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Aerogravity-Assist Maneuvering of a Tethered Satellite System

Michael D. Jokic* and W. J. T. Daniel®
University of Queensland, Brisbane, Queensland 4072, Australia

Two new implementations of a tethered satellite system to provide aeroassist during a planetary flyby are
investigated. In each mission scenario the interaction of the Martian atmosphere with an aerodynamic lifting
surface, which is tethered to an orbiter, is used to perturb the flight path of the system. The aerodynamic forces
generated by interacting with the atmosphere augment the gravity assist provided by the planet. In the first
aerogravity-assist maneuver the tethered satellite system has congruent post- and preflyby configurations. The
second scenario, which is referred to as a dual-destination mission, involves the system mass being separated
during the flyby. Both of these aerogravity-assist maneuvers are shown to facilitate significant, propellant-free

velocity changes.

Nomenclature

A = exposed wedge surface area, m>
a = acceleration vector, m/s>
Cy = drag coefficient
¢y, ¢y, ¢3 = orthogonal unit vectors
F = force vector, N
H = atmospheric density scale height, m
H = angular momentum vector, kg - m?/s
H, = atmospheric density reference height, m
I = moment of inertia, kg - m?
l = length, m
M = moment vector, N - m
m = mass, kg
P = atmospheric pressure, kPa
R = radial vector from the center of Mars, m
S = frontal surface area, m*
\4 = velocity vector, m/s
o = probe angle of attack, rad
B = tether orientation angle measured

from the vertical, rad
y = wedge angle, rad
8 = deflection angle of the freestream, rad
0 = angular displacement of the center

of mass about the planet’s center, rad
w = planetary gravitational constant, m?/s
0 = atmospheric density, kg/m®
Q = angular speed of the atmosphere, rad/s
Subscripts
cm = center of mass
d = drag
g = gravity
i = tether element
k = system mass element
l = lift
o = orbiter
P = probe
pl = planet property
ref = reference value
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Introduction

HE range of applications previously proposed for tethered

satellite systems is considerable. A significant proportion of the
research into these applications requires the tethered satellite system
to interact with an atmosphere. Some of the mission proposals in-
clude using tethered satellite systems to conduct upper atmospheric
research,! collect dust from the Martian atmosphere,>? and act as a
test facility for hypervelocity vehicles.* Bogar et al.’ consider the
implementation of a tethered vehicle as the upper stage of a launch
system. This tether application requires the system to interact with
Earth’s atmosphere while transferring a payload into orbit. The po-
tential benefits of these concepts represent a strong motivation for
developing detailed models that describe the behavior of tethered
satellite systems interacting with an atmosphere.

Researchers implement several modeling techniques to repre-
sent the inherently complex dynamics of tethered systems in space.
Various authors®’ successfully demonstrate mission scenarios by
treating the tether as a rigid rod with finite mass. Breakwell and
Gearhhart® take the propitious approach of modeling a space tether
by treating the system as a rigid rod without mass. Many researchers,
however, model the tether as a single flexible body.”~!! Alternative
approaches presented in the literature treat the tether as a system
of interconnected rigid masses. Specifically, these schemes are a
lumped mass, or bead-type model,'? and an approach that repre-
sents a tether as a series of interconnected rigid rods.'

A notable amount of research focuses on developing models
of tethered systems that interact with an atmosphere. No and
Cochran'*'> and Bae et al.!® develop models for the dynamics of
systems consisting of a flight vehicle tethered to an orbiting mass. In
line with this research, Biswell and Puig-Suari!” investigate the use
of a lifting probe tethered to an orbiting mass as a control actuator.
Warnock and Cochran'® account for the variation in flow regimes,
in which a tethered satellite system might operate. In their work the
drag acting on the tether is determined using aerodynamic coeffi-
cients that are dependent on the rarefaction of the flow as can be
characterized by its Knudsen number.

