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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 are important as well as
the statistics of lightning parameters such as the ground flash density, the stroke peak current
distributions and so on. Various studies, therefore, have been done to measure the surge char-
acteristics of the line components and to develop their equivalent circuit models for the EMTP
simulations. The tower surge characteristics including the footing impedance are among the
most fundamental factors in the analysis since they contribute directly to the insulator voltages
during a lightning hit. Particularly for such tall structures as EHV or UHV double-circuit tow-
ers, the characteristics become more dominant owing to the longer round-trip time of a traveling
wave in the tower. An agreement on the interpretation of this phenomenon, however, has not
been reached yet.

There have been three representative methods to evaluate the transient characteristics of a
tower as follows: (i) measurements on full-sized towers, (ii) measurements on reduced-scale
models and (iii) theoretical studies. 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.-
Measurements on reduced-scale models are more economical than those on full-sized towers,
and are flexible in setting up various experimental arrangements. It is, however, not easy to
maintain the accuracy of the measurement. Theoretical studies on simplified geometry may be
useful in understanding the phenoxﬁenon, however, they are impotent for accurate evaluation
of the dynamic electromagnetic behavior of a three-dimensional system struck by lightning.

For the accurate analysis of the dynamic electromagnetic field around a complex tower system
struck by lightning, electromagnetic modeling codes are applicable. Among 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 tower surge response is verified by comparison with experimental results on simple struc-
tures. The difference is less than about 5 %, which is within the accuracy maintained in the
measurements.

Secondly, the effects of the measuring methods and the arrangements of the measuring wires
on the evaluated tower surge impedance are studied using NEC-2. On the basis of the analyses,
the surge impedance of an independent double-circuit tower is estimated to be about 150 Q 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 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.

Thirdly, the surge characteristics of an earth-wired tower struck by a vertical lightning stroke
are studied with the help of NEC-2. Particularly, the transient behavior of the tower footing
impedance, and that of the coupling coefficient between an earth wire and a phase conductor,
which influence the insulator voltages, are investigated. The tower footing impedance exhibits
initially a high value, which gTadua:]ly falls off to the value of 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 of
double-circuit towers, where a tower and its image behave as a non-homogeneous waveguide.
The coupling coefficient is much lower than that in the TEM mode when it is evaluated at the
‘moment of the peak of the insulator voltage even if a ramp current having a rise time of as long
as 2 us is injected. This effect is due to the transient upward electric field generated by the
fast-front tower current, which cancels the downward field produced by the charge in the earth
wire.

Finally, a new procedure to deteﬁnine the circuit parameters of the multistory tower model
for the EMTP multi-conductor analysis, on the basis of the measured insulator voltages of an
earth-wired tower, is proposed. The multistory model employing the proposed parameters can
well reproduce the measured insulator voltages. The recommended surge impedance of the top
of the multistory tower model is 200 Q for a typical earth-wired double-circuit tower, which is
about 35 % higher than that of the same tower without earth wires. This higher value takes

account of the initially low coupling coefficients.
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Chapter 1

Introduction

1.1 Lightning Surge Analysis of Overhead Transmission Lines

For overhead power transmission lines, lightning is the primary cause of unscheduled inter-
ruptions. The lightning overvoltages on overhead tr.ansmission lines are caused by either direct
strokes to the phase conductors, called shielding failures, or back-flashovers of the tower insu-
lution associated with lightning strokes to the tower top or the earth wires. The number of
shielding failures is estimated to be only about 4 % of all flashovers [1], for instance, on 500 kV
double-circuit transmission lines. Almost all the remainders are the back-flashovers. Indirect
lightning strokes, striking the ground in the vicinity of overhead lines, also induce transient volt-
ages on the lines, however, the magnitude of induced voltages does not threaten the insulation
of transmission lines.

In analyzing the lightning performance of overhead power transmission lines and substationé,
the statistical data of lightning such as the ground flash density and the stroke peak current
distributions are essential, therefore, competent observations have been performed with lightning
location systems [2] [3]. On the other hand, the lightning surge characteristics of transmission-
line components are also important, and therefore various studies have been done to measure
the characteristics of the line components and to develop their equivalent circﬁjt models for
the traveling wave analysis [4][5] or the EMTP simulations [6][7]. Among the transmission line
components, following characteristsics are particularly important since they contribute directly

to back-flashovers.

(i) Tower éuxge characteristics.
(ii) Tower footing impedance characteristics.

iii) Surge corona.
g



(iv) Air gap flashover characteristics.

Tower surge characteristics and tower footing impedance characteristics contribute to the insu-
lator voltages during a lightning hit. The impulse corona from earth wires reduces the insulator
voltages by increasing the coupling to phase conductors and by decreasing the surge impedance
of earth wires. Air gap flashover characteristics directly dominate the back-flashovers. Among
them, the most fundamental factor is probably tower surge characteristics including the footing
impedance characteristics in the linear region.

The electromagnetic field around a tower struck by a lightning stroke changes dynamically
while a traveling wave makes several round-trips in the tower. During this interval, the wave-
- forms of insulator voltages vary compiexly. This time-dependent or frequency-dependent char-

acteristics cannot be represented by é simple lossless line terminated by the footing resistance,
unless the rise time of a lightning current is much less than the round-trip time of a traveling
wave in the tower. Particularly for such tall sti:uctures as EHV or UHV double-circuit towers,
the characteristics become more dominant owing to the longer round-trip time of a traveling
wave in the tower ( Fig. 1.1 ). An agreement on the interpretation of this phenomenon, however,
has not been reached yet. |
This kind of studies is classified into two stages. The first stage is to understand the physica.l

characteristics mainly by carrying out experiments. The second stage is to develop a numerical

method that can reproduce the obtained physical characteristics for the traveling wave analysis

or the EMTP analysis.
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Fig. 1.1  Voltage waveforms of upper-phase insulators of a 120 m and a 30 m high tower

computed by EMTP with the multistory tower model [9] employing the same fundamental
parameters for the injection of the ramp current having 2 us rise time and 30 kA magnitude.
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1.2 Evaluation Methods of Tower Surge Characteristics

There have been three representative methods to evaluate the transient characteristics of a

tower as follows.

(1) Measurements on full-sized towers [8]-[13].
(ii) Measurements on reduced-scale models [14]-[18].

(iii) Theoretical studies on simplified geometories [19]-[22].

Measurements on full-sized towers are classified into those by the direct method [8]-[11] and
those by the refraction or the reflection method [12][13]. In the measurement by the direct
method, the step current is injected into the tower top by a pulse current generator placed at
the tower top, and the voltage between the tower top and a voltage measuring wire, or across an
insulator string is measured by a voltage divider. This method is straightforward in evaluating
the insulator voltage when the tower is struck by a lightning stroke, and the influence of the
ground conductivity is automatically incorporated. Therefore, the tower parameters employed
in the evaluation of ]ightm'ﬁg performance in Japan [4][7] are based on the measurements by this
method. It is, however, difficult to carry out this kind of experiments in the ideal arrangement
where a current lead wire is stretched vértica]ly above the tower top to simulate a lightning
channel, owing to its scale. The geometrical arrangement in measurements so far [8)-[11],
therefore, has been different from the incident of lightning hitting a tower. In the measuremént
by the refraction method, a 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 connecting point of the tower and th‘e earth wires. Tﬁe tower surge
characteristics evaluated by this method, therefore, should be distinguished from those by the
direct method. ‘

Measurements of lightning surges generated by natural or rocket-triggered lightning strokes
on a 275 kV test transmission line [23]-[25] are also included in the above category. They have
contributed to the verification of the performance of transmission-line surge arresters and to that

of air gap flashover models [26][27]. Since the tower under measurements has a non-standard



shape and the lines sag extraordinarily, determined parameters for this tower may not apply to
other typical double-circuit towers.

Measurements on reduced-scale models [14]-[18] are more economical than those on full-sized
towers, and are flexible in setting up various experimental arrangements. It is, however, not
easy to maintain -the accuracy of the measurement, particularly in the measurement by the
directamethod [14]-[16], since the geometrical size of the measuring devices is large relative to
the measured system. Results measured on reduced-scale models, therefore, have hardly been
employed in the practical calculation of the lightning performance of transmission lines.

Theoretical studies drawing upon various simplifying approximations [19]-[22] have continu-
ously been performed, however, the derived simple formulas for a cylinder do not agree with the
corresponding experimental results [28]. Although this approarch is useful in understanding the
phenomenon, it is invalid for the accurate evaluation of the dynamic electromagnetic behavior

of a three-dimensional system struck by lightning.

1.3 Electromagnetic Modeling Codes

For the accurate analysis of the dynamic electromagnetic field around a complex tower sys-
tem struck by lightning, electromagnetic modeling codes are appropriate. Of many available
codes, those based on the Method of Moments ( MoM ) [29] are probably best suitable for the
electromagnetic analysis of a tower system since they have widely and successfully been wsed in |
analyzing thin-wire antennas or scattering structures [30], and a tower system can be regarded
as a t};in—wire antenna.

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 Finite Difference Time Domain { FDTD ) Method [31] that may also be applicable to this
problem. The MoM is a frequency domain technique, therefore, Fourier transform and inverse

Fourier transform are used to analyze time-varying response. 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, ;che 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.

Pioneering work in applying an originally developed MoM-based code to the analysis of power
system transients was done by Grcev ef al. [32] and by Kato et al. [33]. The former applied
it to the analysis of grounding grids and the latter did to the analysis of towers. Although the
computed results of the latter did not agree well with the corresponding experimental results,
this work is worth admiring.

As a MoM-based code, the author chooses the Numerical Electromagnetic Code ( NEC') [34]
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 [35], 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 [36]. Therefore, the author employs NEC-2 developed in 1980 that is easily available.
The information on the history and availability of the NEC-MoM codes is found in Appendix
A.

