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Abstract 

In analyzing the lightning performance of overhead power transmission lines and 

substations, the lightning surge characteristics of transmission line components as well as 

the statistical data of lightning such as the ground flash density and the stroke peak current 

distributions are essential. Among the transmission line components, tower surge 

characteristics including the tower footing impedance characteristics in the linear region 

are probably the most fundamental factors since they contribute directly to the insulator 

voltages during a lightning hit. Particularly for such tall structure as EHV or UHV double-

circuit towers, the characteristics become more dominant owing to the longer round-trip 

time of a travelling wave in the tower. An agreement on the interpretation of this 

phenomenon, however, has not been reached yet. 

There have been three considerations to evaluate the transient characteristics of a 

tower as follows: (i) theoretical studies, (ii) simulation of reduced scale models and (iii) 

simulation of full-sized tower. Measurement on full-sized towers is straightforward in 

evaluating the actual characteristics of a tower struck by lightning, however it is difficult 

to cam' out this kind of experiments in the ideal arrangement where a current lead wire is 

stretched vertically above the tower top to simulate a lightning channel, owing to its scale. 

Measurement on reduced scale models is more economical than full-sized towers, and is 

flexible in setting up various experimental arrangements. It is however not easy to 

maintain the accuracy. Theoretical studies on simplified geometry may be useful in 

understanding the phenomenon, however, they are invalid for the accurate evaluation of 

the dynamic electromagnetic behavior of a three dimensional (3-D) system struck by 

lightning. 

The simulation analysis of surge response are carried out in the several 

arrangements of the current lead wire: (i) vertical and at the top of vertical conductor. (ii) 

vertical and a little far from the top of vertical conductor. and (iii) horizontal and far from 

the top of vertical conductor. In all the cases, the voltage measuring wire is placed at the 

perpendicular to the current lead wire. Each of the arrangement of the current lead wire 

affects the measured surge impedance of the vertical conductor and that has been 

explained in this research in detail. If a travelling wave propagates along the vertical 

conductor at the velocity of light, the reflected wave from the ground should return to the 
.4 



top of the vertical conductor just after the round-trip time of the travelling wave in the 

vertical conductor. 

For the accurate analysis of the dynamic electromagnetic field around a complex 

tower system struck by lightning, electromagnetic modeling codes are appropriate. Of 

many available codes, the Numerical Electromagnetic Code (NEC-2) based on the Method 

of Moments is chosen for the present work, since it has been widely and successfully used 

in analyzing thin-wire antennas and a tower system can be regarded as a thin-wire antenna. 

In the present thesis, firstly, the applicability of NEC-2 to the electromagnetic field 

analysis of vertical conductor surge response is verified by comparison with theoretical 

results on simple structure. 

Secondly, four parallel conductors model are taken into account for the analysis by 

NEC-2 to evaluate the surge characteristics. Thirdly, the surge characteristics of actual 

tower struck by lightning are studied with the help of NEC-2. 

Finally, it can be concluded that this research presents some results concerning the 

simulation of electromagnetic transient in transmission lines caused by direct and indirect 

strikes of lightning, which will help to design the structure of tower and to design 

lightning arrester to protect various electric appliances that is used in our everyday life. 
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Chapter 1 MjEir 
'- -h,  

I. 

Introduction 

1.1 Lightning 

Lightning is an electrical discharge in the atmosphere, representing a rapid flow of 

electrical charge between 

a cloud and the ground - CG (Cloud to Ground), 

between two clouds - CC (Cloud to Cloud) or inter cloud lightning, 

between two portions of the same cloud - CC (Cloud to Cloud) or intra cloud 

lightning. 

1.1.1 Lightning Formation 

The conditions needed to produce lightning  have been known for some time. 

However, exactly how lightning forms have never been verified. Leading theories focus 

around separation of electric charge and generation of an electric field within a thunderstorm. 

Recent studies also indicate that ice, hail, and semi-frozen water drops known as graupel are 

essential to lightning development. Storms that fail to produce large quantities of ice usually 

fail to produce lightning. 

Thunderstorms have very turbulent environments. Strong updrafts and downdrafts 

occur with regularity and within close proximity to each other. The updrafts transport small 

liquid water droplets from the lower regions of the storm to heights between 35,000 and 

70,000 feet above the freezing level. Meanwhile, downdrafts transport hails and ice from the 

frozen upper regions of the storm. When these collide, the water droplets freeze and release 

heat. This heat in turn keeps the surface of the hail and ice slightly warmer than its 

surrounding environment, and a "soft hail", or "graupel" forms. As the ice particles within a 

cloud (called hydrometers) grow and interact, they collide, fracture and break apart. It is 

thought that the smaller particles tend to acquire positive charge, while the larger particles 

acquire more negative charge. These particles tend to separate under the influences of 

updrafts and gravity until the upper portion of the cloud acquires a net positive charge and the 

lower portion of the cloud becomes negatively charged. This separation of charge produces 

enormous electrical potential both within the cloud and between the cloud and ground. This 
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can accumulate to millions of volts, and eventually the electrical resistance in the air breaks 

down and a flash begins. 

1.1.2 The Most Common Types of Lightning 

Cloud-to-ground lightning is the most damaging and dangerous form of lightning. 

Although not the most common type, it is the one, which is best understood. Most flashes 

originate near the lower negative charge center and deliver negative charge to earth. 

However, appreciable minorities of flashes carr positive charge to earth. These positive 

flashes often occur during the dissipating stage of a thunderstorm's life. Positive flashes are 

also more common as a percentage of total ground strikes during the winter months. 

Intra-cloud lightning is the most common type of discharge. This occurs between 

oppositely charged centers within the same cloud. Usually the process takes place within the 

cloud and looks from the outside of the cloud like a diffuse brightening which flickers. 

However, the flash may exit the boundary of the cloud and a bright channel, similar to a 

cloud-to-ground flash, can be visible for many miles. 

Inter-cloud lightning, as the name implies, occurs between charge centers in two 

different clouds with the discharge bridging a gap of clear air between them. 

These various types of lightning causes fire in the forest, voltage surge in the power 

lines, high electric field and arching inside the building, explosions for industrial sites 

housing volatile compounds and military sites housing explosives and malfunctioning in 

telecommunication system or not functioning at all. 

1.1.3 Approximate Lightning Parameter [1] 

Voltage (relative to ground) 1 .OE+8 to 1 .OE+9 V 
Current 100A 
Peak current 30,000 A 
Duration 0.001 - 0.5 s 
Diameter of the current channel 0.1 m 
Diameter of the luminous region 1-10 m 
Typical length 5.0E3 m 
Plasma Temperature to 3 eV 
Electron density I .OE+23 to I .OE±24 electrons/cubic meter 

- 

% power into visible light 1-3 
% power into sound 10-50 
% power into heat 10-50 
% power into radio waves 10-50 
Peak magnetic field created 1000 G 
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1.1.4 Lightning Effects on Power Systems 

The frequency of thunderstorms is important in the protection of power systems. The 

frequency of occurrence of strokes to transmission lines and open circuit is an indication of 

the exposure to lightning that an electric power system experiences. 

In designing lightning protection for power systems, how lightning enters the system, 

both by direct strokes and by induced surges from nearby strokes; the propagation of surges 

within the system and the effects of these surge voltages and currents on the circuits and 

apparatus within the system must be considered as follows: 

Lightning surges entering a power system through direct strokes are the primary 

concern in planning surge protection. These strokes may hit phase conductors directly, or 

they may strike the overhead ground wires or masts that shield the conductors. So, it is 

nccessaiy to understand the associated surge currents and voltages produced before a 

protection system can be designed. 

A lightning stroke terminating directly on phase conductors or equipment 

terminals develops a very high voltage, which, with no surge protection, will flash over the 

insulation in the majority of cases. If the flashover occurs through air or across porcelain 

insulation, it rarely causes permanent damage. 

A lightning stroke terminating near a transmission line can induce a voltage in the 

circuit, which seldom exceeds 500 kV. Lines, shielded with overhead ground wires and 

operating at 69 kV and above, generally have sufficient insulation to prevent flashover by 

voltages in this range. Lower voltage lines, however, with insulation levels appreciably below 

500 kV, may be flashed over by induced surges. 

A lightning stroke terminating on a power system initiates traveling waves, which 

propagate within the system. To determine the resulting surge voltages and currents in 

various parts of the system, a traveling wave analysis is required. Simple networks with linear 

impedances can be analyzed manually; more complicated networks, characteristic of practical 

power systems, require analog or digital computer analysis. First, consider a stroke 

terminating on the phase conductor of a transmission line. The stroke initiates voltage and 

current waves traveling at the speed of light in each direction from the terminating point. 

With linear impedance, voltage and current have the same waveshape. The traveling waves 

are represented by the equation: e = iZ, where e and i are the voltage and current of the 

traveling wave and Z is the conductor surge impedance respectively. 

-41 (iii) Surge impedance is circuit impedance as seen by a transient such as lightning. 

For an open wire conductor: 



Z = L / C 

L = inductance/unit length 

C = shunt capacitance to ground/unit length 

Typical surge impedance for a line conductor is 400 Q. Corresponding values for 

L and C would be 0.4 Hlfeet and 2.5 pF/feet, respectively. 

Assuming that the stroke current, I. is equal to 2i (that is, the stroke current divides 

equally at the terminating point), the conductor voltage for a 10,000 A stroke is: 

e=IZ/2= 
10000x

400kV 
2 

= 2000 kV 

Thus, a traveling wave current of 5,000 A (1/2) generates 2.000 kV on the transmission line. 

The traveling waves initiated by the stroke continue to propagate along the line 

until a discontinuity is encountered. At this point, voltage and current waves are reflected 

back along the line, and at the same time, traveling waves are transmitted beyond the point of 

discontinuity. Points of discontinuity may be an open circuit breaker, a transformer, another 

connected line, or a flashover on the line. 

To a lightning surge, a transformer appears as a capacitance and behaves essentially 

as an open circuit. As the traveling voltage wave encounters an open circuit, a voltage wave 

of the same magnitude and polarity as the incoming surge is reflected. The incoming and 

reflected waves combine, resulting in double the traveling wave voltage (2e) at the open 

circuit or transformer termination. This is the well-known phenomenon of voltage doubling at 

the end of a line. 

For an open circuit termination, the reflected current wave has the same magnitude 

as, but opposite polarity to the incoming waves, resulting in zero current at the open end of a 

line. 

Now consider a line terminated in a perfect short circuit. The incoming and 

reflected voltage waves have the same magnitude and opposite polarity resulting in zero 

voltage at the terminal. The current waves have equal magnitude and the same polarity, 

resulting in double the traveling wave current (21). This is the well-known phenomenon of 

traveling wave current doubling when it encounters a short circuit. 

An arrester discharging a current at the end of a line is a close approximation to 

the short circuit case, since the arrester resistance is very low compared with the line surge 

impedance. The current, which the arrester must discharge, therefore, is nearly double the 
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line traveling wave current. This is an important concept in considering arrester discharge 

duty from lightning surges. 

This simple calculation illustrates the advantages of multiple lines in reducing 

surge voltage in a substation. 

As noted previously, typical surge impedance for a phase conductor is 400 0. 

Some other typical values are: 

Overhead ground wire - 450 to 500 f2 

Two overheads ground wires (in parallel) - 350 

Steel transmission tower - 200 0 

Cables— 15 to 400 

(0 The propagation velocity in each of these elements is essentially that of light, with 

the exception of cables in which propagation velocity is about 50 % of that of light, 

depending on the dielectric constant of the insulating material. These values are useful in 

representing power systems in detailed traveling wave analysis using analog or digital 

computer methods. 

(vii) In protecting power systems against lightning, surge voltages and currents must 

be considered. A lightning stroke to a power system develops very high surge voltages across 

equipment and line insulation systems. If these voltages exceed the insulation strength, a 

flashover occurs. A flashover through air or over porcelain insulation (commonly used for 

transmission line insulation) does not usually produce permanent damage. 

(vii) Once lightning enters a power system, the surge current is unlikely to cause any 

damage. Although the current may be extremely high, it is very short lived and can easily be 

handled by a small conductor. The size of conductors, installed expressly for conducting 

lightning currents, is usually determined by mechanical strength considerations, rather than 

by current-carrying capacity. This is probably due to the stroke channel heating the conductor 

at the point of impingement, rather than from simply conducting the lightning current. 

1.2 History of Lightning Surge Impedance 

For overhead transmission lines, lightning is the primary cause of unscheduled 

interruption. Prediction of lightning surges is very important for the design of electric power 

systems and telecommunication systems. In particular, tower surge impedance is an 

important factor in analysis of the lightning performance of transmission lines. Therefore, a 

number of theoretical studies and experimental on tower surge impedance have been carried 
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out [2]-[1 1] different times. The formula given by various researcher are given below: 

1934 - Jordan's equation by Jordan of GE 

Z =60(ln( 
2h)20397} 

r 

1956 -Theoretical Formula due to Electromagnetic Field theory by C.F. Wagner 

1957 - The Theoretical Formula using ioop voltage Method by R.Lundholm 

Z = 60 (In( 
2 V2  h

)} 
I.  

1985 - Pointing out about Error of Jordans Equation by Dr. Okumura of Kyoto 

Universit)? of Japan and Proposal of New Theoretical Equation 

4h 
Z = 60 {ln( -) - 1} 

r 

= 60{ln( 2 
 12 

 /J) 0.653} 
r 

1990 - Experimental Formula by Dr. Ham of Kyoto University 

Z = 60 {In( 
2h ) 

 - 21 

1993 - Electromagnetic Field Theory by Takahashi 

dE =(p.010c/4it)dx/(ci — x± 

1995 - Theoretical Formula due to Electromagnetic Field Theory by Takahashi 

In case without ground plane 

2 
Z = 60 {ln( ) - 1.540 } 

r 

In case with ground plane 

Z = 60{In( 
2 r2 h

)—l.983} 
1 

From the above it is seen that the first theoretical formulation of tower surge 

impedance was proposed by Jordan [2]. He assumed that the current distribution inside the 

tower was uniform from the tower bottom to the top of the tower. However, the effect of 

return stroke current was neglected. The tower was approximated as a vertical cylinder 

having a height equal to that of the tower, and a radius equal to the mean equivalent radius of 

the tower. Propagation velocity inside the tower was assumed to be the velocity of light. 
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Theoretical formulations of tower surge impedance based on the electromagnetic field 

theory were proposed by Lundholm et al. [3], Wagner and Hileman [4], Sargent and 

Darveniza [5] and Okumura and Kijima [6], considering effects of the vector potential 

generated by the injection current into the tower only. 

Another experimental value for actual transmission towers was reported by Kawai [7]. 

He used a direct method to measure tower surge impedance. His experimental results showed 

that the tower surge response to a vertical current is different from the response to a 

horizontal current. Measured propagation velocity inside the tower was 70-80% of the 

velocity of light. 

Scale-model measurements were reported by Chisholni [8] [9] and \Valiab ci al. [10]. 