Aerobraking, aerocapture, and aerogravity-assist maneuvering
techniques can be performed using tethered systems. However,
only the aerobraking and aerocapture maneuvers are considered
rigorously in the literature. Longuski and Puig-Suari® successfully
demonstrate the implementation of aerobraking and aerocapture
maneuvers at Mars using a tethered satellite system with a dumb-
bell configuration. This work is extended by considering locations
throughout the solar system'® and optimized to minimize the tether
mass.”’ Biswell?! outlines a three-dimensional hinged-rod model
of an elastic tether to predict the behavior and performance of the
aerocapture maneuver in detail.
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Fig. 1 Vector diagram for a gravity-assist maneuver.

Figure 1 depicts the change in velocity achieved during a typical
gravity-assist maneuver in which gravitational forces are used to
change the spacecraft’s heliocentric (sun-centered) velocity. During
the flyby, the spacecraft’s velocity relative to the planet Vo, is ro-
tated 6 by the influence of gravitational forces. The end result of the
flyby is that the final heliocentric velocity Vyc fina is different from
the velocity before the maneuver V¢ iniia. By interacting with the
atmosphere of a planet, the change in heliocentric velocity AV
achieved by gravitational forces can be increased. A maneuver in
which both aerodynamic and gravitational forces are used to change
the heliocentric velocity of a vehicle is known as an aerogravity-
assist (AGA) maneuver. The many benefits afforded to interplane-
tary missions by aerogravity-assist maneuvers make them the focus
of a significant amount of research.?>~2* Randolph and McRonald®
demonstrate the potential to improve launch date opportunities and
reduce travel times through engaging in aerogravity-assist maneu-
vers. Recent research, however, focuses on the scenario wherein the
entire system’s mass is incorporated into a waverider, which has
the benefit of a high lift-to-drag ratio. This scenario restricts the
aerodynamic design of the lifting body,?® is extremely sensitive to
trajectory errors, and commits the entire mission package to enter-
ing an uncertain environment. In relation to these issues, a tethered
configuration offers important benefits.

This investigation represents a synthesis of research into teth-
ered satellite systems (TSS) and AGA maneuvers. Several important
benefits are availed to missions that employ the proposed TSS-AGA
concept. The interaction of the tethered system with a planet’s atmo-
sphere permits propellant-free adjustment of the system’s velocity.
In addition, the tethered configuration facilitates part of the system
mass being maintained outside the sensible atmosphere and might
allow system adjustment to accommodate trajectory errors and en-
vironmental effects. The purpose of this work is to demonstrate
two aerogravity-assist maneuvers using a tethered satellite system
and to identify some of the associated technical issues and design
variables. Several flybys of Mars, which exemplify the two distinct
mission scenarios, are simulated using a rigid-rod model.

System Description

A system consisting of an idealized aerodynamic surface con-
nected by a thin tether to a primary orbiting mass is adopted in this
investigation. Figure 2 depicts the geometry and nomenclature de-
scribing the tethered system during a planetary flyby. The idealized
aerodynamic surface is referred to as the atmospheric probe and the
primary orbiting mass as the orbiter. The investigation by Longuski
and Puig-Suari® is followed in developing the equations of motion.

To simplify the analysis of the system behavior during
aerogravity-assist maneuvers, several assumptions are made. The
orbiter mass m, and probe mass m , are assumed to be concentrated
at a point. In addition, the tethered system is propagated in an equa-
torial orbit to justify modeling in a single plane. As the atmosphere
is assumed to rotate with the planet, an equatorial orbit ensures that
there are no significant crosswinds to cause out-of-plane aerody-
namic forces. A rotating reference frame, which is shown in Fig. 2,
facilitates the derivation of the system’s equations of motion.

The tether is modeled as an inextensible series of nodes, which re-
main collinear during the system’s motion. A nodal representation is
adopted to reduce the computational effort demonstrated previously
for a rigid-rod calculation.!” The rigid, or collinear, behavior of the
adopted tether model is unlike typical lumped-mass models, which
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Fig. 2 System configuration.
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allow the tether to deform. Figure 3 demonstrates the deformation
of a tether permitted by a typical lumped-mass model.