1.4 Objectives and Scope of Thesis

The purposes of this work are to clarify the surge characteristics of a transmission tower
by analyzing the electromagnetic field around it with the help of NEC—Z, and to develop a
equivalent circuit of a tower for EMTP mulﬁ—conductor analyses. |

In chapter 2, the numerical solution of the electric field infegra.l equations used in NEC-2 is
outlined, and the validity and the accuracy of NEC-2 when it is applied to the electromagnetic
field ‘analysis of tower surge response are demonstrated by comp;a‘rison with experifnental results.
In chapter 3, two principal measuring methods of tower surge impedance are briefly explained,
and then the effects of the measuring methods and the arrangements of the measuring wires
on the evaluated tower surge impedance are studied by NEC-2. On the basis of the obtained
results, the surge impedance of typical double-circuit towers is estimated. In chapter 4, the
lightning surge characteristics of an earth-wired tower are studied with the help of NEC-2.

Particularly, the transient behavior of the tower footing impedance, and that of the coupling



coefficient between an earth wire and a phase conductor, which influence the voltage across
an insulator, are investigated. In chapter 5, tower models proposed so far are reviewed with
emphasis on their performance in reproduction of measured waveforms of insulator voltages.
Then, a new procedure to determine the parameters of the multistory tower model for EMTP
multi-conductor analyses on the basis of the measured insulator voltages on an earth-wired

tower is proposed. Finally, in chapter 6, the results of the present work are summarized.



Chapter 2

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

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 re-
sponse. The electric field integral equation used in NEC-2, its derivation, and the
numerical method are first outlined. Guidelines for modeling structures with this code
follow. Finally, the applicability of NEC-2 to the transient analysis of the impedance
of a transmission tower is verified by comparison with ezperimental results.

2.1 Electric Field Integral Equation

The form of the electric field integral equation used in NEC-2 [34] follows from an integral

representation for the electric field of a volume current distribution Jy,

E(r)
where
G(r, ™)

g(r, ")

k

_:ﬂ 1\ o ! 1
=2 [ vty Btr sy,

(2.1)

= (K*I+ VV)g(r,r"),

= ezp(—jklr —r'D/Ir — |,

= WVHoe 17:\/#0/60

and the time convention is exp(jwt). I is the identity dyad ( £&+ % + 22 ). When the current

distribution is limited to the surface of a perfectly conducting body, equation (2.1) becomes

-z / Ts(r")-&(r,)dS, (2.2)

with Jg 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) = ‘_J"][ Ts(r")-&(r,7')dS’ (2.3)
47k S a7 ’

where the principal value integral £ is indicated since g(r,r’) is now unbounded.
An integral equation for the current induced on S by an incident field Ej,. can be obtained

from equation (2.3) and the boundary condition for r € S,
n(r) X[ Eseat(r) + Eine(r) ]1=0, (24)

where n(r) is the unit normal vector of the surface at 7 and E4 is the field due to the induced

current Jg. Substituting equation (2.3) for E,.q: yields the integral equation,
—n(r) X Binc(r) = Z2m(r) x 7£ Ts(r') - (2T + VV)g(r, #)dS". (2.5)
s

The vector integral in equation (2.5) can be reduced to a scalar integral equation when the
conducting surface S is that of a cylindricai thin wire, thereby making the solution much easier.

The assumptions applied to a thin wire, known as the thin-wire approximation, are as follows:

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

(ii) The circumferential variation in the axial current can be neglected.

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

(iv) The boundary condition on the electric field need be enforced in the axial direction

only.

These approximations are valid as far as the wire radius is much less than the wavelength
and much less than the wire length.
From assumptions (i), (ii) and (iii), the surface current Jg on a wire of radius a can be

replaced by a filamentary current I,
I(s)s =2maJg(r),

where s is the distance parameter along the wire axis at r, and § is the unit vector tangent to
the wire axis at r.

Equation (2.5) then becomes
~n(r) x By, (r) = :—J;T—,n(r) x [ I(s")(k*3 — V—(?—-) (r,7)ds, (2.6)
mnc _47rk L aslgr’r)s’ '
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where the integration is over the length of the wire. Enforcing the boundary condition in the
axial direction reduces equation (2.6) to the scalar equation,
J

. ~ NV
— 8 Eine(r) = # A I(s')(K?3-3' — 5ep7)9(rT)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
|r — 1'| > a and the integrand is bounded.
The electric field integral equation is easily extended to imperfect conductors by modifying

the boundary condition from equation (2.4) to

n(r) X [ Escat(r) + Eine(r) 1= Zs(r)[ n(r) x Js(r) |. (2.8)
where Zg(r) is the surface impedance at r on the conducting surface. For a wire, the boundary
condition is

§'[ Escat(r) + Eznc(r) ] = ZL(S)I(S), (29)

with Z1(s) the impedance per-unit-length at s.

2.2 Numerical Solution by the Method of Moments

The integral equation (2.7) is solved numerically in NEC-2 by the method of moments [29].

This method applies to a general linear-operator equation,
Lf =e, (2.10)

where f is an unknown response, ¢ 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, f;, as
N
FeY b | )
7=1
A set of equations for the coefficients «; are then obtained by taking the inner product of

equation (2.10) with a set of weighting functions, { w; },
< wi, Lf >=< wi,e > i=1,...,N. (212)

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

N ) !
> a; <wi, Lfj >=< wi,e > i=1,...,N. (2.13)
=1 .



This equation can be written in matrix notation as
[GllA]=[E], | (2.14)

where
Gij =< wi, Lf_-, >, AJ = Qy, Ei =< w;, e > 7_

The solution is then

[A]=[G]THE]

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

< fg>= /S f(r)g(r)ds,

where the integration is over the structure surface. Various choices are possible for the weighting
functions { w; } and basis functions { w; }. When w; = f;, the procedure is known as Galerkin’s
- method. In NEC-2, the basis and weighting functions are different, and w; are chosen as a set
of delta functions |
wi(r) = (r — ry),

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
NEG-2, the support of f; 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 NV, the sum of f; cannot exactly equal to a general current
distribution.

Wires in NEC-2 are modeled by short straight segments with current on each segment repre-
sented by three terms — a constanf, a 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 j in NEC-2 has the form
I; = Aj+ Bjsink(s — s;) + Cjcosk(s — s;), " (2.15)
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s — 55 < *21

where s; is the value of s at the center of segment j and A; is the length of segment j. Of
the three unknown constants A;, B;j and Cj, two are eliminated by local conditions on the
current leaving one constant, related to the current amplitude, to be determined by the matrix

equation. The local conditions are applied to the current and to the linear charge density, g,

which is related to the current by the equation of continuity

oI .
55 = Jwe | (2.16)

At a junction of two segments with a uniform radius, the obvious condition is that the current
and charge are continuous at the junction. At a junction of two or more segments with unequal
radii, the continuity of current is generalized to Kirchoff’s current law that the sum of currents
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.

2.3 Structure Modeling Guidelines

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 on the segment length AL relative to the Wavélength
A. Generally, AL should be less than about 0.1 X at the desired frequency. Somewhat longer
segments may be acceptable on long wires with no abrupt changes while shorter segments, 0.05
X or less, may be needed in modeling critical regions of an antenna. The size of the segmemts
determines the resolution in solving the current on the model since the current is computed
at the center of each segment. Extremely short segments, less than about 1073)\, should also
be avoided since the similarity of the constant and cosine components of the current expansion
leads to numerical inaccuracy.

The wire radiué, a, relative to X is ristricted. In the thin-wire kernel, 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 this approximation depends on both t_he
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value of a/X and the tendency of the excitation to produce circumferential current or current
variation. Unless 2wa/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 it may
result in extraneous oscillations in the computed current near free wire ends, voltage sources,
or lumped loads.

The current expansion used in NEC-2 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.

The angle of the intersection of wire segments in NEC-2 should be as large as possible. An
acute angle may decrease accuracy.

Other rules for the segment model follow:

e Segments may not overlap since the division of current between two overlapping segments

is indeterminate. Overlapping segments may result in a singular matrix equation.

e A large radius change between connected segments may decreace accuracy; particularly,
with small AL/a. The problem may be reduced by making the radius change in steps

over several segments.

e 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.

e It is safe to specify that wires should be several radii apart.

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 on 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

12
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ground or contact'mgl it in this case. However, for a horizontal wire with radius a, and height h
to the wire axis, (h? + az)% should be greater than about 1076 wavelength. 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 the Sommerfeld - Norton approximation.
It should be noted that NEC-2 can model wires over lossy ground but it cannot model wires
buried in the ground. Although NEC-4 [35], the latest version of the NEC-MoM codes, can
model buried wires, 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. The information on

the NEC-MoM codes is found in Appendix A.

2.4 Application to the Analysis of Tower Surge Response

The validity and the accuracy of NEC-2, when it is applied to the electromagnetic field anal-
ysis of tower surge response, are verified by comparison with experiments. For the comba.rison,
a series of well-documented measurements of the surge characteristics of simple structures re-
ported by Hara et al. [37][38] are chosen. In the experiments, surge responses of such structures
- of 3 m in height as shown in Fig. 2.1 were measured. The vertical single conductor in Fig.

2.1 (a) has a radius of 2.5 mm, and the vertical four conductors in Fig. 2.1 (b) has a radius
of 16.5 mm and 404 mm apart. The experimental setup on a metal plane is shown in Fig.
2.2. A steep-front current having the risetime of 5 ns was injecteci into a horizontal current
lead wire. The current flowing into a structure was measured through a current transformer.
The voltage between the top of a structure and a horizontal voltage measuring wire, which was
perpendicular to the current lead wire, was measured through a voltage probe. The rise times
of the current transformer and the voltage probe are 2 ns and 0.7 ns, respectively, which are
fast enough to measure the response of this' system. .

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-varing electromagnetic fields. The solution
process is shown in Fig. 2.3.

For the numerical analysis, the conductor system needs to be modeled with segments ac-

cording to the modeling guidelines stated in the preceding chapter. It is not difficult to satisfy
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- recommended conditions except the following one:

0.001\ < AL < 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. By trial and error process, however, the

author found the following condition yielding reasonable computation results, which deviated

the above recommended condition.

A

(a) Single conductor.

A

‘z 404mm

<l 404mm

(b) Four parallel conductors.

Fig. 2.1  Structures subject to analysis.

Voltage Divider
Voltage Measuring Wire

NN
N 1ower

Current Lead Wire

Fig. 2.2 Setup of Hara et al’s experiment [37][38].
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Geometry, Source
Impedance, etc.

