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A Three-Mass Tethered System for
Micro-g/Variable-g Applications

Enrico C. Lorenzini*

Harvard-Smithsonian Center for Astrophyszcs Cambridge, Massachusetts

This paper describes a Space-Station-attached tethered system for micro-g/variable-g applications. The
system consists of three platforms: the Space Station; an end mass aiichored at the end of a 10-km-long kevlar
tether, and a micro-g/variable-g laboratory with the capability of crawling slong the tether. Control strategies
are devised for performing both the deployment and the statlonkeepmg maneuvers of the system. Effective
algorithms are identified for damping out the major oscillations of the system.

Nomenclature

a =semimajor axis

A; =ith tether cross section

E,; =ith tether Young’s modulus

F, =force acting upon the ith mass

g =gravity acceleration at the Earth’s surface

ky =ith-tether stiffness

l; =distance between mass ni; and mass m;,

m; =ith mass v

r; =radius vector from the Earth’s center to the ith
mass

T; =tension in the ith tether

X2 =orbiting axes

Xxp,zg  =body axes

X125 =inertial axes

Q = orbital rate

p; =radius vector from the system certer of mass to
the ith mass

Introduction

HE ongoing development of the Space Station program

has vitalized research in microgravity related ex-
periments. Material processing, pharmaceutical production,
and life sciences are the disciplines that will benefit the most
from an orbiting laboratory capable of providing a
microgravity acceleration level (or better) at frequency <0.1
Hz for 1 day to 1 month duration.!? The current requirements
for the microgravity laboratory on board the Space Station
specify a 10~% g acceleration level at all frequencies.® This ac-
celeration level is marginally satisfactory for most of the envi-
sioned microgravity experiments. Furthermore, the
microgravity experiments severely restrict the seheduling of
other ‘“‘noisy’’ activities onboard the Space Station. The
reasons above prompted us to conceive an alternative con-
figuration for the microgravity laboratory that makes use of a
tethered system attached to the Space Station.*> As shown in
Fig. 1 the system consists of a 10-km-long; 2-mm-diameter
kevlar tether attached to the Station at one énd. Another plat-
form (e.g., a scientific platform) with a presently estimated
mass of 9.06 metric tons is attached to the other end of the
tether. The micro-g/variable-g laboratory (in short, ‘‘g-
laboratory’’ or ‘‘g-platform’’) with an estimated mass of §
metric tons is also attached to the tether in between the two
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end platforms. The g-laboratory is equipped with a
mechanism for ‘“‘crawling” along the tether from one end to
the other. The stable configuration of the system, as
thoroughly dealt with in other papers,5’ is along the local ver-
tical while the tether is stretched by opposite forces resulting
from the balance of gravitational and centrifugal forcés acting
upon the system The point where the above-mentioned forces
balance out is often called ‘“‘orbit center’’ and its distance
from the Earth’s center, when the tether mass is neglected, is
given by

3 43 N
n=(X mr| Lomirr) m
CNi=1 i=1

where r; is the length of the radius vector from the ith mass to
the Earth’s center and the summation is extended to the three
masses which constitute the system. For moderately long
systems the orbit center coincides with the center of gravity
and with the center 6f mass (C.M.). In ouf case, assuming a
Space Station mass of 90.6 metric tons (as foreseen for the in-
itial phase of the Space Station program), the offset between
the center of mass and the orbit centér is 1.2 m when the g-
laboratory is located at the orbit center and the Space Station
is flying at 500 km altitude. If the laboratory is displaced from
the orbit center it will experience a steady-state acceleration,
linearly dependent upon the distance from the orbit center £,
the modulus of which is given by

A, =302, @

This acceleration is usually called gravity gradient acceleration
but actually two thirds of it originates from gravitational
forees and one third from centrifugal forces.

It follows from the description above that by pla¢ing the g-
platform at various distances from the orbit center, the g-
laboratory will experience correspondingly different accelera-
tions ranging from zero-g at the orbit center to approximately
10~2g at the tether end opposite the Station. ,

Once the system is deployed from the Space Station the
residual oscillations (e:g., vibrations excited during the
deploymént phase) must be damped out by active and/or
passive dampers. Both the deployment maneuver and the
damping algorithms activated during the stationkeeping phase
are described in the next sections.

