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The flexible graphite composite grounding electrode is a non-metallic grounding electrode with
good electrical conductivity, corrosion resistance and non-ferromagnetic properties. In order
to analyze the impulse characteristics of the graphite composite grounding electrode, this
paper builds a frequency domain electrical network model and an equivalent radius iterative
algorithm, considering skin effect, inductance effect, capacitance effect and spark discharge
effect. The impulse characteristics of typical metal grounding electrodes and graphite
composite grounding electrodes are analyzed by simulation. The research results show
that: Compared with the traditional metal grounding electrode, the graphite composite
grounding electrode has a smaller skin and inductance effect under the action of the
impulse current, and a better current flowing capability; as the soil resistivity increases, the
inductance effect and the skin effect are weakened, while the spark discharge effect is
gradually enhanced and dominates. The spark discharge effect can effectively decrease the
grounding resistance. The obtained critical value of the normalized parameter of 412 kA Q, can
be taken as the threshold to discriminate the conditions with dominate inductance effect from
the conditions with dominant spark discharge effect.

Keywords: power system grounding electrode, graphite composite grounding electrode, impulse characteristics,
spark discharge effect, inductance effect, electrical network model

INTRODUCTION

The grounding grid is the most basic lightning protection device in power system. Good impulse
grounding performance is an important prerequisite for ensuring safe and reliable operation of power
system. The grounding resistance of grounding device generated by lightning current is called impulse
grounding impedance (Deng et al., 2013; He and Zhang, 2015; Zhang, 2018). Different from the power
frequency current, the lightning current flows through the grounding electrode in a pulse manner in a
very short time, resulting in that the impulse grounding impedance is different from the power frequency
grounding resistance (Greev, 2009a) (Tao et al., 2018). The lightning current flowing through grounding
electrode and soil is a complex electromagnetic transient process accompanied by various physical effects
such as inductance effect and spark discharge effect (Grcev, 2009b; Visacro and Rosado, 2009; Deng et al.,
2012; Wen et al., 2016). The CDEGS, an international general grounding simulation software, can be used
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FIGURE 1 | Equivalent electrical network model of grounding electrode.

to calculate the impulse grounding impedance of grounding
electrode. However, the calculation results of CDEGS do not
consider the influence of soil ionization, which is called spark
discharge effect in this paper, leading to a large error between
the calculation results and the actual grounding impedance of the
grounding electrode (Yang et al., 2021; Feng et al., 2015). At present,
the numerical simulation algorithms for impulse characteristics of
grounding devices considering the effect of soil spark discharge
mainly include transmission line modeling method (TLM) and finite
element method (FEM). The impulse response of grounding devices
using TLM is equivalent to the wave propagation of transmission
line. This method cannot consider the coupling between conductors
(de Lima and Portela, 2007; Gazzana et al., 2014). The FEM method
is more efficient, but the change of soil resistivity will lead to the
occurrence of ill-conditioned matrix in the calculation, thus affecting
the calculation accuracy (Nekhoul et al, 1996). It is difficult to
consider all the physical processes like skin effect, inductance effect
and spark discharge process when impulse current flew through the
grounding electrode.

In recent years, flexible graphite composite grounding material as
a new type of non-magnetic grounding electrode has been applied to
the grounding grids of power system (Huang et al.,, 2019; Hu et al,
2014). Compared with traditional metal grounding materials,
flexible graphite composite grounding materials have good
electrical conductivity and natural corrosion resistance (Gong
et al, 2016; Hu et al,, 2016; Xiao et al., 2017). In order to study
the impulse characteristics of graphite composite grounding
electrode under the influence of skin effect, inductance effect and
capacitance effect, the frequency domain electrical network model is
established by MATLAB to simulate the current flow process of
tower grounding electrode. Moreover, the iterative algorithm of
equivalent radius is used to consider the influence of soil nonlinear
ionization around the grounding electrode. The influences of various
physical effects on the impulse characteristics of graphite composite
grounding electrode are obtained by simulation. The research results
can provide theoretical reference for optimizing the length of
graphite composite grounding electrode.

SIMULATION MODELING METHOD

Frequency Domain Electrical Network
Model of Grounding Electrode

In this section, the impulse process of grounding electrode in Earth is
considered by frequency domain electrical network model. A simple
horizontal grounding electrode is applied. In order to describe the
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grounding electrode more intuitively, this paper adopts the circuit
modeling with lumped parameters. Firstly, the grounding electrode
is gridded and each segment is equivalent to a circuit model
composed of resistance, inductance, grounding capacitance and
grounding conductance (Mentre and Greev, 1994) (Lorentzou
et al, 2003). The equivalent electrical network model of
horizontal grounding rod is shown in Figure 1.

