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Our work has rcsulted in a prcliminar
mects electromagnetic, orbital, attitude,
quirements.

v desigghfor a passive space array that
deployment, and manufacturability rc-
The central portion of the prototype consists of 10,000 spherical

aluminum scattering elements %hat- aré uniforml
line to form an array %hatffg 150 meters long.
i awl-2in diameter and are resonant over the frequency

Supported by 75 segments of stiff wire 1 mm (40

mils) in diamctcr. These scg-
gl
ments are connected by joints whose free motion is limited to 3%?4 We found -that

3he stiff sections wergﬁnecdedctgtabsorb transve

Yy spaccd along a straight vertical
The sphcreéugre<6ne.centimeter9
range 10 % 0.5 GHz. They arc

P

rse kinetic enefgy occurring
during deployment.

To provide needed damping of librational motions,
will be extendcd by a coil of the same construction as
stressed to assume a pigtail shape when rcleased in spa
a radius of 5 meters and will carry 2000 spheres,
by converting librational energy into flexural moti
to viscopsdforces in the joints.

--has-«beéﬁ; %élculated. Yorim

each cnd of the array

the main array, but prec-
ce. Each coil will have
These coils provide damping
on, which in turn is subject
A damping time constant of less than two months

The mechanical behavior of an array with libration-damping devices has been
4 investigated by analytical and numerical techniques.

Per turbing effects such as
solar radiation pressur

€ and thermal strain have been considered,
We also simulated the array behavior,

One of them--the Flexible Spacecraft Dynami
been used w;

using two different computer programs,
¢s Program--is a general code that has
th considerable success in modeling other gravity-gradient satellites,
and that wec have modified to include libration damping using tip configurations,
In addition, we have written a program specific to our tasks.
1 work by entirely differcnt mathematical procedures and give diffcrent insights
e into the array behavior. Thc results are mutually consistent, and agree with
analytical results, Simulation has made it

variables concurrently--a proccdure not
analysis,

The two programs

possible to consider a grcat many
possible in a tractable mathcmatical

We have designed a deployment mechanism that will constrain the array with-
X in a circularly cylindrical storage locked during launch and, at the appropriate
- time, will eject the array along the local vertical. Capture by gravity zradient
3 is expected even if the array initially tumbles after deployment,
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C 1 INTRODUCTION

This report examines the orbital and attitude mechanics of a passive

space array and describes a mechanism for its deployment. Such an array,

first proposed by Joseph C. Yater in the mid-60s, consists of an ordered ,

set of scattering elements. Incident electromagnetic radiation scattered

from these elements is reinforced at certain angles to provide a powerful

1% return signal (see Figure 1).

SRI is conducting a program to demonstrate the feasibility of this

& array concept. The concept will be implemented by nttachment of the

ring elements to a semiflexible cable. The cable is to be placed

3
- scatte
i

1 be maintained in a vertical

in a geostationary orbit, where it wil

‘E attitude by the gravity gradient.
: This program to develop and demonstrate the passive-space-array
A Work done during the first year,

concept is in its second year.

covered in Summary Report--Phase 1, dated April 1975, concentrated on

feasibility. Several factors affecting orbit and array stability were

- considered. These included collapse of the array due to solar pressure,

and libration pumping

distortion of the orbit due to solar pressure,

s due to orbital eccentricity. Elementary models were used to study thece

effects. In addition, extensive use was made of the Flexible Spacecraft

Dynamics Program (FSDP), a program designed to deal with gravity-gradient

“; satellites having flexible appendages.

various configurations involving supported arrays were considered

and rejected because of difficulties in meeting straightness requirements,

especially for arrays on the order of a kilometer in length that may be

useful in communications systems. An array consisting of relatively

b et sty AR i ok
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FIGURE 1 CONFIGURATION OF FEASIBILITY DEMONSTRATION

massive balls supported on a thin cable evolved as a means of satisfying
diverse requirements. This configuration is a departure from the light
ribbon that was originally considered, and that was found to collapse
and to be blown out of orbit due to solar pressure. The substantially
higher mass-to-area ratio of the beads than that of the ribbon provides
the needed margin for feasibility. The conclusions drawn from the first
year of work are that it is feasible to put this array into synchronous

orbit, and that it will remain stable there.
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During the first year we found that the lowest normal vibration