Newton’s law is used to develop the translation equations of mo-
tion for the system’s center of mass. This is expressed as

F = ma.y, (N

The acceleration can be expressed relative to the center of the planet
02T
using

acn = (Rcm - Rcméz)cl + (Rcmé + ZRcmé)CZ (2)

Moments acting on the tether system about its center of mass are
found from Euler’s law, which is expressed as

a = e 3
S dr

where the angular momentum is defined as®’
Hcm = IemW (4)

For the tethered system modeled in this investigation, the time
derivative of the angular momentum is expressed as®

dHcm
dr

2
o

(B+6)es (9

=|m,? +m,?>+ S
" GH(12+13)
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Gravitational Forces

The Newtonian inverse square model is adopted for determining
the gravitational forces. For the assumed spherical planetoid the
gravitational forces acting on the orbiter and probe are defined as

Fgo = _MmoRu/Rg (6)

Fg = _MmﬂRp/R; 7N

The corresponding position vectors are
R, = (R.y +1,cos B)ey + 1, sin e, ®)
R, = (Rcy — I, cos B)e; — 1, sin Bes ©)

Determining the torques acting on the tethered system requires the
calculation of the lever arm from the system’s center of mass to each
of the system point masses. The lever arm for a point mass located
along the tether at a length /; from the probe is given by

f(l/\) = lk - lp (10)

Equation (10) also gives the sign of the moment contribution. Sub-
sequently, the gravitational torque contributions for the orbiter and
probe point masses are determined from

Mgo =R, —R.y) x Fgo = f(la)ﬂmoRcm sin ,B/Ri(,‘g, (11)

Mgp= (Rp —R.n) Xngzf(lp)/meRcm Sinﬁ/ch3 (12)

respectively.

As the tether is represented as a series of nodes, the gravitational
force acting on the tether is the sum of their individual contributions.
The total gravitational force acting on the tether can be represented

as
Fy=) Fg=) —umR[R} (13)

The position vector of a node is defined as
R; = [Rem + f(l) cos Bler + f (i) sin Bea (14)

where f(I;) is determined using Eq. (10). The total moment gener-
ated by the gravitational forces is also determined from the sum of
the contributions of the individual point masses, which is written as

My =) (R —Rey) x Fy
=Y fUDumiRoysin B [ Res (15)

Aerodynamic Forces

The aerodynamic forces are determined based upon the assump-
tion that the atmosphere rotates with the planet. Exponential mod-
els for the density and pressure distributions in the atmosphere are
adopted. For a body at radius Ry, the density is determined by

Pr = PrerXp[(H, — R + Rp)/H] (16)
and the pressure using

P, = 0.699 exp[—9 x 107 (R, — Ry) | (17)

Orbiter and Tether Drag
The aerodynamic drag acting on the orbiter and tether is assumed
to follow

Fy=—1pC4SVV (18)
Hence, the equation for the drag force acting on the orbiter is

Fdo = _%pocdosovuva (19)

where the velocity of the orbiter relative to the atmosphere is defined
as

V, = [Rew — ,(6 + B — Q) sin Ble,

+[Ren(8 — ) +1,(6 + f — ) cos Blea (20)
For calculating the aerodynamic forces the area of the tether is bro-
ken into segments and lumped to the nodes. The drag force acting
at the ith node can be represented as

Fo=—3piCaSiViVi 1)

The velocity of the ith node relative to the atmosphere is written as
Vi = [Ren = f()E + P — ) sin fle,

+[Rem(@ — ) + ()0 + B — Q) cos Bles (22)

where f(l;) is determined from Eq. (10). The total force acting on
the tether F g, is determined from the sum of the contributions of the
individual nodes.