Suppose there are a total of r branches, n nodes, so that the
branchesi=1,2, -+, r,nodes j = 1, 2, -+, n, where R;, L;, M;, C; and
G; are the resistance, self-inductance, mutual-inductance,
grounding capacitance, and grounding conductance of each
branch after the grounding electrode meshing; U; and Vj are
the ground potential rises (GPR) of each segment of branch and
each node relative to infinity; I is the external injection impulse
current; I; and T nj are the currents flowing into the Earth for each
branch and each node.

Assuming that the GPR of each segment of the branch is equal
to the average value of the GPR at both ends, as shown in Eq. 1.

- Vi + Vm
U= 1
5 1
According to Eq. 1, the matrix relation between GPR vector U

of branch and GPR vector V of node can be obtained.
U=KV )

where K is the relationship matrix between the branch and the
node. When branch i is associated with node j, the corresponding
value is 0.5, otherwise the value is 0.

Assuming that the current distribution on each branch is
uniform, and the current at each node is equal to the average
value of the branch current connected to it. Similarly, the vector
relation of the current flowing into the Earth on nodes and
branches can be obtained, as shown in Eq. 3.

iN = KTI (3)

where K * is the transposed matrix of K.
The vector I of branch current flowing into the Earth and the
vector U of branch GPR have the constraint relationship of Eq. 4.

U=2zi (4)

where Z is the impedance matrix of conductor grounding branch.
The elements in Z are composed of the self-impedance of each
branch and the mutual impedance between branches.

Inverse matrix Z and get Eq. 5.

I = YBU (5)
According to the node voltage equation, Eq. 6 is obtained.
Ip—In= YNV 6)

where Yy is the node admittance matrix composed of the
resistance and inductance of each branch.
Eq. 7 can be obtained by Eqs 2, 3, 5, and 6.

Ir = (K"Y3K + Yy)V 7)
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FIGURE 2 | Physical model of spark discharge field of soil around
grounding electrode.

According to Eq. 7, the vector V of node GPR can be obtained,
and the vector U of branch GPR and the vector I of branch
current flowing into the Earth are obtained by Egs 2, 5.

It is required to solve the impulse response curve of
grounding electrode in the time domain. Firstly, the pulse
current in the time domain is decomposed into a plurality of
sinusoidal alternating currents with different frequencies by fast
Fourier transform (FFT). Under the action of current with
different frequencies, the corresponding branch admittance
matrix Yg and node admittance matrix Yy can be solved,
thereby obtaining vector values of voltage and current.
Finally, the frequency domain response is transformed into
the corresponding time domain response through the inverse
Fourier transform, and the impulse response curve of
parameters such as branch GPR and current flowing into
Earth can be obtained.

Iterative Algorithm Considering Spark
Discharge Effect

In order to consider the influence of spark discharge effect on the
impulse characteristics of grounding electrode, it is assumed that the
spark discharge area generated around each branch of the grounding
electrode is a cylinder with uniform ionization. The equivalent
model of grounding electrode during discharge is shown in
Figure 2 (Shen and Raksincharoensak, 2021a; Shen and
Raksincharoensak, 2021b).

Under the influence of sinusoidal alternating current at
different frequencies, the grounding electrode surface and the
surrounding soil will produce different electric field intensities
E;(w) and current densities J; (w), as shown in Eq. 8.

Ji(@) = @ + jweE; (w) (8)

where p is the soil resistivity; w is the angular frequency of the
sinusoidal alternating current; ¢ is the dielectric constant of
the soil.

The current density of the grounding electrode surface can be
determined by the branch current flowing into the Earth.
According to Eq. 8, the relationship between the electric field
intensity E; (w) and the equivalent radius r of spark discharge can
be obtained as shown in Eq. 9 (Shen et al., 2022).