Chisholm used the time-domain reflectometry (TDR) method to measure tower surge 

impedance. These measurements were performed using both horizontal and vertical current 

injection. Measured propagation velocity inside the tower was 80-90% of the velocity of 

light. These results showed that the tower surge impedance is strongly influenced by the 

angle of current injection. 

Field measurements on frill-scale tower impedance using the direct method were 

reported by Ishii etal. and Yamada ci al. [11]. These measurements were performed using 

inclined and horizontal current injection. Both of them proposed surge impedance of the 

tower based on the Electromagnetic Transient Program (EMTP). Propagation velocity inside 

the tower was assumed to be the velocity of light. 

Numerical work was reported by Ishii and Baba [12][13]. They estimated the surge 

response of a tower by numerical electromagnetic field analysis. The calculated results were 

compared with the field test results. The analysis showed that surge response and surge 

impedance of the tower depends on the arrangement of the current lead wire. 

Recently experimental and simulation result of the surge impedance of single vertical 

conductor has been obtained using Finite Difference Time Domain (FDTD) method [14]. 

Thus, computed and experimental values of surge impedance of single vertical conductor are 

in well agreement with the theoretical values derived by Takahashi. 

1.3 Electromagnetic Simulation Technique 

The numerical solution of the electric field integral equations used in Numerical Elec-

tromagnetic Code (NEC-2) is first obtained. The measuring method of tower surge 

impedance are briefly explained and then this effects of the measuring methods and the 



arrangements of the measuring wires on the evaluated tower surge impedance are studied by 

the NEC-2. For the present analysis, the NEC-2 is employed. It is a widely used three 

dimensional (3-D) electromagnetic modeling code based on the Method of Moments (MoM) 

in the frequency domain, and is particularly effective in analyzing the electromagnetic 

response of antennas or of other metallic structures 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 constitute the input data, along with the description 

of the source and frequency to be analyzed. In the analysis, all the elements in the systems are 

treated as perfect conductors. To solve the time varying electromagnetic response, Fourier 

transform and inverse Fourier transform are used. 

The validity of the computed results when NEC-2 is applied to the analysis of surge response 

of a vertical conductor has been verified by comparing with the theoretical values. 

Measurements on full-sized towers are straightforward in evaluating the actual characteristics 

of a tower struck by lightning,  however, it is difficult to carry out this kind of experiments in 

the ideal arrangement where a current lead wire is stretched vertically above the tower top to 

simulate a lightning channel, owing to its scale. The geometrical arrangement in 

measurements so far, therefore, has been different from the incident of lightning hitting a 

tower. Measurements on reduced-scale models are therefore more economical than those on 

full-sized towers, and are flexible in setting up various experimental arrangements. However, 

it is not possible to achieve the same accuracy as with the full-scale model. In the 

measurement by the direct method, the step current is injected into the tower by a pulse 

generator placed at the tower top, and the voltage between the tower top and a voltage 

measuring wire is measured. This method is straightforward and the influence of the ground 

conductivity is automatically incorporated. In the measurement by refraction method wire to 

guide a rectangular pulse current is connected to the top of a tower under measurement and 

the refracted or the reflected wave on the measuring wire is observed to evaluate the transient 

impedance at the tower top. This method is considered valid in evaluating refraction and 

reflection of surges associated with mid-span strokes or strokes to adjacent towers at the by 

connecting point of the tower and the earth wires. The tower surge characteristics evaluated 

this method therefore should be distinguished from those by the direct method. 

10 



1.4 Electromagnetic Modeling Code 

For the accurate analysis of the dynamic electromagnetic field around a vertical 

conductor struck by lightning, electromagnetic modeling codes are appropriate. Of many 

available codes, those based on the MoM [15] are probably best suitable for the 

electromagnetic analysis of a tower system. Since they have widely and successfully been 

used in analyzing thin-wire antennas or scattering structures, and a tower system can be 

regarded as a thin-wire antenna. In order to solve the very fast surge phenomena in a 3-D 

structure tower as an electromagnetic field problem, the FDTD method is also currently 

available as practical choice. Furthermore, an imperfectly conducting medium is required to 

be accurately modeled to represent currents in the earth. Comparing the theories of FDTD 

and MoM, the former is more advantageous to handle 3-D currents in an imperfectly 

conducting medium such as earth soil without any difficulty, even if the medium is non-

homogeneous [16]. On the other hand, the latter is more advantageous to accurately represent 

the thin wire. 

The MoM needs to model only the metal structure of interest, and does not need to 

model the space around it. Long wires are, therefore, easily modeled. This is the advantage 

compared with the FDTD Method [17] that may also be applicable to this problem. 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 excitation is imposed as a voltage source or 

a plane wave on one of the wire segments. The MoM is to determine the current on every 

segment due to the source and all the other currents by numerically solving the electric field 

integral equation. Once these currents are known, the electric field at any point in space is 

- determined from the sum of the contributions of all the wire segments. The MoM allows 

discrete circuit elements to be inserted into a model by simply defining the impedance desired 

on any given wire segment. 

As a MoM-based code, the author uses NEC-2 for the present work. This code was 

developed at the Lawrence Livermore National Laboratory, California. under the sponsorship 

of the Naval Ocean Systems Center and the Air Force Weapons Laboratory. Although the 

latest version is NEC-4 [18], it is available only to the citizens of the United States and 

Canada, or to the users who are licensed from Lawrence Livermore National Laboratory [19]. 

Therefore, the author employs NEC-2 developed in 1980 that is now available. The informa-

tion on the history and availability of the NEC-MoM codes has given in Appendix A. 



1.5 The Objectives of the Research: 

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 elements. 

The distributed parameter circuit theory assumes plane wave propagation that is a reasonable 

and accurate approximation for the transmission lines, and this assumption enable handling of 

the electromagnetic wave propagation within the circuit theory. On the other hand, very fast 

surge phenomena in a 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 electromagnetic field problem. Nowadays, the surge propagation through a 

transmission tower needs to be analyzed for economical insulation design. It is also important 

to assess the interference of lightning surges with information devices inside the building. 

The surge simulation results using NEC-2 of a vertical conductor are presented in this work 

The application of NEC-2 code is discussed for two cases (with the effect of ground plane 

and without ground plane) of current injection into the vertical conductor. To validate the 

accuracy and to compare with the theoretical values the results obtained in the NEC-2 have 

been taken into account. A numerical electromagnetic simulation has been carried out to 

obtain the various sorts of characteristics of lightning surge response on a vertical tower 

model. The expected result relates the followings: 

Surge impedance measurement. 

Influence of ground plane on vertical conductor. 

Effect of lightning return stroke (direct stroke). 

Effect of stroke to mid span between towers (indirect stroke). 

Dynamic electromagnetic behavior, especially transient response. 

Comparison of simulation result using NEC-2 with the recently developed 

theoretical values. 

Verification of NEC-2 for actual tower. 

Surge impedance analysis for an actual tower. 

In fine, the purpose of this work are to clarify the surge characteristics of a reduced 

scale vertical conductor model as well as four parallel conductors model equivalent to real 

tower structure by analyzing the electromagnetic field around it with the help of NEC-2 based 

on MoM considering with the effect of with ground plane and without ground plane. 
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Chapter 2 

Application of NEC-2 Code to the Analysis of Tower 
Surge Response 

2.1 Introduction 

For practical purposes the analysis of lightning transients in large conducting 

structures has mostly been made through modeling the structure by transmission lines. In this 

approach the parameters of a transmission lines such as the surge impedance, the velocity,  of 

the travelling wave etc. need to be dctcnnined. This is physically correct if the 

electromagnetic field around a conductor is in the TEM mode, in that the distribution of the 

electric field is the same as the electrostatic field. Parameters of the modeled transmission 

line for parallel conductors or a horizontal conductor above a ground plane can be determined 

on physical basis. 

The electric field around a non-parallel conductor or a non-horizontal conductor 

above a ground plane is not in the TEM mode during transient periods. In modeling such 

conductor systems by transmission lines, their parameter needs to be determined. 

Electromagnetic field around a conductor system needs to be solved to produce induced 

voltage and distribution of currents through the structure. 

The purpose of this chapter is to demonstrate the validity and the accuracy of NEC-2 

when it is applied to the electromagnetic field analysis of tower surge response [201-[26]. 

NEC-2 code, a standard tool for numerical analysis on electromagnetic field around antennas, 

can be applied to analysis of lightning transient overvoltages. This code solves 3-D boundary 

problems by using the electric field integral equation (EFIE). 

The EFIE used in NEC-2, its derivation and the numerical method are first outlined 

in this chapter. Guidelines for modeling structures with this code are mentioned. Finally the 

applicability of NEC-2 to the transient analysis of the surge impedance of vertical conductor 

as well as transmission tower, including the effects of ground plane and without ground plane 

are verified by comparing the simulation result with the theoretical formula. 

2.2 Electric Field Integral Equation 

NEC-2 allows to use both the electric field integral equation and the magnetic field 

integral equation. The former is suited for analysis of thin-wire structures, while the latter is 
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suitable for structures having large smooth surfaces. The former can be used to analyze 

voluminous structures by representing surface with wire grids. In the application to time-

domain analysis, the modeling by using thin wires has been employed throughout. The 

following description on the basic theory of NEC-2 is extract from the program description. 

The form of electric field integral equation used in NEC-2 follows from an integral 

representation for the electric field of a volume current distributionJ, 

E (r) = J1,Jv(r').G(r,r')dV', (2.1) 
4itk 

where G(r,r') = (k2 1 + VV)g(r,r'), 

g(r, r') = exp( -jkr 
- r'I) /r 

- 

k=O) 0s 0 =t0 /c 0  

and the time convention is cxp( 10 t) .1 is the identity dyad (.2 + 55' + i) . Where 

and c0  are the permeability and permittivity of the free space respectively, k is the wave 

number, 11 is the intrinsic impedance which has a value of 1207c in the free space and co is 

the angular frequency. When the current distribution is limited to the plane of a perfectly 

conducting body, equation (2.1) becomes 

E (r) - - $ J (r').G(r,r')dS', (2.2) 
4itk S 

with J.  the surface current density. The observation point r is restricted to be off the surface 

S so that r # 1. If r approaches S as a limit equation (2.2) becomes 

E (r) = _-_f J.  (r').G (r, r')dS', (2.3) 
4itk S 

where the principal value-f is indicated since g(rr') is now unbounded. 

An integral equation for the current induced on S by an incident field can be obtained 

from equation (2.3) and the boundary condition for r e S 

n(r) x (r) + E 1,., (r)] = 0 , (2.4) 

where n(r) is the unit normal vector of the surface at r and E50, is the field due to induced 

current J 5 . Substituting equation (2.3) for yields the integral equation, 

- n(r) x (r) = xJJ5  (r').(k 2 1+VV )g(r, r')dS (2.5) 
4ick 
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The vector integral in equation (2.5) can be reduced to a scalar integral equation when 

the conducting surface S is that of a cylindrical thin wire, thereby making the solution much 

easier. The assumptions applied to a thin-wire, known as thin-wire approximation, are as 

follows: 

Transverse currents relative to axial currents on the wire can be neglected. 

The circumferential variation in the axial current can be neglected. 

The current can be represented by a filament on the wire axis. 

The boundary conditions on the electric field need to be enforced in the axial direction 

only. 

These assumptions are valid as far as the wire radius is much less than the wavelength 

and much less than the wire length. From l", 2nd  and 3 d  assumptions, the surface current 

density J.  on a wire of a radius 'a' can be replaced by a filamentary current I, 

I(s) 9 = 271a..1 5 (r) 

where is the distance parameter along the wire axis at rand § is the unit vector tangent to 

the wire axis at r. 

Equation (2.5) then becomes 

- n(r) x E (r) = JTI   n(r) x 
f 

I (s)(k - V )g (r, r')ds', (2.6) 
47tk L as'  

where the integration is over the length of the wire. Enforcing the boundary condition in the 

axial direction reduces equation (2.6) to a scalar equation, 

°
5

,)(rr)ds'. (2.7) 

since r' is now the point at s' on the wire axis while r is a point at s on the wire surface 

Ir - r'I~! aand the integrand is bounded. 

This is the basic electric field integral equation at the surface of a thin conducting 

wire in the axial direction reduced to the scalar equation under the restriction of the boundary 

condition given by equation (2.4) in the axial direction. 

The electric field integral equation is easily extended to imperfect conductors by 

modif'ing the boundary condition from equation (2.4) to 

n (r) x [Escat  (r) + E j..  (r)] = Z (r){n(r) x J s  (r)] (2.8) 

where the Z5  (r) is the surface impedance at r on the conducting surface. For a wire, 

the boundary condition is 

- ..[E(r)+ E(r)l= Z L (s)J(s) (2.9) 
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where, Z L  (s) is the impedance per-unit length at s. 

2.3 NumericaL Solution by the Method of Moments 

The integral equation (2.7) is solved numerically in NEC-2 by the Method of 

Moments. This method applies to a general linear-operator equation, 

Lf = e (2.10) 

where f is an unknown response, e is a known excitation, and L is a linear operator 

(an integral operator in the present case). The unknown function f may be expanded in a 

sum of basis functions, Sf1,  as 

4. 

(2.11) 

A set of equations for the coefficients oti are then obtained by taking the inner 

product of equation (2.10) with a set of weighting functions, {w}, 

<w1 ,Lf >=< 1111 ,e > I = 1,2....... N. (2.12) 

Due to the linearity of L, equation (2.11) substituted for f yields, 

< w 1 ,Lf >=< w,e > i = 1,2 N . (2.13) 

This equation can be written in matrix form as 

[G][A]= [E], (2.14) 

where G ii  =< c , If, >, A1  = a1, Ei  =< Co e >, and is easily solved. 

The solution is then [A] = [G]' [E]. 

For the solution of equation (2.7), the inner product is defined as 

(f,g) = Jf(r)gS, 

where the integration is over the structure surface. Various choices are possible for the 

weighting function { w } and basis functions { f, } . When W1 = f,, the procedure is 

known as Galerkin's method. In NEC-2, the basis and weighting functions are different, and 

{ w1 } are chosen as a set of delta functions 

= (r -,) 
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with { r. } a set of points on the conducting surface. The result is a point sampling of the 

integral equations known as the collocation method of solution. Wires are divided into short 

straight segments with a sample point at the center of each segment. 

The choice of basis functions is very important for an efficient and accurate solution. 

In NEC-2, the support of fi  is restricted to a localized subsection of the surface near {r }. 

This choice simplifies the evaluation of the inner-product integral and ensures that the matrix 

G will be well conditioned. For finite N. the sum of fi  cannot exactly equal to a general 

current distribution. Wires in NEC-2 are modeled by short straight segments with current on 

each segment represented by three terms a constant sine function and a cosine function. This 

expansion has been shown to provide rapid solution convergence. It has the added advantage 

that the fields of the sinusoidal currents are easily evaluated in a closed form. The amplitudes 

of the constant, sine and cosine terms are related such that their sum satisfies physical 

conditions on the local behavior of current and charge at the segment ends. 