Mathematical Models

Two reference frames are érected (see Fig. 1). The orbiting
reference frame [x,z] rotates at constant orbital rate 2. Its
origin coincides with the system (C.M.) at time =0 With the z
axis along the local vertical toward the Earth’s center, and the
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x axis along the local horizon on the orbital plane toward the
direction of flight.

The body reference frame [xz,23] has its origin at the system
C.M., with the z, axis parallel to the line through the end
masses (m,; and m;) of the system and pointing toward m,,
and the x; axis on the orbital plane toward the direction of
flight.

Two different mathematical models have been derived for
the dynamics of the system based on different choices for the
integration variables. Both models describe the two-dimen-
sional dynamics (in the orbital plane) with respect to the or-
biting reference frame. The assumptions are the same for the
two models: point masses, spherical Earth, second-order ex-
pansion of the gravity potential, elastic but massless tethers.
In the first model, moreover, the orbit of the system C.M. is
assumed to be circular.

Mathematical model 1 makes use of the Lagrangian coor-
dinates 8, /,, /,, € (see Fig. 1). The kinetic energy of the system
is given by

3
Ym0 3)

i=1

NI.—

where the inertial velocity v, can be expressed in the orbiting
reference frame as follows:

v,,-=vB,~+9><a+(0.-i-ﬂ)XpB,~ (4)

In Eq. (4) the subscript B identifies the body reference frame.
By developing Eq. (4) and by substituting in Eq. (3) we get:

1
=2_E {x8,2+z3,2+(0 — Q)2 (xp2 +252)

i=1

1
—m ®)

+2(6—-9Q) (szai—xmzm)} +3

where m,,, =m;+m,+m; expresses the total mass of the
system.

3 ‘
Ve-p YT ©

el A

The potential energy expansion, with respect to the body axes,
truncated to the second order gives

1 3
V= ~5 Ym {(3c0520— 1)zz2 + (3sin20 — 1)xp2
=1
-6 sinﬂcosOxB,-zB,} —m,,Pa? @)
Since e<l; we can express Xp, Zg in terms of /, and ¢ as
follows:
zBl =R312 + (l _Rl)ll
Zp =R3l, — R\,

;= (R; -1, ~-R,\],

xBl = —Rzé
Xp=(1-Ry)e
Xpy=—Rye ®)

where R;=m;/m,,,.
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The Lagrangian function L is readily obtained by subtract-
ing the potential energy from the kinetic energy, while the
equations of motion are given by

d /oL L ,
E(aqi ) aq‘ =Qu i=1,...,.4 ©))
where the Lagrangian coordinates are
a=0 =€ q=1,;q,=1, 10
Substitution of Egs. (8) into Egs. (5) and (7) gives the
Lagrangian as a function of the variables /;, ,, ¢, 6. After
lengthy derivatives we get the following equations of motion:
G{R L1, +u] + Ry, [l —u] + R, (1—Ry)é?}
+2(0-Q) (R, [I; + 4] + Ry L, [ 1, - 1]
+ R, (1—-R,)eé} +3Q%sinfcosf{ R, 1, [1, +u]}
+ R, [, —u) —R,(1-R;)e?} + 302 (sin%8
—c0s20)Ryue — Rye{R I — Ry} — Ryéu=Q,/m,,
R,(1-R,)[é+ge] —2(6—D)R,ut
—(§+d)Ru=Q./m,,
Ry (1-R) [I; + bl ] + RyRs [ 1; + bl,]
—2(6~Q)RRyé— (6—d)R Rye=Qy /my,
Ry(1-Ry) L+ bl,] +R Ry [} +bl,]

+2(0~Q)R,R3é+ (6—d)RyRye= Q) /my, 11

(End Platform) my

—
<!

