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Abstract: Independent lightning rods are often installed in substation grounding systems for lightning
protection. The concentrated discharge channel formed when a lightning current flows to the
ground through a grounding electrode will cause electromagnetic interference to the directly buried
secondary cable. And the three-dimensional structure of the discharge channel will affect the transient
electromagnetic field distribution, thereby affecting the electromagnetic transients on cable shields. In
order to explore the influence of soil discharge phenomena on the electromagnetic interference of the
directly buried secondary cable, in this paper, we carried out experiments on cables in two different
grounding modes, single-ended and double-ended grounding, and captured image of soil discharge
channels. The results show that the cable grounding mode will affect the coupling mode that causes
the shielding layer current. The relative spatial position of the soil discharge channel and the cable
has a significant impact on the magnitude of the shielding layer current under both grounding modes.
The water content and salt content of the soil also have different degrees of influence on the coupling
current of the shielding layer in different grounding modes.

Keywords: grounding; electromagnetic interference; directly buried cable; lightning current dispersion;
soil discharge channel

1. Introduction

Lightning strikes represent an important factor affecting the reliability of power
systems. A transient disturbance may intrude into the secondary system through spatial
electromagnetic coupling [1,2] or ground coupling [3] when a substation is hit by a lightning
strike. Secondary cables are usually placed in facilities such as cable trenches, but directly
buried cables are often used in practical engineering due to cost and other issues. When
the lightning current enters the ground through the independent grounding electrode, it
will cause electromagnetic interference to the secondary cable in the nearby soil, resulting
in misoperation or rejection in the protection equipment in the substation [4]. Therefore,
the safety problems that may be caused by electromagnetic interference to adjacent buried
cables when a lightning current flows to the ground cannot be ignored.

In the early research, it was usually assumed that the soil ionization zone was a
symmetrical structure extending along the grounding electrode when a lightning current
flowed to the earth. Firstly, Liew proposed the spherical cylindrical discharge area model
of the electrode [5], then Geri and He proposed the time-varying segmented cylindrical
model and the cone approximation model, respectively [6–8]. Recently, a large number of
studies have shown that the lightning current will produce discharge channels that develop
randomly from the grounding electrode [9–13]. Rakov observed the lightning discharge
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channel in the ground through artificial lightning and underground excavation and proved
that the lightning current would produce a narrow discharge channel at the tip of the
electrode, rather than an isotropic uniform discharge, as shown in Figure 1 [10].
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Figure 1. Soil discharge channel observed by Rakov [10].

The soil discharge channel is highly conductive when it is formed [14,15] and can be
regarded as an extension of the electrode. The length of the discharge channel is several
meters, so the discharge channel may cause great electromagnetic interference to the
directly buried cable when the soil discharge channel develops to reach it. In fact, although
instantaneous abnormality in the transmission signal of the secondary cable caused by a
lightning current was observed, the external insulation of the cable was often found to be
intact [16,17].

Limited by the observation method, it was difficult for previous researchers to obtain
a clear three-dimensional structure of discharge channels in the soil except for through
on-site excavation. Therefore, the main focus of previous research was on the propagation
of transient lightning in the primary circuit and grounding system of the substation, or the
spatial electromagnetic interference caused by it [18–24]. Vance used the transmission line
model to research the coupling between the electromagnetic field and the buried cable [18].
He and Zhang carried out numerical simulations on the coupling and electromagnetic
interference of secondary cables in substations under a lightning current [19,20]. Tatematsu
used the finite difference time domain (FDTD) method to calculate the ground potential
at both ends of the cable and then apply the potential to the cable to further analyze the
transient disturbance [21]. Haddad et al. [22] established a model of braided cables and
metal meshes and used it to analyze the transmission impedance and shielding effectiveness
of braided cables. Zhang established a circuit model of a grounding grid considering the
mutual inductance between the secondary cable and the ground conductor and calculated
the transient disturbance in the secondary cable due to a lightning strike to the grounding
grid [23]. Yeung evaluated the effect of shielding on the lightning surge current for different
shielding strategies via experiments [24].

The above work provides guidance for the analysis of electromagnetic interference
and the design of electromagnetic protection for cables in practical engineering, but there is
little research considering the electromagnetic interference to cables from discharge channel
structures in the soil. Liu proposed a method of observing the impulse discharge in soil
based on X-ray transmission imaging technology, which greatly reduced the difficulty of
obtaining the structure of a discharge channel in soil and analyzing its electromagnetic
interference to adjacent cables in the laboratory [25].

