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ABSTRACT: To address the quantification challenges of transient responses in direct lightning strike protection design for photovoltaic
(PV) power generation systems, this study establishes an integrated coupled model using CDEGS simulation software, incorporating
horizontally layered soil, PV mounting structures, and grounding systems. A comprehensive consideration of key factors, including
lightning current waveforms, soil resistivity, and the number of down conductors and vertical grounding electrodes, enables quantitative
analysis of transient overvoltage and transient ground potential rise (TGPR) distribution characteristics under varying operating con-
ditions. The results demonstrate that both soil resistivity and lightning current waveforms are critical factors influencing the transient
lightning-induced characteristics of PV systems. In typical low-resistivity (ρ = 200Ω·m) and high-resistivity (ρ =2000Ω·m) soil envi-
ronments, increasing the number of grounding down conductors and vertical grounding electrodes can reduce both induced overvoltage
and transient ground potential rise. However, beyond a certain threshold, shielding effects between adjacent grounding bodies limit cur-
rent dissipation efficiency, leading to diminishing returns. Therefore, PV system lightning protection design must holistically account
for soil properties, lightning current parameters, and optimized layout strategies to mitigate transient amplitudes, achieving an optimal
balance between lightning protection effectiveness and economic efficiency.

1. INTRODUCTION

Driven by the global energy transition and “dual-carbon”
strategy, PV power generation installations have experi-

enced explosive growth. To achieve optimal power genera-
tion efficiency, PV systems are often deployed in high-altitude
and open areas. However, due to their exposed metal supports
and unsheltered environment, lightning has become the primary
factor causing damage to PV arrays [1–3]. Statistical analyses
indicate that lightning-induced faults account for 26% of sys-
tem failures, with single strike events potentially incurring eco-
nomic losses exceedingmillions of yuan and triggering regional
power outages [4–6]. Lightning poses a threat to system safety
through dual pathways: the powerful impulse current generated
by a direct lightning strike is injected into the grounding sys-
tem through the metal supports, causing inductive overvoltage
within PV modules that can reach insulation withstand limits,
leading to insulation breakdown. Simultaneously, the TGPR
formed during lightning current discharge can reach hundreds
of kilovolts, causing equipment damage and posing risks of
electric shock to personnel through potential gradients [7–9].
As the scale of PV power generation systems continues to ex-
pand, equipment damage, system outages, and corresponding
economic losses caused by lightning strikes are on the rise. Tra-
ditional lightning protection design methods, lacking quantita-
tive analysis of transient coupling processes, struggle to meet
the protection requirements in complex electromagnetic envi-
ronments. Revealing the transient characteristics of lightning

* Corresponding author: Wei Shen (47598910@qq.com).

strikes has become an urgent need to ensure the safe operation
of PV systems [10].
In recent years, scholars have conducted a series of research

in various directions within the field of PV lightning protec-
tion. Some scholars have utilized measured or simulated exper-
iments to reveal the electrical degradation patterns of PV pan-
els caused by lightning currents. They have observed that un-
der lightning impulse strikes of different stress levels, the peak
voltage output of PV panels decreases. However, most of these
experiments are based on a single waveform, neglecting the
strong randomness and uncertainty of lightning currents [11–
13]. Other scholars have established equivalent circuits for PV
supports and considered the electromagnetic coupling between
various conductors within the array to assess the impact of light-
ning electromagnetic induction on PV components, but failed to
consider the electromagnetic coupling effect between the sup-
port structure and grounding system. Furthermore, their studies
were all based on uniform soil structures, which deviate from
real layered soil conditions [14–17]. There are also scholars
who have used simulation methods to reveal the quantitative
relationship between soil resistivity and TGPR, and proposed
to reduce potential gradients by increasing the number of ver-
tical grounding electrodes. However, they have not addressed
the issue of optimizing the compatibility between the number
of vertical grounding electrodes and impulse current distribu-
tion efficiency [18]. In general, the above studies have ana-
lyzed PV supports and grounding systems as independent ob-
jects, neglecting the electromagnetic coupling effect between
them during lightning-induced transient processes. They lack
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FIGURE 1. Photovoltaic array model.

