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Abstract - The grounding system plays an important part in the
lightning protection system of power and communication systems.
The finite-difference time-domain (FDTD) method is widely used in
modeling complex electromagnetic interaction problems. However, it
is difficult to model the earthing conductor using the standard FDTD
method in the transient grounding resistance analysis, for the
electrically small depth of the earthing conductors. In this work, non-
uniform grid in the FDTD methods, which is typically used to resolve
fine structures, is introduced into reduce the computational domain
and therefore lead to a reduction of the computational cost. To
further reduce the computational memory, the uniform grids are used
in the electrode length direction while non-uniform grids are
occupied in the electrode sectional directions. The efficiency of the
proposed model has been approved by verifying both the
electromagnetic field components near the earthing conductor and the
grounding resistance.

Index Terms - Non-Uniform, FDTD Modeling, Earthing
Conductor.

| . Introduction

Sensitive electronic components have been increasingly
used lately both in power and communication systems. These
components may suffer logic upset or damage at lower levels
of induced electromagnetic interferences brought about by the
lightning. As a result, evaluation of the transient grounding
resistance of the grounding systems in the lightning protection
systems has recently attracted considerable attentions [1]-[5].

The finite-difference time-domain (FDTD) method [6],
which provides a simple and efficient way of solving Maxwell’
equations for a variety of problems, has been widely applied in
solving many types of electromagnetic problems. It is good at
predicting the electromagnetic characteristics of a particular
structure for it provides extensive time-domain information
and the frequency-domain information can be provided via a
discrete Fourier transform.

However, when the grounding resistance analysis of the
lightning protection systems is involved, it will results in a
huge memory and time usage with the uniform FDTD grids.
Because the dimension of the grounding electrode and the
reference electrode are so small compared with the total
computational domain, and one has to refine the FDTD grid to
the conductor dimension, which will result in huge memory
usage.

Several papers have introduced different methods to
reduce the truncation error at grid boundary. In [7], two
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methods were introduced to maintain second-order accuracy.
One method uses an appropriate mesh ratio between two
regions to obtain the central finite differences. The other
method uses a universal grading scheme with continuously
variable lattice size; but a demonstration of the effectiveness of
this method was not reported. The non-uniform grid
technology in the FDTD method, which is typically used to
resolve fine structures, can reduce the computational domain
and therefore lead to a reduction of the computational cost [8].
Considering electrically small size of the grounding electrode
in the sectional area dimensions, the non-uniform grid is
introduced into the FDTD method in two dimensions to deal
with the electrode areas in the grounding resistance analysis of
the lightning protection systems. The efficiency of the
proposed model has been approved by verifying both the field
distribution near the earthing conductor and the grounding
resistance.

1. The Grounding Resistance Calculation Model

To calculate the grounding resistance, a grounding model
is adopted as shown in Fig.1, where earth is used as the return
path [9-11]. It is assumed that constitutive parameters of the
ground are constant, and the relative permittivity of the ground
is set as 9.0 and the conductivity is 0.001 S/m. To be simply, a
single earthing conductor is used, and a remote electrode is
used to permit the transient current flowing into the earth.

The grounding resistance is defined as a ratio of the
transient voltage to the transient current

R =V./1 1)

Here I, is the transient current flowing through grounding
conductor, which can be defined from the Ampere’s Law

I, =[H,(i—-3 j+3.K)-H,(i+3,j+3 k)]Az

2
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In the FDTD analysis, the voltage between the two sides
of a cell can be defined as

V, =—E, -As, @3)
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Fig.1.The grounding system resistance analysis model.

By integrating the electric field along the air-ground
interface from the computational domain boundary (line E of
Fig.1) to the lifting line, the transient voltage can be obtained

N, N,
V=2 V== Ejas,

j=N =N

(4)

where N, and N, are the FDTD mesh index of the point where
the lifting line entering underground and the point E of Fig.1
respectively.

The double-exponential lightning pulse is applied as the
voltage source

V =kV, (e -e ") ®)

where a=3.7618x10%", #=1.13643x10s™, k=1.02, V,=5.4kV.
The computing domain is terminated by 10-layer the
convolution PML [12-13].

I1l. The Non-Uniform FDTD Algorithm

The grounding electrodes are always several meters in

length while electrically small in the sectional area dimensions
[1]. To model the grounding electrode accurately without
result in huge computational resources, the non-uniform FDTD
method is involved [8]. To save computational resources, non-
uniform grids in the x- and z-direction are occupied while
uniform grid in the y-direction is used.
The adjacent non-uniform grids are as shown in Fig.2, where k
is the expansion factor. It can be seen that the magnetic the
magnetic field components are still located at the center of the
FDTD grids, while the electric field components are no longer
at the center of the grids, thus the non-uniform scheme is no a
second-order method at all. However, the accuracy can be
improved by limit the expansion factor to a size.