The total current on segment number I in NEC-2 has the form or the current 

expansion functions in NEC-2 have the form 

I = A. +B1 sink(s—s3 )+C cosk(s—s1 ), (2.15) 

- 

where, k = 0) .%jl.tOs , where s3  is the value of s at the center of segrnentj and is the 

length of segment j. Of the three unknown constants A B and (,, two are eliminated by 

hL 
local conditions on the current leaving one constant, related to the current amplitude, to be 

determined by the matrix equation. The local equations are applied to the current and to the 

linear charge density, q, which is related to the current by the equation of continuity 

—jq (2.16) 
OS 

At a junction of two segments with uniform radius, the obvious condition is that the 

current and charge are continuos at the junction. At a junction of two or more segments with 

unequal radii, the continuity of current is generalized to KirchhofFs current law that the 

algebraic sum of current into the junction is zero. The total charge in the vicinity of the 

junction is assumed to distribute itself on individual wires according to the wire radii, 

neglecting local coupling effects. 
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The solution requires the evaluation of electric field at each segment due to this 

current. Three approximations of the integral equation kernel are used: 

a thin-wire form for most cases 

an extended thin-wire form for thick wires and 

a current element approximation for large interaction distance 

In each case the evaluation of the field is greatly simplified by the use of formulas for 

the fields of the constant and sinusoidal current components. Studies have been carried out 

considering the thin-wire kernel. 

The accuracy of the thin-wire kernel approximation for a wire of radius a ' and length 

AL' depends on ka and AL / a . Studies have shown that the thin-wire approximation leads 

to error of less than 1% for AL / a greater than 8. Furthermore, in the numerical solution of 

Electric Field Integral Equation (EFIE), the wire is divided into segments less than about 

0.1 2. in length to obtain the adequate representation of current distribution thus restricting 

ka to less than about 0.08. 

For the thin-wire kernel, the source current is approximated by a filament on the 

segment axis while the observation point is on the surface of the observation segment. The 

fields are evaluated with the segment on the axis of a local cylindrical co-ordinate system as 

illustrated in Fig. 2.1 below [19]: 

z 
C' C' 

Figure 2.1: Current Filament Geometiy for Thin-Wire Kernel. 

Then with 

G0  =cxp(—jkr0)/r0  and i =p2  +(z—z')21 1/2  
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fl 

the p and z components of the electric field at P due to a sinusoidal current filament of 

arbitrary phase, 

I = sin( kz'-0 0 ), z 1 (z'(z 2 , 

_____ 

oIl Z2  
are E(p,z)= 

' 
(z'—z)I+IGo —(z'_z)Go _.j , (2.17) 

2k2Xp [ 
21 

—I-----1
z' 

. (2.18) F1(p,z)= [GO 
c'G

2k2? 
, 

ôz'  
21 

For a current that is constant over the length of the segment with strength I . the fields 

1 jn 
are 

[. 122
, (2.19) 

?. 2k2 [ 5P ZI j 

I jn IroG0 12 
Ef (p,z) 

= 
+ k2f G0dz'. (2.20) 

These field expressions are exact for the specified currents. The integral over z' of 

G. is evaluated numerically in NEC. Substituting sine and cosine currents and evaluating the 

derivatives yields the following equation for the fields. For 

(sinkz' 
1=11 

° coskz' 

E(p z) - k(z—z')I 1+1 l _(z _ z1)2(l+jkro) Sm 
22 

Go{ 

(coskz' 

- X 2k2p .-sin/&) [ , 1(cos kz') 
21 

"c 

X 2k2okii
)+[(I+jkro )(z-z')

r0 coskz'

sin 

Jt --JI  

For a constant current of strength 1, 

_ fl 
22 

F(p,z)= (l+Jkro)] 

Zi  . 
(2.21) 

X 2k[ r
0
2  

E{(p,z) = —i2-122-J(l +  1kr0 )(z -z')--1 Jo 11 k2f2 Gdz'. (2.22) 
? 2k2 [ r02 X 20 z, 

0 
 

Despite the seemingly crude approximation, the thin wire kernel does accurately represent the 

effect of wire radius for wires that are sufficiently thin. 
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2.4 Structure Modeling Guideline 
If 

The basic devices for modeling structures with the NEC code are short, straight 

segments for modeling wires and flat patches for modeling surfaces. An antenna and any 

other conducting objects in its vicinity that affect its performance must be modeled with 

strings of segments following the paths of wires and with patches covering surfaces. Proper 

choice of the segments and patches for a model is the most critical step to obtaining accurate 

results. The number of segments and patches should be the minimum required for accuracy, 

however, since the program running time increases rapidly this number increases. Guidelines 

for choosing segments and patches are given bclow and should be followed carefully by 

anyone using the NEC code. Experience gained by using the code will also aid the user in 

developing models. 

A wire segment is defined by the coordinates of its two end points and its radius. 

Modeling a wire structure with segments involves both geometrical and electrical factors. 

Geometrically, the segments should follow the paths of conductors as closely as possible, 

using a piece-wise linear fit on curves. 

The main electrical consideration is segment length iL relative to the wavelength X. 

Generally, A L should be less than about 0. IX at the desired frequency. Somewhat longer 

segments may be acceptable on long wires with no abrupt changes while shorter segments, 

0.052, or less, may be needed in modeling critical regions of an antenna. The size of the 

segments determines the resolution in solving for the current on the model since the current is 

computed at the center of each segment. Extremely short segments, less than about 10X, 

5110u1d also be avoided since the similarity of the constant and cosine components of the 

current expansion leads to numerical inaccuracy. 

The wire radius, a, relative to X is limited by the approximations used in the kernel of 

the electric field integral equation. Two approximation options are available in NEC-2: the 

thin-wire kernel and the extended thin-wire kernel. In the thin-wire kernel, the current on the 

surface of a segment is reduced to a filament of current on the segment axis. In the extended 

thin-wire kernel, a current uniformly distributed around the segment surface is assumed. The 

field of the current is approximated by the first two terms in a series expansion of the exact 

field in powers of a2 . The first term in the series, which is independent of a, is identical to 

the thin-wire kernel while the second term extends the accuracy for larger values of a. Higher 

order approximation are not used because they would require excessive computation time. 
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In either of these approximations, only currents in the axial direction on a segment are 

considered, and there is no allowance for variation of the current around the wire 

circumference. The acceptability of these approximations depends on both the value of aIX 

and the tendency of the excitation to produce circumferential current or current variation. 

Unless 27ra / X is much less than 1, the validity of these approximations should be 

considered. 

The accuracy of the numerical solution for the dominant axial current is also 

dependent on AL/a. It must be greater than about 8 to limit errors less than 1%, since small 

values of AL/a may result in extraneous oscillations in the computed current near free wire 

ends, voltage sources, or lumped loads. Use of the extended thin-wire kernel will extend the 

limit on AL/a to smaller values than are permissible with the normal thin-wire kernel. 
4 

Studies of the computed field on a segment due to its own current have shown that with the 

thin-wire kernel, with the extended thin-wire kernel, Delta/a may be as small as 2 for the 

same accuracy. In the current solution with either of these kernels, the error tends to be less 

than for a single field evaluation. Reasonable current solutions have been obtained with the 

thin-wire kernel for AL/a down to about 2 and with the extended thin-wire kernel for AL/a 

down to 0.5. When a model includes segments with AL/a less than about 2, the extended 

thin-wire kernel option should be used by inclusion of an EK' card in the data deck. When 

the extended thin-wire kernel option is selected, it is used at free wire ends and between 

parallel, connected segments. The normal thin-wire kernel is always used at bends in wires. 

however. Hence, segments with small AL/a should be avoided at bends. Use of a small 

AL/a at a bend, which results in the center of one segment falling within the radius of the 

other segment, generally leads to severe error. 

The current expansion used in NEC enforces conditions on the current and charge 

density along wires, at junctions, and at wire ends. For these conditions to be applied 

properly, segments that are electrically connected must have coincident end points. If 

segments intersect other than at their ends, the NEC-2 code will not allow current to flow 

from one segment to the other. Segments will be treated as connected if the separation of 

their ends is less than about I 0 times the length of the shortest segment. When possible, 

however, identical coordinates should be used for connected segment ends. 

The angle of the intersection of wire segments in NEC-2 is not restricted in any 

manner. In fact, the acute angle may be so small as to place the observation point on one wire 

segment within the volume of another wire segment. Numerical studies have shown that such 
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overlapping leads to meaningless results; thus, as a minimum, one must ensure that the angle 
I 

is large enough to prevent overlaps. Even with such care, the details of the current 

distribution near the intersection may not be reliable even though the results for the current 

may be accurate at distances from this region. 

Wire-grid modeling of conducting surfaces has been used with varying success. The 

earliest applications to the computation of radar cross sections and radiation patterns provided 

reasonably accurate results. Even computations for the input impedance of antennas driven 

against grid models of surfaces have often times exhibited good agreement with experiments. 

However, broad and generalized guidelines for near-field quantities have not been developed, 

and the use of wire-grid modeling for near-field parameters should be approached with 

caution. A single wire grid, however, may represent both surfaces of a thin conducting plate. 

The current on the grid will be the sum of the currents that would flow on opposite sites of 

the plate. While information on the currents on the individual surfaces is lost the grid will 

yield the correct radiated fields. 

Other niles for the segment model follows: 

Segments (or patches) may not overlap since the division of current between two 

overlapping segments is indeterminate. Overlapping segments may result in a singular 

matrix equation. 

A large radius change between connected segments may decrease accuracy; 

particularly, with small AL/a. The problem may be reduced by making the radius 

change in steps over several segments. 

A segment is required at each point where a network connection or voltage source 

will be located. This may seem contrary to the idea of an excitation gap as a break in a 

wire. A continuous wire across the gap is needed, however, so that the required 

voltage drop can be specified as a boundary condition. 

The two segments on each side of a charge density discontinuity voltage source 

should be parallel and have the same length and radius. When this source is at the 

base of a segment connected to a ground plane, the segment should be vertical. 

The number of wires joined at a single junction cannot exceed 30 because of a 

dimension limitation in the code. 

When wires are parallel and very close together, the segments should be aligned to 

avoid incorrect current perturbation from offset match point and segment junctions. 

Although extensive tests have not been conducted, it is safe to specify that wires 

should be several radii apart. 

22 



2.5 Example of input data 
1 

The sample input data deck to NEC-2, which is for an impulse voltage measuring 

system as illustrated in the following Fig. 2.2, is shown in the following table 1. For this 

example, the resister divider of 3.3 in in height is divided into 6 segments of 0.55 m. 

The input data deck must begin with comment lines 'CM'. The comment lines are 

temiinated by 'CE'. A line starting with 'GW' represents a cylindrical straight wire. The 

number next to 'GW' is a tag number assigned to all segments of wire. The one next to it is 

the number of segments into which the wire is divided. The decimal numbers next to them 

are the coordinates of the wire ends and the radius of the wire (x1 .y1 .z1 ,x7.y2,z21a). Note 

that the unit is in meters. 

33rn 
33m________ 

Figure 2.2: An impulse voltage measuring system subjected to analysis as example. 

Table 1: Sample input data to NEC-2: 

CM IMPULSE VOLTAGE MEASURING SYSTEM 

CM N=512 Delta T= 2.5E-09 SEC 

CE PERFECTLY CONDUCTING GROiThID IS USED 

GW 1 6 0.0 0.0 0.0 0.0 0.0 3.3 0.0025 

GW 2 6 0.0 0.0 3.3 3.3 0.0 3.3 0.0025 

GW 3 6 3.3 0.0 3.3 3.3 0.0 0.0 0.0025 

GE 1 

GN 1 

LD 4 1 2 2 50.0 

LD 4 3 1 6 1500.0 

FR 0 257 0 0 7.813E-01 7.813E-01 

EX 0 1 1 00 1000.0 0.0 

PT 0 3 6 

XQ 

EN 
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The following two lines, 'GE 1 'and 'GN 1', indicate a perfectly conducting ground 

exists at z = 0, i.e. by this commands, images below ground are generated. The 91  and 10th 

lines beginning with 'LD' specifj the impedance loading. The 9th  line indicates that the 

second segment of the set of segments whose tag number is 1 is loaded by resistance of 

50 Q . Similarly, the 
10t1i line indicates that each of the 1St  segments through 61h  segments of 

the set of segments having tag number of 3 is loaded by 1500 Q , respectively. 

In the line starting with 'FR', the frequency range is specified as 0.7813 MHz to 

200 MHz with the linear increment step of 0.7813 MHz. In the line of 'EX', the excitation 

for the structure is specified. In this case, a voltage source generating 1000 volts is inserted 

into the l segment of the set of segments having tag number of 1. By the line beginning with 

'PT', currents for the 6th  segment of the set of segments whose tag number is 3 are printed. 

The last two commands: 'XQ' and 'EN' are commands of program execution and end, 

respectively. 

For the present analysis, the author uses At = 0.25 ns. So according to the modeling 

guideline of NEC-2 the frequency will be as follows: 

Frequency f 
= 512 x At MHz 

= 

512 x 0.25 x 10 
MI-li = 7.8125 MHz 

Now the wavelength 2 = --, where c is the velocity of light and f is the frequency. 

So, the wavelength 2 = 
3 x 10 

meter =  38.4 meter 
7.8125 x10 6  

Now the value of AL must be within 102 :5 AL :~ O.U. Here, the limiting range for 

AL becomes 0.0384 m :!~ AL :!~ 3.84 m or 3.84 cm :!~ ilL :5 3.84 in. Conventionally, the author 

uses AL = 10 cm, which is within the limit. 

When modeling complex structures with features not previously encountered, 

accuracy may be checked by comparison with reliable experimental data if available. 

Alternatively, it may be possible to develop an idealized model for which the correct results 

can be estimated while retaining the critical features of the desired model. The optimum 

model for a class of structures can be estimated by varying the segment and patch density and 

observing the effect on the results. Some dependence of results on segmentation will always 

be found. A large dependence, however, would indicate that the solution has not converged 

and more segments or patches should be used. A model will generally be usable over a band 

of frequencies. For frequencies beyond the upper limit of a particular model, a new set of 
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geometry cards must be input with a finer segmentation. 

Several options are available in NEC-2 for modeling an antenna over a ground plane. 

For a perfectly conducting ground, the code generates an image of the structure reflected in 

the ground surface. The image is exactly equivalent to a perfectly conducting ground and 

results in solution accuracy comparable to that for a free-space model. Structures may be 

close to the ground or contacting it in this case. However, for a horizontal wire with radius a, 

and height h to the wire axis, [h2  + a2]"2  should be greater than about 106  wavelengths. 

Furthermore, the height should be at least several times the radius for the thin-wire 

approximation to be valid. 

A finitely conducting ground can be modeled by Sommerfeld-Norton approximation. 

It should be noted that NEC-2 can model wires over loss)' ground but it cannot model wires 

buried in the ground. Although NEC-4, the latest version of the NEC-MoM codes, can model 

buried wires. 

