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Deployment of a Cable-Supported Payload
from an Orbiting Spacecraft

Thomas R. Kane* and David A. Levinsonf
Stanford University, Stanford, Calif.

This paper deals with a passive procedure for bringing a payload connected to an orbiting spacecraft by a
cable into a permanent locally vertical position. The procedure consists of placing the cable (except for its end-
points) outside of the spacecraft and then ejecting the payload, which thereupon performs a f reef light until the
cable becomes taut, at which time the motion is altered drastically and a new freeflight begins. Impacts and
freeflights thereafter occur alternately until the cable becomes permanently taut, which marks the beginning of
the final deployment phase, during which the payload, acting like a damped spherical pendulum, settles into a
locally vertical equilibrium position. An algorithm for simulating the entire deployment sequence is developed,
and an illustrative example indicates that the proposed scheme enables one to bring a payload attached with a
100-m-long cable to a spacecraft in a 90-min orbit into a vertically downward position in less than 78 min.

Introduction

AS part of the NASA Gemini program, a successful at-
tempt was made to fly two cable-connected bodies, a

modified Agena vehicle and a Gemini capsule, in a gravity-
stabilized, Earth-pointing attitude.! Previously, this idea had
received considerable attention in the spaceflight literature,
and it is central presently to a number of mission proposals
for the Shuttle, such as Project Skyhook,2 which involves
placing a satellite in the upper atmosphere of the Earth by
attaching the satellite with a long cable to a Shuttle in orbit at
a greater altitude. Another application, proposed by Sutton
and Diederich,3 is to use these means to produce a satellite
that remains above an Earth-fixed point at an altitude either
less than or greater than that required for a single-body
satellite of this kind.

In the numerous analyses of cable-connected spacecraft
performed to date, attention has been focused primarily on
postdeployment behavior. Differences between various in-
vestigations arise mainly in the modeling of the cable, such as
treating it as massless,4'11 massive,12'16 rigid,17"27 or
springlike.28'33 The problem of deployment, which was
examined briefly by Ebner,34 Chobotov,35 and Kulla,36

obviously deserves attention, for it must be solved in order to
render any postdeployment study practically meaningful.
Moreover, it does not appear to possess a simple solution.

The present paper deals with a passive deployment
procedure, that is, one not requiring actuators to control
payload motions. (The aforementioned Gemini experiment
involved the use of capsule thrusters during deployment.) The
procedure is initiated by placing the cable (except for its
endpoints) outside of an orbiting spacecraft, thus causing it to
"float" freely. Next, the payload attached to one end of the
cable is ejected from the spacecraft and performs a freeflight
until the cable becomes taut, at which time the payload is
subjected to an impact that alters its motion drastically,
whereupon a new free flight begins. Impacts and free flights
then occur alternately until so much energy has been
dissipated during impacts that no further ones occur and the
cable becomes permanently taut. This time marks the
beginning of the final phase of deployment, which consists of
the motion of a damped spherical pendulum that ultimately
settles into one of two stable positions,37 namely, vertically
upward or downward. Our goal is to provide the analytical
basis for an initial assessment of this concept.

The sequel begins with a description of the system to be
analyzed. Next, equations governing free flight, impact, and
spherical pendulum motions are presented, and an ex-
perimental investigation, carried out to test the assumptions
underlying the derivation of the impact equations, is
discussed. Finally, a complete deployment analysis algorithm
is described, and results obtained by using it are presented.

System Description
In Fig. 1, C designates a light cable of length L which

connects a particle P of mass M to particle Q whose mass
greatly exceeds M and which is moving at a constant orbital
rate Q on a circular path centered at a point O representing a
center of gravitational attraction. The path of Q is presumed
to be fixed in a Newtonian reference frame, and a,f a2, a3 are
unit vectors, a, pointing radially outward, a2 pointing in the
direction of motion of Q, and a 3 being defined as a 3 = a / x a2 .

