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Optimal Mass Flexible Tethers for Aerobraking Maneuvers

Jordi Puig-Suari*
Arizona State University, Tempe, Arizona 85287-6106

Previous results using a rigid tether model indicate that tether mass in aerobraking maneuvers is much lower
than the propellant mass required for a similar maneuver. In this work the effects of flexibility on the optimum
maneuvers are studied. The results indicate that tether flexibility produces a small increase in tether mass but
it remains significantly lower than propellant mass. The effects of flexibility are greater in maneuvers where the
tether remains nearly vertical during flythrough. However, bending on the tether in the optimum maneuvers is
small and the tether aerobraking maneuver remains feasible when tether flexibility is included in the analysis.

I. Introduction

ANY applicationsof tethersin the atmospherehave been pro-
posed, and much work has been presentedon the subject.!
However, some of the most popular applications, such as upper at-
mosphere research, do not use aerodynamic forces to actively ma-
neuver the spacecraft. Work on aeromaneuvering with tethers is
limited butincludes applicationssuch as re-entry problems® and the
use of lifting bodies to stabilize tethered systems in the atmosphere *
One of the more demanding atmospheric applications proposed
for tethered satellites is the aerobraking tether. This idea was first
publishedby Carroll’ in 1986, butno analysis was done. The concept
isideally suited to dual vehicle missions consistingof an orbiterand
a probe, which is delivered to the planet’s surface or atmosphere,
e.g., Galileo and Cassini. The two spacecraft are connected with a
long tether, and on arrival to the target planet, the probe flies through
the atmosphere while the orbiter remains high above the significant
atmosphereand requiresno heat shielding(see Fig. 1). Aerodynamic
forceson the probe and the tetherdeceleratethe systeminto a capture
orbit aboutthe planet. After the maneuver, the tether can be severed,
placingthe probe into a re-entry trajectory, or the system can remain
together and perform additional maneuvers.

II. Rigid Tether Results

The feasibility of aerobraking tethers was first determined by
Puig-Suari and Longuski? In this analysis a rigid rod tether model
is used. The model includes the following simplifying assumptions.
The motion of the system is constrained to the orbit plane. The
spacecraft (orbiter and probe) are analyzed as particles. Gravita-
tional forces on the system are modeled using an inverse square law
(F, = pm/R?). Because the rod is assumed to be massive, gravi-
tational forces are integrated along the tether. Aerodynamic forces
are calculated assuming a velocity-squareddrag law

Fy=1pCpSV? (1)

where Cp, is the drag coefficient, S is the frontal area, V is the
wind velocity, and p is the atmospheric density, which is assumed
to follow an exponential profile

pi = poexpl(hy — h;)/H] @)

where p; is the atmosphericdensity at altitude /1;, py is the reference
density at altitude ¢, and H is the scale height. Again, aerodynamic
forces on the tether are integrated alongits length. A detailed deriva-
tion of the equations of motion for the system can be foundin Ref. 8.
Initial work on the aerobraking tether® concentrates on the vertical
dumbbell maneuver, where the tether is in a vertical orientation
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(0min = 0) during closest approach (see Fig. 1). This maneuver is
chosen initially to obtain a large altitude difference (clearance) be-
tween the orbiter and the probe. However, moments due to the large
aerodynamicforces acting on the probe and the lower section of the
tether tend to rotate the system and plunge the orbiter into the atmo-
sphere. This effect can be eliminated by spinning the system in the
opposite direction before atmospheric impact (€2;,) (Ref. 9). In this
analysisthe systemis designed to minimize the normal forces on the
rigid tethermodel. It is assumed that normal forcesin the rigid model
translate into bending when a more realistic flexible tether is used.
The reductionof the normal forces atthe tetherattachmentpointscan
be accomplishedby meeting the following two matching conditions.

1) Center matching is defined as follows. If the aerodynamic
forces during flythrough are considered approximately impulsive
(results indicate that, in aerocapture maneuvers, most aerodynamic
effectsoccurin a short time interval around periapsis), normal forces
atthe orbiter attachmentpointare minimized when the aerodynamic
forces on the system act at the center of percussion of the tether
system about the orbiter. That is, when the center of pressure of the
aerodynamic forces and the center of percussion about the orbiter
are located at the same point on the tether.

