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LATE-TIME ELECTROMAGNETIC COUPLING
TO POWER LINES

Abstract

1n this report we examine the problem
of Nuclear EMP coupling to power lines,
with particular emphasis on late-time
response (times on the order of 1 ms),
We use a time-domain approach to find

the energy collected by the power lines,
Peak current estimates are obtained for
power lines in {ree-space, with catenary
sag, and in proximity to perfect and
finitely conducting grounds,

Iniroduction

Nuclear electromagnetic pulse (NEMP)
coupling to power lines has received a
great deal of attention from the EMP
community, The Defense Nuclear Agency,
Stanford Research Institute, Harry Dia-
mond Laboratories, R & D Associates,
and the Qak Ridge National Laberatory
have studied EMP interaction with power
lines and EMP effects on power systems,
The basic coupling mechanisms are under~
stood and the effects of a real ground,
termination loads, and some other param-
eters have been considered, The soon-
to-be published DNA handbook’ and other
previous works are slanted toward pre-
diction of "conventional" (high-altitude
and surface-generated) EMPF responses,

This report supimarizes our studies
of coupling to power lines, The study
emphasized late-time coupling {i. e., at
times on the order of a millisecond). In
addition, we devoted some effort to de~
termining the importance of line droop
and ohmic wire losses to EMP coupling
to power lines, Also, attention was given
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to finding the energy {as well as current)
collected by the lines, The energy col-
lected has not been calculated in previous
works, In the earlier studies, if the en-
ergy deliverable to a load was desired,
the engineer had to perform some analysis
on his own, and these calculations gen-
erally had to be performed for each new
set of parameters. Recent studies have
found, however, that under pulsed {(or
transient) conditions, the total energy
delivered to a load is less sensitive to
load conditions than one would expect,
(Peak currents, voltages, and decay rates
can be quite sensitive to load conditions,
however,)

The following results quantize the late-
time coupling to power lines, We empha-
size estimating the order of magnitude of
the coupling, We also identify important
parameters and summarize the present
understanding of the coupling phenomenon,
With this information, the reader can then
make recommendations, in view of his re-
quirements, onthe need for further analysis.



Results

We decided to use techniques familiar
to us raiher than adapt the methods of
previous studies, "Exact” solutions were
obtained using the computer code
WT-MBA/LLL1 B.2

the transient electromagnetic response of

This code determines

thin-wire structures through a moment-
method solution of an electric field inte=
gral equation formulated in the time
domain. We modified an earlier tech-
niquea to obtain estimates of free~space
This technique parallels the

frequency-demain results of Vance® but

responses,

allows us to produce estimates of tran-
sient waveforms more easily,

TRANSMISSION LINE MODELS

A power distribution system is very
complex; we consider very few details
here, We assume that late-time coupling
will probably be most important for long,
uninterrupted lines, and we ignore the
effects of substations, line terminations,
lightning arrestors, line bends, etc, We
consider only the response of straight
wires, wires with catenary sag, and
ground effects, We did not assess the
effects of support towers, but since the
towers are electrically insulated from
the power lines, their effects on coupling
should be minor,

A typical high-voltage power line con-
sists of three conductors (for a three-
phase system) separated by distances on
the order of several meters,
ductor is typically built of two cables
held 0.4572 m (18 in,) apart by steel
spacers mounted every 76,2 m (250 ft),
Each cable is built of strands of aluminum

Each con-
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and steel wire, The model chosen to
study this structure was a single wire
with a radius equal to the geometric mean
of the cable diameter times the cable
gpacing, This makes the single wire
respond electromagnetically the same as
the cable pair. The refinement ¢ luclud-
ing two or three conductors was not
pursued, The resulting models (of vari-
ous length) are shown over ground in
Fig, 1.

used in free space,

These same models were also
The angles 8, ¢, and
n, shown in Fig, 1, are used to describe
the polarization and arrival direction of

(a)
0.28m
1
{1 J
T
z
2m .
h
Rl
/4
x Ground level
(&) 0.28m
HB‘ m——]
321”' 12.5m
Ground Ievel—,
Fig, 1. Power line geometries,