In order to investigate the electromagnetic interference of concentrated discharge
channels on adjacent cables, the influence of the three-dimensional structure of the soil
discharge channel, soil water content, and salt content on electromagnetic interference
effects is explored through a scale experiment in this paper. In this paper, scale experiments
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on directly buried cables in single-ended grounding mode (SEGM) and double-ended
grounding mode (DEGM) are carried out, and the images of the discharge channel are
captured by an X-ray machine. The grounding electrode potential, current, and cable
shielding layer coupling current are measured, and the influencing factors in the shielding
layer coupling current of directly buried cables under single-end grounding and double-end
grounding modes are explored.

2. Scaled Experiment Design
2.1. The Experiments in SEGM

When the lightning current flows into the ground, it will form one or more concen-
trated soil discharge channels that develop from the grounding electrode tip. The capacitive
coupling of the buried cable in SEGM is shown in Figure 2.
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Though the external insulation of the cable is intact, the grounding electrode and
the soil discharge channel will cause electromagnetic interference on the cable shielding
layer through capacitive coupling [26,27]. The equivalent coupling capacitance C can
be considered to be composed of the grounding electrode stray capacitance Ce and the
discharge channel stray capacitance Cx in parallel, which is related to the three-dimensional
structure of the channel. The soil channel is highly conductive when it first forms and
can be regarded as an extension of the grounding electrode [14,15]. Therefore, the three-
dimensional structure of the discharge channel will greatly affect the coupling current
iC. The capacitive coupling current iC is the excitation of the shielding layer, and the
interference voltage is induced on the core [19].

The scale experiment platform in this paper is shown in Figure 3. The experiment
platform is mainly composed of the lightning current generator (LCG) and the observation
system (OS), which are connected by a programmable logic controller (PLC). The rated
voltages of transformer T2 are 380 V/45 kV; the largest current of the rectifier D is 1 A. C,
L, and R are capacitor, inductor, and resistor groups, respectively, whose parameters can
be adjusted to realize the output of different impulse currents. CT1 and CT2 are current
sensors with ratios of 40 A:1 V and 10 A:1 V, respectively. VD is a voltage divider with
a ratio of 2000:1, used to obtain the grounding electrode potential. The DSO is a digital
storage oscilloscope with a 1.0 G samples/s sampling rate and 100 MHz bandwidth. XRG
is an X-ray generator whose model number is MILLENNIUM, with a maximum working
power of 80 kW and a 1 ms exposure time. The model number of the digital radiography
(DR) device is Canon CXDI-50G, with a 14-bit pixel depth and 160 µm pixel size. It is used
to receive X-rays for imaging.
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The output waveform of the lightning current generator is a lightning current with a
front and tail time of 8 µs and 20 µs, respectively. In this paper, the amplitude of the output
waveform is fixed at 2 kA. When the lightning current passes through the grounding
electrode, the soil will become ionized and eventually undergo a breakdown. In this
process, a narrow drainage channel is generated and the internal structure of the soil is
changed, as shown in Figure 1. Therefore, when the X-ray passes through the soil sample,
the absorption capacity of the X-ray in the discharge channel is different from that in other
regions, resulting in differences in the dose of X-rays passing through different regions. The
DR receives different doses of X-rays, thus presenting images with different gray values.

The layout of the experiment platform of the single-ended grounding cable is shown
in Figure 4a. The experiment sample is a cubic box composed of insulated sheets with
a size of 20 cm × 20 cm, which is filled with sand with a specific salt content and water
content. The soil resistivity was measured via the four-point method recommended by the
standard ASTM G57-06 (2012) [28]. The grounding electrode is connected to the current
generator and is inserted vertically into the soil center. The vertical grounding electrode tip
is 10 cm away from the bottom of the box. The cable is 30 cm long and is buried horizontally
in the soil. The direction is parallel to the y-axis (the front view is shown in Figure 4b).
One end of the cable is suspended, and the shielding layer at another end is grounded
through a grounding electrode, P, 100 m away from the experiment site. The type of cable
is SYV-50-5-1, and its structure can be found in Figure 4c.

