Small Body Proximity Operations
Autonomous GNC Concepts Based
on Novel Gravitational Field
Modelling and Estimation
Techniques

Mariano Sanchez

Luis F. Peiiin

Advanced Projects Division
Deimos Space S.L.

(2]
4=
Q.
]
(&S]
c
o
O
O
P
O
(%2}
>
o
&
o
c
o
+—
-}
<<
©
C
@©
(%2}
c
o
=
©
S
(D)
o
O
(%)
Q@
©
o
o
©
=
)

ESA Workshop on GNC for Small Body Missions

© 2009 DEIMOS Space, S.L. — www.deimos-space.com . ESA/ESTEC, January 14-15, 2009



deim s Outline

— Asteroid Proximity Operations Autonomy Concepts

— Gravitational Field Modelling and Estimation

— Application of Gravitationl Field Techniques

— Conclusions
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deim >s DEIMOS NEO Technology Related Activities

2003 2004 2005 2006 2007 2008 2009
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¥ 1 1 1 1

VBRNAV

GTOC1
DQPA

GRAVMOD
ATRACK

_> System design
Mission analysis
System study In-orbit Traje_ctory
_> Mission analysis study —> Descent Trajectory
High-velocity Impact Sim. PROBAIP
- Transfer optimisation

L - Transfer optimisation

_> - VB GNC rendezvous study

VB GNC descent study - System design System design
—» Mission analysis Mission analysis
_» Vision Based Rendezvous Simulator RTE orbit GNC design
Vision Based Descent Simulator Autonomy concept

' - Mission analysis
Gravity modeling
Estimation simulator
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deim >s Small Body Mission Phases

1-LEOP 3 — Cruise 4 —Far Approach
2 — Commissioning

8 — Scientific Operation

(RT—_E,L phase)

5 — Close Approach e 7 — Mapping and
6 — First Orbit Characterisation

3
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deim s Autonomous GNC requirements

— Autonomous GNC during close approach and insertion:

Asteroid and S/C ephemerides generation

Target asteroid imaging planning and execution

Image processing (extended objects) 5 _ Close Approach P
Navigation filtering 6 — First Orbit /

Approach guidance laws

A N N NN

Collision avoidance strategies
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deim s Autonomous GNC requirements

— Autonomous GNC during in-orbit operations:

7 — Mapping and
Characterisation

S/C ephemerides generation
Mission planning and execution
Image processing of extended objects and landmarks

8 - RTE phase

Navigation filtering

Orbit maintenance strategies

D N N NN

Collision avoidance strategies
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deim >s Strategies for In-Orbit Operations

— Strategies for in-orbit operations:

» ©

v Stable photo-gravitational terminator- N
plane orbits for small sized asteroids

v Frozen asteroid orbit-plane orbits (highly
eccentric for small bodies)

v Stable equatorial retrograde orbits for

larger sized bodies

v" Non-stable orbits controlled with

propulsion (polar, equatorial, etc.)

v' Both body-fixed and inertial hovering are

technologically feasible (Hayabusa)
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deim >s Challenges for Autonomous GNC System

— Proximity Operations Autonomous GNC challenges

v Orbit size

v’ Mass

v Rotational state
v Gravity field

v Very irregular gravity field, second order and degree terms may
cause relevant perturbations

v' Solar Radiation Pressure (SRP), particularly relevant for smaller
asteroids with orbits closer to the Sun

v' Sun third body perturbation (solar tide)

v Increases the collision risks
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v Imposes imaging constraints
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deim

P A C E

Autonomous GNC Concepts

e Trade-off in-orbit Navigation Concepts
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Technology

Inertial navigation

Advantages

Simple implementation

Disadvantages

Poor navigation performance
due to bad estimation of
horizontal velocity.

Comments

Simple and well known for
descent and landing. Requires
IMU. Poor performances

COB-based
navigation

Simple implementation

The camera FOV shall contain
the entire asteroid

It can be used only far away from
the target body

Limb measurement

It can work even if the
asteroid is larger than the
FOV

Complex (and unknown) shape
of asteroid

Very complex validation. It can be
used most of all for planet
approach

Camera +
Radiotracking
navigation

Does not strictly requires
altimeter or range finder,
high TRL

It is not autonomous.

It is safe, proven but not
autonomous

Unknown landmark
tracking

Good performance in
navigation, high TRL

Feature point tracking HW
required

Possibly also altimeter

Complex validation versus
various illumination conditions,
asteroid rotation, etc.