(a) Straight wire, (b) Catenary
wire (two sections),



the incident electromagnetic field, For
exan.ple, when 8 = ¢ = 0° and n = 90°, we
have broadside incidence with the electric

field parallel to the wire axis,
FREQUENCY DOMAIN RESULTS

Both frequency- and time-domain data
are needed to form a clear picture of a
system response, While these two do-
mains are connected by the Fourier
transform, it is difflcult to judge the
response in one domain, given the response
in the other domain, Those interested in
protecting bandlimited equipment find
value in frequency-domain results, while
users of broadband equipment sensitive
to peak currents or voltages find more
use for time-domain data,

The current density excited on an
infinite wire in free space and illuminated
broadside with an electric field aligned
with the wire axes 134

s=n jn¢

.0 e
J(w) = s LT
n=-wo

H’(' )(ka) )

@
-2E0

1)

where
Eg = incident electric field, in V/m
k = 22/ = w/c (freespace wave num-
ber)

w = frequency in radians/second,

a = wire radius,

u = free space permeability,

HW = Hankel function of the second kind,
For low frequencies, where 2ra< A, the
total axial current can be approximated

by

ZrEO
w) = T Tn (ka0 {2)
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which is essentially an integral relation-
ship, This approximate integral relation-
ship has been used to estimate the tran-

sient responses of wire stx‘uctures.3
1

)

Equation (2} (or the appi‘oach of Vance
can be used to form rough estimates of
the frequency response of power lines,
Presented here insteac are numerical
calculations performed for a straight
wire 5,4 km long in free space, and il=
luminated 45° from broadside, Figure 2a
shows the current observed at the center
of the line resulting from the wave shown
in Fig. 2b, The wave is expressed by
el = adt—{exp i-az(t - tm)2)) in V/m, The
calculation was performed in the time
domain with calculations terminated be-
fore reflections were observed from the
far end of the wire., Figure 2c shows the
transfer function relating the current to
the incident field. The calculations can
be used to study the buildup of current on
The first
positive current pulse is approximately

long wires in free space.

proportional to the integral of the incident
electric field, as expected. Reflections
from the end of the wire account for the
negative current pulse. The negative
current pulse is not a duplicate of the
first positive current pulse because

(1) the reflection coefficient of the end of
the wire is frequency-dependent,

{2) radiation modifies the pulsc shape, and
(3) the exciting electric field does not have
the same phase relationship with the cur-
rent pulses traveling opposite directions
down the wire,

The first current pulse is "frozen” with
the incident field. (This is not always the
casc, but is here because - El(t)dt =0,)
The apparent phase velocity of the elec-
iric field along the wire is c/sin 8, while
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Fig. 2. Straight wire response in free space, L = 5,4 km, (a) Current, (b) Incident

field,

the velocity of the negative current pulse
is ¢, where c is the speed of light, and 6
is the angle of incidence of the electric
field (and for é = 0°, 5 = 90°), Conse-
quently, at a distance £ {rom the end of
the wi.e, the time difference between
these two pulses will be
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(c) Specirum of the response,

2 £ £

[ <

AT (1 - sin @),

For the case of Fig, 2, 0 = 45°, L = 5.4 km,
and £ (the center of the line) = 2,7 km,

which yields AT = 2,64 usec.
currents are of opposite sign, but of

These two

comparable shape, Consequently, a null



should exist at a period equal to AT, or
at a normalized frequency fn:

fn=

[y

2
C

2

(s

oS

5)-

(=2
-]

This accounts for the nulls observed in
Fig. 2c. The frequency and strength «f
these nulls dep.ad on load conditions and
cbserver's position, The coupling to the
line was repeated, including a line re-
sistance of 0,009 §¥ 1000 ft, These cal-
culations differ by less than one part in
104 from those of Fig. 2, so they are nat
presented here. Ohmic power lcsses do
not appear to limit the cu rent buildup or
affect late-time response significantly,
If we include the catenary wire droop,
the coupling is affected, however, as
shown in Fig. 3. The catenary wire
geometry is shown in Fig, 1, and the
same exciting field as used in Fig. 2 ap-

plies here, Comparison of Figs, 2a and
3a ind cates that the main influence cf the
catenary droop ig to introduce alate-time
ringing at a wavelength equal to twice the
high-~point spacing (that is, the distance
between the locations where the towers
would be, if included), This influcnce is
small, however, as indicated by subtle
changes in the transier function near this
irequency.