TABLE 1. Lightning current waveform parameters.

waveform
category

first positive
lightning strike

first negative
lightning strike

subsequent negative
lightning strike

waveform
parameters

10/350µs 1/200µs 0.25/100µs

comprehensive consideration of the system’s overall transient
response under different lightning currents and layered soil con-
ditions, resulting in existing protection strategies being unable
to accurately predict the system’s transient response.
Based on existing research findings and identified gaps, this

study employs CDEGS simulation software to establish an in-
tegrated model incorporating horizontal double-layer soil, PV
support structures, and grounding systems. The research sys-
tematically investigates the impacts of critical factors such
as lightning current waveforms, soil resistivity, the number
of grounding down conductors, and vertical grounding elec-
trodes. Through comparative analysis of transient overvoltage
and TGPR distribution patterns under various operating condi-
tions, it provides a quantitative basis for optimizing lightning
protection design in PV power systems.

2. SIMULATION MODELING

2.1. Photovoltaic Array Model
As a core component of PV power generation systems, the
structural characteristics of PV arrays have a significant impact
on the lightning strike transient characteristics of these systems.
The lightning transient path of a lightning strike to a PV array
is mainly composed of PV supports, which serve as the above-
ground supporting structure, and the grounding grid for under-
ground lightning protection, collectively forming a complete
path for lightning current discharge [16].
This study employs the HIFREQ module of CDEGS soft-

ware to establish an integrated PV support-grounding system
model, as illustrated in Figure 1. The PV supports consist of
multiple branch conductors with complex spatial arrangements,
including components such as short posts, long posts, diagonal
beams, and crossbeams. Specifically, the short posts are 0.5m
tall; the long posts are 1.7m tall; and each post base is equipped
with a 0.15m-long concrete pile to enhance the stability and
wind resistance of the supports. The diagonal beams measure
1.9m in length, while the crossbeams are made of 11.4m-long

channel steel, which is equivalent to round steel with a radius
of 0.013m during modeling for easier calculation and analy-
sis. The grounding grid, an essential component of lightning
protection for PV arrays, is composed mainly of a combination
of vertical grounding electrodes and horizontal grounding elec-
trodes. The grounding grid material is galvanized flat steel with
a cross-sectional radius of 0.018m, buried at a depth of 0.8m,
and covering an area of 20m × 20m.
When a lightning strike hits the lightning rod, the lightning

current travels along the PV frame and supports, which are typ-
ically made of aluminum alloy materials known for their excel-
lent conductivity and corrosion resistance, effectively conduct-
ing the lightning current. The lightning current then propagates
through the PV frame and supports to the grounding down con-
ductors and ultimately discharged through the grounding grid,
ensuring the safe operation of the PV power generation system.

2.2. Lightning Current Model

In lightning protection research, the waveform of the lightning
current is a primary parameter indicating the strength of light-
ning discharge. For the convenience of engineering calcula-
tions and quantitative analysis, mathematical formulas are com-
monly used to fit the lightning current waveform [19]. For sim-
plicity, a double-exponential function formula is employed in
simulations to fit the lightning current, with the specific expres-
sion being:

i(t) = kIp
(
e−αt − e−βt

)
(1)

In the formula, k is the peak coefficient; Ip is the peak value
of the impulse current waveform; α is the wavefront fitting pa-
rameter; and β is the wavetail fitting parameter, all of which
are determined by fitting the waveform data.
According to relevant IEC standards [20], Table 1 presents

the parameters of several common lightning current wave-
forms, with the lightning current amplitude uniformly set at
30 kA. The lightning current waveform set using FFTSES in
the CDEGS software is shown in Figure 2.
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10/350 µs 1/200 µs 0.25/100 µs

(c)(a) (b) 

FIGURE 2. Common lightning current waveforms.

