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Abstract— Simulation of very fast surge phenomena in
a three-dimensional (3-D) structure requires a method
based on Maxwell’s equations, such as the FDTD (finite
difference time domain) method or the MoM (method of
moments), because circuit-equation-based methods can-
not handle the phenomena. This paper describes a
method of thin wire representation of the vertical con-
ductor system for the FDTD method which is suitable for
the 3-D surge simulation. The thin wire representation is
indispensable to simulate electromagnetic surges on wires
or steel frames of which the radius is smaller than a dis-
cretized space step used in the FDTD simulation. A gen-
eral surge analysis program named VSTL (Virtual Surge
Test Lab.) based on the Maxwell equations formulated by
the FDTD method is used to simulate the surge phenom-
ena of a vertical conductor, including the effects of ground
plane and without ground plane. By use of the Maxwell
equations, VSTL is inherently able to take into account
the three-dimensional geometrical features of a simulated
structure unlike EMTP-type circuit-based transient pro-
grams. Comparisons between calculated results by the
FDTD method, theoretical results and computed results
by the NEC-2 (Numerical Electromagnetic Code) based
on the MoM are presented to show the accuracy of the
thin wire representation.

Keywords— FDTD method, Maxwell equations, thin
wire, surge analysis, Numerical electromagnetic field anal-
ysis, vertical conductor.

I. INTRODUCTION

CONVENTIONAL surge problems have successfully
been solved by circuit theory, where transmission

lines consisting of wires parallel to the earth surface are
modeled by distributed-parameter circuit elements and
the other components by lumped-parameter circuit ele-
ments [1]. The distributed-parameter circuit theory as-
sumes plane-wave propagation that is a reasonable and
accurate approximation for the transmission lines, and
this assumption enables handling of the electromagnetic
wave propagation within the circuit theory. On the other
hand, very fast surge phenomena in a three-dimensional
(3-D) structure, which includes surge propagation in a
transmission tower and in a tall building, cannot be
approximated by plane-wave propagation. Thus, those
phenomena cannot be dealt with by circuit theory but
need to be solved by Maxwell’s equation as an electro-
magnetic field problem. Nowadays, the surge propaga-
tion in a transmission tower needs to be analyzed for eco-
nomical insulation design. Furthermore, in a tall build-
ing, it is also important to assess the interference of light-
ning surges with information devices inside the building.

The processing speed and the memory capacity of com-
puters have rapidly been progressing, and the FDTD
(finite difference time domain) method that solves the
Maxwell’s equations by the method of difference becomes

a practical choice in the field of antenna analysis [2], [3].
At present, even a personal computer can be used for
FDTD analysis, and these circumstances caused the au-
thors to analyze vertical conductor surge response based
on the FDTD method.

This paper describes the surge analysis program
named VSTL (Virtual Surge Test Lab.) based on the
FDTD method. VSTL has been developed by Noda et
al. from scratch at CRIEPI since late 1999. and contin-
uous development is being carried out. VSTL is one of
the registered programs of CRIEPI which are available
to Japanese electric power utilities and to non-profitable
research groups in the world. The FDTD method di-
vides the space of interest into cubic cells and directly
calculates the electric and magnetic fields of the cells
by discretizing the Maxwell equations, where the deriva-
tives with respect to time and space are replaced by a
numerical difference. Updating the procedure at each
time step gives the transient solution of electric and mag-
netic fields. By use of the FDTD method, the developed
program VSTL is inherently able to take into account
the geometrical features of a simulated structure, unlike
EMTP-type circuit-based transient programs. Thus, the
program is advantageous to solve both of the following
problem types:

(i) surge propagation on a three-dimensional circuit
(3-D skeleton structure);

(ii) surge propagation inside a three-dimensional im-
perfectly conducting medium such as earth soil.

