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ABSTRACT: To reveal the impulse behavior of radial grounding electrodes with different geometries, a comparative analysis was per-
formed on three typical types: cross-shaped, Y-shaped, and rectangular ray-shaped electrodes. Existing research often examines only a
single lightning waveform or influencing factor without addressing the coupled effects of the electrode shape and soil resistivity. In this
work, CDEGS simulation software was used to analyze the lightning transient characteristics of the grounding electrodes. Multiple light-
ning current waveforms and soil resistivity levels were considered to quantitatively compare the power frequency resistance, impulse
resistance, ground potential rise, step voltage, and frequency-domain response. The results indicated that the rectangular ray-shaped
electrode exhibits better impulse performance in low-resistivity soils (150 €2 - m), whereas the cross- and Y-shaped electrodes performed
more effectively in high-resistivity soils (2000 €2 - m). For mountainous regions with high lightning density, a cross-shaped configura-
tion is preferred owing to its smaller footprint and lower inductive effect. In high-resistivity areas with infrequent lightning, a Y-shaped

electrode provides a more favorable overall protection.

1. INTRODUCTION

ith the advancement of industrialization and technologi-
Wcal level, the global demand for electric power resources
is increasing, thereby promoting the development of the elec-
tric power industry. As a critical channel of a power system, the
safe operation of transmission lines is essential for maintaining
system stability [1,2]. Lightning is one of the primary causes
of transmission line failure, and many countries experience a
high proportion of outages caused by lightning strikes [3-5].
Lightning is a highly destructive natural phenomenon charac-
terized by a high intensity, amplitude, and frequency. The spec-
tral characteristics of the lightning current waveform also play
a significant role in influencing the frequency-dependent be-
havior of the grounding impedance and the spatial distribution
of transient fields in the soil [6-8]. As a key component of
the tower lightning protection system, the grounding electrode
is responsible for dissipating the lightning currents. A better
impulse current dissipation performance results in a smaller
tower-top potential rise, and thus, a higher lightning withstands
the level of the transmission line [9—12]. Therefore, a rational
design of grounding electrodes is crucial for improving light-
ning protection performance and ensuring the safe operation of
transmission lines.

In the lightning protection design of tower grounding elec-
trodes, studies on power-frequency grounding performance are
relatively mature, and detailed specifications for the ground-
ing resistance under various soil conditions have been estab-
lished worldwide [13]. However, the research on the lightning
impulse characteristics of grounding electrodes remains insuf-
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ficient. Full-scale and scaled-model experiments can directly
measure the impulse grounding resistance, but involve high
costs and limited parameter adjustability [14—18]. With the
advancement of computational technology, numerical simula-
tions have become the primary approach for studying the light-
ning impulse characteristics of grounding electrodes. Com-
pared with traditional experimental methods, simulations allow
the precise construction of lightning current models and flexi-
ble adjustment of waveforms, amplitudes, soil parameters, and
electrode geometries, enabling a more comprehensive evalua-
tion of the grounding electrode behavior under impulse condi-
tions. Based on numerical simulations, numerous studies have
analyzed various factors and grounding electrode configura-
tions. Nasir et al. [4] used CDEGS to model a rectangular ray-
shaped electrode and investigated the influence of soil stratifi-
cation on the impulse grounding resistance under a 10/350 ps
lightning current. Bezerra et al. [19] examined the ground po-
tential rise and pulse impedance of concrete-encased ground-
ing electrodes while considering the frequency dependence of
the soil parameters. Kumar et al. [20,21] employed MATLAB-
based dynamic circuit modeling to study the effects of lightning
currents with different front times on vertical and horizontal en-
hancement electrodes, proposing an ECE expression and calcu-
lating the effective discharge length. Clark et al. [22] analyzed
how the impulse grounding resistance varies with the vertical
electrode length, lightning current amplitude, and horizontal
electrode arrangement. Greev et al. [23, 24] developed models
for calculating the impulse grounding impedance of vertical,
horizontal, and inclined electrodes, and validated them through
numerical simulations. Xue et al. [25] combined field measure-
ments with CDEGS modeling to study the effects of soil ion-
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ization on tower grounding performance. Huang et al. [26] pro- in (1) [32].
posed a CFEM model suitable for the grounding electrode de- 12
sign in high-resistivity mountainous regions. Dan et al. [27, 28] Ry = _P_ (m 4 A> (1)
introduced a new method for calculating the impulse grounding 2rL Dh

resistance and verified it using CDEGS. Gao et al. [29] used the
ATP-EMTP (Electromagnetic Transients Program/Alternative
Transients Program) to evaluate the effects of lightning cur-
rent amplitude, electrode length, and conductor diameter. Qi
and Zhao [30] and Shi et al. [31] utilized CDEGS to quantita-
tively compare the power-frequency and impulse characteris-
tics of cross-, circular, and Y-shaped grounding electrodes.

