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SST Beyond Earth

®m The expansion of interplanetary missions into cislunar, libration point, and deep-space environments
introduces new challenges for debris mitigation compliance.

B Observations and accurate measurements are more difficult to obtain.

m Chaotic dynamics and longer time scales increase trajectory uncertainty, creating the risk of Earth return at
super-orbital velocities with potential impacts on satellites and ground populations.

m These risks are currently difficult to quantify.
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Near Earth vs beyond

m As we get further away from the Earth, other perturbations gain more importance, and we enter a chaotic
regime.

®m The dynamics can no longer be linearised over short arcs.
®m The dynamics of an object cannot be studied through two or three simplified bodies.

m In high-fidelity applications, the gravitational effects of other planets must also be considered, and the
model must be upgraded to a Four-body or more-body model.
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Debris Mitigation and Re-Entry Guidelines

m Probability of casualties less than 0.01%.
m The design must aim for the entire object to disintegrate in the event of re-entry.
m In the event of controlled re-entry:

- The re-entry zone must avoid land, territorial waters (< 22.2 km from the coast) and protected maritime
areas.

- Exclusive Economic Zones (< 370.4 km from the coast) require prior notification.
m Elimination assurance:

- At end of life move the object to a heliocentric orbit. Other alternatives are lunar impact, Earth reentry or
lunar graveyard orbit (with a 100-year stability analysis).

- It must be ensured that no re-entry into protected terrestrial regions occurs within 100 years.
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Main Aims of PlanetSSA

m Develop and validate an integrated analysis software toolbox to address debris mitigation compliance
assessments associated with interplanetary return trajectories.

m Given an initial state, uncertainties and the object model and properties, the software tool shall cover the
Following:

- Interplanetary orbit propagation down to the Earth surface.

- Assess visibility of spacecraft from Earth.

- Simulate observations.

- Perform OD analysis on incoming trajectories.

- Spacecraft re-entry and fragmentation modelling at super-orbital speeds.

- Assess collision risks in Earth protected regions.

- Assess on-ground casualty risk of re-entering samples and surviving fragments.
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Trajectory Generation Module ()

m Full ephemeris model + SRP + Drag + Spherical Harmonics. ﬁ
m No reliable covariance propagation in chaotic regime.
m Monte Carlo-based approach is employed to model trajectory uncertainty

\'.

"9 T godot

> @
cudajectory
W Trajectory propagator with GPU parallelization. " Astrodynamics library.

+ Computationally cheap. + Very complete functionalities.

' ' N . .
- No intermediate steps. Does allow to obtain intermediate steps.

- Less analytical functionalities. - Computationally intensive.

(CUDAjectory has improved greatly since the
beginning of the project!)
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Trajectory Generation Module (1)

B The software reads an initial state with an associated uncertainty and generates a number of shots to be
propagated.

- This initial state can either be a CSV file or an OPM
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Trajectory Generation Module (l11)

m Employs CUDAjectory and GODOT to use the best of each tool to obtain the trajectory arcs to consider for
Further analysis:

- CUDAjectory for deep-space propagation of all samples.
- GODOT for near-Earth region propagation for those samples that come close enough to Earth to be relevant.

- CUDAjectory
@ copot = ===

Start ’

4 Region of
interest

@
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Events Calculation Module

m From the propagated GODOT arcs, the visibility events are calculated considering geometrical constraints
(object in field of regard, geometrical occultation), detectability constraints (apparent magnitude, radar range,
angular speed), luminosity constraints for optical sensors (nighttime, Sun and Moon phase angles).

m This module relies on the Event GODOT class.
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Observations Simulation Module

W |t is assumed that the sensors observe the object when there is visibility (as long as the time slot is long
enough).
B The measurements are simulated making use of GODOT’s obs module.
B The observables needed for the orbital determination process are calculated and stored in this module.
- AZ/EL angles and angle rates
- RA/DEC angles and angle rates
-1-way and 2-way range

-1-way and 2-way doppler
- Optical magnitude

Local Horizon

- Radar detectability (radar equation)
m |t also supports space-based sensors.

m Note for radar measurements: Simplified models with respect to GODOT'’s obs module, only accounting for light
travel time corrections.
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Orbit Determination Module

® The OD module solves the state estimation problem:
- Generates synthetic observations and re-propagates.
- Minimizes residuals.

- Adjustable stopping conditions (max iter num., WRMS value and relative difference below user-defined
thresholds).

- Generates the inputs needed for the next modules: OEMs and geodetic state vectors at re-entry (120 km).
- It uses GODOT’s SRIF module.
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Collision Risk Module

®m This module generates a population of debris using MASTER.
- Grid as per MASTER configuration.
- It reads the OEMs that were generated in the OD module.
- Collision probabilities are then calculated for each arc.
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Re-Entry and Fragmentation Module

®m The re-entry and fragmentation module reads the geodetic state vectors and along with the object model
and simulates the re-entry.

