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The co-delivery of a direct-entry probe and an aerocapture orbiter from a single atmospheric entry state is a novel
way to include ride-along probes or orbiters on interplanetary missions. This is made possible through combining two
technologies: low-cost small satellites and aerocapture. This study investigates the feasibility of this co-delivery
method from a flight-mechanics perspective. The availability of direct-entry and aerocapture trajectories from a
single entry flight-path angle is assessed for a large range of feasible ballistic coefficients at Earth, Mars, Venus, Titan,
and Neptune. Apoapsis altitude, peak heat flux, total heat load, and peak g-load are also quantified across this trade
space. A representative scenario implementing closed-loop guidance is presented for a proof of concept, and the
trajectory dispersions due to relevant uncertainties are quantified in a Monte Carlo analysis. Passive ballistic
impactor or penetrator probes as a secondary mission with a primary lift-modulated aerocapture orbiter is

identified as the most promising configuration.

I. Introduction

O-DELIVERY of a probe and an orbiter is a powerful archi-

tecture for a variety of interplanetary missions. The Galileo and
Cassini—Huygens missions are two famous examples, among many
others, of this approach. Given the infrequency of major planetary
science missions, it is desirable to maximize scientific return by
gathering data from orbit as well as in siftu measurements from the
atmosphere or surface. Although interplanetary probe and orbiter
missions have already been accomplished a number of times, two
technologies could be combined to enable a new type of co-delivery
architecture for planetary science missions.

The first technology is low-cost small satellites (SmallSats), espe-
cially CubeSats, which have accounted for an increasingly large
share of satellites launched each year since around 2012 [1]. Tech-
nological innovations, including the miniaturization of electronics
and availability of commercial off-the-shelf hardware, have led to a
steady increase in the capabilities possible in these small form
factors, and CubeSat missions have now moved beyond serving a
primarily educational role to make numerous notable scientific
contributions [2]. A 2014 study sponsored by the Keck Institute
for Space Studies presented space science mission concepts
“uniquely enabled by the small satellite platform,” and recom-
mended including small spacecraft as secondaries on all missions
beyond low Earth orbit [3]. NASA has also studied a variety of
mission concepts through its Planetary Science Deep Space Small-
Sat Studies program [4]. In November 2018, Mars Cube One
(MarCO)-A and MarCO-B, the twin CubeSat communications
relays accompanying the InSight Mars lander, successfully demon-
strated the merit of SmallSats in deep space applications [5]. Ongoing
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research is applying SmallSat innovation to entry, descent, and landing
(EDL) by developing technologies including deployable aeroshells
and multifunctional EDL structures [6,7]. SmallSat secondary space-
craft enhance planetary science missions only if the secondary mission
can minimize the additional mass, risk, cost, and complexity to the
primary mission.

The second technology is aerocapture, the often-studied technique
of flying through the atmosphere of a planet to reduce the spacecraft’s
energy and capture into orbit, as shown in Fig. 1. This technique has
been studied for decades, but not implemented in flight. In recent
years, significant work has contributed to the development of aero-
capture and related technologies, including development of advanced
thermal protection systems [8], robust flight-control methods and
guidance algorithms [9-11], uncertainty quantification [12-15],
deployable decelerator technology [6,16,17], and broad aerocap-
ture technology studies [18-20] to list a few. A 2016 study at the
NASA Jet Propulsion Laboratory concluded that, while aerocapture
technology readiness is destination dependent, no prior flight dem-
onstration would be needed to implement aerocapture on Titan,
Mars, and possibly Venus [18]. Some of the renewed interest in
aerocapture can be attributed to recent concepts for missions to the
ice giants (Uranus and Neptune) in preparation for the Planetary
Science Decadal Survey [21], because it is these destinations where
aerocapture can offer the most benefit compared to propulsive orbit
insertion [22].

The concept that combines secondary SmallSats and aerocapture is
to design a probe and an orbiter to reach their desired final states from a
single approach trajectory and entry state, illustrated in Fig. 2. The two
vehicles travel together during cruise and separate shortly before
atmospheric entry, and then diverge during atmospheric flight due to
differences in their aerodynamic properties and control strategies. The
orbiter stays higher in the atmosphere, dissipating just enough energy
to perform aerocapture, while the probe continues deeper into the
atmosphere until reaching its desired target state, such as parachute
deployment or surface impact. By designing the probe and orbiter to
target a single atmospheric entry state, the need for a critical divert
maneuver performed shortly before entry is avoided. For example, a
satellite using lift-modulated aerocapture to reach Mars orbit could
release several small probes that follow ballistic trajectories down to
the surface. A jettison event is still required to physically separate the
orbiter and probe and prevent recontact in the atmosphere, akin to the
mechanical separation of the Mars Science Laboratory (MSL) aero-
shell from its cruise stage 10 min before atmospheric entry [23]. In
general, this co-delivery approach can apply to missions with multiple
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Fig. 1 Diagram of the aerocapture process.
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Fig. 2 Conceptual diagram of co-delivery from a single entry state, shown as a close-up view of the region in the dashed-line box in Fig. 1; features

exaggerated.

probes or orbiters, but for simplicity this study proceeds assuming only
one of each. The following are key terms used in this study:

1) “Co-delivery” refers to any two or more spacecraft that reach a
shared destination via a single interplanetary trajectory, such as the
delivery of five separate probes by the Pioneer Venus Multiprobe
bus [24].