Free Flight
When C is slack, the motion of P in a reference frame A in

which Q and a/ ( /= 1,2,3) are fixed can be described con-
veniently in terms of functions *,(/), defined as *,-(/) =
r-0, (/ = 1,2,3), where r is the position vector of P relative to Q
(Fig. 1); and, if *,(0) and *, (0) denote, respectively, the
values of Jt, and of the first time-derivative of A:, at / = 0, then,
so long as the distance between P and Q is much smaller than
that between O and Q, x, ( t ) , x2 (0> x3 (t) are given by4

x; (0 = ( 4Slx, (0) +2x2 (0) - [2x2 (0) +3Ux, (0) ] cosfi/
/ " (1)

x2 (t) = {Qx2 (0) -2x, (0) -3Q[x2 (0) +20*, (0) ]/

+ [4x2(0)+6tix,(0)]smat+2xl(0)cosQt}Q-1 (2)

x3 (0 = [Qx3 (0)cosfl/+Jt3 (0)sinfl/]fl ~' (3)
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(Equation (3) does not appear in Ref. 4 but can be derived by
the same procedures used there.)

Fig. 1 Spacecraft (Q) and payload (P).
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Impact
Equations (1-3) apply until the instant at which C becomes

taut. This instant corresponds to the smallest value of /"such
that

*2i(f)+x2
2(i)+x2

3(i)=L2 (4)

At this instant, P is subjected to an impact which, we shall
assume, alters the velocity of P in A in a very short time in-
terval but does not affect its position. To describe the change
in velocity we let v and v denote, respectively, the velocity of
P in A immediately prior and subsequent to impact and write

( vxX) (5)

where e is a constant (called the coefficient of restitution),
Q<e<\, and X is a unit vector parallel to line Q—P at the
instant of impact. In other words, we assume that the com-
ponent of v parallel to C (recall that C is now straight) has a
direction opposite to that of the component of v parallel to C,
that the magnitude of the former component is equal to e
times that of the latter, and that the components of v and v
perpendicular to C are equal to each other .

Scalar equations equivalent to Eq. (5) are obtained by
defining vif v, . and X, as vt = v • aif t), = i) • a, , and X, = X • 0, ( /
= 1 ,2,3), which leads to

Vj = -EX, +X2 (vl\2-v2\, ) -\3(v3\! -Vj\3) (6)

V2 = -E\2 +Xj (V2\3 -V3\2 ) ~X/ (Vj\2 ~V2\j ) (7)

V3 = -E\3 + X, (V3\f -Vj\3 ) -\2 (V2\3-V3\2 ) (8)

where E is defined as

E^e^^+v^+v^) (9)

and X, and u, can be found by using Eqs. (1-3), that is,

X, =*,(/)/£ (/ = W,3) (10)

(11)

(12)

(13)

v, = [2*2 (0) +30*; (0) IsinQH-jt, (0)cosQ/"

v2 = -3 [x2 (0) +20*, (0) ] + [4x2 (0) + 60*, (0) ]

v3 = -Oxj (0)sin«H- x3 (O)cosQi

To test the validity of the assumptions expressed by Eq. (5),
experiments were performed as follows. A small, shiny object
P (Fig. 2) was attached to one end of a string C of length L,
the other end of which was fastened to a rigid stand S that was
placed in front of a black background B, and a camera was
positioned in front of this apparatus. Time exposures then
were made to obtain pictures of the path traced out by P
subsequent to being released from rest in various positions in
the Xt —X2 plane, and each such path could be compared
with its theoretical counterpart generated by using Eqs. (4 and
6-10) to deal with impact, but replacing Eqs. (1-3 and 11-13)
with

xl=xI(0)+Xi(0)t+gt2/2

X2=x2(0)+x2(0)t

x3=0

vl=X,(0)+gi

v2=x2(0)

v3=Q

and

Fig. 2 Experiemental apparatus.

-X2/L

Xi/L
0

Fig. 3 Experimental results.

XI/L

-x2/L

-x2/L
Fig. 4 Theoretical results.

-x2/L

respectively, where g is the local gravitational acceleration.
Figure 3 shows tracings made from photographic records for
three runs corresponding to different release positions, and
the corresponding theoretical curves, for e = 0.8, appear in
Fig. 4. Clearly, the agreement between theoretical and ex-
perimental results is quite good.

Spherical Pendulum Motion
The time interval between successive impacts eventually

becomes so small that one may regard C as taut for all sub-
sequent time. (This situation is analogous to that of a
bouncing ball, which stops bouncing after a finite time.)
Equations (1-3 and 6-10) then no longer apply, the first three
because they fail to reflect the force exerted on P by C, and
the last seven because they deal solely with impact. Moreover,
P then possesses only two degrees of freedom in A, so that it
becomes inexpedient to describe the position of P in A in
terms of x]f x2, x3. Instead, it is convenient to employ two
angles, 6 and <p, defined as follows. Let c/, c2, c3 be a dextral
triad of mutually perpendicular unit vectors, with c/ parallel
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to C and pointing from Q to P, and imagine that P has been
brought to a generic position by aligning c, with a{ ( /= 1,2,3)
and then subjecting the triad c/, c2, c3 to successive right-
handed rotations of amounts 0 about c2 and <p about c?
relative to A. This can always be done, and these angles are
particularly well suited to the analysis of motions such that C
departs but little from line O - Q.