Impulse Characteristics of FGCGM Underground

I; (w)

Ei(w) = 2mrl(1/p + jwe)

)

The instantaneous value of electric field intensity in time
domain is calculated by inverse Fourier transform of soil
electric field intensity E; (w) around grounding electrode in
frequency domain. By simplifying, the relationship between
the equivalent radius r;(t) of the grounding electrode spark
discharge and its surrounding soil electric field intensity E; (f)
in the time domain is shown in Eq. 10.

ri(t)  E;i(t)
r - EC

(10)

where r; (t) is the equivalent radius of the branch i r is the real
radius of the grounding electrode; E. is the critical breakdown
field strength of soil. If E; (t)>E,, the soil around the grounding
electrode is broken down, resulting in spark discharge. The
equivalent radius of the branch is calculated by Eq. 10. If E;
(t)<E,, it is calculated according to the real radius r.

With the change of equivalent radius r;(t), the self-
admittance parameter in the grounding branch admittance
matrix Yp changes, thereby affecting the change of branch
current flowing into the Earth. At the same time, the flowing
current will change the value of the equivalent radius. The two
interact, and the change of its value is an iterative process. The
simulation calculation process is shown in Figure 3. The k(¢) is
the ratio of the estimated branch GPR vector U, which can be
solved by the constraint condition that the sum of the currents I
flowing into the Earth at each moment is equal to the sum of the
node impulse currents Ir. The e is the convergence criterion of
the iterative algorithm, namely the difference Ar;pn,y (t) of the
maximum radius between the equivalent radius r;(¢) mth

Superposition
Frequency
y domain analysis

UIVITIE(e)

‘ Output result’

FIGURE 3 | Equivalent radius iterative algorithm flow chart.
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FIGURE 4 | Impulse grounding impedance curve without considering
spark discharge effect.

iteration and the (m-1)th iteration. If the equivalent radius
converges, the calculation result is directly output. Otherwise,
the branch current variation AI; () and node current variation
Aly;(t) are obtained by the equivalent radius. The frequency
domain value Aly;j(w) is obtained by Fourier transform and
superimposed into the reduction of external impulse current on
the impulse current of the previous iteration. The simulation is
continuously iteratively calculated until the equivalent radius
converges.

VERIFICATION OF SIMULATION RESULTS

In order to verify the effectiveness of the frequency domain
electrical network model and its iterative algorithm simulation
results, the calculation results of this paper are compared with the
calculation results of CDEGS grounding simulation software and
the experimental results in the literature. Both simulations and
experiments adopt round steel grounding electrodes. The
grounding electrode radius is 10 mm, the length of grounding
electrode is 20 m, the buried depth is 0.8 m, the impulse current
waveform is 2.6/50 ps, the amplitude is 10 kA, the relative
dielectric constant of sold is 9, and the soil critical breakdown
field strength E. is 400 kV/m (Mousa, 1994).

Without considering the effect of spark discharge, the
variation curve of impulse grounding impedance Ry of
grounding electrode under different soil resistivities is obtained
by frequency domain electrical network model simulation. The
calculation results are compared with the simulation results of
CDEGS, as shown in Figure 4.

The simulation results in this paper are basically consistent
with the laws of CDEGS calculations, and the maximum error is
less than 4%. Figure 5 shows the time-domain voltage response
curve of the grounding electrode when the soil resistivity p is
500 O m. It can be seen that the proposed method has good
consistency with the calculation results of CDEGS, indicating that

12 = T T T T 400

B —— Impulse current

10 s © GPR calculated by CDEGS
i e

N, T GPR calculated by the proposed
" . method 300

s
<
=)
B NG 9
5 ~
= ; =
= ] =
EOp T \ 200 &
E ' 2
at TS &
2
-4 100 5
1 S

O 1 1 1 1 0

0 20 40 60 80 100

Time 7 (us)

FIGURE 5 | Voltage response curve of grounding electrode when p is
500 O m.
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FIGURE 6 | Impulse grounding impedance curve considering spark
discharge effect.

the calculation method of frequency domain electrical network
model proposed in this paper is correct.

Moreover, this paper uses the equivalent radius iterative
algorithm to simulate the soil discharge process, and compares
its calculation results with the simulation results in literature
(He et al., 2003), as shown in Figure 6. Affected by different
soil resistivity, the impulse grounding impedance calculated by
the equivalent radius iterative algorithm proposed in this paper
is similar to the simulation experiment in literature (He et al.,
2003), and the maximum error is less than 6%.

The calculated results of 20m horizontal grounding
electrode in soil with resistivity of 1,000 Q m are compared
with the results obtained from the full-scale experiments by
Wen et al (Yang et al., 2022) in Table 1, where « is the impulse
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TABLE 1 | Comparison with the impulse coefficient a of the experiment.