W |t uses ESA’s SESAM to simulate the re-entry and fragmentation of the object.

W |t outputs the relevant information of each surviving fragment, which is then fed into the next module.

#PlanetSSA random entry vector for testing (1000)

#TrajectorylD
string-0
string-1
string-2
string-3
string-4
string-5
string-6
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Datetime

2075-03-23722:07:17.000
2087-09-13T710:22:54.000
2067-12-08T02:34:37.000
2041-04-29T17:54:43.000
2082-02-25T706:48:11.000
2040-04-14T02:37:21.000
2101-06-03T04:09:34.000

113.936
122.207
115.101
114.854
117.925
113.382
113.084

12.997

-41.495

18.947

-17.835
-29.213

8.996
-5.862
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-85.794
33.211
57.667

109.769

-115.283

24.622
-69.848

Main Body

[ e e e e B S

11.213
11.243
11.454
10.822
11.524
11.281
11.421

Solar Array +Z
Solar Array -Z
RwW1

RW2

RW3

RwW4
SADM+Z
SADM-Z

Tank

-5.673
-35.140

-7.972
-11.596
-18.967
-74.595
-41.968

altitude latitude longitude velocity flight path angle heading angle

-92.799
-99.541
-132.377
31.759
146.648
136.395
-130.694
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Casualty Risk Module

®m The risk module processes the data calculated by the re-entry and fragmentation module to assess the risk on-
ground of objects surviving re-entry (using ESA’s SERAM).

#name  fraglD runiD mass crossSecti quantity epoch velocity latitude longitude isFloating casualtyArea impactEnergy casualtyProbability fatalityProbability country

Tank 52251b8b-run_1 8.35256 0.031416 12087-09-1: 99.66672 -41.715 31.35654 FALSE  0.604110389 41484.88852 0 0 None
RW1 dc63ec6l- run_1 10.5295 0.023562 12087-09-1' 130.8782 -41.7209 31.30348 FALSE  0.567760752 90180.36328 0 0 None
RW2 d6339047-run_1 10.5295 0.023562 12087-09-1: 130.8782 -41.7209 31.30348 FALSE  0.567760752 90180.36328 0 0 None
RW3 eflfefd5-¢run_1 10.5295 0.023562 12087-09-1: 130.8782 -41.7209 31.30348 FALSE  0.567760752 90180.36328 0 0 None
RW4 c05409f8-<run_1 10.5295 0.023562 12087-09-1: 130.8782 -41.7209 31.30348 FALSE  0.567760752 90180.36328 0 0 None
SADM+Z 9048c0a7- run_1 0.331825 0.007854 12087-09-1: 38.57492 -41.6972 31.51551 TRUE 0.474201213  246.8820401 0 0 None
SADM-Z  bde6alcO-run_1 0.331825 0.007854 12087-09-1: 38.57492 -41.6972 31.51551 TRUE 0.474201213  246.8820401 0 0 None
Tank 52251b8b- run_5 12.4894 0.031416 12040-04-1 123.2763 8.802875  24.808 FALSE  0.604110389 94900.94927 9.70E-07 9.70E-07 South Sudan
RW1 dc63ec6l- run_5 12.4894 0.023562 1 2040-04-1« 145.5043 8.799376 24.81134 FALSE  0.567760752 132209.7149 9.12E-07 9.12E-07 South Sudan
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Command Line Interface

B This module acts as both an interface with the user and also as orchestrator

’ [ ]
B |t manages the stand-alone modules and the interfaces between them. B CI |Ck

m |t has several modes of execution and several execution options.
m |t uses the Python Click module.

l SW Data l \
Events

Visibility —
. — Collion Risk
Calculation

Simulation module L

module Orbit
- Command Line
Interface Re-entry &

0D module Fragmentation
Trajectory module

Casualty Risk

module /

MAITY
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Test Cases

Relative Re-entry
probability

Re-entry speed (km/s)

Earth impact geometry

Simulation Dynamics

Main perturbations
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JUICE Upper Stage

Reached end of propagation Earth Collision

Impacting fragments distribution

-150 -100 -50 0 50 100 150
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Satellite Trajectories
-@- Earth

—40000
—20000

20000 ~40000
Xl 40000

Casualty Probability contribution per Unique Fragment Casualty Area contribution per Unique Fragment

SADM-Z SADM-Z

Tank Tank

SADM+Z SADM+Z

RW. RW2

Fragments

= Tank (uniquelD: 52251bBb-ccc3-4b53-aBc5-4a1fa7385bbd) C:
RW1 (uniquelD; dc63eck1-d7e6-4805-91d0-cbaf1872193¢) CasualtyProb.: 14.8%, CasualtyArea: 14.8%