Early experiments found that the main factor affecting the capacitive coupling current
iC of the shielding layer is the distance d from the geometric center of the discharge channel
(GCDC) to the surface of the cable. The coupling current iC is almost independent of the
translation of the discharge channel terminal in the y-axis direction. Considering that the
direction of the centralized discharge channel formed by the lightning current is random, it
will take a lot of work to obtain the discharge channel from all angles. Therefore, in this
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paper, we use a copper sheet with a size of 6 cm × 6 cm to guide the development direction
of the soil channel. The copper sheet is grounded in the experiments. The trajectory of the
center of the copper sheet is located in the xoz plane determined by the grounding electrode.
The trajectory is shown as the orange line shown in Figure 4a. The input current wire and
grounding wire are also in the above plane and are arranged far away from the cable to
reduce the electromagnetic interference.
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The insulation of the cable used in this paper is intact after each experiment. Due to
the fact that the insulation resistance of the cable external insulation is greater than 10 MΩ,
the conduction current in the shielding layer current is estimated to be several milliamperes.
Considering that the shielding layer current measured in the experiment is several amperes,
it can be considered that the cable shielding layer current is the main component of the
coupling current when the cable external insulation is intact and the conduction current
can be ignored.

In order to explore the influence of the direction of the channel on the coupling current
iC, the θ is defined to characterize the direction of the discharge channel, which is the angle
between the projection of the connection between the GCDC and the electrode tip on the
xoz plane and the negative direction of the x-axis. Using the three-dimension reconstruction
method for the soil discharge channel, described in [11,29], images of the soil discharge
channel are captured by an X-ray imaging system. The spatial structure of the channel is
established in autoCAD, and the GCDC can be calculated. A group of X-ray images from a
typical experiment and the corresponding θ are shown in Figure 5.
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Figure 5. Examples of X-ray images. (a) Front view, (b) left view, (c) top view, (d) the
reconstructed model.

2.2. The Experiments in DEGM

The diagram for the coupling between the discharge channel and the cable when the
directly buried cable is grounded on both sides is shown in Figure 6.
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The coupling current on the shielding layer is composed of the capacitive component
iC and the inductive component iL. The component iC generated by electric field coupling
is divided into iC1 and iC2 and flows to the grounding system through the grounding wire.
At the same time, the cable shielding layer and the grounding wires form a circuit with
the connected grounding grid (hereinafter referred to as the cable shielding layer circuit).
Therefore, the grounding electrode and the discharge channel will generate coupling current
iL in the cable shielding layer due to inductive coupling. The scaled experiment in the
DEGM is shown in Figure 7.
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Compared with the experiment and observation system in Figure 3b, two 1 Ω resistors
Zgd (used to simulate the grounding resistance between the two ends of the cable) are con-
nected in series between the two ends of the cable shielding layer to form a cable shielding
layer circuit in the double-end grounding mode. The size of the circuit is 30 cm × 20 cm,
and it is parallel to the xoz plane. A switch S connects the two resistors and is connected to
the auxiliary grounding electrode P (used to simulate cable grounding at both ends) 100 m
away. The cable shielding layer current is composed of the capacitive component iC and
the inductive component iL when S is closed and only contains the inductive component iL
when S is open.

In addition to the coupling current component, the conduction current generated by
the potential difference between the two grounding locations of the cable is also an impor-
tant component of the shielding layer current, and the conduction current is dependent on
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the grounding locations. In case the conduction current component is small, the coupled
current component cannot be ignored at this time. The factors affecting the iC current on
the cable shielding layer are researched in SEGM. Therefore, an experiment in DEGM is
carried out to explore the factors affecting the inductive coupling component.

The main factor affecting the inductive component iL is the magnetic flux generated in
the cable shielding layer circuit when the lightning current flows through the soil discharge
channel. In the double-ended grounding experiment, the variation in θ will affect the
inductive coupling component by changing the magnetic flux formed in the cable shielding
layer circuit, rather than primarily affecting the distances from the GCDC to the cable as
in the single-ended ground experiment. Therefore, in the DEGM experiments, the soil
discharge channel is fixed in parallel to the xoz plane by a copper sheet to investigate
the influence of θ on the inductive component iL. In addition, in order to investigate the
influence of d on the inductive component iL at the same channel angle, θ is fixed to 0◦.

The direction of the current input wire and the grounding wire is perpendicular to the
cable shielding layer circuit plane, so the current wire and grounding wire have little effect
on the magnetic flux of the cable shielding layer circuit, and the main factor affecting the
magnetic flux in the experiments is the spatial structure of the soil discharge channel.