1A

NEC-2

Source Waveform

FFT

INV-FFT

4

Current Waveform

Fig. 2.3 Flow of the solution using NEC-2.

Frequpncy range : 1.5625 MHz to 0.8000 GHz with 1.5625 MHz increment step

Segment length : 0.202 m to 0.300 m

The above frequency range corr&gponds to the time range of 0 to 640 ns with 1.25 ns incre-
ments. The computation time with a Pentium IT 400 MHz processor with 64 MB RAM for the
above analyses is within 100 s. The input data to NEC-2 are shown in Appendix A.

To evaluate the voltage of the top of a structure, 10 k{2 resistance was inserted between the
top of a structure and the end of the voltage measuring wire, and the waveform of the current
ﬂowmgvthrough t:he 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.

15



Figure 2.4 shows the measured and computed waveforms of the voltage and the current at
the top of the single conductor. Figure 2.5 shows those of the four parallel conductors. The
computed waveforms agree well with the measured ones. The tower surge impedances calculated
from Figs. 2.4 and 2.5 are summarized in Table 2.1, where the tower surge impedance is defined
as the ratio of the instantaneous vaiues of the voltage to the current at the moment of the
voltage peak. The agreement between the measured and the computed tower surge impedance
is also quite well with the maximum difference of only about 5 %.

Through the above comparison between the measured and computed results, the numerical
analysis employing NEC-2 is proved to be practical enough to be applied to the investigation

of the transient response of towers.

Table 2.1  Measured [37][38] and computed tower surge impedances.

Experiment Computation
Single conductor about 360 Q2 3T Q
Four conductors about 120 Q2 125 Q

If a traveling wave propagates along the tower at the velocity of light, the reflected wave from
the ground should return to the tower topv after the round-trip time of a traveling wave in the
tower, which is 20 ns for the structures in Fig. 2.1. In the both measured and computed results
of Figs. 2.4 and 2.5, however, the voltage waveforms reach their peaks about 17 ns after the
beginning, which indicates that a negative voltage wave arrives at the top before the arrival of
the reflected wave from the ground.

This i)henomenon is due to the electromagnetic field of TEM mode illuminating the structure,
ie., the electromagnetic wave associated with a traveling wave in the current lead wire arrives
at the structure foot simultaneously with the arriyal at fhe top of a structure, and a negative
voltage wave is induced at the structure foot before the occurrence of the reflection of the
traveling wave propagating down from the top of the structure. This induced wave is observed
in the current waveforms in Figs. 2.4 and 2.5 as the gradual increase of the current before 20

ns. This phenomenon is studied further in the following chapter.
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Fig. 24 Measured (a)(b) [37] and computed (c)(d) waveforms for the single conductor.
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Fig. 2.5 Measured (a)(b) [38] and computed (c)(d) waveforms for the four parallel
conductors.
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Chapter 3

Evaluation of Measuring Methods
of Tower Surge Impedance

For measuring the surge impedance of towers, two principel methods have been
used: one is the direct method, and the other is the refraction or the reflection
method. Although these two methods are quite different, the difference has not been
fully discussed yet. In this chapter, measuring methods are briefly ezplained, and
then the effects of the measuring methods and the arrangements of the measuring
wires on the evaluated tower surge impedance are studied with the help of NEC-2. On
the basis of obtained results and various ezperimental results, the surge impedance
of typical double-circuit transmission towers is estimated.

3.1 Measuring Methods of Tower Surge Impedance

In the measurement by the direct method [14][8], the step current is injected into the tower
top, and the voltage between the tower top and a voltage measuring wire, or the voltage across
an insulator string is measured by a voltage divider as illustrated in Fig. 3.1. The tower top
volta.ge or the insulator voltage measured by this method gradually rises until the reflected
wave from the ground arrives, and then it decreases. The tower surge impedance is defined
as the ratio of the instantaneous value of the voltage to the current flowing into the tower at
the moment of the voltage peak. This method is straightforward in evaluating the insulator
voltage when the tower is struck by a lightning stroke. In the I;Jeasuxement at an actual tower,
however, it is difficult to stretch a current lead wire vertically from the tower top. Therefore,
the geometrical arrangements in measurements so far are somewhat different from the incident
of lightning striking a tower, where the current lead wire acts as a vertical lightning channel.

In the meaémement by the refraction or the reflection method [12] [17], a wire to guide a steep-
front current wave is connected to the top of a tower under measurement, and the refracted or

the reflected wave on the measuring wire is observed to estimate the transient impedance at the
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‘Fig. 3.1 Simplified diagram of the measurement by the direct method, and the
characterized response of a tower.
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Fig. 3.2 Simplified diagram of the measurement by the refraction or the reflection method,
and the characterized response of a tower.



or 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 connecting point of the
tower and the earth wires. The tower surge impedance characterized by this method is qualita-
tively different from the transfer impedance characterized by the direct method, therefore, the

value by the refraction method does not necessarily agree with that by the direct method.

3.2 Evaluation of Direct Method

3.2.1 Influence of the Arrangement of Current Lead Wire

Figure 3.3 illustrates the arrangements for the numerical analysis simulating the measurement
by the direct method. The numerical analysis is carried out in the three arrangements of the
current lead wire: (i) vertical, (ii) horizontal and perpendicular to a horizontal voltage measuring
wire, and (iii) horizontal and in extension of a voltage measuring wire. Each wire is 360 m in
length and 0.1 m in radius. A rectangular pulse current generator having the internal impedance
of 5 k() is placed on the tower top and connected to the current lead wire. In this thesis, the
tower top voltagé is defined as the voltage between the tower top and the voltage measuring
wire, and it is evaluated through the current ﬂowing a 100 k2 resistive element inserted between
them.

Figure 3.4 (a) illustrates the tower structure subject to analysis. It is composed of four
main poles. Each pole has variable radius illustrated in Fig. 3.4 (b), and is directly connected
to the perfectly conducting plane. This model tower simulates the structure of double-circuit
transmission towers in Japan. This simple structure allows accurate numerical analysis and is
convenient to study the effects of measuring wires, although its surge impedance is higher than
a model tower with crossarms and slant elements.

For the numerical analysis, the éonductors of the system are divided into 10 m or 12 m
segments. Computation is carried out in the frequency range of 39.06 kHz to 20.00 MHz with
the increment step of 39.06 kHz. This corresponds to the time range of 0 to 25.6 us with 0.05
ps increments. The computation time with a Pentium 400 MHz processor with 64 MB RAM is

a.bqut 70 seconds for the above case.
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Fig. 3.3 Arrangements for the measurement by the direct method, where a pulse current
generator is placed on the tower top.

10m
>

ﬂ—— 0.2m

60m - S ke 0am

] <— 0.4m

120m I 0.5m
—> —
22m 0.6m
A - <—0.7m
V2
(a) Base-broadened four poles. (b) Detail of the main pole.

Fig. 3.4 The structure of the model tower subject to analysis.
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The computed waveforms of the tower top voltage and the injected current are shown in Fig.
3.5. The solid line expresses the case (i), the broken line does the case (ii), and the dotted
line does the case (iii). The voltage waveforms reach their peaks at 0.8 us after the beginning,
which indicates that a traveling wave propagates along the tower with the speed of light. This
is because the tower model does not include crossarms [39].

The tower surge impedances evaluated at the moment of the voltage peak from Fig. 3.5 are
summarized in Table 3.1. The arrangement of the current lead wire affects the measured tower
surge impedance. The value for case (i) is about 10 % and 20 % higher than those for case (ii)
and case (iii), respectively.

Figure 3.6 shows the effect of the arrangement of current lead wire on the measured tower
surge impedance in detail. A voltage measuring wire is stretched horizontally. In Fig. 3.6 (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° to 180°. The angle of
90° corresponds to the case (ii), and that of 180° does the case (iii). In Fig. 3.6 (b), a current

| lead wire is in a plane perpendicular to the voltage measuring wire, and the angle between the

current lead wire and a horizontal plane at the height of the tower is varied from -60° to 90°.
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(a) Tower top voltage. : (b) Injected current.

Fig. 3.5 Computed waveforms for the base broadened model tower.

Table 3.1 ‘Calculated tower surge impedances characterized by the direct method.

Arrangement Case (1) Case (ii) Case (iii)
Surge impedance 199 O 185 Q 170 Q
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Negative sign of the angle shows that the current lead wire is stretched down to the earth. The
angle of 90° corresponds to the case (i), and that of 0° does the case (ii). In both of the figures,
the tower surge impedan'ce for the case (ii) is selected as the reference value.

The difference due to the arrangement of the current lead wire becomes greater if the angle
between the wires or between the wire and the tower is smaller than 90°.

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 from results measured

in a different arrangement.

Difference [ % ]

0 30 60 90 120 150 180

Angle between current lead wire and voltage measuring wire [ degree ]

(a) Effect of the angle between the current lead wire and the horizontal voltage measuring
wire.

20
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o

Difference [ % ]
)

-90 -60 -30 0 30 60 90

Angle between current lead wire and horizontal plane [ degree ]

(b) Effect of the angle between the current lead wire and the tower.
Fig. 3.6  Influence of the arrangement of current lead wire on the measured tower surge
impedance.
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3.2.2 'Influence of the Method of Current Injection

An experiment employing a different method of current injectionbis numerically simulated,
where a pulse current generator is inserted into the current lead wire at 150 m from the tower
top. The setup for the numerical analysis is illustrated in Fig. 3.7. The cases for the three
arrangements of the current lead wire are simulated as the preceding chapter.

The computed waveforms of the tower top voltage and the current flowing into the tower are

shown in Fig. 3.8. The solid line corresponds to the case of the vertical current lead wire (

case(i) ). The voltage waveform reaches its peak at 0.8 us in this case only, and the value of -

the tower surge impedance is 205 €2, which is almost the same as the case for the pulse current
.generator placed at the tower top.