2) “Probe” is used as a catch-all term, including landers, impactors,
deep atmospheric probes, etc.

3) “Secondary” refers to a smaller, ride-along addition to a larger,
more expensive “primary” craft; for example, MarCO was a secon-
dary mission for the InSight primary spacecraft. In the context of the
proposed co-delivery method, a primary orbiter could have a secon-
dary probe or the other way around; hence, these terms are defined
separately.

The primary motivation for targeting a single entry state for both
orbiter and probe is to avoid requiring a divert maneuver, and
managing its associated error, shortly before entry. If this maneuver
is performed early, the probe would either require a propulsion
subsystem and navigation capability, or would be coasting without
course-correction capability from separation until entry. The later
the orbiter performs the divert maneuver, the larger this maneuver
becomes and the less time there is to quantify and potentially mitigate
maneuver execution error. This is not to say that these other co-
delivery architectures are not feasible; indeed, Galileo and Cassini—
Huygens successfully had probes coast passively for nearly 150
and 20 days, respectively [25,26]. Rather, targeting a single entry

condition is a solution to this tradeoff that reduces maneuver complex-
ity on approach and eliminates a source of navigation error. Further-
more, by codelivering the probe and orbiter, the secondary craft is able
to benefit from the resources of the primary spacecraft, such as power,
propulsion, and communications, until shortly before atmospheric
entry. This may significantly simplify the design of the secondary
ride-along craft compared to separate post-launch operations; for
example, independent operations and navigation during cruise proved
to be a significant challenge for the MarCO CubeSats [27].

Reference [28] qualitatively discusses the challenges of the pro-
posed co-delivery method in detail. These challenges include the
timing and dynamics of the separation event, post-separation colli-
sion concerns, timing and observation geometry between the orbiter
and probe, and the feasibility of trajectories that deliver an orbiter for
aerocapture and a probe for direct entry from a single entry state. The
last of these is the focus of this study, with the remaining challenges
left for future work.

This study focuses on the feasibility of the flight mechanics
associated with this co-delivery strategy. A broad trade space is
explored to understand the regions of feasibility for co-delivery from
a single entry state while quantifying relevant mission constraints.
Earth, Mars, Venus, Titan, and Neptune applications are considered.
A single representative scenario is developed that implements
closed-loop guidance for both vehicles, and illustrates the perfor-
mance of these vehicles under relevant uncertainties via Monte Carlo
simulation.
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II. Trade Study

The purpose of this section is to understand, at a high level, the
combinations of trajectories and vehicles for which co-delivery from
a single entry state is a possibility. A wide range of entry trajectories
are simulated and classified by their final states, and a number of key
constraining parameters are computed. The goal of this study is to
demonstrate the fundamental flight mechanics feasibility of this
co-delivery method at each destination and provide a starting point
for further investigation of any specific mission concept.

A. Methodology

To simulate these trajectories, three-degree-of-freedom equations of
motion are numerically integrated assuming a point-mass gravity with
lift and drag forces acting on each vehicle [29]. Consistent with the
flight of a blunt body in hypersonic continuum flow, constant aerody-
namic coefficients, constant mass, and zero thrust are assumed, as well
as zero wind. The vehicle state is propagated using a variable-step
Runge—Kutta numerical integration method of order 5(4) [30]. The
vehicle is initialized at the atmospheric interface altitude /,,, and the
values used are listed in Table 1 [34-36,38]. For each target destina-
tion, a representative planet-relative entry velocity Vi, is defined
based on entry velocities of previous planetary entry missions or
aerocapture mission studies [31-33]. Entry flight-path angle (EFPA)
and ballistic coefficient are varied as part of the trade study. Entry
flight-path angle is the angle between the planet-relative velocity
vector of the vehicle at atmospheric entry and the local horizontal.
The ballistic coefficient f is effectively a ratio of inertial to aerody-
namic forces on the vehicle and is defined in Eq. (1), where m is vehicle
mass, Cp, is hypersonic drag coefficient, and A is reference area. Note
that, although the particular results described herein will vary as a
function of entry velocity, the purpose of this work is to demonstrate
the conceptual feasibility of this co-delivery technique. The parameters
used in this analysis are listed in Table 1.

m

F=con

€]

Profiles of atmospheric density are taken from the nominal output of
the Global Reference Atmospheric Model (GRAM) for that planet/
moon [40-44], where each GRAM provides an engineering-level
model that can produce both mean and dispersed atmospheric data.
The density profile is then linearly interpolated with altitude; although
density varies approximately exponentially with altitude, GRAM data
are output every 0.1 km, and so linear interpolation between data
points is sufficiently accurate for this application. To approximately
characterize the effect of density variability, results are shown for
density profiles at £3 standard deviations from nominal, where these
430 profiles are directly output by GRAM.