3. Discussion
3.1. Results in SEGM

The experiment in SEGM is carried out using the design in Section 2.1 with a soil
water content of 3%, salt content of 0.25%, and soil resistivity of 204 Ω·m. Figure 8 shows
an example of the obtained waveforms.
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Figure 8. A set of waveforms in the shield layer.

Since there is no circuit, the current on the cable shield in the single-ended grounding
method is mainly capacitively coupled. Therefore, it can be considered that the current on
the cable shielding layer can be calculated by

iC = C·dU/dt (1)

where C is the equivalent coupling capacitance between the grounding electrode, soil
discharge channel, and cable shielding layer.

According to the results in Figure 8, in the 0~t1 interval, U increases from zero to the
critical breakdown potential, so both dU/dt and iC are greater than zero; at time t1, the soil
is broken down and the electrode potential starts to decrease, so iC = 0 at t1, and then iC is
negative during t1~t2. At t2~t3, the discharge channel has been formed, but the lightning
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current is still increasing. The grounding potential rises again with the increase in the
lightning current, and a positive coupling current with an amplitude of 2.2 A is generated.

3.1.1. The Influence of Discharge Channel Structure on Capacitive Coupling Current

A group of experiments were performed under the conditions of a soil water content
of 5%, a salt content of 0.25%, and a soil resistivity of 167 Ω·m. Five discharge channels
with θ = 0◦, 65◦, 85◦, 110◦, and 175◦ were observed, and the captured images (front
view) are shown in Figure 9. The relationship between the amplitude of the capacitive
coupling current iC on the shielding layer and the θ of the soil discharge channel is shown
in Figure 10.
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Figure 9. The X-ray images of discharge channel in SEGM. (a) θ = 0◦, (b) θ = 65◦, (c) θ = 85◦,
(d) θ = 110◦, (e) θ = 175◦.
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Figure 10. The influence of θ on the capacitive coupling current.

It can be seen from Figure 10 that the amplitude of the capacitive coupling current
iC rises with the increase in θ. Because the lightning current input is fixed, and the soil in
each experiment is the same, dU/dt will not change significantly in different experiments.
The distance between the GCDC and the cable decreases with the increase in θ, so the Cx
increases with θ. Considering that the change in θ will not affect Ce, the total coupling
capacitance C will increase with the increase in θ, so the amplitude of the capacitive
coupling current iC increases with the increase in θ.

3.1.2. The Influence of the Water and Salt Content on the Capacitive Coupling Current

In order to investigate the influence of the water content and salt content on iC, in this
paper, we prepared the soil sample with water contents of 1.5%, 3%, 5%, 7.5%, 10%, 15%,
and 20%, respectively, with the salt content fixed at 0.25%. And the soil sample with salt
contents of 0.05%, 0.15%, 0.25%, 0.5%, 0.75%, 0.875%, and 1% was prepared, respectively,
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with the water content fixed at 5%. The influence of the water and salt on the amplitude of
iC is shown in Figure 11 when the soil discharge channel is 90◦.
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Figure 11. The influence of water and salt contents on iC.

The mechanism of the salt content and water content on the electromagnetic inter-
ference process is complex. In addition to the direct influence on the soil resistivity and
dielectric constant, the water content and salt content also affect the breakdown time, the
current distribution in the soil, and the dielectric constant by changing the space volume
of the discharge channel, the critical breakdown field strength, the channel temperature
rise, the residual resistivity of the channel, and other parameters, thus indirectly affect-
ing the electromagnetic interference. It is difficult to quantitatively analyze this process
through the discharge channel images and voltage and current parameters obtained via
experiments. Therefore, based on the direct influence of the water content and salt content
on the soil resistivity and dielectric constant, this paper discusses their influences on the
electromagnetic interference process.

It can be seen from Figure 11 that iC decreases first and then increases with changes
in water content and salt content under θ = 90◦. iC reaches its minimum when the water
content is 15% and the salt content is 0.25%. Considering that the lightning current input is
fixed, the grounding electrode potential U is dependent on the soil resistivity, which will
change with the salt and water in the soil. In general, the soil resistivity will decrease as the
water and salt increase, and U will decrease at the same time. Therefore, dU/dt will also
decrease with increasing water and salt.

The capacitance is determined by the dielectric constant of the medium when the
spatial structure of the discharge channel is fixed. The dielectric constant of soil is also
dependent on the water and salt content of soil, and in general, the dielectric constant of
soil increases with the increase in both of them [30]. Therefore, with the increase in soil
water and salt content, the equivalent coupling capacitance, C, gradually increases in the
experiments, while the dU/dt decreases at the same time. The combined effect of the two
factors means that iC shows the trend in Figure 11.

