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ABSTRACT

Prom a previously derived expression for calculating currents in-
duced in long underground cables by radio-frequency electromagnetic
fields, a simplified expression to calculate the currents induced by
a2 high gltitude EM source directly over the cable is derived. The in-
tegral term of the general current scolution is reduced to closed form
by approximating the field source as a plane wave propagating in a
direction normal to the earth's surface. Using this simplified integral
term with typical values for the termination impedances of the cable,
the reflection terms in the current equetion are simplified to reduce
the total calculation time for the problem, o




I. Introcduction

In the area of EMP interactions with surface and underground systems,
extensive theoretical and experimental work has been done on the problem
of calculating the currents induced in long underground cables by external
electromagnetic fields!, 23,4, However, in all the above cases, the
theory has been applied only to field sources at the surface of the earth
and lying along the axis of the given cable.

In this paper, the special case of a radio frequency* electromagnetic
field source directly overhead and high above the underground cable will
be considered to derive a simplified solution to the cable current equa-
tion. Further simplification of the results will follow from considering
only the most common cable termination impedances.

IX. The General Cable Current Eguation

The general equaticn used to calculate the current induced in long
underground cables by incident CW electromagnetic fields is 2.

I(x) = Ke X + Le'* + %E e E, (v) eI gy (1)
o C

where- -1 is the current at point x on the cable, d is the-length of the
cable, K and L are the reflection coefficients at the cable ends x = 0
and x = d,. respectively, I is the propagation constant for current _
travelling down the earth-cable transmission system, Z_ is the charac-
teristic impedance of the earth-cable equivalent transmission line, E
is the incident CW electric field component that is parallel to the
cable axis, and v is the dummy variable of integration, which varies
over the range of x.

The propagation constant and the characteristic impedance are cal-
culated from these equations:

r = (zY Z, = (2/1{)1/2 {2)

where 7 is the longitudinal impedance per unit length of the earth-cable
transmission system and Y is the transverse admittance per unit length.
The calculation of these quantities is explained in detail in AFWL-TR-
65-94 and in Interaction Note I2:3,

Also from AFWL-TR-65-942, we have the expressions for the reflec-—
tion coefficients:

¥The frequencies of interest here are from 102 to 108 Hertz.
, .



(Z2 * Zo)(zo B Zl)??é.Fﬁo) * (Zl.f Zo)(z2 B Zo) F(d)i

YK o= - g
(7 + 2 )2, 20 - (2, ~ --z-c;)*(zé Sz e
S . (3}
(z, - )2, = 2 ) O Flo) + (2, + 2 )(Z_ - 2,) F(a)
L = ‘ ‘
{zl +.z.)(z + Z:)e, -z )(Z o)ef?@_.

where‘F(x)

ﬂ

EE—'I E, (v) e rlx v] dv and Zl and Z, are the termlnatlon‘f“ﬁ
impedances of the equlvalent transm1551on 11ne at the cable ends X =
and x = d respectlvely ST : Lo

In general, the cable electrical characteristics and dimensions and
the electrical characteristics of the earth are known. . However, the
incident electromagnetic field is usually known only in the air above
the ground; a calculation must be performed to determine the field that
actually penetrates the interface and reaches the cable (E (v)). Then
the integration in the current equation is performed, in géneral, a
complex numerlcal 1ntegrat10n,: : : o

Wlth the above equatlons and calculatlon technlques in mlnd thlS theory
will now be applied to the case of a hlgh altltude CW fleld source dlrectly
over the cable, . . : Lo e

IIT. The High Altitude Source

: _ The field source considered here will have the following character-
g isties: It will be vertically above the cable and it will be at a suffi- . -
' ciently high altitude so that the overall. effect in the neighborhood -of -
the cable will be that of aplane-wave CW field descending directly per-. .. -
pendicular to the surface of the earth*. Mathematically, this will pro--: .
duce a driving field on the entire length of the cable that is 1ndepen-
dent of the distance along the cable.. That is

E (v £) = Erettt

where E” is a constant at a given frequency W

If this field is used in the cable current equation, we arrlve at the
following result for the integral term: Do

F(x) = 5 /% me TV gy
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#Also implicit in this treatment are the approximations that the earth . .
N in the area ¢of the cable is perfectly flat and the cable is parallel to .
S the surface of the earth.
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Slnce Z F Z the longltudlnal 1mpedance per unlt length the Final
result ?or the current 1nduced in our postulated cable is:

--#Iﬁx)_=.KefP# +_Lerx~+.g—;‘{2*4“e:r% - ‘r(d”X) ) (4)
. E” is obtalned from . the known electromagnetlc field in the air (re-
. member that E” is the field that actually reaches the underground cable}
- from.the known relation between the magnitude of a plane electromagnetic .
wave incident normally on the plane interface between two media and the

magnitude of the wave that is transmitted through the 1nterface5 - When ...

the two media are air and earth respectively we may assume the conduc~ .
tivity of the air is equal to zero and the magnetic permeabllitles of
the two.media are equal. This gives: . - . . . - .
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where E. is the electrlc field 1nc1dent on the ‘earth, o is the ground
conductlvlty (mhos per meter), € is the dielectric permittivity of the
earth (henries per meter) and Eo is the dlelectrlc perm1tt1v1ty of alro-

Once the complex 1mpedance and propagatlon parameters for the cable
have been calculated, it is a 51mp1e task to calculate the current at
every point on the cable.® : S SR '

If:ﬁe-aséumé”that*tﬁe“céblesEQfﬁinterest“arerhundreds‘of'meters S
long- or'longer; another special case simplification may be ‘considered.

For a’cable with its outer cénductor in ‘good electrical: contact with the T

earth -along its. entlre length and for earth conduct1v1t1es suff1c1ently
high 8o that o : Sihn :

1/r << d/2 (rr is the attenuation factor for'currents in- -
duced in the given cable; the real part of T'), then for points x on the

cable such that

Fpx >> 1 and  T_(a-x)>1
oo r T

the current is

I(x) = E*/2% s e )
This approximate current response is exactly the same as that derived
for the same cable under the: 1nf1uence of an: electromagnetlc field gener-~
ated at the earth's surface; the current frequency response that is the

basis of MARS2 computer code for calculatlng the currents induced in
cables by arbitrary electromagnetlc Eulses " T

¥The ARFH computer code at AFWL performs thls calculatlon ‘on a CDC 6600
(see Secetion V)i o7 iios :



Of course, the more general equation (4) may be applied to pulsed
Tields by using the equation as a field-current transfer function in an
inverse Fourier Integral after Fourier analyzing the input field. This
series of operations would allow the calculation of the induced pulsed
currents as a function of time from arbitrary high-altitude sources*.

As simple as equation {4) is, we will now see that it can be -simpli- -
fied even further for most practical cases.

IV. Analysis of the Refiection Coefficients

We can see from equation (3} that, if the termination impedances

of a transmission line Zl and Z2 are both equal to the line impedance

Zo’ then the reflection coefficients K and L are both equal to zéro. To

state this differently, if you'match the termination,impedancssasf a
transmission line with the line impedance, then the end reflections are

‘eliminated. This is a condition that is des1gned into most systems

using transmission lines.

-But, in the case we are discussing in this paper, the transmission
line consists of some complex cable or metal conduit as one:conductor
and the surrounding earth as the current return path. In general,
this is not the normal signal mode for the cable, whether it is a power
cable or a communications cable. Therefore, no attempt is usually made
to match the impedance to ground at the end of the cable—earth_system,
In fact, the only attempt to affect the earth-to-ground impedance of
an underground cable at all is when the outer metal shield of a cable is

grounded at an end to protect the cable and connected instrumentation
from high surge currents (e.g., a lightning strike). Therefore, in
general, there will be mismatches between the earth-cable line impedance
and the impedances to ground at the ends.

If the cable line impedance is much greater than the termination im-

pedances (Zo >> Zl and Zo >> ZQ) then the reflection coefficients from

equation (3) become:

4 plo) + F(a)

rd -I'd
e -e
: (7)
L= e 8 Flo) + F(a)
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e -
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which, from equation (k4)}, equals
- E -T'x -v-r(d'-.X)
F(x) = 57 {2 -e - e “'

*This operation is also performed by the ARFH compuﬁer_éodemﬂ(SeéuSECﬁion v.)
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Therefore,

y —Fd

Replacing this value for F(o) and F(d) in equation (T)

= E7
K=737

... E° -Td
L Azgz e

If these values for:-the. reflection coefficients are placed in equation:’
(4), the current induced in a cable with grounded terminations by a ..
high altltude source 1s° o

E (Tx x| T(dx)
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If the termlnatlon 1mpedances are much greater than the 11ne 1mpedance"

(z, »>» Z and Zy >> T, ) then the reflectlon coefficients from equation
(3% reduce to.L,_ L

L R B2 - erd _ .efrdt
g 24 Ta —rd. -
Lo -‘e | -.e. -
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Placing these values into equation (4) gives us the current induced in: = -
a cable with electrically floating ends by a high altitude source:

_E”  SinhI'x + SinhP(d-x) [ o
Ix) = 5 [ - SinhTd ] : (9)

This expression may be further reduced for low fréquency driving
fields or short cables, where I'd << 1. Using this approximation, and
the appropriate second crder approximation to sinh (x),

o ax)d e r(a-x)]?
I(x) = %— [p - xx 3 ? g(dﬂx) * 3ty
ra +
31
- B [P3 (a%2x - xzd).i
27 ra '
= YEx Ao e B e v g e gy



where Y is the transverse admittance per unit 1ength of the cable—earth
system (see equation (2}).