2.6 Theoretical Formula of Surge Impedance 

There is a theoretical formula of surge impedance of a vertical conductor, in case with 

ground plane and without ground plane. Suppose that lightning surge strike on the vertical 

conductor whose height is h and radius is r. 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 current reflectivity /3 = 1 and the magnetic field reflectivity 

Y(Yj , 7r) = 0, the theoretical formula of surge impedance, which is very close to the vell-

known empirical formula of Dr. Ham 

2h 
- 2) , Z =60{ln( ) (2.23)  

r 

is obtained as follows: 

Z = 60 (ln( -k-) - 
2r 4 

= 60 (ln( 
2Jh 

1 .983 ). (2.24) 
r 

Equation (2.24) gives the surge impedance of the vertical conductor just after the 

occurrence of the reflection of the traveling wave propagation down from the top of the 

structure. However if it is considered that /3 = = ',. = 1, the potential V (t) generated in the 

vertical conductor at h became, 

25 
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V(t) - 
cj1010 

In 
(ci + 2r) - 0

- 2 2r 2(ct 

The above equation can be modified by substituting ci = 2h, where c is the velocity 

of light and assuming h)) r as follows: 

Z = 60 (ln( 
- 

i 2 

= 60(ln( 
2  12 h) 

1.540). 

On the other hand, if there is no ground, the following formula is induced 

CL 
V() 

= L (—E,.d/) 

4 

In 

/ 

= 
cp010  ( (ci + 2r) ci 

2,r 2r 2(ct+r)) 

Substituting ci = 2h and assuming Ii )) r in the above equation, we get 

Z = 60 (ln( •-) - 

(2.25) 

= 60 (ln( 
211) 

 - 1 .540 ). (2.26) 
r 

This formula given by equation (2.26) is the same as equation (2.25). Then, we 

calculate the value of surge impedance by these equation and compare with NEC-2 results 

comparing with and without ground plane. 

2.7 Application to the Analysis of Vertical Conductor Surge Response 

The analysis of transient behavior of tower struck by lightning is an important 

problem when studying the lightning performance of transmission lines. The issue has gained 

more importance with the recent use of instrumented telecommunication towers to capture 

lightning return stroke currents, also in power system equipment (circuit breakers, 

disconnects, control and protection circuits), and in household appliances has increases the 

interest of transients. From this point of view, transient caused by lightning (direct and or 

indirect) can be one of the major causes of malfunction, or even destruction of electrical 

equipments. Direct lightning may be defined as a lightning stroke, which directly hits a line, 

connected to the installation or the equipment. On the other hand, Indirect if the strike is at a 

certain distance and the currents are induced by the electromagnetic field generated by the 
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lightning discharge. In this research, if the lightning current channel does not terminate then it 

it has been denoted as without ground plane and vice-versa. 

This section describes the numerical simulation of the surge response of a vertical 

conductor, including the effects of ground plane and without ground plane [20]-[24]. NEC-2 

is applied to the electromagnetic field analysis of vertical conductor surge response. 

For the analysis different reduced scale model of vertical conductor were taken such 

as 60 cm, 90cm and 120 cm of height. Fig. 2.3 shows reduced-scale of 60cm model of the 

single vertical conductor system for the surge analysis. The arrangement of the current lead 

wire connected to the top of the vertical conductor with the existence of ground plane and 

without ground plane is indicated in Fig. 2.3 and Fig. 2.4 respectively. Whereas, Fig. 2.3 

simulates a lightning stroke to mid-span and also have been called the refraction method. 

Volntgc MRuring Wrc 

2m 

Figure 2.3: Arrangement of the vertical conductor system for the simulation using 

NEC-2 with ground plane. 
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Figure 2.4: Arrangement of the vertical conductor system for the simulation using 
Ar 

NEC-2 without ground plane. 
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4 
Fig. 2.4 also illustrates an arrangement for analysis, which simulates a vertical 

lightning stroke hitting a tower top [25][26]. In this type of analysis, two kinds of lightning 

strokes are simulated: one is a return stroke and the other is a downward traveling current 

wave. 

In the case of a return stroke to a tower, a downward leader, which is similar to a 

charged vertical transmission line whose lower end is open, contacts the top of the tower. 

This situation can be simulated by placing a pulse current generator at the tower top. Another 

type of the lightning phenomena caused by a downward traveling current wave can also be 

examined. In such kinds of strokes, a current wave is thought to propagate down the lightning 

channel from the cloud to the tower top. For the simulation of this situation, a pulse current 

generator needs to be placed remotely above the channel. However, the computed waveforms 

for this case of current injection, a current wave traveling down the current lead wire, are 

similar to those of return stroke type without the influence of the finite length of the wire. 

A voltage measuring wire of 200 cm in length is placed perpendicular to the current 

lead wire and is connected to the top of the vertical conductor, which is 60 cm in height, and 

radius of 0.05 cm. The ends of the horizontal voltage measuring wire in both cases are 

stretched down and connected to the ground through matching resistance. If the 

electromagnetic wave inside the vertical conductor system travels at the velocity of light, this 

termination condition does not affect the phenomena at the vertical conductor within 13.33 

fls. 

A step current pulse generator having pulse voltage of 5 V in magnitude, rise-time of 

us and pulse width of 40 ns is installed in both cases which is meant to incorporate the 

influence of the induction from the lightning channel hitting the vertical conductor. Fig. 2.5 

shows the waveforms of the injected current for the simulation using NEC-2. 

ii: 
1.25 ns/div 

Figure 2.5: Waveform of the injected current. 
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4 
Since NEC-2 is a computer code in the frequency domain, the Fourier transform and 

the inverse Fourier transform are used to solve the time-vaiying electromagnetic fields. 

Geomet.Source Source 
Impedance etc. I I  Waveform 

NEC-2 

FVI' 

I NV-FFT 

Current Waveform 

Figure 2.6: Flowchart of the solution using NEC-2. 

The flowchart of the NEC-2 solution is shown in Fig. 2.6. For the numerical analysis, 

the conductor system needs to be modeled with segments according to the modeling 

guidelines stated in the preceding section. To save the computation time, the conductors of 

the system are divided into 10 cm segments in this work. This segmentation must satisfy 

electrical consideration relative to the wavelength as: 

10 :~ LxL :!:-  0.1? 

This requirement is too severe to be satisfied exactly, since wider frequency range is needed 

to investigate the transient characteristics of such a system. 

P To evaluate the voltage of the top of a structure, 10 k2 resistance was inserted 

between the top of the structure and the end of the voltage measuring wire. Input data for 

NEC-2 program is given in Appendix-B. The voltage at the top of vertical conductor through 

the horizontal voltage measuring wire is obtain and also the waveform of current flowing 

through the vertical conductor is obtained from the simulation. The system of structures 

under the analyses was postulated to be on the perfectly conducting ground of Cupper with 

conductivity 5.8 x 10 mho/meter. Then we calculate the surge impedance, by the recently 

developed formula [27], which is defined by the ratio of the instantaneous values of the 

voltage to the current at the moment of voltage peak. 

As the pulse applied to the current lead wire according to Fig. 2.7, the current starts 

flowing through the vertical conductor instantly. However, for the arrangement as shown in 
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Fig. 2.3, the current through the vertical conductor is delayed by the round-trip time of the 

00 travelling wave in the conductor. While in both cases, the reflection wave from the ground 

reaches the top of the vertical conductor at I = 2h/c [27]-129], where h is the height of the 

vertical conductor and c is the velocity of light. That's why the maximum potential of the 

vertical conductor will occur at time I = 2h / c. 

2.8 Surge Simulation by NEC.-2 

2.8.1 With Ground Plane 

Considering the Fig. 2.3, we want to find the voltages and currents with the 

simulation by the NEC-2. Fig. 2.7 shows the simulation results by the NEC-2 of the voltage 

at the tower top and current through the vertical conductor respectively in case with ground 

plane. As soon as the reflected wave from the ground reaches the top of the conductor, the 

potential waveforms decrease, which is observed after I = 2h/c = 4 ns that means the 

traveling wave is propagating at the velocity of light. The simulation result of voltage 

waveform at the tower top obtained is shown in Fig. 2.7 (a). The computed waveforms of 

current flowing through the vertical conductor are obtained at the location marked 'CT in Fig. 

2.3. The current sensors are placed about 20 cm apart in the vertical conductor to obtain the 

lower, middle and upper currents. These simulation results of currents waveforms obtained 

are given in Fig. 2.7 (b). The influence of ground plane can be observed in Fig. 2.7 (b), where 

the field produced by the current injected horizontally induce current of small magnitude 

before the actual surge current flowing through the vertical conductor. [21] [22]. The 

simulation results are in well agreement with the FDTD results. [23]. 

2.8.2 Without Ground Plane 

Fig. 2.8 shows the results of the voltage across the voltage measuring wire and 

currents through upper, middle and lower ends of the vertical conductor respectively in the 

absence of ground plane. However, in this of analysis, the waveforms of current through the 

vertical conductor are somewhat different from Fig. 2.7 (b). The major difference can be 

noticed at the starting zone of the lower end current and then current after rising to its peak. 

The surge currents through the vertical conductor after 1 ns of rise-time are almost flat and 

there is no such contribution of small induce current like Fig. 2.7 (b), because of absence of 

the ground plane for injected current. Also, the current starts flowing instantly through the 

vertical conductor without being delayed. The voltage waveforms reach their peaks after 4 ns, 

which indicates that a traveling wave propagates along the conductor with the velocity of 

light. 
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Figure 2.7: NEC-2 results of voltage at the top and currents through the vertical conductor 
of 60 cm in case with ground plane. 
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Figure 2.8: NEC-2 results of voltage at the top and currents through the vertical conductor 

of 60 cm in case without ground plane. 
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2.8.3 Surge Impedance 

We define the surge impedance by the ratio of the instantaneous values of the voltage 

at the tower top or vertical conductor to the current flowing through it at the moment of 

voltage peak. The theoretical values of surge impedance with ground plane derived by 

Takahashi are just after the surge electric current reaches the ground and produced reflected 

current wave. There is another empirical formula of surge impedance equation (2.23), which 

is very close to equation (2.24). Here we plotted the empirical values of surge impedance 

along with the computed values considering the effect of ground plane and without ground 

0 0 

&ne [nsl 

(a) With ground plane 

350 

MO 

250 

ISO 

100 

NEC-2 
0 0 3 

time(ns) 

(b) Without ground plane 

6 

6 

Zici] 
13 

13 

'C 

Figure 2.9: Surge impedance of the vertical conductor of 60cm at 0(t :!~ 2h / c 

plane along with the simulation at 0 (t ( 2 h / c . Also we need to know surge impedance at 

I = 2h / c = 4 ns. Computed values that are obtained by NEC-2 are approaching closely at 

t 2h/c. 

For comparison similar to the 60 cm of height model, 90 cm and 120 cm of height 

model was analyzed by the same procedure as described in the preceding sections. The 

injected current waveform was same in all these cases as shown in Fig. 2.5, in which the rise 

time was 1 ns. The voltage, current and impedance waveforms were obtained in these cases 

as shown in following Figs. 2.10, 2.11 and 2.12 respectively. In case of 90 cm model the 

current wave which is reflected from the ground reaches at the top after about 6 ns which 

'p shows that the electromagnetic wave propagates through the conductor with the velocity of 
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light. On the other hand, for 120 cm model the reflection occurs after S ns, which also shows 

that the propagation velocity is the velocity of light. 
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(a) Computed current waveform (b) Computed voltage waveform 

Figure 2.10: NEC-2 results of voltage at the top and currents through the vertical conductor 

of 90 cm in case without ground plane. 
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(a) Computed current waveform (b) Computed voltage waveform 

Figure 2.11: NEC-2 results of voltage at the top and currents through the vertical conductor 
of 90 cm in case with ground plane. 

From the voltage and current the impedance curve is plotted as shown in Fig. 2.12. It 

is seen that value of surge impedance without ground plane case is more than with ground 

plane cases which was also in case of 60 cm model. The theoretical value of surge impedance 

can be explained by the theoretical value of Takahashi formula, which is considered without 

ground plane case and empirical formula of Hara et aL is considered with ground plane case. 
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Figure 2.12: Surge impedance of the vertical conductor of 90cm at 0(t :!~ 2h / c. 
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(a) Computed current waveform (b) Computed voltage waveform 

Figure 2.13: NEC-2 results of voltage at the top and currents through the vertical conductor 

of 120 cm in case without ground plane. 
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(a) Computed currcnt waveform (b) Computed voltage waveform 

Figure 2.14: NEC-2 results of voltage at the top and currents through the vertical conductor 

of 120 cm in case with ground plane. 
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(a) With ground plane (b) Without ground plane 

Figure 2.15: Surge impedance of the vertical conductor of 120 cm at 0i :!~ 2h Ic. 

Similar to the 90 cm model, in case of 120 cm model we see that in both the cases the 

voltage waveform reaches their peak value after about 8 ns and then decreases. In case of the 

current wave, the reflection arrives after 8 ns, which shows that in this case electromagnetic 

wave also propagates with the velocity of light. The value of surge impedance without 

ground plane case is more than in case with ground plane as explained in 60 cm model. It is 

seen that the value of surge impedance increases with the time as long as it reaches to the 

surge impedance value of the vertical conductor and then decreases. 
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2.8.4 Influence of the Method of Current Injection 

For the analysis of current injection at the different point is numerically simulated. In 

this case a pulse generator is inserted into the current lead wire at different places from the 

top of the vertical conductor in the current lead wire as shown in Fig. 2.16. The pulse 

generator is placed as in case (i) at 150 cm above, (ii) at 100 cm above the top of the vertical 

conductor and (iii) also at the top of the vertical conductor. These three arrangements of pulse 

generator are simulated with the help of NEC-2. The computed waveforms of the conductor 

top voltages and currents 

55 Pu'se Generator 
0 

Figure 2.16: Arrangement for the analysis by the direct method, where a pulse generator is 

placed at different position in the current lead wire. 

125nsldiv 1.25ns!div 

(a) Voltage waveforms (b) Current waveforms 

Figure 2.17: Computed waveforms of voltage and currents for injection at different height 

of the current lead wire. 
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flowing into the conductor are shown in Fig. 2.17. The broken line, solid line and chain lines 

results correspond to case (i), case (ii) and case (iii) respectively. The voltage waveform for 

case (iii) reaches its peak value at I = 2h / c = 4 ns which shows that the propagation velocity 

is same as light. On the other hand for other two cases there is a time delay of 3.4 ns in case 

(ii) and 5 ns in case (i), which also show that the electromagnetic wave is propagating 

through the conductor with the velocity of light. For the current waveforms it is observed that 

only in case (iii) the reflection from the perfectly conducting ground occurs after 4 ns. But in 

other two cases there are time delays for reflection due to time required to propagate 

electromagnetic wave through the vertical conductor. 

2.8.5 Effect of Changing Segment Length 

The main electrical consideration is segment length AL relative to the wavelength A. 

