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ABSTRACT

In a transmission line, the coupling between a line and a tower above ground is evaluated when the
excitation is an E1 high-altitude electromagnetic pulse (HEMP). The model focuses on capturing
correctly the effect of the coupling on the peak of the HEMP induced current that propagates along
the line. This assessment is necessary to accurately estimate the effect of the excitation on the systems
and components of the power grid. This analysis is a step towards a quantitative evaluation of HEMP
excitation on the power grid. The results obtained indicate that the effect can be significant, especially
for lines heights of 20 meters or more.
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EXECUTIVE SUMMARY

The estimation of the excitation induced by an E1 high-altitude electromagnetic pulse (E1-HEMP)
on a transmission line over ground is important to evaluate the effect of a E1-HEMP on the systems
and equipment of the power grid. In this report, an estimation of the effect of coupling between a
line, that could be part of the power transmission infrastructure and utility transmission lines, and a
supporting tower, on the magnitude of an E1-HEMP induced excitation on the transmission line over
conductive ground.

To bound this effect, the current induced on an infinite line when the incident field angle corresponds
to the angle of maximum coupling to the transmission line is evaluated. This evaluation was carried
out with our frequency domain telegrapher’s equation solver ATLOG — Analytic Transmission Line
Over Ground that has been previously verified. A Norton equivalent circuit is used to inject this
current to evaluate the line-tower coupling effect on the induced current of the line over conductive
ground. The effect of the line-tower coupling is represented by an impedance that has three parts: a
capacitive part, that was estimated, and a tower characteristic impedance and a tower-footing
resistance both of which were obtained from the literature. In the analysis for the estimation of the
capacitance, it was found that most of the charge associated to the line-tower coupling is located near
the point of minimum distance between the line and the tower. This was the justification to include a
lump circuit element to represent this capacitance in the analysis of the attenuation induced by the
line-tower-coupling.

The attenuation results induced by the line-tower coupling are compared with the attenuation induced
by the losses in the ground to assess its relative importance. The results show that this effect can be
significant, especially for line heights of 20 meters or more.



ACRONYMS AND DEFINITIONS

Abbreviation Definition
ATLOG Analytic Transmission Line Over Ground
CIGRE The International Council on Large Electric Systems
EBB Elementary Building Block
E1-HEMP E1 High Altitude Electromagnetic Pulse
EM Electromagnetic
FT Fourier Transform
HEMP High Altitude Electromagnetic Pulse
IFT Inverse Fourier Transform
MIL-STD Military Standard
PEC Perfect Electric Conductor




1. INTRODUCTION

The estimation of the excitation induced by an E1-HEMP on a transmission line over ground is
important to evaluate its effects on the systems and equipment connected to the power grid. The
purpose of this study is to estimate the effect of the coupling between a line and a supporting tower
on the magnitude of a E1-HEMP induced excitation on a transmission line over ground. To correctly
bound this effect, the current induced on an infinite line when the incident field angle corresponds to
the angle of maximum coupling to the transmission line is evaluated. In this report, an estimate of the
attenuation of the E1-HEMP-generated excitation caused by the coupling to ground through the
transmission line towers is presented.

The attenuation due to the presence of a tower is determined by the value of the impedance
that couples that line to ground across the tower. Conductor lines in a transmission line are isolated
from the towers by a distance that depends on the line-to-ground voltage. In this analysis, the coupling
between a conductor line and ground through a tower is modeled as composed of three parts, a first
capacitive part, coupling the conductor line and the metallic tower, and two additional impedances
representing the tower characteristic impedance and the tower footing resistance, a contact resistance
between the tower grounding and the soil. The approximate model of the coupling between a
conductor line and ground through a tower considers these three parts connected in series. The
analysis is focused on the attenuation of the maximum current of the propagating pulse induced by
the EI-HEMP on the transmission line.

An analysis of the charge distribution on the line and the tower associated with the presence
of the tower (i.e. changes of charge distribution with respect to the background charge distribution)
shows that most of the charge is accumulated relatively close, here close means compared with the
wavelength of the electromagnetic (EM) field, to the point of shortest distance between the line and
the tower. This is the justification for the use of a lump capacitance in series with the tower and tower
footing impedances in the model. The value of the capacitance was estimated from an analytical
expression that was evaluated numerically. The evaluated capacitance together with the tower
characteristic impedance and tower-footings resistance, obtained from the literature, were used to
estimate the attenuation of the E1-HEMP-induced electromagnetic (EM) wave due to the towers.

Figure 1 shows a typical situation, with a line and the supporting towers. In the same figure, a
circuit model is included, with the coupling to ground being represented by an impedance Zroraz.
The coupling impedance Zyor4;, is made of contributions shown in Figure 2. In the model used, the
total impedance Zyor.4z, is composed of three parts: a capacitance that couples the metallic tower and
the line, the tower characteristic impedance and a resistance representing the tower footing resistance.
The largest contribution to Zyorar, is the capacitance coupling between the line and the tower.
Estimates of the value of this capacitance for various combinations of line and tower heights are
included in the report.

The frequency domain model equations are solved with the telegrapher’s equation solver
ATLOG (Analytic Transmission Line Over Ground), to evaluate the current pulse induced by the E1-
HEMP on an infinite line over ground. Initial contributions to the problem of a line over ground can
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be found in [1], [2]. The exact solution of a filament above a conductive ground was provided in [3],
[4]. For additional information about ATLOG see [5], [6], [7] and references therein, where ATLOG
was developed and shown to provide results in good agreement with full-wave simulations.