The increase in water content and salt content has a saturation effect on the decrease in
soil apparent resistivity. It can be seen from Figure 11 that when the salt content is less than
0.25%, increasing the soil salt content means that the peak value of the coupling current
decreases rapidly, which indicates that increasing the salt content at this time plays a major
role in reducing the soil resistivity. As the salt content continues to increase, before it is
greater than 0.75%, the peak change in the capacitive coupling current is small, indicating
that the decrease in soil resistivity and the increase in dielectric constant offset each other.
When the salt content is greater than 0.75%, the soil salt content is close to saturation. At
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this time, increasing the salt content will not significantly reduce the soil resistivity, but
the continuous increase in the soil dielectric constant makes the coupling current peak rise
rapidly. The change trend in the capacitive coupling current caused by the increase in water
content is similar to that for the salt content. When the water content is less than 10%, the
decrease in soil resistivity caused by the water content is the main factor in the change in
the capacitive coupling current. With the gradual increase in water content, the reduction
in soil resistivity tends to be saturated. When the water content is greater than 15%, the
increase in water content leads the capacitive coupling current to gradually increase by
affecting the soil dielectric constant. It should be noted that the porosity of sand is much
greater than that of soil, so more water is needed to reach the saturation value than in
conventional soil.

For the cable in the single-ended grounding mode, the current on the cable shielding
layer is mainly a capacitive coupling current. The distance between the soil discharge
channel and the cable and the water content and the salt content of the soil will have a great
impact on the coupling current on the shielding layer. However, the water content and salt
content of the soil are not linear to the coupling current, as shown in Figure 11. Although
the ground potential rise can be presumed to be smaller in the case of higher soil water
and salt contents, it does not necessarily produce a lower coupling current. In addition,
a huge workload is required to obtain a small capacitive coupling current by monitoring
and regulating the water content and salt content of the soil throughout the substation. As
mentioned above, the narrow soil discharge channel can be considered an extension of the
grounding electrode, which may be as long as several meters. The safe distance between the
cable and the independent grounding electrode specified in the design standard is based
on the assumption that the lightning current is uniformly dispersed in all directions in the
soil. Therefore, in order to ensure the operation of the secondary cable, a greater safety
distance is necessary. In addition, it can be seen from Figures 10 and 11 that the coupling
current generated by the discharge channel developing toward the cable is larger, because
such channels are closer to the cable. Considering that the discharge mainly occurs at the
tip of the grounding device and higher water content and salt content are beneficial to soil
discharge, the development direction of the discharge channel can be induced by using the
asymmetric grounding device and the resistance reduction scheme in specific areas.

3.2. Results in DEGM

The experiments in DEGM are performed according to the arrangement shown in
Figure 7. In the experiment, the switch S is always closed, the soil water content is 3%, the
salt content is 0.25%, and the soil resistivity is 204 Ω·m. A set of waveforms obtained under
the above conditions are shown in Figure 12. The main components of the coupling current
on the shielding layer include the capacitive current iC and the inductive current iL. Using
the same arrangement but keeping S open, a set of waveforms is obtained, as shown in
Figure 13.

The obtained shielding layer coupling current is mainly the inductive coupling current
iL. Comparing Figure 8 with Figures 12 and 13, it can be found that the waveform of the
coupling current of the shielding layer in DEGM can be regarded as the superposition of
the capacitive component iC and the inductive component iL.

Since the factors that affect the capacitive coupling current have been explored in
SEGM, this section will investigate the factors affecting the inductive coupling current iL.
Therefore, all the following experiments are carried out with switch S open. The main
component of the shielding layer current is the inductive coupling current when S is open.
The inductive coupling voltage can be calculated by (2)

uL = M·dI/dt (2)

where M is the mutual inductance of the grounding electrode, the soil discharge channel,
and the cable shielding layer circuit.
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Figure 12. A set of waveforms in DEGM with S closed.
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Figure 13. A set of waveforms in DEGM with S open.

The self-inductance of the cable shielding layer circuit can be ignored because of its
small size. Since two 1 Ω resistors are connected in series in the circuit in the cable shielding
layer, the inductive coupling current iL is half of the induced voltage uL. It can be seen from
Figure 13 that the derivative of the grounding electrode current and the shielding layer
current is linear; that is, M is almost constant during the discharge process.