Generally, AL should be less than about 0.1 A. at the desired frequency. Somewhat longer 

segments may be acceptable on long wires with no abrupt changes while shorter segments, 

0.05 A.or less, may be needed in modeling critical regions of an antenna. The size of the 

segments determines the resolution in solving for the current on the model since the current is 

computed at the center of each segment. Extremely short segments, less than about 10-  A., 

should also be avoided since the similarity of the constant and cosine components of the 

current expansion leads to numerical inaccuracy. So the vertical conductor model of height 

90 cm was taken into account for analysis by changing segments length according to the 

modeling guidelines. Here for simulation with NEC-2 the segment size was taken as 5 cm, 10 

1.25 nsldry 

Figure 2.18: Voltage at the tower top in case of changing segment length. 
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cm and 20 cm in length. The output waveforms of tower top voltage were obtained are almost 

similar to the Fig. 2.10 (b) means it is acceptable within the accuracy maintain in the analysis. 

So , within the modeling limit the segment length should be as small as possible to obtain the 

better result, also to maintain the accuracy although if the segment length decreases the 

computation time increases. 

2.8.6 Effect of Changing Radius and Height 
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Figure 2.19: Waveforms by varying radius and height of the conductor. 

For the numerical analysis with NEC-2, the entire structure needs to be modeled by 

combination of cylindrical segments that must be short enough compared to the wavelength 

of interest. The accuracy of result of NEC-2 by varying the radius of the considered reduced 

scale vertical conductor model over perfectly conducting ground is investigated here by 

simulation approach. In the current analysis the height of the vertical conductor is set to 60 

cm and being considered it as a cylinder the radius of the conductor is varied from 0.05 mm 

to 5 mm for observation. A step current pulse generator having pulse voltage of 5 V in 

magnitude, risetime of 1 ns and pulse width of 40 ns was taken for the analysis. Here the 

segment length AL = 10 cm was taken which must satis1' the condition that radius should be 

smaller than AL / 8 . Computation is carried out in time range of 0.25 ns with stepping 

frequency of 7.8125 MHz. The voltage at the top of the vertical conductor was taken and 

current was computed. Then from the computed value of voltage and current the surge 

impedance as defined by the ratio of the instantaneous values of the voltage at the tower top 

of vertical conductor to the current flowing through it at the moment of voltage peak is 
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determined. The value of surge impedance can also be determined by the theoretical formula 

which is very close to the well-known empirical formula given as in case of with ground 

plane. Similarly, 90 cm of height and 120 cm of height vertical conductors were considered 

and the data was taken. By plotting the simulation result, the effects of varying radius and 

height on the surge impedance are shown in Fig. 2.19. 

From the graph it is seen that if the radius of the vertical conductor is increased then 

the value of surge impedance decreases. It was also noticeable that with the increase of the 

length of the vertical conductor the value of surge impedance increases. Thus it can be shown 

that the accuracy is satisfactory when a model comprises segments with a uniform radius 

smaller than about AL / S 

Although, the simulation was carried out for the arrangement with ground plane, 

however the other model also gives the same results. 

2.8.7 Computation Time 

For the case of NEC-2, computation is carried out in the frequency range of 7.813 

MI-Iz to 4 GHz with the increment step of 7.813 MI-Iz. 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. 2.6, with Intel Celeron 700 MHz processor with 128 MB RAM is about 

56 seconds with the ground plane case and 30 seconds without ground plane case for 60 cm 

model. For 90 cm model, 60 seconds with the ground plane case and 35 seconds without 

ground plane case and for 120 cm model, 70 seconds with the ground plane case and 40 

seconds without ground plane case are observed. 

2.9 Summary 

The difference of the surge impedances depends on the arrangement in the current 

lead wire, which can be explained by the electric field associated with the steep-front currents 

flowing in the current lead wire, the voltage measuring wire or earth wire and the vertical 

conductor or tower. With vertically applied input or without ground plane case, the positive 

surge current from the pulse generator flowing into the vertical conductor and the negative 

current propagating up the vertical current lead wire produce the strong upward electric field. 

This makes the injected current split more into the voltage measuring wire and less into the 
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vertical conductor than in the case of Fig. 2.7 (b), resulting in higher vertical conductor surge 

impedances. 

On the other hand, a strong horizontal electric field is produced by the negative 

current into the horizontal current lead wire. This makes the injected current split more into 

the vertical conductor and less into the voltage measuring wire than in the case of Fig. 2.8 (b), 

Table 2.1: Surge impedance comparison table: 

60cm 90cm 120cm 

- -g - 

o 0 o- 2 e& 2 
Ig 

o  )  

.-. 0 - tJ) 0 C 

Theory 395 368 6.8 420 393 6.4 436 410 6 

NEC-2 425 395 7 440 402 8.6 460 415 9.7 

which results in lower surge impedances as shown in Fig. 2.9 also demonstrates in Table 2.1. 

The effect of ground plane can also be observed from the Table 2.1. 

It was also observed for 90 cm and 120 cm models, which has been shown in Fig. 

2.10 to 2.15. It must be noticeable that as the height of the vertical conductor with same 

radius was increasing the value of surge impedance was increasing as it is found according to 

the theoretical formula. The maximum difference between the theoretical and computed 

values is found to be about 7.6 % in case without ground plane and 7.35 % in case with 

ground plane. The maximum effect of ground plane is also observed to be less than 10 %with 

the simulation and theoretical investigation 1271-[30]. 
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Chapter 3 

Surge Analysis of Four Parallel Conductors 

3.1 Introduction 

In the preceding chapter the lightning surge characteristics are simulated and analyzcd 

for reduced scale model of single vertical conductor. It should be noted that lightning is 

responsible for severe electromagnetic stress in electric and electronic systems that frequently 

result in damages or operational outages. The evaluation of such a stress is very important for 

lightning protection. So in this chapter lightning surge response for four parallel conductors 

model has been taken into account. The surge impedance obtained from four parallel conductors 

is details analyzed in this chapter for both cases, i.e., with ground and without ground as it was 

for single vertical conductor. 

Fig. 3.1 shows the structures subjected to analysis. The single vertical conductor as 

shown in Fig. 3.1 (a) has a radius of 5 mm where as the vertical four conductors in Fig. 3.1 (b) 

has a radius of 16.5 mm and 404 mm apart. A steep-front current having a rise time of 5 ns was 

injected into a current lead wire as shown in Fig. 3.2. In Fig. 3.2 the injected ramp also 

compared with the computed current at the input terminal. Ffor the numerical analysis, the 

conductor system needs to be modeled with segments according to the modeling guidelines 

stated in the preceding chapter. It is not difficult to satisfy recommended conditions except the 

following one: 0.001 2. :5 AL :!~ 0. 12. This requirement is too severe to be satisfied exactly, 

Figure 3.1: Structure subjected to analysis Figure 3.2 Comparison of injected and 
computed input waveforms for analysis. 

42 



since the wider frequency range is needed here to investigate the transient characteristics of such 

a system. However the author found the following condition yielding reasonable computation 

results by trial and error process. 

Frequency range: 1.5625 MI-Iz to 0.8000 GHz with 1.5625 MHz increment step and 

Segment length: 0.202 m to 0.300 in. 

The above frequency range corresponds to the time range of 0 to 640 ns with 1.25 ns increments. 

3.2 With Ground Plane 

The following Fig.3.3 shows the arrangement of the four parallel conductors model to be 

analyzed with ground plane case. To evaluate the voltage of the top of a structure, 10 kQ rcsis- 

A 

I I 

\I--? Volatge Measuring Wire 
11 510 fl  

9m 

Figure 3.3: Arrangement of four parallel conductor system for simulation using 

NEC-2 with ground plane. 

tance was inserted between the top of a structure and the end of the voltage measuring wire and 

the wavefonri of the current flowing through the resistance was calculated. The system of 

structures under the numerical analysis was postulated to be on the perfectly conducting ground. 

This postulation is used throughout in this thesis. Fig. 3.4 shows the computed waveforms of the 

tower top voltage and the current at the top of the four parallel conductors. 

If a travelling wave propagates along the tower at the velocity of light the reflected wave 

from the ground should return to the tower top after the round-trip time of a travelling wave in 

the tower which is 20 ns for this structure in Fig. 3.3. But from the computed result it is seen that 
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(a) Computed voltage (b) Computed current 

Figure 3.4 NEC-2 results of voltage at the top and current waveforms for the four parallel 

conductors with ground plane case. 

voltage waveforms reach their peaks about 17 ns after the beginning which indicate that a 

negative voltage wave arrives at the top before the arrival of the reflected wave from the ground. 

This phenomenon is due to the electromagnetic field of TEM mode illuminating the structure, 

i.e., the electromagnetic wave associated with a travelling wave in the current lead wire arrives 

at the structure foot simultaneously with the arrival at the top of a structure and a negative 

voltage wave is induced at the structure foot before the occurrence of the reflection of the 

travelling wave propagating down from the top of the structure. This induced wave is observed 

in the current waveform as in Fig. 3.4 (b). 

The analysis was carried out for different rise time as shown in Fig. 3.5, which were 5 ns 

and 2.5 ns respectively. From the output it is seen that for small rise time the voltage of the 

structure at the top reaches the peak value earlier than the other. 

6.25 no/div 

Figure 3.5: NEC-2 results of voltage waveforms at the top of the four parallel conductors 

with ground plane case for different rise time. 
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3.3 Without Ground Plane 

The following Figs. 3.6 (a), (b) and (c) show the arrangement of the four parallel 

conductors model to be analyzed without ground plane cases. 

A 

Conducting Plane 

(a) Injection is at the center top 

of cross configuration 

Wire 

-1r' 

3 ml I I IKFourparallel Conduetor 

(b) Injection is at one end of top 

of cross configuration 

Condu ting Plane -. 

Wire 
I- 

9m 

3m <Fourparallel Conductor 

Conducting Plane 

(c) Injection is at the junction of plus configuration 

Figure 3.6: Arrangement of four parallel conductors system for simulation in 
10. 

case without ground plane. 
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(b) Current waveform 

Computed waveforms of the voltage and the current at the top for Fig. 3.6(b). 

(a) 

Figure. 3.8 

Voltage waveform 

On the other hand, from numerical analysis by NEC-2 the computed waveforms of the 

voltage and the current at the top of the four parallel conductors are obtained as shown in Figs. 

3.7, 3.8 and 3.9. The rise time was set to be 5 ns as shown in the following Figs. In Fig. 3.7 and 

3.8 the voltage waveform rises exponentially and reaches their peak after 21 ns, which shows 

that in this case the electromagnetic wave propagates along the conductor with the velocity of 

light. Then it decreases downward as the reflection comes from the ground. But in Fig. 3.9 the 

voltage waveform rises abnormally and reaches its peak after 25 ns, which is not similar to the 

other cases. 

Figure 3.7: Computed waveforms of the voltage and the current at the top for Fig. 3.6(a). 
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Figure 3.9: Computed waveforms of the voltage and the current at the top for Fig. 3.6(c). 

As the output for structure of Figs. 3.6 (a) and (b) show the characteristics like single 

vertical conductor so this structure is suitable for analysis and design. On the other hand, 

structure of Fig. 3.6 (c) is not suitable for design purposes. 

3.4 Surge Impedances 

Then the tower surge impedances are calculated where the tower surge impedance is 

defined as the ratio of the instantaneous values of the voltage to the current at the moment of 

voltage peak [28]-[30}. The computed tower surge impedances are summarized in table 3.1: 

Table 3.1: Simulation results of surge impedance 

Configuration for NEC-2 With ground () Without ground (Q)J 
For Figure 3.3 and 3.6 (a) 126 195 
For Figure 3.3 and 3.6 (b) 126 205 
For Figure 3.3 and 3.6 (c) 126 414 

3.5 Computation time: 

The computation time for the output of NEC-2 block of the flow chart of Fig. 2.6, with a 

Pentium II 300 MHz processor with 128 MB RAM for the analysis is within 90 seconds. The 

input data to NEC-2 are shown in Appendix C. 
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3.6 Summary 

These results can be used to estimate the tower surge impedance of the standard 

arrangement with a vertical current lead wire and horizontal voltage measuring wire as well as 

with ground plane in case of four parallel vertical conductor models. From the analysis Figs. 3.6 

(a) and 3.6 (b) as the models are recommended. This analysis will help us to configure the 

structure of control building and high tech building when highly sophisticated instruments and 

electronic equipments are installed. 

4 
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Chapter 4 

Lightning Surge Response on Actual Tower 

41 Introduction: 

Lightning performance of transmission lines is an important issue of major interest for 

electric utility companies. Now a days, with the increasing requirement for power quality, this 

matter has been deserving even more attention. In the previous research reduced scale has been 

taken into account for analysis. It is better for understanding and also for simulation. But usually 

in real life actual tower subjected to lightning. So, it is needed to analysis the characteristics of 

actual tower when subjected to lighting as reduced scale model tower. That is why the author 

simulates an actual tower to obtain the surge characteristics phenomena. In this case the three-

phase conductor and earth wire have been taken into analysis. The apparent characteristics of a 

tower may be influenced by the presence of an earth wire. However this issue has been paid little 

attention in the modeling of a tower for the NEC-2 simulations. In this chapter, the surge 

characteristics of an earth-wired tower as well as phase conductors of the tower struck by 

lightning are studied with the help of NEC-2 in case of direct and indirect stroke. Particularly, 

this chapter present some results like the tower surge impedance, tower footing impedance and 

the voltage and current of the earth wire and phase conductors concerning the computational 

simulation of electromagnetic transients in transmission lines caused by direct and indirect 

strikes of lightning. 

4.2 Numerical Electromagnetic Analysis of Earth-Wired Tower Struck by 

Lightning 

In this type of simulation, two kinds of lightning stroke as indicated in the previous 

chapter are simulated: one is a return stroke and other is a downward travelling current 

waveform as shown in Fig. 4.1. In the case of a return stroke to a tower, a downward leader, 

which is similar to a charged vertical transmission line whose lower end is open, contacts the top 

of the tower. This situation can be simulated by placing a pulse current generator at the tower 

top, except for an actually slower velocity of return current wave than the velocity of light. For 

reduced scale model which employed a spiral wire or a straight wire suspended vertically above 

the tower, showed that the speed of upward moving current produces only second-order effects 
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on the surge characteristics of a tower. Therefore the analysis employing a vertical straight wire 

as a current lead wire which can properly evaluate tower characteristics. 

7munder Cloud Thunder Cloud 

Lightning Channel 

Lightning Channel 

Tower / Tower 

(a) Return stroke (b) Downward traveling 
current wave 

Figure 4.1: Schematic diagrams of different types of lightning strokes to the top ofa tower. 

On the other hand, many of the lightning strokes hitting towers on the coastal area of the 

Sea of Japan in winter begin with upward leaders from the towers [311, and many current pulse 

are not produced by what are called return strokes [32]. In such kind of strokes, a current wave is 

thought to propagate down the lightning channel from the cloud to the tower top. For the 

simulation of this situation, a pulse current generator needs to be remotely placed above the 

channel. In the present analysis, a pulse current generator is inserted into the current lead wire at 

240 m from the tower top, where the current lead wire is 480 in in length. 