2) Aeromatchingis defined as follows. Normal forces at the probe
attachmentare minimized when the ballistic coefficients of the probe
and the tether are approximately equal. When this is accomplished,
the aerodynamic decelerationsof the probe and the end of the tether
are the same and shear forces at the attachment point are eliminated.
Because of the low density of the tether materials, very large probe
areas are required to satisfy this condition.

Using matched tethered systems, i.e., systems that meet the two
just-defined matching conditions, vertical dumbbell aerobraking
maneuvers at all of the atmosphere-bearingplanets in the solar sys-
tem and Titan are presented in Ref. 9. Maneuvers are designed to
capture the system into a near parabolic orbit (e = 0.9999), with
the incoming hyperbolic trajectories representing Hohmann trans-
fers from Earth. The orbiter and the probe each have a mass of
1000 kg. The tether is assumed to be made of graphite with an ul-
timate strength of 3.6 GN/m? and a density of 1800 kg/m?, and the
target clearance A#;, is approximately 1.8 times the scale height of
the planet’s atmosphere. In every case the mass of the tetheris lower
than the propellant mass required to capture the orbiter (the probe
is assumed to use aerobraking to achieve capture as in the Galileo
mission). Note that in this calculationan I, of 300 s is assumed for
the propellant. These results are very encouraging, but the study is
limited to vertical dumbbell maneuvers.

In Ref. 10 the analysisis extended with the development of opti-
mization tools to determine the maneuver thatrequiresthe minimum
tether mass. The basic problem is to obtaininitial conditions for the
tether trajectory and tether dimensions that minimize the mass of
the tether while producingan acceptablemaneuver. The trajectoryis
determined by the initial tether orientation and spin rate, oy and ),
outside the atmosphere and the periapsis radius R, of the inbound
hyperbolicorbit. The tether is completely defined by its length/, and
once it is established, the tether diameter is iteratively computed so
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Table1 Optimum maneuvers for rigid tether model (e, = 0.9999, graphite tether, propellant I, = 300 s)

AV, Propellant Probe Ahy, Length, Diameter, Mass, @, R, min
Maneuver km/s mass, kg area, m? km km mm kg rad/s km deg
Mars (matched) 0.67 256 560 12.4 19.0 1.52 62.2 1.74¢-2 3,484 49.2
Mars (unmatched) 0.67 256 100 12.4 18.6 1.49 58.4 1.66¢-2 3,471 48.3
Jupiter (matched) 0.27 96 2,400 36.1 36.4 0.605 18.9 8.06e-3 71,877 -0.23
Jupiter (unmatched) 0.27 96 500 36.1 38.3 0.587 18.7 7.47¢-3 71,848 3.30
' 240
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Fig.1 Tether aerobraking maneuver. 5
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The problemcan thenbe solvedusingnonlinearprogrammingmeth-
ods. In Ref. 10 the optimization is performed using an exterior
penalty method using Powell’s method for the unconstrained min-
imizations and a golden section method for the one-dimensional
minimizations. Note, however, that the evaluation of the objective
function in this problem, i.e., tether mass, requires the numerical
simulation of a complete tether aecrocapturemaneuver, which makes
the analysis very demanding computationally. For this reason, the
rigid rod model is used (in lieu of a flexible model) for the simu-
lations in Ref. 10. Numerical techniques do not guarantee that the
resultis optimum, only that it is a local minimum. However, graph-
ical optimization techniques developed in Ref. 11 confirm the op-
timality of the solutions. The optimal results represent a significant
improvementin tether mass. In addition, they indicate that the verti-
cal dumbbell maneuveris notalways the best solution, and a second
maneuver emerges as optimal in some cases. In this new maneuver,
the tether has an inclined orientation at closest approach (mi, > 0).
Again, the analysis in Ref. 10 includes missions to all of the plan-
ets. Note that in Ref. 10 large probe areas are included in the sys-
tems, which results in nearly matched tether systems. The previous
results are very encouraging and indicate that aerobraking tethers
may provide an interesting alternative to propulsive maneuvers $~'°
However, two issues remain to be addressed: the use of smaller
(more realistic) probe areas, which result in tether systems that vio-
late the two matching conditions, i.e., unmatched tether systems,
and the effects of tether flexibility on the aerobraking maneuvers.
These issues are studied using aerobraking maneuvers at Jupiter
and Mars as examples of vertical dumbbell and inclined solutions,
respectively.