The broken and dotted lines in Fig. 3.8 are the results for ‘horizontal arrangements of the
current lead wire. These two waveforms of the tower top voltage reach their peaks at 0.5 us,
which indicates that a negative voltage wave arrives at the tower top before the arrival of thg
reflected wave from the ground. In this case, the electromagnetic wave associated with the
traveling wave in the current lead wire arrives at the tower foot simultaneously with the arrival
at the tower top, and a negative voltage wave is induced at the tower foot before the occurrence

of the reflection of the traveling wave propagating down from the tower top. This induction is

é . Pulse Generator
Current Lead Wire 3 §:4
o 7

Voltage Measuring Wire / v
) ‘7(......._ ________ -----

A R Y

Fig. 3.7 Arrangément‘ for the measurement by the direct method, where a pulse current
generator is placed remotely from the tower top.

24



observed in the dotted waveform in Fig. 3.8 (b) as the gradual increase of the current before
0.8 us. The tower surge impedances for these cases are evaluated at 0.5 us. The tower surge

impedances calculated from Fig. 3.8 are summarized in Table 3.2. -
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(a) Tower top voltage. (b) Current flowing into the tower.

Fig. 3.8 Computed waveforms for the base broadened model tower.

Table 3.2  Calculated tower surge impedances characterized by the direct method.
( Current injection from distance )

Arrangement Case (i) Case (ii) Case (iii)
Surge impedance 205 Q 176 €2 153 Q

3.8 Evaluation of Refraction Method

F igu;e 3.9 illustrates schematic diagrams to measure the current splitting ratio between the
tower and the earthlwire. Figure 3.9 (a) simulates a lightning return stroke to the tower top,
Fig. 3.9 (b) does a downward traveling currenf to the tower top, and Fig. 3.9 (c) does a stroke
to mid-span. Measurements employing Fig. 3.9 (c) have been called the refraction method.

In Fig. 3.9 (a), a pulse current generator is placed on thé tower top, and is connnected to
a long vertical current lead wire, while in Fig. 3.9 (b), a pulse current generator is inserted
into the current lead wire at 150 m upward from the tower top. A 1ongb earth wire is stretched
horizontally. In Fig. 3.9 (¢), a pulse current generator is inserted into the earth wire at 150 m

left from the tower top.
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(c) Stroke to mid-span.
Fig. 3.9  Schematic diagrams for the measurement of the current splitting ratio between a
tower and -an earth wire.

The computed waveforms of the current splitting into the tower and into one side of the earth
wire are shown in Fig. 3.10. In Figs. 3.10 (a) and (b), the injected current splits into the tower
and into the earth wire at a fixed r"atié until 0.8 s, which is the arrival time of the reflected
wave from the ground. In Fig. 3.10 (c), the current splitting into the tower increases gradually
before 0.8 us. This effect is ascribable to the inducéd current in the tower as was stated above.

Figure 3.11 shows time variations of the tower surge impedance evaluated from Fig. 3.10,
assuming the impedance of the earth wire to be the surge impedance in the TEM mode ( 467
Q). In the case of a return stroke to the tower, the surge impedance of the tower is about 250

€, and about 280 2 in the case of a downward traveling current. These values are higher than
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(c) Stroke to mid-span.
Fig. 3.10 Computed waveforms of the current splitting into the tower and an earth wire.

those evaluated by the direct method in Table 3.1 and Table 3.2 for more than 25 %. In the case
of a str;)ke to mid-span, the tower surge impedance is about 180 2 at 0.35 us of its peak, which
is about 10 % lower than that by the direct method. The tower surge impedance characterized
by the refraction method of Fig. 3.10 (c) shows gradual decrease with time, which is due to the
induced current in the tower. |

The difference of the tower surge impedances dependent on the arrangement in the measure-
ment can be explained by the electric field associated with the steep-front currents flowing in
the current lead r;vire, the earth wire and the tower. In Fig. 3.12 (a), the currents flowing into
both sides of the earth wire hardly produce the horizontal electric ﬁeld.in the vicinity of the

connecting point since they have opposite directions, and the positive current flowing into the

27



tower 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 earth wire and less

into the tower than in the case of Fig. 3.12 (b), resulting in higher tower surge impedances.
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Fig. 311 Time variations of the tower surge impedance evaluated on the basis of the
current splitting ratio at the the tower top.

Table 3.3  Tower surge impedances evaluated on the basis of the current splitting ratio at
the tower top.

Type of lightning Refurn stroke Downward traveling current Stroke to mid-span
Surge impedance 250 Q 280 Q 180 Q
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(a) Stroke to the tower. (b) Stroke to mid-span. ‘
Fig. 3.12  Illustrative example of the dominant electric field around a tower system.
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3.4 Estimation of the Surge Impedance of Double-Circuit Trans-
mission Towers |

Figure 3.13 illustrates 1000 kV and 500 kV double-circuit transmission towers, which are
typical lattice towers in Japan. The surge impedances of these towers have been measured by
the direct method. In the measurements, earth wires were disconnected. The tower of UHV
I was measured in the \.rertical arrangement on a 100-to-1 reduced-scale model, and the surge
impedance was 144 ) [40]. The others are full-sized towers -and were measured in different
arrangements of the current lead wire. The surge impedances of these towers corrected to those

for the vertical arrangement are summarized in Table 3.4, with the dimensions of the towers.

= A==

<.
\

= == =
(a)UHV L » (b)UHV IL (c)500kV 1. | (d)500kV 1L

Fig. 3.13 | Structures of 1000kV and 500kV double-circuit towers.

Table 3.4  Surge impedances of various double-circuit towers measured by the direct
method, and dimension of them.

Tower UHV I[40] UHVII [11] 500KV I [9] 500KV II [10]
Zr (Q) 144 *145 *148 *145
ri (m) 3.0 2.5 15 1.0
ry  (m) 6.5 4.0 23 1.9
rs (m) 14 11 5.6 40
hi (m) 80 60 31 24
hy (m) 80 60 31 24

* corrected values
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' The dimensions of UHV I tower indicated in Table 3.4 are those of the original full-sized tower.
The correction was made by using Fig. 3.6. In the case of UHV II tower, for example, the
current lead wire and the voltage measuring wire were on a horizontal plane in the angle of
130°: it is known from Fig. 3.6 (a) that the measured surge impedance of 126 Q [11] would
be 134 Q if the angle between the two wires were 90°: this value of 134 Q corresponds to the
condition of 0° in Fig. 3.6 (b), and is again corrected into the condition of 90°, i.e., vertical
current injection, yielding 145 €.

It tuméd out that each of the towers had about the same impedance of 150 {2 as an indepen-
dent tower, when it was measured by the direct method in the vertical arrangement.

Fisher et al. reported the surge impedance of a 345 kV double-circuit transmission tower
~ to be 135 € [14] on the basis of the measurement in the vertical arrangement on a 25-to-1
reduced-scale model. The about 10 % difference from 150 2 supposedly arose from the loading
effect of 1 kQ isolating resistors inserted at the input ends of the voltage measuring wires.

If the tower surge impedance of a typical double-circuit tower measured by the direct method
in the vertical arrangement of the current injection wire is about 150 €2, those characterized by
the current splitting ratio at the top of the tower are estimated to be about 190 {1 for a vertical

current injection and about 130 Q for a horizontal one.
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Chapter 4

Lightning Surge Response of
Earth-Wired Tower

The apparent surge 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 EMTP simulations or in determining the parameters of a model.
In this chapter, the surge characteristics of an earth-wired tower as well as a tower
without earth wires struck by e vertical lightning stroke are studied with the help
of NEC-2. Particularly, the transient behavior of the tower footing impedance, and
that of the coupling coefficient between an earth wire and a phase conductor, which
influences the voltage across an insulator, are investigated.

4.1 Numerical Electromagnetic Analysis of Earth-Wired Tower
Struck by Lightning

4.1.1 Setup for Numerical Analysis

In the analysis, two kinds of lightning strokes are simulated: one is a return stroke, and the
other is a downward traveling current wave, 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. Experiments on reduced-scale
models [14][41], which employed a spiral wire or a straight wire suspended vertically above the
tower, show that the speed of upward moving current produces only second-order effects on the
surge characteristics of a tower. Therefore, the analysis employing a vertical straight wire as a
current lead wire can properly evaluate tower surge characteristics.

On the other hénd, many of the lightning s{;rokes hitting towers on the coastal area of the Sea
of Japan in winter begin with upward leaders from the towers [42], and many of the lightning

current pulses are not produced by what are called return strokes [43]. In such kinds of strokes,
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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 m in length.

The arrangement for analysis is illustrated in Fig. 4.2. The model tower is the same as that
~of Fig. 3.4, which is composed of four main poles. Each pole is connected to the perfectly
conducting plane through resistance of 40 (2 to realize the tower footing resistance of 10 Q.

A horizontal earth wire is attached to the tower top at a height of 120 m, and phase conductors
are stretched in parallel at a height of 108 m, 84 m and 60 m, respectively, at a distance of 10 m
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 at the tower within 3.2 ps.

Thunder Cloud

Thunder Cloud

Lightning Channel 4+ + + + 4+
+ + + ++

G /,‘ 7 777

(a) Return stroke. (b) Downward traveling current wave.

Fig. 4.1 Schematic diagrams of different types of lightning strokes to the top of a tower.

32



An insulator voltaée is evaluated through the current flowing a 100 k) resistive element
inserted between the tower body and the phase conductor. In the same way, the voltage
between a phase conductor and an auxiliary voltage measuring wire is evaluated. The horizontal
auxiliary wire is stretched perpendicularly to the phase conductor. In this thesis, the voltage
of crossarm is defined as the sum of an insulator voltage and a phase conductor voltage. To
save the computation time, the phaée conductor of interest only is equipped, and other phase
conductors are removed. |

For the numerical analysis, the éonductors of the system are divided into 10 m or 12 m
segments. The internal impedance of the pulse generator is 5 k(l. Computation is carried out
in the frequency range of 39.06 kHz to 20 MHz with the increment step of 39.06 kHz. This
corresponds to the time range of O‘to 25.6 ps with 0.05 gs increments. The computation time
with a Pentium 400 MHz processor with 64 MB RAM is about 15 minutes for the maximum
case. A sample input data deck to NEG-2 for the analysis in the present chapter is shown in

Appendix A.