] Zlm.ul :| Zigal |:|Zlul.l|

Figure 1: Typical situation of a line supported by towers and its circuit representation

Power line
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Figure 2: In our model, the total impedance is composed of three parts: a capacitance that couples the
metallic tower and the line, the tower characteristic impedance and a resistance representing the tower
footing resistance

Section 2 describes the E1I-HEMP excitation of the transmission line and reviews the
transmission line equations used in the analysis. The current induced on an infinite line is derived.
This current is injected, with a Norton equivalent circuit, into a semi-infinite line, which without loss
of generality can considered as starting at z = 0 and extending to infinity along the z positive direction,
for the evaluation of the attenuation. Section 3 describes the procedure to evaluate the attenuation
along the transmission line caused by the presence of the towers. A description of the analysis used to
estimate the capacitive coupling between the conductor line and the metallic tower is given in Section
4. In this section, the capacitance values used in later sections are given. Section 5 gives the tower
characteristic impedance and the footing resistance used in the analysis. In Section 06, the results for
the attenuation due to the tower-line coupling are given, in table and graphic form, for several
combinations of line and tower heights. Finally, conclusions are given in Section 7.
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2. E1-HEMP ELECTROMAGNETIC EXCITATION AND TRANSMISSION
LINE EQUATIONS

In the evaluation of the attenuation induced by the presence of the towers, the IEC61000-2-9 standard
was used as E1-HEMP excitation. The pulse is given by the expression E/¢ = EOK(e_m —e Phu(r)
whete the parameters are: a =4x10"s™, f#=6x10°s"", E, =50kV/m and K =1/ (e *m — ¢F'max)
with ¢ =log(B/a)/ (B —«). This pulse is also known as the IEC-61000-2-9 [8]. In Figure 3, the

pulse and its reconstruction via Fourier Transform (FT) and Inverse Fourier Transform (IFT) are
shown.

55 =104 Incident EM Pulse MIL-STD
[— Time domain pulse
5 |ﬁ|| |—— Inverse FT of FD pulse|
II
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4 |
|
\
—35 \
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2 1.5 - 0.5 0 0.5 1 15 2
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Figure 3: IEC61000-2-9 Pulse. Its width at half maximum is approximately 30 ns and the maximum value
of the electric field is 50 KV/m

The frequency spectrum of the pulse in Fig. 3 is given in Figs. 4 and 5, for the magnitude and
the phase of the IEC61000-2-9 pulse, respectively. These figures show the relevant part of the
spectrum for the excitation pulse.

The analysis of the excitation of a transmission line over ground by a HEMP was reported in
detail in [9]. Here, the parts of that analysis relevant to this work are included. In the transmission line
equations, the different contributions to the transmission line parameters are given and the solution
for the infinite line case is derived, which includes the attenuation due to the ground losses. The
attenuation caused by the finite conductivity of the ground is a good reference to compare the
attenuation caused by the towers, to assess its relative significance. Both results, i.e. attenuation with
tower and without tower are included in the results of Section 0.
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Figure 4: Frequency domain spectra of the magnitude of the MIL-STD pulse
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Figure 5: Frequency domain spectra of the phase of the MIL-STD pulse
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The coupling of a HEMP to a transmission line mode is described here. Couplings to the
vertical conducting paths, such as those that could be present on some of the loads connected to the
line or to the tower itself are not considered in this report. A preliminary analysis of the vertical
coupling to the towers obtained from a full wave simulation is presented in a separate report. The
transmission line equations are:

d—V=—ZI+EZi"C, d—Iz—YV 1)
z dz

In equation (1) the impedance is defined as 7 = Z tZ,+Z,- Here, focus is on the case of

h>b that applies to our case of interest (we take a €/®' time dependence), for additional details see

~a
ou, 1 o 1 jou 1 o jou, Jo(=1>)
ZO:2_0—alf_<E’8—o+ 21'f—>10,— 0 p g otherwise 2)
Fa-ps f roooma 4 22(1= )5 S(A=))
2
My b My h h ; 3)
Z, =jo—"In=)+jo—"In|—+,/| —| -1 h>b
’ ]a)27z n(a) ]a)Zﬂ' n{b (bj J i
(2)
Z,=jo, Hy~ (keh) if h>b 4)

Ao stk pH 2 ()

with k," = ou, (we, - j0'4), o= «/2/ ou,o, and where ¢, is the ground permittivity, o, is the ground
conductivity, &, is the wire conductivity, zis the wire radius, 4is the radius of the dielectric shell coating

the wire, and 4 is the distance of the transmission line from the conducting ground plane. The
admittance is defined as

+

with ¥, = joC, and

1 1
v,

~ | =

1 ((wh, 1Y (a4
—=\/(L+—j —(th—zj ifth>b )
C, Cc, G, C, G,
2
where h, = NI C, = 1 (72(;0 ) ,and g, is the permittivity of a dielectric shell coating the wire,
n(b/a
. &, — €&
Az given as A2 =O.7(1—%j(1_£j( 2 0),C0 272'50

= , and the admittance y
h)(e,+4,) 1n(h/b+,/(h/b)2—1) “

1s given as
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(2)
Y, = jrn(we, — jo,)k,h 17 (ki)

L S A > 6
0 () if h>b (©)