The MoM (method of moments) also numerically
solves the Maxwell Equations [4], and the NEC-2 (Nu-
merical Electromagnetic Code)is a well-known program
based on MoM [5]. Although MoM efficiently solves the
type (i) problems, it cannot solve the type (ii) ones ex-
cept very simple cases, because the handing of three-
dimensional current distribution in a imperfectly con-
ducting medium is complicated [6]. On the other hand,
FDTD is inherently able to solve both problem types ef-
ficiently. One weak point of FDTD is the treatment of a
thin wire. Thus, a field correction method to accurately
treat the radius of the thin wire is proposed in [7] and
implemented in VSTL. This paper proposes a method to
accurately represent the thin wire for the single vertical
conductor in the FDTD simulation (“thin wire” is de-
fined as a conductive wire of which the radius is smaller
than the size of a discretized cell). Then, surge simula-
tion results using NEC-2 for the thin wire representation
of a vertical conductor are also presented.

One of the authors derived the formula of surge
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impedance with a ground plane: Z = 60{ln(2
√

2h/r0)−
1.983} (Ω) and without a ground plane: Z =
60{ln(2

√
2h/r0)−1.540} (Ω) [8]. The theoretical formula

of surge impedance with the ground plane is very close to
the well known experimental formula of Hara et al. [9].
The theoretical values of surge impedance at t = 2h/c
agree satisfactorily with the experimental and computed
results using NEC-2 [10], [11]. Finally, this paper shows
the comparisons between the theoretical results and sim-
ulation results of surge impedance with ground plane and
without ground plane, based on the FDTD method and
NEC-2.

II. ALGORITHM

In the analysis of VSTL, the analysis space is defined
as a rectangular-parallelepiped space. Arbitrary number
of thin wire conductors, rectangular-parallelepiped con-
ductors, and localized voltage and current sources are
arbitrarily placed in the analysis space, and transient
electric and magnetic fields are calculated. The bottom
of the analysis space can be defined as an imperfectly-
conducting medium such as earth, and each boundary
of the analysis space can independently be defined as a
perfectly-conducting plane or an absorbing plane. The
waveform of a localized voltage or current at an arbitrary
position is outputted as specified.

A. FDTD Formulation

There exist several different formulations of FDTD
method. In order to precisely describe the proposed
method of thin wire representation, the formulation used
in this paper is briefly reviewed here. Assuming neither
anisotropic nor dispersive medium in the space of inter-
est, the Maxwell equations in Cartesian coordinates are

∇× E = −µ
∂H

∂t
, ∇× H = ε

∂E

∂t
+ σE, (1)

∇ · E =
ρ

ε
, and ∇ · H = 0. (2)

where
E electric field;
H magnetic field;
ρ charge density;
ε permittivity;
µ permeability;
σ conductivity.

Discretizing the analysis space by a small length ∆s in
all the directions, the space is filled with cubes of which
the sides are ∆s, and each cube is called a cell. Assume
that the number of divisions of the analysis space along
the x coordinate is Nx, along the y coordinate Ny, and
along the z coordinate Nz. The analysis space is given
by the following range,

x = i∆s, (0 ≤ i ≤ Nx), y = j∆s, (0 ≤ j ≤ Ny),
z = k∆s, (0 ≤ k ≤ Nz). (3)

Equation (1) includes derivatives with respect to po-
sition x, y, z, and time t. In the FDTD formulation,
representing values of electric and magnetic fields in a
cell is shown in Fig. 1, and this yields the replacement
of the derivatives with respect to x, y, and z in (1) with
the following central difference,

∂f(x)
∂x

∼= f(x + ∆x/2) − f(x − ∆x/2)
∆s

. (4)

In the above equation, f is a component of E or H,
and the same equation is valid also for y and z. The
same central difference shown in the following equa-
tion replaces the derivatives with respect to time in
(1), assuming that electric fields are calculated at time
steps t = n∆t (n = 0, 1, · · ·) and magnetic fields at
t = (n + 1/2)∆t (n = 0, 1, · · ·) by turns,

∂f(t)
∂t

∼= f(t + ∆t/2) − f(t − ∆t/2)
∆t

. (5)

Applying (4) and (5) to (1) yields the following differ-
ence equations (e.g. En

x(i + 1/2, j, k) represents x com-
ponent electric field at position x = (i + 1/2)∆s, y =
j∆s, z = k∆s, and at time t = n∆t, and the other com-
ponents are expressed in the same manner),

En
x (i +

1
2
, j, k) = K1E

n−1
x (i +

1
2
, j, k)