Several potentially constraining quantities are calculated for each
trajectory, one of which is peak heat flux. Specifically, the peak
convective heat flux at the stagnation point for a fully catalytic surface
is estimated using the Sutton—Graves method [45] in the form shown

Table1 Relevant planetary constants

Central V¢os Atmospheric composition

body hym, km  km/s k, kg®3 /m by volume

Earth 125 [34]° 11 1.748 x 10™*  78.1% Ny; 20.9% O, [35]

Mars 125 [36] 6 1.904 x 10~ 2.59% N,; 95.1% CO,;

1.94% Ar [37]

Venus 135[35] 11.5  1.897x 107* 3.50% Ny; 96.5%
€O, [35]

Titan 800 [35] 6 1.758 x 10~% 97.7% Ny; 2.30%
CH, 35]

7.361x 107  1.50% CHy; 79.6% H,;
18.9% He [39]°

Neptune 1000 [38] 27

“Orion uses A, = 400,000 ft, which here is rounded up to 125 km to match convention.
PParticular values chosen to match NASA Space Science Data Coordinated Archive fact
sheet for Neptune.

in Eq. (2). In this equation, p is density and R, is effective nose radius,
and the k coefficients and the atmospheric composition data used to
compute them are listed in Table 1 [35,37,39]. Radiative heating is
not included in this analysis. Total integrated heat load is computed
by numerically integrating the stagnation point convective heat flux
over time. An effective nose radius of R,, = 1 m is assumed, which
allows easy scaling of these heating results for other nose radius
values. The maximum sensed acceleration in terms of Earth g’s

values is also calculated.
4y = k\ [ £V @)

Each trajectory is categorized based on its exit state: if the trajectory
intersects the surface (or some minimum altitude), it is a probe;
if the vehicle exits the atmosphere on an elliptical orbit, it is an
orbiter; and if the vehicle exits the atmosphere on a hyperbolic orbit,
the trajectory is categorized as escape. For the orbiter trajectories,
apoapsis altitude is computed using the post-atmospheric Keplerian
state of the vehicle.

Three types of trajectories are described in the open-loop analysis
presented in this study: ballistic, full-lift-up, and full-lift-down. These
descriptors do not imply that the vehicle has no additional control
authority; rather, they represent nominal trajectories for which no lift-
or drag-modulation is required. A lift-to-drag ratioof L/D = 0.25is
selected based on the approximate hypersonic trim L /D of MSL and
Mars 2020 and the known capabilities of a 70 deg sphere cone
aeroshell [36]. Although the results of this study provide insight into
the consequences of increasing or decreasing L /D from this value,
quantitative analysis for vehicles with significantly different L/D is
left for future work. By showing these three cases, the set of trajecto-
ries approximately accessible with a 70 deg sphere cone aeroshell is
characterized for each scenario.

B. Results

The results at each planetary destination are summarized in
Figs. 3-7. For each of the three trajectory types, trajectories are
simulated across a grid of varying EFPA and ballistic coefficient.
For each grid, at any given p, there will be some EFPA value that
delineates between probes and orbiters. These EFPA values form the
black line on each plot. Similarly, if the inertial entry velocity
exceeds escape velocity, there will be an EFPA value delineating
between orbiters and escape trajectories, and this is shown as the
purple line. The shaded regions for each line are bounded by the
values of that line when the £30 profiles are used for density.
Therefore, any grid points left of the black line are probe trajecto-
ries, any grid points between the lines are orbiters (aerocapture), and
to the right of the purple line are escape trajectories. Contours of
apoapsis altitude, peak g-load, peak heat flux, and total heat load are
then overlaid for each plot. Note that the contour values are not
necessarily evenly incremented, and that the x-axis scale varies
significantly between destinations.

The interpretation of these plots is illustrated through the following
example. By definition, the proposed co-delivery method is feasible
where a probe trajectory and orbiter trajectory both exist at the same
EFPA for realistic ballistic coefficients. Because the vehicles share an
entry condition, co-delivery scenarios are identified in these plots with
vertical cross sections along a single EFPA. As a simple example, a
vertical line at —5.5 deg (not shown) for the Earth-ballistic plot would
pass through the middle of the black line. Here, ballistic coefficients
less than 75 kg - m~2 are probes and greater than 110 kg - m™2 are
orbiters. Thus, for 11 km/s entry at Earth with an EFPA of —5.5 deg,
co-delivery from a single entry state is possible using only ballistic
trajectories, just by tuning the  values of the two vehicles.

The application of lift broadens this feasible range significantly. In
Fig. 3, a light blue vertical line is added at a nominal EFPA of
—6.25 deg. On the ballistic plot, the line is entirely behind the orbit-
ers/probes cutoff, meaning all ballistic coefficients in the range con-
sidered (10-200 kg - m~2) result in probe trajectories. On the full-lift-
up plot, the line is entirely in front of the cutoff line, and so all # values
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Fig.3 Feasibility space for Earth, 11 km - s~! relative entry velocity, shown with example annotation.

result in orbiter trajectories. The initial apoapsis altitudes for these
trajectories vary with ballistic coefficient and are shown in the dashed
blue contour lines.