Overall, most existing studies have focused on a single influ-
encing factor, such as soil stratification or lightning current pa-
rameters, and lack a systematic investigation of the coupled ef-
fects between lightning characteristics and soil conditions. Fur-
thermore, many studies have employed only one type of light-
ning waveform, which cannot capture the diversity of real light-
ning strikes. Because the impulse behavior of grounding elec-
trodes is jointly governed by multiple factors, and the electrode
geometry significantly affects the surface potential distribution,
impulse potential rise, impulse grounding resistance, step volt-
age, and frequency-domain response, studies relying solely on
a single waveform or a single metric are inadequate to fully
characterize their physical behavior. To address the limitations
of existing studies, this study developed a unified simulation
framework and proposed a quantitative comparison method to
systematically analyze the impulse characteristics of various
radial grounding electrodes under different lightning current
parameters and soil conditions. The aim is to provide phys-
ical insights and engineering guidance for selecting appropri-
ate electrode geometries in different regions, thereby improving
the overall lightning protection performance of the transmission
lines.

In this study, models of cross-shaped, Y-shaped, and rect-
angular ray-shaped grounding electrodes were developed us-
ing the CDEGS simulation software, and the power frequency
grounding resistance, impulse grounding resistance, ground po-
tential distribution, step voltage potential distribution, and fre-
quency domain response parameters of the three grounding
electrodes were quantitatively compared under different light-
ning current waveforms and soil conditions. The aim is to pro-
vide a theoretical basis for the shape design of radial grounding
electrodes in transmission lines under different soil conditions.

2. THEORETICAL CALCULATION METHODS

2.1. Power Frequency Grounding Resistance

Under idealized conditions, assuming that the grounding elec-
trode has a specific geometric shape, the power frequency
grounding resistance of various grounding electrodes can be
derived using the electromagnetic field theory. For grounding
electrodes with complex geometric shapes, numerical calcula-
tion methods for electromagnetic fields are employed, and re-
gression analysis is used to fit the obtained numerical results to
obtain the approximate value of the power frequency ground-
ing resistance R,. The specific calculation method is shown
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In (1): L is the total length of the grounding electrode; D is
the diameter of the grounding electrode material (m); h is the
burial depth of the grounding electrode (m); p is the soil resis-
tivity of the area where the grounding electrode is laid; A is
the shape factor of the grounding electrode distribution shape.
According to the grounding code document DL/T621-1997, the
shape factor for the rectangular ray-shaped grounding electrode
is defined as A = 1.76, for the cross-shaped grounding elec-
trode as A = 0.89, and for the Y-shaped grounding electrode
as A =0.

2.2. Impulse Grounding Resistance

The impulse grounding resistance R is a key parameter for
assessing the lightning withstand level of transmission lines
and can intuitively evaluate the operational safety of transmis-
sion lines. Unlike the calculation method of power-frequency
grounding resistance R4, the impulse grounding resistance R
is defined as the ratio of the peak value U, of the ground po-
tential rise caused by the lightning current flowing through the
grounding electrode into the earth to the amplitude I,,, of the
impulse current injected into the grounding electrode. The spe-
cific calculation method is shown in Equation (2).

2

2.3. Ground Potential Rise

When a transient lightning current flows through the grounding
electrode into the soil, it causes an increase in the ground poten-
tial near the point of entry. The increase in ground potential is
defined as Vj; the impulse factor is defined as & (the ratio of the
impulse grounding resistance R to the power frequency ground-
ing resistance Ry); I, is the amplitude of the lightning current
dissipated into the earth through the grounding electrode; and
R, is the power-frequency grounding resistance of the tower
grounding electrode. The specific calculation method is given
in (3) [32].

Vs =k x1I,, X Ryg 3)
(3) employs theoretical calculation methods to analyze the
ground potential rise parameters at the point of entry of the
grounding electrode. However, this method struggles to intu-
itively display the overall distribution of the ground potential
rise across the surface area caused by the grounding electrode
under the influence of an impulse current. Because of the large
number of surface calculation observation points and the fact
that changes in the shape of the grounding electrode lead to
differences in the distribution of the ground potential rise, solv-
ing the problem solely through theoretical calculations becomes
complex. Therefore, it is necessary to use simulation methods
to compare and analyze the surface ground potential rise distri-
bution of grounding electrodes of different shapes under light-
ning strikes.
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FIGURE 1. Internal principles of the simulation calculations.

