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Induced Voltage on the Overhead Line at Oil Exploiting Port
under Lightning Strike

Xin Meng!’ 2 *, Bi-Hua Zhou!, and Bo Yang!

Abstract—In this paper, a computational model is established for the finite-difference time-domain
analyses of induced voltage on the overhead line at oil exploiting port under lightning strike. The MTLL
approximate formulation is used to simulate the lightning strike, and convolutional perfectly matched
layers are used to truncate the computational domain. A two-step method is established to calculate
the coupling to the overhead lines to reduce the huge computational domain of the conventional 3-D
FDTD simulation. Parallel implementation is introduced for the second-step calculation to overcome
the memory storage limit of a single computer. With this model, the electromagnetic field at the
adjacent areas and the induced voltage on the overhead line are studied when lightning strikes an oil
derrick. It is demonstrated that the electromagnetic field decreases as the distance from the oil derrick
increases, but the vertical field decrease much slower than the horizontal field. It is also shown that the
transversely located overhead line will introduce lower voltage than the radially located line. As the
length of the overhead line increases, the induced voltage increases and the low-frequency induction is
strengthened. The overhead line should be set as low as possible to reduce the induced voltage.

1. INTRODUCTION

Lightning-induced voltage on lines has drawn worldwide concern from lightning researchers for years [1—-
9]. Many works have concentrated on the lightning-induced voltage, mainly on the induced voltage to
the transmission lines [10], which is always tens of thousands kilometers long. At the oil exploiting
port, a high derrick is located, which is frequently connected to the lightning channel. Also there will
be huge number of overhead lines of dozens of meters long at the exploiting port, which will induce
voltage when lightning strikes the oil derrick. Thus it is necessary to analyze the induced voltage on
overhead lines at the oil exploiting port under lightning strike.

To simulate the lightning strike to the oil derrick, both frequency domain and time domain methods
can be used. When frequency domain method is involved, the lightning channel above the ground is
always regarded as a vertical electric dipole. The Sommerfeld convolution integral is introduced, but it
is difficult to carry out the integral numerically [11-16].

The finite-difference time-domain (FDTD) method [17-25], 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. The FDTD method has been widely used to investigate
the lightning protection since 1994 [26,27]. A significant restrict of the FDTD method usage is that
huge computational resources are expended for modeling a large problem.

In this paper, we first established a computational model for the FDTD method to study the induced
voltage on the overhead line at oil exploiting port under lightning strike. The MTLL approximate
formulation is used to simulate the lightning current in the lightning channel [28] when striking the oil
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derrick. The absorption performance of the usually used absorbing boundary conditions analyzed [29—
33|, and it is found that the convolutional perfectly matched layer (CPML) [33] is the most effective for
this problem. A two-step method is introduced to calculate the induced voltage on the overhead lines in
order to reduce the computational domain of a conventional 3D-FDTD simulation of the whole domain.
Parallel FDTD implementation is used to overcome the memory storage limit of a single computer when
calculating the second-step simulation [34, 35].

With the proposed FDTD calculation model, the electromagnetic field at the adjacent area is
analyzed when lightning strikes the oil derrick, and then the induced voltage on the overhead line is
studied. It is demonstrated that the transversely located overhead line will introduce lower induced
voltage than the radially located line. As the line length increases, the induced voltage increases and
the low-frequency induction is strengthened. Additionally, the overhead line should be set as low as
possible to reduce the induced voltage.

2. THE DIRECT LIGHTNING STRIKE MODEL

A homogenous ground is considered in this paper, and it is assumed that ground has constant
dielectric parameters. The relative permittivity of ground is set at ¢, = 10.0, and the conductivity
is 0y = 0.02S/m.

In this section, the calculation model for the FDTD analysis of the induced voltage on the overhead
line when lightning strikes an oil derrick. First, the model of lightning strike to an oil derrick is
introduced, and then absorbing boundary conditions are chosen to truncate the computational domain.
Third, a two-step method is introduced to calculate the voltage induced on the overhead lines to
reduce the huge computational domain usage of the ordinary 3-D FDFD simulation. Finally, parallel
implementation is introduced to overcome the memory limit of the serial FDTD when carrying out the
second-step calculation.

2.1. Modeling of Lightning Strike to an Oil Derrick

There are many models to simulate the lightning strike [28,36-41], and here the modified transmission-
line linear (MTLL) model [28] is used to simulate the lightning strike. The calculation model of lightning
strike to an oil derrick is as shown in Fig. 1, where the height of the oil derrick is h, ppo,r the current
reflection coefficient at the bottom of the tall object, and p;,, the current reflection coefficient at the
top of the object for upward-propagating waves. The coefficients pyo; and psop can be obtained from

P _ Zoh — Zch (1)
o Zob + Zech
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— __9r 2

Poot Zop + Zgr ( )

where Z,, is the characteristic impedance of the strike object, Z., the equivalent impedance of the
lightning channel, and Z,, the grounding impedance. The height of the oil derrick is h = 55m, and it is
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Figure 1. The model of lightning strike to an oil derrick.
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chosen that Z,, = 300€2, Z,, = 900(2, and Z, = 3002, and then it can be obtained that ps,, = —0.5
and ppo¢ = 1.0 in this paper [36].