We analyze the case of an infinite transmission line. By eliminating the voltage in Eq. (1)

(%Jrkfjl =—YE " )

with k, =vV—=ZY . The incident wave is assumed polatrized in the plane containing the wire and
perpendicular to the ground surface with incident angle ¢ with respect to the z-axis, as depicted in

Figure 6. Under this assumption the incident magnetic field for the case of a line above ground is

Insulated Wire
Cross-Section

ér2

. 4 Oy
Conducting ground

Figure 6: Schematic description of the incident wave direction on the transmission line indicating
parameters of the problem

inc __ — jizky €os Gy + jixky sin — jizky cos Gy — jxkysingy \ -
H, ——ES(a))(e +R,e ) if x>0 (8)

o
T, and R, are the transmission and reflection coefficients and f, the free space wave number. In
the case above ground it is convenient to set the phase reference on the wire itself at z = 0, which can
. — jhkysin @ ..
be done by setting F (a)) =F (a))e SHhosint , where E (a)) represents the spectrum of the incident
HEMP.
inc
1 dH,™

EZinc =— — ES (Q)) sin 90 (e—jzkocosHOJrjxkOsinHO _RHe—jsz cos G — jxk, sinﬂo) x>0 9)
jos, dx

\/(k4/k0 ) ~cos’ 00

and1+RH =T,,1-R, = T, , from where

(ki/ky)’

15



(4/k ) siné, \/4/k —cos?

R, = (10)
(k,/k,)sin 6, +\/( k,/k,)” —cos 90
From the above expressions the incident electric field along the wire can be evaluated as
E inc _ ES (a))sin 490 (ejhkosin% _RHe—jhkosinHO )e—jzkocost% — Aoe—jzk0c0590 h > 0 (11)
By combining Eq. (11) and Eq. (7) the differential equation for the transmission line is
d? ;
[ +k, JI = —YAOe”ZkOcosg0 (12)
dz*

whose general solution can be written as the sum of the particular solution and the homogeneous
solution

— jzkqy cos G
YAoe JZKo 0
2 2 2

k ik
I =Ce"™ +Cie " — (13)

which for the infinite wire, after dropping the homogeneous terms that blow up at £00, the solution
is

— jzkq cos 6,
YAﬂe JZKo 0

[=-
k,* —k,* cos® 6,

(14)

To estimate the attenuation of the HEMP induced EM-wave on a transmission line caused by the
towers, the current induced on a line of infinite length by the IEC61000-2-9 pulse described above is
used. The line parameters used in the modeling are given as ground permittivity ¢, , withe, =20¢,,
ground conductivity o, =0.01 S/mand 0.001 S/m, wire radiusa =1cm,with no insulation, wire

conductivity oy = 2.9281x107 S/m and line height 10m, 20m, 30m and 40m. The current induced on
an infinite line at z = 0, obtained from Eq. (14), is given by I; = Y4, / (F2 — kg cos? 490) , with the angle

of maximum coupling varying with height. This angle produces the largest current on the line for the
given height. A matched Norton equivalent circuit is used, as was done in [10], to inject this current
into a semi-infinite line for which the solution that satisfy the radiation condition as Z—>1%0 s

I=4e", V:—iF%e‘TZ, (15)

with Ay =21/ (1 —iTY, /Y ) and Y,=VY/Z. This is done to use a typical pulse shape induced by

the IEC61000-2-9 pulse on a transmission line in our evaluation of attenuation caused by the towers.
The injected waveforms are shown in Figure 7 and Figure 8. The frequency content of the curves is
given in Figure 9 and Figure 10. The angle of maximum coupling depends on the height of the line
and the conductivity of the ground. The approximate angles of maximum coupling and the maximum
currents induced at z = 0, on an infinite line for varying line-height and conductivity are given in Table
1. The selection of line heights corresponds to typical values as given in [11].
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Table 1: Angles of Maximum Coupling and Currents for Varying Line Height and Ground Conductivity

Line Height, Conductivity Maximum Current for Angle of Angle of Maximum
Maximum Coupling Coupling
[m], [S/m] [A] [Rad]
10, =001 3546 0=rm/33
20, 0=001 5350 0=rm/49
30, =001 6676 O=r/57
40, 0=001 7760 0=r/64
10, 0 =0.001 3403 O=rm/34
20, o0=0.001 5008 O=rn/45
30, 0=0.001 6176 0=rm/535
40, 0=0.001 7106 0=r/61

Current on Infinite Lineatz =0, ¢ = 0.01 S/m

8000 T \ \ T ]
= Line height = 10 m, Incidence angle = #/33
7000 —— Line height = 20 m, Incidence angle = 7/49
Line height = 30 m, Incidence angle = =/57
6000 - — Line height = 40 m, Incidence angle = 7/64| |
5000 - T
<
el
G 4000
=
3
3000 - a
2000 - T
1000 n!
0 | | | 1 | 1 1
0 1 2 3 4 5 6 7 9 10
Time (s) %107

Figure 7: Time domain waveform of the current at z = 0 for the case of an infinite length line with a height
of 10 m, 20 m, 30 m and 40 m, over ground with 0.01 S/m for incidence at angle of maximum coupling
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Current on Infinite Lineatz=0, ¢ = 0.001 S/m
I | I T I