] fligh? direction
'(G-Laboratory) m,

Z, k focal vertical

{ to the

% a Eoarth's
¢ center

Fig. 1 Schematic of three-mass tethered system.
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‘where
b=0%(1-3cos%0) — (§— Q)2
d=3Q%sinfcosb
g=0%(1-3sin20) — (6 —Q)?2 (12)

while u is the distance of m, from the system C.M. and # is the
associated rate of change given respectively by

u=R312 —Rlll
#=Rsl,— R\l 13)

The generalized forces in Egs. (11) are given by

3 ar,- .
Q;= ZFi_’ j=1,...,4 (14)
-1 9g;

where F; are the forces acting upon the three masses. Since
€;<l;, we have that sin(e;/;) =¢;/l; and cos(e;/l;)=1. The
forces F; are therefore given by:
Fy=—T,(cosf+e/l sinf)k
~— T, (sind —e/l,cosd)i
Fy=[(Ty - T,)cos0 + (T, /I, + T,/ 1,)esinf)k
+[(Ty — Ty)sinf — (T, /1, + T,/l;)ecosf]i
Fy =T, (cost —e/l,sinf) k

+ T, (sinf + e/l cos0)i (15)

where T, and T, are the tensions in tethers 1 and 2, respec-
tively. The radius vectors r; are given by

r,- =X,i+ z,k
= (2;5in0 + x5;c080)i

+ (2p;c080 —xp;sind)k, 1=1,2,3 (16)

By using Eqgs. (8) and by substituting Eqs. (15) and (16) into
Eq. (14) we finally get

Q=0
Q.=—e(T\/l,+ T,/L)
Oy=-T,
Op=—T, an

Since Egs. (11) are of the form AX=b(x,x) the coefficient
matrix 4 must be inverted in order to integrate numerically the
equations of motion.

In mathematical model 2 the integration variables are the
Cartesian coordinates of the masses with respect to the above-
mentioned orbiting reference frame. The variables /,, /,, ¢, 6
are then obtained from the Cartesian coordinates. The
assumptions for model 2 are the same as those of model 1 ex-
cept for the circularity of the orbit. With reference to Fig. 1,
the inertial acceleration of the ith mass with respect to the
rotating orbiting frame is given by

Fp=p;+22%Xp;+ X (R+1;), i=1,2,3 (18)
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The equations of motion in functional form are given by
mi':'“=ng+FTi, i= 1,2,3 (19)

where F; is the gravity force acting upon the ith mass given by

Fy=—=VV,=—Vv {1/2m,-[29202

202z, — 02 (32 + 22 +392z%]} 20)

while Fy; is the total tension acting upon the ith mass. By

developing Eqgs. (18-20) we obtain the well-known Hill’s equa-

tions as follows:
)2,'—292-,'=Fni/mi, i=1,2,3

£=3Q%,+20%, =Fp,/m;,  i=123 [73))

With reference to Fig. 2 we derive the force Fy; as follows:

Fri=Tu+ Ty, Ji+[T;—T,; 1k, i=1,2,3 22)

where -T;, T, are the components of the tension T; in the
tether connecting the ith mass to the i+ 1th mass, given by
Ti=TcosB;=T;(x;.1 —x;:)/1;, i=1,2

Tz,-= T,-Sinﬁ,-= Ti (Zi+1 _z,')/li, i= 1,2 (23)

while T,; = T,; =0. The relations between /,, I,, 8, e and the in-
tegration variables can be easily computed as follows:

0=tan‘1 {xl—~—x3}
21— 23

Li=1(x1 — %)+ (2 —2) %, i=1,2 (24

The lateral displacement ¢ is derived by computing the coor-
dinates of the point of intersection (x, z.) between the
straight line through m, and m; and its perpendicular through
m,. The result is as follows:

e=[(x —x.)* + (2, —2.)?]"sign (x, ~ x,) (25)
where ’

X, = [x; — x;tan?0 + (z, — z, )tanfl/ (1 — tan2@)

z. =[x, —x,Jtanf -z, (26)