2.3. Layered Soil Model
The grounding system serves as the main pathway for light-
ning current discharge. When designing the grounding system,
it is important to note that the grounding electrodes buried un-
derground are not in a single uniform soil environment. The
resistivity of the soil varies with depth, which significantly af-
fects the impedance characteristics of the grounding electrodes
and, consequently, the performance of the entire grounding sys-
tem. To accurately assess this impact, this study uses the RE-
SAP module of the CDEGS software to establish a horizontal
two-layer soil model and simulates different soil conditions by
adjusting the resistivity parameters of the upper soil layer. To
ensure the consistency and validity of the model, the thickness
of the upper soil layer is set to 5m, and the lower soil layer is
assigned a constant resistivity value of 100Ω·m. The layered
soil model is shown in Figure 3.

FIGURE 3. Horizontal stratified soil structure model.

3. SIMULATION RESULTS AND ANALYSIS

3.1. Lightning-Induced Transient Characteristics of Photo-
voltaic Power Generation Systems
This study selects four representative soil types with resis-
tivity values of ρ = 200Ω·m (moist clay), ρ = 500Ω·m
(sandy clay), ρ = 1000Ω·m (weathered rock stratum), and
ρ = 2000Ω·m (dry gravel), along with three standardized
lightning current waveforms peaking at 30 kA (0.25/100µs,
1/200µs, and 10/350µs) for comparative analysis.

3.1.1. Induced Overvoltage in Photovoltaic Cables

To analyze the impact of lightning current waveforms and
soil resistivity on cable-induced overvoltage, the waveforms of
PV cable-induced overvoltage corresponding to three lightning
current waveforms under different soil resistivities are plotted,
as shown in Figure 4.

As seen in Figure 4, as the lightning transient process contin-
ues, the waveform of the cable-induced overvoltage exhibits an
oscillating and decaying trend. This is mainly due to the charg-
ing and discharging process of the cable’s inherent distributed
inductance and capacitance to ground, which causes waveform
oscillation. The resistance in the cable conductor then damps
and attenuates this oscillation, leading to the oscillating and de-
caying waveform.
Further analysis of the waveforms allowed for the extraction

of peak voltage data for the PV cable-induced overvoltage un-
der various lightning current waveforms and soil resistivities.
The specific results are shown in Table 2.

TABLE 2. Peak values of induced overvoltage under different soil re-
sistivities and lightning current waveforms.

soil resistivities/Ω·m
peak values of induced overvoltage/kV
0.25/100µs 1/200µs 10/350µs

200 54.68 40.06 35.43
500 56.86 40.68 36.82
1000 58.25 43.3 38.79
2000 64.36 48.45 42.24

Figure 5 intuitively demonstrates the trend of the influence
of lightning current waveform and soil resistivity on the in-
duced overvoltage in PV cables. It can be observed that, under
a fixed soil resistivity condition, when lightning currents with
waveforms of 0.25/100µs, 1/200µs, and 10/350µs are injected
respectively, the amplitudes of induced overvoltage generated
in the PV cables decrease sequentially, indicating a negative
correlation between the rise time of the waveform and the am-
plitude of overvoltage. This is mainly because lightning cur-
rents with shorter rise times (such as 0.25/100µs) contain richer
high-frequency components, resulting in more rapid changes in
the magnetic field and thus higher induced overvoltage. In ad-
dition, soil resistivity mainly affects the dissipation speed and
efficiency of lightning currents in the grounding system, with a
relatively minor impact on the distribution of electromagnetic
fields. As soil resistivity increases, the diffusion of lightning
currents is restricted, leading to an increase in local electric field
intensity and subsequently a slight increase in induced over-
voltage, although this increase is not significant. Data indicate
that when soil resistivity increases from 200Ω·m to 2000Ω·m,
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r=500Ω·m 

r=2000Ω·m 

(a) (b)

(c) (d)

r=200Ω·m 

r=1000Ω·m 

FIGURE 4. Waveforms of induced overvoltage under different soil resistivities and lightning current waveforms.