)

| Earth Wire
Current Lead Wire |

Pulse Generator/ Phase
bJ Conductors

Fig. 42 Arrangement for the analysis simulating a vertical stroke hitting the top of a tower.
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 4.1.2 Step Response of Earth-Wired Tower

The computed waveforms of the currents splitting into the tower and an earth wire, and those
of the voltages of various parts for the case of a return stroke are shown in Fig. 4.3. Those
for the other case of current injection, a current wave traveling down the current lead wire, are
shown in Fig. 4.4. |

The transfer impedance of various parts of the tower is calculated so as to make quantitative
evaluation. The transfer impedance, in this thesis, is defined as the ratio of the instantaneous
value of the voltage to the current flowing into the tower at the moment of the peak of the
insulator voltage. The calculated transfer impedances are summarized in Tables 4.1 and 4.2.

Tables 4.1 and 4.2 show that the transfer impedances are not much dependent on the mode of
current injection. The transfer impedances of crossarms are hardly influenced by the presence of
an earth wire. On the other hand, the transfer impedance for the insulator voltage is naturally

much lower with an earth wire than tha! without an earth wire due to the coupling between

the earth wire and a phase conductor.

Table 4.1 Transfer impedances of various parts of the tower for the case of return stroke. (€2)

Earth-wired Independent
Top U-phase M-phase  L-phase | Top U-phase M-phase L-phase
Crossarm 208 223 201 168 198 214 199 167
Insulator —_— 176 178 159 — 224 197 168
Phase cond. | — 47 23 9 — -7 -2 1

—_—

Table 4.2 Transfer impedances of various parts of the tower for the case of downward
traveling current. (£2)

Earth-wired Independent
Top U-phase  M-phase  L-phase | Top U-phase M-phase L-phase
Crossarm 215 225 208 181 207 222 206 178
Insulator — 171 180 165 — 225 207 179
Phase cond. | — 54 28 16 — -3 -1 1

Table 4.3~ Computed coupling coefficient between the earth wire and a phase conductor at
the moment of the peak of insulator voltage for different injection modes of step current.

E.W. — U phase E.W. — M phase E.W. — L phase
TEM mode 0.345 — 100% 0.218 — 100% 0.140 — 100%
Return stroke 0.227 — 66% 0.110 — 50% 0.051 — 36%
Down. current 0.257 — 74% 0.133 — 61% 0.077 — 55%
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The coupling coefficient between the earth wire and a phase conductor, which is calculated
at the moment of the peak of the relevant insulator voltage, is summarized in Table 4.3. The
coupling coefficient is defined as the ratio of the voltage of the earth wire to that of a phase
conductor, where the voltage of the earth wire is equal to that of the tower top. The coupling
coefficients in the TEM mode or in the steady state, which are calculated through the following

relation, are also shown in Table 4.3 as references.

L _ In(b/a)
TEM = n(2h/r)’

where ¢ is a distance between the earth wire and a phase conductor, b is a distance between

(4.1)

the image of the earth wire and the phase conductor, r is the radius of the earth wire, and h is
the height of the earth wire as illustrated in Fig. 4.5.
The coupling coefficient at the moment of the peak of the insulator voltage is much lower

than that in the TEM mode. This phenomenon is studied further in chapter 4.3.

Earth Wire

P\ a

Phase Conductor

b

/
Y H
A 1// 0

i
H
H

h| |
N //

4
i Ilmage

Fig. 4.5 Configuration of horizontal conductors.

4.1.3 Characterization of Tower Surge Response

The waveforms of crossarm voltages to the step current injection are characterized by the
exponential rise and decay, which are physically ascribable to the initial electromagnetic field

expanding spherically around the tower.




The voltage of the upper insulator rises st‘eeply and then saturates, while the rate of rise of the
middle or lower insulator voltage does less steeply. This is because the upper-phase conductor
is more affected by the-induction from the earth wire, whose voltage also rises exponentially.

At 1.6 s, which is the time that the traveling wave makes two round trips in the tower, the
transfer impedance of the upper crossarm is about 50 {2 and that of the lower crossarm is about
40 Q. These are much higher than the footing resistance of 10 . The differences do not mean
the voltage drop along the tower, but they show that the electromagnetic field around the tower
at the moment is still changing dynamically.

The injected current splits at a fixed ratio into the tower and into the earth wire from the
beginning, because the impedance of the earth wire also rises exponentially until it reaches the

value of the surge impedance.

4.2 Transient Tower Footing Impedance

If the impedance of the earth wire is assumed to be the surge impedance in the TEM mode
( Zg = 467Q ) , the impedance of the model tower is estimated to be about 250 Q (= Zglg/IT),
as shown in Fig. 4.6, from the initial flat parts of the splitting currents shown in Fig. 4.3 (a).
Figure 4.7 shows the comparison between the current splitting into the tower top computed by
NEC-2 and that computed by EMTP. In the EMTP analysis, the toweér is assumed as a lossless
uniform transmission line having the surge impedance of 250 Q, terminated by the footing
resistance of 10 2, and the surge propagation velocity in this line is set equal to the speed of
light. The suppressed tower current after the first reflection from the ground, computed by
NEC-2, shows the presence of high footing impedance.

The transient impedance of the tower foot can be estimated more rigoriously from the reflected
current wave shown in Fig. 4.3 (a) or in Fig. 4.7 in the same way as the Time-Domain
Reflectometry ( TDR ). Figure 4.8 illustrates the assumed circuit of the tower system for the
estimation of tower footing impedance, where the tower is regarded as the lossless line. The
apparent tower footing imedance, Zp, is calculated from the following relation:

Iry _ Zp =2t 4 Zgs — Zr

“Le [ . —— = 4.2
Ir Zr+ Zr Zr+ Zgs” (42)

37



— 350 -
£

S 300

8 250

C

.(C

T 200

Q.

E 150

- 15C

o

5 100

[/2]

% 50

| 0 { ! | |

0.0 0.2 0.4 0.6 0.8
‘ time [ microsecond ]

Fig. 4.6  Timc variation of the tower surge impedance evaluated from the current splitting
ratio at the tower top. '

where I is the magnitude of the step current splitting initially into a tower, IT2. is that of
the tower current after the first reflection returns to the tower top from the ground, Zp is the
tower surge impedance, and Zgg is the equivalent impedance representing the earth wire and
the source seen from the tower.

The footing impedance initially exhibits .about 75 Q or even higher although the footing
resistance is 10 Q. This agrees with the result shown by Chisholm et al. [44], who identified
the footing impedance of a conical tower on a perfectly conducting plane as 60 Q by the TDR.
At 1.6 us, the footing impedance of the model tower evaluated from the reflected current falls
off to about 55 2, which is almost the same as the transfer impedances of crossarms.

When the sfructu[e of a vertical conductor or four vertical conductors, whose base is directly
connected to the perfectly conducting plane, is employed in place of the base-broadened model
tower, the footing impedance is initially about 45 Q and falls to about 25 Q or 30 Q at 1.6
us for the case of single conductor- or four conductors, respectively. These values are about
20 €2 lower than those of the base-broadened model tower. The employed single conductor is
120 m in height and 0.1 m in radius. The structure comprising four vertical conductors has
the square cross section whose one side length is 10 m, and each conductor is 120 m in height
and 0.1 m in radius. Figure 4.9 shows the current splitting into the top of the single vertical
conductor computed by EMTP, assuming the conductor as a lossless uniform line having the

surge impedance of 540 2, and that computed by NEC-2.
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To clarify this pheﬁomenon, the current propagating the single vertical conductor is computed
at a different height in the same arrangement of Fig. 4.2. Figure 4.10 shows the waveforms of
the current flowing into the vertical conductor observed at different heights. The current wave is
reflected almost completely from the ground, however, it is distorted with its propagation. This
wave-front distortion is probably attributable to the strong axial electric field associated with
* the fast-front propagating current itself. In the propagating current on a horizontal conductor,
therefore, this wave-front distortion is also observed as shown in Fig. 4.11. The solid line
expresses the current wave observed at the injected point of pulse current, the broken line does
that observed at 120 m from the injected point, and the dotted line does that observed at 240 m
from the injected point. The rectangular current wave is distorted only for the first 1 ps, which
is roughly equal to the round-trip time of the electromagnetic wave between the horizontal
conductor and the ground, where the height of the horizontal conductor is 120 m. Accordingly,
the initially high footing impedance is partly due to the distortion of the rectangular current
wave associated with the strong axial electric field. It should be noted that the mechanjsxﬁ of
this wave-front distortion is highly related to the radiation of electromagnetic wave.

The about 20  higher value of the footing impedance of the base-broadened model tower than
that of single vertical conductor or multiple vertical conductors is probably ascribable to its base
structure as shown by Kato et al. [33]. This indicates that the electromagnetic wave associated
with the tower current may not smoothly propagate into the image of the tower in case of
such discontinuous base structures, compared to vertical conductors. This non-homogeneity of
a waveguide also contributes to the initially high footmg impedance.

This mltla]ly high footing impedance of the base-broadened structure corresponds to the
attenuation coefficient of about 0.8 for a transmission line representing a tower, which agrees

well with the conventionally used values [7].

4.3 Coupling Coefficients under Lightning Hit
4.3.1 Transient Coupling Coefficients Influenced by Tower Current

The time variation of the coupling coefficient is shown in Fig. 4.12. Figure 4.12 (a) shows
the time variations with respect to the step current, and Fig. 4.12 (b) shows those with respect

to the ramp current having the rise time of 1.0 us. These are computed results for the case of

a return stroke.
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Fig. 412 Computed time variations of the coupling coefficient between the earth wire and a
' phase conductor.
Table 4.4 Computed coupling coeflicient at the moment of the peak of insulator voltage for

current of various waveforms. ( TEM mode : 100% )

Rise time E.W.-U phase E.W.-M phase E.W. - L phase
0.1 us 66 % 50 % 36 %
1.0 us 61 % 50 % 49 %
2.0 us 73 % 66 % 64 %

The coupling coefficient at the moment of the peak of the insulator voltage is summarized
in Table 4.4. It is much lower than the value in the TEM mode even for the current having a
rise time of 2.0 us. This initially low coupling coefficient is influenced by the transient upward
electric field produced by the current wave in the tower, which cancels the downward field
produced by the charge in the earth wire as shown in Fig. 4.13.