2.4. Step Voltage

The GB50065-2011 and DL/T621-1997 code documents spec-
ify the safety limits of the step voltage under power frequency
conditions for grounding electrodes. The specific calculation
methods are shown in Equations (4) and (5) [33]:

0.116 174+ 0.7p,C,

Us = (1500 + 6p5C5) 7 NG 4)
o 0.09 (1 _ p%) o
: 2h + 0.09

where Uj is the amplitude of the step voltage, C; the surface
soil attenuation factor, ¢ the duration of the fault current, h, the
thickness of the surface layer, and p the resistivity of the under-
lying soil. Although existing theoretical calculation methods
can provide calculations for the amplitude of the step voltage of
grounding electrodes under power frequency conditions, they
fail to adequately reflect the changes in the amplitude of the
surface step voltage of grounding electrodes of different shapes
under the influence of lightning strikes, as well as the distribu-
tion characteristics of the surface step voltage. Therefore, it is
necessary to use simulation methods to compare and analyze
the amplitude and distribution patterns of the surface step volt-
age of the grounding electrodes of different shapes.

3. SIMULATION METHODS AND THEORIES

The RESAP, HIFREQ, and FFTSES modules in the CDEGS
electromagnetic analysis software package were used to evalu-
ate the lightning protection capability of the transmission line
grounding electrodes. The RESAP module was employed to
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model the soil conditions surrounding the transmission-line
grounding electrodes, thereby supporting the construction of
horizontally stratified soil models. Given that the focus of this
study is on the quantitative comparison of the lightning pro-
tection capabilities of different-shaped radial grounding elec-
trodes in transmission lines, the soil model was simplified to
enhance the computational efficiency. A two-layer horizon-
tal uniform soil model was selected, and soil conditions were
simulated by altering the resistivity of the upper layer of the
soil. The HIFREQ module was used to establish simulation
models of different-shaped radial grounding electrodes, setting
parameters such as the diameter, length, material type of the
grounding material, amplitude of the power frequency injec-
tion current, current injection location, and burial depth. The
FFTSES module was employed for the mathematical modeling
of lightning currents and a fast Fourier transform. Specifically,
the forward Fourier transform is used to input lightning current
models with different parameters, whereas the inverse Fourier
transform is utilized to convert the frequency-domain analysis
data into time-domain data. A brief description of the calcula-
tion process and methods is shown in Figure 1 [34].

The simulation calculations mainly involve the theory of
fast Fourier transform, which is used for the conversion be-
tween time-domain and frequency-domain lightning currents,
as shown in Equations (6) to (9) [35, 36].

+oo +oo
V(t):% [ V(w)ei“tdw:% [ Vo (w) I (w)e™! dw (6)
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where w represents the angular frequency, V' (¢) the scalar po-
tential generated by the lightning current in the time domain,
E(t) the electric field strength, and H(t) the magnetic field
strength. In the HIFREQ module, the frequencies produced
by conductors after the application of lightning current mecha-
nisms are typically represented by the unmodulated scalar po-
tential, electric field strength, and magnetic field strength at
the observation points and lines, which are defined as Vj(w),
Ey(w), and Hy(w), respectively. Unmodulated electromag-
netic fields are generated by the excitation of the unit current
applied to the conductor network. The frequency domain re-
sponses Vp(w), Ep(w), and Hy(w) are calculated by HIFREQ,
whereas the forward and inverse Fourier transforms are com-
pleted by FFTSES. In the software, the data must first be input
into the working unit mode, specifying the path in the working
directory. In HIFREQ, SESCAD is used for drawing and mod-
eling, and the relevant parameters are set according to the re-
search requirements in the soil type definition, followed by sav-
ing and running the data. For the calculation definition of the
FFTSES module, inverse Fourier data calculations were per-
formed. The maximum ground potential rise of the conduc-
tor segments and leakage current distribution of the grounding
electrodes can be calculated using the corresponding conductor
numbers. The impulse grounding resistance of the grounding
electrodes was obtained by dividing the GPR of the conductor
segments by the amplitude of the injected lightning current.
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In this study, the CDEGS grounding simulation software was
employed to construct simulation models of Y-shaped, cross-
shaped, and rectangular ray-shaped grounding electrodes. Un-
der the impact of high-frequency lightning currents, the ground-
ing electrodes generate a significant impulse grounding induc-
tance. The excessive extension of the horizontal rays of ground-
ing electrodes can limit the reduction in their impulse grounding
resistance, thereby affecting their lightning protection perfor-
mance [37]. Therefore, to ensure consistency and validity of the
models, the total length of the conductor material for grounding
electrodes of different shapes was uniformly set to 100 m in this
study. The established grounding electrode model is illustrated
in Figure 2.

