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Abstract—This paper presents new features recently added the lightning response of a transmission tower [1], and Tan-
to a general-purpose surge simulation code based on theaghe used FDTD for the simulation of transient grounding

FDTD (Finite Difference Time Domain) method. The added fea- ,heqance [2]. The authors developed a general-purpose surge
tures include various-shape conductor models, lumped-parameter

circuit-element models, a lightning-channel model, and an inte- simulation code base_d on FDTD_ 3] _and_ proposed a method
grated analysis environment (IAE). For precisely modeling the t0 represent the radius of a thin wire in the FDTD surge
shapes of various conductors, the following conductor models simulation [4]. The developed simulation code, called VSTL
have been added: inclined thin wire, disc, square plate, cylinder, (Virtual Surge Test Lab.), is now used at electric power

cone, and quadrangular pyramid. The lumped-parameter circuit- 5 mnanjes and universities for practical and research-purpose
element models allow the user to represent the lumped impedance

of an apparatus placed inside the analysis space. The lightning- SIUd'.eS'

channel model realizes a return-stroke development at a speed This paper presents new features recently added to VSTL.
slower than the light speed. The IAE includes a GUI (Graphical The added features include various shape conductor models,
User Interface) which allows the user to enter geometrical data |ymped-parameter circuit-element models, a lightning-channel

in a visual way. It also provides a waveform plotting program 4| and an integrated analysis environment (IAE). For
for viewing voltage, current, electric-field, and magnetic-field

waveforms and a movie program for displaying the animation precisely modeling the shapes of various conductors, the fol-
of a transient electric/magnetic-field intensity distribution. For ~lowing conductor models have been added: inclined thin wire,
an illustrative example, the lightning overvoltage calculation of disc, square plate, cylinder, cone, and quadrangular pyramid.
a transmission tower is presented. The lumped-parameter circuit-element models allow the user
Index Terms—Electromagnetic transient analysis, FDTD to represent the lumped impedance of an electric/electronic ap-
methods, Graphical user interfaces, Lightning, Poles and towers, paratus placed inside the analysis space. The lightning-channel
Simulation software, and Surges. model realizes a return-stroke development at a speed slower

than the light speed. The IAE includes a GUI (Graphical User

|. INTRODUCTION Interface) which allows the user to enter geometrical data in

ERY-FAST surge phenomena on three-dimensional (3-ViSual way. It also provides a waveform plotting program
D) structures cannot be simulated accurately by convei@! Viewing voltage, current, electric-field, and magnetic-field
tional circuit-theory-based techniques. For instance, a travelifgveforms and a movie program for displaying the animation
wave on a tall vertical structure propagating downward canr¥ a_tran5|e_nt eIectrlc/magnet_lc-fle!d intensity distribution. I_:or
be analyzed by the distributed-parameter-line theory due qg illustrative exan_1p|t_e, the I|ghtn|ng overvoltage calculation
the following reasons: (i) The lines of electric force from th@' @ 500-kV transmission tower is presented. The overvoltages
traveling wave have not yet reached the ground surface, ﬁ{c}he insulator strings of the tower are calculated using VSTL
thus, defining the capacitance per unit length to the groultf the new features.
is meaningless. (ii) The magnetic fluxes generated by the
traveling wave stay in the vicinity, and the resultant effective Il. VARIOUS-SHAPE CONDUCTORMODELS

inductance p.u.l. is different from that obtained assuming a

quasi-static magnetic field. This suggests that these kinds O§|nce a conductor system of interest often has a complicated

very-fast surge phenomena should be analyzed by numerﬁtéVCture’ conductor models with various shapes have been

electromagnetic (EM) field simulations such as the Finif& ded. to the simulation code for precisely modeling the_
Difference Time Domain (FDTD) method and the Metho&qmpl'ca}ted 'shapes. The added conductor model; are (a) thin
of Moments (MoM). Ishii and Baba used MoM to analyz%lre. Wh'Ch. IS pot parallgl to any of the coordlnate. axes
inclined thin wire), (b) disc, (c) square plate, (d) cylinder,
(e) cone, and (f) quadrangular pyramid, while a rectangular-
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) staircase approximation. In [5] the error in propagation ve-
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the zigzag path as a result of the staircase approximationwiBere (x,y,z) is the coordinates of the midpoints. Other

generally small. The details are not repeated here. conductor models are represented in the same way. The added
The conductor models (b)-(f) were implemented by theonductor models are shown in Fig. 2 using the GUI which

algorithm below. Let us assume that the conductor shape (amitl be described in Section IV-A.