The coupling coefficients measured on an actual UHV transmission tower are compared with
the values in the TEM mode in Table 4.5 [11]. The injected current was 1/70 ps triangular
wave. The measured coupling coefficients in Table 4.5 are about 10 % still lower than those
computed by NEC-2 in Table 4.4. The arrangement of the measuring wires in the experiment
is the cause of this still lower coupling coefficient. In the experiment, the current propagating
the horizontal cu}rent lead wire, which was stretched in extension of the voltage measuring
wire, produced electric field suppressing the induced voltage between a phase conductor and

the voltage measuring wire.
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Upward Electric Field Associated
with Fast-Front Tower Current

<

Fig. 4.13 Ilustrative example of electric fields around a tower system.

Table 4.5 Measured coupling coefficient between the earth wires and a phase conductor of a
UHV tower at the moment of the peak of insulator voltage for 1/70 us current injection [11].

EW.- U phase E.W.-M phase E.W.-L phase
TEM mode 0.357 - 100 % 0.263 - 100 % 0.192 - 100 %
Measurement | 0.161 — 45 % 0099 —38% 0.079 —41 %
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The peak values of coupling coeflicients in Fig. 4.12, which are computed by NEC-2, are
summarized in Table 4.6 with their peak times. The coupling coefficient reaches its peak about
1 us after the peak of the injected current. This delay of about 1 us is roughly equal to the

round-trip time of a traveling wave in the tower.

Table 4.6 Computed peak value and peak time of coupling coefficient for the current of
various waveforms.

Rise time | EW. - U phase E.W.- M phase E.W.- L phase
01lps |105%—110us 117 % —1.15pus 119 % —1.25 us
1.0 us 100 % —1.95 us 101 % —1.95 us 100 % — 2.00 us _
2.0 us 99 % —2.95 us 98 % —2.95us 94 % —2.95 us

4.3.2 Coupling Coefficients without Tower Current

The behavior of the coupling coefficient free from the influence of the tower current is in-
vestigated by computing its time variation with the use of NEC-2 in the arrangement like Fig.
4.2 without a tower. Figure 4.14 shows the result for the case of the step current injection.
The coupling coefficient is a.ppa.rentlyAlarger than the corresponding value of Table 4.3 at the
moment of the peak of the insulator voltage. The influence of the tower current is obvious in
the raggéd waveforms of Fig. 4.12 (a) by comparing them with the smpoth waveforms of Fig.
4.14. |

The almost settled values of coupling coefficients in Fig. 4.14 are about 90 % of those in
the TEM mode. The 10 % difference is probably caused by the negative charge in the vertical
current lead wire, producing upward elertric field around the current injection point.

To inspect this effect, the voltages of horizontal conductors are evaluated in the arrangement
illustrated in Fig. 4.15, in which the effect of current lead wire on evaluated voltages or coupling
coeflicients is thought to be less. Figure 4.16 shows the computed time variation of the coupling
coefficient. The settled values of coupling coefficients are about 95 % of those in the TEM
mode. Therefore, the charge in the vertical current lead wire actually but slightly influences
the coupling coeflicients. It should be noted that the electric field in these cases settles to the
TEM mode after the electromagnetic wave makes two round-trips between an earth wire and
the ground [45], while the electric field in the arrangement of Fig. 4.2 including a tower does not
settle so soon owing to the transient electric field associated with the current wave successively

reflected at the ground and the tower top.
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Chapter 5

Tower Models for EMTP Analysis

NEC-2 cannot ezactly model the structures of actual towers, and in addition it
cannot directly be interfaced with EMTP. For the EMT. 'P simulations, therefore, it is
practical to employ an equivalent circuit of the transmission-line type for the repre-
sentation of a tower. In developing a tower model or in determining its parameters,
characteristics stated in the preceding chapter should be taken into consideration.
In this chapter, tower models proposed so far are reviewed with emphasis on their
performance in reproduction of measured waveforms of insulator voltages. Then, a
new procedure to determine the parameters of the multistory tower model for EMTP
multi-conductor analyses on the basis of the measured insulator voltages is proposed.

5.1 Review on Tower Models for EMTP Simulations

5.1.1 Lossless Line Model

This model represents a tower by a lossless uniform transmission line having the length of
the tower height. Although this simple representation may be suitable for the simplified esti-
mation of lightning back-flashover probabilities [5], it cannot reproduce the complex waveforms

of insulator voltages.

5.1.2 Distortionless Line Model

This model represents a tower by a uniform transmission line having constant attenuation.
The representation b}-r the surge impedance Zr = 100 2, the surge propagation velocity in the
tower v = 0.7 ¢, and the surge attenuation coefficient y = 0.7 [4], which has been used in the
estimation of lightning performance of transmission lines in J apan, is included in this category.
The constant attenuation coefficient results in a high residual tower voltage as time elapses, so

that the wave tail of the reproduced tower voltage deviates from the actual value.

46




5.1.3 Model Cofnposed of Many Lossless Lines

This model is composed of many short lossless lines that represent vertical elements, slant
elements and crossarms as illustrated in Fig. 5.1 [46]. The surge impedance of each part is
determined from their dimensions and geometry, which is based on a series of experiments on
reduced-scale models of independent towers.

The surge impedance of each line representing vertical elements, Zr1, Z72, Z13 and Zry, is

given by

2v2hs

Tek

Zri = 60 (In

~92), (k=1,2,3,4) (5.1)

where

rew = P RGBT, (R=1,2,3,4)

in which hg, 7%, RTk, e and Rp are the lengths of the corresponding parts indicated in Fig.
5.1.
The surge impedance of each line representing slant elements, Z11, Zr2, Z13 and Zr4, is given

by

Zrx=9Zr.  (k=1,2,3,4) (5.2)

The travel time in these lines is 1.5 times of those representing vertical elements.
The surge impedance of each line representing crossarms, Z1, Za2, Z 43 and Z 44, is given by
2hy

Zar=60In—"%  (k=1,2,3,4) (5.3)
T Ak

where hx and 745 are the height and the equivalent radius of k-th crossarm, respectively. The
length of each line of the crossarm is set equal to the actual arm length. The equivalent radius
is chosen as 1/4 of the width of the arm at the junction point.

The measured and computed waveforms of the voltages of crossarms of an independent double-
circuit transmission tower are shown in Fig. 5.2. The surge propagation velocity in these lines
is equal to the speed of light. The computed waveforms agree well with the measured ones. In
case this tower model is employed in the EMTP simulation of an earth-wired system, however,

equation (5.1) will need modification to cope with the initially low coupling coefficient.
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Fig. 5.1 Tower model proposed by Hara et al. [46].
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~ tower for the step current injection [46].
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5.1.4 Multistory Tower Model

This tower model is composed of four sections divided at the upper, middle and lower phase
crossarm positions. Eac;h section consists of a lossless transmission line and a R - L parallel
element; as illustrated in Fig. 5.3 [9]. The resistance represents attenuation of traveling waves in
the tower, and the inductance in parallel makes the resistance ineffective as time elapses, which
enable good gpproximation of the waveforms of insulator voltages, including the wave tails.

The computed waveforms of insulator voltages, with the measured ones on a 500 kV double-
. circuit tower equipped with earth wires, are shown in Fig. 5.4. The computed waveforms agree
well with the measured ones. ‘

This model can easily be interfaced with EMTP, and is suitable for multi-conductor analyses.
Table 5.1 summarizes different sets of the parameters of this model proposed so far. The
values in [9] or [11] were determined by the measurements on an earth-wired 500 kV or UHVvV
double-circuit tower. Those of [25] were based on the measurements on an earth-wired 275
kV double-circuit tower struck by natural lightning. Altilough the values of parameters need

further investigation, the multistory model itself can cope with various results of measurements.

|l

Fig. 5.3 Multistory model for a double-circuit tower [9].
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Fig. 54 Measured and computed waveforms of insulator voltages of an earth-wired 500kV
double-circuit tower for the step current injection [9].

fable 5.1  Determined parameters for multistory tower model.

ref. | Zr{(Q) Z7r2(Q) v(m/us) v T
O] | 220 150 300 0.8 2h/c
11| 120 120 300 0.7 2h/c
5] | 120 120 300 08 2h/c

5.1.5  Nonuniform Line Models

This model represents a tower by a nonuniform transmission line [47]-[50] to express the
distortion of a traveling wave. 01.1ﬁ et al. [47] represented a tower by six- or three-story
lossless lines whose surge impedance varies exponentially with location. Although an analytical
solution in the frequency domain can be obtained for the voltage and current at any point along
an exponential line, it is difficult to be interfaced with EMTP.

Almeida et al. [48] represented a tower by a lossless line with the surge impedance varying by

discrete steps with location. The ratio of the surge impedance, from one segment of the line to

the adjacent one, is assumed to be a constant. The waveforms of insulator voltages computed
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to reproduce the measured waveforms of a 500 kV tower ( Fig. 5.4 ) are shown in Fig. 5.5
(a). In the simulation, the tower was divided into 314 segments. The employed tower surge
impedances are 220 () for the top of the model and 150 Q for the bottom. The peak value of
the computed lower-phase insulator voltage is the highest and that of upper-phase is the lowest,
which is contradictory to the measured results as are shown in Fig. 5.4.

Barros et al. [49] represented a tower by a nonuniform line including frequency-independent
loss. The surge impedance Z and the reéistance per unit length R at the height of h are given

by the following formulas:

Zr(h) = ki+koVh, (5.4)
R(h) = -2 l”f Zr(h), (5.5)

where k; and ky are constants, v is the attenuation coefficient, and H is the tower height. In
the EMTP simulation, k; = 150 , ko = 8.83 Qm~1/2, and y = 0.8 were employed to simulate
the measurement [9], and the result is shown in Fig. 5.5 (b). The peak value of the computed
Jlower-phase insulator voltage is the highest and that of upper-phase is the lowest, which is
contradictory to the measured results as are shown in Fig. 5.4.

Nguyen et al. [50] reduced the exponential line model proposed by Oufi et al. [47} to a
form similaf to that of Bergeron’s method [51] as is illustrated in Fig. 5.6. Thus, this model is
interfaced with EMTP. The computed insulator voltages agree with the corresponding measured
ones [9] except for the residual tower voltage seen in Fig. 5.5 (c). In the simulation, capacitance

of insulator strings and that between the phase conductors and the tower are postulated.