7 mode of the cable, the libration mode, is straight (unlike that of a

e cable hanging in a gravity environment). Therefore, a flexible cable

g could become straight and thereafter librate as a rigid body without
internal relative motion. Such a 1ibration would persist unless some

g mechanism for damping was provided. Two mechanisms for damping libration
were identified and studied. Both involved adding structures to the

f; ends of the array in order to introduce flexure into the lowest libration
mode. TFlexure of the cable that supports the array will dissipate energy

through internal friction, ultimately leaving the structure in the

desired stable gravity-gradient equilibrium position.

3 The FSDP simulation was unable to deal with the complexities of the
3 proposed tip arrangements. Hence, evaluation of the two libration-

3 damping methods remained as a part of the task being reported here.

The first year of work also identified several deployment mechanisms.

This work was important because the array configuration is intimately

related to the deployment scheme selected.

The work being reported herein i3 a continuation and elaboration of

the work discussed in our first summary report. Most of the subsequent

effort has been directed toward the design of a test array 150 m long,

consisting of 10,000 scattering elemente. This array length was

o selected for a feasibility demonstration purpose. A much longer array
(1500 meters), with 100,000 scattering elements, is considered more

appropriate for later systems application. The theories that have been

. developed are applicable to arrays of any length, but most of the

. calculations presented are concerned with the shorter test array.

g Vo L B A s A e o

R A




11 APPROACH

A, General

We have investigated a large number of com®*nations of array con-

each candidate combination to evaluate its feasibility in terms of the

various constraints that are imposed by the deployment process and the :

subsequent requirements of capture by gravity gradient, attitude stability,

these requirements. However, the configuration described in the

following sections seems best to meet the overall system requirements.

Many of the requirements are actually or seemingly in conflict.

launch requirements. In contrast, a heavy array having a large vatio of

mass to surface area is desirable to minimize the effects of solar

figurations and deployment mechanisms. The approach has been to examine &

and orbital stability. We found that many combinations meet several of b

For example, a very light array is attractive from the standpoint of o

radiation pressure., A very flexible array is desirable in the interest
of obtaining straightness under the weak forces of gravity gradient,
On the other hand, an array having considerable stiffness is desirable

8 to minimize the risk of tangling during deployment.

To avoid distortion by solar radiation pressure, it is desirable to
3 make the array homogeneous--i.e., to make each section exactly like every

other section. Also, the deployment process is greatly simplified if

.
. the array is essentially homogeneous. In contrast, libration damping

requires that the ends of the array have a configuration that is in some

way significantly different from that of the rest of the array.

il e SR s PUNUUTCINCIF RIS PSR
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The deployment process would be greatly simplified if the launch
vehicle were perfectly stationary in orbital space for a time fully
adequate for the deployment process. Actually, the transtage of the
TITAN I11-C maintains approximate stability by a cycling process that
produces accelerations and motions that are inconveniently large for the
planned deployment process. The time available for deployment is limited
by this cycling process and by the small amount of fuel and battery energy

that will be available after both prime payloads are discharged.

The array must remain straight to within a few centimeters and

stationary in space to properly serve its communication function. However,

prior to deployment it must be stored in some reasonably compact container.
This pair of requirements leads to the choice of a stiff but highly
elastic wire as the supporting element. The apparent conflict between
flexibility and stiffness is resolved by the use of limited-motion

joints that are quite free for small motions but that prevent larger

motions.,

We have investigated the candidate array structures in two supple-
mentary ways. First we have treated the individual effects that influence
the orbital and attitude dynamics of each configuration. This approach
provides for tractable analysis and makes it possible to check special
cases. Secondly, we have used an overall simulation modeling all of the
essential effects on orbital and attitude dynamics simultaneously in

specific cases.