The moment generated by the atmospheric drag force acting on
the orbiter is calculated using

Mdu = (Ro - Rcm) X Fdo = _%pacdosolovo

X [Rom(0 — Q) cos B — Remsin p+1,(0 + B — Q)les  (23)

Adding the contributions of individual nodes gives the total moment
generated by drag forces acting on the tether, which is defined as

1
My = (R ~Rew) x Fis = ) > piCaSi [ 1)V,

X [Rem(6 — Q) c08 B — Re sin B+ f(1) (0 + B — )]es (24)

Atmospheric Probe Aerodynamic Forces

As discussed earlier, the TSS-AGA concept implements an aero-
dynamic lifting surface tethered to a primary mass. Subsequently,
the probe is modeled as a wedge, which is capable of generating
lift and drag forces depending upon its angle of attack. A Newto-
nian model of hypersonic flow is adopted to determine the pressure
acting on the surface of the wedge. By this approach the pressure
cozegfﬁcient for a surface deflecting the freestream flow is modeled
as

25sin? 8, §>0
= (25)

0, 5§ <0
Figure 4 shows the profile of the wedge and its relevant geometry.

For a particular angle of attack o and wedge angle y, the flow-
deflection angle is determined from

S=a+y/2 (26)
Su=—a+y/2 27

where §; and 3, correspond to the deflections at the upper and lower
surfaces, respectively. The pressure P on a wedge surface can be
determined from C),, which is defined as

Cp= (P~ Pu)[(30xV;) (28)

In this equation P,, and p. denote the freestream conditions at
the altitude of the probe. The velocity of the probe relative to the
atmosphere can be written as

Vp = [Rcm + lp(e + ,B - Q) Sinﬂ]cl
+[Rem(@ — Q) — 1,(0 + B — Q) cos Ble, (29)

O [ Atmospheric Probe
Fig. 4 Atmospheric probe .
geometry and freestream de-

Ve ~ a
flection. Streamline
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The drag and lift forces acting on the probe are

Fg = Z [PAsiné;(—V,-¢)/Vye

Jj=u,l

+ PAsing;(=V, -¢2)/Vyesl (30)

Fy, = Z [WPAcoss;(—=V,-c2)/V,e

j=u,l

— Y PAcoss;(—=V,-c1)/Vyel GD

where j denotes the contribution of the upper and lower surface of
the wedge. The term v is defined as

14 b

=11

Orienting the probe during the system’s flight through the atmo-
sphere presents a challenging control problem, which is beyond the
scope of this work. Therefore, a constant angle of attack is assumed
for the probe during the system’s interaction with the atmosphere.

Finally, the respective moments generated by the lift and drag forces
acting on the probe can be written as

— p'CZSO
32
-V,-¢;>0 (32)

Mg = (R, —R.rn) x Fgp

= (—Fg, -c3l,cos B+ Fyp - €1l sin B)c3 (33)
My, = (R, — R.y) X Fyy,

= (=Fy - ¢l cos B+ Fy, - €11, sin B)cs 34)

Equations of Motion
The assembled equations of motion of the system are

m(Rem — Rem0?) = (Fgo + Fyp + Fy + Fyo

+Fy+Fq+Fy) - (35)
M(Remb + 2Remb) = (Fgo + Fyp + Fu

+Fg +Fy+Fg +Fp) - (36)
[l + moll +m, /BD(I + 1) | (B +6)

= (Mgo +Mgp +Mgt+Md0 +Mdt+Mdp +M1p) + €3 (37)

where m is defined as
m=m,+m, +m; 38)

Numerical Results

Two mission types are considered in the current research. The
first, case 1, involves a flyby of Mars in which the tethered system
remains unchanged. In case 2, however, the system mass is separated
resulting in the orbiter and probe reaching two different final destina-
tions. All simulations begin at a radius equal to that of the Martian
sphere-of-influence (SOI). In addition, the simulations are termi-
nated once the SOI is reached after the point of closest approach.
The hyperbolic trajectory of the system undergoing the aerogravity-
assist maneuver is determined based upon a specified hyperbolic
excess speed and a target periapse radius for the system center of
mass (CM). The equations of motion for the tethered system are
propagated in MATLAB® using an inbuilt Runga—Kutta solver.