Technology is TRL 4-5

Landmarks based
navigation

Best accuracy
Instantaneous measurement

Intensive use of on-board
resources

Requires characterization of the
target body

© 2009 DEIMOS Space, S.L. — www.deimos-space.com
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deim >s Proximity Operations GNC Concept

e Addressed proximity operations GNC concept

Stable Direct Orbit Mid-course Manoeuvres In-orbit operations
orbit targeting || maintenance Computation
definition

edfoward nominal force/torque Environment

Dynamics
Kinematics
Sensors measurements Spacecratft state
Sensors

Guidanc /
Reference

RV profile ] \ ] pos/ang I +
Trajectory | Trajectory

— > generation ! control I
|

Estimated
pos/ang

Commanded
thrust

Thrust
Assignment
System

Estimated state

Orbit

Manoeuvres o _
Collision Avoidance
Manoeuvre
;Jnl:nown It;and(;narks CoB based Limb t
ea u_res asg _ navigation measuremen
tracking navigation

(2]
=
o
0]
(&)
c
o
O
O
=
)
(72)
>
o
&
o
c
o
]
)
<
®)
c
@©
(7))
c
o
=
©
S
(D)
o
®)
(%)
Q
©
o
o
©
=
(7p]

ESA Workshop on GNC for Small Body Missions

© 2009 DEIMOS Space, S.L. — www.deimos-space.com 0 ESA/ESTEC, January 14-15, 2009




deim Small Bodies Proximity Operations Simulator

— Small Bodies Proximity Operations Simulator
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deim Example of Asteroid Dynamic Environment

Parametric stability analysis: Apophis

2
o 20808 1
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deim >s Gravitational Field Challenges

— Asteroids Gravitational Field Challenges

v Not very detailed or even known before in-situ observations
v Preliminary geometrical information from Earth-based images

v' Far approach

v Close approach

v In-orbit operations

v’ Descent and landing operations

v Mission design
v’ System-level budgets and margins
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v GNC design and performances

v Scientific operations
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deim s Role of Gravitional Fields

— Pre-flight

v' Regular bodies > Geometrical models
v Irregular bodies - Parametric representations

v' Estimated Gravity Field (Spherical Harmonics)
v' Achievable accuracy of the estimated Gravity Field
v' Analysis of parameters defining a future mission in order to achieve an

expected accuracy -2 requirements on GNC

— Mission operations

v' Generation of gravitational models suitable for on-board processing

v Periodical updates of both on-board and ground gravity representation

— Post-flight
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deim ’s Gravitational field modelling techniques
— Gravitational field model:
— Different methods are suitable:
v Based on surface integrals for all faces of a polyhedron

v' Potential expressed as a sum of ‘point masses’
v It presents clear advantages - suitable for very complex shapes

v' Body is replaced by a topologically different body:

v’ Geometry is one of the first measurements taken on target bodies

v Harmonic potential function outside the attracting body > AV (X,y,2) =0

<

Expansions as solution of Laplace equation in different coordinate systems
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v' Solving Laplace equation in spherical coordinates - Legendre polynomials
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deim >s Gravitational field estimation techniques

— Objective:

v Precise orbit propagation
v' Measurements pre-processing and generation
v’ Filtering scheme - Estimation of the parameters associated to a given

representation of the gravity field

— Two levels of applicability:

v Definition of reference trajectory
v' Determination of guidance profile

v Derivation of requirements and performance on GNC system

v' Refinement of gravity field model based on measurements
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deim s The GRAVMOD Tool

— GRAVMOD is a SW tool allowing:

— GRAVMOD comprises two mutually inter-related modules:

v" Spherical Harmonics e —

v Multiple Point Masses R e -
=i dia fae e

v' Geometrical representation S ?j

e TR —
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| ] E e B
v" From simulated data . | | | | =S

v Obtained from real data
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deim >s Representation Module

— Gravity Representation module : == —

— Two possible operation modes:

v Gravity field specification

v Set of external accelerations —

v' Comparison of performances of several :._.,.!..EE’.:“;-:-’:.,
gravity fields in terms of accelerations and

propagation capabilities -'g
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v' Accuracy, Efficiency and Computational

effort - for O/B implementation
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deim >s Gravity Field Representation Comparison