In both models 1 and 2 the tension in each tether is computed

from the tether stretch. A longitudinal oscillation damper
(along the tether) with stiffness k; and damping b; has been
added to each tether segment. In Fig. 2, /; is the commanded
length of the ith tether that can follow a prescribed control law
if the associated tether is actually controlled by a reel system
or if not, it is the natural tether length, /,; is the length of the
associated longitudinal damper and /,; the ith tether stretch.
Tether tensions and stretches of the longitudinal dampers for
the three-mass system are therefore as follows:

E;A; ,
Ti=ktilti="'1""'—’(li—ldi—lci): i=1,2
cl
k, k; ,
Iy =T?I” _Tildi’ i=1,2 @7

Both models 1 and 2 have been numerically integrated by us-
ing a fourth-order Runge-Kutta integrator with variable step
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size. Results for test cases with circular orbit of the system
C.M. have been identical, demonstrating the reliability of the
models.

Model 1 is suitable for analytical simplifications which pro-
vide direct insights into the dynamics of the system. Model 2
does not have this feature but can be more efficiently in-
tegrated than model 1 (especially with more than three masses)
because it does not require any matrix inversion. The equa-
tions of motion of model 2 are summarized below:

X, =292, + Ty (%, — %)/ (myly)
Xy =202, + T (x5 — X))/ (myl,)
+ T (x;—x3)/ (myly)
Xy =207, + Ty (X3 —x3)/ (m3ly)
2y =302z, - 2%, + Ty (2, —2,)/ (my )
% =302y — 20%, + T5(23 — 2,)/ (my]y)
+ Ty (2, —23)/(myly)

43 =3Q%2, — 2Q%; + T, (2, — 23 )/ (m1,) (28)

where, for equal cross sections and Young’s moduli of the two
tethers, we have

T,=EAl /14

T,=EAl,/l,

ln=bL—ly—1q

lp=bh—-lp—I,

l:n =knln/by—kiln/by
Ip=kplp/by—kylp/by 9

Equations (28) and (29) together with Eqgs. (24-26) describe
the two-dimensional dynamics of the three-mass tethered
system.

Damping Algorithms
Before dealing with the deployment maneuvers of the three-
mass system we must conceive effective algorithms for damp-
ing out the oscillations associated with the various degrees of
freedom of the system; namely, the libration 8, the lateral
oscillation ¢, and the longitudinal oscillations /,, /,.

Libration/Lateral Dampers

From Eq. (11) we can infer that the libration of the system,
when the g-laboratory m, is placed at the system C.M.
(ml, =m,l,), is described in first approximation, for small
oscillations, by the following simplified equation

0P —2(6—-Q) I+ 30226=0 (30)

where /=1I,+1,. We assume, moreover, that the tether is
unstretchable; hence /=1,

In Eq. (30) the second is the dissipative term. The energy
dissipated for each libration cycle is therefore given by

Ed=25; 116 —Q)6dt

=2IOS; I(6—0)fds G1)
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where 7=27/(V3Q) is the period of the libration and /, is the
tether length for #=0. Our goal is to implement a tether con-
trol law (for the two tethers) that maximizes £,. Let us adopt
the following control law:

L=l (1-K,0) (32)

with the gain K, greater than zero. The length control law ex-
pressed by Eq. (32) can be readily transformed into a rate con-
trol law. Here we adopt the length control formulation
because it gives a more immediate insight into the dynamics of
the system, as explained later. ) ‘

Since d6%/dt=260 and, for small values of 6, /=I,, by
multiplying Eq. (30) by 4 and integrating from 0 to 7 we obtain

7 2 Y — 3 2 7 =
1550 dé +2IOSO [(6—Q)fdr+3Q Igso 8d6=0 33

For light damping the approximate solution of Eq. (30), over
one cycle, is as follows:

0 =fsin (V3Qr) (34)

where § is the libration amplitude and V3Q the frequency. By
substituting Eq. (34), its derivative, and Eq. (32) into equation
(33), and after computing the integrals [the third integral in
Eq. (33) is equal zero] we finally get

