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Abstract

A sensitivity analysis of the aerobraking tether is performed. Perturbations of the input variables
are simulated to understand how uncertainty in the atmosphere and in the initial conditions affect the
flythrough maneuver. These preliminary results indicate relative insensitivity of the final orbit. A redesign
of the tether is then performed so that it can accommodate the parametric uncertainties without violating
the constraints by: breaking or compressing the tether, subjecting the orbiter to atmospheric effects,
crashing the spacecraft or failing to capture. The system is then evaluated using Monte Carlo simulation to
show that the additional (rotational) degree of freedom makes the tethered system more robust (in terms
of final eccentricity) than a conventional ballistic vehicle.

Introduction

A great deal of research has been focused on using
aerobraking vehicles as a cost-effective means of de-
celeration, particularly at Mars. Unfortunately, large
variations in the predicted density of the Martian at-
mosphere can be expected due to lack of data and
short period phenomena such as dust storms.!»? This
uncertainty in the characterization of the atmosphere
may cause large errors in the orbit achieved by a bal-
listic vehicle. One way to dccrcase the scensitivity
of the problem is to use propellant to achieve cap-
ture and then use aerobraking over multiple passes
to circularize the orbit.® Another option is to em-
ploy a feedback control scheme on a lifting body
that can adjust the angle of attack for the variations
encountered.*~¢ This paper explores a third option,
the aerobraking tether.

Unlike a conventional ballistic vehicle, the aero-
braking tether, shown in Fig. 1, requires only a por-
tion of the spacecraft to be subjected to aerodynamic
drag (the probe) while the other vehicle (the or-
biter) is kept outside the atmosphere by the use of
a long, thin tether. Before entering the atmosphere,
the tether system spins in the orbital plane opposite
to the orbital motion as in I'ig. 2. During the at-
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Fig. 1 Aerobraking tether.

mospheric flythrough, the torque caused by the drag
acting on the probe slows the spin rate to zero, after
which the tether spins up in the opposite direction.

Under nominal conditions, the system has been
theoretically demonstrated to adequately achieve
acrocapture.”’~11 The next step in the feasibility anal-
ysis Is to consider the effect of parameter uncertain-
ties on the aerobraking tether. Our purpose in this
paper is to investigate whether the system has any ro-
bustness advantages over a conventional aerobraking
vehicle.

Parametric Uncertainties and Their Effects

In order to ascertain the robustness of the aero-
braking maneuver, we nurmnerically perturb the pa-
rameters for a specific example and observe the ef-
fect on the output variables. This method is simple
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Fig. 2 Aerobraking maneuver.

and accurate, but it is limited to the specific problem
al hand. However, attaining general expressions for
the parametric sensitivities seems unlikely for such a
complicated system.

The model used to simulate the tethered acrobrak-
ing maneuver was developed in Ref. 7. The tether is
modeled as a rigid rod subjected to distributed aero-
dynamic and gravitational [orces. The probe and or-
biter are treated as particles. The atmosphere is as-
sumed to be exponential and rotating with the planet.

For the nominal (baseline) maneuver, we achieve
aerocapture at Mars into an orbit with a final ec-
centricity, ef, of 0.50. (Arrival conditions at Mars
are detcrmined by a Hohmann transfer from Earth.)
To ensure that the orbiter is not subjected to signif-
icant aerodynamic effects, we require the minimum
altitude of the orbiter to be 14.5 km above the min-
imum altitude of the probe. This is referred to as
the clearance constraint. The tether is assumed to be
made of Hercules AS4 graphite with a tensile strength
of 3.6 GN/m? and a density of 1800 kg/m>. The op-
timal maneuver is obtained by mapping feasible so-
lutions to locate a local minimum in the tether mass.
(See Refs. 13 and 14 for a complete deseription of this
process.) This maneuver is called inclined becausc
the tether orientation is at an angle with respect to
the local vertical (i.e. wmin # 01in Fig. 2) at periapsis
(see Ref. 14 for more about maneuver types). The
tether mass, length and diameter are

my =411 kg, 1, =388km, di=2T4mm (1)
whereas the propellant mass required for an equiva-
lent AV (to capturc the orbiter) is 571 kg.

The values of the input parameters that govern this
case and their standard deviations are listed in Table
1. This list includes all the initial conditions and sys-
tem properties used to simmulate the maneuver except
for the tether material properties which are assumed
to be perfectly known. The uncertainties are based
primarily upon the literature, but enginecring judge-
ment was required when references were unavailable.
To illustrate the latter, consider that a small devia-
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tion in the spin ratc yields a large error in orientation
over a duration of several hours or more. Thus, some
autonomous control (e.g. changing the tether length)
is required to reduce this error. Since research in this
area is scarce, a control error of 2 degrees was as-
sumed as a conservative guess. In all cases, if stan-
dard deviations are not well known, the uncertainties
were chosen so as to err on the conservative side.