3.2.1. The Influence of the Discharge Channel Structure on the Inductive Coupling Current

In order to investigate the influence of the channel structure on inductive coupling,
experiments are carried out with θ and d as variables. The content of water and salt used
in the experiments is 5% and 0.25%, respectively, and the soil resistivity is 167 Ω·m. Five
discharge channels, with θ = 0◦, 65◦, 90◦, 120◦, and 180◦, are obtained. Figure 14 shows the
captured X-ray images (front view), and the amplitude of the inductive component iL of
the shielding layer is shown in Figure 15.
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Figure 14. The X-ray pictures from the discharge channel angle test under double-ended grounding.
(a) θ = 0◦, (b) θ = 65◦, (c) θ = 90◦, (d) θ = 120◦, (e) θ = 180◦.

Energies 2024, 17, x FOR PEER REVIEW  12  of  16 
 

 

3.2.1. The Influence of the Discharge Channel Structure on the Inductive   

Coupling Current 

In order to investigate the influence of the channel structure on inductive coupling, 

experiments are carried out with θ and d as variables. The content of water and salt used 

in the experiments is 5% and 0.25%, respectively, and the soil resistivity is 167 Ω·m. Five 

discharge channels, with θ = 0°, 65°, 90°, 120°, and 180°, are obtained. Figure 14 shows the 

captured X-ray images (front view), and the amplitude of the inductive component iL of 

the shielding layer is shown in Figure 15. 

         
(a)  (b)  (c)  (d)  (e) 

Figure 14. The X-ray pictures from the discharge channel angle test under double-ended grounding. 

(a) θ = 0°, (b) θ = 65°, (c) θ = 90°, (d) θ = 120°, (e) θ = 180°. 

 

Figure 15. The influence of θ on the inductive coupling current. 

It can be seen from Figure 15 that the amplitude of iL decreases with the increase in 

the angle when θ ≤ 90°, while the trend is opposite when 90° < θ ≤ 180°. The experiments 

on the influence of the distance d on the coupling current iL are carried out with θ = 0°. The 

X-ray top view of four channels with different d are shown in Figure 16, and the relation-

ship between  the amplitude of  iL and d  is shown  in Figure 17. Figure 17 shows  that  iL 

increases with d and the amplitude of iL may vary up to tens of times in different spatial 

structures of soil discharge channels. 

The lightning current input used in the experiments is fixed, so dI/dt will not change 

greatly in different experiments. Therefore, the main factor affecting the amplitude of iL is 

the change in mutual inductance M caused by the spatial structure of the discharge chan-

nel. The three-dimensional structure of the channel will affect the magnetic flux change 

caused by the current flowing in the cable shielding layer circuit significantly. When θ = 

0° or 180°, the impact current flowing through the channel causes the largest change in 

the magnetic flux in the cable shielding layer circuit, so the mutual inductance M is larger. 

When θ = 90°, the channel runs vertically downward, so the electrode current can hardly 

cause  the magnetic flux change  in  the cable  shielding  layer circuit, and M  reaches  the 

0 45 90 135 180
0

1

2

3

4

A
m

pl
it

ud
e 

of
  i

L
(A

)

Channel angle, θ(°)

 Amplitude of inductive coupling current

Figure 15. The influence of θ on the inductive coupling current.

It can be seen from Figure 15 that the amplitude of iL decreases with the increase in
the angle when θ ≤ 90◦, while the trend is opposite when 90◦ < θ ≤ 180◦. The experiments
on the influence of the distance d on the coupling current iL are carried out with θ = 0◦. The
X-ray top view of four channels with different d are shown in Figure 16, and the relationship
between the amplitude of iL and d is shown in Figure 17. Figure 17 shows that iL increases
with d and the amplitude of iL may vary up to tens of times in different spatial structures of
soil discharge channels.
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Figure 16. X-ray images of different distances d in double-ended grounding (vertical view).
(a) d = 0.4 cm, (b) d = 3.6 cm, (c) d = 4.9 cm, (d) d = 6.5 cm.
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The lightning current input used in the experiments is fixed, so dI/dt will not change
greatly in different experiments. Therefore, the main factor affecting the amplitude of iL is
the change in mutual inductance M caused by the spatial structure of the discharge channel.
The three-dimensional structure of the channel will affect the magnetic flux change caused
by the current flowing in the cable shielding layer circuit significantly. When θ = 0◦ or
180◦, the impact current flowing through the channel causes the largest change in the
magnetic flux in the cable shielding layer circuit, so the mutual inductance M is larger.
When θ = 90◦, the channel runs vertically downward, so the electrode current can hardly
cause the magnetic flux change in the cable shielding layer circuit, and M reaches the
minimum at this time. With the decrease in distance d, the number of magnetic lines that
intersect with the cable shielding layer circuit increases, and the mutual inductance M
will increase.

