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SECTION I

INTRODUCTION

Permanent ground-based installations such as rocket vehicle launchers
and communication facilities are generally characterized by large external
appendages such as power lines and communication cables, and by facility
shields of various qualities. For the present example, we will use the rocket

i vehicle launcher illustrated in figure l. Commercial power is normally used

! to operate the system and to perform expendable station-keeping operations. 1
Communication and monitoring from a remote location is done through a buried,
shielded communication cable. 4n alternate communication channel may be a

radio system; hence an external radio receiving antenna and feed cable may be

provided.
The system illustrated in figure 1 is considerably simplified; opera-

tional systems often contain many other external elements such as outside

lightning, WWV receivers, local radio communications systems, external power

outlets, intrusion alarm sensors, radiation/EMP monitors, local telephone

cables, etc., as well as plumbing for water, sewage, fuel, etc. However, the
elements shown are representative of the external coupling elements, and they
will be used to illustrate coupling and penetration of long overhead conduc-
tors, long buried conductors, and "local" antemnas and antenna feeds.

In addition, as will be discussed later, it will be assumed that the
launch tube 1id is imperfect so that external magnetic fields may penetrate

through the joint between the lid and the launch tube walls. Thus this exam-

ple will also demonstrate the effect of aperture coupling through the shield.
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SECTION II

SHIELD TOPOLOGY

The primary facility shield for the system will be the welded steel
walls of the launch tube and ground equipment compartment. This shield is
identified in figure 2 as shield 1 with symbol Sl' Except for the launch tube
1id and the holes for cable entries, the outside envelope of this shield is
considered to be continuous steel plate.

Within the primary shield, there are secondary shields that form the
housings for power and signal processing circuits. These secondary shields
are identified as shield (2,1) with symbol Sél) in figure 2, and are usually
metal equipment cabinets. Within the launch tube, the vehicle skin is also a
secondary shield that separates the rocket vehicle circuits from the environ-
ment of the equipment room and launch tube.

The pertinent shield topology is illustrated in figure 3, where the left
half of the diagram represents the equipment room and the right half repre-
sents the launch tube. The primary shield on the left side is compromised by
the penetrating cables, while on the right side the primary shield is compro-
mised by the leaky lid apertures. The divider between the left and right
sides represents the wall separating the launch tube from the ground equipment
room; this divider is compromised by the umbilical cable between the support
equipment and the vehicle.

All sensitive circuits and components are presumed to be in the small-
signal regions enclosed by the second level shields. That is, all small-
signal processing circuits are housed in the ground support equipment cabi-
nets (shield 2,2)). Less susceptible circuits (lighting, heating/air condi-
tioning, power conditioning) may be compatible with the equipment room

environment.
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SECTION III

EXTERNAL INTERACTION

Four external interaction problems will be used in this example. They

a.- The overhead power lines.

b. The buried communication cable.

c. An on-gite antenna and feed cable.

d. The external fields exicting the apertures about the launch

tube 1lid.

1. AC POWER

The elements of the power line problem are illustrated in figure 4(a).
The exposed elements are a semi-infinite overhead conductor with a vertical
down lead. These elements drive a shielded feeder that leads to the main
distribution panel. At the main distribution panel, the power circuits
branch out to the various system loads, one of which is the equipment within
the primary shield. All circuits are assumed to be enclosed in tight metal
conduit, so that between the feeder to the facility shield, negligible addi-
tional coupling to the power conductors occurs. Within the main distribution
panel, the power conductors leave the conduit and are routed to circuit
breaker terminals. This portion of the conductors has been represented by an
inductance in figure 4(a); it could also be represented by a segment of trans- A
mission line whose characteristic impedance is larger than that of the conduc-
tors in the conduit.

Figure 4(b) illustrates the determination of the Norton equivalent

source characteristic from the incident EMP and the exposed conductor geome-

try. The induced terminal current can be obtained from scattering theory or
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approximated using transmission line theory. In either case, the short
circuit current will depend on the incident EMP waveform and azimuth and ele-
vation angles of incidence, and the current and admittance will both depend
on the conductor size and height, and soil conductivity and permittivity.

The propagation of the induced current through the feeder, distribution
panel, and essential load conduit is illustrated in figure 4(c). The stray
inductances in the distribution panel and the other circuits in the support
building (outside the primary shield) are represented by a Tee network in
figure 4(c). Generally, the electrical wiring consists of several conductors
in a conduit; thus the transmission lines shown in figure 4(a) and (c) are
multiconductor transmission lines. As suggested in figure 4(c), the
transmission-line problem is solved as a two-conductor line to obtain the
common-mode Norton equivalent source (Ip’YP) at the point where the conduit
penetrates the primary shield.

2. BURIED COMMUNICATION CABLE

The buried communication cable is assumed to be a shielded, multiconduc-
tor cable buried at a uniform, shallow depth in the soil. As illustrated in
figure 5(a), the cable shield is in contact with the soil and is circumfer-
entially connected to the primary shield where the cable enters the facility.