+K2{Hn−1/2
z (i +

1
2
, j +

1
2
, k) − Hn−1/2

z (i +
1
2
, j − 1

2
, k)

−Hn−1/2
y (i +

1
2
, j, k +

1
2
) + Hn−1/2

y (i +
1
2
, j, k − 1

2
)} (6)

En
y (i, j +

1
2
, k) = K1E

n−1
y (i, j +

1
2
, k)

+K2{Hn−1/2
x (i, j +

1
2
, k +

1
2
) − Hn−1/2

x (i, j +
1
2
, k − 1

2
)

−Hn−1/2
z (i +

1
2
, j +

1
2
, k) + Hn−1/2

z (i − 1
2
, j +

1
2
, k)}(7)

En
z (i, j, k +

1
2
) = K1E

n−1
z (i, j, k +

1
2
)

+K2{Hn−1/2
y (i +

1
2
, j, k +

1
2
) − Hn−1/2

y (i − 1
2
, j, k +

1
2
)

−Hn−1/2
x (i, j +

1
2
, k +

1
2
) + Hn−1/2

x (i, j − 1
2
, k +

1
2
)}(8)

Hn+1/2
x (i, j +

1
2
, k +

1
2
) = Hn−1/2

x (i, j +
1
2
, k +

1
2
)

+K3{−En
z (i, j + 1, k +

1
2
) + En

z (i, j, k +
1
2
)

+En
y (i, j +

1
2
, k + 1) − En

y (i, j +
1
2
, k)} (9)
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Fig. 1. Configuration of electric and magnetic fields in cell.
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1
2
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2
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2
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+En
z (i + 1, j, k +

1
2
) − En

z (i, j, k +
1
2
)} (10)

Hn+1/2
z (i +

1
2
, j +

1
2
, k) = Hn−1/2

z (i +
1
2
, j +

1
2
, k)
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2
, k)

+En
x (i +

1
2
, j + 1, k) − En

x (i +
1
2
, j, k)}. (11)

In the derivation of the above equations, an approxi-
mation σEn−1/2 ∼= σ{En−1 + En}/2 is used, and coeffi-
cients K1, K2, and K3 are given by the following equa-
tions,

K1 =
1 − σ∆t

2ε

1 + σ∆t
2ε

, K2 =
∆t

ε∆s

1
1 + σ∆t

2ε

, K3 =
∆t

µ∆s
. (12)

Equations (6)–(11) are the FDTD formulas of the
Maxwell equations, and transient fields are obtained by
calculating electric and magnetic fields alternately at
time intervals ∆t/2. Although (2) is not explicitly for-
mulated, it is proven that (6)–(11) automatically satisfies
(2) [2]. The general surge analysis program VSTL uses
this FDTD formulation.

B. Time Step and Space Step

Equations (6)–(11) are considered as numerical inte-
gration, and stable integration is performed if the fol-
lowing condition is satisfied (Courant’s condition) [2],

∆t√
µε

≤ ∆s√
3
. (13)

On the other hand, the grid dispersion error is mini-
mize when the above equation is an equality. Thus, the
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Fig. 2. Thin wire and configuration of adjacent electric and mag-
netic fields.

following formula is used in all calculations in this paper
to determine time step ∆t by user defined space step ∆s:

∆t = ∆s

√
µε

3
(1 − α). (14)

α is a small positive value specified by the user in order
to prevent instability of the numerical integration due to
round-off error in (6)–(11).

III. THIN WIRE REPRESENTATION

If the space step were chosen to be small enough to rep-
resent the shape of wire’s cross section, an accurate rep-
resentation would be possible. However, it requires im-
practical computational resources at this moment. The
thin wire is defined as a conductive wire of which the
radius is smaller than the size of a cell in the FDTD sim-
ulation. In antenna simulations, the thin wire is mainly
used to represent an antenna element–the most impor-
tant part. In surge simulations, it is also important
to represent wires (phase and ground wires of a trans-
mission/distribution line) and steel frames of a building
along which surges propagate. Umashankar et al. pro-
posed a method of thin wire representation by correcting
the adjacent magnetic fields of the wire according to its
radius [12], and [13] reports that the method is valid for
the calculation of radiated fields by an antenna. How-
ever, the Umashankar method cannot give accurate surge
impedance [14].