The results of perturbing the input variables by one
standard deviation are shown in Table 2. We are in-
terested in the effect the perturbation has on the final
eccentricity, ey, the maximum tension exerted on the
tether, Timae, and the clearance altitude the orbiter
maintains above the probe, Ah. (Thesc three output
variables correspond to constraints on the final orbit,
required cross-sectional area, and clearance.) These
results show that the lo perturbations of the indi-
vidual input variables do not have any catastrophic
consequences on the aerobraking maneuver. None of
the final eccentricities indicate a collision course with
Mars (e; = 1.0) nor an uncaptured orbit (e; > 1).
(Here we note that in the case of a crash, the time-
varying ecccntricity first plummets toward zero and
then increases to a value of unity, indicating a degen-
erate orbit.) The worst case occurs at £50% density,
where ey ranges from 0.27 to 0.79.

The largest increase in the nominal T, is 26%,
also due to the uncertainty associated with density.
This causes the tether to break since the tether was
only designed to withstand the nominal tension pro-
file, but this can be corrected by building a safety
factor into the design. To get an estimate for the
extra mass required, note thal the tether strength is
proportional to mass. Thus, the ratio between the
perturbed and nominal tension serves as an approxi-
mate ratio for the increase in tether mass, Am, which
is shown in Table 2. Assuming the perturbations are
uncorrelated and linear, we can root sum square the
mass perturbations to determine the total increase in
mass necessary to accommodatc the system 1o uncer-
tainty. This yields an approximate increase of 150 kg
to bring the total tether mass to 560 kg.

The uncertainty in density also causes the great-
est decrease in clearance from the baseline case. The
minimumaltitude of the orbiter is only 5.57 km above
the probe, indicating that the orbiter would be sub-
jected to significant heating. Again, we redesign the
tether so this does not occur. An analogous approach
to the strength matching performed above is to find
a new tether length based on a ratio between the
achieved and desired clearance. Unfortunately, the
physics of the problem do not permit this method,
since the clearance is not necessarily proportional to
tether length. Thus, a new nominal maneuver must
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Table 1. Parameter Uncertainties

Name Variable Mean Value Uncertainty (1) Comments
Orbiter Mass m, 1000 kg 50 kg
Probe Mass My 1000 kg 50 ky
Tether Mass m, 410.5 kg 20 kg
Orbiter Ballistic Coef. mo/CpoA, 100 33% Based on Ref. 5
Probe Ballistic Coef. my [Cppdp 1.65 33% Based on Ref. 5
Tether Drag Coef. Cpi 2 33% Based on Ref. 5
Accounts for length uncer-
Tether Length I 38.8 km 04 km tainty and stretching
Tether Diameter dy 2.71 mm 0.03 mm
o Accounts for model uncer-
. dant 3742 3 /62
Gravitational Constant Jheff 42800 km?/s 400 km?/s tainty in spherical harmonics
Target Altitude Rperi — Rpit 81.7 km 2km Based on Ref. 12
Atmosphere Rotation Q 7.1 x1075 rad/s 50% Accounts for wind variations

Uncertainty is associated with
Density p 0-6.3 x107° kg/m? 50% the closest approach altitude.
Based on Refs. 4,5,12

Requires some autonomous

- . . 0040 o
Initial Orientation Angle o 284 2 S/C attitude control
Initial Spin Rate 0o -0.0159 rad/s 1 x1073rad/s

Hyperbolic Excess Speed Ving 2.65 km/s 1m/s Based on Ref. 12
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Table 2. Simulation Results for Parameter Uncertainties (1o)

Variable Perturbation ey Trmaw(N)  Ah{km)  Am(kg)
Nominal Case 0 0.5000 (0.5000)* 21105 14.50 0
Density +50% 0.2653 (0.0104) 26542 5.87 105.76