Placing the wire 32 m above perfect
ground, but using the same incident field
as in Figs, 2 end 3, resalts in large
changes in the current, Figure 4 shows
the transient current and the transfer
function for the current, The perfect
ground reflects the incident field and
limits the current buildup, The coupling
here is lower than the freespace coupling
for all frequencies, but is most noticeable
at low frequencies,

The response of the catenary line over
perfect ground is shown in Fig, 5. Here

the ringing at the wavelength equal io the

08— T T 1T T
, 2
[ 1E
~ 0.4— - i
4, : .
by { ] °
X ; 2
< E
) 0%————4 AVAVAVE §)
- ! c
§ 0 1 £
5 | g
C 04 \ ! —1 3 ,
' § N
) / I R R
(-] L L . !
-0 8' 1 | l ! | = (®) | v f’ \j’:\'\,\tf j ;
. ] ot —to X
0 0.2 0.4. 0..6‘ 0.8 L;.O 1.2 0 5 10 13 20 95
Normalized time - L/c L/wavelength
Fig. 3. Catenary wire response in free space, L = 5.4 km. (a) Current, (b) Spectrum,
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tower spacing is more pronounced, The TIME DOMAIN RESULTS
ringing is shown at this frequency in

Fig. 5a, and is also indicated by the spike The current induced at the center of an
in the transfer function at this frequency L = 5.4 km straight wire in free space is
(Fig. 5b). shown in Fig. 6a for an incident electric
T T T 1T , 0% ] T T T
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< l
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Fig. 4. Straightwire response over perfect ground, I. = 5.4 km. (a) Current, (b) Spectrum.
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Fig. 5. Catenary wireresponse over perfectground, L =5.4km. {(a) Current. (b)Spectrum.

-6-



field of 10° V/m incident 45° from broad-
side, Calculatio1s were terminated be~
fore reflections from the far end of the
wire were observed, The current can be
approximated as shown in Fig. 6b, The

current will resemble this wavefornm any~

T
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o 1.50 — —~
X
q | ]
! v~ —
5
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0.50 - —
i (o)
o1 L

o 02 04 0.6 0.8 1.0 1.2
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L S B

. / _

|
|
|

Energy collected = J {x 10‘)
[A)

1= -
(<)

I ! |
0 0.2 0.4 0.6 0.8 .0 1.2
Normalized time — L/c

where on the line for times before reflec~
tions from the far end are observed, At
length £ down the wire, the times t and
ty Are determined by the arrival of the
incident field and the arrival of currents
reflected from the end of the wire first

(b)
L}
|
E
2
V]
J
f' 72
Time
1000 V/m
;‘450 0.28m
102 3
1073 log ¥ = log A + B log, ot _7_;
0= logyph * B logyq (3.35 X 107713
o gothd = lesigh * Blogg (9.3 107)
i
E
o -
E -5
= 10 3
1078 3
-7 k
10
o 10" 105 w0® w0t w0
Energy — J

7ig. 6. Straight wire free space response to constant 1000 V/m field, L = 5,4 km,

(a) Current at center of line,

collected, (d) Energy collected,

e

(b) Approximate current response,

(c) Energy



illuminated by the incident wave, Using
the notations adopted here

_f£sine@
¢ = c
and
_ 2
tZ_E'

The value of the peak current was found
to be approximately proportional to L and
1/cos 6. The early-time current for
broadside incidence (6 = 0°) can be esti-
mated using the scheme of Ref, 3.