A. Modification of Permittivity and Permeability

The FDTD method of thin wire representation cor-
rects both the adjacent electric and magnetic fields of
the wire according to its radius and gives accurate surge
impedance. The correction of the fields is carried out by
equivalently modifying the permittivity and permeabil-
ity of the adjacent cells. Fig. 2(a) shows a wire with ra-

57M. O. Goni, et al.: Thin Wire Representation of the Vertical Conductor in Surge Simulation



I H (i - 1/2,  j, k + 1/2)

H (i, j + 1/2, k + 1/2)

E (i, j, k + 1/2)
H (i + 1/2, j, k + 1/2)

H (i, j - 1/2 , k + 1/2)x

y
z

y

x

Fig. 3. Calculation of current by Ampere’s Law.

dius r placed in the z direction, and the permittivity and
permeability of the space are ε and µ. Fig. 2(b) shows
the cross section of the wire with the adjacent electric
fields, and Fig. 2(c) with the adjacent magnetic fields. In
the FDTD method, a wire is, in principle, represented
by forcing the electric fields along the center line of the
wire to be zero, and Ez components are forced to be
zero in this case. In order to take into account the effect
of the thin wire radius r, the VSTL uses the following
corrected permittivity to calculate the adjacent electric
fields Ex1, Ex2, Ey1, Ey2 in (6)–(8),

ε′ = mε,

and the following corrected permeability to calculate the
adjacent magnetic fields Hx1,Hx2,Hy1,Hy2 in (9)–(11),

µ′ = µ/m,

where the correction factor m is given by

m =
1.471

ln(∆s/r)
. (15)

IV. GENERAL SURGE ANALYSIS
PROGRAM

The general surge analysis program, named Virtual
Surge Test Lab. (VSTL), which is based on the FDTD
method and the proposed thin wire representation for
the vertical conductor is briefly described in this section.

A. Treatment of Boundaries

Each boundary of the space of interest can indepen-
dently be defined as a perfectly conducting plane or an
absorbing plane. The perfectly conducting plane can eas-
ily be represented by forcing the tangential components
of electric fields at the boundary to be zero. The second-
order Liao’s method is used to represent the absorbing
plane, because it is more accurate and required less mem-
ory compared with other methods [15]. An open space
can be assumed by applying the absorbing plane to all
the boundaries of the space of interest.

B. Imperfectly Conducting Earth

The goal of the surge analysis is usually to find the
solution of surge propagation in a 3-D skeleton struc-
ture above either an imperfectly or perfectly conducting
earth. In the FDTD calculation, the representation of

START

t >= Tmax

Read data case and initialize variables

Calculate E at the boundary planes

           Calculate the entire E

Force E to be zero on the surface of 
 rectangular parallelpiped objects

Calculate E at localized voltage sources 
          and localized current sources

Output E and localized V

        Calculate the entire H

Calculate H around the thin wires with 
              modified permeability µ/m

Output H and localized I

STOP

ΝΟ

YES

t = 0

t = t +∆t/2

t = t +∆t/2

Force E at the center line of thin wires to 
be  zero, and calculate E around the wires 
with modified permittivity mε

Fig. 4. Calculation procedure of VSTL.

the conducting earth with resistivity ρe can be achieved
by simply setting the value of σ in (12) to 1/ρe in the
region defined as the copper plane.

C. Rectangular-Parallelepiped Conductors

The geometrical shape of most power equipment can
be represented by a combination of several rectangular-
parallelepiped objects. The rectangular-parallelepiped
conductor is simply modeled by forcing the tangential
electric fields on its surface to be zero.