In the models, for the rectangular ray-shaped grounding elec-
trode, the length of each conductor in the central square mesh
frame was set to [, = 10 m, the length of the external lead-out
rays set to [, = 15 m, and the angle between the extended lines
of'the single conductors in the square mesh area and the external
lead-out rays set to a = 45°. For the cross-shaped grounding
electrode, the length of each single ray conductor was set to
l. = 25m, and the angle between the rays was set to a = 90°.
For the Y-shaped grounding electrode, the length of each single
ray conductor was set to [; = 33.5m, and the angle between
the rays was set to & = 120°. When the transmission line is
struck by lightning, the lightning current dissipates into the soil
through the four vertices of the rectangular ray-shaped ground-
ing electrode and the center points of the Y- and cross-shaped
grounding electrodes, as indicated by the lightning symbols in
Figure 2. The burial depth of the grounding electrodes was uni-
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formly set to 0.8 m; the conductor material uniformly was set to
galvanized round steel with a relative resistivity of 10 {2 - m and
arelative permeability of 300 H/m (compared with pure copper
materials); and the radius of the conductors uniformly was set
t0 0.01 m.

4.2. Soil Model

In this study, the RESAP module of the CDEGS simulation
software was used for soil modeling using the stratification
method, as shown in Figure 3.

C;

G — M
' Y,

FIGURE 3. Stratification method of soil model.

To simplify the analysis, this study assumes that the entire
grounding system is located on the same plane and that
the soil resistivity is uniformly distributed. A horizontally
uniform soil model was used, and different soil conditions
were simulated by adjusting the soil resistivity parameter of
the upper layer. To compare the impulse characteristics of
different-shaped radial grounding electrodes under differ-
ent soil resistivity conditions, the soil resistivity was set to
500 -m, 150Q-m, 2502 -m, 3502 -m, 450 -m, 5502 - m,
800€2-m, 10002 -m, 12002 - m, 15002 - m, and 2000 2 - m.
(Among them, soil resistivities of 50Q2-m and 15082 -m
typically correspond to clay, 250€2-m to loess, 3502 -m
and 4502-m to stony soil, 6002-m and 800€2-m to a
mixture of gravel and soil, 1000 €2 - m to sand and gravel, and
20002 - m to crushed stone). This study primarily focused
on the influence of soil resistivity variations on the lightning
transient characteristics of grounding electrodes. In soil
modeling, a controlled-variable approach was adopted, where
the relative dielectric constant of the soil was set to 1 and
remained fixed, while simulations were conducted by varying
the soil resistivity to obtain the results.

4.3. Lightning Current Model

In the simulation design, it was assumed that the entire ground-
ing system was located on the same plane and that the soil re-
sistivity was uniformly distributed. To compare the impulse
characteristics of the three types of radial grounding electrodes
under different soil resistivity conditions, the lightning current
amplitude was set to 10 kKA.

This study primarily investigated the influence of the shape
of grounding electrodes on lightning transient characteristics
under different soil resistivity conditions while maintaining the
amplitude of the lightning current constant. The lightning cur-
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rent waveforms were set to 0.25/100 us, 2.6/50 us, 8/25 ps,
and 10/350 ps. The sampling index was uniformly set to 2'%;
the lightning current duration was selected under the complete
waveform; and the maximum number of samples required to
calculate the frequency response was uniformly set to 30. The
input lightning current model is shown in Figure 4.

5. SIMULATION RESULTS AND DISCUSSION

5.1. Comparison of Grounding Resistance

Using the CDEGS HIFREQ module to input different
soil and lightning current models for the numerical sim-
ulation, the power-frequency grounding resistance and
impulse grounding resistance of the three types of ground-
ing electrodes were obtained under soil resistivities of
50Q-m, 15002 -m, 250 -m, 3502 -m, 450 €2 -m, 5502 - m,
8002-m, 10002-m, 120Q2-m, 150 -m, and 20002 -m,
respectively. The simulation results for the power frequency
grounding resistance are shown in Figure 5, and the simulation
results for the impulse grounding resistance are shown in
Figure 6.