Impulse current 2 kA 4 kKA 6 kA 8 kA
He et al. (2003) 0.63 0.59 0.57 0.55
Wen et al. (Yang et al., 2022) 0.68 0.59 0.55 0.52
calculated data 0.72 0.62 0.56 0.562

@12mm galvanized
steel grounding
electrode

@28mm graphite
composite grounding
electrode

FIGURE 7 | Physical picture of the grounding electrode.

coefficient, which is equal to the ratio of impulse grounding
impedance R, to power frequency grounding resistance Rg. It
can be seen that the calculated results are in good agreement
with the experiment results of Wen et al (Yang et al., 2022). In
general, the proposed simulation models and algorithms are
correct, and the results are credible.

EFFECT OF VARIOUS PHYSICAL EFFECTS
ON IMPULSE CHARACTERISTICS OF
GRAPHITE COMPOSITE GROUNDING
ELECTRODES

Under the action of high frequency lightning current and fault
current, the grounding grid presents impedance characteristics,
including resistance component and reactance component.
Therefore, in order to analyze the grounding characteristics of
graphite composite grounding materials, the grounding
impedance characteristics should be analyzed under the action
of alternating current. The physical processes affecting the
grounding impedance include skin effect, inductance effect,
capacitance effect and spark discharge effect. In this paper, the
influence of four physical effects on graphite composite
grounding materials is analyzed and calculated. The results are
compared with traditional metal grounding materials (galvanized
steel). The physical picture and measured parameters of
grounding electrode of two materials are shown in Figure 7
and Table 2.

Impulse Characteristics of FGCGM Underground

TABLE 2 | Material parameters of the steel and graphite grounding electrode.

Material Diameter ®(mm) Resistivity §(Q-m) Relative permeability ¢,
Steel 12 1.92 x 1076 636
Graphite 28 3.25 x 107° 1
50 T T T T T 20
— Impulse current
40 - = = GPR of graphite composite | 6§
=}
z 2
<30 &
= e
S 20 c;)
R
E
3
10 {;9
0 : 0
0 5 10 15 20 25 30
Time 7 (us)

FIGURE 8 | Waveform of grounding potential rise when capacitance
effect is dominant.

In the simulation, the length of grounding electrode is 10, 30,
60 m, the buried depth is 0.8m, the critical breakdown field
strength of soil is 400 kV/m, the lightning current parameter is
2.6/50 ps, and the amplitude is 30 kA. In Table 2, o is the
diameter of grounding electrode; § is the grounding material
resistivity, (1'm; ¢, is the relative permeability of grounding
material.

Capacitance Effect

When only capacitance effect is considered, inductance effect,
skin effect and spark discharge effect should be ignored. That is,
in the simulation calculation process, the grounding electrode
inductance, high frequency resistance and iterative algorithm are
not involved in the simulation calculation. The ac is defined as
the impulse coefficient of different soil resistivity. It is found that
the impulse coefficients ac of both materials are less than the
value 1, and the maximum error between ac and value 1 is not
more than 0.6%. It shows that capacitance effect can reduce
impulse grounding impedance under the impulse current, but the
effect is very small.

The capacitance effect will not only reduce the impulse
grounding impedance, but also cause the grounding potential
rise waveform on the grounding electrode lagging behind the
impulse current waveform. Figure 8 shows the impulse current
waveform and grounding potential rise waveform of graphite
composite grounding electrode with soil resistivity p of 4,000 QO m
and length [ of 10 m.
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FIGURE 9 | Skin effect of grounding electrodes. (A) Current density of @12 mm galvanized steel grounding electrode cross section. (B) Current density of ®28 mm
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Skin Effect

Finite element numerical calculation method is used to compare
and analyze the skin effect of grounding electrodes of different
materials in the flow of high frequency current. Galvanized steel
grounding electrode of diameter @ = 12mm and graphite
composite grounding electrode of diameter @ = 28 mm are
applied during simulation according to practical grounding
engineering. The current frequency is 100 kHz, and the length
I of grounding electrode is 1 m. The simulation results are shown
in Figure 9.

It can be seen that the current density distribution of
galvanized steel grounding electrode is extremely uneven due
to skin effect, and the current is mostly concentrated on the
external surface of the grounding electrode. This results in a
significant reduction in the actual area of current flowing through
the grounding electrode. On the contrary, the current density
distribution of graphite composite grounding electrode is
relatively uniform.