-50% 0.7910 (1.0165) 13977 14.03 0
Probe Ballistic Coef. + 33% 0.3654 (0.1543) 25261 8.56 80.85
- 33% 0.6572 (0.8382) 16133 15.53 0
Target Altitude + 2 km 0.6194 (0.7260) 18192 14.69 0
-2 km 0.3603 (0.2045) 24357 8.28 63.26
Orbiter Mass + 50 kg 0.5119 21880 14.64 15.29
- 50 kg 0.4878 20319 14.26 0
Atmos. Rotation Rate +3.6 x 107° r/s 0.5293 20400 14.61 0
—-3.6x10"%r/s 0.4698 21820 13.17 13.91
Probe Mass + 50 kg 0.5066 (0.5249) 20588 14.40 0
- 50 kg 0.4938 (0.4738) 21639 13.73 10.39
Tether Drag + 33% 0.4827 20657 14.24 0
- 33% 0.5171 21558 14.55 8.81
Spin Rate + 0.001 /s 0.4448 21490 6.30 7.49
-0.001 r/s 0.5632 19928 9.59 0
Tcther Length + 0.4 km 0.4942 21355 14.50 4.86
- 0.4 km 0.5056 20857 14.45 0
Tether Mass + 20 kg 0.5059 21286 14.51 3.52
~ 20 kg 0.4938 20921 14.39 0
Gravitational Const. +400 km3/s? 0.4989 (0.4952) 21219 14.28 2.22
—400 km>/s? 0.5010 (0.5049) 20985 14.17 0
Orbiter Ballistic Coef. + 33% 0.4976 21084 14.48 0
- 33% 0.5022 21125 14.49 0.40
Tether Diameter + 0.03 mm 0.4993 21090 14.49 0.29
- 0.03 mm 0.5005 21120 14.50 0
Orientation + 2° 0.5060 21085 13.73 0
- 20 0.4939 21110 13.25 0.10
Hyp. Excess Speed + lm/s 0.5003 (0.5004) 21107 14.48 0.06
-1m/s 0.4995 (0.4997) 21102 14.48 0

¢ Parentheses denote results for the ballistic vehicle.
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be designed to achieve the clearance constraint. This
1s accomplished in the Preliminary Tether Design sec-
tion.

A conventional ballistic vehicle is used as a metric
by which to compare the sensitivity of the aerobrak-
ing tether. Using the same aerodynamic model as
the tether system yields the following equations of
motion for a single particle

= —pfr? 4 r8? - B2 2 4020 - Q)2 (2)

2

9= —276/r — ”—g;nD—A\/f? +12(0-Q)2  (3)

where r and @ are the positional coordinates of the
vehicle and the remaining parameters are given in
Table 1. As before, perturbations of one standard
deviation are applied to the nominal (e; = 0.50) con-
ventional maneuver for all relevant input variables.
The only output that pertains to the ballistic vehicle
is the final eccentricity. Results are given parenthet-
ically in Table 2. The ballistic vehicle is shown to be
much more sensitive to parameter uncertainties. The
deviations in the atmospheric density cause the final
orbit to range from nearly circular (e; = 0.01) to
hyperbolic (e; = 1.02). The results are catastrophic
for +1¢ variations because the vehicle fails to achieve
capture.

pCpAr
m

Aerobraking Tether Robustness

The results above indicate that the tethered system
provides some sort of inherent compensation [or pa-
rameter variations that is not present in the conven-
tional aerobraking vehicle (at least for the example
under investigation). This is apparently due to the
additional degree of freedom afforded by the rotation
of the tether. Since the tether is initially spinning
in the direction opposite the orbital rotation, the dy-
namics that result seem to serve as a self-correcting
mechanism for any off-nominal conditions.

To illustrate, suppose the atmosphere is 50% less
densc than expected. This means that targeted al-
titude is too high and the ensuing drag force (which
is mostly on the probe) is insufficient. However, this
also means the that drag torque is less than it would
be for the nominal trajectory so it takes more time for
the spin rate to reach zero. As a result, the tether is
more vertical (e, is smaller) than it would be nom-
inally and the probe achieves a lower altitude than
was targeted. (Note that the center of mass altitude
is higher than the nominal trajectory, but not enough
to offset this effect.) Thisis illustrated in Fig. 3 where
the probe altitude for the -50% density perturbation
reaches a minimum altitude aboutl 2 km lower than

I
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Fig. 4 Radial distance to the ballistic vehicle
(opposite trend to Fig. 3).

the nominal. Conversely, if the atmosphere is more
dense than the nominal, the tether does not “dip” as
deeply into the atmosphere, as shown in the trajec-
tory for the +-50% density of Fig. 3.