According to the simulation data shown in Figure 5, it can
be observed that the power frequency grounding resistance of
the rectangular ray-, Y-, and cross-shaped grounding electrodes
increases approximately linearly with the increase in soil resis-
tivity. Specifically, within the soil resistivity range of 50 2 - m
to 2000 €2 - m, under the same soil resistivity conditions, the
power frequency grounding resistance of the rectangular ray-
shaped grounding electrode was slightly higher than that of
the cross-shaped grounding electrode with the same perime-
ter, and the power-frequency grounding resistance of the cross-
shaped grounding electrode was slightly higher than that of the
Y-shaped grounding electrode with the same perimeter. More-
over, the differences in power frequency grounding resistance
among grounding electrodes of different shapes are not signif-
icant at low soil resistivities. However, as the soil resistivity
increases, the differences in power frequency grounding resis-
tance among grounding electrodes of different shapes also in-
crease.

The simulation results shown in Figure 6 indicate that when
the grounding electrodes are subjected to lightning currents
with the same amplitude but different waveforms, the shorter
the front time of the lightning current, the larger is the cal-
culated impulse grounding resistance. Specifically, under the
impact of a 0.25/100 ps waveform lightning current, the calcu-
lated impulse grounding resistance of the grounding electrodes
was generally higher. For instance, the impulse grounding re-
sistance of the rectangular ray-shaped grounding electrode is
76 2, while those of the Y-shaped and cross-shaped grounding
electrodes are 73 €2 and 60.6 €2, respectively. In contrast, under
the 2.6/50 us, 8/25 us, and 10/350 pus waveforms, the impulse
grounding resistances of the grounding electrodes of different
shapes are closer to each other and are generally lower than
those under the 0.25/100 us waveform, with rectangular ray-
shaped, Y-shaped, and cross-shaped grounding electrodes with
impulse grounding resistances of approximately 49 (2, 43 (),
and 45 (2, respectively.
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FIGURE 4. Input lightning current waveforms. (a) 0.25/100 us waveform; (b) 2.6/50 us waveform; (c) 8/25 us waveform; (d) 10/350 us waveform.
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These findings suggest that the effect of the lightning cur-
rent waveform on the impulse grounding resistance of ground-
ing electrodes becomes more pronounced with the shortening
of the rise time and gradually weakens with the increase in the
front time, with the differences in impulse grounding resistance
among grounding electrodes of different shapes also decreas-
ing. Further analysis shows that when the amplitude of the
lightning current is fixed, the lightning current with a shorter
rise time contains richer high-frequency components, leading
to a decrease in the soil dielectric constant and electric-field
gradient. Because the input amplitude of the lightning current
was relatively small, the effect of soil ionization on the increase
in the equivalent radius of the grounding electrode was limited.
Therefore, in this study, the impulse potential distribution of

the grounding electrodes is primarily affected by the inductive
effect.

In summary, when the soil resistivity is below 150€2-m, a
rectangular ray-shaped grounding electrode is recommended
for installation because of its smaller land occupation, power
frequency grounding resistance comparable to the other two
shapes, and lower impulse grounding resistance under differ-
ent lightning current waveforms. When the soil resistivity was
high, the cross- and Y-shaped grounding electrodes demon-
strated superior performance. Specifically, in mountainous ar-
eas with a high lightning density or rugged roads, a cross-
shaped grounding electrode is recommended because of its
smaller land occupation and lower inductive effect. In areas
with high soil resistivity and infrequent lightning phenomena,
the Y-shaped grounding electrode should be prioritized for in-
stallation because of its overall better lightning protection per-
formance.

5.2. Comparison of Ground Potential Rise

As analyzed in Section 5.1, there is a significant difference
in the impulse characteristics of grounding electrodes in ar-
eas with low soil resistivity (less than 150€2-m) and areas
with high soil resistivity. To quantitatively analyze and com-
pare the distribution patterns of the ground potential rise for
grounding electrodes of different shapes, the simulation model
was set based on the impulse grounding resistance data of dif-
ferent grounding electrodes, as shown in Figure 6. Two soil
resistivity conditions (150 Q2-m and 2000 €2 - m) were estab-
lished, with the burial depth of the grounding electrodes uni-
formly set to 0.8 m. The lightning current waveforms were
set to 0.25/100 ps, 2.6/50 us, 8/25 us, and 10/350 ps, and the
amplitude of the lightning current was uniformly set to 10 kA.
Under these conditions, the three-dimensional distribution and
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maximum amplitude simulation results of the ground potential
rise for grounding electrodes of different shapes are shown in
Figures 7 to 9, respectively.