8000 | T T
—— Line height = 10 m, Incidence angle = 7/34
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Figure 8: Time domain waveform of the current at z = 0 for the case of an infinite length line with a height
of 10 m, 20 m, 30 m and 40 m, over ground with 0.001 S/m for incidence at angle of maximum coupling

<1073 Current Magnitude on Infinite Line atz =0, o =0.01 S/m
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Figure 9: Frequency domain plot of the current magnitude for ground conductivity of = 0.01 S/m
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Current Magnitude on Infinite Line atz =0, = = 0.01 S/m
T T T T

T T T

T T T

— Line height = 10 m, Incidence angle = x/33
— Line height = 20 m, Incidence angle = n/49

Line height = 30 m, Incidence angle = =/57
— Line height = 40 m, Incid angle = /64

Current Magnitude (A/Hz)

1 L 1 1 1 1 1 1 1 1 1
-1 -0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8 1
Frequency (Hz) %107

Figure 10: Frequency domain plot of the current magnitude for ground conductivity of = 0.01 S/m in
logarithmic scale
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3. METHOD USED TO EVALUATE THE ATTENUATION INDUCED BY THE
TOWER LINE COUPLING

To evaluate the attenuation caused by the towers, we evaluate attenuation on an elemental building
block (EBB) composed of a length of line and one tower. The EBB is shown in Figure 11. The entire
transmission line can be generated by repetition of this EBB. The parameters of the building block
are the length of the line segment, the height of the line, the height of the tower and the conductivity
of earth. The attenuation was evaluated for the set of parameter values given in Table 2, which are
representative of typical values of power line towers [11]. Figure 11 shows the elemental building block
and the variable parameters.

Elemental building block

A ) A
& & &
< o =
2 1 & g
A K h; 3
bd h Bd Bd
@ L b l B
£

| |
l Zioa [] Ziwa [ Zita

Figure 11: Elemental building block for the transmission line, which will be used to evaluate the
attenuation due to the presence of the towers

Table 2: Parameters Used in the Evaluation of the Attenuation Estimations

Parameters

Earth conductivity  [S/m] 0.01
Length ofline L  [m] 100, 200, 300, 400
Height of tower hr [m] 20, 30, 40
Height of line  h_ [m] 10, 20, 30, 40, 50

The decay of the injected signal is evaluated in two cases, with and without tower. The tower
is assumed to be at the center of the EBB, as shown in Figure 12. The attenuation produced by the
tower can be evaluated from the circuit analysis of the circuit in Figure 13. This circuit includes a
Norton equivalent to generate the excitation. An important quantity in the circuit analysis of the line
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and the tower is the characteristic impedance of the line Z. =w/Z/ Y, which corresponds to the ratio

of the voltage to the current of the line. The lump circuit analysis at the point of the tower to evaluate
the amount of current that goes to ground through the tower is done with the circuit in Figure 13.
The ratio of the current with tower and the current without tower is given by the following formula.

Iw/Tower 1
= (16)
Iwo/Tower 1+ ZC
27

TOTAL

here Z, . 1s the coupling impedance defined in Figure 2. The attenuation on an EBB is the line

attenuation on a segment of length L/2, then the attenuation due to the coupling in Eq. (16) and
finally a second line attenuation corresponding the second segment of length £/2 , as shown in Figure

12. The line attenuation without tower is obtained from Eq. (15) under the assumption that the line
attenuation is unperturbed by the presence of the tower.

Elemental building block

e L/2 > L/2 =~

Figure 12: The current is injected at point A. The attenuation from A to C has three parts. Attenuation
from A to B, attenuation at B due to the coupling to ground through the tower and the attenuation from B
toC
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Figure 13: Equivalent circuit for the evaluation of the attenuation induced by the transmission line towers
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4, ESTIMATION OF CAPACITIVE COUPLING BETWEEN LINE AND
TOWER

In this section the main points of the estimation of capacitance between a line and a tower are given.
Additional details are given in Appendix A. The estimation is made under the assumption of a perfect
electric conductor (PEC) ground. The line and the tower are approximated by cylinders in proximity
to one another at right angles, with the z—axis taken to be directed along the horizontal line with
z =0 at the position of the vertical cylinder, that represents the tower, the y — axis directed vertical to

the earth with y =0 at the surface with x =0 at the horizontal line and x = A at the position of the
vertical cylinder. Assumptions about the dimensions are: line of length 2L and a line diametera , with L >>a,,
tower of height /1, and tower diameter ., with h. >>a.. InFigure 14, the parameters used in the estimation

of the capacitive coupling are shown. The approximations made here have the purpose of facilitating the analysis of
the capacitance values. Improved estimates in the future can be straightforwardly incorporated into the methodology
described in this report to improve the assessment of the line-tower coupling.