FIGURE 5. Variation trends of induced overvoltage under different soil
resistivities and lightning current waveforms.

the induced overvoltage increases by only 17%–20%, whereas
shortening the waveform rise time from 10µs to 0.25µs results
in a surge of over 54% in the peak voltage, proving that the
lightning current waveform is the dominant factor.

3.1.2. System TGPR

Taking ρ = 200Ω·m (typical medium-to-low resistivity
area/wet clay) and ρ = 2000Ω·m (high resistivity area/dry
gravel) as examples, 3D mapping surface plots of TGPR
under different lightning current waveforms were generated to
observe the distribution of ground potential rise, as shown in
Figures 6 and 7.
As seen in Figures 6 and 7, in low-resistivity soil (ρ =

200Ω·m), the distribution of TGPR is relatively uniform, with
a gentle 3D surface plot and minimal changes in potential gra-
dient. The peak value is reduced by 50%–62% compared to
the scenario in high-resistivity soil (ρ = 2000Ω·m), indicating
that the lightning current can quickly dissipate into the ground,
and the grounding system performs well. However, in high-
resistivity soil (ρ = 2000Ω·m), due to the limited current dis-
sipation path, the lightning current is forced to concentrate on
the grounding conductor or local low-resistivity areas, resulting
in abrupt changes in potential gradient and forming a regional
high-potential threat.
Through quantitative analysis of TGPR, the peak values of

TGPR under different lightning current waveforms and soil
resistivity conditions were calculated, with specific data pre-
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0.25/100µs 10/350µs 1/200µs

(a) (b) (c)

FIGURE 6. Distribution diagram of TGPR at a soil resistivity of 200Ω·m.

1/200µs 10/350µs 0.25/100µs 

(a) (b) (c)

FIGURE 7. Distribution diagram of TGPR at a soil resistivity of 2000Ω·m.

TABLE 3. Peak values of TGPR under different lightning current wave-
forms and soil resistivities.

soil resistivities/Ω·m
peak values of TGPR/kV

0.25/100µs 1/200µs 10/350µs
200 594.36 560.51 539.6
500 927.67 825.95 688.76
1000 1237.63 1033.41 818.94
2000 1553.91 1353.41 1144.81

sented in Table 3. Additionally, a trend chart of TGPR varying
with soil resistivity and lightning current waveforms was plot-
ted, as shown in Figure 8.
As seen in Figure 8, soil resistivity has a significant impact on

TGPR: As soil resistivity decreases (e.g., to ρ = 200Ω·m), the
soil’s electrical conductivity improves, allowing the grounding
body to disperse lightning currents more effectively, thereby
significantly reducing TGPR. Conversely, in areas with high
soil resistivity (e.g., ρ = 2000Ω·m), the discharge capacity of
the grounding system is weaker, resulting in higher TGPR. Ad-
ditionally, the influence of lightning current waveform cannot
be ignored. When the rise time of the lightning current wave-
front shortens (e.g., to 0.25/100µs), TGPR increases signifi-
cantly. This phenomenon is mainly attributed to the high in-
ductive reactance characteristic of the PV grounding system.
As the rise time of the lightning current wavefront shortens,
the high-frequency components in the lightning current grad-
ually increase, and the transient impedance of the grounding

FIGURE 8. Variation trends of TGPR under different lightning current
waveforms and soil resistivities.

system at high frequencies correspondingly increases, leading
to an increase in the transient potential rise on the grounding
body. For instance, under the same soil resistivity condition,
the ground potential rise induced by a 0.25/100µs lightning
current waveform is significantly higher than that induced by a
10/350µs waveform, further validating the significant impact
of high-frequency components in lightning currents on TGPR.
Therefore, in practical engineering, the TGPR can be ef-

fectively reduced by optimizing soil conductivity, such as us-
ing resistance-reducing agents, to enhance the overall lightning
protection performance and operational reliability of the sys-
tem.
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TABLE 4. Peak values of induced overvoltage under different numbers of grounding down conductors.