The simulation results in Figures 7 to 9 reveal the impact
of lightning current waveforms on the ground potential rise of
grounding electrodes under different soil resistivities. When
the amplitude of the lightning current was the same, in areas
with low soil resistivity (150 €2 - m), changes in the lightning
current waveform significantly affected the maximum ampli-
tude and three-dimensional distribution pattern of the ground
potential rise. In contrast, in areas with high soil resistivity
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(2000 €2 - m), the impact of changes in the lightning current
waveform on the maximum amplitude and three-dimensional
distribution pattern of the ground potential rise is relatively
small. Specifically, in areas with a soil resistivity of 150 Q2 - m,
under the 0.25/100 ps and 8/25 pus waveforms, the maximum
amplitude of the ground potential rise of the grounding elec-
trodes was significantly higher than those of the other two
waveforms. The three-dimensional distribution shows a more
concentrated area of increased ground potential rise, and the
differences in the amplitude of the ground potential rise under
different waveforms are more pronounced.
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higher peak values.

A comparative analysis of the distribution patterns of ground
potential rise for grounding electrodes of different shapes re-
veals that in areas with low soil resistivity (150 €2 - m), under
the 0.25/100 ps and 10/350 ps lightning current waveforms, the
rectangular ray-shaped grounding electrode has a larger area of
ground potential distribution around the injection point, mainly
concentrated in the central square mesh area and decreasing
layer by layer towards the periphery along the external lead-
out rays. In contrast, the cross-shaped and Y-shaped grounding
electrodes have a smaller area of ground potential distribution
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around the injection point, presenting a pattern that converges to
a sharp end and decreases layer-by-layer towards the farend in a
square and triangular ring distribution, respectively. Under the
2.6/50 ps and 8/25 ps lightning current waveforms, the charac-
teristics of the ground potential distribution along the external
lead-out rays of the grounding electrodes of different shapes be-
come more pronounced. In particular, under the 8/25 us light-

ning current waveform, the grounding electrode had the largest
area of ground potential distribution.
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FIGURE 11. Three-dimensional distribution of step voltage for grounding electrodes at soil resistivity of 150 Q2 - m.

In areas with high soil resistivity (2000 §2 - m), the distribu-
tion patterns of the ground potential for grounding electrodes
under different lightning current waveforms tended to be con-
sistent, showing a pattern of outward diffusion along the ex-
tended rays from the lightning current injection point, with
roughly the same area of ground potential distribution. In areas
with a soil resistivity of 2000 €2 - m, the rectangular ray-shaped
grounding electrode had a significantly higher maximum am-
plitude of ground potential rise under different lightning cur-
rent waveforms than the other two grounding electrode shapes.
The three-dimensional distribution results show that the ground
potential rise amplitude distribution parameters are generally
greater than those of the Y-shaped and cross-shaped grounding
electrodes. These results further support the view that cross-
and Y-shaped grounding electrodes should be preferred in ar-
eas with high soil resistivity.

5.3. Comparison of Step Voltage

The soil resistivity was set to 1502 -m and 2000 €2 - m; the
burial depth of the grounding electrodes was uniformly set to
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0.8 m; the lightning current waveforms were set to 0.25/100 ps,
2.6/50 us, 8/25 us, and 10/350 us; and the amplitude of the
lightning current was uniformly set to 10 kA. Under these con-
ditions, the three-dimensional distribution and maximum am-
plitude simulation results of the step voltage for grounding elec-
trodes of different shapes are shown in Figures 10 and 12, re-
spectively.

The simulation results (as shown in Figures 10—12) indicate
that the waveform of the lightning current significantly affects
the step voltage of the grounding electrodes under different soil
resistivities. When the amplitude of the lightning current is the
same, in areas with low soil resistivity (150 €2 - m), changes in
the waveform of the lightning current have a significant impact
on the maximum amplitude and the three-dimensional distribu-
tion pattern of the step voltage. In contrast, in areas with high
soil resistivity (2000 €2 - m), this impact was relatively small.
Specifically, under the soil resistivity condition of 1502 -m,
the maximum amplitude of the step voltage of the grounding
electrodes under the 0.25/100 us and 8/25 pus waveforms was
significantly higher than that of the other two waveforms. In the
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FIGURE 12. Three-dimensional distribution of step voltage for grounding electrodes at soil resistivity of 2000 €2 - m.

three-dimensional distribution, the high-amplitude areas of the
step voltage were mainly concentrated around the lightning cur-
rent injection points, with no obvious distribution trend along
the external lead-out rays. The differences in the maximum am-
plitude of the step voltage for different waveforms were more
pronounced. Under the soil resistivity condition of 2000 €2 - m,
the maximum amplitude of the step voltage of the grounding
electrodes under the 0.25/100 ps lightning current waveform
was significantly higher than those under the other three wave-
forms.