The collected energy is shown in
Figs. 6c and 6d. Apparently, the col-
lected energy obeys the emperically
derived equation (for 45° from broadside).

Wit) = 8.8 277, in 7.

The induced current on a catenary wire
in free space is shown in Fig, 7a and the
collected energy in Fig, 7b, These curves
are essentially the same as the straight-
wire curves,

The responses of the straight and
catenary wires over perfect ground are
shown in Figs, 8 and 9 for the same in-
cident field of Figs. 6 and 7, The re-
sponses over ground are much different
from the free space responsges, In this
case, the ground reriection limits the
current increase, and the arrival of cur-
rents reflected from the firss end of the
wire forces the current to zero, Con-
sequently, the current can be approxi-
mated by a pulse whose amplitude is
independent of time or position, but
whose duration varies as

£ - si
T-c(l sin 0) ,

This current, with constant magnitude
but linearly increasing pulse width, re~
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Fig. 7. Catenary wire response jn free
space to a constant 1 kV/m field,
L = 5,4 km, (a) Current,
{b) Energy collected,

sults in a linear increase with time for
the energy collected, For the straight
wire, the energy obeys the empirical

equation

6

Wi(t) = 5,2 X 10" t, in J.



W—— 1T T T
150 — i -
?L \ 4
< o 1
) 100!— }
£t i
g ; '
K 5oz~
| |
0: V\/\/\w‘- J
ol 1 L1 ]
0 0.2 0.4 0.6 08 1.0 1.2
Normalized time == L/c
1407 T T T T I
]

120[ -
= 100 —
[
2w -
K]

3
s & 7
g .
£ 40— -
20" —
b
S N T

00 0.2 0.4 0.5 0.3 1.0 1.2
Nomafized time — L/c

Fig. 8. Straight wire over perfect ground
response to a constant 1 kV/m
field, L = 5.4 km, (a) Cuirrent,
(b} Energy.

The current and energy for the catenary
case is slightly lower than the straight-
wire case because the catenary sag causes
the average line height to be less than the
32-m height of the straight wire. Thus
the line is illuminated for a shorter time
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before ground reflections are seen, Also
notice that the catenary sag, in the pres-
ence of ground, causes a significant
amount of ringing at a wavelength
approximately equal to twice the tower
spacing.




For reference purposes, Figs, 10
and 11 show the catenary response to a
two~term exponential wave of the form

E't) = Eg [exp(- at) - exp(- Bt)]

Fanl —
k=
-9
P 7
| -
3
E
>
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% 075 -
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&
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L. | &
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0 6.2 0.4 06 0,8 1.0
Normalized time = L/c
Fig. 10, Catenary wire in free space

response to a two-term ex-
ponential wave, L = 5 km,
(a) Current, (b} Energv col-
lected,

for
E, = 1.05 X 5 x 10* V/m,

@ = 4,00 x 105
- 8
B =476 x10 ,

which produces a peak field strength at

5x 10 V/m,. Figure 10 is the free-space
response and Fig, 11 is the perfect-ground
response, The effect of the ground is sig-
nificant in this case, but not as large as
the difference between these two cases
using a 1000-V/m wave, These results
are summarized in Table 1,

For the constant 1000-V/m incident field,
the large difference in the functional de-
pendence of energy on t (i, e, % vs t)
between the free-space and perfect-ground
resulis becomes very important at lLate
times, Calculations show that by 0,5 msec,
the free-space current has reached

1,8 X 105 A and the epergy coliected has
reached 9.6 X 109 J for a straight wire in
For a straight wire over
perfect ground, an estimation procedure3

free space,

shows that at 0,5 msec the current is
about 150 A and the energy has reached
about 5 x 10° I,

This large difference between the free-
space and perfect-ground results for late-
time coupling to a constant incident field
indicates the need for including ground
interactions more accurately,

APPROXIMATE NONPERFECT GROUND
RESULTS
The clue for approximating the effects
of a real ground are taken from Vamce.l
‘Thie steps in the analysis are:
1, Find the electric field existing at
the position of the wire, including
ground reflection,