Some of the key properties of the orbiter-tether-probe system
common to all the numerical simulations are presented in Table 1.
The wedge angle is specified to be 10 deg to approximate an ideal
hypersonic lifting surface. It is important to note that the system is
initially rotating to ensure that tension is maintained in the tether
during the uncontrolled flyby. The corresponding velocity of the
probe, relative to the system’s center of mass, for this rotation is
approximately 258 m/s. As reported in Table 1, the tether diameter

Table1 Common simulation properties

Property Value
Orbiter mass m, 1600 kg
Probe mass m , 800 kg
Tether mass m; 137 kg
Tether length 180 km
Tether diameter 1 mm
Orbiter drag coefficient Cq, 2
Tether drag coefficient Cy; 2
Probe length 7.88 m
Probe width 4m
Wedge angle y 10 deg
Orbiter frontal surface area 10 m?
Initial rotation rate & —0.0022 rad/s
Initial orbit radius 577,000 km
Number of tether nodes 31
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Fig. 5 System trajectory and tether orientation near periapse for
case 1 (initial V, =8 km/s, target periapse altitude =160 km).

is only 1 mm. A small diameter reduces the drag acting on the tether
and the mass of the system. Minimizing the drag is important for the
accuracy of the rigid-rod approximation. Significant normal forces
can result in deformation of the tether, which requires analysis with
a flexible system model. The number of nodes selected is somewhat
arbitrary, but running the simulations with 31 tether nodes (Table 1)
ensures that there is less than 1% error between the mass moment
of inertia determined using the nodal representation and the value
determined by treating the tether as a thin rod.

Case 1

To augment the gravity assist provided by Mars, the rotating teth-
ered satellite system is permitted to interact with the Martian at-
mosphere. In this scenario, which is referred to as an intact-system
maneuver, the physical properties of the system remain constant
throughout the flyby. A typical flight path of the system near peri-
apse is shown in Fig. 5. The behavior of the system corresponds to a
simulation with an initial hyperbolic excess speed of 8 km/s, a target
periapse altitude for the CM of 160 km, and a probe angle of attack
of —15 deg. It can be seen in Fig. 5 that the tether remains rigid
during the maneuver and that its length does not change. The initial
orientation of the system is selected to guarantee that a near-vertical
orientation at periapse is achieved. This orientation also ensures that
the probe reaches a lower altitude than the orbiter. Inspection of the
results reveals that a minimum probe altitude of 42 km is achieved
while the orbiter drops to an altitude of 147 km. The minimum or-
biter altitude is not an ideal result, but this configuration emphasizes
the transition from negative to positive rotation of the system due
to aerodynamic forces. Figure 6 illustrates the change in rotation
between the pre- and postflyby states in more detail.

The range of design variables in the intact-system maneuver
is inherently enormous. For a tethered system performing an
aerogravity-assist maneuver, it is possible to change the system’s
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Fig. 7 System trajectories for aerogravity-assist maneuvers (case 1).

initial rotation rate and orientation, as well as the system’s many
physical properties. In addition, trajectory parameters such as hy-
perbolic excess speed and target periapse radius can be varied. The
number of design choices pose a challenging optimization problem.
The goal of optimizing the flybys would be to maximize the change
in heliocentric velocity while minimizing the forces acting on the
system and the aerodynamic heating. The intact-system maneuvers
reported in this paper are not optimized but rather selected as ex-
amples from a search space of over 2800 different configurations.
The reported flyby scenarios are chosen as they demonstrate signif-
icant increases in the change of the system’s heliocentric velocity
relative to a traditional gravity-assist (GA) maneuver. Also, the re-
ported scenarios maintain the orbiter above an altitude of 200 km.
The target periapse for the flybys reported in Figs. 7-12 is 165 km,
which is selected as reasonable compromise between the resulting
velocity deflection and force loads. Each of the initial hyperbolic
excess speeds considered require different initial tether orientations
to ensure the system achieves a near-vertical orientation at periapse.
The simulations of the flybys are very sensitive to the initial sys-
tem orientation and rotation rate as they affect the depth, speed, and
duration of the system’s interaction with the atmosphere.