Due to the influence of high frequency current, the cross-
sectional area of the actual current flowing through the grounding
electrode decreases, thereby increasing the resistance of the
grounding electrode. In order to compare and analyze the
influence of skin effect on the grounding characteristics of two
grounding materials, the resistance R of grounding electrode
under different frequencies is used as the influencing factor of
skin effect, which can be calculated according to Eq. 11.

Lz, o>r
nor
R-= an
_ s
ned(2r — 8)

where o is the conductivity of the conductor; ¢ is the radial depth
that the current flowing through the grounding electrode can
reach due to the skin effect, and is calculated by Eq. 12.

d= 2 (12)
“’l‘rf‘o"

where p is vacuum permeability; y, the relative permeability of
grounding material. The actual lightning current frequency is

1000 T T T T

Galvanized steel grounding electrode
- - = Graphite composite grounding electrode

800

(o)
S
(=]

Resistance R (mQ)
ey
(=)
o

200

0 50 100 150 200
Frequency f(kHz)

FIGURE 10 | Effect of frequency on grounding electrode resistance.

mostly concentrated in 0-200 kHz. The resistance R of graphite
composite grounding electrode and galvanized steel grounding
electrode in the unit length can be obtained by calculation. As
shown in Figure 10, as the frequency increases, the resistance R of
galvanized steel grounding electrode increases greatly. In
contrast, the increase in resistance of graphite composite
grounding electrode is small, which indicates that the graphite
composite grounding electrode has less affected by the skin effect
under the action of high frequency current.

Considering the capacitance effect, the impulse coefficient o,
and a. of the grounding electrode at different materials are
calculated with and without the skin effect. In order to
facilitate the analysis of the influence of skin effect on the
grounding electrode impulse characteristics, the influence rate
1 of skin effect on the impulse coefficient is defined. The effect of
skin effect on the impulse characteristics of grounding electrode
can be solved by Eq. 13.

Hs, = ((xsc - “C) x 100% (13)
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TABLE 3 | Influence rate 75 of skin effect (%).

Soil resistivity Galvanized steel grounding electrode

Impulse Characteristics of FGCGM Underground

Graphite composite grounding electrode

p(@m) 10m 30m 60m 10m 30m 60m
50 7.07 4291 90.68 0.05 0.36 0.92
200 1.81 14.09 4165 0.01 0.11 0.34
500 0.73 5.88 20.12 0.01 0.04 0.16
1,000 0.35 2.93 10.54 0 0.02 0.06
2000 0.18 1.43 5.22 0 0.01 0.06
4,000 0.02 0.56 2.44 0 0 0.01

The effect rate of skin effect on the grounding electrodes is 25 i i i i 50
shown in Table 3. It can be seen that the change of impulse .

. . . . Inductive reactance of steel

coefficient of galvanized steel grounding electrode is greater than — .~ Inductive reactance of graphite
that of graphite composite grounding electrode affected by 6}2'0 © T nductance of steel L 140
lightning current. The influence of graphite composite = Inductance of graphite _
grounding electrode is less than 1%. E sl 130 g

On the whole, the resistance R of the grounding electrode is El ~
related to its length J, and the longer the length /, the larger the g g
resistance R. Therefore, when the length of the grounding ok oe4208
electrode is long, the skin effect has a great influence. In high % ’ E
soil resistance area, the lightning grounding current flows '§
through the grounding electrode, and the current flowing to TOSE e S SRR 110
the surrounding soil is small, resulting in large impulse
grounding impedance. At this time, the proportion of GPR of . . .
grounding electrode in the total GPR is small, so the skin effect 0.0 0 50 100 150 200
is weak. Frequency f (kHz)

FIGURE 11 | Effect of frequency on the inductance of the grounding

Inductance Effect electrode.
In order to fully consider the influence of the inductance effect,
this paper divides the inductance of the grounding electrode into
self-inductance and mutual inductance, and the mutual 1 [uu,
inductance can be obtained by the Neumann equation (Ma L= 271 200 (16)

et al,, 2015). Since the magnetic flux generated by the current
through the conductor is respectively closed inside and outside
the conductor, the self-inductance is equal to the sum of external
self-inductance and inner self-inductance. The external self-
inductance L, can ignore the influence of frequency and it is
calculated by Eq. 14.