~10-
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2, Use transmission line theory (i, e,, Ground Reflection of the Incident Field
now assuming perfect ground for the An electric field may be urcomposed
wire-ground interaction) to compute into two polarizations as shown in Fig, 12,
the induced current, Here the work of Ref, 5 is followed, For

These steps are followed below for an case (a), near the interface the total
incident electric field of 1000 V/m, last- electric field parallel to the surface
ing about 1 msec, for a straight wire, is

-11-



Table 1, Summary of numerical solu-
tions for catenary wire, field

incident 45° from broadside,

current observed at £ = 2,7 km
down the wire,

Epergy at

Functional

i Peak cLrrent t=L/2¢c dependence
E (a) w of energy  Nates
1000 V/m 2.1 % 10° 10007 ¢ a
1000 V/m 12x 102 s.2x 10 t b
2-term 2.7 x 10% 1,3 x 105 t a
2-term 5.8 x 10° 5.1 x 1ot t b

3Free space,

bPerl‘e ct ground,

Fig. 12, Polarization of wave incident on
(a) Electric field par-
(b) Magnetic

ground,

allel to ground,
field parallel to ground,

E:=E +j),,p%cos 6, in Vfm, p>1
r

where
€. ° relative dielectric constant of
the ground medium,

_c
P =%
o = ground conaactivity, mho/m

€ = absolute dielectric constant

For case (b} with magnetic field parallel
to the ground,

_wl oy 2
E=E(1-}) pcr,V/m.

At a time on the order of 1 msec, we can
use an equivalent frequency of 1/ 10'3 sec
=1kHz, For o = 10-2 mhosm, ¢_ = 25,

r
and E! = 1000 V/m, case () yields

E = 4,7 exp(-j n/8), V/m.

This field (4.7 V/m) will be used to drive
the transmission line,

Coupling to a Transmission Line

For the geometry of Fig, 13, the nor-
meal transmisslon line equations quantities
are valid, The cheiracteristic Impedance
is

_[F
Zg *N@

where& = transmission line series in-
ductance per meter and ¢ = transmission
line parallel capacitance per meter. The
wave velocity is

Vo —

The only difference between the present
problem and conventional transmiasion
lines is the distributed source, which
gives

-12-
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For the straight wire,
. -1 {2h
£ - —2-‘-‘”— cosh (—d—).
&= 27re/<:cosh-1 (_.'Z?h)‘

] -1 (20« 5o 1a 2B
Z, = 60 cosh (d)~601n(d)

v=c=3><108ms.
When h=32 mandd =0.28 m,
Z-1.225 x10°%, in H/m
-12 .
€ =9,005X10 "°, in F/m

Z,=367TQ

c=3x10° m/s.

(a)
£ d
l_-—.. ‘=7 J‘.
h
/ ‘ Ir'G 'nd
i eve!
z direction
(b)
I{z) Edz Ldz I{z + dz)

_-—- - —?
I CdzI V(z + dz)

T T 4

Transsission line model of
distributed coupling to a pover
line. (a) Power line, (b) In-
cremental transmigsion linc
model,

Fig. 13.

Application — Development of Current,
Power, and Energy Responses

Case I — An infinite wire, broadside
incidence,
Here,

82
n
=)

2L
az
so
- E/®
) = -—, in A,

Per meter of line, the power and energy

are

pit} = l(t) E(t)

=-I§l, in W/m
t
W(t)f pT) dT
0
2
W(t)- 3 , ind/m,

Ift=0.3msand & =300 km_, then
1-192) Aand W = 6,77 X 10° J

Case Il - Consider a semi~infinite
line as shown in Fig. 14. Coupling to
this geometry can be handled by the meth-
od of Ref, 3, It can be shown that

- L sin 4
crcos b ] ¢
£ = S T EATr dY
0 - L
c
¢ - £ sin ¢
1 R
~(m)I KT oY
-
[N
£ &3