A comparative analysis of the distribution patterns of step
voltage for grounding electrodes of different shapes reveals
that in areas with low soil resistivity (1502-m), under the
0.25/100 pus and 10/350 ps lightning current waveforms, the
rectangular ray-shaped grounding electrode has a larger area
of step voltage distribution around the injection point, mainly
distributed along the square mesh frame, whereas the distri-
bution along the external lead-out rays is not obvious. The
high-amplitude step voltage of the cross- and Y-shaped ground-
ing electrodes is mainly distributed around the current injection
point, presenting a ring-shaped distribution pattern, with no ob-
vious step voltage distribution along the external lead-out rays.

Under the 2.6/50 pus and 10/350 us lightning current wave-
forms, the distribution trend of the step voltage along the ex-
ternal lead-out rays of the grounding electrodes became more
pronounced. The high-amplitude area of the step voltage for
the rectangular ray-shaped grounding electrode is mainly dis-
tributed along the square mesh frame and the external lead-out
rays, whereas the high-amplitude area of the step voltage for the
cross-shaped and Y-shaped grounding electrodes is mainly dis-
tributed along the external lead-out rays. In areas with high soil
resistivity (2000 €2 - m), under the 0.25/100 us lightning current
waveform, the high-amplitude area of the step voltage for the
grounding electrodes was mainly distributed around the current
injection point, with a tendency to diffuse along the external
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lead-out rays, but the distribution area of the high-amplitude
area was relatively small. Under the 2.6/50 us, 8/25 us, and
10/350 ps lightning current waveforms, the distribution area of
the high-amplitude area of the step voltage for the grounding
electrodes on the external lead-out rays increased significantly,
presenting a distribution characteristic different from that under
the 0.25/100 ps lightning current waveform.

In areas with high soil resistivity (2000 2-m), the max-
imum amplitude of the step voltage of the rectangular ray-
shaped grounding electrode under different lightning current
waveforms was significantly higher than those of the other two
grounding electrode shapes. The three-dimensional distribu-
tion results show that the step voltage distribution parameters
of the rectangular ray-shaped grounding electrode are greater
than those of the cross- and Y-shaped grounding electrodes.
The above results further support the view that cross-shaped
and Y-shaped grounding electrodes are preferred in areas with
high soil resistivity, and cross-shaped grounding electrodes are
preferred in areas with high lightning density.

5.4. Comparison of Spectral Response Characteristics

The amplitude of the injected lightning current was set to
100kA, and the soil resistivity was set to 150 -m and
2000 2 - m. The burial depth of the grounding electrodes was
set to 0.8 m. The frequency parameter coverage ranged widely
from 1Hz to 100000kHz, specifically, 1Hz, SHz, 10Hz,
50Hz, 100Hz, 1 kHz, 5kHz, 10kHz, 100 kHz, 1000 kHz, and
10000 kHz. Under these conditions, the frequency-domain
response results of the grounding impedance values and
grounding impedance angles for grounding electrodes of
different shapes are shown in Figure 13.

From the simulation results shown in Figure 13, a com-
parison of the frequency domain response of the grounding
impedance values for grounding electrodes under different soil
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FIGURE 13. Frequency-domain responses of grounding impedance magnitude and phase angle for the grounding electrode under different soil

resistivities: (a) and (b) 150 Q2 - m; (c) and (d) 2000 €2 - m.

resistivities reveals that an increase in soil resistivity leads
to a significant increase in the grounding impedance values.
In areas with low soil resistivity (150€2-m), when the fre-
quency is below 100 kHz, the grounding impedance values of
the three types of grounding electrodes are essentially inde-
pendent of the frequency changes and are relatively close to
each other. When the frequency is in the range of 100 kHz to
10000 kHz, the grounding impedance values of the rectangu-
lar ray- and Y-shaped grounding electrodes are slightly higher
than those of the cross-shaped grounding electrode. At a fre-
quency of 100000 kHz, the grounding impedance values of the
three types of grounding electrodes tend to converge. In areas
with high soil resistivity (2000 2 - m), the grounding impedance
values of the rectangular ray-shaped grounding electrode were
slightly higher than those of the cross- and Y-shaped ground-
ing electrodes at different frequencies. When the frequency
was less than 100kHz, the grounding impedance values of
the cross-shaped and Y-shaped grounding electrodes were rel-
atively close. However, when the frequency exceeds 100 kHz,
the grounding impedance values of the rectangular ray-shaped
and Y-shaped grounding electrodes were significantly higher
than those of the cross-shaped grounding electrode, indicat-
ing that high-frequency lightning currents had a lesser impact
on the lightning protection performance of the cross-shaped
grounding electrode.

