model
using a larger deionization time constant is almost same as that
of the proposed model. Thus, the Liew—Darveniza model is one
kind of the proposed model, while the proposed model provides
a physical meaning of their model.

B. Constants of the Proposed Model

1) Soil ionization gradient E.: E. of 300 kV/m [6], 400
kV/m [14], and 1000 kV/m [5] are recommended. Thus,
the value is not established. A low value should be se-
lected to consider the resistivity of the soil ionization
zone.

2) Power loss A\: When the soil ionization just starts, namely
1 = 1., p is equal to pg. Accordingly, the following rela-
tion should be satisfied from (10):

(ui — P)i=1c = 0. (19)

From (3), (7), and (19), the following relation is obtained:

E2
uIc—P:S(—C’—)\>:0
Po
E2
A=
Po

(20)

The soil ionization can be regarded to occur when input
power becomes greater than a critical value.

3) Qo: Fig. 5 shows the calculated results of the evolution in
time of the grounding resistance used in the measurements
for parameters of )y and py by the general expression,
where the applied current has ramp waveform of 2/40 us
and £, = 300 kV/m.

The time constant of the soil ionization is proportional to Q.
Consequently, the grounding resistance decreases faster as @
is smaller and, finally, becomes almost the same value as shown
in Fig. 5(a). Fig. 5(b) indicates that the current dependence of
the grounding resistance is greater as () is smaller, but the in-
fluence of )y becomes smaller as the applied current is higher.
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Fig. 5. Influence of ¢}y on the current dependence of grounding resistance.
(a) Influence of (o on variation of grounding resistance for applied current of
10 kA. (b) Influence of Qo on current dependence of grounding resistance.

C. Validation of the Proposed Model in Comparison of
Calculated Results With Experimental Results

Figs. 6 and 7 show the calculated results of the grounding
resistance corresponding to Figs. 2(b) and 3(c) by using the
general expression. The constants of the proposed model are
shown in Table II and Ar = 2 mm, where Ar is the width
of the segment. Time dependence of the grounding resistance is
represented by an equivalent circuit in Fig. 12(b). The current
dependence of each resistance of the circuit is assumed to be
proportional to that of the total grounding resistance, while the
capacitances of the equivalent circuit are not dependent on the
current. Calculated results by the Liew—Darveniza model are in-
cluded in Fig. 6.

It is clear from the comparison of the calculated results with
the measured ones that the proposed model shows sufficient ac-
curacy. The difference between the measured and calculated re-
sults is caused possibly by the simplifying assumption of the
energy loss expressed in (7), and the time dependence of the
equivalent circuit. The Liew—Draveniza model shows sufficient
accuracy for low currents, as the error of the their model in-
creases as the applied current increases too.

Td =
T2(1 — k);

T[-lnk—(1-k)]=~T 22 % proposed model

(18)
Liew—Darveniza model
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Fig. 7. Calculated results of grounding resistance for the various wavetail

shape of applied current.

TABLE II

Qo AND A
po [Qm] 160 560 1070
Ec [kV/m] 330 110 110
A [MW/m?) 680 21.6 11.3
Qo [J/m] 1800 600 150

D. Comparison of the Approximate Expression with the
General Expression

This section investigates the accuracy of the approximate ex-
pression by comparing it with the general one. Fig. 8 shows the
error of the approximate expression in comparison with the gen-
eral one in cases corresponding to Fig. 5.

Fig. 8 shows that the error of the approximate expression is
proportional to I?n/ * The approximate expression shows suffi-
cient accuracy for less than 10 kA.

VI. CONCLUSION

This paper has proposed a current-dependent grounding re-
sistance model based on an energy balance of soil ionization.
The proposed model considers the increase of the soil ionization
zone and the variation of the zone resistivity to represent the cur-
rent dependence. The model is denoted by a function of energy

100 T T T TTTT 1
O Qo=0.1kJ/m
A Qo=1.0k]/m
O Qo=10kJ/m

T T TTTT
200Qm
= === 1000Qm 1©

et #,A
P
e

Error [%]

0.1

0.01
0.1 1 10 100
Crest value of applied current, /m [kA]

Fig. 8. Error of the approximate expression in comparison to the general one.
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Fig. 9. Measured results of voltages and applied currents of rod A by the LIG
circuit. (a) Current. (b) Voltage.
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Fig. 10. Measured results of voltages and applied currents of rod A by the
HIG circuit. (a) Current. (b) Voltage.

stored in the ionization zone, and shows a hysteresis effect of the
grounding resistance. Approximate and general expressions of
the proposed model have been described. The model gives phys-
ical meanings of the nonlinear characteristics such as the current
dependence and the hysteresis effect of the grounding resistance
due to the soil ionization and deionization. The model has been
verified by comparing it with experimental results.

APPENDIX A

Current and Voltage Waveforms

Figs. 9 and 10 show the measured waveforms of applied cur-
rents and voltages, which are normalized by the crest value.
Hysteresis characteristics of the grounding resistance are shown
in Fig. 11. The grounding resistance for low currents during
the wavefront is increased. This phenomenon is caused by the
time dependence having capacitive variation. The current de-
pendence can be clearly observed after a while.
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TABLE III
CONSTANTS OF THE EQUIVALENT CIRCUIT OF RODS A, F', AND G
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APPENDIX C

A Method to Calculate (11) and (12)

The following variable is introduced:

t
Y (1) :e*WT)/ P2(T)e T/ ar (21)

0

where exp(t) for a large value diverges in digital simulation,
and it is impossible to directly calculate (11) and (12). Y (¢) is
written by

Y(t) _ e—(At/T)

t
« [m_ At) 4+ e~(t=3t/7) /

iZ(T)e(T/T)dT]
t—At

o= (A1/7)

X [Y(t CAL) e A2 At)e(f—“/fmt}
= exp (#) [V(t - A +32(t - ADAL . (22)

where Y (t) is calculated using a past value of Y (¢), the
injected current, and exp(At/7). Therefore, (22) gives a nu-
merical stability in calculating (11) and (12) by choosing a
small At.
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(Table III) [20].
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