numbers of grounding
down conductors

peak values of induced overvoltage/kV
ρ = 200Ω·m ρ = 2000Ω·m

0.25/100µs 1/200µs 10/350µs 0.25/100µs 1/200µs 10/350µs
0 56.81 49.61 32.97 58.92 51.56 34.93
2 37.68 28.6 17.48 40.32 36.04 24.44
4 30.31 27.8 18.93 33.45 31.2 20.5
6 34.94 32.35 18.3 37.02 33.6 20.88
8 31.68 29.53 18.02 36.86 33.46 20.6
10 31.2 29.75 18.73 36.67 33.49 21.01

TABLE 5. Peak values of TGPR under different numbers of grounding down conductors.

numbers of grounding
down conductors

peak values of TGPR/kV
ρ = 200Ω·m ρ = 2000Ω·m

0.25/100µs 1/200µs 10/350µs 0.25/100µs 1/200µs 10/350µs
0 638.24 624.64 586.74 3137.92 2501.06 2018.47
2 472.57 449.5 429.45 1897.24 1663.86 1302.73
4 405.85 396.39 372.15 1515.79 1286.54 838.88
6 393.63 369.81 355 1424.99 1180.9 804.01
8 393.1 366.74 345.21 1644.79 1237.71 820.63
10 377.53 365.85 350.95 1528.04 1147.74 806.52

3.2. Impact of the Number of Grounding Down-Conductors
In the lightning protection grounding system of PV power gen-
eration systems, the grounding down conductors serve as a cru-
cial bridge connecting the PV support structure to the ground-
ing system. Their topological configuration directly influences
the efficiency of lightning current discharge and the transient
response characteristics of the system. This study selects ρ =
200Ω·m (typical medium-to-low resistivity area/wet clay) and
ρ = 2000Ω·m (extremely high resistivity area/dry gravel) to
establish an extreme geological comparison group, systemat-
ically investigating the impact mechanism of the number of
down conductors (0/2/4/6/8/10 pieces) on the lightning tran-
sient process. The specific data are shown in Tables 4 and 5.
As clearly observed in Figure 9, both the induced overvoltage

in PV cables and the TGPR exhibit a gradual decrease with the
increase in the number of grounding down conductors. This
indicates that increasing the number of grounding down con-
ductors can effectively improve the discharge path of lightning
currents and reduce the amplitude of the system’s transient re-
sponse. However, the reduction effect gradually flattens out
when the number of down conductors reaches a certain value.
For instance, when the number of grounding down conductors
increases from 0 to 2, the peak value of induced overvoltage
decreases by 30%–47%, and the peak value of TGPR drops
by 26%–40%. In contrast, when the number of down conduc-
tors increases from 6 to 10, the peak value of induced overvolt-
age only decreases by about 11%, and the peak value of TGPR
only drops by about 7%. This phenomenon is mainly attributed
to the shielding effect among the grounding down conductors:
when the number of down conductors is small, adding more can

significantly improve the grounding body’s ability to discharge
lightning currents. However, as the number of down conduc-
tors increases to a certain extent, the distance between them de-
creases, enhancing the electromagnetic shielding effect among
them, which results in further increase in the number of down
conductors having a less significant effect on reducing induced
overvoltage and TGPR.