The arrangement for the analysis is shown in Fig. 4.2. The model tower shown in Fig. 

4.2, is composed of four main poles. The ground plane was considered perfectly conducting 

plane of Cupper with conductivity 5.8 x iO mho/meter.Each pole is connected to the perfectly 

conducting plane through 40 Q resistance to realize the tower footing resistance of 10 n. The 

impedance seen by a lightning surge flowing from the tower base to true ground. The risk for 

backflashover increases with increasing footing impedance. Backflashover occurs when 

lightning strikes the tower structure or overhead shield wires. The lightning discharge current, 

flowing through the tower and tower footing impedance, produces potential differences across 

the line insulation. If the line insulation strength is exceeded flashover occurs i.e. a 

backflashover. Backflashover is most prevalent when tower footing impedance is high. So, low 

value of tower footing impedance is desirable in order to avoid backflashover. Compact lines; 
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Perfectly Conducting Plane 
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transmission hues with reduced clearances between phases and between phase and earth and 

with lower insulation level withstand than for normal lines for the same system voltage. 

Urn 

ft Dci ci the 

.4 
(a) Arrangement of tower for simulation (b) Details of the tower 

Figure 4.2: The structure of the model tower subjected to analysis. 

A horizontal earth wire is attached to the tower top at a height of 120 m and phase 

conductors are stretched at a height of 108 m, 84 m and 60 m respectively, at a distance of lOm 

from the tower body. Each conductor or wire is 960 m in length and 0 . 1 m in radius. The ends 

of them are stretched down and connected to the ground through matching resistance. This 

terminating condition does not affect the phenomena within 3.2 j.t sec . An insulator voltage is 

evaluated through the current flowing a 100 M resistive element inserted between the tower 

body and the phase conductor. To save the computation time, the phase conductor of interest can 

only be considered, and other phase conductors are removed. 

0.8 

0.6 

0 
0.4 

0.2 

0.25 gsec/div 

Figure 4.3: Comparison of input and computed current waveform. 
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Similar to the reduced scale model and four parallel models this actual tower model is analyzed 
Oak 

for both cases such as with and without ground plane cases. A sample input data deck to NEC-2 

for the analysis is shown in Appendix D. The injected and computed waveforms have been 

shown in Fig. 4.3. 

4 

Current Lead Wire 

Pulse Generator 

Earth wire 

Tower 

(a) Return stroke to the tower (b) Downward travelling current to 
the tower 

(c) Stroke to mid-span 

Figure 4.4 Schematic diagram for simulation of current splitting ratio between a tower and 
earth wire. 

Fig. 4.4 illustrates schematic diagram to simulate current splitting ratio between the 

tower and earth wire. Fig. 4.4 (a) simulates a lightning return stroke to the tower that is called 

direct stroke or without ground plane, Fig. 4.4 (b) does a downward travelling current to the 
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tower top and Fig. 4.4 (c) does a stroke to the mid-span. Simulation employing Fig. 4.4 (c) have 

been called the refraction or with ground plane case. In Fig. 4.4 (a) a pulse generator is placed 

on the tower top and is connected to a long vertical current lead wire, while in Fig. 4.4 (b), a 

pulse generator is inserted into the current lead wire at 150 in upward from the tower top. A long 

earth wire is stretched horizontally. In Fig. 4.4 (c), a pulse generator is inserted into the earth 

wire at 150 in left from the tower top. 

4.3 With Ground Plane 

Considering the Fig. 4.4 (c) the simulation was carried out by NEC-2. The output voltage 

at different phases of different height and current waveforms were obtained as shown in Fig. 4.5. 

upper 

025 psc/div 

20 

1.5 

1.0 

D 
0 

05 

Earth 

0.5 

0.25 gseddiv  

12C 

10( 

0 

0 

04 

(a) Voltage at different phases (b) Current in the tower and earth 

wire due to stroke to mid-span 

Figure 4.5 Computed waveforms of insulator voltage and splitting current into the tower top 

in case of horizontal injection. 

4.4 Without Ground Plane 

The simulation was also carried out without ground plane case as shown in the 

arrangement in Fig. 4.4 (a) . The computed waveforms of voltage and current splitting ratio into 

the tower and earth wire are shown in Fig. 4.6. The current splitting raio into the tower and earth 

wire is also simulated in case of downward travelling current into the tower and computed 

waveform is shown in Fig. 4.7. 
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Figure 4.6 

Voltage at different phases (b) Current in the tower and earth 

wire due to return stroke to the tower 

Computed waveforms of insulator voltage and splitting current into the tower top 

in case of vertical injection. 
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C 
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Figure 4.7 Computed waveforms of current splitting ratio into the tower and earth 

wire due to downward travelling current to the tower. 

4.5 Surge impedance: 

From the above Figs. 4.5 and 4.6 for both with and without grond plane cases the tower 

surge impedances are evaluated at the moment of voltage peak and waveform of current into 

the tower top in case of vertical injection. In case of indirect stroke the current in the tower is 

more than direct stroke. The surge impedance are calculated and summerized in the table 4.1: 
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Table 4.1: Surge impedance of the actual tower model at I 2h/c 

r Arrangement 
I With ground (Q) I Without ground (Q) I 

Upper I Middle wer I Upper I Middle lower I 
Surge impedance 135 I 125 I 107 205 I 190  I 170 

From the above it is seen that the surge impedance for the ground plane is naturally 

much lower than of without ground plane as it was ascertained in the preceding sections. 

4.6 Influence of the Arrangements of Current lead wire 

The analysis was carried out in different arrangement of the current lead wire as: 

vertical. 

horizontal and perpendicular to a horizontal voltage measuring wire and 

horizontal and in extension of a voltage measuring wire. 

Fig. 4.8 illustrates the effect of the arrangement of current lead wire on the tower surge 

impedance in details. For the numerical analysis the voltage measuring wire is stretched 

horizontally. In Fig. 4.8 (a) a current lead wire is in a horizontal plane at the height of the 

tower and the angle between the current lead wire and the voltage measuring wire is varied from 

30 0  to 1800  . The angle of 90°  corresponds to the case (ii) and that of is taken 180°  does the 

case (iii). In Fig. 4.8 (b) a current lead wire is in a plane perpendicular to the voltage measuring 

and the angle between the current lead wire and a horizontal plane at the height of the tower top 

is varied from - 600 to 900 . Negative sign of the angle shows that the current lead wire is 

stretched down to the earth. The angle of 900  corresponds to the case (i), and that of 0°  does 

(a) Effect of the angle between current (b) Effect of the angle between 

lead wire and voltage measuring wire current lead wire and the tower 

Figure. 4.8 Influence of the arrangement of the current lead wire. 
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the case (ii). in bot1 cases tower surge impedance for the case (ii) is selected as the reference 

value. 

After calculating the difference the curve of difference verses angle between current lead 

wire and voltage-measuring wire is plotted as shown in figure above. As the angle of injection 

increasing from 30°  to 180°the surge impedance is decreasing continuously and the difference 

due to arrangement of the current lead wire becomes greater if the angle between the wires is 

less than 900. 

4.7 Estimtio. o Surge impedance of Double-Circuit Transmission Tower 

Fig. 4.9 iliva 1000 kV and 500 kV double-circuit transmission towers, which are 

typical lattice to\va: in different countries. The surge impedance of these towers has been 

simulated by drae d. In this method the earth wires were disconnected. The tower of 

UHV I was s the vertical arrangement on a 100-to-I reduced scale model, and the 

surge impda . The others are full-sized towers and were simulated in different 

arrangements d wire. The surge impedance of these towers for verticai 

arrangement :ad in table 4.2, with the dimensions of the towers, with the measured 

value. 

(a) UHV I (b) UHV II (c) 500 kV I (d) 500 kV II 

Figure 4.9: Structures of 1000 kV and 500 kV double circuit towers. 
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Table 4.2: Surge impedance of various double-circuit towers simulated and measured by 

direct method and dimension of them: 

Tower UT-IV I [36] UI-IV II [11] 500 kV 1 [9] 500 kV II [10] 

Zr(Q ) 

Measured 
144 145 148 145 

Z(c) 

Simulated 

200 195 205 190 

, (m) 3.0 2.5 1.5 1.0 

r2 (m) 6.5 4.0 2.3 1.9 

r3 (m) 14 11 5.6 4.0 

h1 (m) 80 60 31 24 

h2 (m) 80 60 31 24 

The dimensions of Ul-IV tower indicated that in table 4.2 are those of the original fill-sized 

tower. Here the correction was made by using Fig. 4.8. In the case of UI-TV II tower, for 

example, the current lead wire and the voltage measuring wire on a horizontal plane in the angle 

of 1300,  it is known from Fig. 4.8 (a) that the surge impedance of 165 n would be 175 n if the 

angle betwwen the two wires were 900.  This value of 175 Q corresponds to the condition of 00  

in Fig. 4.8 (b), and is again corrected into the condition 90°, i.e., vertical current injection, 

yielding 195 C. 

It turned Out that each of the tower had about the same impedance of 200 C as an 

independent tower, when it was simulated by direct method in the vertical arrangement. 

Fisher et al. reported the surge impedance of a 345 kV double-circuit tramsmission 

tower to be 135 Q [33] on the basis of the measurement in the vertical arrangement on a 25-to-i 

reduced-scale model. The tower surge impedance of a typical double-circuit tower by direct 

method were characterizeed by the current splitting raio at the top of the tower are estimated to 

be about 205 Q for a vertical current injecton and about 135 Q for a horizontal one. 
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4.8 Computation Time 

For the numerical analysis, the conductors of the system are divided into 10 in or 12 rn 

segments. The internal impedance of the pulse generator is 5 kQ. Computation is carried out in 

the frequency range of 39.06 kHz to 20 MHz with the incremental step of 39.06 MFIz. This 

corresponds to the time range of 0 to 25 .61u sec with 0.05 U Sec increments. The computation 

time with a Pentium II 300 MHz processor with 128 MB RAM is about 21 minutes for the 

maximum case. 

4.9 Summary 

The surge characteristics of an earth-wired tower struck by a lightning stroke are studied 

A with the help of NEC-2. The type  of the lighting current influences them, whether it is generated 

by a return stroke or by a downward travelling current or stroke to mid-span. The computed 

waveforms of the current splitting ratio into the tower and into one side of the earth wire shown 

in Figs. 4.5 (b), 4.6 (b) and 4.7. In Fig 4.6 (b) and 4.7, the injected current splits into the tower 

and earth wire at a fixed ratio until 0.8 1tcc, which the arrival time of the reflected wave from 

the ground. In Fig. 4.5 (b), the current splitting into the tower increases gradually before 0.8 

1usec. This effect is ascribable to the induced current in the tower. The voltage in the upper 

insulator rises steeply and then saturates, while the rate of rise in others does less steeply. This 

is because the upper-phase conductor is more affected by induction from the earth wire whose 

voltage also rises exponentially. 

These results can be used to estimate the tower surge impedance of the standard 

arrangement with a vertical current lead wire and a horizontal voltage measuring wire. The 

tower surge impedance representing the current splitting ratio at the tower top for a vertical 

stroke to the tower is higher than that characterized by the direct method for more than 25 %. 

On the other hand, the tower surge impedance representing the current splitting ratio for a stroke 

to mid-span or to an adjacent tower is about 10 % lower than that characterized by the direct 

method. 
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Chapter 5 

Conclusions 

Vertical conductor models with and without ground plane for the analysis of surge 

characteristics theoretically and numerically by NEC-2 were reported in this thesis. The 

applicability of NEC-2 to the electromagnetic field analysis of tower surge response is verified 

by comparing the computed results with theoretical results on simple structures such as reduced 

scale model of 60 cm. 90 cm and 120 cm. Simulation was also carried on four parallel 

conductors model and actual tower model bv NEC-2. Although there are some restrictions in the 

structures that can be properly modeled for NEC-2, it is much more flexible than the classical 

modeling of a tower by a cylinder or a cone. 

Simulation carried out reduced scale models, therefore, have hardly been employed in 

the practical calculation of the lightning performance of transmission lines but this approach is 

useful in understanding the lightning phenomena and the dynamic electromagnetic behavior of a 

three dimensional system struck by lightning particularly at the transient period. 

The simulation results with NEC-2 are little bit far from the theoretical values, which 

may due to the effects of programming technique in NEC-2 to calculate currents in wire. 

The propagation velocity of the electromagnetic wave inside the vertical conductor is 

found to be the same as the velocity of light. 

On the basis of various simulating by NEC-2, the surge impedance of an independent 

double-circuit tower is estimated to be about 150 ; when it is evaluated by the direct method, 

where a current lead wire simulating a lightning channel is stretched vertically and a voltage 

measuring wire is stretched horizontally. The tower surge impedance representing the current 

splitting ratio at the tower top for a vertical stroke to the tower is higher than that characterized 

by the indirect method for more than 25 %. On the other hand, the tower surge impedance 

representing the current splitting ratio for a stroke to mid-span or to an adjacent tower is about 

10 % lower than that characterized by the direct method. The difference comes from different 

electromagnetic field around the tower influenced mainly by the electric fields associated with 

the fast-front currents propagating the tower, the earth wire and the current lead wire. 

The surge characteristics of tower struck by a vertical lightning stroke are studied with 

the help of NEC-2. They are little influenced by the type of the lightning current, whether it is 

generated by a return stroke or it is generated by a downward traveling current wave. 
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The tower footing impedance evaluated from the reflected current exhibits initially a 

high value, which gradually falls off to the footing resistance. This apparent high footing 

impedance is physically ascribable to the distortion of the current wave propagating a tower. The 

distortion is partly caused by the strong axial electric field associated with the fast-front current 

wave itself, and is partly caused by the base-broadened structure towers, where a tower and its 

image behave as a non-homogeneous waveguide. 

A 

3-1  
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Appendix A 

History and Availability of NEC-MoM Codes 
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The first in a series of NEC-MoM codes was BRACT [35] developed at MBAssociates 
) 

in Sari Ramon, California. BRACT solved Pocklington's integral equation for thin wires with a 

three-term sinusoidal current expansion and point matching of the boundary condition. This 

code could model wire antennas including the effect of interaction with a finitely conducting 

ground through the Fresnel reflection-coefficient approximation. However, BRACT was used 

mainly by its developers. 

The Antenna Modeling Program (AMP) [36] was the first code released for use by 

public users. AMP also solved Pocklington's integral equation for thin wires with a three term 

sinusoidal current expansion and point matching. The current expansion was chosen so that the 

current on a segment, with the form Al  + B sinks + C1  cosks, when extrapolated to the centers of 

the adjacent segments would coincide with the values of current on those segments. At a 

junction of several wires, the current was extrapolated to the center of a "phantom segment" 

whose length was the average of the connected segments. This extrapolation procedure 

smoothed the current distribution along wires, but still left discontinuities in current and charge 

density. AMP included options to model lumped or distributed loading on wires, transmission 

lines and networks. 