For the case of lightning strike to a tall object, the equation for current along the oil derrick can
be written as

1 — pro g h—2" 2nh ntl m h+Z  2nh
I(Z/,t) = Ttp x Z [pbotptOpIsc <h7t - - c) pb;t_lpmplsc <h7t - -

C C C

n=0

for 0 < z < h (along the oil derrick) (3)

The equation for current along the lightning channel can be written as
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v
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for z > h (along the lightning channel) (4)

where n is an index representing the successive multiple reflections occurring at the two ends of the oil
derrick, ¢ the speed of light in free space, and v the return strike wave front speed. It is chosen that
v =c¢/3 when 2’ > h, and v = ¢ when 2’ < h. In this paper, the calculated lightning channel is 1000 m
high. I(2/, t) is the channel current of the height 2z’ at the time ¢ (which is defined as the lightning
current that will be measured at an ideally grounded strike object of negligible height), which can be
given by

Le=1.1x Iy x (e—at - e—ﬁt) (5)

here Iy = 100kA, a = 9.2 x 10% and 3 = 0.8 x 107 in this paper.

2.2. Selection of the Absorbing Boundary Conditions

To truncate the computational domain, an absorbing boundary condition (ABC) is need [29-33]. In the
numerical calculation, the Mur ABC [29] and the Liao’s extrapolation ABC [30] are widely used for its
ease of implementation. However, numerical experiments have shown that the Liao’s ABC introduces
much less reflection than the Mur ABC, with little sensitivity to the wave-propagation angle or to
numerical phase-velocity variations.

The perfectly matched layer (PML) [31] is always used to truncate the computational domain,
but it suffers from late-time reflection when terminating highly elongated lattices or when simulating
fields with very long time signatures. However, the Modified PML (MPML) [32] has been proved to
be more efficient at absorbing the transient waves than the PML. Additionally, the convolution PML
(CPML) [33] is highly absorptive of evanescent modes.

In this part, the CPML performance is compared with the Liao’s ABC and MPML to choose the
best ABC for the lightning strike to an oil derrick analyses. To this point, a two dimensional simulation
of the problem shown in Fig. 1 is performed, and the reflection error is computed by

() - T ()]
o)

Rap = 201logy (6)

max

where ¢! (t) represents the field computed in the test domain, and wff (t) is the reference field computed
using the large domain where no reflection is reached.

The reflection error brought about by the Liao’s ABC, MPML and CPML are graphed in Fig. 2.
It can be seen that the CPML performance is superior to Liao’s ABC and MPML, and the late-time
reflection error introduced by the CPML is much smaller than the Liao’s ABC and MPML. Furthermore,
the CPML can provide significant memory savings when computing the wave interaction of elongated
structures compared with MPML. Therefore, in the following analysis, an 8-cell-thick CPML is used to
truncate the computational domain.
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Figure 2. Reflection error of the electric field Figure 3. The 2-D cylindrical coordinate FDTD
intensity relative to the field’s transient amplitude computational domain of the first step.
versus time.

2.3. Two-Step Method to Calculate the Transmission Line Coupling

To calculate the induced voltage on the overhead line at the oil exploiting port when lightning strikes
the oil derrick, two steps calculation are carried out. At the first step, a 2-D cylindrical coordinate
FDTD simulation is carried out to get the radiated electromagnetic field near the oil derrick. Then a
3-D FDTD simulation is carried out to calculate the induced voltage on the overhead line.

The 2-D cylindrical coordinate FDTD calculation domain of the first step is as shown in Fig. 3,
and the Maxwell equations are solved by the following FDTD updating equations [17]
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The second calculation step is a 3-D FDTD domain simulation elongated along the overhead line
direction, which is to calculate the induced voltage on the overhead line. At this step, the lightning
radiated electromagnetic field, which is calculated at the first step, is introduced through the total-field/
scattered-field boundary [17] as the source. The calculation domain of the 3-D simulation is as shown
in Fig. 4, where in Fig. 4(a) the overhead horizontal line is transversely located while the overhead
horizontal line is radially located in Fig. 4(b).