B. Analysis

By limiting our attention to small-amplitude cable motions we were
able to use linearized theoretical models so that each effect on orbital
and attitude dynamics could be investigated individually., By this

method we have determined the normal modes of vibration for the cable.

TS AT N e e ER R (S TS




The importance of these modes is that, once identified, they can be
introduced as initial conditions into the more complex simulation models
in order to permit investigation of the damping of the lower-order modes.
This procedure makes it unnecessary to wait for higher-order modes to
damp out. The higher modes would be introduced into the simulation only

if an arbitrary cable shape were used as an initial condition,

C. Simulation

Two types of simulations were used~-the Flexible Spacecraft Dynamics
Program at Computer Sciences Corporation and an SRI-developed, finite-
segient mudel; Tihe Ylexilble Spmeceraft Dynanies PBrogran uses nodnal
analysis. For specified initial mode shapes this program calculates the
time behavior of the amplitudes of these modes. A summation of the
individual modes gives the shape of the cable. At SRI we chose to rursue
a finite-element approach--that is, the cable was considered to be
composed of a finite number of rigid links., In the limit of a large
number of modes and a large number of links, the two techniques become
identical, At the other extreme, where only a few modes and a few
elements are used, the two techniques yield different results. The
Flexible Spacecraft Dynamics Program uses three modes on each of two
limbs, or six independent variables, while the SRI program has modeled

*
arrays of up to ten segments.

D. Array Configurations Modeled

We set out to examine the orbital and attitude dynamics of four

array configurations,

(1) A free cable

(2) A cable with tip masses

*
A much larger number of links can be modeled in the SRI program with
increased computer run time.
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(3) A cable with tip masses attached by means of hys-
teretic springs ('bouncing tip mass' arrangement)

(1) A eable with tip masses having large noticuts of

inertia.

Cases 3 and 4 are of primary interest because they correspond to
systems in which the lowest normal mode includes curvature, which may be
used to damp libration. Cases 1 and 2 are more tractable problems that
wvere used to develop our intuition and to provide a basis on which to

formulate the more complex problems.

The spring-mass arrangement shown in Figure 2 corresponds to the
third configuration. 't is patterned after the Applied Physics Laboratory
TRAAC satellites, also illustrated in the figure. Libration causes
extension and contraction of the spring. Coriolis forces associated with
outward and inward motions of the tip mass cause that mass to lag or lead
the natural libration motion of the array. Libration energy is dissipated
in flexing both the cable and the spring. The energy req:: red to extend
the spring is greater than that recovered when the extension is reduced.
This hysteresis of the spring mechanism, augmented by coatings on the
spring, was the energy dissipation mechanism used in the TRAAC

satellites.

We have determined that the affect of the spring-mass damper on the
satellite motion is considerakly different for in-plane than for out-of-
Plane motions. Specifically, for small-amplitude libration, the damping
effect disappears in the out-of-plane direction. Figure 3 demonstrates
this result, For the in-plane case, the libration rate is added to
the orbital rate, n, The increment in é about the orbital rate makes

a significant difference in the centrifugal acceleration of the mass,

causing the spring to extend,
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FIGURE 3 FORCE ON SPRING DUE TO LIBRATION

In the out-of-plane direction, the fate of the libration is added
to zero, As shown, a small change in é from zero gives no significant
change in the centrifugal acceleration and therefore no spring extension
(and damping). Our concern with this phenomenon is that out-of-plane
damping will decrease as the libration amplitude decreases. The approach
to alleviating this difficulty is to transfer energy from the out-of-
plane motion to the in-plane motion. This can be acromplished by tuning
one of the in-plane modes to a frequency at which this mode can be
excited by forces at twice the natural frequency of the out-of-plane
libration. This tuning increases damping for small libration, out-of-plane

ampli tudes.
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The natural frequency required of the spring-mass arrangement
corresponds to a period an order of magnitude greater than the one-hour
period of the TRAAC satellite, To achieve this frequency, the spring
must be very "soft"--i.e., 8.5 x 10 ~ N/m for a tip mass of one kilogram,
Our concern is whether such a spring can be built without excessive
length or fragility, both of which contribute to softness. Additional
concerns are whether the exact tuning frequency could actually be

established and whether the mechanism could be successfully deployed.