When calculating the current induced in underground cables from a high
altitude EM source, whether the source is a smngle frequency (CW) or a
pulse field composed of many frequencies, it is very likely that either

. the approximation of equation (8) or that of equation (9) will hold. For

the case of the bare cable with grounded ends, it may be possible that
the’ termlnatlon impedances will approach the line impedance for a very
limited range of frequencies. However, in the absence of termination
impedance measurements, equation (8) may be used for this problem with
no more than a factor of two error in the current calculated at the

cable ends.. At distances from the ends greater than 1/I' , the reflec-
tions are negligible regardless of assumed or actual terminations.

Of course, if the impedance to ground at the ends has been measufed'
and.is on the order of the line impedance of the cable, then equation (h),
with the reflection coefficients calculated by equatlon (3), should be
used.

V. TIhe AFWL Computer Codes CALINA(HA) and ARFH

At the Air Force Weapons Laboratory, a set of two computer codes has
been generated to calculate the currents, as a function of time, in-.
duced on an underground cable by a known high-altitude source electro-
megnetic field. This set of codes will accept input electric field ..
waveforms that have known, closed-form Fourier Transforms to calculate )
the current induced on a given underground cable at a number of egually-
spaced .points on the cable,including the ends. These codes are bresently
written in FORTRAN IV for the CDC 6600 computer at AFWL.

. The .code CALINA (HA) accepts as input the waveform parameters .of the
input field that are necessary to calculate its Fourier Transform. . For -
instance, the present form of CALINA(HA) considers 1nput .electric flelds -

of the form o .
1 —omt o, 2 o, Byt
E(t) =3 A ™ 4+ 5 BtePn
1 m n
m=1 n-l

where t 1s time and A o o am, B and B are all real . coeff1c1ents. -This
field transforms 1nto s o
3 L

1 1 2 1
Ei‘w) Dherde L R T

l b} . n=1
where i = v-1 and w is the frequency in. radlans per second° Therefore,
the code reads in the palrs of coefficients A ‘and a for m=1 through

l’ and Bn and Bn for n=1 through 22

After performing the above transform and reading in the given electrical

characteristics of the earth and air, CALINA(HA) uses equation (5) to

transform the input field into the driving electric field in the earth°
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LEN{w) =

The above two gpgraﬁioﬁs;are,perfofméd for a large number of discreet
frequenties through the'b&nd of frequencies that describe the input field.

The program ARFH accepts the followlng 1nput ‘the dr1vxng fleld £ (m)__
as calculated by CALINA(HA) and the frequency array over which it is cal- .-
culated; the electrical characterlstlcs of the earth that were prev1ously L_
used in CALINA(HA), the electrical and dimensional characterlstlcs of
the given cable, 1nclud1ng the termlnatlon 1mpedances Zl and ZE’ and the

cable 901nts and the time array over which the currents will be calcu-
lated. At each freguency in the given array, ARFH calculstes the current
at each given point on the cable by using equation (4) (eguation (3} is
used to calculate the reflection coefficients K and L). After the =

currents.-have been calculated for all given frequencies, a special Inverse

Fourier Transform subroutine is used to calculate the current as a func-
tion of time at each given cable point. :

Remember that these codes are limited by the approximations applied
to derive equations (3) and (4); the codes were designed to calculate
the currents induced in a long underground cable by a high-altitude
source electromagnetic field directly over the cable, subject to the
restrictions of Section IIT. However, these codes provide a fast and -
useful short cut to a calculation that would normally nece551tate a
1ong, complex numerlcal 1ntegratlon,' '

VI. Conclu31on

In this note, equations are derived to calculate the current in-
‘duced- in underground cables by high altitude CW electromagnetic fields.’
Using -suitable approximations, the integral term of the general cable
current equation was reduced to a closed form expression for easy cal=--
culation. Also, considering the normal means of terminating a cable to
the earth, it was possible to 51mp11fy the equatlons for calculatlng
the refiection coefficients. ,

These derived CW cable current equations are used as field-current
transfer functions for .computer codes that calculate the current induced
in underground cables by high-altitude pulsed electromagnetic fields, . -
as in the present AFWL high-altitude source cable current code, ARFH.
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