For the proposed co-delivery method to be plausible, the architec-
ture should be robust to a number of uncertainties, including navi-
gation uncertainty. This can be described as an entry corridor, arange
of possible EFPA values. In Fig. 3, the dashed light blue vertical lines
represent an entry corridor of —6.25 + 0.5 deg. As a result of this
uncertainty, the dashed lines now intersect the black cutoff lines for
ballistic and lift-up trajectories, and these intersection points give the
ballistic coefficient requirements for this scenario. For feasibility
even with this large EFPA uncertainty, the orbiter # would need to

be at least 40 kg - m™ and the probe coefficient no greater than
160 kg - m~2. The value of £0.5 deg used here is only an example;
the same process can be followed for any width entry corridor using
the results in Figs. 3-7.

These ballistic coefficients might be further constrained by other
requirements. Continuing the example annotated in Fig. 3, to achieve an
initial apoapsis altitude of at least 150 km, the orbiter  should be at least
75 kg - m™2. To keep the total heat load at the stagnation point below
20 kJ - cm™2, the probe  should be no greater than 120 kg - m=2.
Additionally, note that the EFPA range still does not intersect the cutoff
line on the full-lift-down plot, and so any ballistic coefficient in range
would result in a probe trajectory, although the peak g-loads are
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Fig.4 Feasibility space for Mars, 6 km - s~! relative entry velocity, and nominal scenario used in Sec. III marked in blue.

significantly higher for lift-down trajectories. In addition to these flight
mechanics constraints, packaging and vehicle geometry considerations
make some ballistic coefficients more feasible than others.

The preceding example demonstrates how a mission designer can
choose constraints on nominal EFPA, entry corridor, apoapsis, etc., and
then directly assess the feasibility of probe and orbiter co-delivery from
asingle entry state for that mission scenario from the plots in Figs. 3-7.

C. Discussion

The feasibility assessment at each destination depends on the
specific scenario and constraints, making it challenging to compare
the destinations in a general way. One heuristic approach is to

consider the EFPA range spanned by the probes/orbiters cutoff line
(i.e., the difference between the probe/orbiter transition EFPAs at f =
200 kg - m~2 and § = 10 kg - m~2 for ballistic trajectories, includ-
ing the narrowing effect of the atmospheric uncertainty bars). In
ascending order, this value is approximately 0.66 deg at Venus,
0.84 deg at Earth, 0.88 deg at Neptune, 1.22 deg at Mars, and
3.8 deg at Titan. These values reflect the ranges of usable EFPAs
for two ballistic vehicles, meaning Titan is by far the most flexible if
no nominal lift is required. A similar heuristic parameter is the EFPA
range gained from a full-lift-up trajectory, defined as the difference
between the probe/orbiter transition EFPAs at # = 100 kg - m~2 for
full-lift-up and ballistic trajectories, including the narrowing effect of
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Fig. 5 Feasibility space for Venus, 11.5 km - s~! relative entry velocity.

the atmospheric uncertainty bars. Again, in ascending order, this
value is approximately 1.18 deg at Neptune, 1.36 deg at Earth,
1.52 deg at Mars, 1.84 deg at Venus, and 1.9 deg at Titan. Titan again
has the widest range by this measure, although by a smaller margin.
Notably, Venus has the smallest range for ballistic-only trajectories
but has the second-widest range by this measure of lift effectiveness.
The small scale height of the Venusian atmosphere at aerocapture
altitudes corresponds to rapid density variations with altitude [32],
resulting in narrow corridor widths but a large control authority for
lifting vehicles. Furthermore, all else being equal, high entry veloc-
ities lead to larger theoretical corridor widths for lift-modulation
aerocapture vehicles [46], and the representative entry velocity
chosen for Venus in this study is high relative to the mass of the

planet. It is important to note that these benefits are directly traded off
by high g-loads, heat fluxes, and heat loads at Venus; the high entry
velocity at Neptune, dictated by its large gravity well and the con-
straint of reasonable times of flight from Earth, has similar draw-
backs. Note that the particular values of these EFPA ranges are tied to
the choices of atmospheric interface altitudes listed in Table 1.

The results shown in Figs. 3-7 and discussed previously are
primarily in terms of ballistic coefficient, which is a ratio and pro-
vides no information on the actual mass and volume of the vehicle.
The mechanical and aerodynamic design of specific aeroshells to
meet a target ballistic coefficient, fit within secondary SmallSat mass
and volume constraints, and accommodate a science payload is
beyond the scope of this study. That said, there is precedent for entry
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Fig. 6 Feasibility space for Titan, 6 km - s~! relative entry velocity.

capsules in a SmallSat form factor. Most notably, the Mars Microp-
robes provide flight heritage at Mars, and each probe had a ballistic
coefficient of 35.6 kg - m~2 and an entry mass of 3.6 kg, and would
have fit within a 35 X 35 X 27.5 cm box [47], well within the mass
and volume constraints for a secondary payload on an Evolved
Expendable Launch Vehicle Secondary Payload Adapter (ESPA)
ring [48]. The Adaptive Deployable Entry and Placement Technol-
ogy deployable aeroshell enables aeroshell diameters of up to 1.7 m
to stow within an ESPA secondary payload volume, and has an
expected ballistic coefficient in the range of 25-50 kg - m~2 and
entry mass of 75-150 kg for delivery of a 12U CubeSat payload
volume [6]. The notional design for the Small High Impact Energy
Landing Device has a ballistic coefficient as low as 10 kg - m~2 foran

entry mass of 50 kg and 6 kg payload mass [7,49]. These example
designs are included here to illustrate the fact that, although detailed
design is out of scope, the co-delivery method is conceivable with
SmallSat-class vehicles.