its inner part) that we like to represent in the analysis space

is described by the set of inequalities [1l. L UMPED-PARAMETER CIRCUIT-ELEMENT MODELS
A. RLC Elements
f1($,y,z) S C1, .
fa(z,y,2) < e, 1) In order to represent the lumped impedance of an elec-

tric/electronic apparatus placed in the analysis space, the
lumped-parameter R, L, and C models shown in Fig. 3 are
where f, (2,1, 2), fo(z,y,2), --- are functions of coordinates @dded to the simulation code using the method described in

ande,, cs, - - - are constants. When the midpoint P of a side ¢fl- Any of the R, L, and C models occupies a side of a cell in
a celf in the analysis space satisfies (1), the electric field §i€ analysis space. Here, formulas for a circuit-element model
the side is forced to be zero. The midpoint P is illustrated J{ich occupies a side in thedirection are shown, but those
Fig. 1. If this procedure is repeated so that the electric fielf models in other directions can also be implemented using
of all sides that satisfy (1) are forced to be zero, the conducfgfilar formulas. _

shape is now represented in the analysis space. For exampl&©" the lumped-parameter R model (the resistance model),
the cylinder conductor specified by he following formula is obtained.

« (20,30, 20) : the coordinates of the center of the base . 1 — 57ess 1 At/e n—1
. Er=——2Elspnoty SR (guHTE) | (3)
« 7 : the radius of the base 1+ 22k 1+ sk 2

« h : the height where

can be represented by forcing all electric fields whose mid- pn

) ! T - . z-direction electric field at thex-th time instance
points satisfy the following inequalities to be zero:

at the side where the R model is placed,

(r—20)%+ (y —y0)? + (2 — 20)? < r?, R : resist'arlge value,
—z < —2, ) € . permittivity of the space,
2 < z04h, At time step,

As - space step (cell size),

1a “cell" is a unit cube obtained as a result of space discretization of the H "'~ 2: magnetic field (vector) around the R model at the
FDTD method. (n — %)-th time instance,
and(). denotes the-component of the argument. The equa-
tion above can be derived by Ohm's laW = RI with
| substituting the voltage of the sidé = —FE,As and the
+ current I given by Ampare’s law. Since (3) is in the same

P

As: cell size form as the fundamental FDTD formula for the electric-field
calculation, (3) can readily be implemented by modifying the
| coefficients when calculating the electric field at the side of
the R model in the FDTD calculation.
Fig. 1. Midpoint P of a side of a cell. The formula for the L model (the inductance model) is
derived fromV = Ldi/dt:

A
El=EM'y ?t (v x H”*%)z Bl @

where the history term is given by

En—l _En—2+ At2 En—l (5)
hist — hist LeAs # '

+ —v - +—v - + —v -
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(a) resistance (b) inductance (c) capacitance

Fig. 2. Visualization of various-shape conductor models using the GUI. Fig. 3. Lumped-parameter circuit-element models.



For the C model (the capacitance modély: Cdv/dt gives are treated as absorbing boundaries using Liao’s second-order
At/e . formulation. The current which develops along the lightning-
— (V X H"*S) . (6) channel model was calculated by the FDTD method. The result
1+ 245 B obtained when each lumped-inductance element was set to 20

uH, that is, 10uH/m is shown in Fig. 5 (b). This inductance
B. Lightning-Channel Model value, which has been found through a trial-and-error process,
In lightning-overvoltage studies, the return-stroke current ¢g¢alizes a development speed close to about 1/3 of the light
a lightning is considered. A return stroke develops, or proppeed. The observation results in [7], [8] suggests 1/3 of the
agates, along a lightning channel upward. Observation resuigéit speed as an average value.
[7], [8] show that the development speed of a return stroke is
generally slower than the light speed, and it is known that the |\ |AE: | NTEGRATED ANALYSIS ENVIRONMENT
development speed has an effect on calculated overvoltages. . . ) ,
Therefore, a lightning-channel model which realizes a sIowe,rT0 Increase produgtmty of anaIyS|s. using the developed
development speed compared with the light speed is desiréHTTUIat,'on code, an mtlegrated a}naly5|s environment ,(lAE)’
Because a lightning channel is a vertical current patWh'Ch includes a graphical user interface (GUI) for efficient

the wave propagation does not follow the TEM (Transveréje@lta entry, a waveform plotting program, and a movie program

Electro-Magnetic) mode. To obtain qualitative insight how[OF viewing the animation of a transient electric/magnetic-field

ever, we use the following equation that gives the propagatiSHeNsity distribution, has been developed.
speedv of the TEM mode:

E'=FEr1 4

z

1 A. GUI

= — , 7 : . . .
vLC ™ Prior to carrying out an FDTD simulation, the 3-D arrange-

whereL andC are the inductance and the capacitance per ufifent of a target conductor system has to be described by
length. As mentioned in the introduction section of this papet?Me means to pass the data to the simulation code. To this
it is impossible to identifyZ and C' for such a vertical path. €Nds it is generally used to write the conductor arrangement
Nevertheless, (7) qualitatively indicates that if the inductan&&t@ in @ text file following a specific format. However, when
L is increased we may obtain a slower propagation speed.the cqnductor arrangement_ is complicated, the process of
Based on the above insight, we have proposed a Iightnir?-epa“ng sgch data can be intricate and r_nay_lead to mistakes.
channel model utilizing the lumped-parameter inductand@ SOIve this problem, the GUI shown in Fig. 6 has been
model described in Section I1I-A [9]. The proposed lightningdeveloped. Since the GUI displays a conductor arrangement
channel model consists of a series connection of lumpedf & 3-D picture and is able to magnify, reduce, and rotate
parameter inductance models. The development speed is dbfi- Picture, it allows the user to enter data in a visual way.
trolled by the value of the inductance per unit length. Fig. ¥Sing the GUI, a complicated conductor structure such as the
shows the arrangement of a simulation case for testing tAg® Shown in Fig. 6 — the detailed structure of a 500-kvV

proposed lightning-channel model. On the ground soil with
a resistivity of 100Qm a current source is vertically placed, : : :

and the proposed lightning-channel model is also vertically < s ]
placed on top of the current source. The current source injects £
the current waveform shown in Fig. 5 (a) from the ground to 2 0.5¢ ]
the bottom of the lightning-channel model. The analysis space 3 1 1 1
is discretized with a space step of 2 m, and all boundaries 00 2 4
time [us]
(@

lightning-channel

model
270 m /
current source
Fig. 5. Current propagating along the lightning-channel model. (a) injected

ground soil
current waveform. (b) current waveforms along the lightning-channel model

(p, = 100 Qm)
Fig. 4. Simulation case for testing the proposed lightning-channel modelat different heights from the ground surface.
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or magnetic-field intensity distribution in a cross section of
an analysis space in the form of an animation, has been
developed. Fig. 8 shows the program. A cross section can
be specified in the GUI when preparing data. In the case of
an electric-field intensity distribution the tangential intensity
is shown, and in the case of a magnetic-field distribution
the normal intensity. The distribution is two-dimensionally
interpolated and shown as a color gradation which uses warmer
colors at intenser portions and colder colors at weaker portions.

V. LIGHTNING OVERVOLTAGE CALCULATION OF A
TRANSMISSION TOWER

For an illustrative example, the lightning overvoltage cal-
culation of a 500-kV transmission tower is presented. Fig. 9
illustrates the arrangement of the simulation. The dimensions
of the analysis space are 250 m in the line direction, 150 m
in the other horizontal direction (perpendicular to the line),
and 250 m in the vertical direction. The space step is set to 1

Fie . . m. For assuming an open space, all boundaries are treated
rle e as absorbing ones using Liao’s second-order formulation.
£ — The representation of ground soil in the FDTD method is
e L /\ straightforward. The resistivity of the space assigned to be
g/ ground soil is simply set to a desired value. In this simulation
S, o case, it is set to 2500m.
; An actual return stroke generates opposite-polarity current

time [sec]

x10°

Fig. 7. Waveform plotting program.

waves at a tower top. One of the current waves propagates
upward along the lightning channel and the other downward
along the tower. To simulate this, a current source is placed on
top of the tower. It injects, from the bottom of the lightning-

channel model to the tower top, the ramp-wave current shown
in Fig. 10 with an amplitude of 1 A and a wavefront time of 1
uS. The lightning-channel model realizes a development speed
fge:

Start Movie .

= absorbing boundary
Status:
ROXC 0, 1= 83230
Sln;g"; :EV§EHDDE 000
e lightning-

channel model
133 m

Fig. 8. Movie program.

current source representing
a return stroke.

transmission tower — can be entered efficiently. The data is
for calculating a lightning-surge response of the tower.

B. Waveform Plotting Program _ _ Vet
) ] . insulator-string Vint
Fig. 7 is the waveform plotting program developed for voltages w1y
showing waveforms of voltages, currents, electric-fields, and Vst

magnetic-fields. When preparing data using the GUI, positions
and directions where waveforms are required to be recorded
can be specified using “probe” parts. After the simulation, the
recorded waveforms can be viewed using this program.