3.3. Impact of the Number of Vertical Grounding Electrodes

By increasing the soil contact area and improving the im-
pulse ionization effect, vertical grounding electrodes can
significantly enhance the efficiency of lightning current
discharge. Their configuration strategies directly affect the
impulse current distribution efficiency and transient electro-
magnetic energy distribution characteristics. This study selects
ρ = 200Ω·m (typical medium-to-low resistivity area/wet
clay) and ρ = 2000Ω·m (extremely high resistivity area/dry
gravel) to establish an extreme geological comparison group,
systematically investigating the regulation mechanism of the
number of vertical grounding electrodes (0/2/4/6/8/10 pieces)
on the lightning transient process. The specific data are shown
in Tables 6 and 7.
Figure 10 intuitively demonstrates the impact of the number

of vertical grounding electrodes on the variation trends of cable-
induced overvoltage and TGPR. It can be clearly observed that,
as the number of vertical grounding electrodes increases, the
amplitudes of both the induced overvoltage and TGPR decrease
significantly compared to the case with no vertical grounding
electrodes. This indicates that increasing the number of ver-
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 r=200Ω·m  

 r=2000Ω·m 

(a)

(b)

FIGURE 9. Variation patterns of transient characteristics under different numbers of grounding down conductors.

TABLE 6. Peak values of induced overvoltage under different numbers of vertical grounding electrodes.

numbers of vertical
grounding electrodes

peak values of induced overvoltage/kV
ρ = 200Ω·m ρ = 2000Ω·m

0.25/100µs 1/200µs 10/350µs 0.25/100µs 1/200µs 10/350µs
0 54.68 40.06 35.43 64.36 48.45 42.24
2 33.63 26.85 19.56 41.32 30.46 26.22
4 21.72 15.85 11.58 35.36 21.89 14.11
6 19.23 13.89 7.71 25.64 24.34 15.9
8 19.19 13.26 9.64 25.62 23.95 15.26
10 18.89 13.12 9.46 25.11 23.55 15.05

tical grounding electrodes can effectively improve the current
dissipation capacity of the grounding system and reduce the
amplitude of the system’s transient response. Additionally, the
reduction effect tends to flatten out when the number of verti-
cal grounding electrodes reaches a certain value. For instance,
when the number of vertical grounding electrodes increases
from 0 to 4, the amplitude of induced overvoltage decreases
by 45%–67%, and the amplitude of TGPR drops by 22%–33%.
However, when the number of vertical grounding electrodes in-
creases from 6 to 10, the amplitude of induced overvoltage only
decreases by 2%–6%, and the amplitude of TGPR decreases by

approximately 3%. This suggests that there is a saturation point
in the effect of increasing the number of vertical grounding
electrodes on reducing induced overvoltage and TGPR. This
phenomenon is mainly attributed to the shielding effect among
the vertical grounding electrodes: when the number of vertical
grounding electrodes is small, adding more electrodes can sig-
nificantly expand the contact area between the grounding sys-
tem and the soil, improving the discharge path for lightning
currents. However, when the number of vertical grounding
electrodes increases to a certain extent, the distance between
them decreases, enhancing the electromagnetic shielding effect
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(a)

(b)

 r =200Ω·m  

 r =2000Ω·m 

FIGURE 10. Variation patterns of transient characteristics under different numbers of vertical grounding electrodes.

TABLE 7. Peak values of TGPR under different numbers of vertical grounding electrodes.

numbers of vertical
grounding electrodes

peak values of TGPR/kV
ρ = 200Ω·m ρ = 2000Ω·m

0.25/100µs 1/200µs 10/350µs 0.25/100µs 1/200µs 10/350µs
0 594.36 560.51 539.6 1553.91 1353.41 1144.81
2 539.6 494.95 464.15 1200.41 1044.81 949.78
4 464.79 394.89 363.19 1103.99 983.41 846.11
6 354.56 334.9 300.75 1107.22 902.66 822.78
8 356.23 338.05 303.96 1101.7 915.51 834.13
10 353.3 340.66 306.31 1074.92 886.55 835.87

among them. This results in a smaller current dissipation range
whenmultiple electrodes dissipate current simultaneously com-
pared to when they act individually, thereby limiting the effect
of further reducing induced overvoltage and TGPR.