There are some key limitations to the approach taken in this study.
For the sake of space, only one entry velocity is considered for each
destination. In general, increases in entry velocity on the order of
1 km - s7! lead to an increase in lift-modulation control authority,
increased g-loads, and a compression of the available apoapsis radii
in terms of EFPA, but the overall feasibility of co-delivery is not
dramatically affected. This is shown in Ref. [50] through a comparison
of feasibility with 10, 11, and 12.5 km - s~! entry velocities at Earth.
Another limitation is the bounding case approach to lift modulation.
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Although it is possible to use 100% of available lift to bias the nominal
trajectory (e.g., Viking flew a full-lift-up trajectory with no guidance),
in general some control authority must be allocated to compensate for
uncertainties in EFPA, atmospheric density, vehicle parameters, etc.
MSL, for example, used about 70% of its available lift to bias its
nominal trajectory, reserving 30% for control authority margin [36].
The ability of the results shown here to capture these types of trajecto-
ries is limited. For example, for a lift-up trajectory at Earth,
11 km - s!, and an EFPA of —6 deg, a ballistic coefficient of 50 kg -
m~2 results in an apoapsis altitude of about 3000 km. Intuitively, a
similar trajectory that instead uses only 70% of its lift for the nominal
trajectory would result in aerocapture with a lower apoapsis, but the

results shown here do not quantify this idea. Nonetheless, these results
give bounding cases within which a vehicle could reserve some control
margin for uncertainties by targeting a lower apoapsis or increasing
control authority by increasing L/D.

Another aerocapture trade reflected in these results is that, in
general, more is gained from the lift-up trajectories than from lift-
down. From inspection of the example in Fig. 3, it is clear that one
appealing configuration is a lift-modulated orbiter with a ballistic
probe trajectory. The ballistic probe trajectory could be truly passive,
such as for a simple penetrator probe mission, or it could apply lift- or
drag-modulation to the ballistic trajectory for the purpose of accom-
modating uncertainties. Passive impactor or penetrator probes are
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already excellent candidates for co-delivery due to their simplicity
and small size, and so this configuration stands out as a promising
mission architecture for multiple reasons.

III. Representative Scenario

The previous section explores a large trade space for probe and
orbiter co-delivery by considering numerous point designs. Each of
these trajectories is only passively controlled (full-lift-up or -down, or
ballistic) and has no accounting for random uncertainties. To further
demonstrate the fundamental feasibility of the proposed co-delivery
method from a flight mechanics standpoint, this section more closely
examines a single representative mission scenario. A nominal sce-
nario is defined that makes use of bank-angle modulation lift control
for both the probe and the orbiter. Representative uncertainties are
then applied and their effect quantified through a Monte Carlo
analysis.

A. Methodology

A general co-delivery scenario involves two vehicles, an aerocap-
ture orbiter and a direct-entry probe, each of which may implement
some closed-loop guidance to control their atmospheric flight. As
noted in Sec. II.C, a particular scenario of interest would involve a
passive ballistic probe; because this vehicle would be significantly
simpler than an entry vehicle using active guidance and control, it
may be a better fit for ride-along probe missions. Thus, three vehicles
are considered in this section: a guided orbiter that performs aero-
capture, a guided probe following a direct-entry trajectory, and a
passive ballistic probe that follows a similar direct-entry trajectory.

Mars is chosen as the destination for this representative example
scenario. The trajectories are simulated using the same equations of
motion as in Sec. IL.A, with the addition of the J, zonal term in the
spherical harmonics gravity model, where J, = 0.001964 [51]. For
the orbiter and guided probe, bank-angle modulation is used as the
method of control, which updates the orientation of the lift vector
about the velocity vector without changing the angle of attack. This
method is selected here for its flight heritage on the MSL and Mars
2020 missions [36,52], but note that other control approaches, such as
drag-skirt jettison or direct-force control, would also be applicable.

Mode 1 of the Fully Numerical Predictor—Corrector Aerocapture
Guidance (FNPAG) scheme developed by Lu et al. [11] is imple-
mented for the orbiter. This guidance algorithm assumes a bang-bang
structure to lift modulation, wherein the vehicle uses Brent’s method
[53] to numerically predict a switching time from a lift-up angle
0 <0, <90 deg to a lift-down angle 90 deg < o, < 180 deg (o; is
called oy in [11], renamed here to distinguish from the Fully Numerical
Predictor—Corrector Entry Guidance (FNPEG) variable of the same
name). This bang-bang structure targets the desired apoapsis while
minimizing the total AV required for the periapsis raise and apoapsis
correction maneuvers. The following simplifying assumptions are
made for the purpose of this demonstration:

1) Only longitudinal guidance is implemented, meaning a final
apoapsis radius is targeted while ignoring the final inclination or
wedge angle. Lateral guidance is normally achieved separately from
the modulation of the bank-angle magnitude through periodic bank
reversals [11]. Assuming no plane change is desired during aerocap-
ture, the feasibility of achieving the desired apoapsis under uncer-
tainties can be approximately assessed without considering the lateral
guidance component, even though for any real aerocapture mission
the lateral logic is an important part of the guidance scheme.