D. Localized Voltage and Current Sources

Unlike the static electric fields, the transient electric
fields do not satisfy ∇ × E = 0. Thus, in the analy-
sis of transient fields, the voltage or the voltage differ-
ence does not make sense in general. But if we take
notice of an electric field component of a cell, the volt-
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age difference across a side of the cell can reasonably
be defined as V = E∆s, because waves of which the
wavelength is shorter than λ = 2∆s do not propagate
in the FDTD calculation due to the bandwidth limita-
tion of ∆s. Therefore, we can model a localized volt-
age source by forcing an electric field component at a
specified position in a specified direction to be a speci-
fied waveform. For example, in order to place a voltage
source of which the waveform is given by V n = V (n∆t)
at x = i∆s, y = j∆s, z = (k+1/2)∆s in the z direction,
the following equation is used to force the electric field
value,

En
z (i, j, k + 1/2) = −{V n − RIn−1/2}/∆s, (16)

where R is the internal resistance of the voltage source
specified by a user (it can be set to zero), and current I
is given by the following equation as shown in Fig. 3,

In−1/2 = {Hn−1/2
x (i, j − 1

2
, k +

1
2
)

−Hn−1/2
x (i, j +

1
2
, k +

1
2
)

+Hn−1/2
y (i +

1
2
, j, k +

1
2
)

−Hn−1/2
y (i − 1

2
, j, k +

1
2
)}∆s. (17)

In the case of a current source, because current itself is
a general quantity even in the transient fields, it can
be modeled by modifying an electric field component
at a specified position in a specified direction as in the
following example. In order to place a current source
of which the waveform is given by In = I(n∆t) at
x = i∆s, y = j∆s, z = (k + 1/2)∆s in the z direction,
the following term is added to (8),

− ∆t/ε

1 + σ∆t
2ε

In−1/2

∆s2
, σ = 1/(R∆s), (18)

and R is the internal resistance of the current source
specified by a user.

E. Calculation Procedure and Output

The flow chart of the calculation procedure of VSTL
is shown in Fig. 4. The output of VSTL includes the
waveform of localized voltage differences and current in-
tensities at a specified position in a specified direction.
The waveform of the localized voltage difference is cal-
culated by V = E∆s, and that of the current intensity
by (17).

V. SIMULATION RESULTS OF VERTICAL
CONDUCTOR

A. With Ground Plane

The modeling of a vertical conductor system is quite
important as a basis of transmission tower modeling. A
tower is approximated as a vertical cylinder having a
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Fig. 5. Arrangement of the vertical conductor system (with ground
plane).
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Fig. 6. Calculated waveforms of the voltage and currents (with
ground plane).

height equal to that of the tower and a radius equal to the
mean equivalent radius of the tower [16]. Fig. 5 shows
a reduced-scale model of the vertical conductor system
with a single cylindrical conductor of radius 5 mm. The
vertical conductor is excited by a pulse generator (PG)
via a current lead wire, and the tower-top voltage is de-
fined as the voltage between the tower top and a voltage
measuring wire. In the simulation with FDTD, the di-
mensions of the analysis space were 3.5m×2.5m×1.0m
with space step ∆s = 2 cm. The time step was deter-
mined by (14) with α = 0.01, and all the six boundaries
of the cell were treated as second-order Liao’s absorbing
boundary. The thickness and the resistivity of the earth
were set to 6 cm and 1.69×10−8 Ωm. The PG was mod-
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Fig. 8. Arrangement of the vertical conductor system (without
ground plane).

eled by a current source, with internal resistance 0.5 kΩ.
Fig. 6 shows the calculated results of voltage waveforms
at the top of the vertical conductor and that of current
waveforms in the different parts of it. The influence of
the ground plane can be observed by realizing a small
current which is induced in the vertical conductor before
the actual surge current flows through it. This small
magnitude of current is due to the fact that the electric
field produced by the current injected in the horizontal
current lead wire induces this current at the vertical con-
ductor. The reflection phenomena of the current wave
from the ground can be understood with these results.

Geometry, Source
Impedance, etc. Source Waveform

NEC-2

FFT

INV-FFT

Current Waveform

Fig. 9. Flow of the solution using NEC-2.

B. Without Ground Plane

A reduced-scale model of the vertical conductor sys-
tem without ground plane is shown in Fig. 7. It is also
the case of the lightning phenomena caused by the re-
turn stroke [17]. The pulse generator, in this case, is
placed at the top of the vertical conductor and the cur-
rent lead wire is extended vertically without connecting
to the ground. The dimensions of the analysis space were
1.0m×2.5m×3.0m. All other parameters are the same
as the case with the ground plane. Fig. 8 shows the wave-
form of conductor-top voltage and currents splitting into
the vertical conductor.