Af x &l

5=V, @3
where 8]=2l,k,0 is the peak-to-peak tether length variation as
derived from Eq. (32), while Ad is the decrease of libration
amplitude per libration cycle. In the case of light damping Eq.
(35) expresses the logarithmic decrement of the libration
angle. The most important and unique feature of the control
law (S-type) expressed in Eq. (35) is that the logarithmic decre-
ment increases inversely with the libration amplitude §. The
trajectory followed by the end masses is readily obtained by
substituting Eq. (34) into Eq. (32) and solving for the x and z
components. It is interesting to note that the trajectory fol-

Fig. 2 Schematic of longitudinal dampers.
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lowed by the end masses in a damping cycle is not an eight-
shaped yo-yo cycle®” but an S-shaped cycle. In other words,
the tether is shortened during the retrograde part of the libra-
tion and is lengthened during the prograde part as shown in
Fig. 3. The control law expressed by Eq. (32) can be adapted
to a three-mass system by modifying and generalizing Eq. (32)
as follows:

Iy=lp[1— (Ke0—K.e/11)]
Iy =lpll— (Ky0+K.e/1)] (36)

Both # and ¢ are fed back into the tether reel control. Because
of the last terms in Eq. (36) the mass m, is moved along the
wire in such a way as to produce Coriolis forces which are op-
posed to the lateral displacement e in order to detract energy
from the oscillation associated to that degree of freedom. A
simplified version of Eq. (36) can be obtained by assuming
K, =K,, consequently we obtain (see Fig. 3)

Iy =l 1Ky (0—e/l))] =y (1-Ky,)
lo=Ilpll—K;(0+e/5)]1=1, (1-K,0,) 37

This simplified version, where 6, and 0, are fed back into the
reel control system, is the one adopted in the following simula-
tions. The value of the gain K, has been determined by impos-
ing a maximum tether length variation, during a libration
damping cycle, of 1% of the fully deployed tether length per
degree of libration 8. The lateral oscillation e actually gives a
smaller contribution than the libration 6. The resulting value
for the gain is K, =0.55.

Longitudinal Dampers

Two passive dampers (spring-dashpot), mounted in series to
their respective tethers, have been added to the system for
damping the longitudinal tether oscillations. The passive solu-
tion has been chosen in order to simplify the design of the
three-mass system. According to our design philosophy the
reel system (unavoidably massive) controls the low frequency
oscillations (librational and lateral) of the system while the
passive dampers damp the higher frequency, longitudinal
oscillations.

Fig. 3 Pictorial representation of system’s dynamics during a libra-
tion cycle with librational/lateral dampers switched on.
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In order to maximize the energy transfer between the
longitudinal vibrations of the tethers and of the respective
longitudinal dampers, the natural frequency of each damper
must be equal to the natural frequency of the associated
tether. Since the longitudinal oscillation frequency changes
with tether length the passive dampers perform best for a
specific tether length only. An adaptive system could be im-
plemented instead but it has not been included in the present
analysis. In the present design each passive damper is tuned to
the frequency of the associated 2-mm-diam kevlar tether at
the natural tether length during stationkeeping: /y, and /,,
respectively. The damping coefficient £ has been set at 0.9 for
both dampers. From numerical simulations £ = 0.9 has proved
to maximize the damping of the longitudinal vibrations in the
two tether segments. Since mass m, is placed at the system
C.M,, Iy m, =1y, m; and the angular frequency of tether 1 is
equal to the angular frequency of tether 2, as indicated by

wn =wp = [EA/(Iyymy)* =2.74% 10~?rad/s

=4.4x10"3 Hz (38)

where EA = 61645 N for a 2-mm-diam kevlar tether, 7, =909
m, and m; =90.6 metric tons. Consequently the gains of the
longitudinal dampers in Eq. (29) are as follows:

k,=EA/l, =67.81 N/m
ky=EA/l4,=6.781 N/m
by = 2w, m, =4460.24 N/(m/s)

by =2¢fwpm, =446.024 N/(m/s) 39

where /I, =m3;/m,=1/10. Equation (38) also indicates
that the tethers provide a very effective isolation of the g-
laboratory from any oscillation of the Space Station or the end
platform with a frequency greater than 0.1 Hz.

