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Abstract— Over the last two decades, space exploration sys-
tems have incorporated increasing levels of onboard autonomy
to perform mission-critical tasks in time-sensitive scenarios or
to bolster operational productivity for long-duration missions.
Such systems use models of spacecraft subsystems and the
environment to enable the execution of autonomous functions
(functional-level autonomy) within limited time windows and/or
with constraints. These models and constraints are carefully
crafted by experts on the ground and uploaded to the spacecraft
via prescribed safe command sequences for the spacecraft to
execute. Such practice is limited in its efficacy for scenarios that
demand greater operational flexibility.

To extend the limited scope of autonomy used in prior missions
for operation in distant and complex environments, there is
a need to further develop and mature autonomy that jointly
reasons over multiple subsystems, which we term system-level
autonomy. System-level autonomy establishes situational aware-
ness that resolves conflicting information across subsystems,
which may necessitate the refinement and interconnection of
the underlying spacecraft and environment onboard models.
However, with a limited understanding of the assumptions and
tradeoffs of modeling to arbitrary extents, designing onboard
models to support system-level capabilities presents a significant
challenge. For example, simple onboard models that exclude
cross-subsystem effects may compromise the efficacy of an au-
tonomous spacecraft, while complex models that capture in-
terdependencies among spacecraft subsystems and the environ-
ment may be infeasible to simulate under the real-world oper-
ating constraints of the spacecraft (e.g., limited access to space-
craft and environment states, and computational resources).

In this paper, we provide a detailed analysis of the increasing lev-
els of model fidelity for several key spacecraft subsystems, with
the goal of informing future spacecraft functional- and system-
level autonomy algorithms and the physics-based simulators on
which they are validated. We do not argue for the adoption of
a particular fidelity class of models but, instead, highlight the
potential tradeoffs and opportunities associated with the use of
models for onboard autonomy and in physics-based simulators
at various fidelity levels. We ground our analysis in the context
of deep space exploration of small bodies, an emerging frontier
for autonomous spacecraft operation in space, where the choice
of models employed onboard the spacecraft may determine
mission success. We conduct our experiments in the Multi-
Spacecraft Concept and Autonomy Tool (MuSCAT), a software
suite for developing spacecraft autonomy algorithms.
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1. INTRODUCTION

There is an escalating demand for spacecraft that feature
increasing levels of onboard autonomy, defined as the ability
of the spacecraft to achieve mission goals independent of
external control (i.e., ground control) [1]. The need for
spacecraft onboard autonomy is motivated by enabling new
exploration missions, increasing productivity, enhancing ro-
bustness, and eventually reducing operations cost [2]. For
example, the exploration of distant worlds with dynamic
environments that are not well characterized a priori may
not be feasible with state-of-the-practice ground-in-the-loop
operations. In such situations, large uncertainties and com-
munication constraints reduce the ability of ground experts to
assess the states of the spacecraft and environment, predict
outcomes, and prescribe command sequences in a timely
manner. Some future missions may only be viable with
onboard decision making, reasoning, and taking actions that
achieve goals while assuring spacecraft safety, each of which
is predicated upon establishing robust situational awareness.
Other missions may benefit from increased productivity and
robustness driven by onboard autonomy capable of reducing
uncertainties and carrying out risk- and time-sensitive tasks
across various mission phases.

Developing adequate models of spacecraft subsystems (also
referred to as subsystem models) is among the most impor-
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Autonomous trajectory planning

Stochastic optimal control approach
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Solution to the optimization problem is the nominal trajectory satisfying all mission constraints




Autonomous trajectory planning

Stochastic optimal control approach

Solution to the stochastic optimal control problem is the nominal trajectory satisfying all mission

constraints with its deviation also satisfying all safety constraints



Autonomous trajectory planning

Stochastic optimal control approach
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Validating model fidelity

min Fuel
s.t.  xs(t) follows 3DOF Stochastic Dynamics
1) Single Point Mass + J2
2) Cannonball SRP
3) Thruster & Localization Uncertainty
4) x4.(t) is Modeled as Gaussian
5) Model the Propagation as EKF
Thrust can fire 4 times, modeled as Dirac Delta
Boundary Conditions
Keep the Battery SoC above the Min Threshold during DeltaV
Avoid the asteroid with p %
If t7 <t <t (Observation)
Remain in the observable region with p %
Keep the Battery SoC above the Min Threshold with p %