The tip-inertia concept is similar to that of the bouncing tip
mass in that the basic idea is to mzke the patural Lehsyios 5F Lhe tiy
mass different from that of the rest of the array. A tip mass with
large inertia would tend to travel back and forth without rotating.
Attacment of this tip at a position other than the center of gravily
of the array would give rise to a set of rocking frequencies that

interact with the medal frequencies of the cable itself.

We envision the tip body as an extension of the cable. In the
gravity environment on earth the tip would be indistinguishable from the
rest of the array, but in space the wire would assume a preset curvature.
If the natural frequency of this wiie were well above the libration
frequencies of concern, the tip would hppear as a rigid body. Figure 4

illustrates the concept.

The viscous magnetic damper has also been investigated but appears
to offer no advantages. The magnetic field gives a reference against
which damping of relative motion can take place. A magnet tends to
align with the field and is viscously coupled to the housing, either by
fluid or eddy current. ‘‘his device is space-proven and is an accepted
means of libration-damping for conventional gravity-gradient satellites
at synchronous alt.tuce. However, it is not clear how the damper could

be attached to the space array so as to take advantage o. the magnetic

11
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FIGURE 4 TIP-INERTIA CONCEPT

€._eld. Furthermore, additional discouraging factors are: (1) The
smallest available damper is about the size of a fist--i.e., much larger

than the array beads; (2) the magnetic field at synchronous altitude is

distorted by the solar wind so that, depending on the orbital relationships

and the i-itensity of solar activity, the magnetic field may be perturbed

by many degrees and thereby give rise to an unwanted periodic disturbance;
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(3) in the steady state, the viscous magnetic damper applies a constant
torque to the array which increases the problem of desagning a flexible
structure. Because this approach has no demonstrable advantage over the
Cip-inertin euneopt, and has a Lot of difeouraging foatures, 1t was mit

pursued further.

E. Deployment Method

The approach to finding a deployment method has been to compare
various proposed schemes against the attitude requirements, keepiﬂg in
mind the most likely configuration of the array. Probably the most
severe criteria are that the deployment mechanism be simple, that it be
able to fit aboard the launch vehicle as a secondary package, and that
it be capable of using the attitude-control system of the transtage.
These criteria have strongly affected the design of the array as well

as the deployment method.

F. Other Considerations

A variety of secondary factors have been evaluated in the course
of the work, usually to ensure that a particular effect is not important.
Our approach has been that of a design engineer; we first identify the
dominant considerations, and then check and continue to check on the
other concerns that were at first ignored. There is no way to ensure
that every relevont factor has been considered short of the actual
experiment. However, we have made a diligent effort to avoid overlooking
any important detail and have supplemented our own efforts by exposing
our concepts to a variety of people, both in and out of the satellite

business, and have followed up the suggestions given.
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III ANALYSIS RESULTS

A, General

The equations of motion of the array have been formulated with
respect to an orbiting reference system. The local vertical has been
chosen as one of the coordinates, and the orthogonals for the in-orbit
and out-of-orbit planes are the other two coordinates. We have assumed
a linearized gravity gradient and small-amplitude deflections of the

array. Equations for the first four array configurations mentioned

above, as well as analytical or numerical solutions, are given in

Appendices A and B. Our results are summarized in this section. The

reader should note that the small-amplitude assumptions apply only to

the analysis. The computer simulations, discussed in Section 1V, are

not so restricted.