Deployment Strategy

Deployment of the system is obtained by unwinding the two
tethers from two reel systems that control independently tether
1 and tether 2. Equation (30) referes to a two-mass system but
it also describes approximately the dynamic of a three-mass
system as long as mass m, is located at the system C.M. From
Eq. (30) we infer that in order to have a deployment with con-
stant 0 (deployment along a straight line) the reeled out tether
length must be an exponential function of time.5 Generalizing
this to a three-mass system, each tether length must increase
exponentially with time and /,/l, =/ly,/ly, (fully deployed
tether lengths) in order to maintain the mass m, at the C.M.
The exponentially increasing phase (acceleration phase) is
followed by an exponential deceleration phase and subse-
quently by a transition phase to stationkeeping conditions. All
the transitions between sequential phases are simultaneous for
the two tethers. In the following formulas /,; is the initial
tether length of tether 1, /g, is the tether length at the begin-
ning of the deceleration phase, /7 is the length at the begin-
ning of the transition phase (as later explained), I, is the final
length, and /,, is the controlled tether length. In formulas the
first two phases are summarized as follows:

Phase I (acceleration) Ij; <7, <l

Iy=Ipe*

Iy =Ipet (40)
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Fig: 4 Dynamics of three-mass téthered system during stationkeeping. 1 orbit=5677 s.

Phase II (deceleration) Iy, </, <Ip
lo=Un~lg)e P+l
lz=(1n—lﬂ)e_ﬁt+lﬁ (41)

where 8= a/(l oy — 1) and o= ¥% Qsin(26,). In Egs. 39), 6,
is the constarit value of 6 during the acceleration phase.

The final tether léngths [, and /, aré the tether lengths at
which the tether speed would be reduced to zero if the
deceleration phase were continued indefinitely. In order to
speed up the deceleration phase; Iy >y, and Ip > 1g,.

The transition control law is activated when the actual speed
of tether 1 during the deceleration phase equals the tether
speed imposed by the stationkeeping conitrol law with a libra-
tion angular rate ¢, at the time of transition between the two

phases, as set forth in the formula
~BUe — 1) =l kyby 42)

and similarly for tether 2. However, tether speed continuity
does not imply téthér length continuity. The mismatth is cor-
rected by the transition comtrol law and by a choice of control
parameters that miinimizes such mismatch. The tranisition con-
trol law is a semicycle of a cosinusoidal function of duration
AT activated at the transition time¢. In formulas

Phase III (transition) I, </,

Ly =lgy (1= fr—=kyb)
@)

* t
fr=for C°S<2 AT
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Fig. 5 Dynamics of three-mass tethered system during deployn_lent. 1 orbit=5677 s.

where for=Al/ly, is the tether length mismatch at transition
divided by the stationkeeping tether length. Slmllar formulas
apply to tether 2.

This deployment strategy is similar to the one formulated by
Misra and Modi.® Unlike the deployment strategy of that
paper, the measurement of the libration angle 8 is not required
during the acceleration phase of our deployment maneuver.
Consequently radar tracking is not necessary at short distances
where the radar is blind. Secondly, the librational damper is
activated before the end of deployment and remains’ active
during the following stationkeeping phase when dampmg of
librations is also necessary. In the above-mentioned reference,
on the contrary, the damping of librations is proportional to

the deployment speed and it tends to zero at the end of the
deployment maneuver.

Numerical Simulation

Stationkeeping Phase

The effectiveness of the dampers during stationkeeping is
shown in the following set of plots. These plots have been ob-
tained by sirulating the dynamic response of the constellation
for 14,000 s during the stationkeeping phase under the follow-
ing initial conditions: the initial tether lengths are /; =909 m
and I =9090 m, the initial libration angle is 6, =1 deg, and
the initial lateral deflection of mass m, is ¢;=0.10 m. Figures
4a and 4b show the tether length and the longitudinal damper
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length, respectively, for tether 1. The samie quantities for
tether 2 have a similar time dependence but are scaled up a fac-
tor of 10. Figures 4c and 4d show the libration angle § and the
lateral deflection e, respectively, Finally, Figs. 4¢ and 4f show
the horizontal and vertical acceleration components measured
on board the g-laboratory. Initial transients are effectively
abated and, at the end of the simulation, the acceleration level
at the g-laboratory (in the absence of external forcing terms) is
well below 1072 g