AMP-2 included a magnetic field integral equation model for surfaces while the previous 

version was restricted to modeling thin wires. 

NEC-1 was developed from AMP-2. It included a new way of implementing the three-

term sinusoidal current expansion so that current and charge density exactly satisfied continuity 

conditions imposed at the junctions. The current was forced to satisfy Kirchhoffs current law at 

the junction, and the charge densities on wires were related to a function of the log of wire 

radius to provide approximate continuity of potential. 

NEC-2 added a solution for wires over a lossy ground by implementing the rigorous 

Sommerfeld-integral approach. 

NEC-3 [18] extended the Sommerfeld-Integral ground model to wires buried in the 

ground or penetrating from air into ground. 

NEC-4 1191 retains all of the capabilities of NEC-3, with changes and additions to 

improve the accuracy for stepped-radius wires and electrically small segments, and to add end 

caps and insulated wires. 

The author employs NEC-2 in the present study, since later versions, NEC-3 and NEC-4, 

are available only to the citizens of the United States and Canada, or to the users who are 
k licensed from Lawrence Livermore National Laboratory. 
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The documentation for NEC-2 is officially available from the National Technical 

Information Service, U.S. Department of Commerce. 

National Technical Information Service 

U.S. Department of Commerce 

Springfield, Virginia 22161 

Phone: + 1- 703- 487- 4650 

It consists of three volumes; the theory, the source code in Fortran and the user's guide. 

The current price is about 200 dollars. 

The volumes of the theory and the user's guide are also obtained on a WWW site at 

litt p://meiiibers.liome.net/iiec2/  

The information's on the free executables of NEC-2 and commercial programs sold by 

vendors are also available on the above site. 

Recent materials on the MoM theory and its applications contain detailed descriptions of 

the MoM, and they are useful for persons who wish to learn to use NEC-MoM codes. 
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Appendix B 

Sample Input Data to NEC-2 for Single Vertical Conductor 
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CM SINGLE VERTICAL CONDUCTOR FOR VOLTAGE 
CM Horizontally applied source at the top (Horizontal Input Fig. 2.3) 
CM N = 512, DT = 0.25E-09, SEC DL = 10 cza, r = 0.0005 in only vertical 
conductor 
CE PERFECTLY CONDUCTING GROUND 
GW 1 6 0.0 0.0 0.6 0.0 0.0 0.0 0.0005 
GW 2 30 0.0 3.0 0.6 0.0 0.0 0.6 0.0005 
GW 3 6 0.0 3.0 0.6 0.0 3.0 0.0 0.0005 
GW 4 20 0.0 0.0 0.6 2.0 0.0 0.6 0.0005 
GW 5 6 2.0 0.0 0.6 2.0 0.0 0.0 0.0005 
GE 1 
GN 1 
LD 4 2 1 5.1E-f02 
LD 4 5 6 0.1 
LD 4 1 6 0.1 
LD 4 4 1 1.OE+04 
FR 0 257 7.813 7.813 
EX 0 2 1 00 5.OE+0 0.0 
PT 0 2 1 
XQ 
EN 

CM SINGLE VERTICAL CONDUCTOR FOR CURRENT 
CM Horizontally applied source at the top (Horizontal Input Fig. 2.3) 
CM N = 512, DT = 0.25E-09, SEC DL = 10 cm, r = 0.0005 in 
CE PERFECTLY CONDUCTING GROUND 
GW 1 6 0.0 0.0 0.6 0.0 0.0 0.0 0.0005 
GW 2 30 0.0 3.0 0.6 0.0 0.0 0.6 0.0005 
GW 3 6 0.0 3.0 0.6 0.0 3.0 0.0 0.0005 
GW 4 20 0.0 0.0 0.6 2.0 0.0 0.6 0.0005 
GW 5 6 2.0 0.0 0.6 2.0 0.0 0.0 0.0005 
GE 1 
GN 1 
LD 4 2 1 5.1E+02 
LD 4 5 6 0.1 
LD 4 1 6 0.1 
LD 4 4 1 1.OE+04 
FR 0 257 7.813 7.813 
EX 0 2 1 00 5.OE+0 0.0 
PT 0 1 1 
XQ 
EN 
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p CM SINGLI VERTICAL CONDUCTOR FOR VOLTAGE 

CM vertically applied source (Vertical input Fig. 2.4) 

CM N512, DT= 0.25E-09 SEC, DL10 cm, r=.0005 m only vertical conductor 

CE PERFECTLY CONDUCTING GROUND 

GW 1 6 0.0 0.0 0.6 0.0 0.0 0.0 0.0005 

GW 2 20 0.0 0.0 0.6 2.0 0.0 0.6 0.0005 

GW 3 6 2.0 0.0 0.6 2.0 0.0 0.0 0.0005 

GW 4 20 0.0 0.0 2.6 0.0 0.0 0.6 0.0005 

GE 1 

GN 1 

LD 4 4 20 5.1E+02 

LD 4 1 1 0.1 

LD 4 3 6 0.1 

LD 4 2 1 1.0E+04 

FR 0 257 7.8125 7.8125 

EX 0 4 23 00 5.OE+0 0.0 

PT 0 2 1 

XQ 

EN 

CM SINGLE VERTICJL CONDUCTOR FOR CURRENT 

CM Vertically applied Eource (Vertical input Fig. 2.4) 

CM N=512, DT=0.25E-09 SEC, DL10 cm, r=.0005m only vertical conductor 

CE PERFECTLY CONDUCTING GROUND 
GW 1 6 0.0 0.0 0.6 0.0 0.0 0.0 0.0005 

GW 2 20 0.0 0.0 0.6 2.0 0.0 0.6 0.0005 

GW 3 6 2.0 0.0 0.6 2.0 0.0 0.0 0.0005 

GW 4 20 0.0 0.0 2.6 0.0 0.0 0.6 0.0005 

GE 1 
GN 1 
LU 4 4 20 5.1E+02 
LD 4 1 1 0.1 
LD 4 3 6 0.1 
LD 4 2 1 1.OE+04 

FR 0 257 7.8125 7.8125 

EX 0 4 20 00 5.OE+0 0.0 

PT 0 1 1 
XQ 
EN 
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Appendix C 

Sample Input Data to NEC-2 for Four Parallel Vertical 
Conductors 
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CM FOUR VERTICAL PARALLEL CONDUCTORS FOR VOLTAGE 
CM Horizontally applied source at the top (Horizontal Input for Fig.3.3) CM  N=512 DT=1.25E-09 SEC 
CE PERCTLY CONDUCTING GROUND 

w 1 10 0.0 0.0 3.0 0.0 0.0 0.0 0.0165 
GW 2 10 0.0 0.404 3.0 0.0 0.404 0.0 0.0165 
GW 3 10 0.404 0.404 3.0 0.404 0.404 0.0 0.0165 
GW 4 10 0.404 0.0 3.0 0.404 0.0 0.0 0.0165 
GW 5 2 0.0 0.0 3.0 0.0 0.404 3.0 0.0165 
GW 6 2 0.0 0.404 3.0 0.404 0.404 3.0 0.0165 
GW 7 2 0.404 0.404 3.0 0.404 0.0 3.0 0.0165 
GW 8 2 0.404 0.0 3.0 0.0 0.0 3.0 0.0165 
GW 9 30 0.202 9.404 3.0 0.202 0.404 3.0 0.0165 
GW 10 10 0202 9.404 3.0 0.202 9.404 0.0 0.0165 
GW 11 30 0.404 0.0 3.0 9.404 0.0 3.0 0.0165 
GW 12 10 9.404 0.0 3.0 9.404 0.0 0.0 0.0165 
GE 1 
GN 1 
LID 4 9 20 20 5.OE+03 
LID 4 10 10 10 467.0 
LID 4 12 10 10 467.0 
LID 4 11 1 1 1.OE+04 
FR 0 257 1.5625 1.5625 
EX 0 9 20 00 5.OE+03 0.0 
PT 0 11 1 
XQ 

EN 

CM FOUR VERTICAL PARALLEL CONDUCTORS FOR CUIPENT 
CM Horizontally applied source at the top (Horizontal Input for Fig.3.3) 
CM N=512 DT=1.25E-09 SEC 
CE PERFECTLY CONDUCTING GROUND 
GW 1 10 0.0 0.0 3.0 0.0 0.0 0.0 0.0165 
GW 2 10 0.0 0.404 3.0 0.0 0.404 0.0 0.0165 
GW 3 10 0.404 0.404 3.0 0.404 0.404 0.0 0.0165 
GW 4 10 0.404 0.0 3.0 0.404 0.0 0.0 0.0165 
GW 5 2 0.0 0.0 3.0 0.0 0.404 3.0 0.0165 
GW 6 2 0.0 0.404 3.0 0.404 0.404 3.0 0.0165 
GW 7 2 0.404 0.404 3.0 0.404 0.0 3.0 0.0165 
GW 8 2 0.404 0.0 3.0 0.0 0.0 3.0 0.0165 
GW 9 30 0.202 9.404 3.0 0.202 0.404 3.0 0.0165 
GW 10 10 0.202 9.404 3.0 0.202 9.404 0.0 0.0165 
GW 11 30 0.404 0.0 3.0 9.404 0.0 3.0 0.0165 
GW 12 10 9.404 0.0 3.0 9.404 0.0 0.0 0.0165 
GE 1 
GN 1 
LI) 4 9 20 20 5.OE+03 
LID 4 10 10 10 467.0 
LID 4 12 10 10 467.0 
LID 4 11 1 1 1.0E+04 
FR 0 257 1.5625 1.5625 
EX 0 9 20 00 5.OE+03 0.0 
PT 0 9 30 
XQ 
EN 
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CM POUR PARALLEL VERTICAL CONDUCTOR FOR VOLTAGE 
CM Vertically applied source for cross coxifigiiration of Fig. 3.6(a) 

CM N=512 DT= 1.25E-09 SEC 
CE PERFECTLY CONDUCTING GROUND 

CM N=512 DT= 1.25E-09 SEC 
CE PERFECTLY CONDUCTING GROUND 
GW 1 10 0.0 0.0 3.0 0.0 0.0 0.0 

GW 2 10 0.0 0.404 3.0 0.0 0.404 0.0 

GW 3 10 0.404 0.404 3.0 0.404 0.404 0.0 

GW 4 10 0.404 0.0 3.0 0.404 0.0 0.0 

GW 5 2 0.0 0.0 3.0 0.0 0.404 3.0 

GW 6 2 0.0 0.404 3.0 0.404 0.404 3.0 

GW 7 2 0.404 0.404 3.0 0.404 0.0 3.0 

GW 8 2 0.404 0.0 3.0 0.0 0.0 3.0 

GW 9 30 0.202 0.202 12.0 0.202 0.202 3.0 

Gw 10 30 0.404 0.0 3.0 9.404 0.0 3.0 

GW 11 10 9.404 0.0 3.0 9.404 0.0 0.0 

GW 12 2 0.0 0.0 3.0 0.402 0.404 3.0 

GW 13 2 0.0 0.402 3.0 0.404 0.0 3.0 

GE 1 
GN 1 
LID 4 9 30 30 5.OE+03 
LID 4 11 10 10 467.0 
LID 4 10 1 1 1.0E+04 
FR 0 257 0 0 1.5625 1.5625 
EX 0 9 30 00 5.OE+3 0.0 

PT 0 11 1 
XQ 
EN 

0.0165 
0.0165 
0.0165 
0.0165 
0.0165 
0.0165 
0.0165 
0.0165 
0.0165 
0.0165 
0.0165 
0.0165 
0.0165 

CM FOUR PARALLEL VERTICAL CONDUCTOR FOR CURRENT 
CM Vertically applied source for cross configuration of Fig. 3. 6 (a) 

CM N=512 DT= 1.25E-09 SEC 
CE PERFECTLY CONDUCTING GROUND 
CM N=512 DT= 1.25E-09 SEC 
CE PERFECTLY CONDUCTING GROUND 
GW 1 10 0.0 0.0 3.0 0.0 0.0 0.0 

GW 2 10 0.0 0.404 3.0 0.0 0.404 0.0 

GW 3 10 0.404 0.404 3.0 0.404 0.404 0.0 

GW 4 10 0.404 0.0 3.0 0.404 0.0 0.0 

GW 5 2 0.0 0.0 3.0 0.0 0.404 3.0 

GW 6 2 0.0 0.404 3.0 0.404 0.404 3.0 

GW 7 2 0.404 0.404 3.0 0.404 0.0 3.0 

GW 8 2 0.404 0.0 3.0 0.0 0.0 3.0 

GW 9 30 0.202 0.202 12.0 0.202 0.202 3.0 

GW 10 30 0.404 0.0 3.0 9.404 0.0 3.0 

Gw 11 10 9.404 0.0 3.0 9.404 0.0 0.0 

GW 12 2 0.0 0.0 3.0 0.402 0.404 3.0 

GW 13 2 0.0 0.402 3.0 0.404 0.0 3.0 

GE 1 
GN 1 
LD 4 9 30 30 5.OE+03 
LID 4 11 10 10 467.0 
LID 4 10 1 1 1.0E+04 
FR. 0 257 0 0 1.5625 1.5625 
EX 0 9 30 00 5.OE+3 0.0 
PT 0 9 30 
XQ 
EN 
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0.0165 
0.0165 
0.0165 
0.0165 
0.0165 
0.0165 
0.0165 
0.0165 
0.0165 
0.0165 
0.0165 
0.0165 
0.0165 



GW 1 10 0.0 0.0 3.0 0.0 0.0 0.0 
GW 2 10 0.0 0.404 3.0 0.0 0.404 0.0 
GW 3 10 0.404 0.404 3.0 0.404 0.404 0.0 
GW 4 10 0.404 0.0 3.0 0.404 0.0 0.0 
GW 5 2 0.0 0.0 3.0 0.0 0.404 3.0 
GW 6 2 0.0 0.404 3.0 0.404 0.404 3.0 
GW 7 2 0.404 0.404 3.0 0.404 0.0 3.0 
GW 8 2 0.404 0.0 3.0 0.0 0.0 3.0 
GW 9 30 0.404 0.0 12.0 0.404 0.0 3.0 
GW 10 30 0.404 0.0 3.0 9.404 0.0 3.0 
GW 11 10 9.404 0.0 3.0 9.404 0.0 0.0 
GE 1 
GN 1 
LID 4 9 30 30 5.OE+03 
LID 4 11 10 10 467.0 
LID 4 10 1 1 1.OE+04 
FR 0 257 0 0 1.5625 1.5625 
EX 0 9 30 00 5.OE+3 0.0 
PT 0 9 30 
XQ 
EN 

0.0165 
0.0165 
0.0165 
0.0165 
0.0165 
0.0165 
00165 
0.0165 
0.0165 
0.0165 
0.0165 