Figure 7 shows the system trajectories for three approach ve-
locities and two different probe angles of attack. For comparison,
trajectories of the system undergoing a gravity-assist maneuver are
included in the plots. The GA trajectory is developed using a simu-
lation equivalent to the AGA maneuver except that the atmospheric
forces are neglected. Significant deflections of the system trajectory
relative to the GA maneuver are clearly shown in Fig. 7. The max-
imum deflections for the simulations with initial hyperbolic excess
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Fig. 8 Rotation angle of velocity vector (relative to the planet) vs probe
angle of attack for case 1.
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Fig. 9 Percentage increase in rotation angle of the velocity (relative to
the planet) from rotation achieved through a GA maneuver for case 1.

10— - , '
K % * * %
E *—’ﬁ ~
2
>86, .
> g——8—&—— & —H
5
o
T’ 4_ T
>
S
£ —o- Initial V_=10
2r — Initial V_=8
—5- Initial V_=6
0 1 1 1 1
-20 -15 -10 -5

Probe Angle of Attack, o. (°)

Fig. 10 Final hyperbolic excess speed vs probe angle of attack (case 1).

speeds of 10, 8, and 6 km/s are 18.6,22.7, and 36.0 deg, respectively.
As expected, Fig. 8 reveals that larger angles of attack and lower
initial speeds produce greater deflections of the tethered system’s
velocity. Figure 9 shows the percentage increase in the deflection
of the velocity vector (relative to the planet) with respect to the de-
flection achieved by the GA maneuver. For a probe angle of attack
of —20 deg, the velocity deflections represent increases of between
22 and 52%. The percentage grows dramatically as the magnitude of
the probe’s angle of attack is increased for the scenario with an initial
hyperbolic excess speed of 10 km/s. To generate these deflections,
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(case 1).

however, high aerodynamic loads are applied to the system with
notable losses in hyperbolic excess speed. Figure 10 displays the
hyperbolic excess speeds of the system as it leaves the SOI of Mars
for a range of initial speeds and probe orientations. As the mag-
nitude of the probe’s angle of attack increases, so does the loss in
the final speed and the velocity deflection angle. From Fig. 10 it
can be seen that the maximum speed loss is about 1.58 km/s with
a probe angle of attack of —20 deg and an initial hyperbolic ex-
cess speed of 10 km/s. The total change in the heliocentric velocity,
shown in Fig. 11, is determined from the geometry of the initial
and final heliocentric velocity vectors and, therefore, includes the
velocity rotation and loss in speed. For the presented configurations
the total change in heliocentric velocity ranges from 2.5 to about
3.5 km/s. The scenario with an initial hyperbolic excess speed of
10 km/s shows a faster growth in the magnitude of the heliocentric
velocity change, with respect to the probe’s angle of attack, than the
other scenarios. Figure 12 presents the percentage increase in the
heliocentric velocity change relative to what can be achieved with a
GA maneuver. The respective maximum increases for the scenarios
with initial speeds of 10, 8, and 6 km/s are 57.0, 22.5, and 17.7%.
Again, the scenario with an initial speed of 10 km/s produces the
greatest percentage increases.