2L (Line length)

2a. (Tower diameter)

a (Line diameter) i

¥
[ r y

h (Line height) h¢ (Tower height)

PEC Ground
Figure 14: Line and Tower Parameters in the Evaluation of Capacitive Coupling

We estimate the electrostatic potential for the configuration of Figure 14. This is a low
frequency approximation that is appropriate to estimate the coupling of the EM wave, whose
spectrum, shown in Figure 9 and Figure 10, is most significant under 10MHz. The potential for the
situation depicted in Figure 14 can be written as

amn

1|k q(z)dz i g(z)dz
s =——o1I B
Ry ] by o o il Y vy

1 q.(y)dy

+47z5 _ AV NI
0 A=A +(y-y) +z

with ¢.(—=y) =—q.(y)and A, > h . The charge per unit length associated with the uniform line above

earth is removed to focus on the charge associated to the presence of the tower.
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qodZ'

1. | f t q,dz
»V,2) = 1 - _
per2) 47g, LE?O{_J‘L\/x2+(y—h)2+(Z—Z')2 _J;\/xz+(y+h)2+(z—z')2 ]

+

(18)

| (g(z)-gy)dz f_ (g(z)—gydz
I - _
47z, L%“ JH(—hP +(z-2) IL\/X2 +(y+h) +(z—2 ) ]

1% q.()ady

+47zg —A)? — )Y +22
0 ANX=A)Y +(y-y) +z

In this expression, the first two terms correspond to the potential of an infinite line and its image. The
contribution of these two terms can be easily evaluated, for example, by evaluating the potential of a
single infinite line and applying superposition. The result, which is independent of z, with

(q(z)—q,) = Aq(z) is approximated by the expression

(19)

1| Ag(z)dz f Aq(z)dz
WV, Z) = 1 N
#x.7:2) 47ngLlfolo[I“/x2+(yh)2+(zz')2 _IL\/x2+(y+h)2+(z—Z')2

oy [P I 4.(Y)dy
27g, \xX*+(y—h)’ 47:50,,%\/(X_A)2+(y—y‘)2+z2

To evaluate the capacitance, a potential difference V' is assumed between the horizontal and vertical
cylinder @(x=0,y=h+a,z)=V, z| <L—>wand @#x=A+a,y,z=0)=0, with assumptions

L>>h, A>>a,,a. The system of equations obtained from these boundary conditions is solved

numerically to obtain ¢.and Agq, as shown in the appendix, the estimates for the capacitance for

various values of parameters / and A, with A =2.4 mare given in Table 3. The values in Table 3 were

used in the attenuation calculations shown in Section 6.

Table 3: Estimated Capacitance Values for Different Line and Tower Heights

h h, Capacitance
[m] [m] [pF]
10 20 19.2
10 30 20.4
10 40 20.8
20 30 30.7
20 40 32.8
30 40 38.5
40 50 44.5
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In the following, a lump circuit analysis is used to estimate the attenuation induced by a tower. The
use of lump circuit is justified by the charge distribution, which is highly concentrated near the point
of closest distance between the vertical and horizontal cylinders that represent the tower and the line,
respectively. The charge distribution on the line, associated to the presence of the tower (i.e. , the
difference in the charge distribution with respect to charge distribution in the absence of the tower) is
shown in Figure 15, where normalized charge distributions on the conductor line are given for the
different cases of line and tower heights. Only positive distance is shown in Figure 15, but the same
charge distribution is present on both sides of the tower along the line. As seen in the figure, the
charge is highly concentrated near z=0. The charge distribution on the tower for a representative

example is also shown, with tower height 2 =40 m and line height 4 =20 m shown in Figure 16.
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Figure 15: Normalized charge distribution on the conductor line. At zero is the tower and the charge
distribution is symmetric with respect to the tower position. Only positive distance is shown in the figure
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Figure 16: Charge distribution on the cylinder representing the tower
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5. TOWER CHARACTERISTIC IMPEDANCE AND TOWER FOOTING
RESISTANCE

As mentioned above the most significant contribution to the total impedance of the coupling Z,  , is

the capacitance C . Because the contribution of the other two parts in the total impedance is

Line-Tower

less significant, simple models have been chosen to represent these impedances. Several models have
been proposed to represent the surge impedance of a transmission line tower. In 1934 Jordan
proposed a first estimate [11], which was later improved by Takahashi [12]. Wagner and Hileman [13]
and Sargent and Darveniza [14] also proposed expressions to represent tower surge impedance. The
International Council on Large Electric Systems (CIGRE) has recommended formulas for tower
characteristic impedance [15]. In the case of a cylindrical conductor the expressions proposed are:

Z, =60 In [ﬁ] Q (CIGRE([7]) (20)
e
2h .
Z;,=60In (\/5—] —60 Q (Sargent and Darveniza [14]) @n
e

Recently, Gutierrez et al. proposed a new methodology to derive the tower impedance based
on the use of transmission line segments [16]. For the case of a single vertical conductor over
conductive ground, the field distribution of the conductor and its image can be approximated by that
of a bi-conical antenna, which leads to the following expression for the surge impedance

2 2
ZS—L\/gln{hh/hﬂfc}LL\/Zln[(h-Fp)h/(h-kp) +7,. o)

2 Ve 2\ & h+\/h2 +;/-C2

where p is the complex skin depth p =1/4/jou,o, that accounts for the ground conductivity losses
[17], [18], with ., and &, magnetic permeability and electrical conductivity of the soil. In the above
expressions 4 is the height of the cylinder that represents the tower and ,_ its radius, as shown in

Figure 15. Any of the expressions above (20)-(22), give similar results for the attenuations. In the
results for the attenuation caused by the tower given below, the expression in Eq. (22) was used. This
impedance corresponds to the characteristic impedance of the tower represented as a transmission
line with the footing resistance as a termination load of the line.
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Figure 17: Cylinder that represents the tower in the calculation of the tower surge impedance

The tower footing impedance in lightning strike studies is represented by a non-linear resistance,
where the non-linearity is caused by the ionization of the ground [19].