1
M "(l Tsin 6)]
-
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where

0 jeclsing
Z,-Z R E
1] _1 _ 0 0 sin gy £8i06 2
p= Z, 72, = o _—Il-, It 2) = Zgcos § Tosg (e~ sing): “EBL gL
. fetll + p) +2(1 - @)} 5 t> &
p is the current reflection coefficient, 2Zg cos 6 e
Z0 is the transmission line character-
istic impedance, and Z; is the term- Figure 15 illustrates the behavior of the
ination load impedance. For current at a given instant of time for
E(t) = EOU(t) (i.e., a step function), various values of p, Forp = -1,
the current becomes
N L gin @
0 Pt =
1) = Eo(ct-l sin ) ) S"‘"stsﬁ
Z0 cos 8 * c c
el )
E,2(1 - sin 6)
Bl “Sné .2
2y cos 6 ! c
2 2
- __E(ct) 1 .
/e pm"zzocose Sinp "1 - 1nW

22t3 Fa

eBCt G 1 i
W) = GZO cos @ Lsin [] 1] » inJd.
1 —-l 0 ZGmum:l level

Fig, 14, Wave incident at terminated

Case III — Broadside incidence on
wire of length L, p = -1 (an open circuit).

end of a long power line, Similarly, it can be shown in this case
that
Ect . 2 L
7z 30t g ° and £ < 5
1| p=1 itt, 2) =
P Eg? 2 L
—Z-o— ; E(t and £ < 7

Current — A
S

A similar set of expressions can be ob-

LEct(1=sin® tained for %—-< 2<L. Also
p Z0 cos 6
] 2
E¢t .
0 ct ct/sin © pit) = Z; [L-ct], inW
Distance — m

2 .2
Fig, 15, Current for the line of Fig, 14,  W(t} = E—ZEL [% - %‘] ,ind
0
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Table 2, Coupling to wire over ground,
Peak Energy
Time current collected
Configuration Appreach (ms) (A) J)
300 km of infinite line, Case 1 0.5 1920 6.8 X 10s
@ =0°
semi-~infinite line Case II 0,711 1130 19X 105
6 = 45°
open 300-km line Case III 0.5 1920 4,5 X 10
6 = 0°

Application ~ Finite Transmigsion Line
Over a Finite Ground

For the parameters

-2

g =10 ° mho-m
er=25
h=32m
d=0,28m

El = 1000 V/m

f =1 kHz (i.e,, period of 1 msec)
L = 300 km of line,

We determined earlier that E = 4,7 V/m,
ZO =367 2, and that for 8 = 45°, the in-
cident wave will hit the far end of the wire
in 0,71 ms,

Table 2 summarizes the coupling to a
300~km wire over a real ground with the
parameters given using the equations
provided here,

Comparison to High Altitude NEMP

Table 3 summarizes coupling to wires
as obtained in this study for lines of
300 km in length and on times on the order
of : ms. From this table, it is evident
that the upper and lower limits on late~
time coupling placcd by the two extremes
of free space and perfect ground are too
far apart to be useful, Consequently, the
effects of a real ground must be included
to obtain reasonable estimates of coupling.
This was done here in an approximate
fashion to obtain the value for real ground
given in Table 3,

To explore the significance of the late-
time coupling, two results for a more

conventional two-term exponential NEMP
are Included in Table 3.
ison is difficult because for long lines the

Direct compar-~

two-term exponential appears to be a
"short" pulse, and although ihe apparent
energy collected appears to be a linear
function of time, the energy actually
available is limited for the perfect-ground
case (see Ref, 1), We did not evaluate
thie point fully, but Fig, 1lc shows how
the spatial integral of the square of the
current behaves for the catenary line,
For a normal transmission line, this
integral multiplied by the characteristic
impedance of the line yicelds the total
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Table 3.