Significant force loads affect the tethered satellite system as it
interacts with the atmosphere of Mars. Figure 13 presents the max-
imum forces calculated at the attachment points between the tether
and the end masses. As shown in Fig. 14, axial forces act in the
direction of an axis collinear with the length of the tether. The pos-
itive axial forces determined at the attachment point between the

Maximum Force (x1 04N)

—©— Axial force at probe end
—4f —*— Normal force at probe end
—&— Axial force at orbiter end

—— Normal force at orbiter end

-20 -15 -10 -5
Probe Angle of Attack, o (°)

Fig. 13 Maximum force produced during intact system flybys with an
initial V. of 10 km/s.
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Axial Fig. 14 Direction of positive forces acting on

* the tether ends induced by the end masses.
Normal

—=d Probe

tether and the orbiter indicate that the orbiter is pulling away from
the tether in the axial direction. Similarly, the negative axial forces
calculated at the attachment point between the tether and the probe
indicate that the probe is pulling away from the tether in the ax-
ial direction. As both the orbiter and probe are pulling away from
the attachment points, the tether is in tension when the axial forces
reach a maximum. From Fig. 14 it can be seen that positive nor-
mal forces act on the tether attachment points normal to the tether
length. The maximum normal forces are positive at both attachment
points, indicating that the end masses are pulling the tether forward
in the direction of the positive normal force. At the attachment point
between the orbiter and the tether, the maximum normal forces are
relatively small and do not change significantly with respect to the
probes angle of attack. However, the maximum normal forces pre-
dicted at the interface between the tether and the probe are large
as a result of a difference between the ballistic coefficients of the
tether and the probe. The difference between the ballistic coeffi-
cients causes the tether to retard the motion of the probe through
the atmosphere. More closely matching the ballistic coefficients of
the tether and probe (aeromatching'®) can alleviate the magnitude
of the normal force. In general, the magnitudes of the forces gener-
ated at the tether ends are dependent on the altitude, velocity, and
orientation of the tether during the flyby.

The high forces, which are acting on a tether with a 1 mm diam,
are in excess of the strength limits of commonly modeled
materials. One candidate material, Spectra 2000, has a ten-
sile strength as high as 3.5 GPa (data available online at
http://www.spectrafiber.com/products/spectra_2000.html [cited 11
March 2003]). Implementing a tether with a larger diameter enables
the system to withstand these loads, but will increase the magnitude
of the atmospheric drag forces and the mass of the tether. As the
tether is actually a flexible body, it is reasonable to assume that the
loads act in tension only. If the forces act on a tether axially, em-
ploying a diameter of 2 mm produces maximum loads tolerable by
Spectra 2000 for flybys with an initial hyperbolic excess speed of
6 km/s. Similarly, a diameter of 2.5 mm will produce tolerable loads
for flybys with an initial hyperbolic excess speed of 8 km/s. The cost,
in terms of mass, is quite significant with tether diameters of 1, 2,
and 2.5 mm corresponding to masses of 137, 549, and 857 kg, re-
spectively. A material with a higher strength-to-weight ratio would
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be the preferable method for accommodating the high loads. De-
veloping materials, such as carbon nanotubes, are expected to be
capable of withstanding the loads demonstrated in a tether with
a small diameter.”> For near-term applications more conservative
flyby scenarios will need to be adopted in order to minimize the
loads and the tether mass.

Case 2

Using a tethered satellite system to deliver two mission packages
to different destinations presents some interesting possibilities for
interplanetary exploration. In this investigation the probe and orbiter
are released from the tether near periapse while the system is un-
dergoing an aerogravity-assist maneuver. Separation results in the
two masses following independent trajectories. The reported results
show that the dual-destination mission scenario is quite promising
for delivering payloads to different destinations. For comparison,
the system configurations adopted for the reported dual-destination
missions are the same as the intact-system maneuvers. Table 2 lists
the results obtained for three initial hyperbolic excess speeds. The
results represent the highest target periapse altitude at which the
probe is able to land on the planet’s surface. Solutions at lower al-
titudes are possible at the cost of larger forces acting on the system
and lower minimum altitudes for the orbiter. The simulations of the
dual-destination mission reveal that the final orbiter conditions are
not dependent on the probe’s angle of attack when the masses are
released from the closest approach point of the probe. Releasing 10
or more seconds after the probe’s closest approach point produces
greater rotation of the orbiter’s velocity. The cost of the increased
rotation is higher force magnitudes and failure of the probe to land
on the surface. Unlike the other cases, the flyby with an initial hy-
perbolic excess speed of 8 km/s requires a lower target periapse to
enable the probe to land on the surface of Mars.