R

1 ZTower-faoting 1 O/ (23)
V g

In our case, it is assumed that the current is not enough to trigger the non-linear effect r, = R, with
the value of R =12.5 Q,a high frequency approximation for vertical ground rod divided by 4 to account

for the 4 supports of a typical tower [20]. This value has been included, but the result for the maximum
current would not be affected if this value was equal to zero, because the E1-HEMP induced
excitation, with IEC61000-2-9, is very narrow in time, with the maximum current occurring at
approximately 25 ns, which is much shorter than the time require for the first reflection from the
tower base to arrive. This can be seen in Figure 18, where the reflection from the tower footing, due
to the delay, does not affect the value of the maximum current. The total impedance of the combined
capacitive coupling between line and tower and the characteristic impedance of the tower with the
termination load of the footing resistance is

Z _ 1 Z RTower—footing + jZTower tan(kL) 24
Total — . + Tower . ( )
joC Z. . +JR tan(kL)

Line-Tower Tower

Tower- footing
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Current at Position z = 200 m With Tower at Positionz = 100 m
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Figure 18: Reflection from tower footing with tower height = 30 m and line height =20 m
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6. ATTENUATION RESULTS FOR THE PARAMETERS IN TABLE 2

In Tables 4-10, the results for the attenuation at the end of the elemental building block are presented,
L.e. at position C in Fig. 6 for the case of 6 =0.01 S/m. In Tables 11-17, the results for the attenuation
for the case of 6=0.001 S/m are presented. The angle of maximum coupling 0 used in the evaluation, is
given in each table. In each case, both the values of attenuation with and without the tower are given.
The results are all less than one because the attenuation is given as a per one reduction of the initial
amplitude. Tower distance in tables refers to the distance between towers. The relative significance is
best assessed by comparing to the attenuation due to the losses in the ground.

Table 4: Tower Height = 20 m, Line Height =10 m, 6 = /33, 0 = 0.01 S/m

Tower
distance 100 m 200 m 300m | 400 m

wo/towers 0.9100 | 0.8297 | 0.7578 | 0.6940
w/towers 0.8473 | 0.7740 | 0.7080 | 0.6481

Table 5: Tower Height = 30 m, Line Height =10 m, 8 = /33, 6 = 0.01 S/m

Tower
distance 100m | 200m | 300 m 400 m
wo/towers 0.9100 | 0.8297 | 0.7578 | 0.6940
w/towers 0.8390 | 0.7666 | 0.7014 | 0.6423

Table 6: Tower Height = 40 m, Line Height =10 m, 8 = /33, 6 = 0.01 S/m

Tower
distance 100m | 200m | 300 m 400 m
wo/towers 0.9100 | 0.8297 | 0.7578 | 0.6940
w/towers 0.8346 | 0.7627 | 0.6979 | 0.6392

Table 7: Tower Height = 30 m, Line Height =20 m, 6 = /49, 0 = 0.01 S/m

Tower
distance 100 m 200 m 300 m 400 m

wo/towers 0.9581 | 0.9182 | 0.8802 | 0.8443
w/towers 0.8327 | 0.8001 | 0.7689 | 0.7388

Table 8: Tower Height = 40 m, Line Height = 20 m, 8 = /49, ¢ = 0.01 S/m

Tower
distance 100m | 200m | 300 m | 400 m
wo/towers 0.9581 | 0.9182 | 0.8802 | 0.8443
w/towers 0.8210 | 0.7888 | 0.7580 | 0.7287
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Table 9: Tower Height = 40 m, Line Height = 30 m, 8 = 11/57, 6 = 0.01 S/m

Tower
distance 100m | 200m | 300 m 400 m
wo/towers 0.9738 | 0.9483 | 0.9238 | 0.9000
w/towers 0.8205 | 0.8006 | 0.7812 | 0.7623

Table 10: Tower Height = 50 m, Line Height =40 m, 6 = /64, ¢ = 0.01 S/m

Tower
distance 100m | 200m | 300 m | 400 m
wo/towers 0.9812 | 0.9629 | 0.9449 | 0.9274
w/towers 0.8095 | 0.7954 | 0.7818 | 0.7682

Table 11: Tower Height = 20 m, Line Height = 10 m, 8 = 11/34, 6 = 0.001 S/m

Tower
distance 100m | 200m | 300 m | 400 m
wo/towers 0.8827 | 0.7792 | 0.6878 | 0.6070
w/towers 0.8021 | 0.7082 | 0.6253 | 0.5527

Table 12: Tower Height = 30 m, Line Height = 10 m, 8 = 11/34, 6 = 0.001 S/m

Tower
distance 100m | 200m | 300 m | 400 m
wo/towers 0.8827 | 0.7792 | 0.6878 | 0.6070
w/towers 0.7929 | 0.6999 | 0.6183 | 0.5460

Table 13: Tower Height = 40 m, Line Height = 10 m, 8 = /34, 6 = 0.001 S/m

Tower
distance 100m | 200m | 300 m | 400 m
wo/towers 0.8827 | 0.7792 | 0.6878 | 0.6070
w/towers 0.7882 | 0.6961 | 0.6149 | 0.5430

Table 14: Tower Height = 30 m, Line Height = 20 m, 8 = 11/45, 6 = 0.001 S/m

Tower
distance 100 m 200 m 300m | 400 m
wo/towers 0.9441 | 0.8914 | 0.8419 | 0.7947
w/towers 0.8032 | 0.7590 | 0.7169 | 0.6775
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Table 15: Tower Height = 40 m, Line Height = 20 m, 8 = 11/45, 6 = 0.001 S/m