— Gravity Field Performance Comparison

v' Accelerations comparison
v Position and velocity accuracy

3 10000
100 masses fixed pos ~ + ! I40massé5fixedpo:1, N
100 masscs fed pon Jecs S —— el el
Residual Acceleration (krn/s"2) i e o
ot TR 100 - : 4
+ + 4 400 masses fixed pos — »
++ + 4 4 T + e S EEEEEETEEEA) masses (100 der). o
1.8e-007 + 10 ! . 400 masses (500 iter’ e
16e-007 |- + + T
1.4e-007 |- + 2
1.26-007 | % !
1e-007 E
86-008 | < 0.1
6e-008 |- S !
4e-008 - £ o011
2e-008 |- g ]
0 r [
0001 |
10000
2000
00 0.0001
10000 16-005
kim) &
1
8000 1e-006 &
80003 5550 10000 0 10000 20000 30000 40000 50000 60000 70000 80000  $0000
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deim s Determination Module

— It derives coefficients of a gravitational representation by
using satellite tracking data and a filtering scheme

— It comprises high-fidelity simulation of:

— Estimation scheme based upon two main modes:

One-Shot Simulation Module

Initial Estimates
Generator Module

v' Covariance Analysis Text
] . . Propagation Module mmp Output

v" Full determination process of a single shot Data Files

) . M easurements Module

Simulation

Input Data

Partial Derivatives
Module

v Executions based on initial random variables

Estimation Filter

v/ Statistical analysis of most important figures L —
raphi
- - raphical Outpu Output
— Main output consists of: e "‘ pata Files
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deim Examples

— From Geometrical to Spherical

Harmonics Model

v' 809 discretisation points
v Geometry given by 7381 discretisation points
v’ Geometry given by 3829 discretisation points

v' Diamond shaped (5.9x4 km)
v" Random errors added to radii in order to obtain
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more realistic results
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deim s

v
v

D N N NN
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D N N N

© 2009 DEIMOS Space, S.L. — www.deimos-space.com

Mercury - Kaula’s rule
Europa - Kaula’s rule
Venus - simulated mission
Earth - simulated mission
Mars - simulated mission

Moon = simulated mission

Eros - Geometrical to spherical harmonics
Deimos > Geometrical to spherical harmonics

Mathilde - Geometrical to spherical harmonics

Examples

— Examples of treated gravitational fields models :

Comet Churyumov-Gerasimenko - Geometrical to spherical harmonics

Asteroid Steins - Geometrical to spherical harmonics

ESA Workshop on GNC for Small Body Missions
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deim >s Application for In-orbit Operations

— Orbiter at Apophis in a photo-gravitationally stable orbit

Orbital plane
Asteroid

Tosun

Ratating Orbiter Trajectory around Astaroid Ratating Orbiter Trajectory around Astaroid Rusanry) Cvivne Tigaokiy aFnrst Ao
. : i : : = 3 SHE : e _
. & | r A
[* ‘\\\ i acc(gravﬂ&)
| | | 1 acc (SRP)
| A I .
] | \ e >
= T T il | Orbiter
T ool L ] E 0 ||I ' I
2 ~ \
2 | 2 2 {
‘ - ‘ ‘ \ 4 I Foto-gravitational
; : R | equilibrium
| —
8 - : - 8 - : - —_—
-8 6 -4 2 0 2 4 & 8 -8 6 -4 2 0 2 4 & 8
¥-coord [k} ¥-coord [k} ¥-scnowd [l

— Knowledge of gravitational field is of paramount importance
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v' Long-term stability
v" Minimum altitude above NEO surface

ESA Workshop on GNC for Small Body Missions
© 2009 DEIMOS Space, S.L. — www.deimos-space.com - 23. ESA/ESTEC, January 14-15, 2009




(72]
]
o
(D)
(&)
c
o
(@)
O
=
O
(%2}
>
o
=
o
c
(@)
+—J
>
<
©
-
4y}
(%2}
c
o
-
©
| -
)
o
®)
(%)
Q
©
@]
o
©
=
(7p]

deim

P A C E

Application for Descent Trajectories

— Descent module for Don Quijote mission (phase A)

— Mission

scenario

— Gravitational field up to 4t order
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v
v

Conclusions

— Conclusions

Pre-flight for mission and GNC design
Operations for on-board autonomous GNC
Post-flight for performance analysis and scientific return

Geometrical Model
Multiple Point Mass Modelling
Spherical Harmonics Expansion

Comparison between several different methods for gravity modelling;
Computation of gravity fields;
High accuracy propagation of orbits about irregular bodies

In-orbit operation GNC
Descent and landing GNC

ESA Workshop on GNC for Small Body Missions
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