. RW2 (uniquelD: d6339047-4cd3-410e-bead-516a54947156) CasualtyProb.: 14.8%, CasualtyArea: 14.8%
RW3 (uniquelD; efifefds ba-9d37-63762d213f72) CasualtyProb.: 14.8%, CasualtyArea: 14.6%

m RWA4 (uniquelD: c0540978-4112-4D1c-G1cB CasualtyProb.: 14.8%, C: 14.8%

-

.1 15.8%, C: 15.8%

SADM+2Z (uniquelD: 9048c0a7-8216-4bcb-84 A1) Ca ¥ 12.4%. Ca: ¥ : 12.4%
SADM-Z (uniquelD: b4e6alc0-70¢c5-4914-85a3-ae02a7a71a6b) CasualtyProb.: 12.4%, CasualtyArea: 12.4%
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GAIA Operational Orbit (1)

Satellite Altitudes

Earth Collision

Altitude [km]

Reached end of propagation

=== Re-entry Altitude -|
I —

© ©
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Impacting fragments distribution
Casualty Probability contribution per Unique Fragment Casualty Area contribution per Unique Fragment
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60
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40
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W4
[
-20
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-60 Fragments
- Tank (uniquelD: 52251b8b-ccc3-4b53-a8c5-4alfa7385bb4) CasualtyProb.: 14.2%, CasualtyArea: 16.6%
N . AW (uniquelD: dc63ec61-d7e6-4BbS-9fd0-cbaf1872193e) CasualtyProb.: 19.5%, CasualtyArea: 16.1%
= -80 W AW2 (uniquelD: d6339047-4cd3-410e-bead-516a54947156) CasualtyProb.: 19.5%, CasualtyArea: 16.1%
AWS3 (uniquelD: eflfefd5-8cas-a5ba-0d37-3782d213f2) CasualtyProb.: 19.5%, CasualtyArea: 16.1%

m— RW4 (uniquelD: COSA08YB-4112-401c-9fcB-fabe141cT57c) CasualtyProb.: 19.5%, CasualtyArea: 16.1%
SADM+Z (uniquelD: t6-4bch-84. [ yProb.: 4.0%, C y 9.5%
- SADM-Z (uniquelD: b 11¢0-705-49f4-85 7a71a6b) Ca: Y| . 4.0%, Ci 9.5%
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GAIA Operational Orbit (I

Distribution of Re-entry Velocities
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Lunar NRHO

Casualty Probability Casualty Area

[ Hean; 334008 ma.
Median; 3.822+00 ma

. 363000 M
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Min: 0.00e 06 m2

i H 3 4
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Earth Collision

Casualty Probability contribution per Unique Fragment Casualty Area contribution per Unigue Fragment
Impacting fragments distribution
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80
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60
Lo WL SADM+Z
RW1
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[
_20 RWZ RW4.
-4 RW3
-60 Fragments
. Tank (uniquelD: 52251b8b-ccc3-4b53-a8c5-4a1fa7385bb4) CasualtyProl 4.9%, CasualtyArea: 16.4%
e _80 RW1 (uniquelD: dc63ec61-d7e6-48b5-9fd0-cbafl872193e) CasualtyProb.: 14.0%, CasualtyArea: 16.0%
. m— RW2 (uniquelD: d6339047-4cd3-410e-bead-5f6a54947f56) CasualtyProb.: 14.0%, CasualtyArea: 16.0%
RW3 (uniquelD: ef1fefd5-Bca5-45ba-9d37-e37682d213ff2) CasualtyProb.: 14.0%, CasualtyArea: 16.0%
m RW4 (uniquelD: cO54098-4112-401c-9fci Tc) Ci y . 14.0%, Ci 16.0%
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© GMV Property — All rights reserved Page 26 wg ge’l.‘:rﬁg



Orion return capsule (I)

Earth Collision

Impacting fragments distribution

-150 -100 =50 0 50 100
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mmm Tank (uniquelD: 52251b8b-ccc3-4b53-a8c5-4alfa7385bbd) CasualtyProb.: 13.6%, CasualtyArea: 18.7%
RW1 (uniquelD: dc63ec61-d7e6-48b5-9fd0-cbaf1872193e) CasualtyProb.: 11.3%, CasualtyArea: 18.4%

e RW2 (uniquelD: d6339047-4cd3-410e-bead-5f6a54947f56) 11.3%, C: 18.4%
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-—

RWS3 (uniquelD: eflfef45-8ca5-45ba-9d37-e3782d213ff2) CasualtyProb.: 11.3%, CasualtyArea: 18.4%
RW4 (uniquelD: c05409f8-4112-401c-9fc8-f46e14fc757c) CasualtyProb.: 11.3%, CasualtyArea: 18.4%
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Orion return capsule (I

Distribution of Re-entry Velocities e
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Clean Space Days
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