The ballistic vehicle, on the other hand, has the op-
posite behavior. When the atmospheric density is less
than cxpected, the orbit decays less than the nomi-
nal maneuver and the vehicle flies through a higher
altitude as shown in Fig. 4. Thus, the achicved AV
is fower for two reasons - a lower density is encoun-
tered and the periapsis radius increases. The converse
is also truc if a higher density is present at Mars.
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Preliminary Tether Design

Due to the probabilistic nature of the parameter
uncertainties, performance of the tether systcm can-
not be accurately assessed by propagating one or even
a handful of cases. Thus, Monte Carlo simulations are
used for evaluation, where input paramneters are gen-
erated according to their probability densities. Our
goal is to design a mancuver (and a tether) so that
constraints on final eccentricity, clearance and tether
strength will be satisfied within at least one standard
deviation of the mean for the respective outputs.

As mentioned above, redesigning the tether so that
it can achieve the required clearance for 1o perturba-
tions cannot be accomplished by merely changing the
tether length. A new nominal maneuver is required
with sufficient clearance to accommodate the param-
eter uncertainties to within one standard deviation.
To determine a “sufficient” nominal clearance, a root
sum square of the amount by which the clearance con-
straint was violated for all the cases in Table 2 can be
used to obtain a scale factor. This, however, yields
a negative clearance, which indicates that no amount
of clearance in the nominal maneuver is adequate for
1o certainty. Alternatively, in the hope that the RSS
value is conservative, the worst case (density) is used
to calculate a new clearance. By scaling the desired
clearance, 14.5 km, by the ratio between the desired
and achieved clearance for the +50% density case we
estimate

14.5

Ahest = 573

(14.5 km) = 37.7 km (4)
Rounding this number conservatively yields a new
nominal clearance of 40 km. After some compu-
talions, the optimal maneuver for e; = 0.50 and
Ah = 40 km is found to have the following char-
actcristics:

my =654 km, [, =976 km, d; =218 mm (5)

"This ncw nominal is called a vertical maneuver'® be-
cause the tether is nearly aligned with the local ver-
tical at periapsis (cmin = 0). The minimum tension
in the tether, Ty, is nearly zero for this type of
mancuver as shown in Table 3.

We now perturb the input variables by one stan-
dard deviation as we did with the original nominal to
get a rough idea of the system performance. The cor-
responding changes in the output variables are listed
in Table 3. This preliminary design is based only
upon the uncertainty in density, probe ballistic coef-
ficient, target altitude and initial spin rate, since the
changes in the maximum tension and clearance for
these parameters greatly exceed the others.
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The new nominal maneuver has two advantages.
First of all, we note from Table 3 that the clearance
constraint is not violated when the new nominal is
perturbed (i.e. Ah > 14.5 km). Secondly, the aero-
braking tether is even more robust (in terms of final
eccentricity) than the previous case as evidenced by a
narrowcr band of final eccentricities. (There is, how-
ever, a bias present.) Unfortunately, the minimum
tension has dropped below zero in some cases, which
could have deleterious effects since the tether cannot
support compressive forces.

This design was iterated upon (using optimization
software and Monte Carlo techniques) to minimize
these compressive forces and to strengthen the tether
so that the perturbations would not cause it to break.
The characteristics of the final (preliminary) design
are

my = 1470 kg, 1, =126 km, d; =2.89 mm (6)

One thousand simulations of the design were per-
formed with input perturbations generated by MAT-
LAB for an assumed normal distribution with asso-
ciated standard deviations listed in Table 1.

Histograms from the Monte Carlo simulation are
shown in Figs. 5 — 8. The mean value, u, of 0.665
for e; (see Fig. 5) is biased higher than the origi-
nal target of 0.50, but within one standard deviation
(0.285), all the cases are captured. Of the thousand
simulations, 120 were not captured and only one of
the perturbed cases causes the system to crash into
Mars. The results were equally successful for the
maximum force, which is plotted in Fig. 6. The max-
imum allowable tether force for the diamcter given
in Eq. (6) is 23,400 N. Thus, to within a l¢ range
of the mean, all the cases have an acceptable max-
The tether breaks in 165 of the cases
shown. Also, the constraint on clearance, shown in
Fig. 7, is satisfied within 10 of the mean. The clcar-
ance of 110 cases was less than the desired value of
14.5 km, resulting in larger aerodynamic effects than
deemed acceptable. The only constraint not satis-
fied for a lo range is that the minimum tension be
greater than zero. In Fig. 8, thc minimum tension
i —c (2850 N — 2920 N) is slightly less than zero.
A total of 177 cases have compressive forces. In all,
there are 436 cases out of the 1000 simulations that
violate at least one of the four constraints depicted
in Figs. 5 - 8. .