2) The initial bank angle is assumed to be ¢; = 0 deg, and the
initial guess for the final bank angle (which is updated during phase 2
of FNPAG) is assumed to be o, = 150 deg. Note that with
o; = 0 deg, there is neither lateral force nor lateral control authority
during phase 1, but bank reversals could be performed during
phase 2.

3) The guidance is run at a rate of 1 Hz and the bank-angle is
updated instantaneously, neglecting the effect of a finite roll rate and
acceleration for the vehicle.

4) No additional trajectory constraints are imposed, such as limits
on peak heat flux or g-load, because the value of those limits would be
strongly mission dependent.

5) No atmospheric estimation model is included in the guidance
implementation, as this was found to be unnecessary to demonstrate
fundamental feasibility for this scenario.

These simplifying assumptions are appropriate here because this
section presents a proof-of-concept demonstration; a dedicated mis-
sion analysis would iteratively tune o,, potentially assume a larger
value for o;, implement bank reversals and a finite roll rate and
acceleration, and so on.

A similar approach is taken for the guided probe, which imple-
ments FNPEG, developed by Lu [54]. FNPEG assumes the bank-
angle magnitude profile is a linear function of e, as shown in Eq. (3),
where e is the negative of the specific orbital energy, as given in
Eq. (4). The value of o is then updated with each guidance call to
target a desired range and energy, where the desired energy is
computed by applying Eq. (4) to the desired radial distance and
inertial velocity at the final time. Note that, because the target values
for radius and velocity are combined into a single constraint, FNPEG
can result in small altitude and velocity errors, but in many applica-
tions (such as targeting range at parachute deploy), this is acceptable
[54]. At each guidance call, FNPEG uses the golden-section method
to minimize the error function [Eq. (3)] [33], where s(ef) is the
predicted great-circle range at the target energy, and s7 is the target
final range. The value of s(e) is predicted numerically by including
range s (in radians) in the equations of motion as § = V cos(y)/r and
propagating until the target energy is reached [54], where V and y are
both planet-relative values. Similar assumptions are made here as for
FNPAG. Lateral guidance is again neglected for the same reasons,
instantaneous bank-angle updates are assumed with guidance run at a
rate of 1 Hz, and no additional trajectory constraints are imposed. A
value of 6, = 60 deg is used for this study. As with FNPAG, these
assumptions are made for the sake of a proof-of-concept demonstra-
tion, and a more detailed mission analysis would tune 6 ¢, implement
finite roll rate and acceleration, etc.

lo(e)| = o9 + :f__eeoo (o7 —00) 3
_u_v
e="-3 )
1 *72
flog) = E[S(ef) = s7] ©)

B. Nominal Scenario

A nominal scenario is constructed starting from the results shown
in Fig. 4. As seen from the full-lift-up plot in Fig. 4, a lifting vehicle
with # = 130 kg - m~2 can achieve aerocapture with a low apoapsis
from an EFPA of —12 deg. As seen in the ballistic plot, a probe with
B = 35 kg - m™2 can follow a direct-entry trajectory from the same
EFPA, either as a ballistic probe or a lifting vehicle dedicating some
or all of its control authority to mitigating uncertainties. The orbiter
ballistic coefficient was chosen to be similar to that of MSL [36], and
the probe ballistic coefficient to be similar to that of the Mars
Microprobe capsules [47]. As in the trade study, the guided vehicles
have a lift-to-drag ratio of L/D = 0.25, whereas the passive probe is
ballistic (L/D = 0). As before, the entry state is defined at the
atmospheric interface altitude with a planet-relative entry velocity
of Vg o = 6 km - s~!, with a due-east initial heading angle at 18.38°
latitude. The nominal values of key parameters are listed in Table 2 in
the “Mean” column.

For the orbiter, the target final orbit is defined to be a 250 km
altitude circular orbit. By running an FNPAG trajectory once with no
dispersions (a perfect predictor), the switching time required to reach
this apoapsis from the entry state described previously is found to be
approximately 152.6 s. This nominal trajectory results in a nominal
total AV cost of 74 m - s™!, as shown in Table 3. This total AV is
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computed as the sum of the AV for a periapsis raise maneuver
performed at the initial apoapsis (AV;) and the AV for a subsequent
apoapsis correction maneuver performed at the new periapsis (AV,).
This cost is computed as in Eq. (6), where r, and r, are the apoapsis
and periapsis radii of the post-atmospheric state, respectively, and r};
and r}, are the desired apoapsis and periapsis radii, respectively:

*
rqy Ftu+ p rg T,+ rp

1 1 1 1
Y2l = - . 6
v \/r; ra+ \/r;*, Fo+ 71 ©)