B. Free Cable

As reported in Summary Report--Phase I, the shapes of the normal
fJ modes of the free array are Legendre polynomials in both the in-plane
y and out-uf-plane directions. The first several of these polynomial

. shape functions (eigenfunctions) of the free array are shown in

Figure 5. Also shown are the harmonic frequencies (eigenvalues) for

both the in—piane and out-of-plane modes. As noted earlier, the first

mode is straight--i.e., its motion is similar to the librational motion

of a rigid body. As noted in Appendix A, n is the orbital frequency,

which, for a geostationary satellite, is one cycle in 24 -urs.
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increasing tip mass. The ordinates give the frequency compared with
the orbital frequency, and the abscissas show the value of the tip mass,

M, normalized to the total mass of the active portion of the array.

Several important conclusions may be drawn from these figures.
First, for all the modes above the first, the frequency increases
as m increases, and the difference between frequencies for the in-plane
and out-of-plane modes becomes smaller. Second, there are three modes
that do not change frequency as the tip mass increases. Two of these
are out-of-plane modes and one is an in-plane mode. The in-plane mode
is the familiar libration mode. Once again, attention is called to the
fact that this libration mode remains straight and has a fixed frequency
for any array displacement regardless of the mass distribution or the
array length. In the out-of-plane case, the higher of tke two modes that
do not change in frequency is the out-of-plane libration mode. The
lowest frequency mode, whose frequency is exactly that of the orbital
rate, actually corresponds to an orbit with a slight inclination from
the reference orbit. The two orbits then move with respect to one

another with a frequency of one cycle per orbit.

In order to prvent distortion of the array shape by solar pressure,

the tip masses must have a projected area-to-mass ratio that is the same

as that of the cable.

D. Bouncing Tip Mass

The small effect of the bouncing tip masses on out-of-plane libration
can be increased if one of the in-plane modes is tuned to a frequency
four times the orbital rate. This "parametric" tuning causes the in-plane
mode to be excited by the out-of-plane libration. Figure 8 shows how a
spring-and-tip-mass combination could be selected to accomplish this, We
note that for each value of the tip mass there are two in-plane modes that
can be tuned to the desired frequency--one odd and the other even.

19

L T e T Y

_-'\-!':I":":". T




1000 E=="T" I T T3TTH] T 1 [11170] T T T 11118
| El o i 1
: [ - =
"
z
S 100
1]
9 i
g -
3 L
i © ~
i 2 =
b o
a (—
1 e
a]
: [1¥]
N
: N —’-\
3
A & 10 —
o —
z g
K 10 L4l - N [ I W O
0.01 0.1 1.0 10
2 NORMALIZED TIP MASS, ™
} oL
3 LA-3323-64
k FIGURE 8 MASS AND SPRING VALUES TO PRODUCE IN-PLANE MODE WITH A
ﬁ; FREQUENCY OF 4 n
b
@2 We have examined the bouncing-tip-mass configuration for the special
;i l case in which one of the in-plane normal modes had a natural frequency

of four times the orbital rate. For this tuned system, the spring

extension is 90° out of phase with the anguar deflection of the cable.
That is, when the cable is at its maximum deflection and stationary,
the tip mass is at its equilibrium position and moving with maximum

speed.




Even when the spring-mass is selected to give an in-plane natural

frequency of four times orbital rate, the out~of-plane damping goes to
zero as the libration angle goes to zero. This is not a serious concern,
however, because damping down to a few degrees of libration is adequate.
The decision to use the bouncing-tip-mass depends on several practical

questions of implementation; in theory, the method can be made to work.

The practical questions are (1) whether a spring-mass can be
built with a natural frequency an order of magnitude lower than that of
the TRAAC satellites gwhich took considerable development); (2) whether
the frequency of that system can be controlled to sufficient accuracy
to give the tuning required to augment the out-of-plane damping; and
(3) whether the system could be deployed. Because of these practical
concerns, and because of the early positive results on the tip-inertia
scheme discussed in the following section, effort was focused on the
latter method. Were the bouncing tip mass to be pursued further, the
next analytic step would be to determine the sensitivity of the out-of-

plane damping to tuning.