The external interaction problem for the buried cable may be separated
into three parts: (1) determination of the ambient fields in the soil
(figure 5(a)); (2) determination of the total current induced in the cable by
these fields (figure 5(b)); and (3) determination of the common-mode internal
conductor currents from the total current and shield properties (figure 5(c)).

For common installations, the cable can be treated as though it extended to

infinity (away from the facility) and the shield is terminated in a short
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circuit at the facility shield. The cable shield may be composed of two or
more shields; these are shorted together at the facility shield. The shields
are usually continuous cylindrical shields (no apertures); thus only diffusion
through the shields need be considered.

The final result of the external interaction analysis will be the
common-mode Norton equivalent source characteristics (Ic’Yc) representing the
internal conductors at the point where they penetrate the facility shield.

3. COMMUNICATION ANTENNA AND FEED CABLE

The conmunication antemna and feed cable are illustrated in figure 6(a).

In this simplified model, the external interaction elements consist of the

antenna and its base or ground plane, and the coaxial cable between the

antenna and the primary shield. In practice, the antenna system may also con-
tain an antenna coupler (matching network) and preamplifier at the base of
the antenna; these components are not included in the example. The coaxial
cable betweén the antenna and the facility shield is assumed to be RF coaxial
transmission line with a braided-wire shield. Thus, aperture penetration
through the cable shield will contribute to the externally induced current in
the cable.
The EMP-induced current in the feed cable will consist of two parts: '
that induced in the antemna and propagated through the cable (figure 6(b)),
and that induced through the cable shield along its exposed length between the S
antenna and the facility shield (figure 6(c)). For the first part, the tran-
sient response of the antenna and its broad band input admittance must be
determined. Simple transmission line theory is then used to transfer the

antenna characteristics (Id,Yd) to the penetration point to obtain the Norton

equivalent source (I; ’Ya) driving the internal cable. T
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For the second part of the external interaction problem, the total
current and charge induced in the finite length cable must be determined.

This will include any current caused by interaction of the external fields with
the antenna base (Ib,Yb) as well as the distributed current induced by the
fields along the cable. The total cable current and charge and the shield
transfer characteristics will then be used to determine the Norton equivalent
source (I; ’Ya) at the penetration point caused by cable current. (It will

be assumed that the leakiness of the shield has a negligible effect on the
source admittance Ya). The resultant source (Ia,Ya) at the penetration point
is then obtained by superposition of the two sources (figure 6(d)).

4. LID EXCITATION

The aperture penetration problem associated with the launcher lid is
illustrated in figure 7. An exact solution of the problem is very difficult
because the apertures are at a discontinuity in the cylindrical surface. In an
operational facility, the geometry is even more complicated because the 1lid
makes a sliding contact with the top of the launch tube so that the aperture
has depth as well as area. In additionm, the crack between the 1lid and the
tube may be partially filled with lubricants and RFI gasket material. For
this example, however, we will assume a simple circumferential aperture divided
into three segments by the lid/tube contact.

The external interaction problem consists of determining the surface
fields (figure 8(a)) and the current density J flowing across the top surface
of a metal cylinder immersed in the soil due to the incident EMP (figure 8(b)).
A second mode of excitation can be postulated for longitudinal current flowing
from the 1id to the walls of the tube; this current will be driven by the
vertical component of the electric field, whereas the current flowing across

the top is driven by the horizontal component of the magnetic field.
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The remainder of the external interaction problem is the calculation (or
estimation) of the magnetic polarizability of the apertures (figure 8(c)). It
will be assumed that the electric polarizability of the aperture is negligible
in the practical case of a wide, low-impedance flange contact between the 1lid

and the cylindrical launch tube.




SECTION IV

INTERNAL INTERACTION

The internal interaction problem is to determine the way the Norton
equivalent sources and apertures excite the space and conductors inside the
primary shield. Before analyzing the internal interaction problem, we must
define the internal cable system. A simplified block diagram of the intermal
components of the system is illustrated in figure 9. This system typically
congists of a control system that receives signals from the communication
cable, the communication radio receiver, vehicle (and other subsystems), and
sends status signals out through the communication cable and control signals
to the vehicle through the umbilical cable. All the subsystems receive their
operating power from the power conversion equipment. The power conversion
equipment, in turn, operates from commercial ac power and supplies the dc,

400 Hz, and other forms of power required by the subsystems. The power con-
version equipment may contain an "uninterruptible power system' as well as
converters and inverters to provide the specified power requirements of the
system.