C. Computation Time

It may be believed that the FDTD method is a time-
consuming method. However, the progress of computers
in terms of speed and memory is considerable, and even
a personal computer can be used for FDTD calculations.
In fact, the simulations presented in this paper were per-
formed by a personal computer with Intel Celeron 700
MHz CPU and 192 MB RAM. Although the computa-
tion time absolutely depends on the cell size and the
dimension of the analysis space, in this paper, the cell
size is considered a lower value satisfying the Courant
condition in order to obtain more accurate results of the
surge response. Therefore, the computation time for the
vertical conductor with ground plane is around 16 min-
utes and without ground plane is around 12 minutes.

VI. SURGE SIMULATION BY NEC-2

In this section, the NEC-2 (Numerical Electromag-
netic Code) is employed for the analysis of surge response
of the vertical conductor. It is a widely used three-
dimensional electromagnetic modeling code based on the
MoM (method of moments) [4] in the frequency domain,
and is particularly effective in analyzing the electromag-
netic response of antennas or other metallic structures
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surface.

composed of thin wires. A vertical conductor system
needs to be decomposed into thin wire elements, and the
position, orientation and the radius of each element con-
stitute the input data, along with the description of the
source and frequencies to be analyzed. In the analysis,
all the elements in the system are treated as perfect con-
ductors. To solve the time-varying electromagnetic re-
sponse, Fourier transform and inverse Fourier transform
are used. The MoM requires that the entire structure be
divided into wire segments that must be small compared
to the wavelength. Once the model is defined, an exci-
tation is imposed as a voltage source or a plane wave on
one of the wire segments. The MoM approach is to deter-
mine the current on every segment due to the source and
all the other currents by numerically solving the electric

field integral equation. Fig. 9 shows the flow chart of the
solution by NEC-2.

Fig. 10 shows the reduced-scale model of the vertical
conductor system for the surge analysis using NEC-2.
The arrangement of the current lead wire connected to
the top of the vertical conductor with the existence of
the ground plane is indicated in Fig. 10. The dimensions
of the vertical conductor model are maintained the same
as with the FDTD method in the previous section. A
step current pulse generator having pulse voltage of 5 V
in magnitude, rise-time of 1 ns and pulse width of 40
ns is used, which is meant to incorporate the influence
of the induction from the lightning channel hitting the
vertical conductor.

For the numerical analysis, the conductors of the sys-
tem are divided into 5 cm segments. This segmentation
must satisfy electrical consideration relative to the wave-
length as: 0.001λ < ∆L < 0.1λ, where ∆L and λ are the
segment length and wavelength respectively. The inter-
nal impedance of the pulse generator is 0.5 kΩ. The
system of structures under analysis was postulated to be
on perfectly conducting ground. Then we calculate the
surge impedance, which is defined by the ratio of the in-
stantaneous values of the voltage to the current at the
moment of voltage peak.

A. With Ground Plane

Fig. 11 shows the simulation results by NEC-2. The
influence of the reflected wave from the ground reaches
the top of the conductor is observed at t = 2h/c = 4 ns
exactly, which means that the travelling wave is propa-
gating at the velocity of light. The computed waveforms
of currents which are flowing through the vertical con-
ductor are indicated by the mark ‘CT’ in Fig. 10. As
the pulse generator is placed 300 cm from the vertical
conductor, the current through the vertical conductor
is delayed approximately 10 ns. The existence of the
ground plane can also be observed in these current wave-
forms, where the field produced by the current injected
horizontally induces currents of small magnitude before
the actual surge current flows through the vertical con-
ductor. These simulation results of currents and voltage
waveforms in Fig. 11 obtained by NEC-2 are almost iden-
tical to the simulation results with the FDTD method in
Fig. 6.