4. CONCLUSION
This study establishes an integrated joint model encompassing
horizontal two-layer soil, PV supports, and grounding systems
using the CDEGS simulation software. It comprehensively

considers the key factors such as lightning current waveform,
soil resistivity, grounding down conductors, and the number of
vertical grounding electrodes, and quantitatively analyzes the
distribution patterns of induced overvoltage and TGPR under
different operating conditions. The following conclusions are
drawn through simulation analysis:

a) Due to the cable’s inherent resistance, distributed induc-
tance, and capacitance to ground, the induced overvolt-
age waveform generated in the cable under lightning im-
pulses exhibits an oscillatory decay trend. Compared to
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soil resistivity, the wavefront time of the lightning current
plays a dominant role in determining the amplitude of the
induced overvoltage. Specifically, the shorter the wave-
front time is, the higher the proportion of high-frequency
components is in the lightning current, and the faster the
transient change rate of the spatial magnetic field is. This
results in a significant increase in the amplitude of the in-
duced overvoltage coupled onto the PV cable. Conversely,
an increase in soil resistivity increases the impedance of
the grounding system, indirectly enhancing the magnetic
field intensity around the lightning current discharge path,
causing the induced overvoltage to show a slight upward
trend. However, the degree of this impact is much weaker
than the wavefront time parameter.

b) Soil resistivity and lightning current waveform are two key
factors influencing TGPR. Specifically, in low-resistivity
soil (200Ω·m), the TGPR distribution is relatively uni-
form with a gentle potential gradient change, and its peak
value decreases by 50%–62% compared to scenarios in
high-resistivity soil (2000Ω·m). This indicates that in
low-resistivity soil environments, the lightning current
discharge efficiency is higher, and the transient perfor-
mance of the grounding system is good. Conversely, in
high-resistivity soil (ρ = 2000Ω·m), the current dis-
persion path is limited, forcing the lightning current to
concentrate on the grounding conductor or locally low-
resistivity areas, resulting in sharp changes in potential
gradient and the formation of localized high-potential
threats. Furthermore, as the current wavefront time de-
creases, the skin effect is induced due to the increased
proportion of high-frequency current components, leading
to an increase in the transient impedance of the ground-
ing system and thereby significantly elevating the TGPR
amplitude. Therefore, in practical engineering, optimiz-
ing soil conductivity, such as by using resistance-reducing
agents, can effectively reduce TGPR.

c) In both typical scenarios of low soil resistivity areas (ρ =
200Ω·m) and high soil resistivity areas (ρ = 2000Ω·m),
increasing the number of grounding down conductors and
vertical grounding electrodes can effectively reduce the
amplitudes of both induced overvoltage and TGPR. How-
ever, it should be noted that due to the shielding effect be-
tween grounding electrodes, the current distribution range
when multiple grounding electrodes are acting simulta-
neously is smaller than when they are acting individu-
ally, leading to a gradual leveling off of the improvement
in current distribution effectiveness. For example, when
the number of grounding down conductors increases from
zero to two, the peak value of induced overvoltage de-
creases by 30%–47%, and the peak value of TGPR de-
creases by 26%–40%. However, when the number of
down conductors increases from six to ten, the peak value
of induced overvoltage only decreases by about 11%, and
the peak value of TGPR only decreases by about 7%. Sim-
ilarly, when the number of vertical grounding electrodes
increases from zero to four, the amplitude of induced
overvoltage decreases by 45%–67%, and the amplitude of

TGPR decreases by 22%–33%. Nevertheless, when the
number of vertical grounding electrodes increases from
six to ten, the amplitude of induced overvoltage only de-
creases by 2%–6%, and the amplitude of TGPR only de-
creases by about 3%.

Therefore, in practical engineering, it is advisable to avoid
blindly increasing the number of grounding down conductors
and vertical grounding electrodes. Instead, scientific design
and optimized layout should be adopted to reduce the amplitude
of the lightning-induced transient characteristics of PV power
generation systems. This not only enhances the lightning pro-
tection performance of the PV power generation system but also
reduces engineering costs and maintenance difficulties while
ensuring safety and reliability.
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