In figure 9, each block may be considered an equipment cabinet, and each
interconnecting line may be considered a shielded cable. The cables originat-
ing along the left side of the diagram are driven by the Norton equivalent
gource derived in the external interaction analysis. For the interconnecting
cables inside the primary shield enclosing the ground equipment, it is assumed
that the interference of concern is the current propagated along the cables,
rather than the internal fields associated with cavity excitation in the

equipment room. In the launch tube, however, the coaxial cavity excitation by

the 1id apertures 1is of interest. In the examples below, one internal cable
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system excited by the penetrating external cable will be examined, and the
aperture excitation of the vehicle launch tube cavity will be examined.
1. INTERNAL POWER CABLES

The internal power system cables will be used to illustrate how the
penetrating external currents are propagated through the internal cables to
the subsystems and to the vehicle. The Norton equivalent sourve (Ip,Yp) of
figure 4(c) 1is the excitation source for the internal power cables. Current
from this source is propagated along the cable in the conductor/shield mode
as illustrated in figure 10(a). Part of the current incident on the power
conversion equipment passes through the conversion circuits (Tp) and propa-~
gates to the other subsystems. In addition, part of the current incident on
the control system may pass through these circuits (Tc) and propagate to the
vehicle. In each case, the multiconductor cables are represented as two-
conductor lines, and the terminating impedance and transfer function matrices
are approximately by one and three terminal networks. Pass-through current to
other cables associated with the subsystems is neglected except to the extent
that it affects the terminating impedances (Zr’zm) and the transfer functions
(Tp,Tc).

Another mechanism for interference propagation is illustrated in figure
10(b). Here, a leaky shield permits the TEM fields inside the shielded cable
to induce current on the outside of the shield (Is ’Vs ). This curreni propa-
gates along the cable shield to the equipment cabinets and cabinet grounding

straps (2 ). Unless these grounding impedances are very small,

ps’zrs’zcg’zms
sizable shield currents may reach the control and umbilical cables, where
they may again penetrate the cable shields and induce current on the internal

conductors and small-signal circuits. Because the power conversion circuits
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often afford a high degree of isolation between the incoming 60 Hz conductors
and the outgoing processed-power conductors, a interference propagation along
the shield to the downstream equipment may be a significant mechanism. 1In
addition, the current outside the shield interacts with the grounding imped-
ances (Zpg,ng,etc.) to produce fluctuations in the cabinet potentials which
may appear to internal circuits to be fluctuations in the potentials of con-
ductors in other cables serving the cabinet. Furthermore, part of the current

on the power cable shield may flow onto, say, the communication cable shield,

or vice versa; the excitation of the umbilical cable through the control sys-

tem cabinet is an example of this mechanism in figure 10(b).

Rigorous analysis of these propagation mechanisms is primarily an exer-
cise in multiconductor and single conductor transmission line analysis. In
practice, the major obstacle to such an analysis is the determination of the
impedance and transfer function matrices, which are difficult to calculate
accurately and time-consuming to measure. To simplify the amalysis, the
cables are represented as single conductor transmission lines, and only the
comnon-mode currents on the internal conductors are determined. Representa-
tive terminal-to-ground impedances or input-terminal-to-output-terminal trans-
fer functions are used to estimate the current delivered to terminal equipment
and downstream equipment.

2. APERTURE EXCITATION OF LAUNCH TUBE

The internal interaction problem associated with the lid apertures is
composed of two parts: that part which induces surface charze and current
densities on the vehicle, and that part that gives the current induced in
the umbilical cable. For this example, the charge and current distribution

on the vehicle skin will be considered a final result; the effect of these on
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circuits inside the vehicle may be obtained by the same techniques used for
the rocket vehicle in flight. The current induced in the umbilical cable may
propagate along the shield to other components and cables (as in the power
cable example above), or it may penetrate the shield and propagate into the
small-gignal circuits in the vehicle or ground support equipment. This cur-
rent may be derived from the fields in the coaxial cavity.

The first step in the analysis of the aperture-cavity problem is to cal-
culate the fields induced in the coaxial cavity by the fields penetrating the
apertures at the 1lid. From the solution of the aperture-excited cavity, the
charge and current density on the vehicle can be determined as indicated in
figure 11. In addition, the voltage between the vehicle and the launch tube
at the umbilical location can be calculated.

From the open-circuit voltage and the short-circuit current (or the
input admittance of the coaxial cavity) at the umbilical location, the Norton
equivalent source driving the umbilical cable is determined (figure 12(a)).
This source drives the umbilical cable shield that penetrates the equipment
room (figure 12(b)), whose input admittance is obtained from transmission line
theory (figure 12(c)). The charge and current on the umbilical cable due to
aperture coupling through the 1lid are thus determined (figure 12(d)).

The charge and current distribution and the characteristics of the
umbilical cable shield are then used to obtain the current in the umbilical
cable conductor terminations (figure 12(e)). These currents may be super-
imposed on those derived for the penetration excited cables to obtain the total
current in critical circuits in the control system and the vehicle guidance

system.

25
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Current in Umbilical Cable Conductors

(a) Norton Equivalent Circuit of Coaxial Cavity
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(¢) Umbilical Cable Input Admittance
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