B. Without Ground Plane

A reduced-scale model of the vertical conductor sys-
tem without a ground plane is indicated in Fig. 12. Here,
the current lead wire is extended vertically to the top
of the vertical conductor. The same PG is now used
at the top without connecting to the ground. In both
cases, the voltage measuring wire is stretched horizon-
tally and connected to the ground. This termination
condition does not affect the electromagnetic phenom-
ena at the vertical conductor within 17.33 ns. All other
parameters are maintained the same as the ground plane
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Fig. 13. Computed waveforms of voltage at the top and currents in
the various parts of the vertical conductor in case with no ground
surface.

case. The simulation results of voltage at the top of the
vertical conductor and currents through different parts
of it are shown in Fig. 13. However, in this analysis,
the waveforms of current through the vertical conductor
are somewhat different from the current waveforms of
Fig. 11 at the starting region because of absence of the
ground surface. Also, the current starts flowing instantly
through the vertical conductor without being delayed.

C. Computation Time

Computation is carried out in the frequency range of
7.813 MHz to 4 GHz with an increment step of 7.813
MHz. This corresponds to the time range of 0 to 128
ns with 0.25 ns increments. The computation time for
the output of NEC-2 block of the flow chart of Fig. 10,
with a Intel Celeron 700 MHz processor with 192 MB
RAM is about 56 seconds for the ground plane case and
30 seconds without ground plane case.

VII. THEORETICAL FORMULA OF SURGE
IMPEDANCES

One of the author’s theory is able to apply widely in
case of ground surface and without ground surface. Sup-
pose that a surge electric current is injected on the ver-
tical conductor whose height is h and radius is r0. Then
the surge current wave is reflected at the ground of the
perfect conductor and returns to the top of the vertical
conductor.

Introducing the electric current reflectivity β = 1 and
the magnetic field reflectivity γ(γi, γr) = 0, the theoret-
ical formula of surge impedance which is very close to
the well known experimental formula [9] is obtained as
follows;

Z = 60(ln(
h

2r0
) − 1

4
)

= 60(ln(
2
√

2h
r0

) − 1.983). (19)

Equation (19) gives the surge impedance of the vertical
conductor just after the occurrence of the reflection of
the travelling wave propagating down from the top of
the structure. However, if it is considered that β =
γi = γr = 1, it became

V (t) =
cµ0I0

2π

(
ln

(ct + 2r0)
2r0

− ct

2(ct + r0)

)
.

The above equation can be modified by substituting
ct = 2h, where c is the velocity of light and assuming
h � r0 as follows;

Z = 60(ln(
h

r0
) − 1

2
)

= 60(ln(
2
√

2h
r0

) − 1.540). (20)

On the other hand, if there is no ground, the following
formula is used [18],

V (t) =
∫ ct

0

(−Ei · dl)

=
cµ0I0

2π

(
ln

(ct + 2r0)
2r0

− ct

2(ct + r0)

)
.

Substituting ct = 2h and assuming h � r0 in the
above equation, we get

Z = 60(ln(
h

r0
) − 1

2
)
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Fig. 14. Surge impedance of the single vertical conductor at 0 <
t ≤ 2h/c.

= 60(ln(
2
√

2h
r0

) − 1.540). (21)

This formula given by (21) is the same as (20). The wave-
forms of the surge impedances calculated from the theo-
retical Equations (19) and (20) with ground and without
ground plane respectively, are plotted along with the sim-
ulation results by the FDTD method and the MoM in
Fig. 14. However, the surge impedance values at t ≈ 2h/c
are summarized in Table I.

TABLE I

Surge Impedances of the Vertical Conductor at t ≈ 2h/c

With ground Without ground
NEC-2 365 434

Theoretical 232 258
FDTD 214 304

VIII. CONCLUSIONS

In this paper, a method of thin wire representation of a
vertical conductor system with the effect of ground plane
and without ground plane is described. The analysis of
surge response has been carried out by the FDTD-based
surge simulation code VSTL and MoM-based NEC-2.
The accuracy of VSTL has been validated by comparing
with NEC-2 results and theoretical values of the vertical

conductor surge impedance. The bottom of the analysis
space in both cases is considered as a copper plate, al-
though in NEC-2, it was postulated to be on perfectly
conducting ground. The analysis results of the surge re-
sponse with the FDTD method and NEC-2 are found to
be quite similar. The computation time absolutely de-
pends on the configuration of the system structures and
modeling of the wires.
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