CM FOUR PARALLEL VERTICAL CONDUCTOR FOR VOLTAGE 
CM Vertically applied source for cross configuration of Fig. 3. 6(b) r 
CM N=512 DT= 1.25E-09 SEC 
CE PERFECTLY CONDUCTING GROUND 
GW 1 10 0.0 0.0 3.0 0.0 0.0 0.0 0.0165 
GW 2 10 0.0 0.404 3.0 0.0 0.404 0.0 0.0165 
GW 3 10 0.404 0.404 3.0 0.404 0.404 0.0 0.0165 
GW 4 10 0.404 0.0 3.0 0.404 0.0 0.0 0.0165 
GW 5 2 0.0 0.0 3.0 0.0 0.404 3.0 0.0165 
GW 6 2 0.0 0.404 3.0 0.404 0.404 3.0 0.0165 
GW 7 2 0.404 0.404 3.0 0.404 0.0 3.0 0.0165 
GW 8 2 0.404 0.0 3.0 0.0 0.0 3.0 0.0165 
GW 9 30 0.404 0.0 12.0 0.404 0.0 3.0 0.0165 
GW 10 30 0.404 0.0 3.0 9.404 0.0 3.0 0.0165 
G1 11 10 9.404 0.0 3.0 9.404 0.0 0.0 0.0165 
GE 1 
GN 1 
LID 4 9 30 30 5.OE+03 
LI) 4 11 10 10 467.0 
LI) 4 10 1 1 1.OE+04 
FR 0 257 0 0 1.5625 1.5625 
EX 0 9 30 00 5.OE+3 0.0 
PT 0 10 1 
XQ 

CM FOUR PARALLEL VERTICAL CONDUCTOR FOR CiJR[ENT 
CM Vertically applied source for cross configuration of Fig.3 6 (b) 
CM N=512 DT= 1.25E-09 SEC 
CE PERFECTLY CONDUCTING GROUND 
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CM FOUR PARALLEL VERTICAL CONDUCTOR FOR VOLTAGE 

CM Vertically applied source for plus configuration of Fig.3.6(c) 
fr 

CM N=512 DT= 1.25E-09 SEC 
CE PERFECTLY CONDUCTING GROUND 
GW 1 10 0.0 0.0 3.0 0.0 0.0 0.0 
GW 2 10 0.0 0.404 3.0 0.0 0.404 0.0 
GW 3 10 0.404 0.404 3.0 0.404 0.404 0.0 
GW 4 10 0.404 0.0 3.0 0.404 0.0 0.0 
GW 5 2 0.0 0.0 3.0 0.0 0.404 3.0 
GW 6 2 0.0 0.404 3.0 0.404 0.404 3.0 
GW 7 2 0.404 0.404 3.0 0.404 0.0 3.0 
GW 8 2 0.404 0.0 3.0 0.0 0.0 3.0 
GW 9 30 0.202 0.202 12.0 0.202 0.202 3.0 
GW 10 30 0.404 0.0 3.0 9.404 0.0 3.0 
GW 11 10 9.404 0.0 3.0 9.404 0.0 0.0 
GW 12 2 0.202 0.0 3.0 0.202 0.404 3.0 
GW 13 2 0.0 0.202 3.0 0.404 0.202 3.0 
GE 1 
GN 1 
LD 4 9 30 30 5.OE+03 
LD 4 11 10 10 467.0 
LD 4 10 1 1 1.0E4-04 
FR 0 257 0 0 1.5625 1.5625 
EX 0 9 30 00 5.OE+3 0.0 
PT 0 10 1 
XQ 

EN 

0.0165 
0.0165 
0.0165 
0.0165 
0.0165 
0.0165 
0.0165 
0.0165 
0.0165 
0.0165 
0.0165 
0.0165 
0.0165 

CM FOUR PARALLEL VERTICAL CONDUCTOR FOR CURRENT 

CM Vertically applied source for plus configuration of Fig.3.6(c) 
CM N=512 DT= 1.25E-09 SEC 
CE PERFECTLY CONDUCTING GROUND 
GW 1 10 0.0 0.0 3.0 0.0 0.0 0.0 
GW 2 10 0.0 0.404 3.0 0.0 0.404 0.0 
GW 3 10 0.404 0.404 3.0 0.404 0.404 0.0 
GW 4 10 0.404 0.0 3.0 0.404 0.0 0.0 

r 
GW 5 2 0.0 0.0 3.0 0.0 0.404 3.0 
GW 6 2 0.0 0.404 3.0 0.404 0.404 3.0 
GW 7 2 0.404 0.404 3.0 0.404 0.0 3.0 
GW 8 2 0.404 0.0 3.0 0.0 0.0 3.0 
GW 9 30 0.202 0.202 12.0 0.202 0.202 3.0 
GW 10 30 0.404 0.0 3.0 9.404 0.0 3.0 
GW 11 10 9404 0.0 3.0 9404 0.0 0.0 
GW 12 2 0.202 0.0 3.0 0.202 0.404 3.0 
GW 13 2 0.0 0.202 3.0 0.404 0.202 3.0 
GE 1 
GE 1 
LD 4 9 30 30 5..OE+03 
LD 4 11 10 10 467.0 
LD 4 10 1 1 1.OE+04 
FR 0 257 0 0 1.5625 1.5625 
EX 0 9 30 00 5.0E4-3 0.0 
PT 0 9 30 
XQ 
EN 

0.0165 
0.0165 
0.0165 
0.0165 
0.0165 
0.0165 
0.0165 
0.0165 
0.0165 
0.0165 
0.0165 
0.0165 
0.0165 
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Appendix D 

Sample Input Data to NEC-2 for Actual Tower 
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I 

V. 

CM ACTUAL TOWER MODEL 
CM Vertically applied source 
CM N=512 DT= 50E-09 SEC 
CE PERFECTLY CONDUCTING GROUND 
GW 1 1 -5.0 -5.0 120.0 
GW 2 1 5.0 -5.0 120.0 
GW 3 1 5.0 5.0 120.0 
GW 4 1 -5.0 5.0 120.0 
GW 5 2 -5.0 -5.0 108.0 
GW 6 2 5.0 -5.0 108.0 
GW 7 2 5.0 5.0 108.0 
GW 8 2 -5.0 5.0 108.0 
GW 9 1 -5.0 -5.0 84.0 
GW 10 1 5.0 -5.0 84.0 
GW 11 1 5.0 5.0 84.0 
GT 12 1 -5.0 5.0 84.0 
GW 13 1 -5.0 -5.0 72.0 
GW 14 1 5.0 -5.0 72.0 
GW 15 1 5.0 5.0 72.0 
GW 16 1 -5.0 5.0 72.0 
GW 17 1 -5.0 -5.0 60.0 
GW 18 1 5.0 -5.0 60.0 
GW 19 1 5.0 5.0 60.0 
GW 20 1 -5.0 5.0 60.0 
GW 21 2 -6.2 -6.2 48.0 
GW 22 2 6.2 -6.2 48.0 
GW 23 2 6.2 6.2 48.0 
GW 24 2 -6.2 6.2 48.0 
GW 25 2 -8.6 -8.6 24.0 
GW 26 2 8.6 -8.6 24.0 
GW 27 2 8.6 8.6 24.0 
GW` 28 2 -8.6 8.6 24.0 
GW 29 1 -5.0 -5.0 120.0 
GW 30 1 5.0 -5.0 120.0 
GW` 31 1 5.0 5.0 120.0 
GW 32 1 -5.0 5.0 120.0 
GW 33 40 5.0 -5.0 600.0 
GW 34 40 -15.0 -5.0 108.0 
GW 35 9 -15.0 -485.0 108.0 
GW 36 40 -15.0 -5.0 108.0 
GW 37 9 -15.0 475.0 108.0 
GW 38 1 -5.0 -5.0 108.0 
GW 39 40 -5.0 -5.0 120.0 
GW 40 10 -5.0 -485.0 120.0 
GW 41 40 -5.0 5.0 120.0 
GW 42 10 -5.0 485.0 120.0 
GE 1 
GN 1 
LD 4 33 40 40 5.OE+03 
LID 4 35 9 9 461.0 
LID 4 37 9 9 461.0 
LI) 4 40 10 10 467.0 
LI) 4 42 10 10 467.0 
LID 4 38 1 1 1.OE-I-05 
LID 4 25 2 2 40.0 
LID 4 26 2 2 40.0 
LID 4 27 2 2 40.0 
LID 4 28 2 2 40.0 
FR 0 257 0 0 3.906E-2 3.906E-02 
EX 0 33 40 00 5.OE+3 0.0 
PT 0 38 1 
XQ 

EN 

-5.0 -5.0 108.0 0.1 
5.0 -5.0 108.0 0.1 
5.0 5.0 108.0 0.1 
-5.0 5.0 108.0 0.1 
-5.0 -5.0 84.0 0.15 
5.0 -5.0 84.0 0.15 
5.0 5.0 84.0 0.15 
-5.0 5.0 84.0 0.15 
-5.0 -5.0 72.0 0.2 
5.0 -5.0 72.0 0.2 
5.0 5.0 72.0 0.2 
-5.0 5.0 72.0 0.2 
-5.0 -5.0 60.0 0.25 
5.0 -5.0 60.0 0.25 
5.0 5.0 60.0 0.25 
-5.0 5.0 60.0 0.25 
-6.2 -6.2 48.0 0.25 
6.2 -6.2 48.0 .25 
6.2 6.2 48.0 0.25 

-6.2 6.2 48.0 0.25 
-8.6 -8.6 24.0 0.3 
8.6 -8.6 24.0 0.3 
8.6 8.6 24.0 0.3 
-8.6 8.6 24.0 0.3 
-11.0 -11.0 0.0 0.35 
11.0 -11.0 0.0 0.35 
11.0 11.0 0.0 0.35 
-11.0 11.0 0.0 0.35 
5.0 -5.0 120.0 0.1 
5.0 5.0 120.0 0.1 
-5.0 5.0 120.0 0.1 
-5.0 -5.0 120.0 0.1 
5.0 -5.0 120.0 0.1 

-15.0 -485.0 108.0 0.1 
-15.0 -485.0 0.0 0.1 
-15.0 475.0 108.0 0.1 
-15.0 475.0 0.0 0.1 
-15.0 -5.0 108.0 0.1 
-5.0 -485.0 120.0 0.1 
-5.0 -485.0 0.0 0.1 
-5.0 485.0 120.0 0.1 
-5.0 485.0 0.0 0.1 
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CM ACTUM TOWER MODEL 
CM Horizontally applied source 
CM 14=512 DT= 50E-09 SEC 
CE PERFECTLY CONDUCTING GROUND 
GW 1 1 -5.0 -5.0 
GW 2 1 5.0 -5.0 
GW 3 1 5.0 5.0 
GW 4 1 -5.0 5.0 
GW 5 2 -5.0 -5.0 
GW 6 2 5.0 -5.0 
GW 7 2 5.0 5.0 
GW 8 2 -5.0 5.0 
GW 9 1 -5.0 -5.0 
GW 10 1 5.0 -5.0 
GW11 1 5.0 5.0 
GW 12 1 -5.0 5.0 
GW 13 1 -5.0 -5.0 
GW 14 1 5.0 -5.0 
GW 15 1 5.0 5.0 
GW 16 1 -5.0 5.0 
GW 17 1 -5.0 -5.0 
GW 18 1 5.0 -5.0 
GW19 1 5.0 5.0 
GW 20 1 -5.0 5.0 
GW 21 2 -6.2 -6.2 
GW 22 2 6.2 -6.2 
GW23 2 6.2 6.2 
GW 24 2 -6.2 6.2 
GW 25 2 -8.6 -8.6 
GW 26 2 8.6 -8.6 
GW27 2 8.6 8.6 
GW 28 2 -8.6 8.6 
GW 29 1 -5.0 -5.0 
GW 30 1 5.0 -5.0 
GW31 1 5.0 5.0 
GW 32 1 -5.0 5.0 
GW 33 40 605.0 -5.0 
GW 34 40 -15.0 -5.0 
GW 35 9 -15.0 -485.0 
GW 36 40 -15.0 -5.0 
GW 37 9 -15.0 475.0 
GW 38 1 -5.0 -5.0 
G7 39 40 -5.0 -5.0 
GW 40 10 -5.0 -485.0 
GW 41 40 -5.0 5.0 
GW 42 10 -5.0 485.0 
GW 43 10 605.0 -5.0 
GE 1 
GN 1 
LID 4 33 20 20 5.OE+03 
LID 4 35 9 9 461.0 
LID 4 40 10 10 467.0 
LID 4 42 10 10 467.0 
LID 4 38 1 1 1.OE+05 
LI) 4 25 2 2 40.0 
LID 4 26 2 2 40.0 
LID 4 27 2 2 40.0 
LI) 4 28 2 2 40.0 
FR 0 257 0 0 3.906E-2 
EX 0 33 20 00 5.OE+3 
PT 0 38 1 
XQ 
EN 

120.0 -5.0 -5.0 108.0 0.1 
120.0 5.0 -5.0 108.0 0.1 
120.0 5.0 5.0 108.0 0.1 
120.0 -5.0 5.0 108.0 0.1 
108.0 -5.0 -5.0 84.0 0.15 
108.0 5.0 -5.0 84.0 0.15 
108.0 5.0 5.0 84.0 0.15 
108.0 -5.0 5.0 84.0 0.15 
84.0 -5.0 -5.0 72.0 0.2 
84.0 5.0 -5.0 72.0 0.2 
84.0 5.0 5.0 72.0 0.2 
84.0 -5.0 5.0 72.0 0.2 
72.0 -5.0 -5.0 60.0 0.25 
72.0 5.0 -5.0 60.0 0.25 
72.0 5.0 5.0 60.0 0.25 
72.0 -5.0 5.0 60.0 0.25 
60.0 -6.2 -6.2 48.0 0.25 
60.0 6.2 -6.2 48.0 0.25 
60.0 6.2 6.2 48.0 0.25 
60.0 -6.2 6.2 48.0 0.25 
48.0 -8.6 -8.6 24.0 0.3 
48.0 8.6 -8.6 24.0 0.3 
48.0 8.6 8.6 24.0 0.3 
48.0 -8.6 8.6 24.0 0.3 
24.0 -11.0 -11.0 0.0 0.35 
24.0 11.0 -11.0 0.0 0.35 
24.0 11.0 11.0 0.0 0.35 
24.0 -11.0 11.0 0.0 0.35 

120.0 5.0 -5.0 120.0 0.1 
120.0 5.0 5.0 120.0 0.1 
120.0 -5.0 5.0 120.0 0.1 
120.0 -5.0 -5.0 120.0 0.1 
120.0 5.0 -5.0 120.0 0.1 
108.0 -15.0 -485.0 108.0 0.1 
108.0 -15.0 -485.0 0.0 0.1 
108.0 -15.0 475.0 108.0 0.1 
108.0 -15.0 475.0 0.0 0.1 
108.0 -15.0 -5.0 108.0 0.1 
120.0 -5.0 -485.0 120.0 0.1 
120.0 -5.0 -485.0 0.0 0.1 
120.0 -5.0 485.0 120.0 0.1 
120.0 -5.0 485.0 0.0 0.1 
120.0 605.0 0.0 0.0 0.1 

906E- 02 
0.0 
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