A Monte Carlo simulation is also performed for the
ballistic vehicle for comparison. The same perturba-
tions (for 1000 cases) used above are input into the
ballistic vehicle equations. A histogram of the final
eccentricity is shown in Fig. 9. Again, we see a much
wider deviation on ¢; (¢ = 0.48) than achieved by

imum force.
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Table 3. Simulation Results for New Nominal Tether (10)

(=)

Variable Perturbation ef Tmar(N)  Tmin(N)  Ah(km)  Am(kg)
Nominal Case 0 0.5000 13381 14 40.0 0
Density +50% 0.4274 17169 2146 1711 185
-50% 0.8386 12717 -24586 83.32 0
Probe Ballistic Coef. + 33% 0.4514 16186 1410 23.37 137
- 33% 0.6121 12870 -1973 83.75 0
Target Altitude + 2 km 0.5726 13107 -1222 69.37 0
-2 km 0.4464 16344 1044 22.95 145
Spin Rate + 0.001 r/s 0.4280 15952 -3003 31.29 126
0.001 /s 0.5769 12385 1805 56.23 0
250 T T T T T 250, _‘
200 (] - 1000 CASES 200} 1000 CASES
: 120 MISS 165 BREAK
o 1 CRASH @ T
% 1s0f % 150} —
bt b ] TETHER
g r [ : g BREAKS
g 100 NO GAPTUHE g 100
so- (\ 1 sof
1 ESEwa =1 - N7 —
8 1 6

L
0.6

0 0.2 .
FINAL ECCENTRICITY

04 1.2 14 1.6

Fig. 5 Distribution of ¢; for the aerobraking
tether (1 = 0.665, 0 = 0.285).

the tethered system. The number of crashes grows
to 228 and the number of cases that do not achieve
aerocapture increases to 230.

Assuming that violation of any one of the con-
straints constitules a mission failure, the tether sys-
tem has a 56% probability of success based on the
Monte Carlo results. This is comparable to the suc-

2 3 4 5
MAXIMUM TETHER FORGCE (N)

Fig. 6 Distribution of F,,,; for the tether
(p = 18000N, 0 = 5340N).

cess rate of 54% for the ballistic vehicle, which only
has one constraint (final eccentricity). However, we
note that the design is preliminary and represents a
suboptimal result. Furthermore, violation of the con-
straints does not necessarily mean failure of the sys-
tem: the actual success ratc for the tethered system
may be higher than indicated.
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Future Work

The work presented here is by no means complete,
but suggests several possibilities for further study.
1) Investigate constraini violations

Further simulation with more complicated
{e.g. flexible) models must be performed to more ac-
curately assess which constraint violations are actual
mission failures. For example, a break in the tether
may not be catastrophic if the orbiter remains cap-
tured and the probe is in a degenerate orbit.

2) Introduce a heating consiraint

The clearance constraint employed above may not

be the most useful criterion for design. A similar
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Fig. 9 Distribution of ¢; for the ballistic
vehicle (¢ = 0.598, 0 = 0.483).

analysis can be performed by sefting a maximum
heating condition on the orbiter.
3) Enhance the inherent tether robustness

The design algorithm above uses mass optimal ma-
neuvers for the nominal. This, however, may not be
the most efficient maneuver when considering the pa-
rameter uncertainties. Higher spin rates, for example,
may amplify the self-correcting nature of the tethered
system.
4) Refine the tether design

More effective design tools, such as an analytic the-
ory or an alternative algorithm for finding nominal
maneuvers that somehow incorporates the statistical
variations, could be developed so that a mancuver
can be found that achieves all the constraints with a
better probability of success.
5) Investigale control schemes

To reduce the t{ether mass, a feedback control
scheme could be developed. A simple candidate is
to change the tether length to control the altitude
of the probe. Controllers applicable to the ballistic
vehicle, such as changing the probe area or using a
lifting body, are also possible. A related option is to
take atmospheric measurements belore entering the
atmosphcre (by using remote sensing or by sending
a probe ahead of the spacecraft) and to adjust the
spacecraft states accordingly.
6) Perform mission design

The resuable nature of the tether makes it an
attractive alternative for mission design. A pi-
loted Mars mission design, for example, can possi-
bly use the same tether for orbit insertion!®, aclifi-
cial gravity!® and acrobraking. In a robotic mission,
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the tether can also be used to attain science goals
(e.g. dust collection from the Martian atmosphere
for sample return!7).

Conclusion

The aerobraking tether is shown to achieve reason-
able robustness for parameter uncertainties. In terms
of final eccentricity, the aerobraking tether is less sen-
sitive to parametric uncertainties than the ballistic
vehicle. To withstand the effects of uncertainties on
other tether constraints, however, the tether must be
massive. We expect that the size of the tether could
be greatly reduced by a more refined design or an
increase in strength of materials.
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