For the no-uniform grids areas, the time-stepping
equations for the electric field components can be written as
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Fig.2.The cross section of angle iron, where b1=b2=5cm, h=0.5cm
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In (6) to (8), the coefficients CA and CB are obtained from
A 0.5Ato

9

¢ +0.5Ato ®

B= L (10)
¢+ 0.5Ato

where ¢ is the permittivity and o is the conductivity.
The time marching equation for the magnetic field
components in the non-uniform areas can be written as

HM™2(i, j+4,k+1) = CPTH 2(i, j+14,k+1)
neioi LN_E"(i i 1
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(11)
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In (11) to (13), the coefficients CP and CQ are obtained from

_ Hu—05Ato, (14)
H1—+05At0,

co- u#—0.5At0, (15)
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where ¢ is the permittivity and o is the conductivity.
It worth to note that the expansion factor of the nearby
grids should not be so large and it is needed

12A (i-1) <A, () <A (i+1)/1.2 (16)

Additionally, the dimension of the largest grid can not be
lager than 20 times of the smallest ones.
The time step is limited by the Courant-Friedrichs-Lewy

At < ! (7)
1 1 1

v ﬂ + +
W (Axmin )2 (Aymin )2 (Azmin )2

where Ax, . Ay, and Az are the smallest grid

dimensions in the non-uniform grids area.

With this model, the sectional areas of the earthing
electrodes can be modeled with fine FDTD grids without result
in huge computational resources.

1V. Numerical Results

To validate the efficiency of proposed method, the
standard FDTD simulation result is included as a benchmark
for comparison. It is agreed that a standard FDTD simulation
with a sufficient slot resolution will be sufficiently accurate to
be considered as a reference.

The computational model shown Fig.1 is adopted. We set
the parameters as L=9 m, hg1=0.3 m, hg=1.8 m, hr=2.5 m,
ha=0.8 m. The lifting line, connecting line and remote current
electrode are all round steel with a diameter of 0.025m. The
computing domain, which is xxy>z=4.0 m>4.6 mx11.0 m, is
terminated by the convolution PML [10].

The grid size of the reference simulation is A=1 cm, and
the time step is At=A /2c, where c is the speed of the light in
the free space.

The uniform grid size is A<AyxA,=10 cm>10 cmx10 cm
for the main areas. The expansion factor is set as
k=k,=k,=1.162, while uniform grid is used in the y direction, as
shown in Fig.1 (b). 20 layers non-uniform grid is used, which
results in the smallest cell size Amin=AXmin=AZnin=0.5 cm for
the electrode areas, and the time step is At=An;,/2C.
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Fig.3. The E; variation in the z direction near the angle iron.
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Fig.4. The E; variation in the z direction near the angle iron.
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Fig.5. The validation of the proposed method for fine cross section
simulation.
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Fig.6. The E; variation in the z direction near the angle iron.

Firstly, a 6 cm>6 cm>250 cm earthing conductor is
involved. The electric and magnetic field components 2 cm
away from the conductor are monitored, as shown in Fig.3 and
Fig.4 respectively. It can be seen that the proposed method
simulates the electromagnetic filed components accurately.

The resistance of the grounding system is also calculated,
as graphed in Fig.5. It can be seen that the proposed model is
an accurate modeling of the grounding system resistance.

Secondly, we also tested the proposed method

performance when the expansion factor k the grounding
resistance of another 1.5 m long angle iron. The expansion
factor is k=1.1 and k=1.162 respectively, and the grounding
resistance is plotted in Fig.6. It can be seen that the result
given by the two conditions are in good agreement with each
other.
Form the validation of the electromagnetic field components
and the grounding resistance of two earthing conductors, the
efficiency of the proposed method is validated. However, the
memory usage of the proposed method is 52 MB, while the
standard FDTD simulation occupied 1.8 GB memory.

V. Conclusion

In this work, non-uniform grid in the FDTD methods,
which is typically used to resolve fine structures, is introduced
into reduce the computational domain and therefore lead to a
reduction of the computational cost. To further reduce the
computational memory, the uniform grids are used in the
electrode length direction while non-uniform grids are
occupied in the electrode sectional directions.

The accuracy of the proposed method has been approved
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from the validation of the electromagnetic field components
and the grounding resistance result. It is demonstrated that the
much computational memory is saved when the proposed
method is used compared with the standard fine grid FDTD
simulation.

With the proposed method, the earthing conductor of the
grounding systems in the grounding resistance analysis can be
modeled without involving huge computational resources.
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