The behavior of the dual-destination mission scenario is clearly
illustrated in Fig. 15. This graph depicts the altitude of the orbiter,
probe, and system center of mass near the periapse of the hyperbolic

Table 2 Simulated dual-destination missions (case 2)

Hyperbolic excess speed 10 8 6

Target periapse altitude for the system CM, km 160 150 160

Wedge angle of attack, deg —10 —10 —10

Total velocity deflection of the orbiter 13.8 21.1 30.9
by the dual-destination maneuver, deg

Final speed, km/s 9.55 7.48 5.60

Total heliocentric velocity change, km/s 2.39 2.88 3.11

Minimum altitude reached by the orbiter, km 220 205 225

Potential velocity deflection by a GA 12.2 18.0 28.8
maneuver with 200-km periapse altitude, deg

Percentage increase in heliocentric velocity 12 15 4

change relative to GA maneuver, %
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Fig. 15 System altitude vs flight time near periapse for case 2 (initial
Voo =8 km/s, target periapse altitude = 150 km).

flyby trajectory. In the figure it is possible to observe that the end
masses are released at the closest approach point of the probe, which
enables the end masses to follow independent trajectories. For ref-
erence, the trajectory of the intact system is also represented in
Fig. 15. The results are for a hyperbolic orbit with a periapse alti-
tude of 150 km and a hyperbolic excess speed of 8 km/s. The probe
is assumed to maintain an angle of attack of —10 deg until release.
Once released from the system, the angle of attack is decreased in
order to increase drag. The final destination for the probe is the sur-
face of Mars. For the orbiter, however, the journey continues with
a postflyby velocity that is deflected by 21.1 deg from the initial
velocity of the system.

For the dual-destination mission depicted in Fig. 15, the postflyby
trajectory of the system undergoing an intact-system maneuver is
rotated more than that of the detached orbiter for the same flight
conditions. The larger deflection, however, is associated with a sig-
nificant decrease in the hyperbolic excess speed of the system and
results in the orbiter dropping below 200 km. The final speed of the
intact system represented in Fig. 15 is 6.4 km/s, which represents a
loss of 1.6 km/s. For the detached orbiter the final speed is 7.5 km/s,
which corresponds to a loss of only 0.5 km/s. A total change of
2.9 km/s in the orbiter’s heliocentric velocity is determined from
the geometry of the pre- and postflyby velocities. The increase in
the total heliocentric velocity change of the orbiter compared to per-
forming a GA maneuver with a target periapse of 200 km is around
15%. For the cases with initial hyperbolic excess speeds of 10 and
6 km/s, the changes in heliocentric velocity are 2.39 and 3.11 km/s,
respectively. As shown in Table 2, these velocity changes represent
increases of 12 and 4% relative to the corresponding GA maneuvers
with periapse altitudes of 200 km. The example flyby scenarios indi-
cate that the dual-destination mission generates significant changes
in the heliocentric velocity of the orbiter and permits the probe to
land on the planet’s surface.

Conclusions

Two mission cases for the tethered satellite system-aerogravity-
assist concept are investigated using ambitious mission scenarios.
The simulation results indicate that these mission types are effec-
tive in producing significant changes in velocity without the use of
propellant. In addition, it is shown that each mission case is capa-
ble of maintaining part of the system mass outside of the sensible
atmosphere. Modeling the behavior of a flexible tether system dur-
ing an aerogravity-assist maneuver, developing appropriate control
strategies, and, ultimately, optimizing the mission configuration are
identified as important design challenges. Depending on the param-
eters of the mission and the available tether materials, the tethered
satellite system-aerogravity-assist concept might be practical for
future space exploration.
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