The first step is to use the rigid rod model to find optimum aero-
braking maneuvers for matched and unmatched tether systems at
Mars and Jupiter. The maneuversare based on those found in Refs. 9
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Fig.3 Tether forces on the probe and the orbiter; rigid simulation of
Mars rigid optimum, matched.

and 10 (orbiter and probe mass of 1000 kg, graphite tethers, arrival
trajectory based on a Hohmann transfers from Earth, and capture
into near parabolic orbit). The main characteristics of these opti-
mum solutions are shown in Table 1. As would be expected, the
unmatched systems with the smaller probe areas require a lower
periapsis radius to achieve capture. Otherwise, the only significant
difference between the matched and unmatched systems is a small
reduction in tether mass for the Mars unmatched system. To bet-
ter understand the dynamics of these maneuvers, they are simulated
using the rigid rod model (the same model used in the optimization).

The simulation results for the optimum maneuvers at Mars are
shown in Figs. 2-4. For both Mars systems, the optimum maneuvers
are inclined maneuvers, o, = 50 deg, with very similar changes
in orientation, as can be seen in the angle plot (Fig. 2). As ex-
pected frominclined-typemaneuvers, in both systems the maximum
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Fig.4 Tether forces on the probe and the orbiter; rigid simulation of
Mars rigid optimum, unmatched.
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Fig.5 Tether angle; rigid simulation of Jupiter rigid optimum: —,
matched and - - -, unmatched.

tension occurs during flythrough (150-350 s), where a large com-
ponent of the aerodynamic forces acts along the tether (Figs. 3 and
4). Lower tension forces caused by the spin rate of the system are
present before and after atmospheric flythrough. The tension plots
show significant differences between the matched and unmatched
systems. First, in the matched case, tension forces at the orbiter and
probe ends of the tether are indistinguishable. This is because al-
most all of the aerodynamic effects are produced by the probe. On
the other hand, for the unmatched system, the forces on the orbiter
end are much larger than those at the probe. This is because the
smaller probe requires a lower flythrough altitude and aerodynamic
forceson the tetherplay an importantrole in deceleratingthe system.
In addition, the aerodynamic forces on the orbiter, while still small,
produce some decelerationon the orbiter and are responsiblefor the
slight decrease in maximum forces on the tether. This explains why
the tether mass in the Mars case is smaller in the unmatched system
than in the matched one. Second, as expected, significant normal
forces occur during flythrough in the unmatched system. However,
in an inclined maneuver, this is the point where tension forces, i.e.,
tether stiffness, are at a maximum; thus, bending is expected to be
small when a flexible tether is used.

The simulation results for the optimum solutions at Jupiter are
shown in Figs. 5 and 6. The angle plot (Fig. 5) indicates that
the matched system displays the basic characteristics of a dumb-
bell maneuver, with nearly vertical orientation at closest approach
(0tmin =0), whereas the unmatched system is close to a vertical
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Fig. 6 Tether forces on the probe; rigid simulation of Jupiter rigid
optimum: ——, matched and - - -, unmatched.

dumbbell but oy is slightly larger than zero. This difference has a
significant effect on the tension on the system. In a vertical dumb-
bell maneuver, the forces on the tether are caused mostly by the
tether spin before and after atmospheric flythrough, and they be-
come nearly zero during flythrough when the system stops spinning
and the aerodynamic forces are acting perpendicular to the tether
(otmin = 0). This is clearly the behavior of the matched system
(Fig. 6). For the unmatched system, some tension remains on the
systematclosestapproachdue to the nonzerovalue of ;. Note that
only forces on the probe are displayedin Fig. 6 because those on the
orbiter are nearly identical for both Jupiter maneuvers. Again, this
is because almost all aerodynamic forces are produced by the large
probes. Also, as expected, normal forces are close to zero for the
matched system but are significantin the unmatchedcase. Note that,
in the dumbbell-type maneuvers, normal forces occur at the point
on the trajectory where the tension is at its lowest, that is, where the
stiffness of the tether is at a minimum. In a flexible tether, this effect
may produce significant bending.'?

