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Autonomous Nanosatellite Swarming using
Radlo Frequency and Optlcal Navigation

Online Operations:

v' Shape Modelling -

v' Gravity Recovery = System Improvements:
v Navigation v Reduced Sensors

v Orbit Guidance v Low SWaP-C Avionics
v Optimal Control v' Multi-Agent



ANS Mission to a Small Body

Constraints to Eliminate

Extraneous,
power-intensive
sensors

Constant GIL

High cost and lack of
redundancy
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Proposed ANS System

System Improvements:

Reduced Sensors
Low SWaP-C Avionics
Multi-Agent

Online Operations:

- Shape Modelling .
- Gravity Recovery .
- Navigation .
- Orbit Guidance

- Optimal Control




ANS GN&C Pipeline and
Tech Advancements




GN&C Pipeline

Landmark State Dynamics &
D&T Estimation Control
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Measurements
from the true
spacecraft and
asteroid dynamics
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GN&C Pipeline

Spacecraft and Landmark State Estimates
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Landmark D&T
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State Estimation

Landmark State Guidance Dynamics &
D&T Estimation Control

Estimated parameters

X Spacecraft states
Crr Radiation pressure coefficients
b RF measurement biases

G Gravitational parameters
o, 0,w Asteroid rotational parameters

L, Landmark positions

=——— Main S/C
=4 Nanosat 1
Nanosat 2
<L
(@\]
O L -
o— -
-
>~
O [
i
o ..0
(\I] -
o
(‘fl) -
o
#‘ L

ace ' ' ! ' . ! ' '
rendez 40 30 -20 -10 O 10 20 30 40
x [km]

e 50 km A Priori
—@=— 50 km Monocular
== 50 km Stereo
B v @10 35 km Monocular
10 +++{}++ 35 km Stereo

—
s
w

i Lo

RMS True Error

—
=
A~

107

2 3 4 5 6 i 8 9 10
Gravity Coefficient Degree

10




GN&C Pipeline
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Maneuver spacecraft
to attempt to achieve
guidance
specifications.
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Dynamics & Control

ROE-based control that accommodates
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Validation Methods
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Software & Hardware Validation
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Summary & Future Work

Advancements Planned Validation
Online Operations:  Software: Summer 2021

« Shape Modelling e OS: Summer 2021

« Gravity Recovery « TRON: Late 2021

« Navigation

 Orbit Guidance TRLs

« Optimal Control e Current ANS: 5

System Improvements: « Post-Validation: 6

» Reduced Sensors Flight Opportunities:

» Low SWaP-C Avionics . State Estimation (TRL 8) onboard
« Multi-Agent VISORS

« Swarm Guidance (TRL 8) onboard
SwarmX
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Why go to asteroids and what makes such

Resource Mining

Solar System Formation

Collision Avoidance
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!.l.;

missions difficult?

Mission High-Level Overview

An asteroid is studied via
ground-based telescopes:
rotation, size, orbit.

Spacecraft refine rotation and
size upon approach to asteroid.

Spacecraft enter orbit and use
optical tracking to initialize a
map and state estimates.

Once initialized, map and state
estimates are refined, gravity

recovery and maneuvers begin.
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Sensors
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Landmark D&T
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State Estimation

Adaptive Filtering Simultaneous Navigation Exploiting Triangular
and Characterization Structure UKF
State of the Art
SNC [ CM ] [ DMC ] —— Chief S/C

e Visible OpNav Landmark

Constrained Weighted
Least Squares .
£
New Techniques
Adaptive Adaptive
SNC DMC

Stacey and D’Amico, “Autonomous Swarming
for Simultaneous Navigation and Asteroid
Characterization,” AIAA/AAS Astrodynamics
Specialist Conference, 2018.

Stacey and D'Amico, “Adaptive and Dynamically
Constrained Process Noise Estimation for Orbit
Determination,” IEEE TAES, 2021.
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Guidance

« State-of-the art guidance
techniques for asteroid
characterization are ground-in-
the-loop.

« We propose an autonomous
guidance unit that optimizes
science while enforcing passive
collision safety.

« Deep RL enables...
e training a guidance-deep-neural-
net offline

e learn an optimal policy of swarm
orbital reconfigurations online
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Reward (r) encodes multiple scientific
mission objectives with conflicting
optimality metrics:

Asteroid /4 T ¥ Asteroid
gravity shape
recovery mapping

Offline training

reward: r

Online planning

Spacecraft .| Navigation
Sensors | Filter

N
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— action: a
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Dynamics & Control

State of the Art

Our Approach
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Dynamics & Control
Our Approach
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Software & Hardware Validation

Chief S/C
——— Deputy S/C

MATLAB simulated EE— X A, - Testbed for

space environment: Y Rendezvous and
Synthetic image Optical Navigation

generation, perturbed . (TRON): stationary

spacecraft and translating 6-DOF
propagation, full robotic arms enable
GN&C pipeline. physical simulation of a

space scene for image
capture by a VBS.

Optical Stimulator
(OS): variable-
magnification
platform for
stimulating a vision-
based sensor (VBS)
using synthetic images
rendered to an OLED
display.

ace
rendez

29




Hardware Validation

High-fidelity verification testbed

at Stanford'’s Space Rendezvous
= L aboratory (SLAB).

= L eft: high-performance Kuka

;‘\‘\ Agilus robotic arms with

WA additively manufactured model

of asteroid 433 Eros in space

. environment simulator room.
W Photometrically-calibrated

E illumination panels provide

lighting.

Top right: virtual reality optical

&  stimulator.

M. | Bottom right: Tyvak flatsat

L A b microcomputers and satellite-

= to-satellite cross-link.
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Software & Hardware Validation

Case Primary Objectives Software oS TRON

1 Demonstrate feature tracking and satellite

navigation Test Case 1
2 Demonstrate feature tracking, satellite navigation,

and gravity recovery Test Case 2
3 Demonstrate feature tracking, satellite navigation,

and gravity recovery with closed-loop formation Test Case 3

keeping
4 Demonstrate feature tracking, satellite navigation,

and : : - Test Case 4

gravity recovery with closed-loop formation
keeping and guidance to improve characterization
in highly-perturbed environment
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