(14)

where y, is vacuum permeability; [ is the length of grounding
electrode; r is the radius of the grounding electrode. The internal
self-inductance L; is calculated by the low frequency current, as
shown in Eq. 15.

r”Ol

v (15)

where y, is vacuum permeability; y, the relative permeability of
grounding material; [ is the length of grounding electrode. When
the current frequency is high, the internal self-inductance of
grounding electrode changes due to skin effect, and is solved
according to Eq. 16.

where y, is vacuum permeability; y, the relative permeability of
grounding material; [ is the length of grounding electrode; r is the
radius of the grounding electrode; ¢ is the conductivity of the
grounding electrode. As the sinusoidal alternating current at
different frequencies changes, the self-inductance and
inductive reactance per unit length of graphite composite
grounding electrode and galvanized steel grounding electrode
are shown in Figure 11.

Under the influence of 0-200 kHz AC current, the inductive
reactance of graphite composite grounding electrode is smaller
than that of galvanized steel grounding electrode. This is because
the galvanized steel grounding electrode is the paramagnetic
material, and its magnetic permeability is much larger than
that of the graphite composite grounding electrode, resulting
in a larger inductance of galvanized steel grounding electrode.

Considering the capacitance effect, skin effect and inductance
effect simultaneously, the impulse coefficient «ag; ¢ of grounding
electrode is calculated, and the influence rate #;, of inductance
effect is obtained by Eq. 17.

= (asic — asc) % 100% (17)
N
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TABLE 4 | Influence rate n_ of inductance effect (%).

Soil resistivity

Galvanized steel grounding electrode

Impulse Characteristics of FGCGM Underground

Graphite composite grounding electrode

p (@m) 10m 30m
50 22.83 117.88
200 1.69 55.6
500 0.43 18.49
1,000 0.26 3.56
2000 0.18 1.02
4,000 0.1 0.38
3.0 . T . T . : . '
—0— /=10m
55 —0— [=20m
’ —A— [=30m
—— [=40m
20 QT [=50m |
[=60m

1.5F---
Inductance effect dominated area

Impulse Coefficient og; -

o O

—_
(=]

capacitance effect dominated area

0.5 1 " 1 1 1 1
0 1000 2000 3000 4000
Soil Resistivity p (Q-m)
FIGURE 12 | Impulse coefficient of graphite composite grounding
electrode without spark discharge effect.
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FIGURE 13 | Waveform of grounding potential rise when inductance
effect is dominant.

As shown in Table 4, the galvanized steel grounding electrode
is more affected than graphite composite grounding electrode due

60 m 10 m 30m 60 m
194.07 12.51 107.19 164.29
126.42 0.12 44.53 114.74
78.21 0.1 8.17 67.76
46.05 0.05 0.22 35.89
17.22 0.02 0.08 8
1.88 0.01 0.02 0.13

to the inductance effect. Overall, the longer the length I of
grounding electrode, the stronger the inductance effect, and
the greater the obstruction of current flowing to the far
position of grounding electrode. With the increase of soil
resistivity, the proportion of GPR generated by the inductance
of grounding electrode in total GPR decreases. Therefore, the
inductance effect of grounding electrode has little effect on its
impulse grounding characteristics in the areas with high soil
resistivity.

Without considering the spark discharge effect, the variation
of impulse coefficient of calculated graphite composite
grounding electrode with soil resistivity is shown in
Figure 12. In most cases, the impulse coefficient agic is
greater than the value 1. As skin effect has little effect on
graphite composite grounding material, it is mainly caused
by the inductive effect of grounding electrode. Figure 13
shows the impulse response curve when the soil resistivity p
is 50 Q m and the grounding electrode length /is 60 m. It can be
seen that the grounding impedance of grounding electrode
presents inductance characteristics, and the GPR waveform is
ahead of the impulse current. When the grounding electrode is
short or the soil resistivity is high, the impulse coefficient ag; ¢
appears to be less than the value 1. This is because the
conductivity of soil is poor, and the influence of inductance
effect and skin effect are small. At this time, the grounding
capacitance of grounding electrode is involved in the diffusion
of high frequency current, resulting in significant capacitance
characteristic of impulse grounding impedance, and the impulse
grounding impedance is less than power frequency grounding
resistance.

Spark Discharge Effect

Under the effect of the impulse current, when the electric field
intensity E of the soil around the grounding electrode reaches the
critical breakdown electric field intensity E. of the soil, the soil
ionization occurs due to the breakdown. The soil resistivity
around the grounding electrode is greatly reduced. An iterative
algorithm of equivalent radius of grounding electrode is used to
simulate the spark discharge process and calculate the impact
grounding impedance of grounding electrode. The influence rate
np of spark discharge effect is calculated by Eq. 18, as shown in
Table 5 and Table 6.