Summary of coupling,

Energy
. Peak current collected
Configuration Approach @
1000 V/m on a straight Numerical (computer 1.8 X 105 9.6 X 109
wire in free space code)
1000 V/m on a straight Approximate (Ref, 3) 1.5 X 102 4,9 X 10°
wire 32 m above perfect
ground
1000 V/m on a straight Approximate scheme 1.9 x 103 4.5 X 105
wire 32 m above a real discussed here
ground, open at ends
2-term %xponential ‘Numerical {extrapolation 2,7 X% 104 1,3 X lo8
5X10* V/m 45°on a to late times)
catenary wire in free
space
2-term gxponential, Numerical {extrapolation 5800 1.4 x 108

5X10° V/m45°0n a
catenary wire over
perfect ground

to late times)

energy available toa matchedload. Notice
that before the incident field has reached
the end of the line (it was incident at 45°
from broadside), the energy in the current
appears to become limited, Tkhe total
energy collected by this time is about
3x 10y, The energy available in the
case of a constant-magnitude incident
field does not become llmited in this
fashion; i. e,, the value of 4,5 X 105 J
given in Table 3 is a reasonable estimate
of the energy actually available to a load,
The work of ‘\.Fance1 can also be uaed to
estimate the energy available at the end
of a semi~infinite line over real ground
for high-altitude NEMP, Using the no~
tation of Vance for the same arrival
direction considered here then 8 = 45°,

¢ = 0° and ¢ = 45, The open circuit
voltage using Eq, {2-17) of Vance is

- e t/T,
Eoc'I‘D(l e Kostst,.

EgcT D {(etol‘r - 1) et

'Jt'?'r 2
P | Te -t'/T o3 da
xsin¢y VT
0

tato.

Voc(tr =

Here T is the paxaweter of a single tecm

NEMP of the form:
E'w « Eget/T,

6

and is typically 0,25 X 107% g, Also,

ttat-t,,
lo-l%alnw.

h = line height,
Te = of € -



The voltage across a matched load is
1/2 Voc‘ the power delivered is
1/4 (v )2/'Z , and the total energy
oc 0 0 2

/
1/4 (Voc) /Z0 dt,
Figure 16 shows a reasonable approxi-
mation to Eq. (2-17) of Vance for the

delivered, W, is [

parameters of interest here,

This open-circuit voltage will then
deliver an energy of 5100 J and a peak
current of 6100 A to a matched load.
This is a factor of six smaller than the
preliminary numerical calculatioas per-
formed for & .c.enary line and a factor

of 100 smaller than preliminary estimates

89 e-(r -1) /7

> e g
® T=0.25X 107
2
2

|

T

Time = s

Fig, 16, Approximate open circuit

voltage,

for late~time coupling to a 300-km line by
a 1-kV/m field.

Summary and Recommendations

In this study we have determined that
the effects of a real (lossy) ground must
be considered to obtain reasonably ac-
curate estimates of late-time coupling to
power lines, A comprehensive calculation
of this coupling has not yet been under-
taken, and would be the next step if this
study were to be continued, Preliminary
calculations have shown, however, that
the energy coupled to a power line by a
1-kV/m constant field may exceed high-
altitude NEMP coupling by one or two
orders of magnitude (10 or 100 times) by
late times (i, e,, in about 1 ms), The
1 kV/m induced currents will represent
only about a 100% overage in the design
current capacity of a typical high-
voltage power line, but the spectrura
of this current is much different from
the current induced by high-altitude
NEMP.

We have also determined that the
catenary wire sag between support towers
increases coupling at a wavelength equal

The line
response is seen to ring at this frequency,

to .twice the tower spacing,

but the total energy collected and peak
currents induced are approximately the
same as those found for straight wires,
We also found that ohmic wire loss plays
an insignificant role (n the coupling.

1t should also be pointed out that one
must take extreme care in making esti-
mates of coupling to lcag power lines,

A glance through the tables of this report
will show energies ranging all the way
from 3000 to 10'® 1, Such a spread is
uracceptable and under.ines the need for
considering ground effects,

Last, it should be mentioned that high
energies, peak voltages, and peak cur-
reats are not always required to upset a
system,
communication system has been upset by
a geomagnetic disturbance that created
an electric field of 5 V/km,
ing ground fault currents caused system
upaet.6

For example, a long-distaiice

The result-
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