3.2.2. The Influence of Water and Salt Content on the Inductive Coupling Current

In order to investigate the influence of the water content and salt content on the
inductive coupling current iL, the soil sample is the same as that in Section 3.1.2. The
influence of the water content and salt content on the amplitude of iL is shown in Figure 18
with θ = 0◦.
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It can be seen from Figure 18 that the change in water content and salt content hardly
affects the amplitude of the inductive coupling current iL. Since the lightning current input
is fixed, the dI/dt will not change greatly in different experiments. In addition, the mutual
inductance M is only related to the permeability of the medium when the circuit does
not change. The soil, salt, and water are not ferromagnetic substances, so the change in
water content and salt content hardly affect the soil permeability, resulting in the mutual
inductance M being unchanged. As mentioned above, although the soil water content
and salt content will not have a direct impact on the permeability, the water content and
salt content also affect the breakdown time and the current distribution in the soil by
changing the space volume of the discharge channel, the critical breakdown field strength,
the channel temperature rise, the residual resistivity of the channel, and other parameters,
thus indirectly affecting the electromagnetic interference. Therefore, iL rises slowly with
the increase in water content and salt content.

For the cables in double-ended grounding mode, in addition to the capacitive coupling
current, the coupling current on the shielding layer also includes the inductive coupling
current component and the conductive current component caused by the potential dif-
ference between the grounding points. The conductive current component is difficult to
control, but the induced current component is related to the magnetic flux through the
cable-grounding device circuit, which is dependent on the distance and angle between the
discharge channel and the circuit. Therefore, it is still feasible to suppress electromagnetic
interference by reducing resistance in specific areas and installing asymmetrical grounding
devices to induce the development direction of discharge channels.

4. Conclusions

In this paper, the electromagnetic interference in the concentrated soil discharge
channel formed by the lightning current flowing through the independent grounding
electrode on the adjacent buried cable is experimentally explored. The results of the scaled
experiment show that a centralized soil discharge channel will be formed at the tip of the
independent grounding electrode when the lightning current passes through it, which
will cause electromagnetic interference to the nearby directly buried cable. The grounding
mode of the cable shielding layer, the structure of the discharge channel, and the water
content and salt content of the soil will affect the coupling current on the shielding layer.
The conclusions obtained in the scaled experiments are as follows:

1. The coupling pattern in the shielding layer current is dependent on cable shielding
layer grounding modes: the capacitive coupling current is the main component of the
shielding layer current in SEGM, while the shielding current is composed of capacitive
coupling and inductive coupling in DEGM.

2. When the cable is single-ended grounded, the capacitive coupling current is dependent
on the distance between the geometric center of the discharge channel and the buried
cable. The capacitive coupling current increases with the decrease in the distance,
resulting in a difference of about 2.5 times the current amplitude. The water content
and salt content will have an influence on the capacitive coupling process by affecting
the dielectric constant and soil resistivity. The current decreases first and then increases
with the increase in water and salt.

3. For magnetic field coupling (the inductive coupling current), the discharge channel
will have an influence on the inductive coupling process by affecting both the distance
and angle between the discharge channel and cable shielding layer circuit. The water
content and salt content hardly affect the amplitude of the inductive coupling current.

4. The water content, the salt content, and the relative position of the discharge chan-
nel and the cable will affect the coupling current on the cable shielding layer. The
influence of the water content and salt content on the capacitive coupling current
is nonlinear, and they have little effect on the inductive coupling current. There-
fore, it is not recommended that the electromagnetic interference of the cable be
weakened by regulating the water content and salt content. The distance between
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the channel and cable and the relative direction of the cable or the cable-grounding
device circuit will significantly affect the shielding coupling current. Therefore, it
may be a better way of weakening the electromagnetic interference by setting an
asymmetric grounding device or reducing the resistance of the soil in a specific area
to induce the development direction of the discharge channel, thereby weakening the
electromagnetic interference.
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