Validating model fidelity

Dynamics modeling

Trajectory following
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Validating model fidelity

Dispersion from uncertainties
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Validating model fidelity

Gaussian uncertainty quantification
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Hierarchical Asteroid Reconnaissance Planner (HARP)

min Z | Avyl|2,

AVEAL | g Jor dhasks)

(F(xp_1, k—1) + 0341, A'v,;r]T + Bl03x1, (Aviow) ']’ (k € {ko, k1, k4, ks5})

\F(Xk_l, k— 1) (k Q {ko,kl,k4,k5})’

|Avg|les < Avpmax, k € {ko, k1, k4, k5},

xo ~ N (Xt, B¢,), E(xn) = x¢,,

(Avg) ' Feenter—ssun (Avg) ' (—TFcenter—ssun)
A2 A2

Pr(|[rg|l2 > Amin) > Pchance;, k=0,..., N,

TA
(rk — rsite,k) I center—sun
Pr

s.t. X, = {

< ¢0S Ogeltav, < cos Ogeltav, k € {ko, k1, k4, ks},

Hrk — Isite,k |2
Pr(dl < ”rk - rSite,k’HQ < d2) 2 Pchance; ko <k < k3,

< oS Hobs) 2 Pchance ko < k < ks,

(Tr — Tsitek) Tslk

Pr (COS 962 < < CosS 961) > Pchance) k2 < k < k3a

||I‘k — rsite,k‘H2

T A
(rk — rsite,k) I’ center—sun

A

Pr | cos 01)2 < cos gpl > Pchance) k2 < k < k37
Hrk — rsite,kl|2

At; <190, Vi=0.....6,
Atoko + Aty (k1 — ko) + Ato(ky — k1) = t7, Ats(ks — ko) = t5 — t7,
Atj(k; — kj_1) > 2Ataitude + Atneat + Atsoc, J=1,4,5, Ata(ks — k1) > 2A%aitude + Atsoc.



Hierarchical Asteroid Reconnaissance Planner (HARP)
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Hierarchical Asteroid Reconnaissance Planner (HARP)
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Hierarchical Asteroid Reconnaissance Planner (HARP)
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Design Firing Timings and Attitude Mode Profile
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Deterministic reformulation

min - Fuel min E | Avg |2,
Al’;‘.




Deterministic reformulation

min - Fuel min Z | Avg |2,
~ s.t. xse(t) follows 3DOF Stochastic Dynamics Awvy,
) . ]ﬁAtE{(,).f;]A.fg,f/‘}
1) Single Point Mass + J2 B /
2) Cannonball SRP t F(pug—1,k —1) 4 [03%x1, Av, ]" (kAt € {0,t1,t2,tr}),
. . . S.U ,U]n — o

3) Thrust.er & Localization Ul.’lcertalnty F(/"/\‘,—lt k — 1) (AA?L ¢ {0: t1,ts. f/'}),

4) xs.(t) is Modeled as Gaussian |
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Thrust can fire 4 times, modeled as Dirac Delta k — V_FY v T (ILAZL g {() TR })
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Deterministic reformulation

min - Fuel min Z | Avg||2,
s.t.  xsc(t) follows 3DOF Stochastic Dynamics Avy,
) ) ]ﬁAtE{(,).f;]A.fg,f/‘}

1) Single Point Mass + J2 |

2) Cannonball SRP F(pug—1,k—1) 4+ [03%x1, Av, ]" (kAt € {0,t1,t2,t7}),

3) Thruster & Localization Uncertainty S.t. ke = F</1 1, k—1) (AA?‘ ¢ {() t1,t2,1 })

4) xs.(t) is Modeled as Gaussian b o REIAC AR

5) Model the Propagation as EKF 3 v:‘l,fFZ/{:—lv;LI.‘FT T [03><()'; 03><3: ,H"U/ﬁ O ]]]{()b(() 03><37 ,,"""/32*’/1.1 O [}T (AAZL S {0 t1, ILQ IL/ }>’

Thrust can fire 4 times, modeled as Dirac Delta k — ‘
v:l_.'FZ:k—lv;IrFT (AAZL ¢ {()tltztf})*

Boundary Conditions

|Avgllo < Avpax, EkAt € {0,t1,t0,tr}
[ ro ~ N (T, 24,), E(xn) =24,




Deterministic reformulation

‘27
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Deterministic reformulation
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Simulation results
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Simulation results
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