To validate the efficiency of the proposed two-step method, a reference benchmark is needed. In
this paper, the results calculated from the ordinary 3D-FDTD simulation of the whole computational

N =
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Figure 4. The 3-D calculation domain of the second step to calculate the induced voltage on overhead
lines, where the calculation domain of the first step is also graphed. (a) The overhead line is transversely
located. (b) The overhead line is radially located.
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Figure 5. The horizontal and vertical electric field, which are 10m high from the ground and 50 m
away from the oil derrick, as obtained from the proposed method and the 3D-FDTD method. (a) The
horizontal electric field. (b) The vertical electric field.

domain are used to provide a benchmark for comparison.

Figure 5 graphs both the horizontal and vertical electric fields obtained from the proposed method
and the ordinary 3D-FDTD method. It can be seen that the electric field calculated from the proposed
method is in good agreement with that obtained from the 3D-FDTD method, which demonstrates the
accuracy of the proposed method.

If an ordinary 3-D simulation is performed, a 70m x 70m x 1010 m domain will be involved for
the case that the lightning channel is 1000 m high, overhead line 50 m in length, and 50 m from the oil
derrick. However, only a 20m x 70m x 20m domain is used with the proposed method, which means
that the computational domain of the proposed method is only about 1/176 of the ordinary 3-D FDTD
simulation. It can also be demonstrated that as the distance of the involved area to the oil derrick
increases, there will be much more significant computational resource of the proposed method. Thus
the efficiency of the proposed method is validated.



38 Meng, Zhou, and Yang

2.4. Parallel Implementation of the Second Step

Parallel FDTD is a kind of algorithm that the computational domain is divided into several sub-
domains and each node only handle for the corresponding sub-domain calculation [34,35]. Therefore,
the requirement of the computational storage and time is reduced several times.

The computational domain of the second step calculation is a highly elongated structure, thus a
one-dimensional division will be efficient. The computational space is divided into several parts, and
the grid division and fields’ interaction of neighbor nodes, node N and node N + 1, are shown in Fig. 6,
where Fig. 6(a) is for the transversely located overhead line while Fig. 6(b) is for the radially located
overhead line.

To approve the efficiency of the proposed parallel implementation program, the calculated electric
field by the parallel FDTD simulation is compared with that given by the serial FDTD simulation. The
problem of Fig. 2(b) is computed, and the calculated E, field which is 200m from the oil derrick is
graphed in Fig. 7, where the parallel FDTD is implemented on 4 PC nodes. It can be seen that the
parallel FDTD gives the same result as the serial FDTD, thus the efficiency of the parallel strategy
adopted here is verified. The computer memory and time usage of the proposed parallel program is
30% and 33% respectively compared with the serial FDTD simulation.

Updated both in node N and N+1 Updated both in node Nand N+1

i Updated in node N and
Updatjd |nbnod:N and Updated in node N+1 5 R Updated in node N+1
used as bouncary and used as boundary conditions in node N+1 U e Lol
conditions in node N+1\L / conditions in node N \_ conditions in node N
+ + R4y
x3
e e | @ 2 ne e | (® 2
t 4 + 4
®© O ® ®
t ? 7 1 1 —
H Hz H:
Vi bomy [HY iy ¢
node N | ___i {1K0 node N+1 node N & E7O01 { _ Tioge net
interface interface
(a) (b)

Figure 6. Configuration of field component exchange. (a) The parallel program for the transversely
located overhead line. (b) The parallel program for the radially located overhead line.
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Figure 7. Comparison of the vertical electric field 200m from the oil derrick between parallel
implementation and serial FDTD.
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3. INDUCED VOLTAGE ON THE OVERHEAD LINE

In this section, the induced voltage on the overhead lines, which are transversely and radially located
as shown in Figs. 2(a) and 2(b), are studied when lightning strikes the oil derrick.

First, both the vertical and horizontal electric fields are monitored as the distance from the lightning
struck oil derrick increases. Then the induced voltage on the transversely and radially located overhead
lines is studied. Third, the overhead line length effect on the induced voltage is analyzed. Fourth, the
height of the overhead line is varied and the induced voltage is calculated.

3.1. The Electromagnetic Field near the Oil Derrick

To analyze the induced voltage on the overhead line, the electric field near the oil derrick is monitored
firstly. Fig. 8(a) graphs the horizontal electric field 10 m from the ground at varied distances from the oil
derrick, it can be seen that the horizontal electric field decreases dramatically as the distance increases.
It can also be demonstrated that the horizontal electric field near the lightning struck oil derrick is
decreased in a 1/r variation, where r is the distance from the oil derrick.
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Figure 8. The horizontal and vertical electric field 10m high from the ground. (a) The horizontal
electric field. (b) The vertical electric field.

In Fig. 8(b) is plotted the vertical electric field, and it is clear that the vertical electric field decreases
as the distance from the oil derrick increases. The peak vertical electric field value is —245V/m when
d = 10m while —225V/m when d = 20m, which means that the vertical electric field is not decreased
in a 1/r variation.