Np = (a—agc) x 100% (18)
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TABLE 5 | Influence rate np of spark discharge effect (%).

Soil resistivity

Galvanized steel grounding electrode

Impulse Characteristics of FGCGM Underground

Graphite composite grounding electrode

p (@m) 10m 30m

50 _33.22 _56.54
200 _51.42 -50.36
500 —64.68 _43.97
1,000 _72.04 —48.11
2000 _77.95 —61.24
4,000 _80.42 ~71.89

60 m 10 m 30m 60 m

-76.1 -19.8 -28.63 -33.33
-75.16 —47.51 -33.37 -45.94
-66.04 —60.51 -31.82 —-46.03
-58.40 -68.64 -43.44 -44.28
-50.08 -75.32 -60.52 -40.17
-53.09 -79.8 -67.98 -51.8

TABLE 6 | Impulse grounding impedance R, of different material grounding electrodes ().

Soil resistivity

Galvanized steel grounding electrode

Graphite composite grounding electrode

p (@:m) 10m 30m
50 6.77 6.2
200 14.48 13.9
500 25.26 23.22
1,000 39.4 33.6
2,000 61.35 47.28
4,000 95.44 66.23
2.5 T T T T
—o0— /=10m
% —— [=40m
'g e T [=50m - |
“’g, 1=60m
% Lo Inductance effect dominated area
2 ' Spark discharge effect
E dominated area
05N o~ T V—— T
0.0 L

0 1000 2000 3000 4000

Soil Resistivity p (Q-m)

FIGURE 14 | Curve of impulse coefficient of graphite composite
grounding electrode.

Where the impulse coefficient as;c considering capacitance effect,
skin effect and inductance effect; the impulse coefficient o
considering capacitance effect, skin effect, inductance effect and
spark discharge. The spark discharge effect of galvanized steel
grounding electrode is slightly better than that of graphite
composite  grounding electrode, but graphite composite
grounding electrode is less affected by inductance effect and skin
effect, so it has better current flowing capability. Comparing the
impulse grounding impedance, the inductance effect is less affected
when the soil resistivity is high and the grounding electrode length is
short, and the galvanized steel grounding electrode is greatly affected

60 m 10m 30m 60 m
5.95 5.96 5.56 5.45
13.12 13.26 12.32 11.79
21.82 24.77 20.6 19.53
32.05 39.25 30.34 28.48
46.96 61.58 41,92 41.47
66.01 99.23 67.53 58.34

by the spark discharge effect, resulting in its impulse grounding
impedance R, is smaller than graphite. But as a whole, the impulse
grounding impedance of graphite composite grounding electrode is
mostly smaller than that of steel. In the actual engineering design of
tower grounding engineering, large-size square grounding electrodes
with elongated conductors are usually used. The grounding electrode
is more affected by inductance effect and skin effect. Therefore, the
impulse grounding characteristic of graphite composite grounding
electrode is better than that of galvanized steel grounding electrode.

In summary, the inductance effect and skin effect will increase the
grounding impedance of the grounding electrode. Conversely, the
capacitance effect and sparking discharge effect can reduce the
impulse grounding impedance. For graphite composite grounding
electrode, the capacitance effect and skin effect have little effect, so this
paper only analyzes the influence of inductance effect and spark
discharge effect. It can be seen from Figure 14 that in the low soil
resistivity area and the grounding electrode is long, the grounding
electrode impulse coefficient « is greater than the value 1. The GPR
generated by inductance effect accounts for a large proportion of the
total GPR, leading to the inductance effect being dominant. However,
as the soil resistivity p increases, the impulse coefficient « decreases
and the spark discharge effect increases. When « is less than the value
1, the spark discharge effect is more dominant than inductance effect.

OPTIMIZATION OF LENGTH OF FLEXIBLE
GRAPHITE COMPOSITE GROUNDING
ELECTRODE

In practical engineering applications, in order to improve the
current dispersion characteristics of tower grounding grid, the
effect of inductance effect should be minimized or the effect of
spark discharge effect should be increased to make the spark
discharge effect of grounding electrode dominant. According to
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TABLE 7 | Computation parameters of lightning current impulse waveform.

Waveform parameter Front time T, (us)

Waveform 1 0.8
Waveform 2 2.6
Waveform 3 8

TABLE 8| Soil resistivity critical value on which dominant inductance effect switch
to spark discharge effect.