Tower
distance 100m | 200m | 300 m | 400 m
wo/towers 0.9441 | 0.8914 | 0.8419 | 0.7947
w/towers 0.7914 | 0.7476 | 0.7063 | 0.6675

Table 16: Tower Height = 40 m, Line Height =30 m, 6 = 1/53.5, 0 = 0.001 S/m

Tower
distance 100m | 200m | 300 m | 400 m
wo/towers 0.9637 | 0.9292 | 0.8959 | 0.8635
w/towers 0.7897 | 0.7529 | 0.7346 | 0.7083

Table 17: Tower Height = 50 m, Line Height =40 m, 8 = /61, 6 = 0.001 S/m

Tower
distance 100m | 200m | 300 m | 400 m
wo/towers 0.9737 | 0.9478 | 0.9230 | 0.8985
w/towers 0.7774 | 0.7571 | 0.7373 | 0.7181

In Figs. 19-22 the same data is presented in graphical form. Fig. 19 shows the results for a line
height of 10 m and multiple tower heights. The plot shows the case without tower in blue, and three

cases with tower heights of 20 m, 30 m and 40 m. Clearly for a fix line height, variations in tower
height have a relatively small effect on the attenuation.

0.95 Decay Rate for Line Height =10 m
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Figure 19: For a line height of 10 m the decays as functions of distance between towers is given for cases
without tower, shown in blue, and three cases with tower, with tower heights of 20 m, 30 m and 40 m
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Fig. 20 shows the results for the case of a line height of 20 m. The plot shows the case without tower
in blue and two cases with tower heights of 30 m and 40 m.

Decay Rate for Line Height of 20 [m]

——wolTower
~——wl/Tower, Tower height 30 m
wiTower, Tower height 40 m| |

0.95

Decay [per one]
(=]
o e
2] ©

e
)

0.75

1 L L L Il
150 200 250 300 350 400
Distance between towers [m]

Figure 20: For a line height of 20m the decay as a function of distance between towers is shown for the
cases without tower, shown in blue, and two cases with towers, with tower heights of 30 m and 40 m

Fig. 21 shows the results for the case of a line height of 30 m. The plot shows the case without
tower in blue and a case with tower height of 40 m.
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Figure 21: For a line height of 30 m the decay as a function of distance between towers is shown for the
case without tower in blue and the case of a tower height of 40 m
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In Fig. 22 the results for a line height of 40 m are shown. The plot shows the case without tower in
blue and the case with tower height of 50 m.

Decay Rate for Line Height of 40 [m]
T T T

1 T T
——wo/Tower
~——wiTower, Tower height = 50 m
095
A
c 09F -
™.
o
&
>
3
b 0.85 1
(=]
0.8
075 | | | | |
100 150 200 250 300 350 400

Distance between towers [m]
Figure 22: For a line of 40 m height the decay as a function of the distance between towers is shown for
the case without tower in blue and for the case of tower height of 50 m
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7. CONCLUSIONS

As can be seen in the tables and plots, the attenuation due to the line-tower coupling varies from
approximately 5% for a line height of 10 m with a tower of 20 m, to a 20% for a line height of 40 m
with a tower of 50 m. The effect increases as the line height increases, which is opposite to the ground
losses that decrease as line height increases. The amount of attenuation can be defined as 1 — (number
on the table). The ratio of the amount of attenuation with tower divided by the amount of attenuation
without tower is always larger than one varies between approximately 1.5 and 10, with 1.5 and 10
corresponding to a line height of 10 m and 40 m, respectively. This means that the attenuation
associated with the line tower coupling can be 10 times larger than the attenuation due to the losses
in the ground, which means that the line tower coupling effect can be very significant. Another
conclusion from the results, see Fig. 19 for example, is that for a fix line height the variation associated
with changes in tower height is relatively small.
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APPENDIX A. EVALUATION OF THE COUPLING CAPACITANCE
BETWEEN TOWER AND LINE

The potential of the PEC cylinders representing the line and the tower above PEC ground can be
approximated as:

lim
dng, Lo

r Ag(z)dz r Ag(z)dz
S { 4(2) ) 4(2) }

JL\/xz +(y-h'+(z-z) I \/xz +(y+h) +(z-z)

Py (y+h) 1" Yy
I /xz (y )2 . I q,(y)dy A1)
27e, X +(y—h)y 4ne, \/()C—A)2+(y—y')2+z2

By imposing the boundary conditions ¢(x =0,y =h+a,z)= V,|z| <L—wand ¢(x=A+a,y,z=0)=V,

with the assumption L >>h, A>>a_,a, equations that relate charge and potential are obtained. From

these equations the capacitance can be derived. The unknowns Ag and ¢, are discretized as follows:

N 1
Ag(z) = Zzg"Aqn [p.(2)+p (-z)]withp (z)=1if —A, /2<z-z <A, /2andp (z)=0 otherwise,

q.(y)= qu [p. (" —-p (=y)]withp (»)=1if=A /2<y—-p <A /2andp (y)=0 otherwise .With

m=1

z,=nA,,z, =L-A, /2and 2N +1)A, = 2L, and

vy, =mA —A /2and MA =h_ . The symbolg, above is the Neumann symbol, which is equal to 1 for

m

n=0and 2 for all other cases. By substituting the discrete representations of Ag and ¢_into Eq. (A.1)