One more topic requires consideration before equations
governing 6 and y can be formulated. In order for C to ap-
proach alignment with O-Q, that is, for the pendulum to
settle into one of its positions of dynamic equilibrium, rather
than to continue moving in A forever, a damping mechanism
must be provided. We shall assume that this is done in such a
way that, at leat when C is nearly in line with O —Q, C (now
regarded as rigid) is subjected to the action of a couple whose
moment M is given by

A/=- (14)

where a. and 0 are positive constants. (Such a damper can be
constructed, perhaps, by attaching C to a small sphere that is
embedded in a spherical housing centered at Q and containing
a viscous fluid separating the sphere from the housing.)

For large values of 6 and <p, the differential equations
governing these variables are coupled and complicated. But
they possess the exact solutions <p = 0, 6 - 0 (P outside the orbit
of Q) and <p = 0, 0 = TT (P inside the orbit of Q); and, when <p is
small and 6 is either small or nearly equal to TT, they uncouple
and reduce to

0
(15)

(16)

In other words, the spherical pendulum motion then is
governed by the equations of two damped harmonic
oscillators that are critically damped if a = 4ML2Q and
0 = 2V5ML2Q. For these values of a and 0, the solutions of
Eqs. (15) and (16) are

(17)

(18)

where a,...,d are constants whose values must be chosen such
that the position and velocity of P in A at the beginning of
spherical pendulum motion match those at the end of the last
impact. To determine these values, note first that, from Eq.
(17),

2Q0(0)+0(0)
2fl[0(0)-7r]+0(0)

0(0)
0(0) -TT

(19)

while, from Eq. (18),

(20)

Next, recall that r, the position vector of P relative to Q, can
be expressed, for allf, as r=x1a/+x2a2+x3a3 and, when C
is taut, as r = Lcj. Additionally, when C is nearly aligned with
0-Q,

+ <pa2—Ba3
(21)

Consequently, one then has

L

-L

and, by differentiation,

-LB

L(0-7T)

-LB

LB

(22)

(23)

Hence, if we designate as / = 0 the instant at which pendulum
motion begins, and let x, and tf, denote respectively the values
of A:, and Vj at this instant, then Eqs. (22) and (23) permit us to
write

0(0)
.

0(0)

and

whereupon substitution into Eqs.(19) and (20) yields

- (v + 2tox3)/L C -x3/L

(v3+2Qx3)/L \ x3/L

and
IL d=x2/L

(24)

(25)

(26)

(27)

Deployment Analysis Algorithm
Recapitulating, we note that the algorithm now to be

described is intended to enable one to accomplish the
following. Given the orbital rate Q, the payload mass M, the
cable length L, the coefficient of restitution e, and payload
ejection conditions, that is, Jt,(0) and x,(0) (7 = 1,2,3),
intended to bring the payload to rest ultimately on line O — Q,
either outside of the orbit of Q (0 = 0, <p = 0) or inside (0 = 7r,
<p = 0), determine whether or not the desired goal can be at-
tained in a reasonable time, and, if so, describe the entire
deployment in detail.

Computations are begun by using Eqs. (1-4) and a root-
finder to discover the time /"and the associated values */ (/) of
Xj (/= 1,2,3) for the first impact. Next, X,, vi9 and vi
(/= 1,2,3) are determined by means of Eqs. (10, 11-13, and 6-
9), respectively, after which the first step is repeated with
Xj(f) and tij in place of x, (0) and x,(0), respectively. This
process is continued until t has become smaller than a
preassighed small value, say 0.01 sec, at which point jc/ and tf,
are formed by setting them equal to the most recent values of
Xj and Vj:•(/= 1,2,3), respectively; 0(0) and <^(0) are
evaluated by reference to Eqs. (24) and (25), the upper line in
Eq. (24) being used if*, >0, and the lower if x, <0; and a test
is made to ensure that the absolute values of 0(0) [or 0(0) -
TT] and <p(0) are sufficiently small, say less than 15°, to
justify subsequent use of Eqs. (18) and (19). If this is not the
case, computations are terminated, not only for analytical
reasons but because the "settling" time associated with a
pendulum motion that begins with a large angle between C
and line O — Q may be expected to be objectionably long. If
the test is passed, one proceeds to the evaluation of a,...,d by
means of Eqs. (26) and (27), and 0 (/) and <p (0 then are found
for a succession of values of t by using Eqs. (17) and (18).
Here it is necessary to test 0 and <p periodically, for it may
occur that C departs markedly from O-Q subsequent to
/ = 0. Finally, computations are concluded when the absolute
values of 0 (or 0-ir) and <p have become smaller than a
preassigned small value, say 1 °.