E. Large Tip Inertia

Solutions have alsc been achieved for the motions of the array with
the large tip moments of inertia shown in Figure 4. The solutions are
very similar, except for minor perturbations, to those of the tip-mass
cases. These perturbations are of the kind anticipated--that is, there
is distortion of the mode shape from those associated with the cable
and tip masses. This distortion is the greatest at the tips of the
cable and can either be toward the local vertical or away from it,
depending on the parameters chosen for the tip body. This inter-
dependence of mode-shape distortion and tip-body parameters is shown in
Figure 9 for the lowest mode. When the distance from the center of mass

to the point of attachment of the tip body is small, resulting in an
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FIGURE 9 FIRST MODE SHAPE WITH TIP INERTIA

oscillating frequency of the tip body less than the libration frequency,
the array departs from straightness toward the local vertical as shown

in Figure 9(a). In this case, the angle made by the tip body is out

of phase with the libration angle.

When the distance from the attachment point to the center of mass

gg' : of the tip body is large, the oscillation frequency of the tip body is

Lf : greater than the libration frequency. Consequently, the array libration

mode departs from straightness away from the local vertical as shown in

3 Figure 9(b). 1In this case the angle of the tip body is in phase

22




with the libration angle. The greatest amount of damping can be %}
achieved when the length of the tip body is chosen to achieve
resonance--that is, when the tip body rocks back and forth at the same

frequency as that of the array libration.

It should be noted that there exists a minimum value for the
distance b (see Figure 4) between the point of attachment and the center
of gravity of the tip body for which the tip body will be stable. The i
tip body tends to line up in the gravity gradient with its longest axis
in the local vertical. In order to put the axis of the largest moment

of inertia in the direction of the local vertical, it is necessary to

apply a restoring torque grealer than any gravity-gradient destabilizing
torque. This implies that the distance from the center of gravity of
the tip bwdy b Ehe puist of sttachment to the arraw is great enowh so
that the moment arm generated an angular deflection of the attachment

joint times the body force gives a sufficient torque to counter the

natural tendency of the loop to be upset. .

It is practically impossible to make a tip body that is radially
symmetric, and this fact was included in the analytic considerations.
With such a lack of symmetry, there will be a tendency for the longer

axis to lie in the orbital plane.

F. Summary

Analytical and numerical results have been generated to examine
the behavior of the array with the candidate libration-damping

schemes. The validity of the analyses is supported by internal

I A B i R TR ST A S e

consistency and by conformity to known results. For example,

(1) The numerical solutions for the frequencies of the
cable with tip masses degenerate to give the fre- s
quencies for the free cable when the magnitude of i
the tip masses goes to zero.

23




A Lol i ik e i S gt S iR

(2) The tip mass, called for when an infinitely stiff
spring is required to achieve tuning in the bouncing-~
tip-mass case, corresponds to the mass of a simple
tip mass.

(3) The tip-inertia solutions are similar to the tip-mass
solutions.

(4) Numerical solutions for the tip inertia agree with
approximate analytic solutioms.

(5) The frequency of straight modes is independent of
linear density.
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1V COMPUTER SIMULATIONS

A, General

The Flexibtle Spacecraft Dynamics (FSD) Program that was used in

the first phase of this project has been further modified for use in

Phase 1I1.

written our own program which is described in Appendix C.

In addition, during the current phase of the project we have

A side-by-

side description of the two programs is presented here in Table 1 to

show how they complement each other.

Table 1

COMPARISON OF SIMULATION PROGRAMS

FSD Program

SR1I Program

Origin and Location:

The Flexible Spacecraft Lynamics
Program was written in the 1960s
by Mr. Edward Lawler of the AVCO
Corporation, Waltham, Mass. T'e
program was resident at the God-
dard Spacecraft Center, Greenbelt,
Md., in the care of AVCO repre-
sentatives. In 1974, this group
became a part of the Computer
Sciences Corporation, Silver
Spring, Md., where the program is
currently located. The program
was developed under Government
contract and is government
property.

Origin and Location:

The SRI Progra