Note that, in all of the maneuvers, the tension forces due to spin
are approximately equal before and after the flythrough maneuver.
This spin-matching condition, where the spin rates of the tether
before and after the maneuver (i, and 2,,, in Fig. 1) have the same
magnitude, has been found to be a characteristic of many optimum
maneuvers developed using the rigid rod tether model.

Next, tether flexibility must be included in the analysis to deter-
mine the success of these tether aecrobraking maneuvers.

III. Flexibility Effects on the Optimum Maneuvers
A. Flexible Model

The flexible tether model (Fig. 7) developed in Ref. 12 is used
to study the effects of flexibility on the aerobraking tether system.
The main assumptions and features of this model are the following
(for the complete equations of motion for the system, see Ref. 12).
The end masses are treated as particles because their dimensions are
much smaller than those of the complete system. The motion of the
system is constrained to the plane of the orbit. This is a common
assumptionbecause out-of-planeeffects are usually small. The flex-
ible tether is modeled as a collection of massive hinged rigid rods
(Fig. 7). The number of rods and the length of each rod are arbi-
trary, so that the flexible effects can be modeled to an arbitrary level
of accuracy. The gravity effects are integrated over each rod using
an inverse square gravity model. Similarly, aerodynamic forces are
integrated over the length of each rod, assuming a velocity-squared
drag law with an exponential atmospheric density profile as de-
fined in Egs. (1) and (2). The main advantage of the rod model over
traditional bead models is the ability to accurately model the aero-
dynamic effects with a small number of elements, thus reducing
the numerical complexity of the problem. This is especially impor-
tant in problems such as aerobraking where aerodynamicforces are
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Fig.7 Flexible tether
model.

significant. In addition, to simulate the tether stretching during the
maneuver, a springis included at the connectionbetween the orbiter
and the tether, with a spring constant K given by

K, = EA/I, @)

where A and E are the cross-sectionalarea and tensile module of the
tether, respectively. For the graphite used here, E = 240 GN/m?.
The flexible model also allows for the inclusion of a damper, i.e.,
a shock absorber, at the orbiter attachment point. The results in
Ref. 12 are limited to nonoptimum vertical dumbbell maneuvers
but indicate that the damping significantly reduces tether forces on
flexible tethers performing aerobrakingmaneuvers. In this analysis,
the damping coefficient C is set to

_ K,m,m,
C=2|—F (8)
m, —l—mp

where m, and m , are the masses of the orbiter and the probe, respec-
tively. This damping ratio approximatesa critically damped system.
(Recall thattheresults presentedhere assumem, = m, = 1000kg.)
Note that thin tethers have very little bending resistance; hence, no
torsional springs are included at the hinges.

In the flexible simulations, the spring is assumed to be unstretched
initially. This makes the problem much easier when the flexible
model is used in the optimization process. Because of the large
damping present in the system, the longitudinal oscillations disap-
pear before the system reaches the atmosphere and do not affect the
flythroughmaneuver(this canbe clearly seenin the tensionplots). In
addition, the flexible tethers are modeled using only three segments.
This is sufficient to obtain an approximation of the flexible behav-
ior of the tether, while reducing the computational requirements to
an acceptablelevel for numerical optimization. Recall that, with the
hinged rod model, aerodynamiceffects are accuratelymodeled with
a small number of tether elements.

Next, the flexible model is used to simulate the optimum maneu-
vers obtained using the rigid rod model (Table 1).

B. Inclined Case (Mars)

Results from the three-rod flexible simulation of the tether system
and maneuver for the matched tether at Mars (Table 1) are shown in
Figs. 8 and 9. Again, Fig. 8 shows only the tether forces on the probe
because forces on the orbiter are nearly equal. The basic character-
istics of the maneuver are similar to those in the rigid simulation.
Yet, there are two important differences. 1) Tension on the tether
increases slightly, which would cause the tether designed using the
rigid rod model to break. 2) Stretching in the tether changes the fly-
through altitude of the probe, producing small changes in the final
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Fig. 8 Tether forces on the probe; flexible simulation of Mars rigid
optimum, matched.
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Fig. 9 Tether angles; flexible simulation of Mars rigid optimum,
matched.

eccentricity. Note, however, that there is very little bending on the
tether, as can be clearly seen in Fig. 9, where the « plots for the three
rods are indistinguishable. Moreover, the tether orientation history
and amin are very close to those in the rigid case.