From comparison of Figs. 8(b) and 8(a), it can also be concluded that not only the vertical electric
field is larger than the horizontal field but also the duration of the vertical field is much longer than
that of the horizontal field. It can also been seen that the vertical electric field decreases much slower
than the horizontal electric field.

3.2. The Overhead Line Direction Effect on the Induced Voltage

The overhead line is set transversely and radially to the oil derrick, and the induced voltage is calculated.
To this point, the length of the overhead line is 20 m, and they are set to be 2m from the ground. The
distance between the oil derrick and the center of the transverse line is 5m, and the same distance is
set from the oil derrick to the adjacent side of the radially located line. The induced voltages both at
the adjacent side and far side on the radially set line are graphed in Fig. 9, where the transverse line
induced voltage is also included.

It is clear that the induced voltage of the radially located line at the side adjacent to the oil derrick
is much higher than that at the far side. It can also be seen from Fig. 9 that the induced voltage on
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Figure 9. The induced voltage on the Figure 10. The induced voltage when the
transversely and radially located overhead line, overhead line length is 20 m and 50 m respectively.
where — — — indicate the induced voltage

on the radially located line at the side and

indicates that at the far side.

the transversely located overhead line is quite smaller than the voltage at the near side of the radially
located line, and even smaller than that at the far side of the radial line. Thus it can be concluded that
the transversely located overhead line will introduce lower voltage than the radially located overhead

line.

3.3. The Line Length on the Induced Voltage

The length of the radially located overhead line is varied from L = 20m to 50m, and the induced
voltage is studied. The near side of the line is 5m from the oil derrick, and the line is 2m in height. In
Fig. 10 is graphed the induced voltage of the line when the line length is 20 m and 50 m respectively.
It can be seen from Fig. 10 that the peak value of the induced voltage is increased from 820kV to
930kV as the overhead line length is varied from 20m to 50 m. It can also be seen that the waveform
of the induced voltage is becomes smoothly as the length is increased from 20 m to 50 m, which denotes
that the low-frequency induction on the line is strengthened as the overhead line length is increased.

801

U (kV)

-160

——H=5m

-240

-320 T T
0 2 4 6 8

time (us)

Figure 11. The induced voltage when the overhead line is 2m and 5m high from the ground
respectively.
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3.4. The Line Height Effect on the Induced Voltage

The overhead line height effect on the induced voltage is studied in this part. To this point, the induced
voltage on a transversely located overhead line, which is 20m in length and 20 m from the oil derrick,
is simulated. The overhead line is 20m in length, and the height of the line is varied from 2m to 5 m.
The induced voltage is calculated and graphed in Fig. 11.

It can be seen from Fig. 11 that the peak value of the induced voltage is increased dramatically
from 134kV to 308kV, which means that the vertical line will introduce huge induced voltage to the
line. Thus it is better to set the overhead line as low as possible to reduce the induced voltage.

From the analyses in this part, it can be concluded that the value and duration of the vertical field
is much longer than that of the horizontal field, and the vertical electric field decreases much slower
as the distance from the oil derrick increases. It can also be concluded that the transversely located
overhead line will introduce lower voltage than the radially located line. As the overhead line length
increases, the induced voltage increases and the low-frequency induction is strengthened. High overhead
line will introduce a much higher voltage, thus the overhead line should be set as low as possible to
reduce the induced voltage.

4. CONCLUSIONS

In this work, a new model has been established for the FDTD analysis of the induced voltage on the
overhead lines at the oil derrick port. The MTLL approximate formulation is used to simulate the
lightning strike to an oil derrick, and the CPML is chosen among the absorbing boundary conditions
to truncate the computational domain. Third, a two-step method is introduced to calculate the
voltage induced on the overhead line in order to reduce the computational resources. Finally, parallel
implementation is introduced in the second-step calculation to overcome the memory limit of the serial
FDTD.

With the proposed FDTD calculation model, the electromagnetic field near the oil derrick is
analyzed when lightning strikes the oil derrick firstly, and then the voltage induced on the overhead line
is studied as the overhead line position is varied. It can be seen that the electromagnetic field decreases
as the distance from the oil derrick increases, but the vertical field decreases much slower than the
horizontal field. It is shown that the transversely located overhead line will introduce lower voltage
than the radially located line, thus it is better to set the line transverse rather than radial. As the line
length increases, the induced voltage increases and the low-frequency induction strengthened. It is also
demonstrated that high overhead line will result in a much higher induced voltage, and the overhead
line should be set as low as possible to reduce the induced voltage.

The proposed model is capable of analysing the induced voltage of other equipments when lightning
strikes an oil derrick, and the conclusions derived in this paper will be useful in the line setting design
at the oil derrick port.
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