2 2
. ) x +(y+h
and considering that V = Bt 2 L )2 ’
27g, x +(y—h)

O:ﬁ:; { p,(z)+p, (- Z) p,(z)+p, (- Z) ,}iq T op.)-p,.(=»)

Sald’ +(z, - «/(Zh) +(z, -

v, = ilsn,Aq"' {j p,GE)+p,(2) '—I p, ) +p,(22) }

=02 _L\/A2+(ym—h)2+z'2 ) \/A2+(z”—z')2

1 (A+a) +(, +h & ¢ p,()-p, ()
+ ln 2 2 + Z cm' j
In2h/a)  \(A+a) +(y,, -m)" o "7 \/af FENS

dy'  (A2)
wa o S\JA +Z +(h=yY)

dy' (A3)

The integrations can be done one the intervals where p (z) and p, () are different from zero. Thus,

a,/2 | a,/2 '
02 Z—é‘ Ag. |: J dz dz

/2 \/a2 +(z,~-z,— z) ) \/a2 +(z,~-z, -z n?
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s dz' a2 dz'
A/Z\/(Zh) +(z,~z,-z" —A/Z\/(Zh) +(z, —z, =z

w A /2 | e '
.| | i dy'- | iid d'| (A4
m=l Ny \/A2 + z: +(h-y, —y')2 Ny \/A2 + z: +(h+y, —y‘)2

a,/2 , A,/ '
v —Zé‘ Ag. l: J- dz dz ]

—A/Z\/A +(y, —-h)’ +(z, -z —A/Z\/A +(, +h) +(z, -z’

(A.5)

I \/(A+a) I T dy' 52 dy'
+ n 5 3 —+ q(‘mv I _ J‘
1n(2h/61) (A + ac) + (ym - h) m'=1 7A‘/2 \/af + (y,,, _ym. _yl)z 7A‘/2 \/af + (ym + ym, _y')z
By appropriate change of variables, some of the integrals can be rewritten as:
z”—z”,+Ah/2 z,+z, +A, /2

N : z,-z,.+A, [2 z,+z,4A, [2
0=>"1e aq. { [ @, | d” j j } (A6)
w0 2 z-z,-a,/2 N az +u’ z,4z2,.-A, /2 a + u —z,.-A,[2 \/(2}1) +u’ 2 z-0, /2 Al (2}1) +u’

M h-y, +A 2 hty, +A /2
m'=1 h-y ,A/M/A +z +u’ W, A/M/A +z +u’
2,44, [2

N 2,44, /2
v =3z Aq, [ [ du } (A7)

soa )2 \/A2 +(y, —h)+u’ L) \/A2 +(y, +h) +u’

du

1 (A+a) +(y, +h)’ & e *”2 n, +A/z
+ In URAC/RL0IN <
ln(zh/a) (A+a6) +(y’”_h) m=l VoV A/Z \’a +u ¥, 0, A/Z \[a +u

Then, by using the identityj =In(u+Nu' +a’),

du
Vu' +a’
0 :i%gﬂqunv l:ln{zn sl +Ah/2+\/(zn —Z, +Ah/2)2 +a’ z,-z, —Ah/2+\/(zn -z, —Ah/Z)2 +(2h) }
n'=0

z -z, —Ah/2+\/(z” —z.-A,J2) +d z -z, +Ah/2+\/(z” —z, +A,/2) +(2h)’

ln{z" +z, +Ah/2+\/(z" +z, +Ah/2)2 +a’ z +z, —Ah/2+\/(zn +z, —Ah/z)2 +(2h)’ H

z 4z, —Ah/2+\/(zn tz —A [ +d z 4z, +Ah/2+\/(zn +2,+A, /2 +(2h)

m'=1

Zw:q ln{h—ym,+Av/2+\/(h—ym,+Av/2)2 Az h—ym,—Av/2+\/(h—ym,—Av/2)2 Az }(A.g)

h_)’mv_AV/ZJF\/(}’_J’M-_A.,/Z)Z +A +z] h—ym,+A‘,/2+\/(h—y,)l,+A‘,/2)2 +A +z]

v = Zvlgn‘Aqn, In

n'=0

{zn‘ +Ah/2+\/(z”, +A,[2) N +(y, —h) z, —Ah/2+\/(zn, —A,[2) + A+ (y, +h) }

z, —Ah/2+\/(zn, —A,J2) A +(y —h) z, +Ah/2+\/(zn, +A, /2 + A +(y, +h)
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1 \/(A+a)2+(y +h)’
In ‘ m

" In(2h/a)  \ (A+a) +(y, —h)’
N _ / _ 2 2 _ / _ 2 2
+Z 4 n Y, —y,.tA 2+ \/(ym V. + AV/2) +a y +y, . —A[2+ \/(ym +y, AV/Z) +a (A9)
=0 V)~ Vo —A»,/Z—i-\/(ym -V, —Av/2)2 +af v, ty,. +Av/2+\/(ym +y,. +A“/2)2 + af

N M
withAg=A,) & Aq, and ¢ =AY ¢, a capacitance matrix can be detived of the form

n=0 m=1
Agq c, C V
q, Czl sz Vc

from where the capacitance can be evaluated by making ¥ =0, so that Ag = C, V' and the capacitance associated to

the change in charge due to the presence of the tower Agis C,, .
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