For the unmatchedtether, the flexibleresultsare shownin Figs. 10
and 11. Here the results display greater differences from the rigid
case, although the basic characteristics are quite similar. As in the
matched case, the tensionis slightly largerin the flexible case, which
again would break the tether. Note that some normal forces remain
because only three rods were used in the simulations. The « plots
clearly show tether bending during atmospheric flythrough, as was
predictedfrom the presence of normal forcesin the rigid case. How-
ever, the bendingis not severe and disappearsafter atmosphericpas-
sage, but it does have an effect in the trajectory because it changes
the probe altitude, thus slightly changing the final eccentricity of
the system.

Overall, the flexible simulations of the inclined optimum maneu-
vers obtained for aerocapture at Mars are very encouraging, indi-
cating that the effects of flexibility on the system are benign and
only small changes in the trajectory and the tether design are re-
quired.

C. Vertical Dumbbell Case (Jupiter)
The results of simulating the vertical dumbbell optimum maneu-
vers in Table 1 with the flexible model show radical differences
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of Mars rigid optimum, unmatched.
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Fig. 11 Tether angles; flexible simulation of Mars rigid optimum, un-
matched.

with the rigid results. First, the matched tether system is shown in
Figs. 12 and 13. Asin theinclinedmaneuver, the tensionforcesin the
flexible simulation are larger than those in the rigid case. However,
the biggest difference is the presence of large normal forces at the
orbiter. Note that at the probe the normal forces are much smaller.
It is unclear at this point why this behavior occurs. It could be pro-
duced by the presence of the spring at the orbiter attachment point,
but the lack of normal forces in the inclined maneuver is not consis-
tent with this explanation and further analysis is required. During
atmospheric flythrough, a small amount of bending is present in the
tether (recall that this system is matched). Very small bending oscil-
lations remain after the maneuver. This behavior is quite different
from the inclined solution where, even for the unmatched system,
no bending is present after flythrough. As in the Mars case, the final
eccentricityis changed slightly due to the effects of tether stretching
and bending during the probe’s flythrough trajectory.

Next, the results for the unmatchedsystem (Figs. 14 and 15) show
even greater flexible effects. As expected from the rigid results, the
bending on the tether is quite large in this case. This produces a very
large increase (over 100%) in the forces on the tether. In addition,
as in the matched case, normal forces at the orbiter are much larger
than those at the probe. Again, the desired final eccentricity is not
achieved due to the changes on the probe trajectory.

These resultsindicate that tether flexibility has a significant effect
on the vertical dumbbell maneuvers (much more thanon the inclined
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Fig.12 Tether forces on the probe and the orbiter; flexible simulation
of Jupiter rigid optimum, matched.
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Fig. 13 Tether angles; flexible simulation of Jupiter rigid optimum,
matched.
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of Jupiter rigid optimum, unmatched.
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Fig. 15 Tether angles; flexible simulation of Jupiter rigid optimum,
unmatched.

maneuvers). Consequently, significant changes to the system are
required to obtain an acceptable maneuver. In addition, unmatching
the tether in dumbbell maneuvers produces catastrophic behavior,
making this maneuver type more sensitive to uncertainties.

Overall, the flexible results indicate that the optimum maneuvers
obtained using the rigid model are not entirely acceptable. (Tether
strengthis too small in all cases, final eccentricity changes slightly,
and catastrophic behavior occurs in some maneuvers.) Therefore,
the optimizationprocessshould be improved by incorporatingtether
flexibility.

IV. Flexible Tether Optimization

The optimization tools previously developed'® can be modified
to use the flexible tether model when determining the tether mass
corresponding to a set of initial conditions and tether dimensions.
As mentioned earlier, to ease the computational process the flexible
tether is modeled using only three rods. Note that the flexible model
canincorporatean arbitrary number of rods, and, if computer power
is not an issue, tether flexibility can be modeled to an arbitrary
level of accuracy. The basic characteristics of the optimum flexible
maneuvers are given in Table 2.