Deployment Phase

The parameters for the deployment maneuver adopted in
this study have been obtained by trial and error after several
deployment simulation runs. The followmg set of parameters
provides a stable, fast maneuver and minimizes the mismatch
at the transition between the deployment and stationkeeping
phases. The parameters are as follows:

Iy, =500 m

Iy =gy +0=909+100=1009 m

6, =30 deg
AT=2000 s (44)

In the deployment maneuver simulation shown here the initial
tether lengths are /;; =20 m, /,, =200 m. Although these values
are greater than in actuality, they allow a deployment without
tether slackeninigs. The system shows a tendency.to go tem-
porarily slack at the very beginning. of the deployment
maneuver because of small errors in the initial conditions. An
in-line thruster, as also proposed by Banerjee-and Kane® and
adaptlve longitudinal dampers can help conisiderably in reliev-
ing the slack tether problem but were not included in this
study. An initial libration angle 6, =30 deg and an alignment
error of the three masses ¢; = 0.05 m complete the set of initial
conditions. The dynamic response, however, is fairly insen-
sitive to these parameters. Figures 5a and 5b show the tether
length and tether speed respectively of tether 1 vs time. The
corresponding quantities for tether 2 are like those of tether 1
scaled up by a factor of 10 (they are not shown here for
brev1ty s sake). The deployment is completed in approxi-
mately 3 h. This value; however, is affected by the initial
tether length and is therefore ultimately affected by the posi-
tion of the reeling system on the Space Station with respect to
the Station C.M. More important are the initial tether speeds
which must be as close as poss1ble to the initial design speeds,
according to the law /;; = aly;, in order to avoid slackening of
the tethers. In Fig. 5b the different phases of the deployment
control law are evident: the activation of the rotational
damper results in the ripple at approximately 5500 s, while the
disactivation results in the second ripple at 7500 s. The time
history of the libratiorn angle 6 is plotted in Fig. 5¢, where the 8
angle is constantly equal to 6., as expected, during the deploy-
ment acceleration phase. Figure 5d shows the side view of the
trajectory of mass 1 (Space Station) with respect to the system
cénter of mass, Mass 3 (the end platform) follows a mirrorlike
trajectory scaled up by a factor of 10. Mass 2 (the g-
laboratory) remains very close to the system C.M. throughout
the deployment maneuver. Figure 5e is the lateral displace-
ment e of mass 2 vs time. When the librational/lateral damper
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is switched on at 5500 s this oscillation begins to be damped
out. The damping of ¢ is less effective than that of the angle 6
because the librational/lateral damper is tuned to the libra-
tional frequency. By using a multifrequency damping tech-
nique, as formulated in Eqs. (36), the damplng of the lateral
osc111at10n can be further improved. Flgure 5f shows the time
history of the tension in tether 1 which is very close to that of
tether 2 throughotit the entire deployment maneuver.

Conclus10ns

. The proposed tethered system is an advisable alternatlve to
the presently contemplated micro-g laboratory installed near
the Space Station C.M. The low frequencies of the long tethers
and associated dampers provide a good isolation from Space
Station and/or end platform oscillations at a frequency higher
than 0.1 Hz (it is possible to improve even further on this
score). The tether system has the additional capability of con-
trolling the. position of the g-laboratory along the tether in
order to nullify the gravity gradient or to vary it accordlng toa
prescribed profile. The proposed deployment strategy allows
the system to reach its final configuration in approx1mately 3
h. The initial part of deployment, however, requries-a more
detailed analysis. The active and passive dampers added to the
system. provide an effective abatement of the longitudinal,
librational, and lateral oscillations, as demonstrated by. the
simulations of the deployment and stationkeeping phase. A
thorough analysis of the perturbations acting upon the system
is yet reguired. It will be a topic of investigation in our future
studies.
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