For the guided probe, the target altitude and velocity are set to
15 km and 300 m - s7!, respectively, and the target range is approx-
imately 700.8 km. This target state corresponds to a Mach number of
1.3 and a dynamic pressure of 175 Pa, where the speed of sound on
Mars is found by interpolating from the table provided in [35].
Depending on the specific mission design, the final state targeted
by FNPEG could represent parachute deployment, retrorocket igni-
tion, or simply a shift to some other guidance method as the entry
capsule continues down to the surface. The main purpose here is to
give FNPEG something to aim for so that the effect of uncertainties
can be understood, rather than to design a full EDL sequence. With
these target values and a perfect predictor, FNPEG computes an
initial bank-angle magnitude of approximately oy = 139.3 deg.
This nominal trajectory results in zero range error, but has altitude
and velocity errors of 441 m and —5.5 m-s™!, respectively. As
mentioned in Sec. III.A, here FNPEG undershoots the target velocity
and overshoots the target altitude in such a way that the final energy is
still correct, but these errors are relatively small and could also be
further reduced by optimization of the reference trajectory. The
discrepancy is mainly notable because a bias can be expected in the
results under uncertainty due to these nonzero errors for the nominal
trajectory.

Lastly, the passive ballistic probe has no target state because it has
no variable control authority during atmospheric flight. To compare
results with the guided probe, the trajectory of the passive probe is
always terminated at 15 km altitude, and the errors are defined as
differences compared to the nominal velocity and range values at this
altitude: 353.1 m-s~! and 735.0 km, respectively. Note that this
means there are no performance results for altitude for the passive
probe. This corresponds to a Mach number of 1.6 and a dynamic
pressure of 242 Pa.

The nominal trajectories for these three vehicles are shown in
Fig. 8, where the blue dot shows the point along the trajectory of
the orbiter where it switches from lift-up (o;) to lift-down (c,). The
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Fig. 8 Nominal trajectories for the orbiter, guided lifting probe, and
passive ballistic probe.

Table2 Input dispersions

Parameter Mean Dispersions
EFPA —12 deg 30 = 0.2 deg
Entry velocity 6 km-s7! 36=10m-s!
Orbiter 130 kg - m™2 +5%

Probe 35 kg -m™ +5%
Orbiter L/D 0.25 +5%
Guided probe L/D 0.25 +5%
Density Mars-GRAM 2010  Mars-GRAM 2010

orbiter trajectory and either of the two probe trajectories constitute
one representative scenario on Mars; a similar process could be
followed for any of the feasible regions of the trade space identified
in Sec. II.

C. Performance Under Uncertainty

Having designed nominal trajectories for a guided orbiter, guided
probe, and passive probe, the performance of these vehicles is
assessed under representative uncertainties in the entry state, vehicle
aerodynamics, and atmospheric density. A 1500-trial Monte Carlo
analysis is performed. The mean and dispersions for each random-
ized input are listed in Table 2, where 36 = X indicates a Gaussian
distribution with zero mean and standard deviation o, and £Y%
indicates the bounds for a uniform distribution relative to the mean.
The input parameter is computed by adding the mean and a dis-
persion value randomly generated from the associated probability
distribution.

Variation in the entry state is simulated by independently normally
dispersing the planet-relative EFPA and planet-relative entry velocity
magnitude. Because the orbiter and probe are assumed to share a
delivery state, the same randomly selected entry state is used for all
three vehicles for each trial. The numerical predictor component of
FNPAG and FNPEG is given perfect state knowledge, including of
the entry state, and so the EFPA and velocity dispersions represent
guidance performance under a range of initial conditions, as opposed
to performance with an imperfect predictor or error between the
navigated and true states. The EFPA dispersion is set equal to the
delivery requirement for MSL, and the entry velocity dispersion is set
to five times the MSL requirement for the navigation knowledge
accuracy used for EDL guidance system initialization [23]. The
larger entry velocity dispersion is used in this study to generate a
wider range of potential entry states for illustrative purposes.

Uncertainty in the aerodynamic properties of the vehicles is mod-
eled by independently uniformly dispersing ballistic coefficient and
L/D. Because the orbiter and probe are separate vehicles, their
aerodynamic properties are dispersed separately. However, because
the passive probe is included for direct comparison to the guided
probe, its ballistic coefficient is always set equal to the actual value of
the ballistic coefficient of the guided probe; there is no dispersion on
the L/D of the passive probe because it always equals zero. Unlike
the entry state, the numerical predictor guidance always uses the
nominal values for  and L/D, whereas the true state is propagated
using the dispersed values for each trial, resulting in an imperfect
predictor. The uniform 5% dispersion for these vehicle parameters
represents modeling uncertainty associated with computational fluid
dynamics analysis and ballistic range testing, and is based on values
used in previous studies [55].