15Q 150
150 —— U-phase
——= M-phase L i
100 L-phase) - 100 ;‘_-‘\ 100 ferent
> . Z A 2.
o o IR N T o
g 50 g S0 AWML TR g %0
o o N - o
g = g :: . >
0 0 = 0 ;
0 0i5 1i0 o’ 0:5 1i0 oo 1 05 i 10
. R i : : :
-50 time [ microsecond ] -50 fime [ microsecond | -50 fime [ microsecond |

(a) Almeida et al’s model [48]. (b) Barros et al.’s model [49]. (c) Nguyen et al’s model [50].

Fig. 55  Waveforms of insulator voltages reproduced by nonuniform line models.
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Fig. 5.6 Exponential line and its equivalent circuit [50].

5.1.6 Frequency-Dependent Line Models

This model represents a tower by a frequency-dependent line [52][53] to simulate distortion
of traveling waves.

Nagaoka [52] represented a tower by a uniform line having a constant surge impedance and
a frequency-dependent propagation constant, and they are determined from the step response
of the tower top voltage. The surge impedance is determined from its imitial value. The
propagation constant in the frequency domain is determined from its decaying part, which is
approximated by an exponential time function. This model can be interfaced with EMTP.

Kato et al. [53] represented a tower by a uniform line having frequency-dependent surge
impedance and propagation constant. This model can reproduce the gradual rise of the step re-
sponse.of the tower top voltage of an independent tower in its initial part. The surge impedance
Zr and the propagation constant o:+ jf of this uniform line are expressed by the following for-

mulas in the frequency domain:

Zg
{1 + (STQ)""}""

oH = 10tkithalosls) g

Zr(s) = (5.6)

kgu)H

2

Cc

where ¢ is the velocity of light, H is the tower height, and T is equal to 4h/c.
The constants in the above equations, Z4, m, n, ki1, ko and k3, are determined from the step

response of the tower top voltage of a tower.
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Figure 5.7 (a) shows the step response of the tower top voltage of an independent tower com-
puted by a numerical electromagnetic analysis [33]. Figure 5.7 (b) shows a waveform computed
by this model for Z4 = 168 2, m = 0.6, n = 1/2.4, k; = L5, kg = 0.5 and k3 = 1.1. Equation
(5.6) needs to be expressed by a rational function to be interfaced with EMTP.

If the surge impedance of a tower in high frequencies is low so as to simulate the gradual
rise of the tower top voltage like this model, it results in larger splitting current into the tower
than in the actual case at the initial part of the waveform. For this reason, the reproduction of
the initial rising part with maintaining tﬁe correct current-splitting ratio is essentially difficult
for an earth-wired system. This part is, however, not important except for such an extremely

fast-front lightning current whose rise time is much less than 2h/c.
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S 50 / S 50 -
0 f—H—— — 0 s
o i 9 0 i 15 : 5 § 10 | 15
_50 : H : . s H : _50 . : H : : e
time [ns] time[ns]
(a) Numerical electromagnetic analysis. (b) Frequency-dependent line model.

Fig. 5.7 Step-tesponse waveforms of tower top voltage of an independent tower [53].

59 Parameters of Multistory Model for Earth-Wired System

The reviewed tower models are engineering models, and the parameters in the tower mod-
els need to be determined on the basis of the measured or éxa.ctly computed step-response
waveforms. Among the engineering models, the multistory tower model is the simplest and
the easiest to be understood. In determining its parameters, the step-response characteristics

stated in chapter 4 should be taken into account.

(1) Initia]l& low coupling coefficients.
(ii) Exponentially rising and decaying insulator voltages.

(iii) The initially high and gradually decaying footing impedance.
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In the present chapter, a procedure to determine the parameters of the multistory tower
model for an earth-wired tower is proposed.

In the lightning surge analysis of overhead transmission lines, it is highly important to repro-
duce the measured waveforms of insulator voltages as closely as possible, since insulator voltages
directly determine the back-flashovers. For the reproduction of insulator voltages to the step
current injection, the initially low coupling coefficient needs to be handled properly to be coupled
with EMTP multi-phase line models, in which the TEM mode is postulated. It can be realized
by increasing thé surge impedance of a tower model to compensate the suppressed coupling
coefficient, that is, the tower surge impedance Zr is determined from the transfer impedance
for the insulator voltage of upper phase Vyrns and the coupling coefficient between the earth

wire and the upper-phase conductor in the TEM mode kyream by the following relation:

Vu.ins '
Jp = ————. 5.7
Sy — ' (5.7)

e
%I\\\\\\ Ze . na
Earth Wire V - _
U.INS /’ k : Coupling Coefficient
Upper-phase |_\~/4I
Conductor ,——'—————-—-—.-__.___.._'

To <
Ower\§ IT l: \/U‘INS:(‘]-k)ZTITl
N

I
ZT NS -

_. T
A

Fig. 58 Schematic diagram of the effect of tower surge impedance and coupling coeflicient
on the insulator voltage in the traveling wave analysis:
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For the model tower with an earth wire employed in the present study, Zr = 27042 is deter-
mined from Vi rngs = 176€) in Table 4.1 and kyreEM = 0.345 found in Table 4.3. This value is
35 % higher than the surge impedance of the same tower with no earth wires ( 200 Q )\, however,
it is favoré.bly closer to the value representing the current-splitting ratio between the tower and
the earth wire ( 250 Q).

Figure 5.9 (a) shows the waveforms of insulator voltages computed by EMTP [54] when the
tower is represented by the lossless uniform line having the surge impedance of 270 €2. Although
the peak value of the voltage of upper-phase insulator agrees with that computed by NEC-2

- shown in Fig. 4.3 (b), those of the other phases much differ from the actual values.
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(a) Lossless line model. (b) Distortionless line model.

Fig. 5.9 Waveforms of insulator voltages computed by EMTP with simple tower models.

When the tower is represented by the distortionless line divided at crossarm positions as is
illustrated in Fig. 5.10 (a), the attenuation coefficients v, and -3 need to fulfill the following
relation$ so as to reproduce the peaks of middle- and lower-phase insulator voltages, where Z

is assumed to be 270 Q and 1 is to be 1.0.

Varns = Zr(vem — kmrEM) (5.8)

Viins = Zr(vsven — kr.rEM) (56.9)

where Varrns and Vi nvs are insulator voltages of the middle and the lower phase in terms
of transfer impedance, and kp TEM and kg rEm are coupling coefficients in the TEM mode of

relevant phases.
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From Vagins = 1780, Vi.1yvs = 1590 in Table 41, karrea = 0.218, and krmar = 0.140
in Table 4.3, v = 0.88 and y3 = 0.83 are determined. Figure 5.9 (b) shows the waveforms
of insulator voltages computed by EMTP with this model. Although the peak values of each
insulator voltage agree with that computed by NEG-2, the Wa;.ve tails deviate from the actual
cases.

When the equivalent circuit composed of lossless lines and lumped resistance illustrated in
Fig. 5.10 (b) is employed in place of the circuit of Fig. 5.10 (a), Zr3, Z14, Rz and R3 need
to be determined so that the downward current wave may not be reflected at the nodes of the
middle and the lower phase. From this condition, these four parameters are determined from

the following four equations:

2773
_ — . 5.10
Zro = Ry + Z3, s t B ¥ 2 gp) (5.10)
2ZT4 ’
T = . 511

The exponential rise of the insulator voltage is essentially difficult to be simulated through an
equivalent circuit for an earth-wired tower system as was stated in chapter 5.1.6. On the other
hand, the exponentially decaying part can be reproduced by R-L parallel e;lements inserted in
series. The decaying part is characterized by the steep decay right after the peak followed by
a less-steep part. To represent this characteristic in the model, two R-L parallel elements in
series, having different time constants, are inserted into the bottom section as illustrated in
Fig. 5.10 (c). The values of R4 and L4 are determined taking account of the transient footing
impedance at the momeni of 1.6 pus. The initial high footing impedance and rapid decays are
represented by Rs and Ls. The time constants of the 2nd and 3rd story are set to 7, which is
the round-trip time of a traveling wave in the tower ( 0.8 us ).’

The determined parameters are listed in Table 5.2. These values are for the model tower,
which is employed in the present analysis, having higher surge impedance than that of typical
double-circuit towers. The estimated parameters for a typical double-circuit tower, taking
account of the lower surge impedance than the model tower including no slant elements, are
shown in parentheses in Table 5.2. They are obtained as follows: the value of 270 €2 of the
model tower calculated by the above procedure is 35 % higher than the surge impedance of the

same tower with no earth wires, and that of typical double-circuit towers without earth wires
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is about 150 Q, therefdre, the value for typical towers based on insulator voltages is estimated
to be about 200 Q ( ~ 1502 x 1.35 ).

The waveforms of insulator voltages computed by EMTP are shown in Fig. 5.11, with those
computed by NEC-2. In the EMTP simulation, the surge propagation velocity in the tower is
set equal to that of light ( 300 m/us ). The waveforms computed by EMTP agree w‘g]l with
those computed by NEC-2, also in the wave tails. The current-splitting ratio between the tower

and the earth wire shown in Fig. 5.12 is well reproduced, too.

71 E Y2 JT( 73 E v
o
Z Z; Z;

4
T Zy

(a) Distortionless line model.

R, R

ZT1 ZT2 ZT3 3 ZT4

(b) Cascade line model composed of lossless lines and R elments.

ZT1 ZT2 L2 ZT3 L3 ZT4 |‘4 LS

(c) Multistory tower model.

Fig. 5.10 Equivalent circuits for a tower.

Table 5.2  Parameters of the multistory tower model determined
for the model tower employed in the present analysis.

Story | Surge impedance  Resistance  Time constant
st | 2702 (200Q) 0Q( 0Q) =
ond | 270Q(200Q) 30Q(2Q) T
~3d | 240Q(180Q) 40Q(30Q) T
4th | 200Q(150Q) 35Q(25Q) 2
3BQ(250) 027

* values in parentheses are for an actual double-circuit tower
with crossarms and slant elements.
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(a) Response for the step current injection.

“time [ microsecond ]

time [ microsecond ]

20

[

)
A ] ebejjon

-30

(b) Response for 1us ramp current injection.