A comparison of the frequency domain response of the
grounding impedance angles for grounding electrodes under
different soil resistivities reveals that the grounding impedance
angle is less affected by changes in soil resistivity and is
more significantly influenced by frequency variations. In ar-
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eas with low soil resistivity (150€2-m), when the frequency
was below 1 kHz, the grounding impedance angles of the three
types of grounding electrodes were relatively close and all
below 10°. When the frequency is in the range of 1kHz-
100kHz, the Y-shaped grounding electrode has the largest
grounding impedance angle. When the frequency exceeds
100 kHz, the rectangular ray-shaped grounding electrode ex-
hibited the largest grounding impedance angle. In areas with
high soil resistivity (2000 €2 - m), the differences in the ground-
ing impedance angles among grounding electrodes of different
shapes become more pronounced at frequencies above 100 kHz.
These results further support the view that cross- and Y-shaped
grounding electrodes should be preferred in areas with high
soil resistivity, and cross-shaped grounding electrodes should
be prioritized in areas with high lightning density.

6. CONCLUSION

This study quantitatively compared the impulse dissipation
characteristics of radial grounding electrodes with different
shapes under lightning strike conditions and reached the fol-
lowing conclusions.

a) Under low soil resistivity conditions, the differences in the
power frequency grounding resistance among the ground-
ing electrodes of different shapes are relatively small, and
these differences gradually increase with the increase in
soil resistivity. The effect of the lightning current wave-
form on the impulse grounding resistance is significantly
enhanced by shortening the rise time of the waveform. Un-
der the 0.25/100 ps waveform, the impulse grounding re-
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sistance of the cross-shaped grounding electrode is sinif-
icantly lower than that of the Y-shaped grounding elec-
trode. However, under other waveforms, the impulse
grounding resistance of the Y-shaped grounding electrode
is relatively lower, indicating that under high-energy light-
ning current impacts, the Y-shaped grounding electrode
exhibits a more pronounced inductive effect compared to
the cross-shaped grounding electrode.

b) Under soil resistivity conditions of 150 {2 - m, the maxi-
mum amplitude of the ground potential rise of the rectan-
gular ray-shaped grounding electrode was similar tothat of
the other two grounding electrode shapes. Under high soil
resistivity conditions of 2000 2 - m, its value was signifi-
cantly higher than that of the cross-shaped and Y-shaped

grounding electrodes.

¢) Inareas with low soil resistivity (150 €2 - m), when the am-
plitude of the lightning current is the same, changes in
the waveform of the lightning current significantly affect
the maximum amplitude and three-dimensional distribu-
tion pattern of the step voltage for the radial grounding
electrodes. In areas with high soil resistivity (2000 €2 - m),
the distribution patterns of the step voltage for the ground-
ing electrodes of different shapes were more similar in
the three-dimensional distribution. Under different light-
ning current waveforms, the maximum amplitude of the
step voltage of the rectangular ray-shaped grounding elec-
trode was significantly higher than that of the cross- and
Y-shaped grounding electrodes.

d) An increase in soil resistivity significantly increases the
grounding impedance values of the radial grounding elec-
trodes. In areas with high soil resistivity (2000 €2 - m), the
grounding impedance values of the rectangular ray-shaped
grounding electrode were generally higher than those of
the cross- and Y-shaped grounding electrodes at different
frequencies. The grounding impedance angle was less af-
fected by changes in soil resistivity and was more signifi-
cantly influenced by frequency variations. In areas with
high soil resistivity (2000 €2 - m), the differences in the
grounding impedance angles among the grounding elec-
trodes of different shapes become more pronounced at fre-
quencies above 100 kHz.

In summary, in areas with low soil resistivity (approximately
150 €2 - m), selecting a rectangular ray-shaped grounding elec-
trode as the grounding electrode for transmission line tow-
ers offers better impulse characteristics and dissipation effects.
In areas with high soil resistivity (approximately 2000 €2 - m),
choosing cross-shaped and Y-shaped grounding electrodes as
the grounding electrodes for transmission line towers provides
superior impulse characteristics and dissipation effects. In this
study, the lightning transient characteristics of grounding elec-
trodes with different shapes were investigated under a lightning
current amplitude of 10kA. The CDEGS simulation software
could not adequately reflect the nonlinear soil effects caused by
the spark effect. Future work could conduct studies under dif-
ferent lightning current amplitudes and fully consider the spark
effect and soil nonlinearity.
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