Waveform parameter Critical value of soil resistivity p; (2-m)

10m 20 m 30m 40m 50 m 60 m
Waveform 1 144 455 824 1,237 1,638 2039
Waveform 2 41 138 263 428 624 824
Waveform 3 12 53 97 164 238 318

TABLE 9 | Critical value of normalized parameters on which dominant inductance
effect switch to dominant spark discharge effect.

Waveform parameter Normalized parameters S (kA.Q)

10 m 20 m 30m 40 m 50 m 60 m
Waveform 1 173 273 330 371 393 408
Waveform 2 122 207 263 321 374 412
Waveform 3 35 80 97 123 143 159

the field measurement results of lightning current, this paper
selects three kinds of the most common lightning current, the
waveforms are shown in Table 7.

Waveform 1 is a typical initial waveform of lightning impulse
current, which is mainly used to simulate the significant inductance
effect. Waveform 2 is the standard lightning current waveform
recommended for lightning protection calculation. Waveform 3 is
a typical secondary waveform of lightning impulse current, which is
mainly used to simulate the significant spark discharge effect.

The impulse coefficient o of graphite composite grounding
electrode is calculated under different lightning current waveforms.

According to the fitting of the result curve, the soil resistivity
critical value p. was estimated, which is the soil resistivity when
the pulse characteristic is converted from the dominance of
inductance effect to the dominance of spark discharge effect.
As shown in Table 8, the inductance effect dominates when the
soil resistivity is less than the corresponding critical value,
otherwise the spark discharge effect dominates.

In order to facilitate the optimal design of grounding electrode,
it is necessary to make a general quantitative description of the
dominant range of inductance effect and spark effect. Therefore,
the normalization parameter S is defined as the quantitative
criterion of conversion, which can be calculated by Eq. 19.

(19)

According to Table 9, when the soil resistivity p and the lightning
impulse current front waveform time T and the peak value I, are

Impulse Characteristics of FGCGM Underground

Time to half value Peak value I, (kA)

T2 (us)
48 12
50 30
69 30

known, the appropriate grounding electrode length [ can be selected
to ensure that the impulse characteristics are always dominated by
spark discharge effect, so as to reduce the impulse impedance. For
example, when the soil resistivity p is 500 Q m and the lightning
current is waveform 2, the grounding electrode length 1 is selected as
40 m, and the corresponding normalized parameter S is 375 kA Q,
which is larger than the 321 kA Q in Table 9. The spark discharge
effect dominates, and the impulse grounding impedance Ry, is
smaller than the power frequency grounding resistance Ry
Meanwhile, in order to facilitate engineers to conservatively
estimate the impulse characteristics of graphite composite
grounding electrode, the maximum value of 412 kA Q in Table 9
is taken as the critical value of normalized parameter for converting
inductance effect into spark discharge effect. It should be pointed out
that the above conclusion is determined according to the soil critical
breakdown field strength E. of 400 kV/m, which has a certain
deviation from the actual E. value. When E_>400KkV/m, the
corresponding normalized parameter S is larger than the values
listed in Table 9, and when E_<400kV/m, S is smaller than the
values in Table 9.

CONCLUSION

This paper presents a frequency domain electrical network analysis
method to simulate the impulse characteristics of grounding
electrodes. The impulse characteristics of typical metal grounding
electrode and graphite composite grounding electrode are calculated,
and the following conclusions are obtained.

1) Compared with the galvanized steel grounding electrode, the
graphite composite grounding electrode has little effect on
skin effect and inductance effect, and the graphite composite
grounding electrode has better current dispersion ability
under the impulse current.

The inductance effect and skin effect can increase the
grounding impedance of grounding electrode, while the
capacitance effect and spark discharge effect can reduce it.
However, the capacitance effect is very small compared with
the spark discharge effect, which can be ignored.

The longer the grounding electrode length, the more obvious
the effect of inductance and skin effect. However, with the
increase of soil resistivity, the influence of the two decreases,
and the spark discharge effect increases and gradually
dominates.

The normalized parameter S is defined to quantitatively
distinguish the influence range of inductance effect and

2)

3)

4)
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spark discharge effect. The length of graphite composite
grounding electrode can be optimized by critical value S, so
as to ensure that the impulse characteristics are always
dominated by spark effect, and finally the purpose of
reducing impulse grounding impedance is achieved. To
conservatively estimate the impulse characteristics of
grounding electrode, the recommended S value is 412 kA Q
as the critical value to convert inductive effect into spark
discharge effect (Shen and Raksincharoensak, 2021b).
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