I SR Sp

time [ microsecond |-

90
~— 60

time [ microsecond ]

8 8 2
[ A ] eBejjon

(c) Respounse for 2us ramp current injection.

Waveforms of insulator voltages of the model tower computed

Fig. 5.11

by EMTP or NEC-2.

a8



N A — ! _ _ Lo
| | | lo | ! | i i Pl

..... S SO SR 30 I N N 0 o\ ]

'8 s | — | | —_ . Y -
] i
..... R A =1 Lot lelB I NS SO IO VN B =Y =
- e © T | }
! 1 N| O ! N O | 1 N O
\ I 3 Lot/ 3 _ Lo 3

— ] . I .A ] - U A [~ SPUOU | . _llll vy S

r ¥ indabte it -1 N 1 ¥ /7] J T
[ i O ! o) ! @)
! 1 ! S | il
_ ] | o|lO | ol|.0 N ol|.S

..... PN TS E | TR E - NS E
| | TIE | N |
! I = | “ N = | {m .Mv..
1 1 [ B s b T TSSO WA, MU, SRR, . S-SR | o e e = A - = —

||||| USROS A8 AU T ) ! - -1 Qg -

R L E § “ P £ 8 . E
e L ol § L A ol¥ 3 Loolx.elr
JR S RPN e S T/ I & S s e e T . et mbedtey ikttt b S A

=" ST | TTTTTTTTTTSl ' | T S
| | f=| | I 1 1 =] 1 i i
Pt = T I 5 ! L
L 1 -

o ® @ E o o © ¥+ ¢ o o E © @ © ¥ & 9 o

- o o = ~ © o ©o ©o o o 3 -~ o o ©o o o 9

[v < [ v ]weun) 5 [ v ]usin)
[3]
) [+
753 Bl
N R N = R S g " T
i ! i 1w ) + i 1 1 | i | 1 1 ]
n I } e I bt } ! 1 | - " “ "

e e = NS N NS SRR SO o S & |- A A R
: HiR = I I = | “ )
(=} [72]

..... gl L i8le® g Ll dilel® 8 LN RS
Vb Y8 & Lo 3 & “ 3
RS N o g i/ e 8 ! @

A T S = TTTTNTT RV g = r i o

Lo 2] fus —
| i . ol | i/ ol.© £ TN o, O

11111 mi. i {«._,_\I\Tiluh- £ T T "f N £ -~ E
" “ : — ! “ P fa—

..... e S s s Rt I SR SRR BSOS L] ® B e e e e

o L/ £ | > | L E

O ' i LS. =3 el R I o e I L o O, bt

T e A M= I R R B W= I R S

zZ ! I 1 I | } 1 i I | |
I | ] I 1 ] | i _ “ “

N N [ B R
o © © ¥ o O o o ©® © ¥ N O o o © © ¥ o O
[ v ]weun) . [v]ueuny [v]weun)

EMTP or NEG-2.
59

(c) Response for 25 ramp current injection.
Waveforms of the currents splitting into the tower and an earth wire computed by

Fig. 5.12



Chapter 6

Conclusions

The applicability of NEG-2 to the electromagnetic field analysis of tower surge response is
verified by comparing the computed results with experimental results on simple structures. The
difference is less than about 5 %, which is within the accuracy maintained in the measurements.
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.

On/the basis of the analyses simulating various experimental methods by NEC-2, the surge
impedance of an independent double-circuit tower is estimated to be about 150 Q 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 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. 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 an earth-wired 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 ifnpedance 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 dlectric field associa.ted‘with the fast-front current wave itself,
and is partly caused by the base-broadened structure peculiar to double-circuit towers, where
a tower and its image behave as a non-homogeneous waveguide.

The coupling coefficient between the earth wire and a phase conductor is much lower than
that in the TEM mode when it is evaluated at the moment of the peak of the insulator voltage
even if a ramp current having a rise time of as long as 2us is injected. This effect is due to
the transient upward electric field generated by the vertical tower current, which cancels the

downward field produced by the charge in the earth wire.

A procedure to determine the circuit parameters of the multistory tower model for the EMTP
multi-conductor analysis, on the basis of the measured insulator voltages of an earth-wired tower,
is proposed. The multistory model employing the proposed parameters can well reproduce the
measured insulator voltages. The recommended surge impedance of the top of the multistory
tower model is 200 Q for a typical earth-wired double-circuit tower, which is about 35 % higher
than that of the same tower without earth wires. This higher value takes account of the initially
low coupling coeflicients. The important fact to remember is that in determination of the circuit

parameters, experimental results of an earth-wired tower should be used.

Parts of the above results have been incorporated into the latest technical report on evaluation
methods of lightning: surges on overhead power transmission lines and substations, prepared by
an investigation committee of IEE Japan, and therefore they are expected to contribute to the

improvement of the accuracy in lightning surge analysis.
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Appendix A

NEC-MoM Codes

A.1 History and Availability of NEC-MoM Codes

The first in a series of NEC-MoM codes was BRACT [55] developed at MBAssociates in
San 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 ) [56] was the first code released for use by pub-
lic 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 thz;t
the current on a segment, with the form A; + B;sin ks +Cjcos ks, 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 seg-
ment” whose .lengthv was the average of the connected segments. This extrapolation procedure
smoothed the current distribution along wires, but still left discontinuities in current and charge
kdensity. AMP included options to model lumped or distribute;i loading on wires, transmission
lines and networks.

AMP-2 [57] included a magnetic field integral equa,tgion model for surfaces while the previous
version was restricted to modeling thin wires.

NEG-1 was developed from AMP-2. It included a new way of implementing thé three-term
sinusoidal current expansion so that current and charge density exactly satisfied comtinuity

conditions imposed at the junctions. The current was forced to satisfy Kirchhoff’s current law
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at the junction, and thé charge densities on wires were related to a function of the log of wire
radius to provide approximate continuity of potential.

NEC-2 [34] added a solution for wires over a lossy ground by implementing the rigorous
Sommerfeld-integral approach.

NEC-3 [58] extended the Sommerfeld-integral ground model to wires buried in the ground or
penetrating from air into ground.

NEC-4 [35] retaines 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 licensed
from Lawrence Livermore National Laboratory [36].

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

http://members.home .net/nec2/

The information 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 [59](60] 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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A.2 Sample Input Data to NEC-2

Table A.1 Input data for the analysis in chapter 2 ( single conductor ).

(M  SINGLE VERTICAL CONDUCTOR OF CH.2

CM N=5§12 DT=1. 25E-095EC

(8 PERFECTLY CONDUCTING GROUND

W 110 6.0 0.0 3.0 6.0 0.0 0.0 0.0025
v 2 30 0.0 9.0 3.0 0.0 0.0 3.0 0.0025
w3 10 0.0 5.0 3.0 0.0 9.0 0.0 0.0025
W 4 30 0.0 0.0 3.0 9.0 0.0 3.0 0.0025
W 5 10 5.0 0.0 3.0 9.0 0.0 0.0 0.0025
GE 1

GN I

LD 4 220 20 5. 0E+03

D 4 3 10 10 467.0

1D 4 510 10 467.0

LD 4 4 1 1 1. 0B+04

FR 0 287 0 0 1.562% 1. 86235

£ 0 2 20 00 5, 0E+03 0.0

PT 0O 4 1

1Q

EN

Table A.2 Input data for the analysis in chapter 2 ( four parallel conductors ).

CH FOUR VERTICAL CONDUCTORS OF -CH. 2

o N=512 DT=1. 258-09SEC
CE PERFECTLY CONDUCTING GROUND
G110 0.0 0.0 30 0.0 0.0 0.0 0.0165
G2 10 0.0 0.404 3.0 0.0 0,404 0.0 0.0165
GF 3 10 0.404 0. 404 30 0.404 0. 404 0.0 0.0165
G4 10 0,404 0.0 .0 0.404 0.0 0.0 0.0165
s 2 0.0 0.0 3.0 0.0 0.404 3.0 0.0165
o6 2 0.0 0404 30 0.404 0,404 3.0 00065
o o7 2 0.404 0404 L0 0404 0.0 3.0 0.0165
G 8 2 0.404 0.0 3.0 0.0 0.0 30 00165
GF 9 30 0.200 9. 404 3.0 0.200 0,404 3.0 00165
GV 10 10 0.200 9. 404 30 0.200 9,404 0.0 0.0165
G 11 30 0,404 0.0 L0 8404 0.0 30 0.0165
612 10 9. 404 0.0 3.0 9404 0.0 0.0 0.0165
GE 1| :
G 1 o
L 4 8 20 20 5 0R+03
W & 10 10 10 4§7.0
L4 12 10 10 46T.0
W 4 11 1 | 1 0E+04

FRO0 25T 0 0 LSEIS 15625
Bl O 9 20 00 5. 003 0.0
PT O 11 1
10
BN
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Table A3 Input data for the analysis in chapter 4.

BASE-BROADENED MODEL TOWER OF CH. 4

INSULATOR VOLTAGE

R

N=512
PERFECTLY
i -5,
|
l 3,

1 -4
2 -3
2 5.
2
2 -5
1 -5
1 5
1
1 -5,
l =t
l
1
l =1
1 -5,
{

l
1 -4
2 -6
2
2
2 6.
2 -8.
2
2
2 -8.
l =1
{
1
l ~h.

40

40 -15
[ -14.

40 -13
§ -15.
t =1

© 40 -5
10 -5,
40 =
19 -5

33 40

35 g

37 g

40 10

42 10

38 1

25 2

26 2

27 2

8- 2

257 0

33 40

38 1

DT=5. 0E-08SEC
CONDUCTING GROUND

0

0
0
0
{
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
o2
2
2
2
8
6
6
b
0
0
0
0
0
0
0
0
0
0
0
0
0
0

-5,

1
o
co::::ccocccc::occsmmmwmmmccococcccoccoooocc:c:c:

485.

3. 05+03
461. 0
481.0
4§7. 0
467. 0

1. 0E+05

40. 0

40.0

40.0

40. 0

1. 906E-02
5. 0B+03

120.
1210.
120.
120.
108.
108.
108.

3. 906E

cccccooocccccoococccoccccoococccocc::aooooc:c:

-02

6.0
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