Turning to an illustrative example, we take ft = 7r/2700
rad/sec, M=l kg, L = 100 m, and e = 0.2 and explore the
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Fig. 5 Unsuccessful
deployment attempt.

10(Jm
 X2 F ig . 6 Successful

deployment.

possibility of deploying P to the inside of the orbit of Q by
letting J t , (0)=0 (/= 1,2,3), x , (0 )=-2 m/sec, and
x2 (0)=x3 (0) =0, these values reflecting the admittedly naive
notion that it may suffice simply to fire the pay load toward
the target. Proceeding as required, we find that the first
impact occurs after 49.94 sec, at which time X] = —99.83 m,
x2 = 5.80 m, x3 =0, and that the velocity of P in reference
frame A at this instant is described by vf = —2.00 m/sec,
#2=0.23 m/sec, v3=Q. The second free flight consumes
531.12 sec, the third 918.50 sec, the fourth 132.36 sec, the
fifth 24.57 sec, and the sixth less than 0.01 sec. Hence we
regard the cable as permanently taut subsequent to the sixth
impact, which takes place at Xj =89.26 m, x2 = -45.09 m,
x3 =0, these thus being the values of xlf x2) x3, respectively.
Since x1 >0, it is clear that we are, at best, on the way to an
outside, rather than the desired inside, deployment.
Moreover, Eqs. (24) and (25) yield 0 = 0 rad, <p = -0.45 rad,
the latter of which is too large to permit the use of Eq. (18).
Hence we terminate the computations. The trajectory of P in
A during the free flights of this unsuccessful deployment
attempt is shown in Fig. 5, which reveals yet one more flaw of
the motion under consideration-P comes to close to Q
(within 1 m) during the second free flight.

By way of contrast, Fig. 6 illustrates a successful attempt to
achieve inward deployment. Here, all parameters have the
same values as before, *7 (0) ( /= 1,2,3) and x, (/ = 2,3) again
are equal to zero, but x} (0) = - 1 m/sec, that is, one-half of
the value used previously. The first 10 free flights now last for
a total of 1880.08 sec, the last one taking 0.003 sec; xl =
#98.58 m, x2=-\6.11 m, x3=Q; Vj = -0.034 m-sec'1,
#2=0.20 m-sec'1, tf5=0; *7<0, as desired; and 6(0) =ir,
whereas <p(0) = -0.168 rad, so that we may proceed to the
evaluation of a,...d, which yields a = 6 = 0, c-0.0017 sec"1,
d= -0.168, after which Eqs. (17) and (18) reveal that 0 = 7r,
whereas <p never exceeds 15° and decays to less than 1° within
47 min of the beginning of the pendulum motion.

The durations of the free flight and pendulum motion
phases are relatively insensitive to rather substantial changes
in the values of e, <x, and 0. For example, reductions of 5, 10,
15, and 20% in the value of e result in respective decreases of

only 1.6, 1.4, 2.0, and 4.2% in the total free flight time; and
numerical integrations of the full nonlinear spherical pen-
dulum equations of motion reveal that simultaneously halving
a and 0 increases by only 12 min the time required for <p to
decay to less than 1°, whereas reducing a and & to 25% of
their original values increases the decay time to 132 min,
which is less than the time required by the spacecraft to
complete one and one-half orbits.

Conclusion
The deployment analysis algorithm under consideration

does not lead to exact results, partly because mathematical
approximations, such as linearizations, were made in deriving
some of the equations on which it is based and, more im-
portantly, because two major physical assumptions were
made in the course of the analysis, namely, that cable mass
can be neglected and that a damper acting in accordance with
Eq. (14) can be constructed. Nevertheless, this work furnishes
a clear indication that the proposed deployment scheme holds
promise, and thus it provides the motivation for more refined
analyses.
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