Finally, atmospheric density variability on Mars is modeled using
Mars-GRAM 2010, which has a built-in capability to output randomly
perturbed correlated density profiles in a Monte Carlo sense [41].
Because the orbiter and probe would arrive simultaneously and expe-
rience the same atmosphere, the same dispersed density profile is used
for all three vehicles in each trial. Differences in the density encoun-
tered at a given altitude due to different paths through the atmosphere
are assumed negligible for this study. As with the aerodynamics
dispersions, the guidance algorithm always uses the nominal density
profile in its predictions, whereas the true state is propagated according
to the dispersed density profile. The Mars-GRAM 2010 settings are
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Table 3 Performance results under uncertainty

Parameter Nominal Mean Standard deviation
Orbiter apoapsis error, km 0 30.87 65.05
Orbiter total AV cost, m - s~! 73.73 86.75 16.85
Guided probe altitude error, m 441.1 466.9 338.4
Guided probe range error, km 0 -0.1821 1.076
Guided probe velocity error, m - s7!  —5.486 —5.840 4.250
Passive probe range error, km 0 0.1483 9.984
Passive probe velocity error, m - s~ 0 0.1006 11.45

generally kept at their default values, including a perturbation scale of 1
and solar radio flux at 10.7 cm of 68 sfu [41], using the date of 18
February 2021.

The results of this 1500-trial Monte Carlo analysis are summarized
in Table 3, and histograms of error and cost parameters are shown in
Figs. 9-12. The purpose of this analysis is to demonstrate feasibility
for this mission scenario and to compare the performance of the
guided and passive probes, not to precisely estimate the performance
metrics of the vehicles. By numerically examining the convergence
as the number of trials was increased, the quantities of interest listed
in Table 3 are found to converge to within roughly +5%. The mean
range error for both probes and mean velocity error for the passive
probe are exceptions to this statement because, as quantities with
nominal values of zero and mean values near zero, their percent errors
are poorly behaved. The guided probe range error converges to within
roughly 0.05 km, the passive probe range error to roughly 0.2 km, and

the passive probe velocity error to roughly 0.5 m - s,
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a) Histogram of apoapsis error for orbiter

The orbiter achieves aerocapture with a 100% success rate despite
a relatively large range in entry states, although some cases do
significantly overshoot the desired apoapsis, as seen in Fig. 9. Note
that Fig. 9b is a close-up view of Fig. 9a to better see those high-error
cases. These errors also lead to a positive skew in the total AV results
shown in Fig. 10a, with the worst cases exceeding twice the nominal
cost. Note that the total AV results are centered nearly one standard
deviation above the nonzero nominal value. Although these errors are
significant, they are not unexpected, considering the relatively large
entry state dispersions and the use of an imperfect predictor in the
guidance algorithm. The large overshoot cases are often a result of
saturation in phase 2 of FNPAG, meaning the vehicle flies full lift
down but is still unable to sufficiently reduce its energy, resulting
in an apoapsis that is higher than desired. With better tuning of the
0,4 parameter, robustness could be improved and a reduction in the
high-error cases may be achieved. The performance could also be
improved by adding some adaptive atmospheric estimation capabil-
ity to the guidance implementation [11,56].

The altitude performance for the guided probe is shown in Fig. 10b,
and the range and velocity performance is compared between the
guided and passive probes in Figs. 11 and 12, respectively. As ex-
pected, the altitude and velocity errors for the guided probe are
centered near the nonzero nominal error values. Although the specific
requirements for this delivery accuracy would be mission dependent,
in general FNPEG shows good performance. Particularly notable for
this study is the comparison of range and velocity errors between the
guided and passive probes. As expected, the passive probe does
perform much worse than the guided probe; in terms of standard
deviation, the passive probe has roughly double the velocity error and
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Fig. 12 Target velocity error histograms for guided and passive probes.

roughly an order of magnitude more range error compared to the
guided probe. That said, a delivery uncertainty on the order of
+50 km range and £25 m - s~! velocity at 15 km altitude may well
be acceptable for some applications. For example, if the probe were a
small secondary ride-along payload targeting a broad surface region
either by parachute or as an impactor, perhaps these error ranges
would be sufficient.

The Monte Carlo analysis results are included to demonstrate two
main conclusions. First, aerocapture and direct-entry trajectories from
the same entry state are feasible even under significant navigation,
vehicle, and atmospheric dispersions if the orbiter is provided some
control authority and closed-loop guidance capability. Second, the
probe can target a specific final state if also provided control authority
and closed-loop guidance, although the final state dispersions for a
passive ballistic probe may already be sufficient for some applications.
The performance results presented in this section are intended to serve
as a proof of concept for one representative scenario at Mars under
uncertainty.

IV. Conclusions

The proposed co-delivery method is an architecture for SmallSat
ride-along missions to interplanetary destinations. This co-delivery
architecture is shown to be feasible for wide ranges of vehicle and
trajectory parameters at Earth, Mars, Venus, Titan, and Neptune,
subject to mission-specific heating and g-load constraints that are
quantified across this trade space. An example scenario is developed
using FNPAG and FNPEG closed-loop guidance for the orbiter and

probe, respectively, and the performance of the vehicles under uncer-
tainty is shown to be adequate through a Monte Carlo analysis. Based
on the trade space analysis and the uncertainty quantification results,
a passive ballistic impactor or penetrator probe as a secondary mis-
sion on an orbiter delivered by a lift-modulated aerocapture trajectory
is shown to be a particularly promising configuration. A number of
challenges remain for implementation, including separation design,
timing and observation geometry, packaging, and tight volume and
mass constraints.
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