C. Movie Program

For visually understanding surge propagation phenomend:,i% 9._ A_rrangement for the lightning overvoltage calculation of a 500-kV
. . . P .transmission tower.
movie program, which shows the transient variation of electric-



of about 1/3 of the light speed as described in Section llI-B.tower is represented by a simple structure consisting of only
The tower body, of which the height is 77 m, is represented four main poles, where arms, slant elements, and foundation
detail as shown in Fig. 6. The arms, the slant elements, and gteictures are neglected. Also, lightning channel was repre-
foundation structures are represented as in detail as possfidated by a simple straight wire and a perfectly-conducting
under limitations due to the space step used. The towgnound was assumed. Therefore, the result presented here is
supports two ground wires of OPGW 290 and six bundlasbtained with more practical conditions (for more discussion
phase wires of four TACSR 810 wires with a 50 cm spacingee Appendixes A and B).

The radius of the ground wires and the equivalent radius of the

bundled phase wires are taken into account using the method VI. CONCUSIONS

proposed in [4]. The equivalent radius was calculated by thehis paper has presented important features newly added
GMD (Geometrical Mean Distance) technique. to VSTL, a general-purpose surge simulation code based
With the conditions mentioned above, the simulation was, the FDTD method. The added features include various-
carried out using VSTL, and the result shown in Fig. 13hape conductor models, lumped-parameter circuit element
was obtained. A similar simulation was carried out using thgodels, a lightning-channel model, and an integrated analysis
method of moments (MoM) in [10]. In the MoM simulation,enyironment (IAE). With the new models, a target conductor
system can be represented more in detail, in other words, more
practical. The simulation cycle of data entry, simulation, and
1 viewing results has been made simplified and efficient by the
IAE. The lightning overvoltage calculation of a 500-kV trans-

< T 1 mission tower was illustrated to show a complicated simulation
2 | i can be performed using VSTL with the new features.
205 i
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Fig. 10. Waveform of the current source representing a return stroke.
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APPENDIX
A. Comparison between FDTD and MoM

The FDTD method is based on direct time and space

Fig. 11. Result of the lightning overvoltage calculation of the 500-kwiscretization of Maxwell’s equations, while MoM uses a
transmission tower. (a) Waveforms of the currents flowing into the tower tcfpequency-domain boundary-e|ement formulation derived from
I7 and flowing into the ground wirek;. (b) Waveforms of the upper-phase, _ _ : ; ) _
middle-phase, and lower-phase insulator-string voltdges. Viro. Viss. spalar and yector potential expreSS|on§ of ngwell_s equa
tions. FDTD is generally more computationally intensive than

time [ps]
(b)
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MoM, but due to recent progress of computers in terms gf

execution speed and memory capacity this is not an importe 4

issue. More importantly, if Courant’s condition is satisfiel

FDTD is always numerically stable, while MoM is often

unstable at low frequencies. i
Due to the direct time and space discretization, FDTD

more advantageous to handle three-dimensionally distribu

currents in an imperfectly conductive medium like ground so 2t Doshisha University.

MoM has severe limitations to handle such a medium. His primary research interest is the transiént analysis of power systems.
MoM can rigorously represent the radius of a thin wire andr. Noda is a member of IEE (UK) and IEE of Japan.

a thin wire with any direction can be handled, while FDTD had

limitations for such thin wire modeling issues. However, these

issues have been solved by the authors as reported in [4] and

[5], and thus, we have concluded that FDTD is more suitable

than MoM for the simulation of a very-fast surge phenomenon.

B. Numerical Electromagnetic Simulation versus Distributed-
Parameter Line Modeling

As mentioned at the beginning of the introduction section,
it is theoretically impossible to represent a vertical conductor
by a distributed-parameter line model which assumes a TEM
mode of propagation, since we cannot define the inductan:
and the capacitance (to ground) per unit length. Therefore,
should be noted that a distributed-parameter line modeling ii
herently involves an audacious approximation. In observatic
results, we obtain larger voltages at upper insulator strings (fi
instance see [11]). Such a result cannot be reproduced usi
a distributed-parameter line modeling with a constant surg
impedance. If a non-uniform modeling is applied by adjusting
surge impedance values with respect to height, we may obtain
a reasonable result but the adjustment of surge impedance
values cannot be theoretically justified. Also, the effects of
electric and magnetic fields generated by the tower currents to
the insulator strings cannot be taken into account. On the other
hand, since the FDTD method (or MoM) rigorously solves
Maxwell's equations, all electromagnetic phenomena are taken
into account and can reproduce observation results without any
artificial adjustment.
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