A. Inclined Case (Mars)

For the inclined maneuvers at Mars, the optimum maneuvers for
the flexible tether model are very similar to those obtained with the
rigid rod model. For both probe areas, the tension and « plots are
nearlyidentical to thosein Figs. 8-11 and so are not shown here. The
only significant change is an increase in tether mass to withstand
the larger forces that occur in the flexible system. Even with these
changes, it is clear that in this maneuver the results obtained with
the rigid rod model provide a very good approximation to the char-
acteristics of the optimum tether. An accurate approximation to the
mass of the optimum flexible solutioncan be obtained by increasing
the tether diameter so that it can withstand the forces observed in
the flexible simulation. Note that the mass increase is slightly larger
in the unmatched system where bending occurs.

B. Vertical Dumbbell Case (Jupiter)

The flexible optimization is much more interestingin the vertical
dumbbell maneuvers at Jupiter because the effects of flexibility on
the rigidrod solution are very significant. The results from the simu-
lations of the optimum maneuvers obtained with the flexible model
are shown in Figs. 16-19. For the matched system (Figs. 16 and
17), the behavior of the flexible optimal solution is very similar to
that of the rigid solution. However, there is a noticeable increase in
the initial spin rate, which produces a vertical orientation at closest
approach. In addition, because the increase on tether forces in the
flexible system is greater than in the inclined maneuvers, the cor-
responding increase in tether mass is also larger. In the unmatched
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Fig.16 Tether forces on the probe and the orbiter; flexible simulation
of Jupiter flexible optimum, matched.
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1024 PUIG-SUARI

Table 2 Optimum maneuvers for flexible tether model (¢; = 0.9999, graphite tether)

Probe Ahy, Length, Diameter, Mass, K, C, @, R,,
Maneuver area, m? km km mm kg N/m kg/s rad/s km
Mars (matched) 560 12.4 19.3 1.54 64.4 23.1 215 1.71e-2 3,484
Mars (unmatched) 100 12.4 18.7 1.53 62.1 23.7 217 1.66e-2 3,472
Jupiter (matched) 2,400 36.1 36.0 0.674 23.2 2.38 69.0 8.79¢-3 71,877
Jupiter (unmatched) 500 36.1 38.9 0.680 25.5 2.24 66.9 7.68¢-3 71,848
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Fig. 19 Tether angles; flexible simulation of Jupiter flexible optimum,
unmatched.

Jupiter maneuver, the changes due to tether flexibility are quite ex-
treme (Figs. 18 and 19). The resulting optimum solution is much
closer in behavior to an inclined maneuver, with the largest ten-
sion on the tether occurring at closest approach and a minimum
orientation greater than zero. This change in the fundamental char-
acteristics of the maneuver largely improves the behavior of the
system. Bending is largely reduced, and the forces on the tether
are much smaller. In addition, the normal forces on the orbiter also
decrease. Using the flexible optimization, the increase in the tether
mass in the unmatched system is only moderately larger than that
found in the matched system. On the other hand, the flexible simu-
lation of the optimum rigid solution predicts a very large change in
tether mass associated with the large increase in tether forces. This
clearly indicates that the rigid rod model fails to provide a good
approximationof the optimum solution for the flexible tether in this
case.

V. Conclusion

The flexibility effects on optimum maneuvers obtained using a
rigid rod model can be significant. For inclined maneuvers, the rigid
analysis provides a very good approximation to the flexible be-
havior. Given the computational demands associated with flexible
tether analysis, the rigid tether model provides an invaluable tool in

aerobraking tether analysis. On the other hand, the results in ver-
tical dumbbell maneuvers are not very positive. Flexibility effects
are significant, and, more important, the matching conditions, i.e.,
very large probe areas, must be satisfied for flexible vertical dumb-
bell maneuvers with reasonable tether mass. This indicates that the
practical applicationof the vertical dumbbell maneuver may be lim-
ited. Note that in the unmatched case the optimum flexible solution
is close to an inclined maneuver. This indicates that the inclined
maneuver provides a much better solution to the tether aerobraking
problem than the vertical dumbbell.

Nevertheless, the final conclusionis that the aerobraking maneu-
ver remains feasible in a wide variety of conditions even when the
analysis includes tether flexibility. In addition, in all cases analyzed
here, the tether mass for the optimum flexible solutions remains
much lower than the equivalent chemical propellant.
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